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Italy   

A R T I C L E  I N F O   

Keywords: 
H-transfer 
Continuous-flow 
γ-valerolactone 
NMR relaxation 
DFT calculation 

A B S T R A C T   

The depletion of fossil resources is driving the research towards renewable alternatives, like lignocellulosic 
biomass. Therefore, the development of efficient continuous-flow processes, allowing to achieve better pro-
ductivity compared to batch processes, will play a crucial role in promoting a sustainable transition. In this 
context, we report on the continuous-flow, gas-phase, catalytic transfer hydrogenation (CTH) of methyl levuli-
nate and ethanol over zirconia catalysts, in particular focusing on the effect of two different crystalline phases (i. 
e. monoclinic, m-ZrO2, and tetragonal, t-ZrO2) on catalyst performance. An in-depth catalyst characterisation was 
coupled with both computational and 1H NMR relaxation studies to assess the structure-activity relationship, 
providing fundamental insights into the catalytic process and future catalyst optimization. The results, indicate 
that the higher Lewis acidity and basicity along with the lower affinity with ethanol of m-ZrO2 with respect to t- 
ZrO2 are responsible for the promotion of undesired oligomerisation reactions of angelica lactones responsible 
for catalyst deactivation.   

1. Introduction 

Current world energy needs are largely supplied using fossil fuels 
(coal, oil and natural gas) leading to the progressive depletion of these 
sources and to the impactful emission of harmful greenhouse gases 
(GHG) such as: carbon dioxide (CO2), methane (CH4) and nitrous oxide 
(N2O) [1-3]. Therefore, the potential use of renewable raw materials in 
place of fossil fuels has become a crucial area of research interest for the 
future of the chemical process industry. Plant-based raw materials (i.e. 
lignocellulosic biomass) have been suggested as fossil fuel alternatives 
for industrial production processes and for use as an energy source in the 
transport sector [4]. Moreover, the relative abundance and more uni-
form distribution of biomass across the planet imply that the 

incorporation of biomass into the industrial profile can help to achieve 
energy independence and develop new opportunities for the chemical 
industry. 

The “Biomass Value-Added Chemicals” report published by the 
United States Department of Energy in 2004 [5] reported a list of twelve 
molecules derived primarily from renewable sources, listed along with 
their potential as biomass-based building block intermediates for the 
development of future biorefineries. 

Among these molecules, levulinic acid (LA) and its esters (levulinic 
esters, LE) are particularly interesting at the industrial level. Indeed, LA 
can be obtained directly from cellulose by a cascade sequence of acid 
catalysed reactions namely: i) the hydrolysis of cellulose to glucose, ii) 
the subsequent isomerisation of glucose to fructose, iii) fructose 
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dehydration to hydroxymethylfurfural (HMF) and finally iv) HMF hy-
dration to an equimolar mixture of LA and formic acid [6]. Similarly, the 
acid-catalysed, direct alcoholysis of cellulose with light alcohols (e.g. 
methanol and ethanol) has recently been reported as an efficient strat-
egy to obtain LE with good yield, thus lowering the formation of humins 
as by-products [7,8]. 

Thanks to the presence of both the ketonic and the carboxylic groups, 
LA and LE can be transformed to other, more useful molecules, through a 
range of chemical transformations including; hydrogenation, oxidation, 
amination, cyclisation and condensation reactions [9-13]. 

Among the various possible products obtainable from LA, γ-valer-
olactone (GVL) is of particular interest. In fact, it has many applications 
in various sectors such as a component in fragrance manufacture, a food 
additive, a bio-based solvent and as fuel additive (due to its high ener-
getic power) [6,14]. Several processes have been proposed to obtain 
GVL from LA, employing both homogeneous and heterogeneous catal-
ysis, mainly by promoting a hydrogenation reaction by using a high 
pressure of molecular hydrogen, in the liquid phase, under batch con-
ditions. Phosphine complexes of transition metals, in particular Ru and 
Ir phosphine complexes, are particularly active as homogeneous cata-
lysts [16]. Worth of note, the use of [Ru(II)Cl2(PPh3)3] complex, under 
optimised reaction conditions (180 ◦C, 12 bar of H2), obtains GVL in 
almost quantitative yield (ca. 99%) but after 24 h of reaction in batch. 
Since LA is soluble in water, it is also possible to use water-soluble 
complexes, namely [Cp*Ir(H2O)(4,4-di-MeO-2,2-diPy)]SO4 or Ru 
(acac)3 coupled with sulfonated triphenylphosphine ligands [15,16]. 

Although these processes are particularly selective with a high cat-
alytic activity, they are difficult to apply on an industrial scale due to the 
inherent difficulty related to catalyst recovery, separation and recycling 
typical of homogeneous catalytic systems. Consequently, research has 
focused to the use of heterogeneous catalytic systems. For instance, a 
commercial 5% wt Ru/C in water or in a mixture of water and ethanol 
(temperature of 130 ◦C, H2 at 12 bar, reaction time of 160 min), gives 
almost total conversion of LA (99.5%) and a selectivity to GVL of 86.6%. 
Moreover, addition of strongly acidic sulfonated resin (Amberlyst-70) 
mechanically mixed with 5% wt Ru/C, allows conversion of LA using 
milder conditions (5 bar H2 and temperature of 70 ◦C) with similar re-
sults in terms of GVL yield [17]. Notably, recent improvements have led 
to development of the continuous-flow hydrogenation of LA or LE over 
fixed-bed, noble metal catalysts (i.e. Au supported over TiO2, CeO2 or 
Al2O3) [18], and non-noble metal catalysts (i.e. Cu/Al2O3, Ni/SiO2 and 
Co/SiO2) with promising results in term of GVL yield (between 67 and 
86%) [19]; yield which become close to 100% when innovative reactors 
based on microwaves and Ru/TiO2 are employed [20]. However, the use 
of high hydrogen pressures can lead to major safety problems and high 
plant maintenance costs. Furthermore, the need for noble metal-based 
catalysts to facilitate the activation of molecular hydrogen may result 
in major environmental and economic issues. Therefore, research 
focused on developing catalysts utilising cheaper, more accessible and 
readily available metals. 

In recent years, alternative reaction routes based on Catalytic 
Transfer Hydrogenation (CTH) via the Meerwein-Ponndorf-Verley 
(MPV) mechanism have been reported, where small molecules (i.e. 
light alcohols) are used as reducing agents (H-donor) for bio-based 
platform chemicals [21-27]. In particular, the use of zirconium oxide 
(ZrO2), also called zirconia, has been widely demonstrated to be an 
excellent catalyst for CTH reactions, particularly that of LA and LE, since 
the inspiring works of Dumesic et al. [28] owing to its amphiphilic na-
ture with the presence of both Lewis acid and basic sites and high- 
temperature resistance. In particular, the fine tuning of both acid and 
basic sites strength and density over the catalyst surface play a crucial 
role in the synergetic activation of both the H-donor and the reducible 
substrates, thus fostering a rapid and efficient H-transfer via the MPV 
mechanism [21,29]. Nonetheless, considering the current available 
literature on the CTH of LA or LE with alcohols, the great majority of the 
works are related to the application of ZrO2 based catalysts in batch, 

liquid-phase setups, in which the H-donor (often secondary alcohols like 
isopropanol or 2-butanol) is often used in large excess, behaving both as 
a reagent and the reaction solvent. In some cases this approach may lead 
to good results in terms of GVL yield (91–96%) but often the reaction 
requires several hours (8–10 h) to achieve high LA conversion [30-32]. 
In 2019, we firstly reported on the possibility to perform the CTH of LE 
with ethanol (and bio-ethanol) or other alcohols in a continuous-flow, 
gas-phase, fixed bed reactor [33,34]. In this way, the advantages of 
this approach were demonstrated, allowing the use of a wide range of 
reaction temperatures (i.e. from the boiling point of the mixtures up to 
500 ◦C) at atmospheric pressure, making the process safer, more pro-
ductive and convenient compared to analogous tests performed in batch 
and liquid phase. Due to their lower boiling points and higher stabilities 
at high temperatures, LE, methyl levulinate (ML) and ethyl levulinate 
(EL) were preferred to LA as reducible substrates for the gas phase 
approach. Interestingly, the use of a relatively high surface area 
tetragonal zirconia catalyst (t-ZrO2, SSA: 120 m2/g) gave promising 
results using ethanol as H-donor. Under optimized reaction conditions 
(contact time of 1 s, 250 ◦C), it was possible to reach total ML conversion 
and a GVL yield of around 70%. A possible reaction scheme was also 
proposed using the results of dedicated tests (see Scheme 1) [33]. The 
commonly accepted mechanism reported for the liquid phase reduction 
of LA/LE, consists of the reduction of the carbonyl group leading to the 
formation of the highly reactive 4-hydroxypentanoic acid (or ester). 
Conversely, the gas-phase reduction of LA/LE over ZrO2 leads to the fast, 
efficient, intramolecular cyclisation of LE to angelica lactones (α/β AL). 
These compounds are key intermediates that may then undergo the 
consecutive CTH with EtOH thereby yielding GVL. It follows that, the 
hypothesised reaction scheme based on the CTH of AL to GVL is not a 
rigorous MPV concerted mechanism over the catalytic surface with the 
formation of a six-membered intermediate between the carbonyl con-
taining substrate, the alcohol used as H-donor and the catalyst’ surface. 
Nonetheless, the actual mechanism should follow a “MPV-like pathway” 
in which the carbonyl of the lactone ring can interact with the Lewis acid 
sites over the catalyst surface in a similar way compared to the tradi-
tional mechanism, this way favouring the CTH reduction of the vicinal 
double bond. Ethyl γ-valerolactone (Ethyl GVL) is most likely formed by 
means of the parallel hydroxyethylation of ALs by acetaldehyde (co- 
produced by the H-transfer of EtOH) and the dehydration and reduction 
of the C-OH moiety. Moreover, acid sites on the catalyst can promote 
GVL ring-opening and the consecutive dehydration reaction to form 
ethyl pentenoates (EP). In spite of the very interesting results obtained 
by working with ethanol as H-donor for the production of GVL in the 
gas-phase, a progressive deactivation of the ZrO2 catalyst has been 
observed. This is due to the deposition of heavy carbonaceous residue 
over most of the Lewis acid sites which are crucial for the CTH process, 
leading to a progressively promotion of parasite alcoholysis and trans-
esterification reactions (i.e. increased ethyl levulinate (EL) formation via 
ALs alcoholysis) [33]. The observed catalyst fouling was hypothesised to 
be mainly due to AL and/or acetaldehyde oligomerization but not 
further investigated in depth nor linked to specific acid or basic 
catalysis. 

It is clear that the beneficial properties of zirconia make it a very 
interesting material for the CTH of LA/LE to produce GVL. Additionally, 
it has the significant advantages of being very cheap and readily avail-
able in three different crystalline forms: monoclinic, tetragonal and 
cubic. Among them, the monoclinic (m-ZrO2) and tetragonal (t-ZrO2) are 
most investigated and applied crystalline phase of ZrO2 in catalysis due 
to the higher specific surface area achievable on the respect of the cubic 
form and different properties. Indeed, these two zirconia phases possess 
differing symmetry and a differing coordination of the exposed atoms 
over the ZrO2 surface. In particular, the distinct atom conformation in t- 
ZrO2 leads to octa-coordinated Zr4+ cations with tetra-coordinated O2– 

anions (symmetry P42/nmc) while in m-ZrO2, the Zr4+ cations are hepta- 
coordinated and the O2– anions are tri- or tetra-coordinated (symmetry 
P21/c). Such diverse structural arrangements lead to different types of 
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coordinatively unsaturated surface sites and will consequently lead to 
peculiar acid-base surface properties [35,36]. 

For all these reasons, an in-depth investigation and comparison of 
these two different crystalline phase zirconia catalysts with a similar 
specific surface area, namely, a tetragonal and a monoclinic zirconia 
catalyst (t-ZrO2 and m-ZrO2 respectively), is herein reported. In partic-
ular, this work by using catalytic, computational and NMR relaxation 
studies is aimed to address a structure-activity relationship between the 
surface properties of these two different ZrO2 polymorphs and the cat-
alytic activity shown for the CTH of ML with ethanol, with the final goal 
not only to further increase GVL yield but also to understand how to 
further optimise future catalysts design to strongly increase catalyst 
lifetime (i.e. by limiting parasite AL oligomerisation reactions over the 
surface) in order to make this alternative strategy actually competitive 
and sustainable. 

2. Experimental 

2.1. Synthesis of ZrO2–based catalysts 

Tetragonal Zirconia (t-ZrO2) catalyst was prepared by the precipita-
tion methodology proposed by Chuah [37]. An aqueous solution of ZrO 
(NO3)2⋅2H2O (0.3 M) was added dropwise to a stirred aqueous solution 
of NH4OH (5 M) at room temperature. Afterwards, the solution was 
digested at 100 ◦C for 24 or 48 h under reflux. The pH of the solution was 
adjusted to 9 during the digestion by the continuous addition of 5 M 
NH4OH though an high precision infusion pump (KDScientific Legacy 
Syringe-infusion Pump) setting up a flow of 2.9 mL/h. The precipitate 
was separated by filtration and washed with 1 L of NH4OH aqueous 
solution (5 M) for 10 g of catalyst. After the filtration step, the sample 
was dried at 100 ◦C overnight and then calcined in air at 500 ◦C for 12 h 
with a heating rate of 5 ◦C/min. 

Monoclinic Zirconia (m-ZrO2) catalyst was prepared by hydrothermal 
synthesis. An aqueous solution was prepared by adding 3.38 g of ZrO 
(NO3)2⋅2H2O to 20 mL of distilled water. Afterwards, 6.06 g of urea were 
added, and the solution was then transferred to an autoclave with a 
Teflon inlet. The autoclave was placed inside a furnace with a temper-
ature of 140 ◦C for 20 h. Afterwards, the precipitate was centrifuged 
with ethanol and then with distilled water. Finally, the sample was dried 
at 100 ◦C overnight and then calcined in air at 450 ◦C for 3 h with a 
heating rate of 5 ◦C/min. 

2.2. Catalysts characterisation 

X-ray powder diffraction (XRD) patterns were collected with a Ni- 
filtered Cu Kα radiation (λ = 1.54178 Å) on a Philips X’Pert vertical 
diffractometer equipped with a pulse height analyser and a secondary 
curved graphite-crystal monochromator. 

BET specific surface area of the catalysts was determined by N2 
absorption–desorption at − 196 ◦C using a Sorpty 1750 Fison instru-
ment. 0.1 g of the sample was used for the measurement, and the sample 
was outgassed at 150 ◦C before N2 absorption. 

NH3-CO2-temperature-programmed desorption (TPD) measurements 

were collected with a Autochem TPD/R/O 2920 automated system for 
analysing the acid/base properties of catalysts. Fresh catalyst was pre- 
treated in 10 vol% O2 in He (30 mL/min of flow rate) at 500 ◦C for 
1 h following a heating ramp of 10 ◦C/min to remove adsorbed H2O and 
CO2. The catalyst was then exposed to the probe molecule for 1 h with a 
flow of 30 mL/min of 10 vol.0% of NH3 or CO2 in He. Physisorbed 
molecules were removed by flushing with He (30 mL/min of He) for 
10 min prior to analysis. Finally, the temperature-programmed 
desorption was performed following the desorption with both TCD 
and MS, increasing the temperature with a heating rate of 10 ◦C/min 
from 40/100 ◦C to 450 ◦C in He (30 mL/min). 

Thermogravimetric/differential thermal analyses (TGA/DTA) were 
performed using a SDT Q 600 instrument, TG/DT analyses were per-
formed using fresh and spent catalysts. Typically, 100 mg of the sample 
was used for the measurement at temperatures ranging from room 
temperature to 700 ◦C, with a heating rate of 10 ◦C/min in air. 

In Situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy 
(DRIFT) of dimethyl pyridine (DMP) were performed in order to char-
acterised and distinguish between Lewis and Brønsted acid sites. Typi-
cally, a ZrO2 sample was loaded in the cell and pretreated at 400 ◦C 
under a flow of He (10 mL/min) for 60 min in order to clean the surface 
and remove any adsorbed molecules. Then, using KBr as the back-
ground, spectra were acquired every 50 ◦C in range 50–400 ◦C. Next, a 
pulse of DMP (2 μL) was introduced over the sample at 50 ◦C. IR spectra 
were then acquired at 1 min time intervals to follow the adsorption 
process. For the desorption process, the sample was heated up to 400 ◦C 
(heating rate of 5 ◦C/min) and spectra were acquired every 50 ◦C up to 
400 ◦C. DRIFT spectra were acquired in situ with a Bruker Vertex 70 
instrument equipped with a Pike DiffusIR cell attachment. Spectra were 
recorded using an MCT detector after 128 scans and with a 4 cm− 1 

resolution in the region of 4000–450 cm− 1. 
Energy dispersive spectrometry (EDS) was carried out with a scan-

ning electron microscope (SEM) Zeiss EP EVO 50 equipped with an INCA 
X-Act penta FET Precision detector (Oxford Instruments Analytical). 
Spectra were recorded with an accelerating voltage of 20 kV for 60 s. 

2.3. Catalytic tests 

CTH tests were carried out by the vaporisation of an alcohol/levu-
linate ester (molar ratio 10:1, liquid flow was 0.5 mL/h in a N2 stream). 
The liquid mixture was fed by means of a syringe pump (KDScientific 
Legacy Syringe-infusion Pump) into a stainless-steel heated line to allow 
for instant vaporisation. An inlet with the carrier gas (N2) arrives to this 
line, and then this line is connected to a tubular glass reactor (length 
450 mm, inner diameter 19 mm) containing 1 cm3 of catalyst with the 
desired particle size (i.e. 30–60 mesh). Generally, the residence time for 
the catalytic tests was 1 s and the %mol of the organic mixture was fixed 
between 8 and 12%. The reactor was placed inside a furnace and its inlet 
and outlet were covered with heating tapes equipped with an electrical 
resistance to regulate the inlet and outlet temperature. Before every CTH 
test, the catalyst was pre-treated inside the reactor for 2 h at 400 ◦C 
using 30 mL/min air flow. Afterwards, the temperature of both the 
furnace and heating tape was set to the desired temperature (normally 

Scheme 1. Simplified reaction pathways for the CTH of ML with EtOH toward GVL and the main by-products.  
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250 ◦C and 230 ◦C, respectively). During the CTH tests, the exit stream 
was condensed using a cold trap filled with 25 mL of acetonitrile in order 
to collect the heavier products of the reaction. The collected acetonitrile 
solution was taken and analysed every 50–60 min to monitor the reac-
tivity during the time-on-stream process. 

Reaction products were analysed and quantified using a Thermo 
Focus GC gas-chromatograph equipped with a non-polar capillary col-
umn Agilent HP-5 (5% phenyl–95% methylsiloxane) as reported in 
detail in the supporting information section S2. 

Knowing the molar flow rate of the reactants (expressed in mol/min) 
and the collection time, the product yields (Y) and the conversion (X) of 
the reagent were calculated with as follow: 

Xreactant =
molin

reactant − molout
reactant

molin
reactant

* 100  

Yproduct =
molout

product

molin
reactant

* 100 

In addition, carbon balance based on alkyl levulinate was considered 
as follows: 

Y
C
=

Σproducts yield
Reactant conversion

*100  

2.4. 1H NMR relaxation measurements 

All NMR relaxation measurements were carried out using a Magritek 
Spinsolve benchtop NMR spectrometer operating at a 1H frequency of 
43 MHz. NMR measurements were performed at STP (25 ◦C, 1 atm). The 
typical relative error for all NMR relaxation measurements was 
approximately 3 %. 

2.4.1. 1D T1 and T2 NMR relaxation measurements 
Monoclinic and tetragonal ZrO2 particles were soaked in either n- 

octane, methanol, ethanol, ML, EL, α-AL and GVL for 24 h prior to 
analysis. The ZrO2 particles were then removed from the respective 
liquid and gently dried on a pre-soaked filter paper to remove excess 
liquid from the outer surface whilst avoiding removal of liquid from the 
internal pore structure. Following drying, the ZrO2 particles were 
transferred to 5 mm NMR tubes and the tube was finally placed into the 
magnet and left for approximately 15 min before starting the measure-
ments, in order to achieve thermal equilibrium. 

T1 spin–lattice relaxation times were measured using an inversion 
recovery pulse sequence (Fig. 1a), [38] with sixteen recovery delays (in 

the range 1 ms− 5000 ms) logarithmically spaced and 8 scans per step. 
The maximum delay and repetition time was set equal to ~5× T1. 

The T2 spin-spin relaxation times were measured using the Carr- 
Purcell-Meiboom-Gill (CPMG) sequence, (Fig. 1b) [39] with an echo 
time of 120 μs and range of 50 to 500 echoes per step. 16 logarithmically 
spaced steps were used with 8 scans per step. The repetition time was set 
equal to ~5× T1. 

2.5. Computational methods 

The nanoparticulate structures of the two crystalline phases of ZrO2 
were modelled according to the cluster approach. In fact, the main aim 
of the computational work was to analyse the behaviour of the different 
catalytic sites locally present on the nanoparticle surfaces of each phase. 
Although Brønsted sites could play a role in MPV reactions [40], 
considering the pretreatment of the catalyst at 400 ◦C prior each re-
actions and since the number of Brønsted sites can vary due to a disso-
ciative adsorption of water,[41] we decided to carry out a 
computational study that was independent from the reaction conditions, 
i.e. neglecting models the OH covered NPs, to simply evaluate the in-
teractions of the target molecules on the surface of the catalysts. The 
geometry optimisations have been performed in vacuum at the Density 
Functional Theory (DFT) level, using the B3LYP exchange-correlation 
functional, [42] as implemented in the Gaussian 16 package [43]. 
Adsorption studies of CO2, NH3 and α-AL have been performed on top of 
optimised ZrO2 structures for both crystalline phases. For geometry 
optimizations, the 6-31G** basis set [44-48] was used for light atoms (H, 
C and O) while the Stuttgart effective core potential has been employed 
for the Zr atoms [49]. The adsorption energies have been computed on 
top of optimised geometries with a larger basis set, i.e. 6-311++G**, for 
H, C and O. In order to account for the basis set superposition error 
(BSSE), the counterpoise correction was applied, as implemented in the 
Gaussian 16 package [50,51]. The adsorption energy (AE) of the 
adsorbate (ads) on the nanoparticles (NP) was computed as: 

AE = ENP+ads − (ENP + Eads)

3. Results and discussion 

3.1. Characterisation of t-ZrO2 and m-ZrO2 catalysts 

Two different ZrO2 catalysts were synthesised following and opti-
mising two alternative synthetic strategies already reported in literature, 
namely a precipitation in a controlled environment and a hydrothermal 

Fig. 1. (a) Inversion recovery pulse sequence and (b) CPMG pulse sequence. The thin and thick vertical bars represent 90◦ and 180◦ radiofrequency (RF) pulses, 
respectively. 
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synthesis [37,52]. These strategies were implemented and optimised to 
produce two different crystalline phases: a high purity tetragonal and a 
pure monoclinic phase (Fig. 2a), characterised by a relatively high, yet 
similar, specific surface areas of 120 and 117 m2/g for t- and m-ZrO2 
respectively. t-ZrO2 was also characterised by means of SEM-EDX (see 
Table S1 in the supporting information) this way confirming the pres-
ence of traces of both Hf and Si, the former being a common impurity in 
several zirconia precursors that is difficult and expensive to separate 
because of its chemical similarity to zirconium [53]; while the latter (Si 
content in the sample equal to 0.5 %wt) could be related to a limited 
dissolution of SiO2 from laboratory glassware, during the digestion at 
basic pH as already reported by Min et al. [54]. Even though this amount 
is among the lowest reported by Min et al. for impure zirconia, never-
theless we cannot exclude that the phenomena associated to the higher 
stability and higher surface area of the sample can be attributed to an 
effect of Si impurities. These improved properties may also affect the 
catalytic performances of the sample, while a direct role of Si as an 
active can be reasonably excluded because of its very low amount in our 
sample. 

NH3– and CO2-TPD analysis of the fresh catalysts highlights the 
bifunctional properties of ZrO2 proving the presence of both acidic and 
basic sites (Fig. 2b and 2c). t-ZrO2 presents a single TPD peak centred at 
around 125 ◦C for CO2, indicating the presence of only weak basic sites. 
Furthermore, the ammonia desorption profile shows a wide desorption 
peak from 150 ◦C to 450 ◦C, indicating the coexistence of weak, mod-
erate and strong acid sites. On the other hand, m-ZrO2, shows a similar 
NH3 desorption profile however slightly shifted toward higher temper-
ature and intensity, indicating a higher density of the strongest acid sites 
over the surface of this polymorph compared to t-ZrO2. However, 
considering the m-ZrO2 TPD profile of CO2, the desorption peak area is 
roughly 4 times greater than the tetragonal analogue, with the 
maximum desorption temperature shifted to 145 ◦C, indicating the 
presence of a higher amount of stronger basic sites (Table 1). These 
differences between the two crystalline phases of ZrO2 are in good 
accordance with the literature, [36] potentially playing a crucial role in 
promoting the selective CTH of ML with ethanol or in fostering parasite 
oligomerisation reactions leading to catalyst fouling. 

Finally, dimethylpyridine DRIFT adsorption/desorption tests have 

been performed in order to assess the nature of the surface acidic sites 
(Figure S1). Dimethylpyridine (DMP, pKa of 6.6) was preferred to pyr-
idine because the latter is known to be inefficiently protonated (or form 
H-bonds) with ZrO2 weak Brønsted sites, while the former shows weaker 
affinity for Lewis acid sites due to the steric hindrance induced by the 
two methyl groups [55]. The adsorption spectra of DMP, recorded at 
50 ◦C, highlight the predominant presence of Lewis acid sites in both the 
zirconia phases, demonstrated by the presence of the main bands cen-
tred at 1600, 1580 and at around 1470 cm− 1, which correspond to ν8a, 
ν8b and ν19a DMP vibration modes, respectively. However, in both 
samples a negative band related to surface –OH groups consumption can 
be clearly seen at around 3700 cm− 1 (not shown in Figure S1). This 
behaviour clearly indicates the titration of Brønsted sites. Interestingly, 
only for t-ZrO2 few bands centred at 1473, 1640 and 1650 cm− 1 corre-
sponding to protonated DMP can be observed, nonetheless for this 
sample all the bands completely disappear up to 400 ◦C. On the contrary, 
in the case of m-ZrO2, no bands of protonated DMP have been clearly 
detected. Nonetheless, a progressive shift of the main band at 1600 cm− 1 

to higher wavenumber can be observed, suggesting the presence of both 
coordinated (over Lewis acid sites) and H-bonded DMP (over Brønsted 
sites) [56]. Noteworthy, to completely desorb all the adsorbed DMP, a 
further increase to 450 ◦C is needed for m-ZrO2 again highlighting the 
presence of stronger sites over this material. 

Fig. 2. a) XRD analysis of synthesised t-ZrO2 (blue) and m-ZrO2 (red); b) NH3- and c) CO2-TPD profiles of t-ZrO2 (blue) and m-ZrO2 (red). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Crystalline nature, specific surface areas and acid-basic densities of ZrO2 
catalysts.  

ZrO2 

Crystalline 
Phase (XRD) 

SSA 
(m2/ 
g) 

Acid 
density 
(μmol/ 
m2) 

NH3 Tmax 

desorption 
(◦C) 

Basic 
density 
(μmol/ 
m2) 

CO2 Tmax 

desorption 
(◦C) 

Tetragonal 120  4.08 Wide band 
from 150 ◦C 
to 450 ◦C  

1.18 125 ◦C 

Monoclinic 117  4.25 Wide band 
from 170 ◦C 
to 450 ◦C  

4.97 Wide band 
from 130 ◦C 
to 350 ◦C  
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3.2. Influence of ZrO2 phases on CTH of ML with ethanol 

Our previously reported studies focused on proving the feasibility of 
the CTH process of ML and ethanol in a continuous-flow, gas-phase 
reactor over t-ZrO2 (Figure S2 in the Supporting Information) [33]. 
Here, new efforts have been made in order to investigate the catalytic 
activity of m-ZrO2 in the same conditions, this way comparing and 
analysing in depth the effect of the crystalline phase on catalysts prop-
erties and activity. In particular, m-ZrO2 was firstly investigated by 
feeding ML and EtOH, at 250 ◦C and a contact time of 1 s (Fig. 3). 

Initially, the use of m-ZrO2 allows to reach complete conversion of 
ML with a GVL yield of 63 %. Acetaldehyde is the co-product of CTH and 
it can act as a hydroxy-alkylating agent for ALs (α- and β-AL) thereby 
yielding a hydroxy-intermediate, which rapidly dehydrates and can be 
reduced via CTH to ethyl-GVL, which is the main by-product over the 
fresh catalyst at the beginning of the test (up to 200 min on stream). 
Ethyl-GVL could also, in principle, form by the alkylation of GVL but 
further tests ruled out this hypothesis, as discussed below. Noteworthy, 
there is very little in literature about ethyl-GVL. Nonetheless, Dupont in 
2005 filed a patent in which substituted GVL are produced through a 
multistep sequence of reactions, starting from the condensation of a 
lactone with an oxalic acid diester. Interestingly, they claimed the use of 
these substituted GVL in fragrance and detergent formulation as well as 
promoters for enhancing the properties (e.g. rheology) of an oil, hy-
drocarbon or petroleum products [57]. Therefore, the properties of 
ethyl-GVL are worth of future investigations. Coming back to our cata-
lytic results, after 200 min on stream, ML conversion starts to decline 
with a simultaneous, significant change of the chemoselectivity of the 
reaction that shifts from the selective formation of GVL toward the 
formation of EL. This behaviour is quite similar to the one obtained over 
t-ZrO2 in the same reaction conditions (Figure S2). However, in the m- 
ZrO2 case, it is strongly accelerated. As a matter of fact, the worse molar 
balance obtained over m-ZrO2 (average 

∑
Y/X of 80% vs 94% over t- 

ZrO2) clearly proves that a progressive and extensive deactivation is 
occurring due to the deposition of heavy carbonaceous residues on 
specific active sites of the catalytic surface. Moreover, over a deactivated 

catalyst, ALs were produced in small quantities (ca. 7% yield), sug-
gesting that the deactivation is mainly affecting the consecutive CTH 
process between ethanol and ALs, with the latter formed via an intra-
molecular cyclization of ML. Therefore, the possibility of another reac-
tion mechanism involving the reduction of the ketonic group can be 
disregarded, as previously suggested [33]. While the experimental evi-
dences for m-ZrO2 and t-ZrO2 feature some similarities (see Figure S2), 
some crucial differences can be underlined: i) maximum GVL yield 
reached a value of about 73% over t-ZrO2 and it maintains between 60 
and 70% for around 320 min on stream; ii) better molar balances are 
obtained throughout the duration of the test on t-ZrO2, proving both the 
greater stability and lower tendency of accumulating heavy compound 
with respect to m-ZrO2. 

At this point, the outcome suggests that the lower catalytic perfor-
mance observed for m-ZrO2 may be due either to the much higher 
density and strength of Lewis basic sites compared to the tetragonal form 
or to the slightly higher acidity observed in both TPD (see Table 1) and 
DRIFT experiments. Noteworthy, the stronger Lewis basicity may not 
only promote ALs formation, but also foster their oligomerisation over 
the catalyst surface, as previously observed in the case of stronger 
acidity leading to the formation of polymers containing carboxylic 
groups [58]. 

To further clarify the effect of the zirconia crystalline phase on the 
CTH activity, experiments were performed at different reaction tem-
peratures and coupled with TGA analyses of the spent zirconia catalysts. 
Fig. 4 presents a summary of the main results concerning ML conversion 
(outer ring) and product yields (inner ring) performed at different re-
action temperatures in the range 200–300 ◦C. 

Table 2 compares the catalytic performances of m-ZrO2 and t-ZrO2 in 
terms of weight loss, desorption temperature and accumulation rate of 
heavy compounds over the spent catalytic materials, as determined by 
TGA (see details in Figure S3 in the SI). 

Considering the results obtained from TGA analyses, the average rate 
of accumulation of organic compounds over the surface is always higher 
in the case of m-ZrO2 compared to t-ZrO2, independently from the re-
action temperature. 

Fig. 3. Catalytic results obtained in ML reduction via CTH using EtOH as H-donor over m-ZrO2. Reaction conditions: molar ratio ML:EtOH = 1:10, T = 250 ◦C, 
τ = 1 s, %mol N2:ML:EtOH = 90.1:0.9:9. ML conversion ( ); EL ( ); GVL ( ); Ethyl GVL ( ); αAL ( ); βAL ( ); Others ( ); Yields sum/Conversion ( dotted line). 
For the sake of comparison the results obtained over t-ZrO2 are also reported with dashed line in terms of both ML conversion ( ) and GVL yield ( ). 
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Going into details and considering the catalytic results as a function 
of reaction temperature, at 200 ◦C both catalysts showed a rapid 
decrease in conversion with a systematic variation of chemoselectivity 
(see also Figure S4 in the SI), which is even more pronounced in the case 
of m-ZrO2. The average accumulation rate of heavy organic compounds 
over the catalytic surface is comparable between both samples (between 
6.3 and 6.6 mg/h), despite the relatively good molar balance of ML 
(expressed as 

∑
Y/X, as mentioned above). Probably, this relatively low 

reaction temperature is insufficient for effectively promote the CTH 
reactions, while the unselective oligomerisation of AL or acetaldehyde 
over the surface rapidly prevail leading to catalyst deactivation. 

At 250 ◦C, a significant difference in terms of organic accumulation 
values between the two catalytic systems was observed, with t-ZrO2 

showing the lowest accumulation of heavy compounds among all the 
tests. This slower accumulation of heavy compounds over the catalyst 
was also proved by the improved results in terms of GVL yield (which is 
above 65% for the first 6 h of reaction, see Figure S2 in the SI). Inter-
estingly, the accumulation of organic compounds over m-ZrO2 seems to 
be only slightly affected by the reaction temperature and steadily 
increased in the range of 200 ◦C − 300 ◦C (Table 2). 

At 300 ◦C (Figure S5, SI), both catalysts initially promoted consec-
utive reactions to ethyl-GVL and other by-products, showing a lower 
maximum of GVL yield values compared to 250 ◦C. However, while t- 
ZrO2 produced significant amounts of ethyl pentenoates (EP), proving its 
ability to foster consecutive reactions like GVL ring-opening and dehy-
dration reactions strongly limiting the formation of EL, m-ZrO2 yields EL 
already after 2 h (reaching 20% yield after 6 h) and led to lower molar 
balances and to a progressive decrease in ML conversion. Moreover, in 
these experimental conditions, t-ZrO2 showed a slow deactivation, 
proved by the progressive decrease of GVL consecutive products yields, 
slowly favoring GVL formation (with yield up to 60%) without any effect 
on the ML conversion (which is complete for almost 10 h on stream). 

Taking into consideration the above catalytic results, it seems that at 
200 ◦C the crystalline phase of the catalyst has a much lower influence 
upon the distribution of products, probably due to an inefficient acti-
vation of the CTH reactions, increasing the amount of available AL for 
oligomerisation leading to a fast catalyst deactivation in both cases. At 
intermediate reaction temperatures, the two catalysts showed signifi-
cantly different catalytic behaviours in terms of heavy compounds 
accumulation rate and, as a consequence, deactivation rate and distri-
bution of products. At 250 ◦C, the tetragonal phase significantly 
increased its resistance to adsorb heavy compounds on its surface, 
lowering the accumulation over time. However, this was found to be 
insufficient to keep the catalyst stable for several hours of reaction, 
finally leading to EL production. Increasing the reaction temperature to 
300 ◦C led to an increase in accumulated compounds for both samples. 

Fig. 4. Catalytic results obtained in ML reduction via CTH using EtOH as H-donor over both m-ZrO2 and t-ZrO2 phases. Reaction conditions: molar ratio ML: 
EtOH = 1:10, T = variable, τ = 1 s, %mol N2:ML:EtOH = 90.1:0.9:9. Results related to 2 and 6 h on stream. 

Table 2 
Accumulation of heavy compounds obtained from TGA over spent ZrO2 cata-
lysts. Average accumulation rates are calculated by dividing the overall weight 
loss for the actual time on stream.  

Treaction 

(◦C) 
Spent 
catalyst 
(m) 

Weight 
loss (%) 

Desorption 
T (◦C) 

Time on 
stream 
(min) 

Accumulation 
rate (mg/h) 

200 t-ZrO2 

(0.977 g)  
5.89 326 548  6.3 

m-ZrO2 

(1.22 g)  
5.35 315 592  6.6 

250 t-ZrO2 

(1.08 g)  
5.48 328 640  5.5 

m-ZrO2 

(1.18 g)  
5.80 320 580  7.1 

300 t-ZrO2 

(0.982 g)  
6.30 349 605  6.1 

m-ZrO2 

(1.14 g)  
6.57 338 592  7.6  
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However, for the m-ZrO2 a higher increase of the accumulate com-
pounds was observed, most likely due to side reactions including 
decarboxylation to butenes and oligomerization of unsaturated com-
pounds (including ALs). To better understand the role of ALs in both the 
CTH toward GVL and deactivation of the ZrO2 catalysts, tests were 
performed feeding a mixture of α-AL and ethanol (1:10 M ratio) at 
250 ◦C over m-ZrO2, as shown in Fig. 5. 

Interestingly, the obtained results showed similar trends compared 
to those reported in Fig. 1, again strongly suggesting the role of ALs as 
both primary product obtained through the ML cyclisation and key re-
action intermediates. Moreover, in none of all the catalytic tests per-
formed so far we ever observed the presence of hydroxypentanoate 
esters, neither in traces. Unfortunately, this compound is not available 
from the most common commercial suppliers so is not trivial to perform 
a comparison test; nonetheless, although we cannot completely rule out 
the formation of hydroxypentanoate esters, we thought to have enough 
experimental indication to address to AL a major role in the production 
of GVL and consecutive products in our gas-phase and continuous-flow 
process. Going into detail of the results showed in Fig. 5, for a period of 
2 h of reaction, α-AL was completely converted, yielding mainly GVL (56 
%) and ethyl GVL (11 %). Then, the same change in the chemo- 
selectivity of the process discussed above was observed: GVL yield 
decreased significantly favouring the formation of both EL, strongly 
suggesting that EL is mainly formed by ALs alcoholysis and β-AL ob-
tained via isomerisation processes. On the other hand, while feeding ML, 
only over a progressively deactivated catalyst the very reactive inter-
mediate ALs can be observed due to the fast conversion of ML to ALs and 
then of ALs toward EL, GVL or heavy compounds (this being the reason 
why ALs yields are increasing with the time on stream). As seen also for 
t-ZrO2 (see Figure S6 in the SI), these results strongly support the hy-
pothesis that ALs are the key intermediates in the gas-phase CTH of ML 
with ethanol and that ZrO2 is able to promote the effective and rapid 
cyclisation of ML. On the other hand, m-ZrO2 seems to deactivate much 
more rapidly than t-ZrO2 (conversion of α-AL decreases by 15 % after 
only 2 h of reaction over m-ZrO2, in contrast to a < 10% decrease in 
conversion after almost 10 h over t-ZrO2). For both catalysts, the 
decrease in α-AL conversion was accompanied by a significant increase 

in the formation of β-AL The β isomer becomes the main product over m- 
ZrO2 after 6 h of reaction, exceeding EL. Notably, for both catalytic 
systems, the mixture of products obtained towards the end of the reac-
tion has a ratio α-AL/β-AL ~ 1, suggesting that the two isomeric forms 
have similar reactivity and the isomerisation processes were quite fast in 
our experimental conditions, probably reaching the equilibrium. It is 
evident that the t-ZrO2 exhibited the higher efficiency in terms of both 
GVL yield and reactants conversion, as opposed to the monoclinic form. 
Finally, a test was performed feeding a mixture of GVL and ethanol over 
both m- and t- ZrO2 (see Figure S7 in the SI). In both cases, GVL con-
version tends to stabilise at 30% after few hours of time on stream; 
however, while t-ZrO2 shows significant yield in EP (ca. 20%), demon-
strating its ability to foster consecutive reactions on GVL, m-ZrO2 yield 
EP only in traces. The average molar balances were relatively low in 
both cases, nonetheless while TGA showed relatively low accumulation 
of organics over the surface (see Figure S8 in the SI), qualitative gas 
phase analysis on GC–MS underlined the presence of light hydrocarbons 
(e.g. butenes), suggesting that ALs play a fundamental role in catalyst 
deactivation. Finally, the effect of the molar ratio between ethanol and 
ML in the feed has been investigated in the range of 20:1 and 4:1 (Fig. 6, 
S9 and S10) by working at 250 ◦C and 1 s of contact time. 

All these tests clearly underline the crucial role of an effective 
adsorption and activation of ethanol for the promotion of the CTH 
process and for an efficient dilution of some ML derivatives, such as AL 
and other coke precursors. Noteworthy, by working with higher ethanol 
excess, GVL yield values were above 60% for more than four hours of 
time on stream reaching a maximum of 75% before the deactivation 
kicks in. Indeed, the deactivation phenomena over both the ZrO2 poly-
morphs were strongly delayed but became negligible only in the case of 
the tetragonal form (Figure S9). On the opposite, the tests performed 
feeding a mixture with a lower ethanol excess (ML:EtOH = 1:4, 
Figure S10) immediately led to the selectivity drops of GVL favouring 
the formation of EL via AL alcoholysis or ML transesterification, how-
ever with the already highlighted differences of performances which 
indicates t-ZrO2 the most suitable and stable materials for the CTH of ML 
with ethanol in the gas-phase to date. 

Fig. 5. Catalytic results obtained in α-AL reduction via CTH using EtOH as H-donor over m-ZrO2. Reaction conditions: molar ratio α-AL:EtOH = 1:10, T = 250 ◦C, 
τ = 1 s, %mol N2: α-AL:EtOH = 90.1:0.9:9. Conversion ( ); EL ( ); GVL (( ); Ethyl GVL ( ); βAL ( ); Others ( ); Yields sum/ Conversion ( dotted line). 
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3.3. 1H NMR relaxation results 

The relative adsorption strengths of alkyl levulinates (ML and EL, 
referred also as “reactants”), products (α-AL and GVL) and alcohols 
(ethanol and the co-produced methanol) were characterised using low- 
field NMR relaxation measurements, to assess how the interaction of 
species present during the reaction with the different phases of ZrO2 
impacts the catalytic performance. It is important to note that, in this 
context, NMR relaxation measurements are not used as an operando 
analytical technique for the characterization of the catalytic reaction 
under reaction conditions. Rather, it is used as an ex-situ analytical tool 
to characterise surface interactions of the reactants, products and sol-
vents with the catalyst surface. However, it should be noted that 
although NMR relaxation measurements require the use of liquid phase 
reactants and products, they are robust in nature and conclusions drawn 
with regards to surface affinities can also be applied to gas phase species 
[59-61]. 

The pores of the ZrO2 catalysts were filled with the probe liquid of 
interest and the spin–lattice (T1) and spin–spin (T2) relaxation time 
constants were determined using the inversion recovery and CPMG 
pulse sequence, respectively (Fig. 1(a) and (b) in the Experimental 
section). The T1 and T2 plots for reactant, products and solvents are 
shown in the Supporting Information (Table S2, Figures S11- S14). 

The ratio of the spin–lattice to spin–spin relaxation time constants 
(T1/T2) has been shown to be an effective measure of the affinity of a 
molecule of interest and a solid surface [62,63]. In brief, the greater the 
value of T1/T2, the stronger the interaction between the guest molecule 
and the surface under study. A more detailed explanation of this phe-
nomenon is given in the Supporting Information. Determined T1/T2 
values are given in Table S2 and can be seen expressed graphically below 
in Fig. 7. 

As shown in Fig. 7, both ethanol and methanol generally interact 
with the ZrO2 catalyst surfaces much more strongly than the reactants 
and products, as indicated by their T1/T2 values. Moreover, there is a 
significant difference in solvent adsorption strength between the two 
phases of ZrO2 studied. That is, t-ZrO2 adsorbs both solvents much more 
strongly than m-ZrO2 despite the greater basicity and acidity of the 

latter. It is likely that the alcohol solvents interact strongly with surface 
hydroxyls on the t-ZrO2 surfaces via H-bonding as well as interacting 
with Lewis acid sites, which strength seems to be quite similar in the two 
polymorphs. The different T1/T2 values could also been explained taking 
into account a complex, extended H-bonding network in which, by 
working in the liquid phase with the pure alcohols may lead to a 
favourable, geometrical adsorption of either ethanol or methanol in the 
case of the tetragonal structure. The catalytic results (as shown in Figs. 3 
and 4) have demonstrated that, under continuous conditions, both a 

Fig. 6. Catalytic results obtained in ML reduction via CTH using EtOH as H-donor over m-ZrO2. Reaction conditions: molar ratio ML:EtOH = 1:20, T = 250 ◦C, 
τ = 1 s, %mol N2:ML:EtOH = 89.5:0.5:10. Conversion ( ); EL ( ); GVL ( ); Ethyl GVL ( ); βAL ( ); Others ( ); Yields sum/Conversion ( dotted line). For the sake 
of comparison, the results obtained over t-ZrO2 are also reported with dashed line in terms of both ML conversion ( ) and GVL yield ( ). 

Fig. 7. T1/T2 values of the alcohols (MeOH and EtOH), alkyl levulinates (ML 
and EL) and products (α-AL and GVL) imbibed within the pores of monoclinic 
and tetragonal ZrO2 (red and blue columns, respectively). A higher T1/T2 value 
is indicative of a greater strength of surface interaction. The error of all T1/T2 
values is ± 3 %. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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higher GVL yield and enhanced catalyst stability are obtained on t-ZrO2 
with respect to m-ZrO2. As EtOH is the H-donor/reducing agent in the 
CTH reaction, it is plausible to conclude that a greater interaction of the 
alcohols with ZrO2 “activates” the alcohol molecules, producing mole-
cules with a greater H-donating ability (likely by weakening the O–H 
bond during H-bonding with surface hydroxyls) and thereby increasing 
catalytic activity. The higher interactions of the H-donor species with 
the t-ZrO2 phase could also explain the catalyst stability data. It is 
observed that t-ZrO2 phase is much more stable than the m-ZrO2 phase, 
which is attributed to the larger extent of carbonaceous deposition over 
the latter phase. In this context, the greater strength of interactions of 
the alcohols over the t-ZrO2 phase could hence help the overall target 
process for two reasons: i) effectively enhancing the activation of 
ethanol toward the CTH processes and ii) promoting a competitive 
adsorption over specific sites (e.g. Lewis acid sites) which enhance an 
effective “dilution” of coke precursors (i.e. AL) over the catalyst surface, 
thus increasing the stability of the t-ZrO2 phase. 

The relative adsorption strengths of the alkyl levulinates (ML and EL, 
T1/T2 ~ 2.7 for m-ZrO2 and t-ZrO2) and products (GVL and α-AL, T1/ 
T2 ~ 3.7 for m-ZrO2 and t-ZrO2) are statistically similar (see Fig. 7, and 
Table S2 in the SI), indicating that four liquids have a similar strength of 
surface interaction regardless of the ZrO2 phase used. This would sug-
gest that the strength of interaction between the catalytic surface and 
ML, EL, GVL and α-AL, alone, should not significantly impact the dif-
ferences in catalytic performance between the two different phases of 
ZrO2. Rather, differences in catalytic activity between m-ZrO2 and t- 
ZrO2 for this reaction, are defined by the interaction between the cata-
lyst and the H-donor. That is, a stronger H-bond between the alcohol 
solvent and ZrO2 surface hydroxyls and Lewis acid sites will weaken the 
alcohol O–H bond, making H more available for CTH. Additionally, a 
slightly higher T1/T2 value of GVL over t-ZrO2 can suggest a stronger 
interaction of this compound which may lead to the promotion of the 
experimentally observed consecutive reaction towards EP. 

3.4. Computational results 

3.4.1. Modelling ZrO2 clusters 
As mentioned in the ‘Computational methods’ section, the “cluster 

approach” was used to model the catalytic ZrO2 nanoparticles in order to 
analyse the adsorption properties of nanoparticle surface low- 
coordinated sites and to possibly obtain insights into the different cat-
alytic behaviour of the two ZrO2 phases. The models were built starting 
from the unit cells of the monoclinic and the tetragonal crystallographic 
phases of ZrO2, as attainable from the Material Project database [64]. 
The unit cell was then repeated three-dimensionally to obtain a bulk-like 
structure that was then cut along the most thermodynamically most 
stable surfaces of the two phases respectively [65]. For t-ZrO2, the 
catalyst model was built by cutting along the O-terminated (101) 
crystallographic planes to expose the thermodynamically most stable 
surfaces and terminations following the modelling proposed by Puig-
dollers et al [66]. An octahedral nanoparticle (O-np) with Zr19O32 stoi-
chiometry was obtained. Instead, for the m-ZrO2, a Zr18O33 cluster was 
built, where the two more extended facets are the thermodynamically 
most stable (111) surfaces. The DFT optimized structures of these 
clusters are reported in Fig. 8. 

In carrying out the subsequent adsorption studies, it is important to 
consider the coordination of the Zr atoms in the cluster models under 
consideration. In particular, the Zr atoms in the edge of the cluster 
structures (namely, the ‘edge sites’) have an average coordination 
number of 5.1 and 6.0 for m-ZrO2 and t-ZrO2, respectively, which are 
close to those (5 and 7, respectively) of their most stable exposed sur-
faces, i.e. (111) and (101), respectively. Instead, the ‘vertex sites’, with 
lower coordination than edge ones, feature coordination numbers of 4.1 
and 4.0 for Zr atoms in m-ZrO2 and t-ZrO2 clusters, respectively. Thus, 
we can consider the edge sites as the most representative for the 
adsorption on the catalyst nanoparticles, since they are expected to be 

much more numerous than the vertex sites in the real catalysts. How-
ever, the vertex sites represent the lowest-coordinated sites, thus 
potentially the most reactive ones. 

3.4.2. Analysis of the strength of Lewis acidic sites: NH3 adsorption 
On the DFT optimised structures, the strength of the acidic and basic 

sites was evaluated, comparing the results for the two crystalline phases 
of ZrO2. In particular, the acidic sites are studied by the adsorption of 
NH3 and compared with TPD experiments reported above [66,67]. Our 
comparison of adsorption energies of NH3 on tetragonal and monoclinic 
zirconia indicates that the adsorption energies range is similar for both 
phases for the edge sites, suggesting overall similar adsorption proper-
ties, in line with experimental TPD evidence. In particular, for the 
strongest adsorption site on t-ZrO2, which is an edge site, the adsorption 
energy is − 28.9 kcal/mol, while for m-ZrO2 is − 29.2 kcal/mol (on a 
vertex site) with corresponding DFT optimised structures reported in 
Fig. 9. Also, the Zr-N distance is similar in these two structures, with a 
value of 2.40 Å for the tetragonal phase and 2.42 Å for the monoclinic 
one. As shown in Table S2, the most representative sites for m-ZrO2 and 
t-ZrO2 nanoparticles, i.e. the edge sites, feature comparable adsorption 
energies, while for vertex sites there is stronger adsorption on m-ZrO2 
than t-ZrO2. This would suggest that the relatively small difference in the 
TPD peak temperature (showed in Fig. 2) can be interpreted as an 
indication of stronger acidic sites on the m-ZrO2 with respect to t-ZrO2, 
which is related to the lowest-coordinated sites of the nanoparticle 
catalysts. 

3.4.3. Analysis of the strength of Lewis basic sites: CO2 adsorption 
In the CTH, the amphoteric character of the catalyst is an important 

feature as it promotes the capacity of the alcohol to donate a proton by 
generating an alkoxide [21]. The basicity was studied with the adsorp-
tion of CO2, that on metal oxides typically leads to carbonate adsorbed 
species. Our DFT investigations indicated, in fact, that adsorbing the C 

Fig. 8. The Zr18O33 and Zr19O32 DFT cluster models of m-ZrO2 (left) and t-ZrO2 
(right) nanoparticles. 

Fig. 9. Adsorption of NH3 on m-ZrO2 (left) and t-ZrO2 (right) on the site with 
the largest adsorption energies. 
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atom of CO2 on top oxygen basic sites of ZrO2 one of the oxygens of CO2 
always tends to bind to a surface Zr atom. 

The interaction with basic sites implies a donation to the CO2 anti- 
bonding π* orbital and a consequent elongation of the C-O bond along 
with deviation from the linearity of the free molecule. The more the 
bond is elongated and the bond angle is deviated from 180◦, the more 
the donation is significant, therefore, the more basic the site [68-70]. 
The adsorption energy, inevitably associated to the formation of car-
bonate adsorbed species, is not the best parameter for the characteri-
sation of the strength of surface basic sites. Indeed, the adsorption 
energy is associated not just to the interaction between the basic surface 
site and the acid adsorbate molecule but also to those with other atoms 
adjacent to the surface atomic site. For these reasons, the strength of the 
basic site can be analysed by looking at the geometrical parameters 
(bond angle and bond lengths) of the distorted adsorbed CO2 molecule 
incorporated in the carbonate adsorbed species (Fig. 10). In our DFT 
investigations, we observed that the carbonate adsorbed species are 
preferentially formed by interaction with Zr vertex sites on t-ZrO2, while 
on m-ZrO2 they have been found on both vertex and edge sites. Among 
all stable absorbed species characterised in this work, a consistent trend 
that differentiates the two crystalline phases of zirconia can be found 
(see Table S4 in the SI): the CO2 bends more on m-ZrO2 than on t-ZrO2 
and one of the two C-O bonds of CO2 gets elongated in the case of 
monoclinic ZrO2. Considering the two lowest energy structures of 
adsorbed CO2 on the two phases, the CO2 bends with an angle of 122◦

and 132◦ and the C-O bond elongates to 1.38 Å and 1.30 Å on m-ZrO2 
and t-ZrO2, respectively. This indicates a greater donation of electrons to 
CO2 and therefore a stronger basic surface site for the monoclinic zir-
conia compared to the tetragonal one, in agreement with the experi-
mental TPD-CO2 analysis. 

3.4.4. AL adsorption and catalyst deactivation 
To understand the faster deactivation of m-ZrO2 when compared to t- 

ZrO2 in the CTH of ML to GVL, we focused the computational study on 
the adsorption of α-AL for the two phases. Indeed, one of the possible 
reasons for the different reactivities of the two crystalline phases is the 
deactivation of the catalyst by formation of heavy products that block 
the catalytically active surface sites. It is known that the oligomerisation 
of AL easily proceeds over either basic sites or catalyst characterised by 
strong acidity [58,71]. One possibility is the ring-opening polymeriza-
tion of α-AL in the presence of a suitable nucleophile (e.g. an alkoxide) 
[72] promoted by the activation of AL carbonyl group over Lewis acid 
sites, forming polyesters. Notably, we found that the adsorption mode 
with the α-AL carbonyl oxygen over the Lewis acid sites (with Zr-O 

(α-AL) bond distance ranging from 2.26 to 2.32 Å, see Fig. 11) is the 
most favourable on both m-ZrO2 and t-ZrO2. A wide range of adsorption 
energies, from − 17.8 to –32.7 kcal/mol, have been obtained for the 
vertex-type sites (see Table S5 in the SI). Instead, comparing the most 
stable adsorptions of α-AL on the edge sites for the two crystalline 
phases, a similar adsorption energy is found, in the range between − 20.1 
and –22.7 kcal/mol. Since the edge sites are certainly much more 
numerous than vertices on the exposed surface of nanoparticles, the 
similar adsorption energies found for these sites on the two crystalline 
phases agree with the NMR results that indicated similar adsorption 
strengths for α-AL on m-ZrO2 and t-ZrO2 (see Fig. 7). 

However, considering the α-AL adsorption on the Zr vertex sites we 
found a much stronger adsorption on the monoclinic phase (–32.7 kcal/ 
mol) than on the tetragonal one (-18.4 kcal/mol). Since these adsorption 
sites are expected to be present in a much smaller extent than edge sites 
on the real nanoparticles, such difference in adsorption energies should 
not significantly affect the average adsorption energies of α-AL on m- 
ZrO2 and t-ZrO2. At the same time, these sites are associated to the 
lowest-coordinated and most reactive Zr atoms, thus the difference in 
adsorption energy on these sites between the two phases might have a 
significant impact on their overall reactivity. 

Indeed, the stronger the Zr-O(α-AL) surface interaction of α-AL on m- 
ZrO2 can lead to a faster deactivation of the catalyst with respect to t- 
ZrO2, since the longer residence time on the most reactive sites would 
correspond to likelier formation of oligomers, thereby promoting sur-
face deactivation. However, the longer residence time that, accordingly 
to DFT computations, we could clearly expect on the lowest-coordinated 
Zr sites, should be accompanied by the contemporary presence of acti-
vated AL surface species. The activation of α-AL species on ZrO2 surfaces 
could actually occur if the Lewis basic sites (i.e. surface oxygens) are 
able to deprotonate the α-AL, following a base-assisted dimerization/ 
polymerization process [71,73] Most likely, this deprotonation will 
involve the most acidic H of α-AL, i.e. one of the two hydrogens in alpha 
position with respect to the AL carbonyl (namely Hα). As shown in 
Fig. 11, the shortest distances between the acidic Hα and ZrO2 surface 
oxygen, i.e. Hα-O(ZrO2), are found to be significantly shorter in m-ZrO2 
than in t-ZrO2, being in the ranges 2.32–2.43 Å and 2.57–2.72 Å, 
respectively. This has to be mainly ascribed to the different exposition of 
surface oxygens on the two phase and to the adsorption mode of α-AL via 
the carbonyl oxygen, which directs the C-Hα bonds towards the surface 
basic sites. Notably, the difference in Hα-O(ZrO2) distance between the 
two phases is more evident for the most numerous edge surface sites (ca. 
0.40 Å) than for the vertices (ca. 0.14 Å). This outcome strongly suggests 
that the acidic Hα are closer to the basic surface sites on the m-ZrO2 than 

Fig. 10. Adsorption of CO2 on m-ZrO2 (left) and t-ZrO2 (right).  
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on the t-ZrO2. These results, combined with the different strength of the 
basic sites described above, clearly indicate that the formation of olig-
omers and consequent deactivation of the catalyst is more likely on m- 
ZrO2 than t-ZrO2. 

4. Conclusions 

In conclusion, the monoclinic and tetragonal phases of zirconia were 
tested in the continuous-flow, gas-phase, catalytic transfer hydrogena-
tion (CTH) of ML with ethanol toward GVL and other compounds of 
interest (i.e. ethyl-GVL and ethyl pentenoates). The effect of tempera-
ture and reagent molar ratio on products distribution have been inves-
tigated and a reaction intermediate (α-AL) and a product (GVL) have 
been fed in order to better understand the reaction pathway and un-
derline the different behaviours of these two different crystalline phases 
on the target reaction. The observed experimental results were linked 
not only with thermogravimetric analysis and DRIFT spectroscopy but 
also with both NMR spectroscopy and DFT calculations in order to assess 
the structure–activity relationship. The obtained results clearly show an 
improved efficiency for t-ZrO2 in ethanol adsorption and activation, 
which lead to an enhanced CTH process and an efficient dilution over 
the catalytic surface of the AL, the main responsible of carbonaceous 
species deposition via ring-opening oligomerisation. These phenomena 
allow to improve catalyst lifetime and GVL yield (between 60 and 70%) 
over the time on stream. Conversely, the m-ZrO2 shows faster deacti-
vation trends, due to the faster accumulation of heavy compounds over 
the catalytic surface, as consequence of the higher Lewis acidity and 
basicity of this crystalline phase (proved with both TPD experiments and 
DFT computations) which led to stronger interaction with the interme-
diate AL. Interestingly, by increasing the molar excess between ethanol 
and ML to 20, both systems show improved stability with an almost 
negligible deactivation showed by t-ZrO2. However, in these conditions, 
while the tetragonal is able to foster consecutive reaction over GVL, 
promoting the formation of ethyl pentenoates, the m-ZrO2 shows the 
higher GVL yield of 75% after 6 h of time on stream. These results may 
open new perspective toward catalyst optimisation for an efficient and 
actually sustainable alkyl levulinates reduction toward GVL and related 
compounds. 
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