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1 Cracking Reactivity

In the original reaction network,1 the following rules were applied to the molecular structure

of ole�ns:

� maximum carbon number of twelve,

� exclusion of quaternary carbon atoms,

� only methyl side groups,

� maximum number of methyl side groups of two per compound,

� exclusion of all 2,3-dimethylbutenes,

� exclusion of further sterically demanding compounds.

These assumptions result from experimental observations.2�5 All included species can

participate in di�erent types of elementary reactions, again according to several rules,1 which

are shown in Scheme S1.

Scheme S1: Di�erent types of elementary reactions that are included in the single-event
kinetic model.

Protonation of the double bond of an ole�n leads to a protonated intermediate whereas

the backward reaction, the deprotonation, releases the corresponding ole�n. The protonated

intermediate can undergo isomerization reactions: through a methyl shift, the positive charge

and the methyl side group switch position. In another type of methylation reaction, a proto-

nated cyclopropane evolves as transition state. Then, one of the three bonds breaks and leads
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to the product. Because of the elevated temperatures during cracking, both (de)protonation

and isomerization reactions are assumed as quasi -equilibrated.6 In contrast, cracking of a

protonated intermediate is a step of kinetic relevance. The same holds for the backward

reaction, the dimerization, where a smaller protonated intermediate and an ole�n react to a

larger protonated intermediate.

2 Reaction Network

An overview of the di�erent reaction networks analyzed in the preliminary study can be

found in Scheme S2.

Scheme S2: Di�erences between all six reaction networks analyzed in a preliminary study
with respect to the role of primary intermediates.

RN01 is the original one1 where primary intermediates of all carbon lengths between

C2 and C10 are formed. RN02 includes the self-dimerization of ethene to C4 which causes

one additional protonation (ethene to ethyl) and one additional dimerization reaction. In

RN03, the protonation to the primary intermediates of each carbon number is required and

therefore allowed since the cracking to primary intermediates is assumed to be reversible here.

A further extension is made in RN04: Because the protonation to primary intermediates is

allowed according to RN03, the subsequent cracking of these intermediates might occur and
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is thus considered. In contrast to that, the original network is reduced in RN05: cracking to

primary intermediates is only possible when ethene is formed. Finally, in RN06, the steps

leading to ethene are assumed to be reversible. Table S1 is similar to Table 1 in the main

text, but additionally contains the values for RN02�05.

Table S1: Type of elementary reactions being implemented in the single-event kinetic model
for ole�n cracking, including the amount of di�erent reactions and of kinetically relevant steps
for all six reaction networks; furthermore, the number of di�erent ole�ns and protonated
intermediates is shown.

type RN01 RN02 RN03 RN04 RN05 RN06
ole�n protonation 956 957 1095 1095 956 957
cracking 601 601 601 636 238 238
pathways cracking 1292 1292 1292 1327 511 511
dimerization 140 141 601 601 140 238
pathways dimerization 293 294 1292 1292 293 511
PCP branching 1530 1530 1530 1530 1530 1530
methyl shift 148 148 148 148 148 148
ole�n deprotonation 1004 1004 1095 1095 957 957
ole�ns 591 591 591 591 591 591
protonated intermediates 498 498 589 589 451 451

An application of the six di�erent reaction networks to the kinetic model leads to the

results in Table S2, which again is similar to its counterpart in the main text, Table 2, but

extended with the results of RN02�05.

Table S2: Estimated activation energies Ecr
a and pre-exponential factors Acr, including 95%

con�dence intervals, and the sum of squared residuals SSQ for all six reaction networks; all
activation energies are given in kJmol−1, whereas the pre-exponential factor is shown in s−1.

parameter RN01 RN02 RN03 RN04 RN05 RN06
Ecr

a (s;p) 229.9 ± 1.0 229.3 ± 1.1 229.4 ± 1.0 233.1 ± 51.7 229.9 ± 1.0 229.6 ± 1.0
Ecr

a (s;s) 200.2 ± 0.9 199.9 ± 1.0 199.7 ± 0.9 199.5 ± 1.0 200.1 ± 0.9 199.8 ± 0.9
Ecr

a (t;s) 171.5 ± 0.9 171.1 ± 1.0 171.0 ± 0.9 170.9 ± 1.1 171.5 ± 0.9 171.2 ± 0.9
Ecr

a (t;p) 211.9 ± 1.5 211.4 ± 1.6 210.5 ± 1.6 210.5 ± 4.4 212.0 ± 1.6 210.7 ± 1.5
Ãcr × 10−16 2.73 ± 0.40 2.53 ± 0.41 2.51 ± 0.36 2.45 ± 0.47 2.73 ± 0.41 2.59 ± 0.38
SSQ 0.0350 0.0348 0.0345 0.0341 0.0350 0.0345

RN02 shows a slightly better description of the experiments and thus a lower SSQ value,

which can be explained by the use of an additional parameter to describe the self-dimerization
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of ethene. The estimated value of Ecr
a (p;p) is 206.0 ± 5.7 kJmol−1. The almost insigni�cant

improvement means this pathway is irrelevant at cracking conditions due to high tempera-

tures and comparably low ethene fractions. However, the fact that this parameter can be

estimated to a reasonable and signi�cant value without changing the results of the other

activation energies suggests this pathway to be present. Furthermore, the improvement in

describing the experimental data is mainly caused by ethene, which also speaks for the gen-

eral occurrence of this step. Consequently, the neglection of ethene self-dimerization is an

assumption suitable for typical cracking conditions, but care should be taken when extrapo-

lating the model to conditions in which this hypothesis might not be true; in such cases, the

parameter Ecr
a (p;p) should be included.

An improvement in agreement is found for RN03 where all steps leading to primary inter-

mediates are reversible, increasing the number of (de)protonation and dimerization reactions

and therefore the numerical e�ort to a signi�cant extent.

When the protonation to primary intermediates is allowed, their subsequent cracking

might also take place, especially when it o�ers a transformation to a product intermediate

of higher stability. This is why the additional parameter Ecr
a (p;s) is introduced for RN04; it

can be estimated to a value of 233.3 ± 56.5 kJmol−1. The high con�dence interval, which is

also obtained for the cracking step (s;p) in RN04, shows numeric problems when applying

this reaction network. For that reason, the underlying pathways are questionable, although

the description is the best one found in Table S2.

The analysis of RN05 shows that an agreement of equal quality compared to RN01 is

obtained although cracking to primary product intermediates is only allowed when this step

produces ethene. This leads to less cracking and deprotonation reactions and thus to a faster

�tting process. It can be stated that except for ethene formation, the cracking to primary

intermediates is irrelevant for energetic reasons and should be therefore left out.

Finally, an improved agreement is found for RN06 in which the ethene formation steps

from RN05 are assumed to be reversible. The quality of description is similar to RN03, which
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underlines that in both models, the improvement can be fully ascribed to the reversible ethene

formation steps.

3 Mathematical Description of Adsorption

Nguyen et al.7 provide parameters α to δ for the evolution of a π-complex as well as for

the chemisorption of linear ole�ns on ZSM-5 (Si/Al of 95). The authors investigated chain

lengths between C2 and C8 (1-alkenes), between C4 and C8 (2-alkenes) as well as C6 and

C8 (3-alkenes) and 4-octene. Two di�erent parameter sets are shown, one for 1-alkenes and

another one for 2-/3-/4-alkenes. In addition, a separate �t of the chemisorption enthalpy of 1-

alkenes with chain lengths between C2 and C5 is given. The values resulted from a theoretical

DFT study that combined quantum mechanics and molecular mechanics. This QM-Pot

technique originally developed by Sauer and coworkers8�11 was combined with statistical

thermodynamic calculations. Besides the interaction between the double bond and the acid

site, these values contain van der Waals contributions resulting from the corrected Lennard-

Jones potentials derived earlier.12 In the regular Nguyen correlations,7 chemisorption leads

to secondary alkoxides. In a conference paper authored by the same group,13 a correlation

is given that allows for the description of the formation of a tertiary alkoxide. However,

a linear coherence was only obtained for the sum of the chemisorption enthalpy and the

standard enthalpy of formation.13 A similar �t was performed for the chemisorption to

secondary alkoxides out of 1-alkenes or 2-/3-/4-alkenes, respectively. Finally, the special

case of isobutene adsorption was treated in a separate publication,14 including formation of

π-complex, alkoxide and carbenium ion.

For alkanes, two di�erent main concepts to measure physisorption e�ects exist in liter-

ature. Lercher and coworkers15,16 determined the physisorption enthalpy using calorimetry,

whereas the Langmuir coe�cient was �tted to experimental data. From these values, the

thermodynamic equilibrium constant is accessible and the physisorption entropy is obtained

S6



using Eq. S1,

∆physS
◦
i = R ln

(
Kphys (i)

)
+

∆physH
◦
i

T
. (S1)

The similar methodology lead to the experimental results of de Moor et al.12 In this study,

other physisorption values from literature are additionally listed and compared. Furthermore,

the authors provide both experimental and theoretical physisorption parameters α to δ.

In the following, experimentally derived values are used that were obtained with a ZSM-

5 catalyst (Si/Al of 35), with n-alkanes between C3 and C6 as feed and at temperatures

between 301 and 400K.

In contrast, Denayer et al.17,18 applied a pulse chromatographic technique which is only

valid in the linear Henry regime, i.e., when pressures are low. This methodology yielded the

Henry constant according to Eq. S2:

KH (i) = KH
0 (i) exp

(
−∆physH

◦
i

RT

)
. (S2)

The physisorption enthalpy was derived from the temperature dependence of KH (i). In

addition, the physisorption entropy was related to the pre-exponential Henry factor KH
0 (i),

see Eq. S3,

∆physS
◦
i = R ln

(
2 p◦KH

0 (i)

Ct

)
. (S3)

Physisorption parameters α to δ are provided by the authors to calculate enthalpy and the

natural logarithm of KH
0 (i). Two data sets are given, accounting for linear and 2-methyl

branched alkanes. These were derived from experiments with ZSM-5 (Si/Al of 137) at

temperatures between 548 and 648K using linear and branched C5 to C8 alkanes as feed.

Both methodologies can be compared in the low-pressure region which is shown in Eq. S4,

KH (i) = Csat (i) Kphys
L (i) . (S4)

Both sides are converted so that the thermodynamic equilibrium constant is obtained, see
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Eq. S5,
Ct

2 p◦
Kphys (i) =

Csat (i)

p◦
Kphys (i) . (S5)

Whereas the approach by Lercher and co-workers15,16 accounts for hydrocarbon-speci�c sat-

uration e�ects on the catalytic surface, the carbon number independent value of the acid

sites' concentration is used for Denayer et al.17,18 The deviation is signi�cant especially

for ZSM-5, leading in the latter case to physisorption entropies which are increased about

25 Jmol−1K−1. Because of this, revised entropy values for Denayer are given by de Moor et

al.12 stemming from an application of Eq. S6,

∆physS
◦
i = R ln

(
p◦KH

0,i

Csat (i)

)
. (S6)

4 Additional material for Section 3.3.1
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Figure S1: Parity plots for ethene, (a), propene, (b), butenes, (c), pentenes, (d), and C6 to
C12 ole�ns, (e), resulting from an application of model no. 01, see Table 3.
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Figure S2: Total concentration of adsorbed species, either π-complex or chemisorption, (a),
(c) and (e), and relative coverages or amount of free acid sites, (b), (d) and (f), at three
di�erent reaction conditions: 733K and inlet partial pressure of 1-pentene pinC5 = 42.7mbar,
(a) and (b), 693K and pinC5 = 70.3mbar, (c) and (d), 633K and pinC5 = 42.7mbar, (e) and (f);
the total pressure pt is set to 1.23 bar for all sub�gures.
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Figure S3: Parity plots for ethene, (a), propene, (b), butenes, (c), pentenes, (d), and C6 to
C12 ole�ns, (e), resulting from an application of model no. 02, see Table 3.
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Figure S4: Parity plots for ethene, (a), propene, (b), butenes, (c), pentenes, (d), and C6 to
C12 ole�ns, (e), resulting from an application of model no. 03, see Table 3.
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5 Additional material for Section 3.3.2
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Figure S5: Parity plots for ethene, (a), propene, (b), butenes, (c), pentenes, (d), and C6 to
C12 ole�ns, (e), resulting from an application of model no. 04, see Table 4.
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Figure S6: Parity plots for ethene, (a), propene, (b), butenes, (c), pentenes, (d), and C6 to
C12 ole�ns, (e), resulting from an application of model no. 05, see Table 4.
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Figure S7: Parity plots for ethene, (a), propene, (b), butenes, (c), pentenes, (d), and C6 to
C12 ole�ns, (e), resulting from an application of model no. 06, see Table 4.
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Figure S8: Parity plots for ethene, (a), propene, (b), butenes, (c), pentenes, (d), and C6 to
C12 ole�ns, (e), resulting from an application of model no. 07, see Table 4.
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