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IV V 
Shapee selectivity in alkane conversion, studied 
inn the Henry regime1 

Inn the next two chapters we wil l use the methods described in chapters 1 and 2 to elu-
cidatee a few examples of the sometimes peculiar shape selective processes found in 
zeolites.. In this chapter we focus on the shape selectivity imposed by a zeolite frame-
workk on hydrocarbon conversions which take place at very low loading. This means 
thatt the adsorbed hydrocarbons wil l only "feel" the presence of the zeolite wall, but 
nott each other's presence. We wil l use three test cases to outline the line of reasoning, 
introducedd in the introduction, of linking shape selectivity to adsorption thermody-
namics:: (1) The use of TON-, MTT- and AEL-rype zeolites in the dewaxing of long 
n-paraffins.. (2) The difference in cracking performance between two similar zeolites 
MFII  and MEL. (3) The effect of commensurability of 2,x-dirnethylpentadecanes on 
thee diffusion and conversion in TON. 

Beforee we look at the three test cases, it is instructive to briefly summarize the five 
typess of shape selectivity we can distinguish at very low loading [3,88-93] (see Figure 
4.11 for an illustration): 

 Transition state shape selectivity is the result of restrictions to the spacial con-
figurationn of transition states and reaction intermediates imposed by the zeolite 
framework,, i.e. the predominant reactions have transition states and reaction 
intermediatess of relatively low Gibbs free energy of formation. 

 Reactant shape selectivity takes place when the zeolite acts as a molecular 
sieve,, excluding reactants which are too bulky for the pore system, i.e. zeo-
litess preferentially consume molecules that combine a low Gibbs free energy of 
adsorptionn with a low Gibbs free energy barrier to diffusion. 

 Product shape selectivity is the result of differences in desorption rate between 
variouss reaction products due to differences in diffusivity and adsorption 
strength,, i.e. zeolites preferentially yield molecules that combine a high Gibbs 
freee energy of adsorption with a low Gibbs free energy barrier to diffusion. 

 Reaction intermediate shape selectivity occurs when some reaction interme-
diatess have a greater influence on the final product distribution than others, i.e. 

1Thiss chapter is based on refs. [87-89] 
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Figuree 4.1: Shape selectivity concepts [3,88-93]: Reactant shape selectivity (RS), Product shape 
selectivityy (PS), Transition state shape selectivity (TS), Reaction intermediate shape selectivity 
(RI),, and Partial adsorption selectivity (PA). 

zeolitess preferentially yield products which are formed through reaction inter-
mediatess that combine a low Gibbs free energy of adsorption (and formation in 
thee adsobed phase) with a high Gibbs free energy barrier to diffusion. 

 Partial adsorption selectivity occurs when a reactant is only able to partially 
enterr the pore. Consequently all reactions, like isomerizations and scissions, 
takee place at the pore-mouth. 

4.11 Alkane hydroconversion on TON-, MTT- and AEL-type zeolites 

AA recent example of the use of zeolites is the catalytic upgrading of lubricating oils 
[94].. Noble metal loaded AEL-type silicoaluminophosphate zeolites selectively ab-
sorbb the wax-like, long-chain normal alkanes from an oil feedstock and hydroconvert 
themm selectively into branched alkanes [94-96]. Catalysts based on TON- [97-100] 
andd MTT-type [94,97,100-102] zeolites combine a strong affinity for long-chain, nor-
mall  alkanes with a significantly higher selectivity for hydroisomerization than for 
hydrocrackingg [94-102]. 

Examinationn of the product slates reveals that when hydroisomerising normal 
alkanes,, TON-, MTT- and AEL-type zeolites preferentially introduce the first methyl 
groupp at a terminal position [96-100,103,104]. Subsequent methyl groups are in-
troducedd at positions two or more methylene (viz. -CH2-) groups removed from the 
oness already present [93,96-100,105]. Since alkanes with methyl groups separated 
byy fewer than two methylene groups are more susceptible to hydrocracking [99,103], 
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suppressingg their formation automatically reduces the extent of hydrocracking. The 
selectivee adsorption and selective hydroconversion of the long-chain normal alkanes 
fromm a complex feedstock are characteristic of the 0.4-0.6 nm channel size [106] of the 
AEL-,, TON- and MTT-type zeolites. The selective adsorption clearly constitutes an 
examplee of reactant shape selectivity (RS, Figure 4.1) [90,91,94]. Less clear is how 
thee preferential hydroisomerization relates to the shape selectivity imparted by the 
tubularr one-dimensional AEL-, TON- and MTT-type channels [106]. 

Currentt theories attribute the peculiar hydroisomerization pattern of AEL-, TON-
,, and MTT-type zeolites to either (1) pore mouth catalysis (PM) [93,99,104,105], (2) 
transitionn state shape selectivity (TS) [98,100,103,107], or (3) product shape selec-
tivit yy (PS) [98,108]. The first theory postulates that the terminal branching occurs 
entirelyy at the pore mouths, because the required transition state does not fit inside a 
TON-typee channel [93,99,104,105]. This theory has not been expanded to cover MTT-
andd AEL-type zeolites. Since this model further postulates that none of the branched 
alkaness [104,109] can fully enter the TON-type pores, it has to postulate that subse-
quentt hydroisomerization reactions (to form di- and multi-branched alkanes) occur 
att the pore mouths or at the external surface [93,99,105]. The second theory suggests 
thatt the transition state required for terminal methyl groups is better able to fit inside 
thee these alkanes AEL-, TON- and MTT-type channels than the transition state for 
alkaness with internal methyl groups [98,100,107]. Therefore, these channels would 
energeticallyy favor the formation of the former. The third theory suggests a higher 
desorptionn rate for alkanes with terminal methyl groups than for alkanes with inter-
nall  methyl groups [98,108]. The former therefore have shorter residence times and 
aree less prone to consecutive reactions (PS) [98,108]. 

Too understand which of the assumptions underlying these theories is most accu-
ratee requires detailed information on the adsorption of the alkanes inside the zeolitic 
pores.. Information on a molecular level can be obtained by complementing exper-
imentall  adsorption data [109] with molecular simulations. This section compares 
thee simulated sorption data with experimental sorption data available in the litera-
turee [109], The results of this comparison are then used to explain the differences 
betweenn n-heptane (n-Cy) hydroconversion on TON-, MTT-, AEL-type zeolites and 
FAU-- or BEA-type zeolites. FAU- and BEA-type zeolites were chosen as a base case as 
theirr pores are too large to exert significant shape selectivity [16,110-113]. Enough is 
knownn about the influence of the chain length on the hydroisomerization selectivity 
off  n-alkanes [12,104] to allow translation of the results for n-C7 to the longer-chain 
alkaness that are more commonly described in the literature [97-100,102-104,104,105, 
107,108]. . 

4.1.11 Experimental methods 

Thee catalyst based on TON-, MTT-, AEL-, and FAU-type zeolites were prepared and 
analyzedd according to the procedure described in ref. [87]. The n-heptane hydroc-
rackingg experiments are also described in ref. [87]. 
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Tablee 4.1: Measured [109] and calculated heats of adsorption (kj/mol), T=573 K. 

Measuredd Calculated Calculated Calculated 
Name e 
Pentane e 
2MeBut t 
Hexane e 
2MePen n 
3MePen n 
22diMeBut t 
23diMeBut t 
Heptane e 
2MeHex x 
3MeHex x 
23diMePen n 
33diMePen n 

TON N 
-62.1 1 
-50.4 4 
-75.0 0 
-62.4 4 
-61.7 7 
-38.2 2 
-52.2 2 
-87.9 9 
-75.4 4 
-69.8 8 
-60.2 2 
--

TON N 
-62.0 0 
-59.8 8 
-74.5 5 
-69.9 9 
-69.9 9 
11.8 8 
-60.6 6 
-85.9 9 
-84.6 6 
-81.4 4 
-73.8 8 
6.3 3 

MTT T 
-55.1 1 
-47.9 9 
-67.1 1 
-54.3 3 
-54.1 1 
-45.9 9 
-51.5 5 
-76.3 3 
-69.7 7 
-66.2 2 
-46.0 0 
-55.5 5 

AEL L 
-60.5 5 
-57.4 4 
-70.6 6 
-71.5 5 
-63.6 6 
-10.1 1 
-61.1 1 
-81.9 9 
-81.4 4 
-78.5 5 
-71.6 6 
-15.2 2 

4.1.22 Results and discussion 

Too establish which alkanes are able to fit inside the pores of AEL-, TON, and MTT-
typee zeolites, we compare the adsorption enthalpies and Henry coefficients calcu-
latedd by the CBMC technique with those measured [109] on a TON-type zeolite (Ta-
bless 4.1 and 4.2). The correlation between calculated and measured Henry coeffi-
cientss of all the alkanes is excellent (Figure 4.2, correlation coefficient R2=0.995), and 
soo is the correlation between the calculated and measured adsorption enthalpies of 
thee linear alkanes (Figure 4.3, R2=0.995). The adsorption enthalpies calculated for 
thee branched alkanes are consistently 7 kj/mol lower than the measured ones (Fig-
uree 4.3, R2=0.95) suggesting a systematic error in the force field. This could be the 
resultt of optimizing the force field for adsorption in a MFI-type silicate framework, 
andd not a TON-type silicate. Moreover, the simulations assume a TON-type pure 
silicatee whereas the experimental TON-type sample is a zeolite containing protons 
andd framework aluminum. Despite these differences, the simulations are in good 
agreementt with the experimental data. 

Thee CBMC technique simulates adsorption inside perfect, infinitely long, TON-
typee channels. Therefore the good agreement between the experimental and sim-
ulatedd adsorption data for normal and mono-branched alkanes implies that crystal 
imperfectionss or crystal boundaries did not significantly affect the experimental [109] 
data,, and that the n-C7 and mono-branched heptanes (i-C?) are fully adsorbed inside 
thee TON-type channels. The di-branched heptanes (henceforth referred to as Ü-C7) 
meritt a more detailed evaluation. 

Thee calculated adsorption enthalpies for di-branched alkanes with geminal methyl 
groupss (such as 3,3-dimethylpentane and 2,2-dimethylbutane) are positive (Table 4.1) 
andd the Henry coefficients approach zero mmol/kgPa (Table 4.2), suggesting that the 
TON-typee channels do not permit access to this type of alkanes. The experimentally 
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Figuree 4.2: Comparison of measured and 
calculatedd Henry coefficients (/umol/kg 
Pa),, T=573 K: data , and correlation (-). 

Figuree 4.3: Comparison of measured and 
calculatedd heats of adsorption (kj/mol): A 
linearr alkanes,  branched alkanes. 

Tablee 4.2: Measured [109] and calculated Henry coefficients (/^mol/kg Pa), T=573 K. 

Name e 

Pentane e 
2MeBut t 
Hexane e 
2MePen n 
3MePen n 
22diMeBut t 
23diMeBut t 
Heptane e 
2MeHex x 
3MeHex x 
23diMePen n 
33diMePen n 

Measured d 
TON N 

1.322 x 
3.233 x 
2.599 x 
5.422 x 
4.422 x 
1.300 x 
2.399 x 
4.666 x 
1.133 x 
8.711 x 
4.199 x 
--

10u u 

10-1 1 

10° ° 
l o - 1 1 

l o - 1 1 

l o - 1 1 

l o - 1 1 

10° ° 
10u u 

l o - 1 1 

nr 1 1 

Calculated d 
TON N 

6.455 x 
1.233 x 
1.433 x 
2.288 x 
1.766 x 
1.800 x 
7.422 x 
2.811 x 
6.744 x 
3.422 x 
1.544 x 
5.988 x 

l o - 1 1 

l o - 1 1 

10° ° 
KT 1 1 

l o - 1 1 

10"9 9 

10"3 3 

10° ° 
l o - 1 1 

l o - 1 1 

lO" 2 2 

10"u u 

Calculated d 
MTT T 

3.922 x 
3.377 x 
7.844 x 
3.888 x 
6.933 x 
1.522 x 
2.011 x 
7.211 x 
1.588 x 
1.322 x 
1.222 x 
3.755 x 

lO" 2 2 

10"3 3 

10"'2 2 

io-3 3 

io-4 4 

10"4 4 

10"4 4 

10"2 2 

10"2 2 

10~3 3 

10~5 5 

10"5 5 

Calculated d 
AEL L 

4.144 x lO^1 

1.077 x lO^1 

6.800 x 10"1 

4.711 x 10"1 

6.399 x 10"2 

1.166 x 10"7 

9.866 x 10"3 

9.844 x 10"1 

8.133 x 10"1 

2.111 x 10"1 

1.833 x 10"2 

4.511 x 10"8 
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determinedd Henry coefficient of 0.13 mmol/kgPa for 2,2-dimethylbutane (Table 4.1) 
cann be explained as resulting from adsorption outside the pores (at sample imperfec-
tionss such as pore mouths and intercrystalline voids) [109]. 

Thee calculated Henry coefficients for di-branched alkanes with vicinal methyl 
groupss (such as 2,3-dimethylpentane and 2,3-dimethylbutane), are slightly below the 
experimentall  values (Table 4.2). The calculated adsorption enthalpies compare well 
withh the experimentally determined enthalpies of adsorption, and are not as pro-
hibitivelyy high as those of alkanes with geminal methyl groups (Table 4.1). It is tempt-
ingg to conclude that the size of Ü-C7 molecules with vicinal methyl groups is at the 
limi tt of what can fit inside the TON-type pores. The same holds true for the slightly 
smallerr Ü-C7 with methyl groups separated by one CH2- group {quasi-vicinal methyl 
groups).. The simulations, which employ a rigid framework, do not allow us to draw 
unambiguouss conclusions about the adsorption of molecules whose size approaches 
thatt of the pore diameter. Additional conclusions about the constraints imposed by 
TON-,, MTT- and AEL-type channels on these types of ii-C7 molecules can be derived 
fromm the results of the catalytic n-C7 hydroconversion tests (see below). 

Inn order to discuss the peculiarities of the shape selective n-C7 hydroisomeriza-
tion,, it is useful to first address what happens in the absence of shape selectivity, 
usingg the non-selective n-C7 hydroconversion on Pt-loaded FAU- and BE A-type ze-
olitess as an example. Under the experimental conditions, the FAU- and BEA-type 
zeolitess exhibit virtually identical selectivity (Table 4.3). The following model can be 
usedd to describe the hydroisomerization of n-C7 into i-C7, ii-C7, and the subsequent 
hydrocrackingg of ii-C7 to yield iso-butane (i-C4) and propane (C3) [12,16,110-113] 
(Figuree 4.4): 

nn - C7 ^  i - C7 ^  ii - C7 -> i - C4 + C3 (4.1) 

Sincee the yield of 2,2,3-trimethylbutane remains below 1.5 wt-%, is not included in the 
discussion.. As observed elsewhere [16], FAU- and BEA-type zeolites yield the two i-
C77 molecules (2- and 3-methylhexane) at thermodynamic equilibrium (Figure 4.4A). 
Thee kinetically favored 2,3-dimethylpentane [111] and thermodynamically favored 
2,4-dimethylpentanee [111] dominate the ii-C7 yield (Figure 4.4B). The approximately 
equall  yield of i-C4 and of C3 (Figure 4.4C) indicates [111] that FAU- and BEA-type 
zeolitess predominantly hydrocrack ii-C7 as opposed to i-C7. The methane and ethane 
yieldss of the FAU and BEA-type zeolites remain below 0.1 wt-% (at 98% conversion) 
indicatingg that the Pt phase is sufficiently active to establish an equilibrium between 
thee adsorbed alkanes and the alkenes and that Pt-catalyzed cracking [110-112] and 
hydroisomerizationn [114,115] are negligible. The catalysts based on TON-, MTT- and 
AEL-typee zeolites have a slightly higher Pt-catalyzed hydroconversion (combined 
methanee and ethane yield 4 wt-% at 98% conversion). 

Thee n-C7 hydroconversion selectivity of TON- and MTT-type zeolites (Figure 4.5) 
iss markedly different from that of FAU- or BEA-type zeolites (Figure 4.4). Notwith-
standingg the difference in pore shape [106,116] and sorption properties (Tables 4.1,4.2) 
betweenn the TON- and MTT-type zeolites, their n-C7 hydroconversion selectivity is 
comparablee (Table 4.3). Both yield a ratio of terminal i-C7 (viz. 2-methylhexane) to 
internall  i-C7 (viz. 3-methylhexane) in excess of thermodynamic equilibrium (Figure 
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Tablee 4.3: Pore dimensions, temperature required for 40% n-C7 hydroconversion (T40% (K)), 
maximumm i-C7, and ii-C7 yield (wt-%), and activation energy £act (kj/mol). 

structure e 
type e 

maxx diameter 
(run) ) 

minn diameter 
(run) ) 

^40% % 

(K) ) 
maxx i-C7 

(wt-%) ) 
maxx ii-C7 

(wt-%) ) 
t t 

(kj/mol) ) 
FAU U 
BEA A 
TON N 
MTT T 
MTT T 
AEL L 

0.74 4 
0.76 6 
0.55 5 
0.52 2 
0.52 2 
0.63 3 

0.74 4 
0.55 5 
0.44 4 
0.45 5 
0.45 5 
0.39 9 

510 0 
492 2 
525 5 
537 7 
521 1 
578 8 

50.1 1 
51.7 7 
66.2 2 
66.0 0 
66.2 2 
62.2 2 

24.4 4 
21.7 7 
5.7 7 
5.0 0 
4.7 7 
14.7 7 

134 4 
138 8 
141 1 
140 0 
144 4 
118 8 

40 0 

? ? 
gg 30 

o o 
öö 20 
>--

10 0 

0 0 

60 0 

a? ? 
* * 

^ 4 0 0 

a a 
> > 
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A A 
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V V 
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8 8 
8 8 

. . i i 
8 8 

8 8 
1 1 

8 8 

-,, 1 

200 40 60 80 100 

Conversio nn (wt-%) 

c c 

A A 

m m 
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ïï A 
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Mil l l ss s 
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Figuree 4.4: Figure 4.4A: i-C7 yield pattern on FAU- or BEA-type zeolite:  2-methylhexane, 
oo 3-methylhexane Figure 4.4B: ii-C7 yield pattern on FAU- or BEA-type zeolite:  2,4-
dimethylpentane,, o 2,3- dimethylpentane,  3,3-dimethylpentane, D 2,2-dimethylpentane. 
Figuree 4.4C: n-C7 hydrocracking pattern on FAU- or BEA-type zeolite: A propane,  iso-
butane,,  n-butane Figure 4.4D: n-C7 hydroconversion pattern on FAU- or BEA-type zeolite:
1-C7,,  i i -C 7, A C4 + C3. 



54 4 Shapee selectivity in the Henry regime 

40 0 

Ï 3 0 0 

.22 20 
>--

10 0 

0 0 

60 0 

A A 

• • 

•** 0 

• • 

o o o o 

• • 

o o 
0 0 

• • • • 

o o 

•• • 

°° 2 
0 0 

ft ft 
t t 
00 | 

II I 
\ \ 

200 40 60 80 
Conversionn (wt-%) 

100 0 

1.40 0 

20 0 4 4 
-^.-^. P • «» t f 

200 40 60 80 
Conversionn (wt-%) 

100 100 

8 8 

I I 
22 4 
> > 

2 2 

0 0 

B B 

-~imm-~imm I I  I I 

00 20 40 600 80 
Conversionn (wt-%) 

100 0 

C?60 0 

S S 
22 40 
o o 
>--

20 0 

D D 

t t 
t t 

• • • • 

• • 

ii i 

• • 

A A —*--

.. " . ' 

* * 
i i 

** • 

200 40 60 80 

Conversionn (wt-%) 

100 0 

Figuree 4.5: Figure 4.5A: i-C7 yield pattern on TON- or MTT-type zeolite: • 2-methylhexane, 
oo 3-methylhexane Figure 4.5B: ii-C7 yield pattern on TON- or MTT-type zeolite: • 2,4-
dimethylpentane,, o 2,3- dimethylpentane, • 3,3-dimethylpentane, D 2,2-dimethylpentane. 
Figuree 4.5C: n-C7 hydrocracking pattern on TON- or MTT-type zeolite: A propane, • iso-
butane,, • n-butane Figure 4.5D: n-C7 hydroconversion pattern on TON- or MTT-type zeolite: 
•• i-C7, • Ü-C7, A C4 + C3. 

4.5A),, whereas FAU- and BEA-type zeolites yield i-C7 at equilibrium. As discussed 
above,, current theories explain this high selectivity for terminal methyl groups in 
termss of either (1) pore mouth catalysis (PM), (2) transition state selectivity (TS), or 
(3)) product selectivity (PS). 

Poree mouth catalysis (PM) was born when molecular graphics calculations sug
gestedd that neither the transition state, nor a branched alkane, would fit inside the 
TON-typee pores [104]. Therefore it was postulated that hydroisomerization favors 
thee formation of a terminal methyl group because hydroisomerization occurs exclu
sivelyy at the supposedly enlarged [93,99] TON-type pore mouths. Recent evalua
tionss [117,118] of the transition state for alkane hydroisomerization show that size 
off the transition state in the original molecular graphics calculations [104,119] was 
overestimated.. According to this recent assessment [117,118], the transition state 
forr forming i-C7 (a corner-protonated 1-methyl, 2-propyl- or a 1,2-diethylcyclopropyl 
cationn [111], see Figure 4.6) is smaller than 1-C7. Comparing experimental data with 
CBMCC calculations, we have established that i-C7 fits inside the TON-type pores. 
Sincee the transition state for i-C7 is smaller than its i-C7 product, it too should fit 
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Figuree 4.6: Relevant reactants, transition States and products of n-C7 hydroconversion. 

snuglyy inside the TON-type channels, and there is no reason for their preferential 
formationn at the pore mouths. Thus the molecular graphics basis for postulating 
poree mouth catalysis appears not to have withstood the test of time. This leaves tran-
sitionn state (TS) and product selectivity (PS) as viable explanations for the enhanced 
selectivityy for terminal methyl groups. 

Iff  the i-C7 product distribution were dependent on the transition state for the 
hydroisomerizationn of n-C7 into i-C7, we would expect FAU- and BEA-type zeolites 
too yield predominantly the kinetically favored internal methyl groups (Figure 4.6). 
Thiss is not the case (Figure 4.4A), because intra-molecular methyl-shifts rapidly bring 
thee i-C7 molecules with terminal and with internal methyl groups to thermodynamic 
equilibriumm [111]. Since methyl-shifts appear to nullify the effect of the transition 
statess in FAU- and BEA-type zeolites, transition state selectivity is unlikely to be the 
mainn explanation for tne shape selective production oi aiKanes with terminal methyl 
groupss by the TON- and MTT-type pores. Nonetheless, it cannot be ruled out entirely 
[100,107]]  without a more careful study similar to that carried out for MFI-type zeolites 
[103].. A more plausible explanation is that these pores contain equal amounts of 
alkaness with terminal and with internal methyl groups (the equilibrium distribution), 
andd selectively release more of the former as they diffuse faster out of the pores (PS). 
Indeed,, for several zeolites, the ratio of the selectivity for alkanes with a terminal 
methyll  group to that for alkanes with an internal methyl group appears to correlate 
quitee well with the ratio of the respective diffusion rate of these molecules out of the 
zeolitee pores [108]. 

Nott only the i-C7 product slate, but also the ii-C7 product slate of TON- and 
MTT-typee zeolites is markedly different from that of FAU- and BEA-type zeolites 
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(cf.. Figures 4.4B, 4.5B). The TON- and MTT-type zeolites yield no alkanes with gem-
inalinal methyl groups and only few with (quasi-) vicinal methyl groups, preferentially 
yieldingg 2,4-dimethylpentane (Figure 4.5B). This absence of geminal methyl groups 
confirmss that the TON- and MTT-type channels exclude them. Pore mouth catalysis 
(PM)) postulates that the TON-type structure absorbs monomethylalkanes at the outer 
crystall  surface by pinning them down by a methyl group at a pore mouth (key-lock 
mechanismm [93,99,105]). Subsequent hydroisomerization occurs at the active sites in 
aa neighboring pore mouth, and the position of the subsequent branches is governed 
byy the position of the neighboring pore mouths [93,99,105]. This model cannot ex-
plainn the preferential formation of 2,4-dimethylpentane, because the i-C7 chain is too 
shortt to bridge the space between neighboring pore mouths. As demonstrated above, 
thee i-C7 is able to enter the TON-type pores. Given its high adsorption enthalpy (Ta-
blee 4.1) it wil l enter the pores and wil l not linger at or near the outer crystal surface. 
Thiss leaves transition state (TS) and product selectivity (PS) as the only feasible op-
tionss for explaining the shape selective formation of 2,4-dimethylpentane inside the 
TON-- and MTT-type pores. 

Thee size of the transition state for forming i-C7 approaches that of i-C7 [117,118]. 
Byy the same token we expect the size of the (corner-protonated) trialkyl cyclopropyl 
transitionn state for forming geminal methyl groups (Figure 4.6) to approach the size 
off  their products. Since the TON- and MTT-type pores exclude the products, they 
cann reasonably be expected to exclude the transition states. The resulting inhibition 
leavess only the dialkyl cyclopropyl cation transition state for forming dimethylalka-
ness (Figure 4.6). Having only one out of three transition states available for form-
ingg Ü-C7 (Figure 4.6) would explain the comparatively low yield of Ü-C7 (cf. Fig-
uress 4.4B, 4.5B) (TS). When the dialkyl cyclopropyl cation transition state is the only 
routee towards dimethylalkanes, it wil l initially yield equal amounts of 2,3- and 2,4-
dimethylpentanee (Figure 4.6). The enhanced yield of the latter suggests that these ii -
C77 molecules reside long enough inside the TON- and MTT-type channels for methyl 
shiftss to generate predominantly the thermodynamically favored, faster diffusing 2,4-
dimethylpentanee [111] (PS). 

Thee shape selectivity of the TON- and MTT-type zeolites is also evident in their 
hydrocrackingg product slate (Figure 4.5C). Whilst FAU- or BE A-type zeolites pre-
dominantlyy yield C3 and i-C4 (Figure 4.4C), the TON- and MTT-type product slates 
aree complemented with significant quantities of n-butane (Figure 4.5C). The presence 
off  n-butane implies that these zeolites impede i-C7 hydroisomerization to such an ex-
tentt that the energetically less favorable i-C7 hydrocracking becomes significant [111]. 
Thee postulated inhibition of the formation of trialkyl cyclopropyl transition states im-
pedess i-C7 hydroisomerization, for it would require 3-methylhexane to methyl-shift 
intoo 2-methylhexane before it is able to hydroisomerize (Figure 4.6). In addition, it 
wouldd leave 2-methylhexane with access to only one instead of two transition states 
forr hydroisomerization (Figure 4.6). The remaining transition state for i-C7 hydroi-
somerizationn is still quite bulky, for it contains a methyl group adjacent to the cyclo-
propyll  cation (Figure 4.6). We can easily envisage that the restricted space available 
insidee the TON- and MTT-type channels increases the formation energy of such a 
bulkyy transition state to the extent that it approaches the activation energy for i-C7 
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hydrocrackingg (TS). This would explain why an energetically unfavorable reaction 
suchh as i-C7 hydrocracking occurs concomitantly with i-C7 hydroisomerization. 

Havingg shown how the transition state and product shape selectivity affect the 
individuall  product slates we are now in a position to address the overall n-C7 hydroi-
somerizationn reaction in the TON- and MTT-type zeolites (Figure 4.5D). Compared 
withh FAU- and BEA-type zeolites (Figure 4.4D), the TON- and MTT-type zeolites 
yieldd more i-C7, less ii-C7, and start hydrocracking at a lower hydroconversion level 
(Figuree 4.5D). The enhanced i-C7 selectivity and reduced ii-C7 selectivity can be ex-
plainedd by the impediment of the consecutive hydroisomerization of i-C7 into ii-C7 

(TS).. The onset of hydrocracking at lower conversion can be attributed to branched 
alkaness being constrained inside the tubular TON- and MTT-type channels. The in-
creasedd intracrystalline residence time (as compared to FAU- or BEA-type zeolites) 
increasess the chance of these molecules being hydrocracked (PS). 

Ass may be predicted based on its intermediate pore size (Table 4.3) [106], the n-C7 

hydroconversionn selectivity of the AEL-type silicoaluminophosphate lies somewhere 
inn between that of the FAU- or BEA-type zeolites and the TON- or MTT-type zeolites. 
Ass with FAU- and BEA-type zeolites, the AEL-type zeolite yields a product slate that 
iss only marginally enhanced in i-C7 molecules with terminal methyl groups (Figure 
4.7A),, contains alkanes with geminal methyl groups, and is dominated by the kinet-
icallyy favored 2,3-dimethylpentane (Figure 4.7B). Like TON- and MTT-type zeolites, 
thee AEL-type zeolite has a high i-C7 selectivity (Figure 4.7D), a low ii-C7 selectiv-
ityy (particularly for ii-C7 molecules with geminal methyl groups, Figure 4.7B), and 
hydrocrackss i-C7 (Figure 4.7C) at relatively low conversion (Figure 4.7D). 

Thee concepts for explaining the hydroconversion of n-C7 on TON-, MTT- and 
AEL-typee zeolites can also be used to explain the hydroconversion of longer-chain 
alkaness like n-Ci2 [97], n-Ci6 [96], and n-Ci 7 [99]. When converting longer-chain 
alkanes,, these particular zeolites enhance not only the selectivity for mono-branched 
butt also that for di-branched alkanes, and they suppress hydrocracking [93,96-100, 
102-104,107].. The methyl groups in the di-branched alkanes are at least 3 methy-
lenee groups apart, preferably even further [93,96,97,99,102,105]. Analogous to i-
C7,, transition state selectivity would explain the inhibition of geminal methyl groups 
andd the absence of (quasi-) vicinal methyl groups. The selectivity for the individ-
uall  non-inhibited dimethylalkanes wil l be dominated by their relative diffusion rate 
(PS).. Unlike i-C7, the initial methyl group need not affect the consecutive hydroiso-
merizationn as long as the second methyl group is introduced far away enough (TS). 
Inn the absence of geminal or quasi-vicinal methyl groups hydrocracking is more dif-
ficultt than hydroisomerization [99,103] (TS), so that both primary and consecutive 
hydroisomerizationn can continue until very high n-alkane conversions are reached 
[93,96,97,99,105].. Thus, we can explain the phenomena normally used to illustrate 
poree mouth catalysis concepts [93,99,105] by traditional shape selectivity concepts. 

Finally,, the activation energy of a reaction can be used to assess whether the com-
pletee pore or only the pore mouth is involved in alkane hydroconversion. If the re-
actionn is diffusion limited, the n-alkane hydroconversion wil l be limited to the pore 
mouth.. Diffusion limitations wil l lower the apparent activation energy for n-C7 hy-
droconversionn when the prerequisites for a diffusional increase in apparent activa-
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Figuree 4.7: Figure 4.7A: i-C7 yield pattern on AEL-type zeolite: • 2-methylhexane, o 3-
methylhexanee Figure 4.7B: Ü-C7 yield pattern on AEL-type zeolite: • 2,4-dimethylpentane, 
oo 2,3-dimethylpentane, • 3,3-dimethylpentane, D 2,2-dimethylpentane. Figure 4.7C: n-C7 hy-
drocrackingg pattern on AEL-type zeolite: A propane, • iso-butane, • n-butane Figure 4.7D: 
n-C77 hydroconversion pattern on AEL-type zeolite: • i-C7, • Ü-C7, A C4 + C3 

tionn energy are not met [120-122], as is the case with TON-, MTT- and AEL-type 
zeolites.. We find that the apparent activation energies for the FAU-, BEA-, TON-, 
MTT-typee zeolites are comparable (Table 4.3, estimated systematic error 3 kj/mol) 
andd approach the true activation energy for hydroisomerization [120,123,124]. This 
indicatess that there are no diffusion limitations and therefore all of the zeolite acid 
sitess are able to contribute to the n-CV hydroconversion [120,123,124], leaving little 
roomm for speculation that the n-Cr hydroconversion in the TON- or MTT-type zeo
litess occurs predominantly at or near the pore mouth. The apparent activation energy 
off the AEL-type silicoaluminophosphate is lower than that of the zeolites (Table 4.3), 
indicatingg either a lower acid site coverage (due to its higher operation temperature) 
(Tablee 4.3) or the onset of diffusion limitations [120,122]. Determining which is the 
casee would require determining the acid site coverage. 
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4.22 Differences between MFI - and MEL-Typ e Zeolites in Alkane 
Hydrocrackin g g 

Catalystss based on MFI-type zeolites are widely used in many areas of the oil and 
petrochemicall  industries, because of their ability to catalyze reactions shape selec-
tivelyy [125]. They are used in the catalytic upgrading of fuel oil, because they se-
lectivelyy adsorb and hydrocrack wax-like, long-chain normal alkanes into smaller, 
shorter-chainn products [96,125-127]. Notwithstanding the proven track record of 
MFI-typee zeolites in fuel oil upgrading, a catalyst of comparable activity, but with a 
higherr selectivity for hydroisomerization than for hydrocracking would be desirable 
ass it would yield more valuable fuel oil and less gas. 

MEL-- and MFI-type zeolites are comparable in terms of activity [103,128-132]. 
Thiss is probably related to the similarity of the framework density and the pore size 
off  these structures [2]. Despite these similarities, some studies have suggested that 
MEL-typee zeolites hydroisomerize more alkanes than MFI-type zeolites, at any given 
alkanee hydroconversion level [128-130]. This intrinsic high hydroisomerization se-
lectivityy was first postulated based on studies using n-decane (n-Ci0) as a model 
feedd [128], refuted based on studies using n-heptane (n-C7) as a feed [131], and then 
corroboratedd by studies using complex feed stocks [129,130]. It is not clear how the 
differencess in structure between MFI- and MEL-type zeolites translate to the differ-
encess in catalytic behavior [131]. 

Bothh MFI- and MEL-type zeolites have three-dimensional 0.55 run channels. The 
MFII  topology consists of intersecting straight and sinusoidal channels, whereas the 
MELL topology has only straight channels. Consequently, the structure and size of the 
singlee MFI-type channel intersection is significantly different from the two distinct 
MEL-typee intersections (Figure 4.8) [2,132]. 

Beforee the advent of molecular simulations, relating the differences between the 
MFI-- and MEL-type zeolite structures to differences in shape selectivity was hindered 
byy a lack of microscopic information on the adsorption and diffusion inside these 
zeolitee structures [126,132]. 

Heree we show how the thermodynamic data obtained by molecular simulations 
cann shed some light on the differences in alkane hydroconversion between MFI- and 
MEL-typee zeolites. As the thermodynamic adsorption data relate to the shape selec-
tivee properties that are intrinsic to a zeolite structure, we develop a criterion to iden-
tifyy catalytic data that are unimpaired by mass transport or hydrogenation rate limita-
tions.. A subsequent scrutiny of the published n-C7 [131,133] and n-Ci 0 [128,134-138] 
hydroconversionn data using this criterion shows intrinsic differences in alkane hy-
droconversionn between MFI- and MEL-type zeolites. Simulated Ci0 adsorption data 
aree then used to explain the observed differences in the hydroconversion of n-Ci0 

andd of complex feedstocks, and the absence of such differences in a publication [131] 
onn the hydroconversion of n-C7. 

4.2.11 Results and Discussion 

C77 hydroconversion mechanism: The hydroconversion of n-C7 on MFI- [133] and 
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Figuree 4.8: Sketch of the MFI- and MEL-type channel intersections. The zeolites have a sim-
ilarr pore diameter (0.55 nm) and structure. The principle difference is that MFI contains both 
straightt and sinusoidal channels, while all MEL-type channels are straight. There is only one 
MFI-typee channel intersection. MEL-type channel intersections are either large (top) or small 
(bottom). . 

MEL-typee [131] zeolites can be described as a series of consecutive reactions [139]. 
First,, n-C7 hydroisomerizes into iso-heptane (i-Cr), then into di-branched heptanes 
(henceforthh referred to as Ü-C7), which subsequently hydrocrack into iso-butane (i-
C4)) and propane (C3) [87,139] (seeeqn. 4.1) 

Thee equilibration between the different C7 isomers occurs inside the MFI- and 
MEL-typee pores. It is not necessarily observed directly in the product distribution 
duee to the interference of diffusion and -occasionally- of premature hydrocracking. 

Diffusionn affects the product slate by selectively trapping the slowly diffusing i-
C77 [108,140,141] and the even more slowly diffusing Ü-C7 with proximate methyl 
groupss [89,142-145] inside the MFI- and MEL-type pores. The more slowly a C7 
isomerr diffuses, the greater the chance that it is hydroisomerized into Ü-C7 with either 
geminalgeminal methyl groups or with methyl groups separated by one methylene (-CH2-
)) group (quasi-vicinal methyl groups). These are subsequently hydrocracked into a 
fast-diffusingg i-C4/C3 product pair. 

Prematuree hydrocracking affects the product slate when a C7 isomer is hydro-
crackedd before it has hydroisomerized into geminal or quasi-vicinal Ü-C7. It yields 
ann n-C4/C3 instead of an 1-C4/C3 product pair [21,87,111,146]. It occurs when 
theree are multiple transformations at acid sites inside pores that significantly limi t 
sorbatee mobility [87,146-148]. This happens when the hydrogenation function is 
insufficientlyy active as compared to the acid function [10,11,112,146], or when the 
masss transport between the hydrogenating sites and the acid sites is the rate limiting 
stepp [10,112,133,146]. 

Cmm hydroconversion mechanism: It has been shown that n-C7 and n-Cio share 
essentiallyy the same hydroconversion mechanism [15,21, 111, 149,150]. The only 
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differencee between n-C7 and n-Cio is that the latter can hydroisomerize into a tri-
branchedd "iii-Cio " isomer with both geminal and quasi-vicinal methyl groups (i.e. 
withh methyl groups on a,a,7 positions) [15,17,18,21,149-151] before hydrocracking, 
whereass the former is too short to form the equivalent iii-C7 hydrocracking precursor. 
Thiss difference is irrelevant when studying MFI- (and MEL- [128]) type frameworks, 
becausee the shape selective constraints imposed by these frameworks impede the 
formationn of the transition state required for such iii-Ci o isomers [89,128,152]. Thus, 
forr the purpose of this chapter, the hydroconversion of n-Cio may be regarded as 
completelyy analogous to that of n-C7: n-Ci0 hydroisomerizes into iso-decane (i-Cio), 
di-branchedd decanes (henceforth referred to as ii-Cio), and subsequently ii-Ci 0 hy-
drocrackss to give four product pairs - a mono-methyl alkane i-Cx and a linear alkane 
n-C(10-x)) (x an integer, 4 < x < 7) [16]: 

nn - Cio ^ i - Cio  ̂ ii~ Cio —• i - Cx + n - Cm-X (4-2) 

Ass with n-C7 hydroconversion, the more the n-Cio hydroconversion rate is deter
minedd by the rate of the acid-catalyzed reactions, rather than by the mass transport 
orr the hydrogenation rate, the higher the proportion of branched alkanes in the prod
uctt slate [103]. 

Inn view of the striking similarity of the n-C7 and the n-Cio hydroconversion mech
anismm it is intriguing why MEL-type zeolites reportedly have a higher n-Cio hydroi-
somerizationn selectivity than MFI-type zeolites [128], but not a higher n-C7 hydroi-
somerizationn selectivity [131]. This study attempts to resolve this puzzle. To some 
degreee resolution can be obtained by scrutinizing the published n-Ci0 hydroconver
sionn data. 

Criteriaa for identifying mass transport or hydrogenation rate limitations: The 
intrinsicc shape selective properties of zeolites can only be compared when the acid-
catalyzedd reactions inside the zeolite pores determines the overall alkane hydrocon
versionn rate [103], i.e. in the absence of premature hydrocracking due to mass transfer 
orr hydrogenation rate limitations. In principle, it should be straightforward to iden
tifyy MFI- and MEL-type zeolite catalysts in which the acid catalysis step determines 
thee alkane hydroconversion rate, for these catalysts characteristically i) yield a pri
maryy (i.e. before secondary reactions) hydrocracking product slate consisting of equal 
amountss of linear and branched alkanes (equation 4.2, ii) yield a primary C7 fraction 
consistingg exclusively of i-C7 (equation 4.2), iii) yield a primary C5 fraction consist
ingg of equal amounts of n-C5 and i-C5 (equation 4.2), and iv) have a low (primary 
andd secondary) hydrocracking selectivity [10,11,103,112]. In practice, consecutive 
hydrocrackingg and hydroisomerization yield a secondary product slate interfering 
withh a straightforward identification [134]. The primary i-C7 isomers are particularly 
pronee to consecutive reactions, because they are the most reactive [12,21,111], and be
causee they will stay adsorbed longer than the other primary hydrocracking products 
willl [153]. By contrast, the C5 isomers are relatively unreactive [12,21,111] and are 
shortt enough to desorb rapidly (and stay desorbed) due to competitive adsorption 
withh longer molecules [153]. Thus, a C5 fraction consisting of equal amounts of n-Cs 
andd i-Cs (iii) and a low hydrocracking selectivity (iv) are the least affected by sec
ondaryy reactions, and -therefore- are the most straightforward criteria for identifying 
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MFI-- and MEL-type zeolite catalysts in which the acid catalysis step determines the 
alkanee hydroconversion rate. 

Masss transport or  hydrogenation rate limitations : An examination of the pub-
lishedd n-Cio hydroconversion data (Table 4.4 [128,134-137]) shows that only one pa-
perr [134] discusses an MFI-type zeolite catalyst that yields a secondary hydrocracking 
productt slate with a C5 fraction consisting of close to 50% i-C5. At 46% n-Cio hydro-
conversion,, this catalyst looses only 7% of the Cio feed through hydrocracking (% Cio 
hydrocracked,, Table 4.4), whereas at that same conversion level the other catalysts 
loosee more than 35% of the Cio feed [128,135-137]. This low primary hydrocracking 
selectivity,, the small amount of secondary hydrocracking (mol C7 hydrocracked/100 
moll  Cio hydrocracked) at a high % n-Cio hydroconversion, and the high percentage 
off  branched alkanes in the secondary hydrocracking product slate (1/5) (Table 4.4, 
alsoo explains formula), all indicate that this particular MFI-type zeolite catalyst ex-
hibitss minimal mass transport and hydrogenation rate limitations [10,11,103,112]. 
Thee other tabulated MFI-type zeolite catalysts yield significantly less than 50% i-C5 

andd have a high hydrocracking selectivity (Table 4.4) characteristic for hydroconver-
sionn dominated by the mass transport or hydrogenation rate and not by the acid-
catalyzedd steps. They employ crystals that are too large, have too high an acid site 
densityy or are operated at such a low hydrogen partial pressure [10,16] that the Ci0 

masss transport rate between the acid sites inside the crystals and the (de-) hydrogena-
tionn sites at the crystal's surface [103] is rate limiting [112,146]. Remarkably, also very 
smalll  MFI-type zeolite crystals cluttered with amorphous debris from a prematurely 
abortedd zeolite synthesis exhibit the high hydrocracking selectivity (4-5% Cio hydro-
crackedd at 8-9% conversion [138], cf. Table 4.4) that is characteristic for mass transport 
orr hydrogenation rate limitations. The preponderance of studies on Pt-loaded MFI-
typee zeolite catalysts in which the n-Ci0 hydroconversion rate was not dominated by 
thee acid catalyzed reactions could explain why the premature i-Ci0 hydrocracking 
usedd to be considered so important [103,128,134,137]. 

Inn addition to an MFI-type zeolite catalyst, there is a MEL-type zeolite catalyst 
forr which n-Ci0 hydroconversion data have been published, and that meets the % 
i-C55 criterion and that shows a low hydrocracking selectivity (Table 4.4), indicating 
thatt intra-crystalline acid catalyzed reactions determine the n-Cio hydroconversion 
ratee [128]. This MEL-type zeolite catalyst does not suffer from mass transport limita-
tions,, even under conditions where an equivalent MFI-type zeolite does [128] (Table 
4.4).. When comparing the two catalysts without mass transport limitations [128,134], 
thee MEL-type zeolite hydroisomerizes a higher percentage of the feed than the MFI-
typee zeolite catalyst (Table 4.4). Both the higher threshold for mass transport limita-
tionss and the higher hydroisomerization selectivity of the MEL-type zeolite indicate 
thatt branched C10 isomers have a lower chance for being converted when they are 
insidee MEL-type pores than when they are inside MFI-type pores. This implies that 
thee MEL-type zeolite either has an intrinsically lower consecutive-reaction rate or an 
intrinsicallyy higher Cio diffusion rate than the MFI-type zeolite. So far there is no in-
dicationn of a major difference in n-Cio or i-Cio diffusion rate between MEL- and MFI-
typee zeolites [108] suggesting that the difference must lie in the consecutive-reaction 
ratee [128]. 
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Tablee 4.4: The crystal size, the framework aluminiumdensity (N(A1) in atoms per unit cell), 
andd zeolite type of catalysts operated at a partial hydrogen (p H2 (kPa)), hydrocarbon pressure 
(pp n-Cio (kPa)), molar hydrogen-to-hydrocarbon ratio (H2/n-Cio (mol/mol)) require a certain 
temperaturee for 50% n-Ci0 hydroconversion (T50% (K)). 

Zeolitee type 
Crystall  size (^m) 
N(A1)) (at/u.c.) 
pp H2 (kPa) 
pp n-Cio (kPa) 
H 2/n -C i00 (mol/mol) 
TÖO%% (K) 
%% n-Cio hydroconversion 
%% Cio hydrocracked 
%i-C5 5 

l /5EÏ=4%i-<=x x 
moll  C7 hydrocracked/ 
1000 mol Cio hydrocracked 
Reference e 

MFI I 
n.p.a a 

5.2 2 
100 0 
1.4 4 
71 1 

440 0 
4 4 

3-46 6 

256 6 

196 6 

0 0 

MFI I 
15 5 
2.5 5 
101 1 
0.7 7 
151 1 
440 0 
7» 7» 
5 5 
31 1 
23 3 
1 1 

MFI I 
6 6 

1.6 6 
350 0 
0.9 9 
389 9 
440 0 
126 6 

7 7 
42b b 

346 6 

33b b 

[135]]  [136] [137] 

MFI I 
4x6 6 
3 3 

100 0 
1.5 5 
65 5 
400 0 
106 6 

5 5 
44 4 
35 5 
2 2 

[128] ] 

46 6 
7 7 

n.p.° ° 
n.p.a a 

46 6 

[134] ] 

MFI I 
0.1x0.5 5 

1.6 6 
2000 0 
20 0 
100 0 
520 0 

936 6 

50 0 
496 6 
476 6 

n.p.a a 

[134] ] 

MEL L 
4x6 6 
3 3 

100 0 
1.5 5 
65 5 
430 0 
49b b 

5 5 
506 6 

416 6 

llb b 

[128] ] 

Note.. At a % n-Cio hydroconversion the catalyst hydrocrack a certain percentage of 
thee feed (% Cio hydrocracked), and they yield a percentage branched isomers in the 
secondaryy hydrocracking product slate (1/5 ^ £=4% i-Qc, with % i-Cx the percentage 
off  i-Ca; in each of the the four C^ fractions, and divided by five to account for the 
intrinsicallyy linear C3 fraction) and in the C5 fraction (% 1-C5). As only heptane (C7) 
isomerss are liable to secondary hydrocracking [12,21,136] the extent of secondary 
hydrocrackingg is referred to as "mol C7 hydrocracked / 100 mol Cio hydrocracked". 
Itt was calculated by halving the difference between the molar C3 and C7 yield per 
1000 mol of hydrocracked decane (Cio). The n-Cio hydroconversion catalysts that 
wee discuss were loaded with either 0.5 [134,135] or 1.0 wt-% Pt [128,136-138]. For 
comparison,, the n-C7 hydroconversion catalysts were loaded with 0.4 wt-% Pt [131]. 
aa np, not published. 
bb Estimated graphically. 
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Tablee 4.5: The branched primary hydrocracking products ([i-C^] (mol/100 mol n,m-diMe-
Css hydrocracked)) from the MFI- and MEL-type zeolites [96,134] and their dimethyl octane 
precursorss ([n,m-diMe-Cg] (mol-%) with methyl positions n and m) assuming no preferential 
hydrocrackingg into small or large i-Cz. 

Products s 
[i-C4] ] 
[i-C5] ] 
[i-C6] ] 
[i-C7] ] 

MFI I 
15-l la a 

19 9 
28-32a a 

38 8 

MEL L 
26 6 
19 9 
16 6 
40 0 

Precursors s 
[22-diMe-C8] ] 
[33-diMe-C8] ] 
[44-diMe-C8] ] 
[24-diMe-C8] ] 
[35-diMe-C8] ] 

MFI I 
0-56 6 

14-19 9 
46-64 4 
30-12 2 
10-0 0 

MEL L 
0-2b b 

17-19 9 
28-31 1 
52-48 8 
4-0 0 

aThee mass balance dictates that [i-C7] + [i-C6] + [i-C5] + [i-C4] = 100 mol/100 mol 
hydrocracked. . 
6[n,m-diMe-C8]]  is in mol 

Primar yy hydrocracking product slates: Reconstruction of the primary hydroc-
rackingg product slates from the secondary hydrocracking product slates sheds some 
lightt on the different reactions that follow the formation of i-Cio- As discussed above, 
thee composition of the C5 fraction wil l be the same in both the primary and the sec-
ondaryy hydrocracking product slate, but all other product fractions require recon-
struction.. The effects of secondary Ü-C7 hydrocracking can be eliminated by adding 
onee Ü-C7 molecule to the C7 fraction for each set of one i-C4 molecule and C3 molecule 
removedd from their respective product fractions until there are equal amounts of C3 
andd C7. This yields the primary C3 fraction. The resultant C4 fraction is represen-
tativee for the primary C4 fraction as well, for secondary hydroisomerization of C4 

iss unlikely. The effects of secondary hydroisomerization on the resultant C7 fraction 
cann be eliminated, because the hydrocracking mechanism stipulates that the primary 
C77 fraction consists for 100% out of 1-C7. Applying this procedure to the secondary 
hydrocrackingg product slate of the MEL-type zeolite (Figure 4.9B) yields virtually 
completee primary i-C4/n-Ce and i-Ce/n-C4 product pairs (Figure 4.9D), indicating 
thatt the C6 fraction has remained relatively unaffected by secondary reactions. Con-
structionn of a secondary hydrocracking product slate of the MFI-type zeolite based 
onn the published data [134] (Figure 4.9A), requires making the assumption that the 
compositionn of the carbon number fractions does not drastically change when the 
conversionn is increased from 46% to 93% n-Cio conversion. If we apply our proce-
duree to turn this secondary hydrocracking product slate into a primary one (Figure 
4.9C),, the CQ fraction contains 10% too much i-Cö to complete the primary i-C4/n-C6 
andd i-C6/n-C4 product pairs. Therefore i-C6 and 1-C4 data are within the tabulated 
15%% error margin (Table 4.5). 

Experimentall  i i-Ci 0 selectivity: On the basis of the hydrocracking mechanism 
[21,149,150]]  (Figure 4.10), it is possible to link the individual components of the pri-
maryy C10 hydrocracking product slate (Table 4.5, Figure 4.9 C,D) to their ii-Cio pre-
cursorss through four linear equations. Each 100 mol of ii-Cio consists of [n,m-diMe-
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Figuree 4.9: The secondary (top, A and B) and primary (bottom, C and D) hydrocracking prod-
uctuct slates of the MFI- (left, A and C) and the MEL-type zeolite (right, B and D) at 46% and 49% 
n-Cioo hydroconversion respectively [128,134]: normal (white) and branched (black) isomer 
yield. . 

Cg]]  mol of n,m-dimethyl octane, and hydrocracks into a known number of moles of 
branchedd isomers, [i-C^] . With these definitions in place, thee individual hydrocrack-
ingg reactions (Figure 4.10) can be described as: 

[2,, 2 - diMe - C8] + 

[3,33 - diMe - C8] + 

w-[4,4-diMew-[4,4-diMe - Cg] + 

(l-w)-[4:,4-diMe-Cs\(l-w)-[4:,4-diMe-Cs\ + 

u-[2,4-diMe-Cu-[2,4-diMe-C88] ] 

v-[3,5-diMe-Cv-[3,5-diMe-C88] ] 

(11 -v)-[3,5-diMe-C8] 

(1(1 - u)-[2,4 - diMe - C8] 

[i[i  ~ C4] (4.3) 

[i[i  ~ C5]  (4.4) 

[i[i  ~ C6]  (4.5) 

[i[i  - C7]  (4.6) 

Inn these equations u, v and w are the probabilities that 2,4-, 3,5- and 4,4-diMe-C8 

splitt off either a small (u, y. w > 0.5) or a long (u, y w < 0.5) iso-alkane. Assuming 
thatt the ii-Ci 0 precursors have no strong preference for splitting either way (u s» v 
« w ww 0.5) the solutions for the above 4 equations severely limi t the possible ii-Ci 0 

hydrocrackingg precursors (Table 4.5). 
Inn summary, a scrutiny of the published n-Cio hydroconversion data shows that 

off  the two kinetically favored ii-Cio molecules (Figure 4.11), the MFI-type zeolite pre-
dominantlyy hydrocracks the geminal ii-Cio (4,4-diMe-Cs), whereas the MEL-type ze-
olitee predominantly hydrocracks the quasi-üfcma/ ii-Ci 0 (2,4-diMeC8) (Table 4.5). We 
cann now turn to the free energies of formation as amenable by molecular simulations 
too see why there is such a marked difference in intrinsic shape selectivity. 

Simulatedd ii-C 10 selectivity: The free energy of formation of the individual ii-Ci 0 

hydrocrackingg precursors inside the MFI- and MEL-type zeolites shed some light on 
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•• 2,2diMe-C8 y i-C4 + n-C6 

•• / 
,, 2,4diMe-Cs / 

>»» i-C7 + C3 

•• / 
XX 4,4diMe-Cg <^ 

^»» i-C6 + n-C4 

ii  3,5diMe-Cg / 

** 3,3diMe-Cg -> i-C5 + n"cs 

Figuree 4.10: Overview of the n-Cio hydroconversion [21,134]: equilibration between isomers 
withh (•—•) or without (•••••) a change in the degree of branching and hydrocracking (—>)• Of 
alll the ii-Cio isomers only those with geminal or quasi-i>z'cmfl! methyl groups are shown. The 
ii-Cioo isomers with no geminal or quasi-vicinal methyl groups hydrocrack ~102 times more 
slowlyy than the isomers shown [15,17,151]. This leaves them ample time to hydroisomerize 
intoo ii-Cio isomers withgeminal or quasi-vicinal methyl groups. They do so at a rate that is ~103 

timess faster than their hydrocracking rate [15]. Thus, the hydrocracking will be dominated by 
thee ii-Cio isomers that are shown. The individual hydroisomerization and hydrocracking steps 
aree elucidated in Figures 4.11 and 4.12. 

thee postulated differences in hydrocracking precursors. As indicated by a lower free 
energyy of formation, MFI-type zeolites preferentially form geminal ii-Cio, whereas 
MEL-typee zeolites preferentially form quasi-vicinal ii-Cio (Table 4.6). The reason for 
thiss selective decrease in free energy (Table 4.6) is that the shape of the MFI-type 
intersectionn (Figure 4.8A) is commensurate with that of geminal ii-Cio, whereas the 
shapee of the larger MEL-type intersection (Figure 4.8B) is commensurate with that of 
quasi-vicinalquasi-vicinal ii-Cio (Figure 4.13). Thus, the intersections constitute a mould for the 
formationn of particular hydrocracking precursors. Once formed, the hydrocracking 
precursorss will be trapped at the intersections, for they diffuse too slowly [89,140] 
too leave the pores intact. The preference of MFI-type zeolites for geminal instead of 
quasi-vicinalquasi-vicinal ii-Cio becomes more evident when the temperature is increased from 
4155 K to 523 K. Thus, the decreased free energy of formation of geminal ii-Cio in
sidee MFI-type zeolites and of quasi-vicinal ii-Cio inside MEL-type zeolites supports 
thee empirical observation that there is an intrinsic difference in their hydrocracking 
functionality,, and offers an explanation of why that is so. 

Simulatedd Ü-C7 selectivity: The adsorption properties of Ü-C7 hydrocracking 
precursorss (Table 4.7) are analogous to those of ii-Ci0 (Table 4.6). Again MFI-type 
zeolitess lower the free energy of formation of Ü-C7 with geminal methyl groups and 
MEL-typee zeolites lower that of the ii-C7 with quasi-vicinal methyl groups (viz. 2,4-
dimethyll pentane). Since n-Cio and n-C7 hydroconversion are analogous, we would 
expectt that MFI-type zeolites preferentially hydrocrack geminal Ü-C7, whereas MEL-

n-C C 

2Me-C„ „ 

5Me-C„ „ 

4Me-C9 9 

3Me-C„ „ 
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Figuree 4.11: The (protonated) cyclopropyl transition state ( v and A) and the products for the 
hydroisomerizationn of i-Cio into ii-Ci 0. A) 2-Me-C9 hydroisomerization into 2,2-, 2,3-, 2,4-, 2,5-
,, 2,6-, 2,7-diMe-Cg; B) 3-Me-C9 into 3,3-, 3,4-, 3,5-, 3,6-, 2,6-diMe-C8; C) 4-Me-C9 into 3,3-, 2,3-, 
4,4-,, 4,5-, 3,5-, 2,5-diMe-C8; D) 5-Me-C9 into 3,4-, 2,4-, 4,4-diMe-C8 [21]. Hydrocracking precur-
sorss are shown in bold. The probabilities of formation of the isomers are given, assuming no 
preferentiall  formation for any i-Cio isomer or transition state. The shape selectivity imposed 
byy the MEL- and MFI-type zeolites shifts the probability towards the ii-Cio and i-Cio isomers 
thatt have a shape commensurate with the MEL- and MFI-type pores [89]. Of the alkanes with 
geminalgeminal methyl groups 4,4-diMe-C8 has the highest chance of formation, of the alkanes with 
quasi-vicinalquasi-vicinal methyl groups 2,4-diMe-C8 is favored. The probability for 4,4- and 2,4-diMe-C8 

formationn is further increased, because 5-Me-C9 appears to be the i-Cio isomer preferentially 
retainedd [108,141] and formed (Figure 4.14, Table 4.8) by both MEL- and MFI-type zeolites. 
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\14AA A 

\X></\/ \ \ 

Figur ee 4.12: Transitions states and intermediates for the hydrocracking of ii-Cio isomers with 
geminalgeminal or quasi-vicinal methyl groups [134], As all carbo-cationic and alkene intermediates 
leavee the catalysts as alkanes, carbo-cations and alkenes with the same carbon backbone wil l 
endd up as identical products, and are grouped together as such. 

Tablee 4.6: Gas phase free energy of formation (AGf
gas (kJ/mol))(from literature [22] data), free 

energyy of adsorption (AGad3 (kj/mol)), heat of adsorption (AHads (kj/mol)), and free energy 
off  formation inside a zeolite (AG(eo (kj/mol)) for decane isomers in MFI- or MEL-type silicas 
att 415 K. 

Cioo isomer 

n -C1 0 0 

2-Me-Cg g 

5-Me-Cg g 

AGAGf f 
MFI I 

AGads AGads 

MEL L 

AGAG ads 

MFI I 
AHAHads ads 

MEL L 
AHAHads ads 

MFI I 
AG-f f 

MEL L 
AGf AGf 

(k j /mol )) (k j /mol) (kj /mol) (k j /mol) (k j /mol) (k j /mol) (k j /mol) 
150 0 
147 7 
150 0 

-54 4 
-53 3 
-53 3 

-49 9 
-47 7 
-52 2 

-113 3 
-112 2 
-115 5 

-112 2 
-108 8 
-113 3 

96 6 
94 4 
96 6 

101 1 
99 9 
98 8 

22-diMe-Cg g 
33-diMe-C8 8 

44-diMe-C8 8 

24-diMe-Cg g 
35-diMe-C8 8 

145 5 
147 7 
147 7 
150 0 
147 7 

-48 8 
-46 6 
-50 0 
-42 2 
-37 7 

-38 8 
-37 7 
-39 9 
-55 5 
-52 2 

-105 5 
-102 2 
-106 6 
-114 4 
-106 6 

-100 0 
-97 7 
-99 9 
-117 7 
-114 4 

98 8 
101 1 
97 7 
108 8 
111 1 

107 7 
110 0 
108 8 
96 6 
96 6 

335-trMe-C77 154 -20 0 -22 2 -76 6 -91 1 134 4 132 2 

file:///14AA
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Figuree 4.13: Schematic drawing of the thermodynamically preferred positions of Left) 4,4-
diMe-Cgg inside MFI-type zeolite, with octyl group in the straight channel and the methyl 
groupss protruding into the sinusoidal channel, Right) 2,4-diMe-C8 inside MEL-type zeolite, 
withh a hexyl group in one straight channel and an iso-butyl group protruding into another 
straightt channel. Alkanes are shown as ball-and-stick models, frameworks as sticks only. Top 
andd bottom views are at a 90 angle from each other. 
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Tablee 4.7: Gas phase free energy of formation (AGJ
gas (kj/mol)) [22], change of free energy of 

formationn by zeolite (AGads (kj/mol)), heat of adsorption (AHads (kj/mol)), and free energy 
off  formation inside a zeolite {AG{eo (kj/mol)) for heptane isomers in MFI- or MEL-type silicas 
att 523 K. 

MFII  MEL MFI MEL MFI MEL 
C77 isomer AG{as AGads AGads AHads AHads AG{eo AG{eo 

(kj/mol)) (kj/mol) (kj/mol) (kj/mol) (kj/mol) (kj/mol) (kj/mol) 
ï v QQ ~ Ï67 =27 =24 =78 =76 Ï4Ö Ï43~~ 
2-Me-C66 164 -27 -25 -80 -79 137 140 
3-Me-C66 164 -26 -24 -78 -77 138 140 

22-diMe-C5 5 

33-diMe-C5 5 

24-diMe-C5 5 

23-diMe-C5 5 

167 7 
168 8 
169 9 

163 3 

-24 4 
-18 8 
-13 3 

-25 5 

-14 4 
-8 8 

-27 7 

-20 0 

-74 4 
-68 8 
-73 3 

-78 8 

-67 7 
-62 2 
-82 2 

-76 6 

143 3 
150 0 
156 6 

138 8 

153 3 
160 0 
142 2 

143 3 

typee zeolites prefer the quasi-vicinal ii-C7. Unfortunately this difference in the hy-
drocrackingg pathway is difficul t to quantify, as the individual ii-C7 precursors do not 
leavee their signature in the C7 hydrocracking product slate (equation 4.2). 

ii-Ci oo versus ii-C 7 hydrocracking: The difference in hydrocracking pathway be-
tweenn the MFI- and MEL-type zeolite can explain why an MFI-type zeolite hydroc-
rackss a higher percentage of Ci0 feed but not of C7 feed. Kinetic data show that at 
loww temperatures (below 460-500 K) the geminal di-methyl alkanes preferred by the 
MFI-typee zeolite have the highest hydrocracking rate, whereas at higher tempera-
turee (above 460-500 K) the quasi-vicinal di-methyl alkanes preferred by the MEL-type 
zeolitee have the highest hydrocracking rate [17,18,151]. Since zeolites that hydro-
crackk alkanes at a higher rate wil l also hydrocrack a larger percentage of the feed, 
thiss can explain why MFI-type zeolites (at 400, 440, or 520 K) hydrocrack more C10 

thann MEL-type zeolites (at 430 K) (Table 4.4), but not more C7 (all comparative tests 
att 523 K [131]). Although the low C10 and high C7 hydroconversion test temperature 
cann explain the low Ci0 and high C7 hydrocracking selectivity of the MEL-type ze-
olite,, it fails to explain why MEL-type zeolites reportedly have lower hydrocracking 
selectivityy than MFI-type zeolites at temperatures as high as 655 K [129]. 

Simulatedd competitive adsorption: An alternative explanation for the differences 
inn alkane hydrocracking between MFI- and MEL-type zeolites follows from the dra-
maticc selectivity difference that shows up in a study on the adsorption from mixtures 
off  equal amounts of gaseous n-Ci0 and i-Ci0. Both at low loading (Table 4.6) and 
att high loading (Figure 4.14A), MFI-type zeolites adsorb n-Ci0 or i-C10 in approx-
imatelyy equal amounts, indicating that molecule-molecule interactions have only a 
minorr effect on the free energy of adsorption (~1 kj/mol change) in MFI-type zeo-
lites.. In marked contrast, MEL-type zeolites develop a strong preference for linear 
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Figuree 4.14: The adsorption isotherm at 415 K as calculated by CBMC calculations of a binary 
mixturee of a) 50% 2-methyll  nonane and 50% n-decane b) 50% 5-methyl nonane and 50% n-
decane.. MFI-type (left) and MEL-type silica (right). 

alkaness at high loading (Figure 4.14B). This preference corresponds to a decrease in 
thee free energy of the adsorption (and of formation) of n-Ci0 relative to that of i-Ci0 

off  4-5 kj/mol (Table 4.8). A probable cause for the decrease in free energy of the lin-
earr alkanes relative to that of the branched alkanes is that the former can fil l the pores 
withh a higher packing efficiency (retaining a higher entropy) than the latter [33,61]. 
Closerr inspection of the molecules shows that approximately half of the 4 MFI-type 
intersectionss per unit cell contain i-Cio molecules, whereas slightly fewer than half 
off  the 2 large MEL-type intersections per unit cell still contain i-Ci0 at full loading. 
CBMCC calculations indicate that full loading is obtained at 20 kPa Cio, at tempera-
turess up to 570 K and above 1 kPa Ci0, at temperatures near 415 K, i.e. at the n-Qo 
hydroconversionn conditions discussed here (Table 4.4). 

Competitivee adsorption in n-Cio hydroconversion: At full loading, molecule-
moleculee interactions impede formation of i-Cio out of n-Ci0 by increasing the free 
energyy of formation of the former at the large MEL-type intersections. In addition, 
theyy impede hydroisomerization reactions following the formation of i-Cio by fa-
cilitatingg the (re-)adsorbtion of n-Cio at the cost of the (re-)adsorption of i-Cio- In 
MFI-typee zeolites molecule-molecule interactions have no such marked effect (Tables 
4.66 and 4.8). The formation of ii-Cio hydrocracking precursors from i-C10 by consec-
utivee hydroisomerization reactions is further impeded by the limited availability of 
suitablee sites in the MEL-type zeolites at full loading. There are only half as many 
largee MEL-type intersections as there are MFI-type intersections (Figure 4.8). Both 
thee higher selectivity for absorbing linear instead of branched alkanes and the lower 
densityy of sites suitable for forming hydrocracking precursors wil l suppress consec-
utivee hydrocracking reactions, and explain the lower hydrocracking selectivity (and 
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Tablee 4.8: Effect of molecule-molecule interactions on the difference in the free energy of ad-
sorptionn between i -O0 and n-Cio (AGfs - AGa

n
ds (kj/mol)). 

i-Cioo MFI emp ty MFI full MEL empty MEL full 
isomerr AGfds - AG^ds AGfs - AG°ds AGfds - AG^ds AGfs - AG^ds 

(k j /mo l ) ) (k j /mol) ) (k j /mol ) ) (k j /mol ) ) 
2-Me-C9 9 

5-Me-Cg g 
0.8 8 
0.4 4 

1.8 8 
-0.9 9 

1.7 7 
-2.5 5 

5.7 7 
2.9 9 

NoteNote We compare an "emp ty" zeolite (Henry regime, no molecule-molecule interac-
t ions,, Table 4.6) w i t h a "ful l " zeolite that is in equi l ibr ium wi t h a mixture consist ing 
off  equal amoun ts n-Cio and i-Cio at h igh loading (Figure 4.14). 

4 4 

3.5 5 

:: 3 

-§2.5 5 
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O-OO 2-methylhexane 
D-DD n-heptane 
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partiall  pressure / [kPa] 

33 2 -
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D-DD n-heptane 
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Figur ee 4.15: The adsorption isotherm at 523 K as calculated by CBMC calculations of a binary 
mixturee of a) 50% 2-methyl hexane and 50% n-heptane. MFI-type (left) and MEL-type silica 
(right). . 
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higherr hydroisomerization selectivity) of MEL-type zeolites. 
Noo competitive adsorption in n-C7 hydroconversion: Interestingly the adsorp-

tionn simulations not only explain why the MEL-type zeolite has a higher n-Ci0 hy-
droisomerizationn selectivity than the MFI-type zeolite, they also explain why this is 
nott the case for the n-C7 hydroisomerization [131] selectivity. The comparative n-C7 

hydroconversionn tests where done at 10 kPa n-C7, 523 K [131]. At this temperature 
andd pressure MFI- and MEL-type zeolites have a low enough loading (about one 
moleculee per unit cell) for n-C7 and i-C7 to have a comparable free energy of for-
mationn in both MFI- and MEL-type zeolites (Figure 4.15). In addition, there is no 
shortagee of available sites at the intersections of these zeolites to form hydrocracking 
precursors.. Thus, the n-C7 hydroconversion tests were done at too low a C7 loading 
forr competitive adsorption of n-C7 and i-C7 to occur and so demonstrate the intrinsic 
selectivityy differences between MFI- and MEL-type zeolites. 

Actuall  hydrodewaxing tests: It is difficult to judge what the adsorption prop-
ertiess of MEL- and MFI-type zeolites are when a complex feedstock with alkanes 
significantlyy longer than Ci0 is converted at a temperature as high as 655 K (instead 
off  the 430-523 K used for C7 and Ci0) [129]. We are tempted to conclude that com-
petitivee adsorption between linear alkanes and branched alkanes wil l occur. In that 
casee the lower density and lower accessibility of the large MEL-type intersections as 
comparedd to the MFI-type intersections wil l overrule the enhancement of the hydro-
crackingg selectivity of MEL-type zeolite by the high operation temperature. To found 
suchh a conclusion more firmly would require more experimental studies quantify-
ingg the separate effects of temperature and loading on the alkane hydroconversion 
selectivityy of MEL- and MFI-type zeolites. 

4.33 Heptadecane conversion on TON-type zeolites 

Thiss section briefly returns to the subject of long-chain alkane conversion on medium-
poree zeolites (in this case TON). The difference between section 1 and this section is 
thee addition of diffusional aspects into the analysis. As already mentioned, in dewax-
ingg the aim is to convert long-chain hydrocarbons (waxes) into branched isomers. 
Hydrocrackingg is an undesirable side reaction that should be suppressed as much 
ass possible. Figure 1.4 shows that the di-methyl alkanes that most easily hydrocrack 
(alkaness with proximate methyl groups), have a relatively high Gibbs free energy of 
formationn in TON-type zeolites. Figure 4.16 shows that TON-type zeolites instead 
favorr the formation of di-branched alkanes with the methyl group separated by two 
orr more methylene groups. 2,6- and 2,10-dimethylpentadecane (dmpd) have the low-
estt Gibbs free energy of formation. The shape of these two isomers is commensurate 
withh periodicity of the cavities in the TON-type zeolite channel (see Figure 4.17). For 
thee other isomers there is no such perfect match between the spacing of the methyl 
groupss and that of the undulations in the TON-type channels. Figure 4.16 shows that 
commensuratee 2,6- and 2,10-dmpd have a barrier of 15 ksT, giving a diffusion coeffi-
cientt of 2x10"13 m2s_ 1 and that the diffusion of the incommensurate 2.7- or 2.9-dmpd 
iss virtually unhampered. From this Figure we can deduce the Gibbs free energy of 
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Figuree 4.16: Gibbs free energy as a function of the position of the 2,m-dimethylpentadecane 
isomerss in TON-type zeolites. 

formationn of the various 2,111 isomers. The incommensurate isomers have a similar 
Gibbss free energy while the commensurate 2,6 dmpd has a 5 kBT lower Gibbs free 
energyy of formation. In the gas phase or in a wide pore zeolite [17] the barrier for all 
methyll  shifts is only 1.5 kBT. The Polanyi-Bronsted principle suggests that TON-type 
zeolitess raise this barrier (by some 5 kBT) for the methyl shift of a commensurate 
isomerr (2,6-dmpd) into an incommensurate one (2,5- or 2,7-dmpd), leaving methyl 
shiftss among incommensurate isomers unaffected. The reason for the relatively high 
barrierss to diffusion of the commensurate intermediates is that the diffusion of a com-
mensuratee isomer requires that both methyl groups leave their thermodynamically 
favourablee sites, while the diffusion of an incommensurate molecule always involves 
onee methyl group at an unfavourable position. Therefore a displacement of a com-
mensuratee molecule changes the Gibbs free energy more than that of an incommen-
suratee molecule. A similar effect has been observed for clusters of molecules [154]. 

Thesee simulation results lead to the following alkane hydroconversion mecha-
nism.. The commensurate 2,6- and 2,10-dmpd wil l form preferentially but their bar-
rierr for diffusion is higher than their barrier for a methyl shift. Once a methyl shift 
hass taken place, an incommensurate structure has formed which can leave the zeo-
lite.. However, 2,5-dmpd can easily methyl shift into 2,4-dmpd, which wil l hydroc-
rackk before it leaves the zeolite. This suggests that in the product slate we may find 
somee 2,5-, very littl e 2,6- but a significant amount of 2,7-, 2,8-, and 2,9-dmpd isomers. 
Aspectss of such a product distribution have actually been observed experimentally. 
Interestingly,, these effects were explained in terms of catalysis at the exterior zeo-
lit ee surface [93] ("pore mouth" and "key lock" catalysis). Our interpretation implies 
catalysiss inside the zeolitic pores. A similar conclusion has been obtained from molec-
ularr dynamics simulations [90,108,141]. We have also calculated the Gibbs free en-
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Figuree 4.17: Sketch of a commensurate (top) and an incommensurate (bottom) molecule in 
aa TON-type zeolite. If there are three carbon atoms separating the two methyl groups the 
moleculee is commensurate with the zeolite structure. If we displace, for example, a 2,6-
dimethylpentadecanee (dmpd) isomer both methyl groups have to leave their optimal position. 
Iff  we displace an incommensurate molecule, for example, the 2,5-dmpd isomer, part of the 
moleculee always remains in an unfavorable configuration. As a consequence, the Gibbs free 
energyy barriers of the incommensurate molecules are much smaller and hence these molecules 
diffusee faster. 

ergyy profiles of the 3,m-dmpd isomers. For these isomers we find that 3,7-dmpd is 
thee commensurate molecule. The Gibbs free energy of these 3,m-isomers is 1-2 k^T 
higherr compared to the 2,m isomers. We therefore expect that the product distribu-
tionn also contains 3,8-, 3,9-, and 3,10-dmpd isomers in slightly smaller quantities. 

4.44 Conclusions 

Inn this chapter we studied the shape selectivity in the hydroconversion of alkanes on 
medium-poree zeolites. The translation of well-known concepts in zeolite-based shape 
selectivee catalysis into thermodynamic properties enables us to explain differences in 
shapee selectivity between zeolites in terms of adsorption thermodynamics. 

Thee good fit between measured and simulated adsorption constants (Henry co-
efficientss and adsorption enthalpies) establishes that normal alkanes with only one 
methyll  group are able to enter the TON-, MTT- and AEL-type pores, and that alka-
ness with gemind methyl groups are not. The shape selective formation of alkanes 
withh (quasi-) vicinal methyl groups indicates that these too are able to enter the TON-
,, MTT- and AEL-type pores, albeit with difficulty. Thanks to this evaluation of the 
molecularr sizes, we are able to rule out that alkanes with one methyl group are 
predominantlyy hydroisomerized at the pore mouths. An analysis of the activation 
energyy corroborates this finding. Instead, we can explain the high selectivity of the 
TON-,, MTT-, and AEL-type zeolites for alkanes with terminal methyl groups in terms 
off  product selectivity, and the low selectivity for alkanes with proximate methyl 
groupss in terms of transition state selectivity (Figure 4.1). An unambiguous eval-
uationn of pore mouth catalysis would require studying zeolites that clearly absorb 
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Figuree 4.18: The difference in catalytic selectivity between MEL- (left) and MFI-type (right) ze-
olitess in decane hydrocracking. Out of all possible isomers, those are formed that have a shape 
commensuratee with the pore. MEL-type zeolites preferentially form 2,4-dimethyloctane, MFI-
typee zeolites 4,4-dimethyloctane because these molecules have a shape commensurate with the 
respectivee channel intersections. Since hydrocracking of 2,4-dimethyloctane yields iso-butane, 
whilee hydrocracking of 4,4-dimethyloctane yields n-butane [21], we now understand why the 
hydroconversionn of n-decane using MEL-type zeolites yields about twice as much iso-butane 
ass that using MFI-type zeolites. 
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linearr alkanes but exclude all branched alkanes. 
Whenn the rate of the acid-catalyzed reactions determines the n-Cio hydroconver-

sionn rate, MFI- and MEL-type zeolites hydroisomerize normal alkanes into alkanes 
withh geminal or quasi-vicinal methyl groups before they hydrocrack them. An analy-
siss of the hydrocracking product slates and of the adsorption properties obtained by 
molecularr simulations indicates that MFI-type zeolites intrinsically hydrocrack more 
geminalgeminal and fewer quasi-vicinal di-methyl alkanes than MEL-type zeolites. An illus-
trationn of this difference is shown in Figure 4.18. As geminal di-methyl alkanes hydro-
crackk faster than quasi-vicinal di-methyl alkanes at low temperature, but not at high 
temperature,, the selectivity for geminal di-methyl alkanes explains why MFI-type ze-
olitess hydrocrack more of a Ci0 feed than a MEL-type zeolite (selectivity tested at 
loww temperature), but not more of a C7 feed (tested at high temperature). The ad-
sorptionn properties indicate that the higher selectivity of the MFI-type structure for 
adsorbingg branched rather than linear alkane reactants also contributes to its higher 
hydrocrackingg selectivity as compared to a MEL-type zeolite. As this higher reac-
tantt selectivity is only significant at sufficiently high loading, it also explains why 
MFI-typee zeolites showed higher n-Cio hydrocracking (tested at high loading), but 
nott higher n-C7 hydrocracking selectivity (tested at low loading) than a MEL-type 
zeolite. . 
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