
T
f

S
D

a

A
R
R
A
A

K
C
P
S
M
M
E
C
M
D
B

1

n
o
t
o
[
w
2
o
d
u
s
F
b
A
g
t

i

1
d

Journal of Molecular Catalysis A: Chemical 353– 354 (2012) 58– 66

Contents lists available at SciVerse ScienceDirect

Journal  of  Molecular  Catalysis A:  Chemical

jou rn al h om epa ge: www.elsev ier .com/ locate /molcata

he  effect  of  Cu  loading  on  the  formation  of  methyl  formate  and  C2-oxygenates
rom  CH3OH  and  CO  over  K-  or  Cs-promoted  Cu-MgO  catalysts

hahin  Goodarznia, Kevin  J.  Smith ∗

epartment of Chemical and Biological Engineering, The University of British Columbia, 2360, East Mall, Vancouver, BC, Canada, V6T 1Z3

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 26 July 2011
eceived in revised form 21 October 2011
ccepted 1 November 2011
vailable online 11 November 2011

eywords:
atalyst
romoter
ynthesis gas

a  b  s  t  r  a  c  t

The  reaction  of  CH3OH  in the  presence  of  CO  at 101  kPa over  K-  or  Cs-promoted  Cu-MgO  is  reported.
The  selectivity  to  methyl  formate  was  >92  C-atom%  whereas  selectivity  to  CO2 and  C2 species  (ethanol
and  acetic  acid)  was  <8  C-atom%  at 498  and  523  K  over  the  promoted  5 wt%  Cu-MgO  catalyst.  The  activ-
ity  increased  as  the  Cu  loading  was  increased  from  5 wt%  to  40 wt%,  whereas  at  the  same  conversion,
the  product  distribution  was  almost  the  same  over  both  the  0.5  wt%  Cs–5  wt%  Cu-MgO  and  the  0.5  wt%
Cs–40  wt%  Cu-MgO  catalysts.  At approximately  constant  specific  basicity,  an increase  in  Cu0 surface  area
of the  promoted  Cu-MgO  catalysts  correlated  with  an  increased  methyl  formate  yield,  whereas  no  corre-
lation between  Cu2+ surface  area  and  methyl  formate  yield  was  observed.  The  results  suggest  that  methyl
formate  is  formed  on Cu0 sites  as  opposed  to  Cu2+ sites.  The  mechanism  of  methyl  formate  formation
ethyl formate
ethanol

thanol
opper
agnesium oxide
ispersion

from  CH3OH  over  the  promoted  Cu-MgO  catalysts  is discussed  in  view  of  these  results.
© 2011 Elsevier B.V. All rights reserved.
asicity

. Introduction

Ethanol as an additive to gasoline (fuel ethanol) has received sig-
ificant attention in past decades due to the environmental impact
f fossil fuels such as gasoline. In 2005, the addition of fuel ethanol
o gasoline displaced 2% of the world-wide annual consumption
f gasoline and this value is anticipated to increase to 10% by 2030
1]. Using conventional methods to produce this amount of ethanol
ill result in a shortage of approximately 262 gl of fuel ethanol by

030 [1].  The expected rapid increase in worldwide consumption
f fuel ethanol requires an increase in worldwide ethanol pro-
uction. Most of the world’s ethanol is produced by fermentation
sing biomass as a main source of carbon. The process is expen-
ive and energy inefficient due to intensive distillation steps [2,3].
urthermore, the fermentation process does not utilize all the car-
on available in the biomass, which results in low yields of ethanol.
n alternative approach, which has significant potential to reduce
reenhouse gas emissions associated with fossil fuels, is the selec-

ive conversion of biomass-derived syngas (CO/CO2/H2) to ethanol.

The synthesis of CH3OH from syngas over Cu-ZnO based catalyst
s very well known [4–12]. Addition of alkali promoters (K or Cs) to

∗ Corresponding author. Tel.: +1 604 822 3601; fax: +1 604 822 6003.
E-mail address: kjs@interchange.ubc.ca (K.J. Smith).

381-1169/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.11.005
Cu-ZnO catalysts shifts the conversion of syngas away from CH3OH
and towards heavier alcohols such as iso-butanol, but the selec-
tivity to ethanol remains low [13–16].  Mechanistic studies of the
synthesis of ethanol from syngas over Cu-ZnO-based catalysts, sug-
gest that the presence of Cu and basic sites (i.e. ZnO) are essential
to facilitate the formation of the first C–C bond [13,17–22].

Cu-MgO has been shown to be >10×’s more basic than a con-
ventional Cu-ZnO catalyst [23,24]. In previous work, the present
authors studied a series of alkali-promoted 40 wt%  Cu-MgO cata-
lysts, focusing on the effect of basicity [23]. The activity of these
catalysts for methanol decomposition and C–C bond formation at
low pressure (101 kPa) was  reported. The formation of methyl for-
mate over alkali-promoted 40 wt%  Cu-MgO was also studied [23]
as this product has been identified as an important intermediate
in ethanol formation from syngas and CH3OH [13,20].  The results
of this study showed that at a relatively constant Cu0 surface area
(0.50–0.76 m2 g−1), the alkali-promoted Cu-MgO had an optimum
intrinsic basicity (9.5 �mol  CO2 m−2) at which the selectivity to
methyl formate and C2 species (ethanol and acetic acid) was maxi-
mized [23]. The selectivity to methyl formate was found to be very
sensitive to the intrinsic basicity of the alkali promoted Cu-MgO

catalyst [23].

Cu sites are well known for their hydrogenating–dehydro-
genating properties [25] and the presence of Cu sites in Cu-ZnO
catalysts was  found to facilitate CH3OH dehydrocoupling to methyl

dx.doi.org/10.1016/j.molcata.2011.11.005
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:kjs@interchange.ubc.ca
dx.doi.org/10.1016/j.molcata.2011.11.005
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Table 1
Cu-MgO-based catalyst nominal name and composition.

Catalyst nominal name Catalyst composition (wt%)

Cu MgO  K Cs

40 wt%  Cu-MgOa 40.3 59.3 0 0
0.5  wt% K–40 wt%  Cu-MgOa 40.1 59.4 0.5 0
0.5  wt% Cs–40 wt% Cu-MgOa 40.1 59.4 0 0.5
5  wt%  Cu-MgO 5.0 95.0 0 0
0.5 wt% K–5 wt%  Cu-MgO 5.0 94.5 0.5 0
S. Goodarznia, K.J. Smith / Journal of Molecu

ormate [26,27].  Based on previous mechanistic studies over mainly
u-ZnO based catalysts and Cu-MgO-based catalysts [13,17–23],  it

s apparent that the state of surface Cu (Cu0 or Cu2+) is an important
ariable in determining the catalyst selectivity to higher alcohols,
uch as ethanol.

In the present study, the effect of the Cu oxidation state and
he Cu surface area on the activity of a series of alkali-promoted
u-MgO catalysts of approximately constant basicity, is reported.
he formation of C2 species and methyl formate from CH3OH/CO at
01 kPa is reported over high surface area 5 wt% Cu-MgO catalysts,
romoted with K and Cs, prepared using the method described
reviously [23,28] and characterized to quantify the surface Cu0

nd basic sites. The results have been compared with data reported
reviously for alkali-promoted 40 wt% Cu-MgO catalysts with rel-
tively low Cu dispersions [23].

Note that the synthesis of alcohols from syngas is usually done
t high pressures (>5 MPa) to overcome thermodynamic yield lim-
tations of the methanol synthesis [15,21,25].  The higher alcohols
re favoured by thermodynamics at these conditions. The use of
ow pressure (101 kPa) in the present study simplifies the exper-
mental procedure. Also, using CH3OH as reactant and operating
t 101 kPa, leads to the decomposition of CH3OH that likely gen-
rates carbonaceous surface species such as formyl, formate and
ethoxy species that can react further to produce methyl formate

r C2 species.

. Experimental

.1. Catalyst preparation

High surface area 5 wt% Cu-MgO and alkali promoted 5 wt%
u-MgO (0.5 wt% K–5 wt% Cu-MgO and 0.5 wt% Cs–5 wt%  Cu-
gO) were prepared by thermal decomposition of metal salts

Mg(NO3)2·6H2O, Cu(NO3)2·3H2O, Cs2CO3 and KNO3) in the pres-
nce of palmitic acid (CH3(CH2)14COOH). The details of the catalyst
reparation procedure have been reported previously [23]. Note
hat the final calcination temperature used for each catalyst pre-
ursor was determined by the highest decomposition temperature
f the metal nitrates or carbonates present in the precursor and as

 result, the calcination temperature for the 5 wt%  Cu-MgO, 0.5 wt%
–5 wt% Cu-MgO and 0.5 wt% Cs–5 wt% Cu-MgO were respectively
73 K, 873 K and 923 K. Following calcination, the catalyst precur-
ors were reduced by heating to 573 K at a rate of 10 K min−1 in 10%
2/He, with the final temperature held for 60 min.

.2. Catalyst characterization

Temperature-programmed reduction (TPR) of the prepared cat-
lyst precursors was performed using a Micromeritics AutoChem
I chemisorption analyzer, with a 10% H2/Ar gas flow of
0 cm3(STP) min−1 while heating from 313 K to 623 K at a ramp
ate of 10 K min−1, with the final temperature held for 30 min. Prior
o the TPR, samples (about 0.2 g) were pre-treated thermally in
e at 50 cm3(STP) min−1 and 393 K. The TPR profiles of the 5 wt%
u-MgO-based catalysts of the present study were compared to
he TPR profiles of CuO and Cu2O (97% purity, particle size < 5 �m,
igma–Aldrich) reported previously [23].

Catalyst BET surface areas, pore volume, pore diameter and pore
ize distribution of the calcined 5 wt% Cu-MgO catalyst precursors
ere measured using a Micromeritics ASAP 2020 analyzer [23]. Cat-
lyst BET surface area of the reduced 5 wt% Cu-MgO-based catalysts
ere measured using Micromeritics AutoChem II chemisorption

nalyzer [23]. Basic properties of the reduced catalysts were deter-
ined by CO2 temperature-programmed desorption (TPD) using
0.5  wt% Cs–5 wt% Cu-MgO 5.0 94.5 0 0.5

a Catalysts reported previously [23].

a Micromeritics AutoChem II chemisorption analyzer, details of
which are provided elsewhere [23].

X-ray powder diffraction (XRD) patterns of the calcined catalyst
precursors were obtained with a Rigaku Multiflex diffractometer
using Cu K� radiation (� = 0.154 nm,  40 kV and 20 mA), a scan range
of 2� from 10◦ to 100◦ and a step size of 2◦ min−1 [23]. The MgO
crystallite size (dXRD

MgO) was determined from the XRD data using the

Scherrer equation [23]. The Cu crystallite size (dXRD
Cu ) was estimated

from the CuO crystallite size of the calcined samples, corrected
for the differences in molar volume between the CuO and the Cu
[23]. The Cu dispersion and Cu surface area of the reduced 5 wt%
Cu-MgO-based catalysts were measured by adsorption and decom-
position of N2O on the Cu surface using a Micromeritics AutoChem
II chemisorption analyzer [23].

X-ray photoelectron spectroscopy (XPS) studies of the passi-
vated, reduced catalysts, were conducted using a Leybold Max200
X-ray photoelectron spectrometer. Al K� was used as the photon
source generated at 15 kV and 20 mA.  The pass energy was set
at 192 eV for the survey scan and 48 eV for the narrow scan. The
reduced Cu-MgO-based catalyst with Cu content of 34.6–40.1 wt%
was  passivated in a flow of 100 cm3(STP) min−1 of 1% O2/He for
120 min. All XPS spectra were corrected to the Mg  2p peak at
50.8 eV.

2.3. Catalyst testing

Catalyst testing was  conducted in a plug flow micro-reactor,
details of which have been reported previously [23]. Note that for
all of the reaction experiments, 0.98 g of catalyst was used with
a reactant mixture of CO/He/CH3OH (0.20/0.66/0.14 M).  In each
test, net conversion was  defined as the total C-atom conversion
of [CH3OH + CO] and is the sum of the net CO consumption and the
net CH3OH conversion. In all cases net CO consumption was in the
range of 3–10 C-atom %, implying that the rate of CH3OH decompo-
sition to CO was  lower than the rate of CO conversion to different
carbonaceous products. Therefore the net CO yield and selectivity
in the product stream were assumed to be zero. The product yield
was  calculated as the product of the total exit molar flow rate and
the component mole fraction divided by total exit molar flow rate,
excluding He. Component selectivity was  determined as the total
C-atom conversion divided by the product yield.

3. Results and discussion

3.1. Catalyst characterization

The nominal composition of the catalysts discussed in the
present study is reported in Table 1. The catalyst BET surface area
(SBET), pore volume (Vp) and average pore diameter (dp) of the

5 wt%  Cu-MgO-based catalysts are compared to the 40 wt% Cu-
MgO-based catalysts [23] in Table 2. For the 5 wt% Cu-MgO-based
catalysts, dp was  in the range 14–26 nm,  indicative of a meso-
porous catalyst. For the 5 wt% Cu-MgO-based catalysts, the SBET
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Table  2
BET surface area, pore volume and pore size of alkali promoted Cu-MgO catalysts.

Catalyst SBET
a (m2 g−1) Vp

a (cm3 g−1) dp
a (nm)

After
calcination

After
reduction

MgOb 160 160 0.58 14.5
40 wt% Cu-MgOb 62 74 0.23 15.0
0.5 wt% K–40 wt%

Cu-MgOb
35 42 0.20 23.1

0.5 wt% Cs–40 wt%
Cu-MgOb

38 44 0.20 20.8

5  wt% Cu-MgO 141 141 0.49 14.0
0.5 wt% K–5 wt%

Cu-MgO
60 60 0.37 24.5

0.5 wt% Cs–5 wt%
Cu-MgO

51 51 0.33 26.0

a

a

r
c
s
t
S

c
b
5
p
T
p
s
C
t
a

F
u
1

100908070605040302010

(e)

(a)1

(b)1
(c)

2θ  (Deg ree)

In
te

ns
ity

 (C
ou

nt
s)

C
uO

(1
11

)
C

uO
(1

11
)

M
gO

(2
00

)

M
gO

(2
20

)

--
--
--
--
--
--
--
--
---
--
--
--
--
--
---
---
--
--
--
--
--
--
--
---
--
--
--
--
--
--
--
-

--
--
--
--
--
--
--
---
--
--
--
--
--
--
--
---
--
--
--
--
--
--
--
---
--
--
--
--
--
--
--
--

--
--
---
---
--
---
---
---
--
--
--
---
--
--
--
--
--
--
---
--
--
--
--
--
---
--
--
--
--
-

--
--
--
--
---
--
--
--
---
--
--
--
--
--
--
---
--
--
--
--
--
--
--
---
--
--
--
--
--
--
--
-

-

(d)

Fig. 2. X-ray diffractograms of the unreduced MgO-based catalysts and bulk CuO: (a)
CuO; (b) MgO; (c) 5 wt% Cu-MgO; (d) 0.5 wt%  K–5 wt% Cu-MgO; (e) 0.5 wt% Cs–5 wt%
Cu-MgO.
SBET is the BET surface area; Vp and dp are respectively, the pore volume and
verage pore size of the calcined catalyst precursor.
b Characterization data taken from [23].

emained unchanged after reduction compared to the SBET after
alcination (Table 2). Since the catalyst Cu loading was  low, only
mall amounts of water were generated during reduction of CuO
o Cu. Consequently, there was a negligible change in porosity and
BET following reduction.

The pore size distributions of the calcined 5 wt% Cu-MgO-based
atalyst precursors are compared to those of the 40 wt% Cu-MgO-
ased catalysts and MgO  in Fig. 1. Compared to MgO, the addition of

 wt% Cu shifted the maxima of the pore size distribution to a higher
ore diameter, whereas both the SBET and Vp decreased (Table 2).
hese observations are in good agreement with the trend reported
reviously for the 40 wt% Cu-MgO-based catalysts [23]. Compari-

on of the pore size distribution of the 5 wt% Cu-MgO and 40 wt%
u-MgO (Fig. 1), showed that an increase in Cu loading broadened
he catalyst pore size distribution and led to a decrease in SBET
nd Vp of the Cu-MgO (Table 2). These observations imply that an
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ig. 1. Pore size distribution of MgO, unreduced 5 wt% Cu-MgO-based catalysts and
nreduced 40 wt% Cu-MgO-based catalyst.

Data was  taken from the previous study [23].
1Data from [23].

increase in Cu loading most likely led to blockage of the small pores
(dp < 10 nm)  of MgO  by CuO.

Addition of 0.5 wt%  Cs or 0.5 wt%  K to the 5 wt% Cu-MgO
decreased the SBET and Vp (Table 2), as was  similarly observed with
the addition of 0.5 wt%  Cs or 0.5 wt% K to 40 wt% Cu-MgO [23]. Pre-
viously, it was shown that a decrease in SBET and Vp after addition
of Cs or K to the Cu-MgO was  caused by (1) thermal sintering of
the catalyst due to the higher calcination temperature of the alkali
promoted Cu-MgO compared to the Cu-MgO and (2) pore blocking
of MgO  by K promoter or Cs promoter [23]. In the present study, the
same effects of promoters and caclination temperature are appar-
ent from the shift in the maxima of the pore size distribution to
higher pore diameter after addition of 0.5 wt% Cs or 0.5 wt% K to
5 wt% Cu-MgO (Fig. 1).

Comparing the pore size distribution (Fig. 1) of the 0.5 wt%
K–5 wt% Cu-MgO and the 0.5 wt%  K–40 wt%  Cu-MgO, reveals almost
the same pore size distribution for both catalysts. The same trend
was  observed for the 0.5 wt%  Cs–5 wt% Cu-MgO and the 0.5 wt%
Cs–40 wt% Cu-MgO (Fig. 1). These observations show that an
increase in Cu loading from 5 wt% to 40 wt% of the K- or Cs-
promoted Cu-MgO does not affect the catalyst pore size distribution
noticeably, implying that high temperature thermal sintering and
the presence of the alkali promoters are the major factors determin-
ing the pore size distribution of the K- or Cs-promoted Cu-MgO.

The X-ray diffractogram of the calcined 5 wt% Cu-MgO cata-
lyst precursors (Fig. 2) showed the presence of MgO  (periclase,
Fm3m(225)-cubic structure) and CuO (tenorite, C2/c(15) mono-
clinic structure). No peaks associated with Cu2O, K2O or Cs2O were
detected. The observations are in good agreement with the XRD
analysis of the 40 wt% Cu-MgO-based catalysts [23]. Note that the
X-ray diffractograms of CuO and MgO  [23], are included in Fig. 2
for comparison purposes. Using the data of Fig. 2, the MgO  crystal-
lite thickness (dXRD

MgO) and the Cu crystallite thickness (dXRD
Cu ) were

estimated and the results are reported in Table 3. For the 5 wt% Cu-
MgO-based catalysts, dXRD

MgO and dXRD
Cu increased as the SBET and Vp

decreased, supporting the assertion that the loss in SBET and Vp was
partly due to thermal sintering of the Cu and MgO  crystallites and
in agreement with the results from the 40 wt%  Cu-MgO catalysts

[23]. The data of Table 3 also show that a decrease in Cu loading
from 40 wt% to 5 wt% led to almost no change in dXRD

MgO and dXRD
Cu for

both the un-promoted and alkali-promoted catalysts.
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Table  3
Copper dispersion, crystallite size and MgO  unit cell size of 5 wt%  Cu-MgO-based catalysts.

Catalyst Cu dispersion (%) SCu0 (m2 g−1)a dN2O
Cu (nm) dXRD

Cu (nm) dXRD
MgO (nm) aMgO (nm)

MgOb – – – – 13 0.42
40  wt%  Cu-MgOb 1.54 2.64 65 15 17 0.42
0.5  wt%  K–40 wt% Cu-MgOb 0.19 0.50 519 21 20 0.42
0.5  wt%  Cs–40 wt%  Cu-MgOb 0.28 0.58 362 24 20 0.42
5  wt%  Cu-MgO 13.52 1.24 8 17 15 0.42
0.5  wt%  K–5 wt% Cu-MgO 2.98 0.26 34 21 19 0.42
0.5  wt%  Cs–5 wt%  Cu-MgO 13.24 1.10 8 26 20 0.42
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reduction. On the other hand, previously we  reported that all the
40 wt% Cu-MgO-based catalysts had >80% reduction but low Cu dis-
persions (0.2–1.5%) [23] which is indicative of weaker interaction
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a Copper metal surface area was calculated assuming 1.46 × 1019 copper atoms p
b Data reported in [23].

The XRD data were used to calculate the unit cell size of the MgO
aMgO) as reported in Table 3. The results show that aMgO remained
nchanged with the addition of the CuO as well as the K promoter or
s promoter to the 5 wt%  Cu-MgO, implying that there was  no solid
olution present in the catalyst. Similar observations were made
or the 40 wt% Cu-MgO catalysts, suggesting that the preparation
f the unreduced Cu-MgO-based catalysts using palmitic acid yields
eparate phases of MgO, CuO and alkali promoters (K or Cs), rather
han solid solutions.

The Cu dispersion of the 5 wt% Cu-MgO-based catalysts was
easured by N2O adsorption–decomposition and the results,

eported in Table 3, show that the Cu dispersion varied from 2% to
3%. Addition of K to the 5 wt% Cu-MgO catalyst led to a decrease

n Cu dispersion, similar to the results obtained for the 40 wt%  Cu-
gO catalysts [23]. We  assume that K2O (or KOH) readily wets the

u, which leads to a decrease in Cu dispersion. Addition of Cs to
he 5 wt% Cu-MgO catalyst did not affect the Cu dispersion signifi-
antly, whereas addition of Cs to the 40 wt% Cu-MgO decreased the
u dispersion (Table 3). These results suggest a strong interaction
etween the Cs2O and the MgO  that prevents the Cs2O from wetting
he Cu. However at high Cu loading some interaction between the
s and the Cu must occur which leads to a decrease in Cu dispersion.
omparing the Cu dispersion of the 5 wt% Cu-MgO-based catalysts
Table 3) with the 40 wt% Cu-MgO-based catalysts (Table 3) shows
hat a decrease in Cu loading improved the Cu dispersion. The Cu
rystallite size of the 5 wt% Cu-MgO catalysts measured by N2O
dsorption–decomposition (dN2O

Cu ) as well as by XRD (dXRD
Cu ) is shown

n Table 3. Both dN2O
Cu and dXRD

Cu are in good agreement for all of
he 5 wt% Cu-MgO-based catalysts, implying that the Cu crystal-
ites (diameter < 30 nm)  were not occluded from the surface and are

ell dispersed. On the other hand, the 40 wt% Cu-MgO-based cat-
lysts had low Cu dispersion and a significant difference between
he dN2O

Cu and dXRD
Cu values, suggesting that the Cu was occluded from

he surface of the 40 wt% Cu-MgO-based catalysts [23]. Clearly, a
ecrease in Cu loading from 40 wt% to 5 wt%, led to an increase in
u dispersion.

The TPR profiles of the calcined catalyst precursors of the
resent study are shown in Fig. 3 and the reduction peak tem-
eratures and calculated degrees of reduction are summarized in
able 4. For comparison, the TPR profiles of CuO and Cu2O [23]
re also reported in Fig. 3 and Table 4. The TPR curve for bulk
uO was deconvoluted to show a reduction peak at 480 K and
20 K (Fig. 3). The lower peak temperature is attributed to the
eduction of CuO and the higher peak temperature is likely a conse-
uence of the reduction of large CuO particles (diameter ∼ 270 �m)
ia shrinking core kinetics. Reduction of the bulk (unsupported)
uO is initiated on the surface so that subsequently, the sample
onsists of a layer of Cu0 over a CuO core. Reduction of the core
s therefore limited by H2 diffusion to the core of large, partially

educed Cu-CuO, and this is reflected in an apparent higher reduc-
ion temperature in the TPR profile. The Cu2O showed a reduction
eak at 594 K. The TPR profiles of all the 5 wt% Cu-MgO-based cat-
lysts (Fig. 3) show a reduction peak in the range of 479–486 K
.

(Table 2) that can be attributed to the reduction of bulk CuO, in
agreement with the XRD results (Fig. 2) that detected the presence
of bulk CuO as the only reducible species in the calcined 5 wt%  Cu-
MgO-based catalyst. These results show that the CuO of the 5 wt%
Cu-MgO-based catalysts was well dispersed, in good agreement
with the high Cu dispersion of the 5 wt% Cu-MgO-based catalysts
reported in Table 3, so that during reduction, H2 diffusion into the
core of the catalysts was  not rate controlling. Since for all of the
5 wt%  Cu-MgO catalysts reduction peaks were significantly below
the Cu2O reduction peak temperature (Table 4), it can be concluded
that no Cu2O was  present in the 5 wt% Cu-MgO catalysts.

The TPR results of the 5 wt%  Cu-MgO-based catalysts revealed
that, in all cases, the degree of reduction of the CuO was  only
between 30% and 40%, likely due to the high Cu dispersion of the
5 wt%  Cu-MgO-based catalysts (Table 3) and the associated strong
interaction between CuO and MgO  that prevented complete CuO
Temepra tur e (K )

Fig. 3. Temperature program reduction profile for: (a) 5 wt% Cu-MgO; (b) 0.5 wt%
K–5  wt%  Cu-MgO; (c) 0.5 wt% Cs–5 wt% Cu-MgO; (d) CuO; (e) Cu2O.
1Data were taken from the previous study [23].
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Table  4
Temperature programmed reduction results for 5 wt%  Cu-MgO-based catalysts.

Sample Hydrogen consumption (mmol g−1 catalyst) Degree of reduction (%) Reduction peak temperature (K)

Cu2O-referencea 6.84 100 594
CuO-referencea 11.06 88 480 and 520
5  wt% Cu-MgO 0.27 38 479
0.5  wt% K–5 wt%  Cu-MgO 0.26 35 479
0.5  wt% Cs–5 wt% Cu-MgO 0.24 30 486

b
A
d

a
i
b
c
C
d
o
t

i
c
5
(
f
t
o
C

F
0
1

a Data reported in [23].

etween CuO and MgO  that resulted in higher degree of reduction.
ddition of K- or Cs-promoter to the 5 wt% Cu-MgO, caused a slight
ecrease in the CuO degree of reduction (Table 4).

The CO2 TPD profiles for all of the 5 wt% Cu-MgO-based catalysts
re shown in Fig. 4 and the corresponding results are summarized
n Table 5. For the purpose of comparison, the catalyst intrinsic
asicity and distribution of basic sites for the 40 wt% Cu-MgO-based
atalyst and MgO  are also reported in Table 5. Addition of K or
s to the 5 wt% Cu-MgO, increased the intrinsic basicity while the
istribution of basic sites was almost unchanged (Table 5). This
bservation is in good agreement with the observation made for
he K or Cs promoted 40 wt% Cu-MgO-based catalysts (Table 5).

Addition of 5 wt% Cu to MgO  increased the intrinsic basic-
ty but the distribution of basic sites was almost unchanged
ompared to the MgO. Comparing the intrinsic basicity of the

 wt% Cu-MgO (3.9 �mol  CO2 m−2) to that of the 40 wt%  Cu-MgO
4.3 �mol  CO2 m−2) (Table 5) shows that an increase in Cu loading

rom 5 wt% to 40 wt%, increased the intrinsic basicity but the dis-
ribution of basic sites remained unchanged. The same trend was
bserved for the 0.5 wt% K–Cu-MgO (Table 5) and for the 0.5 wt%
s–Cu-MgO (Table 5), as the Cu loading was increased from 5 wt%
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ig. 4. CO2 temperature program desorption of (a) MgO;(b) 5 wt%  Cu-MgO; (c)
.5  wt%  K–5 wt% Cu-MgO; (d) 0.5 wt% Cs–5 wt% Cu-MgO.

Data from [23].
to 40 wt%. Previous studies [23,29] suggested that in Cu-MgO, Cu
gains a large net positive charge while the Cu electrons are trans-
ferred to MgO, which most likely leads to an increase in the oxygen
partial negative charge in MgO. The results of the present study are
in good agreement with this assertion. Of note is the fact that the
intrinsic basicity of the 0.5 wt% K and Cs promoted Cu-MgO were in
a narrow range (385–415 �mol  CO2 g−1) for both the 5 wt%  Cu and
the 40 wt% Cu catalysts.

The surface composition of the K- or Cs-promoted 40 wt%  Cu-
MgO  catalysts, as measured by XPS, is summarized in Table 6. The
Mg 2p spectra showed a binding energy of 50.86 eV (Table 6) which
corresponds to Mg2+ in MgO  [30]. The C 1s spectra showed a peak
at BE 285.88 eV to 286.74 eV (Table 6) which indicates carbon con-
tamination of the Cu-MgO-based catalyst due to MgO bonding with
HCOOCH3 [31] that occurs because of the presence of palmitic acid
in the catalyst precursor. Note that XPS analysis conducted on the
0.5 wt%  K–5 wt%  Cu-MgO and the 0.5 wt%  Cs–5 wt% Cu-MgO (not
reported herein) showed similar Mg  2p and C 1s peaks compared
to the K- or Cs-promoted-40 wt% Cu-MgO catalysts, but no peak
corresponding to Cu was  detected, likely due to the surface Cu con-
centration being lower than the detection limit of the XPS unit. For
the 0.5 wt%  K–40 wt% Cu-MgO and the 0.5 wt% Cs–40 wt% Cu-MgO,
no XPS peaks associated with Cs or K were observed, because the
alkali promoter surface concentration was below the XPS detection
limit. Consequently, catalysts with higher concentrations of alkali
metal were prepared for XPS analysis. Previous studies have shown
that the K 2p BE of 297.3 eV is attributable to the presence of K2O
whereas a K 2p BE of 292.8–293.1 eV is attributable to the pres-
ence of KOH [32]. XPS analysis conducted on a 4.4 wt%  K–40 wt%
Cu-MgO catalyst showed a K 2p BE of 294.65 eV, which indicated
the presence of mostly KOH. However since the K 2p BE of the
present study is slightly higher than the KOH K 2p BE, the presence
of small amounts of K2O is also possible. This reveals that KNO3
was  successfully decomposed to KOH and K2O during catalyst cal-
cination of the 4.4 wt% K–40 wt% Cu-MgO catalyst. Results of the
XPS analysis of a 13.5 wt%  Cs–40 wt% Cu-MgO showed a Cs 3d BE
of 725.89 eV, which reveals the presence of Cs+ in the form of Cs2O
on the surface of the catalyst [33]. This reveals that Cs2CO3 was
successfully decomposed to Cs2O during catalyst calcination of the
13.5 wt% Cs–40 wt%  Cu-MgO catalyst. Note that oxidation state of
the promoters determined by XPS analysis of the 4.4 wt% K–40 wt%
Cu-MgO and 13.5 wt%  Cs–40 wt%  Cu-MgO, is assumed to also be
valid for the 0.5 wt% alkali promoted-40 wt%  Cu-MgO catalyst, in
agreement with other studies [32,33].

Cu 2p XPS spectra of the passivated K- or Cs-promoted-40 wt%
Cu-MgO catalysts are shown in Fig. 5 and the corresponding Cu
2p1/2 (satellite), Cu 2p1/2 (parent), Cu 2p3/2 (satellite) and Cu 2p3/2
(parent) BEs are reported in Table 7. Based on the XPS results, all the
passivated alkali promoted-40 wt% Cu-MgO catalysts showed the
presence of CuO on the catalyst surface. Area ratios of the Cu 2p1/2
(satellite) and Cu 2p1/2 (parent) (Cus/Cup), indicative of the degree

of Cu oxidation [34], were calculated for all the passivated K- or
Cs-promoted 40 wt%  Cu-MgO catalysts and are reported in Table 7.
The Cus/Cup ratio of all the passivated alkali promoted-40 wt% Cu-
MgO  catalysts was  noticeably lower than the Cus/Cup ratio in CuO
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Table  5
Basic properties of MgO-based catalyst measured by means of CO2 TPD.

Catalyst Specific basicity
(�mol  CO2 g−1)

Intrinsic basicity
(�mol  CO2 m−2)

Distribution of different basic sites on
the catalyst (%)

Weak Medium Strong

MgOa 432.0 2.7 8 15 77
40  wt%  Cu-MgOa 315.5 4.3 9 19 72
0.5  wt%  K–40 wt% Cu-MgOa 392.4 9.3 11 21 69
0.5  wt%  Cs–40 wt%  Cu-MgOa 415.9 9.5 16 19 65
5  wt%  Cu-MgO 547.1 3.9 9 17 75
0.5  wt%  K–5 wt% Cu-MgO 394.8 6.6 5 11 84
0.5  wt%  Cs–5 wt%  Cu-MgO 384.5 7.5 10 23 67

a Data from [23].

Table 6
Catalyst surface composition, binding energies for Mg  2p, C 1 s, Cs 3d and K 2p along with the Cu/Mg atomic ratio.

Catalyst Composition (atomic%) Cu/Mg (atom ratio) Binding energy (eV)

C O Mg Cu K Cs Mg  2p C 1s Cs 3d K 2p

0.5 wt%  K–40 wt% Cu-MgO 26.5 40.2 31.5 1.9 – – 0.06 50.86 285.88 – –
0.5  wt%  Cs–40 wt%  Cu-MgO 23.6 39.3 35.5 1.6 – – 0.04 50.84 285.92 – –

Table 7
Binding energy value Cu 2p1/2, Cu 2p3/2 and Cus/Cup (area ratios of the Cu 2p3/2 (satellite) and Cu 2p3/2 (parent)).

Catalyst Binding energy (eV) Cus/Cup

Cu 2p1/2 (satellite) Cu 2p1/2 (parent) Cu 2p3/2 (satellite) Cu 2p3/2 (parent)

CuOa 962.1 953.6 942.2 933.5 0.7164
Cu0 b – 952.5 – 932.7 –
0.5  wt%  K–40 wt% Cu-MgO 963.5 953.6 943.2 933.8 0.2082
0.5  wt%  Cs–40 wt%  Cu-MgO 962.9 953.6 943.3 933.7 0.1504

a Data from [34].
b Data from previous study [38].
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Fig. 5. Cu 2p XPS spectra for (a) 0.5 wt% K–40 wt%  Cu-MgO, (b) 0.5 wt% Cs–40 wt%
Cu-MgO.
(Table 7), which confirms the presence of Cu0 in all the passivated
K- or Cs-promoted-40 wt%  Cu-MgO catalysts. The presence of CuO
on the catalyst surface may  be partly due to the fact that the K- or
Cs-promoted-40 wt% Cu-MgO was passivated before XPS analysis.
Hence the amount of Cu0 on the catalyst surface estimated by XPS,
represents the minimum amount of Cu0 on the surface of the freshly
reduced K- or Cs-promoted-40 wt% Cu-MgO present under reaction
operating conditions.

3.2. Product distribution over MgO-based catalyst

Catalyst activity was  determined for the 5 wt% Cu-MgO and the
Cs– or K–5 wt%  Cu-MgO at 101 kPa and 498K, with a feed com-
position of He/CO/CH3OH = 0.20/0.66/0.14 (M)  and a contact time
(W/F) of 12.3 × 10−3 g min  (cm3(STP))−1. A summary of the prod-
uct distribution and the total net conversion of the reactants is
given in Table 8. Over the 5 wt%  Cu-MgO, the total net conversion
was  low (10.0 C-atom %) and methyl formate was the dominant
product, whereas selectivity of CO2 (SCO2 ) and C2 species (SC2 )
was low (<6 C-atom%). Also, no CO was  produced in the reac-
tion. The total net conversion was increased as Cs or K was added
to the 5 wt%  Cu-MgO catalyst and the order of increase in the
total net conversion was: 5 wt%  Cu-MgO < 0.5 wt% K–5 wt%  Cu-
MgO  < 0.5 wt%  Cs–5 wt%  Cu-MgO. Results of Table 8 showed that the
selectivity to methyl formate (SMF) at 498K increased in the order:

5 wt%  Cu-MgO < 0.5 wt%  K–5 wt% Cu-MgO < 0.5 wt%  Cs–5 wt%  Cu-
MgO, whereas the reverse order was  observed for SCO2 and SC2 .
The trend observed for total net conversion, SMF and SCO2 are in
good agreement with previous results reported for the 40 wt%
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Table  8
Product distribution and catalyst activity over MgO-based catalysts.

Catalyst W/F
(min g(cm3STP))−1)

Reaction
temperature
(K)

Net CO
consumption
(C-atom %)

Net CH3OH
conversion
(C-atom %)

Total net
conversiona

(C-atom %)

Product selectivity (C-atom %)

CO MFb CO2 C2
c

40 wt% Cu-MgOd 12.3 × 10−3 498 −9.7 84.7 75.0 68.4 29.3 1.5 0.9
0.5  wt% K–40 wt%  Cu-MgOd 12.3 × 10−3 498 −7.9 70.0 62.0 63.9 30.0 2.7 3.3
0.5  wt% Cs–40 wt% Cu-MgOd 1.3 × 10−3 498 1.8 27.9 29.7 0.0 91.9 6.0 2.1

5  wt% Cu-MgO
12.3 × 10−3 498 -6.1 66.7 60.6 53.4 34.9 8.4 3.4
12.3  × 10−3 498 3.3 6.6 10.0 0.0 92.5 5.2 2.3
12.3  × 10−3 523 4.2 12.5 16.7 0.0 95.4 2.4 2.2

0.5  wt% K–5 wt%  Cu-MgO
12.3 × 10−3 498 3.3 13.0 16.4 0.0 96.4 2.7 0.9
12.3  × 10−3 523 5.3 20.0 25.3 0.0 98.5 1.5 0.0

0.5  wt% Cs–5 wt% Cu-MgO
12.3 × 10−3 498 7.8 26.4 34.2 0.0 98.0 1.5 0.5
12.3  × 10−3 523 9.3 34.6 43.9 0.0 98.8 1.0 0.2

Reaction conditions:  101 kPa, feed He/CO/CH3OH = 0.20/0.66/0.14 molar, v0 = 84.4 cm3(STP) min−1, for W/F  = 12.3 × 10−3 min  g(cm3(STP))−1 the catalyst weight is 0.98 g and
for  W/F  = 1.3 × 10−3 min g(cm3(STP))−1 the catalyst weight is 0.1 g.

a Total conversion = net CO consumption + net CH3OH conversion.
b MF stands for methyl formate.
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ously reported XPS studies on a 5.2 wt% Cu-MgO by Nagaraja et al.
[34], who showed that Cu2+ was  not detected on the catalyst sur-
face, SCu2+ was  also assumed zero for the 5 wt% Cu-MgO catalysts
in the present work. The methyl formate yield is plotted versus

Table 9
Cu2+ surface area and Cutotal surface area of Cu-MgO catalysts.

Catalyst Cutotal/Mg
(molar)a

SCu2+ (m2 g−1) SCutotal (m2 g−1)

0.5 wt% K–40 wt%
Cu-MgO

0.06 2.03b 2.53b

0.5 wt% Cs–40 wt%
Cu-MgO

0.04 1.39b 1.97b

0.5 wt% K–5 wt%
Cu-MgO

– 0.00c 0.26c

0.5 wt% Cs–5 wt%
Cu-MgO

–  0.00c 1.10c

a total
c C2 stands for C2 species (ethanol and acetic acid).
d Experimental data were taken from the previous study [23].

u-MgO catalysts [23], whereas the trend observed for SC2 is oppo-
ite to what was  observed previously [23].

Over all of the 5 wt% Cu-MgO-based catalysts, an increase in
perating temperature from 498 K to 523 K led to a small increase
n SMF and a small decrease in SCO2 and SC2 (Table 8), implying that
n increase in operating temperature does not favour the C2 species
ormation, as observed previously [23].

The total net conversion of the reactants decreased significantly
or the Cu-MgO and alkali promoted Cu-MgO catalysts as the Cu
oading decreased from 40 wt% to 5 wt%. The product distribution

as also changed noticeably as a result of the change in the Cu
oading and net conversions. Over the 40 wt% Cu-MgO-based cat-
lysts at 498K and 12.3 × 10−3 min  g(cm3(STP))−1, the selectivity
o CO was highest among all the carbonaceous products whereas
ver the 5 wt% Cu-MgO-based catalysts at the same operating con-
itions, SCO dropped to zero and selectivity to methyl formate was
he highest among all the carbonaceous products.

. Discussion

Over Cs- or K-promoted 5 wt% Cu-MgO-based catalysts, methyl
ormate was a dominant product (Table 8). Previously we  demon-
trated that on alkali promoted Cu-MgO, the product selectivity
o methyl formate and C2 was strongly influenced by the catalyst
ntrinsic basicity. Furthermore, it was noted that the presence of
u on the surface of the Cs- or K-promoted Cu-MgO catalysts is

mportant for the formation of methyl formate from CH3OH/CO
23]. XPS studies suggested that the surface copper is present as
u2+ and Cu0 over Cs- or K-promoted Cu-MgO catalysts (Table 7).
o investigate the effect of the Cu loading on methyl formate yield,
he Cu0 surface area (SCu0 ) and Cu2+ surface area (SCu2+ ) have been
etermined for the Cs- or K-promoted 5 wt% Cu-MgO catalysts
nd the Cs- or K-promoted 40 wt% Cu-MgO catalysts. These cat-
lysts had similar intrinsic basicities (Table 5) so that differences in
ethyl formate yield must be due to differences in SCu0 and SCu2+

nd not due to differences in basicity. SCu0 was measured by N2O
hemisoption/decomposition. SCu2+ for Cs- or K–40 wt% Cu-MgO
as estimated as SCu2+ = SCutotal − SCu0 , where SCutotal is the total

opper surface area. To obtain an estimate of SCutotal (Table 9) the

utotal/Mg was obtained from the XPS analysis and we assumed that

Cutotal ∼= SBET × (Cutotal/Mg). For the Cs- or K–5 wt% Cu-MgO, SCu2+
ould not be estimated in this way because as already discussed,
he XPS analysis on K or Cs-promoted-5 wt% Cu-MgO catalysts
Fig. 6. Correlation between SCu0 and methyl formate yield.a Methyl formate yield is
defined as the product of total net conversion and methyl formate selectivity.

showed no peak corresponding to Cu. However based on previ-
Cu /Mg was measured based on XPS results.

b For Cu-MgO catalyst with Cu wt% = 40 wt%: SCutotal = SBET × (Cutotal/Mg)
SCu2+ = SCutotal − SCu0

c For Cu-MgO catalyst with Cu wt% = 5 wt%:
SCu2+ = 0 based on [34]
SCutotal = SCu+2 + SCu0 = SCu0

.
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Cu0 (measured by N2O adsorption) for the K- and Cs-promoted
u-MgO catalysts in Fig. 6. The results show that an increase in

Cu0 led to an increase in methyl formate yield. On the other hand
o correlation between SCu2+ and methyl formate yield was found.
ver the 0.5 wt% K–5 wt% Cu-MgO and the 0.5 wt%  Cs–5 wt% Cu-
gO catalyst, methyl formate was formed in the absence of Cu2+.

ased on these observations, it can be concluded that the for-
ation of methyl formate was enhanced by Cu0 (as opposed to

u2+).
Previously it was suggested that CH3OH dimerization was  a

ominant pathway for the formation of methyl formate over Cu-
gO-based catalysts [23] and that methyl formate was formed by

ucleophilic attack of a surface methoxy species on a surface formyl
r formate species over the Cu-MgO-based catalysts [23,35,36].  IR
tudies suggest that the formation of formate species likely occurs
n Cu sites over Cu–SiO2 catalyst [26] and DFT studies suggest that
ormate species and formyl species can be formed on Cu sites of a
u-ZnO catalyst [37]. On the other hand, based on in situ IR stud-

es, formation of methoxy species was reported to take place on
s+ sites (basic site) on Cs–Cu-ZnO catalysts [13]. Based on these
eports, we propose that over the Cu-MgO-based catalysts, methyl
ormate was formed by nucleophilic attack of a surface methoxy
n a surface formyl or formate species. The methoxy species is
dsorbed on basic sites (Mg2+, K+, Cs+), and the formyl or formate is
dsorbed on copper sites of the Cu-MgO catalysts [23,35,36].  Based
n these mechanistic proposals and the observed effect of SCu0 on
ethyl formate yield, it can be concluded that surface formyl or for-
ate species were most likely adsorbed on Cu0 sites (as opposed to

u2+ sites). The corresponding mechanism for CH3OH dimerization
o methyl formate is shown in Fig. 7. (Note that for simplicity, the
ydrogenation–dehydrogenation steps are not shown in Fig. 7). It is

mportant to note that based on DFT studies, it has been suggested
hat formyl species are not very stable on the Cu sites of Cu-ZnO cat-
lysts and most likely dissociate to CO [37]. Consequently, path B of
ig. 7 may  be considered the dominant pathway for the formation
f methyl formate by CH3OH dimerization on the alkali promoted

u-MgO catalysts of the present work.

The data of Table 8 show that the CH3OH conversion and prod-
ct selectivity changed noticeably as the Cu loading decreased
rom 40 wt% to 5 wt% in the Cs- or K-promoted Cu-MgO (Table 8).
ntermediates, (B) CH3OH dimerization to methyl formate via methoxy and formate

The changes in selectivity could be due to the fact that the con-
version decreased noticeably as a result of a decrease in the
Cu loading. In order to investigate the effect of Cu loading on
the formation mechanism of the different carbonaceous products
(mainly methyl formate and C2 species) over Cs- or K-promoted
Cu-MgO, the product selectivity over the Cs- or K-promoted 5 wt%
Cu-MgO and the Cs- or K-promoted 40 wt% Cu-MgO should be
compared at the same conversion. Such data are summarized
in Table 8. Comparing the product distribution over the 0.5 wt%
Cs–40 wt% Cu-MgO at W/F  = 1.3 × 10−3 min g (cm3(STP))−1 and a
total net conversion of 29.7%, with the 0.5 wt%  Cs–5 wt%  Cu-MgO at
W/F  = 12.3 × 10−3 min  g (cm3(STP))−1 and a total net conversion of
34.2%, shows relatively the same product distribution over both cat-
alysts. A decrease in Cu loading from 40 wt% to 5 wt% in the 0.5 wt%
Cs–Cu-MgO catalyst, did not affect the product distribution notice-
ably at the same conversion. Furthermore, it can be concluded that
the corresponding mechanisms for the formation of methyl formate
and C2 species from CH3OH and CO over the 5 wt% Cu-MgO-based
catalyst and the 40 wt%  Cu-MgO-based catalysts are the same.

5. Conclusion

Cu-MgO, 0.5 wt% K–Cu-MgO and 0.5 wt%  Cs–Cu-MgO with
5 wt%  Cu loading were prepared by thermal decomposition
of the metal salts in the presence of palmitic acid. The
results of catalytic tests over the catalysts at 101 kPa, 498 K
and W/F  = 12.3 × 10−3 min  g (cm3(STP))−1 with a CO/He/CH3OH
(0.20/0.66/0.14) feed gas, showed that in all cases, methyl formate
was  the dominant product. It was  found that the corresponding
mechanisms for the formation of methyl formate and C2 species
from CH3OH and CO over the 5 wt%  Cu-MgO-based catalyst and the
40 wt% Cu-MgO-based catalysts were the same. For the 5 wt% Cu-
MgO-based catalysts and the 40 wt%  Cu-MgO-based catalysts, the
correlation between the SCu0 and methyl formate yield at approx-
imately constant specific basicity (384.5–415.9 �mol  CO2 g−1)

showed that an increase in SCu0 led to an increase to methyl formate
yield, whereas no correlation between SCu2+ and methyl formate
yield were observed, suggesting that formation of methyl formate
was  enhanced by the presence of Cu0 sites as opposed to Cu2+ sites.
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