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Abstract

Catalytic hydrogenation of levulinic acid to form y-valerolactone was studied over Cu-
ZrO; catalysts doped with metal oxides from the first row transition metals. The Cu-ZrO-
material was prepared by oxalate gel co-precipitation and dopants were added by an
incipient wetness approach. The addition of 1% Mn into Cu-ZrO; significantly increases
the yield of y-valerolactone and the catalytic activity of Mn/Cu-ZrO. was found to be 1.6
times higher than that of the undoped Cu-ZrO: catalyst. Catalyst characterization suggests
that the Mn dopant improves the dispersion of Cu on the surface of ZrO. Kinetic studies
show that the reaction order with respect to the substrate concentration is approximately
zero. However, the order of reaction with respect to the partial pressure of Hy is different
for the Mn/Cu-ZrO; and Cu-ZrO: catalysts. Comparison of reaction products from
reactions carried out in H.0O and DO solvents using *H NMR and **C NMR show that
there is a pre-equilibrium keto-enol isomerisation step under our reaction conditions. DFT
calculations show that the enol isomers have a higher affinity for the Cu surface which

may improve the availability of the substrate in the hydrogenation step of the reaction.



1. Introduction

Levulinic acid (LA) is an important intermediate for the conversion of non-food
biomass into fine chemicals and fuels.!® LA can be transformed into a variety of valuable
chemicals such as polymer resins, components of flavoring and fragrance compounds,
extenders for fuels, antimicrobial agents, herbicides and more.* One of the most important
compounds derived from LA is y-valerolactone (GVL), which has been identified as a
suitable target for next-generation biorefineries. GVL has several desirable properties that
make it an excellent sustainable feedstock for the production of both energy and carbon-
based consumer products.>” Several homogeneous catalyst systems have been reported
which give high yields of GVL®3 but heterogeneous catalysts are preferred due to the
ease of separation of catalyst from the reaction mixture. Typical heterogeneous catalyst
systems employed for GVL synthesis from LA consist of noble metal catalysts e.g. Ru'*
2L Aul® 2223 ptl8 23 gnd pd.18 23 24 Amongst these catalysts, supported Ru is the most
widely studied because of the ability of Ru to catalyze the hydrogenation of LA under
mild reaction conditions (< 10 bar Hp, 100°C).%% 17 19 As jllustrated in Scheme 1,
mechanistic studies with Ru/C catalysts show that the conversion of LA, 1, into GVL, 3,
involves a hydrogenation step to 4-hydroxypentanoic acid (HPA, 2) and an intramolecular
esterification to close the ring in the GVL product.** However, the high cost and low
abundance of Ru metal has limited its use at a commercial scale. Recently, focus has
shifted toward the use of cheaper and more abundant metal catalysts, for example Ni?>-%°
and Cu®%-3* catalysts.

We have previously reported that the efficient conversion of LA to GVL can be
achieved using a copper—zirconia (Cu-ZrO») catalyst prepared either by a co-precipitation

from the aqueous nitrate salts® or by an oxalate gel co-precipitation method.*! We found



that the catalytically active components of these Cu—ZrO, catalysts for the hydrogenation
of LA are reduced Cu nanoparticles dispersed on the surface with a strong interaction
with the Cu incorporated into the zirconia support. Even so the conditions required for
these Cu based catalysts (200°C, 35 bar )* are considerably more exacting than quoted
above for a typical Ru catalyst. Hence, there is a need to further improve the activity of
Cu-ZrO; catalysts so that the experimental temperature and pressure may be lowered.
Herein, we explore the use of first row transition metals as dopants in an attempt
to improve the catalytic activity of Cu-ZrO» for hydrogenation of LA to GVL. We have
characterized the doped -catalysts using Scanning electron microscopy (SEM),
Transmission electron microscopy (TEM) , X-ray diffraction (XRD), Temperature
programmed reduction (TPR), Brauner, Emmette and Teller (BET) surface area
measurement, and N2O titration (metal surface area measurements) in order to relate their

catalytic activity with their morphology and physical properties. Mn is identified as the
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most promising dopant and we discuss the role of Mn in the resulting Mn/Cu-ZrO>
catalyst based on material characterization measurements and reaction kinetic studies.

2. Experimental Methods

2.1 Preparation of catalysts

Cu-ZrO; catalysts were prepared by the oxalate gel precipitation method.®! In a typical
synthesis 0.01 mol of Cu(NOg3)2:3H.0O (Acros Organics, 99%) and 0.01 mol of

ZrO(NOs3)2-6H20 (Acros Organics, 99.5%) were dissolved in 200 ml of ethanol at room



temperature. Then, 0.024 mol of oxalic acid dihydrate (BDH Chemicals, 99.5%) was
added into the mixed metal solution and stirred for 2 h at room temperature. The resultant
gel was filtered out and dried at 110 °C overnight. The dried material was calcined at
550 °C for 2 h with a 10 °C min~* ramp under static air. The addition of a secondary metal
from the first-row transition metals, M (=Sc to Zn) to give (M/Cu-ZrO2) was conducted
using a wet impregnation method. For wet impregnation, the calcined Cu-ZrO; (0.5 g)
was dispersed in a metal salt solution of the dopant metal precursor in ethanol (3 ml), and
then the resulting slurry was dried under vigorous stirring. The solid was then re-calcined
at 550 °C for 2 h with a 10 °C min~! ramp under static air, and then reduced at 300 °C for
2 h with a 10 °C min~! ramp under 5% Hz/Ar mixture gas. The metal precursors used for
wet impregnation were Sc(NOz)3-xH20 (Sigma Aldrich, 99.9%), TiCls (Sigma Aldrich,
>99.0%), VCls (Sigma Aldrich, 97%), Cr(NO3)3-9H.O (Sigma Aldrich, 99.99%),
Mn(NOs)2:4H,O (Sigma Aldrich, 97%), Fe(NO3)3-9H.O (Sigma Aldrich, 98%),
Co(NOQ3)2-6H20 (Sigma Aldrich, 99.999%), Ni(NOs).-:6H.0 (Sigma Aldrich, 98.5%),
Cu(NOs3)2-3H20 (Acros Organics, 99%), and Zn(NOz).-6H20 (Sigma Aldrich, 98%).
2.2 Characterization

Powder X-ray diffraction (PXRD) was performed on an X’Pert Pro
diff ractometer with a monochromatic Cu-Ka source (A = 0.154 nm) operated at 40 kV
and 40 mA. The scans were recorded in the 20 range between 10° and 80°. Raman
spectroscopy was performed on an inVia Raman Microscope (Renishaw) using both 514
nm and 785 nm lasers for powder samples. Total surface areas were determined by multi-
point N2 adsorption at 77 K on a Micromeretics Gemini 2360 according to the Brauner
Emmet and Teller (BET) method. Prior to the analyses, samples were degassed at 120 °C

for 1 h under N flow.



Temperature programmed reduction (TPR) was carried out on a Thermo 1100
series TPDRO (Quantachrome) equipped with a cold trap with 75 ml min~! of 10%H./Ar
using a 10 °C min~* ramp rate. Samples (10 mg) were pre-treated at 110 °C under a flow
of argon (20 ml min-t) for 20 min prior to reduction in order to clean the surface. Analysis
was performed under 10%H/Ar (20 ml min™) flow with 5 °C min~* ramp.

N20 titration, to determine the Cu surface area, was performed on a ChemBet
(Quantachrome) for catalysts after reduction. Prior to the analysis, the catalysts were
treated in situ under 30 ml min* of 10%H./Ar flow at 180 °C. Then the temperature was
reduced to 65 °C with He purging. N2O was pulsed and detected using a thermal
conductivity detector (TCD). After titration, a known amount of N2 was fed for calibration.
Atotal of 1.46 x 10*® Cu atom m~ and a stoichiometry of 2Cu/N were used to calculate
Cu surface area.3® 3

Electron microscopy was performed using a MAIA3 scanning electron
microscope (SEM). The powdered samples were dry dispersed onto holey carbon film on
copper grids. Energy dispersive X-ray (EDX) analysis was performed using Oxford
Instruments X-Max 80 mm? SDD. The primary beam energy is set to be 10 keV and the
beam current is about 200 pA for both imaging and analysis.

2.3 Hydrogenation of LA to GVL

All experiments were carried out using a 50 ml capacity stainless steel autoclave
(Model 5500HP, Parr Instruments) equipped with a Teflon liner and a mechanical stirrer.
The reactor was equipped with a gas inlet valve for charging gas into the reactor and a
gas release valve for releasing pressure and gas sampling. Unless otherwise stated
reactions were carried out under a set of standard conditions; reaction temperature 200 °C,

reaction time 0.5 h, and 10 g of 5% LA (Sigma Aldrich, 98%) diluted with distilled water



was used as a substrate, the reaction mixture was stirred at a rate of 2000 rpm. Before the
reaction, the reactor was purged three times with 5 bar of nitrogen gas, in order to remove
residual air, followed by purging three times with 35 bar of hydrogen. The reactor was
then heated to the reaction temperature and the autogeneous pressure this generated noted.
The reactor was then pressurized to a total pressure of 35 bar using Hz at which point the
reference zero time for the reaction was set. This procedure resulted in a partial pressure
of Hz of 26.4 bar under the standard reaction conditions. Blank runs, without the catalyst
present, showed no LA conversion. Acetonitrile (Acros Organics, 99.9%) was used an
internal standard for analysis and the products were detected by Varian 450 GC equipped
with CP-Sil 5CB (50 m, 0.32 mm, 5 pm) column and an FID detector. The calculated
carbon balance was always in the range of 95-105%.
2.4 Reusability test

To investigate the stability of the catalyst, reusability tests were conducted as
follows. Instead of using 0.05 g of catalyst in 5% LA/H0, 10 g, an excess of catalyst (0.3
g) was pretreated by using an excess of LA (30% LA/H2O, 10 g) under standard
conditions. After the pretreatment, the catalyst was filtered and washed with water and
dried at room temperature for 20 h. For the first reuse experiment, 0.05 g of the pretreated
catalyst was used in 5% LA/H>0 and the reaction was carried out under our standard
conditions. The remaining catalyst from the first pretreatment (0.2 g) was again pretreated
in 20% LA/H20, 10 g under standard conditions. Then the mixture was filtered, washed
and dried at room temperature for 20 h. The pretreated catalyst so obtained was then used
for a second reuse reaction, which was conducted in the same manner under our standard
reaction conditions. For the last reusability test, once again the remaining catalyst from

the second pretreatment (0.1 g) was pretreated in 10% LA/H20, 10 g under standard



conditions, followed with filtration, washing and drying at room temperature for 20 h.
Once again, the twice pretreated catalyst obtained was used for the third reuse reaction
which was conducted in the same manner as described for the earlier re-use tests.

2.5 DFT calculations

Spin unrestricted periodic DFT calculations were performed within a generalized gradient
approximation using the exchange-correlation functional of Perdew, Burke and Ernzerhof
(PBE)® * using the VASP program.®*® The core states of all atoms were represented
using projector augmented wave method (PAW)*#° This left 11 valence electrons per Cu
atom and the usual valence levels for main group elements to be explicitly represented in
the calculations. In addition dispersion interactions were included in all calculations using
the Grimme D3 approach.*®

Calculations for the interaction of molecules with Cu nanoparticles used a Cuzs cluster.
The geometry of this Cuzs cluster was taken from the global optimisation studies of Dove
and Wales who used Sutton Chen potentials to idientify low energy structures for a range
of metallic clusters.*” The 75 atom cluster was chosen as it provides generic features of
nanoparticles including regions of (111) and (100) face centred cubic type facets as well
as a low co-ordination ( 5-co-ordinate) Cu.

Clusters where placed in a cubic simulation cell, 25 A on each side and a 600 eV cut-off
was used to define the plane wave basis set. For cluster calculations only the I'-point in
reciprocal space was required.

A conjuguate gradient optimization procedure was used with a gradient threshold for
optimization of 1.5 x 10 eV AL, All atoms of adsorbates and cluster were optimized

during the calculations and adsorption energies, E,,;s, Were calculated using the formula:

Eqas = Ectus+x — Ectus—Ex (l)



where E_..,s+x, 1S the energy of the relaxed structure of adsorbate, X, on the cluster at a
given location, E_,s, IS the optimized energy of the cluster alone and Ey, is the
optimized energy of the adsorbate alone. All three calculations are carried out in the
simulation repeat units with the same dimensions using the same parameters (functions,
cut-off etc) for the calculations. We note that equation (1) will give negative energies for
favorable adsorbate-cluster interactions.
3. Results and discussion
3.1 Effects of metal dopants on Cu-ZrO>

Several catalysts were prepared by addition of metal dopants (1 wt.% each) into
Cu-ZrO following the impregnation procedure provided in experimental section and then
tested for LA hydrogenation. For all of the catalysts the selectivity to GVL was 100% and
no additional by-products were observed. Figure 1 shows that the GVL yield observed
with the undoped Cu-ZrO; catalyst was 51% after 30 min. reaction time. To compare the
performance of doped catalysts with this material GVL yield after 30 minutes of reaction
was taken as a measure of catalytic activity. The addition of a secondary metal can
significantly affect the catalytic performance of Cu-ZrO: catalysts for the hydrogenation
of LA to GVL. The addition of Sc, Cr, Fe, Co, and Zn to the Cu-ZrO; catalyst appeared

to have a detrimental effect on the catalytic performance because the observed GVL yields
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Figure 1. The effects of addition of metal dopants into Cu-ZrO- catalyst for the
hydrogenation of LA. Reaction conditions: 200 °C, 0.5 h, Total pressure = 35 bar,
partial pressure of Hz, p(Hz2) = 26.4 bar, stirring rate 2000 rpm, substrate 5% LA/H20,
catalyst (0.05 g). Error bars are based on the standard deviation of at least 3 repeat
experiments for each data point.

for these catalysts were less than the Cu-ZrO> standard catalyst. At the dopant level Ni
appears to have no real effect on the activity of the Cu-ZrO> catalyst. In previous work
we have shown how incorporating significantly higher amounts of Ni at the co-
precipitation preparation stage can lead to enhanced performance. The most active
materials in this case consist of 45% Ni and 5% Cu co-precipitated with ZrO> using the
oxalate gel approach.® Interestingly, the doping of Mn onto the Cu-ZrO, was found to
significantly increase the yield of GVL produced (GVL yield 82%). The doping of Ti and
V onto the catalyst was found to completely deactivate the Cu-ZrO; catalyst. It is possible
that this is a result of the metal precursors used; in the case of Ti and V, metal chloride

precursors were employed as the nitrate salts were not available for these two metals. The
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loss of catalytic activity could imply that chlorine has poisoned the Ti/Cu-ZrO; and V/Cu-
ZrO; catalysts. In order to investigate the influence of chloride on the catalytic activity,
an additional Mn/Cu-ZrO; catalyst was prepared using MnCl> as the metal precursor and
tested for the hydrogenation of LA. As with the Ti and V doped materials, the Mn/Cu-
ZrO. was found to be inactive, highlighting the importance of the metal precursor used
in the doping procedure and confirming that chlorides should be avoided.

In order to investigate the role of the Mn dopant in the Mn/Cu-ZrO; catalyst further, a
Mn/ZrO, catalyst was prepared and tested under identical conditions. No activity was
observed with this material, indicating Mn is acting as a dopant to enhance the activity of

the Cu-ZrO, material rather than as a catalyst in its own right.
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Table 1 summarizes the physical properties of the metals doped on Cu-ZrO;

Table 1. Physical properties of Cu-ZrO; and M/Cu-ZrO- catalysts.

Catalvst® Cu particle size® Cu surface area® BET surface area®
Y

/nm /m?g? /m? gt

Cu-ZrO; 15 2.0 58
Sc/Cu-ZrOz 15 1.8 42
Ti/Cu-ZrO; 39 0.3 45
V/Cu-ZrO; 41 0.2 51
Cr/Cu-ZrOz 12 1.7 46
Mn/Cu-ZrO- 12 54 64
Fe/Cu-ZrO: 9 14 45
Co/Cu-ZrOz 12 2.1 47
Ni/Cu-ZrO2 8 1.6 53
Cu/Cu-Zr0Oz 14 1.7 52
Zn/Cu-ZrO; 13 2.0 44

Mn/ZrO; - - 40

Notes: a) loading amount of metal fixed at 1 wt%., b) Obtained by PXRD of
reduced catalyst estimated from Scherrer equation applied to the Cu metal
diffraction peak at 26 = 43.4°. ¢) Obtained by N2O titration. d) Obtained by N>
adsorption.

catalyst. The particle size of Cu was estimated by applying the Scherrer equation to the
metallic Cu diffraction peak at 43.4° (Supplementary Information - Figure S1). With the
Sc, Cr, Mn, Co, Cu, and Zn doped Cu-ZrO, catalysts, the particle size of Cu was
determined to be approximately the same as the undoped Cu-ZrO: (ca. 15 nm). The Cu
particle size associated with the Ni/Cu-ZrO; and Fe/Cu-ZrO; catalysts was found to be
lower (approximately 8-9 nm). Interestingly, the catalysts prepared using the chloride
precursors (V and Ti) were found to have significantly larger Cu particle sizes (ca. 39-41
nm), which could indicate that the excess chloride in the preparation has caused

agglomeration of Cu during the calcination step used in catalyst preparation. The copper
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surface area of the doped materials was estimated using an N2O titration method. The Cu
surface area associated with the standard Cu-ZrO- catalyst was found to be 2.0 m? g,
Most of the doped materials had comparable Cu surface areas in the range 1.4 m? g!
(Fe/Cu-ZrQO2) to 5.4 m? gt (Mn/Cu-ZrQy). It is notable that Mn/Cu-ZrQO; is at the top end
of this range with a measured Cu surface area more than twice that of the undoped Cu-
ZrO material. The catalysts formed by doping with the chloride of the metal (Ti/Cu-ZrO-
and V/Cu-ZrO) have an order of magnitude lower Cu surface area, consistent with the
much larger particle sizes observed from XRD analysis. In order to ensure that the copper
surface area measurement for the Mn/Cu-ZrO, was as accurate as possible, another
measurement was conducted with Mn doped onto zirconia without any co-precipitated
Cu, Mn/ZrO2. No adsorption of N2O was observed for Mn/ZrO> and so we conclude that
all of the N2O adsorbed by the Mn/Cu-ZrO, material was due to the interaction with
surface Cu species. The measured BET surface areas for all materials were found to fall
in a narrow range (40-64 m? g1), suggesting that the doping of Cu-ZrO; with a second

metal has little effect on the microstructure of the synthesized catalysts.
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3.2 The effect of the Mn dopant loading on catalyst structure and activity.

As discussed in Section 3.1, the only dopant that resulted in a significant increase
in the GVL yield under our standard testing conditions was Mn. Accordingly, further tests
were carried out to attempt to optimize the Mn loading. A series of materials was prepared
with various amounts of Mn dopant in the Cu-ZrO- catalyst and these were tested for the
hydrogenation of LA to GVL using our standard conditions. The measured GVL yield as
a function of Mn dopant level between 0 and 1.5 % is shown in Figure 2a. It is clear that
the dopant level of Mn has a significant effect on the catalytic activity. The highest activity
for the Mn/Cu-ZrO- system was with a 1 wt.% Mn loading. Figure 2b shows how the Cu
crystallite size and Cu surface area are affected by the incorporation of differing quantities

of Mn dopant. The Cu particle size did not change up to a Mn loading of 0.5 wt.%.
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Figure 2. Dependences of (a) GVL yield and (b) particle size of Cu and Cu surface area
on Mn loading on Mn/Cu-ZrO,. Reaction conditions: 200 °C, Total pressure = 35 bar,
partial pressure of Hz, p(H2) = 26.4 bar, stirring rate 2000 rpm, substrate 5% LA/H>0,
catalyst (0.05 g). Cu particle size obtained by PXRD of reduced catalyst estimated from
Scherrer equation applied to the Cu metal diffraction peak at 20 = 43.4°. Cu surface area
obtained by NO titration. Error bars are based on the standard deviation of at least 3
repeat experiments for each data point.
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However, as the wt.% of Mn in the system exceeded 0.75 wt.%, the Cu crystallite size
decreased to approximately 12 nm before a plateau was reached with Mn >1 wt.%.
Interestingly, the copper surface area followed a very similar trend to the catalytic
performance and reached a maximum at 1 wt. % Mn. This suggests that the catalytic
performance was affected by Cu surface area and that the role of Mn may be to assist with
the dispersion of Cu on the surface of the catalyst. Indeed, we have already noted that the
highest Cu surface area in our survey of first row transition metal dopants occurs for
Mn/Cu-ZrO; (Table 1). Mn loadings exceeding 1 wt.% have a detrimental effect on both

the catalytic performance and the measured Cu surface area.
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Figure 3. PXRD patterns of 0-1.5 wt% Mn on Cu-ZrO; catalysts; Dash line and solid line
corresponding to ZrO and Cu, respectively.

The effect of Mn doping on the phases contained in the Mn/Cu-ZeO; catalysts
was investigated using PXRD. Figure 3 shows the changes in the PXRD patterns for the
Mn/Cu-ZrO, samples after impregnation with various amounts of Mn dopant. The
intensity of the main PXRD peak corresponding to the ZrO- phase (30.6°) in the Mn/Cu-

ZrO, catalyst gradually decreased with an increase in the amount of Mn up to a loading
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of 0.5 wt%. However, this effect was not observed on further increase in the amount of
Mn added to the Cu-ZrO, material. This data indicates that the ZrO, phase in the Cu-ZrO>
catalyst becomes increasingly amorphous with addition of increasing amounts of the Mn
dopant up to a loading of 0.5 wt%. On the other hand, there was no change or shift of the
diffraction peaks related to metallic Cu (around 43.5°) up to 0.5 wt% of Mn. Further
increases in the loading of Mn above 0.5 wt% resulted in a slight decrease in intensity of
this reflection for metallic Cu and also a small shift of the peak to higher diffraction angles,
which may indicate that Mn has been incorporated into the metallic Cu particles. So, at
these higher levels of the Mn dopant, a significant influence on the structure of the
metallic Cu nanoparticles can be observed. From these results, we conclude that the
introduction of the Mn dopant results in a lowering of crystallinity of the ZrO, phase in
the Cu-ZrO2 and above 0.5 wt% the structural effect of the Mn dopant on the Cu metallic
phase becomes detectable by PXRD.

Figure S2 (Supplementary Information) shows an SEM image and the elemental
distribution from the corresponding EDX spectra for a representative 600 nm scale
agglomeration of particles for the 1 wt% Mn/Cu-ZrO- catalyst. At the scale shown, the

three metals present (Zr, Cu and Mn) are uniformly distributed over the sample.

16



3.3 The effect of the 1 wt %Mn dopant on the catalytic performance of Mn/Cu-ZrOs..
Figure 4 compares GVL yield as a function of time for the 1 wt% Mn/Cu-ZrO>
sample and the standard Cu-ZrO- catalyst. It is clear that the Mn/Cu-ZrO, catalyst has a
significantly higher initial rate than the standard Cu-ZrO, catalyst. Full conversion of LA
into GVL was obtained after only 45 minutes with the optimized Mn/Cu-ZrO; catalyst
whereas this is only reached at 90 minutes for the same mass of the Cu-ZrO, material.
The effect of Mn doping on the rate of reaction was estimated from the formation rate of
GVL in the initial stage of the reaction from 0 to 15 mins (inset into Figure 4), the rate of

reaction catalyzed by Mn/Cu-ZrO> was found to be 1.6 times higher than that with the
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Figure 4. Time online data for the hydrogenation of LA to GVL over (A) Cu-ZrO; and
(@) 1 wt.% Mn/Cu-ZrO». Reaction conditions: 200 °C, Total pressure = 35 bar, partial
pressure of Hy, p(H2) = 26.4 bar, stirring rate 2000 rpm, substrate 5% LA/H>0, catalyst
(0.05 g). Error bars are based on the standard deviation of at least 3 repeat experiments
for each data point.
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Figure 5. Reusability assessment of Cu-ZrO and Mn/Cu-ZrO> for the hydrogenation of
LA to GVL. Reaction conditions: 200 °C, Total pressure = 35 bar, partial pressure of
H2, p(H2) = 26.4 bar, stirring rate 2000 rpm, substrate 5% LA/H-0, catalyst (0.05 g).
Error bars are based on the standard deviation of at least 3 repeat experiments for each
data point.

standard Cu-ZrO catalyst. Figure 4 also shows that the GVL yield increases linearly with
time for both Cu-ZrO2 and Mn/Cu-ZrO; catalysts up to 30 minutes and so confirms that
the GVL yield at this time can be taken as an indicator of the catalyst activity.

In order to assess the stability of the catalyst, a reusability test was conducted
following the procedure detailed in the experimental section. Figure 5 reveals how the
Mn/Cu-ZrO; and the undoped Cu-ZrO. catalysts performed over successive reuse
experiments in terms of the measured activity from GVL yield at 30 min reaction time. A
significant loss in activity was observed on reuse for both types of catalyst. The undoped
Cu-ZrOg, activity reduced from 50 % to only 18 % GVL vyield at 30 min reaction time
between the first and third use of the catalyst sample. Similarly, the Mn/Cu-ZrO; catalyst

showed a reduction in activity from 82 % to 36 % GVL yield at 30 min reaction time.
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Figure S3 (in Supplementary Information) shows the PXRD patterns of the
undoped Cu-ZrO; and Mn/Cu-ZrO. catalysts both before use and after the third reuse
reaction (dried at room temperature between reuse runs). The intensity of the reflection
associated with metallic Cu (43.4°) appears to decrease following use of the catalyst. In
our earlier paper using co-precipitated Cu-ZrO; catalysts leaching studies showed very
low loss of Cu under our reaction conditions® and so metal leaching is not responsible
for the observed loss of activity on re-use. Leaching tests were also carried out for the
Mn/Cu-ZrO; catalysts and similarly low levels of Cu leaching where observed (100 ppm).
To check the effect of this level of homogeneous metal we also ran an additional test:
After 20 minutes of reaction (GVL vyield 50 %) the autoclave was cooled and
depressurised and then the catalyst was filtered off. The filtrate was then returned to the
autoclave and the reaction continued under normal reaction conditions (except for the
absence of the solid catalyst). No further conversion was observed after an additional 30
minutes, confirming that the active catalyst is heterogeneous.

Figure S3 also shows additional reflections in the diffraction pattern are seen
after third reuse compared to the pattern of the fresh material. These additional peaks
indicate that Cu20 is present in the used material. This implies that the decline in catalytic
performance was a result of Cu oxidation into Cu2O following the reaction which is
consistent with the idea that reduction of copper oxide species into copper metal (during
reaction) is an important step in the catalytic process.3! Ex-situ treatment of the re-used
material with H did lead to the reduction of this Cu.O as evidenced by the loss of the Cu
oxide features and enhancement of Cu metal. Even so catalytic activity was not restored.
This suggests that agglomeration of Cu during the reaction process may make these Cu,O

particles both more difficult to re-activate on re-use and to loose activity due to sintering.
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3.4 Comparison of reaction kinetic parameters for LA hydrogenation over Mn/Cu-
ZrO; and Cu-ZrO; catalysts

As discussed in the previous section, doping of Mn into Cu-ZrO; significantly
improved the GVL yield observed after 30 min reaction time. Characterisation of the
synthesized materials shows that Mn doping causes an increase in the Cu surface area. In
order to probe the effect of Mn doping further, a kinetic study was carried out to determine
the order of reaction with respect to each of the reactants (H2 and LA). We also estimated
the apparent activation energies for each of the catalysts (Cu-ZrO. and Mn/Cu-ZrO3) from
the initial rates of reactions carried out at different temperatures. Figure 6 shows the
measured rate constant as a function of LA concentration and as a function of H. partial
pressure over Cu-ZrO, and Mn/Cu-ZrO; catalysts. For both catalysts, the reaction order
observed with respect to LA concentration was approximately zero (figure 6a). In the case
of H> partial pressure for the Cu-ZrO> catalyst the results were first plotted as a function
of total pressure on a linear scale (Figure S4) and a linear fit used to confirm the
autogeneous pressure of 8.6 bar that was observed during the heating stage of the
experiment prior to pressurizing with Hz. This allowed us to extract an accurate partial
pressure of Hy for calculating the order of reaction. With respect to the partial pressure of
H> (PH2), different reaction orders were observed for the Mn/Cu-ZrO. and Cu-ZrO;
catalysts. Figure 6b shows that the Cu-ZrO, catalyst gives an estimated order of 1.0 with
respect to p(H.), suggesting that the H> adsorption and dissociation on the Cu surface is
a limiting step in the hydrogenation process. Whereas, the reaction order with respect to
P2 using the Mn/Cu-ZrO; catalyst is 0.3, suggesting that the performance of this catalyst
is not limited by the pressure of H2 to the same extent.* In addition, extrapolation of the

linear fit of reaction rate with respect to total pressure did not give agreement with the
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autogeneous pressure measured at the start of the reaction (Figure S4), again suggesting
that the dependence on Ha partial pressure is of low order. This result suggests that H»
adsorption (dissociative adsorption) is rapid compared to other steps in the hydrogenation
reaction as may be expected given the high Cu surface area measured using N2O
adsorption (Table 1). For Ru/C catalysts a near zero reaction order with respect to LA has
also been reported along with a dependence on p(H) of 0.5.14

TPR profiles for freshly calcined Cu-ZrOz, Mn/Cu-ZrO2 and Mn/ZrO, materials are
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Figure 6. Effect of (a) concentration of LA with total pressure = 35 bar, partial pressure
of Hy, p(H2) = 26.4 bar, and (b) hydrogen partial pressure, p(H.) with substrate 5%
LA/H-0, on the hydrogenation of LA over (A) Cu-ZrOz and (@) Mn/Cu-ZrO>. Reaction
conditions: 200 °C, 0.25 h, stirring rate 2000 rpm, catalyst (0.05 g). Error bars are based
on the standard deviation of at least 3 repeat experiments for each data point.

presented in Figure S5 (Supplementary Information). For Mn/ZrO2 (without Cu), no TPR
peak was detected in the temperature program range (50-400 °C). Although there are
literature reports of TPR peaks corresponding to Mn species below 400 °C,%#° the
amount of Mn present in our samples is likely to lead to hydrogen adsorption in the TPR

experiment below the detection limit of the instrument. For the Cu containing catalysts,
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the temperature at which we observe the TPR peak and the area beneath the reduction
feature is practically the same for both of the catalysts (Cu-ZrO2 and Mn/Cu-ZrO,). These
results, suggest that Mn doping does not significantly affect the reduction of oxidized
copper contained in these materials.

We have also carried out the hydrogenation reaction at a series of temperatures
to produce an Arrhenius plot of the reaction rate constant in the presence of each of the
catalysts (Cu-ZrO2 and Mn/Cu-ZrO) and the data is presented in Figure 7. The activation
energies calculated from these plots are 69.0 kJ mol™ (Cu-ZrO.) and 45.7 kJ mol™
(Mn/Cu-Zr0>), so that the addition of Mn dopant appears to lower the activation energy

for hydrogenation of LA to GVL using Cu-ZrO; catalysts. This estimated activation
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Figure 7. Arrhenius plot of the hydrogenation of LA over (A) Cu-ZrO; and () Mn/Cu-
ZrOs. Reaction conditions: 110 - 200 °C, total pressure = 35 bar, partial pressure of Ha,
p(H2) = 26.4 bar, 0.5 h, stirring rate 2000 rpm, substrate 5% LA/H-0, catalyst (0.02 -
0.05 g). Error bars are based on the standard deviation of at least 3 repeat experiments
for each data point.
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energy with the Mn/Cu-ZrO, catalyst is similar to the activation energy for the

hydrogenation of LA to GVL using a Ru/C catalyst (48 kJ mol™) reported previously.**

3.5 Isotope labelling experiments and DFT calculations relevant to hydrogenation
mechanism

Isotope labelling studies were undertaken for the LA to GVL reaction using our most
active catalyst, 1wt% Mn/Cu-ZrO2. The results were analysed using 3C and *H NMR.
13C NMR for the product of hydrogenation in H.O and DO solvents are compared in
Figure S6. In agreement with earlier work on Ru/C?° we note that the relative 3C NMR
signals for the 3C atom at the 4 position and that for 13C at the 2 position in the GVL
product is significantly lower when D20 solvent is used compared to H20O. Following
Scheme 1 the C atom at the 4 position will be hydrogenated as the HPA (2) intermediate
is formed and so this result indicates that D originating from the D20 solvent is involved
in the hydrogenation step of the reaction. Checks subjecting GVL to the same reaction
conditions showed no evidence of deuterium exchange between the product and solvent.
In contrast to the labelling results reported for Ru/C we also see reduction in the signals
for 13C at positions 3 and 5 relative to *3C at position 2 when Mn/Cu-ZrO; catalysts are
used.

To attempt to quantify the extent of H/D exchange during the hydrogenation reaction we
turned to *H NMR. The resulting spectra are presented in Figures S7 and the peak
integration information is given in Tables S1. Unfortunately the *H NMR signal for the
proton at C4 is obscured by a broad solvent peak. However, the results confirm that there
is H/D exchange of hydrogen at C3 and C5 in the GVL product and also show that C3
and C5 in the residual LA substrate have undergone H/D exchange. This was also found

in an experiment carried out under the same conditions but with no catalyst present for

23



which no conversion of LA was observed but H/D exchange at C3 and C5 was still evident
(Figure S8 and Table S2 ). Similar experiments carried out at the lower temperatures used
with Ru catalysts show no such H/D exchange at C3 and C5.

Exchange of H and D at C3 and C5 suggests that the LA substrate will undergo enolisation
under the reaction conditions used with Cu-ZrO> catalysts and so the reaction scheme
should be modified as shown in Scheme 2 to include enolisation to either the C3-enol, 4,
or C4-enol, 5. There is then the additional possibility of hydrogenation at the C=C bond
of enol isomers 4/5 to produce the HPA intermediate.

The *3C results also suggest that the H species used in the hydrogenation of LA to GVL
could be derived from the H.O/D>0O solvent. We note that H-spillover and reverse
spillover phenomena, in which there is H/D exchange between atomic H on Cu
nanoparticles and hydroxyl groups on an oxide support have been investigated for
methanol synthesis from CO/CO; using Cu/ZrO; catalysts.*® Recent DFT calculations
have also shown that this type of process is both thermodynamically and kinetically quite

facile for Cus nanoparticles supported on hydroxylated SiO,.*° H-spillover and rapid
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exchange between the water solvent and surface hydroxyls would provide a route for the
atomic H formed on the Cu nanoparticles of the Mn/Cu-ZrO to be scrambled with D

from the D20 solvent.

3.6 DFT calculations regarding ketone/enol adsorption at Cuzs nanopatrticles.

The calculated adsorption energies for the species shown in Scheme 2 on the Cuzs model
nanoparticle are given in Table 2. The structure of the nanoparticle and the adsorbed
molecules are shown in Figure S9. Three locations on the nanoparticle were used in these
calculations Cu7s(111) and Cu75(100) facets and the apical atom which is five co-ordinate,
Curs(5-fold). We observe that for all species considered the adsorption energy is most
negative (favourable) on the Cuzs(5-fold) site than on the facets with the Cuzs(111) facet
giving the lowest energy adsorption in all cases. For LA, 1, adsorption by the acid and
ketone functionalities was compared and only the most favourable cases are reported here.
Figure S9 shows that adsorption of LA via the ketone group is preferred on the facets but
for the Cuzs(5-fold) site LA adsorbs preferentially via the acid group. For both the C3-
enol, 4 and the C4-enol, 5 adsorption via the C=C n-bond is always preferred over the
other functional groups of these molecules. In fact the enol adsorption is significantly
stronger than seen for LA (up to 38.8 kJ mol™ more negative for the Cuzs(5-fold) site).
This suggests that the enolisation that has been observed under the reaction conditions
used of the Cu-ZrO. based catalysts will increase the surface concentration of the
substrate on the Cu nanoparticle surfaces. We also note that the adsorption energy of the
enol isomers is considerably more favourable than that of the GVL product. This would

suggest that enolisation will also reduce any product inhibition effects.
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Table 2. Calculated adsorption energies for species shown in Scheme 2 at sites on a Cuzs
nanoparticle.

Adsorbed Adsorption sites
species Curs(111) Cuzs(100) Cusrs, 5- fold
/ kJ mol?t / kJ mol? / kJ mol?
LA, 1 -45.0 -64.5 -74.6
C4-enol, 5 -86.5 -98.9 -113.4
C3-enol, 4 -65.3 -90.1 -103.6
HPA, 2 -54.2 -74.6 -73.1
GVL, 3 -52.4 -66.4 -85.6

3.7 The effect of water concentration on reaction rate.
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Figure 8. Dependence of GVL yield on amount of water solvent used for (A) Cu-ZrO>
and (@) Mn/Cu-ZrO». Reaction conditions: 200 °C, total pressure = 35 bar, partial
pressure of Hz, p(H2) = 26.4 bar, stirring rate 2000 rpm, 1 h, substrate 30-100% LA/H-0,
catalyst (0.05 g). Error bars are based on the standard deviation of at least 3 repeat
experiments for each data point.
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The observation that water is implicated in the hydrogenation step of this reaction,
providing at least some of the H-species used, led us to investigate the effect of water on
the catalytic activity of both doped and undoped catalysts. Figure 8 shows the effect of
water on GVL yield after 60 minutes of reaction. The amount of LA in the reaction was
fixed at 1 g (8.6 mmol), and the dose of water in the reactor was changed from zero to 9
ml (0-90 wt. %). The GVL yield increased with an increase in the amount of water in the
reaction solution. The data clearly indicate that water contributes to the hydrogenation of
LA over both doped and undoped catalysts. The contribution of water in the reaction was
calculated from the slope of the activity and the contribution of water over the Mn/Cu-
ZrO> was found to be larger than that of undoped Cu-ZrO; catalyst.
Conclusions

The development of Cu-ZrO: catalyst for the catalytic hydrogenation of LA to
form GVL by the addition of various dopant oxides (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
and Zn) was investigated. Impregnation of 1wt.% Mn in the Cu-ZrO: significantly
increased the catalytic activity, and the catalyst was found to be 1.6 times more active
than that of undoped Cu-ZrO; catalyst. The role of Mn dopant on the Cu-ZrO> catalyst
was investigated in terms of physical property of Cu as the catalytically active component
and found out that the quantity of Mn in the catalyst system has a significant effect on the
catalytic activity. The activity of the Mn/Cu-ZrO, system was highest with a 1 wt.% Mn
loading. Interestingly, the copper surface area followed a very similar trend to the catalytic
performance and reached a maximum at 1 wt. % Mn. This suggests that the catalytic
performance is proportional to the Cu surface area of the material and the role of the Mn

Is to assist with the dispersion of Cu on the surface of the catalyst.
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Furthermore, a kinetic study was carried out identifying the order of reaction for
both reactants (H2 and LA) and the activation energies for Cu-ZrO2 and Mn/Cu-ZrO>
catalysts. The reaction order observed with respect to LA concentration was
approximately zero both for doped and undoped catalysts. With respect to the pressure of
H2 in the system however, different reaction orders were observed for the Mn/Cu-ZrO;
and Cu-ZrO catalysts. The lower reaction order in the presence of dopant-Mn suggests
that H, adsorption (dissociative adsorption) is rapid, such that the surface reactions
involving the addition of atomic hydrogen to adsorbed LA controls the rate of LA
hydrogenation. A comparable reaction order with respect to Hz to that found for the
Mn/Cu-ZrO, material has previously been reported with Ru catalysts. The activation
energy for the hydrogenation reaction was also found to be lower for Mn/Cu-ZrO, than
for undoped Cu-ZrOz (45.7 kJ mol cf. 69.0 kJ mol™).

NMR analysis of reactions carried out in DO and H>O using a combination of
13C-NMR and 'H-NMR show that water is important in the catalytic mechanism of the
reaction. Under the reaction conditions used here these experiments also demonstrated
that enolisation of the LA takes place, whereas no enolisation is observed under the milder
conditions commonly used with Ru catalysts. DFT calculations suggest that this
observation is important as the enol isomers of LA are found to adsorb more strongly to
the surface sites of a model Cuzs nanoparticle.

Overall we have demonstrated that there is further scope to optimize the Cu-ZrO»
catalysts for the LA to GVL hydrogenation reaction. This may lead to materials that are

competitive with the established Ru materials but with the advantages of sustainability.
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Supplementary Information

Contents: Powder XRD patterns of materials, SEM images, detailed plots for reaction
order assessment, TPR and NMR analysis along with DFT calculated structures.
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