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This article is intended to provide some practical insights 
into zeolite functionality and why they have so much 
potential.

Zeolites are one of several types of adsorbents, 
which include activated alumina, silica gel, 
activated carbon, and carbon mole sieve. All feature 
a high surface area, high porosity, and can adsorb 
reversibly. 

Zeolites are characterized by low density, large 
internal pore volumes, and regular crystal structures 
of a variety that promote their use in a applications 
such as catalysis, adsorption, and ion exchange. 
Simply put, they are inorganic porous crystals, a 
subset of molecular sieves, and of natural (volcanic) 
or synthetic origin. They are typically 
aluminosilicates. 

Interestingly, whereas activated alumina is 
amorphous aluminum oxide, and silica gel is an 
amorphous structure of internal silicon oxide 
linkages and external silicon alcohol groups, the 
building of molecules with aluminate and silicate 
together under the right conditions creates zeolites 
which are very elaborate, organized crystalline 
structures! 

The commercial importance of zeolites has grown 
every year. Venture has put over a million pounds 
of various types of adsorption media in service 
over the last two years, of which one third is 
zeolite. 

Manufacturing of Zeolites
Zeolites are manufactured by hydrothermal 
synthesis. Raw materials include sodium silicate, 
sodium aluminate, alumina trihydrate, and 
sodium hydroxide, along with molecular 
templates that breakdown and volatize upon 

heating. The mix undergoes crystallization, 
filtration, addition of binder, pelletizing and 
calcining.
 
Non-polar (siliceous) zeolites can be formed by 
using aluminum-free silica sources or by thermal or 
chemical dealumination of aluminum-containing 
zeolites. 

The recipe and conditions for achieving a particular 
zeolite are empirically (experimentally) determined. 
Zeolite crystallization is an area of study in itself. 
Outcomes are complicated functions of alkalinity, 
feed composition, and water content.  In general, 
the Si/Al ratios of zeolites increase as the inverse 
of excess alkalinity, and in proportion to the Si/Al 
ratio of the batch.

There is currently an experimental program being 
undertaken by NASA to develop large zeolite 
structures using the advantage of zero gravity. See 
Figure 1.

Zeolite Structures
Zeolites are typically constructed of units of silicon 
tetraoxide (SiO4) and aluminum tetraoxide (AlO4-), 
formed in a regular 3 dimensional structure.  The 
aluminum-oxygen tetrahedra avoid directly linking 
to other aluminum-oxygen tetrahedra (aluminum 
avoidance, or Lowenstein’s rule). Accordingly, the 
aluminum oxygen tetrahedra connect to four silica-
oxygen tetrahedra. Note that silica tetrahedra may 
connect to each other directly.  See Figure 2. 

In the classic case, zeolites are formed by assembly 
of aluminosilicate tetrahedra. A variety of 
secondary rings or cages can be built from the 
tetrahedra, (See Figure 3) which are in turn 
assembled into larger zeolite structures with 
defined pore sizes (See Figure 4). Variation can be 
achieved by varying the ratio of aluminate to 
silicate. The high silicate zeolites tend towards 
charge balancing and require less nonstructural 
cations. In the case of the catalysis, the effectiveness 
of the zeolite may be enhanced by incorporating 
noble metals into the zeolite framework. 
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experimental program

Figure 2: Zeolite Tetrahedra
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A zeolite with high Si/Al ratio is more heat, moisture and 
acid resistant, hydrophobic, and offers superior adsorption 
of non-polar organics and superior catalytic performance. 
A lower Si/Al ratio offers greater cation exchange capacity, 
higher adsorbance for polar molecules, and is superior in 
dehydration applications. 

Most modifications to zeolite composition are by 
substitution of aluminum with analogs. Variations in 
composition include phosphate substitution for silicate, 
other metals substituting for aluminum, and hybrids 
thereof. However, oxygen may also be substituted; for 
example, by CH2 or NH groups. In the former case, 
siloxanes or silanes are in synthesis to interrupt the 

framework during crystallization, which fosters 
the incorporation of the organic groups. Amines 
are introduced by high temperature ammonia 
treatment after synthesis.
 
By developing different architectures and 
chemical compositions, different pore sizes can 
be created.  The diversity of zeolite architecture 
may be seen on the International Zeolite 
Association (IZA) website, which currently lists 
206 framework types, each assigned by a unique 
three letter identifier.

The Importance of Zeolite Charge
The charge imbalance (negative charge) on the 
aluminum tetraoxide molecule requires the 
presence of a non-structural cation such as 
sodium.  Priority of cation exchange preference 
is a function of: 
•   strength of adsorption 
      Al3+ > Ca2+ > Mg2+> K+ = NH4+ > Na+ > H+ 
            strong adsorption→ → → weak adsorption

•   relative concentrations of cations in solution 

This cation exchange preference contributes to 
zeolites in ion exchange applications, such as 
laundry detergent, where zeolites replace 
“hard” calcium and magnesium ions with “soft” 
sodium ions, replacing the use of phosphates.  
Other ion exchange applications for zeolites 
include slow release fertilizers, water softening, 
water treatment for removal of arsenic and 

others. Although alkaline in nature, where the cation used 
is a hydrogen ion, zeolites may be function as solid acids.

Adjustment of Zeolite Pore Size
Zeolite pore size can be adjusted by cation selection. By 
replacing sodium ions in a Type A zeolite with an equal 
number of potassium ions, pore size can be reduced. By 
replacing monovalent sodium ions with divalent calcium 
ions, the number of cations is cut in half, and pore size can 
be increased. The impact of cation substitution can be seen 
in Table 1.

Figure 3: Zeolite Building Blocks

...Continued on page 3

...from page 1

Figure 4: Examples of Zeolite Structures Courtesy of the International Zeolite Association
Left: Linde Type A Structure. Right: Linde Type X Structure
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For comparison, consider the critical diameters of 
some common molecules. See Table 2.

A comparison of critical diameter and pore size 
suggests applications, although as a practical matter, 
larger molecules can enter pores, and polarity and 
other properties all play a role, as discussed below.

Heat of Adsorption
Adsorbed materials move to a lower energy state 
when adsorbed, resulting in a release of energy. 
Notionally, this is similar to condensation. Therefore 
energy is required to desorb the material. This has 
implications for zeolite regeneration. Several 
manufacturers have taken advantage of the 
exothermic nature of adsorption, and the 
endothermic nature of desorption, to provide zeolite 
based heat pump heat systems.

Adsorption and Catalysis
A void space approaching 50%, and the use of 
molecular templates in formation, point to why 
zeolites can be so selective and effective in both 
catalysis and adsorption.  

Adsorptive separation by zeolites is typically is 
achieved by one of three mechanisms: steric, kinetic 
or equilibrium effects. The steric separation is 
simply size and shape based molecular sieving.  
Molecules with the right size and shape diffuse into 
the adsorbent; other molecules are excluded. The 
kinetic effect takes advantage of the difference in 
diffusion rates of different molecules. Equilibrium 
adsorption relies on surface interactions, similar to 
activated carbon.

Both adsorptive separation and catalytic processes 
take advantage of zeolites’ uniformity of pore size 
and product purity to capture specific molecules. 
Pores may be circular or elliptical. Geometry, size, 
and charge density determine which molecules are 

adsorbed and desorbed, or adsorbed and cracked in 
the case of catalysis. The elasticity and kinetic 
energy of incoming molecules generally allows for 
passage of molecules of up to 0.5 Å larger than the 
free diameter of the aperture. In addition, the size 
and position of the exchangeable cations may affect 
the free aperture size.

For adsorption, selection is not just based on 
molecular size and shape.  Molecules with low 
vapor pressure, more polarity and more double 
bonds are retained more strongly.

Modifying zeolite composition modifies behavior. 
Zeolites with an Si/Al ratio of 10 or higher exhibit 
an organophilic-hydrophobic selectivity. These 
zeolites also tend to see more application in 
catalysis.

These considerations have implications for media 
selection and for bed dimensions and velocity 
through the bed.

Limitations of Zeolites
Like any tool, zeolites have limitations. They are 
vulnerable to poisoning and other forms of 
deactivation.

Just as zeolites can be effective in the assembly of 
molecules to form desirable products, under the 
right conditions they can assemble or convert 
molecules into undesirable products. 

A review of catalyst deactivation by Bartholemew 
discusses coking phenomenon.  Polymerization of 
olefins and aromatics on acid sites is discussed. 
Specific to zeolites, pore plugging dominates at low 
coking rates, low coke coverages, and high 
temperatures, whereas acid-site poisoning (strong 
chemisorption) dominates at high reaction rates, 
low temperatures, and high coverages. In extreme 
cases, coke build-up may stress and fracture the 
catalyst support material. Decoking by combustion 
is performed routinely in processes such as fluid 
catalytic cracking, where build up is expected.

Future Research
In 2009, modeling by Rice University produced a list 
more than 2.7 million zeolite-like materials, of 
which 314,000 are considered possible to 
manufacture. Therefore, there are plenty of 

opportunities for zeolite discoveries. The link for the 
database is available at: 
http://sdpd.univ-lemans.fr/cod/pcod/ 

Therefore, the options for zeolite production are 
vast, to say the least.

With respect to zeolite chemistry, there is a focus on: 
• Improved understanding of zeolite structure, 

growth and how to enhance their properties 
for commercial applications. 

• More structures, more compositions and more 
applications. 

• Larger pores for larger molecules and more 
refined geometry and characteristics for 
enhanced specificity.  

 
The medical field is particularly target rich 
environment for developing zeolite applications. 
Zeolites are promoted for use in diet, as 
antimicrobials, for ammonia removal in 
hemodialysis, as adsorbent for cholera toxins, as a 
stimulant for the body’s response to tumors, as a 
slow release drug carrier, and so on.

Similarly, improved tuning of adsorption properties 
and geometry will lead to more use of zeolite 
catalysts in chemicals and fine chemicals.

Membrane forms of zeolites are already a reality 
and have resulted in more compact installations. 
Improved regeneration schemes are likely.

For areas rich in shale gas, there is a lot of talk about 
CNG fueled vehicles, which require engine 
conversions for existing gasoline powered fleets. But 
it is interesting to speculate on the possibility of 
converting methane to methanol, and then to 
conventional fuel. To elaborate, in the 1970s, Mobil 
developed a process for conversion of methanol into 
gasoline through use of the ZSM-5 zeolite catalyst, 
which was used on a commercial scale in New 
Zealand until 1996.   With a low cost feedstock, 
gasoline from methane could be appealing.

Final Remarks
Zeolite research will be a rich field for years to 
come, in chemistry and engineering. We hope the 
reader has acquired at least a notional appreciation 
of the potential that zeolites have. 

As for Venture, we will continue product 
development on the equipment side, including 
evaluation of alternative regeneration methods to 
reduce energy cost and enhance performance, new 
applications for gas processing that are in the 
pipeline, some refinements to the equipment and 
interfaces, and possibly teaming with other “idea” 
people. We will likely be field testing some new 
media, and looking at new combinations.  On the 
engineering side, we will continue to look for “best 
value” solutions for our customers, keeping our 
eyes open for new and better solutions.

...from page 2

Table 1: Impact of Cation Substitution in Linde 
Type A Zeolite. Courtesy of UOP.

Table 2: Selected Molecules and Their Critical Diameters. Courtesy of Sigma Aldrich



S E Q U O I A  C L U B

4 Issue 12 - Winter 2013

Zeolites are used mainly in three types of 
applications: adsorption, catalysis, and ion 
exchange. Zeolites are inorganic porous crystals, 
and a subset of molecular sieves. Zeolites are 
typically crystalline, porous aluminosilicates, or 
variations thereof. They are commercially 
important - Venture alone has put over a million 
pounds of various types of adsorption media in 
service over the last two years, of which one 
third is zeolite. 

The first zeolites identified were naturally 
occurring minerals originally described by their 
mineral names. These names may be 
descriptive, based on the name of the discoverer, 
based on a geographic place name, or other 
reference. For example, Faujasite, named after 
Barthelemy Faujas de Saint Fond. The discovery 
of calcium and magnesium rich phases in the 
1990s led to the use of modifiers; Faujasite-Na, 
Faujasite-Ca, or Faujasite-Mg.  Other interesting 
examples:

• Erionite - From the Greek for wool, in allusion 
to its white, fibrous, wool-like appearance.
 
• Goosecreekite - After the type locality, the 
New Goose Creek Quarry (Luck Company 
Quarry), Leesburg, Loudoun Co., Virginia, USA.
 
• Harmotome - From the Greek for "joint" and 
"cutting,"; a reference to its unusual cleaving 
characteristics

Guidance for mineral names is provided by The 
Commission on New Minerals and Mineral 
Names (CNMMN) of the International 
Mineralogical Association (IMA), established in 
1959. See: Recommended nomenclature for 
zeolite minerals: report of the subcommittee on 
zeolites of the International Mineralogical 
Association, Commission of New Minerals and 

Mineral Names http://www.minsocam.org/
msa/ima/ima98(13).pdf 

Synthetic zeolites were originally described by 
the Linde Type, which is a reference to the 
Union Carbide Division that first synthesized 
and commercialized zeolites, starting with 
Linde Type A ( Na12[(AlO2)12(SiO2)12] 
●27H20) and Linde Type X Na86[(AlO2)86
(SiO2)106] ●264H20). In some cases, a synthetic 
zeolite mimics a naturally occurring zeolite, for 
example, Linde Type X, and Linde Type Y, both 
of which are a form of Faujasite.

As the diversity of zeolites became appreciated, 
the Linde Type was modified by the cation 
present. The Linde Type A zeolite with a sodium 
cation could be referred to as NaA. 
Alternatively, the Linde Type could be modified 
by nominal size of the pore opening in 
Angstroms (Å); i.e., 4A; that refers to the 
standard sodium based Linde Type A zeolite, 
which has a 3.5 Å pore size. Or the Linde Type 
could be modified by the nominal size of the 
cavity to which the pores connect, in Å; for 
example 13X, which corresponds to the Linde 
Type X zeolite which has elliptical 13 Å cavities, 
and can also be referred to as NaX.  Other Linde 
Type X zeolites include LiNaX, KNaX, RbNaX 
and CsNaX. See: http://www.eltrex.pl/pdf/
karty/adsorbenty/ENG-Introduction%20to
%20Zeolite%20Molecular%20Sieves.pdf 

As more structures were developed, the 
International Zeolite Association’s Structure 
Commission was formed in 1977, to evaluate 
zeolite structural data. As part of its mandate 
the Structure Committee assigns a unique three 
letter identifier to each approved structure. The 
three letters do not have significance by 
themselves; accordingly, the Structure 
Committee has freedom to assign. For example, 

Linde Type A is identified by LTA, but Linde 
Type X is identified by FAU. To date 206 
structures have been approved. See:  http://
www.iza-structure.org/default.htm  

Note that the IZA framework type codes do not 
have any connotations with respect to 
composition. For example, the LTA framework 
type corresponds to the Linde Type A zeolite 
characterized above, as well as GaPO4 (1 
Ga2O3 : 1 P2O5 : 1 HF : 70 H2O : 6.5 DPA, 
where DPA = di-n-propylamine), and two other 
zeolites. The FAU framework type corresponds 
to six zeolites. 

None of these systems fully addresses the 
geometric variability possible. Accordingly, the 
International Union of Pure and Applied 
Chemistry (IUPAC) denotes zeolite composition 
according to the following system:

|guest composition|[host composition]h{host 
structure}p{pore structure}(Symmetry) – IZA

For example, a Linde Type A zeolite would be 
expressed as:

|Na12(H20)27| [Al12Si12O48]h{3[46]}p{0
[4668]/3[4126886]<100>(0.41)}-LTA

See: Nomenclature of structural and 
compositional characteristics of ordered 
microporous and mesoporous materials with 
inorganic hosts(IUPAC Recommendations 2001)
L.B.McCusker, F. Liebau,& G. Engelhardt
http://pac.iupac.org/publications/pac/pdf/
2001/pdf/7302x0381.pdf 

That’s all there is to it! Next issue, we will take 
on easier questions; the rules of rugby, what 
happened to Emilia Earhardt, and why did Foge 
Fazio punt on third down? 
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Are you an “idea” person? Would you like to further discuss zeolite and adsorbent 
advances? Contact Venture Engineering & Construction’s Executive Vice President 

Don Olmstead at our Pittsburgh, PA office. Mr. Olmstead can be reached at 
DOlmstead@VentureEngr.com or 

(412) 231-5890 x302. 

Name that Zeolite!

Creativity in the Field
If you encountered this this in the field, what would you do? What would you 
say? How would you react? As third in a series, we ask for you creative input. 
Tell us a caption, create a scenario, write a short story, express yourself! We will 
feature the entries on our Blog and let YOU decide the winner. Please submit 
all entries to Amanda Mihailoff at AMihailoff@VentureEngr.com or 
 (412) 231-5890 x315. Now let’s get creative!


