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To myfamily

"Se c'è soluzione,

perché ti preoccupi?

Se non c'è soluzione,

perché ti preoccupi?"

Aristotele
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Summary

Post-synthesis modifications are required to control the stability and activity of zeolite

catalysts. Knowledge of the structural properties of the modified zeolites is crucial to optimize

the processes leading to stable and active catalysts. The aim of this thesis is to give a

comprehensive description of the modifications of the zeolite structure following

post-synthesis treatments. This requires a careful characterization using a combination of

techniques.

The first part of the thesis shows that, by combining 27A1 (MQ) MASNMRand Al K edge

XANES spectroscopy, similarities and differences between aluminum coordinations in

zeolites and amorphous silica-alumina can be revealed. Knowledge of the structure of

amorphous silica-alumina is crucial for understanding the nature of the aluminum species at

extralattice positions in post-synthetic zeolites. It has been shown already that the

coordination of the octahedral aluminum species of protonic zeolites changes to tetrahedral

upon adsorption of ammonia. This treatment is reversible, which means that the octahedral

coordination is recovered when ammonia is desorbed. This led to the new concept that

octahedral aluminum species exist in protonic zeolites as an inherent part of the zeolite

framework. For the purpose of comparison, ammonia adsorption was carried out on

amorphous silica-alumina as well as on Y-AI2O3 and the aluminum coordination was

monitored by 27A1 MASNMRspectroscopy. The aluminum coordination in silica-alumina

changed from octahedral to tetrahedral, but was unaffected in y-Al203, indicating that the

flexibility of the aluminum coordination is a general property of crystalline as well as

amorphous alumino-silicates. In contrast to protonic zeolites, in which ammonia adsorption

fully converts the octahedral species to tetrahedral, only a fraction of the hexacoordinated

aluminum atoms in amorphous silica-alumina changes to tetrahedral, and the extent of

conversion is an inverse function of the aluminum content. The effect of temperature on the

aluminum coordination of silica-alumina was studied as a function of temperature by Al K

edge XANES spectroscopy. This technique enables the determination of the aluminum

coordination in dehydrated samples. Under moderate thermal conditions (T < 120°C), the

treatment of protonic zeolites under vacuum leads to the complete conversion of the

octahedral species to tetrahedral. In contrast, increasing the temperature of amorphous
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silica-alumina from RT to 400°C results in a continuous conversion of the octahedral species

to tetrahedral. This shows that the octahedral coordination in silica-alumina is more stable

than in zeolites. This result was confirmed by ^H MAS NMR spectroscopy and

thermogravimetric analysis. 27A1 MQMASNMRspectroscopy revealed a difference in the

quadrupolar parameters of the flexible aluminum species in protonic zeolites and

silica-alumina. This can be used to distinguish flexible aluminum species in pure zeolitic and

in amorphous alumino-silicate frameworks. For example, the flexible aluminum coordination

was studied in zeolite USY, which has a considerable portion of extraframe work aluminum.

Adsorption of ammonia on zeolite USY as well as thermal treatment in vacuum revealed

similarities to amorphous silica-alumina as far as the behavior of the aluminum coordination

is concerned. This is taken as an indication that the extraframework aluminum species in

zeolite USYare associated with an amorphous silica-alumina phase.

The second part of the thesis shows that the treatment in hydrochloric acid of thermally and

hydrothermally dealuminated zeolites HZSM5does not lead to a reinsertion of aluminum into

the framework, as has been reported elsewhere. Reinsertion of aluminum into the

dealuminated zeolite framework is desirable in order to recover the active sites, when the goal

is to produce mesoporous and highly active catalysts. After many attempts, there are still a

number of unanswered questions with regard to the actual reincorporation of aluminum into

the lattice. A careful investigation of the zeolites and the solution after post-synthesis must be

made, in order to determine unequivocally whether reinsertion into the framework occurs.

Thus, the parent HZSM5, the post-synthesis samples, as well the solutions of the acid

treatment, were characterized using a combination of XRD, elemental analysis, nitrogen

adsorption, FTIR, and multinuclear NMRspectroscopy. Both under thermal and hydrothermal

conditions aluminum is extracted preferentially from specific crystallographic position, but

the dealumination is much stronger in the presence of steam. Upon acid treatment of the

thermally and hydrothermally treated HZSM5 samples, leaching of extralattice aluminum

occurs as well as extraction of further structural aluminum. The reinsertion of aluminum into

the lattice was not observed in any of the cases discussed here. All the treated HZSM5

zeolites, in particular the samples that were steamed and the steamed and acid-treated

samples, contain large amounts of extraframework aluminum species, which constitute an

amorphous silica-alumina phase generated from the reaction of aluminum and silicon in

solution.
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The third part of this work proposes a novel method for the realumination of a dealuminated

large-pore zeolite, such as zeolite beta. If a large number of defective sites (silanol nests) form

during dealumination, as is the case for zeolite beta treated with a solution of hydrochloric

acid, aluminum can be reinserted at room temperature using alkoxides in an organic solvent as

the aluminating agent. FTIR and ^H MASNMRspectroscopy showed that Bransted acidity

was generated to an amount which was close to that in the parent material. 27A1 MQMAS

NMRspectroscopy revealed that, under the reported reaction conditions, extraction as well as

reinsertion of aluminum occurs preferentially at specific crystallographic positions of zeolite

beta.
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Riassunto

Trattamenti post-sintesi sono necessari al fine di controllare stabilité e attività catalitica dei

catalizzatori zeolitici. Lo studio délie propriété strutturali delle zeoliti modificate è

déterminante per l'ottimizzazione dei processi di produzione di catalizzatori stabili e attivi.

Scopo di questa tesi è di fornire un quadro esauriente delle modificazioni della struttura

zeolitica causate da trattamenti post-sintesi. A questo scopo è richiesta un'attenta

caratterizzazione che fa un uso combinato di tecniche sperimentali.

Nella prima parte di questo lavoro di tesi sono state utilizzate tecniche spettroscopiche di

risonanza magnetica nucleare a quanti multipli accoppiate a rotazione del campione all'angolo

"magico" (MQ MASNMR) e di assorbimento dei raggi X alla soglia K deH'alluminio (Al K

edge XANES) per lo studio dei modi di coordinazione deH'alluminio. Tramite l'uso combinato

di queste tecniche è stato possibile mettere in evidenza analogie e differenze tra le specie

alluminio contenute nei sistemi zeolitici e nella silice-allumina amorfa. Lo studio della

silice-allumina amorfa è fondamentale per capire la natura delle specie alluminio che

risiedono fuori dalla struttura (extrastrutturali) nelle zeoliti modificate. In letteratura si riporta

come l'alluminio ottaedrico assuma un modo di coordinazione tetraedrico a seguito

dell'adsorbimento di ammoniaca su zeoliti in forma protonica. Questo trattamento è

reversibile, il che significa che dopo il desorbimento di ammoniaca si ripristina un modo

ottaedrico di coordinazione. In seguito a questa evidenza sperimentale è emerso un nuovo

concetto, secondo cui le specie esacoordinate esistono nelle zeoliti come parte inerente della

struttura. In questo lavoro lo studio spettroscopico NMRdel nucleo alluminio nella

silice-allumina e nella y-allumina in seguito ad adsorbimento di ammoniaca ha evidenziato

che la coordinazione deH'alluminio cambia da ottaedrica a tetraedrica nel caso della

silice-allumina, manon della y-allumina, in cui rimane invariata. Cio indica che la flessibilità

della coordinazione deH'alluminio è una propriété generale degli alluminosilicati, sia

cristallini che amorti. Contrariamente a cio che avviene nel caso delle zeoliti in forma

protonica, in cui l'adsorbimento di ammoniaca trasforma quantitativamente le specie

ottaedriche in tetraedriche, nella silice-allumina soltanto una frazione delle specie

esacoordinate diventa tetraedrica. L'entità di tale frazione è inversamente proporzionale alia

concentrazione di alluminio nella silice-allumina. Al fine di studiare come varia la
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coordinazione dell'alluminio nella silice-allumina a seguito dei trattamenti termici si rivela di

grande utilità la spettroscopia Al K edge XANES, che consente lo studio della coordinazione

dell'alluminio in campioni disidratati. Nel caso delle zeoliti è stato precedentemente

riscontrato che un blando trattamento termico in vuoto converte quantitativamente le specie

ottaedriche a tetraedriche. Contrariamente a cio, nella silice-allumina si osserva che l'aumento

di temperatura da 25°C a 400°C comporta una continua conversione della coordinazione

deU'alluminio da ottaedrica a tetraedrica. Questo dato, peraltro confermato da ulteriori studi

spettroscopici (*£! MASNMR)e termogravimetrici (TGA), rivela una maggiore stabilité della

coordinazione ottaedrica nella silice-allumina rispetto aile zeoliti. Lo studio 27A1 MQMAS

NMRha messo in evidenza le differenze nei valori dei parametri quadrupolari delle specie

alluminio "flessibili" nelle zeoliti e nella silice-allumina. Questa distinzione puo essere

considerata corne uno strumento utile per distinguere le specie alluminio "flessibili" in

materiali zeolitici puri e nella silice-allumina amorfa. Ad esempio, la "flessibilità" della

coordinazione dell'alluminio è stata studiata nel caso della zeolite ultrastabilizzata USY, che è

noto contenere una notevole frazione di alluminio extrastrutturale. L'adsorbimento di

ammoniaca sulla zeolite USY, cosi corne i trattamenti termici in vuoto, mostrano un

andamento della coordinazione deU'alluminio molto simile a quello osservato nella

silice-allumina. Cio dimostra che le specie alluminio extrastrutturali nella zeolite USY sono

associate ad una fase di silice-allumina amorfa.

Nella seconda parte di questa tesi si dimostra che, contrariamente a quanto riportato in

letteratura, un trattamento in acido cloridrico di zeoliti HZSM5 dealluminate non porta al

reinserimento deU'alluminio extrastrutturale nella struttura. Il reinserimento deU'alluminio

nella struttura di zeoliti dealluminate è auspicabile ai fini di ripristinare i siti catalitici, allô

scopo di produrre materiali catalitici mesoporosi e notevolmente attivi. La letteratura riporta

un certo numéro di tentativi volti al reinserimento deU'alluminio in struttura, i quali pero

lasciano molti dubbi circa il reincorporamento. Un'attenta caratterizzazione delle zeoliti e

delle soluzioni dei trattamenti post-sintesi è necessaria al fine di accertare inequivocabilmente

se il reinserimento deU'alluminio nella struttura avviene o meno. A questo scopo la

caratterizzazione della zeolite HZSM5 di partenza, cosi corne le zeoliti HZSM5

successivamente modificate e le soluzioni del trattamento acido, è stata effettuata per mezzo

di una combinazione di tecniche, tra cui XRD, analisi elementare, fisisorbimento di azoto,

spettroscopia FTIR e NMR. In entrambi i casi di dealluminazione per calcinazione e
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steaming, si vede che l'alluminio viene estratto preferenzialmente da posizioni

cristallografiche ben precise, e che la severità del trattamento è maggiore nel caso della

dealluminazione via steaming. In seguito al trattamento in soluzione acida delle zeoliti

HZSM5dealluminate, si riscontra una parziale rimozione deU'alluminio extrastrutturale cosi

come di quello in struttura. In ogni caso non si osserva nessun tipo di reinserimento

deU'alluminio extrastrutturale nella struttura. Tutte le zeoliti modificate contengono una

frazione non indifferente di specie alluminio fuori struttura, come indicato da indagini

spettroscopiche di risonanza magnetica nucleare.

Nella terza parte di questo lavoro viene proposta una nuova metodica di realluminazione di

zeoliti a grandi pori, di cui fa parte la zeolite beta. Nel caso in cui durante il processo di

dealluminazione si crei un elevato numéro di siti difettivi (silanol nests), come è il caso della

zeolite beta trattata in soluzione di acido cloridrico, l'alluminio puo essere inserito in struttura

a temperatura ambiente. Come agenti alluminanti si sono utilizzati alcossidi di alluminio in

ambiente organico. Un'attenta caratterizzazione della zeolite beta prima e dopo i trattamenti

post-sintesi ha indicato che, nelle condizioni di reazione descritte, sia l'estrazione che il

reinserimento deU'alluminio coinvolgono preferenzialmente determinati siti cristallografici. II

trattamento con isopropossido di alluminio ha generato una quantité di acidi di Bransted

simile a quella présente nella zeolite beta di partenza.
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Introduction

Chapter i

General Introduction

î.i Zeolites

î.i.i Introduction

The zeolite group of minerals was discovered in 1756 by the Swedish mineralogist Baron

Cronstedt, who described several varieties occurring as well-formed crystals. He named them

from the Greek "zeos" and "lithos", meaning "boiling stones", in allusion to their peculiar

frothing characteristics when heated in an open test tube. For the next 150 years not many

investigations were done on zeolites. Beautiful specimens have been found over the years, but

they were regarded as a curiosity of nature, and zeolites did not awake the interest of

scientists. In the 1920s and 1930s large deposits of natural zeolites were found in the western

part of the United States. The majority of the scientists remained unaware of these

occurrences. Only in the 1950s, when these sediments were studied in more detail, especially

by means of X-ray diffraction, it was discovered that these materials contained up to 90% of a

single, well-defined zeolite mineral. Thick tuffs of clinoptilolite were found in Japan and large

deposits of heulandite were detected in New Zealand. In the middle of last century the first

synthetic counterparts were prepared, and the industry showed an immediate interest in the

zeolites A and X. From this starting position a huge market has developed over the last 50

years.1

1.1.2 Zeolites and their use

Zeolites are crystalline alumino-silicates, whose structures are three-dimensional networks

composed of channels and cavities of molecular dimensions built from SiC>4 and AIO4

tetrahedra. The SiÛ4 unit is neutral, because each oxygen is part of a bridge between two

tetrahedrally coordinated atoms, but the net formal charge of the A104 units is -1, so that the

zeolite framework is negatively charged. The net negative charge is balanced by metal cations

Mx+, or by protons in the acidic form of the zeolite. These ions are not part of the framework,

and they can be exchanged by other cations. Such an exchange has little effect on the crystal
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Chapter 1

structure, which depends on the way the TO4 (T = Si, Al) units arrange themselves; it affects,

however, other relevant zeolite properties such as acidity and internal electric fields. Zeolites

can be described by the general formula: M^[(Si02)m(A102)n]yH20. The Si/Al ratio in

zeolites varies considerably, from 1 (lower ratio for zeolite X) to near infinity (in silicalites).

Al-O-Al links are forbidden due to local charge restrictions, so that 1 is the lowest obtainable

Si/Al ratio (Loewenstein rule). A characteristic feature of zeolites is their structural porosity.

The zeolite framework defines regular systems of intracrystalline voids and channels of

discrete size, usually in the nanometer range, accessible through apertures of well-defined

molecular dimensions. This is a feature that differentiates zeolites from other porous

materials, such as amorphous carbon or silica-gel (which have irregular pore sized systems),

and which places them in the same class as other molecular sieves. Zeolites containing rings

consisting of 8, 10, and 12 oxygen atoms are denoted as small-, medium-, and large-pore

materials, respectively. The corresponding pore openings are about 0.4, 0.55, and 0.73 nm,

respectively. Their microporous framework structures, the wide range of chemical

composition and surface acidity, and the possibility of tuning their electric fields by

appropriate choice of extraframework cations are key factors that render zeolites versatile

materials for an increasing number of applications. Among them, is the use of zeolites as

catalysts for the petrochemical industry, for pollution control and the synthesis of special

chemicals. Zeolites can be considered as nanoreactors, where adsorbed molecules are guided

to react following specific paths dictated by: (i) electrostatic forces acting inside the cavities;

(ii) distribution of sites on the internal surface; (iii) spatial restrictions imposed by the

dimension and the shape of the void space; (iv) limitation on diffusion paths imposed by the

regular organization of intersecting channels. All these points can be summarized under the

concept of host-guest interactions. An important class of reactions is that catalyzed by acids,

in which protonic zeolites act as heterogeneous catalysts replacing corrosive and harmful

mineral acids. In this specific case, hydrogen-bonded complexes can form inside the cavities,

which, under suitable conditions, evolve towards protonated species and initiate the chain of

Bransted acid-catalyzed reactions that (together with shape selectivity) make acidic zeolites

so important in petrochemistry. In the catalytic application field, more than 90% of zeolites

are used for fluid catalytic cracking (FCC) applications and in hydrocracking. Zeolites can

also serve as oxidation or reduction catalysts, often after metals have been introduced into the

framework. Examples are the use of titanium ZSM-5 in the production of caprolactam2"4, and

copper zeolites in NOx decomposition.5'6 In powder detergents, zeolites replace phosphate
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builders, now banned in many parts of the world because of water pollution risks.7 As redox

catalysts and sorbents, zeolites can remove atmospheric pollutants, such as engine exhaust

gases and ozone-depleting CFCs. Zeolites can also be used to separate harmful organics from

water, and in removing heavy metal ions, including those produced by nuclear fission, from

water.8"10 They also serve as ion-exchangers and molecular sieves. Potential applications are

expected in a number of technological fields, such as photochemistry, optoelectronics,

semiconducting devices and chemical sensors.

Fig. 1.1 The zeolite market showing the different market segments. As can be seen, the catalytic
application of zeolites is only a small segment, but zeolites have more than 55% of the catalysts
market. The products obtained by using these catalysts have a value, which is several magnitudes
higher than that of the catalysts themselves, thus making them extremely important for many

processes (adapted from ref.1)

1.1.3 Zeolite-type materials

The topology of the framework defines a structure type symbolized by a group of three letters,

e.g. MFI for the structure type of zeolite ZSM5. A list of the 134 currently accepted structure

types, with their type materials, can be found in the Atlas of Zeolite Structure Types.11 This

work deals mainly with zeolites Y (FAU), ZSM5 (MFI) and beta (BEA). The framework

characteristics of these zeolite topologies are given in Table 1.1 and a brief description is

given below.

FAU The structure code is derived from the mineral faujasite. The FAU-type structure is

depicted in Fig. 1.2. It is a three-dimensional structure consisting of 12-ring channels of 7.4 Â

diameter. The sodalite or ß-cages are linked by hexagonal prisms (also referred as double

six-rings) and build a bigger cage (a-cage or supercage), which has a 12-ring window with an

aperture of 13 Â.
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hexagonal
prism supercage

sodalite

cage

Fig. 1.2 View of the FAUstructure along [001].

Table 1.1 Crystallographic characteristics of some zeolite topologies.

Structure Zeolite Number of

code
^ ..

T-sites

Channels Framework

density

FAU Y 1

MFI ZSM5 12

BEA beta 9

<lll>12 7.4x7.4a

[100] 10 5.1 x 5.5 <-> [010] 10 5.3 x 5.6

<100> 12 6.6 x 6.7 <-> [001] 12 5.6 x 5.6

12.7 T/1000À3

17.9 T/1000À3

15.1T/1000À3

[ ] or <> channel direction, number of T atoms forming the rings;a diameter of the channels,

<-> interconnecting channels

ZSM5 Zeolite ZSM5 (Zeolite Secony Mobil-five) is a synthetic high-silica zeolite first

reported in 1973 by Argauer and Landolt.12 The MFI topology (Mobil five) shows a

three-dimensional pore system with straight, parallel 10-ring apertures in the [010] direction,

which are connected through alternated sinusoidal 10-ring pores along [100] (Fig. 1.3).

Zeolite ZSM5 is easily synthesized with tetrapropylammomum ions as the template in a wide

range of Si/Al ratios ranging from 1 to infinity. The pure-silica ZSM5 is called silicalite, and

was synthesized for the first time in 1978 by Flanigen et al.13
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(a) (b)

Fig. 1.3 (a) Framework of MFI along [010] and (b) unit cell
n

BEA Zeolite beta is a high-silica zeolite which was first synthesized in 1967 from alkaline

aluminosilicate gels in the presence of sodium and tetraethylammonium cations
14

The BEA

topology shows a three-dimensional pore system containing 12-ring apertures (Fig 1 4) The

tetrahedral framework is disordered along [001] Three polytypes can be recognized which are

related to the disordered structure by displacement on [001] planes Polytypes A and B

contain 9 unique tetrahedral framework sites, whereas polytype C contains 32 unique T-sites

All three polytypes possess two mutually perpendicular 12-ring channels, which are

perpendicular to [001] These channels are linear and have a diameter of 6 6 x 6 7 Â The

third non-linear channel system, which possesses pore apertures of 5 6 x 5 6 Â, runs parallel

to the [001] direction

(a) (b)

Fig. 1.4 (a) Framework of zeolite BEAviewed along [010] and (b) periodic building unit
n
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1.2 Dealumination

The production of stable and active catalysts requires the modification of the as-synthesized

materials. Dealumination is one of the most widely used post-synthesis processes, which

consists in the removal of aluminum atoms from the zeolite framework. This modification is

generally applied to stabilize low-silica zeolites. Due to the susceptibility of the Al-0 bonds

to hydrolysis, one of the issues associated with the use of zeolites is their stability in acidic

and basic media and under hydrothermal conditions, as commonly experienced in

hydrocarbon conversion. Under such conditions an extensive and uncontrolled removal of

aluminum atoms from the zeolite lattice takes place, leading to a progressive collapse of the

crystal structure. A controlled dealumination is desired, that leads to more stable catalysts. By

dealumination, the proton form of faujasite (zeolite Y) is converted to a very stable material,

the so-called "ultrastable" zeolite Y (USY), which is used as cracking catalyst (see below).

Dealumination treatments have been shown to create a secondary pore system consisting of

mesopores.15"20 The presence of such mesopores is crucial because it helps to overcome

diffusion problems in the zeolite micropores, since it enables shorter diffusion paths. Thereby

reactions that are transport-limited can be accelerated, resulting in an improved catalyst

performance. Dealumination can be achieved by thermal or hydrothermal treatment, acid

leaching, or by chemical treatment with hexafluorosilicates and silicon halides.

Thermal and hydrothermal treatment. In the as-synthesized form, zeolites are hydrated, i.e.,

the cavities are filled with water. This water may be present in a physisorbed state and/or in

the hydration shell of cations. During a thermal treatment, depending on the temperature and

the heating rate, a self-steaming occurs which causes partial hydrolysis of the framework

leading to a partial loss of crystal structure. The process of dealumination is favored in the

acid forms of low-silica zeolites, since they are inherently unstable. If the thermal treatment is

done in the presence of a water flow, the process is called hydrothermal treatment or

steaming. The presence of water favors the hydrolysis of the aluminum, which then migrates

from the framework to the cavities, forming extraframework aluminum species. The

susceptibility of the framework aluminum to hydrolysis varies with the strength of SiO-Al

bonds. Ultrastable zeolite Y (USY) is usually prepared by repeated sequences of ammonium

exchange and steaming.21 The extent of dealumination depends on temperature and partial

pressure of steam.
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Acid treatment. It is well known that zeolite minerals decompose when treated with strong

acids. The structure of some zeolites, e.g. mordenite, are resistant to decomposition while

aluminum is slowly removed. The first extraction of a zeolite with an acid was reported by

Barrer and Makki, who treated clinoptilolite with hydrochloric acid and found that framework

aluminum was progressively removed.22 Dealumination of mordenite is usually carried out by

extracting aluminum with a mineral acid such as hydrochloric or nitric acid. Oxalic acid has

been used also and it was found that, even at low concentrations, aluminum was extracted at a

higher rate by oxalic acid compared to nitric acid.20 Oxalic acid acts both as a hydrolyzing and

a chelating agent, so that the aluminum is extracted by complexation.

Reaction with SiCU. The use of silicon halides leads to the direct replacement of the

aluminum atoms by silicon atoms of the dealuminating agent. By treating zeolite NaY with

gaseous silicon tetrachloride at high temperature, Grobet et al. achieved near-perfect

replacement of framework aluminum with silicon.23 NaAlCl4 is obtained as a product and can

be removed by washing. Unlike other dealumination procedures, treatment with SiCl4

produces only a small amount of hydroxyl nests and does not generate secondary pores. An

alternative to this method is the use of an aqueous solution of ammonium hexafluorosilicate.

The aluminum that is removed and replaced by silicon ends up in the filtrate as (NFL^AlFs

and (NFLOsAlFg.

1.3 Realumination

For the majority of the acid-catalyzed reactions the activity is directly related to the number of

framework aluminum atoms. The gradual loss of active sites resulting from dealumination

makes it desirable to reinsert aluminum into the partially dealuminated zeolite framework.

The first observation of such an insertion was reported by Breck and Skeels, who found that

titration of a slurry of zeolite HY in NaCl required more NaOHto attain pH 11 than the

filtrate of such a slurry.24 A concept emerged, according to which, by applying conditions

similar to those occurring during the hydrothermal synthesis, a reinsertion of aluminum into

the framework may occur. Later studies proposed that realumination of dealuminated zeolite

Y occurs in aqueous KOH solution.25'26 In a number of subsequent communications

reinsertion of hydrolyzed aluminum upon base treatment of dealuminated Y zeolites was

claimed, based on a combination of XRD, NMR, and FTIR studies.27"29 Recently, Oumi et al.

proposed the use of NaOHto reinsert the aluminum extracted from the framework of zeolite
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beta during HCl treatment. It was claimed that the aluminum is reinserted by controlling the

pH value of the suspension below 7. The same treatment on zeolite mordenite produced a

considerable amount of octahedral aluminum species.31 Using NaA102 in aqueous NaOH

solution, insertion of aluminum was claimed into the lattice of zeolite Y and beta. It was

believed that aluminum can be inserted more readily when an aluminum source is supplied

externally.27'32 XRDand elemental analysis showed that alumination is favored by increasing

the temperature and the amount of sodium aluminate in solution.32 Contrary to these reports,

Engelhardt and Lohse33 and Aouali et al.34 argued that extraction of silicon occurs in alkaline

medium rather than reinsertion of aluminum, which would also lead to a decrease in the Si/Al

ratio. Evidence for the dissolution of silicate species upon mild alkaline treatment was

provided.35 In a series of papers, Lutz and coworkers argued that an amorphous silica-alumina

phase forms upon alkaline treatment of dealuminated Y zeolite.36"38 They demonstrated

furthermore that alumination of dealuminated zeolite Y with NaA102 led to the formation of a

protective layer on the external crystallite surface, which prevented hydrolysis of the terminal

silanols and strained surface Si-O-Si bonds of the resulting zeolite in acidic and basic media.

Recently, the use of acid solutions for the reinsertion of aluminum into the zeolite framework

was proposed. In a series of papers, Sano et al. claimed that realumination occurs when

thermally or hydrothermally dealuminated HZSM5 zeolite is treated with a solution of

hydrochloric acid at 100°C. It was found that the cumene cracking activity of the acid-treated

HZSM5zeolite was comparable to that of the parent zeolite.39'40 In the same year Zaiku et al.

showed, by means of NH3-TPD, pyridine-IR, 29Si and 27A1 MASNMR, that the amount and

strength of acid sites can be increased when zeolite NFL-beta is treated with a solution of

citric acid at 80-90°C.41 Lutz et al. recently quantified non-framework species in

dealuminated zeolites Y and in its acid and alkaline forms, by determining the concentrations

of the [Si02] and [A102] units using the molybdate and ferron chemical method.42

Extraframework species were identified as alumino-silicates in dealuminated zeolite Y and

alkaline-treated dealuminated zeolite Y, and silica gels in acid-treated dealuminated Y. The

formation of an amorphous silica-alumina phase with aluminum in tetrahedral coordination

was also described for silica treated with alkaline aluminum salt solutions and for

dealuminated Y and ZSM5zeolites.43"45

Another concept, which emerged in 1984, is based on the use of aluminum halides for the

post-synthesis incorporation of aluminum into the zeolite framework. It was claimed that,

exposing high-silica zeolites or silicalite to A1C13 vapors at 200°C, incorporation of aluminum
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into the zeolite lattice occurs through the reaction with hydroxyl groups.46"51 More recently,

this work was extended to dealuminated mordenites for which insertion of aluminum at

framework and extraframework positions was claimed.52'53 All authors provided evidence of

an increase of the aluminum concentration in the aluminated zeolites, both in tetrahedral and

octahedral species. Evidence of formation of Bransted acidity was provided by means of

FTIR spectroscopy of pyridine loaded zeolites but the extent of alumination was not

quantitatively determined. Results from catalytic tests such as hexane, cumene and octane

cracking, toluene disproportionation, and o-xylene conversion indicated the presence of

strong Bransted acid sites upon alumination. In the case of mordenites, however, the

performance did not excel that of the parent material.

1.4 Aim of the present work

Modification of the Si/Al ratio is required to control the acidity of zeolite catalysts, and thus

their stability, activity, and selectivity. Understanding the structure of the modified zeolites is

crucial to optimize the processes leading to a stable, active, and selective catalyst.

Dealumination removes aluminum from the zeolite lattice, thus generating non-framework

material, which remains in the pores. Many studies have been devoted to the influence of the

extraframework aluminum species on the catalytic activity. The presence of the

non-framework aluminum species formed during the dealumination process has been

considered detrimental to the catalytic properties due to the diffusion limitations, but

sometimes it has been considered the key factor for observed enhanced catalytic

performances. Some authors postulated that, under specific conditions, these extraframework

species might act as electron-acceptor centers for some framework Bransted sites and then

generate "super-acid" sites.54'55 The exact nature of the extraframework aluminum species is

still unclear. Clearly, detailed investigation of the extraframework debris is necessary. Also,

attempts of reinserting the extraframework aluminum into the framework to increase the

number of acid sites left many questions open regarding the quality of the materials and in

particular regarding the actual incorporation into the zeolite lattice. The problem with the

literature reports so far is the ambiguity of the characterization results, which cannot only be

interpreted in terms of aluminum reinsertion but also in terms of silica dissolution. It seems

that there are two schools. One believes that reinsertion of aluminum is possible while the

other rather believes that silicon is extracted and together with the aluminum in solution forms

amorphous silica-alumina which then causes the enhanced catalytic activity. As a
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consequence, a comprehensive study is required that applies careful characterization of the

zeolites and the solutions used for the post-synthesis treatments to unequivocally ascertain

whether reinsertion of aluminum into the lattice occurs. The aim of this work is to give a

comprehensive picture of the post-synthetic zeolite treatments through the evolution of the

zeolite structure. Careful characterization of the aluminum coordination is essential to clarify

nature and distribution of the aluminum atoms attached to the framework or trapped in the

network of cavities. In this work, this will be mainly done by means of 27A1 (MQ) MAS

NMR, introduced in Chapter 3. By means of this technique the structure of zeolites and

amorphous silica-alumina will be investigated, in order to establish analogies and differences

between these materials. This is crucial to understand the nature of the extraframework

material in dealuminated zeolites as well as the feasibility of aluminum reinsertion. On this

basis, the structure of dealuminated materials such as zeolite USYwill be discussed and the

feasibility of some realumination methods is critically evaluated. Eventually, the use of

reactive aluminum compounds such as aluminum alkoxides for the realumination of large

pore zeolites like zeolite beta will be attempted. The successful use of these compounds for

the incorporation of aluminum into siliceous MCM-41 has been reported.56 Alkoxides are

expected to give better results since the reaction products, alcohols, are less reactive with

respect to a secondary lattice attack, as it would be the case with mineral acid formed from

halides.
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Chapter 2

Characterization Techniques

2.1 Introduction

A number of experimental techniques exist for the investigation of the structure of materials.

On the macro scale, materials are characterized by measuring bulk properties such as density,

surface area, and chemical composition, as well as thermal properties. At the micro level,

structures are probed by conventional X-ray diffraction. On the atomic scale, structures are

investigated by vibrational spectroscopies (infrared, ultraviolet-visible, Raman), by X-ray

absorption (EXAFS, XANES), and by (multinuclear) NMRtechniques. An introduction to

solid-state NMRspectroscopy is given separately in Chapter 3.

2.2 Laser-Ablation Inductively-Coupled Plasma Mass

Spectrometry (LA-ICP-MS)

This technique enables the determination of the elemental composition of zeolites and was

used to analyze the samples under study. The zeolites are pressed into self-supporting pellets

and placed in an airtight ablation cell (Fig. 2.1).1 An excimer laser (X = 193 nm) (MicroLas

GmbH) is attached to an ELAN 6100 (Perkin Elmer) mass spectrometer for direct solid

sampling. The part of the cell facing the incoming laser beam is a glass window, transparent

to the specific wavelength of the laser. The laser samples ca. 80 um of the sample and the

produced aerosol is transported by a carrier gas (e.g. Ar, He). The carrier gas is introduced at

a flow rate of 0.5-1.0 1/min, which is just enough to carry away the laser-induced aerosol. The

sample chamber gas outlet is connected to the termination of the Inductively Coupled Plasma

(ICP) torch by means of a PVCtube. The laser-induced aerosol is transported from the sample

chamber into the ICP, where it is atomized. In the ICP itself the atoms produced by

vaporization of the solid particles are ionized and transported into the mass spectrometer.2

The Si/Al ratio was determined by comparison with the reference glass 610 from NIST as the

external calibration standard. Two zeolite samples were digested and analyzed as solutions by
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inductively-coupled plasma optical-emission spectroscopy (ICP-OES) The data from the

direct solid sampling technique (LA-ICP-MS) and from ICP-OES agreed within 3 5%

Analysis of solutions was done by ICP-OES

UV laser beam

glass window

gas inlet gas outlet

Fig. 2.1 Schematic view of an ablation cell (adapted from ref3)

2.3 Nitrogen adsorption

Nitrogen adsorption measurements were done on Micromeritics ASAP2010 and Tristar 3000

instruments In order to remove most of the species adsorbed during the storage of the sample

(e g C02, H20) the samples were outgassed overnight at 400°C at pressures below 5 Pa The

nitrogen adsorption isotherm was measured with a volumetric technique, in which the amount

of a gas (adsorptive) is measured at a certain temperature The relation, at a known

temperature, between the amount of gas adsorbed and the equilibrium pressure, or

concentration, is called adsorption isotherm The majority of the isotherms resulting from

physical adsorption may be grouped into six classes according to the IUP AC classification

(Fig 2 2)
4

An adsorption isotherm of type I is typical for microporous materials (pore

diameter < 2 nm) The isotherm is concave to the relative pressure (p/po) axis It rises sharply

at low relative pressures and reaches a plateau The narrow range of relative pressure

necessary to attain the plateau is an indication of a limited range of pore size and the

appearance of a nearly horizontal plateau indicates a very small external surface area Apart

from a small amount of multilayer adsorption on the external surface there should be no

additional uptake at higher p/p0 A distortion of the classical form of type I is often

encountered in zeolites due to the presence of a secondary pore system consisting of

mesopores, often generated by post-synthesis treatments Then capillary condensation within
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the secondary pore structure can occur, leading to a hysteresis loop in the capillary

condensation range of the nitrogen isotherm (see isotherm type IV, Fig. 2.2).

1 II III

r
B,

IV
^_^

iff
V

-*

VI j

1 ft

Relative pressure p/p0

Fig. 2.2 The six main types of gas physisorption isotherms, according to the IUPAC classification,
for the following materials: (I) microporous; (II) macro- and non-porous; (III) macro- and non-porous

for weak gas-solid interactions; (IV) mesoporous; (V) macro- and non-porous for weak gas-solid
interactions; (VI) layer-by-layer adsorption on highly uniform surfaces.4

2.3.1 The BETsurface area

By introducing a number of simplifying assumptions Brunau, Emmett, and Teller (1938) were

able to extend the Langmuir mechanism of monolayer adsorption to a multilayer adsorption

and obtain an isotherm equation (the BET equation).5 According to the BET model, the

adsorbed molecules in one layer can act as adsorption sites for the next layer. It follows that

the surface is composed of stacks of molecules. The BET equation is usually rearranged in the

linear form:

P
=

1
,

(c-1) P

(Po-p)V cVmono cVmonoPo

where V is the volume of the gas adsorbed, Vmono is the volume of gas adsorbed in the

monolayer and p0 is the saturation vapor pressure. The constant c is equal to exp(AE/RT),

where AE is the net molar energy of adsorption. In the BET model it is assumed that all the

adsorption sites for multilayer adsorption are energetically identical and that all the layers

after the first have liquid-like properties. The method leads to correct values of the surface

area of solids if the range of the partial pressure is limited between p/p0 0.05 and 0.3. The
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specific surface area, the BET surface area, is obtained from the BET monolayer capacity

Vmono by applying the simple relation:

A(BET) = Vmono-NA-a

where NAis the Avogadro constant and a is the average area occupied by a nitrogen molecule

(g = 0.162 nm2).

2.3.2 The t-plot method

The experimental isotherm is transformed into a so-called t-plot as follows. The amount

adsorbed is replotted against t, the standard multilayer thickness on the reference non-porous

material at the corresponding p/p0. For a close-packed nitrogen multilayer the thickness t is

equal to 0.354V/Vmono. This is the equation used by Lippens and de Boer to plot a t-curve, i.e.

the standard multilayer thickness versus p/po, for nitrogen adsorption at 77 K.6 For non-

porous materials the t-plot is a straight line through the origin. The t-plot provides a means of

assessing the micropore volume and the external surface area. The extrapolation of the linear

range on the y-axis is proportional to the micropore volume, whereas the slope is proportional

to the external surface. In case of mesopores, two linear ranges can be observed. The

extrapolation of the first linear segment is proportional to the micropore volume, the second

one to the total pore volume of the sample. From the difference the mesopore volume can be

determined.7

2.4Thermogravimetric analysis (TGA)

Thermogravimetric analysis allows the determination of the variation of the weight of a

sample as a function of temperature. Typically, a small amount of sample is heated in a

crucible made of an inert material, e.g. alumina, at constant rate in a controlled atmosphere.

The plot of weight-% versus temperature is called thermogram. This technique is useful to

determine the weight-% of water present in zeolite samples.

2.5 X-ray powder diffraction

X-rays are electromagnetic radiation of wavelengths in the Angstrom range (10"10 m). They

are produced when high-energy charged particles, e.g. accelerated electrons, collide with

matter. The electrons are slowed down or stopped by the collision and some of their lost

energy is converted into electromagnetic radiation. A conventional X-ray source consists of a

metal target, often Cu, which is bombarded with high-energy electrons. The incident electrons

have sufficient energy to ionize some of the Cu Is (K shell) electrons. An electron in an outer
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orbital (2p or 3p) fills the vacant Is level and the energy released in the transition appears as

X-radiation. For Cu the radiation corresponding to the 2p —> Is transition, called Koc, has a

wavelength of 1.5418 Â and an energy of 8.04 keV. The process is called X-ray fluorescence.

It is the basis for most of the X-ray sources and it is also encountered in electron microscopy,

EXAFS, and XPS. X-rays are sufficiently energetic to penetrate solids and therefore well

suited to probe their internal structure. X-ray diffraction is used to identify bulk phases and

estimate the size of the particles. It is the elastic scattering of X-ray photons by atoms in a

periodic lattice. The scattered monochromatic X-rays that are in phase give constructive

interference. Fig. 2.3 shows how diffraction of X-rays by crystal planes allows one to derive

lattice spacings by using the Bragg relation nX = 2dsin6, where X is the wavelength of the

X-rays, d is the distance between two lattice planes, 6 is the angle between the incoming

X-rays and the reflecting lattice plane, and n is the integer called order of the reflection.

B

x/2 = cfsine

Fig. 2.3 Two X-ray beams are reflected from adjacent lattice planes A and B. d is the perpendicular
distance between pairs of adjacent planes and 8 is the angle of incidence.

If one measures the angles 29, under which constructively interfering X-rays leave the crystal,

the Bragg relation gives the corresponding lattice spacings. The XRDpattern of a powdered

sample is measured with a stationary X-ray source (usually Cu Koc) and a movable detector,

which scans the intensity of the diffracted radiation as a function of the angle 29 between the

incoming and diffracted beams.

In catalyst characterization, diffraction patterns are mainly used to identify the

crystallographic phases that are present in the catalyst.8 The X-ray diffraction pattern is a

typical fingerprint, which enables the determination of sample purity and degree of

crystallinity of a zeolite. The latter is only possible by comparison with an internal standard

material. The estimation of particle size is also possible. The crystal size is related to the line

width by the Scherrer formula:
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Kl
<L>=

ßcos3

where <L> is a measure of the dimension of the particle in the direction perpendicular to the

reflecting plane and ß is the peak width (K is a constant, often taken as 1).

This technique gives information on particles that are sufficiently large, but not on particles

that are either too small or amorphous. Hence, one should take into consideration that other

phases than the ones detected by XRDmight be present as well.

2.6 Al K edge X-ray absorption spectroscopy (XAS)

If the electron of an occupied level is excited to a virtual (unoccupied) bound state by

absorption of a photon, an absorption spectrum is obtained. For transitions involving core

states, we obtain an X-ray absorption spectrum. The degree of absorption is a function of the

energy of the photons. As the energy of the photons that hit a sample is increased, a gradual

decrease of the absorption is observed, due to the decrease of the ionization cross-section of

atoms with energy. However, when the X-rays have enough energy to excite and eject an

electron from his core orbit, a sharp increase in absorption is observed. This discontinuity in

the absorption profile is called absorption edge. A further increase in the energy causes a

similar decrease in absorption until another absorption edge is reached. If the excitation

energy corresponds to the energy necessary to eject an electron belonging to an s core level,

the absorption increase is called K-edge.

XAS is an element-specific technique that provides detailed information about the local

structure of the element under investigation. Specifically, Al K edge XANES (X-ray

Absorption Near Edge Structure) spectroscopy allows the quantitative determination of

aluminum coordinations by recognition of specific features in the near edge spectra.9

Characteristic features for different aluminum coordinations have been assessed by using

reference compounds.9 Corundum was taken as a reference for an octahedral coordination,

whereas NaY zeolite was used as a reference for a tetrahedral coordination. Al K edge spectra

of both corundum and zeolite NaY are shown in Fig. 2.4. Table 2.1 summarizes the criteria to

distinguish tetrahedral and octahedral coordinations in Al K edge XANES.
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1560 1570 1580

Energy (eV)

1590

Fig. 2.4 Al K edge spectra of (a) zeolite NaY (tetrahedral coordination); (b) corundum (octahedral
coordination).9

Table 2.1 Criteria to distinguish coordinations in Al K edge spectra
y

Coordination Reference

compound
Ed£;e position

(eV)

Whiteline intensity Split
whiteline

Tetrahedral

Octahedral

Zeolite NaY

Corundum

1566

1568

low

high

Yes

No

From the Al K edge XANESspectra it was possible to assess the relative amounts of the

different aluminum coordinations in zeolites and related silico-aluminate materials. For the

determination of the percentage of octahedral aluminum in the sample, a subtraction of the

spectrum with the reference for the tetrahedral coordination was made.9 The difference

spectrum shows the features typical of an octahedral coordination, as shown in ref9. Assuming

the integral of the original spectrum equal to 100, the integration of the difference spectrum

provides the percentage of octahedral aluminum present in the sample.

In this study we followed the changes in the aluminum coordination of silico-aluminate

systems as a function of temperature. For this purpose, an in-situ low energy X-ray absorption

fine structure set-up (ILEXAFS) was used.10 The cell consists of a small sphere with two

openings sealed with thin X-ray transparent beryllium windows. The exit window is

integrated with the fluorescence detector, a continuously flushed gas proportional counter
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(GPC). For higher temperature treatments, the windows were omitted and the GPCwas used

with its own protective window. Samples were pressed into self-supporting pellets and

positioned on the sample holder. The intensity of the incoming photon beam (I0) was

measured by the total electron yield signal of a fine copper or gold mesh. X-ray energy was

equilibrated using an aluminum foil, and the energy at the first maximum of the first

derivative was set to 1560 eV. The measurements were performed at the Synchrotron

Radiation Source (SRS) in Daresbury (UK).

2.7 FTIR spectroscopy

The term "infrared" covers the range of the electromagnetic spectrum between 0.78 and 1000

um. In infrared spectroscopy, wavelength is usually measured in "wavenumbers", which have

the units cm"1 (wavenumber = 1/wavelength in centimeters). The infrared region is divided

into three sections; near, mid, and far infrared (see below). The most useful IR region for

zeolite characterization lies between 4000 - 500 cm"1.

Region Wavelength range (urn) Wavenumber range (cm"1)

Near 0.78-2.5 12800-4000

Middle 2.5-50 4000 - 200

Far 50-1000 200 - 10

IR spectroscopy is the measurement of the wavelength and intensity of the absorption of mid-

infrared radiation by a sample. Mid-infrared radiation (2.5 - 50 urn, 4000 - 200 cm"1) is

energetic enough to excite molecular vibrations. For a molecule to absorb IR, the vibrations or

rotations within a molecule must cause a net change in the dipole moment of the molecule.

The alternating electrical field of the radiation interacts with fluctuations in the dipole

moment of the molecule. If the frequency of the radiation matches the vibrational frequency

of the molecule then radiation will be absorbed, causing a change in the amplitude of the

molecular vibration. The absorption corresponds to the transition between two vibrational

energy levels and gives rise to the observed IR spectrum. The following formula

approximates the characteristic stretching frequency (in cm"1) of two atoms of masses mi and

m2, linked by a bond with a force constant k:

1
v =

27171 {»
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where u = mim2/(mi+m2) (termed the 'reduced mass'), and c is the velocity of light. The

greater the masses of attached atoms, the lower the IR frequency at which the bond will

absorb.

A Fourier Transform Infrared (FTIR) Spectrometer uses the technique of Michelson

interferometry. The purpose of an interferometer is similar to that of a filter or

monochromator, i.e., to isolate a specific portion of the electromagnetic spectrum. Unlike

prism or grating monochromators, interferometers are not dispersive instruments, but use

interference to selectively transmit a certain wavelength. Fig. 2.5 shows the working principle

of a Michelson interferometer. A beam of radiation from the source is focused on a beam

splitter constructed such that half the beam is reflected to a fixed mirror. The other half of the

beam is transmitted to a moving mirror. Each component reflected by the two mirrors returns

to the beam splitter. The moving mirror affects the relative path length of the two beams, thus

introducing a phase difference. The amplitudes of the waves are combined to form an

interferogram, and the resulting encoded beam passes on to the sample compartment and is

detected by either a photon or thermal detector. By translating the moving mirror, the spectral

range is covered by the range of path difference reached. The detector signal results in an

interferogram. A computer program is used to obtain the spectrum by carrying out an inverse

Fourier transformation.

it ii

<: :>

moving

mirror

*
an

fixed

mirror

light
source

Fig. 2.5 Schematic representation of a Michelson interferometer.

The most commontechnique of IR spectroscopy is transmission IR spectroscopy. In this case

the sample consists typically of 10 mg of sample, pressed into self-supporting pellets of a few

tenths of a millimeter thickness. Transmission IR can be applied if the bulk of the catalyst
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absorbs weakly. Another condition is that the support particles must be smaller than the

wavelength of the IR radiation, otherwise scattering losses become important.

In the study of zeolites, IR spectroscopy gives information about the nature of surface

hydroxyl groups, like Bransted acid sites and silanols. Fig. 2.6 shows a typical FTIR spectrum

of a dehydrated zeolite in the spectral region of the stretching OHvibrations. In Table 2.2

position and assignment of the different bands are listed. Two main types of OHgroups are

present in the protonic form of zeolites: silanols SiOH and bridging hydroxyl groups

Si(OH)Al. Silanols are mainly found at external surfaces, where they saturate silicon dangling

bonds associated with framework truncations. Nevertheless, silanols also occur at internal

lattice defects, arising mainly from partial dealumination. In this case a local cluster of

silanols is formed, called "silanol nest". Isolated silanols on external surfaces are

characterized by a sharp IR absorption band in the 3750-3745 cm"1 range. When silanols

occur at internal sites, weak electrostatic perturbations cause a downward shift (and

broadening) of the IR stretching band, which then appears at 3720-3700 cm"1. Stronger,

hydrogen-bonded interactions (e.g. in hydroxyl nests) result in a very broad absorption band

in the 3650-3200 cm"1 range.11 In zeolite beta this large absorption band was assigned to

bridged hydroxyl groups which are perturbed by hydrogen bond interactions with the zeolite

framework.12 Bridging hydroxyl groups, which are the active sites in catalysis, are found in

two different wavenumber ranges: 3650-3600 and 3580-3530 cm"1. The high frequency range

corresponds to OH groups vibrating in large cavities, formed by pores larger than

eight-membered rings, whereas in smaller voids the low-frequency range is observed. This is

typical for faujasite-type of zeolites (FAU), which shows OHbands around 3650 and 3550

cm"1, the actual frequency depending on the Si/Al ratio.13 After thermal dehydration, or

steaming, a new contribution usually appears in the range 3680-3660 cm"1. On the basis of !H

MASNMRstudies, this band was assigned to AlOH groups of extraframework aluminum

species.14 A band at 3782 cm"1 can also be present in the IR spectrum of dealuminated

zeolites, called VHF (Very High Frequency). This band was observed for dealuminated

HZSM5and calcined zeolite beta.15'16 It was also observed in spectra of mordenite.17 This

feature has been assigned to various aluminum-containing species, such as terminal AlOH

groups bound to a single aluminum in the form of AlOOH16 or to AlOH moieties of transient

species leaving the framework associated to the octahedral27AI NMRresonance.18

In this work, FTIR spectra were recorded using a Mattson Galaxy 6020 spectrometer

equipped with a MCTdetector. 256 scans were recorded with a resolution of 4 cm"1.
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Fig. 2.6 Typical FTIR spectrum of a dehydrated zeolite in the region of the OHstretching vibrations.

Table 2.2 IR stretching frequencies of the possible hydroxyl groups on a zeolite surface.

Vqh (cm" ) Hydroxyl group

3790-3780 Unperturbed Al-OH

3750-3745 External Si-OH

3660-3670 Perturbed Al-OH

3650-3530 Bridging Si(OH)Al

3600-3300 H-bonded silanols or perturbed Si(OH)Al groups
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Chapter 3

Introduction to solid-state Nuclear Magnetic

Resonance (NMR)

3.1 Introduction

3.1.1 Brief description of the NMRexperiment

Many nuclei possess a quantized property called nuclear spin, which is caused by the spinning

of the nucleus and can be adequately described only by quantum mechanics. Nuclei with even

mass number and even charge (e.g. 12C, 160) have zero spin and are therefore of no use for

NMRspectroscopy. In NMR, unpaired nuclear spins are of importance. In the deuterium atom

(2H) with one unpaired proton and one unpaired neutron the total nuclear spin is 1. The

angular momentum of a spinning nucleus is a function of its spin quantum number I which

can be either integer or half integer. Placing such a nucleus in a strong magnetic field causes a

split of the spin energy levels (Zeeman interaction). Transitions are only possible between

adjacent energy levels with the adsorption or emission of a photon in the radiofrequency (rf)

range. Each nucleus in a different structural environment in a solid may experience slightly

different magnetic fields because it is shielded by the surrounding electrons and consequently

absorb photons of slightly different frequency. Since the absolute NMRfrequencies are

difficult to measure with sufficient accuracy, the resonance frequencies are normally reported

as chemical shifts (5) relative to an external reference compound. In the simplest form, an

NMRexperiment consists of three parts, the preparation of the nuclear spin system by

placing it in a external magnetic field, its perturbation by applying a pulse of radiation, and

the detection of phenomena accompanying its return to the initial state when the perturbation

is removed.

Preparation. When the nucleus is placed in an external magnetic field B0, its magnetic

moment precesses about the magnetic field direction in a similar manner as a gyroscope

precesses about the orientation of a gravitational field. In the NMRexperiment we are dealing

with many spins simultaneously and the observed response is an average of the behavior of
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the individual spins. The frequency of the precession is called the Larmor frequency and is

characteristic of a particular nucleus. The magnetic moment of all the nuclei in a particular

sample can be visualized as a vector precessing on the surface of a cone about the z-axis,

yielding a net magnetization Mparallel to the B0 direction. In a frame that rotates about the z-

axis at the Larmor frequency (so called rotating frame), the spin system appears to be

stationary (see § 3.2.4 and Fig. 3.2). When thermal equilibrium is attained between the

nuclear spin moments and their surrounding lattice, an equilibrium magnetization is obtained,

which is, however, only a small fraction of the maximum value possible if complete

alignment of the nuclear moments with B0 was achieved.

Perturbation. The sample is irradiated with a pulse of plane-polarized rf radiation at the

Larmor frequency. Plane-polarized electromagnetic radiation can be described as electric and

magnetic field components oscillating in fixed planes perpendicular to each other and to the

direction of the radiation. The nuclear spin packets which are already in thermal equilibrium

with the static external magnetic field interact with the magnetic field component of the

radiation, causing the equilibrium magnetization to tilt with respect to the applied magnetic

field. In the simplest experiment the tilt angle is 90°. Such a pulse is described as Till pulse.

Detection. When the rf field is turned off at the end of the simple one-pulse experiment, the

spin system déphasés in the x-y plane with a characteristic relaxation time T2, and returns to

thermal equilibrium along the z-axis with a characteristic relaxation time Ti. The transverse

magnetization after the pulse induces a voltage in the coil, which is recorded as a function of

time and is called a Free Induction Decay (FID), containing frequency information. The

Fourier Transformation (FT) of the FID gives a plot of amplitude versus frequency.

3.1.2 Nuclei suitable for NMRspectroscopy

To produce a NMRsignal a nucleus must possess a nuclear spin. Another property of

importance for the feasibility of a NMRexperiment is the natural abundance of a NMR-active

isotope. If this is too small, it can be possible to acquire a NMRspectrum only if the sample

has artificially been isotopically enriched, as it is normally done for 15N, 13C, and 170 NMR.

Table 3.1 shows the properties of the NMRsensitive isotopes relevant for zeolite chemistry.
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Table 3.1 NMRproperties of spin nuclei relevant for zeolite chemistry.

Nucleus Spin Natural abundance v0 at 9.4 T Relative

(%)
(MHz)

sensitivity

!H 1/2 99.98 400.13 2.71 103

27A1 5/2 100 104.287 5.61 102

29Si 1/2 4.70 79.460 1

170 5/2 0.037 54.227 2.93 10"2

3.2 Fundamental interactions with external magnetic fields

3.2.1 The Zeeman interaction

The nuclei of interest to the NMRexperiment possess a nuclear magnetic moment p, which

results from a nuclear spin angular momentum p . p and p correlate as follows:

n

where gN is the g-factor, p.N is the nuclear magneton, and y is the nuclear gyromagnetic ratio.

gN and y are constants which are different for each isotope.

In NMRspectroscopy the quantization of the eigenstates along the direction of the external

magnetic field B0 is of interest. The usual convention is to let the direction of the externally

applied magnetic field B0 define the z-direction in the laboratory frame. The eigenvalues are

labeled with m, or the observable states of the Iz component, can have the discrete values

ranging from 1,1-1,1-2,..., -I, I being the spin quantum number (0, 1/2, 1, 3/2...). In absence of

an external magnetic field all 21+1 spin states possess the same energy (the energy is

independent from the orientation of the magnetic moment). Whenthe nucleus is placed in an

external magnetic field, the energy of interaction between the magnetic moment and the

external magnetic field is given by:

Hz=-pzB0

p.z is expressed by Iz (pz = yhlz), so that:

Hz=-yMzB0
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This is called the Zeeman Hamiltonian and can be used to calculate the energy difference

between the nuclear spin states. The energy difference between two adjacent levels m and

m+1 is

AE = Em+1-Em=|-y£B0|

y|B0| = co0 is known as the Larmor frequency, the frequency of rotation of the magnetic

moment about the z-axis. Strictly, the Larmor frequency is an angular resonance frequency,

but the literature uses this term interchangeably with the frequency Vo, which is of more

immediate experimental relevance:

v0=(d0/2ti = -^|B0|
1%

Fig. 3.1 shows the energy level diagram of a spin 1/2. For I = 1/2, mcan be ±1/2, which gives

the eigenvalues:

E1/2 - -l/2Äco0 (m = 1/2) and E_1/2 - l/2Äco0 (m = -1/2)

The separation of m= ±1/2 levels is AE = E_1/2 -E1/2 = h<x>0, which is the energy of the +1/2

to -1/2 transition.

Zero field Bc *0

B0=0

^-1/2 =

Y^B0
2

y

^1/2 =

Y^B0
2

y AE

Fig. 3.1 Energy level diagram of a spin 1/2 showing the Zeeman interaction.
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3.2.2 Bulk magnetization

NMRexperiments are carried out on samples, which usually contain a large number of nuclei.

A spin packet is a group of spins experiencing the same magnetic field. The vector sum of the

magnetization vectors from all of the spin packets is the "net magnetization". The nuclei with

I = 1/2 have two states and two corresponding energy levels. The nuclear spins will be then

distributed between these two states with a probability of occupation described by the

Boltzmann distribution:

N
—

1Nl/2 kT

where Ni/2 and N.1/2 represent the population of the states m= 1/2 and m= -1/2, respectively.

Since AE/kT « 1, the difference in population will be:

AE
N1/2-N_1/2=n = N-

2kT

The population difference, which is the source of the magnetization, depends on N, the total

number of spins (N = N1/2 + N.1/2). The net magnetization vector at equilibrium (M0) lies

along the direction of the applied magnetic field B0

ü =Ny2B0ft2I(I+l)
0

3kT

It can be immediately seen from the above equation that the strongest NMRsignal will be

obtained from samples with many spins (large N), at high magnetic field and at low

temperatures. The population difference depends also on the energy separation AE compared

to the thermal energy (kT). Hence the NMRsignal is produced by a very small fraction of the

total number of nuclei in the sample, so that NMRis unfortunately a relatively insensitive

technique, especially for "low-y" nuclei with small magnetic moments.
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3.2.3 Relaxation processes

The magnetization vector does not precess forever around the magnetic field. In reality, there

are dampening mechanisms (called relaxation) that return the magnetization vector to its

energetically most favorable orientation, which is parallel to B0, and to its equilibrium length.

Relaxation is a dynamic process that determines how rapidly the thermodynamic equilibrium

is achieved between the spin states.

Longitudinal (spin-lattice) relaxation. A change in the longitudinal component Mz involves a

loss of excitation energy through the interaction with the environment. This process causes Mz

to return to the equilibrium value M0 according to:

dMz 1
,A/r A/r

.

—
=̂

--(Mz-M0)
dt Tj

where Ti is the longitudinal relaxation time.

Transverse (spin-spin) relaxation. The equilibrium magnetization has no transverse

components, therefore Mx and My must decay to zero. Both transverse components decay to

zero with the same rate constant 1/T2 according to:

4-Mx (t) = -—Mx and -^My (t) = -—My
dt T2 dt

y

T2
y

where T2 is the transverse spin-spin relaxation time. T2 is always less than or equal to Tx. A

decay of the magnetization in the x-y plane involves loss of excitation energy trough the spin-

spin interactions.

3.2.4 Generating a non-equilibrium magnetization

According to the above equations, the initial magnetization will be aligned to the field vector

B0 in a time of the order of T2 and will reach its equilibrium magnitude after a time in the

order of Ti. To observe a precession, we first have to prepare a state with the magnetization

vector tilted from the z-direction. For this purpose, we have to apply a time-dependent

magnetic field Bi(t) in the xy plane.

The solution of the equation of the motion of the magnetization vector in the presence of a

(time-dependent) rf-field is not straightforward. Therefore, the problem is described in a
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coordinate system that rotates around the z-axis in the laboratory frame at a frequency ©if

(rotating frame) (Fig. 3.2).

Laboratory frame

y

Bi V

z

Bn

y

Rotating frame

z = z

A

Bn

Bi

Fig. 3.2 Representation of magnetic fields in the laboratory and rotating frames.

The magnetic field Bi in the rotating frame becomes time-independent. In the rotating frame

the effective field is:

Beff -Bo+^^ + Bl

00
where the field AB = B0 +—^ takes the role of the applied field B0 in the laboratory frame.

Y

The equilibrium magnetization is not influenced by the rotating frame transformation because

it is parallel to the rotation axis and will precess around the x' axis with a frequency

cûj = -yBj. When the alternating current through the coil is turned on and off, it creates a

pulsed Bj magnetic field along the x' axis. If the pulse is applied "on resonance" the

magnetization is flipped towards the axis -y' with an angle (termed flip angle) 9 = -yBrtp,

where tp is the pulse length. The pulse is turned off and then the transverse magnetization

precesses about B0 at a constant frequency. The precessing magnetic moment produces a

magnetic field, which induces a current in the coil. The signal produced is the FID signal.

Typically induced voltages are in the order of uV. A 90° pulse (9 = 90°) flips the

magnetization along the -y axis and generates the largest FID. A 180° pulse inverts the

magnetization vector.
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3.3The dipolar interaction

3.3.1 Principle

The nucleus does not only experience the external magnetic fields applied by the

instrumentalist, but also the magnetic moments of the surrounding nuclei (internal

interactions). These can be considered as small magnetic fields that disturb the simple

splitting of the energy levels.

The magnetic dipolar interaction arises from the interaction through space with nearby

nuclear magnetic moments. This interaction is described by the Hamiltonian HDthat shifts the

Zeeman energy levels slightly. The dipolar interaction between homonuclear spins Ik and Ii is

given by:

TT
11 1

2j.2\^ (1_3cos ôkl) --

4 Tf rkl

The heteronuclear dipolar Hamiltonian for spin I and S is given by:

H^^2IzSz(3cos2SIS-l)
871 rIS

Both heteronuclear and homonuclear dipolar coupling depend on y as well as on the

orientation of the internuclear vector and the inverse cube of distance. For instance, two

homonuclear I = 1/2 spins, oriented with an angle 9 between the z-axis and the vector

connecting the two dipoles, generate two resonance lines, shifted from the center of gravity of

the Zeeman frequency. In a solid sample, the random orientation of dipoles with respect to the

external magnetic field generates a superimposition of doublets forming a typical powder

spectrum (Pake).

3.3.2 Magic angle spinning (MAS)

In liquid samples the averaging motion eliminates the dipolar interaction since the angular

dependency of the dipolar interaction vanishes when it is averaged over a sphere. Therefore

narrow resolved spectral lines are obtained. No splitting of resonance lines due to dipolar

coupling is observed. For solids it is often necessary to improve the resolution by averaging

the anisotropic part of the interaction. Magic Angle Spinning is a widely used technique to
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enhance the spectral resolution in solid-state NMRspectroscopy. The solid sample, usually a

powder, is loaded into a rotor, which is inclined at a fixed angle to the magnetic field and

rapidly spun about its symmetry axis (Fig. 3.3). The idea of the motional averaging of the

dipolar interaction in solids was suggested by Andrew et al.2 and Lowe.3 In the dipolar

Hamiltonian, the orientation of the fixed internuclear vector determines the magnitude of this

interaction. If the sample is rotated rapidly around an axis, for any given internuclear vector,

its average orientation will become the rotation axis, which can be set such

as(3cos2 i9-l) = 0. If 9 is set to 54°44'8", the angular dependence becomes zero and the

anisotropic part will disappear leaving only the isotropic part, as it would appear in solution.

The angle 54°44'8" is called the "magic angle".

B
o ßM=54°44'

Fig. 3.3 Magic Angle Spinning.

3.4 The quadrupolar interaction

3.4.1 Principle

For nuclei with I > 1/2 the electrical charge distribution is non-spherical. This generates an

electrical quadrupolar moment eQ. As a result, the nucleus interacts with the electrical field

gradient due to the surrounding charge distribution. This interaction is called the quadrupolar

interaction and is described by the quadrupolar coupling constant Cqcc:

C
e2qQ

QCC

where eQ is the nuclear quadrupole moment and eq
= Vzz the main principal value of the

electric field gradient tensor V.
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The asymmetry parameter

V -V
xx w

n = ii-

v„

describes the asymmetry of the electric field gradient (i.e. for a cylindrical symmetry r)
= 0).

In the case of a perfect cubic symmetry the quadrupolar interaction vanishes (Vxx = Vyy =

Vzz). In the cases considered in this thesis the quadrupolar interaction acts as a perturbation of

the Zeeman states. A schematic picture for a spin I = 5/2 is illustrated in Fig. 3.4. Placing the

nucleus in an external magnetic field leads to an equal splitting of the energy levels due to the

Zeeman interaction. The first-order quadrupolar interaction (Hq) perturbs all energy levels.

Every level ±m is, however, shifted by the same amount. As a result, the central transition

(1/2 <-> -1/2) is not perturbed in first order, while the other transitions are affected. In this case

the spectrum will consist of a line at the Zeeman frequency (the isotropic chemical shift) of

the central transition, accompanied by a set of lines due to satellite transitions which are

asymmetrically displaced away from the central transition by n times (n ± 1 for the 3/2 <-> 1/2

and -1/2 <-> -3/2 transitions) the quadrupole frequency Qq:

where:

Q =-^(3cos2ß-l + r|sin2ßcos2a)
2

coQ =

3e2qQ

21(21 -\)h

and a and ß are the angles that define the relative orientation of the external magnetic field B0

in the principal axis system of the electric field gradient tensor.4 A powder sample will

provide a sharp central transition unaffected by the anisotropic quadrupolar interaction,

whereas the satellite transitions give broad powder patterns. The spectra due to large

quadrupole interactions cannot be accurately described by the first-order approximation of the

energy levels. The second-order perturbation {Hq) influences all transitions. The central

transition is also affected, giving rise to a shift of the central resonance. In practice only a

broad powder pattern is observed for the central transition. For samples containing several
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distinct sites their powder patterns often overlap rendering the resulting spectra difficult to

interpret. For the central transition of non-integer quadrupolar nuclei the dominant

perturbation is second-order.

-5/2

„

-3/2

-1/2
'

hv

1

i

1

hv

1/2
'

3/2

H

5/2

Hz 1 UI 2
Q nQ

Fig. 3.4 Energy level diagram for a spin 5/2 showing the Zeeman interaction (Hz) and the fist- (Hq1)
and the second-order (HQ2) quadrupole perturbation of the energy levels.4

3.4.2 MASof second-order quadrupolar effects

The resonance frequency of the m<-> -m transition of a spinning quadrupolar nucleus is

given by:

v = 2mvIS0 +C0(I,m)vQIS +C2(I,m)P2(cos£)v2(a,ß) + C4(I,m)P4(cos$)v4(a,ß)

where v1S0 represents the isotropic chemical shift and vqis the quadrupolar induced chemical

shift. V2(oc,ß) and V4(oc,ß) are the second and fourth-order angular dependencies responsible

for the line broadening, which are both related to Cqcc- P2(cos9) and P4(cos9) are the second

and fourth-order Legendre polynomials. The variation of these two functions with 9 angle is

shown in Fig. 3.5.
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Fig. 3.5 The second and fourth Legendre polynomials of cos(6).

It is clear that there is not a single angle which can satisfy simultaneously P2(cos9) = 0 and

P4(cos9) = 0. The first order quadrupolar interaction has a second-rank spatial tensor and is

averaged by spinning at the magic angle. However, spinning around the magic angle cannot

eliminate the second-order interaction which is given by the P4(cos9) term. MASremains still

useful because it averages the chemical shift anisotropy and the dipolar interactions and

reduces the line width due to quadrupolar effects by a factor 2.57. Fig. 3.6 shows the

characteristic MASlineshapes of the central (1/2 <-> -1/2) transition.

•
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Fig. 3.6 Theoretical MASlineshape for the central (1/2 <^> -1/2) transition. The lineshape depends on

the asymmetry parameter r|. The center of gravity is shifted with respect to the true isotropic chemical

shift (quadrupolar-induced shift (QIS)). The line width is of the order of the anisotropy parameter A.

Both QIS and A are inversely proportional to the external magnetic field.
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The width of the line is a function of Cqcc and the external field, whereas the lineshape

depends on the asymmetry parameter r). The linewidth:

C2

with Ci = 9/800 for I = 5/2.4

The centre of gravity of the lines is shifted away from the true isotropic chemical shift. This is

called the quadrupole-induced shift (QIS):

QlS(ppm) = 5CG - ÔIS0 = -D, (%^)(1 + i)
vz 3

where Di = 6000 for I = 5/2. It should be noted that both QIS and line width are inversely

proportional to the Zeeman frequency vz
= yB0/2^. This means that the resolution of spectra

of half-integer nuclei increases with increasing the strength of the external magnetic field.

3.4.3 Double angle spinning: DORand DAS

Spinning about a single axis cannot remove the P2(cos9) and P4(cos9) effects simultaneously.

Double rotation is the most direct theoretical solution to average the second-order quadrupolar

interaction, but also the most difficult to realize.5'6 The idea is that an inner rotor, containing

the sample, rotates within a spinning outer rotor (Fig. 3.7). The outer rotor is spun at the

magic angle (so that P2(cos9i) = 0) and the inner rotor is spun at 92 = 30.56° with respect to

the rotation axis of the outer rotor (so that P4(cos92) = 0). This is called DOuble angle

Rotation (DOR) and leads to a complete averaging of the second-order quadrupolar

interaction. However, the operation of simultaneous rotation is experimentally difficult.

Moreover, no direct measurement of the spinning speed of the inner rotor is available yet. An

alternative approach is represented by "Dynamic Angle Spinning" (DAS).7 The sample is first

spun at the angle 9i and then at the angle 92 in a two-dimensional experiment (Fig. 3.7). The

angles are chosen in such a way that the resonance frequencies due to the second-order

quadrupolar broadening are proportional to each other. In the time domain this means that an

echo will occur at t2=kti. The spinning angle combination that fulfills the necessary

conditions:

P2(cos9i)ti+P2(cos92) t2 = 0

P4(cos9i)ti+P4(cos92) t2 = 0
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are so-called DAS complementary angles A classical set of angles is 9i = 37 38° and 92 =

79 19° for which k = 1 and the isotropic echo occurs at t2 = ti The difficulty of this technique

is switching the angle of a fast spinning sample

57.74°

-+ flip I+-
k-u1

-> acquisition

B04 37.38°

79.19°

Fig. 3.7 (a) DORand (b) DAS

3.4.4 Multiple quantum magic angle spinning (MQMAS)

In 1995 Frydman and Harwood developed a new experiment that had an enormous impact on

solid-state NMRof non-integer quadrupolar nuclei8'9 The concept of the experiment is

similar to that of the DASexperiment The Hamiltonian is manipulated in such a way that the

system is prepared in a particular state This state is then allowed to evolve for a time (ti) and

then a pulse is applied that creates an observable magnetization A whole series of FIDs is

accumulated in which the time ti is varied Fourier transforming this set of FID will produce

spectra which are modulated by the evolution of the system during the ti period, and a second

FT will produce a second frequency dimension containing information about this modulation,

hence about the interaction causing it The experiment correlates the multiple quantum (m,
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-m) transition to the central (1/2, -1/2) transition The resolution enhancement comes from the

fact that the quadrupolar frequencies for both transitions are correlated The experiment

together with the coherence level diagram is shown schematically in Fig 3 8

H »^
3Q coherence

! '

Longitudinal Observable

magnetization magnetization

Fig. 3.8 Pulse scheme and coherence level diagram for a 3Q experiment with z-filter pulse

The first pulse excites many transitions, and therefore its phase is cycled in such a way to

select the desired multiple quantum coherence The 3Q experiment has been the most used

because the 3Q coherence transition (3/2, -3/2) is easier to generate (the sensitivity of the

experiment is governed by the excitation efficiency) The Hamiltonian evolves for a period ti

The second pulse converts the 3Q coherence to an observable (-1) single quantum coherence

so that at t2 = kti the anisotropic term is refocused when

k_C4 (1,3/2)

C4(I,l/2)

At this point an echo forms For spins I = 5/2 nuclei, like aluminum, echoes are obtained at t2

= 19/12 ti A double FT will contain both isotropic and anisotropic information Fig 3 9

shows an example of a 2D 3Q MASNMRspectrum In the absence of a quadrupolar

interaction resonances are lying on the diagonal of the spectrum, representing vi
= 3v2 When

a quadrupolar interaction is present, the center of gravity of the resonance will be shifted from

the diagonal by the quadrupolar-induced shift Vqis in both Fl and F2 dimensions The
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direction of Vqb is 3A for the triple-quantum spectrum in the case of I = 5/2 nuclei. The entity

of displacement is determined by the quadrupolar coupling constant. A broadening of the line

due to the second-order quadrupolar interaction is seen along the anisotropy axis in the

direction 19/12.

0

40

80

80 40 0

F2(ppm)

Fig. 3.9 Example of a 27A1 3Q MASNMRspectrum. The resonance at 61 ppm (Al(IV)a) corresponds
to an aluminum species with a small quadrupolar interaction and resonates on the line F] = 3F2. The

tetrahedral resonance Al(IV)b at 60 ppm is displaced from the diagonal due to the quadrupolar induced

shift.10

The analysis of the MQMAS spectra is facilitated when a mathematical transformation,

called "shearing", is applied. This transformation places the anisotropy axis parallel to the F2

axis. The frequencies in the Fl dimension become a linear combination of the Vi and V2

frequencies (v1S0 =

vi + Rv2). The advantage of the shearing transformation is that the

projection of the 2D spectrum along the Fl axis gives the high-resolution ID spectrum similar

to that obtained in DORexperiments.

The main drawback of the MQMAS experiment is the rather inefficient excitation and

conversion of the multiple quantum transition. Much work has been done to improve the

efficiency of this experiment. To decrease dispersion signals the z-filtering sequence can be
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applied.11 Using this sequence both symmetrical coherences (±pQ) are simultaneously

selected and transferred towards the observable signal (-1Q) with the same efficiency (see

Fig. 3.8). The group of Kentgens introduced the so-called double frequency sweep (DFS) to

get a more efficient conversion of multiple to single-quantum coherence.12 This is realized by

a time-dependent amplitude modulation of the rf field, which causes an adiabatic transfer

between the coherences. However, this approach requires high field strengths to maintain

adiabaticity. An alternative to improve the sensitivity of the triple quantum preparation and

mixing is represented by FASTERMQMAS, which uses rotary resonances between rf field

strength, ecu, and magic-angle spinning frequency, our.13 In this sequence the rf amplitude of

the preparation pulse is optimized by adjusting its amplitude to find the global maximum

between the rotary resonance minima at 2coi = nooR. The mixing pulse amplitude is adjusted to

the rotary resonance condition ©i = nooR. This approach increases the sensitivity at low field

strengths.
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Chapter 4

Solid-state NMRcharacterization of zeolites

Abstract

Multinuclear NMRspectroscopy represents an important characterization tool to determine

number and nature of active sites in zeolites. The nuclei present in zeolites possess at least one

NMR-active isotope, some of them showing a high relative abundance. This chapter

introduces the interpretation of 27A1, !H, and 29Si NMRspectra of zeolites according to

literature reports. Particular attention is given to the issue concerning the flexibility of the

aluminum coordination. In addition, some results concerning the characterization of Bronsted

acid sites in zeolites by NMRspectroscopy are presented.
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4.1 27A1 NMR: aluminum coordination

4.1.1 General considerations

27Al has a nuclear spin I = 5/2, hence possesses a nuclear quadrupolar moment. As a result,

the nucleus can interact with the surrounding electric field gradient (quadrupolar interaction).

Since the quadrupolar interaction decreases with the square of the magnetic field strength, it is

advisable to acquire 27A1 spectra at the highest possible field. Magic angle spinning can also

narrow the 27A1 resonances by a factor of four. However, the second-order quadrupolar

broadening is not completely removed. Therefore, other methods such as double rotation

(DOR), dynamic angle spinning (DAS), and multiple quantum (MQ) experiments are applied

for this purpose (see Chapter 3). Despite these limitations, 27A1 is a very favorable nucleus for

NMRspectroscopy since it has both a natural abundance of 100% and fast relaxation times,

therefore allowing short measuring times.

4.1.2 Relationship between 2?A1 chemical shift and aluminum

environment

As in the case of all quadrupolar nuclei where strong quadrupolar interactions exist, the

position of the central transition resonance is shifted away from the position of the isotropic

chemical shift ô1S0 (the true position if unperturbed). Thus, the reported peak positions may

not necessarily coincide with the isotropic shifts which are typically displaced to less shielded

(more positive) values with respect to the observed peak maxima. Determining 51S0 requires

knowledge of the quadrupolar coupling constant Cqcc and the asymmetry parameter r) (see

Chapter 3). Notwithstanding the complications associated with quadrupolar nuclei, the

observed 27A1 shifts provide useful information since they strongly depend on the

coordination number. In Al-0 environments, the 27A1 chemical shift for four-coordinated and

six-coordinated aluminum are well separated. In alumino-silicates the NMRpeak of

four-coordinated aluminum occurs at about 50-70 ppm and that of six-coordinated aluminum

at about 20 to -20 ppm. Aluminum atoms in the zeolite lattice are four-coordinated species. In

crystalline, as-synthesized zeolites, a single peak in the range 50-60 ppm is seen in the 27A1

MASNMRspectrum, corresponding to aluminum atoms incorporated into the framework.

As pointed out in Chapter 1, both catalytic activity and stability of zeolites are strongly

influenced by removal of aluminum from the framework sites into extraframework positions.

Whenzeolites are dealuminated, 27A1 NMRspectroscopy detects signals at ca. 0 and 30 ppm.

The nature of the corresponding aluminum species depends on the method of dealumination.
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Samoson et al. were the first to show evidence that the signal at ca. 30 ppm is due to a

tetrahedral aluminum species experiencing a strong quadrupolar interaction.1 The

combination of a high magnetic field and the use of a two-dimensional NMRtechnique

allowed the detection of a second distorted tetrahedral signal. Later work by Ray and

Samoson using double rotation 27A1 NMRat 11.7 T showed that, when zeolite Y is mildly

dealuminated, the peak at ca. 30 ppm results from distorted tetrahedral aluminum sites

affected by a large quadrupolar interaction.2 The double rotation spectrum averages the

anisotropy of the second-order quadrupolar interaction, thus revealing the presence of a

second tetrahedral signal at 48 ppm, corresponding to a Cqcc of 6.2 MHz. A MQMASNMR

study of the coordination state of the aluminum species in thermally activated mordenite

showed that in samples calcined up to 600°C the main contribution to the 30 ppm peak arises

from distorted 4-coordinated aluminum sites with Cqcc of about 5.8 MHz(peak C, Fig. 4.1).3

This assignment was made based on the position of the signal in the isotropic dimension of

the triple quantum spectrum. Increasing the calcination temperature significantly increases the

contribution of pentacoordinated aluminum to the 30 ppm resonance (peak D, Fig. 4.1). A

recent MQMASstudy of ultrastable faujasite USY at a very high magnetic field (18.8 T)

enabled the unambiguous resolution of four separate aluminum environments in this material,

assigned to tetrahedral, five-coordinated, and octahedral aluminum species, respectively (Fig.

4.2).4'5 Fig. 4.2 shows the deconvolution of the MASspectrum into these four different lines,

obtained using the quadrupolar parameters derived from the MQMASexperiment. The broad

peak at ca. 30 ppm resulted in this case from the contribution of both broad tetrahedral and

five-coordinated aluminum. 27A1 MASNMRat even higher magnetic field (19.6 T) has been

used to determine the number of aluminum sites in zeolite MCM22, and to monitor the

changes during hydrothermal treatment.6 These high field experiments enabled the resolution

of four different tetrahedral framework aluminum sites, at 61.5, 57.0, 53.5, and 50.0 ppm, in

the parent zeolite, and showed that the aluminum species at the 57 ppm sites is preferentially

removed during steaming with the concomitant appearance of a five-coordinated

extraframework aluminum resonance at 30 ppm.
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Fig. 4.1 Al 3Q MASNMRspectra of commercial zeolite mordenite. (a) Parent mordenite; (b)
calcined at 600°C; (c) calcined at 700°C.3
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Fig. 4.2 27A1 MQMASNMRspectrum of steamed zeolite HY at 18.8 T (left). Single pulse MAS

spectrum recorded at 18.8 T (right, a) simulated (right, b) with two tetrahedral, one A1(V), and one

octahedral resonances using the parameters derived from the MQMASexperiment (right, c).5
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4.1.3 Quantification of the 2?A1 MASNMRspectra

As pointed out in the previous chapter, multiple quantum MASNMRspectroscopy greatly

enhances the resolution of 27A1 NMRspectra. In § 4.1.2 some examples of applications of this

technique on the characterization of the aluminum coordination in zeolites have been

described. The advantage of this technique compared to DAS or DORspectroscopy is that it

can be performed with standard solid-state NMRequipment. However, a drawback is that

excitation and conversion of the multiple quantum transition depend on the ratio between the

quadrupole frequency and the rf-field strength, thus hampering quantitative analysis.7 The

best approach for quantification is to simulate the MAS spectra using the quadrupolar

parameters determined in the MQMASexperiment. In this work, spectra were simulated

using the software dmWinfit2001 developed by Massiot.8 From the relative intensities of the

different simulated lines, the absolute concentrations of the different aluminum species were

determined using a known amount of (NH4)A1(S04)2-12H20 (NH4-alum) as the external

reference.9 In alum, the local site symmetry of aluminum is cubic, giving a symmetric 27A1

MASlineshape. Typically, prior to 27A1 MASNMRmeasurements, samples were hydrated by

exposing them in contact with a saturated water solution. This helps to decrease the

quadrupolar interaction, thereby enhancing the aluminum visibility.7'10 To verify if all

aluminum spins have been excited, the total intensity under the 27A1 spectra should compare

with the total aluminum content determined by elemental analysis. During 27A1 MASNMR

measurements, short pulses were applied in order to get an equal excitation of different

aluminum sites showing different CQCc-7

4.1.4 Flexible aluminum coordination

It is commonly accepted that the 27A1 MASNMRsignal in the range 50-60 ppm is due to

four-coordinated framework aluminum atoms, whereas the signal at 0 ppm is due to

nonframework six-coordinated aluminum species. In 1991 Bourgeat-Lami et al. showed that

the aluminum coordination is related to the nature of the cations balancing the negative charge

of the framework.11 The experiment is shown in Fig. 4.3. The parent zeolite NH4-beta showed

a single line at 55 ppm in the 27A1 MASNMRspectrum, due to tetrahedrally coordinated

aluminum. Upon deammoniation at 550°C, a signal at ca. 0 ppm appeared, usually ascribed to

octahedral aluminum atoms at extraframework positions.
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d

100 0

Fig. 4.3 27A1 MASNMRspectra of zeolite beta (a) calcined and hydrated; (b) saturated with

ammonia at 100°C; (c) exchanged with nitric acid; (d) potassium exchanged.11

Neutralization of the protons by adsorption of ammonia at 100°C led to the disappearance of

the octahedral signal at 0 ppm. The intensity loss in the octahedral region was compensated

by a gain in intensity in the tetrahedral region. The same result was obtained by exchanging

the sample with sodium and potassium chloride. When the sodium and potassium samples

were re-exchanged by protons using diluted nitric acid, the signal at ca. 0 ppm reappeared.

From these results it was concluded that the formation of octahedral aluminum is related to

the presence of protons in zeolite beta, introduced by weak acid exchange or removal of

ammonia. It was concluded that six-coordinated aluminum does not correspond to an

extraframework species but rather constitutes inherent parts of the zeolite framework. The

reversible symmetry changes evidenced by 27A1 NMRis the result of distortion of the

tetrahedral symmetry induced by the high electron affinity of the proton compared to the

alkali cations. The octahedral aluminum species were tentatively envisaged as distorted

framework aluminum linked to four lattice oxygens, the oxygen of a hydronium ion, and the

oxygen of a water molecule. Some years later, using multiple quantum 27A1 MASNMR

spectroscopy, van Bokhoven et al. confirmed the results obtained by Bourgeat-Lami et al.

regarding the flexibility of the aluminum coordination on zeolite beta.12 By means of this

technique, it was possible to resolve aluminum at different crystallographic positions. It was

shown that the flexibility of the coordination is a specific property of a group of T-sites in

zeolite beta. Only a specific category of T-sites became octahedrally coordinated upon

deammoniation and the same category returned to assume a tetrahedral coordination when

ammonia was subsequently adsorbed on the sample (Fig. 4.4).
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Fig. 4.4 27A1 MQMASNMRspectra of zeolite beta before (left) and after saturation with ammonia

at 120°C (right).12

The presence of reversible aluminum species was extended to other zeolite topologies.

Woolery et al. in a 27A1 MASNMRstudy showed that a coordination change from octahedral

to tetrahedral occurred when zeolite HZSM5was treated with a NH4NO3 solution.13 The

octahedral aluminum species was tentatively assigned to framework Lewis acidic

Al(OSi)3(H20)3 species. Wouters et al. studied the effect of ammonia adsorption onto zeolite

HY and showed that this treatment converts the 27A1 MASNMRoctahedral peak into the

tetrahedral line (Fig. 4.5).14 However, a different model was proposed for the framework

octahedral aluminum sites. By means of !H {27A1} spin-echo double resonance it was

demonstrated that the line at 3.1 ppm in the !H MASNMRspectrum of zeolite HYis due to

aluminum-connected protons. These Al-OH-like sites have Bronsted acid properties since no

Lewis acidity was observed upon adsorption of trimethylphosphine on the sample. The

amount of these species was found to be comparable to that of the flexible aluminum species.

Contrary to what was proposed by Bourgeat-Lami et al., who attributed the formation of

framework octahedral aluminum sites to the high electric field generated by the protons,

Wouters et al. related the formation of these species to a partial hydrolysis of the framework

Al-0 bonds. This process generates framework Al-OH sites, which coordinate water

molecules thus assuming an octahedral coordination.
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Fig. 4.5 27A1 MASNMRspectra of (d) parent ammonium zeolite Y; (a) calcined and hydrated; (b)
calcined, hydrated and ammonia adsorbed; (c) calcined and ammonia adsorbed.14

It looks as if the flexible aluminum coordination is a general property of protonic zeolites.

However, some questions still need to be answered. First of all, is the flexibility of the

aluminum coordination always a proof for the presence of octahedral aluminum species

connected to the zeolite framework? The effect of ammonia adsorption on the aluminum

coordination of severely steamed zeolite beta was studied by means of 27A1 MQMAS

spectroscopy.12 This technique evidenced the presence of two resonances in the octahedral

region, one of them showing a very high quadrupolar induced shift. Both octahedral species

converted to tetrahedral upon ammonia adsorption. It was proposed that these aluminum

atoms represent different steps in the process of hydrolysis taking place during dealumination.

However, the CQCcvalue found for the distorted octahedral aluminum species are rather high

(5.5 MHz), and it becomes difficult to envisage such a distorted octahedral coordination in the

zeolite lattice. This leads to the general question: what is the nature of the octahedral

aluminum species in dealuminated zeolites? Third, what are the processes that determine the

change in the aluminum coordination in zeolites? In other words, is the presence of ammonia

necessary to determine the octahedral-tetrahedral conversion?
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4.2 1H MASNMRspectra of dehydrated zeolites

4.2.1 1H NMRsignals of hydroxyl groups

In § 2 7 a brief introduction to the FTIR spectroscopy technique has been presented It has

been shown that the FTIR spectrum of an activated zeolite contains different bands related to

a variety of hydroxyl groups (Table 2 2 in Chapter 2) Similar information obtained by FTIR

spectroscopy is accessible by !H MASNMRspectroscopy In the zeolite case, the chemical

shifts (5ih) and the wavenumbers (voh) of the IR stretching vibrations are correlated by the

formula
15

gm(ppm) = 57 1 - 0 0147voh (cm"1)

The !H MASNMRspectrum of a dehydrated zeolite shows signals in the range of about 0 to

7 ppm (Fig 4 6) Table 4 1 summarizes the positions and the assignments of the different

proton lines
15

Silanol groups (SiOH) at the external surface and at framework defect sites

have chemical shifts of 1 2 to 2 2 ppm In the spectra of dealuminated zeolites a broad signal

appears in the range 2 6-3 6 ppm, due to perturbed AlOH species Bridging Si(OH)Al groups

give signals in the range 3 6-5 2 ppm In addition to unperturbed Si(OH)Al groups, bridging

OHgroups interacting via hydrogen bonds with the zeolite framework can give signals at ca

5 ppm

9 6 3 0

(ppm)

Fig. 4.6 Computer deconvolution of the :H MASNMRspectrum of zeolite beta activated at 350°C in

vacuum Solid line experimentally observed spectrum, dashed line simulated spectrum, dotted lines

resolved components
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Table 4.1 :H NMRshifts and assignment of the different hydroxyl groups in dehydrated zeolites.

S1H (ppm) Hydroxyl group

1.2-2.2 Si(OH)

2.6-3.6 Perturbed Al(OH)

3.6-5.2 Bridging Si(OH)Al

5.2-7.0 Perturbed Si(OH)Al

The advantage of !H MASNMRcompared to FTIR spectroscopy is that it gives quantitative

information. IR spectroscopy is influenced by the different environments, since the molar

extinction coefficients vary from one to another family of hydroxyl groups. In this work,

quantification of the !H MASNMRspectra was done by measuring a known amount of an

external reference compound, namely l,l,l,3,3,3-hexafluoro-2-propanol, under the same

conditions.9

4.2.2 Acid strength of hydroxyl groups

A suitable way to gain information about the acid strength of hydroxyl groups is to study the

interaction with basic probe molecules. Adsorption of strong bases such as pyridine is useful

to distinguish acidic and non-acidic hydroxyl groups. The interaction of pyridine with

strongly acidic Si(OH)Al groups leads to the protonation of pyridine yielding pyridinium ions

(pyH+).15 This causes the appearance of a feature in the range 15-20 ppm. The interaction of

pyridine with non-acidic hydroxyl groups such as SiOH leads to the formation of

hydrogen-bonded complexes. This causes a shift of the !H MASNMRsignal from 2 ppm to

8-10 ppm, as schematically shown in Fig. 4.7:

20

Proton

transfer

PyH+

15

H-bond

U-

I
10

Si(OH)AI Si(OH)

L
§1H (PPm)

Fig. 4.7 Scheme of the adsorbate-induced shifts of the :H MASNMRresonances of weakly acidic

SiOH and strongly acidic Si(OH)Al groups.15
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As an example, Fig. 4.8 shows the effect of the adsorption of deuterated pyridine C5ND5 onto

zeolite H-beta. After saturation with pyridine a consumption of both unperturbed and

perturbed Si(OH)Al groups (signals at 3.9 and 5 ppm, respectively) occurs. A new signal at

15 ppm appears, which is characteristic for protonated pyridine. Only a small fraction of the

silanol groups is perturbed, as can be seen form the slight decrease of the peak at 1.8 ppm.

This decrease is accompanied by the appearance of a weak signal at 8 ppm, which is

indicative of the formation of SiOH—NCsDsspecies.

I

PyH+
15 ppm

21 17 13 9 5 1 ^3
51H(ppm)

Fig. 4.8 H MASNMRspectra of interaction of zeolite H-beta with deuterated pyridine. Thick line:

zeolite H-beta activated at 350°C in vacuum (6 h). Thin line: after saturation of H-beta with deuterated

pyridine at room temperature (1 h) and successive degassing at 100°C (1 h). This procedure guarantees
in the first phase the complete diffusion of the adsorbate into the zeolite and in the second phase the

removal of the molecules that are just physisorbed.

Fig. 4.9 shows the !H MASNMRspectra of zeolite HZSM5before and after interaction with

deuterated pyridine. The feature due to pyridinium ions is an envelope of at least two

components at 13.5 ppm and 15.2 ppm, which is indicative for the presence of two types of

strongly acidic Si(OH)Al groups (see also Chapter 7). Contrary to zeolite beta, a considerable

amount of hydrogen bonded SiOH—NC5D5species can be observed (signal at ca. 8 ppm).

Fig. 4.10 shows the effect of adsorption of C5ND5 at 150°C on zeolite mordenite (H-mor).

The signal at 3.9 ppm present in the !H MASNMRspectrum of the unloaded zeolite H-mor

decreases noticeably, but does not disappear, after adsorption of C5ND5. This means that

some Si(OH)Al groups, presumably those located in the eight-membered ring channels, are

not accessible for pyridine. The interaction of pyridine with the Si(OH)Al groups in zeolite

H-bond

8 ppm
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HZSM12gives rise to two different signals in the region 13-23 ppm (Fig. 4.11). FTIR studies

on zeolite ZSM12 showed the presence of two separate bands at 3612 and 3580 cm"1,

attributed to bridging hydroxyl groups in the main channels and in the six-membered rings.16

They are probably the same strongly acidic Si(OH)Al groups giving rise to the !H MASNMR

signals at 15 and 21 ppm, respectively, after interaction with pyridine. In this case the location

of the protons in the six-membered rings does not seem to prevent full transfer to the base.

PyH+
15.2 ppm

16 12 8 4

S1H (ppm)

Fig. 4.9 :H MASNMRspectra of interaction of zeolite HZSM5with deuterated pyridine. Thick line:

zeolite H-beta activated at 350°C in vacuum (6 h). Thin line: after saturation of HZSM5 with

deuterated pyridine at room temperature (1 h) and successive degassing at 100°C (1 h).

PyH+
14 6 ppm

PyH+
13 2 ppm

20 16 12 4

51H(ppm)
-4

Fig. 4.10 :H MASNMRspectra of interaction of zeolite H-mor with deuterated pyridine. Thick line:

zeolite H-beta activated at 350°C in vacuum (6 h). Thin line: after saturation of H-mor with deuterated

pyridine at 150°C (1 h) and successive degassing at 100°C (1 h).
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I

20 16 12 8 4 0 5 ^8~~
51H (ppm)

Fig. 4.11 :H MASNMRspectra of interaction of zeolite HZSM12with deuterated pyridine. Thick

line: zeolite H-beta activated at 350°C in vacuum (6 h). Thin line: after saturation of H-ZSM12 with

deuterated pyridine at room temperature (1 h) and successive degassing at 100°C (1 h).

4.3 29Si chemical shifts in zeolites

Si has a spin I = 1/2, which means that it is not subjected to quadrupolar peak broadening

and distortion. However, a drawback is the relatively low natural abundance (4.7%). In

zeolites, silicon atoms incorporated in the framework are tetrahedrally coordinated (Q4),

resulting from five different silicon environments denoted as Si(nAl) units, where n

corresponds to the number of aluminum atoms in the second coordination sphere. Each type

of Si(nAl) unit (n = 0,1,2,3,4) yields 29Si MASNMRsignals in a well defined range of

chemical shifts. These ranges are summarized for the various silicon units in Fig. 4.12. The

Si chemical shift range of a Q4 unit with no bonded Al atoms (denoted Q4(0A1)) is about

-102 to -116 ppm. This becomes about -97 to -107 ppm for Q4(1A1), -92 to -100 ppm for

Q4(2A1), -85 to -94 ppm Q4(3A1) and -82 to -92 for Q4(4A1) (Fig. 4.12).17 In the case of an

ideal crystalline zeolite without defect sites the 29Si MASNMRspectrum will show only

signals of Q silicon atoms. However, in each zeolite, hydroxyl groups exist, bound to silicon

atoms (Q , Q2) located at the outer surface of the zeolite particles or at framework defect sites.

In this case, the chemical shift of Si(lAl) units (-97 to -107 ppm) are in the same range as

those for Si(3Si, OH) units (-100 to -103 ppm).17 The presence of Q3 and Q2 contributions can

be evidenced by {1H}29Si cross polarization. By means of this technique the Q3 and Q2 signals

are selectively enhanced. However, since the enhancement factors due to the cross
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polarization are unknown, the quantification of the corresponding silicon species is not

possible.

^^^^— Q4(4AI)

^—^—Q4(3AI)

^—^—Q4(2AI)

^—^—Q4(1AI)

^^—^^— Q4(0AI)
i i i i i i i i i i

-80 -90 -100 -110 -120

(ppm)

Fig. 4.12 Chemical shift of the different Q4(nAl) silicon environments.
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Chapter 5

Flexibility of aluminum coordination in zeolites

and amorphous silica-alumina

Abstract

The effect of ammonia adsorption at 120°C on amorphous silica-alumina and pure Y-AI2O3

has been studied and compared with that on zeolites with different topologies by means of

27Al (MQ) MASNMR. Like for protonic zeolites, in amorphous silica-alumina part of the

octahedral aluminum reversibly changed to tetrahedral coordination upon ammonia

adsorption at 120°C. The extent of conversion was inversely proportional to the aluminum

content. Ammonia adsorption on pure y-Al203 did not influence the aluminum coordination.

The distinction between flexible aluminum coordination in zeolites and silica-alumina was

possible based on the quadrupolar parameters. The evolution of the silica-alumina structure as

a function of the temperature was investigated by in-situ Al K edge XANES, !H MASNMR

spectroscopy, and TGA. Al K edge XANES showed that a progressive conversion from

octahedral to tetrahedral occurred when treating amorphous silica-alumina in vacuum at

increasing temperature in the range 25-400°C. The octahedral coordination in silica-alumina

turned out to be more stable than in zeolites, probably due to the flexibility of the amorphous

network in hosting water molecules as well as to the presence of silanol groups stabilizing the

water.
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5.1 Introduction

The acidic properties of zeolites are intimately related to the nature and the distribution of the

aluminum atoms in the framework and in the zeolite cavities. Careful characterization of the

aluminum environment is then necessary for the understanding of the catalytic properties. In

the classical assignment, the peak at 60 ppm in the 27A1 MASNMRspectrum of a zeolite is

ascribed to tetrahedral framework aluminum species. The peak at 0 ppm is assigned to

extraframework octahedral aluminum atoms that are formed during the post-synthesis

treatments that lead to an active catalyst.1 Bourgeat-Lami et al. proposed for the first time the

existence of octahedrally coordinated framework aluminum sites.2 They showed that the

adsorption of basic molecules like ammonia, as well as the substitution of the protons by

sodium and potassium cations, led to the conversion of the aluminum coordination from

octahedral to tetrahedral. The presence of aluminum species that reversibly convert their

symmetry upon ammonia adsorption was also observed in zeolite HZSM-5 and HY.3'4

Amorphous silica-alumina (ASA) has been extensively characterized in the past decades in an

attempt to correlate its structural properties with its activity in the catalytic cracking process.

The aluminum atoms in amorphous silica-alumina can be four- or six-coordinated.5 It has

been shown that the aluminum concentration in the synthesis mixture determines the ratio

between four- and six-coordinated aluminum in the final material. The fraction of

octahedrally coordinated aluminum increases with increasing aluminum concentration. The

presence of octahedral aluminum was associated with the formation of alumina clusters.6

This chapter focuses on the flexible aluminum coordination in alumino-silicates. The

aluminum coordination in protonic zeolites of different topologies is studied and a

comparison with amorphous alumina and silica-alumina is made. 27A1 MAS NMR

spectroscopy provides information about the coordination of the aluminum species. However,

the spectral resolution is reduced by the second-order quadrupolar interaction of the central

transition, which broadens resonances and moves them from their isotropic chemical shift.

27Al multiple quantum MASNMRspectroscopy, developed by Frydman and Harwood7'8,

removes the second-order quadrupolar broadening thus allowing the detection of pure

isotropic spectra. The values of the isotropic chemical shifts and quadrupolar parameters

determined from the analysis of the MQMASNMRspectra can be used to simulate the 27A1

MASNMRspectra, leading to quantitative information on the aluminum species.9 In this

work, we used 27A1 MQMASNMRspectroscopy as a tool to distinguish different aluminum

environments in zeolites H-ZSM5, H-BEA, H-mor, H-Y, and in amorphous alumino-silicate
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materials. The combination with quantitative Al MAS NMRspectroscopy provided

information about the concentration of the aluminum species in the different materials. In-situ

Al K edge XANES, !H MASNMRspectroscopy, and thermogravimetric analysis (TGA)

were used to study the structural changes in amorphous silica-alumina as a function of

temperature.

5.2 Experimental

5.2.1 Samples

Tables 5.1 and 5.2 report nomenclature and description of the different samples. Silica-

alumina samples ASA28042 and ASA26611 were kindly provided by Shell. y-Al203 was

provided by Condea. Zeolites beta (PB3), Y (PY-43), and ZSM-5 (PZ-2/40) were kindly

provided by Chemie-Uetikon in the Na+-form. Zeolite mordenite was kindly provided in the

Na+-form by the laboratory of Hanbat National University, Taejon, Korea. Zeolites beta,

ZSM-5, and Y were calcined in flowing air at 550°C to remove the template. The protonic

zeolites H-BEA, H-Y, H-mor, and H-ZSM-5 were prepared by three-fold ion exchange with 1

Mammonium nitrate solution under reflux, followed by washing with deionized water and

calcination at 450°C for 5 h. Adsorption of gaseous ammonia (10% in He) was carried out on

the hydrated samples at 120°C. After 1 h contact the samples were allowed to cool to room

temperature under ammonia flow.

5.2.2 Characterization

27AI MASNMRspectra were measured at 104.287 MHz on a Bruker Avance AMX-400

spectrometer at a spinning rate of 12 kHz using a 4 mmprobehead. The pulse length was 0.5

ps, which corresponds to rc/12, for non-selective excitation. The delay time was 1 s. To enable

a quantitative comparison, all samples were weighed and the spectra were calibrated by

measuring a known amount of (NH4)A1(S04)2-12H20 under identical conditions.10 For the

triple quantum (3Q) MASNMRexperiments a the three-pulse sequence, including z-filtering

and States acquisition method, was applied.11 The rf field amounted to ~ 106 kHz for the first

two pulses and to 16 kHz for the third one. The relaxation delay was 1 s. A Fourier transform

with respect to ti and t2 led to pure absorption 2D spectra. The spectra were sheared, so that

the orthogonal projection of the 2D spectrum on the isotropic axis gives the high resolution

ID spectrum free of any anisotropic broadening. If the quadrupolar interaction is very small,

the 2D resonance will appear as a narrow peak positioned on the diagonal (ô1S0 = ôF2)- If the
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aluminum species is affected by a quadrupolar interaction, the center of gravity of the

resonance shifts by the quadrupolar induced shift. Quantification of the different aluminum

species was done by fitting the corresponding ID MAS spectra using the quadrupolar

parameters determined in the MQMASexperiment.9 !H MASNMRspectra were recorded at

a resonance frequency of 400.13 MHz, at a spinning rate of 10 kHz, a pulse length of 2.25 ps

(rc/4), and delay time of 10 s. All zeolites had been previously dehydrated under vacuum

under a residual pressure of 10"4 Pa at 350°C for 6 h. For a quantitative comparison, all

samples were weighed, and the spectra were calibrated by measuring a known amount of

l,l,l,3,3,3-hexafluoro-2-propanol under identical conditions.10

Al K edge XANES spectra were recorded at the Synchrotron Radiation Source (SRS) of

Daresbury using the recently developed in-situ set-up described in ref12. Samples were

pressed into wafers and placed into a boron nitride cup that can be heated up to 700°C.

Fluorescence detection via a gas proportional counter (GPC) was used. The initial intensity of

the X-ray beam was measured via the drain current of a thin Cu mesh with 88 %aperture

positioned in the vacuum vessel. A double-crystal monochromator mounted with YB66

crystals was used.

TGAmeasurements were carried out on a Mettler-Toledo TGA/SDTA851. The samples were

heated under 50 ml/min of flowing nitrogen at a rate of 10°C/min from room temperature to

800°C.

Table 5.1 Properties of the zeolite samples under study.

Sample Treatment Si/Al

H-ZSM-5 - 19

H-ZSM-5(NH3) 10%NH3, 120°C, lh 19

H-BEA - 17

H-BEA(NH3) 10%NH3, 120°C, lh 17

H-mor - 5

H-mor(NH3) 10%NH3, 120°C, lh 5

H-Y - 3

H-Y(NH3) 10%NH3, 120°C, lh 3
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Table 5.2 Properties of the ASAand y-Al203 samples under study.

Sample Treatment Si/Al

ASA28042 - 5.2

ASA28042(NH3) 10%NH3, 120°C, lh 5.2

ASA28042(NH3, RT) 10%NH3, 25°C, lh 5.2

ASA26611 - 2.5

ASA26611(NH3) 10%NH3, 120°C, lh 2.5

Y-A1203 - -

y-Al203(NH3) 10%NH3, 120°C, lh -

5.3 Results

5.3.1 27A1 (MQ) MASNMRspectroscopy

Fig. 5.1 summarizes the effect of ammonia adsorption on the aluminum coordination of

different protonic zeolites, namely H-ZSM-5, H-BEA, H-mor, and H-Y.

H-mor

60 40 20 0

(ppm)

60 40

H-Y

40 20 0

(ppm)

(b)

(a)

Fig. 5.1 27A1 MASNMRspectra of different protonic zeolites before (a) and after (b) adsorption of

gaseous ammonia at 120°C for 1 h. The spectra are quantitatively compared.
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27,
For all protonic zeolites the Al MASNMRspectrum consists of an intense and fairly

symmetric peak at 55-60 ppm, due to aluminum in a tetrahedral environment, and a weak and

symmetric peak at ca. 0 ppm, assigned to aluminum in octahedral coordination. Adsorption of

gaseous ammonia at 120°C led to the disappearance of the peak near 0 ppm from all spectra.

At the same time the peak at 55-60 ppm increased in intensity, indicating that the octahedral

species changed to tetrahedral upon ammonia adsorption. Fig. 5.2 shows the 27A1 MQMAS

NMRspectra in the octahedral region of zeolites H-ZSM-5, H-BEA, H-mor, and H-Y. The

projection along the Fl axis represents the pure isotropic spectrum. For all samples the

spectrum shows a resonance lying on (or near) the diagonal, indicating a low quadrupolar

coupling constant (Cqcc), which is associated to octahedral aluminum sites experiencing a

small quadrupolar interaction.

H-ZSM5

10 0 -10

F2(ppm)

-10

°=S

10

H-mor

10 0 -10

F2(ppm)

-10

°=S

10

H-BEA

0

K (IxSik

0

o y
y a

1

0

10 0 -10

F2(ppm)

-10

3

10

H-Y

10 0 -10

F2(ppm)

-10

3

10

Fig. 5.2 27A1 MQMASNMRspectra of different protonic zeolites. The projection along Fl
'

; spectrum. A peak is present, which is lying on the diagonal (low CQCc)-represents the isotropic :
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The /;A1 MQMASNMRspectrum of amorphous silica-alumina ASA28042 (14% A1203) is

shown in Fig. 5.3. The spectral region of 50-70 ppm consists of at least two resonances

corresponding to tetrahedral aluminum. Both signals show a large distribution in isotropic

chemical shifts as well as Cqcc and therefore they are not well resolved. This reflects the

topological distribution of aluminum atoms in the disordered amorphous silica-alumina

sample. In crystalline materials, like zeolites, the bond angles are well defined, leading to a

smaller distribution in NMRparameters. The region around 0 ppm consists of a signal, due to

aluminum in octahedral environment. The spread in Fl and F2 indicates a large distribution in

isotropic chemical shift and quadrupolar interaction.

-20

0

20 t,

o

40 "I

60

80

80 60 40 20 0 -20

F2 ppm

Fig. 5.3 27A1 MQMASNMRspectrum of amorphous silica-alumina ASA28042 (14% A1203). The

projection along Fl represents the isotropic spectrum. The 27A1 MASNMRspectrum in shown on top
of the MQMASplot.

The 27A1 MQMASNMRspectrum of ASA28042 after ammonia adsorption is shown in Fig.

5.4. Most of the octahedrally-coordinated aluminum species changed to tetrahedrally

coordinated ones. Fig. 5.5 shows the effect of ammonia adsorption at 120°C on silica-alumina

samples with different aluminum content. A comparison of the 27A1 MASNMRspectra of

ASA28042 (Fig. 5.5a) and ASA26611 (25% A1203) (Fig. 5.5c) shows that the fraction of
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octahedrally coordinated species is greater when the aluminum concentration is higher.

Ammonia adsorption on ASA28042 and ASA26611 gave the spectra of Figs. 5.5b and 5.5d,

respectively. In both silica-alumina samples, some octahedral aluminum sites changed their

coordination to tetrahedral. However, the extent of the conversion was higher for the

silica-alumina sample with the lower aluminum loading (Table 5.3). Of the total aluminum

amount in ASA28042 and ASA26611, 31% and 14%, respectively, changed coordination.

The remaining octahedrally coordinated aluminum species account for 7% and 41% of the

intensity of the spectra of ASA28042 and ASA26611, respectively. For comparison, ammonia

adsorption was carried out on ASA28042 at room temperature (Fig. 5.6). A change in the

aluminum coordination from octahedral to tetrahedral occurred, although the extent of

conversion was smaller than that observed when ammonia was adsorbed at 120°C (compare

Fig. 5.5). Only 21%of the total aluminum amount in ASA28042 changed coordination.

80 60 40 20 0 -20

F2 ppm

Fig. 5.4 27A1 MQMASNMRspectrum of amorphous silica-alumina ASA28042 (14% A1203) after

adsorption of gaseous ammonia at 120°C. The projection along Fl represents the isotropic spectrum.
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Table 5.3 NMRparameters, environment and concentration (values given as relative %) of the

different aluminum species in the ASAsamples.

Species §1S0 CQCc ASA28042 ASA28042(NH3) ASA26611 ASA26611(NH3)

(ppm) (MHz)
(%) (%) (%) (%)

±1 ±0.5

Al(IV)a 61.3 2.9 40 49 45

Al(IV)b 55.0 4.6 22 43

Al(VI) 3.8 3.8 38 7 55

(d)

(c)

(b)

, , , , , ,
(a)

80 60 40 20 0 -20

(ppm)

Fig. 5.5 Effect of ammonia adsorption on silica-alumina samples with different aluminum content.

27A1 MAS NMRspectra of (a) ASA28042, (b) ASA28042(NH3), (c) ASA26611, and (d)
ASA26611(NH3). The spectra are quantitatively compared. For both silica-aluminas a conversion

Al(VI) -» Al(IV) is observed after ammonia adsorption. The extent of the conversion is clearly greater
for ASA28042 (lower aluminum content).

85

59

41



Chapter 5

80 60 40
(PPm?

(b)

(a)
0 0 -20

Fig. 5.6 27A1 MASNMRspectra of (a) ASA28042 and (b) ASA28042 after adsorption of ammonia at

room temperature. 21%of conversion Al(VI) -» Al(IV) is observed.

Ammonia adsorption was also carried out on pure y-alumina. The spectrum of y-Al203 (Fig.

5.7a) shows the presence of both octahedral and tetrahedral species. Fig. 5.7b shows that

adsorption of ammonia onto y-Al203 does not affect the aluminum coordination.

20
,

.
-20

(ppm)

Fig. 5.7 27A1 MASNMRspectra of (a) y-Al203 and (b) y-Al203 (NH3).

5.3.2 1H MASNMRspectroscopy

Fig. 5.8 shows the evolution of the !H MAS NMRspectrum profile of amorphous

silica-alumina ASA28042 degassed at increasing temperatures in the range 150-400°C. The

spectrum of silica-alumina ASA26611 degassed at 250°C is reported for comparison (Fig.

5.8d). The spectra are characterized by an intense and sharp peak at 1.5 ppm. This signal is

less strong for the silica-alumina with higher aluminum content (Fig. 5.8d) and was assigned

to protons of SiOH moieties.13 There is a broad feature between 2 and 3 ppm, whose relative
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intensity increases with the aluminum loading, suggesting that is probably related to protons

of Al-OH groups. In the spectrum of ASA28042 degassed at 150°C an intense peak at 6.6

ppm is visible. This peak shifts to 6.4 ppm and decreases in intensity as the evacuation

temperature is increased to 250°C and disappeared completely at 400°C. This feature is more

intense in the spectrum of silica-alumina with higher aluminum loading (Fig. 5.8d). The

nature of the latter contribution is unclear. In previous studies it has been assigned to water

adsorbed on Bronsted acid sites14'15 as well as to Lewis acid sites.16

(C)

(b)

, , , , ,
(a)

13 9 5 1 -3

(ppm)

Fig. 5.8 !H MASNMRspectra of ASA28042 (14% A1203) degassed at (a) 150°C, (b) 250°C, and (c)
400°C. For comparison, the !H MASNMRspectrum of ASA26611 (25% A1203) degassed at 250°C is

reported (d, dotted line).

5.3.3 Al K edge X-ray adsorption spectroscopy

In order to investigate the evolution of the aluminum coordination as a function of

temperature, in-situ Al K edge XANES spectra were recorded. Fig. 5.9 shows the Al K

near-edge spectra of silica-alumina ASA28042 at room temperature (Fig. 5.9a) and

dehydrated in vacuum at increasing temperatures (Figs. 5.9b-d). In agreement with 27A1 MAS

NMRspectroscopy results, the Al K edge spectrum of the wet sample shows the features

typical of both tetrahedral and octahedral coordinated aluminum. The sharp whiteline at 1567

and the broad peak at 20 eV above the edge are typical for a tetrahedral coordination. A

doublet at 1568 eV and 1572 eV is typical for an octahedral coordination.17 After degassing

the sample at increasing temperature in the range 150-400°C, a decrease in intensity in the

range 1568-1575 eV is visible. At the same time the whiteline at 1567 eV increased. This
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indicates that some octahedral aluminum atoms became tetrahedral upon thermal treatment in

vacuum. Fig. 5.10 shows the trend of the octahedral aluminum content of ASA28042 as a

function of temperature. Already 48% of the original octahedral aluminum species changed

coordination upon mere dehydration at room temperature. When the temperature was

increased to 150°C, a slight decrease in the amount of octahedral aluminum was observed. Of

the original octahedral aluminum content, 56% changed coordination to tetrahedral upon

evacuation at 250°C. Increasing the temperature to 400°C led to a further change in

coordination. At 400°C a small fraction of octahedral aluminum (corresponding to 2%of the

total aluminum content) was still present.
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Fig. 5.9 Al K edge XANESspectra of ASA28042 (14% A1203) at (a) RT, (b) 150°C, (c) 250°C, (d)
400°C.
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Fig. 5.10 Evolution of the octahedral aluminum content of ASA28042 (relative %) as a function of

temperature determined by Al K edge XANESspectroscopy.

5.3.4 Thermogravimetric analysis

Fig. 5.11 shows the TGA profiles of amorphous silica-alumina ASA28042 in the

temperature range 25-800°C. The weight loss is due to desorption of water. The typical TGA

pattern for a zeolite shows that the process of removal of water is practically complete at ~

200°C (see Fig. 5.12). In the case of amorphous silica-alumina the curve profile is rather

different. A considerable amount of water is still released above 200°C and only for

temperatures above 600°C the residual water is completely lost. This indicates that an

important dehydroxylation process takes place at high temperatures on silica-alumina.
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Fig. 5.11 TGAprofile in flowing nitrogen of ASA28042.
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Fig. 5.12 Typical TGAprofile in flowing nitrogen for a zeolite.

5.4 Discussion

5.4.1 Reversible coordination of aluminum species in alumino-silicate

frameworks

The presence of species with reversible aluminum coordination seems to be a general property

of hydrated protonic zeolites. This phenomenon was observed for the first time for protonic

zeolite beta and was explained by considering the octahedral aluminum as an inherent part of

the lattice.2 Recently, in a MQMASNMRstudy of zeolite beta it was found that only

aluminum atoms at specific crystallographic T-sites is involved in the reversible tetrahedral-

octahedral aluminum transformation.18 Following the idea of Bourgeat-Lami et al. they

reported that Bronsted acid sites attract water molecules in order to stabilize the strong

electric field induced by the proton, thus leading to an octahedral coordination. Wouters et al.

showed by !H spin-echo editing MASNMRthe presence of Al—OHgroups in zeolite NH4Y

calcined under mild conditions.4 They were assigned to framework-connected Al—OH

groups, formed by partial hydrolysis of the lattice. The presence of aluminum species that

reversibly convert their symmetry upon ammonia adsorption was also observed by Woolery et

al. in zeolite HZSM-5.3 A change in the aluminum coordination was observed not only upon

treatment with a base, but also upon mere thermal treatment. The octahedral aluminum in

zeolites H-beta, H-Y, and H-mor had reverted to tetrahedral at ~ 120°C, indicating a low

stability of the 6-coordinated framework aluminum species.19'20 The structure of the zeolitic

octahedral reversible aluminum species is essentially unknown. They have been tentatively
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described as distorted framework aluminum linked to four oxygens of the framework, the

oxygen of a hydronium ion, and the oxygen of a water molecule.2'18 Alternatively, they have

been associated with aluminum species that coordinate water molecules upon partial

hydrolysis of the framework.3'4 Based on our results and literature reports a tentative scheme

for the process of change in the aluminum coordination in zeolites is reported in § 5.4.2.

The reversible aluminum coordination is not a unique property of zeolites. A change in

coordination as a function of the chemical environment was also observed on mesoporous

Al-MCM-41 materials.21 Our results for amorphous silica-alumina show a similar change in

the aluminum coordination upon ammonia adsorption at 120°C or vacuum treatment at

150°C. This means that this phenomenon is not an exclusive property of zeolitic framework

species, but that it is a general feature of alumino-silicate frameworks. In other words, the

reversibility of the aluminum coordination in zeolitic materials is not a proof for the presence

of zeolitic framework octahedral species. The question arises, whether there is any difference

between reversible octahedral sites in zeolites and in amorphous silica-alumina. The Cqcc

values, the relative amounts, and the percentage of conversion after ammonia adsorption for

some zeolite topologies and for silica-alumina are compared in Table 5.4. The six-coordinated

species in acidic zeolites is affected by a small quadrupolar interaction (< 2 MHz), whereas in

silica-alumina the Cqcc average values are much higher (3.8 MHz). That means, that the

signal due to octahedral aluminum is a narrow line in the case of protonic crystalline zeolites

and broad line in the case of amorphous silica-alumina. Moreover, the relative intensities of

the octahedral 27A1 MASNMRsignal are low for crystalline zeolitic materials compared to

amorphous silica-alumina. It is interesting to note that, among the different zeolite topologies

reported in Table 5.4, H-beta shows the highest relative amount of octahedrally coordinated

species. This might be related to the high concentration of defect sites in zeolite beta.

Table 5.4 NMRparameters and concentration of the octahedral aluminum sites in different

alumino-silicate materials.

H-beta H-Y H-mor H-ZSM5 ASA ASA

28042 26611

1.6 1.8 2.0 1.5 3.8 3.8

24 15 16 5 38 55

100 100 100 100 82 26

CQcc (MHz)

Total octahedral Al content (%)

Total octahedral Al that converts

upon NH3 adsorption at 120°C (%)
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Another difference between zeolites and silica-alumina is the extent of conversion upon

ammonia adsorption at 120°C. The conversion is complete in the case of zeolitic materials,

whereas it is only partial in the case of amorphous silica-aluminas. Dehydration of protonic

zeolites at the same temperature also led to a complete conversion from octahedral to

tetrahedral coordination.19 This means that in zeolites the two different treatments (ammonia

adsorption at 120°C and thermal treatment in vacuum) have the same effect on the aluminum

environment. Therefore, the presence of ammonia is not necessary to restore the tetrahedral

coordination, because the same result can be obtained by merely removing water molecules.

The presence of ammonia simply keeps the aluminum sites tetrahedrally coordinated, thus

rendering the coordination change visible by 27A1 MAS NMR spectroscopy. For

silica-alumina the situation is different. About 80% of the octahedral aluminum converted to

tetrahedral upon ammonia adsorption at 120°C (27A1 MASNMR), whereas vacuum treatment

at 150°C converted only about 56% (Al K edge XANES). This shows that in silica-alumina

the two different treatments have a different quantitative effect on the aluminum coordination.

Contrary to zeolites, the process of the octahedral-tetrahedral conversion at 120°C seems to be

favored in silica-alumina in the presence of ammonia. Actually, adsorption of ammonia at

room temperature also led to a certain conversion (Fig. 5.6). Al K edge XANES results

showed that increasing the temperature above 120°C led to a further conversion of the

aluminum coordination from octahedral to tetrahedral (Figs. 5.9, 5.10). This indicates that the

process of removal of water molecules from the octahedrally coordinated aluminum requires

higher temperatures in amorphous silica-alumina than in zeolites. This was confirmed by the

results of thermogravimetric analysis (Figs. 5.11, 5.12). One reason for the different behavior

of silica-alumina as a function of temperature could be the higher stability of the octahedral

coordination in the amorphous alumino-silicate structure. A zeolite framework does not easily

accommodate octahedrally coordinated aluminum. Therefore the octahedral coordination in

zeolites is not favored and may be quite unstable. On the contrary, the amorphous structure of

silica-alumina allows more freedom thus rendering the octahedral coordination more stable.

Moreover, the presence of a high amount of silanol groups in silica-alumina could stabilize

the water via hydrogen bonding.
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5.4.2 Reversible aluminum species in zeolites

Based on results of the present work and literature reports the following scheme is proposed

for the evolution of the aluminum coordination in zeolites. It is taken into account that the

aluminum coordination is a function of the exact conditions in which samples are measured.
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In wet conditions species (a) is formed, in which the aluminum is octahedrally coordinated

according to the 27A1 MASNMRand Al K edge XANESresults.19 This model deviates from

that proposed by Bourgeat-Lami et al., in which the aluminum is thought to be connected to

the framework via four oxygen atoms, to one water molecule and one hydronium ion.2

Because silicon has a lower electronegativity than hydrogen, the Al-O-Si bridging oxygen is

more negative than the oxygen in Al-OH. Species (a) is therefore more likely to exist. The

model (a) does not take into account additionally hydrogen-bonded water molecules forming

a hydration sphere around the site. Species (b) corresponds to the tetracoordinated aluminum

that is formed after dehydration at T > 120°C and which is seen in Al K edge XANESand in

general in !H MASNMR.19 This change in coordination has not been monitored by 27A1 MAS

NMRspectroscopy since in dehydrated samples the quadrupolar interaction increases thus

reducing appreciably the resolution of the spectra.

The proposed scheme takes into account the reported 1:1 ratio between the proton species

corresponding to the framework Al(OH) sites and the octahedral aluminum species.4 The

number of proton species associated to framework octahedral aluminum sites was estimated

by !H MASNMRspectroscopy after dehydration at 110°C, thus when the aluminum is in the

tetrahedral state (b). The number of octahedral aluminum species was determined by 27A1

MASNMRspectroscopy in wet conditions, when the aluminum is in the octahedral state (a).

In general, it should be taken into consideration that in dehydrated state the octahedral

aluminum is converted into tetrahedral, and that the techniques that are applied in a

93



Chapter 5

dehydrated state, like !H MASNMRor FTIR spectroscopy, probe the presence of species (b).

This is different from techniques that are applied in a hydrated state, which probe species (a).

Species (c) is formed after dehydration following adsorption of a base and has been observed

by both 27A1 MASNMRand FTIR spectroscopy.19

5.4.3 Reversible aluminum species in amorphous silica-alumina

In zeolites, framework tetrahedral aluminum is associated with Bronsted acid sites. These

species are associated with a FTIR band at 3650-3550 cm"1. Unlike zeolites, the FTIR

spectrum of a dehydrated amorphous silica-alumina shows a single feature at 3745 cm"1 in the

hydroxyl region, due to terminal Si—OHgroups. No band around 3600 cm"1 due to bridged

hydroxyls is observed. However, dosing ammonia onto dehydrated silica-alumina creates

NH4+ species.22 It has been proposed that apparent acid sites are produced by the interaction

between the ammonia adsorbed on a Lewis acid site and a nearby surface hydroxyl group.

The formation of pyH+ species was also observed when pyridine was chemisorbed on

dehydrated silica-alumina.23 Similarly, the Bronsted acidity of the terminal Si—OHgroups

was explained by the presence of coordinatively unsaturated aluminum cations in the vicinity.

This picture is compatible with our 27A1 NMRresults, if we assume that, in the hydrated

sample, the aluminum in the vicinity of the Si—OHgroups coordinates water molecules

assuming an octahedral coordination. The formation of reversible aluminum species in

zeolites is associated with coordination of water molecules upon partial hydrolysis of the

framework. Under these conditions, the framework will locally loose its rigidity, and the

aluminum atoms will host water molecules to form framework octahedral aluminum (see

scheme on page 95). A similar picture for the reversible aluminum species in amorphous

silica-alumina can be envisaged. In fact, due to the flexibility of the amorphous structure, the

formation of reversible aluminum species should be easier. Upon dehydration and subsequent

ammonia adsorption the proton is transferred to the base, and the aluminum bridges to the

oxygen of the SiO" group, thus changing its coordination from octahedral to tetrahedral.

Table 5.5 summarizes the results of the quantification of the proton species associated to the

!H MASNMRpeak at 6-7 ppm as well as of the octahedral aluminum sites for amorphous

silica-alumina evacuated at different temperatures in the range 25-400°C. The relative amount

of octahedral species was estimated by quantifying the Al K edge XANESspectra.17 It should

be noted that the !H MAS NMRand Al K edge spectra were recorded in the same

experimental conditions. Therefore a direct comparison of the amounts of the different proton
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and aluminum species was possible. The concentration of both the 6-7 ppm proton species

and the octahedral aluminum sites decreased with the temperature. The trend of the decrease

in the amount of octahedral species with temperature is the same as observed for the proton

species responsible for the !H MASNMRpeak at 6-7 ppm. This is an indication that the peak

at 6-7 ppm is somehow associated to OHgroups connected to the octahedrally-coordinated

aluminum in silica-alumina. Moreover, it can be noticed that the concentration of the 6-7 ppm

proton species is about eight or nine times higher than that of the octahedral aluminum

species. This suggests that at least four water molecules surround the octahedral aluminum

site. Undissociated coordinated water molecules are not so resistant to a thermal vacuum

treatment at 150°C. This means that water molecules are probably interacting via hydrogen

bonds with the hydroxyl groups connected to the aluminum and probably with hydroxyls and

bridging hydroxyls surrounding the aluminum site, giving rise to a solvated octahedral

species. Increasing the temperature to 250°C decreases the intensity of the 6-7 ppm peak and

causes a shift toward lower ppm values. At this temperature the hydrogen-bonded water is

removed leading to a non-solvated octahedral aluminum species in which the OHgroups

attached to the aluminum are still interacting with each other via hydrogen bonds. At the same

time some octahedral aluminum species are converted to tetrahedral. Probably, a

dehydroxylation process takes place involving OH groups coordinated to the aluminum,

which changes the aluminum coordination from octahedral to tetrahedral. The thermal

treatment in vacuum at temperatures between 250°C and 400°C leads to a progressive

dehydroxylation thus removing the residual hydrogen bond interactions. At 400°C the peak at

6-7 ppm is absent, indicating that the process of dehydroxylation was complete. This agrees

with the fact that water molecules are progressively removed by the thermal treatment

according to the thermogravimetric results.

Table 5.5 Comparison between the amount (in umol-g"1) of octahedrally coordinated aluminum sites

of ASA28042 determined by Al K edge XANESand the amount of proton species (in umol-g"1)
associated to the :H MASNMRpeak at 6-7 ppm.

Treatment Al(VI) 6-7 ppm peak ('H MASNMR)

150°C, vacuum 300 2650

250°C, vacuum 140 1040

400°C, vacuum 55 0
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5.4.4 Nature of the aluminum species in silica-alumina

27AI MASNMRspectra of silica-alumina before and after ammonia adsorption showed a

partial conversion of six-coordinated to four-coordinated aluminum (Fig. 5.5). A comparison

between the spectra of Figs. 5.5b and 5.5d indicates that the amount of reversible aluminum

species is an inverse function of the aluminum concentration (see Table 5.3). In contrast, in

Y-AI2O3 the aluminum coordination was not affected by saturation with ammonia vapor at

120°C (Fig. 5.7). According to the Al K edge XANES results, the thermal treatment in

vacuum at high temperature led to a progressive change in the aluminum coordination from

octahedral to tetrahedral (Fig. 5.9). Above 400°C a fraction of octahedral aluminum was still

present in silica-alumina. These results suggest that at least two types of octahedral aluminum

are present in silica-alumina. A fraction of six-coordinated species represents aluminum

atoms that are able to convert their coordination, as discussed in the previous paragraph. The

second fraction of species probably represents alumina domains in silica-alumina. The

formation of these domains results from the difficulty of dispersing aluminum in the silica

matrix, and is favored for silica-alumina with high aluminum content.

5.5 Conclusions

The aluminum coordination of several alumino-silicate materials was studied by a

combination of 27A1 (MQ) MASNMRand Al K edge XANESspectroscopy. Upon ammonia

adsorption at 120°C a conversion from octahedral to tetrahedral coordination was observed

for zeolites and amorphous silica-alumina but not for y-Al203, showing that the reversibility

of the aluminum coordination is a general feature of alumino-silicate systems. The extent of

the conversion was an inverse function of the aluminum content. A distinction between

zeolitic material and amorphous silica-alumina was possible, based on the Cqcc values of the

octahedrally coordinated species. In contrast to zeolites, for amorphous silica-alumina a mere

vacuum thermal treatment was less efficient than ammonia adsorption in changing the

aluminum coordination from octahedral to tetrahedral, suggesting that in amorphous

silica-alumina the presence of ammonia plays a role in inducing the coordination change.

Thermal treatment at increasing temperatures led to a progressive conversion of the aluminum

coordination from octahedral to tetrahedral. The octahedral coordination in amorphous

silica-alumina was proved to be more stable than in zeolites, probably due to the fact that the

framework has more freedom to host water molecules. The fraction of aluminum species

whose coordination was unaffected is probably associated with alumina domains.
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Chapter 6

Flexibility of aluminum coordination in zeolite

H-USY. Nature of the extraframework aluminum

species

Abstract

The effect of ammonia adsorption at 120°C on the aluminum coordination in zeolite H-USY

has been studied by means of 27A1 (MQ) MASNMRspectroscopy. A partial conversion from

octahedral to tetrahedral coordination upon ammonia adsorption was observed. A comparison

between the quadrupolar parameters for the flexible aluminum species in zeolite USY,

amorphous silica-alumina and protonic zeolites was done. It was concluded that only a small

fraction of the reversible aluminum species belongs to framework zeolitic sites. Most of the

flexible aluminum species belong to an amorphous phase of silica-alumina formed during the

ultrastabilization process. The presence of an extraframework silica-alumina phase was

confirmed by Al K edge XANESspectroscopy. Analogies in the behavior of the aluminum

coordination toward thermal treatment in zeolite H-USY and silica-alumina emerged from the

Al K edge XANESstudy.
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6.1 Introduction

Ultrastable zeolite Y (USY) in its protonic form is a widely used cracking catalyst in the

petroleum refining industry. It is obtained after steaming zeolite HY at high temperature and

pressure.1 During this process aluminum atoms are removed from the framework, thus

generating considerable amounts of amorphous material.2"4 This is reflected in the 27A1 MAS

NMRspectrum by the presence of a signal around 0 ppm due to aluminum atoms in

octahedral environment, as well as a broad component between the sharp tetrahedral signal at

60 ppm and the octahedral signal at 0 ppm. This broad resonance was assigned to

pentacoordinated aluminum5 as well as to aluminum atoms in a distorted tetrahedral

environment.6'7 Many studies have been devoted to the characterization of the extraframework

debris in zeolite H-USY.5"12 However, the nature of these species has not been unequivocally

assigned yet.

This chapter focuses on the nature and the content of extraframework alumino-silicates in

zeolites. The aluminum coordination in zeolite USYis studied as a function of treatment and

a comparison with amorphous alumina and silica-alumina is made. In this work, we used 27A1

MQMASNMRspectroscopy as a tool to distinguish different aluminum environments in

zeolite H-USY. This technique allows to remove the second-order quadrupolar broadening

and thus to detect pure isotropic spectra. From the analysis of the MQMASNMRspectra the

values of the isotropic chemical shifts and quadrupolar parameters can be determined.

Usually samples are hydrated prior to 27A1 NMRmeasurements in order to decrease the

quadrupolar coupling constant (CQCc)- Dehydration of the samples leads to a large increase in

Cqcc, and thus to a decrease in resolution. The advantage of Al K edge XANESspectroscopy

is that it allows to study the aluminum coordination of dried samples. In the present work in-

situ Al K edge XANES spectroscopy is used to determine the aluminum coordination of

zeolite USYas a function of the dehydration temperature.

6.2 Experimental

6.2.1 Samples

Zeolite USYLZ-Y84 was obtained from Linde. Adsorption of gaseous ammonia (10% in He)

was carried out on the hydrated sample at 120°C. After 1 h contact the sample was allowed to

cool to room temperature under ammonia flow. The sample after ammonia adsorption is

called H-USY(NH3).
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6.2.2 Characterization

27Al MASNMRspectra were measured at 156.38 MHz on a Bruker Avance DSX-600

spectrometer at a spinning rate of 30 kHz using a 2.5 mmprobehead. The pulse length was

0.28 ps, corresponding to rc/12, for non-selective excitation. The delay time was 1 s. To

enable a quantitative comparison, all samples were weighed and the spectra were calibrated

by measuring a known amount of (NH4)A1(S04)2-12H20 under identical conditions.13 For the

triple quantum (3Q) MASNMRexperiments a three-pulse sequence including z-filtering was

applied.14 The radiofrequency field amounted to 100 kHz for the first two pulses and to 40

kHz for the third one. The relaxation delay was 0.5 s. The spectra were sheared, so that the

projection of the 2D spectrum on the isotropic axis gives the high-resolution ID spectrum free

of any anisotropic broadening. From the coordinates of the center of gravity of the different

resonances, the quadrupolar coupling constant (Cqcc) as well as the isotropic chemical shift

can be calculated. Quantification of the different aluminum species was done by fitting the

corresponding ID MAS spectra using the quadrupolar parameters determined in the MQ

MASexperiment.

Al K edge XANES spectra were recorded at the Synchrotron Radiation Source (SRS) of

Daresbury using a recently developed in-situ set-up.15 Samples were pressed into wafers and

placed into a boron nitride cup that can be heated up to 700°C. Fluorescence detection, via a

gas proportional counter (GPC), was used. The initial intensity of the X-ray beam was

measured via the drain current of either a thin 6 pmAu or a 4 pm Cu mesh (with 60 and 88 %

aperture, respectively) positioned in the vacuum vessel. A double crystal monochromator with

YB66 crystals was used.

6.3 Results

6.3.1 2?A1 (MQ) MASNMRspectroscopy

The 27A1 MQMASNMRspectrum of zeolite H-USY is reported in Fig. 6.1. The spectra are

presented sheared and the 27A1 MASNMRspectra of the same samples are given on top of

the MQMASplot. The projection of the 2D frequency domain along the 5Fi axis gives the

purely isotropic spectrum, free of second-order quadrupolar broadening. The spectrum is

similar to that previously reported on the same sample. At least two different contributions are

distinguished in the 50-60 ppm region, attributed to tetrahedrally coordinated aluminum

species, called Al(IV)a and Al(IV)b, in agreement with ref7. The peak Al(IV)a resonates close
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to the diagonal, indicating that the corresponding aluminum species experience a small

quadrupolar interaction. Peak Al(IV)b deviates largely from the diagonal, indicating a large

anisotropic quadrupolar-induced shift and broadening. In the octahedral region at least two

resonances can be resolved in the ID spectrum of zeolite H-USY, a narrow one and a large

one. In the 2D spectrum, at least three resonances can be distinguished, Al(VI)a, Al(VI)b, and

A1(VI)C. This separation is made possible by the combination of high magnetic field and high

spinning rate. Al(VI)a resonates close to the diagonal and corresponds to the narrow peak that

is seen in the ID spectrum. The aluminum species attributed to Al(VI)b experience a relatively

small quadrupolar interaction, whereas A1(VI)C shows strong quadrupolar broadening. A

signal of low intensity is detected at 35 ppm, which is attributed to pentacoordinated

aluminum. This peak represents only a small fraction of the total spectral intensity. Fig. 6.2

shows the 27A1 MQMASNMRspectra of zeolite H-USY after saturation with gaseous

ammonia. In Fig. 6.3 quantitative comparison of the 27A1 MASNMRspectra of zeolites

H-USY before and after ammonia adsorption is shown. They were simulated using the

quadrupolar parameters obtained from the MQMASexperiment. The relative amounts of the

different aluminum species in H-USY and H-USY(NH3) are reported in Table 6.1 together

with the values of the 51S0 and the average Cqcc- The resonances corresponding to the

octahedral species Al(VI)a and A1(VI)C disappeared after ammonia adsorption. No signal in

the region of pentacoordinated aluminum is visible in the MQ MAS spectrum of

H-USY(NH3). At the same time, the intensity of both tetrahedral species increased. The

overall spectrum intensity did not change, indicating a transformation of the octahedral

species Al(VI)a and A1(VI)C to tetrahedral. The pentacoordinated aluminum species A1(V)

probably also changed into tetrahedral, so that the total effect of ammonia adsorption is to

generate aluminum species with lower coordination.

6.3.2 Al K edge XANESspectroscopy

Fig. 6.4 shows the Al K edge spectra of zeolite H-USY at room temperature (Fig. 6.4a) and

outgassed at different temperatures in the range 150-400°C (Figs. 6.4b-d). The spectrum in

Fig. 6.4a shows a sharp whiteline at 1567 eV and a broad peak at 20 eV above the edge.

These are features typical for a tetrahedral coordination. The doublet at 1568 eV and 1572 eV

is typical for an octahedral coordination.16 Degassing the sample at 150°C led to a decrease in

intensity in the spectral range 1568-1575 eV (Fig. 6.4b). At the same time the whiteline at

1567 eV increased. This indicates that dehydration at 150°C led to the conversion of some
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octahedral aluminum atoms to tetrahedrally-coordinated. Whenthe temperature was increased

to 250°C (Fig. 6.4c) and 400°C (Fig. 6.4d) further changes in coordination were observed.

AI(VI)a

AI(VI)b

®y r^miyt

ySÈf ^

y « «
» AI(VI)C

10

10

20

20 10 -10

60 40 20

F2 ppm

Fig. 6.1 27A1 MQMASNMRspectrum of zeolite H-USY. The top spectrum is the 27A1 MASNMR

spectrum. The projection along Fl represents the isotropic spectrum. Two resonances are visible in the

tetrahedral region, one in the region of pentacoordinated aluminum, and three in the octahedral region
(see inset).
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80 60 40 20 0

F2 ppm

Fig. 6.2 27A1 MQMASNMRspectrum of zeolite H-USY(NH3). The top spectrum is the 27A1 MAS

NMRspectrum. The projection along Fl represents the isotropic spectrum.

40 20

(ppm)

Fig. 6.3.
l 'AI MASNMRspectra of (a) zeolite H-USY and (b) zeolite H-USY(NH3), showing a

partial change in the aluminum coordination form octahedral to tetrahedral upon ammonia adsorption.

104



Flexible Al coordination in zeolite USY

Table 6.1 NMRparameters, environment, and concentration of the different Al species in the

H-USY samples.

Species ^1S0 av. Cqcc H-USY H-USY(NH3)

(ppm) (MHz) (%) (%)

AlflV). 61.3 2.3 25 27

Al(IV)b 63.7 6.6 31 56

A1(V) 35 3.2 5 -

Al(VI)a 0 2.0 2 -

Al(VI)b 2 2.6 20 17

A1(VI)C 4.5 3.7 17 -

c

o

o
to

.Q

<

T3
CD
N

ÖJ
E

1560 1570 1580

Energy (eV)

1590

Fig. 6.4 Al K edge XANESspectra of zeolite H-USY (a) wet, (b) outgassed at 150°C, (c) outgassed
at 250°C, and (d) outgassed at 400°C.
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6.4 Discussion

27Al (MQ) MASNMRspectroscopy showed the presence of at least three different octahedral

species in zeolite H-USY (Fig. 6.1). Both 6-coordinated species Al(VI)a and A1(VI)C adopted

tetrahedral coordination after ammonia adsorption, indicating the presence of reversible

species in zeolite H-USY (Fig. 6.2). They can either be associated with zeolitic framework

aluminum species or, as discussed in Chapter 5, with aluminum atoms belonging to an

amorphous silica-alumina phase. Surely they cannot be present in alumina debris, since this

material did not show any change in coordination upon ammonia adsorption (Fig. 5.7 in

Chapter 5). Octahedral species Al(VI)a experiences an average quadrupolar interaction of 2

MHz, corresponding to the values found in pure zeolitic materials (compare Table 5.3).

Therefore, it is attributed to reversible aluminum species associated with the zeolite

framework. A1(VI)C shows a large distribution in chemical and quadrupolar shift. The CQCc

value for A1(VI)C is 3.7 MHz, and corresponds to the values found for the octahedral

aluminum species in amorphous silica-alumina (see Table 5.3). Therefore, it is assigned to

non-framework aluminum species associated with an amorphous silica-alumina phase formed

during the ultrastabilization process. Transition aluminas have been proposed as a model for

the nonframework aluminum in zeolite USY.17 From a comparison of the distributions and

quadrupolar and chemical shift parameters, Fyfe et al. later reported that amorphous alumina

gel is not a good model for the extraframework aluminum species in USY.12 The formation of

amorphous alumino-silicates was previously proposed for dealuminated zeolite Y.8 Kellberg

et al. evidenced analogies between the non-framework aluminum phase in zeolite H-USY and

amorphous silica-alumina. The two materials showed the same change in the 27A1 MASNMR

spectrum upon acetylacetone treatment.9 The peak at 32 ppm in zeolite Y was assigned to

tetrahedrally coordinated species belonging to amorphous silica-alumina.11 !H MASNMR

spectroscopy showed similarities between the proton species in dealuminated zeolite Y and

amorphous silica-alumina as function of dehydration-rehydration treatments.18 As it will be

discussed in Chapter 7, amorphous silica-alumina forms from the reaction between the

extracted silicon and aluminum in the post-synthesis solution.

Another analogy between zeolite H-USY and amorphous silica-alumina comes from the

similarity in the evolution of the aluminum coordination as a function of the temperature. Al

K edge XANESshowed that the conversion of aluminum from octahedral to tetrahedral was

not complete upon vacuum treatment at 150°C. Upon outgassing above 150°C, some

octahedral aluminum atoms further changed the coordination to tetrahedral, showing a similar
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behavior to that of amorphous silica-alumina (see Chapter 5). If zeolite H-USY would be

purely zeolitic, the change in coordination would be complete at temperatures lower than

150°C. This is a strong indication that an amorphous phase of silica-alumina is present inside

the H-USY structure. In the specific case under study probably some alumina domains are

present in amorphous silica-alumina, as suggested by the presence of residual octahedral

species in zeolite USYafter saturation with gaseous ammonia (Fig. 6.2). It could as well be

associated to aluminum species positioned in extraframework octahedral sites, as described in

ref7. The amount of such species is rather high in zeolite H-USY (see Table 6.1). This is not

surprising, since the formation of silica-alumina is favored by the dissolution of silicon during

the steaming process. If the amount of silicon in solution is low, the formation of alumina

domains and/or charged octahedral species will obviously be favored.

6.5 Conclusions

The nature of the extraframework species in ultrastable zeolite H-USY was studied by means

of a combination of 27A1 (MQ) MAS NMRand Al K edge XANES spectroscopy. A

considerable amount of aluminum atoms in zeolite H-USY changed their coordination from

octahedral to tetrahedral upon ammonia adsorption. By means of MQ MAS NMR

spectroscopy at high field and spinning rate it was possible to distinguish between three

different octahedral aluminum species in H-USY. Two groups of hexacoordinated aluminum

sites selectively changed coordination upon ammonia adsorption. Based on the quadrupolar

parameters the nature of the flexible aluminum species in zeolite H-USY could be identified.

Most of the reversible aluminum species belong to an amorphous phase of silica-alumina

formed during the ultrastabilization treatment. The presence of an extraframework silica-

alumina phase in zeolite H-USY was confirmed by Al K edge XANES spectroscopy. A

similar behavior of the aluminum coordination as a function of temperature was evidenced for

zeolite H-USY and amorphous silica-alumina. Only a small fraction of the flexible aluminum

species in H-USY is represented by aluminum in the zeolite framework.
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Chapter 7

Realumination of dealuminated HZSM5zeolites

by acid treatment: a re-examination

Abstract

The re-insertion of non-framework aluminum into the lattice of dealuminated HZSM5zeolites

upon acid treatment was investigated by powder X-ray diffraction, nitrogen adsorption,

elemental analysis, solid-state NMRand FTIR spectroscopy. XRD and nitrogen adsorption

revealed that no structural degradation of the HZSM5 zeolite matrix took place during

dealumination and acid treatment. FTIR and multinuclear NMRspectroscopy showed that

hydrothermal treatment was more effective in dealumination than the mere calcination

treatment. By means of 27A1 (MQ) MASNMRspectroscopy aluminum species at different

T-sites in zeolite HZSM5could be resolved. The changes in the aluminum coordination upon

the subsequent treatments could be monitored. In both steamed and calcined samples, new

tetrahedral aluminum species experiencing a high quadrupolar interaction were present. A

fraction of the tetrahedral aluminum did not belong to the zeolite lattice. Upon acid treatment

no spectroscopic evidence of reinsertion of aluminum into the framework was observed.

Leaching of both extraframework and framework aluminum species occurred. Elemental

analysis revealed that silicon was present in the mother liquor of the acid treatments. It is

proposed that an amorphous phase of silico-alumina, with aluminum in tetrahedral

coordination, is formed as a result of the reaction between the extracted silicon and the

aluminum in the solution.

109



Chapter 7

7.1 Introduction

Acid-base properties of zeolites clearly depend on the content of aluminum in the framework.

The Si/Al ratio can be adjusted either during the crystallization or via post-synthesis

modification. Dealumination, the removal of framework aluminum from the zeolite lattice, is

a well-known procedure for stabilizing zeolites and for creating mesopores, which helps to

overcome diffusional problems in the micropores of the zeolites.1 Since the activity of zeolites

for acid-catalyzed reactions is directly related to the number of framework aluminum atoms,

the possibility of reinserting aluminum into the partially dealuminated, mesoporous

framework has become a topic of increasing interest for the production of stable and highly

active catalysts. As early as 1980, Breck and Skeels reported the reinsertion of aluminum into

the lattice of a thermally decomposed NH4Yzeolite upon treatment with an aqueous NaOH

solution.2 Since then, several attempts were made to reincorporate aluminum into the

framework of zeolites by alkaline treatment, following the concept that the application of

conditions, similar to those under which hydrothermal synthesis occurs, may lead to the

reinsertion of aluminum during post-synthetic treatment as well.3"7 However, the published

reports leave many questions open regarding the actual incorporation of aluminum into the

lattice, because more recent studies demonstrated that tetrahedral aluminum can be present as

extralattice aluminum in the form of silica-alumina.8"11

Sano et al. recently reported that acid treatment was effective in inducing the reinsertion of

non-framework aluminum into the lattice of dealuminated HZSM5 zeolites.12'13 Their

conclusion was based on 27A1 MASNMRand FTIR spectroscopic studies of acid treated

HZSM5zeolites dealuminated by calcination or steaming. Acid treatment after dealumination

is a common procedure for leaching the extraframework aluminum species occluded in the

pores of zeolites, thereby helping to minimize diffusion problems during the catalytic

reaction. On the other hand, the direct treatment of Al-rich zeolites with mineral acids is a

well-known dealumination procedure. Since a contradiction seemed to exist, a careful re-

evaluation of the procedure proposed by Sano et al. was deemed necessary.12'13 In this study

samples were prepared following the procedure described by Sano et al. and were

characterized using a combination of powder X-ray diffraction, elemental analysis, nitrogen

adsorption, !H, 29Si MASNMRas well as FTIR spectroscopy.12'13 27A1 (MQ) MASNMR

spectroscopy was applied to study the evolution of the aluminum coordination upon the

post-synthesis treatments.
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7.2 Experimental

7.2.1 Materials

Zeolite ZSM5PZ-2/40 (CU Chemie Uetikon) was calcined in flowing air at 550°C for 5 h to

remove the template. HZSM5was prepared by subsequent three-fold ion exchange with 1 M

ammonium nitrate solution under reflux, followed by washing with deionized water and

calcination of the NH4-ZSM-5 at 550°C for 5 h. Thermal dealumination of the HZSM5was

carried out in a muffle furnace at 600°C for 48 h (to give sample HZSM5-T). Hydrothermal

dealumination was performed in a stainless steel reactor tube at 500°C for 6 h with a steam

flow rate of 33 ml water/h (to give sample HZSM5-H). One gram of the dealuminated

HZSM5-T and HZSM5-H was treated with 100 ml of 2 Mhydrochloric acid at 100°C for

120 h. The resulting materials were filtered, washed with deionized water, dried at 100°C and

then calcined at 380°C for 8 h (to give samples HZSM5-TL and HZSM5-HL, respectively).

7.2.2 Techniques

Solid-state MASNMRspectra were recorded on a Bruker Avance AMX400 spectrometer

operating at a static field of 9.4 T. 27A1 MASNMRmeasurements were performed at a

resonance frequency of 104.287 MHz. Spectra were recorded at a spinning rate of 10 kHz, a

pulse length of 0.54 us, corresponding to 7i/12, for non-selective excitation. The delay time

was 1 s. All zeolites were fully hydrated in a desiccator over a saturated aqueous NaCl

solution for one week prior to the measurements. For quantitative evaluation, all samples were

weighed, and the spectra were calibrated by measuring a known amount of

(NH4)A1(S04)2-12H20 under identical conditions.14 The 3Q MAS experiments were

performed using the three-pulse sequence including z-filtering. The radiofrequency field

amounted to 106 kHz for the first two pulses and to 16 kHz for the third one. The relaxation

delay was 1 s. !H MASNMRmeasurements were performed at a resonance frequency of

400.13 MHz. Spectra of HZSM5, HZSM5-T, and HZSM5-TL were recorded in 4-mm rotors

at a spinning rate of 10 kHz, pulse length of 3.5 us (tt/3) and delay time of 10 s. Spectra of

HZSM5-Hand HZSM5-HLwere recorded in 7-mm rotors at a spinning rate of 7 kHz, pulse

length of 4 us (7i/4) and delay time of 10 s. All zeolites had been previously dehydrated under

vacuum at 350°C for 6 h. For a quantitative comparison, all samples were weighed, and the

spectra were calibrated by measuring a known amount of l,l,l,3,3,3-hexafluoro-2-propanol

under identical conditions.14 29Si MASNMRmeasurements were performed at a resonance

frequency of 79.49 MHz. High power proton decoupling was applied during acquisition. The
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29c
spinning rate was 5 kHz, the pulse length 1.5 us (71/6) and the delay time 10 s. The Si NMR

signal of TMSwas used as the chemical shift reference. Deconvolution of the NMRspectra

was performed using the Bruker software WinFit.

Fourier transform infrared (FTIR) spectra were obtained at 4 cm"1 resolution with a Mattson

Galaxy spectrometer equipped with an MCT detector. Prior to the investigation, all the

samples were pressed into self-supporting wafers (10-15 mg/cm2) and evacuated at 350°C for

6 h under a residual pressure of 10"4 Pa. For quantitative comparison spectra were normalized

using the integrated intensities of the Si-0 overtone vibrations. XRD powder diffraction

patterns from 5° to 60° 29 were obtained on a Siemens D5000 diffractometer using CuKa

radiation (k = 1.5406 A). Nitrogen adsorption measurements were carried out at -196°C on a

Micromeritics ASAP 2010 instrument using a conventional volumetric technique. Prior to

analysis the samples were outgassed at 400°C for 4 h at pressures below 5 Pa.

The Si/Al ratios were determined by means of laser ablation combined with

inductively-coupled plasma mass spectrometry (LA-ICP-MS).15 An excimer laser (193 nm)

(MicroLas GmbH) was attached to an ELAN 6100 (Perkin Elmer) mass spectrometer for

direct solid sampling. The zeolites were pressed into self-supporting pellets and placed in an

airtight ablation cell. The laser sampled 80 pm of the zeolite (10 Hz, 120 mJ, 5 replicates per

sample), and the produced aerosol was transported into the mass spectrometer.16 The

concentration ratio was determined by comparison with the reference glass 610 from NIST as

the external calibration standard. Two zeolite samples were digested and analyzed as solutions

by inductively-coupled-plasma optical emission spectroscopy (ICP-OES). The data from the

direct solid sampling technique (LA-ICP-MS) and from ICP-OES agree within 3.5%.

Analysis of the solutions after acid treatment was done by ICP-OES.

Table 7.1 Nomenclature and properties of the HZSM5zeolites.

Sample Treatment Si/Al
BET surface

area (m2-g_1)

Micropore
volume

(cmV)

Silicon

dissol.

(wt-%)

HZSM5

HZSM5-T Calcination, 600°C, 48 h

HZSM5-TL 2 MHCl, 100°C, 120 h

HZSM5-H Steaming, 500°C, 6 h

HZSM5-HL 2 MHCl, 100°C, 120 h

19.1 429 0.16

19.3 406 0.15

25.3 416 0.15

20.1 381 0.15

38.3 400 0.16

2.2
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7.3 Results and discussion

7.3.1 XRD, nitrogen adsorption, and elemental analysis

The results of the chemical analysis and nitrogen adsorption are summarized in Table 7.1.

Elemental analysis of the calcined and steamed samples revealed little change in the bulk

composition as compared to the parent HZSM5. The original bulk Si/Al ratio of 19.2 was

maintained after calcination (19.3) and increased slightly after steaming (20.1). On the

contrary, analysis of the additionally acid-treated samples indicated that the bulk composition

of the zeolite changed during the treatment with acid. The Si/Al ratio of the calcined sample

increased to 25.3 and that of the steamed sample to 38.3, indicating that leaching of aluminum

occurred during the acid treatment. Analysis of the solutions of the acid treatment revealed

that dissolution of silicon took place as well. Of the original silicon content of the calcined

and steamed zeolites, 2.2 wt% and 3.8 wt%, respectively, were dissolved during the acid

treatment. Nitrogen adsorption measurements showed that a secondary pore system did not

form after the various treatments (Table 7.1). The micropore volume remained unchanged,

and the pore volume distribution of the meso- and macropore region (2-100 nm), calculated

according to the BJH method, showed that there was no change in the textural properties. The

BET surface area of the parent material HZSM5was not appreciably modified as a result of

the subsequent treatments. X-ray powder diffraction patterns are shown in Fig. 7.1. They

correspond to those expected for samples of MFI topology. The diffractograms indicate that

crystallinity was retained after every single treatment.

20 30

29(degrees)

Fig. 7.1 XRD patterns of (a) HZSM5, (b) HZSM5-T, (c) HZSM5-TL, (d) HZSM5-H, and (e)
HZSM5-HL.
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7.3.2 1H MASNMRand FTIR spectroscopy

In Fig. 7.2 the !H MASNMRspectra of the different samples are quantitatively compared. At

least three signals are present in the spectrum of the parent HZSM5 (see Fig. 7.3), with

maxima at 1.3, 1.8, and 3.4 ppm. The peak at 1.3 ppm is due to protons of silanols, the signal

at 3.4 ppm is due to bridged Si(OH)Al groups, and the component at 1.8 ppm is assigned to

non-acidic Al-OH groups.17 There is a broad feature between 4 and 8 ppm, which may be due

to H-bonded silanols18 and/or Si(OH)Al groups interacting with the framework oxygens via

H-bonds.14'19 Upon dealumination, the concentration of Bronsted acidic protons declined

remarkably (see Figs. 7.2b, 7.2d, and Table 7.3). The extent of the decrease was much greater

in the case of the steamed sample (Fig. 7.2d). This shows that the degree of dealumination by

hydrothermal treatment is higher compared to the mere thermal treatment. The area of the

silanol peak at 1.3 ppm (Figs. 7.2b and 7.2d) diminished, suggesting that silicon migrates to

the tetrahedral vacancies generated by the dealumination of the framework.

(d)

(c)

(b)

(a)
—: 1 1 1 1 1 1 1 1 1 1 1

14 12 10 8 6 4 2 0-2-4 -6 -8

(ppm)

Fig. 7.2 lH MASNMRspectra of (a) HZSM5, (b) HZSM5-T, (c) HZSM5-TL, (d) HZSM5-H, and (e)
HZSM5-HL.

(e)
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8
(ppm)

0 -4

Fig. 7.3 Computer deconvolution of the :H MASNMRspectrum of zeolite HZSM5: experimentally
observed spectrum (solid line); fit (dashed line).

The corresponding FTIR spectra are quantitatively compared in Fig. 7.4.
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Fig. 7.4 FTIR spectra in the OH stretching spectral region of (a) HZSM5, (b) HZSM5-T, (c)
HZSM5-TL, (d) HZSM5-H, and (e) HZSM5-HL.

There are at least four bands at 3743, 3667, 3610, and 3550-3300 cm"1 in the FTIR spectrum

of the parent HZSM5 zeolite (Fig. 7.4a). The IR spectrum is the mirror image of the

corresponding !H NMRspectrum. There is general agreement that the band at 3743 cm"1

115



Chapter 7

corresponds to the O-H stretching mode of isolated silanols, while that at 3610 cm"1 is due to

bridged Si(OH)Al groups.20"23 The weak feature at 3667 cm"1 is assigned to hydroxyl groups

of Al-OH species.24'25 Finally, the broad absorption around 3550-3300 cm"1 was assigned to

hydrogen-bonded silanols18 and/or bridged Bronsted acid groups.14'19 Because of the

similarity between FTIR and !H NMRspectroscopy, it is not surprising that the evolution of

the FTIR spectra profile of HZSM5upon subsequent treatments is consistent with the trend

found in !H NMR. However, no quantitative analysis of the FTIR spectra was attempted,

since IR intensities are strongly influenced by the different environments (molar extinction

coefficients vary for different families of hydroxyl groups). On the basis of the comparison of

the spectra of the acid treated HZSM5samples, the following conclusions can be drawn, (i)

Leaching of Al-OH aluminum species took place, as evidenced by the decrease of the band at

3667 cm"1, (ii) The band at 3743 cm"1 increased, suggesting formation of structural defects

and the formation of a new silica phase, (iii) The intensity of the band at 3660 cm"1 (Bronsted

acid sites) decreased slightly.

7.3.3 2?A1 (MQ) MASNMRspectroscopy

Fig. 7.5 shows a quantitative comparison of the 27A1 MASNMRspectra of the different

HZSM5 zeolites. The spectrum of the parent HZSM5 (Fig. 7.5a) is characterized by an

intense and sharp signal at 53 ppm due to aluminum species in tetrahedral coordination

(Al(IV)). An additional weak signal is observed at 0 ppm, assigned to octahedrally

coordinated extraframework aluminum species (Al(VI)).

The corresponding 3Q MASspectrum is shown in Fig. 7.6. The Fl projection gives the ID

high-resolution spectrum free of quadrupolar broadening caused by the second-order

quadrupolar interaction. Two peaks can be resolved with isotropic chemical shift 56.2 ± 0.5

ppm (called Al(IV)a) and 53.4 ± 0.5 ppm (called Al(IV)b). On the base of the relationship

between isotropic chemical shift and T-O-T angles, this two tetrahedral peaks were assigned

to non-equivalent aluminum T-sites in HZSM5.26 Adsorption of deuterated pyridine on the

HZSM5 sample showed two types of interaction of pyridine with the strongly acidic

Si(OH)Al groups (see Fig. 4.9). This heterogeneity of interactions could be associated to the

presence of two different groups of Bronsted acid sites in zeolite HZSM5. The tetrahedral

aluminum signals show a considerable difference in isotropic chemical shift (Table 7.2),

which suggests a different Bronsted acidity for these T-sites.26 These aluminum sites are

probably associated to the two signals at 13.5 ppm and 15.2 ppm in the !H MASNMR
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spectrum of HZSM5after pyridine adsorption. This assignment is supported by the fact that

the intensity ratio between the !H MASNMRsignals at 15.2 ppm and 13.5 ppm (ca. 2.7) is

close to that between the 27A1 NMRsignals Al(IV)a and Al(IV)b (ca. 2.5, Table 7.2).

In the octahedral region only one resonance is present, called Al(VI)a. This octahedral

aluminum experiences a small quadrupolar interaction (low Cqcc, see Table 7.2) and has a

small distribution in isotropic chemical shifts. Therefore we attributed it to octahedral

aluminum species partially connected to the framework, formed by partial hydrolysis (see

Chapter 5).

Table 7.2 Quadrupolar parameters and concentration (in umol-g"1) of the different aluminum species

in the zeolites HZSM5.

Sample Al(IV)a Al(IV)b A1(IV)C Al(IV)d Al(VI)a Al(VI)b

HZSM5 56.2a(1.4)b

[278]c

53.4(1.1)

[112]

HZSM5-T 56.2(1.4) 53.4(1.1) 55.2(4.9)

[143] [123] [96]

HZSM5-TL 56.2(1.4) 53.4(1.1) 56.7(5.0)

[75] [134] [113]

HZSM5-H 56.2(1.4) 53.4(1.1) 44.9(3.7)

[15] [135] [174]

HZSM5-HL 56.2(1.4) 53.4(1.1) 44.9(3.7)

[8] [96] [59]

-1.2(1.0)

[30]

1.9(2.7)

[33]

1.6(2.7)

[24]

5.4(3.6)

[75]

5.4(3.6)

[15]
a

§iso (PPm) CqCC(m MHz)
c

Concentration (in (amol-g-1)
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40 20

(ppm)

Fig. 7.5 27A1 MASNMRspectra of (a) HZSM5, (b) HZSM5-T, (c) HZSM5-TL, (d) HZSM5-H, (e)
HZSM5-HL.
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- 40

60

T3
T3

F2(ppm)

Fig. 7.6 27A1 MQMASNMRspectrum of zeolite HZSM5. The Fl projection represents the pure

isotropic spectrum. Two tetrahedral resonances are resolved, due to aluminum species at different T-

sites in HZSM5. One peak is present in the octahedral region, assigned to framework octahedral

aluminum.
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The AI MASNMRspectrum of the thermally treated zeolite HZSM5-T is shown in Fig.

7.5b. A new tetrahedral contribution can be seen in the corresponding MQMASspectrum,

called A1(IV)C (Fig. 7.7). The peak lies away from the diagonal and is spread along the

direction of the QIS axis, indicating that the corresponding aluminum species is affected by a

large quadrupolar interaction. No contribution is seen in the region of pentacoordinated

aluminum. Quantification of the different aluminum species showed that the effect of the

thermal treatment was to convert the original tetrahedral species Al(IV)a to distorted species

A1(IV)C. Tetrahedral species Al(IV)b was not affected (Table 7.2). A new octahedral peak,

Al(VI)b, appeared, which deviates from the diagonal.

0

20 f
3

40

60

60 40 20 0

F2(ppm)

Fig. 7.7 27A1 MQMASspectrum of thermally treated zeolite HZSM5-T. The Fl projection represents
the pure isotropic spectrum. A new tetrahedral peak, A1(IV)C, is present, showing high CQCc-

Steaming of zeolite HZSM5led to the 27A1 MASNMRspectrum of Fig. 7.5d and to the MQ

MAS spectrum of Fig. 7.8. An additional tetrahedral resonance affected by a large

quadrupolar interaction can be seen, called Al(IV)d. The intensity in the spectral region -20 to

20 ppm consists of one resonance, called Al(VI)b, corresponding to distorted octahedral

aluminum experiencing a large quadrupolar interaction (Fig. 7.8). Quantitative analysis

showed a greater loss of the original tetrahedral intensity in the case of the steamed material

compared to the calcined one (Table 7.2). This result agrees with the fact that the degree of

119



Chapter 7

dealumination in HZSM5 is higher in the presence of steam. The original tetrahedral

population was redistributed into distorted tetrahedral Al(IV)d and octahedral Al(VI)b

aluminum species. It is worthwhile noticing that the dealuminated samples HZSM5-T and

HZSM5-H do not contain "NMRinvisible" aluminum, as it is inferred from the fact that the

total aluminum content was the same as in the parent HZSM5.

60 40 20 0

F2(ppm)

Fig. 7.8 27A1 MQMASNMRspectrum of hydrothermally treated zeolite HZSM5-H. The Fl

projection represents the pure isotropic spectrum. A third tetrahedral peak is visible, called Al(IV)d,

showing a large distortion. A octahedral resonance is present, called Al(VI)b, having a high CQCc-

The 27A1 MASNMRspectra of the calcined and steamed samples after acid treatment are

shown in Fig. 7.5c and 7.5e, respectively. The corresponding MQMASspectra are reported

in Fig. 7.9 and 7.10, respectively. Only a limited extent of aluminum was leached out in the

case of the calcined material, whereas a greater loss was observed for the hydrothermally

treated sample. In contrast to what reported by Sano et al. acid treatment of the dealuminated

zeolites did not lead to the recovery of the intensity of the original tetrahedral aluminum

signals.12'13 For both calcined and steamed samples, a quantitative comparison of the areas

before and after acid treatment showed a further decrease in the amount of tetrahedrally

coordinated Al(IV)a species. For the steamed sample, also species Al(IV)b decreased. This

result indicates that the acid treatment did not result in the reinsertion of non-framework
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aluminum into the lattice, but rather to a further dissolution of structural aluminum. Besides,

leaching of distorted aluminum species took place. In the case of the steamed zeolite a great

decrease of species Al(IV)d was observed, whereas octahedral species Al(VI)b practically

disappeared. In the case of the calcined sample the octahedral aluminum species Al(VI)b was

partially leached out, whereas species A1(IV)C was unaffected. In conclusion, the 27A1 (MQ)

MAS NMRcharacterization of the acid treated samples showed the following, (i) An

additional fraction of tetrahedral aluminum was removed from the lattice. In the case of the

calcined sample, aluminum atoms were removed from the same crystallographic positions

represented by the peak Al(IV)a, whereas in steamed sample also aluminum atoms that

resisted hydrothermal treatment were extracted (Al(IV)b). (ii) Leaching of distorted

tetrahedral and octahedral aluminum species occurred (in the case of the steamed material).

Fig. 7.9 AI MQMASNMRspectrum of thermally treated and subsequently acid leached zeolite

HZSM5-TL. The Fl projection represents the pure isotropic spectrum. The same species are present as

in zeolite HZSM5-T.
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60 40 20 0

F2(ppm)

Fig. 7.10 27A1 MQMASNMRspectrum of hydrothermally treated and subsequently acid leached

zeolite HZSM5-HL. The Fl projection represents the pure isotropic spectrum. The same peaks are

present as in zeolite HZSM5-H.

7.3.4 Comparison between 27A1 (MQ) MAS NMRand *H MAS NMR

spectroscopy

Table 7.3 shows a comparison between the amount of tetrahedral aluminum species derived

from the quantification of 27A1 (MQ) MASNMRand that of Si(OH)Al Bronsted centers

estimated by !H MASNMRspectroscopy. In both dealuminated HZSM5-T and HZSM5-H

samples the amount of tetrahedral aluminum species exceeds that of the Bronsted acid

centers. For the steamed HZSM5-H sample this difference is quite large. Since every

aluminum atom in the zeolite lattice is associated with a Si(OH)Al Bronsted acid site, some

tetrahedral aluminum in the dealuminated samples must be present as extraframework species

(EFA1IV), either as aluminum (hydr)oxide or as silica-alumina. The formation of EFA1IV

associated with an amorphous silica-alumina phase after dealumination has been described for

zeolite Y ' (see also Chapter 6) and ZSM-5. Silica-alumina possesses aluminum in

tetrahedral environment (see Chapter 5). On the basis of these considerations, we believe that

some distorted aluminum species present in the dealuminated samples are due to EFA1IV

species, probably associated with an amorphous silica-alumina phase formed from the

reaction between the extracted silicon and aluminum. Also in the case of the acid-treated

samples, the amount of tetrahedral aluminum exceeded the amount of bridged Si(OH)Al

20

40
3

60
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groups, thus revealing the presence of EFA1 species (Table 7.3). This is not surprising, since

acid treatment did not lead to the complete washing out of the distorted tetrahedral aluminum

species. At the same time the amount of silanol groups (Fig. 7.2, peak at 1.4 ppm,) increased,

indicating the possible formation of an amorphous phase of silica-alumina from the reaction

between the extracted aluminum and silicon in solution. The formation of silico-aluminates

after washing was first proposed by Lutz et al. for dealuminated zeolite Y treated with an

alkaline solution.9'10 The increase in the silanols population may also be due to the formation

of a new silica phase. Acid treatment may dissolve alumina of the aluminum-rich silica-

alumina debris, thus leading to silica species.

Table 7.3 Concentrations in umol-g"1 of the overall tetrahedral aluminum as from 27A1 (MQ) MAS

NMRand the Si(OH)Al groups as from 'H MASNMRfor the different HZSM5zeolites.

Species HZSM5 HZSM5-T HZSM5-TL HZSM5-H HZSM5-HL

Al(IV)

Si(OH)Al

390

420

360

320

320

290

280

80

150

70

7.3.5 29Si MASNMRspectroscopy

The 29Si MASNMRspectra and their resolved lines of the parent HZSM5, the dealuminated

HZSM5-T and the acid treated HZSM5-TL samples are shown in Fig. 7.11. Four peaks were

distinguished and assigned as follows. The signals at -112.6 and -106.7 ppm were attributed

to the resonance of the silicon atoms in the SiÛ4 tetrahedra surrounded by 4 (4Si, 0A1) and 3

(3 Si, 1A1) silicon atoms, respectively. The peak at -103 ppm was assigned to silicon atoms of

(Si(OH)(-OSi)3) units while the shoulder at -116.1 ppm was attributed to the presence of

crystallographically inequivalent sites in the zeolite. ' Si MASNMRcannot provide

quantitative information about the framework transformation, since the three spectra exhibit

very similar patterns and only show minor differences in peak intensities. Therefore, only

qualitative conclusions can be drawn regarding the feasibility of realumination. Thermal

treatment (Fig. 7.11b) did not appreciably affect the area of the signal at -106.7 ppm

associated to Bronsted acid sites. As we showed above, a more severe treatment is necessary

to remove a consistent amount of aluminum from the framework. Acid treatment after thermal

dealumination led to the spectrum of Fig. 7.11c. If a realumination would have occurred, the

amount of framework aluminum species should have increased. However, no significant
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change in the area of the signal at -106 7 ppm, associated with these species, was observed,

confirming that no reinsertion of aluminum into the framework has occurred

-105 -115
ppm

Fig. 7.11 29Si MASNMRspectra and their deconvoluted components of (a) HZSM5, (b) HZSM5-T,
and (c) HZSM5-TL
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7.4 Conclusions

The results of our characterization are in clear contrast to the proposal by Sano et al. regarding

the feasibility of the reinsertion of non-framework aluminum into vacant framework sites by

treatment with an aqueous solution of HCl. Investigation by FTIR and multinuclear NMR

spectroscopy of the samples prepared under the same conditions did not show any evidence of

reinsertion of aluminum into the lattice. The extent of the dealumination of the zeolite

HZSM5after hydrothermal treatment was found to be much greater than after mere thermal

treatment. 27A1 MQMASNMRshowed extraction of aluminum at specific crystallographic

positions. The extracted aluminum changed into octahedral as well as distorted tetrahedral.

The amount of tetrahedral aluminum exceeded that of Si(OH)Al species, indicating that part

of the tetrahedral aluminum did not belong to the lattice. This extralattice aluminum is

probably associated to aluminum (hydr)oxide or to an amorphous phase of silica-alumina.

Upon acid treatment of the dealuminated materials, leaching of part of the extralattice

aluminum was observed, as expected. Moreover, an additional fraction of structural aluminum

was extracted. In the case of the acid-treated calcined sample, further aluminum was extracted

from the same crystallographic positions, whereas in the case of acid-treated steamed sample

also aluminum atoms at T-sites that resisted hydrothermal treatment were extracted. As in the

case of the dealuminated materials, also for the acid-treated samples the tetrahedral aluminum

amount exceeded that of that of Si(OH)Al groups, indicating the presence of extralattice

tetrahedral aluminum species. The excess was found to be greater for the acid-treated steamed

sample. Elemental analysis revealed extraction of silicon during acid treatment. Part of the

extracted aluminum probably reacted with the extracted silicon in solution to form further

amounts of amorphous silica-alumina. Some silica phase could also be present in the acid

treated samples, originating from the silica-alumina debris after dissolution of the alumina

domains.
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Chapter 8

Dealumination and realumination of zeolite beta

Abstract

Zeolite beta was dealuminated by treatment with hydrochloric acid and realuminated by

reaction of the dealuminated zeolite beta with aluminium isopropoxide at room temperature.

FTIR and *H MASNMRspectroscopy showed that the extent of the generated Bronsted

acidity was similar to that of the parent material before realumination. The distribution of

aluminum in zeolite beta and in dealuminated and realuminated zeolite beta was investigated

by means of multiple quantum (MQ) 27A1 MASNMRspectroscopy. Dealumination occurred

preferentially at specific T-sites. Subsequent reaction with aluminium isopropoxide led to the

preferential insertion of aluminium into the same crystallographic sites by the occupancy of

the structural vacancies. The controlled amount of aluminum isopropoxide and the dried

conditions, under which the reaction took place, limited the formation of extraframework

material to some extent.
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8.1 Introduction

Zeolite beta possesses a two-dimensional pore system of mutually intersecting 12-membered

rings with a mean diameter of 0.67 nm.1 The publication of the structure of zeolite beta in

1988 aroused an interest in this material, owing to its high acidity and the peculiar pore

system.2"5 The catalytic performances of zeolite beta can be enhanced by dealumination, and

the characterization of dealuminated zeolite beta was carried out in several studies.4'6'7'8"14

However, many questions about the structural modifications caused by the post-synthesis

treatments remain unanswered. An important question concerns the coordination of the

aluminum atoms, since the aluminum atoms are associated with Bronsted and Lewis acidity.

The aluminum coordination in zeolites is tetrahedral. However, as first reported by

Bourgeat-Lami et al.8, also octahedrally coordinated aluminum can be associated with the

framework. The presence of octahedral aluminum partially attached to the framework of

zeolite beta was confirmed by others.11'15"17 This flexibility of the aluminum coordination was

also observed for other zeolite topologies, such as Y, ZSM-5 and mordenite18"20 and in general

for alumino-silicates (Chapter 5). 27A1 multiple quantum (MQ) magic angle spinning (MAS)

NMRshowed that the flexibility of the aluminum coordination in zeolite beta is a specific

property of a group of T-sites. It was reported that the formation of octahedral aluminum

partially attached to the framework is the first step of the dealumination process.11

Dealumination by steam or acid treatment causes structural changes in the zeolite crystals. A

secondary pore system consisting of mesopores is often generated and aids diffusion in the

zeolite micropores by shortening diffusion paths.21'22 At the same time, dealumination causes

an uncontrolled loss of framework aluminum atoms and, thus, a decrease in the number of

active sites. Therefore, it is desirable to reinsert aluminum into the framework of a partially

dealuminated mesoporous zeolite framework, thereby maximizing the performance of the

catalyst. Several routes have been proposed for the post-synthetic incorporation of aluminum.

Treating a dealuminated zeolite with an aqueous alkaline solution led to the reinsertion of

non-framework aluminum into the lattice.23"26 The same result was obtained when high silica

zeolites were exposed to A1C13 or AlBr3 vapours.27'28 However, the quality of the resulting

materials and the actual incorporation of aluminum into the lattice are still a matter of debate,

because silica-alumina and y-alumina, which also possesses tetrahedral aluminum, might form

during the realumination treatment (Chapter 7). A comprehensive study of the nature of the

aluminum species after the various dealumination-realumination treatments is therefore

necessary.
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The present work focuses on the reinsertion of aluminum into the framework of zeolite beta,

dealuminated by acid leaching. Aluminum isopropoxide (Al(OiPr)3) was the aluminum source

for the realumination. The successful use of aluminum alkoxides for the incorporation of

aluminum into siliceous MCM-41 has been reported.29 Alkoxides are expected to give better

results than halides since alcohols, the reaction products, are less reactive in attacking the

lattice as mineral acids formed from halides. A careful characterization by XRD, elemental

analysis, FTIR and multinuclear MASNMRspectroscopy identified the successful reinsertion

of aluminum into the framework of zeolite beta dealuminated by acid treatment.

Quantification of the different aluminum species was done by simulating the 27A1 MASNMR

lines using the quadrupolar parameters derived from the analysis of the MQspectra.

8.2 Experimental

8.2.1 Materials

Table 8.1 lists the three samples used. Microcrystalline zeolite beta PB3Na (CU Chemie

Uetikon) was calcined in air at 550°C to remove the template. H-beta was then obtained by

subsequent three-fold ion exchange with a 1 Mrefluxed ammonium nitrate solution, followed

by washing with deionized water and calcination at 450°C (sample PB3H). Dealumination

was carried out by washing one gram PB3H twice with 10 ml of a 1 Mhydrochloric acid

solution at room temperature for 16 h. The resulting material was filtered, washed with

deionised water until the pH was neutral and dried at 120°C for 3 h (sample PB3H-D).

Realumination was carried out as follows. Three grams of dealuminated zeolite PB3H-D were

dried at 120°C, dispersed in dry hexane and then added to dry hexane containing one gram

aluminum isopropoxide. The mixture was stirred for 24 h under nitrogen at room temperature.

The material was then filtered, washed with dry hexane and dried in air at room temperature.

Table 8.1 Nomenclature of the different beta samples.

Sample Treatment

PB3H Calc. 550°C, air; (3x) IMNH4NO3; calc. 450°C, air

PB3H-D (2x)lMHCl, 25°C

PB3H-DA Al(OiPr)3, 25°C
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8.2.2 Characterization

The Si/Al ratios were determined by Laser Ablation, Inductively Coupled Plasma Mass

Spectrometry (LA-ICP-MS). XRD powder diffraction patterns from 5° to 60° 20 were

obtained on a Siemens D5000 diffractometer using CuKoc radiation (X = 1.5406Â). Nitrogen

adsorption measurements were carried out at -196°C on a Micromeritics ASAP Tristar using

the volumetric technique. Prior to analysis, the samples were outgassed at 400°C for 4 h at

pressures below 5 Pa. FTIR spectra were obtained at 4 cm"1 resolution on a Mattson Galaxy

spectrometer equipped with a MCT detector. All the samples were pressed into

self-supporting wafers and evacuated at 350°C for 6 h under the residual pressure of 10"4 Pa.

For quantitative comparison, the spectra were normalized using the integrated intensities of

the Si-0 vibration overtones at 1878 and 2000 cm"1. Solid-state magic-angle spinning (MAS)

NMRmeasurements were performed on a Bruker Avance AMX400 spectrometer operating

at 9.4 T static field. !H MASNMRmeasurements were performed at a resonance frequency

of 400.13 MHz. Spectra were recorded using a 4 mmprobehead, at a spinning rate of 10 kHz,

a pulse length of 2.8 ps (rc/4) and a delay time of 10 s. All samples had been previously

dehydrated under vacuum at 350°C for 6 h. For a quantitative comparison, all samples were

weighed and the spectra were calibrated by measuring a known amount of 1,1,1,3,3,3-

hexafluoro-2-propanol under identical conditions.30 27A1 MASNMRspectra were recorded at

a resonance frequency of 104.287 MHz, at a spinning rate of 12 kHz, using a 4 mm

probehead. The pulse length was 0.58 ps, which corresponds to rc/12, for non-selective

excitation. The delay time was 1 s. For a quantitative evaluation, the samples were weighed

and the spectra were calibrated using a known amount of (NH4)A1(S04)2-12H20 under

identical conditions.30 Triple quantum (3Q) MASNMRmeasurements were done using a

three-pulse sequence including z-filtering. The radiofrequency field was 106 kHz for the first

two pulses and to 16 kHz for the third pulse. The relaxation delay was 1 s.
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8.3 Results

8.3.1 Elemental analysis

Table 8.2 lists the results of elemental analysis on the beta samples. There were large

differences in the bulk composition following the various treatments. After acid leaching the

Si/Al ratio increased from 17 to 87, indicating that a substantial amount of aluminum was

extracted from the sample. Elemental analysis on the sample PB3H-DA showed that

subsequent reaction with Al(OiPr)3 led to a decrease in the bulk Si/Al ratio to a value close to

that the parent sample.

8.3.2 Nitrogen physisorption

There were hardly any changes in the BET surface area and the micropore and mesopore

volumes of the parent beta following acid treatment and subsequent reaction with Al(OiPr)3

(Table 8.2).

Table 8.2 Properties of the different beta samples.

Sample Si/Al BET surface area Micropore volume Mesopore volume

(mV1) (cmV1) (cmV)

PB3H 17.0 662 0.18 0.13

PB3H-D 86.5 619 0.17 0.12

PB3H-DA 15.9 610 0.16 0.12

8.3.3 X-ray powder diffractometry

Figure 8.1 shows X-ray powder diffraction patterns of the different samples. They correspond

to the pattern expected for BEAtopology.31 Table 8.3 lists the 2 theta values of the selected

reflections and the corresponding d spacings of the different patterns. Acid leaching resulted

in a shift of the reflections toward higher angles, the shift becoming larger with the angle. The

corresponding d spacings decreased. Upon subsequent reaction with Al(OiPr)3 the reflections

shifted back and the 2 theta values were similar to the original ones.
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Fig. 8.1 XRDpatterns of (a) PB3H; (b) PB3H-D and (c) PB3H-DA.

Table 8.3 2 theta values and d spacings for the main reflections (*) in the XRDpatterns of the

various beta zeolites.

PB3H PB3H-D PB3H-DA

2 theta d(A) 2 theta d(A) 2 theta d(A)

7.7 11.50 7.8 11.33 7.7 11.44

13.4 6.62 13.5 6.55 13.4 6.62

22.4 3.97 22.8 3.90 22.5 3.95

43.5 2.08 44.1 2.05 43.6 2.07

8.3.4 FTIR spectroscopy

The FTIR spectrum of the parent zeolite PB3Hin the region of the O-H stretching vibrations

shows at least four bands centered at 3780, 3736, 3670 and 3610 cm"1 (Figure 8.2a). The high

intensity band at 3736 cm"1 is attributed to hydroxyl vibrations of silanol groups that terminate

the lattice on the external surface of the microcrystals; the low frequency tail at 3730 cm"1 is

due to internal silanol groups.32 The band at 3610 cm"1 is associated with O-H vibrations of

strongly acidic bridging Si(OH)Al groups.33 The broad and weak band at 3670 cm"1 is

assigned to low acidity perturbed Al-OH groups.34 The band of weak intensity at 3780 cm"1

(so-called VHF) is assigned to various aluminum-containing species, such as isolated AlOOH

species35 or to AlOH moieties of transient species leaving the framework16'36. Strong,
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hydrogen-bonded interactions (e.g. in hydroxyl nests) result in a very broad absorption band

in the 3600-3300 cm"1 spectral range.32 In zeolite beta this large absorption band was assigned

to bridged hydroxyl groups which are perturbed by hydrogen bond interactions with the

zeolite framework.37

After dealumination the profile of the original spectrum changed drastically (Figure 8.2b).

The feature due to Si-OH groups broadened and shifted to lower wavenumbers. An intense

and broad feature centered at 3500 cm"1 appeared, assigned to H-bonded silanols at

framework defect sites and nests.38 The band at 3610 cm"1, due to Bronsted acid sites,

decreased considerably in intensity. The same is true for the features at 3670 cm"1 and 3780

cm"1, which are due to Al-OH groups. Upon reaction with Al(OiPr)3 the silanol band

sharpened and shifted back to higher wavenumbers (Figure 8.2c). The broad feature at 3500

cm"1, due to H-bonded silanols, decreased significantly in intensity. At the same time, the

bands at 3610 and 3670 cm"1, due bridging Si(OH)Al groups and to perturbed Al-OH groups,

respectively, reappeared.
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Ü
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Fig. 8.2 FTIR spectra in the hydroxyl region of the different beta zeolites: (a) PB3H; (b) PB3H-D; (c)
PB3H-DA.
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8.3.5 *H MASNMRspectroscopy

!H MASNMRspectra of the different zeolite samples are quantitatively compared in Figure

8.3. At least five peaks can be distinguished in the spectrum of the parent PB3H(Figure 8.3a).

The signal at 1.8 ppm has been assigned to protons of external silanol groups. The tail on the

low field side is due to protons of silanols associated with defect sites or silanol nests.30 The

peak at 2.4 ppm was assigned to protons of Al-OH groups.39 The component at 3.9 ppm is

due to protons of bridging Si(OH)Al groups.37 The broad feature between 3 and 7 ppm is due

either to Si-OH groups interacting via hydrogen bond38 or to Bronsted acid sites interacting

with the oxygens of the framework.30'37 Table 8.4 lists the results of the quantification of the

different proton species in the parent PB3H. After acid treatment, the signal due to silanol

groups increased remarkably in intensity and shifted to higher ppm values, suggesting the

formation of internal silanols (Figure 8.3b). The signal at 3.9 ppm, due to bridging Si(OH)Al

groups, decreased significantly and was buried by a large tail due to silanol groups interacting

via hydrogen bonding. The line at 0.8 ppm, due to unperturbed Al-OH groups, disappeared.

No quantitative information on the proton species of sample PB3H-D was obtained, because

the !H MAS NMRspectrum exhibits a broad pattern; the deconvolution is, thus, not

straightforward. After reaction with Al(OiPr)3, both peaks at 3.9 and 5 ppm reappeared

(Figure 8.3c). A comparison of the concentration of the Si(OH)Al species in the parent PB3H

and in the realuminated PB3H-DA showed that about 90% of the original Bronsted acidity

was present in the realuminated sample (Table 8.4). The signal due to the silanol groups

decreased and shifted back to the original ppm values, suggesting that consumption of internal

silanol groups had taken place during the reaction with Al(OiPr)3. The line at 2.4 ppm, due to

perturbed (non-framework) Al-OH groups, was more intense than in the parent PB3H

spectrum, whereas the original peak at 0.8 ppm, due to unperturbed Al-OH species, did not

reappear.
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(ppm)

Fig. 8.3 'H MASNMRspectra of the different beta zeolites: (a) PB3H; (b) PB3H-D; (c) PB3H-DA.

The intensity of spectrum (b) has been reduced by a factor of 2, as indicated on the curve.

Table 8.4 Concentration (in umol-g"1) of the different proton species in the parent PB3H and

realuminated PB3H-DA zeolites (as from 'H MASNMR).

Sample SiOH Si(OH) AlOH Unperturbed Perturbed

(1.8 ppm) (2.0 ppm) (2.4 ppm) Si(OH)Al

(3.9 ppm)

Si(OH)Al

(5 ppm)

PB3H 470 270 280 285 365

PB3H-DA 515 490 390 210 355

8.3.6 2?A1 (MQ) MASNMRspectroscopy

The 27A1 MASNMRspectra of the parent beta is characterized by an intense and sharp peak

at 53 ppm due to aluminum species in tetrahedral coordination (Figure 8.4a). Furthermore, a

signal is present at about 0 ppm, due to octahedrally-coordinated aluminum atoms. Both

tetrahedral and octahedral peaks show a tail on the high field side. Figure 8.5 shows the

corresponding 27A1 3Q MASNMRspectrum. The 27A1 MASNMRspectrum is reported on

top of the MQMASspectrum. The projection of the 2D spectrum along the Fl axis represents

the isotropic spectrum, free from anisotropic quadrupolar broadening. The tetrahedral region

(50-60 ppm) consists of at least two components, Al(IV)a and Al(IV)b, that are well-resolved

in the isotropic dimension. They resonate close to the diagonal, indicating a small quadrupolar

induced shift (Table 8.5). An indication of a third tetrahedral species, A1(IV)C, is visible in the
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isotropic dimension. This third contribution is characterized by a strong quadrupolar

interaction. The resonance in the octahedral region Al(VI)a is narrow and represents 14% of

the total spectrum intensity. This octahedral aluminum species shows a weak quadrupolar

interaction and a small distribution in the isotropic chemical shifts (Table 8.5). This is

characteristic of octahedral aluminum species connected to the framework.11'18'19 There is a

weak signal, Al(VI)b, showing a stronger quadrupolar interaction, as seen from the broadening

parallel to the F2 axis, corresponding to a distorted octahedral species. This feature has been

observed before but was not assigned.11

Acid treatment led to a decrease in the overall intensity of the spectrum (Figure 8.4b). The

27Al MQMASNMRspectrum of PB3H-D shows maily intensity in the tetrahedral region

(Figure 8.6). The intensity of the Al(IV)a and Al(IV)b signals changed, as visible in the

isotropic dimension. Both species decreased in absolute intensity, but the Al(IV)a species was

more strongly affected by the acid treatment. Thus, the ratio Al(IV)a/Al(IV)b decreased from

0.6 to 0.3. A third tetrahedral species, A1(IV)C, is clearly visible in the MQMASspectrum. In

the 27A1 MASNMRspectrum a small feature is present in the octahedral region. After

reaction with Al(OiPr)3, the overall intensity of the 27A1 MASNMRspectrum increased (Fig.

8.4c). Both peaks, Al(IV)a and Al(IV)b, increased in intensity, but the increase of Al(IV)a was

greater. The ratio Al(IV)a/Al(IV)b increased from 0.3 to 0.8. A third resonance is seen in the

spectral region 50-60 ppm, Al(IV)d. At least two resonances can be distinguished in the

octahedral region, Al(VI)a and Al(VI)b. The narrow peak Al(VI)a is very similar to the

resonance seen in the spectra of PB3H and PB3H-D and contributes 3%of the total intensity.

Most of the intensity in the octahedral region is represented by a new peak, A1(VI)C,

corresponding to distorted octahedral aluminum with a strong quadrupolar interaction

(Figures 8.4c and 8.7).
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80 60 40, ,20
(ppm)

Fig. 8.4 2,A1 MASNMRspectra of the different beta zeolites: (a) PB3H; (b) PB3H-D; (c) PB3H-DA.

Table 8.5 NMRparameters and concentration of the different aluminum species in the different beta

zeolites as determined by 27A1 (MQ) MASNMR.

Sample Al(IV)a Al(IV)b A1(IV)C Al(VI)a Al(VI)b

PB3H 56.9a(1.6)b 53.9(1.5) 62.3(6.0) 0.2(1.5) 0.8(2.7)

[215]c [350] [115] [120] [60]

PB3H-D 57.6(1.6) 54.4(1.5) 60.0(4.8) -0.3(1.0)

[35] [120] [10] [5]

PB3H-DA 57.1(1.6) 53.4(1.5) 57.4(5.2) 0.2(1.5) 10.6(5.6)

[190] [210] [190] [25] [140]
1

§iso (ppm).
b

Cqcc (in MHz).c Concentration (in umol-g"1).
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Fig. 8.5 2'A1 MQMASNMRof parent zeolite beta PB3H. The corresponding 2A1 MASNMR

spectrum is given on top. The Fl projection represents the pure isotropic spectrum. Two resonances

are clearly resolved in the tetrahedral region, Al(IV)a and Al(IV)b, corresponding to tetrahedral

aluminum at different crystallographic sites. The signal Al(VI)a represents octahedral aluminum

partially attached to the framework.
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Fig. 8.6 2'A1 MQMASNMRof dealuminated zeolite beta PB3H-D. The corresponding 2A1 MAS

NMRspectrum is given on top. The Fl projection represents the pure isotropic spectrum. A third

resonance is visible in the tetrahedral region, A1(IV)C.
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Fig. 8.7 27A1 MQMASNMRof realuminated zeolite beta PB3H-DA. The corresponding 27A1 MAS

NMRspectrum is given on top. The Fl projection represents the pure isotropic spectrum.

8.4 Discussion

8.4.1 Evidence of dealumination and realumination of zeolite beta

The X-ray powder diffraction of PB3H-D and PB3H-DA are similar to that of the parent

PB3H, indicating that the structural ordering was maintained after the subsequent treatments

(Figure 8.1). As pointed out in the Introduction, several investigations showed that zeolite

beta is rather fragile and can be easily dealuminated. Our characterization results show that

strong dealumination occurred when zeolite beta was washed with hydrochloric acid at room

temperature. Elemental analysis showed a strong increase in the Si/Al ratio (Table 8.2). 27A1

MASNMRrevealed a decrease in the total aluminum concentration (Fig. 8.4 and Table 8.5).

XRDshowed a decrease in the d spacing (Table 8.3). Since the average Al-0 bond length is

longer than that of Si-O, this result is consistent with the fact that aluminum atoms were

removed from the zeolite framework. FTIR and !H MASNMRspectroscopy showed that,

after acid leaching, a significant number of internal Si-OH groups, indicative of defect sites,

was created at the expense of the bridging Si(OH)Al groups (Figures 8.2, 8.3 and Table 8.4).
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Realumination of zeolite beta was possible using Al(OiPr)3 as the realuminating agent. XRD

results showed an increase in the d spacing to values close to the original values for PB3H

(Table 8.3), which indicates that aluminum atoms were reinserted into the zeolite structure.40

The original bulk Si/Al ratio was recovered (Table 8.2). However, extraframework aluminum

might form during the reaction with Al(OiPr)3, thereby leading to an overestimation of the

actual amount of aluminum in the framework. The results of FTIR and !H MASNMR

spectroscopy confirmed that realumination took place after reaction with Al(OiPr)3, as

inferred from the fact that strongly acidic Si(OH)Al groups were generated (Figures 8.2, 8.3).

The number of Bronsted acid sites was close to that in the sample before dealumination

(Table 8.4). Consumption of hydroxyl nests took place during reaction with Al(OiPr)3,

indicating that the incorporation of aluminum into the zeolite framework occurred through the

reaction of Al(OiPr)3 with the defective lattice sites (Figures 8.2, 8.3).

8.4.2 Aluminum coordination as a function of dealumination and

realumination treatments

The 27A1 MQMASNMRspectrum of the parent zeolite beta in the tetrahedral region revealed

two signals at 56.9 and 53.9 ppm (Figure 8.5). The Cqcc values for these resonances are low

(< 2 MHz) and typical of aluminum in a crystalline silico-aluminate framework (Table 8.5). A

similar result was obtained for zeolite beta.11 Based on the isotropic chemical shift values,

which are related to the Al-O-Si angles, these two signals were assigned to aluminum atoms

occupying different T-sites in zeolite beta. Peak Al(IV)b, with a lower 51S0, was assigned to

aluminum atoms occupying crystallographic positions with higher averaged T-O-T angles,

whereas peak Al(IV)a, with a higher ô1S0, was attributed to aluminum atoms at crystallographic

sites with lower T-O-T angles.11 Zeolite PB3Hcontains a small amount of a third tetrahedral

aluminum species, A1(IV)C, which is affected by a large quadrupolar interaction (Table 8.5).

This species may be a locally distorted aluminum atom associated with defect sites in the beta

framework, extralattice aluminum which formed during the removal of the template at high

temperature, or aluminum in the debris generated during the synthesis. Two resonances are

seen in the octahedral region. Peak Al(VI)a represents framework octahedral aluminum atoms

formed by partial hydrolysis.11'19 Resonance Al(VI)b is associated with highly distorted

aluminum atoms.

Through acid leaching, a considerable amount of the Al(IV)a and Al(IV)b framework

tetrahedral species were extracted, as revealed by 27A1 MQMASNMR. The decrease in the
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amount of species Al(IV)a indicates that acid treatment removes preferentially aluminum

atoms from crystallographic positions represented by Al(IV)a. This is consistent with previous

results that reported that the Al(IV)a species was selectively dealuminated by hydrothermal

treatment11 and that the tetrahedral species at 58.0 ppm (corresponding to our Al(IV)a) were

preferentially leached by washing zeolite beta with a 1 Mhydrochloric acid solution.14 This

species was assigned to aluminum atoms partially connected to the framework representing

lattice defect sites in zeolite beta. However, the CQCc values reported for this aluminum

species (1.9 MHz) are typical for regular symmetric framework aluminum species in zeolites

(Chapter 5). The presence of non-equivalent aluminum sites in tetrahedral coordination is not

a peculiarity of zeolite beta. 27A1 MQMASNMRstudies have shown a distribution of

tetrahedral aluminum sites in ZSM5, ferrierite and MCM22as well.41"44 Acid treatment also

resulted in the disappearance of the distorted octahedrally-coordinated aluminum Al(VI)b,

whereas traces of the octahedrally-coordinated framework species Al(IV)a were still present.

It was reported that the Al(IV)a species changes the coordination to octahedral upon partial

hydrolysis while maintaining the connection with the framework.11 Our MQMASresults

show a parallel decrease in the framework tetrahedral Al(IV)a and octahedral Al(VI)a species

after acid leaching.

27Al (MQ) MASNMRspectroscopy shows that aluminum atoms can be inserted into the

framework of zeolite beta through the reaction of dealuminated beta with Al(OiPr)3. This is

inferred from the fact that the amount of both the Al(IV)a and Al(IV)b species increased after

realumination (Table 8.5). However, the amount of the Al(IV)a species increased to about that

in the material prior to dealumination, whereas the Al(IV)b species was only partially

recovered. This shows that zeolite beta has crystallographic positions, represented by Al(IV)a,

at which the aluminum atoms can be easily extracted and reinserted. It is interesting that the

sites represented by Al(IV)a are the same as those that adopt octahedral coordination upon

partial hydrolysis and can be reverted to tetrahedral following ammonia adsorption or simple

thermal treatment.11'45

The !H MASNMRspectroscopy results revealed that realumination almost recovered the

amount of perturbed Bronsted acid sites, whereas the number of unperturbed Si(OH)Al

species was lower than in the parent zeolite. This indicates that there is a correlation between

the aluminum species represented by Al(IV)a and the perturbed Si(OH)Al groups. The latter

sites are expected to be less acidic than the unperturbed Bronsted acid sites due to the

stabilization of the positive charge by the oxygens of the framework.13
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As well as regular framework aluminium species, AI (MQ) MASNMRrevealed the

presence of distorted tetrahedral and octahedral aluminium species in the realuminated

material, represented by the peaks A1(IV)C and Al(VI)b (Figure 8.7). The CQCcvalues for these

species are rather high (> 5 MHz), suggesting that they are associated with extraframework

aluminium particles. Perturbed Al-OH species, associated with the IR band at 3670 cm"1 (and

the !H MASNMRpeak at 2.4 ppm), were present in sample PB3H-DA (Table 8.4).

Hydrolysis of Al(OiPr)3 probably occurred during the reaction, which led to the formation of

some aluminium (hydr)oxide clusters. It seems that the formation of extraframework

aluminium species can be reduced but cannot be completely avoided. Thus, the reaction

conditions play a crucial role. The use of an organic solvent and the inert atmosphere ensure a

dry environment, which is decisive for preventing the possible hydrolysis of Al(OiPr)3 to as

great an extent as possible. Furthermore, the amount of Al(OiPr)3 was adjusted to the

concentration of defective sites, because deposits of extraframework alumina particles might

form in the presence of an excess of aluminating agent. Under these conditions, the formation

of undesired extraframework particles was limited.

8.5 Conclusions

Treatment of zeolite beta with hydrochloric acid led to the extraction of aluminium atoms

preferentially at specific T-sites. As a consequence, lattice defects (silanol nests) were

generated. The reaction at room temperature of aluminium isopropoxide with the defective

sites led to the recovery of a considerable fraction of the Bronsted acidity. Aluminium atoms

were inserted into the same dealuminated crystallographic positions. Under the reaction

conditions, the formation of extraframework aluminium atoms was limited.
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Concluding remarks

This work shows that a careful characterization is necessary to study the effects of

post-synthesis treatments of zeolites. The use of a combination of different techniques

provided a valuable tool to study the changes in the zeolite structure upon post-synthesis

treatments. In particular, the use of 27A1 MQMASNMRspectroscopy turned out to be a great

tool to distinguish aluminum species in different coordinative environments. Al K edge

XANES spectroscopy was used as a complementary technique to study the aluminum

coordination of dried samples. By means of MQMASNMRat high magnetic field and high

spinning rate, six different aluminum species could be discriminated in zeolite USY, two

tetrahedrally, one penta and three octahedrally coordinated. To investigate the nature of the

extraframework aluminum species in zeolite USY, the aluminum coordination of different

alumino-silicate materials was studied by a combination of 27A1 (MQ) MASNMRand Al K

edge XANES spectroscopy. Ammonia adsorption on amorphous silica-alumina led to a

change in coordination of the octahedral species to tetrahedral in a similar way as observed

for protonic zeolites. Contrary to zeolites, the change in coordination in silica-alumina was

only partial, and the extent of conversion was an inverse function of the aluminum content.

The same treatment did not affect the aluminum coordination of y-Al203, showing that the

flexibility of aluminum coordination is a general property of alumino-silicate systems. A

distinction between flexible aluminum species in zeolites and in amorphous silica-alumina

was possible based on the quadrupolar parameters derived by 27A1 MQMAS NMR

spectroscopy. A considerable amount of aluminum atoms in zeolite USY changed

coordination from octahedral to tetrahedral upon ammonia adsorption. Based on the

quadrupolar parameters, most of the reversible aluminum species were assigned to an

amorphous silica-alumina phase formed during the ultrastabilization treatment. Al K edge

XANES spectra measured at increasing temperatures showed a similar behavior of the

aluminum coordination in zeolite USYand in silica-alumina, confirming the presence of an

extraframework silica-alumina phase in zeolite USY. The combination of Al K edge XANES
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and !H MASNMRspectroscopy provided further information on the flexible aluminum

species in silica-alumina. It was found that the octahedral coordination in silica-alumina is

more stable than that in zeolites, probably due to the fact that the framework has more

freedom to host water molecules.

The formation of extraframework species identified as amorphous silica-alumina was

postulated also when a hydrochloric acid treatment was applied on thermally and

hydrothermally treated HZSM5zeolites. The changes in the aluminum coordination upon the

different subsequent treatments were monitored by means of 27A1 MQMASNMR. As a result

of the thermal and hydrothermal treatment, part of the original aluminum population changed

into distorted octahedrally and tetrahedrally coordinated species. In particular, it was shown

that aluminum was extracted at specific crystallographic positions. A quantitative comparison

of the overall tetrahedral aluminum, determined by 27A1 (MQ) MASNMR, and the Si(OH)Al

groups, determined by !H MASNMRspectroscopy, showed that part of the tetrahedral

aluminum did not belong to the lattice. This fraction of extralattice aluminum was greater in

the hydrothermally treated HZSM5, indicating that some amorphous phase (probably of

silica-alumina) formed from the reaction of the extracted silicon and aluminum during the

steam treatment. Upon acid treatment, no spectroscopic evidence of reinsertion of aluminum

into the framework was observed, as claimed by some authors.1'2 On the contrary, leaching of

both extraframework and framework aluminum occurred, as revealed by 27A1 (MQ) MAS

NMRspectroscopy. In the case of the acid-treated calcined sample, further aluminum was

extracted from the same crystallographic positions, whereas in the case of the acid-treated

steamed sample also aluminum atoms at T-sites that resisted hydrothermal treatment were

extracted. A large excess of tetrahedral aluminum was found compared to the Si(OH)Al

groups also for the acid-treated samples, indicating the presence of an extralattice tetrahedral

aluminum species. The excess of tetrahedral aluminum was much greater in the case of the

acid-treated steamed sample. Since extraction of silicon occurred during the acid treatment, as

revealed by elemental analysis, this shows that more amorphous silica-alumina was formed

from the reaction between the extracted aluminum and silicon in the solution.

Dealumination by acid treatment was also studied on zeolite beta. It was found that extraction

of a considerable amount of framework aluminum occurred, confirming that zeolite beta can

be easily dealuminated. This treatment removed preferentially aluminum atoms at specific

crystallographic position. Subsequent treatment with aluminum isopropoxide revealed that

aluminum was partially incorporated into the same T-sites, showing that zeolite beta
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Concluding remarks

possesses flexible crystallographic positions at which aluminum can be easily extracted and

reinserted. !H MASNMRand FTIR spectroscopy showed that reinsertion of aluminum into

the framework proceeded through the reaction of Al(OiPr)3 with the silanol nests. It is of

importance to underline that the aluminum insertion using Al(OiPr)3 as the aluminating agent

was successful under the experimental conditions of the reaction. The use of an organic

solvent and the anhydrous conditions were decisive to prevent as much as possible hydrolysis

of the aluminum isopropoxide and therefore the formation of hydroxide clusters during the

reaction. The amount of Al(OiPr)3 had also to be adjusted to the concentration of the defect

sites, because deposits of extraframework alumina particles can form in the presence of an

excess of aluminating agent. Under these conditions the amount of extraframework aluminum

particles could be kept to a minimum.
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