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Abstract: The effect of the molecular structure of feedstock on the cracking reaction of C10 hydrocar-
bons to ethylene and propylene over H-ZSM-5 zeolite was investigated. To better compare the effect
of decane on the production of light olefins, the thermal cracking and catalytic cracking performance
of decane were first investigated. As a comparison, the thermal cracking and catalytic cracking
of decane were studied by cracking over quartz sand and H-ZSM-5. Compared with the thermal
cracking reaction over quartz sand, the catalytic cracking reaction of decane over H-ZSM-5 has a
significantly higher conversion and light olefins selectivity, especially when the reaction temperature
was lower than 600 °C. On this basis, the catalytic cracking reactions of decane and decene over
H-ZSM-5 were further compared. It was found that decene with a double bond structure had high
reactivity over H-ZSM-5 and was almost completely converted, and the product was mainly olefin.
Compared with decane as feedstock, it has a lower methane yield and higher selectivity of light
olefins. Therefore, decene was more suitable for the production of light olefins than decane. To this
end, we designed a new light olefin production process. Through olefin cracking, the yield of light
olefins in the product can be effectively improved, and the proportion of different light olefins such
as ethylene, propylene and butene can be flexibly adjusted.
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1. Introduction

Ethylene and propylene were important basic raw materials in the petrochemical
industry, which can be used to produce a variety of organic intermediates. Polyethene,
styrene, polypropylene, propylene oxide and many other products and intermediates can
be produced by ethylene and propylene [1-3]. Steam cracking and fluid catalytic cracking
(FCC) were two important processes for industrial production of light olefins [4-6]. How-
ever, the products obtained by the two processes were different. Among them, the products
of the steam cracking unit have higher ethylene content, and the FCC process can obtain
more propylene. Steam cracking requires high temperature, high energy consumption and
high requirements for reactor materials [7]. Compared with the steam cracking process, the
FCC process has low reaction temperature and low energy consumption. How to produce
ethylene by FCC has attracted the attention of researchers [8-12].

In traditional industrial production, whether steam cracking or FCC, alkanes were
mostly used as raw materials for the production of light olefins. However, the alkane
molecules were relatively stable and difficult to crack. To obtain more light olefin yields,
the reaction temperature must be increased, but this will also produce a large amount of
low-value methane, resulting in a waste of resources [5,13,14]. Compared with alkanes,
olefins have higher reactivity. Therefore, our research group developed a catalytic cracking
process for targeted cracking to light olefins (TCO) [15]. The reaction raw materials were
replaced with olefins that were easier to crack. The selectivity and yield of light olefin
products were further improved by olefin cracking.

Alkanes and olefins have certain differences in molecular structure. Due to the pres-
ence of double bonds in the molecule, olefins were more likely to generate carbenium ions
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than alkanes, and the reactivity will be significantly higher than alkanes [16]. The catalytic
cracking reaction of hydrocarbon molecules on molecular sieves produces a variety of
substances, and the reaction network was very complex. There were many studies on the
cracking mechanism of alkanes and olefins [17-22]. Corma et al. [23] studied the reaction
effects of n-heptane, n-decane, n-dodecane and n-tetradecane on USY, (3 and ZSM-5. The
effects of operating variables, chain length and catalyst structure on product selectivity
were studied. Ishihara et al. [24] analyzed the reaction effect of C1,—Cs3; hydrocarbons on
the mixed catalyst of kaolin, 3 zeolite and Y zeolite with a curie point pyrolyzer instrument.
It was found that with the increase in the carbon number of raw materials, the conversion,
the selectivity of gasoline fractions and the proportion of olefins and alkanes increased
significantly. At the same time, Y zeolite will produce more isomeric hydrocarbons than
[ zeolite. Bastiani et al. [25] studied the reaction effect of olefins on FER zeolite. The
reaction performance of FER, FER and ZSM-5 mixed zeolite as catalysts and n-hexane and
high olefin content gasoline as raw materials was studied. Compared with ZSM-5 zeolite,
FER zeolite has better selectivity of propylene and butene, and ZSM-5 zeolite has better
selectivity of ethylene.

Previous studies have sought to provide light olefin yields from catalytic materials [26-29].
Compared with the catalyst modification method to improve the yield of light olefins, the
process change was a more convenient method. In this paper, the effects of alkanes and olefins
on the formation of light olefins were compared and analyzed, and finding a new pathway to
increase the production of light olefins was attempted.

2. Results and Discussion
2.1. Physicochemical Characterization of Catalyst
2.1.1. Textural Properties of Catalyst

The textural properties, including the surface area and pore volume of H-ZSM-5,
were analyzed by nitrogen adsorption. Table 1 shows the surface area and pore volume
of H-ZSM-5. It can be seen that H-ZSM-5 was mainly a microporous structure with a
small number of mesopores. The average pore size distribution of ZSM-5 obtained from
desorption branch of isotherms is shown in Figure 1. Through the pore size distribution of
ZSM-5, the most probable distribution peak belonging to the mesoporous structure was not
found in the mesoporous distribution range. It shows that there is no mesoporous structure
above, which is consistent with the data results in Table 1.

Table 1. Textural properties of H-ZSM-5.

Surface Area (m*g—1) Pore Volume (cm>g—1)
Sample
SBET Smicro Sext Viotal Vmicro Vimeso
H-ZSM-5 379.74 370.35 9.39 0.18 0.16 0.02
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Figure 1. Average pore size distribution of ZSM-5 obtained from desorption branch of isotherms.
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2.1.2. Catalysis Acidity

It was generally believed that the active center of the catalytic cracking reaction was
the Brensted acid site, so the analysis of acid properties was very important. The acid
properties of the catalysts were analyzed by NH3-TPD and Py-IR methods, respectively,
as shown in Figure 2. The Bronsted acid site and Lewis acid site were characterized by
pyridine infrared spectroscopy, and quantitative analysis was carried out. As shown in
Figure 2b, the characteristic peaks at the wavenumbers of 1550 cm !, 1455 cm~! and
1490 cm~! belonged to the peaks of pyridine adsorbed on Brensted acid site, Lewis acid
site and the result of the interaction of pyridine molecules at the of Brensted acid site and
Lewis acid site, respectively [30,31]. Pyridine desorption curves were recorded at 250 and
350 °C, respectively. The Brensted acid site and Lewis acid site were estimated by the
integral area of the peaks at different positions [26,32]. The results are shown in Table 2. It
can be seen that the strong Brensted acid sites of H-ZSM-5 after hydrothermal treatment
were less than the weak Bronsted acid sites. Additionally, from the ratio of the Brensted
acid site and Lewis acid site, it can be seen that, compared with Lewis acid site, the Bronsted
acid site was dominant in the strong acid site.
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Figure 2. NH3—TPD (a) and Py—FTIR (b) spectra of H-ZSM—5.

Table 2. Acidity of H-ZSM-5 determined by Py-FTIR spectra.

.o ‘1 Total Acidity
B Acidity (umol g—1) L Acidity (umol g—1) - B/L
Sample v 8 y 8 (umol g—1)
250 °C 350 °C 250 °C 350 °C 250 °C 350°C 250°C 350°C
H-ZSM-5 18.4 7.2 6.2 4.8 24.6 12.0 2.96 1.5

2.2. Thermal Cracking and Catalytic Cracking of Decane

Steam cracking and FCC process were two important processes for producing light
olefins. Although both were processes for producing light olefins, there were great differ-
ences in the reaction mechanism between the two processes. Steam cracking follows the
free radical reaction mechanism, and catalytic cracking reaction follows the carbocation
reaction mechanism. To more specifically compare the difference between the two processes
in the product, therefore, in this paper, quartz sand and H-ZSM-5 were used as catalysts to
compare the thermal cracking reaction and the catalytic cracking reaction of decane. On
the other hand, both the thermal cracking reaction and the catalytic cracking reaction were
endothermic reactions, requiring a higher reaction temperature. Therefore, the effect of
temperature on the cracking reaction was very important. In this paper, combined with the
reaction conditions of steam cracking and catalytic cracking, the reaction temperature was
set in the range of 500-750 °C.

The conversion and light olefin yields of the decane over quartz sand are shown in
Figure 3a. It can be seen that the conversion of decane over quartz sand and the yield
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of light olefins increase with the increase of reaction temperature. When the reaction
temperature was lower than 600 °C, the conversion of decane over quartz sand was very
low, and almost no thermal cracking reaction occurs. However, when the temperature
exceeds 600 °C, the conversion and the yield of light olefins increase significantly faster.
The highest conversion of 44.7% was obtained at 750 °C. The conversion of decane and
the yield of light olefins over H-ZSM-5 are shown in Figure 3b. It can be seen that the
conversion of decane and the yield of light olefins over H-ZSM-5 have the same trend as the
reaction over quartz sand. The difference was that the conversion of decane over H-ZSM-5
was significantly higher than that over quartz sand when the temperature was lower than
600 °C because the catalyst reduces the activation energy of the reaction. However, when the
temperature exceeds 600 °C, the gap between the two gradually decreases. At the reaction
temperature of 750 °C, the conversion of decane over H-ZSM-5 reached the highest 53.74%.
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Figure 3. Conversion and light olefin yields of the decane cracking reaction vary with temperatures
over quartz sand (a) and H-ZSM-5 (b), reaction conditions: catalyst 1.0 g; temperature, 500-750 °C;
pressure, 0.1 MPa; feedstock flow rate, 2 mL min—1; N, flow rate, 70 mL min 1.

Olefin product yields of the decane cracking reaction vary with temperatures over
quartz sand and H-ZSM-5 and are shown in Figure 4. It can be seen that the trend of
olefin product yield over quartz sand and H-ZSM-5 was consistent, and the olefin product
yield increased with the increase in reaction temperature. However, the yield of olefin
products over quartz sand was significantly lower than that over H-ZSM-5. The reaction of
decane over quartz sand produces more olefin products only after the reaction temperature
reaches 700 °C. The olefin products were concentrated between C,~-C;~, especially C,~.
The olefin products of decane over H-ZSM-5 were mainly concentrated in C,—Cg4~ and
more concentrated in the range of C;™-C,4~. When the reaction temperature was lower
than 600 °C, the yield of ethylene was low, and the products were mainly propylene and
butylene. When the reaction temperature exceeds 600 °C, the ethylene content in the
product begins to increase. The different distribution of olefin products in the products
also reflects the different mechanisms of decane thermal cracking and catalytic cracking.
The thermal cracking reaction occurs over the quartz sand, and the olefin product was
mainly ethylene. The reaction over H-ZSM-5 was a catalytic cracking reaction, and the
olefin product was mainly propylene butene.

Alkane product yields of the decane cracking reaction vary with temperatures over
quartz sand and H-ZSM-5 and are shown in Figure 5. Since the feed is decane, we do not
list the yield of decane. The alkane products of decane cracking over quartz sand were
mainly methane and ethane, and the yield of alkane with high carbon number was very low.
Different from the reaction products over quartz sand, the distribution of carbon number
of the alkane products of decane over H-ZSM-5 was wide, mainly concentrated in C;—Cy.
This was because the thermal cracking reaction follows the free radical reaction mechanism,
and the final products were mostly small molecules.
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Figure 4. Olefin product yields of the decane cracking reaction vary with temperatures over quartz
sand (a) and H-ZSM-5 (b), reaction conditions: catalyst 1.0 g; temperature, 500-750 °C; pressure,
0.1 MPa; feedstock flow rate, 2 mL min—1; N, flow rate, 70 mL min .
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Figure 5. Alkane product yields of the decane cracking reaction vary with temperatures over quartz
sand (a) and H-ZSM-5 (b), reaction conditions: catalyst 1.0 g; temperature, 500-750 °C; pressure,
0.1 MPa; feedstock flow rate, 2 mL min—1; N, flow rate, 70 mL min—’.

A methane molecule contains one carbon atom and four hydrogen atoms. Its chemical
properties are relatively stable, and it is difficult to be used as a chemical raw material.
Compared with ethylene and propylene, it is a low-value gas. So, we hope to produce
as little methane gas as possible in the reaction. Additionally, we set two values of the
molar ratio of ethylene to methane (E/M) and the molar ratio of propylene to methane
(P/M) to evaluate the light olefin production plan. The E/M and P/M values of decane
over quartz sand and H-ZSM-5 are shown in Figure 6. When the reaction temperature was
lower than 600 °C, the methane yield was low, and the calculation value was inaccurate,
so only four temperature points between 600 and 750 °C were calculated. It can be seen
that in the case of quartz sand, the E/M and P/M values of decane thermal cracking do
not change significantly with the increase in temperature. However, the E/M and P/M
values of decane over H-ZSM-5 decreased significantly with the change of temperature,
which may be due to the increase of methane growth rate with the increase of reaction
temperature. When the reaction temperature reaches 750 °C, the E/M values of decane
over quartz sand and H-ZSM-5 were 2.12 and 2.42, respectively, and the P/M values were
2.54 and 0.83, respectively. Compared with the thermal cracking reaction, the catalytic
cracking reaction of decane produces less low-value methane while producing light olefins,
which have a better atomic economy.
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Figure 6. The value of E/M and P/M of decane over quartz sand (a) and H-ZSM-5 (b).

2.3. Catalytic Cracking of Decane and Decene

In the previous section, the difference between thermal cracking and catalytic cracking
of decane was compared. By comparison, it was found that the atomic utilization rate of
thermal cracking reaction was not high in the range of 500-750 °C. There were problems
such as the low yield of light olefins and too many low-value products such as methane
and ethane. Although the catalytic cracking reaction of decane will reduce the selectivity
of methane to a certain extent, the yield of light olefins was not particularly high. For
this reason, we chose the decene molecule with a double bond structure and decane for
comparative experiments. The temperature range was also 500-750 °C.

The conversion of decane and decene and the yield of light olefins over H-ZSM-5
are shown in Figure 7. It can be seen that there was a clear difference in the conversion
between the two. The highest conversion of decane reached 53.74% at 750 °C. Additionally,
the conversion of decene remained high in all temperature ranges, almost completely
converted. When decane was used as raw material, the yield of light olefins increases with
the increase in temperature. When decene was used as raw material, the change trends of
the three olefins were slightly different, and the yield of light olefins in the product was
significantly higher than that when decane was used as raw material. This was due to the
presence of double bonds, which greatly reduce the activation energy of the reaction and
make the cracking reaction of decene easier.
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Figure 7. Reaction conversion and light olefin yield over H-ZSM-5 of decane (a) and decene (b),
reaction conditions: catalyst 1.0 g; temperature, 500750 °C; pressure, 0.1 MPa; feedstock flow rate,
2 mL min~?; N, flow rate, 70 mL min 1.

Olefin product yields over H-ZSM-5 of decane and decene are shown in Figure 8. It can
be seen that there was a big difference between the two in the distribution of olefin products.
The proportion of olefin products in the cracking products of decane was relatively low,
even at 750 °C, the olefin products were only 40.52%, while the proportion of olefin products
in the cracking products of decane was very high in all temperature ranges, basically above
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80%. Additionally, the yield of olefin products with carbon atoms greater than four was

more than that of decane as raw material.
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Figure 8. Olefin product yields over H-ZSM-5 of decane (a) and decene (b), reaction conditions:
catalyst 1.0 g; temperature, 500750 °C; pressure, 0.1 MPa; feedstock flow rate, 2 mL min~1; N, flow
rate, 70 mL min 1.

Alkane product yields over H-ZSM-5 of decane and decene are shown in Figure 9.
The alkane product distribution of decane and decene was also quite different. With the
increase in temperature, the yield of alkanes in the pyrolysis products of decane was mainly
concentrated in C;—C7. When decene was used as raw material, the proportion of alkanes
in the products was relatively low, about 4%, and the difference in total alkanes content
between different temperatures were not particularly large.
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Figure 9. Alkane product yields over H-ZSM-5 of decane (a) and decene (b), reaction conditions:
catalyst 1.0 g; temperature, 500-750 °C; pressure, 0.1 MPa; feedstock flow rate, 2 mL min~1; N, flow
rate, 70 mL min 1.

The value of E/M and P/M of decane and decene over H-ZSM-5 is shown in Figure 10.
Similarly, when the temperature was lower than 600 °C, methane was almost not generated,
so only four temperature points of 600-750 °C were calculated. It can be seen that the
changing trend of the two with the reaction temperature was consistent, and both decreased
with the increase of the reaction temperature. The E/M and P/M values of decene products
were higher than those of decane products, especially the P/M value. It can be seen
that at the reaction temperature of 750 °C, the E/M values of decane and decane over
H-ZSM-5 were 2.42 and 3.53, and the P/M values were 2.54 and 8.02, respectively. It shows
that decene produces less low-value methane while producing light olefins. The yield of
ethylene and propylene in decane was also higher than that of decane. Therefore, decene
was more suitable for the production of light olefins than decane.
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Figure 10. The value of E/M and P/M of decane (a) and decene (b) over H-ZSM-5.

2.4. Light Olefin Production Scheme

With the increase of electric vehicles, fossil fuel consumption continues to decrease.
Traditional refineries that mainly produce fuel oil have begun to transform to produce
chemical raw materials such as light olefins [33,34]. Steam cracking was an important pro-
cess for the traditional production of light olefins, but it has problems such as high energy
consumption, resulting in a waste of resources. In this paper, the steam cracking process
was simulated by the thermal cracking of decane over quartz sand, and the three reactions
of decane thermal cracking, decane catalytic cracking and decene catalytic cracking were
compared. By comparing the three different reactions, it can be seen that the production of
light olefins by decene catalytic cracking has higher E/M and P/M values, and the amount
of low-value methane produced while producing light olefins was less. To this end, we
designed a new efficient light olefin production process.

Different from the traditional production of light olefins using alkanes as raw materials,
this scheme uses olefin cracking to produce light olefins. The simple process was shown in
Scheme 1. First, the naphtha component passes through the dehydrogenation unit, and
the generated hydrogen can be used as a product out of the device, and the incompletely
dehydrogenated alkanes continue to enter the dehydrogenation unit for dehydrogenation.
The dehydrogenated olefins enter the FCC unit, and the long-chain olefins were cracked
to obtain light olefins. The incompletely cracked Cs* olefins continue to return to FCC for
further cracking. If you need butene, butene can be used as a product directly out of the
device. Or you can continue to return to the cracking unit for cracking, maximizing the
production of ethylene and propylene. This scheme can flexibly adjust the proportion of
ethylene, propylene and butylene in the product according to the market demand.
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Scheme 1. Light olefin production scheme.
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3. Experimental Section
3.1. Materials

H-ZSM-5 zeolite was provided by the 22nd Research Laboratory of Sinopec Research
Institute of Petroleum Processing. After drying, the zeolite was pressed, crushed and sieved,
and 20—40 mesh zeolite particles were screened. The treated particles were hydrothermally
aged at 800 °C for 4 h. Decane (99%) and 1-decene (96%, the rest are olefin isomers) were
purchased from Alfa Aesar.

3.2. Catalytic Cracking Experiment

The evaluation experiment was carried out in the fixed bed reactor in the laboratory.
The reactor is a quartz reaction tube with an inner diameter of 6 mm. The catalyst (1 g,
2040 mesh) was loaded into the quartz tube reactor, and the catalyst bed was cushioned
with quartz cotton to prevent the catalyst from slipping. Before the experiment, the
air tightness of the device was checked. After waiting for the catalyst bed to reach the
predetermined temperature and stabilize, feed (1.7 g) was injected into the reactor through a
syringe pump. The feed time was 70 s. After preheating and vaporization at the upper part
of the reactor, the feed was driven by nitrogen to pass through the catalyst bed. After the
feeding, the catalyst was purged with nitrogen for 900 s. High-temperature gas products
were separated into gas products and liquid products by cooling (=19 °C). The liquid
product was retained in the liquid receiving bottle and weighed after the reaction was
completed. The volume of the cracking gas product was measured by the drainage method.
After the reaction was completed, the reactor was heated to the regeneration temperature
and coked with air for 600 s. The flue gas produced by coke burning was converted into
CO, by a CO converter. The content of CO; in the flue gas was measured by an online
CO;, infrared analyzer, and the coke quality was calculated by integral. The composition
of gaseous products was analyzed by an Agilent 7890A gas chromatograph (Agilent J&W
HP-PLOT Al,O3 KCl column), and the composition of liquid products was analyzed by
Agilent 7890A (Agilent J&W HP-PONA column). The conversion and yield were calculated
as shown in Equations (1) and (2).

feed mass in the product
feed mass

Conversion = (1 — ) % 100%. (1)

) CxHy mass o
Yleld (CXHy) :W X 100 /0 (2)

where CxHy was the hydrocarbon in the product.

3.3. Catalysts Characterization

The pore structure properties (specific surface area, pore volume, etc.) of the samples
were determined by N, adsorption-desorption experiments (Micromeritics, ASAP 2420).
Firstly, 0.1 g catalyst was loaded into the sample tube. Then, the samples were degassed
at 300 °C and 0.133 Pa for 4 h, and the adsorption isotherms were collected at —196 °C.
The specific surface area of the sample was calculated by the Brunauer-Emmett-Teller
(BET) method. The pore volume was calculated by the adsorption amount when the
relative pressure of the adsorption branch was 0.98, and the pore size distribution was
determined by the Barret-Joyner—Hallender (BJH) method based on the desorption branch
in the adsorption isotherm.

The acid strength distribution of the catalyst was determined by NHj3 temperature-
programmed desorption (NH3-TPD), and the test instrument was Auto-ChemlI2920
(Micromeritics). First, a 0.2 g (20-40 mesh) sample was placed in a U-shape quartz tube re-
actor. Helium was used as the carrier gas (25 mL/min), and the temperature was increased
to 550 °C at a rate of 20 °C/min. After 60 min of purge, the temperature was reduced to
150 °C, and the temperature was kept constant for 5 min. It was switched to NH3 adsorp-
tion for 60 min and then continued to purge with helium for 120 min until the baseline was
stable. The desorption was carried out at a heating rate of 10 °C/min to 550 °C and kept
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for 30 min. A TCD detector was used to detect the change in gas composition, and the total
acid content was obtained by automatic integration of the instrument.

Brensted and Lewis acid sites of zeolite were characterized through Fourier transform
infrared spectroscopy of pyridine adsorption experiments (Nicolet 6700). The catalyst
sample was ground into powder, and about 20 mg of the sample was weighed to make
a self-supporting wafer, and the wafer was placed in an in situ cell equipped. The sam-
ple was treated at 500 °C and 1.33 x 103 Pa for 2 h. Then, the temperature dropped to
20 °C, and the saturated vapor of pyridine was adsorbed for 20 min. After the adsorption
was completed, the program was heated to 250 °C vacua for desorption for 30 min. The
temperature was raised to 350 °C vacua for desorption for 30 min to record and save the data.

4. Conclusions

The decane thermal cracking reaction and catalytic cracking reaction were compared
over quartz sand and H-ZSM-5. It was observed that the conversion of thermal cracking
and catalytic cracking of decane increased gradually with the increase in temperature.
However, the difference was that when the reaction temperature exceeds 600 °C, the decane
begins to undergo an obvious thermal cracking reaction, reaching the highest values of
44.7% and 53.74% at 750 °C. The conversion of the decane catalytic cracking reaction and
the yield of light olefins were higher than that of the thermal cracking reaction. There was a
big difference in the carbon number distribution of alkane products between the two. The
thermal cracking reaction of decane was dominated by small molecules of methane and
ethane. The carbon number distribution of alkane in the decane catalytic cracking reaction
was wide, mainly concentrated in C;—Cy. The E/M and P/M values of catalytic cracking
reaction were higher than those of thermal cracking reaction, especially the P/M value.

Compared with decane catalytic cracking, the conversion of decene cracking was
much higher. Even at 500 °C, the conversion of decene was still greater than 99%. At the
same time, the yield of light olefins in the cracking products of decene was significantly
higher. The calculated values of E/M and P/M of decene were significantly higher than
those of decane cracking. Decene produces less low-value methane gas while producing
light olefins. By comprehensive comparison of decane thermal cracking, decane catalytic
cracking and decene catalytic cracking, it was found that decene catalytic cracking can
obtain higher yield and selectivity of light olefins. It shows that olefin was a high-quality
raw material for cracking to produce light olefins. To this end, we propose a new light
olefin production scheme. Through the combination of alkane dehydrogenation technology
and catalytic cracking technology, better light olefin production was achieved. At the same
time, the scheme also has certain operational flexibility. Ethylene, propylene and butylene
production can be regulated according to the market.
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