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Hydrogenation of methyl acetate is a key step in ethanol synthesis from dimethyl ether carbonylation
and Cu-based catalysts are widely studied. We report here that the hydrogenation activity of Cu/ZnO cat-
alysts can be enhanced by the addition of MgO promoter. The evolution of crystal phases during copre-
cipitation and the physicochemical properties of calcined and reduced catalysts by X-ray diffraction
(XRD), thermogravimetric (TG)-mass spectrometry (MS), Brunauer-Emmett-Teller (BET), transmission
electron microscopy (TEM), N2O titration, in situ CO-Fourier transform infrared spectroscopy (FTIR) and
H2-temperature programmed reduction (H2-TPR) reveal that the promoter effect likely lies in the pres-
ence of Mg2+. A proper amount of Mg2+ mediates the precipitation process of Cu and Zn, leading to prefer-
able formation of aurichalcite (CuxZn1�x)5(CO3)2(OH)6 crystal phase and a small amount of basic
carbonates such as hydrozincite Zn5(CO3)2(OH)6 and malachite Cu2CO3(OH)2. The presence of aurichalcite
strengthens the interaction between Cu and Zn species, and thus enhances the dispersity of Cu0 species
and helps generation of Cu+ species on reduced catalysts. Furthermore, the performance of Cu/ZnO cat-
alysts exhibits an optimal dependence on the Mg loading, i.e., 17.5%. However, too much Mg2+ in the pre-
cipitation liquid prohibits formation of aurichalcite but enhances formation of basic nitrates, leading to a
dramatically reduced hydrogenation activity. These findings may find applications for optimization of
other Cu-based catalysts in a wider range of hydrogenation reactions.
� 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

Ethanol is an important basic chemical, widely used for produc-
tion of other chemicals such as acetyldehyde and ethylamine, and
commodities such as painting and detergent. It is also a clean fuel
additive for gasoline, which can significantly reduce the emission
of hydrocarbons and NOx [1]. Conventionally, ethanol is produced
via fermentation and ethylene hydration [2]. With the increasing
price for grains and decreasing oil reserves, it is desirable to
develop alternative ethanol production technologies [3]. Although
coal conversion to ethanol via syngas has been under investigation
for decades, direct syngas conversion is still limited by its selectiv-
ity and the necessity of noble metal catalysts. In comparison, syn-
gas via dimethyl ether (DME) carbonylation to ethanol is an
attractive alternative due to its high efficiency and no requirement
for noble metal catalysts although it involves multi-steps, i.e., syn-
gas to DME, DME carbonylation to methyl acetate (MAc), followed
by hydrogenation [4–7].

As one of the key steps in the above ethanol synthesis technol-
ogy, hydrogenation of MAc determines the final product selectivity
and has been extensively studied. Cu-based catalysts are the most
efficient because they are selective towards C@O but exhibit
almost no activity toward C@C [1,8–15]. Shen et al. [11] reported
a MAc conversion of 96.2% and ethanol selectivity of 61.7% over
Cu/SiO2 catalysts at reaction conditions of 528 K, 1.0 MPa, and
H2/MAc = 28. Ma et al. [12] studied Cu/ZnO/SBA-15 and the MAc
conversion and ethanol selectivity of 96.1% and 94.9% were
obtained, respectively at 493 K, 3.0 MPa, H2/MAc = 17.6 and liquid
hourly space velocity (LHSV) = 1.8 h�1. Significant progress has
been made in both industrial applications, and fundamental under-
standing of the active sites and the reaction mechanism. The mech-
anistic and kinetic study of MAc hydrogenation showed that the
adsorbed MAc decomposed to methoxy and acetyl species first
reserved.
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on the surface of Cu catalysts. The methoxy group was transformed
to methanol under hydrogen while the hydrogenation of strongly
adsorbed acetyl group to ethanol was considered to be the rate-
determining step [11]. It was generally accepted that the syner-
getic effects of Cu0 and Cu+ and hence a proper ratio Cu+/Cu0 were
essential for a high activity. H2 was activated over Cu0 and MAc
was transformed to methoxy and acetyl species over Cu+ [16,17].

Wide studies demonstrated that the catalyst support and addi-
tives can have a significant effect on the structure and properties of
Cu based catalysts, hence their activities [18–21]. For instance, the
dispersity of Cu was reported to be improved by supporting Cu on
MgO. MgO was also used as a promoter over Cu/SiO2 for MAc
hydrogenation and Cu/ZnO for methanol and DME synthesis
because it is similarly charged as Zn2+ and its ion radius is smaller
than Cu2+ by only 2% [22]. For instance, Guo et al. [9] reported MgO
promoted Cu/SiO2 for MAc hydrogenation, which gave a conver-
sion 80.3% and selectivity of ethanol 99% under reaction conditions
of 613 K, 3.0 MPa, H2/MAc = 10, LHSV = 2.0 h�1 and the enhanced
performance was attributed to fine copper dispersion, large
amount of weakly basic sites and Cu+ species. In addition, use of
MgO as a support of Cu catalyst was also found to facilitate furfural
conversion to furfuryl alcohol and its conversion and furfuryl alco-
hol selectivity reached as high as ~97% under conditions of H2/fur-
fural (FAL) = 16, LHSV = 1.0 h�1 [23]. Cui et al. [24] used Mg
promoted CuAl catalyst with a layered double hydroxide (LDH)
structure and achieved a high activity at a temperature as low as
438 K for hydrogenation of dimethyl oxalate to ethyl glycol as its
yield reached 94.4%. The enhanced activity was attributed to the
synergetic effects of the highly dispersed metallic Cu species and
Lewis acid/base of the support, where H2 was activated over the
highly dispersed Cu0 species and dissociation of C@O over MgO/
Al2O3. It is worthy to note that Cu+ species were not detected over
the reported Cu/MgO and CuMgAl catalysts.

We wonder if MgO could have a similar effect on Cu/ZnO cata-
lysts in MAc hydrogenation, which has not been studied yet. There-
fore, we prepared a series of MgO promoted Cu/ZnO by varying the
loading of MgO. The systematic studies with X-ray diffraction
(XRD), thermogravimetric (TG)-mass spectrometry (MS), N2

adsorption, transmission electron microscopy (TEM), N2O titration,
in situ CO-Fourier transform infrared spectroscopy (FTIR) and H2-
temperature programmed reduction (H2-TPR) indicate that the
presence of MgO mediates the precipitation forming preferably
certain auricalchite precursor, which enhances metallic Cu disper-
sion and generation of Cu+ species. Therefore, the hydrogenation of
methyl acetate to ethanol is facilitated.
2. Experimental

2.1. Catalyst preparation

Cu/ZnO and Cu/ZnO/MgO were prepared by coprecipitation
using metal nitrate and sodium carbonate as the precursors in a
micro-impinging stream reactor, adapted from previous reports
[25,26]. The molar ratio of Cu/Zn was 2/3. Briefly, a certain concen-
tration of mixed metal nitrate solution including Cu, Zn, Mg and
sodium carbonate solution were fed to the micro-impinging
stream reactor through two constant-flux pumps at the same flow
rate (100 mL/min) at 343 K and pH�8.1. Subsequently, the suspen-
sion was quickly transferred into a water bath of 348 K under vig-
orous stirring. After the color of suspension had changed from blue
to green, the aging was allowed for another 0.5 h, followed by fil-
tering and washing with deionized water thoroughly until no Na+

was detected. After being dried at 383 K for 12 h, the sample
was calcined at 723 K for 4 h. The resulting catalysts were named
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as MgxCuZn with x representing the molar loading of MgO while
the un-promoted was denoted as CuZn.

2.2. Catalyst characterization

The catalyst compositions were analyzed by X-ray fluorescence
(XRF) (Philips Magix-601). Powder XRD was carried out over a
PANalytical X’Pert PRO analytical diffractometer using Cu-Ka radi-
ation (k = 1.54 Å), operated at 40 kV and 40 mA. XRD patterns were
recorded from 2h = 10� to 80�. For characterization of reduced cat-
alysts, in situ passivation in 1% O2/N2 was carried out on the
reduced catalyst. The crystal size was estimated using Scherrer
equation.

The weight loss of the catalyst precursor was measured by ther-
mogravimetric analysis (TGA, SDT Q600) and the effluents were
monitored by an online MS. The signals were recorded while the
temperature was raised from room temperature to 1067 K at a
heating rate of 10 K/min in a flowing air stream.

N2 adsorption/desorption experiments were conducted at 77 K
over a Micromeritics ASAP 2000 apparatus. The specific surface
area was calculated from the isotherms by the Brunauer-
Emmett-Teller (BET) method, and the pore size distribution was
calculated by the Barrett-Joyner-Halenda (BJH) method from the
desorption isotherms. Prior to measurements, the samples were
subjected to evacuation at 623 K for 5 h.

TEM was carried out over a JEM-2100 system and FEI Titan
Cubed Themis G3 300 (ETEM) electron microscope equipped with
a field emission gun. The grounded sample was dispersed in etha-
nol under ultrasonic treatment and dipped onto the carbon-coated
molybdenum grids.

The dispersity and the surface area of metallic Cu species were
measured by N2O titration over Micromeritics ASAP 2920 appara-
tus, by referring to a previously reported procedure [27]. Briefly,
the catalyst was heated to 623 K at 10 K/min in 5% H2/Ar, and then
the temperature was decreased to 363 K in He. After being purged
for 30 min by He, the catalyst was exposed to 10% N2O/He (30 mL/
min) for 0.5 h to ensure that the surface Cu atoms were completely
oxidized to Cu2O. Then He was introduced again to purge the sys-
tem and the catalyst for 30 min. Following that, the catalyst was
subjected to a second round reduction by increasing the tempera-
ture to 623 K at 10 K/min in 5% H2/Ar. The integrated area of H2

consumption and its molar amount during the first round reduc-
tion were defined as A1 and X while those during the second round
reduction as A2 and Y, respectively. Then the dispersity of metallic
Cu species can be estimated according to the following equation:

D ¼ 2A2

A1
� 100%:

The average diameter (d) of copper particles was calculated
from A1 and A2 by assuming 1.46 � 1019 copper atoms per m2

and a molar stoichiometry of N2O/Cus = 0.5, where Cus denotes
the copper atoms on the surface [11,16,27]. The surface area of
metallic Cu species (SCu) can be estimated according to the follow-
ing equation:

d ¼ 0:5A1

A2
¼ 1

D
;

SCu ¼ 2NA � Y

X � 1:46� 1019 �MCu �WtCu%
;

where MCu, WtCu% and NA represent the molar mass of Cu, the mass
percentage of Cu in the catalysts (determined by XRF) and the Avo-
gadro constant, respectively [11,16,27].

In situ FTIR of CO adsorption was performed to identify surface
Cu+ species [16,27,28]. Prior to IR experiments, the sample was
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reduced in situ for 1.5 h at 623 K under 20% H2/N2 atmosphere, fol-
lowed by cooling down to 363 K, and then N2 purging for 1.5 h.
Subsequently, 10% CO/N2 was introduced to allow CO adsorption
until the spectrum does not exhibit obvious change. Then the cat-
alyst was purged by N2 until no obvious change of the spectrum
was observed.

H2-TPR was carried out on the Micromeritics ASAP 2920 appa-
ratus. Prior to the measurement, the catalysts were purged in He at
room temperature for 0.5 h. Then they were heated in 10% H2/Ar
from room temperature up to 773 K at a heating rate of 10 K/
min while the profiles were recorded.

2.3. Catalytic reaction

MAc hydrogenation was carried out in a fixed-bed stainless
steel tubular reactor with an inner diameter of 9 mm. 1.5 g catalyst
(20–40 mesh) was loaded into the constant temperature section of
a stainless steel reactor and reduced in situ under 20% H2/N2 at
523 K, 0.1 MPa for 2 h. After the reduction was completed, the cat-
alyst was cooled to the reaction temperature. Then the atmosphere
of the reactor was displaced by hydrogen for three times. Following
that, the reactor was pressurized with H2 to 5.0 MPa, which was
controlled by a back pressure regulator. MAc was injected through
a high-pressure constant flow pump, and the pipeline was insu-
lated to keep the temperature constant at 413 K to ensure vapor-
ized MAc. The reaction was carried out at 473 K, 5.0 MPa, H2/
MAc = 5 and LHSV = 1.0 h�1. The effluents were analyzed by an
online gas chromatograph (Agilent 7890A) equipped with a ther-
mal conductivity detector, a flame ionization detector, TDX-01
and HP-PLOT/Q columns. The conversion of MAc (CMAc) and selec-
tivity of product A (SelA) were calculated using the following
formula:

CMAc ¼ Moles of feedMAc�Moles of MAc in theproduct
Moles of feedMAc

� 100%

SelA ¼ Moles of A formed
Moles convertedMAc

� 100%
Fig. 1. Catalytic performance of MgxCuZn catalyst in hydrogenation of MAc.
Reaction conditions: catalysts loading = 1.5 g, T = 473 K, P = 5.0 MPa, H2/MAc = 5,
LHSV = 1 h�1.
3. Results and discussion

3.1. Catalytic activity of MgO promoted Cu/ZnO in MAc hydrogenation

Fig. 1 shows that MAc conversion and ethanol selectivity
increase stepwise with MgO loadings. An optimum activity was
observed at MgO loading 17.5% (Mg17.5CuZn), i.e., conversion
89.8% and ethanol selectivity 86.7%. Then the activity drops
abruptly at a MgO loading higher than 17.5%. For instance, it drops
to 61.1% at a MgO loading 24.5% (Mg24.5CuZn) and 54.3% at 34.0%
loading (Mg34.0CuZn). During MAc hydrogenation, ethanol may
undergo transesterification with MAc leading to formation of ethyl
acetate byproduct [3]. Fig. 1 displays that this byproduct is sup-
pressed upon introduction of the MgO promoter and Mg17.5CuZn
gives the lowest selectivity of ethyl acetate. The rest product selec-
tivity is lower than 0.3%.

3.2. Physicochemical properties of MgO promoted Cu/ZnO

It is well known that the physicochemical properties of Cu/ZnO
catalyst can be significantly affected by many parameters during
precipitation including the chemical composition, pH value, tem-
perature and aging. Particularly, it was shown that the synthesis
parameters during the very early stages of the precipitation could
mediate the properties of the precursor and hence affect the cat-
alytic activity of the final catalyst, so called ‘‘precursor effect” or
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‘‘chemical memory” [29–31]. We looked into the structural evolu-
tion using XRD upon the introduction of MgO promoter. Fig. 2
shows that the precipitates of CuZn, Mg5.8CuZn, Mg10.0CuZn and
Mg17.5CuZn contain aurichalcite (CuxZn1�x)5(CO3)2(OH)6, hydroz-
incite Zn5(CO3)2(OH)6 and malachite Cu2CO3(OH)2 crystal phases.
Formation of zincian malachite in the precipitates was widely con-
sidered to be most active for methanol synthesis and water–gas-
shift reaction [29]. Herman et al. [32] observed a single crystal
phase of aurichalcite over the methanol synthesis catalysts with
Cu/Zn molar ratio of 30/70. When the Cu/Zn molar ratio decreases
below 30/70, a mixed phase of hydrozincite and aurichalcite was
observed. Interestingly, over our MgxCuZn catalyst which has a
molar ratio Cu/Zn = 2/3, the aurichalcite phase is dominant, accom-
panied by a small amount of malachite and hydrozincite in Fig. 2.
In the aurichalcite phase, Zn prefers to locate in the tetrahedron
center while Cu prefers to occupy the octahedron center. Thus,
the close interaction of Cu and Zn species was proposed to be
essential for a good dispersion of these species after calcination
because the tetrahedron and octahedron alternate on the crystal
fringe [100], as reported by Herman et al. [32]. With the increasing
loading of MgO promoter, the diffraction peaks of malachite and
hydrozincite weaken gradually and almost vanish over Mg17.5-
CuZn. Further increasing MgO loading, the crystal phases of the
precipitates change completely, i.e., no more basic carbonates
and basic nitrates appearing. The above results show that the auri-
calcite crystal phase in the precipitates appear to be more active
for MAc hydrogenation. Since the preparation procedure and the
conditions have been the same except the loading of MgO, the sig-
nificantly different crystal phases during precipitation can be
attributed to the addition of different amount of MgO. The pres-
ence of too much Mg2+ may hinder the inter-dispersion between
Cu2+ and Zn2+, and hence prohibits formation of aurichalcite phase
during precipitation. Instead, it leads to formation of much less
active basic nitrates.

To further understand the effect of MgO promoter, we analyzed
the catalysts with TG. The weight loss curves in Fig. 3 show that the
more MgO the catalyst contains, the higher weight loss during TG.
Their differential curves indicate that the catalysts containing less
than 17.5% MgO only differ in the amount of weight loss, but the
two main weight loss peaks are located in the same range of
500–650 K and 650–750 K. However, when MgO loading is higher
than 24.5%, the weight loss occurs in the range of 475–550 K and
550–625 K over Mg24.5CuZn while 500–550 K and 650–725 K over



Fig. 2. XRD patterns of MgxCuZn catalysts. (a) Precursors; (b) calcined catalysts; (c) reduced catalysts.

Fig. 3. Thermal gravity analysis of MgxCuZn precursors.
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Mg34.0CuZn, which could be attributed to the change of precursor
composition and hence the crystal phases.

We employed an online mass spectrometer to monitor the
effluents during TG analysis. As shown in Fig. 4, nitric oxide is
Fig. 4. Effluents monitored by an online mass spectrometer during TG analysis of M
Mg24.5CuZn; (f) Mg34.0CuZn.
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detected in the effluents during decomposition of the precursor
of Mg24.5CuZn and Mg34.0CuZn. It agrees well with XRD, which
detects the presence of basic nitrate crystals in the precipitates
of those catalysts. For those containing less than 17.5% Mg, both
CO2 and H2O signals are detected in the same temperature range,
which can be attributed to the decomposition products of basic
carbonate. The above results confirm that the addition of MgO pro-
moter mediates the coprecipitation process of Cu and Zn, and a
proper amount of MgO promoter induces formation of aurichalcite
crystal phase, accordingly enhancing the catalytic performance for
MAc hydrogenation.

The XRD patterns of calcined catalysts in Fig. 2(b) show the
diffraction of CuO, characterized at 2h = 38.7�. This diffraction peak
disappears over Mg17.5CuZn. However, it shows up again beyond
24.5% MgO. The characteristic ZnO diffraction peaks at 31.8�,
34.4� and 36.2� show a similar trend as that of CuO, weaken with
the increasing MgO loading and intensify again beyond 24.5%
MgO. The characteristic diffraction of MgO (2h = 42.5�) starts to
be discernible only above 34.0% MgO. Further analysis by Scherrer
equation shows the addition of MgO reduces the crystal sizes of
both CuO and ZnO (Table 1). Mg17.5CuZn exhibits the smallest crys-
tal size for CuO and ZnO over the calcined catalyst and metallic Cu
over the reduced one in comparison to the other MgO promoted
gxCuZn precursors. (a) CuZn; (b) Mg5.8CuZn; (c) Mg10.0CuZn; (d) Mg17.5CuZn; (e)



Table 1
Composition and physicochemical properties of MgO promoted Cu/ZnO catalysts.

Catalyst Content (mol%)a SBET (m2/g) Dpore (nm) Vpore (cm3/g) Cu dispersionb (%) SCu
b (m2/g) db (nm) D (nm)c

CuO ZnO MgO CuO Cu ZnO

CuZn 40.8 59.2 � 49.5 20.6 0.26 10.9 36.8 9.2 8.1 7.4 12.1
Mg5.8CuZn 36.2 58.0 5.8 89.6 14.6 0.33 10.8 33.1 9.3 6.6 6.6 9.8
Mg10.0CuZn 36.9 53.1 10.0 108.4 12.4 0.34 17.1 35.0 5.8 5.8 5.4 10.2
Mg17.5CuZn 33.1 49.4 17.5 94.6 16.7 0.40 17.6 47.9 5.7 NDd 5.2 9.6
Mg24.5CuZn 29.8 45.7 24.5 59.8 19.3 0.30 9.8 28.3 10.2 7.4 6.7 14.4
Mg34.0CuZn 25.7 40.3 34.0 64.3 18.4 0.30 11.1 29.5 9.0 10.9 6.0 12.5

a Determined by XRF analysis.
b Cu dispersion, surface area of metallic Cu0 species (representated by SCu) and the average diameter (d) of copper particles were determined by N2O titration.
c Crystal size (D) was estimated by Scherrer equation according to the XRD data.
d Not detected.

F. Zhang, Z. Chen, X. Fang et al. Journal of Energy Chemistry 61 (2021) 203–209
catalysts. These results unambiguously reveal the enhanced dis-
persion of Cu and ZnO species in the presence of a proper amount
of MgO. Furthermore, the chemisorption of N2O validates the high-
est dispersion and surface area of metallic Cu species over the
reduced Mg17.5CuZn among all the studied catalysts. These highly
dispersed Cu0 species should play an important role in the reaction,
which was reported in ester hydrogenation [16,17]. However, a
simple linearly correlation between the MAc hydrogenation activ-
ity and the surface area of Cu0 species is not been observed as
shown in Table 1 and Fig. 1. Interestingly, the BET surface areas
of Mg10.0CuZn and Mg17.5CuZn are also the highest among the
studied catalysts, in accordance with their Cu dispersion and their
catalytic activity (Table 1).

3.3. Identification of surface Cu+ species over MgO promoted Cu/ZnO
catalysts

Further characterization with TEM shows that the lattice fringes
corresponding to characteristic ZnO (101), (100) are frequently
observed over CuZn, Mg17.5CuZn and Mg34.0CuZn (Fig. 5a–c). How-
ever, those of Cu0 species are not observed exceptMg17.5CuZn. Inter-
estingly, we observe the lattice fringe of Cu2O (110) (d = 0.30 nm)
over the reduced CuZn and Mg17.5CuZn (Fig. 5a and d), indicating
that CuO can be partially reduced to Cu2O in 20% H2/N2 at 523 K
for 2 h. However, this is not observed over Mg34.0CuZn after care-
fully examining the whole microscopic specimen (Fig. 5e).
Fig. 5. TEM images of the reduced catalysts: (a) CuZn, (b) Mg17.5CuZn, (c) Mg34.0CuZn; e
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To further confirm the presence of Cu+ species over the reduced
catalysts, we employed IR spectroscopy, which has been widely
used to characterize the Cu species and their valence state
[28,33,34]. Although the adsorption mode for CO on Cu+ is still
under debate, it is generally agreed that CO adsorption on Cu2+

appears at a higher wave number than CO adsorption on Cu+,
and further higher than CO on Cu0 [28,35]. It is also agreed that
CO adsorption on Cu2+ and Cu0 is reversible above 300 K, for exam-
ple, CO–Cu0 (CO adsorbed on Cu0) readily decomposes beyond the
temperature range of 298–373 K and while CO–Cu+ (CO adsorbed
on Cu+) was rather stable and does not decompose even at 373 K
[34]. Therefore, we used CO as a probe molecule for in situ FTIR
to identify Cu+ species on reduced catalysts. Prior to IR experi-
ments, H2-TPR was carried out to identify the reduction tempera-
ture to ensure complete reduction of Cu species. The H2-TPR
profiles in Fig. 6 show that the reduction temperature in general
increases stepwise with the increasing loading of MgO, except
Mg10.0CuZn and Mg17.5CuZn, which do not exhibit much change.
This reveals more difficult to be reduced with the increasing load-
ing of MgO. This implies that the presence of MgO likely has
strengthened the interaction of Cu with ZnO/MgO, which hinders
the reduction of Cu species. Nevertheless, reduction is completed
at 623 K even over the Mg34.0CuZn catalyst. Thus all catalysts were
reduced at 623 K prior to IR study.

CO adsorption was allowed for 30 min at 363 K. The spectra
were only recorded after the in situ reactor had been swept by
lectron diffraction images of the reduced catalysts: (d) Mg17.5CuZn, (e) Mg34.0CuZn.



Fig. 6. H2-TPR profiles of MgO promoted Cu/ZnO catalysts.

Fig. 7. In situ FTIR spectra of CO adsorption on MgO promoted Cu/ZnO catalysts at
363 K.
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N2 for 20 min. Fig. 7 displays no absorption band over the calcined
CuZn catalyst, validating the reversible CO adsorption on Cu2+. In
comparison, a broad band around 2105 cm�1 shows up over the
reduced CuZn catalyst upon exposure to CO. Since CO adsorption
on Cu0 is reversible, it is reasonable to attribute the 2105 cm�1

band to CO adsorption on Cu+, which is consistent with the obser-
vation reported by Dandekar et al. [28]. Fig. 7 further shows that
208
this band is intensified and slightly shifted toward to a lower wave
number over the MgO promoted catalysts. The intensities of
Mg10.0CuZn and Mg17.5CuZn are obviously higher than that over
Mg5.8CuZn, which indicates a much higher concentration of Cu+

than that over CuZn and Mg5.8CuZn catalysts. By contrast, the cat-
alysts containing more than 24.5% MgO do not exhibit CO adsorp-
tion peak, implying that Cu species most likely exist as Cu0 over
Mg24.5CuZn and Mg34.0CuZn. The essential role of coexisting of
Cu0 and Cu+ has been reported by Ma and co-workers [27], where
Cu+ sites were observed to be important for adsorption of methoxy
and acyl species and Cu0 for dissociative activation of H2. Mean-
while, they also addressed that there existed a minimum metallic
Cu surface area [16]. Below that value, the catalytic activity of
hydrogenation was linearly correlated with Cu0 surface area;
beyond that value, the activity was strongly affected by the avail-
able Cu+ species. Fridman et al. [34] reported that Cu+ species
tended to form solid solution with ZnO due to the same electrons
of Cu+ and Zn2+ and thus suppressed the reduction of Cu+ species
in H2. Therefore, the highest activity of Mg17.5CuZn among the
studied catalyst can be attributed to the highest dispersity of Cu0

and the coexisting Cu+ species. This may be traced back to the pres-
ence of MgO during precipitation, which strengthens the interac-
tion of Cu with ZnO/MgO (Fig. 6) and help generation of Cu+

species and at the same time facilitates dispersion of Cu0. Herman
et al. [32,36] demonstrated that aurichalcite precursor was benefi-
cial for dispersion of CuO and ZnO during calcination and thus the
higher dispersity of Cu0 was obtained, which enhanced interaction
between Cu and Zn species and generation of Cu+ species. How-
ever, too much Mg2+ may hinder the inter-dispersion of Cu2+ with
Zn2+, forming much less active basic nitrates during precipitation.
4. Conclusions

This study demonstrates that MgO promotion is an effective
strategy to enhance the catalytic activity of Cu/ZnO in hydrogena-
tion of methyl acetate. The results show that there exists an opti-
mal MgO loading of 17.5%, which yielded a single pass
conversion 89.8% and ethanol selectivity 86.7% at conditions of
473 K, 5.0 MPa, H2/MAc = 5 and LHSV = 1.0 h�1. However, a loading
higher than 17.5% leads to abruptly dropping activity. The presence
of Mg2+ can modulate the coprecipitation process of copper and
zinc, leading to preferable formation of aurichalcite crystal phase
accompanied by formation of a small amounts of basic carbonates
such as hydrozincite Zn5(CO3)2(OH)6 and malachite Cu2CO3(OH)2.
As a result, MgO helps generation of Cu+ species and enhances
the dispersion of metallic Cu species on reduced catalysts. The
optimal performance of Mg17.5CuZn catalyst derived from aurichal-
cite precursor was ascribed to the highest dispersion of metallic
copper and the coexisting Cu+ species. These finding could guide
further development of highly efficient Cu-based catalysts for
hydrogenation of other esters.
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