564

Chemie

Research Article Ingenieur
Technik

Detailed Kinetic Model for the Reaction of Ethene
to Propene on Ni/AIMCM-41

Matthias Felischak™*, Tanya Wolff?, Leo Alvarado Perea®, Andreas Seidel-Morgenstern'?,
and Christof Hamel™*

DOI: 10.1002/cite.201900139

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

The Ni/AIMCM-41 was prepared and applied as the catalyst for the direct conversion of ethene to propene. Based on the
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results of the broad experimental study, two reaction networks were compared, one consisting of dimerization, isomeriza-
tion and metathesis and a modified network suggesting the cracking of long-chain olefins. To correlate the experimentally
obtained data, the classical Langmuir-Hinshelwood-Hougen-Watson model was applied for both reaction networks. The

second network involving catalytic cracking offers a satisfying prediction of the observed product distributions.
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1 Introduction

Propene has become one of the central building blocks for
the petrochemical industry [1]. It is mainly used for the
production of the highly demanded polypropylene and pro-
pene oxide. The steadily growing demand cannot be easily
met by the current production technologies [1], like steam
cracking. Therefore, new efficient on-demand technologies
are required. The direct conversion of ethene to propene
(ETP) [2,3] is an attractive possibility, exploiting the avail-
ability of ethene.

Significant research was dedicated to developing suitable
catalytic systems. Taoufik et al. have reported the direct
transformation of ethene into propene over a tungsten hy-
dride supported on alumina [4]. The conversion was approx.
10 % after 10 h on stream. Oikawa et al. [5] and Lin et al. [6]
presented silica aluminophosphate microporous molecular
sieves, e.g., SAPO-34 (small-pore molecular sieves-34) and
H-ZSM-5 (Zeolite Socony Mobil-5) zeolites, as highly active
catalysts for the ETP reaction, but also faced severe deactiva-
tion with time on stream. Iwamoto et al. [3,7] investigated
nickel-doped MCM-41 (Mobil Composition of Matter No. 41)
and found it to be active for the ETP reaction. Lehmann et al.
[8,9] and Alvarado Perea et al. [2] studied the characteristics
of Ni/MCM-41 and its aluminized counterpart Ni/AIMCM-
41. To design and optimize the reaction system, a quantita-
tive description of the underlying reaction mechanisms and
kinetics is necessary. The widely accepted mechanism pro-
posed by Iwamoto et al. [3] consists of dimerization, isomeri-
zation and metathesis reaction steps (see Fig. 1).

Wiley Online Library © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Initially, ethene is dimerized to 1-butene by the nickel ion
of the catalyst, followed by the isomerization of 1-butene to
cis-/trans-butene catalyzed by the acidic sites. Finally, a
metathesis step of the generated 2-butene and unconverted
ethene results in propene. It is supposed that nickel initiates
the metathesis step. This catalytic cycle has been discussed
in more detail in, e.g., [2, 10, 11]. The relatively simple net-
work postulated does not consider the formation of essen-
tial by-products and their influence on the course of the re-
actions. Additionally, it neglects that nickel is not a typical
active metal for metathesis reactions. Therefore, a more de-
tailed reaction network is desirable, considering the relevant
side reactions and the ongoing mechanism as the focus of
this present contribution.
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Figure 1. Catalytic reaction networks based on dimerization, isomerization combined with
metathesis for network |, proposed by lwamoto, and cracking for the modified network II,
proposed in a previous contribution [24].

process is an exciting alternative to
the well-known feedstock. Therefore,
van Speybroeck [19] derived princi-
ple kinetics for applied zeolites.
Another approach, by Pinto et al.
[20], is the application of alkanes,
like hexane and heptane. The meta-
thesis reaction as one of the most
important organic reactions of the
last century was kinetically investi-
gated by, e.g., Lwin [21] and Kapteijn
[22]. Buluchevski [23] applied
PdO-Re,0;-B,05-Al,05 for the lig-
uid phase reaction of ethene to pro-
pene.

Recently, it was assumed that
catalytic cracking of long-chain ole-
fins to the desired short-chain olefins
occurs [24]. The applied aluminized
MCM-41 belongs to a class of sup-
ports catalyzing this type of reaction
[25]. Several investigations exploiting
MCM [26,27] and ZSM [28-30]
have been performed. The cracking
mechanism is considered to be based
on the protolytic scission of the dou-
ble-bonded atoms, resulting in sepa-
rate olefinic molecules [31,32]. In
comparison to the cracking mecha-
nism described, the metathesis is
thoroughly investigated [33-35].
Both catalytic cycles are shown and
discussed in Fig.1. These cycles
provide a suitable basis for the
derivation of similar kinetic rate laws.
So far, no reliable kinetic model
equations were provided for predict-
ing the direct conversion of ethene
on Ni/AIMCM-41 (Si/Al = 60) to
propene.

The focus of this work will be the
analysis and parametrization of two
detailed kinetic models. The first
model is based on the reaction net-
work suggested by Iwamoto, includ-
ing metathesis. The second model is

Many research groups investigated the transformation of based on the modified network, including cracking reac-
hydrocarbons to light olefins for various reaction types. tions. In both cases, the Langmuir-Hinshelwood-Hougen-
Perez-Uriarte [12] used HZSM-5 for the conversion of Watson (LH) rate expressions are applied for the kinetic
dimethyl ether (DME) to olefins. The ZSM-5 was also description of the system [36,37]. The approach considers
applied by Beirnaert [13] and Aretin [14] for the cracking the elementary steps of the two catalytic cycles postulated
of hexene, Epelde [15] for the transformation of 1-butene [38-41].

and Gayubo [16] for ethanol conversion to olefins. Another
compelling catalyst is SAPO-34 that was used by Mousavi
[17] for the methanol-to-olefin process and by Zhou [18]
for the reaction of light alkenes. The methanol-to-olefin
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2 Experimental Procedure

2.1 Preparation of Support and Catalyst

The (A)MCM-41 support was prepared by the method de-
scribed by Alvarado-Perea et al. [10]. The precursor mix-
ture had a molar composition of 1 Si0,/0.35 CTABr/0.31
TBAOH/0.000-0.2 NaAlO,/55 H,O and was stirred for
15min. Sodium aluminate (NaAlO,/Al,O5; 50-56 % and
Na,O 40-45 %) was used as the aluminum source, with its
amount being adjusted for generating a Si/Al ratio of 60.
Subsequently, the mixture was filled into a PTFE bottle and
aged 48h at 100°C in an oven. The resulting white solid
was recovered by vacuum filtration and washed with
deionized water. The produced powder was dried and calci-
nated, as reported by Alvarado-Perea et al. [2], to carry out
the corresponding characterization.

The Ni/AIMCM-41 catalyst was prepared using the
template ion-exchange method. Nickel nitrate (Merck,
Niy(NO3),-6H,O > 99.0 %) was used as a Ni precursor.
The resulting mixture was thermally treated in a PFTE bot-
tle in a muffle furnace. The light green solid was subse-
quently recovered through vacuum filtration, washed and
dried. The final product was calcinated at 600 °C for 6h in
air. The characterization of Ni/AIMCM-41 was done using
XRD, N, physiosorption, TEM, AAS, TPR, TPO, Si
CP-MAS NMR and Al MAS NMR as reported in [2].

2.2 Catalyst Testing

A comprehensive evaluation of the kinetics of the catalyst
was carried out in a fixed-bed laboratory reactor equipped
with an oven. The applied quartz tube had an inner diame-
ter of 0.6cm. All experiments were performed at atmo-
spheric pressure, with the same amount of 0.5 g of catalyst,
causing a bed length of 11.8cm. The feed consisted of
ethene (Linde, 99.9 %) and nitrogen (Linde, 99.9993 %).
Different sets of experiments were performed. The follow-
ing conditions were varied during the extensive experimen-
tal study: space velocity (weight of catalyst/flowrate, W/F)
in the range of 250-750kgc,sm™ and molar fraction of
ethene in the feed between 2.5 and 25 %, with the rest being
nitrogen. To quantify the corresponding dependence, the
temperature was varied between 50 and 350°C in incre-
ments of 25 °C. The analysis of the composition of the reac-
tant inlet stream and the reaction products was carried out
using a gas chromatography (Agilent 6890 GC/TCD with a
5973 MSD) equipped with a 30-m HP-Plot Q column (Agi-
lent Technologies).

After each experimental run, the catalyst bed was regen-
erated to retrieve the catalyst’s initial activity and to have
comparable conditions. For this, the fixed bed was heated
up to 500°C under nitrogen. When the desired tempera-
ture was reached, compressed air was added to the feed
stream and the conditions were kept constant for 1 h. The
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airstream was adjusted to the oxygen concentration for
guaranteeing the oxidation of carbonaceous residue. After
this oxidation procedure, the reactor was cooled under
nitrogen down to 50 °C. Applying this procedure, the cata-
lyst revealed an unchanged behavior and in subsequently
carried out reference runs a good reproducibility was
obvious. The full set of experiments performed consisted
of Nex = 120 runs.

3 Postulation of Reaction Networks

A reaction network has to be postulated to estimate ki-
netic parameters. In this contribution, the well-established
network suggested by Iwamoto [3] (network I) and a
modified network, including cracking reactions (network
II) as intensively discussed in the introduction (Fig.1)
were applied.

3.1 Network Proposed by lwamoto (Network I)

The set of reactions resulting from the mechanism of the
ETP reaction proposed by Iwamoto [3] is presented in
Egs. (1)-(16) as network I. The network consists of Ly = 7
species involved in J; = 16 elementary reactions, utilizing
the assumed catalytic cycles in Fig.1. It includes the
oligomerization of ethene (Eqgs. (1) and (2)), another
hexene formation reaction (Eq. (3)), isomerization reactions
(Egs. (4)-(6)) and metathesis reactions (Egs. (7)-(16)) in
contrast to network II.

Di-/Oligomerization

2C,H, — 1-C4Hy 1)
3C2H4 4 C6H12 (2)
C2H4 + 1-C4H8 e C6H12 (3)

Isomerization

1-C4H8 = CiS-C4H8 (4)
1-C4H8 = trans—C4H8 (5)
cis-C4Hg = trans-C,Hg (6)

Metathesis (Characteristic for Network I)

C,H, + cis-C4Hg = 2C3Hg (7)
C,Hy + trans-C4;Hg = 2C3Hg (8)
2 1-CyH, = C4Hy, + C,H, 9)
1-C4Hs + cis-C;Hg = C3Hg + CsHyo (10)
1-C4Hg + trans-C4,Hg = C3Hg + C5Hj (11)
1-C4Hg + C3Hg = CoH, + CsHyo (12)
CeHip + C3Hg = 1-C4Hg + CsHy (13)

Chem. Ing. Tech. 2020, 92, No. 5, 564-574
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CeHip + CHy = C3Hg + CsHyg (14)
C5H10 + CiS-C4H8 = C6H12 + C3H6 (15)
C5H10 + tmns—C4H8 - C6H12 + C3H6 (16)

Such detailed reaction networks correlate with a high
number of kinetic parameters. Nevertheless, they are neces-
sary for detailed mechanistic description, accounting for all
occurring effects. Especially gas-phase reactions [42,43] and
complex reactions, like pyrolysis [44,45], result in excessive
numbers of parameters.

3.2 Modified Network Including Cracking
(Network II)

Based on the product analysis performed and the obtained
experimental perceptions, the mentioned network I was
found to be incapable of accounting for all phenomena
observed [24]. Formation of larger olefins, such as pentenes
and hexenes, can be explained by the metathesis of specific
intermediates and oligomerization of ethene, following a
pseudo-Wittig mechanism [46]. However, this is not typi-
cally observed. Especially, because retro-metathesis reac-
tions with propene as feed do not produce the assumed
equimolar ratio of ethene and 2-butene. Instead, mainly,
hexenes are detected. The appearance of saturated hydro-
carbons, like ethane, and the generation of coke species can-
not be explained sufficiently [47]. Although chain length
growth is an application of metathesis. Upon network anal-
ysis, a modified reaction mechanism, including cracking
rather than metathesis, illustrated in Fig. 1, results in a new
set of reaction equations. According to the literature
[48-52], active nickel sites catalyze the oligomerization of
ethene. The main products of this step are butenes. This
mechanism proceeds via the oxidative coupling of ethene
[53, 54]. However, ethene could be further oligomerized to
hexene. Besides, the butenes may dimerize as well or the
coupling of ethene with butenes (Eq.(3)) can occur. Re-
sulting in longer chain olefins, e.g. hexene or octene,
which can isomerize to the thermodynamically favored
internal olefin, via m-allylic carbanion using acidic sites of
the catalyst [55]. The mechanism proposed in this contri-
bution involves a conjunct polymerization up to hexene
[11, 56], with subsequent cracking [31,32,57,58] The wide
range of possible molecules can interact with the acidic
sites, creating a complex network of cracking reactions.
The described pathway explains the product spectrum
observed in our investigations and the reaction towards
propene.

The cracking reaction proceeds via monomolecular pro-
tolytic cracking by f3-scission of the longer chain olefins, as
shown in Fig. 1. Further oligomerization, aromatization and
deprotonation may occur as side reactions. This occurring
effect is an explanation for the generation of alkanes and
the severe deactivation, due to the production of coke and

Chem. Ing. Tech. 2020, 92, No. 5, 564-574
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the following blocking of active sites obtained during ex-
periments. Thus, a reaction network, including catalytic
cracking of formed 3-hexene, which predominantly results
in the desired product propene, is suggested. With this ex-
tended and more complex reaction mechanism (network II)
the total number of feasible reactions increases to Jj; = 24,
when it is limited to the highest analyzable olefin hexene.
Due to the inclusion of ethane, the number of species con-
sidered is now Ly = 8, in contrast to network I. To reduce
the complexity all isomers of pentene are lumped together
as CsH, and C¢H,».

The set of reaction equations quantified in the modified
network II consists of Egs. (1)-(6) as part of network I and
maintained here. The metathesis reactions (Egs. (7)-(16))
considered in network I are replaced by Egs. (17)-(34) cor-
responding to the cracking mechanism (network II) de-
scribed above.

Hydrogen is not explicitly considered in this network.
Though, from the literature [47] it is clear that the high-
temperature hydrocarbon reaction does present the possi-
bility to form polyenes or cyclic molecules. Thus, it is possi-
ble that hydrogen is released and immediately interacts with
occurring unsaturated hydrocarbons to form alkanes. This
conclusion is supported by the observation in previous pub-
lications where the content of saturated hydrocarbon from
olefin feedstock increased with increasing temperature and
time on stream, while the coking is enhanced. Coke is be-
lieved to be of long-chain olefinic, polyenic and cyclic
nature.

Cracking (characteristic for network II)

C6H12 = 2C3H6 (17)
CgHy, = 1-C4Hg + C,H,y (18)
C6H12 d CiS'C4H8 + C2H4 (19)
C6H12 — trans—C4H8 + C2H4 (20)
CiS-C4H8 —)2C2H4 (21)
trans-C4H8 —)2C2H4 (22)
1-C,Hg — 2C,H, 23)
2H
CgHyy — 1-C4Hg + CyHgg (24)
2H
C6H12 — ClS-C4H8 + C2H6 (25)
C6H12 ﬂ tmns-C4H8 + C2H6 (26)
2H
1'C4H8 — C2H4 + C2H6 (27)
. 2H
CIS-C4H8 — C2H4 + C2H6 (28)
2H
tmns—C4H8 — C2H4 + C2H6 (29)
1-C,H, 22 2C,H, (30)
CiS-C4H3 ﬁ 2C2H6 (31)

www.cit-journal.com
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4H
trans-C4H8 — 2C2H6 (32)
CyHy LN C,Hg (33)
2H
CeH1p, — CsHyp + CHy (34)

In our investigation, the different reaction networks in-
troduced above (network I, Egs. (1)-(16), and the modified
network II, Egs. (1)-(6) and Egs. (17)-(34)) are evaluated
and compared using the extensive set of experimental data
acquired. The kinetic model applied was for the LH
assumption.

4 Generation of Kinetic Expressions

The most investigations for the direct conversion of ethene
to propene were dedicated to the preparation of catalysts
and their characterization concerning activity. Limited
attention was devoted to the quantitative description of
kinetics [16, 19,20, 59]. These are required for further pro-
cess optimization concerning the reactor setup, feeding
strategies and optimal process control. Typically, only sim-
ple reaction mechanisms such as power laws have been used
in previous publications [14,60,61]. In the present contri-
bution, a detailed kinetic model has been applied and eval-
uated to the mentioned reaction networks based on the
preposition by Iwamoto (network I) and the modified,
including cracking (network II).

4.1 Langmuir-Hinshelwood-Hougen-Watson
Kinetics (LH)

A quantifying rate law of heterogeneously catalyzed reac-
tions is based on LH models [37]. The approach exploits
the Langmuir adsorption isotherm model. Applying the
generally known procedure for deriving LH rate expres-
sions for the assumed surface reactions: dimerization,
isomerization, metathesis and cracking can be treated in a
straightforward manner [62]. It is assumed that all the
molecules, reactants and products in each reaction can
adsorb onto the catalyst surface. For that reason, applying
the LH kinetics for the catalytic reaction steps, shown in
Fig. 1, the following general rate equation is obtained for
the dimerization reaction (Eq.(1)) considered as an irre-
versible reaction:

Dimerization
LH 12 2
LH kyim K& 1, 1HPC 1,

P (35)
Pim ) 4 Keom, tupo,n, + Ki-c,H,tHPT-cn,

K; values represent the component-specific adsorption equi-
librium constants, in Eq. (35) Kcapq for ethene, and K;_cy4ps
for 1-butene.

www.cit-journal.com
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In accordance to this procedure, the following equations
can be derived for the rates of the isomerization (Eq.(5)),
metathesis (Eq.(8)), which correlates to network I, and
cracking (Eq. (17)), which is the subsequent step following
dimerization and isomerization in network II. With this,
based on the results of preliminary research [33-35, 55,
63-65], the isomerization and the metathesis reactions are
considered to be reversible reactions, which is implemented
as the backward reaction in the kinetic approaches.

Isomerization

LH
klsoI<1-C4H8,LHPI-CAHB - K I<trans-C«1H8ALHptrans-C_,lHE

LH P.Iso

Iso —

1+ Ki-c,n, 18P1-c,H, T Kirans-C,H, LHPtrans-C, H,
(36)

Metathesis (characteristic of network II) Eq. (38)
LH

"Met =

1
1LH 2 2
kyteKe, 1, 1uPc,H, Kirans-C, H, LHPtrans-C,H, — KiKCBHmLHp(gHG
P Met

7
1+ Ke,n, 1upPc,n, T Kuans-¢,H, LHPtrans-C,H, + Kc,H, LHPC 1,

(37)
Cracking (characteristic of network II)
kLH K2 P2
Crack“ump—Cy,LHP lump-C,
T(Ifl;ick _ rack ™ lump ump (38)

1 + Kiump-c,,LHPlump-c, + Kc,H, LHPC,H,

The temperature dependence of the adsorption equilibri-
um constants KMHW is typically less pronounced com-
pared to the dependence of the corresponding reaction rate
constants kyy(T). Thus, the former is often ignored, as done
in the present work.

Furthermore, mono- and bimolecular adsorption pro-
cesses are considered and summarized as LH. Isomerization
and cracking are monomolecular kinetic approaches in
which only one component has to adsorb onto the surface.
In contrast, dimerization and metathesis are bimolecular
processes in which two molecules necessarily have to
adsorb. Nevertheless, in all reaction steps, each molecule
can adsorb and, thus, block free surface sites.

5 Data Analysis and Parameter Estimation

5.1 Performance Parameters

The considered and detected eight components are ordered
as follows: ethene, propene, ethane, the three butene iso-
mers (1-, cis- and trans-butene), pentene and hexane (L; =7
and Ly = 8). Iso-butene was not considered, because it was
not detected with sufficient confidence during the experi-
ments carried out. Additionally, the isomers of pentene and
hexene were lumped into pseudo-species CsH;o and C4Hj,,
because identification of the single isomers was not possible

Chem. Ing. Tech. 2020, 92, No. 5, 564-574
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with the analytical methods used. To evaluate the perfor-
mance and to quantify the kinetics, the following perfor-
mance criteria were used (Egs. (39)-(41)).

Conversion of ethene

-0 - ex
e, — "G,

Xeu, = e (39)
e,
Selectivity of component i
ne*
S=—— i=2,..Li=7Ly=38 (40)
Zki'z Nk
Yield of component i
nx (<

Y=g — (ren) i=2,.,L=7L;=8 (41)

-0 )
I’lCZH4 Vi

The outlet molar fluxes were measured under steady-state
conditions for a total number of 120 experimental runs
(Nex = 120) for different operating conditions. Each experi-
mental point was validated with three measurements. The
deviations between the individual points of conversion,
selectivity and yield were less than 5%. The extensive data
set generated is used to estimate kinetic parameters, based
on the two reaction networks described above, thereby
quantifying the rates of j reactions characteristic for each of
the two networks (see below).

5.2 Reactor Model and Parameter Estimation

To generate theoretical predictions corresponding to the
experimental observations, the balance of a plug flow tubu-
lar reactor (PFTR) model (Eq. (42)) was solved numerically
for all eight components involved in the reaction. The as-
sumptions were that the system was at steady state for each
experimental point and no backmixing was occurring. The
catalyst bed was assumed to be isothermal and a pseudo-
homogeneous model was implied for reduced complexity.

dn; mc, _ = .
TZI: Lat Z}:Vl]rJ(T7P’P]) 121,...,LI:7;LH:8

(42)

The entity of performed experiments consisted of 120
experimental points (Nex = 120), with varying tempera-
ture, feed composition and W/F. Thus, each of the experi-
ments (n = 1,..., Nex = 120) generated up to 15 specific
outputs (m = 1,..., Moyt = 13 and Moyt = 15), corre-
sponding to the performance parameters conversion of
the reactant ethene, the selectivity and yield of the seven
intermediate products (propene, ethane, the three butene
isomers, pentene and hexene), defined in Egs. (39)-(41),
indicated as Zg . Analysis of all reactions assumed (j) de-
pendent parameter vector Pj was performed by minimiz-
ing the following objective function:

Chem. Ing. Tech. 2020, 92, No. 5, 564-574
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Nex=120 Mou e

_ _ 2
oF= Y Y. (Zf,i‘,n —Zﬁr}}’n(T,ﬁ,PJ—:h...,Pj:])>
n m

(43)

In the models, the temperature-dependent rate constants
(part of the parameter vectors P;) were described by Arrhe-
nius expressions for the possible reactions:

E, -

To perform the calculation of Egs. (39)-(41) for each re-
action network, two solvers offered by Matlab 2016a
(Version 9.0.0.341360) were used, namely “ODEI15s” for
solving Eq.(42) and “Isqnonlin” for minimizing OF
(Eq. (43)) with the trust-region-reflective algorithm. This
optimizer is based on the Levenberg-Marquardt algorithm.
However, it approximates the objective function to a more
straightforward function, with the estimated parameters
being varied with a limited step size.

6 Analysis of the Kinetic Model for the Two
Networks

An essential comprehensive parity plot is given in Fig. 2,
which compares all modeling combinations considered in
this work. The results obtained applying the LH model for
network I are shown in the parity plot in Fig. 2a. It becomes
clear that the measured data, particularly the ethene conver-
sions, are represented well. An exception is an agreement
regarding the selectivities of the desired product propene.
The simulations significantly underestimate these values,
with 0% selectivity, and attribute the converted ethene en-
tirely to the dimerization and subsequent isomerization.
This observation corresponds to the fact that the metathesis
does not affect the product spectrum, which is not reason-
able for network I. Thus, this network appears to be useful
for the prediction of the dimerization and isomerization
reaction products. An application of the LH modeling
approach, using network I, presented accurate predictions
of the butene isomers. Even though this proposed reaction
network I is incapable of explaining the product spectrum,
especially for propene, this appears to have minor implica-
tions on the simulative estimation. It is desirable to obtain
better fitting for the two mentioned performance parame-
ters for propene. Thus, this would make an application pos-
sible. It results in a less complicated system in need of less
computational resources.

In comparison to the previous plot, LH model and net-
work II (Fig.2b) is capable of fitting all estimated conver-
sions, selectivities and yields within a +5 % margin com-
pared to the experimental data. This is equivalent to the
results of the LH model for the network I (Fig.2a). How-
ever, the incorporation of cracking reactions can describe

www.cit-journal.com
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Figure 2. Comprehensive parity plots for applying the two evaluated reaction networks and the corresponding two types of modeling
approaches. The basis for comparison is the reactor outlet data (z = L) for a) network | applying LH equations (Moyt, = 13) and Para, = 39
estimated parameters; b) modified network Il using LH (Moyr, = 15) and a number of estimated parameters Para, = 54.

the conversion of ethene and the selectivity of propene
adequately. The distribution of high selectivity values is
limited, which implies better agreement and better applic-
ability. The individual butene isomers, namely 1-, cis- and
trans-butene, are entirely within the narrow error margin of
+5%. Interestingly, the formerly underestimated desired
products are now sufficiently matched, giving appropriate
estimated values.

From the parity plots it can be concluded that the modi-
fied reaction network II is in better agreement and presents
the following main results. The simulation results match
well with experimentally observed molar outlet fluxes of all
components analyzed. The production of all the analyzed
products can be better explained.

Further analysis of network II, including network evalua-
tion and parameter reduction, are presented in the follow-
ing. Detailed information for network I using the LH model
are provided in the Supporting Information (SI, Fig. S4).
The results for network II implying catalytic cracking
instead of metathesis will be discussed in more detail in the
following section.

To illustrate typical trends, the results for the parame-
trized rate expressions applying the LH model for the modi-
fied network II are presented. In the optimization process,
the objective function Eq. (43) was minimized. As discussed
above, this combination provided the most satisfying
results. The estimated model parameters of the 24 equations
formulated in network II and the LH approach are summa-
rized in Tab. S1. Experimentally determined and simulated
conversion and selectivity data are shown in Fig. 3.

In Fig. 3a, the quality of the agreement can be seen for the
conversion of ethene. The initial activity at 200 °C does not
fit accurately for higher feed concentrations. Nevertheless,
the model represents the essential features of the ethene
conversion trends for varying reaction conditions. More
details regarding the quality of describing the ethene
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conversion with this model are shown for varying W/F in
Fig. S2, as well as the concentration in Figs. S1 and S3. The
calculated simulative results represent the concentration
profiles well. In contrast, the trend in conversion is not suf-
ficiently represented for varying W/F ratios. Here the slopes
are not matched, and local extrema are not well included by
the model. The limited quality of the ethene conversion pre-
dictions indicates the limits in the reactor model. This can
be explained by the fact that the catalyst bed is more inho-
mogeneous than assumed for the reactor model. Further,
channeling or diffusive effects could decline the accuracy.
Nevertheless, the results are in good agreement and with
this estimation, a more complex model can be investigated
in further research.

The model predictions are much better regarding pro-
pene selectivity (Fig.3b). The selectivity begins to increase
at a temperature of approx. 250 °C. At higher temperatures,
the predictions follow the observed trends in a wide range
of reaction conditions. However, not all individual reaction
conditions can be separated. As a result, the fit is not en-
tirely accurate. That is why the propene selectivity in Fig. 2b
shows minimal differences between simulation and experi-
ment for high values.

The butene isomers are crucial for comparing network I
and II since they are considered differently. Their selectiv-
ities are predicted quite well, assuming network II and the
LH modeling approach for the entire reaction conditions
and the temperature range. For 1-butene (Fig. 3¢), in agree-
ment with the observed experimental results, the model is
capable of predicting an increase until an inflection point is
reached around 275 °C. The influence of feed concentration
is also well described. A reasonable agreement between
measurements and prediction is also observed for trans-
butene, as shown in Fig. 3d.

As already shown in the parity plots, the use of the modi-
fied reaction network II results in a more consistent

Chem. Ing. Tech. 2020, 92, No. 5, 564-574
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Figure 3. The effect of temperature for varying feed concentrations and W/F ratios applying the LH approach in combination with the
modified reaction network Il. a) Conversion of ethene; b) propene selectivity; ¢) 1-butene selectivity; d) trans-butene selectivity and
Para, = 56 estimated parameters, with reaction conditions of ethene feed and W/F, for J;, = 24 reaction considered and Moyt = 15

performance parameter.

agreement of the simulative results with the experimental
observations. Thus, the outputs are sufficiently well repre-
sented, in contrast to network I, which integrates the meta-
thesis reaction. With the help of the modified network II,
including cracking and a larger number of reactions with
Jiu = 24, the resulting parametrized equations appear more
suitable for the applied catalytic system. For the main prod-
ucts, the order of the different experimental conditions, as
well as the trends and inflection points, are displayed excel-
lently. Even if the network is more complex, an appealing
result is achieved with the assumption of a cracking reac-
tion network. Further attempts to reduce the complexity of
the network were undertaken, but not reported here. A
summary is given in the Supporting Information.

7 Conclusions
The heterogeneously catalyzed direct synthesis of propene

from ethene was studied on a Ni/AIMCM-41 catalyst with a
Si/Al ratio of 60. Two different reaction networks and their

Chem. Ing. Tech. 2020, 92, No. 5, 564-574
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catalytic cycles were evaluated and compared. At first, the
established reaction network I suggested by Iwamoto [3],
consisting of dimerization, isomerization and metathesis
steps, was considered. During validation, this network pre-
sented no selectivity towards the desired product propene,
contrary to the experimental results. In an attempt to
improve the representation of the experimental data, a
modified reaction network II was assumed, based on the
observation and in accordance to literature. In this network,
catalytic cracking was considered rather than a metathesis
step. The application of this approach improved the agree-
ment of the experiments with the predicted values. Better
quantification of the observed product spectra is possible.
This modified reaction network II is still limited to quantify
components up to Cs (hexene).

The application of the Langmuir-Hinshelwood-Hougen-
Watson (LH) for parametrizing the equations of the
network including the catalytic cracking mechanism, re-
sulted in a satisfactory representation of the experimen-
tally obtained data. For the set of 24 reactions, kinetic
parameters were estimated.
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In future work, the kinetic model derived for network II
will be used in combination with a required extension for
the additional description of both the deactivation and the
regeneration of the catalytic system. Based on this, cyclic
process conditions will be derived.
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I Symbols used

E\ [k] mol™] activation energy

J [-] total number of reactions
involved in each reaction
network

k [variable] reaction rate constant

koo [variable] collision factor

K; [Pa!] equilibrium constant of
adsorption of component i

L [-] total number of involved
components

m [-] number of performance
parameter

Moyt [-] total number of
performance parameters
used

n [-] experimental number

n [mols™] molar flow

Nex [-] total number of experiments
performed

p [Pa] pressure

Par [-] number of parameters for
each reaction network

r [mol kgCats_l] reaction rate

R [J mol'K™] universal gas constant

S [%] selectivity

T [K] temperature

WIF [kgcas m™’] weight to flow

X [%] conversion

Y [%] yield
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I Greek letters

stochiometric coefficient of
component i

frequency function for
mechanistic modeling

I Sub- and Superscripts

Cat catalyst

Crack cracking reaction

Dim dimerization reaction

ex experimental value

i specific component

Iso isomerization reaction

j specific reaction

k product component

LH Langmuir-Hinshelwood-Hougen-Watson
Lump-Cs lumped hexane species

Met Langmuir-Hinshelwood-Hougen-Watson
Net indication of the used network I or I’
Prod product

Reac reactant

th theoretical value

0 initial value indication

I Abbreviations

CP-MAS cross polarization magic-angle spinning

ETP ethene to propene

HTKR  high-temperature kinetic reactor

LH Langmuir-Hinshelwood-Hougen-Watson
MCM Mobil Composition of Matter

MM mechanistic modeling

PFTR plug flow tubular reactor

SAPO small-pore molecular sieves

ZSM Zeolite Socony Mobil
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