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Abstract: Zeolite catalysts are solid Brønsted acids whose reactivity is typically associated 
with the number of protons at crystalline framework bridging acid sites (BAS’s) and the 
bonding environments around them.  Direct observation of multiple reactive sites in the 
zeolite HZSM-5, a member of the MFI family of zeolite structures, contradicts the 
traditional view of only one type of active protonic species in the zeolite HZSM-5. For the 
first time, an acidic and reactive species has been directly observed in HZSM-5 contributed 
to a small population of highly deshielded acid sites arising from extra-framework (EFAl) 
moieties in the solid-state 1H MAS NMR spectrum at 12−15 ppm. Post-synthetic 
treatments of HZSM-5 zeolite modify the concentration of acidic protons arising from 
framework (FAl) and EFAl moieties. In this work, the removal and re-creation of EFAl 
species in the vicinity of BAS, via chemical washing using ammonium hexafluorosilicate 
(AHFS) and steaming, respectively, were quantified by 1H spin-counting NMR 
experiments on HZSM-5 with Si/Al ratio of 11.5, 15, and 40. Spin-counting data revealed 
that FAl protons only comprise ca. 50% of the total protons in ZSM-5 at Si/Al = 15 and 
the remaining 50 % is assigned to EFAl protons. Probe-molecule reactions between 
benzene-d6 and HZSM-5 at Si/Al = 15 (control, washed, mild steamed, and severe steamed) 
carried out at low pressure and room temperature, showed that adding sub-stoichiometric 
amounts of water enhanced H/D exchange reaction rates in the HZSM-5 zeolites with H-
EFAL species. Our data showed that the synergistic effect between EFAl and water most 
likely occurs due to an increase in the “vehicle hopping” proton-transfer mechanism. In 
control and steamed samples, maximum reaction rates were observed at water loadings of 
ca. 0.1 equivalents, as a result of simultaneous presence of FAl and EFAl species. On the 
other hand, for the washed sample with single type of acid site, framework BAS, adding 
water suppressed the rate of reaction. Thus, the most active catalysts in room-temperature 
probe reactions contain all three types of potentially reactive protons, i.e., protons from 
BAS’s and protons from EFAl species, and protons from trace amounts of water. 
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CHAPTER I 
 

Introduction of Zeolites 

1.1. Introduction 

The word zeolite is formed from two Greek words “zeo” (boiling) and “lithos” (stone); to mean 

boiling stones. Zeolites are the types of crystalline, microporous, aluminosilicates, which are built 

up from primary building units of SiO4 and AlO4 tetrahedra-linked through corner sharing of 

oxygen atoms (oxygen bridges).1 Although SiO4 tetrahedra is charge-balanced, an AlO4 tetrahedra 

has a negative charge. This negative charge is neutralized with the extra-framework cations 

occupying the pores of the zeolite, resulting in a net neutral framework. Overall, zeolites have a 

chemical formula which is written as M2/nOAl2O3.xSiO2.yH2O, where M is a cation with charge n, 

mostly from group I or II, or rare earth ions or organic species that compensate for the negative 

charge of AlO4 tetrahedra. These ions are located in the external surface of zeolite (as shown in 

Fig.1.1), bound to the aluminosilicate by the weaker electrostatic bonds. 2 Also, x represents the 

ratio of silicon to aluminum atoms, which should be 2 or more, and y is the number of moles of 

adsorbed water molecules in the voids.3 The pores of zeolites are of molecular dimension, which 

contain water, exchangeable extra-framework cations, and removable template molecules.4  
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Fig. 1. 1. Two dimensional framework structure of zeolites with Si-O and Al-O bonds; M 

represents extra-framework cations2 (Weckhuysen et al., Chem. Soc. Rev. 2015).). 

1.2. Structure of zeolites 

In addition to the primary building block, TO4 tetrahedra, the secondary building units (SBUs) are 

characteristic of the zeolite structures, which are shown in Fig.1.2. SBUs are generated by repeating 

the primary building units and combining them with each other, consequently determining the type 

of framework type and zeolite structure. 5-6 

 

Fig. 1. 2. Secondary building units and their symbols; the numbers in parentheses represent 

the frequency of occurance4 (Adapted from Baerlocher et al., Elsevier, Amesterdam). 
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 The SBUs are in different forms such as single rings, double rings, polyhedral, and even more 

complex units, which are linked together in a variety of ways to produce a unique system of 

channels and cages.2  

Pore diameters of three dimensional zeolite structures depend on the number of T-atoms in the ring 

around the pore. There are different ranges of pores depending on the number of T- atoms.  

a) Small pore zeolites, 8-membered rings, such as Erionite,  

b) Medium pore zeolites, 10-membered rings, such as ZSM-5, ZSM-11, MCM-23, 

c) Large pore zeolites, 12-membered rings, such as mordenite, faujasite (X, Y), Beta, 

d) Extra-large pore zeolites, 14-membered rings, such as CIt-5. 

In the literature, various categories of the pore size are reported. Pore diameters less than 2 nm, 

between 2-50 nm, and larger than 50 nm are micopores, mesopores, and macropores, respectively.7 

Fig. 1.3 illustrates the various zeolite crystal structures for zeolites with different pore sizes.2 

 

Fig. 1. 3. Structures of four selected zeolites and their micropore systems and dimensions4 

(Adapted from Baerlocher et al., Elsevier, Amesterdam). 
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There are more than 200 different types of zeolites, among which only 10 types are used in 

industrial applications. Y zeolite, ZSM-5, mordenite, MCM-22, and SAPO-34 are used as a catalyst 

in most of petrochemical reactions due to their large surface area, unique pore size, crystallinity, 

and thermal stability. In zeolites, the central atoms are Si and Al, but there are other types of zeolites 

in which other central atoms are possible. SAPO (in which the central atoms are Si, Al, and P), 

AlPO4 (in which the central atoms are Al, and P), MeAPO (in which the central atoms metal cation, 

Al, and P), and MeSAPO (in which the central atoms metal cation, Si, Al, and P) are known to 

exist. 

There are more than 200 different types of zeolites, among which only 10 types are used in the 

industrial applications. Y zeolite, ZSM-5, mordenite, MCM-22, and SAPO-34 are used as the 

catalyst in the most of petrochemical reactions due to their large surface area, unique pore size, 

crystallinity, and thermal stability. In zeolites, the central atoms are Si and Al, but there are other 

types of zeolites in which other central atoms are possible. SAPO (in which the central atoms are 

Si, Al, and P), AlPO4 (Al, and P as the central atoms), MeAPO (Al and P as the central atoms) and 

MeSAPO (the central atoms are metal cation, Si, Al, and P) are known to exist. 

1.3. Shape selectivity of zeolites 
 

Shape selectivity of zeolites originates from different pore topologies and sizes in channels and 

pores. Steric hindrance for the reactants, products, and transition states within the channels, 

intersection and pores results in the selective transport of reactants and/or products through the 

pores.8-10 There are basically three types of shape selectivity in HZSM-5 zeolite: 

(1) Reactant shape selectivity 

(2) Transition state shape selectivity 

(3) Product shape selectivity 
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Adsorption and/or diffusion of the reactant molecules, the formation of some product molecules in 

the transition state, and the desorption of some product molecules are influenced by confinement 

arising from the size and shape of the pores.11 As the pore size decreases, the shape selectivity in 

the zeolite increases. Smaller pore sizes suppress reactions by allowing only specific products to 

be produced. Both reactant and product shape selectivities are influenced by crystal sizes, while 

limited transition state selectivity does not depend on crystal size. Zeolites with smaller pore sizes 

and stronger interactions show higher selectivity in the products of the hydrocarbon reactions.  

1.4. Three most common zeolites 

1.4.1. ZSM-5 

ZSM-5 (Zeolite Secondary Mobile with sequence number five) is the orthorhombic end member 

of the pentasil family.11 The three-dimensional microporous structure of ZSM-5 contains straight, 

sinuous 10-member ring channels with a size of 5.1-5.6 Å and channel intersections with a size of 

about 8 Å, as shown in Fig. 1.4. According to the IZA database,12 the maximum size of a sphere 

that can diffuse through the channels and intersections is 4.46-4.70 Å and 6.36 Å, respectively.13 

Also, HZSM-5 zeolite has shown unique shape-selective properties due to channels and 

intersections diameters. 

 

Fig. 1. 4. The framework structure of Y zeolite12 (Adapted from www.iza-

structure.org/databases). 
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Zeolite Y is the main active component in fluid cracking (FCC) catalyst and can 

effectively replace amorphous silica-alumina (the main previous catalysts in FCC). Their 

high activity and acidity, combined with promoted selectivity toward gasoline and lower 

coke formation relative to the previous generation of catalysts (amorphous silica–

alumina-based catalysts), has allowed refiners to significantly increase gasoline output.18   

 

Fig. 1. 5. The framework structure of ZSM-5 zeolite12 Adapted from www.iza-structure.org 

/databases). 

 

Zeolites possess ordered micropores structures with a distribution of framework and extra-

framework Brönsted acid sites. However, intracrystalline diffusion limitations and disordered 

distribution of acid sites limit the performance of zeolites in hydrocarbon reactions.14-15 

HZSM-5 zeolite plays a critical role in the catalytic conversion of methanol to olefins, fluid 

catalytic cracking, and hydrocarbon isomerization and disproportionation reactions.  HZSM-5 has 

attracted significant attention in the fundamental catalysis research due to its relatively simple 

channel structure, and wide range of accessible Si to Al lattice ratios, and spectroscopic or probe 

molecule evidence that it contains a single type of Brönsted acid site in its synthesized form. 

Recently, it has been suggested that there is more than one active acid site in the HZSM-5 zeolite. 
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Direct detection of at least three types of protons exhibiting Brönsted acid species in zeolite HZSM-

5 has recently been reported using one- and two-dimensional 1H solid-state NMR methods. HZSM-

5 zeolite with low Si/Al ratios have active bridging acid site at 4.2 ppm, and extra-framework 

aluminol species at 2.8 ppm, 6-7 ppm, and 13-15ppm peaks respectively.16 

 

1.4.2. Y 

Zeolite Y, together with zeolite X are family of Faujasite type structure (FAU). One difference 

between zeolite Y and X is the higher ratio of silicon to aluminum in zeolite Y. FAU framework 

structure is composed of 24-tetrahedracuboctahedral units (sodalite cages) in the FAU framework 

type connected via hexagonal prisms (double 6-rings) forming a 3-dimensional porous channel 

structure, characterized by 12-oxygen ring window openings with the aperture of 8 Å and super 

cages of approximately 12 Å.17 

 

Fig. 1. 6. The framework structure of Y zeolite12 (Adapted from www.iza-

structure.org/databases). 

 

Zeolite Y is the main active component in the fluid cracking (FCC) catalyst and can effectively 

replace the amorphous silica-alumina (the main previous catalysts in FCC). Their high activity 

and acidity, combined with promoted selectivity toward gasoline and lower coke formation 
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relative to the previous generation of catalysts (amorphous silica–alumina-based catalysts), has 

allowed refiners to significantly increase gasoline output.18   

 

1.4.3.  ZSM-22 

The framework of ZSM-22, a member of TON family, is made up by 5-, 6-, and 10-membered 

rings of TO4 tetrahedra and can be created from complex 5-1 secondary building units19. The 10-

membered ring channels are not interconnected, so they represent a one-dimensional channel 

system. Its crystal structure contains needle-shaped agglomerates of individual rod-like crystals, 

referred to as nano-rods3. ZSM-22 zeolites have elliptical micropores with the diameter of 4.6 × 

5.7Å, which is remarkably smaller than the 10-membered ring channels of ZSM-5 (5.1 X 5.6Å)20.  

 

 

 

 

 

 

 

Fig. 1. 7. The framework structure of zigzag 10-ring channels of ZSM-2212 (Adapted from 

www.iza-structure.org/databases). 

Like ZSMS-5, ZSM-22 zeolites with unidimensional pores are interesting catalysts for methanol-

to-olefins conversion. 

1.5. Acid sites 

The chemical and physical properties of zeolites are determined to a great extent by the amount of 
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aluminum in the framework of zeolite. The amount of aluminum in the zeolite framework is 

typically represented by the (atomic) Si/Al ratio. The Si/Al ratio affects the acidity of the zeolites: 

as the total number of acid sites increases, the Si/Al ratio decreases. The substitution of some of 

the silicon atoms by aluminum atoms in the framework forms a deficiency in the electrical charge 

that must be locally neutralized by the presence of an additional cation within the pore structure. 

These cations can be replaced relatively easily by NH4
+ ions by  ion exchange in an aqueous 

medium with saturated solutions of NH4NO3. The ammonium form of the zeolite when calcined at 

the sufficiently high temperatures releases NH3 and the resulting material is the acidic form of the 

zeolite.21  

 

Fig. 1. 8. Formation of bridging hydroxyl group (Si-OH-Al) by exchanging the extra-

framework cations to H+ form21 (Adapted from Arca et al., Topics in Catalysis 2018). 

 

1.5.1. Brönsted acid sites 

The acidity of zeolites refers to the type of acid site, concentration, distribution, and acid strength 

of them. For many catalytic applications in hydrocarbon reactions, a Brönsted acid form of a zeolite 

is necessary. As explained in Fig. 1.7., Brönsted acid sites in zeolites can be readily generated by 

introducing ammonium ions followed by heat treatment or by introducing multivalent metal 
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cations, typically cations of the rare-earths, again followed by heat treatment. 

The principal acidity of acid zeolite catalysts is defined as Brönsted acid protons from bridging 

framework hydroxyls. The location and population of these hydroxyl groups in the protonated form 

of zeolites provide a basis for the interpretation of their properties. The protons from bridging 

hydroxyl groups are involved in the reactions and can be donated to the molecules to produce new 

products.22  

1.5.2. Extra-framework Aluminum site (EFAl) 

In the literature, it has been suggested that the distribution of acidic species is complex, including 

spectroscopic signals assigned to extra-lattice alumina (EFAl) sites close to lattice Brönsted sites. 

The distribution of Brönsted acid sites arising from extra-framework species and framework 

bridging acid site can be adjusted by specific post-synthesis treatments such as chemical extraction 

and steaming methods. The structure and nature of some selected EFAl species formed during 

steaming and/or preparation with Al present as cations (Al3+, Al(OH)2
+, AlO+, Al(OH)2) or as 

neutral or polymerized forms (Al2O3, AlO(OH), and Al(OH)3) have been proposed.23 These species, 

both Lewis and potential Brönsted acid sites, can be produced from the different preparation 

methods and/or by intentionally post-treatment procedures such as dealumination. In preparation 

methods, there is a preferred Si/Al ratio in the framework of every structure type. During 

crystallization, when the Si/Al ratio of the synthetic gel deviates from the ideal ratio, EFAl species 

could be formed, or the distribution of the aluminum atoms in the framework could be 

inhomogeneous.24  

Thermal treatments may be used to increase the lattice Si/Al ratio of a zeolite by means of removing 

different fractions of framework Al-atoms, where heating of Brönsted acid sites causes 

dehydroxylation with the formation of an electron acceptor “Lewis acid sites” at high temperatures. 

This process is followed by the removal of aluminuum species (AlO+) from the lattice structures 

into cationic positions, and the generated EFAl species as the true Lewis acid sites.25  
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As shown in Fig. 1.8, dealumination of zeolites usually releases aluminum atoms from the 

framework giving rise to EFAL.  

 

Fig. 1. 9. Dealumination and EFAl creation mechanism proposed for zeolite H-Y26 ( 

Adapted from Zhiwu et al., Angew. Chem. Int. Ed, 2010). 

 

The creation of EFAL species improves the thermal stability and catalytic performance of zeolites. 

The improvement of catalytic properties can be explained by the formation of Lewis acid sites or 

by an increase in the Brönsted acidity due to the influence of close EFAl species.26 It has been 

concluded that the role of EFAL is to stabilize the conjugated base formed upon deprotonation by 

hydrogen bonding and nucleophilic interaction with the framework oxygen atoms. Also, the 

improvement of catalytic activity arising from the presence of EFAl species is mostly related to a 

cooperative interaction between strong Brönsted acid sites (SBAS) and an adjacent EFAl as shown 

in Fig. 1.9.27 
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Fig. 1. 10. Possible modes for the interaction of extra-framework Al with SBAS27 (Adapted 

from Schallmoser et al., Journal of Catalysis, 2014). 

 

The direct interaction would involve a partial electron transfer from the hydroxyl group to the EFAl 

species, which has been proposed to increase its acid strength. Based on NMR experiments and 

DFT calculations, Li et al. have developed a modified picture of this interaction between the SBAS 

and EFAl, suggesting that the proton affinity of the SBAS substantially decreases even when the 

EFAl species are coordinated to neighboring oxygen atom.28 

O. Lisboa et al. performed quantum-chemical calculations by using DFT method in order to model 

the whole EFAL formation process and concluded that the resulting EFAL in the dealumination 

process of H-ZSM5 zeolite are Penta- (Al(OH)3(OH)2) or threefold (Al(OH)3) coordinated species. 

Octahedral species are not discarded because these species are formed as intermediates in the EFAL 

formation. A SiOH nest is also produced in the framework.29 

It was found that all of the extra-framework aluminum species (EFAL and Lewis acid sites) are 

always in close proximity to the framework aluminum arising from Brönsted acid sites in both H-

MOR and H-ZSM-5 zeolites. Deng et.al proposed a model to explain the Brönsted/Lewis acid 

synergy in the dealuminated HZSM-5 zeolite as shown in Fig. 1.10. 
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Fig. 1. 11. Scheme of Brönsted/Lewis acid synergy and experimentally observed spatial 

proximities of various species for dealuminated Zeolite H-ZSM-528 (Adapted from Li et 

al., Journal of the American Chemical Society 2007). 

 

The Brönsted/Lewis acid synergy affects the acidic strength of the dealuminated H-ZSM5 and H-

MOR zeolites by coordination of the Lewis acid site to the oxygen atom nearest to the Brönsted 

acid sites. In addition, the NMR characterization indicated that six-coordinate Al(OH)3 and five-

coordinate Al(OH)2
+ are the preferred EFAl species and are in close proximity of four-coordinate 

framework Al species in the dealuminated zeolites.28 
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1.6.  Post-synthesis treatments 

The different size of the micropores causes some limitations in using zeolites as catalysts. To 

overcome these limitations that arise from diffusion constraints and consequently preventing access 

to the active acidic sites, the introduction of mesopores interconnected with the existing micropores 

is suggested. The acidic strength of zeolite materials is related to the number of aluminum atoms 

in the framework by substitution of silicon by aluminum. Each aluminum in the framework results 

in one bridging acid site, which is very acidic and reactive. Modification of the catalytic properties 

through dealumination of zeolite lattices by various treatments has therefore been a matter of 

considerable interest. Although ZSM-5 is more resistant to dealumination than Y or mordenite 

zeolites, it can be dealuminated by using different post-synthetic treatments. Different preparation 

methods and post-synthesis treatments such as hydrothermal treatment and calcination, steaming, 

and chemical washing dealumination introduce extra-framework aluminum species of low 

symmetry, which remain within the pores of the zeolite as catalytically active sites.30-31 In other 

words, framework hydrolysis of Si–O–Al linkages can lead to the aluminum losses from the 

framework that enhances the catalyst activity.27 

In the next section, different post-synthesis methods to control and modify the acidic properties 

arising from bridging acid sites and EFAl species are explained. 

 

1.6.1. Steaming 

Hydrothermal steaming is an effective post-synthesis treatment used for controlling the framework 

Si/Al ratio as it leads to the replacement of a part of the framework aluminum by silicon. 

Dealumination of the zeolite framework by water vapor treatment at high temperatures called 

steaming, can change the performance of zeolites in the reactions. Furthermore, such post-treatment 

processes are often used to increase the thermal stability and catalytic activity prior to their use in 
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hydrocarbon reactions. During steaming, the removal of Al from the tetrahedral sites results in 

formation of EFAl species that can be involved in the reactions.  

In general, a dealumination process, that occurs through three steps, is summarized in scheme 1.1:32 

 1) Cleavage of the -O-Al-O- bonds in the framework,  

2) Removal of the aluminum complexes,  

3) Refilling of the empty sites by the silicon atoms and formation of the silanol nest. 

 

 

Scheme 1.1. Dealumination process by water at high temperature32 (Adapted from Kerr et al., 

American Chemical Society, 1973). 

 

A number of studies have observed that the degree of lattice dealumination depends on some 

parameters such as the type of parent zeolites, temperature (referred as “mild” when T ≤ 500 °C 

and “severe” for higher values), water vapor pressure, and time of steaming. In general, the 

resistance towards dealumination increases as the initial concentration of Al of the zeolite 

decreases. The removal of framework aluminum results in lower density of BAS, which also 

progressively decreases as the steaming treatment time increases.33 It has been reported that for 

faujasite zeolites following steam treatment, higher temperatures lead to a higher degree of 

dealumination. As HY zeolite is dealuminated in presence of steam to convert to ultra-stable HY 

(USHY) zeolite, its activity increases due to an increase in the strength of its Brönsted acid sites. 
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Some reasons for the higher acid strength of USHY than HY zeolites are explained: First, 

dealumination results in an increase in the number of isolated aluminum, those with no second 

nearest neighbor aluminum, which are believed to be more acidic. Secondly, steam dealumination 

introduces non-framework aluminum species, which could withdraw electron density from nearby 

Brönsted acid sites, causing an enhancement in the strength of the site. The synergistic mechanism 

of the Lewis acid and Brönsted acid sites may enhance activity by promoting hydride abstraction 

and help to initiate the cracking reaction.34-36  

Also, M. Ibáñez et al.33 observed the dependency of the dealumination of a ZSM-5 zeolite as a 

function of exposure to steam at 350◦C by using FTIR and solid-state NMR. The 29Si MAS-NMR 

and 27Al MAS-NMR spectra of the parent HZSM-5 (SiO2/Al2O3 = 30), HZ-30, and three steamed 

catalysts with treatment temperature of 300oC (ST300), 400oC (ST400), and 500oC (ST500) are 

displayed in Fig. 1.11. and Fig.1.12, respectively. The chemical shift of the 29Si nuclei depends on 

their respective coordination with OSi, OH or OAl species. The parent catalyst shows a main peak 

at −118.5 ± 0.5 ppm corresponding to Si(OSi)4 species (the framework tetrahedral Si species 

surrounded by 4 OSi) and a shoulder at −113.2 ppm corresponding to Si(OSi)3(OAl) species. As 

the temperature of the steaming is raised, the band corresponding to Si(OSi)3(OAl) species 

gradually disappears and that of the Si(OSi)4 species progressively increases. It means that by 

increasing the steaming temperature, the tetrahedral aluminum transfers and extra-framework 

aluminum species including distorted four-fold, penta-coordinated or octahedral Al sites are 

produced. 
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Fig. 1. 12. 29Si MAS-NMR spectra of the parent and steamed HZSM-5 zeolites33 (Adapted 

from Ibáñez et al., Applied Catalysis A: General 2017). 

 

 

In Figure 1.12, 27Al MAS-NMR spectra show that the parent HZ-30 sample encompasses two main 

peaks located at 55 ppm and 0 ppm rising from framework tetrahedral and extra-framework 

octahedral aluminum species, respectively. For the steamed samples at different temperatures, by 

increasing the steaming temperature, the peak corresponding to the tetrahedral aluminum shifts 

towards 53.6 ppm. Also, the intensity of extra-framework aluminum species increases and a new 

peak at 33.1 ppm, assigned to distorted pentahedral coordination, or distorted tetrahedral 

coordination aluminum, appears. 
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Fig. 1. 13. 27Al MAS-NMR spectra of the parent and steamed HZSM-5 

zeolites33(Adapted from Ibáñez et al., Applied Catalysis A: General 2017). 

 

The peak arising from the framework tetrahedral species at 55 ppm can be subdivided into two sub-

peaks, which have been correlated with the different types of framework aluminum sittings: (i) 55.5 

ppm, strong acid sites sometimes involving a pair framework Al site (Al-O-Si-OAl), located within 

the micropores of the HZSM-5 zeolite (both straight and sinusoidal pores), referred as (α + γ) siting; 

and (ii) 53.6 ppm, weaker acid sites, involving a single framework Al site, located within the pore 

intersections and referred as β siting. From the combined results of Fig. 1.11. and Fig. 1.12., it is 

concluded that during the steaming dealumination, tetrahedral aluminum species convert to 

distorted and extra-framework aluminum species. 
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The formation mechanisms and detailed structure of these species are far from understood, due to 

the lack of experimental methods in order to provide the necessary information on the local 

structure. However, the structure and formation of these EFAl species and distorted framework 

sites have been addressed in several theoretical studies, often in combination with NMR 

spectroscopy. On the other hand, the combination of 27Al DQ-MAS NMR with DFT theoretical 

calculations for H-Y zeolite explained the three consecutive steps for the dealumination process:28 

 In the first step, four-coordinate framework Al is released from zeolite framework, giving 

rise to six-coordinate Al(OH)3 EFAL species.  

 In the second step, the Al(OH)3 EFAL species would interact with the Brönsted acid site 

(SiOHAl, associated with four-coordinate framework Al), leading to the formation of five-

coordinate Al(OH)2
+ EFAL species by removal of one water molecule between them.  

 In the third step, the interaction of the Al(OH)2
+ species with the Brönsted acid sites results 

in the formation of four-coordinate AlOH2+ EFAL species by eliminating another one water 

molecule between them. 

Al(OH)3, Al(OH)2
+, and AlOH2+ in the form of six-, five-, and four-coordination, respectively, are 

the preferred EFAL species in the dealuminated H-Y zeolites at different calcination 

temperatures.28  

1.6.2. Chemical washing treatment 

The amount and distribution of non-framework aluminum species formed during thermal 

treatments can significantly influence the activity and selectivity of zeolites in the reaction. At the 

same time, the large amount of non-framework Al has a deleterious effect on the catalytic and 

transport properties, so some post-synthesis treatments such as acid leaching and chemical washing 

treatments to extract them is necessary.37 It has been reported in the literature that a modification 

in the distribution of aluminum by acid leaching can be controlled by the type and concentration of 
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the acid used, pH, temperature and duration of the treatment. A commonly used post-synthesis 

treatment for the removal of aluminum from the zeolite framework is using chemicals such as SiCl4, 

(NH4)2SiF6, HNO3, HCl, H3PO4, AgNO3, oxalic acid, tartaric acid, citric acid, trichloroacetic acid, 

among others.33 

A. Gola et al. observed that EFAL species arising from dealumination of steamed Y zeolite (S34), 

as isolated cations, are resistant to strong acid leaching. Their results from subsequent leaching 

with nitric acid, AHFS, and Na2H2EDTA (EDTA) showed that both EDTA and AHFS led to 

progressive removal of all EFAL. However, EFAL species linked to the zeolite framework appear 

more resistant to these agents. In general, the EFAL concentration decreases continuously with 

strength of AHFS leaching, reaching a value close to zero at the point where the framework starts 

to get dealuminated. The general behavior for the EDTA leaching is similar to that observed for 

AHFS, but approximately twice the strength of leaching agent is required to achieve a similar level 

of EFAL.23 

 

 

 

 

 

 

Fig. 1. 14. Concentration of EFAL following leaching by different agents (strength is 

expressed as the molar ratio of HNO3, (NH4)2SiF6 or H2Na2EDTA to Al in the steamed 

solid)23 (Adapted from Gola  et al., Microporous and Mesoporous Materials 2000). 
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The formation of EFAl species and dealumination of the framework depend on the reagents used. 

As has been shown in Fig. 1.13, acid-treatment of samples by AHFS resulted in a very high EFAl 

removal. Also, other chemicals such as oxalic acid (mild dealumination reagent) and AHFS (mild 

to intense dealumination reagent) have been applied on HZSM-5 zeolite to extract EFAl species. 

Farahani et al. reported that dealumination process can change the micropore architecture of ZSM-

5 zeolite, which affects ethylbenzene disproportionation and even changes the relevant reaction 

mechanism. Their results showed that mild increase in the Si/Al molar ratio by one unit using oxalic 

acid or by 10 units by AHFS result in more than 10% increase in para-xylene selectivity.38 
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CHAPTER II 
 

Overview of NMR  

 

2.1. Introduction 

Nuclear magnetic resonance (NMR) technique was invented in the 1920’s by Pauli. First 

experiments on NMR was developed by Bloch on paraffin wax and Purcell on the water in 1945 

and it has been used as one of the powerful spectroscopic instruments in the physical science.  They 

discovered that in a magnetic field, nuclei absorb electromagnetic radiation due to the splitting of 

their energy levels. It was soon realized that the molecular environment of an NMR active nucleus 

directly affects the manner in which radio-frequency (r.f.) radiation was absorbed.1-3 

The NMR parameters of solids are very sensitive to the changes in the local environment of nuclei 

and it can be affected by bond lengths, angles and molecular symmetry. The principle of basic 

solution-state NMR is the same as solid-state NMR, but the solid-state NMR is more complicated. 

In solution state, the presence of fast isotropic molecular tumbling and motion typically leads to 

narrow spectra and well-resolved lineshapes, as well. The rapid motion can average the lone 

broadening sources such as dipolar coupling and chemical shift anisotropy (CSA) causing the 

narrow spectra.4 In the solid state, due to the lack of such motion, the anisotropically broadened 

lineshapes happen. The existence of broadenings resulting from chemical shift anisotropy, dipolar 

coupling, and quadruple interactions lead to broad, poorly-resolved lineshapes in the solid-state 

NMR spectra. As a result, the modern methods in the solid-state NMR have focused on the 

technique to gain high-resolution isotropic spectra in which all anisotropic line broadening is 
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removed. The nature of these interactions with respect to their anisotropic character, will be 

discussed later in this chapter. Also, Magic angle spinning (MAS) techniques are used to overcome 

the line broadening problem.5-6  

2.1.1. Spin magnetization 

A molecule contains an atom with protons, neutrons, and electrons. Nuclei with their characteristic 

spin quantum number (I) is considered as a magnet. The nucleus has a non-zero net spin only when 

it contains unpaired protons or neutrons. Table 2.1 shows the natural abundance, net spin, and 

gyromagnetic ratio for some elements, which are studied in zeolite structures. 

 

Table 2. 1. Properties of nuclei most useful for zeolite material7-8 

Isotope 
Neutron Proton 

Natural 
abundance (%) 

Spin Quantum 
Number (I) 

Gyromagnetic ratio 
(10-7 rad/T sec) 

1H 0 1 99.9844 1/2 26.7520 

2H 1 1 0.0156 1 4.1067 

13C 7 6 1.108 1/2 6.7265 

27Al 14 13 100 5/2 6.9763 

29Si 15 14 4.67 1/2 -5.3190 

 

All nuclear spins are oriented randomly due to the thermal effects and the net magnetization of the 

oppositely oriented spin vectors is zero because of cancelling each other in the opposite site. 

However, when a strong external magnetic field is applied, nuclei with non-zero spins will exhibit 

a Zeeman splitting, leaving spins oriented either partially along or opposite to the external magnetic 

field. The orientation of spins depends on the gyromagnetic ratio, γ. For the nuclei with positive 

and negative γ, the orientation is parallel and antiparallel to the external magnetic field, 

respectively. At equilibrium, the population of the spins in the state of lower energy (+1/2 or α) is 

slightly higher than that of state of higher energy level (-1/2 or β). The population difference is 

determined by Boltzmann distribution shown in the following equation. 
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 Where k is Boltzmann's constant, 1.3805x10-23 J/K and ∆𝐸 = 𝐸𝛼 − 𝐸𝛽. 

Therefore, in the presence of a magnetic field, the nuclear spin energies become non-degenerate, 

since nuclei with different nuclear spin states start to precess about the field axis. For a nucleus 

with nuclear spin I, there are 2I + 1 possible energy levels, each related to magnetic nuclear spin 

quantum number, mI, where mI = +I, +I – 1, +I – 2, …, -I.  

As the magnetic field becomes stronger, the energy separations between the two energy levels as 

well as the population differences between energy levels increase.1 

Fig. 2.1 represents the Zeeman splitting of spin ½ in presence of the magnetic field.  

 

 

Fig. 2. 1. Population distribution under Zeeman interaction of spin ½ 1 (Adapted from 

Levitt, M., Chichester, West Sussex, United Kingdom, 2009). 

 

A NMR-active nucleus possesses non-zero nuclear spin angular momentum (I) and an associated 

nuclear spin magnetic moment (μ) as well. The relationship between these two quantities are linear 

through the gyromagnetic ratio with μ = γ × I. When a group of nuclear spins experiences a constant 

external magnetic field (B0), they start to precess about the applied field because of angular 
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momentum. The direction of their rotation is determined by the sign of the gyromagnetic ratio; 

positive γ indicates clockwise precession about B0, while negative γ indicates counterclockwise 

precession about B0. 

 

2.1.2. Hamiltonian interaction 

There are many important nuclear spin interactions, classified as either external or internal 

interactions. The external interactions arise from the interaction of nuclear spins with external 

magnetic fields (i.e., a large static magnetic field (B0) and a smaller oscillating field, B1). The 

internal interactions are related to the interactions among spins. A general Hamiltonian describing 

the NMR interaction is given by the following equation: 

𝐻෡ேெோ = 𝐻෡௓ + 𝐻෡஼ௌ + 𝐻෡஽஽ + 𝐻෡௃ + 𝐻෡ொ                                                          

Where 𝐻෡௓, 𝐻෡஼ௌ, 𝐻෡஽஽, 𝐻෡௃, 𝑎𝑛𝑑 𝐻෡ொ refer to the Zeeman, chemical shielding, direct dipolar coupling, 

indirect (scalar-J) spin-spin coupling and quadrupolar interactions, respectively. 

The Zeeman interaction is related to the applied magnetic field and is much larger than all other 

external and internal interactions.  

 

2.2. Solid-state Magic Angle Spinning (MAS) NMR  

In solution, rapid molecular tumbling leads to an averaging of chemical shielding, and dipolar and 

first-order quadrupolar interactions, resulting in the observation of isotropic chemical shifts as 

sharp resonances. Magic angle spinning (MAS) is a technique in the solid state NMR in which a 

solid sample is rapidly spun around an axis tilted by ∼54.74° with respect to the static magnetic 

field for removing the effects of anisotropic interactions in solid-state NMR spectra. The magnitude 

of the chemical shielding interaction depends on the nuclear component’s symmetry and the 

orientation of molecule with respect to the magnetic field. This orientation dependence is assigned 

for the chemical shielding anisotropy (CSA)9-10. As mentioned before, a number of different NMR 
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interactions, such as chemical shielding, dipolar and first-order quadrupolar interactions, have 

essentially the same spatial orientational dependence of (3cos2θ-1), where θ is the angle between 

the internuclear vector and the magnetic field B0. When θ = 54.74°, the term (3cos2 θ-1) = 0 and 

the spatial dependencies are averaged out to 0, resulting in the significant line narrowing in NMR 

spectra.  

MAS greatly improves the spectral resolution and sensitivity in solid samples by averaging out a 

range of anisotropic nuclear spin interactions such as CSA and dipolar coupling11. For spin quantum 

number 1/2, I=1/2 nuclei, MAS can result in the observation of isotopic spectra, containing a sharp 

and resolved peaks as shown in Fig. 2.2. 

 

Fig. 2. 2. Schematic NMR spectra showing lineshapes of the CSA simulated under static, 

slow MAS and fast MAS conditions11 (Adapted from Polenova, T., Analytical Chemistry 

2015). 

 

 In some cases, if the sample spinning speed frequency is less than the interaction frequency, 
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spinning sidebands are also observed. The applied magnetic field strength can change the 

magnitude of the chemical shielding interactions. However, for the commonly used magnetic field 

strengths available on commercial spectrometers, typical values may range from a few kilohertz 

for lighter nuclei to tens or hundreds of kilohertz for heavier elements.10 

 

2.3. NMR relaxation 

NMR relaxation is a process that excited magnetization, arising from a radio frequency pulse, can 

be returned to its equilibrium distribution. There are two types of magnetic relaxation: spin-lattice 

and spin-spin relaxation.  

The spin-lattice relaxation (T1) is referred to as longitudinal relaxation. It explains the return to 

equilibrium distribution in the direction of the magnetic field (z-direction) and restoration of 

Boltzmann equilibrium. Also, T1 relaxation quantifies the rate of energy transfer from the nuclear 

spin to the neighboring molecules (lattice).  

                                                                                                                                                                                                   

                                              

Mz and M0 are the magnetization vector at z- direction and equilibrium value, respectively.  

Energy transfer into thermal energy by using spin-lattice relaxation depends on the rate of 

molecular motion. The motion in the lattice (which is expected to gain or lose the energy from the 

nuclear spin transition) must cause a fluctuating magnetic field that effectively acts as a “local 

pulse” at the site of the nuclear spin involved.12 

The spin-spin relaxation (T2) is also related to as transverse relaxation and describes the decay of 

the excited magnetization perpendicular to the applied magnetic field. After applying a 90o pulse, 

the net magnetization in xy plane (Mxy) eventually decays. The decay is due to two factors: 

magnetic field inhomogeneity and spin-spin relaxation. The spin-spin relaxation is caused by 

transient magnetic fields arising from molecular motion at any frequency. Thus T2 keeps getting 
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shorter as molecular reorientation rates slow down. 

 

 

T2 is less than or equal to T1 (R = relaxation rate, R1 = 1/T1, R2 = 1/T2, R2  R1), since return of 

magnetization to the z-direction inherently causes loss of magnetization in the x-y plane.  

Relaxation is mainly affected by fluctuating magnetic fields and molecular motion, modulating the 

local fields. Sources for such local fields are direct dipole-dipole coupling, chemical shielding 

anisotropy, quadrupole coupling, paramagnetic centers or wobbling of the total field. For spin−1/2-

nuclei and nuclei with a spin of I > 1/2 (additional quadrupolar contributions) the influence of the 

different mechanisms can be classified by their contribution: 

(quadrupole) >> dipole-dipole > CSA > spin-rotation 

Fig. 2.3 shows the dependency of different relaxation times on the correlation time of the 

molecular tumbling motion τc (the time it takes the average molecule to rotate one radian).  

 

Fig. 2. 3. The dependency of T1 and T2 on the correlation time τc
12 (Adapted from 

Bloembergen, E.M., Physical Review 1948). 
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There are several methods to measure spin-lattice and spin-spin relaxation time constants such as 

spin-echo, inversion recovery and saturation recovery measurements.  

 

2.3.1. Saturation-recovery experiment 

In this research for measuring T1 constant, the saturation-recovery sequence is used to saturate the 

system completely in the beginning and then followed by the recovery process. In this method, 

after applying a very fast series of 90°-pulses and then an evolution period during which the system 

is allowed to relax with T1, the signal is recorded after a 90°-pulse as shown in Fig. 2.4. 

 

 

 

 

 

 

 

Fig. 2. 4. Scheme of the saturation-recovery sequence13 

 

The advantage of this method is the short experimental repetition time. The saturation-recovery 

method is usually used for the materials with a very long T1, since the system is saturated at the 

very beginning, there is no need to wait for the system to be fully relaxed, when accumulating 

experiments.13 

 

2.4. Single-90° pulse sequence  

Since the populations of the two levels of Zeeman interactions are not equivalent, there is a net 

magnetization (or bulk nuclear spin magnetic moment, M), which can be described by a vector 
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pointing along the z-direction. The observation of NMR signal begins by applying an oscillating 

r.f. pulse (the voltage in the coil is turned on and switched off very quickly, usually in the order of 

μs), which causes transitions between different nuclear spin energy levels. A 90° pulse along x-

direction has the effect of tipping the bulk magnetization vector M from the z-axis of the lab frame 

into the –y direction. After that, the magnetization will start precessing around the xy plane 

(transverse plane) at a frequency of Ω (ω0 – ωrf) for a duration of t. In terms of relative population 

difference, a 90° pulse will saturate both energy levels, making them equal, which is the desirable 

scenario for maximum signal intensity as we detect magnetization in the transverse plane. 

Basically, the oscillating electric current induced by the precessing transverse magnetization is the 

NMR signal, or free induction decay (FID). 

 

 

 

 

 

 

 

Fig. 2. 5. Single pulse experiment13 (Adapted from Abele, M., 2012). 

 

2.5. Characterization of zeolites by using NMR 

Among a variety of techniques to characterize and determine the structure and physical-chemical 

properties of zeolites, the NMR technique plays an important role. This method provides useful 

information on the local surrounding of atoms such as silicon, aluminum, and proton14. It is possible 

to investigate the structure of the framework and non-framework species, reaction mechanism using 

in-situ methods, and the acidic sites by observing the magnetically active NMR nucleus. In this 
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section, an overview of three important NMR methods, 29Si MAS NMR, 27Al MAS NMR, 1H MAS 

NMR, are described. These techniques are mostly used for characterization of structural properties 

of zeolites. 

2.5.1. 29Si MAS NMR 

Zeolite structures contain both framework and extra-framework aluminum species that 

significantly effect the catalytic properties. It is well known that changing the Si/Al ratio can 

modify the thermal stability and catalytic properties of the zeolites. However, it is very essential to 

be able to measure the framework Si/Al ratio of  zeolite and this can be achieved via 29Si MAS 

NMR technique. In this method, the 29Si nuclei, the NMR active isotope of silicon, depend on the 

number of aluminum atoms present as neighbors. The chemical shift ranges of 29Si nuclei in a SiO4 

tetrahedra attached to the differing number of AlO4 tetrahedra is given in Fig. 2.6. 

It can be observed that by increasing the number of Al attached to SiO4 tetrahedra, the chemical 

shift moves downfield.15-17 

 

 

 

 

 

 

 

 

 

 

Fig. 2. 6. Chemical shift of 29Si with different number of Al atoms as neighbors15 

(Adapted from Mafra, L, In Annual Reports on NMR Spectroscopy 2012). 
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To calculate the framework Si/Al ratio, the first step is to take 29Si MAS NMR of zeolite to 

identify the peaks based on their chemical shift. For example, the 29Si MAS NMR spectrum of 

HY zeolite is shown in Fig. 2.7. The relative concentrations of each chemical species can be 

calculated by measuring the peak areas under each resonance and these values can then be used to 

calculate the framework Si/Al ratio.15 

 

 

 

 

 

 

 

 

 

 

Fig. 2. 7. 29Si MAS NMR spectrum of HY zeolite15(Adapted from Mafra, L, In Annual 

Reports on NMR Spectroscopy 2012). 

2.5.2. 27Al MAS NMR 

27Al MAS NMR can give useful information about the acidity of zeolite because of its direct 

measurement of framework and non-framework aluminum species. A major factor in the 

measurement of 27Al spectra is the presence of the quadrupolar interactions that complicate the 

experimental and theoretical interpretations. The magnitude of this interaction dominates all other 

interactions that the nucleus may experience such as chemical shift and dipolar couplings. The 

quadrupolar interaction is arising from the coupling of the quadrupole moment of the nucleus with 
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the electric field gradient present at the nucleus.14, 17-18  

27Al MAS NMR data are usually acquired on zeolite samples that are exposed to ambient moisture 

in order to eliminate lattice strain and enable detection of framework Al atoms. In completely 

dehydrated samples, Al observation is prevented by large quadrupole coupling constants arising 

from lattice distortions which its magnitude is on the order of several megahertz. For this reason, 

27Al NMR is not a quantitatively reliable method for measuring the acid sites quantitatively. A 

combination of high field strengths and magic-angle spinning is required to reduce the linewidths 

coming from the central transition affected by the quadrupolar coupling to the 2nd order15.  

There are two main types of aluminums in zeolite structures: framework aluminum in tetrahedral 

coordination (AlO4) and extra-framework aluminums in octahedral coordination (AlO6). As shown 

in Fig. 2.8, the chemical shift for the framework and extra-framework aluminum species are in the 

range of 50 to70 ppm and -10 to 20 ppm, respectively.15 

 

 

 

 

 

 

 

 

Fig. 2. 8. 27Al MAS NMR spectrum of HY zeolite15(Adapted from Mafra, L, In Annual 

Reports on NMR Spectroscopy 2012). 

2.5.3. 1H MAS NMR 

The locus of catalytic activity in the zeolite structure is a proton, historically assumed to be a part 

of the bridging hydroxyl group between a Si and an Al atom. Spectroscopic detection of the variety 
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of protonic species that can exist in zeolites, ranging from nonacidic silanol species to acid sites, 

extra-framework AI-OH groups, and residual NH4
+ is afforded by 1H MAS NMR methods.19  

Static 1H NMR spectra of zeolites suffer from substantial line broadening arising from the direct 

dipolar interaction between the protons and the quadrupolar 27Al nucleus, which limit its application 

in distinguishing between the different protonic species. This line-broadening problem can be 

resoved by applying the magic angle spinning technique.15, 20 

Beck et.al. reported the existence of three peaks in the lH spectrum of commercially available 

HZSM-5 samples. In addition to the well-known silanol peak at 1.9-2.0 ppm and Bas peak at 4.2 

ppm, a third peak located as a broad shoulder at 6.9 ppm when the temperature is reduced to 123 

K.21 

 

Fig. 2. 9. 'H MAS spectra of zeolite HZSM-5 over a range of temperatures21 

(Adapted from Beck, L. W.,  Journal of the American Chemical Society 1994). 
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CHAPTER III 
 

OBSERVATION OF MULTIPLE ACID SITES OF HZSM-5 ZEOLITES  

3.1. Introduction 

Zeolites catalysts are widely used in many industrial processes involving gas-phase reagents and 

products,1-3 and are now increasingly the subject of research as catalysts in aqueous or biphasic 

reactions to transform molecules derived from biomass.4-6  Even though they have enjoyed 

significant commercial success, many mechanistic aspects of hydrocarbon transformation 

catalyzed by solid-acid forms of zeolites are still debated, including the homogeneity of active acid 

sites within the zeolite lattice.7-9 As interest continues to grow in their use as catalysts at the solid-

liquid interface, understanding how active site density, distribution, and homogeneity responds to 

the presence of water becomes increasingly important.  The acidic form of the zeolite ZSM-5, a 

member of the MFI family and denoted HZSM-5, has enjoyed commercial success as catalyst for 

hydrocarbon isomerization and disproportionation reactions, as well as the transformation of 

methanol to hydrocarbons including small molecule olefins, gasoline range, and aromatic 

hydrocarbon products. HZSM-5 has attracted significant attention in fundamental catalysis 

research due to its relatively simply channel structure, a wide range of accessible Si to Al lattice 

ratios, and spectroscopic or probe molecule evidence that it contains a single type of Brönsted  acid 

site in its synthesized form.10-12   The latter characteristic is attractive for fundamental mechanistic 

studies, as all active sites may be considered equivalent in terms of their acid strength, steric 

accessibility, and transition state structures.  However, other evidence in the literature suggests that 

acid site character is potentially more complex, including increased hydrocarbon reaction rates or 

new spectroscopic signals assigned to the presence of extra-lattice alumina (AlxOy) sites close to 



44 
 

lattice Brönsted sites.13-16  Additional experimental and computational studies affirms that some 

extra-lattice alumina species that are formed during deliberate lattice dealumination steps (steam 

hydrolysis, calcination, etc.) reside very close to Brönsted proton lattice sites, and a synergistic 

effect of having those potential Lewis sites near the Brönsted acid site have been proposed to 

contribute to unique reactive sites, albeit mostly in the zeolite HY.17-19  At low Si/Al ratios, it is 

possible that more than one type of acid site location, i.e., channels versus channel intersections, 

can exist and lead to different reaction energetics in HZSM-520.  Recently, others have shown that 

adding sub-stoichiometric amounts of water can enhance reaction rates in zeolite HZSM-5, 

suggesting that only a small fraction of active Brönsted sites respond to water addition21,22.  All of 

these studies, while suggesting the possible existence of more than one type of reactive Brönsted 

proton site in HZSM-5, lack direct experimental observation of actual reactive proton sites in 

zeolite HZSM-5.  If in fact a synergistic effect of Lewis sites near Brönsted bridging acid sites 

(BAS) exists, the resulting deshielded hydroxyl groups should be experimentally detectable. 

 In this chapter, direct spectroscopic identification of at least three types of protons 

exhibiting Brönsted acid character in zeolite HZSM-5 is reported using one- and two-dimensional 

1H solid-state NMR methods, revealing for the first time a proton species characterized by a broad 

signal at 12-15 ppm.  Multiple reactive protons are only detected in HZSM-5 whose Si/Al ratios 

are 25 or less.  In addition to the well-known Brönsted acid site characterized by a signal at 4.2 

ppm, two extra-lattice proton populations are shown to react with an alkane probe molecule at room 

temperature, including the ca. 13-ppm species.  While the third population, an extra-lattice Al-OH 

species characterized by a signal at 2.8 ppm, has been previously documented in the literature, the 

reactivity of its hydroxyl groups is shown here for the first time.  In total, all three proton types 

undergo proton chemical exchange with one another at room temperature, as proven by two-

dimensional exchange spectroscopy.  These data provide strong evidence that there is more than 

one active Brönsted proton site in HZSM-5, and indicate that there is a small population of sites 
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whose potential acid strength is significantly larger due to its 12-15 ppm chemical shift.  While 

previous computational and experimental studies suggest this newly detected 12-15 ppm species 

might be hydroxonium ions stabilized in the interior lattice at a framework Al site,23-25 the data 

show that its presence does not depend on the amount of water in the catalyst channels.  In total, 

the data indicate that multiple Brönsted acid protons can exist in HZSM-5, and that some 

framework acid sites may experience increased acidity due to the presence of proximate extra-

lattice Al-OH species. 

3.2. Experimental section 

3.2.1. Zeolite dehydration 

 Zeolite ZSM-5 samples with different aluminum content (Si/Al = 11.5 CBV 2314, Si/Al = 15 CBV 

3024E, Si/Al = 25 CBV 5524G and Si/Al= 40 CBV 8014) were obtained from Zeolyst in the 

ammonium-exchanged form.  The BET surface areas vary from 379-386 m2/g independent of Si/Al 

ratios,26 and SEM experiments indicated that the average particle size was 0.6-0.7 µm.  Dehydrated 

HZSM-5 zeolite samples were prepared from the ammonium form in a glass reactor body via a 

stepwise vacuum procedure to a final temperature of 723 K, under 2×10-5 torr using an Edwards 

EO4K diffusion pump, as previously reported.21 For comparison and in an effort to ensure 

maximum water removal, as indicated by increased T1 values for the catalyst protons some samples 

were dehydrated using a flow reactor with ultrapure argon or helium gas, heated stepwise to a final 

temperature of 723-773 K, and held there for 24 h. This flow dehydration method follows that 

recently described by Grey, through which they clarified long-standing uncertainties surrounding 

the assignment of trace water signals.27 A table of T1
H values is provided in the Supporting 

Information for Si:Al = 15 HZSM-5 to clarify how trace water content depends on the catalyst 

dehydration method. For both methods, catalyst samples were sealed and immediately placed in a 

dry ultra-pure argon atmosphere glove box for transfer to zirconia MAS NMR rotors. 
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3.2.2. H/D isotopic exchange experiment 

A vacuum line equipped with a CAVERN type apparatus was used for quantitative adsorption, 

following previously published procedures22. A fixed quantity of catalyst was placed in a 4-mm 

zirconia MAS NMR rotor in the CAVERN, evacuated and sealed. The isobutane-d10 gas (> 99.1%, 

CDN Isotopes) was then introduced in the vacuum line to an initial pressure. The adsorption was 

stopped at a calculated final pressure corresponding to a 1:1 ratio of isobutane:acid site, i.e., 1 

equivalent (eqv) of isobutane-d10. 

3.2.3. NMR measurements 

1H MAS (magic-angle spinning) NMR data was collected on a Bruker Avance 400 spectrometer 

operating at 9.05 T with a 4-mm double-resonance MAS probe. When necessary, as mentioned in 

the text, the rotors were spun with dry nitrogen gas to avoid possibility of moisture contamination 

following sample sealing. Spinning speeds of 10 or 15 kHz, 32 scans and 3.9 s /2 excitation 

pulse were used for single-pulse acquisitions. Given the short acquisition times for the single-pulse 

1H MAS experiments, an empty rotor probe background spectrum was acquired separately for each 

run and subtracted from the zeolite spectrum in order to remove a small background signal near 1 

ppm.  

The spin-lattice relaxation time constant T1 was measured using a modified saturation 

recovery pulse sequence in which the 90˚-read pulse was replaced by a composite 90˚ pulse as 

previously described by Cory,28 and data were acquired with 10-kHz MAS speeds. 1H/27Al spin 

echo double resonance (SEDOR or TRAPDOR) experiments were carried out with a spinning 

speed of 8 kHz, 500 μs (four rotor periods), and a radio frequency field strength of 78 kHz for 

27Al.29,30  The standard two-dimensional (2D) three-pulse exchange (a.k.a. NOESY) sequence31,32 

was used to monitor chemical exchange between proton sites in the catalyst, with a dwell time in 

the indirect dimension set to 20 μs. Typically, 32 scans were acquired for each t1 increment, with 

final data sets consisting of 512 t1 × 2048 t2. A wide variety of experiments were run with mixing 
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times ranging from 1 ms to 150 ms, all of which are integral multiples of the rotor period, but only 

a subset of the variable mixing time data are presented herein.  The recycle delays used in the 2D 

exchange experiments ranged from 2 to 5 s with MAS speeds equal to 10 kHz.   

 

3.3. Results and dissection 

Representative spectra for HZSM-5 catalysts in their dehydrated, acidic forms are shown in Fig.3.1 

for Si:Al ratios ranging from 11.5 to 40.  These spectra are, in almost every way, similar to the 

large number of HZSM-5 spectra previously reported in the literature, in which three main signals 

are detected.8,10,11,16,27 The locus of catalytic activity is the bridging acid site (BAS), indicated by 

the peak at 4.2 ppm whose intensity increases as the Si:Al ratio decreases, as is expected for 

increasing Al incorporation into the framework and concomitant charge balance by the Brönsted  

proton.  The silanol (SiOH) group resulting from crystallite lattice termination gives rise to the 

well-known peak at 1.9-2 ppm, and these hydroxyls do not exhibit Brönsted acid character.  Finally, 

it is well established in the literature that the 2.8 ppm peak originates from hydroxyl groups on 

aluminum atoms that exist as extra-lattice or extra-framework aluminum (AlOH), most likely as 

small aluminum oxide dimers or trimers.33
   While dealumination can occur during some catalyst 

preparation procedures, the mild vacuum or flow temperature programmed methods used here 

should not lead to framework dealumination.  Fig.3.1 indicates that the relative amount of extra-

lattice AlOH species is largest in the Si:Al = 15 and 11.5 catalysts, and indeed, Janda and coworker 

have recently reported that this same Si:Al = 15 catalyst has the largest fraction of such species 

based on Al elemental analysis.20  Deconvolution of the peaks for the two lowest Si:Al catalysts 

indicates that the area of the 2.8 ppm peak relative to the BAS and SiOH peaks is the largest for 

Si:Al=15 catalyst.  The broad 5-9 ppm peak appearing as a shoulder downfield of the BAS peak 

has previously been assigned by the Grey group as strongly-bound trace water that is difficult to 

remove using vacuum dehydration methods.27  



48 
 

 

 

 

The new information contained in Fig.3.1 is the broad 12-15 ppm signal detected in three of the 

four spectra, expanded in the left insets for clarity.  Given that this 12-15 ppm peak is small, in a 

region of a spectrum often overlapping with spinning-sidebands in previously published works 

(many of which were obtained at low magnetic field strengths), that it disappears in the presence 

of adsorbates or more than trace amounts of water loadings (vide infra), and that it is not detectable 

in Si:Al > 25 catalyst, the fact that it was unrecognized in previous works is not surprising.  A 

chemical shift this far downfield has not been reported in acidic zeolites, but Maciel and coworkers 

have reported a 10.8 ppm shift for certain types of hydroxyl groups in low-surface area aluminum 

oxide hydroxides.34   Comparing the top and bottom traces in Fig. 3.2 provides some information 

Fig. 3.  1. 1H MAS NMR spectra acquired at room temperature for dehydrated HZSM-5 

catalysts prepared under vacuum heating with Si/Al ratios indicated at right.  Inset: The broad 

signal at 12-15 ppm, most visible in Si:Al=15, has not previously been reported and indicates 

the presence of a small population of protonic species in a strongly deshielded environment. 

 

Si-OH acid 
site 

Al-OH 

Si:Al=11.5 

Si:Al=15 

Si:Al=25 

Si:Al=40 
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as to the nature of the protons giving rise to the 12-15 ppm signal.  The top spectrum in the overlay 

is a simple spin-echo spectrum for the Si:Al=15 sample, with features in every way consistent with 

the single-pulse MAS spectrum in Fig. 3.1.  The 12-15 ppm peak is clearly visible.  The bottom 

spectrum is acquired with the same spin-echo under the same MAS conditions, except for the 

application of 27Al pulses during the echo evolution windows.  This experimental approach, well-

known in the literature as the spin-echo double resonance SEDOR29 or TRAPDOR30 experiment, 

has been used extensively to identify protons that are within a dipolar-coupling distance (2-6 Å) of 

an aluminum atom in inorganic oxides.35-37 Of the four labeled peaks in the bottom spectrum of 

Fig. 3.2, only the Si-OH peak intensity is the same in both experiments, which is consistent with 

the known fact that those hydroxyl groups are not close to Al atoms.  The very small decrease in 

the SiOH intensity is due to the loss of the 2.8 ppm extra-framework AlOH peak with which it 

overlaps.  More importantly, the 12-15 ppm peak is completely attenuated by the double-resonance 

echo, which means that like the AlOH protons and the BAS protons, the protons that give rise to 

that signal are dipolar coupled to a nearby Al.  The attenuation of the BAS and AlOH peaks, along 

with their known structures, coupled with no attenuation for the SiOH peak, indicates that the 12-

15 is a species containing a hydroxyl group proximate to either a framework acid site Al or an 

extra-framework Al species.  In total, the coupling with an Al atom and the strongly deshielded 

chemical shift value indicates that this species has to potential to act as an acid site. 
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Fig. 3.3 demonstrates that the species giving rise to the 12-15 ppm peak can also react with a 

hydrocarbon probe molecule. Fig. 3.3 shows selected single-pulse MAS spectra acquired following 

the room-temperature adsorption of isobutane-d10 on Si:Al=15 HZSM-5, with total reaction time 

for the exchange reaction increasing from bottom to top up to one hour in the upper trace. The 

isobutane CH3 signal increases as the BAS signal decreases, as protons exchange from the acid site 

with deuterons on isobutane.  The BAS/isobutane-d10 system is a well-documented probe of zeolite 

acidity,38-41 but for the first time, the data in Fig. 3.3 also show that the 12-15 ppm species is 

undergoing H/D exchange with isobutane.  Exchange has already occurred by the time the first 

(bottom) time trace is collected, as indicated by the significant isobutane CH3 signal intensity at 1.1 

ppm, thus explaining the relatively weak 12-15 ppm peak intensity.  However, just like the BAS, 

that 12-15 ppm continues to decrease in intensity as exchange occurs. No change in the SiOH peak 

intensity is observed even after several hours of reaction time at room temperature.  As expected 

based on the results of Fig.3.3, simple D2O vapor adsorption causes a rapid decrease in the 12-15 

acid site 
(BAS) 

Si-OH 

Al-OH 

Fig. 3.  2. 1H MAS NMR spectra acquired at room temperature for dehydrated Si:Al = 15 HZSM-

5 using a simple spin-echo sequence (top) without and (bottom) with an 27Al r.f. pulse applied 

during the echo evolution periods.  Note the significant attenuation of all signals except the 2-ppm 

silanol signal, indicating that the protons in the species represented by the 13-15 ppm signal are 

proximate to an Al atom, as is known for the BAS and Al-OH groups. 

12-15  
ppm 
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ppm peak on the same apparent timescale as the BAS (not shown), both of which are at least one 

order of magnitude faster than the isotopic exchange with SiOH.   

 

 

Identity of 12-15 ppm species.  Previous studies predicted that the chemical shift for a surface-

stabilized H3O+ species inside a zeolite would have a chemical shift in the 12-15 ppm region, from 

a combination of computational data and exchange-averaged NMR chemical shifts in systems with 

increased water content relative to that studied here.23-25   The direct observation of a signal in the 

12-15 region was not previously reported. Data reported herein are not consistent with assigning 

the 12-15 ppm peak to H3O+. Increasing the amount of water in the catalyst, such that the T1
H 

relaxation time constant for all species decreases by an order of magnitude, results in no change in 

the peak shape or intensity of the 12-15 ppm peak as shown in Fig.3.4.  For the BAS, Al-OH, and 

12-15 ppm peak, the T1’s change from ca. 5-6 sec to 0.3-0.5 sec after the sealed rotor is exposed to 

ambient conditions for three days and the Si-OH peak decreases from 12 sec to 1 sec, relative to 

Fig. 3.  3.  Selected 1H MAS NMR spectra acquired following the room-temperature adsorption of 

isobutane-d10 on Si:Al=15 HZSM-5, with total reaction time for the zeolite/isobutane H/D 

exchange increasing from bottom to top up to one hour in the upper trace. 

 BAS 

Al-OH 

Isobutane  
CH3 

time 

time 
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the as-prepared dehydrated catalyst.  However, as can be seen from the superposition of the two 

spectra in Fig.3.4, there is no change in the shape or intensity of the 12-15 ppm peak as might be 

expected if this peak originated from H3O+.  

 

 

Based on the previous work of Janda and coworkers, in which they found that this same Si:Al = 15 

HZSM-5 catalyst contained the largest fraction of extra-lattice Al species, the data described in 

Figures 3.1 and 3.4, and the agreement with chemical shift data in AlnOmH species,34 the most 

logical assignment for the acidic proton species responsible for the 12-15 ppm peak is that it is 

either a BAS hydroxyl group that interacts with extra-lattice aluminum species, or a hydroxyl group 

on extra-lattice aluminol that interacts with multiple Al centers or interacts with the BAS.  Chemical 

washing of the Si:Al = 15 catalysts like those shown in Fig.3.4 with EDTA, aluminum salts, and 

Fig. 3.  4. 1H MAS NMR spectra acquired at room temperature (black dashed trace) 

immediately following the flow-dehydration procedure and (red solid trace) after three days 

of ambient atmosphere exposure in the sealed rotor. The initial (T1
i) and final (T1

f) values 

are listed above each peak. Each spectrum is quantitative based on the respective T1 value. 

T1
i = 5.8 s 

T1
f = 0.4 s 

T1
i = 5.0 s 

T1
f = 0.3 s 

T1
i = 11.9 s 

T1
f = 1.0 s 

T1
i = 5.8 s 

T1
f = 0.35 s 
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magnesium salts in an attempt to eliminate the 12-15 ppm peak caused no change in its intensity, 

even as the intensity of the 2.8 ppm peak decreased but was not eliminated, indicating that this 

species is stable. To further elucidate the structure of the highly acidic species, the as-prepared dry 

HZSM-5 was treated with ammonium hexafluorosilicate (AHFS) using standard published 

procedures13,42,43, the results of which are shown in Fig. 3.5. The solid line is the spectrum for as-

prepared catalyst, containing all of the peaks that were shown in the previous discussion to be 

involving in proton transfer steps, including the new 12−15 ppm peak and the 2.6 ppm peak. After 

washing that catalyst with AHFS, only the BAS and SiOH peaks remain (dashed spectrum), which 

are associated with the zeolite framework. All other peaks are removed, including the 12−15 and 

2.8 ppm peaks. This proves that those species are acidic Brönsted sites arising from or associated 

with extra-lattice aluminol species. Moreover, the relative ratios of the BAS to the nonacidic SiOH 

spin populations does not change following AHFS washing, indicating that the framework BAS 

concentration is not perturbed. 

 

Fig. 3.  5. 1H MAS NMR spectra acquired under quantitative conditions for (solid line) HZSM-5 

and (dashed line) the same HZSM-5 catalyst washed with ammonium hexafluorosilicate.  
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As described in the Introduction, previous reports have proposed that extra-lattice aluminum oxide 

species, for which the Al atom coordination may vary, can work in synergy with existing Brönsted  

sites to create a small concentration of “strong acid” or “highly reactive” Brönsted  sites.  The data 

herein surrounding this newly detected protonic species at 12-15 ppm is consistent with these 

proposals, but shows for the first time that such synergy creates a strongly acidic hydroxyl group. 

Based on these data, the most probable structures for the Brönsted acid proton sites in HZSM-5 

with Si/Al = 15 before and after washing are shown in Scheme 3.1. The 12−15 ppm signal is 

obviously a broad signal, and therefore it is unlikely that only one single species gives rise to it, as 

shown in the scheme. 

 

 

3.4. Conclusions 

 For the first time, an acidic species has been directly observed in HZSM-5 that gives rise 

to a broad peak in the solid-state 1H MAS NMR spectrum at 12-15 ppm.  Using a combination of 

1D and 2D MAS NMR experiments along with alkane probe molecule reactions, dynamic proton 

Scheme 3.1. Chemical Structures for the Reactive HZSM-5 Hydroxyl Groups Leading to the Broad 12−15 ppm 

Signal (indicated in red), and Indicating Transformation of a Catalyst with Multiple Brönsted Acid Sites to a 

Single-Site Catalyst Containing only BAS’s after Washing with Ammonium Hexafluorosilicate 
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transfers and chemical exchange was observed, clearly establishing the acid character of the 

hydroxyl proton responsible for this highly-deshielded 12-15 ppm signal.  The signal intensity was 

independent of ambient moisture exposure, indicating that it does not arise from surface-stabilized 

H3O+ ions.  Rather, the data in total suggest that the acidic moiety is associated with either hydroxyl 

groups from extra-lattice aluminum oxides or from the BAS proton interacting with extra-lattice 

aluminum oxides.  In addition to the first observation of the presence and acid character of this 

species, experiments also showed that previously observed extra-lattice aluminol species 

characterized by a signal at 2.8 ppm can undergo proton transfer, and that trace water most likely 

facilitates the proton scrambling between the 12-15 ppm species, the BAS, and extra-lattice 

aluminols.42,43 Now that the species giving rise to 12-15 ppm signal has been observed, future 

computational studies coupled with heteronuclear solid-state assignment techniques can be used to 

further refine its structure. 
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CHAPTER IV 
 

 

CONTROL AND IMPACT OF BRÖNSTED ACID HETEROGENEITY OF HZSM-5 

ZEOLITES BY USING POST-SYNTHETIC TREATMENTS 

 

4.1. Introduction 

Brönsted acid site density and homogeneity significantly impact catalytic activity and 

selectivity in zeolites, even for identical framework types.1-3 Specific synthetic methods allow 

tailored acid site densities based on framework Al content.  Post-synthetic processes, whether 

intentional or inadvertent, can lead to significant perturbations in the final acid site types and 

concentrations, including catalyst deactivation and regeneration, chemical treatments to vary 

catalyst particle hydrophilicity, chemical substitutions, or modifications to remove extra-

framework Al species.4-9   There is growing recognition that “single-site” zeolite catalysts, i.e. 

catalysts where all acid sites are topologically and electronically equivalent, may be rare, even in 

relatively simple zeolite structures like members of the MFI family.10-14  The presence of extra-

framework aluminum (EFAl) oxides and aluminols can contribute to acid site heterogeneity due to 

their proximity to framework acid sites, and chemical extraction methods to remove them are 

common to the literature.14-17  Only recently has it been shown that the EFAl species themselves 

contribute Brönsted acid sites that are as, or even more, reactive than framework bridging acid sites 

(BAS).18   The ability to measure and interpret the distribution of framework BAS’s versus Brönsted 

acid sites from EFAl species is critical to defining catalyst reactivity, which is uniquely different 

than strictly attributing Lewis acid character to EFAl. In this contribution, several post-synthetic 
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treatment methods previously described in the literature are investigated in a high Al-

content ZSM-5 (Si/Al = 15), with the specific goal of minimizing changes to the framework BAS 

while maximizing removal of Brönsted acid sites arising from EFAl.19   In order to determine which 

post-synthetic routes are most effective, a quantitative assessment of all types of Brönsted species 

must be obtained.  A simple 1H magic-angle spinning (MAS) standard-addition NMR technique is 

demonstrated to uniquely reveal the impacts of post-synthetic treatment methods on Brönsted 

proton distributions,20 which are not accessible using 27Al NMR methods. Reagents including nitric 

acid, hydrochloric acid, EDTA (ethylenediaminetetraacetic acid), and oxalic acid are investigated, 

but detailed spectroscopic analysis of the fate of BAS hydroxyl groups and hydroxyl groups 

associated with EFAl species shows that ammonium hexafluorosilicate (AHFS) at optimized 

concentrations exhibits the highest specificity for complete EFAl removal with minimal impact on 

framework acid sites.  While many commonly used methods in the literature can remove EFAl, 

they do so at the expense of significant reduction in the number of BAS as shown here. Other 

methods routinely described in the literature, like EDTA, simply do not work for removal of acid 

sites associated with EFAl in MFI catalysts.   Probe molecule reactions involving room-temperature 

hydrogen-deuterium between benzene and different catalysts demonstrate the impact of post-

synthetic modifications to HZSM-5 reactivity, and more importantly, reveal that dilute Brönsted 

acids sites that are distinct from framework BAS’s comprise the most active sites. 

4.2. Experimental sections 

4.2.1. Catalyst post-treatment 

Zeolite ZSM-5 (Si/Al = 15, CBV 3024E and Si/Al = 40, CBV 8014) samples were obtained from 

Zeolyst in the NH4
+-exchanged form. Calcined zeolite samples were prepared in a glass reactor 

body using a gradual, stepwise vacuum calcination up to a final temperature of 500°C to yield 

acidic HZSM-5.  Calcined samples were then treated with different leaching reagents including 

HCl, HNO3, EDTA (ethylenediaminetetraacetic acid), AHFS (ammonium hexafluoroslicate), and 
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oxalic acid in order to probe their efficacy for selective removal of extra-framework aluminum 

species. In each case, HZSM-5 zeolite was mixed with deionized water at a concentration of 30 g/L 

to prepare the initial solution, which was subsequently treated with the specific reagents listed 

below. For reference, in the HZSM-5 with Si:Al = 15, the expected framework BAS density based 

on total Al content is 1.04 mmol/g, while in HZSM-5 with Si:Al = 40, it is 0.39 mmol/g. 

Ammonium hexafluorosilicate. For AHFS treatments, 5 ml of AHFS solution was added to the 

mixture of NH4
+ZSM-5 zeolite and deionized water at 90°C and stirred for 4 hours.  Five samples 

were prepared by varying the AHFS:Al molar ratio from 1:1, 2:1, 4:1, 6:1, and 8:1. The mixture 

was then filtered, washed with the warm deionized water and dried overnight at 120°C.13,14,20  

Nitric acid. The mixture of zeolite in the proton form (HZSM-5) and deionized water was heated 

to 90°C under vigorous agitation. Two sets of samples were prepared by using either 5 ml/g of 0.2 

M or 2.0 M nitric acid solutions, with similar results observed for each. The acid solutions were 

added to the mixtures and stirred for 4 hours, with final mixtures filtered, washed with deionized 

water, and dried overnight at 120°C.20  

Hydrochloric acid. Hydrochloric acid solution at 0.2 M concentration was added to the mixture 

of HZSM-5 zeolite and deionized water at 90°C and stirred for 4 hours. The suspension was filtered, 

washed, and dried at 120°C overnight.16  

Ethylenediaminetetraacetic acid.  The EDTA amount in the HZSM-5/wash solution mixture was 

chosen to obtain an EDTA:Al molar ratio equal to 1.90:1 in the solution.  EDTA was added to the 

mixture and stirred at 75°C for 4 h, and then the suspension was filtered and washed with deionized 

water. In order to eliminate sodium introduced by the EDTA, the filtrate was treated with 1M 

ammonium nitrate solution. The exchange was carried out twice, each at 90°C for 6 hours. The 

sample was filtered again, washed, dried at 90°C, and calcined at 550°C for 6 h to burn off any 

residual EDTA.1,20 
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Oxalic acid. A 0.8M oxalic (C2H2O4) acid solution (oxalic acid/Al=4) was prepared and added to 

the stirred HZSM-5 mixture at 70°C. After 4 hours of mixing, the suspension was filtered, washed, 

dried overnight at 120°C, and calcined at 550°C for 6 h to burn off any residual organic moeties.22  

  Prior to spectroscopic investigations, all samples were dehydrated using the same stepwise 

vacuum dehydration procedure as used for the unwashed HZSM-5 control sample. Dry catalyst 

samples were sealed and immediately placed in a dry argon glove box following activation in order 

to transfer to zirconia MAS rotors without exposure to ambient moisture. Complete removal of 

ammonium cations, organics, and water was verified by 1H MAS NMR.   Selected samples, as 

indicated in the text, were further treated by steaming with 21 torr water vapor in nitrogen flow at 

15 ml/min in a flow reactor, heated stepwise to a final temperature of 773 K, and held there for 72 

h. After steaming, samples were dehydrated using the flow reactor with nitrogen gas at 773 K for 

5 hr.  

4.2.2. NMR measurements 

1H MAS (magic-angle spinning) NMR data were collected on a Bruker Avance 400 spectrometer 

operating at 9.05 T with a 4-mm double-resonance MAS probe.  Rotors were spun with -54°C 

dewpoint dry air, and periodically compared to dry N2 spinning; no differences in spectra or 

relaxation times were observed. Spinning speeds of 10 or 15 kHz, 32 scans and 3.4-3.9 s /2 

pulses were used for single-pulse acquisition spectra with samples packed in zirconia rotors and 

sealed with grooved Teflon spacers.  Extremely dry HZSM-5 catalysts of the type used here can 

have T1H values of up to 15 seconds for the terminal silanol SiOH species, but the T1H values for 

all framework and extra-framework protons were always 10 seconds or slightly shorter.18 As such, 

spectra were acquired with a 50-second delay, as all quantitative analyses focused on acidic protons 

and not the inert silanol species.  The spin-counting or standard-addition method to quantify the 

distribution of protonic species in HZSM-5 based on the addition of a known amount of inert PDMS 

(polydimethylsiloxane) follows the procedure previously published.20 All samples were loaded in 
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the glove box, and typically included 20-30 mg of zeolite with 20-40 g of PDMS in restricted 

volume MAS rotors. 

27Al MAS NMR data were acquired on samples that were exposed to ambient moisture in 

order to eliminate lattice strain and enable detection of framework Al atoms.   Large quadrupole 

coupling constants arising from lattice distortions and whose magnitude is on the order of several 

megahertz precludes Al observation in completely dehydrated catalysts.  For this reason, 27Al NMR 

is not a quantitatively reliable method for following how acid sites are impacted by post-synthetic 

treatments.  Even though multiple-quantum NMR methods can help identify some “NMR-

invisible” aluminum species, the quantitative distribution of acidic protons sites must be 

interrogated in completely dry catalysts as even ambient water levels can enable proton exchange 

on intermediate timescales causing signal loss. Trace water does exist as proton-exchange on the 

slow-exchange timescale occurs,18 albeit in amounts that do not impact the spectral lineshapes23. 

1H MAS NMR provides the best experimental route to this information, since Brönsted acid sites 

are themselves protons, not Al atoms. 

 4.2.3. Crystallinity measurements 

X-ray diffraction (XRD) was used to calculate the HZSM-5 crystallinity following some post-

synthetic chemical treatments using a Philips PW 1830 diffractometer operating with a Cu Kα 

radiation (λ = 1.5418 Å) source. Data was gathered in the 5−70° 2θ range with step width and 

scanning speed set to 0.02° and 0.5 sec/step, respectively. 

 4.2.4. BET measurements 

Surface area BET and nitrogen adsorption measurements were determined for HZSM-5 (Si/Al=15) 

and the same HZSM-5 treated with AHFS (AHFS:Al = 2:1) at liquid nitrogen temperature using a 

Quantachrome Autosorb-1 instrument. Each sample was degassed at 423 K overnight prior to 

nitrogen adsorption. 
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4.2.5. H/D isotopic exchange experiments at room-temperature 

In-situ solid state 1H MAS NMR methods were used to follow hydrogen/deuterium exchange 

reactions.24 Typically, 1 eqv (1 benzene per Al atom in the zeolite) of C6D6 molecules were 

adsorbed on activated HZSM-5 using an evacuated and dry vacuum line. H/D isotopic exchange 

took place immediately after adsorptions, while the adsorption processes usually took 3-5 minutes 

for completion. The initial H/D exchange spectra were typically acquired 8-11 minutes following 

the initial exposure. 

4.3. Results and discussions 

4.3.1. Quantitative analysis of distribution of acidic species 

The locus of catalytic activity in HZSM-5 is a proton, historically assumed to be a framework BAS 

species.  Spectroscopic detection of the variety of protonic species that can exist in zeolites, ranging 

from non-acidic silanol species to acid sites, is afforded by both infrared and solid-state MAS NMR 

methods25,26. NMR offers advantages in resolution, as well as opportunity for direct quantification 

of all species via spin-counting or standard-addition techniques. 
20 The latter method is used here to 

establish baseline concentrations of all proton species in HZSM-5 in order to determine if post-

synthetic modifications to the catalyst are successful.  Fig. 4.1.a and 4.1.b show representative 

quantitative 1H MAS standard-addition NMR spectra for HZSM-5 with Si:Al ratios of 15 and 40, 

respectively.  A known mass of PDMS (polydimethylsiloxane) spin-counting standard is added to 

a known mass of dehydrated zeolite, and the integrated areas of each peak in the spectra yield 

quantitative proton concentrations. The three most intense peaks are well-resolved, with the 

framework bridging acid site, terminal silanol groups at crystallite surfaces, and the polymer 

standard peaks labeled as BAS, SiOH, and PDMS, respectively.  For clarity, the smaller, less-

resolved peaks in the spectra are not labeled with the exception of the 12-15 ppm peak, but their 

deconvoluted areas are shown by the dotted traces.  Four such peaks exist in the Si/Al=15 spectrum, 

and three in the Si/Al=40 spectrum.  Based on multiple reports in the literature,26,27 and the 
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quantitative analysis of the areas of all peaks in each spectrum (vide infra), the peaks shown by the 

dotted traces in Fig. 4.1 are assigned to hydroxyl groups associated with EFAl species.  This 

includes the species at 12-15 ppm, which has only recently been revealed in the literature,18 and 5.1 

and 6.5 ppm peaks indicated by the arrows in Fig.4.1. 

 

 

The broad component centered near 6.5 ppm represents the largest intensity fraction of the 

peaks assigned to extra-framework species, the specific assignment for which has proven 

controversial in previous publications.  Haw and coworkers assigned the peak to hydroxyl groups 

in HZSM-5 arising either from distorted or associated species, proximate to Al atoms.28  Grey and 

coworkers assigned the 6.5 peak as strongly bound residual water that is difficult to remove by 

evacuation, requiring ultra-dry helium flow to remove.29 Recently we have shown that this peak is 

strongly attenuated by washing HZSM-5 with ammonium hexafluorosilicate (AHFS) followed by 

vacuum drying, identical to the response of the known EFAl hydroxyl peak at 2.6-2.8 ppm and the 

BAS 

SiOH 
BAS 

PDMS 
SiOH 

PDMS 

Si:Al = 15 Si:Al = 40 

12-15 ppm 

Fig. 4. 1. 1H MAS NMR spectra acquired at room temperature for dehydrated HZSM-5 catalysts 

with Si:Al = 15 (left) and Si:Al=40 (right).  The 0.2 ppm peak arising from addition of the inert 

PDMS is shown at less than its maximum intensity for clarity. 
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recently assigned 12-15 ppm peaks after washing.18  Although we followed the literature 

assignment29 attributing at least some of this 6.5 ppm peak to residual water in that recent paper,18 

upon further consideration of the quantitative data following AHFS washing shown below in 

Figures 4.2 and 4.4, it is now clear that the majority of the species in the 5-7 ppm region cannot be 

attributed to water (vide infra).   

The sum of all of the peaks denoted by the dotted lines represents essentially half of the 

total proton signal intensity in Fig. 4.1, excluding the silanol (SiOH) peak.  Quantitative analysis 

of the spectra in Fig. 4.1 using the PDMS spin-counting standard yields the data shown in Table 

4.1 for the two HZSM-5 catalysts.  The 6.5 ppm feature is included in the 5-7 ppm intensity range 

in the table.  Table 4.1 indicates that only about half of the theoretically maximum protons exist as 

BAS’s (4.2 ppm peak), with the other half distributed among the other non-framework sites or other 

distorted framework sites.  Since the SiOH group at ca. 2 ppm is not acidic and is known to be 

unreactive for acid catalysis, it is not considered in this analysis.  If all Al atoms are incorporated 

in the framework, and each Al atom generates a BAS, then the expected acid site proton density in 

the Si/Al = 15 and = 40 catalysts is 1.04 mmol/g and 0.39 mmol/g, respectively.  Although only 

one-half of the protons contribute to the 4.2 ppm peak, the peak assigned to BAS species, the next-

to-last column in Table 4.1 shows that the total proton concentration obtained by summing the BAS 

and extra-framework species (columns 3-6) is very near the total expected from Al content, albeit 

slightly larger in both cases.  This suggests that a small fraction of extra-framework Al species have 

more than one proton associated with them, consistent with proposed structures by Lunsford and 

others5. Obviously, there may be some EFAl species that exist as AlO+2 structures, or others that 

do not contain protons, which would not be directly counted in this analysis.  However, their 

presence might indirectly contribute to intensity in the 5-7 or 12-15 ppm regions, and therefore be 

subject to perturbations following chemical washings as described below.  
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The detailed analysis and discussion above establishes a quantitative basis for evaluating 

if standard literature methods for post-synthetic removal of protonic species associated with EFAl 

(H-EFAl) are effective, and if so, can they also preserve the integrity of BAS’s.  The spin-counting 

MAS NMR approach is the only way to directly quantify protonic species in HZSM-5, independent 

of any assumptions about probe molecule accessibility, thus providing a convenient tool to 

determine if any chemical washing methods are routinely capable of generating “single-site” MFI 

catalysts.  

 

4.3.2. Removal of EFAl species by using AHFS washing 

Several studies have shown that AHFS washing can remove EFAl species, with some 

proposing that AHFS provides a silicon source to help repair framework silanol-nest defects formed 

during dealumination.  The washing conditions, including time, temperature, pH, and concentration 

of AHFS vary significantly in those reports.2,30,31 Following the procedures outlined in the 

Experimental section, a selected portion of the total AHFS washing results are shown in Fig. 4.2, 

acquired as a function of the AHFS concentration in the washing solution. From Fig. 4.2, it is clear 

catalyst SiOH 
 

2.6-
2.8ppm 

 

BAS 
 

5-7ppm 
 

12-
15ppm 

 

Sum of all 
species excluding 

SiOH  

*Expecte
d sum 

for 
H:Al=1 

Si/Al=15 0.17±0.009 0.091±0.011 0.56±0.018 0.45±0.037 
0.059±0.0

.025 
1.16 1.04 

Si/Al=40 0.24±0.017 0.028±0.016 0.23±0.012 0.21±0.030 0 0.46 0.39 

Table 4. 1.  Distribution of species, in units of mmol/g, obtained from quantitative 1H MAS NMR spin-

counting spectra of the type shown in Fig. 4.1.  Uncertainly limits were determined by triplicate or 

quadruplicate  

 

* [Al] from total theoretical aluminum content in framework based on Si/Al, and assuming H:Al of unity in 
dehydrated zeolite. 
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that the catalysts treated with AHFS solutions whose concentration corresponded to AHFS:Al 

molar ratios of 4 or 6 led to significant loss of  BAS’s, based on reduction of the 4.2 ppm and 54 

ppm peaks in the 1H and 27Al MAS NMR spectra, respectively.  Fig. 4.2a shows that AHFS:Al ratio 

of 2:1 leads to significant removal of H-EFAl species based on the loss of the 12-15, 5-7, and 2.6-

2.8 ppm peaks, but with very little change in the area of the BAS peak in 4.2a.  As stated previously, 

the 27Al data cannot be used to quantitatively assess the amount of Al in non-tetrahedrally or non-

octahedrally coordinated environments. The apparent small absolute loss in intensity of the 54-ppm 

peak in 4.2d, and also reduction in its linewidth, following AHFS washing arises from removal of 

some aluminum atoms that reside in distorted tetrahedral environments, as previously discussed.2 

Quantitative limitations of 27Al NMR are well-established, which is why the 1H data in Fig. 4.2a-c 

is uniquely critical for assessing the impact of post-synthetic treatments on the Brönsted site 

distribution.  One observes a significant loss of the 4.2 ppm BAS peak in 4.2b and 4.2c, indicative 

of framework dealumination, with 4.2c showing that at sufficiently high AHFS concentrations, the 

dealumination is so extensive that new SiOH peaks begin to arise in the 2.2-2.5 ppm region 

indicative of internal “silanol nest” defects. Importantly, Fig. 4.2c does show that all intensity in 
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the 5-7 ppm region can be removed, further reducing the likelihood that those signals can be 

assigned to residual water.  

 

 

 

a. 

b. 

c. 

d. 

e. 

f. 

H-EFAl 

BAS BAS 

EFAl 

SiOH 

Fig. 4. 2. Comparative 1H (left column) and 27Al (right column) MAS NMR spectra acquired 

following chemical washing (dotted lines) of Si/Al = 15 HZSM-5 with AHFS concentrations 

corresponding to (a,d) 2:1 AHFS:Al, (b,e) 4:1 AHFS:Al, and (c,f) 6:1 AHFS:Al.  The solid line 

spectra are the control data on the as-prepared HZSM-5 prior to washing. H-EFAl denotes protons 

from hydroxyl groups associated with EFAl species, and also includes the 2.7 ppm peak that is not 

labeled in order to preserve clarity in that region of the spectra. 
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With the AHFS time-temperature washing protocol used here, an AHFS:Al molar ratio of 

2 is most effective, and XRD and BET surface area data provided in the Fig. 4.3 and Table 4.2. 

show that the crystalline structure is preserved. While not shown, an equimolar ratio did not lead 

to complete removal of the H-EFAl species, while AHFS:Al ratios of 6 or greater lead to significant 

crystallinity loss. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b 

c 

d 

a 

Fig. 4. 3.  X-ray powder diffraction patterns for HZSM-5 catalysts with Si/Al=15 that have been 

washed with solutions containing an AHFS:Al ratio of (a) 0, (b) 2, (c) 4, and (d) 8. 
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Table 4. 2. Relative crystallinity (%) and surface area measurements 

 

 

 

 

 

 

 

 

 

Results from quantitative analyses of treatments with AHFS:Al = 2 on catalysts with Si/Al 

of 15 and 40, the raw data for which is shown in Fig. 4.4, are summarized in Table 4.3.  All species 

in Fig. 4.4 are the same as previously shown in Fig. 4.1, but with the dotted-line spectra showing 

strong attenuation of the 12-15, 5-7, and 2.6-2.8 ppm (H-EFAl) peaks.  Based on the known PDMS 

standard-addition method, Table 4.3 reveals that the amount of BAS protons in the framework is 

not changed, while the H-EFAl concentration decreases in total by ca. 60% in the Si/Al = 15 

catalyst.  A ca. 40% decrease in the H-EFAl is observed for the Si/Al=40 catalyst after AHFS 

washing, with essentially no change in the BAS concentration.  

  

 

 

 

 

Sample Crystallinity 
(%) 

Surface area 
(m2/g) 

HZSM-5 100 352.5 

HZSM-5-AHFS-2 99.0 315.4 

HZSM-5-AHFS-4 92.0 - 

HZSM-5-AHFS-8 78.8 - 
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From the data shown in Figures 4.2 and 4.4 and enumerated in Table 4.3, as well as the results of 

washing catalysts with solutions of AHFS:Al concentration less than 2 and greater than 6 that are 

not shown in Fig. 4.2, it is not possible to completely remove all H-EFAl species without decreasing 

the framework BAS concentration.  Clearly, the species responsible for the 12-15 ppm peaks in 

Si/Al=15 spectra are completely removed, and essentially all of the 2.6-2.8 ppm species are 

removed.  Although largely attenuated, most of the residual intensity following AHFS treatment in 

both HZSM-5 catalysts is in the 5-7 ppm region. Of course, all of the experimental variations of 

solution temperature and extraction time have not been explored for obvious practical reasons, but 

a range of conditions exceeding those typically discussed in the literature for AHFS extraction has 

been investigated.  Longer extraction times at lower AHFS/catalyst solution temperatures might 

yield improvements.  

Fig. 4. 4. 1H MAS spin-counting NMR spectra acquired following AHFS treatment (dotted lines) of 

HZSM-5 with Si/Al equal (a) 15 and (b) 40 using AHFS:Al = 2.  The solid line spectra are the control 

data on the as-prepared HZSM-5 prior to washing.  H-EFAl denotes protons from hydroxyl groups 

associated with EFAl species, and also includes the 2.7 ppm peak that is not labeled here for clarity.  

The PDMS standard is shown at less than its maximum intensity for clarity. 

BAS 

PDMS 

SiOH 

H-EFAl 

a. BAS 

SiOH 

PDMS 

H-EFAl 

b. 
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AHFS washing did not remove all of the peak intensity assigned to H-EFAl species, and it is 

possible that the species responsible for the remaining intensity in the 5-7 ppm region in Figures 

4.4a and 4.4b might arise from framework acid sites in distorted or coupled environments, as was 

originally proposed for untreated HZSM-5 catalysts.28 

The signal at 5-7 ppm comprises a significant portion of the total proton intensity, and is 

reduced by almost a factor of 2 following treatment with the AHFS:Al=2 solution, as shown earlier 

in Table 4.3.  Under these same conditions, Table 4.3 shows that the framework BAS concentration 

is not changed.  Fig. 4.5 shows the results of a 1H- 27Al dipolar coupling experiment, shown here 

to indicate that the 5-7 ppm signal in the data above correspond to protons dipolar coupled to Al 

atoms. The top spectrum is acquired with a simple spin-echo pulse sequence and gives the same 

spectrum as those shown above that were acquired using a single pulse, while the bottom two 

spectra utilize the same spin-echo except for the application of 27Al pulses during the echo evolution 

windows.  This experimental approach, well-known in the literature as the spin-echo double 

 
HZSM-5 
catalyst 

 
  SiOH 

 

 
2.6-2.8ppm 

 

 
BAS 

 

 
5-7ppm 

 

 
12-15ppm 

 

Sum of all 
species 

excluding 
SiOH  

*Expected 
sum for 
H:Al=1 

Si/Al=15 
control 

0.17±0.00
9 

0.091±0.01
1 

0.56±0.01
8 

0.45±0.03
7 

0.059±0.0.0
25 

1.16 1.04 

Si/Al=15 
AHFS 

0.20±0.00
5 

0.030±0.00
3 

0.54±0.02
0 

0.28±0.01
9 

0 0.85 1.04 

Si/Al=40 
0.24±0.01

7 
0.028±0.01

6 
0.23±0.01

2 
0.21±0.03

0 
0 0.46 0.39 

Si/Al=40 
AHFS 

0.24 0.017 0.21 0.13 0 0.36 0.39 

Table 4.3.  Distribution of species, in units of mmol/g, obtained from quantitative 1H MAS NMR spin-

counting spectra of two different HZSM-5 catalysts, before and after treatment with AHFS amount 

corresponding to AHFS:Al = 2 in the solution concentration.  Uncertainly limits were determined by triplicate 

or quadruplicate experiments. 
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resonance SEDOR33 or TRAPDOR34 experiment, has been used extensively to identify protons that 

are within a dipolar-coupling distance (2-6 Å) of an aluminum atom in inorganic oxides, as that 

coupling attenuates the refocused echo.35-37 Signals that arise from protons coupled to Al atoms 

decrease or are eliminated, while those that arise from species like the 2.0 ppm terminal silanol 

peak are not affected.  Clearly, Fig. 4.5 shows that the 5-7 ppm peak is significantly attenuated in 

the bottom two spectra.  While this particular result for the 5-7 ppm peak has been reported 

previously,28 it is added here as a result of the review process in order to increase clarity.  In the 

context of the new AHFS washing data and the quantitative spin-counting results summarized in 

Table 4.3, a more definitive assignment of the origin of those acidic protons giving rise to the 5-7 

ppm peak is now possible.  The Al atoms associated with these acidic protons must exist either in 

the framework, or as EFAl species.  

 

 

 

 

 

 

 

 

 

 

Fig. 4. 5. 1H MAS NMR spectra acquired at room temperature for dehydrated Si:Al = 15 HZSM-5 

using a spin-echo sequence (top) without and with an 27Al r.f. pulse applied during (middle) 250-s 

and (bottom) 500-s echo evolution periods. 
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Table 4.3 and Figures 4.2, 4.4, and 4.5 show that framework Al atoms that give rise to BAS are not 

affected at all by washing with AHFS:Al = 2 solutions, as the 4.2 ppm signal intensity does not 

decrease.  Under the same AHFS treatment conditions, half of the 5-7 ppm signal intensity is 

eliminated in the Si/Al=15 catalyst.  The AHFS washing conditions used here are much milder than 

those typically reported, in which framework dealumination followed by Si re-insertion occurs over 

longer washing times and higher solution temperatures.30,31 Moreover, standard literature methods 

for the AHFS framework dealumination followed by Si atom reinsertion primarily focus on Y-type 

of faujasite zeolites, not the MFI structure used here. This is confirmed by the preservation of the 

4.2 ppm framework BAS signal, and further supported by XRD data shown in Fig. 4.3. and Table 

4.2 showing that 99% of framework crystallinity relative to the starting HZSM-5 is preserved at 

AHFS:Al = 2, where crystallinity is calculated using the standard ASTM method for powder 

diffraction on ZSM-5. 

 

4.3.3. Removal of EFAl species by using other chemical washing reagents 

Also, other experiments were performed using other chemical-washing methods that are 

routinely discussed in the literature as effective for extracting EFAl species, including EDTA, HCl, 

HNO3, and oxalic acid.   As described above, 1H MAS NMR was used to determine the impact of 

these treatments on the presence of multiple acidic proton species, and whether or not they could 

remove acidic sites from EFAl species with minimal perturbation to the BAS protons. As shown in 

Fig. 4.6, none of these methods are effective in removing the H-EFAl species without significant 

reduction in the framework BAS.   It is particularly evident from Fig. 4.6 that EDTA is completely 

ineffective under the conditions routinely reported in the literature, with essentially all of the H-

EFAl intensity remaining in the spectrum after washing. For HNO3 with two different 

concentrations and HCl, mostly dealuminatin occurs.  Oxalic acid attacks the framework, exhibiting 

excessive loss of BAS’s, and is the only reagent that shows removal of the H-EFAl species at 2.6-
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2.8 ppm. 27Al MAS NMR on the EDTA, HCl, HNO3, and oxalic acid washed HZSM-5 samples are 

shown in Fig. 4.6f, g, h, k, I in which the 0 ppm signal assigned to EFAl was not detectably reduced 

by EDTA washing. Only oxalic acid can remove 0 ppm species, and also reduce framework 

aluminum species at 54 ppm.  
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c. h. 

a. 

b. g. 

f. 

Fig. 4. 6. Comparative 1H (left column) and 27Al (right column) MAS NMR spectra acquired following 

chemical washing (dotted lines) of Si/Al = 15 HZSM-5 with different chemical washing reagents 

corresponding to (a,f) oxalic acid, (b,g) EDTA, (c,h) 2 M HNO3, (d,k) 0.2 M HNO3 and (e,l) 0.2 M HCl.  

The solid line spectra are the control data on the as-prepared HZSM-5 prior to washing. 

l. 

d. 

e. 

k. 
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4.3.4. Re-creation of EFAl species by using mild steaming 

Key experimental results that reveal multiple acidic sites exist in a high Al content HZSM-5 

catalyst, and that some can be both removed and re-introduced following original synthesis, are 

shown in Fig.4.7.  In addition, Fig. 4.7 also reinforces the prior discussion above that the broad 

signal in the 5-7 ppm region of Figures 4.1, 4.2, and 4.4 does not originate from water.  Comparison 

of 4.7b and 4.7c shows that following steaming of an AHFS-washed HZSM-5 (Si/Al=15) catalyst, 

H-EFAl species can be re-introduced as indicated by the re-appearance of the 12-15 ppm signal, 

signals in the broad 5-7 ppm region, and the 2.6 ppm peak.  Again, based on known results for 

steaming-induced dealumination, these results (a) confirm our previous assignment of the H-EFAl 

species in Fig. 4.1-4.4, (b) shows that the 5-7 ppm region does not arise from water, and (c) 

indicates that the two major signals in the 5-7 ppm region shown previously by the deconvoluted 

peaks in Fig 4.1 (5.1 and 6.5 ppm) can change independently of one another based on sample 

history.  Recall both components were observed in both the Si/Al = 15 and Si/Al = 40 catalysts in 

Fig. 4.1.  Those same peaks are indicated by the dotted lines in Figures 4.7a-c, with the solid arrows 

identifying the 5.1 and 6.5 ppm components.  The area ratio of the 6.5:5.1 ppm peaks in 6a, 6b, and 

6c is 2.4, 0.4, and 0.9, respectively.  These differences are visually striking in the raw spectra prior 

to any deconvolution, as indicated by the red arrows in Fig. 4.7, and suggest that the species at 5.1 

ppm is enhanced by mild steaming relative to the H-EFAl species represented by the peak at 6.5 

ppm.  Given that the catalyst in 4.7b is much less reactive than the catalyst in 4.7a, as shown by the 

data in Fig. 4.8, and that this catalyst contains the lowest amount of H-EFAl species, one must 

conclude that the distribution of species giving rise to the H-EFAl peaks are critical to catalyst 

understanding.  That such species can be re-introduced by mild steaming (4.7c) but with different 

acid function distributions will be a focus of future work.  These data support recent work showing 

that the H-EFAl species themselves function as Brönsted sites18, and that acid function in even a 

relatively simple zeolite structure like MFI is complex.  This is true both for the Si/Al = 15 and 

Si/Al = 40 catalysts examined here, but likely extends to many other commercially-produced MFI 
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catalysts. Stated simply, Brönsted acidity in HZSM-5 cannot be characterized merely by framework 

BAS’s. 

 

 

4.3.5. H/D exchange reaction 

However, isotopic exchange experiments with benzene-d6 and HZSM-5 catalysts before and after 

AHFS washing reveals that the H-EFAl species that were removed by AHFS have a significant 

impact on catalyst reactivity.  Fig. 4.8 shows representative spectra obtained at the same time point 

during in-situ exchange experiments at 296 K following adsorption of 1 eqv of benzene-d6 on 

activated Si/Al = 15 HZSM-5 catalysts, before and after washing the catalyst with AHFS and also 

the steamed sample.  Spectra were collected as a function of reaction time every five minutes during 

Fig. 4. 7.  1H MAS NMR spectra of (a) HZSM-5 with Si/Al = 15; (b) same as (a) treated with 

AHFS:Al = 2; (c) same as (b) following the steaming procedure. The expansions ions show signal 

elimination and creation in the 12−15 ppm region.  Note the two red arrows showing evolution of 

5.1 and 6.5 ppm H-EFAl components with catalyst treatments. 

a 

b 

c 
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the first 30 minutes, and every 30 minutes to an hour thereafter up to a total reaction time of 19 

hours in the HZSM-5/AHFS case.  In Fig. 4.8, it is clear that a very large C6H6 peak exists after 

only 8 minutes of room-temperature reaction on the starting material HZSM-5 catalyst, the latter 

of which is characterized by the solid-line spectrum in Fig. 4.1a.   Prior to reaction, no benzene 

peak is expected as it is perdeuterated, and Fig. 4.8 shows that for the HZSM-5/AHFS catalyst, 

little exchange has occurred after 8 minutes, but the peak continues to increase albeit on much 

longer timescales than the untreated HZSM-5.  Additional spectra from the total set of time-

dependent results are shown in Fig. 4.9.  The acid site peak(s) become broad and are shifted 

downfield from the normal BAS chemical shift of 4.2 ppm, as was previously reported following 

benzene adsorption on HZSM-5.32 The shift and peak broadening for the acid peak arises from 

hydrogen bonding and neighboring group anisotropy contributions to the chemical shift from 

benzene.  As usual, the SiOH peak is invariant. 

 

 

Fig. 4. 8. Representative benzene/catalyst H/D exchange spectra acquired 8 minutes after 

adsorption of benzene-d6 on three initial, washed, and mild steamed samples. 

initial 

washed 
mild steam 

acidic 
sites 

C6H6 

Si-OH 
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The benzene/HZSM-5 isotopic exchange probe reaction experimental approach and rate 

analysis was recently described in detail in the context of water impact on reaction rates,24 and the 

same experimental method was used to obtain the data summarized by the rate plots in Fig. 4.10 

below. The signal intensity on the y-axis is given in arbitrary units. Rates are extracted via an initial-

growth approximation to the linear region of the growth curve, as shown by the dotted lines, and 

are reported along with [BAS] in the figure legend.   Clearly, the initial HZSM-5 catalyst is most 

active, and the signal growth curve fits well to the expected first order I(t) = I()[1- e (-kt)] function, 

where I() represents the equilibrium signal intensity at long exchange time.  Due to experimental 

limitations, it is difficult to acquire data points earlier than 7 or 8 minutes, but control experiments 

in which benzene-d6 is adsorbed onto a non-acidic silica show that there is no proton signal intensity 

arising from impurities in the benzene, thereby validating the assumption that the signal intensity 

at time zero is zero and that the fit curve should go through the origin, as it does.  Since the benzene 

signal increases over an order of magnitude slower for the washed and mild-steamed samples, the 

initial rate is determined by a linear least squares fit through the data points as shown by the two 

Fig. 4. 9.  Representative in-situ 1H magic-angle spinning (MAS) NMR spectra at 296 K as a 

function of time following adsorption of 1-eqv benzene-d6 on (a) HZSM-5-15, (b) HZSM-5-15 

treated with AHFS/Al=2, and (c) HZSM-5-15 treated with AHFS/Al=2 and steamed. 

c a b 
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dashed lines at the bottom of Fig. 4.10. Comparing the exchange rates from the initial rate 

approximation along with the BAS concentration in Fig. 4.10 for each catalyst reveals that the 

exchange rate does not depend on BAS concentration. Since the NMR signal intensity units are 

arbitrary (denoted a.u.), the reported rates are normalized to the smallest initial slope value, i.e., the 

washed HZSM-5, at R=1 (a.u.)∙s-1.  The exchange rate for the initial HZSM-5, which has essentially 

the same [BAS], is R=23 (a.u.)∙s-1.  Finally, the mild-steamed catalyst is characterized by an 

exchange rate R = 1.9 (a.u.)∙s-1.  Thus, even though the initial and washed HZSM-5 catalysts have 

the same concentration of framework bridging acid sites, there is a ca. 20-fold difference in their 

reaction rates as determined via an initial-rate analysis of the slope of the line fit to a first-order 

model.  The benzene exchange data on the initial HZSM-5 catalyst was collected out to a reaction 

time of 90 minutes, which is shown along with the fitting curve in Figure S3 for reference to further 

validate the fitting out to long reaction times. 
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 Thus, the simplest explanation for the identity of at least half of the acidic proton species 

giving rise to the 5-7 ppm data, i.e., the 50% removed by mild AHFS treatment, is for protons 

associated with EFAl species or H-EFAl as denoted earlier.  When removed, catalytic activity 

decreases significantly as shown in Fig. 4.10.  If one assumes that the Al atoms to which the 5-7 

ppm protons are associated reside in the framework, and are removed by the mild AHFS treatment 

while the known framework BAS species are not affected, then the more complex explanation 

requires invoking a model where ca. 20-30% fraction of framework Al atoms are much easier to 

extract by the mild AHFS washing than other framework sites.  Given that the structure of HZSM-

5 is well-known and there is no indication of weaker AlO4 bonding sites in the lattice, we find the 

latter explanation unlikely. 

Fig. 4. 10.  Representative rate plots for the total integrated areas of the benzene peak at 7.5 ppm in 

the 296 K in-situ NMR experiments, as a function of reaction time in the Si/Al=15 catalyst before 

and after AHFS washing and mild steaming. The dashed line is the regression fit. 

  initial (R=23 s-1; [BAS]=0.56 mmol/g) 

  mild-steam (R=1.9 s-1; [BAS]=0.38 mmol/g) 
 washed (R=1 s-1; [BAS]=0.54 mmol/g) 
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4.4. Conclusion 

Combining quantitative spin-counting MAS NMR methods with chemical extraction and mild-

steaming techniques reveals that Brönsted acid function in HZSM-5 is complex, including 

contributions from framework BAS as well as protons associated with extra-framework aluminol 

species (H-EFAl).  For high-acid density HZSM-5, only 50-60% of the aluminum atoms yield 

framework BAS’s with the remaining contributing to the formation of reactive protons associated 

with EFAl. The distribution of active species can be changed by post-synthetic chemical extraction 

methods, with AHFS representing the only effective option for removing H-EFAl species while 

also preserving BAS’s.  Many other routinely used chemical extraction methods in the literature, 

including EDTA, HNO3, HCl, and oxalic acid are much less effective.  H-EFAl species that are 

removed by AHFS washing can be re-introduced using mild steaming, and their presence leads to 

catalysts with enhanced reactivity versus catalysts where H-EFAl species have been removed.  This 

is true for both the Si/Al = 15 and Si/Al = 40 catalysts investigated here, but is likely general to 

ZSM-5.  As such, recent ideas surrounding the importance of variable framework acid site location 

in HZSM-5 may have to be re-evaluated in the context of acidic contributions from H-EFAl species. 
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CHAPTER V 
 

 

SYNERGISTIC EFFECT OF WATER AND ACIDIC PROTONS ASSOCIATED WITH 

EXTRA-FRAMEWORK ALUMINOL SPECIES IN BENZENE H/D EXCHANGE REACTION 

 

5.1. Introduction 

HZSM-5 a family of MFI zeolite has an influence on number of industrially significant reactions 

such as the conversion of methanol to aromatic rich, gasoline-range hydrocarbons.1-4 Recently, the 

quantitative 1H MAS NMR spectroscopic detection showed that the distribution of reactive 

Brönsted acid site protons arising from framework and extraframework moieties can be complex.5-

9 Beside the traditional bridging acid sites (SiOHAl) associated with four coordinate framework 

aluminum, several forms of the EFAL species such as cationic species such as Al3+, AlO+, Al(OH)2
+ 

and AlOH2+, and neutral or polymeric species such as AlOOH, Al(OH)3 and Al2O3 are acidic and 

reactive. It was suggested that the spatial proximity and interaction between the EFAl species and 

the bridging acid site can be responsible for the Brönsted -Lewis synergy for the enhancement of 

the catalytic activity of the HZSM-5 zeolite.10 Alternatively, Iglesia et al. proposed that the activity 

enhancement is mainly associated with the smaller effective void size of the supercage in USHY 

zeolite due to the presence of EFAl rather than to changes in intrinsic strength of BAS.11-12 

The EFAl species can be originated from dealumintion of framework aluminum with a 

hydrothermal or thermal treatments such as mild/ severe steaming methods.13-16 During the 

steaming, Although, some authors reported that the EFAl species have a negative effect on activity 
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of the steamed zeolite samples, many others authors suggested that the EFAl species themselves 

contribute Brönsted acid sites that are as, or even more, reactive than framework bridging acid 

sites.9,17-19  

Recently published reports including variations in synthesis, catalytic testing, computation, and 

spectroscopic investigations indicate that different Al sites in the catalyst framework exist, and that 

the details of Al siting, e.g. at channel intersections or in straight channels, can be critical to catalyst 

performance.20-22  

New solid acid catalyzed upgrading of renewable feedstock in the liquid-phase demonstrates the 

catalytic diversity of zeolite structures. Water can be incorporated in the reaction system in the feed 

or evolved as a side product inside the solid acid catalyst during reaction. It has been recently 

discovered that the degree to which water positively or negatively influences reaction chemistries 

should be dependent on the relative water loading present near the solid acid site in a zeolite under 

reaction conditions.23-25  

In this contribution, Brönsted proton siting in HZSM-5 catalysts two different Si/Al’s (15, 

40) are examined through a combination of post-synthetic chemical washing, steaming, and in-situ 

probe molecule reactivity, and direct spectroscopic inspection of the Brönsted proton active sites. 

Quantitative spin-counting NMR results on HZSM-5 catalysts with Si/Al ratios of 15 before and 

after washing with AHFS (ammonium hexafluorosilicate) and steaming at two different 

temperature 500oC and 600oC reveal that while proximate Brönsted sites within the framework do 

exist and increase with decreasing Si/Al as expected, Brönsted proton sites from non-crystalline 

and/or extra-framework species are required for maximum activity.  In addition to including acidic 

EFAl species or protons from non-crystalline regions similar to amorphous silica-alumina, the term 

“defect” as used here also include possible acidic sites in the zeolite framework where three-

coordinate Al atoms (or possibly penta-coordinate Al species) bonding with proximate silanols. In 
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this latter case, such sites experience large deviations from the normal tetrahedral framework 

geometry, and their Al signals are not observable in dry zeolite catalysts, but their associated 

Brönsted acid proton can be detected.    

When acidic non-crystalline and/or EFAl hydroxyls are present along with framework 

BAS’s, reaction rates for room-temperature H/D exchange between an aromatic probe molecule 

and the catalyst are maximum.  While, the EFAl species are removed using known chemical 

washing methods, reaction rates decrease dramatically.  Following their removal, the Brönsted 

protons from EFAl and non-crystalline species can be re-introduced to the catalyst by mild 

steaming as shown by direct NMR observation, with concomitant increase in reaction rates. Room-

temperature reaction rate constants for benzene H/D exchange are a strong function of the 

concentration of defect Brönsted acid sites.  In total, this contribution helps address several key 

questions in the current literature, including the role of paired active sites in high Al content HZSM-

5 zeolite catalysts, types of defect Brönsted sites, contributions to acid-catalyzed chemistry from 

these defect acid sites, and synergistic contributions from water in the presence of defect acid sites. 

5.2. Experimental sections 

 5.2.1. Catalyst preparation 

Zeolite ZSM-5 (Si/Al = 15, CBV3024E) sample was obtained from Zeolyst in the NH4+-exchanged 

form. Calcined zeolite samples were prepared in a glass reactor body using a gradual, stepwise 

vacuum calcination up to a final temperature of 500°C to yield acidic HZSM-5. For reference, in 

the HZSM-5 with Si/Al = 15, the expected framework BAS density based on total Al content is 

1.04 mmol/g.23 This sample is named by parent-HZSM-5. Three different samples were prepared 

by future post-synthetic treatments as described below: 

Washed sample with AHFS treatments: As previously reported, 1 gr of NH4+ZSM5 zeolite was 

mixed with deionized water at a concentration of 30 g/L to prepare the initial solution. Then, 5 mL 
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of 0.4 M AHFS solution (AHFS/Al molar ratio is 2:1) was added to the mixture at 90°C and stirred 

for 4 h. The mixture was then filtered, washed with warm deionized water three times, and dried 

overnight at 120°C. The final sample was followed by vacuum stepwise dehydration in the same 

way as the parent-HZSM-5 sample.9,13 

Mild steamed sample: The washed sample was further treated by steaming with 21 Torr water 

vapor in nitrogen flow at 12 mL/min in a flow reactor, heated stepwise to a final temperature of 

500°C, and held there for 72 h. After steaming, the samples were dehydrated using the flow reactor 

with nitrogen gas at 500°C for 5 h.9 

Severe steamed sample: This procedure is same as the mild steaming method, but the washed 

sample was steamed at 600°C for 72 h. After steaming, the samples were dehydrated using the flow 

reactor with nitrogen gas at 500°C for 5 h. 

5.2.2. Water and C6D6 adsorption method 

A vacuum line equipped with a CAVERN type apparatus was used for quantitative adsorption, 

following previously published procedures.23,26 First, the dehydrated zeolite samples were sealed 

inside the glovebox into the 4-mm zirconia MAS NMR rotor which was placed in the CAVERN. 

After evacuation in the vacuum line, the water vapor loading ranging from 0.05 to 0.3 eqv were 

introduced in the vacuum line to an initial pressure. A desired pressure drop is used to control the 

adsorption quantity after exposure to the catalyst. Each catalyst with water loading was sealed 

overnight to allow water diffusion and equilibration within the catalysts, and then characterized by 

1H MAS NMR to confirm the water loadings. After NMR characterization, they were opened inside 

the glove box to avoid exposure to any additional water, immediately inserted to the CAVERN 

body, sealed, and transferred to the vacuum line for subsequent C6D6 adsorption. To adsorb C6D6, 

same procedure was done on the zeolite samples with the different amount of water loading. For 

example, to adsorb C6D6 (%99.6 atom% deuterium, Aldrich) onto ZSM-5 with Si/Al = 15, 20 mg 
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of catalyst was loosely packed into the rotor in the CAVERN device. For example, 21 torr of initial 

pressure and 3.9 torr of pressure drop were used to determine when 1 eqv of benzene was adsorbed. 

The rotor was capped using the CAVERN device. Brönsted  acid site densities are calculated from 

Si/Al ratios (e.g. acid density = 1.04 mmol/g for Si/Al = 15). For reference and to aid the reader, 

one equivalent of adsorbate corresponds to 6 molecules per unit cell for Si/Al = 15. 

5.2.3. H/D exchange experiments 

All samples loaded with different water loading and 1 eqv of C6D6 were characterized by 1H MAS 

NMR to confirm H/D exchange reactions. The H/D exchanges took place immediately after 

adsorptions, while the adsorption processes usually took 3-5 minutes for completion. The initial 

H/D exchange spectra were typically acquired 6-8 minutes following the initial exposure. The 

following spectra were then taken with 6-7 min intervals to follow the reactions.  

5.2.4. NMR measurements 

1H MAS NMR data for spin counting were collected on a Bruker AVANCE 400 spectrometer 

operating at 9.05 T and for tracking H/D exchange reactions were collected on Bruker DSX-300 

MHz spectrometer, with spinning rate of 10 kHz with a 4 mm double-resonance MAS probe. 

Recycle delays were 10 s for dry zeolites. Rotors were spun with −54°C dew point dry air and 

periodically compared to dry N2 spinning; no differences in spectra or relaxation times were 

observed. Spinning speeds of 10 or 15 kHz, 32 scans and 3.4−3.9 μs π/2 pulses were used for single-

pulse acquisition spectra with samples packed in zirconia rotors and sealed with grooved Teflon 

spacers. Extremely dry HZSM-5 catalysts of the type used here can have T1H values of up to 15 s 

for the terminal silanol SiOH species, but the T1H values for all framework and extra-framework 

protons were always 10 s or slightly shorter. As such, spectra were acquired with a 50 s delay, as 

all quantitative analyses focused on acidic protons and not the inert silanol species.25 The spin-

counting or standard addition method to quantify the distribution of protonic species in HZSM-5 

based on the addition of a known amount of inert polydimethylsiloxane (PDMS) follows the 
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procedure previously published.9,27 All samples were loaded in the glovebox and typically included 

20−30 mg of zeolite with 20−40 μg of PDMS in restricted volume MAS rotors. 

27Al MAS NMR data were acquired on a Bruker AVANCE 400 spectrometer on samples that were 

exposed to ambient moisture to eliminate lattice strain and enable detection of framework Al atoms. 

Large quadrupole coupling constants arising from lattice distortions and whose magnitude is on the 

order of several megahertz precludes Al observation in completely dehydrated catalysts. For this 

reason, 27Al NMR is not a quantitatively reliable method for following how acid sites are impacted 

by postsynthetic treatments. Even though multiple-quantum NMR methods can help identify some 

“NMR-invisible” aluminum species, the quantitative distribution of acidic proton sites must be 

interrogated in completely dry catalysts as even ambient water levels can enable proton exchange 

on intermediate timescales causing signal loss. Trace water does exist as proton exchange on the 

slow-exchange timescale occurs,25 albeit in amounts that do not impact the spectral lineshapes.28 

1H MAS NMR provides the best experimental route to this information, because Brönsted acid sites 

are themselves protons, not Al atoms. 

Crystallinity and elemental analysis measurements.  XRD was used to calculate the HZSM-5 

crystallinity following some post-synthetic chemical treatments using a Philips PW 1830 

diffractometer operating with a Cu Kα radiation (λ = 1.5418 Å) source. Data was gathered in the 

5−70° 2θ range with step width and scanning speed set to 0.02° and 0.5 sec/step, respectively.  Al 

and Si contents were determined via standard ICP-AES methods from Galbraith Laboratories. 

 

5.3. Results and discussion 

The key benefit in using 1H solid-state NMR to interrogate protonic species in zeolites is that it 

provides a direct, quantitative signal from all species including Brönsted acid site protons.20-31   1H 

solid-state NMR does not suffer from the limitations of ambiguous extinction coefficient and 
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scattering effects associated with infrared spectroscopy of powders, and has been recently discussed 

in the literature as a way to calibrate the latter.32  Fig. 5.1 shows high-resolution 1H MAS NMR 

spectra for HZSM-5 catalysts in their dry, protonic form, i.e., in the absence of atmospheric 

exposure.  Peaks are labeled according to previously reported assignments,9,25 with 5.1a-d and 5.1e 

corresponding to Si/Al=15 and 40, respectively.  The two largest peaks in each of the spectra, 

excluding the spectrum in 1d, correspond to the well-known crystalline BAS’s (4.2 ppm) in the 

framework and the silanol hydroxyl groups (1.8-2 ppm) at crystallite termini.  In comparing the 

bottom spectrum in 5.1a, corresponding to as-prepared Si/Al = 15, to the spectrum in 5.1e for the 

similar Si/Al=40, the relative intensity of these two peaks are reversed due to the much lower BAS 

density in the latter, as expected.  The main purpose in showing the data in Fig. 5.1, however, is to 

demonstrate the populations of additional protonic species whose identity and function are less well 

understood, indicated by the relatively narrow peak at 2.8 ppm, and the broad peaks from ca. 5-7 

ppm and 12-15 ppm.  These peaks can be easily deconvoluted from the rest of the spectrum, as 

shown by the dashed lines in Fig. 5.1a.  For clarity, they are not shown in 5.1b -5.1e.   Previously, 

the 2.6 and recently-discovered 12-15 ppm peaks were assigned to hydroxyl groups from EFAl 

species (H-EFAl), as they are easily removed by chemical washing.15  The broad shoulder slightly 

downfield of the BAS peak, visible from 5-7 ppm, has been recently assigned as arising from a 

combination of EFAl hydroxyl species and framework acid sites with uniquely distorted or coupled 

bonding environments,9,25 the latter of which was originally proposed in 1994.33  Previously, the 5-

7 ppm region was also assigned to framework BAS’s that were hydrogen bonded.30  The assignment 

of the protons giving rise to the intensity in the 5-7 ppm region, which is a significant fraction of 

the total proton intensity, continues to be debated in the literature, with some relatively recent 

reports claiming it as residual water.34  Recent quantitative spin-counting analysis of several 

HZSM-5 catalysts eliminated the possibility that this peak arises from residual water.9   Figure 5.1a 

shows that the deconvoluted 5-7 ppm peak requires at least two components to accurately fit, which 

will be discussed in more detail later in the contribution.  With the exception of the SiOH terminal 
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silanol species represented by the 1.8-2 ppm peak in Figure 5.1, all other species have been recently 

shown to act as Brönsted acid sites in room-temperature H/D exchange reactions with a 

hydrocarbon reagent.25 

Note that the distribution of species is very different in 5.1a and 5.1e for the as-synthesized Si/Al 

= 15 and Si/Al = 40 catalysts, respectively.  In addition, within the series of spectra for the former, 

the relative contribution of each of the species varies dramatically with sample history.  To be clear, 

there are at least five different types of protons as indicated by the five different peaks in 5.1a-d.  

In going from 5.1a to 5.1b, the as-received commercial catalyst following slow, stepwise vacuum 

dehydration (5.1a) was washed using ammonium hexafluorosilicate (AHFS) (5.1b), yielding a 

spectrum devoid of the H-EFAl groups and thus no 2.8 and 12-15 ppm peaks. However, Fig. 5.1c 

shows that these species can be reintroduced following the mild steaming procedure defined in the 

Experimental section, since both the 2.8 and 12-15 peaks reappear, while still preserving most of 

the BAS’s as indicated by the 4.2 ppm signal.  Similar behavior is seen for the Si/Al = 40 catalyst 

in 5.1e, which does not have any detectable H-EFAl species in the initial catalyst.  Following mild 

steaming, however, small contributions from the species giving rise to the 2.8 and 12-15 ppm peaks 

can be observed in the red overlay spectrum in 5.1e, with concomitant decrease in the BAS signal 

intensity.  Finally, Fig. 5.1d shows that severe steaming eliminates almost all BAS’s, and in 

addition to the previously discussed H-EFAl species, generates additional non-crystalline protons 

indicated by the 1-ppm signal that is not observed in other catalysts 

The result in 5.1e indicates that even in relatively low Al content HZSM-5 which have nothing 

other than crystalline BAS’s in the as-synthesized form, the H-EFAl species can be introduced by 

appropriate treatment.  While the amounts of the 12-15 and 2.8 ppm peaks shown in the red 

spectrum of 5.1e appear very small, their impact is significant.  

 



98 
 

 

 

The amounts of all species can be quantified using the spin-counting standard-addition method, in 

which a known amount of an inert PDMS (polydimethylsiloxane) in the solid state is added to the 

rotor with the catalyst, as shown by the presence of the intense peak at 0 ppm in the all samples.  

Using this method, the BAS concentration in the steamed Si/Al = 15 catalyst in Fig. 5.2c and 5.2d 

decreases by a factor compared to the washed catalyst, and the extra-framework species at 2.7ppm, 

5-7 ppm, and 13 ppm increase.  Given that the details of the spin-counting method have been 

previously published,9 the raw spin-counting solid-state NMR data for each of the other samples 

Si/Al=15 Si/Al=40 

initial 
steamed  Si-OH 

Si-OH Al-OH 

BAS 

BAS 

b. 

c. 

d. 

a. 

Fig. 5. 1.  1H MAS NMR spectra of (a) as-prepared HZSM-5 with Si/Al = 15 following step-wise 

vacuum dehydration; (b) same as (a) treated with AHFS:Al = 2; (c) same as (b) following a mild 

steaming procedure; (d) same as (b) following the severe-steaming procedure; (e) Si/Al = 40, with 

the as-prepared catalyst shown in black and the mild-steamed catalyst shown in red along with the 

PDMS intensity standard.  The insets show signal originating from elimination and creation of 

acidic H-EFAl species (12−15 ppm region). 
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shown in Fig. 5.2 (1a-d), yielding quantitative population distributions for each proton type (vide 

infra).  

 

 For convenience, the accompanying 27Al MAS NMR spectra are also shown in Fig. 5.3 for the 

same samples in their hydrated forms, i.e., exposed to ambient moisture. The spectra of all samples 

shows the signals at 0, 54, and a broad shoulder at 30 ppm assigned to Al atom located in extra-

framework (VI), framework (IV), and distorted framework tetrahedral coordinated aluminum 

species respectively, as shown in Fig. 5.3. By increasing the steaming temperature from 500oC to 

600oC, the line width of signal of the Al (IV) became broad and 30ppm lines appear in the spectrum. 

Silaghi et al. suggested that penta-hedral or distorted tetrahedral Al atoms created in the 

intermediate steps for the formation of EFAL. These Al species are supposed to be at the initiation 

of aluminum dislodgement to extra-framework positions. 

Si-OH 

BAS 

d. 

c. 

b. 

a. 

Al-OH 

Fig. 5. 2. 1H MAS spin-counting NMR spectra of (a) HZSM-5 with Si/Al = 15; (b) same as (a) 

treated with AHFS/Al = 2; (c) same as (b) following the mild steaming procedure; (d) same as 

(b) following the severe steaming. All peaks are normalized based on silanol peak at 1.9 ppm. 
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XRD patterns of four different catalysts are presented in Fig. 5.4 that show the crystalline 

structure of washed sample is preserved but for the steamed samples, the crystallinity is reduced 

by increasing the steaming temperature. The large reduction in crystallinity for the sever steamed 

catalyst can be observed.  

 

 

Fig. 5. 3. 27Al MAS NMR spectra of (a) HZSM-5 with Si/Al = 15; (b) same as (a) treated with 

AHFS/Al = 2; (c) same as (b) following the mild steaming procedure; (d) same as (b) following 

the severe steaming. All peaks are normalized based on silanol peak at 1.9 ppm. 

 

a. 

b. 

c. 

d. 
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Relative crystallinity is calculated for all samples using the standard ASTM method for 

powder diffraction on ZSM-5.35 Relative crystallinity and elemental analysis for the HZSM-5, 

washed HZSM-5, mild-steamed HZSM-5, and severe-steamed HZSM-5 are shown in Table 5.1. 

These data show the large reduction in crystallinity for the severe-steamed catalysts. Also, 

elemental analysis for aluminum concentration is in good agreement with quantitative 1H MAS 

NMR spin-counting shown in Table 5.2. 

 

 

 

Fig. 5. 4. X-ray powder diffraction of (a) HZSM-5 with Si/Al = 15; (b) same as (a) treated 

with AHFS/Al = 2; (c) same as (b) following the mild steaming procedure; (d) same as (b) 

following the severe steaming. 

a 

b 

c 

d 



102 
 

Table 5. 1. Powder x-ray crystallinity and elemental analysis data for all catalysts. 

Catalyst Relative Crystallinity 
(%) normalized to as-

received 

 
%Al* 

As-received 100 0.90 

AHFS-washed 99.0 0.57 

Mild-steam 94.2 0.57 

Severe-steam 88.7 --- 

*Elemental analysis provided by Galbraith Laboratories. 

From quantitative spin-counting experiments, concentrations of each protonic component 

for the four Si/Al = 15 catalysts were calculated and are listed in Table 5.2 below. The total 

concentration of all non-SiOH (i.e., excluding silanol groups) protonic species in the initial HZSM-

5 catalyst is 1.1 mmol/g, very near the expected value of 1.04 mmol/g based on total Al content.  

As expected, this total decreases with subsequent treatments, due to the combined effects of 

extraction of H-EFAl species with AHFS and condensation/dihydroxylation associated with the 

steaming steps.  The very small increase in SiOH (first column) with subsequent steps is trivial 

compared to the loss of all other species, and in particular to the almost order of magnitude decrease 

in the BAS concentration. As shown in Table 5.2, by varying the steaming temperature on the 

washed sample with AHFS, two samples with different concentration of multiple Brönsted OH 

species are produced. Further increase in the temperature changes the composition of protonic 

species.  In contrast to the washed sample with the lowest ratio of BAS-EFAl to BAS-FAl, the 

severe steamed sample has the highest ratio. This sample is a good candidate to investigate the 

reactivity of BAS arising from EFAl in the hydrocarbon reactions in presence of different loading 

of water. As seen in Table 5.2, the concentration of EFAl aluminol species increases and BAS 
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species at 4.2 ppm decreases as the steaming temperature increases. This reveals that more 

aluminum transfers from framework to the extra-framework.  

 

 

 

Water present in either vapor or liquid phases can dramatically impact zeolite chemistries, ranging 

from unexpected increases in reactivity to deleterious impacts on framework stability.23-24 Fig. 5.5 

shows the results from the control experiments in which water is adsorbed on different samples 

with different amount of H-FAl and H-EFAl species. In all samples, a strong interaction between 

water and framework and extra-framework protons are observed. As water loading increases, the 

narrow acid site peaks merge to the downfield region and broadens due to water diffusion and the 

dynamic exchange between water protons and heterogeneous acid site protons. However, the water 

peak continuously shifts downfield with further exposure. In the parent HZSM-5 sample, the water 

peak is getting broader than other samples, because of the exchange between more acid sites and 

water peak. Based on the results from spin-counting, the parent sample has the highest amount of 

protonic species coming from the extra-framework and framework moieties in the range of 4-7 

ppm, so the effect of proximate water and protonic species moves the chemical shift to more 

Catalyst 

 

SiOH 

1.9 ppm 

 

H-EFAl 

2.8ppm 

 

H-EFAl/non-

xtal/defect 

5-7ppm 

H-EFAl 

12-15ppm 

 

H-

EFAl 

1 ppm 

 

sum of all 

species 

except SiOH 

BAS 

4.2 ppm 

 

Sum of H+  

defect species  

Initial 
0.18 

±0.01 

0.09 

±0.01 
0.45±0.037 

0.059 

±0.0.025 
0 1.1* 0.56±0.018   0.59 

AHFS-washed  
0.20 

±0.01 

0.030 

±0.003 
0.28±0.019 0 0 0.84 0.54±0.020 0.31 

mild-steamed  0.20 0.080 0.32 0.021 0 0.80 0.38 0.42 

severe-

steamed  
0.21 0.17 0.25 0.018 0.029 0.53 0.064 0.46 

Table 5. 2.Distribution of species, in units of mmol/g, obtained from quantitative 1H MAS NMR spin-

counting spectra of the HZSM-5 Si/Al = 15 catalysts shown in Figure 5.1. 
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downfield to 7 ppm at higher water loadings. At dry conditions, shown by the bottom spectra of 

Fig. 5.5a and 5.4d for the parent and severe steamed HZSM-5 samples respectively, the parent 

shows a more apparent trend of the downfield shift of the water peak. In the severe steamed sample, 

the chemical shift is toward up field where the chemical shift of original water peak is 4.8 ppm.  

For the washed sample, Fig. 5.5b, the acidic Brönsted  sites arising from EFAl aluminol species are 

less than other samples, so by increasing water loading, the chemical shift to the downfield is 

smaller than the parent sample. For 0.2 eqv H2O, the chemical shift for parent and washed samples 

are 6.50 and 6.30 ppm, respectively. It can be concluded that a strong interaction/reaction between 

H2O and the Brönsted acidic sites arising from FAl and EFAl species is observed even at very small 

amount of added water, 0.05 eqv Also, the narrow and intense acid site peak detected in the dry 

catalysts broadens and shifts due to water diffusion and the dynamic exchange between protons of 

water and the acidic sites. 
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For all samples, as water loading increases up to 0.3 eqv, the exchange-averaged chemical shifts 

move downfield to 7 ppm, representing that the proximity of water molecule to Brönsted  acid sites 

causes partially positive character in comparing to the dry samples. The exchange-averaged 

chemical shifts for each samples with different water loading is listed in Table 5.3. 

 

 

Dr
y 

Fig. 5. 5. 1H MAS NMR at 296 K of solid HZSM-5 (Si/Al = 15) catalysts as a function of 

controlled water loading, as noted, in number of equivalents relative to the acid site concentration 

for (a) HZSM-5 with Si/al=15, (b)treated with AHFS/Al=2, (c)mild steamed samples, and (d) 

severe steamed samples. 

0.3 eqv H2O 

0.2 eqv H2O 

0.1 eqv H2O 

0.05 eqv H2O 

Dry Dry 

Dry Dry 

0.05 eqv H2O 

0.05 eqv H2O 

0.05 eqv H2O 

0.1 eqv H2O 

0.1 eqv H2O 

0.1 eqv H2O 

0.2 eqv H2O 
0.2 eqv H2O 

0.2 eqv H2O 

0.3 eqv H2O 

0.3 eqv H2O 

a b 

c d 
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Table 5. 3.  Chemical shift of adsorbing different loading of water 

Samples Dry 0.05 eqv 0.1 eqv 0.2 eqv 0.3 eqv 

Parent-HZSM-5-15 4.23 5.80 6.30 6.50 - 

Washed-HZSM-5-15 4.20 6.11 6.03 6.30 6.54 

Mild steamed-HZSM-5-15 4.23 6.20 6.32 6.43 6.50 

Severe steamed-HZSM-5-15 4.21 5.80 5.89 6.01 6.10 

 

For further explore the connection between the distribution of acidic protons in different samples, 

benzene-d10 was used as a reactivity probe molecule. The control experiments acquired at room 

temperature as a function of the adsorption of 1 eqv of benzene-d6 (C6D6) in the course of reaction 

time on four samples in the dry condition are shown in Fig. 5.6. For all samples, after the adsorption 

of C6d6, the bridging acid site shifted to downfield and broadened, where the acid site resonance 

shifted from 4.2 ppm to 5 ppm.  This broadening can be related to the of H-pi bonding between 

acid protons and benzene rings. The area from benzene peak centered at 7.5 ppm peak increases as 

proton/deuterium exchange happens, with a consequent decrease of total protonic species arising 

from FAl and EFAl.   

 

 

 

 

 

 

 

 



107 
 

 

Fig. 5.7 represents the NMR spectra as a function of time following adsorption of 1-eqv benzene-

d6 in the presence of co-adsorbed water (0.1 eqv H2O). It is concluded from Fig. 5.6 and Fig. 5.7 

that the ratio of the benzene peak to the silanol peak centered at 2.0 ppm is much larger in the parent 

HZSM-5 than other samples. Although the concentration of bridging acid site arising from FAl in 

the severe steamed sample is the smallest, its H/D exchange rate for the benzene is very high. It is 

resulted that H-EFAl species are very reactive and involved in the exchange reactions. For the 

washed sample with the smallest concentration of H-EFAl species, the reaction rate constant for 

the growth of benzene peak is very slow and at least one order of magnitude smaller than the parent 

Fig. 5. 6. Representative in-situ 1H magic-angle spinning (MAS) NMR spectra at 296 K as a 

function of time following adsorption of 1-eqv benzene-d6 on dry (a) HZSM-5 with Si/Al = 15; 

(b) same as (a) treated with AHFS/Al = 2; (c) same as (b) following the mild steaming 

procedure; (d) same as (b) following the severe steaming. All peaks are normalized based on 

silanol peak at 1.9 ppm. 

a b 

c d 
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sample in the dry condition. In the mild steamed sample, H-EFAl species can be partially recreated 

as indicated by the re-appearance of the 12−15 ppm signal, signals in the broad 5−7 ppm region, 

and the 2.7 ppm peak and H-FAl species are decreased in comparison with the washed sample.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From the raw data acquired over multiple NMR experiments, differences in reactivity with varying 

H-FAl and H-EFAl species in the absence and presence of different water loadings are calculated 

and summarized in Table 5.2. Also, rate constant for different water loadings on each sample 

 40 min

60 min 

80 min 

41 min 
28 min 
21 min 
 13 min
 7 min

a. 

360 min 
75 min 
60 min 
40 min 
28 min 
21 min 
14 min 
8 min 

b. 

 8 min
 13 min
 20 min
 26 min
 32 min

 60 min
 40 min

 80 min
 120 min

c. 

 7 min
 13 min
 20 min
 27 min
 34 min
 40 min
 60 min

 80 min

 120 min

d. 

Fig. 5. 7. Representative in-situ 1H magic-angle spinning (MAS) NMR spectra at 296 K as a function of 

time following co-adsorption of 1-eqv benzene-d6 and 0.1 eqv H2O on (a) HZSM-5 with Si/Al = 15; (b) 

same as (a) treated with AHFS/Al = 2; (c) same as (b) following the mild steaming procedure; (d) same as 

(b) following the severe steaming. All peaks are normalized based on silanol peak at 1.9 ppm. 
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acquired at 296 K are presented in Table 5.4. Results from Table 5.4 represents that the rate of 

hydrogen/deuterium exchange between benzene and four different treated HZSM-5 samples is 

significantly larger in all cases, except the washed sample, where 0.1 eqv water is adsorbed. For 

the washed sample, adding a small amount of water is slightly increasing the rate of reaction at 0.05 

eqv and reducing at any amount of loading higher than 0.05 eqv. Two conclusions come from the 

data in Table 5.4: First, the rate of reaction for the samples with more Brönsted acid sites associated 

with EFAl/non-crystalline species is fast. It means that the species that are removed from HZSM-

5 via AHFS washing and recreated by steaming procedures contribute significantly to the catalyst 

activity. Second, adding 0.1 eqv of water can increase the rate of reaction for the samples having 

H-EFAl species. It proves the synergistic effect of water molecule and H-EFAl/non-crystalline 

species. 

Table 5. 4. Rate constant versus water loading for the reaction obtained from the full kinetic rate 

plots on each sample for data acquired at 296 K. Individual numbers were calculated by time-

dependent analysis of peak integrals of rising benzene 1H signal following isotopic exchange with 

the acid sites.  

Samples Rate of reaction constant (10-4 × s-1) 

 

 

Parent-HZSM-5-15 

 

dry 19.88 

0.05 eqv. H2O 22.33 

0.1 eqv. H2O 28.00 

0.2 eqv. H2O 11.87 

 

 

Washed-HZSM-5-15 

 

dry 2.17 

0.05 eqv. H2O 2.73 

0.1 eqv. H2O 0.58 

0.2 eqv. H2O 0.55 

0.3 eqv. H2O 0.17 
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Mild steamed 

-HZSM-5-15 

 

dry 3.00 

0.05 eqv. H2O 3.20 

0.1 eqv. H2O 4.97 

0.2 eqv. H2O 3.73 

0.3 eqv. H2O 2.50 

 

 

Severe steamed-HZSM-

5-15 

dry 12.60 

0.05 eqv. H2O 18.67 

0.1 eqv. H2O 21.13 

0.2 eqv. H2O 13.00 

0.3 eqv. H2O 8.78 

 

Fig. 5.8 indicates that the reaction rate constant for the benzene H/D exchange probe reaction 

decreases by an order of magnitude for the washed sample following removal of the H-EFAl 

species, due to an integrated effect arising from Lewis-Brönsted and Brönsted - Brönsted synergy 

effects. It has been reported that the turnover rate and selectivity in propane oligomerization depend 

on the site proximity in the MFI zeolite. One could argue that the increase in amount of H-

EFAl/non-crystalline species that coincided with increased benzene reactivity could be explained 

by a simultaneous Lewis- Brönsted synergy arising from EFAl species and framework BAS’s. 

Given its large proton affinity, it is not reasonable that initiation step for benzene H/D would 

include hydride abstraction.  This is supported by recently published mechanism for benzene 

activation via protonation, in which it was shown that benzene/catalyst H/D exchange reactions are 

good probe molecules for zeolite catalyst acidity36. These data support that the defect Brönsted  

sites including H-EFAl species themselves play an important role as Brönsted acid sites. It can be 

concluded that both BAS’s and acidic protons from EFAl and non-crystalline sites, i.e., defect sites, 

must be present for maximum reactivity, suggesting that a BAS/defect site Brönsted -Brönsted  acid 
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site synergy is important. The reactivity of the signal at 0.9 ppm is shown here for the first time. 

These species, created at severe steaming condition, are very reactive active sites and involve in 

the H/D exchange reactions.  Therefore, the turnover rate for the severe steamed sample with the 

highest ratio of defect sites to BAS’s species is larger than the other samples. 

 

First order dependence of the reaction rate of H/D exchange between benzene and heterogonous 

acid sites is related to the concentration of the defect Brönsted  sites including H-EFAl arising from 

the steaming. If we consider the Brönsted  acid sites from framework aluminum the only species 

involved in the reaction, their reaction rate is not the first order. Therefore, the defect Brönsted 

species concentration can be dominant in the reaction rate calculation for the first order assumption. 
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Fig. 5. 8. Rate constant versus water loading for the reaction obtained from the full kinetic rate 

plots on each sample for data acquired at 296 K; P, W, MS, and SS represent parent HZSM-5-

15, washed HZSM-5-15, mild steamed and severe steamed HZSM-5-15 samples. 

 

SS-HZSM-5 MS-HZSM-5 W-HZSM-5 P-HZSM-5 
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It ca be concluded that water shows positive effect in enhancing the reaction rate only for catalysts 

have both BAS and defect site species.  

 

5.4. Conclusions 

Combined spectroscopic, reactivity, and post-synthetic treatments indicated that paired-Brönsted 

acid sites in the framework contribute less to overall catalyst activity in room-temperature probe 

reactions than do proximate framework and defect Brönsted sites.  Reaction rates for several 

experiments involving HZSM-5, Si/Al = 15 catalysts indicated that the rate does not correlate well 

with framework BAS concentration, but depends more on the concentration of Brönsted acid sites 

arising from defect sites.  Brönsted-Brönsted synergies do not preclude Brönsted-Lewis synergies 

arising from EFAl species, but the fact that protons from EFAl species are also active means that 

the overall catalyst acidity is more complex than a BAS activated by a proximate non-framework 

Al atom and that mechanistic proposals must be understood in the context of Brönsted acid site 

distributions. Also, proximate framework and defect Brönsted sites play a significant role in water 

synergies.  Our data proves that adding substoichiometric amounts of water can enhance the H/D 

echange reaction rates in zeolite HZSM-5, suggesting that only H-EFAL active sites respond to 

water addition. For the washed sample with single type of acid site, adding water suppress the rate 

of reaction. 
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FUTURE WORK 
 

 

       Synthesize HZSM-5 (MFI) and HZSM-22 (TON): 

Zeolites with high surface area, different pore sizes and accessible active sites have been 

prepared for promising applications such as catalysis, medicine, and microelectronics. Their 

physicochemical properties are dependent on spatial starting reagents, type of structure-

directing agents (SDA), temperature, pressure, and reagent sources1. The preparation of 

zeolites is usually carried out using different synthesis methods such as hydrothermal, 

solvothermal, and ionothermal methods. The hydrothermal methods are mostly applied for 

synthesis of zeolites using commercial chemicals as the primary source of SiO2 and Al2O3. This 

method is carried out in the presence of water as solvent, and base solution as mineralizer. The 

reagents are crystallized inside a Teflon-lined autoclave under pressure and the temperature 

range is 90-180◦C for optimum zeolite production. In solvothermal method, any nonpolar, 

polar, and hydrophobic solvents such as alcohols, hydrocarbons, and pyridine can be used to 

prepare zeolites. Ionothermal method is similar to the solvothermal synthesis method in which 

the solvent used are ionic liquids2.  

The distribution of Al among different voids of a given zeolite influences catalytic reactivity, 

in spite of the similar acid strength of attendant protons, because reactive intermediates and 

transition states stabilized at such protons interact with surrounding oxide cavities by van der 

Waals forces whose strength depends on the geometry of the confining environment. This Al 

distribution also influences the structural stability of a given zeolite. 
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As I explained before, the distribution and content of aluminum atoms play important roles in 

acidities and control the locations of compensative protons which are Brönsted acid sites. There 

are three different types of Al locations in zeolite structure: 

(i) Single Al atoms which only one Al atom (without any nearest neighbor) is located in 

five- or six membered ring; (Al−O(−Si−O)x−Al, x ≥ 3), 

(ii) Close or paired Al atoms which two Al atoms are located in different framework rings; 

(Al− O(−Si−O)x−Al, x = 1, 2 ) 

Therefore, catalyst synthesis will be a key component of the work, primarily to prepare well-

characterized structures at varying Si/Al, to prepare one- versus two-dimensional channel 

structures with similar topologies (e.g. MFI vs. TON), and to control extraframework Al, 

silanol defect densities, and tune densities and strength of acid sites in hydrocarbon reactions. 

ZSM-5 zeolite catalysts, a member of MFI family, can be synthesized with different Al 

distribution with different single and close (pairs and single) Al atoms in the framework 

controlled by using various aluminum sources such as Al(OH)3 and Al(NO3)3. Also, it has been 

reported that MFI zeolites synthesized in the presence of only tetrapropylammonium (TPA+) 

cations contain higher fractions of Al atoms located in 10-MR channel intersections, within 

which TPA+ cations remain occluded in crystalline products, than MFI zeolites synthesized 

with mixtures of organic TPA+ and inorganic alkali (Na+) cations, which reside within straight 

and sinusoidal 10-MR channels3.  

Aluminosilicate ZSM-22 zeolite with a TON structure possesses a one-dimensional channel 

system with pore openings of 0.45 × 0.55 nm. The TON framework is rich in five-membered 

rings and belongs to the mordenite family of zeolites. The unique pore architecture and its mild 

acidity render ZSM-22 zeolite outstanding catalytic performance in the skeletal isomerization 

of normal alkanes, selective xylene isomerization, methylation of toluene with methanol to p-
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xylene. Zeolites with the TON structure can be synthesized with a wide range of organic 

“template” known as structure-directing agents4-5.  

We believe that control of acid site density and acid site location will be paramount to 

determining if and how water can enhance hydrocarbon reactivity in solid acids.  

Investigate the effect of EFAl and water loading on C-C bond cleavage by using high-

temperature in-situ MAS NMR 

Water can be incorporated in the reaction system in the feed or evolved as a side product inside 

the solid acid catalyst during reaction. We can conduct 13C isotpic exchange reaction in order 

to investigate whether adding sub-stoichiometric amount of water can increase the reactivity 

of acidic zeolites with different concentraction of EFAl species on isomerization of n-butane 

to i-butane. 

The isomerization of n-butane to isobutane is one of the important studies to understand the 

reaction mechanism in acid catalysis. The possible reaction steps contain cracking, 

dehydrogenation, and isomerization. All of these steps are initiated from the protonation of C-

C or C-H bonds of n-butane to form a five-coordinated carbonium ion by proton arising from 

Brönsted  acid sites. 

In-situ 13C MAS NMR can be used for investigating the effect of water in presence of different 

acidic sites arising from BAS and EFAl species. 

Modification on Al content in high aluminum zeolite, HZSM-5-11.5 

In zeolite with various Si/Al ratios, as the Si/Al ratio decreases, aluminum contents increase 

and consequently the acidic properties of zeolite is getting stronger.  

Our preliminary data of 1H MAS NMR shows that HZSM-5 with Si/Al=11.5 has a different 

spectrum than other ratios. There are no peaks at 2.6-2.8 ppm and 13-15 ppm which are 
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originate from hydroxyl groups on aluminum atoms that exist as extra-lattice or extra-

framework aluminum (AlOH), most likely as small aluminum oxide moieties. 

Also, both mild and severe steaming conditions for this catalyst are different than HZSM-5 

with Si/Al=15. Transfering aluminum from framework to produce EFAl species happen at 

lower temperature and shorter time, which means that HZSM-5 with Si/Al=11.5 is less stable 

than Si/Al=15 and it is easier to dealuminate. 

Fig.1 indicates that dehydration of the catalyst through the flow reactor ( 500°C –overnight) 

and the vacuum line can change the concentraction of species located at 5-7 ppm. 
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The new information contained in Fig. 1 is that the peak located at 2.6-2.8 ppm  can be 

produced by dehdration under flow reactor with air and steaming in presence of water. The 

bridgng acid site for the received sample which is dehydrated under vacuum line is much 

bigger than the sample which is dehydareted under flow reactor and this signal drops quickly 

by increasing the steaming time.  

For the future, a few suggestions and important questions about HZSM-5 with Si/Al=11.5 

that need to be explored are stated below: 

Fig. 1. 1H MAS NMR spectra of HZSM-5 with Si/Al=11.5 acquired at room temperature for (a) 

dehydrated catalysts prepared under vacuum line heating, (b) dehydrated catalyst in the flow 

reactor at 500°C –overnight with air, (c) dehydrated catalyst in the flow reactor at 600°C – 5 hrs. 

with compressed air (from OU group), (d) mild steamed sample, 500°C- 5hrs , 12ml/min 

(N2+H2O), and (e) severe steamed sample, 500°C- 48hrs , 12ml/min (N2+H2O). 
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1. What are those species at 5-7 ppm? 

-  Ammoniom species left from the raw material; for removing the ammonia and making 

the proton form, it needs longer dehyrdation and/or higher temperature. 

- Defect site species including acidic EFAl protons or protons from non-crystalline regions 

similar to amorphous silica-alumina. 

2. Is the reactivity of HZSM-5 catalyst for Si/Al=11.5 larger than Si/Al=15 based on the 

density of Brönsted  acid sites? (e.g. acid density is 1.36 mmol/g for Si/Al = 11.5 and 

1.04 mmol/g for Si/Al = 15 based on Si/Al ratio). 

3. What is the reactivity of the received sample ( without any EFAl species ) in comarision 

to the steamed samples with both BAS and EFAl species?
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