#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Highly efficient CuNi—ZrO, nanocomposites for
selective hydrogenation of levulinic acid to y-
valerolactonef
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CuNi-ZrO, nanocomposites were prepared by a simple coprecipitation technique of copper, nickel and
zirconium ions with potassium carbonate. The structures of the nanocomposites were characterized by
N, physical adsorption, XRD, H,-TPR and STEM-EDS. The Cug osNig45-2rO, nanocomposite showed
outstanding catalytic performance in hydrogenation of levulinic acid (LA) to y-valerolactone (GVL),
especially NaOH solution (0.5 mol L™ as a solvent. 100% LA conversion and > 99.9% GVL selectivity are
achieved over Cug gsNig 45—2rO, catalyst at 200 °C, 3 MPa for 1.5 h. Characterization results suggest that
the excellent reactivity of the Cug gsNip 45—2rO, may be due to a better reducibility of nickel oxide in the
CUONIO-ZrO,, dispersion of Ni in the Cug osNig.45—ZrO, compared to nickel oxide in the NiO-ZrO, and
Ni in the Nigs—-ZrO, and promotion of OH™. The results demonstrate that the CuggsNig45—ZrO,
nanocomposite has potential to realize high efficiency and low-cost synthesis of liquid fuels from biomass.
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Introduction

Our over-reliance on fossil resources for various chemicals and
fuels production has caused global fuel supply deficiency and
environmental issues." Transformation of abundant and
reproducible biomass to chemicals and fuels can be a prom-
ising solution to both issues. Lignocellulose is the most abun-
dant biomass resource on Earth, and is mainly composed of
cellulose and lignin. The former can be decomposed into high
concentration guaiacol and polyaromatic hydrocarbons by
rapid pyrolysis and hydrothermal liquefaction." The latter can
be converted into LA, 5-hydroxymethylfurfural and furfural.”
These molecules can further be converted into useful chemicals
and fuels.** Catalytic hydrogenation of LA to GVL has attracted
much attention in recent years because of GVL's unique prop-
erties of low toxicity, high boiling point, excellent stability and
high energy density, and widespread application as a fuel and
food additives, green solvent for synthesis of pharmaceuticals,
a versatile building block for production of polymers, olefins
and other chemicals with high added value.>®

The hydrogenation of LA to GVL has been reported over
both homogeneous and heterogeneous catalysts. The homo-
geneous catalysts are superior to the heterogeneous catalysts
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in catalytic reactivity and selectivity toward GVL, but the use
of noble metal (Ru, Pd, Rh, etc.) complexes limits their
applications, and catalyst recovery after reaction is still
a major issue. Considering the advantages of the heteroge-
neous catalysts in recovery and recyclability, different
heterogeneous catalysts have been developed to catalyze the
hydrogenation of LA toward GVL. Noble metals (Ru,® Pt,*°
Pd," Ir," etc.) on various supports have been reported to
effectively catalyze the reaction. Particularly, supported Ru-
based catalysts have been widely investigated for the hydro-
genation of LA toward GVL because they exhibited excellent
hydrogenation activity and selectivity toward GVL."**¢
However, the Ru-based catalysts showed deactivation during
the LA hydrogenation."'®* Base metal catalysts are usually
preferred due to their availability and low price, which are
more suitable for large-scale use. Various base metal (Cu,*
Ni,*® Co*") catalysts have been investigated for the LA hydro-
genation toward GVL. Rode et al. found that the LA could be
transformed to GVL with a 100% selectivity on Cu-ZrO,
catalyst under harsh reaction conditions, i.e., high tempera-
tures (200-265 °C), high pressures (3.0-7.0 MPa H,) and long
reaction times (5-10 h).>> Mohan et al. reported that the Ni-
SiO, catalyst showed a high GVL productivity,>® whereas the
selectivity toward GVL was 87%.

Herein, we reported the hydrogenation of LA toward GVL on
Cuyg.95Niy 45-ZrO, nanocomposite in a tank reactor. The cata-
lyst showed rather better performance for the hydrogenation
of LA to GVL than Ni-ZrO,, especially Cu-ZrO, and Ni-SiO,
catalysts.
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Experimental section
Catalyst preparation

Levulinic acid and Zr(NO3),-3H,0 (99%) were procured from
Chengdu Aikeda Chemical Reagent Co. Ltd Cu(NO;),-3H,0
(99%), Ni(NO3),-6H,0 (99%) and K,COj; (99%) were obtained
from Chengdu Cologne Chemicals Co. Ltd.

The Ni,Cu,~ZrO, nanocomposites with different molar frac-
tions of Cuand Ni (x +y = 0.5) were prepared by a coprecipitation
technique. Typically, Cu(NO;),-3H,0, Ni(NO;),-6H,0 and
Z1(NO3),-3H,0 were dissolved in redistilled water according to
nanocomposites components and precipitated using 0.2 mol L "
K,CO; solution under stirring at room temperature. The precip-
itate was separated by filtration and washed with redistilled water
to remove soluble ions after aging the precipitate for 5 h. The
precipitate thus obtained was dried for 10 h at 110 °C and
calcined for 4 h at 400 °C in an air flow. Then the calcined catalyst
was reduced for 2 h at 400 °C in a H, flow. The Cu, ¢s-ZrO, and
Niy 95210, catalysts were prepared in the same manner as that of
Ni,Cuy~ZrO,. The molar fractions of Cu and Ni in the Cu, 5-ZrO,,
Niy5—ZrO, and Cuy o5Nig45—ZrO, were 0.488, 0.493, 0.049 and
0.446 according to ICP-AES determination, respectively.

Catalyst characterization

XRD patterns of catalysts were recorded on a Rigaku D/Max
Ultima IVX-ray diffractometer with a 40 kV accelerating voltage
and 30 mA current using CuK, radiation. Their pore structures
and specific surface areas were determined via N, adsorption—-
desorption on an ASAP 2010 Micromeritics apparatus.
Temperature-programmed reduction (TPR) was performed on
a Finesorb-3010 chemisorption instrument. 100 mg catalyst was
gradually heated to 200 °C and held for 2 h, then cooled to 50 °C
in an argon flow of 50 mL min . Then the catalyst was heated to
700 °C at 10 K min~" in a H,/Ar (10% v/v) flow of 40 mL min .
The effluent gas H, is analyzed with a thermal conductivity
detector. STEM and EDS measurements were performed on
a JEOL JEM 2100 transmission electron microscope at a 200 kv
accelerating voltage. XPS spectra were recorded by an X-ray
photoelectron spectrometer (ESCALAB 250Xi, AlK,,, C 1s 284.6 eV).

Catalytic tests

Hydrogenation of LA was performed in a telfon-lined stainless
steel autoclave. In each run, 10 mL of LA aqueous solution
(5 wt%) and 15 mg catalyst was used. The autoclave was purged
one time with nitrogen and four times with hydrogen, then it was
pressurized to the desired hydrogen pressure. The reaction
mixture was stirred at 1000 rpm. The products were determined
by GC9890 gas chromatography with a capillary column (SE-30)
and flame ionization detector using 1-butanol as an internal
standard.

Results and discussion
Catalyst characterization

The textural properties of the Cugs-ZrO,, Nigs-ZrO, and
Cuy,05Nip 45-Z1rO, catalysts were determined by N, physical
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adsorption. They showed similar type IV isotherm (Fig. S1t). As
displayed in Table S1,f the BET specific surface area, pore
volume and mean pore size of the Cug ¢sNig45-ZrO, catalyst
were 101 m* g %, 0.18 ecm® g ! and 3.7 nm, respectively. They
were larger than those of the Cu,5-ZrO, (85 m* g%, 0.13 cm’®
¢ "' and 3.6 nm) and the Niy 5-ZrO, (94 m> g™ *, 0.16 cm® g~ ' and
3.5 nm).

The XRD patterns of the Cugs-ZrO,, Nigs-ZrO, and
Cuy,05Nig 45-ZrO, catalysts are shown in Fig. 1. For the Cugs—
ZrO, catalyst, four main diffraction peaks were observed. 20 =
30.3° correspond to tetragonal ZrO, phase (JCPDS17-0923),>
while 26 = 43.4°, 50.4° and 74.2° correspond to the Cu(111),
Cu(200) and Cu(220) planes of Cu (JCPDS004-0836).>* For the
Niy 5—ZrO, catalyst, three main diffraction peaks were observed
at 20 = 30.3°, 50.6°, 60.1° which is attributed to tetragonal ZrO,
phase, while 26 = 44.3° and 76.4° correspond to the Ni(111) and
Ni(220) planes of Ni (JCPADS#04-0850).2° The Cuy ¢5Nig 45-Z1O,
catalyst showed two main diffraction peaks of tetragonal ZrO,
phase and metallic Ni at 30.3° and 44.3°. The characteristic
peaks of Cu do not appear in the Cu, ¢s5Nig 45-ZrO, catalyst. It
can be suggested that the Cu are highly dispersed in the
nanocomposite. Further analysis of Ni(111) reflection with
Sherrer's equation, it was found that Ni crystallite sizes in the
Cug,05Nig 45-ZrO, and Ni,s-ZrO, catalysts are 3.8 nm and
5.7 nm, respectively. The Ni crystallite size in the Cug osNig 45—
ZrO, is smaller than that of the Ni, 5~ZrO,, which suggests that
the replacement of Cu makes Ni more dispersed in the
nanocomposite.

Fig. 2 shows the H,-TPR profiles of CuO-ZrO,, NiO-ZrO, and
CuONiO-ZrO,. For the CuO-ZrO, (Fig. 2a), there was a reduc-
tion peak at 200 °C, which is ascribed to the reduction of CuO.*”
The NiO-ZrO, and CuONiO-ZrO, show reduction peaks at 328-
505 °C, which correspond to the reduction of NiO.*® The
reduction peak at 505 °C is probably ascribed to the NiO with
relatively strong interaction with ZrO,. For the CUONiO-ZrO,,
the reduction temperatures of low temperature peaks were
obviously lower than those of NiO-ZrO,, suggesting that the
NiO in the CuONiO-ZrO, was more dispersed. The reduction
peak at 196 °C in the CuONiO-ZrO, is ascribed to the reduction
of CuO. The reduction temperature is lower than that of CuO in
the CuO-ZrO,. The relatively low reduction temperature is
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Fig. 1 XRD patterns of the Cugs—ZrO, (a),
Cug.0sNig 45—2rO; (c) catalysts.

Nig5-ZrO, (b) and
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Fig.2 TPR profiles of the CuO-ZrO5 (a), NiO-ZrO, (b) and CUONiO-
ZrO; (c) samples.

probably due to high dispersion of CuO in the nanocomposite.
These are consistent with the results of XRD characterization.

To further identify the microstructures of Cu, Ni and ZrO,,
STEM-EDS analysis of the Cuys-ZrO,, Niys-ZrO, and
Cuy,05Nip.45-ZrO, were carried out. The elemental mapping
images of the Cugs-ZrO,, Niys—ZrO, and Cug ¢5Nig45-ZrO,
show that Cu, Ni are highly dispersed in ZrO, (Fig. 3b, g and 1).
For the Cug¢5Nig45-ZrO, nanocomposite, the Ni was evenly
separated by Cu and ZrO, (Fig. 31), suggesting better dispersion
of Ni in the Cug ¢5Nig 45-ZrO, nanocomposite than that in the
Niy.5-ZrO,. This is consistent with the results of XRD and H,-
TPR characterizations.

XPS analysis was carried out on the Cug 5-ZrO,, Nij 5-ZrO,
and Cuy o5Nip 45-ZrO, catalysts and the results were shown in
Fig. S2 and S3.f The Cu 2p spectra of the Cuys-ZrO, and
Cuyg o5Nig.45-ZrO, can be deconvoluted into two peaks, respec-
tively (Fig. S21). The peaks located at 932.4 eV and 933.6 are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images and elemental mapping of the Cug g5—2rO, (a—e),
Nig.45—ZrO; (f—j) and Cug gsNig 45—2rO, (k—p) catalysts.

attributed to Cu® and Cu®', respectively.? This indicates the Cu
on the surfaces of the Cug 5-ZrO, and Cuy ¢sNig 45-ZrO, catalysts
was partially oxidized. The Ni 2p spectra of the Niy 5-ZrO, and
Cuyg ¢5Nig 45-ZrO, can be deconvoluted into two peaks, respec-
tively (Fig. S3t). The Ni 2ps/, peak at 852 eV belongs to Ni®, while
the Ni 2p,,, peak at 855 eV is assigned to Ni**.*** This indicates
the Ni on the surfaces of the Nij s-ZrO, and Cug ¢5Nig 45—ZrO,
catalysts was partially oxidized. The Ni*>*/Ni° ratio for the Ni, 5~
ZrO, catalyst calculated from their corresponding peak area is
5.11, while the Ni**/Ni° ratio for the Cug osNio 45-ZrO, catalyst is
4.23, indicating that adding a small amount of Cu into the
Niy 5—ZrO, catalyst can inhibit nickel oxidation.

Catalytic performance

The catalytic performances of the Cugs-ZrO,, Niy s-ZrO, and
CuNi-ZrO, catalysts for LA hydrogenation are summarized in
Table 1. The conversions of LA over Cu, s-ZrO,, Ni, 5—~ZrO, and
CuNi-ZrO, catalysts were 12.7%, 33.4% and 48.6% at 200 °C

RSC Adv, 2024, 14, 27481-27487 | 27483
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Table 1 Catalytic performance of the Cugs-2ZrO,, Nigs—ZrO, and
CuNi-ZrO, for LA hydrogenation®

Sel./%
Entry  Catalyst LA conv./%  GVL HVA?  PDO°
1 Cug5s-Z1O, 12.7 >99.9 0 0
2 Nig 5-ZrO, 33.4 >99.9 0 0
3 Cuy,o5Nig 45-ZrO, 48.6 >99.9 0 0
4 CUg 125Nl 375-Z10,  41.2 >99.9 0 0

“ Reaction conditions: 15 mg catalyst, 10 mL 5 vol% levulinic acid
aqueous solution, 200 °C, 3.0 MPa H,, 90 min. bHvA: a-
hydroxyvaleric acid. © PDO: 1,4-pentanediol.

and 3.0 MPa H, forl.5 h, respectively. No reactivity of LA was
found in the absence of catalyst. The conversion of LA (33.4%)
on Ni, 5-ZrO, catalyst is almost 3 times as high as that on Cug 5—
ZrO, catalyst (12.7%) under the same operating conditions,
suggesting Ni with higher intrinsic reactivity for LA hydroge-
nation than Cu. Interestingly, when a small amount of Ni (0.05
mol) in the Nijs-ZrO, catalyst was replaced by Cu, a much
higher conversion (48.6%) was achieved under the same reac-
tion conditions. XRD, H,-TPR and STEM-EDS results show that
the replacement of Cu makes NiO in the CuONiO-ZrO, easier to
reduce and Ni more dispersed in the nanocomposite. We think
that the excellent reactivity of the Cu, ¢sNig 45-ZrO, may be due
to a better reducibility of NiO in the CuONiO-ZrO, and
dispersion of Ni in the Cuy ¢5Nip 45—ZrO, compared to NiO in the
NiO-ZrO, and Ni in the Niys-ZrO,. Further increasing Cu
replacement amount in the Ni, 5-ZrO, from 0.05 to 0.125 mol
had a negligible effect on LA conversion (Table 1). Therefore,
the optimum Ni replacement amount with Cu in the Ni, 5—ZrO,
was 0.05 molar fraction.

LA hydrogenation to GVL proceeds via consecutive reactions
of the formation of 4-hydroxypentanoic acid or angelica-
lactones as intermediates.”” The reaction pathway mostly
depends on used catalyst and reaction conditions.**** Various
byproducts such as 1,4-pentanediol (PDO) and 4-hydroxyvaleric
acid (HVA) are generated from overhydrogenation of GVL when
catalyst selectivity is insufficient.** Therefore, we pay special
attention to identify byproducts in the hydrogenation process of

0 o
H; Y\)L fast
H —— —
WO OH oH cyclization /&O

(&)
LA HVA GvL
' + \\‘\
2 . AH o
+H S
OH —» OH —» ;\\(\40 i
OH :OM O H

unstable
proton

translocation

o o
{ -H* e -H,0
1 o — o —

Fig. 4 Reaction pathway for
Cuo.05Nig.45—ZrO; catalyst.
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LA hydrogenation to GVL over
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LA using GC-MS. Any byproduct in the reaction mixture is
unambiguously detected in our product analysis method.
Interestingly, an excellent GVL selectivity (>99.9%) at 100%
conversion of LA was obtained on the Cu, ¢5Nig 45—ZrO, at 200 ©
C and 3.0 MPa hydrogen pressure. Overhydrogenation of the
target product GVL, which was observed over other catalysts,*’
was thoroughly avoided over the CugosNig45-ZrO, catalyst
(Table 1). It's also worth mentioning that the selectivity of GVL
remained at >99.9% throughout the study, which may suggest
that the hydrogenation of LA proceeds via the formation of
unstable HVA, then undergoes rapid cyclization to GVL (Fig. 4).
The Cuy ¢sNip 45-ZrO, also exhibited catalytic activity superior to
that of conventional catalysts (Table S21), showing great
potential in sustainable GVL production from LA.

Effect of reaction conditions

We investigated the effects of reaction temperature, H, pressure
and solvent to ensure the performance of the Cug o5Nig 45-ZrO,
catalyst. Fig. 5 shows the performance of LA hydrogenation at
different reaction temperatures over the Cug ¢sNip45—ZrO,
catalyst. Reaction temperature significantly facilitated LA
conversion (Fig. 5). When the reaction temperature rises from
180 °C to 210 °C at 3.0 MPa H,, the conversion of LA increased
nearly threefold (from 18.8% to 57.0%). The selectivity of GVL
remained at >99.9% throughout the temperature study. No by-
products were detected, which demonstrates that the unde-
sired overhydrogenation of GVL to HVA and PDO can be
completely suppressed over the CugsNig45-ZrO, catalyst in
a broad window (180-210 °C).

The catalytic performance of Cug ¢5Nig.45-Z1O, catalyst under
different H, pressures was evaluated. As displayed in Fig. 6,
hydrogen pressure has a remarkable effect on the hydrogena-
tion of LA catalyzed by Cuy ¢sNig.45—ZrO,. The LA conversion and
GVL selectivity were 13.8% and >99.9% at 1.0 MPa H,, respec-
tively. When the H, pressure increased from 1.0 MPa up to
3.0 MPa, the conversion of LA significantly increased from
13.8% to 48.6%, and the unique selectivity to GVL remained at
>99.9%, which suggests that high H, pressure favor the hydro-
genation of LA to GVL on the Cu ¢5Nig 45—ZrO, catalyst.

The performance of Cu, 5Nig 45-ZrO, catalyst for LA hydro-
genation in polar and non-polar solvents was investigated at

[ LA Conversion [l GVL Selectivity
~_~
32100
-’
&
E 80
N
3
Z 60
@
£ 40
=
s
> 20
=
=}
© o
180 190 200 210

Reaction temperature (? )

Fig. 5 Catalytic results of the Cug o0s5Nig.45—ZrO, for LA hydrogenation
at various reaction temperatures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Catalytic results of the Cug gsNig.45—2rO; for LA hydrogenation
at various H, pressures.
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1,4-dioxane  Ethanol

Fig. 7 Catalytic results of the Cug o0s5Nig.45—ZrO, for LA hydrogenation
in various solvents.

200 °C and 3.0 MPa H,, and the data are listed in Fig. 7. Non-
polar solvent like 1,4-dioxane showed GVL selectivity of
>99.9%, but it exhibited low LA conversion of 16.3%. All polar
solvents showed good LA conversion with ethanol, methanol
and water as solvents. The substrate reactivity is very different in
various solvents with the order of water > methanol > ethanol.
The water gave excellent GVL selectivity of >99.9%, whereas
methanol and ethanol showed below 80% GVL selectivity,
which is owing to the formation of methyl levulinate (ML) and
ethyl levulinate (EL) byproducts from the esterification of LA
with corresponding solvent alcohol. The different reactivities of
LA and GVL selectivity in these solvents on Cug 5Nig45-ZrO,
catalyst suggest that the solvent polarity have impact on the
catalytic performance of the Cug o5Nig45-ZrO, catalyst. Polar
solvent is more beneficial to LA hydrogenation to GVL on
Cuy,05Nip 45-ZrO, catalyst. In particular, when a certain amount
of NaOH (nyaon/fia = 1:5) was added into the same water,
however, a very high LA conversion (100%) was achieved under
the same reaction conditions, and an excellent GVL selectivity of
>99.9% was obtained.

In order to gain further insight into the promotion of NaOH,
the effect of different molar ratios of nn.on/na On catalytic
performance of CugosNig45—2rO, for LA hydrogenation was
investigated at 180 °C and 3.0 MPa H, (Table 2). The conversion
of LA increased from 18.8% to 46.4% when the molar ratio of
NNaon/Mia rose from zero to 1:5. Further increasing molar
ratios of nyaon/fia from 1:5 to 1:2 had a negligible effect on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table2 Effect of NaOH on catalytic performance of the Cug gsNig 45—
ZrO; for LA hydrogenation®

Sel.%
Entry 1(naon)/M(La) Conv./% GVL HvA® PDO¢
1 0 18.8 >99.9 0 0
2 1:10 30.1 >99.9 0 0
3 1:5 46.4 >99.9 0 0
4 1:2 32.9 >99.9 0 0

“ Reaction conditions: 15 mg catalyst, 10 mL 5 vol% levulinic acid

aqueous solution, 180 °C, 3.0 MPa H,, 90 min. P HVA: 4-
hydroxyvaleric acid. ¢ PDO: 1,4-pentanediol.

_ [ LA Conversion -GVLSelectivity
d
100+
=y
2z 80
=
<9
=
o 60
Q
=
.E 40
St
L
Z 20}
=
&}

oL

1 2 3 4

Cycle number

Fig. 8 Reusability of the Cug gsNig45—2ZrO, for LA hydrogenation.

the conversion of LA. Therefore, the optimum molar ratio of
NNaon/MLa Was 1:5. We also studied sodium levulinate hydro-
genation to GVL on Cug ¢5Nig.45-ZrO, catalyst. The conversion
of sodium levulinate is only 1.7% under the same conditions
(Table 2), which suggests that an appropriate amount of OH™
can improve activity of the Cug sNig45-ZrO, catalyst for LA
hydrogenation to GVL.

Catalyst reusability

We investigated the reusability of the Cug ¢5Nig 45—ZrO, catalyst
for the LA hydrogenation to GVL at 200 °C, 3.0 MPa H, pressure,
NaOH solution as a solvent for 1.5 h. After the first LA hydro-
genation, the used catalyst was separated, washed using
ethanol, dried in vacuum and then used for the next cycle. The
results of repeated use three times were shown in Fig. 8. The
conversions of LA over fresh, used for second, third, fourth
times catalysts were 100%, 89.6%, 84.1% and 83.3%, respec-
tively. After the fourth cycle, the conversion of LA showed
a slight downward trend, and the outstanding selectivity of GVL
remained at >99.9%. This shows good stability of the catalyst
even after 4 cycles.

Conclusions

In summary, we have successfully prepared a highly efficient
and reusable Cuy ¢sNiy 45—ZrO, catalyst for LA hydrogenation to
GVL by a simple coprecipitation technique. The LA hydroge-
nation with Cuy 5Nig 45-ZrO, at 200 °C, 3 MPa for 1.5 h resulted

RSC Adv, 2024, 14, 27481-27487 | 27485
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in 100% LA conversion and >99.9% GVL selectivity, which
shows prospects of commercialization. The Ni has higher
intrinsic reactivity for LA hydrogenation than Cu, and partly
substituting Ni with Cu makes NiO in the CuONiO-ZrO, easier
to reduce and Ni more dispersed in the nanocomposite, which
may be responsible for excellent reactivity of the Cug gsNip.45-
ZrO,. An appropriate amount of OH  can greatly enhance
activity of the Cuy o5Nig 45-ZrO, catalyst for LA hydrogenation to
GVL.
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