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Abstract: D?E���!���� ��� (GVL) and 1,4-pentanediol (1,4-PDO) are the value-added 

chemicals that can be produced from levulinic acid/ester via hydrogenation coupled 

with acid/base-catalyzed reactions. In this study, we have demonstrated that the Cu-

based catalysts produced via the hydrotalcite precursors with tunable distribution of 

acidic and basic sites could, according to the requirement of the targeting products, 

effectively tune the selectivity of GVL or to 1,4-PDO from levulinic acid/ester. The 

abundant Brønsted acidic sites over the CuAl catalyst suppressed the opening of the 

ring of GVL, achieving a higher GVL selectivity while inhibiting 1,4-PDO formation. 

The introduction of Mg species to the catalyst significantly increased the abundance of 

the basic sites on surface of the catalyst, which was essential for the selective 

conversion of GVL to 1,4-PDO via the opening of the ring structure of GVL, the rate-

determining step from levulinic acid/ester to 1,4-PDO. In addition, the CuMgAl catalyst 

showed a much superior catalytic stability to the CuMg or CuAl catalyst due to the 

more stable crystal structure, the more developed porous structure, the higher dispersion 

of Cu species and the higher capability to suppress the growing of metallic Cu species 

under the hydrothermal conditions.

Keywords: Levulinic acid/ester; D?$���!���� ���> 1,4-pentanediol; copper-based 

catalysts; hydrogenation.
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1. Introduction

Conversion of renewable and abundantly available biomass into chemicals and 

bio-fuels has drawn increasing attention in recent years [1�3]. Levulinic acid (LA), a 

compound derived from hydrolysis of biomass, is a platform chemical for 

manufacturing other value-added chemicals due to its tunable functionalities [4,5]. 

Much effort has been made for conversion of LA to the highly valuable products such 

as levulinic esters [6,7], D?$���!���� ��� (GVL) [8,9], 1,4-pentanediol (1,4-PDO) 

[10,11], and other chemicals with versatile applications [12]. Among these chemicals, 

GVL can be applied to the fields of agriculture and cosmetics M�1O�(N and 1,4-PDO 

can also be a raw material for the synthesis of polyesters and other chemicals as well 

as biofuels [16,17].

LA contains a carbonyl and a carboxyl group. The hydrogenation of the carbonyl 

functionality to 4-hydroxyvaleric acid (4-HVA) coupled with the subsequent 

intramolecular dehydration reaction forms GVL with the ring structure [18,19]. The 

further hydrogenation of the carbonyl functionality in GVL and the opening ring with 

the hydrogenation produces 1,4-PDO [16,20], as shown in Scheme 1. To date, much 

effort has been devoted to the synthesis of GVL from LA via the development of 

various types of hydrogenation catalysts M'�O'<N+ Among the catalysts developed, 

noble metal catalysts were regarded as more preferable for GVL conversion, due to 

their higher catalytic activity. For instance, Pt-Mo bimetallic catalyst [10], few-layer 

graphene-supported ruthenium catalysts [29] and supported Ruthenium catalysts [30], 

have been developed for the production of GVL and 1,4-PDO. However, from the 

prospect of industrial application, the use of the noble metal-based catalysts is not 

preferable, mainly originating from their high manufacturing cost. Development of the 

transition metal-based catalysts with the comparable catalytic activity to the noble metal 

catalysts is highly desirable as this could substantially reduce the cost in application. 

Hence, the Cu or Ni-based catalysts have been widely investigated for hydrogenation 

of levulinic acid/esters M1�O11N+

Except for the active metal sites of Cu or Ni for activating hydrogen and the 

chemical bonds, the acid/base properties of support are also crucial for achieving high 
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hydrogenation efficiency or tuning the selectivity of targeting products. For instance, 

Zhang and co-workers studied boron nitride-supported Pt catalysts for the selective 

hydrogenation of cinnamaldehyde to cinnamyl alcohol, and few acid-base sites 

exhibited a high cinnamyl alcohol selectivity [34]. Cui et al. investigated ternary 

synergistic catalysis of Cu and acid-base sites for hydrogenation of dimethyl oxalate to 

ethylene glycol, confirming that the precise control between metal and acid-base sites 

might be responsible for the selective hydrogenation or hydrogenolysis of -QH8-OH 

group [35]. Wu et al. reported that copper-based bifunctional nanocatalysts were 

selective for the hydrogenation of lactones to synthesize diols, and the roles of metal 

Cu and basic sites were studied [28]. These previous results clearly indicated the 

importance of acid-base sites in determination of the catalytic activity and selectivity 

in hydrogenation of organics [36,37]. The conversion of levulinic acid/ester to GVL or 

1,4-PDO also involves the coordination or hydrogenation reaction and acid/base-

catalyzed reactions. Therefore, we have developed a series of CuMgAl catalysts with 

tunable acidic/basic sites for the hydrogenation of levulinic acid/ester to probe the 

impacts of acidic/basic sites on the reaction network.

Our results demonstrated that GVL with the yield of 95.6% and 1,4-PDO with the 

yield of 99% can be achieved with levulinic acid/ester as the reaction substrate, as 

indicated in Scheme 1. This process can be tuned to produce either GVL or 1,4-PDO 

as the main product. The selective production of GVL can be attributed to the 

coordination between the metallic Cu sites and acidic sites, while the high yield of 1,4-

PDO was due to the synergistic effect between the metal Cu particles and basic sites. 

Therefore, Cu-based catalysts with tunable acidic/basic sites can exhibit remarkable 

catalytic activity towards the conversion of levulinic acid/ester.

2. Materials and Methods

2.1.  Feedstock materials

Cu(NO3)2·6H2O, Mg(NO3)2·6H2O, NaOH and Na2CO3 were purchased from 

Sinopharm Chemical Reagent Co., Ltd. LA, ethyl levulinate (EL) and Al(NO3)3·9H2O 

were obtained from Shanghai Macklin Biochemical Co., Ltd. Lanthanum 
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trifluoromethanesulfonate (LTMS) was purchased from Shanghai Aladdin biochemical 

technology Co., Ltd. All reagents used herein were analytical grade and were used 

directly without further pretreatment. Besides, the commercial solid acid catalyst (D008) 

used in this study was purchased from Cary Environmental Technology Co., Ltd, and 

its specific parameter can be referred in our previous work [38].

2.2.  Catalyst synthesis

Three samples of copper-based Layered Double Hydroxides (LDHs) with Cu/Mg 

molar ratios of 1 : 4, 1 : 2 or 1 : 1 were synthesized via a co-precipitation method and 

were named as CuMgAl-1-4, CuMgAl-1-2 as well as CuMgAl-1-1 in the text. The 

molar ratios of (Cu + Mg)/Al were maintained at 3 to obtain the LDHs structure [39]. 

Typically, the total concentration of Cu and Mg in the solution was 0.75 mol/L, and the 

concentration of Al was 0.25 mol/L. In addition, CuMg (Cu2+: 0.25mol/L; Mg2+: 0.5 

mol/L) and CuAl (Cu2+: 0.375 mol/L; Al3+: 0.25 mol/L) catalysts were also prepared 

for comparison. Typically, two aqueous solutions, one containing given amounts of 

metal nitrates [Cu(NO3)2·6H2O, Mg(NO3)2·6H2O and/or Al(NO3)3·9H2O] and the other 

containing the precipitating agent, NaOH (4.0 mol/L), were dropped slowly into 

Na2CO3 solution (0.125 mol/L) while the pH value was maintained at around 9 at 40°C. 

After the precipitation, the temperature was increased to 65°C and stirred at this 

temperature for 30 min for crystallization, and then the mixture was aged at 65°C for 

24 h. The precipitate was further washed with deionized water until the filtrate became 

neutral. The obtained samples were then dried at 80°C overnight, ground to fine 

powders and calcined at 500°C in a muffle furnace for 6 h in static air. The calcined 

samples were further reduced at 300°C for 2 h with a H2 flow rate of 60 mL/min and a 

N2 flow rate of 60 mL/min before catalyzing the hydrogenation reaction.

2.3.  Catalysts characterizations

Crystallinity of the copper based catalysts was characterized with Rigaku Ultima 

� X-ray diffraction spectrometer (XRD). A Cu target (K V?!���� ��� source, W = 1.5406 

Å) was used and the scanning rate was 20 º/min with a scanning range from 5 to 80º. 
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The particle size was determined via the Debye-Scherrer equation.

The specific area of the calcined copper based catalysts was characterized by N2 

adsorption-desorption measurement at 77 K by using the Brunauer-Emmet-Teller (BET) 

method with the instrument of Biaode SSA�6000. Before the N2 adsorption, the 

catalysts were degassed at 120°C for 120 min to remove the physically absorbed 

moisture.

The acidic/basic properties of the samples were evaluated by temperature 

programmed desorption (Biaode PCA-1200 instrument) with NH3 and CO2 as the 

probing molecule (NH3O4*G and CO2O4*GC respectively. Before the absorption, 100 

mg of catalysts was degassed at 150°C for 30 min under a constant helium flow (20 

mL/min), and then the sample was cooled to 50°C, and a flow of NH3 or CO2 (20 

mL/min) was introduced for the adsorption for 1 h. Furthermore, helium was purged 

for 1 h at 20 mL/min to remove the physically absorbed NH3 or CO2 on/in the sample. 

Finally, the sample was heated from 50 to 800°C with a ramping rate of 20°C/min under 

a constant helium flow (20 mL/min). The desorbed ammonia or CO2 was measured by 

a thermal conductivity detector (TCD).

The temperature programmed reduction in hydrogen (H2-TPR) was performed to 

measure the reduction behaviors of the calcined Cu-based catalysts. Approximate 10 

mg of catalysts were used, and the H2-TPR tests were carried out on Vodo VDSorb 91x 

instrument by using a 5% H2/Ar mixed gas with a flow rate of 10 mL/min at a ramping 

rate of 20 °C/min. The samples were heated from room temperature to 700°C and the 

signal changes were recorded by using a thermal conductivity detector (TCD). Besides, 

the reduction degree was calculated according to the consumption of H2.

Transmission electron microscopy (TEM) was used to observe the morphology of 

fresh and spent catalysts to probe the microstructure and research the Cu particles size 

in different catalysts. The tests were carried out on the JEOL 2010 instrument. The 

samples were ultrasonically dispersed into ethanol firstly, and the supernatant was 

added on copper mesh for the analysis.

In-situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 

was employed for obtaining pyridine-Fourier Transform infrared (Py-FTIR) spectra via 

Page 6 of 37Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
8 

Ju
ly

 2
01

9.
 D

ow
nl

oa
de

d 
by

 N
ot

tin
gh

am
 T

re
nt

 U
ni

ve
rs

ity
 o

n 
7/

18
/2

01
9 

12
:4

6:
02

 P
M

. 

View Article Online
DOI: 10.1039/C9GC01706B

https://doi.org/10.1039/c9gc01706b


7

temperature programmed desorption of pyridine to study Brønsted and Lewis acid sites 

of different catalysts. The characterization was performed on a Nicolet iS50 

spectrometer equipped with a liquid�nitrogen�cooled MCT detector and a modified 

Harrick Praying Mantis DRIFT cell. The reduced Cu-based catalysts were ground 

uniformly and placed in the DRIFT cell. Before the analysis, the sample was firstly 

vacuumed at 200°C for 30 min, and the background was scanned. Pyridine was 

introduced into the DRIFT cell by N2 bubbling (50 mL/min, 35°C) for 30 min. After 

pyridine absorption, the catalysts were further purged with N2 at room temperature for 

30 min, and then the catalysts were heated to 500°C at a ramping rate of 10 °C/min.

The morphology and elemental component of fresh and used Cu-based catalysts 

were recorded on a scanning electron microscope with energy-dispersive X-ray (EDX) 

spectrometry (SEM; FEI QUANTA FEG 250). X-ray photoelectron spectroscopy (XPS, 

Thermo Scientific Escalab 250Xi) was also performed for probing the elemental 

chemical states of surface Cu species on the spent and used catalysts.

The dispersions of copper and specific surface areas in the different catalysts were 

determined by N2O chemisorption and H2-TPR reverse titration with Vodo VDSorb 

91x instrument. Before the measurement, the sample was pretreated at 120�C for 1 h 

under Ar flow (40.0 mL/min), and then reduced in a H2/Ar flow (40.0 mL/min) at 300�C 

for 1 h. After that, the sample was flushed under Ar flow (40.0 mL/min) for 30 min, 

and then the temperature was cooled down to 60�C. N2O was used for the oxidization 

of surface Cu atoms to Cu2O with a flow of 40.0 mL/min for 1.0 h. Afterwards, the 

further reduction of Cu2O was performed under H2/Ar flow (40.0 mL/min), and the 

temperature was increased from 60 to 300�C with a ramping rate of 5 �C/min. Finally, 

the surface area and dispersions of copper species were measured according to the 

previous literature [28,35].

2.4. Catalytic test
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The catalytic experiments were performed in an autoclave reactor with a volume 

of 10 mL. Typically, catalysts and substrate-solvent mixture (a total mass of 4 g) were 

loaded to the reactor vessel at room temperature, and the reactor was then purged 

initially with H2 for three times and charged with H2 to specific pressure. The reactor 

was then heated to the setting temperature within ca. 30 min with a stirring rate of 400 

rpm. When reaching the reaction temperature, the reactor was maintained at this 

temperature for a specified reaction time. After finishing the reaction, the liquid 

products were collected for further characterization and the spent catalyst was 

centrifuged, washed with ethanol, and dried at 40°C in vacuum drying oven overnight 

for the further cycle experiments or characterizations.

2.5.  Analysis of the liquid samples

The yields of liquid products and conversion of substrate were analyzed by a gas 

chromatography coupling with a mass spectrometer (GC�MS, Shimadzu �-O�	O�* 

2020 instrument) equipped with a Wax pillar column (30 m of length, 0.25 mm of 

internal diameter, 0.25 �m of film thickness). Before the analysis, the liquid products 

were diluted to ca. 2 wt% in acetone, and the mixture of 0.5 �L was injected into the 

injection port with a split ratio of 50 : 1. The column temperature was initially 

maintained at 50�C for 3 min and then heated to 250�C at a ramping rate of 20 �C/min 

and hold at 250�C for 10 min using helium as the carrier gas. The target products were 

identified by the standard spectra of the National Institute of Standards and Technology 

library (NIST 2014).

The yield of liquid products is defined with the following equations:

           Eq. (1)
Mole of  product produced

Mole of  reactant 
Yield (%) 

loade
= 

d
100%�

The conversion of reactant is defined with the following equations:
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        Eq. (2)� �
Mole of  reactant converted

Conversion % = 100%
Mole of  reactant loaded

�

The turn over frequency (TOF) of conversion of reactant was determined when 

the conversion of reactant was below 20%. GVL was used as the reactant to calculate 

the TOF value, as its conversion can be controlled below 20% and it can account for 

the synergistic effect between metal Cu and basic sites. The TOF value represents the 

moles of reactant converted per hour over per mole metal Cu on the surface of catalyst, 

and it is defined shown in the following equations:

  Eq. (3)� �1 Mole of  reactant converted
TOF h =

Mole of  metal Cu on the surface of  catalyst  reaction time
�

�

3. Results and discussion 

3.1.  Characterizations of Catalysts

3.1.1 XRD

The X-ray diffraction (XRD) patterns of the CuMgAl catalysts were displayed in 

Fig. 1. The LDHs structures were formed in the co-existence of Cu, Mg and Al in 

formulation of the catalysts. As shown in Fig. 1a, the X-ray diffraction peaks at 2	 = 

11.3�, 22.8�, 34.7�, 39.1�, 46.4�, 60.6� and 61.9� were respectively assigned to (003), 

(006), (012), (015), (018), (110) and (113) crystal planes of hydrotalcite [JCPDS 35-

0965]. After calcination at 500°C, the hydrotalcite structures were destroyed (Fig. 1b), 

and MgO and CuO became the major phases. Nevertheless, the CuO phase in CuMgAl-

1-4, CuMgAl-1-2 and CuMg was not observed, indicating the high dispersion of CuO 

in the catalysts. The diffraction peaks of CuO, however, were present in CuMgAl-1-1 

and CuAl catalysts.

After the reduction, the samples were also characterized by XRD, as shown in Fig. 

1c. The metallic Cu with the diffraction peaks at 2	 = 43.3�, 50.4� and 74.1�, attributing 

to the (110), (200) and (220) crystal planes of Cu phase [JCPDS 85-1326], was detected 

in all catalysts. The grain size of metallic Cu (Table 1) increased from 4.5 to 5.5 nm 
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with the increasing molar ratio of Cu/Mg in CuMgAl catalysts. In the CuAl catalyst 

without the presence of Mg, the grain size of Cu reached 12.9 nm, while the particle 

size of Cu was only 4.1 nm in the CuMg catalyst. Obviously, the presence of Mg played 

an important role to disperse Cu species. The impacts of Mg addition or the LDHs 

structure formation on the porous structure of the catalysts were further investigated 

with N2 physical absorption/desorption.

3.1.2 N2 physical absorption/desorption

Table 1 showed the specific area, pore volume and pore size of the calcined 

catalysts. The CuAl catalyst showed the lowest specific area and pore volumes than that 

of the catalysts containing Mg species, which was the reason for the higher crystallinity 

of Cu and particle size (Fig. 1c and Table 1). In addition, the presence of Mg in the 

catalyst formulation could also enhance the formation of the mesoporous structures. As 

shown in Fig. S1b, the pore semidiameters of the CuAl catalyst dispersed in a wide 

range (from ca. 1 to 50 nm). With the addition of Mg to the catalyst formulation, the 

dispersion of the pore semidiameters became more concentrated (from ca. 2 to 20 nm). 

The N2 adsorption-desorption isotherms of the catalyst were assigned to type � 

isotherms with H3-type hysteresisloops (Fig S1 a). To observe the microstructures of 

the catalysts, SEM and TEM characterizations were subsequently carried out.

3.1.3 SEM and EDX

As shown in Fig. S2, the different catalysts exhibit various microstructures. 

CuMgAl catalysts have flower-like structure, as the nature of LDHs was maintained at 

the reduced CuMgAl catalysts, which should be responsible for the bigger specific 

surface area (Table 1, Entries 2 to 4). As CuMgAl-1-2 exhibited obvious flower-like 

structure than other catalysts, and highest surface area was obtained over this catalyst. 

CuAl catalyst exhibited the agglomeration of blocks, and it might result in the lowest 

surface area, biggest particle sizes and smallest pore volume. The results of SEM can 

reflect the microstructures of different samples, and EDX characterization was also 

preformed to probe chemical composition of different catalysts and the elemental 
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mappings of Mg, Al, Cu and O. The chemical composition was shown in Table S1, and 

CuAl catalyst has highest Cu content than other catalysts, which might be due to strong 

interaction between Cu and Al and will be further discussed. As shown in Fig. S3, 

different elements uniformly dispersed in CuMgAl-1-2 and CuMgAl-1-1 catalysts. To 

further characterize the dispersion of Cu particles and morphology, TEM was also 

performed.

3.1.4 TEM and N2O chemisorption

The TEM images are shown in Fig. S4, and CuMgAl-1-1 as well as CuMg 

catalysts exhibit sheet structure and Cu nanoparticles were highly dispersed on the 

carrier. However, CuAl catalyst possesses the bigger particles size comparing with the 

former, and it was due to the sintering and agglomeration of Cu particles, which can 

keep consistent with the results of XRD characterization. Besides, the sintering of Cu 

particles might affect the surface Cu dispersion (DCu) and surface area (SCu) and it was 

further characterized. N2O chemisorptions results are shown in Table 1 and it indicated 

that lower dispersion and surface area was present in CuAl catalyst due to its sintering 

and agglomeration of Cu particle. Besides, higher copper loading can result in the 

decrease of Cu dispersion and surface area. The particles size and various constituents 

might affect the reduction performance of Cu-based catalysts, and the samples will be 

further characterized by H2-TPR.

3.1.5 H2-TPR

Fig. 2 shows the reduction profiles of copper oxide in the catalysts, and the 

reduction degree was shown in Table S1. One broad hydrogen consumption peak with 

varied peaking temperatures was observed for all the catalysts, which was attributed to 

the reduction of the CuO species to Cu, The hydrogen consumption peak of CuMg was 

centered at 269°C, which was lower than that of CuMgAl catalyst and was much lower 

than that of CuAl catalyst with the reduction peak of 289 and 316°C. Obviously, the 

presence of Al species in the catalyst promoted the interaction with CuO, and higher 

reduction degree was obtained in CuMg catalyst rather than in that catalyst with the 
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introduction of Al. In addition, as shown in Table 1, the particles size of Cu reduced in 

the CuAl catalyst was bigger than that in other catalysts, which also contributed to the 

upwards shift of the main reduction temperature [40], as smaller size of CuO is easier 

to be reduced and bigger size of CuO is difficult to be reduced, confirming that Al 

species in the catalyst promoted the interaction with CuO. Therefore, CuMgAl-1-1 and 

CuAl catalyst with more Al content can produce two reduction peaks, and one peak at 

low temperature was due to the reduction of highly dispersed Cu particles; the other 

peak at high temperature was attributed to the reduction of small size crystalline CuO 

[41]. The varied formulation of the catalysts also impacted the distribution of the 

acid/basic sites on the surface of catalyst, which was further investigated with 

NH3/CO2-TPD and pyridine-FTIR characterizations.

3.1.6 NH3-TPD, Pyridine-FTIR and CO2-TPD

To qualitatively and quantitatively characterize the surface acidity of Cu-based 

catalysts, NH3-TPD and pyridine-FTIR were carried out. Fig. 3a and Table 2 show the 

NH3-TPD results of the reduced catalysts. Moderate and strong acid sites, with the 

desorption temperature range of 250 to 400 and more than 400°C, could be identified 

for CuMgAl and CuAl catalysts with the exception of CuMg catalyst [42]. CuAl 

catalyst possessed higher acid amounts than other catalysts, originating from the 

alumina species in the catalysts. To further probe the types of acidic sites, Pyridine-

FTIR characterization was further performed, as shown in Fig. 4. Abundant Brønsted 

and Lewis acid sites were detected in CuAl and CuMgAl-1-1 catalyst, and Lewis acid 

site was the main acidic sites with the increase of Mg content. Pyridine-FTIR spectra 

of CuMgAl-1-1 and CuAl catalysts were also recorded by temperature programmed 

desorption of pyridine, as shown in Fig. 4 (b) to (e). Lewis acid sites (1445 cm-1) 

declined with the increase of desorption temperature, and it was still present even 

though desorption was coming to 500�C, confirming that strong acid sites are 

predominant in CuAl and CuMgAl-1-1 catalysts, which might be responsible for its 

activity [35].

MgO is an alkaline oxide, the addition of which neutralized the acidic sites. As 
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indicated in Table 2, the total amount of acidic sites decreased versus the increase of 

the content of MgO in the catalysts except for CuMgAl-1-1 catalyst. Correspondingly, 

the addition of MgO enhanced the abundance of the basic sites (Table 2), especially the 

basic sites with medium strength (ranging from 150 to 400�C) (Fig. 3b) [43], and 

CuMgAl-1-1 and CuMg catalysts possess more basic sites than other CuMgAl catalysts. 

The effects of the drastically distinct distribution of the acidic/basic sites on 

activity/selectivity of the catalysts were further investigated.

3.2.  Catalytic Activity

Table 3 shows the results for the hydrogenation of levulinic acid with ethanol as 

the reaction medium. The highest yield of GVL was obtained over the CuAl catalyst 

(Table 3, Entry 4). Besides, the reaction intermediate like 4-hydroxyvaleric acid (4-

HVA) was present over there catalysts at 110°C, as the previous work indicated that 

the lactonization of 4-hydroxyvaleric acid was the rate-determining step [44]. The 

further increase of the reaction temperature from 110 to 170°C did not further promote 

the formation of GVL, but promoted the production of 1,4-PDO via the opening ring 

of GVL and the subsequent hydrogenation, especially for that over CuMg catalysts. 

The production of GVL from the lactonization of 4-HVA, the hydrogenation product 

from LA, might require the aid of acidic sites. The CuAl catalyst contained the most 

abundant acidic sites, especially Brønsted acid site, among the catalysts investigated, 

which was probably the reason for the higher yield of GVL at the lower reaction 

temperatures. To further confirm this hypothesis, D008, a commercial solid acid 

catalyst, was employed as a co-catalyst to catalyze the hydrogenation of LA to GVL.

The results in Entries 16 to 20 in Table 3 show that, for the CuMgAl and CuMg 

catalysts, the co-existence of the D008 catalyst promoted the formation of GVL, when 

compared with the results in Entries 11 to 15 in Table 3. Further to this, the presence of 

D008 catalyst also could suppress the opening of the ring in GVL to form 1,4-PDO 

over the CuMgAl and CuMg catalysts except the CuAl catalyst (Table 3, Entry 19), and 

accelerated the lactonization of 4-HVA. Nevertheless, over CuAl catalyst in the co-

existence of D008 catalyst, instead of GVL, EL was produced as the main product. The 
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strong acidic sites over D008 catalyst together with the acidic sites in the CuAl catalyst 

were too strong to catalyze the conversion of LA to GVL, but diverted LA to EL via 

esterification. LTMS, a commercial Lewis acid catalyst, was also employed as the co-

catalyst to catalyze the conversion of LA to GVL, as shown in Entries 21 to 25 in Table 

3. Less GVL and 1,4-PDO was produced comparing with Entries 11 to 15 in Table 3, 

and more intermediates such as 4-HVA was observed, confirming that Brønsted acid 

site plays a crucial role in the lactonization of LA to GVL. Lewis acid site can not 

suppress the opening ring of GVL. The results herein demonstrated that the appropriate 

amount of Brønsted acid sites in the catalytic system was important for the effective 

conversion of LA to GVL. The total amounts of Brønsted acid sites need to be delicately 

controlled to suppress the parallel conversion of LA via esterification in especially 

alcohol medium. The above results also indicated that the further conversion of GVL 

to 1,4-PDO was favorable over the catalyst with more basic sites, as evidenced by the 

higher yields of 1,4-PDO over the CuMg catalyst (Table 3, Entry 10 and 15). 

Nevertheless, the maximum yields of 1,4-PDO was only 53.6%, further experiments 

were conducted to increase the yields of 1,4-PDO.

The reaction substrate and more suitable reaction medium were investigated to 

facilitate the opening ring of GVL to form 1,4-PDO. As shown in Table S2, isopropanol 

as the solvent can accelerate the opening ring of GVL and more 1,4-PDO can be 

obtained than that with ethanol as reaction medium, as isopropanol can be used as 

excellent hydrogen donor better than ethanol [45,46], which might improve 

hydrogenation efficiency. As for the reactants, EL, the derivatives of LA, were 

employed for the production of 1,4-PDO, and the products distribution was shown in 

Table S3. 4-hydroxyvaleric acid ethyl ester (4-HEE) was produced as intermediate from 

EL. EL as the reaction substrate exhibited the higher yield of 1,4-PDO under the same 

conditions, and thus EL was selected as the reaction substrate for further research. The 

detailed reason for the higher yields of 1,4-PDO from EL than from LA has not be 

cleared and needs further investigation.

Table 4 shows the conversion of EL versus the increasing temperature over the 

different catalysts. At 110°C, the main product was GVL with a small amount of 1,4-
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PDO formed from the opening of the ring structure of GVL followed by the subsequent 

hydrogenation. The higher reaction temperature favored the opening of the ring 

structure of GVL to form 1,4-PDO. Further to the effects of temperature, the alkalinity 

of the catalysts also significantly impacted the formation of 1,4-PDO. The CuMg 

catalyst, which contained the highest abundance of basic sites, showed a higher yield 

towards 1,4-PDO production at both the low and the high temperatures. In addition, the 

distribution of the products showed that GVL always maintained a substantial 

concentration in the reaction medium. Thus, the opening of the ring structure of GVL 

and the subsequent hydrogenation was possibly the rate-determining step from LA or 

EL to 1,4-PDO. To confirm this, GVL was selected as substrate for the production of 

1,4-PDO. As displayed in Table 5, the conversion of GVL to 1,4-PDO was more 

difficult than that from EL to GVL. Taking the CuMgAl-1-4 catalyst as an example, 

the conversion of GVL over this catalyst only reached 56.9% at 170ºC (Table 5, Entry 

1), while the yield of GVL from EL could reach 89.4% at the temperature as low as 

110ºC (Table 4, Entry 1), confirming that the rate-determining step from LA or EL to 

1,4-PDO was the further conversion of GVL. In addition, the results also confirmed 

that CuMg showed the highest catalytic activity and selectivity towards 1,4-PDO 

formation, further confirming the importance of basic sites in the formation of 1,4-PDO 

via opening of the ring structure. Besides, GVL was also used as reactant for measuring 

the TOF value of different catalysts, as GVL is difficult to be further converted 

(conversion of GVL can be controlled below 20%). As shown in Table 1, CuMgAl-1-

1 catalyst exhibits the highest TOF value than other catalysts, which can further confirm 

the advantages of CuMgAl-1-1 and the synergistic effect of both metal Cu sites and 

basic sites. Besides, MgO as external catalyst can not facilitate the opening ring of GVL 

as shown in Entries 11, 26 and 27 in Table 3, which also indicates that the synergistic 

effect between metal Cu particle and basic sites was essential rather than the mechanical 

mixing. To further facilitate the opening of the ring of GVL, hydrogen pressure was 

further taken into consideration.

As shown in Table 6, products distribution indicated that higher hydrogen pressure 

can efficiently accelerate the opening of the ring of GVL to form 1,4-PDO. Comparing 
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with Table 4 (Entries 6 to 10) and Table 6 (Entries 1 to 10), the yield of 1,4-PDO was 

improved with the increase of hydrogen pressure from 4 to 6 MPa, and highest yield of 

1,4-PDO (98.5%) was achieved over CuMg catalyst, confirming that hydrogen pressure 

plays a crucial role in catalytic hydrogenation. The effects of particles size on activity 

were also researched, and the results are shown in Entries 1 to 5 in Table S4 as well as 

S5 and Fig. S6. With the increase of particles size, CuMg and CuMgAl-1-1 catalysts 

exhibit lower catalytic activity, when compared with the results in Entries 9 and 10 in 

Table 6. Highly dispersed Cu particles and fine grain should be responsible for the 

excellent catalytic performance to some extents. However, it is worth to note that basic 

sites are of great importance for high yield of 1,4-PDO comparing with CuMg-400 and 

CuMgAl-1-1-400 catalysts (Entries 3 and 4 in Table S4), which can also be confirmed 

by the TOF value (Table 1).

According to previous research [16,47], a possible reaction pathway for levulinic 

acid/ester was proposed in Scheme 2. During this hydrogenation process, the produced 

GVL was further hydrogenated to 2-hydroxy-5-methyltetrahydrofuran, which might be 

converted to 4-hydroxypentanal further hydrogenation to 1,4-PDO. Besides, 2-

hydroxy-5-methyltetrahydrofuran might be directly converted to 1,4-PDO by the 

hydrogenolysis catalyzed by MgO in CuMg or CuMgAl catalysts [45], resulting in 

efficient catalytic activity than that over CuAl catalyst. It is worth to note that acidic 

sites can facilitate the abstraction of the hydrogen, which also accelerate the formation 

of 1,4-PDO [48].

The results obtained herein were also compared with previous work, as shown in 

Table S6 M�)F6O('N+ As for GVL production, our results demonstrated that at a lower 

reaction temperature and the use of non-noble metal-based catalysts, the yield of GVL 

could reach above 95%. With regard to 1,4-PDO production, the use of CuMg and the 

LDHs derived catalyst also showed comparable yields of 1,4-PDO over the noble 

metal-based catalyst.

3.3.  Catalytic reusability
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To further study the reusability of the catalysts, conversion of EL to 1,4-PDO was 

selected as model reaction. The results were shown in Fig. 5 (a), and the different 

catalysts exhibited the distinct catalytic stabilities. The CuMgAl-1-1 catalyst can 

maintain relatively good catalytic performance without the loss of both catalytic 

activities and selectivities at 170�C, as evidenced by the relatively fluctuant but stable 

yields of 1,4-PDO and GVL. However, the other catalysts exhibited unsatisfying 

selectivity to 1,4-PDO. The 1,4-PDO yield over CuAl catalysts decreased from ca. 80% 

to ca. 20% in the second run. The selectivity to 1,4-PDO also decreased progressively 

over the CuMg catalyst.

The spent catalysts were further characterized with XRD and the results are shown 

in Fig. 1d. These catalysts except for CuMg catalyst could maintain the crystal structure. 

Mg(OH)2 was formed in CuMg catalyst due to the formation of water during the 

reaction process, indicating that CuMg catalyst was not as stable as the CuMgAl 

catalysts prepared with the LDHs as the precursors. As shown in Fig. S2 (f) to (h) as 

well as Fig. S4 (d) to (f), the SEM and TEM results of the used catalysts indicate that 

bigger Cu particles and more severe agglomeration of Cu grains were present in CuMg 

and CuAl catalysts, and EDX results (Table S1, Entries 6 to 8) indicate that Cu content 

did not change dramatically. Besides, XPS results of the used catalysts are shown in 

Table S1 and Fig. S5, and the content of Cu+ and/or Cu0 (932.0 and 952.0 eV) in used 

catalysts decreased when compared with the fresh catalysts, and the Cu 2p3/2 at ca. 933.6 

eV belonged to Cu2+ state. Cu 2p1/2 peak at ca. 953.4 eV was attributed to the 

characteristic peaks of Cu2+ species in CuMgAl-1-1 and CuAl catalysts [35]. Therefore, 

abundant CuO, Cu2O or Cu species was present in the surface of Cu-based catalysts (as 

sampling depth of XPS is about 3�10 nm), and it can be further reduced in liquid phase. 

In addition, the particle size of Cu species increased substantially for the CuMg and 

CuAl catalysts, while the extent of the increase of the particles size of metallic Cu in 

the CuMgAl catalysts was much milder. The catalysts prepared with the LDHs as 

precursors could inhibit the growth of metallic Cu species and maintain the catalytic 

activity and selectivity.
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The reusability of catalysts was further researched at 140�C, and the results (Fig. 

5 b) confirm that lower temperature can improve the stability of catalysts. The used 

catalysts were characterized by XRD, and the results are shown in Fig. S7, the growth 

of Cu particles was suppressed to some extents. The stability of CuAl catalyst was still 

worse than CuMg and CuMgAl catalysts.

4. Conclusions

In summary, the Cu-based catalysts produced via the LDH precursors with the 

distinct distribution of acidic sites and basic sites substantially impacted 

physiochemical properties and the selectivity of GVL or to 1,4-PDO from levulinic 

acid/ester. The presence of Mg in the CuMgAl catalyst could enhance the development 

of the porous structures of the catalyst, the reduction of the particle sizes of Cu species, 

while alleviate the interaction between CuO and alumina. Further to this, the 

introduction of Mg increased the abundance of basic sites on surface of the catalysts, 

which remarkably impacted the catalytic selectivity towards GVL to form 1,4-PDO. 

The results herein demonstrated that the abundant acidic sites over the CuAl catalyst, 

especially Brønsted acid site, could suppress the opening of the ring of GVL, achieving 

a high selectivity towards GVL, while suppressing the production of 1,4-PDO. 

Nevertheless, the total amounts of acidic sites also need to be delicately controlled to 

suppress the esterification of LA, the competitive reaction for the conversion from LA 

to GVL. In addition, the basic sites on the surface of catalyst promoted the conversion 

of GVL to 1,4-PDO via the opening of the ring structure of GVL, the rate-determining 

step from LA or EL to 1,4-PDO. Hence, high yield of GVL was obtained over the 

catalyst with abundant Brønsted acidic sites, while high yield of 1,4-PDO was obtained 

over the catalyst with abundant basic sites and highly dispersed copper sites. The 

recyclability tests showed that the CuMgAl catalyst could maintain the catalytic 

stability, while the CuMg or CuAl catalyst could not. The formation of Mg(OH)2 in 

CuMg catalyst changed the crystal structure of the catalyst, while the crystal size of 

metallic Cu species in either CuMg or CuAl catalyst increased substantially. Lower 

reaction temperature and higher reaction hydrogen pressure can effectively improve the 
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stability of catalysts and suppress the growth of Cu particles to some extent. The 

CuMgAl catalyst prepared with the LDHs precursors could inhibit the growth of 

metallic Cu species and maintained the catalytic activity and selectivity. The CuMgAl 

catalyst with the tunable acid-base properties is also expected to tune the catalytic 

selectivity to the targeting products in other reaction systems. 
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O

O

OR

Levulinic acid/ester

H2

Cu based catalyst

OH

O

OR

Acid sites

O
O

GVL

OH

OH

1,4-PDO

-HOR

Cu based catalyst

H2

Scheme 1 Conversion of levulinic acid/ester to GVL and 1,4-PDO. All compounds in 

this scheme were detected with GC-MS.
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Table 1 Textural property of calcined Cu-based catalysts and Cu particle size of fresh 

and spent Cu-based catalysts

Cu particle 
sizeb (nm)

Entry Catalysts

BET 
surface 
areaa

(m2/g)

Pore 
volumea 
(cm3/g)

Pore 
sizea 
(nm) Fresh Spent

Dc
Cu

(%)

Sc
Cu

(m2 

g-1)

TOFd 

(h-1)

1 CuAl 50.4 0.37 14.6 12.9 17.5 12.8 37.7 3.9

2
CuMgAl-
1-4

89.4 0.57 12.8 4.5 O 63.3 69.2 1.1

3
CuMgAl-
1-2

103.4 0.71 13.7 4.7 O 25.1 40.8 2.4

4
CuMgAl-
1-1

97.9 0.71 14.6 5.5 6.5 23.3 66.2 6.2

5 CuMg 92.8 0.71 15.4 4.1 11.3 22.6 61.6 5.0

aBET surface area, pore volume and average pore size were measured by N2 adsorption-

desorption.

bCu particle size was calculated by the Debye-Scherrer equation based on XRD.

cSurface Cu particle dispersion (DCu) and surface area (SCu) were determined by N2O 

chemisorptions.

dTOF is calculated with GVL as the reactant.
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Table 2 The acidic/basic distribution of CuMgAl, CuMg and CuAl catalysts

Acidic sites B]3��8�C Basic sites (mmol/g)

Entry Catalysts
AW

a AM AS AT BWb BM BS BT

1 CuAl 8.8 23.6 26.6 58.9 52.1 10.2 22.2 84.6
2 CuMgAl-1-4 5.1 12.6 34.8 52.6 69.8 51.2 150.1 271.1
3 CuMgAl-1-2 6.6 12.7 39.3 58.6 58.5 51.4 106.8 216.8
4 CuMgAl-1-1 7.6 10.0 17.1 34.6 93.8 65.0 124.2 283.1
5 CuMg 14.2 5.7 9.1 29.0 74.2 106.7 173.2 354.1

aAW represents the concentration of weak Brønsted acid site; AM represents the 

concentration of moderate Lewis acid site; AS represents the concentration of strong 

Lewis acid site; AT represents the concentration of total acid sites.

bBW represents the concentration of weak Brønsted base site; BM represents the 

concentration of moderate Lewis base site; BS represents the concentration of strong 

Lewis base site; BT represents the concentration of total base site.
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Table 3 Distribution of the products in hydrogenation of LA in ethanola

O

O

OH

LA

O
O

GVL
OH

O

OH

4-HVA
1,4-PDO

HO

OH

Yield (%)
Entr

y
T 

(°C)
Catalysts

Con. 
(%)

GV
L

1,4-
PDO

Carbon balance 
(%)

1 110 CuAl 100.0 95.3 ^ > 95.3
2 110 CuMgAl-1-4 100.0 86.5 ^ > 86.5
3 110 CuMgAl-1-2 100.0 85.2 ^ > 85.2
4 110 CuMgAl-1-1 100.0 85.8 ^ > 85.8
5 110 CuMg 100.0 84.9 ^ > 84.9
6 140 CuAl 100.0 88.1 2.2 > 90.3
7 140 CuMgAl-1-4 100.0 80.9 1.9 > 82.8
8 140 CuMgAl-1-2 100.0 76.6 4.7 > 81.3
9 140 CuMgAl-1-1 100.0 78.2 5.3 > 83.5

10 140 CuMg 100.0 73.7 15.3 > 89.0
11 170 CuAl 100.0 68.7 22.7 > 91.4
12 170 CuMgAl-1-4 100.0 66.1 18.5 > 84.6
13 170 CuMgAl-1-2 100.0 64.3 22.0 > 86.3
14 170 CuMgAl-1-1 100.0 59.2 28.0 > 87.2
15 170 CuMg 100.0 39.7 53.6 > 93.3

16 170 CuAl+D008 100.0
97.8

b 0.0 > 97.8

17 170 CuMgAl-1-4+D008 100.0 89.4 4.7 > 94.1
18 170 CuMgAl-1-2+D008 100.0 85.5 11.6 > 97.1
19 170 CuMgAl-1-1+D008 100.0 80.2 16.4 > 96.6
20 170 CuMg+D008 100.0 67.3 26.2 > 93.5
21 170 CuAl+LTMS 100.0 55.2 1.5 > 56.7
22 170 CuMgAl-1-4+ LTMS 100.0 65.2 12.4 > 77.6
23 170 CuMgAl-1-2+ LTMS 100.0 59.3 20.9 > 80.2
24 170 CuMgAl-1-1+ LTMS 100.0 46.9 36.6 > 83.5
25 170 CuMg+ LTMS 100.0 43.6 36.1 > 79.7
26 170 CuAl+MgOc 100.0 68.2 11.4 > 79.6
27 170 CuAl+MgOd 100.0 70.5 10.3 > 80.8

aReaction conditions: t = 2 h; PH2  = 3 MPa (at room temperature); stirring speed = 400 

rpm; catalyst loading: 40 mg; reactant loading: 40 mg; ethanol: 3.96 g, D008 = 40 mg; 

LTMS = 20 mg. 

bThe yield of EL.

cMgO = 20 mg.
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dMgO = 40 mg.
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Table 4 Distribution of the products in hydrogenation of EL in isopropanola

O
O

GVL4-HEE 1,4-PDO

HO

OH
O

O

O

EL
OH

O

O

Yield (%)
Entry T (°C) Catalysts Con. (%)

GVL 1,4-PDO

Carbon 
balance 

(%)

1 110 CuAl 100.0 85.9 8.3 > 94.2
2 110 CuMgAl-1-4 100.0 89.4 4.7 > 94.1
3 110 CuMgAl-1-2 100.0 85.5 11.6 > 97.1
4 110 CuMgAl-1-1 100.0 80.2 16.4 > 96.6
5 110 CuMg 100.0 69.0 25.3 > 94.3
6 140 CuAl 100.0 52.4 40.5 > 92.9
7 140 CuMgAl-1-4 100.0 64.6 27.1 > 91.7
8 140 CuMgAl-1-2 100.0 37.0 57.0 > 94.0
9 140 CuMgAl-1-1 100.0 31.3 64.3 > 95.6

10 140 CuMg 100.0 16.5 81.2 > 97.7
11 170 CuAl 100.0 16.7 80.3 > 97.0
12 170 CuMgAl-1-4 100.0 13.8 83.7 > 97.5
13 170 CuMgAl-1-2 100.0 12.7 85.7 > 98.4
14 170 CuMgAl-1-1 100.0 6.9 91.5 > 98.4
15 170 CuMg 100.0 7.2 91.4 > 98.6

aReaction conditions: t = 3 h; PH2  = 4.0 MPa (at room temperature); stirring speed = 

400 rpm; catalyst loading: 40 mg; reactant loading: 40 mg; isopropanol: 3.96 g.
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Table 5 Distribution of the products in hydrogenation of GVL in isopropanola

1,4-PDO

Entry Catalyst Con. (%) Yield 
(%)

Selectivity (%)

1 CuAl 76.2 71.4 93.7
2 CuMgAl-1-4 56.9 48.5 85.2
3 CuMgAl-1-2 86.8 83.7 96.4
4 CuMgAl-1-1 89.9 87.4 97.2
5 CuMg 92.4 90.1 97.5

aReaction conditions: temperature = 170°C; t = 2 h; PH2  = 4 MPa (at room temperature); 

stirring speed = 400 rpm; catalyst loading: 40 mg; reactant loading: 40 mg; isopropanol: 

3.96 g.
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Table 6 Distribution of the products in hydrogenation of EL in isopropanola

O
O

GVL4-HEE 1,4-PDO

HO

OH
O

O

O

EL
OH

O

O

Yield (%)
Entry

PH2 
(MPa)

Catalysts
Con. 
(%) GVL 1,4-PDO

Carbon 
balance (%)

1 5.0 CuAl 100.0 42.0 51.5 > 93.5
2 5.0 CuMgAl-1-4 100.0 65.9 25.7 > 91.6
3 5.0 CuMgAl-1-2 100.0 32.0 62.2 > 94.2
4 5.0 CuMgAl-1-1 100.0 6.7 90.9 > 97.6
5 5.0 CuMg 100.0 1.6 96.6 > 98.2
6 6.0 CuAl 100.0 16.1 81.4 > 97.5
7 6.0 CuMgAl-1-4 100.0 55.4 37.0 > 92.4
8 6.0 CuMgAl-1-2 100.0 20.3 76.7 > 97.0
9 6.0 CuMgAl-1-1 100.0 3.0 96.7 > 99.7
10 6.0 CuMg 100.0 1.1 98.5 > 99.6

aReaction conditions: t = 3 h; T = 140�C; stirring speed = 400 rpm; catalyst loading: 40 

mg; reactant loading: 40 mg; isopropanol: 3.96 g.
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Fig. 1 XRD patterns of Cu-based catalysts: (a) hydrotalcite structure before calcination; 

(b) after calcination; (c) after reduction; (d) after cycle experiment.
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Fig. 2 H2O4*, profiles of the copper-based catalysts.
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Fig. 3 NH3�TPD (a) and CO2�TPD (b) curves of the copper-based catalysts.
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Fig. 4 (a) In situ FTIR spectra of pyridine on various samples at 170�C; (b) to (c) and 

(d) to (e) In situ FTIR spectra of pyridine on CuMgAl-1-1 and CuAl catalysts at 

different temperatures.
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Fig. 5 Recycle tests of hydrogenation of EL in isopropanol over the different catalysts 

at (a) 170�C and (b) 140�C. (a) Reaction conditions: t = 4 h; PH2 = 4 MPa (at room 

temperature); stirring speed = 400 rpm; catalyst loading: 80 mg; reactant loading: 40 

mg; isopropanol: 3.96 g. (b) Reaction conditions: t = 6 h; PH2 = 6 MPa (at room 

temperature); stirring speed = 400 rpm; catalyst loading: 80 mg; reactant loading: 40 

mg; isopropanol: 3.96 g.
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