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Biorefinery activity and selectivity.

Herein, the effect of various treatments subjected to FAU zeolites to introduce mesoporosity has been examined
on their efficiency as catalyst in the cyclisation of O-aryl 3-arylpropynoic acid ester to its corresponding cou-

The addition of bio-sourced lignin residues in the alkaline desilication treatment induced the generation of
supplementary mesoporosity, thus offering an optimal micro- and mesopores combination with respect to targeted

The so-called bio-sourced secondary template (BSST) concept in the design of zeolite-based catalysts could be
assessed. The use of renewable wood feedstocks can therefore be a valuable strategy for the zeolite post-mod-
ification, thus for the design of porous zeolite catalysts.

1. Introduction

Zeolites are microporous crystalline aluminosilicates built by
vertex-sharing aluminate and silicate tetrahedra [1]. Zeolites have
found kaleidoscopic applications during the past sixty years. Currently,
more than 230 different zeolite topologies are known with roughly 15
being used in industry. However, five structures belong to the so-called
‘big five’ including MOR, BEA, FER, MFI and FAU zeolites which are
extensively used in industry. Among them, MFI and FAU are prominent
materials applied in catalysis thanks to their acid strength, high hy-
drothermal stability, ability to induce shape selectivity and also the
reproducibility (and low cost) of their synthesis procedures and post-
modifications [2].

Zeolites are often associated to slow mass transfer within their mi-
croporous architecture with channels and cages of molecular size
(< 1nm). This may strongly impact the catalyst lifetime, its perfor-
mance as well as sometimes loss in selectivity due to undesired by-
products formation. Numerous studies were focused on the
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development of strategies to improve transport properties, which are
usually classified in three categories: (i) smaller crystal size; (ii) larger
pore zeolites (2nm); (iii) formation of mesopores along with the mi-
croporous network. The first approach raises several drawbacks con-
cerning the limited technology available for the synthesis and handling
of nanocrystals [3]. Materials with larger pores, although improving the
mass transport, often penalize the catalytic activity, stability and se-
lectivity properties of microporous structures [4,5]. The third strategy
has been widely selected to design materials with hierarchical poros-
ities, inducing an enhanced diffusion of reactants and products, hence
raising the conversion in the cracking of large molecules and the cat-
alyst lifetime [6-10].

In parallel to those aforementioned approaches, Rimer and co-
workers have thoroughly investigated the impact of zeolite growth
modifiers (ZGMs) as polyamines, sugars, or proteins on the construction
of crystal sub-units [11-14]. They were able to alter the crystal growth
and therefore tailor the size and morphology of the crystals [11-14].

Inspired by those seminal studies, we have developed the so-called
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Bio-Sourced Secondary Template (BSST) concept, involving biomass
residues in the synthesis of several zeolite topologies [15-17]. Despite
the lack of understanding the exact nature of organic molecules in-
volved in the interactions with inorganic precursors, sophisticated
crystal assemblies generating inter-crystalline meso- or macroporosities
were obtained [18-20]. However, it is well-admitted that the presence
of intra-crystalline mesoporosity is preferred to achieve better catalyst
performances [21,22].

In the present contribution, a destructive desilication strategy has
been undertaken to introduce mesoporosity in FAU zeolite crystals
while adding lignin residues to the alkaline medium. Although struc-
turally quite complex, lignin has been chosen due to its large avail-
ability. For instance, in Russia, nearly 95 million tons are stored as a
waste after bio-ethanol production in bio-refineries [23]. As-obtained
FAU zeolites containing micro- and mesoporosities were then tested in
the synthesis of coumarins which are valuable building blocks in or-
ganic synthesis.

2. Experimental section
2.1. Procedures for lignin modification

The lignin originates from the Kirov plant (city of Kirov, Russia).
The chemical composition and properties of industrial acid hydrolysed
lignin (HL) as well as its oxidized hydrolysed form (OHL) are given in
Table 1. The procedure of HL oxidation into OHL has been reported by
Evstigneyev et al. [24].

The methods used for determining the composition of HL. and OHL
were as follows: Klason lignin (insoluble residue) and acid-soluble
lignin were determined according to the methods reviewed by Dence
[25]. Carbohydrates contents were determined by photocolorimetry
using the phenol —sulfuric acid method [26]. The quantity of methoxy
groups were determined by the reaction between lignins and hydroiodic
acid [27]. Carboxyl groups were determined by an ion-exchange
method according to Wilson [28], which was slightly modified for
lignin analysis [29]. Phenolic hydroxyl groups were determined by
Ménsson’s aminolysis method [30]. Carbonyl groups were determined
by a reaction with hydroxylamine hydrochloride [27]. The total ash
content was obtained by the TAPPI method [27].

An alkaline solution of OHL was prepared according to the fol-
lowing protocol: OHL dissolution was carried out in a 1L round-bot-
tomed three-necked flask equipped with a thermometer, a propeller
stirrer and a reflux condenser, on a mantle heater. The alkali solution
(3.6 g of NaOH in 0.5 L of water) was placed in a flask and through the
side outlet, 20 g of OHL were added in small portions under vigorous
stirring. The temperature in the flask was then raised to 85°C and
stirring was continued for 1 h. The solution was then cooled and its pH
was measured, being 9.5. Hence, 0.5L of OHL solution with a con-
centration of 40 g/L was obtained.

2.2. FAU zeolite post-modifications

Pristine FAU zeolite provided by Zeochem (Zeoflair 200, Uetikon,
Switzerland) was used in its sodium form NaY. A cationic exchange
with a 1M aqueous solution of ammonium nitrate (Fluka) was

Table 1
Characterisation of hydrolysed lignin (HL) and oxidized hydrolysed lignin
(OHL), content, mass %.

Lignin  Klason Carbohydrates OMe COOH OHype, C=0 Ash

lignin
HL 89.52 (0.28)* 6.79 11.97 4.49 3.00 4.15 3.37
OHL 87.35 (2.66)* 5.07 5.52 10.28  2.07 5.13 0.96

Note: ? content of acid-soluble lignin is given under brackets.
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Table 2
Chemical composition and textural properties of pristine and post-modified
zeolites.

Sample Si/Al S S S Pore \% \Y% D
BET micro meso Volume micro meso meso
[m%*/ [m?/ [m?% [em®/g] [em®/ [ecm®/ [nm]

gl gl gl gl gl
NaY 37 653 541 112 0.31 026 005 2
EFAI-USY 36 872 726 146 0.44 035 009 11
No-EFAI-USY 57 667 528 139 0.31 025 006 11
D14 40 861 677 184  0.44 033 011 10
A4 18 402 146 256 0.31 0.07 024 15
A13 15 463 198 265  0.46 010 036 22

performed three times at 65 °C to get the NH4-Y form. In order to ob-
tained acidic HY zeolite, a calcination at 550 °C in air during 15h was
performed in a muffle furnace.

2.2.1. Steaming — EDTA treatment

Pristine acidic HY zeolite was dealuminated by steaming as follows:
1 g HY was placed in a fixed-bed reactor. The catalyst was heated up to
550°C (10°/min ramp) under nitrogen flow (45 mL/min). A vapor
pressure of 85kPa was then fed to the catalyst (under nitrogen flow)
during 24 h. This sample was named EFAI-USY.

The latter EFAI-USY sample (0.5 g) was then subjected to a treat-
ment with 30 mL of EDTA solution (ethylenediaminetetraacetic acid,
0.25 M) under stirring at 60 °C during 5 h. After the sample was filtered
and dried in an oven at 150 °C during 15 h. This treatment aimed in the
complexation and removal of extra-framework Al species generated
during the steaming treatment in EFAI-USY. This sample is named No-
EFAI-USY.

2.2.2. Desilication

0.5 g of parent HY zeolite was desilicated in a 20 mL aqueous so-
lution composed by 0.2M NaOH and 0.2M TBAOH (1:1 vol/vol) at
room temperature during 30 min under stirring. After, the sample was
filtered on a Nylon membrane, dried and calcined at 550 °C for 15h
under air atmosphere in a muffle furnace. This sample was named D14.

2.2.3. Destructive-constructive strategy using lignin

A conventional desilication strategy in alkaline medium was un-
dertaken and combined with a potential meso-structuration mediated
by lignin residues, according to our recently reported BSST concept
[15]. 0.5 g of H-form parent zeolite was mixed with a 0.1 M solution of
TEAOH for 5min up to 96 h. Afterward, 0.1 g of HL or OHL residues
were added to the mixture and allowed stirring during 10 min. The
solution was poured in a Teflon-lined stainless-steel autoclave (70 mL
volume) and heated to 150 °C. The hydrothermal treatment was per-
formed during 15h. After cooling to room temperature, the solid was
filtered and calcined under air at 550 °C during 15h. The sample left
during 5min in the strong alkaline solution, prior to hydrothermal
treatment, was named A4. Besides, the sample placed during 96 h in
TEAOH solution was named A13. The synthesis yields after autoclaving
were 59 and 57 %, respectively. It is worthy to mention here that
whatever the origin of added lignin residues, the same yields could be
obtained.

2.3. Characterisation

X-ray diffraction patterns (XRD) were recorded on a Bruker D8
Advance diffractometer, with a Ni detector side filtered Cu Ka radiation
(1.5406 1°\) over a 5—60° 20 range and a position sensitive detector
using a step size of 0.02° and a step time of 2s.

Scanning Electron Microscopy (SEM) micrographs were acquired on
a Zeiss Gemini SEM 500 microscope working at 9kV accelerating
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Fig. 1. Nitrogen adsorption-desorption isotherm for desilicated A13 sample.
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Fig. 2. XRD patterns of pristine FAU zeolite and its desilicated counterparts.

voltage. The Si/Al ratios (SAR) of the zeolites were determined by X-ray
fluorescence using a SPECTRO XEPOS spectrometer (He gas atmo-
sphere) equipped with a 50-Watt end-window X-ray tube to excite the
samples.

For TEM investigations, the samples were dispersed in ethanol, so-
nicated for few seconds and drop-deposited on a copper TEM grid with
a holey carbon film. HRTEM images and elemental composition of the
materials were acquired over a Hitachi HF-3300 kV instrument.

The basic texture characteristics involving the apparent BET surface
area Spgr, the micropore surface area S, and the micropore volume
Vu were evaluated from N, physical adsorption-desorption isotherms
measured at 77 K by means of ASAP2020 M instrument (Micromeritics,
USA). The high precision of pressure measurements was achieved by
the use of a low-pressure transducer with the capacity of 0.1 Torr. The
specific surface area, Sgpy, was evaluated from the nitrogen adsorption
isotherm in the range of relative pressure p/py = 0.05-0.25 (p is the
adsorbate pressure and p, is the adsorbate vapor pressure at the mea-
suring temperature) using the standard Brunauer—-Emmett-Teller (BET)
procedure.

2.4. Synthesis of coumarins

©/O © HFAU zeolte 00

W 8598 Soh r
’ Ph

m Ph

In a sealed tube (with a screw cap) 2-methylphenyl 3-phenylpro-
pynoate (45mg, 1 eq.) was added, along with H-FAU zeolites (5 eq.
mmol H*/g) and 2 mL of 1,2-dichloroethane (DCE). The reaction was
performed at 85 °C during 2 h under vigorous stirring (Eq. 1). Then, the
mixture was filtered over a nylon membrane (0.2 um) and thoroughly
washed with 5mL of DCE. The zeolite was collected from the filter in a
50 mL round-bottomed flask and stirred with 20 mL of methanol at
room temperature for 2 h. After, the two filtrates were combined and
the solvents were removed under reduced pressure. The resulting 8-
methyl-4-phenyl-2H-chromen-2-one product was purified by column
chromatography on silica gel, eluents — cyclohexane : ethyl acetate (90 :
10). Equation 1 summarizes the reagents and the conditions used for
this reaction.

The quantification of both the conversion of O-aryl ester of 3-ar-
ylpropynoic acid and the yield in 8-methyl-4-phenyl-2H-chromen-2-one
coumarin was performed by 'H NMR using internal standard recorded
on a Bruker Avance 400 instrument.
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Fig. 3. SEM images of a) parent HY; b) desilicated D14; c) A4; d) A13 sample.

3. Results
3.1. Characterisation

Table 2 presents the textural properties of pristine and all post-
modified FAU zeolites. It is noteworthy that steaming treatment did not
lead to changes in the Si/Al ratio. Indeed, steaming is known to allow
the migration of Al atoms from the framework to extra-framework
positions without altering the global Al-content. In contrast, the com-
plexation of EFAI species with EDTA led to raise Si/Al from 36 to 57 for
EFAI-USY and No-EFAI-USY, respectively. Those observations are in
line with former studies from Bokhoven and co-workers [31]. Besides,
mesoporous surface areas as well as the size of the mesopores have been
enhanced. However, the desilication in alkaline medium (D14 sample)
seems more efficient for the generation of intra-crystalline meso-
porosity, as ‘a priori’ expected [8,9,32]. The last two samples, A4 and
A13, prepared via a destructive / re-constructive strategy using lignins
led to a stark decrease in the SAR (18 and 15 for A4 and A13, respec-
tively), suggesting an extensive desilication during the hydrothermal
treatment in alkaline medium. Likewise, this harsh treatment led to a
drastic increase in their mesoporous specific areas and volumes, at the
expense of their microporous textural properties. Fig. 1 shows the Ny
adsorption-desorption isotherm for the most desilicated A13 sample. A
typical type IV profile with a hysteresis loop could be observed, thus
confirming the presence of mesoporosity. It is important to add here
that the use of either HL or OHL sources led to the same results.

According to the data taken from Table 1, the crystallinity of the
samples has also been compared to evaluate the impact of the different
chemical treatments. Fig. 2 shows the XRD patterns of those post-
treated samples.

It can be observed that D14 does not exhibit any substantial loss in
crystallinity. This is in line with the textural properties found in
Table 1, where no loss in microporosity could be assessed. In stark

contrast, A4 and Al3 samples suffered a drastic decrease in their
crystallinities (Fig. 2). Though the main diffractions of the FAU struc-
ture can still be observed, their intensities remain by far lower than
those from HY or D14 samples. Based on the observations taken from
Table 1, it seems that a partial amorphisation of the zeolite structure
occurred during the alkaline and hydrothermal treatment. It is im-
portant to mention here that both HL and OHL lignin sources led to the
same results.

Fig. 3 shows the SEM images of the different samples. While the
crystal size (between 300 — 600 nm) and pyramidal morphology did not
change after the different desilication treatments, the presence of nu-
merous mesopores can be observed in post-treated samples (Fig. 3b-d).
The extent of these networks of mesopores can be particularly detected
in A4 and A13 samples.

A closer look to the porosity organization by TEM analysis (Fig. 4)
further confirms the SEM observations. A regular array of micropores
having roughly 1.4nm in width could be assessed for parent FAU
zeolite. The 2nm mesopores detected by nitrogen adsorption mea-
surements (Table 1) usually correspond to intercrystalline porosity
[33]. Fig. 4b and c confirm the presence of numerous mesopores in A4
and A13 samples, respectively. Though being rather disorganized in
terms of orientation, their size distribution is rather narrow and found
between 15—25nm for both samples. Again, these values are in line
with those obtained by textural properties analyses (Table 1). It is also
noteworthy that the array of micropores almost completely vanished
after those two harsh post-treatments.

3.2. Synthesis of coumarins

Coumarins, also named 2H-chromen-2-ones or 2H-1-benzopyran-2-
ones, encompass a large number of natural products, isolated from a
large range of plant sources as well as micro-organisms and animals.
Coumarins exhibit a broad range of activity that make their core a
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Fig. 4. TEM images of a) HY zeolite; b) A4; c¢) A13 sample.

privileged scaffold found in several pharmaceutical, agrochemical and
cosmetic compounds [34]. O-aryl ester of 3-arylpropynoic acid was
tentatively converted into its corresponding coumarin as described in
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Section 2.4 (Eq. 1). The ester 2-methylphenyl 3-phenylpropynoate was
selected as a model for the present study. More examples and experi-
mental details can also be found in our former contribution [35].

Table 3 presents the conversion of 2-methylphenyl 3-phenylpro-
pynoate and the selectivity towards targeted 8-methyl-4-phenyl-2H-
chromen-2-one coumarin. It appears that the highest activity was
achieved over A4 catalyst with almost twice higher conversion than
pristine HY zeolite, 56 versus 30 %. It seems therefore that the post-
treatment, which allowed converting part of the FAU microstructure
into barely organized mesopores of roughly the same size, increases
activity and provides an optimal catalyst for this reaction.

The comparison of the latter results, gained with A4 and A13
samples, suggests that the presence of mesopores is required to improve
the quantity of O-aryl ester of 3-arylpropynoic acid converted, but not
too much. Indeed, A13 exhibits a larger volume of mesopores than A4
(0.36 vs 0.24 cm®/g) but also the largest mesopore diameter (22 vs
15 nm), while acting as the worst catalyst of the examined series. It is
worth to note that the second-best result (47 % conversion) was
achieved with sample D14, which also exhibits a large mesoporous
volume (0.11 cm3/g) with an important mesoporous diameter (10 nm).

These observations and data guided us to set an ‘optimum’, thus
being able to maximize the degree of conversion at an appreciable se-
lectivity towards coumarin. Fig. 5 presents the correlation between the
degree of O-aryl ester conversion and the mesoporous volume present
in the different zeolites. Rewardingly, it appears that an optimum could
be found between 0.15—0.25 cm® / g. Though a partial loss of regular
microstructure was observed after hydrothermal treatment either per-
formed with HL or OHL acting as BSST, a higher degree of 2 methyl-
phenyl 3-phenylpropynoate conversion could clearly be reached at an
optimal mesoporous volume (Fig. 5). No significant change in the se-
lectivity could be detected while changing the mesoporous volume,
being around 40-50 % whatever the post-modified FAU catalyst.

It is important to mention that the presence of EFAIl Lewis species is
neither catalyzing, nor beneficial for the conversion of O-aryl ester of 3-
arylpropynoic acid. Contrarily, the presence of those species probably
hinders the access towards the Br@nsted acid sites, known as real active
sites for this acid-catalysed reaction [35]. Indeed, the poor conversion
achieved over EFAL-USY sample was doubled after the removal of EFAlL
species in No-EFAI-USY sample as catalyst (30 vs 14 %). Interestingly,
similar selectivity could be achieved while removing those EFAI species
in No-EFAI-USY, which contains roughly 1.5 times less acid sites. It
seems therefore that the presence of Br@nsted acid sites is a necessary
condition but not sufficient to perform this reaction at high conversion
and selectivity. Indeed, it was recently shown that Br@nsted acidity or
even superacidity (CF3SOsH, triflic acid, H, = -14.1) alone was not
sufficient to selectively afford targeted coumarin compounds [35].

These catalytic data suggest that efficient cyclization reaction oc-
curred at the acid sites present within the micropores, as shown by the
good selectivity achieved over pristine H-Y, but that a certain degree of
mesoporosity is required to reach these micropores (compared A4 with
H-Y). Due to the size of the starting ester and more importantly of the
coumarin products (7-8 and 8 —10 A diameter, respectively), diffusion
could be limited [35,36]. Alternatively, with a highly modified and
altered zeolite such as A13, less acidic sites may be available despite a
Si/Al ratio of 15, and with a Emmenthal cheese-like structure, com-
pounds may just diffuse through, without much interactions with the
catalyst surfaces.

4. Conclusion

In this study, the effect of various treatments subjected to FAU
zeolite crystals to introduce mesoporosity has been examined on their
efficiency as catalyst for the cyclisation of O-aryl 3-arylpropynoic acid
ester to corresponding coumarin.

Desilication while adding lignin residues, but for a limited time,
offered the best combination regarding conversion and selectivity,
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Table 3

FAU catalysts performance in the conversion of 2-methylphenyl 3-phenylpro-
pynoate into its corresponding 8-methyl-4-phenyl-2H-chromen-2-one cou-
marin.

Catalyst Conversion of 2 methylphenyl 3- Selectivity in 8-methyl-4-
phenylpropynoate phenyl-2H-chromen-2-one
[%] [%]
HY 30 60
EFAI-HUSY 14 36
No-EFAI-HUSY 30 47
D14 47 43
A4 56 52
Al13 18 39
70
60
[ 50
=
c
S 40
2
g 30
5
o 20
10
o 0.1 0.2 0.3 0.4
Mesoporous Volume [cm3 / g]

Fig. 5. Conversion of 2-methylphenyl 3-phenylpropynoate as a function of the
zeolite mesoporous volume.

confirming the so-called bio-sourced secondary template (BSST) con-
cept in the design of zeolite-based catalysts.

The catalytic data gained from this study revealed that a certain
degree of mesoporosity is needed and that an optimum could be found
for the conversion of these esters into coumarins.

This zeolite-promoted cyclization of aryl propynoate provides a
rapid and mild access to coumarins, thus conforting zeolites as a key
player in green organic synthesis.
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