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ARTICLE INFO ABSTRACT

Keywords: An environmentally-benign, efficient and inexpensive high-surface-area barium hexa-aluminate (BaAl;20;9,
Biomass BHA) was developed as a catalyst for the decarboxylation of the biomass-derived itaconic acid (IA) to bio-based
Monomer

methacrylic acid (MAA). A maximal 50% final yield of MAA with a high product selectivity was obtained under
relatively mild synthesis reaction conditions (250 °C; 20 bar N,). The reported selective MAA production was
elevated, operating process characteristics were significantly less harsh, and no depleting critical raw materials
were utilized when paralleled to the procedures with alkaline mineral bases, noble metal-containing hetero-
geneous catalysis systems and unrenewable feed resources (e.g. isobutene), applied previously. It was found that
the doping of palladium on BHA support (Pd@BHA) did not improve MAA productivity. The effect of the time
(25-300 min), temperature (175-275 °C), pressure (10-40 bar), reacting substrate concentration (0.10-0.19 mol
L), metallic oxide mass (0.5-3.0 g) and type on IA conversion, MAA content MAA content and rates was
determined, examining also recyclability. BHA catalyst was characterized with various structural techniques,
such as energy-dispersive X-ray spectroscopy (EDS), X-ray powder diffraction (XRD), CO, temperature-pro-

Heterogeneous catalysis
Methacrylic acid
Itaconic acid

grammed desorption (TPD), scanning electron microscopy (SEM) and N, physisorption.

Introduction

Methacrylic acid (MAA) and methyl methacrylate (MMA) are in-
dustrially important monomers, widely used in organic glass (poly-
methyl methacrylate), acrylic fibers, plastics, paint, and clustering
agent production [1]. The current industrial manufacture of MAA and
MMA is based in an acetone-cyanohydrin (ACH) process [2]. This un-
sustainable method relies on the use of expensive and extremely toxic
feedstocks alongside corrosive concentrated acids. Besides the use of
harmful substrates, low atom economy, poor product selectivity and the
net emission of greenhouse gases are also drawbacks associated with
the industrial process, not to mention that the production is exclusively
based on a non-renewable fossil-based resource [3]. To overcome the
aforementioned limitations, Mitsubishi Gas Chemicals developed an
improved ACH process; however, the short catalyst lifetimes and
parasitic reactions issues remain to be solved [4]. Later on, Mitsubishi
Rayon developed an alternative two-step process to produce MMA via
the oxidation of isobutylene to MAA and its further esterification to
MMA [5].

Considering the MAA high potential, both academic and industrial
researchers have attempted to derive MAA from bio-based feedstocks.
In this sense, oxidative bioconversion and catalytic dehydration of
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biomass-derived 2-methyl-1,3-propanediol have been attempted [6].
Alternative methodology proposes the oxidative dehydrogenation of
isobutyric acid (IBA) to MAA, being this prepared by lignocellulosic
biomass fermentation [7]. However, the similar IBA and MAA boiling
points (155 °C vs 162 °C) make this separation difficult [8,9]. In addi-
tion to the existing catalytic routes, MAA fermentative routes from re-
newable carbohydrates have also been envisaged using non-naturally
occurring microbial organisms [10,11]. Other bio-based routes to MAA
can also be accomplished using citric acid, itaconic acid, ethylene,
methanol and carbon monoxide as raw materials. These can easily be
obtained from biomass such as Lucite’s Alpha and Evonik’s AVENEER
processes [12-14].

Decarboxylation is an important step, widely applied in chemical
industry to obtain valuable products such as butanone, Co-ketone, C;,
hydrocarbon, anisol, benzyl cyanide and 2-methylbutyronitrile via the
reaction of levulinic acid, 6-amyl-a-pyrone, stearic acid, ortho-anisic
acid, isoleucine and phenyl alanine, respectively [15-17]. One such
process involved the decarboxylation of biomass derived itaconic acid
to MAA. Itaconic acid is an important platform obtained by plant bio-
mass fermentation and can be a potential substitute for petroleum-de-
rived chemicals such as acetone cyanohydrin, maleic acid or acrylic
acid [18,19]. To the best of our knowledge, only three research articles
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Table 1

A comparison of existing routes to bio-based MAA with the present work.
Entry® Catalyst T ['C] time P [bar] MAA Ref.

yield [%]
1 Pt/Al,0; and NaOH 250 1h 38 68 [20]
2 Hydrotalcite 250 15 min 34 23 [21]
3 Ruthenium carbonyl 225 1.5h 28 40 [22]
propionate
4 BHA 250 3h 20 50 This
work

2 Reaction conditions: Reactor mode (batch), feedstock (IA), solvent (water).

have been published on catalytic decarboxylation of IA to MAA. The
first report was published by Notre’s group in 2014 [20], showing a
good MAA yield. However, expensive Pt/Al,O5 catalyst and corrosive
alkaline base were required to decarboxylate the IA (Table 1, entry 1).
In order to avoid the use of homogenous alkali solution and expensive
noble metals, Pirmoradi’s group explored hydrotalcite as a solid catalyst
for MAA synthesis. Unfortunately, only 23% yield of MAA was achieved
(Table 1, entry 2) [21]. Recently, ruthenium carbonyl propionate
complex was used as a homogenous catalyst for the decarboxylation of
IA (Table 1, entry 3). Homogeneous catalysts have a general superior
selectivity and specificity but their separation from the reaction is
cumbersome [22]. It was reported that Pt/Al,O3, hydrotalcite and ru-
thenium carbonyl propionate complex based catalysts have a positive
stabilisation effect on the itaconate monoanion and allow the dec-
arboxylation to MAA to take place with a better selectivity. In com-
pared to the reported catalysts the excellent catalytic activity of barium
hexaaluminate is attributed to high surface area and moderate basicity
that promotes the decarboxylation of IA.

Hexaaluminates are an attractive class of hexagonal aluminate
materials widely used as catalysts or as a catalyst support for high
temperature applications such as natural gas combustion, carbon di-
oxide reforming of methane, partial oxidation of hydrocarbon and ni-
trous oxide decomposition [23]. The high catalytic activity and re-
markable thermal stability of hexaaluminates are associated with their
peculiar layered structure, consisting of alternatively stacked spinel
blocks of y-Al,05 and mirror planes in which large cations (La®>*, Ba®*,
Sr®™ etc.) are located [24]. The hexaaluminates crystal structure is
dependent on the atomic radius and charge density of the large cations
in the mirror planes. For instance, barium hexaaluminate (BHA) has
assigned the B-Al,0O5 structure, whereas lanthanum hexaaluminate be-
longs to the magnetoplumbite structure [25]. Hexaaluminate pre-
cursors are typically prepared by co-precipitation or sol-gel method.
The materials crystallization at high temperature (> 1200 °C) results in
low surface area 5-15 m? g~ !, leading to a lower amount of active sites
[26]. To overcome such limitation, alternative methods have been
proposed, for instances coupling of a sol-gel process in reverse micro-
emulsions and solid-state reaction followed by two steps of ball milling.
However, the aforementioned routes are hardly applicable for in-
dustrial implementation due to the high-energy-consumption, con-
straints of scalability, economic, and safety issues.

Inspired by the pioneer work of Santiago et al. [27], we have pre-
pared a high surface area (96.0 m? g'l) BHA catalyst through carbon
templating route. The excellent catalytic activity of BHA was tested for
the first time for high temperature decarboxylation reactions under
subcritical water conditions. The work here described has several ad-
vantages over the previously published works [20-22]. Most notably,
this work brings improvements in the use of heterogeneous catalyst by
avoiding corrosive liquid base additive and precious metals like Pt and
Ru. The BHA catalyst showed moderate activity and good recyclability
without the doping of expensive transition metals or using homogenous
catalyst (Table 1, entry 1 and entry 3).
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Experimental
Preparation of catalyst

BHA catalyst was prepared through co-precipitation method.
Typically, 90.03 g of AI(NO3)39H,0 and 5.23 g of Ba(NO3), were dis-
solved in deionized water at 60 °C. Subsequently, 40 g of carbon black
were added and the mixture was vigorously stirred overnight to get a
slurry precursor. Likewise, 96.09g of (NH4),CO3; was dissolved in
200 mL deionized water and stirred for 1 h at 60 °C. Afterwards, BHA
slurry precursor was poured into an (NH4)>CO3 solution and the mix-
ture was vigorously stirred for 4 h to obtain a gel. The obtained gel was
filtered, washed with deionized water and vacuum dried at 110°C
overnight. The resultant powder was calcined in Ar at 1250 °C for 5h,
followed by calcination at 900 °C in air for 12 h to completely remove
the carbon, leading to a high surface area BHA catalyst.

Pd/BHA catalyst was prepared by a deposition—precipitation (DP)
procedure. In a typical procedure, 1 g of BHA support was added to
20 mL aqueous solution containing 250 mg of PA(NO3),. The pH of the
solution was adjusted to 9 by adding 0.2M NH4OH under vigorous
stirring. The mixture was then stirred for 1 h at 60 °C. After cooling to
room temperature, the solid was recovered by filtration and washed
with distilled water. The mixture was then placed in a vacuum oven and
allowed to dry overnight at 40 °C. The dried material was then trans-
ferred to a Schwartz-type drying tube and reduced in a H, flow at
350 °C for 3h. The Pd/BHA catalyst was subsequently cooled to room
temperature under flowing N,. g-C3N, catalyst was prepared from urea
precursor by adopting the reported method [40].

The as-synthesized BHA catalyst was characterized by Powder X-ray
diffraction, Temperature programmed desorption, scanning electron
microscope (SEM) and transmission electron microscope (TEM). The
detailed information is available in supporting information.

Catalytic decarboxylation

Decarboxylation reactions were performed in a high pressure batch
reactor (250 mL, Amar Equipment Pvt. Ltd., India) equipped with a
thermocouple, pressure gauge, rupture disk, gas and liquid sampling
line. In a typical experiment, 2g of itaconic acid was dissolved in
150 mL of deionized water. The solution was loaded into the autoclave
reactor with a catalyst (1 g) and sealed. The reactor was pressurized
with N, to 10bar and vented three times to remove any residual
oxygen. Finally, the reactor was pressurized to 20 bars with N, stirred
by the Rushton turbine (600 min~1) and heated up to 250 °C. It had been
previously determined that under the stirring speed of 600 min~" the
reaction was conducted in the kinetic regime, since using higher stirring
rates did not increase the conversion. Most of the experiments were
performed under kinetic regime. We have taken the samples with re-
spect to time as seen in the Fig. S1. However the selectivity of MAA has
not improved at low IA conversion.The final temperature was reached
in 45 min and the autogenic pressure reached 52 bar, which remained
constant during the experiment. The recorded reaction time started
when the temperature reached the desired set-point. Once the reaction
was completed, the reactor was cooled-down to the room temperature
(20 °C). After collecting the final gas and liquid sample, pressure from
the headspace of the reactor was released. The crude reaction mixture
was analysed by UHPLC (liquid phase) and micro-GC (gas phase).

MAA extraction and purification procedure

After reaction has occurred, the catalyst was separated by cen-
trifugation and the resultant liquid was collected in a round bottom
flask. The residual MAA in the aqueous solution was extracted by Et,O
(3 x 50mL), and the combined organic layers were dried over MgSO4
while Et,O was removed in vacuo. Lastly, the purified MAA was ob-
tained after the vacuum distillation (20 mbar) at 40 °C for more than
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Fig. 1. (a) XRD pattern, (b) Nitrogen adsorption-desorption isotherm, (c) pore size distribution, and (d) CO,-TPD profile of the BHA catalyst.

2h. The isolated MAA was analyzed by NMR spectroscopy. Both 'H and
13C NMR spectra of the liquid product revealed the isolation of a pure
MAA (Fig. S2-S3).

MAA: 'H NMR (CDCl3, 400 MHz): § = 1.98 (dd, 3H), 5.71 (m, 1 H),
6.28 (m. 1H), 11.60 ppm (br s, 1H); '*C NMR (CDCl;): § = 17.84,
127.87, 135.75, 173.19 ppm.

Results and discussion
Structural and physicochemical characterization

The powder XRD pattern of BHA catalyst (Fig. 1a) showed diffrac-
tion peaks at 19.6°, 28.3°, 343° 40.1°, 45.1°, 57.7°, and 69.6° corre-
sponding to the (103), (105), (110), (114), (205), (302), and (220)
planes of BHA (JCPDS card, file no. 00-026-0135, BaAl;,0;19 phase),
respectively [28]. The strong and sharp diffraction peaks indicate that a
relatively pure BHA crystalline phase was obtained after calcination at
1250 °C. In the XRD pattern of Pd/BHA catalyst (Fig. S4) the Pd peaks at
40.1°, 46.6°, and 68.1 were attributed to the (111), (200), and (220)
planes of the face centered cubic structure of Pd (JCPDS card, file no.
46-1043), respectively. The X-ray diffraction pattern of g-C3N, (Fig. S5)
displays one strong diffraction peak at 27.4° corresponds to (0 0 2)
plane which depicts the interlayer stacking of conjugated aromatic
systems of graphene related materials (g-C3N4) which is in consistent
with the literature (JCPDS card, file no. 87-1526).

The nitrogen adsorption-desorption isotherms and BJH (Barrett-
Joyner-Halenda) pore size distribution curves of BHA catalyst are
shown in Fig. 1b—c. It can be observed that the catalyst demonstrated
type-IV curve with hysteresis loop lying at a relative pressure (p/p°) of
0.70-0.89, indicating the presence of uniform cylindrical mesoporous
channels [29], On the other hand, the BJH pore size distribution curve
of BHA catalyst exhibits pore size distribution in the macroporous and
mesoporous regions. It was also observed that BHA catalyst possessed a
high BET specific surface area and a pore volume of 96.0m?g™! and
0.46 cm® g™', respectively. These are a result of the carbon black addi-
tion as a hard templating agent, which prevents the particles agglom-
eration during the high temperature calcination process [30].

Since basicity plays a crucial role in the decarboxylation reactions,
the basicity strength of the prepared BHA catalyst was determined by

the temperature programmed desorption of CO,. Results showed four
desorption peaks with different basic strength distributed on the surface
of BHA catalyst (Fig. 1d). The profile of BHA catalyst exhibited a large
amount of desorbed CO, at 350 °C, implying the presence of low and
medium basic sites. These could be associated with the surface of HO ™
and AI®"-0?% Lewis acid-base pairs. The desorption peak at 600 °C; can
be ascribed to the strong base site type related to a low-coordination
surface of O anion [31]. The total amount of basic sites in BHA cat-
alyst was 3.05 umol g™'. The SEM image of BHA catalyst is shown in
Fig. 2a, where it can be seen irregular aggregates. Regarding the BHA
catalyst TEM images (Fig. 2 b-d), two distinctive morphologies can be
clearly seen, namely one with big crystallites and the other with small
agglomerates. The big crystallites seem to grow in the form and shape
of platelets. Small agglomerates show features in the form of needles or
3D worm-like. Selected area electron diffraction (SAED) pattern de-
monstrated the monocrystalline characteristic of the catalyst (Fig. 2c,
inset). According to the EDX maps, Ba is well incorporated into the big
crystallites (Fig. S6).

Selective decarboxylation of itaconic acid

In order to determine the influence of the reaction temperature on
the BHA catalyst performance, the experiments were conducted in the
temperature range of 175-275°C (Table 2, entry 1-5). At low tem-
peratures (175-200 °C), the IA conversion is incomplete and the se-
lectivity towards MAA is low. Nevertheless, upon increasing the reac-
tion temperature from 200 to 250 °C, the MAA selectivity was increased
from 19 to 30% with a complete IA conversion. By further increasing
the reaction temperature to 275 °C, the MAA selectivity decreased once
again to 27%. This might be due to the side reactions (dehydration and
decarboxylation) that take place at high temperature (Scheme 1) [32].

The catalytic activity was further investigated by tuning the reac-
tion pressure in the second set of experiments, while temperature was
kept constant at the previous optimized value (Table 2, Entry 6-8). As
expected, the catalytic reaction performed at low pressure led to a poor
MAA selectivity. Yet, when the reaction was performed at 20 bar N,
pressure, the decarboxylation rate increased and reached a MAA se-
lectivity maximum of 50%. Furthermore, when the pressure was in-
creased (> 30bar) under these conditions, the MAA selectivity
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Fig. 2. (a) SEM image, (b-d) TEM images, and SAED pattern (inset) of the BHA catalyst.

decreased and the formation of side products predominated, indicating
that a higher pressure is not favorable in this case. Notably, under these
reaction conditions, a 4 bar increase of the internal pressure was ob-
served probably caused by the formation of gaseous by-product (pro-
pene) due to the subsequent decarboxylation step (Scheme 1, Fig. S7)
[33]. Our initial experiment that used a 0.15 M itaconic acid resulted in
complete conversion after 3h at 250 °C (Table 2, entry 7). The MAA
selectivity reached 50%, and the rest of the products consisted of

Table 2

degradation products. If we decreased the substrate concentration to
0.10 M, the level of MAA selectivity decreased slightly to 45% (Table 2,
entry 9). If we increased the substrate concentration to 0.20 M, a lower
MAA selectivity (32%) was obtained and yield of degradation products
increased to 45% (Table 2, entry 10).

In the third set of experiments, we have varied reaction time, and
catalyst dosages. Unfortunately, it did not improve the MAA selectivity
(Table 2, entry 11-14). The screening experiments suggested that a

Screening of reaction conditions for decarboxylation of itaconic acid with BHA catalyst.

Entry” T [°C] P [bar] Conversion [%] Selectivity [mol %]
MAA Isomers” 2-HIBA AA Others*

1 175 40 80 15 31 - 19 35
2 200 40 87 19 23 6 20 32
3 225 40 92 25 6 9 23 37
4 250 40 100 30 2 11 14 43
5 275 40 100 27 - 5 12 56
6 250 10 100 24 3 8 21 44
7 250 20 100 50 - 18 3 29
8 250 30 100 45 - 19 2 33
9d 250 20 100 45 - 18 1 36
10¢ 250 20 100 32 - 22 1 45
11f 250 20 100 44 - 20 1 35
128 250 20 100 42 - 23 1 34
13" 250 20 100 47 - 23 5 25
141 250 20 100 49 - 23 4 24

4-°[A = 0.10 M & 0.20 M.
“8Catalyst = 2g & 3 g.

"~iTime (4 h & 5h). Values were determined by HPLC and micro-GC. IA is itaconic acid, MAA is methacrylic acid, AA is acetic acid and 2-HIBA is 2-hydroxyisobutyric

acid.

@ Reaction conditions : IA = 0.15M, solvent (water), time (3 h), BHA catalyst = 1 g.

b jsomers = mesaconic acid + citraconic acid.

¢ Others = pyruvic acid, crotonic acid, acetone, propene and carbon dioxide.
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Scheme 1. Proposed catalytic mechanistic pathways to

reaction temperature of 250 °C, 20 bar pressure, 1 g of BHA catalyst and
reaction time of 3 h offered the highest MAA yield (50%) and low by-
product formation within the tested window of process parameters.

With the optimized decarboxylation reaction conditions in hand, the
next investigation was conducted on a series of as-prepared catalysts
(Table 3). For the initial proof of concept, we have started our experi-
ment with a homogenous NaOH catalyst. It was found that the con-
version of IA was high but the selectivity towards the MAA was low
(Table 3, entry 1). This agrees with the literature data that shows that
the higher concentration of OH™ in the reaction mixture quenches the
decarboxylation reaction, leading to a lower yield of the desired pro-
duct [32]. It has also been reported in literature that the addition of
NaOH as a co-catalyst is able to improve the decarboxylation product
yield by suppressing the hydration of double bonds [34].

However, in case of BHA catalyst, the NaOH addition impairs the
catalytic activity (Table 3, entry 2), presumably due to the adsorption of
by-products on the surface of BHA catalyst that could block the active
sites [35]. Afterwards, we tested the catalytic activity of graphitic
carbon nitride (g-C3N,) for the decarboxylation of MAA. g-C3N, catalyst
was of great interest owing to its Lewis-base character, layered struc-
ture and number of surface defects, which can be useful in the dec-
arboxylation reaction [36,37]. Unfortunately, g-C3N, catalyst gets so-
lubilized during the reaction under our reaction conditions resulting in
a low MAA yield (Table 3, entry 3, Fig. S8).

There are some reports that Pd containing materials are robust
catalyst for the decarboxylation of itaconic acid reactions [20,34]. In
light on these studies, we have designed Pd catalyst supported on BHA
for the itaconic acid decarboxylation. It was observed that the addition

Table 3
Comparison of the activity of BHA with different catalysts.
Entry” Catalyst Conversion [%] Yield of MAA (%)
1 NaOH" 87 10
2 BHA/NaOH 95 32
3 g-CsNy 79 20
4 Pd/BHA 100 46
5 BHA 100 50

@ Reaction conditions : IA = 0.15 M, solvent (water), time (3 h), temperature
250 °C, pressure 20 bar, catalyst = 1 g.
> NaOH = 2 equivalents.

form methacrylic acid and by-products on BHA catalyst.

of Pd metal (10 wt %) in the BHA catalyst matrix did not improve the
MAA yield (Table 3, entry 7) probably due to the low surface area of
Pd/BHA catalyst (Fig. S9). It is believed that the high BHA catalytic
activity compared to the other tested catalysts is associated with its
moderate basicity and high surface area [38,39]. Moreover, the large
cations (Ba2*, Ca?™, Sr>™) stabilized in the matrix of hexaaluminates
are able to maintain a relative activity and superior stability under
subcritical water conditions [31]. These large cations provide the ap-
propriate basic capacity that could also improve the catalytic activity of
BHA. It was evident from the solvent variation experiment that water is
a necessary component in our reaction medium, as it mitigates the
formation of anhydrides as evident by the solvent variation experiments
(Table S2) [23].

To demonstrate the recyclability of the BHA catalyst, the reaction
was carried out in four consecutive repetitive cycles. As shown in Fig. 3,
the MAA yield decreased from 50% (1st cycle) to 37% (4th cycle). This
could also be partly attributed to the loss of the catalyst mass (7%)
during the recovery, which can also accounts for the variation in cat-
alytic activity. The XRD and CO»-TPD analysis of the used BHA catalyst
confirmed that the reaction conditions have not induced the structural
and textural modifications (Fig. S10-S11).

Reaction mechanism

The proposed catalytic mechanistic pathways relating to formation
of MAA and other by-products are provided in Scheme 1. The formation
of MAA is that IA firstly isomerized to mesaconic acid and citraconic
acid mainly over the weak acid sites on the catalyst. In the second step
abstraction of proton from IA was occurred on the surface of the BHA
catalyst.

The carbonium ion generated during this process was decarbox-
ylates to MAA by leaving the B-carboxyl group. The second decarbox-
ylation of MAA produced propene that we have identified in the gas
phase analysis (Fig. S7, Scheme 1, reaction A). We have not detected 2-
hydroxyisobutyric acid in the reaction mixture that confirmed that the
hydration of MAA is not possible during the reaction. Interestingly, the
formation of by-products was started from the beginning by following
parallel pathways.

Under hydrothermal conditions in reaction B, citramalic acid was
produced by the hydration of any of the three itaconic acid isomers.
However, we have not detected the citramalic acid in our reaction
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Fig. 3. Recyclability of the BHA catalyst. Reaction conditions: Itaconic acid (2 g), water (150 mL), catalyst (1 g), initial pressure (20 bar).

mixture. Citramalic acid is not stable and further decarboxylate to 2-
hydroxyisobutyric acid (2-HIBA) that subsequently produced different
degradation products such as pyruvic acid, acetic acid, acetone and
acetaldehyde. Propene can also be produced by following pathway C.

Conclusion

We have developed a new system for the highly selective dec-
arboxylation of IA to MAA using BHA catalyst. A number of important
parameters have been studied, and it was found that the reaction
temperature and pressure had a considerable effect on IA conversion
and MAA selectivity. Under optimal conditions, a complete conversion
of IA and a MAA yield of 50% were obtained after 3h at 250 °C. Our
catalytic system has demonstrated two important advantages: (a) it did
not require a homogeneous alkaline base or loading of expensive noble
metals and (b) the catalyst shows high catalytic activity under relatively
mild reaction conditions.

Extensive solid-state characterization using spectroscopic techni-
ques revealed that a high BHA catalytic activity associated with its
moderate basicity and high surface area. To the best of our knowledge,
this is the first report of this method on the selective and high yield
production of MAA from biomass-derived itaconic acid over a hetero-
geneous catalyst under mild reaction conditions in absence of corrosive
mineral base. The current systems leave room for optimization, and
especially the decarboxylation of biomass-derived substrates to MAA at
low temperature is one of the most appealing starting-points to com-
mercialize this process. We are currently developing this chemistry
further through catalyst and process design with specific application
towards scale-up.
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