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DRY REFORMING CATALYST USING METAL OXIDE SUPPORT, AND
METHOD FOR PREPARING SYNTHETIC GAS BY USING SAME

TECHNICAL FIELD
The present invention relates to a dry reforming catalyst comprising a metal
oxide support and a method of producing a synthetic gas using the same, and more
particularly to a catalyst in which active material nanoparticles whose surface is
covered with a surfactant are dispersed uniformly on the surface of metal oxide and
which: is stable even at high temperature and exhibits high activity, and a method of

producing a synthetic gas using the same.

BACKGROUND ART

An increase in the concentration of carbon dioxide in the atmosphere causes
various problems. Hence, researches to convert carbon dioxide into useful substances
have been actively conducted all over the world. In particular, the dry reforming
reaction of methane is a reaction that produces an industrially useful synthetic gas (a
mixture of hydrogen and carbon monoxide) by reacting carbon dioxide with methane
at high temperature in the presence of a catalyst, and has been widely studied
worldwide (CH4+CO22H;+2CO, AH 95=247.3kJ/mol). The thus produced synthetic
gas can be applied directly to reactions for synthesis of various chemical substances or
hydrocarbons, and thus has a high added value. Despite this advantage, it has not been
put to practical use due to the instability of the catalyst and the low activity thereof.
The dry reforming reaction of methane shows higher conversion rate as temperature
increases, and hence the reaction should be carried out at a temperature of 600°C or
higher in the presence of a catalyst in order to obtain a high-purity product. However,
when the catalyst is exposed to a high temperature for a long time, the active metal is

sintered to reduce its active surface, or the surface of the active metal is covered with
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carbon as a side reaction product on the surface, and thus the activity generally tends to
decrease with time. In general, the use of precious metals reduces the degree of side
reactions and sintering, and thus can maintain catalyst stability over a long period of
time. However, since these precious metals are highly expensive, various attempts
have been made to synthesize catalysts using inexpensive metals (Pakhare, D. ef al.,
Chem Soc Rev 2014, 43 (22), 7813-7837; Xie, T. et al., Chem Commun 2014, 50 (55),
7250-7253; Kawi, S. et al., Chemsuschem 2015, 8 (21), 3556-3575).

Accordingly, the present inventors have made extensive efforts to solve the
above-described problems. and as a result, have found that when nickel and
molybdenum together with magnesium oxide are used in catalyst synthesis, a catalyst
that exhibits high activity and stability over a long period of time without being
deactivated even at high temperature can be prepared without having to use a precious
metal can be prepared, and a synthetic gas can be produced using the catalyst, thereby

completing the present invention.

SUMMARY OF THE INVENTION
It is an object of the present invention to provide a catalyst that exhibits high
activity and stability for a long period time without being deactivated even at a high
temperature, and a method of preparing the same.
Another object of the present invention is to provide a method of producing a

synthetic gas using the catalyst.

To achieve the above object, the present invention provides a dry reforming
catalyst in which an active material is impregnated on the surface of a metal oxide
support and the active material is surrounded by a surfactant.

The present invention also provides a method of preparing a catalyst,

comprising: (a) obtaining a mixture by dissolving an active material precursor, a metal
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oxide support and a surfactant in a polyol solvent; and (b) preparing a catalyst in which
the active material is impregnated on the surface of the metal oxide support by adding
a reducing agent to the mixture.

The present invention also provides a method for dry reforming of methane, the
method comprises producing a synthetic gas composed of hydrogen and carbon
monoxide by reacting methane with carbon dioxide at 600 to 800°C in the presence of

the dry reforming catalyst.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a transmission electron microscope (TEM) image of a catalyst
prepared in Example of the present invention.

FIG. 2 is a schematic view of a dry reforming catalyst according to the present
invention.

FIG. 3 is a schematic view of a catalyst prepared in Example 1 of the present
invention.

FIG. 4 is an X-ray diffraction image of a catalyst prepared in Example 1 of the
present invention.

FIG. 5 is a nitrogen adsorption curve of a catalyst prepared in Example 1 of
the present invention.

FIG. 6 shows the results of measuring the temperature-dependent reaction
activity of a catalyst prepared in Example 1.

FIG. 7 shows the results of measuring the temperature-dependent conversion
rate of a catalyst prepared in Example 1.

FIG. 8 shows the results of measuring the time-dependent stability of a

catalyst prepared in Example 1.

BEST MODE FOR CARRYING OUT THE INVENTION
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Unless defined otherwise, all the technical and scientific terms used herein
have the same meaning as those generally understood by one of ordinary skill in the art
to which the invention pertains. Generally, the nomenclature used herein and the
experiment methods, which will be described below, are those well-known and
commonly employed in the art.

In the present invention, it could be confirmed that a catalyst showing no
decrease in activity could be prepared by a novel method instead of a general catalyst
synthesis method such as wet impregnation, calcination or reduction, and that when a
dry reforming catalyst was prepared in which an active material is impregnated on the
surface of a metal oxide support and the active material is surrounded by a surfactant,
the surfactant on the surface of the active material prevented the active material from
being sintered and the active material surface from being covered with carbon, so that
the dry reforming catalyst could exhibit high activity at high temperature for a long
period of time without having to use a precious metal.

Therefore, in one aspect, the present invention is directed to a dry reforming
catalyst in which an active material is impregnated on the surface of a metal oxide
support and the active material is surrounded by a surfactant. The dry reforming
catalyst according to the present invention is schematically shown in FIG. 2.

In another aspect, the present invention is directed to a method of preparing a
dry reforming catalyst, comprising: (a) obtaining a mixture by dissolving an active
material precursor, a metal oxide support and a surfactant in a polyol solvent; and

(b) preparing a catalyst in which the active material is impregnated on the
surface of the metal oxide support by adding a reducing agent to the mixture.

In the present invention, the metal oxide may be one or more selected from the
group consisting of ZrO,, MgO, TiO,, Al,Os, Si0;, CrO,, Fe 03, Fe304, CuO, ZnO,
Ca0, Sby04, C0304, Fe;04, PbsOs, Mn304, Agr0,, U303, Cuy0, LiO, Rb0, Ag:0,
TLLO, BeO, CdO, TiO, GeO,, HfO;, PbO,, MnO,, TeO,, SnO,, La 03, Fe03, CeOs,
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WO,;, UO,, ThO,;, TeO, and MoO;, and Si0O,, Al,Os;, MgO, CeO; or La)Os is
preferably used as the metal oxide, but is not limited thereto.

In addition, the active material may be one or more selected from the group
consisting of an active metal such as nickel (Ni), cobalt (Co), ruthenium (Ru),
palladium (Pd), iridium (Ir), platinum (Pt), and rhodium (Rh), and molybdenum
carbide (Mo,C).

The active material may further comprise a promoter such as molybdenum
(Mo). Molybdenum (Mo) itself does not exhibit activity, but acts as a promoter that
facilitates the distribution of the active material or change the energy state of the active
material to further improve the efficiency of the catalyst. Preferably, nickel (Ni) and/or
molybdenum (Mo) is used as the active material, but is not limited thereto.

In addition, the surfactant may be one or more selected from the group
consisting of polyvinylpyrrolidone (PVP), oleylamine, oleic acid, benzyl ether,
trioctylphosphine, octadecylamine, hexadecylamine, cetyl trimethylammonium
bromide (CTAB), polyethyleneglycol (PEG), 1,2-hexadecanediol, and 1-octadecene.
Preferably, polyvinylpyrrolidone (PVP) is used as the surfactant, but is not limited
thereto.

The reducing agent used in the method of preparing the dry reforming catalyst
of the present invention may be one or more selected from the group consisting of
hydrazine, NaBH,4, LiAlH4, diisobutylaluminum hydride (DIBAL-H), and diborane.
Preferably, hydrazine is used as the reducing agent, but is not limited thereto.

The polyol solvent used in the method of preparing the dry reforming catalyst
of the present invention may be one or more selected from the group consisting of
ethylene glycol (EG), diethylene glycol (DEG), triethylene glycol (TrEG),
polyethylene glycol (PEG), propanediol (PDO), butanediol (BD), pentanediol (PD),
glycerol (GLY), and pentaerythritol (PE).
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The weight ratio of the active material: the magnesium oxide support: the
surfactant may be 0.01 to 40:59.6 to 99.5:0.04. In this range, the catalyst
advantageously has high activity and long-lasting stability, and when the weight ratio
is out of this range, a problem arises in that the activity of the catalyst readily decreases
as the reaction progresses.

According to one preferred embodiment of the present invention, there is
provided a nickel-molybdenum dry reforming catalyst in which nickel and
molybdenum are impregnated on the surface of a magnesium oxide support and the
nickel is surrounded by a surfactant, the catalyst having a nickel content of 0.01 to 100
wt% and a molybdenum content of 99.9 to 0 wt%. The nickel-molybdenum dry
reforming catalyst according to the present invention is schematically shown in FIG. 3.

Furthermore, the catalyst according to the present invention may have a
formula of NijpMo@MgO.

A precursor of nickel in the method of preparing the nickel-molybdenum dry
reforming catalyst of the present invention may be one or more selected from the group
consisting of NiCl,, NiCl>'6H20, Ni(NOs);, NiSOs4, (NH4)2Ni(SO4)-6H20,
Ni(OCOCH3),4H,0, NiBr2, NiCOs, NiF,, Nilz, NiC204:2H20, and Ni(Cl04)2-6H20,
and a precursor of molybdenum may be one or more selected from the group
consisting of Mo(CO)s, MoQOs3, NaxMoQO4, CaMoOs, ZnMoQOs, and
(NH4)6M07024'4H20.

The prepared dry reforming catalyst may have a pore area of 0 to 5,000 m%/g,
preferably 10 to 3,000 m%/g, and a conversion of 95 to 98%, and may be used for the
dry reforming reaction of methane. Within the range of the pore area, the active metal
may be supported. The larger the pore area, the more active material may be supported.

In still another aspect, the present invention is directed to a method for dry

reforming of methane, comprising producing a synthetic gas composed of hydrogen
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and carbon monoxide by reacting methane with carbon dioxide at 600 to 800°C in the
presence of the dry reforming catalyst.
The method for dry reforming of the methane may be performed at a high

pressure of 1 to 30 bar, preferably 1 to 20 bar, more preferably 1 to 16 bar.

EXAMPLES
Hereinafter, the present invention will be described in further detail with
reference to examples. It will be obvious to a person having ordinary skill in the art
that these examples are for illustrative purposes only and are not to be construed to

limit the scope of the present invention.

Example 1: Preparation of NijgMo:(@MgO Catalyst

Ethylene glycol (Samchun Chemicals), nickel chloride hydrate (NiCla¢H20,
Samchun Chemicals), ammonium heptamolybdate tetrahydrate ( (NH4)sMo07024-4H>0,
Samchun Chemicals) and polyvinylpyrrolidone (Sigma-Aldrich) were used. NaOH
(Samchun Chemicals), hydrazine (Sigma Aldrich) and magnesium oxide were used as
dry ice and magnesium metal.

First, 0.404 g of a nickel precursor and 36 mg of a molybdenum precursor
were dissolved in 1 mL of water and 24 mL of ethylene glycol, and then 0.38 g of PVP
was added thereto, followed by stirring. 0.9 g of magnesium oxide was added to the
solution which was then stirred, after which the temperature of the solution was
increased to 80°C. To the solution, a hydrazine solution (1.7 g of hydrazine/5 mL of
cthylene glycol) was added, and when the solution changed color, a solution of 136 mg
of NaOH in 10 mL of ethylene glycol was added. As the color of the solution gradually
became black, nickel and molybdenum ions were reduced and impregnated on the
surface of the magnesium oxide. After 1 hour of stirring, the solution was washed with

water and dried, thereby obtaining a catalyst.
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Example 2: Characterization of Reaction for Producing Synthetic Gas Using

Catalyst
The synthesized catalyst was analyzed by TEM, and as a result, it was

confirmed that nickel and molybdenum were distributed uniformly on the surface of
the magnesium oxide and that the active material metal nickel was surrounded by the
surfactant PVP.

FIG. 4 shows the results of measuring X-ray diffraction. As shown in FIG. 4,
Ni and MgO were found. The concentration of Ni was relatively low, and thus the
intensity of the peak was relatively weaker than that of MgO. Mo was not detected in
the results of XRD due to its low concentration. To determine the exact metal contents,
the elements contained in the catalyst were analyzed by ICP and elemental analysis. As
a result, as shown in Table 1 below, it was confirmed that the content of nickel was
7.09% and the content of molybdenum was 1.55%. In addition, PVP used as the
surfactant covered the surface of the active material, and thus the detected contents of
carbon and nitrogen were 4.42% and 0.15%, respectively. To measure the porosity, the
catalyst was adsorbed with liquid nitrogen at 77K, and the adsorbed quantity of the
liquid nitrogen was measured. As a result, it was shown that the porosity of the catalyst
was not high (20 m?/g), but the activity of the catalyst was high (FIG. 5).

In order to examine the effect of temperature on the catalyst, 50 mg of the
synthesized catalyst was placed in a quartz tube reactor, and the temperature-dependent
activity of the catalyst was measured while changing the reaction temperature (FIG. 6).
The operating temperature was 600 to 800°C. The composition of reactants was
CO2:CH4:He = 1:1:8, and the flow rate was 50 mL/min. The weight hourly space
velocity (WHSV) was 60 L/geah. The conversion was measured by gas

chromatography (Simadzu, GC Tracera). As shown in FIG. 6, the conversion increased
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with increasing temperature, and the catalyst showed a CO; conversion of 95% and a
CH4 conversion of 98% at 800°C.

As shown in FIG. 7, it could be seen that the Hy/CO ratio of the product
increased with increasing temperature and reached 0.96, which approaches a
theoretical value of 1, at 800°C.

In order to examine the stability of the catalyst during a reaction, the time-
dependent conversion of the reactants was measured at a high temperature of 800°C
(FIG. 8). 100 mg of the catalyst was used for a reactant composition of CO,:CH4:He =
1:1:8 at a flow rate of 20 mL/min, and the conversion rate of the reactants was
measured. The WHSV was 12 L/guh. As a result, the catalyst showed constant
performance without a change in the conversion rate for 65 hours. The results obtained
after 65 hours are not significantly different from the results of the first measurement,
suggesting that the catalyst is stable even when it is used in the reaction for 65 hours or
more.

Table 1

Ni Mo Mg C N H O
Ni;oMo,@MgO 7.09% 1.55% | 40.22% 4.42% 0.15% 1.51% 31%

In addition, in order to examine the stability of the catalyst during a reaction at
high pressure, the conversion rate of reactants was measured at a pressure of 1 to 16
bar (Table 2). 3.7 g of the catalyst was used under the condition of CO,:CH4:He =
41.66 mL/min:41.66 mL/min:16.68 mL/min, and the conversion rate of the reactants
was measured. It was confirmed that when methane and carbon dioxide were reacted at
high pressure in the presence of the dry reforming catalyst, they could be converted to
a synthetic gas composed of hydrogen and carbon monoxide.

Table 2
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N, 14.5 14.17 | 1449 | 15.06 | 16.02 | 15.84 | 16.87 | 16.5 | 16.46 | 17.44 | 17.88 | 20.53
CO, 26.29 | 10.68 | 11.16 | 22.25 | 24.2 | 23.56 | 28.14 | 27.13 | 26.27 | 29.54 | 31.52 | 36.84
CcO 18.81 | 38.71 | 41.36 | 37.52 | 343 | 35.68 | 29.09 | 31.32 | 32.24 | 27.72 | 26.77 | 25.97
H, 1098 | 2933 | 3297 | 19.54 | 1747 | 1688 | 155 | 1525 | 1498 | 13.74 | 1234 | 9.42
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INDUSTRIAL APPLICABILITY

The dry reforming catalyst according to the present invention can be prepared
by a novel method instead of a general catalyst synthesis method such as wet
impregnation, calcination or reduction, in which a catalyst shows no activity. In
addition, the surfactant on the surface of the active material prevents the active
material from being sintered and the active material surface from being covered with
carbon, so that the dry reforming catalyst can exhibit high activity at high temperature
and pressure for a long period of time even without having to use a precious metal, and
thus, it can be as a catalyst for the dry reforming reaction. In addition, the dry
reforming catalyst is useful for the production of a high value-added chemical
substance, because the ratio of hydrogen to carbon monoxide in the product is about
1:1.

Although the present invention has been described in detail with reference to
the specific features, it will be apparent to those skilled in the art that this description is
only for a preferred embodiment and does not limit the scope of the present invention.
Thus, the substantial scope of the present invention will be defined by the appended

claims and equivalents thereof.

-10 -
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MCSLLP

Claims:
1. A dry reforming catalyst in which an active material is impregnated on a

surface of a metal oxide support and the active material is surrounded by a surfactant,

wherein the weight ratio of the active material: the metal oxide support: the
surfactant is 0.01 to 40:59.6 t0 99.5:0.04;

the metal oxide is one or more selected from the group consisting of MgO,
TiO2, Si0z2, CrO2, Fe203, Fe304, CuO, ZnO, CaO, Sb204, C0304, Fe304, Pb304, Mn304,
Ag202, U30s, Cu20, Li20, Rb20, Ag20, Tl20, BeO, CdO, TiO, GeOz2, HfOz2, PbO2,
MnOz2, TeO2, SnO2, La203, Fe203, CeO2, WO2, UO2, ThO2, TeO2and MoOs3;

the active material is one or more selected from the group consisting of nickel
(N1i), cobalt (Co), ruthenium (Ru), palladium (Pd), iridium (Ir), platinum (Pt) and
rhodium (Rh); and molybdenum (Mo); and

the surfactant is one or more selected from the group consisting of
polyvinylpyrrolidone (PVP), oleylamine, oleic acid, benzyl ether, trioctylphosphine,
octadecylamine, hexadecylamine, polyethyleneglycol (PEG), 1,2-hexadecanediol and

1-octadecene.
2. The dry reforming catalyst of claim 1, wherein the dry reforming catalyst
has a pore area of greater than 0 to 5,000 m?/g and a CO2 and CHa4 conversion of 95 to

98%.

3. The dry reforming catalyst of claim 1 or claim 2, wherein the catalyst is

used for the dry reforming reaction of methane.

4. A nickel-molybdenum dry reforming catalyst in which nickel and

molybdenum are impregnated on the surface of a magnesium oxide support and the

-11 -
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MCSLLP

nickel is surrounded by a surfactant, of which weight ratio between nickel and

molybdenum is 0.01 to 91.9: 99.9 to 8.1.

5. The nickel-molybdenum dry reforming catalyst of claim 4, which has a

formula of NiioMo2@MgO.

6. A method of preparing a dry reforming catalyst of any one of claims 1 to 3,
comprising:

(a) obtaining a mixture by dissolving an active material precursor, a metal
oxide support and a surfactant in a polyol solvent; and

(b) preparing a catalyst in which the active material is impregnated on the

surface of the metal oxide support by adding a reducing agent to the mixture.

7. The method of preparing a dry reforming catalyst of claim 6, wherein the

active material is nickel (Ni) and molybdenum (Mo).

8. The method of preparing a dry reforming catalyst of claim 7, wherein the

weight ratio of nickel to molybdenum is 0.01 to 100: 99.9 to 0.

9. The method of preparing a dry reforming catalyst of claim 6, wherein a
precursor of nickel is one or more selected from the group consisting of NiCla,
NiCl2-6H20, Ni(NOs3)2, NiSOs, (NH4)2Ni(SO4)2:6H20, Ni(OCOCH3)2:4H20, NiBrz,
NiCO3, NiF2, Nil2, NiC204:2H20, and Ni(ClO4)2:6H20, and a precursor of
molybdenum is one or more selected from the group consisting of Mo(CO)s, M0Os3,

NaxMoO4, CaM004, ZnM0Os4, and (NH4)6M07024-4H20.

-12 -
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10. The method of preparing a dry reforming catalyst of any one of claims 6 to
9, wherein the reducing agent is one or more selected from the group consisting of

hydrazine, NaBHa4, LiAlH4, diisobutylaluminum hydride (DIBAL-H) and diborane.

11. A method of dry reforming methane, the method comprises producing a
synthetic gas composed of hydrogen and carbon monoxide by reacting methane with
carbon dioxide at 600 to 800°C in the presence of the dry reforming catalyst of any one

of claims 1 to 9.

12. The method of dry reforming methane of claim 11 wherein the method is

performed at a pressure of 1 to 30 bar.

-13-





