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Aromatization of alkyl methyl ketones obtained from biorefinery streams is a viable and attractive catalytic

pathway to renewable aromatics, precursors for various important monomers and chemicals. To achieve

high catalytic activity and stability under continuous conditions, mesoporous amorphous silica-alumina

(ASA) catalysts are studied for the acid-catalyzed self-condensation of biomass-derived acetone to mesi-

tylene

in solvent-free conditions using a fixed-bed

reactor. The catalytic efficiency of ASA

catalysts depends on their structure and intrinsic acidity. In comparison to pure alumina, ASA Siralox 30

exhibits a 2.2 times higher catalytic activity for acetone conversion and 3.8 times higher mesitylene yield,

demonstrating the importance of Brensted acid sites (BAS) generated in ASA catalysts. The detailed

kinetic studies and catalyst characterization indicate that mesitylene formation is favored over BAS and
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1. Introduction

The transition from fossil to renewable resources presents one
of today’s greatest challenges. Their steady depletion and con-
tribution to global warming are driving factors for implement-
ing a more sustainable circular economy which includes using
biomass for chemicals and fuels production.” Especially for
household products that frequently contain polymers, there is
a strong consumer demand for green alternatives due to
environmental concerns and awareness.> Many of these poly-
mers possess aromatic monomers, e.g., p-xylene for polyethyl-
ene terephthalate (PET), styrene for polystyrene (PS), toluene
diisocyanate for polyurethanes (PUR), derived from benzene,
toluene, and xylene (BTX) of which more than 122 Mt are pro-
duced annually, also for use in solvent and fuel applications.®
As of today, aromatics are obtained by catalytic reforming of
naphtha, a crude oil fraction.* Thus, using biomass as raw
material feedstock for their production, ideally conceived as a
drop-in solution, opens the door to a large variety of renewably
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that the formation rate is enhanced with the relative strength of BAS. We demonstrate here that Siralox
66%, WIF =
catalyst for the continuous mesitylene synthesis with remarkable long-term operational stability

125 geat N mol™) is an adequate and highly active

sourced products without requiring modification of the exist-
ing infrastructure downstream.

Several routes to biomass-derived aromatics have been
reported. Among those, one important pathway is the selective
Diels-Alder cycloaddition of furanic compounds, especially
furan derivatives, with dienophiles such as bio-ethylene.” High
costs associated with the production of furan and its deriva-
tives from biomass are currently the biggest drawback.’®
Another fundamental route is the depolymerization of lignin
by (catalytic) fast pyrolysis which yields a “bio-oil”, a complex
mixture of oxygenated aromatic compounds.” These require
extensive purification, separation, and deoxygenation to obtain
alkyl aromatics suitable for downstream processing. A more
selective but less explored pathway is the self-condensation of
alkyl ketones. The C-C coupling reaction of alkanones via
robust acid/base-catalyzed condensation is an efficient way to
achieve deoxygenated aromatics from existing biorefinery
streams, e.g., acetone from ABE-fermentation, in a single-step
reaction without further need for metal-catalyzed dehydro-
genation or upgrading via deoxygenation with hydrogen.®™
Furthermore, gas-phase fermentation by autotrophic acetogens
offers a highly promising carbon-negative route to acetone.'?
Therefore, the efficient utilization of acetone via self-conden-
sation for the formation of the aromatic product mesitylene
(1,3,5-trimethylbenzene) is the focus of this study.

Previously, the self-condensation of acetone is mainly
studied in the gas phase under atmospheric pressure, often at

This journal is © The Royal Society of Chemistry 2023
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high reaction temperatures above 400 °C using various solid
acid catalysts such as zeolites, titania, zirconia, niobia, meso-
porous aluminosilicates, and tantalum phosphate.*™"”
Despite the high catalytic activity, the formation of polycon-
densates on the strongly acidic catalysts leads to fast catalyst
deactivation due to carbonaceous deposits which remains an
inherent challenge.'® Faba et al., showed an increase in pro-
ductivity for the gas-phase conversion of acetone over a mixed
catalyst bed of TiO, and AI-MCM-41 at 250 °C but lacked the
proof of long-term stability."”

Recently, we showed that zeolite HY is stable for the mesity-
lene formation in the liquid phase over several hours at 190 °C."
The larger pores of zeolite Y compared to other microporous zeo-
lites proved to be beneficial for the -catalyst stability.*’
Additionally, the liquid phase conditions allowed continuous
removal of products from the catalyst bed, thus reducing carbon-
aceous deposits.>' While zeolite HY was also applicable for the
aromatization of larger alkyl methyl ketones, such as 2-butanone
and 2-pentanone, its overall activity was still lacking regarding a
potential process development for future integration into a biore-
finery." In the course of the catalyst development, combining
high activity with long-term operational stability remains an
ongoing problem that we sought to solve by using large pore
amorphous aluminosilicates as acid catalysts.

Herein, we report that ASA afforded remarkable activity and
selectivity for mesitylene from acetone under continuous con-
ditions not only in liquid but also in supercritical phase. The
ASA catalysts were beneficial due to their combination of
larger mesopores and moderate overall acid site density of
medium strength with a lower number of strong Brensted acid
sites.””>> The optimization of reaction conditions and long-
term catalyst stability are examined for maximum mesitylene
space-time-yield on ASA. Assessment of the acidity-activity-
relationship for this material class is performed based on the
degree of silica-doping.

2. Experimental
2.1 Materials

Commercial amorphous silica-alumina (denoted as ASA) were
supplied by Sasol Germany GmbH and used after calcination
in air at 550 °C for 6 h (2 K min™", 100 NmL min~"). HY-5 cata-
lyst was obtained by exchanging NaY three times with an
aqueous solution of NH,NO; (1 M, 60 °C, 1 h) and subsequent
calcination in air (2 K min™", 550 °C, 6 h, 100 NmL min™").
y-ALLO; (99.9%) was obtained from Alfa Aesar and Evonik
Aeroperl 300/30 was used as pure SiO,.

Acetone (99%) was obtained from Sigma-Aldrich and used
without further purification. For the GC standard solution,
1,4-dioxane (99.5%, Roth) was diluted with 1-butanol (99%,
Griissing).

For GC-calibration, acetone (99.9%, Sigma Aldrich), mesityl
oxide (97%, Sigma Aldrich), mesitylene (99%, Acros Organics), iso-
phorone (97%, Sigma Aldrich), 2-butanone (99%, Sigma Aldrich),
and 1,3,5-triethylbenzene (97%, Sigma Aldrich) were used.

This journal is © The Royal Society of Chemistry 2023
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2.2 Catalytic studies in fixed-bed flow reactor

Catalytic studies were performed in a previously described
fixed-bed reactor in upward flow configuration (Fig. S1%)."°
Briefly, 3 g of catalyst were placed in the isothermal zone in
the center of the stainless-steel reactor (ID = 1.6 cm, length =
20 cm). The catalyst powders were pressed (8 ton, 5 min),
crushed, and sieved to 100-200 micron particles to avoid mass
transfer limitations (Fig. S21). Neat acetone was fed into the
reactor with an HPLC pump, and the reaction was performed
at 200-300 °C and 75 bar to maintain liquid/supercritical con-
ditions. The outlet of the reaction feed was continuously
mixed with a standard solution of 1,4-dioxane (1.15 mol L™)
in 1-butanol downstream. The product solution was analyzed
via online-gas chromatography (Shimadzu GC-2030, MEGA-5
column, 40-250 °C, 10 K min™", H,) equipped with an FID
(Fig. S3t). Acetone, mesityl oxide, mesitylene, isophorone,
2-butanone, and 1,3,5-triethylbenzene were calibrated with
pure compounds while the other identified products were esti-
mated via the concept of the effective carbon number com-
bined with GC-MS.**%°

2.3 Catalyst characterization

Powder X-ray diffraction (XRD) measurements were performed
on a Bruker D2-phaser using Cu-K-a-radiation (1 = 1.5406 A)
with a radiation tube voltage of 30 kV and current of 40 mA.
Diffraction patterns were measured in 10-80° 26 at 0.02° inter-
vals and 1 s step time.

N,-physisorption was Quantachrome
QuadraSorb at 77 K after evacuating the samples (approx.
30-100 mg) at 300 °C over night. The specific surface area (Sggr)
was obtained with the Brunauer-Emmett-Teller method. The
micropore area was determined by the ¢plot method.

Thermogravimetric analysis (TGA) of the spent catalysts was
performed on a NETZSCH STA 449 FE Jupiter by heating (5 K
min~", 40-1000 °C) the samples (50 mg) in synthetic air (100
NmL min™).

Temperature-programmed desorption of NH; (NH;-TPD)
was used to measure the total amount of acid sites on the
silica-alumina catalysts. For this, samples (100 mg) were dried
in N, flow (100 NmL min~") at 600 °C (10 K min™", 3 h) and
subsequently loaded with NH;3 (2 vol% NH; in N,, 20 mL
min~') at 140 °C. When the physisorbed NH; was desorbed,
the samples were heated to 600 °C (10 K min™") in N, flow
(100 NmL min~"). The amount of chemisorbed NH; was
detected by FT-IR.

measured on a

3. Results and discussion

3.1 Catalyst stability of zeolite HY compared to amorphous
silica-alumina

In our previous work, zeolite HY was identified as a suitable
solid acid catalyst for the efficient and stable liquid phase con-
version of biomass-derived ketones to aromatics due to its
larger pore size and high amount of acid sites.® Catalytic
activity of HY increased with temperature and at 190 °C steady-
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state conditions were obtained for the continuous conversion
of acetone to mesitylene. However, catalyst productivity was
relatively low with 3% mesitylene yield at a weight hourly space
velocity (WHSV) of 7.8 h™'. When the reaction temperature was
raised to 200 °C, the initial productivity significantly increased
to about twofold but the activity steadily decreased with time-
on-stream due to catalyst deactivation (Fig. 1). In contrast, ASA
Siralox 30 is found to be very stable when converting acetone
to mesitylene under similar reaction conditions (200 °C,
WHSV = 7.8 h™"). While its activity at 200 °C is lower compared
to zeolite HY, it shows a three-times increase in mesitylene
yield to 4% for 220 °C. Even at this elevated temperature, the
catalyst activity remains very stable for more than 7 hours-on-
stream and shows no deactivation. To understand the differ-
ence in stability of HY-5 and Siralox 30, relevant properties of
the solid acid catalysts are compared in Table 1. The surface
area of the mostly microporous zeolite HY-5 is 778 m* g~ * and
four-times higher than the one of Siralox 30 which is comple-
tely mesoporous (Fig. S4t). The number of surface acid sites is
higher on HY-5 with 0.53 mmol g~' compared to 0.30 mmol
g~" on Siralox 30. This results in a significantly higher activity
of HY-5 at reaction temperatures below 200 °C since mesity-
lene activity correlates with the number of acid sites."
Moreover, the strength of the acid sites on HY-5 is also greater
than on Siralox 30 as evidenced by the higher temperature of
the maximum NHj; desorption (Fig. S5t). Thermogravimetric

6 M 1 v 1 v 1 v 1 v 1 v 1
HY-5 (200 °C)
5 k=0~ .
O\O/
4 i
L Siralox 30 (220 °C) \O—o\
O

'/D’D_D_D_D_D~D—D-D—
g HY-5 (190 °C)
2k 4

OemO=—1O4

Y (Mesitylene) / %
w

Siralox 30 (200 °C) E

O " 1 L 1 " 1 " 1 N 1 " 1 L
0 1 2 3 4 5 6 7

time-on-stream / h

Fig. 1 Catalyst stability of silica-alumina HY-5 and Siralox 30 based on
mesitylene yield at different reaction temperatures (7.8 h™%, 40 bar).
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analysis of the spent catalysts in air determines a total mass
loss of 20 wt% for HY-5 of which more than 17 wt% corres-
pond to strongly bound, bulky carbonaceous deposits
(Fig. S6t). Siralox 30, on the other hand, shows a minimal
weight loss of 3.3 wt% from 200-600 °C which could be due to
weakly bound deposits. Thus, the stronger and greater number
of acid sites on HY-5 are not only more active, but also lead to
increased carbon deposition.?” Those block the catalyst pores,
and thus decrease the accessibility of active sites, as high-
lighted by the strongly diminished microporous surface area
of spent HY-5 (Table 1). The observed slight increase in the
mesoporous surface area of HY is due to carbon deposition as
confirmed by TGA. In comparison, the surface area of spent
Siralox 30 is almost completely retained due to its mesoporous
structure and after calcination of the spent catalyst the
number of surface acid sites is equivalent to the fresh sample.

Hence, at higher reaction temperatures (more than 190 °C),
mass transport out of the zeolite HY pores is slow compared to
the formation of bulkier molecules favored by its stronger acid
sites, resulting in quick deactivation of the catalyst. However,
Siralox 30 remains stable even at higher temperatures due to
its better mass transport capabilities and lower number of
stronger acid sites.>® In this way, it is possible to greatly
improve the activity of the catalyst with temperature without
compromising stability. Therefore, the ASA Siralox 30 is a
highly interesting solid acid catalyst for the liquid-phase aro-
matization of acetone and requires a deeper study of optimal
reaction conditions for maximum activity and efficiency in the
continuous flow process.

3.2 Process optimization for the efficient acetone
aromatization using ASA

Influence of reaction temperature. Previous experiments
have shown that the aromatization activity is strongly influ-
enced by the reaction temperature, so the optimal temperature
for mesitylene formation was initially assessed. Acetone con-
version increases almost linearly with temperature from 17 to
63% between 200 and 300 °C (Fig. 2). At harsh reaction temp-
eratures of 280 °C and above, there are notable fluctuations in
the measured acetone conversions as represented by the
increased error over five measurements at steady-state con-
ditions. The selectivity to mesitylene shows a steady incline
from 11% at 200 °C to a maximum of 38% at 260 °C but
decreases for higher reaction temperatures as acetone is pri-
marily converted to undetected products. The selectivity to the

Table 1 Characterization data of fresh and spent HY-5 (200 °C) and Siralox 30 (220 °C)

Textural properties

Total amount of

BET surface  Microporous  Mesoporous  Total pore Average pore acid sitess/mmol  Mass
Catalyst area/m>g~"  area/m®g”" area/m*g~"  volume/cm®g™'  diameter/nm  Crystallinity —NH;g ™" loss/%
HY-5 778 709 69 0.34 1.73 Crystalline 0.53
Siralox 30 199 0 199 0.59 12.3 Amorphous  0.30
HY-5 spent 230 121 109 0.16 2.74 Crystalline 20
Siralox 30 spent 190 0 190 0.58 11.6 Amorphous 3.3
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Fig. 2 Left: acetone conversion and product selectivity for Siralox 30 at different reaction temperatures (WHSV = 7.8 h™%, 75 bar) in liquid and
supercritical acetone. Error bars give the standard deviation of the GC measurements at steady-state conditions. Right: a simplified network of the

acid-catalyzed self-condensation of acetone.

dimer mesityl oxide decreases with reaction temperature as
the consecutive aromatization to mesitylene is favored. While
the selectivity to linear and branched aliphatic oligomers
declines with temperature, the formation of the non-aromatic
cyclic trimer isophorone is not significantly affected. At 240 °C
and above, the formation of mesitylene is favored and identi-
fied as the main product. Total product selectivity at 260 °C is
66%, demonstrating that the reaction is effective even at elev-
ated temperatures. The carbon balance for the conversion of
acetone to mesitylene is 91% and no additional impact is
observed when switching from liquid acetone to supercritical
acetone above 235 °C.>®

By varying the reaction temperature, a strong influence on
the mesitylene activity is found with a maximum selectivity at
260 °C for Siralox 30. The following experiments were therefore
carried out at 260 °C.

Variation of the space-time-yield with Siralox 30. Besides
reaction temperature, space-time-yield is an important factor
for process efficiency. In order to optimize the space-time-
yield of the acetone aromatization with Siralox 30, the weight-
to-flow ratio of catalyst mass W to acetone molar flow F is
varied at 260 °C, the point of highest mesitylene selectivity.
The acetone conversion and mesitylene yield increase for
longer contact times which is represented by higher W/F ratios
but mesitylene yield does not benefit from ratios higher than
12.5 g h mol™ where it is 10.1% (Fig. 3). The further
increase in acetone conversion is a result of increased bypro-
duct formation due to significantly longer catalyst contact
times. The yield of mesityl oxide decreases for higher W/F
ratios, indicating intermediate formation of the dimerization
product and subsequent conversion to mesitylene. There was
no significant effect of contact time on the formation of oligo-
mers and isophorone. For a variation at 210 °C in liquid phase
(Fig. S77), a constant increase in mesitylene yield to only 8%
was observed at a W/F ratio of 75. It can therefore be concluded

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Acetone conversion and product yields as a function of contact
time for Siralox 30 at 260 °C. The dotted lines are only for visual
guidance.

that the increased reaction temperature leads to more efficient
catalysis of the acetone condensation and thus allows for
faster contact times compared to lower reaction temperatures.
A reaction temperature of 260 °C and a W/F ratio of 12.5 g.,c h
mol™" (corresponding to a WHSV of 4.66 h™') are found as
optimal conditions for the consistent formation of mesitylene
with the ASA Siralox 30 in the continuous flow fixed-bed
reactor.

Stability test at optimized reaction conditions. The stability
of the Siralox 30 catalyst was evaluated under the optimum
reaction conditions. In a long-term experiment, it could be
shown that the catalyst remains stable for more than 50 hours-
on-stream despite the comparatively harsher reaction con-
ditions (Fig. 4a). This clearly demonstrates that the meso-

Green Chem., 2023, 25,1588-1596 | 1591
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Fig. 4 Stability test of Siralox 30 under optimized reaction conditions (260 °C, 12.5 g, h mol™, WHSV = 4.7 h™%) in the conversion of acetone (a)
and 2-butanone (b). Other products depicted in 4a: ® Y(Mesityl oxide), ¥ Y(Isophorone), ¢ Y(Oligomers).

porous ASA is a superior catalyst in the acetone aromatization
to mesitylene.

Based on these findings, Siralox 30 was also tested for the
conversion of 2-butanone under the optimized reaction con-
ditions. The aromatic self-condensation product of 2-butanone
is triethylbenzene that could be used as a potential precursor
to styrene-type monomers. While Siralox 30 is stable for the
conversion of this larger alkyl methyl ketone for more than
40 hours-on-stream, the catalytic activity is reduced compared
to the conversion of acetone (Fig. 4b). For 2-butanone, the
dimers present the main product with 8% yield whereas the
yield of the aromatic triethylbenzenes is 5%. The lower catalyst
activity is owed to the lower reactivity of 2-butanone and the
steric hindrance due to its longer alkyl chain. The latter is also
responsible that in comparison to acetone, a higher variety of
isomers can be formed."® The total carbon balance for the con-
version of 2-butanone is therefore 80%, whereas the total
product selectivity for dimers, aromatics and trimers is 48%.
As a side product propionic acid was detected in low amounts.

Nevertheless, the mesoporous structure of Siralox 30 with
its larger pores is advantageous for the condensation as it is
suitable for larger products without deactivation.

3.3 Influence of silica-content on catalytic activity of ASA

Catalytic activity evaluation over different SiO,-containing
ASA. For the production of the ASA of the Siralox family, silica
is added to high-purity aluminas during synthesis.”
Depending on the amount of silica, the silica-to-alumina ratio
(SAR) is varied and thus material properties such as acidity
(strength and density) and thermostability can be tuned.>® To
assess the influence of the SAR on the self-condensation of
acetone, Siralox materials from 1-70 wt% SiO, were studied
under the optimum reaction conditions of 260 °C and 12.5 gc,¢
h mol™ and presented based on the steady-state conversion
averaged over 10 hours-on-stream in Fig. 5. With silica-
loading, the mesitylene yield (from 2.8 to 10.5%) and acetone
conversion (from 19 to 42%) increase to a maximum at

1592 | Green Chem., 2023, 25,1588-1596
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Y(Mesitylene), ® Y(Mesityl oxide), ¥ Y(Isophorone), ® Y(Oligomers)) for
varying silica-content at optimized reaction conditions (260 °C, 12.5 gc.t
h mol™, 10 h-on-stream).

30 wt% SiO,. For a further increase in silica-loadings, the con-
version and yields decrease and are virtually zero for pure
silica. Especially for the initial doping with 1 wt% silica, a
strong increase in activity is observed for both mesitylene yield
(7.5%) and acetone conversion (28%). The isophorone yield
decreases with silica-content. Since bases promote the conden-
sation to isophorone, the amphoteric nature of alumina exhi-
biting basic sites is relevant at low silica loadings.'**%*' The
yields of mesityl oxide and oligomers increase up to 10 wt%
silica, showing a maximum of 4.8 and 3%, respectively. With
higher silica content, both yields decrease but remain constant
up to 70 wt% SiO,. Overall, an increase in mesitylene yield is
accompanied by an increase in acetone conversion. This con-
firms that the mesitylene increase mainly stems from the con-
secutive reaction of mesityl oxide with acetone and subsequent
aromatization. Based on the findings, a silica-content of

This journal is © The Royal Society of Chemistry 2023
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20-40 wt% gives the highest mesitylene yields with an
optimum at 30 wt%. The trends observed in the flow reactor
are supported by batch experiments at 230 °C for 3 h (see
experimental details in SI and Fig. S8%). At these longer cata-
lyst contact times, the maximum mesitylene yield at 30 wt% is
more pronounced. The low activities of pure y-Al,O; and pure
SiO, found under flow and batch conditions highlight the
effect of the silica-doping on the catalytic activity as additional
active sites are created. Indeed, very large silica-loadings of
40 wt% and higher lead to a primarily silica surface with gen-
erally fewer surface acid sites.*”

Under the optimized reaction conditions, all tested Siralox
materials were stable at steady-state conditions for more than
10 hours-on-stream (Fig. S91). The silica-content therefore
does not play a significant role for the stability of the catalysts
under reaction conditions. The TGA measurements of the
spent ASA from the flow reactor show that the mass loss is
about 7 wt% for silica-loadings of 10-40 wt% (Fig. S10%) after
reaction at 260 °C. For very high and low silica-loadings, the
mass loss is lower than 7 wt% due to decreased catalyst
activity. For flow conditions, ~0.5 wt% less carbonaceous
deposits are found compared to batch reactions which shows
the efficiency of the continuous process with constant product
removal from the catalyst bed.

The structural stability of the Siralox materials was assessed
by XRD of the spent catalysts. The diffractograms (Fig. S117)
show that for the majority of materials, no significant change
is visible. For Siralox 20 and 40, a small reflex at 49.2° can be
observed, hinting to minor formation of the y-AlIO(OH) boeh-
mite likely due to water formed in the aldol condensation.
Surprisingly, Siralox 30 does not show the formation of boeh-
mite which supports its suitability for scale-up in a continuous
flow process.

Influence of acidity of amorphous silica-alumina. To under-
stand why the Siralox materials show different activities in the
aldol condensation of acetone, their nature and number of
acid sites are assessed. The number of acid sites initially
increases by doping y-Al,O; with 1 wt% silica from 0.21 to
0.49 mmol g~'. However, the number of acid sites starts
decreasing from 20 wt% SiO, and is strongly decreased for
high silica-loadings as in Siralox 70 with 0.065 mmol g~*
(Fig. S127). No direct correlation with mesitylene yield can be
found for the total number of acid sites obtained by NH;-TPD,
indicating the importance of specific active acid sites. The de-
sorption temperature of the chemisorbed NH; is an indicator
for the strength of the probed acid sites, but in the case of the
ASA, the large variety of acid sites leads to a broad desorption
curve which renders it difficult to quantify or select individual
sites for comparison based on their acid strength.>*** Instead,
the temperature of the desorption maximum is used for esti-
mation as it indicates the bond strength of a majority of acid
sites.”> Analogous to the number of acid sites, low silica-
doping leads to an increase in the maximum desorption temp-
erature from 260 °C to approximately 270 °C. For higher silica-
contents, except for Siralox 40, the maximum temperature
declines. Considering that the highest yields of mesitylene
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were found for Siralox 20-40, a slightly decreased number of
acid sites and strength appears beneficial for the stable for-
mation of mesitylene found for ASA. This could be attributed
to the fact that a high density of strong acid sites leads to
faster deactivation due to the favored formation of larger
byproducts, as seen for zeolite HY. By comparing the dimer
yield with the NH;-desorption temperature, it becomes appar-
ent that mesityl oxide benefits from the higher density of
slightly stronger acid sites. As for the dimerization two acetone
molecules need to react (and possibly be activated in close
vicinity), the yield of mesityl oxide is mainly dictated by the
amount and strength of acid sites.>® Due to the structural com-
plexity of ASA with multiple types of acid sites, results obtained
by NH,-TPD are insufficient to explain the observed trends.
Therefore, the nature and number of acid sites on which the
reactions take place must be considered in more detail.

ASA exhibit a predominant amount of various Lewis acid
sites (LAS) but also possess BAS in lower amounts
(Fig. $131).>*?® The latter are created by doping the alumina
with silica.*® With increasing silica content, the number of
LAS decreases while the formation of BAS increases up to a
maximum at 40 wt% silica.”>*' For silica-rich alumina of
90 wt% and above, no LAS are detected and the acidity is
almost completely controlled by BAS. This is explained by the
enrichment of the surface with silica which exceeds what would
be expected from the bulk material composition. The majority
of the material’s surface at silica-loadings higher than 40 wt%
is covered by silica and only contains small zones of the mixed
aluminosilicate.®" In fact, Daniell et al., assessed the strength of
the BAS and correlated it to the shift of the surface hydroxyl
group Av(OH) at ~3748 cm™ ' on adsorption of CO on the
Siralox materials by FTIR-spectroscopy.’’ The aluminosilicate
surface shows a lower number of BAS which are strongly
enhanced in strength by the addition of silica. Based on their
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Fig. 6 Comparison of the here reported mesitylene yields for Siralox
materials based on literature data for the strength of their BAS marked
by the shift of vibrational frequencies for surface hydroxyl groups
Av(OH) upon adsorption of CO on Siralox as determined by Daniell
etal®
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efficiency. Also depicted is the potential end-use of the separated condensation products. Depiction of biomass conversion and separation pro-

cesses is simplified.

measurement, we found that the formation of mesitylene corre-
lates well (R* = 0.78) with the measured Av(OH) (Fig. 6).
Accordingly, stronger BAS promote mesitylene formation under
reaction conditions. For silica loadings higher than 60 wt%, the
total number of acid sites and the strength of BAS decrease
which results in the lower activities observed for these
2331 Therefore, materials with silica contents of
30-40 wt% are most beneficial for the formation of mesitylene.

The dimer mesityl oxide is preferably formed on ASA with
low silica content which could stem from two effects: (1)
mesityl oxide benefits from a higher number of LAS as
observed by Panov and Fripiat** and (2) a lack of BAS at low
silica loadings which are required to promote the consecutive
aromatization with another acetone molecule. This concludes
to both LAS and BAS being beneficial for the formation of
mesityl oxide and dimers, while BAS promote the consecutive
formation of mesitylene.

materials.

3.4 Conceptual process design for the aromatization of
acetone

The remarkable stability of Siralox 30 combined with the high
total product selectivity of 66% renders it suitable for a poten-
tial scale-up and further assessment of the industrial appli-
cation in a continuous flow process. Separation of products
can be readily achieved via distillation based on the differences
in boiling points. A benefit of the solvent-free process is the
more energy-efficient separation, as no additional solvent

1594 | Green Chem., 2023, 25, 1588-1596

needs to be vaporized and separated. Furthermore, recovered
acetone and mesityl oxide can be recycled and added to the
reactor feed to increase total efficiency (Fig. 7). Aromatics of
the BTX-fraction can be obtained from mesitylene via indust-
rially established transalkyation, thus offering a completely
bio-based route for their production.’® Generation of added
value is also possible from the side products by their trans-
formation to various important intermediates used in the
polymer industry, e.g., isophorone diisocyanate from isophor-
one for the polyurethane production.®®

4. Conclusion

In conclusion, the continuous production of biomass-derived
mesitylene from acetone can be achieved over ASA Siralox 30
under solvent-free continuous conditions in liquid as well as
supercritical phase. At optimum conditions, Siralox 30 showed
high stability without signs of deactivation for more than
50 hours-on-stream. Contributing to the stability is the meso-
porous nature of Siralox 30 which facilitates mass transport
and prevents deactivation by pore blocking from bulkier aro-
matic/aliphatic molecules as evidenced by the low amounts of
carbonaceous deposits on the spent catalyst. Additionally, the
larger pores allow the stable aromatization of 2-butanone to
triethylbenzene with adequate yield, however activity is slightly
decreased compared to the acetone-to-mesitylene conversion.

This journal is © The Royal Society of Chemistry 2023
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Variation in the degree of doping with silica influences the
strength, amount, and nature of acid sites. Thus, it was found
that the strength of BAS facilitates the mesitylene yield with an
optimum silica-loading of 30-40 wt%.

Commercial availability of the low-cost catalyst, its remark-
able stability, and a solvent-free continuous process present an
excellent basis for a potential scale-up with the ASA Siralox 30.
The fully integrated added value chains provide the opportu-
nity for replacing fossil with biomass feedstock for a broad
product spectrum with various applications.
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