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  Pref ace   

 Crystalline microporous zeolites have been considered as mineral curiosities for a 
long time since their discovery in 1756. Currently, there are myriads of applications 
of zeolites and related porous crystals in the fi elds of industrial, environmental, and 
social relevance. Particularly, after revolutionizing the refi nement of crude oil and 
the petrochemical industry as a whole by vastly enhancing the effi ciencies of the 
existing process, great efforts have been devoted to the hydrothermal synthesis of 
zeolites and their properties, giving many breakthrough achievements. Summaries 
of these exciting results have already led to the publication of some great and suc-
cessful books. 

 In recent years, with the development of green chemistry and shortage of energy 
around the world, there has been a major leap for the synthesis, characterization, 
and practical applications of zeolite, in terms of both its fundamental and industrial 
aspects. For instance, hierarchically porous zeolites with excellent mass transfer 
have been templated; solvent-free route for synthesis of zeolites has been achieved; 
interlayer expansion methodology has been established and created many new zeo-
lite structures; the great strides made in modern techniques such as electron microg-
raphy, solid NMR spectroscopy, and X-ray diffraction have signifi cantly advanced 
our understanding of the syntheses and structures of zeolites; sustainable and impor-
tant processes such as methanol to light olefi ns (MTO) and selective catalytic reduc-
tion of NOx with ammonia (NH 3 -SCR) catalyzed by zeolite catalysts have been 
commercialized already. Therefore, it is time to collect the works recently done by 
the outstanding scientists active in this fi eld to establish an essential handbook. 

 This book mainly contains three parts, devoting to novel strategies for synthesiz-
ing zeolites, new developments in characterizations of zeolites, and emerging appli-
cations of zeolites for sustainable chemistry, respectively. In the fi rst part, my 
colleague Dr. Xiangju Meng and I briefl y summarize the synthesis of zeolites via 
sustainable routes (Chap.   1    ). Prof. Zhijian Tian from the Dalian Institute of Chemical 
Physics introduces in detail the ionothermal synthesis of zeolites (Chap.   2    ). Prof. 
Toshiyuki Yokoi and Prof. Takashi Tatsumi from the Tokyo Institute of Technology 
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provide a detailed review of the interlayer expansion of the layered zeolites 
(Chap.   3    ). Prof. Ryong Ryoo and his colleagues describe the synthesis of meso-
structured zeolites (Chap.   4    ). In the second part, Prof. Xiaodong Zou and her 
 colleague from Stockholm University present the different electron crystallographic 
techniques and their applications on structure determination of zeolites (Chap.   5    ). 
Prof. Hermann Gies and his colleague from Ruhr University Bochum elucidate the 
solution and refi nement of zeolite structures (Chap.   6    ). Prof. Feng Deng and his 
colleague from the Wuhan Institute of Physics and Mathematics introduce the solid 
state NMR method for structural characterization of zeolites (Chap.   7    ). In the third 
part, Dr. Bilge Yilmaz and Dr. Ulrich Muller and their colleagues from BASF review 
the refi nery applications (Chap.   8    ) and catalytic reactions (Chap.   14    ) of zeolites in 
industry. Prof. Weiguo Song from the Institute of Chemistry and Prof. Zhongmin 
Liu and Prof. Yingxu Wei from the Dalian Institute of Chemical Physics demon-
strate the conversion process of methanol to light olefi ns over zeolites (Chap.   9    ). 
Prof. Emiel Hensen from TU/e discusses the application of zeolites as catalysts in 
the conversion of biomass into fuels and chemicals (Chap.   10    ). My colleague Dr. 
Liang Wang and I provide a concise review of the new developments of titanosili-
cate zeolites and their applications in various oxidations (Chap.   11    ). Prof. Hong He 
and his colleague from the Research Centre for Eco-Environmental Science explore 
the emerging applications of zeolites in environmental catalysis (Chap.   12    ). Prof. 
Zhengbo Wang from Zhejiang University and Prof. Yushan Yan from the University 
of Delaware summarize the recent progress in preparation and applications of zeo-
lite thin fi lms and membranes (Chap.   13    ). In the last Chapter (Chap.   15    ), Dr. Xiangju 
Meng and I also give a brief summary of the opportunities and challenges in the 
research and development of zeolites. 

 This book provides a comprehensive and an in-depth coverage of this rapidly 
evolving fi eld from both academic and industrial points of view. We believe it can 
be used as an essential reference for the researchers who are working in the fi eld of 
zeolites and related areas. It can also be used as a textbook as well as one of the key 
references for graduate and undergraduate students in chemistry, chemical engi-
neering, and materials science. 

 Finally, we, the editors, would like to express our heartfelt gratitude to the authors 
for their contributions to this book.  

  Hangzhou, China     Feng-Shou     Xiao     
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   Part I  
  Novel Strategies for Synthesizing Zeolites        
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    Chapter 1   
 Sustainable Routes for Zeolite Synthesis       

       Xiangju     Meng     ,     Liang     Wang    , and     Feng-Shou     Xiao   

    Abstract     The modern synthesis of zeolites mainly involves the use of organic 
 templates, the addition of solvent, the preparation of starting gels, and the heating of 
the gels. Each step could be made greener in the future. This chapter presents a brief 
overview on the recently reported green routes for synthesizing zeolites, mainly 
focusing on the reduction or elimination of organic templates as well as the com-
plete elimination of solvent. To overcome the disadvantages of using organic tem-
plates, nontoxic templates and template recycling steps have been employed in the 
zeolite syntheses. In addition, organotemplate-free synthesis has become a popular 
and universal methodology for synthesizing zeolites. Particularly, seed-directed 
synthesis in the absence of organic templates is a general route for synthesizing a 
series of zeolites. From an economic and environmental standpoint, solvent-free 
synthesis is a great move toward “green” synthesis of zeolite due to the following: 
high yields, high effi ciency, low waste, low pollution, low pressure, hierarchical 
porosity, and simple and convenient procedure. Combining the advantages of 
solvent- free and organotemplate-free synthesis would particularly open the path-
way to a highly sustainable zeolite synthesis protocol in industry.  

  Keywords     Zeolites   •   Sustainable template   •   Template recycling   •   Organotemplate- 
free synthesis   •   Solvent-free synthesis  

1.1         Introduction 

 Hydrothermal synthesis of zeolites from silicate or aluminosilicate gels in alkaline 
media has occupied an important position in zeolite synthesis science, where the 
temperature is ranged from 60 to 240 °C and the pressure is about 0.1–2 MPa [ 1 ,  2 ]. 
R. M. Barrer and R. M. Milton, the founders of zeolite synthesis science, started 
their studies in zeolite synthesis in the 1940s, successfully synthesizing a series of 

        X.   Meng      (*) •    L.   Wang    •    F.-S.   Xiao    
  Department of Chemistry ,  Zhejiang University ,   Hangzhou   310028 ,  China   
 e-mail: mengxj@zju.edu.cn  
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artifi cial zeolites such as P, Q, A, and X [ 1 ,  3 – 6 ]. Later, a milestone for zeolite 
 synthesis is the introduction of organic quaternary ammonium cations in the hydro-
thermal synthesis, which opens a door to synthesize novel zeolites [ 1 ,  7 ,  8 ]. Up to 
now, more than 200 types of zeolites have been hydrothermally synthesized in the 
presence of organic templates. 

 Although hydrothermal synthesis of zeolites has been widely used for decades, 
it does not meet the critical terms of sustainable chemistry that refers to reduce or 
eliminate negative environmental impacts, involving the reduction of wastes and 
improvement of effi ciency, due to the use of organic templates and a large amount 
of water [ 9 ]. 

 Currently, organic templates play very important roles in the zeolite synthesis 
due to the templating of the assembly pathway, fi lling the pore space, and balancing 
the charges [ 1 ,  9 ]. However, most organic templates are toxic, which potentially 
threaten human health. In addition, removal of these templates normally requires 
high-temperature combustion that produces hazardous greenhouse gases such as 
NOx and CO 2 . On the other hand, water is always regarded as the “greenest” sol-
vent, but a large amount of the water used in industries still results in a series of 
shortcoming such as waste of polluted water, high autogenous pressure, and conse-
quently safe issues [ 9 ]. 

 To solve these problems caused by conventional hydrothermal synthesis, sustain-
able routes for zeolite synthesis have been developed recently. In this chapter, sev-
eral novel sustainable routes will be systemically illustrated.  

1.2     Synthesis of Zeolites Using Sustainable Templates 

 Organic quaternary ammonium cations were fi rst introduced into the zeolite synthe-
sis by Barrer and Denny in 1961, and they have successfully synthesized several 
pure siliceous and high-silica zeolites [ 1 ,  7 – 9 ]. Different from the inorganic cations, 
organics play an additional role for templating or structure directing in the zeolite 
synthesis. Thus, these organics are called templates or structure-directing agents 
(SDAs). Conventional organic templates mainly include amines, amides, pyrro-
lidines, quaternary ammonium cations, and metal chelate complex [ 1 ,  2 ,  9 ]. 

1.2.1     Synthesis of Zeolites Using Low-Toxicity Templates 

 EMT zeolite is of great importance in fl uid catalytic cracking (FCC) industry, due 
to its excellent catalytic performance compared with commercial catalyst Y zeolite 
[ 10 ,  11 ]. However, EMT zeolite is normally prepared in the presence of costly and 
toxic template of 18-crown-6, which greatly limited its wide applications in indus-
try [ 12 ,  13 ]. Recently, Liu et al. reported successful synthesis of EMT-rich faujasites 
using polyquaternium-6 as a template, a component of shampoo, which is nontoxic 
and inexpensive since its extensive use in daily human life [ 14 ]. 

X. Meng et al.
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 Wang et al. reported another successful example for the preparation of zeolite 
using nontoxic template [ 15 ]. They prepared a family of microporous aluminophos-
phate zeolite with AFI structure (AlPO-5) using tetramethylguanidine (TMG) as 
template. Guanidine and its derivatives with relatively low toxicity and low cost are 
biologically and industrially important chemicals, which could be found in the 
products of animal metabolism and classifi ed as sustainable templates [ 16 ]. Notably, 
guanidines, containing three nitrogen atoms, might offer stronger coordination abil-
ity to aluminum species than conventional amines (e.g. triethylamine) with only one 
nitrogen atom [ 16 ]. As    a consequence, the crystallization rate of AlPO-5 in the pres-
ence of TMG is much higher than that using triethylamine as templates, and the 
crystallinity reaches nearly 100 % only after 5 h. Moreover, this kind of sustainable 
template is not limited to prepare AlPO-5; heteroatom-substituted AlPO-5 crystals 
such as SAPO-5, MnAPO-5, together with CoAPO-5, and other microporous alu-
minophosphate (e.g. AlPO-21 with AWO structure) can also be synthesized using 
TMG as a template [ 15 ].  

1.2.2     Synthesis of Zeolites Using Low-Cost Templates 

 Zones et al. have developed a new approach for the synthesis of zeolites, in which a 
minor amount of SDA is used to specify the nucleation product, and then a larger 
amount of a nonspecifi c amine is used to provide both pore-fi lling and basicity 
capacities in the synthesis [ 17 ]. The    concept used in this method was to have the 
SDA provide the initial nucleation selectivity and then hope that a cheaper, less 
selective molecule could provide the pore-fi lling aspect as the crystal continuously 
grows. For example, various small amines including even ammonia and methyl-
amine were shown to function in conjunction with the imidazole SDA to produce 
SSZ-32. A number of zeolites including SSZ-13 (CHA), SSZ-33 (CON), SSZ-35 
(STF), SSZ-42 (IFR), and SSZ-47 can be prepared in the same manner [ 18 ]. There 
are a number of cost-saving benefi ts described for this synthesis route including 
reduced structure-directing agent cost, waste stream cleanup costs, and time in reac-
tor and reagent fl exibility. 

 Similar to this concept, UOP scientists have developed the charge density mis-
match (CDM) approach to prepare zeolites via addition of alkali and alkaline Earth 
cations at low levels, which cooperate with organic templates [ 19 – 21 ]. Such coop-
eration allows the use of commercial available organic templates for a new material 
discovery. For example, they prepared hexagonal 12-ring zeolites UZM-4 (BPH) 
and UZM-22 (MEI) using choline-Li-Sr template system based on the charge den-
sity mismatch approach. Notably, the CDM approach to zeolite synthesis was ini-
tially proposed as a cheaper alternative to the trend of using ever more complicated 
quaternary ammonium species. 

 Ren et al. have designed a copper complex of Cu–tetraethylenepentamine (Cu–
TEPA) as candidate for synthesizing CHA-type aluminosilicate zeolite (SSZ-13) 
[ 22 ,  23 ], which is generally directed by the expensive template of  N,N,N -trimethyl- 
1 -1-adamantammonium hydroxide, due to (1) good match between the stable 

1 Sustainable Routes for Zeolite Synthesis
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molecular confi guration of Cu–TEPA with CHA cages, (2) strong interaction 
between the template molecule and negatively charged silica species, and (3) high 
stability in strongly alkaline media. They reported rational one-pot synthesis of 
Cu-SSZ-13 zeolites with molar ratio of SiO 2 /Al 2 O 3  at 8–15, designated as Cu-ZJM-1, 
from using Cu–TEPA as template (Fig.  1.1 ). Compared with the traditional Cu 2+  
ion-exchange method, Cu-ZJM-1 shows much higher copper content and better dis-
persion of copper cations. More importantly, Cu-ZJM-1 exhibits excellent catalytic 
properties in SCR of NO x  by NH 3  [ 22 ].

1.2.3        Synthesis of Zeolites Using Recyclable Templates 

 Davis et al. have performed pioneer works in the fi eld of extracting organic tem-
plates from micropores of zeolites [ 24 – 29 ]. Firstly, they reported that TEA +  cations 
could be easily extracted from CIT-6 zeolite (BEA-type structure) with acetic acid- 
containing solution [ 24 ], because of the weak interaction between the TEA +  cations 
and CIT-6 framework. The ease of liberation of charge-balancing tetraethylammo-
nium (TEA) cations from the various metallosilicates was shown to be Zn > B > Al 
[ 28 ]. This method can also be utilized in pure-silica MFI zeolite. They also pointed 
out that the amount of organic templates removed by extraction was strongly depen-
dent on the size of the organic templates and the strength of interaction between the 
templates and the zeolites [ 28 ]. 

 Later, they reported a complete recycle of an organic template in the synthesis of 
ZSM-5 [ 29 ]. They chose a cyclic ketal as organic template that would remain intact 
at zeolite synthesis conditions (high pH) and be cleavable at conditions that would 
not destroy the assembled zeolite (Fig.  1.2 ). The  13 C CP/MAS NMR spectrum 
showed that the as-synthesized zeolite material contains intact 8,8-dimethyl-1,4-
dioxa- 8-azaspiro [ 4 ,  5 ] decane ( 1 ). When the ZSM-5 was treated with 1 M HCl 
solution at 80 °C for 20 h, the  13 C CP/MAS NMR spectrum obtained was consistent 
with the presence of the ketone fragment, suggested that  1  could be cleaved into the 
desired pieces inside the zeolite pore space. After ion-exchange treatment by a mix-
ture of 0.01 M NaOH and 1 M NaCl at 100 °C for 72 h, 1,1-dimethyl-4-oxo- 

  Fig. 1.1    Mechanism on Cu–TEPA-templated Cu-SSZ-13 zeolites (Reprinted with permission 
from Ref. [ 22 ]. Copyright 2011 Royal Society of Chemistry)       
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piperidinium ( 2 ) could be completely removed as shown in  13 C CP/MAS NMR 
spectrum. Conceptually, this strategy is to assemble an organic template from at 
least two components using covalent bonds and/or non-covalent interactions that 
are able to survive the conditions for assembly of the zeolite and yet be reversed 
inside the microporous void space. The fragments formed from the organic template 
in the zeolite can then be removed from the inorganic framework and be recom-
bined for use again. Other zeolites such as ZSM-11 and ZSM-12 can also be synthe-
sized using the same manner, suggesting that it can be used as a generalized 
methodology in the fi eld of zeolite preparation [ 29 ].

1.3         Synthesis of Zeolites Without Using Organic Templates 

 Recently, organotemplate-free synthesis of zeolites has been the hot topic in zeolite 
area, since it completely avoids the use of organic templates and consequently dis-
advantages [ 9 ,  30 ]. Several groups have devoted to synthesize a series of zeolites in 
the absence of organic templates by adjusting molar ratios of the starting gels, addi-
tion of zeolite seed solution, and addition of zeolite crystal seeds. 

  Fig. 1.2    Schematic representations of synthetic methodology for ZSM-5 using  1  as template. Step 
1: assemble the SDA with silica precursor, H 2 O, alkali metal ions, and so on, for zeolite synthesis. 
Step 2: cleave the organic molecules inside the zeolite pores. Step 3: remove the fragments. Step 
4: recombine the fragments into the original SDA molecule (Reprinted with permission from Ref. 
[ 29 ]. Copyright 2003 Nature Publishing Group)       
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1.3.1     MFI Zeolite 

 The discovery of ZSM-5 was regarded as a milestone in the history of hydrothermal 
synthesis of zeolites [ 1 ,  2 ,  31 ]. The ZSM-5 is the most widely studied zeolite due to 
its special features (e.g., morphology, zigzag channels, Si/Al ratio) and its impor-
tance in petrochemical and fi ne chemical industry [ 1 ,  2 ]. Notably, ZSM-5 is the fi rst 
example for organotemplate-free synthesis of high-silica zeolites. In the initial stage 
of synthesis of ZSM-5, it was widely accepted that ZSM-5 could only be made 
using a suitable organic template (usually TPA + ) [ 1 ,  9 ,  31 ]. Grose and Flanigen 
prepared well-crystallized ZSM-5 zeolite from the Na 2 O–SiO 2 –Al 2 O 3 –H 2 O in the 
absence of organics and seeds for the fi rst time [ 32 – 34 ]. Later, Shiralkar and 
Clearfi eld reported that the factors of adjusted Si/Al and Na/Al ratios are keys for 
the organotemplate-free synthesis of ZSM-5 zeolite [ 35 ].  

1.3.2     BEA Zeolite 

 Beta    zeolite was successfully synthesized using tetraethylammonium cation as the 
templates in 1967 [ 36 ]. In the past 40 years, there is a belief that beta zeolite can 
only be synthesized in the presence of suitable organic templates [ 9 ,  35 ,  37 ]. 
However, in 2008, Xie et al. reported an organotemplate-free and fast route for syn-
thesizing beta zeolite by the addition of calcined beta crystals as seeds in the starting 
aluminosilicate gel in the absence of any organic templates for the fi rst time [ 37 ]. 
Nitrogen sorption isotherms of as-synthesized sample exhibited a steep increase in 
the curve at a relative pressure 10 −6  <  P / P  0  < 0.01, characteristic of Langmuir adsorp-
tion due to the fi lling of micropores, which confi rmed that as-synthesized sample 
had opened micropores already, and therefore the combustion of the sample could 
be avoided. Later, Kamimura et al. systemically studied various parameters on the 
seed-directed synthesis of beta zeolite in the absence of organic templates, such as 
the molar ratios of SiO 2 /Al 2 O 3 , H 2 O/SiO 2 , and Na 2 O/SiO 2  in the starting gels, 
amount and Si/Al ratios of seeds, and crystallization time [ 38 ]. They found that beta 
zeolite can be successfully synthesized with a wide range of chemical compositions 
of the initial Na + –aluminosilicate gel (SiO 2 /Al 2 O 3  = 40–100,  Na 2 O/SiO 2  = 0.24–
0.325, and H 2 O/SiO 2  = 20–25) by adding calcined beta seeds with the Si/Al ratios in 
the range of 7.0–12.0. Very importantly, such seed-directed beta seed crystals can be 
used as renewable seed crystals to establish a completely organotemplate- free pro-
cess for the production of beta zeolite, which is a vital development from the view-
point of green chemistry. Thus, this kind of seed-directed beta was termed as “green 
beta zeolite” by the authors. 

 In a recent report, Zhang et al. reported a rational synthesis of beta-SDS at 120 °C 
(beta-SDS 120 ) with good crystallinity and improved zeolite quality in the presence 
of a very small amount of beta seeds (as low as 1.4 %) by decreasing zeolite crystal-
lization rate [ 39 ]. X-ray diffraction patterns show that calcination at 550 °C for 4 h 
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results in the loss of crystallinity at 8.0 and 15.8 for beta-SDS 120  and beta-SDS 140 , 
respectively, suggesting that beta-SDS 120  has higher thermal stability than beta- 
SDS 140   . N 2  sorption isotherms show that beta-SDS 120  has much higher surface area 
(655 m 2 /g) and micropore volume (0.25 cm 3 /g) than beta-SDS 140  (450 m 2 /g, 
0.18 cm 3 /g) (Table  1.1 ). These phenomena are reasonably assigned to that beta- 
SDS 120    samples have much less framework defects such as terminal Si–OH groups 
than beta-SDS 140 . The beta-SDS 120  samples with good crystallinity, high thermal 
stability, and large surface area and pore volume offer a good opportunity for their 
industrial applications as effi cient and low-cost catalytic and adsorptive materials.

   The mechanism on seed-directed synthesis of beta zeolite has been indepen-
dently discussed by Xiao and Okubo’s groups at nearly the same time [ 40 ,  41 ]. By 
using a series of modern techniques (XRD, TEM, SEM, XPS, Raman, MAS NMR), 
Xie et al. have extensively investigated seed-directed synthesis of beta-SDS under 
various conditions, suggesting that seed-directed beta zeolites are grown from solid 
beta seeds, and fi nal beta-SDS crystals are mainly alike core–shell structure [ 40 ]. 
The core part of beta seeds has relatively high Si/Al ratios, and the shell part grew 
from aluminosilicate gels has relatively low Si/Al ratios (Fig.  1.3 ).

   De Baerdemaeker et al. have systemically investigated the catalytic performance 
of beta-SDS in various reactions, and they found that beta-SDS has different 
 properties than the usual commercial beta zeolites [ 42 ]. Part of the differences can 
be explained by the higher aluminum content and different crystal size. The high 
aluminum content leads to a large number of acid sites of considerable strength 
resulting in an active ethylation catalyst even at 150 °C. The large crystal size of 
beta-SDS makes them sensitive to deactivation through pore blocking. In alkylation 
reactions with propene and 1-dodecene, this resulted in low activities. An appropri-
ate dealumination treatment can improve the accessibility and delay the deactiva-
tion. The high aluminum content also leads to a high framework polarity which is a 
cause for fast deactivation in acylation reactions. This can be prevented by dealumi-
nation where an activity optimum is obtained between framework polarity and acid 
site concentration. The high amount of strong acid sites also leads to a high yield of 
cracked products in the  n -decane hydroconversion at very low temperatures 
(Fig.  1.4 ). Clearly, more Pt should be added to improve the balance between the acid 
sites and the (de)hydrogenation sites. A reduction in the amount of acid sites by 
dealumination at constant Pt loadings resulted in higher isomerization yields. 
Yilmaz et al. also pointed out that beta-SDS possesses a high density of active sites 
with exceptional stability and distinctively ordered nature, useful in, e.g., ethylation 

   Table 1.1    Textural parameters of as-synthesized beta-SDS and calcined beta-TEA zeolites   

 Sample 
 BET surface 
area (m 2 /g) 

 Micropore 
area (m 2 /g) 

 Micropore 
volume (cm 3 /g) 

 HK pore 
size (nm) 

 Beta-SDS 140   450  386  0.18  0.70 
 Beta-SDS 120–1   655  545  0.25  0.70 
 Cal-beta-TEA  577  447  0.21  0.66 

  Reprinted with permission from Ref. [ 39 ]. Copyright 2013 Elsevier  
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of benzene; after dealumination and/or other post-synthesis treatments, catalysts 
with varying Si/Al ratios, suitable, e.g., for acylation of anisole, are obtained [ 43 ]. 
The ability to manipulate the framework aluminum content in a very broad range, 
while maintaining structural integrity, proves that beta-SDS zeolites constitute a 
powerful toolbox for designing new acid catalysts.

   Notably, heterogeneous atoms can also be incorporated into the framework of 
BEA via SDS route [ 44 ]. Zhang et al. have demonstrated that an organotemplate- 
free and seed-directed route has been successfully applied for synthesizing Fe-beta 
zeolite with good crystallinity, high surface area, uniform crystals, and tetrahedral 
Al 3+  and Fe 3+  species. Catalytic tests for the direct decomposition of nitrous oxide 
indicate that the Fe-beta exhibits excellent catalytic performance.  

  Fig. 1.3    TEM images of beta-SDS samples crystallized for ( a ) 1, ( b – d ) 4, ( e – g ) 8, and ( h  and  i ) 
18.5 h at a temperature of 140 °C by addition of 10.3 % beta seeds (Si/Al = 10.2) in the starting 
aluminosilicate gels. Areas of  a ,  b ,  d , and  g  in ( b ), ( c ), ( e ), and ( f ) are enlarged as ( c ), ( d ), ( f ), and 
( g ), respectively (Reprinted with permission from Ref. [ 40 ], Copyright 2011 Royal Society of 
Chemistry)       
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1.3.3     EMT Zeolite 

 Zeolite EMT is a hexagonal polymorph of faujasite-type zeolites, with one of the 
lowest framework densities for microporous zeolites. Similar to the FAU zeolite, the 
EMT framework topology has a three-dimensional large (12-membered ring) pore 
system. The cubic FAU polymorph features only one type of supercage (with a 
 volume of 1.15 nm 3 ), but a different stacking of faujasite sheets creates two cages in 
the EMT zeolite: a hypocage (0.61 nm 3 ) and a hypercage (1.24 nm 3 ) [ 45 ]. EMT 
zeolite showed excellent catalytic performance as FCC catalyst, but its high cost 
precludes its practical applications, compared with Y zeolite [ 10 ,  11 ]. An expensive 
and toxic template of 18-crown-6 is the most used template for EMT zeolite. 
Recently, Ng et al. reported organotemplate-free synthesis of ultrasmall hexagonal 
EMT zeolite nanocrystals (6–15 nm in the sizes) at very low temperature from 
Na-rich precursor suspensions [ 46 ]. Notably, the ratios between different com-
pounds, nucleation temperature and times, and type of heating should be carefully 
controlled to avoid phase transformations (e.g., to FAU and SOD) and to stabilize 
the EMT zeolite crystals at a small particle size. The author proposed that under 
appropriate conditions the EMT was the fi rst kinetic, metastable product in this 
synthesis fi eld, followed by conversion into the more stable cubic FAU and more 
dense SOD structures [ 46 ].  

  Fig. 1.4    Catalytic results from the n-decane hydroconversion:n-decane conversion (    ), yield of 
isomerization products (    ) and yield of cracking products (    ) for Beta-1 ( a ), OF-Beta ( b ), 
OF-Beta-ST ( c ), OF-Beta-ST-0.1 ( d ), and OF-Beta-ST-0.5 ( e ) and OF-Beta-ST-6.0 ( f ) (Reprinted 
with permission from ref 42. Copyright| 2013 Elsevier)       
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1.3.4     MTW Zeolite 

 ZSM-12 is the type zeolite with the framework of MTW with one-dimensional, non-
interpenetrating 12-ring pores (with the size of 5.6 × 6.0 Å along b-axis), which was fi rst 
reported by Rosinski and Rubin in 1974 [ 47 ]. Since then, ZSM-12 has attracted much 
attention because of its excellent catalytic properties in the cracking of hydrocarbons or 
in other petroleum refi ning processes. The conventional synthesis of ZSM-12 has been 
achieved by using tetraalkylammonium cations such as methyltriethylammonium 
(MTEA + ), tetraethylammonium hydroxide (TEA + ) as organic SDAs [ 47 – 51 ]. Kamimura 
et al. have reported the synthesis of highly crystalline, pure MTW-type zeolite which has 
been studied by the addition of calcined ZSM-12 seeds [ 52 ,  53 ]. They have systemically 
investigated the various parameters on the seed-directed synthesis of MTW zeolite in 
the absence of organic templates, such as the molar ratios of SiO 2 /Al 2 O 3 , H 2 O/SiO 2 , and 
Na 2 O/SiO 2  in the starting gels, amount of seeds, and crystallization time. They found 
that MTW zeolite can be successfully synthesized in a wide range of the initial OSDA-
free sodium aluminosilicate gel compositions: SiO 2 /Al 2 O 3  = 60–120, Na 2 O/SiO 2  = 0.1–
0.2, and H 2 O/SiO 2  = 8.25–13.3 (Table  1.2 ). Notably, SDS-MTW samples are rodlike 
crystals with well-defi ned morphology, which is quite different from the round-shaped, 
irregularly aggregated morphology of the seeds. Additionally, the crystal size of SDS- 
MTW is in the range of 0.2–1.5 μm in length and 50–200 nm in diameter, which is larger 
than the size of the seeds. The solid yield of SDS-MTW was ca. 47 %, which is obvi-
ously higher than that in the case of the organotemplate-free synthesis of beta. More 
importantly, the green production of MTW-type zeolite referred as “Green MTW” is 
achieved for the fi rst time, by using the product of OSDA-free synthesis as seeds [ 53 ].

   Interestingly, Kamimura et al. found that pure MTW-type zeolites can also be pre-
pared in the presence of beta zeolite seeds instead of ZSM-12 seeds [ 54 ]. To understand 
the crystallization behavior and the role of beta seeds in the present organotemplate-free 
Na-aluminosilicate gel systems, the crystallization processes were carefully studied by 
XRD. Before 55 h, small diffraction peaks of beta seeds were clearly observed and then 
became smaller possibly because of the partial dissolution of beta seeds, and the diffrac-
tion peaks corresponding to the MTW phase simultaneously appeared, suggesting the 
formation of MTW zeolite. The intensity of the MTW phase gradually increased, indi-
cating the growth of MTW zeolite crystals. Finally, complete crystallization of MTW-
type zeolite was obtained after 96 h of heating. Such phenomenon can be explained by 
that ZSM-12 and beta zeolites possess very similar topology in which their a–c projec-
tion viewed along and perpendicular to the 12R straight channels. This fact indicates 
that beta seeds would possibly provide a specifi c growth surface for the crystallization 
of the MTW phase through their structural similarity. Also, as evidenced by the crystal-
lization behavior of MTW, beta seeds were partially dissolved in the course of the 
hydrothermal treatment. Hence, the fragments from partially dissolved seeds with BEA 
structure might have a role to induce the crystal growth of MTW phase, although it is 
still diffi cult to evaluate and observe the amount of dissolved seeds and fragments under 
highly alkaline condition. Moreover, the crystallization of MTW is induced by not only 
the structural similarity between seeds and target zeolite but also the chemical composi-
tion of the non-seeded, organotemplate-free gel.  
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1.3.5     TON Zeolite 

 TON-type zeolites including ZSM-22, Theta-1, Nu-10, KZ-2, and ISI-1 have a 
one- dimensional 10-membered ring pore system with medium-sized pores of ca. 
0.47 × 0.55 nm [ 55 ,  56 ]. The channels run along the longest dimension of the crys-
tals (crystallographic  c  direction). The unique structure of TON zeolites offers 

   Table 1.2    Chemical compositions of the initial sodium aluminosilicate gel, synthesis conditions, 
and characteristic properties of the products in the seed-assisted, OSDA-free synthesis of MTW- 
type zeolite   

 Sample 
 SiO 2 /
Al 2 O 3  a  

 Na 2 O/
SiO 2  a  

 H 2 O/
SiO 2  a  

 Amount 
of seeds 
(wt.%) b  

 Time 
(h) c   Phase d  

 Crystallinity 
(%) e  

 Si/Al 
ratio f  

 MTW-No. 
1 

 20  0.100  10  10  72  MTW + Arm  10  – 

 MTW-No. 
2 

 40  0.150  10  10  72  MTW + Arm  30  – 

 MTW-No. 
3 

 60  0.100  10  10  72  MTW  100  – 

 MTW-No. 
4 

 60  0.150  10  10  55  MTW  100  14.5 

 MTW-No. 
5 

 60  0.200  13.3  10  36  MTW  100  11.7 

 MTW-No. 
6 

 80  0.125  8.25  10  72  MTW + Cri  100  – 

 MTW-No. 
7 

 80  0.175  11.5  10  36  MTW  100  16.2 

 MTW-No. 
8 

 80  0.175  11.5  1  70  MTW  100  – 

 MTW-No. 
9 

 100  0.100  10  10  72  MTW + Cri  100  23.4 

 MTW-No. 
10 

 100  0.150  10  10  65  MTW + Cri  100  25.7 

 MTW-No. 
11 

 100  0.200  13.2  10  65  MTW  100  14.5 

 MTW-No. 
12 

 120  0.125  8.3  10  96  MTW + Cri  100  33.0 

 MTW-No. 
13 

 120  0.175  11.7  10  96  MTW + Cri  100  26.7 

  Reprinted with permission from Ref. [ 53 ]. Copyright 2012 Elsevier 
  a Chemical composition of the initial reactant gel 
  b Weight ratios of the seeds relative to the silica source 
  c Time for the hydrothermal treatment at 165 °C 
  d Phase of the solid product. The phase shown in the parenthesis indicates the relatively small 
amount of impurity.  Arm  amorphous,  Cri  cristobalite 
  e Crystallinity of the MTW phase 
  f Si/Al ratio of the product determined by ICP-AES  
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 superior catalytic performance in petrochemical processes such as isomerization, 
hydroisomerization dewaxing, and propylene oligomerization. Generally, TON 
zeolite can be hydrothermally synthesized from aluminosilicate gels using a series 
of oxygen- or nitrogen-containing linear organics as SDAs such as amines, long- 
chain polyamines, and quaternary ammonium compounds [ 55 – 60 ]. Recently, 
Wang et al. have reported a successful seed-directed and organotemplate-free syn-
thesis of TON zeolites (denoted as ZJM-4) [ 61 ]. XRD pattern of ZJM-4 sample 
synthesized in the presence of ZSM-22 seeds without using organic templates 
under rotation conditions showed a series of characteristic peaks associated with 
TON structure. Furthermore, SEM image shows that ZJM-4 has uniform rodlike 
crystals with length at 2–4 μm and width at 100–200 nm, in good agreement with 
the typical morphology of TON-type zeolites reported previously. Ar sorption iso-
therms of as-synthesized ZJM-4 exhibited a steep increasing in the curve at a rela-
tive pressure 10 −6  <  P / P  0  < 0.01, which is characteristic of Langmuir adsorption due 
to the fi lling of micropores, confi rming that as-synthesized sample had opened 
micropores (Fig.  1.5 ).

   It is worth mentioning that the seed-directed synthesis of ZJM-4 has very high 
silica utilization, compared with the seed-directed synthesis of beta zeolite. For 
example, the silica utilization for seed-directed synthesis of ZJM-4 is 88 %, much 

  Fig. 1.5    ( a ) XRD and ( b ) SEM image of the as-synthesized ZJM-4 sample, ( c ) Ar sorption iso-
therms of the H-form of the ZJM-4 sample, and ( d ) TG curve of the as-synthesized ZJM-4 sample 
(Reprinted with permission from Ref. [ 61 ], Copyright 2014 Elsevier)       
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higher than that of beta-SDS ( ca  30 %). The high silica utilization in the synthesis 
of ZJM-4 might be resulted from similar Si/Al ratios of the product with the 
starting gels.  

1.3.6     MTT Zeolite 

 MTT zeolite family including ZSM-23, KZ-1, EU-13, ISI-6, and SSZ-32 possess a 
teardrop-shaped channel system with dimensions 0.52 × 0.45 nm [ 62 – 67 ]. The 
organic templates for MTT zeolites mainly includes pyrrolidine, diquaternary 
ammonium cations, isopropylamine, dimethylamine, and N,N-dimethylformamide 
(DMF) [ 62 – 69 ]. Recently, Wu et al. reported an organotemplate-free, seed-directed, 
and rapid synthesis of Al-rich MTT zeolite (Si/Al ratio at 20, denoted as ZJM-6) in 
the presence of ZSM-23 seeds [ 70 ]. Similar to ZJM-4 (TON-SDS), ZJM-6 exhibits 
a series of characteristic XRD peaks associated with MTT structure and rodlike 
crystal morphology (length at 1–2 μm and diameter at about 100 nm), in good 
agreement with those of ZSM-23 zeolites reported previously. 

 It is worth mentioning that the crystallization time of ZJM-6 is very short (5 h at 
170 °C), compared with conventional ZSM-23 zeolite synthesized in the presence 
of organic templates. Generally, conventional hydrothermal synthesis of ZSM-23 
zeolite in the presence of pyrrolidine template under rotation still takes 43 h at 
180 °C (82 h at 160 °C) in the presence of 10 % seeds to achieve full crystallization 
[ 71 ]. Thus, it is believable that the rapid crystallization of ZJM-6 with MTT struc-
ture is reasonably attributed to the unique crystallization process. Generally, hydro-
thermal synthesis of zeolites includes induction and crystallization periods. 
However, there is nearly no inductive period in the crystallization of ZJM-6 
(Fig.  1.6 ). In contrast, the inductive period for synthesizing ZSM-23 zeolite in the 
presence of DMF template is quite long, requiring at least 12–34 h. The addition of 
ZSM-23 seeds in the synthesis system containing DMF template signifi cantly short-
ens the induction period, but it still takes 6–15 h. The presence of DMF template in 
the synthesis system induces the interaction with silica species, forming the zeolite 
nuclei. The formation of zeolite nuclei in the synthesis will delay the crystallization 
because the formation of zeolite nuclei takes some time (induction period). Very 
interestingly, it is observed that, under the same temperature, various samples (ZJM- 
6, ZSM-23, ZSM-23-S) have very similar crystallization time, but their inductive 
periods are quite different. These results suggest that rate-determined step for crys-
tallization process of MTT zeolite is the induction period, which signifi cantly 
reduces the crystallization time in the organotemplate-free and seed-directed syn-
thesis, compared with conventional ZSM-23 synthesis.

   ICP analysis shows that Si/Al ratio of ZJM-6 is about 20, which is much lower 
than conventional ZSM-23 zeolite (ca. 32–62), indicating that ZJM-6 is more Al 
sites than conventional ZSM-23. This feature would benefi t the catalytic perfor-
mance in acid-catalyzed reactions. The catalytic performance of MTT zeolites has 
been investigated in isomerization of  m -xylene. ZJM-6 and ZSM-23 samples show 
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very high selectivity for  p -xylene (ca. 86 %), but ZJM-6 exhibits higher conversions 
(10.4 %) than those (4.1–9.4 %) of ZSM-23 zeolites, which should be assigned to 
the contribution of more Al species in the framework of ZJM-6 (Fig.  1.7 ).

1.3.7        RTH Zeolite 

 RTH-type zeolite (e.g., borosilicate RUB-13, aluminosilicate SSZ-50) consisted of 
RTH cages with 8MR openings and two-dimensional channels with aperture size of 
0.41 × 0.38 and 0.56 × 0.25 nm, parallel to the  a  and  c  axis, respectively [ 72 ,  73 ]. 
RTH-type zeolites have shown excellent catalytic properties in methanol-to-olefi ns 
(MTO) reaction. However, the synthesis of RUB-13 and SSZ-50 always requires 
using organic templates such as 1,2,2,6,6-pentamethylpiperidine (PMP), ethylene-
diamine (EDA), or N-ethyl-N-methyl-5,7,7-trimethylazoniumbicyclo[4.1.1]octane 
cation [ 72 ,  73 ]. Yokoi et al. have reported a successful synthesis of RTH-type 
 zeolites (denoted as TTZ-1) without using organic templates by addition of calcined 
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  Fig. 1.6    The dependences of crystallinity on the crystallization time of ( a ) ZJM-6, ( b ) ZSM-23 
synthesized in the presence of both DMF template and ZSM-23 seeds (ZSM-23-S), and ( c ) ZSM- 
23 synthesized in the presence of DMF template at ( A ) 150 °C, ( B ) 160 °C, and ( C ) 170 °C, 
respectively (Reprinted with permission from Ref. [ 70 ], Copyright 2014 Elsevier)       
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B-RUB-13 as seeds shortly after the discovery of SDS-beta [ 74 ]. Direct introduction 
of Al and Ga heteroatoms into the RTH framework during crystallization of 
B-TTZ-1 in the absence of organic templates had also been successfully performed. 
NMR spectra confi rmed the tetrahedrally coordinated heteroatoms in the frame-
work. The catalytic properties in MTO over these SDS-RTH zeolites have also been 
tested. The selectivity for propene was obviously higher than that of SAPO-34 and 
ZSM-5 zeolites, and the catalytic life of RTH-type zeolites was much longer, which 
should be assigned to their unique structure.  

1.3.8     FER Zeolite 

 Ferrierite (FER) zeolite, with an anisotropic framework composed of two- 
dimensional straight channels including a 10MR channel (0.42 × 0.54 nm) along 
[001] direction and a 8MR channel (0.35 × 0.48 nm) along [010] direction, has been 
carefully studied, due to its excellent catalytic performance [ 75 – 78 ]. Notably, FER 
zeolite with low ratios of Si/Al could be synthesized in the absence of organic tem-
plates [ 79 ], but high-silica FER zeolite (ZSM-35) is always prepared in the presence 
of organic templates. Zhang et al. have demonstrated successful synthesis of high- 
silica FER zeolite (Si/Al at 14.5) from the introduction of RUB-37 zeolite (CDO 
structure) in the absence of organic templates (designated as ZJM-2) [ 80 ]. To under-
stand the crystallization behavior and the role of RUB-37 zeolite seeds, the crystal-
lization processes were carefully studied by XRD patterns. Before 12 h, small 
diffraction peaks of RUB-37 zeolite seeds were clearly observed at 9.6° and then 
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  Fig. 1.7    Catalytic performance in isomerization of  m -xylene to  p -xylene over ZSM-5 (Si/Al = 19), 
ZJM-6 (Si/Al = 20), and ZSM-23 (Si/Al = 62 and 32) catalysts as a function of time (Reprinted with 
permission from Ref. [ 70 ], Copyright 2014 Elsevier)       

 

1 Sustainable Routes for Zeolite Synthesis



18

became smaller until they disappear after 24 h possibly because of the dissolution 
of RUB-37 seeds. At the same time, the diffraction peaks corresponding to the FER 
phase simultaneously appeared at 9.4°, suggesting the formation of FER zeolite. 
The intensity of the FER phase gradually increased, indicating the growth of FER 
zeolite crystal. Finally, highly crystallized FER-type zeolite was obtained after 72 h 
of heating. It is well known that the building units of FER and CDO are the same, 
and their difference is only a shift of layers in the horizontal direction. Therefore, it 
is reasonable to use the building units of RUB-37 zeolite to induce the crystalliza-
tion of FER-type zeolite, which has been confi rmed by UV-Raman spectroscopy of 
the samples.  

1.3.9     LEV Zeolite 

 Levyne (LEV) zeolite is a typical small-pore zeolite, with relative smaller pore size 
(3.6 × 4.8 Å) and low framework density (15.2 T/1000 Å 3 ), characterized by 4 9 6 5 8 3  
heptadecahedral cavity [ 81 ]. The natural levyne zeolite with typical composition at 
Ca 9 (Al 18 Si 36 O 108 )⋅50H 2 O was fi rst discovered in 1825 [ 82 ]. Synthetic LEV zeolite 
named ZK-20 was synthesized from an aluminosilicate gel using 1-methyl-1- 
azonia-4-azabicyclo[2.2.2]octane cation as SDA [ 83 ]. Subsequently, other alumino-
silicate LEV zeolites were successfully prepared by using a series of organic 
compounds as SDAs, including N-methylquinuclidinium cation, diethyldimethyl-
ammonium, N   ,N′-bis-dimethylpentanediyldiammonium, N,N-dimethylpiperidine 
chloride, and choline hydroxide [ 84 – 88 ]. Additionally, phosphate-based LEV-type 
zeolites were also obtained in the presence of tropone hydroxide, quinuclidine, and 
2-methyl-cyclohexylamine; boron-containing LEV-type zeolites were reported by 
using organic compounds of 3-azabicyclo[3.2.2]nonane and quinuclidine as tem-
plates [ 89 – 92 ]. Recently, Zhang et al. reported organotemplate-free and seed- 
directed synthesis of LEV zeolite (SDS-LEV) in the presence of RUB-50 seeds with 
the aid of a small amount of alcohol [ 93 ]. In this synthesis, the alcohol plays an 
important role in the synthesis of highly pure SDS-LEV zeolite. 

 To understand the role of alcohol in the synthesis, various alcohols (e.g., metha-
nol, ethanol,  n -propanol, and  n -butanol) were added into the starting aluminosili-
cate gels. Notably, without using any alcohol in the starting aluminosilicate gel, the 
product contained impurity phase of MOR zeolite in addition to the LEV product. 
In contrast, after addition of a small amount of alcohol in the synthesis, the samples 
showed pure phase of Na-LEV-SDS zeolite (Fig.  1.8 ). These results indicate that the 
alcohols strongly prevent the formation of MOR zeolite in this seed-directed 
 synthesis. FTIR spectra and C/N/H elemental analysis confi rmed that alcohol mol-
ecules did not exist in the micropores of SDS-LEV zeolites. The addition of alco-
hols could delay the nucleation of MOR zeolite, reducing crystallization rate of 
MOR zeolite. As a consequence, highly pure SDS-LEV zeolite could be obtained.
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1.3.10        SZR Zeolite 

 SUZ-4 zeolite (SZR) is an aluminosilicate zeolite with the three-dimensional topol-
ogy consisting of 5-, 6-, 8-, and 10MRs, which was fi rst reported using TEAOH 
and quinuclidine as SDAs under rotation conditions [ 94 ]. Later, it was successfully 
synthesized in the presence of N,N,N,N,N,N-hexaethylpentanediammonium bro-
mide (Et 6 -diquat-5) [ 95 ]. Zhang et al. reported an organotemplate-free route for 
hydrothermally synthesizing zeolite SUZ-4 under static conditions by adding the 
calcined SUZ-4 seeds in the starting aluminosilicate gels [ 96 ]. To further under-
stand the crystallization of SUZ-4 in the absence of organic templates, different 
crystallization stages of the crystallization process have been carefully studied by 
SEM and TEM techniques. The observations suggest that the addition of the seed 
crystals into the organotemplate-free crystallization mixture causes the deposition 
of amorphous particles formed by depletion of the heterogeneous hydrogels, and 

  Fig. 1.8    SEM images of Na-LEV-SDS zeolites synthesized ( a ) in the absence of alcohol and in 
the presence of ( b ) methanol, ( c )  n -propanol, and ( d )  n -butanol, respectively (Reprinted with per-
mission from Ref. [ 93 ], Copyright 2012 Elsevier)       
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then the crystallization starts by the fast agglomeration of the small-sized particles 
from the seed- amorphous interface in alkaline medium at a high temperature.  

1.3.11     ZSM-34 Zeolite 

 Aluminosilicate zeolite of ZSM-34 is an intergrowth of offretite (OFF) and erionite 
(ERI) zeolites containing zeolitic building units of cancrinite (CAN) cages [ 97 –
 100 ]. ZSM-34 zeolite was fi rst discovered by Rubin et al. using organic template of 
choline [(CH 3 ) 3 NCH 2 CH 2 OH] [ 97 ], and later ZSM-34 samples were successfully 
synthesized in the presence of different diamines (NH 2 C  n  H 2 n  NH 2 ,  n  = 4, 6, 8, 10) 
[ 101 ]. Wu et al. for the fi rst time reported the organotemplate-free synthesis of 
ZSM-34 zeolite assisted by L zeolite seed solution [ 102 ]. Various parameters on 
organotemplate-free synthesis of ZSM-34 zeolite have been systemically investi-
gated including SiO 2 /Al 2 O 3 , H 2 O/SiO 2 , and Na 2 O/SiO 2  in the starting gels, amount 
of zeolite L seed solution, and crystallization temperature [ 103 ]. The amount of 
zeolite L seed solution and molar ratios of SiO 2 /Na 2 O in the starting aluminosilicate 
gels were regarded as the key factors for preparation of ZSM-34 zeolite. Furthermore, 
heteroatom-substituted ZSM-34 (B, Ga, and Fe) can also be prepared via the same 
route [ 103 ]. UV–vis and NMR spectroscopy confi rmed that these heteroatoms had 
been located in the framework of ZSM-34 zeolite. 

 Recently, Yang et al. have reported seed-directed synthesis of ZSM-34 zeolite 
with a very short crystallization time (2–6 h) and smaller crystal sizes (ca. 
0.5–3 μm) [ 104 ]. SEM images of the ZSM-34 samples prepared via different 
routes including ZSM-34-C (conventional ZSM-34), HZSM-34-L (assisted by L 
seed solution), and HZSM-34-S (SDS) exhibit a pure phase of crystals, but quite 
different crystal sizes and morphologies. ZSM-34-C shows bulky round particles 
with size at 10–20 μm, and ZSM-34-L is rodlike with the size at 20–40 μm. ZSM-
34-S samples are short rodlike with the size at 0.5–3 μm (Fig.  1.9 ). Notably, in the 
seed-directed synthesis route, the temperature can be as high as 180 °C, and the 
crystallization only requires 2 h. On the contrary, in the organotemplate-free syn-
thesis of ZSM-34 zeolite assisted by L zeolite seed solution, the crystallization 
temperature should be lower than 130 °C; otherwise, PHI zeolite or orthoclase 
would appear in the products as impure phase. As a consequence, the crystalliza-
tion time always takes as long as 7 days [ 103 ]. This phenomenon should be attrib-
uted to the features of addition of seeds: suppress the formation of impurity and 
acceleration of crystallization.

   Catalytic tests of the MTO reaction show that HZSM-34-S has a very high selec-
tivity for propylene (55.2 %), which is even higher than that (47.0 %) of SAPO-34 
under the same conditions [ 104 ]. Moreover, the hydrothermal treatment of HZSM-
34- S signifi cantly improves the catalyst life for MTO due to decreasing acidic con-
centration and increasing anti-deactivation. The combination of a “green” synthesis 
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and the good catalytic performance of ZSM-34-S would be potentially important 
for the highly effective conversion of methanol, which can be easily obtained from 
coal, natural gas, or biomass at a large scale.  

1.3.12     ECR-1 Zeolite 

 Large-pore aluminosilicate zeolite of ECR-1 is an intimate twin of the mordenite- 
like sheets between layers of mazzite-like cages, which is fi rst discovered using the 
organic template of bis-(2-hydroxyethyl)dimethylammonium chloride [ 105 ,  106 ]. 
Later, other organic templates such as adamantine-containing diquaternary alkyl-
ammonium iodides and tetramethylammonium (TMA + ) can also be used in synthe-
sis of ECR-1 [ 107 ,  108 ]. Song et al. synthesized aluminosilicate zeolite of ECR-1 
under hydrothermal conditions at 100–160 °C for 1–14 days by carefully adjusting 

  Fig. 1.9    SEM images of ( a ) HZSM-34-C, ( b ) HZSM-34-L, ( c ) HZSM-34-S, and ( d ) HZSM-
34- HT samples (Reprinted with permission from Ref. [ 104 ], Copyright 2012 Royal Society of 
Chemistry)       
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the molar ratios of Na 2 O/SiO 2  in the absence of organic template for the fi rst time 
[ 109 ]. The molar ratio of Na 2 O/SiO 2  in the synthesis signifi cantly  infl uences the 
fi nal products of zeolites. Later, this transformation of Y zeolite to ECR-1 has been 
reported [ 110 ]. Based on the XRD patterns and SEM images, it can be found that 
the products at 7 days are Y zeolites with low crystallinity, and the crystallinity 
increased together with the appearance of ECR-1 after 9 days. Then 11 days later, 
most products are ECR-1 zeolite together with a small amount of Y zeolite. After 
crystallization for 13 days, pure phase of ECR-1 with high crystallinity can be 
obtained. Recently, Ren et al. reported a fast route to prepare ECR-1 at 120 °C for 
4 days compared with the above report at 100 °C for 14 days, which is attributed 
to the different mechanism. The crystallization at 120 °C is a spontaneous nucle-
ation process, while crystallization at 100 °C is a crystal transformation process (Y 
to ECR-1).  

1.3.13     ZSM-5/ZSM-11 

 Organotemplate-free synthesis is not limited to single zeolites; intergrowth can also 
be prepared in the absence of organic templates. Recently, Zhang et al. reported 
organotemplate-free synthesis of ZSM-5/ZSM-11 zeolite intergrowth with different 
SiO 2 /Al 2 O 3  ratios, ZSM-5 percentages, and various morphologies by adjusting 
compositions of the starting gels [ 111 ]. This organotemplate-free system is favor-
able to the aluminum-rich zeolite. With the increase of initial SiO 2 /Al 2 O 3  ratios, the 
ZSM-5 percentage in the ZSM-5/ZSM-11 co-crystalline zeolite increases as well as 
the crystal size, and the morphology of ZSM-5/ZSM-11 co-crystalline zeolite pre-
pared from the colloidal silica–NaAlO 2  solution system changes gradually from 
nanorod aggregation, micro-spindle to single hexagon, and then to twinned hexa-
gon crystals (Fig.  1.10 ). Moreover, Na +  and OH −  in the initial materials can promote 
the nucleation of the ZSM-5/ZSM-11 co-crystalline zeolite signifi cantly and are 
benefi cial to the formation of crystals with relatively low length/width ratios, while 
K +  species postpone the crystallization process seriously.

1.3.14        MEL Zeolite 

 Zeolite ZSM-11 (MEL) is one of the end-member of the pentasil zeolite family 
with the same building unit as MFI (e.g., ZSM-5). Framework structures of these 
two zeolites are closely related to each other, and their framework structures can 
be described using a stacking manner of pentasil sheets. Unlike MFI, which has 
zigzag channels along the a-axis and straight channels along the b-axis, MEL has 
straight channels along both the a- and b-axes. Generally, ZSM-11 was synthe-
sized in the presence of tetrabutylammonium hydroxide (TBAOH) as template. 
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Itabashi et al. showed a brief result of seed-directed and organotemplate-free 
synthesis of ZSM- 11 in the presence of ZSM-11 seeds [ 112 ]. Typical SEM image 
of SDS-ZSM-11 crystals shows aggregation of 50–150 nm crystals with tetrago-
nal morphology. The solid yield of SDS-ZSM-11 was about 18 %, a little lower 
than that of SDS-beta. 

  Fig. 1.10    SEM    images of sample organotemplate-free synthesis with batch composition of 
3.3Na 2 O:30/rAl 2 O 3 :30SiO 2 :1350H 2 O, where r represents the initial SiO 2 /Al 2 O 3  ratio, and the mor-
phology schematic drawings of MFI-type ( A ) single hexagon crystals and ( B ) twinned hexagon 
crystals. ( a )  r = 23 , ( b )  r = 25 , ( c )  r = 30 , ( d )  r = 40 , ( e )  r = 50 , ( f )  r = 60  (Reprinted with permis-
sion from Ref. [ 111 ], Copyright 2012 Elsevier)       
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 Okubo et al. proposed a hypothesis for the organotemplate-free synthesis of zeo-
lite [ 112 ]; a target zeolite should be added as seeds to a gel that yields a zeolite 
containing the common composite building units when the gel is heated without 
seeds. The requirements for a successful seed-assisted, organotemplate-free synthe-
sis of zeolites were summarized as follows: (1) the spontaneous nucleation should 
not occur prior to the completion of the crystal growth of the target zeolite; (2) the 
precursor, the common composite building units, must access the top surface of the 
seed zeolite; (3) the zeolite seeds should not completely dissolve prior to the onset 
of crystal growth during the hydrothermal treatment, and the SiO 2 /Al 2 O 3  ratios of 
the seeds should be optimized; (4) when the framework structure of the target and 
the seed zeolites is the same, the seeds should have at least one common composite 
building unit with the zeolite to be synthesized from the gel without seeds (Fig.  1.11 ); 
and (5) the chemical composition of the gel to which the seeds are added should be 

  Fig. 1.11    Correlation of 
common composite building 
unit between ( a ) MOR and 
*BEA and ( b ) MOR, MFI, 
and MEL (Reprinted with 
permission from Ref. [ 112 ], 
Copyright 2012 American 
Chemical Society)       
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optimized. Based on the above hypothesis, not only MEL zeolite but also PAU 
(ECR-18) zeolite was also successfully prepared.

1.4         Solvent-Free Synthesis of Zeolites 

1.4.1     Solvent-Free Synthesis of Nanoporous Materials 

 Solvent-free synthesis has proven to be an effi cient method in organic synthesis 
since the 1980s, due to the environmental impact, safety, energy consumption, and 
economic cost associated with traditional solvent-intensive chemical processes 
[ 113 – 116 ]. Later, solvent-free thermal synthesis has also been applied in the prepa-
ration of ceramics, hydrides, and nitrides, which often require very high tempera-
tures and repeat fi rings to ensure that the bond making/breaking and organization 
processes have enough energy for the formation of crystalline phases [ 113 ]. 

 Porous metal–organic framework (MOF) materials are an intensely researched 
area, and mechanochemical synthesis of such phases had been demonstrated by 
Pichon et al. using an acid–base reaction between copper acetate and isonicotinic 
acid to give Cu(ina) 2  [ 117 ]. Neat grinding gave the porous framework quantitatively 
in a few minutes, with the acetic acid and water by-products partially lost and par-
tially included in the pores. The porosity of mechanochemically prepared MOFs has 
been investigated. Yuan et al. found that the BET surface area of Cu 3 (btc) 2  (HKUST-
1) obtained by neat grinding or liquid-assisted grinding (LAG) of copper(II) acetate 
monohydrate with benzene-1,3,5-tricarboxylic acid was comparable to that of sam-
ples obtained by conventional solution-based routes [ 118 ]. Similar observations 
have been made by Klimakow et al. [ 119 ] who also extended the synthesis to MOF-
14 Cu 3 (btb) 2  (btb is the larger tricarboxylate 4,40,400-benzenetribenzoate). 

 In 2011, Zhang et al. have reported the synthesis of nanoporous aluminophos-
phates (SF-APOs) and metal-substituted aluminophosphates (SF-MAPOs, M = Co, 
Fe, Cr) from a mixture of raw materials for the fi rst time via simple grinding and 
heating in the absence of solvent [ 120 ]. Characterization results showed that these 
mesoporous aluminophosphates had a hierarchically microporous/mesoporous 
structure. To understand the mechanism on “solvent-free” synthesis of hierarchi-
cally porous aluminophosphates and heteroatom-substituted aluminophosphates, in 
situ XRD patterns for synthesizing SF-APO RT  were measured (Fig.  1.12 ). When the 
raw materials of Al(O i Pr) 3 , NH 4 H 2 PO 4 , TMAOH.5H 2 O, and CTAB were mixed, the 
mixture exhibited typical XRD peaks of each compounds. By increasing aging time 
to 105 min at room temperature, the wide-angle XRD peak intensity associated with 
raw materials gradually reduced, suggesting that the crystalline structure of raw 
materials gradually lost, giving amorphous nature of AlPO 4 , which was in good 
agreement with spontaneous dispersion of solid inorganic salts due to the increase 
of entropy (ΔS) [ 121 ]. In the meanwhile, small-angle XRD patterns of the samples 
aged at 60 min showed a small and new peak at about 2.3°, and this peak intensity 
increased with aging time. The appearance of peak at 2.3° was well consistent with 

1 Sustainable Routes for Zeolite Synthesis



26

CTAB micelle in the amorphous silicas and aluminophosphates. It was diffi cult to 
observe the peak at 3.4° assigned to CTAB raw material in small-angle XRD pat-
terns at 27 h, suggesting complete dispersion of CTAB in the samples. All above 
results suggested that CTAB existed in the samples in two forms: one was monodis-
persed, and the other was aggregated micelle. After calcination at 500 °C for 6 h, the 
monodispersed CTAB molecule created the microporosity (0.60–0.74 nm), while 
the aggregated CTAB molecules templated the mesoporosity (1.7–2.6 nm).

   Although solvent-free synthesis has been well studied in the preparation of 
 inorganic materials, synthesis of zeolites in the absence of water is still scarce. In 
1990, Xu et al. reported fi rst example for the synthesis of zeolites from dry gel 
 conversion (DGC) or vapor phase transport (VPT) technique, in which a prepared 
damp or dried sodium aluminosilicate gel was suspended above liquid in an auto-
clave and subjected to the mixed vapor of amine and water at elevated temperature 
and pressure [ 122 ]. However, solvents (e.g., water and alcohols) are still necessary 
for preparation of the starting gels, indicating that these methods are not “real” 
solvent-free synthesis.  
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  Fig. 1.12    ( A ) Small-angle and ( B ) wide-angle XRD patterns for ( a ) SF-APO RT-omin , ( b ) 
SF-APO RT-45 min , ( c ) SF-APO RT-60 min, , ( d ) SF-APO RT-70 min , ( e ) SF-APO RT-90 min , ( f ) SF-APO RT-105 min , ( g ) 
SF-APO RT-2h , and ( h ) SF-APO RT-27 h , respectively (Reprinted with permission from Ref. [ 120 ], 
Copyright 2011 Royal Society of Chemistry)       
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1.4.2     Solvent-Free Synthesis of Aluminosilicate Zeolites 

 More recently, Ren et al. reported solvent-free synthesis of various zeolites from 
grinding of dry raw materials followed by heating to 180 °C [ 123 ]. Notably, zeolite 
products cannot be obtained if it is absent of a small amount of water (hydrated form 
of sodium silicate or hydrated form of silica) in the solid synthesis system, suggest-
ing that a small amount of water is a critical parameter and might be favorable for 
facilitating hydrolysis and condensation of Si–O–Si bonds during the synthesis. 
Using this approach, Ren and coworkers managed to prepare a variety of some of 
the most industrially important zeolites, those with the MFI, SOD, MOR, BEA*, 
and FAU framework types. In addition, the process also allowed the incorporation 
of several different heteroatoms (Al, Fe, B, Ga) into the structures, opening up 
potential uses of the zeolites in catalysis. 

 To understand the mechanism of the solvent-free route, the crystallization pro-
cess of ZSM-5 has been carefully investigated via XRD, UV-Raman, and  29 Si NMR 
techniques (Fig.  1.13 ). Before crystallization, the sample exhibits XRD patterns of 
each raw materials. After the treatment at 180 °C for 2 h, the peaks associated with 
the raw solids disappear, and a peak related to cubic NaCl phase is observed (inter-
action between Na 2 SiO 3  and NH 4 Cl). The disappearance of the XRD peaks is attrib-
uted to the spontaneous dispersion of solid salts on the amorphous support due to 
the increase of entropy (ΔS). At the same time, the bonds assigned to TPA +  species 
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  Fig. 1.13    ( A ) Photographs, ( B ) XRD patterns, ( C ) UV-Raman spectra, ( D )  29 Si NMR spectra of 
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in UV-Raman spectra are greatly reduced after the treatment at 180 °C for 2 h, 
which is in good agreement with the high disordering of TPA +  species with weak 
Raman signals by the high dispersion of solid salts on the amorphous support. As 
observed from  29 Si NMR spectroscopy, the treatment of the sample at 180 °C for 2 h 
results in a signifi cant condensation of silica species, giving that Q4 silica species 
[Si(SiO) 4 ] are dominant. When the crystallization time reaches 10 h, XRD patterns 
and UV-Raman spectra confi rmed that a small amount of S-Si-ZSM-5 crystals is 
formed. With the crystallization time increasing from 10 to 18 h, the intensities of 
XRD peaks and Raman bonds strongly increase, indicating the successful transfor-
mation from amorphous silica to zeolite crystals. When the crystallization time is 
over 18 h, there is no obvious change in XRD patterns and UV-Raman spectra of the 
samples, indicating that the crystallization of S-Si-ZSM-5 zeolite is basically 
 fi nished. The photographs of the samples crystallized at various times confi rmed 
that samples were always in a solid phase, and the sample volume was reduced 
remarkably after the treatment, attributed to the condensation of silica species due 
to the crystallization.

   Compared with conventional hydrothermal synthesis of zeolites, solvent-free 
synthesis has obvious advantages: (1) high yields of zeolites, (2) better utilization of 
autoclaves, (3) a signifi cant reduction of pollutants, (4) saving energy and simplify-
ing synthetic procedures, and (5) a remarkable reduction of reaction pressure. As a 
consequence, Morris and James highlight the importance of solventless synthesis of 
zeolites shortly after its publication [ 124 ]. Particularly, they propose several ques-
tions on this new approach (Is the initial grinding itself important in inducing the 
reaction? How does the organic SDA interact with the silica in order to direct the 
synthesis toward one particular product? Can such processes be scaled up? Are the 
properties of these materials at least as good as those of the hydrothermally 
 synthesized zeolites?) Thus, new progresses have been moved toward answering 
these questions.  

1.4.3     Solvent-Free Synthesis of Aluminophosphate Zeolites 

 Encouraged by the success in solvent-free synthesis of aluminosilicate zeolites, the 
same group has reported solvent-free synthesis of aluminophosphate (AEL), 
 silicoaluminophosphate (AEL, CHA, GIS), and heteroatom-substituted alumino-
phosphate zeolites from mixing, grinding, and heating the raw materials in a recent 
communication [ 125 ]. Chosen as a model, the solvent-free synthesis of SAPO-34 
(S-SAPO-34) from mechanically mixing of solid raw materials of NH 4 H 2 PO 4 , 
boehmite, fumed silica, and template (morpholine) has been carefully investigated. 
Very interestingly, a hysteresis loop occurred at a relative pressure of 0.50–0.98, 
indicating the presence of mesoporosity and macroporosity in the samples. SEM and 
TEM images demonstrate the presence of hierarchical macroporosity. S-SAPO-34 
sample prepared in a solvent-free manner has a unique micro–meso–macroporous 
structure, which is very favorable for designing and preparing effi cient catalysts. 
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 The crystallization process of S-SAPO-34 has also been carefully studied via a 
series of techniques (Fig.  1.14 ). Similar to solvent-free synthesis of ZSM-5, the 
crystallization of S-SAPO-34 is also a solid process. The sample volume is also 
remarkably reduced after the treatment, due to the condensation for synthesizing 
the S-SAPO-34 zeolite. XRD patterns of samples show that the starting materials 
have sharp peaks associated with NH 4 H 2 PO 4 . After treatment at 200 °C for 1 h, the 
sharp peaks completely disappear. After heating at 200 °C for 2 h, the sample shows 
weak peaks associated with the CHA structure, indicating that a small amount of 
SAPO- 34 crystals has been formed. A cubic crystal can also be observed in the 
SEM image. However, N 2  sorption isotherms of the sample show only a small 
amount of microporosity, thus confi rming that there is only a small amount of 
SAPO-34 crystals formed. As the crystallization time was increased from 3 h to 8 h, 
the intensities of XRD peaks gradually increased, indicating the successful solid 
transformation of S-SAPO-34 from the amorphous phase. As observed in the SEM 
image and N 2  sorption isotherms, the cubic crystals are dominant and the micropore 
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  Fig. 1.14    Investigation on S-SAPO-34 crystallization. ( A ) Photographs, ( B ) XRD patterns, ( C ) 
SEM images, and ( D ) N 2  sorption isotherms (     as-synthesized;      calcined) of the samples crystal-
lized at ( a ) 0, ( b ) 1, ( c ) 2, ( d ) 3, ( e ) 4, ( f ) 8, ( g ) 24 h, and ( h ) 36 h for synthesizing S-SAPO-34 
zeolite (Reprinted with permission from Ref. [ 125 ], Copyright 2013 American Chemical Society)       
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surface area is as high as 310 m 2  g −1  at 8 h. A further increase in crystallization time 
from 8 h to 24 h resulted in the complete disappearance of the amorphous phase. 
When the crystallization time is over 24 h, there is no obvious change in the XRD 
pattern, N 2  sorption isotherms, or SEM image, which indicates that the crystalliza-
tion of S-SAPO-34 is almost fi nished.

   More interestingly, S-SAPO-34 zeolite gives full conversion and high selectivi-
ties for light olefi ns including ethylene, propylene, and butylenes in methanol-to- 
olefi n (MTO) reaction. The total yield is as high as 88.9 %, which is comparable 
with that of conventional hydrothermally synthesized SAPO-34 under the same 
condition. Moreover, the S-SAPO-34 catalyst shows slightly lower selectivity for 
ethylene, but slightly higher selectivity for propylene and butylene, attributed to the 
presence of hierarchically porosity, which is favorable for enhancing propylene and 
butylene selectivities. The feature of solvent-free synthesis for combining the 
advantages such as low cost and good catalytic performance could be potentially 
important for industrial applications.  

1.4.4     Summary and Perspective 

 In this chapter, sustainable routes for the preparation of zeolites have been described, 
in particular the organotemplate-free and solvent-free synthesis approaches. 
Notably, these sustainable approaches are separated, and as a consequence, there is 
always a balance of competing aspects. For example, organotemplate-free synthesis 
is mostly performed in hydrothermal process; many kinds of zeolites can be pre-
pared in the absence of solvent, but still require the presence of organic templates. 
Thus, the combination of various sustainable routes should have a good future for 
synthesizing zeolites from an industrial overview.      
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Chapter 2
Ionothermal Synthesis of Molecular Sieves

Zhi-Jian Tian and Hao Liu

Abstract The synthesis of molecular sieves in ionic liquid or deep eutectic solvent 
is termed ionothermal synthesis. It involves an ionic reaction environment with 
extremely low volatility, and thus, can avoid the safety risks of hydro/solvothermal 
reactions, and bring great convenience and flexibility to both the synthesis of molec-
ular sieves and the study on their formation mechanisms. In this chapter, first intro-
duced are the special physicochemical properties of ionic liquids and deep eutectic 
solvents, and the distinctive opportunities brought by them to synthesize molecular 
sieves. A detailed methodological illustration of ionothermal synthesis technique is 
provided subsequently. The molecular sieves ionothermally synthesized are sum-
marized by their features such as composition, structure, porosity and morphology. 
Then follows a review on the fascinating structure-directing effect of various guest 
species in ionothermal synthesis. Finally, a prospect is given on the future develop-
ment of ionothermal synthesis.

Keywords Ionothermal synthesis • Molecular sieves • Structure-directing effect • 
Crystallization • Zeolite membranes • Microwave chemistry • Ionic liquids • Deep 
eutectic solvents

2.1  Introduction

Because of their negligible volatility and favourable physicochemical properties, 
ionic liquid (IL) and its analogue deep eutectic solvent (DES) are considered as green 
solvents for various synthesis and catalysis processes. In 2004, Prof. R. E. Morris 
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(University of St Andrews, UK) and his colleagues reported their pioneering work on 
the synthesis of AlPOs by using IL/DES as both solvent and structure- directing 
agent [1] and termed this new process ionothermal synthesis. Compared with hydro/
solvothermal routes, the most significant property of ionothermal synthesis is that it 
can take place at ambient pressure with a few safety risks. Because of its convenience 
and flexibility, ionothermal synthesis has attracted great research interest in recent 
years. Up until now, hundreds of papers in this area, including several excellent 
reviews [2–7], have been published. These papers mainly focus on following topics: 
(i) technique improvement brought by ionothermal synthesis, (ii) molecular sieves 
ionothermally synthesized, and (iii) formation mechanisms of these molecular sieves. 
Herein, a practical guide will be provided on ionothermal synthesis of molecular 
sieves, in particular the zeolitic ones. According to this criterion, progress achieved 
in above fields will be surveyed, accompanied by detailed descriptions and discus-
sions on how the relevant experiments were carried out.

2.2  Reaction Medium in Ionothermal Synthesis

2.2.1  IL and DES

In recent literature, the term ionic liquid is traditionally defined as a salt with melt-
ing point below or near the boiling point of water. A detailed definition and a histori-
cal introduction of IL can be found in Wilkes et al.’s work [8]. In general, IL is 
composed of large organic cations and organic/inorganic anions (Fig. 2.1). Its phys-
icochemical property is strongly determined by the composition and structure of 
these ions. Considering the wide variety of both cations and anions, the potential 
number of ILs is extremely large.

DES is an alternative solvent system that has similar physicochemical properties 
of IL. It is composed of several components, which associate with each other in 
some way and result in a considerably lower freezing point of the mixture compared 
with each component [9, 10]. Among the variety of DES, the mixture of quaternary 
ammonium salt and hydrogen bond donor is the most widely used type of DES in 
ionothermal synthesis of molecular sieves. In the original paper on this type DES, 
Abbott et al. reported the interesting solvent properties and the temperature- 
dependent high conductivities of some binary mixtures of quaternary ammonium 
salts and amides [11]. Using NMR spectroscopy, they observed the intense cross- 
correlation between fluoride anions and urea protons in DES choline fluoride–urea 
(1/2, [molar ratio of the components, the same hereinafter]). They also observed the 
presence of chloride anions with one or two urea molecules (M− = 95 or 155, respec-
tively) from MS of DES choline chloride–urea (1/2). According to these results, as 
well as other phenomena, Abbott et al. suggested that the decrease in the freezing 
point of this type DES should be attributed to the formation of hydrogen bonds 
between the anions of the quaternary ammonium salts and the amides (as hydrogen 
bond donors).
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Abbott et al.’s study shows a facile way to prepare solvents with similar physico-
chemical properties of IL. The quaternary ammonium salt–hydrogen bond donor 
type DES can be conveniently prepared by simply heating and mixing the compo-
nents, which are mainly the naturally occurring, renewable and well-characterized 
bulk chemicals (Fig. 2.2). Thus, various DESs can be obtained and used in ionother-
mal synthesis of molecular sieves.

Fig. 2.1 Commonly used ions for ionic liquids

Fig. 2.2 Commonly used components for the quaternary ammonium salt–hydrogen bond donor 
type deep eutectic solvent

2 Ionothermal Synthesis of Molecular Sieves
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As well established, hydrogen bonding system X–H · · · Y extensively exists 
between the hydrogen bond donor, i.e., a relatively polarized X–H bond (X = N, O, 
F, or even C), and the hydrogen bond acceptor, which could be a highly electronega-
tive atom or an electron-rich aromatic system. Thus, a more universal description of 
the formation process of the above-mentioned DES can be given as following equi-
librium [12]:

 Organicsalt Unchargedmolecule Cation Hydrogen-bonded comple+ + xx anion  

or

 Organicsalt Unchargedmolecule Hydrogen-bonded complex cation+  ++Anion  

Accompanying this process, the initial ordered structures of the components are 
disrupted. The stability difference between these two kinds of hydrogen-bonded 
complex ions determines which of these two equilibrium processes is preferred 
during the formation of DES. In any cases, ions constitute the majority of the 
obtained mixture, which exhibits extremely high electrical conductivity as well as 
other IL-like properties.

2.2.2  Hydrogen Bonding Interactions in Ionothermal 
Synthesis

Reactant molecules may also form hydrogen bonds with IL/DES. For instance, the 
formation of hydrogen bonds between water molecules and the anions of ILs has 
been confirmed by both theoretical studies and spectroscopic experiments [13–15]. 
As these studies show, when diluted in IL, water molecules tend to be isolated from 
each other rather than form network. The resultant deactivation of water can stabi-
lize the bonds that are sensitive to hydrolysis [16, 17]. Furthermore, Weber et al. 
reported that hydrolysis reaction rate could be controlled by tuning the strength of 
hydrogen bonds between water molecules and the IL cations [18]. They suggested 
that compared with 1-butyl-3-methylimidazolium (BMIm) cations, 1-butyl-2,3- 
dimethylimidazolium (BDMIm) cations form weaker hydrogen bonds with water 
molecules, and therefore lead to an increase of the hydrolysis reaction rate.

Another interesting phenomenon caused by the formation of hydrogen bonds is 
that the volatility of water may decrease to some degree when it is mixed with 
hydrophilic IL/DES. By monitoring the pressure changes of the mixtures containing 
5 g of [BMIm]Br and different amount of water in a 10 mL sealed vessel at 175 °C 
under microwave radiation, Cai et al. found that there is no autogenic pressure for 
the mixture with water/[BMIm]Br molar ratio = 0.5/1 [19]. This water concentration 
is much higher than that required for an efficient crystallization of AlPOs under 
similar condition [20].
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The addition of various organic amines/ammonium salts into IL/DES has shown 
great advantage in flexibly adjusting the crystallization environment for molecular 
sieves. The influence of these additive organic species is strongly related to the 
hydrogen bonding interaction between organic species and the IL/DES cations. In 
the very first literature on the structure-directing effect of organic amines in iono-
thermal synthesis, Wang et al. pointed out that the hydrogen-bonded complex cat-
ions may stabilize the 12-membered ring channels and facilitate the formation of 
AFI structure [21]. The presence of the hydrogen bonds between organic amines 
and BMIm cations can be indicated by the downfield shift of the signals correspond-
ing to the protons of imidazolium ring in 1H NMR spectra (Table 2.1, hydrogen 
atoms at positions a, b, and c). Further discussion on this structure-directing effect 
will be given in Sect. 2.5.3.2.

2.2.3  Synthesis Opportunities

In Table 2.2 are listed selected physicochemical data of some ILs/DESs and molec-
ular solvents, both of which are commonly used in the synthesis of molecular sieves. 
It can be found that the physicochemical properties of IL/DES are strongly deter-
mined by the composition and structure of the components. Similar to the selected 
molecular solvents, these ILs/DESs have wide liquid range and medium to strong 
polarity. Therefore, in theory, they can successfully replace the molecular solvents 
used for hydro/solvothermal synthesis. The most significant differences of ILs/
DESs compared with molecular solvents are their extremely low volatility and high 

Table 2.1 1H NMR spectral data (chemical shifts δ relative to D2O, 400 MHz, 80 °C) of 1-butyl- 
3-methylimidazolium bromide and its mixtures with organic amines [21]

Samplea

δ (ppm)

H(a) H(b) H(c) H(d) H(e) H(f) H(g) H(h)

[BMIm]Br 11.04 9.33 9.24 5.43 5.14 2.81 2.19 1.73
[BMIm]Br–1-MIm (2/1) 11.01 9.22 9.11 5.41 5.10 2.85 2.65 1.82
[BMIm]Br–n-DPA (2/1) 10.79 9.17 9.07 5.42 5.11 2.83 2.23 1.77

aBMIm 1-butyl-3-methylimidazolium, 1-MIm 1-methylimidazole, n-DPA n-dipropylamine
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electronic conductivity. Owing to these properties, ILs/DESs bring some distinctive 
opportunities for the synthesis of molecular sieves.

2.2.3.1  Extremely Low Volatility

One of the most significant properties of IL is its extremely low volatility, which is 
attributed to its entire ionic character. The vaporization enthalpies of ILs are almost 
an order of magnitude larger than that of molecular solvents. As a result, in common 
literature, IL is always described as involatile solvent, and the upper limit of its 
liquid range is usually its decomposition temperature. For DES, the boiling point (or 
decomposition temperature) of the constituents are always high. Therefore, similar 
to IL, DES also has long liquid range and low volatility. At the crystallization tem-
perature for molecular sieves (usually ≤ 200 °C), no autogenic pressure of the sol-
vent IL/DES can be detected in principle. The resultant dramatic decrease of the 
system pressure makes ionothermal synthesis of molecular sieves much safer and 
controllable compared with hydro/solvothermal routes. Furthermore, the extremely 
low volatility of IL/DES makes the ionothermal crystallization process visible and 
may simplify the in situ experiment.

2.2.3.2  High Microwave-Adsorption Capacity

Because of their high electrical conductivity and dielectric constant, IL and DES are 
the appropriate medium for microwave heating [37]. In 2006, Prof. Y.-P. Xu and 
other colleagues in our group reported the microwave-enhanced ionothermal syn-
thesis of molecular sieves for the first time [38]. The microwave reaction system 
they used is illustrated in Fig. 2.3. The static crystallization process took place in 
ordinary glass equipment at 150 °C and no special devices were required. Xu et al.’s 
work shows that similar to the results obtained in hydro/solvothermal synthesis, 
microwave-enhanced ionothermal synthesis leads to a more rapid crystallization 
rate compared with that using conventional heating method.

2.2.3.3  Stability

In ionothermal synthesis, it is occasionally observed the decomposition of IL/
DES. Herein, imidazolium salts, which are the most widely used ILs in ionothermal 
synthesis of molecular sieves, are taken as examples to illustrate the decomposition 
mechanism of IL/DES.

As Chambreau et al.’s work shows, the thermal decomposition of 1-ethyl-3- 
methylimidazolium (EMIm) bromide prefers to take place via the evolution of 
alkylbromide and alkylimidazole through an SN2 type mechanism (Scheme 2.1) 
[39]. The difference between the experimentally evaluated activation enthalpies of 
the two possible processes indicates that the thermal decomposition of [EMIm]Br 
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favours the formation of 1-ethylimidazole and bromomethane (Process 1), rather 
than the formation of 1-methylimidazole and bromoethane (Process 2). At 181 °C, 
the branching ratio for CH3Br/C2H5Br analyzed via tunable vacuum ultraviolet pho-
toionization time-of-flight MS is 0.76/0.24. Based on ab initio quantum chemical 

Fig. 2.3 Schematic illustration of the microwave reaction system Xu et al. used [38]

Scheme 2.1 Thermal decomposition mechanism of 1-ethyl-3-methylimidazolium bromide [39]
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calculation study on the possible thermal decomposition ways of 1-alkyl-3- 
methylimidazolium chloride, Kroon et al. suggested that the effect of the alkyl chain 
length on both the activation energy and the thermal decomposition temperature is 
very small [40].

The alkylbromides and alkylimidazoles formed via thermal decomposition may 
reconstitute and lead to transalkylation (Scheme 2.2). In some cases, the resultant 
new imidazolium cations could play the role of structure-directing agent during the 
crystallization of molecular sieves [41, 42]. Parnham et al. found that in sealed 
 system with the presence of fluoride anions, 1-alkyl-3-methylimidazolium bro-
mides with alkyl chains longer than ethyl would decompose and form 
1,3- dimethylimidazolium (DMIm) cations via transalkylation [41]. The resultant 
DMIm cations can direct the formation of fluorinated AlPOs with CHA topology, of 
which the cha cages are unfavourable for the presence of cations larger than EMIm 
cation. In a later study, Griffin et al. reported that a similar transalkylation reaction 
can also take place for [EMIm]Cl, which has a more nucleophilic anion compared 
with bromide anion [42].

Another decomposition pathway for imidazolium salts relates to the high acidity 
at C2 position of imidazolium ring. Imidazolium cations would deprotonate in basic 
environment, followed by complexation and/or decomposition side reactions [43]. 
Therefore, commonly used imidazolium salts are not suitable for reactions involv-
ing strong base, which is often required in the synthesis of zeolites (see also 
Sect. 2.4.2.2).

Similar to imidazolium salts, other varieties of ILs have also been found to break 
down during ionothermal synthesis [44]. Besides these, the quaternary ammonium 
cations composing DES are also instable at high temperature or in high basic envi-
ronment. Oil-like liquid is often found in the autoclaves after the crystallization 
using DES as reaction medium. The existence of these organic species may influ-
ence the state of the reaction mixture and the nature of the final product. As will be 
discussed in Sect. 2.4.4.2, the decomposition product of DES embedded into molec-
ular sieves has been employed as templates for mesopores [45].

The decomposed IL can also supply framework species for the synthesis of 
molecular sieves. Yang et al. prepared a series of boron-containing ILs 1-alkyl- 3-
methylimidazolium bis(oxalato)borates (Fig. 2.4) and used them as B–O source to 
synthesize metal borophosphates [46, 47]. Though strictly speaking, the synthesis 
route they employed is not ionothermal, Yang et al. illustrated an inspirational 
example of the application of designed ILs to synthesize molecular sieves.

Scheme 2.2 Transalkylation reaction of 1-alkyl-3-methylimidazolium cations

2 Ionothermal Synthesis of Molecular Sieves
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2.3  Ionothermal Synthesis Technique

2.3.1  General Steps of Ionothermal Synthesis

The typical procedure for ionothermal synthesis of molecular sieves follows the 
sequence shown in Scheme 2.3. Compared with hydro/solvothermal routes, one of 
the significant differences in ionothermal routes is that the preparation and recovery 
of the solvent, i.e., IL/DES, are important to be considered. Another difference in 
ionothermal synthesis is that the ionothermal crystallization can take place at ambi-
ent pressure with fewer safety risks but more flexibility.

2.3.1.1  Preparation of IL/DES

Although huge varieties of ILs are commercially available now, most of the ILs 
used in routine laboratory experiments are self-synthesized. Considering their easy 
synthesis from cheap raw materials, convenient physicochemical properties and 
relatively low toxicity, imidazolium salts are the most preferred ILs in ionothermal 
synthesis. A typical synthesis route of imidazolium-based IL is shown in Scheme 2.4.

Compared with the substitution and anion-exchange processes shown in 
Scheme 2.4, the preparation route of DES is much simpler. Commonly, the homo-
geneous liquid formed by mixing and heating the components is just the desired 
DES. It seems that more and more research interest has been attracted to the use of 
DES in ionothermal synthesis because of its simple preparation method and change-
able composition.

2.3.1.2  Mixing and Ageing

Unlike hydro/solvothermal synthesis, the mixing and ageing processes of ionother-
mal synthesis always take place at a temperature higher than room temperature 
(usually 70–100 °C). Therefore, it is unclear the temperature boundary between the 
mixing–ageing and the crystallization processes in ionothermal synthesis com-
pared with those in hydro/solvothermal methods. Thus, there is only little literature 
that focuses on the pre-crystallization condition of the reaction mixture for iono-
thermal synthesis.

Fig. 2.4 Structure of 
1-alkyl-3-methylimidazolium 
bis(oxalato)borate

Z.-J. Tian and H. Liu
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Using in situ 1H–1H NMR rotating-frame nuclear Overhauser effect spectros-
copy, Xu et al. provided an elaborate illustration of the pre-crystallization reaction 
mixture with molar composition

 
Al O P O HF BMIm Br morpholine2 3 2 5 1 3 0 4 40 2 5/ / / / / / . / /[ ] = −( )  

for synthesizing AlPO-AFI [48]. In the initial mixture of [BMIm]Br and morpho-
line exists a complex structure of BMIm cations and morpholine molecules through 
intermolecular hydrogen bonds. When H3PO4 is added into the reaction system, this 
complex structure is stable at 80 °C but invisible at 140 °C. Xu et al. attributed this 
change to the strong interaction of H3PO4 with morpholine, as well as the charge 
repulsion between protonated morpholine molecules and BMIm cations. After the 
further addition of aluminium isopropoxide (Al[OCH(CH3)2]3) at 140 °C, the com-
plex structure of BMIm cations and morpholine molecules recovers. This indicates 
the formation of Al–O–P species and the release of morpholine molecules. Further 
research shows that the concentration of organic amine determines both the exis-
tence and the structure-directing ability of the IL/DES–organic amine complex cat-
ions (see Sect. 2.5.3.2).

2.3.1.3  Recovery and Reuse of IL/DES

Considering the toxicity and cost of ILs/DESs, the recovery and reuse of them should 
be comprehensively studied. However, this topic is rarely discussed so far, though 
hundreds of papers have been published on ionothermal synthesis in the past decade.

Scheme 2.3 Typical procedure for ionothermal synthesis of molecular sieves

Scheme 2.4 Typical synthesis route of imidazolium-based ionic liquid

2 Ionothermal Synthesis of Molecular Sieves
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A practical procedure to recover [EMIm]Br after ionothermal synthesis of AlPO 
was illustrated by Cooper et al. [1]. They announced the successful synthesis of two 
types of AlPOs by using the recovered IL. Similar result was achieved by Han et al. 
[49]. In Han et al.’s work, both 1H NMR spectra and TGA curves show no signifi-
cant differences between the fresh and recovered ILs. However, there is a little 
decrease of the thermal decomposition temperature of the recovered ILs compared 
with the fresh one.

Although water and other molecular species can be removed from IL, the raw 
materials, especially the phosphorus-containing species, which is always added in 
excess amount, may remain in the recovered ILs and disturb the stoichiometry for 
further synthesis. As Hou’s work shows, AlPO-AEL can be successfully synthe-
sized by using the first-time recovered [EMIm]Br as solvent [50]. Unfortunately, 
products obtained from [EMIm]Br recovered for the second and third times are the 
mixtures of AlPO-AEL and dense phase AlPO4. The decrease in phase purity should 
be mainly attributed to the accumulation of phosphate anions during the recycling 
of IL.

2.3.2  Examples of Ionothermal Synthesis

In this section, taking the synthesis of AlPOs with –CLO topology as example, the 
typical procedure for ionothermal synthesis of molecular sieves is presented. Brief 
descriptions of the preparations of the IL [EMIm]Br and the DES tetraethylammo-
nium chloride–pentaerythritol are also provided, respectively.

2.3.2.1  [EMIm]Br System [51]

Preparation of [EMIm]Br  Under vigorous stirring, bromoethane is added drop-
wise to 1-methylimidazole in a three-necked round-bottomed flask with reflux con-
denser. The molar ratio of 1-methylimidazole/bromoethane is 1/1.5. After refluxing 
for 6 h, the mixture is distilled under reduced pressure at 85 °C. The residual liquid, 
which would crystallizes into white solid by cooling, is collected.

Synthesis of AlPO-CLO A glass beaker is charged with 276 mmol of [EMIm]Br, 
7 mmol of H3PO4 (85 wt% in H2O), 7 mmol of aluminium isopropoxide and 7 mmol 
of HF (40 wt% in H2O). These reactants are stirred at 100 °C for 1 h. Then, 4 mmol 
of 1,6-hexanediamine is added into above mixture. After further stirring for 5 min, 
the final mixture is transferred into a PTFE-lined autoclave (volume = 100 mL) and 
crystallizes at 210 °C for 2 h. The product is cooled, filtered, washed with water and 
ethanol and then dried at 110 °C overnight.
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2.3.2.2  Tetraethylammonium Chloride–Pentaerythritol System [52]

AlPO-CLO can also be synthesized by using tetraethylammonium chloride– 
pentaerythritol as solvent and 2-methylimidazole as co-structure-directing agent. 
This procedure can be performed thoroughly in an open vessel.

Preparation of DES Tetraethylammonium Chloride–Pentaerythritol This 
DES is prepared by mixing tetraethylammonium chloride and pentaerythritol with 
molar ratio 1/1.22, heating and stirring until a homogenous liquid forms.

Synthesis of AlPO-CLO Aluminium isopropoxide is added into above-mentioned 
DES. The mixture is stirred at 85 °C for 30 min. Then, HF (40 wt% in H2O), H3PO4 
(85 wt% in H2O) and 2-methylimidazole are added successively. The molar ratio of 
the reaction mixture is

 

tetraethylammoniumchloride pentaerythritol Al P F methyl/ / / / / 2− iimidazole=
5 32 6 47 1 00 1 42 1 07 0 50. / . / . / . / . / .  

After sufficient stirring, the mixture is programmatically heated to 180 °C in 30 min 
and then crystallizes at this temperature for 4 h. The product is cooled, washed with 
water and acetone and then dried at 110 °C.

2.3.3  Reactant Selection

2.3.3.1  IL/DES and Additive Organic Species

Although the varieties of both ILs and DESs are extremely huge, only several kinds 
of ILs/DESs with low cost, convenient preparation and a few toxicity risk are com-
monly used in ionothermal synthesis. Considering their medium hydrogen bonding 
ability, chloride and bromide anions are preferred to be used as anions of IL/DES 
for ionothermal synthesis of molecular sieves. Organic species is always introduced 
into the reaction mixture to adjust the physicochemical properties of the solvent and 
play the role of co-structure-directing agent. A more comprehensive discussion on 
the structure-directing effect of IL/DES and additive organic species is given in 
Sect. 2.5.3.

2.3.3.2  Framework Sources

Similar to hydro/solvothermal synthesis, the nature of the products ionothermally 
synthesized is strongly determined by the kinds and amounts of the framework 
sources. As Cooper et al. reported in the initial paper on the ionothermal synthesis 
of AlPOs, different crystalline phases can be obtained by slightly alternating the 
composition of reaction mixture [1]. The later work of Wang et al. showed that both 
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the kind of aluminium sources and the P/Al ratio of the reaction mixture can influ-
ence the obtained crystalline phase significantly [53]. When basic aluminium ace-
tate (Al2O(CH3COO)4 · 4H2O) is used as aluminium source, the best P/Al ratio for 
the synthesis of AlPO-AEL is 1.5/1. If the P/Al ratio is larger than this optimum 
value, both the phase purity and the yield of AlPO-AEL decrease. However, when 
aluminium isopropoxide is used as aluminium source, the optimum P/Al ratio 
increases to 3/1. Wang et al. also found that compared with aluminium isopropox-
ide, basic aluminium acetate disperses and dissolves into the reaction mixture more 
easily. They suggested that this phenomenon should be attributed to the hydrolysis 
mechanism difference between these two kinds of aluminium sources.

The addition of framework sources into the reaction system is often accompa-
nied with the introduction of anions and water, both of which may strongly influ-
ence the physicochemical properties of IL/DES. Furthermore, because the 
commonly used IL/DES in ionothermal synthesis usually has a poorer coordination 
ability compared with water, the ionothermal crystallization of molecular sieves 
always involve a more unexpected competition between the potential ligands of 
metal cations (anions and water molecules). Thus, when added into the ionothermal 
reaction mixture as framework source, metal salts with different anions or different 
amount of crystallization water may show different reaction behaviour and result in 
different final products, some of which are possibly unachievable in traditional 
conditions.

2.3.3.3  Water

It is always difficult to catch the trace of water in the crystallization process of 
molecular sieves because it seems to be everywhere in conventional synthesis con-
ditions. By carefully avoiding introducing water into the reaction mixture, Ma et al. 
provided a kinetic study on the effect of water on the ionothermal synthesis of 
AlPOs [20]. They found that when no water is added into the reaction mixture, the 
crystallization process of AlPO undergoes a quite long induction period to accumu-
late a certain amount of the in situ generated water. Then, the accumulated water 
improves the formation rate of solution active species, which crystallize and release 
more water into the reaction mixture. Thus, the overall ionothermal synthesis of 
molecular sieves appears to be an autocatalytic process. Ma et al. also found that the 
induction time could be reduced by introducing a reactant quantity of water into the 
reaction mixture—the amount of water accompanying the raw materials is always 
enough for this aim.

Water is indispensable in some cases, especially the ionothermal synthesis of 
zeolites [19, 54]. Therefore, the extra-addition of water is sometimes necessary. As 
mentioned in Sect. 2.2.2, water added into IL/DES with a low concentration can 
form hydrogen bonds with IL/DES and consequently be isolated and deactivated. 
However, when too much water is added into the reaction mixture, the crystalliza-
tion system would change from ionothermal into hydrothermal. Wragg et al. carried 
out an extensive study to determine the influence of the water/IL ratio of reaction 
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mixture [44]. Their study confirmed Ma et al.’s result [20] that a very small amount 
of added water is advantageous for the ionothermal synthesis of AlPOs. However, 
water added into the reaction mixture with a larger amount (as Wragg et al. sug-
gested, the water/IL molar ratio > 0.7) would disrupt the structure-directing ability 
of IL and lead to the formation of dense phases.

2.3.4  Key Parameters of Crystallization

2.3.4.1  Reaction Vessel: Open or Sealed?

The low volatility of IL/DES brings convenience for synthesis of molecular sieves 
but also a question: Does the ionothermal crystallization of molecular sieves taken 
place in an open vessel follow the same pathway as that in a sealed vessel?

As mentioned in Sect. 2.2.3.3, Parnham et al. found that in sealed system with 
the presence of fluoride anions, 1-alkyl-3-methylimidazolium cations would decom-
pose and subsequently form DMIm cations, which can direct the formation of 
AlPO-CHA [41]. However, only AlPOs with AEL and AFI topologies could be 
obtained in open vessels. They attributed this difference to the escape of bromoal-
kane molecules and thus the inhibition of the transalkylation reaction.

Furthermore, in an open vessel, the uncontrollable release of reactants such as 
H2O, HF and other molecules from the reaction mixture may result a change in the 
reaction environment and even significantly prevent the crystallization process [19]. 
Therefore, to ensure the reproducibility of the synthesis, it is suggested to carry out 
the crystallization process in a sealed system.

2.3.4.2  Heating Method

Because of the advantages stated in Sect. 2.2.3.2, microwave irradiation is often 
employed instead of conventional heating method to ionothermally synthesize 
molecular sieves with a much shorter crystallization time. However, the change of 
heating method is doubtless accompanied by the change of crystallization equip-
ment, and in some cases, may lead to a different final product.

By microwave irradiating the mixture of dry gel precursor, [BMIm]Br and extra- 
added water, Cai et al. synthesized pure silica zeolite with MFI topology [19]. 
However, no crystalline phase could be detected after heating the mixture for 24 h 
in conventional heating method. They attributed above different results to the differ-
ent water-holding abilities of the crystallization equipments employed in the two 
synthesis processes. As Cai et al. described, by using conventional heating method, 
‘the excess amount of water could not be retained in an open vessel even before the 
temperature of [BMIm]Br reached 175 °C’. However, a reflux process was observed 
under microwave radiation and as a result, ‘water can be supplied back to [BMIm]
Br for zeolite crystallization’.

2 Ionothermal Synthesis of Molecular Sieves
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Although no further details of their crystallization equipments were provided, 
Cai et al.’s study reminds us to be careful when making comparison between differ-
ent synthesis conditions, especially on the crystallization mechanism and kinetics. 
What the use of IL/DES provides is not only flexibility in the synthesis of molecular 
sieves, but also much more variables that may influence the product formation.

2.4  Molecular Sieves Ionothermally Synthesized

2.4.1  Zeolitic Metal Phosphates

Until the time of writing this chapter, to the best of our knowledge, nearly 25 zeolite 
framework types have been ionothermally synthesized. Most of these zeolitic 
molecular sieves are metal phosphates, of which the synthesis details are summa-
rized in Table 2.3. The synthesis procedures of these zeolitic metal phosphates are 
always similar to that of AlPO-CLOs described in Sect. 2.3.2.

2.4.1.1  New Zeolitic Materials

As Table 2.3 shows, besides the zeolitic molecular sieves that can be synthesized via 
conventional routes, several metal phosphates with novel structures and composi-
tions have been obtained by ionothermal method.

SIZ-7 (Co12.8Al19.2(PO4)32) is an ionothermally synthesized CoAPO which has a 
novel zeolite framework type SIV (Fig. 2.5) [56]. The SIV-type framework displays 
a three-dimensional eight-membered ring channel system. SIZ-7 has a monoclinic 
space group C2/c (No. 15) with a = 10.2959(4) Å, b = 14.3715(5) Å, c = 28.599(1) Å 
and β = 91.094(1)°. Figure 2.6 shows the simulated XRD pattern of SIZ-7.

−CLO is an interrupted zeolite framework type with 20-membered pore open-
ings. In conventional synthesis conditions, only GaPO-CLO (cloverite) and its 
metal substituted analogues have been synthesized. In 2010, Wei et al. reported the 
successful synthesis of AlPO-CLO (DNL-1) with formula

 
C N H C N H H O Al P O OH F6 2 18 104 6 2 11 80 2 910 768 768 2976 192 2( ) ( ) ( )  ( ) 888   

in [EMIm]Br with 1,6-hexanediamine as co-structure-directing agent [81]. DNL-1, 
which is the first AlPO with 20-membered pore openings, shows higher thermal 
stability compared with cloverite. The in situ XRD patterns of DNL-1 show that no 
significant loss of crystallinity occurs until the temperature reaches approximately 
950 °C. Moreover, the ordered crystalline structure of DNL-1 can remain after cal-
cination at 850 °C and subsequent exposure at room temperature with 60 % humid-
ity for 6 d.

Z.-J. Tian and H. Liu
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Besides the report of Wei et al., other several ionothermal routes have also been 
developed to synthesize AlPO-CLO. Pei synthesized AlPO-CLOs in a variety of IL/
DES-organic amine systems (Table 2.4) [52]. Furthermore, Lohmeier prepared 
another AlPO-CLO sample (LUH-2) from a mixed-anion IL system [EMIm]
Br0.88(L-lactate)0.12 by microwave heating the reaction mixture

 

Al lactate H PO HF EMIm Br EMIm lactateL L−( ) [ ] [ ] −( )=3 3 4

1 00 3
/ / / /

. / .000 0 84 18 70 2 67/ . / . / .  

at 160 °C for 60 min [90]. The flexibility in the ionothermal synthesis of AlPO- 
CLOs, as shown by above examples, indicates the great potential of ionothermal 
method for the synthesis of novel molecular sieves.

Fig. 2.5 Stereographic drawing of SIZ-7 framework [56]

Fig. 2.6 Simulated XRD pattern of SIZ-7 [89]. Wavelength: 1.54180 Å (Cu Kα)
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2.4.1.2  SAPOs

Silicon-containing zeolitic molecular sieves, such as zeolites and SAPOs, are widely 
used as heterogeneous acid catalysts. Since the very beginning of the study on iono-
thermal synthesis, researchers have tried to introduce silicon into the framework of 
zeolitic molecular sieves [1, 63]. However, only limited results have been achieved 
previously because of the poor reaction activity of silicon sources in ionothermal 
condition.

In the study carried out by Xu et al., SAPOs were synthesized by adding tetra-
ethylorthosilicate into the synthesis procedure for AlPOs [38, 63]. Combining the 
analysis results of 29Si MAS NMR, NH3-TPD and EDX, they declared the success-
ful incorporation of silicon into the framework of AEL type molecular sieves [38]. 
Later, Zhao et al. reported their synthesis of SAPO-AFI by using DES choline chlo-
ride–pentaerythritol as reaction medium and fumed silica as silicon source [74]. 
Unfortunately, according to the EDX analysis results, some of the products they 
obtained may contain silicon-rich phases as well as SAPO molecular sieves.

2.4.2  Zeolites

2.4.2.1  Zeolites Synthesized from Sol/Gel–IL Mixtures

The main obstacle to ionothermal synthesis of silicon-containing molecular sieves, 
as illustrated in Sect. 2.4.1.2, is the extremely low hydrolysis rate of silicon sources 
in ionothermal environment. By carrying out the hydrolysis of raw materials and 
crystallization under different conditions, i.e., by ionothermally treating the pre- 
hydrolyzed silicon-containing reaction mixtures, several zeolites have been synthe-
sized successfully.

By heating the mixture of [EMIm]Br and an aqueous sol with following 
composition

 SiO Al O Na O K O H O2 2 3 2 2 2 2 2 1 4 1 4 80/ / / / . / / / . /=  

in a temperature range between 50 and 150 °C with ambient pressure, Ma et al. 
obtained a series of zeolite products [91]. They found that the product changes from 

Table 2.4 Synthesis details of AlPO-CLOs reported by Pei [52]

Synthesis system Molar ratio of reactants Crystallization condition

Solventa Amineb (Solvent/Al/P/F/amine) Temperature (°C) Time (h)
[MPIm]Br n-DPA 7.89/1.00/1.20/1.07/1.19 180 4
[EMIm]Br n-DPA 8.43/1.00/1.20/1.07/1.20 180 2
TEAC–Pent (1/1.22) 2-MIm 5.32/1.00/1.42/1.07/0.50 180 4

aMPIm 1-methyl-3-propylimidazolium, EMIm 1-ethyl-3-methylimidazolium, TEAC tetraethylam-
monium chloride, Pent pentaerythritol
bn-DPA n-dipropylamine, 2-MIm 2-methylimidazole

2 Ionothermal Synthesis of Molecular Sieves



60

sodalite to zeolite X when the ratio of [BMIm]Br to the aqueous sol decreases. 
Obviously, this process cannot be regarded as ionothermal synthesis wherein IL/
DES should play the role of the main solvent [44]. Subsequently, Cai et al. reported 
their synthesis of pure silica zeolite with MFI topology by microwave-heating the 
mixture of [BMIm]Br, extra-added water and a dry gel precursor [19]. Their study 
showed that the addition of water is essential for the crystallization of zeolite.

2.4.2.2 Zeolites Synthesized in Basic IL [BMIm]OH0.65Br0.35

Mineralizers, such as H2O, OH− and F−, are always essential for the hydrolysis of 
silicon sources. However, in some senses, the addition of water into IL/DES means 
the loss of properties of ionothermal synthesis. This contradiction prompted an 
attempt to use task specific IL for ionothermal synthesis. By using basic IL [BMIm]
OH0.65Br0.35 as solvent, structure-directing agent and mineralizer, Wheatley et al. 
synthesized pure silica zeolites with MFI and TON topologies [54]. [BMIm]
OH0.65Br0.35, the use of which is the key to the successful ionothermal synthesis of 
these zeolites, was prepared by anion exchange of [BMIm]Br. However, it should be 
noted that the anion exchange process was accompanied with the degradation of 
BMIm cations. In fact, the poor basic stability of IL/DES has strongly restricted 
their application [92].

2.4.3  Other Crystalline Microporous Materials

Besides the above-mentioned zeolitic materials, a huge variety of other crystalline 
molecular sieves, such as inorganic open-framework materials and metal-organic 
frameworks, has also been ionothermally synthesized. For instance, a novel open- 
framework zirconium phosphate, [(C2H7NH)8(H2O)8][Zr32P48O176F8(OH)16] 
(ZrPOF-EA), was synthesized by Liu et al. [93]. After removing the guest organic 
species by calcination in air at 410 °C for 9 h, the framework of ZrPOF-EA remains 
and can display a high CO2/CH4 separation capacity. Some ionothermally synthe-
sized metal-organic frameworks with good thermal stability and porosity also 
exhibit excellent performance in adsorption and separation processes [94–96].

2.4.4  Mesoporous and Hierarchical Porous Materials

2.4.4.1 Mesoporous γ-Al2O3

In conventional solvent environment, ILs are commonly used as surfactants to direct 
the formation of mesoporous materials. Therefore, in theory, a similar structure-
directing process can also take place in ionothermal condition. An example of 
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ionothermal synthesis of mesoporous materials was reported by Lian et al., who 
obtained mesoporous γ-Al2O3 by heating a mixture of AlCl3, NaNH2 and [BDMIm]
Cl at 150 °C for 10 h [97]. The authors supposed that the formation of the mesopo-
rous structure follows the process shown in Fig. 2.7.

2.4.4.2 Hierarchical Porous FeAPOs

Using microwave-assisted ionothermal method, Zhao et al. synthesized several 
hierarchical porous FeAPO-AFI samples [45]. The authors suggested that the for-
mation of mesopores should be attributed to both the agglomeration of particles and 
the removal of embedded organic species. An interesting phenomenon reported by 
Zhao et al. is the significantly unusual TGA curves of their hierarchical porous 
samples. For example, as one of the TGA curves (Figure 10 in Ref. [45]) shows, the 
weight loss of the sample S1.1–1.5 is about 45 % at 550 °C. This value is almost two 
times as large as that of the MnAPO-AFI sample ionothermally synthesized by Ng 
et al. [72]. Obviously, this difference indicates that the sample S1.1–1.5 is a hybrid 
of organic species and crystalline molecular sieves. However, no further details of 
the organic species were provided in Zhao et al.’s paper.

Fig. 2.7 Schematic illustration of the formation mechanism of the mesoporous γ-Al2O3 synthe-
sized by Lian et al. (Reproduced from Ref. [97] with permission of The Royal Society of 
Chemistry)
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2.4.5  Molecular Sieves with Special Morphologies

2.4.5.1 Morphology-Controlled Single Crystals

The control of the crystal morphology has attracted great research interest because 
morphology details can always show the traces of crystallization mechanism. Ma 
et al. synthesized GaPO-LTA single crystals in 1-alkyl-3-methylimidazolium bro-
mides and found that the sizes and morphologies of these single crystals are influ-
enced by the alkyl chain length of these IL cations [82]. Wang et al. found that both 
the reaction temperature and the cooling rate can strongly affect the sizes and mor-
phologies of the obtained ZIF-8 crystals (Scheme 2.5) [98].

2.4.5.2 Zeolite Films and Membranes

Ionothermal method has also been used in the preparation of zeolite films and mem-
branes. Cai et al. reported their ionothermal synthesis of AlPO-AEL and SAPO- 
AEL films on aluminium alloy AA 2024-T3 [99]. Both the XRD patterns and SEM 
images (Fig. 2.8) show that crystals of the SAPO-AEL film are packed more densely 
and more highly oriented compared with that of the AlPO-AEL film. The authors 
attributed the orientation difference of the AlPO-AEL and SAPO-AEL films to their 

Scheme 2.5 Precipitation-crystallization processes of ZIF-8 crystals with different sizes and mor-
phologies synthesized in deep eutectic solvent by Wang et al. [98]
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different crystallization rates. For SAPO-AEL, a dense nuclei layer forms on the 
substrate surface first because of its slow crystallization rate. Then, in subsequent 
crystal growth process, the limited space between the formed growth centres makes 
the in-plane growth suppressed. Therefore, it is preferred the formation of highly 
c-axis oriented SAPO-AEL film. However, for AlPO-AEL, the fast crystallization 
rate results in a single-step isotropic crystallization and thus the obtained film should 
not exhibit any preferred orientation.

Later, Li et al. reported their synthesis of AlPO membranes through ionothermal 
conversion of the δ-alumina substrate surface [100, 101]. Cross-sectional SEM and 
EDX results of the AlPO-CHA membrane show that an intermediate layer (~20 μm) 
exists between the molecular sieve layer (~100 μm) and the substrate (Fig. 2.9) [100]. 
Along the three layers of molecular sieves, intermediate and substrate, the P/Al ratio 
drops from unity to zero. According to this phenomenon, Li et al. proposed the forma-
tion mechanism of the AlPO-CHA membrane they synthesized as following [100, 101]:

 1. An aluminophosphate precursor layer forms on the substrate surface in the reac-
tion between the surface δ-alumina and the reactants in solution.

 2. Nucleation of molecular sieves occurs at the solution−precursor layer interface 
and subsequently crystals grow to form a continuous membrane. The nucleation 
and crystal growth processes follow the solid-phase transformation mechanism.

Fig. 2.8 SEM images of the AlPO-AEL and SAPO-AEL films synthesized by Cai et al. (a) AlPO- 
AEL (surface). (b) AlPO-AEL (cross section). (c) SAPO-AEL (surface, inset is higher magnifica-
tion). (d) SAPO-AEL (cross section, mildly polished surface) (Reproduced in part from Ref. [99] 
by permission of John Wiley and Sons)
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 3. The formation of the precursor layer continues until the interaction between the 
substrate and the solution is obstructed by the formation of continuous  membrane. 
Finally, the crystallization process finishes when the nutrient in the precursor 
layer is depleted.

2.5  Structure-Directing Effect in Ionothermal Synthesis

2.5.1  IL/DES

In the review entitled The Synthesis of Molecular Sieves from Non-Aqueous Solvents, 
Morris and Weigel classified organic solvents into four categories according to their 
tendency to form hydrogen bonds [102]. The authors pointed out that the interaction 
between structure-directing agent and solvent should be intermediate. Weak interac-
tion is adverse to the solvation and isolation of the molecules of structure-directing 
agent. However, strong interaction would prevent these molecules from interacting 
with framework species. As a result, successful structure-directing process requires 

Fig. 2.9 (a) Cross-sectional SEM image of the AlPO-CHA membrane synthesized by Li et al. The 
arrow represents the path of the EDX line scan. (b) P/Al ratio along the path of the EDX line scan 
(Reproduced from Ref. [100] by permission of John Wiley and Sons)
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a balance of the interactions between solvent, framework species and the potential 
structure-directing agent.

In their paper published in 2004, Cooper et al. announced that the competition 
between framework–structure-directing agent interaction and framework–solvent 
interaction can be subtly removed by using IL/DES as both the solvent and the 
structure-directing agent [1]. Since then, consequent studies have proven that the 
cations of IL/DES, which are also commonly used as structure-directing agents in 
conventional synthesis routes, can play the role of structure-directing agent in iono-
thermal synthesis.

The physicochemical properties of IL are strongly related to not only the cation 
but also the anion. The study of Parnham and Morris showed that by replacing the 
commonly used hydrophilic IL [EMIm]Br with the hydrophobic one [EMIm][Tf2N] 
(Tf2N = bis(trifluoromethylsulfonyl)amide), an aluminophosphate chain structure 
(Al(H2PO4)2 F) was synthesized [103]. The authors attributed the formation of this 
low dimensional structure to the use of hydrophobic IL. They suggested that the IL 
[EMIm][Tf2N] with low polarity prevents the solvation of framework species. 
Therefore, the crystallization would be a solid-phase transformation without the par-
ticipation of EMIm cations. Although the use of ILs with anions rather than halide 
anions seems not very successful in ionothermal synthesis of zeolitic  molecular 
sieves, these ILs have shown great potential in the synthesis of metal-organic frame-
works. Discussion on the structure induction effect of the anions in the ionothermal 
synthesis of metal-organic frameworks, especially the chiral inducting effect of chi-
ral ILs, can be found in some elaborate reviews such as Refs. [4] and [104].

2.5.2  Decomposition Species of ILs

As discussed in Sect. 2.2.3.3, the decomposition of IL/DES occasionally occurs in 
ionothermal synthesis and the decomposition product can strongly influence the 
nature of the molecular sieves ionothermally synthesized. An interesting example of 
the decomposition–transalkylation process of imidazolium ILs has also been 
 discussed in that section [41].

2.5.3  Additive Organic Species

As shown in Table 2.3, considering their cost, toxicity and physicochemical proper-
ties, only the imidazolium ILs and the chlorine chloride-based DESs have been 
widely selected for ionothermal synthesis previously. Undoubtedly, compared with 
the preparation of IL/DES with novel structures, the employment of organic species 
as co-structure-directing agent is a more facile and efficient way to adjust the 
structure- directing process during ionothermal synthesis.
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2.5.3.1 Co-Structure-Directing Effect

The term co-structure-directing effect is always used to describe the crystallization 
process that influenced by more than one kind of potential structure-directing agent. 
For instance, Xing et al. synthesized a new open-framework aluminophosphate 
(JIS-1) in [EMIm]Br by using 1-methylimidazole as co-structure-directing agent 
[105]. The EMIm cation and the protonated 1-methylimidazolium cation coexist in 
the intersection of the tridirectional channels of JIS-1. Despite the structure similar-
ity between these two kinds of cations, JIS-1 could not be synthesized in the absence 
of 1-methylimidazole. Theoretical calculation showed that the replace of 
1- methylimidazolium cations by EMIm cations is energetically unfavourable.

Structure analysis of the ionothermally synthesized AlPO-LTA [70] and DNL-1 
[81, 106] shows an interesting cooperating mode of multiple structure-directing 
agents with significantly different shapes and sizes. Based on Rietveld refinement 
and NMR spectroscopy, Fayad et al. suggested that the structure-directing agents 
1-benzyl-3-methylimidazolium cations, tetramethylammonium cations and fluoride 
anions fill in the lta cages, sod cages and d4r units of AlPO-LTA respectively 
(Fig. 2.10) [70]. In the structure of DNL-1, it was found that 1,6-hexanediamine 
molecules prefer to fill in the lta cages with random orientation, while EMIm cat-
ions present in both the lta cages and the empty space at the intersection of the 
20- membered ring channels [106].

2.5.3.2 Structure-Directing Effect of Hydrogen Bonded Complex Cations

Besides directing the structure formation as the process discussed in above section, 
the additive organic species can also form large complex cations with the IL/DES 
cations via hydrogen bonds. These complex cations may adjust the physicochemical 
properties of reaction mixture and play the role of structure-directing agent during 
the crystallization of molecular sieves.

Pei et al. found that the structure-directing effect of the IL cations is adjusted by 
the concentration of organic amine added into the reaction mixture for the synthesis 
of AlPOs [57]. By increasing the concentration of n-dipropylamine in [BMIm]Br, 
the product transforms in the sequence

 AEL AFI LTA→ →  

gradually. The same transformation sequence was also observed in the reaction 
system

 
BMIm Br Al O P O HF morpholine[ ] =/ / / / / . / . / . /2 3 2 5 40 1 0 3 0 0 5 x

 

by Xu et al. (Fig. 2.11) [61]. The in situ 1H–1H NMR rotating-frame nuclear 
Overhauser effect spectroscopy of these reaction mixtures (Fig. 2.12) clearly indi-
cates the existence of the hydrogen-bonded BMIm–morpholine hybrid in the 
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Fig. 2.10 1-Benzyl-3-methylimidazolium cations, tetramethylammonium cations and fluoride 
anions fill in the lta cages, sod cages and d4r units respectively and play the role of co-structure-
directing agents in the ionothermal synthesis of AlPO-LTA [70]

Fig. 2.11 XRD patterns of the solid samples synthesized from the reaction mixtures with different 
molar ratios of morpholine and 1-butyl-3-methylimidazolium bromide. (a) 1/60. (b) 1/30. (c) 1/23. 
(d) 1/7.5. (e) 1/7. The crystallization is carried out at 150 °C for 6 h (Reproduced from Ref. [61] 
with permission of the PCCP Owner Societies)
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Fig. 2.12 In situ 1H–1H NMR rotating-frame nuclear Overhauser effect spectroscopy of the reac-
tion mixture with different molar ratios of morpholine and 1-butyl-3-methylimidazolium bromide. 
(a) 1/60. (b) 1/23. (c) 1/7. Each spectrum was acquired at 150 °C with a mixing time of 600 ms. 
The C and H positions of morpholine and 1-butyl-3-methylimidazolium bromide are marked 
(Adapted from Ref. [61] with permission of the PCCP Owner Societies)

crystallization system with high morpholine concentration. The authors assumed 
that with the increase of morpholine concentration larger hydrogen-bonded com-
plex cations should form in the reaction mixture and direct the formation of struc-
tures with larger channels or cavities.

2.5.3.3 Other Influences

Besides above-mentioned structure-directing effects, it is also observed the compe-
tition of structure-directing process between the additive organic species and the IL/
DES cations [107]. In this case, the product is always a mixture of different crystal-
line phases. Furthermore, the basicity enhancement of the reaction mixture induced 
by adding organic amine may also influence the crystallization and result a product 
transformation [68].
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2.5.4  Transition Metal Cations

In the ionothermal synthesis of both CoAPO [56] and MgAPO [62], it was found 
that the hetero-metal species added into the reaction mixture contributes a structure- 
directing effect to the formation of the final product. However, no details of these 
phenomena were elaborated in these papers. Recently, Liu et al. reported their iono-
thermal synthesis of an open-framework fluorinated aluminium phosphite- phosphate 
(DNL-2) [17]. The authors found that the in situ released Mn2+ cations are employed 
as structure-directing agent in the ionothermal synthesis of DNL-2. As Fig. 2.13 
shows, the coordination mode of Mn2+ cations in DNL-2 is similar to that of the site 
I Mn2+ cations in Mn2+-exchanged zeolite X. However, in conventional conditions, 
only the structure-directing ability of alkali/alkaline-earth metal cations has been 
observed. Liu et al. suggested that the structure-directing effect of Mn2+ cations in 
the ionothermal synthesis of DNL-2 depends on the unique property of [EMIm]Br, 
which has intermediate coordination ability and can isolate and deactivate H2O or 
other strong ligands.

2.6  Prospect and Conclusion

With the development in the last decade, ionothermal synthesis has become a widely 
used method, which can provide a changeable crystallization environment to pre-
pare molecular sieves with fascinating structures and various compositions. 
Considering its great advantages as well as its obvious limitations, we think that in 
the future study, more attention should be paid to following topics.

Fig. 2.13 Comparison of the coordination modes of Mn2+ cations in the [6283] cage of DNL-2 (a) 
and in the d6r cages of Mn2+-exchanged zeolite X (b). Mn and the coordinating O atoms are shown 
as large and small black balls respectively (Reproduced from Ref. [17] with permission of The 
Royal Society of Chemistry)
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Expand the Selection of ILs/DESs Though it is believed that the variety of ILs/
DESs is hundreds of thousands times more than that of molecular solvents, only a 
few kinds of ILs/DESs, i.e., the imidazolium ILs and the chlorine chloride-based 
DESs, have been widely used in ionothermal synthesis of molecular sieves. As men-
tioned in Sect. 2.4.2.2, [BMIm]OH0.65Br0.35 is the only task specific IL used in iono-
thermal synthesis. Because of its poor basic stability, [BMIm]OH0.65Br0.35 is not the 
perfect choice to satisfy the demand for the synthesis of zeolites. However, as early 
as in 2005, Jurčík and Wilhelm had reported their preparation of an imidazolinium 
salt with phenyl substituent at C2 position (Scheme 2.6). They announced that this 
IL can be used as solvent for reactions involving medium to strong bases such as 
quinuclidine and Grignard reagents [108]. Unfortunately, to our best knowledge, 
there are no reports on whether this variety of ILs fits the basic environment required 
for the synthesis of zeolites.

Emphasize the Complementarity Between Ionothermal Synthesis and 
Conventional Methods, Rather Than Their Differences As discussed in this 
chapter, water is indispensable in some ionothermal cases. However, when design-
ing experiments, researchers always try to introduce water into the reaction mixture 
as little as possible, despite the fact that a too low concentration of water may result 
in a poor crystallization of the product. We always overemphasize the differences 
between ionothermal synthesis and hydrothermal synthesis, but overlook the hydro-
gen bonding interactions (Sect. 2.2.2) accompanying the dispersion of water mole-
cules in IL/DES. Previous study has shown that various organic solvents and even 
water can have significant structure-directing effects. Thus, except their characteris-
tic physicochemical properties, i.e., the extremely low volatility and the high 
microwave- adsorption capacity, IL/DES shows no special differences compared 
with pyridine or other organic amines that can be used as reaction medium for the 
synthesis of molecular sieves. Therefore, the fruitful results accumulated in the 
study on synthesis of molecular sieves by other routes are beneficial to the under-
standing of the reaction process in ionothermal condition. For instance, the success-
ful synthesis of a series of zeolites from solvothermal [109] and solvent-free 
[110–112] routes, both of which can be carried out in non-aqueous condition, sug-
gests a possible access to the ionothermal synthesis of zeolites, which is still one of 
the greatest challenges in this area.

In conclusion, ionothermal synthesis has shown excellent advantages for the syn-
thesis of molecular sieves with high efficiency and low safety risk. Because of the 
cost and other factors, it seems that ILs/DESs would never be the substitute for 

Scheme 2.6 Preparation route of a basically stable ionic liquid reported by Jurčík and Wilhelm [108]
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water in industrial synthesis process of molecular sieves. However, ionothermal 
synthesis is an essential complement to conventional synthesis routes in mechanism 
study and preparation of novel molecular sieves.
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    Chapter 3   
 Interlayer Expansion of the Layered Zeolites       

       Toshiyuki     Yokoi      and     Takashi     Tatsumi   

    Abstract     Zeolites with three-dimensional (3D) open-framework structures are 
generally crystallized under hydrothermal conditions. In addition to this conven-
tional route, the formation of the 3D structures can be achieved by the structural 
conversion of zeolitic hydrous layer silicates (HLSs) through topotactic dehydra-
tion–condensation of silanols on the HLSs. The interlayer spacings can be expanded 
by the interlayer silylation of zeolitic HLSs, forming interlayer-expanded zeolite 
(IEZ) materials. The IEZ materials are crystalline and show similar physical and 
chemical properties to the conventional 3D zeolites. Creating larger interlayer space 
will provide more open entrance for reactants and decrease the diffusion constrains 
in catalytic reaction. In this chapter, recent developments of the IEZ materials, in 
particular interlayer-expanded MWW-, FER-, and CDO-type zeolites, are 
featured.  

  Keywords     Hydrous layer silicates   •   Silylation   •   Pillaring   •   Interlayer expansion   • 
  Interlayer-expanded zeolite   •   Ferrierite   •   PLS-1   •   MCM-22  

3.1         Introduction 

 Microporous crystalline zeolites have been utilized in many industrial technologies, 
including gas adsorption, ion exchange, separation, and catalysis for their unique 
porosity and high surface area [ 1 – 3 ]. Until now, more than 200 different framework 
topological structures have been known [ 4 ]; however, only some of which have 
important commercial values [ 5 ]. Nevertheless, zeolites are still attracting a wide 
research interest because novel frameworks may have new physicochemical proper-
ties and potential applications. So far, a variety of successful methods and strategies 
have been employed to synthesize zeolites with new topological structures, sum-
marized in excellent papers [ 2 ,  6 ]. 
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 Zeolites with three-dimensional (3D) open-framework structures are generally 
crystallized under hydrothermal conditions. In addition to this conventional route, 
the formation of 3D structures can be achieved by the structural conversion of zeo-
litic hydrous layer silicates (HLSs); zeolitic HLS is converted into a zeolite with 3D 
structures through topotactic dehydration–condensation of silanols on the HLS. For 
example, the layered precursors PREFER and MCM-22(P) have been converted 
into ferrierite (FER) and MCM-22 (MWW), respectively. To date, various topotac-
tic relationships between HLSs and the corresponding 3-dimensional zeolite crys-
tals such as PLS-1 (PLS-4, RUB-36, MCM-47, MCM-65, UZM-13, UZM-17, and 
UZM-19)-CDS-1 (CDO), NU-6(1)-Nu-6(2) (NSI), EU-19(P)-EU-19 (CAS-NSI), 
RUB-39-RUB-41 (RRO), RUB-18-RUB-24 (RWR), and RUB-15-sodalite (SOD) 
have been reported and summarized in excellent reviews [ 7 ,  8 ]. 

 In heterogeneous catalysis, the accessibility to the active sites strongly affects a 
catalytic performance. This is rendered possible by introducing a second larger 
porosity level, i.e., by creating hierarchically porous structures. Pillaring between 
interlayer spacings is a useful way of intercalating guest species between interlayer 
spacings of layered materials [ 9 ]. The interlayer spacings can be supported by pil-
lars after being expanded through a suitable intercalation process. Furthermore, pil-
laring can provide new pores in addition to original micropores. 

 Based on the concept of “pillaring,” the periodic silylation using, e.g., 
diethoxydimethylsilane (DEDMS, SiMe 2 (OEt) 2 ) and dichlorodimethylsilane 
(DCDMS, SiMe 2 Cl 2 ), on the surface of HLS followed by connection between the 
interlayers leads to hierarchical structures consisting of two types of pores, namely, 
the original intralayer micropores and newly formed interlayer pores [ 10 – 14 ]. The 
pioneering work has been done by Kuroda and his co-workers; the silylation on 
well-known layered silicates (octosilicate, magadiite, and kenyaite) with alkoxy-
chlorosilanes have been investigated; large fl exible micropores were formed in the 
interlayers by pillaring with bulky organic molecules [ 15 – 18 ]. 

 In 2007, a novel methodology of preparing an interlayer-expanded zeolite (IEZ) 
material was fi rst developed through the interlayer silylation of zeolitic hydrous 
layer silicates, pure silica PLS-1, with DCDMS [ 19 ]. When PLS-1 was thermally 
treated, a zeolite denoted CDS-1 (IZA code: CDO) was obtained as a result of dehy-
dration–condensation of the PLS layers [ 20 ]. The interlayer micropores of CDS-1 
consist of two-dimensional straight 8-membered-ring (8MR) channels. Since such 
a small microporosity of CDS-1 inhibits typical organic molecules from adsorbing 
in their micropores, we have attempted to prepare an interlayer-expanded micropo-
rous material being capable of accommodating larger organic molecules through 
the interlayer silylation of pure silica PLS-1 with DCDMS and have found remark-
able adsorption properties of the organic–inorganic hybrid microporous material 
IEZ-1 (Interlayer-Expanded Zeolite 1) in contrast to its purely inorganic analogue, 
IEZ-2, which was obtained after calcination of IEZ-1 at 500 °C. After this report, in 
2008, we successfully reported a versatile method based on molecular 
 alkoxysilylation of lamellar precursors such as MWW(P), PREFER, PLS-1, and 
MCM-47 for constructing new 3D zeolitic structures with expanded pore windows 
[ 21 ]. The IEZ products are crystalline and show physical and chemical properties 
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comparable with microporous silicate zeolites and rather different from the 
 pioneering work of Kuroda and his co-workers who applied similar strategies to 
layered silicates to obtain more or less amorphous products. Figure  3.1  depicts the 
strategy for converting zeolite layered precursors to new zeolite structure with the 
interlayer pores expanded, forming the IEZ materials.

3.2        Interlayer-Expanded MWW-Type Zeolite 

 The MWW-type zeolite has a structure which combines large cavities formed by 
12-membered rings with a system of independent 10-membered-ring channels [ 22 –
 25 ]. The MWW-type aluminosilicate, Al-MWW (so-called MCM-22), has found 
important industrial applications to the selective production of bulk petrochemicals 
such as cumene and ethylbenzene and has exhibited unique catalytic properties due 
to its unique pore structure and acidity [ 26 – 31 ]. Although potential advantages of 
the MWW-type materials are expected from their supercages and side pockets, 
access to the supercages is seriously restricted by the openings of the elliptical 
10-MR pores. Therefore, the delamination and expansion of interlayer space are 
effective way to make the active sites in the supercages available for catalysis 
involving bulky substrate molecules as described below. 

  Fig. 3.1    Strategy for converting zeolite layered precursors to new zeolite structure with the inter-
layer pores expanded, forming the IEZ materials       
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3.2.1     Structural Diversity of MWW-Type Zeolite 

 The major structural interests in the MWW zeolites were its layered precursor and 
reversible structural conversion. The layered precursor of MWW zeolite (MWW(P)) 
can be swollen, exfoliated, and pillared under suitable conditions. In 1993, Kresge 
and Roth successfully synthesized MCM-36, a catalytically active material with a 
high surface area, by swelling the MWW (P) with tetrapropylammonium hydroxide 
(TPAOH) and cetyltrimethylammonium chloride (CTMACl) in base conditions fol-
lowed by pillaring with silica species, e.g., TEOS [ 32 ,  33 ].  

3.2.2     ITQ-2 

 Corma et al. successfully synthesized delaminated zeolite material, ITQ-2, by 
swelling the Al-MWW (P) with cetyltrimethylammonium bromide (CTMABr) [ 34 , 
 35 ]. Figure  3.2  shows a scheme for the preparation of the different materials obtained 
from the MWW precursor. In this way, the solid thin sheets (approximately 2.5 nm 
high) with an extremely high external surface area (>700 m 2 /g) were produced. 
These sheets consist of a hexagonal array of cups that penetrate into the sheet from 
both sides. These cups have an aperture of approximately 0.7 nm, formed by a 
12-membered ring (12 MR). ITQ-2 showed greatly enhanced activities in acid- 
catalyzed reactions of large molecules [ 36 – 41 ]. This is due to the much higher well- 
defi ned external surface area, i.e., a larger number of cups present in the ITQ-2 
structure, which in turn gives a larger amount of structurally accessible acid sites.

  Fig. 3.2    Different materials obtained from the MWW-type zeolite precursor (Reprinted from Ref. 
[ 35 ], Copyright 1999, with permission from Elsevier)       
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3.2.3        Al-IEZ-MWW 

 The periodic silylation using diethoxydimethylsilane (DEDMS, SiMe 2 (OEt) 2 ) or 
dichlorodimethylsilane (DCDMS, SiMe 2 Cl 2 ) on the surface of layered silicates fol-
lowed by connection between the interlayers leads to hierarchical structures consist-
ing of two types of pores, namely, the original intralayer micropores and newly 
formed interlayer spacings. The treatment of Al-MWW(P) with DEDMS in acidic 
media leads to the formation of an aluminosilicate-type interlayer-expanded zeolite 
MWW (Al-IEZ-MWW) with expanded 12-membered-ring (12-MR) micropores 
(Fig.  3.3 ) [ 21 ]. By the interlayer silylation of Al-MWW(P), the micropore diameter 
of interlayers with 12-MR supercages enlarged from ca. 7.0 to 8.0 Å [ 21 ].

   In the silylation, acid, e.g., HNO 3 , enhances the extraction of the structure- 
directing agent (SDA) in the interlayer as well as the hydrolysis of the silylating 
agent followed by the condensation reaction of the silylating agent and the interlayer- 
silanol groups. The silylation process under acidic conditions simultaneously causes 
a dealumination from the MWW framework, resulting in the decrease in the acid 
amount; the Si/Al atomic ratios of Al-MWW(P) and Al-IEZ-MWW were 15 and 
35, respectively [ 42 ,  43 ]. To suppress the dealumination, the vapor-phase silylation 
of Al-MWW(P) with dichlorodimethylsilane [ 42 ] and the preparation of Al-YNU-1 
from deboronated MWW have been investigated [ 43 ]. We have developed the “two- 
step” silylation treatment with DEDMS via the fi rst silylation in 0.1 M HNO 3  and 
the following silylation in 1.0 M NH 3  or water. This two-step silylation treatment 
successfully gave Al-IEZ-MWW that retains almost all the framework Al atoms 
[ 44 ]. Thus, prepared Al-IEZ-MWW serves as a useful acid catalyst for large mole-
cules, e.g., the Friedel-Crafts acylation of anisole with acetic anhydride [ 42 – 44 ]. 

 Very recently, we also found a different method for preparing the  Al-IEZ-MWW 
without leaching of the Al species [ 45 ]. The strategy is to conduct the silylation 
under weakly acidic conditions; the interlayer silylation of Al-MWW(P) was per-
formed by using DEDMS under refl ux conditions in aqueous solution of 1.0 M 
ammonium salts such as NH 4 NO 3 , NH 4 Cl, and CH 3 COONH 4 , instead of 1.0 M 
HNO 3 . Furthermore, the combination of the silylation under weakly acidic condi-
tions and the following acid treatment led to the formation of Al-IEZ-MWW with a 

  Fig. 3.3    Formation scheme of interlayer-expanded zeolite (IEZ)       
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high catalytic performance in the acylation of anisole compared to typical Al-MWW 
and Al-IEZ-MWW directly prepared under normal acidic conditions.  

3.2.4     MWW-Type Titanosilicate 

 Since the discovery of TS-1 [ 46 ], “titanosilicate” zeolite catalysts have been of sci-
entifi c and technological interest because of their ability to promote environmentally 
friendly catalytic oxidation of a variety of organic compounds [ 47 ]. TS-1, titanium-
substituted silicalite-1, is one of the most effi cient catalysts for the oxidation of a 
variety of organic molecules with hydrogen peroxide [ 48 – 53 ]. However, the pore 
opening of TS-1 limits its applications to small molecules, typically linear alkanes or 
alkenes, or monosubstituted aromatic compounds such as phenol, anisole, and ani-
line. One of the strategies to overcome the disadvantage of TS-1 is the development 
of large-pore titanosilicates to meet increasing demands for synthesizing fi ne chemi-
cals in an environmentally friendly way. For this purpose, Ti-Beta, Ti-MTW, 
Ti-MOR, Ti-ITQ-7, Ti-MCM-68, and Ti-YNU-2, all with 12-membered- ring (12-
MR) pores, as well as Ti-containing mesoporous materials have been prepared, and 
these efforts are summarized in recent review [ 54 ]. However, none of these catalysts 
are effi cient enough in terms of intrinsic activity and stability except for Ti-MCM-68 
and Ti-YNU-2 that require a very complex structure-directing agent. 

 Ti-MWW has proved to be much more active than TS-1 and Ti-Beta in the epoxi-
dation of linear alkenes with H 2 O 2  [ 55 – 61 ], but it is still inferior to Ti-Beta in the 
oxidation of bulky molecules owing to severe steric restrictions. Actually, many 
efforts based on the unique structural properties of the MWW zeolite have been 
made to improve the catalytic performance of Ti-MWW. 

 Corma et al. successfully prepared Ti-ITQ-2 by grafting titanocene on ITQ-2 
material [ 62 ]. This material contains highly accessible and well-ordered titanium 
sites. Ti-ITQ-2 can be used as an oxidation catalyst for the epoxidation of cyclohex-
ene with tert-butyl hydroperoxide (TBHP). Unfortunately, Ti-ITQ-2 only shows the 
catalytic performance when organic hydroperoxide oxidants such as TBHP are used 
as oxidant under extremely harsh conditions (i.e., the absence of water in the 
 system). This is probably due to the presence of a large number of hydrophilic 
silanol groups that reside on the exterior surface (Fig.  3.4 ) [ 62 ].

3.2.5        Ti-YNU-1 

 Direct condensation of the as-synthesized lamellar precursor of Ti-MWW (denoted 
by Ti-MWW(P)) by calcination results in the formation of the MWW structure hav-
ing a 10-MR interlayer pore (3D Ti-MWW). Interestingly, when Ti-MWW (P) was 
calcined after refl uxing in an aqueous solution of HNO 3 , the novel titanosilicate 
structurally analogous to the MWW precursor (designated as Ti-YNU-1) was 
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  Fig. 3.4    Schematic grafting of titanocene on the ITQ-2 surface (Reproduced from Ref. [ 62 ] by 
permission of The Royal Society of Chemistry)       
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obtained (Fig.  3.5 ) [ 63 – 66 ]. Ti-YNU-1 shows much higher oxidation ability, 
 epoxide selectivity, and stability than Ti-Beta in the oxidation of bulky cycloal-
kenes. TEM studies showed that Ti-YNU-1 has a large interlayer pore space corre-
sponding to the 12-MR zeolite [ 65 ]. Since no Si source to expand the interlayer 
spacings has been added, it is assumed that silica “debris” formed by the decompo-
sition of a part of the MWW layer acted as the Si source. Although Ti-YNU-1 
exhibits a high catalytic performance, its preparation requires elaborated technical 
skill; a subtle difference in the conditions for acid treatment strongly affects the 
structural properties and catalytic performances, and its formation depends greatly 
on the Ti content of Ti-MWW (P). Recently, Moliner and Corma reported that the 
titanosilicate form of the expanded MWW-related material was synthesized starting 
from a pure silica precursor, ITQ-1, and that it showed a better activity than regular 
Ti-MWW in the selective epoxidation reaction of cyclohexene using H 2 O 2  as oxi-
dant [ 67 ].

3.2.6        Ti-IEZ-MWW 

 In 2009, Wu et al. have successfully developed interlayer-expanded MWW titano-
silicate, designated as “Ti-IEZ-MWW,” by a direct silylation of Ti-MWW(P) with 
diethoxydimethylsilane (Si(OEt) 2 Me 2 , DEDMS) under mild acidic conditions using 
0.1 M HNO 3 [ 68 ]. In acid solution, the hexamethyleneimine (HMI) as SDA mole-
cule was extracted from the interlayer space, making the silane molecules 

  Fig. 3.5    Possible scheme for the formation of Ti-YNU-1 and 3D Ti-MWW, as well as their 
structures       
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accessible to the silanol groups on the layer surface to induce silylation. 
 Ti-IEZ-MWW with a wide range of Si/Ti ratios (20–100) were prepared by chang-
ing the Ti content in Ti-MWW(P). Note that the structure of Ti-IEZ-MWW was 
very similar to that of previously reported Ti-YNU-1 [ 64 ,  65 ]. However, the present 
silylation method is independent of the Ti content of precursors and proves to be 
more feasible and useful for the preparation of large-pore titanosilicates. 

 They also investigated the catalytic properties of Ti-IEZ-MWW in the epoxida-
tion of 1-hexene and cyclohexene with H 2 O 2 . 3D Ti-MWW and Ti-IEZ-MWW did 
not show signifi cant differences in the epoxidation of 1-hexene because the mole-
cules of linear 1-hexene are small enough to enter into both the interlayer and intra-
layer 10-MR channels of the 3D MWW structure. In contrast, there is a marked 
difference in the performance for the epoxidation of cyclohexene between the two 
catalysts; Ti-IEZ-MWW showed a much higher conversion than 3D Ti-MWW 
(Fig.  3.6 ) [ 68 ]. This is because cyclohexene molecules with a larger kinetic diame-
ter hardly penetrate the distorted intralayer 10-MR channels.

   It is an important characteristic of the MWW zeolite that structural interchange 
between 3D crystalline structure and the layered precursors is reversible. Recently, 
we found an effectiveness of reversible structural conversion (RSC) of the MWW 
zeolite in preparing Ti-IEZ-MWW with a high catalytic performance [ 69 ]. In our 
strategy, fi rst, Ti-MWW(P) was treated in an aqueous solution of HNO 3  to remove 
octahedrally coordinated Ti species in Ti-MWW(P). The whole formation process 
of Ti-IEZ-MWW-RSC is depicted in Fig.  3.7 . This acid treatment also led to the 
partial removal of piperidine molecules, which served as pillaring species between 
the MWW layers as well as the structure-directing agent for the MWW-type zeolite, 
forming the 3D MWW structure. Next, to cause the structural change from the 3D 
MWW structure to the original layered precursor, Ti-MWW(P)-AT was hydrother-
mally treated in an aqueous solution containing PI, forming a layered material 

  Fig. 3.6    Comparison of the 
catalytic activity between 3D 
Ti-MWW and IEZ-Ti-MWW 
with different Si/Ti mole 
ratios in the epoxidation of 
cyclohexene. Reaction 
conditions: cat., 0.05 g; 
cyclohexene, 10 mmol; H 2 O 2 , 
10 mmol; MeCN, 10 mL; 
temp., 333 K; time, 2 h 
(Reproduced from Ref. [ 68 ] 
by permission of The Royal 
Society of Chemistry)       
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(Ti-MWW(P)-RSC), which has virtually the same structure as Ti-MWW(P). Finally, 
the interlayer silylation of Ti-MWW(P)-RSC was performed using DEDMS under 
acidic conditions (Ti-IEZ-MWW-RSC). Ti-IEZ-MWW-RSC contained unique 
framework Ti species as confi rmed by UV-vis. spectroscopy; unlike typical 
Ti-MWW and Ti-IEZ-MWW, Ti-IEZ-MWW-RSC-cal contains the unique frame-
work Ti atoms (TifA) as evidenced by the band at 210 nm in addition to typical ones 
(TifB) as evidenced by the band at 230 nm. The UV-vis. spectrum of Ti-IEZ-MWW 
prepared by Wu et al. [ 68 ] did not show a signifi cant band at 210 nm (TifA), being 
consistent with our fi ndings. TifA is completely linked with four T atoms, i.e., 
Ti(OSi)4, while TifB contains Ti-OH species, i.e., Ti(OSi)n(OH)4-n [ 70 ]. Ti-IEZ- 
MWW-RSC-cal proved to be the best in term of the turnover number (TON) for 
epoxidations of both cyclohexene and cyclooctene compared to Ti-IEZ-MWW 
directly prepared from Ti-MWW(P) as well as the conventional 3D Ti-MWW. We 
speculate that the existence of “TifA” in the MWW framework would be a key to 
the success in the preparation of Ti-IEZ-MWW catalyst with a unique catalytic 
performance and that the RSC process is effi cient for introducing the framework Ti 
atoms that are linked with four T atoms, “TifA” (Fig.  3.8 ).

  Fig. 3.7    The whole formation process of Ti-IEZ-MWW-RSC from Ti-MWW(P) (Reprinted from 
Ref. [ 69 ], Copyright 2014, with permission from Elsevier)       
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3.2.7         Layered Zeolitic Organic–Inorganic Material 
Based on the MWW-Type Structure 

 When 1,4-bis(triethoxysilyl)benzene (BTEB) is employed as the organic agent, 
novel layered zeolitic organic–inorganic materials (MWW-BTEB) have been syn-
thesized by intercalation and stabilization of acrylic silsesquioxane molecules 
between inorganic zeolitic MWW layers [ 71 ]. The preparation of MWW-BTEB 
with layered precursors of the MWW zeolite and intercalated aryl-bridged silses-
quioxane molecules was performed after the swelling and intercalation of the lay-
ered precursors with cetyltrimethylammonium hydroxide solution (CTMA) and 
BTEB, respectively. The organic linkers are covalently bonded to the surface of the 
zeolitic layers by reaction of terminal alkoxide groups from disilanes with silanol 
groups from the inorganic layers (Fig.  3.9 ). Note that in this case, two condensed 
BTEB molecules were acted as pillars, and then the basal space was increased from 
27 to 40.1 Å compared to the typical 3D-MWW structure.

   Furthermore, post-synthesis treatments of the zeolitic hybrids have allowed the 
functionalization of the organic counterpart; amino groups can be introduced via 
nitration of the aryl groups derived from BTEB, resulting in bifunctional acid-base 
catalysts together with the acid sites generated by the presence of framework Al 
atoms in the individual MWW layers. Thus, obtained amino groups containing 
MWW-BTEB can be applied in the one-pot synthesis of benzylidene  malononitrile 
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  Fig. 3.8    Possible structures of Ti species in Ti-IEZ-MWW-RSC and related materials (Reprinted 
from Ref. [ 69 ], Copyright 2014, with permission from Elsevier)       
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from malononitrile and benzaldehyde dimethylacetal; the process involves the 
hydrolysis of the acetal catalyzed by the Brønsted acid sites present in the inor-
ganic building blocks, followed by a Knoevenagel condensation reaction catalyzed 
by the basic sites located in the organic fragments which form the mesoporous 
gallery [ 71 ].   

  Fig. 3.9    Artistic representation of ( a ) methodology employed to obtain pillared hybrid zeolitic 
materials from MWW precursors and ( b ) layered hybrid material obtained by pillaring with BTEB 
silsesquioxane molecules (MWW-BTEB) (Reprinted with the permission from Ref. [ 71 ]. 
Copyright 2010 American Chemical Society)       
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3.3     Interlayer-Expanded FER- and CDO-Type Zeolites 

3.3.1     Introduction of IEZ-FER and IEZ-CDO 

 As described above, in 2007, we fi rst reported a novel methodology of preparing the 
IEZ material (IEZ-1/-2) through the interlayer silylation of PLS-1 (CDO topology) 
with DCDMS [ 19 ]. Ruan et al. elucidated the structure of the IEZ-FER material 
obtained after the interlayer silylation of PREFER, which is a lamellar precursor of 
ferrierite (FER), with DEDMS [ 72 ]. IEZ-FER preserves the pentasil layers corre-
sponding to that found in the well-known 3D FER zeolite, but it also shows a dis-
tinct expansion of the layer spacing (~5 Å). The newly formed channel system is 
distinct from that of the 3D FER structure, which has 8-membered ring (MR) and 
10MR pores along the [010] and [001] directions, respectively; IEZ-FER exhibits 
10MR and 12MR pores along the [010] and [001] directions, respectively, in the 
interlayer space. The formation of the large pores could be achieved by the insertion 
of monolayer of Si species between the layers. 

 Thus, the concept of the preparation of IEZ materials have been expanded to 
other zeolites obtained from zeolitic hydrous layer silicates (HLSs). The IEZ mate-
rials derived from the HLSs with ferrierite (FER) layers by silylation reaction have 
been called interlayer-expanded FER (IEZ-FER), or interlayer-expanded CDO 
(IEZ-CDO), referring to the FER or CDO zeolite framework structure, which has 
been obtained by topotactic condensation of FER layers from the HLSs with differ-
ent stacking modes; for example, PREFER and RUB-36 lead to IEZ-FER and IEZ- 
CDO, respectively. The IEZ materials through the interlayer silylation of the zeolitic 
HLSs with FER-layers including PLS-1, PLS-3, PLS-4, RUB-36, and PREFER are 
described below.  

3.3.2     COE-3/4 

 Inagaki et al. [ 19 ] and Wu et al. [ 21 ] reported on the preparation of the IEZ-CDO 
materials that have been obtained through an interlayer pore expansion reaction of 
PLS-1 [ 20 ] with dichlorodimethylsilane (DCDMS). In 2012, Gies et al. also reported 
the IEZ-CDO materials through an interlayer pore expansion reaction of a RUB-36 
precursor with DCDMS [ 73 ]. Thus, obtained products have been named COE-3/-4 
as reference to the International Network of Centers of Excellence, INCOE coordi-
nated by BASF. The linker group (-O-Si(CH 3 )2-O-) still has the two methyl groups 
in the as-synthesized form (material name COE-3 [Si 20 O 38 (CH 3 ) 4 ] for the silicate 
framework) rendering hydrophobic properties. COE-3 is thermally stable and can 
be calcined at 550 °C to yield a hydrophilic material COE-4 [Si 20 O 38 (OH) 4 ]. The 
COE-3/-4 materials have the expanded, two-dimensional 10-membered-ring (10- 
MR) pore system (Fig.  3.10 ).
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3.3.3        Al-COE-3/4 

 INCOE group succeeded in preparing a ferrierite-type layered aluminosilicate 
(Al-RUB-36), and its IEZ materials denoted Al-COE-3 and Al-COE-4, which are 
solid acid catalysts with unique shape-selective nature [ 74 ]. They found that 
Pt-loaded Al-COE-4 exhibited a high catalytic performance in the decane hydro-
conversion compared to Pt/MgAPO-11 (AEL) and Pt/ZSM-22 (TON).  

3.3.4     Ti-COE-3/-4 

 Furthermore, INCOE group has succeeded in preparing a ferrierite-type layered 
titanosilicate (Ti-RUB-36) using dimethyldiethylammonium (DMDEA) hydroxide 
as the organic structure-directing agent (OSDA) [ 75 ]. They also successfully pre-
pared its IEZ materials named “Ti-COE-3” and “Ti-COE-4” (Fig.  3.11 ). Ti-RUB-36 
is a lamellar titanosilicate with a structure similar to that of lamellar PLS-1 [ 20 ]. 
The Si/Ti ratios of Ti-COE- 3 and Ti-COE-4 are 149 and 150, respectively. The 
UV-vis. spectrum of Ti-RUB-36 showed one peak at 230 nm, indicating the pres-
ence of tetrahedrally coordinated framework Ti species, while both Ti-COE-3 and 
Ti-COE-4 showed an additional broad band centered at 360 nm, which was ascribed 
to TiO 2  species, but framework Ti species appearing at 230 nm were still 
predominant.

  Fig. 3.10    Structure of 
IEZ-CDO (named “COE-3/-
4”), interlayer-expanded 
zeolite obtained from 
RUB-36 (Reprinted with the 
permission from Ref. [ 73 ]. 
Copyright 2012 American 
Chemical Society)       
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   Ti-COE-3 and Ti-COE-4 exhibited a higher catalytic performance in the 
 oxidation of cyclohexene with H 2 O 2  compared to TS-1 [ 75 ]. Notably, Ti-COE-3 and 
Ti-COE-4 have the same structure but contain differently functionalized silicate 
bridging units. Ti-COE-4 is much more active than Ti-COE-3. They considered that 
the hydroxyl groups in Ti-COE-4 would support the adsorption of H 2 O 2  during the 
reaction, resulting in a high catalytic performance in the cyclohexene conversion. 
This phenomenon is in good agreement with the results published previously in that 
hydrophilicity/hydrophobicity of titanosilicates strongly infl uences their catalytic 
activities [ 76 ,  77 ]. 

 Very recently, the density functional theory (DFT) has been employed to study 
the framework stability and Brønsted acidity of the zeolite T-COE-4, in which the 
tetravalent Si is isomorphously substituted by a trivalent Fe, B, Ga, or Al  heteroatom 
at the linker position. The infl uences of substitution energy and equilibrium geom-
etry parameters on the stability of T-COE-4 have been investigated in detail [ 78 ]. 
There was no signifi cant change in the interlayer distance of the Fe-, Al-, and 
Ga-substituted zeolites; however, insertion of B atoms led to the collapse of the lay-
ers. The substitution energies at the linker position increased in the order 
Al-COE-4 < Ga-COE-4 < Fe-COE-4 < B-COE-4. The relative Brønsted acid strength 
of the interlayer-expanded T-COE-4 zeolite decreases in the order of 
Al-COE-4 > Ga-COE-4 > Fe-COE-4 > B-COE-4. These fi ndings may be helpful for 
the structural design and functional modifi cation of interlayer-expanded zeolites.  

3.3.5     APZ-1–APZ-4 

 In 2010, Ikeda et al. reported that layered silicates PLS-1, PLS-3, PLS-4, and 
PREFER, which consist of FER layer sheets, were successfully converted into new 
open-framework microporous materials by pillaring the interlayers with SiO 2 (−
OH)2 fragments, designated as APZ-1, APZ-2, APZ-3, and APZ-4, respectively 
[ 79 ]. They claimed that the fragments probably originated from the collapse of the 
crystalline structure and interlayer silylation occurred with the migration of the 
fragments (dissolution-condensation). Note that APLs can be prepared by the ther-
mal acid (HCl) treatment of layered silicates at 170 °C for 24 h. The simple prepara-
tion method without using alkoxysilane has great merit in comparison with that for 

  Fig. 3.11    Scheme of the transformation of Ti-RUB-36 into Ti-COE-3 and Ti-COE-4 (Reproduced 
from Ref. [ 75 ] by permission of John Wiley & Sons Ltd)       
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the IEZ materials prepared via interlayer silylation using, e.g., DCDMS and 
DCDMS. All APZs have 2D microporous structures with 10 × 10-MR and/or 
12 × 10-MR pore openings, whose structures are constructed of a SiO 2 (−OH) 2  bridge 
(Q2-structure) between terminal oxygen atoms (Q3 sites) of neighboring silicate 
layers. The stacking sequence of the ferrierite layer for each APZ is similar to that 
of the layered silicates used. 

 The APZs obtained exhibited high gas adsorption properties and narrow pore 
size distributions although the micropore structure is formed incompletely owing to 
the lack of Q2 pillars [ 79 ]. Furthermore, it has been clarifi ed that APZs have a high 
hydrophilicity due to the existence of a large number of hydroxyl groups in micro-
pores and that APZs showed a high thermal stability up to 600 °C without losing 
porosity [ 79 ].  

3.3.6     Interlayer-Expanded PLS-4 Zeolite 

 Although APZ-n (n = 1–4) materials have the interlayer micropore structures, they 
cannot be always constructed completely because the Si species as a result of frame-
work dissolution under the acid treatment are probably not enough in amount for 
creating the highly crystalline IEZ structure [ 79 ]. Thus, the introduction of additional 
Si sources to modify the interlayer micropore structures would be an alternative. 

 In 2013, Wu and his co-workers reported that “PLS-4” lamellar precursors, 
which is comprised of the FER layers and organic structure-directing agent of dieth-
yldimethylammonium cations, were interlayer expanded by silylation with DEDMS 
(Me2Si(OEt)2) [ 80 ]. Thus, obtained interlayer-expanded material, named “PLS-4- 
sil” (as-made form), has a larger porosity than directly calcined PLS-4 with the 
CDO topology. The “PLS-4-sil” material can be calcined to change the pore open-
ness and hydrophilicity/hydrophobicity. With the increase of calcination tempera-
ture, the silylated materials tend to adsorb hydrophilic molecules as well as bulky 
organic molecules.   

3.4     Other Examples of Interlayer-Expanded Zeolites 

 RUB-39 was originally used as a case study to show that the condensation product 
“RUB-41” with the RRO topology has unique sorption properties and that the intro-
duction of Al leads to a selective microporous acid catalyst [ 81 ]. INCOE group 
reported that the hydrous layer silicate RUB-39 has been subjected to interlayer 
expansion reaction using DCDMS at 180 °C, yielding new, crystalline microporous 
frameworks, IEZ-RRO named “COE-1” (Fig.  3.12 ). [ 82 ]. After calcination at 
500 °C, the organic groups in COE-1 were completely removed, yielding the sili-
ceous IEZ-RRO (COE-2).

   The Nu-6(1) lamellar precursor with the NSI topology and its calcined 
 derivative Nu-6(2) have been reported by Whittam [ 83 ]. Very recently, the inter-
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layer expansion of the NSI zeolite, “IEZ-Nu-6(1)” has been developed by the acid 
treating the Nu-6(1) in ethanol without an additional silane source by Wu and his 
co-workers [ 84 ]. The treatment of the as-made Nu-6(1) lamellar precursor with 
the HCl (2 M)-EtOH solution at 200 °C for only 30 min led to the partially delami-
nated analogue, denoted as “ECNU-4.” It was then calcined at 550 °C for 6 h 
yielding the “ECNU-4-Cal” zeolite. Prolonging the HCl–EtOH treatment for 
24 h, the IEZ-Nu-6(1) was obtained (Fig.  3.13 ). A continuous interlayer structural 
deconstruction and reconstruction would occur during the treatment, and the 
removable silicon species were fi nally inserted between the layers, yielding 
IEZ-Nu-6(1).

   Wu and his co-workers also found that ECNU-4 can be swollen in the mixture of 
tetrapropylammonium hydroxide (TPAOH) and cetyltrimethylammonium bromide 
(CTAB) at room temperature under vigorous stirring. The swollen material named 
“swollen ECNU-4” was further sonicated to yield a more deeply delaminated zeo-
lite, “Del-Nu-6” (Fig.  3.14 ) [ 84 ]. ECNU-4 and Del-Nu-6 differed in delamination 
degree, structural disordering, and textural properties, especially surface area.

   Rojas and Camblor have developed a new organosilicate layered material, 
HPM-2 [ 85 ]. Upon calcination, HPM-2 transforms into the pure silica MTF zeolite 
by topotactic condensation. The interlayer expansion reaction of HPM-2 with 
DMDCD was apparently successful, but the obtained material is non-microporous 
unlike typical IEZ materials. This is likely due to an unfavorable disposition of 
silanols in close couples within each layer. But the silanol condensation between the 
newly incorporated silicon species occurs across the main window producing 
 narrower (6 MR) rather than wider (10MR) windows (Fig.  3.15 ) [ 85 ]. However, this 
structural change may contribute to the development of zeolitic materials with new 
pore structure.

   Very recently, a top-down strategy that involves the disassembly of a parent 
 layered zeolite, UTL, and its reassembly into two complex zeolites with targeted 
topologies, IPC-2 and IPC-4, has been developed [ 86 ].  

  Fig. 3.12    Structure of 
IEZ-RRO (named “COE-1/-
2”), interlayer-expanded 
zeolite obtained from 
RUB-39(Reprinted with the 
permission from Ref. [ 82 ]. 
Copyright 2011 American 
Chemical Society)       
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  Fig. 3.13    Synthesis scheme of interlayer expansion of the  NSI  zeolite, “IEZ-Nu-6(1)” 
(Reproduced from Ref. [ 84 ] by permission of The Royal Society of Chemistry)       

  Fig. 3.14    Structural diversity of Nu-6(1) zeolite in posttreatment, including calcination ( a ), short- 
time treatment in HCl–EtOH solution ( b ), swelling ( c ), and delamination ( d ) (Reproduced from 
Ref. [ 84 ] by permission of The Royal Society of Chemistry)       

3.5     Conclusions and Outlook 

 The synthesis of 3D microporous zeolite materials from layered zeolites opened the 
potential possibility to insert different heteroatoms into the layered zeolites at the 
linker positions. Different silylating agents as linker groups should lead to larger 
pore openings. In 2014, Wu and his co-workers reported that dimeric silanes, 
ClMe2Si-SiMe2Cl, were applied to serve as pillars between the MWW layers to 
construct larger interlayer space compared to that by using dichlorodimethylsilane 
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(DCDMS, SiMe 2 Cl 2 ) (Fig.  3.16 ) [ 87 ]. Thus, creating larger interlayer space will 
provide more open entrance for reactants and decrease the diffusion constrains in 
catalytic reaction. Replacing the methyl group with other functional groups at the 
linker position can add new functionalities accessible in the void space for chemi-
cal, catalytic reactions. Thus, the chemistry of interlayer-expanded zeolites will 
demonstrate the development of microporous materials with new physicochemical 
properties and functions.

  Fig. 3.15    HPM-2, a new organosilicate layered material synthesized by the fl uoride route using 
2-ethyl-1,3,4-trimethylimidazolium (Reprinted with the permission from Ref. [ 85 ]. Copyright 
2014 American Chemical Society)       

  Fig. 3.16    Illustration of post-syntheses of interlayer-expanded MWW zeolites through pre-
swelling- assisted silylation (Reprinted from Ref. [ 87 ], Copyright 2014, with permission from 
Elsevier)       
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    Chapter 4   
 Mesostructured Zeolites       

       Ryong     Ryoo     ,     Kanghee     Cho    , and     Filipe     Marques     Mota   

    Abstract     Mesoporous materials constructed with microporous zeolitic  frameworks 
(i.e., mesoporous zeolites) are of great interest owing to the very short diffusion 
path lengths across thin zeolite layers and the presence of large external surfaces 
containing strong Brønsted acid sites. These characteristics of mesoporous zeolites 
are highly advantageous for a wide range of applications, particularly in heteroge-
neous catalysis. The mesoporous materials show unprecedentedly high catalytic 
performances (e.g., high catalytic conversion and catalytic longevity) as zeolites in 
various petrochemical reactions and fi ne-chemical organic reactions and especially 
in reactions involving bulky molecules. In this chapter, we describe the various 
methods currently available for the synthesis of mesoporous zeolites.  

  Keywords     Hierarchical zeolite   •   Mesoporous zeolite   •   Nanosheets   •   Nanosponge   • 
  Synthetic methods   •   Demetallation   •   Hard-templating   •   Soft-templating   • 
  Heterogeneous catalysis  

4.1         Hierarchically Porous Structure: Effi cient System 
for Facile Diffusion (or Transportation) 

 Conventionally, zeolites are synthesized in the form of micrometer-size particles. 
Even in such small crystallites, billions of micropores (usually <1 nm) exist in every 
dimension. Because the intracrystalline diffusion of guest molecules into the zeolite 
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particle often results in severe limitations, the full application of a zeolite is rarely 
achieved [ 1 – 3 ]. The slow diffusion inside a zeolite is responsible for diffusion 
 limitations in many catalytic applications, with reaction rates limited by the diffu-
sion rate. Some catalytic reactions involving molecules larger than the zeolite pore 
apertures are furthermore restricted to the external surface of the solid. In some 
cases, the diffusion of reactants and desired products is suffi ciently fast, but the zeo-
lite catalyst produces by-products that are polymerized into bulky coke species [ 3 –
 5 ] that accumulate on the catalytic site and decrease the catalytic lifetime. In these 
cases, downsizing the zeolite particle size is helpful for improving by-product diffu-
sion and enhancing the catalytic lifetime. To overcome this limitation, continuous 
exploratory work has led to the synthesis of zeolites possessing large micropores 
[ 6 – 17 ] and zeolites with nanoscale crystal size [ 18 – 21 ] and the generation of meso-
pores in zeolites [ 22 – 82 ]. Of these, the mesopore-generating synthesis approach has 
been considered the most promising as a versatile and inexpensive strategy. The 
nanometer-scale hierarchical pore network provides highly effi cient diffusional 
pathways between zeolitic micropores and mesopores in a confi ned space. Mehlhorn 
et al. [ 83 ] reported the impact of the presence of mesopores in intracrystalline diffu-
sion using a pulsed fi eld gradient NMR technique. In this context, many research 
groups have proposed a wide number of synthesis methods for such mesoporous or 
mesostructured zeolites. To optimize the design of hierarchical zeolites, a quantita-
tive correlation between pore topology (i.e., the amount, size, connectivity, and dis-
tribution of each porosity level) and the properties of the acid solid is imperative 
[ 84 ]. Successful synthesis methods are introduced in the following sections.  

4.2     Post-synthetic Chemical Treatment to Generate 
Mesostructure in the Zeolite Crystals 

 With this method, the framework constituents (i.e., Al and Si) of a pre-synthesized 
and calcined zeolite with a bulk crystal morphology are partially dissolved by acids 
and bases. The dissolution condition is carefully controlled so that the dissolution 
can excavate intracrystalline mesoporous channels or void spaces into the zeolite 
crystal. The texture (e.g., mesopore volume and pore diameter) of the mesopores in 
the resultant zeolite samples varies considerably according to the detailed parame-
ters, such as the chemical composition and structure of the pristine zeolite, solution 
temperature, acid or base concentration, and contact time of zeolite in the solution. 

 Post-synthetic demetallation can be classifi ed into dealumination and desilica-
tion, depending on the treatment condition. Particularly, introduction of mesoporos-
ity by dealumination has been industrialized as an economic post-synthesis 
modifi cation procedure. Aluminum dissolution in high-Al zeolites can result in the 
generation of mesopores. The steam-thermal dealumination of Y zeolite has been 
well documented in the fi elds of fl uid catalytic cracking and hydrocracking [ 25 – 31 ]. 
The procedure consists of sequential high-temperature steaming and subsequent 
acid leaching treatments. The resultant Y zeolite, referred to as an “ultrastable Y 
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zeolite” (USY), displays high hydrothermal stability, strong acidity, and moderate 
mesoporosity. The treatment causes the generation of mesoporous channels 
(5–100 nm in pore diameter) in the zeolite crystal. As high intracrystalline mesopo-
rosity is attained, samples often exhibit inaccessible isolated cavities that render 
part of the obtained mesoporosity ineffective for improving diffusion. This has been 
revealed by 3D-computer tomography using transmission electron micrograph 
(TEM) images and by N 2  adsorption and mercury porosimetry (Fig.  4.1 ). With the 
dissolution of Al species, the number of Brønsted acid sites signifi cantly decreases. 
The dealuminated zeolite often exhibits extra-framework octahedral Al that is inef-
fectively removed during the acid leaching treatment. The dealumination method 
has been further applied to other types of zeolites including mazzite [ 32 ,  33 ], mor-
denite [ 34 ,  35 ], and ZSM-5 [ 36 – 38 ] under various hydrothermal treatment condi-
tions. Similar to the hydrothermal dealumination, zeolites can be dealuminated 
using aqueous solutions containing ammonium hexafl uorosilicate [ 39 ,  40 ] and SiCl 4  
[ 40 – 43 ]. In this case, extracted framework Al species may be further replaced by Si 
atoms to obtain high-silica zeolites.

  Fig. 4.1    3D-TEM images ( a – c ) and porosity assessment by N 2  adsorption isotherms ( d ) of steam- 
dealuminated Y zeolite (USY) crystals (Reprinted with permission from Ref. [ 31 ]. Copyright 
2002, American Chemical Society)       
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   In recent years, the generation of mesopores by alkaline-mediated leaching of 
framework Si atoms has become a widely applied approach. Post-synthesis desilica-
tion has demonstrated noteworthy versatility in the treatment of a wide number of 
zeolite frameworks, generating accessible mesopores and rendering sites in the crys-
tal interior active. Highly mesoporous hierarchical MFI zeolites prepared by post-
synthesis desilication have been obtained with an interconnected mesopore 
distribution in the range of 30–100 nm. The interconnected architecture is advanta-
geous in reducing the limited access and diffusion within the microporosity of the 
zeolite. Desilication is performed with an alkali metal hydroxide solution and is par-
ticularly effective for high-silica zeolites (usually Si/Al > 20) [ 44 – 51 ]. Several reports 
have focused on the concentration of the alkaline solution, temperature, and time of 
the post-synthesis treatment or on the Si-to-Al molar ratio of the parent solid. 

 The degree of desilication depends on the content and distribution of Al in the 
pristine zeolite crystals [ 45 ,  48 ,  49 ]. To better illustrate the impact of the Si/Al 
ratio of the bulk zeolite, Pérez-Ramírez et al. treated a series of ZSM-5 zeolite 
samples with an Al content in the range of Si/Al = 20 ~ 100, using an aqueous solu-
tion containing 0.2 M NaOH [ 48 ]. As framework SiO 4  −  sites bonded to Al atoms 
are resistant to the attack by bases, the concentration of NaOH failed to generate 
mesopores for Si-to-Al ratios lower than 20. In contrast, for Si/Al > 50, almost the 
entire portion of the zeolite was lost into the solution, whereas the framework 
silica quickly dissolved in an uncontrollable manner (Fig.  4.2 ). The intermediate 
between these two extreme cases, i.e., Si/Al = 25 ~ 50, was thus considered the 

  Fig. 4.2    Schematic representation of the infl uence of Al content on the desilication treatment of 
MFI zeolites in alkali solution (Reprinted with permission from Ref. [ 48 ]. Copyright 2004, 
American Chemical Society)       

 

R. Ryoo et al.



105

optimum range for the generation of mesopores through desilication under the 
selected conditions.

   In addition, Al spatial distribution within a zeolite particle is a critical factor. 
When large ZSM-5 crystals with a single crystal platelike morphology are treated in 
a basic solution, the desilication treatment often results in the selective dissolution 
of the internal core of each zeolite particle. This selectivity is the result of the com-
paratively higher solubility of the silica-rich core compared to the Al-rich outer 
region. As the crystal size decreases, the Al distribution becomes progressively 
more homogeneous, and the dissolution accordingly can occur more homoge-
neously throughout the entire crystal. Based on this principle, Groen et al. prepared 
MFI zeolites possessing uniform mesoporosity, using submicron zeolite crystals 
instead of large bulk zeolite crystals [ 49 ]. Later, Chal et al. added ammonium sur-
factants such as cetyltrimethylammonium bromide (CTAB) in the desilication of 
the ZSM-5 [ 52 ]. The addition of CTAB was very effective in generating mesopores 
with a uniform diameter. CTAB is presumed to stabilize the zeolite frameworks by 
the surfaces of surfactant micelles that can form along the desilicated mesoporous 
channels. That is, the formation of surfactant micelles inside a freshly generated 
mesopore is believed to protect the surrounding zeolite frameworks from further 
desilication, which may otherwise occur in an uncontrollable manner. 

 Both post-synthetic demetallation treatments can be applied in sequential steps 
for the generation of mesopores, as de Jong et al. demonstrated in treating a zeolite 
Y [ 53 ]. The mesopore size distribution of the resultant zeolite was bimodal, with 
two peaks centered at 3 and 27 nm (Fig.  4.3 ). The smaller mesopores were  interpreted 
to result from desilication while the larger mesopores were generated by 
 dealumination. Thus, the zeolite product exhibited two kinds of mesopores with 
different pore diameters, in addition to the intrinsic zeolitic micropores. According 
to de Jong et al., this zeolite would be suitable as a catalyst for hydrocracking of 
bulky molecules (e.g., with a heavy oil component).

   Desilication and dealumination are top-down approaches, by principle deforming 
part of the initial zeolite crystals during post-synthesis treatments. Both methods 
intrinsically change the framework composition of the zeolite, reduce the thermal 
and hydrothermal stabilities of the zeolites, and lose a signifi cant amount of Brønsted 
acid sites. In addition, it is diffi cult to control the mesopore volume and diameters. 
An amorphous mesoporous silica phase can be generated from the dissolved silicate 
species, making it diffi cult to separate from the zeolite phase. Nevertheless, the 
dealumination and/or desilication method is currently most widely adopted for 
industrial applications because of its suitability for low-cost mass  production [ 53 ].  

4.3     Hard-Templating Strategy 

 Tailoring the shape size and connectivity of a mesoporous structure within a high- 
crystalline zeolite can be achieved by the addition of a hard template in the zeolite 
synthesis composition [ 54 – 80 ]. Originally, the principle behind the hard-templating 
approach relied on a confi ned zeolite crystallization within the pores or voids of a 
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  Fig. 4.3    Electron microscopy and electron tomography study of parent HY-30, base-leached 
HY-A (0.05m NaOH) and HY-B (0.10m NaOH) samples. The TEM micrographs show that base 
leaching of the parent HY-30 ( a ) leads to generation of more-porous structures as can be seen from 
HY-A ( b ) and HY-B ( c ), yet without revealing the true nature of the mesopore network. The 
numerical cross-sections through 3D reconstructions of the particles provided by electron tomog-
raphy clearly depict the presence of both small (ca. 3 nm) and large (ca. 30 nm) mesopores, as well 
as their interconnectivity and shape: ( d ) 0.56 nm thick slice of HY-30; ( e ) 0.82 nm thick slice of 
HY-A; ( f ) 0.56 nm thick slice of HY-B sample (Reproduced from Ref. [ 53 ] by permission of John 
Wiley & Sons Ltd)       

 

R. Ryoo et al.



107

nano-template. Depending on the selected synthesis conditions and rates of 
 nucleation and crystal growth, hard-templating has further proved to generate meso-
porous zeolite single crystals. The resulting mesostructure can be tailored through 
careful selection of hard templates with a suitable texture. Template incorporation 
within a zeolite and the zeolite crystallization within a nano-template are, however, 
thermodynamically unfavorable processes. Accordingly, crystallization typically 
occurs via a dry-gel synthesis route, inducing pseudomorphic crystallization of zeo-
lites in a confi ned space. A high affi nity between the hard templates and the zeolite 
framework and the appropriate synthesis conditions are required to prevent the iso-
lation of the silicate gel with consequent formation of a non-mesoporous zeolite. 

 Most representative hard templates are nano-sized solids composed of carbona-
ceous species. Nanoporous materials, such as mesoporous or macroporous carbons 
and nonporous nanobeads or nanofi bers, are generally employed. These mesopore- 
generating agents are able to retain their nanostructures during zeolite synthesis and 
be removed afterward via thermal decomposition (Fig.  4.4 ). Jacobsen et al. synthe-
sized single crystal MFI zeolites using carbon nanoparticles as a hard template [ 54 ]. 
The sample exhibited an intracrystalline mesopore volume exceeding 1.0 cm 3  g −1  
and a uniform pore size comparable to the particle sizes of the carbon templates 
(Fig.  4.5 ). Similarly, Tao et al. [ 61 ] used a carbon aerogel monolith, obtained 
through the pyrolysis of resorcinol–formaldehyde resin [ 62 – 66 ,  77 ], to generate a 
uniform mesoporous MFI zeolite. The authors confi rmed that mesoporous textural 
properties could be tuned according to the particle size of the carbon aerogel. The 
use of uniform carbon nano-templates additionally proved successful in the synthe-
sis of various hierarchical zeolites (MEL [ 67 ], MTW [ 68 ], and BEA [ 69 ]) and alu-
minophosphate zeotypes (CHA and AFI [ 70 ]).

    Zeolites containing ordered mesoporosity generated in the presence of ordered 
mesoporous carbons have been extensively reported in the literature. Tsapatsis et al. 
used a three-dimensionally ordered mesoporous (3DOM) carbon synthesized by rep-
lication of colloidal crystals composed of size-tunable silica nanoparticles (Fig.  4.6 ) 
[ 76 ]. The zeolite exhibited low-angle XRD peaks, suggesting the presence of an 
ordered mesoporous system. In agreement with the size of the particles, the framework 
thickness could be adjusted within a range of 10–40 nm. Holland et al. previously 
reported confi ned growth within the voids created by assembled polystyrene spheres 
[ 78 ]. The resulting zeolite contained macropores with a pore diameter (250 nm) deter-
mined by the bead size (Fig.  4.7 ). In recent years, CMK-n-type  mesoporous carbons 

  Fig. 4.4    Schematic representation of solid-templating synthesis strategy (Reprinted with permission 
from Ref. [ 54 ]. Copyright 2000, American Chemical Society)       
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  Fig. 4.6    SEM images ( a – c ) of empty 3DOM carbon replicas formed from colloidal silica with the 
size of ca. 10 nm ( a ), 20 nm ( b ), and 40 nm ( c ). TEM images ( d – f ) of 3DOM-imprinted silicalite-1 
crystals. TEM ( d ) shows isolated crystalline domains ( arrow ) dispersed throughout the 3DOM 
carbon template, and TEM images ( e ,  f ) show representative particulate domains after the 3DOM 
carbon template was removed (Reprinted by permission from Macmillan Publishers Ltd: Ref. [ 76 ], 
Copyright 2008)       

  Fig. 4.5    ( a ) TEM images of single-crystalline mesoporous zeolites synthesized using carbon 
nanoparticles as a hard template (Reprinted with permission from Ref. [ 54 ]. Copyright 2000, 
American Chemical Society). ( b ) TEM images of single-crystalline mesoporous zeolites synthe-
sized using carbon nanotubes as a hard template (Reprinted with permission from Ref. [ 56 ]. 
Copyright 2001, American Chemical Society)       
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(with a suffi ciently wide pore diameter >10 nm) were equally demonstrated to generate 
ordered mesoporous zeolites. In the synthesis of ordered mesoporous MFI zeolites, 
Sakthivel et al. [ 71 ] and Yang et al. [ 72 ] employed ordered CMK-1 and CMK-3 meso-
porous carbons, respectively [ 73 – 75 ]. Notwithstanding the presence of uniform meso-
pores with large pore volumes (0.8–0.9 cm 3  g −1 ), zeolites exhibited low-intensity 
low-angle XRD peaks. Cho et al. recently followed a similar approach in the synthesis 
of silicate zeolite (MFI topology) (Fig.  4.8 ) [ 79 ]. Surprisingly, they successfully 
achieved a higher mesoporosity degree upon control of the humidity conditions during 
the synthesis procedure. Faithful replication of the carbon template into the zeolite was 
further claimed to equally depend on the humidity of the synthetic gel.

4.4          Soft-Templating Strategy: Mesopore Generation 
via Supramolecular Self-Assembly 

4.4.1     Discovery of Ordered Mesoporous Molecular 
Sieves Using a Soft-Templating Strategy 

 Soft-templating strategies imply the use of nanometer-sized supramolecular 
micelles assembled by surfactant molecules and capable of inducing the formation 
of a mesostructure. Ideally, the surfactant molecules are assembled to form meso-
structured surfactant micelles while the head groups can generate zeolite frame-
works. If the soft-templating occurs effectively, surfactant templates have the 
advantage of a facile molecular tuning of their functional groups and chain lengths 
and of geometrical packing parameters of the selected surfactant molecule [ 2 ,  81 , 
 82 ,  85 – 88 ]. The latter can be further controlled by the addition of auxiliary organic 
additives such as swelling agents, e.g., trimethylbenzene, cosurfactants, and inorganic 

  Fig. 4.7    SEM image ( a ) and N 2  adsorption–desorption isotherms ( b ) of mesoporous MFI zeolite 
synthesized using polystyrene beads as a solid template (Reprinted with permission from Ref. 
[ 78 ]. Copyright 1999, American Chemical Society)       
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salts [ 89 ,  90 ]. Yanagisawa et al. originally reported the soft-templating approach for 
the synthesis of alkyltrimethylammonium–kanemite silica complexes and their con-
version to mesoporous FSM-16 materials [ 91 ,  92 ]. In 1992, Kresge et al. reported a 
generalized synthesis approach to generate ordered mesoporous molecular sieves 
(OMMSs), later referred to as the M41S family [ 93 ]. By using surfactants as a 
mesopore-generating agent, the authors proposed a liquid-crystal- templating mech-
anism to explain the formation of the OMMSs. The mechanism was later extended 
to a broader concept suggesting a surfactant–silicate cooperative assembly into a 
composite micelle, presumably involving Coulomb interactions, hydrogen bonding, 
and van der Waals interactions [ 87 – 97 ]. 

 The presumption of promising crystalline zeolitic mesopore walls generated in 
the presence of ammonium-type surfactants was incorrect, however, as the obtained 
mesoporous materials would instead display amorphous silicate  frameworks. In 

  Fig. 4.8    SEM images of mesoporous carbon materials synthesized using SBA-15 silica as a hard 
template under 85 % ( a ) and 100 % ( b ) humid condition and TEM images ( c  and  d ) of the carbon 
materials synthesized under the condition of 100 % humidity (Reprinted from Ref. [ 79 ], Copyright 
2011, with permission from Elsevier)       
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addition to a considerably weaker Brønsted acidity, the resulting amorphous meso-
porous aluminosilicates exhibited low thermal and  hydrothermal framework stabil-
ity. The M41S family could extend the concept of  molecular sieves to a wider 
2–50 nm regime, offering high surface areas and a narrow, uniform distribution of 
pores in the mesopore region. Further  exploratory work led to the synthesis of 
OMMSs such as MCM-41, MCM-48 [ 93 ], and SBA-15 [ 94 ]. 

 OMMSs have been extensively applied in acid catalysis and as a support for 
transition metal catalysts and organometallic complexes, adsorbent for bulky mol-
ecules, drug delivery vehicle, and hard template for mesoporous carbon [ 98 – 102 ]. 
One particular motivation for the development of new OMMSs was the challenge to 
create uniform mesopores for the catalytic conversion of bulky  molecules inacces-
sible in microporous architectures. Notwithstanding the remarkable features of the 
OMMS mesostructure, the application of these materials would be confi rmed to be 
ineffective in catalytic systems requiring a strong acid functionality.  

4.4.2     Combination of Single-Molecular and Supramolecular 
Templating Strategies 

 Following the successful synthesis of OMMSs, ammonium surfactants were tenta-
tively added to a zeolite synthesis composition, based on the assumption that the 
supramolecular micelles and the conventional zeolite SDA could cooperatively gen-
erate zeolite structures within mesopore walls (Fig.  4.9 ). Among the reported works, 

  Fig. 4.9    Schematic representation of dual-templating synthesis approach by single-molecular and 
supramolecular templating methods, which eventually induces a separate formation of amorphous 
mesoporous materials and bulk zeolite crystals (Reprinted from Ref. [ 80 ], Copyright 2012, with 
permission from Elsevier)       
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CTAB was commonly preferred as the supramolecular template. Karlsson et al. 
described a representative example in which they added the ammonium surfactant 
to a gel composition containing tetrapropylammonium for the synthesis of MFI 
zeolite [ 103 ]. Surprisingly, however, the two SDAs did not act cooperatively but 
rather in a competitive mechanism. Prior to zeolite crystallization, an OMMS phase 
was generated, but its dissolution would eventually occur under highly basic condi-
tions, as in the described synthesis conditions. Further tuning of the hydrothermal 
time and temperature resulted in each case in a solely amorphous mesoporous mate-
rial, a solely crystalline microporous zeolite, or their physical mixture (Fig.  4.10 ). 
To date, the synthesis of crystalline zeolitic mesopore walls following this approach 
has remained unsuccessful.

4.4.3         Assembly of Small Zeolite Crystallites 
with the Surfactant Micelles 

 To obtain an ideal mesostructured aluminosilicate material with crystalline walls, 
Liu et al. proposed the growth of zeolite “seeds” (proto-zeolitic entities) within an 
organized mesoporous matrix [ 104 – 107 ]. The strategy was intended to hinder phase 
separation between surfactant micelles and the zeolite crystals, as reported in the 
previous section. Following cautious control of the synthesis conditions (e.g., pH 

  Fig. 4.10    SEM image showing a physical mixture of MFI zeolite crystal and amorphous mesopo-
rous silica material resultant, following a dual-templating synthesis (Reprinted from Ref. [ 103 ], 
Copyright 1998, with permission from Elsevier)       
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and temperature), formerly aged small zeolite crystallites were reported to be 
assembled around the mesostructured micelles of cationic surfactants. Synthesized 
samples exhibited well-defi ned low-angle XRD patterns in good agreement with 
those of the OMMS structure. Under the required milder conditions, the synthesis 
of highly crystalline zeolite frameworks was nonetheless unsuccessful. 
Representative high-angle XRD patterns confi rmed the absence of atomic order 
characteristics of a crystalline zeolite framework. The resulting zeolites were thus 
described as “pseudo-zeolites” or “proto-zeolites” according to their framework 
nature. The acidity and hydrothermal stability were signifi cantly improved com-
pared to the MCM-41-type mesoporous aluminosilicate. The pseudo-mesoporous 
zeolites were successfully applied as catalysts in various catalytic reactions requir-
ing weak Brønsted acidity or Lewis acidity, e.g., Friedel–Crafts alkylations [ 108 ]. 
Regardless, the evidenced acidity was inadequate for many catalytic applications 
requiring strong acid functionality [ 109 ]. 

 At the expense of the mesoporous quality, enhanced crystallinity was achieved 
when the assembly of the zeolite crystallites into the mesostructured material was 
performed under steam-assisted crystallization (i.e., dry-gel synthesis) [ 110 ]. Even 
the modifi ed synthesis strategy could not, however, effectively prevent the forma-
tion of a physical mixture of bulk zeolite and an OMMS phase. Several mesostruc-
tured/zeolitic composite materials, including ZSM-5/MCM-41 [ 111 ], ZSM-5/
MCM-48 [ 112 ], Beta/MCM-41 [ 113 ,  114 ], and Beta/MCM-48 [ 115 ], have been 
synthesized. Improved catalytic activities were witnessed compared to the respec-
tive binary physical mixtures of zeolites and amorphous aluminosilicates [ 116 ].  

4.4.4     Use of Ammonium Surfactant as a Capping Agent 
of Nanocrystalline Zeolites 

 Despite strong electrostatic interaction with silicate frameworks, CTAB has been 
the subject of continuous reports substantiating its effectiveness in generating a 
mesoporous structure within the highly crystalline domains of a zeolite. Recently, 
however, one exceptional case was the synthesis of LTA zeolite nanocrystals at low 
crystallization and growth rate at room temperature in the presence of surfactant 
micelles [ 117 ]. After the removal of CTAB, the sample showed large intercrystal-
line mesopores attributed to the voids between the aggregated zeolite nanocrystal-
lites. The surfactant was concluded not to act as an effective mesopore-generating 
agent but rather as a capping agent, hindering crystal growth by covering the exter-
nal surfaces of zeolite nanoparticles. Potential competition between CTA +  ions and 
other cationic species, e.g., Na +  and zeolite-structure-directing ammonium ions, 
was considered to impact the effectiveness of zeolite capping. Recently, Jo et al. 
reported that multivalent surfactants containing two or more ammonium head 
groups could be used as effective capping agents in the synthesis of nanocrystalline 
zeolites with various micropore structures (e.g., MOR, FAU, CHA, and MFI) [ 118 ]. 
Owing to a stronger electrostatic interaction, the multivalent surfactants were 
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presumed to take on a more effective role as capping agents, hindering the zeolite 
nanocrystal surfaces from further growth. Accordingly, much higher external sur-
faces were attained, compared to their conventional counterparts.  

4.4.5     Use of Organosilane Molecules as Mesopore-Generating 
Agents 

 Regardless of continuous exploratory work, phase-separation phenomena between 
amorphous silica and bulk zeolite have made it extremely challenging for years to 
synthesize crystalline zeolites exhibiting a uniform mesoporous architecture. In 
2006, Choi et al. reported a direct-synthesis route to generating mesoporous hierar-
chical zeolites using tunable amphiphilic organosilanes acting simultaneously as a 
silica source and a supramolecular mesopore-generating agent [ 119 ,  120 ]. These 
rationally designed surfactant molecules contain a hydrophobic long-chain alkyl-
ammonium moiety and a hydrolysable methoxysilyl group, linked together through 
a chemically stable Si–C bond (Fig.  4.11 ). [3-(trimethoxysilyl)propyl]hexadecyldi-
methylammonium chloride ([(CH 3 O) 3 SiC 3 H 6 -N + (CH 3 ) 2 C 16 H 33 ]Cl − , “TPHAC” in 
short) and their structural analogues were reported as typical examples in the syn-
thesis procedure [ 121 ]. The underlying idea is that the hydrolysable methoxysilyl 
moiety can strongly interact with growing crystal domains through the formation of 
covalent bonds with other SiO 2  and Al 2 O 3  sources. TPHAC surfactants are able to 
be well incorporated within the zeolite product. The TPHAC surfactant was added 
to the synthesis composition of ordinary crystalline aluminosilicates, which con-
tained molecular templates for zeolites (e.g., tetrapropylammonium) and sodium 
silicate (or TEOS) as the silica source (Fig.  4.12 ).

  Fig. 4.11    Molecular structure of typical organosilane surfactant (Reprinted by permission from 
Macmillan Publishers Ltd: Ref. [ 120 ], Copyright 2006)       
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  Fig. 4.12    Schematic representation of crystallization process of mesoporous zeolite using 
organosilane surfactant as a mesopore structure-directing agent (Reprinted from Ref. [ 80 ], 
Copyright 2012, with permission from Elsevier)       

    The resulting zeolites possessed high mesopore volume, uniform mesopore 
diameter distribution, and high BET-specifi c surface area. In addition, the mesopore 
diameters could be controlled according to the tail length of the organosilane surfac-
tant or by tuning the hydrothermal temperature (Fig.  4.13 ) [ 119 ]. The mesoporous 
architecture was assessed by the generation of Pt nanowires within the structure of 
the hierarchical zeolite [ 122 – 124 ]. Representative TEM images revealed cylindrical 
Pt nanowires interconnected in a wormhole-like manner. The nanowires exhibited 
cylindrical uniform mesopores in the 3–4 nm range, in agreement with porosity 
assessment through N 2  isotherm analysis, similar to the KIT-1 mesoporous silica 
[ 122 ]. The presence of intracrystalline mesopores was further confi rmed in high- 
resolution scanning electron microscope (SEM) images of ion-beam cross- sectioned 
crystals (Fig.  4.14 ) [ 125 ].

    The organosilane-directed synthesis route was extended to a wide range of hier-
archical zeolite and zeotype materials. Successful reports include the synthesis of 
mesoporous LTA [ 119 ,  124 ], SOD [ 126 ], and BEA [ 127 ] zeolite architectures and 
the synthesis of mesoporous aluminophosphates constructed with crystalline micro-
porous AFI and AEL topologies [ 128 ]. Recent reports claimed the synthesis of X 
zeolite (FAU topology) with high Al content (Si/Al < 1.5), exhibiting a pore system 
in a micro–meso–macro hierarchical interconnection [ 129 ]. Notwithstanding its 
simplicity, the method had limited success at times, depending on the selected 
 synthesis conditions and zeolite architecture. High organosilane content would, for 
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instance, generate the presence of impurity phases such as zeolite P (GIS topology) 
and amorphous aluminosilicates [ 124 ,  125 ]. Kim et al. recently reported that the 
presence of bulk zeolite seeds in the synthesis conditions enabled a reduction in the 
required hydrothermal time, extending the application of the strategy [ 130 ]. 
Representative TEM images revealed the complete absence of the bulk zeolite addi-
tives, confi rming its dissolution into tiny fragments. The synthesis was successfully 
achieved for mesoporous CHA, FAU, and MOR architecture-type zeolites. 

 The use of organosilane molecules as a mesopore-directing agent has been suc-
cessfully used to improve the effi ciency and selectivity of hierarchical zeolites in 
various catalytic reactions. Mesoporous zeolites possessing strong Brønsted acidity 
displayed superior catalytic performances in acid-catalyzed reactions involving 
diffusion-limited steps for bulky molecules, compared to conventional and desili-
cated hierarchical zeolites [ 119 ,  131 ,  132 ]. The cost of catalyst regeneration or 
replacement, particularly in fi xed-bed industrially relevant processes, often compro-
mises the practicality of zeolites as heterogeneous catalysts. Remarkably improved 
resistance to deactivation in a wide range of acid-catalyzed reactions was demon-
strated to be a noteworthy feature of the hierarchical materials [ 112 ]. Facile diffu-
sion of coke precursors out of the zeolitic structure is believed to be notably 
enhanced by the presence of mesopores. Whereas solely microporous zeolites could 

  Fig. 4.13    N 2  adsorption isotherms ( a ) and their corresponding pore size distributions ( b ) of MFI 
zeolite crystals with tunable mesoporosity. According to the tail length of organosilane surfactant 
and/or the hydrothermal temperature, the average mesopore diameter can be uniformly controlled 
(Reprinted by permission from Macmillan Publishers Ltd: Ref. [ 119 ], Copyright 2006)       

 

R. Ryoo et al.



117

not be functionalized due to the lack of free silanol groups inside micropores, the 
hierarchical zeolites were suitable to be functionalized at the mesopore surface by 
using a high density of silanol groups [ 126 ,  133 ]. Organic-functionalized hierarchi-
cal zeolites exhibited further hydrothermal stability and reusability in catalytic 
applications, as compared with organic-functionalized mesoporous silica samples. 
The former were considered to increase the number of opportunities in the design of 
catalyst, sensor, adsorbent, and ion-exchange materials. Similarly, other synthesis 
routes were developed using nonionic organosilane [ 134 ], silylated polymer [ 135 ], 
and cationic polymers [ 136 ] as a mesopore SDA.   

  Fig. 4.14    Cross-sectional SEM image of mesoporous LTA zeolite, displaying intercrystalline 
mesopores inside the zeolite crystals as well as on the external surface. The  top images  were taken 
from the external surfaces, whereas the others were taken after cross-sectioning by Ar–ion beam 
(Reprinted from Ref. [ 125 ], Copyright 2010, with permission from Elsevier)       
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4.5     Generation of Mesostructured Zeolites by the Zeolite-
Structure- Directing Surfactants 

4.5.1     Synthesis of MFI Nanosheets Using Diquaternary 
Ammonium Surfactant 

 Despite numerous attempts to fi nd appropriate surfactant molecules, the synthesis 
of uniform mesoporous materials with highly crystalline zeolitic walls remained a 
dream for years in the zeolite science fi eld. In principle, hierarchical zeolites exhib-
iting a hierarchical pore structure of micropores and mesopores would be presumed 
to be synthesized in the presence of a zeolite SDA with a hydrophobic alkyl tail. 
Notwithstanding the ability to generate the mesoporous structure, ammonium-type 
surfactants were consistently ineffective in generating zeolitic mesopore walls, dis-
playing instead amorphous silicate frameworks. Despite the success of the 
organosilane- directed synthesis route applied to a wide range of hierarchical zeo-
lite and zeotype materials, the surfactant exhibited no zeolite-structure-directing 
role. Furthermore, none of these approaches could generate “ultrathin” zeolites 
with thicknesses below the typical values between 5 and 100 nm. Nanowires (one- 
dimensional) and nanosheets (two-dimensional), expected when confi ning the 
crystal thickness to, respectively, two and one spatial dimension, remained a 
remarkable challenge. 

 In 2009, Ryoo et al. introduced an effective strategy for synthesizing extremely 
thin nanosheets of MFI-type zeolite using multiammonium surfactants [ 137 ,  138 ]. 
Particularly, diquaternary ammonium surfactants such as C 22 H 45 –N + (CH 3 ) 2 –C 6 H 12 –
N + (CH 3 ) 2 –C 6 H 13  (designated hereafter as C 22–6–6 ) contain a long alkyl tail (e.g., −
C 22 H 45 ) and two quaternary ammonium groups, connected by a –C 6 H 12 – spacer. The 
ammonium head parts directed the MFI zeolite framework, whereas self-assembled 
long hydrophobic chains directed the crystal morphology into a lamellar mesostruc-
ture. The hydrophobic alkyl tails were confi rmed to block the excessive growth of 
the zeolite crystallites beyond the ammonium region, limiting the zeolite crystalli-
zation to the head part of the surfactants. No other conventional MFI zeolite SDA 
was required, confi rming that a zeolitic microporous architecture can be simply 
synthesized using the porogenic activity of a functional group of the template mol-
ecule. The resultant zeolite took the form of nanosheets with a single-unit-cell 
thickness. Straight 10-MR channels along the  b -crystallographic axis intersected 
the 10-MR  zigzag  channel system extended into the  a  and  c  directions. The 2.5-nm- 
thick framework was terminated in the  b  direction resulting in 10-MR openings on 
the surface. The thickness of the MFI zeolite nanosheets could be systematically 
controlled by changing the number of zeolite-structure-directing units in the head 
groups of the surfactants (Fig.  4.15 ) [ 139 ]. Ultrathin nanosheets (~1.5 nm), with 
only ¾ of the  b  lattice parameter, were even synthesized by using a Gemini-type 
tri-ammonium surfactant with the formula of C 18 H 37 -N + (CH 3 ) 2 -C 6 H 12 N + (CH 3 ) 2 -C 6 H 12    - 

N   + (CH 3 ) 2 -C 6 H 13  [ 140 ].
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   The MFI zeolite nanosheets could be synthesized under a wide range of synthesis 
conditions and using any ordinary silica sources, such as sodium silicate, TEOS, 
silica gel, and fumed silica. Depending on the synthesis conditions, the MFI zeolite 
nanosheets could be synthesized as either a fully disordered assembly or through 
regular stacking into an ordered multilamellar mesostructure (Figs.  4.16  and  4.17 ). 
A uniform interlamellar distance was witnessed between alternating multilamellar 
MFI nanosheet layers (Fig.  4.17b ). Small-angle XRD peaks up to the fourth-order 
refl ections were in agreement with the corresponding interlayer distance because 
of the interlamellar structural coherence [ 130 ]. The interlamellar spacing could be 
tuned according to the surfactant tail lengths [ 134 ]. Partial condensation of the 
multilamellar structure was observed upon surfactant removal during calcination. 
Much of the intersheet space was however retained as disordered mesopores after 
calcination, owing to partially intergrown mesostructures presumed to act as “self-
pillars.” There were slight deviations in the crystal orientation in the  a–c  plane 
preventing complete topotactic condensation between nanosheets. The calcined 
product exhibited quite a high BET surface area (520 m 2  g −1 ) and large pore  volume 

  Fig. 4.15    High-resolution TEM images for as-synthesized products obtained with surfactants 
containing 2 ( a ), 3 ( b ), 4 ( c ), and 1 ( d ) ammonium group. The value in  white circles  indicates the 
number of pentasil sheets in a nanosheet (Reprinted with the permission from Ref. [ 139 ]. Copyright 
2011, American Chemical Society)       
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(0.5 cm 3  g −1 ), compared to conventional MFI (400 m 2  g −1 , 0.3 cm 3  g −1 ). It is also 
remarkable that the ordered multilamellar structure could be maintained by gener-
ating silica pillars between zeolite layers (Fig.  4.18 ) [ 141 ]. Unilamellar MFI 
nanosheets similarly revealed very narrow  a–c  planes. These nanosheets supported 
each other in a  random pile, exhibiting no mesostructure orders (Fig.  4.17c, d ). The 
intersheet mesopores were not uniform in diameter but were well retained even 
after the complete removal of the surfactant by calcination. The calcined sample 
equally possessed a high BET surface area (700 m 2  g −1 ) and large pore volume 
(1.2 cm 3  g −1 ). Comparable textural characterization was observed with random 
zeolite nanosheets assembly, generated through exfoliation of layered zeolite pre-
cursors [ 142 – 145 ].

     Careful selection of the crystallization conditions, particularly the hydrothermal 
time, proved decisive for the synthesis of unilamellar or multilamellar hierarchical 
MFI zeolite. Exploratory work revealed that under Na + -free conditions, unilamellar 
MFI nanosheets could be slowly generated (11 d) at 140 °C [ 146 ]. Surprisingly, 
however, the unilamellar product maintained for 15 d was afterward converted into 
a multilamellar mesophase. The phenomenon was tentatively attributed to crystal 
ripening in the  a–c  plane and subsequent reorganization of randomly oriented MFI 
nanosheets into regular stacking. The unilamellar MFI nanosheets could still be col-
lected before the conversion to multilamellar. The synthesis was successful within a 

  Fig. 4.16    Schematic representation of crystallization of MFI nanosheets. Proposed structure 
model for the single MFI nanosheet ( a ), where the surfactants are aligned along the straight chan-
nel of MFI framework and di-quaternary ammonium head groups are embedded inside the zeolite 
framework. Depending on the synthesis condition, the MFI nanosheet can be regularly assembled 
into multilamellar mesostructure ( b ) or randomly stacked into unilamellar ( c ) (Reprinted by per-
mission from Macmillan Publishers Ltd: Ref. [ 137 ], Copyright 2009)       
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  Fig. 4.17    SEM ( a ,  c ) and TEM ( b ,  d ) images of multilamellar ( a ,  b ) and unilamellar ( c ,  d ) MFI zeolite 
nanosheets (Reprinted by permission from Macmillan Publishers Ltd: Ref. [ 137 ], Copyright 2009)       

  Fig. 4.18    High-resolution SEM ( a ) and TEM ( b ) images of the multilamellar MFI zeolite 
nanosheets, pillared with silica and subsequently calcined to remove the surfactants (Reprinted 
with the permission from Ref. [ 141 ]. Copyright 2010, American Chemical Society)       
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relatively short synthesis time (5 d at 140 °C) under Na + -rich conditions using a 
sodium silicate water glass. The presence of Na +  and high pH was however 
 considered to allow for a quick transformation of the initial unilamellar into multila-
mellar zeolite.  

4.5.2     Large Amount of Strong Brønsted Acid Sites 
at the External Surfaces of MFI Nanosheets 

 Brønsted acid sites in zeolites are developed when Si 4+  is isomorphically replaced by 
aluminum species (Al 3+ ), and the resulting negative charge is balanced by a proton 
attached to an oxygen atom. In this case, both Al–O and Si–O bonds become virtually 
equivalent following a global rearrangement in the structure. Aluminum distribution 
and the Si–O–Al bond angle in the zeolite framework remarkably impact the strength 
of a Brønsted acid site [ 146 ]. The MFI zeolite exhibiting strong Brønsted acidity has 
been widely used as a heterogeneous acid catalyst in numerous catalytic applications 
[ 2 ,  3 ,  147 ,  148 ]. Brønsted acidity of a MFI zeolite nanosheet with a thickness of 
2.5 nm was successfully characterized using  31 P MAS NMR with adsorbed trimeth-
ylphosphine oxide (TMPO) and tributylphosphine oxide (TBPO) [ 149 ]. Phosphine 
oxides are well known to be strongly adsorbed on Brønsted acid sites. TMPO has 
been reportedly used as a probe molecule to detect total Brønsted acid sites in both the 
internal micropore walls and external surface of an acid solid [ 150 – 153 ]. According 
to the  31 P NMR spectroscopic method, the phosphorus probe has partially negatively 
charged oxygen atoms that strongly interact with the bridging hydroxyl groups on the 
zeolite surface, thereby inducing the  31 P resonance to shift downfi eld [ 153 ]. The  31 P 
NMR chemical shift increases according to acid site binding affi nity. TBPO (0.82 nm) 
is too large to penetrate into the intrinsic MFI microporous architecture (0.53 × 0.56 
and 0.51 × 0.55 nm) and thus is limited to acid sites located on the external surface of 
the crystal. The acid strength and concentration of acid sites were assessed by chemi-
cal shifts and peak areas of the adsorbed molecules appearing in NMR spectra 
(Fig.  4.19 ). The  31 P NMR investigation identifi ed Brønsted acid sites with three dif-
ferent strengths on external surfaces; four types were identifi ed inside the micropo-
rous architecture. According to the  31 P NMR spectroscopic method, 32 % were 
located on the external surfaces among the total Brønsted acid sites. This result is 
quite impressive considering that in typical MFI crystal sizes, almost all Brønsted 
acid sites are located inside the microporous architecture of the zeolite rather than in 
the external surface. Full utilization of a catalyst is in this case scarcely achieved in 
bulk MFI zeolites. Among the external acid sites, 5.8 % of the total Al content was 
evaluated as strong acid sites. The MFI nanosheets were considered to be a valuable 
addition for catalytic reactions requiring strong acidity and involving bulk molecules. 
Nonetheless, the acid strength of the external Brønsted acid sites was apparently 
weaker than the internal acid sites because the former were less strained from perfect 
tetrahedral geometry.
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4.5.3        Synthesis of MFI Nanosponges in the Presence of MFI 
Zeolite Seeds 

 Notwithstanding the remarkable features of the surfactant-directed MFI nanosheets, 
a long hydrothermal reaction time is required for synthesis, especially for materials 
with high Al content. Broader mesopore size distribution and eventual partial 

  Fig. 4.19     31 P MAS NMR spectra of ( a ) TMPO and ( b ) TBPO adsorbed on the MFI zeolite sam-
ples with various framework thicknesses and amorphous silica MCM-41. The  dotted curves  indi-
cate results of spectral analyses by Gaussian deconvolution. All spectra are plotted on the absolute 
intensity scale after collecting with the same number of acquisitions and being reduced to the same 
sample mass (Reprinted with the permission from Ref. [ 149 ]. Copyright 2013, American Chemical 
Society)       
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collapse of the achieved mesoporosity by an Ostwald-ripening process can be 
expected to occur. Additionally, the multiammonium surfactant can decompose by 
Hoffman elimination under strong basic synthesis conditions. In this context, the 
synthesis of hierarchical MFI zeolite was recently performed by adding small 
amounts of bulk MFI zeolite seeds [ 154 ]. Seeding was confi rmed to remarkably 
reduce the zeolite crystallization time, similarly to seed-assisted synthesis of con-
ventional MFI zeolites. As a result, the mesoporous zeolites could be rapidly gener-
ated even at high Al content. More important, the crystal seeding gave rise to the 
formation of an unexpected morphology of the hierarchical zeolite (Fig.  4.20 ). 

  Fig. 4.20    Structure characterization data for a representative calcined zeolite nanosponge with Si/
Al = 20 synthesized using diquaternary ammonium surfactant and bulk MFI seeds at 150 °C for 2.5 
d. ( a ) XRD pattern, ( b ) TEM image, ( c ) Ar adsorption–desorption isotherm, and ( d ) pore size 
distribution. In ( c ) and ( d ), the zeolite nanosponge ( black circle ) is compared with the sample 
synthesized without seeding ( white circle ) and with the bulk MFI zeolite ( dotted line ) (Reproduced 
from Ref. [ 154 ] with permission from the Royal Society of Chemistry)       
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Individual nanosheets, revealing a narrow mesopore diameter distribution centered 
at 4 nm, were arranged in a nanosponge-like morphology. The self-supporting struc-
ture was witnessed even after the removal of the surfactant by calcination.

4.5.4        Generalizing a Zeolite Synthesis Method Using SDA 
Surfactant to Other Hierarchically Nanoporous Zeolites 

 Following the synthesis of hierarchical zeolites using multiammonium surfactants, 
Ryoo et al. generalized the approach to other zeolite architectures. A group of 
Gemini-type multiammonium surfactants (Fig.  4.21 ) was prepared to serve as struc-
ture-directing agents for the synthesis of mesostructured materials displaying crys-
talline zeolitic walls [ 155 – 157 ]. When a tri-quaternary ammonium surfactant with 
the formula of C 18 H 37 -N + (CH 3 ) 2 -C 6 H 12 -N + (CH 3 ) 2 -C 6 H 12 –N + (CH 3 ) 2 –C 18 H 37  (C 18–6–6–

18 , Fig.  4.22a ) was applied, hexagonally ordered MMS nanocrystals with an MFI-
like microporous framework within the mesopore walls were generated (Fig.  4.22d ). 
Representative SEM images revealed needle-shaped nanocrystals that were uniform 
in size and morphology. The zeolite-structure-directing role of the Gemini-type 
C 18–6–6–18  surfactant was elucidated by using 2D heteronuclear correlation (HETCOR) 
NMR, which resolves the molecular proximities of the surfactant heads to a solid 
framework (Fig.  4.23 ). The strong interaction between the ammonium groups and 
the aluminosilicate frameworks evidenced the microporogenic role of the ammo-
nium region and their inclusion within the micropores. Structural coherence along 
the microscopic and mesoscopic arrangements was evidenced by powder XRD 
analysis. Because the mesopore walls were composed of only a single layer of zeo-
litic micropores, less than a single-unit-cell dimension of a bulk zeolite, structural 
information was insuffi cient for the precise determination of the microporous 
framework topology.

  Fig. 4.21    Family of Gemini-type surfactant that can act as dual-porogenic structure-directing 
agent for mesoporous molecular sieves built with crystalline microporous zeolitic framework 
(From [ 155 ]. Reprinted with permission from AAAS)       
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     The introduction of phenyl rings into the zeolite porogenic head of the surfactant 
was reported to generate a nanocrystalline zeolite with beta-type architecture 
(Fig.  4.21c–e ) [ 155 ]. The beta nanocrystals were interconnected to form a 
nanosponge- like disordered mesoporous network with a uniform zeolite framework 
thickness. The disordered mesostructure exhibited in each case a narrow distribu-
tion of mesopore diameter. A notable feature of the dual-porogenic surfactant- driven 
synthesis route regarded the thickness of the crystalline microporous walls, uni-
formly tailored by the length of the microporogenic part of the surfactant. Wall 
thicknesses could be increased from 2.9 to 3.9 and 5.1 nm as the number of ammo-
nium groups successively increased from 4 to 6 and 8, respectively. Such refi ned 
control driven by molecular design is so far unprecedented. The disordered network 
assembled by the zeolite framework had mesopores with a quite narrow distribution 

  Fig. 4.22    Molecular structure of C 18–6–6–18  surfactant ( a ), SEM ( b ), TEM ( c ,  d ), and XRD pattern 
of hexagonally ordered crystalline mesoporous molecular sieve after surfactant removal ( e ) (From 
[ 155 ]. Reprinted with permission from AAAS)       
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of the pore diameter. In addition, the mesopore diameters could be tailored over a 
wide range of 3.8–21 nm by the addition of 1,3,5-trimethylbenzene (1,3,5-TMB) to 
the synthesis gel composition. Mesopore expansion by 1,3,5-TMB was later claimed 
to occur through reversible recrystallization of the zeolite frameworks in the pres-
ence of suffi ciently high Na +  content [ 158 ]. Mesopore expansion is described as 
occurring even after complete crystallization of the zeolite framework, whereas the 
phenomenon could be reversed following TMB removal by solvent extraction 
(Fig.  4.24 ). The thickness of the mesopore walls did not change during the consecu-
tive pore expansion and shrinking processes.

   Further exploratory work led to the synthesis of hierarchical MTW and MRE- 
like zeolites in the presence of surfactants with different head groups, including the 
presence of phenyl rings (Fig.  4.25 ) [ 159 ]. The framework thickness was tuned 
according to the number of ammonium groups in the surfactant, as previously 
reported with beta zeolite. As before, mesopore diameters could be conveniently 
increased by simple addition of 1,3,5-TMB [ 158 ].

   The versatile synthesis strategy using multiammonium (or multiamine)-type sur-
factants as a zeolite SDA also proved to be effi cient in the synthesis of hierarchical 
crystalline aluminophosphates [ 160 ]. Similarly, individual ammonium (or amine) 
head groups could direct the formation of microporous crystalline AEL.  

  Fig. 4.23    Solid-state  29 Si{1H} 2D HETCOR NMR spectrum of the hexagonally ordered crystal-
line mesoporous molecular sieve in the as-synthesized form containing C 18–6–6-18  surfactant (From 
[ 155 ]. Reprinted with permission from AAAS)       
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4.5.5     Enhanced Properties of Surfactant-Directed 
Mesoporous Zeolites 

 Notwithstanding the remarkable features of the microporous structure, the narrow 
pores and dimensionality of the zeolitic porosity often induce severe diffusion limi-
tations. The hierarchical zeolite, possessing a system of mesopores in addition to 
their intrinsic architecture, provides short diffusion path lengths inside the crystal 
framework and a high concentration of acid sites located on the resulting external 

  Fig. 4.24    ( a ) Mode mesopore diameters of solid precipitates, collected from the reaction mixture 
at various elapsed times during hydrothermal reaction at 413 K. High-resolution TEM images of 
nanosponge beta zeolites collected at ( b ) 3 d and ( c ) 7 d (Reprinted from Ref. [ 158 ], Copyright 
2014, with permission from Elsevier)       
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surface. Enhanced catalytic performances of surfactant-directed hierarchical 
zeolites have been assessed in a wide range of catalytic applications. 

 Within the tridimensional medium pore channel system of the MFI zeolite, the 
mechanism of deactivation by coke formation is widely accepted in the catalytic 

  Fig. 4.25    Powder XRD patterns of ( a ) nano-BEA, ( b ) nano-MTW zeolite, and ( c ) nano-MRE 
zeolite. TEM images of ( d ) nano-BEA, ( e ) nano-MTW zeolites, and ( f ) nano-MRE zeolite. For 
comparison, XRD patterns of their bulk counterparts are also provided (Reprinted with the permis-
sion from Ref. [ 159 ]. Copyright 2013, American Chemical Society)       
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conversion of methanol-to-hydrocarbons. The rate of coke formation highly depends 
on zeolite topology, acid site density, and acid strength. MFI-based catalysts are 
deactivated during the catalytic reaction as the micropores are continuously fi lled 
with coke precursors, indirectly blocking diffusion into other micropores. In 2009, 
following the fi rst reports of the synthesis of MFI nanosheets, Choi et al. described 
a fi vefold higher catalytic lifetime observed with the hierarchical zeolite compared 
to its bulk counterpart (Fig.  4.26 ) [ 137 ]. The 2.5-nm thickness MFI framework 
facilitated the diffusion along the  b  direction. The authors proposed that because of 
the short diffusion of coke precursors across the nanosheets, slow deposition 
occurred exclusively at the external surface [ 161 ]. Likewise, MTW and MRE-type 
hierarchical zeolites exhibited higher catalytic longevity than conventional bulk 
counterparts in liquid-phase cumene reaction [ 159 ]. Slow catalytic deactivation was 
ascribed to the high number of strong Brønsted acid sites at the external surfaces 
permitting facile diffusion of reactant and product molecules. An extended catalytic 
lifetime has been further witnessed in catalytic reactions such as the Beckmann 
rearrangement (Fig.  4.27 ) [ 162 ], Friedel–Crafts alkylation [ 159 ,  163 ], and the oxi-
dation of benzene with nitrous oxide [ 164 ]. High accessibility was also confi rmed 
to generate higher catalytic activities, when Cu ion-exchanged ZSM-5 nanosheets 
were used in N 2 O decomposition [ 165 ]. The chemical properties of the active Cu 
sites were also different. Higher reducibility of Cu +  species (as evidenced by H 2 - 
TPR data) on Cu-ZSM-5 nanosheets was inferred to lead to a higher activity. More 
facile desorption of oxygen from Cu-ZSM-5 nanosheets was further observed. 

  Fig. 4.26    Coke deposition in MFI zeolite nanosheet ( a ) and bulk MFI zeolite ( b ) during methanol-
to- hydrocarbon conversion (Reprinted by permission from Macmillan Publishers Ltd: Ref. [ 137 ], 
Copyright 2009)       
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Improved catalytic stability and selectivity were also demonstrated in the selective 
formation of propylene from methanol. High-silica MFI nanosheets favored a 
higher molecular diffusion compared to the bulk counterpart, presumed to dramati-
cally hinder secondary reactions like aromatization and hydrogen transfer [ 166 ].

    Pt-loaded MFI zeolite nanosheets of different thicknesses were observed to dis-
play catalytic activity in  n -heptane and  n -decane hydroconversion [ 167 – 169 ]. 
Because of a short diffusion path length, catalytic performances revealed a higher 
isomerization yield compared to the bulk counterpart, as branched products were 
presumed to escape before cracking (Fig.  4.28 ). Molecular shape selectivity was 
equally observed with the hierarchical MFI zeolite. The  n -decane test developed by 
Martens et al. [ 170 ,  171 ] has proved to be effi cient for gaining information regard-
ing the observed molecular shape selectivity with MFI nanosheets. Diffusion-based 
discrimination of reaction products in the MFI nanosheets was limited because of 
its remarkable ultrathin thickness [ 168 ]. The presence of molecular shape selectiv-
ity could still be clearly evidenced because of the framework termination in the  b  
direction with 10-MR pore mouths.

   The dimensionality and narrowness of the conventional porous system of zeolites 
often severely limits the surface accessibility and diffusion of bulky species. As het-
erogeneous acid catalysts, hierarchical zeolites have attracted increasing attention 
given the high concentration of external acid sites in the structure of the solids. The 
MFI nanosheets exhibited rapid catalytic conversion in acid-catalyzed reactions 

  Fig. 4.27    Catalytic activity ( a ) and ε-caprolactam selectivity ( b ) as a function of the time on- stream 
during the gas-phase Beckmann rearrangement of cyclohexanone oxime into ε-caprolactam over 
MFI silica catalysts (Reprinted with the permission from Ref. [ 162 ]. Copyright 2011, American 
Chemical Society)       
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involving bulky molecular species (e.g., cracking of branched polyethylene, conden-
sation of 2-hydroxyacetophenone with benzaldehyde, protection of benzaldehyde 
with pentaerythritol, cracking of decalin, and bio-oil) [ 137 ,  149 ,  172 – 174 ]. 
Furthermore, some of these reactions required strong Brønsted acidity at the external 
surface, which is a remarkable feature of the MFI nanosheets. With decalin cracking, 
a linear correlation was successfully established between the number of external 
strong Brønsted acid sites and observed catalytic activity [ 148 ]. Signifi cant varia-
tions in TOF values were later observed over ZSM-5 nanocrystals and nanosheets in 
a gas-phase aromatic (chlorobenzene and nitrobenzene) chlorination reaction using 
TCCA, requiring mild and strong Brønsted acidity, respectively [ 175 ]. 

 Valuable insights into the nature of external catalytic sites were equally provided 
in the cases of ultrathin MFI silica nanosheets during the gas-phase Beckmann rear-
rangement of cyclohexanone oxime to  e -caprolactam (a precursor of Nylon-6) 
(Fig.  4.27 ) [ 162 ]. The reaction requires mild acidity of silanol groups in purely sili-
cate frameworks. Nonetheless, whereas amorphous silicas exhibit poor selectivity 
values, pure MFI silica solids treated in ammonium solutions are known to be the 
most suitable catalyst in the gas-phase reaction. The ammonia treatment generates 
nest silanols by local desilication from the framework, resulting in high activity and 
product selectivity [ 176 ,  177 ]. On the MFI nanosheets, the high catalytic activity 
and selectivity were tentatively attributed to a zeolite confi nement effect, termed the 

  Fig. 4.28    ( a )  n -heptane conversion by Pt(IE)/MFI catalysts plotted as a function of reaction tem-
perature (reaction conditions: WHSV = 6.8 h −1 , H 2 / n -heptane molar ratio = 10, and atmospheric 
hydrogen pressure). ( b ) heptane isomer yield vs. total  n -heptane conversion as a function of 
increasing reaction temperature.  Arrows  indicate the considered maximum isomerization yield 
(Reprinted from Ref. [ 167 ], Copyright 2013, with permission from Elsevier)       

 

R. Ryoo et al.



133

“nest effect,” at the external pore openings (pore mouths) of the surface of the hier-
archical zeolite (010 planes) [ 162 ,  178 ]. Under selected conditions, the solid dis-
played a tenfold catalytic longevity compared to the commercial catalyst, providing 
yet another example of the extended catalytic lifetime following the surfactant- 
directed synthesis approach. 

 Surfactant-directed hierarchical zeolites possessing large external surfaces repre-
sent a valuable addition as a supporting material for metal nanoparticles in a wide 
number of catalytic reactions, e.g., the gas-phase Fischer–Tropsch reaction. The 
MFI zeolite nanosponges exhibited remarkable dispersion of cobalt nanoparticles 
compared to the conventional bulk counterparts, resulting in higher catalytic con-
version of CO to hydrocarbons [ 179 ]. Cobalt metal species display weak interaction 
with silanol groups in zeolite frameworks, tending to aggregate. The nanoparticles 
exhibited a diameter range between 4 and 7 nm, remarkably lower compared to 
those observed in conventional bulk MFI with small external surfaces (10 ~ 50 nm) 
(Fig.  4.29 ). More interestingly, the diameters of the cobalt nanoparticles are quite 
similar to the diameter of the mesopores of the MFI zeolite nanosponge, suggesting 
a confi ning effect for the generation of the cobalt nanoparticles.

   Transition metals exhibiting redox properties were reported to be incorporated 
into the MFI ultrathin framework, using C 16–6–6 (OH) 2  surfactant as a mesopore SDA 
[ 180 ]. Titanosilicate MFI nanosheets were suitable for the epoxidation of bulky 
cyclic olefi ns (e.g., cyclohexene and cyclooctene), displaying enhanced catalytic 
activity compared to TS-1. External Ti sites exhibited lower catalytic activity for the 
epoxidation of terminal alkenes, such as 1-hexene [ 180 ]. Higher catalytic activity 
was later obtained with a highly crystalline lamellar titanosilicate in the epoxidation 
of various bulky alkenes (e.g., 1-hexene, cyclohexene, cyclooctene, and cyclodode-
cene) in the presence of tert-butyl hydroperoxide, cumene hydroperoxide, or aque-
ous H 2 O 2  [ 181 ]. High-crystalline MFI-type stannosilicates (Sn–MFI) with nanosheet 
morphology and isolated framework Sn sites were also synthesized by another 
group [ 182 ]. The Sn source, Si/Sn ratio, crystallization time, and temperature were 
confi rmed to affect framework Sn incorporation and nanosheet morphology. 
Compared to the bulk Sn–MFI counterpart, the 2.5-nm-thick nanosheets displayed 
high activity in the Baeyer–Villiger oxidation of bulky cyclic ketones using hydro-
gen peroxide (H 2 O 2 ). 

 Aside from their successful application as heterogeneous catalysts, surfactant- 
directed mesoporous materials are expected to be of potential interest in future 
exploratory work on the advanced application of adsorption, separation, and sensor 
technologies. Positively charged MFI nanosheets containing the template prior to 
calcination have also been identifi ed as suitable as anion exchangers (Fig.  4.30 ) 
[ 183 ]. The successful synthesis of silicalite-1 zeosil with a lamellar morphology 
was presumed to pave a new way for obtaining zeosil materials of controlled size 
and shape for molecular decontamination [ 184 ]. MFI nanosheets coated on porous 
α-alumina were further reported to be suitable as a selective membrane displaying 
high performance in xylene isomer separation, with a p-xylene/o-xylene separation 
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  Fig. 4.29    TEM images of ( a ,  b ) Co/nanosponge MFI, ( c ,  d ) Co/bulk MFI, and ( e ,  f ) Co/γ-Al 2 O 3  
catalysts. Size distribution of cobalt nanoparticles supported on nanosponge MFI, bulk MFI, and 
γ-Al 2 O 3  were derived from TEM images (Reprinted with the permission from Ref. [ 179 ]. Copyright 
2014, American Chemical Society)       
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  Fig. 4.30    Proposed structure models of positively charged MFI nanosheets prepared by  (a)  C 16–6–6  
and  (b)  C 22–6–6  for the application of anion exchanger (Reproduced from Ref. [ 183 ] by permission 
of the Royal Society of Chemistry)       

factor of 40–70 [ 185 ]. The nanosheets are in addition expected to be used as a 
membrane themselves, without any further treatments. The surfactant-directed 
mesoporous zeolites are equally suitable to be functionalized at the mesopore 
surface by using a high density of silanol groups, as previously reported for hierar-
chical zeolites synthesized in the presence of organosilane molecules.
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4.6         Generation of Hierarchical Pore Structure in Zeolite 
by Random-Graft Copolymers 

 Following the synthesis of surfactant-directed hierarchical zeolites, Ryoo et al. 
reported a new type of dual micro- and mesoporous SDAs in which the multiam-
monium groups were functionalized to a linear polystyrene chain at a random 
interval [ 186 ]. Similar to previous works involving dual-porogenic surfactants, 
the multiammonium group was designed to direct the zeolite architecture. The 
strategy proved to be successful in the synthesis of a variety of zeolite architec-
tures (e.g., MFI and BEA) and their analogues (e.g., aluminophosphate with 
structure type ATO). 

 Concerning the synthesis of hierarchical zeolites, e.g., ZSM-5, representative 
SEM images revealed thin MFI nanocrystals connected into a nanosponge-like 
three-dimensional network morphology (Fig.  4.31 ). Uniform nanocrystals, tailored 
to a thickness of 4.5 nm along the crystal  b -axis, were further illustrated by high- 
resolution TEM analysis. The thickness of the crystals could be systematically tai-
lored according to the size of multiammonium groups. The as-synthesized sample 
exhibited no micro- or mesoporosity, suggesting that the micropores in the zeolite 
domain were occupied by the SDA groups. The mesopores were likely occupied by 
a polystyrene backbone that was inaccessible in the zeolitic micropores. The 
nanosponge- type mesostructure could be retained after removal of polymer by cal-
cination, with high mesopore volume and a large surface area being observed. 
Mesopores were, however, considered to be not as highly ordered as in mesoporous 
MCM-41 materials. The present strategy could generate a very narrow distribution 
of mesopore diameters, which were easily tailored according to the functionaliza-
tion degree of multiammonium groups in the polymer [ 186 ].

   To explain the formation of zeolite mesostructure, a polymer-fringed micellar 
crystallization mechanism was proposed (Fig.  4.32 ). Tight binding of the polymer 
side groups with inorganic species was believed to lead to an increase in inorganic 
concentration along the polymer chain. Hence, polymerization of inorganic spe-
cies was promoted to form a mesostructured polymer–inorganic composite gel. 
Upon subsequent solvothermal treatment, the inorganic was transformed to a crys-
talline framework as tight bonding to the polymer was maintained. Following the 
crystal growth, steric hindrance imposed by the rigidly bound polymer-like cap-
ping agent was claimed to restrict the crystal thickness to a micelle-like region of 
only a few nanometers. Further crystal growth leading to Oswald ripening is there-
fore suppressed.

   The synthesis of hierarchical materials capped by multiammonium- functionalized 
polymers was further reported to be successful for the synthesis of TiO 2  nanosheets 
of sub-nanometer thickness and mesoporous TiO 2 , SnO 2 , and ZrO 2 . The simple and 
potentially mass-producible synthesis was concluded to be a valuable addition in 
gaining accessibility to unexplored mesostructured materials.  
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4.7     Conclusion 

 The sole presence of the microporous architecture in zeolites often induces a severe 
intracrystalline diffusion limitation. Full utilization of a zeolite is, in this case, rarely 
achieved. Over the years, exploratory work has led to the synthesis of hierarchical 

  Fig. 4.31    MFI zeolite nanosponge synthesized using polymer-fringed crystallization mechanism. 
( a ) Molecular structure of polymer used in the MFI zeolite synthesis. ( b ) and ( c ) SEM and TEM 
images of MFI zeolite nanosponge (as synthesized). ( d ) and ( e ) TEM image and XRD pattern of 
MFI zeolite after removal of polymer by calcination; ( f ) argon sorption isotherm of the calcined 
MFI zeolite at 87 K, in comparison with bulk MFI. ( g ) Pore size distribution derived from the 
adsorption isotherm, using nonlocal density-functional-theory method (Reproduced from Ref. 
[ 186 ] by permission of John Wiley & Sons Ltd)       
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zeolites using top-down or bottom-up approaches. In this chapter, we have given an 
overview of various methods for synthesizing zeolites possessing a system of meso-
pores in addition to their intrinsic microporous architecture. Recent advances in 
strategies for enhancing zeolite accessibility and effectiveness for applications in 
adsorption, separation, and catalysis were carefully examined. 

 Of the top-down methods, post-synthetic demetallation is among the most com-
monly reported. This simple approach can effectively generate mesopores in zeo-
lites, with practical applications at a mass-production scale. The treatment 
conditions, however, require further optimization for individual zeolites of particu-
lar structure types and, furthermore, of different Si-to-Al molar ratios. Furthermore, 
depending on the selected conditions, framework defect sites are often generated, 
leading to decreased crystallinity, changes in acidic properties, and poor hydrother-
mal or thermal stability when compared to the bulk counterpart. 

 Compared with demetallation, hard-templating approaches have the advantage 
of controlling the mesoporous texture and preserving zeolite crystallinity. Although 
a variety of solids have been used, the most general and versatile approaches apply 
different types of porous carbons. In addition to the use of expensive materials as 
hard templates, the synthesis conditions should be optimized to ensure that a con-
fi ned zeolite crystallization occurs exclusively inside the pores of porous templates 
or the interstitial space between template particles. 

 Synthetic methods using zeolite-structure-directing surfactants are a valuable 
addition, suitable for the synthesis of a wide range of zeolitic architecture (e.g., 
MFI, BEA, MTW, and MRE). Various surfactants can be designed to control the 
zeolite framework types, framework thickness (typically, 1.5 ~ 6 nm), and mesopore 
diameters (typically, 3 ~ 15 nm) between frameworks in an active manner. The zeo-
lite framework type is determined by a rational choice of the zeolite-structure- 
directing functional group. The thickness of the zeolite framework (i.e., mesopore 
wall) can be tailored by the number of the structure-directing modules in the func-
tion group. The mesopore diameter can be tuned further by the surfactant tails and 
by the addition of a pore-expanding agent. The surfactant-directed zeolites typically 
exhibit the morphologies of nanosheets or nanosponges. The mesopores are disor-

  Fig. 4.32    Schematic description of polymer-fringed inorganic micellar crystallization 
(Reproduced from Ref. [ 186 ] by permission of John Wiley & Sons Ltd)       
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dered but often have quite a narrow pore size distribution comparable to ordered 
mesoporous silicas. The resulting hierarchical zeolites (and zeotypes) have a high 
specifi c volume of mesopores and very high BET surface area. Another attractive 
approach is to use amorphous linear polymers as a two-level hierarchical structure- 
directing agent. In this method, the polymers are functionalized with zeolite-
structure- directing groups as in the zeolite-structure-directing surfactants. The 
polymers can generate mesoporous zeolite nanosponges with controlled pore diam-
eters and pore wall thickness. 

 Compared to their conventional bulk counterpart, hierarchical zeolites synthe-
sized using the aforementioned methods show rapid molecular diffusion. In addi-
tion, the mesostructured zeolites have much larger external surfaces where the large 
molecules can be adsorbed. Such properties have signifi cant merits and point to a 
high future potential of the mesostructured zeolites as heterogeneous catalysts and 
high-valued supporting materials for metal nanocatalysts.     
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Chapter 5
Structure Determination of Zeolites 
by Electron Crystallography

Tom Willhammar and Xiaodong Zou

Abstract Electron crystallography has shown to be an important method for struc-
tural characterization of zeolites. Electron crystallography is a method which com-
prises several important advantages over other characterization methods. With the 
electron as a probe, single-crystal diffraction data can be obtained from crystals 
million times smaller than what is possible with X-ray methods today. This is an 
important advantage especially for zeolites since they are often obtained as very 
small crystals. Electrons also enable the formation of images of a specimen with the 
atomic resolution. This is of essential importance when studying materials that are 
very complex or contain disorder. Over the years electron crystallography has been 
used for structure determination of zeolites. Through methodological advances dur-
ing the last few years, it has evolved into an even more powerful method with cru-
cial importance for structure determination. This chapter gives an introduction to 
electron crystallography and various electron crystallographic methods and their 
combinations with other methods used for structure determination of zeolite materi-
als. Different routes for structure determination are described through examples 
from recently reported structure determinations.
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5.1  Introduction

Knowledge about the structures of zeolites is essential for understanding their prop-
erties, for developing new applications, and for designing new materials. Structure
determination of zeolites is challenging because zeolites are often polycrystalline, 
their structures are often complex with large unit cells, and the materials are some-
times disordered. The most common techniques used for structure determination of 
porous materials are single-crystal X-ray diffraction (SXRD), powder X-ray dif-
fraction (PXRD), and transmission electron microscopy (TEM).

The standard technique for structure determination is single-crystal X-ray dif-
fraction. The complete three-dimensional (3D) reciprocal lattice of a crystal can be
collected from a crystal using either an in-house diffractometer or a synchrotron 
light source. The SXRD intensities are often kinematical and can be used to solve
unknown structures of a large variety of complexity by a number of different meth-
ods. The structure solution is often straightforward and can be done in a few hours. 
The major limitation of structure determination by SXRD is the crystal size, which
needs to be at least a few micrometers even using a brightest synchrotron light 
source. Another limitation is that it is difficult to determine structures of disordered 
crystals by SXRD. Only a limited number of zeolite materials were solved from
SXRD, since it is relatively difficult to obtain large enough single crystals of zeo-
lites. During the past 5 years, 11 new zeolite framework structures have been solved
by single-crystal X-ray diffraction. These are aluminogermanates (PKU-9 (PUN))
[1], silicogermanates (SU-15 (SOF), SU-32 (STW)) [2], gallogermanates (CJ63
(JST), JU-64 (JSR)) [3, 4], aluminophosphates (CJ40 (JRY), CJ62 (JSW), CJ69
(JSN)) [3, 5–7], the beryllosilicate LSJ-10 (JOZ) [8], and the high-silica zeolite 
SSZ-57 (*SFN) with a disordered modulated structure [9].
For crystals too small for SXRD, powder X-ray diffraction has been an obvious

choice. PXRD data is collected from millions of randomly oriented crystals in order
to obtain strong enough diffraction intensities. The collection of PXRD data is very
simple on in-house or synchrotron sources. The drawback of PXRD data is the peak
overlap. Since intensities from crystals with different orientations are measured
simultaneously, the 3D information of the reciprocal lattice is lost and projected
onto one dimension. This results in overlap of reflections with similar d-spacings in 
PXRD patterns. This will lead to the fact that the intensity of some reflections can-
not be determined unambiguously, which makes the structure determination by
PXRD much more difficult than that by SXRD. Reflection intensities are extracted
from PXRD data after a Le Bail fitting, which can give approximate single-crystal-
like data for structure solution. Different methods have been developed to deal with
the overlapping problem and to solve unknown structures by PXRD data [10–12]. 
During the past 5 years, PXRD has been the most important technique for structure
determination of zeolites. More than 20 new zeolite structures have been solved
from PXRD data. These are the ITQ-series (ITQ-32, ITQ-33 (ITT), ITQ-34 (ITR),
ITQ-44 (IRR), ITQ-49) [13–17], SSZ-series (SSZ-52 (SFW), SSZ-56 (SFS), SSZ-
65 (SSF), SSZ-77 (SVV), and SSZ-82 (SEW)) [18–22], IM-series (IM-16 (UOS)

T. Willhammar and X. Zou



153

and IM-20 (UWY)) [23, 24], LZ-135 (LTF) [25], STA-15 (SAF) [26], MCM-70
(MVY) [27, 28], Linde type J (LTJ) [29], COK-14 (OKO) [30], ZnAlPO-57 (AFV)
[31], ZnAlPO-59 (AVL) [31], ERS-18/SSZ-45 (EEI) [32], and the oxonitridophos-
phate-2 (NPT). Recently we demonstrated that zeolites and open-framework struc-
tures could be solved from PXRD data using a direct-space structure solution
algorithm based on the building units identified by, for example, infrared spectros-
copy [33].

Although structure solution by powder diffraction has been more and more pow-
erful with new methods emerging, structures of many porous materials can still not 
be solved by PXRD alone. Among these are complex structures with large unit cells
that cause severe reflection overlapping and crystals containing defects such as 
intergrowth and stacking disorders. For such materials, electron crystallography is
the best alternative. Electron crystallography is an important tool for structure deter-
mination of materials where the crystals are too small to be studied by SXRD or the
structures are too complex to be studied by PXRD. One important advantage of
using electrons instead of X-rays is that electrons interact with matter much stron-
ger than X-rays do and can be used for studying nano-sized crystals. This means 
that X-ray powder samples behave like single crystals under the electron beam.
Another unique advantage is that high-resolution transmission electron microscopy 
(HRTEM) images can be obtained, which provide detailed information about atomic
arrangements in a crystal. In addition, possible disorders can be directly seen by
HRTEM. Electron crystallography has become more and more important for struc-
ture determination of unknown zeolites. Since 2006, 16 novel zeolite structures
have been solved by electron crystallography alone or in combination with other 
techniques. These are TNU-9 (TUN) [34], IM-5 (IMF) [35], SSZ-74 (−SVR) [36], 
ITQ-26 (IWS) [37], ITQ-37 (−ITV) [38], ITQ-38 (ITG) [39], ITQ-39 (*-ITN) [40], 
ITQ-40 (−IRY) [41], ITQ-43 [42], ITQ-51 (IFO) [43], ITQ-53 [44], ITQ-54 [45], 
PKU-14 [46], PKU-16 (POS) [47], EMM-23 (*-EWT) [48], and SU-78 [49]. The 
power of electron microscopy for structural analysis of zeolites and other porous 
materials has been reviewed in several articles [50–55].
In this chapter we present the different electron crystallographic techniques and

their applications on structure determination of zeolites. We will describe several 
advanced methods that are important for structure determination by electron crys-
tallography: precession electron diffraction (PED) [56], 3D electron diffraction as
represented by automated diffraction tomography (ADT) [57, 58] and rotation elec-
tron diffraction (RED) [59, 60], structure projection reconstruction by image pro-
cessing [61–63], and 3D reconstruction from HRTEM images [64]. The recently 
developed techniques have made the structure determination by electron crystal-
lography more feasible, even for non-TEM experts. We will demonstrate how the
various electron crystallographic methods are chosen and used for solving different 
structural problems in porous materials. We will also show the benefits of combin-
ing electron crystallography and X-ray diffraction for studying complex zeolite 
structures. We give a number of examples where various electron crystallographic 
techniques are used and combined for structure determination of zeolites.
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5.2  Recent Advances of Electron Crystallographic Methods

This chapter aims at describing recent advances in methods based on electron crys-
tallography and electron microscopy. For a comprehensive general description of
electron crystallography, we recommend the book “Electron Crystallography –
Electron microscopy and electron diffraction” Oxford University Press, by Zou,
Hovmöller, and Oleynikov [64].

Ab initio structure determination of porous materials can be done by electron 
diffraction and HRTEM. The advantage of using HRTEM images is that both the
structure factor amplitudes and phases, which are needed for structure determina-
tion, can be obtained directly from HRTEM images. In diffraction, the structure
factor phase information is lost and has to be determined by other methods. On the 
other hand, it is relatively easier to collect good electron diffraction patterns than to 
take high-quality HRTEM images.

5.2.1  Precession Electron Diffraction and 3D Electron 
Diffraction Techniques

The first publication of structure determination by electron diffraction (ED) was
reported already in 1937 [65]. Although methods for quantifying electron diffrac-
tion patterns are developed [66] and examples of structure solution by electron dif-
fraction were reported [67], the development of this method was hampered by the 
fear of dynamical effects. It was difficult to obtain complete 3D electron diffraction
data because one needs to collect a large number of individual ED patterns along 
different zone axes. Furthermore, it was not easy to merge the 2D ED data in order
to obtain the 3D data. Structure determination by electron diffraction was time con-
suming and required extensive expertise.

The developments on new electron diffraction techniques have made structure 
determination by electron diffraction more feasible. The precession electron dif-
fraction (PED) technique invented by Vincent and Midgley 1994 [56] brought 
large attentions and interests in using electron diffraction data for structure solu-
tion. The electron precession is often controlled by dedicated PED hardware; the
incident electron beam is tilted away by an angle from the optical axis and pre-
cessed around the optical axis. The PED pattern is an integration of all ED frames
during the beam precession. We recently developed a software-based method for 
collecting PED data [68], where individual ED frames before the combination are 
collected and saved. The ED frames can be combined later to generate the PED
pattern. Compared to conventional electron diffraction, the resolution of PED is
higher and dynamical effects are reduced, due to the off-axis beam inclination 
where fewer reflections are excited simultaneously at the exact Bragg condition 
[69]. Precession electron diffraction has been used for solving unknown structures

T. Willhammar and X. Zou



155

of inorganic compounds [70] and zeolites [71]. Intensities were extracted from
PED patterns along different zone axes and merged to obtain 3D PED data for the
structure solution.
Recently two automated methods have been developed for complete 3D electron

diffraction data collection and processing: automated diffraction tomography 
(ADT) [57, 58] and rotation electron diffraction (RED) [59, 60]. In both ADT and
RED methods, electron diffraction frames can be collected in either selected-area
electron diffraction (SAED) mode or nano-electron diffraction (NED) mode. The
ADTmethod is performed on a scanning transmission electron microscope (STEM)
with or without precession. ED frames are collected sequentially in a fine step (usu-
ally 1°) by tilting around an arbitrary axis of a crystal. The sequential crystal tilt is 
computer controlled and crystal tracking during the tilt can be done in TEM or
STEM mode. The software package ADT3D was developed for processing the ED
frames and extracting the ED intensities, which includes the reconstruction of recip-
rocal space, determination of the unit cell parameters, reflection indexation, and 
intensity integration.
The rotation electron diffraction (RED) method runs in the TEM mode. The

RED data collection combines the goniometer tilt with a fine electron beam tilt,
which allows the collection of 3D electron diffraction data with fine sampling steps
down to 0.001°; see Fig. 5.1 [59]. The data collection is controlled by the RED data
collection software package [60]. Typically a beam tilt of 0.1–0.4° per step is com-
bined with a goniometer tilt of 2–3° around a common tilt axis. More than 1000 ED
frames can be collected in less than 1 h using this method. The ED patterns are 
analyzed using the RED data processing software package [60], which includes 
shift correction, peak search, unit cell determination, indexation of reflections, and
intensity extraction.
The 3DADT and RED methods have many advantages compared to the conven-

tional 2D zone-axis electron diffraction methods. Firstly almost complete 3D data
can be collected from one single crystal; the data within the missing cone may be
generated from the symmetry-related reflections or collected from another crystal 
with different orientations. Secondly dynamical effects can be reduced because
fewer reflections are present in each ED frame compared to a zone-axis ED pattern. 
More importantly, there is no need to have a crystal zone axis aligned in parallel to
the electron beam and the data collection can start from any arbitrary orientation of 
the crystal. This means that the data collection no longer requires skilled operators
and is feasible for non-TEM experts. The development of the ADT and RED meth-
ods has been revolutionary and turned a transmission electron microscope into a 
single-crystal electron diffractometer. Complete 3D single-crystal ED data can be
collected from crystals of 50 nm in size, million times smaller than what is needed
on a synchrotron source. As it will be shown later, the ADT and RED intensities
have good quality and can be used for ab initio structure solution and refinement. A 
large and rapidly increasing number of new structures have been solved from the 3D
electron diffraction data, among which are several zeolites.
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5.2.2  High-Resolution Transmission Electron Microscopy 
(HRTEM) and Structure Projection Reconstruction by 
Image Processing

High-resolution transmission electron microscopy (HRTEM) is the most common
imaging technique used for studying porous materials at atomic scale [64]. Recent
developments of transmission electron microscopes with image aberration correc-
tors have pushed the resolution limit into the sub-angstrom level. However, for zeo-
lites the image resolution is mainly limited by the materials due to the electron beam 
damage and not by the TEM. The stability of a porous material under electron beam
can vary greatly, depending on the structure and composition of the material and the 
guest species in the pores.

Fig. 5.1 Schematic representation of the concept of the rotation electron diffraction (RED) 
method. RED data (individual ED frames) are collected by combining beam tilt and goniometer
tilt. The 3D reciprocal lattice is reconstructed from the RED data. Intensities and positions of the
reflections in reciprocal space are obtained and can be visualized. After further data processing, the 
unit cell is determined and the reflections are indexed. A resultant hkl list is then used to determine 
the atomic structure of the crystals. The example used here is the zeolite silicalite-1 (Reprinted
from Ref. [60]. Reproduced with permission of the International Union of Crystallography)
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For porous materials, low electron doses are often needed in order to minimize
the radiation damage, and thus the signal to noise ratio in the obtained HRTEM
images is usually very low. Working under low electron dose conditions requires
high TEM skills and patience. More seriously, HRTEM image is usually not directly
interpretable in terms of structure projection due to various reasons. One reason is 
dynamical effects, i.e., electrons are scattered more than once when passing through 
the sample. This should be minimized by working on very thin crystals. Another
reason is the optical distortions caused by lens aberrations in the TEM. The image
contrast changes with the imaging conditions, for example, the alignment of the 
electron optics and the focus of the objective lens; see Fig. 5.2a–d.
The HRTEM images show very different contrasts and do not always represent

the structure projection (Fig. 5.2a–d). At different defocus values, the objective lens 
of a TEM transfers the structure to an HRTEM image differently, changing the con-
trast of the image. The effects of defocus and other optical parameters on an HRTEM
image can be represented by a contrast transfer function (CTF) T(u) [64]:

 
T D D Csu u u u u u( ) = ( ) ( ) = ( ) +( )sin sinc pel l2 3 4½

 
(5.1)

where λ is the electron wavelength, ε the defocus value, and Cs the spherical- 
aberration coefficient of the objective lens. D(u) is an envelope function that slowly 
decreases from one at u=0 to zero at u = infinitive due to the partial coherence of the 
electron beam. Once the defocus value is determined, the CTF can be calculated
according to Eq. (5.1).
The CTF transfers the diffracted electron beams in different ways. The diffrac-

tion amplitudes are directly proportional to the structure factors F(u) of the crystal 
under kinematical approximation. The structure factors F(u) is defined as

Fig. 5.2 (a–d) HRTEM images of zeolite ITQ-39 taken along [100] from the same crystal area but
with different defocus values, (a) −678 Å, (b) −358 Å, (c) −38 Å, and (d) +282 Å. (e) A structure 
projection image reconstructed from 20 HRTEM images. The defocus determination and structure
projection reconstruction were carried out using the program QFocus [63] (Reprinted by permis-
sion from Macmillan Publishers Ltd: Ref. [40], Copyright 2012)
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where fj(u) is the atomic scattering factor of the jth atom in the unit cell and N is the 
total number of atoms. F(u) is a complex and contains an amplitude part |F(u)| and 
a phase part ϕ(u)
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For thin crystals, the HRTEM image is related to the crystal projection in a simple
way, and the crystallographic structure factors F(u) can be obtained from the 
HRTEM image by
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where I(u) is the Fourier transform of the image and k is a constant. Equation (5.4) 
shows that the phases of F(u) and I(u) are the same if T(u)>0 and differ by 180° if
T(u)<0 [64]. An HRTEM image can be interpreted directly in terms of the structure
projection only if it is taken under the optimum defocus conditions (i.e., near the
Scherzer defocus) (Fig. 5.2b). For HRTEM images taken under other conditions,
different image processing approaches can be used for retrieve the structure 
projection.

One approach to reconstruct structure images is crystallographic image process-
ing of HRTEM images [61, 62]. The defocus and astigmatism values can be deter-
mined from the Fourier transform of the HRTEM image, if there exists amorphous
region on the crystal. The effects of the CTF on the HRTEM image can be compen-
sated for by image processing, according to Eqs. (5.1) and (5.4). This image can be 
further improved by imposing the crystallographic symmetry. These procedures can 
be carried out by the crystallographic image processing software CRISP [61] and 
work for single HRTEM images [72]. Crystallographic image processing is espe-
cially helpful for HRTEM images of periodic objects with low signal to noise ratios,
where the image quality can be improved by averaging the unit cells and imposing 
the symmetry.
For crystals where the periodicity is interrupted by faults and boundaries, unit

cell averaging and symmetry cannot be applied. If there is little amorphous region
in the HRTEM image, it is difficult to determine the defocus and astigmatism from
a single image. Recently we have developed a structure projection reconstruction
method from through-focus series of HRTEM images [63]. The defocus values are 
determined jointly from the through-focus series of HRTEM images with a known
defocus step by evaluating the phase similarities of F(u) over the entire u-values 
(pixels) in the Fourier transforms of the HRTEM images. F(u) is calculated 
according to Eq. (5.4) using a trial defocus value for the first image in the series. 
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The defocus values for other images are calculated from the trial defocus value 
and the defocus step. The trial defocus value with the highest phase similarity will 
be the correct defocus. The twofold astigmatism in the HRTEM images can also
be estimated. A projected electrostatic potential image is obtained from each 
HRTEM image in the series by the CTF correction based on Eqs. (5.1) and (5.4) 
using the following equation:
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The final corrected images were added together to reconstruct an image that is 
closer to the structure projection than the individual images (Fig. 5.2e). The struc-
ture projection reconstruction method has been implemented into the computer pro-
gram QFocus [63]. The number of HRTEM images in a through-focus series is
typically 10–20.

The through-focus structure projection reconstruction method using the program 
QFocus is more general and can be applied to both periodic and nonperiodic objects.
This is especially useful on beam-sensitive and disordered materials, because the 
signal to noise ratio can be greatly enhanced by averaging reconstructed images 
taken at different defocus values. It is also beneficial for non-TEM experts and save
time, because there is no need in finding the optimum defocus value when recording 
an HRTEM image, which also avoids unnecessary exposure of the sample to elec-
trons. The chance to obtain a good structure image after image processing is greatly 
increased. The structure image can be used to build structural model and determine 
the crystallographic structure factors, which are important for structure determina-
tion. The later can be done using the crystallographic image processing program 
CRISP [61, 62, 64, 72].

5.2.3  STEM Imaging of Zeolites

The basic principle of scanning transmission electron microscopy (STEM) imaging
is that the electron beam is focused onto the specimen, forming a small probe. The 
probe is scanned in a raster over the sample by coils above the specimen. The dis-
tance between each raster point defines the magnification. The resolution of a STEM
image is determined by the size of the probe. Modern aberration-corrected micro-
scopes have pushed the limit of the probe size into a new era, allowing resolution in 
the sub-angstrom range. As the electron beam passes through the sample, it inter-
acts with the sample and the transmitted beam will be scattered. There are a number 
of different detectors available detecting electrons scattered at different angles. A 
bright-field detector will detect the intensity of the unscattered electrons and elec-
trons scattered at low angles. An annular dark field (ADF) detector will detect the
scattered electrons at high angles. If an ADF detector is designed to collect
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electrons at high scattering angles, it is called high-angle annular dark field
(HAADF) detector. The electrons detected by the HAADF detector are generally
inelastically scattered by the atomic nuclei. Hence the contrast formed by such 
events is related to the atomic number and therefore called Z contrast. The contrast 
of a STEM image is not altered by any contrast transfer function and is normally
more easily interpreted as the projection of the specimen.
A second advantage of STEM imaging is that it allows collection of spectro-

scopic data from each of the raster points. This gives the possibility to construct a 
2D map containing information about, for example, the composition. This is espe-
cially powerful in combination with atomic resolution imaging.
During the very recent years STEM imaging has been successfully applied to

studies of zeolites [73–76]. STEM-HAADF images are especially suitable for stud-
ies of, e.g., zeolites loaded with atoms or clusters of atoms. Mayoral and coworkers
have shown that clusters of silver ions can be imaged inside the pores of zeolite A;
see Fig. 5.3 [73, 74].

5.2.4  3D Reconstruction of HRTEM and STEM Images

Because each HRTEM or STEM image is only a 2D projection of a 3D structure, it
is necessary to combine images from different projections to reconstruct the 3D
structure. The 3D reconstruction is performed in reciprocal space by determining
the crystallographic structure factor F(hkl) from a series of projections. The 3D
electrostatic potential distribution φ (xyz) inside a crystal can be calculated from the 
structure factors F(hkl) by inverse Fourier transformation:

 
ϕ λ

σ
πxyz hkl i hx ky lz

hkl

( ) = ( ) − + +( ) ΩΣF exp 2
 

(5.6)

where σ is the interaction constant and Ω the unit cell volume.

Fig. 5.3 STEM-HAADF images of zeolite A loaded with silver ions viewed along [100] (a) and 
(b). The structural model of zeolite A with silver ions inside (c) for comparison (Reprinted from
Ref. [74], Copyright 2013, with permission from Elsevier)
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A 3D electrostatic potential map can be obtained by Fourier summation of struc-
ture factors for all reflections using Eq. (5.6). If the resolution is high enough so that
peaks in the reconstructed 3D electrostatic potential map are well resolved, the
atomic positions can be directly located from the 3D map. The resolution that is
needed to resolve the desired atoms should be higher than the interatomic distances, 
for example, 1.6 Å for Si-O and 3.1 Å for Si-Si distances. For zeolites, it is often
sufficient to find the Si/Al positions in order to build a framework model, since
oxygen atoms are always located between the Si and Al atoms. Light atoms are
always difficult to be seen in the presence of heavy elements.

Theoretically, one might expect that it is necessary to collect all reflections 
within a desired resolution range in order to obtain the 3D potential map from which
atomic positions are determined. However, it is very time consuming and practically 
impossible to collect all the projections. The number of projections that is needed 
for a 3D structure determination depends on the symmetry of the crystal and how
the strong reflections are distributed. It is enough to determine the structure factors
of symmetry-independent reflections; other reflections can be generated according
to the symmetry [64]. The higher the symmetry, the fewer number of projections 
must be measured. Figure 5.4 illustrates the significance of strong and weak reflec-
tions, phases, and amplitudes on a structure solution. It can be seen that strong
reflections are more important than weak reflections for structure solution, because
strong reflections contribute more to the potential in a 3D potential map than weak
reflections. Missing strong reflections may result in a wrong 3D map. In fact, weak
reflections can be ignored during structure solution, but they are important for the 
structure refinement. Furthermore, structure factor phases are more important than
amplitudes, because they determine the locations of the peak maxima and thus the
atomic positions. Amplitudes, on the other hand, mainly affect the relative peak
heights.
In conclusion, in order to obtain a 3D electrostatic potential map from which the

most significant (heavy) atomic positions can be located, we need to collect all strong
reflections within the asymmetric unit and be sure that the phases of the strongest reflec-
tions are correctly determined.A number of complex structures have been solved by 3D
reconstruction from HRTEM images, including oxides, intermetallic phases, mesopo-
rous silica, and zeolites. This method is rather demanding and often requires extensive 
experimentalwork bywell-trained electronmicroscopists to take goodHRTEM images.
One example is the structure solution of the quasicrystal approximant υ-AlCrFe, where
HRTEM images from 13 zone axes were used for the 3D reconstruction [77]. It is one
of the most complex inorganic structures solved by electron crystallography, with 129
symmetry-independent atoms. A simpler and more feasible approach for structure 
determination of complex structures is to combine electron crystallography and powder 
X-ray diffraction. This is especially useful when the number of structure factor ampli-
tudes and phases obtained from the HRTEM images is not enough or the quality is high
enough to reach the structure solution. The structure factor phases obtained from the 
HRTEM images can be used as initial phases for structure determination by PXRD.The
combination of electron crystallography and powder X-ray diffraction has been essen-
tial for the structure solution of three most complex zeolite structures [34–36].
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5.3  Different Routes for Structure Determination by 
Electron Crystallography

We have described the different electron crystallographic methods for structure 
determination of zeolites. Because each new material has its own unique character-
istics, it gives great challenges to the structure determination process. Different 
routes for structure solution may be needed for different zeolites. Some common
obstacles are small crystal size, low beam stability causing degradation in the 

Fig. 5.4 Significance of strong and weak reflections, phases, and amplitudes for the structure
solution, demonstrated here using the potential map of K2O•7Nb2O5 projected along the c-axis. (a) 
Projected electrostatic potential map reconstructed from an HRTEM image. Insert: the structural 
model. All Nb atoms are resolved. The positions of oxygen atoms are between the Nb atoms. (b) 
A map using only the strongest half of the reflections. The map is very similar to that in (a), show-
ing that the weak reflections are less important for structure solution. (c) A map with all amplitudes 
set equal and phases unchanged from those used in (a). The Nb peaks are sharp and clearly
resolved. This shows that as long as the phases are correct, the amplitudes can have large errors in 
structure solution. (d) A map with the phase of one strongest reflection shifted by 180° while all
other amplitudes and phases are kept the same as in (a). The map now differs significantly from 
(a). The peaks are no longer sharp and some have shifted from those seen in (a) (Reproduced from
Ref. [55] by permission of John Wiley & Sons Ltd)
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electron beam, high complexity of the crystal structure, and presence of elements 
interrupting the translational symmetry such as twinning, stacking disorder, or other
kinds of disorder. Electron crystallography has the tools to overcome many of these
obstacles.

The process of determining a crystal structure can be divided into two main 
steps. The first step is to find a plausible structural model, i.e., the structure solution. 
There are a number of existing methods available to obtain a structural model. Ab 
initio structure solution by well-established methods directly from diffracted inten-
sities is just as feasible as model building, with just general information about the 
specimen as a base; see Fig. 5.5 for an overview of some possible routes for struc-
ture solution including electron crystallographic methods. This means that for struc-
ture solution it is important to have a broad knowledge about different available
methods for structure solution as well as deep understanding of zeolite structures. 

Fig. 5.5 A map illustrating some possible routes for structure solution from electron diffraction 
patterns, HRTEM images, and PXRD data. Routes marked by black lines are suitable for ordered 
structures and routes marked by red lines for disordered structures. Blue routes indicate that addi-
tional symmetry information may be needed
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Many zeolite structures are built from the same building units, assembled in differ-
ent ways. The second step of the structure determination process is to verify the 
structure. This process has to be done with great care and perfection. For ordered
structures the structure verification is done mainly by a least-squares refinement 
between experimental and calculated diffracted intensities. These refinements 
should converge to reasonable levels according to conventions. In some cases a
proper refinement is not doable, for example, for heavily disordered materials. In
this case the structure verification involves obtaining as much information as pos-
sible from different sources and using them to confirm the proposed model.

5.3.1  Routes Based on Electron Diffraction

For materials with ordered structures electron diffraction is often the method of
choice. Collecting electron diffraction data requires a lower electron dose compared 
to HRTEM imaging and is hence more suitable for beam-sensitive materials.
Because of the dynamical effects, care has to be taken during data collection to
achieve intensities as kinematical as possible. This can be done by choosing thin
crystals. Dynamical effects can be further reduced by using either PED or a 3D
electron diffraction technique such as RED or ADT.
Over the last half decade, the development of 3D electron diffraction techniques

has simplified the data collection significantly and enabled collection of more 
 complete data. With these new methods, it is now possible to collect and reconstruct 
the reciprocal lattice of crystalline materials. From the reciprocal lattice, the intensi-
ties of reflections can be extracted and used, for example, for ab initio structure 
solution. Structure solution from RED orADT has shown to be very powerful. It has
now evolved into a method for routine structure solution of materials that have 
ordered structures and are stable enough for collection of electron diffraction data. 
Ab initio structure determination can be made using different available methods 
developed for SXRD. Direct method is the most well-used method available in, e.g.,
SHELX [78] and SIR [79] software packages. Another way of phasing the electron
diffraction intensities is to use the zeolite-specific program FOCUS [10], originally 
designed for X-ray diffraction, which has been modified to fit electron diffraction 
data [80]. It is also possible to use charge flipping of real-space methods to obtain a
structural model.

Over the years electron diffraction data has also been used to complement struc-
ture solution by other methods, often PXRD. From electron diffraction, the unit cell
can be easily determined since the data does not suffer from peak overlapping.
Together with the unit cell, systematic absences as well as point group symmetry 
can be deduced. This information is crucial since it can be very difficult to obtain 
from PXRD data. Electron diffraction can also be used to pre-partition the intensi-
ties of the PXRD peaks.
Recently a new approach to use electron diffraction data has shown to be power-

ful. By applying the charge-flipping algorithm [81, 82] implemented in the program 
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Superflip [83] on intensities extracted from a 2D precession electron diffraction 
(PED) pattern, the projected potential of the crystal can be determined [84]. This 
means that the structure factor phases of reflections in one reciprocal lattice plane 
can be determined. These phases can be used either as starting phases for a structure 
solution by charge flipping or to produce an envelope function that can be used in, 
for example, the zeolite-specific software FOCUS [10]. An envelope function is a 
function defining the boundary between voids and matter inside the porous structure 
and can be used as a form of preknowledge in the structure solution process.

5.3.2  Routes Based on HRTEM Imaging

Taking good HRTEM images are more demanding than to collect electron diffrac-
tion data, but it is often more rewarding. HRTEM images have several benefits over
diffraction techniques. Firstly the crystallographic structure factor phases can be
extracted, which is of outermost importance during structure determination. 
Secondly HRTEM images give local information, whereas diffraction techniques
always average over a whole crystal or even a large number of crystals. The local 
information is crucial when studying disordered materials. The occurrence of disor-
der in crystals will create diffuse scattering which in many cases obstruct structure 
solution ab initio from diffraction data. One common form of disorder in zeolite 
structures is the stacking of layers. This will generate diffuse streaks perpendicular
to the layer in reciprocal space. Important information about, e.g., the stacking vec-
tor can be determined, by examining the sharp spots and diffuse streaks of the recip-
rocal lattice. But in order to obtain a structural model, it is often necessary to study 
the local structure atom by atom, which can only be done using images.
Structure solution from HRTEM images mainly follows two routes, either model

building or 3D reconstruction. Model building utilizes HRTEM images along one or
more projections and is sometimes combined with additional information from 
NMR, adsorption, electron diffraction, and other methods. From all the available
information, a feasible model is built. Model building is a technique that needs
knowledge and experience in the type of materials studied. It has shown to work
well for structure solution of numerous zeolite structures over the years. A more 
general route is to use 3D reconstruction of HRTEM images acquired along several
different zone axes. Each of the images shows the projected potential of the 
specimen. By merging information from several projections, a 3D reconstruction of
the projected potential can be constructed; see Sect. 5.2.4. From the 3D potential,
the atomic positions in the material can be found.
The structure factor phase information extracted from HRTEM images can also

be used as prior knowledge for ab initio structure solution from PXRD data. The
structure factor phases can then be used as starting phases for structure solution 
using charge flipping. This method has played a crucial role in the structure solution 
of several of the most complex zeolite structures. The phase information can be 
used as prior knowledge for ab initio structure solution from PXRD data.
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The following sections will describe these different routes for structure determi-
nation using electron crystallography in more details. This will be done through 
examples taken from recently reported structure determinations.

5.4  Structure Determination by Electron Diffraction

5.4.1  Structure Determination of Zeolites by Combining Zone 
Axis ED Patterns

Structure determination can be made by combining ED patterns along different
zone axes. Conventional selected-area electron diffraction (SAED) and precession
electron diffraction (PED) patterns are often taken along a certain crystal direction
(called zone axis) and the patterns appear symmetrical (Fig. 5.6a–c). ED patterns 
from several different zone axes can be collected from one or several crystals and 

Fig. 5.6 Electron diffraction data from three main zone axes of SSZ-48 and the structural model
obtained from electron diffraction by direct methods completed with the oxygen atoms that were 
missing in the structure solution (Reprinted with the permission from Ref. [86]. Copyright 1999
American Chemical Society)
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then merged into a 3D dataset. Several zeolite structures such as MCM-22 [85], 
SSZ-48 [86], ITQ-40 [41], and ZSM-10 [87] have been solved by SAED.
SSZ-48 is a large-pore high-silica zeolite synthesized using N,N-diethyl-

decahydroquinolinium as the organic structure-directing agent (OSDA). It was the
first unknown zeolite material solved by electron diffraction (Fig. 5.6). SAED pat-
terns from 11 zone axes were collected from needlelike crystals of ca.
0.05 μm×0.25 μm×10 μm in size. Integrated ED intensities were extracted from
SAED patterns and merged together to generate 326 symmetry-independent reflec-
tions (d<0.99 Å). The unit cell parameters (a=11.19 Å, b=4.99 Å, c=13.65 Å, and
β=100.7°) and space group (P21) were deduced from the 3D electron diffraction
data. The ED intensities were used for structure solution of SSZ-48 by direct meth-
ods using atomic scattering factors for electrons implemented into SHELX. All
seven silicon positions and five of the 14 oxygen positions were located from the
structure solution. In addition 9 peaks in the pore of the structure were located
which was believed to be carbon positions from the SDA. Oxygen atoms were posi-
tioned between the Si atoms in order to complete the silicate framework. The geom-
etry of the framework, i.e., the Si-O distances and O-Si-O angles, was refined using
distance least-squares refinement. The structure was then refined against the elec-
tron diffraction intensities with restrains on the Si-O and O-O bond lengths. The
refinement converged with an agreement factor RF of 0.3283. As a final stage the
obtained structure was refined against high-resolution synchrotron powder X-ray 
diffraction data which converged with good agreement confirming the structural 
model obtained from SAED data [86].
Precession electron diffraction can reduce significantly dynamical effects and

secondary scattering in electron diffraction [68–70]. Dorset et al. compared struc-
ture determination of various zeolites by PED with that by SAED and showed that
PED data can be used for ab initio structure determination of zeolites [71]. The 
maximum entropy and likelihood phasing method has shown to be powerful in
phasing both the SAED and PED data and solving the zeolite structures [71].
Structure determination using zone-axis SAED or PED patterns is not straight-

forward. The crystals have to be aligned manually along the individual zone axes. 
The new 3D electron diffraction techniques ADT and RED have made a break-
through for the structure determination using ED data. The automated 3D ED data
collection combined with the fast data processing procedures makes the structure
determination from electron diffraction as feasible as that by single-crystal X-ray 
diffraction, but from crystals millions times smaller.

5.4.2  Structure Determination of Zeolites by Combining ED 
and PXRD

Electron diffraction has been combined with PXRD for structure determination of
many zeolites. Structure solution from PXRD data can often be challenging, mainly
due to the large degree of peak overlap for complex structures with large unit cells.
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Single-crystal electron diffraction data can be collected from very small crystals,
which give important additional information such as unit cell and symmetry. 
Different strategies have been applied to combine the ED and PXRD data. Below
two notable examples will be described.
The structure determination of the germanosilicate ITQ-37 utilized electron dif-

fraction for several purposes [38]. The high degree of reflection overlap (>94 %)
made the structure solution by PXRD alone difficult. ITQ-37 was very beam sensi-
tive, which made it difficult to obtain high-quality HRTEM images. Instead SAED
patterns were taken along two different zone axes revealing four- and six-fold rota-
tional symmetry (Fig. 5.7). This indicated a cubic unit cell which was later con-
firmed by PXRD, a=26.5126(3) Å. Systematic absences in the ED patterns
narrowed down the possible space groups to the two related candidates P4132 and
P4332. In the next step intensities from SAED patterns of four zone axes (d>3.3 Å)
were extracted and used for pre-repartitioning of the overlapping reflections in the 
PXRD pattern. ED patterns are very helpful for pre-partitioning of overlapping
reflections because Bragg peaks do not overlap. For example, two reflections with
similar d-spacings will overlap in the PXRD pattern, and the measured intensity is
often split equally and assigned to the two reflections. With ED data the intensities 
of the two reflections can be distinguished and assigned according to the intensities 
in the ED pattern. Assigning correct intensities to reflections is often crucial for a 
successful structure solution by PXRD. After pre-partitioning of the PXRD peaks,
the powder charge-flipping (pCF) algorithm [12] was applied using the computer 
program Superflip [83]. All ten symmetry-independent Si/Ge positions and 18 out
of 19 oxygen positions could be located from the best electron density map
(Fig. 5.7). The missing oxygen position could be identified and placed between two 
T-sites. Rietveld refinement was performed to confirm the final structural model.
ITQ-37 is the first chiral zeolite with one single gyroidal channel system and pore
openings defined by 30-ring windows. It had the lowest framework density
(10.3 T-atoms/1000 Å3) of all existing 4-coordinated crystalline oxide frameworks.

Another strategy is to retrieve rough structure factor phases directly from the ED 
data. The obtained structure factor phases can be used as the initial phases for the 

Fig. 5.7 (Left) The SAED and PXRD patterns from ITQ-37 and (right) the electron density maps 
derived by the powder charge-flipping (pCF) algorithm and the final structural model, viewed
along c-axis (Reprinted by permission fromMacmillan Publishers Ltd: Ref. [38], Copyright 2009)
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structure solution using PXRD data. Such a strategy was used for the structure solu-
tion of the large-pore germanosilicate ITQ-26 [37]. The space group (I4/mmm) and
unit cell parameters (a=26.7769(8) Å, c=13.2505(5) Å) of ITQ-26 were deter-
mined from a tilt series of ED patterns. Structure factor phases were deduced from
the integrated ED intensities of the (hk0) and (0kl) reflections by maximum entropy 
and likelihood method [71] using the program MICE [88]. The structure factor 
phases obtained were used as constraints for subsequent phasing trials on the PXRD
data using the zeolite-specific structure solution program FOCUS. The final model
was refined by Rietveld refinement. The electrostatic potential maps obtained from
electron diffraction matched with the final structural model. The structure of ITQ-
26 has seven symmetry-independent T-sites. The framework contains 3D channel
systems with straight 12-ring channels along [001] and two other 12-ring channels
tilted with respect to the c-axis.

5.4.3  Structure Determination of Zeolites by 3D Electron 
Diffraction: ADT and RED

The methods described above in Sects. 5.4.1 and 5.4.2 involve combining data from 
several sources and are often rather complex. During the recent years, new methods 
have been developed for collection of 3D electron diffraction data, as represented by
the automated diffraction tomography (ADT) and rotation electron diffraction
(RED). Ab initio structure determination of zeolites has been shown to be success-
ful from both ADT [42] and RED [43–48, 89] methods which have been very suc-
cessful in solving structures of zeolites with very small crystal size. The structure 
solution methods applied on the ADT/RED data include direct methods (e.g., pro-
grams SHELX, SIR), charge flipping (e.g., programs Superflip, Jana) and simulated
annealing (e.g., program SIR). The structural models can be refined by full-matrix
least-squares refinement using the program SHELX. The kinematical approach has
been applied, i.e., the ED intensities are proportional to the square of the structure 
factor amplitudes. Atomic scattering factors for electrons are used instead of those 
for X-rays. Due to the presence of dynamical scattering, the agreement factors for 
ADT/RED data are still not very good. Structures determined from RED data are
however in good agreement with structures refined by Rietveld refinement. Here we
describe the structure determination of one novel zeolite, ITQ-51, and the structure
determination of two interlayer expanded zeolites solved from the RED data.
The structure of the new silicoaluminophosphate ITQ-51 was solved ab initio

from RED data [43]. Two RED datasets were collected from submicrometer-sized
crystals. Each of the datasets contains >1300 individual electron diffraction pattern
and covered >130° tilt range with a tilt step of 0.1°. The data collection is controlled
by the RED software and the entire data collection can be completed within 1–2 h.
The ED patterns were processed using the software RED in order to reconstruct the
reciprocal lattice of the material. From the reciprocal lattice, the diffracted intensi-
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ties can be extracted and used for ab initio structure solution. From the two datasets
collected of ITQ-51, the unit cell and possible space group could be determined.
The unit cell matched well with the PXRD pattern (a=23.345(2) Å, b=16.513(2)
Å, c=4.9814(5) Å, α=90°, β=90.620(5)°, γ=90°, P21/n). The scattered intensities 
extracted from each of the two RED datasets could be used for ab initio structure
determination by direct methods using the software SHELX. All eight symmetry-
independent framework T-atoms (Al, Si, P) and 16 oxygen atoms could be located
by direct methods using the RED data. Two RED datasets from two different ITQ-
51 crystals merged together in order to improve the completeness of the data. The 
Al and P positions could be assigned based on the difference in the Al-O and P-O
bond distances. The structural model was further refined by Rietveld refinement
against the PXRD data. The atomic positions obtained from the RED data (as-made
ITQ-51 sample) deviated on average by 0.11 Å forAl/P and 0.13 Å for O from those
obtained by the Rietveld refinement of the calcined ITQ-51 sample. This means that
although the R-value after refinement is as high as 37 %, the atomic positions
obtained from RED data show good correspondence with the positions obtained
from PXRD data.
Recently a novel zeolite, PKU-16, with a straight 3D 11×11×12-ring channel

system was synthesized using a simple OSDA. The structure was solved from RED
data; see Fig. 5.8 [47]. PKU-16 is the first stable zeolite with large odd-number
rings. It can be considered as a modified zeolite beta polymorph C by rotating half
of single 4-rings by 90°. This relation reveals a possible route to finely tune pore
sizes to form new zeolites with odd-number rings.
Structure determination of interlayer expanded zeolites is challenging because

the materials often form as nano- and submicron-sized crystals too small to be stud-
ied by single-crystal X-ray diffraction. In addition, the materials often have poor
crystallinity and contain stacking disorder, which lead to low resolution and peak
broadening in the PXRD pattern. COE-3 and COE-4 are intralayer expanded zeo-
lites with crystal structures built from the ferrierite layer with a CDO stacking (IEZ-
CDO). COE-4 is the calcined form of the as-made COE-3 material. The structures
of these two materials have been solved by RED [89].
In order to solve the structure of CEO-3, RED datasets were collected from three

different crystals. From each of the datasets, the unit cell and three possible space
groups could be determined (7.2 Å, 22.4 Å, 13.6 Å, 90°, 90°, 90°, Cmc21, C2cm, 
Cmcm). The structure of COE-3 could not be solved from any of the single datasets
due to the high incompleteness of each RED data. The three datasets from different
crystals were merged in order to obtain a more complete dataset. For COE-4, two
datasets were collected from two different crystals, which contain 270 and 1239 ED
frames and cover the tilt range of 108.71° and 119.66°, respectively. The recon-
structed 3D reciprocal lattice is shown in Fig. 5.9. 2466 reflections (513 unique)
were obtained from dataset 1, while 2752 reflections (477 unique) were obtained
from dataset 2. The orientations of the two datasets are complementary to each 
other, as seen from the 3D reciprocal lattices reconstructed from the two datasets
(Fig. 5.9a–d). The structure of COE-4 could be solved by direct methods from the
intensities merged from these two datasets using the program SHELX (Fig. 5.9g). 
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Fig. 5.8 Structure determination of PKU-16 from the RED data. (a) Reconstructed 3D reciprocal
lattice from the RED data. (b–d) (hk0), (h0l), and (hhl) planes cut from the reconstructed recipro-
cal lattice. The reflection conditions can be obtained as h0l, h + l = 2n; h00, h = 2n; 00 l, l = 2n. Due 
to the dynamical effects, some reflections violate the reflection conditions. (e–f) The 3D structural
model obtained from the RED data viewed (e) along the c-axis showing the 12-ring channels and 
(f) perpendicular to the c-axis showing the 11-ring channels. Only T-T connections are shown for 
clarity. The structure of PKU-16 is closely related to BEC. The differences are that half of the
single 4-rings (highlighted in blue) are rotated by 90° (Reproduced from Ref. [47] by permission 
of John Wiley & Sons Ltd)

Fig. 5.9 (a–b) Reconstructed 3D reciprocal lattices of COE-4 (a) dataset 1COE-4 and (b) dataset 
2COE-4 taken from two crystals. The crystal size and morphology are shown as an insert. (c) 2D 
slices (0kl) cut from the dataset 2COE-4. (d–f) Three 2D (h0l), (hk0), and (0kl) slices cut from the 
dataset 1COE-4. (g) The structure of the layered silicate COE-4 determined by RED (Reproduced
from Ref. [89] by permission of The Royal Society of Chemistry)
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The atomic positions of the framework atoms refined against RED data differ on
average by 0.05–0.07 Å for Si atoms and 0.14–0.22 Å for O atoms compared to
those from the PXRD data.

5.5  Structure Determination of Zeolites by High-Resolution 
Transmission Electron Microscopy (HRTEM)

HRTEM has been essential for structure solution of many zeolites which could not
be solved by diffraction methods. Among them are crystals that are too small and/or
the samples that contain impurity or disorders. The early efforts of structure solution 
of zeolites have been by combining HRTEM images with model building. During
the past years, a number of complex zeolite structures have been solved by combin-
ing HRTEM with PXRD, where the structure factor phases obtained from HRTEM
images have been the key for the structure solution. A more general approach of
solving zeolite structures is by 3D reconstruction of HRTEM images taken from
different zone axes, which has been used successfully to solve complex zeolite 
structures. The 3D reconstruction method is especially useful for solving disordered
zeolites, which give poor PXRD patterns with broad peaks. We will describe these
different approaches to solve zeolite structures by HRTEM below.

5.5.1  Structure Determination of Zeolites by Combining 
HRTEM and Model Building

Many zeolite structures were solved by model building based on HRTEM images
taken from one or several projections, such as zeolite beta (*BEA) [90–92], SSZ-
26/SSZ-33 (CON) [93, 94], SSZ-31 (*STO) [95, 96], ITQ-38 [39], MCM-22
(MWW) [97], Ti-YNU-1 [98], ETS-10 [99, 100], UTD-1 (DON) [101], and ITQ-15
(UTL) [102]. Model building has been especially useful for zeolites containing
stacking disorders. Knowing the various types of stacking disorders in zeolites and
the characteristic features in the corresponding diffraction patterns is therefore 
important for solving unknown zeolites containing stacking disorders. A recent
review by us summarized the structure elucidation and analysis of stacking disor-
ders in zeolites and open frameworks by electron crystallography and X-ray diffrac-
tion [103].

Zeolite beta has a heavily faulted structure which inhibited structure determina-
tion of the material for more than 20 years. The structure is formed by epitaxial
stacking of a topologically identical building layer. Depending on the shift of the
neighboring layers, different polytypes of zeolite beta can be constructed. 
Figure 5.10a–c presents three polytypes with different stacking sequences viewed in
parallel to the layer, denoted as polytypes A, B, and C. The structural models were 

T. Willhammar and X. Zou



173

determined by HRTEM, electron diffraction, and computer-assisted modeling [90–92]. 
4-, 5-, 6-, and 12-rings as well as the pore stacking sequences could be identified
from the HRTEM images, from which a structural model of the projection was
derived. The pore stacking was identified to be two typesABAB…andABCABC…,
with the shift of one-third of the intralayer pore spacing. The unit cell and possible 
space groups were determined from a series of SAED patterns. Electron diffraction
also showed diffuse streaks in parallel to the c*-axis for reflections with h ≠3n or
k ≠3n and sharp spots for reflections with h=3n and k=3n, which agrees with the
stacking sequences observed by HRTEM. Computer-assisted modeling was used to
derive the 3D models of polytypes A and B, from the structure projection deduced
from the HRTEM image. In addition, a hypothetical model of polytype C, with
AA… stacking, was proposed. The real materials with the framework of polytype C
(framework code BEC) were first reported as a germanate FOS-5 by our group
[104] and later as a silicate [105] and silicogermanate [106].
HRTEM combined with model building was used for the structure solution of a

new germanosilicate ITQ-38 (P2/m, a=13.02Å, b=12.70Å, c=21.25Å, β=96.87°)
with 10- and 12-ring channels along [010] and 10-ring channels along [100] and

Fig. 5.10 (a–c) The structure of zeolite beta viewed along [100]A for polytypes (a) A, (b) B, and 
(c) C. (d) Selected-area electron diffraction pattern along [100]A showing both streaks and sharp
spots. (e) HRTEM image along [100]A revealing the intergrowth between ABCA… and ABA…
type stackings
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[101] [39]. The unit cell of ITQ-38 was determined from electron diffraction. The
unit cell showed to be related to the unit cell of the already known zeolite ITQ-22
[107]. The two structures share the a- and b- unit cell axes, with the third axis halved 
for ITQ-38. A structure projection image of ITQ-38 along [010] was reconstructed
from a through-focus series of 20 HRTEM images using the software QFocus [63]. 
The structure projection reconstruction method is helpful to enhance the signal to 
noise level in the reconstructed image. In the structure projection image larger chan-
nels as well as smaller rings could be clearly seen. The structure projection image 
confirmed the similarity between ITQ-38 and ITQ-22. It could be clearly seen that
ITQ-38 was built from the same layer as ITQ-22 with every second layer rotated by
180° around the c*-axis. This will result in two related structures where the neigh-
boring layers are related either by an inversion center as in ITQ-38 or by a glide
plane as in ITQ-22. The structure of ITQ-38 could later be confirmed by structure
projection image along [101] as well as Rietveld refinement against the PXRD data.
Recently we reported a new zeolite SSZ-52 (SFW) [21]. The structure was deter-

mined by combining PXPD, HRTEM, and model building. The framework struc-
ture consists of an 18-layer stacking sequence of hexagonally arranged (Si,Al)6O6 
rings (6-rings). The structure has a 3D 8-ring channel system and is a member of the
ABC-6 family of zeolites like SSZ-13 (CHA), but it has cavities that are twice as
large. These large cavities contain pairs of the bulky organic cations. Because SSZ-
52 was beam sensitive, low-dose conditions were applied for HRTEM imaging and
a series of 20 HRTEM images were taken under the same conditions. A structure
projection image of SSZ-52 along [100] was reconstructed from these images using
the software QFocus [63]. The structure projection reconstruction method is helpful 
to enhance the signal to noise level. The HRTEM image taken from a defect-free
region of an SSZ-52 crystal is clearly consistent with the refined framework model
(Fig. 5.11b–c). The 8-ring channels can be clearly seen. HRTEM images from some
crystals show the presence of some stacking disorder (Fig. 5.11d).

5.5.2  Structure Determination of Zeolites by Combining 
HRTEM and X-Ray Diffraction

High-resolution electron microscopy and powder X-ray diffraction are complemen-
tary methods. Complete and kinematical PXRD data can be obtained easily, while
the acquisition of HRTEM images is very time consuming. The structure factor
phase information obtained from HRTEM images can facilitate the ab initio struc-
ture solution processes by PXRD. Several most complex zeolite structures were
solved by combining HRTEM and PXRD, such as TNU-9 (TNU) [34], IM-5 (IMF)
[35], and SSZ-74 (−SVR) [36]. HRTEM was also combined with single-crystal
X-ray diffraction to solve the structure of a disordered germanosilicate SU-78 [49].
IM-5 is also a high-silica zeolite with 2D 10-ring channels. The structure (Cmcm, 

a=14.299 Å, b=57.413 Å, c=20.143 Å) could not be solved from PXRD data
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alone using standard ab initio structure solution methods such as FOCUS [10] or 
powder charge flipping (pCF) [12]. Instead a combination of electron diffraction,
HRTEM images, and PXRD was utilized. The unit cell parameters were determined
from a tilt series of SAED patterns using the program Trice [108]. HRTEM images
along the three main zone axes of IM-5 were acquired (Fig. 5.12a–c). The projec-
tion symmetry was determined and the structure factor amplitudes and phases were 

Fig. 5.11 SAED pattern (a) and HRTEM images (b–d) of the [100] projection of SSZ-52. (b) The 
projection of an ordered part of a crystal. (c) The averaged image (p1) from (b) with the structure 
overlaid. (d) The [100] projection taken from a disordered part of an SSZ-52 crystal with a sche-
matic description of the stacking disorder overlaid. The stacking sequence of the d6r layers is 
given on the right. Each HRTEM image was averaged from 20 HRTEM images taken under identi-
cal conditions in order to enhance the signal-to-noise ratio (Reprinted with the permission from
Ref. [21]. Copyright 2013 American Chemical Society)
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extracted from the HRTEM images using the program CRISP [61]. Ninety-five
structure factors obtained from the three HRTEM images were used to reconstruct
a 3D electrostatic potential map, from which an initial structural model was
obtained. However, the model deviated to some extent from the final structure and 
could not be refined by PXRD.When the 95 structure factor phases calculated from
the initial structural model were included as the starting phase sets in pCF [12] 
implemented in the program Superflip [83], a better structural model could be 
obtained from the electron density map (Fig. 5.12). The structural model could be 
finally refined against the PXRD data using the Rietveld method. IM-5 contains 24
symmetry-independent T-atoms and has an unusual 2D medium-pore channel 
system. It was shown later that the complex structure of IM-5 could also be solved
by 3D reconstruction from HRTEM images alone [109].
Single-crystal X-ray diffraction (SXRD) is a powerful technique to solve crystal

structures, but it can sometimes encounter difficulties when the structures are disor-
dered. SU-78 is a germanosilicatewith crystals large enough (10μm×10μm×30μm) 
for single-crystal X-ray diffraction at a synchrotron facility [49]. The SXRD data
however showed streaks for reflections with indices hkl (h=3n ± 1) and sharp spots 
for the 0kl reflections. In order to determine the structure, a combination of ab initio
structure solution from SXRD and HRTEM imaging was applied. A 2D charge-
flipping algorithm was applied to the sharp spots of the 0kl reflections of the SXRD
data to generate a projected electron density map along [100]. The streaks in the h0l 
plane correspond to the presence of stacking disorders, which was confirmed by
HRTEM images along [010]. By combining the structure information along [100]

Fig. 5.12 (Above) HRTEM images of IM-5 taken along (a) [100], (b) [001], and (c) [010]. (Below) 
The electron density map (in green) obtained after pCF with the final structural model superim-
posed (From Baerlocher et al. [35]. Reprinted with permission fromAAAS)
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from SXRD and those along [010] from HRTEM, a structural model of SU-78
could be built (Fig. 5.13). SU-78 is an intergrowth of two polytypes SU-78A and
SU-78B and contains interconnected 12-ring channels in three directions. The two
polytypes are built from the same building layer, similar to those in the zeolite beta 
family. However, the layer stacking in SU-78 is different from those in zeolite beta
polytypes A, B, and C. SU-78 turned out to be an intergrowth of two new polytypes
of zeolite beta, which was previously proposed as polytypes D and E.

5.5.3  Structure Determination of Zeolites by 3D 
Reconstruction of HRTEM Images

A more general method to solve unknown zeolite structures is by 3D reconstruction
of HRTEM images. Structure factor amplitudes and phases were extracted from
HRTEM images along different projections and combined into a 3D electrostatic
potential map, as described in Sect. 5.2.4. 3D reconstruction has been used to solve
the structures of the high-silica zeolite beta polytype C (BEC) [110] and polytype B 
[111]. It has been recently used to solve the structure of an intergrown zeolite ITQ-
39 [40].
Corma and coworkers synthesized a highly enriched form of zeolite beta poly-

type B[111]. SAED did not show diffuse streaks, as is usual for crystals of zeolite
beta. Instead it showed twinning of the unit cell proposed for beta polytype B. The
unit cell parameters (a=17.97 Å, b=17.97 Å, c=14.82 Å, β=113.7°) were deter-
mined from a tilt series of SAED patterns using the programs ELD [66] and Trice 
[108]. The space group (C2/c) was deduced from the systematic absences and by 

Fig. 5.13 Illustration of the structure of SU-78 solved by combining single-crystal X-ray diffrac-
tion and HRTEM. Electron density projected along [100] was obtained by 2D charge flipping from
the X-ray diffraction data and resembles the projection of beta polytype C. The HRTEM image
taken along [010] is similar to that of zeolite beta with stacking disorders. A 3D structural model
was built by combining the two projections. The resulting structural model of SU-78 shows the
BEC-type channels along [100] and the beta-type channel systems [010]. The cyan surfaces are
toward the pores, while the blue surfaces are toward the framework. The parts with SU-78A and
SU-78B are marked (Reprinted with the permission from Ref. [49]. Copyright 2012 American
Chemical Society)
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examining the plane group symmetry of the HRTEM image. The HRTEM image
taken along [1–10] clearly shows 12-ring channels arranged in an ABCA… stack-
ing sequence, characteristic for polytype B (Fig. 5.14). Structure factor amplitudes
and phases of 39 symmetry-independent hhl reflections were extracted from the 
HRTEM image using the program CRISP [61]. Because the h-hl and -hh-l reflec-
tions in the [110] projection are symmetry related to the hhl and -h-h-l reflections in 
the [1–10] projection, their amplitudes and phases could be deduced from those of
hhl and -h-h-l reflections. In such a way 152 structure factors could be generated,
from which a 3D electrostatic potential map could be constructed. All the 9 inde-
pendent Si atoms could be located from the 3D potential map (Fig. 5.14). This 

Fig. 5.14 (a) An HRTEM image of polytype B enriched beta taken along the [1–10] direction. (b) 
The 3D electrostatic potential map constructed from the [1–10] HRTEM image by utilizing the
crystal symmetry (Reprinted with the permission from Ref. [111]. Copyright 2008 American
Chemical Society)
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example demonstrates that a 3D structure can be solved from one single projection,
if the symmetry of the crystal is utilized.
The structure of the aluminosilicate ITQ-39 was solved by electron crystallogra-

phy from crystal domains only a few unit cells in size [40]. ITQ-39 is an intergrowth
of three different polytypes (called ITQ-39A, ITQ-39B, and ITQ-39C), built from
the same layer but with different stacking sequences. ITQ-39 contains stacking
faults and twinning with nano-sized domains, being one of the most complex zeolite 
ever solved. Because several types of disorders were present simultaneously in the 
ITQ-39 crystals, it was necessary to obtain complete 3D data from the same crystal
in order to find the orientation and relations of the disorders and determine the unit 
cells. A 3D RED dataset with 880 SAED patterns was collected with 0.15° interval
between the consecutive ED frames from one single crystal. Twining and stacking
disorders could be identified from two perpendicular 2D cuts of the 3D reciprocal
lattice reconstructed from the RED data; see Fig. 5.15a, b. The 3D RED data
revealed that the different ITQ-39 polytypes share two common axes, a and b. 
HRTEM images were thus collected along these two common axes a and b, because 
they allow the observation of possible channels in a faulted sample. A through- focus 
series of 20 HRTEM images were acquired along each of the two axes and used to
reconstruct the structure projection images (Fig. 5.15c, d). Pair-wise 12-ring chan-
nels and twinning can be observed from the image along [010] (Fig. 5.15c). 10-ring
channels and stacking faults can be identified from the image along [100]
(Fig. 5.15d). The ordered crystal domains in ITQ-39 are only a few unit cells in size.
Structure factor amplitudes and phases were extracted from the Fourier transforms
of the ordered regions of ITQ-39B. A 3D electrostatic potential map of ITQ-39B
was reconstructed from the 53 strongest reflections (with amplitudes >8 % of the
largest amplitude). All 28 unique Si atoms could be located from the 3D electro-
static potential map; see Fig. 5.15e. Oxygen atoms was added halfway in between 
nearest neighbor Si atoms in order to complete the silicate framework. The struc-
tures of two other polytypes ITQ-39A and ITQ-39C were constructed based on the
stacking sequences found in Fig. 5.15d. The structures were geometrically refined 
using a distance least-squares refinement of the Si-O, O-O, and Si-Si distances. The
final structural model could be confirmed from PXRD refinements from the disor-
dered model. The structure of ITQ-39 contains straight pair-wise 12-ring channels
along b, which are interconnected by three 10-ring channels. The pair-wise 12-ring
channels are unique and have not been observed in any other zeolites.

5.6  Conclusions

In this chapter, we have presented different electron microscopic techniques for
structure determination of unknown zeolites. We demonstrated a number of new
electron crystallographic methods that have made structure determination of zeo-
lites more feasible, even for non-TEM experts. These include the structure projec-
tion reconstruction from through-focus series of HRTEM images, automated
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Fig. 5.15 (a–b) Two perpendicular cuts of the reconstructed 3D reciprocal lattice of ITQ-39 from
the RED data from one single crystal. (a) The (h0l) slice and (b) the (0kl) slice. The (h0l) pattern can 
be indexed using two twin componentsA and B. The (0kl) pattern can be indexed using two different 
lattices, corresponding to ITQ-39A and ITQ-39B. (c–d) Structure projection images reconstructed
from 20 HRTEM images along (c) [010] and (d) [100]. Twins can be identified from the orientation
of the pair-wise 12-ring channels in (c). 10-ring channels are observed in (d) and the channel stack-
ing is traced by a line. The different stacking leads to three polymorphs ITQ-39A, ITQ-39B, and
ITQ-39C. The domains used for structure factor determination are outlined by rectangles. (e) The 
3D electrostatic potential map of ITQ-39B reconstructed from the structure factor amplitudes and
phases extracted from the marked nano-domains in (c) and (d). All 28 symmetry-independent Si
atoms could be located directly from the 3D map. The refined structural model of ITQ-39 is super-
imposed (Reprinted by permission from Macmillan Publishers Ltd: Ref. [40], Copyright 2012)
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diffraction tomography (ADT), and rotation electron diffraction (RED). The ADT
and RED methods have shown to be very powerful and efficient in solving struc-
tures of unknown zeolites. HRTEM has unique advantages for studying disordered
structures which are difficult to be studied by other techniques. The structure pro-
jection reconstruction from through-focus series of HRTEM images using the pro-
gram QFocus makes it easier to obtain high-quality structural images. It also
enhances the image contrast for especially beam-sensitive materials and materials 
containing defects. The crystallographic structure factor amplitudes and phases can 
be obtained from HRTEM images and used for reconstruction of the 3D electro-
static potential map, from which the 3D structure can be determined. The phase
information from HRTEM images can also be used to assist the structure solution of
complex zeolites from powder X-ray diffraction. Electron crystallography and 
PXRD are complementary for structural analysis of zeolites. PXRD patterns con-
tain information about the bulk sample, while electron crystallography provides
detailed information on individual crystalline particles down to the nanometer sizes. 
The development of ADT and RED methods makes the collection of 3D single-
crystal diffraction data on a TEM almost as feasible and fast as that on a single-
crystal X-ray diffractometer, but from crystals millions times smaller.
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    Chapter 6   
 Structure Analysis in Zeolite Research: 
From Framework Topologies to 
Functional Properties       

       Hermann     Gies      and     Bernd     Marler   

    Abstract     The solution and the refi nement of crystal structures of microporous 
materials are of prime interest for the synthesis and application community in 
porous solid research. The structure of a material reveals not only the geometry of 
the bonding network of the rigid framework but also the location of the non- 
framework constituents responsible for the porosity of the material. Analyzing the 
structure, therefore, unveils the synthesis protocol including nucleation and growth. 
The properties related to the porous net correspond to the local structure, i.e., the 
composition and the geometry of local confi gurations. It thus inspires ideas about 
possible properties and modifi cations to improve functionality. 

 The chapter is intended to highlight the contribution of crystallographic analysis 
of microporous materials and in particular porous silicates to the success of this 
class of materials. It does not survey the continuous growth of materials in the fi eld 
but show how the insight gained from crystallographic studies acted as catalyst in 
the further development of the fi eld.  

  Keywords     Zeolite framework topologies   •   Structure determination   •   Electron crys-
tallography   •   Reciprocal and direct space methods   •   Defect structures   •   Localizing 
heteroatoms   •   Spiro-5 units  

6.1         Introduction 

 The determination and analysis of the crystal structures of microporous materials 
has an important impact on the functional development of these materials and also 
on their applications. The most valuable and obvious information that can be gained 
from diffraction experiments is the general crystal structure, i.e., the geometry of 
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the framework structure, the pore openings and volume, and the connectivity of 
pores, i.e., the dimensionality of pore system. In addition, specifi c structural proper-
ties can be investigated including the distribution of active centers in the framework, 
the location of extra-framework constituents, the degree of hydration, etc. This 
paper is focused on diffraction techniques for the elucidation of structural proper-
ties. Other methods like NMR spectroscopy, SEM, EXAFS, thermal analysis, 
porosity measurements, etc., certainly add valuable, complementary information 
which may be essential for a successful structure solution and, on the other hand, 
may help to obtain a most complete picture of the zeolite structure. 

 Nevertheless, X-ray diffraction is the most widely used technique for structure 
elucidation (Fig.  6.1 ). Over time, zeolite science tremendously benefi ted from the 
technical development in diffraction experimentation and data analysis with regard 
to solving and refi ning ever more complicated crystal structures. But zeolite materi-
als also played a key role as trigger in these advances, in instrumentation and meth-
odology, serving as challenging materials for case studies, notably in the fi eld of 
structure solution and structure refi nement from powder X-ray diffraction (P-XRD) 
data and electron crystallography (EC). Crystal structure analysis has contributed 
signifi cant information to foster zeolite science. The ultimate need to visualize the 
materials atomic arrangement in order to rationalize synthesis parameters and physical 
and chemical properties of the microporous material has also fueled the development 
of structure solution techniques and methods. Zeolitic materials most often are 
obtained as crystalline powders. In the past 25 years, the advance in structure solution 
from X-ray powder diffraction data is strongly correlated with zeolite science. 
At any time, the most complicated structures solved from P-XRD data were micro-
porous materials continuously shifting the degree of complexity higher and higher.

   If single crystals of suffi cient size and high structural order are available, the 
structure analysis can be performed in a straightforward process. Usually, however, 
microporous materials crystallize as fi ne crystalline powders precluding single- 
crystal work. Therefore, for almost all synthetic zeolites, powder data have to be 
used. Only recently, electron diffraction (ED) on nano-crystallites as an independent 
technique extended the scope and contributed substantially to structure solution. 
Powder diffraction can be used alone or in combination with other techniques like 
modeling, electron diffraction, and imaging. In particular, electron diffraction has 

  Fig. 6.1    Schematic representation of a structure analysis based on diffraction techniques       
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more recently been used in combination with P-XRD for structure solution. A sub-
sequent Rietveld refi nement of the diffraction data completes the structure analysis. 

 In general, all textbooks on zeolite science contain one chapter on the structures 
of zeolite frameworks to illustrate the close relationship between the geometric 
structure and property of this class of materials. The basic principles of diffraction 
techniques applied to zeolites can be found, for example, in a review of Morris and 
Wheatley [ 1 ]. Other relevant papers on the structure analysis of microporous mate-
rials are given as reference [ 2 – 4 ]. 

 An extended discussion of the latest developments in strategies and concepts related 
to zeolite structure research is presented by Jihong Yu and Yi Li in a recent review [ 5 ]. 
An exhaustive evaluation of most recent highlights and their particular novelties is 
summarized there. This communication representing an expert’s opinion on the state 
of the art in zeolite structure research is highly recommended for reading. 

 The Web-based  Atlas of Zeolite Framework Types , the Database of Zeolite 
Structures, gives a complete overview on the structural information of all micropo-
rous materials with tetrahedral frameworks irrespective of composition [ 6 ]. It is 
regularly updated and contains a wealth of additional information related to the 
framework structures of zeolites. The acceptance of new materials in the Atlas 
requires the approval of the structure commission of the International Zeolite 
Association which is based on a careful evaluation of the structure analysis. The 
materials include defective and interrupted frameworks as well as structural disorder 
as stacking disorder of layers. An important example is the framework structure of 
zeolite beta. Mixed coordination or coordination higher than four in the framework 
structure is not included. The requirements for acceptance are accessible on the 
homepage (  http://www.iza-structure.org/    ). 

 A recent example of the impact of structure analysis on the development of 
microporous materials is also the ever growing number of coordination polymers, 
e.g., metal-organic frameworks (MOFs). The results from structure analysis inspired 
chemists in the systematic exploration of this class of materials [ 7 ]. Today we know 
more than 100 structure variants; its number is still expanding dynamically with 
exciting new crystal structures. For potential applications, the knowledge of their 
structure and properties is very important. 

 This contribution, however, is focused on proper zeolites and mainly on silicate 
zeolites. Their importance in the fi eld of adsorption, molecular sieving, ion 
exchange, and catalysis is outstanding, and the interaction of crystal structure and 
function is its key property. Selecting specifi c examples, the infl uence and 
 importance of the knowledge of the crystal structure and, therefore, the impact of 
crystallography on the progress in zeolite structural science will be exemplifi ed.  

6.2     Structure Determinations 

 The structure determination of a new material is the fundamental process in the 
analysis of the properties of the investigated material. The knowledge of the geom-
etry of the framework and the pore system together with the chemical composition 
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is a prerequisite to envisage possible applications of the porous material. The crystal 
structure is also a protocol of the crystallization process and may give hints on an 
improved synthesis route. 

6.2.1     The Solution of Complex Zeolite Crystal Structures 
from Diffraction Data 

 Since the advent of high-resolution powder diffractometers at synchrotron radiation 
sources, the refi nement of crystal structures and later also the solution of crystal 
structures from powder X-ray diffraction data were pioneered by zeolite crystallog-
raphers. Various strategies were developed always involving most advanced instru-
mentation available at synchrotron light sources. 

 In order to benefi t from a high-resolution powder diffractometer, materials of 
highest possible crystallinity are required facilitating the indexing of the pattern and 
data collection up to high Q-range in reciprocal space (Fig.  6.2 ).

   Structure determination heavily relies on a careful analysis of the materials’ 
metric and symmetry as well as on the precise extraction of intensities for as many 

  Fig. 6.2    Powder diffraction diagrams ( λ  = 1.5406 Å) of a highly crystalline silicalite sample 
recorded with a conventional diffractometer ( upper trace ) and at a synchrotron source ( lower 
trace ). The higher resolution of the synchrotron data facilitates, for example, the automatic index-
ation of the pattern, a precondition for structure solution       
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refl ections as possible. The information on the material in diffraction experiments is 
obtained from reciprocal space and should be complemented by spectroscopic, ther-
mal, or sorption experiments confi rming the diffraction data analysis. 

6.2.1.1     From P-XRD Data Using Direct Methods (Example: ITQ-22, 
Framework Code IWW) 

 The fundamental concept of direct methods is based on scatterers of equal kind and 
a diffraction data set showing atomic resolution. The requirements are known as 
Sheldrick’s rule and demand diffraction data down to 1.2 Å resolution [ 8 ] which 
equals a diffraction angle of ca 80° 2θ for Cu Kα1 radiation ( λ  = 1.5406 Å). 
Considering the three-dimensional tetrahedral network, only the T centers are 
required to reconstruct the complete framework structure. This simplifi cation soft-
ens Sheldrick’s rule to ~2.4 Å resolution or ~40° 2θ resolved diffraction peaks for 
Cu radiation. However, the limitations of direct methods still require highly crystal-
line materials and well-resolved P-XRD diagrams where peak overlap is 
minimized. 

 Whereas most groups in zeolite crystallography used a complementary combina-
tion of methods like XRD, TEM, and NMR and modeling for structure solution, the 
group of J. Rius focused on diffraction information only and improved the power of 
the original direct methods introducing the modulus sum function [ 9 ] as imple-
mented in structure solution program XLENS. Nowadays, direct methods are very 
effi cient, and, given the right input information, the solution or at least the partial 
solution is obtained within seconds. Completing the partial model and refi ning the 
crystal structure from P-XRD data using the Rietveld technique, however, is a time- 
demanding and slow process. 

 As outstanding examples for the power of direct methods, the structure solution 
of ITQ-21 and ITQ-22 is presented [ 10 ,  11 ]. The structure solution of ITQ-21, a 
remarkable material, was straightforward, using highly crystalline material and a 
P-XRD data set from a high-resolution diffractometer. The structure refi nement 
yielded a new, unusual central building block of the framework which can be 
describes as a [46612] cage with an occluded 4-ring (Fig.  6.3 ). Modifi ed building 
blocks of that type were discovered in a number of framework structures solved 
later, e.g., ITQ-26 [ 12 ], ITQ-13 [ 13 ], and ITQ-34 [ 14 ].

   ITQ-22 is a much more complicated structure, the most complicated solved so 
far by direct methods alone. From the synchrotron-based P-XRD data set, the unit 
cell dimensions and symmetry were retrieved fi rst, before the intensities of indexed 
refl ections could be obtained for the direct method runs. From the electron density 
map of the best starting set, the 16 symmetrically independent T atoms of ITQ-22 
were found, and, by interpolation, the oxygen atoms were added to complete the 
three-dimensional framework (Fig.  6.4 ). It is the fi rst material with 12-ring, 10- ring, 
and 8-ring channels which intersect. The material shows important shape- selective 
properties in catalysis introduced through the channel hierarchy. In all these examples, 
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structure analysis also showed that Ge segregates on specifi c T sites of the zeolite 
framework, namely, as part of the cube-like double-4-ring unit (D4R). The refi ne-
ment of the site occupancies showed that 50 % of the T sites in this subunit are taken 
by Ge. However, because of symmetry reasons, no ordering of Ge in the D4R has 
been analyzed.

  Fig. 6.3    The [4 6 6 12 ] cage 
with an occluded 4-ring 
represents a very unusual 
building block of zeolite 
frameworks.  Spheres  indicate 
Si atoms; oxygen atoms are 
omitted for clarity       

  Fig. 6.4    Projection of the framework structure of zeolite ITQ-22 (framework type  IWW ) along 
[010] with [ 99 ] across and [001] down. The D4R can be seen connecting layer-like complex build-
ing units       
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6.2.1.2        From Electron Diffraction: Recent Advances in Structure 
Analysis Concerning Zeolite Science in the Future—The 
Breakthrough of Electron Crystallography 

 A major breakthrough in structure determination is the introduction of the preces-
sion technique in electron crystallography. Kolb and coworkers showed, also using 
zeolite materials as examples, that reliable intensity data can be extracted automati-
cally from electron diffraction experiments of nanocrystals and be processed as 
single-crystal intensity data using direct methods for structure solution [ 15 ,  16 ]. The 
most complicated crystal structures could be solved directly from TEM experiments 
using nanocrystalline powder materials without further involvement of complemen-
tary X-ray experiments. This advancement in electron crystallography instrumenta-
tion supersedes crystal structure solution from P-XRD data and opens new vista in 
structural science of nanocrystalline materials including zeolites. 

 An impressive example of a successful structure determination based on ED data 
is the structure analysis on zeolite ITQ-43 [ 17 ]. ADT data (automated diffraction 
tomography) of an as-made sample were collected at low temperature (~100 K). 
The data were suffi cient for a reliable refl ection intensity integration. The structure 
solution was performed by direct methods based on a fully kinematic approach. 
From the structure solution, 20 T (Si/Ge) and 24 O positions were identifi ed. Most 
of the remaining O positions were later located by subsequent Fourier map refi ne-
ments. ITQ-43 has a framework structure of very low density (11.4 T atoms per 
1000 Å3) but very complex structure. The pores can be described as cloverleaf-like 
channels formed by very wide 28-rings with large pore diameters of 21.9 Å × 19.6 Å 
and two types of 12-ring channels with apertures of 7.8 Å × 5.7 Å and 6.8 Å × 6.1 Å [ 17 ]. 

 The principal advantages of electron crystallography are the reduction of crystal size 
to some 10 nm and the resolution of diffraction intensities in three-dimensional space. 
Using the nano-single crystals for data collection, the inherent problem of systematic 
peak overlap of the P-XRD experiment is overcome. An additional advantage is the 
much increased sensitivity of the electron-electron interaction in the diffraction process 
allowing the experiment with nanocrystals; however, because of the sensitivity, multiple 
diffraction and dynamic effects can obscure the data set. Since most zeolite materials are 
obtained as micro- to nanocrystalline powders, electron crystallography widens the 
range of materials including zeolites accessible for structure determination. However, 
the structure refi nement and the geometrical optimization of the zeolite framework are 
still unsatisfactory using intensities from electron diffraction alone. Therefore, a combi-
nation of electron and powder X-ray diffraction is used to obtain best results.  

6.2.1.3     Combining TEM and P-XRD in Reciprocal Space with Search 
Techniques in Direct Space: The Structure of TNU-9, 
Framework Code TUN 

 Another step of complexity constitutes the solution of the structure of zeolite TNU-9 
[ 18 ]. With 24 symmetrically independent atoms on T sites, the unit cell volume is 
almost twice as big as in ITQ-22. The structure solution of TUN-9 predates the 
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automated electron crystallography; however, it shows how crucial the information 
of electron diffraction was for the success. Despite best-quality data from the 
P-XRD experiment and using search techniques in direct space implemented in the 
FOCUS program [ 19 ], no solution was obtained in the beginning. From additional 
electron diffraction and imaging data, structural information of the material had 
been obtained analyzing projections along the channel axes. In addition, phases of 
refl ections have been determined from these experiments. Adding this as starting 
information into the structure solution process using the full data set from P-XRD, 
the crystal structure was solved and refi ned using the Rietveld technique (Fig.  6.5 ). 
As can be learned from the original publication, the process of structure solution 
was a very time-consuming process, not only in setting up the physical collabora-
tion between electron crystallography and powder diffraction but also in achieving 
the goal. In the successful fi nal computer run, 16 days of CPU time was required 
just for structure solution. The successive Rietveld refi nement still laid ahead. The 
proportion of time needed for reciprocal space structure solution, as, e.g., for ITQ-
22, and time needed for direct space techniques (as, e.g., for TNU-9) is typical. 
Despite basic, but partial, structure information from diffraction analysis is pro-
vided, the search in direct space using the FOCUS approach is extremely costly. As 
perspective for the future, however, direct space modeling will become ever more 
competitive as computer power increases. With improved code and modern equip-
ment, one might cut CPU time to much shorter periods.

  Fig. 6.5    Projection of the framework structure of zeolite TNU-9 (TUN) seen along [- 101 ] with 
[ 101 ] across and [010] down       
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6.2.1.4        Extending the Approach of the Combination of Complementary 
Techniques Using Reciprocal and Direct Space: P-XRD, Electron 
Crystallography, Charge Flipping, and Structure Envelope 

 IM-5 was an enigma for more than 10 years before in 2007 its structure was solved 
[ 6 ]. Similar to the preceding material TNU-9, IM-5 has 24 symmetrically distinct T 
atoms on T sites in the unit cell. Different from the FOCUS approach, in this case, 
direct space becomes involved through the charge-fl ipping algorithm. In a recursive 
way, the electron density distribution in direct space as calculated from a fi rst set of 
structure factors with phase values (obtained from direct methods) is repartitioned 
avoiding negative electron densities and back-transformed into structure factors 
with new phase values. These new structure factors are then used to calculate an 
improved electron density distribution. Structure factors in reciprocal space and 
electron density distribution in direct space are optimized in a cyclic process. This 
process is very effi cient and fast recycling is possible. 

 In addition, partial information about the crystal structure was obtained from 
electron diffraction experiments leading to phase information for ca. 95 refl ections. 
Feeding this information into the charge-fl ipping structure solution process using 
intensity information from the extracted P-XRD data, the crystal structure was 
retrieved. The fi nal electron density map obtained from the charge-fl ipping calcula-
tions precisely represents the tetrahedral network of the microporous IM-5 material 
(Fig.  6.6 ). The material has an unusual 2D 10-ring (10R) channel system which is 

  Fig. 6.6    Projection of the framework of zeolite IM-5 ( IMF ) seen along [ 100 ] with [010] across 
and [001] down       

 

6 Structure Analysis in Zeolite Research: From Framework Topologies to Functional…



196

connected through a larger cavity. Thus, the material has potential catalytic activity 
and shape selectivity which should refl ect the structural peculiarities.

   ITQ-37 (framework type -ITV) is a chiral zeolite crystallizing in the cubic enan-
tiomeric space group P 4132 and is the fi rst chiral zeolite with one type of gyroidal 
channel [ 20 ]. In order to solve the structure having 10 T atoms in symmetrically 
inequivalent position, reciprocal space and direct space methods were applied to 
diffraction data from P-XRD and ED experiments. It is an exceptional material with 
30-ring pores and possesses the lowest density of all framework oxides. Only struc-
ture analysis explained to full extent the unique structural properties which can be 
rationalized considering the synthesis conditions. In order to stabilize this frame-
work of low density, the structure contains a high proportion of D4R units (directed 
by the fl uoride anion and by Ge atoms at T sites) which form a rigid and rather dense 
backbone of the porous framework (Fig.  6.7 ).

   As can be seen in ITQ-40 (framework type -IRY), another example of a frame-
work with large 16- and 15-rings and compact 3-ring units together with D4R units 
containing Ge atoms and fl uoride anions, similar structural features were obtained 

  Fig. 6.7    Projection of the framework of zeolite ITQ-37 (-ITV) seen along [ 100 ] with [010] across 
and [001] down       
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by similar reaction conditions [ 21 ]. The crystallization of the particular framework 
type (e.g., -ITV or -IRY) is mainly determined by the use of a specifi c SDA. Feedback 
from structure analysis stimulates the synthesis efforts toward new zeolites with 
unexpected framework structures. However, the complexity of these structures can 
only be mastered using structure solution techniques at the most advanced level. 

 A particular feature of zeolite frameworks is structural disorder. TEM experi-
ments show that ITQ-39 material is an intergrown framework having three ordered 
end-member polytypes. Using electron crystallography, the structure of polymorph 
C has been determined allowing for the modeling of the remaining polymorphs A 
and B. The 12R by 10R pairwise channels intersect to give a three-dimensional pore 
system making the materials a good candidate for petrol refi ning [ 22 ]. The example 
shows convincingly that only the high spatial resolution of electron diffraction made 
structure solution possible. The information obtained from the diffraction pattern of 
an undisturbed array of a few unit cells only revealed the structure and explained the 
stacking disorder obvious in the diffraction pattern (Fig.  6.8 ).

   As precaution should be added, the advancement made by the introduction of 
charge fl ipping in the structure solution process is the effi ciency with which direct 
space information is extracted and positively used and fed into the refi nement of the 
structure factor phases. Still as a precondition for a successful structure solution, 
materials of highest quality are required for the diffraction experiment, thus limiting 
structure analysis.  

6.2.1.5     Zeolite Materials of Limited Crystallinity 

 All examples of structure solution and refi nement described so far required materi-
als of perfect crystallinity. However, many materials exist which are of limited crys-
tal quality. Still, their crystal structures are of interest for reasons of synthesis and 

  Fig. 6.8    Electron diffraction pattern of a disordered zeolite. The 3D data of such a pattern allow 
for a detailed analysis of the type of disorder       
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application-oriented research strategies. As examples, two studies are mentioned 
describing zeolite crystal structure determinations from diffraction data of limited 
resolution. In these examples, standard direct methods failed, and computer-assisted 
model building was involved as important tool. The RUT framework type belongs 
to the clathrasil family and could never be obtained as well-crystallized material. 
Considering the [SiO 4 ] unit as the invariant and fundamental building block of the 
structure and connecting those units to a three-dimensional four-connected silicate 
framework, the requirements of “atomic resolutions” are shifted from ca. 1.2 Å to a 
larger value of ca. 2.4 Å. Introducing the new limits into the structure solution soft-
ware, the RUT crystal structure was solved (Fig.  6.9 ) [ 23 ]. From the distribution of 
T centers, which showed up in the electron density map, the silicate framework 
could be built. Finally, the structure was refi ned from P-XRD data using the Rietveld 
method.

   Whereas the crystal structure of RUB-10 has been solved and refi ned from 
P-XRD data, COK-14 [ 24 ] and SSZ-31 [ 25 ] posed a much more diffi cult problem. 
The structure of COK-14 was solved by model building based on chemical knowl-
edge and simulation of diffraction patterns. 

 Another example is the disassembly of proper zeolites and its reassembly to a 
more or less ordered three-dimensional framework. The disassembly (delamina-
tion) of UTL-type zeolite into layered subunits and the reassembly of these subunits 
through topotactic condensation are described by Roth et al. [ 182 ] and Verheyen 
et al. [ 24 ]. Since the structure of the layers was known from the precursor material, 
the structure of the condensation product could be derived and geometrically opti-
mized. Since the scattering experiment contains all structural information of the 
material even when poorly crystallized, the refi nement of the structure based on the 

  Fig. 6.9    Structure plot of the characteristic double cage of RUB-10 (RUT).  Large green spheres  
represent the occluded TMA cations acting as structure directors       
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experimental model is a valuable procedure to confi rm the proposed structure and to 
gain detailed information on structural details. 

 SSZ-31 was obtained as a crystalline sample showing sharp and broad diffrac-
tion peaks. From an analysis of the anisotropic peak broadening, it was obvious that 
the structural disorder is an inherent feature of the material. Based on additional 
TEM experiments and after indexing of the diffraction pattern of the material, a 
projection of the structure was obtained which showed close similarity to a projec-
tion of the structure of zeolite ß as well as zeolite ZSM-12. This led to structure 
models which were derived from an ordered polytype of zeolite ZSM-48 applying a 
σ-transformation [ 26 ] to its framework structure increasing the pore size from 
10-ring to 12-ring dimension. The structure model agreed very well with other 
physicochemical characterization results; however, because of the structural disor-
der of the material, no refi nement of the structure against the experimental diffrac-
tion data was possible. 

 Wherever limited crystallinity is an inherent property of the material or electron 
beam-sensitive materials degrade in the TEM, direct space ab initio methods come 
into play. With information on the space group symmetry, chemical composition, 
information on building blocks, or structural subunits from IR or NMR spectros-
copy, structure models can be generated using, e.g., Monte Carlo techniques and 
tested against the P-XRD diagram. There are commercial programs such as TOPAS 
distributed by Bruker and Endeavour distributed by Crystal Impact and public 
domain programs such as FOX [ 27 ], ZEFSAII [ 28 ], or FullProf [ 29 ] which address 
inorganic materials in particular and are well suited to solve zeolite structures.   

6.2.2     Disordered Materials 

6.2.2.1     Zeolite ß and the Search for a Chiral Zeolite Framework 

 A most interesting case of the impact of structure analysis on applications is the 
structure solution of zeolite ß (“beta” for short). In 1967, Mobil Corporation fi led 
the patent [ 30 ]. However, because of its structural disorder, the P-XRD diagram of 
beta looked as if the crystallinity of the material was poor and contained an amor-
phous fraction. This led to the neglect of further characterization and testing studies, 
although adsorption data indicated high porosity similar to zeolite Y. Only in 1989, 
structure models were published in literature by Treacy et al. [ 31 ] and Higgins et al. 
[ 32 ] (Fig.  6.10 ). Immediately after, zeolite ß became one of the most interesting and 
commercially important microporous materials for catalytic applications.

   In the course of structure determination, TEM experiments, diffraction, and 
imaging played a crucial role. Despite its poor powder diagram, TEM images of the 
zeolite revealed its crystalline nature; however, there was disorder in the stacking 
sequence of layer-like building units (“beta-sheets”). 

 Assuming stacking disorder, Treacy et al. succeeded in solving the structure by 
model building and by comparing the simulated powder patterns and TEM images 
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  Fig. 6.10     Top , projection of the beta-sheet on (001);  bottom , the framework of zeolite ß, 
polymorph A, seen along [ 100 ] with [010] across and [001] down       
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of the structure models with the experimental one. This led to the structural charac-
terization of the material and revealed its unperturbed three-dimensional 12-ring 
pore system. Using the beta-sheet as building blocks, Higgins et al. showed in the 
same year that there are ordered simplest end-members, one of which has a chiral 
framework structure, polymorph A. Its space group symmetry would be P4122 or 
P4322. Not only the revelation of the crystal structure of beta immediately led to 
applications and commercialization but also the search for the pure chiral ordered 
end-member materials started. Based on the SDA synthesis approach, for more than 
a decade, synthesis chemists tried to achieve the goal without success. The improve-
ment of synthesis conditions stimulated by the knowledge of the crystal structure 
and the very successful SDA-based synthesis protocol led to the isolation of poly-
morph B [ 33 ,  34 ] and polymorph C [ 35 ,  36 ]. An enrichment of polymorph A, the 
chiral variety, in the synthesis of zeolite ß was reported only recently [ 37 ]; however, 
there is no evidence of the infl uence of the chiral framework on the catalytic proper-
ties of the material. 

 In contrast to the exhaustive synthesis attempts chasing for the chiral zeolite 
framework, application-oriented research transformed the disordered beta material 
from a laboratory curiosity into a valuable industrial catalyst very quickly, after the 
crystal structure was known. It became immediately clear that zeolite beta has a 
three-dimensional, interconnected, open pore system even as disordered material. 
Again, the visualization of the framework structure inspired the zeolite science 
community in all disciplines leading to year-long extensive studies of the many beta 
materials which have been synthesized meanwhile. The latest progress in the fi eld 
is the template-free synthesis of beta materials which has less structural defects and 
lower Si/Al ratio, challenging the SDA concept and turning beta into an even more 
interesting material for industrial applications [ 38 ]. 

 Other chiral frameworks have been synthesized until now [ 20 ,  39 ]; however, 
there is no positive impact on catalytic reactions resulting from the chiral nature of 
the framework structure. The product spectrum of catalyzed reactions including 
chiral molecules shows no specifi c preference for one enantiomer, at least for those 
systems tested so far.  

6.2.2.2     Data Mining: Generating a Starting Structure Model on the Basis 
of a Closely Related Material of Known Structure (Examples: 
Interlayer Expanded Zeolites, New Materials with Reactive 
Centers) 

 Very recently, structure elucidation of interlayer expanded zeolites was reported. 
The synthesis method of interlayer expansion uses hydrous layer silicates as precur-
sor materials to built three-dimensional framework silicates interconnecting the lay-
ers with silylation reagents. In this way, expanded channel structures of variable 
diameter are created and functionalized T centers are introduced, allowing for the 
fi ne-tuning of structural and chemical properties of the expanded product. Although 
the silylation procedure of IEZ exercises little control on the general crystallinity of 
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the product, structure analysis proved that the IEZ materials are locally well ordered 
with uniform pores and periodic framework structure [ 40 ,  41 ]. For IEZ materials 
also, the future will show whether or not the information on structural details will 
help to develop useful microporous materials for applications in sorption, separa-
tion, or catalysis. 

 Interlayer expanded zeolites were introduced as post-synthesis derivatives of lay-
ered precursors. The materials are homogeneous; however, their crystallinity is low 
since the bridging linker unit introduced fl exibility into the framework. An example 
is the material IEZ-RRO (Fig.  6.11 ). Knowing the crystal structure of the precursor 
and also the molecular structure of the linker, a structure model can be derived and 
used as starting model for the Rietveld analysis of the P-XRD data. Because there is 
no strict periodicity in the framework of the IEZ material, refl ections in the powder 
diagram are broadened. In addition, stacking disorder might be present in the sam-
ple, further complicating the analysis. Still, it is worthwhile to carry out the struc-
ture refi nement in order to obtain the most detailed information about the structure 
from experimental analysis [ 41 ]. This is the best precondition for simulation studies 
using structure modeling.

   Interlayer expanded zeolites (IEZ) in fact comprise a family of materials which 
are obtained through interconnecting layered silicate precursors with reactive link-
ers through chemical bonds. The directed chemical bond of the linker unit with the 

  Fig. 6.11    Projection of the framework of interlayer expanded zeolite (IEZ) of RRO type along 
[001] with [ 100 ] across and [010] down. The  orange sphere  is the center (Si) of the linker which 
was introduced by silylation.  Gray spheres  represent the ligands which can be of different types 
(–OH, –CH 3 , –Cl, etc.)       
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surface silanol of neighboring layers makes these materials zeolite-like with the 
linker units as carrier of a functional group. 

 In the simplest example, a [SiO 4 ] tetrahedron connects the layers providing two 
reactive silanol groups for chemical manipulations. The fi rst attempt to interlayer 
expansion goes back to Kuroda and coworkers who modifi ed hydrous layer silicates 
such as RUB-18, kanemite, and kenyaite by silylation to noncrystalline porous 
framework materials [ 42 ,  43 ] and literature cited therein. Since the diffraction dia-
grams showed no sharp diffraction peaks, i.e., no translational periodicity, no struc-
tural studies were carried out on these materials. Later, the group of Tatsumi for the 
fi rst time used the term “interlayer expansion” and showed that silylation of the 
hydrous silicate layer PSL-1 yielded a microporous solids with uniform porosity of the 
product [ 44 ]. Prior to coining the term interlayer expansion, Ruan et al. [ 40 ] discovered 
in zeolite Ti-YNU-1 the insertion of one [SiO4] tetrahedron connecting neighboring 
MWW layers to build an expanded, crystalline, still thermally stable microporous 
framework. The study was extended by this group and others to various layer 
silicates, and expanded, reasonably periodic structures made from mww, fer, and 
heu layers were synthesized [ 40 ,  41 ,  45 ,  46 ]. The X-ray structure analysis from bulk 
powder samples confi rmed the TEM studies showing the well-ordered active center 
at the linker site [ 41 ,  47 ]. In explorative studies, it could be shown that other, func-
tionalized linker groups can be inserted and that by increasing the linker dimen-
sions, the pore size could be expanded [ 48 – 50 ]. The latest Rietveld analysis of an 
IEZ material showed that using Fe 3+  in aqueous solution as linker species, a micro-
porous, metal-expanded, thermally stable silicate framework could be formed 
exposing the reactive metal linker site to the pore space [ 51 ]. The direction of an 
active component on a specifi c framework site is demonstrated with the concept of 
interlayer expanded zeolites and proven based on various structure analyses. This 
should open a new fi eld of exploration in custom-made zeolite catalysts with 
tailored functionality.  

6.2.2.3     PDF Analyses of Highly Disordered Materials 

 In X-ray diffraction diagrams, there is information beyond the Bragg peaks, which 
are the signature of the periodic crystal structure. The Bragg intensities are used in 
conventional structure analysis to solve and refi ne the crystal structure after sub-
tracting the pattern background. However, the X-ray scattering process, in general, 
also involves intensities from disordered, glassy, or amorphous material giving rise 
to intensity contributions in the diffraction pattern off the Bragg peaks [ 52 ]. The 
same holds for neutron and electron scattering with the specifi c analytical power of 
the respective technique. 

 An example in zeolite structural science is the delamination of layered precur-
sors [ 53 ,  54 ] and their three-dimensional arrangement as house of cards. The central 
question is about the structure of the layer slab after the chemical treatment: is it 
maintained and extended or is it partially condensed through folding or perhaps is it 
without any structural order? Since there are almost no Bragg peaks left in the 
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P-XRD diagram, only the analysis of the pair distribution function can reveal the 
structure of the layer slab. In a feasibility study, delaminated MCM-22(P) was 
investigated [ 55 ]. The analysis of the high-energy, high-resolution X-ray data set 
( Q  = 20 Å−1) confi rmed the structure of the layer known from the framework slab, 
but also showed that the layer is slightly bent, despite its thickness of ~25 Å.    

6.3     Distribution of Elements in the Framework 

 So far, the geometry of the zeolite framework was the focus of the discussion. Since 
the scattering process is proportional to the number of electrons of the scattering 
center, the atom, the intensity of a diffraction peak also contains precise information 
on the chemical composition of the crystal. However, the Bragg peak is the result of 
periodic translational order in the crystal, and, therefore, its intensity refl ects the 
spatial average of the composition of every unit cell. In addition, data collection 
with conventional diffractometers averages dynamic disorder. This leads to severe 
limitations in the analysis of local structure and composition. 

 In the current literature, there are a number of interesting examples where struc-
ture analysis has contributed to the location of active centers, in particular in cases 
where compositional ordering was achieved or the scattering contribution of the 
active site had a major impact. 

6.3.1     Acidic Sites (Al, B) 

6.3.1.1     Loewenstein’s Avoidance Rule 

 Since diffraction studies by nature have diffi culties to discern Al and Si scatterers on 
the T sites of the silicate framework, the advent of high-resolution solid-state magic-
angle-spinning NMR spectroscopy (HR SS MAS NMR) as element-specifi c experi-
ment probing local order promised fresh insight into the atomic ordering of 
framework silicates. Loewenstein’s empirical avoidance rule stated that there are no 
direct linkages between [AlO 4 ] tetrahedra [ 56 ]. The neighboring T atoms should be 
another tetravalent cation such as Si or higher valent such as P. This explains the 
minimum Si/Al ratio of 1 in zeolite frameworks which leads to strictly ordered sili-
cate frameworks with alternating Si and Al occupancies. Loewenstein’s rule also 
takes infl uence on properties typical for zeolites, limiting the ion exchange capacity 
and the number of acid sites. For catalytic applications, high-silica zeolites are most 
important. Again, the distribution of Al in the framework becomes of particular 
importance. Until the 1980s of the last century, structure analyses used geometrical 
features such as the different d(T–O) of Si and Al to analyze the Al distribution over 
T sites if at all the ordering was studied. 
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 Early  29 Si NMR experiments showed that Si in siloxanes has nonoverlapping 
chemical shift ranges which are typical for their connectivity [ 57 ]. The fi ndings 
were shown to also apply for silicate anions in solution and in solids [ 58 ,  59 ]. In 
addition, the quantitative nature of the experiments allowed for the analysis of Al 
distribution in the silicate framework of zeolite NaA leading to the conclusion that 
there are anti-Loewenstein centers [ 60 ,  61 ]. The NMR results were approved by 
electron and neutron diffraction experiments [ 62 ,  63 ]. FAU-type materials with 
higher Si/Al ratio (1.18–67), however, showed no deviation from Loewenstein’s 
rule, and the fi ve signals in the  29 Si spectrum represent all possible Si environments 
from 0 Al to 4 Al on the next nearest T site [ 64 ,  65 ]. This is not only in agreement 
with Loewenstein’s rule but also fulfi lls Dempsey’s rule, whereupon the number of 
Al neighbors of Si sites should be minimized [ 66 ]. In particular, high- silica zeolites 
should not show clustering of Al near one Si center. Based on these new fi ndings, 
the NMR spectra of LTA-type zeolite with Si/Al ratio of one were reinterpreted later 
and consolidated with complete Si/Al order in agreement with Loewenstein’s rule 
[ 67 ,  68 ]. In the following years, Loewenstein’s rule was the basis for the interpreta-
tion of the distribution of Al or other trivalent substituents on T framework sites. 
Theoretical studies complemented the experimental fi ndings [ 69 ]. Based on 
Loewenstein’s avoidance rule, an ordering of Al on T sites has been deduced for 
several zeolite frameworks which is in agreement with the intensity ratios of NMR 
signals in  29 Si spectra [ 70 ,  71 ]. These results confi rm the complementary nature of 
diffraction analysis probing long-range periodicity and spectroscopic analysis prob-
ing short-range local order. The combination and the quantitative interpretation 
fully explain the atomic structure of many zeolite frameworks including the reactive 
center, here, as a representative example, Al order on T sites.  

6.3.1.2     Heteroatom Localization and the Problem of Reactive Centers 
in the Porous Frameworks: Where Is Al? 

 Besides the porosity with its pore size and dimension, the distribution of electrical 
charge in the framework is of major importance for applications. Charge is intro-
duced by substitution of Si on T sites by cations of lower valence, mainly by Al. The 
charge is compensated by extra-framework mineral cations which can be exchanged, 
also by protons introducing acidity. Cation sites and also the sites of acidity are 
dominated by the local geometry of the framework which exerts, therefore, consid-
erable infl uence on the particular properties, ion exchange, and acid catalysis. 

 In the early period of zeolite science and applications, the discovery of new 
materials and the geometrical analysis of framework topologies of the silicate zeo-
lites were in the focus of interest. Pore openings and pore geometries were related 
to the functional properties in ion exchange, sorption, and catalysis. Si/Al order on 
T sites in the silicate framework was not discussed mainly because of the poor scat-
tering contrast of Al and Si in X-ray diffraction experiments. This led to averaged 
structure models where T site occupancies were simulated by Si/Al partitioning. 
Therefore, the space group symmetries of these structures are typically too high, 
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further hiding the local structure of silicate zeolite frameworks. Examples are 
faujasite-, chabazite-, or gmelinite-type zeolites with Si/Al ~ 2. In structure analyses, 
highest space group symmetry is assumed, and T positions are simulated by Si/Al 
ratios obtained from chemical analysis. Only in such cases where Loewenstein’s 
rule required an ordered distribution for the T atoms (Si/Al = 1), distinct sites for Si 
and Al were considered in the description of the silicate host (Fig.  6.12 ).

   The importance of the knowledge of the Al distribution in zeolite frameworks 
and of the control over it is the reason that even today new studies are published and 
controversial discussions about new fi ndings take place. Loewenstein’s rule is gen-
erally accepted now; still there are discussions on Dempsey’s rule [ 72 ,  73 ]. The 
examples show the impact of structure analysis on the atomic scale on the under-
standing of properties of zeolites, whether ion exchange or catalysis. This also 
extends to the synthesis of particular materials with tailored properties, i.e., the 
design of materials. In the next paragraph, the even more subtle structural descrip-
tion of the siting of active centers will be discussed. 

 With the advent of high-silica zeolites, tantamount to the introduction of organic 
structure directors and the invention of ZSM-5, the demand for a structural under-

  Fig. 6.12    Section of the 
faujasite structure ( FAU ) with 
Si/Al = 1 showing a complete 
ordering of Si ( red ) and Al 
( violet ) on distinct T sites       
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standing of the distribution of Al on T sites became more and more urgent. In addi-
tion to structure analysis from X-ray diffraction data, neutron and electron diffraction 
methods became heavily involved in structural characterization, and, in addition, 
spectroscopic methods for the analysis of the short-range order added important 
contributions to the understanding. Because of the limited availability of neutron 
beam time and the problem of beam sensitivity in TEM imaging experiments, solid- 
state NMR became the experimental technique of choice for the study of local order. 
In addition, structure simulation using numerical methods of increasing complexity 
was involved in the discussion of order/disorder of active sites in zeolite host frame-
works. Often, analytical techniques probing long-range and short-range order in the 
host framework were combined because of the precarious nature of the single results 
and of the complementary nature of the information acquired. 

 The complexity of the problem is exemplifi ed using MFI-type materials. Shortly 
after the structure of the materials was solved, a gradient in Al concentration across 
the single crystal was established [ 74 ,  75 ]. Obviously, large crystals of ZSM-5 zeo-
lite showed a signifi cantly increased Al content near the surfaces of the crystal. 
Since the catalytic activity is correlated with the Al content, the surface near part of 
the crystal should be more active than the center. In a number of structure analyses, 
spectroscopic experiments, and numerical simulations, an attempt was made to 
localize Al on specifi c T sites. The detailed X-ray diffraction analysis of ZSM-5 
[ 76 ] explicitly investigated structural features related to the particular properties of 
the zeolite. Because of the low Al content of the sample studied and because of the 
given framework type, the authors concluded that even if all Al would occupy one 
particular T site of the framework, still only a partial occupancy of that T site is real-
ized. Therefore, because of the small scattering contrast of the Si-Al pair, it is very 
unlikely that Al could be identifi ed. The claim of Al ordering in ZSM-5 material was 
intensively discussed over many years based on the results of many different ana-
lytic methods. 

 A hint for Al ordered on T site was achieved by  27 Al MQ-MAS NMR experi-
ments [ 77 ]. For the fi rst time, nonequivalent Al sites were detected in NMR experi-
ments indicating the distribution of Al on specifi c T sites. However, computational 
studies showed that simple correlations of the isotropic chemical shifts with geo-
metrical features of the local order of the structure are not unambiguous [ 78 ,  79 ]. 
Also, using ion-exchanged materials and introducing the strongly scattering cation 
Cs, X-ray diffraction studies were carried out again in order to assign the ordering 
pattern observed in spectroscopic analyses to distinct T site available from structure 
refi nement [ 80 ]. Different to previous studies, the most likely T sites for Al are T12, 
T7, and T10 using the numbering of Olson et al. [ 76 ], to which those oxygen atoms 
are connected with the shortest Cs–O distances (Fig.  6.13 ). The fi ndings on the site- 
specifi c distribution of Al on T sites of the silicate framework were transferred then 
into synthesis recipes with the aim to direct Al on distinct T sites [ 81 ,  82 ]. In cata-
lytic experiments, the impact of distinct Al distribution pattern on the performance 
and product distribution was exemplifi ed [ 83 ]. Similarly, studies on SCR catalysis 
(selected catalytic reduction) using MFI-type materials with distinct Al distribution 
and, therefore, specifi c cation sites were published [ 84 ]. More recent investigations 
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using NMR and computational techniques [ 85 ] again confi rmed that there is 
ordering of Al on T sites. There is evidence that 10 out of 24 T sites of the monoclinic 
unit cell of ZSM-5 contain Al, and hence, 14 are occupied by Si only [ 83 ,  86 ].

   Contrary to the diffraction study of Al-containing MFI-type material, Rietveld 
analysis of synchrotron-based diffraction data of B- and Ga-containing MFI-type 
materials shows close to random distributions of the trivalent T atom on the 12 T 
sites of the silicate framework [ 87 ]. 

 Al already indicated, the identifi cation of Al on specifi c sites in the zeolite frame-
work establishes the reactive center for acid catalysis. As trivalent cation, Al introduces 
negative charge into the tetrahedral oxide framework which is localized on the oxygen 
atoms of the coordination polyhedron. The charge-compensating cation, therefore, is 
proximately placed interacting with Coulomb forces. Both species are reactive centers, 
and their reactivity and selectivity depend strongly on the local geometric structure. 
The active sites might be diluted in the porous framework, preventing molecules from 
multiple reactions on their way through the pore system. In order to judge, simulate, 
and predict the specifi c activity of the reactive center, either the acid center in conven-
tional acid catalysis or the metal center for, e.g., in SCR catalysis of NOx, the knowl-
edge of the site is a prerequisite, and the controlled synthesis of appropriate materials 
is based on this knowledge. Because of the impact of this challenging problem on the 
performance of the catalyst, the controlled placing of active metal centers in micropo-
rous frameworks was called a major challenge for the future [ 88 ,  89 ].  

  Fig. 6.13    Section of the structure of Cs-ZSM-5. The T sites which are coordinated by oxygen 
atoms with short contacts to Cs cations ( orange ) are indicated in  violet . These T sites are likely to 
be partially occupied by Al 3+ . T sites which are exclusively occupied by Si are represented by  red 
spheres . Oxygen atoms are displayed in  blue        
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6.3.1.3     Where Is B 

 The substitution of Si on T sites by B results in weaker acidity of the framework on 
the one hand, and the amount of B introduced into the framework is much more 
limited compared to Al on the other hand. There is no equivalent to the low Si/Al 
ratio materials for B; in high-silica materials, the amount of B in the framework 
relates to the number of organic cations in the pore system [ 90 ]. The evidence for B 
on specifi c T sites is as diffi cult as for Al with the exception of some framework 
structure types with B ordered on specifi c T sites. Single-crystal structure analysis 
from synchrotron-based diffraction data of defect-free MFI-type crystals showed 
almost random distribution of B on T sites [ 87 ] even if there is a slight preference 
for T1. In contrast, in the clathrasil RUB-10 having a borosilicate framework, B, 
occupies one T site exclusively and, therefore clearly, shows up in structure analysis 
[ 23 ]. In this way, it is optimally positioned to compensate the charge of the organic 
SDA in the cages confi rming the correlations of SDA and B content in the material. 
Obvious ordering of boron on T sites is also observed in SSZ-82, a 12-ring by 
10- ring zeolite [ 91 ].  

6.3.1.4     Redox Sites: Fe and Ti in MFI-Type Frameworks 

 The role of Fe in catalysis is not restricted to the isomorphously substituted species 
on T sites but more importantly to extra-framework iron. There is one specifi c struc-
tural study from synchrotron-based single-crystal experiments on the iron location 
at T sites [ 92 ]. The interpretation of the electron density map including the charge- 
compensating non-framework Na cation indicates that Fe segregates on the T sites 
9 and 10. This result is in contrast to an earlier energy-minimization calculation 
where an almost statistical distribution of Fe on T sites is proposed [ 93 ] which is in 
agreement with experimental EXAFS spectra. The energy differences relevant for 
the location of iron by EXAFS spectroscopy, however, are very small. Therefore, no 
site preference can be attributed. The hard experimental evidence given by the dif-
fraction experiment sheds new light on the structural organization in this compli-
cated framework and suggests preferential site occupation. 

 Fe on extra-framework sites and in its catalytically active form is present as small 
oxide cluster or as ionic species [ 94 ,  95 ] which is not accessible for diffraction 
analysis. For this purpose, various spectroscopic techniques such as EXAFS, UV, 
IR, etc., were applied to study the structure of the iron oxide nanocluster. 

 Ti-substituted MFI-type materials are the most important zeolitic materials used 
for oxidation catalysis. Ti concentration at T sites is in the ~1 % range, i.e., approxi-
mately 1 Ti atom is contained in one unit cell. Neutron powder diffraction experi-
ments on Ti containing MFI-type materials, which were either isotopically enriched 
in Ti-46 or in Ti-48, showed the segregation of Ti on specifi c T sites. These experi-
ments used the contrasting positive (Ti-46) and negative scattering length (Ti-48) of 
the respective isotope. The T sites which contain Ti are T3, T8, and T10, whereas all 
other sites are essentially free of Ti [ 96 ]. In a different neutron powder diffraction 
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analysis [ 97 ], the authors suggested that T3, T7, T8, T10 or T6, T7, and T11, respec-
tively, are preferentially occupied by Ti, with T10 showing only weak evidence 
[ 98 ]. However, the authors did not use samples isotopically enriched in Ti isotopes 
and, thus, were not able to differentiate contributions due to structural defects from 
those of Ti occupancy at specifi c T sites. Attempts to refi ne the Ti segregation from 
X-ray diffraction data failed [ 99 ].  

6.3.1.5     Defect Structures 

 Despite the high crystallinity of zeolitic materials in X-ray diffraction experiments, 
29Si NMR spectra of all-silica zeolite frameworks show rather poor resolution. This 
is due to defects in the silicate network leading to local distortions which strongly 
disturb the NMR signals. The interrupted framework or the T-site vacancies change 
the material properties signifi cantly, e.g., rendering a hydrophobic all- silica frame-
work into a hydrophilic material. Calcination might heal certain defects if neighbor-
ing T sites are of the -O3T-OH type, and the thermal treatment leads to the 
condensation of the OH groups. If there are missing T atoms, calcination will not 
improve the NMR spectrum. All these defective sites are introduced during synthe-
sis and are generally distributed over particular framework sites. Neutron diffraction 
experiments of silicalite material showed that in the MFI-type material, the T sites 
T7, T10, and T11 are involved in clustered defects leading to hydroxyl nests [ 100 ]. 
Ordered defects as systematic part of the microporous framework have been reported 
for RUB-22, a derivative framework structure of the RUT-type framework. In the 
as-made material, one T site is missing systematically in comparison to a RUT-type 
zeolite, and the T atom (B or Si) is replaced by hydrogen atoms forming OH 
groups [ 101 ] (Fig.  6.14 ). A similar material has also been described by Plevert and 
Tatsumi [ 102 ].

   SSZ-74 is another zeolite framework with ordered vacancies in its framework 
structure [ 103 ]. The material with a three-dimensional 10-ring channel system are 
promising for applications in catalysis. Considering that the ordered vacancy might 
be fi lled in with functional T atoms, new possibilities are open.  

6.3.1.6     Conclusions 

 The detailed structural analysis of elements on specifi c sites is still a challenging 
analytical problem. Using techniques probing long-range periodic order, i.e., dif-
fraction experiments based on X-rays, neutrons, or electrons, will always remain 
diffi cult and specifi c for the respective technique. Depending on the scattering cross 
section, elements contribute differently to the diffraction diagram, and in some 
instances such as Si and Al for X-ray and electron diffraction experiments, there is 
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almost no difference between the nuclei. In such cases, the complementary nature 
of spectroscopic experiments probing short-range local order is very helpful. In 
particular, the combination of element-sensitive NMR experiments with diffraction 
experiments has proved to be very useful. Wherever the analysis was successful, 
computational analysis can complete the understanding of the material in shedding 
light on reaction mechanism and structural dynamics. 

 Still, there are many problems concerning the local structure of the reactive cen-
ters in porous framework which remain unsolved. Structure analysis will defi nitely 
play a key role in the experimental register, together and complementary to spectro-
scopic methods and numerical simulation studies. One way to include diffraction 
analysis in the characterization of active centers is the resonant scattering experi-
ment. Such experiments use X-rays with a wavelength near the absorption edge of 
the active element. The refl ection intensities of the scattered light are dominated in 
particular by the contribution of the stimulated T element. Elastic resonant scatter-
ing experiments have been demonstrated to be useful for the analysis of extra- 
framework cations [ 104 ], but also for the distribution and structure of particular 
active elements in nanoclusters, e.g., HgSe, inside the pore system of zeolites, such 
as FAU- and LTL-type frameworks [ 105 ].    

  Fig. 6.14    The structure of RUB-22. Specifi c T sites of the (hypothetical) non-interrupted frame-
work are missing and replaced by hydrogen atoms forming hydroxyl nests. The hydrogen bonds 
between them are displayed as  dotted blue lines. Large green spheres  represent the occluded TMA 
cations       
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6.4     Specifi c Building Units: Structure Direction 
with Framework Constituents Ordered on Distinct 
T Sites  

 The structure-directing effect of organic molecules in the course of seed formation 
and crystal growth has been discussed widely [ 106 ,  107 ]. However, there are other 
non-framework constituents such as the fl uoride anion and Ge as framework T atom 
which play a decisive role in structure direction. Besides the function as mineralizer, 
the fl uoride anion preferentially occupies double-4-ring units (D4R), thus directing 
the crystallization process toward frameworks containing D4R units (Fig.  6.15 ). Ge 
as substituent for Si on T sites of the silicate framework also exerts substantial 
structure-directing infl uence. Using organic SDA together with fl uoride and/or Ge, 
various framework structures have been obtained.

6.4.1       The Clathrasil Octadecasil and the F Synthesis 
of Zeolites 

 The fl uoride route in zeolite synthesis had been introduced in order to use other 
mineralization media than the basic hydroxyl anion. The fi rst example of a zeolite 
obtained via the fl uoride route was silicalite-1, the all-silica analogue of zeolite 
ZSM-5. It was known that fl uoride binds to silicon and might also stabilize coordi-
nation states of Si higher than four; however, the role of fl uoride during zeolite 
synthesis was not recognized. The crystal structure analysis of the clathrasil octa-
decasil for the fi rst time revealed that fl uoride occupies the double-4-ring unit, thus 
stabilizing the AST framework type which is of rather low framework density 
(Fig.  6.16 ) [ 108 ]. The structure refi nement from single-crystal data immediately 

  Fig. 6.15    The double-4- ring 
unit (D4R) containing a 
fl uoride anion ( orange 
sphere )       
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also explained the unusual chemical shift values in the 19F MAS NMR spectra 
at ~ -40 ppm as fl uoride entity in the double-4-ring confi nement (D4R confi nement). 
Later, in NMR experiments monitoring the synthesis of zeolite ITQ-7, it has been 
shown that the signal characteristic for the fl uoride anion in the D4R confi nement 
shows up long before the crystalline material could be detected in P-XRD experi-
ments [ 109 ].

   Based on this insight, in particular, Avelino Corma and his group of the Instituto 
de Tecnología Química, ITQ, very successfully used fl uoride as mineralizer and 
structure director for the synthesis of many new silicate zeolite framework types all 
containing the D4R unit as characteristic structural feature. These are the frame-
work structure types containing D4R units and the corresponding type materials 
which have been obtained by the ITQ synthesis group where the fl uoride route was 
developed: ISV (ITQ-7) [ 110 ], ITW (ITQ-12) [ 12 ], ITH (ITQ-13) [ 13 ], BEC (beta 
polymorph C or ITQ-17) [ 36 ], IWW (ITQ-22) [ 11 ], IWR (ITQ-24) [ 11 ], IWS (ITQ-
26) [ 12 ], IWV (ITQ-27) [ 111 ], ITR (ITQ-34) [ 14 ], -ITV (ITQ-37) [ 112 ], and IRR 
(ITQ-44) [ 113 ]. In addition, the all-silica LTA (ITQ-29) [ 114 ] was also obtained 
using fl uoride as one of the structure directors. The long list of different and new 
framework structure types was not exclusively obtained by the fl uoride SDA but in 
combination with other molecular SDA, most often organic amines, and by the 
addition of Ge as substituent for Si on T positions. However, for the successful syn-
thesis, fl uoride was essential, and the prime intention of the synthesis chemists was 
to stabilize D4R units as they were fi rst detected in octadecasil with AST framework 
type. Interestingly, before the fl uoride anion was established experimentally in the 
D4R unit, it was speculated from theoretical calculations that the sodium cation 

  Fig. 6.16     AST  framework showing the fl uoride anion ( orange sphere ) occupying the D4R and the 
TMA cation ( green ) occupying the larger cage       
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should fi t inside the D4R and thus stabilize the structure. After some controversy, 
new simulation studies consolidated the experimental result and also found the sta-
bilizing infl uence of the fl uoride anion [ 115 ]. 

 The octadecasil example very conclusively shows the impact of basic research 
on the progress of science. The structure analysis of octadecasil crystallizing in the 
AST framework type became a key experiment in zeolite science after realizing the 
structure-directing role of the fl uoride anion during synthesis. The crystal structure 
analysis constituted the experimental growth protocol and allowed for the general-
ization of the fi ndings to a specifi c synthesis strategy yielding many new zeolite 
framework types.  

6.4.2     Ge on T Sites 

 Germanium was reported fi rst as substituent on T sites in FAU-type zeolite in the 
early 1970s [ 116 ] and later as germanate zeolite [ 117 ]. In the late 1990s, the 
structure- directing effect of structural germanate subunits which fi t into the silicate 
framework was recognized [ 118 ]. Shortly after this report, the synthesis of ITQ-7 
was drastically improved by adding Ge which was supposed to facilitate the forma-
tion of D4R units [ 119 ]. Now, these silico-germanates showed a high enough ther-
mal and chemical stability essential for ion exchange and catalytic applications. 
As a consequence, systematic experiments were carried out to synthesize new zeolite 
framework structures containing D4R units with the aid of other, organic SDA. The 
fi rst example was the D4R-containing polymorph C of the beta family of framework 
structures [ 36 ,  120 ]. The zeolite groups of the ITQ de Valencia systematically 
exploited the fi ndings of Ge as structure director and discovered a series of new 
zeolite framework structures. The detailed structural analysis of ITQ-7 [ 121 ] and 
AST-type zeolite [ 122 ] showed that Ge preferentially occupies sites of the D4R 
unit. The analysis of the solid solution series of AST-type zeolite which can be 
obtained as all-silica and all-germanium framework structure revealed the stepwise 
substitution pattern of Ge for Si following fi rst an avoidance rule similar to 
Loewenstein’s rule for aluminosilicates, before an all-germanium framework struc-
ture is formed. The local order is particularly obvious from 19F SS-NMR experi-
ments which show the coexistence of defi nite ordering schemes in the framework 
avoiding random distribution of Ge on T sites. The Ge order on T sites and its elec-
tron density is signifi cantly different from those of the main constituents on frame-
work T sites, Si, and Al, also alleviating the task of structure determination [ 36 ]. As 
shown in several examples, conventional direct methods yielded the complete zeo-
lite framework from powder diffraction data [ 10 ,  123 – 125 ]. Structure refi nement 
then confi rmed Ge ordering on T sites, e.g., the preferential occupation of D4R T 
sites. 

 The theoretical and structural explanation for the unique property of Ge as struc-
ture director and codirector concurrently with organic SDA has been ascribed to the 
ability to accommodate O–T–O angles in a wider range than other T atoms, in par-
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ticular Si, to smaller values down to close to 90°. This refl ects the geometry in the 
preferred six-fold coordination of Ge in oxides in its thermodynamically stable 
form [ 121 ,  126 ]. 

6.4.2.1     Secondary Building Units as Framework Constituents 
in Germanates 

 Germanium on T sites of porous framework materials has been classifi ed by 
O’Keefe [ 118 ]. Random substitution in silicates resulted in typical silicate zeolites 
with no specifi c structural or chemical features. Substitution on specifi c T site of 
structural subunits like the D4R leads to the new framework structure types which 
were discussed above. The third category are those porous frameworks made pre-
dominantly by Ge or by Ge only which include other, new subunits as secondary 
building units which are geometrically not compatible with silicate frameworks [ 39 , 
 127 – 131 ] (Fig.  6.17 ).

   Allowing for an extension of the four-fold coordination to fi ve- or six-fold coor-
dination for [GeOx] primary building units extends the number of subunits leading 
to complex oxide framework structures which are modularly constructed from few 
basic units in varying ratio and number [ 132 ]. In particular, enormous ring sizes and 
pore volumes have been stabilized leading into the mesopore dimension still main-
taining an ordered, crystalline structure of the pore wall [ 20 ,  130 ,  133 ]. Unfortunately, 
the chemical and thermal stability of these materials is lower than that of mesopo-
rous silicas comparable in pore size and pore volume. 

 From the available literature data, there is no other T atom with such decisive 
infl uence on the framework structure during synthesis. As already discussed, Al is 
heavily disordered with a tendency of preference for particular T sites B or Ga show 
hardly any segregation.   

  Fig. 6.17    Example of a secondary building unit which is not compatible with silicate frameworks 
but requires a high Ge content ( violet  Ge,  orange  B,  blue  O)       
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6.4.3     Three Rings and Spiro-5 Units 

 Li, Be, and Zn are additional T atoms which have a structure-directing infl uence, 
replacing Si on T sites. The solution of the crystal structure of the beryllium con-
taining mineral lovdarite showed that the spiro-5 unit with two 3-rings connected 
with one spiro-Si atom at the center was a so far unknown feature of these silicate 
materials (Fig.  6.18 , left). Be is part of the spiro-5 unit [ 134 ,  135 ] which is the char-
acteristic structural unit of this group of materials. Since three rings are correlated 
with low framework density and, therefore, large pore volume of the framework 
structure, much attention had been paid for the synthesis of new, 3-ring-containing 
materials [ 136 ]. Nabesite is another beryllosilicate mineral, and OSB-1, OSB-2, and 
LSJ-10 are synthetic materials which all contain spiro-5 units [ 137 – 139 ]. A related 
material to lovdarite is the zinc containing mineral gaultite [ 140 ] and the isostruc-
tural synthetic materials VPI-7 [ 141 ] and VPI-7* [ 142 ] with Zn as part of the spiro-5 
unit, however, in a different arrangement of the layer-like building blocks. Here the 
chemical cross relationship of the elements Be and Zn shows up and enables the 
synthesis of similar framework structures with the catalytically interesting and less 
poisonous element Zn. The spiro-5 unit is also a structural feature in other zinc sili-
cate materials such as RUB-17 [ 143 ] and VPI-9 [ 144 ].

   The same spiro-5 unit is also formed in the presence of Li; however, the central posi-
tion of the spiro-5 unit is now taken by Li as part of the tetrahedral silicate framework 
(Fig.  6.18 , right). Representative materials are RUB-23 [ 145 ], RUB-29 [ 146 ], and RUB-
12 [ 147 ]. Apart from these examples of T atoms in spiro-5 units in silicates, there are in 
all 23 type materials listed in the zeolite framework data base [ 148 ] with spiro-5 units in 
aluminosilicate, germanate, phosphate, arsenate, etc., microporous frameworks. 

 Single 3-rings as typical features of silicate framework structures are rare; how-
ever, they cannot be related to specifi c substitution patterns or single elements. They 
are found in silicates, germanosilicates, aluminosilicates, etc., and are made of Si as 

  Fig. 6.18    The spiro-5 units containing Be or Zn ( violet spheres ) or Li ( orange sphere ). Si atoms 
are displayed as  red  and O as  blue spheres        
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T atoms exclusively. Why such a strained structural environment is stable cannot be 
related to specifi c compositional features of the material. Where possible, substitu-
tion of Si in 3-rings by other T atoms releases strain, thus stabilizing the 3-ring or 
double-3-ring units.  

6.4.4     Zeolite Frameworks with Mixed Pore Sizes 

 Zeolites possessing framework structures with mixed pore sizes show an improved 
catalytic performance and a broader applicability since the different pore sizes 
allow for a variety of diffusion pass ways. The prominent example is framework 
structure-type MWW with a 10-ring and 12-ring channel system which intercon-
nects. An evaluation of the catalytic performance shows that the properties are simi-
lar to those of 10-ring zeolite ZSM-5 and 12-ring zeolite ß [ 149 ]. Other examples 
are the framework structure types of CON with a three- dimensional pore system of 
12-ring and 10-ring channels (12R × 12R × 10R) [ 150 ], UTL with 14R × 12R [ 151 ] 
(see Fig.  6.19 ), MSE with again 12R × 10R × 10R [ 152 ], ITQ-39 with 12R × 10R 

  Fig. 6.19    Projection of the UTL-type framework structure along [010] with [ 100 ] across and 
[001] down. 12-ring channels are running parallel [010] and 14-ring channels along [001]       
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[ 22 ,  153 ], and ITQ-52 with 10R × 8R [ 154 ]. Only after the crystal structures were 
solved, a rational understanding of their properties in catalysis and separation was 
obvious. Since the differences in absolute pore dimensions are rather small and 
quite different from those which are classifi ed as hierarchical pore sizes, the geom-
etry-related properties are more hybrid type refl ecting a fi ne-tuning in size and 
shape selectivity.

   From the synthesis point of view, there is no clear concept which links the mixed 
pore size to structure directing by organic SDA. It seems more that building blocks 
of higher packing density are linked to three-dimensional frameworks giving rise to 
the particular channel systems. However, the questions whether these building 
blocks exist in solution and whether “Lego-” type construction of zeolite frame-
works from building blocks occurs during crystal growth are discussed controver-
sially and have not been proven convincingly by experiments. In the future, 
high-energy X-ray scattering experiments and their analysis using the PDF tech-
nique might help to understand the formation of these framework structures from 
atomistic principles. The feasibility of such analyses has been shown in a delamina-
tion experiment of the MWW layered precursor. The PDF analysis of the scattering 
diagram of the layered structure slab has been refi ned and proved the integrity and 
stability of the subunit in its isolated state [ 55 ].  

6.4.5     Positions of Active Cations in the Pore Volume 

 Structure analysis has also paid attention to non-framework constituents such as the 
structure directors or the charge-compensating cations. In ion exchange, adsorption, and 
catalytic processes, the cations are of major importance as carriers of the functionality 
active in the chemical reactions. Recently, SCR catalysis and latent heat storage were in 
the focus of interest, two processes, where the nature of the non- framework constituents 
and their distribution in the pore system are strongly related to the applications. 

6.4.5.1    Cu or Fe in MFI- or CHA-Type Materials 

 Cu or Fe ion-exchanged high-silica MFI- and CHA-type materials showed superior 
performance and stability in selective catalytic reduction (SCR) and also in oxida-
tion catalysis [ 94 ,  155 – 158 ]. 

 The analysis of the local structure of the ion-exchanged MFI-type zeolites, how-
ever, relies on probes for local and element-specifi c analysis and no longer on dif-
fraction studies. EXAFS and XANES as well as IR and UV spectroscopies were 
employed to study the local structure of nano-oxide particles, their behavior during 
reaction cycles, their embedding into the pore system, and interaction with the reac-
tant. The citation given above covers these aspects of the non-framework species in 
relation with their function. 
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 CHA-type zeolites are much less studied. However, the Cu-exchanged materials 
play an important role in Diesel-exhaust SCR, where the Cu cations and their loca-
tion in the zeolite framework are important for the excellent performance [ 159 –
 163 ]. Again, diffraction has only supportive character in the localization of the Cu 
ions, although evidence from diffraction analysis indicates that three different Cu 
sites exist. Because of the low concentration of the metal cation and the high sym-
metry of the framework structure, only the statistical distribution of the cation over 
the different extra-framework sites can be determined.  

6.4.5.2     Water Adsorption at Specifi c Sites (Example: Li-LSX), Use 
of Neutron Diffraction Data 

 The storage of latent heat in zeolite materials requires cations with high hydration 
energies, pore space for the deposition of water, high framework charge for a large 
number of cations, and high stability against hydrothermal decay. In order to under-
stand the process of hydration, low-silica X zeolite in its Li form, Li-LSX, has been 
studied extensively with neutron and X-ray diffraction analyses and numerical sim-
ulations (see Fig.  6.20 ). Since the cation sites of dehydrated zeolites are different 
from those of the hydrated form, and since the process of hydration proceeds in 
steps depending on the energy gain by the hydration process, a structure analysis of 
starting and fi nal state of hydration plus intermediate steps of hydration is required.

  Fig. 6.20    Section of the Li-LSX structure at a low degree of hydration. Note the different coordi-
nation spheres of the Li atoms ( orange ): One Li is three coordinated by framework oxygen atoms 
( dark blue ) only, while the other is four coordinated by oxygen atoms and water molecules ( light 
blue )       
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   Surprisingly, there are only a few studies on the dehydrated faujasite-type 
materials, even less on hydrated and partially hydrated phases [ 164 – 169 ]. The 
structure analysis of the specifi c hydration behavior of Li-LSX refl ects the calori-
metric study showing distinct steps in the heat of adsorption [ 170 – 172 ]. The com-
bination of the different techniques nicely complements each other showing the 
atomistic structural and macroscopic thermodynamic evolution of the material 
upon hydration.    

6.5     Conclusions 

 The history of structure analysis of microporous materials and particularly silicas, 
aluminosilicates, and aluminophosphates shows impressively that crystal chemistry 
and the search for new synthesis routes have strongly benefi ted from the insight into 
the details of the framework structure. Once structure analysis revealed the synthe-
sis mechanism, the modularity of structures, the ordering scheme of SDA, etc., the 
door for exploration of the features was opened. 

 For example, the visualization of the crystal structure of ZSM-5 (framework 
type MFI) in combination with data from nitrogen adsorption, chemical analy-
ses, NMR spectroscopy, etc., substantiated the 10-ring pore dimension and the 
three- dimensional diffusion pathway of the pores in the material, even if twin-
ning or intergrowth occurs. Based on the knowledge of its crystal structure, 
MFI-type  materials became the most researched and best studied zeolites in the 
following years. Successful and important applications in the fi eld of catalysis 
followed and emphasized the importance and the impact of structure analysis. 
Structure analysis of a synthesized tetrapropylammonium silicalite, TPA-
silicalite, very convincingly underlined the concept of structure directing by 
organic templates, the structure- directing agents, SDA. The intimate correspon-
dence of the molecular geometry of the SDA and the channel geometry in the 
silicate framework of ZSM-5 [ 173 ] certainly inseminated chemists working in 
the synthesis of zeolites and subsequently lead to the discovery of numerous 
zeolite materials, the most important ones are ZSM-12 [ 174 ], ZSM-22 [ 175 ], 
ZSM-23 [ 176 ], and ZSM-48 [ 177 ]. 

 On the other hand, zeolite framework structures played the role of guinea pigs 
for the development of diffraction techniques and structure solution theory of 
microcrystalline materials. The most complicated structures solved from powder 
diffraction data are zeolite materials. This is also true for the most complex struc-
tures which were refi ned from X-ray powder pattern. It is no surprise that electron 
crystallography and its latest success in solving new structures from nano- crystallites 
is strongly related to microporous materials. The near future will bring the distribu-
tion of the technique to more and more laboratories and work through materials 
structures which have not been able to solve so far. Most of these materials still 
derive from OSDA-driven synthesis which has been exploited by a number of labo-
ratories extensively. There must exist more, unsolved structural problems which 
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now are ready to be worked up. The method bears also hope for poorly crystalline 
materials such as the topotactically condensed phases or the interlayer expanded 
phases. Since the electron diffraction experiment requires only nano-sized crystals 
which scatter coherently, the chances of solving these structures improve signifi -
cantly. Therefore, technically speaking, the future is in electron crystallography for 
structure solution combined with X-ray powder diffraction for the refi nement of the 
framework geometry. 

 As far as new strategies for the synthesis of new microporous materials are 
concerned, there are interesting concepts beyond the structure-directing effect of 
organic molecules which have not yet been exploited exhaustively. The use of 
supramolecular assemblies of organic SDA was introduced by Corma [ 114 ] and 
successfully demonstrated for the synthesis of all-silica LTA. Later, few follow-
up reports were published in the open literature, demonstrating the feasibility of 
the approach [ 178 – 180 ]. A breakthrough of supramolecular assemblies as 
organic SDA for the synthesis of new materials has not been reported. The use 
of framework slabs as modular units for the synthesis of new framework struc-
tures was successfully shown for the cubic octamer or D4R, stabilized with fl uo-
ride anions or Ge substituents for Si. There are many more subunits analyzed as 
dominant species in silicate solutions which show similar potential in stabilizing 
new framework structures. Purposeful experiments should be directed toward 
the idea in order to prove or disapprove the approach. A more recent structural 
subunit for three-dimensional framework structures, the layered precursor, has 
shown remarkable variability, and several new structure types have been obtained 
[ 181 ]. The technique of topotactic condensation should be extended to other 
already known hydrous layer silicates, and, in addition, new hydrous silicate 
precursors should expand the potential. Using different inorganic linker groups, 
the layered precursors can also be obtained as thermally stable three-dimen-
sional framework structures [ 41 ,  47 ]. In this fi eld, the exploration of product 
space has just begun, and a wide range of new microporous framework struc-
tures are expected. 

 For all new synthetic crystalline products, the structure analysis is the fi nal pro-
tocol of the successful experiment. Conclusions from the analysis of the framework 
geometry and the host-guest interaction feed back in new experiments developing 
the synthesis strategy and refi ning the synthesis experimental protocol. 

 It is expected that, with respect to structure solution, electron crystallography 
will take over the role of powder X-ray crystallography in the future. In this sense, 
the review also highlights the achievements of P-XRD and sets the starting point for 
the new electron crystallography era in zeolite sciences. Extrapolating from the 
past, TEM equipment with precession instrumentation will substitute for the syn-
chrotron experiment in the future; however, the technique still needs experts until 
automation will substitute them.     
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    Chapter 7   
 Solid-State NMR Studies of Zeolites       

       Shenhui     Li     and     Feng     Deng    

    Abstract     Due to having unique pore structures and intrinsic acid–base properties, 
zeolites have been widely used in ion exchange, adsorption, and catalysis in chemi-
cal and petrochemical industry. Solid-state NMR is a well-established tool for the 
structural characterization of zeolites. The detailed information about the zeolite 
framework can be obtained from multinuclear and multidimensional  1 H,  29 Si,  27 Al, 
and  17 O MAS NMR spectroscopy. The structure and communication of cages and 
channels in zeolites can be extracted by  129 Xe NMR spectroscopy. The acidic prop-
erties of zeolites can be well characterized through solid-state NMR probe molecule 
techniques. In addition, two-dimensional (2D)  1 H– 1 H and  27 Al– 27 Al double- quantum 
(DQ) MAS NMR experiments are utilized to probe the spatial proximities and the 
synergy effect between different acid sites in zeolites. Moreover, in situ solid-state 
NMR is able to explore the mechanism of zeolite-catalyzed reactions by monitoring 
the evolution of the reactants, intermediates, and products. The crystallization 
mechanism for synthesis of zeolites can be elucidated by detecting the variation of 
framework  29 Si,  27 Al, and  31 P NMR signals at different crystallization stages.  

  Keywords     Zeolite   •   Solid-state NMR   •   Acidity characterization   •   Heterogeneous 
catalysis   •   Crystallization mechanism  

7.1         Introduction 

 Zeolites, which are built of the corner-sharing SiO 4  and AlO 4  tetrahedral units, 
represent the most important class of known porous materials which are widely 
used as catalysts, sorbents, and ion exchangers. The wide application of zeolites 
in chemical and petrochemical industry could be mainly ascribed to their unique 
pore topology and tunable acid–base property. Incorporation of heteroatoms, such 
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as Al into siliceous zeolites, will introduce a charge imbalance in the framework 
which is balanced by a proton, thus generating bridging hydroxyl groups (SiOHAl, 
Brønsted acid sites). Lewis acid sites can be formed by either the dealumination 
of H-form zeolites or introduction of metal species into zeolites, in which extra- 
framework Al (EFAL) and metal species act as the Lewis acid sites [ 1 ,  2 ]. The 
catalytic performances and adsorption behavior of zeolites can be improved by 
post-modifi cation of as-synthesized zeolites. Thermal or hydrothermal treatment 
of H-type zeolites could largely improve not only their stability but also their 
catalytic activity [ 3 ,  4 ]. Bifunctional zeolite catalysts (such as Zn/ZSM-5 and 
Mo/ZSM-5) exhibit signifi cantly higher catalytic performances for alkane activa-
tion and conversion compared to conventional zeolite catalysts [ 5 – 7 ]. Both the 
catalytic activity and selectivity of zeolites in various heterogeneously catalyzed 
processes are strongly dependent on their acidic property as well as their pore 
structure [ 8 – 10 ]. All these fundamental issues could be comprehensively addressed 
through the characterization of zeolites, investigation of acidic properties of zeo-
lites, and elucidation of catalytic reactions via various advanced spectroscopic 
techniques. 

 With the development of both solid-state NMR methodologies and high-fi eld 
spectrometers, solid-state NMR is emerging as an important tool for the determi-
nation of structures and dynamic behaviors of multifunctional materials [ 11 – 15 ]. 
In the past decades, various  state-of-the-art  solid-state NMR techniques facilitate 
the investigation of the framework structure of zeolites and elucidation of cata-
lytic reaction mechanisms to clarify the structure–property relationship in zeo-
lites [ 16 – 20 ]. Here, the applications of solid-state NMR techniques to 
characterization of the framework structures and acidic properties of zeolites and 
to elucidation of crystallization process and catalytic reaction mechanisms of 
zeolites were briefl y introduced.  

7.2     Structural Characterization of Zeolites 

7.2.1      1 H MAS NMR 

  1 H MAS NMR can provide direct information about various hydroxyl groups in 
zeolites [ 21 – 24 ]. The chemical shift ranges for the Brønsted acidic proton, non-
acidic SiOH, and AlOH groups in various zeolites were comprehensively summa-
rized by Hunger et al. [ 18 ] (see Table  7.1 ). In addition, their concentrations could be 
directly obtained by measuring the integrated areas of the corresponding  1 H signals. 
In the  1 H MAS NMR spectrum of parent HY zeolite (Fig.  7.1a ), two signals at 5.0 
and 4.3 ppm are assigned to bridging SiOHAl groups (Brønsted acid sites) in the 
sodalite and the supercage of HY zeolite, respectively. The peak at 2.2 ppm is due 
to nonacidic SiOH groups. For dealuminated HY (Fig.  7.1b ), the resonances at 2.8 
and 1.0 ppm are associated with two different types of AlOH hydroxyl groups. 
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Under on-resonance  27 Al irradiation in a TRAPDOR experiment [ 25 ], apart from 
the signals at 5.0 and 4.3 ppm, the signals at 2.8 and 1.0 ppm are largely reduced as 
well (see Fig.  7.1c, d ), indicating that these hydroxyl groups are in close proximity 
to aluminum and are due to extra-framework AlOH groups [ 26 ].  1 H MAS NMR has 
been extensively used to characterize various hydroxyl groups in various types of 
zeolites such as H–mordenite, H–ZSM-5, H–beta, etc. [ 27 ,  28 ].

   Table 7.1    Assignments of  1 H NMR chemical shift for various hydroxyl groups in dehydrated 
zeolites [ 18 ]   

  δ  1H /ppm  Hydroxyl group  Assignment 

 1.2–2.2  SiOH  Silanol groups on the external surfaces or lattice defect sites 
 0.6–3.6  AlOH  Non‐framework Al hydroxyl groups in the pore channels 
 3.6–4.3  SiOHAl  Bridging hydroxyl groups in large channels 
 4.6–5.2  SiOHAl  Bridging hydroxyl group in small channels 

  Fig. 7.1     1 H NMR spectrum of ( a ) HY, dealuminated HY without  27 Al irradiation ( b ) and with  27 Al 
irradiation ( c ), and difference spectra ( d ) of (b) and (c) (Reprinted with permission from Ref. [ 26 ]. 
Copyright 2007 American Chemical Society)       
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7.2.2          27 Al MAS NMR 

 Zeolite framework consists of SiO 4  and AlO 4  tetrahedra linked by oxygen atoms. These 
tetrahedra can link together by their corners to form cages or channels, which are consist-
ing of different types of zeolite topology. Solid-state  27 Al and  29 Si MAS NMR have been 
widely used to characterize the local environments in zeolites [ 29 – 33 ]. The coordination 
environments of aluminum species in zeolite could be clearly distinguished from  27 Al 
MAS NMR spectroscopy. Figure  7.2  shows the  27 Al MAS NMR spectra of hydrated 
H–Y zeolites with calcination treatments at various designated temperatures. In the  27 Al 
MAS NMR spectrum of parent hydrated H–Y zeolite as shown in Fig.  7.2a , only a single 
peak at 60 ppm arising from four   -coordinated framework Al species can be observed 
[ 34 ]. Whereas in calcined H–Y zeolite as shown in Fig.  7.2b, d , additional resonances at 
30 and −2 ppm are assigned to fi ve- and six-coordinated EFAL species, respectively. The 
signals of fi ve-coordinated and six-coordinated EFAL species gradually grow up at the 
expense of the signal of four-coordinated framework Al with the increase of calcination 
temperature, indicating a progressive increase in the extent of dealumination [ 34 ].

   For non-hydrated zeolites, spin echo is usually applied to collect the NMR sig-
nals from various Al species [ 35 – 37 ]. A series of steam-treated dealuminated H–Y 

  Fig. 7.2     27 Al MAS NMR spectra of parent H–Y ( a ) and dealuminated H–Y zeolites upon calcina-
tion treatment at 400 ( b ), 500 ( c ), 600 ( d ), and 700 °C ( e ) (Reprinted with permission from Ref. 
[ 34 ]. Copyright 2008 American Chemical Society)       
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zeolites in anhydrous state were thoroughly investigated by the spin-echo method 
[ 36 ]. (see Fig.  7.3 ) Signal 1 with a QCC (quadrupole coupling constant) value of 
14.4–15.0 MHz is assigned to the tetrahedrally coordinated framework Al of the 
bridging hydroxyl (SiOHAl) groups, whereas the signal 2 with a QCC value of 
6.4–9.1 MHz is due to the tetrahedrally coordinated framework Al species which is 
compensated by residual sodium cation. It is revealed that the relative signal inten-
sity of framework Al species on the bridging OH groups decreases dramatically 
with increasing severity of dealumination [ 36 ].

7.2.3         27 Al MQ MAS NMR 

    Multiple-quantum magic-angle spinning (MQ MAS) is a solid-state NMR method 
for obtaining a high-resolution spectrum of half-integer spin quadrupolar nuclei 
[ 38 ,  39 ]. It is performed as a two-dimensional NMR experiment, establishing the 
correlations between isotropic (high resolution) dimension and anisotropic central 

  Fig. 7.3     27 Al spin-echo NMR spectra of anhydrated H-Y zeolites’ ( a ) parent sample, ( b ) deH–
Y/7.4, ( c ) deH–Y/31.1, and ( d ) deH–Y/81.5. Experimental spectra ( top ) are compared with simu-
lated spectra ( bottom ) (Reprinted with permission from Ref. [ 36 ] Copyright 2004 American 
Chemical Society)       
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transition MAS dimension. 2D  27 Al MQ MAS NMR can provide a more resolved 
pattern compared with 1D  27 Al MAS NMR after averaging out the second-order 
quadrupole interaction.  27 Al MQ MAS NMR was employed to investigate the varia-
tion of the chemical environment of Al species in zeolites upon calcination treat-
ment [ 40 ]. Figure  7.4  shows the  27 Al MQ MAS spectra of H–Y zeolites calcined at 
different temperatures. Four types of aluminum species can be clearly distinguished, 
which can be assigned to four-coordinated framework Al, six-coordinated EFAL, 
fi ve-coordinated EFAL, and four-coordinated EFAL, respectively [ 40 ]. As shown in 
Fig.  7.4 , it is notable that the fi ve-coordinated EFAL and four-coordinated EFAL are 
present at high calcination temperature [ 40 ]. The isotropic chemical shift δ iso  as well 
as the second-order quadrupolar interaction parameter P Q  of each aluminum species 
can be calculated according to the position of signals in the 2D MQ MAS spectra. 
Combined with  27 Al MAS NMR,  27 Al MQ MAS NMR has been extensively used to 
investigate the dealumination process, the water hydration process, and the alumi-
num states in various zeolites [ 41 – 43 ].

  Fig. 7.4     27 Al MQ MAS NMR spectra of parent HY zeolite ( a ) and dealuminated H–Y zeolites 
upon calcination treatment at 500 ( b ), 600 ( c ), and 700 °C ( d ) (Reproduced from Ref. [ 40 ] by 
permission of John Wiley & Sons Ltd)       
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7.2.4         29 Si MAS NMR 

  29 Si NMR chemical shifts normally vary from different chemical environments in 
the zeolite framework. Thus, the local framework structure can be refl ected from the 
 29 Si NMR chemical shifts [ 44 – 48 ]. Figure  7.5  shows the  29 Si MAS NMR spectrum 
of H–Y zeolite upon calcination treatments at different temperatures [ 34 ]. As shown 
in Fig.  7.5 , four different peaks at −89, −95, −101, and −106 ppm arising from 
Si[3Al, 1Si], Si[2Al, 2Si], Si[1A1,3Si], and Si[0Al,4Si] could be clearly resolved. 
As suggested by Lippmaa et al. [ 44 ], the framework Si/Al ratio could be quantita-
tively determined after careful deconvolution of these four different peaks. The cor-
responding framework Si/Al ratios were determined to be 2.8, 3.0, 3.5, 4.6, and 5.3 
for parent HY, CAL-400, CAL-500, CAL-600, and CAL-700 zeolites, respectively 
[ 34 ]. In addition,  29 Si MAS NMR is well suited for observing the chemically dis-
tinct and the crystallographic nonequivalent silicon sites in a topologically ordered 
framework of zeolite and the mapping of various sites to specifi c tetrahedral loca-
tions in the unit cell [ 48 ,  49 ]. Figure  7.6  shows the  29 Si NMR spectra of nitrogen 
substituted HY zeolites. Using  29 Si MAS NMR spectra in conjunction with quantum 
chemical calculation, the  29 Si resonances at −89, −80, and −68 ppm have been 
ascribed to SiNH 2 Al, Al–OH–Si–NH 2 –Al, and Si(NH 2 Al) 2 , respectively. The 

  Fig. 7.5     29 Si MAS NMR spectra of parent H–Y ( a ) and dealuminated H–Y zeolites upon calcina-
tion treatment at 400 ( b ), 500 ( c ), 600 ( d ), and 700 °C ( e ) (Reprinted with permission from Ref. 
[ 34 ]. Copyright 2008 American Chemical Society)       
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framework structure of newly designed N-doped zeolites could be elucidated 
accordingly [ 50 ]. For the pure siliceous zeolite, the  29 Si NMR chemical shift strongly 
depends on chemical environment of different silicon sites, which could be further 
verifi ed from DFT theoretical calculations [ 51 ].

7.2.5          29 Si DQ MAS NMR 

    The intramolecular distance constraints are of great importance to solve the 3D 
topology structure of zeolites. To establish the  29 Si– 29 Si correlations and probe the 
long-range Si–Si distances in the zeolite frameworks, Levitt and coworkers intro-
duced a new  29 Si solid-state MAS NMR experiment by incorporating the homonu-
clear dipolar recoupling sequence SR26 4  11  [ 52 ,  53 ]. In the 2D  29 Si DQ MAS NMR 
spectrum of a zeolite sigma-2 with natural abundance as shown in Fig.  7.7a , the 
spatial proximity among different  29 Si sites has been demonstrated. In addition, long-
range  29 Si– 29 Si distances of different Si pairs can be elucidated from the  29 Si DQ 

  Fig. 7.6     29 Si NMR spectra of HY zeolite with 0 % ( top ) and 20 % ( below ) of oxygen substituted 
for NH groups (Reprinted with permission from Ref. [ 50 ] Copyright 2008 American Chemical 
Society)       
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built-up curves as a function of homonuclear recoupling time [ 53 ]. Moreover, as 
manifested in Fig.  7.7b , the two-bond  29 Si– 29 Si connectivity in sigma-2 could be 
obtained through 2D J-coupling-based refocused INADEQUATE experiment [ 54 ]. 
Both the spatial proximity and bond connection information can be successively 
achieved separately from the  29 Si– 29 Si correlations through dipolar and J-coupling 
interactions [ 53 ]. By incorporation with the unit cell parameters and space group 
from the powder XRD, the 3D topology structure of zeolites can be accurately deter-
mined based on the long-range and short-range  29 Si– 29 Si distance constraints which 
were obtained from the 2D  29 Si DQ MAS NMR experiments. It was also demon-
strated that the structure of two purely siliceous zeolites could be solved by the 2D 
 29 Si DQ MAS NMR technique [ 53 ]. This method opens up a new window for high-
resolution structure determination of zeolites by solid-state NMR spectroscopy.

7.2.6         17 O MAS NMR 

  17 O MAS NMR has been used to observe the zeolite framework oxygen signals 
since the 1980s [ 55 ,  56 ]. The framework oxygen sites (Si–O–Si) could be directly 
detected from  17 O MAS and MQ MAS NMR techniques. However, the  17 O signal of 
the Brønsted acid  17 O site (Al–OH–Si) cannot be clearly distinguished due to its 
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  Fig. 7.7     29 Si DQ correlation spectra of sigma-2 obtained with ( a ) the SR26 4  11  dipolar recoupling 
sequence and ( b ) the J-coupling-based refocused INADEQUATE experiment (Reprinted with per-
mission from Ref. [ 53 ]. Copyright 2005 American Chemical Society)       
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relatively low concentration. To detect the  17 O site in HY, H–ZSM-5, and H–morde-
nite zeolites, several double-resonance solid-state NMR techniques including  1 H–
 17 O TRAPDOR [ 25 ],  17 O– 1 H REDOR [ 57 ],  1 H– 17 O REDOR, and  1 H– 17 O HETCOR 
experiments were utilized by Grey and coworkers [ 58 – 61 ]. 

 Figure  7.8  shows the  17 O{ 1 H} REDOR NMR spectra of  17 O-enriched HY zeo-
lite. The intensity of the shoulder at −24 ppm decreases signifi cantly in the double- 
resonance experiment, whereas the intensity of the broad peak at 21 ppm remains 
almost unchanged [ 58 ]. According to the double-resonance experiment, the broad 
peak at 21 ppm could be assigned to the framework oxygen atoms in the Si–O–Al 
and Si–O–Si linkages, whereas the shoulder signal at −24 ppm could be associated 
to the oxygen site in Brønsted acid site (Si–OH–Al) [ 58 ].  1 H– 17 O CP–REDOR 
NMR experiment was further applied to determine the O–H distance in zeolite 
HY, which is around 0.98–1.01 Å [ 60 ]. The Brønsted acid sites in other zeolites 
such as H–ZSM-5 and H–mordenite [ 61 ] were also studied by  17 O MAS NMR 
spectroscopy, which provides insights into the active center in acid-mediated zeo-
lite catalysts.

  Fig. 7.8     17 O– 1 H REDOR NMR spectra of  17 O-enriched HY zeolite. The difference spectrum is 
obtained by subtracting the double-resonance spectrum from the control spectrum (Reprinted by 
permission from Macmillan Publishers Ltd: Ref. [ 58 ], copyright 2005)       
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7.2.7         129 Xe NMR 

 The structure of cages and channels of zeolites play key roles in their adsorption 
and desorption behavior and their catalytic activity.  129 Xe NMR chemical shifts are 
very sensitive to the pore geometry, which can serve as a probe for studying the 
microstructure of zeolites [ 62 – 64 ]. For xenon adsorbed in a porous material, the 
observed  129 Xe chemical shift is a weighted average of different types of interac-
tions on NMR time scale.  129 Xe NMR has been used to characterize the pore struc-
ture and adsorption properties in various zeolites such as MCM-22, MAS-7, 
ZSM-5, etc. [ 65 – 68 ,  6 ]. 

 By using  129 Xe NMR, Chen et al. [ 65 ] found that Xe atoms were preferentially 
adsorbed in the supercages of zeolite MCM-22 at low Xe pressure, while Xe atoms 
could penetrate into the two-dimensional sinusoidal channels at high Xe pressure. 
As Xe adsorption pressure is greater than 6 atm, two different kinds of xenon 
exchange could be observed. Exchange of xenon at different adsorption sites in the 
same supercage occurs at lower temperature ranges of 170–122 K (see Fig.  7.9 ). 
Exchange between xenon in the supercage and the sinusoidal channel would take 
place through gaseous xenon at higher temperatures (280–350 K) as shown in 
Fig.  7.9 . The  129 Xe NMR results provided some new insights into the adsorption 
properties of the MCM-22 zeolite [ 65 ]. Since the chemical shift of the xenon is very 
sensitive to the types of atoms with which it collides,  129 Xe NMR is especially suc-
cessful in investigating charge, location, and state of cations in the metal-exchanged 
zeolites [ 6 ,  67 ].

7.3         Acidity Characterization of Zeolites 

7.3.1     Acidity Type and Strength 

 The acidity of zeolites dictates their catalytic performance during various hydrocar-
bon reactions [ 69 ]. Thus, a comprehensive investigation of the acidic properties is 
crucial for the design, modifi cation, and application of zeolites. The most important 
features during the acidity characterization lie in the precise determination of the 
acid type (Brønsted vs Lewis), strength, concentration, and distribution (or location) 
of acid sites. 

 The utilization of probe molecules was widely used to investigate the acidity of 
zeolites. Pioneered by Lunsford et al. [ 70 ], trimethylphosphine (TMP) was adopted 
as a probe molecule to characterize the acidity of H-form faujasite-type zeolites 
based on the observed  31 P NMR chemical shifts. Thereafter, the technique has 
been widely used for acidity characterization of other zeolites [ 28 ,  71 ,  72 ]. As a 
TMP molecule adsorbed onto a Brønsted acid site, the formation of a TMPH +  ionic 
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complex would give rise to a  31 P chemical shifts ranging from ca. −1 to −6 ppm, 
whereas TMP molecules bound to Lewis acid sites normally result in  31 P chemical 
shifts in the range of −30 to −70 ppm [ 70 ]. Therefore, Brønsted and Lewis acid 
sites in zeolites can be clearly distinguished, and their concentrations can be quan-
titatively determined. Recent DFT calculation results indicate that the  31 P NMR 
chemical shifts of adsorbed TMP molecules can be used as a scale to quantitatively 
measure the Lewis acid strength, i.e., the Lewis acid strength linearly increases 
with the increase of the  31 P NMR chemical shift [ 73 ]. 

 In order to accurately determine the Brønsted acid strength of zeolites, several 
spectroscopic and analytical methods such as IR spectroscopy, temperature- 
programmed desorption (TPD), and microcalorimetry have been employed. 
However, in the conventional NH 3 –TPD and pyridine IR experiments, ammonia and 
pyridine probe molecules are normally too basic to distinguish the differences of 

  Fig. 7.9    Temperature- 
dependent  129 Xe NMR spectra 
of Xe adsorbed in the H–
MCM-22 zeolite with a Xe 
pressure of 6.0 atm 
(Reprinted with permission 
from Ref. [ 65 ]. Copyright 
2001 American Chemical 
Society)       
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Brønsted acid strengths of zeolites. It is very promising to characterize the acid 
strength of zeolites by utilizing solid-state MAS NMR spectroscopy of various 
probe molecules.  13 C MAS NMR of adsorbed 2- 13 C-acetone [ 74 – 76 ],  31 P MAS 
NMR of adsorbed trimethylphosphine oxide (TMPO) [ 77 ,  78 ], and  1 H MAS NMR 
of adsorbed pyridine- d  5  [ 79 ,  27 ,  80 ] were used to characterize the acidity of various 
zeolites. 

 Besides the experimental observations, theoretical DFT calculations were 
recently employed to establish the correlation between the  1 H,  13 C, and  31 P NMR 
chemical shifts of probe molecules and the acid strength of zeolites [ 81 – 88 ]. Proton 
affi nity (PA) or deprotonation energy (DPE) can serve as an indicator for the intrin-
sic acid strengths of Brønsted acid sites. A smaller PA or DPE corresponds to a 
stronger Brønsted acid. In the DFT calculations, Brønsted acid sites with varying 
acid strengths were built by a series of 8 T zeolite models with varying terminal 
Si–H bond lengths. As such, proton affi nities of Brønsted acid sites varying from 
246.7 to 310.8 kcal/mol could be generated from these selected models, covering 
from weak, medium strong, strong, to super acid [ 83 ]. Furthermore, the  1 H,  13 C, and 
 31 P NMR chemical shifts could be calculated after optimizing the complex struc-
tures of the probe molecules adsorbed on the Brønsted acid sites, and thus, the 
 correlations between the Brønsted acid strengths and NMR chemical shifts were 
established [ 83 ,  84 ,  82 ,  81 ]. 

 For pyridine-d 5  probe molecule, it was found that the  1 H chemical shift of pyri-
dinium ions decreases linearly with the decrease of PA or the increase of Brønsted 
acid strength, indicating that the  1 H chemical shift of adsorbed pyridine- d  5  can be 
used as a scale for quantitatively measuring the Brønsted acid strength [ 83 ]. 
Moreover, by taking a PA value of 250 kcal/mol as the threshold for superacidity, an 
observed  1 H chemical shift of 12.6 ppm could be inferred as the corresponding 
chemical shift threshold for pyridine-d 5  probe molecule (see Fig.  7.10 ), which is in 
well agreement with the experimental values. As pyridine- d   5   is adsorbed on a strong 
Brønsted acid site, a complete transfer of the Brønsted acidic proton to the pyridine 
molecule prevails; the pronounced shielding effect arising from the pyridine ring 
thus results in variation in the observed  δ  1H  toward a lower value [ 83 ]. The linear 
correlation between  δ  1H  and acidic strength based on the  1 H-pyridine- d  5  NMR 
approach affords quantitative assessment of Brønsted acid strength in solid acid 
catalysts.

   For 2- 13 C-acetone probe molecule, it was found that three adsorption conforma-
tions (hydrogen bonded, proton shared, and ion pair) exist, corresponding to differ-
ent extents of proton transfer from the Brønsted acid site to the adsorbed acetone 
[ 84 ]. A correlation of three-broken lines was obtained for the  13 C chemical shift of 
acetone versus DPE values [ 84 ]. As shown in Fig.  7.11 , trifolded correlation 
between  δ  13C  and DPE may be described as followed: Region I (DPE < 270 kcal/
mol) is associated with the formation of ion-pair adsorption complexes, correspond-
ing to the presence of strong Brønsted acid sites. Region II (270 ≤ DPE ≤ 276 kcal/
mol) may be related to proton-shared adsorption scheme with medium acidic 
strength, whereas Region III (DPE > 276 kcal/mol) belongs to hydrogen-bonded 
adsorption scheme with relatively weak acidity. A  13 C chemical shift threshold of 
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  Fig. 7.10    Correlations of  1 H NMR chemical shift with proton affi nity (PA) of Brønsted acid sites 
in solid acids while in the presence of adsorbed pyridine- d   5   (Reprinted with permission from Ref. 
[ 83 ]. Copyright 2007 American Chemical Society)       

  Fig. 7.11    Correlations of  13 C chemical shift of adsorbed 2- 13 C-acetone with deprotonation energy 
(DPE) of Brønsted acidity in solid acid catalysts (Reprinted with permission from Ref. [ 84 ]. 
Copyright 2010 American Chemical Society)       
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ca. 245 ppm was obtained for superacidity in this case [ 84 ]. The correlation can be 
used as a scale for quantitatively measuring the Brønsted acid strength of various 
solid acid catalysts.

   Similarly, the  31 P chemical shift of TMPO probe molecule also exhibits a linear 
correlation with Brønsted acid strength (see Fig.  7.12 ) [ 81 ]. In this case, the  31 P 
chemical shift increases linearly with the decrease of PA or the increase of Brønsted 
acid strength, a larger  31 P chemical shift corresponds a strong acid strength, and a 
 31 P chemical shift of 86 ppm was obtained as the threshold for superacidity [ 81 ]. It 
is noteworthy that the acidic scales have been extensively utilized to measure the 
acid strength of other solid acids [ 89 – 91 ], including heteropolyacids [ 92 – 94 ].

   A recent study theoretically investigated the infl uence of acid strength on solid-acid-
catalyzed protonation of olefi ns. This revealed that with increasing acid strength, the 
extent of energy reduction generally follows the order of the ionic character of these 
species. Ionic species are much more sensitive to acid strength than covalent species, 
regardless of intermediates or transition states. Therefore, an increase in acid strength 
can result in the preferential formation of ion-pair intermediates with greater stability 
than π complex and alkoxy species intermediates [ 95 ]. The rule that ionic species are 
more sensitive than covalent species to acid strength can be used to interpret and pre-
dict the effects of acid strength on catalytic activity for other solid-acid-catalyzed 
reactions [ 96 ]. Comprehensive studies have been carried out on the product selectivity 
and reaction pathway during alkane activation (hydrogen exchange, dehydrogenation, 
and cracking) and alkene hydrogenation reactions over zeolite catalysts with varied 
acid characteristics [ 96 ,  97 ]. It is well known that catalysts with greater acidic strength 
are more favorable for enhanced alkane activation during propane cracking, but 
hydrogen exchange reactions are not sensitive to the acidic strength of the catalyst, 
which is also well explained by the ionic character of the transition states [ 97 ].  

  Fig. 7.12    Correlations of calculated  31 P chemical shift of adsorbed R 3 POH +  complexes and proton 
affi nity (PA) (Reprinted with permission from Ref.[ 82 ]. Copyright 2008 American Chemical 
Society)       
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7.3.2     Acid Site Location 

 The characterization of acid site distributions is of great importance to understand 
the detailed mechanism of catalytic reactions occurring on different sites. In order 
to distinguish the acid sites located in the internal voids and on the external surfaces 
of zeolites, a solid-state  31 P NMR technique was proposed by using trialkylphos-
phine probe molecules with different sizes, such as trimethylphosphine oxide 
(TMPO) and tributylphosphine oxide (TBPO) [ 98 ]. The size of TMPO (kinetic 
diameter ca. 0.55 nm) is smaller than the typical pore aperture of the ten-membered 
ring (ca. 0.60 nm) of zeolite ZSM-5. The small size of TMPO enables it to diffuse 
into the intracrystalline channels and pores of the zeolite. Both the internal and 
external acid sites are accessible to TMPO, whereas the size of TBPO (ca. 0.82 nm) 
is too large to penetrate into the channels and can only detect acid sites located on 
the external surface of the zeolite. Therefore, the concentration of the internal acid 
sites can be obtained from the difference between those determined from TMPO 
and TMBO. With the aid of DFT calculation, it was demonstrated that the  31 P chem-
ical shifts of various trialkylphosphine probe molecules (triethylphosphine oxide, 
TEPO; tributylphosphine oxide, TBPO; and trioctylphosphine oxide, TOPO) could 
be utilized as scales for quantitatively measuring the Brønsted acid strength, and 
a  31 P chemical shift of 92–94 ppm corresponded to the chemical shift threshold for 
superacidity (also see Fig.  7.12 ) [ 82 ]. Similarly, Zhang et al.[ 99 ] adopted perfl uo-
rotributylamine as a probe molecule and employed  1 H MAS NMR to distinguish the 
internal and external acidic sites in zeolites. By using DFT calculations and solid-
state NMR of adsorbed TMPO, Zheng and coworkers [ 100 ] found that the accessi-
ble Brønsted acidic protons reside in both the supercages (at the Al8–OH–Si8 and 
Al1–OH–Si2 sites) and the external surface pockets (at the Al8–OH–Si8 site) rather 
than in the sinusoidal channels (at the Al5–OH–Si7 site) of zeolite H–MCM-22, 
with the Al1–OH–Si2 site having the strongest acid strength. This fi nding may par-
tially explain the special selectivity of acid-catalyzed reactions occurring inside the 
channels of the zeolite.  

7.3.3     Spatial Proximity Among Different Acid Sites 

 In order to better understand the possible synergy effect between Brønsted and 
Lewis acids, advanced 2D solid-state NMR methods, such as  1 H– 1 H [ 26 ],  27 Al– 27 Al 
[ 40 ], and  31 P– 31 P [ 101 ] double-quantum (DQ) magic-angle spinning (MAS) NMR 
spectroscopy methods, have been developed and applied to investigate the spatial 
proximity among different acid sites in various zeolites. 

 2D  1 H DQ MAS NMR experiment is a robust technique for probing proton–proton 
proximities in various functional materials [ 102 ]. It was fi rst employed by Li et al. to 
explore the spatial proximities among various acid sites in dealuminated HY zeolites 
[ 26 ]. As shown in Fig.  7.13 , several types of correlation peaks can be clearly discerned 
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in the  1 H DQ MAS spectrum of dealuminated HY. The autocorrelation peaks at (4.3, 
8.6) ppm and (5.0, 10.0) ppm suggest the spatial proximity of Brønsted acid sites in the 
supercage and sodalite cage, respectively. The autocorrelation peak at (2.2, 4.4) ppm 
results from the formation of silanol groups during the dealumination process. Another 
autocorrelation peak at (2.8, 5.6) ppm is due to EFAL species containing more than 
one hydroxyl group such as Al(OH) 3  and Al(OH) 2  + . Additionally, the off-diagonal peak 
pair at (1.0, 6.0) and (5.0, 6.0) ppm corresponds to the correlation between the extra-
framework AlOH group and the bridging hydroxyl group in the sodalite cage, suggest-
ing the spatial proximity between Brønsted and Lewis acid sites. The appearance of 
another off-diagonal peak pair at (2.8, 7.1) and (4.3, 7.1) ppm confi rms the spatial 
proximity between the Lewis and Brønsted acid sites in the supercage [ 26 ].

   Meanwhile,  1 H– 1 H DQ MAS NMR experiments were performed with varying 
DQ recoupling time to determine the average  1 H– 1 H distance between various 
hydroxyl groups [ 34 ]. Accordingly, the  1 H– 1 H distance between a Brønsted acidic 
proton and an extra-framework AlOH species in both the supercage and the sodalite 
cage was determined to be 4.3 Å, whereas the average distance between two nearby 
Brønsted acidic protons in the supercages was measured to be 5.0 Å. By using the 
similar techniques, a comprehensive study was carried out to probe the spatial prox-
imities between different acid sites in H–Y zeolites modifi ed with different dealu-
mination treatments (including calcination, steaming, and acid leaching) [ 26 ]. It 
was found that the Brønsted/Lewis acid synergy effect was always present in the 
samples prepared by thermal and hydrothermal treatments but absent in the samples 
prepared by acid leaching treatment [ 34 ]. Furthermore, extra-framework aluminum 

  Fig. 7.13     1 H DQ MAS NMR spectra of dealuminated HY (Reprinted with permission from Ref. 
[ 26 ]. Copyright 2007 American Chemical Society)       
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(EFAL) species in hydrated dealuminated HY zeolite were also investigated by 
 1 H– 1 H DQ MAS NMR experiments [ 103 ]. The  1 H– 1 H DQ MAS NMR spectroscopy 
is also employed to investigate the spatial proximity of acid sites in highly siliceous 
zeolites, such as H–ZSM-5, H–mordenite, and H–MCM-22 [ 104 ,  105 ]. All these 
fi ndings would provide insights into the roles of Lewis acid and its synergy with the 
Brønsted acid in zeolite-mediated hydrocarbon reactions. 

 Apart from  1 H– 1 H DQ MAS NMR,  27 Al– 27 Al DQ MAS NMR can also be 
employed to investigate the Brønsted/Lewis acid synergy in dealuminated zeolites 
as well [ 40 ]. By utilizing a sensitivity-enhanced 2D  27 Al DQ MAS NMR technique 
[ 106 ], the spatial proximities among various Al species in dealuminated HY zeo-
lites were demonstrated. 

 Figure  7.14  shows 2D  27 Al DQ MAS NMR spectra of parent HY and calcined 
HY zeolites. For the parent HY as shown in Fig.  7.14a , the autocorrelation peak at 

  Fig. 7.14     27 Al MAS and DQ MAS NMR spectra of ( a ) parent HY, ( b ) HY-500, ( c ) HY-600, and 
( d ) HY-700 zeolites (Reproduced from Ref. [ 40 ] by permission of John Wiley & Sons Ltd)       
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(61, 122) ppm in the  27 Al– 27 Al DQ MAS NMR spectrum indicates that four- 
coordinated framework Al (FAL) species are in close proximity to one another. For 
the HY-500 zeolite, the cross peak pair at (61, 61) and (0, 61) ppm results from the 
spatial proximity between the four-coordinated FAL and the six-coordinated EFAL 
(see Fig.  7.14b ), implying the existence of Brønsted/Lewis acid synergy in the 
dealuminated HY zeolite [ 40 ]. For the HY-600 zeolite, it is revealed that three 
kinds of aluminum species including four-coordinated FAL, fi ve-coordinated 
EFAL and six- coordinated EFAL are in close proximity one another (Fig.  7.14c ). 
In the 2D  27 Al DQ MAS NMR spectrum of HY-700 (Fig.  7.14d ), the correlation 
peak pair at (55, 87) and (32, 87) ppm is ascribed to the spatial proximity between 
four-coordinated EFAL species and fi ve-coordinated EFAL species. On the basis 
of the experimental observations, the detailed spatial correlations among various 
aluminum species in hydrated HY zeolites after dealumination treatment are 
clearly identifi ed [ 40 ]. With the assistance of DFT theoretical calculation, a new 
dealumination mechanism was proposed, and three types of EFAL species, 
Al(OH) 3 , Al(OH) 2  + , and Al(OH) 2+ , in close proximity to framework aluminum, 
were identifi ed in dealuminated HY zeolites [ 40 ]. The spatial proximities of 
Brønsted and Lewis acid sites in the highly siliceous zeolites, such as H–MOR, 
H–ZSM-5, and MCM-22 zeolites, were also investigated by 2D  27 Al DQ MAS 
experiments [ 104 ,  105 ]. It was found that the Brønsted/Lewis acid synergy was 
present in these highly siliceous zeolites as well.

   To measure the Brønsted acid densities in zeolites, Peng et al. [ 101 ] proposed a 
new method by using diphenyldiphosphines, Ph 2 P(CH 2 ) n PPh 2  molecules having 
two basic sites. 2D  31 P DQ MAS NMR experiments were employed to probe  31 P– 31 P 
internuclear distances and distinguish the non-protonated, single-protonated, or 
double-protonated diphenyldiphosphines binding sites in the zeolite. By using    these 
techniques, the density and distribution of Brønsted acid sites in HY and H–ZMS-5 
zeolites with different Si/Al ratios were comprehensively investigated [ 107 ].   

7.4     Elucidation of Reaction Mechanisms in Heterogeneous 
Catalysis 

 Understanding the reaction mechanisms involved in heterogeneously catalyzed 
reactions is helpful to refi ne zeolite catalysts and design new ones. In order to elu-
cidate the catalytic reaction mechanisms, the nature of reactant, intermediate, and 
product formed on the working catalysts during catalyzed reaction process needs to 
be clearly identifi ed. The reaction pathway in heterogeneous catalysis involves in 
the several important stages: adsorption of the reactant molecules onto active sites, 
activation of the adsorption molecules, formation of possible reaction intermediates 
and products, and desorption of the product molecules from the catalyst [ 16 ]. The 
adsorption states of reactant, reaction intermediates, and fi nal product formed on 
zeolite catalysts during reaction process can be identifi ed from in situ MAS NMR 
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spectroscopy [ 17 ,  108 ,  109 ]. Meanwhile, the thermodynamic behavior and kinetic 
property, strongly subject to the catalyzed performance, could be theoretically 
described on the basis of activation barriers and reaction energies derived from the 
reaction pathway calculations [ 110 – 112 ]. A combined in situ MAS NMR and theo-
retical DFT calculation study could provide deep insight into the structure–activity 
relationship of zeolites in heterogeneously catalyzed reactions [ 6 ,  113 ]. 

 Wang et al. [ 114 ] studied the formation and decomposition of N, N, 
N-trimethylanilinium cations in the methylation of aniline on acidic zeolite cata-
lysts through in situ  13 C MAS NMR spectroscopy under continuous-fl ow and stop- 
fl ow conditions. Figure  7.15  shows the formation of N, N, N-trimethylanilinium 
cations during methylation of aniline by methanol on H–Y zeolite performed under 
continuous-fl ow conditions. As shown in Fig.  7.15a , the signal at 50 ppm was due 

  Fig. 7.15    In situ  13 C MAS NMR spectra recorded during aniline methylation on zeolite H–Y 
under continuous-fl ow conditions at reaction temperatures of 473 K for 10 min ( a ), 473 K for 
90 min ( b ), 498 K for 90 min ( c ), and 523 K for 90 min ( d ) (Reprinted with permission from Ref. 
[ 114 ]. Copyright 2002 American Chemical Society)       
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to methanol adsorbed on Brønsted acid site, while the peaks at 63.5 and 60.5 ppm 
were ascribed to the formation of dimethyl ether (DME). After 90 min reaction at 
473 K (Fig.  7.15b ), a new signal appeared at 39 ppm, corresponding to the forma-
tion of N-methylanilinium cations ([PhNH 2 CH 3 ] + ). After further increasing the 
reaction temperature, the intensity of the signal at 58 ppm due to N,N,N- 
trimethylanilinium cations increased, while signal intensities of methanol and DME 
decreased. During the aniline methylation reaction at temperatures of 498–523 K, 
other signals at 48 and 16 ppm were assigned to  N ,  N -dimethylanilinium cations 
([PhNH(CH 3 ) 2 ] + ) and ring-alkylated reaction products, respectively [ 114 ]. The role 
of N,N,N- trimethylanilinium cations in the methylation of aniline process was fur-
ther investigated by stopped-fl ow  13 C MAS NMR techniques. As 
 N,N,N- trimethylanilinium cations were formed on zeolite H–Y, the reactant fl ow 
was stopped and the progressive reaction of these cations on the catalyst was inves-
tigated by stopped-fl ow MAS NMR spectroscopy at different reaction 
temperatures.

   On the basis of the results of in situ  13 C NMR investigations, a mechanism of 
aniline methylation on acidic zeolite H–Y was proposed (see Fig.  7.16 ) [ 114 ]. In the 
fi rst step of the reaction, methanol is converted to DME and surface methoxy groups. 
Then, alkylation starts as a consequence of the formation of  N -methylanilinium, 
 N , N -dimethylanilinium, and  N , N , N -trimethylanilinium cations on H–Y zeolite. The 
products of the N-alkylation of aniline,  N -methylaniline, and  N , N -dimethylaniline 
are further formed via deprotonation of the  N -methylanilinium and  N , N - 
dimethylanilinium  cations [ 114 ].

   Recently, in situ  13 C MAS NMR was also employed to monitor the carbonylation 
of methane with CO over a Zn-modifi ed ZSM-5 zeolite catalyst [ 115 ]. Figure  7.17  
shows the  13 C CP/MAS NMR spectra of products formed from carbonylation reac-
tion of  13 C-labeled methane with CO on ZnZSM-5 catalyst heated at different tem-
peratures for 1 h [ 115 ].

   At 523 K, the signal at −7 ppm was assigned to unreacted methane, and the 
intense peak at 173 ppm was due to formate species (Fig.  7.17a ). In addition, two 

  Fig. 7.16    Aniline methylation mechanism on zeolite H–Y (Reprinted with permission from Ref. 
[ 114 ]. Copyright 2002 American Chemical Society)       
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other weak signals were observable at 58 and −20 ppm, which could be assigned to 
surface methoxy species and zinc methyl species, respectively [ 115 ]. The appear-
ance of methyl (21 ppm) and carbonyl groups (187 ppm) of acetic acid indicated the 
occurrence of the carbonylation reaction on the ZnZSM-5 catalyst at 623 K (see 
Fig.  7.17b ). Interestingly, when a trace of molecular oxygen was added, the amount 
of zinc methyl species (−20 ppm) was signifi cantly increased at 523 K while the 
methoxy species (58 ppm) disappeared (Fig.  7.17c ). Meanwhile, a small amount of 

  Fig. 7.17     13 C CP/MAS NMR spectra of products formed from co-adsorption of CH 4  and CO on 
ZnZSM-5 catalyst heated for 1 h. ( a ,  b )  13 CH 4  and  13 CO at 523 K and 623 K. ( c ,  d )  13 CH 4 ,  13 CO, 
and O 2  at 523 K and 623 K. ( e ,  f )  13 CH 4 ,  13 CO, and H 2  at 523 K and 623 K (Reproduced from Ref. 
[ 115 ] by permission of John Wiley & Sons Ltd)       

 

S. Li and F. Deng



253

formate (173 ppm) and carbonate species (164 ppm) was observable as well. Further 
increasing the reaction temperature to 623 K resulted in selective formation of ace-
tic acid (see Fig.  7.17d ). In contrast, when a trace of H 2  was adsorbed, the signals of 
the methoxy species and its derivatives dimethyl ether (65 ppm) and methanol 
(53 ppm) were remarkably increased at 523 K (Fig.  7.17e ). Acetic acid was formed 
along with the zinc methyl species and ethane (Fig.  7.17f ). It was demonstrated that 
acetic acid could be generated directly under a mild reaction condition (573–623 K) 
through two parallel reaction pathways (see Fig.  7.18 ) [ 115 ]. In one reaction path-
way as manifested in Fig.  7.18 , methane is activated into methoxy intermediates, 
which can further interact with CO to generate acetic acid. In another reaction path-
way, methane is activated into zinc methyl intermediates that can be consequently 
transformed into the methyl group of acetic acid with CO 2  through a typical organo-
metallic reaction [ 115 ].

   In combination with other spectroscopic tools such as GC–MS and UV–vis, in 
situ MAS NMR spectroscopy has been extensively used in the elucidation of the 
reaction mechanisms in various zeolite-mediated heterogeneously catalyzed reac-
tion processes such as the activation of alkane C–H bonds by Brønsted acid sites 
over Ga-modifi ed beta zeolite [ 116 ], co-aromatization of methane with propane on 
Mo-containing zeolite H–BEA [ 117 ], propane aromatization on Zn-modifi ed BEA 
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  Fig. 7.18    Proposed reaction pathways for the formation of acetic acid from methane and carbon 
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zeolite [ 118 ], methanol-to-hydrocarbon conversion over SAPO-41 [ 119 ], methanol-
to- olefi n conversion on silicoaluminophosphate catalyst [ 120 ], and Beckmann rear-
rangement of cyclohexanone oxime on MFI-type zeolites [ 121 ].  In-situ  solid-state 
NMR spectroscopy has also been employed to monitor the reaction intermediates 
such as alkoxy species [ 16 ] and carbenium ion intermediates [ 108 ,  122 ,  113 ] such 
as alkyl-substituted cyclopentenyl cations [ 123 ], methylindanyl carbenium ions 
[ 124 ],  gem -dimethylbenzenium cations [ 125 ], and heptamethylbenzenium cation 
[ 126 ] in a variety of zeolite-catalyzed reactions. 

 In addition to the detection of reactants, intermediates, and products, the adsorp-
tion and desorption behavior and reaction kinetics in the reaction process can also 
be studied by in situ solid-state NMR spectroscopy. Xu et al. [ 127 ] proposed an 
approach of in situ continuous-fl ow laser-hyperpolarized (HP)  129 Xe MAS NMR in 
combination with  13 C MAS NMR to simultaneously obtain the adsorption states and 
the reaction kinetics on working zeolites.  13 C-labeled methanol and laser- 
hyperpolarized  129 Xe were introduced into CHA zeolite. During the catalytic reac-
tion process, the reaction intermediates and products which were detected by in situ 
 13 C CP/MAS NMR experiments are helpful for the elucidation of reaction mecha-
nisms. Meanwhile, the adsorption and reaction kinetics could be investigated by in 
situ HP  129 Xe MAS NMR. Figure  7.19  shows in situ HP  129 Xe MAS NMR and  13 C 
CP/MAS NMR spectra of methanol reaction in CHA nanocages at various 
temperatures.

   In the  13 C CP/MAS NMR spectra as shown in Fig.  7.19a , only methanol signal 
with a chemical shift at 50.5 ppm was observed at temperature below 120 °C. By 

  Fig. 7.19    In situ hyperpolarized (HP)  129 Xe MAS NMR and  13 C CP/MAS NMR spectra of metha-
nol reaction in CHA nanocages at various temperatures (Reprinted with permission from Ref. 
[ 127 ] Copyright 2009 American Chemical Society)       
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increasing the temperature beyond 120 °C, methanol was converted into dimethyl 
ether (DME, 60.5 ppm) via methoxy species (56.8 ppm). In the HP  129 Xe NMR 
spectra as shown in Fig.  7.19b , the main peak A at 94.5 ppm was due to Xe coad-
sorbed with methanol in the CHA cages. The peak B at 89.8 ppm was ascribed to 
xenon in the methanol reaction cage, in which methanol molecule was converted to 
DME on the Brønsted acid site. By analysis of the  129 Xe MAS NMR spectra as a 
function of time, the evolution of methanol conversion in the CHA nanocages at 
different temperatures was identifi ed. It was revealed that empty cage signal at 
84 ppm decreased in intensity, while the signals of methanol adsorbed cage (92 ppm) 
and methanol reaction cage (88 ppm) increased with the time. By measuring the 
reaction kinetics at three different reaction temperatures, the activation energy of 
active site in methanol reaction could be calculated to be ca. 57 kJ/mol according to 
the Arrhenius equation [ 127 ]. This technique might be promising to investigate 
other reaction kinetics inside restricted zeolite nanocages.  

7.5     Crystallization Mechanism of Zeolites 

 Solid-state NMR has been employed to characterize the synthesis processes of sili-
coaluminum, aluminophosphate, and silicoaluminophosphate molecular sieves 
[ 128 ,  129 ]. The detailed structural information on the evolution of intermediate 
phases is of great importance for better understanding the crystallization mecha-
nisms of molecular sieves. 

 Figure  7.20  shows in situ  29 Si and  27 Al MAS NMR spectra of silicoaluminate 
zeolite A synthesis from gel at 65 °C as a function of crystalline periods [ 130 ].  27 Al 
and  29 Si NMR were used to monitor the growth of the crystalline phase. As shown 
in Fig.  7.20a , a rapid increase in crystalline is evidenced from decreasing line width 
of the peak at −89 ppm assigned to Si(3Al) site as a function of the crystalline time. 
Meanwhile, the peak intensity increase of the Al(OSi) 4  at ~60 ppm at the expense of 
[Al(OH) 4 ] −  species (Fig.  7.20b ) indicates that [Al(OH) 4 ] −  species is gradually trans-
formed into Al(OSi) 4  and zeolite A framework is formed during the crystalline pro-
cess [ 130 ]. Therefore, an ordering of the local environment of silicon tetrahedra and 
formation of aluminum tetrahedral Al(OSi) 4  can be clearly evidenced from the in 
situ  29 Si and  27 Al NMR spectroscopy [ 130 ].

   AlPO 4 -n is usually prepared by hydrothermal synthesis, and the crystalline 
molecular sieves are produced from the gel phases. Huang et al. [ 131 ] investigated 
the hydrothermal synthesis mechanism of AlPO 4 -18 molecular sieves using multi-
nuclear solid-state NMR spectroscopy. As shown in Fig.  7.21 , the evolution of the 
local environments for various P and Al sites during the crystallization process 
could be manifested from  31 P and  27 Al MAS NMR. The states and the coordination 
of  31 P and  27 Al species can be tentatively assigned according to the NMR chemical 
shifts and line width. The assignments can be further confi rmed by two-dimensional 
 27 Al MQ MAS and  27 Al/ 31 P CP-HETCOR experiments. Several representative inter-
mediate phases could be clearly identifi ed according to  27 Al and  31 P assignments as 
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a function of crystallization time. It could be concluded that the formation of 
AlPO 4 - 18 undergoes several distinct stages [ 131 ]. Firstly, the ordered aluminophos-
phate phase and a phosphate material were converted into an amorphous AlPO 
phase under hydrothermal conditions. Subsequently, crystalline microporous 
AlPO 4 -5 was transformed from the amorphous phase after continuous heating. 
Finally, a further increase in heating time resulted in the formation of AlPO 4 -18 
[ 131 ].

   The synthesis of zeolites usually requires the presence of solvents and organic 
templates. Very recently, Xiao et al. [ 132 ] developed a novel strategy for sustainable 
synthesis of zeolites without addition of both organotemplates and solvents. Zeolite 
beta has been successfully synthesized and thoroughly characterized by XRD pat-
terns, SEM images, UV–Raman spectra, and  29 Si and  27 Al MAS NMR spectra. 

  Fig. 7.20    ( a )  29 Si and ( b )  27 Al MAS NMR spectra of zeolite A synthesis from gel at 65 °C 
(Reprinted with permission from Ref. [ 130 ]. Copyright 1996 American Chemical Society)       
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Figure  7.22  shows  29 Si NMR spectra of synthesized beta zeolites as a function of 
crystallization time [ 132 ]. Before crystallization, the Si(2Si) signal is dominant. 
After crystallization for 2 days, Si(3Si) signal intensity increases at the expense of 
that of Si(2Si). Here, Si(2Si) includes Si(2Si, 2Al), Si(2Si,1Al,1OH), and Si(2Si, 
2OH) structural units, while Si(3Si) includes Si(3Si, 1Al) and Si(3Si, 1OH) struc-
tural units. The observed phenomenon might be related to the rearrangement of 
zeolite building units. Meanwhile, a broad signal in the range of 50–70 ppm is 
observed in the  27 Al NMR spectrum, mainly attributed to Al(3Si) and Al(4Si) spe-
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  Fig. 7.21     31 P and  27 Al MAS spectra of the selected gel samples as a function of crystallization 
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cies. It is noted that the concentration of Si(2Si) species is increasing with the crys-
tallization time from 2 to 4 days while decreasing with the crystallization time from 
4 to 9 days. The enrichment of Si(2Si) species should be assigned to the hydrolysis 
of silica species due to the presence of a little amount of water in the solid mixture, 
while the signifi cant reduction of Si(2Si) species at longer crystallization time could 
be due to the crystallization of zeolites by condensation of Si(2Si) species contain-
ing hydroxyl groups. After crystallization for 9 days, the  29 Si NMR spectrum exhib-
its major peaks at −104.7 and −110.5 ppm associated with Si(3Si) and Si(4Si) 
species. Meanwhile, a major peak at 57 ppm assigned to tetrahedral coordination of 
framework Al is predominant in the  27 Al MAS NMR spectrum [ 132 ]. These results 
are well consistent with those of beta zeolite synthesized under hydrothermal condi-
tions. Using similar methods,  31 P,  27 Al, and  29 Si MAS NMR spectroscopy was also 
used to characterize solvent-free as-synthesized S–SAPO-34 and calcined S–SAPO- 
34 zeolites [ 133 ].

   Solid-state NMR spectroscopy has also been used in the investigation of crystal-
lization mechanism of other microporous and mesoporous aluminophosphate or 
silicoaluminophosphate zeolites [ 134 – 136 ]. Huang et al. [ 137 ] directly monitored 
the involvement of  17 O-enriched water vapor in the formation of molecular sieve 
process of AlPO 4 -11 by dry-gel conversion methods through  17 O solid-state NMR 
spectroscopy. Fluorine ion is a well-known mineralizer in the synthesis of alumi-
nophosphate molecular sieves [ 138 ]. By using  1 H– 1 H DQ MAS NMR spectros-

  Fig. 7.22     29 Si ( left ) and  27 Al ( right ) MAS NMR spectra of S–beta samples crystallized at ( a ) 0, ( b ) 
2, ( c ) 4, ( d ) 5, ( e ) 7, and ( f ) 9 days, respectively (Reprinted with permission from Ref. [ 132 ]. 
Copyright 2014 American Chemical Society)       
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copy, Shen et al. [ 139 ] proposed a model for surfactant aggregation and phase 
transformation during the crystalline process of mesostructured aluminophosphate 
materials on the basis of the spatial proximities among surfactant polar head 
groups, cetyl chains, and nonpolar tail CH 3  groups. Additionally, the crystallization 
of SAPO-34 molecular sieve under hydrothermal condition and dry-gel conversion 
condition was comprehensively examined by multinuclear  31 P,  27 Al, and  29 Si solid-
state NMR techniques [ 134 ].  

7.6     Conclusion and Outlook 

 Solid-state NMR spectroscopy has been demonstrated to be a powerful tool for the 
characterization of topology structures, crystallization processes, acidic properties, 
and catalytic reaction mechanisms of zeolites. In order to obtain deeper insights into 
the structure–property relationship of zeolites, it is still desirable to further develop 
solid-state NMR techniques. Enhancement of sensitivity and resolution in solid- 
state NMR spectroscopy would be achieved from various methods such as wide-
band excitation [ 140 ], inverse detection [ 141 ] for the low-gamma nuclei [ 142 ], 
homo- and heteronuclear dipole recoupling and decoupling techniques via 
symmetry- based [ 143 – 145 ] and optimized-control [ 146 ] scheme under magic-angle 
spinning. Recently, utilization of ultrahigh-fi eld NMR spectrometers has made the 
observation of a wide range of low-γ quadrupolar nuclei with low sensitivity feasi-
ble [ 147 – 149 ]. Even though progress to identify the low-γ active centers over zeo-
lite catalysts has been gained by using high magnetic fi eld solid-state NMR 
spectrometer [ 150 ], there are still lots of challenges and opportunities to design 
advanced solid-state NMR methods to enhance both sensitivity and resolution of the 
NMR signal of low-γ nuclei in real zeolite catalysts, in which the loading of active 
metal species is extremely low (usually less than 5 %). Nowadays, dynamic nuclear 
polarization (DNP) [ 151 ,  152 ] is favorably considered to be very promising tech-
niques to remarkably enhance NMR signals in materials and biological systems. As 
external paramagnetic centers must be introduced, DNP technique has been only 
applied to study the surface property of mesoporous materials [ 153 – 157 ]. It is still 
a great challenge to study the heterogeneously catalytic reactions occurring in zeo-
lites by using DNP technique since the externally introduced paramagnetic centers 
might cover the reaction active sites. The existence of various interactions in solids 
sometimes hinders the resolution and sensitivity of solid-state NMR spectroscopy. 
In this case, multiple-dimensional NMR spectroscopy is usually applied to gain 
enough sensitivity and resolution. However, the time-consuming drawback of the 
multiple-dimensional NMR techniques usually limits their wide application in zeo-
lites. Thus, it is desirable to develop fast acquisition methods [ 158 – 161 ] in the 
multiple- dimensional NMR spectroscopy to remarkably reduce the acquisition time 
of NMR experiments, especially for the homonuclear and heteronuclear correlation 
experiments involving quadrupolar nuclei.     

7 Solid-State NMR Studies of Zeolites



260

   References 

    1.    Coster D, Blumenfeld AL, Fripiat JJ (1994) Lewis acid sites and surface aluminum in alumi-
nas and zeolites: a high resolution NMR study. J Phys Chem 98:6201–6211  

    2.    Kiricsi I, Flego C, Pazzuconi G, Parker WO, Millini R, Perego C, Bellussi G (1994) Progress 
toward understanding zeolite-beta acidity: an IR and  27 Al NMR spectroscopic study. J Phys 
Chem 98:4627–4634  

    3.    DeCanio SJ, Sohn JR, Fritz PO, Lunsford JH (1986) Acid catalysis by dealuminated zeolite-
 Y: I. Methanol dehydration and cumene dealkylation. J Catal 101:132–141  

    4.    Beyerlein RA, McVicker GB, Yacullo LN, Ziemiak JJ (1988) The infl uence of framework 
and nonframework aluminum on the acidity of high-silica, proton-exchanged FAU-framework 
zeolites. J Phys Chem 92:1967–1970  

    5.    Biscardi JA, Meitzner GD, Iglesia E (1998) Structure and density of active Zn species in 
Zn/H-ZSM-5 propane aromatization catalysts. J Catal 179:192–202  

      6.    Xu J, Zheng A, Wang X, Qi G, Su J, Du J, Gan Z, Wu J, Wang W, Deng F (2012) Room tem-
perature activation of methane over Zn modifi ed H-ZSM-5 zeolites: insight from solid- state 
NMR and theoretical calculations. Chem Sci 3:2932–2940  

    7.    Wu J-F, Yu S-M, Wang WD, Fan Y-X, Bai S, Zhang C-W, Gao Q, Huang J, Wang W (2013) 
Mechanistic insight into the formation of acetic acid from the direct conversion of methane 
and carbon dioxide on zinc-modifi ed H–ZSM-5 zeolite. J Am Chem Soc 135:13567–13573  

    8.    Breysse M, Afanasiev P, Geantet C, Vrinat M (2003) Overview of support effects in 
hydrotreating catalysts. Catal Today 86:5–16  

   9.    Katada N, Igi H, Kim JH, Niwa M (1997) Determination of the acidic properties of zeolite by 
theoretical analysis of temperature-programmed desorption of ammonia based on adsorption 
equilibrium. J Phys Chem B 101:5969–5977  

    10.    Wang Q, Cui ZM, Cao CY, Song WG (2011) 0.3 angstrom makes the difference: dramatic 
changes in methanol-to-olefi n activities between H-ZSM-12 and H-ZSM-22 zeolites. J Phys 
Chem C 115:24987–24992  

    11.    Brown SP (2009) Recent advances in solid-state MAS NMR methodology for probing struc-
ture and dynamics in polymeric and supramolecular systems. Macromol Rapid Commun 
30:688–716  

   12.    Morris K, Serpell L (2010) From natural to designer self-assembling biopolymers, the struc-
tural characterisation of fi brous proteins & peptides using fi bre diffraction. Chem Soc Rev 
39:3445–3453  

   13.    Fu DW, Cai HL, Li SH, Ye Q, Zhou L, Zhang W, Zhang Y, Deng F, Xiong RG (2013) 
4-Methoxyanilinium perrhenate 18-crown-6: a new ferroelectric with order originating in 
swinglike motion slowing down. Phys Rev Lett 110:257601  

   14.    Zhang Y, Zhang W, Li SH, Ye Q, Cai HL, Deng F, Xiong RG, Huang SPD (2012) 
Ferroelectricity induced by ordering of twisting motion in a molecular rotor. J Am Chem Soc 
134:11044–11049  

    15.    Sun ZH, Luo JH, Zhang SQ, Ji CM, Zhou L, Li SH, Deng F, Hong MC (2013) Solid-state 
reversible quadratic nonlinear optical molecular switch with an exceptionally large contrast. 
Adv Mater 25:4159–4163  

      16.    Wang W, Hunger M (2008) Reactivity of surface alkoxy species on acidic zeolite catalysts. 
Acc Chem Res 41:895–904  

    17.    Zhang WP, Xu ST, Han XW, Bao XH (2012) In situ solid-state NMR for heterogeneous 
catalysis: a joint experimental and theoretical approach. Chem Soc Rev 41:192–210  

     18.    Jiang YJ, Huang J, Dai WL, Hunger M (2011) Solid-state nuclear magnetic resonance inves-
tigations of the nature, property, and activity of acid sites on solid catalysts. Solid State Nucl 
Magn Reson 39:116–141  

   19.    Zhang L, Ren YH, Yue B, He HY (2012) Recent development in in situ NMR study on het-
erogeneous catalysis: mechanisms of light alkane functionalisation. Chem Commun 
48:2370–2384  

S. Li and F. Deng



261

    20.    Li S, Deng F (2013) Recent advances of solid-state NMR studies on zeolites. Annu Rep NMR 
Spectrosc 78:1–54  

    21.    Freude D, Hunger M, Pfeifer H, Schwieger W (1986)  1 H MAS NMR studies on the acidity of 
zeolites. Chem Phys Lett 128:62–66  

   22.      Freude D, Klinowski J (1988) Solid state  1 H NMR studies of the structure of the active site in 
zeolite H-ZSM-5. J Chem Soc Chem Commun 1411–1413  

   23.    Hunger M, Freude D, Frohlich T, Pfeifer H, Schwieger W (1987)  1 H MAS NMR studies of 
ZSM-5 type zeolites. Zeolites 7:108–110  

    24.    Hunger M, Freude D, Pfeifer H (1991) Magic angle spinning nuclear magnetic resonance 
studies of water molecules adsorbed on Bronsted acid and Lewis acid sites in zeolites and 
amorphous silica aluminas. J Chem Soc Faraday Trans 87:657–662  

     25.    Grey CP, Vega AJ (1995) Determination of the quadrupole coupling constant of the invisible 
aluminum spins in zeolite HY with  1 H/ 27 Al TRAPDOR NMR. J Am Chem Soc 
117:8232–8242  

          26.    Li SH, Zheng AM, Su YC, Zhang HL, Chen L, Yang J, Ye CH, Deng F (2007) Bronsted/Lewis 
acid synergy in dealuminated HY zeolite: a combined solid-state NMR and theoretical calcu-
lation study. J Am Chem Soc 129:11161–11171  

     27.    Hunger M (1997) Bronsted acid sites in zeolites characterized by multinuclear solid-state 
NMR spectroscopy. Catal Rev Sci Eng 39:345–393  

     28.    Hu W, Luo Q, Su YC, Chen L, Yue Y, Ye CH, Deng F (2006) Acid sites in mesoporous 
Al-SBA-15 material as revealed by solid-state NMR spectroscopy. Microporous Mesoporous 
Mater 92:22–30  

    29.    Derouane EG, Nagy JB, Gabelica Z, Blom N (1982) An  27 Al NMR investigation of ZSM-5 
type zeolite aluminosilicate precursor species. Zeolites 2:299–302  

   30.    Engelhardt G, Fahlke B, Magi M, Lippmaa E (1983) High resolution solid state  29 Si and  27 Al 
NMR of aluminosilicate intermediates in zeolite-A synthesis. Zeolites 3:292–294  

   31.    Klinowski J, Thomas JM, Fyfe CA, Gobbi GC, Hartman JS (1983) A highly siliceous struc-
tural analog of zeolite Y: high resolution solid state  29 Si and  27 Al NMR studies. Inorg Chem 
22:63–66  

   32.    Liu W, Xu Y, Wong ST, Wang L, Qiu J, Yang N (1997) Methane dehydrogenation and aro-
matization in the absence of oxygen on Mo/HZSM-5: a study on the interaction between Mo 
species and HZSM-5 by using  27 Al and  29 Si MAS NMR. J Mol Catal A Chem 120:257–265  

    33.    Zhang WP, Bao XH, Guo XW, Wang XS (1999) A high-resolution solid-state NMR study on 
nano-structured H-ZSM-5 zeolite. Catal Lett 60:89–94  

           34.    Li SH, Huang SJ, Shen WL, Zhang HL, Fang HJ, Zheng AM, Liu SB, Deng F (2008) Probing 
the spatial proximities among acid sites in dealuminated H-Y zeolite by solid-state NMR 
spectroscopy. J Phys Chem C 112:14486–14494  

    35.    Seiler M, Wang W, Hunger M (2001) Local structure of framework aluminum in zeolite 
H-ZSM-5 during conversion of methanol investigated by in situ NMR spectroscopy. J Phys 
Chem B 105:8143–8148  

      36.    Jiao J, Altwasser S, Wang W, Weitkamp J, Hunger M (2004) State of aluminum in dealumi-
nated, nonhydrated zeolites Y investigated by multinuclear solid-state NMR spectroscopy. J 
Phys Chem B 108:14305–14310  

    37.    Jiao J, Kanellopoulos J, Wang W, Ray SS, Foerster H, Freude D, Hunger M (2005) 
Characterization of framework and extra-framework aluminum species in non-hydrated zeo-
lites Y by  27 Al spin-echo, high-speed MAS, and MQMAS NMR spectroscopy at B 0  = 9.4 to 
17.6 T. Phys Chem Chem Phys 7:3221–3226  

    38.    Medek A, Harwood JS, Frydman L (1995) Multiple-quantum magic-angle spinning NMR: a 
new method for the study of quadrupolar nuclei in solids. J Am Chem Soc 
117:12779–12787  

    39.    Amoureux JP, Fernandez C, Steuernagel S (1996) Z fi ltering in MQ-MAS NMR. J Magn 
Reson Ser A 123:116–118  

7 Solid-State NMR Studies of Zeolites



262

             40.    Yu ZW, Zheng AM, Wang QA, Chen L, Xu J, Amoureux JP, Deng F (2010) Insights into the 
dealumination of zeolite HY revealed by sensitivity-enhanced  27 Al DQ-MAS NMR spectros-
copy at high fi eld. Angew Chem Int Ed 49:8657–8661  

    41.    Sklenak S, Dedecek J, Li C, Wichterlova B, Gabova V, Sierka M, Sauer J (2007) Aluminum 
siting in silicon-rich zeolite frameworks: a combined high-resolution  27 Al NMR spectroscopy 
and quantum mechanics/molecular mechanics study of ZSM-5. Angew Chem Int Ed 
46:7286–7289  

   42.    van Bokhoven JA, Koningsberger DC, Kunkeler P, van Bekkum H, Kentgens APM (2000) 
Stepwise dealumination of zeolite beta at specifi c T-sites observed with  27 Al MAS and  27 Al 
MQ MAS NMR. J Am Chem Soc 122:12842–12847  

    43.    Yan ZM, Ding MA, Zhuang JQ, Liu XC, Liu XM, Han XW, Bao XH, Chang FX, Xu L, Liu 
ZM (2003) On the acid-dealumination of USY zeolite: a solid state NMR investigation. J Mol 
Catal A Chem 194:153–167  

     44.    Lippmaa E, Magi M, Samoson A, Tarmak M, Engelhardt G (1981) Investigation of the struc-
ture of zeolites by solid state high resolution Si-29 NMR spectroscopy. J Am Chem Soc 
103:4992–4996  

   45.    Engelhardt G, Lohse U, Samoson A, Magi M, Tarmak M, Lippmaa E (1982) High resolution 
 29 Si NMR of dealuminated and ultrastable Y zeolites. Zeolites 2:59–62  

   46.    Melchior MT, Vaughan DEW, Jarman RH, Jacobson AJ (1982) The characterization of Si-Al 
ordering in A-type zeolite (ZK4) by  29 Si NMR. Nature 298:455–456  

   47.    Fyfe CA, Feng Y, Grondey H, Kokotailo GT, Gies H (1991) One dimensional and 
2- dimensional high resolution solid state NMR studies of zeolite lattice structures. Chem Rev 
91:1525–1543  

     48.    Ramdas S, Klinowski J (1984) A simple correlation between isotropic  29 Si NMR chemical 
shifts and T-O-T angles in zeolite frameworks. Nature 308:521–523  

    49.    Thomas JM, Klinowski J, Ramdas S, Hunter BK, Tennakoon DTB (1983) The evaluation of 
non-equivalent tetrahedral sites from  29 Si NMR chemical shifts in zeolites and related alumi-
nosilicates. Chem Phys Lett 102:158–162  

     50.    Hammond KD, Dogan F, Tompsett GA, Agarwal V, Conner WC Jr, Grey CP, Auerbach SM 
(2008) Spectroscopic signatures of nitrogen-substituted zeolites. J Am Chem Soc 
130:14912–14913  

    51.    Bussemer B, Schroder KP, Sauer J (1997) Ab initio predictions of zeolite structures and  29 Si 
NMR chemical shifts. Solid State Nucl Magn Reson 9:155–164  

    52.    Brouwer DH, Darton RJ, Morris RE, Levitt MH (2005) A solid-state NMR method for solu-
tion of zeolite crystal structures. J Am Chem Soc 127:10365–10370  

        53.    Brouwer DH, Kristiansen PE, Fyfe CA, Levitt MH (2005) Symmetry-based  29 Si dipolar 
recoupling magic angle spinning NMR spectroscopy: a new method for investigating three- 
dimensional structures of zeolite frameworks. J Am Chem Soc 127:542–543  

    54.    Lesage A, Bardet M, Emsley L (1999) Through-bond carbon-carbon connectivities in disor-
dered solids by NMR. J Am Chem Soc 121:10987–10993  

    55.    Janes N, Oldfi eld E (1986)  17 O NMR study of bonding in silicates: the orbital controversy. J 
Am Chem Soc 108:5743–5753  

    56.    Timken HKC, Turner GL, Gilson JP, Welsh LB, Oldfi eld E (1986) Solid state  17 O nuclear 
magnetic resonance spectroscopic studies of zeolites and related systems. J Am Chem Soc 
108:7231–7235  

    57.    Gullion T, Schaefer J (1989) Rotational echo double resonance NMR. J Magn Reson 
81:196–200  

       58.    Peng LM, Liu Y, Kim NJ, Readman JE, Grey CP (2005) Detection of Bronsted acid sites in 
zeolite HY with high-fi eld O-17-MAS-NMR techniques. Nat Mater 4:216–219  

   59.    Peng L, Huo H, Gan Z, Grey CP (2008)  17 O MQMAS NMR studies of zeolite HY. Microporous 
Mesoporous Mater 109:156–162  

    60.    Peng L, Huo H, Liu Y, Grey CP (2007)  17 O magic angle spinning NMR studies of Bronsted 
acid sites in zeolites HY and HZSM-5. J Am Chem Soc 129:335–346  

S. Li and F. Deng



263

     61.    Huo H, Peng L, Gan Z, Grey CP (2012) Solid-state MAS NMR studies of Bronsted acid sites 
in zeolite H-mordenite. J Am Chem Soc 134:9708–9720  

    62.    Demarquay J, Fraissard J (1987)  129 Xe NMR of xenon adsorbed on zeolites: relationship 
between the chemical shift and the void space. Chem Phys Lett 136:314–318  

   63.    Ito T, Fraissard J (1982)  129 Xe NMR study of xenon adsorbed on zeolites. J Chem Phys 
76:5225–5229  

    64.    Fraissard J, Ito T (1988) 129Xe NMR-study of adsorbed xenon: a new method for studying 
zeolites and metal-zeolites. Zeolites 8:350–361  

       65.    Chen F, Deng F, Cheng MJ, Yue Y, Ye CH, Bao XH (2001) Preferential occupation of xenon 
in zeolite MCM-22 as revealed by  129 Xe NMR spectroscopy. J Phys Chem B 
105:9426–9432  

   66.    Chen F, Zhang MJ, Han Y, Xiao FS, Yue Y, Ye CH, Deng F (2004) Characterization of micro-
porosity in ordered mesoporous material MAS-7 by  129 Xe NMR spectroscopy. J Phys Chem 
B 108:3728–3734  

    67.    Zeng D, Yang J, Wang J, Xu J, Yang Y, Ye C, Deng F (2007) Solid-state NMR studies of 
methanol-to-aromatics reaction over silver exchanged H-ZSM-5 zeolite. Microporous 
Mesoporous Mater 98:214–219  

    68.    Huang SJ, Huh S, Lo PS, Liu SH, Lin VSY, Liu SB (2005) Hyperpolarized  129 Xe NMR inves-
tigation of multifunctional organic/inorganic hybrid mesoporous silica materials. Phys Chem 
Chem Phys 7:3080–3087  

    69.    Lercher JA, Grundling C, EderMirth G (1996) Infrared studies of the surface acidity of oxides 
and zeolites using adsorbed probe molecules. Catal Today 27:353–376  

     70.    Lunsford JH, Rothwell WP, Shen W (1985) Acid sites in zeolite Y: a solid state NMR and 
infrared study using trimethylphosphine as a probe molecule. J Am Chem Soc 
107:1540–1547  

    71.    Lunsford JH (1997) Characterization of acidity in zeolites and related oxides using trimeth-
ylphosphine as a probe. Top Catal 4:91–98  

    72.    Luo Q, Deng F, Yuan ZY, Yang J, Zhang MJ, Yue Y, Ye CH (2003) Using trimethylphosphine 
as a probe molecule to study the acid states in Al-MCM-41 materials by solid-state NMR 
spectroscopy. J Phys Chem B 107:2435–2442  

    73.    Chu Y, Yu Z, Zheng A, Fang H, Zhang H, Huang S-J, Liu S-B, Deng F (2011) Acidic strengths 
of Brønsted and Lewis acid sites in solid acids scaled by  31 P NMR chemical shifts of adsorbed 
trimethylphosphine. J Phys Chem C 115:7660–7667  

    74.    Biaglow AI, Gorte RJ, Kokotailo GT, White D (1994) A probe of Bronsted site acidity in 
zeolites:  13 C chemical shift of acetone. J Catal 148:779–786  

   75.    Xu T, Munson EJ, Haw JF (1994) Toward a systematic chemistry of organic reactions in 
zeolites: in situ NMR studies of ketones. J Am Chem Soc 116:1962–1972  

    76.    Yang J, Janik MJ, Ma D, Zheng A, Zhang M, Neurock M, Davis RJ, Ye C, Deng F (2005) 
Location, acid strength, and mobility of the acidic protons in Keggin 12-H3PW12O40: a 
combined solid-state NMR spectroscopy and DFT quantum chemical calculation study. J Am 
Chem Soc 127:18274–18280  

    77.    Rakiewicz EF, Peters AW, Wormsbecher F, Sutovich KJ, Mueller KT (1998) Characterization 
of acid sites in zeolitic and other inorganic systems using solid-state  31 P NMR of the probe 
molecule trimethylphosphine oxide. J Phys Chem B 102:2890–2896  

    78.    Chen W-H, Ko H-H, Sakthivel A, Huang S-J, Liu S-H, Lo A-Y, Tsai T-C, Liu S-B (2006) A 
solid-state NMR, FT-IR and TPD study on acid properties of sulfated and metal-promoted 
zirconia: infl uence of promoter and sulfation treatment. Catal Today 116:111–120  

    79.    Hunger M (1996) Multinuclear solid-state NMR studies of acidic and non-acidic hydroxyl 
protons in zeolites. Solid State Nucl Magn Reson 6:1–29  

    80.    Xu M, Arnold A, Buchholz A, Wang W, Hunger M (2002) Low-temperature modifi cation of 
mesoporous MCM-41 material with sublimated aluminum chloride in vacuum. J Phys Chem 
B 106:12140–12143  

7 Solid-State NMR Studies of Zeolites



264

       81.    Zheng A, Zhang H, Lu X, Liu S-B, Deng F (2008) Theoretical predictions of  31 P NMR chem-
ical shift threshold of trimethylphosphine oxide absorbed on solid acid catalysts. J Phys 
Chem B 112:4496–4505  

      82.    Zheng A, Huang S-J, Chen W-H, Wu P-H, Zhang H, Lee H-K, L-Cd M, Deng F, Liu S-B 
(2008)  31 P chemical shift of adsorbed trialkylphosphine oxides for acidity characterization of 
solid acids catalysts. J Phys Chem A 112:7349–7356  

        83.    Zheng A, Zhang H, Chen L, Yue Y, Ye C, Deng F (2007) Relationship between  1 H chemical 
shifts of deuterated pyridinium ions and Brønsted acid strength of solid acids. J Phys Chem 
B 111:3085–3089  

        84.    Fang H, Zheng A, Chu Y, Deng F (2010)  13 C chemical shift of adsorbed acetone for measur-
ing the acid strength of solid acids: a theoretical calculation study. J Phys Chem C 
114:12711–12718  

   85.    Zheng A, Deng F, Liu S-B (2014) Acidity characterization of solid acid catalysts by solid- 
state  31 P NMR of adsorbed phosphorus-containing probe molecules. Annu Rep NMR 
Spectrosc 81:47–108  

   86.    Zheng AM, Huang SJ, Wang Q, Zhang HL, Deng F, Liu SB (2013) Progress in development 
and application of solid-state NMR for solid acid catalysis. Chin J Catal 34:436–491  

   87.    Zheng AM, Liu SB, Deng F (2013) Acidity characterization of heterogeneous catalysts by 
solid-state NMR spectroscopy using probe molecules. Solid State Nucl Magn Reson 
55–56:12–27  

    88.    Zheng A, Huang S-J, Liu S-B, Deng F (2011) Acid properties of solid acid catalysts charac-
terized by solid-state  31 P NMR of adsorbed phosphorous probe molecules. Phys Chem Chem 
Phys 13:14889–14901  

    89.    Zhang XM, Zhao YP, Xu ST, Yang Y, Liu J, Wei YX, Yang QH (2014) Polystyrene sulphonic 
acid resins with enhanced acid strength via macromolecular self-assembly within confi ned 
nanospace. Nat Commun 5:3170  

   90.    de Clippel F, Dusselier M, Van Rompaey R, Vanelderen P, Dijkmans J, Makshina E, Giebeler 
L, Oswald S, Baron GV, Denayer JFM, Pescarmona PP, Jacobs PA, Sels BF (2012) Fast and 
selective sugar conversion to alkyl lactate and lactic acid with bifunctional carbon–silica cata-
lysts. J Am Chem Soc 134:10089–10101  

    91.    Huang J, van Vegten N, Jiang Y, Hunger M, Baiker A (2010) Increasing the Brønsted acidity 
of fl ame-derived silica/alumina up to zeolitic strength. Angew Chem Int Ed 49:7776–7781  

    92.    Feng ND, Zheng AM, Huang SJ, Zhang HL, Yu NY, Yang CY, Liu SB, Deng F (2010) 
Combined solid-state NMR and theoretical calculation studies of Bronsted acid properties in 
anhydrous 12-molybdophosphoric acid. J Phys Chem C 114:15464–15472  

   93.    Huang SJ, Yang CY, Zheng AM, Feng ND, Yu NY, Wu PH, Chang YC, Lin YC, Deng F, Liu 
SB (2011) New insights into Keggin-type 12-tungstophosphoric acid from  31 P MAS NMR 
analysis of absorbed trimethylphosphine oxide and DFT calculations. Chem Asian J 
6:137–148  

    94.    Filek U, Bressel A, Sulikowski B, Hunger M (2008) Structural stability and Brønsted acidity 
of thermally treated AlPW 12 O 40  in comparison with H 3 PW 12 O 40 . J Phys Chem C 
112:19470–19476  

    95.    Fang H, Zheng A, Li S, Xu J, Chen L, Deng F (2010) New insights into the effects of acid 
strength on the solid acid-catalyzed reaction: theoretical calculation study of olefi nic hydro-
carbon protonation reaction. J Phys Chem C 114:10254–10264  

     96.    Chu YY, Han B, Fang HJ, Zheng AM, Deng F (2012) Infl uence of acid strength on the reac-
tivity of alkane activation on solid acid catalysts: a theoretical calculation study. Microporous 
Mesoporous Mater 151:241–249  

     97.    Zheng AM, Liu SB, Deng F (2009) Chemoselectivity during propene hydrogenation reaction 
over H-ZSM-5 zeolite: insights from theoretical calculations. Microporous Mesoporous 
Mater 121:158–165  

    98.    Zhao Q, Chen WH, Huang SJ, Wu YC, Lee HK, Liu SB (2002) Discernment and quantifi ca-
tion of internal and external acid sites on zeolites. J Phys Chem B 106:4462–4469  

S. Li and F. Deng



265

    99.   Zhang WP, Ma D, Liu XC, Liu XM, Bao XH (1999) Perfl uorotributylamine as a probe mol-
ecule for distinguishing internal and external acidic sites in zeolites by high-resolution  1 H 
MAS NMR spectroscopy. Chem Commun 1091–1092  

    100.    Zheng AM, Chen L, Yang J, Zhang MJ, Su YC, Yue Y, Ye CH, Deng F (2005) Combined DFT 
theoretical calculation and solid-state NMR studies of Al substitution and acid sites in zeolite 
MCM-22. J Phys Chem B 109:24273–24279  

     101.    Peng LM, Chupas PJ, Grey CP (2004) Measuring Bronsted acid densites in zeolite HY with 
diphosphine molecules and solid state NMR spectroscopy. J Am Chem Soc 
126:12254–12255  

    102.    Brown SP (2012) Applications of high-resolution  1 H solid-state NMR. Solid State Nucl 
Magn Reson 41:1–27  

    103.    Li SH, Zheng AM, Su YC, Fang HJ, Shen WL, Yu ZW, Chen L, Deng F (2010) Extra- 
framework aluminium species in hydrated faujasite zeolite as investigated by two- dimensional 
solid-state NMR spectroscopy and theoretical calculations. Phys Chem Chem Phys 
12:3895–3903  

     104.    Yu ZW, Li SH, Wang Q, Zheng AM, Jun X, Chen L, Deng F (2011) Bronsted/Lewis acid 
synergy in H-ZSM-5 and H-MOR zeolites studied by  1 H and  27 Al DQ-MAS solid-state NMR 
spectroscopy. J Phys Chem C 115:22320–22327  

     105.    Yu ZW, Wang Q, Chen L, Deng F (2012) Bronsted/Lewis acid sites synergy in H-MCM-22 
zeolite studied by  1 H and  27 Al DQ-MAS NMR spectroscopy. Chin J Catal 33:129–139  

    106.    Wang Q, Hu B, Lafon O, Trebosc J, Deng F, Amoureux JP (2009) Double-quantum homo-
nuclear NMR correlation spectroscopy of quadrupolar nuclei subjected to magic-angle spin-
ning and high magnetic fi eld. J Magn Reson 200:251–260  

    107.    Peng LM, Grey CP (2008) Diphosphine probe molecules and solid-state NMR investigations 
of proximity between acidic sites in zeolite HY. Microporous Mesoporous Mater 
116:277–283  

     108.    Haw JF, Song WG, Marcus DM, Nicholas JB (2003) The mechanism of methanol to hydro-
carbon catalysis. Acc Chem Res 36:317–326  

    109.    Hunger M, Weitkamp J (2001) In situ IR, NMR, EPR, and UV/Vis spectroscopy: tools for 
new insight into the mechanisms of heterogeneous catalysis. Angew Chem Int Ed 
40:2954–2971  

    110.    Svelle S, Tuma C, Rozanska X, Kerber T, Sauer J (2009) Quantum chemical modeling of 
zeolite-catalyzed methylation reactions: toward chemical accuracy for barriers. J Am Chem 
Soc 131:816–825  

   111.    Chu YY, Han B, Zheng AM, Deng F (2012) Infl uence of acid strength and confi nement effect 
on the ethylene dimerization reaction over solid acid catalysts: a theoretical calculation study. 
J Phys Chem C 116:12687–12695  

    112.    Zheng AM, Deng F, Liu SB (2011) Regioselectivity of carbonium ion transition states in 
zeolites. Catal Today 164:40–45  

     113.    Xu ST, Zheng AM, Wei YX, Chen JR, Li JZ, Chu YY, Zhang MZ, Wang QY, Zhou Y, Wang 
JB, Deng F, Liu ZM (2013) Direct observation of cyclic carbenium ions and their role in the 
catalytic cycle of the methanol-to-olefi n reaction over chabazite zeolites. Angew Chem Int 
Ed 52:11564–11568  

         114.    Wang W, Seiler M, Ivanova II, Sternberg U, Weitkamp J, Hunger M (2002) Formation and 
decomposition of N, N, N-trimethylanilinium cations on zeolite H − Y investigated by in situ 
stopped-fl ow MAS NMR spectroscopy. J Am Chem Soc 124:7548–7554  

          115.    Wang X, Qi G, Xu J, Li B, Wang C, Deng F (2012) NMR-spectroscopic evidence of 
intermediate- dependent pathways for acetic acid formation from methane and carbon mon-
oxide over a ZnZSM-5 zeolite catalyst. Angew Chem Int Ed 51:3850–3853  

    116.    Gabrienko AA, Arzumanov SS, Toktarev AV, Freude D, Haase J, Stepanov AG (2011) H/D 
exchange and activation of C-1-n-C-4 alkanes on Ga-modifi ed zeolite BEA studied with  1 H 
magic angle spinning nuclear magnetic resonance in situ. J Phys Chem C 115:13877–13886  

7 Solid-State NMR Studies of Zeolites



266

    117.    Luzgin MV, Toktarev AV, Parmon VN, Stepanov AG (2013) Coaromatization of methane 
with propane on Mo-containing zeolite H-BEA: a solid-state NMR and GC-MS study. J Phys 
Chem C 117:22867–22873  

    118.    Gabrienko AA, Arzumanov SS, Freude D, Stepanov AG (2010) Propane aromatization on 
Zn-modifi ed zeolite BEA studied by solid-state NMR in situ. J Phys Chem C 
114:12681–12688  

    119.    Wang X, Dai WL, Wu GJ, Li LD, Guan NJ, Hunger M (2014) Verifying the dominant cata-
lytic cycle of the methanol-to-hydrocarbon conversion over SAPO-41. Catal Sci Technol 
4:688–696  

    120.    Dai WL, Wang X, Wu GJ, Guan NJ, Hunger M, Li LD (2011) Methanol-to-Olefi n conversion 
on silicoaluminophosphate catalysts: effect of Bronsted acid sites and framework structures. 
ACS Catal 1:292–299  

    121.    Marthala VRR, Rabl S, Huang J, Rezai SAS, Thomas B, Hunger M (2008) In situ solid-state 
NMR investigations of the vapor-phase Beckmann rearrangement of  15 N-cyclohexanone 
oxime on MFI-type zeolites and mesoporous SBA-15 materials in the absence and presence 
of the additive  13 C-methanol. J Catal 257:134–141  

    122.    Li JZ, Wei YX, Chen JR, Tian P, Su X, Xu ST, Qi Y, Wang QY, Zhou Y, He YL, Liu ZM 
(2012) Observation of heptamethylbenzenium cation over SAPO-Type molecular sieve 
DNL-6 under real MTO conversion conditions. J Am Chem Soc 134:836–839  

    123.    Haw JF, Richardson BR, Oshiro IS, Lazo ND, Speed JA (1989) Reactions of propene on 
zeolite HY catalyst studied by in situ variable temperature solid-state nuclear magnetic reso-
nance spectroscopy. J Am Chem Soc 111:2052–2058  

    124.    Xu T, Haw JF (1994) NMR observation of indanyl carbenium ion intermediates in the reac-
tions of hydrocarbons on acidic zeolites. J Am Chem Soc 116:10188–10195  

    125.    Xu T, Barich DH, Goguen PW, Song W, Wang Z, Nicholas JB, Haw JF (1998) Synthesis of a 
benzenium ion in a zeolite with use of a catalytic fl ow reactor. J Am Chem Soc 
120:4025–4026  

    126.    Li J, Wei Y, Chen J, Tian P, Su X, Xu S, Qi Y, Wang Q, Zhou Y, He Y, Liu Z (2012) Observation 
of heptamethylbenzenium cation over SAPO-type molecular sieve DNL-6 under real MTO 
conversion conditions. J Am Chem Soc 134:836–839  

      127.    Xu S, Zhang W, Liu X, Han X, Bao X (2009) Enhanced in situ continuous-fl ow MAS NMR 
for reaction kinetics in the nanocages. J Am Chem Soc 131:13722–13727  

    128.    de Moor P, Beelen TPM, van Santen RA (1999) In situ observation of nucleation and crystal 
growth in zeolite synthesis. A small-angle X-ray scattering investigation on Si-TPA-MFI. J 
Phys Chem B 103:1639–1650  

    129.    Verhoef MJ, Kooyman PJ, van der Waal JC, Rigutto MS, Peters JA, van Bekkum H (2001) 
Partial transformation of MCM-41 material into zeolites: formation of nanosized MFI type 
crystallites. Chem Mater 13:683–687  

       130.    Alfredsson V, Anderson MW (1996) Structure of MCM-48 revealed by transmission electron 
microscopy. Chem Mater 8:1141–1146  

       131.    Huang YN, Demko BA, Kirby CW (2003) Investigation of the evolution of intermediate 
phases of AIPO(4)-18 molecular sieve synthesis. Chem Mater 15:2437–2444  

       132.    Wu Q, Wang X, Qi G, Guo Q, Pan S, Meng X, Xu J, Deng F, Fan F, Feng Z, Li C, Maurer S, 
Müller U, Xiao F-S (2014) Sustainable synthesis of zeolites without addition of both organo-
templates and solvents. J Am Chem Soc 136:4019–4025  

    133.    Jin Y, Sun Q, Qi G, Yang C, Xu J, Chen F, Meng X, Deng F, Xiao F-S (2013) Solvent-free 
synthesis of silicoaluminophosphate zeolites. Angew Chem Int Ed 52:9172–9175  

     134.    Zhang L, Bates J, Chen DH, Nie HY, Huang YN (2011) Investigations of formation of molec-
ular sieve SAPO-34. J Phys Chem C 115:22309–22319  

   135.    Greer H, Wheatley PS, Ashbrook SE, Morris RE, Zhou W (2009) Early stage reversed crystal 
growth of zeolite A and its phase transformation to sodalite. J Am Chem Soc 
131:17986–17992  

S. Li and F. Deng



267

    136.    Van Grieken R, Sotelo JL, Menendez JM, Melero JA (2000) Anomalous crystallization 
mechanism in the synthesis of nanocrystalline ZSM-5. Microporous Mesoporous Mater 
39:135–147  

    137.    Chen BH, Huang YN (2006)  17 O solid-state NMR spectroscopic studies of the involvement of 
water vapor in molecular sieve formation by dry-gel conversion. J Am Chem Soc 
128:6437–6446  

    138.    Xu J, Chen L, Zeng DL, Yang J, Zhang MJ, Ye CH, Deng F (2007) Crystallization of AlPO4-5 
aluminophosphate molecular sieve prepared in fl uoride medium: a multinuclear solid-state 
NMR study. J Phys Chem B 111:7105–7113  

    139.    Shen WL, Li SH, Xu J, Zhang HL, Hu W, Zhou D, Zhang JA, Yu JH, Xu WJ, Xu Y, Deng F 
(2010) A novel phase transformation phenomenon in mesostructured aluminophosphate. J 
Phys Chem C 114:7076–7084  

    140.    Tosner Z, Vosegaard T, Kehlet C, Khaneja N, Glaser SJ, Nielsen NC (2009) Optimal control 
in NMR spectroscopy: numerical implementation in SIMPSON. J Magn Reson 
197:120–134  

    141.    Zhou DH, Shah G, Cormos M, Mullen C, Sandoz D, Rienstra CM (2007) Proton-detected 
solid-state NMR spectroscopy of fully protonated proteins at 40 kHz magic-angle spinning. 
J Am Chem Soc 129:11791–11801  

    142.    Smith ME (2001) Recent progress in solid-state NMR of low-gamma nuclei. Annu Rep NMR 
Spectrosc 43:121–175  

    143.    Brinkmann A, Levitt MH (2001) Symmetry principles in the nuclear magnetic resonance of 
spinning solids: heteronuclear recoupling by generalized Hartmann-Hahn sequences. J Chem 
Phys 115:357–384  

   144.    Carravetta M, Eden M, Zhao X, Brinkmann A, Levitt MH (2000) Symmetry principles for 
the design of radiofrequency pulse sequences in the nuclear magnetic resonance of rotating 
solids. Chem Phys Lett 321:205–215  

    145.    Hohwy M, Jakobsen HJ, Eden M, Levitt MH, Nielsen NC (1998) Broadband dipolar recou-
pling in the nuclear magnetic resonance of rotating solids: a compensated C7 pulse sequence. 
J Chem Phys 108:2686–2694  

    146.    Lesage A, Sakellariou D, Hediger S, Elena B, Charmont P, Steuernagel S, Emsley L (2003) 
Experimental aspects of proton NMR spectroscopy in solids using phase-modulated homo-
nuclear dipolar decoupling. J Magn Reson 163:105–113  

    147.    Xu J, Zhu P, Gan Z, Sahar N, Tecklenburg M, Morris MD, Kohn DH, Ramamoorthy A (2010) 
Natural-abundance  43 Ca solid-state NMR spectroscopy of bone. J Am Chem Soc 
132:11504–11509  

   148.    Wu G, Gan Z, Kwan ICM, Fettinger JC, Davis JT (2011) High-resolution 39 K NMR spec-
troscopy of bio-organic solids. J Am Chem Soc 133:19570–19573  

    149.    Laurencin D, Wong A, Hanna JV, Dupree R, Smith ME (2008) A high-resolution  43 Ca solid- 
state NMR study of the calcium sites of hydroxyapatite. J Am Chem Soc 130:2412–2413  

    150.    Zheng H, Ma D, Bao X, Hu JZ, Kwak JH, Wang Y, Peden CHF (2008) Direct observation of 
the active center for methane dehydroaromatization using an ultrahigh fi eld  95 Mo NMR spec-
troscopy. J Am Chem Soc 130:3722–3723  

    151.    Maly T, Debelouchina GT, Bajaj VS, Hu K-N, Joo C-G, Mak-Jurkauskas ML, Sirigiri JR, van 
der Wel PCA, Herzfeld J, Temkin RJ, Griffi n RG (2008) Dynamic nuclear polarization at 
high magnetic fi elds. J Chem Phys 128:052211  

    152.    Bajaj VS, Farrar CT, Hornstein MK, Mastovsky I, Vieregg J, Bryant J, Elena B, Kreischer 
KE, Temkin RJ, Griffi n RG (2003) Dynamic nuclear polarization at 9T using a novel 
250 GHz gyrotron microwave source. J Magn Reson 160:85–90  

    153.    Lelli M, Gajan D, Lesage A, Caporini MA, Vitzthum V, Mieville P, Heroguel F, Rascon F, 
Roussey A, Thieuleux C, Boualleg M, Veyre L, Bodenhausen G, Coperet C, Emsley L (2011) 
Fast characterization of functionalized silica materials by 29Si surface-enhanced NMR spec-
troscopy using dynamic nuclear polarization. J Am Chem Soc 133:2104–2107  

7 Solid-State NMR Studies of Zeolites



268

   154.    Rossini AJ, Zagdoun A, Lelli M, Gajan D, Rascon F, Rosay M, Maas WE, Coperet C, Lesage 
A, Emsley L (2012) One hundred fold overall sensitivity enhancements for  29 Si NMR spec-
troscopy of surfaces by dynamic nuclear polarization with CPMG acquisition. Chem Sci 
3:108–115  

   155.    Zagdoun A, Casano G, Ouari O, Lapadula G, Rossini AJ, Lelli M, Baffert M, Gajan D, Veyre 
L, Maas WE, Rosay M, Weber RT, Thieuleux C, Coperet C, Lesage A, Tordo P, Emsley L 
(2012) A slowly relaxing rigid biradical for effi cient dynamic nuclear polarization 
 surface- enhanced NMR spectroscopy: expeditious characterization of functional group 
manipulation in hybrid materials. J Am Chem Soc 134:2284–2291  

   156.    Rossini AJ, Zagdoun A, Lelli M, Canivet J, Aguado S, Ouari O, Tordo P, Rosay M, Maas 
WE, Coperet C, Farrusseng D, Emsley L, Lesage A (2012) Dynamic nuclear polarization 
enhanced solid-state NMR spectroscopy of functionalized metal-organic frameworks. Angew 
Chem Int Ed 51:123–127  

    157.    Lafon O, Rosay M, Aussenac F, Lu X, Trebosc J, Cristini O, Kinowski C, Touati N, Vezin H, 
Amoureux J-P (2011) Beyond the silica surface by direct  29 Si dynamic nuclear polarization. 
Angew Chem Int Ed 50:8367–8370  

    158.    Freeman R, Kupce E (2003) New methods for fast multidimensional NMR. J Biomol NMR 
27:101–113  

   159.    Frydman L, Scherf T, Lupulescu A (2002) The acquisition of multidimensional NMR spectra 
within a single scan. Proc Natl Acad Sci U S A 99:15858–15862  

   160.    Jiang B, Jiang XW, Xiao N, Zhang X, Jiang L, Mao XA, Liu ML (2010) Gridding and fast 
Fourier transformation on non-uniformly sparse sampled multidimensional NMR data. J 
Magn Reson 204:165–168  

    161.    Jiang B, Luo F, Ding Y, Sun P, Zhang X, Jiang L, Li C, X-a M, Yang D, Tang C, Liu M (2013) 
NASR: an effective approach for simultaneous noise and artifact suppression in NMR spec-
troscopy. Anal Chem 85:2523–2528    

S. Li and F. Deng



   Part III 
   Emerging Applications 

of Zeolites for Sustainable Chemistry        



271© Springer-Verlag Berlin Heidelberg 2016 
F.-S. Xiao, X. Meng (eds.), Zeolites in Sustainable Chemistry, 
Green Chemistry and Sustainable Technology, 
DOI 10.1007/978-3-662-47395-5_8

    Chapter 8   
 Zeolites in Fluid Catalytic 
Cracking (FCC)       

       Vasileios     Komvokis    ,     Lynne     Xin     Lin     Tan    ,     Melissa     Clough    , 
    Shuyang     Shaun     Pan    , and     Bilge     Yilmaz    

    Abstract     Looking back at the history of industrial chemistry, it can undoubtedly be 
declared that the impact of the introduction of zeolites into refi nery operations has 
been revolutionary as it resulted in a signifi cant increase in gasoline yield from cata-
lytic cracking, leading to more ef fi cient 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; however, catalytic crack-
ing still by far is the largest volume of zeolite catalyst consumer worldwide. Today, 
fl uid catalytic cracking (FCC) catalysts account for more than 95 % of the global 
zeolite catalyst consumption (primarily USY zeolite). Fluid catalytic cracking units 
(FCCUs) around the world currently process around 15 million barrels per day and 
constitute the main conversion process in a typical fuels refi nery. Primary output 
from FCC units is gasoline, and due to their pivotal role in fl uid catalytic cracking, 
it can be stated that zeolite catalysts have been fueling our industrialized society by 
providing majority of the transportation fuels used, thus having direct impact on the 
global economy. Furthermore, in order to enhance the light olefi n yields from 
FCCUs as a result of the increasing demand for building blocks for the chemical 
industry such as propylene and butylene, the FCC catalyst compositions are being 
modifi ed by tuning their formulations and introducing different types of zeolite 
structures as additives. Using these zeolite-based catalyst formulations, many new 
FCC units worldwide also provide the critical starting points for (petro)chemical 
value chains. Hence, for the global supply of both fuels and chemicals, zeolite- 
based FCC catalysts are of paramount strategic and commercial importance.  
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8.1         History of Fluid Catalytic Cracking (FCC) 

 Since the 1800s, thermal cracking had been in practice to break down crude oil into 
functional components. The fi rst commercial use can be traced back to the days of 
Samuel M. Kier, a salt well entrepreneur, who started refi ning crude into lamp oil 
that can burn with lesser smoke and odor [ 1 ]. By 1854, he and his partner, John 
T. Kirkpatrick, pioneered the fi rst oil refi nery in Pittsburgh, Pennsylvania. Following 
their success, the market became saturated with refi ners and by the end of 1860s, 58 
refi neries were in operation in Pittsburgh alone. 

 In the early 1900s, engineering advancement in combustion engines gave rise to 
a demand for gasoline fuel. Several patents of thermal cracking techniques emerged 
with the fi rst commercial success in such a process by Dr. William M. Burton of 
Standard Oil Company of Indiana [ 2 ]. In the “Burton cracking process” (US Patent 
1049667), gasoline production can be signifi cantly increased by heating crude oil in 
excess of 750 °F (ca. 400 °C) in a still under pressure of around 90 psig [ 3 ]. This was 
the primary method of gasoline production before catalytic cracking was introduced 
to the refi ning industry in the 1940s. 

 Almer M. McAfee, a chemist in Gulf Refi ning Company, fi rst introduced the 
commercial application of anhydrous aluminum chloride to catalytically crack 
heavy petroleum oil in 1915 [ 4 ]. Plagued by the high cost of the catalyst and the 
amount of corrosion waste it generated, the process was not widely accepted. It was 
later in the 1920s when a French engineer named Eugene J. Houdry discovered the 
use of Fuller’s earth, a naturally occurring aluminosilicate (Al 2 SiO 6 ) clay, that 
catalytic cracking achieved its full potential [ 5 ]. His development included a key 
economical step to regenerate the catalyst by burning off the accumulated carbon, 
a challenge faced by McAfee [ 6 ,  7 ]. In 1937, the “Houdry process” was fi rst com-
mercialized in a 15,000 bbl/d Sun Oil unit. The performance was an immediate 
success with almost half of the product as high octane gasoline [ 6 ,  7 ]. 

 Engineering advances had since improved the original fi xed-bed Houdry process 
units to a more economical fl uidized-bed operation. The Thermofor catalytic crack-
ing (TCC) unit was introduced in Socony-Vacuum’s Paulsboro refi nery in 1941 to 
enable the catalyst to be moved between the reactor and regeneration zones [ 8 ]. But 
the high cost of erecting a TCC unit and the limited feed it can take drove the need 
for a more effi cient unit. In 1942, after a successful pilot plant test, the fi rst com-
mercial fl uid catalytic cracker unit, PCLA No. 1 (Model 1), was built in Standard 
Oil of New Jersey’s Baton Rouge, LA refi nery [ 9 ]. This unit allows catalyst to fl ow 
through the reactor and regenerator, and catalyst and cracked products exit from the 
top to the cyclones for separation. Soon after, two other Model 1 FCC units were 
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completed in the same year: in Standard Oil of New Jersey’s Bayway, NJ refi nery 
and in Humble Oil and Refi nery Co. affi liate at Baytown, TX. These units mark the 
successful commercialization of the fl uid catalytic cracking process.  

8.2     Introduction to Cracking Catalysts 

 Concurrent to the development of catalytic cracking, catalyst technology had also 
evolved since the discovery of activated clay. To crack the organic C-C bond in 
crude oil, acid catalysts are required. McAfee fi rst used aluminum chloride to crack 
heavy petroleum oil but was challenged by the cost of manufacturing and disposing 
the corrosion waste it generated as by-product. Houdry’s introduction of Fuller’s 
earth shed new light to the use of naturally occurring aluminosilicate clay as an 
active acid catalyst. 

 Fuller’s earth comprises of montmorillonite, kaolinite, and attapulgite [ 10 ] and 
can be widely mined in areas with deposits of volcanic ash of Cretaceous age and 
younger [ 11 ]. Starting with the available Fuller’s earth, Houdry processed it with 
acid to remove impurities and other undesired components such as iron to leave a 
residual structure comprising of mainly silica and alumina (US Patent 2551580A). 
This acid-activated catalyst signifi cantly increased the cracking activity and 
improved overall product yield from the crude. This invention had set the founda-
tion for future catalyst development. 

 In 1942, to support the “powdered catalyst” operation in PCLA No. 1, a synthetic 
fl uid cracking catalyst was also developed [ 9 ]. The catalyst material was grinded 
into a fi ne powder to enable the fl uidization of catalyst from the reactor to the regen-
eration section. The catalyst contained 13 % alumina. This development pioneered 
the fl uid catalytic cracking technology, which has since given rise to more than 430 
FCC units worldwide. 

 Advancement of fl uid catalytic cracking catalysts continued, and in 1960s a 
major breakthrough came about when synthetic aluminosilicate zeolites were incor-
porated to further enhance catalytic activity and selectivity for outstanding cracking 
properties. Incorporation of zeolites in FCC catalysts results in strong Brønsted acid 
sites as well as easily accessible Lewis acid sites, which are key for hydrogen trans-
fer reactions [ 12 ]. In 1962, Mobil Oil introduced a new catalyst containing Zeolite 
Y, which was prepared by adding a small amount of zeolite into the matrix of 
silica–alumina catalyst. The    new catalyst outperformed all existing catalysts in the 
market and resulted in a signifi cant increase in gasoline make. This marked the fi rst 
commercial zeolite-based FCC catalysts and truly revolutionized the industry. 

 First examples of synthetic zeolites had actually come to the industrial scene 
earlier (such as those discovered by Union Carbide in the 1940s); however, these 
materials could not be converted to acid catalysts that would be thermally stable 
under harsh FCC operating conditions [ 13 ]. Zeolite Type X was later produced in 
the 1950s, having a faujasite framework (FAU), which has a three-dimensional alu-
minosilicate skeleton with a larger pore opening. It had a Si-to-Al ratio of 1.2 but 
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was synthesized in Na form and had to be ion exchanged in order to achieve acid 
catalytic activity. Soon after, Zeolite Type Y (i.e., Zeolite Y) was produced also with 
the faujasite framework but this time with a Si-to-Al ratio of 2.5–3. The higher ratio 
has found to be more stable against acid treatment and under harsh hydrothermal 
conditions, paving the way for the new generation of FCC catalysts. Further 
advancement was made by treating Zeolite Y with steam calcination or chemical 
treatment to expel aluminum (i.e., dealumination) in a controlled manner and sub-
sequently healing it with silicon, simultaneously creating a secondary mesoporous 
structure within the catalyst. This gave rise to a higher Si-to-Al ratio with a smaller 
unit cell size to create an ultra-stable zeolite, termed Zeolite USY. This type of zeo-
lite has extremely high cracking activity and set the basis of FCC catalysts today. 

 Modern FCC catalysts are in the form of fi ne spherical particles with a bulk den-
sity of 0.80–0.96 g/cm 3  with average diameter of 60–100 μm [ 14 ]. As the heart of the 
FCC unit, the physical and chemical properties of the catalyst can greatly infl uence 
the operation of the unit. A good FCC catalyst is characterized by (1) high activity, 
(2) highly accessible catalytic sites for optimal cracking, (3) good resistance to attri-
tion, (4) low production of coke and dry gas, and (5) high structural integrity even at 
high temperature and steaming condition. For the refi ner it is vital to select the cata-
lyst with the right properties to meet the various requirements of the refi nery, and 
FCC catalyst formulations are typically tailored by the catalyst supplier for the spe-
cifi c needs of the FCC unit to meet the overall performance objectives.  

8.3     Building Blocks of FCC Catalysts 

 A typical FCC catalyst consists of multiple components each to infl uence the 
activity, selectivity, structural integrity, and hydrothermal stability. The four major 
components are zeolite, matrix, fi ller, and binder. These components can vary in 
type and quantity and the catalyst can be made by incorporating these components 
in a single particle by carefully combining them to meet the functions required. A 
more advanced route for FCC catalyst preparation is the in situ process, where 
zeolite and active matrix are synthesized directly within a kaolin microsphere. The 
in situ method does not require additional fi llers or binder and is therefore consid-
ered more effective. 

8.3.1     Zeolite 

 Zeolite is the primary source of activity in today’s FCC catalysts. Its concentration 
can range from 15 to 50 wt% in a catalyst. The zeolite most commonly used for 
cracking is Zeolite Type Y with the faujasite framework structure as described above. 
It comprises of tetrahedra with Si and Al joined by oxygen bridges. The tetrahedra 
form truncated octahedra (sodalite) that is joined in hexagonal prisms to form the 
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faujasite (FAU) framework. It is a molecular sieve with a distinctive lattice structure 
that allows only a small range of hydrocarbon molecules to enter the lattice. The 
inner cage opening is typically about 7.4 Å. The larger oil molecule will be pre-
cracked by matrix or outer zeolite crystal surface, and within the zeolitic pore open-
ings, majority of the upgrading to naphtha and liquefi ed petroleum gas (LPG) occurs. 

 Zeolite Y (faujasite) is comprised of crystalline aluminosilicate frameworks in 
which tetrahedrally arranged silicon and aluminum atoms are joined by oxygen 
bridges. The insertion of Al in a zeolitic structure results in a net negative charge, 
which must be neutralized by a positive charge, i.e., cations. If the cation is H + , it 
represents the strongest form of the zeolitic acid sites. The activity in the zeolite is 
dependent on the acidic sites provided by the alumina tetrahedra. This negative 
charge is neutralized by a positive charge (typically Na +  in current commercial pro-
cesses) during the zeolite synthesis. Zeolite at this stage is not hydrothermally stable 
and will be further treated to exchange the Na +  with NH4 + , which upon heat treat-
ment leaves behind the H +  cation necessary to create the Lewis and   Brønsted     acidic 
sites. The   Brønsted     site can be further exchanged with rare earth cations such as 
lanthanum or cerium to further improve the stability of the zeolite structure [ 15 ].  

8.3.2     Matrix 

 In general, the matrix component in an FCC catalyst refers to all inherent components 
in a catalyst particle except the zeolite. Matrix is typically in the form of active matrix 
which is related to the porous silica–alumina which were used in the cracking catalyst 
formulations before the development of zeolite-based FCC catalysts. The matrix pro-
vides the mesoporosity (30–500 Å) and macroporosity (above 500 Å) necessary for 
larger hydrocarbon molecules to access the catalyst. The broken down molecules can 
then penetrate into the zeolite pore/channel system for further cracking. This greatly 
reduces the bottoms yield in feedstock of higher boiling points. 

 Active matrix is rather stable under hydrothermal conditions. However, in the 
presence of feed with high contaminant metals such as nickel and vanadium, the 
active matrix may act as a catalyst support dispersing the metals, effectively pro-
moting their dehydrogenation activity and resulting in the formation of excessive 
hydrogen and coke, which can be undesirable in an FCCU. Irregular pore size on 
the matrix surface may also result in poor stripping leading to increased accumu-
lated coke in regenerator section. To optimize operation, a balanced zeolite-to-
matrix ratio (i.e., Z/M) is necessary to satisfy the specifi c selectivity requirements 
of the FCC unit. 

 Matrix provides mesoporosity and macroporosity for the diffusion of reactants 
and products, as well as particle size and shape for fl uidization. Two types of matrix 
components are used. Cracking matrix are acidic in nature and can crack bottoms to 
light cycle oil (LCO), which is critical for maximizing the concentration of product 
molecules in the diesel range from the FCC operation. It is less selective than zeolite 
cracking and can lead to higher coke and gas formation. Functional matrix compo-
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nents can provide passivation of contaminant metals in FCC operation with heavier 
residual feedstocks.  

8.3.3     Filler and Binder 

 Both the fi ller and the binder provide the mechanical strength necessary for the FCC 
catalyst to fl uidize in the unit. Filler usually comes in the form of clay such as kaolin 
to provide the microspheroidal form required for the FCC catalyst to properly fl uid-
ize in the unit. The fi ller also acts as a thermal heat storage medium to enable heat 
transfer from the reactor to the regenerator and prevent catalyst damage due to the 
severe hydrothermal conditions in the unit. Filler typically has no activity which 
helps to moderate the overall catalyst activity to prevent over-cracking which can 
result in excessive coke and dry gas formation. 

 The binder is the “glue” that holds the different components of the FCC catalyst 
together. A good binder is necessary in the incorporated synthesis route to ensure a 
suffi ciently stable catalyst to prevent deterioration of the catalyst particles under the 
hydrothermal conditions during the operation of an FCC unit. It also plays a critical 
role in the mechanical integrity of the catalysts and thus attrition resistance. A com-
monly used binder is gel-based silica sol. Other types of binders such as alumina- or 
clay-based types are also utilized. 

 Catalysts synthesized by different manufacturers will vary in kind and amount 
of the components mentioned above. Conventional incorporated preparation 
method consists of zeolite and matrix separately produced and spray dried with a 
binder to make up the catalyst particle. Fillers like kaolin may be added to provide 
the particle size. This method results in a catalyst with components embedded in 
the microsphere. The in situ synthesis process enables the zeolite and active 
matrix to be synthesized within a preformed kaolin microsphere. As the zeolite 
crystals directly grow on the pores, they are typically more accessible for hydro-
carbon molecules, which is a phenomenon that signifi cantly enhances the crack-
ing activity. These two manufacturing routes are explained in greater detail in the 
following section.   

8.4     FCC Catalyst Manufacturing 

 As described above, the main source of activity in a typical FCC catalyst comes 
from the zeolite, which can be introduced into the catalyst particle by two methods. 
The fi rst approach is generally referred to as the incorporated method. In this tech-
nique, zeolite is fi rst crystallized and then incorporated into catalyst microspheres in 
a separate step with the use of binder and fi ller. The second method is referred to as 
the in situ method. Microspheres are fi rst formed and the zeolite is crystallized in 
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the microspheres themselves to provide microspheres containing both zeolite and 
other components [ 16 ]. 

8.4.1     Incorporated Catalyst Technology 

 Zeolite Y is produced by a reaction of silica and alumina under caustic conditions. 
The typical sources of silica and alumina are sodium silicate and sodium aluminate 
[ 17 ]. As-produced zeolite Y contains a high level of sodium, which is detrimental to 
the zeolite stability. Thus, ion exchanging of zeolite with rare earth and ammonium 
cations is needed to lower the Na level. To further enhance the zeolite stability, con-
trolled steam calcination is used to replace some of the aluminum ions in the frame-
work with silicon and to yield ultra-stable zeolite Y (USY). 

 Zeolite USY, matrix, fi ller, and binder are then mixed to form a slurry. The slurry 
is fed to a spray dryer. The spray-drying process results in the formation of the fi nal 
incorporated microspheres. A schematic of the incorporated catalyst production 
process is shown in Fig.  8.1 .

8.4.2        In Situ Catalyst Technology 

 In contrast to the incorporated approach, the in situ approach produces zeolite and 
matrix in one single step. The core of the in situ technique lays in the chemistry and 
structure of kaolin. The composition of raw kaolin contains silica and alumina, 
whose reactivity is strongly impacted by the calcination conditions of kaolin. The 
reactive silica and alumina are the key nutrients for the zeolite growth. 

  Fig. 8.1    Incorporated FCC catalyst production process       
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 In situ catalyst production is composed of two major processes: (1) microsphere 
formation and (2) in situ crystallization of zeolite and subsequent treatments for its 
stabilization and catalytic functionality (Fig.  8.2 ). In the fi rst process, an aqueous 
slurry containing raw kaolin (hydrous kaolin), powdered calcined kaolin (clay- 
based intermediate), non-clay functional matrix materials, and temporary binder is 
charged into a spray dryer to form microspheres. The microspheres then undergo 
further calcination to obtain the desirable reactivity and structure. In the second 
process, the calcined microspheres are reacted with a caustic sodium silicate solu-
tion to leach the reactive silica and alumina in the microspheres and convert them 
into the sodium form of zeolite Y. The as-crystallized microspheres are then ion 
exchanged with rare earth and ammonium ions and further calcined to enhance the 
zeolite stability.

   In situ techniques achieve a desirable and unique combination of high zeolite 
content (levels >50 % can be reached) associated with high activity, enhanced selec-
tivity, and thermal stability. Such a combination can be attributed to a number of 
features. First of all, the macropore walls in the catalyst particle are coated with the 
in situ grown zeolite (Fig.  8.3 ), and the zeolite is free of binder coating, in contrast 
to the case of incorporated catalyst. In fact, zeolite also plays the role of a binder in 
the in situ technology. Thus, the coated zeolite is readily accessible to the 
 hydrocarbon feed, resulting in coke-selective cracking of the feedstock. Secondly, 
the catalyst exhibits high macroporosity. Large open pores are clearly visible in the 
electron microscopy studies of catalysts produced by the in situ route (Fig.  8.3 ). 
During the microsphere formation, spray-drying creates macropores in the micro-
spheres. Additionally, the structural matrix in the calcined kaolin further enhances 
mesoporosity and macroporosity, resulting in a desirable porosity that reduces dif-
fusional limitations during the cracking process, which leads to high conversion of 
the hydrocarbon feedstock.

  Fig. 8.2    In situ FCC catalyst manufacturing process       
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8.5          Catalytic Cracking Mechanism in the Zeolite 

 Cracking in an FCC unit involves the breaking of carbon–carbon bonds to make 
smaller fragments. Most cracking in an FCC unit is catalytic; however, thermal 
cracking does occur and the two routes have very different mechanisms. Both 
involve the formation of a reactive species, which initiates and propagates all crack-
ing reactions. With thermal cracking, this involves fi rst the formation of a radical. 
With catalytic cracking, this involves fi rst the formation of a carbocation via interac-
tion with the zeolite-based catalyst. Both give very different product slates. Since 
thermal cracking always occurs to some extent in an FCC unit, it is also briefl y 
discussed here. 

 Thermal cracking is heavily dependent on temperature and occurs when tem-
peratures are between 800 and 1200 °F (425 and 650 °C). The mechanism involves 
fi rst the formation of free radicals as a result of the breaking of a carbon–carbon 
bond evenly, i.e., both carbons retain one electron from the broken bond    (Fig.  8.4 ).

  Fig. 8.3    Transmission electron microscopy (TEM) images ( a ) and schematic representation ( b ) 
showing catalysts from in situ and incorporated manufacturing processes       
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   The free radicals are then able to further react with other molecules or radicals 
and do so in a short amount of time because free radicals are very reactive and very 
short-lived. The main subsequent reactions include alpha-scission, beta-scission, 
and polymerization. Beta-scission is more thermodynamically favored than alpha- 
scission and involves the breaking of a carbon–carbon bond two carbons away from 
the radical containing carbon. The result is ethylene and a new radical, with the 
latter continuing the chain of reactions (Fig.  8.5 ).

   Alpha-scission, resulting from the breaking of a carbon–carbon bond one carbon 
away from the radical, produces a methyl radical, H 3 C, which can abstract a hydro-
gen atom from another molecule to produce methane and a new radical. Again, the 
new radical continues the chain of reactions. 

 Catalytic cracking, contrarily, involves interaction of the feed molecules with the 
zeolite-containing catalyst, which is already at high temperature, fi rst resulting in 
the vaporization of feed molecules. The next step in catalytic cracking is the forma-
tion of a carbocation, or a carbon with a positive charge, and can be in the form of a 
carbenium or a carbonium ion. As carbonium ions are not stable, most cracking 
mechanisms involve carbenium ion reactions. A carbenium ion is formed (a) when 
an olefi n, coming in with the feed or as a result of thermal cracking, interacts with a 
Brønsted acid site on the catalyst, in which the acid site donates a proton (H + ) to the 
olefi n, and (b) when a paraffi n interacts with a Lewis acid site on the catalyst, in 
which the acid site removes a hydride ion (H‾). Both of these mechanisms result in 
the formation of a positive charge on the carbon atom (Fig.  8.6 ).

   Not all carbocations are created equally. The stability of a carbocation is depen-
dent on the substituents of the positive charge containing carbon, namely, the more 
carbon atoms or organic groups (versus simply hydrogen atoms) on the positively 
charged carbon, the more stable the carbocation is. This is summarized in the diagram 
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below (Fig.  8.7 ), where a tertiary (with no hydrogen atoms attached to the positively 
charged carbon) is the most stable carbocation species.

   The more unstable carbocations are also capable of rearranging to form more 
stable secondary or tertiary carbocations. The rearrangement of less stable carboca-
tions is a reason that branched products occur readily in an FCC unit (Fig.  8.8 ).

   Following carbocation formation, a number of reactions occur next. The main 
reactions that occur include breaking of a carbon–carbon bond, hydrogen transfer, 
and isomerization. 

 Breaking a carbon–carbon bond is the heart of cracking. Like in thermal cracking, 
this can be in the form of alpha-scission or beta-scission. For the same reason, namely, 
alpha-scission being thermodynamically unfavorable, beta-scission accounts for the 
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bulk of the cracking reactions. Like carbocation stability ranking, beta-scission reac-
tivity also trends with the size of the molecule involved. Longer chain hydrocarbons 
(up to maximum C16) tend to undergo beta-scission more readily, whereas a short 
chain hydrocarbon undergoing beta-scission would be less preferred, culminating in 
the shortest chain being unable to undergo beta-scission because of the lack of a beta-
carbon. This trend is summarized in the graphic below (Fig.  8.9 ).

   Also, the inherent stability of the products dictates the probability of the reaction 
occurring. In the example below, the fi rst reaction produces an olefi n and a tertiary 
carbocation, while the second reaction produces an olefi n and a primary carboca-
tion. Since tertiary carbocations are more stable than primary carbocations, the sec-
ond reaction will proceed more readily (Fig.  8.10 ).

   Beta-scission results in the formation of an olefi n and a new carbocation, which 
continues the cracking reactions. The cracking mechanism is complete when the 
carbocation is desorbed from the surface of the catalyst, and hydrogen transfer from 
the carbocation to the zeolite forms a paraffi n. As shown in the fi gure below, the 
Brønsted acid site is neutralized and can again participate in carbenium forming 
reactions (Figs.  8.6  and  8.11 ).

   In addition to the breaking of carbon–carbon bonds, isomerization also occurs in 
an FCC unit. As described above, carbocations tend to rearrange to form the most 
stable carbocation (a tertiary carbocation). This is the reason and source of isomeri-
zation in FCC cracking. Since rearrangement can take place before beta-scission, 
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the products in FCC are often highly branched, resulting in isoparaffi ns instead of 
normal paraffi ns (i.e., n-paraffi ns), which is not the case for thermal cracking 
reactions. 

 As a result of isomerization in catalytic cracking, a number of different phenom-
ena are seen in FCC product slates. Isoparaffi ns have lower boiling points than 
n-paraffi ns; since isoparaffi ns are more branched, they cannot pack as tightly as 
n-paraffi ns, lowering the boiling point. In turn, this lowers the cloud point of the 
diesel fuel fraction. Additionally, isoparaffi ns have higher octane numbers than 
n-paraffi ns, directly resulting in higher octane gasoline. 

 Hydrogen transfer reactions also play a role in catalytic cracking. Hydrogen 
transfer can occur when two olefi ns are activated within close proximity of each 
other, namely, when two olefi ns interact with adjacent or proximal acid sites on the 
FCC catalyst. For this to happen, there needs to be a high number of active sites 
(high acid site density) in the bulk catalyst so that they are near each other, or the 
catalyst needs to be rare earth exchanged. In the latter, one rare earth element stabi-
lizes or bridges two or three acid sites on the catalyst. If these acid sites are bridged, 
the probability of two olefi ns interacting is greater, and in turn more hydrogen trans-
fer will occur. Hydrogen transfer reactions create paraffi ns and aromatics, thus 
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depleting the olefi ns in the product slate. As such, the gasoline cut that is created in 
the FCCU is more stable (less of the reactive olefi ns around) and is not over-cracked. 
However, because there are lower olefi ns, the gasoline octane number is lower. In 
addition to impacting the gasoline cut, the LPG cut will also see lower olefi ns. 

 Dehydrogenation can also occur during catalytic cracking in an FCC unit pro-
ducing hydrogen or H 2 . However, these reactions are not inherent to the catalyst and 
only occur when the catalyst is contaminated with metals from the feed such as 
nickel and vanadium, both of which are active dehydrogenation catalysts 
themselves. 

 In summary, the role of active sites on the FCC catalyst is of critical importance, 
dictating the performance of the catalyst and as a result the whole process. The 
active sites provide the means for initiating the cracking mechanisms described 
above, namely, by the formation of a carbocation. Additionally, the active sites are 
key to the amount of hydrogen transfer reactions occurring in the riser and therefore 
defi ne the product slate coming out of an FCC unit.  

8.6     Understanding the Role of Zeolites in FCC 

 The greatest breakthrough in catalytic cracking occurred in 1962 when it was dem-
onstrated that zeolite Y can effectively replace amorphous silica–alumina as the 
main active component of the FCC catalysts [ 18 ]. Zeolite Y-based FCC catalysts 
were commercially introduced in 1964 [ 19 ]. The potential of zeolites is probably 
best illustrated by their history in FCC [ 20 ] that led to a step change in the oil refi n-
ing industry. Their high activity, combined with the increased selectivity toward the 
gasoline fraction and the lower coke production relative to the previous generation 
of catalysts (amorphous silica–alumina-based catalysts), allowed refi ners to signifi -
cantly increase gasoline output. This is a dramatic illustration of the leverage of 
zeolite catalysts [ 21 ]. Since then, zeolite Y continues to be the primary component 
of the FCC catalysts, and all efforts have concentrated on the modifi cation of zeolite 
Y properties for improving activity, catalytic selectivity, and octane number as well 
as coke selectivity and stability. Those efforts have already led to signifi cant 
improvements in the FCC catalyst and process, making the zeolite Y-based catalyst 
ever more effi cient and hard to be replaced by other materials. 

 Zeolite Y is a large-pore zeolite with the same framework structure as natural zeo-
lite called faujasite (framework code FAU). The composite building units of the Zeolite 
Y framework are shown in Fig.  8.12 . The three building units are the double 6-ring, the 
sodalite cage which is formed connecting 4- and 6-rings in different arrangements, and 
a very large cavity with four 12-ring windows known as the supercage. The connectiv-
ity of these cages allows molecules to diffuse in the three- dimensional lattice of identi-
cal pores, with an opening of around 7.4 Å in size (supercage opening).

   Zeolite Y is the main active component in the cracking catalyst and can be pre-
pared in forms that have widely varying performance by manipulating its properties 
(ion exchange, structural modifi cations, etc.). The zeolite Y content in the catalyst 
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ranges depending on the catalyst manufacturing technology and can be between 10 
and 40 % for incorporated catalysts and can go above 50 % for the in situ manufac-
turing technology. 

 Some features of zeolite Y and key factors to its successful use in FCC are [ 22 ]:

•    Its acidity, which can be tuned easily; the protons which balance the negative 
charge of a zeolite framework are not strongly bound to the framework and read-
ily react with feed molecules which penetrate into the zeolite pore system. A 
protonated zeolite thus provides Brønsted acidity.  

•   The possibility to easily generate mesopores through steaming; together with the 
matrix porosity, they provide an extra accessibility of bulky feed molecules to the 
zeolite crystal where the critical cracking and hydrogen transfer reactions can 
take place effi ciently.  

•   Its structure resists degradation (or adjusts to) at high temperatures allowing their 
use in the very harsh hydrothermal conditions of the FCC unit.  

•   Its three-dimensional pore system allows optimal management of the feed and 
product molecular traffi c.  

•   It has a wide range of composition (Si/Al ratio) and its properties can be tuned 
by ion exchange.  

•   It can be easily shaped into microspheres that can be fl uidized in the FCC unit.    

 The properties of the zeolite play a signifi cant role in the overall performance of 
the catalyst. Understanding these properties increases our ability to predict catalyst 
response to changes in unit operation. The FCC riser/regenerator environment can 
cause signifi cant changes in chemical and structural composition of the zeolite. In 
the regenerator, for instance, the zeolite is subjected to severe thermal and hydro-
thermal conditions. In the riser, it is exposed to feedstock contaminants such as 
nickel, vanadium, iron, and sodium. The most important parameters/characteristics 
governing zeolite behavior through these continual cycles are the following:

•    Framework composition  
•   Unit cell size (UCS)  
•   Ultra-stabilization by dealumination (USY)  
•   Sodium content  
•   Rare earth (RE) exchange    

  Fig. 8.12    Building blocks and framework structure of Zeolite Y       
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 One important parameter controlling the cracking behavior of the zeolite Y is the 
framework composition which determines, in principle, the amount, strength, and 
distribution of the Brønsted acid sites associated with framework Al atoms. The 
product selectivity during gas–oil cracking also depends on the framework compo-
sition. Dealuminated Y zeolites with low framework Al content are more selective 
to diesel in detriment of gasoline, give a higher product olefi nicity (and thus a higher 
research octane number for gasoline), and are more stable under the severe condi-
tions (temperatures above 700 °C or ca. 1300 °F in the presence of steam) used in 
the regenerator of FCC units. However, it was found that the cracking behavior of 
dealuminated Y zeolite is also strongly contingent on the nature and amount of extra 
framework Al species as well as the mesoporosity generated during the dealumina-
tion treatments [ 23 ,  24 ]. Therefore, great efforts have been devoted to the optimiza-
tion of the cracking performance of Y zeolite through the manipulation of both extra 
framework Al and mesoporosity. Mesoporosity plays an important role in catalytic 
cracking since the bulky molecules present in commercial feedstocks can hardly 
access the acid sites located in the micropores and the fi rst cracking events will take 
place, predominantly, on the external zeolite surface. Therefore, the accessibility of 
the zeolite within the catalyst particle plays a very important role. In this respect the 
in situ synthesis route presents a considerable intrinsic advantage since the zeolite 
is more exposed as it grows directly on the walls of the macropores, providing supe-
rior accessibility to the zeolite. Consequently, the activity and selectivity of the 
zeolite will be mainly determined by the surface composition and the accessibility 
to the acid sites, which greatly depends on the synthesis method as well as the 
method and severity of the dealumination treatment. 

 The elementary building block of the zeolite crystal is a unit cell. The unit cell 
size (UCS) is the distance between the repeating cells in the zeolite structure. One 
unit cell in a typical fresh Y zeolite lattice contains 192 framework atomic positions 
of aluminum and silicon atoms that correspond to silica (SiO 2 )-to-alumina (Al 2 O 3 ) 
molar ratio of 5–8. The UCS is an important parameter in characterizing the zeolite 
structure. A unit cell of zeolite Y contains 8 large supercages, 8 sodalite cages, and 
16 double-six-ring units. Molecules larger than water or ammonia can access only 
the supercages and cannot pass into the empty space inside sodalite cages. Thus, 
most of the zeolitic FCC reactions take place in the supercages. The unit cell size is 
measured in angstroms and is also a measure of the ratio of silicon to aluminum 
within the zeolite crystal structure. Because aluminum is the larger of the two ions, 
the unit cell size dimension gets smaller as the aluminum is removed from the zeo-
lite structure. Reducing the aluminum content of the zeolite will increase the silica-
to- alumina ratio and result in fewer but stronger and more widely separated acid 
sites per unit cell. The strength of the acid sites is determined by the extent of their 
isolation from the neighboring acid sites as well as local site geometry (i.e., site 
architecture). The close proximity of these acid sites causes destabilization of the 
zeolite structure. Acid site distribution of the zeolite is a fundamental factor affect-
ing zeolite activity and selectivity. In addition, the UCS measurement can be used 
to indicate octane number potential of the zeolite-based catalyst. A lower UCS pres-
ents fewer active sites per unit cell. The fewer number of acid sites mean that they 
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are farther apart and therefore inhibit hydrogen transfer reactions, which in turn 
increase gasoline octane number, as well as the production of C3 and lighter com-
ponents. Thus, the UCS is also an indicator of zeolite acidity, and its changes can 
help predict changes in catalyst activity and selectivity and ultimately the perfor-
mance of the FCC unit and the properties of its products. 

 Introducing a fresh as-synthesized catalyst containing an H–Y zeolite in an FCC 
regenerator causes rapid, large-scale uncontrolled dealumination of the zeolite 
framework. The steam partial pressure is too low and the temperature too high for 
the silicon reinsertion (i.e., defect healing) process to occur ideally, so the equilib-
rium catalyst’s performance would not be optimum. The FCC catalyst manufactur-
ers prefer to carry out this modifi cation, by including high-temperature calcination 
of the zeolite in the presence of steam. Such Y zeolites are commonly called ultra- 
stable Y (USY) [ 25 ]. Removing approximately half of the aluminum and replacing 
it with silicon is suffi cient to stabilize the structure permanently. Associated with 
this are predominantly three structural changes that have been well documented in 
the literature. First, destruction of part of the zeolite framework occurs. Electron 
microscopy studies of steamed Y zeolites have shown the presence of a substantial 
number of newly generated mesopores [ 26 ,  27 ]. Second, the framework aluminum 
ions removed subsequently continue to exist as extra framework aluminum species 
[ 28 ]. Finally, new Lewis acid sites and hydroxyl groups appear [ 29 ,  30 ]. The cata-
lytic consequence of steaming is that the zeolite becomes much more active for 
cracking, sometimes by nearly two orders of magnitude compared to the unmodi-
fi ed catalysts. The enhancement in activity depends on the pretreatment of the sam-
ple, such as the method and severity of dealumination procedures, in addition to the 
concentration of acid sites in the original sample [ 31 ,  32 ]. Thus, post-synthesis 
modifi cations of zeolites are technologically critical since they result in frameworks 
with greater thermal stability and enhanced catalytic properties [ 32 ]. Such post- 
synthesis treatments can also provide another very important advantage since they 
allow more thorough elimination of sodium if followed by one or more ion 
exchange(s) with ammonium cations. 

 The sodium on the catalyst originates from zeolite synthesis during its manufac-
ture. It is important for the fresh zeolite to contain very low amounts of sodium. The 
residual sodium in zeolite is not desirable since sodium neutralizes the zeolitic acid 
sites, and in the presence of vanadium in the feed and under the hydrothermal condi-
tions of the regenerator of the FCC, it can promote zeolite destruction [ 33 ]. It is 
therefore advantageous to eliminate sodium totally, but it is not an easy process and 
is a costly procedure. The sodium cations can be replaced by ion exchange with 
ammonium or rare earth cations in an aqueous solution. A series of exchanges is 
needed in the presence of temperature and intermediate calcinations in order to 
achieve low-sodium zeolite Y. Calcination helps sodium ions to migrate to easily 
accessible sites where they can be replaced by ion exchange. 

 Rare earth (RE) elements such as lanthanum and cerium stabilize aluminum 
atoms in the zeolite structure when they are introduced via ion-exchange proce-
dures. They prevent the aluminum atoms from leaving the zeolite lattice when the 
catalyst is exposed to harsh hydrothermal conditions in the FCC regenerator. A fully 
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rare earth-exchanged zeolite equilibrates at a high UCS, whereas a non-rare earth 
zeolite equilibrates at a very low UCS. All intermediate levels of rare earth- 
exchanged zeolite can be produced. Rare earth cations therefore improve thermal 
and hydrothermal stability of the zeolite. Rare earth increases zeolite activity and 
gasoline selectivity with a loss in octane number (Fig.  8.13 ). The octane number 
loss is due to the promotion of hydrogen transfer reactions that increase also the 
coke production. The poorer gasoline quality is largely related to the transformation 
of olefi ns into corresponding paraffi ns to a greater or lesser degree. Paraffi ns are 
more stable structures than olefi ns and so are less likely to undergo consecutive 
cracking themselves as described in Sect.  8.5 . The result is that lower gasoline qual-
ity usually goes along with an improvement in gasoline yield. As shown in Fig.  8.13 , 
the decrease in rare earth content means a reduction in the UCS and therefore a 
decrease in the equilibrium zeolite’s acidity. As a result, the catalyst manufacturer 
can adjust the acidity that the catalyst will develop once it is in equilibrium condi-
tions in the unit by introducing more or less rare earth cations during preparation.

   In the fi eld of catalytic cracking, a clear distinction is present between the fresh 
FCC catalyst as it is supplied by the manufacturer and the equilibrium catalyst that 
is in use in the FCC unit, as their physicochemical and catalytic properties are dras-
tically different. As soon as it enters the regenerator of the FCC unit, the catalyst 
undergoes several modifi cations due to the high temperature of the regenerator 
(typically ranges between 650 and 750 °C or 1200–1400 °F), the presence of steam, 
and the contamination by the feed components (Ni, V, Na, Fe, Ca, etc.) and coke. 
The result is a decline in catalytic performance. If nothing is done, this irreversible 
degradation results in an unacceptable catalytic performance after a few days, 
weeks, or months depending on operational conditions/confi gurations. Therefore, a 
small fraction of the catalyst inventory circulating in the FCC unit is deliberately 
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  Fig. 8.13    FCC yields and rare earth (RE) correlation to unit cell size (UCS)       
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withdrawn every day and replaced with an equivalent amount of fresh catalyst. The 
mixture of this fresh and aged catalyst is called equilibrium catalyst (Ecat). 

 All catalysts at equilibrium conditions have a reduced unit cell size when com-
pared with their fresh catalyst state. Reducing the unit cell size stabilizes the zeolite 
while removing aluminum from the zeolite structure. The lower unit cell size of 
equilibrium catalyst correlates with improvements in research and motor octane 
number. The unit cell size of steamed or equilibrium FCC catalyst ranges from 
about 24.25 to 24.35 Å and is signifi cantly lower than the unit cell size measure-
ments of fresh catalysts. In the production of FCC catalysts, most fresh catalysts 
start with a relatively high unit cell size in the range of 24.50–24.75 Å. It is the 
hydrothermal environment of the FCC unit regenerator which extracts aluminum 
from the zeolite structure, thus, reducing the acid site density and unit cell size of 
the equilibrium catalyst. The fi nal equilibrium level unit cell size is dependent upon 
the rare earth and sodium levels of the zeolite. The lower the rare earth level of the 
fresh catalyst, the lower is the resultant equilibrium unit cell size and the greater the 
octane number. 

 Besides Y zeolite, the addition of ZSM-5 zeolite to the FCC unit has been recog-
nized as the simplest solution for improving gasoline octane number and increasing 
the yield of light olefi ns (propylene and butenes) at the expense of gasoline [ 18 ]. 
ZSM-5 was discovered by Mobil in 1965 (US Patent No. 3702886), and its fi rst 
scale commercial trial in an FCC unit as a catalyst (mixture with REY) was in 1984. 
Since 1986 it has been used as a separate FCC catalyst additive [ 34 ]. The signifi cant 
incentives of using ZSM-5 additive provided by the need for increasing the gasoline 
octane number in the early 1980s were later combined with the considerably more 
favorable economics for producing light olefi ns especially in FCC units with pro-
pylene maximization as a main target (i.e., max-propylene units) [ 34 ]. 

 Since fi rst synthesis of ZSM-5, signifi cant advances have been made to improve 
its hydrothermal stability (under the regenerator conditions), catalytic activity, 
selectivity, and metal tolerance [ 35 ]. The concept of using ZSM-5 as an additive 
derived from the effectiveness of ZSM-5 in increasing RON and MON at even small 
concentrations, the experience in commercializing Pt-based CO promoters, and the 
cost of manufacturing the ZSM-5 zeolite [ 34 ]. A critical question was whether 
ZSM-5 should be incorporated into a separate additive or whether it was most effec-
tive when incorporated in the same particle as the zeolite Y. Testing at Mobil showed 
that there was no synergism between zeolite Y and ZSM-5, and therefore the sepa-
rate additive case was considered as more attractive, since it brings added fl exibility 
[ 34 ]. Additives with high level of ZSM-5 have become commercially available in 
the late 1990s. These new ZSM-5 additives produce high levels of light olefi ns with 
minimal dilution of the base cracking catalyst [ 33 ]. Nowadays, it can be used as an 
additive in a wide range of amounts (typically 1–25 %) in the unit’s total inventory 
depending on the objective of the refi nery. 

 Zeolite ZSM-5 is an MFI type of zeolite. Its structure is characterized by a three- 
dimensional channel network with 10-ring cages and an opening of around 5.5 Å in 
size. The MFI framework topology is depicted in Fig.  8.14 .
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   ZSM-5 is well known as a highly shape-selective zeolite in FCC since it works 
by promoting the cracking of certain gasoline range components, particular linear 
or single-branched paraffi ns, and olefi ns, with poor octane number, eliminating 
them and producing LPGs (C3 and C4 olefi ns) at the expense of gasoline yield [ 36 ], 
as illustrated in Fig.  8.15 .

   In 1987, ZSM-5 additive manufacturers started to add phosphorus to their formu-
lations. The effect was dramatic in improving the effi cacy of ZSM-5 and reducing 
the amount of additive required to achieve the desired effect in octane number and 
light olefi n yields from FCC operations. The benefi t of adding phosphorus on the 
stability and selectivity of ZSM-5 was attributed to its ability to retard aluminum 
from leaving the zeolite framework. Phosphorus treatment reduces the initial acidity 
of the zeolite but helps it retain a larger fraction of its acidity after severe steaming 

  Fig. 8.14    Skeletal diagram of ZSM-5       

  Fig. 8.15    Catalytic cracking in ZSM-5 zeolite       
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produces [ 37 ,  38 ]. In addition, formation of a new type of acid sites with the intro-
duction of phosphorus contributes to the enhanced performance of this new genera-
tion of additives.  

8.7     FCC Catalyst Deactivation 

 As fresh catalyst enters and circulates in the FCC unit, deactivation of the catalyst 
takes place. The presence of steam at elevated temperatures in the FCC regenerator 
can cause dealumination and the eventual collapse of the zeolite structure [ 39 ]. 
Contaminant metals in the feed can cause further reduction in catalyst activity [ 33 ] 
and undesirable formation of hydrogen and coke during the cracking process [ 40 ]. 
The detrimental effects of the FCC feedstock metals (especially Ni, Na, Fe, and V) 
have been widely recognized in literature [ 33 ,  40 – 42 ]. Nickel and vanadium are 
well-known dehydrogenation catalysts. Nickel has approximately three to four 
times more dehydrogenation activity than vanadium, but vanadium destroys also the 
crystalline zeolite framework of FCC catalyst, especially in the presence of sodium 
[ 33 ]. Furthermore, the catalyst circulating in the unit, termed equilibrium catalyst 
(Ecat) as mentioned above, contains particles of different ages. The freshly added 
catalyst particles undergo the fewest cycles of reaction/stripping/regeneration and 
have the highest surface area/activity and lowest level of contaminant metals. 
On the other hand, the oldest particles go through many cycles and have the lowest 
surface area/activity and highest contaminant metal levels. Thus, realistically mim-
icking the Ecat properties via accelerated deactivation in the laboratory is critical 
for the development of catalyst technologies and the selection of the right catalyst 
for each FCC unit. 

 Two types of deactivation approaches are typically used. For low metal FCC 
operations, steam deactivation without the addition of contaminant metals is 
employed. For high metal operations, contaminant metals (V, Ni) are deposited onto 
the catalyst particles using Mitchell impregnation/cyclic propylene steaming (CPS) 
[ 41 ] or cyclic metals deactivation (   CMDU) [ 42 ]. 

8.7.1     Steam Deactivation 

 During steam deactivation, fresh catalyst is hydrothermally treated at high tem-
perature in the absence of metals causing zeolite dealumination and acid site loss. 
The steam temperature and duration are controlled to match the target Ecat’s unit 
cell size, activity, and, to some extent, selectivity. Hydrothermal deactivation 
leads to permanent loss of catalytic activity due to zeolite dealumination and zeo-
litic surface area reduction. To incorporate age distribution into the deactivation 
and better mimic the Ecat selectivity, a continuous age distribution model has 
been developed [ 43 ].  
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8.7.2     Mitchell Impregnation/CPS 

 The deactivation of FCC catalysts in small-scale units in the presence of contami-
nant metals has been the industry workhorse for a number of years due to the robust-
ness and simplicity of such methods. 

 The fi rst approach for metalation and deactivation of fresh FCC catalysts was the 
Mitchell technique [ 41 ]. The Mitchell technique consists of incipient wetness 
impregnation of FCC catalysts with vanadium and nickel naphthenate or octoate 
solutions followed by a subsequent deactivation performed in small-scale or pilot 
units by exposing the metallated FCC catalysts to hydrothermal conditions. In this 
protocol, vanadium is in the +5 state, continuously, where it reacts to form vanadic 
acid under hydrothermal conditions that has intra-particle and inter-particle mobil-
ity, which brings more effective penetration and destruction of the zeolite than in 
lower oxidation states of vanadium [ 33 ,  44 – 46 ]. Therefore, this method exaggerates 
FCC catalyst activity and selectivity. 

 The cyclic propylene steaming (CPS) method based on the Mitchell technique of 
adding metals was introduced with the objective of better simulating, on a small or 
pilot scale, the performance of commercial FCC catalyst compared to Mitchell 
technique followed by steaming. In the CPS protocol, FCC catalyst is impregnated 
by the incipient wetness method (Mitchell technique) with vanadium and nickel 
prior to deactivation in reduction–oxidation cycles using propylene as the reducing 
medium [ 44 ]. This provides signifi cant advantages over traditional methods such as 
the Mitchell approach. Nevertheless, recent investigations have shown that, in cer-
tain situations, the contribution of vanadium to catalyst deactivation is overempha-
sized in the original CPS-1 method [ 47 ,  48 ], and therefore this method has been 
adjusted further by applying a number of modifi cations. These modifi cations have 
been made to further address the destructive effects of vanadium on the FCC cata-
lyst during deactivation and reduce its effect to the levels observed on commercial 
FCC catalysts. The new CPS-3 protocol includes change in the sequence of 
stripping/reduction/stripping/oxidation, increase of the time the catalyst spends in 
reducing compared to oxidizing environment, and introduction of pre-stabilization 
cycles during the heat-up phase. The objective was not only to develop a more 
realistic and accurate deactivation protocol but also to maintain the productivity of 
the CPS method, and therefore the total time of the CPS-1 method was not increased. 
In other words, the catalyst decay in the modifi ed CPS method is governed more by 
hydrothermal deactivation and less by deactivation from highly oxidized vanadium, 
especially at high metals levels. 

 The deactivation procedures for the metal-loaded catalyst in the CPS protocol 
have been modifi ed continuously over the years [ 44 ,  47 ,  48 ], while the Mitchell- 
type impregnation had not been modifi ed substantially. In Mitchell-type methods, 
the FCC catalysts are artifi cially metallated with vanadium and nickel naphthenates 
that are dissolved in an organic solvent. Most of the literature studies concluded that 
catalyst metallated by the Mitchell method and deactivated by CPS or steaming led 
to metal concentrations higher than the realistic metal loading, not properly aged 
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and with a misleading distribution (mainly nickel) and inaccurate activity of the 
metals (both nickel and vanadium) compared to the CMDU method (see below) 
which leads to lab-deactivated catalyst closer to the commercial equilibrium cata-
lyst [ 42 ,  49 – 51 ]. 

 More recently, a new method of catalyst metalation was developed using a spray 
impregnation technique, where the contaminant metals vanadium and nickel are 
deposited on the outer surface area of the FCC catalyst particles [ 52 ]. Using this 
technique, nickel remains primarily on the surface of the particles under severe 
hydrothermal conditions, while vanadium migrates into the bulk of the particles and 
from particle to particle as observed in equilibrium catalysts. This dispersion of the 
contaminant metals occurs simultaneously with zeolite degradation and thus leads 
to different effects on the physical and catalytic properties of FCC catalysts com-
pared to a Mitchell-type technique where the contaminant metals already penetrate 
the FCC catalyst particles during the impregnation step. In commercial FCC unit 
operation, vanadium and nickel are deposited on the catalyst particles and subse-
quently migrate inter- and intra-particles depending on their mobility. The spray 
impregnation method provided a more close to equilibrium catalyst-like migration 
profi le during deactivation compared to the Mitchell method where vanadium and 
nickel behaved quite differently. However, this spray impregnation technique can-
not account for the various degrees of penetration seen in different Ecats and there-
fore has the risk of oversimplifying the Ni distribution profi les. 

 To conclude, although there have been signifi cant changes over the years in the 
CPS protocol, the metal poisoning simulation in the laboratory is still a very com-
plicated and controversial task since:

•    The use of metal naphthenate or octoate solutions as the precursor to impregnate 
the metals instead of in commercial feed type metal molecules like 
porphyrines.  

•   The metal–catalyst interaction not properly refl ecting the effect of pore volume 
and matrix.  

•   The lack of age distribution of the metal, resulting in a deactivated sample with 
a uniform age instead of sample with age distribution varying from minutes to 
days mimicking the commercial FCC application.  

•   The substantial differences in hydrogen and coke yields when comparing cata-
lysts from different technologies in contrast to minor differences when compar-
ing the same catalysts in commercial performance are still not addressed properly, 
highlighting the need for further improvements in the future.     

8.7.3     CMDU 

 In order to improve the simulation of commercial deactivation in lab testing, cyclic 
metals deactivation unit, CMDU, was designed where the aging of FCC catalyst is 
simulated by the deactivation in a fi xed fl uidized bed through repeated cycles of 
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reaction, stripping, and regeneration. During the cracking step, metals are deposited 
on the catalyst with metal-spiked FCC feedstock. Volatile hydrocarbons are then 
stripped from the catalyst with nitrogen and/or steam, and the temperature is raised 
to the regeneration temperature. The catalyst is regenerated with a gas mixture of 
steam, oxygen, and nitrogen and optionally other gases, like SO  x  . The CO combus-
tion mode (complete or partial) can be controlled with the gas fl ow and composi-
tion. After regeneration, the catalyst temperature is reduced for a new cycle of 
reaction, stripping, and regeneration. Fresh catalyst addition and/or withdrawal can 
be done during the run in order to simulate the age distribution of equilibrium cata-
lyst and to collect catalyst samples for the determination of physical and chemical 
properties and catalytic performance. The metal tolerance can thus be determined 
easily upon progressive metal buildup and (hydro) thermal deactivation [ 53 ,  54 ]. 

 The key differences of CMDU compared to Mitchell/CPS type of deactivation are:

•    Metal deposition in the cracking step at riser temperature by using a metal-spiked 
feedstock in CMDU versus metal impregnation by using a metal solution at low 
temperature in Mitchell/CPS  

•   Improved metals deposition profi le in CMDU, which is closer to the actual distri-
bution of metals in refi nery versus uniform metal distribution with Mitchell/CPS  

•   Low-temperature deactivation in stripping followed by high-temperature deacti-
vation during regeneration in CMDU vs. constant high-temperature deactivation 
throughout CPS    

 As the metal deposition process in CMDU is more representative of the deposi-
tion process in the commercial FCC units, CMDU mimics closer the metal 
 distribution in actual Ecats [ 42 ,  53 – 55 ]. As shown in Fig.  8.16 , in commercial Ecat, 

  Fig. 8.16    Energy dispersive X-ray spectroscopic line scans of commercial equilibrium catalyst 
(Ecat) and lab-deactivated catalyst samples using Mitchell impregnation. Mitchell impregnation 
disperses Ni uniformly across the catalyst particles, whereas Ni is concentrated on the edges 
of the Ecat       
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V is distributed uniformly throughout the catalyst due to its mobility under FCC 
operating conditions. In contrast, Ni is concentrated on the edges of the Ecat parti-
cles where it accumulates over time, indicating that Ni mobility is very limited. In 
the commercial operation, new Ni molecules deposit onto the old Ni molecule and 
that results in the agglomeration of Ni and a reduction on the activity of Ni with age. 
Mitchell impregnation disperses Ni uniformly across the catalyst particles and thus 
exaggerates the dehydrogenation effect of Ni at the same Ecat Ni level. CMDU bet-
ter mimics the Ni penetration profi le and results in relatively higher concentration at 
the edges and thus more representatively refl ect the Ni activity.

   It has been demonstrated in the literature that the catalytic performance of cata-
lysts deactivated by CMDU represents commercially equilibrated catalysts much 
more realistically than the Mitchell/CPS type of deactivation technique [ 41 ,  49 ,  50 , 
 53 ,  54 ].   

8.8     Conclusions 

 In no other industrial process is the impact of zeolite catalysts on global economy 
more clear and visible than fl uid catalytic cracking (FCC). Majority of the gasoline 
used around the world today comes from the FCC process, in which zeolite-based 
catalyst is the key enabler. The presence of zeolites in FCC catalysts brings a sub-
stantial—and much needed—increase in gasoline yield from catalytic cracking, 
leading to more effi cient utilization of crude oil. FCC units worldwide also contrib-
ute considerably to the global supply of other fuels. Important basic chemicals 
such as propylene and butylene are also produced in FCC units in ever- increasing 
quantities with the help of zeolite-based catalysts and additives. As a result, FCC 
today represents the largest volume of zeolite catalyst consumption worldwide. It 
has been more than half a century since the introduction of zeolites into catalytic 
cracking, and they still are at the core of this key refi ning process, which fuels our 
industrialized society.     
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    Chapter 9   
 Chemistry of the Methanol to Olefi n 
Conversion       

       Weiguo     Song     ,     Yingxu     Wei    , and     Zhongmin     Liu    

    Abstract     Methanol conversion to olefi n (MTO) has been an intriguing topic for 
both catalytic research and chemical industry. During the induction time, interest-
ing chemistry occurred for the generation of initial olefi n products. After the 
induction time, the chemistry of MTO proceeds mainly through hydrocarbon pool 
mechanism, in which carbon pool species are involved in either side-chain growth 
route or paring route to produce an olefi n product. And other minor routes such as 
direct routes and olefi n homologation/cracking route also play certain roles. 
However, more detailed and extensive research are ahead to fully describe the 
chemistry of MTO. 

 The commercialization of methanol conversion technology has been very 
successful, with several versions designated for certain products, i.e., MTG for 
gasoline and MTP for propylene. One million ton scale DMTO plant has been in 
full operation in China. Coupled with coal conversion to methanol, MTO technology 
is now a new route for major petrochemical raw materials.  
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9.1         Introduction 

9.1.1     Brief History 

 Methanol to olefi n (MTO) conversion is one of the most promising routes to produce 
useful chemicals from relatively abundant sources such as coal and methane. There 
are several varied versions of methanol conversion process, including methanol 
to gasoline (MTG), methanol to hydrocarbon (MTH), or more product-specifi ed 
methanol to propylene (MTP) or aromatics (MTA). However, all these methanol 
conversion processes are based on the following overall elementary mass balance 
and carbon balance:

  nCH OH nCH n H O3 2 2     

Thus to simplify the nomenclature in this chapter, MTO will be used for the methanol 
conversion process. 

 The discovery of MTO was fi rst reported in the early 1970s by Clarence Chang 
and Tony Silvestri, who were researchers in the Mobil Chemical Research [ 1 – 3 ]. 
They were trying to produce high-octane gasoline by passing mixture of methanol 
and isobutene through HZSM-5, hoping that methanol will form the methyl cation 
(CH 3  + ) or carbene (:CH 2 ), which will then add to the isobutene to form longer 
hydrocarbon chains. What they produced from these experiments were indeed 
high- octane products that were mainly consisted of aromatics, and gaseous products 
consisted of light olefi ns and alkanes. However, careful control experiments suggested 
that produces with similar product distributions were formed without co-feeding 
isobutene, and mass balance analysis indicated that isobutene is not consumed when 
being co-fed with methanol [ 4 ]. What they observed was actually a new route to 
produce hydrocarbon directly from methanol, as known as MTG. 

 From a broad perspective, syngas (CO and H 2 ) can be produced from methane or 
coal, and methanol can be effi ciently produced from syngas using Cu/ZnO/Al 2 O 3 - 
based catalysts and technology. Thus potentially MTO technology fi lls the gap 
for an alternative route to produce stock chemicals from C1 sources, which are 
considerably more abundant than crude oil. With MTO, methanol becomes a carbon 
source for almost all petroleum-related chemicals and feedstock fi ne chemicals, 
especially olefi n monomers and polymers. This discovery was a breakthrough in 
producing aromatics and other hydrocarbons from nonpetroleum sources and was 
later developed into the methanol-to-gasoline (MTG) process, which was applied in 
a commercial plant in New Zealand [ 5 ]. 

 However, since MTG process produced mainly aromatics as high-octane number 
fuel, and aromatics were no longer considered as a desirable content in gasoline 
because of the environmental concerns, MTG technology was not widely commer-
cialized. In recent years, however, with increasing demand for light olefi ns from 
polymer industry, various versions of methanol conversion to olefi n processes were 
developed, especially MTP (methanol to propylene), which became an attractive 
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route to produce propylene. In recent years, China has built several commercial 
MTO or MTP plants. Some of these plants have the annual capacity of one million 
tons of propylene using MTP package by Dalian Institute of Physical Chemistry 
(see next chapter for detailed description of commercial MTO plants) [ 6 ,  7 ]. 

 The chemistry of MTO involves almost all aspects of zeolite catalysis. The active 
site for MTO is a hybrid of inorganic zeolite framework and organic reaction 
centers, by which hydrocarbon pool mechanism and other parallel mechanisms 
operate to convert methanol to olefi ns [ 3 ,  8 – 11 ]. Typical hydrocarbon chemistry 
such as alkylation, isomerization, homologation, oligomerization, cracking, cycli-
zation, protonation, deprotonation, and aromatization all occurred during the MTO 
process. In this regard, studying MTO chemistry will benefi t all branches of hydro-
carbon chemistry. 

 Basic research on MTO is still an ongoing subject. The goals for MTO study are 
to increase the catalyst effi ciency to lower the operation cost and to develop new 
catalyst that has better ability to resist coking. For these goals, mechanism studies 
are important. Besides its impact on chemical industry, MTO process has also been 
a puzzling and still debating issue in several aspects of the process [ 10 ,  11 ]. Apparent 
overall MTO process is quite clear and can be conveniently divided into four steps:

    1.    The fi rst step is a simple one as the dehydration of methanol, leading to equilib-
rium among methanol, dimethyl ether, and water. Zeolite catalyst, as solid acid, 
can readily catalyze such dehydration reaction. In this review, the fi rst step will 
not be discussed.   

   2.    The second step, usually called the induction time, is for fresh zeolite catalyst to 
be active for MTO reactions. During induction time, only a few olefi ns are produced. 
However, profound change is made inside the zeolite catalyst, as active interme-
diate species is formed and actively involved in olefi n production. There has 
been an ongoing debate on what happened during induction time. This review 
will try to offer a balanced account on this subject.   

   3.    During the third step, real MTO chemistry occurs, and high yield of hydrocarbons 
is observed. Carbon pool-type mechanism is dominating for MTO reactions, 
while detailed mechanism still waits. And some other mechanisms may also 
contribute for small part of olefi n production.   

   4.    In the fourth step, the catalyst is deactivated by accumulation of coke species. 
Such process is a typical one in zeolite chemistry and is perhaps not part of MTO 
as far as olefi n production is concerned. There are many studies and reviews 
from petroleum chemistry on zeolite coking.    

  The chemistry of MTO has been extensively studied, and there are several outstanding 
review articles covering almost all aspects of the process [ 4 ,  11 – 19 ]. This chapter is 
another attempt to summarize the latest development of this exciting subject. 

 For MTO mechanism studies, kinetic data analysis has been a powerful method 
to infer mechanistic insight from chromatographic data. As complex as MTO reaction 
is, it is diffi cult to experimentally observe each individual step of the whole process. 
Kinetic analysis deals with large amount of data. These data provide  information 
such as reaction rates and activation energies during each steps of the MTO process 
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and offer evidence for certain pathways. Kinetic studies on MTO, especially during 
the induction time, have also contributed to the understanding of hydrocarbon pool 
mechanism [ 4 ,  10 ,  19 – 32 ]. 

 Among many techniques, isotopic labeling is practically useful for mechanistic 
studies. For MTO study, as primary reactant methanol has one carbon and two kinds 
of hydrogen atoms (three at methyl group and one at hydroxyl group), it is easy to 
label methanol with  13 C and deuterium. By feeding methanol with specifi c isotopic 
atoms, especially  13 C, it becomes easier to track the destination of certain species. It 
is fair to state that isotopic labeling has been the strongest evidence for hydrocarbon 
pool mechanism to be accepted [ 21 ,  22 ,  33 – 45 ]. 

 Another frequently used technique in MTO study is thermal quench of the reactor. 
By thermal quench, the ongoing MTO reaction can be abruptly halted, and presum-
ably organic intermediate species during the reaction are preserved on the catalyst 
[ 46 ]. By dissolution of the catalyst and extraction of organic species, the nature of the 
organic intermediate species can be analyzed by GC-MS [ 39 – 42 ,  47 – 50 ]. For active 
species as well as the zeolite catalyst itself, ex situ spectroscopic (solid-state NMR, 
IR, Raman, UV/Vis, etc.) can provide useful information [ 51 – 64 ]. 

 Computational study of MTO also proved to be an essential partner for better 
understanding of MTO [ 10 ,  29 ,  65 – 68 ]. Computational modeling can fi nd energy 
barriers for certain pathways and offer insight for the whole reaction pathways 
[ 66 – 68 ]. 

 For MTO mechanism, two unsolved issues are related to the second step and 
third step, i.e., how the fi rst hydrocarbon product is produced during the induction 
time and how olefi ns are produced in the third step. In this chapter, a review of 
recent progress in MTO mechanism regards the chemistry in the second and third 
steps will be offered.  

9.1.2     Initial C–C Bond Formation 

 From methanol to olefi n involves C–C bond formation; thus, how initial C–C bonds 
are formed from C1 species becomes the fi rst question for MTO mechanism and has 
been a heated debate. As will be discussed in the next section, there are two stages 
of C–C bond formation. On a working zeolite catalyst, C–C bond formation can be 
mainly preceded through a carbon pool-type indirect mechanism, as discussed later. 
However, during the early stage of induction time, when the catalyst is fresh, C–C 
bond seems to be formed directly from C1 species only. Such direct mechanism can 
certainly work during the third stage of the MTO process. But the question is how 
C–C bonds are formed from C1 species. 

 According to a comprehensive review by Stock [ 8 ], there have been many 
mechanisms proposed to explain the MTO mechanism. Some early studies did not 
separate induction time from working time of the MTO process, and tried to explain 
not just the initial C–C bond formation, but rather for all olefi n formation. Haw et al. 
summarized the indirect mechanisms in Fig.  9.1  [ 4 ].
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  Fig. 9.1    Early proposals that have signifi cantly shaped current thinking about the hydrocarbon 
pool mechanism in MTO catalysis. ( a ) Mole’s 1983 mechanism of methylbenzene side-chain 
alkylation. ( b ) An abbreviated account of Langner’s explanation for the dramatic effect of 
cyclohexanol and other co-feeds of reducing the kinetic induction period. ( c ) Kolboe’s early 
phenomenological hydrocarbon pool mechanism for MTO catalysis. ( d ) The paring reaction in 
highly abbreviated form (Reprinted with permission from Ref. [ 4 ]. Copyright (2003) American 
Chemical Society)       

   It’s quite straight forward to consider carbene (:CH 2 ) as the key intermediate in 
MTO, especially for initial C–C bond formation, as the following equation is so 
simple yet elegant:

  : :CH CH CH CH2 2 2 2     
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  Chang et al. proposed the carbene mechanism in their earlier report on MTO [ 1 ,  3 ]. 
Carbene is an active species; thus, direct spectroscopic observation of carbene was 
rare, and most studies relied on indirect evidences that can be explained by carbene 
intermediate. Oxonium ylide mechanism and carbocation mechanism were based 
on the acid nature of zeolite [ 69 – 71 ]. Hunger and Wang considered methoxyl group 
as key species in C–C bond formation from their in situ NMR studies [ 16 ,  72 – 76 ]. 

 All these mechanisms are so-called direct mechanisms, i.e., C–C bonds are 
directly formed from C1 species. The intermediates involved in these mechanisms 
are usually unstable species and are not easy to be observed by spectroscopic tech-
niques except that methoxy groups are observed by NMR. Several computational 
researchers have found high energy barriers for reaction routes for olefi ns being 
produced from certain direct mechanisms [ 10 ,  29 ,  65 – 68 ]. Thus it’s likely that the 
roles of these direct mechanisms become less signifi cant once the MTO reaction is 
in the third stage. However, the small amounts of olefi nic product from these direct 
mechanisms can oligomerize to form the hydrocarbon pool species during the 
induction time and thus are key part of the MTO [ 16 ]. 

 Closely related issue during the induction time is the induction time itself. Why 
an induction time is observed on MTO? Autocatalysis is usually related to an induc-
tion time in catalysis. It’s hard to image any direct mechanism that requires an 
induction time. In pulse-type experiments, fi rst few pulses of methanol on ZSM-5 
or SAPO-34, two of the most used zeolite in MTO research, yield no appreciable 
amount of hydrocarbon product [ 41 ,  46 ,  52 ]. Researchers in Mobile, White and Xu, 
quantitatively measured the methanol conversion against the amount of total 
methanol feeding [ 17 ]. Their experiments were carried out at a relatively mild 
temperature so that the methanol conversion was less than 25 % at most in order to 
minimize the interference from secondary reactions. Near bell-shaped conversion 
curve was observed, which depicts the three stages of MTO quite well: induction, 
steady state, and coking. The conversion at early stage was very low as the reaction 
was in the induction time and abruptly increased when the catalyst was in fully 
functional stage. 

 In the earlier years of MTO research, the goal of several studies on the induction 
time was to shorten the induction time. Looking back, we may summarize these 
studies as foundations of hydrocarbon pool mechanisms, as these work provided 
solid evidences to show the role of organic intermediates. For example, Mole et al. 
found that toluene was a cocatalyst in MTO [ 77 ]. 

 Haw and Song et al .  proposed an unorthodox ideal with a so-called impurity 
mechanism that further minimizes the role of direct mechanisms [ 78 ]. They argued 
that zeolites such as ZSM-5 and SAPO-34 are not solid super acids and are not able 
to sustainably produce active C 1  species in abovementioned direct mechanisms. On 
the other hand, since there are signifi cant amounts of impurity compounds that 
already contain C–C bonds in any MTO reaction system, i.e., acetone and ethanol 
in methanol (even the highest-grade methanol is only 99.999 %), and hydrocarbon 
residual species on zeolite after calcination, these impurities could form hydrocar-
bon species that can be the starting materials to form the active organic centers for 
the hydrocarbon pool-type mechanism. This “impurity mechanism” by no means 
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negates any other direct mechanisms. It is indeed impossible to negate the role of 
any direct mechanism. The “impurity mechanism” is more a practical observation 
than a conclusion. The evidences for “impurity mechanism” are also mainly cir-
cumstantial evidence. Some of the evidences are listed below: 

 When methanol, carrier gases, and catalysts are intentionally and extensively 
purifi ed, olefi n production from early pulses was signifi cantly reduced comparing to 
what was observed from normal experimental setups. As shown in Fig.  9.2 , olefi n 
production was reduced to near zero when specially purifi ed methanol was pulsed 
onto SAPO-34 or ZSM-5.

   Song et al. found that zeolite with pore sizes of ZSM-22 or smaller was not an 
active catalyst for MTO [ 79 ]. They found that when methanol was pulsed into the 
ZSM-22 catalyst bed, olefi n production was steadily very low after very short 
time on stream (or methanol feeding). Yet, the seemed inactive catalyst for MTO, 
ZSM- 22 zeolite was still very active for many other reactions, such as butane isom-
erization, olefi n homologation, etc. They claimed that the size of ZSM-22 channel 
was not big enough for hydrocarbon pool mechanism to work, so that olefi n product 
from hydrocarbon pool was also inhibited [ 79 – 84 ]. 

 Song’s claim that ZSM-22 was not active for MTO was debated. Olsbye et al.’s 
earlier studies showed signifi cant olefi n production from ZSM-22 and attributed the 
apparent activity difference from Song et al.’s observation to the difference experi-
mental setup, especially methanol space velocity [ 4 ,  8 ,  65 ,  66 ,  69 ]. Liu et al.’s work 
on ZSM-22 also indicated signifi cant MTO activity for ZSM-22 [ 85 – 88 ]. The 
apparent MTO activity observed on ZSM-22 may be due to several issues, including 
the experimental setups (especially the fl ow rate of methanol), composition of the 
reactant feed, and perhaps the purity of homemade ZSM-22 zeolite used in the 
research. Another possible explanation for the olefi n formation is that they are produced 
from the methylation/cracking mechanism, as will be covered in the latter part of 
this chapter [ 11 ,  29 ,  80 ,  86 ,  89 ,  90 ]. 

 Song et al. recently reported that for ZSM-22 and ZSM-12 both of which have 
one-dimensional pores, but with small pore size difference (0.57 Å for ZSM-22’s 
ten member ring vs. 6.0 Å for ZSM-12’s twelve member ring, see Table  9.1  for 
comparison), and dramatic MTO activity difference was observed, as shown in 
Fig.  9.3  [ 83 ]. For ZSM-22, essentially no hydrocarbon was formed after several 
pretreatment methanol pulses. The pretreatment pulses did resulted in signifi cant 
amount of olefi n formation, but the olefi n formation quickly reduced to near zero 
with each additional pulse. Once the olefi n formation is reduced to near zero, the 
catalyst showed little coking, indicating that the ZSM-22 catalyst was not deactivated 
by coking, and the ZSM-22 catalyst was still a very effi cient catalyst for reactions 
that are typical for such one-dimensional 10-member ring zeolites, including butane 
isomerization, benzene methylation, olefi n homologations, etc., suggesting that the 
pore of the ZSM-22 was not blocked. However, for ZSM-12, the MTO  reactions 
proceed fast and abundant aromatics as well as alkanes were produced. Once the 
ZSM-12 was deactivated, the catalyst is totally deactivated for all acid-catalyzed 
reactions, i.e., even methanol dehydration to dimethyl ether was not able to proceed. 
And the deactivated ZSM-12 was full of coke species that are fused aromatics not 
soluble in common organic solvents.
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  Fig. 9.2    GC (FID detector) analyses of the product streams sampled 2.4 s after pulsing 12.5 íL 
methanol onto 300 mg beds of HSAPO-34 with purifi ed He fl owing at 10 cm 3 s -1 . ( a – d ) are from a 
single bed of rigorously calcined HSAPO-34 following a series of pulses of fractionally distilled 
methanol delivered in 30 min intervals. ( a ) Following the fi rst pulse, the total yield of volatile 
hydrocarbons was ca. 0.0026 % (26 ppm). ( b ) Following the second, identical methanol pulse, the 
yield of volatile hydrocarbon products greatly increased to 1.5 %. ( c ) Following the third, identical 
methanol pulse, the hydrocarbon yield further increased to 10 % as a result of the growing 
hydrocarbon pool. ( d ) This catalyst bed was reacted with an additional 200 íL of methanol to 
create a larger hydrocarbon pool. Thirty minutes later 12.5 íL of methanol was pulsed, and the 
product stream showed nearly complete conversion. ( e ) Following the fi rst pulse of fractionally 
distilled methanol onto a fresh HSAPO-34 bed prepared using the standard calcination procedure 
but not the more rigorous second calcination. The volatile hydrocarbon yield, 590 ppm, was 
substantially higher without rigorous calcination, cf. ( a ). Small amounts of methane and CO are 
formed on the reactor wall (Reprinted with permission from Ref. [ 78 ]. Copyright (2002) American 
Chemical Society)       
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    In another study, Song et al. found that for ZSM-22 and ZSM-23, both of which 
have small one-dimensional pores, the amount of olefi n (mainly propene) is higher 
on smaller zeolite particles, which have higher amount of external surface acid site. 
And when external acid sites were selectively removed by acid itching, the olefi n 
productions decreased to minimum [ 84 ]. External surface acid sites and pore mouth 
acid sites are important parts of solid acid catalysts, especially when large reaction 
species are concerned. 

 In these set of experiments using ZSM-22 as catalyst, regular analytical grade 
methanol (99.99 %) is used; thus, the small amount of olefi n was also perhaps due to 
the “impurities.” For example, propene production was about the same in a wide 
temperature range from 300 to 500 °C [ 81 ], as shown in Fig.  9.4 .

   This fi nding does not support any direct mechanism. Higher olefi n production is 
expected at higher temperature if olefi ns are produced from any C1 species. For 
example, if a carbene, methoxy group or methyl cation is involved in the C–C bond 
formation, then the C-H bond on CH 3 OH must be broken, and H/D exchange will 

   Table 9.1    Summary of prepared zeolites H-ZSM-12 and H-ZSM-22   

 Zeolite  Pore topology  Pore size (Å)  Si/Al  a  

 H-ZSM-12  1D, 12 rings  5.6 × 6.0  35 
 H-ZSM-22  1D, 10 rings  4.6 × 5.7  40 

  Reprinted with permission from Ref. [ 73 ]. Copyright (2012) American Chemical Society 
  1D  one-dimensional 
  a ICP analysis  

  Fig. 9.3    GC profi les of methanol pulsed onto zeolites at 673 K. ( a ) H-ZSM-22; ( b ) H-ZSM-12. 
Samples were taken 8 s after methanol pulse (Reprinted with permission from Ref. [ 83 ]. Copyright 
2011, American Chemical Society)       
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be observed if methanol was selectively labeled with deuterium atoms. As shown in 
Table  9.2 , at a temperature range of 200–500 °C, the H/D exchange did not occur. 
Haw et al. observed similar results on SAPO-34 [ 45 ,  91 ].

   These fi ndings on ZSM-22 have one side benefi t for MTO research. On ZSM-
22, the chemistry of small species can be directly studied without the interference 
from dominated olefi n secondary reactions. The main olefi n production route, the 
hydrocarbon route, is inhibited under certain experimental conditions, so that some 
other important aspects of the MTO process, such as chain growth [ 80 ], scrambling, 
and double bond shift, may be observed directly. These studies will be covered in 
the next section.  

  Fig. 9.4    Propene’s time on stream relative intensities to DME plus methanol at various temperatures 
when methanol was fl owed onto ZSM-22 constantly (Reprinted with permission from Ref. [ 81 ]. 
Copyright (2008) American Chemical Society)       

   Table 9.2    Quantitative results of number of D atoms in product DME produced by pulsing 
CH 3 OD onto DZSM-22 at various temperatures   

 D 0   D 1   D 2   D 3   D 4   D 5   D 6  

 200 °C  98.0  1.1  0.8  0.01  0.1  0.01  0.01 
 300 °C  98.0  1.2  0.7  0.01  0.1  0.01  0.01 
 400 °C  97.9  0.9  1.0  0.01  0.2  0.01  0.01 
 500 °C  97.7  1.0  1.1  0.01  0.2  0.01  0.01 

  Reprinted with permission from Ref. [ 80 ]. Copyright (2012) American Chemical Society  

 

W. Song et al.



309

9.1.3     C 2  and Up 

9.1.3.1     Hydrocarbon Pool Mechanism 

 Chemistry becomes even more interesting in the third stage of MTO reactions, in 
which the olefi ns were produced in large quantity. Besides those possible direct 
mechanisms mentioned in previous chapter, other mechanisms may also contribute, 
and likely more predominately, to the hydrocarbon formation. Even when direct 
mechanisms were popular in earlier years, some indirect mechanisms were proposed 
based on hydrocarbon chemistry in zeolites. For example, Mole et al. proposed a 
side-chain growth-type mechanism to account for the cocatalyst effect of toluene 
[ 77 ]. In previous MTO studies on shortening the induction time, Mole et al. found 
that methyl benzenes were a cocatalyst and proposed a side-chain growth mecha-
nism to explain the cocatalyst effect. He was perhaps more close to realizing 
the importance of methyl benzenes in MTO than anyone at that time. However, 
since he used HZSM-5 as catalyst, and methyl benzenes are also part of the main 
product, the true role of methyl benzenes was only considered as cocatalyst. With 
 overwhelming evidence, the hydrocarbon pool mechanism by Kolboe is now 
considered as the most accurate and dominate one in MTO mechanism. 

 “Carbon pool” mechanism is at fi rst an empirical description of how methanol is 
converted into olefi ns. Using zeolite SAPO-34, which has a cage-like pore structure 
(eight-member ring opening of 3.8A), Kolboe et al. carried out systematic experi-
ments to show that the organic species trapped inside the SPO-34 cages are vital for 
olefi n formation [ 33 ,  34 ,  92 ,  93 ]. In their experiments, labeled methanol ( 13 C-MeOH) 
was used along unlabeled ethylene or propylene. Such experimental setup is very 
similar to what Chang et al. did on ZSM-5, when Chang et al. co-feed methanol 
with isobutene. Kolboe et al. found out that most of the olefi n product was from 
13C-labeled methanol, and ethylene was almost inactive. This fi nding was a direct 
rebuke to direct mechanisms, as ethylene is the primary product from direct mecha-
nisms and key intermediate for longer chain product. While direct mechanisms are 
unable to account for this result, an indirect route, i.e., a parallel reaction route, was 
proposed as a “carbon pool” mechanism. The term “carbon pool” was a smart one 
as exact structure of the (CH 2 )  n   “pool” species was not known at that time. However, 
it seems so accurate when one envisions a catalytic cycle, in which methanol or any 
C1 species are fed into the pool on one side and olefi n products are product from 
another side. 

 Several groups have vigorously pursued the nature of carbon pools. Their works 
were summarized in several reviews [ 3 ,  4 ,  9 ,  11 ,  16 – 19 ,  85 ,  94 – 96 ]. 

 Haw et al. developed a computer-controlled pulse quench micro reactor to study 
the MTO mechanism as shown in Fig.  9.5  [ 97 ]. The pulse quench reactor allows 
very fast thermal quench of the catalyst bed, and pulse injection of small dose of 
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reactant allows only small changes to the catalysts from each pulse. Thus in a pulse 
quench experiment, a small dose of reactant was injected, then a GC sample was 
collected several seconds after the injection, and then the catalyst bed was quenched 
by nitrogen precooled to near cryogenic temperature. The catalyst was then sealed 
inside the frozen reactor and was later collected for analysis by solid-state NMR or 
other techniques.

   This pulse quench reactor allows essentially simultaneous analysis of the gas 
phase species in the fl ow gas and species trapped in the zeolite, assuming that the 
quench time is short enough and the species on catalyst do not change during and 
after quench. Several key results relating to carbon pool species were obtained from 
such pulse quench reactions. 

 Several stable carbenium cations were observed on ZSM-5 using such protocol 
by Haw and coworkers. Carbenium cations were considered key intermediates in 
hydrocarbon chemistry on super acid [ 69 ,  98 ]. However, only a handful of carbenium 
cations were stable enough on zeolite to be directly observed by solid-state NMR.
One reason is the presence of water, which is prone to neutralize the cation. Water 
is abundant in MTO reactions as water is the by-product of methanol dehydration. 
Using pulse quench reactor, water was pushed out of the catalyst bed by fl ow gas, 
leaving carbenium cations on zeolite. With such design, several carbenium cations 
were observed in Haw’s group, including cyclopentium cations and benzenium cat-
ions [ 46 ,  52 ,  97 ,  99 – 101 ] (Fig.  9.6 ). Some of the carbenium cations were observed 

  Fig. 9.5    Schematic representation of the pulse ± quench reactor used to prepare samples under 
standard fl ow reactor conditions for study by NMR spectroscopy. The  gray  region indicates the 
catalyst bed. All valves and the heating element are under computer control (Reprinted with per-
mission from Ref. [ 4 ]. Copyright 2003, American Chemical Society)       
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  Fig. 9.6    Selected 75.4 MHz  13 C MAS spectra of benzenium ion 3 (206, 190, 139, 58, and incom-
pletely resolved signals between 23 and 26 ppm) on zeolite HZSM-5 (Si/Al = 19). Signals near 
20 ppm are due to the methyl carbons of neutral aromatic compounds, e.g., toluene and xylenes. 
Benzene or toluene and methanol were injected into the fl ow reactor as a pulse and allowed to react 
for 4 s at 573 K before quench: ( a ) 0.5 equiv. of benzene- 13 C6 and 3 equiv. of methanol- 12 C, ( b ) 0.5 
equiv. of toluene-ring- 13 C6 and 2.5 equiv. of methanol- 12 C, ( c ) 0.5 equiv. of benzene and 3 equiv. 
of methanol- 13 C, ( d ) 0.5 equiv. of toluene and 2.5 equiv. of methanol- 13 C, and ( e ) 0.5 equiv. of 
toluene-1- 13 C and 2.5 equiv. of methanol- 12 C. 1 equiv. on this catalyst corresponds to 0.58 mmol 
reactant/g of zeolite. An  asterisk  denotes spinning sideband (Reprinted with permission from Ref. 
[ 99 ]. Copyright (1998) American Chemical Society)       

under conditions similar to MTO reactions. For example, Haw et al. observed 
1,1,2,3,5-tetra methyl benzenium cation by pulsing methanol and toluene onto the 
ZSM-5 catalyst [ 102 ]. Fingerprint chemical shift peaks were observed by solid 
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NMR, as shown in Fig.  9.7 . Haw and Song et al. later observed a fully methylated 
benzenium (heptaMB + ) on H-beta, whose larger cage allowed the formation of 
larger cations [ 102 ]. Under methylating conditions, hexaMB may be further meth-
ylated and form the heptamethyl benzenium ion (heptaMB + ), which has the gem 
methyl groups that are critical for side-chain growth mechanism discussed later. 
Bjørgen et al. further advanced this carbenium identifi cation route and actually iso-
lated heptaMB +  trapped inside H-beta by co-fed methanol and benzene. The 
 heptaMB +  was isolated as its neutral base form as HMMC (1,2,3,3,4,5-hexamethyl-
6-methylene-1,4-cyclohexadiene) and confi rmed its structure by NMR spectros-
copy [ 103 – 105 ]. The stability of methyl benzenium cations on H-beta is determined 
by the acid strength of the zeolite framework, i.e., only those benzenium cations 
that match the acid strength of the zeolite can present as stable cations. IR- and 
UV-vis spectroscopy studies by Kolboe et al. suggested that trimethyl benzene and 
tetramethyl benzene are about where the threshold for stable benzenium cations 
stands. Tetramethyl benzene and higher methylated benzenes can exist as stable cat-
ions on H-beta [ 103 ,  104 ]

   By pulsing ethylene or propylene onto ZSM-5 at low temperature, another 
carbenium cation 1,3-dimethyl cyclopentenyl cation was observed by Haw et al. 
Because of its structure, it was given a nickname of smiley cation [ 97 ]. smiley 
 cation is in fact a very stable and common cation on zeolite. Pulsing ethylene or 
propylene is probably the best choice to produce a relatively large number of the 
cation. However, pulsing methanol can also produce it. And in pulsing experi-
ments, with one single propene pulse to produce smiley cation on ZSM-5, the 
induction for methanol conversion was eliminated, proving that smiley cation is a 
hydrocarbon pool species [ 52 ]. Haw et al. reported a fully methylated smiley cation 
by condensing acetone within the cage of SAPO-34 [ 100 ]. This was the fi rst stable 
cation observed on SAPO-34, which was a considerably weaker acid than ZSM-
5. It’s the cage-like structure of SAPO-34 and higher stability of the cation due to 
the methyl substitution that lead to this observation. Liu et al. recently reported that 
they observed the benzenium cation and smiley cation on SAPO-34, and other MTO 
catalysts under MTO reaction conditions further solidify the role of cyclopentenium 
cation in MTO [ 85 ,  106 – 108 ]. 

 The role of the carbenium cation in MTO is speculated by Haw et al. as the 
organic reaction center, i.e., one hydrocarbon pool specie with exact structure [ 52 ]. 
Indeed, if the ZSM-5 catalyst was pretreated with ethylene to generate smiley cation 
(by pulsing ethylene, only smiley cation was left on ZSM-5, all other species were 
fl ushed out by carrier gas), then the induction time for MTO was very much shortened. 
Thus it is fair to conclude that smiley cation is one of the key hydrocarbon pool 
species in MTO, especially when ZSM-5 was used as catalyst. Liu et al.’s recent 
fi nding that smiley cation-type carbenium cations existed on working SAPO-34 
further highlighted the role of smiley cation in MTO. As will be shown later, since 
methyl benzenes are also hydrocarbon pool species. Most studies on hydrocarbon 
pool mechanism have been focused on methyl benzenes, and smiley cation will be 
a vital part in the so-called paring mechanism to connect benzene rings and 
cyclopentenyl rings. For benzenium ion, another possible pathway, the side-chain 
growth pathway, may require benzenium ion as key intermediate species. 
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 Haw et al.’s work on SAPO-34 proved that methyl benzenes are the hydrocarbon 
pool species for MTO on SAPO-34 as shown in Fig.  9.7  [ 41 ]. With solid-state NMR 
and online GC to analyze the species trapped inside, the SAPO-34 cage and organic 
product exited from the reactor, respectively. The key fi nding is the correlation 
between the presence of methyl benzenes in SAPO-34 cages and the formation of 
olefi n product. In a series of methanol pulses, the fi rst pulse resulted in DME only 
for a gas sample taken 4 s after the pulse. Then the catalyst was kept at 400 °C with 

  Fig. 9.7    75 MHz 13C CP/MAS NMR spectra of samples from a pulse quench study of methanol 
conversion on HSAPO-34 at 673 K. Each sample was prepared by injecting 20 íL of methanol-13C 
onto a freshly activated catalyst bed (0.3 g), while He was fl owed at 600 mL min 1, and reaction 
occurred for the times shown followed by a rapid thermal quench. All spectra (4000 scans) were 
measured at 298 K using a 2-ms contact time (Reprinted with permission from Ref. [ 41 ]. Copyright 
2000 American Chemical Society)       
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helium fl ow for 5 min in order to fl ush out all volatile species from the fi rst pulse 
(as confi rmed by a GC sample taken in a control experiment showing almost no 
organic product in the carrier gas after 5 minutes). Then the second pulse was 
injected, and a GC sample was taken 4 s after the second methanol pulse. The second 
pulse resulted in signifi cant amount of olefi ns (mostly ethylene and propylene), 
indicating that the catalyst was in working condition. Thus from the induction point 
of view, the fi rst pulse was able to eliminate the induction time on SAPO-34.

   In a parallel solid-state NMR study, series of samples were prepared by quench-
ing the SAPO-34 catalyst at various times after the fi rst pulse to investigate the 
evolution of organic species trapped inside the SAPO-34 cage after the fi rst pulse. 
As shown in Fig.  9.8 , for catalyst quenched after 2 s, only physically adsorpted 
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  Fig. 9.8    90 MHz  13 C CP/MAS NMR spectra showing the loss of methyl groups as a function of 
time from methylbenzenes trapped in HSAPO-34 at 400 °C (Reprinted with permission from Ref. 
[ 137 ]. Copyright 2001, American Chemical Society)       
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methanol was detected. Then DME signal appeared after 4 s. Methyl benzene rings 
started to show after 8 s, with 13C peaks at 25 ppm (methyl group) and 130 ppm 
(benzene ring), respectively, showing the presence of methyl benzenes (mixture of 
methyl benzenes). With longer time, the peak intensities for the benzene ring remained 
the same, while the peaks for DME, methanol, and methyl groups decreased. These 
fi ndings were proofs that methyl benzenes were hydrocarbon pool species.

   In a related study, Haw et al. produced SAPO-34 catalyst that was loaded with 
only methylnaphthalenes and found that methylnaphthalenes were also active 
hydrocarbon pool species, though not as active as methyl benzenes [ 47 ,  48 ]. The 
fact that methylnaphthalenes are active hydrocarbon pool species is quite intriguing 
in that methylnaphthalenes are usually considered as the early stage coke species. 
With longer time on stream, methylnaphthalenes will become fused aromatics such 
as arylene that will eventually deactivate the catalyst by blocking the channel. Thus 
in MTO process, methyl aromatics are indeed unique. They are carbon pool species 
as good coke needed for olefi n production, and these hydrocarbon pool species will 
stop the olefi n production when they become bad coke. 

 Because of their cage-like morphology and eight-member pore, it’s relatively 
easy to generate methyl benzenes on SAPO-34 or SAPO-18 to study their role in 
MTO [ 43 ]. However, on other zeolites such as ZSM-5 and H-beta, because methyl 
benzenes can diffuse out of the zeolites, it is hard to control the nature of organic 
species on these zeolites. Haw et al. developed a reactor that allowed direct pulse of 
hexamethyl benzene (HMB) onto H-beta catalyst. Olefi n products were product 
from this experiment, proving that HMB was active for olefi n formation on H-beta 
[ 42 ]. Bjørgen et al. investigated the reactivity of polymethylbenzenes over the 
large pore zeolite H-beta, and the heptamethylbenzenium cation as well as its 
corresponding base HMMC was identifi ed as a key intermediate [ 31 ,  40 ,  105 ,  109 ]. 

 Hunger et al. developed a stop-fl ow reactor, which combined the fl ow-type 
reactor and solid-state NMR to study MTO. Such protocol was able to analyze the 
effl uent gas phase product by GC and organic species on catalyst at working tempera-
ture, while in situ solid-state NMR spectra of the catalysts are being acquired. Such 
protocol requires advanced technology in NMR devices and is ideal for heteroge-
neous catalysis research. Interesting results were obtained from such reactor, in 
particular methanol conversion on various zeolites [ 16 ,  56 ,  57 ,  72 – 74 ,  110 – 119 ]. 

 Kolboe et al. have been a very productive team in all aspect of MTO research, 
especially in kinetic analysis and modeling [ 11 ,  21 ,  31 ,  34 – 38 ,  40 ,  92 ,  95 ,  103 , 
 120 – 134 ]. For example, with isotope exchange technology, Kolboe et al. obtained 
similar results as Haw et al. on SAPO-34 in terms of the role of methyl benzene [ 37 , 
 120 ,  121 ]. They studied isotopic scrambling of methyl benzenes in an experiment 
protocol in which  12 C-methanol was fi rst fed and switched to 13C-methanol feed. 
They observed extensive 12C/13C scrambling on methyl benzenes, especially 
pentamethyl benzene and HMB. However, the  13 C presence in the olefi n product 
increased at a slower pace than methyl benzenes, suggesting that the 13 C labels 
were scrambling between methyl carbons and benzene ring carbons before the 
olefi ns were produced from methyl benzenes. The most rational explanation for 
such results is that methyl benzenes are hydrocarbon pool species. 
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 Besides academic studies listed above, another main player in MTO study is the 
oil industry. The ExxonMobil also invested large amount of resources in MTO 
study. In a recent review, White et al. summarized research work on the chemistry 
of MTO at the ExxonMobil. Due to the nature of industrial research, their research 
works were mostly published as patents [ 135 ,  136 ]. In several patents, Xu and 
White disclosed part of their fi ndings. They used solid-state NMR as the main 
investigation tool to study the organic species on the catalyst, and  13 C-labeled com-
pounds are frequently used to assist determining the chemical structure of carbon 
pool species. They reached the same conclusion as Haw et al. that methyl benzenes 
and methylnaphthalenes were carbon pool species on HSAPO-34 for MTO. They 
proposed an artifi cial organic/inorganic hybrid structure as the true active catalyst in 
MTO. Such hybrid structure is almost the same as what Haw et al. proposed, the 
“reaction center,” which is consisted of hydrocarbon pool species (carbenium cation 
or methyl aromatics) and the adjacent Brønsted acid site in the zeolite channels [ 13 , 
 66 ,  91 ,  137 ,  138 ]. 

 These work from academic and industry unequivocally proved that the hydrocar-
bon pool mechanism is the correct description of the main MTO reaction on 
frequently used MTO catalysts such as ZSM-5 and SAPO-34. An active hydrocar-
bon pool species can be benzene, toluene, and naphthalene that are substituted with 
various numbers of methyl groups. These aromatics, along with the Brønsted acid 
site, form an active center, which can react with C1 species (methanol, DME, 
methoxy group, oxonium ion, etc.) by adding a methyl group to the carbon pool 
species. Then the carbon pool species undergo complicated change to allow the 
ethyl and propyl group to be formed and detached from the pool. This is how 
ethylene and propylene are formed as the primary olefi n product from MTO.  

9.1.3.2     Product Formation 

 With methyl benzenes as stable hydrocarbon pool species, exactly how olefi ns are 
produced from them becomes an actively studied topic. In hydrocarbon pool mech-
anism, there are two parts of the chemistry: the addition of methanol-related C1 
species to the pool and the splitting of olefi n from the pool. It may be convenient to 
separately study them. 

 Haw et al. monitored the evolution of olefi n (ethylene and propene) product on 
SAPO-34, which was pretreated to load methyl benzenes (with an average number 
of methyl group per benzene ring of 5.6) [ 137 ]. The micro reactor was then kept at 
reaction temperature of 400 °C with carrier gas continuously fl owing. A series of 
samples were prepared by quenching the SAPO-34 catalyst at a various time after 
the fi rst pulse to investigate the evolution of organic species trapped inside the 
SAPO-34 cage after the fi rst pulse. The waiting time before quench ranged from 
zero seconds to 1 h. The amount and the distribution of ethylene and propylene 
effl uent at different times were then monitored by GC. NMR analysis results are 
shown in Figs.  9.8  and  9.9 . Solid-state NMR results indicated that only methyl benzenes 
are left on the SAPO-34 catalyst, and the average number of methyl groups on 
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benzene ring decreased steadily with longer waiting time. At fi rst the methylbenzenes 
are mostly HMB and PMB (with an average number of methyl per ring of 5.6). Such 
number decreased to 1.9 after 60 min. However, even after 60 min, very small 
amounts of olefi ns, mostly ethylene and propene with trace amount of butane, were 
diffusing out of the catalyst, suggesting that these methyl benzenes were producing 
olefi ns. Since there was no methanol, methoxyl, and DME signal from Fig.  9.9 , it is 
safe to conclude that these C1 species were fl ushed out and were not involved in the 
evolution of the methyl benzenes. These results seem to suggest that both ethylene 
and propylene are primary olefi n product in MTO.

   Exact mechanism of methyl benzene transformation is not elucidated in this 
work. However, the distribution of ethylene and propene as a function of average 
methyl group per benzene ring (M ave ) was an interesting result. Olefi n selectivity in 
MTO is quite important for industry, as the demand for ethylene and propylene does 
not necessary agree with the olefi n selectivity of the catalysts for MTO. From 
Fig.  9.9 , apparently ethylene is preferred with lower M ave  value, while propylene 
will dominate with HMB and PMB. A selectivity switch occurred at M ave  value of 
about 2.8. This fi nding offers a rational approach to control the olefi n selectivity on 
SAPO-34 by controlling the number of methyl groups on benzene ring. For exam-
ple, by limiting the available space inside the SAPO-34 cage, Haw et al. developed 
a ship in a bottle approach to add enhancement to the ethylene selectivity [ 49 ]. 

 Thus it is clear that methylbenzenes or other related cyclic species are direct 
reaction intermediates during the MTO catalytic cycles for olefi n formation. 
However, the exact mechanism of how the alkenes are formed from such species 
remains an ongoing pursuit. So far two distinct hypotheses have been proposed to 
explain the olefi n formation. They are called exocyclic methylation mechanism 
(side-chain growth mechanism) and paring mechanism (ring expansion and con-
traction mechanism). 

 The exocyclic methylation route is also called side-chain growth mechanism. In 
earlier MTG studies, Mole et al. proposed such route to explain the cocatalyst role 
of toluene [ 77 ]. Later on, many researchers found more evidences for this route. For 
example, Haw and Kolboe suggested that ethylene may well be formed from an 
ethyl group, which is formed from methylation of methyl benzenes [ 37 ,  38 ,  42 ,  50 , 
 91 ,  92 ,  95 ,  103 ,  123 – 125 ,  139 ]. A typical exocyclic methylation route involves a 
benzenium cation such as heptaMB + , which is associated with HMMC by proton-
ation and is deprotonated. For HMMC, its exocyclic double bond provides ideal 
target for methylation agents (presumably methoxyl groups on the catalyst or nearby 
methyl groups on the same benzene ring) for homologation reactions, which result 
in an ethyl group and consequently ethyl benzene. Once ethyl benzene is formed, 
ethylene can be readily produced from dealkylation (Fig.  9.11 ). Further methylation 
of ethyl groups to propyl groups may lead to propene formation and possibly even 
butane. However, propene and butane formation from this exocyclic methylation 
route is unlikely a prominent route, as adding two or even three methyl groups to the 
same target seems diffi cult in terms of steric restriction. 

 The side-chain growth route goes through two gem methyl benzene species, 
which forms ethyl benzene species. Kolbe et al. observed HMMC by mass spectrum 
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  Fig. 9.9    ( a ) The rates of formation of ethylene, propene, and 2-butene as a function of time from 
a single experiment similar to those used for Fig.  9.9 . For these measurements, multiple gas samples 
were analyzed from a single catalyst bed as it evolved over time after cessation of methanol fl ow. 
Ethylene and propene are major primary products of MTO chemistry. ( b ) Ethylene and propene 
selectivity as a function of the average number of methyl groups per ring, Me ave . The data in part 
( b ) are replotted by using an abscissa derived by empirically fi tting the time evolution of Me ave  in 
Fig.  9.9  to a smooth curve generated by Excel. This mapping shows that ethylene is favored by 
methylbenzenes with 2 or 3 methyl groups, while propene is favored with 4 or more methyl groups 
(Reprinted with permission from Ref. [ 137 ]. Copyright 2001, American Chemical Society)       
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[ 11 ,  39 ,  122 ]. Hunger et al. used in situ for MTO study, and their results also led to 
support for side-chain growth mode under their experimental conditions [ 113 ,  114 , 
 116 ]. Haw et al.’s observation that lower number of methyl groups on benzene ring 
leading to higher ethylene yield was an evidence supporting such gem methyl 
benzene intermediate [ 137 ]. 

 Another equally appealing mechanism is the so-called “paring” mechanism, 
which was proposed by Sullivan et al. for olefi n formation in hydrocarbon conver-
sion during petrochemical processes [ 140 ]. Thus the paring mechanism was not a 
new proposal for MTO, but rather a borrowed one for MTO. MTO process is indeed 
very much like petrochemical process, except that methanol and other C1 species 
are involved. The hydrocarbon evolution chemistry may well be the same. The 
essential part of pairing mechanism is the ring contraction and expansion cycle, in 
which alkyl groups, presumably propyl groups, are generated as shown in Fig.  9.11 . 
Thus the major product from paring mechanism should be propene. With the fact 
that, in MTO reactions, propene is indeed a major product, pairing mechanism 
received support from many researchers. 

 And there are quite some experimental supports for this mechanism, as shown in 
many review articles [ 4 ,  11 ,  13 ,  16 – 18 ]. The most convincing evidence has been the 
13C label scrambling between ring carbons and methyl group carbons on poly- 
methyl benzenes. The 13C labels can interchange between the methyl groups and 
ring. Such label scrambling becomes more extensive as the number of methyl group 
on benzene ring increases [ 37 ,  38 ,  42 ,  47 ,  85 ,  87 ,  91 ,  95 ,  139 ,  141 ]. And the olefi n 
products contain mixed 13 C labels when 13C methanol and 12C benzenes are 
 co- fed into the zeolite catalysts. Such label scrambling is the main evidence for 
Kolbe et al. to propose “carbon pool” mechanism [ 33 ,  92 ,  93 ], and pairing type 
mechanism is the most logical explanation for these observations.  

9.1.3.3     Parallel Reactions 

 Once there are olefi ns in the zeolite channel, they will also undergo methylation 
reactions by methanol-related species. Such methylation reactions result in the 
addition of methyl groups to the original olefi n, i.e., the increase of the carbon 
chain. Thus such process can be regarded as homologation reactions. Before the 
carbon pool mechanism, olefi n homologations were considered as an important part 
of the olefi n evolution within ZEM-5. Dessau et al. proposed that the MTH reaction 
proceeds as sequential increase of the olefi n chain length by methylation. Longer 
chain olefi ns such as octene will then crack into smaller olefi ns, which will then 
undergo methylation again [ 142 ,  143 ]. By such repeated methylation and cracking, 
methanol is converted into olefi ns [ 21 ,  22 ,  39 ,  40 ,  95 ,  105 ,  122 ,  127 ,  134 ]. 

 Direct observation of the homologation of olefi ns is diffi cult with ZSM-5 and 
H-beta catalyst because fast oligomerization and cracking of olefi ns make it hard 
to tell the origin of the chain length change [ 31 ]. Isotope exchange has again been 
the most useful tool in this subject. For example, Svelle et al. co-fed 13C methanol 
and 12C olefi ns (ethylene, propylene, and butane) over ZSM-5 and SAPO-34 [ 21 ]. 
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By choosing appropriate reaction conditions such as short contact time, and with the 
presence of abundant methanol and water molecules, the olefi n oligomerization 
and cracking were minimized, making it possible to obtain kinetic data on olefi n 
methylation. They observed the fi rst order for olefi ns and zero order for methanol. 
And the activity for methylation increased with increased olefi n chain length 
(ethylene < propene < butane). 

 Song et al. used ZSM-22 as catalyst and pulsed mixture of 13C methanol and 
ethanol, propanol, or butanol (alcohols were precursors for corresponding olefi ns). 
With the one-dimensional pore of ZSM-22, and pulse-type reaction mode that 
resulted in short contact time, step-by-step methylation of olefi ns was directly 
observed [ 80 ]. For the mixture of 13C methanol and ethanol, ethylene has essen-
tially no  13 C as ethylene was produced from ethanol dehydration. Propene has 
one 13C atoms, and butenes have two 13C atoms, while pentenes have three 13C 
atoms. For the mixture of 13C methanol and propanol, butenes have one 13C 
atoms, while pentenes have two  13 C atoms. And the methylation rate increased 
with similar order of ethylene < propene < butane. And on ZSM-22, the butane 
products are a mixture of 1-butene, 2-butene (E and Z confi rmation), and isobu-
tene, indicating full equilibrium of the butane species inside the ZSM-22 pores. 
Such results also showed that double bond shift for butane is facile inside ZSM-
22 channel. 

 With olefi n methylation and cracking being a viable route for olefi n formation, 
MTO can be considered as a parallel process, in which hydrocarbon pool-type 
mechanism is the major route, while the olefi n methylation and cracking route is 
the minor route. The relative contribution of each route certainly depends on the 
 structure of the zeolite. Olsbye et al. proposed that on ZSM-5 ethylene was pre-
dominately formed from hydrocarbon pool mechanism, and ethylene did not involve 
in the methylation route, since ethylene is inert to methylation. Propene and other 
olefi ns are produced by both hydrocarbon pool mechanism and methylation/cracking 
route [ 38 ,  39 ,  105 ,  109 ]. Such parallel olefi n formation routes were referred as the 
dual-cycle concept [ 39 ]. 

 Since propene and higher olefi ns can be produced from both hydrocarbon pool 
mechanism and methylation/cracking mechanism, while ethylene is produced 
solely from hydrocarbon pool mechanism, it is envisioned that the olefi n selectivity 
from MTO might be manipulated by promoting or suppressing one of the routes 
[ 109 ]. Such approach is rational and promising. 

 In summary of the olefi n formation, the pore size and pore structure of the 
zeolite catalyst play control role in determining which mechanism operates for 
MTO. For limiting pores such as 10-ring one-dimensional pores, i.e., ZSM-22, 
cyclic hydrocarbon pool mechanism is inhibited due to the spatial restriction, 
while olefi n methylation/cracking route may work. If the pores are larger such as 
the pores on zeolite Y and beta, or there is pore intersection such as ZSM-5, or 
cage-like structures such as SAPO-34 and ferrierite, the space will be large 
enough for hydrocarbon pool mechanism, and these catalysts are active catalysts 
for MTO.  
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9.1.3.4     Theoretical Computation 

 The detailed mechanism of MTO, including side-chain growth route, paring 
mechanism, and methylation/cracking mechanism, involves many transition state 
species and intermediate species that are virtually impossible to identify and be 
observed by experimental means. Such subjects are what computational chemistry 
is suited for. Computational chemistry has been an important tool in elucidating 
detailed mechanism of MTO. Many publications have covered about all aspects of 
MTO process, especially the relative energy barrier for side-chain growth of paring 
mechanism. Several outstanding computational works have also provided the 
complete catalytic cycle of MTO [ 29 ,  65 – 68 ,  144 – 146 ].   

9.1.4     Catalyst Deactivation 

 Like another hydrocarbon chemistry inside zeolite catalysts, in MTO process, the 
zeolite catalyst will be deactivated after a certain amount of methanol is being fed. 
Besides mechanical degradation of the zeolite powder granule and consequently 
higher pressure drop leading to the blockage of the reaction fl ow, two major reasons 
may lead to the zeolite catalyst’s deactivation: the loss of acid sites due to ion 
exchange and the block of internal pores due to the cokes. 

 Acid sites can be lost if methanol and water were co-fed into the zeolite catalyst 
bed. Such co-feeding sometimes is used to enhance the yield of a certain olefi n 
product. However, if the water contains even a small amount of sodium or other 
alkali metal ions, ion exchange between these metal ions and proton may occur, 
resulting in the loss of acid sites. This problem may be more serious in industry, 
though, since in academy lab, the quality of water is mostly well controlled. 

 Coking, on the other hand, is a universal problem in essentially all catalysts, but 
especially important for zeolite catalysts in MTO, where aromatics are important 
intermediates for olefi n products and yet are also precursors for coke species [ 47 ]. 
For SAPO-34, coking is inevitable as the aromatics are trapped inside its cages. 
Methylbenzenes will eventually be converted to polycyclic aromatics and fi nally 
coke species with long time onstream. In general, coke formation is affected by the 
pore structure of the zeolites, acid strength, and the acid site density. Since the acid 
strength of the most frequently used zeolites is roughly about the same (though 
SAPO-34 was considerably a weaker acidic zeolite than ZSM-5), acid site density 
was the most infl uential factor in terms of coke formation [ 12 ,  14 ,  40 ,  58 ,  67 ,  84 ,  87 , 
 96 ,  124 ,  147 – 162 ]. 

 Though coke formation seems unavoidable for SAPO-34, it can be minimized 
for ZSM-5. The pore structures of ZSM-5 allow some methylbenzenes to diffuse 
out of its pores; thus, the accumulation of coke species is much slower on ZSM-5 
than that on SAPO-34. Further reducing the diffusion length of the methylbenzenes 
will shorten the resident time of coke precursor specie, and thus less coke formation. 
Ryoo et al. reported that using H-ZSM-5 nanosheets, which has very thin layer 
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structures, will considerably reduce the coke formation [ 154 ,  158 ,  163 – 165 ]. With 
similar approach, mesoporous zeolites, which have hierarchical pore structures, can 
also reduce the coke formation rate [ 166 – 168 ].   

9.2     MTO Technology 

 Research and development of coal or natural gas to olefi n technology was inspired 
by the serious impact of the fi rst and second oil crises on the world economy in the 
1970s. Many countries have put their research effort on the technology development 
of producing light olefi ns from non-oil resources. Up to date, methanol to light olefi n 
technology has become the bridge linking coal or natural gas chemical industry 
with petrochemical industry (Fig.  9.10 ). The non-oil route light olefi n production 
from coal or natural gas contains several steps, including syngas preparation, 
manufacture of methanol, methanol to olefi ns, and olefi n polymerization. Except 
the MTO process, the other processes have already been commercialized, so MTO 
process development attracts more and more attention from academy and science all 
over the world.

9.2.1       Characteristics of MTO Reaction 

     1.    Acid catalysis. Methanol, due to its active chemical property, is easily converted 
to dimethylether and olefi ns over solid acid catalyst. Dimethylether can be prepared 
from methanol using the catalysts of Al 2 O 3  and SiO 2 -Al 2 O 3.  However olefi n 
selectivity over these amorphous solid acids is much lower. Selection of suitable 
zeolite catalyst for methanol transformation can improve the selectivity of light 
olefi ns notably.   

   2.    High conversion. Catalyzed by zeolites at above 400 °C, methanol or dimethylether 
can be completely transformed to hydrocarbons.   

  Fig. 9.10    MTO process linking petrochemical industry and coal or natural gas chemical industry       
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   3.    Low pressure. Olefi ns and water generate in MTO reaction. Due to the molecular 
number that tends to increase when light hydrocarbon products and water are 
generated, low pressure is in favor of light olefi n generation.   

   4.    Strong exothermic reaction. In the temperature range of 200–300 °C, the heat of 
methanol to dimethylether reaction is −10.9−10.4 kJ/mol. At 400 –500 °C, the 
heat of −22.4 to −22.1 kJ/mol is released in MTO reaction.   

   5.    Fast reaction. Experimental studies have confi rmed that MTO reaction is a very 
quick reaction and can occur in a few milliseconds. Under general reaction con-
dition, 100 % conversion can be achieved with contact time of 0.04 s. When the 
reaction is performed in a short contact time, the secondary reactions of olefi n 
products can be suppressed, and olefi n selectivity can be improved.   

   6.    Shape selectivity and coking on zeolite catalyst. By the usage of shape-selective 
zeolite catalyst, high light olefi n selectivity can be achieved. However, coke 
deposition from the secondary reactions of olefi n products leads to the loss of 
catalytic activity and affects the product selectivity.      

9.2.2     Development of MTO Technologies 

9.2.2.1     MTO Process of UOP/Hydro and Combined MTO and Olefi n 
Cracking Process 

 UOP company developed MTO-100 catalyst based on SAPO-34 molecular sieve for 
MTO process and cooperated with Norsk Hydro company to develop the procedures 
of synthesizing methanol from natural gas and subsequent methanol conversion to 
olefi ns. A fl uidized-bed methanol conversion, dealing with 0.75 ton/day methanol at 
Prosgrann in Norway, had been conducted to verify the MTO catalyst and process. 
In 1995, pilot test results were published, and it was claimed that MTO industrial 
device could be designed for producing 0.3–0.5 million tons of light olefi ns every 
year. MTO-100 catalyst was reported to show higher attrition resistance perfor-
mance than the standard FCC catalyst. The MTO-100 catalyst also presented good 
stability and the conversion and selectivity kept after 450 times of regeneration. 
During 90 days continuous methanol reaction, conversion kept close to 100 %, and 
total selectivity of ethylene and propylene (based on carbon number) was about 
75–80 % [ 169 ]. The ratio of ethylene to propylene could be varied from 0.75 to 1.25 
by modifying the reaction conditions, and the total selectivity of ethylene and 
propylene reached its maximum when the selectivity of ethylene was close to that 
of propylene [ 169 ,  170 ]. The fl ow diagram of MTO technology developed by UOP/
Hydro is shown in Fig.  9.11  [ 171 ].

   For improving the selectivity of ethylene and propylene, olefi n cracking process 
(OCP) was suggested by the UOP company for converting higher olefi ns to smaller 
parts, ethylene and propylene. OCP process was proved in 1988 and further developed 
and demonstrated by Total Petrochemicals. It was reported that MTO process 
combined with the OCP process could further improve the selectivity of light olefi ns to 
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about 85–90 %, and the ratio of propylene to ethylene could be varied to 2.1. The 
integration of MTO and OCP utilizes the C 4  +  products of the MTO process for more 
ethylene and propylene production. Catalytic cracking is usually in favor of producing 
propylene, which in turn enhanced the propylene to ethylene ratios [ 170 ] (Fig.  9.12 ). 
In OCP process, fi xed-bed reactors and zeolite catalyst were adopted for the reaction 
of C 4  ~ C 7  mixtures to produce light olefi ns, under the reaction condition of high space 
velocity, low pressure (0.1–0.3 MPa), and high reaction temperature (500–600 °C).

   A unit of integrated MTO (UOP/Hydro) and OCP (Total/UOP) was established 
in the research and development center of Total at Feluy in Belgium. In 2010, it was 
claimed that the demonstration device has run well since it was built in October 
2008.  

9.2.2.2     MTO Technology of ExxonMobil 

 A patent of ExxonMobil demonstrated a fl uidized-bed process for methanol conver-
sion to olefi ns catalyzed by SAPO-34, which to some extent represented its MTO 
technology development and scale. The MTO process of ExxonMobil adopted riser 
reactor as indicated in Fig.  9.13  [ 172 ]. In the device, 300 kg catalyst was loaded, 
methanol of 550 kg/h was fed, and reaction and regeneration temperature was 
490 and 685 °C, respectively, and the published results are given in Table  9.3 . 
According to this patent, increasing the ratio of catalyst inventory in reaction zone 
to that in circulation zone would improve the quality of products.

  Fig. 9.11    Flow diagram of MTO technology developed by UOP/Hydro.  Rx  reactor,  R  regenerator, 
 S  separator,  CS  caustic scrubber,  D  dryer,  DM  demethanizer,  DE  deethanizer,  C   2   C 2  splitter,  C   3   C 3  
splitter,  DP  depropanizer (Reprinted from Ref. [ 171 ], Copyright 1999, with permission from 
Elsevier)       
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9.2.2.3         MTP Technology of Lurgi 

 Lurgi Company developed methanol-to-propylene (MTP) process based on a 
modifi ed ZSM-5 catalyst with high propylene selectivity. In MTP process, metha-
nol feedstock was fi rstly converted in pre-reactor containing acidic catalysts into an 
equilibrium mixture including methanol, dimethyl ether, and water vapor, and then 
the mixture was converted into olefi ns (mainly propylene) in fi xed-bed reactors 
installed in series at a reaction temperature of 450–500 °C. Finally, propylene was 
separated, and the other products were recycled to reactors for further propylene 
yield improvement. The conversion of methanol and dimethyl ether was higher than 
99 %, with 71 % propylene yield calculated on the carbon basis. Based on the 
microscale tests in the laboratory, the Demo Unit of MTP process was built by Lurgi 
in Statoil methanol plant at Tjeldbergodden, Norway, in 2001 and started in January 
2002. The demonstration test was fi nished in May 2004, which confi rmed that the 
catalyst lifetime met the commercial target of 8000 h with regeneration period of 
500–600 h. Propylene selectivity was higher than 60 % and propylene purity 
attained to the polymerization grade quality. At the same time, high-quality gasoline 
was also produced as by-products. The product yield on large-scale MTP devices 
was announced by Lurgi as follows: for MTP device with the processing capacity of 
5000 tons methanol per day (1.67 million tons annually), approximately 519,000 of 
tons propylene annually, 143,000 tons of gasoline annually, 54,000 tons of LPG 
annually, 15,000 tons of self-use fuel gas, and 936,000 tons of water annually could 
be produced [ 173 ]. The recommended MTP process fl ow diagram was shown in 
Fig.  9.14  [ 173 ].

  Fig. 9.12    Combination of optimized MTO catalyst and integrated MTO and olefi n cracking pro-
cess for improved propylene-to-ethylene ratios (over 2.0) and reduced by-product formation 
(Reprinted from Ref. [ 170 ], Copyright 2005, with permission from Elsevier)       
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   Table 9.3    The results of MTO process by ExxonMobil   

 Sample Point  a  b  c 

 Rate hydrocarbon plus unconverted methanol (kg/h)  235  14.2  249 
 Hydrocarbon composition (selectivity wt. %) 
 Ethylene  36.7  26.2  35.6 
 Propylene  39.8  31.3  39.4 
 Methane + ethane  2.04  5.67  2.37 
 Propane  2.77  8.43  3.46 
 C4s  12.5  14.8  12.8 
 C5+  6.19  13.6  6.37 
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9.2.3         MTO Technology of DICP 

 In China, the study of methanol to olefi ns in Dalian Institute of Chemical Physics 
(DICP), Chinese Academy of Sciences, started from the early 1980s. DMTO 
process (dimethyl ether/methanol to olefi n, DMTO) has been successfully developed 
and applied in the World’s fi rst industrial MTO plant [ 174 ]. In recent years, Tsinghua 
University developed methanol-to-propylene process (FMTP) based on a small 
pore SAPO molecular sieve and fl uidized-bed technique and also completed the 
industrial test with 100 tons of methanol feed per day [ 175 ]. China Petrochemical 
Corporation also developed methanol-to-olefi n (SMTO) process and completed the 
industrial test based on small pore molecular sieve catalyst. It is reported that the 
SMTO technology has been applied in ethylene plant expansion and reconstruction 
in Zhongyuan Oilfi eld [ 176 ]. This section will mainly introduce the development of 
DMTO technology. 

9.2.3.1    Research History and MTO Process Development in DICP 

9.2.3.1.1    Fixed-Bed MTO Technology of DICP 

 Since the early 1980s, DICP has been engaged in the MTO process development 
and non-petrochemical route for the production of light olefi ns using coal or natural 
gas as the starting materials. Based on modifi ed ZSM-5 catalysts, DICP developed 
the catalyst (5200 series) with higher ethylene selectivity (~30 %) and the catalyst 
(M792 series) with higher propylene selectivity (50–60 %). 

 The pilot test of fi xed-bed MTO reaction was carried out with 300 tons of 
 methanol feeding annually. The fl ow diagram of fi xed-bed process was shown in 
Fig.  9.15 . To avoid the big temperature rise of reactor bed and remove the reaction 
heat quickly, the dilute methanol (30 wt%) was used as the reaction feedstock and 
two reactor systems were applied. Methanol was partly dehydrated in the fi rst reac-
tor loaded with Al 2 O 3  catalyst to get the mixture of methanol, dimethyl ether, and 

  Fig. 9.14    Lurgi MTP simplifi ed process fl ow diagram (Reprinted with permission from Ref. [ 173 ])       
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water, and then in the second reactor, the mixture was transformed to hydrocarbon 
products. In this way, severe reaction heat release could be avoided. Furthermore, 
the catalyst loaded segmentedly in the second reactor to achieve an appropriate bed 
temperature distribution. The pilot test of fi xed-bed methanol conversion verifi ed 
catalyst performance. 1000 h stability test was completed with seven regeneration 
cycles. The representative results are shown in Table  9.4 .

    The selectivity of ethylene is not very satisfactory in the fi xed-bed MTO technol-
ogy based on modifi ed ZSM-5 catalysts, however, the selectivity of propylene could 
reach 40 wt% at high temperature. These results has laid a good foundation for the 
propylene production technology via varying the reaction conditions combined with 
the improvements in techniques.  

9.2.3.1.2    Fluidized-Bed MTO Technology of DICP 

 The previous fi xed-bed MTO technology was based on modifi ed ZSM-5 catalyst, 
although proven to be successful, the selectivity of ethylene and the overall selectivity 
of both ethylene and propylene was not very high. From the point of shape- selective 
principle of molecular sieve, it is very diffi cult for further substantial increase in the 
selectivity toward light olefi ns, especially for ethylene based on the modifi cation of 
ZSM-5 zeolite. The application of novel zeolites with small pore made an important 
breakthrough in the MTO technology. 

 In the 1980s, the researchers of Union Carbide company (now UOP) synthesized 
the silicoaluminophosphate (SAPO) molecular sieves and applied for United State 
patent in 1984 [ 176 ]. The discovery of SAPOs’ molecular sieves has been a mile-
stone in the fi eld of zeolite and related catalysis. The researcher of DICP realized 

  Fig. 9.15    Flow diagram of 300 t/a fi xed-bed MTO pilot plant of DICP       
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the special signifi cance of SAPO molecular sieve with unique structure and mild 
acidity on the catalytic conversion of methanol. They reported for the fi rst time the appli-
cation of SAPO-34 in the MTO reaction [ 177 ]: the selectivity of C 2  ~ C 4  alkenes could 
reach 89 % with ethylene selectivity of 57–59 % at methanol conversion of 100 %. 

 In the 1990s, researchers in DICP have developed microsphere SAPO molecular 
sieve catalyst (DO123) prepared via an inexpensive route. When it was applied in 
the lab-scale MTO reaction at atmospheric pressure, 500–550 °C, and methanol 
WHSV of 6 h −1 , methanol conversion was ~100 % with C 2  =  ~ C 4  =  selectivity of 
85–90 %. Among the products, ethene selectivity was 50–60 %, and ethylene 
and propylene selectivity attained to 80 %. The industrial scale-up of SAPO-34 
molecular sieve and DO123 catalysts were also successfully realized. The scale-up 
catalyst was tested in a fl uidized-bed reactor and presented the performance with 
DME conversion of 100 %, C 2  =  ~ C 4  =  selectivity of 90 %, and C 2  =  selectivity of 
~60 % at 550 °C with DME WHSV of 6 h −1 , confi rming the scale-up method for 
SAPO-34 synthesis and catalyst preparation. 

 As for fl uidized-bed reaction technique, DICP constructed the downfl ow type 
dilute phase and dense phase fl uidized-bed reaction devices and investigated the 
fl uidization mode. Finally, dense phase fl uidized-bed reaction system was adopted 
for the research of MTO process based on the comprehensive consideration of the 
reaction characteristics, the diffi culty of process scale-up, and the helpful experiences 
of FCC. Dense phase fl uidized-bed reactor tests optimize the reaction conditions 
and lay the foundation for further scale-up of MTO process.  

9.2.3.1.3    DMTO Industrial Test 

 In order to verify and optimize the MTO process and provide basic data for 
designing and constructing a large-scale industrial plant, the world’s fi rst DMTO 
(Dalian methanol-to-olefi ns) industrial test plant of 10,000 tons per year (methanol 
feeding: 50–75 ton/day) stared to be built from August 2004 jointly by the Dalian 
Institute of Chemical Physics (DICP), Chinese Academy of Sciences, Shanxi Xinxing 
Coal Chemical Science and Technology Development Co., Ltd., and Luoyang 
Petrochemical Engineering Corporation Ltd/SINOPEC. The industrial test plant 
includes the reaction-regeneration part, heat removal part, quenching-stripping part, 
air compressors, and power station. The plant fl ow diagram is shown in Fig.  9.16 . 
The industrial test was completed in June 2006 after running for nearly 1200 hours, 
and the basic data for designing large-scale industrial plant were obtained, and the 
feasibility of catalysts and technologies was verifi ed [ 178 ]. The results under typical 
operation conditions are shown in Fig.  9.17 .

9.2.3.1.4        DMTO-II Industrial Test 

 To further improve the economics of the DMTO process, DICP developed the 
new- generation DMTO technology (named DMTO-II) which combines MTO 
conversion with further conversion of C4+ products into ethylene and propylene. 
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Although conversions of methanol to olefi ns and C4+ catalytic cracking are two 
different types of reactions with distinct reaction mechanisms, both of them can use 
molecular sieves as solid acid catalysts for the catalytic conversions. Based on 
the consideration of the principles and technical feasibility, DICP has developed the 
DMTO-II process based on DMTO technology, especially taking into account 
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Purified water
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Reaction gas to combustion

  Fig. 9.16    Flow diagram of DMTO industrial test plant       
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the C4+ conversion performance on the catalyst for DMTO process. The technique 
characteristic of methanol-to-olefi n conversion and C4+ hydrocarbon catalytic 
cracking reaction are compared in Table  9.5 .

   The DMTO-II industrial test setup with the handling capacity of 50 tons of 
methanol per day was based on the DMTO process but included the new constructed 
the reaction-regeneration system for C4+ conversion, compressing-drying system, 
and C4+ separation system. Accomplishment of DMTO-II industrial test for 1000 h 
verifi ed the feasibility of DMTO-II technology and the excellent performance of 
catalysts manufactured at commercial scale. The test also obtained reliable data for 
industrial design, laying the foundations for construction of large-scale industrial 
unit of DMTO-II process. The 72 h accurate evaluation results showed that methanol 
conversion reaches 99.97 % and raw material consumption per ton of ethene 
and propene production is 2.67 tons of methanol. Compared with the DMTO 
technology, the methanol consumption per ton of olefi n production was reduced in 
DMTO-II by more than 10 %.   

   Table 9.5    Comparison of reaction principles and technological characteristics of MTO conversion 
and C4+ catalytic cracking   

 MTO  C 4  +  catalytic cracking 

 Reaction principles  Reactants  Methanol (C1 reactant)  C 4 –C 6  (mainly 
straight-chain alkenes) 

 Mechanism  Hydrocarbon pool, C–C 
bond propagation 

 Carbonium ion, C–C 
bond cracking 

 Induction period  Yes  No 
 Reaction heat  Strong exothermic  Strong endothermic 
 Catalyst  Solid acid  Solid acid 
 Pressure effect  Low pressure benefi cial  Low pressure benefi cial 

 Technological 
characteristics 

 Feed  Gasifi cation feed  Gasifi cation feed 
 Main product  Light olefi ns  Light olefi ns 
 Product distribution  C 1 –C 6   C 1 –C 6  
 Conversion  Nearly 100 %  <100 % 
 Catalyst to 
methanol/oil ratio 

 0.1–0.5  >5 

 Reaction 
temperature 

 400–550 °C  550–650 °C 

 Reaction pressure  0.15 Mpa  0.15 Mpa 
 Regeneration 
temperature 

 550–700  600–700 

 Coke  1–2 %  2–3 % 
 Heat balance  Self balance, heat 

removal from reactor 
and regenerator 

 Heat supply 

 Reactor  Bed reactor  Riser 

W. Song et al.



333

9.2.3.2    Technological Characteristics of DMTO and DMTO-II 

9.2.3.2.1    Technological Characteristics of DMTO 

     1.    Continuous reaction-regeneration dense phase circulation fl uidized-bed reaction 
adapts to the catalytic conversion of methanol over molecular sieve.     

 By the usage of microporous molecular sieves, SAPO-34, methanol-to-olefi n 
conversion presents very high selectivity of ethylene and propylene due to the 
acidity and shape selectivity of the catalyst. At the same time, the catalysts also 
deactivate fast due to coke generation in the cage of the catalyst. It is necessary to 
regenerate the deactivated catalyst frequently. Taking into account all the reaction 
factors, including catalysts and reaction characteristics, the fl uidized-bed reaction is 
proved to be a suitable reaction mode. 

 The characteristics of circulation fl uidized-bed reaction for DMTO technology 
are listed below:

    1.    Realize continuous reaction and regeneration processes.   
   2.    Benefi cial to heat removal in time and well resolving the temperature distribution 

uniformity of reactor bed (temperature gradient can be controlled in less than 
1 °C in the dense phase zone of fl uidized-bed reactor).   

   3.    Appropriately controlling the reaction and regeneration conditions for conve-
niently achieving the heat balance of the reaction system.   

   4.    Methanol conversion performed at high space velocity to reduce the reactor volume.   
   5.    Appropriately setting linear velocity of reactants, controlling the reaction  contact 

time close to an ideal range.   
   6.    The reaction raw materials can be crude methanol, methanol, dimethyl ether, or 

the mixer of the abovementioned materials.   
   7.    The reaction temperature is 400–550 °C, and the regeneration temperature is 

550–700 °C. No rigorous limitation for the materials of reactor and regenerator.    

    2.    Special catalyst for circulation fl uidized-bed reaction technique.    

  The MTO catalyst is developed specially for DMTO technology. It not only 
possesses the excellent catalytic properties, good thermal stability, and hydrothermal 
stability, suitable for various raw materials including methanol, dimethyl ether, and 
their mixtures, but also has appropriate physical properties. Especially, the physical 
properties, particle size distribution, and fl uidization property of the microspherical 
catalyst used in the fl uidized-bed MTO reaction are close to the catalyst used in the 
fl uidized-bed catalytic cracking reaction, so DMTO technology can draw experiences 
from mature fl uidization technology (e.g., FCC). Table  9.6  gives the comparisons of 
DMTO and FCC technological characteristics.

     3.    Ethylene/propylene ratio can be adjusted in a proper range.    

  Without changing the catalyst, the ethylene/propylene ratio can be properly 
regulated by changing the reaction and regeneration conditions, to adapt to market 
requirements. According to the industrial test, the ethylene/propylene ratio can be 
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adjusted in the range of 0.8–1.2 considering the operation elasticity of a large 
industrial plant.

    4.    Special requirements on raw materials and equipment of DMTO technology.     

 DMTO technology uses an acid molecular sieve catalyst. In order to ensure the 
long-term stability of the catalyst performance, impurity in raw material of methanol, 
which may cause the poisoning and permanent deactivation of the catalyst, should be 
avoided. In addition, due to the active chemical properties of methanol, some metals 
(such as nickel) can cause the decomposition of methanol to syngas. Therefore, the 
material which may cause the methanol decomposition should not be used at high-
temperature parts of the reactor which are in contact with the feeding of methanol.  

9.2.3.2.2    Technological Characteristics of DMTO-II 

 DMTO-II technology realizes methanol conversion and C 4  +  conversion on the same 
catalyst for the target olefi n product generation. Both the two conversions adopt the 
fl uidized-bed technique. In addition to DMTO technical characteristics, DMTO-II 
has new features as follows:

   Table 9.6    Comparisons of DMTO and FCC technological characteristics   

 No.  Contents  DMTO technology  FCC technology 

 1  Raw materials  Methanol or DME  Wax oil 
 Atmospheric residue 
 Vacuum residue 

 2  Feeding temperature  185–320 °C  180–250 °C 
 3  Feedstock state  Gas phase  Liquid phase 
 4  Reaction heat  Exothermic reaction  Endothermic reaction 
 5  Ratio of catalyst to 

methanol or oil 
 0.1–0.5  6–8 

 6  Reaction temperature  400–550 °C  500–520 °C 
 7  Reaction pressure  0.15 MPa  0.2–0.3 MPa 
 8  Regeneration temperature  550–700 °C  600–700 °C 
 9  Coke yield  1 –2 %  5 –9 % 
 10  Thermal equilibrium  Heat removal  Heat balance 
 11  Reactor  Dense phase fl uidized bed  Riser 
 12  Regenerator  Dense phase fl uidized bed  Dense phase fl uidized bed 
 13  Feeding distribution  Gas grid  Nozzle 
 14  Catalyst transport  Standpipe, sloped pipe, 

slide valve 
 Standpipe, sloped pipe, slide 
valve 

 15  Main air blower outlet 
pressure 

 0.22 MPa  0.3–0.4 MPa 

 16  Main air blower quantity  Small  Large 
 17  Catalyst particle type  A type  A type 
 18  Fluidizing medium in 

reactor 
 Lower viscosity  Higher viscosity 
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    1.    The reaction of methanol conversion and C 4  +  conversion uses the same catalyst 
(DMTO catalyst). Beside the effective methanol conversion, catalytic cracking of 
C 4  +  can be realized, which signifi cantly improves the selectivity of light olefi ns.   

   2.    Methanol conversion and C 4  +  conversion adopt the fl uidized-bed reaction 
mode. They are performed separately in different reaction zones. Considering 
the strong endothermic reaction of C 4  +  catalytic cracking, C 4  +  conversion is 
performed in the high-temperature zone for heat coupling.   

   3.    Methanol conversion and C 4  +  conversion can share one set of separation system, 
due to the close product distribution.   

   4.    The ratio of ethylene/propylene in DMTO-II is 0.7–1.1.    

  DMTO-II technology can be not only used for the new MTO setup, but also can 
be used in technology reforming and upgrading of DMTO industrial equipment.   

9.2.3.3    Industrial Application of DMTO Technology 

 After the industrial test of DMTO technology completed in 2006, the National 
Development and Reform Commission of People’s Republic of China approved 
coal to the olefi n project of Shenhua Group in Baotou, China, using DMTO technology. 
The project was the world’s fi rst industrialization attempt of using coal resources to 
produce basic chemical products, such as ethylene and propylene, and it was also 
the fi rst example of industrialization of the methanol-to-olefi n technology. The coal 
to olefi n plant includes coal-based methanol joint chemical plant with an annual 
output of 1.8 million tons of methanol, MTO plant with an annual output of 0.6 
 million tons of methanol-based polyolefi ns, power station, public equipments, 
auxiliary production facilities, etc. The main products are 0.3 million tons of poly-
ethylene and 0.3 million tons of polypropylene per year. The by-product is about 
0.15 million tons per year, including 22,000 tons of sulfur, 0.1 million tons of C 4  
mixture, and 25,000 tons of C 5 + mixture. The main process of coal to olefi n project 
is shown in Fig.  9.18 , and the main technologies used are listed in Table  9.7 . The 
main reaction steps from coal to polymerized olefi ns include the processes of coal 
to syngas, syngas to methanol, and methanol to olefi ns, olefi n separation, and olefi n 
polymerization. Most of these steps are realized with the mature technologies from 
international companies. Only methanol-to-olefi n step is realized with innovative 
DMTO technology. The development of DMTO technology has successfully solved 
the technical bottleneck of coal or natural gas to olefi n process and makes the non-
petrochemical route for olefi ns production a reality.

    In August 8, 2010, methanol was fed to MTO plant. In August 13, 2010, qualifi ed 
ethylene and propylene were the output from olefi n separation device. The qualifi ed 
products of polypropylene pellets and polyethylene pellets were produced since 
August 15 and August 21, 2010, respectively. After a long period operation, in May, 
2011, a 72 h calibration of Shenhua Baotou coal to olefi n plant was carried out with 
the results about methanol-to-olefi n unit as follows: methanol conversion 99.99 %, 
1 ton olefi n production with consumption of 2.96 tons of methanol, and all other 
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parameters in the designed range. The long period operation of the device proves 
that industrial technical feasibility of the DMTO and the fi nancial data show the 
economic feasibility. Up to present, 18 DMTO technology licensing contracts for 
20 MTO plant construction have been signed, and six of them have been industrial-
ized successfully. DMTO-II technology has been industrialized by the Shanxi 
Pucheng new energy chemical industry limited company.    

9.3     Outlook 

 With the increasing demand for MTO technology, basic study for MTO chemistry 
will be an active fi eld for the years to come. One important direction for future MTO 
research is to develop zeolite catalysts with new pore structures for designated product, 
such as light olefi ns or aromatics. The size and shape of the opening windows as 
well as the cage are two basic forms of pores, but the combinations of them lead to 

  Fig. 9.18    Coal to olefi n process       

   Table 9.7    Main technologies adopted by Shenhua Baotou coal to olefi n plant   

 Unit  Technology source 

 Coal gasifi cation  GE company, USA 
 Purifi cation  Linde company, Germany 
 Methanol synthesis  Davy company, G.B. 
 Methanol to olefi ns  DICP, CAS, China 

 SYN energy technology Co. ltd 
 Luoyang Petrochemical Engineering Corporation ltd, SINOPEC 

 Olefi n separation  Lummus company, USA 
 Polyethylene  Univation company, USA 
 Polypropene  Dow company, USA 
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numerous possibilities. With better understanding of MTO mechanism, fi ne-tune of 
pore parameters may fi ne-tune the product selectivity, especially by promoting or 
inhibiting certain mechanisms. Some recent results in this direction have shown 
promising ability to control the olefi n product [ 160 ,  162 ,  179 – 193 ]. 

 Another direction is to prolong the life of the zeolite catalyst by enhancing the 
stability of the catalyst, especially against coking. Coking not only deactivates the 
catalyst, but also consumes valuable methanol resource. Regenerating deactivated 
also consumed energy. It’s not acceptable that too much valuable methanol feed 
ends up in cokes. To reduce the coke formation rate, nano-structured zeolite crystals 
are promising because of their shortened diffusion length. Another approach is to 
design zeolite pore structures that allow aromatics to diffuse readily so that they 
don’t accumulate in zeolite channels, since coke precursors such as methyl ben-
zenes are useful chemicals. With the goal of less coke for longer catalyst life and the 
 market need for all kinds of chemical raw materials, maybe it is wise to go another 
direction in terms of product selectivity. This direction is more of technology 
concern than chemistry. 

 MTO process industrialization has been successfully realized in recent years. As 
fl uidized-bed catalytic cracking, from its fi rst industrialization to date, its technol-
ogy innovation never stops. MTO process development still requires continuous 
innovation and optimization. For the catalyst development, new-generation catalyst 
development depends on the new material invention and application. Molecular 
sieves with small size or mesoporous-microporous complex structure will become 
promising catalysts due to the conversion improvement and prolongation of catalyst 
life. Industrialization also calls for the precise control of the large-scale synthesis of 
molecular sieves and more cheap synthesis methods. For the engineering aspect, 
how to develop new model reactors and optimize the operation condition will be a 
long-term mission for more effi cient methanol conversion and olefi n selectivity.     
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    Chapter 10   
 Zeolite Catalysis for Biomass Conversion       

       William     N.  P.     van der     Graaff    ,     Evgeny     A.     Pidko    , and     Emiel     J.  M.     Hensen    

    Abstract     In this contribution, opportunities for the application of zeolites as 
catalysts in the conversion of biomass into fuels and chemicals are discussed. The 
constitution of various types of biomass in terms of composition and potential uses 
is briefl y introduced. This contribution will focus on selective transformation of 
lignocellulosic biomass. Relevant mechanistic insights in the conversion of biomass 
constituents as well as an overview of the state-of-the-art in the application of 
zeolites in biomass conversion reactions are discussed. This chapter highlights the 
unique features of zeolites which make them an appealing choice as catalysts in 
future chemical biorefi nery approaches.  

  Keywords     Catalysis   •   Zeolites   •   Biomass   •   Platform chemicals   •   Carbohydrate 
valorization   •   Isomerization   •   Dehydration   •   Acidity  

10.1         Introduction 

 The development of novel catalytic routes to convert biomass to chemicals and 
fuels is becoming increasingly important to industry spurred by sustainability and 
feedstock diversifi cation targets [ 1 ,  2 ]. Biomass is the only renewable source of 
carbon and it has accordingly been argued to play a pivotal role in transition tech-
nologies towards a sustainable society. Whereas traditionally biomass was the main 
source of energy before the industrial revolution, its current share in meeting the 
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total global energy demand is small, mainly contributing with thermal combustion 
approaches in underdeveloped countries. The development of novel practical 
technologies to produce tailor-made fuels and chemicals from biomass in an 
effi cient, clean and economically viable manner is an important topic in academia 
and industry. Current industrial processes utilizing biomass as a raw material for 
fuels and chemicals are still in their infancy. A notable example of an established 
biobased process is the conversion of xylose to furfural, which can be used as lubricant 
and herbicide [ 3 ,  4 ]. Catalysis is recognized as a key ingredient in the development 
of sustainable, effi cient and economical routes for the transformation of biomass 
constituents to value- added products. 

 The emergence of catalysis as a scientifi c discipline in the last century has been 
mostly driven by the establishment of an oil-centered chemical and fuels industry. 
The vast knowledge about catalytic chemistry of current industrial processes 
have focused on the upgrading of apolar, low reactive and non-functionalized 
hydrocarbon streams derived from crude oil. Many operations exist in which C-H 
and C-C bonds need to be activated in order to upgrade these streams into high-
quality transportation fuels. Examples of such process include hydrocarbon 
cracking to shift the boiling point (fl uid catalytic cracking and hydrocracking) and 
isomerization to improve the octane number, for which zeolites are extensively 
used. The chemical industry typically makes use of the high reactivity of compounds 
with C-C double bonds. In particular, aromatics derived from oil feedstock directly 
or via other refi nery processes such as catalytic reforming as well as olefi ns, usually 
obtained by thermal cracking of naphtha, are important platform chemicals to a 
range of intermediate and fi nal products. Local trends such as the availability of 
cheap shale gas might shift this balance in the near future, so that it might become 
interesting to focus on the ethane fraction in natural gas instead of naphtha as a 
feedstock for cracking, and also to consider the lignin fraction in biomass as a 
source of aromatics [ 5 – 7 ]. In China, technology to convert cheap coal via syngas 
and methanol into olefi ns has been commercialized. Zeolites are used in the fi nal 
methanol conversion step to olefi ns. 

 The transition to new chemical technologies utilizing biomass as the primary 
feedstock represents a number of signifi cant fundamental challenges to catalysis 
science and technology. Indeed, from a chemical perspective oil can be regarded as 
a quite homogeneous substance with its main components represented by non-polar, 
low-reactive, non-functionalized hydrocarbon molecules. On the contrary, biomass 
is a highly heterogeneous substrate and its chemical structure and composition 
largely depends on the source. Furthermore, biomass is composed of polar, extensively 
functionalized and highly reactive substances. This implies that completely new 
chemocatalytic pathways have to be engineered for the effi cient and selective 
 conversion of biofeedstock to commodity chemicals and fuels. Therefore, the transi-
tion to new chemical technologies utilizing biomass as one of the primary feedstock 
represents a number of signifi cant fundamental challenges to catalysis science and 
technology. 

 Zeolites are crystalline microporous aluminosilicates and are broadly applied as 
catalysts in important industrial chemical processes. Their widespread application 
is facilitated by their favorable physicochemical properties including high surface 
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area, a three-dimensional system of pores in the sub-nanometer range endowing 
zeolites shape-selective properties and high chemical and hydrothermal stability. 
The strong Brønsted acidity in zeolites resides in the Al 3+  substitutions for tetrahedral 
Si 4+  in the framework renders. Acidity is for instance crucial for the large-scale 
oil upgrading technology operated in refi neries. The versatile properties of zeolites 
render them also promising for the transformation of other feedstock including 
biomass as a whole or product streams derived from biomass. The industrial appli-
cation of zeolites in biomass processing, however, is still very limited. 

 In this contribution, we will discuss possible applications of zeolites as catalysts 
for the conversion of biomass into fuels and chemicals. We will fi rst briefl y introduce 
the various types of biomass, in terms of composition and potential uses. Relevant 
mechanistic insights in the conversion of biomass constituents as well as an overview 
of the state-of-the-art in the application of zeolites in biomass conversion reactions 
will be discussed.  

10.2     Biomass Feedstock 

 Throughout the history of the mankind biomass was extensively utilized as a fuel. 
Initial industrial efforts to utilize biomass for sustainability purposes follow these 
historical approaches and are mainly focused on either burning or application of 
crop-based feedstock ( e.g. , sugar cane, palm oil) for the production of biofuels. 
Such fuels produced from edible biomass are commonly referred to as the fi rst 
 generation biofuels. Current examples are the production of green diesel from palm 
and waste oils by catalytic hydrogenation [ 8 ,  9 ]. There is general consensus that 
 non- food biomass should form the basis for sustainable production of fuels and 
chemicals so as to avoid competition with food production as much as possible. 
Furthermore, serious environmental issues are entwined with the production of 
 fi rst- generation biofuels, such as the burning of crop residues, causing considerable 
pollution [ 10 ]. It is therefore a key interest to develop sustainable routes using the 
complete spectrum of non-edible biomass including agricultural waste streams as 
feedstock. 

 In analogy with today’s petroleum refi neries, biorefi neries are facilities that 
integrate conversion of, in this case, biomass feedstock and separation processes for 
the production of fuels, chemicals and power [ 11 ]. Given the nature and availability 
of biomass, it is likely that the size of biorefi neries will be smaller than that of 
 current petroleum refi neries [ 12 ]. An important aspect in the transition to a biobased 
economy may also be integration of biomass as a feedstock in current fuel and 
chemicals production facilities. Despite the complexity of petroleum refi neries, its 
chemistry starts from a number of platform molecules (BTX, light olefi ns and 
methanol). It has been proposed that analogously a limited number of platform 
molecules obtained from lignocellulosic biomass will serve as starting chemicals in 
a biorefi nery. A recent discussion on this issue is given by Bozell and Petersen [ 13 ]. 

 Biomass is an abundant source of renewable carbon that comes in a wide variety 
of chemical structures containing many diverse functional groups of different reactivity. 
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Its functionalized nature brings opportunities for tailor-made (catalytic) conversion 
processes that preserve or make use of these functionalities to chemicals and fuels. 
An inherent drawback of the reactive nature of especially the carbohydrate fraction 
of biomass is its tendency to undergo side-reactions that often lead to high-molecular 
weight products (caramelization reactions, humin formation). 

 Lignocellulose is the most abundant non-edible biomass resource. It is the major 
component of cell walls of plants and with an estimated global annual production of 
180 billion tons [ 14 ], holds a great promise to be used as a feedstock for chemicals 
and fuel components. Lignocellulosic biomass is composed mainly of three types of 
biopolymers: cellulose, hemicellulose and lignin. The exact composition of the 
biomass is highly dependent on its origin. Table  10.1  presents an overview of the 
typical composition of common types of lignocellulosic biomass.

   Lignin is the most recalcitrant constituent in lignocellulose. It is characterized 
by a highly heterogeneous structure (see Fig.  10.1 ) representing interconnecting 
 p - coumaryl , coniferyl and sinapyl alcohol units resulting in an amorphous 
biopolymer. The poorly defi ned structure of lignin and its low reactivity limit its 
applicability for the selective production of bulk chemicals. Lignin conversion is 
typically carried out under harsh conditions resulting in the formation of a wide 
range of compounds [ 17 ].

   The structure and composition of the carbohydrate part of biomass, namely cellulose 
and hemi-cellulose, are much more uniform (see Fig.  10.1 ). This renders carbohydrates 
much more attractive candidates for the development of targeted conversion routes 
under relatively mild conditions. Cellulose is a crystalline homopolymer of glucose 
monomeric units, linked by β-1,4 glycosidic bonds. Hemicellulose is an amorphous 
heteropolymer of different sugar monomers, predominantly pentoses and hexoses. 

 A possible approach to deal with the highly complex nature of biomass feedstock 
for the production of biofuels is to employ gasifi cation or thermochemical conversion 
(pyrolysis) as the initial step. Gasifi cation as a thermal, non-catalytic process will 
not be discussed in this chapter. Inspired by the successful application of zeolites as 
acidic catalysts for the cracking of heavy fractions of oil feedstock (fl uid catalytic 
cracking, FCC) for the cleavage of large hydrocarbon molecules, efforts have been 

   Table 10.1    Composition of various types of biomass   

 Biomass type  Cellulose  Hemicellulose  Lignin 

 Hardwood stem  40–55  24–40  18–25 
 Softwood stem  45–50  25–35  25–35 
 Switch grass  31–45  24–31  12–23 
 Rice straw  35–38  25–26  13–25 
 Wheat straw  35–40  21–27  15–25 
 Bagasse  41–50  25–30  18–25 
 Corn stover  27–48  13–27  14–31 
 Corn cob  34  34  18 
 Beet pulp  23  36  1 
 Coconut husk  44  12  33 

  Adapted from Ref. [ 15 ]  
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made to investigate the possibility of catalytically cracking lignocellulosic biomass 
using zeolites [ 18 – 21 ]. As catalysts, acidic zeolites for common FCC processing of 
crude oil, mainly Y-zeolite and to a lesser extent H-ZSM-5 have been used. In its 
embodiment for molecular weight reduction of biomass, the zeolites will need to 
catalyze cleavage of C-C and C-O bonds. The interested reader is referred to a 
recent review by Liu et al. for further details [ 22 ]. 

 Another important option for direct complete biomass conversion is pyrolysis, 
which yields pyrolysis oils that are not directly usable due to their high acidity, 
oxygen content and, related, low heating values [ 23 ]. Pyrolysis oil is a complex 
mixture of acids (formic, acetic and propionic acid), aldehydes, alcohols, furans, 
phenolic and other aromatic hydrocarbons. During processing, also gases (small 
hydrocarbons, H 2 , CO, CO 2 ) are formed. Utilization of these oils as fuels requires 
further upgrading processes. Huber and co-workers have explored catalytic fast 
pyrolysis of biomass and found that zeolites can improve the overall product yield 
[ 24 – 26 ]. More recently, interesting chemistry is developed based on Diels-Alder 
reactions of common pyrolysis oil constituents, such as furans and alkenes, to 
improve the yield of aromatics [ 5 – 7 ]. For instance, such an approach allowed 
obtaining relatively high yields of  p -xylene, which is a desirable precursor for 
terephthalic acid production. 

 More selective processes can be established when biomass is pretreated to separate 
lignin and (hemi-)cellulose prior to further conversion. (Hemi-)cellulose depoly-
merization to monomeric sugars can be achieved via Brønsted acid-catalyzed 
hydrolysis [ 27 ] that requires much milder conditions than lignin depolymerization. 

  Fig. 10.1    Composition of lignocellulosic biomass and chemical structure of its main constituents 
cellulose, hemicellulose and lignin. The lignin structure is adapted from Ref. [ 16 ]       
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The applicability of zeolites as catalysts in this process is not straightforward. 
Zeolite Brønsted acid sites are located inside the micropores that are inaccessible to 
the large biopolymers. Therefore, cellulose hydrolysis is usually carried out in the 
presence of mineral acids. However, zeolites have recently found an important niche 
application in this area. By catalytic depolymerization of intermediate oligomeric 
species they can decrease the concentration of mineral acid needed to effi ciently 
cleave the sugar biopolymers. A good example can be found in the recent work 
describing the conversion of cellulose to sorbitol [ 28 ]. In this work, Ru nanoparticles 
were combined with mineral and solid zeolite acids to convert cellulose effi ciently 
to sorbitol in a single-step process. 

 The application of microporous zeolitic materials in the fi eld of biomass conver-
sion is inherently limited to the transformation of small biomass-derived molecules 
to value-added products. In such reactions, selectivity is the key aspect that can be 
fi nely tailored by modifying the chemical composition of the zeolite catalysts as 
well as their topological properties. Below we will discuss in more details selected 
examples in this fi eld and highlight the unique features of zeolite catalysis that 
allow establishing highly effi cient conversion routes towards bulk chemicals.  

10.3     The Concept of Platform Chemicals 

 The implementation of biomass as the primary feedstock in bulk chemical synthesis 
requires not only the compatibility of new processes with the current fossil-based 
technology, but also the compatibility of the fi nal products with established markets. 
The chemical conversion routes have to be engineered such that the biomass-derived 
products at least bear signifi cant resemblance with the valuable chemicals originally 
produced from fossil feedstock. A promising approach is to establish a biomass 
conversion process towards value-added chemicals with a wide range of applications 
in the current chemical industry. Such compounds are commonly referred to as 
platform chemicals. As a result of a careful analysis of the applicability and feasibility 
of mass production of distinct chemical compounds from lignocellulosic biomass, 
the US Department of Energy proposed several highly promising top value-added 
chemicals, which can lead towards market-ready products [ 29 ]. Bozell and Petersen 
updated this analysis recently [ 13 ]. Different pathways for valorization of carbohy-
drate biomass have been the subject of a number of excellent recent reviews. In 
particular, van Putten et al. provided a comprehensive review on the 5-hydroxymethyl-
furfural platform [ 30 ], whereas Dusselier et al. explored the potential of lactic acid 
and lactates [ 31 ]. 

 Figure  10.2  presents an overview of possible compounds that can be produced 
from glucose. The fact that many of these compounds are currently produced from 
fossil feedstock highlights the important role that biomass can serve in establishing 
more sustainable chemical technologies. Zeolite catalysis was shown to hold a great 
promise in carbohydrate biomass processing. Below we will discuss three major 
valorization pathway, namely sugar conversion to 5-hydroxymethylfurfural (HMF), 
γ-valerolactone (GVL) and lactates. Special emphasis will be placed on the role of 
zeolites in the respective conversion processes.
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10.4        Carbohydrate Chemistry 

 We will focus on three promising carbohydrate-derived chemical platforms (HMF, 
GVL and lactates), the chemistry involved and the role of zeolites as catalysts in the 
associated transformation steps. The selective conversion of glucose, the most 
abundant monosaccharide, into other compounds is diffi cult to achieve with 
chemocatalysts. An essential reaction towards dehydration products from sugars is 
the isomerization of glucose to its more reactive isomer fructose. Accordingly, most 
glucose conversion routes start with glucose to fructose isomerization. It can be 
readily achieved via the high-temperature alkaline treatment of glucose. This 
reaction proceeds via the Lobry-de Bruyn – Alberda – van Ekenstein (LdB-AvE) 
mechanism [ 32 ]. 

 The mechanism involves deprotonation of the sugar, followed by a rearrangement 
towards ene-diol intermediates (see Fig.  10.3 ). The proton of the OH-group on the 
carbon atom adjacent to the C-O −  can be abstracted by the enolate oxygen. 
Subsequent reprotonation leads to a carbonyl group formed at the C 2 -carbon 
 position, essentially forming the ketose sugar. The presence of a base is necessary 
to promote deprotonation and subsequent rearrangement of the sugar. However, the 
alkaline conditions required for this reaction limit the possibility of its integration 
into a sustainable chemocatalytic process for glucose valorization. At higher 
temperatures, this gives rise to numerous undesired reactions ( e.g. , polymerization 
of sugar intermediates). This complicates work-up procedures of the reaction mixtures 

  Fig. 10.2    Proposed routes for glucose valorization towards different market-ready bulk chemicals 
(Reproduced from Ref. [ 15 ] with permission from The Royal Society of Chemistry)       
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generated by the base-catalyzed glucose isomerization, causing the generation of 
large waste streams. Furthermore, the use of base is not compatible with other steps 
of the tandem sequence envisaged for an integrated process for the conversion of 
carbohydrate biomass to the desired compounds, for instance because these often 
require the presence of Brønsted acids. In addition to either mineral, like lye [ 33 ], 
or solid bases ( e.g. , hydrotalcites) [ 34 ,  35 ], strong Lewis acids can also catalyze the 
isomerization of carbohydrates. There has been much interest in the development 
of stable, solid Lewis acid catalysts for this reaction. To date, the most effi cient 
catalyst for glucose isomerization is Sn-BEA zeolite. This material, fi rst reported in 
1999 [ 36 ], turned out to be highly effi cient for the Bayer-Villiger oxidation as well 
as the Meerwein-Ponndorf-Verley reaction [ 37 ]. In the latter reaction, the catalyst 
acts as a transfer hydrogenation catalyst. As the chemistry in these transformations 
is similar to sugar isomerization, Sn-BEA was found to be also highly active for the 
isomerization of carbohydrates under relatively mild conditions [ 38 ]. This reaction, 
however, is not selective. Sn-BEA promotes both the aldose-ketose isomerization 
reaction to fructose and the epimerization of glucose resulting in mannose.

   In epimerization reactions, the stereochemistry of one of the asymmetric carbon 
atoms is altered. This involves an intramolecular hydride shift via ene-diol interme-
diates (see Fig.  10.4 ). Selective epimerization that is not accompanied by the aldose- 
ketose isomerization was fi rst observed by Bílik and coworkers in 1972 in the 
presence of molybdenic acid as catalyst [ 39 ]. Epimerization reactions give access to 
rare sugars, which can be used as chiral building blocks for  e.g.  pharmaceuticals 
[ 40 ]. However, it was found that for molybdenic acid-mediated epimerization, the 
mechanism involves a 1,2-intramolecular carbon shift rather than a LdB-AvE-type 
hydride shift (see Fig.  10.4 ) [ 41 ].

   Many efforts have been made to elucidate the mechanism involved in the 
transformation of aldoses to ketoses. Davis and coworkers have studied the catalytic 
role of both framework and extraframework Sn [ 42 ]. They critically assessed the 
behavior of different Sn-containing materials including SnO 2 , SnO 2  supported on 
BEA zeolite, and well-defi ned Sn sites incorporated in the framework of Sn-BEA 
zeolite. Extraframework Sn-sites in the form of tin oxide deposits are inactive in 
water, but can isomerize sugars in methanol. By studying the H/D scrambling in 
C 2 -deuterated glucose during the glucose to fructose isomerization by Sn-containing 
BEA zeolites, it has been demonstrated that the kinetic behavior using SnO 2 -
containing Sn-BEA is very different from that of the well-defi ned Sn sites in 

  Fig. 10.3    The Lobry-de Bruyn-Alberda-van Ekenstein mechanism of base-catalyzed isomeriza-
tion of glucose to fructose       
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Sn-BEA. In the presence of extraframework Sn-sites, both C 1  and C 2  sites of glucose 
present in the reaction mixtures contained the deuterium label. This implies that 
extraframework Sn-species act as base sites and catalyze the isomerization reaction 
following the LdB-AvE mechanism (base-catalyzed path, see Fig.  10.4 ). A very differ-
ent catalytic behavior of isolated Sn sites embedded into the framework of BEA was 
observed. The position of the deuterium label in the carbohydrate molecules did not 
change when the isomerization reaction was carried using a well-defi ned Sn-BEA 
catalyst with isolated lattice Sn sites. This pointed to the direct Lewis acid-catalysed 
hydride shift mechanism (Lewis acid-catalyzed path, Fig.  10.4 ). 

 Well-defi ned Sn-BEA mainly produced mannose when methanol was used as 
solvent, via epimerization with fructose as a secondary product. No H/D scrambling 
was observed in such case. Reactions employing  13 C 1 -labled glucose as reactant 
yielded mannose with the label at the C 2 -position, proving that the epimerization 
reaction occurs  via  the Bílik mechanism (Fig.  10.4 , Lewis acid-catalyzed C-shift) 
rather than reversible enolization according to the LdB-AvE-mechanism (see Base- 
catalyzed epimerization, Fig.  10.4 ). The  13 C label in the minor fructose product was 
primarily located at the C 1  position indicating that it was exclusively formed via 
direct glucose isomerization. Extra framework Sn catalyzed the isomerization of 
glucose to fructose in methanol without formation of mannose. It was concluded 
that Lewis acidic framework Sn sites are responsible for the epimerization. Other 
studies employing Sn-BEA, however, reported the formation of mannose in water, 
implying that in this case epimerization can also take place [ 43 ]. Selectivity towards 

  Fig. 10.4    Simplifi ed mechanism for the isomerization and epimerization of glucose in the presence 
of a Brønsted base ( left ) and Lewis acid ( right ) catalyst       
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mannose can furthermore be enhanced by the addition of borate salts [ 44 ]. It was 
suggested that the formation of borate-sugar complexes inside the confi ned zeolite 
pores with isolated Lewis acid sites are of critical importance to selectively yield 
mannose. 

 In addition to strong Lewis acidic Sn-substituted zeolites, also ultrastabilized Y 
zeolite (USY) has been reported to exhibit good isomerization activity [ 45 ,  46 ], 
which may be presumed to be caused by the Lewis acid sites of the extraframework 
Al-phase. The subsequent Brønsted acid-catalyzed sugar dehydration could be 
 limited by carrying out the isomerization reaction at a relatively low temperature 
(below 120 °C). These fi ndings point to the USY zeolites as an attractive option for 
glucose isomerization to fructose. Potentially, by adjusting the Lewis and Brønsted 
acidity of the zeolite catalyst, the cascade conversion of glucose to HMF via a 
sequence of isomerization and dehydration steps can be achieved and the yield of 
the HMF product can be tailored ( vide infra ). 

 It should be noted that all the reactions discussed in this section are equilibrium 
reactions. In industry, mixtures of glucose and fructose, known as high-corn fruc-
tose syrup, are extensively used as sweetener in  e.g.  soft drinks and are available in 
different grades, generally ranging from 42 to 90 % fructose. The selective production 
of fructose from glucose/fructose mixtures is bound by thermodynamic limitations 
and, therefore, requires energy-intensive and costly process engineering solutions 
[ 47 ]. For bulk commercial applications, full conversion of glucose can only be 
achieved by, for instance, oxidation to gluconic acid or hydrogenation to sorbitol. If 
the ketose-aldose equilibrium is involved, one needs to further convert fructose to 
useful products to obtain full conversion. Therefore, there is a great interest in the 
selective conversion of glucose and fructose to value-added chemicals. Several 
examples of representative processes are given in the course of this chapter. 

 Recent theoretical studies on glucose isomerization with Sn-BEA have pointed 
out conceptual similarities between heterogeneous, homogeneous and enzymatic 
systems for aldose-ketose isomerization [ 48 – 50 ]. It has been identifi ed that the high 
effi ciency usually stems from the cooperative action between the different function-
alities at the active site determine a low-energy path for the diffi cult 1,2-hydride 
shift step [ 51 ]. For enzymes, the reaction involves a highly complex transformation 
promoted by two metal cofactors and a water molecule confi ned at the active center. 
Transient formation of a binuclear metal site has been proposed as one of the key 
features of the ionic liquid mediated homogeneous Lewis acid catalysis by chromium 
ions [ 48 – 50 ,  52 ]. The active site in Sn-BEA most probably consists of an isolated 
Sn site, as Sn-content is generally low. Bare et al. [ 53 ] have shown that Sn-centers 
in isomorphously substituted Sn-BEA may be positioned in the opposite vertices of 
the 6-membered ring. This would cause the Sn-centers to be too far apart for direct 
cooperative interaction. DFT calculations by Yang et al. [ 54 ] evidence that binuclear 
substitution of Ti, Sn or Zr in the 6MR results in higher Lewis acidity than having a 
single-atom substitution in the 6MR. The DFT calculations predict higher barriers 
for isomerization for mono-substituted models, so that one may speculate that other 
cooperativity effects play a role here. One such effect may be the presence of vicinal 
hydroxyl groups [ 55 ,  56 ]. These may come in the form of co-adsorbed water, nearby 

W.N.P. van der Graaff et al.



357

framework defects or partially hydrolyzed Sn framework sites. Experimental evi-
dence for the presence of the latter is very diffi cult. A similar intensive discussion 
on the nature of the active framework Ti-species in TS-1 has not been unequivocally 
resolved yet, although in this case experimental evidence points to partially hydro-
lyzed Ti-OH being the active site rather than Ti(OSi) 4 -sites [ 57 ]. FTIR spectroscopy 
of adsorbed acetonitrile has been used to indirectly probe partially hydrolyzed 
Sn-OH lattice sites [ 58 ,  59 ]. The possible formation of partially hydrolyzed Sn sites 
has also been the subject of several theoretical studies [ 51 ,  56 ]. It was shown that the 
partial hydrolysis of the Sn-site, yielding a vicinal silanol, lowers the activation 
energy barrier for the hydride shift step. These computational studies also focused 
on the analysis of the effect of the framework topology on the glucose isomerization 
activity of Sn-containing zeolites. In a study by Li et al. [ 55 ], it was shown that the 
variation in shape of the micropores with zeolite topology affects the mode and 
strength of carbohydrate adsorption, which is dominated by van der Waals forces. 
Their infl uence on the intrinsic reactivity of intrazeolite Sn sites is, however, small. 
Therefore, it is proposed that different reactivities of zeolite catalysts with different 
topologies stem from intrachannel diffusion limitations. There is a need for more 
extensive research to unravel the origin of the different catalytic behavior of various 
zeolite catalysts.  

10.5     5-Hydroxymethylfurfural 

 One of the most interesting biomass-derived platform molecules is 5- hydroxymethyl 
furfural (HMF), often considered a ‘sleeping giant’ because of its wide potential 
applicability in chemical processes. It is formed by the triple dehydration of fructose. 
The dehydration of sugars to obtain furfural-type compounds has been extensively 
studied in the last decade. The industrial potential of HMF and the chemistry under-
lying its synthesis and further functionalization have been very recently reviewed by 
van Putten et al. [ 30 ]    (Fig.  10.5 ).

   It is generally accepted that the dehydration of carbohydrates is catalyzed by 
Brønsted acids. Apart from mineral acids such as HCl or H 2 SO 4  [ 60 ], also solid 
acids such as sulfonated resins ( e.g. , Amberlyst) [ 61 ], sulfonated organosilica [ 61 , 
 62 ] and Brønsted acidic zeolites [ 63 ,  64 ] can readily convert fructose to HMF.
Although water is the preferred green solvent, conversion of carbohydrates in water 

  Fig. 10.5    Hexose dehydration to HMF       
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typically leads to formation of by-products. These can be useful rehydration 
products of HMF, such as levulinic acid and formic acid (vide  infra ), but also more 
complex transformations to undesirable humins [ 65 ,  66 ]. Humins are ill-defi ned 
carbonaceous heteropolymers of furans and sugars. Although currently efforts are 
undertaken to valorize humins to improve overall process economics [ 67 ], it would 
be more effi cient to avoid their formation as much as possible. Approaches to 
achieve this include the in-situ extraction of HMF by organic solvents [ 30 ,  63 ,  64 ]. 
Solvents play a critical role in the dehydration of fructose. Whereas in water harsh 
conditions are required, for other solvents and most notably for DMSO [ 61 ], THF 
[ 62 ] and ionic liquids [ 65 ] dehydration of fructose is a facile reaction and near- 
quantitative yields of HMF are obtained. In DMSO and some ionic liquids, the 
dehydration can also take place in the absence of Brønsted acids [ 68 ]. The exact 
reason for this reactivity is unclear. It has been suggested that it can either be due to 
the stabilization of the furanic ring [ 69 ], small amounts of contaminants in the 
DMSO [ 70 ] or the role the solvent itself can fulfi ll as catalyst [ 68 ]. 

 As part of efforts to valorize the hemicellulose fraction of biomass, the dehydration 
of other fi ve-membered ring containing sugars, such as xylose, towards furfural is 
being investigated. Xylose is obtained by hydrolysis of the so-called xylan backbone, 
xylan being the generic term for polysaccharides that contain a β-(1 → 4) xylopyranose 
backbone with different side chains [ 71 ]. The depolymerization of this backbone, 
isomerization to xylulose (to form the 5-ring) and the dehydration of xylose can be 
achieved in the presence of Brønsted acids. Many studies have been devoted to the 
dehydration of xylose, which has been comprehensively reviewed by Mäki-Arvela 
et al. [ 14 ]. The dehydration of xylose has been investigated extensively as well, 
although yields are often moderate, especially when starting directly from xylan or 
high-hemicellulose. Good yield (~70 %) was obtained from xylan using FeCl 3 .6H 2 O 
at 170 °C in γ-valerolactone as the solvent [ 72 ]. At low conversion, however, high 
selectivities have been reported from xylose using H-faujasite and H-mordenite 
zeolites in aqueous media [ 73 ]. A maximum of 96 % selectivity at 27 % conversion 
was obtained using H-mordenite as the catalyst in toluene/water at 170 °C. Furans 
hold promise as platform for the future generation of olefi ns and aromatics, as for 
instance has been shown by Huber and coworkers using Ga-ZSM-5 [ 5 ]. 

 The direct conversion of glucose to HMF is met with more diffi culties due to the 
required isomerization step from glucose to fructose before the dehydration can 
take place. The main challenge here is that isomerization and dehydration occur 
under different optimum reaction conditions. Combining these reactions in one pot 
usually results in by-product formation. Pioneering work in this fi eld was performed 
by Zhao et al. [ 74 ], who found that Lewis acidic CrCl 2  in ionic imidazolium-based 
liquids is not only active for the isomerization of glucose to fructose, but also effi ciently 
catalyzes the dehydration of fructose. The fi nding that zeolites containing Lewis 
acidic metal centers and most prominently Sn can also isomerize sugars effi ciently 
is a breakthrough, because zeolites are relatively stable in aqueous media [ 75 ,  76 ] 
compared to, for instance, functionalized hydrotalcites. This considerably expanded 
the possibilities to use zeolites in biomass conversion. 
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 Relatively high yields of HMF from glucose were obtained by combining  mineral 
acid (0.1 M HCl) with Lewis-acidic zeolites [ 77 ]. Promising yields can also be 
obtained using solid Brønsted acids instead of mineral acids. For a system employ-
ing a combination of Sn-BEA with Amberlyst-131 in ethanol at temperatures as low 
as 90 °C, ethoxymethylfurfural was obtained in yields up to 31 % from glucose 
[ 78 ]. A signifi cant factor contributing to this moderate yield is the competing retro- 
aldol reaction, which will be discussed later in this chapter. For a monophasic 
THF:H 2 O-system employing Sn-BEA and Amberlyst-70, 63 % yield of HMF was 
obtained from glucose in only 30 min at 130 °C [ 79 ]. This example shows that 
careful choice of solvent is crucial. A very elegant approach combining both Lewis 
and Brønsted acidity in one multifunctional catalyst was reported by Wang et al., 
who reacted glucose in a THF/DMSO mixture at 160 °C with montmorillonite clay 
ion- exchanged with Sn [ 80 ]. Otomo et al. reported on a bifunctional BEA-zeolite 
catalyst prepared by partial dealumination, achieving a yield of 43 % in THF at 
180 °C in 3 h [ 81 ]. A comprehensive overview of the catalytic systems used in the 
production of HMF can be seen in Table  10.2 .

   Table 10.2    Most promising examples of the conversion of carbohydrates to HMF   

 Substrate  Catalyst  Solvent  Extraction  Conditions  Y/(S) HMF  a  (%)  Ref 

 Fructose  HCl (0.1 M)  H 2 O/DMSO 
4:1 

 MIBK b /2- 
BuOH 4:1 

 185 °C, 1 min  82(86)  [ 60 ] 

 Fructose  H-Mordenite  H 2 O  MIBK  165 °C, 30 min  35(96)  [ 63 ] 
 Fructose  None  DMSO  No  150 °C, 36 min  88(88)  [ 68 ] 
 Glucose  Steamed BEA  THF  No  180 °C, 180 min  43(55)  [ 81 ] 
 Glucose  Sn-Mont  THF/DMSO 

7:3 
 No  160 °C, 180 min  54(54)  [ 80 ] 

 Glucose  CrCl 2   EMImCl  No  100 °C, 180 min  70(74)  [ 74 ] 
 Glucose  Sn-BEA/HCl  3.5 % NaCl in 

H 2 O (pH = 1) 
 THF  180 °C, 70 min  57(72)  [ 77 ] 

 Glucose  Ti-BEA/HCl  3.5 % NaCl in 
H 2 O (pH = 1) 

 THF  180 °C, 105 min  53(70)  [ 77 ] 

 Starch  Sn-BEA/HCl  3.5 % NaCl in 
H 2 O (pH = 1) 

 THF  40 min 
hydrolysis, 
60 min 
dehydration, 
180 °C 

 52(69)  [ 77 ] 

 Glucose  Sn-BEA/
Amberlyst-131 

 Ethanol  No  90 °C, 24 h  31(31)  [ 78 ] 

 Glucose  Sn-BEA/
Amberlyst-70 

 H 2 O/THF 1:9  No  130 °C, 30 min  63(70)  [ 79 ] 

 Cellulose  NHC c  -CrCl 2 /
H-Y zeolite 

 BMImCl  No  120 °C, 12 h  47.5  [ 82 ] 

   a  Y/ ( S )  HMF   yield and selectivity of HMF, respectively 
  b  MIBK  methyl isobutyl ketone (4-methyl-2-pentanone) 
  c  NHC  N-heterocyclic carbene (here 1,3-bis(2,6-diisopropylphenyl)imidazole)  
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  Fig. 10.6    Pathways towards GVL from fructose (cellulose) and xylose (hemicellulose)       

10.6        Levulinic Acid and γ-Valerolactone as Intermediates 
to Fuel and Chemicals 

 In aqueous acidic media, rehydration of HMF to levulinic acid and formic acid is 
one of the potential side reactions. Levulinic acid was already recognized as a 
potential key resource for the chemicals industry in the 1950s [ 83 ]. The acid- 
catalyzed conversion of carbohydrates to levulinic acid is considered to be one of 
the key steps in future biorefi neries [ 84 ,  85 ] (Fig.  10.6 ).

   A key application of levulinic acid is its hydrogenation to γ-hydroxyvaleric acid, 
and its dehydration product, γ-valerolactone (GVL). This compound is currently 
under investigation as a key intermediate for future chemical processes, as GVL is 
already directly applicable as solvent and can serve as gasoline blender. Its usability as 
a solvent is very promising due to its low toxicity, low volatility, stability and high 
solvation capacity. As such it is even able to dissolve very recalcitrant biopolymers 
like lignin, while at the same time being miscible with water. It is seen as an important 
intermediate for the production of fuels and several pathways have been devised to 
further increase its energy density, prominently featuring decarboxylation reactions 
like ketonization of pentanoic acid or direct decarboxylation of GVL to give butenes 
[ 84 ]. A considerable advantage of the manufacture of GVL starting from hexoses is 
the formation of levulinic acid and formic acid in equimolar amounts, which can be 
considered an indirect decarboxylation as formic acid is a potential hydrogen 
carrier. 

 Most reports on the hydrogenation of levulinic acid to GVL focused on catalytic 
systems such as homogeneous transition metal complexes, supported noble metals 
and mixed oxides. The use of zeolites for the production of GVL directly from 
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 furfural was explored by Bui et al. [ 86 ] who reported on a system which makes use 
of a combination of Zr-BEA and Al-MFI nanosheets in a packed bed fl ow reactor to 
selectively yield GVL using 2-butanol as hydrogen source for the two (transfer) 
hydrogenation steps involved. Near quantitative yield was obtained at 120 °C. The 
strength of this approach can be attributed to the combination of Lewis acid sites 
(transfer hydrogenation) and Brønsted acidity. The near-quantitative selectivities 
obtained with this catalyst reinforce the notion that strongly Lewis acidic zeolites can 
also facilitate benign transfer hydrogenation for the hydrogenation of levulinates.  

10.7     Lactic Acid/Alkyl Lactates 

 Lactic acid is a compound with a wide range of applications. It is not only extensively 
used in the food industry, but also as a monomer for biodegradable plastics 
and bulk chemicals such as acrylic acid [ 31 ]. The production of lactic acid from 
carbohydrates is nowadays almost exclusively done by tedious enzymatic processes, 
which require the use of neutralizing agents to retain enzyme activity. Recently, new 
chemocatalytic routes towards lactates have been gaining attention. This opens the 
possibility for non-glycolytic pathways towards lactates from glucose, which is 
signifi cant as lactic acid is not only a monomer and monomer precursor for e.g. 
acrylic acid, but it can also be converted to ethanol (fuel, solvent) by decarboxyl-
ation and further to ethylene via dehydration of ethanol. High lactic acid yields up 
to 90 % have already been obtained from cellulose using lead(II) ions [ 87 ] and 
lanthanide trifl ates [ 88 ]. In zeolite chemistry, the direct conversion of cellulose is 
rather diffi cult as the large cellulose molecules cannot enter the micropores and 
reactions of large oligomers and polymers can only take place on the outer surface. 
However, recently a major breakthrough was reported in the use of strongly Lewis 
acidic metal-containing (Ti, Zr, Sn) zeolites regarding the conversion of hexose 
mono- and oligomers to alkyl lactates at 160 °C [ 89 ]. Usually, high temperatures are 
required for this reaction, although this particular reaction was observed in ethanol 
at temperatures as low as 90 °C when reacting glucose over Sn-Mont [ 80 ]. 

 The pivotal factor for the selective production of lactates is the necessity of the 
correct position of the sugar carbonyl group (see Fig.  10.7 ). More specifi cally, for 
hexose sugars, this means that if glucose is used as starting compound, isomerization 
to fructose is necessary before the retro-aldol condensation can occur. Usually, this 
does not happen and apart from lactates, often products originating from glycolal-
dehyde and aldotetroses are detected due to direct retro-aldol condensation of 
aldohexoses [ 90 ]. In Fig.  10.8 , the reaction pathway for the conversion of glucose 
to lactates is shown.

    A maximum yield of 64 % of methyl lactate was obtained from sucrose in methanol 
with Sn-BEA as a catalyst [ 89 ]. Indeed, the reaction products do not only comprise 
lactates formed from the ketose fructose, but also other compounds due to retro-
aldol condensation of aldoses like glucose are typically observed. 
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 Reusing the catalyst often results in only marginal loss of performance and this 
is often hailed as an argument for its stability. Although at lower temperature the 
stability of the Sn-centers has been demonstrated [ 76 ], Osmundsen et al. showed 
that considerable amounts of Sn are leached from the zeolite at elevated temperatures 
[ 59 ]. This implies that the Sn-content of the materials is of secondary importance 
and that activity is dominated by other effects. This possibility has already been 
pointed out before [ 91 ], and the exact nature of the active site is currently a hot 
research topic    (Table  10.3 ).

   The retro-aldol condensation reaction of sugars remains a fairly unselective 
reaction, and therefore there is special interest in the conversion of C 3 -sugars such 
as glyceraldehyde and 1,3-dihydroxyacetone to lactates. The conversion of dihy-
droxyacetone to alkyl lactates is in general a facile process, readily catalyzed by 
strongly Lewis acidic solid acids as the key step is a 1,2-hydride shift similar to that 
from glucose to fructose. The presence of Brønsted acid sites shifts the selectivity 
towards the dialkylacetal species (see Fig.  10.9 ) [ 59 ]. NMR spectroscopy studies on 
Sn-MFI zeolite and USY in the conversion of glyoxal to glycolic acid suggest that 
only the Lewis acid sites catalyze the hydride shift. Recently, Dapsens et al. showed 
that by ion exchanging parent H-forms of zeolites with Ga 3+ -ions the selectivity in 

  Fig. 10.7    Retro-aldol condensation of glucose (aldose) and fructose (ketose) over Sn-silicates       

  Fig. 10.8    The conversion of hexose sugars to lactates  via  retro-aldol condensation       
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the reaction can be decisively altered towards the alkyl lactates [ 95 ]. This shows that 
signifi cantly more facile methods than hydrothermal synthesis can be applied to 
obtain active and selective zeolite catalysts.

10.8        State-of-the-Art of the Development of Zeotype 
Materials for Biomass Conversion Reactions 

 Generally, there are two types of single-site heterogeneous catalysts (SSHC), as 
defi ned by Thomas [ 96 ]. The fi rst one, which comprises the immobilization of 
well- defi ned ensembles (metal nanoparticles, organic functionalities) onto not 
necessarily well-defi ned carrier materials fall beyond the scope of this chapter. The 
second class of SSHCs comprises zeotype materials. The use of zeolites is 

   Table 10.3    Conversion of carbohydrates to the corresponding lactates   

 Substrate  Catalyst  Solvent  Conditions  Y lactate  (%)  Ref 

 Glucose  Sn-BEA  Methanol  160 °C, 20 h  43  [ 89 ] 
 Fructose  Sn-BEA  Methanol  160 °C, 20 h  44  [ 89 ] 
 Sucrose  Sn-BEA  Methanol  160 °C, 20 h  64  [ 89 ] 
 DHA  Sn-BEA  Methanol  40 °C, 24 h  95  [ 59 ] 
 DHA  Sn-BEA  Water  125 °C, 24 h  90  [ 92 ] 
 Glucose  Sn-MWW  Methanol  160 °C, 20 h  44  [ 93 ] 
 DHA/GLA  Sn-MWW  Methanol  120 °C, 24 h  >99  [ 93 ] 
 DHA/GLA  Sn-MWW  Water  120 °C, 6 h  96  [ 93 ] 
 Glucose  Sn-C-MCM-41  Methanol  155 °C, 20 h  17  [ 94 ] 
 Sucrose  Sn-C-MCM-41  Methanol  155 °C, 20 h  45  [ 94 ] 

  Fig. 10.9    Infl uence of Lewis and Brønsted acid sites on the conversion of pyruvaldehyde in 
methanol       
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particularly appealing for industrial applications due to their high thermal and 
mechanical stability. Diffusion limitations, although needed for some applications, 
are often unwanted and therefore large particles should be avoided. Furthermore, 
the incorporation of signifi cant amounts of large heteroatoms in a selective manner 
is often rather diffi cult. 

 Since the development of titanium silicalite-1 (TS-1) in the early 1980s [ 97 ], a 
wide variety of heteroatom-containing zeolites has been developed. The introduc-
tion of heteroatoms into zeolite frameworks was a revolution in zeolite chemistry as 
well as catalysis as it paved the way for the development of tailor-made Lewis or 
Brønsted acid catalyst. The development of Lewis acidic zeolites, specifi cally when 
incorporating large heteroatoms such as tin or titanium is often problematic. 
Especially the direct incorporation of large atoms like Sn is diffi cult and a solution 
developed in the past is based on applying fl uoride media to increase crystallization 
times. The use of fl uorides is, however, undesirable due to its extreme toxicity and 
also because large zeolite crystallites are formed and only small amounts of Sn can 
be incorporated into the framework. This approach has also met with reproducibil-
ity issues. Although efforts have been undertaken to reduce synthesis times by  e.g.  
seeding [ 98 ] and steam-assisted conversion [ 99 ] methods, still toxic fl uoride media 
are extremely diffi cult to circumvent in order to introduce large heteroatoms by 
direct synthesis. Alternatively, methods to incorporate metal centers selectively into 
zeolite frameworks, post-synthesis methods are subject of many investigations. 
Post-synthesis incorporation of metals such as titanium or tin is usually performed 
by dealuminating or deboronating the parent zeolite followed by grafting the 
generated silanol nests with a suitable source of the metal of choice, see Fig.  10.10 .

   Already several examples of post-synthesis metal incorporation have been dem-
onstrated. Solid-state ion exchange [ 100 ], in which Sn(OAc) 2  is physically ground 
with dealuminated BEA zeolite and subsequently calcined, is a promising method to 
introduce large amounts of active sites into the framework. A similar approach has 
been reported for Zr(OEt) 4  [ 101 ]. Also chemical vapor deposition using an appropri-
ate,  i.e.  volatile metal source is a method that can be applied. However, as the tem-
peratures used during grafting are often quite high, the control over the formation of 
extraframework species in such methods is rather poor. This was shown by Li et al. [ 102 ], 

  Fig. 10.10    A generalized scheme for the post-synthetic incorporation of metal sites into zeolite 
framework positions       
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who applied SnCl 4  as grafting agent at high temperatures. Signifi cant amounts of 
extraframework Sn sites were formed, although high amounts of Sn could be incor-
porated into the zeolite framework. A factor of considerable infl uence seems to be the 
reactivity of the applied metal precursor. Whereas for TiCl 4  many extraframework 
sites and even titania nanoclusters were formed [ 103 ], the use of Cp 2 TiCl 2  under 
similar conditions yielded almost exclusively framework Ti species [ 104 ]. Also other 
methods, such as solution impregnation of dealuminated zeolites followed by calcina-
tion can yield zeolites with relatively low amounts of extraframework metal centers 
[ 43 ,  93 ]. Another way of introducing additional Lewis acidity is based on ion 
exchange upon which charge balancing cations of an Al-containing zeolite are 
substituted by another metal,  e.g.  gallium. Such an approach was shown to yield 
promising catalysts for the conversion of C 3 - carbohydrates to lactates [ 95 ]. 

 Due to the microporous nature of zeolites, much efforts are being made on either 
decreasing the particle size or on introducing mesopores into the zeolite framework 
in order to shorten diffusion limitations and avoid deactivation. Especially at elevated 
temperatures, the micropores of the zeolites become blocked by the formations 
of cokes. It has been shown for several reactions already that the introduction of 
mesopores into the zeolite matrix enhances the catalytic stability of the material. An 
elegant example was given by Wu et al. [ 105 ], who showed that the activity of the 
zeolite in the methanol-to-olefi ns reaction is maintained for much longer when a 
hierarchical meso/microporous SSZ-13 is used instead of common microporous 
SSZ-13. In connection to the introduction of mesopores, also many efforts are 
undertaken to develop ultra large-pore zeolites by introducing germanium in the 
lattice, leading to new zeolite topologies [ 106 ]. Large-scale application of such 
materials is hampered by the high cost of germanium, as well as their low thermal/
hydrothermal stability, which is associated with their low framework density [ 107 ].  

10.9     Stability of Zeolites 

 A major drawback of zeolites for large-scale processing of biomass is their relatively 
low tolerance towards water at elevated temperatures. Often this instability arises 
from the defects present in the zeolite, which facilitate the hydrolysis of the Si-O-
Si-bonds [ 108 ]. Several pathways can be distinguished to improve the stability of 
the zeolites under hydrothermal conditions. A method that is in use on the industrial 
scale is steaming [ 109 ], which is done to obtain ultrastable Y-zeolite (USY). 
Furthermore increasing the hydrophobicity of the zeolite, by increasing the Si/Al 
ratio [ 110 ], grafting of hydrophobic moieties onto the surface [ 111 ] or adjusted 
synthesis procedures such as dry-gel conversion [ 112 ] can lead to improved stability. 
The formation of defects during synthesis can be largely avoided by the use of 
fluoride media [ 36 ]. However, as it has already been emphasized above, the use 
of fl uoride media is generally not desirable. 

 The presence of defects in the zeolite has a detrimental effect on the zeolite sta-
bility. This, however, is not necessarily a negative property as it allows for facile 
modifi cation of the zeolite to meet particular requirements. The manner in which 
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the characteristics of the zeolite change is especially dependent on the pH of the 
medium the zeolite is in contact with, as well as on the chemical composition of 
the zeolite itself (Fig.  10.11 ) [ 114 ,  115 ]. This fact is extensively used to introduce 
mesoporosity in the zeolites or change their elemental composition by removing 
silicon or aluminum atoms from the framework.

   A frequently applied method for generating mesopores is the base treatment of 
zeolites. Stability issues play an important role in steering the functionalization of 
the zeolite. It was shown for MFI zeolite that the presence of aluminum as a pore 
directing agent is of critical importance for the optimal generation of mesopores 
[ 116 ]. High-alumina zeolites tend to be more stable in basic media, whereas the 

  Fig. 10.11    Schematic proposed hierarchical evolution of mesoporosity upon various treatments 
and their combinations (Reprinted from Ref. [ 113 ] by permission of John Wiley & Sons, Inc.)       
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absence of the stabilizing infl uence of aluminum for high-silica zeolites causes 
extensive damage to the zeolite framework at high pH. Therefore, it was assumed 
that framework aluminum acts as pore-directing agent. Later it was found that 
additions of external aluminum or other pore directing agents (such as tetrapropyl-
ammonium cations) also can direct the desilication process in a controlled manner. 
Also lower defect and intergrowth density of the zeolites has a positive effect on the 
generation of mesopores [ 117 ]. 

 The behavior of heterogeneous catalysts in presence of water is very important 
when considering the effects of biomass processing conditions on the activity and 
stability of the catalysts [ 118 ]. One could think of acidic pyrolysis oils or application 
in reactions in which large amounts of water are generated such as HMF synthesis. 
Boiling water was shown by Ravanelle et al. to have a great impact on the crystallinity 
of zeolites [ 119 ]. Such stability studies are instrumental in improving understanding 
of the implications of biomass processing conditions on catalyst performance. In 
this respect, theoretical studies on the behavior of zeolites in the presence of water 
are necessary to develop further understanding of the underlying processes taking 
place at the molecular level. Malola et al. have investigated the infl uence of water 
on desilication and dealumination processes in MFI. They found that desilication is 
dominant under steaming conditions [ 120 ]. 

 Classical application of zeolites in chemical processes relies mainly on the 
 thermal stability of the zeolites. In order to effectuate the transition to the large-
scale application of zeolites in biomass conversion reactions, more research has to 
be devoted to their stability under hydrothermal conditions. By identifying trends in 
the stability and activity of zeolites after being exposed to hydrothermal conditions, 
routes to improve their long-term stability can be developed. Theoretical studies can 
play an important supporting role in identifying pathways for improving the 
performance of zeolite catalysts in biomass processing.  

10.10     Concluding Remarks 

 The application of zeolites for biomass conversion reactions has undergone a 
signifi cant development. Traditional cracking processes using biomass, resembling 
the current oil-based petrochemical industrial processes, are gradually being substi-
tuted by more selective processes for the conversion of biomass constituents. In this 
way, lignocellulosic biomass can be developed into a competitive feedstock for the 
future generation of bulk chemicals and fuels. The use of zeolites for this kind of 
processes is interesting due to their abundance and tunability. 

 Several promising pathways towards the selective formation of platform chemicals 
have been identifi ed and are currently intensively investigated. This plays a vital 
role in the development of renewable bulk chemicals with a wide range of applica-
tions, as well as reducing environmental footprint of the chemical industry. 

 Great progress has been made in understanding the role of topologies and 
 functional groups on the performance of zeolites in catalysis. However, the 
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understanding of the role of confi nement space effects on activity and selectivity of 
zeolites, especially in the presence of solvents, is still a matter of debate. The use of 
theoretical studies in this fi eld could prove a vital tool for the further development 
of new catalytic systems.     
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    Chapter 11   
 Catalytic Oxidations Over Titanosilicate 
Zeolites       

       Liang     Wang     and     Feng-Shou     Xiao    

    Abstract     An important topic in the fi eld of zeolite is the titanosilicate with tetrahedral 
Ti sites, which have already been regarded as effi cient catalyst for the oxidation 
of various organic substrates by hydrogen peroxide. Since the fi rst report of TS-1 
zeolite in 1983, a variety of titanosilicates with various morphologies have been 
synthesized and applied in the oxidation reactions. The physical parameters of 
structures, porosities, Ti loadings, and wettabilities strongly determine the catalytic 
properties of the titanosilicate catalysts. The TS-1 zeolite is effi cient for the hydrox-
ylation of benzene and phenol, as well as the epoxidation and ammoxidation of 
olefi ns and ketons with small molecule size. Ti-Beta with larger micropores than 
TS-1 exhibits excellent catalytic performances in the oxidation of bulky molecules. 
Ti-MWW zeolites with a unique two-dimensional structure are also used in the 
oxidation of olefi ns, ammoxidation of ketons, and oxidative desulfurization.  

  Keywords     Titanosilicate zeolite   •   Oxidation   •   Hydrogen peroxide   •   Catalytic activity   
•   Selectivity  

11.1         Introduction 

 The titanosilicate zeolites with isolated Ti(IV) sites such as TS-1 are very successful 
catalysts for the liquid-phase oxidation of various organic substrates under mild 
reaction conditions by hydrogen peroxide in industrial processes, where the hydrogen 
peroxide is regarded as a “green” oxidant with water as the sole product [ 1 – 5 ]. 

 Although TS-1 zeolite has exhibited excellent catalytic properties in the oxidation 
of a series of organic compounds with small molecule sizes ( e.g.  phenol, propylene, 
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1-hexene, hexane, and ethylene), it failed to catalyze the oxidation of relatively 
bulky molecules ( e.g.  cyclohexene and cyclooctene), because the ten- membered 
ring micropores of TS-1 hinders the transfer of bulky organic molecules. To overcome 
this problem, great efforts have been made to synthesize larger pore titanosilicate 
zeolites. The typical examples are 12-membered ring zeolites of Ti-Beta [ 6 – 9 ], 
Ti-MOR [ 10 ], Ti-ITQ-7 [ 11 ], 12- and 10-membered ring zeolites of Ti-MWW [ 12 – 14 ] 
and Ti-MCM-68 [ 15 ]. Particularly, these large-pore titanosilicate zeolites exhibited 
an enhanced catalytic performance in the oxidation of bulky molecules. In this chapter, 
several titanosilicate zeolites and their applications in various oxidations will be 
systemically illustrated.  

11.2     TS-1 Zeolite 

 TS-1 zeolite with Ti(IV) sites on the MFI-type framework is the fi rst titanosilicate 
zeolite synthesized by Enichem Company in Italy in 1983 [ 1 ]. In the framework of 
TS-1 zeolite, the tetracoordinate Ti sites are highly isolated with Ti(OSi) 4  units. 
The unique tetrahedral Ti sites make the TS-1 zeolite highly effi cient for various 
oxidations with hydrogen peroxide, including the hydroxylation of benzene and 
phenol, oxidation of olefi ns, alcohols, alkanes, and ammoxidation of ketones. 

11.2.1     Hydroxylation of Benzene and Phenol 
Over TS-1 Zeolite 

 Although the hydroxylation of phenol over TS-1 was extensively investigated by 
Enichem Company in the early of 1980s, the details on the reaction had been 
reported until in the early of 1990s. After that, great efforts have been focused on 
systemical study on the hydroxylation of phenol over TS-1 zeolite. 

 In 1991, Thangaraj et al. [ 16 ] found that various reaction parameters ( e.g.  the Ti 
content on TS-1, catalyst concentration, reaction time, solvent, and temperature) 
strongly infl uence the phenol conversion in the hydroxylation over TS-1 zeolite by 
hydrogen peroxide. For example, increasing the Ti content on TS-1 zeolite with Ti/
(Ti + Si) molar ratio from 0 to 0.056, or increasing the concentration of TS-1 zeolite 
in the reaction system with catalyst/phenol weight ratio from 0 to 10, could obviously 
improve the conversion of phenol and hydrogen peroxide. 

 In the same year, Tuel et al. [ 17 ] studied the contribution of Ti sites on the 
 different position of TS-1 zeolite to the hydroxylation. They found that the forma-
tion of hydroquinone from the hydroxylation of phenol is strongly related to the 
effect of the micropore constraints. Therefore, the internal Ti sites in the micropo-
rous  structure of TS-1 play an important role for the formation of hydroquinone. In 
contrast, due to the lack of micropore constraint effect, the Ti sites on the external 
surface could catalyze the formation of catechol and tar compounds immediately at 

L. Wang and F.-S. Xiao



375

the start of the reaction. The bulky tar molecules could solely poison and deactivate 
the external Ti sites, without any effect on the internal Ti sites. Later, van der Pol 
et al. found that the catalytic activity of TS-1 in the hydroxylation of phenol strongly 
depends on the crystal size of TS-1. The TS-1 crystals smaller than 300 nm were 
regarded as effi cient catalyst as a result of less micropore diffusion limitation. 

 Bhaumik et al. [ 18 ] fi rstly reported the hydroxylation of benzene over TS-1 under 
solvent-free and triphase conditions (solid catalyst, organic substrate, and H 2 O 2 ), 
where the TS-1 catalyst exhibited even 20 times higher benzene conversion than that 
under conventional biphase conditions (solid catalyst and homogeneous reactants). 
This phenomenon is attributed to the hydrophobic nature of TS-1 zeolite, which is 
favorable to adsorb the organic benzene reactant [ 19 ,  20 ]. In contrast, the adsorption 
of benzene over TS-1 was hindered in biphase system because of the competitive 
adsorption with organic solvent, leading to lower catalytic activity than that in triphase 
system. Bianchi et al. [ 21 – 24 ] reported that the post-treatment with NH 4 HF 2  and H 2 O 2  
could effi ciently improve the catalytic activity of TS-1 zeolite in the hydroxylation of 
benzene, which is probably due to its F-modifi ed surface and/or the formation of new 
non-tetrahedral titanium species generated by the post- synthesis treatment. 

 Despite TS-1 is very active for the hydroxylation of phenol, it is almost inactive 
for the hydroxylation of trimethylphenol, which is due to that the TS-1 micropores 
are too small for access by bulky reactants. To solve this problem, ordered mesoporous 
titanosilicates assembled from TS-1 nanoclusters was rationally synthesized [ 25 ], 
designed as MTS-9 (Fig.  11.1 ). The MTS-9 sample has the combined advantages 
of both mesoporous materials and zeolites, including open mesopores and high 
thermal stability. Very importantly, the MTS-9 sample exhibited comparably 
catalytic activity and product selectivity in the hydroxylation of phenol. Furthermore, 
in the hydroxylation of bulky molecule of trimethylphenol, MTS-9 exhibited much 
higher catalytic activity than TS-1, which is attributed to the mesoporous structure 
of MTS-9 for the transfer of bulky reactants. Later, Xin et al. [ 26 ] introduced 
mesopores into the TS-1 crystals by using carbon black as a hard template. Compared 
with the conventional TS-1 zeolite, the mesoporous TS-1 exhibited much higher 
catalytic activity than the conventional TS-1 in the hydroxylation of phenol. The 
improved catalytic activity of mesoporous TS-1 is attributed to the rapid diffusion 
rate to and out of the micropores conferred by the mesopores.

11.2.2        Epoxidation of Olefi ns Over TS-1 Zeolite 

 The epoxidation of olefi n plays key roles in the synthesis of relevant building blocks 
for the synthesis of polyols and polymers. For example, the propylene epoxide 
from the epoxidation of propylene is an important intermediate for synthesizing 
propylene glycol, which is important for production of paints and adhesives 
[ 27 – 34 ]. Conventionally, the epoxides are synthesized from chlorohydrin and 
hydroperoxidation routes, which have disadvantages such as low selectivity and the 
formation of environmentally unfriendly wastes [ 35 ]. 
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 Recently, BASF showed a sustainable route for the epoxidation of propylene 
using hydrogen peroxide over TS-1 zeolite, which has been one of the most successful 
commercial processes. In this case, the selectivity to propylene epoxide could reach 
as high as 98 %. 

 Compared with hydrogen peroxide, the use of relatively low cost oxidant of 
molecular oxygen led to a signifi cant reduction of the epoxide selectivity in the 
 reaction [ 36 ]. To overcome this shortcoming, Haruta and coworkers opens new route 
for selective epoxidation of propylene in the presence of hydrogen and oxygen over 
TS-1 supported Au nanoparticles (Au/TS-1) [ 28 ,  29 ,  37 – 47 ]. They found that the 
activities and stabilities of Au/TS-1 catalysts are strongly dependent on the Au and Ti 
loading, where the dilute Au and Ti species are favorable for obtaining highly active 
and stable Au/TS-1 catalysts. The TS-1 with different crystal size at 170 and 519 nm 
supported Au nanoparticles have similar reaction rates, indicating that the active 
Au-Ti sites for the reaction are not exclusively the Au nanoparticle-external Ti sites. 

 Apart from propylene, TS-1 catalyst was also used in the epoxidation of 1- hexene 
to epoxide product. Fan et al. [ 48 ] reported that poisoning the external Ti sites of 
TS-1 could not decrease the catalytic activity in 1-hexene oxidation, indicating that 
the internal Ti atoms are the active sites for this reaction, because the 1-hexene 
molecule with linear structure could transfer in the micropores of TS-1 zeolite. An 
important feature for the highly catalytic activity of TS-1 zeolite is the hydrophobicity, 
which is favorable for adsorbing and enriching the organic substrate. According to the 

  Fig. 11.1    Ordered mesoporous titanosilicates with high stability and catalytic activity assembled 
from TS-1 crystal (Reprinted with permission from Ref. [ 25 ], Copyright 2014, American Chemical 
Society)       
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rate equation for the chemical reaction over various reactants, increasing concentration 
of one reactant around the active sites ( e.g.  the Ti sites on TS-1) under the premise 
of similar concentration of other reactants should improve reaction rates. 

 Recently, considering that the fi rst step in the oxidations with H 2 O 2  over TS-1 
zeolite is the activation of H 2 O 2  by Ti species [ 49 – 52 ], it is proposed that the prepa-
ration of TS-1 zeolite with hydrophilic hydroxyl groups for enriching the reactants 
of H 2 O 2  could also signifi cantly enhance the catalytic activities. As example, Wang 
et al. [ 53 ] rationally synthesized TS-1 zeolite with controllable hydroxyl groups by 
using dimethyldimethoxysilane in the starting gel. Interestingly, the hydroxyl-rich 
TS-1 zeolite synthesized from suitable dimethyldimethoxysilane amount exhibits a 
signifi cantly higher reaction rate at 4.9 mmol L −1  min −1  than that (0.61 mmol L −1  min −1 ) 
of conventional TS-1 zeolite in the oxidation of 1-hexene with an extremely low 
concentration of H 2 O 2  (0.083 mol L −1 ). This phenomenon is strongly related to 
the hydrophilicity of hydroxyl-rich TS-1 zeolite, which could effi ciently adsorb the 
H 2 O 2  reactant to form high H 2 O 2  concentration in the zeolite micropores (Fig.  11.2 ).

   Notably, in the oxidation of propylene and 1-hexene by H 2 O 2 , the TS-1 zeolite 
generally exhibited high selectivity to epoxide product. However, in the oxidation 
of styrene by H 2 O 2 , TS-1 gives only a small amount of epoxide product and 
 phenylacetaldehyde is a major product, which is related to synergistic effect of 
water and TiOOH species [ 54 – 58 ]. In this case, the TiOOH species interacts with 
H 2 O to form a fi ve-membered cyclic structure, which could generate acid site 
(Fig.  11.3 ) that is favorable for the formation of phenylacetaldehyde. To solve this 

C0 (H2O2 concentration in the reaction mixture)

C1 (H2O2 concentration in the pores of C-TS-1)

C2 (H2O2 concentration in the pores of H-TS-1-7.5)

The pores of TS-1 zeolite

C1=2.7*C0

C2=10.8*C0

C0

C1

C0

C2

  Fig. 11.2    Enrichment of H 2 O 2  concentration in conventional TS-1 (C-TS-1) and hydrophilic TS-1 
(H-TS-1-7.5) catalysts. The H 2 O 2  concentration in the reaction mixture ( C   0  ) was measured to be 
1.61 mol L −1  by the KMnO 4  titration method. The H 2 O 2  concentrations in C-TS-1 ( C   1   ≈ 4.35 mol L −1 ) 
and H-TS-1-7.5 ( C   2   ≈ 17.4 mol L −1 ) were calculated by the pore volume of TS-1 catalysts and the 
change of H 2 O 2  concentration in the mixture before and after adding the solid samples (Reproduced 
from Ref. [ 53 ], by permission of The Royal Society of Chemistry)       
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issue, Laha et al. [ 57 ] used urea to neutralize the acid site formed in the oxidation, 
remarkably improving epoxide selectivity in the epoxidation of styrene (85 %), 
compared to that (5–15 %) in the conventional system.

   With  in situ  nuclear magnetic resonance (NMR) spectroscopy, Zhuang et al. [ 49 ] 
systematically studied that the mechanisms on the oxidation of styrene with urea- 
H 2 O 2    over TS-1 zeolite. It is found the Ti-superoxo radical (TiOO·) is responsible 
for the formation of hemiacetal species, which is stable on the TS-1 framework in 
the absence of any Brønsted acid species (Fig.  11.4 ). In contrast, the presence of 
Brønsted acid species could catalyze the transformation of the hemiacetal spe-
cies to phenylacetaldehyde. By combining with the  in situ  electron paramagnetic 
resonance (EPR) technique, it is defi nitely indicated that the formation of phenylac-
etaldehyde and styrene epoxide are directly from the oxidation of styrene as two 
competitive processes.

  Fig. 11.3    A stable fi ve-membered cyclic structure with a donor hydroxyl moiety coordinated on 
Ti-OOH generated from Ti site and H 2 O 2  (species I). The enhanced acid strength may be generated 
in charge-separated species (species II) due to greater hydrogen bonding (Reprinted from Ref. [ 57 ], 
Copyright 2001, with permission from Elsevier)       
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  Fig. 11.4    The proposed mechanism for the formation of TiOOH and styrene epoxide       
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   Although TS-1 is very active for the oxidation of propylene, 1-hexene, and 
 styrene, it is almost inactive for the oxidation of bulky olefi ns with molecules such 
as cyclohexene and cyclooctene, because the mass transfer of the bulky molecules 
are hindered by the relatively small micropores (~0.56 nm). Therefore, to improve 
the catalytic performances of TS-1 in the oxidation of bulky olefi ns, Cundy et al. 
[ 59 ] synthesized nanosized TS-1 crystals (166 nm) using a colloidal dispersion of 
43 nm crystals of TPA-silicalite-1 as seeds. By adjusting these conditions, Wang 
et al. [ 60 ] synthesized TS-1 with crystal size at 100 nm. As expected, the nanosized 
TS-1 crystals are highly active in the oxidation of various bulky olefi ns. Furthermore, 
Schmidt et al. [ 61 ] synthesized hierarchical TS-1 with both zeolitic micropores and 
mesopores by using carbon black as a hard template in the starting gel for synthesizing 
zeolite. In the oxidation of bulky cyclohexene molecule with H 2 O 2 , the hierarchical 
TS-1 exhibited nearly ten times higher cyclohexene conversion than conventional 
TS-1; Serrano et al. [ 62 ] synthesized hierarchical TS-1 with rich supermicro/
mesopores by a unique method using silanization agent functionalized zeolitic 
seeds, which could partially hinder the zeolite growth and create rich defects in the 
crystals. Interestingly, in the epoxidation of 1-octene with  tert -butyl hydroperoxide 
(TBHP), the hierarchical TS-1 exhibits 1-octene conversion at 42.1 %, which is 
much higher than that at 5.6 % of conventional TS-1. 

 More recently, Wang et al. [ 63 ] synthesized a lamellar TS-1 by employing a 
bifunctional surfactant as the structure-directing agent. The obtained lamellar TS-1has 
a multilayer structure constructed from a collection of ~2-nm zeolite nanosheets in 
thickness and ~3.2-nm mesopores between the nanosheets (Fig.  11.5 ). In the oxida-
tion of various bulky olefi ns ( e.g.  cyclohexene, cycloheptene, cyclooctene, and 
cyclododecene) with TBHP, and in the oxidation of small olefi ns ( e.g.  propylene 
and 1-hexene) with bulky cumene hydroperoxide, the lamellar TS-1 always exhibits 
superior catalytic performances compared with the conventional TS-1. For example, 
in the epoxidation of cyclohexene with TBHP, the lamellar TS-1 gives cyclohexene 
conversion at 16.7 %, while conventional TS-1 is nearly inactive; in the epoxidation 
of propylene with bulky cumene hydroperoxide, the lamellar TS-1 exhibited 
propylene conversion at 20.0 %, while the conventional TS-1 showed the conversion 
at only 0.8 %. The unique catalytic behavior of the lamellar TS-1 is attributed to the 
mesoporosity and ultrathin crystal morphology, which improves the accessibility of 
the Ti sites to the bulky substrate molecules.

11.2.3        Ammoxidation Over TS-1 Zeolite 

 The oximes are important intermediates in the synthesis of lactam products, such as 
 ε- caprolactam, which has been widely used in the production of degradable plastics 
[ 64 ,  65 ]. Conventionally, the synthesis of lactam products from ketone ammoxida-
tion involves in several steps, giving very low selectivity to the oxime products. This 
synthesis is costly and environmentally unfriendly [ 66 ]. In 1989, Martin et al. [ 67 ] 
found that TS-1 could catalyze the ammoxidation of ketones with H 2 O 2  and NH 3  
with very high selectivity for oxime products under mild conditions. During this 
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reaction, several parameters could strongly infl uence the yields of  ε- caprolactam, 
including the suitable Ti content, reaction temperature, NH 3 /H 2 O 2  molar ratio, high 
catalyst concentration, method of H 2 O 2  addition, and solvent. By adjusting these 
reaction conditions, high conversions (>94 %) and excellent selectivities (>99.0 %) 
could be obtained [ 67 ]. 

 Additionally, TS-1 could also catalyze the full conversion of methyl ethyl ketone 
by ammoxidation in  t -BuOH/water solvent. However, the selectivity to methyl ethyl 
ketone oxime is only 80.0 % with 2-nitrobutane as byproduct [ 68 ]. This is due to the 
over-oxidation of methyl ethyl ketone oxime product.  

11.2.4     Oxidation of Alkanes Over Ti-Rich TS-1 (YNU) Zeolite 

 Because of industrial importance of TS-1 zeolite, improving the catalytic activity of 
TS-1 has paid much attention for a long time [ 69 – 72 ]. To increase the TS-1 activities, 
it is suggested to enhance the content of tetrahedral Ti sites in the TS-1 framework. 
Fan et al. [ 73 ] developed a simple method to synthesize tetrahedral Ti-rich TS-1 
(denoted as YNU, the Si/Ti ratio could reach as low as 34, Fig.  11.6 ) using (NH 4 ) 2 CO 3  
as a crystallization mediating agent. In contrast, the Si/Ti ratio in TS-1 synthesized 

  Fig. 11.5    ( a ) Lamellar MFI titanosilicate directed by bifunctional structure-directing agent; 
( b ) SEM and ( c  and  d ) TEM images of lamellar TS-1 (Reprinted from Ref. [ 63 ], Copyright, 2012, 
with permissions from Elsevier)       
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in conventional system by Enichem Co. could reach only 58 [ 74 ]. In the oxidation 
of  n- hexane, the YNU catalyst with Si/Ti ratio at 34.2 exhibited  n- hexane conver-
sion at 50.8 %, while conventional TS-1 with Si/Ti ratio at 58.3 gave  n- hexane  
conversion at only 30.6 %. This phenomenon should be mainly owing to the high 
content of active Ti sites on the YNU catalyst. Even with similar Si/Ti ratios, the 
YNU catalysts are still slightly more active than the conversional TS-1 catalyst. 
This result should be attributed to less defect sites and hydroxyl groups in the YNU 
catalyst than the conventional TS-1, leading to strong hydrophobicity on YNU. This 
feature is favorable for the catalytic conversion of organic compounds.

11.3         TS-2 Zeolite 

 Since the discovery of TS-1 zeolite, it has become an interesting topic to synthesize 
more novel titanosilicates with the expectation of unique catalytic performances. 
TS-2 with MEL structure is a typical example, which is synthesized from similar 
procedures to TS-1 but using tetrabutylammonium as a template [ 17 ,  75 – 81 ]. 

  Fig. 11.6    The proposed mechanism for the formation of Ti-rich TS-1 under YNU conditions 
(Reprinted with permission from Ref. [ 73 ], Copyright 2008, American Chemical Society)       
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11.3.1     Hydroxylation of Phenol Over TS-2 Zeolite 

 Tuel et al. [ 75 ] carefully compared the catalytic properties of TS-1 and TS-2 zeolite 
in the hydroxylation of phenol with H 2 O 2 , and it was found that TS-2 (~500 nm) is 
less active than TS-1 (<300 nm) due to the diffi culty for the synthesis of smaller 
TS-2 crystals. Because TS-2 and TS-1 have very similar framework structure, the 
difference in the catalytic activities from the structure contribution is not observed.  

11.3.2     Epoxidation of Olefi ns Over TS-2 Zeolite 

 Compared with the hydroxylation of phenol, which is sensitive with the crystal size 
of titanosilicate, the epoxidation of olefi ns is not so strongly related to the crystal 
sizes ranged at 200–500 nm. Therefore, it is expected that the TS-2 zeolite could 
be effective in the epoxidation of olefi ns. Laha et al. [ 82 ] reported that TS-2 zeolite 
is highly effi cient in the epoxidation of various olefi ns with H 2 O 2  oxidant. The 
mechanism on the reaction monitored by UV-visible and EPR spectra is in good 
agreement with that of TS-1.   

11.4     Ti-Beta Zeolite 

 TS-1 zeolite has already been confi rmed to be a great breakthrough in oxidations. 
However, both TS-1 and TS-2 cannot catalyze the oxidations of bulky molecules, 
because of their narrow 10-MR channels. To solve this limitation, Camblor et al. [ 83 ] 
incorporated Ti atoms into the 12-MR channels of Beta zeolite, obtaining a novel 
titanosilicate, denoted as Ti-Beta. Due to the advantages of high stability, controllable 
wettability, and relatively large micropores, Ti-Beta exhibited excellent catalytic 
properties in the oxidation of bulky molecules of olefi ns, alkanes, and sulfur- 
containing compounds. 

11.4.1     Oxidation of Olefi ns and Alkanes Over Ti-Beta Zeolite 

 Corma et al. [ 84 ] fi rstly reported the oxidation of various olefi ns and alkanes over 
Ti-Beta zeolite. For small molecules without steric restrictions to diffuse inside the 
pores of Ti-Beta and TS-1, the TS-1 catalyst is generally more active than Ti-Beta. 
For example, in the oxidation of 1-hexene and  n -hexane, TS-1 gave turnover numbers 
(TONs) at 50 and 48.5, which are higher than those of 12 and 0.5 over Ti-Beta, respec-
tively. However, for relatively bulky molecules with diffusion problems on TS-1, 
Ti-Beta is more active than TS-1. For example, TS-1 is inactive for the oxidation of 
methylcyclohexane, while Ti-Beta is very active, giving TONs at 20. 

L. Wang and F.-S. Xiao



383

 Later, they systemically studied the oxidation of a series of linear, branched, and 
cyclic olefi ns catalyzed by Ti-Beta zeolite with TBHP or H 2 O 2  as oxidants. It is 
proposed that both olefi n and oxidant structures strongly infl uence the catalytic 
results [ 85 ]. For example, when the TBHP was used, the steric factor is pronounced, 
because of the relatively bulky Ti-OO-C(CH 3 ) 3  intermediate, which would be 
formed in the micropores of titanosilicate zeolite (Fig.  11.7 ). As a result, the activity 
in olefi n oxidation with TBHP is lower than that with H 2 O 2  over Ti-Beta.

   It is worth noting that the Ti-Beta zeolite exhibited higher epoxide selectivity 
with TBHP oxidant than that with H 2 O 2 , owing to less acidity of Ti-OO-C(CH 3 ) 3  
intermediate, where the acid sites could catalyze the side-reaction to form ketone 
by-products. 

 Furthermore, they found that aluminum species in the Ti-Beta would strongly 
reduce the epoxide selectivity in the oxidation of 1-hexene. Comblor et al. [ 7 ] found 
that when the Si/Al ratio was increased to as high as 700, the selectivity to epoxide 
could be effectively improved. Based on this principle, Blasco et al. [ 86 ] further 
synthesized Al-free Ti-Beta zeolite in F −  medium, which exhibited 1-hexene epoxide 
selectivity as high as 76.6 %. 

 In addition to the epoxidation of olefi ns, Ti-Beta also works effi ciently in the 
epoxidation of chiral allylic alcohols, giving excellent diastereoselectivities [ 87 ].  

11.4.2     Oxidation of Organic Sulfi des Over Ti-Beta Zeolite 

 Sulfur in transportation fuels is a major source of air pollution from automobiles. 
Oxidative desulfurization has been regarded as an effective method to remove the 
sulfur-containing compounds under mild reaction conditions. Corma et al. [ 88 ] 
demonstrated that Ti-Beta is more active than TS-1 and mesoporous Ti-MCM-41 in 
the oxidation of a methyl phenyl sulfi de with TBHP, because of the combined 
advantages of Ti-Beta including larger micropores than TS-1 and crystalline framework 
with more perfect tetrahedral Ti sites than MCM-41. However, in the oxidation of 
larger isopentyl phenyl sulfi de, which diffuses more slowly in 12-MR channel, 
Ti-Beta is less active than Ti-MCM-41.   

11.5     Ti-MWW Zeolite 

 Although many titanosilicate with 12-membered (12-M) ring ( e.g.  Ti-Beta, Ti-MOR, 
and Ti-ITQ-7) have been synthesized and applied in the oxidation of bulky molecules, 
it is worth mentioning that these materials still do not satisfy the demands from 
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various oxidations in fi ne chemical synthesis and petrochemical industry. Therefore, 
a new type of titanosilicate zeolites with more accessibility is required. A new type 
of zeolite with MWW topology has a unique structure with two- dimensional 
sinusoidal channels of 10-MR running throughout the framework, presenting 
unique pore system with large supercages (0.7*0.7*1.8 nm) in the crystal and pocket 
(0.7*0.7 nm) at the external surface [ 12 ], which act as an open space for the conver-
sion of bulky molecules. 

 Incorporation of Ti atoms into the MWW framework has attracted much attention 
in order to synthesize MWW-type titanosilicate. For example, Corma and coworkers 
[ 89 ] grafted titanocene onto the surface of pure silica MCM-22 to synthesize ITQ-2; 
Mobil Co. [ 90 ] synthesized Ti-MCM-22 by using TiCl 4  to introduce Ti atoms into 
the framework of dealuminated MCM-22 to get Ti-MCM-22. However, these 
titanosilicates from post-synthesis exhibited the disadvantage of Ti leaching during 
the liquid phase reaction. Therefore, one-pot synthesis of Ti-MWW is strongly 
desirable. Wu et al. [ 12 ] fi rstly reported directly hydrothermal synthesis of Ti-MWW 
under base-free conditions using piperidine or hexamethyleneimine as a structure-
directing agent and using boric acid as a structure-supporting agent. Since then, the 
synthesis and catalytic application of Ti-MWW have attracted much interest. 

11.5.1     Oxidation of Olefi ns Over Ti-MWW Zeolite 

 Because of the 12-MR pocket structure on the surface of MWW topology, the 
Ti-MWW exhibited superior catalytic activities in the oxidation of olefi ns with 
bulky molecule sizes, compared with TS-1 and Ti-Beta zeolites. Wu et al. [ 91 ] 
extensively studied the catalytic properties of three-dimension (3D) Ti-MWW and 
Del-Ti-MWW from delamination of 3D Ti-MWW (Fig.  11.8 ). The Del-Ti-MWW 
showed much higher catalytic activity than 3D Ti-MWW. For example, Del-Ti- 
MWW gives the turnover number (TON) values as high as 300 and 57 in the oxida-
tion of cyclopentene and cyclododecene, which are much higher than those at 89 
and 9 over 3D Ti-MWW catalyst. This phenomenon is attributed to higher external 
surface area of Del-Ti-MWW (421 m 2 /g) than 3D Ti-MWW (163 m 2 /g). Particularly, 
it is noted that the Del-Ti-MWW exhibits higher catalytic activities than 3D 
Ti-MWW even in the oxidations of small molecules such as 1-hexene and 2-hexene. 
This phenomenon is due to that the Del-Ti-MWW would shorten the length of 
10-MR channels, making more rapid transfer of substrates/products in the channels. 
Very interestingly, in the epoxidation of 2-hexene, the Ti-MWW based catalysts 
exhibit much higher selectivity to  trans  product (81–84 %) than TS-1 and Ti-Beta 
catalysts (35–36 %), which is because that the unique sinusoidal channels of 
Ti-MWW are favorable for the accessibility of  trans  molecules to Ti sites [ 91 ].

   Notably, the synthesis of Del-Ti-MWW requires expensive reactants (cetyl trimethyl 
ammonium salts and tetrapropyl ammonium hydroxide), which strongly hinders its 
scale-up synthesis. To overcome this drawback, Wang et al. [ 92 ] developed a new 
method by silylation of Ti-MWW lamellar precursor and subsequent calcination to 
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construct a novel interlayer expanded structure. In this case, the diethoxydimethylsi-
lane, trimethylethoxysilane, and triethoxymethylsilane were employed as silylating 
agents, whose methyl groups inhibited the intermolecular condensation of silanes 
effectively, leading to the formation of interlayer expanded Ti-MWW zeolite (IEZ-
Ti-MWW) with rich large 12-MR pores. In the epoxidation of bulky cyclohexene, 
IEZ-Ti-MWW always exhibited higher catalytic activities than 3D Ti-MWW. For 
example, with suitable Ti content (Ti/Si + Ti at 0.010 ~ 0.015), the conversion of 
cyclohexene could reach more than 20 % over IEZ-Ti-MWW with rich large pores 
of 12-MR, while the cyclohexene conversion is no more than 5 % over 3D Ti-MWW 
with only medium pores of 10-MR. 

 The Ti-MWW zeolite also works well in the epoxidation of functionalized  olefi ns 
with H 2 O 2  [ 93 ], such as the epoxidation of allyl alcohol, an important reaction to 
produce glycidol [ 50 ,  94 ,  95 ]. Conventionally, the allyl alcohol oxidations were 
performed over tungstate-based catalysts, which suffer from problems in activity 
and recyclability. Additionally, the TS-1 zeolite has acceptable catalytic activity and 
recyclability in the allyl alcohol epoxidation. However, its selectivity to glycidol is 
extremely poor, because the acidity of TS-1 could catalyze the further hydrolysis or 
solvolysis of glycidol to glycerol and others. Controlling the crystal sizes and 
poisoning the acids sites have been employed to enhance the glycidol selectivity, 
but both approaches remarkably reduces the activities [ 96 – 99 ]. Interestingly, it 
was found that the Ti-MWW could catalyze the epoxidation of allyl alcohol more 
effi ciently than TS-1 and Ti-Beta catalysts, where the allyl alcohol conversion and 

  Fig. 11.8    Possible structures of 3D Ti-MWW and Del-Ti-MWW obtained from acid-treated pre-
cursor (Reprinted with permission from Ref. [ 91 ], Copyright 2004, American Chemical Society)       
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glycidol could reach as high as 92.6 and 99.5 %, respectively. The excellent catalytic 
properties of Ti-MWW should be attributed to the sinusoidal 10-MR channels, 
which make the Ti sites accessible to the C ═ C bonds of allyl alcohol. In addition, 
the hydrophobic environment of Ti sites on Ti-MWW is simultaneously important 
for improving the catalytic activity and selectivity.  

11.5.2     Ammoxidation Over Ti-MWW Zeolite 

 Although the ammoxidation of cyclohexone over TS-1 have been regarded to be an 
environmentally friendly process, the use of expensive TS-1 catalyst and  t -BuOH 
solvent are costly. Therefore, development of more effi cient ammoxidation process 
in aqueous media is desirable. 

 Ti-MWW has been confi rmed to be highly active, selective, and reusable in 
ammoxidation of cyclohexene with NH 3  and H 2 O 2  in aqueous media [ 70 ], giving 
high cyclohexone conversion (97.0–99.4 %) and oxime selectivity (99.9 %). In 
contrast, TS-1 exhibits relatively low cyclohexone conversion at 16.2 % and oxime 
selectivity at 72.8 %. The origin of this phenomenon is similar to that in the oxidation 
of olefi ns, which is explained by that the unique pore system of Ti-MWW is favor-
able for the access of substrate molecules to Ti sites. In this reaction, the  dropwise 
addition of H 2 O 2  into the reaction system, suitable reaction temperature, suitable 
catalyst/cyclohexone/H 2 O 2 /NH 3  ratios, and Ti content could signifi cantly infl uence 
the conversion of cyclohexone. Very importantly, Ti-MWW catalyst is stable and 
recyclable in the ammoxidation of cyclohexone. Apart from the ammoxidation of 
cyclohexone, Ti-MWW is also active and selective in the ammoxidation of 
 p- tolualdehyde and benzaldehyde, giving substrate conversion at 42.4–55.6 % and 
oxime selectivity at 99.2–99.7 %. 

 It is well known that the ammoxidation of methyl ethyl ketone is a more challenge-
able reaction than ammoxidation of cyclohexone, because of the easy formation of 
byproduct of 2-nitrobutane. Ti-MWW is highly effi cient in this reaction, giving 
methyl ethyl ketone conversion and oxime selectivity at >99.0 % in the presence of 
water, where the water could effi ciently hinder the side-reactions, and the unique 
hydrophobic/hydrophilic environment of Ti sites on Ti-MWW could promote the 
conversion of methyl ethyl ketone [ 68 ]. These results indicate that the Ti-MWW is 
an ideal “green” catalyst for the production of oximes.  

11.5.3     Oxidative Desulfurization Over Ti-MCM-56 

 In the oxidative desulfurization of dibenzothiophene, TS-1 exhibits low activity 
with dibenzothiophene at only ~5 % due to the limitation of its small micropores. 
The Ti-Beta and Ti-MWW with relatively large pores are active for this reaction 
(conversion at 83 %), but it still does not satisfy the requirement of industrial 
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applications. Therefore, developing alternative titanosilicates with large external surface 
and rich exposed Ti sites to dibenzothiophene molecules still has a challenge. 

 Wang et al. [ 100 ] developed a post-synthesis methodology to prepare a titanosilicate 
catalyst from acid-treating the 3D Ti-MWW precursors at low temperatures, 
leading to high crystalline Ti-MCM-56 analogues after calcination. Compared with 
3D Ti-MWW, the Ti-MCM-56 analogues has a much larger external surface, which 
mitigated effectively the steric restrictions to bulky molecules. As expected, in the 
oxidative desulfurization, Ti-MCM-56 analogues give dibenzothiophene conversion as 
high as 93.0 %. This work creates a simple route to synthesize novel titanosilicates 
for the conversion of bulky molecules.   

11.6     Summary and Perspective 

 In this chapter, a series of titanosilicates and their catalytic applications in various 
oxidations have been described. Notably, there are still challenges for applying 
these catalysts. For example, TS-1, although it has been applied in industry success-
fully, is one of the most expensive zeolites because of costly TPA +  template; the 
synthesis of Ti-Beta use relatively cheap TEA +  template, but crystallization for a 
long time in F −  medium is still an environmentally unfriendly process. Therefore, 
developing novel green routes to synthesize new microporous titanosilicate zeolites 
with excellent catalytic properties is still on its way to industrial application.     
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Chapter 12
Emerging Applications of Environmentally 
Friendly Zeolites in the Selective Catalytic 
Reduction of Nitrogen Oxides

Fudong Liu, Lijuan Xie, Xiaoyan Shi, and Hong He

Abstract The catalytic removal of nitrogen oxides (NOx) from diesel exhaust under 
oxygen-rich conditions remains a major challenge in the field of environmental catal-
ysis, and the selective catalytic reduction of NOx with NH3 (NH3-SCR), especially 
over zeolite catalysts, is a well-proven technique for the catalytic deNOx process for 
diesel vehicles. The comprehensive understanding of the structure- activity relation-
ship of zeolite catalysts in the NH3-SCR reaction and the elucidation of the detailed 
reaction mechanism are very important for the practical use of these catalytic materials. 
In this chapter, using the environmentally friendly Fe- and Cu-based zeolite catalysts 
(i.e. Fe-ZSM-5, Cu-ZSM-5, Cu-SSZ-13 and Cu-SAPO-34, etc.) as examples, the 
influence of preparation methods on NH3-SCR performance, the role of metal active 
sites/surface acid sites, the impact of NO2 and co-existing pollutants, the hydrothermal 
stability and also the possible SCR reaction pathways over these materials are 
discussed in detail, which can provide theoretical and empirical guidance for the 
redesign and activity improvement of these catalysts in their practical applications.

Keywords Selective catalytic reduction • Nitrogen oxides • NH3-SCR • Diesel
exhaust • Fe- and Cu-based zeolite catalysts • Hydrothermal stability • Reaction
pathway • Practical applications

12.1  Introduction

Nitrogen oxides (NOx), which mainly come from mobile sources and industrial 
combustion of fossil fuels, are a major source of air pollution and can cause a series 
of environmental problems such as acid rain, photochemical smog and fine-particle 
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(haze) pollution. Owing to their high fuel efficiency and durability, the number of 
diesel engines worldwide has increased greatly in recent years; however, the emission 
of NOx and particulate matter (PM) from diesel engines remains a major constraint 
for their wider practical use. Through the adjustment of heavy-duty diesel engines, 
the PM emission from diesel engines can be effectively reduced to meet the Euro 
IV and Euro V standards. However, due to the well-known “trade-off” relationship 
between PM and NOx emitted from diesel engines, the increasing demand to elimi-
nate NOx, especially in oxygen-rich conditions, has drawn great attention from both 
academia and industry [1, 2]. The selective catalytic reduction of NOx with urea/
NH3 (NH3-SCR) is one of the most promising technologies for NOx emission  control 
from diesel engine exhaust, although it remains one of the major challenges in the 
field of environmental catalysis. In particular, to meet higher emission standards 
such as Euro VI, a typical diesel emission control system using NH3-SCR technology 
also includes a diesel particulate filter (DPF), which may expose the SCR catalysts
to high temperatures (>650 °C) with high moisture during its regeneration process. 
Thus, excellent hydrothermal stability is very important for NH3- SCR catalysts 
used for the NOx emission control process from diesel exhaust [3]. As a result, in 
recent years, many researchers have tried to develop catalysts exhibiting both 
excellent NH3-SCR activity and hydrothermal stability.

The first commercial NH3-SCR catalysts were vanadium-based materials, which 
have been applied in stationary deNOx systems [4]. However, many problems exist 
when vanadium-based catalysts are used for diesel emission control, mainly owing 
to the toxicity of the V2O5 active phase, the poor thermal stability of TiO2 and the 
easy sublimation of V2O5 [5]. Therefore, much effort has been dedicated to develop 
environmentally benign NH3-SCR catalysts with high deNOx efficiency, excellent 
stability and also outstanding poisoning resistance that can meet the emerging 
pollutant regulations for diesel vehicles. Metal oxide catalysts and zeolitic catalysts 
are two well-studied types of vanadium-free catalysts for the NH3-SCR process in 
heavy-duty diesel engines, some of which show great potential in practical use. The 
improvement of hydrothermal stability is highly needed for metal oxide NH3-SCR 
catalysts and is a main factor restricting their wide application in the deNOx process 
of diesel engines. Zeolite-based catalysts promoted by transition metals, which 
show higher hydrothermal stability, are being considered for application in diesel 
vehicle SCR systems [6, 7].

Fe-exchanged zeolites have been proven to be the active catalysts for the NH3- 
SCR of NOx and received much attention because of their high deNOx activity, good 
N2 selectivity and the innocuous nature of iron. A series of Fe-exchanged zeolites 
(such as MFI, MOR, BEA and FER) have been studied as catalysts for SCR reaction. 
Among the numerous Fe-based zeolite catalysts, the application of the MFI structure 
(Fe-ZSM-5) in the NH3-SCR reaction has attracted much attention from researchers 
since the end of the last century. In 1997, Feng and Hall [8] first reported that “over-
exchanged” Fe-ZSM-5 prepared by ion-exchange of Na-ZSM-5 with an aqueous 
solution of ferrous oxalate showed high activity and good resistance to H2O and SO2 
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in the reduction of NO by i-C4H10 (HC-SCR). In 1999, Ma and Grünert [9], Long 
and Yang [10] both reported that Fe-ZSM-5 catalysts prepared by over- exchange of 
Fe into H-ZSM-5 through FeCl3 sublimation and ion-exchange of Fe into NH4-
ZSM-5 using FeCl2 as precursor, respectively, showed excellent NH3-SCR activity 
even under high GHSV and in the presence of SO2. Thereafter, more and more research-
ers focused on the study of Fe-exchanged zeolite catalysts, such as the influence of 
the pore framework of zeolites, the preparation methods, the Fe exchange level and 
the Si/Al ratio etc. on NH3-SCR performance, which will be discussed in detail in 
this chapter.

Cu-zeolite catalysts also attracted much attention over the past two decades. 
These Cu-zeolite catalysts are mainly prepared on the basis of large- or medium- 
pore zeolites, such as Y (FAU framework), BETA (BEA framework) and ZSM-5 
(MFI framework) [11–13]. Cu-ZSM-5 and Cu-BETA, especially Cu-ZSM-5, are 
the most-studied catalysts due to their high NH3-SCR activity at low temperatures. 
Many improvements have been made in order to further improve their NH3-SCR 
performance, including the optimization of preparation methods and changing the 
acidity of the zeolite supports. However, the poor hydrothermal stability of these 
zeolite catalysts with large or medium pores still limits their wide application for the 
catalytic deNOx process from diesel engines [14]. Recently, Cu-zeolite catalysts, 
especially the Cu-CHA catalysts with small pore structure, attracted much attention 
from researchers, mainly due to their excellent NH3-SCR performance and extraor-
dinary hydrothermal stability, and are promising candidates as NH3-SCR catalysts 
for the NOx abatement from diesel vehicles [15, 16]. Moreover, the small pore 
 structure of these Cu-zeolite catalysts contributes to high resistance to hydrocarbon 
poisoning at the same time, which is also very important for their practical applica-
tion [17, 18].

Conventional post-synthetic methods and one-pot synthesis methods are both 
effective for the preparation of Cu-CHA catalysts. Wet ion-exchange and chemical 
vapor deposition methods are typical conventional post-synthetic methods, which 
are based on the hydrothermal synthesis of the parent zeolite first. Then, many steps 
are followed, such as the calcination process for the removal of organic templates, 
metal incorporation and thermal treatment for activation. Although the IE method is 
widely used, it is not easy to control the Cu loading due to the limitation of the ion- 
exchange capacity. Additionally, some structure-directing agents (SDA) have very
high cost (e.g. N,N,N-trimethyl-1-adamantammonium hydroxide (TMAdaOH) for 
the synthesis of SSZ-13 zeolite), which also limits their wide application [19]. A 
new synthesis strategy, called the one-pot synthesis method, can greatly decrease 
the cost of Cu-CHA catalysts together with allowing controllable metal loading. 
More importantly, these one-pot synthesized Cu-CHA catalysts can exhibit excellent 
NH3-SCR performance, high resistance to space velocity and good hydrothermal 
stability simultaneously. Thus, it is believed that the one-pot synthesis method could 
promote the wide application of Cu-CHA catalysts significantly in the catalytic 
deNOx process from diesel engine exhaust, which will also be discussed in detail in 
this chapter.

12 Emerging Applications of Environmentally Friendly Zeolites in the Selective…



396

12.2  Fe-Zeolite Catalysts for NH3-SCR of NOx

12.2.1  Synthesis Strategies of Fe-Zeolite Catalysts

Fe-exchanged zeolites with different framework structures have been studied as 
NH3-SCR catalysts. Long and Yang [20] found that Fe-ZSM-5 and Fe-MOR 
 catalysts were highly active for the NH3-SCR reaction under a relatively high space 
velocity, while Fe-Y and Fe-MCM-41 catalysts showed lower activity under the 
same experimental conditions. Comparing the activity of various fresh and hydro-
thermally aged metal-exchanged zeolites (ZSM-5, MOR, BETA, FER, Y), Tolonen 
et al. [21] concluded that the optimal zeolite catalysts for the NH3-SCR reaction are 
Fe-BETA, Cu-FER, Cu-MOR and Fe-ZSM-5. In the study by Iwasaki et al. [22], the 
NH3-SCR activity of various Fe-exchanged zeolites decreased in the sequence of 
MFI > BEA > FER > LTL > MOR. So far, among the different zeolite framework 
types, MFI (ZSM-5) and BETA are the most attractive ones [7], and thus a large 
amount of literature on the preparation methods of Fe-ZSM-5 catalysts with high 
NH3-SCR activity can be found, as discussed below.

12.2.1.1  Liquid Ion Exchange (IE)

In the conventional aqueous ion exchange method, the H+, Na+ or NH4+ cations in 
the zeolites are replaced by Fe3+ or Fe2+ ions in a slurry of iron salt solution, such as 
FeCl2 · 4H2O or FeC2O4 [8, 23]. Long and Yang [10, 20] prepared a series of 
Fe-exchanged zeolites including Fe-ZSM-5, Fe-MOR, Fe-Y and Fe-MCM-41 by 
the conventional ion exchange method and tested them in NH3-SCR of NO. Under 
the same aqueous ion exchange conditions, the Fe loading was greatly dependent on 
the Si/Al ratio of the parent zeolites. A higher exchange degree can be achieved 
using a parent zeolite with lower Si/Al ratio [24, 25]. Fe-ZSM-5 with the same Si/
Al ratio but with different ion exchange degree can be obtained by adding ammo-
nium chloride into the solution of FeCl2 · 4H2O [26]. However, it is difficult to real-
ize the full exchange level using the conventional ion exchange procedure. This is 
due to the fact that one Fe3+ ion must compensate three Brønsted acid sites to 
balance the spatially separated negative charges in the parent zeolite. The reproduc-
ibility of the preparation procedure of Fe-zeolite catalysts by conventional aqueous 
ion exchange is quite low due to the difficulty of accurate control of the pH value 
inside the zeolite pores [25]. Long and Yang [10] reported an improved aqueous 
ion-exchange method, by which an Fe-ZSM-5 catalysts (Si/Al = 10) with ion 
exchange level of 130 % can be obtained by exchanging H-ZSM-5 with iron powder 
mixed in HCl solution at 50 °C for 10 days in flowing He.
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12.2.1.2  Chemical Vapor Deposition (CVD)

An over-exchanged Fe-ZSM-5 catalyst prepared by the CVD method was first
reported by Chen and Sachtler [27]. With this method, Fe/ZSM-5 with an iron loading 
as high as Fe/Al=1 can be easily achieved. During the preparation process, FeCl3 is 
sublimed into the cavities of H/ZSM-5, where it reacts chemically with the acid 
sites of the zeolite according to the following reaction [27–29]:

 
FeCl g H FeCl HCl gzeol zeol3 2( ) + → [ ] + ( )+ +

 

A typical CVD preparation process involves the steps of FeCl3 sublimation, 
washing and calcination. Each step in the CVD preparation process could affect the
NH3-SCR performance of the final Fe-ZSM-5 catalysts. For instance, it was reported 
that the NO conversion over Fe-ZSM-5 catalysts prepared by CVD increased with
the sublimation temperature, and Fe-ZSM-5 prepared with a sublimation tempera-
ture of FeCl3 at 700 °C was more active in the SCR reaction than those prepared at 
lower temperatures [28, 29]. K. Krishna et al. [28] suggested that FeCl3 would be 
present as dimer (Fe2Cl6) at 320 °C while as monomeric FeCl3 around 700 °C. When 
the ion exchange is performed, monomeric FeCl3 can access all the protonic sites 
equally. However, only those protons at a particular distance can be accessed by the 
dimer (Fe2Cl6).

Various techniques, including FTIR, H2-TPR, XANES, EXAFS, Mössbauer
spectroscopy, EPR and UV/Vis DRS, were used for the characterization of iron
species during the CVD preparation process of Fe-ZSM-5 catalysts [30–32]. After 
FeCl3 sublimation, iron was introduced into the zeolite, exchanging with the 
Brønsted protons in the form of isolated FeCl2+ species [30–32]. The EXAFS fitting
results revealed that the majority of Fe species formed after FeCl3 sublimation and 
reaction with the Brønsted acid sites were mononuclear, and consisted of isolated 
tetrahedral Fe3+ species attaching to the zeolite matrix via two oxygen atoms at the 
same distance. The charge of the Fe3+ species was further balanced by two Cl− 
anions [31].

Besides removing chlorine from the Fe local environment, washing is the key 
step for the formation of the binuclear Fe complexes. The results of Marturano et al. 
[32] showed that during the washing process of the zeolite, most of the isolated 
FeCl2+ species formed during sublimation could aggregate into small binuclear 
hydroxo-iron clusters with a structure similar to that of the binuclear units in 
α-FeOOH. The extent of washing was found to influence the distribution of Fe 
species in the final product. For example, the formation of large FexOy clusters in 
Fe-ZSM-5 was slightly diminished after washing with 10 L water compared to a 
sample washed with 1 L water, and the well-washed Fe-ZSM-5 catalyst showed 
higher normalized reaction rates for the NH3-SCR reaction [30].
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In conclusion, the formation mechanism of the Fe species in Fe-ZSM-5 catalyst 
prepared by the CVD method can be summarized as follows: after the sublimation
of FeCl3 into zeolite pores, iron is stabilized in the form of isolated mononuclear 
complexes located at Brønsted acid sites; during the hydrolysis and washing step to 
remove residual chlorine, the mononuclear iron species are displaced and subsequently 
stabilized in the framework in the form of octahedrally coordinated binuclear 
Fe-complexes; finally, the calcination process results in the aggregation of iron species 
removed from Brønsted acid sites. In the above-mentioned processes, a low Si/Al 
ratio of the parent H-ZSM-5, high washing extent and low heating rate during 
 calcination can suppress the formation of FexOy clusters, which is beneficial to the 
promotion of Fe dispersion and thus the improvement of NH3-SCR activity.

12.2.1.3  Solid-State Ion Exchange (SSIE)

This method is more or less similar to CVD but the required experimental setup is
quite simple, and it is an easy method to apply on an industrial scale [7]. Typically, 
a mechanical mixture of appropriate amounts of the parent zeolite and Fe precursor 
is heated (usually above the sublimation temperature of the Fe source) under an 
inert gas flow in an oven for a desired time followed by washing with H2O [23, 33]. 
For the Fe-zeolites used as NH3-SCR catalysts, the H-form zeolites and iron chloride 
precursors (FeCl3 or FeCl2 · 4H2O) are commonly used [23, 34].

It was reported that an Fe-ZSM-5 catalyst prepared by the SSIE method and 
coated on cordierite monoliths showed high activity in the NH3-SCR reaction [34]. 
Yet, a decrease of pore volume during the SSIE process can be observed due to 
the blockage of some pores by the formed iron oxide particles [34]. Compared 
to the CVD method, the pore blocking induced by the FeCl3 precursor might be more 
severe for the SSIE method. For example, M.S. Kumar et al. [30] showed that the 
pore volume of Fe-ZSM-5 prepared by the SSIE method decreased ca. 57 % com-
pared with the parent H-ZSM-5, while the pore volume of Fe-ZSM-5 prepared by 
the CVD method decreased ca. 31 %.

12.2.1.4  Other Preparation Methods

Besides the IE, CVD and SSIE methods as mentioned above, other preparation
techniques for Fe-zeolite catalysts applied in the NH3-SCR reaction were also 
reported. A two-step incipient wetness impregnation method developed by Yang 
et al. [35, 36] was in effect a combination of conventional impregnation and SSIE 
processes, but the gas atmosphere for calcination was not inert. The Fe-ZSM-5 
catalysts prepared by this method showed high activity in the NH3-SCR reaction 
and also in the selective catalytic oxidation (SCO) of NH3 [35, 36]. More importantly, 
this preparation process can be very useful for large-scale production of Fe-ZSM-5 
catalyst because the preparation conditions are more facile and easy to implement. 
Furthermore, a novel mechano-chemical route (MR) was reported by M. S. Kumar 
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et al. [30] to produce Fe-ZSM-5 catalysts, during which the intense grinding of the 
parent H-ZSM-5 with FeCl3 · 6H2O was followed by 2–3 short-duration washing 
steps. They found that an Fe-ZSM-5 catalyst with very high normalized reaction rates 
in the NH3-SCR reaction could be obtained via such an MR preparation [30].

12.2.1.5  Summary of Preparation Methods

Previously, the preparation methods were believed to influence the NH3-SCR 
activity of the final Fe-zeolite catalysts. The results of Long and Yang [23] showed 
that the NH3-SCR activity of Fe-ZSM-5 catalysts prepared by different methods 
mainly followed the sequence as follows: improved aqueous ion-exchange > con-
ventional aqueous ion-exchange>SSIE >CVD. Delahay et al. [37] prepared 
Fe-ZSM-5 catalysts by FeCl3 sublimation, Fe(acac)3 reaction with HZSM-5 in tolu-
ene solution and conventional ion exchange, and found that the Fe-ZSM-5 catalyst 
with high Fe/Al ratio prepared by FeCl3 sublimation showed the best NH3-SCR 
performance. Iwasaki et al. [38] also found that for the same preparation method, 
the NOx conversion over Fe-ZSM-5 catalysts was improved with the increase of  
Fe/Al ratio. However, they further pointed out that the SCR activity was more 
dependent on the preparation method than on the Fe loading, according to the 
sequence of CVD>reductive SSIE>impregnation [38]. Shi et al. [39] concluded that 
the SCR activities of Fe-ZSM-5 catalysts prepared by different methods with similar 
Fe loadings were quite different (Fig. 12.1). The NOx conversion over Fe-ZSM-5 
catalysts with ca. 1.2 % Fe loading decreased in the sequence IE > SSIE > incipient 
 wetness impregnation (IWI) at temperatures ranging from 200 to 350 °C. However, 
at temperatures above 350 °C, the NOx conversion over the three catalysts showed 
the opposite sequence and Fe-ZSM-5 prepared by IWI showed the best SCR perfor-
mance. Although different research groups reported a diversity of optimal methods 
for the preparation of Fe-ZSM-5 catalysts with high apparent SCR activity, such as 
the improved aqueous ion-exchange method by Long and Yang [23], the SSIE 
method by Schwidder et al. [40], and the CVD method by Iwasaki et al. [38], 
recently the researchers eventually concluded that the preparation method was 
actually not a decisive factor in determining the intrinsic catalytic activity of 
Fe-ZSM-5 catalysts in the NH3-SCR reaction (i.e. the turnover frequency), but the 
microstructure of Fe species was [7, 38, 40].

12.2.2  Active Sites of Fe-zeolite Catalysts  
in the NH3-SCR Reaction

A large number of papers have been devoted to the understanding of the nature of 
active sites in Fe-zeolite catalysts for the NH3-SCR reaction, but the scientific 
debates on this subject are still ongoing. The complexity of various types of Fe species 
coexisting in Fe-zeolite catalysts is the main reason for the different conclusions 
about the role of active sites in the SCR process.
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In the NH3-SCR reaction, the catalytic role of Fe is usually confined to the oxidation 
of NO, resulting in the occurrence of a subsequent “fast SCR” process exclusively 
on Brønsted sites of the zeolite [24, 40]. Delahay et al. [37] found a good correlation 
between the NO oxidation activity and the NH3-SCR activity over their Fe-ZSM-5 
catalysts and proposed that an Fe2+/Fe3+ redox cycle was involved in the deNOx 
process. Based on an ESR study of Fe-ZSM-5 catalysts prepared by different 
 methods, Long and Yang [23] concluded that iron oxides and Fe3+ ions with tetrahe-
dral and distorted tetrahedral coordinations were all present in the catalysts, but 
only Fe3+ ions with tetrahedral coordination were the real active sites for the SCR 
reaction. In contrast, Schwidder et al. [30, 41] studied the structure of Fe species in 
Fe-ZSM-5 catalysts using UV-Vis DRS, EPR, XAS, etc. and concluded that the
SCR rates did not correlate with the concentration of oligomeric Fe species alone. 
They considered that all Fe species in Fe-ZSM-5 were accessible during the SCR 
process, including the surfaces of iron oxide aggregates serving as part of the active 
sites for the NH3-SCR reaction, and at the same time, the NH3 oxidation might also 
be catalyzed by the clustered iron species (oligomers and particles) [30, 41]. 
According to the characterization results of XRD, UV-Vis DRS and Mössbauer
spectroscopy, Iwasaki et al. [38] classified the Fe species in Fe-ZSM-5 catalysts into 
aggregated α-Fe2O3 particles, FexOy oligomers in the extra-framework and oxo-Fe3+ 
at ion-exchanged sites. They proposed that the ion-exchanged oxo-Fe3+species were 
the active sites for the NH3-SCR reaction, which determined the turnover frequency 
of NOx.

Fig. 12.1 NOx conversion in NH3-SCR reaction over H-ZSM-5 and Fe-ZSM-5 catalysts prepared 
by different methods with the same Fe loading (Reprinted with permission from Ref. [39]. 
Copyright 2012, CAS/DICP)
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Recently, Brandenberger et al. [42] systematically studied the different Fe sites 
located in Fe-ZSM-5 catalysts including the monomeric, dimeric, clustered and 
oligomeric species and correlated them with the measured NH3-SCR activity 
(Fig. 12.2). They reasonably concluded that actually all Fe species in Fe-ZSM-5 
catalysts were active, although they exhibited different temperature dependencies in 
the SCR reaction. Below 300 °C, only monomeric Fe species contributed to the 
SCR reaction, and this type of Fe species did not catalyze the NH3 unselective 
oxidation below 500 °C, which was beneficial to high N2 selectivity [42]. The 
important role of monomeric Fe3+ sites was also emphasized by Høj et al. [43] in 
their Fe-BEA catalysts. The UV-Vis DRS, EPR and XAS results by Høj et al. [43] 
suggested that low Fe loadings (≤1.2 wt.% Fe) could result in mostly iron mono-
mers in Fe-BEA catalysts, especially for the ion-exchanged samples. However, a 
mixture of monomers, oligomers and Fe2O3 particles would form at medium to high 
loadings (such as 2.5–5.1 wt.% Fe). Above 300, 400 and 500 °C, respectively, the 
dimeric Fe species, the oligomeric species (e.g. trimeric and tetrameric Fe species) 
and partially uncoordinated Fe sites in the outermost layer of FexOy particles could 
also contribute to the NH3-SCR reaction, and at high temperatures (> 500 °C), the 
contribution of dimeric Fe species dominated [42]. However, the NH3 unselective 
 oxidation would occur on FexOy particles above 350 °C, resulting in low N2 selectivity, 
and the dimeric Fe species governed the NH3 oxidation up to 500 °C [42]. A similar 
effect of highly clustered FexOy species on the unselective consumption of reducing 
agent NH3 in SCR reaction was also proposed by Devadas et al. [34] and Schwidder 
et al. [44].

Therefore, it is concluded that to obtain excellent NH3-SCR activity at low 
 temperatures together with good N2 selectivity at high temperatures, an Fe-zeolite 
catalyst with a maximum quantity of monomeric Fe3+ sites should be prepared and 
the formation of FexOy clusters should be largely avoided. Although some other 

Fig. 12.2 The Fe species probably existing in Fe-zeolite NH3-SCR catalysts
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factors may also influence the apparent SCR activity of Fe-zeolite catalysts [45], the 
conclusions drawn by Brandenberger et al. [42] in the above-mentioned study are gener-
ally useful for the design, synthesis and application of efficient Fe-zeolite catalysts.

12.2.3  Acid Sites of Fe-Zeolite Catalysts in the NH3-SCR 
Reaction

The Brønsted acid sites in Fe-ZSM-5 catalysts are mainly associated with the 
framework aluminum and terminal silanol groups present in the channels and at the 
external surfaces (Si(OH)Al). FTIR spectroscopy has been extensively used to 
study the surface acidity of Fe-zeolite catalysts. For instance, Schwidder et al. [46] 
investigated the acidic properties of Fe-ZSM-5 catalysts that were prepared by an 
improved liquid ion exchange method, using IR spectra of pyridine adsorption. 
Their study indicated that in the H-ZSM-5 sample the Brønsted acid sites were 
dominant, although some Lewis acid sites resulting from Al3+were also available. 
Upon the introduction of Fe species, the ratio between Brønsted acid sites and Lewis 
acid sites dramatically changed. The Brønsted acid sites decreased with increasing 
exchange degree, and at the same time, an increase of Lewis acid sites could be 
observed. In this process, the stronger Lewis acid sites of Al3+ might be covered by 
FeOx species, creating Lewis acid sites of Fe3+ with intermediate strength [46]. After 
the saturation of NH3 adsorption over Fe-ZSM-5 catalysts, an obvious negative 
band at around 3610 cm−1 could be observed by in situ DRIFTS. This could be
assigned to the OH stretching vibration mode, confirming the presence of abundant 
Brønsted acidic sites in these samples, and the negative band was mainly due to the 
relatively strong interaction between surface hydroxyls and NH3 [26, 39].

In the NH3-SCR reaction, the acidity of catalysts is generally considered to be 
favourable, because the acidic surfaces can adsorb NH3 in large quantities and thus 
provide a reservoir of the NH3 reductant in the vicinity of reduction sites [46]. 
Therefore, many researchers paid close attention to the investigation on the role of 
acidity in zeolite materials for the NH3-SCR reaction. On Fe-based zeolite catalysts 
with the same type of framework structure, the SCR activity usually increases with 
decreasing Si/Al ratio [22, 47], although the hydrothermal stability of the zeolites 
will deteriorate to a certain extent. Previously, Long and Yang [20, 24] studied the 
influence of Si/Al ratio on SCR activity over Fe-ZSM-5 catalysts and found that the 
NO conversion was increased with the decrease of the Si/Al ratio. They considered 
that the increase of SCR activity of Fe-ZSM-5 with low Si/Al ratio corresponded to 
the enhancement of Brønsted acidity induced by aluminium sites (Al-OH), since the 
NH4

+  species adsorbed on Brønsted acid sites directly participated in the SCR 
reaction to reduce NOx [20, 24]. However, recent studies reached some different 
conclusions on the roles of acid sites of Fe-ZSM-5 catalysts for the NH3-SCR reaction. 
After extensive study, the researchers finally realized that the Brønsted acidity is 
actually not a decisive factor for the high NH3-SCR activity of Fe-zeolite catalysts. 
For example, Schwidder et al. [46] found that some zeolite materials without acidic 
sites, such as Fe-silicalite, could still exhibit high activity in the NH3-SCR reaction 
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with high NOx conversion rates. However, Schwidder et al. [46] also suggested that 
a promotion effect of Brønsted acidity on the NH3-SCR reaction could be observed 
if the catalysts contained the most favorable Fe species. They further concluded that 
this was probably due to the obvious promotion of an acid-catalyzed intermediate 
step in the NH3-SCR reaction (e.g. the decomposition of NH4NO2) similar to 
the results reported by Li et al. [48] and Savara et al. [49], which might be the 
rate- determining step for the SCR reaction at low temperatures.

In addition, the Brønsted acid sites could play an important role in the distribu-
tion of Fe species in Fe-zeolite catalysts. Brandenberger et al. [50] found that the 
first-order rate constants for the NH3-SCR reaction were increased with the decreas-
ing of Brønsted acidity of Fe-ZSM-5 catalysts with different Fe/Al ratios. Similar 
results were also reported by Iwasaki et al. [22], showing that there was actually no 
correlation between the amount of NH3 desorption and the NH3-SCR activity of 
Fe-ZSM-5 catalysts. They proposed that the Brønsted acid sites might not be 
required directly in the SCR process for adsorbing or activating NH3, but they were 
necessary to bind and disperse the reactive Fe3+ ions in the preparation process of 
Fe-based zeolite catalysts [50]. Rivallan et al. [25] prepared Fe-ZSM-5 catalysts by 
a liquid ion exchange method using a ferric oxalate precursor, and the Fe-exchange 
degree of the Fe-ZSM-5 catalysts could be estimated by measuring the intensity 
decrease of the Brønsted acid band at 3610 cm−1 before and after the liquid ion 
exchange process. They concluded that a low Al content in the parent zeolite could 
result in Fe-zeolite catalysts with very low Fe loading and relatively large cluster-
ing, mainly due to the lack of sufficient Brønsted acid sites to bind and disperse Fe 
species. Based on the results of ESR and UV/Vis DRS etc., Schwidder et al. [30] 
also found that more FexOy clusters were formed in Fe-ZSM-5 catalysts with higher 
Si/Al ratio when the catalysts were prepared via the CVD method. Furthermore, the
zeolite support with Brønsted acidity could play a role as NH3 reservoir no matter 
what form of NH3 was stored, and in the NH3-SCR reaction, the stored NH3 could 
migrate to the active sites so as to undergo a reaction with NO [50]. A similar spill- 
over effect of NH3 on the zeolite support to the active Fe3+ sites in the NH3-SCR 
reaction was also reported by Klukowski et al. [51] on their Fe-HBEA catalyst.

Therefore, in brief, the researchers nowadays basically agree that in the standard 
NH3-SCR reaction the oxidation function of Fe-based zeolite catalysts and the 
amount of active Fe species, but not the acidic properties of the zeolite supports, are 
the main factors controlling the deNOx efficiency [22, 50].

12.2.4  Hydrothermal Stability of Fe-Zeolite  
Catalysts for NH3- SCR Reaction

The hydrothermal stability is an important factor for the practical use of Fe-based 
zeolite catalysts, to which the researchers also paid great attention. The SCR system 
may be installed at the downstream side of the DPF in order to reduce NOx and 
PM simultaneously [6]. Because of the thermal regeneration of the DPF, the
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temperatures of the diesel exhaust containing ca. 10 % water vapor are greatly 
increased, resulting in the formation of a high temperature hydrothermal condition 
and thus leading to the deactivation of SCR catalysts. For instance, Kröcher et al.
[52] investigated the hydrothermal stability of an Fe-ZSM-5 catalyst coated on 
cordierite and observed 5–15 % loss in the deNOx activity after hydrothermal aging 
at 650 °C in 10 % H2O for 50 h. The hydrothermal treatment could result in the 
dealumination of zeolite supports, leading to an decrease of Brønsted acid sites or 
breakdown of the framework structure, and more severely, the migration of active 
Fe3+ species to form clustered FexOy/Fe2O3 species, leading to the decline of NH3-
SCR activity and N2 selectivity [26, 39, 53, 54]. Brandenberger et al. [26] concluded 
that the hydrothermal breakdown of Fe-ZSM-5 catalyst was dominated by three 
parallel processes (Fig. 12.3): (1) the rapid dealumination of Al-OH-Si sites, (2) the 
rapid depletion of dimeric iron species and (3) the slow migration of isolated Fe ions 
followed by the dealumination of Al sites. The remaining NH3-SCR activity after 
hydrothermal aging under different conditions was mainly attributed to the residual 
monomeric Fe3+ species located at ion exchange sites [26], and the loss of active Fe 
sites with high redox ability, rather than the loss of Brønsted acidity, was responsible 
for the decreased activity [50]. Besides, hydrothermal deactivation could result in a 
slight increase in the high temperature NH3-SCR activity of Fe-ZSM-5 catalysts, 
mainly due to a decrease in over-oxidation of the reducing agent NH3 at high 
 temperatures [26, 39].

Methods to improve the hydrothermal stability of Fe-zeolite catalysts have 
been studied extensively by many researchers. The presence of acidic protons was 

Fig. 12.3 Scheme of hydrothermal aging of (a) Brønsted-acid sites, (b) isolated iron sites and 
(c) dimeric iron sites involving dealumination, migration and clustering (Reprinted from Ref. [26], 
Copyright 2011, with permission from Elsevier)
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commonly considered to accelerate the dealumination process of zeolites [25, 26, 55]. 
In the study by Pieterse et al. [55], an Fe-ZSM-5 catalyst prepared by a wet ion- 
exchange method was exchanged once more in NaNO3 solution, and the hydrothermal 
stability could be improved by partially replacing protons by sodium [55]. The high 
temperature stability of an Fe-ZSM-5 catalyst prepared from a ferric oxalate precur-
sor could also be improved through using parent zeolites with high Si/Al ratios [25]. 
Lee and Rhee [56] found that the secondary sublimation of iron chloride could 
increase the Fe loading and decrease the concentration of remaining protons, conse-
quently improving the stability of the final Fe-ZSM-5catalyst remarkably [56]. 
Generally speaking, the application of zeolite supports with high Si/Al ratio is 
expected to obtain acceptable hydrothermal stability, but the NH3-SCR activity may 
be negatively affected owing to the presence of fewer Brønsted acid sites to exchange, 
bind and disperse the active Fe3+ sites.

The pore structure of zeolites can also affect the hydrothermal stability of 
Fe-zeolite catalysts. From the perspective of hydrothermal stability, Rahkamaa- 
Tolonen et al. [21] suggested that the best zeolite catalysts for the NH3-SCR 
 reaction should be Fe-BETA, Cu-FER, Cu-MOR and Fe-ZSM-5. From the test 
results of zeolites with different Si/Al ratios and pore structures, Iwasaki et al. [22] 
concluded that the NH3-SCR activity of hydrothermally aged Fe-zeolite catalysts 
decreased in the sequence MFI > BEA > FER > LTL > MOR. They suggested that 
the dealumination process during hydrothermal aging should be the main reason 
for the deterioration of Fe-zeolite catalysts. Furthermore, the crystal size of zeolites 
was also an important factor influencing their hydrothermal stability, and larger 
crystal size of zeolites could result in higher hydrothermal stability for Fe-zeolite 
catalysts [22].

Brandenberger et al. [45] showed that the hydrothermal stability of Fe-ZSM-5 
prepared by the CVD method was higher than those prepared by IE and SSIE
methods, but the reason for this phenomenon was still unclear. Recently, the data 
from Shi et al. [39] showed that the difference in NOx conversion over Fe-ZSM-5 
catalysts prepared from IE, SSIE and IWI methods became less distinct after hydro-
thermal aging at 700 °C for 8 h and was more significant over the fresh catalysts. 
Therefore, it seems that the influence of preparation methods on the hydrothermal 
stability of Fe-ZSM-5 catalysts is actually insignificant.

Lately, Iwasaki and Shinjoh [57] successfully improved the hydrothermal stabil-
ity of Fe-BEA catalysts by sequential ion-exchange of rare earth (RE) metals and 
concluded that the improvement was dependent on the ionic radius of the exchanged 
metals. When using RE metals with radii of 1.05–1.15 Å such as Ce, Nd, Sm, Gd 
and Tb, the dealumination of aged Fe-BEA catalysts was markedly reduced. After 
hydrothermal aging at 700 °C for 5 h under 3 % H2O/air conditions, the Ce-exchanged 
sample showed higher NH3-SCR activity than the unmodified Fe-BEA sample. This 
method is noteworthy for potential use with other Fe-based zeolite catalysts for the 
effective improvement of hydrothermal stability in practical use.
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12.2.5  Effects of H2O, SO2 and Hydrocarbons (HC) 
on the NH3-SCR Reaction Over Fe-Zeolite Catalysts

The effects of H2O and SO2 on the NH3-SCR reaction over Fe-zeolite catalysts are 
important for practical application, due to the permanent presence of H2O and SO2 
in diesel engine exhaust. Ma and Grünert [9] observed that the presence of H2O 
could promote the NH3-SCR activity of Fe-ZSM-5 catalysts to a certain extent in 
the temperature range of 300–550 °C. The impact of SO2 on the NH3-SCR activity 
of Fe-ZSM-5 catalysts was different in the low and high temperature ranges [9, 20, 
58, 59]. An SCR activity enhancement of Fe-ZSM-5 catalysts in the presence of 
H2O and SO2 was observed at high temperatures (above 350 °C) by Yang et al. [10, 
20, 35], similar to the results from Ma and Grünert [9]. According to an FTIR study, 
Long and Yang [58] concluded that the treatment of Fe-ZSM-5 in flowing SO2 and 
O2 at 400 °C could result in the formation of sulfate species on Fe3+ sites, and a 
structural transformation from “organic” sulfate to inorganic sulfate with decreasing 
temperature could take place. The sulfate species on Fe-ZSM-5 catalysts increased 
the surface Brønsted acidity, and thus resulted in the enhancement of NH3 adsorption 
and also high temperature NH3-SCR activity [58]. However, at low temperatures, 
the formation of ammonia sulfite/sulfate might occur and cover some active Fe 
sites, resulting in the decrease of deNOx activity [58]. Carja et al. [59] reported that 
an Fe-Ce-ZSM-5 catalyst prepared from an organic phase showed high NO conver-
sion in the temperature range of 250–550 °C and was stable even in the presence of 
SO2 and H2O.

Unburnt hydrocarbons (HCs) are always present in real diesel engine exhaust, 
and zeolite SCR catalysts can be gradually deactivated due to the poisoning of 
active sites and pore blockage. Thus, it is very important to understand how the HCs 
inhibit the activity of Fe-zeolite catalysts for the NH3-SCR reaction [53, 60–63]. 
The HC poisoning of Fe-based zeolite catalysts is closely related to the dimensional 
structure of the zeolite supports. For example, on Fe-ZSM-5 and Fe-BEA catalysts 
with three-dimensional structure, after HC poisoning the NH3-SCR activity was 
obviously decreased, especially at low temperatures, mainly due to carbonaceous 
deposition resulting in the decline of surface area and pore volume together with 
suppressed NO oxidation ability for blocked Fe3+ sites, or the partial reduction of 
Fe3+ species to Fe2+ species by HC, or the competitive adsorption of HC with NH3/
NO onto the catalyst surface [53, 60, 61]. The deactivation effect of HC on NH3- 
SCR activity was less on Fe-MOR catalysts with one-dimensional structure due to 
the difficulty in HC diffusion into the structure, and using this feature Ma et al. [62] 
effectively improved the HC resistance of a modified Fe-BEA monolith catalyst by 
coating another layer of MOR zeolite on the outer surface. This useful modification 
strategy is worthy of application in the preparation of other efficient NH3-SCR 
monolith catalysts for emission control from diesel engines.

The HC poisoning effect on Fe-zeolite catalysts is also dependent on the types of 
hydrocarbons. For example, Malpartida et al. [63] studied the impact of HCs on the 
NH3-SCR performance of Fe-ZSM-5 catalysts using propene, toluene and decane as 
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representatives. They proposed that the negative effect of HCs on the deNOx activity 
of Fe-ZSM-5 catalyst was mainly due to the competitive adsorption between HCs 
and NH3, and this competition was stronger when C10H22 was present but almost 
negligible when C3H6was present [63]. Similar results were also reported by Li et al. 
[61] that the NH3 adsorption was not significantly hindered in the presence of C3H6 
and the blockage of Fe3+ sites was the major reason for C3H6 poisoning.

12.2.6  Effects of Inorganic Components on Fe-Zeolite 
Catalysts for the NH3-SCR Reaction

The deactivation effects on Fe-based zeolite NH3-SCR catalysts by inorganic com-
ponents contained in the diesel exhaust are also worthy of investigation for their 
practical utilization, including the combustion products of lubricant oil additives 
(i.e. Ca, Mg, Zn, P, B, Mo) and the impurities of biodiesel fuel/urea solution (i.e. K, 
Ca) together with components of aerosol particulates from intake air (i.e. Na, Cl) 
[64]. The predominant deactivation mechanism of Fe-zeolite catalysts should be 
pore plugging by poisoning components and/or micropore narrowing due to the 
uptake of metals with alkaline character on cationic positions. Reduced surface 
acidity and NH3 storage capacity could also be observed after the deactivation of 
Fe-zeolite catalysts by alkali metals. Silver et al. [65] concluded that P, originating 
mainly from lube oil, could deactivate the Fe-zeolite monolith catalysts by physically 
blocking the adsorption sites for NH3. Shwan et al. [66] also investigated the 
 chemical deactivation mechanism of Fe-BEA by P using phosphoric acid as poison, 
and they proposed that the deactivation proceeded in two steps: (1) short duration 
phosphorous exposure resulted in the information of phosphorous pentoxides (P2O5) 
with a relatively low amount of metaphosphates (PO3−), which did not affect the 
NOx conversion but resulted in an increased amount of strongly adsorbed NH3 not 
active in the SCR reaction; and (2) longer duration phosphorous exposure resulted 
in the continuous increase of PO3− replacing the hydroxyl groups on the active Fe 
species, which led to the significantly decreased NOx conversion, especially in the 
low- temperature NH3-SCR process.

12.2.7  Modification of Fe-Zeolite Catalysts for the NH3-SCR 
Reaction by Secondary Metals

In practical use, the low temperature NH3-SCR activity of Fe-based zeolite catalysts 
still needs to be improved to meet the diesel emission standards during cold-start 
and idle speed processes [67]. The enhancement of the NH3-SCR activity of Fe-zeolite 
catalysts by introducing secondary metals has been tried by some researchers. Carja 
et al. [59] reported that the addition of a small amount of Ce to Fe-ZSM-5 could 
markedly increase its NH3-SCR activity, and Fe-Ce-ZSM-5 catalysts exhibited very 
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high NO conversion (75–100 %) in a wide temperature window (250–550 °C), even 
in the presence of H2O and SO2. Fe-ZSM-5 containing a small amount of noble 
metal (such as 0.1 wt.% Pt, Pd or Rh) also showed higher low- temperature NH3-
SCR activity (below 300 °C) than that of unmodified Fe-ZSM-5 [68]. Mn-Fe/
ZSM-5 catalysts reported by Nam et al. [69] exhibited high deNOx activity and N2 
selectivity, but the Mn-Fe/ZSM-5 catalyst deactivated by SO2 was not easily regen-
erated by post-treatment at high temperature in air mainly due to the formation of 
stable MnSO4 on the catalyst surface [69]. Recently, Sultana et al. [70] found that 
the presence of a small amount of Cu species in Cu-Fe/ZSM-5 catalysts could 
apparently improve the low temperature NOx conversion without affecting the high 
temperature SCR performance significantly, and the higher NOx conversion over 
Cu-Fe/ZSM-5 catalysts could be correlated to the facile reduction of metal species. 
In brief, through changing the composition or preparation method of M-Fe/ZSM-5 
catalysts (M = Ce, Pt, Cu, etc.), the redox ability, the acidic properties and thus the 
NH3-SCR activity of Fe-zeolite catalysts can be effectively tuned, meeting different 
practical utilization conditions for the deNOx process.

12.2.8  NH3-SCR Mechanism Over Fe-Zeolite Catalysts

12.2.8.1  Standard NH3-SCR Reaction

In typical diesel exhaust, NOx is mainly composed of NO (>90 %), and the SCR of 
NO with NH3 according to Eq. (12.1) below is commonly referred as the standard 
NH3-SCR reaction [71]. This reaction includes a 1:1 stoichiometry of NH3 and NO 
together with the consumption of some oxygen.

 4 4 4 63 2 2 2NH NO O N H O+ + → +  (12.1)

Due to the use of different characterization methods and various reaction
conditions for mechanistic studies, including the reaction atmosphere, pressure and 
temperature etc., a universal reaction mechanism for the standard NH3-SCR reaction 
over Fe-zeolite catalysts still cannot be achieved. For example, mainly according to 
in situ DRIFTS results, Long and Yang [24] proposed a mechanism for standard 
NH3-SCR over Fe-ZSM-5 catalysts, as shown in Scheme 12.1, in which the oxidation 
of NO to NO2 was the rate-determining step, and the reaction of NO2(NH4

+)2 with 
NO to yield the final product N2 mainly took place on Brønsted acid sites. Devadas
et al. [72] further suggested that the NO2(NH4

+)2 species could be a general interme-
diate in the NH3-SCR reaction over Fe-zeolite catalysts, from which N2 was formed 
through reaction with gaseous NO. Based on TPR, TPD and DRIFTS results, Delahey
et al. [37] proposed that an Fe2+/Fe3+ redox cycle was involved in the standard NH3-
SCR mechanism, and the extra-framework oxygen could react with NO to form a 
surface nitrogenous intermediate bound to Fe followed by reaction with adsorbed 
NH3 to form N2 and H2O. Using the isotopic labeling method, Sun et al. [73] proposed 
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that a preferred reaction pathway for the reduction of NOx with NH3 over Fe-ZSM-5 
catalysts was via the ammonium nitrite (NH4NO2) route, which could decompose 
to N2 and H2O effectively at low temperatures. Therefore, for a specific Fe-zeolite 
catalyst, choosing the appropriate characterization methods and the proper 
study conditions is very important to better understand the NH3-SCR reaction 
mechanism over the studied catalyst and establish a reasonable structure- activity 
relationship in the SCR reaction for redesign and activity improvement of the 
catalyst for practical use.

12.2.8.2  Fast NH3-SCR Reaction

As mentioned above, it is generally accepted that the oxidation of NO to NO2 is the 
rate-determining step for the standard NH3-SCR reaction over Fe-zeolite catalysts. 
An interesting phenomenon is that the presence of NO2 in the total NOx can greatly 
enhance the low temperature deNOx activity of Fe-zeolite catalysts, mainly due to 
the occurrence of the so-called fast NH3-SCR reaction shown as Eq. (12.2), which 
involves the reaction between NH3 and an equimolar mixture of NO and NO2. If the 
NO2/NO ratio is higher than 1, NO2 also can react with NH3 via alternative NO2 
SCR routes as shown in Eqs. (12.3) and (12.4). Since the enhanced NH3-SCR 
performance of Fe-ZSM-5 catalysts in the presence of NO2 is very beneficial to 
their practical use for diesel exhaust purification, the mechanism and kinetics of the 
NO/NO2-NH3-SCR reaction over Fe-ZSM-5 have been studied extensively by 
transient and steady-state measurements.

 2 2 33 2 2 2NH NO NO N H O+ + → +  (12.2)

 2 2 33 2 2 2 2NH NO N O N H O+ → + +  (12.3)

 8 6 7 123 2 2 2NH NO N H O+ → +  (12.4)

Tronconi et al. [4] compared the activities of Fe-zeolite and vanadium-based 
catalysts in the presence of equimolar NO/NO2 feed mixtures, and they found that 

Scheme 12.1 Reaction scheme for NH3-SCR of NO on Fe-ZSM-5 catalyst proposed by Long and 
Yang (Reprinted from Ref. [24], Copyright 2002, with permission from Elsevier)
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the Fe-zeolite catalyst showed higher NH3-SCR activity in contrast to the vanadium- 
based catalyst, particularly at low temperatures. The ratio of NO2/NOx can clearly 
affect the NH3-SCR performance of Fe-ZSM-5 catalysts, and the results from Devadas
et al. [72] showed that the deNOx activity of Fe-ZSM-5 coated on a  cordierite 
monolith increased dramatically with the addition of NO2 to the feed in the entire 
temperature range and was most pronounced at lower and medium temperatures, 
with NO2/NOx = 50 % resulting in the highest deNOx performance. However, the 
NOx conversion decreased to a certain extent with increasing NO2/NOx ratio when 
the NO2/NOx ratio was above 50 % [74] because the reaction rate of the NO2 SCR 
reaction was much slower than that of the fast NH3-SCR reaction. Tolonen et al. 
[21] found that high NOx conversion could be still obtained over hydrothermally 
aged Fe-ZSM-5 and Fe-BETA catalysts in the fast NH3-SCR reaction with the NO2/
NO ratio of 4:6.

Based on an isotopic labeling method, Sun et al. [73] concluded that a pure 
15N14N product could be produced by circulating a 1/1 mixture of 15NO and 15NO2 
over Fe-ZSM-5 catalyst covered with adsorbed 14NH3. Iwasaki et al. [74] proposed an 
overall SCR scheme as illustrated in Scheme 12.2 and suggested that the formation 
of surface NH4NO3 species resulting from the adsorbed NO2 was a common reaction 
in standard NH3-SCR, fast NH3-SCR and NO2 SCR, and the rate- determining step 
of fast NH3-SCR was considered to be the reduction of NH4NO3 by gaseous 

Scheme 12.2 An overall SCR scheme over Fe-zeolite catalysts as a function of NO2/NOx ratio 
and temperature proposed by Iwasaki et al. (Reprinted from Ref. [74], Copyright 2010, with 
permission from Elsevier)
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NO. Grossale et al. [75, 76] concluded that in the fast NH3-SCR reaction, the role of 
NO2 was to form surface nitrites and nitrates, and the role of NO was to reduce 
nitrates to nitrites followed by the rapid and selective decomposition of unstable 
NH4NO2 to yield N2. They further concluded that the rate of the fast NH3-SCR reaction 
was dependent on the rate of nitrate reduction by NO at low temperatures [75, 76]. 
Although a strong activity for the NO oxidation by nitrates could be observed over 
the Fe-ZSM-5 catalyst already at 50 °C, yet the presence of NH3 could severely 
inhibit this NO-nitrate reaction process because NH3 could react with nitrates to 
form NH4NO3 precursors or strongly interacting NH4NO3 adsorbed species, thus 
blocking the critical reactivity of nitrates with NO and resulting in the loss of fast 
NH3-SCR performance at low temperatures [77]. This so-called “NH3 blocking 
effect” on fast NH3-SCR performance over Fe-zeolite catalysts proposed by 
Grossale et al. [77] should be paid great attention, especially for their practical use 
below ca. 170 °C.

In order to convert a portion of NO to NO2, a diesel oxidation catalyst (DOC)
typically consisting of precious metals should be installed upstream of the NH3- 
SCR system. However, the oxidation activity of the DOC is strongly dependent on
the reaction temperature and flow rate of the diesel exhaust, therefore the NO2/NOx 
ratio in the diesel exhaust should vary constantly during different engine operation 
conditions. Tronconi et al. [78] reported that enhanced NH3-SCR deNOx activity 
could be realized by adding a small amount of NH4NO3 solution as an effective 
oxidant for NO together with the reducing agent urea solution, thus creating a similar 
fast NH3-SCR reaction condition. This technique required no pre-installed upstream 
DOC, which could greatly lower the system control difficulty and enhance the
deNOx efficiency at low temperatures simultaneously.

12.2.8.3  Problem of N2O Formation

The formation of N2O is a problem when using vanadium-based catalysts and 
Cu-zeolite catalysts for the NH3-SCR reaction, while the Fe-zeolite catalysts are 
well known for their high N2 selectivity during the deNOx process [7]. Long and 
Yang et al. [24] explained that over Fe-ZSM-5 catalysts in the standard NH3-SCR 
reaction, the reactivity of the NO2(NH4

+)2 intermediate with NO was much higher 
than that with NO2 resulting from NO oxidation, thus N2 was the only N-containing 
product for the standard NH3-SCR reaction. Actually, the production of N2O is a 
disadvantage of adding NO2 into the SCR atmosphere to enhance the NOx conver-
sion over Fe-zeolite catalysts, and the amount of N2O formed in the fast NH3-SCR 
reaction is dependent on the NO2/NOx ratio and reaction temperature [72, 74]. In the 
fast NH3-SCR process, N2O can be produced from the thermal decomposition 
of NH4NO3 [72, 74, 75, 77] and/or from the reaction of NO2 with intermediate 
ammonium nitrites [72], and the higher NO2/NOx ratio can result in higher N2O 
formation [72, 74]. For example, Devadas et al. [72] proposed that in the presence 
of NO2, the intermediate NO2(NH4

+)2 could be easily formed, and the reaction of 
NO2(NH4

+)2 with NO became rate limiting, thus the probability of N2O formation 
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from the reaction between NO2(NH4
+)2 and NO2 increased. The latter mechanism 

could well explain the observation that the formation of N2O was increased with 
increasing NO2/NOx ratio at medium temperatures. At high temperatures, N2O could 
be easily converted to N2 through the N2O SCR reaction as well as the N2O decom-
position reaction. Therefore, no N2O formation could be observed above 550 °C 
over Fe-ZSM-5 catalysts [72, 79].

Recently, Shi et al. [79] reported that N2O formation in the fast NH3-SCR reaction 
was much more apparent over a hydrothermally aged Fe-ZSM-5 catalyst than that 
over the fresh catalyst. Since N2O is one of the depleting substances for the ozone 
layer that also needs to be controlled, the increased N2O formation over aged 
Fe-ZMS-5 catalyst for the deNOx process from diesel engines after long-term use is 
worthy of attention. The design of proper pre-oxidation catalysts for optimal NO2/
NOx ratio and the promotion of the hydrothermal stability of Fe-zeolite catalysts may 
be effective in reducing N2O formation in the NH3-SCR reaction for practical use.

12.3  Cu-Zeolite Catalysts for NH3-SCR of NOx

12.3.1  Cu-Zeolite Catalysts with Medium and Large Pore 
Structure

12.3.1.1  NH3-SCR Performance and Reaction Mechanism

Since zeolite catalysts have been used in NH3-SCR reaction starting in the late 
1970s, the Cu-based zeolite catalysts (mainly Cu-exchanged Y zeolites) have shown 
relatively good catalytic performance among the studied materials [80]. Since the 
1990s, the Cu-based zeolite catalysts have attracted more attention from researchers 
in the field of catalytic deNOx from diesel engine exhaust. Baik et al. [81] found that 
Cu-ZSM-5 catalysts exhibited relatively higher deNOx activity and maintained a 
broader operating temperature window than Cu-HM, Cu-USY and Cu-FER cata-
lysts, especially at low temperatures. Sjövall et al. [11] concluded that using zeolite 
supports with low Si/Al ratio and increasing the Cu loading could markedly enhance 
the NH3-SCR activity of Cu-ZSM-5 catalysts. They also reported that changing the 
ratio of O2, H2O and NO2 in the feed gas could affect the NOx conversion significantly. 
Qi et al. [47] reported that the Cu-ZSM-5 catalyst showed high deNOx performance 
at medium and low temperatures even under high GHSV, but hydrothermal treatment 
could result in activity decline to a certain extent. Due to its excellent NH3-SCR 
activity in the low temperature range, the Cu-ZSM-5 catalyst was believed to be 
more suitable for light duty diesel engines in which the exhaust gas temperature is 
relatively low compared to that of heavy duty diesel engines.

The confirmation of the active sites in Cu-based zeolite catalysts and study of the 
detailed NH3-SCR reaction mechanism over these materials are necessary for 
the further improvement of their NH3-SCR performance. It has been known that the 
isolated Cu2+, Cu+ species and paired Cu2+ species in Cu-containing zeolite catalysts 
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are the main catalytically active sites for the NH3-SCR reaction [82]. Good redox 
capacity of Cu species contributed to their promising NH3-SCR activity. Sultana 
et al. [83] found that Cu species in a Cu-ZSM-5 catalyst prepared from Na-ZSM-5 
were more easily reducible than in that prepared from H-ZSM-5. The Na+ co-cations 
could further capture the produced NO2 to form intermediate surface nitrite/nitrate 
species, which could improve the NOx conversion to a certain extent. Due to the
different Cu species and surface acidity of the parent zeolites, there are also various 
reaction pathways and reaction intermediates reported in the literature. For example, 
Richter et al. [84] concluded that the NH4

+ species formed on Brønsted acid sites 
were responsible for the conversion of NOx to N2, and the oxidation of NO to NO2 
was the rate-limiting step over metal-exchanged zeolite catalysts. Sjövall et al. [12] 
reported that the NH3-SCR mechanism over Cu-ZSM-5 catalysts involved reactions 
between adsorbed NO2 and NH3, the formation of HNO2 and HNO3 and their final 
reduction to N2 and H2O. Grossale et al. [76] reported that surface nitrates played a 
key mechanistic role over Cu-zeolites in the presence of NO2 via NO2 dispropor-
tionation. They also proposed that higher NH3 storage capacity and higher NH3 
oxidation activity were related to higher standard NH3-SCR activity. Therefore, the 
detailed NH3-SCR reaction mechanisms over different Cu-zeolite catalysts are still 
in debate and still need to be elucidated using specific characterization methods.

12.3.1.2  Hydrothermal Stability and HC Poisoning Resistance

Many factors can affect the hydrothermal stability of Cu-zeolite catalysts significantly, 
such as the different chemical status of Cu species and the shape of the zeolite structure. 
Hydrothermal treatment can markedly influence the Cu species, which may aggre-
gate severely resulting in the formation of Cu oxides. Park et al. [14] reported that 
the optimal Cu content for Cu-ZSM-5 was about 4 wt% from the standpoint of 
catalyst aging (Fig. 12.4). They concluded that the hydrothermal deactivation of 
this Cu-ZSM-5 catalyst was mainly due to the migration and re- distribution of Cu2+ 
species, leading to the decrease of active sites and the blockage of zeolite channels 
by sintered CuO. After hydrothermal treatment of Cu-BETA catalysts under different 
conditions (500–900 °C, 3 % H2O), Wilken et al. [13] found that the zeolite structure 
showed no obvious change below 800 °C, yet the oxidation state of Cu species showed 
apparent change, with the decrease of Cu+ species and the increase of Cu2+ species. 
Their results suggested that the hydrothermal deactivation of Cu-BETA catalyst was 
mainly owing to the decrease of Cu+ species. Qi et al. [47] found that the Cu-ZSM-5 
catalyst prepared by vapor phase ion-exchange (VPIE) showed higher hydrothermal 
stability than that prepared by the liquid phase ion-exchange method (LPIE). 
Because more active Cu2+ ions existed on the surface of the Cu-ZSM-5 (VPIE) 
catalyst with higher exchange level of Cu species, the migration of Cu ions on the 
surface of the aged catalyst was greatly lowered, which was the main reason for its 
higher hydrothermal stability.

Besides the Cu status, high structural stability of the parent zeolite is also necessary 
for obtaining good hydrothermal stability for Cu-zeolite catalysts. It is well known 
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that the bonds of Si-O-Al are less stable than those of Si-O-Si, and the dealumina-
tion process usually occurs via the attack of Si-O-Al by H2O [7]. The damage of the 
zeolite structure caused by the dealumination process is fatal for Cu-zeolite  catalysts. 
Feng et al. [8] found that a zeolite catalyst free of Brønsted acid sites was not 
deactivated even when treated by wet gas up to 800 °C. However, the Brønsted acid 
sites are beneficial for the loading of active metal species into the zeolites and also 
for NH3 adsorption, thus this method is actually not recommended for the 
improvement of hydrothermal stability of Cu-ZSM-5 catalysts. Interestingly, 
some researchers concluded that the pore size of parent zeolites could also affect the 
hydrothermal stability of Cu-zeolite catalysts. Moden et al. [85] reported that the 
active Cu species in Cu-FER catalysts with smaller pore size (0.42 × 0.54 nm) 
showed higher stability than that in Cu-BETA catalysts with relatively larger pore 
size (0.66 × 0.67 nm). Using the in situ XRD technique, Blakeman et al. [86] con-
firmed that the small pore structure in Cu-CHA catalysts could prevent the degrada-
tion of the zeolite framework structure by Cu species as compared to that in 
Cu-BETA catalysts, and the undesirable Cu/Al2O3 interaction at high temperatures 
might play an important role in the catalyst deactivation process. Fickel et al. [87] 
also believed that the higher hydrothermal stability of the Cu-CHA catalyst was 
related to its small pore structure (0.38 × 0.38 nm). The detached Al(OH)3 species in 
the zeolite framework with kinetic diameter of 0.503 nm could not exit the pores of 
the CHA structure, and they could reincorporate into the zeolite framework in the 
subsequent cooling stage. They concluded that the constricting dimension of the 
CHA structure was the most important reason for the high hydrothermal stability of 
Cu-CHA catalysts [87].

Fig. 12.4 Activity of a series of Cu-ZSM-5 catalysts before and after aging at 700 °C for the reduc-
tion of NO by NH3 (Reprinted from Ref. [14], Copyright 2006, with permission from Elsevier)
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Even an advanced diesel engine with high fuel efficiency also emits a large 
amount of HCs during its cold start period, which could alter the deNOx perfor-
mance of the Cu-zeolite NH3-SCR catalysts owing to the competitive adsorption of 
HCs and coke deposition. Heo et al. [60] reported that the inhibitory effect of 
C3H6 on the NH3-SCR reaction over Cu-ZSM-5 was mainly due to the competitive 
adsorption between NH3 and C3H6 and also the useless consumption of NH3 by side 
reactions. Luo et al. [88] observed that the presence of C3H6 could inhibit the deNOx 
activity of Cu-BETA catalysts in the standard NH3-SCR reaction as well in the fast 
NH3-SCR reaction. Due to the partial reduction NO2 by C3H6, some standard NH3- 
SCR reaction occurred instead of the pure fast NH3-SCR reaction, therefore the 
overall activity of the studied catalyst in fast NH3-SCR conditions became much 
slower. Sultana et al. [83] concluded that the Cu/NaZSM-5 catalyst showed higher 
NOx conversion than the Cu/HZSM-5 catalyst in presence of decane, and this was 
due to the promoting effect of Na+ cations on the formation of intermediates species 
(nitrite and nitrate) and the retardation of coke formation. However, the  improvement 
of the HC poisoning resistance of the Cu/ZSM-5 catalyst arising from Na+ co-cations 
was still limited. Due to the shape selectivity, large molecules could not pass through
small pore zeolites because of steric hindrance [89]. For example, because of the small 
pores and cages, the NH3-SCR activity over Cu-FER catalysts was less affected than 
that over Cu-ZSM-5 in the presence of decane [17]. Therefore, it is expected that 
using a zeolite support with small pore size may produce Cu-based zeolite catalysts 
with excellent NH3-SCR activity, outstanding hydrothermal stability and HC poisoning 
resistance simultaneously.

12.3.2  Cu-Zeolite Catalysts with Small Pore Structure

12.3.2.1  NH3-SCR Performance and Hydrothermal  
Stability of Cu-CHA Catalysts

Because of the superiority of small pore zeolite catalysts, research relative to their 
application in the NH3-SCR reaction for the deNOx process from diesel exhaust has 
been very popular in recent years. For instance, Fickel et al. [87] reported that that 
Cu-CHA catalysts (Cu-SSZ-13 and Cu-SAPO-34) displayed superior SCR perfor-
mance, even after hydrothermal treatment at 750 °C for 16 h as compared with other 
Cu/zeolites. Kwak et al. [3, 15] reported that Cu-SSZ-13 was a promising candidate 
for the NH3-SCR reaction. Compared to Cu-ZSM-5 and Cu-BETA catalysts, the 
optimal Cu-SSZ-13 catalyst showed high NH3-SCR activity (Fig. 12.5a) and excel-
lent hydrothermal stability (Fig. 12.5b) with great potential in the catalytic NOx 
removal process from diesel engines. The 27Al-NMR results recorded by Kwak 
et al. [3] showed that, on the one hand, the hydrothermally treated Cu-SSZ-13 cata-
lyst showed no obvious change in the peak intensity of AlO4 species compared with 
the fresh catalyst; however, the peak intensity of AlO4 species in Cu-ZSM-5 and 
Cu-BETA catalysts decreased ca. 57 % and 31 %, respectively, suggesting the very 
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high stability of the zeolite structure in the Cu-SSZ-13 catalyst. On the other hand, 
the stability of Cu species in the Cu-SSZ-13 catalyst was also high, such that they 
could not be reduced to Cu0 until the temperature was higher than 825 °C [90]. The 
extremely high reduction temperature of Cu species in the Cu-SSZ-13 catalyst was 
consistent with its excellent hydrothermal stability. After hydrothermal aging, no 
CuO or Cu-aluminate species were observed in the studied Cu-SSZ-13 catalyst, 
indicating that no observable migration of Cu species occurred [3].

Although the Cu-CHA catalysts showed good hydrothermal stability compared 
to other Cu-zeolite catalysts, their NH3-SCR activity can still decrease significantly 
under long-term and severe hydrothermal aging conditions. Thus, many recent 
studies also focus on the deactivation mechanism of Cu-CHA catalysts during the 
hydrothermal aging process. Schmieg et al. [91] claimed that NH3-SCR catalysts 
would be exposed to peak temperatures near 700 °C for about 100 h due to DPF
regeneration during a 135,000 mile driving cycle, and it was not a wise choice to 
conduct a long-term experiment in the lab to investigate the durability of NH3-SCR 
catalysts in the real world. In general, accelerated aging experiments have usually 
been conducted to test the durability of targeted NH3-SCR catalysts. For example, 
the hydrothermal aging treatment was always carried out at higher temperature and 

Fig. 12.5 (a) NOx conversion over Cu/zeolite catalysts at various temperatures in the NH3-SCR 
reaction (Reprinted from Ref. [15], Copyright 2010, with permission from Elsevier); (b) NO 
conversion to N2 over Cu/zeolites after hydrothermal aging (Reprinted from Ref. [3], Copyright 
2012, with permission from Elsevier)
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shorter period to simulate the rapid deactivation process of the SCR catalysts. After 
detailed characterization of the commercial Cu-SSZ-13 catalysts from BASF under 
different aging conditions, Schmieg et al. [91] concluded that catalyst treated under 
the selected aging conditions (800 °C for 16 h) compared well with a 135,000 mile 
vehicle-aged catalyst based on the NH3-SCR activity test and characterization 
results. Their results indicated that the decreased activity of aged Cu-SSZ-13 catalysts 
was mainly due to the decreased NO/NH3 oxidation activity and NH3 storage capacity. 
Ma et al. [92] believed that the Cu sites and surface acidity were the main influencing 
factors for the NH3-SCR reaction over monolith Cu-CHA catalysts, and they found 
that the migration of Cu2+ species, the decrease in surface acidity and the dealumi-
nation process occurred during the hydrothermal aging treatments.

It is well known that the acidity of the parent zeolites always affects the NH3- 
SCR performance of catalysts, and changing the element distribution in the zeolite 
framework can greatly influence the catalyst acidity. This effect is very obvious 
for Cu-SAPO-34 catalysts. SAPO-34, the silicoaluminophosphate analogue of 
chabazite, can be obtained by substitution of Si into the framework of AlPO, which 
 exhibits cation exchange and acidity due to the Si defects in an alumina-phosphate 
lattice [93]. Thus, the Si content in the framework can affect the NH3-SCR perfor-
mance of Cu-SAPO-34 catalysts since the Si content can affect both the surface 
acidity of the zeolite support and the Cu loading in the final product. Wang et al. 
[94] found that the number of acid sites in Cu-SAPO-34 catalysts increased with 
increasing Si content, and the NH3-SCR performance correlated well with the 
 number of acid sites at low temperatures (<200 °C). Yu et al. [95] further reported 
that the NH3-SCR activity of a Cu/SAPO-34 catalyst was closely related to its acid 
density in the whole temperature range. It was very interesting that, different from 
the decreased activity observed over aged Cu-SSZ-13 catalysts, better NH3-SCR 
performance was always observed over Cu-SAPO-34 catalysts, and this difference 
was related to the redistribution of Cu species in Cu-SAPO-34 catalysts [96, 97], 
which will be discussed in the following parts of this chapter. In brief, the degree of 
Cu exchange, the type of zeolite framework and heteroatom substitution in the 
framework all affect the NH3- SCR activity and hydrothermal stability of the final 
Cu-CHA catalysts, and a comprehensive understanding of these effects is helpful to 
enhance their deNOx performance to meet the upcoming stringent NOx emission 
standards for diesel engines.

12.3.2.2  Structure-Activity Relationship of Cu-CHA  
Catalysts in NH3- SCR Process

There are still debates in the literature about the real active sites for the NH3-SCR 
reaction over Cu-CHA catalysts prepared by different preparation methods and dif-
ferent groups. Deka et al. [98] prepared Cu-SSZ-13 catalysts via CVD and wet
chemical routes, and they found that only isolated Cu2+ ions were present in the 
Cu-SSZ-13 catalyst prepared by the wet ion-exchange method, while both isolated 
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Cu2+ ions and CuAlO2 species existed in the catalyst obtained from the CVD method.
According to the NH3-SCR activity tests, the isolated Cu2+ ions were believed to 
be responsible for N2 formation, while CuAlO2 could promote the N2O formation. 
Therefore, ion exchange is the most common method for the preparation of 
Cu-SSZ-13 catalysts in previous literature. Ion-exchange and precipitation methods 
were also used to prepare Cu-SAPO-34 catalysts, and both CuO and isolated Cu2+ 
ions were formed in the final catalysts no matter which method was chosen [96, 97, 
99, 100]. The different synthesis methods did not change the types of Cu species in 
the final catalysts, but greatly affected their distribution [97]. For example, Wang 
et al. [99] reported that the CuO species on the external surface was dominant in the 
Cu-SAPO-34 catalyst prepared by precipitation method, and the catalyst prepared 
by ion-exchanged method showed better NH3-SCR performance than the precipitated 
one mainly due to the predominant presence of isolated Cu2+ ions. Although the 
activity of CuO on the external surface of Cu-SAPO-34 catalyst was poor, it could 
migrate to the ion-exchange sites as isolated Cu2+ species after hydrothermal aging, 
which was the main reason for the improved NH3-SCR activity over the aged 
Cu-SAPO-34 catalyst prepared by the precipitation method [96, 97]. In addition, 
the CuO species in Cu-SAPO-34 catalysts could also transform to isolated Cu2+ 
species under high calcination temperatures [100], which is an important advantage 
for its practical use in the deNOx process from diesel engines.

It is well known that there are four types of cationic sites in the chabazite structure. 
Site I is displaced from the six-membered ring into the ellipsoidal cavity. Site II is 
located near the center of the ellipsoidal cavity. Site III is located in the center of the 
hexagonal prism. Site IV is located near the eight-membered-ring window [101, 
102]. Because of the different locations of Cu2+ ions, different NH3-SCR performance 
was observed over Cu-CHA catalysts with the same type of framework structure. 
Therefore, thorough characterizations were carried out to identify the nature of 
active Cu sites in Cu-CHA catalysts, including the oxidation state and coordination 
environment, which are very necessary for understanding the main factors control-
ling the NH3-SCR activity and providing possible routes for the development of 
better deNOx catalysts. Using a variable-temperature XRD method, Fickel and Lobo
[103] proved that the ion-exchange of Cu species into NH4-SSZ-13 could greatly 
enhance its thermal stability. Through a comprehensive study using Rietveld refine-
ment of XRD data, in situ UV-Vis and XAFS techniques, Fickel and Lobo [103], 
Korhonen et al. [104] and Deka et al. [105] finally concluded that only the isolated 
Cu2+ species located in the six-membered rings of the CHA structure coordinating 
with three oxygen atoms was the real active species in the NH3-SCR reaction for the 
Cu-SSZ-13 catalyst prepared by the wet ion-exchange method (Fig. 12.6). Using 
operando XAFS, density functional theory (DFT) calculation and first-principles
thermodynamics models, Kispersky et al. [106] and McEwen et al. [107] proposed 
that under the standard NH3-SCR conditions at steady state, the active Cu species 
was actually in the mixed form of Cu+ species and Cu2+ species, indicating that the 
redox cycle between Cu+/Cu2+ is very important for the high NH3-SCR activity, 
similar to that in other Cu-based zeolite catalysts. Very recently, further study using 
H2-TPR and FTIR methods by Kwak et al. [108] revealed two distinct cationic 

F. Liu et al.



419

positions in Cu-SSZ-13 catalysts at different ion-exchange levels. They concluded 
that at low ion-exchange levels, the Cu2+ ions primarily occupied the sites in the 
six-membered rings, similar to early reports, while at high ion- exchange levels, the 
Cu2+ ions were present mostly in the large cages of the CHA structure. The latter 
Cu2+ species were much more easily reduced in the H2-TPR process, indicating a 
high redox property at low temperatures, which might be the main origin of the 
exceptional NH3-SCR activity over Cu-SSZ-13 catalysts. In further study, Gao et al. 
[90] characterized Cu-SSZ-13 catalysts with various ion- exchange levels using EPR 
and H2-TPR methods, and they suggested that the Cu2+ ions were far apart at low 
ion-exchange levels. The Cu2+ ions were located in the large CHA cages coordinated 
to lattice oxygen atoms of six-membered rings, and with increasing Cu loading, two 
Cu2+ ions possibly existed in one unit cell, and some Cu2+ ions were located close to 
the 8-membered ring. Although the standard NH3-SCR reaction kinetics experiments 
were carried out in the study by Gao et al. [90], they did not propose clear structure-
activity relationships for the Cu-SSZ-13 catalyst in the NH3-SCR reaction. Besides 
the Cu-SSZ-13 catalysts, detailed studies were also conducted by researchers for 
Cu-SAPO-34 catalysts to investigate the nature of the active Cu sites. For instance, 
Xue et al. [109] suggested that three types of Cu species (including nanosize CuO, 
isolated Cu+ species and isolated Cu2+ species) could be found in Cu-SAPO-34 
catalysts with different Cu loadings. According to the calculation of turn-over 
frequency (TOF) and the assignments of EPR signals, they concluded that the 
isolated Cu2+ ions located at site I were responsible for the NH3-SCR reaction in the 
low temperature range (100–200 °C). In brief, although the NH3-SCR performance 
of Cu-CHA catalysts has been well recognized, the understanding of the structure-
activity relationship is still in debate and ongoing.

In addition, new types of Cu-based zeolite catalysts are being developed constantly 
with high deNOx efficiency and extraordinary hydrothermal stability, such as the 

Fig. 12.6 The structure of Cu-SSZ-13 obtained from refinements of neutron scattering data and 
magnification of the double six member (D6R) unit with Cu present as an isolated ion (Reprinted
from Ref. [105], Copyright 2012, with permission from American Chemical Society)
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newly reported Cu-SSZ-39 with AEI structure [16]. The AEI structure exhibits a 
three-directional small pore system (eight-membered ring) as in the CHA structure, 
and both of them show the same framework density and contain D6R units. Thus,
similar NH3-SCR performance was observed over these two types of Cu-zeolite 
catalysts [16]. Interestingly, SAPO-18 is another silicoaluminophosphate zeolite 
with AEI structure, which has been used for the methanol-to-olefin (MTO) reaction 
[110], and we believe that the Cu-SAPO-18 material may be a promising NH3-SCR 
catalyst similar to Cu-SAPO-34. Consequently, study on the structure-activity 
relationship of Cu-based zeolite catalysts in the NH3-SCR reaction will always be a 
hotspot in the field of environmental catalysis.

12.3.2.3 NH3-SCR Reaction Mechanism Over Cu-CHA Catalysts

Many studies have shown that if an NH3-SCR catalyst can oxidize NO to NO2 in situ, 
its low temperature SCR activity will be significantly enhanced due to the effect of 
fast NH3-SCR [111]. Thus, the ability to oxidize NO is commonly tested for the 
study of NH3-SCR catalysts. However, Kwak et al. [112] noticed that no matter the 
Cu ion-exchange degree, the NO oxidation ability of Cu-SSZ-13 catalysts was very 
low, and the NOx conversion was only slightly improved, with almost no formation 
of N2O even under the fast NH3-SCR condition. The above-mentioned “abnormal” 
results indicate that a totally different NH3-SCR reaction mechanism may exist over 
Cu-SSZ-13 catalysts. Zhu et al. [113] analyzed the relationship between different 
NH3 adsorbed species and the formation of N2 and N2O based on the results of in 
situ DRIFTS-MS studies over the Cu-SSZ-13 catalyst. They suggested that the formation
of N2O was associated with the reaction between NOx and proton-adsorbed NH3 via 
the formation and subsequent thermal decomposition of NH4NO3. Coordinated NH3 
adsorbed on Cu2+ sites is more active than NH4

+ formed on Brønsted acid sites and 
contributes to a high selectivity for N2. In a recent study, Kwak et al. [114] proposed 
a mechanism for the NH3-SCR reaction over Cu-SSZ-13 catalysts based on the 
results of FTIR and 15N solid state MAS-NMR, as shown in Scheme 12.3. They 
mentioned that the side-on Cu+-NO+ complexes were the key intermediates in this 

Scheme 12.3 Proposed 
mechanism for the selective 
catalytic reduction of NO 
with NH3 over Cu-SSZ-13 
(Reprinted from Ref. [114], 
Copyright 2013, with 
permission from John Wiley 
& Sons, Inc.)
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mechanism, which were formed from a redox reaction between Cu2+ and NO. It is 
commonly recognized that H2O always inhibits the NH3-SCR reaction at low 
temperatures due to competitive adsorption, which can block the active sites for NO 
oxidation [115]. Interestingly, it was concluded by Kwak et al. [114] that the pres-
ence of H2O was important for the NH3-SCR reaction over the Cu-SSZ-13 catalyst, 
because the Cu+-NO+ complexes could react with H2O easily to form HONO, and 
the resulting HONO could react with NH3 to form NH4NO2, and then decompose to 
N2 and H2O. The reaction mechanism of the NH3-SCR reaction over the Cu-SAPO-34 
catalyst was different from that over the reported Cu-SSZ-13 catalyst. For example, 
Wang et al. [116] reported that NH4NO3 was mainly formed on Lewis acid sites 
of the Cu-SAPO-34 catalyst, and the Brønsted acid sites only acted as an NH3 
reservoir. Although the formed NH4NO3 typically inhibited the SCR reaction, gaseous 
NO could reduce the surface NH4NO3 to N2 at temperatures as low as 100 °C over 
this catalyst. Thus, they proposed that the reaction between NO and NH4NO3 was 
likely the key factor for the low temperature NH3-SCR activity for the studied 
Cu-SAPO-34 catalyst. Until now, there has been no report on the effect of NO2 on 
the NH3-SCR performance over the Cu-SAPO-34 catalysts, which still needs to be 
determined in future study for their better practical use.

12.3.2.4  One-Pot Synthesized Cu-CHA Catalysts  
for the NH3-SCR Reaction

12.3.2.4.1 Improved One-Pot Synthesis Method for Cu-CHA Catalysts

Nowadays, most Cu-CHA zeolite catalysts are prepared by ion-exchange methods 
using Cu salt precursors and CHA zeolite supports. Although the conventional wet 
ion-exchange method is simple and effective, many stages are needed, such as 
hydrothermal synthesis of the CHA zeolite, high temperature calcination to remove 
SDAs, ion-exchange, filtration, washing and also activation procedures. If some
intermediate steps could be simplified to a certain extent, it could be very beneficial 
for cost reduction and environmental protection during the preparation procedures 
of the final Cu-CHA NH3-SCR catalysts. In addition, due to the limitations of 
channel size and exchange capacity of CHA zeolites, repeated ion-exchange procedures 
or long ion-exchange time is necessary to increase the Cu loading, and it is not easy 
to control the Cu loading and Cu status in the final product either. Furthermore, the 
synthesis of SSZ-13 zeolites requires the SDA TMAdaOH, which is very expensive
[19], limiting the wide application of this material in industry. Therefore, it is highly 
imperative to improve the synthesis method to reduce the cost of Cu-SSZ-13 
 catalysts for the NH3-SCR process.

Recently, a new strategy referred to as the one-pot synthesis method attracted 
researchers, which could introduce metal ions into the zeolite cages directly during 
the synthesis procedure. Thus, the metal species could disperse well inside the 
zeolite, and the preparation steps were greatly simplified with significantly lowered 
cost. In the one-pot synthesis method, the SDAs used were not just organics but also
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metal complexes. Researchers at BASF Corporation reported that the one-pot 
synthesis method could directly synthesize the Cu-SSZ-13 catalyst, and mixtures of 
organic SDAs in combination with aqueous solutions of Cu salts were necessary
in the synthesis process, such as TMAdaOH and benzyl trimethylammonium, 
TMAdaOH and tetramethylammonium, or benzyl trimethylammonium and tetra-
methylammonium [117]. Afterwards, a more attractive and simpler Cu complex 
Cu-TEPA, which was prepared from CuSO4 and tetraethylenepentamine (molar 
ratio of 1/1), was designed by Ren et al. [67] with low cost, and was very effective 
in the synthesis of the Cu-SSZ-13 initial product. Cu-TEPA is a promising candidate 
for synthesis of CHA-type zeolites mainly due to its good stability in strongly alka-
line media, and more importantly, the molecular configuration of Cu-TEPA matches 
CHA cages very well, which helps in building the units of CHA zeolites effectively. 
Through adjusting the starting compositions in precursor gels, Cu-SSZ-13 catalysts 
with different Si/Al ratios could be synthesized, and the obtained samples exhibited 
high crystallinity and highly dispersed Cu species. The preliminary results by Ren 
et al. [67] showed that the one-pot synthesized Cu-SSZ-13 catalyst exhibited very 
good NH3-SCR activity, especially in the low temperature range. Xie et al. [118] 
further improved the one-pot synthesis method of the Cu-SSZ-13 catalyst, which 
decreased the synthesis cost further. The aluminosilicate gels were adjusted to the 
mole ratio 14.8Na2O: 3.0Al2O3: 600H2O: 30SiO2: 4Cu-TEPA, using smaller amounts 
of reagents (the amount of Cu-TEPA was reduced to 2/3 of the original recipe) to 
obtain the pure CHA structure.

12.3.2.4.2  Post-treatment of One-Pot Synthesized Cu-CHA Catalysts 
for the NH3-SCR Reaction

Because the Cu loading in the initial Cu-SSZ-13 products from one-pot synthesis 
method was relatively high, much CuO was formed in the untreated catalyst after 
direct calcination. Thus, a post-treatment procedure was necessary to adjust the Cu 
loading before calcination. NH4NO3 solution is commonly used in the ion-exchange 
treatment, such as in the preparation procedures of H-zeolites. The results from Xie
et al. [118] proved that ion exchange with NH4NO3 solution was also a useful 
method to avoid the formation of CuO particles in Cu-SSZ-13 catalysts prepared by 
a one-pot synthesis method. The selected Cu3.8-SSZ-13 catalyst showed excellent 
NH3-SCR performance and high N2 selectivity from 150 to 550 °C and was also 
highly resistant to large space velocity. Over 90 % NOx conversion could be main-
tained from 250 to 500 °C under an extremely high GHSV of 800,000 h−1 over the 
Cu3.8-SSZ-13 catalyst (Fig. 12.7). Furthermore, this catalyst also exhibited rather 
high NH3-SCR performance with the coexistence of CO2, H2O and C3H6 in the feed 
gas, suggesting an excellent durability towards poisoning components present in 
typical diesel exhaust. Xie et al. [118] also studied the structure-activity relationship 
of the one-pot synthesized Cu-SSZ-13 catalyst in the NH3-SCR reaction using H2- 
TPR and EPR methods. The H2-TPR results confirmed that only isolated Cu2+ species 
existed in the optimal Cu3.8-SSZ-13 catalyst, and EPR is an excellent technique for 
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identifying the coordination environment of isolated Cu2+ ions, because all the other 
Cu species (Cu-O-Cu or Cu+) are EPR silent. Besides the two types of Cu2+ ions 
located at site I and site III as reported in previous literature, a third Cu2+ ions was 
found in the Cu3.8-SSZ-13 catalyst, which was located near the eight-membered- 
ring window (site IV). The Cu2+ species located in site III showed the highest H2 
reduction temperature, and they were also less active in the NH3-SCR reaction than 
the other two species located at other sites, mainly due to steric hindrance. Based on 
the activity test and characterization results, it was concluded that more isolated 
Cu2+ ions with easier reducibility and higher stability were responsible for the excellent 
NH3-SCR performance over the optimal Cu3.8-SSZ-13 catalyst.

Although NH4NO3 solution is effective in the post-treatment procedures for one- 
pot synthesized Cu-SSZ-13 catalysts, the potential risks of explosion as well as skin 
and eye irritation make the use of NH4NO3 dangerous, and at the same time, the 
wastewater containing NH4NO3 is also harmful to the aquatic environment. Based 
on the understanding of the role of NH4NO3 solution, it is believed that a dilute 
HNO3 solution can also be suitable for the post-treatment of Cu-SSZ-13 catalysts, 
providing the proper acidic environment and necessary cations in the treating system. 
Thus, a new post-treatment method with dilute HNO3 solution was further 
developed by Xie et al. [119], which reduced the nitrogen-containing pollutants in 
wastewater greatly. After optimization, the optimal Cu3.9Na0.8-SSZ-13 catalyst was 
obtained from the post-treatment by dilute HNO3 solution with pH = 1, which 
showed better NH3-SCR activity and hydrothermal stability than the Cu3.8-SSZ-13 
catalyst prepared by treatment with NH4NO3 solution.

Fig. 12.7 NOx conversion over Cu3.8-SSZ-13 prepared by one-pot synthesis method and post- 
treatment by NH4NO3 solution under different GHSVs (Reprinted from Ref. [118], Copyright 
2014, with permission from American Chemical Society)
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12.3.2.4.3  Effect of Na Co-Cations on Cu-CHA Catalysts  
for the NH3-SCR Reaction

During the synthesis of the Cu-SSZ-13 initial product, a relatively large amount
of NaOH was used, and some Na+ ions always were present in the final catalyst 
even after post-treatment by ion exchange. In order to investigate the effect of Na+ 
ions on the NH3-SCR performance over Cu-SSZ-13 catalysts prepared by the one-
pot synthesis method, three catalysts with the same Cu content and different Na 
contents were prepared by Xie et al. [119]. With the increase of Na+ content, only 
a small decrease of NOx conversion was observed over the fresh Cu-SSZ-13 
catalysts at low temperatures. However, after hydrothermal treatment, the NOx 
conversion over the series of catalysts decreased greatly along with the increase 
of Na content. The Cu-SSZ-13 catalysts with higher Na+ content showed poorer 
hydrothermal stability. The results of 27Al and 29Si NMR spectra indicated that 
the Cu-SSZ-13 catalysts with different Na+ contents possessed almost the same 
zeolite structure and the same distribution of Si(nAl), indicating that the presence 
of Na+ ions could not affect the stability of the zeolite structure. However, the H2-
TPR results illustrated that the stability of Cu species decreased seriously along 
with the increase of Na+ ions in the final catalysts. Therefore, the Cu species with 
poor stability caused by high Na+ content resulted in poor hydrothermal stability 
for the Cu-SSZ-13 catalysts. It is better to precisely control the amount of Na+ 
ions maintained in the final Cu-SSZ-13 catalysts prepared by the one-pot synthesis 
method to obtain excellent NH3-SCR performance and hydrothermal stability 
simultaneously.

12.3.2.4.4  Effect of Calcination Procedure on Cu-CHA Catalysts  
for the NH3-SCR Reaction

In addition, as SDA, Cu-TEPA existed intact in the micropores of as-prepared
Cu-SSZ-13 samples before calcination. The calcination procedure could remove the 
residual SDA and change the state of Cu species in the final product. In order to
confirm the optimal preparation method for practical use, it is also very important to 
investigate the effects of the calcination procedure on the NH3-SCR performance of 
Cu-SSZ-13 catalysts prepared by the one-pot synthesis method. Xie et al. [120] 
compared Cu-SSZ-13 catalysts calcined at 500, 600, 700 and 800 °C, and the 
catalyst calcined at 600 °C showed the highest NH3-SCR activity and the best 
hydrothermal stability. With the increase of calcination temperature, some CuO was 
formed in the catalyst, resulting in the decrease of NH3-SCR performance. If the 
calcination temperature was fixed at 600 °C, the Cu species with highest stability, 
which was responsible for its best hydrothermal stability, was achieved when the 
ramp rate was set at 1 °C/min.
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12.3.2.4.5  Inhibitory Effect of NO2 on Cu-CHA Catalysts  
for the NH3-SCR Reaction

The oxidation of NH3 could affect the NH3-SCR activity, especially in the high 
temperature range. It was reported that NH3 conversion was very low (less than 
40 %) even at 550 °C in the NH3 oxidation reaction over the optimal one-pot 
synthesized Cu-SSZ-13 catalyst [121]. This phenomenon indicated that, besides 
direct oxidation, a large amount of NH3 was left for the NH3-SCR reaction at high 
temperatures, which guaranteed a wide operating temperature window in the deNOx 
process. Additionally, little N2O was observed during the unselective oxidation of 
NH3, which also contributed to the high N2 selectivity to a certain extent. Verma 
et al. [122] suggested that the isolated Cu2+ species was not preferred for NO 
oxidation. There were only isolated Cu2+ ions observed in the one-pot synthesized 
Cu-SSZ-13 catalyst, therefore it was reasonable to obtain poor NO oxidation ability 
over these samples.

Interestingly, Xie et al. [123] found that the NH3-SCR performance of the one- 
pot synthesized Cu-SSZ-13 catalyst became poorer with the increase of the NO2 
ratio in the low temperature range (≤200 °C). Based on the in situ DRIFTS results
and kinetic studies under standard NH3-SCR and fast NH3-SCR reaction conditions, 
it was concluded that this inhibitory effect by NO2 was mainly caused by NH4NO3 
deposition. Detailed in situ DRIFTS results by Xie et al. [123] proved that the 
 reactions between nitrate species and gaseous NH3 played an important role in the 
NH3- SCR reaction at low temperatures over this Cu-SSZ-13 catalyst, and the key 
step in the deNOx reaction was the formation of reactive nitrate on active Cu sites. 
They observed that the nitrate species could form effectively on the Cu-SSZ-13 
catalyst surface as soon as NO + O2 was introduced, indicating the good oxidation 
ability of the studied sample. However, the formation speed of the nitrate species 
was much slower when NO was replaced by NO2 in the feed gas, and Xie et al. [123] 
suggested that this difference was caused by the large kinetic diameter of NO2, 
which was actually larger than the small pores of the CHA structure. Because of the 
slow speed for NO2 to enter the Cu-CHA pores, some NO2 could not form reactive 
nitrates on Cu sites efficiently but combined with NH4

+ on Brønsted acid sites to 
form NH4NO3. Ciardelli et al. [124] reported that NH4NO3 was an important inter-
mediate in the fast NH3-SCR reaction, and the reaction between NH4NO3 and NO 
was the rate- determining step at low temperatures. If the formation of NH4NO3 was 
faster than its decomposition, the fast NH3-SCR phenomenon would not be obvious. 
Although the formed NH4NO3 was considered an important intermediate species 
over other Cu-CHA catalysts, the consumption rate of NH4NO3 by NO was actually 
slower than its formation rate over the one-pot synthesized Cu-SSZ-13 catalyst. 
Therefore, the severely accumulated NH4NO3 on the catalyst surface blocked the 
active sites, and the fast NH3-SCR phenomenon was not obvious either over this 
Cu-SSZ-13 catalyst. These mechanistic studies indicated that increasing the NO2 
ratio directly in the feed gas was not an effective way to improve NH3-SCR performance 
for the Cu-SSZ-13 catalyst prepared by the one-pot synthesis method.
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12.3.2.4.6  Co-Template Synthesis of Small Pore Cu-Zeolite Catalysts 
for the NH3-SCR Reaction

Based on the effective template for CHA cages Cu-TEPA, other one-pot synthesis 
methods for the preparation of Cu-CHA catalysts were also developed. For  example, 
Martínez-Franco et al. [125] successfully synthesized the Cu-SSZ-13 catalyst using 
SDAs with a combination of Cu-TEPA and TMAdaOH. The use of two templates
could introduce the designed Cu amount and control the Si/Al ratio in the obtained 
Cu-SSZ-13 catalyst at the same time. Excellent NH3-SCR activity was observed 
over this catalyst, with high NOx conversion even after hydrothermal treatment at 
750 °C for 13 h. Besides, the results from Martínez-Franco et al. [126] also showed 
that the Cu-SAPO-34 catalyst with high crystallization degree could be obtained 
easily using Cu-TEPA and another small organic molecule (diethylamine) acting as 
co-template, with controllable Cu loading from 3.4 to 10.4 wt.%. The obtained 
Cu-SAPO-34 catalysts showed excellent NH3-SCR performance and good hydro-
thermal stability under high space velocity, and they believed that this synthesis 
methodology was very promising for the industrial application of Cu-SAPO-34 
catalysts.

Besides the Cu-CHA catalysts as mentioned above, co-template synthesis routes 
have also been used to prepare other types of Cu-zeolite NH3-SCR catalysts. For 
instance, Picone et al. [127] used Cu cyclam (1,4,8,11-tetraazacyclotetradecane) 
and tetraethylammonium (TEA+) acting as co-templates to directly synthesize a 
Cu-SAPO STA-7 catalyst with similar structure to that of Cu-SAPO-34, showing 
comparable performance in the NH3-SCR reaction to that of Cu-ZSM-5 prepared by 
the ion-exchange method and higher performance than that of Cu-SAPO STA-7 
with similar Cu content prepared by an aqueous ion-exchange method. The charac-
terization results showed that a more homogeneous distribution of Cu species in 
Cu-SAPO STA-7 was achieved via direct synthesis, which was probably the main 
reason for its high deNOx efficiency.

12.4  Conclusions and Perspectives

Fe-zeolite catalysts prepared by various techniques are highly active and selective 
in the NH3-SCR reaction, especially at medium to high temperatures. The SSIE and 
two-step IWI methods can be used for large-scale production of effective Fe-zeolite 
NH3-SCR catalysts. All Fe species in Fe-zeolite catalysts may be active for the 
deNOx process, but the isolated Fe monomers are considered to be the most active 
species. Brønsted acid sites may not be required directly in the NH3-SCR process 
for adsorbing or activating NH3, but they are necessary to bind and disperse the 
reactive Fe3+ ions in the preparation process of Fe-based zeolite catalysts and can 
accelerate the SCR reaction at low temperatures through an acid-catalysis effect. 
Hydrothermal deactivation can result in the dealumination of Fe-zeolite supports, 
leading to the decrease of Brønsted acid sites or breakdown of the framework 
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structure, and more severely, the migration of active Fe3+ species to form clustered 
FexOy/Fe2O3 species, resulting in the decline of NH3-SCR activity and N2 selectivity. 
The hydrothermal stability of Fe-zeolite catalysts can be enhanced by a second 
 ion- exchange of rare earth metals or by decreasing the residual protons in the 
synthesized materials. The low temperature deNOx efficiency over Fe-zeolite 
catalysts can be significantly increased in the presence of NO2 through a fast NH3-
SCR effect. However, N2O formation can be observed in the fast NH3-SCR reaction 
over Fe-zeolite catalysts and accelerates with increasing NO2/NOx ratio. Hydrothermally 
deactivated Fe-zeolite catalysts can still show relatively high activity in the fast 
NH3-SCR reaction, yet N2O formation is more apparent over the aged Fe-zeolite 
catalysts than over fresh ones. Therefore, the promotion of low temperature deNOx 
activity and the enhancement of hydrothermal stability are still the most important 
challenges for the practical application of Fe-zeolite catalysts in the NH3-SCR 
reaction. The tuning of the reaction atmosphere such as raising the NO2 ratio in total 
NOx to facilitate the “fast SCR” reaction is very effective to increase the low tem-
perature activity of Fe-zeolite catalysts. However, the increase of N2O formation 
should be paid careful attention. In further study, the development of new types of 
Fe-zeolite catalysts might be a possible way to significantly enhance their hydro-
thermal stability for practical use.

Cu-ZSM-5, which exhibits excellent NH3-SCR activity at low temperatures and 
maintains a broad operating temperature window, attracts much attention from 
researchers in the field of catalytic deNOx from diesel engine exhaust. Due to its
poor hydrothermal stability and HC poisoning resistance, however, the application 
of the Cu-ZSM-5 catalyst in the real world is limited. Cu-zeolite catalysts with the 
CHA crystal structure have become promising candidates for the NH3-SCR reaction, 
such as Cu-SSZ-13 and Cu-SAPO-34. Owing to their small pore zeolite structures, 
the Cu-CHA zeolite catalysts show improved NH3-SCR activity, N2 selectivity, HC 
resistance and hydrothermal stability compared to the existing Cu-zeolite catalysts. 
The wet ion-exchange method is efficient for the preparation of Cu-CHA catalysts, 
yet many steps are needed in this process and sometimes the cost is rather high. The 
one-pot synthesis method can introduce controllable Cu loading with much lower 
cost during the synthesis procedure of the CHA structure, and Cu-TEPA is a novel 
template for the effective synthesis of Cu-SSZ-13 initial product. In order to avoid 
the formation of CuO in the final Cu-SSZ-13 catalyst, post-treatment with dilute 
HNO3 solution is needed, which can modify the Cu content effectively. The optimal 
catalyst exhibits excellent NH3-SCR performance and hydrothermal stability, and 
due to negative effects of Na+ ions on the hydrothermal stability, it is better to 
 precisely control the amount of residual Na+ ions in the final products. NO2 inhibits 
the NH3-SCR performance over one-pot-synthesized Cu-SSZ-13 catalysts in the 
low temperature range, and increasing the NO2 ratio directly in the diesel exhaust is 
not an effective way to improve the deNOx efficiency in practical use. Co-template 
routes for the synthesis of Cu-CHA catalysts are also noteworthy, and a post- treatment 
procedure is usually not necessary. Therefore, the one-pot synthesis methods for 
Cu-based zeolite catalysts with small pore size using relatively cheap Cu-containing 
templates allow researchers to tune the Cu content, Cu distribution, Si/Al ratio and 
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thus the NH3-SCR activity efficiently, although this approach is restricted to those 
zeolitic systems that can be prepared using coordination complexes as templates. For 
practical use of this approach in industry, we believe, there is still a long but exciting 
way to go.
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    Chapter 13   
 Zeolite Thin Films and Membranes: 
From Fundamental to Applications       

       Zhengbao     Wang      and     Yushan     Yan   

    Abstract     Zeolite fi lms and membranes have extensively been investigated since 
1992. Many new preparation methods and concepts have been developed, such as 
microwave synthesis, intergrowth supporting substances, covalent linker synthesis, 
inner-side synthesis, fl uoride-mediated synthesis, variable-temperature synthesis, 
masking technique, counter-diffusion secondary growth, and pore-plugging 
 synthesis. The remarkable progress made in the preparation has stimulated many 
application researches of zeolite fi lms and membranes, such as dehydration of vari-
ous organic solvents, organics extraction from organic/water mixtures, separation of 
organic mixtures, gas separation, oil–water separation, desalination of seawater, 
membrane reactors, membrane microreactors, low-k materials, corrosion-resistant 
materials, sensors, fuel cells, and batteries. The recent progress in preparation and 
applications of zeolite membranes from 2000 has been summarized in this chapter.  

  Keywords     Zeolite fi lms   •   Zeolite membranes   •   Pervaporation   •   Gas separation   • 
  Preparation methods   •   Sensors   •   Low-k materials  

13.1         Introduction 

 A membrane is an intervening phase separating two phases and acting as an active 
or passive barrier to the transport of matter between the two adjacent phases under 
a driving force. This barrier can be solid, liquid, or gas. Generally, it has a lateral 
dimension much greater than its thickness. As a fi rst classifi cation, membranes can 
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be divided into two groups: biological and artifi cial membranes. The latter term can 
be applied to all membranes made by man with natural materials (modifi ed by man) 
or with synthetic materials (synthetic membranes). Synthetic membranes can be 
divided further into organic (made with polymers), inorganic (made with alumina, 
metals, etc.), and organic–inorganic composite membranes. 

 Zeolite membranes form one of the branches in the inorganic membrane fi eld. 
The molecular sieving abilities and selective sorption properties in combination 
with their catalytic activity, in addition to their thermal and chemical stability, make 
zeolites ideally suited for the combination of separation and reaction under process 
conditions. Zeolites were fi rst used in membranes by dispersing the zeolite crystals 
in polymeric membrane matrixes in the 1970s. The fi rst preparation of  continuous 
zeolite layer as membrane was reported by Suzuki in 1987. The fi rst large- scale 
pervaporation plant has been put into industrial operation by Mitsui Engineering 
and Shipbuilding Co. Ltd. in 1998 [ 1 ]. 

 In the last few decades, the research of polycrystalline zeolite membranes  supported 
on ceramic, glass, or metal substrates has grown into an attractive and abundant fi eld. 
A great deal of progress in the science of zeolite membrane synthesis has been made. 
The applications of zeolite fi lms and membranes have been wildly explored. There 
has been an exponential growth in papers on the subject. There are many review 
papers that summarized the signifi cant progress made in the synthesis and applica-
tions of zeolite fi lms and membranes [ 2 – 14 ]. In the following text, the recent progress 
in syntheses and applications of zeolite fi lms and membranes will be presented.  

13.2     Structure of Zeolite Films and Membranes 

 The zeolite fi lms and membranes can be classifi ed into three types as shown in 
Fig.  13.1 : zeolite-fi lled mixed matrix membranes (separated zeolite crystals in 
 polymeric matrix), self-supporting zeolite layers, and supported zeolite layers; the 
supported zeolite layers include zeolite fi lms on dense substrates and zeolite 
 membranes on porous supports.

  Fig. 13.1    Structures of zeolite fi lms and membranes       
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13.2.1       Zeolite-Filled Mixed Matrix Membranes 

 Zeolites were fi rst used in membranes by dispersing zeolite crystals in polymeric 
membrane matrixes (mixed matrix membranes, designated as MMMs), which were 
used for gas separation and alcohol/water pervaporation separations. The investiga-
tion of MMMs for gas separation was fi rst reported in the 1970s with the discovery 
of a delayed diffusion time lag effect for CO 2  and CH 4  when adding 5A zeolite into 
rubbery polymer polydimethylsiloxane (PDMS) [ 15 ]. Researchers at UOP were the 
fi rst to report that mixed matrix systems of polymer/adsorbent might yield superior 
separation performance to that of pure polymeric system [ 16 ]. They observed an 
enhanced O 2 /N 2  selectivity from 3.0 to 4.3 when increasing silicalite content in the 
polymer cellulose acetate (CA) matrix. 

 Zeolite-fi lled MMMs have not been paid much attention before 2006 because 
fabrication of MMMs usually involves diffi culties such as weak adhesion of zeolite 
particles to the polymer matrix and poor distribution of the dispersed phase (zeo-
lite particles) in the continuous polymer matrix phase due to agglomeration of 
zeolite crystals. However, it has become a hot research topic again since 2006 to 
overcome the drawbacks of zeolite-fi lled mixed matrix membranes [ 17 – 19 ].  

13.2.2     Self-Supporting Zeolite Films and Membranes 

 Self-supporting zeolite fi lms can be prepared on temporary supports or without sup-
ports. Some zeolite fi lms can be synthesized on liquid mercury surface or polymer 
(e.g., Tefl on) surfaces and then detached from the substrate after crystallization. More 
than 20 papers were published on the synthesis of self-supporting zeolite fi lms between 
1990 and 1997. However, few papers were published after 2000 due to the weak 
mechanical strength of self-supporting zeolite fi lms. To avoid the thermal expansion 
mismatch between alumina support and zeolite membrane, the self- supporting MFI-
type zeolite membrane, which was fabricated on Tefl on plate in an autoclave at 80 °C 
for 24–96 h, was used to separate xylene isomers [ 20 ]. A silicalite/mordenite bilayered 
self-supporting membrane with disk shape was synthesized from a layered silicate, 
kanemite, by two steps using solid-state transformation [ 21 ]. The mechanical strength 
(compression strength) of the membrane was greater than 10 kg cm −2 . Very recently, 
high-strength self-supporting NaA and NaY zeolite membranes from geopolymer gels 
were fabricated through in situ hydrothermal transformation processing [ 22 ,  23 ].  

13.2.3     Supported Zeolite Films and Membranes 

13.2.3.1     Zeolite Films on Dense Substrates 

 Zeolite thin fi lms on the surfaces of dense substrates can be easily prepared by coating 
zeolite nano-sized particles on them. Transparent TS-1 zeolite fi lms were obtained on 
the surface of microslide glass by dipping the glass into a suspension of nano-sized 
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(<100 nm) TS-1 particles, drying at 100 °C, and calcining at 550 °C [ 24 ]. In a similar 
way, silicalite zeolite fi lms were prepared on silicon wafers by spin-coating method, 
and the fi lm can be used as low dielectric constant materials [ 25 ]. 

 Continuous zeolite fi lms on dense metal substrates or silicon wafers can be 
 prepared by in situ hydrothermal synthesis or seeded growth (secondary growth). 
For example,  b -oriented MFI-type zeolite fi lms on stainless steel plates or silicon 
wafers can be synthesized by in situ synthesis in a synthesis solution with a molar 
composition of 0.32TPAOH:1TEOS:165H 2 O [ 26 ,  27 ]. A typical  b -oriented MFI 
fi lm on a smooth stainless steel surface is shown in Fig.  13.2 . Precursor particle layers 
can be prepared using a colloidal suspension of small (nano-sized) crystal particles, and 
then continuous fi lms can be obtained by secondary growth of these particles [ 25 ].

13.2.3.2        Zeolite Membranes on Porous Supports 

 Since the self-supporting zeolite layers are highly fragile, zeolite membranes on 
porous supports have been created. The growth of zeolites on porous supports 
 generally results in a random orientation of crystals, due to the roughness of the 
supports applied. Porous supports are usually composed of inorganic materials such 
as mullite [ 28 ], alumina [ 29 ,  30 ], YSZ [ 31 ], and stainless steel [ 32 ,  33 ]. Wang et al. 
[ 34 ] developed a novel support, zeolite/polymer composite hollow fi ber. Zeolite 
crystals embedded in the matrix of polymer can be used as the seeds for zeolite 
membrane formation. 

  Fig. 13.2    SEM image of  b -oriented MFI fi lm on a smooth stainless steel surface       
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 Zeolite membranes are usually prepared on tubular supports or disk supports. 
Recently, people are interested in using ceramic hollow fi bers as supports, because 
of their high packing density (membrane surface area/volume ratio >1000 m 2  m −3 , 
if the outer diameter is smaller than 4 mm) and thinner wall. Wang et al. have 
 demonstrated for the fi rst time that, by one single hydrothermal synthesis, the zeolite 
NaA membrane with high separation performance could be formed on a ceramic 
hollow fi ber. They also reported that the fl ux of the membranes increased with the 
porosity of supports dramatically. SEM images of a typical zeolite LTA membrane 
on an alumina hollow fi ber are shown in Fig.  13.3 .

   LTA-type [ 35 ], X-type [ 36 ], MFI-type [ 33 ,  37 ], and ITQ-17 [ 38 ] zeolite 
 membranes were synthesized on stainless steel net supports by Zhu et al. 

 Recently, a thin porous Ni-supported NaA zeolite membrane has been developed 
by Liu et al. to substantially lower the zeolite membrane cost. The metallic nature 
of the porous Ni sheet provides mechanical strength and fl exibility for packaging of 
a membrane module, and the sheetlike membrane design facilitates potential low- 
cost production of zeolite membranes by a roll-to-roll process [ 39 ]. The zeolite/Ni 
membrane has been successfully demonstrated for water/ethanol separation [ 40 ].   

13.2.4     Special Membrane Structures 

13.2.4.1     Bilayered Zeolite Membranes 

 There are three different purposes for synthesizing multilayer zeolite membranes: 
(1) improving membrane performance by repeating crystallizations of the same 
zeolite type [ 41 ], (2) developing novel properties by combination of layers of 

  Fig. 13.3    SEM images of zeolite LTA membrane on an alumina hollow fi ber, ( a )  top view  and ( b ) 
 cross-sectional view        
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different zeolite types [ 21 ], and (3) creating new applications by combination of 
zeolite layers with other membrane layers. A facile strategy for the layer-by-layer 
synthesis of sandwich-like zeolite LTA membranes by using 3-aminopropyltriethoxysi-
lane as modifi er was reported by Huang et al. [ 41 ]. Lin et al. [ 42 ,  43 ] reported a 
highly stable bilayer MFI zeolite membrane with good hydrogen separation charac-
teristics. The membrane with a thin ZSM-5 layer on a thick silicalite base layer 
supported on a macroporous α-alumina support with an yttria-stabilized zirconia 
intermediate barrier layer was prepared by a multiple-step synthesis method.  

13.2.4.2     Oriented MFI-Type Zeolite Films and Membranes 

 One important but diffi cult task in the synthesis of zeolite fi lms or membranes is the 
control of crystal orientation in the zeolite layer. A  b -oriented MFI layer is expected 
to exhibit higher fl uxes.  b -Oriented MFI fi lms and membranes can be synthesized 
by direct in situ crystallization and seeded growth. 

  b -Oriented MFI-type fi lms were fi rst reported by Jansen et al. [ 44 ]. Wang and 
Yan fi rst demonstrated that crystal orientation control in a continuous MFI thin fi lm 
can be achieved by simple adjustment of synthesis compositions using direct in situ 
crystallization on metal substrates or silicon wafers [ 26 ]. Recently, it was reported 
that continuous  b -oriented MFI zeolite fi lms can be synthesized by microwave- 
assisted in situ crystallization and that a certain nuclei concentration at the aging 
stage is necessary [ 45 ].  b -Oriented TS-1 fi lms could be grown on chitosan-modifi ed 
α-Al 2 O 3  substrates [ 46 ]. 

 Continuous oriented zeolite fi lms were successfully prepared on supports with 
seeded growth method in which a zeolite seed layer was deposited on the substrate 
prior to hydrothermal treatment [ 47 ,  48 ]. The orientation of the seed layer can be retained 
into the fi nal membrane by seeded growth. Under certain growth conditions, crys-
tallographic orientations like  a -orientation [ 49 ,  50 ],  b -orientation [ 47 ,  48 ],  c -orientation 
[ 51 ], or intermediate orientations [ 52 ] for MFI membranes were observed. Highly 
 b -oriented and intergrown MFI fi lms could be produced by carrying out secondary 
growth of  b -oriented seed layers under hydrothermal conditions using trimer tetrapro-
pyl ammonium iodide as SDA [ 47 ]. Yoon et al. [ 48 ] reported facile methods to grow 
 b -oriented silicalite-1 membranes on supports using the synthesis gel composed of 
TEOS, TEAOH, (NH 4 ) 2 SiF 6 , and H 2 O in a mole ratio of 4.00:1.92:0.36:40–80 at 
165 °C for more than 7 d.  b -Oriented MFI membranes have a superior separation 
performance which was demonstrated for the xylene isomers separation [ 47 ,  48 ]. 

 It is generally believed that twin growth on MFI seed crystals is unavoidable with 
template TPAOH, which negatively affects the properties of the as-prepared 
 b - oriented  MFI zeolite fi lms [ 47 ]. Yang et al. [ 53 ] found for the fi rst time that proper 
pretreatment of the synthesis solution (including TPA + ) in the secondary growth 
process resulted in highly  b -oriented MFI fi lms. They also found that high-quality 
 b -oriented MFI-type zeolite fi lms could be obtained by microwave synthesis on the 
base of the above pretreatment method [ 54 ]. Wang et al. found that twin growth of 
a  b -oriented MFI seed layer could be effectively suppressed by decreasing the TPA + /
Si ratio in the secondary synthesis solution to a certain value (e.g., <0.01) [ 55 ].    
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13.3     Preparation Methods for Supported Films 
and Membranes 

13.3.1     General Preparation Methods 

 A great deal of progress in the science of zeolite membrane synthesis has been 
made since the fi rst preparation of zeolite membranes by Suzuki in 1987. Like the 
synthesis of zeolites, there are three general preparation methods for zeolite fi lms 
and membranes: (i) direct in situ crystallization, (ii) seeded growth (or secondary 
growth), and (iii) vapor phase transfer. 

13.3.1.1     Direct In Situ Crystallization 

 The fi rst method used to synthesize zeolite fi lms and membranes is the direct in situ 
hydrothermal synthesis (also named as direct in situ crystallization), in which the 
support is directly immersed in the zeolite synthesis solution and the membrane is 
formed under autogenous pressure in an autoclave. This method utilizes precipitation 
of zeolite crystals or gel followed by nucleation and growth of crystals on the 
 support surface. This is the simplest synthesis method for preparation of zeolite 
fi lms and membranes. As previously described, self-supporting zeolite fi lms and 
membranes are usually prepared on temporary supports by in situ crystallization. 

 Some MFI-type supported zeolite fi lms and membranes were prepared by in situ 
crystallization method, and it is clear that the in situ crystallization time is longer 
than 16 h except  b -oriented fi lms and the synthesis mixture is more dilute than the 
common zeolite powder synthesis to suppress the crystallization in the bulk solution 
[ 26 ,  56 ,  57 ]. Most of the MFI-type zeolite membranes are usually prepared at 160–
180 °C using TPABr or TPAOH as a SDA. Note that very thin  b -oriented silicalite-1 
fi lms (less than 1.0 μm) can be prepared by direct in situ crystallization on dense 
metal supports or silicon wafers [ 26 ]. 

 Few zeolite NaA membranes were prepared on alumina supports by direct in situ 
crystallization from a clear solution with a molar oxide ratio of 49Na 2 O:Al 2 O 3 :5SiO 2 :
980H 2 O at 85 °C for 2–4 h [ 58 ].  

13.3.1.2      Seeded Growth 

 The seeded growth method includes two processes: (1) the deposition of seed crystals 
on the support surface and (2) the secondary hydrothermal synthesis. The use of 
seeds offers a way to control the growth of a zeolite layer on a support surface. By 
decoupling the nucleation step from crystal growth, the seeds can grow in low 
 concentrated solutions under suppression of secondary nucleation. Therefore, most 
zeolite membranes are synthesized by the seeded growth method. For example, 
most of the zeolite NaA membranes have been prepared by the seeded growth 
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method using either a milky-like gel [ 29 ,  59 ] or a clear solution [ 60 ] on the surface 
of a porous support at 80–100 °C. 

 The seeding process on the supports has been recognized as a crucial factor to 
obtain high-quality zeolite membranes. Many seeding methods have been reported, 
and they can be classifi ed into seven main ways to attach the seeds to the support:

    1.    Capillary force attachment: Immersing a dried support into a seed suspension 
followed by a thermal treatment of the seeded support to fi x the seeds via de- 
hydroxylation to the support, e.g., dip coating [ 61 ].   

   2.    Electrostatic attachment: (1) Charging the support surface by controlling pH 
value to achieve opposite surface charges for seeds and the support [ 62 ]; 
(2) modifying the support surface by adsorption of a cationic polymer in order 
to achieve a positive surface charge. For example, charging the support surface 
by adsorption of positively charged cationic polymers like poly-DADMAC or 
Redifl oc to adjust different zeta potentials between the ceramic support and the 
zeolite nano-sized seed crystals [ 63 ,  64 ].   

   3.    Covalent bonding attachment: Modifying the support surface using silane 
coupling agent or the seed crystal surface to achieve covalent bonding between the 
support surface and the seed crystals [ 65 ,  66 ]. The oriented monolayer of zeolite 
crystals or patterned seed layer can be prepared by using covalent linkage [ 67 ].   

   4.    Electrophoretic deposition: Nano-sized zeolite seeds can be deposited on solid 
supports by electrophoretic deposition method [ 68 ].   

   5.    External force attachment: Rub coating [ 69 ], vacuum coating [ 70 ], and fi ltration 
coating [ 71 ]. The rub coating is a simple and effective way to coat zeolite seeds 
on the support surface, especially defective porous supports because zeolite 
seeds can fi ll the defect pores in the support by rub coating. A  b -oriented MFI- 
type seed layer can also be prepared by rub coating coffi n-shaped MFI-type zeo-
lite seed crystals on dense supports (glass slides, silicon wafers, and metal plates) 
[ 55 ]. Wang et al. developed a novel seeding method, dip coating–wiping seed-
ing, for ceramic hollow fi ber supports [ 29 ]. They also developed a novel seeding 
method, wetting–rubbing seed crystals or seed paste, for macroporous defective 
support surfaces [ 30 ,  72 ].   

   6.    In situ seeding: A seed layer can also be prepared by in situ crystallization in the 
synthesis solution. ZSM-5 zeolite fi lms were grown on silicon substrates by a two-
step hydrothermal synthesis consisting of in situ seeding and secondary growth [ 73 ].   

   7.    Embedding seed crystals in the support: Zeolite/polymer composite hollow 
fi bers with uniform zeolite crystals on the surface were prepared and used as 
supports; thus, only a simple hydrothermal synthesis was needed to obtain dense 
and continuous zeolite membranes on them [ 34 ].      

13.3.1.3     Vapor Phase Transfer 

 Zeolite crystals can be prepared by vapor phase transfer of dry gel conversion. 
Zeolite membranes can also be prepared by the vapor phase transfer method, in 
which a layer of dry aluminosilicate gel is deposited on the support and then 
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transformed into zeolite layer in the presence of vapors. Dong et al. [ 74 ] prepared 
ZSM-5 and ZSM-35 membranes by the vapor phase method. Matsukata’s group 
synthesized zeolites ZSM-5, ferrierite, mordenite, and analcime fl at membranes by 
this method [ 75 ,  76 ]. The organic SDA agents can be included in the dry gel or in 
the vapor phase. Cheng et al. synthesized zeolite NaA membranes with high perfor-
mance by vapor phase transformation [ 77 ].   

13.3.2     Special Synthesis Concepts 

13.3.2.1     Microwave Synthesis 

 A remarkable progress in the microwave-assisted synthesis of zeolite NaA 
 membranes was achieved by Yang’s group [ 78 – 80 ]. It is known that surface seeding 
is usually needed for the synthesis of zeolite NaA membranes. They developed the 
“in situ aging–microwave synthesis” method [ 80 ], by which high-quality LTA 
membranes could be synthesized with high reproducibility. 

 Dong et al. reported microwave synthesis of MFI-type zeolite membranes by 
seeded growth without the use of organic SDA [ 81 ]. Membranes obtained from 
template-free inorganic precursors exhibited higher permselectivities of H 2  over N 2  
and SF 6  than the membrane synthesized with TPAOH template. Yang et al. fi rstly 
prepared zeolite T membranes on the α-Al 2 O 3  tubes by microwave-assisted in situ 
nucleation and secondary growth [ 82 ]. Yan et al. reported ambient pressure dry gel 
conversion method for zeolite MFI synthesis using ionic liquid and microwave 
heating [ 83 ]. Wang et al. reported the preparation of  b -oriented MFI zeolite fi lms on 
stainless steel substrates using a novel microwave-assisted two-stage varying- 
temperature hydrothermal synthesis [ 45 ]. Yang et al. reported that twin growth in 
the synthesis of  b -oriented MFI fi lms was successfully suppressed by applying 
microwave irradiation on a  b -oriented MFI seed layer, relying on the nucleation- 
related bottleneck effect [ 54 ]. The supported zeolite membranes on ceramic capil-
laries have been synthesized under microwave heating in order to reduce synthesis 
time, to prevent support dissolution, and to reproducibly obtain a thin defect-free 
zeolite layer [ 84 ]. A chitosan layer is utilized for controlled fabrication of MFI zeolite 
fi lms in dilute synthesis solution under microwave irradiation. The dense, ca. 600 nm 
thick, and solely  b -oriented silicalite-1 fi lms can be formed onto the chitosan 
 supported silicalite-1 monolayer under microwave irradiation for 1 h [ 85 ].  

13.3.2.2     Intergrowth Supporting Substances 

 By adsorption of intergrowth supporting substances (ISS), the strong negative sur-
face charge can be compensated to the isoelectric point, and then negatively charged 
silica precursors can access to the surface. Suitable ISS are small positively charged 
molecules, are stable in the alkaline region during the membrane synthesis, and can 
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be decomposed by calcinations [ 86 ]. Evaluating different ISS, HMEDA-J 2  in a 
concentration of 0.01 M was found to be optimum [ 86 ]. This ISS concept was fi rst 
developed for ZSM-5 membranes [ 86 ] and later successfully transformed to the 
synthesis of LTA and FAU membranes [ 8 ]. LTA and FAU membranes can effectively 
separate water/organic mixtures, but they fail in shape-selective gas separations. By 
adsorption of an ISS, this negative zeta potential can be shifted to near the isoelec-
tric point which improves the intergrowth of the seed crystals on the support to a 
continuous membrane layer. By using an ISS, an improvement of the permeation 
selectivity of LTA and FAU membranes was found. Nevertheless, the LTA and FAU 
membranes prepared with ISS are still far from being defect-free, and their permse-
lectivities are found in the range of the Knudsen factor.  

13.3.2.3     Covalent Synthesis 

 In Sect.  13.3.1.2 , we introduced that zeolite seed layers can be prepared by covalent 
bonding attachment using covalent silane linkers. Recently, Huang and Caro have 
developed a seeding-free synthesis strategy for the preparation of zeolite LTA and 
FAU membranes by using 3-aminopropyltriethoxysilane (APTES) [ 41 ,  66 ,  87 ,  88 ], 
1,4-diisocyanate (DIC-4) [ 89 ], or 3-chloropropyltrimethoxysilane (CPTMS) [ 65 ] as 
covalent linkers between the zeolite layer and the porous α-Al 2 O 3  support. By 
 covalent bonds, the zeolite precursors were effectively attached and anchored onto 
the support surface to promote the nucleation and growth of zeolite layers. The 
zeolite LTA membranes prepared on the covalent agent-modifi ed porous α-Al 2 O 3  
disk display higher separation selectivity than the literature data reported previ-
ously. This method has been used in preparation of metal organic framework (MOF) 
membranes [ 90 ].  

13.3.2.4     Inner-Side Synthesis 

 Zeolite membranes are usually synthesized on the external surfaces of the tubular 
supports. As shown in Table  13.1 , only a few studies have been reported in literature 
regarding the preparation of zeolite membranes on the inner surfaces of the tubular 
supports [ 91 – 95 ]. Some special seeding methods and synthesis systems were used, 
and pervaporation (PV) separation performance of those membranes is different. 
Inner-side zeolite membranes on alumina hollow fi bers, on which the seed layer was 
obtained by dip coating an aqueous seed suspension containing a clear solution, 
showed the best PV performance. HZSM-5 zeolite coatings on the inner surface of 
stainless steel tubes were prepared by the secondary growth method and used in the 
catalytic cracking of n-dodecane [ 96 ].
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13.3.2.5        Fluoride-Mediated Synthesis 

 The synthesis of zeolites can be conducted in both basic (OH − ) and fl uoride medium 
(F − ). The fl uoride-based synthesis has been also used in preparation of zeolite 
 membranes. Zeolite beta fi lms prepared by seeded growth in fl uoride media (SiO 2 : 
0.5TEAF: 5H 2 O) at 150 °C for 4 days were very rough with a thickness exceeding 
20 μm and were composed of well-faceted uniform 2.5–3 μm truncated square 
 dipyramidal crystals [ 97 ]. Zhu et al. reported an improved method in fl uoride media 
at 140 °C for 2 days to synthesize (h0l) oriented high-silica beta membrane with a 
thickness of 2 μm [ 98 ]. 

 MFI fi lms were prepared on dense glass substrates by seeded growth (75 nm 
crystal seeds) in fl uoride media (0.12TPAOH: TEOS: 39H 2 O: 0.12HF) at 100 °C for 
24–120 h, while no continuous MFI fi lms were obtained on α-alumina plates under 
the same conditions [ 99 ]. However, MFI fi lms (~2 μm thick) were prepared on 
α-alumina plates by seeded growth in fl uoride media (0.12TPAOH: SiO 2 : 60H 2 O: 
0.12HF) at 100 °C for 96 h using fumed silica as silica source [ 100 ]. It is reported 
that defect-free silicalite-1 membranes were successfully prepared on the surface 
of tubular mullite supports in ultra-diluted solution containing fl uoride (1SiO 2 :0.2T
PABr:0.2TPAOH:0.15NH 4 F:800H 2 O) by hydrothermal synthesis at 180 °C for 20 h 
[ 101 ]. Well water permselectivity ZSM-5 membranes were rapidly prepared from 
an aluminum-rich and organic template-free precursor gel in fl uoride media by a 
static secondary hydrothermal synthesis (180 °C 24–48 h) using nanometer sili-
calite-1 crystals as seeds [ 28 ,  102 ]. High-performance mordenite zeolite membranes 
in fl uoride media with organic-free template were prepared on α-Al 2 O 3  tubes and 
mullite tubes by secondary growth [ 103 – 105 ]. 

 Very recently, Zhou et al. [ 106 ] reported a facile method for preparing  b -oriented 
silica MFI fi lms and membranes in fl uoride media on dense glass plates and porous 

      Table 13.1    PV performance of inner-side zeolite NaA membranes in dehydration of ethanol 
aqueous solution   

 Support  Seeding  Synthesis 
 PV 
conditions 

 Flux 
(kg m −2  h −1 )  α  Ref. 

 Al 2 O 3  tube  Cross-fl ow 
fi ltration 

 92 wt%, 50 °C  0.5  600  [ 91 ] 

 Al 2 O 3  tube  Cross-fl ow 
fi ltration 

 Semicontinuous  90 wt%, 50 °C  0.5  16,000  [ 92 ] 

 Al 2 O 3  tube  Under a centrifugal 
force fi eld 

 90.8 wt%, 
93 °C 

 2.5  130  [ 93 ] 

 TiO 2  tube  Flow system 
(gravity) 

 92 wt%, 50 °C  1.2  8,500  [ 94 ] 

 Al 2 O 3  
hollow 
fi bers 

 Dip coating  Rotating autoclave  90 wt%, 75 °C  6.3  10,000  [ 95 ] 
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alumina supports, respectively. The optimum composition of synthesis solution was 
TEOS: 0.2TPAOH:0.2HF:200H 2 O. The as-synthesized membranes showed CO 2 /H 2  
and CO 2 /CO mixture separation performances that are higher than those of the 
random- oriented zeolite membranes.  

13.3.2.6     Variable-Temperature Synthesis 

 Thin (7 μm) zeolite ZSM-5 membranes with high permeances were reproducibly 
prepared on α-Al 2 O 3  supports (pore size: 2μm) by a two-stage varying-temperature 
synthesis [ 107 ]. Compared to the synthesis at constant temperature, equiaxed particles 
in the membrane were achieved; thin and dense membranes were obtained. 

 High-quality zeolite silicalite-1 membranes were successfully prepared on 
porous, tubular stainless steel supports with the optimized synthesis solution com-
position by a two-stage varying-temperature in situ synthesis [ 108 ]. Compared with 
the synthesis at constant temperature (one stage), the two-stage varying- temperature 
in situ synthesis generated a thin and dense membrane. 

 In addition to the conventional constant temperature (CT) at 100 and 140 °C 
syntheses, a variable-temperature synthesis of zeolite NaY membranes was applied 
where the temperature was increased from 100 to 140 °C (VT-LH) and decreased 
from 140 to 100 °C (VT-HL) during the hydrothermal syntheses [ 109 ]. It is found 
that by reducing the synthesis temperature from 140 to 100 °C during the hydrother-
mal synthesis, formation of impure phases was prevented during the densifi cation of 
the membrane. The NaY zeolite membranes prepared under the variable- temperature 
method showed the higher PV performances than the membranes prepared under 
constant temperature conditions.  

13.3.2.7     Masking Technique 

 A rational fabrication approach targeting ultrathin, defect-free MFI fi lms on open 
supports by using a two-step support masking technique was adopted [ 110 ]. In 
order to prevent support invasion and leaching, support masking was carried out. 
The wax has a melting point above the synthesis temperature and thus remained in 
the pores of the support and protected the support from the synthesis solution during 
fi lm synthesis. 

 High-performance silicalite-1 membranes were synthesized on silica tubes by in 
situ hydrothermal synthesis. By using the “solution-fi lling (SF)” method, the aver-
age fl ux of membranes with the SF method was improved by about 25 % compared 
to that of the membranes without using the SF method [ 111 ,  112 ]. The fl ux and 
separation factor toward ethanol/water mixture at 60 °C were 0.56 kg m −2  h −1  and 
84, respectively.  
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13.3.2.8     Counter-Diffusion Secondary Growth (CDSG) 

 High-performance silicalite-1 membranes on outer surface of macroporous α-Al 2 O 3  
supports were synthesized by counter-diffusion secondary growth (CDSG) [ 113 ]. 
Different from the conventional synthesis methods, this method introduced silica 
source (TEOS) and template agent (TPABr) from the opposite direction of a support 
wall, resulting in good membrane structures and properties as well as reduced chemi-
cal consumption. Results showed that the membranes were dense, continuous without 
obvious defects, and displaying good permeation property. The H 2  permeance and H 2 /
SF 6  ideal permselectivity for the membrane prepared under optimized parameters 
were up to 7.5 × 10 −7  mol m −2  s −1  Pa −1  and 103 at 25 °C under 0.1 MPa pressure drop, 
respectively. This method can also be extended to the preparation of other zeolite 
membranes. Very recently, this method was used to prepare ZIF-7 membranes [ 114 ].  

13.3.2.9     Pore-Plugging Synthesis 

 The main goal of all above methods is to generate a thin, defect-free zeolite layer on 
top of the porous support. Miachon and his coworker reported on another strategy 
for the preparation of zeolite membranes [ 115 ,  116 ]. The idea was to grow zeolite 
crystals within the pores of a ceramic alumina substrate until complete blocking of 
the pore by the zeolite material. A continuous composite zeolite–alumina  membrane 
was obtained via the pore-plugging method. This nanocomposite membrane led to 
high separation factors, the separation layer being located inside the pores of the 
host ceramic support. The introduction of an interruption during the hydrothermal 
synthesis led to higher separation performances [ 115 ]. 

 Alumina hollow fi bers have been used as supports and submitted to pore- plugging 
MFI zeolite synthesis [ 117 ]. Nanocomposite MFI/alumina hollow fi bers with a 
 negligible amount of intercrystalline defects and high gas permeance at room 
temperature have been successfully synthesized using the pore-plugging approach. 
In this nanocomposite architecture, grain boundaries that could limit selectivity 
are less important than in fi lmlike structures. Nanocomposite MFI–ceramic hollow 
fi ber membranes via pore-plugging synthesis have been used in many kinds of 
separation, such as CO 2  capture [ 118 ,  119 ], xylene isomer separation [ 120 ], and 
packed bed membrane reactors [ 121 ].    

13.4     Applications 

 The applications of zeolite fi lms and membranes for gas separation, pervaporation, 
membrane reactors, sensors, low-k fi lms, corrosion protection coatings, zeolite- 
modifi ed electrodes, fuel cells, heat pumps, etc. have been wildly explored. General 
separation mechanisms in zeolite membranes include molecular sieving and com-
petitive adsorption and diffusion. 

13 Zeolite Thin Films and Membranes: From Fundamental to Applications



448

13.4.1     Dehydration of Organic Solvents 

 In the chemical and allied industries, pervaporation (PV) is becoming the preferred 
process for removing water from organics—especially from ethanol and isopropanol. 
There are two important factors for evaluating the separation performance of zeolite 
membranes: fl ux and separation factor. The total fl ux ( J ) and separation factor ( α ) 
are defi ned as follows:

  
J W A t a Y Y X X       / * , / / /water ethanol water ethanol

   

where  W  is total weight of the permeate (kg),  A  is the separation area of zeolite 
membrane, t is the collecting time (h), and  X  and  Y  are the weight fraction of species 
in the feed and permeate, respectively. 

 Table  13.2  shows the pervaporation performance of zeolite membranes in 
 dehydration of 90 wt% ethanol aqueous solutions reported in literature. Zeolite NaA 
membranes showed the best separation performance in dehydration of ethanol due 
to the higher hydrophilicity of zeolite NaA. The supports have great effect on the 
fl uxes of zeolite membranes. Zeolite NaA membranes on hollow fi bers showed 
higher fl uxes than those on tubular supports. The fl uxes of zeolite NaA membranes 
on tubular supports are also pretty different due to their different structures. It 
is concluded that the fl ux depends on the diffusion resistance of the support 
(especially the porosity) [ 29 ,  122 ].

   Table 13.2    Pervaporation performance of zeolite membranes for dehydration of 90 wt% ethanol 
solution at 75 °C   

 Zeolite  α (A/B) a   Flux(kg/m 2  h)  Support  Ref 

 NaX  170  1.9  Mullite tubes  [ 123 ] 
 NaY  130  1.6  Mullite tubes  [ 123 ] 
 NaY  420  5.1  α-Al 2 O 3  tubes b   [ 124 ] 
 T  1301  2.12  α-Al 2 O 3  tubes  [ 125 ] 
 Mordenite c   1300  1.6  Mullite tubes  [ 104 ] 
 CHA  3900  2.2  Mullite tubes  [ 126 ] 
 NaA  >10,000  2.08  Mullite tubes  [ 127 ] 
 NaA  10,000  2.15  α-Al 2 O 3  tubes  [ 59 ] 
 NaA  >10,000  5.6  α-Al 2 O 3  tubes b   [ 128 ] 
 NaA  >10,000  3.5–4.0  α- Al 2 O 3  tubes  [ 30 ] 
 NaA  >10,000  6.0–9.0  Alumina hollow fi bers  [ 29 ] 
 NaA  >10,000  8.0–9.3  Composite hollow fi bers  [ 34 ] 
 NaA  >10,000  4.0  Porous Ni sheet  [ 40 ] 

   a Mixture, A/B = water/ethanol 
  b Asymmetric support 
  c Fluoride media  
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   As shown in Table  13.3 , zeolite NaA membranes can also be used in dehydration 
of isopropanol, ethyl acetate, ethylene glycol, and benzaldehyde. However, the 
 zeolite NaA membrane is unstable to acids and not applied to the system where it 
directly contacts with acids. Kita and his coworkers found that zeolite T membranes 
had high pervaporation (PV) performance to water–organic liquid mixtures and 
good stability to acid solutions. The PV separation with zeolite T membrane was 
applied to the esterifi cation of acetic acid with ethanol [ 129 ]. The conversion 
exceeded the equilibrium limit and reached almost 100 % within 8 h when the initial 
molar ratios of alcohol to acetic acid were 1.5 and 2. Zeolite T membranes attracted 
a lot of efforts in developing new preparation methods and improving the separation 
properties, including synthesis in fl uoride media [ 32 ,  130 ], clear gel solution 
synthesis [ 131 – 133 ], two-step temperature process [ 134 ], varying temperature 
[ 125 ,  135 ], and microwave-assisted synthesis [ 136 ,  137 ]. Their typical separation 
performance is shown in Table  13.4 . Higher separation factors were obtained for the 
separation of water/isopropanol than that of water/ethanol.

    Zhu et al. [ 33 ] have provided an environmentally benign synthesis approach for 
the preparation of continuous and low-siliceous ZSM-5 membranes with thin thick-
ness on stainless steel net supports. In this method, no additional organic templates 
are required, and the crystallization of ZSM-5 membranes proceeds at low tempera-
ture (100 °C) and ambient pressure. As-prepared ZSM-5 membranes showed high 
pervaporation performance in binary mixtures of ethanol–water and isopropanol–
water. The total fl ux and separation factor for the dehydration of a 95 wt% ethanol 
aqueous solution at 75 °C can reach 5.96 kg m −2  h −1  and 6,951, respectively. The 
total fl ux and separation factor for the dehydration of the 90 wt% isopropanol 
aqueous solution at 75 °C can reach 6.88 kg m −2  h −1  and 8,991, respectively.  

13.4.2     Organics Extraction from Organic/Water Mixtures 

 Most of the zeolite membrane studies focused on MFI-type because it has a multi-
dimensional channel network with pore openings near the sizes of many industrially 
important organic molecules. The hydrophobic property of the pure silica MFI-type 
zeolite membrane makes it very attractive for the pervaporation (PV) separation of 

   Table 13.3    Pervaporation performances of zeolite NaA membranes for dehydration of solvents   

 Support (pore size, 
μm)  PV conditions 

 Flux 
(kg m −2  h −1 )  α (−)  Ref. 

 α-Al 2 O 3  tube 
(0.5–1.0) 

 Isopropanol/water (95/5, 70 °C)  1.44  10,000  [ 138 ] 

 Mullite tube (1)  Ethylene glycol/water (80/20, 
120 °C) 

 4.03  >5000  [ 139 ] 

 α-Al 2 O 3  tube (0.5)  Ethyl acetate/water (98/2, 50 °C)  0.315  163,000  [ 140 ] 
 Stainless steel plate 
(0.2) 

 Benzaldehyde/water (97/3, 25 °C)  0.04  10,000  [ 141 ] 
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organic/water mixtures, especially for the ethanol/water mixture [ 18 ]. The pervaporation 
results of ethanol aqueous solutions on MFI zeolite membranes are summarized in 
Table  13.5 .

   As shown in Table  13.5 , MFI-type zeolite membranes were synthesized on 
 different supports and showed different pervaporation performance, due to the 
different support properties and different synthesis methods. The membranes on 
hollow fi bers showed higher fl uxes than those on tubes. The membrane on stainless 
steel net showed the highest fl ux with the lowest separation factor [ 151 ]. Except for 
a few works of Kita’s and Yang’s groups [ 144 ], most reported separation factors of 
MFI- type zeolite membranes toward ethanol/water mixtures are lower than 60. 
Wang et al. [ 72 ] recently developed a novel wetting–rubbing seeding method to 
prepare MFI-type zeolite membranes on low-cost defective macroporous alumina 
supports. The synthesized membranes exhibited a high separation factor of 62 in a 
short crystallization time of 4 h at 175 °C.  

   Table 13.4    PV performance of zeolite T membranes for dehydration of 10 wt% water/organics 
mixtures at 75 °C   

 Support  Mixture  Flux (kg m −2  h −1 )  α (−)  Ref. 

 Stainless steel a   Water/isopropanol  6.70  5300  [ 32 ] 
 Mullite a   Water/isopropanol  4.43  8200  [ 130 ] 

 Water/ethanol  3.64  2900 
 Mullite  Water/isopropanol  2.20  8900  [ 142 ] 

 Water/ethanol  1.10  900 
 α-Al 2 O 3   Water/isopropanol  2.15  10000  [ 82 ] 

 Water/ethanol  1.77  1116 

   a Fluoride media  

    Table 13.5    Pervaporation performances of MFI-type zeolite membranes for ethanol/water mixture   

 Support (pore size, μm) a   Thickness (μm) 
 Feed 
(wt%)  Flux (kg m −2  h −1 )   α  b  (−)  Ref. 

 PSS disk (0.5–2)  ~500  4  0.76  58  [ 143 ] 
 Silica tube (0.3)  30  3  0.87  69  [ 144 ] 
 PMT (1)  ~20  5  0.93  106  [ 145 ] 
 PMT (1)  ~6  5  2.85  60  [ 101 ] 
 AHF (0.1–0.2) c   12  5  5.40  54  [ 146 ] 
 YSZ HF (0.37–1.13)  ~3  5  7.40  47  [ 147 ] 
 PMT (1)  –  10  2.55  72  [ 148 ] 
 PAT (2)  ~20  5  1.81  89  [ 149 ] 
 PAT (2–3)  10  5  1.38  45  [ 150 ] 
 SS net (300 mesh) d   ~7.5  5  11.50  19.6  [ 151 ] 
 PAT (1–3)  ~3.5  5  1.82  62  [ 72 ] 

   a  PSS  porous stainless steel,  PMT  porous mullite tube,  PAT  porous alumina tube,  AHF  alumina 
hollow fi ber (HF) 
  b Separation factor (ethanol/water) 
  c,d PV temperature: 75 °C, 25 °C (60 °C for others)  
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13.4.3     Separation of Organic Mixtures 

 Some nonaqueous organic mixtures also exhibit adsorption and diffusion differences, 
allowing separations. Table  13.6  shows that methanol/MTBE and methanol/benzene 
separations have been the most successful organic/organic separations with zeolite 
membranes. Methanol (1.7-debye dipole moment) is more polar than MTBE 
(1.4 debye) and benzene, which does not have a permanent dipole. Thus, NaY and 
NaX zeolite membranes that have high aluminum contents separate these mixtures 
better than a silicalite-1 membrane because of their localized electrostatic poles.

   The NaY zeolite membranes prepared under the variable-temperature method 
showed the higher PV performances than the membranes prepared under constant 
temperature conditions [ 109 ]. NaY zeolite membranes were applied to the PV separa-
tion of several water/alcohol and alcohol/organic systems. High PV performances in 
fl ux and separation factor were obtained for the separations of methanol/MTBE, 
methanol/DMC, ethanol/ETBE and methanol/MMA, etc. The remarkably high perm-
selectivity of NaY zeolite membranes can be attractive for practical applications.  

13.4.4     Xylene Isomer Separation 

 The recovery of p-xylene from xylene isomers is an important step in the large-scale 
synthesis of petrochemicals. The conventional methods for separating the xylene 
isomers are crystallization, distillation, and adsorption. Separation of these mixtures 
is poorly achieved by distillation process due to the similar volatility and boiling 
point which is 138.5 °C (p-xylene), 139 °C (m-xylene), and 144.5 °C (o-xylene). 
Moreover, separation of these mixtures by crystallization or through adsorption 
processes is usually complex and very energy intensive. Therefore, membrane 
separation is very important for the separation of xylene isomers. Table  13.7  shows 
comparison of p-xylene permeation and separation performance for supported 
MFI- type zeolite membranes. Note that these MFI-type zeolite membranes were 
prepared by various methods and examined at different conditions. The permeation 

   Table 13.6    Organic mixtures separation results by zeolite NaY membranes   

 Feed solution  Flux (kg m −2  h −1 )  α  Temp. (°C)  Ref. 

 MeOH/MTBE  1.5  12,000  50  [ 124 ] 
 MeOH/MTBE  2.25  8,800  50  [ 109 ] 
 MeOH/MMA  3.47  6,200  60  [ 109 ] 
 MeOH/DMC  1.05  700  50  [ 109 ] 
 MeOH/MIB  3.31  6,700  60  [ 109 ] 
 MeOH/MA  3.06  4,900  60  [ 109 ] 
 MeOH/MP  3.14  4,500  60  [ 109 ] 
 EtOH/ETBE  1.28  2,600  60  [ 109 ] 
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temperatures were also quite different for pervaporation and vapor permeation. As 
shown in Table  13.7 , the pervaporation offers much higher p-xylene fl ux and lower 
p/o-xylene separation factor than the vapor permeation.  b -Oriented membranes 
showed the highest vapor permeation separation factor for xylenes (>500) at 200 °C 
[ 47 ,  48 ]. Yuan et al. [ 152 ] reported that silicalite membranes prepared by template- 
free secondary growth method showed high p/o-xylene pervaporation separation 
factors (40) at 25 °C.

13.4.5        Gas Separation 

13.4.5.1     H 2  Separation 

 Hydrogen has been considered as a promising energy carrier for generating clean 
power. Since the kinetic diameter of H 2  is around 0.29 nm, the pore diameter of 
membranes should be larger than this but smaller than the kinetic diameter of the 
molecules from which H 2  is to be separated. Compared with other membranes, crystal-
line zeolite membranes offer much better thermal, hydrothermal stability and high 
tolerance for impurities such as H 2 S. Among zeolite membranes, MFI-type zeolite 
membranes are the most commonly used ones. Gas permeation results of hydrogen 
separation for silicalite-1 membranes have been reported in many studies. In these 
cases, the separation effect is based on the interplay of mixture adsorption and mixture 
diffusion effects. As an example, the mixture separation factor α of H 2  from i-butane 
increases from about α ≈ 1.5 at room temperature to α ≈ 70 at 500 °C [ 171 ]. 

 To obtain high selectivity for H 2  separation, some strategies were applied to 
reduce the pore size of MFI zeolite membrane (0.55 nm) [ 93 ,  161 ,  162 ]. Hong et al. 
[ 161 ] used catalytic cracking deposition (CCD) of methyldiethoxysilane (MDES) 

    Table 13.7    Literature  results for the separation of xylene isomers through MFI-type zeolite 
membranes by vapor permeation (VP) and pervaporation (PV) methods   

 Separation  Growth method a   Orientation  Flux d   α (−)  Ref. 

 VP  SG  b-oriented  1,960  500  [ 47 ] 
 VP  SG  c-oriented  ~50  2−39.5  [ 153 ] 
 VP  SG b   h,0,h-oriented  28–851  20−300  [ 154 ] 
 VP  In situ  Random  ~150  18−73  [ 155 ] 
 VP  SG  b-oriented  2,100–500  ~1,000  [ 48 ] 
 VP  SG  c/h0h-oriented  600  29  [ 156 ] 
 VP  SG  Random/h0h  2,600 ± 400  123–139  [ 157 ] 
 VP  SG  c-oriented  480  126  [ 158 ] 
 PV  SG c   Random  14  40  [ 152 ] 
 PV  SG  c-oriented  45  2 − 3.6  [ 159 ,  160 ] 

   a  SG  secondary growth 
  b Defect sealing 
  c Template-free 
  d VP fl ux 10 −10  mol m −2  s −1  Pa −1 , PV fl ux 10 −2  kg m −2  h −1   

Z. Wang and Y. Yan



453

to modify the zeolitic pores of B-ZSM-5 membranes. After CCD treatment, mono 
SiO 2  units could be formed in the zeolitic pores, which could effectively reduce the 
pore size and adapt for H 2 -selective separation. The modifi ed membrane showed a 
H 2 /CO 2  separation factor of 47 for H 2 /CO 2  (50/50) mixture at 400 °C. However, the 
deposition amount was hard to control using an intermittent operation for modifi ca-
tion. The deposition of silane decreased H 2  permeance more than one order of 
 magnitude. To avoid excessive SiO 2  deposition, an on-stream chemical vapor 
deposition approach was proposed to modify MFI/α-Al 2 O 3  zeolite membranes 
[ 163 ]. The permeation of H 2 /CO 2  gas mixture through MFI zeolite membranes was 
monitored during the modifi cation process at 450 °C. The H 2 /CO 2  separation factor 
increased from 1.8 to 7.0 while the H 2  permeance only decreased from 2.73 × 10 −7  
to 1.28 × 10 −7  mol m −2  s −1  Pa −1  during 5 min modifi cation. Gu et al. [ 164 ] modifi ed 
the synthesized MFI-type zeolite membranes for H 2  separation by on-stream catalytic 
cracking deposition of MDES in the zeolitic pores. Activation of MFI zeolite mem-
branes by air at 500 °C was found to promote catalytic cracking deposition of silane 
in the zeolitic pores effectively, which resulted in signifi cant improvement of 
 H 2 - separating performance. The H 2 /CO 2  separation factor of 45.6 with H 2  permeance 
of 1.0 × 10 −8  mol m −2  s −1  Pa −1  was obtained at 500 °C for a modifi ed hollow fi ber MFI 
zeolite membrane. Recently, Lin et al. [ 43 ] reported a highly stable bilayer MFI 
zeolite membrane with good hydrogen separation characteristics. The membrane 
consists of a thin (2 μm) ZSM-5 layer on a thick (8 μm) silicalite base layer 
supported on macroporous α-alumina with an yttria-stabilized zirconia (YSZ) 
intermediate barrier layer. The zeolitic pores of the thin ZSM-5 layer were narrowed 
by catalytic cracking deposition (CCD). At 500 °C, the bilayer zeolite membrane 
exhibits H 2  permeance of about 1.2 × 10 −7  mol m −2  s −1  Pa −1 , with H 2  to CO 2 , CO, and 
H 2 O vapor selectivity, respectively, of about 23, 28, and 180. 

 In addition to MFI (silicalite-1) membranes, SAPO-34 with chabazite (CHA)-
type framework having pore diameter of 0.38 nm has been studied for various 
applications and has shown excellent performance in H 2  gas separations from other 
light gases like CO 2 , N 2 , CH 4 , etc. [ 165 – 167 ]. Lin et al. recommended DDR 
membranes as tool for H 2  separation [ 168 ,  169 ].  

13.4.5.2     CO 2  Separation 

 Gas separation is of vital environmental concern nowadays due to the issue of global 
climate change. The phenomenon of increasing greenhouse gas concentration, 
especially carbon dioxide (CO 2 ), in the atmosphere has drawn increasing interest 
among the researchers toward fi nding effi cient methods for CO 2  capture before 
being emitted to the atmosphere. A few zeolite membranes have already shown 
promising results in the separation of CO 2  from N 2  and CH 4  [ 170 – 172 ]. 

 CO 2  has a stronger electrostatic quadrupole moment than N 2  leading to a 
preferential adsorption of CO 2  from CO 2 /N 2  mixtures. Most often the MFI-type 
membrane was studied [ 119 ,  173 ]. As shown in Table  13.8 , zeolite NaY membranes 
are well investigated recently and showed different CO 2  permeances and separation 
factors.
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   Studies of single and binary permeation of CH 4  and CO 2  through silicalite-1 
membranes gave that the CO 2  selectivity in the permeation is due to the favorable 
CO 2  adsorption. A selectivity of about 10 was obtained for a silicalite-1 membrane 
at 120 °C [ 180 ]. In contrast, small-pore zeolites like zeolite T (ERI–OFF) (pore 
size: 0.41 nm), DDR (0.36 nm × 0.44 nm), and SAPO-34 (0.38 nm) have pores 
that are similar to the size of CH 4  (0.38 nm) but larger than the size of CO 2  (0.33 nm). 
It can be expected, therefore, that these membranes show high CO 2 /CH 4  selectivities 
due to molecular sieving. As shown in Table  13.9 , the high selectivity is caused by 
the molecular sieving effect for CH 4  and to some extent by the preferential adsorption 
of CO 2 . 

   The tuning of the CO 2  permeation through SAPO-34 by ion exchange was reported 
[ 183 ,  184 ]. As shown in Table  13.9 , Ba-SAPO-34 membrane showed good CO 2 /CH 4  
separation performance at pressure difference of 101.19 kPa and 5.87 % CO 2  concen-
tration in the feed [ 183 ]. Recently, Noble et al. still focus their research on SAPO-34 
zeolite membranes for CO 2 /CH 4  separation [ 166 ,  185 – 187 ]. However, CO 2  fl ux and 
selectivity decrease in the presence of water since water has a strong affi nity to the 
hydrophilic SAPO-34 membrane [ 188 ]. Therefore, hydrophobic narrow pore zeolite 
membranes are more appropriate to separate CO 2  from humid gases. Consequently, 

   Table 13.8    Comparison of performances of FAU-type membranes in CO 2 /N 2  separations a    

 Support 
 Thickness 
(μm) 

 Pr 
(kPa) 

 Test 
temperature 
(°C) 

 Permeance of CO 2  
(10 −7  mol 
m −2  s −1  Pa −1 ) 

 α (CO 2 /
N 2 )  Ref 

 Al 2 O 3  tube  10  101  30  0.28 c   100  [ 174 ] 
 Al 2 O 3  tube  10  101  40  4.1 b   46  [ 175 ] 
 Al 2 O 3  tube  10  101  35  13 b   30  [ 176 ] 
 Al 2 O 3  tube  5  101  35  15 b   32  [ 177 ] 
 Al 2 O 3  disk  50  –  25  1.5 b   54  [ 178 ] 
 Al 2 O 3  disk  1.9–2.1  207  30  0.039 c   >550  [ 179 ] 
 Al 2 O 3  disk  0.35–0.6  138  30  0.96 c   503  [ 179 ] 

   Pr  retentate feed pressure 
  a For all experiments, the permeate pressure was maintained at atmospheric pressure 
  b Permeances and selectivity determined from mixed gas separation experiments 
  c Permeances determined by single gas permeation experiments; selectivity determined from mixed 
gas separation experiments  

    Table 13.9    Comparison of performances of zeolite membranes in CO 2 /CH 4  separations   

 Membrane  Support 
 Temperature 
(°C) 

 Permeance (×10 −8  mol 
m −2  s −1  Pa −1 )  α  Ref. 

 ERI–OFF  35  4.6  400  [ 172 ] 
 DDR  28  7  220  [ 14 ] 
 DDR  −48  4000  [ 181 ] 
 SAPO-34  22  12  170  [ 182 ] 
 SAPO-34  −21  560  [ 182 ] 
 Ba-SAPO-34  32.7  385  250  [ 183 ] 
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DDR membranes show a high CO 2  fl ux and selectivity and a negligible water 
infl uence on the separation performance in the CO 2  separation from natural gas [ 14 ].   

13.4.6     Oil–Water Separation 

 Oil–water separation has become an increasingly important and urgent issue in 
modern chemical industrial process and environmental protection due to increasing 
industrial oily wastewater, as well as frequent oil spill accidents. Yu et al. [ 189 ] 
demonstrate a novel oil–water separation fi lm prepared by growing pure silica 
zeolite silicalite-1 (MFI-type) crystals on stainless steel mesh by taking advantage 
of the wettability and stability of zeolite fi lm. The zeolite-coated mesh fi lms 
(ZCMFs) show outstanding superhydrophilic and underwater superoleophobic 
properties. The separation methodology is solely based on gravity, which allows 
water to permeate through the fi lm quickly, whereas the oil phase is retained above 
the fi lm, thus proving to be an energy-effi cient fi lter for oil–water separation.  

13.4.7     Desalination of Seawater 

 The possibility of using zeolite membranes to remove ions from aqueous solutions 
by reverse osmosis (RO) was explored 10 years ago [ 190 ]. The effective intracrystal 
nanopore diameter of MFI-type zeolite (0.51 nm) is smaller than the sizes of 
hydrated ions involved in the current systems. A Na +  rejection of 76.7 % with a 
water fl ux of about 0.112 kg m −2  h −1  was obtained for a 0.1 M NaCl feed solution 
under an applied pressure of 2.07 MPa on α-alumina-supported MFI-type zeolite 
membranes. RO desalination by zeolite membranes may offer an alternative for 
some diffi cult water treatment processes such as concentration of low-level radioac-
tive wastewater and desalination of high-concentration organic water produced in 
oil and gas operations where conventional technologies, including polymeric RO 
membranes, are either inapplicable or ineffi cient.  

13.4.8     Membrane Reactors 

 The application of membranes in reactors is focused on conversion enhancement by 
equilibrium displacement or by selective removal of reaction rate inhibitors. Due to 
their molecular sieve properties, zeolite membranes can remove small product molecules 
like hydrogen and water from the reaction to increase the conversion and the yield 
of dehydrogenation and dehydration reactions, respectively. There are numerous 
examples for the application of zeolite membranes to enhance a chemical reaction 
like dehydrogenation, esterifi cation, isomerization, and water–gas shift reaction. 
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 The fi rst example is the catalytic dehydrogenation of i-butane. Dehydrogenation 
of i-butane in a DD3R zeolite membrane reactor was investigated [ 191 ]. The DD3R 
membrane showed an excellent H 2 /i-butane permselectivity (>500) at 500 °C and a 
reasonable H 2  permeance (4.5 × 10 −8  mol m −2  s −1  Pa −1 ). At low residence times, 
i-butene    yields 50 % above the equilibrium could be obtained. At 489 °C and 0.13 kg 
(feed) kg (catalyst) −1  h −1 , the i-butene yield in the membrane reactor is 41 %, where 
the equilibrium yield is 28 %. 

 The second example deals with the water removal during an esterifi cation. 
Mordenite membranes have been tested in the esterifi cation of acetic acid with 
 ethanol in a continuous membrane reactor [ 103 ,  192 ]. A CHA-type zeolite mem-
brane, which has high acid stability, was used in the esterifi cation of adipic acid with 
isopropyl alcohol using sulfuric acid catalyst [ 193 ]. The yield of diisopropyl adipate 
increased from 56 to 98 % by membrane assistance. Zeolite T [ 129 ,  137 ] and ZSM-5 
[ 28 ,  194 ] membranes are also used in esterifi cation reaction and showed good 
stability. 

 The third example deals with the isomerization of xylene using MFI-type zeolite 
membranes. EDS analysis showed that aluminum from the substrate was incorpo-
rated into the zeolite structure during membrane synthesis. An MFI membrane with 
a p-xylene permeance of 2.58 × 10 −8  mol m −2  s −1  Pa −1  and a  p -xylene/ o -xylene sepa-
ration factor of 19.3 at 300 °C was modifi ed by H +  ion exchange treatment and used 
for the isomerization of m-xylene (MX). For MX isomerization, a high PX selectivity 
of 92.1 % and an MX conversion of 6.5 % were achieved at 270 °C over the catalytic 
membrane [ 195 ]. 

 The fourth example deals with a novel structured zeolite membrane reactor based 
on a Cu–Mn (1:6)/ZSM-5/PSSF (paperlike sintered stainless steel fi bers) catalyst 
that was developed for catalytic combustion of volatile organic compounds 
(VOCs). First, the ZSM-5 membrane/PSSF composite was fabricated by the wet 
lay-up papermaking/sintering process and secondary growth process. The copper/
manganese binary oxides modifi ed ZSM-5 membrane catalyst was synthesized by 
an incipient wetness impregnation method [ 196 ]. 

 The fi fth example deals with a zeolite membrane reactor in the water–gas shift 
reaction (WGS), which is a critical step for the pre-combustion CO 2  capture and H 2  
production from fossil and biomass stocks via the gasifi cation and steam reforming 
processes. To date, literature reports on the development of WGS MR have been 
largely concentrated on the MFI-type zeolite membranes, because they are hydrother-
mally stable, intrinsically resistant to sulfur compounds, and H 2  selective over water 
vapor. However, the relatively large pore size of the MFI-type zeolites provides only 
limited H 2  selectivity over CO 2  and CO at high temperature. The H 2 /CO 2  selectivity 
on MFI-type zeolite membranes can be enhanced by modifi cations, such as catalytic 
cracking deposition of MDES [ 161 ,  162 ,  164 ,  197 – 199 ] and formation of a bilayer 
of ZSM-5 and silicalite-1 [ 42 ]. The modifi ed zeolite membrane tube was packed 
with a cerium-doped ferrite catalyst for water–gas shift (WGS) reaction in a tem-
perature range of 400–550 °C [ 198 ]. The WGS reaction results demonstrated that 
the MFI-type zeolite membrane reactor was effective for enhancing CO-conversion 
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(X CO ) at kinetically favorable high temperatures. At 550 °C with a weight hourly 
space velocity of 60,000 h −1  and a steam to CO ratio of 1.0, the MR achieved X CO  of 
81.7 % which was signifi cantly higher than the X CO  obtained in the traditional 
packed bed reactor (62.5 %) and well above the equilibrium conversion (65 %) as 
well. The membrane reactor made of a bilayer zeolite membrane shows stable 
performance under water–gas shift reaction conditions (500 °C, H 2 O/CO = 3, gaseous 
hourly space velocity = 60,000 h −1 , with a ceria-doped iron oxide catalyst) [ 43 ].  

13.4.9     Membrane Microreactors 

 Membrane microreactors (MMRs) combine the advantages of membrane separation 
and microreactors such as high area/volume ratio, enhanced mass and/or heat trans-
fer, improved catalytic effi ciency without equilibrium limitation, good operational 
safety, and design fl exibility. In most instances, catalytic coatings on microreactors 
consist of a catalyst-containing layer washcoated on the reactor wall. For the cases 
in which the catalyst is supported on zeolites or is a zeolite itself, a zeolite fi lm 
directly grown on the microreactor channels appears as the ideal candidate: It yields 
a highly adherent catalytic layer, and a binder is not needed (meaning that the layer 
is 100 % catalyst). 

 Rebrov et al. [ 200 ] carried out the pioneering investigations of ZSM-5 zeolite 
growth in stainless steel microchannels (500 μm wide). The resulting zeolite layer 
was ion exchanged with Ce and tested in the selective reduction of NOx using 
ammonia as reducing agent, with the microreactor catalytic fi lm clearly outperform-
ing the pelletized catalysts. Santamaria et al. studied the preparation of MFI layers 
on microchannels. The ZSM-5 microreactors were ion exchanged with Pt and tested 
in the selective oxidation of CO, SELOX reaction [ 201 ], where complete CO 
conversion was achieved at 170 °C. 

 In addition to MFI, zeolites such as MOR [ 202 ,  203 ], ETS-10 [ 202 ], BEA [ 204 ], 
LTA [ 141 ], and FAU [ 202 ,  205 ] have also been prepared as catalytic layers on dif-
ferent supports such as ceramic monoliths, brass, molybdenum, and stainless steel 
microchannel reactors. The FAU and ETS-10 coated microreactors exhibited high 
performance in the selective oxidation of CO in a simulated reformer stream with 
total CO combustion temperatures as low as 125 °C [ 206 ]. Other reactions investi-
gated include a wide variety of systems ranging from ammoxidation of ethylene 
[ 204 ] to combustion of VOCs at trace concentration levels [ 205 ] and Knoevenagel 
condensation [ 207 ]. 

 The synthesis of mordenite coatings on thin FeCrAl alloy foils was carried out in 
order to obtain adherent, stable, and homogeneous fi lms for their use as catalytic 
microreactors [ 208 ]. Cu and Ce were incorporated onto the mordenite coating as 
catalytic ingredients and used in a microreactor for the CO oxidation reaction under 
different conditions and in the preferential CO oxidation (COProx) showing a 
superior performance when compared with the same powder catalyst.  
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13.4.10     Low-k Materials 

 Zeolite low-k fi lms were fi rst studied on MFI-type pure silica zeolite (PSZ) using an 
in situ deposition process in which a uniform and  b -oriented polycrystalline fi lm 
was obtained on a silicon substrate. The k value and elastic modulus of the fi lm were 
2.7 and 30–40 GPa, respectively. To be more manufacturing friendly, a spin-on 
process was developed in which an MFI-type PSZ nanoparticle suspension was 
hydrothermally synthesized and then spun-on onto silicon wafers [ 25 ]. The suspension 
contained zeolite nanoparticles and aged amorphous silica precursors. The resultant 
zeolite fi lms had a bimodal pore size distribution consisting of the intraparticle 
 zeolite micropores and the interparticle mesopore void space, and consequently, the 
added mesoporosity lowered the k value and elastic modulus to 2.1 and 16–18 GPa, 
respectively. Additional mesoporosity could be added to the fi lms through the 
addition of γ-cyclodextrin to the synthesized zeolite suspension, and lower k value 
(~1.8) could be obtained [ 209 ]. Further research work has been going on about 
zeolite low-k materials since 2010 [ 210 – 213 ].  

13.4.11     Corrosion-Resistant Materials 

 Metal corrosion is a ubiquitous problem and generally costs an industrialized 
 country several percent of its gross domestic product (GDP) each year. For aero-
space applications, aluminum alloys are commonly used because they are light and 
mechanically strong, but some alloys have a serious problem of corrosion (e.g., 
Al-2024-T3). A chromium-free coating is preferred. Zeolites contain many of the 
properties necessary for a corrosion-resistant coating. The frameworks of high- 
silica and pure silica zeolites (HSZs and PSZs) are extremely corrosion resistant in 
pitting aggressive media and all mineral acids except hydrofl uoric acid [ 214 ]. 
Furthermore, most HSZ and PSZ syntheses use an organic structure-directing agent 
(SDA) to form a specifi c framework, and after synthesis, these SDA molecules 
remain in the zeolite pores. Uncalcined and defect-free zeolite membranes 
are  gastight [ 57 ,  215 ]. Therefore, along with the chemical properties of the zeolite 
framework, the uncalcined membranes can physically block corrosive com-
pounds and are strong candidates for chromium-free corrosion-resistant coatings. 
Polycrystalline high-silica zeolite MFI coatings were synthesized on Al-2024-T3 
through an in situ crystallization process, and DC polarization tests showed that 
they were corrosion resistant in sulfuric acid and sodium hydroxide, media known 
for causing general corrosion [ 216 ]. They also performed remarkably well in 
neutral and acidifi ed sodium chloride. Some new synthesis approaches for zeolite 
coatings on metal substrates were developed by Yan et al., for example, ionother-
mal synthesis of oriented zeolite AEL fi lms [ 217 ] and ambient pressure dry gel 
conversion method for zeolite MFI synthesis using ionic liquid and microwave 
heating [ 83 ].  

Z. Wang and Y. Yan



459

13.4.12     Sensors 

 Zeolites are obvious candidates for sensors, in view of their well-defi ned porous 
structure, their tunable adsorption properties, and ion exchange capacity, as pointed 
out in recent reviews [ 218 ,  219 ]. Zeolites can be used in sensors as individual 
 crystals or as intergrown fi lms. Here, we just focus on zeolite fi lms as selective 
barriers for interfering species. The zeolite framework structure, Si/Al ratio, 
extraframework cations, and thickness of the fi lm are the main parameters for a fi ne-
tuning of the barrier effect. Mann and coworkers [ 220 ] applied Cr-FAU and Cr-BEA 
coatings onto Cr 2-x Ti x O y  sensors to discriminate a series of alkanes. FAU overlayers 
onto WO 3  or Cr 2 -xTi x O y  sensors [ 221 ] have been deployed to increase ethanol 
against carbon monoxide response. In these works, the zeolite coatings produce a 
variety of adsorption, catalytic, and diffusive effects, which become useful to enhance 
or depress the sensor response toward a given analyte, often on an ad hoc basis. 
Catalytic effects have been explicitly exploited to remove interfering components, 
often through combustion reactions. An example is the work of Sahner et al. [ 222 , 
 223 ] who used screen-printed thick fi lms of the SrTi 1-x Fe x O 3-δ  perovskite with an 
additional top layer of Pt/ZSM5 to remove the interference of CO in the sensing of NO. 

 In contrast to the above works that used powdered zeolites as sensor overlayers, 
other investigations have addressed intergrown zeolite fi lms that can play an even 
more discriminating role as a reactive or nonreactive barrier [ 224 ]. MFI and LTA 
membranes were directly synthesized on screen-printed Pd/SnO 2  sensor layers by 
Santamaria et al. [ 225 ,  226 ]. These molecular fi lters decreased interference of 
undesired molecules mainly via a selective adsorption mechanism that hindered the 
diffusion of less strongly adsorbed species. In a subsequent work [ 227 ], the system 
was scaled down by a factor of 50, and a microdropping procedure was used to 
deposit the zeolite barrier. The micromachined sensor presented a considerable 
reduction of response times without apparent loss of performance. Sensing response, 
response time, and recovery time for selective ethylene gas detection were improved 
by coating a layer of  b -oriented silicalite-1 layers [ 228 ] or [010] highly preferred- 
orientation silicalite-1 polycrystals on SnO 2  thin fi lm sensors [ 229 ].  

13.4.13     Fuel Cells and Batteries 

 Zeolites are increasingly used in fuel cells. Zeolites’ ionic conductivity and capacity 
for water adsorption and retention were exploited to create zeolite and zeolite–
PFSA proton conducting membranes for polymer electrolyte membrane fuel cells 
(PEMFCs). A series of composite membranes based on zeolite A and Nafi on 117 
have been fabricated for direct methanol fuel cells [ 230 ]. A novel Pt/zeolite–Nafi on 
(PZN) polymer electrolyte composite membrane is fabricated for self-humidifying 
PEMFCs [ 231 ]. Nanocomposite proton exchange membranes (PEMs) based on 
Nafi on with sulfonic acid-functionalized zeolite beta as an additive were prepared 
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by Yan et al. [ 232 ]. Zeolite beta-fi lled chitosan membranes [ 233 ], Nafi on/H-ZSM-5 
composite membranes [ 234 ], and Nafi on/mordenite composite membranes [ 235 ] 
with improved performance for direct methanol fuel cell were prepared. HZSM-5 
micromembranes of different Si/Al ratios were fabricated in a regular array on silicon 
followed by assembly and test for fuel cell performance. HZSM-5 with high aluminum 
content exhibits good proton conductivity and better PEMFC performance that 
approaches that of Nafi on MEA. 

 Very recently, the crystalline silicalite membrane has been demonstrated as an 
effective ion separator for acidic solutions of vanadyl sulfate and for potential 
application as a proton-permselective electrolyte membrane in the all-vanadium 
redox fl ow battery by Dong et al. [ 236 ].   

13.5     Conclusions and Outlook 

 Intensive researches on zeolite membranes have been carried out since 1992, and 
the production of zeolite fi lms and membranes on almost any type of support with 
unprecedented control on their morphology, orientation, and degree of crystal inter-
growth is allowed. Many applications of zeolite fi lms and membranes in various 
areas have been reported by researchers. In 1998, Mitsui Engineering & Shipbuilding 
Co. Ltd. put the fi rst commercial unit of NaA zeolite membrane on the market, 
which is a milestone in the course of commercial production and application of 
zeolite membranes. In Europe, bio-ethanol dehydration plant has been set up in the 
UK by the alliance of Smart and Inocermic GmbH. In China, Nine Heaven Hi-Tech 
Co. Ltd. has sold more than ten zeolite membrane dehydration plants for organic 
solvents recently. However, there are only a few pilot plants in operation all over the 
world, mainly in the dehydration of ethanol and i-propanol using hydrophilic LTA 
membranes. The problem of reducing the cost for supports remains an open 
challenge. The development of zeolite membranes that are stable in acid media for 
dehydration of organic solvents is expected. 

 Most promising seems to be the development of thin (less than 1 μm) supported 
zeolite layers on a wide variety of carriers such as capillaries, fi bers, tubes, or mono-
liths. Oriented zeolite layers will enable high-fl ux membranes. The preparation of 
 b -oriented MFI membranes is still a challenge. A template-free synthesis would 
reduce the thermal stress in the oxidative template removal. A secondary growth of 
seeded supports is recommended which also opens the way for functional layers. 
The coating of porous supports by wet rubbing with zeolite crystals looks promis-
ing. Another challenge will be the synthesis of thin zeolite layers on hollow fi ber 
supports and the manufacture of the membrane modules from the hollow fi bers. 

 The application of zeolite membranes for the size/shape-selective separation is 
well expected. Zeolite membranes with 6-ringlike SOD (0.28 nm pore size), 
8- ringlike CHA (0.34 nm), and DDR (0.44 nm) will allow the separation of small 
molecules like water and hydrogen. A signifi cant amount of progress has been 
made, and it seems to be only a matter of time that fi rst pilot plants on gas separation 
will start operation.     
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Chapter 14
Zeolites Catalyzing Raw Material Change 
for a Sustainable Chemical Industry

Bilge Yilmaz and Ulrich Müller

Abstract The diversity and the flexibility of raw materials are crucial aspects of 
sustainability in the chemical industry. The key enabler for raw material change is 
heterogeneous catalysis. Being a well-established family of nanoporous materials, 
zeolites have historically been of paramount importance for the chemical industry 
as heterogeneous catalysts with high surface areas, enhanced activity and shape/
size-selective character in numerous chemical reactions. As a result of these charac-
teristics, zeolites are also destined to play a pivotal role in the quest for raw material 
change as catalysts providing the required selectivity towards base chemicals, 
ensuring the sustainability of the chemical industry.

Keywords Zeolites • Zeolite catalysts • Nanoporous materials • Raw material
change • Heterogeneous catalysis • Industrial catalysis • Sustainability

14.1  Introduction

Approximately nine out of ten industrial chemical processes worldwide utilize 
 heterogeneous catalysts [1]. The global catalyst market is estimated to be around 20 
billion USD annually, and this number is following an increasing trend. It can be
estimated that half of this market is geared directly towards the chemical industry, 
and the rest is divided between environmental and refinery applications. Every year 
the global combined worth of the products obtained from industrial catalytic 
processes (including refinery operations) is estimated to be at a multitrillion USD
level. Therefore, it can be concluded that the value created by utilizing catalysts is 
approximately three orders of magnitude higher than the amount invested in them.
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Shape and size selectivity is a vital aspect of many industrial catalytic processes,
and it can be practically attained by utilizing catalysts of nanoporous nature. This 
selectivity can be for the shape/size of the reactant, product, or intermediate. In
order to provide such shape-/size-selective behavior, the heterogeneous catalyst 
must have uniform pores with molecular dimensions. Uniform porosity is typically 
the outcome of a highly ordered structure, such as in a zeolitic skeleton, where 
pores/channels are part of or formed by the building blocks (i.e., repetitive units). 
Zeolites are made of three-dimensional crystalline frameworks that preferentially 
adsorb molecules and exclude larger ones. Each zeo-type material has the potential 
to offer unique structural and chemical features that can be beneficial for com-
mercial applications. For zeolites, the ability to exchange cations is another crucial
feature for applications in catalysis. As a result of their high surface areas, zeolite 
catalysts contain a very high density of active sites that are directly involved in the 
reaction at a molecular level, which in turn results in enhanced activity and thus a 
more effective catalytic system. On account of the angstrom-scaled features they 
possess, zeolites and other zeo-type materials also present significant potential 
for future utilization in numerous advanced applications in the fields of nanotech-
nology [2] including those in nanofabrication and optoelectronics [3, 4] as well as 
in biotechnology [5].

14.2  Industrial Utilization of Zeolites

Modern systematic research efforts on synthesis and adsorption properties of
zeolites were initiated by Richard M. Barrer in the late 1930s. Following his ground-
breaking work, researchers at Union Carbide developed procedures for the prep-
aration of the first synthetic zeolites (e.g., zeolites A, X, and Y) that would find 
commercial applications. Since then, about 20 different zeolitic framework struc-
tures have been utilized in industrial processes. Worldwide consumption of 
synthetic zeolites is estimated to be about 1.8 million metric tons per year [6–9]. For
the segment of mined natural zeolites, the annual consumption is approximately 3 
million metric tons [7]. Typically, the major applications for synthetic zeolites are in 
detergents, adsorbents/desiccants, and catalysis [10]. The current global market for 
synthetic zeolites can be estimated to be between 2 and 3 billion USD annually and
is currently on the rise (Fig. 14.1).

14.2.1  Zeolite Catalysts in Industrial Processes

Its consumption as catalysts is estimated to be between a quarter and one third of the
world zeolite market on a value basis. In the chemical industry, some examples of
the many zeolite-catalyzed processes that are currently in operation include 
hydroxylation (e.g., phenol), alkylation (e.g., ethylbenzene, cumene), oximation 
(e.g., cyclohexanone oxime), and epoxidation (e.g., propylene oxide) [10]. 
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Heterogeneous catalysts to be utilized in industrial processes are selected based on
the distinct structural, morphological, and compositional characteristics of the 
 zeolite and the needs/limitations of the reaction. The compatibility of the nanopo-
rous catalyst with the reaction to be catalyzed can be considered as key for the 
economic success of the process. In order to reach this compatibility, for some
processes the zeolite catalyst needs to go through various post-synthesis modifica-
tions. Such modifications can have a substantial impact on the technical success and
financial outcome. Especially in large-scale zeolite-catalyzed chemical processes 
such as ethyl benzene manufacturing or propylene oxide production with an 
output of several hundred thousand tons per year, even an increase of 1 % in catalyst 
selectivity contributes to some additional 1000 tons of product and thus much more 
favorable process economics [10].

14.2.2  Zeolite Catalysts in Environmental Applications

Since the early days of their industrial use, the field of zeolites has greatly benefited
from the increasing environmental consciousness of the society. As a result, zeolites 
have been utilized to address environmental concerns with an ever increasing pace 
over the course of years. In a large-scale direct commercial use as detergent builders,
zeolites replaced sodium phosphates, which were shown to distort the balance of the 
freshwater ecosystems. Being the environmentally benign option, zeolites quickly 
increased their share in the laundry detergent market, and today utilization as 
detergent builders makes up the largest use of synthetic zeolites in terms of volume 
[6, 7]. Zeolites have also replaced (or have been proposed to replace) the conven-
tional catalysts in many industrial processes as the environmentally friendly alterna-
tives [10].

Fig. 14.1 Annual zeolite catalyst consumption by region
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With increasing environmental regulations to fight air pollution, which has 
reached alarming levels at certain parts of the world, new applications opened up for 
zeolite catalysts. In most developed and developing parts of the world, progressively
more and stricter regulations are being implemented to reduce the NOx emissions 
from stationary and mobile applications. The selective catalytic reduction (SCR)
process is currently the leading technology to revert the formed NOx into harmless 
N2 and H2O by using a reducing agent such as urea (ammonia). For the stoichiometric
NH3-SCR process, the set of chemical equations is as follows:
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Nanoporous materials are the preferred catalysts for diesel SCR as they can
withstand high operating temperatures, which is essential in automotive SCR
applications [10]. This is a highly effective catalytic process as the zeolite-based 
catalyst can convert most of the NOx during steady-state operation. With upcoming 
regulations on automotive NOx emissions all around the world, the new generation 
of both light-duty and heavy-duty diesel vehicles will utilize this technology. 
Therefore, a significant increase in zeolite catalyst demand from the automotive 
industry is forecasted.

14.3  Zeolites as Catalysts for Raw Material Change 
in Chemical Industry

In recent history, the global economy has experienced significant fluctuations in
crude oil prices. As crude oil is a major raw material for the chemical industry, these 
developments also emphasize the importance of considering the diversity, change, 
and flexibility of raw materials. Numerous options for raw material change in
chemical industry [11, 12] are presented in Fig. 14.2. A majority of the processes 
involved in changing the raw material basis (e.g., coal, natural gas, renewables, 
other biomass) for the chemical industry make use of zeolite catalysts. Hence, the
quest for implementing new raw materials for value-adding streams in chemical 
industry involves zeolites.

If at any point 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. Small
 olefins such as ethylene and propylene are crucial intermediates for the chemical 
industry, and in terms of production volume, they are among the largest. The world-
wide demand for ethylene and propylene has been increasing steadily. Tightening of 
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the worldwide propylene supply is expected, as conventional routes for propylene 
(e.g., steam cracking) might not satisfy the increasing demand. As a result, there is 
currently more industrial interest in having a catalytic process that provides high 
selectivity towards propylene.

The first successful industrial demonstration of producing olefins from methanol 
was performed by Mobil in the late 1980s. This process was developed by modi-
fying the earlier MTG (methanol-to-gasoline) process which was already in
operation. A ZSM-5-type catalyst with MFI topology and 10MR pores was used.
However, it can be assumed that this zeolite catalyst was not designed for light
olefin (ethylene/propylene) production as it favors longer-chain branched paraf-
fins and aromatics. Years later, 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
small olefins. This is for the reason that the pore dimensions are smaller (8MR),
which makes this catalyst more selective towards ethylene and propylene. The 
ratio of ethylene to propylene for the product stream can be tuned between 0.77 
and 1.33. Another important commercial player, Lurgi, has also developed a
methanol-based process called MTP (methanol to propylene). A pentasil-type
nanoporous catalyst (developed by Süd-Chemie), which is selective towards
propylene, is employed.

One important factor in building methanol-based processes (e.g., MTO, MTP,
MTG) is the location. A large portion of the proven global natural gas reserves are
in remote parts of the world. It is not economically viable to utilize or transport this
“stranded” gas with conventional methods. Consequently, these resources are
mostly untapped. Converting these resources into methanol allows easier access to

Fig. 14.2 Alternatives for raw material change in the chemical industry [10]
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the existing value-added chains of chemical industry. Lower-grade methanol is
acceptable as feedstock for these plants, so there is no need to build purification 
units, which are typically associated with high cost. More recent gas-to-liquids
technologies, such as the zeolite-catalyzed methane-to-benzene process [13–15], 
are also very attractive with the same rationale. In addition to valuable benzene,
the MTB (methane-to-benzene) process also generates H2 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 pro-
cesses for raw material change. In the future, methane refineries can be expected
to make better use of this important raw material. In Fig. 14.4, various possible 
routes for using natural gas as a raw material in chemical industry are illustrated 
(Fig. 14.3).

Coal can also be a highly profitable raw material for the chemical industry espe-
cially in certain parts of the world where its reserves are abundant. Through the coal 
gasification process, coal can be converted to syngas. The coal-derived syngas can 
then be converted into methanol. With methanol as the starting point, olefins can be 
obtained by utilizing the zeolite-catalyzed MTP, MTO, or MTG technologies as
described in the paragraph above. In Fig. 14.4, various potential routes for utilizing 
coal as a raw material in chemical industry are demonstrated.

Some renewable resources can also be transformed into base chemicals for the
chemical industry such as ethanol or glycerol by fermentation or zeolite-catalyzed 
chemical conversions. In Fig. 14.5, various possible routes for utilizing bioethanol 
(which is obtained from renewable resources) as a raw material in the chemical 
industry are presented. Biodegradable waste and other types of carbonaceous wastes 
can also be converted into base chemicals via industrial processes that make use of 
zeolite catalysts.

Fig. 14.3 Possible routes for utilizing natural gas as a raw material in the chemical industry [10]
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14.4  Conclusions and Outlook

Heterogeneous catalysis is the key enabler for raw material change, which is of
critical importance for sustainability in the chemical industry. Although zeolites 
have been in industrial use for quite a long while, prospects are even higher now 
considering the central function they hold in many processes utilizing a diverse 
range of raw materials. Since they can provide the much-needed catalytic selectivity
towards high-demand base chemicals as well as high-value fine chemicals and 
intermediates, it can be expected that zeolites will play a vital role in shaping the 
future of the chemical industry.

Fig. 14.4 Possible routes for utilizing coal as a raw material in the chemical industry [10]

Fig. 14.5 Possible routes for utilizing (bio)ethanol (obtained from renewable resources) as a raw
material in the chemical industry [10]
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    Chapter 15   
 Concluding Remarks       

       Feng-Shou     Xiao      and     Xiangju     Meng   

    Abstract     In this chapter, the recent achievements in the synthesis, characterization, 
and catalytic applications of zeolites are summarized. Moreover, the forthcoming 
challenges in the fundamental research and industrial applications are also remarked.  

  Keywords     Zeolites   •   Remarks   •   Challenges   •   Synthesis   •   Characterization   • 
  Application  

15.1         Brief Remarks 

 In the past decade, there are many milestones for the synthesis, characterization, 
and catalytic applications of zeolites. 

 As a typical green route, organotemplate-free synthesis of zeolites based on a 
seed-directed route has proven to be a generalized methodology for many of 
 aluminosilicate zeolites. One of the most successful examples is the seed-directed 
synthesis of Beta zeolite, which has been quickly scaled up by BASF (Ludwigshafen, 
Germany). Almost at the same time, solvent-free synthesis of zeolites with the aims 
of increasing zeolite yield and eliminating high-pressure conditions has been 
rapidly developed. Very recently, a sustainable synthesis of zeolites without 
addition of both organotemplates and solvents have been achieved successfully, 
which requires only a low-pressure regime and is free of harmful gases as well as 
give high product yields together with the very simple procedures. 

 Unlike the conventional hydrothermal methods, a novel strategy for preparing 
interlayer-expanded zeolites through interlayer silylation has been widely used to 
synthesize the 3D microporous zeolites recently, which also offers a possibility 
to obtain new zeolite structures with designed heteroatoms in both the zeolite 
frameworks and the linker positions. 
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 Zeolites with hierarchically porous structure can be regarded as the one of the 
“hot-spot” areas in the last decade. The sole microporous architecture in zeolites 
often induces a severe intracrystalline diffusion limitation, and the successful 
 syntheses of hierarchical zeolites using various templates completely solve this 
problem. 

 The determination and analysis of the crystal structures of zeolites has an impor-
tant impact on their properties and also on their applications. Thanks to the rapid 
developments in  modern techniques, such as X-ray diffraction, NMR spectroscopy, 
and electron micrography, zeolites with various structures can be well studied. 

 Looking back at the industrial development, it can undoubtedly be said that the 
impact of the introduction of zeolites into refi nery operations has been revolutionary, 
as it has resulted in a signifi cant increase in gasoline yield from catalytic cracking, 
leading to more effi cient 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. 

 In the new century, methanol to olefi n conversion is one of the most promising 
routes to produce useful chemicals from relatively abundant sources such as coal 
and methane. The application of zeolites for biomass conversions has also under-
gone signifi cant development. Clearly, the applications of zeolite catalysts can be 
found not only in the traditional chemical processes, but also in the emergent 
removal of environmental exhausts. For example, Cu- and Fe-based zeolite catalysts 
have been demonstrated as an effi ciently commercial SCR catalyst. 

 Except for catalysis, zeolite membranes have also made great progress in the last 
decade. Several plants have been settled in Japan, Europe, and China. Notably, the 
scale of these plants is still limited.  

15.2     Opportunities and Challenges 

 Despite the signifi cant progress made in synthesis, structure determining, and 
industrial applications of zeolites, there are still several challenges in this fi eld. 

  The Formation Mechanism of Zeolite      The liquid phase nuclei and solid phase 
transformation mechanisms have debated for a long time. Recent results on the 
solvent-free synthesis of zeolites show new evidences to support the solid phase 
transformation mechanism. The detailed formation mechanism of primary and sec-
ondary zeolite building units is not clear yet.  

  The Mechanism of Catalytic Conversion      Although MTO process has been com-
mercialized in China, the formation mechanism of initial C-C bonds from C1 spe-
cies has not been well understood yet. In the fl uid catalytic cracking (FCC) process, 
carboniums are regarded as the reaction intermediates, but direct observations of 
these species are still very diffi cult.  
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  The New Technologies Utilizing Biomass as the Primary Feedstock     Biomass is a 
sustainable feedstock, but highly efficient conversion of the biomass into 
commercial chemicals and fuels is still challenged by the relatively high consumption 
of the energy.  

  Gas Separation via Zeolite Membranes     Zeolite membranes with 6MRs like SOD 
(0.28 nm pore size) and 8MRs like CHA (0.34 nm) and DDR (0.44 nm) allow the 
separation of small molecules like water and hydrogen. But the industry-scale 
 operation of gas separation still requires the synthesis of large-scale and crackless 
zeolite membranes.  

 In summary, the use of zeolites offers a good opportunity to save the energy and 
protect the environment, which will be very helpful in improving our daily life in 
the future.    

15 Concluding Remarks
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