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ABSTRACT

Branched fatty acids are of great interest in the oleochemical industry for many high-end
applications due to their interesting physicochemical properties. In the last decades, research
focuses mainly on the use of Ferrierite (FER) as catalyst for the isomerization of fatty acids into
these branched fatty acids. With the use of FER, high yields of branched fatty acids can be
obtained. FER is however expensive and additives are necessary to obtain a high selectivity
towards branched fatty acids. In this letter, we focus on the use of ZSM-5 - a much cheaper zeolite
- which has been extensively studied in the past for other reactions. Five commercial ZSM-5
samples and one hierarchical ZSM-5 sample were tested for the isomerization of fatty acids into

branched fatty acids. The results clearly show that the accessibility of Brensted acid sites is of



utmost importance for their catalytic activity. Thanks to the introduction of mesopores in the
zeolite crystals of ZSM-5, creating a hierarchical zeolite, a superior catalyst was obtained with a
multifold activity increase without compromising in branched fatty acid selectivity, capable of

competing against the state-of-the-art FER zeolite.

INTRODUCTION

Saturated branched chain fatty acids (i.e. fatty acids containing a methyl or ethyl group on the
aliphatic chain, usually isostearic acids) have shown to be of great interest for many applications
like cosmetics, detergents, surfactants, fuel additives and lubricants. As such, they can act as a
substitute for compounds originating from petroleum sources. Their potential can be attributed to
their interesting physicochemical properties, as they show a low pour point and cloud point, good
spreadability, oxidative, hydrolytic stability and biodegradability, and a high viscosity index.
Nowadays, branched fatty acids are produced industrially, typically in low yields of around 20 %,
as a side product of the dimerization of unsaturated fatty acids using acid clays such as Bentonite
or Montmorillonite.!~

In the last 25 years, efforts have been made to increase the yield of branched fatty acids,
focusing mainly on using zeolites as catalysts in the so-called isomerization reaction of unsaturated
fatty acids into unsaturated branched chain fatty acids. After a subsequent hydrogenation step,
saturated branched chain fatty acids are obtained. Thanks to the zeolites’ microporous character,
oligomerization is retarded, leading to a higher selectivity towards the branched fatty acids.
Different zeolite topologies have been tested so far (e.g. MOR, MFI, *BEA), but the last years

research focusses mainly on Ferrierite (FER). This zeolite has shown to be a very promising



candidate, with reported yields of >70 %. However, additives like water and triphenylphosphine
(TPP) were required to obtain these results.>5’

More extensive research with FER by Wiedemann et al. has shown that the isomerization
of fatty acids likely occurs via pore mouth catalysis, in analogy with the hydroisomerization of n-
alkanes with zeolites.®® Therefore, when purely microporous zeolites are applied, a large amount
of the catalytically active sites are not accessible and thus inactive during the catalytic reaction.
The presence of mesopores in the zeolite structure can partially overcome this problem by creating
more pore mouths available for catalysis. This beneficial effect of the mesopores was already
demonstrated by Zhang et al., who showed that Beta zeolites containing mesopores were more
active during the isomerization of fatty acids to branched fatty acids.'® Nevertheless, these
mesoporous Beta were significantly less active than FER and researchers have merely been
focusing on microporous zeolites ever since.

Hierarchical zeolites are zeolites that contain, on top of and interconnecting with a
microporous network, an additional network consisting of meso- and/or macropores. They can be
engineered using two main strategies, i.e. via (I) top-down methods which consist of creating
mesopores by etching away parts of an already synthesized zeolite using acids (dealumination) or
bases (desilication), and (II) bottom-up methods that allow the creation of the hierarchical system
during zeolite synthesis. Here, the synthesis conditions need to be controlled precisely in order to
obtain the desired hierarchical zeolite.!'"!7 Very recently, Bolshakov et al. used a bottom-up
technique to obtain a hierarchical FER and used it for the reaction discussed in this work. They
showed that a more active catalyst was obtained without losing selectivity, clearly indicating the

potential of hierarchical zeolites. '8



ZSM-5 (MFT topology) is a zeolite with intersecting straight (0.53 x 0.56 nm) and zig-zag
(0.51 x 0.55 nm) 10-membered ring channels.! Thanks to its hydrothermal stability, unique pore
structure and controlled (high) acidity, it is one of the most studied zeolites. Industrial scale
applications include alkylation, isomerization, and cracking reactions.?*?! On top of that, ZSM-5
has shown great potential in different biomass conversion reactions, is much cheaper compared to
FER and available on a larger scale on the industrial market,?? 3> which makes it interesting from
an economical point of view for the replacement of FER. Sarker et al. already used ZSM-5 as a
catalyst for the isomerization of unsaturated fatty acids to unsaturated branched chain fatty acids,
but found a lower activity and selectivity than FER.”

In this letter, the potential of ZSM-5 as a catalyst for the solventless isomerization of
unsaturated fatty acids (here oleic acid) into unsaturated branched chain fatty acids will be
investigated, thereby looking for an economically more attractive alternative for the current state-
of-the-art system using FER in combination with additives. In addition, efforts were made to gain
more insights in those zeolite characteristics responsible for the catalytic activity of the zeolite

system.

RESULTS AND DISCUSSION

Five commercial ZSM-5 samples with different Si/Al ratios were tested as catalysts for the
isomerization of unsaturated fatty acids into unsaturated branched chain fatty acids and compared
with a commercial FER, used as reference material. The zeolites are denoted as H-ZSM-5-X and
H-FER-X, with X the Si/Al ratio provided by the supplier. Characterization details of these
samples can be found in Table 1. Experimental details can be found in the Supporting Information

(SI). One commercial ZSM-5 sample was subjected to a series of post-synthetic treatments to



obtain a hierarchical ZSM-5. Both its activity and selectivity are compared to those of the parent
material. Thanks to a comprehensive product analysis using GC and GPC, as well as some typical
parameters (i.e., acid value (AV), saponification value (SV), iodine value (IV)), it is for the first
time possible to study the effect of the hierarchization of the zeolite (i.e. the introduction of
mesopores in the zeolite crystal via post-synthetic treatments) on the selectivity concerning both
desired (b and ¢ in Scheme 1) and undesired products (d and e in Scheme 1) in this type of reaction
(at full mass balance). A simplified reaction scheme is given in Scheme 1.

Scheme 1 Proposed reaction scheme for the isomerization (and hydrogenation) of unsaturated
fatty acids (a) to both desired (b and c¢) and undesired products (d and e) in the presence of a

Brensted acid zeolite. The dashed lines indicate a possible position of the methyl branch on the
carbon chain.

R /jRZCOOH

A 1. Isomerization
2. Hydrogenation

a = unsaturated fatty acid; b = monobranched fatty acid; ¢ = polybranched fatty acid; d = -
lactone; e = oligomeric fatty acid.



Table 1 Characterization of ZSM-5 and FER samples.

Acid sites at 150°C  Lgas/ Surface area  Pore volume ASVF® k (h')°

Si/ (umol g™) Pgas (m? g (cm® g) (mmol m?
Catalyst Al cm’ g”)
Peas Pras Laas BET  Smeso Vmicro  Vimeso
H-ZSM-5-12 12 539 60 186 035 415 43 015 0.04 0.83 0.061
H-ZSM-5-15 15 272 111 nm. - 423 64 015 0.07 1.15 0.060
H-ZSM-5-25 25 275 43  nm - 440 50  0.17  0.07 1.01 0.054
H-ZSM-5-40 40 177 40 nm. - 478 82  0.17  0.08 1.15 0.053
H-ZSM-5-140 140 53 7  nm - 427 46  0.18  0.04 0.10 0.008
II;%SM'S‘AT' 9¢ 326 111 306 094 473 110 0.15 0.16 5.71 0.325
H-FER-9 9 107 18 74 069 375 17 0.14  0.02 0.040 0.241

ASVF = Acid-Surface-Volume Factor, defined as the product of Psas with Smeso and Vmeso. PBAS =
Brensted acid sites from pyridine adsorption. PLas = Lewis acid sites from pyridine adsorption. Leas =
Brensted acid sites from lutidine adsorption. n.m. = not measured. * Si/Al ratio measured with ICP. ®
Observed (pseudo-)first order rate constant, see SI and Figure S4 in SI for more details on calculations.

Figure 1A and Figure S1 (SI) show the results obtained during a 6 hours batch reaction
performed at 250 °C at a stirring speed of 600 rpm with 2.5 wt% of catalyst (relative to the
substrate) in the absence of solvent and additives. The reaction is considered to take place without
any external diffusion limitations, as increasing the stirring from 600 rpm to 900 rpm does not
affect the conversion rate (Table S1). Samples were taken during the reaction to monitor the
reaction characteristics as a function of time. After 6 hours reaction, all commercial ZSM-5
samples, except H-ZSM-5-140, show a similar activity (= 40 % conversion) and selectivity (= 50
% towards branched fatty acids). More analytical details regarding the composition of the crude
product after 6 hours are given in Table S1 (SI). The low branching selectivity obtained with ZSM-
5 can be explained by the large amount of side-products present in the crude reaction mixture.

More specifically, the amount of oligomers is high, but also a significant amount of lactones (both



linear and branched) is formed. Interestingly, these zeolites all show a similar selectivity regarding
both the desired and undesired products, which is also reflected in the AV, SV and I'V. In contrast,
H-ZSM-5-140 is considerably less active than the other commercial samples. No lactones were
detected, but still more than 6 wt% of oligomers were found in the crude reaction product. The
AV, ameasure for the amount of carboxylic acids present in the sample, is also significantly higher
for this sample. This indicates that the more active ZSM-5 samples enabled more cracking to
smaller alkanes and fatty acids than H-ZSM-5-140. When the reaction temperature is decreased or
increased, the activity of the zeolite is affected as expected (Table S1). The higher the reaction
temperature, the more of the substrate is converted in agreement with Arrhenius, and the more
branched fatty acids and lactones are formed. Moreover, the AV is lower for higher reaction
temperatures, which is indicative of slightly more carbon skeleton cracking. In contrast to all
commercial ZSM-5 samples, FER has shown to be more than twice as active per amount of
catalyst, with a similar selectivity to branched fatty acids at a similar conversion, and lower
formation of oligomers. As such, yields of branched fatty acids up to three times higher were
obtained compared to those obtained with ZSM-5 (for the same 6 hours reaction time). The
observed yields for ZSM-5 are even lower than the ones reported in literature for Beta and
Mordenite. Comparison with previous literature is however difficult and has to be done with care

as often different reaction conditions and/or additives were used.>”3334
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Figure 1 a) Yield of branched fatty acids as a function of the unsaturated C18 conversion (based
on contact time changes). Reactions were performed at 250 °C in a batch reactor. Oleic acid was
used as substrate, and 2.5 wt% of zeolite (relative to the substrate) was added as a catalyst to the
reaction mixture. The reaction with H-ZSM-5-AT-AW (2) is a duplicate of the reaction with H-
ZSM-5-AT-AW (1). An example of a GC and GPC chromatogram used to calculate the conversion
and yield can be found in the SI (Figure S2 and Figure S3). b) The observed (pseudo-)first order
rate constant as a function of the Acid-Surface-Volume Factor ASVF. A guide to the eye for the

ZSM-5 catalysts is added for clarity.

To interpret the obtained results properly and identify the zeolite characteristics responsible for
its activity, a basic kinetic study was performed on the obtained results. A (pseudo-)first order
reaction is considered here, as it can be rationalized based on the reaction mechanism (Scheme 1).
One can see clearly from this scheme that the different products are formed in multiple parallel
reactions. Monomer and oligomer compounds are formed during monomolecular and bimolecular
reactions, respectively. The former dominantly takes place, as oligomers only account for about

10 wt% of the final reaction mixture. A linearization of the obtained data was made (see



Experimental section in SI for details) so that an observed (pseudo-)first order rate constant k
(units: h'!), which is a measure for the activity of the zeolite, could be defined for each commercial
zeolite (Figure S4 (SI) and Table 1). All commercial samples, except H-ZSM-5-140, have a
similar observed rate constant, which is about five-fold lower than the one obtained with FER.

The similar results obtained with the commercial ZSM-5 samples, except H-ZSM-5-140,
might be surprising as the Si/Al ratios and the Brensted acidity, measured with pyridine FT-IR,
are significantly different. Moreover, as the Bronsted acidity follows a more logical trend, i.e. the
Psas is the highest for the lowest Si/Al ratio and vice versa, one would expect that the activity
follows a similar trend. The Brgnsted acid sites (BAS) are accordingly the catalytically active sites
during the isomerization reaction. The only exception here is again H-ZSM-5-140, which has a
low amount of Ppas that is indeed reflected in a low activity of the zeolite.

To explain the observed lack in activity difference, a closer look is taken at the porosity
characteristics of the different zeolites, measured with N2-physisorption (Table 1). All commercial
samples, except H-ZSM-5-12 and H-ZSM-5-140, show a similar mesoporosity. H-ZSM-5-12 and
H-ZSM-5-140 are less mesoporous. It is expected that the accessibility of the BAS plays a key
role during the reaction. Due to the reagent’s bulkiness, there is expected that a significant amount
of the Psas is not accessible for the reagent. The presence of mesopores can help here, as they
facilitate the diffusion of reagents and products to and from the acid sites. Moreover, by
introducing mesoporosity in a zeolite crystal, the more outer surface is present, and thus more
accessible BAS. To test this hypothesis, a top-down hierarchization method, based on the research
performed by Verboekend et al.,** was performed on H-ZSM-5-12 (selected for its high Bronsted
acidity; see SI for experimental details). The hierarchical zeolite is denoted as H-ZSM-5-AT-AW

and its characterization details can be found in Table 1. Powder-XRD was measured both on the



parent and the hierarchical zeolite (Figure S5), showing that the ZSM-5 crystal structure is largely
retained during hierarchization.

It is clear from Table 1 that during hierarchization, a significant amount of Psas was lost,
which was linked to the removal of both terminal and framework AI-OH species (Figure S6 in
SI). At the same time, an increase in external silanols was detected, while the amount of extra-
framework Al (EFAI) remained unchanged. The mesoporosity increased strongly, yielding a
zeolite with a four times larger mesopore surface area than its parent zeolite, without a major loss
in microporosity.

H-ZSM-5-AT-AW was subsequently tested twice in the same way as the five commercial
ZSM-5 samples (Figure 1A, Figure S1, and Table S1). H-ZSM-5-AT-AW is clearly more active
than its parent zeolite, as, after 1 hour reaction, three times more conversion was achieved. After
6 hours, a conversion of >90 % was observed. Interestingly, the observed activity is even higher
than the one observed with the state-of-the-art FER catalyst. This is also reflected in the calculated
(pseudo-)first order rate constant (Table 1), which is more than five times higher than the one of
H-ZSM-5-12 and about 1.3 times higher than the one of H-FER-9. The yield of branched fatty
acids after 1 hour is almost double the yield of branched fatty acids obtained with the parent zeolite
after 6 hours. At the end of the reaction, an average yield of branched fatty acids of almost 69 %
was detected, slightly higher than the one obtained with FER.

The presence of mesopores might harm the reaction’s selectivity as the mesopores are large
enough to accommodate oligomerization if any catalytically active sites are present. FT-IR has
shown that for H-ZSM-5-AT-AW not only the framework and terminal AI-OH species are the
predominant acid sites, as is the case for H-ZSM-5-12, but also external silanols and EFAI take on

this role (Figure S7). This might explain the higher amount of oligomers formed with this sample

10



(Table S1). Also, AV is somewhat lower indicative for slightly more extensive cracking. In
contrast, the amount of lactones (branched and non-branched) is lower, making the branched fatty
acid product more attractive towards high-end applications such as cosmetics. Nevertheless, a
selectivity towards branched fatty acids of >70 % is reached at a conversion of >90 %. In general,
the branched fatty acid selectivity is unaltered, as can also be depicted in Figure 1A and Figure
S1. Thus, it is clear that by performing a top-down method on one of the commercial zeolites, a
superior hierarchical zeolite was obtained, which stands out in activity without loss of selectivity
towards the branched fatty acids. This is despite a material loss of about 60 wt% during the
hierarchization procedure, which can be compensated thanks to the much lower cost price of ZSM-
5. Moreover, characterization of the spent and regenerated H-ZSM-5-AT-AW (Figure S5 and
Table S2, see Experimental section in SI for details on zeolite regeneration) has shown that the
zeolite is stable during reaction. The zeolite structure remains intact and only a limited amount of
crystallinity is lost during regeneration, as is clear from XRD measurements (Figure S5). A
significant amount of cokes is formed (12.9 wt% as measured with TGA), causing a large amount
of the pores of the zeolite to get blocked (Table S2). Regeneration of the catalyst for 5 hours at
500 °C under O2 removes most of cokes, and as such, a large amount of the initial pore volume
and surface area is recovered. The amount of acid sites is slightly lower after regeneration when
compared to the fresh catalyst, which can be explained by some minor dealumination and the
presence of a small amount of cokes after regeneration. Still, the relative amount of accessible sites
remains very high, indicating that the zeolite has great potential for re-use.

To rationalize the observed phenomena and thus check the before mentioned hypothesis
that the accessibility of the acid sites is a key parameter in the investigated reaction, a closer look

is first taken at the correlation between the observed (pseudo-)first order rate constant and the
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Brensted acidity multiplied with one or more mesoporosity characteristics (Figure 1B, Figure S8
and Figure S9). By plotting the observed (pseudo-)first order rate constant against the Brgnsted
acidity multiplied with only Vmeso (Figure S8) or Smeso (Figure S9), a positive trend already is
visible, which is more pronounced when the Brgnsted acidity is multiplied with Vmeso. However,
there is no perfect fit, indicating that these combinations of zeolite characteristics aren’t sufficient
to perfectly rationalize the similar activity of the different non post-synthetically treated ZSM-5
samples (except H-ZSM-5-140). The best correlation is obtained when the Brensted acidity is
multiplied with both Smeso and Vmeso (Figure 1B), clearly indicating the importance of the
mesoporous character of the zeolites. The higher Smeso, the more pore mouths at the external
surface and as such the more catalytically active sites are available. The higher Vimeso, the lower
the intracrystalline diffusion limitations creating a more efficient intracrystalline molecular
transport system for reagents and products. The result of this multiplication is defined as a new
parameter, the ‘Acid-Surface-Volume Factor’ (ASVF), and can be found in Table 1. Using the
ASVF, the hypothesis proposing that the activity of a zeolite not only depends on the amount of
BAS, but also on their accessibility, gets a first confirmation. All commercial samples, except H-
ZSM-5-140, have a similar ASVF, which results in a similar activity. However, the best example
in this paper is H-ZSM-5-AT-AW, which doesn’t show the highest amount of BAS, but is by far
the most active one. As this zeolite is the most mesoporous of the ones tested, it has the highest
ASVF indicating it probably has the most accessible BAS. Lutidine FT-IR measurements indeed
confirmed this hypothesis (Lsas in Table 1). From all acid sites of H-ZSM-5-12 measured with
pyridine FT-IR, only 35 % are reached by lutidine. In contrast, this is the case for 94 % of the BAS
of H-ZSM-5-AT-AW measured with pyridine FT-IR, indicating that hierarchization led to a three-

fold increase in accessible acid sites. When comparing to FER, we see that this zeolite also contains
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a high amount of accessible BAS (69 %, Table 1). This relatively high amount of accessible acid
sites might explain its high activity. Nevertheless, FER contains in absolute numbers far less BAS
when compared to the ZSM-5 samples. Further research is necessary to explain the activity
difference of the BAS between these different zeolite topologies. Most likely, ZSM-5 contains a
lot of cokes, blocking a lot of acid sites, and therefore is deactivated more pronouncedly when

compared to FER, although differences in adsorption enthalpies of the sites cannot be ruled out.

CONCLUSIONS

In summary, five commercial ZSM-5 catalysts and one hierarchical ZSM-5 catalyst were tested
for their suitability in the isomerization of unsaturated fatty acids into unsaturated branched chain
fatty acids (solvent and additives free) and compared with FER. Our data have shown that ZSM-5
is, next to FER, a promising catalyst. However, hierarchization is necessary to boost the activity
of ZSM-5, creating a superior catalyst without loss of selectivity towards the branched fatty acids
which on top of that remains stable during reaction. Hierarchization via top-down methods
involves a loss of material. The much lower cost price of ZSM-5 can compensate for this material
loss, causing it to compete against the more expensive FER, while fewer lactones have been
formed. By comparing multiple ZSM-5 samples via the Acid-Surface-Volume Factor ASVF and
lutidine FT-IR measurements, it is clear that accessibility of the catalytically active Brensted acid
sites is a key factor in this type of catalysis due to the bulkiness of the reagent. By introducing
extra mesoporosity in the zeolite crystal via hierarchization, more Bronsted acid sites were made
accessible for the reagent by increasing the accessible surface containing micropores and better
diffusion of reagents and products via the mesopores to these micropores. As such, the activity of

the zeolite was strongly improved. The next step in future research for this isomerization type
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should focus on selective post-synthetic treatments with less material loss and reducing

oligomerization.

ASSOCIATED CONTENT

Supporting Information.
The following files are available free of charge.
Supporting information: Fast and selective solvent-free branching of unsaturated fatty acids with

hierarchical ZSM-5_SI (PDF)

AUTHOR INFORMATION

Corresponding Author

E-mail address: bert.sels@kuleuven.be

ACKNOWLEDGMENT

D.K. acknowledges Flanders Innovation & Entrepreneurship (VLAIO) for financial support
(HBC.2017.1014). I.K. acknowledges FWO Vlaanderen (grant 1260321N) for financial support.

J.V.A. acknowledges funding from the Industrial Research Fund KU Leuven (IOF fellow).

REFERENCES

(1) Biermann, U.; Metzger, J. O. Synthesis of Alkyl-Branched Fatty Acids. Eur. J. Lipid Sci.
Technol. 2008, 110, 805-811. https://doi.org/10.1002/ej1t.200800033.

(2)  Hasselberg, J.; Behr, A. Saturated Branched Fatty Compounds : Proven Industrial Processes
and New Alternatives. FEur. J. Lipid Sci. Technol. 2016, 118, 36-46.

https://doi.org/10.1002/ej1t.201500461.

14



3)

4

)

(6)

(7

®)

©)

Ngo, H. L.; Nunez, A.; Lin, W.; Foglia, T. A. Zeolite-Catalyzed Isomerization of Oleic Acid
to Branched-Chain Isomers. Eur. J. Lipid Sci. Technol. 2007, 108, 214-224.
https://doi.org/10.1002/ej1t.200600246.

Wiedemann, S. C. C.; Bruijnincx, P. C. A.; Weckhuysen, B. M. Isostearic Acid: A Unique
Fatty Acid with Great Potential. In Chemicals and Fuels from Bio-Based Building Blocks;
Cavani, F., Albonetti, S., Basile, F., Gandini, A., Eds.; 2016; pp 51-78.
https://doi.org/10.1002/9783527698202.ch3.

Zhang, Z. C.; Dery, M.; Zhang, S.; Steichen, D. New Process for the Production of
Branched-Chain Fatty Acids. J. Surfactants Deterg. 2004, 7 (3), 211-215.
https://doi.org/10.1007/s11743-004-0306-x.

Ngo, H. L.; Hoh, E.; Foglia, T. A. Improved Synthesis and Characterization of Saturated
Branched-Chain Fatty Acid Isomers. Eur. J. Lipid Sci. Technol. 2012, 114, 213-221.
https://doi.org/10.1002/ej1t.201000471.

Sarker, M. I.; Latona, R. J.; Moreau, R. A.; Micheroni, D.; Jones, K. C.; Ngo, H. Convenient
and Environmentally Friendly Production of Isostearic Acid with Protonic Forms of
Ammonium Cationic Zeolites. Eur. J. Lipid Sci. Technol. 2017, 119 (12), 1-8.
https://doi.org/10.1002/ej1t.201700262.

Wiedemann, S. C. C.; Stewart, J. A.; Soulimani, F.; Van Bergen-Brenkman, T.; Langelaar,
S.; Wels, B.; De Peinder, P.; Bruijnincx, P. C. A.; Weckhuysen, B. M. Skeletal
Isomerisation of Oleic Acid over Ferrierite in the Presence and Absence of
Triphenylphosphine: Pore Mouth Catalysis and Related Deactivation Mechanisms. J. Catal.
2014, 316, 24-35. https://doi.org/10.1016/j.jcat.2014.04.018.

Martens, J. A.; Vanbutsele, G.; Jacobs, P. A.; Denayer, J.; Ocakoglu, R.; Baron, G.; Arroyo,

15



(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

J. A. M.; Thybaut, J.; Marin, G. B. Evidences for Pore Mouth and Key — Lock Catalysis in
Hydroisomerization of Long n -Alkanes over 10-Ring Tubular Pore Bifunctional Zeolites.
Catal. Today 2001, 65, 111-116.

Zhang, S.; Zhang, Z. C. Skeletal Isomerization of Unsaturated Fatty Acids: The Role of
Mesopores in HBeta Zeolites. Catal. Letters 2007, 115 (3-4), 114-121.
https://doi.org/10.1007/s10562-007-9083-z.

Bai, R.; Song, Y.; Li, Y.; Yu, J. Creating Hierarchical Pores in Zeolite Catalysts. Trends
Chem. 2019, 1 (6), 601-611. https://doi.org/10.1016/j.trechm.2019.05.010.

Jia, X.; Khan, W.; Wu, Z.; Choi, J.; Yip, A. C. K. Modern Synthesis Strategies for
Hierarchical Zeolites: Bottom-up versus Top-down Strategies. Adv. Powder Technol. 2019,
30 (3), 467-484. https://doi.org/10.1016/j.apt.2018.12.014.

Kerstens, D.; Smeyers, B.; Van Waeyenberg, J.; Zhang, Q.; Yu, J.; Sels, B. F. State of the
Art and Perspectives of Hierarchical Zeolites: Practical Overview of Synthesis Methods and
Use in Catalysis. Adv. Mater. 2020, 2004690, 1-47.
https://doi.org/10.1002/adma.202004690.

Feliczak-Guzik, A. Hierarchical Zeolites: Synthesis and Catalytic Properties. Microporous
Mesoporous Mater. 2018, 259, 33—45. https://doi.org/10.1016/j.micromeso0.2017.09.030.
Verboekend, D.; Pérez-ramirez, J. Design of Hierarchical Zeolite Catalysts by Desilication.
2011, 7, 879-890. https://doi.org/10.1039/c1cy00150g.

Chen, L.-H.; Sun, M.-H.; Wang, Z.; Yang, W.; Xie, Z.; Su, B.-L. Hierarchically Structured
Zeolites: From Design to Application. Chem. Rev. 2020.
https://doi.org/10.1021/acs.chemrev.0c00016.

Schwieger, W.; Machoke, A. G.; Weissenberger, T.; Inayat, A.; Selvam, T.; Klumpp, M.;

16



(18)

(19)

(20)

21

(22)

(23)

(24)

Inayat, A. Hierarchy Concepts: Classification and Preparation Strategies for Zeolite
Containing Materials with Hierarchical Porosity. Chem. Soc. Rev. 2016, 45 (12), 3353—
3376. https://doi.org/10.1039/c5¢s00599;.

Bolshakov, A.; de Poll, R. van; Bergen-Brenkman, T. van; Wiedemann, S. C. C.; Kosinov,
N.; Hensen, E. J. M. Hierarchically Porous FER Zeolite Obtained via FAU Transformation
for Fatty Acid Isomerization. Appl. Catal. B Environ. 2020, 263, 118356.
https://doi.org/10.1016/j.apcatb.2019.118356.

Structure Commission of the International Zeolite Association. Framework Type MFI
https://europe.iza-structure.org/IZA-SC/material _tm.php?STC=MFI.

Wu, Z.; Wang, Y. Catalytic Application of Mesoporous ZSM-5 Zeolite. Curr. Org. Chem.
2014, 18 (10), 1305-1322. https://doi.org/10.2174/1385272819666140424212511.
Vermeiren, W.; Gilson, J. P. Impact of Zeolites on the Petroleum and Petrochemical
Industry. Top. Catal. 2009, 52 (9), 1131-1161. https://doi.org/10.1007/s11244-009-9271-
8.

Philippaerts, A.; Paulussen, S.; Breesch, A.; Turner, S.; Lebedev, O. 1.; Tendeloo, G. Van;
Sels, B.; Jacobs, P. Unprecedented Shape Selectivity in Hydrogenation of Triacylglycerol
Molecules with Pt / ZSM-5 Zeolite. Angew. Chemie - Int. Ed. 2011, 50, 3947-3949.
https://doi.org/10.1002/anie.201007513.

Liao, Y.; Zhong, R.; D’Halluin, M.; Verboekend, D.; Sels, B. F. Aromatics Production from
Lignocellulosic Biomass: Shape Selective Dealkylation of Lignin-Derived Phenolics over
Hierarchical ZSM-5. ACS Sustain. Chem. FEng. 2020, § (23), 8713-8722.
https://doi.org/10.1021/acssuschemeng.0c02370.

Gardner, D. W.; Huo, J.; Hoff, T. C.; Johnson, R. L.; Shanks, B. H.; Tessonnier, J. P.

17



(25)

(26)

27

(28)

(29)

(30)

(31

Insights into the Hydrothermal Stability of ZSM-5 under Relevant Biomass Conversion
Reaction Conditions. ACS Catal. 2015, 5 (7, 4418-4422.
https://doi.org/10.1021/acscatal.5b00888.

Mihalcik, D. J.; Mullen, C. A.; Boateng, A. A. Screening Acidic Zeolites for Catalytic Fast
Pyrolysis of Biomass and Its Components. J. Anal. Appl. Pyrolysis 2011, 92 (1), 224-232.
https://doi.org/10.1016/j.jaap.2011.06.001.

Ennaert, T.; Van Aelst, J.; Dijkmans, J.; De Clercq, R.; Schutyser, W.; Dusselier, M.;
Verboekend, D.; Sels, B. F. Potential and Challenges of Zeolite Chemistry in the Catalytic
Conversion of Biomass. Chem. Soc. Rev. 2016, 45 (3), 584-611.
https://doi.org/10.1039/c5¢s00859;.

Taarning, E.; Osmundsen, C. M.; Yang, X.; Voss, B.; Andersen, S. I.; Christensen, C. H.
Zeolite-Catalyzed Biomass Conversion to Fuels and Chemicals. Energy Environ. Sci. 2011,
4 (3), 793-804. https://doi.org/10.1039/c004518g.

Serrano, D. P.; Melero, J. A.; Morales, G.; Iglesias, J.; Pizarro, P. Progress in the Design of
Zeolite Catalysts for Biomass Conversion into Biofuels and Bio-Based Chemicals. Catal.
Rev. - Sci. Eng. 2018, 60 (1), 1-70. https://doi.org/10.1080/01614940.2017.1389109.
Perego, C.; Bosetti, A.; Ricci, M.; Millini, R. Zeolite Materials for Biomass Conversion to
Biofuel. Energy and Fuels 2017, 31 (8), 7721-7733.
https://doi.org/10.1021/acs.energyfuels.7b01057.

Mullen, C. A.; Tarves, P. C.; Boateng, A. A. Role of Potassium Exchange in Catalytic
Pyrolysis of Biomass over ZSM-5: Formation of Alkyl Phenols and Furans. ACS Sustain.
Chem. Eng. 2017, 5 (3), 2154-2162. https://doi.org/10.1021/acssuschemeng.6b02262.

Lalsare, A.; Wang, Y.; Li, Q.; Sivri, A.; Vukmanovich, R. J.; Dumitrescu, C. E.; Hu, J.

18



(32)

(33)
(34)

(35)

Hydrogen-Rich Syngas Production through Synergistic Methane-Activated Catalytic
Biomass Gasification. ACS Sustain. Chem. Eng. 2019, 7 (19), 16060-16071.
https://doi.org/10.1021/acssuschemeng.9b02663.

Veses, A.; Puértolas, B.; Lopez, J. M.; Callén, M. S.; Solsona, B.; Garcia, T. Promoting
Deoxygenation of Bio-Oil by Metal-Loaded Hierarchical ZSM-5 Zeolites. ACS Sustain.
Chem. Eng. 2016, 4 (3), 1653—1660. https://doi.org/10.1021/acssuschemeng.5b01606.
Hodgson, W. R.; Lok, C. M.; Roberts, G. EP 0 774 451 B2, 1996.

Tomifuji, T.; Abe, H.; Matsumura, Y.; Sakuma, Y. EP 0 683 150 B1, 1995.

Verboekend, D.; Mitchell, S.; Milina, M.; Groen, J. C.; Pérez-Ramirez, J. Full
Compositional Flexibility in the Preparation of Mesoporous MFI Zeolites by Desilication.

J. Phys. Chem. C 2011, 115 (29), 14193—-14203. https://doi.org/10.1021/jp201671s.

SYNOPSIS

This letter discusses the solvent and additives free, high-selective valorization of fatty acids

using cheap post-synthetically treated zeolites, yielding a high-end oleochemical product.
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