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Abstract The highly-dispersed copper-based catalysts

for the gas-phase hydrogenation of dimethyl oxalate to

ethylene glycol (EG) were prepared from a Cu–Zn–Al

layered double hydroxide (LDH) precursor. Powder X-ray

diffraction (XRD), transmission electron microscopy

(TEM), X-ray photoelectron spectroscopy (XPS), N2

adsorption–desorption, H2 temperature programmed

reduction (H2-TPR) and H2–N2O titration indicated that the

composition, texture, and structure of resulting copper-

based catalysts were profoundly affected by the calcination

temperature of LDH precursor. Moreover, the as-synthe-

sized catalyst calcined at 600 �C was found to exhibit a

superior catalytic hydrogenation performance with an EG

yield of 94.7 % to the other catalysts calcined at 500 and

700 �C, which should be mainly attributed to the presence

of the highly-dispersed active metallic copper species over

metal oxide matrix.
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1 Introduction

In the past two decades, numerous works have been devoted

to the hydrogenation of oxalates to ethylene glycol (EG) [1–

3], which is an important chemical widely used in the fine

chemical industry [4]. For instance, the dimethyl oxalate

(DMO) to EG process was developed in the research factory

of Union Carbide Corporation (UCC), and the application on

industrial scale was planned from the nineties of the last

century [5]. The commercial catalysts used in the hydroge-

nation of dialkyl oxalates are the Cr2O3 promoted copper-

based heterogeneous catalysts [6, 7]. The toxicity of such

type of Cr-containing catalysts, however, can cause a severe

environmental pollution and thus limits their practical

applications, in spite of the high yield of EG. Recently, Cu-

based catalysts supported on high-surface-area oxide mate-

rials, such as SiO2 and mesoporous materials, have been

reported to show a good catalytic activity towards the

hydrogenation of oxalates to EG [8–14]. In these cases, it is

found that the weak acidic and basic property of supports is

responsible for the high selectivity to EG in the hydrogena-

tion. The copper-containing catalysts have been of great

interest due to their good selectivities and activities in a wide

range of reactions of various organic compounds including

dehydrogenations of alcohols [15, 16], isomerization [17,

18], hydrogenations of different type of hydrocarbons [19,

20], hydrogenations of carbonyl compounds [21], etc. The

most widely used preparation routes for the supported Cu-

based catalysts mentioned above are the deposition–precip-

itation and incipient wetness impregnation, which easily lead

to the formation of the copper particles with large diameters

and low metal loadings.

Layered double hydroxides (LDHs), represented by the

general formula [M1-x
2? Mx

3?(OH)2]x?[Ax/n]n-�mH2O, are

known as a family of highly ordered two-dimensional

anionic clay materials [22]. Because different M2? and

M3? metal cations with tunable compositions can uni-

formly distribute and orderly prearrange at an atomic level

within the layers or in the interlayer space in the form of

metal complexes, well-dispersed metal catalysts can be

obtained by reducing calcined LDHs with desired metal
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species [23–25]. LDH-derived supported metal catalysts

have two advantages: (i) active components with adjustable

content can be uniformly integrated into the LDH structure;

(ii) metal nanoparticles with tunable particle size can be

formed in a controllable manner.

At present, the design of efficient, nontoxic and cheap

supported catalysts has become an important issue in terms

of economic and environmental aspects. Therefore, in this

paper, new environmentally friendly Cu-based catalysts with

the high metal dispersion were synthesized through a facile

CuZnAl-LDH precursor route. The catalytic performance of

as-synthesized catalysts for the gas-phase hydrogenation of

DMO to EG was evaluated, and the effect of calcination

temperature for CuZnAl-LDH precursor on the composition,

texture, structure and catalytic properties of resulting

Cu-based catalysts was preliminarily investigated.

2 Experimental

2.1 Synthesis of Samples

Carbonate-containing CuZnAl-LDH catalyst precursor

was prepared by separate nucleation and aging steps

method developed in our laboratory [26]. Solution A:

Cu(NO3)2�6H2O, Zn(NO3)2�6H2O and Al(NO3)3�9H2O

salts with the Cu2?/Zn2?/Al3? molar ratio of 1:1:1 were

dissolved in 100 mL of deionized water to give a solution

with a total cationic concentration of 1.2 M. Solution B:

NaOH and Na2CO3 were dissolved in 100 mL of deionized

water to form a mixed base solution. The concentrations

of the base were related to those of metal ions in solution

A as follows: [CO3
2-] = 2[M3?], [OH-] = 1.8(2[M2?] ?

3[M3?]). Solutions A and B were simultaneously added

rapidly to a reactor rotating at 3,000 rpm and mixed for

2 min. The resulting suspension was aged for 6 h at 80 �C,

recovered by four dispersion and centrifugation cycles in

deionized water, and the final gelatinous precipitate was

dried at 60 �C overnight. The as-synthesized CuZnAl-LDH

was calcined in static air at different temperatures of 500,

600 and 700 �C for 5 h, pelletized, crushed, sieved to

20–40 meshes, and denoted as CZA-T, where T means the

calcination temperature. Correspondingly, the CZA-T

samples were reduced in a 5 % H2/Ar atmosphere at

300 �C for 2 h at a ramping rate of 2 �C min-1, and the

obtained catalysts with the copper loadings of about

24.0 wt% were denoted as Cu–ZA-T.

For comparison, CuO/ZnO/Al2O3 catalyst precursor

(Cu/Zn/Al molar ratio = 1/1/1) was prepared through a

typical co-precipitation followed by calcination at 600 �C

for 5 h; copper chromite (CuO–CuCr2O4) catalyst precur-

sor (Cu/Cr molar ratio = 1.0) was prepared according to

the literature [27]. The two precursors were reduced under

the same procedure as that for CZA-600, and the obtained

catalysts were denoted as Cu/ZnO/Al2O3 and Cu–Cr2O3.

2.2 Characterization

The powder X-ray diffraction (XRD) patterns were col-

lected on a Shimadzu XRD-6000 diffractometer with

graphite-filtered Cu Ka source. The average crystallite size

(Dhkl) was calculated by Scherrer equation:

Dhkl ¼
Kk

b � cos h
ð1Þ

where K (0.89) is the Scherrer constant, k (0.15418 nm) is

the wavelength of the radiation, b is the full width of the

(hkl) peak at half-maximum intensity, and h is the Bragg

angle.

Transmission electron microscopy (TEM) observations

were carried out on a JEOL JEM-2010 electron microscope

at an accelerating voltage of 200 kV.

N2 adsorption–desorption isotherms of the samples were

obtained on a Micromeritics ASAP 2020 sorptometer

apparatus at -196 �C. All samples were outgassed prior to

analysis at 200 �C for 12 h under 10-4 Pa vacuum. The

total specific surface areas were evaluated with the multi-

point Brunauer–Emmett–Teller (BET) method. BET sur-

face areas were reproducible to within ±5 %; the average

values were quoted. The size distribution and average pore

diameter were determined by the Barrett–Joyner–Halenda

(BJH) method applied to adsorption isotherms.

X-ray photoelectron spectroscopy (XPS) was recorded

on a VG ESCALAB 2201 XL spectrometer with a mono-

chromatic Al Ka X-ray radiation (1,486.6 eV photons).

H2 temperature programmed reduction (H2-TPR) was

measured on a Micromeritics Chemisorb 2720 instrument.

100 mg of sample was placed in a quartz reactor. 10 % H2

in Ar was introduced with a flow rate of 40 mL/min. The

sample was heated from 50 to 800 �C with a heating rate of

5 �C/min. The amount of H2 consumption during the

reduction was measured using a thermal conductivity

detector (TCD).

H2–N2O titration was also determined using a

Micromeritics ChemiSorb 2720. The surface areas, dis-

persions and crystal sizes of Cu0 particles for samples were

calculated according to the literature [28].

2.3 Hydrogenation of DMO

The hydrogenation of DMO was carried out using a stainless-

steel fixed-bed tubular reactor with an inner diameter of

10 mm. The calcined CZA-T sample (3.0 g) was loaded into

the tubular reactor with quartz powders (20–40 meshes)

packed in both sides of the catalyst bed with a height of

approximately 40 mm, and then were reduced in a 5 %
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H2/Ar atmosphere at 300 �C for 2 h at a heating rate of

2 �C min-1. After activation of catalysts, 7 wt% DMO

(purity[99 %) in methanol and H2 were fed into the reactor

at a H2/DMO molar ratio of 160 at 220 �C. During hydro-

genation, the total pressure was kept at 2.5 MPa, and the

room-temperature liquid space velocity of DMO was

0.30 h-1. Finally, the liquid products were analyzed by an

Agilent GC7890A gas chromatograph equipped with a flame

ionization detector and HP-5 capillary column.

3 Results and Discussion

3.1 Characterization of Catalyst Precursors

and Catalysts

The XRD patterns of uncalcined and calcined CuZnAl-

LDH samples are shown in Fig. 1. As for CuZnAl-LDH

precursor, the three intense characteristic diffractions

appearing at 2h angles below 35� are attributed to the

(003), (006) and (009) planes of hydrotalcite-like LDH

phase (JCPDS No. 38-0487) [29]. Clearly, the layered

structure of CuZnAl-LDH precursor has been completely

destroyed by calcination. In the case of CZA-500, a broad

diffraction peak at ca. 35� obviously different from those of

simple metal oxides (e.g. CuO, ZnO and Al2O3) is

detectable, suggestive of the formation of solid Cu–Zn–Al

oxide solution (denoted as composite metal oxides). As for

CZA-600, except for those of composite metal oxides, the

characteristic diffractions associated with the crystalline

forms of CuO and ZnO phases can be observed. With the

increasing calcination temperature up to 700 �C, the

intensities of characteristic diffractions for simple metal

oxides are enhanced and simultaneously spinel-type metal

oxide phases, such as CuAl2O4 and ZnAl2O4, can be

formed.

The expected nature of mixed metal oxides in calcined

CuZnAl-LDH samples can be found from the TEM

micrographs illustrated in Fig. 2. It is seen from Fig. 2a

that CZA-500 sample is composed of platelet-like particles

with a large amount of mesopores over the surface, indi-

cating that the formed composite metal oxides remain the

morphological characteristic of hydrotalcite-like materials

to some extent [30]. In the case of CZA-600, some irreg-

ular dark particles assignable to Cu-containing phases

appear over the surface of platelet-like matrix (Fig. 2b).

We also note that with the calcination temperature, larger

aggregated particles appear in CZA-700 sample (Fig. 2c),

suggesting the formation of well-crystallized mixed metal

oxide phases.

Figure 3 shows the TPR profiles of calcined CuZnAl-

LDH samples, where the total hydrogen consumption

corresponds to the reduction of Cu2? species. Two differ-

ent copper species are found in CZA-500. The large

reduction peak at ca. 284 �C is mainly assigned to the

reduction of copper-containing composite metal oxides,

while the smaller shoulder at ca. 227 �C is ascribed to the

reduction of isolated highly-dispersed CuO [20]. As for

CZA-600, a single intensive reduction peak appears at ca.

237 �C, suggesting that the Cu2? species are reduced more

easily, due to the formation of a large amount of highly-

dispersed Cu2? species. In the case of CZA-700, there is

only a broad and asymmetrical H2 consumption peak at ca.

272 �C, which is associated with Cu-containing metal

oxides with the larger particle size.

Since both support and surface metal atoms can influ-

ence the final catalyst activity, the metal dispersion for

calcined CuZnAl-LDH samples was further determined

from the surface H2–N2O titration [28]. It is seen from

Table 1 that the dispersion of copper species does not

change monotonically with the calcination temperature,

which is ascribed to the synergy between the copper spe-

cies and the oxide matrix varying with the calcination

temperature. Interestingly, compared with its neighboring

samples, CZA-600 sample has a higher copper dispersion

with the higher exposed copper area of 27 m2/g and the

smaller copper crystal size of about 3.8 nm.

The XRD patterns (Fig. 4) of Cu–ZA-T samples present

a strong diffraction peak at 2h of 43.3� along with two

weak ones at 50.4 and 74.1� characteristic of fcc metallic

copper phase (JCPDS 04-0836). The copper crystalliteFig. 1 XRD patterns of CuZnAl-LDH and CZA-T samples
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sizes calculated by the Scherrer formula according to the

(111) diffraction peak at 43.3� are listed in Table 1. Cu–

ZA-600 presents a smallest crystallite size of metallic

copper (7.7 nm). This is in agreement with the TEM

observation that the particles attributable to metallic copper

are sparsely observed in Cu–ZA-600 (Fig. 2d). The XPS

spectra of Cu–ZA-T catalysts reveal that the binding

energy of Cu 2p 3/2 at ca. 932.6 eV is characteristic of Cu0

in each case. Further evidence of the copper reduction

stems from the absence of the shake-up satellite of Cu2? at

ca. 942.5 eV. As shown in Table 1, the surface Cu/

(Al ? Zn) molar ratio of Cu–ZA–T samples determined by

the XPS results is much lower than the bulk value of 0.5,

indicating that the surface of samples is enriched by alu-

minum and zinc. For Cu–ZA-600, relatively low surface

enrichment of aluminum and zinc originates from the

smaller amounts of composite and spinel-type metal oxide

phases, as evidenced by the XRD results. The aforemen-

tioned results confirm the features of the highly-dispersed

copper species in Cu–ZA-600 sample.

Fig. 2 TEM micrographs of CZA-500 (a), CZA-600 (b), CZA-700 (c) and Cu–ZA-600 (d)
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The N2 adsorption–desorption isotherms of Cu–ZA-T

samples and their pore size distribution curves using the

BJH method applied to adsorption branches are illustrated

in Fig. 5. All the isotherms can be classified as a type IV

category indicating the presence of capillary condensation.

Interestingly, a close observation of the isotherm of Cu–

ZA-600 reveals a small type H2 hysteresis loop in the P/P0

range of 0.40–0.75, mainly due to the presence of an

interconnected pore system [31]. As shown in Table 1, Cu–

ZA-600 has a highest BET surface area of 55 m2 g-1. Note

from the inset in Fig. 5 that the pore size distribution of

Cu–ZA-600 depicts a bimodal pore structure in the range

of 2–100 nm. A large amount of mesopores below 10 nm

should arise from the voids between small particles.

However, Cu–ZA-500 and Cu–ZA-700 display a broad

pore size distribution in the range of 5–100 nm. This is

commonly observed with the aggregates of large particles

giving rise to the slit-shaped pores.

3.2 Gas-Phase Hydrogenation of DMO

The catalytic performance of Cu-based catalysts prepared

at different calcination temperatures was investigated in the

Fig. 3 H2-TPR profiles of calcined CuZnAl-LDH samples

Table 1 The structural and textural data of the samples

Calcination

temperature (�C)

CZA-T Cu–ZA-T

Dav
a (nm) SCu

b (m2/g) Di
c (%) Dd (nm) SBET

e (m2/g) Vp
f (cm3/g) dp

g (nm) Rsh

500 5.7 17 17.7 9.0 38 0.35 35.1 0.11

600 3.8 27 26.4 7.7 55 0.38 25.1 0.18

700 8.7 11 11.5 19.2 28 0.19 29.8 0.14

a Crystal size of Cu particle
b Cu surface area
c Cu dispersion degree
d Average diameter of Cu nanoparticles based on XRD patterns
e Specific surface area calculated by the BET method
f Total pore volume calculated form nitrogen adsorption at P/P0 = 0.994
g Mean pore diameter
h Surface Cu/(Al ? Zn) molar ratio determined by XPS

Fig. 4 XRD patterns of Cu–ZA-T samples
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gas-phase hydrogenation of DMO. Steady-state product

compositions were obtained after about 2 h on stream.

From Fig. 6, it is found that the catalysts exhibit remark-

able differences in the catalytic performance. Among the

catalysts, Cu–ZA-600 shows a highest catalytic activity

with 100 % conversion of DMO and 94.7 % selectivity

towards EG. Over Cu–ZA-500 and Cu–ZA-700 catalysts,

however, partial DMO can be converted into methyl

glycolate (MG) through hydrogenolysis. In each case, the

selectivity to ethanol and 1,2-butanediol (BDO) is only less

than 4 %, mainly due to the absence of strong acid and

basic sites on the surface of Cu–ZA-T catalysts [32].

According to the H2-TPR results, it is deduced that the

metallic copper species are the effective catalytic centers

for the hydrogenation. Correspondingly, the decreased

DMO conversion and EG selectivity for Cu–ZA-500 and

Cu–ZA-700 catalysts is due to the presence of the larger

Cu0 particles with the relatively lower dispersion and

amount of copper species on the surface of catalysts, as

determined by the H2–N2O titration and XPS results.

Meanwhile, it is worth noting that Cu–ZA-700 sample with

the larger size and lower dispersion of Cu particles on the

surface is more active and selective for EG than Cu–ZA-

500 sample. This may be attributed to the formation of

much more ZnO phase in Cu–ZA-700. ZnO is a well

known n-type semiconductor; its mobile electrons at con-

ductive band may transfer to the Fermi level of metallic Cu

interacting with ZnO at the interface [33, 34]. Therefore,

due to the interaction between metallic Cu and ZnO matrix

in Cu–ZA-700, partial Cu0 species may function as

nucleophilic sites to polarize the C=O bond in hydroge-

nation process, thus improving the reactivity of the ester

group in DMO. It demonstrates that the calcination tem-

perature is an important factor affecting the composition,

texture, and structure of resulting Cu–ZA-T catalysts and

thus the catalytic properties for the DMO hydrogenation.

Cu/ZnO/Al2O3 and Cu–Cr2O3 catalysts were used here as

comparison samples. As shown in Table 2, the hydroge-

nation activity of Cu/ZnO/Al2O3 is markedly lower than

Cu–ZA-600 sample, probably owing to the inhomogeneous

dispersion of active species. Compared to Cu–ZA-600, Cu–

Cr2O3 shows a slightly lower catalytic activity, in addition

to its toxicity.

On the other hand, as shown in Fig. 7, the conversion of

DMO over Cu–ZA-600 catalyst increases from 82.4 to

100 % with the reaction temperature elevated from 200 to

220 �C, while the selectivity to EG increases from 70.8

to 94.7 %. With the increasing reaction temperature up to

240 �C, however, the selectivity to EG decreases slowly to

79.1 %. The aforementioned results suggest the lowered

Fig. 5 Low-temperature N2 adsorption–desorption isotherms of Cu–

ZA-T samples. Insets show a detail isotherm of Cu–ZA-600 sample in

the P/P0 range of 0.4–0.8 (left) and the pore size distributions of

samples (right)

Fig. 6 Effect of the calcination temperature on the catalytic

performance of the catalysts in the gas-phase hydrogenation of DMO

Table 2 The catalytic performance of different catalysts in gas-

phase hydrogenation of DMOa

Catalysts Conversion (%) Selectivity (%)

EG MG BDO Ethanol

Cu–ZA-600 100.0 94.7 0 4 1.3

Cu–Cr2O3 98.5 91.4 7.1 0 1.5

CuO/ZnO/Al2O3 39.9 83.5 16.5 0 0

a Reaction temperature: 220 �C
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metal dispersion of Cu–ZA-600 catalyst at the higher

reaction temperature, owing to the growth of copper par-

ticles in the hydrogenation of DMO. More importantly, the

excellent catalytic performance of the most efficient Cu–

ZA-600 in the gas-phase hydrogenation stays nearly

unchanged over a 16 h reaction time at 220 �C when the

other reaction conditions are kept constant, indicating that

the Cu-based catalysts derived from a CuZnAl-LDH pre-

cursor exhibit a stable catalytic performance for the DMO

hydrogenation to EG.

4 Conclusions

In summary, we have presented that the calcination tem-

perature for CuZnAl-LDH precursor has a significant effect

on the composition, texture, and structure of calcined

CuZnAl-LDHs and thus the catalytic performance of as-

synthesized copper-based catalysts in the gas-phase

hydrogenation of DMO to EG. The dispersion and amount

of active copper species on the surface of Cu–ZA-600

catalyst was found to be much higher, and a higher EG

yield of 94.7 % is obtained over Cu–ZA-600 catalyst. It is

expected that the composition and structure of such type of

catalysts may be further adjusted by simply varying the

molar ratios of metal cations in CuZnAl-LDH precursor or

introducing other kinds of metal cations into precursor,

which will lead to an enhanced catalytic property in the

hydrogenation of DMO.
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