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Production of petrochemicals from biomass, including vegetable 
oils, is consistent with the principles of green chemistry, the 
global low-carbon strategy and carbon cycling. Fatty acid 
triglycerides, the major component of vegetable oils, mainly 
contain esters of oleic, palmitic, stearic, linoleic and linolenic 
acids.1 There are various approaches to the synthesis of biofuels 
and petrochemicals from vegetable oils: transesterification,2,3 
hydroconversion,4 catcracking,5,6 pyrolysis,7 etc. Industrial 
technologies for vegetable oil processing generally based on 
two-stage processes developed by several leading companies. 
First, the hydrodeoxygenation and hydrodecarboxylation of oils 
are carried out over catalysts such as NiMo/Al2O3, CoMo/Al2O3, 
etc., then the hydroisomerization of intermediates proceeds over 
Pt, Pd, Ir and Re supported on zeolites or sulfonated oxide 
systems.8 

One of the alternative approaches could be the one-step 
catalytic conversion of fatty acid triglycerides into hydrocarbons 
using catalysts based on Mordenite framework inverted (MFI) 
or Zeolite Socony Mobil (ZSM-5) zeolites. The resulting 
hydrocarbons, in addition to other components, generally contain 
a mixture of aromatic hydrocarbons, including p-xylene. 

Along with other industrial applications, p-xylene is on large 
scale used for the synthesis of terephthalic acid and polyethylene 
terephthalate, a thermoplastic material that is employed in the 
manufacture of films, textile fibers, plastic tableware, etc.9 

At present p-xylene is primarily produced from petroleum 
feedstocks via multistage separation of reforming naphtha 
products containing a fraction enriched in xylenes. The m- and 
o-xylenes obtained along with p-xylene can be isomerized to 
produce additional p-xylene. Inasmuch as the resulting 
equilibrium mixture of the three xylenes contains only ca. 24% 
p-xylene, the separation and isomerization steps have been 
repeated several times.10

Since the demand for p-xylene annually increases by an 
average of 6–8%,9 the urgent task is development of new 
technologies for its production, including the processing of 
renewable feedstocks.

MFI (ZSM-5) zeolites are used in various petrochemical 
processes, involving the renewable feedstocks processing. These 
zeolites possess the molecular sieve effect owing to the presence 
of an ordered 0.53 × 0.56 nm micropore system, acidic properties 
and high specific surface area. It was found,10 that in the pores of 
ZSM-5 the diffusion of p-xylene having a molecular diameter of 
0.53 nm proceeds more effectively compared with ortho- and 
meta-xylenes possessing a larger molecular diameter. Therefore, 
the microporous structure of ZSM-5 zeolites can promote a more 
selective production of p-xylene from different feedstocks. 

The direct one-stage conversion of rapeseed oil into 
hydrocarbons over materials containing non-promoted zeolite 
MFI (ZSM-5) has been the subject of a scarce number of 
publications. The hydroconversion of rapeseed oil on MFI/
MCM-41 synthesized by the hydrothermal microwave method 
was studied.11 The total yield of xylenes has not exceeded  
4 wt%, the yields of isomeric xylenes are not given. This 
composition promoted by zinc and chromium also catalyzes the 
conversion of  isobutanol into  p-xylene containing hydrocarbon 
product, its yield  reaches 7 wt%.12

The conversion of rapeseed oil over HZSM-5 (proton form of 
ZSM-5) at 400 °C has been reported earlier.13 The yield of the 
BTX (benzene–toluene–xylene) fraction was 40 wt% and the 
total yield of m- and p-xylenes reached 12 wt%.

Thus, the catalysts containing MFI zeolites allow one the 
synthesis of C5+ hydrocarbons, including aromatics and xylenes 
from various types of feedstocks. At the same time,  petroleum 
feedstock is mainly used to obtain of p-xylene. The synthesis of 
p-xylene from a renewable feedstock, such as rapeseed oil, 
catalyzed by MFI zeolites is still insufficiently studied. 

The microporous structure of MFI zeolites impedes the 
diffusion of a number of reagents. Coke deposition on the  
MFI surface also causes their deactivation, since it prevents the 
access of reagents to active centers located in the micropores. One 
of the approaches to solving these problems is to use the zeolite-
containing materials with additional mesoporous structure,  
e.g., MFI and silicon carbide (SiC). The combination of MFI and 
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chemically inert mesoporous silicon carbide with high thermal 
conductivity could improve heat and mass transfer of material.14–16

Here we describe a new one-step method for producing 
hydrocarbons, p-xylene in particular, via rapeseed oil conversion 
over the catalytic material containing HMFI zeolite (proton form 
of MFI zeolite) and silicon carbide introduced at the stage of 
HMFI synthesis. The catalyst was synthesized by the 
hydrothermal microwave method, that allowed the zeolite 
crystallization stage to be carried out in 3 h. This catalyst, 
designated as HMFI/SiC, enabled a marked increase in the 
content of p-xylene in the mixture of isomeric xylenes contained 
in the rapeseed oil conversion products. The technique of 
hydrothermal microwave synthesis of the HMFI/SiC and its 
characterization by ICP-OES, XRD, SEM, low-temperature 
nitrogen sorption, ammonia thermodesorption and IR 
spectroscopy of adsorbed pyridine, were described in our 
previous publications14–17 (for details, see Online Supplementary 
Materials). The spent catalyst was studied by thermogravimetric 
analysis (TGA) and transmission electron microscopy (TEM) . 

The zeolite content in the HMFI/SiC calculated on the basis of 
the characteristic band intensities in its IR spectrum17 related to 
those for pure HMFI zeolite was 77%. These data are consistent 
with the XRD results (see Figure S1 in Online Supplementary 
Materials). Low-temperature nitrogen physisorption analysis of the 
HMFI/SiC17 showed SBET = 393 m2 g–1, Vmicropores = 0.16 cm3 g–1 
and Vmesopores = 0.06 cm3 g–1.

According to the IR spectroscopy of adsorbed pyridine 
(Table S1), the zeolite component of the HMFI/SiC material 
synthesized with silicon carbide addition to the initial mixture 
contains more Brönsted and Lewis acid centers per g of the 
zeolite component than HMFI synthesized by a similar method 
without the addition of silicon carbide. This, pursuant to the 
data,18 can facilitate more intensive processes of cyclization 
and dehydrogenation of intermediate products of oil conversion 
to aromatic compounds. 

ICP-OES studies showed that the synthesis of zeolite with the 
addition of silicon carbide can increase the content of aluminum 
ions in the crystal lattice of zeolite contained in HMFI/SiC, 
compared with the zeolite synthesized by the same method 
without silicon carbide (Table S2). An enhanced content of 
aluminum ions apparently contributes to an increase in the 
number of Brönsted and Lewis acid sites in the zeolite of the 
HMFI/SiC material in comparison with the zeolite containing no 
silicon carbide. It can be also assumed that higher amount of 
acidic centers may also be due to a more defective zeolite 
structure caused by crystallization in the presence of silicon 
carbide. It is possible that SiC is able to interact with the 
emerging MFI framework, thereby affecting the distribution of 
silicon and aluminum in the zeolite (e.g., preventing the complete 
crystallization of the zeolite), thus contributing to the occurrence 
of defects in the resulting material. Therefore, presence of SiC 
can affect the local environment of zeolite lattice atoms, mainly 
Al, enhancing their ability to act as protons donors or electron 
pairs acceptors, thereby increasing the overall acidity.

NH3-TPD data demonstrate that the HMFI/SiC is 
characterized by a relatively high total concentration of acid 
centers – 510 μmol g–1. Of these, 204 mmol g–1 corresponds to the 
thermal desorption of ammonia at T < 300 °C and 306 mmol g–1 
corresponds to the thermal desorption of ammonia at T  > 300 °C.

Rapeseed oil (Lebyazhsky plant of vegetable oils, Russia) 
was used as a feedstock; its fatty acid composition is presented 
in Table S3. Catalytic experiments on rapeseed oil conversion 
were run in a quartz flow reactor with a fixed bed catalyst. 
Experiments were performed at 450–600 °C, atmospheric 
pressure, a rapeseed oil space velocity of 3.1 h–1 and at time on 
stream (TOS) of 2 h. Hydrogen was fed into the reactor along 

with rapeseed oil at a rate of 2 dm3 h–1 to suppress coking. The 
detailed procedure of the catalytic experiments and the data on 
the composition of liquid organic products of rapeseed oil 
conversion was determined by GLC and FTIR spectroscopy (see 
Online Supplementary Materials). 

In all experiments at 450–600 °C, close to 100% conversion 
of rapeseed oil was achieved, as proved by FTIR spectroscopy. 
Figure 1 shows the IR spectra of (a) rapeseed oil and (b) a liquid 
organic product obtained at 450 °C. The IR spectrum of rapeseed 
oil exhibits absorption bands typical for the functional groups of 
esters (1743 and 1159 cm–1) and saturated and unsaturated 
alkanes (2852 and 3007 cm–1). Absence in the IR spectrum of the 
liquid organic product of absorption bands of carbonyl groups at 
1742–1744 cm–1 and bands of stretching vibrations of CO bonds 
of higher carboxylic acid esters at 1159–1162 cm–1 which are 
characteristic of rapeseed oil,19 confirms 100% conversion of 
rapeseed oil. Absorption bands at 1743 cm–1 (C=O) and  
1159 cm–1 (C–O) were also absent in the liquid organic products 
obtained by rapeseed oil conversion at 500–600 °C. At the same 
time, the IR spectrum of the liquid organic product formed at 
450 °C shows the absorption band at 1709 cm–1 typical for the 
carbonyl group C=O of carboxylic acids.19 This means that the 
complete conversion of the fatty acids intermediates has not been 
achieved at this temperature.

The IR spectra of the products obtained at 500–600 °C is 
presented in Figures S2–S4. In the IR spectra of these products, 
the absorption band at 1709 cm–1 characteristic of the C=O 
carbonyl group was no longer present. In addition, in the IR 
spectra of the liquid organic products obtained at 500 and 550 °C, 
there were no absorption bands of OH groups in the range of 
3400–3500 cm–1. Consequently, the complete conversion of 
oxygen-containing intermediates derived from rapeseed oil into 
hydrocarbons over the HMFI/SiC catalyst was reached at  
500–600 °C.

The IR spectra of the liquid organic products obtained at 
different temperatures show the absorption band at 728 cm–1 
corresponding to the out-of-plane bending vibrations of CH2-
groups of n-alkanes and/or olefins, as well as the absorption 
band at 3007 cm−1, which corresponds to the stretching vibrations 
of C–H bonds. The presence of absorption bands in the range of 
909–675  cm–1 in the spectra indicates that aromatic hydrocarbons 
are contained in the products.19–21 Products yields observed in 

Figure  1  Comparative FTIR analysis of (a) rapeseed oil  and (b) the liquid 
organic product of rapeseed oil conversion catalyzed by HMFI/SiC at 
450 °C in H2 flow.
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catalytic conversion of rapeseed oil at 450 °C are presented in 
the Table S4. The results obtained on a freshly prepared catalyst, 
a catalyst not subjected to oxidative regeneration and a catalyst 
after oxidative regeneration are  shown. The data prove that the 
non-regenerated catalyst dramatically reduces the yield of BTX 
fraction. At the same time, the catalyst after oxidative 
regeneration demonstrates results similar to those obtained on a 
freshly prepared catalyst. Table S4 also displays the examples of 
mass balance closure, inasmuch as the conversion rate was 
100%. The gaseous products contain traces of CO, CO2 and H2O 
that, according to,21 result from the conversion of fatty acid 
triglycerides. The liquid organic products predominantly contain 
aromatics, as well as C5+, including olefins, paraffins, iso-
paraffins and cycloparaffins.

Table 1 illustrates the effect of temperature on the total yields 
of the liquid organic products, aromatics and p-xylene produced 
by rapeseed oil conversion over the HMFI/SiC, as well as the 
content of p-xylene in the mixture of the isomeric xylenes.

As is seen from Table 1, when the temperature rises from 450 
to 600 °C the yield of the liquid organic products decreases from 
61 to 28 wt%; in particular, the total yield of aromatic 
hydrocarbons decreases from 39 to 19 wt%. It is worth noting 
that in the experiment run at 450 °C a higher total yield of arenes 
is observed, the yield of p-xylene reaches 6 wt%, its content in 
the mixture of isomeric xylenes is 75 wt%. An increase in 
temperature from 450 to 600 °C results in the decrease in 
p-xylene content in the mixture of isomers.

Thus, achievement of a higher yield of p-xylene and its larger 
content in the mixture of isomeric xylenes and liquid organic 
products is promoted by running rapeseed oil conversion over 
the HMFI/SiC catalyst at 450–500 °C. 

Figure 2 shows the data of TEM for the spent HMFI/SiC 
catalyst after oxidative regeneration. It is noteworthy that the 
sample was studied on a carbon-containing grid; therefore, 
carbon was not analyzed. The micrographs on Figures 2(a), (b) 
shows zeolite particles decorated with the amorphous phase of 
silicon carbide. The EDX elemental mappings of the composite  
[Figures 2(c)–(f)] show that oxygen is predominately located in 
zeolite particles, while silicon is uniformly distributed over 
silicon carbide and zeolite. The presence of oxygen in the silicon 
carbide phase can be associated with SiO2 and SiOxCy formation 
during oxidative regeneration of the catalyst.22

The amount of coke deposited on the spent, unregenerated 
catalyst was assessed by thermogravimetric analysis. According to 
Figure 3, for the spent catalyst heated in an air flow, the weight loss 
of 5% in the temperature range of 400–650 °C, that corresponds to 
the combustion of coke of an ordered polyaromatic nature.23

Comparison of the literature data on the synthesis of p-xylene 
from biogenic feedstocks over catalysts containing non-
promoted zeolites ZSM-5 with the results of this study is given 
in Table S5. In the conversion of jatropha oil18 and fatty acids24 
on the ZSM-5 at 450 °C at atmospheric pressure the content of 
p-xylene in the mixture of isomeric xylenes reached 50 and 57%, 
respectively. For comparison, the data on p-xylene production by 
toluene disproportionation over ZSM-5 zeolite under comparable 
conditions are presented.25 The data of Table S5 show that when 

using the HMFI/SiC catalyst, the product with a high p-xylene 
content in the mixture of the isomeric xylenes can be obtained 
from the biogenic feedstock (rapeseed oil). 

To sum up, it has been shown for the first time that the 
HMFI/SiC catalytic material synthesized by the hydrothermal 
microwave method catalyzes the conversion of rapeseed oil 
into liquid hydrocarbons. In this case, p-xylene predominates 
among the isomeric xylenes contained in the resulting 
hydrocarbons. It has been demonstrated that the rapeseed oil 
conversion at 450 °C produced, TOS 2 h and hydrogen supply 
to the reactor allowed us to obtain p-xylene with a yield up to  
6 wt%, with its content in the mixture of isomeric xylenes 
being as high as 75 wt%. Oxidative regeneration of the spent 
catalyst after the reaction carried out for 2 h makes it possible 
to achieve a reproducible yield of p-xylene. The process has the 
following advantages: p-xylene is produced from the renewable 
feedstock, the reaction is run at the atmospheric pressure and 
the catalyst containing no noble metals is used. 

This research was carried out within the state funding of TIPS 
RAS.

Table  1  Effect of temperature on the yield of selected products of rapeseed 
oil conversion.

Products
Yield (wt%)

450 °C 500 °C 550 °C 600 °C

Liquid organic products 61 50 37 28
Aromatics 39 29 24 19
p-Xylene 6 (75)a 5 (70)a 4 (67)a 2 (62)a

a Content of p-xylene in the mixture of isomeric xylenes (wt%).

Figure  2  (a) TEM  and (b) STEM  images and (c)–(f) EDX elemental 
mappings of the spent HMFI/SiC after regeneration.
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Figure  3  Thermogravimetric analysis of the spent HMFI/SiC catalyst. 
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Online Supplementary Materials
Supplementary data associated with this article can be found 

in the online version at doi: 10.71267/mencom.7625.
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