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ABSTRACT

CO, +H,0

cat. iron nano-particles

HCOOH + CH3COOH

hydrothermal condition

The reduction of carbon dioxide (CO,) under mild hydrothermal conditions was carried out in the presence of iron nanoparticles. In this
reaction system, the iron nanoparticles not only act as the reducing agent but also catalyze the reduction of CO, to form formic acid and

acetic acid.

According to the Intergovernmental Panel on Climate Change
(IPCC 2007)," the Earth’s surface temperature has risen by
approximately 0.74 K from 1906 to 2006. The primary
contributor to this phenomenon is CO, emission from fossil
fuel combustion. Presently, the concentration of CO,, which
is the most important anthropogenic greenhouse gas, is
increasing faster than at any other time. A great deal of effort
has been expended to reduce the concentration of CO,,
among which the chemical reduction of CO, to organic
compounds is considered as one of the most expected
solutions for the “Greenhouse Effect” problem.? CO, can
be transformed from a detrimental greenhouse gas into a
valuable, inexhaustible, and eco-friendly carbon source
through this process. Many methods to reduce CO, have been
carried out, such as the catalytic hydrogenation reduction,’
Fischer—Tropsch synthesis,* photochemical reduction,” elec-
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trochemical reduction,® and photoelectrochemical reduction,’
etc. Because of the poor yields, high cost, or rigorous reaction
conditions, the results are still not satisfactory.

The reduction of CO, under hydrothermal conditions® has
attracted more attention in these decades. On one hand, it
may be a feasible program to solve the “Greenhouse Effect”
problem; on the other hand, it has a plausible implication
for the abiotic synthesis of complex organic molecules in
the origin of life because the hydrothermal system is
considered to be one of the most optimal environments for
the origin of life."!* It is reported that nickel—iron alloy
can catalyze dissolved HCO;~ with H, to form CH, under
hydrothermal conditions (200 to 400 °C and 50 MPa).®
Formic acid could also be generated in the process of
hydrothermal reduction of CO, at the effect of Ni-powder
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and Fe-powder.®™¢ Since Fe is abundant and widespread,
which accounts for 5.0 wt % of the Earth’s crust, it is used
as catalyst widely in the reduction of CO,, and it could have
played an important role in prebiotic synthesis. In our
previous work, we also used Fe as catalyst to synthesize
phenol from the hydrothermal reaction of carbonate with
water.®® Our group has concentrated tremendous efforts on
the reduction of CO, under hydrothermal conditions. Herein,
we described a mild hydrothermal route from CO, to simple
carboxylic acids in the presence of iron nanoparticles.

The reactions of CO, with water in the presence of iron
nanoparticles were carried out using the Endeavor Catalyst
Screening System (Argonaut Technologies, Inc.). Iron nano-
particles were prepared by reducing ferrous ion (Supporting
Information). The result of gas chromatography—mass spec-
troscopy (GC—MS) indicated that CO, (99.999%) and
ultrapure water were free of any organic contamination. We
put the iron nanoparticles and ultrapure water into a reactor,
sealed it, and then pressurized it to 0.14—1.4 MPa by CO,
gas. The mixture was subjected to a hydrothermal treatment
at 80—200 °C for 5—200 h. After the reaction, the pH value
of the mixture was 5.5. The product was identified by
GC—MS.

It is quite evident that formic acid and acetic acid were
formed after the hydrothermal reduction of CO,, when the
mass spectra of the products were compared to that of
standard substance (Supporting Information, Figures S1 and
S2). As shown in Figure 1, the yields of formic acid and

F A . .

n—

Yield (mmol/L)
£

1 N 1 N 1 N I N 1
0 50 100 150 200

Reactiom time (h)

Figure 1. Kinetic curve of the hydrothermal production of formic
acid (A) and acetic acid (B). Water: 6 mL. CO,: 1.4 MPa. Fe: 5
mmol. Temperature: 200 °C.

acetic acid increase with the increase of reaction time,
reaching the maximum value after 72 h, and then remain
nearly constant. The yields of formic acid and acetic acid
are 8.5 and 3.5 mmol-L."!, respectively.

The effect of temperature was also taken into account. As
shown in Figure 2, the yield of formic acid increases
obviously with the increase of temperature, while the yield of
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Figure 2. Yields of formic acid and acetic acid at different
temperatures. Water: 6 mL. CO,: 1.4 MPa. Fe: 5 mmol. Reaction
time: 72 h.

acetic acid increases less. The total conversion of CO, increases
as the temperature increases. We think that at higher temperature
H, is produced more and faster, which provides a stronger
reducing environment and promotes the conversion of CO,.

Higher CO, pressure can increase the yield of formic acid
because more CQO, is adsorbed and a more active center is
formed at the surface of the iron nanoparticles. The volume
of water has little effect on the conversion of CO,.

On the basis of the result of the reaction, we proposed a
possible reaction mechanism of formic acid and acetic acid
formation. Scheme 1 illustrates the main process of the reaction

Scheme 1. Proposed Mechanism for the Formation of Formic
Acid and Acetic Acid in the Presence of Nano Fe under
Hydrothermal Conditions
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(see details in Supporting Information, Scheme S1). At the first
stage of the reactions, the iron nanoparticles reacted with water,
producing H,. Meanwhile, the dissolved CO, molecule was
adsorbed at the surface of the iron nanoparticles. At the attack
of H,, CO, was reduced to intermediate A, which was
hydrolyzed to formic acid. Intermediate A continued reacting
with H,, generating intermediate B. At last, intermediate A and
intermediate B reacted to form intermediate C, which was
hydrolyzed to acetic acid.

In the reaction system, the iron nanoparticles not only act
as a reducing agent but also catalyze the reduction of CO,.
As shown in Figure 3, the diameter of the particles was about
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Figure 3. Low-magnification scanning electron microscopy (SEM)
images of the prepared iron nanoparticles.

200 nms. The highly active iron nanoparticles reacted rapidly
with water to form H,, whose formation was confirmed by
igniting. After the reaction, the unreacted iron was separated
by magnet, and the residual solid was collected and then
checked by powder X-ray diffraction (XRD). The result of
XRD showed that the solid was ferrous carbonate (Figure
4). It is concluded that a great part of the iron nanoparticles
was converted to ferrous carbonate after the hydrothermal
reaction. The production of H, and ferrous carbonate also
confirmed the suggested mechanism.

The products of this reaction are formic acid and acetic
acid instead of phenol obtained in our previous work.®*® We
think the amount of rapid formation of H, plays an important
role in the selectivity of the product. At the beginning of
the reaction, more H, was generated from the reaction of
the iron nanoparticles with water than from the reaction
of iron powder with water, which provided a stronger
reducing environment. Each adsorbed CO, molecule formed
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Figure 4. XRD pattern of the residual solid after removal of
unreacted iron by a magnet.

an active reaction center, which was reduced by H, to form
formic acid and acetic acid under this environment.

Compared to other reported methods of the reduction of
CO,, the characteristics of this reaction system are as follows:
first, the catalyst, Fe powder, is widespread and prepared
readily. Second, the reaction is carried out under lower
pressure and temperature, which is readily accessible. Third,
we do not need to add additional H, as reducing agent to
the reaction system because H, is autogenously generated
in the reaction. Fourth, water as the source of hydrogen is
necessary in this reaction, and it does not impede the
formation of the organic matter.

In summary, we demonstrate a mild hydrothermal route
for reducing CO, to formic acid and acetic acid with the
catalytic effect of iron nanoparticles. The present work is a
basic study for CO, fixation, and it will provide a possible
way to reduce the concentration of CO, and to mitigate the
“Greenhouse effect” after further research.
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1. Preparation method of the catalyst.

Ferrous sulfate (FeSO,7H,0, 40mmol) was dissolved in 200ml
ultrapure water in the three-necked bottle. The sodium borohydride
solution (0.4mol/L, 400ml) was added to the three-necked bottle
dropwise. The mixture was stirred at the 500 rounds per minute through
whole process. The experiment was carried out under the nitrogen

protection.

2. Experiment procedure

Smmol iron nano-particles and Sml ultrapure water were added to
glass liner. The liner was put into the Endeavor® Catalyst Screening
System (Argonaut Technologies, Inc.). The reaction system was sealed
and then purged by the CO, gas (99.999%). It was pressurized to
0.14~1.4MPa by CO, gas. The mixture was heated to 80~200°C for

5-200 h. The stirring rate was set to 500 rounds per minute.

3. GC-MS characterization for product formic acid and acetic acid.
The data were recorded on the TRACE DSQ GC-MS (Thermo

Fisher Scientific Int.). Column type: TR-wax-ms. MS: EI source.

Instrument parameter setting and temperature program for the column

were followed as Table S1 and Table S2.
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Table S1. Instrument parameter setting

Injection volume (puL) 1.0
Inlet temperature (°C) 200
Carrier gas He (99.999%)

Carrier flow mode

Constant flow

Carrier flow (ml/min) 1.0

Split flow (ml/min) 10

Split radio 30

MS transfer line (°C) 250

Ion source temperature (°C) 250
Mass range 28-200

Table S2. Temperature program for the column

Increasing rate | Temperature Time held
— 80°C 1 min
15°C /min 200°C 3 min
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Figure S1 is the mass spectrum of standard sample formic acid (a)

and the formic acid formed via the hydrothermal reaction (b).
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Figure S1. (a) Mass spectrum of standard sample formic acid and (b)

Mass spectrum of formic acid formed via the hydrothermal reaction.
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Figure S2 is the mass spectrum of standard sample acetic acid (a) and the

acetic acid formed via the hydrothermal reaction (b).

43 45

-
o
o

. T (a)

80
70
60
50

40

42

N
o

-
o

31 41
1 3234 1 46 ?162

Aty A AR A e e e prepererre b e e e e e e e

o

—
o
o

60

o0 Tl (b)
80
70
60
50
40
30

20

-
o

61

A AL Mg b Lo L s Mg e Ml g s s g s b

30 40 50 60 70 80 a0 100
m/z

o

Figure S2. (a) Mass spectrum of standard sample acetic acid and (b) Mass

spectrum of acetic acid formed via the hydrothermal reaction.
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4. Calibration curves of formic acid and acetic acid for GC-MS and
method of calculation for the yields.

Standard solutions of different concentrations were prepared by
diluting appropriate amounts of formic acid (or acetic acid) in ultrapure
water. Then they were detected by GC-MS. The calibration curves were

drawn between the concentration and the peak area.
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Figure S3. Calibration curve of formic acid for GC-MS.
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Figure S4. Calibration curve of acetic acid for GC-MS.

Method of calculation for the yields: after reaction, all the samples were
checked by GC-MS. Formic acid and acetic acid were identified in the
solution. By comparing the peak area of the products with the calibration
curves, we calculated the yields of formic acid and acetic acid. The yields
of formic acid and acetic acid at different time (Table S3) and

temperature (Table S4).
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Table S3. The yields of formic acid and acetic acid at different time.

200 °C

Time (hours) 5 12 | 24 | 48 72 | 120 | 192

Formic acid (mmol/L) | 0.09 | 0.32 | 0.69 | 2.8 | 85 | 8.5 | 8.4

Acetic acid (mmol/L) | 0.07 | 0.22 | 0.64 | 1.72 | 3.52 | 3.47 | 3.45

Table S4. The yields of formic acid and acetic acid at different

temperature.
72 h
Temperature (°C) 80 120 160 200
Formic acid (mmol/L) 0.9 1.9 4.3 8.5
Acetic acid (mmol/L) 2.2 2.4 3.0 3.5
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5. Detailed mechanism for the formation of formic acid and acetic
acid.

Scheme S1. Detailed mechanism for the formation of formic acid and

acetic acid in the presence of nano Fe under hydrothermal condition.
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