
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 

(19) World Intellectual Property 
(1) Organization11111111111111111111111I1111111111111ii111liiili 

International Bureau (10) International Publication Number 

(43) International Publication Date W O 2019/197256 Al 
17 October 2019 (17.10.2019) W IPO I PCT 

(51) International Patent Classification: TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, 
C01B 3/26 (2006.01) C01B 32/05 (2017.01) KM, ML, MR, NE, SN, TD, TG).  

(21) International Application Number: Declarations under Rule 4.17: PCT/EP2019/058453 Dcaainudrue.7 
- as to applicant's entitlement to applyfor and be granted a 

(22) International Filing Date: patent (Rule 4.17(i)) 
04 April 2019 (04.04.2019) Published: 

(25) Filing Language: English - with international search report (Art. 21(3)) 

(26) Publication Language: English 

(30) Priority Data: 
62/654,587 09 April 2018 (09.04.2018) US 

(71) Applicant (for all designated States except US): SHELL 
INTERNATIONALE RESEARCH MAATSCHAPPIJ 
B.V. [NL/NL]; Carel van Bylandtlaan 30, 2596 HR THE 
HAGUE (NL).  

(71) Applicant (for US only): SHELL OIL COMPANY 
[US/US]; 150 N. Dairy Ashford, HOUSTON, TX 77079 

(US).  

(72) Inventors: SPANU, Leonardo; 3333 Hwy 6 South, 
Houston, TX 77082-3101 (US). MESTERS, Carolus, 
Matthias, Anna, Maria; 3333 Hwy 6 South, Houston, TX 
77082-3101 (US).  

(74) Agent: SHELL LEGAL SERVICES IP; PO Box 384, 
2501 CJ THE HAGUE (NL).  

(81) Designated States (unless otherwise indicated, for every 
kind of national protection available): AE, AG, AL, AM, 
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ, 
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO, 
DZ, EC, EE, EG, ES, Fl, GB, GD, GE, GH, GM, GT, HN, 
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP, 
KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, 
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, 
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, 
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, 
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.  

(84) Designated States (unless otherwise indicated, for every 
kind of regional protection available): ARIPO (BW, GH, 
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ, 
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ, 
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK, 
EE, ES, Fl, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV, 
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM, 

(54) Title: PYROLYSIS OF METHANE WITH A MOLTEN SALT BASED CATALYST SYSTEM 

(57) Abstract: A catalyst system, which is active in pyrolyzing methane at reaction temperatures above 700°C, comprising a molten 
salt selected from the group consisting of the halides of alkali metals; the halides of alkaline earth metals; the halides of zinc, copper, 
manganese, cadmium, tin and iron; and mixtures thereof, the molten salt having dispersed therein one or more catalytically active forms 
of iron, molybdenum, manganese, nickel, cobalt, zinc, titanium, and copper in the form of finely divided elemental metals, metal oxides, 

CA metal carbides or mixtures thereof.



WO 2019/197256 PCT/EP2019/058453 

PYROLYSIS OF METHANE WITH A MOLTEN SALT BASED CATALYST SYSTEM 

Cross Reference to Related Application 
5 This application claims priority to U.S. Provisional Application Serial No. 62/654,587 

filed 09 April 2018, the entire disclosure of which is hereby incorporated by reference.  

Field of the Invention 

This invention relates to catalyst systems for methane pyrolysis.  

10 

Background of the Invention 

In the methane pyrolysis reaction, methane decomposes into gaseous hydrogen and solid 

carbon, eliminating therefore the need of CO and CO 2 separation units for the product stream.  

The solid carbon can be sold as a commercial product for selected applications, depending on 

15 the carbon morphology and physical/chemical properties. It would be desirable to develop a 

process that is optimized to produce both gaseous hydrogen and solid carbon products with 

controlled morphology and functionalities. To be commercially viable the process should have 

a high methane conversion to avoid costly separations between unconverted methane and 

hydrogen, and it should provide control of the carbon morphology for specific applications.  

20 Control of the carbon morphology can be achieved via chemical vapor deposition (CVD) 

methods. With a CVD method, a catalyst, which may be a metal, is exposed to gaseous 

hydrocarbons to produce high quality carbon materials on the catalyst surface. Supported metal 

catalysts can be employed in fluidized bed (FB-CVD) reactors, a suitable reactor concept for 

large-scale operation. Methane conversion in a FB-CVD reactor are usually lower than 40%, 

25 while higher conversion rates are achieved at the expense of the catalyst stability and life-time 

(Hazzim F.Abbas & W.M.A.Wan Daud, "Hydrogen Production by Methane Decomposition: A 

Review", Int. J. Hydrogen Energy 35(8), 2010, pages1160-1190). FB-CVD methods require 

catalyst separation from the carbon products and regeneration, and these methods are affected 

by unwanted carbon deposition on the reactor wall. Higher conversion levels in a FB-CVD 

30 could be achieved with catalysts with a short life time, but this would require more catalyst

carbon separations.  
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Methane pyrolysis in a liquid metal bubble column (M. Steinberg, "Fossil Fuel 

Decarbonization Technology for Mitigating Global Warming", Int. J. Hydrogen Energy 24 (8), 

1999, pages 771-777) has been reported achieving high methane conversion, but so far there 

are no examples of catalytic systems or processes to control the final carbon morphology during 

5 methane pyrolysis in a molten bath. Methane pyrolysis in a molten media offers superior heat 

management and temperature control. In addition, methane decomposition in a molten media 

prevents the deposition of solid carbon layers on the reactor wall, the primary cause of reactor 

plugging. It would be beneficial therefore to identify a molten media based catalyst that would 

promote the reaction of methane into hydrogen at high conversion while controlling the 

10 morphology of the carbon products.  

Summary of the Invention 

The invention provides a catalyst system, which is active in pyrolyzing methane at 

reaction temperatures above 700°C, comprising a molten salt selected from the group consisting 

15 of the halides of alkali metals; the halides of alkaline earth metals; the halides of zinc, copper, 

manganese, cadmium, tin and iron; and mixtures thereof, the molten salt having dispersed 

therein one or more catalytically active forms of iron, molybdenum, manganese, nickel, cobalt, 

zinc, titanium, and copper in the form of finely divided elemental metals, metal oxides, metal 

carbides or mixtures thereof.  

20 The invention further provides a process comprising passing methane through a reaction 

zone comprising the aforementioned catalyst system, under reaction conditions to produce a gas 

stream comprising hydrogen and a solid carbon product.  

Detailed Description of the Invention 

25 The high temperature methane pyrolysis catalyst systems according to the invention are 

heterogeneous systems comprising a molten salt which melts below 1000°C, but is stable under 

methane pyrolysis reaction conditions at temperatures above 700°C, preferably about 700° to 

about 1050°C, and which contains a uniform dispersion of a finely divided metal, metal oxide 

and/or metal carbide of certain metallic species which exhibit catalytic activity for methane 

30 pyrolysis and which can control the nucleation and growth of selected carbon structures.  
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The molten salt is present in the reaction zone at a temperature above its melting point.  

To function as an effective carrier in the heterogeneous catalyst system it is essential that the 

molten salt be thermally and chemically stable under pyrolytic reaction conditions. That is, the 

molten salt cannot be reduced by the reactant feed mixture under the conditions prevailing in 

5 the reaction zone. The salt is a superior heat transfer media, allowing for an accurate control of 

the temperature required the synthesis of defined carbon morphologies control. In addition, the 

selection of the salt could influence the carbon morphology.  

Suitable metal salts or salt mixtures may be alkali halides or alkaline earth halides. The 

molten salts preferably comprise lithium chloride, sodium chloride, potassium chloride, cesium 

10 chloride, magnesium chloride, calcium chloride, strontium chloride, barium chloride or mixtures 

thereof. Preferred molten salts have a high thermal conductivity and a high density compared 

to carbon.  

The molten salt has dispersed therein one or more catalytically active metals comprising 

iron, molybdenum, nickel, cobalt, zinc or copper in the form of finely dispersed particles as 

15 metals, metal oxides and/or carbides. The average size of the metal particles can vary from 1 

nm to 0.5 mm and the size is selected to improve the methane conversion and to control the final 

carbon morphology. The average particles size and particle size distribution is critical to control 

the shape of the carbon products. Metals like iron, cobalt, and nickel can be selected to promote 

the formation of tube-like structures, for example, carbon fibers and carbon nanotubes. For iron, 

20 cobalt, and nickel the preferred average particles size is between 1nm to 15nm. Copper promotes 

the formation of carbon morphologies with predominant planar carbon structures.  

The weight concentration of the active metal catalyst in the molten salts can vary from 

about 0.1 wt% to 20 wt%. The active catalysts may be prepared by simple physical comminution 

of the metal catalysts, in the form of relatively pure elemental metals, metal carbides or metal 

25 oxides, to the desired particle size; e.g., hammer mill grinding, and subsequent addition of the 

ground metal, metal carbides or metal oxide powder to the salt carrier before or after heating to, 

or above, its melting point. For those skilled in the art, metal catalysts can be prepared via 

different approaches such as co-precipitation or hydrothermal synthesis. Alternatively, the 

active metal catalysts can be prepared via the decomposition of a chemical compound or 

30 complex containing the metal and be introduced into the reactor as a gaseous species and/or a 
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solid. The decomposition of the chemical compounds into the desired catalyst can take place in 

the reactor at temperatures between 350 and 1000 °C. In one embodiment, the thermally and/or 

chemically decomposable metal compound is added to the salt after the salt has been melted and 

the molten salt mixture has been agitated to allow a uniform metal dispersion. In another 

5 embodiment, the gaseous metal precursor such as metallocene is continuously fed into the 

molten salt mixtures during the pyrolysis reaction, allowing for a continuous release of the active 

metals during the methane pyrolysis reaction.  

The invention provides a process to produce hydrogen and carbon materials of selected 

morphologies from methane by passing methane through a reaction zone at temperature from 

10 700 to 1200 ° comprising a molten salt with finely dispersed metal-containing catalysts 

particles. The gas stream that is fed to the reaction zone comprises methane, hydrogen and other 

hydrocarbons in an amount not larger than 10% in volume. In addition, the feed may comprise 

one or more inert gases, for example, nitrogen. The feed may be added at the bottom of the bed 

and the reaction may be carried out as the feed passes through the molten salt bed. In prior art 

15 processes, significant problems were seen due to the deposition of solid carbon layers on the 

reactor walls. The use of a molten salt bed where the solid carbon is formed in the bed prevents 

this carbon deposition on the walls. The reaction may be carried out in any suitable reactor 

vessel. The feed is injected into the reaction zone and bubbles up through the molten salt bed.  

The methane is decomposed inside of the bubbles as they rise in the reactor. When the bubbles 

20 reach the surface, the hydrogen, carbon and any unreacted methane is released. The hydrogen 

and unreacted methane are removed as a gas stream and the solid carbon product remains at the 

surface.  

In some embodiments, additional separation steps may be needed to separate the solid 

carbon product from the molten salt/metal bed. Another important feature of the reactor is that 

25 it needs to be resistant to corrosion caused by the high temperature salt or metal. In one 

embodiment, the reactor may be a packed column.  

The reaction is carried out at a temperature in the range of from 600 to 1300 °C, 

preferably from 700 to 1200 °C. For those skilled in the art, it is evident that the methane 

conversion is limited to thermodynamic constraints depending on the temperature, pressure and 

30 feed composition. The catalyst and process conditions are preferably selected to provide a 
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conversion of methane in the range of from 50 wt.% to the thermodynamic limitation, preferably 

of from 75 wt.% to the thermodynamic limitation. The methane conversion may be from 50 

wt.% to 100 wt.%, preferably from 75 wt.% to 100 wt.%.  

The reaction zone produces a solid carbon product and a gas stream comprising 

5 hydrogen. The gas stream may comprise at least 50 vol% hydrogen, preferably at least 75 vol% 

hydrogen and more preferably at least 90 vol% hydrogen. In this reaction zone, carbon dioxide 

is not formed, so there is no need to separate carbon dioxide from the hydrogen before it can be 

used in other reactions. In addition to hydrogen in the gas stream, any unreacted methane will 

not negatively impact most downstream processes, including ammonia synthesis. This provides 

10 an advantage over other hydrogen production processes, for example, steam methane reforming 

which does produce carbon dioxide. The solid carbon product has a lower density than the 

molten salt, so the solid carbon product stays at the top of the molten salt bed which makes 

separation easier. The solid carbon product can be used as a raw material to produce color 

pigments, fibers, foil, cables, activated carbon or tires. In addition, the solid carbon product 

15 may be mixed with other materials to modify the mechanical, thermal, and/or electric properties 

of those materials. The final carbon morphology of the solid carbon product is controlled by the 

selection of the salts, dispersed metal-containing particles, and reaction conditions.  

In addition to the hydrogen, the gas stream may additionally comprise unreacted 

methane. Due to the high conversion in this process step, the amount of unreacted methane is 

20 low, and if it is sufficiently low then a gas separation step to separate the methane from the 

hydrogen is not necessary. If a higher purity of hydrogen is required, pressure swing adsorption 

processes (PSA) can be used very efficiently because of the relatively low level of methane in 

the second gas stream.  
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CLAIMS 

1. A catalyst system, which is active in pyrolyzing methane at reaction temperatures above 

700°C, comprising a molten salt selected from the group consisting of the halides of alkali 

metals; the halides of alkaline earth metals; the halides of zinc, copper, manganese, cadmium, 

tin and iron; and mixtures thereof, the molten salt having dispersed therein one or more 

catalytically active forms of iron, molybdenum, manganese, nickel, cobalt, zinc, titanium, and 

copper in the form of finely divided elemental metals, metal oxides, metal carbides or mixtures 

thereof.  

2. The catalyst system of claim 1, wherein the molten salt melts below 1000 °C.  

3. The catalyst system of any of claims 1-2, wherein the molten salt melts between about 

600° and about 800°C.  

4. The catalyst system of any of claims 1-3, wherein the average size of the dispersed 

catalytically active metal-containing particles is less than or equal to about 0.5mm.  

5. The catalyst system of any of claims 1-4, wherein the concentration of catalytically 

active metal dispersed in the molten salt ranges from 0.1 to about 20% by weight of the total 

catalyst system.  

6. The process comprising passing methane through a reaction zone comprising the catalyst 

system of any of claims 1-5, under reaction conditions to produce a gas stream comprising 

hydrogen and a solid carbon product.  

7. The process of claims 6 wherein the reaction conditions comprise a temperature in the 

range of from 700 to 1300 °C.  
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