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on–cracking of methyl oleate by
Pt catalysts supported on a ZnZSM-5–Al2O3

hierarchical composite†

Atsushi Ishihara, * Yuu Tsuchimori and Tadanori Hashimoto

The dehydrocyclization–cracking of methyl oleate was performed by ZnZSM-5–Al2O3 hierarchical

composite-supported Pt catalysts in the range of 450–550 �C under 0.5 MPa hydrogen pressure. Most

catalysts converted methyl oleate completely and produced aromatics with more than 10 wt% yield as

well as valuable fuels even at 450 �C. The reactivity of catalysts changed remarkably depending on the

addition method of Pt, while supporting Pt of 0–0.16 wt% did not affect the pore structure of each

catalyst. When Pt was introduced into the composite support by the conventional impregnation method,

remarkable hydrocracking proceeded through the decarboxylation and decarbonylation of methyl oleate

and the successive conversion of C17 fragments and gave the significant amounts of gaseous products.

Nevertheless, the selectivity for the aromatics of the gasoline fraction was relatively high and the yields

of aromatics reached maximum 19% at 500 �C under 0.5 MPa, suggesting that gaseous olefins would be

cyclized through the Diels–Alder reaction on ZnZSM-5 in the composite support. In contrast, when Pt

was introduced into catalysts by ion-exchange with ZnZSM-5, the significant conversion of methyl

oleate was inhibited and produced liquid fuels in a wide range.
1. Introduction

Although the combustion of transportation fuels discharges
a large amount of CO2, it is expected that people's consumption
will continue, and can eventually lead to their shortage.
Therefore, the use of renewable alternatives is necessitated and
new production methods for carbon neutral transportation
fuels have been developed. Liquid fats and related compounds
are among the most probable candidates1 and the esterication
of fat to obtain fatty acid methyl ester (FAME) as a biodiesel oil
has already been performed regionally.2,3 It seems that, in
advanced countries, the demand for transportation fuels may
decrease, not only because of environmental issues but also due
to the decrease in the population. The increase in the use of
wind and solar energies may spur further moves in this direction
toward alternative fuels. However, since the products of polymers
cannot bemade by these natural energies and have to be produced
by carbonaceous materials, the production of polymers from
renewable biomass becomes more important.3–5 In such a situa-
tion, the production of aromatic compounds from liquid biomass,
such as fats and FAMEs, using catalysts has attracted much
attention and hydrocracking and catalytic cracking have become
among the most important technologies since both gasoline and
te School of Engineering, Mie University,

tion (ESI) available. See DOI:

873
polymer products could include large amounts of aromatic
compounds.6–28 Especially, HZSM-5-based catalysts modied by Zn
and Ga have been effective for the selective production of
aromatics, such as benzene, toluene, and xylene (BTX), in the
transformation of not only hydrocarbons29 but also biomass-
derived compounds.9–16 In contrast to the cases of ZSM-5, other
zeolites of b, Y, mordenite etc. generate less aromatics in the
catalytic cracking of fat-related compounds.16 In other reports for
the conversion of fats and fat-related compounds, the addition of
transition metals,17–20 the architecture of hierarchical structures,21

the modication of the SiO2/Al2O3 ratio,15,22 the utilization of
different catalyst systems,23–26 etc. have been used to promote the
production of aromatic compounds. When compared to the cases
of fats, however, there are few examples where FAME has been
utilized for the production of aromatics.

It was proposed that the dehydrocyclization–cracking reac-
tion of a fat could provide not only the aromatics of BTX but also
hydrogen in high yields using an ideal multi-functional catalyst
that has the abilities to support hydrocracking, dehydrocycli-
zation, diffusion, and cracking simultaneously.4,6 Multi-
functional Pt/NiMo/ZnZSM-5–Al2O3 hierarchical composite
catalysts have been used to give liquid fuel fractions of gasoline,
kerosene, and gas oil, including aromatics with high yields from
soybean oil. On the other hand, multi-functional ZnZSM-5–
Al2O3 hierarchical composite catalysts also gave BTX selectively
from n-pentane through a Diels–Alder reaction of butadiene
with ethene, propene, and butenes.29 In the course of our study,
a method involving the novel direct dehydrocyclization–
© 2021 The Author(s). Published by the Royal Society of Chemistry
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cracking of FAME, where 2 mol of aromatics and 6 mol of
hydrogen from a molecule of FAME could be produced, was
proposed. When it was assumed that this reaction could
proceed selectively, FAME would be utilized for an energy
carrier as well as a petrochemical raw material and as a reagent
for gasoline blend. Although the production of hydrogen was
not achieved, it was found that 20 wt% of aromatics could be
produced with the use of NiMo/ZnZSM-5–Al2O3 hierarchical
composite catalysts under less severe conditions.30 In the present
study, Pt was used as an active metal instead of NiMo and the
reaction of methyl oleate was performed at a hydrogen pressure of
0.5 MPa and temperature range of 450–550 �C to investigate the
effects of Pt, ZnZSM-5 and alumina on the activity and the selec-
tivity for the products. It was found that hierarchical composite-
supported Pt catalysts could convert methyl oleate effectively to
aromatics under moderate conditions.

2. Materials and methods
2.1 Preparation of IO–PtZnZSM-5–Al2O3 and IM–Pt/ZnZSM-
5–Al2O3 hierarchical composite catalysts

Commercially available HZSM-5 (MFI, SiO2/Al2O3 (mol/mol) 24,
HSZ-822HOA, Tosoh) was used. The normal ion-exchange
method was used to make Zn-exchanged ZSM-5 using zinc
nitrate hexahydrate. An aqueous ammonia solution was used to
control the pH and the detailed method is given in the reported
paper.29 Briey, commercial 28 wt% aqueous ammonia solution
was initially diluted by about thousand-fold ion-exchanged
water, and then a larger amount of NH3 than required to
neutralize the acid sites of ZSM-5 and ZnZSM-5 was dropwise
added until the pH value exceeded 8. The Zn added mostly
entered into ZSM-5 and the Zn content in ZnZSM-5 was quan-
tied by X-ray uorescence (XRF, Shimadzu EDX-720). Al2O3,
which can be industrially used for hydrotreatment, was
provided by Nippon Ketjen (average pore diameter 8 nm, pore
volume 0.70 cm3 g�1 and surface area 250 m2 g�1). Alumina-sol
(70 wt% of Al2O3, Cataloid AP-1, Shokubai Kasei) was used as
a binder. The hierarchical composite support, ZnZSM-5–Al2O3,
was prepared by the kneading method. The weight ratio of
ZnZSM-5 : Al2O3 : binder aer calcination was 25 : 60 : 15.
These three components were mixed with water until a clay-like
solid was obtained, and its calcination was performed at 500 �C
for 3 h in air.6,27 Pt of about 0.10–0.16 wt% was added to the
ZnZSM-5–Al2O3 composite support by the conventional
impregnation method using an aqueous solution of H2[PtCl6]$
6H2O. All the Pt used was supported on the composite. When Pt
was added by the ion-exchange method, ZnZSM-5 and an
aqueous solution of H2[PtCl6]$6H2O were used before kneading
with Al2O3 and the binder. In contrast to the case of the
impregnation method, only about a half of the used amount of
Pt was observed in the resulting catalysts for the ion-exchange
method, indicating that about a half of the Pt was not intro-
duced into the Pt-exchangeable acid sites of ZnZSM-5, probably
because the Zn, which was initially exchanged in such acid sites,
inhibited the introduction of Pt sterically. The names of the
catalysts prepared by the Pt ion-exchange took the form IOx–
PtZn(y)ZA, where IO means the ion-exchange method, x is the
© 2021 The Author(s). Published by the Royal Society of Chemistry
number of the three catalyst samples in order, Pt is platinum,
Zn is zinc, y is a molar percentage of Zn against Al atom in the
ZSM-5 itself, Z means ZSM-5, and A means Al2O3. For the
catalyst prepared by the impregnation method, IM was used
instead of IO and a slash (/) was put before ZnZSM-5–Al2O3.

2.2 Characterization of IO–PtZnZSM-5–Al2O3 and IM–Pt/
ZnZSM-5–Al2O3 hierarchical composite catalysts

XRD patterns of the catalysts were measured using a Rigaku
Ultima IV system to estimate the presence of crystals. N2

adsorption and desorption isotherms were measured using
a BELSORP mini II (Microtrackbel) system to estimate the pore
structures of the catalysts. The total surface area of a catalyst
was calculated by the Brunauer–Emmett–Teller (BET) method.
The mesoporous surface area and pore volume for pore sizes
larger than 3.3 nm were calculated by the Barrett–Joyner–
Halenda (BJH) method. The temperature-programmed desorp-
tion of NH3 (NH3-TPD) was measured by a gas chromatography–
thermal conductivity detector (GC–TCD, Shimadzu GC-8A) to
estimate the amount and the strength of the acid sites. Ther-
mogravimetric–differential thermal analysis (TG–DTA)
measurements were carried out to calculate the amount of coke
formed using a TG–DTA (Shimadzu, DTG-60AH) system. Details
of these experiments are reported elsewhere.6,27

2.3 Dehydrocyclization–cracking of methyl oleate by the IO–
PtZnZSM-5–Al2O3 and IM–Pt/ZnZSM-5–Al2O3 hierarchical
composite catalysts

Methyl oleate (guaranteed reagent (GR), Wako) was commer-
cially available and was used for the dehydrocyclization–
cracking without further purication. The catalysts were pre-
sulded before the reaction at H2S/H2 at 30 cc min�1 and 400 �C
for 3 h. Aer the presulding, the dehydrocyclization–cracking
reaction was performed using a xed-bed ow reactor (length
30 cm, inner diameter (ID) 8 mm) and 1 g of catalyst (600 to 355
mm: 70 wt%, 355 to 125 mm: 30 wt%) at a feed of 100% methyl
oleate, weight hourly space velocity (WHSV) of 6.1 h�1, reaction
temperature of 400–550 �C, heating rate of 5 �C min�1, H2 ow
rate of 300 cc min�1, and H2 pressure of 0.5 MPa. The feed was
introduced to the reactor using a liquid pump (pressure resis-
tant 3 MPa, Nihon Seimitsu Science). Liquid products were
collected with a gas–liquid separator and the gaseous products
were collected in a Tedlor bag through a regulator. The products
were determined by a gas chromatography–ame ionization
detector (GC–FID, Shimadzu GC-2014, GC-2010) and GC-TCD
(Shimadzu GC-8A). First, the ow rate of gaseous products
and the weight of liquid products, including water were indi-
vidually measured. Gas products with C1–C4 and liquid prod-
ucts with C15–18 were determined by GC-FID (Shimadzu GC-
2014) separately. CO and CO2 were determined by GC–TCD
(Unibeads C column, Shimadzu GC-8A). The hydrocarbon
products with C5–C14 were determined by GC-FID with
paraffin, olen, naphthene, and aromatic (PONA) solution
(Shimadzu GC-2010), in which more than 95% of the hydro-
carbons were assigned. Details of the determination of all the
products are cited elsewhere.6,27
RSC Adv., 2021, 11, 19864–19873 | 19865
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Fig. 1 XRD patterns of fresh ZnZSM-5–Al2O3, IO–PtZnZSM-5–Al2O3,
and IM–Pt/ZnZSM-5–Al2O3 hierarchical composite catalysts. Method
of Pt addition: IO ¼ ion-exchange method; IM ¼ impregnation
method. X in Zn(X) meansmol% of Zn/Al in ZSM-5. ZAmeans the ZSM-
5–Al2O3 composite support.
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3. Results and discussion
3.1 Characterization of the IO–PtZnZSM-5–Al2O3 and IM–Pt/
ZnZSM-5–Al2O3 hierarchical composite catalysts

XRD patterns of the IO–PtZnZSM-5–Al2O3 and IM–Pt/ZnZSM-5–
Al2O3 catalysts are shown in Fig. 1. Every catalyst exhibited the
signals of ZSM-5 crystals with a maximum peak at 2q of about 23�.
Broad alumina signals were also observed at 2q values of about 46�

and 67�. Further, a signal of Pt was not observed, suggesting that Pt
would be dispersed for both catalysts using the ion-exchange
method and the impregnation method. Zn species were not
detected either. Almost the same XRD patterns were observed for
the catalysts aer the reaction, as shown in Fig. S1.† These results
are consistent with the previous results from the catalysts used in
the methyl oleate, fat, and aromatics conversions.4,6,27–32

The pore structures of fresh IO–PtZnZSM-5–Al2O3 and IM–Pt/
ZnZSM-5–Al2O3 catalysts were estimated by N2 adsorption and
Table 1 Pt content, NH3-TPD, surface area, pore volume, and average po
Pt/ZnZSM-5–Al2O3 hierarchical composite catalysts

Catalysta
Pt cont.b

(wt%)
NH3-TPD

c 10�4

(mol g�1)
BET SAd

(m2 g�1)

Zn(13)ZA 0 6.2 (3.8/2.4) 283
IO1–PtZn(13)ZA 0.045 6.8 (4.1/2.7) 296
IO2–PtZn(15)ZA 0.090 7.0 (3.8/3.2) 291
IM1–PtZn(15)ZA 0.10 6.9 (3.8/3.1) 283
IM2–PtZn(13)ZA 0.16 7.1 (4.3/2.8) 279
IO3–PtZn(30)ZA 0.10 6.5 (4.2/2.3) 303
IM3–Pt/Zn(30)
ZA

0.10 6.1 (3.8/2.3) 281

a Abbreviation of the sample name is the same as in the footnote of Fig. 1.
(right) acid sites were determined in the ranges of 100–350 �C and 350–650
volume. f Pore diameter.

19866 | RSC Adv., 2021, 11, 19864–19873
desorption measurements as shown in Table 1. Zn(13)ZA,
a ZnZSM-5–Al2O3 composite support, had a BET-surface area
(SA) of 283 m2 g�1, total pore volume (TPV) of 0.62 cm3 g�1, BJH-
SA of 292 m2 g�1, BJH-PV of 0.61 cm3 g�1, and BJH-pore
diameter (PD) of 11 nm. The amount of Pt added in the range
of 0–0.16 wt% did not affect the pore structure, and the surface
areas, pore volumes, and pore diameters of the Pt-supported
catalysts were almost the same as those of the Zn(13)ZA
support. It seems that the effect of the amount of Zn on the
surface area and pore volume would also be small. Further,
values by the BJH method, which only provides information for
the mesopores, were very similar to those of BET-SA and TPV,
indicating that the contribution of not zeolite but alumina to
the pore structure could be dominant. The results from the used
catalysts are shown in Table S1† and changes in the pore
structure were hardly observed, indicating that neither signi-
cant coke deposition nor the decomposition of the pore struc-
ture would have occurred by the dehydrocyclization–cracking of
methyl oleate. These results agreed with those for the dehy-
drocyclization–cracking of soybean oil.4,6

Table 1 and Fig. 2 exhibit the amounts of NH3 desorbed and
the proles by NH3-TPD of the catalysts, respectively. When the
strong acid site calculated in the range 350–650 �C was
compared between the catalysts, the Pt-supported catalysts
exhibited slightly higher amounts regardless of the addition
method of Pt, suggesting that the addition of Pt could make the
acid sites. In contrast to this, it seems that the change in the
amounts of weak acid sites calculated in the range 100–350 �C
was rather low, and that the incorporation of Zn decreased the
strong acid sites, probably because of the neutralization of the
Brønsted acid sites of ZSM-5. For example, as Zn(13)ZA included
about 0.04 mmol of Zn per 1 g of catalyst and 0.32 mmol of Al in
ZSM-5 per 1 g of catalyst, it is likely that a similar amount of
Brønsted acid sites would decrease as Zn has the valence of +2.
The amount of strong acid sites found in NH3-TPD in the range
of 350–650 �C could be regarded as Brønsted acid sites and this
was 0.24 mmol in Table 1, indicating that about 25% of the
Brønsted acid sites, that is 0.08 mmol, decreased with the
addition of Zn. The addition of Pt increased the amount of
re diameter of fresh ZnZSM-5–Al2O3, IO–PtZnZSM-5–Al2O3, and IM–

Total PVe

(cm3 g�1)
Ave. PDf

(nm)
BJH SAd

(m2 g�1)
BJH PVe

(cm3 g�1)
BJH PDf

(nm)

0.62 8.8 292 0.61 11
0.59 7.9 241 0.55 11
0.65 8.9 290 0.64 11
0.62 8.7 284 0.61 11
0.60 8.6 281 0.59 11
0.60 7.9 281 0.58 11
0.62 8.8 291 0.61 11

b Pt content was determined by XRF. c Amounts of weak (le) and strong
�C, respectively, and are given in the parentheses. d Surface area. e Pore

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 NH3-TPD curves of fresh ZnZSM-5-Al2O3, IO–PtZnZSM-5–
Al2O3, and IM–Pt/ZnZSM-5–Al2O3 hierarchical composite catalysts.
Abbreviation of the sample name is the same as in the footnote of
Fig. 1.
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strong acid sites of NH3-TPD, suggesting that Pt and chloride
ions would affect the acidity. Although the locations of Pt and
Zn species were not measured, it is likely that Zn would be
added into the inside of HZSM-5 as it was initially ion-
exchanged. Further, it was difficult to add Pt species into
ZSM-5 by the ion-exchange method aer the addition of Zn into
ZSM-5. When the impregnation method was used to add Pt
species, water was removed by evaporation without ltration
and thus the species would be supported on Al2O3 directly. On
the other hand, when the ion-exchange method was used to add
Pt species, the excess amount of Pt was removed by ltration
and the species would be located on ZnZSM-5, although it is not
known whether they would locate in the inside or the outside of
ZnZSM-5.

Fig. 3a and b show TEM images of fresh IM1–Pt/ZnZSM-5–
Al2O3 and used IM1–Pt/ZnZSM-5–Al2O3 hierarchical composite
catalysts. The images, where zeolite crystals were surrounded by
needle-like crystals of Al2O3 and a totally hierarchical structure
was formed, were seen in both fresh and used composite cata-
lysts. There are few differences between the images of the fresh
and used catalysts. In this catalyst, Zn was exchanged initially
Fig. 3 TEM images of (a) fresh IM1–Pt/Zn(15)ZSM-5–Al2O3 and (b) used
viation of the sample name is the same as in the footnote of Fig. 1.

© 2021 The Author(s). Published by the Royal Society of Chemistry
into ZSM-5 and then Pt was added to the ZnZSM-5–Al2O3

composite support by the impregnation method. Therefore, it
seems that Zn would be located in the inside of ZSM-5 and that
Pt would be located on the surface of Al2O3 and the outer
surface of ZSM-5, although the exact locations of Zn and Pt were
not measured.

In summary, at the preparation stage of the IO method, Pt
oxidative species may interact with acid sites neutralized by
ammonia and be exchanged with ammonium ions. These are
reduced at the reaction stage with H2 to Pt metal species, which
would be put into the acid sites of ZSM-5 nally. In contrast,
most the Pt oxidative species may be put on to the Al2O3 surface
directly aer calcination at the preparation stage of the IM
method and be reduced to Pt metal species at the reaction stage.
Pt and Zn were found to exist very near in the ZSM-5 micropo-
rous system using the IO method, and further the reactivity of
methyl oleate was signicantly different between catalysts in the
IO and IM methods (see Section 3.2). Although there was no
relevant evidence of a strong interaction between Pt and Zn,
there may be the formation of species like Pt–Zn alloy.
3.2 Dehydrocyclization–cracking of methyl oleate using
ZnZSM-5–Al2O3, IO–PtZnZSM-5–Al2O3, and IM–Pt/ZnZSM-5–
Al2O3 hierarchical composite catalysts

ZnZSM-5–Al2O3, IO–PtZnZSM-5–Al2O3, and IM–Pt/ZnZSM-5–
Al2O3 hierarchical composite catalysts prepared by the ion-
exchange and impregnation methods were used for the dehy-
drocyclization–cracking of methyl oleate. The results at 500 �C
are shown in Table 2, Fig. 4 and 5, and those at 450 �C and
550 �C are shown in Tables S2, S3 and Fig. S2–S4.† Table 2
shows the selectivity of the products, the ratio of olens to
paraffins for the gaseous fraction (C2–C4), the ratio of iso- to
normal-hydrocarbons (iso-/n-), the research octane number
(RON) for gasoline (C5–C11), the cetane number of diesel oil
(C15–C18) fractions, and the yield of aromatics at 500 �C. Fig. 4
exhibits the carbon number distribution of gas and liquid
products. When Pt was added to the catalysts by the impreg-
nation method, the hydrocracking to lighter hydrocarbons
proceeded remarkably, suggesting that Pt/Al2O3 species would
IM1–Pt/Zn(15)ZSM-5–Al2O3 hierarchical composite catalysts. Abbre-

RSC Adv., 2021, 11, 19864–19873 | 19867
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Table 2 Product yield, iso/n ratio, RON, cetane number, aromatic yields of ZnZSM-5–Al2O3, IO–PtZnZSM-5–Al2O3, and IM–Pt/ZnZSM-5–Al2O3

hierarchical composite catalysts at 500 �C

Catalysta
Conv. of methyl
oleate (%) iso-/n-(C5)

Olen/paraffin

RON (C5–C14)
Cetane number
(C15–C18)C2 C3 C4

Zn(13)ZA 100 1.7 0.47 2.5 0.47 90 72
IO1–PtZn(13)ZA 100 1.7 1.8 1.9 8.6 75 71
IO1–PtZn(15)ZA 100 1.7 1.3 2.3 9.4 84 71
IM1–Pt/Zn(15)ZA 100 0.78 0.27 0.58 1.7 79 74
IM2–Pt/Zn(13)ZA 100 2.3 0.22 0.13 0.46 101 75
IO3–PtZn(30)ZA 100 2.1 0.2 1.1 1.5 87 72
IM3–Pt/Zn(30)ZA 100 1.4 0.67 4.2 1.0 95 72

Selectivity of Product (wt%)
Aromatic yield
(wt%) MBb (%)Gas (C1–C4) Gasoline (C5–C11) Kerosene (C12–C14) Diesel (C15–C18) C19- CO, CO2

32 48 3.6 8.3 1.7 6.4 (5.5) 14 97
27 47 6.1 9.0 4.4 6.7 (5.9) 12 90
34 47 4.4 6.6 3.3 5.4 (2.9) 16 97
43 33 8.4 7.1 1.5 7.0 (2.6) 19 95
66 17 1.3 2.9 1.3 11 (2.7) 14 89
40 41 3.8 7.2 3.0 5.5 (2.9) 17 92
54 28 2.7 5.1 1.1 9.4 (2.6) 18 94

a Abbreviation of the sample name is the same as in the footnote of Fig. 1. b The material balance (MB) in Table 2 is given as wt% of the sum of
recovered liquid and gas products against the feed. Water is included in the liquid product.
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be very active for hydrocracking of not only an ester group of
methyl oleate but also the hydrocarbon fragments formed by
hydrocracking of the ester group. Although CO was formed
rather than CO2, the total amounts of CO and CO2 formed were
relatively higher, indicating that the reaction would proceed
through decarbonylation and decarboxylation rather than
hydrodeoxygenation, which is described in the next section. On
the other hand, when Pt was added by the ion-exchange
method, hydrocracking was inhibited and the carbonyl group
of methyl oleate was decomposed by decarboxylation to CO2

rather than decarbonylation to CO. Therefore, their carbon
Fig. 4 Carbon number distribution of products in the dehydrocycli-
zation–cracking of methyl oleate at 500 �C. Abbreviation of the
sample name is the same as in the footnote of Fig. 1.

19868 | RSC Adv., 2021, 11, 19864–19873
number distributions were very similar to that of the catalyst
without Pt, where liquid products with the C5–C18 components
increased. However, the total amounts of CO and CO2 formed
were relatively lower and therefore it seems that the reaction
would mainly proceed through hydrodeoxygenation. Fig. 5
exhibits the paraffin, olen, naphthene, and aromatic (PONA)
distribution in products with 5 to 14 carbon number produced
at 500 �C. The use of catalysts prepared by the impregnation
method and the increase in Pt and Zn contents brought about
Fig. 5 PONA distribution of products in the dehydrocyclization–
cracking of methyl oleate at 500 �C (C5–C14). Abbreviation of the
sample name is the same as in the footnote of Fig. 1.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Analysis of coke formation by TG–DTA measurement of the
used ZnZSM-5–Al2O3, IO–PtZnZSM-5–Al2O3, and IM–Pt/ZnZSM-5–
Al2O3 hierarchical composite catalysts

Catalystsa
200–300
�C

300–400
�C

400–500
�C

500–600
�C

Totalb

(mg)

Zn(13)ZA 0.02 0.01 0.86 1.96 2.84 (2.81)
IO1–PtZn(13)ZA 0.04 0.32 0.99 2.21 3.56 (3.20)
IO1–PtZn(15)ZA 0.04 0.37 0.93 1.57 2.88 (2.47)
IM1–Pt/Zn(15)ZA 0.10 0.20 0.77 1.34 2.41 (2.11)
IM2–Pt/Zn(13)ZA 0.32 0.46 0.83 1.30 2.91 (2.09)
IO3–PtZn(30)ZA 0.05 0.24 1.03 1.55 2.88 (2.59)
IM3–Pt/Zn(30)ZA 0.05 0.15 0.89 1.74 2.84 (2.64)

a Abbreviation of the sample name is the same as in the footnote of
Fig. 1. b Values in the range 400–600 �C are given in parentheses.
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the increase in the selectivity for aromatic compounds with 5 to
14 carbon number, suggesting that light olens formed by
hydrocracking could appropriately be cyclized on Zn species in
the inside of ZnZSM-5. This was also conrmed by the low
selectivity for olens (see Table 2 and Fig. 5) in the catalysts
prepared by the impregnation. Although IM2–Pt/Zn(13)ZA
exhibited the highest selectivity for aromatic compounds, the
yield of aromatics was rather low because of the low selectivity
for the gasoline fraction. When NiMo (NM) sulde was sup-
ported on ZnZSM-5–Al2O3 (ZnZA) composites, the yield of
aromatics had an optimum amount of NM contents, and the
9.3NM/ZnZA catalyst gave the highest yield of 20 wt%.30 In the
present study, IM1–Pt/Zn(15)ZA exhibited the highest aromatics
yield of 19%, very near to that of this 9.3NM/ZnZA catalyst.
When the dehydrocyclization–cracking of a fat was performed
using the catalysts with both Pt and NiMo at higher than 500 �C,
signicant aromatics yields of more than 10% were obtained. At
500 �C and lower, and without the addition of Pt metal to the
composite-supported NiMo catalysts, the aromatics yields were
rather low.4,32 In the present study, IO–PtZnZA and IM–Pt/ZnZA
catalysts could be used for the conversion of methyl oleate and
gave signicant amounts of aromatics. The selectivity of C5–C18
fractions for IO1–PtZn(13)ZA was the highest at 62% at 500 �C.

For other temperatures than 500 �C, the aromatics yields at
450 �C were somewhat lower, while those at 550 �C were higher
than 15% for most the catalysts. The selectivities for the C5–C18
fractions for Zn(13)ZA without Pt and IO2–PtZn(15)ZA reached
72% and 66%, respectively, at 450 �C, although the fraction with
more than C18 (C19-) tended to increase. To yield the larger
amount of aromatics at as low a temperature as 500 �C and as
low a pressure as 0.5 MPa, the most suitable combination of Pt/
Al2O3 and ZnZSM-5 may be necessary as exhibited in IM1–Pt/
Zn(15)ZA. It seems that only ZnZA could not increase the yield
of aromatics and that only Pt/Al2O3 could not convert methyl
oleate to liquid fuel fractions. These result suggested that more
ne tuning might be needed to increase the aromatics from the
dehydrocyclization of hydrocarbon fragments.

The composite support was composed of ZnZSM-5 and Al2O3 by
about a 1 : 3 weight ratio, including the binder of Al2O3. It seems
that Pt species in the IM method would encounter, interact with,
and be physically adsorbed on ZnZSM-5 and Al2O3 by the possi-
bility near 1 : 3. Pt species initially put on the composite may exist
at the same place or near during calcination and react upon
changing the size and the oxidation state of the Pt species. In
contrast to the IMmethod, Pt species in the IOmethod would exist
near ZnZSM-5 during the reaction. The difference in the location of
Pt species also leads to a difference between the reactivities of the
catalysts prepared by the IO and IM methods.

It seems that the structure of the composite supports would not
be changed by the location of Pt, while the reactivity of Pt would be
changed by its location. Hydrocracking reactivity was generated by
Pt species supported on Al2O3 in the IM method while it was
inhibited on Pt species near ZnZSM-5 in the IO method, probably
because of the narrow space around Pt in microporous ZnZSM-5
and the concentration of Pt near ZnZSM-5.

Table 3 summaries the results from the measurement of
coke formation by TG–DTA using the ZnZA, IO–PtZnZA, and
© 2021 The Author(s). Published by the Royal Society of Chemistry
IM–Pt/ZnZA composite catalysts. When Pt was added by the
impregnation method, the coke formation in the range of 400–
600 �C was rather low for the IM1– and IM2–Pt/ZnZA catalysts,
indicating that Pt/Al2O3 plays a very important role to convert
the basic structure of methyl oleate. Using ZnZA without Pt and
IO1–PtZnZA with a low Pt content, larger amounts of coke were
observed in the range of 400–600 �C, indicating that, as Pt does
not exist on Al2O3, signicant coke formation would occur. In
the present study, although the effect of the ZnZSM-5 content
was not examined, it was reported that, as the ZnZSM-5 content
was smaller, signicant coke formation would occur.29 These
results suggested that the coke could mainly be generated in the
hydrocracking of the ester structure in methyl oleate. In the
present study, the catalysts without Pt on Al2O3 tended to form
a larger amount of coke, especially in the range of 400–600 �C,
compared to the catalysts by Pt impregnation. This result also
suggested that the direct addition of Pt on the Al2O3 support
could appropriately hydrocrack methyl oleate and inhibit the
formation of coke that is difficult to remove at a hydrogen
pressure of 0.5 MPa. Although it has been reported that not only
NiMo but also Pt are needed for the conversion of fat,4,6 it was
found in this study that NiMo or Pt could be used to decompose
methyl oleate, as one FAME, by activating hydrogen.

The dehydrocyclization–cracking reaction includes the
hydrocracking of ester, the hydrocracking and cracking of alkyl
fractions, and the dehydrogenation and cyclization of olenic
hydrocarbons simultaneously. Therefore, exact activation
energies could not be estimated. In the reaction range of 450–
550 �C, where 100%methyl oleate was converted, the aromatics
formation was favorable according to equilibrium theory.33 On
the other hand, we already reported that the aromatics forma-
tion was affected by both the temperature and the presence of
matrix alumina in the dehydrocyclization of n-pentane.34 These
results suggested that even a small molecule like n-pentane
would inuence the aromatics formation at this temperature
range by diffusion control as well as by kinetic control. In the
present study, a higher temperature was selected in order to
obtain aromatics with a higher yield. With increasing the
temperature from 450 �C to 500 �C, the aromatics yields
increased for most of the catalysts. However, with increasing the
temperature from 500 �C to 550 �C, the aromatics yields were
RSC Adv., 2021, 11, 19864–19873 | 19869
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similar, suggesting that, as cracking to stable gaseous alkane is
also favored at higher temperature, the aromatics yields would
not increase so much.
Fig. 6 Reaction pathways in the dehydrocyclization–cracking of
methyl oleate by IO–PtZnZSM-5–Al2O3 and IM–Pt/ZnZSM-5–Al2O3

hierarchical composite catalysts.
3.3 Reaction pathways in the dehydrocyclization–cracking of
methyl oleate using the IO–PtZnZSM-5–Al2O3, and IM–Pt/
ZnZSM-5–Al2O3 hierarchical composite catalysts

Possible reaction pathways for the formation of aromatics from
methyl oleate using the IO–PtZnZSM-5–Al2O3 and IM–Pt/
ZnZSM-5–Al2O3 hierarchical composite catalysts are shown in
Fig. 6. Although decarboxylation, decarbonylation, and hydro-
deoxygenation proceeded competitively for all the catalysts, it
seemed that the Pt/Al2O3 part in IM–Pt/ZnZSM-5–Al2O3 would
mainly catalyze decarboxylation and decarbonylation to
produce CO2 and CO, respectively, with hydrocarbon fragments
of C17 and C18. The hydrocarbon fragments would be further
hydrocracked by Pt/Al2O3 to C2–C15 alkanes, which may be
dehydrogenated to C2–C15 alkenes on metallic sites of Pt or Zn.
The hydrocarbon fragments could also be cracked by acid sites
in ZnZSM-5 part forming C2–C15 alkenes. The C2–C8 hydro-
carbons formed would be cyclized to aromatics on ZnZSM-5.
However, the reaction routes might be different depending on
the addition method of Pt species. When Pt was added by the
impregnation method on a hierarchical composite, signicant
amounts of olens in the produced gaseous hydrocarbons
would be cyclized to aromatics through Diels–Alder reactions in
the inside of ZnZSM-5.29 ZnZSM-5 was considered to have small
pore mouths because even Pt was difficult to be incorporated
into ZnZSM-5 by the ion-exchange method. Therefore, only
gaseous hydrocarbons could be introduced into the inside of
ZnZSM-5. It is likely that, in the catalyst prepared by the
impregnation of Pt, olens with C2–C4 would be formed rst
and would then be cyclized to generate BTX. It was reported that
olens with C2–C4 produced by cracking would be cyclized
through a Diels–Alder cyclization in active Zn species in the
dehydrocyclization of n-pentane.29 In that study, it was
demonstrated that the reactions of ethylene and C4 olen,
propylene and C4 olen, and two molecules of C4 olens could
generate the target benzene, toluene, and xylene, respectively.29

The result could support the aromatization route I shown in
Fig. 6. In contrast to this, it seems that hydrocarbons with C6–
C8 would be cyclized on the outside of PtZnZSM-5 for the
catalysts prepared by Pt ion-exchange with ZnZSM-5 in aroma-
tization route II. This mechanism was proposed for the dehy-
drocyclization–cracking reaction of fat using the b-zeolite-Al2O3

hierarchical composite-supported PtNiMo sulde catalysts.4

Although the b-zeolite-containing Al2O3-hierarchical composite-
supported Pt/NiMo catalysts did not form a lot of gaseous
products, signicant amounts of aromatics were produced in
the dehydrocyclization–cracking of soybean oil. When Pt was
added by the impregnation method, aromatics were formed
simultaneously with the signicant production of gaseous
products. For the catalysts prepared by the Pt ion-exchange
method, however, the selectivity for gaseous hydrocarbons
were rather low, and the hydrocarbon products may nd it
difficult to enter in to the inside of PtZnZSM-5. C6–C8
19870 | RSC Adv., 2021, 11, 19864–19873
hydrocarbons would be cyclized to BTX on the outside of
PtZnZSM-5 before entering in to its inside.

Zeolite-supported Pt catalysts have not been used for the
cracking and hydrocracking of a fat and FAME. The combina-
tion of Pt/zeolite with NiMo/Al2O3 was reported for diesel fuel
production at a 5 MPa hydrogen pressure and higher.35 Our
group reported the dehydrocyclization–cracking of soybean oil
for aromatics production catalyzed by Pt/NiMo/zeolite-Al2O3

hierarchical composite systems.4,6,32 In order to treat soybean oil
at as low a pressure as 1 MPa, not only NiMo suldes but also Pt
metal were needed. On the other hand, methyl oleate could be
treated using only NiMo suldes without Pt at as low a pressure
as 0.5 MPa. In the present study, it was reported for the rst
time that zeolite-Al2O3 hierarchical composite-supported Pt
catalysts could also be used to treat methyl oleate at as low
a pressure as 0.5 MPa. There are very few examples in which
FAME, such as methyl oleate, could be treated to obtain
chemicals and fuels at as low a hydrogen pressure as 0.5 MPa.
Although the conversion of FAME and the selectivity for alkanes
with C5–C18 over Ni/HZSM-5 at 280 �C and H2 0.8 MPa reached
85% and 88%, respectively,17 the conversion decreased signi-
cantly aer 3 days because of the carbon deposition. In the
hydrocracking of methyl oleate using NiMo/Al2O3 and Ni–La/Zn-
ZSM-5–Al2O3 at H2 50–90 bar and 400–445 �C,11 BTX was mainly
obtained. FAME was hydrocracked over mordenite-supported Ni,
Co, and Mo catalysts at 400 �C to obtain liquid fuels.18 Ni-
supported mesoporous Y zeolite was suitable for this reaction
and gave a high selectivity of jet fuel alkanes from light microalgal
biodiesel.21 In that study, it was proposed that most the fatty acids
could be deoxygenated rst to C15–C16 by decarboxylation and
decarbonylation, and then cracking of the long-chained alkane
occurred to form short alkanes and aromatics. Some results in that
study would agree with the reaction routes proposed in the present
study.

Apart from a biomass-derived feed, systems including Pt and
Zn/or Ga/ZSM-5 have been reported in the transformation of
light alkanes.36,37 It has already been known for a long term that
Pt-ZSM-5-based catalysts are less effective for the aromatization
© 2021 The Author(s). Published by the Royal Society of Chemistry
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of light alkanes than Ga- or Zn-ZSM-5-based catalysts because
undesirable hydrocracking and olens hydrogenation proceed
on the Pt surface, which would lead to the formation of
unreactive CH4 and C2H6.36 Therefore, it was proposed that the
drawbacks could be inhibited by alloying with Pt and by raising
the temperature. Ellouh et al. reported that light paraffinic
naphtha with C5 and C6 could be converted at 550 �C into BTX
in high yields using Pt–Zn or Ga/ZSM-5 made by the wet-
impregnation method.38 Matsuoka et al. reported that light
alkanes with C2–C5 could be converted to aromatics using
polyfunctional metallosilicate catalysts with Pt, Zn, or Ga.39

When Pt was added into the gel in the preparation of the sili-
cate, the effect of Pt was weaker than that for Pt ion-exchanged
silicate. In our present study, the effect of Pt was weaker for the
catalyst prepared by the ion-exchange method than the catalyst
prepared by the impregnation method, indicating that the
appropriate deposition of Pt on the support surface is important
for drawing the effect of Pt when the inside of ZSM-5 is crowded
by another metal, for example Zn. It was also reported that,
when Pt–Zn nanoparticles were supported on ZSM-5, n-octane
was converted to i-octane and BTX in high selectivity because of
a bimetallic–support interaction.40 This result would be related
to our results from the Pt catalyst by the ion-exchange method,
where there may be an interaction of Pt with Zn, leading to the
formation of BTX without the signicant formation of gaseous
hydrocarbons.

Although the stability was not examined, normally the
hydrotreating catalyst can be used again aer calcination and
presulding processes. Under severe hydrothermal conditions,
not only zeolite but also alumina is degraded. Further, it is also
known that zeolite is degraded in the presence of steam in the
catalytic cracking process. Further, the hydrotreatment of fat
and FAME could produce water, which may degrade the cata-
lysts. The used catalysts in the present study did not show any
signicant degradation as shown in the N2 adsorption and
desorption (Table S1†) and XRD (Fig. S1†) measurements of the
used catalysts, indicating that the catalysts prepared would be
stable at least during a short reaction time.

4. Conclusions

Methyl oleate, one of the FAME compounds, was transformed
by dehydrocyclization–cracking into gaseous and liquid prod-
ucts using hierarchically structured ZnZSM-5–Al2O3 composite-
supported Pt catalysts at 0.5 MPa hydrogen pressure in the
range 450–550 �C. The conversions of all the catalysts reached
almost 100% even at 450 �C, while the selectivity of products
changed with changing the temperature. Further, the reactivity
of the catalysts largely changed depending on the method used
for the introduction of Pt into the catalysts. When Pt was
introduced into ZnZSM-5 initially by the ion-exchange method,
the production of gaseous products was inhibited while
signicant amounts of aromatics were obtained. When Pt was
introduced into ZnZSM-5–Al2O3 hierarchical composites by the
impregnation method, remarkable hydrocracking proceeded
forming large amounts of gaseous products while aromatics
were also produced signicantly. IM1–Pt/Zn(15)ZA prepared by
© 2021 The Author(s). Published by the Royal Society of Chemistry
the impregnation method exhibited the highest aromatics
yields of 19% at 500 �C and 550 �C. It seems that Pt species
supported on Al2O3 would convert an ester group of methyl
oleate through decarboxylation and decarbonylation, while
PtZnZA would also convert it through hydrodeoxygenation as
well as decarboxylation. The ester group would be transformed
in to aliphatic hydrocarbons with C17 and C18, which could
further be converted to lower alkenes through cracking on
ZnZSM-5 and lower alkanes through hydrocracking on Pt/Al2O3.
The nal reaction pathway to produce aromatics would be
different between catalysts prepared by the ion-exchange
method and the impregnation method. It seems that
aromatics would be formed through the cyclization of liquid
hydrocarbon fragments on the outside of PtZnZSM-5 in the Pt
ion-exchanged catalysts, while the formed gaseous olens
would be cyclized through Diels–Alder reactions forming
aromatics in the inside of ZnZSM-5 in the Pt-impregnated
catalysts.
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