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Conversion of isobutyl alcohol over the HMFI1/SiC composite
has been for the first time studied. Isobutanol (bioisobutanol)
considered as a promising product of biomass processing
was catalytically converted into aromatic hydrocarbons of
the benzene-toluene-xylene fraction (BTX) and olefins
C,—C, (mainly propylene and butenes). Compared with the
pure zeolite, the incorporation of HMFI into the SiC matrix
enhanced the yields of C,—C, olefins and BTX in the
isobutanol conversion due to increased densities of Brgnsted
and Lewis acid centers.
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Olefins C,—C, and aromatic hydrocarbons, especially the
benzene-toluene—xylene  fraction  (BTX), are  basic
petrochemicals. They are widely used to produce plastics,
synthetic fibers, rubbers, etc.1-® Qil, natural gas and coal are
commonly used raw materials for aromatic hydrocarbons* and
C,—-C, olefins! production. The Paris climate agreement aims at
the decarbonization of industry. Twenty countries (including the
EU and China) set ambitious goals to achieve carbon neutrality
by the middle of the 21%t century. Therefore, the increased
interest has been paid to the development of processes for
producing petrochemicals and fuels, including aviation fuel,
from renewable (‘carbon neutral’) raw materials. In addition, the
development of efficient catalysts for these processes is very
important. Moreover, this approach complies with the principles
of green chemistry.

Isobutanol is a promising intermediate product of the
processing of plant biomass — a renewable raw material — into
petrochemicals.>7 Isobutanol production is based on the
biotechnological achievements of the team of the Nobel Prize
laureate Prof. F. Arnold. They managed to create microorganisms
that produce isobutyl alcohol via fermentation of carbohydrates
with up to 100% efficiency.® Gevo® and Butamax® implemented
the production of bioisobutanol. The isobutanol yield of 24 wt%
was achieved with a combination of the fermentation and
rectification stages.®

There is a limited number of publications on the BTX and
C,—C, olefins production by the catalytic conversion of
isobutanol. The conversion of isobutyl alcohol over USY, Beta
and HMFI zeolites (HMFI — proton form of MFI type zeolite,
MFI —structure of modernite form inverted) was studied.’° A high
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total yield of aromatic hydrocarbons of 61.4 wt% was obtained
over the HMFI catalyst promoted with 5.1 wt% of Zn. The yield
of C,—C, olefins was 9.3 wt%.

Conversion of isobutanol over unpromoted HMFI zeolite at
550 °C resulted in the predominant production of C,—C, olefins
with a yield of 77.4 wt%.'! The yield of arenes was 9.5 wt%. The
incorporation of 2% of gallium into zeolite increased the yield of
aromatic hydrocarbons up to 56.2 wt%.

Transformations of isobutanol over the HMFI, Zn/HMFI, and
Ga/HMFI catalysts with the SiO,/Al,O5 ratios of 50, 60.1 and
56.3 were also studied.’? A high yield of aromatic hydrocarbons
of 59 wt% was achieved over the Ga/HMFI catalyst at a weight
hour space velocity (WHSV) of 1.74 h™t at 400 °C. A carbon
dioxide flow facilitates achieving a high yield of arenes. Carbon
dioxide reacts with hydrogen evolved under dehydrocyclization
of the produced butene oligomers.’? Chemical bonding of
released hydrogen shifts the equilibrium toward arene formation.

Recently,'® we observed the predominant formation of C,~C,
olefins with the yield of 54 wt% in the isobutanol conversion
over the nonpromoted HMFI zeolite synthesized by a microwave
hydrothermal method.

In this paper, we report for the first time the application of the
HMPFI/SiC composite as a catalyst of the isobutanol conversion
to hydrocarbons. This material was earlier synthesized in the
proton form by the microwave hydrothermal method.'41> The
incorporation of mesoporous chemically inert high thermal
conductivity silicon carbide in the composite structure can
enhance the heat and mass transfer.

The microwave hydrothermal synthesis of HMFI/SiC in the
proton form and its characterization by XRD, SEM, low-
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temperature nitrogen physisorption and thermal desorption of
ammonia were previously reported.!*1®> The catalytic tests and
characterization of the catalyst are described in the Online
Supplementary Materials. The synthesis of the composite in the
proton form eliminates the long stage of ion exchange during
transformation of zeolite into the proton form.

The zeolite content in the composite calculated on the basis of
the characteristic bands intensities in its IR spectrum (Figure S1)
related to those for pure HMFI zeolite was 77%.

The aluminum and silicon contents in the composite and pure
HMPFI zeolite synthesized by the same method are compared in
Table 1. The SiO,/Al,O; molar ratio in the zeolite phase of the
composite was calculated taking into consideration the presence
of silicon in both the zeolite and SiC. It should be noted that the
addition of silicon carbide to the synthesis mixture reduced the
silica module of the zeolite.

According to the SEM data, the morphologies of the fresh
HMFI/SIC catalyst (Figure S2) and spent catalyst regenerated
via oxidative treatment at 700 °C (Figure 1) are very similar.
HMFI zeolite particles of 1-2 microns in size are incorporated
into the silicon carbide matrix.

Low-temperature nitrogen physisorption analysis showed
that the textural parameters of the spent catalyst after oxidative
regeneration are only slightly lower than those of the fresh
catalyst (Table S2): both the microporous structure of the HMFI
zeolite and the mesopores of the silicon carbide phase were
preserved.

The acidic properties of the catalyst measured by NH5;-TPD
(Table S3) demonstrated that the incorporation of HMFI into SiC
increased the content of medium strength acid sites and
simultaneously decreased the content of strong acid sites. After
the catalytic test and oxidative regeneration, the total amount of
acid sites decreased from 202 to 73 umol g and medium
strength acid sites predominated in the spent catalyst after
regeneration (56 pmol g1).

The results of tests of the HMFI/SiC composite in isobutanol
conversion are shown in Figures 2—4 and Table S1. The isobutanol
conversion and products yields were calculated using formulas
S1-S2. Isobutanol conversion was 100% in all catalytic tests.

At elevated temperatures isobutanol is initially dehydrated
over MFI zeolites to form isobutene.1%!! The resulting isobutene
is partially isomerized and the mixture of butenes undergoes
oligomerization. Then, the oligomers are either dehydrocyclized
to form arenes or cracked to form low-molecular-weight olefins.
Cracking products are also capable of oligomerization and
further dehydrocyclization.

Figure 2 shows the temperature dependencies of the total yields
of C,—C, olefins and arenes. The catalyst was tested in both the
diluted with nitrogen [Figure 2(a)] and undiluted [Figure 2(b)]
isobutanol flows.

In the case of nitrogen-diluted isobutanol [Figure 2(a)], the
temperature rise from 400 to 600 °C increased the yield of C,—C,
olefins from 23 to 66 wt%. The arene yield was 21-23 wt% at
400-500 °C and it decreased to 18 wt% with increasing
temperature.

In the tests with undiluted isobutanol the yield of C,—C,
olefins also increased with temperature [Figure 2(b)], but it was
noticeably lower than in the case of nitrogen-diluted isobutanol.

Table 1 Contents of Al and Si in HMFI zeolite and HMFI/SiC composite.

. Si/Al SIiO;/Al,04
Sample Al (wt%) Si (wt%) molar ratio molar ratio
in zeolite phase
HMFI 0.36+0.04 509+04 137 274
HMFI/SIC 058 +0.05 47.7+0.2 79 122

Figure 1 SEM image of spent HMFI/SIC after regeneration. Magnification
5000x.

The maximum arene yield of 30 wt% was observed at 400 °C
and it was by 9 wt% higher than that for the test with diluted
isobutanol. At 450 °C the yield of arenes decreased to 24 wt%
and remained within the range of 21-25 wt% at higher
temperatures. An example of the material balance calculation for
one of the tests is shown in Table S1.

Dilution of isobutanol with nitrogen may contribute to the
displacement of the initially formed C,—C, olefins from the
reactor, which explains the higher yield of these products compared
to undiluted isobutanol. Increasing the temperature accelerates
cracking reactions, which also contributes to the increase in the
C,—C;olefins yield. In the experiments with undiluted isobutanol
C,—C, olefins are more completely involved in the oligomerization
and dehydrocyclization reactions of oligomers. This increases
the yield of arenes and decreases the yield of C,—C, olefins. The
growth of the arene yield by 15 wt% in the n-butanol conversion
over HMFI when the pressure was increased to
20 bar was reported.?? In our case, a similar effect may result
from the higher partial pressure of isobutanol when it was fed
undiluted. The high yield of arenes at a low temperature of 400 °C
[Figure 2(b)] is apparently associated with less intensive cracking
reactions that lead to the formation of C,—C; olefins.

Thus, the supply of nitrogen to the reactor or its absence makes
it possible to control the selectivities for the formation and yields
of the main isobutanol conversion products. The total yield of the
C,—C,olefins in the conversion of nitrogen-diluted isobutanol over
the HMFI/SIC catalyst reached 66 wt% [Figure 2(a)]. The content
of propylene and butenes in the resulting C,—C, olefins was high,
up to 70 wt% (Table S1). Moreover, the yield of propylene
increased with increasing temperature, and with diluting isobutanol
with nitrogen, reaching 31 wt%. We managed to achieve a high
propylene productivity of 0.846 g gzk h™* surpassing the known
literature data on the production of propylene via isobutanol
conversion on zeolites (Figure 3).

When undiluted isobutanol was converted over HMFI/SiC,
a higher yield of the BTX fraction was usually achieved. The
content of BT X in the produced aromatic hydrocarbons increased
B Arenes (0)

@ wc,C, olefins m C,—C, olefins

56
46
37
25'24 i3 ES |

0
400 450 500 550 600

B Arenes
80

Yield (wt%)
N
o

0
400 450 500 550 600
7/°C T/°C

Figure 2 Temperature dependencies of C,—C, olefins and arenes yields in
conversion of (a) nitrogen-diluted and (b) nitrogen-undiluted isobutanol
flows over HMFI/SiC catalyst. WHSV = 2.2 h™%; time-on-stream, 2 h at each
temperature.
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Figure 3 Propylene productivities in catalytic conversion of isobutanol over
catalyst synthesized in this work and reported in literature (refs.10,11,13).

with increasing temperature up to 90-95 wt% both for diluted
and undiluted isobutanol conversion.

Our results obviously demonstrate that the incorporation of
HMFI zeolite into the SiC matrix enhances the propylene and
arenes productivities in the isobutanol conversion (Figure 4).
However, the isobutanol conversion over pure SiC shows only
partial dehydration and isomerization reactions and probably
proceeds via non-catalytic thermal processes (Table S4).

The HMFI/SiC composite demonstrated the stability of phase
composition, textural properties and morphology. Its higher
efficiency in the isobutanol conversion in comparison with pure
HMPFI zeolite synthesized by the same method probably occurred
due to their different acidic properties.

According to the data of the Fourier transform infrared
spectroscopy (FTIR) of adsorbed pyridine (Table 2), the
contents of Brgnsted acid centers (82 pmol g=1) and Lewis acid
centers (22 umol g1) in HMFI/SiC were higher than those in
the pure HMFI zeolite. Taking into account the zeolite content
in the composite estimated from the IR spectra, the numbers of
Brensted and Lewis acid centers were recalculated relative to
the mass of zeolite in the composite. The recalculated values are
106 umol g! for Brgnsted acid centers and 29 pmol g=* for
Lewis acid centers.

Thus, the introduction of silicon carbide at the stage of zeolite
synthesis made it possible to produce a composite containing
zeolite with the increased total content of acid centers provided
by higher numbers of both Brgnsted and Lewis acid centers. The
increase in the content of Bransted acid centers could result from
the increased amount of lattice aluminum in the zeolite
framework (see Table 1), while the elevated concentration of
Lewis acid centers can be associated with the increase in
defectiveness of the zeolite structure and its decrease in the silica
module. Thus, the higher arene and olefin yields over the
composite, in our view, may be related to the higher contents of
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Figure 4 Propylene and arene productivities in catalytic conversion of
isobutanol over SiC, HMFI zeolite and HMFI/SiC at 550 °C, WHSV =22 h™%,
The productivities over HMFI zeolite and HMFI/SiC composite were calculated
based on the mass of zeolite phase, while the same data for SiC were calculated
based on the SiC mass.

Table 2 Bransted and Lewis acidity of HMFI zeolite and HMFI/SiC
composite.

Sample Er;ﬂc;S;ﬁg acidity/ trc;vgilsgfi?idiw/
HMFI 74 13
HMFI/SIiC 82 22
HMFI/SIC (recalculated to 106 29

HMPFI mass in composite)
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Figure 5 C,—C, olefins, arenes and BTX yields vs. time-on-stream in
undiluted isobutanol conversion over HMFI/SiC composite at 600 °C.
WHSV =22 h™%,

Bragnsted and Lewis acid centers in the composite compared to
those in the pure HMFI zeolite.

Figure 5 shows the changes in the yields of C,—C, olefins,
arenes and BTX vs. time-on-stream in the isobutanol conversion
over the HMFI/SIC catalyst. HMFI/SiC demonstrated a stable
yield of C,—C, olefins during 20 h. The yields of arenes and BTX
did not change significantly up to 12 h and then slightly decreased.

Summarizing, we have revealed high efficiency of the HMFI/
SiC composite catalyst in the conversion of isobutanol into
aromatic hydrocarbons and C,—C, olefins. This composite was
directly synthesized in the proton form by the microwave
hydrothermal method. The HMFI/SIC catalyst demonstrated a
high propylene yield (31 wt%) in the isobutanol conversion and
the highest propylene productivity of 0.846 g gz h~! among all
known catalysts of isobutanol conversion.?® Additionally, the
synthesized material allows producing aromatic hydrocarbons
with the yield of up to 21-30%. The content of the BTX fraction
in aromatic hydrocarbons reaches 90-95%. The catalyst also
showed relatively high stability in the tests. The results thus
demonstrate the promising properties of the HMFI/SIC
composite in the catalytic conversion of isobutanol, including
the conversion of biogenic isobutanol into green petrochemicals
and fuel components.
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TIPS RAS. The authors thank RFBR (project no. 20-03-00492)
for financial support. The authors express their gratitude to
SICAT for the silicon carbide samples provided. The analytical
studies of catalysts by ICP-OES method were carried out at
the D. I. Mendeleev Center for Collective Use of Scientific
Equipment.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2023.10.031.
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