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ABSTRACT:
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We report that the reduction of carbon dioxide (CO,) to methane (CH,)
under mild hydrothermal conditions is carried out in the presence of iron
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nanoparticles. In the reaction, the iron nanoparticles not only act as the

reducing agent but also catalyze the reduction of CO,.
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B INTRODUCTION

Nowadays, a shortage of energy is one of the most serious
problems related to fossil resources. One of the ways to form a
chemical energy carrier from renewable energy is by establish-
ing a reaction to synthesize hydrocarbons from CO,, which is
produced by living organisms as well as by the burning of fossil
fuels. A great deal of effort has been explored to convert CO,
into useful chemicals. Along with this, the reduction of CO, to
produce organic compounds is one of the most anticipated
solutions for the problem of an energy shortage."” Fischer—
Tropsch®* synthesis has excellent performance for the
improvement in CO, conversion to value-added hydrocarbons
at high temperature and/or high pressure. Photo->~" and
electro-catalysis® '* are high efficiency methods, but they
require complex catalysts or special reductants or ultraviolet
radiation.

We have developed a feasible method to directly reduce CO,
to some organic compounds such as phenol, formaldehyde, and
carboxylic acids in hydrothermal systems.""'* We also notice
that all of the materials have a small size effect, even if the
change is in a small range.*™'° When we change the size of
catalyst from about 75 pm to about 200 nm, different products are
reported."”'> We present here a serial study on the hydrothermal
reductions of CO, to CH, in the presense of much smaller iron
nanoparticles. The reaction gives the single product CH,, rather
than as a part of products in previously reported systems,'”'* and
uses CO, as a gas reagent rather than additional H, as in the case
for the ALO,-based catalysts.***" An additional advantage for the
hydrothermal conversion of CO, is the use of iron, which is a
widespread and abundant element forming the earth crust, as well
as much of our earth’s outer and inner core. It is an eco-friendly
catalyst in reducing CO, as well.

B EXPERIMENTAL SECTION

The reactions started with purifying carbon dioxide gas, water, and
metal catalyst powder. The results of gas chromatography—mass
spectrum (GC-MS) indicated that CO, (99.999%) and ultrapure water

-4 ACS Publications  © 2013 American Chemical Society

313

were free of any organic contamination. Iron nanoparticles with
average diameters of 100 nm were prepared by reducing ferrous ion
(Supporting Information). The reactions of CO, with water in the
presence of iron powder as catalysts were carried out using the
autoclaves. Iron nanoparticles (S mmol) and ultrapure water (S mL)
were put into the reactor and sealed. The reactor was pressurized by
CO, until the pressure was up to 0.14—1.4 MPa. All substrates
underwent mild hydrothermal treatments at 80—200 °C for 5—200 h.
For changing the source of energy, the autoclave was used to do the
experiment using solar thermal collectors. After the reactions, the
system was cooled to room temperature, and gaseous products were
collected. The final pressure and pH value were about 0.1—1.0 MPa
and S.5, respectively. Gaseous and liquid phase products were analyzed
by GC-MS.

B RESULT AND DISCUSSION

In gaseous phase, it was quite evident that CH, was formed,
while the detection of the organic in liquid was below the
limitation. The yield of CH, increased with an increase in
reaction time from S to 72 h, as shown in Figure 1A. After 72 h,
the yield reached a maximum value of 1.96 mol % and then
remained nearly constant. The effect of temperature was also
taken into account. The higher the temperature the reaction
underwent, the more CO, converted to CH,, as illustrated in
Figure 1B. Apparently, CO, was more activated under higher
temperature, and thus, it was advantageous to be reduced. The
higher pressure was also beneficial for the reduction of CO,.
Higher pressure corresponded to more adsorbed CO, on the
surface of the iron nanoparticles.

We have proposed the possible reaction mechanism for the
formation of methane. Similar to our previously su%%ested
formation mechanisms for phenol and carboxylic acids,"""? the
iron nanoparticles acted as both reducing and catalytic agents.
Part of the iron nanoparticles reacted with water to generate
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Figure 1. (A) Kinetic curve of hydrothermal production of CH, in the presence of iron nanoparticles with 100 nm diameters. (B) Yields of CH, at

different temperatures.

Scheme 1. Proposed Mechanism of Methane Formation
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H,, and simultaneously, part of the iron nanoparticles absorbed
and reduced the dissolved CO, molecules by attacking of H, on
and at the surface of iron nanoparticles. Finally, methane was
formed. In order to study the catalytic effect of the iron
nanoparticles, we conducted comparison experiments, e.g., H,

gas as a feedstock was introduced into the CO,—H,0O system
without iron nanoparticles. According to the experimental
procedure mentioned above, methane was not detected in the
gaseous phase nor liquid phase. The formation reaction for
methane is as indicated in Scheme 1.

The average diameter of the residual solids that were
collected from the reactor after the reactions is the same as that
of the solids before the reactions (Figure 2A,B), but the residual
solids are the mixture of iron and ferrous carbonate. The iron
powder was separated by magnet, and the residual solids were
identified as ferrous carbonate by powder X-ray diffraction
(XRD). It was obvious that part of the CO, reacted with water
and iron powder to form ferrous carbonate under the
hydrothermal conditions. To prove the iron nanoparticles are
the catalyst in the system, we used two experiments where
one was without any catalysts in the system and the other was in
the presence of ferrous carbonate as the catalysts under the same
condition. We did not find any organic compounds in the gaseous
phase nor in the liquid phase in the above two experiments.

In summary, we have conducted mild hydrothermal reactions
from CO, to CH, in the presence of iron nanoparticles 100 nm
in diameter and have characterized the reaction process
through its gas and solid products. The ready CO, conversion
process follows the main principles of green chemistry, e.g,
one-step process under mild condition, ecofriendly catalyst, no
toxicity to human health and environment, solar as the source
of energy, and no organic solvents. The work will help the
utilization of CO, in the future.

Figure 2. Low-magnification scanning electron microscopy (SEM) images of 100 nm diameter iron nanoparticles before (A) and after hydrothermal

reactions (B).
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Additional information on the method of the catalyst, GC-MS
characterization, and calibration curve of methane. This
material is available free of charge via the Internet at http://
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1. Preparation method of the catalyst.

Ferrous sulfate (FeSO47H,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 for 1 drop every 2 seconds. The mixture was stirred at the 500 rounds per

minute through whole process. The experiment was carried out under the nitrogen protection.

2. Experimental procedure.

Smmol iron powder and 5Sml ultrapure water were added to glass liner. The volume of the
reactor was 20.2ml. The liner was put into the Endeavor® Catalyst Screening System (Argonaut
Technologies, Inc.). The reaction system was sealed and then purged twice 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 5-240 h. The stirring rate was set to 500 rounds per minute.

3. GC-MS characterization for products.

Products in liquid phase

The datas were recorded on the TRACE DSQ GC-MS (Thermo Scientific Co.).
Temperatures: column, 80°C for 1 min, then increased from 80 to 200 °C at 15 °C/min, final
temperature 200 °C for 3min. Sample volume: 1 pl. Column type: TR-wax-ms. MS: EI source.
Mass range: 29~300

Products in gaseous phase

The datas were recorded on the TRACE DSQ GC-MS (Thermo Scientific Co.).
Temperatures: column, 40°C for 6 min. Sample volume: 1 ml. Column type: DM-Plot- Alumina.

MS: El source. Mass range: 5~40
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Figure S1. GC spectrum of CH4 gas. tz=1.78.
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4. Identification of the reaction products.
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Figure S2. a) Mass spectrum of a standard methane sample, and b) mass spectrum of methane.

5. Calibration curve of methane for GC-MS and method of calculation for the yield.
Standard gaseous solutions of different concentrations were prepared in CO2 (99.999%).
Then they were detected by GC-MS. Every concentration did five times and got the average. The

calibration curve was drawn between the concentration and the average peak area.

Table S2. The integrated peak areas of different concentration of CH4.

Concentration of CH4
0.5 2 5 10
vv%

Integrated peak areas  1.175x10°  4.706x10°  1.176x10"  2.352x10’
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1.169x10°  4.711x10° 1.177x10"  2.356x10’
1.173x10°  4.700x10°  1.172x10"  2.350x10’
1.170x10°  4.701x10°  1.173x10"  2.353x10’
1.172x10°  4.708x10° 1.178x10"  2.349x10’
Average peak area 1.172x10°  4.705%10° 1.175x107  2.352x10’
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Figure S3. Calibration curve of methane for GC-MS.

Method of calculation for the yield.

After reaction, all the samples were checked by GC-MS. By comparing the peak area of the product with the

calibration curve, we calculated the yield of methane.
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