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Abstract: The catalytic cracking of triglyceride-rich biomass toward C>—Ca olefins was
evaluated over a hierarchically textured nano-ZSM-5/SBA-15 analog composite (ZSC-24)
under fluid catalytic cracking (FCC) conditions. The experiments were performed on a fully
automated Single-Receiver Short-Contact-Time Microactivity Test unit (SR-SCT-MAT,
Grace Davison) at 550 °C and different catalyst-to-oil mass ratios (0-1.2 g-g). The
ZSC-24 catalyst is very effective for transformation of triglycerides to valuable
hydrocarbons, particularly lower olefins. The selectivity to C2—Ca olefins is remarkably high
(>90%) throughout the investigated catalyst-to-oil ratio range. The superior catalytic
performance of the ZSC-24 catalyst can be attributed to the combination of its medium acid
site amount and improved molecular transport provided by the bimodal pore system, which
effectively suppresses the secondary reactions of primarily formed lower olefins.
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1. Introduction

Lower olefins, also known as light olefins (ethene, propene, and butenes), are important feedstock for
the production of valuable polymers and chemicals such as polyethylene (PE), polypropylene (PP), methyl
tert-butyl ether (MTBE), and ethyl tert-butyl ether (ETBE). The major fraction of produced lower olefins
currently stems from petroleum feedstock [1,2], and the increasing demand along with the oil depletion
has led to an increased interest in production of those olefins from renewable feedstock such as
biomass [3]. In this respect, the processing of triglyceride-rich biomass by fluid catalytic cracking (FCC)
units in petroleum refineries represents a promising option for the future to produce renewable liquid fuels
and lower olefins [4,5]. The utilization of the existing refining infrastructure and configuration for the
conversion of triglyceride-rich biomass would require little additional capital investment. However, the
yields of gasoline and lower olefins decrease sharply when cracking highly unsaturated triglyceride
feedstock over conventional FCC zeolite catalysts (typically ultra-stable zeolite Y (USY)). This is because
the large micropore size of zeolite Y (pore opening size of 0.74 nm; pore intersection size (supercage)
of 1.3 nm) tends to promote the fast aromatization of unsaturated fatty acids, resulting in a large fraction
of heavy aromatic species that are less crackable [6,7].

To avoid such a phenomenon, medium pore size offering zeolite ZSM-5 has been investigated in the
cracking of triglycerides [8-10]. With the pore opening size of 0.52—-0.56 nm and pore intersection size of
0.8 nm, ZSM-5 selectively directs the cracking process toward the formation of Cs—Cio hydrocarbons
corresponding to the gasoline-boiling range while avoiding the formation of poly-aromatic species.
Unfortunately, a high gas yield with low concentrations of light olefins is generally observed [9,10],
implying the occurrence of undesired secondary reactions because of the diffusion limitations caused by
the relatively small pore size of ZSM-5. Accordingly, the modification of ZSM-5 zeolites to enhance the
selectivity to C>—Ca olefins has been extensively studied in recent years. It has been reported that the
shortened diffusion path length and reduced amount of acid sites were favorable for the formation of
lower olefins in the cracking of triglyceride-rich biomass [11-13].

In our previous work [14], we have successfully developed a novel nano-ZSM-5-based composite by
dispersing nano-ZSM-5 in well-ordered, highly condensed mesoporous SBA-15 analogs via a two-step
process. The resulting nano-ZSM-5/SBA-15 analog composites (ZSC) exhibited high hydrothermal
stability and improved acidic properties while their accessibility was enhanced by the bimodal pore
system. This was clearly proved by gas-phase cracking of model compounds 1,3,5- triisopropylbenzene
and cumene in a conventional tube reactor and comparison to H-ZSM-5 and AI-SBA-15 as
benchmarks [14]. In the present contribution, we like to report on the application of such ZSC catalysts
for the efficient conversion of triglyceride-rich biomass toward lower olefins under FCC conditions. The
standard test procedure using the SR-SCT-MAT unit was employed for the catalyst evaluation as it
allows simulating an industrial FCC unit more accurately, thereby improving the practical relevance of
the results [15].
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2. Results and Discussion
2.1. Physico-Chemical Properties of the Catalysts

The catalysts ZSC-24, AI-SBA-15, and commercial H-ZSM-5 were thoroughly characterized by
various techniques and model reactions as presented in the earlier work [14]. However, the main catalyst
characteristics are summarized in Table 1. In general, AI-SBA-15 possesses the largest external surface
(hexagonal mesopores) and the smallest amount of acid sites. Contrarily, commercial H-ZSM-5 shows
the least external surface and the highest amount of acid sites, mostly located in micropores. These
named properties of ZSC-24, which was prepared from the ZSM-5 precursor solution with 24 h
precrystalization time, are in between, as the previous studies evidenced that this material indeed
comprises hexagonal mesoporous domains wherein ZSM-5 nanoparticles are highly dispersed.

Table 1. Physico-chemical properties of ZSC-24, Al-SBA-15, and commercial H-ZSM-5.

Catal St SlOZ/A|203 a SBET Sext/mes() b Vmicrob Vt ACld Slte amount ¢
y (mol/mol) (m2g™) (m2g™) (még™)  (m*g™?) (mmol NH3-g™)
ZSC-24 60 361 233 0.058 0.84 0.34
Al-SBA-15 90 446 446 0 0.93 0.18
H-ZSM-5 22 373 110 0.113 0.22 1.24

aAAS and ICP; ®t-plot method, ¢ NH3-TPD.
2.2. Catalyst Evaluation

Catalytic cracking of triglyceride-rich biomass is generally initiated by thermal decomposition of
triglyceride molecules into free fatty acids by means of free radical mechanism. Subsequently, the acid
zeolite-based catalyst controls the process and converts free fatty acids into oxygen-containing products
(mainly CO, CO2, and water) and a mixture of hydrocarbons lumped into gaseous hydrocarbon, gasoline,
light cycle oil (LCO), and heavy cycle oil (HCO) fractions [6]. It has been reported that the conversion
and product selectivity heavily depend on the unsaturation degree of triglycerides under FCC
conditions [6,7]. Therefore, the catalytic cracking of triolein comprising predominantly unsaturated
triglycerides (technical grade triolein, Santa Cruz Biotechnology) as model feedstock was first carried
out over the ZSC-24 catalyst under different cracking severities to study the catalytic behavior and to
optimize the cracking conditions. Then the catalytic performance of ZSC-24 relative to that of reference
catalysts Al-SBA-15 and H-ZSM-5 was evaluated in the cracking of waste cooking oil (WCO; obtained
from a local restaurant) consisting of less unsaturated triglycerides. The effect of the unsaturation level
can be assessed by comparing the catalytic results obtained from the cracking of triolein and those
obtained from the cracking of WCO. The fatty acid and elemental composition of triolein and WCO are
given in Table 2.
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Table 2. Fatty acid and elemental compositions of technical grade triolein and waste

cooking oil (WCO).

Feedstock Triolein WCO
Fatty acid composition as wt. % methyl esters
Dodecanoic acid [C12:0] - 1.2
Palmitic acid [C16:0] 1.1 37.2
Stearic acid [C18:0] 1.9 4.9
Oleic acid [C18:1] 75.6 48.8
Linoleic acid [C18:2] 21.4 7.9
Elemental composition, wt. %

Carbon 79.4 79.4
Hydrogen 12.0 12.6
Oxygen 8.6 7.8
Nitrogen 0 0.2

[Cx:y] where x is the number of carbon atoms and y is the number of double bonds.

2.2.1. Catalytic Cracking of Triolein

The cracking of triolein was carried out over the ZSC-24 catalyst under different severities by varying
the catalyst-to-oil (CTO) mass ratio from 0.2 to 1.2 g-g~* at 550 °C. In general, the effect of thermal
cracking becomes significant at elevated temperatures (>460 °C); thus, the thermal cracking of triolein
over an inert material (glass beads) was conducted in a blank test at 550 °C to reveal the effect of thermal
degradation under the investigated conditions. The catalytic results are given in Table 3 and Figure 1.

Table 3. The catalytic performance of ZSC-24 catalyst in the cracking of triolein under

different severities by varying the CTO ratio from 0 (glass beads) to 1.2 g-g* at 550 °C.

CTO ratio (g-g7™) 0 0.2 0.4 0.8 1.2
Conversion (wt. %) 247 62.5 70.9 775 79.6
Total gas 6.4 21.0 28.0 38.9 41.0
Dry gas 1.3 2.1 2.3 3.0 4.0
LPG 1.7 13.1 18.0 28.9 33.0
Co—Cg olefins 1.9 13.5 18.2 29.4 335

Product
yields (wt. CO, CQz 3.5 5.8 7.6 7.1 4.1
%) Cs+ Gasoline 17.0 34.9 35.2 29.7 28.8
LCO 29.6 22.4 18.7 14.4 12.1
HCO 45.7 15.1 10.4 8.1 8.3
Coke 0.1 1.0 1.6 2.4 2.3
Water 1.1 5.6 6.1 6.5 7.5
Selectivity to C,—C, olefins (%) ? 67.7 90.9 91.7 93.7 92.0

wt. % on a feed basis. fraction of C—C4 olefins per total C,—C4 hydrocarbons.

From Table 3, it can be seen that the thermal cracking (blank test) of triolein occurs noticeably at
550 °C, giving a conversion of 24.7 wt. %. However, the low fraction of short-chain products suggests
that most of the heavy oxygenated compounds formed by the decomposition of triglycerides were not
converted in the absence of catalyst, which is in line with the previous reports [6,8]. In the presence of the
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ZSC-24 catalyst, the yields of light products such as gas and gasoline rise dramatically at the expense of
heavy fractions such as HCO and LCO. This indicates that the heavy oxygenated compounds have been
effectively converted over ZSC-24 into valuable hydrocarbons, particularly gasoline and lower olefins.

As shown in Table 3, the CTO ratio increase from 0.2 to 1.2 g-g* steadily enhances the conversion and
the C2—C4 olefin yield from 62.5 and 13.5 wt. % to 79.6 and 33.5 wt. %, respectively. This corresponds to
increases by factors of approximately 1.27 and 2.48 and can be explained by secondary cracking reactions
of intermediate fatty acids being mainly activated by the catalysts’ acid sites [8,10,16] and leading to the
production of desirable hydrocarbons. Hence, increasing the CTO ratio provided more active acid sites
in the reaction system; therefore, more gasoline and lower olefins were produced.

Unlike the conversion and C2—Cs olefin yield, the gasoline yield apparently goes through a maximum
when varying the CTO ratio at 550 °C (Table 3). In fact, the gasoline yield shows a little gain from 34.9
to 35.2 wt. % with the CTO ratio increase from 0.2 to 0.4 g-g™* and then drops sharply to 29.7 and
28.8 wt. % at the CTO ratios of 0.8 and 1.2 g-g?, respectively. This implies that the over-cracking of
gasoline hydrocarbons has been promoted as the CTO ratio exceeded 0.4 g-g%, giving rise to
a substantial reduction in the gasoline yield [17]. Thus, the CTO ratio should not be higher than 0.4 g-g*
under the investigated conditions as the production of gasoline and light olefins are targeted.
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Figure 1. Yields of C1—C4 hydrocarbons in the cracking of triolein under different severities
by varying the CTO ratio from 0 (glass beads) to 1.2 g-g™* at 550 °C.

Since the main target of this work is to enhance the selectivity to lower olefins over the ZSC-24
catalyst, the yield of gaseous hydrocarbons was analyzed in detail and the C2—Cs olefin selectivity was
estimated (Figure 1 and Table 3). Interestingly, the selectivity to C>—C4 olefins is remarkably high,
independent of the cracking severity, signifying that the ZSC-24 catalyst is a highly selective catalyst
for the conversion of triglyceride-rich biomass to lower olefins. Botas et al. [12] studied the cracking of
rapeseed oil over nano-ZSM-5 using a fixed bed reactor. It was found that the shortened diffusion path
lengths along with the reduced acid site amount prevented the further transformation of primary
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C2—C4 olefins, thereby increasing the yield and selectivity to lower olefins. Considering this, it is
reasonable that the superior selectivity to C2—Ca olefins in the cracking of triolein over ZSC-24 originates
from the combination of the catalyst’s medium acid site amount and improved diffusion characteristics
provided by the bimodal pore system.

2.2.2. Catalytic Cracking of WCO

The performance of ZSC-24 compared to the reference catalysts Al-SBA-15 and H-ZSM-5 was
evaluated in the catalytic cracking of real feedstock WCO under optimized cracking conditions
(T =550 °C and CTO ratio = 0.4 g-g2). First, the effect of thermal cracking of WCO was checked in a
blank test at 550 °C using glass beads as inert material.

Table 4 gives the overall data on the catalytic performance of the different catalysts. One can see that
there is a significant difference in the conversion of WCO. Commercial H-ZSM-5 looks highly active,
showing an almost complete conversion of 91.5 wt. %, followed by ZSC-24 (70.6 wt. %) and
Al-SBA-15 (58.3 wt. %). Without the presence of the catalyst, the thermal degradation of WCO vyields
the least conversion of 26.4 wt. %. A good correlation of the conversion and the acid site amount can be
observed (Tables 1 and 4). This further supports the important role of acid sites in the conversion of
intermediate fatty acids into lighter and more valuable hydrocarbons [8,10].

Table 4. Performance of ZSC-24 and the reference catalysts Al-SBA-15 and H-ZSM-5 in
the cracking of WCO at 550 °C and a CTO ratio of 0.4 g-g2.

Catalyst Glass beads ZSC-24 H-ZSM-5  AI-SBA-15
Conversion (wt. %) 26.4 70.6 91.5 58.3
Total gas 7.9 30.7 48.8 17.0
Dry gas 1.6 2.6 8.2 2.2
LPG 2.1 22.1 33.7 8.6
Co-C4 olefins 2.3 22.7 30.4 8.5
Product yields COI/CO; 4.2 5.9 6.9 6.3
(wt. %) Cs+ Gasoline 17.3 32.2 35.0 34.3
LCO 29.0 17.7 4.0 30.4
HCO 44.6 11.7 4.5 11.2
Coke 0.1 1.4 1.2 1.7
Water 1.1 6.3 6.5 5.3
Selectivity to C—C, olefin (%) ? 67.6 93.2 73.5 83.3

wt. % on a feed basis; @ fraction of C,—C, olefins per total C,—C4 hydrocarbons.

Regarding the product yields, it is obvious that the thermal cracking of WCO gives the lowest yields
of desirable products, i.e., gasoline (17.3 wt. %) and lower olefins (2.3 wt. %). This is because of lacking
acidity; thus, most of the intermediate oxygenated compounds were not converted [6]. The presence of
the catalysts generally increases the fractions of gaseous and gasoline hydrocarbons by the cracking of
LCO and HCO compounds. However, there are pronounced differences in the product distribution
because of the different acid site amount and porosity. With the lowest acid site amount and largest
mesopores, Al-SBA-15 produces the most LCO (30.4 wt. %), but the least C2—Ca olefins (8.5 wt. %). In
contrast, H-ZSM-5 having the highest acid site amount exhibits the largest fractions of gasoline and
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C2—C4 olefins (35.0 wt. % and 30.4 wt. % respectively). The superior selectivity toward gasoline over
H-ZSM-5 is well documented [8,16]. With respect to Al-SBA-15 and H-ZSM-5, the fractions of gasoline
and lower olefins obtained with ZSC-24 are ranking in between. However, the outstanding yield for
C2—C4 olefins over H-ZSM-5 mainly results from the high conversion rather than from selectivity since
the latter is lowest (73.5 wt. %) in this series. Remarkably, the highest selectivity to C>—Cs olefins has been
achieved over ZSC-24 (93.2%), confirming the advantage of ZSC-24 over the reference catalysts. The
lower selectivity to C2—Cs olefins over Al-SBA-15 in comparison with ZSC-24 can be attributed to the
shape selectivity of microporous ZSM-5 domains in the latter. However, the low selectivity to C>—Cs
olefins over H-ZSM-5 is probably due to its very high amount of acid sites (mostly located in micropores)
and the diffusion constraints imposed by the small pore size of H-ZSM-5 [13]. This might lead to elongated
residence times and undesired consecutive reactions of the olefins. Tago et al. [18,19] studied the effect
of crystal sizes and acidic properties on the catalytic performance of H-ZSM-5 in the cracking of n-
hexane at high temperature (550-650 °C). Reducing the crystal size to nano-scale led to rapid diffusion
of light olefins out of the intercrystalline micropores of nanosized zeolites as result of the shortened
diffusion path lengths, which helped avoid the further transformation of these olefins. This clearly
indicates the detrimental effect of internal mass transfer limitation in H-ZSM-5. On the other hand,
increasing the number of acid sites enhanced the conversion of n-hexane but decreased the selectivity to
light olefins. They postulated that the higher amount of acid sites promoted hydrogen transfer reactions
which consumed light olefins to produce gasoline aromatics and light paraffins. A similar behavior can
be seen from Figure 2 wherein H-ZSM-5 displays higher concentrations of light paraffins and aromatic
hydrocarbons than ZSC-24, confirming the acceleration of hydrogen transfer reactions over H-ZSM-5
due to its higher acid site amount. Thus, the remarkable selectivity to C>—Cs olefins over the ZSC-24
catalyst can be attributed to the improved molecular transport being well balanced with the medium acid
site amount which enables ZSC-24 not only to promote the formation of light olefins, but also effectively
to protect them from further transformation.

To discuss the effect of feedstock composition, the results obtained from the cracking of triolein and
WCO under the same conditions (ZSC-24, 550 °C and CTO ratio = 0.4 g-g %) are used (Tables 3 and 4). It
appears that the cracking of WCO produces more light olefins but less gasoline than the cracking of
triolein. However, these observed differences in the yields of gasoline and lower olefins are not significant
compared to that reported by Dupain et al. [6], who converted triglyceride-based feedstock with FCC
catalysts under realistic FCC conditions (525 °C and 4 s). They found that the cracking of saturated stearic
acid produced considerably higher yields of gasoline and light olefins (approximately 57 and 14 wt. %,
respectively) than the cracking of unsaturated rapeseed oil (approximately 34 and 3 wt. % for gasoline and
light olefins, respectively). It was postulated that the fast aromatization of unsaturated fatty acid over the
large pore zeolite Y-based catalyst led to the formation of polyaromatics that are recalcitrant against further
cracking. Taking this into account, the minor shift in the yields of gasoline and lower olefins over ZSC-24
confirms that the formation of polyaromatics has been largely suppressed.
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Figure 2. Gaseous hydrocarbon (A) and gasoline (B) compositions in the catalytic cracking
of WCO over ZSC-24 and H-ZSM-5 at 550 °C and a CTO ratio of 0.4 (g-g™%) (wt. % on a
product basis).

3. Experimental Section
3.1. Catalyst Preparation

The representative nano-ZSM-5/SBA-15 analog composite, pre-crystallized for 24 h (denoted as
ZSC-24), was prepared according to the synthesis procedure as reported in the previous work [14].
Briefly, the zeolite seed solution was pre-crystallized for 24 h to partially form nano-ZSM-5 crystals and
then added to the surfactant solution to convert unreacted precursors into an ordered mesoporous
SBA-15 analog. Finally, the resulting nano-ZSM-5/SBA-15 analog composite (ZSC-24) was activated
by protonation. For comparison, AlI-SBA-15 was prepared under the same conditions as for synthesis of
ZSC-24, but using conventional silica-based precursors instead of pre-formed seeds. Additionally,
commercial H-ZSM-5 (Zeocat PZ-2/25, ZeoChem AG, Uetikon am See, Switzerland) was used to
provide a benchmark. All catalyst samples used in this study were fresh since they provide a better
understanding of structure, property, and function relationships.

3.2. Catalyst and Feedstock Characterization

The nitrogen physisorption studies were carried out at =196 °C with an ASAP 2010 apparatus
(Micromeritics GmbH, Aachen, Germany). The temperature-programmed desorption of ammonia
(NH3-TPD) measurements using TCD detector (TCD, GOW-MAC Instrument Co., Bethlehem, PA,
USA) were performed in a homemade set-up using a quartz tube reactor in the range of 100-550 °C.
The Al and Si contents were determined by inductively coupled plasma atomic emission spectroscopy
(ICP-AES; 715-ES, Varian, Inc., Palo Alto, PA, USA) and atomic absorption spectroscopy
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(AAS; Analyst 300, PerkinElmer, Inc., Waltham, MA, USA), respectively. More details of these
characterization methods and experiment parameters are described elsewhere [14,20].

The fatty acid compositions of technical grade triolein (obtained from Santa Cruz Biotechnology, Inc,
Heidelberg, Germany) and waste cooking oil (collected from a local restaurant) were analyzed on a gas
chromatography-mass spectrometry combination (GC-MS; QP2010S, Shimadzu Europa GmbH,
Duisburg, Germany). For this purpose, a derivatization was carried out with trimethylsulfonium
hydroxide solution (0.25 M in methanol, Fluka, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany)
to transform triglycerides completely into methyl esters. The C, H, N elemental analysis of triolein
and WCO was performed on a TruSpec CHNS Micro analyser (Leco Instrumente GmbH,
Monchengladbach, Germany).

3.3. Catalyst Tests

The fixed bed microactivity test equipment (MAT) is widely used for studying catalytic cracking at
the laboratory scale. However, the traditional MAT unit provides cracking results of limited precision
and accuracy due to the problems related to the fluid dynamics differences between a fixed bed and a
fluidized bed, the large contact time (longer than industrial FCC operations, typically about 2 to 10s),
low temperature in the preheating section, or low pressure in the catalyst bed. Most of these shortcomings
encountered with the traditional MAT unit can be avoided by using a novel Single Receiver
Short-Contact-Time Microactivity Test unit (SR-SCT-MAT, Grace GmbH & Co0.KG, Frankfurt,
Germany) [15]. Details of the experimental setup of the SR-SCT-MAT unit, the testing conditions, and
product analyses used in the present work are described elsewhere [13].

Inatypical run, 1.75 g of feedstock (either triolein or WCQO) was fed into the reactor which contained
a desired amount of catalyst diluted with glass beads to maintain a constant-volume reaction independent
of the catalyst-to-oil (CTO) mass ratio used. The CTO mass ratio was varied by keeping the weight of
feedstock constant (1.75 g) and changing the catalyst weight. The cracking reaction was carried out at
ambient pressure, 550 °C, CTO mass ratios of 0-1.2 (g-g~*) and a reaction time of 12 s. After the reaction,
stripping of the catalyst was done by using a nitrogen purge. The gaseous and liquid products were
collected in the single receiver cooled to 18 °C via an external cooling system. All catalytic experiments
were repeated at least two times to check the reproducibility and mass balances in all runs were between
95% and 100% of the injected feed.

The products comprised mainly hydrocarbons along with oxygenated compounds (water, CO, and
CO2) and coke. The gaseous hydrocarbon fraction was divided into dry gas (hydrogen, methane, ethane,
and ethene) and liquefied petroleum gas (LPG; propane, propene, butenes, and butanes). The liquid
hydrocarbons were lumped in terms of boiling ranges: Cs+ gasoline (<221 °C), light cycle oil (LCO;
221-360 °C), and heavy cycle oil (HCO; >360 °C).

The gaseous products were analyzed according to the ASTM D1945-3 method using a Refinery Gas
Analyzer (Agilent 7890A, Santa Clara, CA, USA). The liquid organic products were classified according
to the boiling ranges: Cs+ gasoline, LCO, and HCO as mentioned above by means of simulated
distillation (ASTM D2887) on a Simulated Distillation gas chromatograph (Agilent 7890A, Santa Clara,
CA, USA). For several liquid samples, PIONA (Paraffin, i-Paraffin, Olefin, Naphthene, and Aromatic)
analyses were performed to determine the composition of gasoline. Water content was measured by Karl
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Fischer titration (MKS-520, Kem, Kyoto, Japan) and coke amount on the spent catalyst was determined
by an elemental analyzer (CS600, Leco Instrumente GmbH, Mdnchengladbach, Germany).

The yield toward different products (i, wt. %) is defined as gram of product i per gram of the feed.
The standard MAT conversion is defined as 100% — (Yrco + Yico). The selectivity to C2—Cs olefins is
defined as the fraction of C2—Cs olefins per total fraction of C2—C4 hydrocarbons.

4. Conclusions

We have shown that ZSC-24 is an efficient catalyst for the cracking of triglyceride-rich biomass
toward lower olefins under FCC conditions. Compared to Al-SBA-15 and commercial H-ZSM-5, the
ZSC-24 catalyst exhibits the highest selectivity to C>—Ca olefins (>90%) irrespective of the cracking
severity and feedstock composition. The effect of the catalyst’s porosity and acid site amount on the
conversion and product distribution was found to be significant. Medium acid site amount, shape
selectivity, and improved molecular transport obtained by the high dispersion of nano-scaled ZSM-5
domains in a mesoporous SBA-15 analog matrix might be responsible for the enhanced formation of
desired lower olefins. These findings might open the way for future research in the rational design of
new FCC catalysts for efficient conversion of triglyceride-rich biomass toward lower olefins. However,
it should be noted that the fresh catalysts used in this study might not provide the same results as if the
catalysts had been aged.
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