M) Checs tor updates View Article Online

Green
Chemistry '

Accepted Manuscript
This article can be cited before page numbers have been issued, to do this please use: Q. Qian, M. Cui, J.
Zhang, J. Xiang, J. Song, G. Yang and B. Han, Green Chem., 2017, DOI: 10.1039/C7GC02807E.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Green
Chemistry

sustainable future

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
author guidelines.

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the ethical guidelines, outlined
in our author and reviewer resource centre, still apply. In no
event shall the Royal Society of Chemistry be held responsible

for any errors or omissions in this Accepted Manuscript or any
consequences arising from the use of any information it contains.

ROYAL SOCIETY
&cnwsmv ‘55‘ iy

ROYAL SOCIETY .
OF CHEMISTRY rsc.li/green-chem


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c7gc02807e
http://pubs.rsc.org/en/journals/journal/GC
http://crossmark.crossref.org/dialog/?doi=10.1039/C7GC02807E&domain=pdf&date_stamp=2017-10-24

Page 1 of 8

Published on 24 October 2017. Downloaded by UNIVERSITY OF ADELAIDE on 26/10/2017 14:23:11.

Journal Name

Green:Chemistny:

GBI
DO 10488IE7 GC02807E

Synthesis of Ethanol via Reaction of Dimethyl Ether with CO, and

H,

Received 00th January 20xx,

Accepted 00th January 20xx
Han®"*

DOI: 10.1039/x0xx00000x

Qingli Qian,’* Meng Cui,*” Jingjing Zhang,”” Junfeng Xiang,’ Jinliang Song,” Guanying Yang,” Buxing

Ethanol is currently produced via catalytic hydration of ethylene or fermentation of foods. Synthesis of ethanol from cheap
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and renewable CO, is of great importance, but state of the art routes encounter difficulties, especially in reaction

selectivity and activity. Here we show a strategy of ethanol synthesis from CO,, dimethyl ether (DME) and H,. The reaction

can be effectively promoted by Ru-Co bimetallic catalyst using Lil as promoter in 1,3-dimethyl-2-imidazolidinone (DMI)

solvent. The predominant product of this reaction was ethanol and the selectivity of ethanol in total products could reach

71.7 C-mol%. The selectivity of ethanol in liquid product could reach 94.1%, which was higher than the reported routes

using CO,/CO. To the best of our knowledge, this is the first work on ethanol synthesis from DME, CO, and H,. The reaction

mechanism was discussed based on a series of control experiments.

Introduction

Ethanol as an alternative fuel has been widely utilized in
current energy infrastructure.” It is also a very important bulk
chemical. Currently, ethanol is mainly produced via catalytic
hydration of ethylene from fossil raw materials or
fermentation of foods such as corn and sugar.2 CO, is a
greenhouse gas and its fixation into value-added products is
highly desirable for sustainable development of our society.3
To date, CO, has been used as a building block to synthesize
various chemicals, such as urea, polymers, carboxylic acids,
carbonates, amides and alcohols.”” As for the synthesis of
alcohols using CO, as a feedstock, the major research progress
has been focused on methanol in the past decades.® Efficient
synthesis of ethanol, is certainly of great importance, but is
more difficult due to selective C-C coupling.

The previous reports of ethanol production from CO, were
mostly confined to direct CO, hydrogenation at high
temperatures (>250 c’C).7'13 In such reports, CO, usually
reacted with H, to generate reactive C, intermediates, say CO,
CH; and/or CH3;0H, then the C-C bond formation steps took
place to generate C,, products, such as ethanol and higher
alcohols.’®™*?  Because the in situ formation of C,
intermediates and the C-C bond construction occurred
simultaneously, the reaction products usually consisted of
various alcohols and hydrocarbons. In addition, the ethanol
selectivity in the total products was generally low (< 20 C-
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mol%). To raise the ethanol selectivity, introducing certain
substrate to react with CO, and H, is a feasible way. When
methanol reacted with CO, and H,, ethanol was the only
alcohol product and 34.2 C-mol% of ethanol selectivity in total
products (CO 46.5 C-mol%, methane 19.3 C-mol%) was
obtained.”® In addition, the space time yield (STY) of the
reaction reached 124.9 C-mmol L™h™. Paraformaldehyde could
also reacted with CO, and H, to produce ethanol, during which
paraformaldehyde was firstly converted into methanol.*®®
Currently, CO, hydrogenation with simultaneous C-C bond
formation is still a grand challenge in CO, chemistry.19 Recently,
elegantly designed and highly ordered Pd-Cu nanocatalyst was
prepared, and it was discovered that the selectivity of ethanol
could reach 92.0%.%° Although significant progress has been
achieved in this interesting area, exploration of new strategy
to produce ethanol efficiently from CO, under milder condition
using easily prepared catalysts is still highly desirable.

Dimethyl ether (DME) is a cheap and bulk chemical, which
can be produced in a single-stage process from CO,/CO and H,.
DME is also a key intermediate to bulk chemicals in industry
(e.g., acetic acid, olefins, hydrocarbons).2 Here we show a
protocol to produce ethanol from DME, CO, and H, (Scheme 1).
The reaction can proceed efficiently over Ru(PPhs);Cl,/Col,
bimetallic homogeneous catalyst at mild condition. Very
interestingly, this reaction has very high ethanol selectivity. It
is confirmed that the ethanol synthesis is through direct
participation of DME (not via methanol or methyl iodide)
and/or synergy of catalyst components, accounting for the
distinguished catalytic results. This strategy represents an
important progress in CO, chemistry and opens a promising
way to fix CO, into fuels and bulk chemicals.
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Ru(PPhs 3CL/Cola-Lal

CH,OCH, (g) + 2CO, (g) + 6H, (g) 2CH,CH,OH (1) + 3H,0 (1)

2150°C, i DMI

AHO,g5¢= -440.6 kJ - mol!
AG®59g¢= -158.3 kJ - mol!

Scheme 1. Synthesis of ethanol via reaction of DME with CO, and H,. The
thermodynamic data were from Lange’s Handbook of Chemistry (13th Edition, J. A.
Dean Ed., McGraw-Hill Book Company, 1985)

Results and discussion

Catalytic system for ethanol synthesis. The reaction could be
efficiently catalyzed by Ru(PPh3);Cl, and Col, bimetallic
catalyst using Lil as promoter in 1,3-Dimethyl-2-
imidazolidinone (DMI) at milder conditions. In this work,
ethanol was the product, and methanol, CO, and methane
were the only by-products. The selectivity of the product and
all the by-products are given in Table 1. Ethanol was the
predominant product in the reaction solution with little
methanol as byproduct (Figure Sla). Very interestingly, only
minor CO and methane was detected in the gaseous sample
(Figure S1b). The STY of the reaction was as high as 132.5 C-
mmol L'h™ and the selectivity of ethanol was 71.7 C-mol%
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(Entry 1). The selectivity of ethanol in liquid predugt could
reach 94.1%, which was higher than the ?epopted Y6utesOa8irg
CO,/CO. Some representative reports of ethanol synthesis
from CO, are listed in Table S1.

The promoter was indispensable in this reaction. No
alcohol was generated and the catalytic system was not stable
without promoter (Entry 2). When the promoters with other
cations (K", Zn2+) or anions (ClI, BF,) were used, the results
were poor (Entries 3-6). Hence Lil was the best promoter in
accelerating the target reaction. The strong Lewis acidity and
small size of Li* may be beneficial to coordinating and/or
activating DME molecule.” It is well known that iodide anion is
an eminent ligand for transition metal catalysts, which may
effectively tailor the stability, selectivity and activity.”> The I’
helped to maintain the catalyst stability (Entries 1, 6). In
addition, the larger size of iodide compared to other halides
has more remarkable steric effect, resulting in better catalytic
selectivity (Entries 1, 5).

We tried Ru(PPh;3)s;Cl, or Col, as the single catalyst
respectively, but the results were poor (Entries 7,8). Obviously,
synergic effect existed between Ru and Co catalysts during the
catalytic reaction. The precursors of the Ru-Co bimetallic
catalyst were crucial for the catalytic performance. When we

Table 1. Synthesis of Ethanol via reaction of DME with CO, and H, using different catalytic systems.”

Selectivity [C-mol%)]

Entry Catalyst precursor Promoter Solvent STY®

Ethanol Methanol Cco CH,
1¢ Ru(PPhs)3Cl,, Col, Lil DMI 132.5 71.7 45 13.8 10.0
2° Ru(PPh;)sCl,, Col, - DMI 7.1 0.0 0.0 70.6 29.4
3 Ru(PPhs)sCl,, Col, Kl DMI 80.4 39.9 7.3 40.4 12.4
4° Ru(PPhs)sCl,, Col, Znly DMI 15.0 36.1 19.4 41.7 2.8
5 Ru(PPhs)s3Cl,, Col, LiCl DMI 56.3 89 10.6 71.7 8.8
6° Ru(PPhs)3Cl,, Col, LiBF, DMI 38.3 14.1 20.6 37.0 28.3
7 Ru(PPhs)sCl, Lil DMI 42.5 0.4 55 83.3 10.8
8 Col, Lil DMI 9.2 2.5 20.2 40.9 36.4
9° Ru(acac)s, Col, Lil DMI 80.4 36.1 6.7 23.8 334
10 Ru3(CO)1,, Col, Lil DMI 93.8 41.6 4.0 25.3 29.1
11 Ru(PPhs)sCl,, CoCl, Lil DMI 34.6 0.0 13.3 56.6 30.1
12 Ru(PPh3)3Cl,, Co4(CO)12 Lil DMI 20.8 0.0 28.0 60.0 12.0
13 Ru(PPh3)3Cl,, Rh,(C0),Cl, Lil DMI 27.5 27.3 19.7 42.4 10.6
14 Ru(PPh3)3Cl,, Irg(CO)12 Lil DMI 47.5 6.2 9.6 75.4 8.8
15 Ru(PPhs)sCl,, Ferrocene Lil DMI 44.2 11.3 11.3 65.1 12.3
16° NiCl, Col, Lil DMI 45.4 23.0 22.0 12.8 42.2
17° Mn;(CO)1, Colz Lil DMI 15.0 5.6 63.9 19.4 11.1
18° CuSQ,, Col, Lil DMI 12.9 0.0 45.1 19.4 35.5
19° Ru(PPhs)sCl,, Col, Lil N(CsH7)3 15.4 0.0 0.0 97.3 2.7
20 Ru(PPhs)sCl,, Col, Lil N-methylpyrrolidine 9.6 0.0 0.0 91.3 8.7
21° Ru(PPhs)sCl,, Col, Lil cyclohexanone 87.9 0.0 13.3 0.0 86.7
22 Ru(PPhs)sCly, Col, Lil 2-Pyrrolidinone 19.2 0.0 0.0 935 6.5
23 Ru(PPhs)sCl,, Col, Lil NMP 84.2 39.1 5.4 32.7 22.8
24° Ru(PPhs)sCl,, Col, Lil Cyclohexane 44.6 0.0 0.0 0.0 100.0
25° Ru(PPhs)sCl,, Col, Lil Benzene 45.4 0.0 15.6 0.0 84.4
26° Ru(PPhs)s;Cl,, Col, Lil DMF 42.9 0.0 0.0 96.1 3.9
27° Ru(PPhs)3Cl,, Col, Lil Water 29.6 0.0 76.1 14.0 9.9

?Reaction condition: 30 umol Ru catalyst and 70 pumol Co catalyst (based on the metal), 2.3 mmol promoter, 2 mL solvent, 0.5 MPa DME (4 mmol), 4 MPa CO, (30
mmol) and 4 MPa H, (32 mmol) (at room temperature), 180 °C and 12 h. ®Precipitate was observed after the reaction. STY stands for space time yield (C-mmol L'*h),
which is one of the commonly used units, especially when multi-metals are utilized. 4The conversion of DME in Entry 1 was 20.6%, and the conversions of DME at other

conditions were lower than that of entry 1.
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utilized Ru(acac); or Ruz(CO),, instead of Ru(PPhs);Cl, to
conduct the reaction, the catalytic activity was much lower
(Entries 9,10). We also used CoCl, or Co,(CO), instead of Col,,
but the catalytic activity was very low and no ethanol was
generated (Entries 11,12). When we combined Ru(PPh;);Cl,
with other metal (Rh, Ir, Fe) complexes, the results were not
satisfactory (Entries 13-15). We also combined Col, with other
metal (Ni, Mn, Cu) compounds, the catalytic performance was
also not satisfactory (Entries 16-18). Thus, the Ru(PPh;);Cl, and
Col, cooperated very well for the target reaction.

The solvent also played an important role in the target
reaction. It is known that DMI is a cyclic diamine with a ketone
group. Using Ru(PPhs);Cl,/Col, as catalyst and Lil as promoter,
we studied the solvent effect of the reaction. To study the role
of the amine group on solvent molecule, we firstly used
tripropylamine as solvent, but no ethanol was detected and
the catalyst decomposed significantly (Entry 19). Then we tried
a cyclic amine, N-methylpyrrolidine, no ethanol was generated
either, but the catalyst was stable (Entry 20). So the cyclic
amine is beneficial to the stability of the catalyst. To
investigate the effect of the ketone group, we utilized the
cyclohexanone as solvent, whereas no ethanol was detected
and the catalyst was unstable (Entry 21). When 2-
Pyrrolidinone, which combines cyclic amine and ketone group,
was applied as solvent, the catalyst was stable, but no ethanol
was formed either (Entry 22). Ethanol was produced and the
catalyst was stable when N-methyl-2-pyrrolidone (NMP) was
used as the solvent (Entry 23). Thus, it can be deducted that
the cyclic amine with N-methyl group and ketone group in the
solvent benefits the reaction. DMI has not only similar
molecular structure with NMP, but also has one more amine
group with the N-methyl, and it was a better solvent for the
reaction than NMP (Entries 1 and 23), suggesting that both of
the amine groups with N-methyl in DMI could effectively
improve the reaction activity and selectivity. We also tested
other solvents, such as cyclohexane, benzene, DMF and water,
but the results were poor (Entries 24-27). In brief, the catalytic
system composed of Ru(PPh;);Cl,/Col,, Lil and DMI showed
better performance than other catalytic systems tested in the
work.

Effect of reaction parameters. Based on the optimized
catalytic system, we investigated the impact of reaction
temperature, pressure, and dosage of each -catalyst
component on the catalytic reaction. The vyields of the
products at different temperatures were depicted in Figure 1.
No product was detectable when the reaction was conducted
at 140 °C, and obvious ethanol emerged when the
temperature was increased to 150 °C. The reaction rate
increased rapidly with the increasing temperature until 180 °C.

This journal is © The Royal Society of Chemistry 20xx
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The STY of the reaction at 180 °C was 132.5 C-mmol Lh™ and
its growth became slower when the temperature was further
raised. The selectivity of ethanol increased steadily with the
elevation of temperature until 180 °C. The ethanol selectivity
was 71.7 C-mol% at 180 °C, while it decreased evidently with
further elevating temperature. This may be attributed to
evident yield of methane at higher temperatures.

The data in Figure 1 demonstrate that 180 °C was an
appropriate temperature. We further investigated the impact
of other parameters on the reaction at this temperature, and
the results are given in Table 2. The pressure of CO, and H,
influenced the reaction significantly. At the fixed ratio of CO,
and H, (1/1), both the reaction rate and the ethanol selectivity
grew remarkably when the total pressure was enhanced from
2 MPa to 8 MPa (Entries 1-4). They were not sensitive to the
total pressure at higher pressure (Entry 5). At a fixed total
pressure of 8 MPa, the ratio of CO, and H, also affected the
reaction and the best result was obtained at the ratio of 1/1
(Entries 4,6,7). When we tried the experiments without CO,
and/or H,, no alcohol was produced (Entries 8,9,10). Thus CO,
and H, are both indispensable for the reaction. The dosage of
Lil also evidently impacted the reaction activity and selectivity
(Entries 4,11,12), and the best performance was obtained
when the dosage of Lil was 2.3 mmol. The result revealed that
excess amount of Lil was not favorable to the reaction, which
may be due to the occupation of the active sites by the excess
iodide anions.

The atom ratio of Ru and Co also affected the reaction
remarkably. At the same total amount of metals (100 pumol),
30 umol Ru and 70 umol Co yielded the best catalytic result
(Entries 4,13,14). The total catalyst dosage also influenced the

180 100
m STY ™
—B— Ethanol% o
150 |
—&— Methanol% - - 80 @
= 130 A CO% o 'y
- 1 —7 Methane% Q
1 60 2
S wl A =
£ =
£ Lao ©
\ 60 -
Qe ¥ 2
l>—- 30 o . X7 . r20 2
n 1 . [ ] - _)/vd S _2\:’
B —F & o 9o |,

140 150 160 170 180 190 200

Temperature (°C)

Figure 1. The yield of products at different temperatures. Reaction condition: 30 umol
Ru(PPh3)sCl, and 70 umol Coly,, 2.3 mmol Lil, 2 mL DMI, 0.5 MPa DME, 4 MPa CO, and
4 MPa H, (at room temperature), 12 h.
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Table 2. Effect of reaction parameters on ethanol synthesis from DME with CO, and H,.?

. Entry Ru/Co [umol] Lil [mmol] CO/H, STY Selectivity [C-mol%]

=) [MPa] Ethanol Methanol co CH,

) 1 30/70 2.3 1/1 15.8 316 36.8 23.7 7.9

ﬂi 2 30/70 2.3 2/2 32.9 46.8 15.2 29.1 8.9

g 3 30/70 2.3 3/3 83.8 67.2 6.5 18.3 8.0

g 4 30/70 2.3 4/4 132.5 71.7 4.5 13.8 10.0

%' 5 30/70 2.3 5/5 144.6 73.3 4.4 12.6 9.7

(: 6 30/70 2.3 2/6 103.3 68.2 1.5 19.8 10.5

W 7 30/70 23 6/2 23.8 35.1 53 49.1 10.5

?( 8 30/70 2.3 0/4 29.2 0.0 0.0 0.0 100.0

d 9 30/70 2.3 4/0 0.0 - - - -

9( 10 30/70 2.3 0/0 0.0 - - - -

LL 11 30/70 1.15 4/4 85.0 63.2 7.8 22.1 6.9

S 12 30/70 3.45 4/4 66.7 40.6 5.6 40.0 13.8

5 13 15/85 2.3 4/4 110.0 65.9 6.1 24.2 3.8

% 14 45/55 2.3 4/4 121.3 68.5 7.9 15.4 8.2

% 15 15/35 2.3 4/4 92.5 71.6 7.2 16.7 4.5

) 16 45/105 2.3 4/4 85.0 63.7 6.8 22.1 7.4

2 17° 30/70 2.3 4/4 21.3 0.0 0.0 98.7 13

B 18° 30/70 2.3 4/4 34.2 549 6.1 31.7 7.3

E 19 0/0 2.3 4/4 14.6 0.0 28.6 48.5 229

% 20 30/0 0 4/4 22.5 0.0 0.0 100.0 0.0

D_ 21 0/70 0 4/4 5.4 0.0 69.2 0.0 30.8

g 22 30/70 2.3 4/4 0.5 0.0 0.0 0.0 100.0

N

g Reaction conditions: Ru(PPhs)sCl,/Col, were used as the catalysts and their dosage was based on the metal, Lil was used as the promoter, 2 mL DMI, DME 0.5 MPa (at

g room temperature), 180 °C, and 12 h. °No DME was added in the reaction. “Water (2 mmol) was added before reaction. %CO was used instead of CO,.

(@]

‘E‘ 15, 16). Therefore, the dosage of the catalysts (30 umol Ru and

-% 1% 70 umol Co) was fixed for further investigation.

_‘§ i B Methano! I Ethanol Recyclability. To investigate the reusability of the catalytic

'§ j 100 | system, the alcohols generated in the reactor was removed at
E 80 °C for 3 h in a vacuum oven, then GC analysis confirmed
£ sy that the alcohols in catalytic system were negligible, and the
% 60 catalytic system was used directly for the next run. Figure 2
E reveals that the yield of alcohols did not change obviously
9 after five cycles.
3 a0 Time course of the reaction. Figure 3 illustrates the time
g course of the reaction. The amount of ethanol increased
» o slowly at the beginning (0-3 h), then grew rapidly until 12 h,

1 2 3 4 5
Recycle times

and the increase of the ethanol production became slower
after 12 h. In the whole course, the amount of methane grew
slowly and its amount was small compared to that of ethanol.
In addition, the content of CO and methanol, which are usually
known as intermediates of the ethanol synthesis from CO,,
were nearly kept constant after the initial period. While in the
reported routes, CO and/or methanol tend to increase at the
beginning of the reaction and decrease with the time going
on.® This indicates that the reaction would follow a different
reaction pathway.

Figure 2. The results of the recycling test. Reaction condition: 30 umol Ru(PPhs);Cl,
and 70 pmol Coly, 2.3 mmol Lil, 2 mL DMI, 0.5 MPa DME, 4 MPa CO, and 4 MPa H, (at
room temperature), 180 °C and 12 h.

reaction. When we fixed the ratio of Ru and Co at 3/7 and
changed the total amount of the catalysts, the best dosage of
the catalysts was also 30 umol Ru and 70 umol Co (Entries 4,

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 4
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Figure 3. The time course of the reaction of DME with CO, and H,. Reaction
condition: 30 umol Ru(PPh3)3Cl, and 70 umol Coly, 2.3 mmol Lil, 2 mL DML, 0.5
MPa DME, 4 MPa CO; and 4 MPa H, (at room temperature), 180 °C.

Reaction Pathway. In this work DME is necessary for the
formation of alcohols. Without DME, no alcohol was formed
(Entry 17 of Table 2 and Figure S2a). In the reported routes,
methanol is a common intermediate for the synthesis of
ethanol.™* It is well known that DME may transform into
methanol via hydration over acids.” If methanol was the
intermediate of the target reaction, water in the reactor would
promote the reaction. To clarify this possibility, we added
water before the reaction but the reaction was significantly
inhibited (Entry 18 of Table 2). Moreover, in the presence of H,,
DME could not effectively transform into methanol, while
methanol converted into DME evidently (Entry 8 of Table 2
and Figure S3, Figure S4). These may be because the DMI
solvent rendered a basic condition and suppressed the
conversion of DME into methanol. We also found that
methanol generated by individual component (Ru catalyst, Co
catalyst or Lil) or their combinations (Ru/Co, Ru/Lil or Co/Lil)
was little or undetectable (Entries 2,7,8 of Table 1 and Entries
19-21 of Table 2), suggesting that DME (not via methanol)
directly participated in the formation of ethanol. When we
used methanol to react with CO, and H,, considerable
methane was produced and the selectivity of ethanol was
much lower (Figure S5). All the results ruled out the possibility
that methanol was the major intermediate for formation of
ethanol in the reaction.

Usually, CHsl is a key species for the C-C bond formation
from methanol.*****® CHsl could form spontaneously in the
presence iodide/iodine at elevated
temperatures.24 To make clear whether the DME transformed
into CH3l during the reaction, we conducted the reaction of
DME and Lil at the reaction temperature, but no CH;l was
observed (Figure S6). We further used CHsl as substrate to
react with CO, and H,, but it mostly turned into methane and
no ethanol was observed (Figure S7). It can be deduced that
CHjsl is not reactive intermediate of the target reaction of this
work, which is in accordance with the previous report of DME
homologation with syngas (CO/H,).”® The lack of methanol
and/or CHsl intermediates in the reaction could effectively
reduce the generation of methane.

of methanol and

This journal is © The Royal Society of Chemistry 20xx
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As a byproduct, CO was detected after CO, hydrogenation

catalyzed by our reaction system (Figh¥e 192BF9/€0-G92&156
regarded as an usual intermediate in ethanol synthesis from
CO,, which is generated via reverse water gas shift reaction
(RWGS)."**® To make clear of this possibility, we firstly used
CO and H, to conduct the reaction, but no alcohol was
generated (Entry 22 of Table 2 and Figure S8a). While
remarkable ethanol was produced when DME reacted with CO
and H,, in the presence of water (Figure S9). To study whether
other C, species formed by CO, and H, participated in the
ethanol synthesis, we used formaldehyde and formic acid to
react with DME, respectively. The results revealed that no
ethanol was detected, but significant methane, H, and CO,
were observed due to decomposition of formaldehyde or
formic acid (Figures S10 and S11). These facts affirmed that CO
was the intermediate to react with DME and H, in the target
reaction. In the reported ethanol synthesis from DME and
syngas (CO/H,), methanol was usually the major product
although dual bed composite catalysts were utilized at high
temperature (2220 °C).”® In addition, evident methyl acetate
and ethyl acetate were observed. While in this work ethanol
was the predominant product and no acetate was detected
(Figure S1la).
Isotopic tracer experiments. To further understand the target
reaction, we conducted the tracer test using 13C02 and D,,
respectively. The tracer test using 13C02 showed that the C
atom in the methyl group (CH;-) of ethanol was from DME,
while the other C atom (-CH,0OH) was from CO, (Figure S12).
The NMR spectra of the reaction solution using 13COZ also
supported the above conclusion (Figure S13). In addition, the C
atoms in the methanol and CO originated from DME and CO,
respectively (Figure S12). In CO, hydrogenation or CO
hydrogenation, methane was hardly detectable (Entries 17 and
22 of Table 2, Figure S2b and Figure S8b). So the major origin
of methane should be from DME (Entry 8 of Table 2, Figure
S3b).

The results using D, as tracer showed that D, entered into
the molecules of methanol and ethanol during the reaction
(Figures S14 and S15). Obviously, evident H-D exchange
between D, and the H atoms in original DME molecules took
place. The number of D atoms in the product increased with
the elevated D, pressure. The mass spectra affirmed that the
methanol and ethanol molecules produced in the reaction
could totally consist of C and D elements, especially at higher
D, pressure. The H atoms in the unreacted DME molecules
were intact. It can be deduced that the hydrogen isotope (H-D)
exchange reactions proceeded during the activation and/or
conversion steps. The detailed study of such exchange
reactions has been reported elsewhere.”’” Based on the above
discussion, we proposed the origin of C and H atoms in the
reaction products (Figure 4).

Mechanism. Based on all the results above, we proposed
the possible mechanism of the reaction, as is shown in Scheme
2. Firstly, DME coordinated with Li* (Step 1), during which the
CH3-O bond became weaker.”* The activated DME could form
CH;Co* with the active Co species (Co*), as shown in Step 2.
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Figure 4. The origin of C and H atoms in the reaction products.
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H, 3
u
co,” ® i H,0

Scheme 2. The proposed mechanism of the reaction.

The Lewis acid promoted methyl Co complex formation has
been reported elsewhere.® CO was generated in situ via
RWGS reaction, promoted by Ru catalyst (Step 3, Figure S16).
The Ru catalyzed RWGS reaction has been studied
elsewhere.”” Then the CO inserted into the CH3-Co* bond,
resulting in the CH3;COCo* complex (Step 4, Figure S9) The
insertion of CO into metal-carbon bond is a basic step in
organic (:hemistry.25 In the presence of H,, acetaldehyde was
formed via reductive elimination of the acetyl group (Step 5,
Figure S17). The acetaldehyde was readily reduced into
ethanol product by H,, promoted by Ru catalyst (Step 6, Figure
S18). The other moiety of DME generated in Step 2 was
transformed into methanol (Step 7), which could be supported
by the existence of methanol byproduct (Figure S1). The
methanol formed was converted in situ into DME by Ru and/or
Co catalysts and started the new reaction cycles (Step 8, Figure
519).

The excellent catalytic results may be attributed to the
synergy of the above catalytic cycles. Among these cycles, the
rate of the RWGS reaction to form CO was critical to the
reaction result. If the catalytic activity of the RWGS reaction

was too low the ethanol formation rate would certainly be low.

But when the CO concentration in the reaction was high
enough, little ethanol was detected, and considerable acetate
esters and/or acetic acid emerged (Figures S20 and S21). The
methyl acetate can be produced via DME carbonylation,
catalyzed by Co catalyst (Figure S22). The acetyl group, formed
in Step 4, increased with the elevating CO content. If the CO
concentration was high, acetyl group could be converted into
methyl acetate with the CH;0, generated in Step 2, before its
hydrogenation took place. The detailed mechanism of DME

6 | J. Name., 2012, 00, 1-3

carbonylation has been reported in the Iiteraturq,,:f,)v The.ethyl
acetate and/or acetic acid were pPEUUEEA3NATCFOPEREF
transformation of methyl acetate with CO and/or HZ.25 In this
work, ethanol was the predominant product, and no acetate
or acetic acid were observed. This is mainly because the rate of
the RWGS reaction was appropriate. Interestingly, in this work
the Co catalyzed DME carbonylation to synthesize methyl
acetate could proceed reversely at reaction conditions (Figure
$23), inhibiting the methyl acetate formation and its further
conversion. In the reported DME hydrocarbonylation using
syngas (CO/H,), whether by heterogeneous or homogeneous
catalysts, methanol was usually the major product.zs’28 While
in this work, the methanol generated in situ was directly
recycled to DME, which accounts for the very low level of
methanol during the reaction. It is known that Ru complex can
promote the hydrogenation of CO,/CO into methanol and/or
methane.® Whereas in this work the amount of methanol and
methane produced from the CO,/CO hydrogenation were
hardly detectable (Figures S2b and S8b).

Conclusions

In summary, we have developed a route of ethanol synthesis
from DME, CO, and H,. The reaction can be effectively
catalyzed by Ru-Co bimetallic catalyst. Ethanol can be
produced at above 150 °C. The catalytic activity can be as high
as 132.5 C-mmol L*h™ at 180 °C. The selectivity of ethanol in
total products can reach 71.7 C-mol%, and the selectivity of
ethanol in liquid product could reach 94.1%. In addition, the
catalyst can be reused at least 5 times without obvious change
of catalytic performance. The very high efficiency of the
reaction resulted from several reasons. Firstly, the DME (not
via methanol or methyl iodide) directly took part in the
formation of ethanol, reducing the methane byproduct.
Secondly, the methanol produced can be in situ recycled to
DME feedstock, and thus the selectivity to ethanol is enhanced.
Finally, the Ru and Co cooperate very well to accelerate the
desired reaction. The strategy opens a new way of ethanol
synthesis and CO, transformation. We believe that some other
value-added chemicals can also be synthesized using DME and
CO, as the starting materials.

Experimental

Chemicals. Ruthenium carbonyl (Rus(CO);,, >98%) and
Tris(Triphenylphosphine)ruthenium(ll) dichloride (Ru(PPh3)sCl,,
99%), ruthenium acetylacetonate (Ru(acac);, 98+%) were
purchased from Adamas Reagent, Ltd. Tetracarbonyl di-u-
chlorodirhodium(l) (Rh,(CO),Cl,, Rh 50.1-52.9%), anhydrous
lithium iodide (Lil, 99.95%), potassium iodide (KI, 99.9%),
lithium tetrafluoroborate (LiBF,, 98%), cobalt(ll) iodide (Col,,
99.5%), ferrocene (99%), decacarbonyl dimanganese
(Mn,(CO)40, C 30.6%) and 2-pyrrolidinone (99%) were obtained
from Alfa Aesar China Co, Ltd. Zinc iodide (Znl,, 98%), nickel(ll)
chloride (NiCl,, 98%), formaldehyde (HCHO, analytical grade,
40% solution in H,0) and N-methylpyrrolidine (98%) were

This journal is © The Royal Society of Chemistry 20xx
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provided by J&K Chemical Ltd. (Shanghai). 1,3-Dimethyl-2-
imidazolidinone (DMI, 99%), dicobalt octacarbonyl (Co,(CO)s),
lithium chloride (LiCl, 98%) and benzene (99.5%) were

purchased from TCI Shanghai Co, Ltd. Formic acid (HCOOH, 88%

solution in H,0), N-methyl-2-pyrrolidone (NMP, 99.5%), N,N-
dimethylformamide (DMF, 99.5%) and cyclohexane (99.5%)
were provided by Sinopharm Chemical Reagent Co., Ltd.
Methanol (99.5%), acetic acid (99.5%) and cyclohexanone
(99.5%) were obtained from Beijing Chemical Company.
Toluene (99.8%, HPLC) was obtained from Xilong Chemical Co.,
Ltd. Iridium carbonyl (Iry(CO),,, 98+%), copper(ll) sulfate
(CusO,, 98%) and acetaldehyde (CH3;CHO, 99.5%) were
purchased from Acros Organics. Methyl iodide (CHsl, 99%) was
bought from Shandong Xiya Chemical Industry Co., Ltd.
Dimethyl ether (DME, 99.9%) was obtained from Zhao Qing
Gao Neng Da Chemical Industry Co., Ltd. Deuterium gas (D,,
99.999%) was offered by Zhengzhou Xingdao Chemical
Technology Co., Ltd. The CO, (99.99%), H, (99.99%) and CO
(99.99%) were provided by Beijing Analytical Instrument
Company.

Catalytic reaction. The apparatus and procedures were similar
to our previous work.>® All the reactions were conducted in a
16 mL Teflon-lined stainless steel batch reactor equipped with
a magnetic stirrer. The inner diameter of the reactor was 18
mm. In a typical experiment, known amounts of Ru and/or Co
catalysts, Lil or another promoter, and 2 mL DMI or another
solvent were loaded sequentially into the reactor. The reactor
was filled with DME of saturated vapor pressure (0.5 MPa) at
room temperature after the reactor was purged three times
with the same gas. Then CO, in the cylinder was charged into
the reactor to desired pressure, and the inlet valve of CO, was
closed. Then H, was charged into the reactor until suitable
total pressure was reached. The reactor was placed in an air
bath of constant temperature, and the magnetic stirrer was
started at 800 rpm. After reaction, the reactor was cooled in
an ice-water bath for 1 h, the residual gas was released slowly
and collected in a gasbag. The liquid mixture was analyzed by
GC (Agilent 7890B) equipped with a flame ionization detector
and an HP-5 capillary column (0.32 mm in diameter, 30 m in
length) using toluene as the internal standard. Identification of
the liquid products was done using a GC-MS (Agilent-7890B-
5977A) as well as by comparing the retention times of the
standards in the GC traces. The yields of the products were
calculated from the GC data. NMR spectra were recorded on a
Bruker Avance Il HD 400 MHz NMR spectrometer (1H NMR,
400 MHz; °C NMR, 100 MHz). The gaseous samples were
analyzed using a GC (Agilent 4890D) equipped with a TCD
detector and a packed column (Carbon molecular sieve TDX-01,
3 mm in diameter and 1 m in length) using Argon as the carry
gas.

Recycling test. After reaction, the reactor was cooled down in
an ice bath after reaction and the residual gas was released.
The amount of product was determined as discussed above.
Then the alcohols formed and unreacted DME in the reactor
were removed in a vacuum oven at 80 °C for 3 h, which was
confirmed GC analysis. The catalytic system was used directly
for the next run.

This journal is © The Royal Society of Chemistry 20xx
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