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I I 
Introductio n n 

Inn many cases a chemical reaction may produce a lot of different products, of which 
onlyy a few are wanted, or even just one. So rather than isolating the desired products 
fromm the final reaction mixture, it is preferable to control the selectivity of a reaction 
inn such a way that only the desired products are formed. Not only wil l this save a 
lott of effort, but it also saves additional chemicals, materials, and energy, resulting in 
moree sustainable processes. 

AA well-known example is the synthesis of pharmaceutical products. For a mole-
culee to be biologically active, it needs to be of the correct chiral form, i.e. it has to 
havee not only the correct connectivity between the atoms, but also the correct three-
dimensionall  arrangement. This is because living organisms have a tremendous abil-
ityy to perform chemical reactions with high selectivity. As a result, pharmaceuticals 
havee to be of precisely the right shape to be able to interact in the manner intended. 
Manyy catalysts with the ability to perform reactions at very specific sites of a molecule 
withh high selectivity have been developed in the past decades. 

Att night, driving past beautifully illuminated oil-refineries with their big instal-
lationss towering high above the freeway, it might perhaps not be so obvious that the 
needd for control over the selectivity of a chemical reaction is not limited to the field 
off  fine chemicals but also very much present in the field of bulk petrochemistry. For 
smalll  hydrocarbons, like methane and ethane, there is only one isomer, but for larger 
hydrocarbonss the number of isomers increases exponentially: from 2 in the case of C4 
too 355 in the case of Ci2. Not all of these isomers are equally valuable, thus creating 
aa need for the selective conversion of isomers into more valuable ones. For example, 
inn the production of gasoline it is necessary to increase the octane number of the light 
naphthaa fraction, produced by distillation of crude oil, by selectively converting lin-
earr alkanes into double branched alkanes. The processes involved, although around 
sincee the 60's and 70's, have recently regained attention as environmental legislation 
inn western nations demand the total removal of additives like MTBA and lead, thus 
increasingg the need for highly selective catalysts [1]. A slightly different selectively is 
requiredd during treatment of the heavier fractions from the distillation process to pro-
ducee high-quality lubricant oil. To prevent the oil from forming a sludge at low tem-
peraturess one also wants to introduce selective branching of the hydrocarbon back-
bone,, but this time only at a moderate level. This requires a different performance 
off  the catalyst compared to that of the gasoline example where the highest possible 
degreee of branching is preferred. The catalysts used in the petrochemical industries 
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too perform these selective hydrocarbon conversions are often based on zeolites [1]. 
Zeolitess are microporous crystalline materials, build up from TO4 tetrahedral 

units,, were the central T atom is usually Silicon or Aluminium. The units are linked 
throughh the oxygen atoms, creating three-dimensional networks which define voids 
withinn them. These voids may have cylindrical pore or cage-like morphology and ad-
ditionally,, depending on the type of zeolite structure, the pores and cages are linked 
inn a one-, two-, or three-dimensional way. The pores are often big enough to allow 
smalll  molecules, like alkanes or water, to enter. There are now over 130 known ze-
olitee topologies, of which several can be found in nature [2]. Any zeolite structure, 
irrespectivee of its chemical composition, is categorized by a three letter code. In other 
words,, the chemical properties of zeolites can be altered without changing the ba-
sicc topology of the pore system. A common alteration to chemical composition is a 
changee in the Si to Al ratio. Al l silica zeolites are chargeless. A net charge can be 
createdd by substituting a Si atom by an Al atom. This wil l create a negative charge 
onn the Al tetrahedron, which has to be balanced by a counter ion or a proton. In the 
latterr case a hydroxyl-group with strong Bransted acid properties is created, which 
cann be used in hydrocarbon chemistry [3]. An example of a typical zeolite frame-
workk is given in Figure 1.1 in the form of the all silica version of the MFI topology, 
Silicalite-1.. The three-dimensional pore system of MFI comprises intersecting straight 
andd zig-zag channels, both approximately 5.5 A in diameter. 

Becausee of their special structure and stability, zeolites are used in many appli-
cations.. These include, besides the petrochemical ones already discussed, fertiliz-
ers,, pigments in paint, nanoscale lasers, medical applications, and self-cooling beer 
kegss [4-8]. The largest application in terms of volume is the use of zeolites as ion-
exchangerr in detergents. 

Inn this study we try to understand the intrinsic differences in adsorption and cat-
alyticc behavior between various topologies in hydrocarbon processing. The approach 
wil ll  be to link the shape selectivity observed in these processes to adsorption thermo-
dynamics.. Computer simulations are used to obtain the necessary thermodynamic 
dataa needed for such an assessment by calculating the adsorption behavior of dif-
ferentt alkanes isomers at both low {chapter 4) and high alkane loading (chapters 3 
andd 5) inside the zeolitic pores. In this way detailed information on a molecular 
levell  about the adsorbed alkanes is obtained, i.e. how well do they fit inside these 
confinedd environments. This kind of information enables us to explain experimen-
tallyy observed differences in selectivity between different types of zeolites and make 
predictionss about the optimal zeolite-based adsorber or catalyst plus corresponding 
operatingg conditions for a particular process. 

1.11 The use of zeolites in oil refining 

Thee refining of crude oil is a major industry which makes heavy use of zeolites in 
manyy parts of the refining process [1]. Crude oil is first split, according to boiling 
point,, in various fractions in a primary distillation step. Each fraction is subsequently 
fine-tunedd to the desired application by further purification and upgrading. Zeolites 
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Figuree 1.1: The structure of the zeolite Silicalite-1 (MFI topology) projected on the ac-plane 
(left)) and the bc-plane (right). The oxygen atoms are dark grey, the silicon atoms light grey. The 
straightt channels run along the b axes (left), the zig-zag channels run in the ac-plane (right). 
Bothh channels have a diameter of approximately 5.5 A. 

comee in to play in many of these upgrade processes [1], a selection of which is out-
linedd below: 

 The naphtha fraction with boiling range up to 180°C, destined to become trans-
portationn fuel, is treated to increase the octane number by the selective hydro-
conversionn of linear alkanes into branched isomers. This is usually a two stage 
iterativee process which combines a separation process, to split the naphtha into 
aa linear alkane fraction and branched alkane fraction, with a catalytic step to in-
troducee branching in the linear fraction. The separation process is usually based 
onn molecular sieving with the use of small pore zeolites like LTA. The linear 
alkanee fraction is subsequently fed to a hydroisomerization reactor based on 
medium-to-large-poree acid zeolites loaded with noble metals, like Pt-H-MOR, 
forr conversion. The output of this reactor is then fed back to the separation 
process. . 

Anotherr way of increasing the octane number of the gasoline is to selectively 
crackk the linear alkanes to light gaseous alkanes. Catalysts based on medium 
poree zeolites, like MFI or FER, are particularly suited to perform these selective 
crackingg reactions. 



4 4 Introduction n 

 The middle distillates are used to produce heavier fuel types like kerosene (boil-
ingg range 130° to 300°C) and diesel/gas oil (boiling range 150° to 370° C). For 
thesee fuels a high hydrogen content is desired. Catalysts based on noble metal 
loadedd acid zeolites are used in the hydrogenation process to produce alkanes 
full yy saturated with hydrogen. Additionally the gas oil fraction can undergo a 
de-waxingg step, similar to the lubricant de-waxing explained below. This en-
abless the use of the gas oil in low temperature environments, and allows for the 
additionn of more heavy fractions to the alkane mix. 

 The fraction with a boiling range around 370° C also contain base oils used in 
thee production of lubricants. These oils consist for a large part of long nor-
mall  alkanes, and are therefor prone to sludge formation at low temperatures. 
Thee easy alignment of the normal alkanes can be broken by the selective hy-
droisomerizationn of some of the normal alkanes into lightly branched isomers. 
Mediumm pore zeolites, and especially those with small 10-ring uni-directional 
pores,, have proven to be highly selective de-waxing catalysts. 

 The fractions with a boiling range higher than 370° C, like the vacuum gas oil 
andd the residue, are not very useful without severe processing. They are con-
vertedd into usable lighter alkanes by catalytic cracking over acid catalysts based 
onn FAU. This process accounts for more than 90% of the zeolites produced for 
catalyticc applications. 

Thee above-mentioned examples where selected on the basis of relevance to this thesis 
andd cover by no means all applications of zeolites in the refining and petrochemical 
industries. . 

1.22 Acid catalysed hydrocarbon hydroconversion 

Beforee addressing the effect of zeolite induced shape selectivity on the hydroconver-
sionn reactions, it is worthwhile to first discuss what occurs in the absence of shape 
selectivity. . 

Inn alkane hydroconversion, a metal site dehydrogenates alkanes into an alkene, an 
acidd site converts the alkene into another isomer or a cracking product, whereupon 
thee metal site hydrogenates the converted alkene back into an alkane [9-11]. When 
startingg with an n-alkane, the hydroconversion can be described as a series of consec-
utivee hydroisomerization steps, each increasing the degree of branching [11-13]. If 
onee simplifies this process by only considering methyl group branches, the hydroiso-
merizationn of an n-alkane of N carbon atoms can be described as illustrated in Figure 
1.2. . 

Inn addition to the hydroisomerization reactions that change the degree of branch-
ing,, there are also those that change the distribution of branching towards thermody-
namicc equilibrium (methyl shift) [15-18]. None of the hydroisomerization reactions 
equilibratee completely because they compete with consecutive hydrocracking reac-
tionss that decompose the isomers [12,15-20]. The probability of a molecule undergo-
ingg a hydrocracking reaction increases with increasing degree of branching, because 



1.33 Hydrocarbon adsorption in zeolites 5 5 

w-CNN 3=t Me-CN | * i diMe-CN 2 * ^ triMe-CN 3 *^ etc. 

II  i 
Me-CN.,.MM Me-CN.,.M 

++ + 

"-CMM Me-CM_, 

Figuree 1.2: n-Alkane hydroconversion. A linear alkane consisting of N carbon atoms (n-C.N) 
iss first converted into branched isomers. The branched isomers can subsequently hydrocrack 
intoo smaller molecules [14]. 

moree extensively branched isomers afford the formation of more stable carbocationic 
hydrocrackingg transition states (Figure 1.3) [13,15-18]. For n-alkanes as short as n-Qo 
thee sequential series of hydroisomerization reactions is interrupted at the trimethyl-
heptanee stage, since very few trimethylheptanes desorb intact [15,21]. The first reason 
forr the extremely low trimethylheptane yield is that trimethylheptanes have a signifi-
cantlyy higher gas phase Gibbs free energy of formation than the less branched isomers 
[22],, so that they form only in relatively low concentration to begin with. A second 
reasonn for the extremely low trimethylheptane yield is that aa7-trimethylheptanes 
hydrocrackk significantly more rapidly than any dimethylalkane [13,15-18]. Further-
more,, trimethylheptanes that are not an aa7-trimethlheptane are only a few rapid 
methyll  shifts away from forming an aa7-trimethlheptane, which in turn readily un-
dergoo hydrocracking reactions. 

Thee product distribution obtained from these reactions depends highly on the rel-
ativee occurrence of the various isomers, because each isomers may serve as a reaction 
intermediatee to a different set of products. The foundation of the shape selectivity 
imposedd by zeolites on these reactions is their ability to alter the distribution of reac-
tionn intermediates by modifying their Gibbs free energy of formation and their Gibbs 
freee energy barrier to diffusion. The influence of the zeolite structure on the Gibbs 
freee energies depends critically on the pore topology, resulting in large differences 
inn catalytic selectivity between pore topologies. These differences can be studied by 
analyzingg the adsorption behavior of all molecules involved. 

1.33 Hydrocarbon adsorption in zeolites 

Thee absorption behavior of hydrocarbons in zeolites is usually quantified by means 
off  the adsorption isotherm, which represents the amount of hydrocarbon adsorbed in 
aa pressure range at a given temperature. For low pressures, there is a linear relation 
betweenn the pressure p and the loading 9 (Henry's law): 6 = KH  p in which KH is 
thee Henry coefficient. This Henry coefficient is proportional to the Gibbs free energy 
off  adsorption of a single molecule in an empty zeolite and expresses the affinity of a 
moleculee for a particular pore system. 

Too show the effect of pore topology on the adsorption of single molecules, we 
havee plotted the free energy of adsorption of various branched Cio isomers rela-
tivee to decane (see Figure 1.4). Only small differences are found in the FAU-type 
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Figuree 1.3: Important alkane (C10) reactions [14]. A, Bi, B2, and C are /3-scission cracking 
reactions,, MS (methyl shift) and BR (branching) are isomerization reactions. The reactions are 
orderedd according to their relative reaction rate (indicated by the number on the arrow) [14], 
withh the aa7-trimethlheptane (A) being the most reactive. 

zeolite.. This is because the FAU-type pore system comprises large (12 A) spherical 
cages,, in which all isomers can be accommodated with equal ease. Larger difference 
aree observed in MFI-, MEL-, and TON-type zeolites. Especially the uni-directional 
55 A pores of TON-type zeolites have difficulty hosting the more bulky di-, and tri-
branchedd alkanes, which is reflected in a very high free energy of adsorption for 
thesee molecules. The subtlety of shape selective adsorption is nicely shown by the 
resultss of MFI- and MEL-type zeolites. Although both zeolites have comparable 
three-dimensionall  pore systems (intersecting channels of 5.5 A), their preference for 
adsorbingg dimethyloctane is quite different. MFI prefers 4,4-dimethyloctane while 
MELL prefers 2,4-dimethyloctane. Such differences can play an important role in ad-
sorptionn and catalytic processes, as wil l be shown in chapter 4. 

Thermodynamicc data like these can not always be conveniently obtained from 
experiments.. For example, the determination of adsorption isotherms of long-chain 
alkaness can be quite time consuming, requiring weeks of equilibration in the case 
off  decane [23]. When mixtures of alkanes are considered, experiments become in-
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Figuree 1.4: The Gibbs free energy of adsorption of decane isomers relative to n-decane in FAU-, 
TON-,, MFI-, and MEL-type zeolites as obtained from CBMC simulations. The changes in the 
Gibbss free energy were calculated using one molecule at infinite dilution at T=415 K. 

creasinglyy complicated. Additionally, not always are the conditions of interest such 
thatt they are readily accessible without a complicated experimental setup (high tem-
peraturee and pressure), or unwanted side-effects like chemical reactions. In some 
casess it is also not possible to obtain data on all reaction intermediates, since some 
intermediatess can not diffuse inside the zeolite framework. Those locked in "ship-in-
the-bottle""  molecules can be important in determining the final product distribution, 
ass wil l be shown in chapter 4. Computer simulations can provide an alternative way 
off  obtaining the thermodynamic data in the aforementioned cases, with the added 
advantagee of providing molecular information on the adsorbed molecules. 

1.44 Simulations 

Computerr simulations may be a powerful and cost-effective tool to obtain molecu-
larr scale information of a system, provided that the interatomic interactions are de-
scribedd in an adequate manner and that the simulation method wil l produce accurate 



8 8 Introduction n 

resultss in a reasonable amount of time. 
Inn most zeolites there is a tight rit between the adsorbed alkanes and the zeo-

lit ee wall. As a result, there are often high barriers present for diffusing molecules. 
Becausee of these diffusional barriers simulation methods that are based on the time 
evolutionn of a system (Molecular Dynamics (MD)) are not suited to obtain equilib-
riumm properties like adsorption isotherms. Therefore the method of choice is the 
Montee Carlo (MC) method. 

Inn a MC simulation, atom configurations are generated randomly. For each con-
figurationn the energy u is calculated. The probability of finding a generated config-
urationn in the system is directly proportional to e~&'u where (3 = l / ( k s T ), kg the 
Boltzmannn constant and T the temperature in K. The decision to accept a new config-
urationn in favor of the old one is made by comparing the "weights" of both configu-
rationss [24]. This procedure ensures a more homogeneous sampling of a system with 
largee barriers. 

Butt the same difficulties that make the use of MD for adsorption studies in zeolites 
hard,, hamper also all but the most trivial MC based studies. The amount of empty 
spacee in a zeolite is only a small fraction of the total volume. To find a empty spot for 
aa small molecule like methane already takes quite a few trials. Once the molecules get 
larger,, the number of trials needed increases exponentially. As a result, the simulation 
off  the adsorption of long-chain or branched paraffins with conventional molecular 
simulationn techniques wil l require excessive amounts of CPU time. 

Wee use the configurational-bias Monte Carlo technique (CBMC) to overcome this 
problemm [24]. In CBMC an alkane molecule is grown atom-by-atom, in such a way 
thatt the empty spots are found. For each atom a set of k trial orientations is generated 
andd the energy Ui(j)  of each trial position j of atom i is computed. One of these trial 
positionss is selected with a probability 

wheree /3 = l / (ks-T). The selected trial orientation is added to the chain and the pro-
ceduree is repeated until the entire molecule has been grown. For this newly grown 
moleculee the so-called Rosenbluth factor is computed 

W{n)=Y[w{i).W{n)=Y[w{i). (1.2) 
i i 

AA similar procedure can be used to compute the Rosenbluth factor of the old config-
urationn W(o). The bias introduced by this growing scheme is removed exactly [24], 
iff  the conventional acceptance rule is replaced by 

a c c ( ô ^ n) = mm(l,W(n)/W{o)Y (1.3) 

Usingg this scheme we can calculate thermodynamic properties of interest like the 
excesss chemical potential (iex of a molecule 

(W) (W) 
exp(-p^)exp(-p^) =  (1.4) 
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wheree {W) is the average Rosenbluth factor. The subscript id denotes an alkane 
moleculee in the ideal gas phase, which can be calculated from a simulation of a single 
moleculee in the gas phase. Properties of interest to adsorption studies, like the Gibbs 
freefree energy of adsorption AGad8 (J/mol) and the Henry coefficient KH (mol/kg Pa) 
cann be calculated from the chemical potential using 

AG-- = -*- r ) (15) 

wheree R is the gas constant (8.3145 J/mol K) and 

(W) (W) 
KK"" - (W,d)-Pz-R-T ( L 6 ) 

wheree pz is the zeolite framework density (kg/m3). Additionally the heat of adsorp-
tionn q (J/mol) of a single molecule can be calculated from the average of the total 
energyy (Ua) 

q=(Ua)-(Uq=(Ua)-(Uaa))idid-R-T-R-T (1.7) 

wheree {Ua)id is the average of the total energy of a molecule in the ideal gas phase. 
Thee CBMC technique can also be used in the grand-canonical ensemble to obtain 

adsorptionn isotherms [24]. In this ensemble the number of molecules is allowed to 
fluctuatee through exchanges between the zeolite and an imaginary molecule reservoir 
off  known chemical potential and temperature. Complete isotherms are calculated by 
varyingg the chemical potential of the reservoir. 

Moree details about the simulation model and technique are described in chapter 2. 
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