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Abstract

We built a molecular-level kinetic model for hydrocarbon catalytic cracking,
incorporating the catalyst acidity as the parameter to estimate the reaction rates. The n-decane
and 1-hexene co-conversion catalytic cracking process was chosen as the studying case. The
reaction network was automatically generated with a computer-aided algorithm. A modified
linear free energy relationship was proposed to estimate the activation energy in a complex
reaction system. The kinetic parameters were initially regressed from the experimental data
under various reaction conditions. On this basis, the product composition was evaluated for
three catalytic cracking catalysts with different Si/Al. The Bronsted acid and Lewis acid as the
key catalyst properties were correlated with the kinetic parameters. The built model can
calculate the product distribution, and molecular composition at different reaction conditions
for different catalysts. The sensitive study shows that it will facilitate the model-based

optimization of catalysts and reaction conditions according to product demands.
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1. Introduction

Currently, gasoline still plays a crucial part in the worldwide energy system. Fluid
catalytic cracking (FCC) technology is a widely applied process for producing gasoline in
modern refineries. The FCC gasoline is the main blending component for China’s gasoline
production.! However, with the increasingly stringent environmental regulations, the blending
of FCC gasoline becomes a challenge to meet national gasoline quality standards.? The gasoline
standard for motor vehicles worldwide severely limits the olefin content and 50 v% distillation
temperatures (Tso) of the gasoline. To match the environmental regulation, some new
technologies were proposed to produce high-quality gasoline.’ In addition to the progress of
processes and equipment, cutting-edge modeling techniques also provide critical support for
the development of novel technologies.*>

The petroleum refining process is a complex system involving a large number of
substances and chemical reactions.® To capture the detailed conversion pathways of each
substance in the reaction system, researchers proposed petroleum molecular composition
modeling and molecular-level kinetic modeling. To date, a variety of modeling frameworks for
molecular-level kinetic modeling have been built.” For example, Klein's research group has
built the Kinetic Modeler's Toolkit (KMT) based on the bond-electron matrix (BEM).% A
series of molecular-level kinetic models for petroleum refining processes, such as catalytic
reforming, hydrotreating, and thermal cracking, have been built based on the KMT.!*-13
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Froment's research group proposed a single-event kinetic model,"* and it has wide-ranging

applications in catalytic reaction systems such as hydrocracking, FCC, and methanol-to-olefin
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(MTO).!>'7 Moreover, Green and his co-workers developed the Reaction Mechanism
Generator (RMG).'® Van Geem et al. built a detailed kinetic model for n-hexane steam cracking
using the RMG.!” The above three frameworks are primarily based on reaction mechanisms
and can build the kinetic model at the mechanistic level containing reaction intermediates. For
another thing, Quann and Jaffe proposed structure-oriented lumping (SOL).2>?! SOL can
describe the chemical reactions in terms of molecular groups, and the molecular-level kinetic
model based on the pathway level can be developed.?? This framework has received extensive
attention and applications in petroleum process modeling.”>*> Further, Peng proposed the
molecular type and homologous series (MTHS) matrix to construct molecular-level kinetic
models by defining virtual molecules.?® Recently, Zhang's research group proposed a structural
unit and bond-electron matrix (SU-BEM) framework,>”?® and a range of molecular-level
process models were built in terms of the SU-BEM framework.?-*!

Compared with the traditional lumped kinetic model,*>**> molecular-level kinetic models
can calculate more physicochemical information about reactants and products. It can be used
as a tool to provide necessary fundamental data for process design and optimization.> At present,
the FCC naphtha reformulated technologies can be divided into two categories: one is the direct
upgrade of the conventional FCC riser, represented by the maximizing iso-paraffins (MIP)
technology. The MIP process can significantly reduce the olefin content in gasoline by using a
diameter expanding riser. Qin et al. built a heavy oil FCC kinetic model at the molecular level
for the MIP process. The model adopted the SOL framework, and the gasoline quality of MIP
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and conventional FCC technology were compared in detail.”® Another is the individual

reformulation for the FCC naphtha. Chen et al. used the SU-BEM framework to simulate the



FCC naphtha olefin reduction process at the molecular level. The results indicated that a large
number of olefin molecules were converted to iso-paraffins and aromatics with higher octane
number during the naphtha reformulation process.>’

Previous studies have shown that molecular-level kinetic models can predict product
variations with reacting conditions. However, high-efficiency catalytic materials have a more
significant impact on product distribution and properties in industrial-scale practice.’® In
addition, the design and screening of suitable catalysts also facilitate the accelerated research
and development (R & D) of novel processes. Xiong et al. selected a series of FCC catalysts
and correlated the kinetic parameters in the six-lumped model with the catalyst properties.*
The built model accurately calculated the lumped yields under different catalysts. Presently,
the published work focuses on the correlation between catalyst properties and parameters of
the lumped models, and some semi-empirical or quantitative correlation models were
reported.***> However, there were few studies for building molecular-level reaction kinetic
models incorporating catalyst properties.*’

In this work, a molecular-level kinetic model of catalytic cracking was developed for a
novel head-tail co-conversion process for gasoline fraction proposed by Wang et al.**. Three
commercial catalysts were selected, and the hydrocarbon catalytic cracking experiments were
carried out by using these catalysts, respectively. Obtained experimental data was used to build
the kinetic model containing the catalyst acidity. An excellent agreement was observed between
experimental and predicted values. The developed model demonstrates that the molecular-level

reaction kinetic model can be quantitatively correlated with catalyst acidity. It will facilitate

the design and screening of catalysts and expand the application scenarios of molecular-level



kinetic models.

2. The head-tail co-conversion process

The head-tail co-conversion process is a novel gasoline fraction reformulation process
proposed by Wang et al.**. We performed a detailed molecular composition analysis of naphtha
from different FCC units and found that the carbon number of olefins is mainly between 5 and
7. Furthermore, the n-paraffins with carbon numbers from 10 to 12 have a relatively high
boiling point, and they negatively contribute to both the octane number and Tso of gasoline.
Interestingly, the C-C bond dissociation energy of these molecules (C5~7 olefins are 310-315
kJ/mol, and C10~12 n-paraffins are 355-360 kJ/mol) are similar.*’ If they can be converted
together into gaseous components using catalytic cracking technology, the olefins and Tso in
gasoline can be reduced simultaneously. Thus, in this work, 1-hexene and n-decane were
selected as the feedstock for moderate catalytic cracking to obtain the basic experimental data.

The detailed experimental flowsheet and process conditions are shown in Figure 1.

n-decane (37.2 wt%)

OL e Preheater
OZF —‘ Reactor

1-hexene (62.8 wt%)

(Reaction conditions for catalytic cracking)

-

Catalyst No.  Temperature,°C ~ WHSV, ht
O Quartz sand Test1 2 300 3.5

Test 2 2 325 35

Catalyst 1 Catalyst 2 Catalyst 3 Test 3 2 350 35

Si/Al 65 100 150 ° Catalyst (2 g) Test4 1 325 35
Bronsted acid  58.8 ymol/g 26.9 umol/g 14.1 ymol/g Test 5 3 325 35

Lewis acid 235.3 umollg  149.7 ymol/lg  140.7 ymol/g
B/L 0.25 0.18 0.1
e Quartz sand

(The results for Pyridine Infrared of different catalysts)

mze Liquid product

Figure 1. Experimental device and process condition for hydrocarbon catalytic cracking



The feedstock was a mixture of n-decane and 1-hexene (1:1, mol/mol). The feedstock was
pumped into the preheater and heated to the reaction temperature. The reactor was a fixed bed
reactor filled with 2 g of commercial catalytic cracking catalyst. According to the Si/Al, three
commercial HZSM-5 catalysts were selected. The Bronsted acid (B acid) and Lewis acid (L
acid) of three catalysts were obtained by pyridine infrared, as shown in Figure 1. The preheated
feedstock was delivered into the reactor, and the catalytic cracking occurred. The investigation
of process conditions was discussed in detail in the previous work.** In this work, process
conditions were set with reference to previous experiments, as shown in Figure 1. The obtained
product molecules were cooled and sent to gas chromatography (GC) to determine the
molecular composition.

According to the above experimental procedure and reaction conditions, a molecular-level
kinetic model for n-decane and 1-hexene catalytic cracking was constructed. The model
parameters were firstly tuned by the experimental data from tests 1~3. It can eliminate the
effect of the catalyst. On this basis, the catalyst factor was introduced and correlated with the
kinetic model. The B acid and L acid of the catalyst were selected as the key properties in the
catalyst factor. Subsequently, the catalyst parameters would be tuned using the data from tests
2,4, and 5. The corresponding catalyst number are catalysts 2, 1, and 3. The constructed model
can calculate the gasoline yield and composition under various reaction conditions and acid

contents.



3. Molecular-Level Kinetic Model

3.1 Reaction rule and reaction network

This work applied the SU-BEM framework to develop the molecular-level kinetic model
for hydrocarbon catalytic cracking.?® The framework employs group conversions to describe
chemical reactions. The large-scale reactions can be generated automatically by performing a
range of reaction rules.

According to the reaction mechanism of carbonium ions and the product molecular
composition,*® we deduced and programmed 23 reaction rules for gasoline fraction catalytic
cracking, as listed in Figure 2. Three typical reactions (n-decane cracking, 1-hexene
isomerization, and benzene alkylation) were selected to exhibit further the programmed process
of reaction rules based on structural unit changes. We take the n-decane cracking reaction as
an example. First, the structural unit of n-decane ('R=10;") in the feedstock needs to be screened
out through the reactant selection rule. Subsequently, the structural units of the reactants are
modified according to the product generation rule, and the product molecules ('R=5; ' and 'R=5;
RIH=-2; ") can be obtained. According to the above steps, the corresponding chemical reaction
can be available. In addition to the above examples, the reaction rules also covered the cracking,
dehydrogenation, and isomerization of paraffins, the cracking, cyclization, isomerization,
polymerization, and alkylation of olefins. For the naphthenes and aromatics, dehydrogenation,
ring opening, hydrogen transfer, and dealkylation were also considered. More details on the

reaction rules can be available in our previously published work.?8-7
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Figure 2. Reaction rules for the catalytic cracking.

After determining the reaction rules, we input the structural units of n-decane and 1-
hexene into the 23 reaction rules. An in-house reaction network auto-generation algorithm was
used, and the reaction network for n-decane and 1-hexene catalytic cracking was obtained.
There are 74 molecules and 469 reactions in this network, and the topological graph for the
whole reaction network was shown in Figure 3(b). The partial reaction network for the catalytic
cracking is displayed in Figure 3(a). The colors of the lines in the figure represent the different
reaction rules, and it can visually reveal the conversion relationship between individual
molecules. The n-decane can be converted by the isomerization reaction and can also undergo
the cracking reaction to generate the low-carbon paraffins and olefins. For the olefin, such as
1-hexene, they can continue to be cracked into light olefins, such as propylene, butene, and
other high value-added products. Moreover, Olefins can also undergo the cyclization reaction
to generate the naphthenes. The formed naphthenes further undergo hydrogen transfer with

olefins, and the aromatics and paraffins can be obtained.
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Figure 3. Visualization of the reaction network for n-decane and 1-hexene catalytic cracking.
(a) The partial reaction network for molecular conversion; (b) Topological graph for the whole

reaction network.

3.2 Kinetic model

To develop the kinetic model, we converted the reaction network into the reaction rate
equation by a piece of in-house code. The hydrocarbon catalytic cracking belongs to the gas-
solid non-homogeneous reaction system, and the Langmuir-Hinshelwood-Hougen-Watson
(LHHW) model was selected as the kinetic model, as shown in Eq. (1) and (2). Then, the
LHHW was substituted into the reaction rate equation, and the ODE (ordinary differential

equation) solver was called to compute the product molecular distribution.
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For the complex reaction system, linear free energy relationship (LFER) was commonly
used to estimate the activation energy of each reaction.*’ LFER correlates the reaction enthalpy
with the activation energy. It is assumed that the reaction enthalpy is linearly related to the

activation energy for the same type of chemical reaction*®*. Accordingly, the activation energy



of each reaction can be calculated from the reaction enthalpy, as shown in Eq. (3) and (4). Eq.

(3) is for the exothermic reaction, while Eq. (4) is for the endothermic reaction.

Eaj = Eon—anXAHj (3)

Ea]- :EO —(1—an)><AHJ (4)

n

The LFER was frequently applied in the reaction system of middle distillates or heavy oil.
However, a recent study has shown that the LFER is insufficient calculation accuracy for the
light fraction (such as gasoline fraction) conversion process.?” It is mainly due to the relatively
simple molecular composition of the light fraction, leading to requiring the model to calculate
more product details. Besides the distribution and composition of the product, it is also
necessary to calculate the carbon number distribution and even the content of critical molecules.
The excessive details caused the reactions in the model not strictly to obey the LFER, resulting
in poor model accuracy. To overcome this limitation, we modified the LFER and introduced

the reactivity index based on the original equations. The modified LFER was shown in Eq. (5)

and (6).
Ea; = Ey, — @y X AH;j + BRI (5)
Ea; = Ey — (1—a,) X AHj + RI"» (6)

RI represents the reactivity index. It is mainly used to reflect the influence of the
physicochemical properties of the reactants or products on the activation energy.”® The index
can be the molecular structure parameter, such as the carbon number, number of rings, and
number of branched chains. For example, for the n-paraffins cracking reaction, the C-C bond
energy at various positions is different. In general, carbon-carbon bonds near the middle are
more likely to break. However, the traditional LFER hardly reflects this phenomenon.

Therefore, we can set the RI as the carbon number ratio of two products based on this
10



phenomenon. After incorporating the structural information of the molecule, the model can
estimate the activation energy of each reaction more accurately. Furthermore, for the adsorption
constant in the LHHW, the classical quantitative structure-reactivity correlations (QSRCs) are

51,52
9

adopted in this work and the adsorption constant was correlated by the molecular structure,

as shown in Eq. (7).
(bNag, + cNsc,)

anadsi =a+ T (7)

3.3 Parameter regression

To calculate the product distribution and gasoline composition, this work regressed the
model parameters by the experimental data from various process conditions. The absolute error
between experimental measurement and calculated value was taken as the objective function.
The gasoline yield and composition were delivered into the model, and the genetic algorithm
(GA) was applied to tune the preexponential factor and the parameters in the modified LFER.
A comparison between experimental and calculated data is displayed in Figure 4. The
optimized parameters are listed in Table 1. The results indicate that the calculated data of
product distribution and composition agree well with the experimental measurement under the

various reaction conditions.
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Figure 4. Comparison between experimental and calculated values for different process

conditions. (a) parity plot; (b) fraction yield; (c) gasoline composition.
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Table 1. Modified LFER parameters in the catalytic cracking model

modified LFER parameters

Reaction family o Eo RI“ B y
Aromatic alkylation 300 15000 R, 0 1
Hydrogen transfer to i-paraffin 2500 -336000 R, -5000 1
Hydrogen transfer to n-paraffin 3500 -470000 R, -6000 1
Naphthenic ring dehydrogenation -6849 1409617 R, 0 1
Naphthenic ring opening 75.3 4069 R, 0 1
Olefin alkylation to i-paraffin 15 10549.8 P, 1 3.51
Olefin alkylation to n-paraffin 20 -1667 P, 330 2
Olefin cracking (0 br) 100 96665 R, 0 1
Olefin cracking (1 br) 1280 -1726 R, 0 1
Olefin cyclization (0 br) -100 202900 R, 0 1
Olefin cyclization (1 br) 213 79971.9 R, 0 1
Olefin hydrogenation 79 17316.5 R, 0 1
Olefin isomerisation (br increase) 522 5695.4 R, 0 1
Olefin isomerisation (br decrease) 325 17319.8 R, 0 1
Olefin polymerization 156 -13002.7  Ri,/Rn 21000 1.2
Paraffin cracking (0 br) 1766.4 -8335.1 Py /Pin 2775 1.07
Paraffin cracking (1 br) 2424 102900 R, 0 1
Paraffin cracking (2 br) 99 82036 R, 0 1
Paraffin cracking to C1C2 -2000.3 105000 1/R, 2889000 1
Paraffin dehydrogenation 235 56554.6 R, 0 1
Paraffin isomerisation (br increase) 1000 -8246.5 1/R, 21890 0.15
Paraffin isomerisation (br decrease) 1500 -32369.8 1/R, 965445.4 1
Ring side chain cracking 300 65000 R, 0 1

a. Reactivity index for the reactant or product

b. R,,: Carbon number for the reactant, R,,: Carbon number for reactant 1, R,,,: Carbon number for reactant

2 (Ran 2 Rip).

c. B,: Carbon number for the product, P;,,: Carbon number for product 1, P,,: Carbon number for product 2

(P2n = Pln)-

12



Moreover, to further investigate the robustness of the model, we explored the influence of
reaction temperature on the yield and composition of the gasoline fraction, as shown in Figures
4(b) and (c). The results demonstrate that the built model can accurately capture the
transformation behavior of the n-decane and 1-hexene catalytic cracking. With the growth of
reaction temperature, the rate of cracking reaction rate is accelerated. More feedstock
molecules undergo cracking reactions to produce the gaseous substance, leading to a decrease
in the gasoline fraction. For the gasoline composition, reaction rates of cyclization and
dehydrogenation speed up when the reaction temperature rises. It resulted in an increased yield
for naphthenes and aromatics. Due to the accelerated cracking reaction, the yields of olefins
and n-paraffins gradually reduce. When the reaction temperature is 325 °C, the olefin content
in the gasoline drops to around 20 wt%. The results demonstrate that the novel head-tail co-
conversion technology can effectively reduce the olefin content. Meanwhile, n-paraffins, which
have a negative contribution to the octane number, are also efficiently converted. For high-
quality gasoline, iso-paraffins are the ideal component for gasoline blending.”® Figure 4(c)
shows that the iso-paraffins first increase and then decrease. It is because the reaction rate for
the cracking is relatively slow when the temperature is low. n-Paraffins and n-olefins were
converted into paraffins and olefins with branches by the isomerization reaction. Isomeric
olefins can also undergo hydrogen transfer to generate iso-paraffins. However, as the reaction
temperature rises, the activation energy of the cracking reaction is normally higher than that of
isomerization and hydrogen transfer. It means that the cracking reaction rate will increase faster
than the isomerization and hydrogen transfer. The n-paraffins and olefins in the feedstock are
preferred for cracking to light olefins. Moreover, the generation rate of iso-paraffins is also less

13



than the consumption rate under high temperature conditions, leading to a decrease in the iso-
paraffin content.

Compared with the kinetic model at the lumped level, the molecular-level kinetic model
can obtain more detailed information about the reaction system, such as carbon number
distribution and molecular composition. Figure 5 displays the predicted results of the detailed
carbon number distribution for gasoline, in which a good agreement was observed. The reaction
condition is test 2, as shown in Figure 1. In general, the carbon number of the gasoline fraction
ranges from 5 to 8. n-Paraffins are mainly distributed among C5 to C7, while naphthenes and
aromatics range from 7 to 9. According to the product molecular distribution, the head-tail co-
conversion process can effectively convert the olefin into the iso-paraffins. Moreover, there is
relatively low content for molecules with carbon numbers 9 and 10, as shown in Figure 5(f). It

means that the process is beneficial in reducing the Tso of gasoline.
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Figure 5. Comparison between experimental and predicted data for carbon number in gasoline
fraction. (a) n-paraffins; (b) i-paraffins; (c) olefins; (d) naphthenes; (e) aromatics; (f) total

carbon number distribution.
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The tuned model has obtained the yield, composition, and carbon number distribution of
the gasoline fraction. To further validate the extrapolation of the model, we used the model to
predict a series of molecules with high content in the product. The comparison of experimental
and predicted values is exhibited in Figure 6. It is important to note that these experimental
data were not input to the optimization algorithm during the parameter regression. The results
reveal that the built model can acquire the conversion pattern of key components and predict
their yields. The n-decane in the feedstock is sensitive to the reaction temperature. When the
temperature is raised from 300 °C to 325 °C, the unconverted n-decane decreases from 20 wt%
to less than 5 wt%. It indicates that the increase in temperature dramatically improves the
reaction rate for n-paraffins cracking. In addition, it can be seen from the figure that yields of
some molecules with lower carbon numbers, such as C3 and C4, have a generally growing
trend as the temperature rises. The phenomenon also matches with the reaction mechanism of
catalytic cracking. Overall, the molecular-level kinetic model for n-decane and 1-hexene
catalytic cracking can accurately compute and predict the yield, detailed carbon number
distribution, and key molecular composition of the product. The model can be used as a

foundation for developing a model integrating catalyst acidity.
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Figure 6. Comparison between experimental and predicted values for key product molecules
under different reaction temperatures (Line is the predicted data, and the point is the

experimental data).

4. Molecular-level kinetic model incorporating catalyst acidity

4.1 Mathematical model

Many properties in the catalyst will influence product distribution. If we correlated all the
properties measured during catalyst characterization, it would be a model combined with all
factors. However, in industrial practice, it is a challenging task for the refinery to obtain a full
range of catalyst properties. The absence of some properties will limit the generalization and
application of the model. To develop a practical model, we need to screen the key properties to
be associated. Pyridine infrared is a well-known method for catalyst characterization, and it
can obtain the acid type and acid content of the catalyst. The acid type and acid content are

crucial factors affecting the product distribution for the catalytic cracking process.’*> Thus,
16



this work selected the B acid and L acid as the critical catalyst properties, and they were
correlated with the kinetic model. The proposed mathematical model was shown in Eq. (8) and
(9), and Cat_a,, and Cat_b,, are the parameters to be regressed

E(I.j

ksrj = @nplje RT (8)

@n = (B acid/26.94)4-4 (L acid /149.7)C%-bn )

4.2 Parameter regression

After the mathematical model was presented, three catalytic cracking catalysts with
different Si/Al were determined. The acid type and content were obtained by the pyridine
infrared, as shown in Figure 1. The results show that the B acid and L acid content gradually
declined with the increase of the Si/Al. Meanwhile, the ratio of B acid to L acid also
progressively reduced. After that, catalytic cracking experiments were performed using the
three catalysts, respectively. The product distribution was obtained, and the catalyst parameters
were also tuned. The tuned catalyst parameters are listed in Table 2, while the comparison
between the experimental and calculated values is shown in Figure 7. The results show that the
calculated values of the model incorporated catalyst acidity have a great agreement with the
experimental measurement. The gasoline yield gradually rises as the Si/Al increases. It is
mainly due to the reduced acidity of the catalyst. For gasoline composition, the reduction of
Si/Al improves the naphthene and aromatic yields, while yields of n-paraffins and olefins
decrease. Meanwhile, the yield of iso-paraffins, as the high-value components, also continues
to increase. It also reveals that the conversion efficiency of catalytic cracking gradually grows.
Moreover, when the Si/Al increased from 100 to 150, the variation of gasoline composition

was significantly greater than that from 65 to 100.
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Table 2. The tuned parameter for catalysts in the catalytic cracking model

Reactions family Cat_a Cat_b
Aromatic alkylation -0.324 -0.076
Hydrogen transfer to i-paraffin 4.244 -7.329
Hydrogen transfer to n-paraffin 4.244 -7.329
Naphthenic ring dehydrogenation 0.747 -1.291
Naphthenic ring opening 0.170 -0.083
Olefin alkylation to i-paraffin -0.324 -0.076
Olefin alkylation to n-paraffin -0.324 -0.076
Olefin cracking (0 br) 1.307 -1.853
Olefin cracking (1 br) -0.046 0.483
Olefin cyclization (0 br) 1.175 -1.133
Olefin cyclization (1 br) 1.175 -1.133
Olefin hydrogenation 0.073 0.065
Olefin isomerisation (br increase) -0.054 0.570
Olefin isomerisation (br decrease) -0.054 0.570
Olefin polymerization 0.622 -0.765
Paraffin cracking (0 br) 1.329 -2.084
Paraffin cracking (1 br) 1.329 -2.084
Paraffin cracking (2 br) 1.329 -2.084
Paraffin cracking to C1C2 2.110 -2.692
Paraffin dehydrogenation 0.073 0.065
Paraffin isomerisation (br increase) -0.176 0.303
Paraffin isomerisation (br decrease) -0.176 0.303
Ring side chain cracking 1.329 -2.084

(b) 100

Line dat; lated

Line data: calculated lculates
O Point data: experimental

O Point data: experimental

Calculated, wt%
g
Weight Fraction, wt%
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Figure 7. Comparison between experimental and calculated values for different catalysts.
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4.3 Model evaluation

In addition to accurately calculating the yield and composition of the product, the model
should also be able to predict the detailed carbon number distribution for gasoline fraction
under various catalysts. The predicted data were compared with the experimental data, as
shown in Figure 8. The predicted values agree with the experimental values as the catalyst
acidity change. Except for catalyst 3, the carbon number of the gasoline derived from catalysts
1 and 2 mainly ranges from 5 to 8. For catalyst 3, the conversion efficiency is obviously
insufficient, and a large number of n-decane in the feedstock is still unconverted. The product
distribution of catalysts 1 and 2 is relatively similar in terms of molecular type. The content for
C5 and C6 in paraffins is relatively high. For the olefin, C5 is the most abundant, and C6 olefins
are efficiently converted. The carbon number of naphthenes and aromatics is distributed from
7 to 9. For catalyst 3, the unconverted n-decane dominate, and the distribution of iso-paraffin
presents the gamma distribution. Naphthenes and aromatics also range from C7 to C9. In
addition to the high content of C5 olefins, olefin molecules with carbon numbers from 6 to 8
are relatively average. According to the product carbon number distribution, catalysts 1 and 2
are well suited to match the production purpose of the head-tail co-conversion process.
However, compared to catalyst 1, catalyst 2 is beneficial for retaining more components in the

gasoline fraction.
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Catalyst 2 Catalyst 1

Catalyst 3

Figure 8. Comparison between predicted and experimental values for carbon number in

gasoline fraction. (a) catalyst 1, (b) catalyst 2, (c) catalyst 3.

In addition to the detailed carbon number distribution, the key component content was
also predicted, as shown in Figure 9. The results show that the distribution of each molecule is
in agreement with the experimental values, and the predictive capability of the model was re-
validated. As the Si/Al increases, the acid content of the catalyst decreases. The reaction rate
of the cracking drops, resulting in the yields of the gaseous component reducing. For the n-
decane, when the Si/Al varies from 100 to 150, the conversion rate of the n-decane declined
remarkably. The content of the n-decane is 4 wt% and 19 wt%, respectively. It reflects that the

conversion efficiency of the catalytic cracking reduces.
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Figure 9. Comparison between experimental and calculated values for key product molecules

under different catalysts (Line is the predicted data, and the point is the experimental data).

We have compared the product distribution at the reactor outlet and demonstrated that the
model incorporating catalyst acidity could accurately calculate and predict the distribution and
composition of the product. Subsequently, the reaction processes for n-decane and 1-hexene
catalytic cracking are further predicted when catalysts vary, as shown in Figure 10. Figure 10
exhibits the distribution of product yield, gasoline composition, and gasoline carbon number
along the fixed bed reactor. As can be seen from the figure, in the first 40 % of the reactor, the
cracking reaction occurs rapidly, and a large number of gaseous components are generated.
While the subsequent reactions are more moderate, the feedstock is progressively converted.
For the gasoline composition, the head-tail co-conversion process mainly consumes n-paraffins
and olefins to produce iso-paraffins, naphthenes, and aromatics. The formation rate of iso-

21



paraffins is the fastest. In the preliminary stage of the reaction, the formation rate of naphthenes
is also relatively fast. However, as the naphthene yield increases, the reaction rate of
dehydrogenation and hydrogen transfer accelerates. A large number of naphthenes and olefins
were converted into aromatics and iso-paraffins. For the carbon number distribution in the
gasoline fraction, as catalytic cracking proceeds, the molecules with carbon numbers 6 and 10
are reduced. Furthermore, the results show that the C10 molecules can be converted effectively
for catalysts 1 and 2. Overall, Figure 10 displays the conversion pattern of n-decane and 1-
hexene catalytic cracking at three levels: fraction, composition, and carbon number distribution.

It will be helpful to guide the design and screening of catalysts based on the target product.
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Figure 10. The distribution of the product along the reactor. (a) catalyst 1; (b) catalyst 2; (c)

catalyst 3.
22



To further explore the effect of catalyst acidity on reaction results, we performed a
sensitivity analysis to the model, as shown in Figure 11. The results indicate that the gasoline
yield gradually drops as the B acid content increases. It is mainly because that B acid prefers
C-C bond breaking, while L acid preferentially promotes the cleavage of the C-H bond.>”-*8
With the increase of L acid, the contact probability of reactants with B acid relatively decreases,
leading to a lower conversion rate. Moreover, the growth of L acid tends to raise the olefin
content in gasoline. The results in Figure 11(c) exhibit that there is a maximum value of olefin
yield. When L acid content is high and B acid content is low, it can reduce the feedstock
conversion rate and olefin yield, but the yield of iso-paraffins is too low. The product
composition is not high-quality gasoline. Iso-paraffins are critical components of gasoline. If
we intend to obtain more iso-paraffins, the selected catalyst needs to maintain a relatively high
B and L acid. However, an excessive acid content tends to aggravate cracking and
dehydrogenation reactions, resulting in lower gasoline and iso-paraffin yield. Therefore,
according to the production purpose of the head-tail co-conversion process, A catalyst with
moderate B acid and L acid is recommended. It is beneficial to obtain more gasoline fractions

while reducing olefins.
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Figure 11. The effect of catalyst acidity on the gasoline yield and composition. (a) gasoline
yield. (b) i-paraffins in the gasoline. (c) olefins in the gasoline.
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6. Conclusion

This work developed a novel method for coupling the catalyst acidity with the molecular-
level kinetic model. A molecular kinetic model for the n-decane and 1-hexene catalytic
cracking was built according to the SU-BEM framework. A catalytic cracking reaction network
containing 75 molecules and 469 reactions was generated in terms of the carbonium ion
reaction mechanism. To improve the predictive power of the model, we modified the traditional
LFER. The modified LFER can combine with the structural parameter of the molecules. The
results show that the calculated values of the fraction, composition, and molecular distribution
agree well with experimental values by using the modified LFER. Subsequently, we selected
three HZSM-5 catalysts with different Si/Al. The product distribution for catalytic cracking
was also obtained by using these catalysts. On this basis, the B acid and L acid contents were
correlated with kinetic parameters, and a model incorporating catalyst acidity was proposed.
The results show that the constructed model can accurately calculate and predict the carbon
number distribution, composition, and yield of the gasoline fraction. It further validates the
reliability of the method. The proposed method facilitates efficient design and screening of
catalysts in terms of production purposes and also expands the application scenarios of
molecular-level kinetic models.
Nomenclature
a, b, c = Adsorption parameters
Aj = Arrhenius constant of reaction j
Eaj = Activation energy of reaction j, kJ
E,,, = Activation energy factor in the LFER of reaction family n, kJ
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Cat_a,, cat_b,, = Catalyst property parameters for reaction family n
C; = Concentrations of species i, kmol/m?

ksrj = Surface reaction rate constant of reaction j

Kq4s, = Adsorption constant of species i

m = Stoichiometry of reactant A

n = Stoichiometry of reactant B

1; = Reaction rate of reaction j

R = Universal gas constant, J/mol-K

RI = Reactivity index

T = Reaction temperature, K

AH; = Enthalpy for reaction j, kJ/kmol

a, = Reaction index factor in the Bell-Evans-Polyani LFER of reaction family n

Brn = Reactivity index factor in the modified LFER of reaction family n

¥n = Reactivity index factor in the modified LFER of reaction family n

@, = Catalyst factor for reaction family n
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