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The current review critically summarizes recent developments
in transformations of syngas to higher alcohols. Although
higher alcohols have found applications as fuel additives,
detergents and plastics for a long while, transformation of
alcohols to jet fuel has attained recent interest due to an urgent
need to develop jet fuels from sustainable sources. Fermenta-
tion of lignocellulosic-based sugars to ethanol as a technology
does not compete with the food chain supply being thus a
potentially acceptable route if economically viable. An alter-
native method is to gasify biomass to produce syngas, which
can further be transformed to higher alcohols through several
pathways. Jet fuel range alkanes are obtained from alcohols via
oligomerisation, dehydration and hydrogenation. The highest

space time yields of higher alcohols of 0.61 g/(gcath) is obtained
over a bimetallic copper-iron catalyst supported on a hierarch-
ical zeolite at 300 °C and 5 MPa. Furthermore, copper-cobalt
and cobalt-manganese compositions are promising for the
direct synthesis of higher alcohols from syngas, where one of
the challenges is to suppress formation of alkanes and CO2 and
increase selectivity to higher alcohols. From the mechanistic
point of view, it has been proposed to use dual-site catalysts,
where one site promotes hydrogenation, while the other site is
required for the chain growth. In addition to selection of the
optimum reaction conditions and catalyst properties, kinetic
modelling, thermodynamics and scale up issues are discussed.

1. Introduction

An extensive research is currently performed to transform
biomass derived feedstock to fuels and chemicals. Syngas,
produced by gasification of biomass[1] is a potential renewable
feedstock, which would promote sustainable development of
chemical industry. It was also pointed out in[2] that when syngas
is derived from coal or biomass, the H2/CO ratio is low which is
beneficial for formation of higher alcohols, typically defined as
alcohols with a carbon number equal or higher than two.[2]

Such higher alcohols are important compounds to be used as
fuel additives directly or as feedstock for production of
detergents, plastics and lubricants.[3] Higher alcohols as fuel
additives increase octane rating of gasoline[4,5] being overall
beneficial because of their lower volatility and better solubility
in comparison to methanol. In addition, soot and nitrogen oxide
formation can be reduced by addition of higher alcohols to
gasoline.[1]

Industrial application of direct syngas transformation to
higher alcohols is, however, challenging[6] and limited due to
low selectivity.

It has recently been emphasized that there is an increasing
demand of jet fuel, which would double the jet fuel
consumption and increase CO2 emissions six times by 2050.

[7] A
need to produce sustainable aviation fuel (SAF) has been widely
addressed recently.[10] Some efforts towards climate friendly
direction have already been made, e.g. the European Commis-
sion has established objectives for jet fuel production[7] and
sustainable aviation fuels (SAF) comprised of liquid drop-in fuels

produced from renewable sources have been identified to have
a high potential to reduce GHG emissions of conventional jet
fuels.[8,9] At the current level of aviation industry and types of
airplanes in operation, there is hardly any alternative to liquid
jet fuels, which should be of high energy content and density.
Apparently, when jet fuels are produced from biomass derived
sources, their CO2 emissions decrease.

[11] One emerging method
to produce jet fuels from bio-derived alcohols is to convert
alcohols by their dehydration to olefins followed by oligomeri-
zation and hydrogenation giving alkanes,[10,12] which represent
ca. 20% of jet fuel. The conventional method to produce
bioalcohol is fermentation of e.g. sugarcane as practiced in
Brazil, which is unfortunately competing with the food supply
chain. Production of ethanol from lignocellulosic feedstock via
hydrolysis and fermentation is demanding[13,14] resulting in a
large number of by-products. Because in syngas transformation
to higher alcohols typically ethanol is the main component, this
could also promote such process as a step in for jet fuel alkane
production. Bioethanol can in turn be catalytically transformed
to biobutanol.[15] In addition to alkanes, current jet fuels contain
cycloalkanes ca. 27%, which could be obtained from lignin.[16]

According to jet fuel specifications, the fraction of isoalkanes
and aromatics is ca. 33% and 20%, respectively. The former
ones are produced via hydroisomerization of alkanes over acidic
catalysts,[17] while butanol can be transformed to aromatics over
H-ZSM-5 catalyst[18] and its isomer isobutanol over Ga� H-ZSM-5
catalyst.[18] In addition, butene is formed catalytically from
ethanol over Zn� Y/Beta catalyst.[19] and over Ag-ZrO2/SiO2
catalyst.[20] Furthermore, jet fuels were synthesized from
ethylene and ethanol containing feedstock.[21] In addition to
biomass, also waste can be transformed to syngas already at
commercial scale.[22] The above-mentioned routes demonstrate
clearly that catalytic technologies can be applied conceptually
for production of all fractions in jet fuels from biomass derived
feedstock without competing with the food supply chain.

Transformation of syngas to higher alcohols is currently
under intensive research[2,4,5,23–57] and several reviews have been
published rather recently covering the nature of active centers
„[1,54] and more specifically performance of Fe/Co catalysts and
Co carbide nanocatalysts.[59] A simplified reaction scheme for
syngas transformation over a bifunctional catalyst is shown in
Figure 1.[40] For example copper in Cu� CFe catalyst has a higher
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hydrogenation ability in comparison to iron thus promoting
hydrogenation of aldehydes to alcohols, while iron is a key
catalyst for the chain growth.[39] In addition to linear and
branched alcohols also methanol, olefins and paraffins are
formed. Water generated by methanol dehydration reacts via
the water-gas shift reaction:

COþ H2O¼CO2 þ H2 (1)

forming undesired CO2.
In this work the recent developments in syngas trans-

formations to higher alcohols mainly after 2018 are summar-
ized, especially focusing on reporting the highest space-time
yields of higher alcohols with different catalysts. The reaction
mechanism, thermodynamics, influence of reaction conditions,

reaction kinetics and kinetic modelling are emphasized. The
main parameters in addition to the catalyst selection are the H2/
CO ratio, weight hourly space velocity, temperature and
pressure. From the industrial perspective, the catalyst stability is
of interest as well as reaction and reactor engineering aspects,
which will be also covered here.

2. Reaction Network

In syngas transformations to higher alcohols also hydrocarbons,
aldehydes, CO2 and water are formed. The main side reaction
could be direct formation of methanol by CO hydrogenation.
From the mechanistic viewpoint CO can, however, adsorb either
dissociatively or non-dissociatively on different types of active
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sites. A dual site model developed in[60] assumes two types of
sites responsible for dissociative and non-dissociative adsorp-
tion of CO, respectively. When CO is adsorbed non-dissocia-
tively, it can be inserted into methanol as follows:

13CH3OHþ
12CO=H2

13CH3
12CH2OH (2)

This insertion mechanism of CO into methanol has been
confirmed by 13C NMR studies over Cs� Cu/ZnO catalyst already
several decades ago.[61] Several dual site catalysts have been
reported in the literature including Rh� CoMn and Ru� CoMn.[44]

The same authors[48] also emphasized that the C2Hx* adsorbed
species are necessary for formation of C3 oxygenation products.
Recently the mechanism for higher alcohol formation over
CuZnAl� CoMo catalyst was investigated using in situ DRIFTs-MS
technique together with CD3OD in a carrier gas H2/CO with the
ratio of 2, while heating the reactor from 50 °C to 250 °C and
then keeping the temperature at 250 °C.[48] It was demonstrated
that CHxO* is formed over CuZn sites migrating thereafter to
CoMn sites, where CHx* are adsorbed. Finally, these two species
react with each other forming CH3HDO as depicted in Figure 2.

Besides linear higher alcohols also secondary alcohols are
formed with syngas as the feedstock.[2,28,41] A schematic picture
of their formation is depicted in Figure 3.[5] As follows from
Figure 3 linear alcohols are generated through the CO insertion
route, while for the branched ones β-addition of CHx species is

required. Among the formed oxygenates small amounts of
aldehydes are also present.

Typically, similar yields of hydrocarbons and alcohols are
obtained reflecting close chain growth probability of hydro-
carbons and alcohols. The active sites in Co and Fe containing
materials are carbides, such as Co2C

[29] and e’-(CoxFe1-x)2.2C
[52]

which are formed during catalysis upon exposure to the
synthesis gas. The primary product according to the carbide
mechanism for the higher alcohol formation is an olefin which
is rapidly hydrogenated to the corresponding alkane. One
important parameter, related to higher alcohols formation from
syngas is the chain growth probability, α, which is essential for
calculations of the weight fraction of alcohols,
Wn,

[4,5,28,29–31,33,34–37,42,44,48,52]

Wn=n ¼ ð1-a
2Þ=a*an (3)

where Wn is just as a function of the carbon number n and the
parameter α denotes chain growth. After linearization this
equation can be written as:

ln
Wni

n

� �

¼ nlnaþ ln
1 � að Þ2

a

� �

(4)

giving a possibility to calculate α-values for formation of
alcohols and hydrocarbons for different catalysts by plotting
ln(Wni/n) vs n.

Analogously α can be calculated based on the molar
fractions as:

ln
cni
n

� �
¼ nlnaþ ln

1 � að Þ2

a

� �

(5)

in which cni is the molar fraction of the product. Alternatively
the following equation can be used[5] to describe selectivity to a
product i, Sni:

Figure 1. A simplified reaction scheme for syngas transformation to different
products over K-modified Cu� CFe supported on MFI zeolite. Notation: 1-HA
linear higher alcohols, 2-HA branched higher alcohols, DME dimethyl ether.
Reproduced from ref. [40] Copyright (2019) with permission from Elsevier
Ltd.

Figure 2. Proposed reaction mechanism for formation of alkanal based on
in situ DRITS-MS results. Reproduced from ref. [49] Copyright (2021) with
permission from ACS publications.

Figure 3. Formation of linear and branched alcohols by CO insertion method
and CHx β-addition, respectively. Reproduced from ref. [5] Copyright (2019)
with permission from Elsevier Ltd.
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Sni

n

� �

¼ an� 1 1 � að Þ (6)

Water is also generated during dehydration of an alcohol
facilitating CO2 formation by the water gas shift reaction
[eq. (1)]. In some cases, no CO2 formation

[28] or low CO2
selectivity[2,28,29,36,38,46,47,54] have been reported. Due to the parallel
nature for hydrocarbons and alcohols formation resulting in
higher amounts of CO2 at higher conversion levels, typically a
compromise between conversion and selectivity is required
which should be taken into account when establishing
economic feasibility of the process.[32] Due to the consecutive
reaction network, typically higher selectivities to hydrocarbons,
and CO2 are reported, whereas fractions of methanol, higher
alcohols and olefin are decreasing when increasing
conversion.[32]

The undesired methane can be either formed by dehydra-
tion and hydrogenation of methanol as well as from CO and H2
through methanation:

COþ 3H2 ¼ CH4 þ H2O (7)

The latter reaction is very exothermic, with
DH ¼� 206.28 kJ/mol.[62] In addition, polymerization and termi-
nation reactions occur in the chain via β-hydrogen elimination
and hydrogenation, respectively.[33]

3. Catalyst Selection

The recent results from syngas transformation to higher
alcohols are given in Table 1 while the catalyst properties are
shortly summarized in Table 2. Several types of catalysts have
been recently tested in this reaction including bimetallic
Cu� CFe (Table 1, entries 1–4),[1,35,49,54] Cu� Co (Table 1, entries 6–
15),[2,34,38,45,46] Co� Fe (Table 1, entry 16),[52] Co� Rh (Table 1,
entry 17),[44] Co catalyst (Table 1, entry 18),[28] MoS2 (Table 1,
entries 21, 22, 23),[4,58] and some mono- and multimetallic
catalysts. As mentioned above both chain growth and hydro-
genation ability are required for synthesis of higher alcohols.
Among the studied catalyst several metals have hydrogenation
ability, i. e. Cu, Co, Au, Rh, Mo2S, while the chain growth
behaviour is attributed to Fe, Co and Rh.[63] In addition, alkali
promoters and metal oxides, MnOx have been used to suppress
hydrogenation. Furthermore, in some cases the metal function
is embedded into the support material, promoting formation of
higher alcohols. A delicate balance is required between these
two functions, as if a metal is too active in hydrogenation,
methane, hydrocarbons and lower alcohols are formed. Metha-
nation is also an undesired reaction, which has been suppressed
in several recent studies.[28,36,38] For example a catalyst exhibiting
interfacial Fe5C2� Cu species can suppress methanation.[36]

Another catalyst producing low amounts of methane is a
multimetallic CuZnAlZr catalyst.[38]

The highest space-time yield for higher alcohols has been
obtained with a potassium promoted Cu� CFe-catalyst which

was supported on a hierarchical zeolite (Table 1, entry 4)
(Figure 4) with the metal particle size of 16.8 nm (Table 2,
entry 4).[39] Another promising catalyst is K� CuFe/CNF (Table 1,
entry 1). For this catalyst exhibiting the Cu/Fe ratio of 2, the
optimum Cu particle size was ca. 10 nm, while iron was highly
dispersed with the particle size of 4.9 nm (Table 2, entry 1).
Potassium, which suppresses hydrogen adsorption capacity, has
also an electronic effect.

Furthermore, the higher alcohols selectivity decreased with
increasing the Cu particle size above 10 nm.[41] When this result
is compared with the performance of other Cu� CFe catalysts
(Table 1, entry 1, 3) it is clearly visible that when the particle
size of the alloy Cu4Fe1 was relatively large, 21 nm, CO2
formation was elevated (Table 1, entry 3, Figure 5b).[36]

It should also be pointed out that in[37] the data were
generated at 5.0 MPa and with the H2/CO ratio of 1.5, which
were considered as optimized conditions for this catalyst. This
makes the direct comparison of the results obtained at different
conditions challenging. In addition, K-modified Cu� CFe sup-
ported on a hierarchical MFI zeolite was a rather efficient
catalyst for higher alcohol synthesis giving 44% selectivity to
alcohols at 4% conversion of CO (Figure 6a).[40] Co supported on
graphene oxide -mesoporous silica was also reasonable selec-
tive towards higher alcohols (Table 2, entry 13)[29] giving very
low amounts of CO2 (Figure 6b). It was proposed that graphene
oxide can act as an electron donor enhancing carbides
formation, which in turn enhances higher alcohol synthesis. In
that case the cobalt particle size was only 8.6 nm (Table 2,
entry 13).[25] Interestingly it was also confirmed that the alcohol
selectivity at the same CO conversion level was directly
comparative to the ratio of Co2C/Co determined by XRD when
using catalysts with different amounts of graphene oxide (GO)
in Co/GO-OMS catalysts.[29] This result clearly emphasizes the

Figure 4. Space-time yield of higher alcohols in syngas transformations over
different catalysts. Notation: 1. K� CuFe supported on hierarchical MFI,[40]

2. K� CuFe/CNF,[41] 3. K� CoRhMo supported on carbon nanohorn,[25] 4. CoFe-
300� CNa (300 denotes to reduction temperature, °C),[52] 5. Au� CFe3O4,

[53]

6. CuFeMnGO0.3 (GO indicates graphene oxide)
[54] 7. CuCoAlZnOZrO2

[34]

8. CoMnOx-quasi MOF-74 (MOF denotes metal organic framework),
[28]

9. CoMn/CuZnAlZr,[38] 10. RhCoMn,[44] 11. Co4.7Mo@C derived from
polyoxymetalate,[35] 12. Cu4Fe1,

[36] 13. CuZnO,[37] 14. CuFe supported on hier-
archical hollow silica spheres (HHSS),[50] 15. Cu0.25Co0.75,

[46] and 16. Co3Cu1KIT-
6.[2] The reaction conditions and catalyst properties are given in Table 1 and
2, respectively, for each catalyst.

ChemCatChem
Review
doi.org/10.1002/cctc.202201005

ChemCatChem 2022, e202201005 (5 of 21) © 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 25.10.2022

2299 / 272200 [S. 5/22] 1

 18673899, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202201005 by A
bo A

kadem
i, W

iley O
nline L

ibrary on [02/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Ta
bl
e
1.
Th
e
st
at
e-
of
-a
rt
re
su
lts
fr
om

pr
od
uc
tio
n
of
hi
gh
er
al
co
ho
ls
(H
A
)
fr
om

sy
ng
as
ov
er
di
ffe
re
nt
ca
ta
ly
st
s.
N
ot
at
io
n:
ST
Y:
sp
ac
e-
tim
e
yi
el
d,
S
de
no
te
s
se
le
ct
iv
ity
,a

is
ch
ai
n
gr
ow
th
pr
ob
ab
ili
ty
,O
H
al
co
ho
l,
H
C

hy
dr
oc
ar
bo
n.
N
ot
at
io
n:
A
C
ac
tiv
e
ca
rb
on
,G
O
gr
ap
he
ne
ox
id
e,
H
H
SS
hi
er
ar
ch
ic
al
ho
llo
w
si
lic
a
sp
he
re
s,
M
O
F
m
et
al
or
ga
ni
c
fr
am
ew
or
k,
G
O
gr
ap
he
ne
ox
id
e,
O
M
S
or
de
re
d
m
es
op
or
ou
s.

En
tr
y

Ca
ta
ly
st

Re
ac
tio
n
Co
nd
iti
on
s

A
lc
oh
ol
di
st
rib
ut
io
n
[w
t%
]

T
[°
C]

P
[M
Pa
]
H
2/
CO

G
H
SV

[m
L/

g c
at
.h
]

CO co
nv
er
si
on

[%
]

ST
Y O

H
[g
/

g c
at
.h
][d
]

S C
O
2

[%
]

S C
H
4

[%
]

S R
O
H
[%
]

S H
C

[%
]

M
eO
H

C 2
+
O
H

α
O
H

α
H
C

Re
f.

1
K�
Cu
Fe
�
CN
F

27
5

5
1.
5

32
00
0

11
0.
53

12
n.
a.

44
46

16
84

n.
a.

n.
a.

[4
1]

2
Cu
Fe
su
pp
or
te
d
on
hi
er
ar
ch
ic
al
ho
llo
w
si
lic
a
sp
he
re
s

(H
H
SS
)C
uF
e@

H
H
SS

30
0

3
2.
0

50
00
b

65
0.
11
8

10
n.
a.

47
40

40
60

n.
a.

n.
a.

[5
0]

3
Cu

4F
e 1
M
g 4
m
ix
ed
m
et
al
ox
id
e

26
0

1
2.
0

24
00

53
0.
10
1

30
3.
7

30
37

8.
7

91
0.
72

[e
]

0.
70

[e
]

[3
6]

4
K�
Cu
Fe
su
pp
or
te
d
on
hi
er
ar
ch
ic
al
M
FI

30
0

5
1

32
00
0

8
0.
61

13
n.
a.

45
36

0
10
0

n.
a.

n.
a.

[4
0]

5
Cu
Fe
M
n�
G
O
0.
3

26
0

3.
0

2.
0

36
00

[b
]

9.
3

0.
07
0

1
n.
a.

74
25

16
.6
[f]

83
.4
[f]

n.
a.

n.
a.

[5
4]

6
Cu
/Z
nO

30
0

4
2.
0

60
00

[b
]

63
0.
05
1

55
n.
a.

20
40

6
94

0.
25
6

0.
42
4

[3
7]

7
Cu
Co
M
n

27
0

3
2.
5

75
00

29
.7

n.
a.

0.
5

16
.6

46
51

30
[f]

70
[f]

n.
a.

n.
a.

[4
6]

8
Co
Cu

28
0

6
1.
0

12
00
0

6
n.
a.

30
15

41
57
.4

46
54

n.
a.

n.
a.

[3
3]

9
3C
u-
5C
o/
(M
n�
A
l)

26
0

5
2

50
00

33
.4

0.
06
3

14
.1

n.
a

39
.7
[a
]

46
.2
[a
]
42
.7
[f]

57
.3
[f]

n.
a.

n.
a.

[5
5]

10
Cu
Co
A
lZ
nO
Zr
O
2

25
0

5
2.
0

40
00

13
0.
03
2

8[
a]

40
[a
]

42
[a
]

40
[a
]

17
83

0.
54
9[
g]

0.
39
9[
g]

[3
4]

11
Co
3C
u1
KI
T-
6

27
0

3
2.
0

12
80
0

83
0.
03
9
m
ol
/

[g
ca
th
]

0.
8

30
46

53
34

64
n.
a.

n.
a.

[2
]

12
Cu
0.
25
Co

0.
75

25
0

3
2.
0

39
00

[b
]

71
0.
14
7

n.
a.

n.
a.

14
[c
]

86
[c
]

19
81

n.
a

n.
.a
.

[4
6]

13
Co
-3
G
O
-O
M
S

22
5

3
2.
0

10
80
0

35
.4

0.
01
0

0.
5

22
.2

48
.3

43
.4

43
.4
[f]

48
.3
[f]

n.
a

n.
a.

[2
]

14
Co

4.
7M
o@
C

27
5

3
2.
0

15
00
0

48
0.
12
3

(0
.0
99
)

21
28

12
n.
a.

19
.7

80
.3

0.
56

[g
]

n.
a.

[3
5]

15
Co

1M
n/
A
C
(A
C
ac
tiv
e
ca
rb
on
)

22
0

3
2.
0

20
00

29
.1

0.
04
7

2.
4

8.
1

21
.4

68
.1

7.
6

92
.4

0.
69

[e
]

0.
72

[e
]

[5
6]

16
Co
Fe
-3
00
�
CN
a

26
0

3
2.
0

10
80
0

24
0.
27
(0
.1
96
)

9.
7

13
.2

31
60

26
.3

72
0.
71

[e
]

n.
a.

[5
2]

17
Rh
Co
M
n

22
0

6
1.
0

20
00

33
0.
07
1

(0
.0
66
)

16
6

34
59

n.
a.

n.
a.

0.
66

[e
]

0.
75

[e
]

[4
4]

18
Co
M
nO

x-q
ua
si
-M
O
F-
74

20
0

3
2.
0

45
00

21
0.
05
8

0.
8[
a]

10
[a
]

39
[a
]

60
[a
]

8
92

0.
65

[e
]

0.
68

[e
]

[2
8]

19
Co
M
n/
Cu
Zn
A
lZ
r

23
0

6
2.
0

20
00

18
0.
03
7

3[
a]

5[
a]

46
[a
]

48
.5
[a
]
6.
8

93
.2

0.
74

[e
]

0.
75

[e
]

[3
8]

20
K�
Co
Rh
M
o
su
pp
or
te
d
on
ca
rb
on
na
no
ho
rn

32
5

9.
1

1.
25

2.
4
h

30
0.
43
3

n.
a.

n.
a.

n.
a.

n.
a.

n.
a.

n.
a.

n.
a

n.
.a
.

[2
5]

21
K�
N
iM
oS

2
34
0

5
1.
0

76
0

15
n.
a.

25
.8

4.
6

69
.4

4.
6

3.
8

65
.8

n.
a.

n.
a.
.

[4
]

22
K�
M
oS

2
34
0

8.
7

1.
0

45
00

25
n.
a.

36
32

33 (o
xy
ge
na
te
s)

4.
7

25
.1

75
n.
a.

n.
a.

[5
]

23
K�
M
oS

2�
M
nA
lc
om
po
si
te

36
0

5.
0

2
50
00

27
0.
11
5

n.
a.

n.
a.

68
.6
[a
]

31
.4
[a
]
41

59
n.
a.

n.
a.

[5
6]

24
K�
Rh
/M
o 2
C

29
0

1
1.
0

12
00

10
n.
a.

n.
a.

n.
a.

44
46

27
49

0.
36

[g
]

0.
47

[g
]

[4
8]

25
K�
M
oP
/m
es
op
or
ou
s
ca
rb
on

29
0

1
1.
0

75
00

5
n.
a.

1.
4

19
28
.5

29
.5

29
30

0.
43

[e
]

0.
55

[e
]

[4
7]

26
A
u�
Fe

3O
4

26
0

3
1.
0

48
00

20
0.
19
5

12
5

53
[a
]

47
[a
]

26
73

n.
a.

n.
a.

[5
3]

[a
]w
t%
,[
b]
h�

1 ,
[c
]C
O
2
fr
ee
,[
d]
in
pa
re
nt
he
si
s
ST
Y
fo
rh
ig
he
ra
lc
oh
ol
s,
[e
]a
by
w
ei
gh
tb
as
is
fr
om

eq
.(
3)
,[
f]
m
ol
ar
ba
si
s,
[g
]a
by
m
ol
ar
ba
si
s
fr
om

eq
.(
5)
,[
h]
m
3 S
TP
/(
g c
at
h)
.

ChemCatChem
Review
doi.org/10.1002/cctc.202201005

ChemCatChem 2022, e202201005 (6 of 21) © 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 25.10.2022

2299 / 272200 [S. 6/22] 1

 18673899, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202201005 by A
bo A

kadem
i, W

iley O
nline L

ibrary on [02/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Table 2. Synthesis and properties of the selected catalysts.

Entry Catalyst Catalyst preparation Catalyst properties Metal
particle
size
(nm)

Ref

1 K� CuFe/CNF Precipitation of Fe and Cu nitrates and dissolving
the precipitate with citric acid. Thereafter support
and the sol (pH=3.5) of metals and K2CO3 was
mixed magnetically at 110 °C for 6 h and dried in
air at 110 °C. The catalyst was reduced at 400 °C.

Cu/Fe molar ratio 1.93 :1, CuFe total content
4.9 wt%
STEM-EDX: Fe as Fe3O4
-metal particles confined in the hollow cores
-the size of Fe was enhanced by K addition
H2-TPD under high pressure: higher amount of
hydrogen is desorbed in comparison to CNF
catalyst without K

Cu: 11.9
Fe: 4.8 [41]

2 CuFe supported on hi-
erarchical hollow silica
spheres (HHSS) (Cu-
Fe@HHSS)

Ultrasound assisted co-impregnation of iron and
cupper nitrates on hierarchical hollow silica
spheres, dried at 110 °C and calcined at 450 °C for
4 h and reduced in situ prior to reaction at 300 °C
for 6 h

8.2 wt% Cu, 9.3 wt% Fe
HRTEM: XRD: CuFe2O4 spinel confirmed,
Cu� CFe2C2 composite in the spent catalyst

Fe, Cu:
2–5

[50]

3 Cu4Fe1Mg4 mixed metal
oxide

CuxFeyMg4 mixed metal oxide catalysts were
prepared using metal nitrates as precursor and a
nucleation and aging separation method [64]. The
catalyst was calcined at 500 °C for 4 h and reduced
with a gas mixture 25% CO, 25% H2, and 50%
CO2.

Cu/Fe ratio 2.37
CuFe, TEM:
Cu+Fe content together is 5 wt%, molar ratio of
Cu/Fe=2, K/(Cu+Fe) ratio is 0.01
Fe5C2 particles covering Cu nanoparticles.

Cu 21
[36]

4 K� CuFe supported on
hierarchical MFI

Hierarchical MFI was prepared via treating it with
aqueous NaOH, followed by ion exchange with
NH4NO3. The hierarchical zeolite was impregnated
with a solution of K2CO3 with Cu and Fe nitrates.
The catalyst was reduced at 400 °C for 4 h.

Large pores (7.8 nm) in alkali treated MFI zeolite
Availability of metals was better in desilicated
zeolites
Low amount of Brønsted acid sites promoted
higher selectivity to higher selectivity to alcohols

16.8 [40]

5 CuFeMn-GO0.3
(GO graphene oxide)

The aqueous solution containing an equimolar
ratio of Fe, Co and Mn nitrates was dropwise
added to dried graphite oxide particles. Thereafter
the metal loaded graphite oxide particles were
stirred and the mixture was aged at 60 °C for 6 h,
dried at 80 °C and calcined at 550 °C for 4 h under
N2.

H2-TPD: small amount of hydrogen desorbed than
in the absence of GO
The molar ratio of Fe :Cu:Mn is 1 :1 : 1.
CO TPD: lower amount of CO adsorbed
H2O TPD: lower water adsorption capacity of
CuFeMn-GO with an optimized GO content
XPS: an optimized GO content gave enhanced Cu
and Fe reduction, 66 at% Cu0 and 33 at% Cu2+ as
well as 59 at% Fe0 and 41 at% Fe2+

n.a.
[54]

6 CuZnO The catalyst was prepared by coprecipitation using
Na2CO3 and metal nitrates as reagents at 65 °C at
pH of 6.5. The precipitate was filtrated, washed,
dried and calcined at 330 °C for 3 h.

2 wt% Cu,
Cu2+ ions embedded into ZnO lattice were
promoting formation of CHx and carbon chain
growth

n.a
[37]

7 CuCoMn1.5 The multimetallic catalyst was prepared by copre-
cipitation as follows: Metal nitrates were dissolved
in water and mixed with an aqueous solution of
NaOH and Na2CO3 and stirred at 85 °C for 24 h.
Thereafter the solid product was washed and dried
and calcined at 400 °C for 5 h. Prior to the experi-
ment the catalyst was reduced at 400 °C for 5 h.

Cu :Co:Mn :Al molar ratio is 1:0.5 : 1.5 : 1
Synergetic effect between Cu+ and Co species in
the presence of Mn facilitated ethanol formation

7–8
[46]

8 CoCu The catalyst is prepared using Cu-, Co� Al- and Zn
nitrates as precursors and the catalyst was precipi-
tated with NaOH and Na2CO3 at 65 °C at pH 9. The
precipitate was filtrated, washed, dried and cal-
cined at 350 °C for 3 h.

The molar ratio of Co :Cu:Zn :Al is 40 :20 :15 :25
Spinel phases, such as Co3O4 and ZnAl2O4 were
present in the catalyst. Intergrowth of Cu0 and
Co2 C phase were observed in the spent catalyst.

n. a. [33]

9 3Cu5Co/(Mn� Al) Co- and Mn-nitrates together with citric acid were
dissolved in distilled water. Polyethylene glycol
(PEG 200) was dropwise added into the solution.
Another solution composed of Cu and Co nitrates
and citric acid was stirred at 50 °C for 1 h. There-
after the two mixtures were mixed together and a
gel was formed when evaporating the solvent at
80 °C for 2 h. A xerogel was obtained when drying
the gel at 120 °C for 8 h. Thereafter it was calcined
at 450 °C.

CuCo2O4 alloy was formed. 5–8 [55]

10 CuCoAlZnOZrO2 The catalyst was prepared by a coprecipitation
method[65]

Cu/Co/Al molar ratio is 1 : 2 : 1, ZnO/ZrO2 weight
ratio is 4 : 1, in the final catalyst the weight ratio of
CuCoAl: ZnO/ZrO2 is 2 : 1
This catalyst facilitated to produce a balanced
amounts of CO*, CHx* and H* surface species
confirmed by H2+CO temperature programmed
desorption connected with MS

[34]
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Table 2. continued

Entry Catalyst Catalyst preparation Catalyst properties Metal
particle
size
(nm)

Ref

11 Co3Cu1KIT-6 KIT-6 material was synthesized according to[66],
copper and cobalt nitrates were dissolved in
ethylene glycol and the mixture was stirred over-
night, vacuum dried at 120 °C and calcined at
550 °C for 4 h and reduced in situ at 400 °C for 6 h

The total metal loading is 30 wt%. Alloy formation
is confirmed
Co is well dispersed

4.3 [2]

12 Cu0.25Co0.75@C The mixture of Cu and Co chlorides in ethylene
glycol was mixed in an ice bath, Thereafter
aqueous NaBH4 was added dropwise in the
mixture. The precipitate was washes, dried in
vacuum at 60 °C and activated in hydrogen
atmosphere at 300 °C.

HRTEM: lattice parameter corresponds to CuCo
alloy
EXAFS: Cu0.25Co0.75 confirmed
XPS. Cu 2.36 at%, Co 14.6 at%, Cu/Co molar ratio
0.16,
Presence of Co2+, Co0, Cu0 prominent with small
amount of Cu+

H2-TPR: peak shifted to higher temperature (190–
480 °C) in comparison to the catalyst with more
Cu, the second peak maximum at 480 °C, CoOx is
known to be reduced at higher temperature
CO-TPD: low temperature peak for desorption of
CO from Cu, high temperature peak for strong CO
adsorption for CO dissociation

<10 [45]

13 Cobalt supported on
graphene oxide-or-
dered mesoporous sili-
ca (GO-OMS)

Graphene oxide was prepared by oxidation of
graphite[67]. Then Pluronic was added into GO
suspension and finally hydrolyzed with TEOS. After
hydrothermal treatment mesoporous graphene
oxide silica composite was formed. Cobalt was
loaded via incipient wetness method

The higher alcohol formation was promoted by
formation of Co2C which enhances non-dissocia-
tive adsorption of CO
3 wt% graphene oxide and the rest is ordered
mesoporous silica in the support. 11.6 wt% Co.
Both Co and Co2C coexisted in the catalyst
After 108 h time-on-stream Co2C decomposed
-The benefit with this catalyst was low CO2
formation

Co 8.6
[29]

14 Co4.7Mo@C Co4.7Mo@C catalyst which is derived from polyox-
ymetalate and Co/Co6Mo2C was confined in the
carbon matrix[35]

Rhombic dodecahedral structure of the catalyst is
confirmed by TEM.
Co(Mo molar ratio is 4.7, Co and Mn contents are
31.7 wt% and 10.9 wt%, respectively.
The balance between Co0/Co6Mo6C was crucial for
selective CO insertion forming higher alcohols
Co6Mo6C phase confirmed by XRD

[35]

15 Co1Mn/AC Cobalt nitrate and manganese acetate were
loaded on acidified active carbon via incipient
wetness impregnation method. The catalyst was
dried and calcined at 350 °C in argon atmosphere.

The syngas treated catalyst contained Co2C phase.
Mn species were well dispersed on the support.
K-edge EXAFS showed the coexistence of Co0 and
cobalt oxide species.

18.2 [57]

16 CoFe-300� CNa a-FeOOH nanorods were coated with carbon with
tris(hydroxymethyl) aminomethane buffer solution
and dopamine -HCl in water. After washing the
material was calcined in H2 at 400 °C for 4 h.
Thereafter Co nitrate was impregnated on carbon
coated nanorods and calcined at 350 °C for 4 h in
N2. The catalyst was reduced at 300 °C. Thereafter
Na added via mixing an aqueous solution of Co/
a-Fe2O3 with NaOH, stirring at 80 °C for 12 h and
dried, diluted with 4 :1 ratio with a-Al2O3

XRD: the presence of CoFe alloy was confirmed,
Fe/Co molar ratio is 7.4. Mössbauer spectroscopy:
both CoFe alloy and a-Fe present
Notation 300 indicates reduction temperature of
300 °C.
SEM-EDX: Co/Fe ratio 7.3, in spent catalyst CoFe
bimetallic carbides,
XPS charge transfer from Na to FexC strengthens
Fe� C bond and weakens C� O bond: the best Na
amount 0.25 wt%. Sodium facilitates stabilisation
of e-carbide species
CO-TPD: higher desorption temperature for CO
with Na addition, CO adsorbed on iron
H2-TPD: increased CO desorption and decreased
H2 desorption temperature results in decreased
H2/CO surface ratio,

[52]

17 RhCoMn Co-precipitation method was used to prepare
Rh� CCo� CMn catalyst using RhCl3xH2O, with Co-
and Mo nitrates as precursors and Na2CO3 as a
precipitant. Thereafter the precipitate was washed,
dried and calcined at 330 °C for 3 h.

1.1 wt% Rh, Co/Mn ratio is 1. H2-TPR: lower
reduction temperature was observed for Mn
doped catalyst than for parent one due to hydro-
gen spillover effect.
In situ DRIFTS: stronger CO adsorption promoting
reduction and carburization
XPS: in fresh catalyst Co3+ and Co2+ and Rh3+,
after reduction Rh3+, Rh+, in spent catalyst Rhd+

n.a.
[44]

18 CoMnOx-quasi-MOF-74 The catalyst was prepared by controlled deligan-
dation of CoMn-MOF-74 at 400 °C for 4 h followed
by pyrolysis at 500 °C for 4 h

The content of Co and Mn are 32.1 wt% and
10.5 wt%, respectively.
The role of Mn is to promote Co2C formation
which facilitates higher alcohol formation

8.3 [28]
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Table 2. continued

Entry Catalyst Catalyst preparation Catalyst properties Metal
particle
size
(nm)

Ref

Co/MnOx nanoparticles are inside quasi-MOF-74
and three different active sites were present in the
catalyst, namely Co0, Co2+ and coordinatively
unsaturated sites (CUS)

19 CoMn/CuZnAlZr Multimetallic catalyst was prepared by coprecipita-
tion method, in which Na2CO3 was dropwise
added into the solution containing dissolved metal
ions, stirred and after aging at 30 °C at pH 8 it was
centrifuged. The powder was calcined at 350 °C for
4 h.

The “support “ is Cu/Zn/Al/Zr with the molar raito
of 2 :1:0.9:0.1. The content of Co and Mn is 50% in
the final catalyst and Na-content is 1 wt%.Accord-
ing to in-situ DRIFTS measurements CuZnAlZr
contains adsorbed CHxO* species, while the role of
Co/Co2C interface was to promote insertion of
CH3O* into alkyl species forming CmHyCHO*

[1]

[38]

20 K� CoRhMo supported
on carbon nanohorn

Carbon nanohorn was treated with HNO3, at
110 °C, and rinsed with de-ionized water, treated
with aqueous solution of K2CO3, followed by heat
treatment in argon at 300 °C. Metals were loaded
via co-impregnation (Rh chloride hydrate,
ammonium heptamolybdate tetra hydrate, cobalt
acetate)

Elemental composition: 4.2 wt% Co, 15.1 wt% Mn,
1.3 wt% Rh, large surface srea 499 m2/gcat

[25]
MoO3:
6–10

[25]

21 K� NiMoS2/Al2O3 Ammonium heptamolybdate dissolved in water
and NH4OH was added into this solution followed
by KOH addition. Thereafter this solution was
added into the solution containing nickel acetate
tetrahydrate and citric acid. Al2O3 was impreg-
nated with this solution and dried. Prior to the
experiment the catalyst was sulfided.

Potassium addition reduced number of metal
atoms in NiMoS2/Al2O3 and also oxophilicity of the
catalyst, which in turn increases insertion of CO
into metal-carbon bond of surface alkyl intermedi-
ate

n.a. [4]

22 K� MoS2 Molybdenum sulfide was prepared using
ammonium molybdate and sodium sulfide as
precursors and stirring these in the presence of
4% hydrochloric acid solution. Thereafter hydrox-
ylamine hydrochloride was added into the solu-
tion. The slurry was filtered and washed with
deionized water and K2CO3 was added to the
catalyst via physical mixing with a mortar.

K/Mo molar ratio is 0.22.
The physical mixing of catalyst and K2CO3 resulted
in formation of multilayers of MoS2 and KMoS2,
which promote C3+ alcohol formation

n.a. [5]

23 K� MoS2� Mn� Al compo-
site

An aqueous solution containing Mn-and Al-ni-
trates with citric acid polyethylene glycol 400 (PEG
400) was added dropwise and stirred for 1 h. To
another solution containing K-nitrate and
ammonium molybdate citric acid was added and
the solution was stirred at 65 °C for 1 h. Thereafter
the two prepared solutions were mixed together
and the solvent was evaporated under mild
stirring at 80 °C. The resulting gel was dried at
120 °C. Thereafter the dried gel was treated with
non-thermal plasma containing with H2S.

K/Mo ratio is 3/5. Small slabs (MoS2) were present
in the catalyst.
In situ DRIFTS showed that non-dissociative
adsorption of CO was promoted over this catalyst.

7.7 [56]

24 RhKMo2C Rh-nitrate in aqueous solution was loaded on
Mo2C support via impregnation. Thereafter KOH
solution was added dropwise to the catalyst slurry.
The catalyst was dried at 120 °C for 6 h under
vacuum drying and reduced in situ with a syngas
flow at 300 °C for 2 h.

Elemental composition: 1.6 wt Rh, 4.8 wt% K.,
70.3 wt% Mo.
K promotor enhanced Rh dispersion
Rhd+ species facilitated non-dissociative adsorp-
tion of CO

n.a [48]

25 KMoP/mesoporous car-
bon

K was first impregnated to the mesoporous carbon
support via incipient wetness method, the modi-
fied support was dried and calcined at 120 °C and
500 °C, respectively. Ammonium heptamolybdate
and diammonium hydrogen phosphate were dis-
solved in deionized water and this solution was
dropwise added via incipient wetness method to
the support, mesoporous K-modified commercial
carbon (Starbon).

Elemental composition: 1.1 wt% K, 15 wt% Mo.
The presence of MoP was confirmed by EXAFS.
In addition to reduced MoP also unreduced Mo
phosphate phase was present
Slight sintering of Mo particles found by EXAFS,
however, not affecting catalytic performance

5–6
[47]

26 Au� CFe3O4 Gold nanoparticles were prepared from gold
chloride trihydrate which was mixed with tetraline
under Ar. Tert-butylamine (TBAB) and oleylamine
(OAm) were injected into Au solution and mixed
at 4 °C. Thereafter they were precipitated by
ethanol. These gold nanoparticles were mixed
with a solution containing Fe(oleate) and OAm
and it was refluxed at 320 °C. for 30 min. After

Elemental composition: 5.4 wt% Au, 5.7 wt% Fe,
Fe/Au molar ratio is 11.6.
The carburized Au and Fe particles were 6.7 nm
and 13 nm. The metal particles exhibited Janus
structure.
Mössbauer spectroscopy: Carburized catalyst con-
tained e’Fe2.2C in Au� CFe10 catalyst
CO-TPD: the lower peak associated to non-

Au:
5.4 nm
Fe3O4
12 nm

[53]
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important role of Co2C in enhancing higher alcohols formation.
Analogously to the results of,[29] extremely low CO2 amounts
were reported over Co3Cu1KIT-6 exhibiting very small Co
particles (Table 1, entry 11, Table 2, entry 11).[2] The same was
reported also for Cu0.25Co0.75 with small metal particles.

[45]

For cobalt containing catalysts the largest formation of
higher alcohols was observed for sodium promoted CoFe
alloy,[52] in which hydrogenation and chain growth functions are
optimized for higher alcohols. It was stated that especially the
role of sodium was to enhance formation of a specific e’-
(CoxFe1-x)2.2C carbide confirmed by XRD which modulates syn-
thesis of higher alcohols. Furthermore, generation of higher
alcohols was also promoted over RhCo� Mn oxide catalysts due

to the presence of the Co0� Co2C� Rh
d + phase.[44] The role of Co0

is to dissociate CO and facilitate coupling of C� C to form alkyl
species,[44] while Mn influences the cobalt carbide phase, which
diminishes hydrogenation ability and chain termination.[44] A
rather high space time yield of alcohols was also obtained with
CoMnOx-quasi-MOF-74 (Table 1, entry 19).

[28] The role of Mn is
to prevent metal agglomeration, thus the metal particle size in
the pyrolyzed CoMnOx-quasi-MOF-74 was ca. 8 nm (Table 2,
entry 18). During pyrolysis the specific surface area was greatly
retained, however, nanoparticles emerged during pyrolysis. The
distance between Co2+ ions in the MOF structure is elongated
in the presence of Mn.[28] Furthermore, Mn promotes CO
insertion[28] resulting in very low amounts of CO2 and CH4 (see

Table 2. continued

Entry Catalyst Catalyst preparation Catalyst properties Metal
particle
size
(nm)

Ref

cooling and ethanol addition the Au� CFe3O4 nano-
particles were separated, washed and dispersed in
hexane. Finally they were supported on a-Al2O3
which was prepared via calcination of pseudo-
boehmite at 1200 °C. The loading of nanoparticles
was performed in mixing the nanoparticles with
support in hexane and evaporating hexane.

dissociative CO increased with decreasing iron
content, while the high temperature peak in CO-
TPD connected to CO dissociative desorption
increased with increasing iron content.
In situ DRIFTS: different intermediate species
adsorbed on catalyst as a function of time
facilitates to propose reaction mechanism

Figure 5. Selectivity to a) higher alcohols, b) methanol and c) CO2 as a function of the metal particle size determined by XRD over different types of K� CuFe/
CNF catalysts. Reproduced from ref. [41] Copyright (2018) with permission from American Chemical Society.

Figure 6. Selectivity to a) higher alcohols (*) and b) CO2 (&) in transformation of syngas over different catalysts. Notation: 1) K� CuFe supported on
hierarchical MFI,[40] 2) CoCu,[33] 3) K� CuFe/CNF,[41] 4) Au� CFe3O4,

[53] 5) K-MoS2,
[5] 6) Co-graphene oxide mesoporous silica composite[29] and 7) Cu4Fe1Mg4-layered

double hydroxide.[36]
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below). In addition to the Co2C sites, Co
2+ sites present in the

MOF framework were considered beneficial for formation of
higher alcohols (Table 2, entry 19).[28] In another work[46] it was,
however, stated that the interplay between Cu+ and Co in
CuCoMn1.5 catalyst resulted in mainly ethanol. Multimetallic
CoMn/CuZnAlZr was very selective to formation of higher
alcohols (Table 1, entry 19, Figure 7).[38] which was related to
formation of CHxO* species (Table 2, entry 19) confirmed by
DRIFTS measurements. These species migrated to the Co/Co2C
interface facilitating insertion of alkyl species and formation of
CmHyCHO*. Analogously in another study the Co� Co2C interface
was considered to promote alcohols formation.[57] Furthermore,
multimetallic Cu� Co/(Mn� Al) catalyst containing Cu� Co alloy
was efficient for higher alcohols formation with both Cu and Co
required for hydrogenation and insertion of alkyl species.[46]

A bimetallic Co3Cu1 supported on KIT-6 with a small metal
particle size (Table 2, entry 11) was quite selective towards
alcohols affording 46% selectivity at 63% conversion (Table 1,
entry 11).[2] Another CoCu catalyst gave ca. 20% selectivity to
higher alcohols (Figure 6a), however, with this catalyst some
sintering was confirmed by XRD resulting in high selectivity to
the undesired CO2 (Figure 6b).

[33] Analogously the small metal
particles in 20 wt% MoP� K/SiO2 were beneficial for the lowest
formation of CO2.

[47] K� Rh/Mo2C exhibited 44% selectivity to
higher alcohols under 1.0 MPa (Table 1, entry 24).[48] It was
stated that high dispersion of Rh, present partially as Rhd+

facilitated further formation of olefins. Additionally, K� CNiMoS2
was also very selective to formation of alcohols (Table 1,
entry 21).[4] The role of K was to suppress hydrogenation ability
resulting in formation of very low amounts of hydrocarbons,
while formation of large amounts of CO2 could not be avoided.

A bifunctional CuZnO with Cu as a hydrogenating element
and ZnO promoting the chain growth was also an efficient
catalyst for production of higher alcohols (Table 1, entry 6).[37]

When ZnO was doped with Cu present in the optimum
amounts (4 mol%) the highest molar ratio of C2+OH/ROH of ca.
50% was obtained.

In syngas transformations, in addition to higher alcohols,
also other products, such as methane and higher hydrocarbons

as well as alkenes and traces of aldehydes are formed.[41] Large
differences in α-value were observed when changing the
composition of bimetallic catalysts,[36] e. g. the ratio between Cu
and Fe. The highest α-value for the alcohol formation was seen
for Cu4Fe1Mg4 on mixed metal oxides catalyst, being 0.72 at
1.0 MPa at 260 °C (Table 1, entry 3), while for Cu1Fe4 it was only
0.55.[36] These results were explained by the highest concen-
tration of interfacial Fe5C2� Cu sites present in the catalyst
confirmed by CO-temperature programmed desorption techni-
ques and quasi-in situ scanning transmission electron
microscopy.[36] Typically, both hydrocarbons and alcohols are
formed as the main products (Table 1) with their distribution
being defined by two respective α-values.[28,32,35,44,47] In some
cases a higher α-value has been obtained for alcohols
compared to hydrocarbons (Figure 8)[34,36] indicating that CO
insertion is faster than the hydrocarbon chain termination.

The effect of temperature and pressure on the chain growth
will be discussed below. One example showing the product
distribution in syngas transformations over CoMnOx quasi MOF-
74 to higher alcohols and hydrocarbons as a function of the
carbon number at two values of α is given in Figure 9. It was
stated[28] that the Anderson-Schultz-Flory product distribution
often reported in different polymerization processes as well as
in the Fischer-Tropsch synthesis was valid for C3+ alcohols. A
high ratio of C3+OH/ROH (53%) was obtained over CoMnOx quasi
MOF-74 catalyst under 3.0 MPa at 200 °C with the CO/H2 ratio of
0.5 and gaseous hourly space velocity of 4500 ml/(gcath) at ca.
22% conversion.[28]

The undesired water gas shift reaction forming CO2 has
been suppressed by using K� CuFe supported on hierarchical
MFI zeolite,[40] CoMnOx

[28] CuCo,[2,38,45] CuCoMnx (Figure 10)
[46] and

CuFe type catalysts,[54] while rather high amounts of CO2 were
formed over Cu4Fe1,

[36] CuZnO[37] and multimetallic
CuCoAlZnOZrO[34] and with CoMn/CuZnAlZr[38] (Table 1). It can,
however, be seen from Table 1 that over CoMn/CuZnAlZr the
main alcohol formed is ethanol.

Figure 7. Distribution of alcohols in syngas transformations to higher
alcohols over CoMn/CuZnAlZr catalyst under 6.0 MPa with H2:CO ratio of 1
and WHSV of 2000 ml/g� 1h� 1. Reproduced from ref. [38] Copyright (2019)
with permission from Wiley and Sons.

Figure 8. Chain-growth probability a calculated on the weight basis from
eq. (4) for different catalysts in syngas transformations to alcohols and
hydrocarbons as a function of conversion. Notation: 1) 1.1Pd� K-MoP/SBA-
15,[47] 2) CoCu,[32] 3) CoMnOx,

[28] 4) CoMnCuZnAlZr,[38] 5) CuCoAlZnOZrO2,
[32]

6) CoFe-300� CNa,[52] 7) 1.1Rh� CoMn,[44] 8) Cu4Fe1,
[36] 9) Co4.7Mo@C,

[35] and
10) 4CuZrO,[37] lines between aROH and aHC indicate the same values for one
catalyst.
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The water gas shift reaction and formation of CO2 were
suppressed over CoMn/CuZnAlZrO2

[38] and CuFeMn-GO.[54] It was
also interesting to observe that a lower amount of water was
desorbed in H2O TPD for CuFeMn-GO (GO denotes graphene
oxide) with an optimized graphene oxide content, which
facilitated a shorter contact time for water on the catalyst
surface and suppressed the water gas shift reaction producing
CO2.

[54] For CoFe� CNa catalyst a higher desorption temperature
for CO and on the contrary a lower desorption temperature for
H2 resulted in a lower H2/CO surface concentration ratio
suppressing the water gas shift reaction.[52] Very low amounts of
CO2 were formed over bimetallic CoCu supported on KIT-6 with
a small metal particles size (Table 1, entry 11). An optimum
CoCu ratio was reported to be 4 :1, while with an increasing
copper content more methanol was formed,[2] suggesting that
higher alcohols formation can be achieved with an optimum Co
loading.

4. Catalyst Activation, Thermodynamics and
Effect of the Reaction Conditions

4.1. Catalyst Activation

Typically catalyst activation after its reduction with syngas is
required to produce initially higher alcohols. An induction
period was also observed when the catalyst was activated in
the presence of syngas and CO2.

[36] If only a reduced catalyst,
e.g. CoCu, is used with syngas, higher alcohols can be obtained
after an induction period[32,33] and the steady state was obtained
at 280 °C under 6.0 MPa with the H2:CO ratio of 1 after 40 h.

[32]

Furthermore, it was concluded in[33] that under the steady state
conditions intergrowth of Cu0 with Co2C was observed. When a
catalyst is activated with syngas,[44] CO[53] or syngas and CO2
mixture,[36] higher alcohol production starts at a shorter time-
on-stream. It has also been reported in[35] that the presence of
Cu� CFe2C2 interfacial sites with an intimate contact facilitates
formation of higher alcohols. When activating the Cu� Fe
catalyst in the presence of CO2, it was observed by XRD that the
interfacial phases containing Cu� Fe5C2 were formed, being
selective to higher alcohols formation.

Figure 9. Alcohol and hydrocarbon distribution in syngas transformation over Co/MnOx quasi-MOF-74 under 3.0 MPa at 230 °C with CO/H2 ratio of 1 :2 and gas
hourly space velocit /y (GHSV) of 4500 ml/(gcath) after TOS=24 h, a) α =0.64, b) α=0.72. Reproduced from ref. [28] Copyright (2020) with permission from
Elsevier Ltd.

Figure 10. Syngas transformation to higher alcohols over CuCoMn catalysts as a function of Mn content a) product and b) alcohol distribution. Conditions:
2.5 MPa, 270 °C, gas hourly space velocity 700 h� 1. Reproduced from ref. [46] Copyright (2019) with permission from Elsevier Ltd.
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4.2. Thermodynamics for Higher Alcohol Formation from
Syngas

Thermodynamic analysis, being important for design of indus-
trial processes, has been scarcely performed for transforming
syngas to alcohols, C1� C4.[68–70] In[70] equilibrium concentrations
were calculated for alcohols formation and the water gas shift
reaction. Evaluation of the maximum yields of various products
for CO and H2 feeds of 0.3 and 0.7 molar fractions under
3.0 MPa revealed that butanol is the main product with the
molar fraction of 0.78 at 277 °C followed by propanol with 0.18
(Figure 11). On the other hand, CO2 content from the water gas
shift reaction is 0.04 while the ethanol fraction should be very
low. An apparent discrepancy with the experimental data
reporting high yields of ethanol, indicates kinetic rather than
the thermodynamic control. With increasing temperature up to
477 °C the corresponding predicted molar fractions are: 0.46 for
butanol, 0.2 for CO2, 0.16 for propanol and 0.03 for ethanol.

[70]

The highest equilibrium amounts of butanol can be obtained at
high pressures, e.g. 5.0–7.0 MPa corresponding to 0.78, while at
a lower pressure of 3.0 MPa the butanol fraction is 0.7.
Furthermore, CO2 generation by the water gas shift reaction
exhibits the highest level at 3.0 MPa being 0.2 at 477 °C, while
at higher pressures, the CO2 fraction remains at ca. 0.2 at 477 °C
(Figure 11).

In the thermodynamic analysis of[69] equilibrium composi-
tion was calculated by minimization of total Gibbs free energy
using the Peng-Robinson equation and taking into account
elemental balances considering[68] only C1� C4 alcohols, because
C5+ alcohols were minor products. According to[69] the main
products were C4 alcohols at 300 K, while their amounts
decreased with increasing temperature under 7.0 MPa with the
H2/CO ratio of 2 (Figure 12c). The opposite was found for
formation of methanol, as its formation is less exothermic than
that of the higher alcohols. Furthermore, CO2 formation was
exponentially enhanced above 500 K. Tert-butanol is the main
product among C4 alcohols at 300 K, while 2-butanol becomes
a more prominent product at 470 K (Figure 12c). When
comparing the results of[69] with the H2/CO ratio of 2 to those
of[70] with the H2/CO ratio of 2.3 at 550 K under 7.0 MPa, it can

be seen that the C4 alcohol fractions were 0.95 and 0.79,
respectively, which is probably related to different models
applied in these studies. Despite these differences, a common
conclusion from both studies is that with a higher H2/CO ratio
less alcohols should be formed.

Furthermore, it was reported in[71] that the thermodynami-
cally most favorable product in syngas transformation is
methane, followed by paraffin and alcohols formation:

CH4 > paraffin > i-BuOH > n-BuOH

> n-PrOH > EtOH > MeOH
(8)

It can be concluded based on these results that the
production of higher alcohols is limited at high temperatures,
although high conversion of H2 and CO can be obtained at
600 K being 90% and 100%, respectively.

4.3. Effect of Reaction Conditions

The effect of reaction conditions, such as temperature, pressure,
contact time and the H2/CO ratio has been intensively studied
for production of higher alcohols, as they can have a major
effect on the reaction rate and product distribution, for example
on the chain growth probability,[36,42,72] methanation and CO2
formation.[52]

4.3.1. Effect of Temperature

In synthesis of higher alcohols from syngas an adequate
balance should be found between the reaction kinetics, affected
especially by temperature, and thermodynamics. Higher alco-
hols formation is thermodynamically favored at lower temper-
atures, e.g. at ca. 270 °C[70] as discussed more above. The effect
of temperature on the higher alcohol formation has been
intensively studied experimentally[4,5,25,27,33,35–37,40� 42,45,48] reporting
values of the activation energies for synthesis of different
hydrocarbons and alcohols in syngas transformation over

Figure 11. Equilibrium conversion for formation of butanol, propanol and ethanol as a function of temperature at a)3 MPa and b) 7 MPa.[70] Notation:
Reaction (2) is the water gas shift reaction. Reproduced from ref. [70] Copyright (1999) with permission from Elsevier Ltd.
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2CoCu catalyst,[32] Co-MoS2-K2CO3,
[42] K� CoRhMo supported on

carbon nanohorn[25] and K� CoRhMo/MWCNT.[73]

Over CoFe� CNa supported on α-FeOOH nanorods, the
reaction rate was enhanced with increasing temperature and at
the same time conversion and selectivity to CO2, methane and
alkanes increased, while selectivity to ROH and olefins exhibited
maxima.[52] Analogously a maximum selectivity to alcohols was
observed for K� CuFe/CNF catalyst (Figure 13).[41] On the other

hand, selectivity to alcohols decreased with increasing temper-
ature over CuCoMn catalyst (Figure 14)[46] analogously to Co/
MnOx@C.

[35]

Chain growth probability for alcohol formation for the
optimized catalytic systems (Table 1) with the α-value of 0.72
was obtained at a lower temperature of 260 °C over Cu4Fe1Mg4
mixed metal oxide[36] while 0.56 was obtained at 275 °C over
Co4.7Mo@C

[35] showing that high temperatures should be
avoided for Co- and Cu-based catalysts. Chain-growth proba-
bility decreased with increasing temperature for alcohols when
increasing temperature from 340 °C to 360 °C and finally to
380 °C as follows: 0.13, 0.11 and 0.09, respectively for cobalt-
molybdenum sulfide catalyst promoted with K2CO3.

[41] Analo-
gously it was confirmed that the chain growth probability for
higher alcohols decreased above 267 °C over CoCu/SiO2 catalyst
(Figure 15).[30] Based on these results it can be concluded that
the chain termination has a higher activation energy than the
chain growth.

4.3.2. Effect of Pressure

The pressure having a large impact on formation of higher
alcohols from syngas, has been intensively studied in the
literature.[23,24,32,36,41,42,44,48,52] Space time yield of alcohols in-
creased with increasing pressure from 3 MPa to 5 MPa at 260 °C
over CoFe-300 (300 denotes reduction temperature) catalyst.[52]

As a comparison an optimum pressure of 5.0 MPa was observed
for maximizing selectivity to higher alcohols over K� CuFe/CNF
catalyst (Figure 16a),[41] while at the same time when increasing
the pressure from 3 to 5 MPa, CO2 and hydrocarbon selectivity

Figure 12. Calculated equilibrium fractions of a) MeOH, b) ethanol and C3- alcohols, c) C4 alcohols and d) CO2 adapted from ref. [69]. Conditions: H2/CO ratio
of 2, 70 MPa.

Figure 13. The effect of temperature in transformations of syngas to higher
alcohols over K� CuFe/CNF catalyst under 5.0 MPa with H2/CO ratio of 2 and
gas hourly space velocity of 16000 cm3/(gcath). Reproduced from ref. [41]
Copyright (2018) with permission from ACS publications.
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increased from 4% to 9% and 7% to 14%, respectively.
Analogously an optimum pressure was observed for
K� Co� MoSx catalysts promoting higher alcohols formation
(Figure 16b).[42]

An optimum pressure for higher alcohols formation cannot
be explained solely by thermodynamics. Thus, the intrinsic
kinetics defines the relevance of different competing routes. It
was also stated that when CO conversion increases under high
pressure, selectivity was only slightly affected by a change of
the total pressure over CoCu catalyst.[30] It was, however,
reported that the lower threshold pressure to suppress
methanation is 3 MPa, above which higher alcohols selectivity
was slightly enhanced. CO2 formation was also increased at
higher CO conversion levels for lower H2/CO ratios.[31] On the
other hand, the highest selectivity to higher alcohols was
obtained under the lowest pressure over Cu4Fe1Mg4 catalyst
in.[31] Interestingly, higher selectivity to alcohols was found for
CoMn/CuZnAlZr catalyst upon increasing pressure, while lower
selectivity to olefins is easily explained by their hydrogenation
to alkanes (Figure 17).[37] Selectivity to higher alcohols increased
from 46% to 57% when increasing pressure from 1 MPa to
4 MPa, respectively at 290 °C with H2/CO ratio of 1 for RhK/
Mo2C.

[47] It was, however, stated that although Mo2C based
catalyst requires high pressures, a relatively high alcohol
selectivity was achieved already below 1 MPa.

4.3.3. Effect of H2/CO Ratio

The effect of H2/CO ratio on production of higher alcohols from
syngas has been intensively studied.[32,34,36,41,42,44,47] Selectivity to
C2+ alcohols decreased from 21% to 16% when conversion
increased from 5% to 17% with increasing the H2/CO ratio over
2CoCu catalyst (Figure 18).[32] Analogous results were reported
for K� CuFe/CNF,[41] K� CoMoSx

[42] and MoP� K/SiO2 catalysts.
[47]

Figure 14. The effect of temperature on product selectivity and CO
conversion in syngas transformations over CuCoMn catalyst under 2.5 MPa.
Reproduced from ref. [46] Copyright (2019) with permission from Elsevier
Ltd.

Figure 15. Chain growth probability for formation of higher alcohols over
CoCu/SiO2 catalyst under 5.0 MPa with gas hourly space velocity of
14000 h� 1 at 30 h time-on-stream with the feed composed of H2/CO/N2 of
6 :3 : 1.[30]

Figure 16. Effect of hydrogen pressure on selectivity to higher alcohols over a) K� CuFe/CNF at 270 °C with H2/CO ratio of 2 and gas hourly space velocity of
16000 ml/(gcath). Reproduced from ref. [41] Copyright (2018) with permission from ACS publications and b) K� CoMoSx. Reaction conditions: gas hourly space
velocity 4500 ml/(gcath), 380 °C, H2/CO=1. Adapted from ref. [42].
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Especially methane formation was enhanced[32,41] when using
high H2/CO ratios while the alkene formation was
suppressed.[41,47]

4.3.4. Effect of Contact Time

Typically with increasing gas hourly space velocity (GHSV)
conversion decreases and at the same time selectivity to higher
alcohols and olefins increases while the opposite is valid for
methane, CO2 and hydrocarbons.[24,32,40–42,44,46,48] These results
indicate that CO insertion occurs rapidly, while hydrogenation
and dehydration are slower.[41] On the other hand, for Co/MnOx-
quasi-MOF-74 selectivity to alcohols was nearly unaffected by
the change of gas hourly space velocity in the range of 4500–
15000 ml/(gcath) at 230 °C with H2/CO ratio of 2.

[28] In general for
such catalysts where the active sites were inside the support
matrix[28] selectivity can be dependent on diffusion, as reported
for carbon nanotubes.[41]

4.3.5. Catalyst Stability

In general very stable catalytic performance in syngas trans-
formation to higher alcohols was reported,[28,41] although in
some cases slight deactivation occurred after prolonged TOS.[29]

A long term stability test for 100 h time-on-stream of
K� CuFe/CNF was performed at 275 °C under 5.0 MPa with
32000 cm3/(gcath) using the H2/CO ratio of 1.5. Selectivity to
higher alcohols remained constant during this experiment
being 37% at CO conversion of 14%.[41] At the same time the
methanol to higher alcohols ratio was 0.19. It was pointed out
that this result was obtained when CO2 selectivity was only
10%. Very promising performance was found for Cu4Fe1
supported on layered double hydroxide, for which after the
initial induction period of 10 h the conversion of CO decreased
from 51% to 48% up to 100 h time-on-stream at 1.0 MPa.[36]

This catalyst was also quite selective giving 1.8 fold higher
space time yield of alcohols, in comparison to hydrocarbons.

Minor catalyst deactivation occurred for cobalt supported
on graphene oxide -ordered mesoporous silica composite[29]

despite a partial decomposition of Co2C phase during reaction
leading to inactive Cohcp phase after 108 h time-on-stream. The
bimetallic CoFe-300 catalyst was stable after 60 h giving 45%
CO conversion up to 200 h in syngas transformation at 260 °C
under 3.0 MPa with the H2/CO ratio of 2 and gas hourly space
velocity (GHSV) of 10800 ml/(gcath).

[52] It was also stated that
higher alcohols generation was promoted after formation of
the carburized CoFe alloy, which is beneficial for a synergy
between CO dissociation and insertion. The phase separation in
the carburized alloy is inhibited by cross diffusion of Co and Fe.

Over CoCu catalyst the steady state operation was obtained
after ca. 40 h of TOS giving 20% selectivity to higher alcohols at
6% CO conversion (Figure 19).[33] It was stated that strong initial
deactivation is due to carburization when Co2C is formed.
Analogously to[31] a stable operation was observed for syngas
transformation over CoCu/KIT-6 after 24 h time-on-stream with

Figure 17. Effect of pressure on alcohol and olefin selectivity in syngas
transformations over CoMn/CuZnAlZr catalyst at 230 °C, H2/CO ratio of 2,
weight hourly space velocity 2000 ml/(gcath). Adapted from data given in
ref. [37].

Figure 18. Selectivity changes vs time-on-stream in syngas transformation to
higher alcohols over CoCu catalyst under 60 bat at 280 °C with GHSV of
12000 h� 1. Reproduced from ref. [32] Copyright (2021) with permission from
Elsevier Ltd.

Figure 19. Conversion of CO and selectivity to different products as a
function of TOS in transformation of syngas to higher alcohols at 280 °C
under 6.0 MPa with H2/CO ratio of 1 and with the feed rate of 12000
Nml(gcath) over Co� Cu catalyst. Reproduced from ref. [33] Copyright (2020)
with permission from Elsevier Ltd.
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very low amounts of CO2 formed (Table 1, entry 12).
[2] A slight

catalyst deactivation occurred for 8Co/(MnAl) catalyst at 260 °C
under 5 MPa and gas hourly space velocity of 5000 h� 1 during
200 h time-on-stream.[57] However, the metal particle size
increased only from 5.6 to 7.0 nm during this test and Cu� Co
alloy remained rather stable on Mn� Al support.

Superior stability of Au� Fe/Al2O3 catalyst was observed
during 216 h TOS in syngas transformations to higher alcohols
at 260 °C under 3.0 MPa with the H2/CO ratio of 1 and GHSV of
4800 ml/(gcath).

[53] High stability of this catalyst was connected
to electronic interactions between Au and Fe particles, which
could prevent their aggregation.

Molybdenum containing catalysts have been also quite
stable in higher alcohols synthesis.[5,35] Although K-MoS2 was
rather stable with a steady state CO conversion being ca. 20%,
selectivity to oxygenates and hydrocarbons was 33% and 32%,
respectively while higher selectivity to CO2 of 36% was also
observed.[5] A stable catalyst performance was also reported for
Co4.7Mo@C catalyst derived from polyoxymetalate where for-
mation of Co/Co6Mo2C phase confined in the carbon matrix was
confirmed by XRD.[35] This phase was stable after 100 h time-on-
stream.

Multimetallic CoMnOx/CuZnAlZr on quasi MOF-74 exhibited
also high stability giving a high fraction of C3+OH among
alcohols (53%) under 3.0 MPa at 200 °C with CO/H2 ratio of 0.5
and gaseous hourly space velocity of 4500 ml/(gcath) at ca. 22%
conversion.[28] This catalyst comprised Co0 and coordinatively
unsaturated Co2+ sites. Additionally, Co/MnOx quasi-MOF-74
with two types of active sites, Co2C and Co

2+ in MOF frame-
work, was tested for 120 h at 230 °C and 250 °C under 3.0 MPa
using the H2/CO ratio of 2 and gas hourly space velocity of
15000 ml/(gcath). This catalyst displayed stable performance up
to 120 h time-on-stream.[28]

Analogously multimetallic CoMn/CuZnAlZr catalyst was also
very stable in syngas transformation between 50 h and 200 h
TOS under 6.0 MPa and the H2/CO ratio of 2 at 220 °C.[38] The
ratio between the alcohol to hydrocarbon selectivity in wt%
was 1.1 and low selectivity to CO2 and methane, being 6% and
4%, respectively, was obtained. A very stable performance of
CuCoMnx was additionally observed in syngas transformation
giving 30% CO conversion at 270 °C under 2.5 MPa with gas
hourly space velocity of 7500 h� 1, however, selectivity to
hydrocarbons (52%) was higher than for alcohols (47%). On the
other hand, selectivity to CO2 was close to zero.

[46]

4.3.6. Kinetic Modelling

In assessing kinetic data and subsequent modelling it is
important to ensure that the experiments are conducted in the
kinetic regime in the absence of external and internal mass
transfer limitations. For elucidation of the external mass transfer
limitations, the boundary layer thickness for diffusion of the
reactants from the bulk to the active sites was estimated using
the following equation:[25]

d ¼
De

kC
(9)

in which kC is the mass transfer coefficient relating the
resistance to the mass transfer from the boundary layer and De
is the effective diffusion coefficient. As well known the
boundary layer thickness d can be minimized by using small
particles or increasing the fluid velocities. In[25] the particle size
ensuring elimination of the external mass transfer for synthesis
of higher alcohols was determined to be 0.088 mm. For
suppressing internal mass transfer limitations the Weisz-Prater
criterion was applied.[25] Unfortunately there are only a few
recent studies in which the kinetic regime of higher alcohols
synthesis has been adequately confirmed[25,42,72] and they will be
discussed below regarding the reaction orders and kinetic
behaviour.

Direct methanol formation from syngas is typically consid-
ered:

COþ H2 ! CH3OH (10)

While methane can be formed either by hydrogenation of
CO [eq. (8)] or methanol:

CH3OHþ 2H2 ! CH4 þ H2O (11)

Thereafter higher alcohols are formed via a stepwise chain
growth and CO insertion:

CH3OHþ COþ 2H2 ! C2H5OHþ H2O (12)

C2H5OHþ COþ 2H2 ! C3H7OHþ H2O (13)

C3H7OHþ COþ 2H2 ! C4H9OHþ H2O (14)

Furthermore, CO2 is formed via the water-gas shift reaction:

COþ H2O CO2 þ H2 (15)

In kinetic modelling all other reactions are assumed to be
irreversible apart from the water gas shift reaction. A powder-
law kinetic model was proposed for syngas transformation to
higher alcohols including the following reaction rates[42] for
individual components taking into account the influence of the
alcohol formed in the previous step, e.g. methanol in the rate
equation of ethanol formation. Overall, the rate equations can
be written as follows:

rCH3OH ¼ kCH3OHp
a
COP

b
H2 (16)

rCH4 ¼ kCH4p
c
CH3OHp

d
H2 (17)

rC2H5OH ¼ kC2H5OHpCH3OHp
e
COp

f
H2 (18)

rC3H7OH ¼ kC3H7OHp
h
C2H5OHp

i
COp

j
H2 (19)
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rC4H9OH ¼ kC4H9OHp
k
C3H7OHp

l
COp

m
H2 (20)

rCO2 ¼ kPCO �
k

KWGS

� �

P
CO2

(21)

Reactor modelling for an ideal plug-flow reactor includes
mole balances for each compound:

dFCO

dW ¼ � rCH3OH þ rC2H5OH þ rC3H7OH þ rCO2ð Þ (22)

dFH2

dW ¼ � 2rCH3OH þ 2rC2H5OH þ 2rC3H7OH þ rCH4ð Þ þ rCO2 (23)

dFH2O

dW ¼ rC2H5OH þ rC3H7OH þ rCH4 � rCO2 (24)

dFCH3OH

dW
¼ rCH3OH � rC2H5OH � rCH4 (25)

dFC2H5OH

dW ¼ rC2H5OH � rC3H7OH (26)

dFC3H7OH

dW ¼ rC3H7OH (27)

dFC4H9OH

dW
¼ � rC3H7OH (28)

dFCH4

dW ¼ rCH4 (29)

dFCO2

dW ¼ rCO2 (30)

in which Fi denotes the molar flow of a component i and W is
the catalyst mass. The values of the reaction orders and
activation energies were determined by the data fitting.[42]

Analogous considerations were applied in,[25] however, taking
into account also pentanol formation. Reaction orders reported
in different studies are shown in Table 3. Reaction orders have

been calculated for formation of different species, e.g. methane,
C2Hn, C3Hn, methanol and ethanol with respect to H2 and CO,
respectively.[30] The species C2Hn and C3Hn denote hydrocarbons
with either carbon number 2 or 3, respectively. The results
revealed that negative or close to zero order was found for CO
in methane and methanol formation, while especially at 280 °C
a close to zero order dependence with respect to CO was
observed for formation of C3Hn over CoCu/SiO2 catalyst. The
Langmuir-Hinshelwood model with dissociative adsorption of
H2 and CO was applied reasoning that a negative reaction order
in CO indicates strong adsorption of CO or formation of carbon
containing the surface species which may retard adsorption
and dissociation of H2.

A more simple power law model was applied in[30]

considering that alcohols are formed directly from syngas:

ri ¼ kpm
COp

n
H2 (31)

One-dimensional quasi-homogeneous plug flow reactor
model was used to described the influence of reactants,
alkanes, alcohols, alkenes as well as CO2.

[32] The deviations were
minimized in the objective function using the Levenberg-
Marquardt algorithm. In[73] methanol formation was regarded as
a reversible equilibrium reaction:

rCH3OH ¼ kCH3OH pa
COp

b
H2 � pc

CH3OH=KCH3OH

� �
(32)

Ethanol was considered to be formed only from 2 moles of
methanol without involvement of CO and H2 pressure in the
kinetic expressions:

rC2H5OH ¼ kC2H5OHp
a
CH3OH (33)

Correspondingly kinetics of propanol formation was de-
scribed using the partial pressures of methanol and ethanol as
follows:

rC3H7OH ¼ kHAp
a
CH3OHp

b
C2H5OH (34)

This approach does not have a clear mechanistic interpreta-
tion.

Table 3. Reaction orders with respect to H2 and CO in syngas transformation to higher alcohols.

Product Catalyst
K� CoMoS2

[42] K� CoRhMo supported on carbon nanohorn[25] Co� Rh� Mo� K/MWCNT[72] CuCo[32] CoCu/SiO2
[70]

H2 CO Cn-1-OH H2 CO Cn-1OH H2 CO H2 CO H2 CO

Methane 0.6 n.a. n. a. 1 1 n.a. n. a. n. a. 1.07 � 0.52 0.97 � 0.83
Ethene n. a. n. a. n. a. >0 >0 n.a. n. a. n. a. 0.17 1.1 0.69 � 0.43
Ethane n. a. n. a. n. a. >1 >1 n.a. n. a. n. a. 1.31 � 0.62 n.a. n. a.
Propane n. a. n. a. n. a. 0.5 0.5 n.a. n. a. n. a. 0.6 0.05 0.81[d] � 0.28
MeOH 0.44 1.85 1.2 1.2 1.89[a] 0.87[b]

0.765[c]
1.25 � 0.32 1.63 0.07

EtOH 1.39 0.75 0.24 1 1 1.0 n. a. n. a. 1.02 0 1.05 0.09
C3OH 0.28 1.0 1.22 1.28 1.31 0.78 n. a. n. a. 0.7 0.22 n.a. n. a.
C4OH n.a. n. a. 0.59 1.0 0.28 1.0 n. a. n. a. 0.52 0.52 n.a. n. a.
C5OH n.a. n. a. n. a. 1.0 1.0 1.0 n. a. n. a. 0.52 0.71 n.a. n. a.
CO2 n. a. n. a. n. a. 1.0 1.0 n.a. n. a. n. a. n. a. n. a. n. a. n. a.

[a, b, c] constants in eq. (32), [d] for C3Hn denote hydrocarbons with three carbon atoms.
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Activation energies for formation of different products
reported in Table 4 suggest that hydrogenation is more
prominent at higher temperatures and at the same time the
chain length probability decreases[32] Olefin formation is
inhibited at higher temperatures, while CO2 formation is
promoted by the water-gas shift reaction.[41,52] When comparing
the activation energies for formation of methane and methanol
or ethane and ethanol, it can be seen that these values for
alcohol formation are lower than for hydrocarbons, when using
sulfided K� CoRhMo supported on carbon nanohorn (CNH)
catalyst (Table 4). Analogously in[42] the activation energies for
methanol and ethanol determined with a power model were
much lower than for C3� C4 alcohols over K� CoMoSx catalyst.
The activation energy for methane formation was rather high
(Table 4) indicating that this catalyst could be thus more
effective towards formation of higher alcohols. Overall, it can be
concluded that higher alcohol formation is promoted at lower
temperatures. Furthermore, the activation energies for forma-
tion of different alcohols decreased with increasing the chain
length of the alcohol,[25] although in[42] the activation energy for
ethanol was lower than for methanol.

5. Scale-up and Methods to Enhance Higher
Alcohol Formation

Some efforts to scale up higher alcohol production have been
made by industrial engineering and manufacturing companies
(SEHT, Lurgi and Sűd Chemie, Snamprogetti, Dow Chemicals
and Union Carbide, Institut Francais du Pétrole) at different
levels using K-ZnCr (Cu) (industrial plant), K� CuZnAl (pilot),
K� MoS2, K� CNiMoS2, K� CuCoAl and K� CuNiTi (pilot) based
catalysts.[71] The former catalyst required high temperatures and
pressures of 330–430 °C and 9–18 MPa, respectively, while the
latter ones were used at 250–350 °C and 5–20 MPa, respectively.
Typically, the H2/CO ratio in these processes was in the range of
0.5–1.8. The highest fraction of C3� C5 alcohols over alkali
modified Cu/Zn/Cr catalyst was 31%, while the fraction of
methanol and ethanol was 69%.[71]

Apparently, a high carbon efficiency in terms of higher
alcohols is required for a feasible industrial operation, therefore

several methods, such as recycling of light alcohols[69,73,74] and
addition of non-reactive solvents to facilitate a good temper-
ature control,[72] have been proposed to increase the yields of
higher alcohols. Recycling of light alcohols was tested in,[73]

where methanol, ethanol and propanol were separated and
send back to the reactor with the syngas.[73] It was reported that
the amount of butanol increased to 54.4 wt% in the liquid
products, when the syngas was fed together with 7.5% of
mixed light alcohols into the reactor in syngas transformation
using a catalyst at 320–350 °C under 103 bar and H2/CO ratio of
1 and 3000 l/kg/h liquid hourly space velocity and small
amounts of a solvent. Unfortunately, more details were not
provided in the patent. Another method was to use a
preconverter to produce methanol from syngas and a multibed
quench reactor for production of higher alcohols. Methanol
formed in the preconverter, was fed together with syngas to
another reactor. The light alcohols and the gas phase were
separated from higher alcohols and fed back to the second
reactor. It was reported that in the final process design
comprising liquid and gas phases recycling it was possible to
obtain 99.9% of higher alcohols, mainly isobutanol and higher
alcohols.[73]

Furthermore, co-feeding of methanol in syngas transforma-
tion to higher alcohols was investigated in[75] using K-MoS2
catalyst showing that with increasing amounts of the co-fed
methanol, formation of higher alcohols was elevated. It was
additionally suggested that a techno-economic analysis should
be made to optimize the amount of methanol to be recycled.

6. Conclusions and Future Prospects

Higher alcohol synthesis from syngas is an important reaction
currently being intensively investigated because syngas can be
obtained via gasification of biomass and also there is a rapidly
growing interest in waste to syngas technologies. Besides
utilization of higher alcohols in production of plastics, or as fuel
additives, one emerging use for higher alcohols formed from
biomass is their utilization for synthesis of sustainable aviation
fuel, as they are not competing with the food supply chain. The
main challenge in higher alcohol synthesis from syngas is rather
low selectivity and space time yield of the desired products.

Table 4. Activation energies (kJ/mol) for formation of different hydrocarbons and alcohols. Notation: MWCNT multiwalled carbon nanotube, CNF carbon
nanofiber, HC=unsaturated hydrocarbon.

Product K� CuFe/CNF[41] CuCo[32] K� CoMoS2
[42] K� CoRhMo supported on carbon nanohorn[25] CoRhMo/MWCNT[72] CoCu/SiO2

[30]

Methane 143 172 126 126.4 125
Ethene 85[a] 73 n.d. n.d. n.d. n.d.
Ethane 106[b] 196 n.d. n.d. 112 123
Propane n. a. 149 n.d. n.d. n.d. 118
MeOH 117 122 63 36.1 35 54
EtOH 142[c] 129 54 54.4 57 79
C3OH n.d. 121 82 92.2 94[c] n.d.
C4OH n.d. n.d. 104 148.6 n.d. n.d.
C5OH n.d. n.d. n.d. 126.4 n.d. n.d.
CO2 n.d. n.d. 146 90.7 n.d. n.d.

[a] higher unsaturated hydrocarbons, [b] higher saturated hydrocarbons, [c] for higher alcohols.
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The highest space time yield of alcohols have been obtained
with bimetallic potassium modified copper-iron catalyst sup-
ported on a hierarchical zeolite. The desired catalysts exhibit
relatively small metal particles, which facilitate higher alcohol
formation and limit generation of CO2. Alloys have also a
beneficial effect on higher alcohol formation, providing a close
contact between the two metals with separate functions, e.g.
copper for hydrogenation and iron for the chain growth.
Among efficient catalysts sodium modified cobalt-iron catalyst
was reported. The role of alkali metal promoters is to ensure a
high metal dispersion of the active metal and coexistence of
the metal oxide phase after reduction. The active sites during
synthesis of higher alcohols from syngas are cobalt or iron
carbides, which are created upon syngas exposure to the
reduced catalyst. Recently several advanced tools, such as
DRIFTs-MS have been used to identify reaction intermediates
and facilitate development of even more selective catalysts.

The desired reaction conditions typically are a rather low
temperature of 225–300 °C under relatively high pressures, and
the H2/CO ratio of 1–2. On the other hand, too high pressure
can also decrease selectivity to the alcohols due to enhanced
dehydration.

From the mechanistic point of view a dual site model has
been commonly accepted, in which two different sites promote
associative and dissociative CO adsorption. The latter is needed
for the chain growth while associative adsorption of CO
facilitates alcohol formation. In addition to addressing the
desired catalyst properties and reaction conditions, thermody-
namic data, kinetic analysis and modelling, as well as scale-up
issues were also summarized. According to thermodynamics
formation of C4 alcohols is thermodynamically favored at lower
temperatures, e.g. at 277 °C, while the undesired water gas shift
reaction is promoted at higher temperatures. The product
distribution is apparently sensitive to the thermodynamic
model used, as in some studies 2-propanol was calculated as
the most prominent product at higher temperatures.

In addition to addressing the desired catalyst properties and
reaction conditions, thermodynamic data, kinetic analysis and
modelling, as well as scale-up issues were also summarized.
According to thermodynamics, formation of C4 alcohols is
thermodynamically favored at lower temperatures, e.g. at
277 °C, while the undesired water gas shift reaction is promoted
at higher temperatures. The product distribution is apparently
sensitive to the thermodynamic model used, as in some studies
2-propanol was calculated as the most prominent product at
higher temperatures.

Based on the experimental results the syngas gas trans-
formations gave the highest alcohol selectivity at intermediate
temperatures and pressures, such as 250 °C and 5 MPa,
respectively over potassium modified copper-iron catalyst
supported on carbon nanofibers. Slightly higher temperatures
were required for molybdenum based catalysts.

In kinetic modelling mainly power law models have been
applied. Typically, the reaction order with respect to hydrogen
for formation of alcohols and hydrocarbons is close to one
being positive, while negative or close to zero order has been
obtained for CO. Activation energies for formation of lower

alcohols have been typically smaller than those for higher
alcohols also indicating that higher alcohol formation is
promoted at lower temperatures.

Some scale-up concepts including recirculation of lower
alcohols and installing a preconverter for methanol have been
investigated. From the industrial point of view, it has been
suggested that these types of concepts require additional
feasibility justification involving e.g. a detailed techno-econom-
ic analysis.
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REVIEW

Recent developments in transfor-
mations of syngas to higher
alcohols are critically summarized.
Especially there is an urgent need to
develop jet fuels form sustainable
sources, and higher alcohols are a
potential source. The highest space
time yields of higher alcohols of
0.61 g/(gcath) is obtained over a bi-
metallic copper-iron catalyst
supported on a hierarchical zeolite at
300 °C and 5 MPa. Other potential
catalysts that are promising for the
direct synthesis of higher alcohols
from syngas are copper-cobalt and
cobalt-manganese compositions The
main challenge in transformation of
syngas to higher alcohols is to
suppress formation of alkanes and
CO2. A dual site catalyst is required,
facilitating both hydrogenation and
chain growth. In addition to finding
optimum reaction conditions and
catalyst properties based on litera-
ture, kinetic modelling, thermody-
namics and scale up issues are
discussed.
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