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ARTICLE INFO ABSTRACT

Keywords: Orange peel waste (OPW), a significant biomass byproduct derived from the juice processing industry, can be
Orange peel waste used as valuable resource to produce various chemicals, including methyl levulinate (ML) and limonene (LIM).
Dehydrogenation

This study introduces a tandem catalytic process involving the dehydrogenation of LIM into p-cymene and the
(transfer) hydrogenation of ML into y-valerolactone (GVL), unlocking the full potential of OPW chemo-catalytic
valorisation in the spirit of circular economy. This process is promoted by the heterogeneous Pd/ZrO, and t-ZrOy
catalysts in the presence of ethanol as hydrogen-donor solvent. Under batch conditions, Pd/ZrO; not only shows

Catalytic transfer hydrogenation
Methyl levulinate
y-valerolactone

;Z;,(:::I?: superior performance in the transfer hydrogenation of ML compared to t-ZrO2, but also promotes the conversion

Zirconia of LIM into p-cymene primarily through the hydrogenation/dehydrogenation route. Most important, Pd/ZrO5
Palladium exhibits good activity in the simultaneous upgrading of both ML and LIM across various ML:LIM ratios.

Continuous gas-flow conditions result in improved outcomes in terms of ML and LIM conversion, as well as

GVL and CYM selectivity. Notably, a strong correlation between CYM and Hp yields has been established

providing compelling evidence for the LIM isomerization-dehydrogenation pathway. However, the simultaneous

upgrading of LIM and ML was found to be not efficient in the gas-phase due to side oligomerization reactions.

Introduction United States (4.8 Mton), contributing to a total of 78.7 Mton world-

Lignocellulosic biomasses, including biomass-derived wastes and
residues, are readily available feedstocks for producing value-added
chemicals, pharmaceuticals, biofuels, and renewable energy [1-3].
The chemo-catalytic valorization of non-edible lignocellulosic losses of
agri-food industries is particularly challenging since such materials have
a complex chemical composition that includes many valuable com-
pounds (e.g. minerals, vitamins, acids, crude proteins, etc.), in addition
to lignocellulose.

Citrus fruits make up nearly 18 % of the total fruit production, and
oranges, being the most produced globally, account for 60 % of this
citrus yield. Brazil tops global orange production with 17.1 Mton
annually, followed by China (10.6 Mton), India (9.5 Mton) and the

wide. In 2017, the EU Member States collectively harvested 6.1 Mton of
oranges. Spain contributed over half, with 3.2 Mton (52 % of the EU
total), followed by Italy at 1.5 Mton (25 %) and Greece at 0.9 Mton (15
%) [4]. The juice industry worldwide predominantly manufactures or-
ange juice, which is consumed in significant quantities. Orange peel
waste (OPW) represents an abundant biomass food loss generated in
huge amounts every year by the juice processing industry which pro-
duced over 50 million metric tons in 2020 [5]. OPW has big potential as
renewable starting material to produce chemicals and energy due to its
high content of sugars, antioxidants, and essential oils (mainly limo-
nene). Through various processes — including extraction, pyrolysis, hy-
drothermal carbonization, anaerobic digestions, fermentation, and
many others - OPW can be converted into value-added products such as
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biofuels, platform chemicals and natural flavoring agents [6-10]. The
holocellulose fraction (cellulose and hemicellulose) of dry OPW can
account for up to 50 % and can be employed as a renewable source of
C6-C5 sugars, alcohols/polyols, as well as furan and levulinate de-
rivatives [11-13]. Methyl-levulinate (ML), now easily obtainable
directly from OPW [7,14], finds several applications including fuel ad-
ditives, flavoring agents, and raw intermediates for the preparation of
plasticizers, coatings, adhesives, and pharmaceuticals. The catalytic
reduction of ML allows the production of y-valerolactone (GVL), which
is a well-known, non-toxic, biobased solvent that has drawn consider-
able attention as an important precursor for industrial chemistry
[14-19]. The global GVL market reached a size of nearly 640 million
EUR in 2022, and projections suggest it will exceed 780 million EUR by
2031, reflecting a Compound Annual Growth Rate (CAGR) of 2.24 %
[20]. The use of methyl levulinate in the preparation of GVL is gaining
significant attention due to the lower boiling point and free acid char-
acteristics of alkyl levulinates if compared to levulinic acid (one of the
12 bio-based molecules that in the near future can replace
petroleum-based chemicals) [18,19]. Additionally, alcoholic groups in
alkyl levulinates act as better leaving groups than OH, which facilitates
the formation of GVL through an intramolecular cyclization mechanism.
Considering the potential applications of GVL in the bio-based economy,
there is an increasing need for sustainable and cost-effective processes
for its production, starting from biobased alkyl levulinates.

One of the most sustainable approaches for the conversion of ML into
GVL is the catalytic transfer hydrogenation (CTH) process through the
Meerwein-Ponndorf-Verley (MPV) reaction, in which H-donor solvents
can be adopted as an indirect H-source. The CTH of ML into GVL can be
promoted both in the presence or in absence precious metal catalysts. To
this regard, high surface area tetragonal zirconia (t-ZrO,) seems to be
one of the most active and selective system being able to promote a
series of reactions including the carbonyl CTH reduction and successive
cyclisation to GVL and/or direct intramolecular cyclization into a and p
angelica lactones that can be further reduced into GVL [16-18]. Note-
worthy, this reaction can be performed also under continuous-flow,
gas-phase conditions, as recently reported by our groups [18,19]. In
this case, a careful design of the catalyst properties is of pivotal
importance to limit undesired alkylation (i.e. due to the activation of
co-produced methanol), ketonisation and oligomerization reactions
[21-25].

The use of an indirect H-source in hydrogenation and hydrogenolysis
reactions is becoming progressively important in industrial processes
due to its ability to address the limitations associated with high-pressure
molecular hydrogen, such as the high costs of purchase, transport, and
infrastructure, as well as safety concerns [25,26]. By utilizing renewable
feedstocks to generate hydrogen-donor molecules, such as alcohols and
terpenes, these reactions can be carried out under milder conditions,
which reduces the need for expensive equipment and costly infrastruc-
ture. This approach not only enhances the sustainability of the process
but also promotes the development of a bio-based economy that relies
on renewable feedstocks for the production of valuable chemicals and
fuels.

In this context, limonene — the main constituent of citrus essential oil
— was recently used as an H-donor source for the deoxygenation of fatty
acids into alkanes and arenes or in the upgrading of palm oil into bio-jet
fuel [27,28]. This approach is wort of investigation since limonene can
be readily extracted from orange peel waste, which is a rich and abun-
dant source of this compound, thus providing an eco-friendly and sus-
tainable alternative to classical H-donor molecules/solvents (simple
primary and secondary alcohols, formic acid, NaBH4 decalin, tetralin,
polymethylhydrosiloxane).

Therefore, in this contribution, we decided to investigate the use of
limonene as an alternative hydrogen-donor molecules in the transfer
hydrogenation of methyl levulinate into GVL both under batch and
continuous gas-flow conditions by using t-ZrO, and Pd/ZrO catalysts
with the final aim to highlights the circular economy potential of
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utilizing OPW-derived feedstocks in catalytic processes.

The catalytic results underscore the efficacy of the Pd/ZrO; catalyst
in promoting tandem reductive catalytic upgrading of ML and LIM under
both batch and continuous flow conditions, providing valuable insights
into reaction mechanisms, temperature and time effects, and the inter-
play of reactant ratios for optimizing the overall process efficiency.

Experimental section
Catalysts preparation and characterization

The analytical grade chemicals were obtained from commercial
sources (Sigma Aldrich, Alfa Aesar and CARLO ERBA Reagents) and
were used without further purification.

High specific surface area (SSA) t-ZrO, was synthesized optimizing a
previously reported procedure [17,29]. Briefly, a 0.3 M aqueous solu-
tion of ZrO(NO3), e2H50 (Aldrich, purity 99 %) was added dropwise to
a 5 M NHjs solution at room temperature, with a Zr/NHg ratio of 1/10.
The resulting mixture was digested at reflux for 48 h, keeping a constant
pH of 9 via continuous addition of a concentrated NH3 solution (28% wt)
with a syringe pump (KDScientific Legacy Syringe-infusion Pump). The
precipitate was filtered and washed several times, still using a NH3 (3 M)
solution and dried overnight at 120 °C and calcined at 500 °C for 12 h in
flowing air with a heating rate of 5 °C/min. The resulting material was
either used directly as t-ZrO, or employed for the synthesis of the
Pd/ZrO, catalyst. The addition of Pd was achieved via incipient wetness
impregnation by adding a solution of palladium-(II) acetylacetonate
(Aldrich, purity 99 %) dissolved in acetone to the support. After
impregnation, Pd/ZrO, was dried for 1 day under vacuum at 100 °C and,
before its use in catalytic reactions, reduced at 300 °C for 2 h under a
flow of hydrogen (1 cc/min).

The BET surface area was determined by the single-point BET tech-
nique at —196 °C (77 K) using N adsorption-desorption isotherms, after
outgassing under flowing nitrogen for 1 h at 150 °C, using a Fisons
Sorpty 1750 instrument.

XRD analyses were conducted using the Ni-filtered Cu Ko radiation
(» = 1.54178 A) on a Philips X’Pert vertical diffractometer equipped
with a pulse height analyser and a secondary curved graphite-crystal
monochromator.

NH3 and CO.-TPD analyses were performed with a Micromeritics
AutoChem II 2920 instrument equipped with a TCD. The fresh catalyst
was pre-treated in He at 500 °C, followed by cooling down to 40 °C for
CO2-TPD and 100 °C for NH3-TPD. The catalyst surface was saturated
with CO; or NHj3 for 1 h and then the physically adsorbed probe mole-
cule was removed by flushing the sample with He. The NH3 adsorption
was conducted at 100 °C to eliminate the contribution of weak acid sites.
The temperature-programmed desorption was followed via TCD, by
increasing the temperature at a constant rate of 10 °C/min from 40/100
°C to 500 °C in He.

Catalytic tests

Catalytic tests under batch conditions were performed at 500 rpm in
a 100 mL stainless steel reactor (Parr Instrument - 4560 Mini reactor
system). The reactor was loaded with the catalyst (0.3 g) suspended in a
10% wt alcoholic solution (MeOH, EtOH, 2-PrOH) containing the chosen
substrate(s). Any trace of air present in the system was eliminated by
fluxing three times N3 (99.99 %). The reactor was subsequently pres-
surized with 10 bar of desired input gas and heated at the final reaction
temperature. At the end of the reaction, the system was cooled down at
room temperature, the pressure carefully released, and the analysis of
the organic phase was done by using an off-line gas-chromatograph.

Gas-phase catalytic tests were carried out in a continuous-flow fixed-
bed micro-reactor (Pyrex, length of 38 cm, internal diameter of 85 mm).
1 mL of catalyst (30-60 mesh particles) was placed in the reactor, and
then it was heated to the desired reaction temperature under N3 flow (16
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NmL min~!). The catalytic reaction was started by the vaporization of
the reactants using Ny as the carrier gas (15 NmL min~1). Limonene
(racemic mixture, 95 % purity, Aldrich) or methyl levulinate (98 %
purity, Aldrich) were employed as reactants, either neat or dissolved in
ethanol (99.8 % purity, Aldrich) with a molar ratio of reactant to ethanol
of 1:10. The total volumetric flow rate through the catalytic bed was
held constant at 60 mL min ! and the organic (i.e. LIM, ML and ethanol)
content of the gas flow was kept at 1 % for the reactions without ethanol
and between 8 % and 9 % for the reactions with ethanol. Analyses of
reactants and products were carried out as follows: the outlet stream was
scrubbed for 1 h in acetonitrile. 20 pL of n-octane were added to the
acetonitrile solution with the condensed products (ML, Ethyl Levulinate
(EL), GVL, Ethyl Pentenoate (EPE), Ethyl Pentanoate (EPA), LIM, Men-
thenes (MTE), Menthanes (MTA), Terpinenes (TER) and CYM). 0.5 pL of
this solution were then analyzed using a PerkinElmer Clarus 500 Gas
Chromatograph equipped with an Agilent HP-5 capillary column (25 m
x 320 pm x 0.25 pm) and a Flame Ionization Detector (FID). The carrier
used was Ny with a flow of 1.2 mL/min. The heating program used was
the following: 2 min isotherm at 50 °C, then heating up to 110 °C with a
rate of 10 °C/min and later maintained for 2 min. finally, heating up to
250 °C with a heating rate of 15 °C/min and then maintained for 2 min.
Hy production was analyzed on-line after scrubbing of condensed
products with a PerkinElmer Clarus 500 Gas Chromatograph equipped
with a TCD detector and a Carbosphere® 80,/100 mesh column., using
45 mL/min of Ny as carrier at a constant temperature of 95 °C. External
calibration method was used for the identification and quantification of
reactants and products, using reference commercial samples.

The conversion, product selectivity and product yield were defined
and calculated as:

(1) Conversion (%) = sl reaced subsrate, 100

mol of specific product in liquid phase
sum of mol of all products in liquid phase

(2) Liquid phase selectivity (%) =
100

. __ mol of specific product
(3) Product yield (%) = ol of substrated feed ¥ 100
For the gas phase reaction, the XY/X value was calculated as a ratio
between the sum of the yields of all the products deriving from a reac-
tant and that reactant’s conversion. In particular,

[¢}) Z_Y — Ye+Yovi+Yepr+Yepa
X ML Xor

— Yure+Yura+Yrer+Yeym
Xum

@ X

The identification of products was performed by comparison with
commercially available samples and by means of a GC-MS equipped
with a non-polar column HP-5 (95 % dimethylsiloxane and 5 % phenyl,
30 m x 320 pm, using the same heating program as reported for the GC-
FID analysis), coupled with a mass spectrometer (Agilent Technologies
5973 inert).

Results and discussion
Catalysts synthesis and characterization

Table 1 presents the main characteristics and structural properties of
investigated Pd/ZrO5 and t-ZrO, catalysts.

Although physical-chemical features of the t-ZrO, catalyst have been
extensively discussed in various reports [30,31], including some of the
authors [17,32]; the optimization of the synthetic procedure of t-ZrO,
herein reported, specifically the digestion step and the careful control of
pH for more than 48 h, yielded significant improvements upon the
previously reported materials [17,29]. These improvements can be
summarized as follows: (i) the XRD pattern suggested a nanocrystalline
tetragonal phase (Fig. 1); (ii) a high surface area of 250 m?/g indicated
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Table 1

Main characteristics of the investigated catalysts (SA = surface area as deter-
mined by BET analysis; acid density as determined via NH3-TPD analysis; base
density as determined via CO2-TPD analyses; Pd loading and average particle
size by TEM-EDX).

Catalyst SA acid density base density Pd Average Pd
notation [m?%/ [mmol/g NH3 [mmol/g CO, loading particle size
gl desorbed] desorbed] [%] [nm]
Pd/ZrO, 138 0.59 0.030 5 1,25
t-ZrO, 250 0.57 0.105 - -

by BET measurement, and (iii) a higher density of acidic sites, expressed
as mmol of desorbed ammonia per gram of catalyst, demonstrated by
NH;-TPD (for comparison a 120 m?/g t-ZrO,, was characterized by 0.49
mmol/g NH3).

XRD spectra of Pd/ZrOs, after the reduction with Hy at 300 °C, is
reported in Fig. 1-left side. The features resemble closely those of the
support, with two broad peaks ascribable to the convolution of the four
main peaks of tetragonal zirconia (JCPDS 17-0923). The broad nature of
the characteristic XRD peaks, along with the TEM images and a pre-
liminary Scherrer calculation, suggest a t-ZrO, crystallite size below 3
nm. On the other hand, the absence of the (1 1 1) diffraction line of
metallic palladium is indicative of extremely small highly dispersed Pd-
particles as confirmed by TEM analysis that reveals an average particle
size of 1.25 nm with a narrow particle size distribution of with a ma-
jority of 1 nm diameter particles (Fig. 1-right).

Catalytic tests under batch conditions

Under liquid phase and batch conditions, to expedite the screening of
catalysts and to obtain initial insights into the temperature effect, Pd/
ZrO, and t-ZrO;, catalysts were explored in the transfer hydrogenation of
methyl levulinate by using ethanol as indirect H-source in the temper-
ature range of 200-300 °C (Table 2).

The transfer hydrogenation of alkyl levulinates with alcohols to
produce y-valerolactone (GVL) has been extensively documented,
especially in liquid phase [33,34]. In a simplified context, when ethanol
(EtOH) is used as a solvent and hydrogen donor, alkyl levulinates (ML)
can engage in a sequence of reported reactions, summarized in Scheme
1, encompassing: (i) cyclization into angelica lactones (AnL), followed
by subsequent reduction into GVL, and/or (ii) transesterification of ML,
AnL or GVL with ethanol leading to the formation of either ethyl levu-
linate (EL) or the corresponding ethyl 4-hydroxypentanoate; and/or (iii)
direct CTH of the ML or EL carbonyl to give the corresponding
hydroxy-esters which can then undergoes to intramolecular cyclisation
to GVL or have the potential for further conversion into pentenoates (i.e.
ethylpentenoate EPE) and pentanoates (i.e. ethylpentenoate, EPA).

After 6 h of reaction, a substantial ML conversion of 73 % at 300 °C
can be achieved when utilizing Pd/ZrO; as catalyst, resulting in an
overall GVL yield of 24 %. The sole additional reaction product identi-
fied was ethyl levulinate (EL) mainly ascribable to the transesterification
reaction of ML with EtOH. As expected, lower temperatures (200 and
250 °C) led to minor conversions, accompanied by a notable shift in
product selectivity as a consequence of the higher tendency of ML to
undergo a transesterification process under the adopted reaction
conditions.

Reactions performed in the presence of t-ZrO5 exhibited a somewhat
reduced efficiency in GVL production with a more marked inclination in
promoting the transesterification reaction.

The time effect on the conversion of ML and GVL yield was investi-
gated at 250 °C and reported in Fig. 2. In the case of Pd/ZrO, catalyst,
the ML conversion progressively increases from 14 % at 3 h to 35 % at 6
h and reaching 68 % after 24 h of reaction time with the pattern of
products appearing almost unchanged. Also in this case, a negligible
amount (approximately 1 %) of side-products was registered only after
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Pd particle size distribution
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—— Pd/zZrO,
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Fig. 1. Left side: XRD patterns of t-ZrO, and Pd/ZrO, catalysts compared with the tetragonal zirconia reference (JCPDS 17-0923). Right Side: high-resolution
transmission electron micrograph of the of the Pd/ZrO, catalyst (inset: size distribution of the palladium nanoparticles).

24 h of reaction time. A similar pattern, characterized by lower ML
conversion across all investigated reaction times, is noted with the t-
ZrO, catalyst.

The cumulative findings on temperature and time effects unequivo-
cally indicate that the introduction of palladium into the t-ZrO, system
has a negligeable impact on ML conversion. In contrast, it significantly
enhances the activation of ethanol and the consequent transfer hydro-
genation reaction compared to the transesterification, thus directing the
Pd/ZrO, 300 76 43 57 33 product selectivity towards increased GVL production. In none of the

Table 2

Catalyst screening and reaction temperature effect in the transfer hydrogenation
of methyl levulinate in the presence of Pd/ZrO, or t-ZrO, catalyst by using
ethanol as H-source.

Catalyst ~ Temperature  Conversion  Liquid Product Selectivity =~ GVL Yield
[%]

[°Cl [%] GVL EL [%]

Pj/ 210, 250 35 40 60 14 reactions AnL have been detected, either in traces. This evidence,
Pt 23602 igg i; §§ Z 254 together with the literature on the CTH of alkyl levulinate with alcohols
750, 250 39 17 83 6 in liquid phase [33,35], support the hypothesis that, in these conditions,
t-Zr0, 200 10 9 90 1 Pd/ZrO5 mainly promotes the direct reduction of the alkyl levulinates

GVL: y-valerolactone; EL: ethyl-levulinate; [reaction conditions: 40 mL of methyl carbonyl to the corresponding hydroxy-esters which rapidly undergoes

levulinate solution in EtOH (10% wt); 0.2 g of catalyst; initial N, pressure: 10 to intramolecular cyclisation forming GVL.
bar; reaction time: 6 h; speed stirring: 500 rpm.]. The effect of solvent/H-donor was also investigated, and results are

sketched in Fig. 3. Reactions conducted in the presence of MeOH

AnL
B ') ] Pentanoates
o EPA: ethylpentanoates
= Aon g
- CH30OH \ / /\/\H/
_ ﬂ CTH \E/E
(i) O o
| 0 (ii) N
l + CHyOH - -ROR Rom i) CTH
o) ol e o OH o C
O\ -------------- O\ 4—2—> \ O\R
CTH(in ™ R +H0
ML o (i) hydroxy-esters (O @)
T *on Pentenoates
y (mixture of isomers)
(i) ~oH EPE: ethylpentenoates
(@) EL OH (:!-I)H
- CHSOH O < (R -CH3 or -CH2CH3J
\/
o]

Scheme 1. Simplified reaction scheme of methyl levulinate (ML) reduction via CTH with ethanol to GVL or Ethyl Levulinates and their further conversion into
pentenoates (EPE) and pentanoates (EPA).
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Methyl levulinate
conversion

Methyl levulinate
conversion

Methyl levulinate Methyl levulinate
conversion conversion
20%
24h time

Liquid Product Selectivity: llicvL leEL lor

Fig. 2. Time effect in the transfer hydrogenation of methyl levulinate in the presence of Pd/ZrO, or t-ZrO, catalyst by using ethanol as H-source at 250 °C (GVL:

y-valerolactone; EL: ethyl-levulinate; OP: other products).

exhibited near inactivity with both catalytic systems. In the presence of
2-PrOH, marginally improved outcomes, specifically in terms of ML
conversion, were observed compared to EtOH. This outcome can be
easily attributed to the well-established higher propensity of secondary
alcohols to release hydrogen. On the other hand, reactions carried out in
the presence of 2-PrOH as solvent/H-donor exhibited the suppression of
the transesterification reaction in the presence of both Pd/ZrO5 and t-

Pd/ZrO.

100%

MeOH EtOH 2-PrOH

ZrO, catalysts, resulting in a GVL selectivity of 100 % due to the lower
tendency of propanol to behave as nucleophile.

Subsequently, our attention shifted to examining the ability of both
Pd/ZrO5 and t-ZrO, catalysts in the conversion of limonene (LIM) into p-
cymene (CYM). In principle, the envisaged reaction can proceed through
three potential routes [33-36], as depicted in Scheme 2:

t-ZrO2

100%

2-PrOH

MeOH EtOH

[ ML Conversion [%] M GVL Selectivity [%]

Fig. 3. Transfer hydrogenation of ML into GVL promoted in the presence of Pd/ZrO, or t-ZrO catalyst in pure alcoholic H-donor solvents at 250 °C [reaction
conditions: 40 mL of 10% wt methyl levulinate solution in MeOH, EtOH or 2-PrOH; 0.2 g of catalyst; initial N, pressure: 10 bar; reaction temperature: 250 °C; speed
stirring: 500 rpm].
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(A1) Dehydrogenation

v (A2) or

menthanes

-H
o . 2 . '\0‘\ l
00 terpinenes and/or terpinolenes 2%

or

-3H,| p-cymene
| (CYM)

e
or it H,
- (

menthenes

menthanes

p-cymene

Scheme 2. Simplified reaction scheme of the conversion of limonene (LIM) into p-cymene (CYM).

- Route A (dehydrogenation): (A1) the direct dehydrogenation of
limonene, yielding p-cymene or (A2) the isomerization of limonene
to terpinenes and terpinolenes, followed by subsequent dehy-
droaromatization to form p-cymene.

- Route B (hydrogenation/dehydrogenation): the previous hydro-
genation of limonene results in the formation of menthenes and
menthanes, with subsequent dehydroaromatization leading to p-
cymene.

- Route C (disproportionation): the transformation of limonene into
p-cymene and methane, accompanied by the generation of p-
menthene and/or p-cymenyl as side-products.

It is not trivial to elucidate a clear mechanism that discriminates
among these routes, however the identification of isomerization com-
pounds, such as terpinenes and terpinolenes, or hydrogenation products
like menthenes and menthanes in the reaction products, provides sub-
stantial support for the first two proposed mechanisms (i.e.
isomerization-dehydrogenation and hydrogenation-dehydrogenation

routes). In any case, it is worth emphasizing that - under the reaction
conditions employed - the conversion of LIM to CYM is nontrivial, pri-
marily owing to the presence of the hydrogen-donor solvent, which may
preferentially promote the generation of hydrogenated compounds.

The conversion of LIM to CYM was investigated in the range of
200-300 °C maintaining constant the reaction time of 180 min (Fig. 4).
Very high LIM conversions can be easily achieved for all investigated
reaction temperatures. At 200 °C the fractions of hydrogenated com-
pounds (menthenes and menthanes) are prevalent while at higher
temperatures, the selectivity is progressively oriented towards the for-
mation of p-cymene, in accordance with the formation of this product
resulting from an endothermic, dehydrogenation reaction. The high
selectivity in menthenes (MTE) and menthanes (MTA) suggest that the
production of cymene mainly occurs through the hydrogenation/dehy-
drogenation route (Route B); in which the hydrogenation step is assisted
by the hydrogen-donor solvent (EtOH). At the same time, the detection
of terpenes at lower reaction temperatures implies the simultaneous
presence, in less extent, of the isomerization-dehydrogenation pathway
(Route A2).

100

80

60 -

40

Liquid Products Selectivity (%)

20

100
80 =
>~
- c
S
o
~60 S TER
I § MTE
o I MTA
40 § PCYM
5
r E
|
20
r 0

T
200 250

Temperature (°C)

T
300

Fig. 4. Effect of reaction temperature on the LIM conversion and product selectivity with the Pd/ZrO; catalyst under transfer hydrogenation conditions [reaction
conditions: 40 mL of LIM solution in EtOH (10% wt); 0.2 g of catalyst; initial N, pressure: 10 bar; reaction time: 3 h; speed stirring: 500 rpm].
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As expected, in the presence of t-ZrO, catalyst, no LIM conversion
was observed in EtOH under all reaction temperature investigated,
implying that the presence of palladium is essential for the dehydroge-
nation of LIM into CYM.

Subsequently, we proceeded to explore the concurrent valorization
of ML and LIM by varying their molar ratios (from 10:90 to 25:75 and
50:50 respectively) in ethanol, in the presence of the Pd/ZrO; catalyst at
250 °C for 6 h (Table 3).

The catalytic results clearly demonstrate the achievement of com-
plete limonene conversion across all investigated ML:LIM molar ratios,
with minimal deviations in product selectivity that closely resemble
those obtained when pure limonene was used as starting substrate.

Noteworthy a reduction in ML conversion with increasing LIM excess
is noticeable, particularly evident at the 50:50 molar ratio, leading to a
pronounced shift in the formation of ethyl levulinate (EL). This behavior
can be rationalized considering a competitive adsorption mechanism
between LIM and either ML or EtOH over the Pd nanoparticles, this way
hindering the production of GVL. These observations underscore the
intricate interplay between reactant ratios and resulting product pro-
files, providing valuable insights for optimizing the concurrent valori-
zation of ML and LIM, with implications for enhancing overall process
efficiency.

Catalytic tests under continuous gas-flow conditions

Under continuous, gas flow conditions, the production of y-valer-
olactone (GVL) in the presence of a Pd/ZrO, catalyst demonstrates
exceptional stability compared to the known state of the art [17,18,24].
Indeed, the observed yield remains consistently high, ranging between
60 % and 40 %, sustained for over 55 h of continuous reaction (Fig. 5). It
is noteworthy that — in contrast with results obtained under batch con-
ditions — the generally accepted mechanism of the transfer hydrogena-
tion of ML with ethanol performed in the gas-phase is mediated by the
rapid formation of AnL (route i, Scheme 1) with consecutive reduction to
GVL. Interestingly, under these conditions and over the fresh catalyst,
also considerable amount of EPA, between 20 and 30 %, was produced.
This can be explained either through the GVL esterification with ethanol
toward ethyl 4-hydroxypentanoate or via the direct reduction of ML (or
EL) carbonyl toward the hydroxy-esters. In both cases, the latter rapidly
undergoes to dehydration reaction under the adopted reaction condi-
tions, leading to EPE which are effectively and selectively transformed
into their respective EPA thanks to the presence of the supported Pd
nanoparticles which enhance ethanol dehydrogenation to acetaldehyde,
therefore promoting hydrogen activation for the hydrogenation of EPE
double bond.

On the contrary, experiments conducted with the bare t-ZrO, catalyst
(Fig. 6) revealed a comparatively shorter catalyst lifetime in contrast to
those utilizing Pd/ZrO; together with the formation of considerable
amount of EPE. The obtained results clearly highlight:

Table 3

Concurrent catalytic conversion of methyl levulinate (ML) and limonene (LIM)
by varying their molar ratios (10:90 - 25:75 - 50:50) in the presence of Pd/ZrO,
catalyst by using ethanol as H-source at 250 °C for 6 h. ML+LIM overall amount
was equal to10 %wt in ethanol.

ML-LIM ML Conv. ML products LIM Conv. LIM products
molar ratio selectivity selectivity [%]
[%]
[%] GVL EL [%] MTE MTA CYM
10:90 100 57 43 100 35 10 55
25:75 90 48 52 100 32 11 57
50:50 40 37 63 100 30 11 59

ML: Methyl Levulinate; LIM: Limonene; GVL: y-valerolactone; EL: ethyl-
levulinate; MTE: menthenes: MTA: menthanes.
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- the enhanced durability achieved through the incorporation of a
minimal amount of palladium, underlined by both the sharper
decrease of ML conversion from 100 % to 95 % and the concomi-
tant increase of EL yield to 30 % at shorter reaction time (i.e. 14 h
vs 35 h), in the case of the bare t-ZrO;

the absence of EPA and the concomitant increase of EPE selectivity
clearly showing the role of Pd in the reduction of EPE double bond,
excluding a more conventional CTH mechanism over the zirconia
surface;

the formation of similar amount of EPE compared to the EPA ob-
tained over Pd/ZrO, suggesting that GVL alcoholysis to ethyl 4-
hydroxypentanoate and the consecutive dehydration of the latter
is the main responsible for EPE formation.

A consistent and thorough conversion of LIM is attainable through
the utilization of a Pd/ZrO, catalyst, showcasing notable selectivity to-
wards CYM, as depicted in Fig. 7. Significantly, a strong correlation
between CYM and H;, yields has been established, providing compelling
evidence for the isomerization-dehydrogenation pathway. In general
terms, the employment of ethanol as a diluting agent proves effective in
curtailing unwanted oligomerization reactions, ultimately enhancing
the molar balances of the process (Fig. 8). Not surprisingly, t-ZrO, ex-
hibits no distinctive dehydrogenating properties, primarily facilitating
LIM isomerization and disproportionation mechanisms, resulting in a
1:1 ratio of CYM and MTE with an approximate yield of 10% mol each.
Additionally, TER is formed with a yield of approximately 15 %.
Nevertheless, a significant portion of LIM remains unreacted, accumu-
lating on the catalyst’s surface, thereby contributing to suboptimal
molar balances, as illustrated in Fig. 9.

On the other hand, when we tried to couple the two target reactions
(i.e. LIM dehydrogenation to CYM and ML reduction to GVL) over Pd/
ZrO; a stable and complete conversions of both substrates were achieved
for 18 h of time on stream (Fig. 10). However, while a good CYM yield
was observed (from 92 to 80 %), an insignificant production of ML
related compounds was noted, meaning that some parasite oligomer-
isation reactions occur. Considering the well-known, efficient, intra-
molecular cyclisation of ML to AnL over ZrO, based catalyst in the gas
phase, together with the high AnL tendency to undergoes oligomerisa-
tion catalysed by both basic and acid sites [37,38], the most probable
explanation of this behaviour is linked with oligomerisation reactions
between AnL and LIM derived compounds over the catalyst surface. An
additional, indirect confirmation of this can be found in the molar bal-
ance of LIM, which is around 80 % on a steady state regime, meaning a
loss of LIM which is in good agreement with the LIM:ML molar ratio
equal to 5 used in the feed.

To limit the extent of these parasite oligomerisation reactions we also
tried to increase the feed dilution shifting from 1% mol to 0.1% mol of
the organic mixture in No however without any kind of improvements in
GVL production.

Conclusion

In this contribution, the ability of Pd/ZrO; and t-ZrO; catalysts in the
(concurrent) dehydrogenation of limonene into p-cymene and the
transfer hydrogenation of methyl levulinate into y-valerolactone has
been investigated under both batch and continuous gas-flow conditions
with the aim to highlights the circular economy potential of utilizing
OPW-derived feedstocks in catalytic processes.

Under batch conditions, the Pd/ZrO, catalyst exhibited good per-
formance in the transfer hydrogenation of methyl levulinate (ML) with
ethanol as the hydrogen source, achieving substantial ML conversion
(73 %) at 300 °C with a GVL yield of 24 %. Lower temperatures resulted
in decreased conversions and notable shifts in product selectivity due to
the increased tendency of ML to undergo transesterification. The time
effect analysis at 250 °C revealed a progressive increase in ML
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conversion with Pd/ZrO,, reaching 68 % after 24 h, highlighting the
catalyst’s effectiveness in promoting transfer hydrogenation over
transesterification. The choice of solvent/H-donor also played a crucial
role, with ethanol proving to be more effective than methanol, and 2-
propanol suppressing transesterification, leading to 100 % GVL selec-
tivity. The catalyst’s ability to convert limonene (LIM) into p-cymene
(CYM) revealed a high selectivity for CYM formation, primarily through
the hydrogenation/dehydrogenation route. The concurrent catalytic
conversion of ML and LIM using Pd/ZrO3 catalyst showcased complete
LIM conversion across various ML:LIM ratios, with product selectivity
closely resembling that of pure LIM. The study under continuous gas-
flow conditions demonstrated exceptional stability in GVL production
with Pd/ZrO,, sustaining yields between 60 % and 40 % over 50 h.

Comparatively, the bare ZrO, catalyst showed a shorter lifespan,
emphasizing the enhanced durability achieved by incorporating palla-
dium. Very high conversion of LIM was registered with a strong corre-
lation between CYM and Hj yields, compelling evidence has been
provided for the isomerization-dehydrogenation pathway.

The catalytic investigation of the simultaneous upgrading of ML and
LIM over Pd/ZrO revealed stable and complete conversions for 18 h,
with surprisingly low production of ML-related compounds. This
behavior was attributed to oligomerization/Diels Alder reactions be-
tween angelica lactone and LIM-derived compounds over the catalyst
surface.
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