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• Concept of Porosity 

• Main Characteristics of Powders and Porous Solids; 

• Overview of hierarchical structured porous materials. 

 

• Natural and Synthetic Zeolites; 

• Metal Organic Frameowrks (MOFs); 

• Mesoporous materials; 

• Porous Clay Heterogeneous Structures (PCHSs). 

 

• Ion exchange processes; 

• Ion exchangers: relations between structural features and Properties. 

• How to use porous exchangers: applications. 
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Porous materials are materials with pores 
(cavities, channels or interstices).  
The characteristics of a porous material 
vary depending on the size, arrangement 
and shape of the pores, as well as the 
porosity (the ratio of the total pore volume 
relative to the apparent volume of the 
material) and composition of the material 
itself. 

Porous materials 

 
 
 

Main Characteristics of Powders and Porous Solids 

Porous materials are classified according 
to the size of pores: material with pores 
less than 2 nm are called micropores, 
materials with pores between 2 and 50 
nm are called mesopores, and material 
with pores greater than 50 nm are 
macropores. 
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Concept of Porosity: Open vs. Closed Pores 
Porosity is a measure of the void fraction in a material. Voids can either be losed , and 
inaccessible or open  and connected to other voids and thence to the exterior of the 
material. The total porosity ϕ  is defined by the ratio of the volume of void space (VV) to 
the total, or bulk volume of the material (VT): 

Porosity can also be expressed as a percentage 
of the bulk volume of the material. 

Pore nomenclature according to IUPAC (a), classification of intraparticle pores (b), and 
nomenclature in porous media transport theory (c). 

Main Characteristics of Powders and Porous Solids 
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Porous materials have highly developed internal surface area that can be used to perform 
specific function. 
 
Almost all solids are porous except for ceramics fired at extremely high temperatures 
 

F. Rouquerol , J. Rouquerol , K. S. W. Sing, Adsorption by Powders and Porous Solids, Academic Press, 1-25, 1999 

Measurement of Porosity and Specific Surface Area 
What are Porous Materials?  

Non-porous solid 
 
• Low spe ifi  surfa e 
area 
 
• Low spe ifi  pore 
volume 

Porous solid 
 
• High spe ifi  surfa e 
area 
 
• High spe ifi  pore 
volume 
 

Chem. Soc. Rev., 2017, 46, 481 Copyright 2011, Wiley-VCH. Copyright 2011, Wiley-VCH. 
 

Overview of hierarchical structured porous natural materials 
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(PCPs) 

One way to classify porous 
materials is by their degree of 
long-range order and their 
intermolecular bond strengths. 
These parameters affect 
function; for example, long-
range order may be useful in 
molecular sieving applications, 
and strong intermolecular 
bonds may promote chemical 
or thermal stability. Only 
molecular porous solids can be 
processed as true solutions. 

Science  29 May 2015: 
Vol. 348, Issue 623 
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zeolites consists of open spongy frameworks after observing that various liquids such as alcohol, benzene 
and chloroform were occluded by dehydrated zeolites . 
 Grandjean in 1909 observed that dehydrated chabazite adsorbs ammonia, air, hydrogen and other 

molecules, and in 1925 Weigel and Steinhoff reported the first molecular sieve effect . 

 In 1756, Axel Cronstedt—best known as the discoverer of nickel—
coined the name "zeolite" because it literally means "boiling stone .  

 St. Claire Deville reported the first hydrothermal synthesis of a 
zeolite, levynite, in 1862.  

 In 1896 Friedel developed the idea that the structure of dehydrated  

 In 1927 Leonard described the first use of X - ray diffraction for identification in mineral synthesis  .  
 Taylor and Pauling described the first single crystal structures of zeolite minerals in 1930.  
 In 1932 McBain esta lished the ter   ole ular sie e  to define porous solid materials that act as 

sieves on a molecular scale .  
 Richard M. Barrer began his pioneering work in zeolite adsorption and synthesis in the mid - 1930s to 

1940s. in 1948 he reported the first definitive synthesis of zeolites, including the synthetic analog of the 
zeolite mineral mordenite  and a novel synthetic zeolite much later identified as the KFI framework.  

 Barrer ’ s ork i  the id - to late 1940s inspired Robert M. Milton of the Linde Division of Union 
Carbide Corporation to initiate studies in zeolite synthesis in search of new approaches for separation 
and purification of air. Between 1949 and 1954 Milton and coworker Donald W. Breck discovered a 
number of commercially significant zeolites, types A, X and Y.  
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 In 1954 Union Carbide commercialized synthetic zeolites as a new class of industrial materials for 
separation and purification.  

 In 1955 T.B. Reed and D.W. Breck reported the structure of the synthetic zeolite A .  
 I  1959 U io  Car ide arketed the  I“O“IV  pro ess for or al – isoparaffin separation, 

representing the first major bulk separation process using true molecular sieving selectivity. Also in 
1959 a zeolite Y - based catalyst was marketed by Carbide as an isomerization catalyst.  

 In 1962 Mobil Oil introduced the use of synthetic zeolite X as a hydrocarbon cracking catalyst.  
 In 1969 Grace described the first modification chemistry based on steaming zeolite Y to form a   

ultrastable  Y.  
 In 1967 – 1969 Mobil Oil reported the synthesis of the high silica zeolites beta and ZSM - 5.  
 In 1974 Henkel introduced zeolite A in detergents as a replacement for the environmentally suspect 

phosphates.  
 In 1977 Union Carbide introduced zeolites for ion - exchange separations.  
 By 2008 industry - wide approximately 367 000 t of zeolite Y were in use in catalytic cracking   

Millini and Bellussi, Zeolites in Catalysis: Properties and Applications. 
Eds.Jiří Čejka,Russell E. Morris. Royal Society of Chemistry, 2017 
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A zeolite mineral is a crystalline substance with a 
structure characterized by a framework of linked 
tetrahedra, each consisting of four O atoms 
surrounding a cation. This framework contains open 
cavities in the form of channels and cages. These are 
usually occupied by H2O molecules and extra-
framework cations that are commonly exchangeable. 
The channels are large enough to allow the passage of 
guest species. In the hydrated phases, dehydration 
occurs at temperatures mostly below about 400°C and 
is largely reversible. The framework may be 
interrupted by (OH,F) groups; these occupy a 
tetrahedron apex that is not shared with adjacent 
tetrahedra.  
The Canadian Mineralogist Vol. 35, pp. 1571-1606 (1997) 

RECOMMENDED NOMENCLATURE FOR ZEOLITE MINERALS: REPORT OF THE 
SUBCOMMITTEE ON ZEOLITES OF THE INTERNATIONAL MINERALOGICAL 
ASSOCIATION, COMMISSION ON NEW MINERALS AND MINERAL NAMES 

Framework density, defined as the 
number of tetrahedral sites in 1000 
Å3, was used as the criterion for 
inclusion in the Atlas of Zeolite 
Structure Types (Meier et al. 1996). 

In some minerals with a tetrahedral framework structure and other 
zeolitic characteristics as described, namely parthéite, roggianite, 
maricopaite, and chiavennite, one apex of some tetrahedra is occupied 
by an (OH) group or F atom instead of being occupied by an O atom. 
This (OH) group or F atom does not form a bridge with an adjacent 
tetrahedron. The framework is thus interrupted. Such minerals are 

here accepted as zeolites. 

RECOMMENDED NOMENCLATURE FOR ZEOLITE MINERALS: REPORT OF THE 
SUBCOMMITTEE ON ZEOLITES OF THE INTERNATIONAL MINERALOGICAL 
ASSOCIATION, COMMISSION ON NEW MINERALS AND MINERAL NAMES 

The D4R unit and one of the interrupted germanate zeolite frameworks containing 
structurally related components : (a) the Ge8O12(OH)8F− anion, (b) layer B of the STAG-1 
structure (in the a, b plane) showing one of each of the two SBUs. 

Top: One gis cage of AlPO-GIS. Bottom. One d8r 
unit of AlPO-RHO.  
Phys. Chem. Chem. Phys., 2016, 18, 15738-15750 
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2001 IUPAC, Pure 
and Applied 

Chemistry 73, 
381–394 

2001 IUPAC, Pure and Applied Chemistry 73, 381–394 

Zeolite framework type Microporous materials with 
an inorganic, 3-dimensional host structure 
composed of fully linked, corner-sharing tetrahedra 
and the same host topology constitute a zeolite 
framework type. Each confirmed zeolite framework 
type is assigned a three-letter code by the Structure 
Commission of the International Zeolite Association 
(IZA), and details of these framework types are 
published in the Atlas of Zeolite Framework Types. 

Windows 
The n-rings defining the faces of a polyhedral pore 
are called windows. 
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235 Framework Type Codes have been assigned to date; 176 of these appear in the 6th edition 
of the Atlas of Zeolite Framework Types; 59 additional codes have since been approved 
(the latest on July 18, 2017) 
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Framework Type CHA 

d6r (t-hpr ) 
cha (t-cha ) 

 

Framework Type CHA 

8-ring viewed normal to [001] 
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Representative zeolite frameworks, (with pore openings). (a) zeolite A (3D, 4.2 Å); (b) 
zeolite Y (3D, 7.4 Å); (c) Zeolite L (1D, 7.1 Å); (d) ZSM-5 (silicalite) (2D, 5.3 × 5.6 Å, 5.1 
× 5.5 Å) D—dimensions of channel system. 

3D, 4.2 Å  3D, 7.4 Å  1D, 7.1 Å 
2D, 5.3 × 5.6 Å,  
5.1 × 5.5 Å 

zeolite A  zeolite Y  Zeolite L ZSM-5 (silicalite)  

Chem. Soc. Rev., 2015,44, 8877-8903  



02/03/2018 

13 

Chem. Soc. Rev., 2014,43, 7548-7561 

(Li,Na,K)a(Mg,Ca,Sr,Ba)b[Al(a+2b)Sin− a+2 O2n]∙mH2O 
 

MxNy[T’pT”q….O2(p+q+… -e(OH)2e] . nQ 

http://www.unimuenster.de/Chemie.pc/Koller
/zeolites.html 
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     Natural zeolites. 
Si/Al ratio between 1.0 (e.g. gismondine) and 7.6 (mutinaite). 
The negative charge of the framework is compensated by alkali 
cations (mainly Na, K, Ca, Mg) in extraframework sites. 
     Synthetic zeolites 
Low Si/Al ratio, between 1.0 (e.g. zeolite A, zeolite X) and 9-10 
(e.g. synthetic mordenite) if synthesized using alkali as counter-
cations. 
High “i/Al ratio  < “i/Al ≤ ∞  if synthesized using an organi  
molecule as structure direct agent (SDA) or template material. 

The Evolution/Transition in Properties as 
framework Si/Al increases from 1 to ∞ 

Low to high Si/Al: 

» Stability from ≤700°C to ~ 1300°C 

» Surface selectivity from hydrophylic (with cations) to 
hydrophobic (SiO2 or AlPO4) 

» Increase in acid strength 

» Structure from 4, 6 & 8-rings to 5-rings  

Oceanography and Fisheries (OFOAJ); ISSN: 2476-0536 

 Characteristics and Physicochemical properties of Zeolites 

The properties of zeolites are closely related to both structure and chemistry. 

• High surface area,  

• Uniform micropore size,  

• High hydro thermal stability,  

• Intrinsic acidity,  

• Ability to accommodate active metal 

species,  

• Introducing constraints to undesired 

species by molecular sieving effect 

(shape selectivity),  

• Environmentally harmless,  

• Non-corrosive,  

• Show ease of separation from 

reaction mixture compared with 

homogeneous catalysts. 

 

 

Size Constraints or Molecular sieving or Shape selectivity 
Due to rigid skeletal system, zeolite window has intact window size due to which molecules 
having size larger than this window dimensions often experience constraints in accessing the 
intrinsic sites. Thus, prevents undesired large molecules to enter network. Shape selective 
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The  cation  exchange  properties  of  zeolites  are  of  great  importance,  and  vary strongly 

from one structure to the next, in terms of both selectivities and extent of ion exchange due to 
strong effects of structure on cation exchange, and vice versa.  
For many low silica zeolites, complete ion exchange is possible (for example with zeolites A, X, 
chabazite, Rho), whereas for some, such as zeolite L, it is possible to exchange extra-
framework cations in the main channels but not those held within the cancrinite cages.  
 
For flexible zeolites, the ion exchange can cause  structural effects.  

Upon ion  exchange with  K+, Rb+ and Cs+, for example, the  zeolite  Na-natrolite  is  found  to 
exhibit  volume  expansion  of  10,  16  and  18  %,  the  largest observed for zeolites. This 
arises through the flexibility of the link between natrolite  chains, so that the linking TÔT angle 
changes from 176º to 130º and the channel  cross-section changes from strongly elliptical to 
nearly circular as hydrated sodium  cations are replaced by larger hydrated cesium cations. 
 

 Chapter 1: Structural Chemistry and Properties of Zeolites (PDF Download Available). Available from: 

https://www.researchgate.net/publication/271384764_Chapter_1_Structural_Chemistry_and_Properties_of_Zeolites 

[accessed Feb 10 2018]. 

 Characteristics and Physicochemical properties of Zeolites 

Metal Organic Framework 
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So what are MOFs? 

MOFs are solid materials with regular honeycomb-like structures – a little like the steel 
frame of a skyscraper – which can be prepared in the laboratory from organic molecules 
which form the links between metal atoms. The size and shape of the pores or holes in 
these materials can be altered by merely modifying the structure of the link or changing 
the metal salt. 

So what are MOFs? 

By definition, two secondary building units (SBUs) are involved in the formation of a 
crystalline MOF structure. The first SBU is the organic linker, which may be ditopic (having 
two types of coordinative functionalities), tritopic (three types) or polytopic (more than 
three types). The second SBU is a metal atom, a finite polyatomic inorganic cluster with two 
or more metal atoms, or an infinite inorganic unit such as an infinite periodic rod of metal 
atoms.  Nature Reviews Materials 1, Article number: 15018 (2016) 

Since MOF structure depends on the choice of metals and ligands, various organic ligands of 
different shape and size have also been utilized to control the architecture. 
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So what are MOFs? 

A representation of one of the two ultra-high surface area compounds 
developed by Farha and colleagues, named NU-110. Northwestern University 

The organic units are ditopic or polytopic organic carboxylates (and other similar negatively 
charged molecules), which, when linked to metal-containing units, yield architecturally 
robust crystalline MOF structures with a typical porosity of greater than 50% of the MOF 
crystal volume. The surface area values of such MOFs typically range from 1000 to 10,000 
m2/g, thus exceeding those of traditional porous materials such as zeolites and carbons.  

Omar M. Yaghi 
Department of Chemistry & 
Biochemistry, UCLA 
Professor 
PhD, University of Illinois-
Urbana; NSF Postdoctoral 
Fellow, Harvard University 
http://yaghi.chem.ucla.edu 

http://yaghi.chem.ucla.edu/
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(a) In situ self-assembly of MOA through the reaction between metal ion and organic ligand. (b) MOA@H-
MOF composite formed by one-pot self-assembly reaction. (c) H-MOF formed through removing MOA 
template. 

MOF:FRAMEWORK 

Frameworks obtained by using various connectors linked by linear linkers.  
3-D MOF materials are among those with the largest pores for crystalline materials.  
When synthesized the pores will be filled by guest or template molecules.  
In order to obtain porosity it is necessary to remove the guest species. This is difficult due to a 
generally low thermal stability of the materials. (May also fill space by forming e.g. two 
interpenetrating frameworks). Also exceptionally high surface areas may be obtained. (several 
thousand square meters per gram) 

•Nature Communications  6, Article number: 8847 (2015) 

MOF:SYNTHESIS 
 The variety of different connectors and linkers 

makes it possible to construct a variety of 1-, 2- 
and 3-dimensional structures. The design of 
linkers is especially efficient in attempting to 
form new structure types.  

 Standard coordination chemistry methods are 
used, where metal ions are reacted with an 
organic ligand.  

 The conditions are low temperature and 
hydrothermal/solvothermal synthesis. This may 
be seen as self-asse ly  of basic building 
units. The products are usually not kinetically 
but thermodynamically determined.  

 The flexibility/rigidity of the linker is important 
for the properties, e.g. the possibility of forming 
porous materials. Most used linker are fairly 
rigid. Also during formation the rigidity of the 
linkers are important; a very flexible linker may 
enable several possible conformations, 
resulting in poorly crystalline materials. 

Millini and Bellussi, Zeolites in Catalysis: Properties and Applications. Eds.Jiří 
Čejka,Russell E. Morris. Royal Society of Chemistry, 2017 

Metal-organic frameworks (MOFs) self-assemble from rigid building 
blocks into porous crystals consisting of metal nodes (red) and organic 
linkers (blue). 
http://web.stanford.edu/group/gcep/cgi-bin/gcep-research/all/new-

materials-and-processes-for-energy-efficient-carbon-capture-in-the-

presence-of-water-vapor/ 

Coordination Chemistry Reviews, 

Volume 306, Part 1, 2016, Pages 

171-194 
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MOF classification 

• 1st generation: The framework is only 
maintains with the guest molecules present, 
and collapses upon removal of the guests.  
• 2nd generation: The framework is stable 
and robust, and have porosity when 
removing the guest species.  
• 3rd generation: the framework is flexible 
and dynamic and responds to external 
stimuli. 2nd and 3rd generation materials 
may be used for gas storage or as catalysts.  
 
Advantages:  
• In principle the dimensions and shape of 
the channels are easily tunable by changing 
the organic linkers.  
• Functionality may be built into the linkers.  
• The materials are light weight, making it 
possible to obtain large surface areas. 

Millini and Bellussi, Zeolites in Catalysis: Properties and Applications. Eds.Jiří Čejka,Russell E. Morris. Royal Society of Chemistry, 2017 

MOF PROPERTIES 

RSC Adv., 2017, 7, 1782-1808 

Ion-exchange is one of the interesting properties of anionic or cationic MOFs that do not have 
neutral frameworks. If we can predict which MOFs are capable to ion-exchange, it will 
become a logical tool for synthesizing new materials with targeted properties.  

Metal-exchange within MOF nodes and metal-exchange in metal-containing linkers. 

Reproduced with permission from M. Lalonde, W. Bury, O. Karagiaridi, Z. Brown, j. t. Hupp 

and O. K. Farha, J. Mater. Chem. A, 2013, 1, 5453–5454 

When the factors that generate 

exchangeable ions in the pores 

are elucidated, particular 

materials may be selected for 

ion-exchange including cation-

exchange and anion-exchange, 

and their exact compounds may 

be designed.  
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MESOPOROUS MATERIALS 

MESOPOROUS MATERIALS 

A mesoporous material is a material 
containing pores with diameters between 2 
and 50 nm, according to IUPAC notation.  
The procedure for producing mesoporous 
materials (silica) was patented around 1970 
and methods based on the Stöber process 
from 1968 were still in use in 2015. 
 

Mesoporous silica nanoparticles 
(MSNs) were independently 
synthesized in 1990 by researchers in 
Japan. 
They were later produced also at 
Mobil Corporation laboratories and 
named Mobil Crystalline Materials, or 
MCM-41. 
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•Solvent extraction  
•Calcination  
•Oxygen plasma treatment  
•Supercritical drying Extraction often with 
organic solvents with dissolved acids. (e.g. EtOH 
w. HCl) (Cannot remove covalently bonded 
molecules)  
 
Calcination typically at 400-600˚C in e.g. N2 or 
air. Framework structures (hexagonal or cubic 
MCM phases) may survive template removal. 
Lamellar phases collapse. Design of mesoporous 
ordered materials with different pore sizes is 
possible by tuning the template molecules.  
Mesoporous materials containing elements 
other than Si have been produced. 

MCM-TYPE MATERIALS: REMOVAL OF TEMPLATE 
In order to create porosity the template must be removed. Several different ways are possible:  

According to the IUPAC, a mesoporous material can be disordered or ordered in a 
mesostructure. 

MESOPOROUS MATERIALS 

The first-ordered mesoporous 
materials were prepared from ionic 
surfactants, such as quaternary 
ammonium ions.  
The formation of the inorganic–
organic composites is based on 
electrostatic interactions between 
the positively charged surfactants 
and the negatively 
charged silicate species in solution.  

RSC Adv., 2014,4, 57111-57124  
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According to the IUPAC, a mesoporous material can be disordered or ordered in a 
mesostructure. 

MESOPOROUS MATERIALS 

Chem. Soc. Rev., 2013,42, 3708-3720  

MESOPOROUS MATERIALS: X-RAY DIFFRACTION 

By analyzing the small-angle powder 
XRD pattern, it can successfully 
determined not only the pore-to-pore 
distance but also the pore diameter of 
the mesoporous materials having a 
quasi two-dimensional hexagonal pore 
structure. 
 
J. Phys. Chem. C, 2013, 117 (35), pp 18120–18130 



02/03/2018 

23 

However, their surface functionalization was required in order to 
extent and to improve their application as adsorbents, catalysts, 
trapping agents, sensors, etc.  

In silica-based materials the surface may be covered by 
  Silanols (Si-OH) 
  Si-O-Si bridges 
  Physisorbed water  

►The amount and distribution of these species 
affect the hydrophobic/hydrophilic properties 
of the surface 
► Si-OH species are reactive functionalities for 
the incorporation of catalytic active species 

Pillaring is the process by which a layered compound is transformed into a thermally stable 
micro- and/or mesoporous material with retention of the layer structure.  
The material obtained is a pillared compound or a pillared layered solid.  
A pillared derivative is distinguished from an ordinary intercalate by virtue of intracrystalline 
porosity made possible by the lateral separation of the intercalated guest. 

POROUS CLAY HETEROSTRUCTURES (PCHS) 
Barrer and MacLeod [Trans. Faraday Soc. 51, 1290 (1955)] first introduced the concept of 
transforming a lamellar solid into a porous structure by inserting laterally spaced molecular 
props between the layers of a smectite clay mineral. 

HIERARCHY OF MATERIALS  

LAYERED COMPOUNDS  
 INTERCALATION COMPOUNDS 

PILLARED COMPOUNDS. 

1999 IUPAC, Pure Appl. Chem. 71, 2367±2371 
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The synthesis of such materials consists of the following steps: 
(i) cationic templates and neutral amine co-templates are intercalated in the interlayer space of the 
host clay forming the micelle structures;  
(ii) the silica pillars are created by in-situ 
polymerization of a silica source around the micelle structures. The silica source was allowed to 
hydrolyze and condense, surrounding the added amine within the interlayer gallery. 
(iii) the organic templates are removed from the material by a classical calcination (above 550 C in an 
air atmosphere), producing materials with a high surface area and combined micro and mesoporous 
structure.  

This new class of materials is called porous clay heterostructure (PCH).  

POROUS CLAY HETEROSTRUCTURES (PCHS) 

Various types of the cationic layered clays characterized by different surface acidity were 
used as precursors for the synthesis of the PCH materials. 
 

These types of materials combine the structural elements of a mesostructure with the intrinsic acidity of 
a lamellar smectite clay. The acidity of PCH materials can be controlled by the selection of the starting 
clay minerals (fluorohe torite, montmorillonite, synthetic saponite, magadiite, vermiculite) , the post-
grafting of aluminum or copper and iron species in the mesostructured silica  or the acid activation of 
the clay mineral prior to expansion with cationic templates and neutral amine co-templates cations and 
reaction with TEOS and neutral amines.  

RSC Adv., 2015,5, 67853-67865  

POROUS CLAY HETEROSTRUCTURES (PCHS) 
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POROUS CLAY HETEROSTRUCTURES (PCHS): PROPERTIES 

• Surface area, pore volume, average pore 
size etc. increased dramatically as a result 
of pillaring process. 

• PCHs attracted particular attention due to 
its high surface area (250-1000 m2/g), ion 
exchange capacity, surface acidity, 
mesoporosity with narrow pore size 
distribution, good thermal stability and 
mechanical strength.  

https://dyuthi.cusat.ac.in/xmlui/bitstream/handle/purl/4977/Dyuthi-
T2048.pdf?sequence=1 

• The shift in 2θ value to lower 
range and increase in d (001) 
spacing  indicate the success of 
pillaring process. 

International 
Journal of 
Pharmaceutics 
Volume 491, Issues 
1–2, 1 August 2015, 
Pages 299-309 

PCH have properties inherent to both components, the properties of clays (e.g; CEC and 
acidity) and properties of silica network (e.g; ability to be functionalized).  

 

https://www.copybook.com/companies/micromeritics-instrument-corporation/articles/micromeritics-and-eth-

zurich-presenting-advanced-porous-materials-workshop 

http://www.sciencedirect.com/science/journal/03785173
http://www.sciencedirect.com/science/journal/03785173
http://www.sciencedirect.com/science/journal/03785173
http://www.sciencedirect.com/science/journal/03785173/491/1
http://www.sciencedirect.com/science/journal/03785173/491/1
http://www.sciencedirect.com/science/journal/03785173/491/1
http://www.sciencedirect.com/science/journal/03785173/491/1
http://www.sciencedirect.com/science/journal/03785173/491/1
http://www.sciencedirect.com/science/journal/03785173/491/1
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Chem. Soc. Rev., 2012,41, 3099-3118  

In meso-porous materials, with 
pore sizes 2 nm < dp < 50 nm, 
there is a central core region 
where the influence of 
interactions of the molecules 
with the pore wall is either small 
or negligible; meso-pore 
diffusion is governed by a 
combination of molecule–
molecule and molecule–pore 
wall interactions. Within micro-
pores, with dp < 2 nm, the guest 
molecules are always under the 
influence of the force field 
exerted with the wall and we 
have to reckon with the motion 
of adsorbed molecules, and 
there is no ulk  fluid region. 

In an ion exchange process, the 
balancing ion (the one previously 
detected in the solid phase) is 
replaced by the counter ion 
(previously in the liquid phase) 
always when the exchange has a 
higher affinity to the counter 
ion. 
It is important to emphasize that 
the stoichiometric replacement 
involves charges. Nevertheless, 
normality is much more 
adequate to describe the 
phenomenon than molarity.  

ION EXCHANGE PROCESSES  
ION EXCHANGE PROCESSES are the processes in which a solid phase (ion exchanger) reacts in 
a double exchange reaction when in contact with a liquid phase with electrolytes. Actually, 
this should not be considered as a true chemical reaction as it involves the redistribution of 
ions between two phases by diffusion. Chemical factors are almost negligible with small 
amount of heat, often less than 2 kcal/mol [1]. 

Examples of the monovalent and divalent exchange 
processes. In this diagram, it is easy to see the 
importance of charges in the stoichiometric process. 

IUPAC recommendations for ion-exchange nomenclature define the following capacity 
types: Theoreti al (specific) capacity, apparent capacity (effective apa ity , Pra ti al 
(specific) apa ity , Useful apa ity  and Breakthrough apa ity   
[Inglezakis VJ (2005) The concept of apa ity  in zeolite ion-exchange systems.  
J.Colloid Interf. Sci. 281:68-79].  
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The word diffusion comes from the Latin diffusione, which means action of spread, which in 
turn comes from the Latin diffundere, to spread everywhere, to spread widely, which perfectly 
describes what happened during the mentioned phenomenon.  
Now, formally the diffusion (ordinary) is defined as the net movement of particles due to a 
concentration gradient, that is, it is the process by which matter (atoms, molecules or other 
particles) is transported or transferred from a region of high concentration to a region of 
lower concentration (the concentration is the amount of substance contained in a certain 
volume). 
 

Ion exchange is generally controlled by diffusion, a consequence of the material structure. Ion 
exchange framework, size of the beads, and any other physical chemistry characteristics have 
important roles in this process. Nevertheless, in all cases, it is accomplished by transfer of ions 
to and from the interphase boundary, the exchange itself followed by the diffusion of the ion 
inside the solid phase and the diffusion in the surrounding solution. 

https://www.victoria.ac.nz/scps/research/research-

groups/magnetic-resonance/porous-media 

Ion Exchange Fundamentals and New Challenges 
http://dx.doi.org/10.5772/60864 
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Besides kinetic data, ion exchange equilibrium data are also of great value. 

Isotherms may be classified in five different types, as shown in Figure . 

Ion exchange isotherms: xa(z): equivalent fraction of the counter ion in the exchanger; xa(s): equivalent fraction of the 
counter ion in solution . (a) Favorable isotherm; (b) isotherm with reversal behavior, from favorable to unfavorable; (c) 
unfavorable isotherm; (d) incomplete favorable isotherm; (e) isotherm with hysteresis. 

Isotherm shapes indicate 
whether or not the ion is 
solution is preferably 
exchanged.  
However, they provide no 

information on the type of 

exchange sites or even whether 

they have similar energies.  

This is outstanding information as 

it is directly related to the ion 

exchange mechanism.  

ION EXCHANGERS: POROUS MATERIALS 

Mechanical resistance as well as regeneration capacity 
is quite important when packed beds are considered.  
There are acid and basic exchangers being the anionic 
exchangers that have basic superficial groups and 
cationic exchangers those containing superficial acid 
groups. Exchangers may be also classified according to 
complete or incomplete dissociation based on the pH 
range where the exchange process is efficient. 

Ion exchangers are porous matrixes from different 
sources, with positive or negative excess charge, 
insoluble in aqueous solutions and in many organic 
solvents. The excess charge of the matrix should be 
compensated by the balancing ions, which may be 
replaced by the in-going ion depending on the 
selectivity and affinity of the exchanger to the ions 
involved 
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Cation-exchange capacities of different zeolitic materials (*CEC is operationally defined –determine the amount of a cation that can be 

removed by a specific substance once the material and solution have come to equal) [Breck DW (1974) Zeolite molekular sieves, 

John.Wiley&Sons, New York ].  

Selectivity is a property of the exchanger to show different preferences for particular ions and 
it depends of field strength in zeolite pore. Zeolites with low field strength and with higher Si 
content, such as clinoptilolite, are more selective for cations with lower charge density (K+, 
NH4+, Ag+, Cs+). Zeolites with high field strength, i.e. higher Al content, are more selective 
toward the high charge density cations (Na+, Li+).  

ION EXCHANGERS: ZEOLITES MATERIALS 

At room temperature and low concentration of the solution ions are exchanged, the 
advantages of the amendment have ions with higher charge. Increasing the concentration of 
the solution, the difference in ion exchange affinities of different charges is reduced. If the 
solution contains different ions of the same charge, the selectivity increases with 
increasing atomic number (Li+, Na+, NH4 +, K+).  

The selectivity of clinoptilolite towards alkali metals exist in the sequence:  

Cs+> K+> Rb+> Na+> Li+ 
 

and the alkaline earth metals:  

Ba2+> Sr2+> Ca2+> Mg2+ 

[Armbruster T (2001)Stud.Surf.Sci.Cataly. 135:13-27; Langella A, Pansini M, Cappelletti P, de Gennaro B, de Gennaro M, C. Colella (2000) 

Micropor. Mesopor.Mater. 37:337-343]  
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ION EXCHANGERS: ZEOLITES MATERIALS 

Removal of heavy metals & ammonia 
Natural zeolites are excellent ion exchangers for the removal and recovery of heavy metal cations (Pb, 
Cu, Cd, Zn, Co, Cr, Mn and Fe; Pb, Cu as high as 97%) from drinking and waste-waters. 
Ammonia is a major issue for the treatment of municipal wastewater. This remarkable mineral has a 
huge capacity for adsorbing ammonia. Ammonia levels in municipal wastewaters can be reduced to 10-
15 ppm after treatment facilities. 

The processes of ion exchange and adsorption on natural zeolite occur concurrently with 
the process of HYDROLYSIS in aqueous solutions. Determination of hydrolytic activity and 
stability of zeolites is a very important aspect of technological applications, and hydrolytic 
activity indicates the chemical stability. 

The hydrolysis process (1) is a reaction following the process of ion exchange. 
Understanding and studying zeolite hydrolysis is of great importance to understanding 
the properties of zeolite.  
The hydrolysis process of zeolite is usually observed by monitoring the pH levels and 
electric conductivity during which a sudden increase in the pH value can be seen at 
beginning of the hydrolysis process after which the zeolite-water system tends to stabilize 
the pH value.  

 n – cation charge, Me – exchangeable cations (Na+, K+, Ca2+,Mg2+),  Z – zeolite  
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The created OH ions cause an increase in the pH value of the system. A reaction of the 
metallic ions occurs at the same time (2).  
 

 Increase in the concentration of OH ions at the beginning of hydrolysis causes thus created 
OH ions to adsorb onto the surface of zeolitic particles, which in turn causes melting of the 
surface layer of zeolitic particles. Anions on the zeolite surface form with exchangeable 
cations more or less stable complexes, depending on the stability constant (3).  

Hydrolysed cations in the channels have good mobility and ability to exchange with the 
cations from the solution because they are connected by weak electrostatic bonds to the 
basic aluminium-silicate structure.  

To enhance the simultaneous adsorption capacity of zeolite toward specific hydrophilic and 
hydrophobic solutes (adsorbates), several researchers have developed an amphiphilic 
adsorbent by adsorption of certain substances (i.e. cationic surfactants) onto its external 
surface. The surfactant-modified zeolite (SMZ) became organozeolite. 
The removal of anions was made possible on SMZ, prepared through the sorption of 
cationic surfactant, such as hexadecyltrimethylammonium (HDTMA), on the 
zeolite surface 

ION EXCHANGERS:  
SURFACTANT MODIFIED ZEOLITES (SMZ) 
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Da http://www.zeoliteproducer.com/soilconditioner.html 

Zeolites are slow release fertilisers. Plant nutrients such as nitrogen and potassium are 
held by the negatively charged clinoptilolite structure, and released on demand.  
Zeolite is very porous with an incredibly large surface area. The selectivity of zeolite for 
ammonium helps buffer the soil and prevents toxicity, which occurs when excess 
ammonium is applied.  

Strong affinity for ammonium provides superior odour control and a healthy environment 
Reduction of gastrointestinal diseases  

. 
RADIOACTIVE WASTE TREATMENT: 
Natural zeolite has a high ion exchange capacity and a particular affinity for heavy metal 
cations. It can absorb elements such as strontium 90, caesium 137 and other radioactive 
isotopes from solution, and hold them in its 3 dimensional crystal framework. Zeolites react 
readily with cement and glass systems thus allowing the radioactive waste to be entrapped 
and contained safely. Zeolites are physically robust and resistant to nuclear degradation, and 
they are less expensive than organic ion exchange resins. 

ION EXCHANGERS: ZEOLITES MATERIALS 
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ADSORBIMENTO/DESORBIMENTO DI INQUINANTI 
EMERGENTI SU MATRICI MICROPOROSE 
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During the 1930-2010, the losses of piping containment accounted for 21.9% of the direct 

causes of accidents, whose effects were mainly related to the consequent water/soil 

pollution and to the related fire hazards of the leaked materials. 

EMERGING ORGANIC ONTAMINANTS (EOCs): Toluene, 
chlorobenzene, 1,2-dichloethane and methyl-tert-buthyl-

ether are of special relevance since are toxic and commonly 
found in natural water. 
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GAC 

sorbent material 

 Able to operate in real and complex 
situations (multicontaminants conditions) 
 

  Stability over time under operating 
conditions 
 

  selectivity, in order to reduce the effects 
of interfering adsorbates (i.e. humic 
compounds, salts) 
 

 rapid adsorption kinetics and good 
adsorption capacity  
 

 easy regeneration 

             Zeolites present almost all the characteristics of an ideal  
              adsorbent for water treatment.  

Once the best regeneration conditions were identified, the treated zeolites were tested 

over several  adsorption/regeneration cycles in both deionized and natural fresh water. 

   Experimental Techniques 

 Liquid chromatography–mass spectrometry 

 Thermal analyses (TG, DTA) 

 Nitrogen adsorption (196 °C; 106–760 Torr)  (SSA and pore volume) and Brunauer–Emmett–
Teller (BET) method (external surface area). 

 XRPD and FTIR, in-situ adsorption/desorption experiments (temperature range 30°-600°C).  

 SS-NMR spectroscopy 

 Rietveld structure refinements  

 Density Functional Theory calculations  

 Regeneration: Chemical and  Physical treatments 
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hydroxyl group 

aniline ring 
methoxyl  

group 

carbonyl 
 group 

Zeolite Y and MOR adsorbed SMX with a 
favorable kinetics (a few minutes) up to 24% and 
6% zeolite DW, respectively.  
The adsorption of SMX into ZSM-5 after 24 h 
contact at 65 °C reached 8% zeolite DW (relevant 

for applications in manure/sewage). 

Evidence of the SMX adsorption was 
obtained by comparing the specific surface 
area (SSA) and pore volume of the are  
and SMX loaded zeolites.  
SMX desorption revealed the irreversibility 
of the adsorption process for each zeolite. 

irreversible adsorption process  

favorable kinetics  

affinity order: YZSM-5 ≈ MOR 
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I.Braschi, S. Blasioli, E. Buscaroli, D. Montecchio and A. Martucci 

In press on Journal of Environmental Sciences (2015) 

The location of SMX inside the zeolite porosities was defined by XRPD Rietveld analysis.  

Based on the sorption, structural and 
spectroscopic data presented, zeolite Y 

showed the highest affinity for SMX and can 
be thus considered optimal for sulfonamide 

removal from impacted waters. 

Medium-weak and cooperative H-bonds and van 
der Waals forces occur between zeolite porosity 
walls and the antibiotic. 

Its efficiency was also positively evaluated 
to clean-up fresh natural water collected 
from an Italian river (Reno) in Bologna 
municipality.  
HPLC measurements indicated that zeolite Y 
adsorbed SMX with a favorable kinetics (a 
few minutes) up to 20% zeolite DW.  



02/03/2018 

38 

7/24 

Liquid chromatography–mass spectrometry. 

Thermal analyses (TG, DTA) 

FTIR high vacuum , in-situ adsorption/desorption 

experiments.  

“in situ” synchrotron X-ray powder-diffraction 

(temperature range 30°-600°C).  

Rietveld structure refinements were then  performed 
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MTBE levels do not exceed 20-40 mg/L 
for odour and taste concerns and 350 
mg/L in water. 

Methyl Tert-Butyl Ether (MTBE), C5H12O 
 
Water solubility   
(43,000–54,300 mg/L),   
Lo  He ry’s la  o sta t  
(0.023–0.12; dimensionless),   
small molecular size  
high resistance to biodegradation.  

Removal of fuels-based pollutants from water:  
Methyl Tert-Butyl Ether (MTBE)  

Removal of fuels-based pollutants from water:  
Methyl Tert-Butyl Ether (MTBE)  

Rietveld refinements indicated that in both zeolites, different organic molecules can be 

connected by means of hydrogen bonds through water, to form organic–water complexes.  
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TOL1 site 

MTBE2 site 

2016 
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Remarkable increase in the low-2ϑ angle 
diffraction peak intensities above 300° and 
250 °C for zeolite Y and ZSM-5, respectively. 

No significant broadening of the 
diffraction peaks 

No change in symmetry in Y-SMX. 

After regeneration ZSM-5 regains the 
monoclinic symmetry of the bare material, as 
indicated by the typical (133) reflection 
splitting in the rev pattern. 

 The zeolite aliquot loaded from natural fresh water was homogenized and split into sub-samples which 

were used to evaluate the effectiveness of the regeneration treatments.  

 As far as concerns photolysis, more than 90% of embedded SMX was recovered unmodified 

after 1 h treatment, making thus the method useless for regeneration purpose. 

 After Fenton-like treatments, the organic residue remained into the sorbent accounted for 88-100 % of 

the initially loaded SMX amount. 
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Organic residues remained into SMX 

loaded zeolite Y which was thermally 

treated under different temperatures 

and time durations. The least energy-

consuming conditions are circled: 4 

h at 500°C. 

On the basis of the HPLC measurements, when 

the treatment was applied to the zeolite exposed 

to the river water, the antibiotic adsorption was 

found at 85% of the initial loading capacity.  

The adsorption capacity of treated zeolite 

resulted very close to the initial loading 

capacity, thus making these conditions (4 h at 

500 °C) suitable for zeolite Y regeneration. 

Temperature-induced desorption of Methyl tert-butyl ether confined on ZSM-5: in situ 

synchrotron XRD powder diffraction 
Elisa Rodeghero , Luisa Pasti , Elena Sarti , Giuseppe Cruciani , Annalisa Martucci  

The evolution of the structural features monitored by full profile Rietveld refinements 

revealed that a monoclinic (P 21/n) to orthorhombic (P nma) phase transition occurred at 

about 100°C. MTBE desorption process caused a remarkable change in the unit-cell 

parameters. 
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Complete MTBE desorption 

was achieved upon heating at 

about 250°C. Rietveld 

analysis demonstrated that 

the adsorption/desorption 

process occurred without 

any significant zeolite 

crystallinity loss, but with 

slight deformations in the 

channel apertures. 

Once regenerated and reloaded, zeolite does not show any significant crystallinity 
loss, as well as perfectly regains the unit-cell parameters of fresh material.  

Both organic location and content remain substantially unchanged . ZSM-5 is able to 
re-adsorb them in amounts comparable to that adsorbed in the first cycle. 
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Regeneration is effective when 

thermally treating  ZSM-5 ~ 300°C 

thus minimising the cost of the 

regeneration step of the adsorption 

process  

The refined atomic fractional coordinates and occupancies indicate minor differences in both 

the location and organic content 

In conclusion, the use of this adsorbent with unchanged adsorption performances after thermal 

regeneration under mild conditions appears very promising also over several cycles of the 

adsorption/desorption process 

CONCLUDING REMARKS 
 

In situ time-resolved powder diffraction allowed a carefull 
investigation on EOCs theadsorption/desorption zeolites 

The regeneration is effective at about 350°C without any significant 
difference in the saturation capacity after regeneration and without any 
crystallinity loss; 

Hydrophobic zeolites show strong shape selectivity of 
ZSM-5 towards these organics 

On the basis of these results we can conclude that zeolites may be 
suitable for integration into drinking water and wastewater 

treatment systems and in environmental remediation projects 
concerned with removal of emerging organic contaminants  

http://meetingorganizer.copernicus.org/EMC2012/poster_programme/11346

