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Abstract New materials are prerequisite for major
breakthrough applications influencing our daily life, and
therefore are pivotal for the chemical industry. Nanoporous
materials constitute an important class of heterogeneous
catalysts as they not only offer higher surface areas and
enhanced activity, but also provide shape/size selectivity.
As a well-established family of nanoporous materials,
zeolites are of paramount importance for the chemical
industry as heterogeneous catalysts with shape/size-selec-
tive character in various reactions. Zeolites can also play an
active role in the quest for raw material change as catalysts
providing the required selectivity towards base chemicals.
In this contribution, an overview of the current and
potential applications of zeolites as catalysts in chemical
industry is presented.
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1 Introduction

Due to its role in many crucial chemical processes, hetero-
geneous catalysis is one of the key elements of our
industrialized society, and thus has direct impact on the
global economy. It is reported that approximately nine-out-
of-ten chemical processes utilize heterogeneous catalysts
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[1]. Global catalyst market is estimated to be between 15 and
20 billion USD annually. Approximately half of this market
is geared directly towards the chemical industry and the rest
is divided between environmental and refinery applications.
The annual combined worth of the products obtained from
industrial catalytic processes (including refinery operations)
is estimated to be at a multi-trillion USD level. Therefore, it
can be stated that the value created by utilizing catalysts is
approximately three orders of magnitude higher than the
amount invested in them.

Shape and size selectivity is a vital consideration for
many industrial catalytic processes, and it is typically
attained by utilizing catalysts of nanoporous nature.
Selectivity can be based on the shape/size of the reactant,
product or intermediate. In order to provide such shape/size
selective behavior, the catalyst must have uniform pores
with molecular dimensions. Uniform porosity is the out-
come of a highly ordered structure, such as in zeolitic
frameworks, where pores/channels are part of the building
blocks (i.e., repetitive units). Zeolites are made of three-
dimensional crystalline networks that preferentially adsorb
molecules and exclude larger ones. Each nanoporous
material has the potential to offer unique structural and
chemical features that can be beneficial for an industrial
application. For zeolites, the ability to exchange cations is
another essential feature for applications in catalysis. As a
result of their high surface areas, nanoporous catalysts
contain a higher density of active sites that are directly
involved in the reaction at a molecular level. This char-
acteristic results in enhanced activity, and thus a more
effective catalytic system. Owing to the Angstrom-scaled
features they possess, zeolites and other nanoporous
materials also present significant potential for future utili-
zation in numerous advanced applications in the fields of
nanotechnology [2, 3] and biotechnology [4].
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2 Industrial Interest in Zeolites

Systematic research efforts on synthesis and adsorption
properties of zeolites were initiated by Richard M. Barrer
in the late 1930’s. Following his pioneering work,
researchers at Union Carbide developed procedures for
preparation of the first synthetic zeolites (e.g., zeolites A,
X, and Y) that would find industrial applications (in oil
refining). The commercial impact of the introduction of
zeolites into refinery operations has been immense, as it
resulted in ~30% increase in gasoline yield, thus more
efficient utilization of the petroleum feedstocks.

Based on this successful entry into the industrial scene,
zeolites quickly found many applications in petroleum
processing in subsequent years. Since then about 20 differ-
ent zeolitic framework structures have been commercialized
for utilization in industrial processes. Worldwide con-
sumption of synthetic zeolites is estimated at about 1.7-2
million metric tons per year [5—7]. For natural zeolites the
annual consumption is approximately 2.5 million metric
tons [5]. Traditionally the major applications for synthetic
zeolites are in detergents, adsorbents/desiccants and catal-
ysis. The current global market for synthetic zeolites is
estimated to be around 2 billion USD annually.

2.1 Zeolites as Catalysts in Industrial Processes

It has been four decades since the introduction of the
shape-selective character of zeolites into industrial appli-
cations. In these four decades utilization of zeolites in
catalysis has increased dramatically. Consumption of zeo-
lites as catalysts accounts for an estimated 27% of the
world zeolite market on a value basis [5]. Four major
companies control more than three quarters of the global
zeolite catalyst market. Fluid catalytic cracking (FCC)
catalysts (primarily USY zeolite) constitute more than 95%
of zeolite catalyst consumption [5]. The largest volume of
zeolite catalyst consumption is in North America with 83
thousand metric tons (anhydrous) per year [S]. Approxi-
mately 35 thousand metric tons of zeolite is consumed in
Europe, and 11 thousand metric tons of zeolites are used in
Japan every year [5]. Overall, the worldwide zeolite cata-
lyst consumption sums up to approximately 241 thousand
metric tons (anhydrous) per year [5]. Comparison of the
annual zeolite catalyst consumption by regions is presented
in Fig. 1.

As a result of the rapid development of the Chinese
chemical and petrochemical industries in the last two to
three decades, and with increasing presence of international
chemical companies, the demand for zeolite catalysts in
China has increased significantly. In order to keep up with
this demand there are currently close to 20 different pro-
ducers of zeolite catalysts operating in various locations in
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Fig. 1 Annual zeolite catalyst consumption by region

China. The total production capacity is estimated to be
above 12 thousand metric tons per year. Most of this
capacity (~98%) is used for ZSM-5 production.

In chemical industry some examples of zeolite-catalyzed
processes that are currently in operation include hydroxyl-
ation (e.g., phenol), alkylation (e.g., ethylbenzene, cumene),
oximation (e.g., cyclohexanone oxime) and epoxidation
(e.g., propylene oxide). Many of these zeolite-catalyzed
chemical processes have been developed in Japan. In
Table 1, some examples of chemical products obtained by
zeolite-catalyzed processes developed in Japan and the
zeolite structures used as catalysts in these processes are
presented. The catalysts for industrial processes are selected
based on the distinct structural, morphological and compo-
sitional characteristics of the zeolite and the needs/
limitations of the reaction. Compatibility of the zeolite cat-
alyst with the reaction can be considered as the key for the
economic success of the process. In order to achieve this
compatibility, for some processes the zeolite catalyst needs
to go through various post-synthesis modifications. Such
modifications can have substantial impact on the financial
outcome. For example, in large scale zeolite-catalyzed
chemical processes such as ethyl benzene manufacturing or
propylene oxide production (HPPO process by BASF—
Dow joint venture) with output of several hundred thousand
tons per year, even an increase of 1% in catalyst selectivity
contributes to some additional thousand tons of product. The
simplified flowsheet describing the HPPO process is pre-
sented in Fig. 2.

2.2 Zeolites as Catalysts in Environmental Applications
Over the course of years the field of zeolites has greatly

benefited from the increasing environmental consciousness
of the society. As detergent builders, zeolites replaced
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Table 1 Examples of zeolite-catalyzed chemical processes developed in Japan

Product Zeolite structure Technology owner Ref.
MFI Asahi Chemical Ind. Co. Ltd. [8]
OH
H MFI Sumitomo Chemical Co. Ltd. [9]
UO
N—OH MFI Sumitomo Chemical Co. Ltd. [10]
MOR Ni hemical Ind. Co. Ltd. 11
H3C—NH2 (0) itto Chemical Ind. Co. Ltd. [11]
o MWW Showa Denko K. K. [12]
R
R MFI Tosoh Corp. [13]
1
|
/N ~
Ry Rs
MFI Nippon Shokubai Co. Ltd. [14]
HO Ay ~OH
H
Fig. 2 Simplified flowsheet of -
the HPPO process l Lowboilers
Propylene H,0, Glycols
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sodium phosphates, which were shown to distort the
balance of the freshwater ecosystems. Being the environ-
mentally friendly alternative, zeolites quickly increased
their share in the laundry detergent market. Today, utiliza-
tion as detergent builders makes up the largest use of
synthetic zeolites in terms of volume [5]. In refineries con-
sumption of zeolite catalysts has increased as a result of the
environmentally driven policies to decrease sulfur emissions
[5]. Also, in order to enhance the light olefin yields, the FCC
catalyst compositions were modified by increasing the
zeolite loadings and by introducing different types of zeolite
structures [5]. Zeolites have also replaced (or have been
proposed to replace) the conventional catalysts in many
industrial processes as the environmentally benign
alternatives.

With increasing environmental regulations to fight air
pollution, (and thus global warming), new applications
opened up for zeolite catalysts. In Europe, North America
and Japan progressively more and stricter regulations are
being implemented to reduce the NO, emissions from
stationary and mobile applications. Selective Catalytic
Reduction (SCR) is currently the leading technology to
revert the formed NO, into harmless N, and H,O by using
a reducing agent such as urea (ammonia). For the stoichi-
ometric NH;3-SCR reaction, the chemical equations are:

4NO 4+ 4NH; + O, — 4N, + 6 H,O
6 NO, + 8 NH; — 7 N, + 12 H,0

2NO;+ 4NH3; + O, — 3 N, + 6 H,O
NO + NO; + 2NH; — 2N+ 3 H,O

Zeolites are the preferred catalysts for diesel SCR as they
can withstand high operating temperatures, which is
essential in automotive SCR applications. This is a highly
effective catalytic system as the zeolite catalyst can convert
most of the NO, during steady-state operation. With
upcoming regulations on automotive NO, emissions, the
new generation of both light-duty and heavy-duty diesel
vehicles will utilize this technology. Therefore, a significant
zeolite catalyst demand from the automotive industry can
be forecasted.

3 Role of Zeolites in Raw Material Change

The recent increase in oil prices brought the barrel price of
crude oil to record high levels. Since crude oil is a major
raw material for the chemical industry, these developments
also emphasize the importance of considering change and
flexibility of raw materials. Various alternatives for raw
material change in chemical industry [15] are demonstrated
in Fig. 3. Many of the processes involved in changing the
raw material basis (e.g., coal, natural gas, renewables, other
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Fig. 3 Alternatives for raw material change in chemical industry

biomass) for chemical industry make use of zeolite cata-
lysts. Therefore, the quest for implementing new raw
materials in chemical industry involves zeolites.

If methanol is obtained from any of the raw materials, the
process can be coupled with a Methanol-to-Olefins (MTO)
unit to have the suitable input (e.g., ethylene, propylene) to
enter the corresponding value added chain. Ethylene and
propylene are crucial intermediates for chemical industry,
and in terms of production volume they are among the
largest. The global demand for ethylene and propylene has
been increasing steadily; however, it should be noted that
the propylene demand growth rate has been considerably
higher than ethylene demand growth rate. Tightening of the
worldwide propylene supply is expected, as conventional
routes for propylene (e.g., steam cracking, FCC) might not
satisfy the increasing demand. Therefore, there is currently
more industrial interest in having a catalytic process that
provides high selectivity towards propylene.

Initial industrial demonstration of producing olefins
from methanol was performed by Mobil in late 1980’s. It
was developed by modifying the MTG (Methanol-to-Gas-
oline) process which was already in operation. A ZSM-5
type catalyst (MFI topology, 10MR pores) was used.
However, it can be stated that this zeolite catalyst was not
designed for light olefin (ethylene/propylene) production as
it favors long chain, branched paraffins and aromatics.
Later on UOP and Norsk Hydro have developed the UOP/
Hydro MTO process, which employs a SAPO-34 type
material as catalyst. SAPO-34 has the CHA topology and it
is a more suitable catalyst for making light olefins. This is
because the pore dimensions are smaller (§MR), which
makes this catalyst more selective towards ethylene and
propylene. The ethylene/propylene ratio of the product
stream can be tuned between 0.77 and 1.33. Lurgi has also
developed a methanol based process called MTP (Metha-
nol-to-Propylene). Pentasil-type zeolite catalyst (developed
by Siid-Chemie), which is selective towards propylene, is
used. Both UOP/Hydro and Lurgi are operating demon-
stration plants in Norway.
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One important factor in having methanol based processes
(e.g., MTO, MTP, MTG) is the location. Approximately
60% of proven natural gas reserves are in remote parts of the
world. It is not economical to utilize or transport this
“stranded” gas with conventional methods. Therefore, these
resources are mostly untapped. Converting these resources
into methanol allows easier access to the value added chains
of chemical industry. Lower grade methanol is acceptable as
feedstock for these plants, so there is no need to build costly
purification units. Other gas-to-liquids technologies, such as
the zeolite catalyzed methane-to-benzene process [16], are
also beneficial with the same rationale. The methane-to-
benzene process also generates H, as product, which will be
in increasingly higher demand in the future, as it will be used
more commonly as a fuel (i.e., hydrogen economy) and will
be required for most of the other processes for raw material
change. In the future, methane refineries can be expected to
make better use of this raw material. In Fig. 4 possible routes
for utilizing natural gas as a raw material in chemical
industry are illustrated.

During the last decade the increase in coal price has
been much less than the increase in crude oil or natural gas
prices. This trend can make coal an attractive raw material
for the chemical industry. Coal can be converted to syngas
via the coal gasification process. The produced syngas can
then be converted into methanol. Starting with methanol,
olefins can be obtained by utilizing the zeolite catalyzed
MTO, MTP or MTG technologies as described above. In
Fig. 5 potential routes for utilizing coal as a raw material in
chemical industry are presented.

Renewable resources can also be converted to base
chemicals for industry such as ethanol or glycerol by fer-
mentation or zeolite catalyzed chemical transformations. In
Fig. 6 possible routes for utilizing bio-ethanol (obtained
from renewable resources) as a raw material in chemical
industry are illustrated. Biodegradable waste and other
types of carbonaceous wastes also have the potential to be
transformed into base chemicals via processes that make
use of zeolite catalysts.

Partial
Oxidation Acetylene
— Formaldehyde
MTO .
Methanol——— Olefins
Steam . .
Reforming FT ——— Acetic Acid

Syngas Fuels
Carbon

Monoxide Phosgene

Methane — Ammon-
oxidation Hydrogen
Cyanide

Aromatization

Benzene and Naphthalene

Chlorination . X
——— Methylchloride and Methylenechloride

Fig. 4 Possible routes for utilizing natural gas as a raw material in
chemical industry
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Fig. 5 Possible routes for utilizing coal as a raw material in chemical
industry
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Fig. 6 Possible routes for utilizing ethanol (obtained from renewable
resources) as a raw material in chemical industry

4 Strategies in the Search for Novel Zeolites

Small- and medium-pore zeolites are of great interest for the
chemical industry due to the commercial potential they
present in many processes dealing with molecules in this
size regime. However, the focus of synthetic zeolite research
in the last two decades has been on ultra large-pore struc-
tures. In the search for new framework topologies, various
successful strategies have been explored, such as introduc-
ing fluoride as a mineralizer, substitution of Si in the lattice
by other suitable atoms (e.g., Ge), charge density mismatch
and synthesis in ionothermal media [17, 18]. Another highly
prolific approach for synthesis of novel zeolites is the use of
tailor-made structure-directing agents (SDA). This method
resulted in many new and interesting zeolites; however,
some of these large and exotic structure-directing agents are
rather expensive. To address this issue, another methodol-
ogy was developed, where a small amount of the particular
structure-directing agent was used to drive the nucleation
towards the desired structure, and other templating functions
such as pore-filling and control of pH were fulfilled by an
additional, low-cost SDA [17, 19].

The topotactic condensation of layered silicates into
zeolitic frameworks also offers promise as a strategy for
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Fig. 9 SEM images of RUB-39
(a) and RUB-41 (b)

obtaining new framework topologies. A recent successful
example of this approach is the conversion of layered sil-
icate RUB-39 into zeolite RUB-41 [20], which will be
elucidated here as a model case for discovery and explo-
ration of novel zeolites in chemical industry. RUB-39 is a
previously unknown hydrous layered silicate [21] (Fig. 7)

20um

and its controlled calcination results in a new zeolite
named RUB-41 (Fig. 8), which was assigned the RRO
topology. The typical synthesis procedure for RUB-39 and
its conversion to RUB-41 are explained elsewhere [20].
SEM and TEM images of RUB-39 and RUB-41 are pre-
sented in Figs. 9 and 10 (a, b), respectively. In these
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Fig. 10 TEM images of RUB- (a)
39 (a) and RUB-41 (b)

200000 : 1

images the typical plate-like morphology of RUB-39 and
RUB-41 can be observed.

RUB-41 is an interesting material that has a 2-dimen-
sional channel system, which forms 8MR and 10MR pore
openings, and typically has surface areas that exceed
500 m*/g. Adsorption studies using small hydrocarbons
showed stronger adsorption of alkenes compared to alkanes
[20]. Liquid phase separation experiments on RUB-41
resulted in unusual trends of preferential adsorption, where
uptake of trans-2-butene (critical diameter = 0.431 nm)
and cis-2-butene (critical diameter = 0.494 nm) was
favored over 1-butene (critical diameter = 0.446 nm) [22].
Typically, in small pore zeolites the order of preference
follows the order of critical diameter, hence the trans-2-
butene is favored over 1-butene and cis-2-butene [22]. The
behavior of RUB-41 likely stems from the unique pore
architecture of the RRO topology, where pore distortion
leads to a pronounced selectivity. This finding demonstrates
the potential of utilizing RUB-41 for a commercially
attractive direct liquid-phase separation process to isolate
pure 1-butene from a butene mixture [22]. It was also shown
that insertion of functional T-atoms into the silicate
framework is possible, which makes this zeolite attractive
for many applications in catalysis.

Recently, a new methodology for postalkoxysilylation
of the layered silicate precursors to get new crystalline
framework structures with expanded pore openings has
been developed [23]. These interlayer expanded zeolites
are thermally and hydrothermally stable. Utilization of this
approach for layered precursors with MWW topology,
generated catalysts that were more active in a variety of
reactions involving bulky molecules, potentially due to the
enhanced diffusion in the framework as a result of the
wider interlayer pore openings [23]. This new strategy
offers promise as a way to design catalysts based on the
dimensional requirements of a reaction, and is likely to be
employed by chemical industry.

@ Springer
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5 Conclusions and Outlook

It can be stated that zeolites are of great interest for the
chemical industry, especially due to their current and
potential applications in catalysis. Even though synthetic
zeolites have been used by industry for decades, prospects
are still high for new structures and applications. Being the
catalysts that can provide the much-needed selectivity
towards base chemicals, zeolites will play a critical role in
the quest for raw material change. Since there are an infi-
nite number of possible zeolitic framework structures, it
can be expected that academic and industrial research
activities in this field will continue to be vigorous.
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