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Nomenclature of the different Ga-containinii HZSMS zeolites 

ISOMORPHOUSLY SUBSTITUTED ZEOLITES 

General: 

H(Al)ZSMS 

H(Ga)ZSMS 

H(Al+Ga)ZSMS 

: ZSMS with framework aluminum 

: ZSMS with framework gallium 

: ZSMS with framework aluminum and framework gallium 

Detailed composition (all Al and Ga on framework positions): 

Al-y 

Ga-x 

Al-y/Ga-x 

: H(Al)ZSMS containing y framework-Al atoms/unit cell 

: H(Ga)ZSMS containing x framework-Ga atoms/unit cell 

: H(Al + Ga)ZSMS containing x framework Ga and y 

framework Al atoms/unit cell 

SYSTEMS CONTAINING NON·FRAMEWORK. GALLIUM: 

prepared by impregnation: 

with galliumchloride: Al-y/Ga-x/IM/Cl 

with galliumnitrate: Al-y/Ga-x/IM/NO) 

prepared by ion-exchange: Al-y/Ga-x/IE 

prepared by physical mixing with Ga203: Al-y /Ga-x/PM 

where y = number of framework Al atoms/unit cell 

x = number of extra-framework Ga atoms/unit cell 
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Chapter 1 

General Introduction 

1.1 Hydrocarbon conversions over zeolites 

At present. mankind is confronted with growing liquid fuel requirements for the 
industrial and transport sectors, while the crude oil reserves as ground materials are 
gradually decreasing in many parts of the world. From an economic point of view, 
liquified petroleum gas (LPG) and compressed natural gas (CNG) had only limited 
succes, as gasphase compounds are not so_ easy to handle, aqd in many cases their 
production areas are remote from established processing or.end-user locations, thus 
requiring expensive transport over large distanees [lJ. These large expenses for 
transport, relative to liquid fuels, iµay suppress the well-head value of the LPG, and 
therefore considerable emphasis has been placed on the recovery and development 
of light hydrocarbons. Other reasons for these efforts are [1,2]: (i) the large amounts 
of natural gas reserves available, (ii) the growing demands for middle destilates, (iii) 
an economically attractive use of remote and small gas fields at large distances, (iv) 
the possibility to use indigenous natural gases for fuel production, which can be 
cheaper than the iniportation ofliquid fuels, and (v) a useful application of refinery 
by-products. 
Production of valuable liquid hydrocarbons may occur in several ways. Well known 
routes are the Fischer Tropsch reaction for the conversion of synthesis gas [3,4], and 
the oxidative methane coupling [5,6]. Due to the large supplies of LPG that are still 
present, LPG is relatively cheap and therefore attractive as raw material for the 
production of more valuable products, like small olefins or aromatics. 
A review of the processes that are applied for the production of valuable 
hydrocarbons from small orgarµc molecules is given in figure 1.1. 

The large scale production of aromatics from smaller molecules has been of large 
interest during the last decades. The main reason for this interest is the application 
of aromatics as additive in engine fuels and the use of aromatics as a base chemical 
in a number of chemical processes. 
Moreover, the potential need in the near future for exploiting the relatively cheap 
and 'worthless' feedstocks for fuel production, were the reason for many groups in 
the world to start developing processes, for the transformation of these feedstocks 
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into liquids. An important outcome from these efforts is the Cyclar process, as 

developed by the BP group [l]. This process consists of a single step conversion of 

LPG (small paraffins and/or olefins) to a mixture of aromatics, mainly in the Ct;-C8 

range. In that way, more valuable products are formed, which are easy to transport 

and useful for fuel production or for other chemical processes. As by-product, 

molecular hydrogen is formed and negligible amounts of small hydrodarbons 

(mainly methane and ethane). Another advantage of the Cyclar process is that, 

independent of the feed composition (paraffins and/or olefins), almost the same 

aromatics product distnbution is obtained, which closely approaches the equilibrium 

distribution. 

Compressed 
Natural 

Qas 

co + H2 I 
Fischer l 

Middle deatillatea Uquified 

l ~ Petroleum 
Qas 

Aromat1zation 
Qaaollne 

Alcohols ~ol to Qaaollne (MTQ) process 

Figure I.I Transformation routes of different hydrocarbons 
to higher products. 

The overall paraffin aromatization reaction i& endothermic, as large amounts of 

molecular hydrogen must be removed. Moreover, dehydrogenation reactions are 

thermodynamically only feasible at high temperatures. For both factors, much heat 

must be supplied to the reactor during the reaction, so the heat control and the 

thermal stability of the catalyst are of large importance. In practice, the catalysts for 

the Cyclar process are used in a continuous catalyst regeneration sequence, which 

makes also high demands on the mechanical stability of the catalyst. 

It is claimed, that in the Cyclar process, a bifunctional catalyst is employed, which 

consists of a H(Al)ZSM5 zeolite, impregnated with a gallium containing solution. In 

this system, the gallium is supposed to serve for the formation of molecular 
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hydrogen. The· advantages of the aromatization reaction over these catalysts can be 
summarized as follows: (i) a relative slow decline in conversion during time on 
stream, (ii) a relatively constant selectivity to aromatics, with minor variations in 
composttion, (iii) a controlled rate of coke formation, (iv) a high thermal stability of 
the catalyst, which is further relatively insensitive for feed contaminants like sulfur, 
carbon dioxide, water, etc., and (v) a high mechanical stability of the catalyst. 
Although the Cyclar process seems to be an industrial (commercial) succes, there 
are still a number of fundamental questions regarding several aspects of the 
aromatization process and the Ga/H(Al)ZSM5 catalyst. Investigations have been 
carried out to find answers on several of these questions (see section 1.3, ''Scope of 
the thesis") and the results are described in this thesis. 

1.2 Zeolltes and related materials: definition and classification 

Structural conceps 
Zeolites are crystalline aluminosilicates consisting of connected T04; 2 tetrahedra in 
which T is usually Si or Al. The tetrahedra are linked to each other via two- . 
coordinated oxygen atoms in a way that a more or less open structure is formed, 
with pores of different sizes (8-, 10·, 12-ring pores, etc). Initially, the model of 
secundary buiding units (SBU's) was applied for the description of the zeolite 
formation [7], but later studies have shown that also polyhedra., chains and sheets 
must be invoked for describing a number of zeolite structures [8,9]. More recently, 
Knight et al. [10] showed with good arguments that the SBU model could be called 
in question. 
Depending on the diameters of the pores, the structures possess shape selective 
properties and can thus be used as molecular sieve [11, 12]. Another application is 
the use as adsorption agent: depending on the nature of the T atoms, the internal 
surface is more or less polar [13), making it suitable for the selective adsorption of 
organic substances. Introduction of three-valent atoms in the structure requires 
charge compensation by mono- or divalent cations, which gives the zeolite ion
exchange properties [14,15). With H+ present as counter ion, an acidic surface is 
obtained. The acid strength of the zeolite depends on the tri-valent ion that is 
introduced in the framework, and increases in the order B3+, Fe3+, Ga3+ and AJ3+. 
With this modification, suitable catalysts can be obtained for specific reactions [16]. 
Some years ago, the isomorphous substitution of Si4+ by other four~valent atoms 
(e.g. Ti4+) in a silicalite framework was invented, eliminating the Br,nsted acidity 
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and ion-exchange properties completely. A well known application of the so formed 

titaniumsilicalite-1 (TS-1) is its use as catalyst for (shape) selective oxidation 

reactions, e.g. for the oxidaton of phenol to hydrochinon and catechol Ul 7]. 

Another series of porous structures. resembling zeolite structures, containing 

phosphorus, aluminum and possibly silicon were developed by worke~: of Union 

Carbide [18,19], forming the AlPO and the SAPO series, respectively. In these 

structures, metal atoms other than Al, such as V, Cr, Mn, etc. can be introduced, 

forming the MeAPO series and MeAPSO series, respectively [19]. AlPO and SAPO 

structures can also contain non-metal elements, like gallium, resulting in the so 

called EIAPO and EIAPSO series [19]. A promising structure in the field of the 

AlPO structures was found some years ago, as the VPI-5 structure, with a 

framework containing large 18-ring pores [20]. 

The main problem with most AlPO structures is their lower thermal stability, 

relative to zeolites, making them less useful for a number of catalytic uses. A further 

short introduction on these materials is described in chapter 10 of this thesis. 

Classification of the zeolies and related materials is most easily done by ordering 

the structures according to the size of the pores, as shown in table 1.1 [21 ]. 

Table I.I. Classification of zeolite structures and related materials, based on pore
diameter 

Pore size Structure type Pore diameter 
(A) 

Small Chabazite 3.8 
(8-rings) Zeolite ZK-5 3.9 

ZeoliteA 4.1 

• Medium ZSM-5 5.3 x 5.6/ 5.1 x 5.5 
(10-rings) ZSM-11 5.3 x5.4 

EU-1 4.1 x5.7 
AIP0-11 3.9x6.3 

Large y 7.4 
(12-rings) AIP0-5 7.3 • 

Mordenite 6.5x7.0 /2.6x5.7 

• two-dimensional pore system 
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The diameter of the pores and the size of the cages (on the cross sections of the 

pores) are of large importance for the catalytic (shape selective) properties of a 

specific zeolite [22]. The investigations described in this thesis were mainly done 

with zeolite HZSM5, while some experiments were done with HY zeolites. In 

addition, one chapter describes the synthesis and characterization of the GAPS0-11 

molecular sieve. The structures of these zeolites and the GAPS0-11 molecular sieve 

are schematically shown in figure 1.2. 

The main difference between these structures are the large pore sizes of the HY 

zeolite, and the medium pore sizes of the HZSM5 zeolite and the GAPS0-11 

structure (see table I.1). The Br,nsted acid strength of these structures decreases in 

the order HZSM5 > HY > > GAPS0-11. 

a b c 
Fig. 1.2 Schematic representation of zeolite structures, (a) HZSM5, (b) 
HY, and (c) GAPS0-11. Pore dimensions are mentioned in table Ll. 

Acidity concepts 
Another way for zeolite classification can be based on the acidity of the different 

structures. The most important factors that determine the acidity of a zeolite are 

{23,24]: 
1. Structural characteristics: bond angles and bond lengths. 

2. The nature of the three-valent Tatom (Al3+, Ga3+, etc). 

The lower acidity of the H(Ga)ZSM5, relative to the H(Al)ZSM5 can be explained 

by the larger ionic radius of the Ga3+ ion (0.62!), as compared to the Al3+ ion 

(0.511). In the former case, the positive charge is spread out over a larger surface 

area of the T atom, which will reduce the repulsive forces on the acid H +. thus 

decreasing the acid strength. 

The acidity of the isomorphously substituted zeolite also depends on the 

electronegativity of the element that is introduced in the framework. Application of 

\tttl 
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traditional electronegativity conceps to the atoms in zeolites, however, gives wrong 

predictions for the chemical properties of the whole system. Instead of this, the 

Sanderson model is frequently used [25], but in this model, the structural aspects are 

complet~ly neglected. Some years ago, a refinement of the Sanderson niodel was 

developed by Mortier [26]. In his approach, partial charges on different atoms in the 

zeolite structure are calculated using the so called 'electronegativity equalization 

method' (EEM). This proved to be a useful model for the prediction of the physico

chemical properties of (structurally heterogeneous) zeolites and relate.d materials. 

1.3 Scope of the thesis 

This thesis describes the aromatization of propane, using zeolites containing gallium 

as catalyst.Attention is paid to aspects regarding the (mechanism of) the reaction, 

but also regarding the properties of the catalyst. 

In Chapter 2, the chemical properties of different forms of galliumoxide are 

described, and a short introduction is given to the Ga/H(Al)ZSMS system, as 

catalyst for hydrocarbon conversions. 

Chapter 3 describes the synthesis and characterization of H(Ga)ZSMS gallosilicates 

and H(Al)ZSMS zeolites containing gallium. It is shown that synthesis of 

H(Ga)ZSMS and H(Ga)Y zeolites is also possible via an indirect method: 

trimethylgallium decomposition in dealuminated zeolites. 

In Chapter 4, a study to the nature of the active gallium species, and its role in the 

separate reaction steps (dehydrogenation, oligomerization, cyclization and 

dehydrogenation) is described. From the results, a mechanism for molecular 

hydrogen formation is proposed. 

Chapter 5 shows the influence of the preparation method on the deactivation 

behaviour of the Ga/H(Al)ZSMS systems. Also the nature of the coke depositS, and 

the factors determining the rate of coke formation are described. 

In Chapter 6, attemps were made for the selective removal of gallium from the 

H(Al + Ga)ZSMS framework, in order to obtain a H(Al)ZSMS zeolite with highly 

dispersed galliumoxide in het pores. The minimum amounts of acid sites and (extra

framework) gallium per unit cell for optimum catalytic performance are 

determined, and the relation between the gallium distribution in bet zeolite 

crystallite and the deactivation rate is derived. 

In Chapter 7, it is shown that with 11aa MAS NMRframework gallium can be 

distinguished from extra-framework gallium in steam treated samples. This chapter 
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also shows the main causes for the linebroadening of the 11Ga (MAS) NMR lines. 
The quantitative aspects of this techniqe are extensively described in Chapter 8 of 
this thesis. 
In addition to gallium, zinc also proved to be useful as dehydrogenation function in 
H(Al)ZSM5 zeolites, used as catalysts for alkane aromatization. For comparison 
with gallium, a series of experiments using Zn/H(Al)ZSM5 zeolites are described 
(Chapter 9). Also Zn-Al~coprecipitates are used as co-catalysts in the reaction. 
Chapter 10 describes the synthesis and characterization of GAPS0-11 molecular 
sieves, and their application in hydrocarbon conversions. 
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Chapter2 

Catalytic properties of the bifunctional Pt· and Ga/HZSMS system 

2.1 General Introduction 

Due to their large variety in properties and structures, zeolites find applications as 
catalysts in a number of chemical processes. Well known examples, in order of an 
increasing acid strength that is required, are alcohol dehydration [1,2], olefin 
isomerization [3,4], aromatics alkylation [5,6], alkyl-aromatics isomerization [7,8), 
alkyl-aromatics transalkylation [9] and cracking reactions [10-1~]. 
The large demands for aromatics are caused by their use on a large scale for 
increasing the octane number of gasoline, and as base chemical for various 
industrial processes. An important invention for the productionnf aromatics was the 
Methanol to Gasoline (MTG) process, developed the Mobil group [16). Because of 
the high methanol price, this process is economically not feasible at the moment. 
Therefore, attemps were made to develop bifunctional catalysts for the conversion 
of synthesis gas to methanol, and the so formed methanol subsCQ_uently to larger 
products [ 17]. The results of these catalysts were poor, as large amounts of small 
paraffins were formed via side-reactions. Also, the attemps for a direct conversion 
of synthesis gas to aromatics over metal-containing zeolites were!poor, due to the 
formation of large amounts of cracking products [18). 
For the large scale production of aromatics, the conversion of small alkanes would 
be attractive, as small alkanes are available in large amounts, anti therefore 
relatively cheap. Aromatization of methane is rather difficult, due to the relatively 
high thermodynamic stability [19]. More promising results were obtained for the 
catalytic oxidative coupling of methane [20]. In a non-oxidative atmosphere, the 
reactivities of the small alkanes over acidic zeolites increase with the chain length of 
the reactant molecule [21 ]. Promising results have been publishetl· for propane 
aromatization using Pt/H(Al)ZSM5 as catalysts [22]. 
This chapter gives a review of the progress that was made in the:,conversion of small 
alkanes to aromatics over bifunctional catalysts, based on H(Al)ZSM5 zeolites. 
Special attention is paid to the chemical properties of gallium oXide, because of its 
importance as active species in the aromatization reaction. 
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2.2 Acid catalysis over zeolites 

Reactions of paraffins (cracking, aromatization, etc.) over different zeolites have 

been the subject of several investigations during the last decades. Especially the 

cracking of n-butane and n-hexane have been studied extensively because of their 

use as standard reaction for determination of the zeolite acidity. Some years ago, 

Haag et al. [13) proposed that over H(Al)ZSM5 and HY zeolites, depending on the 

reaction conditions, the cracking of paraffins can occur via a bimolecular 

mechanism or via a monomolecular mechanism. 

The bimolecular mechanism is the classical acid catalyzed mechanism for alkane 

cracking, which starts with a hydride shift from the starting alkane to an initially 

present carbenium ion (eq. 2.1), forming a new carbenium ion, followed by a/3-

scission reaction to a smaller olefinic cracking product and another smaller 

carbenium ion ( eq. 2.2). 

where: R 1 H = an initially present paraffin 

R1 + = an initially present carbenium ion 

R 3 = = a smaller olefinic cracking product 

R4 + = a smaller carbenium ion 

The monomolecular mechanism is shown in figure 2.1. 

I 

H H H +H+ H H /H -H• 
I I I I I + I I 
HC-C-CH--~ HC-C-t-CH--

H' H' H' H\ 1-t-~f-"\ I i H: H\ H 
I I \ 

~ y 
a: C=C 

/ " H H 

Ji' J;' ~ 
b: HC-C=C + H2 

I I \ 
fl H H 

b' a1 \ 

Fig. 2.1. Cracking of paraffins via the carbonium-ion 
mechanism, as proposed by Haag et al. [ 13 ]. 

(eq. 2.1) 

(eq. 2.2) 
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This mechanism starts with the protonation of the starting alkane, forming a 
carbonium ion. This carbonium ion may react further by C-C bond breakage, 
forming1.Wo smaller hydrocarbon fragments, or by the cleavage of two C-H bonds 
with formation of molecular hydrogen and the corresponding olefin. In practice, 
however, molecular hydrogen formation over acid zeolites is negligible. 
Some relevant thermodynamic data, with respect to the conversion of hydrocarbons 
are shown in figure 2.2 [19). 

+ C1 

400 A C2 

0 C3 
300 

:! + C4 

~ 200 ... C2= 

l • C3= ·- 100 

(,!) v C4= 
<3 

D Toi 
-100 '---"'--~~-~-'---------

300 400 500 600 700 800 900 1000 "' p-Xyl 

T (Kl 

200 ,....------------.. 
'b"""""·· 100 -... ,,, .... 

~"""'""'"· 
-e- B(HT) 

Qi 0 
0 
~ -100 

·-+-- 8(H2) 

¢ -200 -+- T(HT) ... 
~ -300 ···.tr·· T(H2) 

-400 

-500 '----~-~-~---''----~ 
300 440 580 720 860 1000 

Temp. (K) 

Fig. 2.2 (a) Standard AG° f(kl/mole) of various hydrocarbons as 
junction of temperature, (b) Changes in standard Gibb.s free energy as 
Jilction of temperature for propane aromatization to benzene (B) and 
Toluene (T) via a hydrogen transfer (ht) or a dehydrogenation (H2) 
mechanism. 
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Figure 2.2a shows the standard Gibbs free energies of fonnation of a series of 
hydrocarbons that may be involved in the aromatization reaction. These data show 
that small paraffins are relatively stable molecules, which can only react to olefins 
and higlier products at high temperatures, so high temperatures are required for the 
dehydrocylization of paraffins to aromatics. 
Apart from dehydrogenation, removal of hydrogen during the aromatization process 
can also occur via hydrogen transfer reactions (forming small alkanes). Some 
examples are given in equations 2.3 and 2.4 (benzene formation) and 2.5 and 2.6 
(toluene formation). The changes in standard Gibbs free energies of these reactions 
for the fonnation of one mole of aromatics are shown in figure 2.2b. 

41/2C3H3---> Qjff6 + 71/2Cff4 
2 C3H3 ---> Q>H6 + 5 H2 
6 C3Hs ---> C7ffs + 8 Cff4 + C2H6 
22/3 C3Hs----> C7Hs + 5 2/3 H2 

(eq.2.3) 
(eq. 2.4) 
(eq. 2.5) 
(eq.2.6) 

Figure 2.2b shows that the reaction via the hydrogen transfer mechanism (equations 
2.3 and 2.5) can occur at much lower temperatures, than the reaction with hydrogen 
abstraction (eq. 2.4 and eq. 2.6). This reaction is undesirable, however, as 
considerable amounts of small olefins are consumed, which are thus no longer 
available for introduction in the aromatics. 

The conversion of cyclohexene to benzene and cyclo-hexane [23-30] has become an 
important test reaction for the determination of the hydrogen transfer activity of a 
zeolite. Carrying out this reaction over zeolite Y, higher conversions were observed 
with increasing unit cell size (increasing aluminum content), which was ascribed to 
the necessity of hydrogen storage in larger aluminum clusters in the zeolite [23,27]. 
In this approach, dealumination of the zeolite leads to a larger extent of 
isomerization, instead of hydrogen transfer, as the latter type of reaction can also 
occur over isolated aluminum atoms. Apart from the mechanism mentioned above, 
also some other hydrogen transfer mechanisms are described in literature: (i) the 
existence of an equilibrium between different hydrocarbons on the zeolite surface, 
from which only benzene and cyclo-hexane can desorb [28], (ii) a typical 
bimolecular reaction [29] and (iii) a reaction that occurs on a carbonaceous layer, 
initially deposited on the zeolite [30]. 
Another side-reaction that may occur over the zeolite is the cracking of 
intermediates. The cracking ability of these compounds increases with chain length 
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[21], and a linear correlation was found between the conversion and the number of 

Brtnsted acid sites. Cracking experiments also showed that the intrinsic activity of 

the sites increases upon dealumination, indicating that the acid strength of the 

remaining sites becomes higher [31]. Inhibition of the cracking reaction may occur 

by addition of olefins to the feed, which compete with the paraffins for adsorption 

on the active sites [21}. The i-alkane/n-alkane ratio of the cracking products showed 

that, the cracking reaction was in may cases attended by some disproportion activity 

of the zeolite [24]. 

In conclusion, it can be stated that during alkane conversion over zeolites, a number 

of side reactions are thennodynamically more favourable than dehydrogenation 

reactions. This problem becomes more severe at the high temperatures, which are 

required for dehydrogenation. Therefore, a dehydrogenation function must be 

introduced in the zeolite. 

2.3 Paramo aromatization over the bifunctional Pt/- or Ga/H(Al)ZSMS system 

The dehydrogenation of paraffins, via abstraction of molecular hydrogen can be 

enhanced by the introduction of highly dispersed platinum in the zeolite [22,32]. A 

general reaction scheme for the aromatization of small alkanes over bifunctional 

metal X/H(Al)ZSM5 zeolites (X = Pt, Ga) is shown in figure 2.3. 

smell smell ____,. higher 
paraffins olefine olefins 

hydrogenolyaia ,/ •• /·/·····"'! .... .... .... ..... 
small ,;c; . (methyl)cyclo-

i--------------------
-affine cracking piafflns 

aromatics + hydrogen 

Fig. 2.3 Alkane aromatization over bifunctional Me/H(Al)ZSM5 
zeoliles, (___,,..:desired reaction,--->: undesired reaction). · 

In fact, addition of a dehydrogenating agent improves both the activity and the 

aromatics selectivity. The main problem with platinum as dehydrogenating agent is 

that this metal may also catalyze hydrogenation and hydrogenolysis reactions at high 
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temperatures in the. pres~nce ~tltyd!.9g.<m .. JbY~ forming considerable amounts of 
methane [32], and suppressing the aromatics selectivity. 
Some years ago, it was found that gallium is very useful as an alternative for 
platinum in the aromatization reaction, as the former element shows much less of 
the side-reactions mentioned above [33). The gallium can be introduced instead of 
the aluminum (by isomorphous substitution on T positions in the framework), 
yielding a homogeneous ~stem, but can also be dispersed in the zeolite pores, like 
the platinum, yielding a bifunctional catalyst. 

2.4 The chemical and physical properties of gallium and galliumoxide 

The chemical properties of gallium resemble those of aluminum to a large extent, 
although there are some remarkable differences, which are of large importance for 
application of gallium in catalytic processes. 
The main characteristics of gallium are the low melting point (302.78 K) and the 
high vapour pressure over a broad temperature range, which make gallium 
unsuitable for catalytic uses. Therefore, the attention will be focussed on the 
gallium oxides. 
In principle, the gallium in galliumoxides can exist in three valence states, 1 +, 2 + 

and 3 +, from which .the 3 + form is the most stable. In practice, the occurence of 
two oxides has been shown: GazO and. Gaz03 [34]. The main characteristics of 
these oxides are summarized below. 

Galliumsuboxide, GazO 
This oxide is formed by reduction of Ga203 in a stream of Hz or CO at 1073-1223 
K [34]. The heat of formation of this oxide from the elements is -343.30 kl/mole. It 
easily disproportionates to gallium metal and gallium(ill)oxide, via equation 2. 7. 
The enthalpy change of this reaction is -45.98 kJ /mole, which means that this 
suboxide is rather instable at ambient temperatures. 

(eq. 2.7) 

Gallium(III)oxide, Gaz03 
Gallium(III)oxide is the most stable form of the galliumoxides, as usual with the 
group III elements. It occurs in five modefications, a, fJ, r , 6, and e , frpm which the 
p form is the most stable. The most important characteristics of these hiodifications 
are summarized in table II.1 [34-36]. 
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Table Ill. Properties of different gallium(Ill)oxide modifications. 

Modification Crystal Spec.d~. Ga-0 dist. 0-0 dist 
Structure {g/cm ) (A) (A) 

a-Ga203 rhomboh. 6.44 1.99. 2.59. 
f3-Ga203 monoclinic 5.88 1.83i. 3.00.. 

2.00 2.84 
r-Ga203 defect spine] 
s-Ga203 bee 4.98 
E-Ga203 not well 

defined 

: • gallium in tetrahedral coordination 
gallium in octahedral coordination 

a-Ga203 has a corundum structure comparable witha-Al203, and is obtained by 

heating galliumhydroxide at temperatures higher than 723 K. Prolonged beat 

treatment however, transforms the initial product to f3 -Ga203. Rapidly heating of a 

galliumhydroxide gel to 773 K yields the r-modification of Ga203, which has a 

defect spinel structure. s -Ga203 is formed during a heat treatment of 

galliumnitrate at 523 K. A further treatment of this modification at 823 K results in 

E -Ga203. The {3-modification is by far the most stable, and all other modifications 

are transferred to this form upon prolonged heating at 1273 K in a dry atmosphere, 

or at 573 Kin the presence of water. No evaporation of this oxide has been 

observed upon heating to the melting point (2013 K). The transformations between 

the different modifications under certain conditions are shown in figure 2.4 [34]. 

rapidly 

Gels ----~ -y-GC\? Qi d - dry 
w = wet 

773K 923K.d 573K,w 

773K l 
573K.d 1143K,d 

o:-G~ 0 3--- (:3-G°'2 0 3 ---- e:-Ga203 
: 
: 
I • I 773K,d 573K w • 1-- -- < 573K.w 
I • • I 

•t < 573K.w 523 K 
GaO(OH) ---~ o-Ga2 03 c;,(---Ga(NO 3)3 

Fig. 2.4. Interconversion between different forms of galliumoxide [34]. 
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The vapour pressure of galliumoxide in this temperature range is given by equation 
2.8 [34]: 

log P (Torr) = -(27098/T (KJ+ 13.339 (eq. 2.8) 

The heat of formation of the gallium(IIl)oxide is about 1087 kJ /mole. The high 
thermal stability makes,B-Ga203 the only form that is suitable for catalytic uses. 

Surface properties of gal,liumoxide 

The surface properties of Ga203 were extensively studied by Boron-Verduraz et al. 
[36,37), using IR and electric conductivity measurements. Structural investigations 
have shown the presence of two different gallium sites in ,B-Ga203: gallium in 
tetrahedral and octahedral oxygen coordination (table Il.1). In line with this result, 
adsorption of ammonia and pyridine did show the presence of two types of Lewis 
acidic sites with different acid strengths. These two kinds of sites were ascribed to 
vacancies in the oxygen coordination of gallium on tetrahedral or octahedral 

positions in the /3-Ga203 lattice. 
The existence of these coordinatively unsaturated sites was also confirmed by 
electrical conductivity measurements. These sites find their origin in (i) 0-atom 
vacancies in the framework. or (ii) the presence of (interstitial) gallium ions with a 
valence lower than 3 +. The 0-vacancies can be formed upon heating of the Ga203. 
Some examples of these reactions are given below [36): 

Oo ---> 1/2 Oz (g) +Vo + 2 e' (eq. 2.9) 

Gaoa ---> Gai + Voa"' + 3 h. (eq. 2.10) 

where: Gaoa and Oo represent atoms on lattice positions in Ga203 
V x represents a vacancy on position x 
Gai represents an interstitial gallium atom 
e' and h• represent 'free' electrons and 'free' holes, respectively 

The overall reaction of these equations can be described as: 

2 Gaoa + 3 Oo---> 2 Gai + 3/2 Oz(g) + 2 Voa + 3 Vo (eq. 2.11) 
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In this way, interstitial gallium is created in combination with oxygen vacancies. In 
addition, positively charged interstitial gallium atoms may be formed in the zeolite 
structure by the removal of threevalent, interstitial gallium ions, that subsequently 
react with free electrons, leading to e.g. monovalent Gai ions, according to equation 
2.12: 

+ 2e' 
G G •••ym a· aaa --- > at + Ga -------------> ai ' etc. (eq. 2.12) 

Of course ,the reactions shown in equations 2.9 to 2.12 above are only a few of 
numerous reactions that may lead to defects in the Ga203 structure. Due to these 
reactions, coordinatively unsaturated gallium atoms are formed in the gallium oxide, 
which may have an interaction with various molecules. Some examples from 
literature are shown below: 

Interaction with C02 and CO: 
Upon interaction of the gallium oxide with COz at room temperature, the 
conductivity of the oxide decreased to zero, which was explained assuming the 
formation of a carboxylate ion on the Ga203 surface, involving a free electron of 
the oxide [37]: 

C02 (g) + e"surface ---> [C02lads· (eq. 2.13). 

The structure of this surface species is proposed as shown in figure 2.5a. 

o>,,.c-.<jL 
I Gal 

b Gal 

Fig. 2.5. (a) strocture of C02 complexing with Ga20J. (b) structure of 
CO complexing with Ga203; GaL = Ga on lattice position 

Adsorption of CO on the Ga203 surface also demonstrates the Lewis acidic 
properties of the oxide surface. In the surface complex, a surface oxygen is involved, 
and a free electron is created, which becomes visible in in a strongly increased 
electrical conductivity [36] of the oxide. This adsorption can be described as: 
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CO+ Osurface2" ---> [C02]surface" + e· (eq. 2.14) 

A proposal for the structure of this surface complex is shown in figure 2.Sb. 
Although the structure and the IR characteristics of the CO complex are similar to 
that of the C02 adsorption (fig. 2.6a and ref. 36\ the stability of the latter complex 
is significantly higher. 

Interaction of Ga203 with olefins 
For the interaction of small olefins with Ga203, Carleton and Rooney derived the 
existence of two distinct adsorption sites on the oxide: sites active for H/D exchange 
reactions (type I), and sites active for cis-trans conversions, etc. (type Il) [38,39]. 
Upon adsorption of olefins on galliumoxide, Bozon-Verduraz et al. [37] found 
evidence for the formation of a-bonded surface compounds. This was also 
concluded by Carleton and Rooney from their H/D exchange experiments of olefins 
adsorbed on Ga203 (38-40]. With these experiments, no double bond shift 
(isomerization) was observed in the olefin, in contrast with earlier results over 

A1203 and ZnO. 

~ 'ii Ji 
C·=·C.-:-:::::-C 

/ 1= \ H ~ H 

CH 3 CHs 

""' / C:::::=C 

Ii "H 
~ 'ii Ji 

H-C-C=C 

I fi 
Ga Zn Ga 

a b c 
Fig. 26 (a) allylic v-bonded c;omplex between olefin and 
Ga203 (b) Tl'-bonded complex between olefin and ZnO.(c) vinylic 
surface complex between olefin and Ga203. 

These remarkable results were explained, assuming that the olefin-Ga203 
interaction consists of a a-bonding to a coordinatively unsaturated gallium atom at 
the surface of the Ga20J (type I site), as shown in figure 2.6a. For comparison, a Tl' -
bonded surface complex, like observed over ZnO is shown in figure 2.6b. 
In the a bonded complex, no delocalization of Tl' -electrons occurs, which prevents 
isomerization (double bond shift). This behaviour is different from the observations 
over alumina. and zincoxide, where Tl' ·electrons are involved in the bonding to the 
surface (figure 2.6b ), resulting in delocalization of the electrons, giving more rise to 
double bond shift.In the a-bonded comples, the internal allylic His less strongly 
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bonded, due to a charge transfer from the olefin to the gallium oxide, and is 
therefore highly reactive for e.g. H/D exchange or abstraction (dehydrogenation). 
On different sites of the Ga203 (type II), also vinylic surface complexes (figure 2.6c) 
can be formed, which may serve for the exchange of vynilic protons and cis-trans 
conversions. Due to the charge transfer through the C-C bond to the oxygen surface, 
the strength of the double bond is reduced, so that rotation around this bond 
becomes easier. A surface complex like this (fig. 2.6c), was also derived by Zeif et al. 
[41], from quantum-chemical calculations on the interaction between propene and 
galliumoxide. 
Relatively little is known about the interaction between alkanes and Ga203. 
However, the influence of gallium introduction in H(Al)ZSMS on the catalytic 
properties of the zeolite for aromatization is similar to the influence of zinc oxide 
introduction. From the latter oxide, it is known that it can catalyze the breakage of 
the C-H bond in the starting alkane [42]. From these results, the question rises, 
whether a complex as shown in figure 2.6a can also be formed upon adsorption an 
alkane with the galliumoxide. 
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Chapter3 

Preparation of HZSM5 zeolites containing gallium 

3.1 General Introduction 

Trivalent gallium can be introduced on T positions in zeolite structures by 
isomorphous substitution of aluminum [1,2]. These gallosilicate structures can be 
prepared in two ways. Firstly, by a direct synthesis method, in which a gallium salt is 
added to the synthesis solution in the stage of gel formation. Secondly, 1via an 
indirect synthesis method, in which H(Al)ZSMS or HY zeolites are dealuminated 
and subsequently treated with an organogallium complex, like trimethylgallium. 
Gallium can also be introduced by impregnation or ion-exchange of a H(Al)ZSMS 
zeolite with a solution of a gallium salt, yielding extra-framework gallium in the 
samples. Also physical mixtures of Ga20J and H(Al)ZSMS proved to be useful for 
the aromatization reaction (see chapter 4). 
The present chapter gives a review of the different methods that can be applied for 
preparation of bifunctional Ga/H(Al)ZSMS zeolites. The products of all methods 
were characterized by various techniques, in order to find out the most suitable 
preparation method. Special attention is paid to the location and distribution of the 
gallium species in the differently prepared samples. 

3.2 Preparation of isomorphously substituted H(Ga)ZSM5 zeolites 

3.2.1 Preparation via the direct method 

Introduction 

Zeolites are crystallized by a hydrothermal treatment of alkaline solutions 
containing silicate and aluminate ions, and an organic template. The crystallization 
process is very complicated and the properties of the products not only depend on 
the synthesis conditions, but also on the constituents of the synthesis mixture, such 
as the origin of the silica source [3-5], the type and the concentration of the alkali 
ion [6, 7] and the type of organic template [8-10]. Also the pH and water content of 
the reaction mixture were found to be of.large importance [11]. Extensive 
investigations have shown that small variations in purity and the nature (source) of 
the reactants can strongly affect the crystallization rate, crystallinity and the 
morphology of the product. 
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An important factor determining the crystallization rate is the nature of the applied 
silica source, and more particularly, the dissolution behaviour of this silica [3]. 
This dissolution behaviour is influenced by a.o. the alkali ions in the solution, which 
compete with the TP A+ ions for introduction in the zeolite framework during the 
crystallization process. The main roles of the organic template are: (i) directing the 
formation of the zeolite structure, and (ii) stabilizing the framework by preventing 
the entrance of water into the pores [11,12]. 
Based on the phenomena described above, for the preparation of H(Al)ZSMS 
zeolites, two different methods are distinguished in the literature [13,14]. These 
methods will be refered to as methods A and B, respectively. Method A can be 
ascnbed as a precipitation of the zeolite from a suspension, containing amorphous 
silica, the aluminate species, the alkali ions (Na+) and tetrapropylammonium
hydroxyde (TP AOH) as the template. For the crystallization process, the 
depolymerization of the amorphous silica and the ion transportation through the 
liquid phase are assumed to be rate determining [15]. A disadvantage of this 
preparation method is a less homogeneous distribution of the aluminum in the 
product. 
Method B can be considered as a solid phase hydrogel transformation, starting with 
a gel containing the silicate and aluminate species, the alkali ions (Na+) and 
tetrapropylammoniumbromide (TPABr) as the template [15]. In the so formed gel, 
the aluminate units are homogeneously distributed, which has a positive effect on 
the aluminum distribution in the product zeolite. 
This paragraph describes the results of our gallosilicate preparations, following the 
two methods mentioned above. 

Experimental 

Method A was carried out according to the procedure of Argauer and Landolt [13], 
using a solution of 100 ml 0.98 N TPAOH containing 22.9 g SiOz (Aerosil 380 V), 
and a solution of 0.60 g Ga20J (Ingal) and 1.27 g NaOH in 55.3 g water. The 
amount of Ga20J was varied for the preparation of different Si/Ga ratios. These 
solutions were thouroughly mixed at 353 K. 
The molar composition of the solution for preparation of a zeolite with a Si/Ga 
ratio of 60 is: 
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Crystallization was carried out under autogeneous pressure at 443 K during 7 days. 
Calcination of the zeolites was done in laboratory air at 823 K during 3 hours. 
Subsequently, the zeolites were three fold ion-exchanged with a 2 M N14N03 
solution at 353 K during 1 hour. This treatment was followed by a secon~ calcination 
at 823 K during 3 hours, in order to remove NH3 from the acid sites. ~b zeolites 
prepared in this way will be referred to as Ga-x,A in which x represents the number 
of Ga atoms/unit cell, and A refers to method A. 

Method B was based on the patent of Chen et al. [14]. A problem with Ga20J as 
starting material for this procedure was that this oxide only dissolves in a strongly 
basic NaOH solution (10 M NaOH). Therefore, the Ga203 was dissolved in 54 g 
H20 containing 19.4 g NaOH. After dissolution of the gallium oxide, the solution 
was neutralized with concentrated HCI giving the precipitation of the gallium salt. 

The precipitate was redissolved by addition of 12.1 g concentrated H2S04 to the 
solution, and subsequently, 21.3 g TPABr was added. This step was followed by the 
dropwise addition of a silica solution (48 g SiQi and 20 g NaOH in 144 ml HiQ). 
The pH at the end was about 9.5. The molar composition of the gel, for preparation 
of a zeolite with a Si/Ga ratio of 60 is: 

75 Na20 : Ga20J : 120 SiQi : 12 TPABr: 2135 H20 

The mixtures were held four to six days under autogeneous pressure in an autoclave 
at 443 K. Calcination and ion-exchange were carried out following the same 
procedure as described above for the samples prepared via method A. The zeolites 
prepared in this way will be refered to as Ga-x,B, in which x represents the number 
of Ga atoms/unit cell, and B refers to the preparation method B. Using method B, 
also some zeolites were prepared in which aluminum and gallium were both 
introduced as framework elements. This was done by dissolving AI2(S04)3•l8HiQ 
and Ga20J in the synthesis mixture in the appropriate amounts. These samples will 
be refered to as Al-y /Ga-x,B, where y and x represent the number of aluminum and 
gallium atoms/unit cell, respectively. 
Characterization of the products was done by X-ray diffraction spectrosoopy (XRD), 
Atomic Absorption Spectroscopy (AAS), IR spectroscopy, NH3 TPD, n~butane pore 
volume determinations and 11Ga MAS NMR spectroscopy. The results bf the latter 
technique are described extensively in chapter 7 and 8 of this thesis. 
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Results and Discussion 

A remarkable result of the H(Ga)ZSMS gallosilicate preparation was that much 
longer crystallization times were required, relative to the H(Al)ZSMS preparation. 
An explanation for this behaviour can be derived from the study of Wijnen et al. 
[16], who observed a disturbance of the aggregation process of silica in the presence 
of multivalent ions, like AI3 + . They propose that multivalent ions, like Al3 +, 

induce the formation of alumina-silicate islands on the surface of the oligomeric 
silica phase, so that a positive charge is introduced on the surface of the silica 
oligomer. This causes a destabilization of the silica species towards aggregation. 
After prolonged reaction times, the aluminum becomes completely encapsulated in 
the silica matrix and aggregation proceeds again with the initial rate. Due to the 
larger size of the hydrated Ga3 + ion, relative to the hydrated Al3 + ion, the 
destabilization effect may be more severe during gallosilicate preparation. 
Atomic Absorption Spectroscopy showed that nearly all gallium present in the 
synthesis mixture of method B, becomes incorporated in the zeolite structure, so 
that the gallium content of the zeolite can easily be controlled. On the other hand, 
for method A, the gallium contents of the products were generally lower than 
expected from the synthesis mixture composition, indicating that the crystallization 
process was probably incomplete. More evidence for the latter aspect will be shown 
below. 

The XRD spectra of the products obtained by method A and B are shown in figures 
3.la and 3.lb, respectively. Both products have an orthorhombic crystal structure. 
From the lower intensities of the XRD lines, it can be derived that the zeolites 
prepared via method A have a lower crystallinity than the samples prepared via 
method B. Scanning Electron Microscopy showed that the mean particle sizes for 
the products of method A and B are 3 µ m and 8 µm, respectively. 
This result differs from the results presented in ref. 15, where method A yielded 
larger particles than method B. This difference can be due to the presence of other 
precursor species in the synthesis mixture. The small crystallites obtained from 
method A indicate the formation of many nucleation centres, homogeneously 
distributed in the solution, which grow during the crystallization process, resulting in 
relatively small particles. Moreover, due to the relatively low alkali content, 
dissolution of the silicate species and formation of the zeolite precursors will occur 
relatively slow, yielding considerable amounts of amouphous silica still present after 
crystallization for 7 days. 
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For method B, crystallization at the higher pH gives that a smaller amount of 

crystallization nuclei is formed more rapidly (shorter induction times). These nuclei 

grow relatively fast, until all silicon is incorporated in the zeolite structure. In that 

way, H(Ga)ZSMS zeolites with larger crystallites and higher crystallinities are 

obtained. 

Fig. 3.1. XRD spectra of H(Ga)ZSM5 zeolites; (a) Ga-2.45,A; 
(b) Ga-2.29,B 

The lattice parameters and the unit cell volumes of various H(Al)ZSM.5 and 

H(Ga)ZSM.5 zeolites, as determined with XRD are shown in table III.1. The pore 

volumes of the samples as determined by n-butane adsorption are also included in 

this table. 

Table 111.1. Lattice parameters and pore volumes of H(Al)ZSM5 and H(Ga)ZSM5 
frameworkf 

Sample (a)(A) b(A) c(A) Vu.c.(A3) pv*(mI/g) 

Ga-1.40,A 20.128 19.951 13.468 5408.39 0.165 
Ga-2.45,A 20.129 19.953 13.445 5399.96 0.162 
Ga-3.32,B 20.073 19.927 13.413 5365.13 0.167 
Ga-2.29,B 20.110 19.986 13.446 5404.19 0.165 
Ga-1.53,B 20.101 19.958 13.439 5391.40 0.163 
Al-2.14,B 20.096 19.954 13.428 5384.56 0.168 

*pore volume determined by n-butane adsorption 

The data in this table do not show a clear effect on the unit cell dimensions of the 

zeolite, upon isomorphous substitution of Al3+ ions (radius 0.51 A) by Ga3 + ions 

(ra,dius 0.62!) in the framework. For the present data, it must be remarked, 

however, that the sensitivity of the XRD diffractometer was probably too low for 
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drawing reliable conclusions on this point. The fact that good isostructural 
frameworks were prepared, as compared with H(Al)ZSM5 is confirmed by then
butane pore volumes of the samples prepared via both methods, as no large 
deviations from the value for a H(Al)ZSM5 zeolite are observed (table III.I). 

The IR spectra obtained for the the zeolites Ga-2.45,A and Ga-2.29,B are shown in 
figures 3.2a and 32b, respectively. The information supplied by this technique, in 
this wavenumber range, is restricted to the basic structure units of the HZSM5 
zeolite [17]. For comparison, a spectrum of a H(Al)ZSM5 zeolite (Al-2.14,B) is 
included (figure 3.2c). 

a 

1488 .. .-. 401 

Fig. 3.2. IR spectra of HZSM5 zeolites; (a) Ga-245.A; 
(b) Ga-229,B; (c)Al-214,B. 

As the spc;ctra of the H(Ga)ZSM5 zeolites are identical to these of the H(Al)ZSM5 
zeolite, these measurements confirm the presence of similar basic structure units in 
both zeolites. 
In the previous chapter, it was shown that the gallosillcates are expected to have a 
lower acidity than the aluminosilicates. This is confirmed by the ammonia TPD 
patterns of the respective zeolites, as shown in figure 3.3 . 
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Figure 3.3. NH3 Temperature.Programmed Desorption 
experiments on H(Al)ZSM5 and H(Ga)ZSM5 zeolites. 
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In this figure, the peak originating from physisorbed ammonia and ammonia 
adsorbed on weakly acid sites (the low temperature peak) is measured at the same 
temperature for H(Al)· and H(Ga)ZSM5 zeolites, but the ammonia adsorbed on 
strongly (Br+nsted) acid sites (the high temperature peak) desorbs at a significantly 
lower temperature from H(Ga)ZSM5, which means a lower acid strengib of the H+ 

site in the latter case. 
The lower acid strength of the H(Ga)ZSM5 zeolite is also confirmed by FI1R 
measurements on the OH stretching vibration of the BrP8ted acid group of the 
zeolite, which is measured at 3634 cm·l for a H(Ga)ZSM5 zeolite (figure 3.4). This 
wavenumber is significantly higher than observed for H(Al)ZSM5 (about 3618 cm·l, 
[18)). 

Fig. 3.4. FTIR spectrum of zeolite Ga-2.29,B. 

Conclusions 

Introduction of gallium in H(Al)ZSM5 zerilites is possible via isomorphous 
substitution of aluminum in the zeolite framework. H(Ga)ZSM5 zeolites can be 
prepared via method A and method B. Under the conditions described above, 

< 

method A yields zeolifes with a smaller particle size and a lower crystallinity. 
. Therefore, this method was chosen as standard method for the preparation of the 

H( Ga )ZSMS zeolites. in this work. The Br•nsted acid strength of the galiosilicates is 
significantly lower than those observed for the aluminosilicates. 
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3.2.2 Preparation via trimethylgallium (TMG) decomposition 

Introduction 

The isomorphous substitution of T atoms in zeolites by post-synthesis treatments of 

zeolites is already known for several years. Well know examples in this field are the 

dealumination of aluminosilicates with SiC4 or (NJ4)zSiF6 treatments, replacing 

Si for Al in the zeolite framework [19-21] and the preparation of titanium silicalite 

(TS-1) via an indirect method using TiCl4 vapour, as described by Kraushaar et al. 

[22]. 

The most useful catalysts for aromatization reactions were found to consist of 

H(Al)ZSM5 zeolites, in which highly dispersed gallium oxide is deposited in the 

pores. An interesting question is whether such highly dispersed gallium species can 

also be obtained in the zeolite pores by trimethylgallium (TMG) decomposition in a 

gasphase reaction. and the related question whether it is possible to introduce 

framework gallium in dealuminated zeolites in this way. 

The present work decribes the results of TMG decomposition reactions over 

dealuminated HZSM5 and HY zeolites in a hydrogen or a nitrogen atmosphere. 

Attention is paid to the location of the gallium species after different dealumination 

and TMG treatments. 

Chemical and physical properties of trimethylgallium (TMG) 

The decomposition of TMG has been studied to a large extent, because of its 

interesting properties for the preparation of semiconductor materials, like GaAs, 

etc. [23,24]. TMG is an organometallic substance with a relatively high vapour 

pressure and a boiling point of 329 K [25]. It is a trigonal monomeric molecule [26] 

with an effective radius of about 3.89 A and a C-Ga-C angle of 118.6 degrees. 

Various studies have been done with respect to the decomposition mechanism of 

TMG in nitrogen and hydrogen. By IR and mass spectrometric experiments, the 

decomposition in a nitrogen atmosphere was found to start at about 773 K. yielding 

mainly small alkanes [27]. From the product distribution. it was concluded that the 

reaction occurs via a pyrolysis mechanism, in which initially formed methyl radicals 

react in pairs forming ethane, or react with other paraffins or TMG molecules, 

forming larger products. 
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In a hydrogen atmosphere, decomposion of gallium occurs at a much lower 

temperature (about 673 K) [27,28], with methane as the main decomposition 

product and the formatiop. of negligible amounts of ethane, indicating a 

hydrogerrolysis mechanism for the reaction. Only at temperatures higher than 1173 

K, larger products are formed [29]. More information about the decomposition 

mechanism ofTMG can be found in references 29-31. 

Various authors have shown the occurence of a reaction between TMG and silanol 

groups on a surface containing these groups, with formation of gallosilane structures 

[32,33], as described in equation 3.1. 

Si-OH+ Ga(CH3)J----> Si-O-Oa(CH3)z + CJ4 (Eq. 3.1) 

A similar reaction may occur over the Br•nsted acid sites of the zeolite, as shown in 

equation 3.2. 

~Si-(OH)-Al~ + Ga(CH3)J----> ~Si-(0Ga(CH3)z)·Al'f + CJ4 (Eq. 3.2) 

As the zeolites possess large amounts of Si-OH groups on the outer surface of the 

crystallites and probably also on lattice defects, consideration of these side-reactions 

is of large importance, not only for the homogeneous deposition of extra-framework 

gallium in the zeolite pores, but also when introduction of framework gallium in 

dealuminated zeolites is required. In addition, a certain amount of Brtnsted sites 

will be present, even after the dealumination step. 

Experimental 

Preparation of the H(Al)ZSM5 zeolites (Al-4.16) was carried out according to the 

patent of Chen et al. [14]. Calcination and ion-exchange of the crystallization 

product was done following the procedure described in paragraph 3.2.1. Zeolite Y 

(Si/ Al= 2.15) was obtained from Ketjen Catalyst Amsterdam. 

For dealumination of the zeolites prior to the TMG treatment two methods have 

been applied. Procedure 1 was a one step method, consisting of treefold washing of 

the HZSM5 or HY zeolite with a 1 M or a 0.3 M HO solution, respectively. In the 

second method (procedure 2), the zeolites were treated with SiCl4 vapour for 2 

hours at 723 K, prior to the acid washing treatment mentioned above. The aim of 

the dealumination treatments was to introduce Si-OH nests in the framework. as 

shown by various authors [34,35]. 
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After each treatment, characterization of the samples was carried out by XRD, 

71oa MAS NMR spectrocopy, (Ff)IR, and XPS. The 71oa MAS NMR 

measurements were carried out on a Bruker AM 600 spectrometer ( 71oa NMR 

frequency 183.0 MHz), equipped with a Doty double bearing MAS assembly. 

Spinning frequencies of approximately 8 kHz were applied and chemical shifts were 

measured relative to the Ga(H20)63+ ion in a galliumnitrate solution. 

Prior to the NMR measurements, all samples were equilibrated with H20 vapour to 

improve the symmetry' around the gallium, making it better detectable for NMR 

[36,37). Information about the gallium distribution in TMG treated zeolite particles 

was obtained from XPS measurements. FTIR measurements were done on a Bruker 

IFS113V FTIR spectrometer in the transmission mode, using self supporting wafers 

of about 10 mg zeolite. 

Results and Discussion 

The parent HZSM5 and HY zeolites were bigly crystalline materials with Si/ Al 

ratios of 22 and 2.15, respectively. Both materials were dealuminated under the 

same conditions, resulting in Si/ Al ratios of higher than 200 and 6.2, respectively. 

The latter value was calculated from the IR spectrum of the dealuminated zeolite. 

The IR spectra of the HZSM5 zeolite before and after dealumination by procedure 

1 are shown in figures 3.Sa and 3.5b, respectively. 

Comparison of these spectra shows no significant differences. When a Sia4 

treatment is applied prior to the HCl washing (procedure 2), a broadening of the 

peak around 1100cm·1. appears in the spectrum of H(Al)ZSM5 (figure 3.5c). This 

is an indication for some changes in the framework structure, although this effect 

was not visible in the XRD spectra. Treatment of the zeolite dealuminated by 

procedure 2 with TMG gives a gradual narrowing of the 1100 cm·l band in the 

spectrum (figure 3.5dJ, indicating the removal of the framework defects, introduced 

by the dealumination procedure. 

The IR spectrum of the parent HY zeolite is shown in figure 3.6a. Dealumination of 

this zeolite according to procedure 1 gives also a broadening of the peak around 

1100 cm·l (figure 3.6b), while a separate peak at 930 cm·l appears in the IR 

spectrum after dealumination by procedure 2 (figure 3.6c). Also for this zeolite, no 

significan.t changes in crystallinity were observed after the subsequent treatments. 

A peak at about 930 cm·1 was observed earlier in SiC\4/HCl dealuminated HY 

samples and has been attributed to asymetric bending vibrations of the bridged Si

OH groups, originating from silanol nests [38). Upon TMG treatment of this zeolite, 

the 930 cm· 1 peak reduces in intensity with. TMG exposure time (figure 3.6d) untill 
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complete disappearance (figure 3.6e). This is a strong indication that in this case the 

silanol nests are consumed by the reaction with TMG. 

2000 CM-1 0 

Fig. 3.5 IR spectra of zeolite Al-4.16; (a) fresh zeolite, 
(b) after dealuminatwn following procedure 1, (c) after 
dealuminationfollowingprocedure 2, (d) sample (c) after TMG 
treatment. 

The fact that in the m spectrum of HZSMS the peak at about 930cm·1 is not so 

well resolved, can be due to the fact that the framework aluminum concentration, 

and thus the amount of silanol nests introduced in HZSMS zeolites by 
dealumination is much lower than in the HY zeolite. However, it turns out that for 

obtaining well defined silanol nests in the zeolite structure, dealumination by 

subsequent SiCl4 and HCl treatments has to be prefered over HCl washing only. 
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Only the two step dealumination procedure results in a separate peak at 930 cm-1 in 
the IR spectrum (fig. 3.6b). 

2011 11.-1 40fl 

Fig. 3.6 JR spectra of zeolite HY (Si/A/=2.15); (a) fresh 
zeolite, (b) afterdealuminationfollowingprocedure 1, (c) 
after dealumination following procedure 2, (d) sample (c), 
after short time TMG treatment, (e) sample (c), after longer 
time TMG treatment. 

The occurence of these silanol nests is essential for making gallium incorporation in 
the framework possible, according to equation 3.3. 
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In this mechanism, 3 H atoms originating from Si-OH groups react with the methyl 

groups of the TMG via a hydrogenolysis mechanism forming methane. 

Si 
I 

0 
I 
H 

Si-OH HO-Si + Ga(CH3 ) 3 ---> 

H 
I 
0 
I 

Si 

Si 
I 

0 H 
I 

Si-O-Ga-0-Si 
I 
0 
I 
Si 

( eq. 3. 3) 

The 71Ga MAS NMR spectrum of the HZSM5 zeolite, after dealumination via 

procedure 1 and TMG treatment in a hydrogen atmosphere is shown in figure 3.7a. 

The spectrum of the zeolite dealuminated by procedure 2 and subsequent TMG 

treatment is shown in figure 3.7b. 

In the case of the HCl dealumination, the Ga NMR signal is confined to a broad 

range around 0 ppm (figure 3.7a), which means that all NMR visible gallium exists 

in an octahedral coordination [38]. Carrying out the dealumination via procedure 2, 

followed by decomposition of TMG in hydrogen gives two peaks in the NMR 

spectrum at chemical shifts of 0 ppm and + 159 ppm (figure 3.7b), corresponding to 

octahedrally and tetrahedrally coordinated gallium, respectively [38]. The latter 

peak indicates that part of the gallium is introduced in the zeolite framework on T 

site positions. 

In contrast with the HZSM5 zeolite, the HY zeolite, after procedure 1 

dealumination and TMG treatment in a hydrogen atmosphere, also gives two peaks 

in the NMR spectrum at chemical shifts of 0 ppm and about + 170 ppm (figure 

3.8a), indicating the presence of both octahedrally and tetrahedrally coordinated 

gallium. A similar result is observed after TMG treatment in hydrogen of the HY 

zeolite dealuminated via procedure 2 (figure 3.8b). Moreover, for these samples the 

71Ga NMR response of the framework gallium appears to increase with TMG 

exposure time, relative to the NMR response of the extra-framework gallium (figure 

3.8c). 

The 71Ga MAS NMR spectra of the HSM5 and HY zeolites after dealumination 

procedure 2 and TMG decomposition in a nitrogen atmosphere, are shown in 

figures 3.7c and 3.8d, respectively. 
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Fig. 3.7 71GaMAS NMRspectra of H(Al)ZSM5 (Al-4.16); 
(a) TMG treatment in H2 afterdealumination procedure 1, 
(b) TMG treatment in H2 afterdealumination procedure 2, 
(c) TMG treatment in N2 after dealumination procedure 2, 
(d) spectrum of H(Ga)ZSM5 (Ga-21), prepared via the direct 
method. 
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Fig. 3.7 71Ga MAS NMR spectra of HY (Si/Al=215); (a) 
TMG treatment in H2 after dealummation procedure 1, (b) 
TMG treatment in H2 after dealumination procedure 2 (short 
exposure time), (c) TMG treatment in H4.af!er dealumination 
procedure 2 (lonqerexposure time), (d) T?J"J. treatment in 
N2 after dealummation procedure 2, (e) Ga MAS NMR spectrum 
of zeolite H(Ga)Y. 

It can be observed that all 71Ga NMR response appears in a broad range around 0 
ppm for the HZSM5 zeolite (figure 3.7c), indicating that also after reaction in a 

nitrogen atmosphere in HZSM5 all gallium is introduced as extra-framework 

gallium. In contrast, on a HY zeolite, even TMG decomposition in a ni~ogen 

atmosphere yields both octahedrally and tetrahedrally coordinated galli~m (figure 

3.8d). 
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The fact that the reaction of TMG proceeds much better in a hydrogen atmosphere 

than in a nitrogen atmosphere was also visible from the colours of the zeolites after 

the reaction. In hydrogen, the zeolites turned slightly grey, while the catalysts 

treated in· a nitrogen atmosphere were dark grey to black, indicating the deposition 

of larger amounts of carbonaceous residues on the zeolite particles. These residues 

are formed as by-products during the TMG decomposition reaction, especially in an 

inert atmosphere where adsorbed organometallic compounds, are important 

intermediates. In the presence of hydrogen, the reaction medium will participate in 

the reaction giving a strong interaction between the TMG molecule and the Si-OH, 

forming Si-0-Ga bonds by a hydrogenolysis mechanism with abstraction of a 

methane molecule. In the proceeding reaction, TMG will react with three other 

silanol groups with concomitant formation of methane, until complete incorporation 

of gallium in the framework. 

For comparison, the 11Ga MAS NMR spectra of a H(Ga)ZSM5 gallosilicate and a 

H(Ga)Y gallosilicate are included in the figures, as figure 3.7d and 3.8e, 

respectively. Obviously, the 11Ga NMR lines of the tetrahedrally coordinated 

gallium in these gallosilicates are significantly narrower, as compared to the 

dealuminated/TMG treated zeolites. This is probably due to a much poorer 

symmetry around part of the gallium nuclei in the latter kind of samples, causing 

large variations in chemical shifts and probably higher quadrupolar interactions, 

resulting in very broad 71Ga NMR lines. 

Based on the present results, it seems that application of the SiC4 treatment prior 

to the HCl treatment improves the formation of well defined framework defects 

(silanol groups) in both zeolite HZSM5 and HY. After such two step dealumination 

procedure, introduction of framework gallium by TMG decomposition in hydrogen 

is possible. 

The Ga/Si ratios of the external surface of some TMG treated zeolites (TMG 

decomposition in hydrogen), as determined by XPS measurements, and the ratios 

calculated for the bulk composition from the total gallium content, determined by 

AAS, are shown in table m.2. 
It is clear that the bulk Ga/Si ratios are higher, relative to the Ga/Si ratio of the 

surface, which indicates that a large part of the gallium has reacted and is deposited 

inside the zeolite crystallites. The amount of extra-framework gallium on the outer 

surface, as measured by XPS, will depend on several factors. Firstly, the large 

amounts of silanol groups on the outer surface of the zeolite particles can react with 

TMG. Secondly, especially in the case of the HZSM5 zeolites, this effect will be 
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enchanced by diffusion limitations for the TMG molecule to penetrate into the 

pores of the ZSM5 zeolite, making the side reaction mentioned above more likely. 

Table IIL2. Comparison of the gallium content of the outer surface of the zeolite 
particle and the bulk gallium content. 

Sample Pretreatment Ga content Ga/Si Oa/Si(XPS) 
(AAS, wt%) (bulk) (surface) 

HZSM5-1* SiC4/HCl 9.39 0.094 0.058 
HZSM5-2 SiC4/HCl 6.12 0.057 0.043 
HY SiC4/HCl 29.08 0.256 0.208 

I 

*crystallite size: 6-8µm 

The occurence of side-reactions on isolated silanol groups and on the Brtnsted acid 

sites is also confirmed by the FTIR spectra of the dealuminated HZSM5 zeolite 

(dealumination procedure 2), before and after treatment with TMG in a hydrogen 

atmosphere. These spectra are shown in figure 3.9a and 3.9b, respectively. 

Obviously, the reaction results in a consumption of both the Br~nsted acid sites and 

the silanol sites, which become visible in the spectra as a reduced intensity of the 

absorption peak at about 3612 cm·l and 3743 cm·l, respectively. 
1.8 
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Fig. 3.9 FTIR spectra of H(Al)ZSM5 zeolite (Al-4.16); (a) 
afterdealuminationfolfowing procedure 2, and (b) sample (a), 
after TMG treatment. 

It is clear that more investigations are necessary to study the possibility of exclusive 

introduction of gallium in zeolite frameworks on Tatom positions via the TMG 

decomposition reaction. 
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Conclusions 

, Introduction of gallium in zeolites by TMG decomposition in hydrogen atmosphere 
is possible in zeolite HY, but far more difficult in HZSMS zeolites. In a nitrogen 
atmosphere, formation of framework gallium by this technique in a HZSM5 zeolite 
is impossible, but still possible in zeolite HY. A problem with these experiments is 

the reaction of TMG with silanol groups on the outer surface of the zeolite particles. 
This reaction occurs probably to a larger extent on small and medium pore zeolites, 
e.g. HZSM5 zeolites, where steric factors make the penetration of the TMG 
molecules into the zeolite pores more difficult. Also the reaction with the Brtnsted 
acid sites has been observed, leading to extra-framework gallium. 

3.3 Preparation or Ga/H(Al)ZSMS zeolites 

Introduction 

In the isomorphously substituted zeolites, gallium is atomically dispersed in the 
zeolite structure. However, aromatization catalysts, prepared by impregnation or 
physical mixing H(Al)ZSMS with Ga203, were found to have similar catalytic 
properties than the H(Ga)ZSMS zeolites. In this paragraph, the physical 
characterization is described of catalysts consisting of gallium supported on 
H(Al)ZSM5 zeolites, prepared via impregnation or ion-exchange of the zeolite with 
a Ga3+ solution. Some other samples were prepared by physically mixing of 
H(Al)ZSMS with Ga203 powder. Special attention was paid to the location and 
distribution of the gallium in these samples. 

Experimental 

Ga/H(Al)ZSMS zeolites were prepared via pore volume impregnation with a 
Ga(N03)3 solution up to gallium content of about 5.5 wt%, and subsequent 
calcination at 773 K. These Ga/H(Al)ZSMS zeolites will be refered to as Al-y/Ga
x/IM, where y and x represent the number of aluminum and gallium atoms/unit 
cell, from which the latter is introduced by impregnation. The H(Al)ZSMS zeolite 
was also ion-exchanged with a 2 M solution of this gallium salt. This sample was also 
calcined under the conditions mentioned above, and will be refered to as Al-y/Ga

x/IE. 
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Physical mixtures were prepared by mixing different amounts of Ga203 powder 

with the H(Al)ZSM5 zeolite up to gallium loadings of about 5 wt%. These samples 

were characterized without any further pretreatment, and will be refered to as Al

y /Ga-x/PM. 

The samples were characterized by atomic absorption spectroscopy, fol'. 
determination of the bulk composition, and X-ray photoelectronspectroscopy, which 

provides information about the surface composition of the samples. 

Results and Discussion 

A comparison of the Si/Ga ratio of the gallium impregnated H(Al)ZSMS zeolites, 

determined by AAS and XPS is shown in table III.3. The fact that the gallium in 

these impregnated samples could easily be measured by means of XPS was quite 

remarkable, as at the surface of a H(Ga)ZSMS gallosilicate detection of the gallium 

appeared to be. far more difficult. From this observation, and the lower Si/Ga ratio 

of the surface, as compared with the bulk Si/Ga ratio, it is clear that for the samples 

presently under investigation, the gallium is mainly located on the outer surface of 

the zeolite crystallites. 

Table Ill3 Si/Ga ratios of the bulk (AAS) and the surface (XPS) of gallium 
impregn.ated HZSM5 zeolites. 

Sample Ga loading' Si/Ga(AAS) Si/Ga( XPS) 

Al-1.99/Ga-1.61/IM 1.61 Ga/u.c. 59 22 
Al-1.99/Ga-4.17/IM 4.17 Ga/u.c. 22 11 
Al-1.99/Ga-0.08/IE 0.08 Ga/u.c. i\IS 1200 OD 

Al-1.99/Ga-2.16/PM 2.16 Ga/u.c. 43 12 
Al-1.99/Ga-4.53/PM 4.53 Ga/u.c. 20 9 

*framework + extra-framework 

This will be due to the large size of the hydrated Ga3 + ion, Ga(H20 )63 +, that is 

present in the neutral impregnation solution (pH 6-7), which is unable to penetrate 

into the zeolite pore of H(Al)ZSMS. 

In the samples prepared via ion-exchange of the zeolite with the Ga3 + solution, 

only very little amounts of gallium were measured afterwards. This will be due to (i) 

the large size of the hydrated gallium ion, as mentioned above, making it impossible 

to reach the acid sites, and (ii) the low n~ber of H + sites per unit cell in 

H(Al)ZSM5, which are located at a relative large distance from each other and are 

therefore unable to exchange in groups of three against one Ga3 + ion. 
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Physical mixing of Ga203 with a H(Al)ZSM5 zeolite is by far the easiest way for 

preparation of the Ga/H(Al)ZSM5 catalysts. However, the gallium oxide in these 

samples has a very low dispersion (specific surface area of the powder less than 5 

m2 / g), as it occurs as a separate phase outside the zeolite particles. The latter 

aspect was found to have large consequences for the stability of the catalyst (see 

chapter 5 of the thesis). 

Conclusions 

Introduction of highly dispersed gallium oxide in the pores of a H(Al)ZSM5 zeolite 

via impregnation or ion-exchange is not possible, because of steric restrictions of the 

Ga(H20 )63 + ion for penetration into the zeolite pores. Also physical mixing of the 

zeolite with Ga203 powder gives most of the gallium deposited outside the zeolite 

crystallites. 
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Chapter4 

Application of Gallium containing HZSMS zeolites for propane 
aromatization 

4.1 General Introduction 

It is known for several years that introduction of gallium in H(Al)ZSM5 zeolites, 
used as catalysts for propane conversion, improves the selectivity towards aromatics, 
as gallium enables the formation of molecular hydrogen[l,2]. The opinions about 
the role of the gallium species in the reaction, however, are still rather controversial, 
in particular with respect to the mechanism of molecular hydrogen formation. Other 
questions are the real nature of the active site (extra-framework and/or framework 
gallium) and the role of H+ for the dehydrogenation reaction. 
The present chapter describes the results of propane aromatization reactions over 
alumino- and gallosilicates. The role of the gallium species in the different reaction 
steps was elucidated by model reactions over zeolites containing gallium and other 
supported gallium systems. In a subsequent stage, these results were used to derive 
an overall reaction scheme of the aromatization reaction. Based on the results, a 
mechanism for molecular hydrogen formation is proposed. 
In order to investigate a possible role of extra-framework gallium in the reaction, 
the catalytic properties of physical mixtures consising of a H(Al)ZSMS zeolite and a 
GAPS0-11 molecular sieve, and of a steamed H( Ga)ZSM5 zeolite were measured. 

4.2 The role of gallium in the separate reaction steps 

Introduction 

The role of the gallium species and the nature of the active sites for 
dehydrogenation have been the subject of several studies. Various authors proposed 
that gallium is active only for the dehydrogenation steps of the reaction [3-7]. In this 
approach, it is assumed that olefins are formed on the gallium sites, while the acid 
sites serve for a rapid transformation of the so formed olefins into aromatics. Other 
workers propose a mechanism in which the gallium is mainly active in the 
transformation of higher olefins into cycl~-compounds [8-10]. 
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For investigation of the role of gallium species and the active sites of the reaction. 

model reactions were carried out over the alumino- and gallosilicates for three 

separate steps of the overall reaction: (i) the dehydrogenation of propane, (ii) the 

cyclization of hexene and heptene to aromatics, and (iii) the dehydrogenation of 

cyclo-hexane and cyclo-hexene. After formation of the primary olefins ih step (i), 

these olefins rapidly oligomerize over the acid sites, and an equilibrium of C2-C7 

oligomers is formed in the zeolite. Therefore, this step was not investigated 

separately by a model reaction. 

The model reactions were also carried out over some physical mixtures containing 

Ga203 powder and some supported gallium systems. A comparison of the activities 

and product selectivities, obtained using different catalysts for the specific reactions 

leads to a better understanding of the role of gallium in these reactions. 

Experimental 

The H(Al)ZSMS zeolites were prepared according to method B, as described in 

chapter 3 of this thesis by addition of AI2(S04)3.l8H20 to the synthesis mixture in 

the stage of gel formation. Gallium analogues were prepared by dissolving Ga203 

in the synthesis mixture. The H(Al)- and H(Ga)ZSMS zeolites prepared in this way 

will be referred to as Al-y and Ga-x, respectively. 

The physical mixtures were prepared by addition of Ga203 powder to the 

H(Al)ZSMS zeolite. These samples will be refered to as Al-y/Ga-x/PM, where y 

and x represent the number of aluminum and (extra-framework) gallium atoms/unit 

cell, respectively. A Ga(N03)3 solution was used for preparation of the gallium 

impregnated zeolites. These samples will be refered to as Al-y /Ga-x/IM. 

The HY zeolite (Si/Al = 2.15) was obtained from Akzo Chemie (Ketjen Catalyst). 

Supported gallium systems were prepared by incipient wetness impregnation of 

silicalite-1, silica or alumina, up to loadings of 6 wt% Ga. 

The WHSV's for the model reactions mentioned above were 2 h-1 for the 

dehydrogenation of propane, and 0.7 h" 1 for the conversions of hexene, heptene, 

cyclohexane and cyclohexene. The reactants were diluted in helium 

(helium/reactant = 2). Reactions were caried out using O.S g of catalyst, in a 

microflow reactor in a temperature range from 623 to 873 K at atmosp~eric 

presssure. 
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Results and Discussion 

Upon application of gallosilicates instead of alum.inosilicates for propane 

aromatization, lower conversions are measured, as shown in figure 4.1. This is in 

accordance with results published earlier [11], and can be explained by the lower 

acid strength of the gallosilicates, as measured earlier by NH3 1PD experiments and 

infrared analysis [12] (see also chapter 3). Upon measuring the propane conversions 

at different temperatures, especially over the H(Ga)ZSM5, some coke deposition 

on the catalyst could not be avoided. To investigate whether this coke causes a 

suppression of the conversion at the highest temperatures, the measurement at 873 

K was repeated after regeneration of the catalyst and 10 minutes feed of propane. 

The result of this measurement is also included in figure 4.1. In fact, an increase in 

activity is measured, but this activity is still lower than that of the alum.inosilicate, so 

that the lower activity over the gallosilicate will rather be due to a reduced acid 

strength. The activity enhancement after use and regeneration is ascribed to the 

introduction of some extra-framework gallium in the zeolite during the regeneration 

treatment. 
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Fig. 4.1. Propane con~ersions as function of temperature 
(propane WHSV 2 h- ) over zeolites Al-21 and Ga-2.0. 

The product selectivities as obtained over H-(Al)ZSMS and H-(Ga)ZSM5 zeolites, 

are presented in figure 4;2a and 4.2b, respectively. The main differences between 

these catalysts are a much higher selectivity to aromatics over the gallosilicate, while 
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the selectivity to small alkanes is much lower. Also, considerable amounts of 

hydrogen are formed over the gallosilicates, in contrast with H-(Al)ZSMS zeolites, 

where hydrogen formation is negligible. Moreover, it seems that the rate of 

conversion of olefins to oligomers and aromatics is higher over H(Ga)ZSMS, as the 

total amount of small olefins under steady state conditions is lower in 1this case. 
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Fig. 4.2 (a) Product selectivities of propane aromatization over 
H(Al)ZSM5 (Al-21), (b) Product selectivities of propane aromati
zation over H(Ga)ZSM5 (Ga-2.0). 

Over H(Al)ZSMS zeolites, small alkanes form a substantial part of the product flow. 

These are not only formed by cracking reactions of intermediates, but originate also 

from hydrogen transfer reactions [14] for. the conversion of intermediate cyclo-
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alkanes to aromatics. In that way, the aromatics selectivity is suppressed, as a large 

part of the small olefins are consumed and thus no longer available for 

aromatization (see reaction scheme, figure 2.3). 

Another important factor improving the aromatics selectivity over H(Ga)ZSM5 is 

the lower cracking activity of this zeolite, due to the lower acid strength. 

It thus can be concluded that the mechanism of aromatization is changed from a 

cracking/hydrogen transfer mechanism over the H(Al)ZSMS zeolite to a 

dehydrogenation mechanism over the H(Ga)ZSMS zeolite, as proposed by 

Meriaudeau et al. [14]. The kind of gallium species active for dehydrogenation and a 

more detailed description of the dehydrogenation mechanism is discussed below. 

The maximum in the curves representing the selectivity to C4 products (butanes + 
butenes) versus conversion shows that these products are important primary 

intermediates in the reaction, which are almost completely converted to aromatics 

at higher temperatures. 

The conversions and selectivities to methane and aromatics at 873 Kover a series of 

catalysts are shown in table IV.1. This table shows that gallium improves the 

selectivity to aromatics, while a strongly reduced selectivity to methane is measured. 

This behaviour is observed for both the gallosilicate and for the physical mixtures of 

H(Al)ZSM5 and Ga203 powder. This table also shows some results, obtained over 

the Ga203 powder and two supported Ga203 samples. 

Table IV.I. DehydrofYlization of propane over different catalyst systems; T= 873](, 
Propane JiVHSV 2h" 

Catalyst Conv. Sel. Sel. 
(%) C~(C%) Atom. (C%) 

Al-3.3 96.4 31.0 40.0 
Al-2.1 97.3 30.0 33.0 
Al-1.5 60.0 24.0 32.5 
Ga-3.0 72.0 10.4 57.6 
Ga-2.0 62.6 10.0 54.0 
Ga-1.4 41.0 15.9 58.0 
Al-3.3/Ga-1.7 /PM 93.6 13.2 59.0 
Al-2.1/Ga~l.7/PM 95.3 10.8 62.2 
Al-1.5/Ga-1.7/PM 68.9 11.4 53.1 

Ga~d . * 7.4 10.0 . 
2wt o a103/Sil.-l • 5.0 14.0 . 
2wt%Ga203/ AI203 302 6.0 3.0 

* Impregnated sample. 
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The results of the propane and propene reactions over a HY zeolite and a gallium 
impregnated HY zeolite are presented in table IV .2. It can be seen that propane 
conversions are low over both catalysts. With propene as a reactant, higher 
conversions are measured, although the deactivation rates over these catalysts were 

•. 

extremely high. 

Table TV.2. Conversion of propane ~propene over a HY and a Ga loaded HY 
zeolite; T=773K. Propane WHSV2 h- . 

Reactant Catalyst Conv. Sel. Sel. 
(%) Cff4(C%) Arom.(C%) 

propane HY • 5.9 13.5 -
4wt%G~HY 6.5 8.5 -

propene H • 37.0 3.3 23.8 
5wt%Ga/HY 24.6 3.5 21.9 

* Impregnated sample 

The dehydrogenation activity of the Ga203 powder is very low (table IV.1). This 
may be due to the low specific surface area of the material ( < 5 m2 /g).· However, 
low activities are also measured over the supported gallium catalysts. For this 
observation, two explanations can be given. Firstly, due to the method of gallium 
introduction (incipient wetness impregnation), low dispersion degrees of the gallium 
oxide are obtained. Secondly, it can be supposed that highly dispersed gallium 
particles only possess dehydrogenation activity when strong Br•nsted acid sites are 
present, like those in HZSMS structures. In that case, the main role of the acid sites 
can be the removal of propene from the propane/propene equilibrium by 
oligomerization, thus enhancing the propane conversion. 
The latter suggestion, however, is not confirmed by the results of propane and 
propene conversions over a HY zeolite and a gallium loaded HY zeolite (table 
IV.2). Propane conversions over these systems are low, although relatively high 
propene conversion are measured with an aromatics selectivity of about 25 C%. 
This indicates that an acid site must be present with an acid strength comparable to 
the H(Al)- or the H(Ga)ZSM5 zeolite for activation (dehydrogenation) of the 
starting alkane. It can thus be concluded that the active site for dehydrogenation 
consists of gallium in combination with tlie Br+nsted acid site. The fact that 
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introduction of gallium by physical mixing of the H·(Al)ZSMS zeolite with Ga203 
powder modifies the reaction mechanism in a similar way as isomorphous 
substitution of aluminum by gallium in the framework indicates that the 
dehydrogenation reaction can occur on the interface between the Ga203 particle 
and the zeolite crystal. Spreading of Ga203 over the zeolite surface at high 
temperatures, however, can also not be excluded, although the mobility of Ga203 is 
very low [15]. 
The importance of an intimate contact between the zeolite particle and the Ga203 
powder was further investigated by embedding the physical mixtures of both 
powders (zeolite and Ga20J) in a silica matrix. The ratios silica/physical mixture 
(composition: Al-2.1/Ga-1.7 /PM), applied for this purpose were 80/20, 60/40 and 
0/100. The result of this experiment is shown in figure 4.3. 

8Clf20 40/60 100/0 

Fig. 4.3 Effect of embedding physical mixtures of zeolite 
H(Al)ZSKl5 and Ga:i<J 3 po'Wder (composition: Al-20/Ga-1. 7 /PM) 
in a Si02 matrix. 

It is obvious that both the activity and the selectivity to aromatics decrease upon 
embedding of the physical mixture in silica, which was not observed after 
embedding of a H(Ga)ZSMS in a silica matrix. This means that in bet physical 
mixtures, a contact surface between the zeolite crystallite and the Ga203 particle is 
required, so that the Brtnsted acid site and the gallium site do not exist as isolated 
centres. 
The results of the hexene and heptene conversions over various catalysts systems are 
shown in table N.3. In all cases, conversions higher than 90% are measured, but 
application of supported galliumoxide catalysts yields mainly isomers of the starting 
olefin, and only small amounts of aromatics. This indicates that the cyclization of 
these compounds is a bifunctional process, wherein both the HZSMS structure and 
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the acid sites are required. Over the H(Al)ZSM5 zeolite, the selectivity to aromatics 

is 48 C%. Application of a H(Ga)ZSM5 zeolite results in an increase of the 

aromatics selectivity to about 70 C% for both hexene and heptene conversion. In 

contrast.with the dehydrocyclization of propane, where the physical mixtures of 

H(Al)ZSM5 and Ga203 showed high aromatics selectivities, here the mixing of 

Ga203 with H(Al)ZSM5 does not give an increase in aromatics selectivity. 

Table W.3. Cyclization of l_figher alkenes over gallium containing catalysts systems; 
T=873K. WHSV = 0.7 h" • 

reactant catalyst conv. Arom. Sel. 
(%) (C%) 

hexene Al-2.1 100.0 48.7 
Ga-2.0 100.0 71.6 

Al-21/Ga-1.7 /PM 98.5 49.5 
heptene Al-21 100.0 49.0 

Ga-2.0 99.0 69.0 
Al-21/Ga-1.7 /PM. 100.0 49.2 

hexene 2wt%Ga2~Sil.-l * 90.7 5.4 
3.4wt%G%~Si0l 100 12.6 

heptene 2wt%Ga sil.-1 90.0 4.0 

• Impregnated samples 

This means that for the cyclization of higher olefins, a short distance between the 

gallium site and the acid site is required. Investigations on the interaction of olefins 

with gallium oxide have been published by various authors [16-18]. It has been 

shown that chemical bonds can be formed between the olefin and the gallium oxide 

species. In these complexes, electrons are released from the olefin to the gallium 

atoms in the oxide (see also chapter 2), leaving a net positive charge on the olefin 

which may have an interaction with the ff -electrons of another olefin, as indicated in 
figure 2.7. 

When interactions like these are also possible on framework gallium in zeolites, an 

extra number of oligomerization sites for alkenes are created in the zeolite pores, in 

the vicinity of the Br•nsted acid sites, making a rapid cyclization of the higher 

olefins possible, thus increasing the aromatics selectivity. In physical mixtures of 

Ga203 and H-(Al)ZSM5 zeolites, the surface area of the gallium oxide can be so 

small that it has only little effect on the selectivity to cyclo-compounds (aromatics), 
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or the distance between the gallium and the acid site can be too large to have a 
synergistic effect. Another explanation for the higher aromatics selectivity after 
isomorphous substitution of aluminum by gallium might be the lower acid strength 
of the so formed gallosilicate, decreasing the cracking activity of the zeolite (12], in 
contrast with the physical mixtures where the cracking activity is fully retained. 

The results of the dehydrogenation reaction of cyclohexane and cyclohexene over 
various catalyst systems are presented in table IV.4. For the dehydrogenation of the 
cyclo-hexane, low conversions are measured over the supported gallium oxide 
systems, similar to earlier observations for propane dehydrogenation. Over acidic 
zeolites, considerably higher conversions are measured. Moreover, introduction of 
gallium in the zeolites increases the benzene selectivity, independent of the 
preparation method that is applied. 

Table JV.4. Dehydrogenation of cyclo·hexane and ~lo-hexene over dijferenJ gallium 
containing catalyst sjstems; T=873K, WHSV=0.7h" 

reactant catalyst conv. Arom. Sel. 
(%) (C%) 

cyclo-hexane 2wto/oG~~Sil.-1 • • 2.8 15 
3.4wt% a2 /Si~• 3.1 45 
3.4wto/oGa203/ AI2 2.3 23 
Al-2.1 99.0 60 
Al-2.~Ga-1.7 /PM 99.4 96 
Ga-2. • 98.9 97 

~clo-hexene 5wto/oGaa<>J~i~ • 88.5 69 
3.4wt% a2 / 2<>3 52.3 74 
Al-21 100 78 
Al-2.~Ga-1.7/PM 100 89 
Ga-2 100 94 

• Impregnated sample. 

Table 4.IV also shows that cyclohexene is far more reactive than cyclohexane. High 
conversions are measured over the non-zeolitic systems, and application of zeolites 
always results in a complete conversion of the cyclohexene, while both the 
supported systems and the H(Al)ZSMS zeolites give aromatics selectivities of 70-75 
C%. After introduction of gallium in the zeolites by either physical mixing of Ga203 
or isomo'rphous substitution, almost exclusively benzene is formed. 
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These results confirm the earlier observation that gallium possesses 
dehydrogenation activity only in the presence of Br•nsted acid sites and addition of 
gallium to the zeolites enhances the selectivity to aromatics, as gallium enables the 
formation of molecular hydrogen. The method of gallium introduction seems to be 
of little importance, like was observed for propane dehydrogenation. 'P1e higher 
conversion of cyclohexene over the different systems is due to the fact that 
aromatization (dehydrogenation) of cyclohexene is thermodynamically more 
favourable, but even for this reaction, a slight positive effect is observ~ upon 
gallium addition. 

Conclusions 

Application of gallium containing zeolites for propane aromatization enables the 
formation of molecular hydrogen, resulting in strongly enhanced aromatics 
selectivities. Studies on the separate reactions steps have shown that the supported 
gallium systems have little dehydrogenation activity, but in the presence of strong 
Br•nsted acid sites, e.g. originating from zeolite ZSM5, the dehydrogenation activity 
is strongly increased. The gallium can also play a role in the conversion of higher 
olefins to cyclo-compounds, but only when the distance between the gallium species 
and the H + site is not too large, like in isomorphously substituted samples. 
This reaction step is further improved by the lower cracking ability of this type of 
catalyst. 

4.3 Activity of framework gallium versus extra-framework gallium 

Introduction 

A structure that contains only tetrahedrally coordinated framework gallium and 
negligible Br•nsted acidity [19], and which has a similar pore radius than a 
H(Al)ZSM5 zeolite, is the GAPS0-11 structure, consisting of gallium, aluminum, 
phosphorus and silicon tetrahedra (see chapter 9). In our work, this structure was 
used to investigate the dehydrogenation activity of tetrahedrally coordinated 
(framework) gallium.For the aromatization reaction, the GAPS0-11 molecular 
sieve was used as catalyst, and some physical mixtures of a GAPS0-11 molecular 
sieve and the Al-2.1 zeolite were measurc;a. The measurements on the physical 
mixtures were repeated after various (regeneration) treatments. 
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For investigation of the activity of extra-framework gallium, it is necessary to know 

how extra-framework gallium can be formed in a zeolite structure. Acid leaching 

[20,21] a?-d treatments with SiCl4 [22,23] or (NH.$)2SiF6 [24] cause a loss of 

framework gallium, but this extra-framework gallium is also removed from the 

zeolite, making the so formed samples unsuitable for these investigations. 

High temperature steaming, however, yields highly dispersed 'gallium oxide' in the 

zeolite pores, although more extensive steaming may (partially) destroy the zeolite 

structure. Therefore mild and more severe steam treatments were applied to 

investigate the catalytic properties of a H(Ga)ZSM5 zeolite, containing extra

framework gallium. 

Experimental 

The GAPS0-11 molecular sieves were prepared according to the patent of Lok et 

al. [25]. Calcination of the crystallization product was carried out at 823 K during 3 

hours in laboratory air. The gallium content of the product was about 5.5 wt%. The 

physical mixture applied for the aromatization reactions consisted of 50 wt% 

GAPS0-11 mixed with a H(Al)ZSM5 zeolite (Al-3.3). 

Mild steaming of the H(Ga)ZSM5 zeolite was carried out at 823 Kin a stream of 

steam saturated air (20 ml/min, Pwater = 28 kPa). More severe steam treatments 

were carried out at 923 K during 3, 6, 12 and 24 hours. Propane aromatization 

experiments over the temperature range from 623 to 873K were carried out using 

0.5 g catalyst and a propane WHSV of 2 h-1. Regeneration of the catalysts was 

carried out at 873 Kin a stream of helium/air (50/50) during 10 minutes. 

Results and Discussion 

Figure 4.4 shows the conversions and aromatics selectivities over the GAPS0-11 

molecular sieve and over a catalyst consisting of 50 wt% GAPS0-11 molecular sieve 

(about 5.5 wt% Ga), physically mixed with a H-(Al)ZSM5 zeolite (Al-3.3). In this 

figure the conversions and aromatics selectivities are given for the fresh catalysts 

and for the catalysts after 1 and 3 regenerations. 

It is clear that a GAPS0-11 molecular sieve has negligible activity for propane 

conversion and no aromatics are formed. Also addition of GAPS0-11 to a 

H(Al)ZSM5 zeolite has negligible effect'On the performance of the zeolite: activity 

and aromatics selectivity are comparable to those obtained over the H(Al)ZSM5 
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zeolite (see figure 4.1). For those systems, the large distance between the gallium 

and the acid sites explains that no effect is observed. This is a strong indication that 

tetrahedrally coordinated framework gallium, which is atomically dispersed in the 

structure-, has negligible activity for dehydrogenation. The lower conv
1
ersion as 

compared to the H-(Al)ZSM5 zeolite, is due to the dilution of the zeolite by the 

inactive GAPS0-11 material. 
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Fig. 4.4 Conversions and aromatics selectivities over a 
GAPS0-11 molecular sieve and a phy_sical mixture of H(Al)
ZSM5 (Al-3.3) and GAPS0-11 (50/50). 

After the first regeneration, an increase in activity and a much higher aromatics 

selectivity is observed, especially at the lower temperatures. Additional increases in 
activity and aromatics selectivity are observed after the second and third 

regeneration. More regenerations did not lead to a further improvement of the 

catalytic properties. 

These effects can be explained assuming the removal of gallium from the GAPS0-

11 framework, after which this gallium is transfered to extra-framework positions in

or outside the GAPS0-11 structure and probably (by sublimation) in the zeolite 

particles. As a result, the extra-framework gallium becomes lower coordinated 

during the regeneration, and more located in the vicinity of the acid sites of the 

zeolite, improving the activity and aromapcs selectivity of the catalyst. 
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The activity of extra-framework gallium is confirmed by the conversions and 
aromatics selectivities, obtained over a H(Ga)ZSM5 zeolite (Ga-2.0), after steaming 
under different conditions. These results are shown in figure 4.5a and figure 4.5b, 
respectively. After a mild steam treatment (3 hours, 823 K), an increased activity is 
measured, which can be ascribed to the introduction of extra-framework g~lium in 

,' 

the zeolite during the steam treatment. 
The selectivity to aromatics remains almost unaffected during such treatment. More 
severe steaming at 923K causes a considerable loss of framework gallium, 
decreasing the add site density. Moreover, agglomeration of the extra-framework 
gallium oxide may occur, resulting in much lower activities. Simultaneously with the 
activity decline, the aromatics selectivity decreases. 
The loss of framework gallium has also been confirmed by 11oa MAS NMR 
measurements, see chapter 7. 
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Fig. 4.5 Effect of various steam treatments on the activity (a), 
and aromatics selectivity (b), of the H(Ga)ZSM5 zeoUte (Ga-20). 
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Conclusions 

Introduction of extra-framework gallium results in an increased activity
1
for propane 

aromatization. This result indicates that the dehydrogenation activity o~ extra
framework gallium in combination with a Brtnsted acid site is probably even higher, 
as compared with the combination of framework gallium and a Br•nsted acid site. 
Severe steam treatments cause a substantial loss of framework gallium, lowering the 
number of acid sites and thus the propane conversion and the aromatics selectivity. 

4.4 H2-chemisorption on H(Ga)ZSMS zeolites and mechanism of molecular 
hydrogen formation 

The activation of the starting alkane over acidic H(Al)ZSMS zeolites (no gallium 
present) is assumed to occur via the protonation of the alkane, forming a 
pentacoordinated carbonium ion, as described by Haag and Dessau [26]. After the 
formation of this carbonium ion, bond cleavage may occur in two ways, as was 
shown in figure 2.1. 
H(Ga)ZSMS zeolites, however, are less acidic as compared with their aluminum 
analogues. This makes the acid catalyzed reaction following this mechanism more 
difficult than for zeolites containing framework aluminum. Moreover, gallium can 
have Lewis acidic properties, as shown earlier by Kazansky .and coworkers [27], 
which gives it the possibility for hydride bonding [27,28]. Based on these 
considerations, the mechanism of dehydrogenation may completely change upon 
gallium introduction. 
The observations in the paragraphs give indications strongly that highly dispersed 
gallium (framework or extra-framework) in combination with Brtnsted acid sites is 
active for the dehydrogenation of alkanes to alkenes and molecular hydrogen. A 
mechanism, in which Br•nsted acid sites and gallium play a role can be based on the 
presence of coordinatively unsaturated gallium species, e.g. originating from broken 
Si-0-Ga bonds in the zeolite framework or from amorphous Ga203. These sites 
may act as Lewis acidic centres and will be able to abstract hydride ions from the 
starting alkane, resulting in the formation of a carbenium ion. 
More support for hydride bonding to gallium oxide was already shown in chapter 2, 
and can also be obtained from the IR exa,eriments of Meriaudeau et al. [29], who 
observed two IR peaks in the spectrum of Ga203 after hydrogen adsorption: one 
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peak attributed to hydride ions, bound to the gallium atoms of the gallium oxide, 
and a second peak originating from protons bound to the oxygen atoms. 
For platinum containing catalysts, it is known that H2 adsorbs dissociatively on the 
metal function, and determination of the H/Pt ratio for monolayer adsorption by 
H2 chemisorption has become a well known technique for measuring the platinum 
dispersion in the catalyst. To check whether gallium oxide or framework gallium in 
zeolite structures can also adsorb hydrogen, either associatively or dissociatively, 
and as an attempt to obtain more information about the dispersion and properties 
of gallium in H(Ga)ZSM5 zeolites, H/Ga determinations were carried out by H2 
chemisorption measurements on a series of H(Ga)ZSM5 samples. From the results 
of these experiments, a mechanism was derived for the formation of molecular 
hydrogen, in which a combination of the gallium and the acid site are the active 
centres. 

Experimental 

The measurements were carried out by volumetric adsorption. Prior to the 
adsorption step, the sample was heated to 473 K (8 K/min), for removal of all 
adsorbed impurities. After heating at this temperature for 30 minutes, the system 
was evacuated at 0.5 torr during one hour. This treatment was followed by the 
adsorption of H2 at 473 K. No reduction of the gallium species was observed at this 
temperature. After equilibration during one hour, the system was cooled down to 
room temperature, and the hydrogen in the S)'stem was pumped off in small 
intervals, so that the amount of hydrogen at different partial pressures could be 
determined. The curve of the H/Ga ratio at different pressures against the relative 
pressure, extrapolated to zero pressure, gives the value for H/Ga for monolayer 
adsorption. 

Results 

The results of the chemisorption experiments are shown in table IV.5. It is clear that 
certain amounts of hydrogen are adsorbed on H(Ga)ZSMS zeolites, but the values 
that are found for H/Ga are much smaller than 1. This result indicates that the 
major part of the gallium is located on ( coordinatively saturated) framework 
positions, which make them unable to int~ract with hydrogen (hydride ions). 
Another (minor) part of the gallium is not fully coordinated and may have the 
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possibility for interaction with hydrogen. This gallium may be present as three 

coordinate framework gallium, originating from broken Si-0-Ga bonds, or as extra

framewo~k gallium. although the latter amount is negligible in zeolite with less than 

3.3 Ga/unit cell (see chapter 8). 

Table W.5 H/Ga ratios of hydrogen chemisorption on H(Ga)ZSM5 zeolites. 

Sample H/M 

Ga-6.9,B 0.115 
Ga-3.32,B 0.114 
Ga-2.28,B 0.141 
Ga-2.12,B 0.161 
Ga-1.71,B 0.171 

We surmiSe that the apparent trend of decreasing H/M with increasing gallium 

content of the zeolite may well indicate that the gallium becomes less well 

distributed in the H(Ga)ZSM5 zeolites for the high gallium contents, and probably 

larger (extra-framework) gallium clusters are formed, making less gallium available 

for hydrogen adsorption. 

Comparable H2 chemisorption experiments were carried out by Xiao et al. [30]. 

They showed an ultimate adsorption of about 0.16 H/Ga. which is in good 

agreement with the results, shown in table IV.5. 

Mechanism for the formation of hydrogen 
A mechanism for dehydrogenation, derived from the observation that both acid sites 

and gallium are necessary for the dehydrogenation steps, can be described as 

follows. Firstly, a hydride ion is abstracted from the alkane and bound to the Lewis 

acid sites, present as coordinatively unsaturated gallium species (L): 

-----> (eq. 4.1) 

Next, an interaction of the carbenium ion with the Brtnsted acid site can occur. The 

acidic proton combines with the hydride ion to form molecular hydrogen, and the 

carbenium ion will occupy its place on the framework oxygen (equation 4.2). 



CnH2n+l+ + H+ + L-H-
1 

z-b-
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(eq. 4.2) 

Finally, the carbenium ion may decompose to form again the Brtnsted acid site and 
an alkene (equation 4.3) 

(eq. 4.3) 

In this way, synergysm is assumed between Lewis and Brtnsted acid sites, leading to 
the formation of the alkene and molecular hydrogen. The primary role of the Ga 
species in this model is also hydride abstraction from the alkane, forming the 
reactive carbenium ion. The prevention of hydrogenation of intermediates because 
of this hydride bonding, as supposed by Inui et al. [28], may also occur but is 
supposed to be of less importance. 

Conclusions 

Chemisorption of hydrogen on H(Ga)ZSMS zeolites is possible, but the measured 
H/M ratios are much lower than 1. This indicates that the major part of the gallium 
in these zeolites is located on framework positions, where the gallium is inactive for 
hydrogen chemisorption. However, a minor part of the gallium in the as-synthesized 
samples will already be present as coordinatively unsaturated gallium species, e.g. as 
extra-framework gallium or three-coordinate framework gallium, giving it the 
possibility for dehydrogenation via hydride abstraction. 
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Chapters 

Deactivation behaviour of Ga-containing HZSM5 zeolites during 

propane aromatization 

5.1 Influence of the preparation method 

Introduction 

In the previous chapter, it is shown that the active sites for dehydrogenation over 

Ga/H(Al)ZSMS catalysts consists of gallium in combination with a strong acid site. 

Moreover, both the gallosilicates and the physical mixtures of Ga2~ powder and 

H(Al)ZSMS showed similar aromatics selectivities upon propane conversion. These 

results may lead to the question, whether it has to be preferred to prepare the 

bifunctional catalysts by easily mixing of the H(Al)ZSMS zeolite with galliumoxide 

(or by impregnation the zeolite with a gallium containing solution), instead of the 

(more difficult) isomorphous substitution. In chapter 3, it was already shown that 

the gallium in the catalysts, prepared by physical mixing or impregnation, becomes 

mainly deposited on the outer surface of the zeolite particles. 

Until now, little is known about the catalytic performance of differently prepared 

gallium containing H(Al)ZSMS zeolites, especially with respect to their catalytic 

stability {deactivation behaviour). This chapter focusses on the different methods 

for introduction of gallium in H(Al)ZSMS zeolites, in order to find the most suitable 

catalyst composition, from viewpoint of the activity, the aromatics selectivity and the 

deactivation behaviour. Therefore, three series of catalysts were prepared: a series 

of isomorphously substituted H-(Al)ZSMS zeolites (series 1), a series of gallium 

impregnated H-(Al)ZSMS zeolites (series 2) and a series of physical mixtures 

consisting of Ga203 powder and zeolite H-(Al)ZSMS (series 3). 

Experimental 

For the present investigations three series of gallium-containing zeolites were 

prepared: a (partly) isomorphously substituted series, H-(Al +Ga)ZSMS with a 

Si/(Al+Ga) ratio of about 45 (series l),.a series consisting of a H-(Al)ZSMS zeolite 
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with a Si/ Al ratio of about 45, impregnated with a Ga03 or a Ga(N03)3 solution 
(series 2a and 2b, respectively) and a series of physical mixtures consisting of 
Ga203 powder and a H-(Al)ZSM5 zeolite with a Si/ Al ratio of about 45 (series 3). 
The zeolites of series 1 were prepared foil owing procedure B, as described in 

chapter 3 of this thesis, using AI2(S04)3.l8H20 (Merck) and Ga203 (lngal 4N5) as 
the Al- and Ga-source, respectively. Calcination and ion-exchange were also carried 
out according to the method described in chapter 3. The chemical compositions of 
the zeolites (AAS determination) are shown in table 1, where the samples are 

named AI-y /Ga-x. where y and x give the amounts of aluminum and gallium 
atoms/unit cell, respectively. The catalysts of series 2 were prepared by pore volume 
impregnation of a H-(AI)ZSM5 catalyst with a GaCl3 solution (series 2a). The 
samples of series 2b were prepared using a Ga(N03)3 solution for the 
impregnation, followed by a calcination in a He/02 flow at 723K. The compositions 
of these zeolites, named Al-y /Ga-x/IM/O and AI-y /Ga-x/IM/N03, respectively, 
are also presented in table 1. This table also contains the compositions of the 

catalysts of series 3, which were prepared by physically mixing of Ga203 powder 
with a H-(Al)ZSM5 zeolite (Si/ Al =45). These samples, which were used without 
any calcination steps prior to the measurements will be referred to as AI-y /Ga

x/PM. 
In addition to the catalysts of the three series, also some ZSM5 zeolites with 
deviating gallium or aluminum contents, named Ga-x and Al-y, have been applied 
for the aromatization reaction. The eompositions of these catalysts are also shown in 

table V.1. 

Table V.1. Compositions of the zeolites * 

name Al/u.c. Ga/u.c. Si/(AI+Ga) .. 
t"<lhn 

Senes 1: 
Al-1.99/Ga-O 1.99 0 45 
Al-1.90/Ga-0.22 1.90 0.22 42 
AI-3.19/Ga-0.74 3.19 0.74 25 
AI-1.97/Ga-1.23 1.97 1.23 28 
AI-O/Ga-2.08 0 2.08 44 

Series 2a: 
AI-1.99 /(la-0/IM(iO 1.99 0 45 
AI-1.99/Ga-0.47/ M/O 1.99 0.47 38 
AI-1.99/Ga-1.07/IM/O 1.99 < 1.07 30 
AI-1.99/Ga-2.15/IM/Cl 1.99 2.15 22 
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(table V.I, continued) 

Al-1.99 /Ga-4.37 /IM/Cl 1.99 4.37 lS 

Series 2b: 
Al-3.30/Ga-O/IM(iNO~ 3.30 0 28 
Al-3.30/Ga-1.06/ M/ 03 3.30 1.06 21 
Al-3.30/Ga-3.01/IM/N03 3.30 3.01 14 
Al-3.30/Ga-4.23/IM/N03 3.30 4.23 12 

Series 3: 
Al-1.99 /Ga-0/PM 1.99 0 4S 
Al-1.99/Ga-0.42/PM 1.99 0.42 39 
Al-1.99/Ga-0.84/PM 1.99 0.84 33 
Al-1.99/Ga-1.68/PM 1.99 1.68 25 
Al-1.99/Ga-2.S3/PM 1.99 2.S3 20 
Al-1.99/Ga-4.27/PM 1.99 4.27 14 

Other catalvsts used in this work: 
Al-4.Sl 4.51 0 21 
Al-1.71 1.71 0 SS 
Ga-3.28 0 3.28 28 
Ga-1.42 0 1.42 67 
Al-4.51/Ga-1.68/PM** 4.Sl 1.68 lS 

:.Both framework and extra-framework gallium expressed as Ga/unit cell 
Zeolite Al-4.51, physically mixed with Ga203, 1.68 Ga/unit cell 

Propane aromatization reactions were carried out at atmospheric pressure in a 
microflow reactor using O.S g catalyst and a propane W.H.S.V. of 2 h-1 (He/C3H8 
= 2). Temperatures were varied between 623 and 873 K. 
Deactivation runs were done at the same W.H.S.V. at a temperature of 873 K. 
Regeneration of the catalysts was done in a He/Qi flow at 873 K for ten minutes. 
EDX analysis was done on a Scanning Electron Microscope JEOL JSM-840A. 
Thermogravimetric experiments were carried out on a Cahn electrobalance at 823K 

using 30 mg sample and a total gas flow of SO ml/min (He/C3H8 = 10). 

Results and Discussion 

The activities at 873 K for propane conversion for the differently prepared catalysts 
as function of the gallium content are shown in figure S. la. It is clear that, 
independent of the method of gallium introduction, gallium contents up to about 2 
Ga/u.c. do not change the activity of the zeolite significantly, except in the case of 
isomorphous substitution of aluminum (seriesl),where a gradually decreasing 
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activity with increasing gallium introduction is measured. A considerable loss of 

activity is also observed when more than 3 Ga/u.c. are introduced by GaCl3 

impregnation (series 2a). 

The lower conversions, as measured over the gallosilicates will be due to the fact 

that the framework -Ga(OH)Si- site has a weaker Brtnsted acid strength than the 

-AI(OH)Si- site [1]. 
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The Br•nsted acid sites, in combination with the gallium, were found to be the 

active centres for the dehydrogenation of the starting alkane, which is the rate 

determining step of the reaction [2]. Therefore, a lower number of the stronger 

Br+nsted· acid sites (-Al(OH)Si-) will reduce the overall conversion. 

A slight enhancement of the propane conversion is observed after introduction of 

low gallium contents in the zeolite by impregnation with G1i1.cl3. This confirms the 

dehydrogenation activity of an extra-framework gallium species in combination with 

the acid sites [3]. When higher gallium contents are introduced in this way, the 

propane conversion becomes significantly lower. This is probably due to a 

substantial removal of aluminum from the framework, due to the treatment with the 

acidic GaCl3 solution. As a result, the acid site density of the framework becomes 

lower. An exchange reaction of three H+ sites by a Ga3+ ion is less plausible 

because of (i) the relatively large distance between the H+ sites in the unit cell and 

(ii) the acidity of the solution (all gallium present as large Ga(H20)63+ complexes, 

not as Ga(OH)2 +).The effect of gallium content by physically mixing of the zeolite 

with Ga203 powder (series 3) on the activity is small, even at high Ga loadings. 

The selectivities to aromatics obtained over the different catalyst systems in the 

temperature range from 623 to 873 ~ are shown in figure 5.lb. It is clear that, 

independent of the method of gallium introduction, an increase in aromatics 

selectivity is measured from about 35 C% in the absence of gallium up to 60 C% 

after gallium introduction. However, when the gallium content, necessary for useful 

aromatization degrees is taken into account, a different picture emerges. 

Comparison of the results of series 1 and the other series indicates that the gallium 

introduced by isomorphous substitution is most effective for the aromatization 

reaction, as for these samples, a gallium loading of 0~22 Ga/u.c. is already sufficient 

for increasing the aromatics selectivity to about 50 C%. this can be explained by the 

earlier observation (chapter 4) that for the transformation of higher olefins into 

cyclo-alkanes, framework gallium is more effective than extra-framework gallium 

[3]. 

The high selectivities to aromatics are observed over a broad conversion range of 

propane (20-80 % ), but it is important to notice that the aromatics selectivities 

depicted in figure 5.lb are the maximum selectivities, which were generally 

measured at 823 K. At higher temperatures (873 K), the aromatics selectivities 

decrease slightly because of a larger contribution of cracking products. 
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A different behaviour is observed for the samples of series 2a (impregnation with 
GaCl3), as these samples showed their maximum aromatics selectivity at a much 
lower temperature, see figure 5.2. 
Figure 5.2 indicates that a gallium loading of 0.23 Ga/u.c., introduced by GaCl3 
impregnation, is not sufficient for obtaining the high aromatics selectivity. The other 
samples show a gradually increasing aromatics selectivity up to a temperature of 773 
K, followed by a sudden decrease at higher temperatures. An exception is the 
sample Al-1.99/Ga-0.47 /IM/Cl, which retains its high aromatics selectivity up to a 
temperature of 823 K. Simultaneously with the selectivity loss, a yellow-brown layer 
was deposited on the reactor outlet during these experiments. With EDX analysis, 
small (metallic) gallium spheres and traces of gallium chloride were detected in this 
layer, which prove that gallium sublimates from the zeolite surface at high 
temperatures, resulting in an irreversible loss of aromatics selectivity. This can be 
explained by the high vapour pressure of the galliumchloride, even at relatively low 
temperatures [4]. It is thus concluded that impregnation with a GaCl3 solution is not 
a suitable method for preparation of the catalysts. 
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Fig. 5.2. Aromatics selectivities as function of temperature for the 
samples of series 2 

The maximum in aromatics selectivity at 773 K is not observed for the sample 
prepared by impregnation of H(Al)ZSM5 with the Ga(NOJ)3 solution and 
subsequent calcination. The latter treatment transforms the galliumnitrate to the 
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galliumoxide, which has a much lower vapour pressure, and thus a catalyst with a 
higher stability is obtained. 

Figure 5.3 shows the activity decline with time on stream of the pure alumino- and 
gallosilicates (Al·l.99/Ga-O and Al-O/Ga-2.08, respectively). Also the d~activation 
curve of a gallo-aluminosilicate with a comparable Si/(Al +Ga) ratio is included in 
this figure (Al·3.19/Ga-0.74), and the curves of some zeolites with different acid site 
densities (Al·l.71 and Ga-3.28). Obviously, both isomorphous substitution of 
aluminum by gallium and a higher acid site density lead to faster deactivation. 
These results are in accordance with results published earlier [5]. 
The changes in selectivities to different hydrocarbons during time on stream for 
propane conversion at 873 K, observed over the alumino- and gallosilicates (series 
1) are shown in figure 5.4a and 5.4b, respectively. 
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Fig. 5.3 Deactivation of partly isomorphously substituted 
H(Al + Ga)ZSM5 zeolites 

Figure 5.4a shows that the changes in product selectivity during propane conversion 
over the aluminosilicates are only small. This means that there is one type of active 
site in the zeolite, which is gradually blocked during the reaction, or becomes 
inaccessible for the reactaiit molecules. The activity decline is thus ascribed to a 
decreasing amount of acid sites in the zeolite, which are active for (i) activation of 
the starting olefin (the rate determining st~p), and (ii) the oligomerization and 
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aromatization of the olefins via hydrogen transfer reactions. It appears that the 
amount of active sites, even after 9 hours of reaction is still sufficient for reaction 
(ii), as no changes are observed in the selectivity pattern. 
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Fig. 5.4b. Changes in product selec
tivity d~ time on stream over 
the gallosilicate Al-O/Ga-208 at 873K 

In contrast, over the gallosilica.tes, simultaneously with the activity decline, a strong 
decrease in aromatics selectivity occurs, with the concomitant formation of larger 
amounts of propene (figure 5.4b ). Comparison with figure 4.2b shows that these 
changes in product selectivities during time on stream cannot be due to the 
gradually decreasing conversion. The changes can be explained by a fast 
deactivation of the acid sites in the catalyst, while the gallium sites remain active for 
dehydrogenation. In that way, the formation of propene continues at the initial rate, 
while the oligomerization activity of the zeolite is inhibited, yielding large amounts 
of propene in the product stream. 
The deactivation curves measured for a gallium impregnated sample (Al-3.30/Ga-
4.23/IM/N03) and the physical mixtures Al-1.99/Ga-1.68/PM and Al-4.51/Ga-
1.68/PM are presented in figure 5.5. It can be seen that these systems deactivate 
much faster, than the isomorphously substituted zeolites of series 1. It is also 
remarkable that the catalyst prepared via gallium.nitrate impregnation and 
subsequent calcination (Al-3.30/Ga-4.23/IM/N03) deactivates with a comparable 
rate as the physical mixtures of Ga203 aild H-(Al)ZSMS. 
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For the physical mixtures of series 3, a rapid reduction of the aromatics selectivity is 
observed with time on stream (figure 5.6) too. Similar changes in product 
distribution were observed for the impregnated sample (Al-3.30/Ga-
4.23/PMJN03). Like for the isomorphously substituted samples (series 1), these 
changes can also not be ascribed to the reducing conversion only. The observation 
that the decline in activity and the loss of aromatics selectivity of the latter sample 
have large resemblance with the deactivation curves of the physical mixtures (series 
3), is a strong indication that the gallium oxide, introduced by impregnation with 
Ga(N0)3 and subsequent calcination, is mainly located on the outer surface of the 
zeolite particles, which is in accordance with our results described in chapter 3. On 
this location, the gallium oxide is covered by coke with relative ease. 
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In contrast with the isomorphously substituted zeolites (figure 5.4b ), the main 
product coming up with time on stream for these samples is ethene and after about 
six hours on stream, the effect of the gallium is no longer visible and the aromatics 
selectivity reaches the level of the pure aluminosilicate. This result indicates that for 
these samples the gallium sites are much faster deactivated than the acid sites. 
An explanation for this behaviour can be based on the model of Meriaudeau et al; 
[6], who supposed that the intrciduction ot gallium oxide changes the nrajor reaction 
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for propane activation from a cracking mechanism (formation of methane and 
ethylene) to a dehydrogenation mechanism (formation of propene and hydrogen), 
thus reducing the methane and ethylene selectivities. As a rapid deactivation of the 
gallium function in the physical mixtures is demonstrated, the dehydrogenation 
activity is inhibited and propane activation can only occur by cracking again. As the 
acid sites remain active, subsequent conversion of the olefinic cracking products to 
aromatics will occur by hydrogen transfer reactions, reducing the aromatics 
selectivity. 
For the increased deactivation rate after gallium introduction in H(Al)ZSM5 
zeolites, Inui et al. [7] proposed a (partial) reduction of gallium(IIl)oxide to 
gallium(I)oxide at high temperatures, caused by the strongly reducing atmosphere in 
the catalyst bed under reaction conditions. Our temperature programmed reduction 
experiments do not confirm this: up to the maximum temperature that was used for 
the reaction (873 K), no reduction peak of any gallium oxide species was measured. 
Another reason might be an increased rate of coke formation when gallium is 
present in the zeolite. The results of the thermogravimetric measurements of 
different samples of series 1 and series 3 are shown in figure 5.7. 
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Fig. 5. 7. Effect of gallium introduction in the zeolite on the 
rate of coke fvnnation. 

It is obvi?us that the rate of cokeformation is much lower over the isomorphously 
substituted samples (series 1), as compared with the physical mixtures (series 3). For 
the latter types of samples this will result1n a relatively rapid coverage of the 
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galliumoxide with coke under reaction conditions. The effect of coke formation will 
be more severe for the physical mixtures, because of (i) the low specific surface area 

of the Ga203 powder (lower than 5 m2 /g), and (ii) the fact that the aromatization 

reaction over the physical mixtures occurs to a large extent on the interface between 

the zeolite particles and the galliumoxide, where shape selective restric~ons do not 

prevent the formation of alkylated aromatics and polyaromatics. This is an 

important difference with the isomorphously substituted samples (figure 5.3 and 

5.4b) where the gallium oxide is dispersed over the framework positions, and thus 

can be covered less easily by carbonaceous products. This confirms the assumption 

that the shape selective properties of the zeolite are of large importance for the 

suppression of the coke formation. More detailed investigation on the nature of the 

formed coke over the different systems will be described in the next paragraph. 

The deactivation rates of the different catalyst systems have been quantified 

assuming a model of a first order deactivation approximation for a fixed bed reactor 

with a plug flow, as described by Levenspiel [8]: 

ln(ln(l/(1-x))) = ln(k"/~) - ~t 

in which: 

k" = reaction constant (see ref. 15) 

x = the conversion of the reactant 

ka = deactivation constant 

t = time on stream 

(1) 

From this equation it follows that a plot of ln(ln(l/1-x)) versus time on stream 

should give a straight line from which a deactivation rate constant, ta. can be 

calculated. The ka values determined in this way for different catalyst systems are 

presented in table V.2. 

It appears that this approximation describes reasonably well the deactivation 

behaviour of the H(Al)ZSMS zeolites, before and after introduction of gallium by 
various methods, as the values for kd, in table V.2 are in good agreement with the 

order in deactivation rate that was measured during propane conversion: physical 

mixtures > > isom. subst. Al-Ga-silicates > aluminosilicates. 
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Table V.2 First order deactivation rate constants for different catalyst systems 

Catalyst· k() (* 1 E-3) 

Al-4.51 0.69 
Al-1.71 0.23 
Al-1.90/Ga-0.22 0.89 
Al-3.19/Ga-0.74 1.55 
Al-1.9JlGa-1.23 2.59 
Ga-3. 4.91 
Ga-1.42 1.12 
Al-4.51/Ga-1.68/PM 8.00 
Al-1.99/Ga-1.68/PM 5.47 

Conclusions 

The present work has shown that H-(Al)ZSMS zeolites containing gallium are 
preferred for the propane aromatization reaction, rather than H(Ga)ZSMS zeolites 
(all aluminum replaced by gallium), as the latter catalysts have a.substantial lower 
activity for propane conversion, because of a reduced acid strength. All methods 
used for the gallium introduction give higher aromatic8 selectivities, but also higher 
deactivation rates, due to faster eoke formation. The order in deactivation rate 
(coke growth) for the different systems is: physical mixtures > > gallosilicates > 
aluminosilicates. With regard to the activity; aromatics selectivity and stability, the 
most suitable catalyst consists of a partly isomorphously substituted 
H(Al + Ga)ZSMS zeolite. 

5.2 The nature of coke formed on HZSMS zeolites as studied by 13c MAS NMR 

Introduction 

Because of the large importance for the application of zeolites in: industrial 
processes, the deactivation of catalysts by the fQrmation of carbonaceous deposits 
has been the subject of numerous investigations [9-12]. In many.cases, formation of 
coke occurs via side-reactions of reaction intermediates. The rate of coke formation 
is determined by several factors, like the nature of the reacting molecules (including 
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intermediates and products), strucrural characteristics of the zeolite and the 
operating conditions of the process. 
For the characterization of the coke and its precursors, nearly all usual 
spectroscopic characterization techniques can be applied [13], in combination with 
chemical analysis techniques [14] and thermogravimetric analysis [15,16]. 
Depending on the type of zeolite, deactivation by coke formation can occur in two 
modes: pore blockage or by site coverage [17,18], from which in general the former 
has the largest effect on the catalytic activity. 
The work of Froment et al. [18] has shown that when one of the reactants is the 
coke precursor, the coke deposition will be most severe at the reactor inlet. 
If the coke precursor is an intermediate or a reaction product, coking will occur 
further in the catalyst bed, and the nature of the coke is largely determined by the 
pore dimensions and the existence of cavities in the zeolite structUre [19,20]. 
Magnoux et al. [21] have shown that at moderate temperatures over H(Al)ZSM5 
zeolites poly-alkyl chains are formed as well as small amounts of alkylated 
aromatics. Over HY zeolites under the same conditions, polyaromatics are formed, 
due to the larger pores and the existence of cavities. 
Methanol conversion over a H(Al)ZSM5 zeolite, yields two types of coke: graphitic 
coke, which is formed on the outer surface of the zeolite particles, and coke with 
more aliphatic properties, which is mainly formed inside the zeolite crytallites [22-
24 ]. 
The nature of the formed coke also depends on the reaction conditions. In situ 
investigations of coke formation under reaction conditions is possible by ESR 
measurements [25]. Also UV-VIS spectroscopy is a suitable tool for such studies. 
Application of this technique showed that olefin conversion over various medium 
pore zeolites, including H(Al)ZSM5, results in the formation of two types of coke, 
depending on the operation conditions: (i) the so called 'soft' coke or low 
temperature coke, mainly consisting of alkenyl and polyenylic moieties, and (ii) the 
'hard' coke or high temperature coke, mainly consisting of polyaromatics and 
polyalkylaromatics. With ESR, it was shown that under these conditions, also 
considerable amounts of unsaturated polyaromatic radicals may exist in the zeolite 

pores. The concentration of these species depends on (i) the number of aluminum 
atoms in the framework and (ii) the number of carbonaceous deposits already 
present after a certain reaction time. The H/C ratio of the coke was also found to 
decrease with increasing coke loading, changing the nature of the coke from non
aromatic to more polyaromatic. 
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The active sites for coke formation were generally assumed to be the same sites as 
those reponsible for the reaction, e.g. the Brtnsted acid sites [26,27] in the case of 
acid catalyzed hydrocarbon conversions. This was derived from the general trend 
that higher deactivation rates were measured with increasing acid strength of the 
zeolite. Later studies, however, have shown that also synergism between Br+nsted 
acid sites and Lewis acid sites may occur [28]. Such processes may proceed by 'Diels 
Alder like' additions of olefins to carbonaceous substances in the zeolite pores [28]. 
The Lewis acid sites also enable accomodation of hydrogen radicals and 
stabilization of other radicals, that can act as precursors for coke. In combination 
with Br+nsted catalyzed hydride abstractions, large three-dimensional hydrogen 
deficient products are formed on the catalyst, blocking the working active sites [17], 
or making the other sites inaccessible to the reacting molecules. 

Coordinatively unsaturated gallium species, which are supposed to play an 
important role in the molecular hydrogen formation during the aromatization 
process (chapter 4 ), also possess Lewis acidic properties. The previous paragraph 
has shown that these gallium species may be located in the zeolite pores (series 1), 
but also on the outer surface of the zeolite particles (series 2 and 3). In the former 
case, formation of polyaromatics may be hindered by the pore dimensions of the 
zeolite, while in the latter case, the formation of poly-aromatics or other structures 
will not be hindered by shape selective restrictions. Thus, it is expected that coke, 
formed over the physical mixtures, has a more (poly)aromatic nature than coke, 
formed within the gallosilicates. 
Therefore, investigations have been done to determine whether aliphatic or 
aromatic coke is formed over or within differently prepared gallium containing 
H(Al)ZSMS zeolites during the conversion of propane and propene. An important 
tool for these investigations was l3c MAS NMR, that can be applied for distinction 
of the type and bonding of different l3c atoms in the carbonaceous species. It can, 
however, not distinguish between different types of sp2 hybridized carbons, e.g. 
(conjugated) olefins and aromatics. 

Experimental 

The zeolites used for these investigations were an Al-1.99 H(Al)ZSMS zeolite, 
prepared via the method described in ch~pter 3 of this thesis, physically mixed with 
3 wt% of Ga20J (sample Al-1.99 /Ga-2.52/PM), a gallosilicate analogue Ga-2.08, 



'/6 

and a partially isomorphously substituted H(Al +Ga)ZSMS zeolite, Al-1.97 /Ga-
1.23. Several fractions of these zeolites were exposed to the helium/propane feed 
(propane WHSV 2 h-1) at 823 K for different times. A second series of experiments 
was done with the Al-1.99 zeolite and the Al-1.97 /Ga-1.23 zeolite, using propene as 
the reactant (2 h" 1) at 573 K and 773 K. 
The 13c MAS NMR spectra of the coked samples were recorded on a Bruker CXP 
300 NMR spectrometer (13c frequency 76.14 MHz), equipped with a Bruker 
standard 4 mm MAS assembly. Spinning speeds of approximately 10 kHz were 
employed. 

Results and Discussion 

The 13c MAS NMR spectra of the coke, formed on the physical mixture Al-
l.99 /Ga-2.52/PM, after different.times of propane conversion at 823 Kare shown in 
figure 5.8. 

Fig. 5.8. 13 C MAS NMR SJ!!!:.C.tra of the coke deposited on the physical 
mixture Al-1.99 /Ga-2.52/J!M after various times of propane conversion; 
(a) 1 hr, (b) 3.S hrs, ( c) 16 hrs (half the number of scaruj. . 

The spectrum shows one broad NMR line at about 130 ppm, which can be assigned 
to sp2 hybridized carbon atoms. This means that the line can originate from chains 
of unsaturated hydrocarbons and/ or from (poly)aromatic structures [29]. However, 
the contributions of both structures cannot be determined by the 13c MAS NMR 
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technique (see Introduction). As no signal is observed in the chemical shift range 

20-40 ppm, it may be concluded that the coke that is formed over the physical 

mixture under these conditions does not contain aliphatic chains of saturated 

hydrocarbon structures (sp3 hybridized carbons). 

For the isomorphously substituted gallosilicate (Ga-2.08), a broad line appears at 

the same position in the spectrum, increasing with time on stream, as shown in 

figure 5.9. A series of spectra obtained over the (partially isomorphously 

substituted) Al-1.97 /Ga-1.23 zeolite showed a peak at the same position. Absolute 

intensity scaling of the NMR responses showed that the rates of coke formation 

increase in the order in the order 1.99/Ga-2.52/PM > Al-1.97/Ga-1.23 > Ga-2.08, 

in accordance with the result shown in figure 5.7. 

The results show that also over these isomorphously substituted samples coke with a 

highly unsaturated nature is formed, although differences in aromaticity may occur 

that cannot be detected by l3c MAS NMR. Due to this shortcoming, at present, it 

can only be supposed that over all catalyst systems, high degrees of aromaticity 

occur in the coke deposits, due to the high reaction temperature that is required for 

the propane aromatization reaction [25]. 

200 150 100 50 
PPM 

Fig. 5.9. 13c MAS NMR spectra of the coi..i.. deposited on the 
Ga-2.08 gallosilicate a"er vQfious times of propane conversion; 
(a) 1 hr(halfthenumberof scans), (b) 2 hrs, (c) 6hrs. 
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In order to investigate the effect of the reaction temperature on the nature of the 

coke that is formed, the aromatization reaction was repeated at lower temperatures, 

with propene as the reactant, as the conversion of propane becomes too low at 

temperatures below 723 K. Temperatures of 573 Kand 773 K were applied. The 

spectra obtained after 1 hour propene conversion over the H(Al)ZSM5 zeolite (Al-

1.99) and the H(Al+Ga)ZSM5 zeolite (Al-1.97/Ga-1.23) are shown in figure 5.10 

and figure 5.11, respectively. 

150 tOO 50 
PPM 

Fip. 5.10. 13c MAS NMR.spectra of the zeolites after 1 hour 
of propene conversion; Al-1. 99 /Ga-0: ( a)573 Kand (b) 773 K 
Spectra not on absolute intenstty scale. 

· Obviously, at the lowertemperature on both systems, saturated structures sp3 

hybridized carbons (appr. 21 ppm), aswell as sp2 hybridized carbons (appr. 130 

ppm) can be detected after one hour of propene conversion at 573 K. (fig. 5.lOa and 

fig. 5.lla). The signal at 21 ppm could be due to unreacted propene, the other 

signals of propene being hidden under the predominant sp2 13c signals (probably 

aromatic, see before). Moreover, the peak at about 150 ppm indicates the presence 

of alkylated aromatic structures, and/or polyaromatic systems (ring annelation). 

After reacion at 773 K, no NMR signal from sp3 hybridized carbons is observed for 

the (Al-1.97 /Ga-1.23) zeolite, while a small NMR signal remaillS at appr. 31 ppm 

for the Al-1.99 zeolite. These results indicate the formation of more olefinic coke 

(sp2 hybridized carbons) at the higher temperature, which is in agreement with 

earlier results over H(Al)ZSM5 zeolites, ~published by Lange et al. [30,31]. 
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PPM 

~ 
.• 5.11. 13c MAS NMR spectra of the zeolites after 1 hour 

o propene conversion; Al-1.97 /Ga-1.23: ( a)573 [(and (b) 773 K. 
pectra not on absolute intenstty scale. 

The fact that in the presence of gallium (fig. 5.11b) a complete conversion to 
olefinic (aromatic) coke occurs, in contrast with the observation over the Al-1.99 
zeolite (fig. 5.10b), confirms the supposition that framework gallium also catalyzes 
the conversion of higher olefins into aromatics, as described in the previous chapter. 
1 H MAS NMR experiments to elucidate the aromaticity of the coke deposits were 
unsuccessfull. 

Conclusions 

13c MAS NMR investigations have shown that with this technique, no distinction 
can be made between the types of coke that are formed during propane 
aromatization over gallium containing H(Al)ZSMS zeolites, prepared by 

isomorphous substitution or physical mixing of the zeolite with Ga203. In all cases, 
highly unsaturated structures are measured (sp2 hybridized carbon atoms), but the 
aromatics content cannot be determined. 
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5.3 Structural changes in the catalysts induced by coking and regeneration 

Introduction 

Deposition of coke on the catalysts and subsequent regeneration treatnients may 
have consequences for the structural properties of the zeolites, such as the pore 
volume, the number of framework gallium atoms/unit cell, the gallium distribution, 
etc. Therefore, a study of these effects is rather important for the application of 
zeolites in industrial processes, as in such processes the catalysts will be exposed to 
continuous deactivation/regeneration cycles. For the regeneration, high 
temperatures are required (T > 873 K), which may cause a loss of framework 
gallium. Depending on the mobility of the extra-framework gallium species, the so 
formed extra-framework gallium cari probably migrate to the outer surface of the 
zeolite particle, reducing the catalytic stability of the catalyst, as the shape selectivity 
control of the reaction is reduced (see above). 
To investigate these effects, characterizations of the catalyst were carried out on the 
coked and regenerated zeolites by means of pore volume measurements, XRD, 
XPS, 11aa MAS NMR and AAS. 

Experimental 

The crystallinity of the samples after various regenerations was checked by XRD 
measurements. Pore-volume determinations were done for two series of samples 
with varying coke contents: a series of (partly) isomorphously substituted 
H(Al + Ga)ZSMS samples (Al-1.97 /Ga-1.23), and a series of physical mixtures of 
Ga203 and H(Al)ZSMS (Al-1.99 /Ga-2.52/PM). After coking, the coke was 

removed in a Cahn electrobalance in a helium/air atmosphere in order to quantify 
the coke loading. A separate part of the coked sample was treated with n-butane in 
the Cahn balance for determination of the pore volume in the coked state. The loss 
of framework gallium during subsequent deactivation/regeneration treatments was 
studied by 11aa MAS NMR. Experimental details with respect to this technique are 
described in chapters 7 and 8 of this thesis. 
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Results and Discussion 

The pore volume of the samples, as function of the coke content is shown in figure 
5.12. Obviously, the pore volume decreases with the coke loading for both the 
physical mixture and the isomorphously substituted samples. This behaviour 
indicates that the pores are gradually filled with coke, which occurs up to a loading 
of 8 wt%, as derived by Karge et al. [25]. Larger amounts of coke are mainly 
deposited on the outer surface of the zeolite particles. For the physical mixtures, 
also in the initial stage, the loss of pore volume may be due to a coverage of the 
zeolite crystallite by coke, thus blocking the pore mouths, as the reaction occurs to a 
large extent on the interface between the zeolite crystallite and the Ga203 particle, 
where coke deposition is relatively rapid. 
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Fig. 5.12. Pore volume ver.ms coke conJent for an isomorphously 
substituted H(Al+Ga)ZSM5 zeolite and a physical. mixture. 

After subsequent deactivation/regeneration cycles, 11oa MAS NMR shows a 
gradually decreasing NMR signal of the peak that is assigned to tetrahedrally 
coordinated framework gallium (figure S.13). 
Assuming that this peak area is representative for the amount of framework gallium 
and that the detectability of the framework gallium does not change upon 
regeneration, the peak area can be used as a measure for the amount of gallium left 
in the structure after various regeneration treatments. The problems that may occur 
with respect to the NMR detectability of gallium in solids are extensively described 
in chapter 8 of the thesis. XRD showed no changes in the crystallinity of the zeolite, 
however. 



82 

100 

l\'I 80 
(9 

.:.:: ... 60 0 
3 
(!} 

E 40 l\'I ... .... 
'$. 20 

0 
0 1 2 3 4 5 

t-lrnber of regenerations 

Fig. 5.13. Loss of jrameworK,fallium during subsequent regeneration 
treatments, as measured by Ga MAS NMR. 

In contrast with this result, a study to the thermal stability of the H(Ga)ZSMS 
zeolites showed that calcination of the zeolite at the same temperature in air gives 
no loss of framework gallium (see chapter 8). Therefore, the loss of framework 
gallium under·regeneration conditions must be explained by additional effects that 
occur during regeneration. These effects may be: (i) the exothermicity of the coke 
oxidation reaction, resulting in local hot spots in the zeolite and (ii) the formation of 
water as oxidation product, giving some kind of self-steaming in the sample during 
the regeneration treatment. 
This result shows the importance of a regeneration treatments at low coke contents, 
and a rapid removal of the formed water, in order to prevent .hot spots and self
steaming effects, respectively. 

The results of the XPS measurements of the zeolite samples prior to the coking 
reaction and after burning off the coke in a helium/air atmosphere at 873 K 
(regeneration) are shown in table V.3. 
Detection of gallium by XPS is much easier in the physical mixtures than in the pure 
H(Ga)ZSMS where only a very little fraction of the gallium is located on the outer 
surface of the.zeolite crystallites. 
The results of table V.3 show that both catalysts give an increase in surface Ga/Si 
ratio after subsequent regenerations. For the gallosilicate, this can be explained 
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assuming that the gallium that is removed from the framework migrates to the outer 

surface of the zeolite particle. 

Table V.~ Effect of regenerations on the surface Ga/Si ratio of Ga containing 
H(Al)ZSM5 zeolites1 as detennin.ed by XPS. 

Sample Ga/Si 
(fresh) 

Ga/Si 
after 3rd reg. 

Al-1.99/Ga-2.52 0.33 1.72 
H(Ga)ZSMS (Ga-3.1) < 0.05 0.09 

For the physical mixture, an increased Ga/Si ratio can be due to a spreading of the 

galliumoxide over the zeolite particles during the subsequent regeneration 

treatments. 

Conclusions 

Coking of the samples reduces the pore volumes of the zeolites, as the pores are 

gradually filled with carbonaceous residues. For the physical mixtures also blockage 

of the pore openings may occur, due to a coverage of the zeolite particles with coke 

deposits. Subsequent deactivation/regeneration cycles of isomorphously substituted 

H(Ga)ZSM5 zeolites cause a loss of framework gallium, that migrates to the outer 

surface of the zeolite particle. No changes in crystallinity can be observed by XRD 

after regeneration. 

The effective surface of the Ga203 in the physical mixtures also increases during 

regeneration, because of a spreading out of the Ga203 over the outer surface of the 

zeolite particle. 

5.3 The inftuence of H2 in the feed on the deactivation rate 

Introduction 

In the previous paragraphs, it is shown that the rate of coke formation increases 

substantially after introduction of gallium in the H(Al)ZSMS zeolite. Especially 

over the physical mixtures, extremely high coking rates are measured, as the 

reaction is less controlled by shape selectivity restrictions. The higher deactivation 

rates are due to the high dehydrogenation activity of the gallium species, which 
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causes the formation of larger amounts of hydrogen deficient intermediates in the 
catalyst bed. Such intermediates may act as precursors for coke deposits. 
In the following experiments, attempts were made to suppress the coke formation 
on H(Ga)ZSMS zeolites by addition of hydrogen to the paraffin/helium,feed, as 
applied in catalytic reforming reactions [32,33]. For comparison, these experiments 
were also done for propane conversion over a H(Al)ZSMS zeolite. 

Experimental 

C2-C4 paraffins were used as feed in the aromatization reaction in a mieroflow 
apparatus containing 0.5 g H(Al)ZSM5 zeolite (Al-3.1) or H(Ga)ZSMS zeolite (Ga-
2.9). Paraffin WHSV's of 2 h-1 were employed, diluted in a flow of helium. 
Measurements were done at temperatures between 673 and 873 K. The deactivation 
runs were carried out at 873 K. The effect of hydrogen addition was investigated by 
replacing 20, 50 or 100% of the helium stream through the reactor by hydrogen. 

Results and Discussion 

The effect of hydrogen as vector gas instead of helium on the paraffin conversion 
over the H(Ga)ZSMS zeolite (Ga-2.9) is shown in figure 5.14. 
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Fig. 5.14. Conversions of various paraffins in He and H2 atmosphere 
over zeolite Ga-29. · 
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It is obvious that the use of hydrogen instead of helium as vector gas results in a 

lower paraffin conversion. This may be due to a suppression of the dehydrogenation 

reaction of the starting paraffin (the rate determing step of the reaction) by Hz for 

thermodyDamic reasons. Another reason may be the occurence of dissociative 

adsorption of Hz on the gallium oxide, as shown by Meriaudeau et al. [34 ]. This 

results in a kind of competition between H2 and the alkane for H" abstraction on 

the gallium sites, reducing the dehydrogenation activity. On the contrary, for iso

butane, a higher conversion is observed in the presence of hydrogen. This will be 

possible by the formation of tertiary ca.rhenium or carbonium ions, which are both 

relatively stable intermediates, that are easily formed. 

The propane conversion and the product selectivity over a H(Al)ZSMS (Al-Z.Z) 

zeolite in helium and hydrogen is shown in table V.4. 

Table V.4. Product selectivities (C%) of IJ.ropane conversion over H-(Al)ZSM5 (Al-3.1) 
in He and H2 atmo3phere, WHSV•2 ff , T=873 K. 

C'.nnv Selectivitv CC%) 
R/M. (%) Cl C2· C2 C3= C4 CST Arom. 

C3/He 91.0 32.5 13.8 lZ.5 6.Z 1.4 0.1 33.6 
C3/Hz 92.3 30.0 14.5 15.4 8.9 1.1 0.3 33.6 

*R/M = Reactant/Medium 

Replacement of helium by hydrogen has almost no consequences for the conversion 

and the product selectivity patterns. This is due to the fact that the aromatization 

reaction starts with the conversion of the starting alkane to olefins via a ~acking 

mechanism, while the removal of hydrogen from cyclo-alkanes occurs via hydrogen 

transfer reactions, consuming small olefins. This means that hydrogen does not 

participate in any of the reaction steps. 

Upon application of a gallosilicate H-(Ga)ZSMS (Ga-Z.9), much larger differences 

. are observed ~n the product selectivities when helium is replaced by hydrogen, as 

shown in table V.4. Apart from the lower conversion and the lower aromatics 

selectivity, more small alkanes are formed, with little change in the small alkene 

formation. 
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Table V.5. Product selectivities (C%) of para!Ji'!i conversion over H-(Ga)ZSM5 (Ga-
29), in He and H2 atmosphere, WHSV=2h- , T=873 K. 

R/M* conv. Selectivity (C%) 
(%) Ct C2"" C2 c3- C3 Ci C5T Arom. 

C2/He 3.4 4.0 46.5 - 5.1 1.8 - - 4.9 
c21m 4.4 6.5 76.0 . 5.6 4.4 - - 7.2 
C3/ e 69.0 9.0 13.6 5.9 14.4 - 1.4 0.4 55.5 
C&Ha 57.8 12.7 15.8 9.9 14.2 - 1.2 1.4 43.3 
n I e 99.2 10.7 9.0 7.7 5.1 6.2 4.4 0.1 60.7 
nC4fiH2 97.5 12.7 11.2 8.1 7.4 12.9 1.1 - 42.5 
i He 99.8 12.7 9.3 3.3 8.9 7.3 2.9 0.2 55.2 
i&/H2 99.9 16.5 10.5 5.6 7.3 12.6 1.5 0.2 46.2 

*R/M =Reactant/Medium 

The latter observation indicates that the extra amount of small paraffins is not 
formed by hydrogr;nation of small olefins, but rather by hydrogenolysis reactions of 
intermediates, which may occur at high temperatures over the gallium oxide in the 
presence of hydrogen. This is similar to earlier observations over the 
Pt/H(AI)ZSMS system [35]. 
In addition to the lower activity, replacement of helium by hydrogen improves the 
stability of the catalyst, as indicated in figure 5.15 for the gallosilicate Ga-2.9. The 
conversion stabilizes on a higher level in a hydrogen atmosphere. 
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Figure 5.15. Influence ofvectorgas composition on the 
deactivation behaviour of a H(Ga)ZSM5 zeolite (Ga-2.9 ). 

This effect can be ascribed to a suppression of coke formation in the presence of 
hydrogen, which may be related to the lower selectivity to aromatics. The conversion 
stabilizes on a higher level in a hydrogen -~tmosphere. 
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Based on the present results, it can be stated that introduction of hydrogen in the 
feed for coke suppression is not attractive, as it results in a substantial reduction of 
the aromatics yield. In practice, however, the aromatization reaction is performed in 
a 'continuous catalyst regeneration' system, with short contact times, and frequent 
regenerations, so that the coke loading remains low under all circumstances. Under 
these conditions, introduction of hydrogen can be an interesting solution for 
suppression of the deactivation by coke formation. A similar method is also applied 
in catalytic reforming reactions [32,33]. 

Conclusions 

Introduction of hydrogen in the feed during paraffin conversion over a H(Al)ZSMS 
zeolite has negligible consequences for the conversion and the product selectivities. 
Over H(Ga)ZSMS zeolites, lower conversions, lower selectivities to aromatics and a 
reduced rate deactivation by of coke formation are measured. 

S.4. Conversion of pandlin/oleftn m~ures over H(Ga)ZSMS 

Introduction · · 

The use of propane aromatization can provide a lot of information about the 
properties of zeolites containing gallium for the aromatization reaction. In practice, 
however, the input stream of the reactor will not consist of a single hydrocarbon 
(paraffin or olefin), but will rather be a mixture of paraffins and/or olefins and 
probably other hydrocarbons (37]. As olefins and alcohols are· far more reactive than 
small paraffins (e.g. propane), and the reactivity of paraffins increases with chain 
length within a series of paraffins, it is also appropriate to convert mixtures of 
hydrocarbons over the H(Ga)ZSMS zeolites, in order to investigate the effect on the 
propane conversion. 
This paragraph describes the results of the conversion of an i-butane/propane 
mixture over the H(Ga)ZSMS zeolites. Also the results of mixtures of propane and 

propene are included. In order to investigate the effect of the presence of alcohol on 
the propane conversion. small amounts of methanol and ethanol were added to the 
feed. 
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Experimental 

The conversion measurements were carried out in a microfl.ow apparatus, using 
about 0.5 g H(Ga)ZSM5 (Ga-2.9) and a total hydrocarbon WHSV of2 h-1. The 
temperature was varied between 523 and 873 K. The compositions of the feeds are 
included in the Results and Discussion section below. 

Results and Discussion 

Mixtures of paraffins 
The reactivities of iso- and normal-butane over a H(Ga)ZSM5 zeolite are 
significantly higher than the reactivity of propane (figure 5.14). Upon mixing of n- or 
i-butane in the..prqpane feed, a suppression of the propane conversion was observed. 
However, it may well be that this suppression is mainly due to the formation of 
propane as product from the n- or i-butane conversion (see also table V.5). The 
conversions of normal- and iso-butane are only little changed when propane is 
added to the feed. 
After measuring the aromatics selectivities at different conversions for the separate 
propane, n-butane and i-butane feeds, the theoretical aromatics selectivities of the 
mixtures, ar.sel.(th), were calculated, based on the actual conversions of the 
reactants in the mixture. As an example, the result for the n-butane/propane 
mixture is shown in figure 5.16. 
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fig. 5.16Aromatics selectivities in an-butane/propane mixture (50/50), 
(th =theoretical aromatics selectivity, see text; exp =experimental 
aromatics selectivity). · 
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It is obvious that for the mixture, the sum of the aromatics selectivities of both 
paraffin conversions is measured, which means that no extra-propane is converted in 
the presence of the more reactive n-butane. A similar result was obtained for i
butane/propane mixtures. 

Mixtures of paraffins and olefins 
Propene was completely converted to higher hydrocarbons over a H(Ga)ZSM5 
zeolite (Ga-3.1) at temperatures higher than 573 K (fig. 5.17). At low temperatures, 
the main products are higher olefins, but with increasing temperature the selectivity 
to aromatics increases rapidly to 75 C% with propane as the. main by-product. 
The small hydrocarbons that are formed simultaneously with the aromatics will 
originate from the cracking of intermediate higher olefins, and probably from the 
hydrogen transfer activity [38]. Later studies have shown that· the structures of 
olefins adsorbed QJl H(Ga)ZSM5 can better be described as alkoxy compounds, 
involving framework oxygen atoms [39]. 
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Fig. 5.17 Propene conversion of H(Ga)ZSM5 (Ga-2.9) 

Upon mixing propene in the propane feed, lower propane conversions were 
measured, similar to the observations described above for the more reactive n
butane. This may be due to the inhibition of the active sites by propene, as earlier 
observed with cracking experiments [5]. 
The selectivity to aromatics was found to ,increase with the amount of propene 
introduced in the propane feed, but calculation of the aromatics selectivities of 
mixtures obtained with varying compositions of the propane/propene feed showed 
that this increase was only due to the convetsion of the propene in the feed. 
Therefore, the aromatics selectivity of the propane/propene mixture was the sum of 
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the aromatics selectivities of the separate hydrocarbon conversions in the feed, 
which means that no additional amount of propane is converted to aromatics. 

Mixtures of propane and small alcohols 
The influence of the addition of 5 mo!% of methanol and ethanol to the feed on the 
propane conversion is shown in figure 5.18. Methanol addition gives an increase of 
the product yield of about 15%. Correcting this amount for the 5 vol% of methanol 
that was added, a total increase in product yield of 10% can be calculated, which 
indicates that an extra amount of propane is activated. 
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Fig. 5.18 Propane conversion in the presence of alcohols; (a) 
addition of 5 mo/% methano~ (b) addition of 5 mo/% ethanol 

Such activation may occur via the formation of methyl radicals from th~ methanol. 
Reaction of these methyl radicals with propane form butane(s), which are more 
reactive than propane. ID that way, an increased overall conversion of the propane 
can be induced. The formation of methyl radicals is also supported by the fact that, 
at moderate temperatures, more alkylated benzenes are measured, which may be 

formed via alkylation reactions. At high temperatures, the thermodynamic 
distribution of the ( alkylated) aromatics is observed. 
Upon addition of 5 vol% of ethanol, 5% more products are formed (figure 5.18), 
which means no net increase of product yield. At the lower temperatures also large 
amounts of alkylated aromatics are formed, but at the higher temperatures only 5 
C% more ethylene is present in the product gas. Addition of ethanol to the feed is 
therefore useless. 
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Conclusions 

During conversion of paraffin/paraffin or paraffin/ olefin mixtures over 
H(Ga)ZSM5 zeolites. no net increase in aromatics yield is obtained, as for these 
mixtures, the product distribution of the mixture is the sum of the distributions 
obtained for both separate hydrocarbon conversion. 
Addition of methanol to the feed improves the propane conversion and, at 
moderate temperatures, larger amounts of alkylated aromatics are formed. Upon 
introduction of ethanol in the feed, more ethene is formed, while the effect on the 
propane conversion is negligtble. 
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Chapters 

The selective introduction of extra-framework gallium in 
H(Al+Ga)ZSM5 zeolites 

6.1 Introduction 

In the previous chapters, it was described that for the production of molecular 

hydrogen during the aromatization of small paraffins (dehydrogenation of reactants 

and intermediates), optimum results are obtained from highly dispersed extra

framework gallium in the pores of the zeolite, in combination with relatively strong 

Br•nsted acid sites, originating from framework aluminum. Attemps to introduce 

such gallium oxide species by means of conventional techniques (impregnation, 

etc.), leaves the major part of the gallium deposited on the outer surface of the 

zeolite crystallites, where the aromatization reaction is not controlled by the shape 

selective properties of the zeolites. This results in a relatively rapid deactivation of 

the catalyst by coke deposition. 

The results u~til °'ow indicate that highly dispersed extra-framework gallium oxide 

in the pores of a H(Ga)ZSM5 zeolite is obtained by regeneration of the used 

zeolite, or by mildly steaming of a fresh H( Ga)ZSMS zeolite. 

Therefore, a reasonable question is whether bifunctional catalysts, consisting of 

highly dispersed gallium oxide in the pores of a H(Al)ZSMS zeolite, can also be 

obtained by an appropriate pretreatment of a H(Al + Ga)ZSM5 zeolite, prior to the 

catalytic use. In this approach, the preparation of the catalyst must occur via a two 

step procedure: (i) hydrothermal synthesis of a H(Al +Ga)ZSM5 zeolite (both 

aluminum and gallium introduced on framework positions), followed by (ii) a 

treatment for the selective removal of gallium from the framework, leaving the 

framework aluminum (strong Br•nsted acid sites) intact. 

For the removal of framework gallium, various methods can be used which are 

essentially similar to those known for the dealumination of zeolites. However, for a 

succesfull treatment to obtain the zeolite composition described above, two 

important conditions must be fulfilled: (i) the gallium must be weaker bonded in the 

zeolite framework than the aluminum, and thus easier to remove, and (ii) the 

removed gallium must remain in the zeolite pores as a highly dispersed oxidic 

species. The latter aspect means that 'de11-lumination' treatments in solution, like an 

(NH4)2SiF6 treatment [l], are unsuitable. Gasphase treatments, like high 
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temperature treatment with SiCl4 [2] cannot be used either, because of the high 

vapour pressure of the formed GaCl3 [3], which therefore will sublimate out of the 

zeolite, making it no longer available for catalytic uses. 

More suitable techniques for the purpose described above are steaming [4,5], for 

which the conditions can relatively easily be controlled, or treatment of the zeolite 

with aqueous HCl, followed by calcination [6]. Ir the latter case, the extent of 

framework gallium loss can be controlled by the concentration of the HCl solution. 

The aim of the work described in this chapter was twofold: Firstly, to investigate 

whether the treatments described above are really usefull for the selective removal 

of gallium from the framework, in order to transfer a H(Al + Ga)ZSM5 zeolite to a 

H(Al)ZSM5 zeolite with highly dispersed extra-framework gallium, deposited in the 

pores. Secondly, it was attempted to quantify the minimum amounts of extra

framework gallium and acid sites that are required in the zeolite to obtain the best 

pedormance for propane aromatization. 

The catalysts, pretreated in different ways for framework gallium removal, were 

characterized by various techniques, and the activity, aromatics selectivity and 

catalytic stability for propane aromatization were measured. Special attention was 

paid to the galliu~ distribution in the zeolites before and after subsequent 

deactivation/regeneration cycles, and the relation between the surface gallium 

content and the deactivation rate has been derived. 

6.2 Experimental 

Preparation of the H(Al + Ga)ZSM5 zeolite (1.68 Al/unit cell and 0.84 Ga/unit 

cell) was carried out according to method B, described in chapter 3 of this thesis. 

After crystallization, the zeolite was calcined during 3 hours at 823 K and three 

times ion-exchanged with a 2 M N"4N03 solution for obtaining the NH4 + form of 

the zeolite. 

Different samples were prepared by steaming of the NH4(Al + Ga)ZSM5 zeolite 

during three hours at temperatures between 673 K and 933 K, with temperature 

intervals of 20 K. Characterization of the samples was carried out by X-ray 

rontgendiffraction (XRD), Atomic Absorption Spectroscopy (AAS), n-butane 

adsorption (pore volume determination), Scanning Electron Microscopy (SEM, 

JEOL 840A), X-ray Photoelectron Spectroscopy (XPS), 27 Al MAS NMR and 71aa 

MAS NMR. 27 Al MAS NMR investigations were carried out on a Bruker CXP 300 

NMR spectrometer (27 Al NMR frequency 78.24 MHz), equipped with a 4 mm 
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Bruker MAS assembly. Spinning frequencies of approximately 10 kHz were 
employed. Experimental conditions and measures of the 71Ga MAS NMR 
measurements are descnbed extensively in chapter 7 and 8 of this thesis. 
Acid treated samples were prepared by pore volume impregnation of the zeolite 
with 0.5, 1 and 2 M HCl solutions, followed by calcination in air at 823 K during 3 
hours. To prevent loss of the so formed extra-framework gallium, no washing 
procedure was carried out between impregnation and drying. These samples were 
characterized by the same techniques as mentioned above for the steam treated 
samples. For comparison, some comparable steam and HCl treatments were carried 
out on H(Al)ZSM5 zeolites (approx. 2 Al/unit cell) and H(Ga)ZSM5 zeolites 
(approx. 2 Ga/unit cell). 
Catalytic testing of the catalysts was carried out by measuring the propane 
conversion in a microflow apparatus, using 0.5 g catalyst and a propane WHSV of 2 
h-1, diluted in-belium {helium/propane ratio 2). Deactivation measurements were 
carried out under these conditions at 823 K. Regeneration of the zeolites was done 
at 873 K during 20 minutes in a stream (150 ml/min) of helium/oxygen (4/1). The 
high flow during regeneration is required for a rapid removal of the H20, formed 
during coke o'?da~on, which otherwise may induce some degree of self-steaming at 
this high temperature. 

6.3 Results and Discussion 

Steaming of the H(Al + Ga)ZSM5 zeolite 
XRD of the crystallization product showed that a highly crystalline product was 
obtained. The amounts of aluminum and gallium in the zeolite were found by AAS 
as 1.68 atom/unit cell and 0.84 atom/unit cell, respectively, corresponding with 
Si/ Al and Si/Ga values of 56 and 111, respectively. 
The losses of framework gallium and framework aluminum upon steaming for 3 
hours at increasing temperatures are shown in figure 6~ 1. In this figure, also the 
curves for the H(Al)ZSM5 and H(Ga)ZSM5 zeolites (containing about 2 Al/unit 
cell and 2 Ga/unit cell, respectively) are included 
Regarding solid state MAS NMR to zeolites, it must be remarked that part of the 
framework aluminum, and more particularly framework gallium, may be 'invisible' 
for NMR (see chapter 8 of this thesis) under certain conditions. For the discussion 
of our results, it is assumed that in the fr~h zeolite, all gallium and aluminum is 

located on framework positions, and that the losses of NMR response of aluminum 
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and gallium upon steaming or. acid -tr-eatment are a good measure for the real losses 

of framework aluminum and framework gallium. Moreover, it is assumed that the 

detectabilities of the tetrahedrally coordinated aluminum and gallium are not 

influenced by the introduction of extra-framework aluminum or gallium in the 

pores. However, the validity of the latter two assumptions is difficult to check, as in 

most cases no NMR signal is observed from the ( octahedrally coordinated) extra

framework aluminum or gallium species. 
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Fig. 6.1. The losses of framework gallium and framework aluminum 
in zeolites H(Al+Ga)ZSM5 (1.68Al+0.84 Ga/u.c.), H(Al)ZSM5 
(appr. 2 Af/u.c.) and H(Ga)ZSM5 (appr. 2 Ga/u.c.), as function 
of steaming temperature (steaming time: 3 hours). 

Figure 6.1 shows that gallium is not removed selectively out of the zeolite 

framework, but that the loss of framework aluminum starts at even milder 

conditions than the loss of framework gallium. This result is in contrast with the aim 

of the treatment. Moreover, it seems that the losses of gallium and aluminum from 

the H(Al + Ga)ZSM5 zeolite is also easier than the removal of these elements from 

gallo- and aluminosilicates containing 2 Ga/unit cell and 2 Al/unit cell, respectively. 

For this behaviour two explanations may be proposed: (i) the existence of larger 

framework tensions, due to the fact that two nuclei with different ionic radii are 

present (the radii of Ga3 + and Al3 + are 0.62 A and 0.51 A, respectively), or (ii) the 

fact that more aluminum is present than gallium in the starting H(Al + Ga)ZSMS 

zeolite, making it easier to remove. 



97 

The first explanation is not probable, as the differences in size are relatively small, 

so the isomorphous substitution of two silicon ions out of 96 in the unit cell by 

aluminum or gallium, will have only little consequences for the structural properties 

of the zeolite and more particularly for the framework tensions in the structure. 

Figure 6.1 shows that also the latter explanation (ii) is not valid: the loss of 

aluminum and gallium start at about the same temperature and occur at a similar 

rate at moderate temperatures. At temperatures higher than 853 K, the loss of 

gallium is even faster than the loss of aluminum. 

It turns out that the chemical properties of framework aluminum and framework 

gallium are similar to such an extent that selective removal of one of these from the 

H(Al + Ga)ZSM5 framework by means of steaming is very difficult. After steaming 

for 3 hours at 933 K, the residual amounts of framework aluminum and framework 

gallium are 0.65 atom/unit cell and 0.19 atom/unit cell, respectively, corresponding 

with a Si/ AI and Si/Ga ratio of 146 and 501, respectively. This means that in the 

end the framework gallium is removed to a larger extent than the framework 

aluminum. 

The propane conversion as a function of the steaming temperature is shown in 

figure 6.2. 
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Fig. 6.2 Conversion of propane and selectivity to aromatics 
over the H(Al + Ga)ZSMS zeolite (Al-1.68/Ga-0.84), as function of 
steaming temperature (during 3 hours); reaction temperature 873 K. 

An increase in activity is observed at steaming temperatures above 823 K, where the 

losses of framework gallium and framework aluminum are initiated (fig. 6.1 ). In a 
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separate experiment, it was shown that the extra-framework aluminum is inactive 

for dehydrogenation, so the results are in accordance with the assumption that 

particularly the extra-framework gallium, in combination with the strong Brtnsted 

acid sites-, are the active species for the activation of the starting alkane in the 

aromatization process. 

The maximum activity was obtained after steaming at 873 K, so it seems that the 

residual amounts of framework aluminum and framework gallium after this 

treatment (1.09 atom/unit cell and 0.64 Ga/unit cell, respectively) are still sufficient 

for the oligomerization and cyclization reactions. The propane conversion that is 

measured over this zeolite, which contains about 1.73 acid site/unit cell, is 

remarkably high, relative to the propane conversions over H(Al)ZSM5 and 

H(Ga)ZSM5 zeolites with similar amounts of aluminum and gallium (chapter 4). 

This good result is ascribed to the high dispersion of the extra-framework gallium in 
the zeolite p0t:es (().20 Ga/unit cell), and the stability of this species, while a 

sufficient number of strong Br,nsted acid sites is still present in the zeolite, 

originating mainly from residual framework aluminum. The combination of these 

factors is regarded as very suitable for a high dehydrogenation activity, which 

explains the high propane conversion. 

Apart from the propane conversion, the selectivity to aromatics is also improved by 

the steam treatment (figure 6.2). This can be explained by the fact that. the presence 

of extra-framework gallium facilitates the formation of molecular hydrogen, 

suppressing hydrogen transfer reactions, thus leaving more small olefiris available 

for transformation to aromatics. 

After steaming at temperatures higher than 873 K, a substantial loss of activity is 

observed, which can be explained by a further reduction of the amount of acid sites 

(to about 0.84 H+ /unit cell). 

The unsteamed sample and the samples steamed at 853 Kand 913 K were used for 

subsequent deactivation/regeneration cycles. The initial activity and deactivation 

rates of these samples are shown in figures 6.3 a, b and c, respectively. Obviously, 

for the unsteamed sample, two to three deactivation/regeneration cycles cause a 

strong increase in the initial activity. For the sample steamed at 853 Ka more 

gradual increase in initial activity is observed during about 8 deactivatipn

regeneration cycles, while the sample steamed at 913 K shows a nearly constant 

initial activity after subsequent deactivation/regeneration cycles. This behaviour 

indicates that the loss of framework gallium during the regenerations depends on 
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the amount of framework gallium in the structure before regeneration. It appears 

that the fresh sample gives a relatively strong gallium loss upon regeneration. while 

for the samples pretreated by steaming, much smaller gallium losses are observed. 

This behaviour is also reflected in the deactivation rates (figure 6.3d), represented 

by the kd values, that were determined according to the method described in 

chapter 5. In all cases, along with the higher activities, increased aromatics 

selectivities are measured. 
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The higher deactivation rates, measured after the regeneration treatments, can 
therefore be related to the increase in activity and aromatics selectivity after the 
introduction of extra-framework gallium. as in that way, also the formatipn of 
carbonaceous residues is accelerated. However, the increase in deactivation rate will 
be stronger when migration of the extra-framework gallium to the outer surface of 
the zeolite particles occurs, so that the reactions leading to the coke deposits are 
less inhibited by the shape selective properties of the zeolite. This aspect was earlier 
shown in chapter 5 for impregnated samples. 
Extensive characterizations have been carried out on the fresh and regenerated 
zeolites to find a relation between the gallium distribution and the deactivation 
behaviour of the samples. 
For all steam treated samples, XRD showed no changes in crystallinity. 
The pore volumes and the percentages of framework aluminum and framework 
gallium. deter;u~;d by 27 Al and 71oa MAS NMR, of a series of differently treated 
H(AI + Ga)ZSMS samples are shown in table VI.1. 

Table VI.1. Influence of steaming and regenerations on the pore volume and 
framework aluminum and framework gallium of the H(Al+Ga)ZSM5 zeolite. 

'. 

Treatment P.V. (ml/g) Al/u.c. Ga/u.c. 

unsteamed, no pretreatment 0.168 1.68 0.84 
unsteamed, 5 regenerations 0.138 0.58 0~22 
steamed, 3 hours, 853 K 0.170 1.18 0.64 
steamed, 3 hours, 853 K. 10 regen. 0.139 0.68 0.12 
steamed, 3 hours, 913 K 0.157 0.78 0.25 
steamed, 3 hours, 913 K. 10 regen. 0.145 0.56 0.10 

Table VI.1 shows that subsequent deactivation/regenerations cycles of the 
unsteamed H(AI +Ga)ZSM5 zeolite induce a decrease of the pore volume. After 
steaming at 853 K (no regenerations), no difference in pore volume is observed, 
although some loss of framework aluminum and framework gallium bas taken place. 
A substantial pore volume reduction is observed after subsequent 
deactivation/regeneration cycles of this sample at 873K 
When a steam treatment is carried out at 913 K. a loss of pore volume is already 
introduced during this treatment. A further loss of pore volume in this sample 
occurs during subsequent deactivation/regeneration cycles at 873 K 
The loss of pore volume can be ascribed to the deposition of extra-framework 

~ . 
gallium and extra-framework aluminum in the pores, and probably to a partial 
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destruction of the pore structure, which cannot be detected by XRD. The total 

amounts of residual acid sites/unit cell after subsequent deactivation/regeneration 
cycles of the fresh zeolite, and the zeolites pretreated at at 853 K and 913 K. are all 
about 0.7-0.8 tt+ /unit cell. which indicates that this is a fraction of framework 
aluminum or framework gallium that is strongly bonded in the framework. and thus 
not easy to remove. 
The question whether sublimation of the extra-framework aluminum or extra
framework gallium from the zeolite occurs, was investigated by measuring the total 
amounts of these elements by AAS. The results are shown in table Vl.2. 
It is obvious that the amounts of aluminum and gallium decrease only after steaming 
at 913 K. and not under regeneration conditions. In principle, in the first stage of the 
heat treatment. the removal of aluminum and gallium from the framework will 
result in a high dispersion of the extra-framework species in the zeolite pores. 
However, in the fellowing stage, upon continuation of the heat treatment, a 
migration of the non-framework species to the outer surface of the zeolite 
crystallites may occur, before.these species sublimate out of the zeolite crystallite. 

Table Vl.2. Aluminum and gallium contents of H(Al + Ga)ZSMS after different 
pretreatments. · 

Treatment Al/unit cell - Ga/unit cell 

unsteamed, no pretreatment 1.68 0.84 
steamed, 3 hours, 853 K. 10 regen. 1.62 0.82 
steamed, 3 hours, 913 K 1.43 0.77 
steamed, 3 hours, 913 K. 10 regen. 1.43 0.63 

To investigate a possible enrichment of the outer surface layer by aluminum or 

gallium in the former stage of this process, XPS measurements were carried out on 
a series of samples. The results are shown in table VI.3. 

Table VI.3. Al/Si and Ga/Si ratios of H(Al+Ga)ZSM5 after various pretreatments, as 
measured by XPS. 

Treatment Al/Si Ga/Si 

unsteamed, no pretreatment 0 0 
unsteamed, 5 regenerations 0.28 0.23 
steamed, 3 hours, 853 K 0.13 0.23 
steamed, 3 hours, 853 K. 10 regen. 0.13 0 
steamed, 3 hours, 913 K 0.05 1.05 
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Indeed, steaming results in an enrichment of gallium on the outer layer of the 
zeolite crystallites. This is also observed upon regeneration of the unsteamed 
zeolite. Comparison of these Ga/Si ratios of table VI.3, with the k(I values of the 
different·samples (figure 6.3d) shows a relation between the deactivation rate and 
the surface gallium content. 
Continuation of the deactivation/regeneration cycles was found to reduce the 
amount of surface gallium again, which can only for a small part be explained by a 

sublimation of the gallium species from the catalyst bed (table Vl.2). Probably, a 
redistribution of the gallium on the outer surface of the zeolite crystallites occurs, 
which influences the detectability of gallium for XPS. 

HCI treatment of the H(Al+Ga)ZSM5 zeolite 
The losses of framework aluminum and framework gallium, carried out by pore 
volume impreination of the zeolite with HCl solutions of different concentrations, 

followed by calcination at 823 K. are shown in figure 6.4. 
It must be remarked that the samples were not washed after the impregnation in 
order to leave all extra·framework gallium in the samples. During the drying 
process, the concentration of the HCl solutions will increase, resulting in a more 
severe gallium and aluminum removal from the framework, than expected from the 
initial HCl concentrations. 

- Al-fr/u.c. lflBl Ga-fr/u.c. 

AIGa 0.5tvl 1M 2M Ga-2 2M 

HCI Conc.(M) 

Fig. 6.4 Relative losses of Al/unit cell and Ga/unit cell in the 
H (Al+ Ga)ZSM5 zeolite (Af-1.68/Ga·0.84), after treatment with HCI 
of differ!mt concentrations. Also a 2 M HCI treated H(Ga)ZSM5 
zeolite (appr. 2 Ga/unit cell'} is included. 
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Figure 6.4 shows that the HCl treatment, followed by the calcination does result in 
the removal of both gallium and aluminum from the framework, similar to the 
observations after steaming. The loss of framework aluminum, however, does not 
exceed about 25% of the initial amount, while the loss of framework gallium 
increases with the concentration of the HCl solution. For the 2 M HCl solution 
about 50% of the framework gallium is removed. 
The total amounts of acid sites/unit cell for the 2 M HCl treated sample and the 

sample steamed at 873 Kare 1.68 and 1.73, respectively, while the amounts of extra
framework gallium for these samples are 0.42 and 0.20 Ga/unit cell, respectively. 
The difference in the amounts of extra-framework aluminum is neglected, because 
this species has negligible catalytic activity. 
These results indicate that acid washing followed by calcination is probably more 
suitable than steaming for preparing usefull catalysts for the aromatization reaction. 
The propane "°nversion measurements, however, are at variance with this result, 

see figure 6.5. 
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Fig. 6.5. Conversion of propane and selectivity to aromatices 
over the H(Al + Ga)ZSM5 zeolite (Al-J.68/Ga-0.84), treated by pore 
volume impregnation with different concentrations of HCL Reaction 
at873K 

Figure 6.5 shows that the activity decreases with increasing concentration of the HCl 
solution, while the selectivity to aromatics remains almost unaffected. This result 
indicates that the extra-framework gallium species introduced by HCI treatment has 
a much lower catalytic activity than the extra-framework gallium introduced by the 

steam treatments. 
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Further characterization of these samples by n·butane adsorption measurements 
showed that the pore volumes of the acid treated samples were reduced to 0.147 
ml/g, similar to the value that was found for the steamed samples. Moreover, AAS 
showed that the total a.mount of aluminum and gallium in these samples did not 
change, so the calcination step after the impregnation causes no gallium sublimation 
from the zeolite. 
In order to obtain more information about the nature of the extra-framework 
gallium species in the zeolite after HCI impregnation and subsequent calcination, a 
H(Ga)ZSMS (1.41 Ga/unit cell) was treated with 2M HCI, and calcined at different 
temperatures. These samples were studied with 71Ga MAS NMR. The NMR 
spectra of this series are shown in figure 6.6. 

+300 -., + 200 & + 100 0 

Fig. 6.6. 71oa MAS NMR spectra of zeolite H(Ga)ZSM5 (1.41 Ga 
/u.c.); (a) after impregnation with 2M HC~ and calcination at 
(b) 573 K, (c) 673 K, (d) 773 Kand (e) 873 K 
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The peak at about 251 ppm can be assigned to gallium in GaCl3 [7], which means 
that during impregnation a reaction between HCl and framework gallium occurs, 
withdrawing a part of the gallium from the framework. The so formed GaC13 will be 
solvated in the solution (as GaCLf, etc.), which is still present in the pores after 
drying at 363 K. In this state, it is detectable by 71Ga MAS NMR. 

The intensity of the GaC13 peak decreases with increasing calcination temperature. 
As the total amount of gallium in the samples under these conditions did not 
change, the reason for the loss of gallium NMR response must be a gradually 
decreasing detectability of the gallium in the extra-framework species. 
The reduction of the gallium detectability in the calcined samples can be caused by 
the fact that all water is removed from the zeolite pores, bringing the gallium of the 
GaCl3 in an electrically more asymmetric surrounding. Second order quadrupolar 
line broadening in this situation will lead to extensive line broadening. and in the 
end the 71Ga-.NMR. response will completely disappear. During the water removal, 
also agglomeration of the GaCl3 to larger clusters may occur (3], which brings the 
gallium in more distorted coordination, making it NMR undetectable. After re
adsorption of water on the calcined samples, still no gallium NMR signal could be 
detected, whi<:fl inpicates that the disappearance of the gallium NMR signal by such 
beat treatment is not reversible. 
XPS analysis of the surface of the H(Al +Ga)ZSM5 zeolite showed an increase in 
Al/Si ratio at the surface during the acid treatment, followed by a calcination. This 
is also observed for the Ga/Si ratio. This result indicates that the active extra
framework gallium species migrates to the outer surface of the zeolite crystallites. 

As the dehydrogenation of the starting paraffins is assumed to be the rate 
determining step of the reaction, a comparison with the steam treated sample (873 
K) shows that the (agglomerated) extra-frameW:ork gallium species, as introduced 
during beat treatment of the HO treated samples, is less effective for 
dehydrogenation. The main reason for this difference will be the formation of 

GaC13 instead of Ga203 in these samples, whicll is expected to have a lower 
thermal stability. 

'·4 Conclusions 

Framework aluminum and framework'g9llium resemble each other to such an 
extent that selective removal of one of these elements from the H(Al +GaJZSMS 
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framework by steaming or a HCl treatment is difficult. Although the acid site 

density of this zeolite, steamed at 873 K was only about 1. 70 H +/unit cell, the 

aromatization activity was higher than that of a comparable alumino- or 

gallosilicate. This can be ascribed to the formation of highly dispersed ,gallium oxide 

species in the pores, with a high thermal stability. HO treatment and subsequent 

calcination of the zeolite for introduction of extra-framework gallium is a less 

suitable technique, as there are indications that the extra-framework gallium 

agglomerates to a species that is inactive for dehydrogenation. 
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Chapter7 

Application of 71 Ga MAS NMR on H{Ga)ZSM5 gallosilicates 

7.1 General Introduction 

For the characterization of H(Ga)ZSMS zeolites. a number of standard 
characterization techniques can be applied, but only few can give infonnation about 
the location and surroundings of the gallium in the structure. This means that 
gallium located on T sites in the framework cannot easily be distinguished from 
extra-framework gallium, deposited in the zeolite pores. 
One of the techniques that can be used for such investigations is (solid state) 
Nuclear Magnetic Resonance (NMR) spectroscopy in combination with Magic 
Angle Spinning (MAS), provided that the coordination number and/or the 
surrounding groups of framework gallium differs from that of extra-framework 
gallium. The MAS NMR technique has widely been applied for studying structure 
and properties of solid samples in general, and zeolites and related materials in 
particular [1-5]. 
Application of MAS NMR can e.g. yield information about: 

- Si-AI ordering in the framework, by 29si MAS NMR (1,2] 
- acidity of the active sites by lH MAS NMR (3] 
- bonding situation (mobility) and reactivity of counter ions and guest 

molecules in the framework [4,5] 

(High Resolution) NMR can also be carried out on probe molecules. adsorbed in 
solids, in order to obtain information about the pore size and -distn'bution of the 
materials. The best documented example of the latter technique is 129xe NMR for 
zeolite characterization [6]. 
As 71oa MAS NMR was expected to provide important information about the 
immediate surroundings of gallium atoms, and thence about the structure and 
stability of the H(Ga)ZSMS zeolites, our 71oa MAS NMR investigations were 
initiated. It should be realized, however, that Ga MAS NMR is far from routine at 
present (see also below). This chapter starts with a short introduction to (solid state) 
MAS NMR of zeolites, particularly with respect to NMR on quadrupolar nuclei like 
27 AI and 71aa. Also, the influence of magic angle spinning on different interactions 
in the solid are described. In subsequent paragraphs, some applications of 11oa 
MAS N~ on steam treated H(Ga)ZSMS zeolites will be shown, and the factors 
determining the 71oa line shape are being discussed. 
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7.2 Theoretical aspects or (MAS) NMR 

The NMR technique is based on the property of atomic nuclei with a spin I to 
possess interactions with a magnetic field BQ. The spin I gives rise to (21 + 1) 
different orientations of the nuclear angular momentum and thence to distinct 
energy levels of the spinning nucleus in a static magnetic field Between these levels, 
radio-frequent radiation can induce transitions. 
When the nuclei are brought into the magnetic field BO, the magnetic moments of 
the nuclei interact with the local field on those nucleL The magnitudes of these 
interactions depend on the electronic structure in the vicinity of the nucleus in 
question (shielding effects). In that way. differently situated (e.g. coordinated 
nuclei), resonate at different. well defined conditions. The shifts in resonance 
frequency. induced by these shielding effects, are defined as chemical shifts in the 
NMR spectrum. The isotropic chemical shift (directly measurable in liquids) is 
refered to a certain standard (for 71oa NMR: a 0.1 M Ga(NOJ)3 solution). 
In solid samples, the nuclei incorporated in the solid. have permanent. different -orientations with respect to the direction of the magnetic field Bo [7-9]. These 
different directions give rise to different shieldings of the nuclei, due to chemical 
shift anisotropy effects. The chemical shift anisotropy can be considered as a first 
order perturbation of the Zeeman effect, and its Hamiltonian can be described as 
(eq. 7.1): 

where: 

H • I '( 'ti 't0t1 7 
cs 1 1 

ri = the gyromagnetic ratio of the nucleus (s· 1 ,-1) 
ti = the Planck constant. divided by 2 (J s) 
1i = the spin vector operator 
'I = the chemical shielding tensor 

(eq. 7.1) 

When equation 7.1 is further resolved. an equation with a term (3 coi1- e -1) can be 
derived. where a is the so called 'magic angle'. that makes this term zero. The 
chemical shift anisotropy effects on the line width can thus be reduced by Magic 
Angle Spinning. Its influence can, however. not fully be eliminated: spinning side · 
bands remain in the NMR spectrum. 

However, the line position and shape are also influenced by other, anisotropic 
interactions in a solid sample. Examples of these interactions are: 
- for nuclei with a spin I == 1/2: dipolar interactions between the nuclei 
- for nuclei with a spin I > 1/2: dipolar interactions between the nuclei and 
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quadrupolar interactions between the nuclei and the electric field gradients on 
the nuclei. 

In non-viscous, liquid samples, these interactions are averaged to almost zero, due 
to the fast candom motion of the molecules in the solution. 
Regarding the homonuclear dipolar interactions, for certain nuclei (e.g. 13c, 29si, 
etc.), these interactions are of little importance, because of their low natural 
abundance: in a molecule, these nuclei are located on relatively large distances from 
each other, lowering the dipolar interactions. For other, abundant nuclei, like e.g. 
1 H, special dipolar decoupling techniques must be applied to reduce the dipolar 
interactions. A well known technique in this field is MREV-8. In combination with 
MAS, this leads to Combined Rotation And Multi Pulse Sequence (CRAMPS) 
NMR. 
The Hamiltonian of the (heteronuclear) dipolar interactions for two nuclei i and j 
can be written as shown in equation 7.2. 

where: 

(eq. 7.2) 

iij = the internuclear distance 
liz = the z-component of the spin vector operator of nucleus i 

e ij = the angle between the internuclear axis and the field Bo 

The dipolar interactions can be completely eliminated by MAS when the rotation 
frequency of the spinner is larger than the dipolar interaction expressed in Hz. This 
is achievable for e.g. 29si-0-1H moieties, but not for almost all CHx groups. In the 
latter case, dipolar decoupling of the abundant protons is necessary. 

For nuclei with spin I = 1/2, 3/2, S/2, etc. (e.g. 27 Al, 1l0a, etc.), quadrupolar 
interactions between nuclei and time variant electric field gradients may occur, 
resulting in strong line-broadening effects. For those nuclei, in fact, two different 
interactions occur: (i) a magnetic interaction, focussing the spin in the direction of 
the magnetic field, and (ii) a quadrupolar interaction, tending to give the electric 
quadrupole a direction that depends on the electric field gradient on the nucleus in 
question. These conditions generally cannot be fulfilled simultaneously. 
The Hamiltonian for the quadrupolar interactions can be described as shown in 
equation 7.3. 

(eq. 7.3) 
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11 = the asymmetry parameter 
lx.ly = the x and y components of the spin vector operator on the 
nucleus 

When the quadrupolar interaction is small, relative to the Zeeman interaction, the 
energy levels can be calculated by considering the quadrupolar effects as a 
combination of 1st and 2nd order perturbations on the Zeeman interaction. 
Calculation of the quadrupolar effects via the 1st order perturbation theory shows 
no change of the line-shape of the central transition, but all other transitions are 
broadened. A broadening of the central transition can only be derived from 
calculations, approaching the quadrupolar interaction by 2nd order perturbation 
theory. However, in most cases, this broadening will be relatively small, as 
compared with those of the non-central transitions. For the quadrupolar nuclei, in 
general, selective excitation requires short and powerfull pulses and, as a result, in 
practice, only the central transition is measured (see also introduction chapter 8). 
The quadrupolar interactions will give rise to quadrupolar induced shifts (see 
below). The latter shift and the isotropic chemical shift determine the position of 
the line in the NMR spectrum. Moreover, from these line positions and from the 
shapes, measured under magic angle spinning conditions, much information can be 
obtained about the local symmetry around the nuclei in question. 
The problems conce!'ll,ing line broadening are much more severe for either gallium 
isotope than for the 27 Al nucleus. Even for this latter nucleus, part of the nuclei in 
the sample may well become "NMR invisible". 

The existence of more than one "NMR active" isotope of a particular quadrupolar 
nucleus, like 69oa and 11oa, opens the possibility for calculation of the 
quadrupolar coupling constants of the respective nuclei in a solid Measurement of 
the NMR spectra of one specific nucleus in magnetic fields of different strengths can 
provide information about the contribution of the chemical shift dispersion on the 
line width. Combining the results of these measurements can give insight in the 
contributions of the chemical shift anisotropy and quadrupolar interactions on the 
observed· line broadening of the Ga NMR line in the solid state NMR spectrum. 
Such analysis was carried out for our H(Ga)ZSMS gallosilicates. For the 11oa 
NMR lines, obtained from these samples, the total linewidth (appr. 2.9 kHz) was 
found to consist of a chemical shift dispersion (appr. 21 kHz) and a contnbution of 
quadrupolar broadening (appr. 0.8 kHz). 
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The theoretical aspects of (MAS) NMR described above have shown that magic 
angle spinning can reduce the influence of dipolar interactions, 1st order 
quadrupolar interactions and the chemical shift anisotropy on the line width to a 
certain extent, although parts of these interactions still remain. 
Recent developments, like e.g. Dynamic Angle Spinning (DAS) and DOuble 
Rotation (DOR) open the possibility to obtain a reduction of the 2nd order 
quadrupolar interaction and probably the dipolar interaction as well [10-12]. 
With these techniques, no fixed direction of the spinner axis is employed in the 
magnetic field, but rather the rotation axis jumps between two different, well 
defined directions in the magnetic field (DAS). or the spinner containing the sample 
is placed inside a second spinner, both rotating in well defined directions (DOR). 
With these techniques, it can be achieved that part of the signal originating from the 
anisotropic interactions becomes mahifest coincident with the signal of .the isotropic 
( quadrupolar induced) shift, thus increasing the line intensity. 
These techniques are relatively new at the moment. One disturbing shortcoming of 
the DOR technique, e.g., pertains to its relatively low sensitivity, imposed by the 
geometry of the probe design. To the best of our knowledge, no Ga DOR NMR 

· spectra of gallosilicates have been published yet [15,17]. In the course of the present 
investigations, some preliminary experiments were carried out with a H(Ga)ZSMS 
gallosilicate containing 2.1 gallium atom/unit cell, which were, however, 
unsuccesfull. 

7.3 Steaming ofH(Ga)ZSMS zeolites: determination ortetrahedrally and 
octahedrally coordinated gallium 

Introduction 

Steam treatment is known to give de~umination of zeolites [13]. After such 
treatments. besides tetrahedrally coordinated framework aluminum, extra
framework aluminum s~cies with other coordinations can sometimes be detected 

. by means of solid state 1 AJ. MAS NMR. In the present study, similar investigations 
were carried out regarding the gallium coordination in H(Ga)ZSMS gallosilicates, 
by means of solid state 11oa MAS NMR. Below, the results of these measurements 
are reported, identifying the gallium species present in isomorphously substituted 
H(Ga)ZSMS zeolites after preparation and steam treatments for different 
durations.· 
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Experimental 

Preparation of the H(Ga)ZSMS gallosilicate (2.1 Ga/unit cell) was carried out 
following method B, as described in chapter 3 of this thesis. Calcination of the 
crystallization product and ion-exchange to the NlLJ + form was also described in 
chapter 3. The samples were steamed at 923 K for 3, 6, 12 and 24 hours. 
Zeolites containing different alkali ions as counter ions were prepared by ion
exchange of the zeolite with 2 M solutions of the chloride salts. These samples were 
all steamed at 923 K for three hours. 
NMR spectroscopic measurements were carried out on a Bruker AM 600 NMR 
spectrometer ( 11aa frequency 180.0 MHz). Spectra were obtained using a single 
tuned probe, equipped with a Doty double bearing MAS assembly. Typically 
spinning speeds of about 8 kHz were employed. All steamed samples were 
equilibrated with water or acetyl-acetone (acac) prior to the NMR measurements. 

Results and Discussion 

With dehydrated samples, very broad gallium signals were observed. This is 
probably due to high quadrupolar interactions of the gallium. A similar effect was 
found in the case of 27 Al MAS NMR measurements on aluminum containing 
zeolites, where the aluminum signal intensity decrease~ after drying of the samples 
[14]. ln earlier work, it was shown that for 27 Al MAS NMR measurements the line 
broadening due to electric asymmetry of the framework aluminum can be reduced 
by equilibration of the zeolite sample with water vapour at room temperature [14]. 
Upon application of this technique to the gallosilicates, a peak: at about 159 ppm, 
relative to the hexahydrated Ga3+ ion was observed (figure 7.la). This peak: has 
been associated with tetrahedrally coordinated gallium in the sample [15]. 
The effect of steam treatment at 923 K on the NlLJ + form can also be seen in 
figure 7.1 (spectrum b, c, d, e). These spectra were recorded after water vapour 
equilibration of the samples at room temperature. From the decrease in the 
intensity of the signal at + 159 ppm, it is clear that the loss of tetrahedrally 
coordinated gallium increases with steaming time, although little or no signal at 0 
ppm appears in the spectrum (from an octahedrally coordinated gallium species. 
For aluminum containing zeolites, however, it is known that in certain cases 
detection of octahedral aluminum with MAS NMR spectroscopy is improved after 
equilibration or impregnation of the samples with acac or acac-ethanol mixtures 
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[16]. The spectra presented in figure 72 were recorded after acac equilibration of 

the steamed samples at room temperature. 

a a 

+200 +101Jr 0 

Fig. 7.1 (left) 71Ga MAS NMR spectra of the H(Ga)ZSM5 (Ga-21) 
zeolite after steam treatment for different times at 923 Kand water 
equilibration,· (a) 0 hrs, (b) 3 hrs, (c) 6 hrs, (d) 12 hrs, and 
(e) 24 hrs. 
Fig. 7.2 (right) 71 Ga MAS NMR spectra of H(Ga)ZSM5 (Ga-2.1) 
zeolites after steam treatment for different times at 923 Kand acac 
equilibration; (a) 3 hrs, (b) 6 hrs, (c) 9 hrs, and (d) 12 hrs. 

It is clear that a peak at 0 ppm appears in the spectrum., with increasing intensity 
with steaming time, while the peak at + 159 ppm decreases. These results should be 
regarded as qualitative rather than quantitative, but they strongly support the idea 
of the transition of framework gallium to extra-framework gallium upon steaming at 
923 K. 
As the octabedrally coordinated gallium species was detected only after acac 
treatment, the measurement of the unsteamed sample (fig. 7. la) was repeated after 
equilibration with acac. This resulted in the same spectrum as was found after 
equilibration of the sample with water. It can thus concluded that almost no 
octahedral gallium was present in the unsteamed zeolite. 
Later experiments, however, have shown that detection of octabedrally coordinated 
gallium is certainly more complicated than can be concluded from these 
experiments. It seems that not all important variables determining the effectivity of 
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the acac addition on the detectability of the octahedrally coordinated gallium 
species can be understood at present. The gallium distribution in the parent zeolite 
and the steaming conditions certainly play an important role, but a detailed 
understanding of the detectability problems with respect to the octahedrally 
coordinated extra-framework gallium should await further experiments. 

The relative loss of framework gallium from a X(Ga)ZSMS zeolite, where X = H+, 
U +, ..... Cs+ (2.1 Ga/unit cell) upon steaming is shown in figure 7 :J. 

100 + H+ 

~ 80 
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QI 0 Na+ ... 
60 
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l 20 
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0 3 6 12 
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Fig. 7.3. Relative loss of framework gallium from a H(Ga)ZSMS 
zeolite, containing different counter ions. 

The residual amounts of framework gallium in this figure were calculated, taking 
into account the different responses of the framework gallium in the presence of 
different alkali ions (see chapter 8). It turns out that replacing the protons for alkali 
ions, yields a stabilization of the framework. This effect seems to be stronger for the 
larger alkali ions. Similar observations are known from literature for other zeolites. 

Conclusions 

11oa MAS NMR is a suitable technique to distinguish framework gallium from 
extra-framework gallium in H(Ga)ZSMS zeolites. Appropriate pretreatments 
(water or acac equilibration) are required. The zeolite, after crystallization and ion
exchange, does contain mainly framework gallium. Upon steaming, extra-framework 
gallium is formed in the zeolite, which in some cases can be made visible by 71Ga 
MAS NMR after acac equilibration. Further work showed, however, that the latter 
observation does not hold true for all gallozeolites, described in this thesis. 
The presence of alkali ions, as counter ions in the framework stabilizes the zeolites 
against loss of framework gallium under steaming conditions. 
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7.4 Factors affecting the shape of the 7lca and 69ca NMR lines 

Introduction 

With regard to the physical characterization of H(Ga)ZSMS zeolites, application of 
69Ga and 71Ga MAS NMR is still quite uncommon. The capabilities of Ga MAS 
NMR for the study of gallosilicate materials was first shown by lone et al. [17]. 
Timken and Oldfield [15] applied gallium MAS NMR to a number of gallium 
analogues of the X, Y and sodalite type zeolites. They showed that it is 
advantageous to measure at high magnetic fields and to use high frequency magic 
angle spinning, in order to minimize the contn'bution of the second order 
6uadrupolar interactions to the line width. By comparing the apparent shifts of the 
9Ga and 11Ga lines, estimates of the quadrupolar coupling constants can be made 

for the various zeolites. 
For 71Ga MAS NMR, the necessity of water equilibration has been shown, as 
described above, as in dry samples the lines are broadened beyond detection limits, 
due to the lar¥e quadrupolar interaction even at 14.1 T. Similar effects were 
observed in 2 Al MAS NMR studies of H(Al)ZSMS zeolites [14]. Also in 
accordance with earlier 27 Al MAS NMR measurements was the observation of 
octahedrally coordinated extra-framework gallium in steam treated H(Ga)ZSMS 
zeolites, after equilibration with acetyl-acetone [16~ 
The studies mentioned above show that 69Ga and lGa MAS NMR are powerfull 
tools for the study of gallosilicates. However, relatively broad NMR lines are 
observed in the spectrum, even under MAS conditions. In the present paragraph, a 
H(Ga)ZSMS zeolite is studied by 69Ga and 71Ga MAS NMR spectoscopy at 14.1 T 
and 7.1 T, in order to determine the contributions of different factors that cause line 
broadening of the gallium resonances, as described in the general introduction of 
this chapter. 

Experimental 

69Ga and 71Ga NMR spectra were recorded on a Bruker AM 600 spectrometer at 
144.04 MHz and 183.02 MHz, respectively. A home-built probehead equipped with 
a 5 mm double bearing MAS assembly from Do~ Scientific was used. Typically 
spinning frequencies of 9 kHz were employed. 7 Ga NMR spectra were also 
obtained on a Bruker CXP 300 spectrometer, using a 7 mm Bruker MAS probehead 
with a spinning speed of 5 kHz. Chemical shifts are referenced to an external 
Ga(NOJ)3 solution. 
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Results and Discussion 

11Ga MAS NMR spectra at 14.1 T of the uncalcined TPA(Ga)ZSMS zeolite show 
one line at.155 ppm, with a line width of 4.4 kHz. Peaks in this region are assigned 
to tetrahedrally coordinated gallium [ 18]. After the usual treatments ( calcination, 
ion-exchange and a second calcination) to prepare the samples for catalytic use 
(acid form), and full hydration of the sample, the line narrows to 2.9 kHz and is now 
obseived at 161 ppm. This change in line width and resonance position is assigned 
to a change in quadrupolar interaction, experienced by the framework gallium, due 
to a change of the counter ion ion in the pores of the zeolite from the TP A+ 
template to the H(HzO)o cluster in a fully hydrated H(Ga)ZSMS. 
The latter is believed to produce a much smaller electric field gradient at the site of 
the gallium, due to delocalization of the charge, as was also demonstrated in the 
aluminum NMR experiments of aluminosilicates (19]. A decrease in quadrupolar 
interaction obviously narrows the line and the accompanying quadrupole induced 
shift disminishes accordingly. The resonance (fig. 7.4a) has a typical asymmetric 
shape, a steep flank at high frequency side and a more gradually sloping flank at the 
low frequency side, which is also obseived for aluminum in zeolites. 
The small line at 0 ppm is attributed to the presence of some octahedrally 
coordinated extra-framework gallium in the pores, in contrast with the result shown 
above. 
The shape of the line at 161 ppm does not correspond with a second order 
quadrupolar broadening, which results in a specific powder pattern, whose, shape 
depends on the asymmetry parameter (20]. This means that there must be other 
sources of line broadening, e.g. dipolar interactions or a distribution of quadrupolar 
coupling constants and/or chemical shifts for crystallographically different sites. 

Fig. 7.4. 71Ga (a) and69GaMASNMR (b)spectra (14.1 T, Bk.Hz 
MAS) of a H(Ga)ZSMS zeolite (2.1 Ga/unit cell) 
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This is supported by the fact that the 69oa resonance, which bas the same typical 
shape (fig. 7.4b) is only 4 kHz wide. Based on the difference in Zeeman energy hv0 
and quadrupole moment Q, one would expect a 69oa line to be 3.2 times broader 
than the corresponding 71oa NMR line, if the second order quadrupolar interaction 
was the only source of line broadening (table VIl.1). 

Table VILJ. NMRpropertieso/71GaalUi69Ga 

isotope spin hv0 (MHz) Q (lo-24 cm2) 

11oa 3/2 30.581 0.112 
69oa 3/2 24.069 0.178 

As was already pointed out by Timken and Oldfield [15], an estimate of the 
quadrupole coupling constant can be obtained from the difference in the apparent 
shifts of the 69oa and 71oa isotopes, assuming of course that the above mentioned 
distribution of quadrupole coupling constants is not very lar~e. Due to their 
differences in quadrupole moments and Zeeman energies, 9oa and 11oa will 
experience a different quadrupolar induced shift [21]: 

5 2 2 
~ = - lQ... l~}2 {1 + ! } 
"' 4"'hv · 3 

0 

With the quadrupolar moment Q and the Zeeman energy hv0 known for both 
isotopes and assuming 'l'l = 0, we can determine the electric field gradient eq felt by 
the gallium in the framework. It should be pointed out that this relation holds for 
the shift of the centre of gravity of the line, which is, with these assymmetric line 
shapes, ndnecessarily the highest point of the peak given by the peak-pick routine. 
Following this procedure for the resonances ofH(Ga~ZSMS, we find a quadrupole 
coupling constant ( e2qQ/h) of 3.0 and 1.9 MHz for 6 Ga and 71oa NMR, 
respectively (table VII.2) 
Using these parameters in a line shape calculation gives, again assuming lt=O, a 
quadrupolar line broadening of 1900 Hz for 690a and 600 Hz for 71oa, which is 
much less than the observed Iinewidths. It should be noted that the apparent line 
width does not vary greatly as a function of 'l'l • 

In order to determine the origin of the additional broadening, a 71oa NMR 
spectrum was obtained at 7.1 T (91.50 MHz). Now a 2600 Hz wide line was obtained 
at 157 ppm. That the line width hardly changes when the magnetic field is 2 times 
lower must mean that a distnbution of chemical shifts is present. The increase of 



118 

quadrupolar broadening when going to low field (7.1 T) is compensated by a 
decrease in frequency units of the chemical shift distribution. As proton decoupling 
during aquisition has no effect on the gallium line width, we can rule out the 
influence of dipolar interaction between protons and gallium. Gallium-gallium 
interactions are very small because of the large average distance between gallium 
atoms in these samples. Even in samples with the highest gallium conten~ (Si/Ga = 
11), the average gallium-gallium distance is still 8.8.A., which results in a negligible 
dipolar interaction. Moreover, the magic angle spinning would also average out 
small dipolar interactions. 

Table VIL2. ObseNed peak positions (6 p), shift of the center of gravity ( 6 CG) and line 
widths, with the approximaJe sum g6 the chemical shift distribution and quadrupole 
interaction in square brackets, for Ga and 71 Ga in H(Ga)ZSM5 zeoliles at 14.1 T 
and 7.1 T. 

isotope Bo(T) 6p 6CG width [CSD+Ql](Hz) 

69Ga 14.1 155.9 151.1 4000 [1650+2350] 
71Ga 14.1 161.1 159.2 2900 [2100+800] 
69Ga 7.1 157.1 150.6 2600 [1050+ 1550] 

aDetermined from the shift of the center of gravity 
hsstimated from the line width 

e2qQjh(MHz) 

3.oa 3.5b 
1.9a ub 

.. .. 

In summary, it can be concluded that the line width of the 69Ga and 71Ga 
resonance in H(Ga)ZSMS can be analyzed as the sum of a chemical shift 
distribution, due to crystallographically different sites, and second order 
quadrupolar broadening. due to an electric field gradient at the gallium sites. 
Obviously, this field gradient may also vary between different crystallographic sites. 
Neglecting possible correlations between chemical shift and quadrupolar 
interactions, we can divide the gallium line width in a simple sum of chemical shift 
distribution (linearly increasing with field strength) and quadrupolar interactions 
(inversely proportional to the field). From such analysis we obtain a quadrupole 
coupling constant of 3.5 MHz and 2.2 MHz, respectively (table VII.2). 
Considering the accuracy of the methods, this is in good agreement with the values 
determined from the quadrupole induced shifts. A further confirmation of these 
values was obtained by a 71Ga nutation spectrum which shows only one line at 2 
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wrr. With an rf field strength of 60 kHz, this means that the quadrupole coupling 
constant e2qQ/h must be larger than 1.7 MHz. 
The contribution of the distribution in chemical shifts to the line width amounts to 
about 12 ppm. A variation of the Si/Ga ratio from 60 to 11 did not give any 
variation of the calculated parameters. It should be noted, however, that the sample 
with the highest gallium content clearly shows the presence of a substial amount of 
extra-framework gallium (figure 7 5). 

+200 +100 0 

Fig. 7.5. 69GaMAS NMRspectrum of H(Ga)ZSM5 (8 Ga/unit cell), 
showing the existence of extra-framework gallium. 

It can also not be excluded, however, that the samples with lower gallium contents 
also contain some NMR-invisible extra-framework gallium. The quantitative aspects 
of gallium NMR of H(Ga)ZSMS zeolites, as function of the Si/Ga ratio are 
described in the next chapter of this thesis. 
The large chemical shift distribution of 12 ppm makes the H(Ga)ZSMS samples 
favourable candidates for DOuble Angle Rotation (DOR) or Dynamic Angle 
Spinning (DAS) (10-12], which completely averages out second order quadrupolar 
interactions, thus making it possible to observe crystallographically different gallium 
positions. In a 2D DAS experiment, one might even obtain the quadrupole coupling 
constants of the various sites [12]. 

Conclusions 

In conclusion, the present study has shown that gallium NMR is a suitable tool for 
studying gallosilicate structures. The existence of two isotopes with different 
Zeeman energies and quadrupole moments facilitates the determination of the 
quadrupolar coupling constants. 
A comparison of the Ga NMR spectra of H(Ga)ZSMS to those of aluminum in 
H(Al)ZSMS shows that gallium is indeed incorporated in the HZSMS framework. 
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There are no indications that the observed differences of the chemical shift 
distn"butions and the quadrupole coupling constants between aluminum and gallium 
are related to structural changes of the HZSMS framework upon replacing 
aluminum by gallium. These differences can rather be related to the different NMR 
properties of the isotopes. 
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Chapter 8 

Quantitative determination of gallium In H(Ga)ZSM5 zeolites by 
71 Ga MAS NMR spectroscopy 

8.1 General Introduction 

In the field of MAS NMR spectroscopy for the characterization of zeolites and 
related materials, much work has been done applying 27 Al and 29si solid state MAS 
NMR spectroscopy [1-5]. In principle, Si/Ga ratios ofzeolites can be determined 
from 29si MAS NMR spectra [5,6]. In practice, this method is limited to cases 
where Si/Ga...$. 50 [6]. Another complication is, that lattice defects in the form of 
silanol groups (e.g. nests [7]) interfere (see also the Discussion section). For these 
reasons, the emphasis in this chapter is very much on gallium NMR, in order to 
estimate the amounts of framework gallium. 

With 27 Al MAS NMR of dealuminated H(Al)ZSM5 zeolites, tetrahedrally 
coordinated (framework) Al can be distinguished from octahedrally coordinated Af, 

present as extra-framework species. Also pentacoordinated aluminum atoms have 
been proposed to occur in dealuminated zeolites [8]. 
For the physical characterization of gallosilicates, application of the 69Ga or 71Ga 

MAS NMR technique still remains in a relative early stage of development. The 
possibility of 69Ga MAS NMR spectroscopy on zeolitic materials was first shown by 
Ione et al. [9]. Other work, applying both 69Ga and 71Ga MAS NMR spectroscopy, 

was done by Timken et al. [IQ], who showed the importance of high magnetic field 
strengths in order to minimize the average second order line broadening, and high 
MAS frequencies to reduce the chemical shift anisotropy effects on the line widths 
and to avoid overlap between center bands and spinning side bands. 
In a recent publication by our group, investigations on H(Ga)ZSM5 zeolites showed 
that water equilibration of the samples prior to the NMR measurements is 
indispensible for obtaining any 71Ga NMR response of lattice gallium [11], 

comparable to earlier observations with 27 Al MAS NMR on H(Al)ZSM5 zeolites 

[12]. Moreover, after steaming of the gallosilicates for various times and 
equilibration of the steamed s!Ullples with acetyl-acetone (acac), the signal 
originating from tetrahedrally coordinated framework gallium was found to 
decrease with steaming time and simultaneously a signal appeared in the spectra, 
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attributed to octahedrally coordinated gallium nucleL The effect of the acac 

treatment on the visibility of the octahedrally coordinated species is similar to 

earlier observations with 27 Al MAS NMR investigations on dealuminated 

H(Al)ZSMS zeolites [13]. Later experiments on a series of gallosilicates with 

different gallium contents, however, have shown that the framework gallium can be 

measured relatively easily and reproducebly, but that detection of the octahedrally 

coordinated gallium is far more difficult and seems to depend very much on 

synthesis and/or treatment of the samples in a manner yet unknown. In a 

comparison of the hydrolyses of gallium(Ill) and aluminum (Ill) solutions, Bradley 

et al. [14] found that there must be a deviation in the hydrolytic behaviour of these 

ions. It is thought that the higher polymers formed in the case of gallium are likely 

to differ in structure, as well as in the kinetics of their formation, from those 

occuring from aluminum. Apparently, the formation of different extra-framework 

species also takes place in the pores ofH(Ga)ZSMS. This extra-framework material 

can in many cases no longer be detected even after equilibration of the samples with 

acac or water. The samples as published in ref. 11, however, were found to be very 

stable, as subsequent drying and acac equilibration treatments resulted in the same 

7loa MAS NMR spectra as published, even after a period of more than a year. 

Because of the difficulties with respect to the detection of the non-framework 

gallium, in the discussion of the results described in this chapter, only signals 

originating from tetrahedrally coordinated (framework) gallium have been 

considered. 

In order to obtain more information about the properties of H(Ga)ZSMS 

gallosilicates, our 11oa MAS NMR investigations were continued. The thermal 

stability of the materials was measured by recording the 7loa MAS NMR spectra 

after calcination at various temperatures. In addition, the thermal stability in the 

presence of water vapour was investigated. 

Moreover, special attention was paid to the quantification of the apparent 11oa 

MAS NMR line intensities of the gallosilicates containing various counter ions, as 

until now no systematic investigation was carried out regarding this aspect. 

8.2 Experimental 

Catalyst preparation 

Preparation of the gallosilicates was carried out by a method based on the patent of 

Chen et al. [15], adding Ga203 instead of Al2(S04)3·18H20 to the synthesis 
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mixture, in the stage of gel formation. Crystallization was carried out during six days 

at 423 K in a teflon lined autoclave. After crystallization, the zeolites were calcined 

(3 hrs, 823 K). three fold ion-exchanged (1 hour, 363 K, 2 M Nf4NOJ) and finally 

calcined for a second time (3 hrs, 823 K). The prepared gallosilicates will be 

referred to as Ga-x, where x represents the number of gallium atoms/unit cell, as 

determined by atomic absorption spectroscopy. 

In order to see the influence of lattice defects on the gallium NMR response, one 

sample was treated for a further 68 hours at n3 K in a flow of water vapour 

saturated air (20 ml/min, vapour pressure of water about 2 kPa). 

M +-exchanged zeolites (M + = 1i +, ... Cs+) were obtained by three fold ion

exchange of the zeolite with a 2 M solution of the alkali-chloride salts at 363 K. 
Steaming of the zeolites was carried out with the Nf4 + form of the zeolites in a 

flow of water saturated air (20 ml/min), containing about 28 kPa of water vapour. 

Thermogravimetric determination of the water content of the water equilibrated 

samples were carried out in a Cahn electrobalance, heating about 30 mg sample in a 

stream of helium. The effect of water removal on the detectability of the gallium 

was investigated by drying the samples for 16 hours at 443 K, and transferring the 

zeolite powder to the spinner in a nitrogen flushed glove-box. 

Further details of the sample pretreatments like temperature etc. are mentioned in 

the results section of this chapter. 

71Ga MAS NMR measurements 
NMR spectroscopic measurements were carried out on a Bruker AM 600 NMR 

spectrometer (71oa NMR frequency 183.0 MHz). Spectra were obtained using a 

home built single tuned probe, equipped with a Doty 5 mm double bearing MAS 

assembly. Spinning speeds of approximately 8 kHz were employed and chemical 

shifts were measured relative to the hexahydrated Ga3+ ion in a gallium nitrate 

solution. 

In order to obtain quantitatively meaningful determinations of quadrupolar nuclei 

like 11oa, important precautions have to be taken for the measurements, e.g. the 

use of short and powerful rf pulses [16,17]. The pulse width used for the present 

measurements was 2 µ. s with an rf field strength of 48 kHz. The pulse repetition time 

was 0.4 sec, the average Ti-values for 11oa NMR signals of the present materials 

are about 0.07 sec, as determined by a progressive saturation experiment. 

For the quantitative determination of gallium in the zeolites, the areas of the NMR 

lines obtained from the zeolite samples were compared with the lines measured 
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from a known amount of hexahydrated Ga3+ -ions in a Ga(N03)3 solution. This 
reference solution was measured simultaneously with the solid material, while 
spinning at 8 kHz. This was done by placing a small Kel-F cup. containing the 
reference solution in the rotor. The remaining space was filled with zeolite powder. 
For comparison of the signal intensities obtained from the gallium in the solution 
and in the solid state. correction terms have to be applied, as in the former case all 
transitions of the gallium nuclei are excited and measured, while in the latter case 
only the central transition is measured. Further experimental precautions and 
theoretical backgrounds of this method for quantitative determinations have been 
described in the literature [16-19]. 
An additional correction has to be carried out for the different effects of the 
spectrometer dead time (8.6 µ s) for the relatively sharp NMR line of the gallium in 
the reference solution (line width ca. 800 Hz) and the relatively broad 71oa NMR 
line originating from the gallium in the solid (line width ca. 3300 Hz). For the 
experimental conditions applied and assuming a single-exponential FID, a (relative) 
loss of of gallium NMR signal intensity for the solid state as compared to the 
gallium in solution can be deduced of 14.6%, which means that the measured 
amounts of gallium in the appropriate samples have to be corrected with this 

percentage. Somewhat larger corrections have been applied for the significantly 
broader lines, e.g. for the uncalcined samples under the same conditions a 
correction percentage of 18.1 % was applied, due to the larger linewidth. 
The contributions of the spinning side bands. visible in the spectra obtained with 
spinning at 8 kHz, have been determined in two ways. Firstly, by integration of the 
peak areas in the spectra, and secondly, by carrying out a series of experiments with 
increased spinning frequencies (8, 10, 12 and 14 kHz), thus virtually eliminating the 
spinning side bands. 

295; MAS NMR measurements 
The 29si MAS NMR were carried out on a Bruker CXP-300 spectrometer (29si 

frequency 59.63 MHz). equipped with a standard 7 mm Bruker MAS assembly. 
Spinning frequencies of ca. 2.5 kHz were employed. For the CP MAS NMR 
measurements contact times of 10 ms were applied. 

1 H NMR ("CRAMPS'1 measurements 
The 1H NMR ("CRAMPS") were also carried out on a Bruker CXP-300 
spectrometer ( 1H frequency 300.13 MHz). equipped with a standard 4 mm Bruker 
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MAS assembly.A MREV.8 cycle was applied, the11 /2 puls time was 2.8µs. We 

realize that these conditions are not the most suitable for employing CRAMPS 

measurements. Spinning frequencies of ca. 9 kHz were employed, and a pulse 

repetition time of 2 s. The samples were dried at 673 K prior to the measurements 

and transferred to the spinner in a nitrogen flushed glove box. No further 

precautions were taken to prevent water adsorption on the zeolite during the NMR 

measurements. However, no changes were observed in the IH NMR spectra 

("CRAMPS") over periods of ca. I5 hours. 

8.3 Results 

General features of the 7l Ga NMR lines. 
For the uncalcined ZSM5 zeolite with 3.37 gallium/unit cell (Si/Ga=28) and 

containing the tetrapropylammonium ion (TP A+), one 7loa NMR response was 

obtained at + I55 ppm with a line width of about 4.8 kHz (figure 8.Ia, table VIII.1). 

A peak in this region had earlier been observed in other gallosilicate structures and 

was identified as originating from tetrahedrally coordinated framework gallium 

[I0,11). 

Quantitative determination of the peak area shows that this 7loa line represents 

about 59 .± 2% of the total gallium content (table VIII. I), as measured by AAS. 

Figure 8. lb and table VIII. I show that drying of the zeolite in this form has 

negligible effect on the apparent NMR response, in contrast with earlier 

observations on the (Ga)ZSM5 zeolites in the H+ form, where drying caused 

broadening of the lines beyond detection. After the pretreatments of the zeolites to 

make them suitable for catalytic uses ( calcination, ion-exchange with 2M NJ4N03 

and a second calcination), a shift in line position occurred (to about + 161 ppm, 

figure 8.lc) together with a decrease in line width to about 3.3 kHz. The percentage 

of gallium represented by this line after calcination and ion-exchange is also higher 

{table VIII.l), as compared to the uncalcined material. 

In order to see the influence of framework defects on the broadening of the line, the 

zeolite Ga-3.37 was heated at 773 Kin a stream of water saturated air for another 

68 hours. For H(Al)ZSM5 zeolites, such treatment is known to induce migration of 

defects from inside the zeolite particles to the outer surface [20,21.J. The spectra of 

the gallosilicates after such treatment showed a reduction of the line width to about 

3 kHz, but no significant change in the peak area. 
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Figure 8.1 71 Ga MAS NMR spectra of zeolite Ga~3.37; 
(a) Un.falcined, dried; (b) uncaldned, Hi() equilibrated; 
(c) H -form, Hi() equilibrated. 
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Table VIJl.J Effect of drying, ion-exchange and calcination treatments on the 71 Ga 
MAS NMR signal intensity of zeolite Ga-3.37 

Sample H20 shift(l) 
(wt%) (ppm) 

TPA +,dried - + 154.6 
TPA +, H20 e~uil. - + 158.4 
H+, H20 equi. 10.2 + 161.1 
H+, H~O vapour, 9.8 +161.1 

68 rs, 773 K 

(1) Line position (top of peak) 

(2) line width 

l.w.(2) 71GaMASN~ 
(kHz) (Ga/u.c.) % 

4.8 1.92 59 
4.7 2.03 63 
3.3 2.42 71 
3.0 2.35 69 

(3) Percentage relative to AAS determination (values..±2%) 

Quantitative determination of gallium in zeolites. 
The results of the quantitative determinations of gallium by 71Ga MAS NMR in 

H(Ga)ZSM5 zeolites containing various amounts of gallium/unit cell are 

summarized in table VIIl.2. The water contents of these samples were about 10-12 

wt%, determined by thermogravimetric analysis. The table also presents the gallium 

contents as measured by AAS (bulk amount) and 29si MAS NMR (framework 

gallium). 

'f~le Vllljp Quantitative determination of Ga in H(Ga)ZSM5 zeolites by means of 
Ga and Si MAS NMR 

Ga/u.c. 

Ga-8.00 8.00 n.d.(3) 1.79 22 
Ga-6.96 6.96 5.05 1.55 22 
Ga-3.37 3.37 3.84 2.41 71 
Ga-2.28 2.28 3.69 1.55 68 
Ga-1.41 1.41 3.10 0.97 69 

(1) Calculated assuming a Gaussian lineshape 

(2) Percentages detected by 71Ga MAS NMR relative to AAS. determination 

(values..± 2%) 

(3) Not determined 

(3) Calculated assuming a Gaussian lineshape 
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A typical 29si MAS NMR spectrum is shown in figure 8.2a for a sample with a 
nominal Si/Ga ratio of 30. The corresponding 29si CP MAS spectrum is shown in 
figure 8.2b. A 1 H NMR spectrum ("CRAMPS") [22] of the same sample is shown in 
figure 8.2c. 
Table VIII.2 shows that for zeolites with less than about 3 gallium ato~/unit cell, 
the apparent 71Ga NMR signal areas are about 70 ..± 2% of the theoretical values, 
based on the actual gallium content (AAS). The amounts of gallium that were found 
by 29si MAS NMR were significantly higher for all samples than measured by AAS. 

-90 -100 -110 -120 -130 

b 

IS a .. 8 
??!'I 

Fisuml2 29si MAS NMR spectrum of zeolite Ga-3.37; 
ff,,J 'vSi CPMAS NMR spectrum of zeolite Ga-3.37; (c) 
H (CRAMPS) NMR spectrum of zeolite Ga-3.37. 

' ·S 

For zeolites with higher gallium contents, the percentages of gallium that are 
detectable for MAS NMR spectroscopy are much lower, e.g. in sample Ga-6.96 only 
about 22 ..± 2 % of the total 7laa NMR response is measured. In favourable cases, 
the presence of non-framework gallium in zeolites with high gallium contents shows 
up in the NMR spectrum, as shown for zeolite H(Ga)ZSMS-8.00 in figure 8.3. 
As the lines in this spectrum, apart from the main peak, are measured in a broad 
range between 0 and + 160 ppm, most of this response is attributed to gallium nuclei 
in very distorted framework or non-framework positions. 
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Figure 8.3. 7l Ga MAS NMR spectrum of zeolite Ga-8.00, 
indicating the existence of (tetrahedrally coordinated) 
extra-framework Ga. 

The contents of the different alkali ions in the ion-exchanged samples (AAS 
determination, column B), and the water contents of these samples (TGA 
determination, column C), are presented in table VIII.3. This table also shows the 
theoretical alkali contents, as calculated from the gallium content of the zeolite and 
asssuming an exchange ratio of 1 alkali ion/gallium site (column A). 

Table VIIL3 Alkali and water contents of ion-exchanged zeolite Ga-1.41. 

sample A_i! c D B , F 

Ga-1.41-H - - 10.6 0.97 69 -
Ga-1.41-Li 0.19 0.23 8.6 1.34 91 69 
Ga-1.41-Na 0.63 0.70 10.2 1.04 71 -
Ga-1.41-K 1.06 1.52 10.2 1.32 95 -
Ga-1.41-Rb 2.29 3.18 10.4 1.34 96 65 
Ga-1.41-Cs 3.50 5.80 9.7 1.42 '101' -
A: Theoretical alkali content, based on 1.41 Ga/u.c. and assuming exchange of 1 
alkali ion/Ga atom. 
B: Actual alkali content (AAS determination). 
C: Wt% of water adsorbed. 
D: Ga/u.c. measured by 71Ga MAS NMR. 
E: Percentage of Ga measured by 71Ga MAS NMR, relative to total Ga content 
(AAS determination, values.± 2%). 
F: Percentage of Ga measured by 71Ga MAS NMR after back-exchange of some 
samples to the Na+ form, relative to AAS determination (values_± 2%). 



150 
l'PM 

Figure 8.4 71 Ga MAS NMR spectra of zeolite Ga-1.41, 
ion-exchanged with different alkali ions 

It is clear that in all cases an excess of alkali ions is observed, increasing with the 

size of the cation. Thermogravimetric analysis on these samples shows no large 

variations in the water contents of the samples. 

Table VIII.3 and figure 8.4 show further that varying gallium responses are 

measured in the samples containing different alkali ions {columns D and E), 

although no variations in line widths are measured. Maximum 71oa signal 

intensities are obtained for the largest alkali ions (Rb+, Cs+ ), while for the H + 

and the Na+ form of the zeolite relatively low signal intensities are measured. 

Generally, the ion-effects are reversible, as upon back-exchange of the Li+ and 

Rb+ samples to the Na+ form, a strongly reduced 7loa signal intensity is 

measured again (table 3, column F). 

The effect of drying of the ion-exchanged zeolite on the 7loa NMR signal intensity 

is shown in figure 8.5 for the Rb+ form of the zeolite. Similar results have been 

measured for the Li+ and the Cs+ forms of the zeolite. 

It is clear that also for the alkali exchanged zeolites, water equilibration is 

indispensible for making the framework gallium detectable, similar to earlier 

observations with the H + form [11 ]. A noteworthy difference, however, is the fact 

that even in the dry state of the ion-exchanged samples still about 10% of the 7loa 

NMR response is left, while in the H + form the line completely diminishes [11 ]. 
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Figure &5. Effect of drying on the apparent Ga NMR signal 
lines for the Rb+ exchanged Ga-1.41 zeolite; (a) dry; (b) 
after 2 hours laboratory air at room temperature; (c) after 
water equilibration. 

Therm.al and hydrothermal stability of the gallosilicates. 
The amounts of gallium/u.c. of zeolite Ga-2.28, measured by 7loa MAS NMR, of 

the samples calcined at different temperatures in a helium/oxygen (80/20) 

atmosphere during 3 hours, are presented table VIII.4. Assuming that the NMR 

detectability of the gallium for these samples does not change during heat 

treatment, it is clear that up to temperatures of 873 K, no loss of framework gallium 

is observed by the NMR technique. 

Table VI/1.4 Stability of gallosilicate Ga-2.28 under therm.al and hydrothermal 
conditions (steaming) at various temperatures during 3 hours. 

Treatment Ga/u.c.(1) 

Calcination, 3 hours at 823K 1.39 
873K 1.36 
923K 0.62 
983K 0.31 

No steaming 1.39 
Steaming, 3 hours at TI3K 1.39 

823K 1.37 
873K 1.24 

(l) Detectability of gallium 71 % in untreated samples; Ga detectability constant 

during gallium loss. 
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At higher temperatures, the 71Ga NMR signal intensities decrease rapidly and the 
lines became broader, indicating a loss of framework gallium and probably a partial 
distortion of the zeolite framework as well. 
The results of treatment under hydrothermal conditions are also included in table 
VIII.4. Under these circumstances, the loss of framework gallium and a. possible 
destruction of the framework were found to start at a lower temperature: at 873 K 
the loss of gallium NMR response is already substantial. The relative loss of 
framework gallium as a function of steaming time, observed for three gallium 
contents at 873 K, is shown in figure 8.6. This figure clearly shows that the removal 
of gallium from the framework increases with the gallium content of the material. 
The remaining content of framework gallium after 12 hours of steaming, however, is 

largely independent of the initial gallium content. AAS determinations have shown 
that the total amount of gallium does not change during the steam treatment, 
indicating that the gallium removed from the framework does not sublimate from 
the zeolite but is probably deposited in positions where it is not contributing to the 
measurable 71Ga NMR signal. 

o'--~~~~-'-~~~~~-'-~~~~--' 

0 f • 

steamlno tim6 Ctl'•> 
Figure 8.6. Loss of framework Ga during hydrothennal treatmenJ 
of zeolites...with varying Ga contents at 873 K. as calculaled 
from the 11Ga MAS NMR spectra,; (a) Ga-1.41; (b) Ga-228; (c) 
Ga-3.37. 
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8.4 Discussion 

General features of the 7l Ga NMR responses. 
Application of 71oa MAS NMR measurements on uncalcined 'IPA(Ga)ZSM5 
zeolites shows one relatively broad NMR response (4.8 kHz) at + 154 ppm (figure 
8.la, table VIII.I). This line is assigned to tetrahedrally coordinated framework 
gallium [10,11). The amount of water adsorbed in the 'IPA+ form is very small 
(table VIII.l), because the pores are inaccessible to water molecules, but this seems 
to be of little importance for the gallium detectability, as shown by the fact that even 
after extensive drying the same spectrum is obtained (figure 8.lb). After calcination, 
ion-exchanging with 2M ~N03 and a second calcination treatment of the raw 
material, a decrease in line width occurs to about 3.3 kHz (figure 8.lc), and a higher 
percentage of gallium is measured (table VIII.1). The line width for this sample is 
higher as compared to the line width published earlier [23), which can be ascribed to 
a smaller amount of defects in the previous sample, as confirmed by the effect of an 
additional heat treatment, as described above. The (isotropic) chemical shift of this 
line, after correction for the quadrupolar effects is 159.2 ppm. 
The apparent changes in the spectrum, observed after calcination are explained 
assuming that after this treatment, the electric field gradients, caused by the counter 
ions ('IP A+ ), on part of the gallium nuclei in the framework are replaced by those 
caused by (hydrated) protons. The latter effect is lower since a clear increase in the 
total gallium NMR signal intensity is observed. An explanation for this behaviour 
might be a reduction of the (time averaged) electric field gradient on the gallium 
sites in the framework, caused by the spreading out of the positive charge over a 
larger complex, like the hydrated H(H20)n + ion (see discussion of mechanism 
proposed in figure 8.7). 
The changes in line widths during the calcination are ascribed to a re-ordering of 
the zeolite framework, due to the template removal during the first calcination, 
resulting in a more symmetrical coordination around most of the framework gallium 
nuclei, lowering the electric field gradients and the chemical shift dispersion. This 
effect is more pronounced after prolonged heat treatment in the presence of water 
vapour (table VIII.1), as such treatment reduces the amount of lattice defects in the 
zeolite [20,21], thus decreasing the chemical shift dispersion and the distribution of 
quadrupolar interactions. In addition, calcination makes the pores accessible to 
water molecules. 
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Earlier experiments by our group [23] have revealed that the line width of the 

tetrahedrally coordinated gallium resonance at 14.1 Tis dominated by a chemical 

shift distribution (appr. 2100 Hz). Measurements of both 69Ga and 71Ga isotopes, 

combined with field dependent experiments, allowed the determination of the 

approximate quadrupolar coupling constant, and its contribution to the line width 

(appr. 800 Hz). As the line does not show any characteristic quadrupolar features, it 

may well be that a distribution of field gradients exists. Remarkably, no significant 

variation of these parameters was found for samples with a gallium content varying 

from 1.4 tot 3.3 gallium/unit cell. The same holds true for a steam-treated sample. 

The result of these experiments is that the (average) chemical shift of the 

tetrahedrally coordinated gallium resonance in H(Ga)ZSMS is 162 ppm. As no 

further line shape analyses are performed in this chapter, the quoted shifts are 

simply those given by the spectrometers peak-pick routine. 

A comparison of the above mentioned gallium results to those obtained for Al in 

H(Al)ZSM5 structures shows that, despite of the fact that the gallium line width is 

much larger than that for Al, this is due to the different NMR properties of the 

isotopes, and does not point to a structural difference between H(Ga)- and 

H(Al)ZSM5. 

Quantitative determination of gallium in zeolites. 
The quantitative measurements on the H(Ga)ZSMS zeolites, as presented in table 

Vlll.2, show that the 7loa MAS NMR lines, measured after water equilibration of 

the H+ form of gallosilicates with less than about 3 gallium atoms/unit cell 

correspond to about 70 .± 2 % of the theoretical signal intensity to be expected from 

the total gallium content (AAS determination). In quantitative determinations like 

these, important sources of errors can be the spinning side bands [24,25], although 

spinning frequencies of 8 kHz were employed. This problem arises when the 

spinning frequency is less than the chemical shift anisotropy and the second order 

quadrupolar interactions (in Hz) of the gallium in question. An additional difficulty 

in these spectra is, that the main peak in the spectrum at + 161 ppm is asymmetrical, 

making the spinning side bands easier to distinguish from the main peak in the low 

frequency range than in the high frequency range. Based on variation of the 

integration boundaries, curve deconvolution and a series of experiments in which 

the spinning rate was increased to 14 kHz, the contribution of the spinning side 

bands has been determined to be 10-13% of the 71Ga signal intensities. 

Appropriate corrections were applied. 
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The gallium contents that were measured by 29si MAS NMR (figure 8.2a) are for 

all samples higher than the contents determined by AAS (table VIII.2). This can be 
explained by the fact that the signals of Q3(1Ga) and Q3(10H) moieties coincide to 

a large extent. Similar interference may occur when residues of amorphous silica in 
the zeolites are present: the signals caused by such silica species appear in the 29si 
MAS NMR spectrum at the same position as the signals of the Q4 framework silica 
of the zeolite. The silanol nests can be made visible by 29si CP MAS NMR (figure 
8.2b) and by 1H NMR (MAS or CRAMPS, fig. 8.2c), but neither of these can be 
quantified easily [7]. Based on the 29si CP MAS NMR spectra, we surmise that the 
surplus of gallium that is found by 29si MAS NMR is due to lattice defects, see 

above. Similar results were observed for the other starting materials. The presence 
of silanol groups is also confirmed by the 1H NMR "CRAMPS" spectrum [22] of the 
same sample, as shown in figure 8.2c. It is obvious that at least three types of 
protons are visible. We tentatively assign these signals to silanols (11$ 1.6 ppm), 

bridging silanols (::::: 32 ppm) and add sites and/ or water adsorbed on Lewis add 
sites (11$ 5.2 ppm). 
The problems inherent in quantitative determinations of lattice gallium by the 
above mentioned methods, grow substantially after steaming of the samples, as 
gallium is removed from the lattice with concomitant formation of silanols. 
The fact that lower gallium NMR signal intensities are measured than expected 
from the total gallium contents may very well originate from different effects which 
cannot always be distinguished. One explanation assumes that the detected 7loa 
lines originate from gallium on different T sites, possessing electric field gradients of 
varying magnitudes, resulting in varying 71oa MAS NMR responses. The above 

mentioned variations are also time-dependent for each nucleiis of this type. 

Eventually, all 7loa nuclei on T sites can be made to contribute to the 7loa NMR 

signal, see below. 
For gallium amounts, exceeding about 3 gallium/unit cell, the lines appearing at 
about + 160 ppm correspond to about 22 :!.': 2 % of the theoretical response, based 
on the total gallium content (table VIII.2). Here an explanation different from the 

one just presented might prevail. The lower percentages for these samples could 
well be due to the fact that an increasing part of the gallium is introduced in the 
zeolites as non-framework gallium. These gallium species possess large quadrupolar 
interactions, which make them undetectable by NMR. In some cases, the occurence 
of non-framework gallium in zeolites with high gallium contents is visible in the 
spectra, like shown in figure 8.3 (sample Ga-8.00), where a broad gallium NMR line 
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appears in the spectrum, in addition to the line originating from the framework 
gallium. 
From table VIII.3 it is clear that upon ion-exchange of the zeolite with alkali ions, 
an increasing excess is introduced in the zeolites with increasing ionic radius. as 
compared with calculations based on the gallium content and assuming. an exchange 
stoichiometry of 1 alkali ion/gallium atom. This can be explained as follows: in 
earlier ion-exchange studies on H(Al)ZSMS zeolites. it was found that the largest 
alkali ions (Rb+, Cs+) not only exchange the Bronsted acid sites but also the SiOH 

groups of the framework (26]. Such silanol groups are present on the outer surface 
of the zeolite particles, but also on lattice defects within the zeolite framework. 
Moreover, it is known that these larger ions have weaker interactions with the 
framework oxygen atoms next to the gallium atoms, so there may exist an excess of 
the hydrated alkali ions, randomly dispersed in the zeolite pores. The influence of 
this excess of alkali-ions on the (framework) gallium NMR responses cannot be 
estimated, however. 
Table VIII.3 also shows that for zeolites exchanged with different alkali ions but 
containing similar water contents, varying 71oa MAS NMR responses are measured 
(figure 8.4). Higher signal intensities are obtained with the zeolite in the Li+, Rb+ 
or Cs+ forms. In particular, after introduction of Cs+ in the framework, nearly all 
gallium is detected with 7loa MAS NMR. Moreover, this behaviour seems is 
largely reversible: upon back-exchange of the Li+ and Rb+ forms to the Na+ form, 
the apparent 7loa MAS NMR signals reduce to about 70% (table VIII.3). Another 
remarkable observation in the ion-exchanged samples is the fact that some gallium 
signal remains even after drying of the samples (figure 8.5). 
From these observations we can conclude that there is gallium in at least two 
different locations in our samples: 
1) Extra-framework gallium, which exists mostly in such a distorted environment 
that its resonance is too broad to be detected. The results described above indicate 
that this amount is negligible for the zeolites in the H + form, containing less than 

3.37 gallium/u.c. 
2) Tetrahedrally surrounded framework gallium which can only be obs~rved if the 
counter charge in the zeolite pores is sufficiently dislocated, i.e. in hydrated samples. 
This is the main signal observed in the spectra. In dried samples this signal is too 
broad to be detected. This is thought to be due to the large electric field gradient at 
the gallium site, due to the positive charge located in the vicinity of the Ga04 
tetrahedron. In fully hydrated samples. this signal is readily observable~ and shows 
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no line width variation as a function of counter ion. This probably means that for 

this gallium the positive charge is dislocated sufficiently so that the electric field 

gradient at the gallium site is only due to distortions of the local tetrahedral 

surrounding. 

The variations in 71Ga responses observed for zeolites containing different counter 

ions can be explained by assuming that the observed 71Ga NMR signal is not due to 

gallium in one well-defined electric field gradient, but rather due to an assembly of 

gallium nuclei experiencing different e.f.g.'s as a function of time. This is depicted in 

figure 8.7. 

. . . . . .............. . ............................................ 

1

. zeollte pore 

H H Joi H 
~o 'o o 

H H H 'H ' , 000 S.6 A 
tt H + 'H ,H l 
,0 x 0 

H 'H 
••••••••••••••••••••••••••••••••••• ""!"! •••••••••••••••••••••••••••••••••••• 

·······H···················································H······1· 

)> 0 ~ H H X H H 
' " 

H I' O H H S.I A 

'o o o"' o l H H"' 'H 'H 'H 

. ................................................... . 
'-.. ,.....o, / 

81 Ga a I I I\ b 
\ /°' / 81 Qa 
/I I' 

Figure 8. 7. Model explaining the varyin~ 71 Ga signal 
intensities obtained for different alkali ions; (a) 
situation with large electric field gradient; (b) 
situation with low electric field gradient. 

The local charge distribution at the gallium site depends on the nature (radius, etc.) 

and solvation of the alkali ions. When the counter ion is located in the vicinity of the 

oxygen atom of the framework Ga04 tetrahedron (figure 8.7a), the gallium atom 

will experience a large electric field gradient, broadening the gallium resonance 

beyond detection. However, if the counter ion is dislocated from the Ga04 site 

(figure 8. 7b) gallium experiences a small e.f.g. and is readily observable. The 

detectability of the gallium is now thought to depend on the average time the 

counter ion resides in both positions, and the actual value of the field gradient in 

both positions. How the latter values precisely influence the response and line shape 

in this exchange process between visible and invisible gallium is not yet fully 

understood, but it is expected that the response decreases with an increasing field 

gradient in the situation with the charge located on the Ga04 tetrahedron. 



138 

From the fact that no line width variation was observed as a function of the counter 

ion in the fully hydrated state, we already concluded that in this case the e.f.g. is only 

due to distortions of the local tetrahedral surrounding. Thus the gallium response 

will depend most strongly on the e.f.g. the gallium experiences in the disturbed 

framework site. In accordance with our observations, we expect the field gradient in 

this state to be smaller for larger counter ions, a-: the charge will be delocalized 

further from the gallium. Indeed, the gallium response increases with increasing ion 

radius. This is probably also the reason that a gallium signal remains in the 

dehydrated samples (i.e. low water loadings) for the samples with large counter ions. 

lithium forms an exception to the discussed behaviour. In the u+ exchanged 

zeolite, the alkali ion has very strong interactions with the surrounding water 

molecules (structure making properties of li +) (27]. Moreover, there is sufficient 

space in the zeolite pore for the formation a shell of water molecules around it. This 

implies that, in the case of a li + counter ion, the charge is more dislocated from the 

Ga04 unit, as compared to the larger alkali ions for which the formation of a 

complete shell of water molecules is not feasible for steric reasons. A model based 

on similar considerations was earlier proposed by Meinhold et al. [28], who studied 

the aluminum visibility in H(Al)ZSM5 as a function of the water content of the 

zeolite. 

Thermal and hydrothermal stability of the gallosilicates. 

From table VIII.4, it can be concluded that the gallosilicates are thermally stable up 

to temperatures of about 873 k. At higher temperatures the 11oa NMR response at 

+ 161 ppm decreases rapidly. For this observation, two explanations can be given. 

Firstly, there might well be a loss of framework gallium and simultaneously a 

distortion of the zeolite framework. In these stages of gallium loss, however, the 

latter effect could not be followed by XRD spectroscopy. Also 29si MAS NMR is 

not suitable to investigate the structural changes in HZSM5 structures, for the 

reasons mentioned above. Due to the zeolite decomposition, also changes in 

detectability of the remaining framework gallium might occur, leading to a decrease 

of 11oa NMR response. The contribution of this latter effect to the apparent loss of 

total 11oa NMR response, however, cannot be distinguished from the actual loss of 

framework gallium, as no octahedrally coordinated gallium could be detected in the 

samples, even after extensive acac equilibration. After calcination at 983 k, very 

small amounts of gallium remained in the framework. 
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Under steaming conditions the gallosilicates are less stable against heating than in 
dry atmosphere. Table VIII.4 shows that under steaming conditions the loss of 
framework gallium is initiated at temperatures of about 823 K and that at 873 K the 
loss is alteady substantial, especially during the first few hours of hydrothermal 
treatment. Simultaneously with an actual loss of framework gallium, also in this case 
changes in detectability of the framework gallium may occur. Moreover, the 
apparent loss of framework gallium depends on the gallium content of the material, 
as indicated in figure 8.6. With increasing gallium content, the rate of gallium 
removal under hydrothermal conditions becomes relatively larger. Also for the 
determination of this gallium loss, the detectability of the gallium in the samples was 
assumed not to change during the steam treatment. It is quite remarkable that for 
zeolites with quite different initial gallium contents, the level reached after about 3-

6 hours treatment is about 1.3 gallium atom/unit cell. This value has been 
calculated taking into account that about 70% of the gallium is visible in the H + -
form of the zeolite (table VIIl.2), for both the parent and the steamed material. The 
loss of gallium to a well defined framework gallium content indicates that varying 
stabilities of gallium on different T sites in the framework of H(Ga)ZSM5 exist. 
Theoretical calculations on this aspect can probably give more insight in this 
assumption, but that is beyond the scope of the present work. 

8.5 Conclusions 

The 69aa and 7laa MAS NMR measurements described in this chapter have 
provided new information about quantitative aspects of the determination of 
framework gallium in HZSM5 gallosilicates. No direct quantitative information is 
obtained for octahedrally coordinated gallium or for extra-framework material. 
Quantitative determination of framework gallium by 29si MAS NMR was 
unsuccesfull, due to the presence of framework defects (silanol groups). These 
defects have been detected by 29si CP MAS NMR and 1 H NMR ("CRAMPS"). 
In the acid form of the zeolite, about 70% of the theoretical signal intensity is 
measured as a 11Ga line, assigned to tetrahedrally coordinated gallium. In the 
presence of Li+, Rb+ and Cs+ ions, these NMR signals represent about 100% of 
the gallium. 
We propose distributions of lattice gallium over different lattice positions (within a 
given sample). experiencing different, time dependent electric field gradients, 
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depending a.o. on the nature of the counter ions. Clearcut distinctions between the 

several contributing factors are not possible in all cases. 

The H(Ga)ZSMS zeolites were found to be thermally stable up to temperatures of 

873 K. In the presence of steam, the loss of framework gallium starts at 823 K, and 

the rate of disappearance depends on the gallium content of the zeolite. 
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Chapter9 

The use of zinc containing HZSM5 zeolites for the aromatization of 
propane. 

9.1 General Introduction 

The major part of this thesis deals with the properties of H(Al)ZSMS zeolites 

containing gallium, as catalysts for the aromatization of small paraffins. An 

important advantage of the Ga/H(Al)ZSMS system is the relatively high resistance 

against gallium volatilization from the catalysts bed under reaction and regeneration 

conditions. The poisonousness and the high price of gallium salts, however, make 

searching for an alternative dehydrogenating agent desirable. 

A couple of years ago, it was found that zinc is a suitable candidate for this purpose 

[1-3]. One of the major problems of the Zn/H(Al)ZSMS system is the thermal 

unstability under reaction and regeneration conditions: at high temperatures, 

sublimation of zinc from the zeolite occurs [4], resulting in an irreversible loss of 

aromatics selectivity. Attemps to solve this problem were carried out by the 

deposition of a second metal, like platinum or copper, in the zeolite pores, 

additional to the zinc, but in this way other undesirable side reactions were induced 

[4]. Therefore, it is important to investigate whether other methods ofzinc 

introduction can be applied, yielding catalyst with higher stabilities against zinc 

volatilization. Moreover, when higher zinc dispersions can be achieved, probably the 

resistance against deactivation can also be improved. 

Recently, Zn-Al-co-precipitates were introduced as co-catalYsts for the 

aromatization process [5-8], yielding higher aromatics selectivities, relative to zinc

containing catalyst prepared via the conventional preparation methods. 

The main goals of our investigations in the field of H(Al)ZSMS zeolites, containing 

zinc, were (i) to make a comparison of the catalytic activities of zinc and gallium in 

H(Al)ZSMS zeolites for alkane aromatization, (ii) to determine of the most suitable 

way for introdu~tion of zinc in the zeolite, and (iii) to optimize the preparation of 

Zn-Al-coprecipitates, applied in physical mixtures with H(Al}ZSMS. For the latter 

samples, also the deactivation behaviour was studied. 
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10.2 Preparation of HZSMS zeolites containing zinc 

Introduction 

Until now, the isomorphous substitution of aluminum by two-valent ions, like Ni2+ 

and zn2+ in H(Al)ZSMS zeolites is claimed in a few publications, a.o. by Inui et al. 

[7]. There is, however, still no clear evidence for the presence of tetrahedrally 

coordinated (framework) zinc in the zeolites, prepared in that way. In general, it 
must be stated that the possibility for introduction of two-valent ions on T positions 

in zeolite structures is doubtfull, not only because of the electronic structure of these 

ions, but also because of the formation of a relatively unstable, double negatively 

charged framework. This means that preparation of zinc containing zeolites can only 

occur by impregnation or ion-exchanging of the zeolite with a zn2+ containing 

solution, or by physically mixing ZnO powder with the H(Al)ZSMS zeolite. 

However, for these preparation methods, it is quite not sure that the zinc is 

introduced as a highly dispersed oxide phase in the zeolite pores. 

For that reason, our investigations also include attemps to synthesize "H(Zn)ZSMS" 

and "H(Al + Zn)ZSMS" zeolites, by dissolving zinc or a combination of zinc and 

aluminum in the synthesis mixture. For these systems, it is expected that the zinc will 

not be introduced on framework positions during the crystallization process, but will 

rather be incorporated in the structure as a highly dispersed extra-framework oxide 

species, deposited in the pores. For comparison, some other series of H(Al)ZSMS 

zeolites containing zinc were prepared via impregnation or ion-exchange with a 

zn2+ solution and by physically mixing ZnO powder with a H(Al)ZSMS zeolite. 

Propane aromatization was used as standard testreaction for the catalytic properties 

of the so prepared catalysts. 

Experimental 

Attemps for the preparation of (partly) isomorphously substituted "H(Zn)ZSMS" 

zeolites were carried out by addition of Zn(N03)2·4H20 to the synthesis mixture in 

the stage of gel formation. The syntheses were carried out according to method B, as 

described in chapter 3 of this thesis. Hydrothermal treatments of the mixtures were 

done at 343 K during 72 hours, similar to the conditions of a H(Al)ZSMS synthesis. 

Also some samples were prepared by the so called 'rapid crystallization method', as 
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described by Inui et al. (10]. Calcination and ion-exchange of the samples were 

carried out according to the procedure described in chapter 3. One zeolite 

containing both aluminum and zinc was prepared by addition of both 

AI2(S04)3.l8H20 and Zn(N03)z·4H20 to the synthesis mixture. This sample will 

be refered to asAll.59/Znl.51, where the numbers refer to the number of 

aluminum and (extra-framework) zinc atoms/unit eel~ respectively. 

Other zeolites containing zinc were prepared by impregnation or ion-exchange of 

the H(Al)ZSM5 zeolites with a Zn(N03)z·4H20 solution and subsequent 

calcination. These samples will be refered to as IM.x: and IEx, respectively, where x 

represents the number of (extra-framework) zinc atoms/unit cell. 

The zeolites were characterized by XRD, IR, and NH3 TPD. The chemical 

compositions of the samples were determined by Atomic Absorbtion Spectroscopy. 

Catalytic testing was carried out by propane conversion in a microreactor system, 

using 0.5 g catalyst (WHSV C3Hg = 2 h-1) in the temperature range from 623 K to 

873 K at atmospheric pressure. Deactivation runs were carried out at the same 

WHSV at a temperature of 873 K. 

Results and Discussion 

Some synthesis characteristics of the H(Zn)ZSM5 samples prepared in different 

ways are shown in table IX.I. 

Table /XI Synthesis and products of H(Zn)ZSM5 zeolites 

sample Zn-source method 

Zn-1 acetate B 
Zn-2 nitrate B 
Zn-3 acetate ~ Zn-4 nitrate 
Zn-5 nitrate 1* 
All.59/Znl.51 nitrate B 

*1 = rapid crystallization method by Inui et al. (10] 

**Si/ Alsolid = 58 

Si/Zng~l 

30 
30 
60 
30 
60 

Si/Zllsolid 

39 
35 
54 
77 
67 .. 
62 

It is obvious that not all zinc, present in the synthesis mixture, is incorporated in the 

zeolite framework, as the Si/Zn ratio of the calcined and ion-exchanged zeolite is 
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higher than the Si/Zn ratio. of the synthesis mixture. The source of the zinc (acetate 
or nitrate) was found not to have a large effect on the structure and properties of 
the product. The difference between the Zn/Si ratios of the synthesis mixtures and 
products Is only small. This is quite remarkable, taking into account the XRD 
results, presented in table IX.2. With XRD, all H(Zn)ZSM5 structures were found 
to be monoclinic, which is a strong indication that only negligible amounts of the 
zinc atoms are introduced on T positions in the framework [11], in line with our 
expectations. As the XRD measurements were carried out on samples in the H + 
form (see for pretreatment chapter 3), it must be concluded that there must be some 
kind of interaction between the zinc and the silicalite framework, otherwise the zinc 
ions would have been removed during the ion-exchange treatments with a 2 M 
Nf4N03 solution, or during the extensive washing of the samples between the ion
exchange treatments. The XRD spectra show further that highly crystalline 
materials are obtained, except for the samples prepared by the rapid crystallization 
method of Inui [10], where one sample was completely amorphous and another bad 
a relatively low crystallinity. Scanning Electron Microscopy showed that the sizes of 
the crystallites prepared via method B were about 8-9 /J m, while the sample Zn-5, 
prepared via the method of Inui [ 1 O], was about 3-4 /J m. 

Table IX.2 Crystallographic data of H(Zn)ZSM5 zeolites 

sample crystal-
linity (%) 

Zn-1 > 95 
. Zn-2 > 95 
Zn-3 > 95 
Zn-4 amorphous 
Zn-5 65° 

Silicalite-1 > 98 

• monoclinic structure 
••estimated value 

structure lattice parameters 
type a(A) b(A) 

• 19.984 19.895 mon 
mon 20.116 19.914 
mon 20.054 19.886 

- - . 
mon 20.257 19.894 
mon 20.096 19.949 

c(A) 

13.343 
13.408 
13.364 

-
13.411 
13.428 

Table IX.2 further shows some variations in the unit cell parameters, but no clear 
trends to larger values can be observed for the structures containing zinc, despite of 
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the much larger ionic radius of the zn2+, as compared to the Al3+ ion (0.74 and 

0.51 A, respectively). This is in agreement with the observation that the zinc ions are 

not introduced as framework zinc in the zeolite structure, but rather as highly 

dispersed zinc oxide in a "silicalite-1" structure (no aluminum present). In that way, 

the structure remains monoclinic, while after zinc introduction on T positions a 

transformation to an orthorhombic structure would occur, like observed for 

aluminum [12]. 

The IR spectra of these samples show the characteristic lines of the H(Al)ZSMS 

structure. NH3 TPD measurements showed no Br4>nsted acidity for these materials, 

verifying that no framework zinc is present in these silicalite structures. 

Propane conversion 
The conversion and product selectivity for propane conversion at 873 K of the 

''H(Zn)ZSM5" zeolites described above, are shown in figure 9.1. It is clear that the 

only reactions are dehydrogenation to propene and cracking to methane and ethene. 

The latter products may be formed by the thermal cracking of propane, via a radical 

chain mechanism, as described earlier by Kniel et al. [13). For the dehydrogenation 

reaction, the zn2 + ion is proposed to accept a hydride ion from the propane [3], 

with the formation of a carbenium ion (equation 9.1). The possibility of such bond 

cleavage over zinc oxide is known from literature [14]. 

C3Hs + zn2+ ---- > CJH7 + + (Zn-H) + (eq. 9.1) 

In a subsequent step, the carbenium ion will react to an olefin, while molecular 

hydrogen is formed. As no Br4msted acid sites are present in these zeolites, 

formation of higher products (e.g. aromatics) is impossible. 

100 ~---~-~--......-~ 

80 

60 

40 

20 

0 
Zn-1 Zn-2 Zn-3 Zn-4 Zn-5 

- Conv. 

•c1 

!mmc2= 

~C2 

LJC3= 

Figure 9.1. Propane conversions and product distributions over 
"H(Zn)ZSM5" zeolites at 873 K 
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The "H(Al + Zn)ZSM5 zeolite", prepared according to the method described above, 
was also a highly crystalline material (crystallinity > 95%). However, also for this 
sample, there is no evidence that the zinc is located on T site positions in the 
framework. 
Application of this "H(AI + Zn)ZSM5" zeolite for propane aromatization shows a 
higher conversion as compared to the "H(Zn)ZSM5 zeolites" (figure 9.2), due to the 
presence of Br•nsted acid sites in these samples. These sites are proposed to be 
active in the dehydrogenation of the starting paraffin (formation of hydrogen) and 
the oligomerization of intermediate small olefins. However, the conversion of the 
"H(Al+Zn)ZSM5" zeolite (Si/Zn+AI = 29) is significantly lower, relative to a 
H(Al)ZSM5 aluminosilicates with a comparable Si/ Al ratio. This is due to the fact 
that no zinc is located on T sites, making the actual amount of acid sites lower than 
calculated from the Si/ Al+ Zn ratio. 

100 ....---~~.....-~----.,...--~-....~~---. 

80 

60 

40 

20 

0 
HZSM5 Al 1.59/ PM2.01 PM4.82 

Zn1.51 

•conv 

•c1 

!mJ C2= 

~C2 

LJAR 

Fig. 9.2 Propane conversions at 823 Kover H(Al)ZSMS, 
"H(Al+Zn)ZSM5" (All.59/Znl.51), and physical. mixtures of 
H(Al)ZSM5 (2.9 Alfa.c.) with ZnO powder (PMx, x represents 
the number of zinc atoms/u.c. 

After introduction of zinc by "isomorphously substitution" or physical mixing with 
ZnO, the aromatics selectivities increase to more than 50 C%, which is similar to 
the values obtained over zeolites containing gallium. see chapter 4. It can be 
calculated that these high aromatics selectivities are only possible when molecular 
hydrogen is formed, concomitant with the aromatics. Due to this dehydrogenation 
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activity of the zinc species, hydrogen transfer reactions are suppressed, leaving more 
small olefins available for incorporation in aromatic structures. 
Increasing the zinc content also improves the activity of the physical mixtures of 
H(Al)ZSM5 and ZnO, indicating a promoting effect of the zinc species on the 
activation of the starting paraffin. This can occur via C-H bond cleavage in the 
starting paraffin, as shown by Kokes et al. [14]. 

The results of propane aromatization over the zinc containing H(Al)ZSM5 zeolites 
at 823 K, prepared by impregnation (samples IMx) or ion-exchange (samples IEx), 
are shown in figure 9.3. 

100 ~------------..... 

• Conv. 

r1Jlc1 ~ eo 
~ 
~ 60 !i'il C2= 

~ 40 

~ ~C2 
0 u 20 AR 

0 
IM2.89 IM11.0 IE1.54 IE3.80 

Fig. 9.3. Propane conversions ~ yroduct distributions at 823 K 
over H(Al)ZSM5 zeoliles (29 Al/unit cell) containing zinc,. prepared 
by impregnation (samples /Mx) or ion-exchange (samples 11£x), (x 
represents the number of zinc atoms/u.c. · 

Also for these samples, small amounts of zinc improves the activities for the 
aromatization reaction, due to the dehydrogenation activity of the the zinc species 
[8]. The maximum aromatics selectivity of the samples is about 45 C%, which is 

higher than the values observed for the pure H(Al)ZSM5 zeolite, but significantly 
lower than the selectivities observed over the partly "isomorphously substituted" 
samples or the physical mixtures. However, for these samples a relatively rapid loss 
of zinc was observed during the reaction. This means that the loss of aromatics 
selectivity can be caused by the unstability of the zinc species introduced in this way. 
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Conclusions 

Preparation of H(Al)ZSM5 zeolites containing zinc is possible by addition of a zinc 

salt to the synthesis mixture in the stage of gel formation, but the zinc is not 

introduced on T sites. The zinc is supposed to be dispersed in the pores of the 

zeolite during the crystallization process, as the major part of the zinc is found back 

with chemical analysis in the crystallization product. These zeolites are suitable 

catalysts for propane aromatization, as comparable aromatics selectivities are 

obtained, as compared with the zeolite containing gallium. 

Other methods to introduce zinc are physically mixing of H(Al)ZSMS with ZnO or 

impregnation or ion-exchange of H(Al)ZSMS with a zinc solution. 

In all cases. the introduction of zinc in H(Al)ZSMS zeolites improves the selectivity 

to aromatics, especially when the zinc is introduced during the zeolite synthesis or 

by physically mixing • The other preparation methods yield products with a low 

resistance against zinc sublimation under reaction conditions. 

9.3 'The preparation of Zn-Al-coprecipitate/H(Al)ZSMS and its use for alkane 

aromatization 

Introduction 

Application of H(Al)ZSMS zeolites, physically mixed with a Zn-Al-coprecipitate 

were firstly introduced by Le Van Mao et al. [5,6) as suitable catalysts for the 

aromatization of small alkanes. Recently, two more papers were published in which 

the Zn-Al-coprecipitates were prepared and applied for the aromatization reaction 

[7,8). The main role of the co-precipitate during propane aromatization was 

assumed to act as a sink for hydrogen via the so called hydrogen back-spillover 

(HBS) mechanism. Also hydrogenation of small olefins was found to occur over the 

co-precipitates (scavenging function of the co-precipitate). For both reactions, an 

intimate contact between the co-precipitate and the H(Al)ZSMS zeolite appeared 

to be of large importance. 

Other interesting points of these systems might be (i) a stronger bond between the 

zinc species and the support, making the sublimation of the zinc species less 

favourable, and (ii) the fact that smaller amounts of zinc are probably required, as 

the zinc may have a higher dispersion on the surface. The aim of our work was to 
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optimize the preparation method of these materials and to investigate the catalytic 

stabilities of physical mixtures containing the co-precipitates, for comparison with 

the conventional zinc containing systems. 

Precipitation of Zn- and Al-hydroxides 

Formation of Zn-Al-coprecipitates can occur frcm solutions containing hydrated 

aluminum and zinc ions. In the zinc solution, depending on the pH, the following 

equilibria exist: 

Zn(Hz0)42+ <-> Zn(OH)(Hz0)3 + + H+ aq pH < 5 

Zn(OH)(Hz0)3 + <---> Zn(OH)z(HzO)z + H+aq 

and in the aluminum solution: 

Al(Hz0)63+ <---> Al(OH)(H20)52+ + H+ aq 

Al(OH)(H20)52+ <---> Al(OH)z(Hz0)41+ + H+ aq 

Al(OH)z(H20)4 + <---> Al(OH)3(Hz0)3 + H+ aq 

Al(OH)3(Hz0)3 <--> Al(OH)4(H20)z" + H+ aq 

pH<2 

pH> 3 

pH> 4 

pH> 10 

The (partly) hydrolyzed metal ions can polymerize to form zinc- or 

aluminumhydroxide gels or, in the case that mixtures are used, a zinc

aluminumhydroxide cogel. 

Experimental 

For the synthesis of the co-precipitates Zn(N03)2·4Hz0 and Al(N03)3 9Hz0 were. 

used as metal salts, as the nitrate groups can be removed completely by calcination 

of the products in air. 

Two different preparation methods were applied, which will be referred to as 

method I and method Il, respectively. In the case of method I, both metal salts were 
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dissolved in water and after dissolution the total water volume was filled up to 200 

ml (total metal concentration 0.030 M). Subsequently, the pH was raised to 7 by 

addition of a 25% NH3 solution at 313 K. 
For preparation method II, both the zinc salt and the aluminum salt were dissolved 

in 150 ml water. This solution was added simultaneously with a 25% NH3 solution 

to 50 ml water, at constant pH (pH:::: 7). The obtained suspensions were stirred for 

two hours, and then stored for two more hours, without stirring. The formed 

precipitates were filtered off, washed thouroughly with water and dried for 16 hours 

at 353 K. Subsequent calcination of the samples was carried out at 823 K during 10 

hours. Characterization of the products was carried out by XRD, AAS, SBM and 

BET surface analysis. Catalytic measurements were done by propane conversion 

over the pure Zn-Al-coprecipitates and over physical mixtures of the H(Al)ZSMS 

zeolite and the Zn-Al-coprecipitates. 

Results and Discussion 

Characterization of the co-precipitate 

The compositions of the solutions used for the synthesis of a series of co-precipitates 

and the properties of the obtained products are shown in table IX.3. 

Table IX3 Composition of reagent mixtures and characteristics of the products for the 
preparation of the Zn-Al-co-precipitates. 

sample Zn/Al Zn/Al method 
. ,. 

Sf-;. "n-1 Stze 
gel product (µm) (m /g) 

#1 1 1.02 0.23 I 400 .. d **"' n .. 
#2 1 0.82 025 I 400 .. 32 
#5 1 1.51 0.33 I 400 .. low 
#6 3 1.58 0.19 I n.d. n.d. 
#8 1 0.61 0.05 I 4-6 52 
#22 1 0.71 0.14 II 3-5 49 
#20 1 0.48 0.03 II 4-7 53 
#21 3 1.36 0.04 II 10-12 52 

"' mean particle size 

"'"' large· agglomerate 
.. "' not determined 
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Table X.3 shows that the bulk Zn/ Al ratios of the co-precipitates of the samples 
prepared via method I, as determined by AAS, are higher than those in the solution, 
in the case the precipitation takes place from a solution with Zn/ Al = 1. Lower bulk 
Zn/ Al ratios are measured in the products prepared from a solution with Zn/ Al = 
3. SEM showed further that via method I large aggregates are formed, ~bile the 
products of method II consist of small particles. 
The EDX surface analysis of a number of particles prepared by method I, shows 
that the enrichement of zinc is also present in the surface. This high surface Zn/ Al 

ratios can be explained by the precipitation behaviour of the metal hydroxides: in 
method I, the aluminum oxide precipitates first with increasing pH, followed by the 
precipitation of the zinc, causing a partial coverage of the aluminum-hydroxide by 
the zinc-hydroxide. 
For the samples prepared via method II, smaller values for the surface Zn/ Al ratios 
are measured, indicating that more aluminum is present in the surface. Another 
important aspect is that the surface compositions of these samples are more 
homogeneous, as shown by the lower deviations of the EDX analysis results (x0 .1). 

Propane conversion over the co-precipitate and physical mixtures of co-precipitate and 

H(Al)ZSM5. 

The conversions and product selectivities of propane conversion over three of the 
co-precipitates prepared via method I and II are shown in figure 95. 

* Q 
~ 

* > c 
0 
0 

100 
- Corw. 

80 
Bc1 

60 
Bc2= 

40 
il!mc3= 

20 ~C3= 

0 
#5 #20 #21 

Fig. 9.5 Propane conyersion over the Zn·Al-coprecipitates (T=873K. 
propane WHSV2 h" ). 
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Obviously, low conversions are measured, and the main products that are formed 
are methane and ethene. These products may be formed by thermal cracking via a 
radical mechanism, similar to the mechanism described above for the "H(Zn)ZSM5" 
zeolites. · 

The conversions and aromatics selectivities for propane conversion over physical 
mixtures of H(Al)ZSM5 (2.9 Al/unit cell) with different amounts of co-precipitate 
#5 are shown in figure 9.5a and 9.5b, respectively. The influence of the addition of 
co-precipitate on the activity is only small, but addition of 5 wt% and 10 wt% co
catalyst increases the aromatics selectivity to 40 and 58 C%, respectively. These 
enhancements cannot be explained by the aromatization activity of the cocatalyst, 
because the aromatics selectivity of the physical mixture is higher than the sum of 
the selectivities of the separate components. 

100 
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i 
40 0 

20 

0 
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COIW. (%) 

Fig. 9.5 (a) Propane conversion over physical mixtures of 
co-precipitate #5 and H(Al)ZSM5 (2.9 Al/u.c.), (b) aromatics 
selectivities during propane conver.rion over over physical 
mixtures of co-precipitate #5 and H(Al)Z$M5 (2.fi Al/u.c.). 

D 0 wt% 

+ 5 wt% 

<> 10 wt% 

The results of physically mixing a "high surface area" co-precipitate (prepared via 
method II) with the H(Al)ZSM5 zeolite on the propane conversion and the 
selectivity to aromatics are shown in figure 9.6a and 9.6b, respectively. 
These figures show that addition of co-precipitate #21 has also a positive effect on 
both the activity and the aromatics selectivity. Compared with the results with co
catalyst #5, the improvement of the aromatics selectivity is now much larger: 10 
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wt% of co-precipitate #5 added to the H(Al)ZSM5 zeolite gives a selectivity to 

aromatics of 58 C%, while only 5 wt% of sample #21 is required to reach an 

aromatics selectivity of 70 C%. This difference clearly shows the effect of the 

different structure and particle size of the co-precipitates prepared via method II. 

With smaller particles, larger contact areas with the zeolite particles will be 

possible, increasing the effect on the activity and especially on the aromatics 

selectivity. 
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Fig. 9.6 (a) Propane conversion over physical mixtures of 
co-precipitate #21 and H(Al)ZSM5 (2.9 Al/u.c.), (b) aromatics 
selectivities during propane conversion over over physical 
mixtures of co-precipitate #21 and H(Al)ZSM5 (2.9 Al/u.c.). 
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Fig. 9. 7 Product distribution over physical mixtures: (a) H(Al)ZSM5 
+ 10 wt% #5, and (b) H(Al)ZSM5 + 5 wt% #21. 
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The product distributions obtained for the samples containing 10 wt% #5 and 5 
wt% #21, at 823 K, (comparable conversion levels), are shown in figure 9.7. 
Methane; ethane and ethene are fonned as by-products in only small amounts. 
The deactivation behaviour of the Zn0/H(Al)ZSM5 (PM2.02)or Zn-Al
coprecipitate/-H(Al)ZSM5 physical mixtures are shown in figure 9.8. 
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Fig. 9.8. Conversion and aromatics selectivity versus time on 
stream for propane conversion over the physical mixtures PM2.02 
(Zn0/H(Al)ZSM5), and the physical mixtures H(Al)ZSM5 (29 Al/unit 
cell) with 5 and 10 wt% of co-predpitate #21. 

It is clear that similar deactivation rates are observed for the catalysts with different 
compositions. Moreover, comparison with figure 5.4 (chapter 5) shows that the 
deactivation rates of all systems are higher than these over pure H(Al)ZSM5 
zeolites. This high deactivation rate is caused by rapid coke formation on the 
interface between the zeolite particle and the co-precipitate or the zinc oxide, due to 
the high dehydrogenation activity of the zinc species. Similar observations were 
observed for zeolites containing gallium, as shown in chapter 5 of this thesis. 
During the reactions, a grey deposit was formed on the reactor outlet. EDX analysis 
showed that this deposit consisted of a zinc containing substance, indicating 
sublimation of zinc from the zeolite under reaction conditions. This results in an 
irreversible loss of aromatics selectivity during time on stream. 
Based on this result, it must be concluded that we did not succeed in our attempts 
for preparing zinc containing catalyst with a higher catalytic stability by 
incorporation of the zinc species in an aluminum oxide structure. 
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Mechanism of the reaction 

The present results have shown that pure Zn-Al-coprecipitates have almost no 
activity for aromatization. Only when physically mixed, and thus in intimate contact 
with the zeolite particles, a small increase activity and a substantial increase in 
aromatics selectivity are observed. This means that the aromatics formation can only 
occur in the vicinity of Brtnsted acid sites. So the reaction can only take place at the 
interface between the zeolite particle and the Zn-Al-coprecipitate, which is in 
agreement with the findings of Le Van Mao et. al. [7]. The main role of the Zn-Al
co-precipitate in this approximation is to act as a sink for hydrogen, that is removed 
from the alkanes and cyclo-alkanes. 

The propane aromatization reaction over H(Al)ZSM5 in combination with a Zn-Al
coprecipitate, is visualized in figure 9.9 [7]. 

Ole fins 

Hydrogenatlo~ 
/ 

Paraffins 

Hydrogen-Back-Spillover Hydrogen 

Olefins 

Aromatics 1 

Fig. 9.9 Reaction scheme of propane aromatization over H(Al)ZSM5 

zeolites, physical.ly mixed with a Zn-Al-coprecipitate. 
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The role of the co-catalyst in the dehydrogenation of the starting alkane [3] is 
assumed to be of less importance. 

Apart from the role in the formation of molecular hydrogen, Le Van Mao et al. [8] 

also propose a kind of scavenging action of the co-precipitate, enabling 
hydrogenation reactions of olefins to paraffins. Our results do not confirm this. Part 

of the ethane that is formed over these systems may be due to this reaction, but this 

product can also be formed via cracking reactions over the zeolite.The present 
results have shown the importance of the structure and particle size of the co

precipitate. The differences that were observed with our observations can be 
explained assuming that smaller particles have (i) a larger zinc surface available for 
the reaction, and (ii) a larger contact surface with the zeolite particle. Both factors 
will have a positive effect on the hydrogen removal activity of the co-precipitate. 

9.4 Conclusions 

Zn-Al-coprecipitates are suitable co-catalysts for the aromatization of small alkanes. 
The higher selectivities to aromatics can be ascn'bed to the fact that the co-catalyst 
enables the formation and removal of molecular hydrogen, by acting as a sink. 
Depending on the synthesis procedure of the co-precipitate, co-precipitates with 
smaller or larger particles can be prepared from which the smaller are more suitable 
for catalytic use. With these systems, comparable results can bc;ybbtained as for the 
zeolites containing gallium. 
However, all zinc containing systems suffer from a loss of zinc under reaction 
conditions. 
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Chapter 10 

Preparation, Characterization and Catalysis over GAPS0-11 
Molecular Sieves 

10.1 General Introduction 

In the late seventies, investigations were started on the possibility of incorporation 

of other elements than silicon and aluminum in zeolites. About ten years ago, the 

first succesfull products were obtained consisting of networks of alternating 

aluminum and phosphorus tetrahedra: the AIP04 series [1,2]. In a later stage, also 

silicon was introduced in these structures, yielding the SAPO series [3,4]. In these 

structures, silicon can be introduced on phosphorus positions, yielding weakly 

Br+nsted acidic properties. Also, pairs of aluminum and phosphorus can be replaced 

by two silicon atoms. 

Depending on the synthesis conditions (template, etc.), the tetrahedra can be 

ordered in different ways, yielding numerous structure types with characteristic pore 

structures [5]. 

Also other metal (Me) elements and non-metal elements (El) can be added to the 

synthesis mixture of the AIPO and SAPO structures, yielding the MeAPO 

(MeAPSO) and EIAPO (EIAPSO) series, respectively [6,7]; An review of the 

various structures is shown in figure 10.1 [4]. 

since 1985: 

le APO 

r(Me, Al, P)02] 
Ile = Ilg, lln, Fu 

Co, Zn 

since 1985: 

leAPSO 

[(Me, Al, P, Si)02] 

since 1982: 

since 1984: 

SAPO 

[(Si, Al, P)]02 

since 1985: 

EUPO 

rm. u, P)D2J 
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As, Ga, Ge, Ti 

since 1985: 

ElAl'Stl 

[(El, Al, P, Si)02] 

Fig. 10.1 Review of the AIP04 based molecular sieves 



160 

Regarding the synthesis aspects of these types of materials, the main difference with 

zeolite synthesis is the lower pH of the crystallization mixture. The most suitable 

sources for aluminum are pseudoboehmite or an alkoxyde, while for phosphorus 

ortho-phosphoric acid is most useful • 

The main problem for the application of these materials in catalysis is their 

relatively low thermal stability, relative to zeolite structures. Our investigations in 

the field of the GAPS0-11 syntheses were started, because of our interest in other 

structure types, containing tetrahedrally coordinated framework gallium but with a 

lower acid strength than the H(Ga)ZSMS zeolite. In a following stage, their use in 

hydrocarbon conversions could be studied. Moreover, the pore diameter of the 

structure should be similar to that of a HZSM5 structure, and therefore, the AlP0-

11 structure was chosen. 

10.2 Experimental 

The SAP0-11 structure, containing no gallium, was synthesized according to the 

patent of Lok et al. [9), by the hydrothermal treatment ( 423 K, 135 hrs) of a gel with 

the composition: 

AlzOJ - P205 - 0.025 SiOz - 0.08 DPA- 10 HzO 

where: - silica was added as a waterglass solution 

- aluminum was added in the form of Al-isopropoxide 

- phosphorus was added as ortho-phosphoric acid · 

- DPA = di-n-propylamine (template) 

This composition will be refered to as "standard SAPO". Calcination of the raw 

crystallization product was carried out at 823 K during 3 hours. 

The synthesis of GAPS0-11 is not described in literature. Therefore, an analogue 

preparation method was used as given by Lok and Flanigen in ref. 9, for the 

preparation of FeAPSO. Instead of an iron(ID)salt, a gallium(ID) salt was mixed in 

the gel. The composition of the synthesis mixture for the GAPS0-11 synthesis can 

be described as: 
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This composition will be refered to as "standard GAPSO". The sources of the 

elements and the template were similar to those mentioned above. The 
hydrothermal treatments were carried out under the following conditions: 

crystallization temperature 
crystallization time 
amount of template 
amount of water 

: 413 • 493 K 
: 48 - 190 hours 
: 20 - 100 % of standard GAPSO 
: 50 - 180 % of standard GAPSO 

Characterization of the products was carried out by XRD, NH3 TPD, AAS, SEM, 
IR, pore-volume and pore-diameter determinations and n-butane and n-hexane 
cracking. Crystallinities were determined by integration of the peaks 26 between 20° 
and2s°. 
Catalytic testing was done by various reactions, from which only the conversion of 
hexane and hexene will be described in this chapter. These reactions were carried 
out in a microreactor apparatus, containing about 0.5 g catalyst. The WHSV of n
hexane and n-hexene were 1 h-1. Conversions were measured in a temperature 

range from 623 to 873 K. The conversions were also carried out after introduction of 
platinum in the structure. The platinum containing samples were prepared 
according to the method of Engelen et al. (10]. 

10.3 Results and Discussion 

Comparison of the XRD pattern of the SAP0-11 with the XRD spectrum known in 
literature (11], showed that a highly crystalline material was obtained. The same was 
true for GAPS0-11. Optimizing the calcination conditions, without destroying the 
structure, showed that a temperature of 773 K is sufficient for removing all 
template. A light grey colour on the sample after calcination in air could not be 
avoided, however. This is ascribed to the deposition of some carbonaceous residues 
on the catalyst, originating from the template destruction. 
Typical NH3 TPD patterns of the SAP0-11 and the GAPS0-11 structures are 

shown in figure 10.2. 
It is clear that the SAP0-11 structure has some Brfnsted acidity, as additional to a 
peak at low temperature, originating from physisorbed ammonia, a second peak is 
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observed at about 590 K, which is ascribed to ammonia adsorbed on the Br+nsted 

acid groups. Comparison of the desorption curve of the SAP0-11 molecular sieve, 

with the curve obtained on H(Ga)ZSMS, shows that in the former case the 

desorption of the ammonia occurs at a lower temperature, indicating a lower acid 

strength. In the GAPS0-11 structure, the second peak is almost completely 

eliminated, indicating very little Br+nsted acidity. 

+ aAP0-11 

A GAPS0-11 

~oo'---~_..,;.::___.__~~~--'~~~~_._~__.z::::Jil.....J 

300 400 500 600 700 

Temperatwe (K) 

Fig.10.2 NH3 TPD pattern of SAP0-11 and GAPS0-11 structures. 

The different acid strength of the structures is also verified by the cracking activity 

for n-butane and n-hexane at 773 and 823 K (WHSV 2 h-1), as shown in table X.1. 

Table Xl. tj-butane and n-hexane cracking activities of SAP0-11 and GAPS0-11 
(WHSV2h- ). 

GAPSO 3 
SAP0-11 10 

The porevolume of the GAPS0-11 structure, determined by water and n-butane 

adsorption are 0.14 mljg and 0.048 ml/g. respectively. These values are in good 

agreement with the values reported in the literature [9]. Thermogravimetric 
• measurements on cyclohexane (kinetic diameter 6 A) and neo-pentane (.kinetic 

diameter 6.2 A) adsorption showed that the former probe molecule could penetrate 
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into the zeolite pores, while the latter could not. This is in accordance with the pore 
• size reported in the literature (elliptical pores, 3.9x6.3 A). 

A typical IR spectrum of the GAPS0-11 molecular sieve is shown in figure 10.3. 

The most important IR peaks are summarized in table X.2. 

11 oo c.-1 

Fig. 10.3 IR spectrum of GAPS0-11 molecular sieve 

.Table X2. Identification of the most important peaks in the IR spectrum [12]. 

Wavenumber (cm-1) Vibration 

1635 T-OH2 
1121 T-0 oending 
1033 T-OH asymmetrical 
706,662,596 T-0-T syinmetrical 
473 T-0 bending 

The IR spectra of the SAP0· 11 and the GAPS0-11 structure were almost identical. 

Influence of crystallization time 
The rate of crystallization for a reaction mixture with the composition of~tandard 

GAPSO' at 453 K. was investigated by carrying out XRD m~asurements on the 

products in the autoclave after different crystallization times. The result is shown in 

figure 10.4. 

It is obvious that 100% crystallinity is reached after about 50 hours of crystallization. 

With scanning electron microscopy, no morphological changes could be observed in 

the samples between 46 and 190 hours of crystallization. The products consisted of 
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hexagonal crystals with a size of about 5-7 pm. The hexagonal structures were 

destroyed to some extent during the calcination treatment. 

Atomic Absorption Spectroscopy was performed on a number of these samples to 

obtain insight in the amounts of the different elements that are introduced in the 

structure during the crystallization process. It was found that from a gel of 

composition Gao.osAio.45Po.45Sio.os02, a G~0-11 structure was prepared with 

the composition Gao.osAio.47Po.44Sio.040i· The amounts of the elements 

measured by AAS correspond very well with the theoretical amounts, but it seems 

that slightly larger amounts of aluminum than phosphorus are introduced in the 

structure. 

ao 
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Cryatallzatlon time ... ., 

Fig. 10.4. % Oystallinity versus crystallization time at 

453 K, for synthesis mixture with composition 'standard GAPSO~ 

Influence of crystallization temperature 
The effect of the crystallization temperature on the morphology and particle size of 

the product from a gel with composition standard GAPSO, is much larger than the 

effect of crystallization time, as shown in table X.3. 

The fact that larger crystallites are formed with increasing temperature Can be 

ascribed to a faster growth of the nucleation centres under these conditions. With 

increasing temperatures, the induction time will also become shorter. Upon 

crytallization at 473 K, remarkable hexagonal bars were observed in the product, 
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which must be ascribed to the growth of the GAPS0-11 crystallites in one typical 

direction. 

Table X3. · Effect of crystallization temperature on the size and morphology of the 
GAPS0-11 products, prepared from a gel with composition GAPSO (crystallization 
time 96 hours). 

Crystallization Average particle Form 
temperature (K) size (µm) 

433 2-3 irregular 
453 5-7 (irregular), hexagonal 
473 12-15 hexagonal, bars 
493 18-22 hexagonal, spheres 

Influence of the amount of template 
For investigation of the effect of the amount of template in the synthesis mixture, 

GAPS0-11 syntheses was carried out by introducing 20, 40, 60, 80 and 100% of the 

standard amount of template ~tandard GAPSd) in the mixture. Crystallization was 

carried out at 453 K during 72 hours. The % crystallinity, detemined from XRD 

measurements, versus the amount of template is shown in figure 10.5. 

It is quite remarkable that a nearly linear correlation is observed between the 

crystallinity of the sample and the amount of template. The observation that lower 

crystallinities are obtained with lower template concentrations is probably due to 

the fact that the rate of crystallization in these solutions is significantly lower. 
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Fig. 10.5 Crystallinity of the GAPS0-11 products as fimction of 
the amount of template. 
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Therefore, continuation of the crystallization process, also under these conditions, 

may result in a higher crystallinity. However, this aspect has not been investigated 

yet. 

Influence of the water content of the synthesis mixture 
GAPS0-11 syntheses were also carried out in more diluted systems by addition of 

extra-amounts of water to the synthesis gel. The amounts of water in the molar 

compositions of the standard synthesis gel ()tandard GAPSd) were increased from 

50 H20 to 80 H:zO. After crystallization times of 96 hours, highly crystalline 

products were obtained. Characterization of these samples with SEM showed a 

large effect of the water content on the average particle size in the products, as 

shown in table X.4. 

Table X4 Effect of water content on the GAPSO·ll synthesis. 

Water content * Mean particle 
(xH20) size (pm) 

x = 50 12 
x = 60 20-25 
x = 70 45-50 
x = 80 60-65 

*see composition 'standard GAPSO' 

In table X.4, it is shown that larger crystallites are formed in more diluted systems. 

This can be explained by the formation of a relatively small amount of nucleation 

centres in more diluted systems. As a consequence, the number of 'growing centres' 

remains relatively low, yielding larger crystallites. 

Reaction of n-hexane and n-hexene over GAPS0-11 sttUCtures 
The results of the conversions of n-hexane and n-hexene over GAPS0-11 and 

Pt/GAPS0-11 structures, prepared from a gel with composition standard GAPSO, 

is shown in table X.5. 
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Table XS Conversion ofn-hexane {f6) andn-hexene (C6=) overGAPSO·ll and 0.6 
wt% Pt/GAPSO·ll (W11SV = I h. ). 

Catalyst Temperature (K) 

623 673 723 773 823 873 
Ct; GAPS0-11 

conv.(%) * 2.0 2.4 3.0 3.4 6.7 16.5 
sel. isom. (C%) 95 85 80 75 50 42 

GAPS0-11+0.6wt% Pt 
conv.(%) * 3.2 5.8 6.0 8.3 12.7 22.7 

sel. isom. ( C%) 95 85 80 75 50 42 

c6= GAPS0-11 
conv.(%) * 94.4 94.4 95.0 96.6 96.6 98.8 

sel. isom. (C%) 90 88 81 73 65 48 

GAPS0-11+0.6wt% Pt 
conv.(%) * 90.0 89.7 90.0 90.8 92.0 96.3 

sel. isom. ( C%) 99 99 95 90 70 50 

*selectivity to c6 isomers. 

It is obvious that the conversion of n-hexane over the GAPS0-11 structure is rather 
small. This indicates that the GAPS0-11 also will be unsuitable for the conversion 

, of paraffins in the C3..(4 range. Table X.5 shows further that the selectivity to C6 
isomers decreases with increasing reaction temperature, due to an increasing 
contribution of cracldng reactions. lso-butene is the major cracking product. No 
aromatics were found in the reaction products. The presence of platinum has some 
positive effect on the conversion. but no changes in the product selectivities can be 
observed. 
The conversions of n-hexene are significantly higher than those of n-hexane. Also 
for this reaction. negligible formation of aromatics occurs. In conclusion. from the 
present results, it can be concluded that GAPS0-11 structures are unsuitable as 
catalysts for the production of aromatics from small paraffins or olefins. 

10.4 Conclusions 

From a mixture, containing silicate, AI-isopropoxide, ortho-phoshphoric acid, 
gallium salt and a templating molecule (di-n-propylamine), GAPS0-11 structures 
can be synthesized. These structures have very little Brtnsted acidity. Using a 
standard synthesis mixture ~tandard GAPSd), tlie crystallization process was 
completed in about 50 hours. The particle size of the samples increases with 
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crystallization temperature and the water content of the synthesis mixture. Catalytic 

measurements for the conversion of n-hexane and n-hexene indicated that the 

aromatization activity of these structures is only very small. 
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Chapter 11 

Concluding Remarks 

Aromatics are used on large scale as constituents of liquid fuels. For environmental 

reasons, this application of aromatics will be strongly reduced in future, but the 

demands for aromatics will stay large because of their importance as base chemical 

for a number of industrial processes. For the production of aromatics, the 

conversion of small alkanes is attractive, as large amounts of this raw material are 

available. 

The considerable succes of catalysts based on H(Al)ZSM5 zeolites for the 

production of aromatics out of methanol, can be explained by (i) the selective 

formation of aromatics in the Q)-0) range, and (ii) the relatively low rate of 

deactivation by coke formation. Both factors are ascribed to the shape selective 

properties of the zeolite. 

For the aromatization of propane, purely acidic zeolites are less effective (max. 35 

C% aromatics), so addition of a dehydrogenation function is necessary. Application 

of platinum for this purpose, leads to max. 45 C% of aromatics, but large amounts of 

small alkanes are formed by side-reactions (hydrogenation, hydrogenolysis). To 

overcome the problem of these side-reactions, gallium (and zinc) proved to be good 

alternatives as dehydrogenating agent in the zeolite. An industrial application of 

zeolites containing gallium is the Cyclar process, developed by the BP group [ 1 ]. 
The catalysts for the Cyclar process are prepared by impregnation of the 

H(Al)ZSMS zeolite with gallium. The present investigations have shown that also 

other methods can be used for the preparation of the catalysts, yielding catalysts 

with comparable activities and aromatics selectivities. However, large differences in 

stability under reaction conditions are measured for differently prepared systems. 

Introduction of gallium by impregnation yields the major part of the gallium 

deposited on the outer surface of the zeolite crystallites, because of the large size of 

the hydrated Ga3 + ion. As a consequence, impregnated samples a('e subject to 

strong coke formation. Also in physical mixtures of Ga20J and H(Al)ZSM5, all 

gallium is located outside the zeolite crystallites. 

Much better results were obtained in the present work by isomorphous substitution 

of aluminum by gallium in the zeolite framework, which yields the gallium 

dis1ributed over T-atom positions, giving catalysts with a higher resistance against 
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coke formation. Moreover, it turned out that smaller amounts of gallium were 

necessary when introduced in this way. 

With the introduction of gallium in H(Al)ZSM5 zeolites by isomorphous 

substitution of aluminum, two modifications are introduced simultaneously: 

(i) introduction of dehydrogenation activity in the zeolite pores 

(ii) a reduced acid strength of the Br•nsted acid sites 

The reduced acid strength of the zeolite results in a lower cracking activity of the 

H(Ga)ZSMS zeolite, making cyclization and aromatization of intermediate higher 

olefins more favourable than cracking to smaller hydrocarbon fragments. However, 

the first step of the reaction (the dehydrogenation of the starting paraffin), is also 

catalyzed by Br+nsted acid sites (in co-operation with extra-framework gallium). As 

this reaction is assumed to be the rate determining step of the reaction, the overall 

reaction rate is retarded by the isomorphous substitution of aluminum by gallium. 

As a consequence, the net increase of aromatics yield (paraffin conversion x 

selectivity to aromatics) is rather small for the completely isomorphously substituted 

H(Ga)ZSM5 zeolites, relative to the H(Al)ZSM5 zeolite. 

In order to obtain a high activity in combination with a high aromatics selectivity, 

and thus a significantly higher yield to aromatics, besides gallium also framework 

aluminum must be present in the zeolite. The gallium should preferably not be 

present as framework gallium, but rather as a coordinatively unsaturated extra

framework gallium species, dispersed in the zeolite pore, in the vicinity of the 

Brtnsted acid sites. Such coordinatively unsaturated gallium species can originate 

from (i) amorphous extra-framework gallium(hydr)oxides, or (ii) tri-cdordinated 

(framework) gallium, formed by broken Ga-0-Si bonds in the zeolite structure. 

The present work has shown that this kind of gallium species can only be created in 

the zeolite pores via a two step method: (i) preparation of a partly isomorphously 

substituted H(Al+Ga)ZSMS zeolite, followed by (ii) the selective removal of 

gallium from the framework. The latter step of this procedure was difficult to carry 

out, because (i) the formed extra-framework gallium must become deposited in the 

zeolite, so not all usual dealumination methods can be applied for the Ga3 + 

removal, and (ii) during this treatment, dealumination should be avoided, as this 

will reduce the number of strong Br•nsted acid sites. Moreover, after finishing the 

two step procedure, the total amount of acid sites/unit cell, originating from 

framework aluminum and framework gallium, must still be sufficient for the 
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oligomerization and aromatization of the intermediate olefins, in order to prevent 

retardation of these reactions, decreasing the aromatization rate. 

Both mildly steaming and pore volume impregnation with HO were applied for the 

second step of the preparation, but in all cases, substantial amounts of aluminum 

were removed along with gallium. It seems therefore that gallium and aluminum 

resemble each other to such an extent, that the selective removal of one of them out 

of the zeolite is rather difficult. 

An investigation to estimate the minimum amounts of acid sites/unit cell and 

gallium/unit cell, has shown that only 1.4 acid site/unit cell and 0.2 gallium 

atom/unit cell are required for obtaining a zeolite with optimum activity and 

aromatics selectivity. This result indicates that the possibility of molecular hydrogen 

formation in the presence of small amounts of gallium, as mentioned above, is far 

more important for the enhanced selectivity to aromatics than the reduced cracking 

activity. 

An alternative method to introduce highly dispersed extra-framework gallium in the 

pores of a H(Al)ZSMS zeolite was carried out by the decomposition of 

trimethylgallium (TMG). It proved to be possible to introduce gallium in the 

framework of HZSMS and HY alumino-silicates in this way, via a two step 

procedure: (i) an appropriate dealumination treatment (Si04, HO), forming silanol 

nests in the zeolite, and (ii) TMG decomposition in the zeolite, with the formation 

of methane. Due to a reaction of TMG with silanol groups on the outer surface of 

the zeolite particles, this preparation method also yields a significant part of the 

gallium located on the outer surface of the zeolite crystallites. As a result, the 

catalytic properties of the Ga/H(Al)ZSM5 catalysts, prepared in this way are 

similar to those of a Ga/H(AI)ZSM5 zeolites, prepared by impregnation. 

Determination of framework gallium in H(Ga)ZSMS zeolites by means of solid 

state 71Ga MAS NMR is possible, but only when special measures are taken. The 

main problems with solid state NMR measurements on quadrupolar nuclei. like 

gallium, are the dipolar and quadrupolar interactions, which result in strong 

linebroadening effects. Therefore, high magnetic field strengths and fast magic 

angle spinning (MAS) must be employed. 

Quantitative determinations cf framework gallium by 71Ga MAS NMR proved to 

be complicated, by the fact that not all framework positions are identical. It was 

found that different quadrupolar interactions occur on the gallium atoms at 
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different positions, resulting in differentresponse factors. As a result, only after 

certain pretreatments (ion-exchange with larger alkali ions), all framework gallium 

could be detected. 

Upon application of 71Ga MAS NMR for determination of the residual amount of 

framework gallium in steamed or acid treated zeolites, some other side effects must 

be taken into consideration, that may influence the detectability of the framework 

gallium: (i) the occurence of structural changes in the zeolite, (ii) the influence of 

extra-framework gallium nuclei on the detectability of the residual framework 

gallium, and (iii) the influence of different quadrupolar nuclei, or quadrupolar 

nuclei of the same type, in different coordinations, on their mutual detectabilities. 

This aspect and the fact that extra-framework gallium is nearly always undetectable, 

makes it doubtfull whether a reliable quantitative determination of framework 

gallium loss (and also the framework aluminum loss) during such treatments is 

possible by MAS NMR. 

In general, it must be stated that 7loa MAS NMR is a powerful and pr(j)mising 

technique for determination of framework gallium in H(Ga)ZSMS zeolites, but the 

information dealing with the octahedrally coordinated gallium and the nature of the 

different T sites in the structure, is rather poor. 

For a further development of the 71oa MAS NMR technique, Dynamic Angle 

Spinning (DAS) and DOuble angle Rotation (DOR) techniques will become 

important, as these techniques have the possibility to eliminate large part of the 

second order quadrupolar interactions. 

Application of zeolites containing zinc instead of gallium for the aromatization 

reaction seems attractive, as zinc and zinc compounds are relatively cheap and less 

poisonous than gallium. Introduction of zinc on framework positions in a 

H(Al)ZSMS structure is not possible, and it is expected that this statement can be 

extrapolated to all other bi-valent ions. Introduction of zinc by impregnation, yields 

zeolites that are subject to zinc loss. A new development is the use of Zn·Al· 

coprecipitates as co-catalysts, which may act as hydmgen sink during the 

aromatization reaction. Our work showed that the preparation method is an 

important factor for the activity of these co-catalysts, determining the SHecific 
I 

surface area (structure) and the amount of zinc in the external surface. • 

Our work in the field of the synthesis and characterization of the GAPS0-11 

molecular sieves revealed that interesting work can be done with respect to the 
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synthesis of these materials, but experiments using a number of reactants and 

reactions showed that the use of G APS0-11 in catalysis is very restricted. Acid 

catalysis is impossible over these materials, because of the very low Br•nsted acidity. 

The attention in the future should morely be focussed on the introduction of metals 

with more possible valencies, like cr3 +, eo3 +, etc., in AIP04 structures. Such 

elements have a clear redox behaviour, making them, when introduced in the 

AIP04 structure, suitable catalysts for selective oxidation reactions. 
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Summary 

Application of zeolites and related materials as catalysts for industrial processes has 

become an important field of research during the last thirty years. The work 

described in this thesis deals with the aromatization of small alkanes over 

H(AI)ZSMS zeolites containing gallium. An industrial process, in which this type of 

(bifunctional) catalysts is employed is the Cyclar process, as developed by the BP 

company. The advantages of ZSMS based catalysts are that preferably aromatics in 

the Qi - O} range are formed, while relatively low rates of deactivation by coke 

formation occur. 

Chapter 1 contains a general introduction on zeolites, and various processes that 

have been developed for the upgrading of small alkanes. Also the scope of the 

present investigation is outlined. 

In Chapter 2, a general description is given for the conversion of hydrocarbons over 

acidic zeolites, and the changes in reaction pathway that occur when a 

dehydrogenation function, like platinum or gallium, is introduced. Also the 

structures and properties of galliumoxides are described. 

Chapter 3 describes the preparation of HZSMS zeolites containing gallium. (Partly) 

isomorphously substituted aluminosilicates, containing gallium can be synthesized 

from an alkaline solution, containing the template, silicate and gallate (aluminate) 

ions. However, the present work showed that framework gallium can also be 

introduced in H(AI)ZSMS or H(Al)Y structures via an indirect (2-step) process: (i) 

dealumination of the zeolite by an appropriate dealumination method, followed by 

(ii) treatment with trimethylgallium. Other methods than isomorphous substitution 

to prepare the Ga/HZSMS catalysts (ion-exchange, impregnation and physical 

mixing H(AI)ZSMS with Ga203) yield the major part of the gallium deposited on 

the outer surface of the zeolite crystallites. 

In Chapter 4, the role of the gallium in the separate reaction steps is discussed. 

Gallium has dehydrogenation activity in the presence of strong Bnlmsted acid sites. 

The gallium also proves to be active for the cyclization of the higher olefins. 

Moreover, extra-framework gallium (coordinatively unsaturated) appears to have a 

higher activity for the dehydrocyclization reaction than framework gallium. A 

mechanism is derived for the formation of molecular hydrogen. 

In Chapter 5, several factors regarding the deactivation by coke formation of 

zeolites containing zeolites are described. The preparation method largely 

determines the gallium distribution in the zeolite particles, and thence the resistance 
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against coke formation (shape selectivity). The coke formed over all 

Ga/H(Al)ZSM5 systems is mainly olefinic. Coking yields a loss of pore volume and 

subsequent regeneration treatments remove part of the framework gallium. The 

rate of coke formation can be reduced by the introduction of extra hydrogen in the 

feed, but in this way, also the activity and aromatics selectivity are suppressed. 

As a H(Al)ZSM5 zeolite with highly dispersed extra-framework gallium oxide in the 

pores is the most suitable catalyst, attemps were made for the selective removal of 

framework gallium from a H(Al+Ga)ZSM5 structure. Chapter 6 shows that such 

selective removal of gallium by steaming or acid washing, is very difficult, as 

additional to the gallium in all cases, certain amounts of framework aluminum are 

removed. Optimum catalysts of this type were found to have at least 1.7 H+ /unit 

cell, and 0.2 Ga/unit cell. 

71Ga MAS NMR is a suitable technique to distinguish tetrahedrally coordinated 

framework gallium from extra-framework gallium, existing in other coordinations. 

This is shown in Chapter 7. The quantitative aspects of this technique are shown in 

Chapter 8. Different gallium NMR responses are measured with different (alkali) 

counter ions in the zeolite. A model, based on varying, time dependent electric field 

gradients on different framework gallium positions is derived to explain the 

observations. Also the thermal and hydrothermal stabilities of the HZSM5 

gallosilicates are shown in this chapter. 

In Chapter 9, the use of zinc oxide instead of gallium as dehydrogenating agent for 

the aromatization reaction is shown. Promising results were obtained using Zn-Al

coprecipitates, physically mixed with the H(Al)ZSM5 zeolites. However, all zinc 

containing systems were subject to strong coke formation and loss of zinc. 

Gallium can also be introduced on T positions in SAP0-11 structures, yielding 

GAPS0-11 molecular sieves. In Chapter 10, the effect of various synthesis 

parameters (temparature, time, gel composition, etc.) on the morphology of the 

products are described. GAPS0-11 structures were found to be unsuitable as 

catalysts for alkane aromatization reactions. 
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Samenvatting 

Zeolieten zijn microporeuze kristallijne aluminosilikaten, die op grote schaal als 

katalysator voor industriele processen worden toegepast. Het onderzoek dat in dit 

proefschrift beschreven wordt heeft betrekking op bet aromatiseren van kleine 

alkanen over galliumhoudende HZSM5 zeolieten. Een industrieel proces waarin 

gebruik wordt gemaakt van deze katalysator is bet Cyclar proces, ontwikkeld door 

medewerkers van British Petroleum. De belangrijkste voordelen van katalysatoren 

op basis van ZSM5 zeolieten zijn dat vrijwel selektief aromaten met 6 tot 9 

koolstofatomen worden gevormd, terwijl de deaktivering door koolafzetting op de 

katalysator relatief langzaam verloopt. 

In hoofdstuk 1 wordt een korte inleiding gegeven over de strukturen van zeolieten, 

en over de processen die gebruikt kunnen worden voor de omzetting van kleine 

alkanenin boogwaardigere produkten. Ook bevat dit boofdstuk de achtergrond en 

bet doel van bet onderzoek dat bescbreven wordt in dit proefschrift. 

Hoofdstuk 2 geeft een overzicbt van de verscbillende reakties die koolwaterstoffen 

in zure zeolieten kunnen ondergaan, en de veranderingen in produktselektiviteit 

welke optreden als een dehydrogeneringsfunktie, zoals platina of gallium, in de zure 

zeoliet wordt aangebracht. Ook de struktuur en eigenscbappen van de verscbillende 

vormen van galliumoxide zijn in dit boofdstuk bescbreven. 

In boofdstuk 3 wordt de bereiding van (gedeeltelijk) isomorf gesubstitueerde 

HZSM5 gallo( alumino )silikaten beschreven. Dit kan worden uitgevoerd door 

kristallisatie uit een alkaliscbe oplossing bevattende de template, silikaat en gallaat 

(aluminaat) ionen (direkte methode). Daarnaast blijkt bet mogelijk gallium op 

roosterplaatsen te introduceren in H(Al)ZSM5 en H(Al)Y strukturen via een 2-

staps proces (indirekte metbode): (1) dealumineren van de zeolieten, en (2) 

bebandeling van de gedealumineerde zeolieten met trimethylgallium. 

Bij bet gebruik van conventionele methoden voor de bereiding van 

galliumboudende H(Al)ZSM5 katalysatoren (ionenwisselen, impregneren, en 

fysiscb mengen met Gaz03) blijkt dat een groot deel van bet gallium aan bet 

buitenoppervlak van de zeoliet deeltjes wordtafgezet. 

In boofdstuk 4 wordt de rol van bet gallium in de verscbillende reaktiestappen 

besproken. Het gallium blijkt alleen debydrogenerende eigenscbappen te bezitten 

wanneer naast gallium ook sterk Br;nstedzure groepen aanwezig zijn. Ook blijkt bet 

rooster-gallium aktief voor de omzetting van bogere alkenen naar cyclo

verbindingen. Voor de overall-reaktie blijkt dat extra-rooster gallium een bogere 
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katalytiscbe aktiviteit bezit dan rooster gallium. Tevens is een mecbanisme afgeleid 

voor de vorming van moleculaire waterstof tijdens de aromatiseringsreaktie. 

In boofdstuk 5 worden een aantal faktoren bescbreven die de deaktiveringssnelbeid 

van de katalysator beinvloeden. De belangrijkste faktor bierbij is de 

bereidingsmetbode van de Ga/ZSM5 katalysator, welke bepalend is of bet gallium 

in bet zeolietdeeltje (optimale vormselektiviteit tijdens de reaktie), dan wel op bet 

zeolietdeeltje wordt afgezet (minder optimale vormselektiviteit). Daarnaast is de 

aard van de kool onderzocbt en bet effect van acbtereenvolgende regeneraties op de 

boeveelbeid rooster gallium. De inkolingssnelbeid werd onderdrukt door bijmengen 

van waterstof in de voeding, maar dit gaf tevens een lagere conversie en een sterk 

gereduceerde aromatenselektivitei t. 

Uit bet voorafgaande werk blijkt dat een systeem bestaande uit extra-rooster 

gallium, gedispergeerd in de porien van een H(Al)ZSM5 zeoliet (sterk 

Brtnstedzure groepen), de boogste katalytiscbe aktiviteit bezit. In boofdstuk 6 is 

getracbt dit systeem te verkrijgen door bet rooster-gallium selektief te verwijderen 

uit een H(Al + Ga)ZSMS zeoliet rooster, d.m.v van stomen of zuur wassen. Dit blijkt 

moeilijk, omdat gallium en aluminium zicb in bet rooster vrijwel identiek gedragen, 

waardoor naast bet gallium ook aluminium wordt verwijderd. De minimale 

boeveelbeden H+ /eenheidscel en extra-rooster gallium/ eenbeidscel voor een 

optimale katalysatorvan dit type H(Al+Ga)ZSMS, werden bepaald op 

respektivelijk 1,7 en 0,2 /eenheidscel. 

71Ga MAS NMR is een van de weinige tecbnieken waarmee het mogelijk is rooster 

gallium van extra-roostergallium in gallosilicaten te onderscbeiden. Dit wordt 

aangetoond in boofdstuk 7. De kwantitatieve aspekten van deze tecbniek worden 

bescbreven in boofdstuk 8. Een verrassend resultaat bij deze experimenten is dat de 

intensiteit van de gemeten Ga NMR signalen afhankelijk zijn van bet tegen-ion 

(alkali ion) in de zeoliet struktuur. Een model is afgeleid om dit resultaat te kunnen 

verklaren. Ook zijn met bebulp van deze tecbniek de thermiscbe en 

bydrotbermiscbe stabiliteiten van de ZSMS gallosilikaten onderzocbt. 

Als alternatief voor gallium in ZSMS zeolieten voor de aromatiseringsreaktie zijn 

ook zinkoxide bevattende zeolieten getest. De boogste opbrengst aan aromaten, met 

gebruikmaking van minimale boeveelbeden zink, wordt verkregen over een fysiscb 

mengsel van amorf zink-aluminaat met een H(Al)ZSMS zeoliet. Het grote 

probleem bij alle zinkhoudende katalysatoren is dat onder reaktiecondities een 

verlies van zink optreedt. 



178 

Gallium kan ook worden ingebouwd in de met zeolieten verwante SAPO strukturen. 

In hoofdstuk 10 wordt de invloed van diverse synthese parameters op de 

eigenschappen en de morfologie van de GAPSO struktuur beschreven. Voor 

zuurgekatalyseerde reakties, zoals aromatisering zijn deze strukJuren echter 

ongeschikt. 
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1. De vinding van Ovalles et al., dat bij de omzetting van een methaan/propeen 

mengsel bij 350 C over een gereduceerde Ni/SiO:z katalysator ( conversie 7.0 % ), 
naast i-butaan (527 % selektiviteit) geen n-butaan wordt gevormd, is 

thermodynamisch gezien zeer onwaarschijnlijk. 

C. Ovalles, V. Leon, S. Reyes en F. Rosa, J. Cata!., 129, 1991, 368. 

2. Het algemeen gangbare reaktiemechanisme voor de katalytische oxidatie van 

benzeen of butaan tot maleinezuuranhydride, zijnde een bimoleculaire reaktie 

tussen een benzeen en een zuurstof molecuul, is onjuist gezien de nulde orde 

afhankelijkheid van de reaktie in gasvormig zuurstof, zoals die wordt gevonden met 

Temporal Analysis of Products (TAP) experimenten. 

1. G. Centi, G. Fomasari en F. Trifiro, J. CataL, 89, 1984, 44. 
2 P.L Mills, J.J. Lerou, D.R. Coulson, ·K Kourtakis en L E. Manzer, paper COS, 12h 
North American Meeting of the Catalysis Society, May 5-10 1991, Lexington, Kentucky. 

3. Het feit dat mordeniet strukturen opgebouwd uit uitsluitend silikaat tetraeders tot 

dusverre niet konden worden gesynthetiseerd, bewijst niet dat bij de synthese van 

mordenieten in aanwezigheid van ijzerionen, met als produkt een mordeniet

struktuur met een hoge kristalliniteit, de ijzerionen op roosterposities zijn 

ingebouwd. 

AJ. Chandwadkar, R.N. Bhat en P. Ralsanamy, Zeolites, 11, 1991, 42 

4. De aanname van Mulcahy et al. [1] dat bij afzetting van een monolaag Mo03 op 

bet dragermateriaal r -Alz03 geen Al signaal meer wordt gedetecteerd met LEIS is 

in tegenspraak met metingen van Zingg et al. [2]. 

1. F.M. Mulcahy, M. Houalla en D.M. Hercules, Anal. Chem., 62, 1990, 2232 
2. D.S. Zingg, LE. Makousky, R.E. Tischer, P.R. Brown and D.M. Hercules, J. Phy.v. 
Chem., 84, 1980, 2898. 



5. Bestudering van temperatuurgeprogrammeerde reakties (TPSR) bij 

atmosferische dmk met behulp van een TAP-reactor (Temporal Analysis of 

Products), zoals uitgevoerd door Distelroth et al., zal, gezien het kostenaspect, 

slechts een tijdelijke bezigheid zijn. 

D.L Distelroth en l T. Gleaves, paper D09, 1ih North American Meeting of the 
Catalyst Society, May 5-101991, Lexington, Kentucky. 

6. De aanname van Sachtler et al. dat een [Pdn--Hz]z+ complex, gevormd in een 

HY zeoliet, zich als een "collapsed bifunctional site" zal gedragen, die naast 

metallische ook Brfnstedzure eigenschappen bezit, is gezien de elektronenverdeling 

in het complex niet erg waarschijnlijk. 

W.M.H. Sachtler, F.A.P. Cavalcanti and Z. Zhang, Cata!. Lett., 9, 1991, 261. 

7. Bij recencies van bet resultaat van nieuwbouw of restauratie van kerkorgels door 

"onafhankelijke deskundigen" spelen (persoonlijke) voorkeuren voor dispositie, 

mensurering en intonatie, alsmede connecties met een selekte groep orgelbouwers 

vaak een belangrijke rol. Het resultaat is een niet objectief eindoordeel, dat reeds 

bepaald was door vooroordelen. De waarde van dergelijke recencies is daardoor 

slechts beperkt. 

D. Bakker, H.J. Rititenbeek, De Mirtuur, juli 1991. 

8. Bij de bepaling van de monolaagbedekking van MC>03 op t-AI203 met LEIS is 

de aanname van Mulcahy et al. dat het Mo slechts op een type site gaat zitten 

onjuist. 

F.M. Mulcahy, M. Houalla en D.M. Hercules, Anal. Chem., 62, 1990, 2232. 



9. Wanneer de verhoging van de benzine accijns, zoals ingevoerd in Nederland, niet 
in een breder Europees verband wordt overgenomen, za1 dit in grensstreken tot een 
verhoogde belasting voor bet milieu leiden. 


