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Hydrogen as a fuel of future

Demand for hydrogen is increasing on ~10-15% per year:

Hydrogen is a clean and very effective burning fuel: 2H2 + O2 = 2H2O

hydrogen        120 GJ/ton  

gasoline 45 GJ/ton 

refining industries     (desulfurization, hydrotreating)

chemical processing (hydrogen peroxide, NH3, hydrogenation reaction)

electronics

food processing         (hydrogenation of fats and oils)  

metal manufacturing

Feedstocks for hydrogen production:

natural gas  

petroleum

coal

electrolysis



Natural gas (> 90% CH4) is the main source for production of hydrogen.

Methane
Steam reforming of methane    Н2 + СО

СH4 + H2O = 3H2 + CO       Т = 800-1000оС, P = 1.5-3 МPа 

CO + H2O = CO2 + H2        

Catalytic decomposition of methane Н2  + Сnanotube

СH4 = 2H2 + C                    Т = 500-700оС, P = 0.1 МPа 

C + H2O = CO + H2

Methane dehydroaromatization Н2 + С6H6

6СH4 = 9H2 + C6H6                      Т = 700-750оС, P = 0.1 МPа 

СH4 = 2H2 + C

C + H2O = CO + H2

Catalytic way of hydrogen production



6СН4 С6Н6  + 9Н2

Selectivity of benzene formation ~ 80%.

Methane dehydroaromatization (CH4 DHA)
over Mo/ZSM-5 catalysts – a new promising environmentally-friendly

way to obtain both hydrogen and valuable aromatics.

- H2

СН4  СHx  C2Hy  aromatic hydrocarbons 

+ H2

carbonaceous deposits + H2

MoOz => Mo2C (or MoOxCy)        H-ZSM-5  

CH4

9 mol H2/1mol С6H6



Preparation of Мо/ZSM-5 catalysts:

Method of incipient wetness impregnation of zeolite H-ZSM-5 by solution of 

ammonium heptamolybdate (NH4)6Mo7O24*4H2O (AHM) at controlled value of 

solution pH.

Catalytic dehydroaromatization of CH4

Reaction conditions:

90%CH4 + 10%Ar;

T = 720oC; 

GHSV = 810 h-1.

load = 1.0 cm3 (0.6 g); 

fraction = 0.25-0.5 mm.

Methods:

XRD, N2 adsorption, HRTEM, EDX, DTA,TG, ESR studies



Hydrogen production on Мо/ZSM-5 catalysts in 

CH4 DHA: dependence on Mo content

The Mo/ZSM-5 catalyst has high activity in CH4 DHA reaction.

The maximum value of hydrogen production is observed at 

2-5% Mo content.
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Composition of gaseous reaction products 
(2%Мо/ZSM-5 catalyst with Si/Al=17)

The hydrogen and benzene are main products.



Hydrogen production on Мо/ZSM-5 catalysts in CH4 DHA: 

dependence on Si/Al ratio

The maximum value of hydrogen production on 2%Mo/ZSM-5 

catalyst is observed at Si/Al = 17.
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Hydrogen production on 2%Мо/ZSM-5 catalysts in CH4 DHA: 

reaction/regeneration 
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Selected oxidative treatment conditions of coked Mo/ZSM-5 providing 

stable performance of the catalysts under multiple reaction-oxidative 

treatment cycles.



CH4 dehydroaromatization : economic aspect

Compound Cost Productivity 

of catalyst in 

CH4 DHA

Balance,

euro

Natural Gas 100 

euro/103m3

103 m3 -100

Benzene 1200 
euro/ton

0.4 tons +480

Hydrogen 270 

euro/103m3

1.4*103 m3 +380

Total      + ~750euro/103m3 converted gas



Advantages:

•The produced hydrogen is absolutely  free of CO and CO2.

•No need for PROX and SHIFT reactions 

•Benzene formation gives substantial additional value 

•Technology feasibility is obvious.

State-of-the-art:
- the optimal formula  of Mo/ZSM-5  catalyst;

- the activity and stability of Mo/ZSM-5 catalyst in DHA CH4 vs.

preparation and reaction condition;

- the nature of carbonaceous deposits;

- the regeneration and recycling condition.

CH4 dehydroaromatization over Mo/ZSM-5 catalysts

Tasks:

- To increase  hydrogen production capacity  by introduction of a second 

metal  into Mo/ZSM-5 catalyst;

- To optimize  regeneration conditions in pilot plant conditions

- To build and operate demonstration plant; scale up.



СН4  2Н2 + Сnanotube

Catalytic methane decomposition on Ni- and Fe-containing catalyst

as an alternative method for hydrogen production from natural gas.

2molH2/1molС

Reaction conditions:

• Temperature: 500 – 700 C;

• Catalyst: Ni, Co, Fe, alloys.

Products:

• Hydrogen;

• Mesoporous nanostructured carbon  

material (nanofibers and nanotubes).

“fishbone”
“platelet”

nanotubes



Preparation of catalysts:

Method of co-precipitation of aqueous solutions of appropriate metal nitrate 

(Ni(NO3)2, Cu(NO3)2, Fe(NO3)3 and Al(NO3)3) at controlled value of temperature.

Hydrogen production by catalytic CH4 decomposition

Reaction conditions:

100%CH4

T = 550-625oC; 

VCH4 =0.045-0.120 m3/gcat*h;

load =  0.1 g; 

fraction = 0.25-0.5 mm.

Methods of catalyst characterization and control:

XRD, N2 adsorption, HRTEM, EDX, DTA,TG, ESR, EXAFS



The Ni-Al catalysts in СН4 decomposition to hydrogen and CNF:

dependence on Ni content

90%Ni

75%Ni

57%Ni

T = 550oC, PCH4 = 100 kPa, space velocity 0.120 m3/gcat*h, sample weight 0.1 g

The Ni-Al2O3 catalyst has high activity in CH4 decomposition. The 

maximum value of catalytic activity is observed at 90%Ni content.



90%Ni

75%Ni

57%Ni

T = 625oC, PCH4 = 100 kPa, space velocity 0.120 m3/gcat*h, sample weight 0.1 g

The Ni-Cu-Al2O3 catalysts have high stability in CH4 conversion. The 

best performance is observed at 82Ni-8Cu-10Al2O3 composition.

The Ni-Al catalyst in СН4 decomposition to hydrogen and CNF:

dependence on catalyst composition



Hydrogen production in catalytic СН4 decomposition

(T = 625oC)

Catalyst СН4, 

%

, h G, 

gС/gcat

Н2, 

m3H2/gcat.

Hydrogen 

productivity, 

103m3H2/kgcat.*h

90Ni-Al2O3 31 2 22.4 0.112 0.0056

82Ni-8Cu-Al2O3 22 61.5 515 2.435 0.040

75Ni-15Cu-Al2O3 18 54 430 1.746 0.032

62Fe-8Ni-Al2O3 22 64 145 0.591 0.009



Catalytic CH4 decomposition: economic aspect

Compound Cost Productivity of 

catalyst in 

CH4 

decomposition

Balance,

euro

Natural Gas 100 

euro/103m3

103 m3 -100

Carbon

nanotubes

35*106

euro/ton

0.5 tons
0,0

+17.5*106

Hydrogen 270 

euro/103m3

2*103 m3 +540

Total                                                           + 440

+ ~17.5*106 euro/103m3   converted gas



Thermodynamic data for reaction СН4  2Н2 + С

Т, K ∆rH
o

Т,

kJ/mol

∆rG
o

Т,

kJ/mol

Kequilibrium СН4 conversion to

H2 and C, vol.%

900 70.6 -8.6 3.2 66.3

Equilibrium composition of 

gaseous mixture at  900 K:

H2                  79.7 vol.%

CH4              20.3 vol.%



Advantages:

-The produced hydrogen is absolutely  free of CO and CO2.

- No need for PROX and SHIFT reactions 

- The CNF, MWCNT and SWCNT production  gives substantial 

additional value 

- Technology feasibility is obvious

State-of-the-art:
- the optimal formula  of Ni-Al, Ni-Cu-Al,  Fe-Ni-Al catalysts

- the activity of catalyst and kinetics of methane decomposition vs.

preparation and reaction conditions;

- the structure of carbonaceous materials CNF and MWCNT.

Catalytic CH4 decomposition to hydrogen and CNF

Tasks:
- To optimise  regeneration condition

- To find natural materials as catalysts for industrial scaling up



Conclusions:

1. The methane dehydroaromatization and catalytic 

decomposition of methane are promising ways to 

produce hydrogen from natural gas. 

2. The produced hydrogen is absolutely  free of CO and 

CO2.

3. No need for PROX and SHIFT reactions.

4. Benzene and  CNF     formation gives substantial 

additional value 

5. There are several tasks for  International projects. 



Thank you 

for your attention



Publications:
DHA CH4

1. E.V. Matus, L.T. Tsykoza, Z.R. Ismagilov and V.V. Kuznetsov. Mo/ZSM-5 Catalysts

for Methane Aromatization. Study of the Mo Precursor Species in Impregnation

Solusion of Ammonium Heptamolybdate. // Chemistry for Sustainable

Development, V. 1. (2003) P.167-171.

2. N.T. Vasenin, V.F. Anufrienko, I.Z. Ismagilov, T.V. Larina, E. A. Paukshtis, E.V. Matus,

L.T. Tsikoza, M.A. Kerzhentsev, Z.R. Ismagilov. Effect of Thermal Treatment on

States of Molybdenum in Mo/H-ZSM-5 Catalyst for Methane

Dehydroaromatization: ESR and UV-VIS Study. // Тopics in Catalysis, V. 32 № 1-

2 (2005) P. 61-70.

3. Z.R. Ismagilov, L.T. Tsikoza, E.V. Matus, G.S. Litvak, I.Z. Ismagilov, O.B. Sukhova.

Carbonization and Regeneration of Mo/ZSM-5 Catalysts for Methane

Dehydroaromatization. // Eurasian Chemico-Technological Journal, V. 7 № 2

(2005) 115-121.

4. V.I. Zaikovskii, A.V. Vosmericov, V.F. Anufrienko, L.L. Korobitsina, E.G. Kodenev, G.V.

Echevskii, N.T. Vasenin, S.P. Zhuravkov, E.V. Matus, Z.R. Ismagilov, V.N. Parmon.

Properties and Deactivation of the Active Site of an MoZSM-5 Catalyst for

Methane Dehydroaromatization: Electron Microscopic and ESR Studies. //

Kinetics and Catalysis V.47 №3 (2006) 389-394.

5. E.V. Matus, I.Z. Ismagilov, O.B. Sukhova, V.I. Zaikovskii, L.T. Tsikoza, Z.R. Ismagilov,

J.A. Moulijn. Study of Methane Dehydroaromatization on Impregnated Mo/ZSM-5

Catalysts and Characterization of Nanostructured Mo Phases and Carbonaceous

Deposits. // Industrial & Engineering Chemistry Research, V.46 №12 (2007)

P.4063-4074.



Publications:
Catalytic CH4 decomposition

1. A.E. Shalagina, Z.R. Ismagilov, O.Yu. Podyacheva, R.I. Kvon, V.A. Ushakov,

Synthesis of nitrogen-containing carbon nanofibers by catalytic decomposition of

ethylene/ammonia mixture. // Carbon V. 45 №9)(2007) P.1808-1820.

2. Z. R. Ismagilov, A. E. Shalagina, O. Yu. Pod’’yacheva, Ch. N. Barnakov, A. P.

Kozlov, R. I. Kvon, I. Z. Ismagilov, and M. A. Kerzhentsev, Synthesis of Nitrogen-

Containing Carbon Materials for Solid Polymer Fuel Cell Cathodes, Kinetics and

Catalysis, V. 48 №4 (2007) P.581-588.

3. Z.R. Ismagilov, A.E. Shalagina, O.Yu. Podyacheva, V.A. Ushakov, V.V. Kriventsov,

D.I. Kochubey, A.N. Startsev, Synthesis of carbon nanofibers containing Ni-Mo and

Co-Mo nanoparticles and their catalytic activity in the hydrodesulfurization of

thiophene, International Scientific Journal for Alternative Energy and Ecology

ISJAEE V. 3 №47 (2007) P.110-118.

4. Z.R. Ismagilov, M.A. Kerzhentsev, N.V. Shikina, A.S. Lisitsyn, L.B. Okhlopkova, Ch.N.

Barnakov, Masao Sakashita, Takashi Iijima and Kenichiro Tadokoro Development

of active catalysts for low Pt loading cathodes of PEMFC by surface tailoring of

nanocarbon materials. // Catalysis Today V.102-103 (2005) P. 58-66.

5. Z.R Ismagilov, N.V. Shikina, V.N. Kruchinin, N.A. Rudina, V.A. Ushakov, N.T. Vasenin,

H.J. Veringa, Development of methods of growing carbon nanofibers on silica

glass fiber supports. // Catalysis Today, V.102-103 (2005) P. 85-93.

6. T.V. Reshetenko, L.B. Avdeeva, Z.R. Ismagilov, A.L. Chuvilin and V.B. Fenelonov,

Catalytic filamentous carbons-supported Ni for low-temperature methane

decomposition. // Catalysis Today, V.102-103 (2005) P.115-120.



Publications:
7. T. V. Reshetenko, L. B. Avdeeva, V. A. Ushakov, E. M. Moroz, A. N. Shmakov, V. V.

Kriventsov, D. I. Kochubey, Yu. T. Pavlyukhin, A. L. Chuvilin and Z. R. Ismagilov,

Coprecipitated iron-containing catalysts (Fe-Al2O3, Fe-Co-Al2O3, Fe-Ni-Al2O3) for

methane decomposition at moderate temperatures: Part II. Evolution of the

catalysts in reaction. // Applied Catalysis A: General V.270 № 1-2 (2004) P. 87-

99.

8. T. V. Reshetenko, L. B. Avdeeva, A. A. Khassin, G. N. Kustova, V. A. Ushakov, E. M.

Moroz, A. N. Shmakov, V. V. Kriventsov, D. I. Kochubey, Yu. T. Pavlyukhin, A. L.

Chuvilin and Z. R. Ismagilov Coprecipitated iron-containing catalysts (Fe-Al2O3,

Fe-Co-Al2O3, Fe-Ni-Al2O3) for methane decomposition at moderate temperatures:

PartI. Genesis of calcined and reduced catalysts // Applied Catalysis A: General

V.268 № 1-2 (2004) P. 127-138.

9. T. V. Reshetenko, L. B. Avdeeva, Z. R. Ismagilov and A. L. Chuvilin, Catalytic

filamentous carbon as supports for nickel catalysts. //

Carbon V. 42 №1 (2004) P. 143-148.

10. L. B. Avdeeva, T. V. Reshetenko, V. B. Fenelonov, A. L. Chuvilin and Z. R.

Ismagilov, Gasification behavior of catalytic filamentous carbon // Carbon V. 42

№12-13 (2004) P. 2501-2507.

11. T.V. Reshetenko, L.B. Avdeeva, Z.R. Ismagilov, A.L. Chuvilin and V.A. Ushakov,

Carbon capacious Ni-Cu-Al2O3 catalysts for high-temperature methane

decomposition // Applied Catalysis A: General V. 247 № 1 (2003) P. 51-63.



Publications:
12. T. V. Reshetenko, L. B. Avdeeva, Z. R. Ismagilov, V. V. Pushkarev, S. V.

Cherepanova, A. L. Chuvilin and V. A. Likholobov, Catalytic filamentous carbon:

Structural and textural properties // Carbon V. 41 №8 (2003) P. 1605-1615.

13. L.B. Avdeeva, T.V. Reshetenko, Z. R. Ismagilov and V. A. Likholobov, Iron-

containing catalysts of methane decomposition: accumulation of filamentous

carbon // Applied Catalysis A: General V. 228 №1-2 (2002) P. 53-63.

14. T.V. Reshetenko, L.B. Avdeeva, Z.R. Ismagilov, A.L. Chuvilin, V.A. Likholobov

Microdesign of nickel-copper alloy catalysts for production of new carbon materials

// Eurasian ChemTech Journal V.2 (2000) P.237-244


