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Abstract 

Hydrogen production from plasma pyrolysis of vacuum residue followed by decomposition/ cracking  of lighter 
hydrocarbon is one of the economically feasible approach , to fulfill the need of energy supply, to maximize the 
utilization of heavier residue, to minimize the emission of green house gases such as CO, CO2 , and to utilize the 
deposited carbon filaments In graphite electrode production. This is important as hydrogen produces from non 
conventional energy sources involves higher capital investment, while hydrogen  production form conventional 
gasification or steam reforming of hydrocarbon is impure and cost of separation is high. Presence of Carbon 
monoxide as an impurity in hydrogen makes it unsuitable for fuel cell because it is poisonous to proton exchange 
membrane fuel cell. Various transition element particularly Nickel catalyst supported on Alumina or Silica bed can 
be economically used for hydrogen production. Decomposition of methane and ethane over Ni catalyst supported on 
Alumina and silica shows first order reaction rate. Reduction in catalytic efficiency over a period of time is due to 
deposition of coke on active site of catalyst, which is regenerated by partial oxidation of coke or by steam 
regeneration at elevated temperature. 
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1. Introduction 

Hydrogen is one of the potential sources of energy supply.[1] As a fuel it can be used in nearby future for 
the following reason. (1) Energy crises:- We mostly rely on petroleum crude, coke or coal to fulfill our energy 
requirement. In Countries like India, low use of energy is unevenly distributed and millions of households do not 
have access to modern energy. As per the National Sample Survey of 2004-05 [2], 84% of the 160 million rural 
households, 84% cook with biomass based solid fuels such as firewood, agricultural waste and animal dung. Even in 
Urban areas 23% of the 72 million households use firewood for cooking. Some 70 million households did not have 
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electricity in 2004-05 in the country. This shows big energy crises, so it is necessary to consider other energy 
sources for fulfilling huge energy demand. 

Energy generated per Kg of various fuels are as under.[2] Hydrogen =141.8 MJ/kg, methane =55.5 MJ/kg, 
Ethane =51.9 KJ/kg, gasoline 47.3 MJ/kg, Anthracite coal 32.5 MJ/Kg, Peat =6 MJ/Kg, biogas= 28 MJ/Kg[3] . It is 
very clear that hydrogen is having highest energy supply potential than any hydrocarbon fuel and it can fulfill the 
constantly rising demand of energy. Countries like India depend on petroleum crude for fulfilling their energy 
source and it is imported from countries like Iraq, Saudi Arabia. Rise in petroleum price greatly affect the GDP of 
India. India is currently importing about 2426 thousand barrels per day[4]. Hence, we have to pay a huge amount in 
foreign exchange to oil exporting countries (mostly the Middle East countries).The increase by merely 1US $ of 
price in the international market leads to an additional burden on India worth Rupees 3000 crores. This is a very big 
burden on India’s economy. Hydrogen as an energy source will help to reduce this burden.  

Not only this, due rapid rises of population in India it is necessary to increase energy requirement and run 
existing energy producing mechanism more efficiently considering this fact into mind it is necessary to find 
alternative for energy fulfillment. (2) Considering the demand and supply of petroleum fraction it was observed that 
supply of heavy residue is higher than its demand and reverse in the lighter fraction. It is important to maximize the 
uses of the heavier petroleum fraction to optimize energy demand. This drives technology to convert heavier fraction 
in to lighter and more energy efficient fuel like hydrogen and other light hydrocarbon.  (3)Green House gas 
emission:-  Another burning issue we are facing is climate change owing to rapid industrialization and greenhouse 
gases such as carbon monoxide, carbon dioxide and methane emission. Global emissions of carbon dioxide (CO2) 
increased by 3% in 2011, reaching an all-time high of 34 billion tons in 2011. With a decrease in 2008 and a 5% 
surge in 2010, the past decade saw an average annual increase of 2.7%. The top 5 emitters are China (29%), the 
United States (16%), the European Union (EU27) (11%), India (6%) and the Russian Federation (5%), followed by 
Japan (4%).[5] Other greenhouse gas like methane, HFC, SF6 (thousand metric ton CO2equivalent in India during 
2008-2012 is 23538 Mt in India[6]. Keeping this in mind it is necessary to convert heavier fraction such as vacuum 
residue, atmospheric residue of petroleum crude fractionation unit in to lighter gas such as hydrogen.   

Vacuum crude  can be pyrolyzed in presence of plasma at temperature around 1200°C into lighter hydrocarbon 
in first step followed by catalytic cracking or decomposition of methane and ethane into hydrogen and solid carbon 
on metal surface is economically viable alternative for maximizing the clean fuel like hydrogen production which is 
free from Cox.  (4) Energy requirement:- Energy requirement in conventional pyrolysis is higher than plasma 
pyrolysis, it is evidence that 30 % of energy can be saved in plasma pyrolysis of vacuum residue[7]. However 
complete conversion of vacuum resides into hydrogen requires higher energy in KWh for given feed flow rate. To 
utilize the energy content of pyrolyzed gases into production of hydrogen there need to use catalyst which can 
actively work over temperature range from 400 to 1000 °C. This approach reduce carbon foot print for hydrogen 
generation as well as energy requirement is also lower.(5)The production of hydrogen from water-decomposition by 
sun light or other renewable energy sources such as wind power, tidal power, geothermal, atomic and others, is not 
competitive with the current fossil fuel-based processes due to the present day high renewable energy costs. For 
solar electrolysis it is 12000 Rs/MJ energy produced, Wind electrolysis it is 4000 Rs/MJ.[8] We believe that a 
realistic way to produce hydrogen is to utilize light alkane, obtained from plasma pyrolysis of vacuum residue as a 
source of hydrogen. 

 

 

 

 



Nayak M.G, IJRIT  139 

 

2. Catalyst  

Various transition metal like Nickel, Cobalt, Ferrous, Platinum shows higher tendency to decompose 
Methane, Ethane and other light hydrocarbon into carbon free hydrogen.[9,10] Considering the cost and efficiency of 
decomposition Nickel catalyst is one of the ideal  solid active metal which may be deposited on acidic metal base 
like Al2O3, SiO2, MgO etc[11,12],. It is known that presence of acidic group in nickel catalyst increase cracking of 
higher chain hydrocarbon in to lower hydrocarbon which make it easy to decompose into hydrogen over active Ni 
site. Higher temperature increase decomposition above 500 °C temperature over nickel catalyst. During 
decomposition the carbon  deposited on the Active Ni surface, and the deposition is measured by  weighting  sample 
before and after cracking. It is measured in terms of gram of carbon deposited per gram of nickel catalyst. As the 
filamentous carbon is generated over Nickel catalyst which is major source of super conducting graphite electrode 
and thus it is aided advantage of the process. In our research work we want to maximize the hydrogen production by 
decomposition of light hydrocarbon over Ni catalyst having size of 10 mm. 

 

3. Prior work done. 

3.1 Rita Aiello et al[13] had   performed Hydrogen production via the direct cracking of methane over Ni/SiO2:  
Catalyst deactivation and regeneration. He observed that Methane and hydrogen main two component detected and 
the rate-determining step of this process is believed to be the diffusion of carbon through the metal particle. He 
pointed out following fact. Ability of the catalyst to accumulate significant amounts of filamentous carbon prior to 
its deactivation allows for substantial catalyst residence times in the reaction zone and can be used in continuous 
plant as a potential source for CO free hydrogen and filamentous carbon generation. 

3.2 D. Yu. Ermakov et al.[14] Studied pure methane decomposition at 120 l/g Ni h using a laboratory flow quartz 
reactor volume 20 cm3 with a vibro fluidized nickel catalyst having 0.01 gm. weight at 550◦C and 550 K 
temperature. It is concluded that Direct catalytic cracking may be an alternative to the oxidative conversion of 
natural gas, producing Hydrogen and catalytic filamentous carbon (CFC).  Hydrogen produced in such a way is free 
of carbon monoxide, which is used in electro catalytic cells for compact electric power station. 
CFC can be in various technologies like as an adsorbent, catalyst, interlaced Nano filaments and in Nano tubes. In 
large amount CFC is used in metallurgy for de oxidation and carbonization of metal instead of carbon black 
economically. He predicted that In catalytic cracking, efficiency means in long operation under accumulation of 
carbon in a large amount at the appropriate methane conversion. A low methane conversion for long life of the 
catalysts can be resolved by separation of the methane–hydrogen mixture produced, followed by recycling of 
methane. 

Iron-based catalysts are inexpensive, and hence, very attractive, but reveal an extremely low activity; an 
appropriately high yield of carbon has not as yet been obtained on them. Cobalt catalysts can hardly be used for 
methane decomposition due to their lower activity, against nickel, and a lower capacity for carbon as well as 
because of their high price and high toxicity. 
 
3.4 B. Monnerat et al.[15] studied Hydrogen production by catalytic cracking of methane over Nickel gauze under 
periodic reactor operation with optimum time of 4 min reaction followed by 4 min regeneration concluded that  The 
direct catalytic cracking of hydrocarbon into hydrogen and carbon followed by catalyst regeneration in oxidative 
atmosphere is an attractive alternative as conventional steam reforming or partial oxidation or Auto thermal 
reforming produces impure gases containing CO, CO2 in hydrogen which is difficult to separate and add more cost 
to get  pure hydrogen. 
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The Thermodynamics of decomposition over Ni catalyst is as under 
 

CH4  � C + 2H2    ∆H◦
298 = 75 KJ/mol. (decomposition)  

    C + ½ O2  � CO     ∆H◦
298 = -111 KJ/mol. (Regeneration) 

    C + O2� CO2               ∆H◦
298=-283  KJ/mol. (Regeneration) 

 
Heat integration can be done by operating two fixed bed hydrogen production where one employed 

cracking and other employed regeneration and alternatively changed to reduce energy requirement. Catalyst 
arranged in stack reduce pressure drop and can be used for longer run. Preheating of catalyst at temperature up to 
600°C at the rate of  5°C/min followed by purging with hydrogen improve the catalytic activity of  nickel catalyst.   
The amounts of deposited and burned carbon were calculated from the conversion of methane and the mass balance 
in carbon oxides formed with the gaseous oxygen. 
 
3.4 Sharif Hussein Sharif Zein et al[16] performed Kinetic Studies on Catalytic Decomposition of Methane to 
Hydrogen and Carbon over Ni/TiO2 Catalyst, and concluded that Rate law of decomposition reaction is first order.  
Following equation is used to find conversion of methane 
 

k* ґ = ( 1 + ε ) ln(1/1-Xout) –εA*Xout 
 

From the values of the specific reaction rate constant, k'. Calculated from the slopes at different reaction 
temperatures .The activation energy obtained in the present study is 60 kJ/mol follows the Arrhenius equation. 
Reported activation energies for methane decomposition without Catalyst range from 356 KJ/mol to 402 KJ/mol and 
those with catalyst range from 90 to 236 KJ/mol. 

 
3.5 Sharif Hussein Sharif Zein[17] has also found Mechanism and Rate Limiting Step for the Catalytic 
Decomposition of Methane to Hydrogen and Carbon Nano tube. It is concluded that the decomposition of methane 
to hydrogen and carbon over Ni/Mn based catalyst is first order with activation energy of 60 kJ/mol having 
adsorption of methane on the surface is the rate-controlling step. 
The mechanism of methane decomposition is represented by following mechanism. 
 

CH4 + S 
���
���

���

��	  CH4.S + S 

��
���


��

��	 CH3.S + H.S + S 
���
���

���

��	 CH2.S + 2H.S  + S 

��
���

��

��	 CH.S + 3H.S +S 
���
���

���

��	 C.S + 4H.S 

C.S  
���
���

���

��	 Cni+ S 

2HS  
���
���

���

��	 H2 + 2S 

 
3.6 Tais E. Machado et al.[18] had experimented the catalytic decomposition of methane/nitrogen having inlet 
concentration from 0.5 to 1.25 gmol.m-3 ,and at temperature varying from 500°C to 600°C for 2 hr over  Cu-Ni-Al 
catalyst surface, and concluded that reaction rate followed  expression  
  

rc’ = k* Can. 
 

Where k is specific reaction rate (m3gcat - 1min-1) =0.00181 and n is the reaction order= 0.94. 
Activation energy and pre exponential factor was found to be 50.6 KJ/mol and 2.0 m3gcat -1min- 1respectively. 

It follows equation  
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k = k0 * e –Ea/RT. 

Ratio of reaction rate to initial reaction rate was optimum, when catalyst was regenerated at 560°C for 30 min. 

After the third regeneration, the rate suffers an abrupt fall and its maximum value is half of the initial value. 
 
3.7 Kiyoshi Otsuka[19] et al had carried out  decomposition of different hydrocarbons (CH4, C2H6, C2H4, C2H2, C3H8, 
and C3H6) over 0.04 gram (0.06 gm. for acetylene) 5 wt.% Ni /SiO2 catalyst and concluded the following fact. 
Methane decomposed ( 2.7 kpa) linearly over 0.04 gm. 10 % Ni/SiO2 follows liner decomposition over catalyst 
surface. 

For CH4  �  C + 2H2. 

First C–H bond cleavage in CH4 was the rate-determining step and the subsequent decomposition of CH3 into C and 
3H must be very fast on the catalyst. 

Ethane decompose by following formula 

C2H6 � 2C(s) + 3H2(g) � C(s) + 2H2(g) + CH4(g) 

Maximum hydrogen was generated at 120 min and after 60 min of operation there would be formation of methane. 

Propane decomposed by following formula 

C3H8 � 3C + 4H2� 2C + CH4 + 2H2 Maximum hydrogen was generated at 150 min and after 60 min of operation 
there would be formation of methane. 

C2H2 decomposed  into carbon and hydrogen as under. C2H2 � 2C + H2 catalytic life of the Ni/SiO2 catalyst is also 
dependent on the types of hydrocarbons. 
 
The life was longer according to the order, alkanes > alkenes>> acetylene. 

From SEM of the deposited carbons, the appearances of the deposited carbons were different among 
alkanes, alkenes, and acetylene, Zigzag fiber structure from methane, rolled fiber structure from alkenes  and 
acetylene. 

From Raman spectra of the deposited carbons, it was found that the degree of graphitization of deposited 

carbon was higher in the order, alkanes > alkenes > acetylene.  

 

4. Thermodynamics consideration for hydrocarbon decomposition 
 
Feasibility and extent of decomposition reaction can be found by thermodynamics of hydrocarbon 

decomposition. Enthalpy change for decomposition of hydrocarbon to carbon and hydrogen is positive and increase 
with increase in molecular weight of hydrocarbon. However Energy require to break H-C bond in the methane is 
higher than any other hydrocarbon. Gibbs free energy change for decomposition reaction must be negative for given 
temperature and pressure. It is observed that at temp 550° c and pressure 1 atmospheric, methane Gibbs free energy 
change is negative[20]. This indicates that temperature must be higher than 550° C. For other hydrocarbon 
decomposition takes place at lower temperature. Fig 1 shows the Gibbs free energy (KJ/mol) Vs. Temperature (K) 
for various hydrocarbon[21]. Since gas mixture contain higher amount of lower hydrocarbon at the catalytic cracker 
inlet. Bed temperature is kept above 773 K in order to achieve desired conversion of hydrocarbon. Figure 1 also 
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indicates that it is easy to crack higher molecular weight hydrocarbon than methane. Slope of  graph is indication of 
their ease to cracking at given temperature and pressure. 

 

Figure 1:- Gibbs free energy change Vs. Temperature for decomposition of hydrocarbon. 

 

5. Experimental procedure:- 

5.1 Vacuum residue with controlled quantity is supplied into the primary chamber. In primary chamber plasma is 

used as a heating medium to break the higher molecular weight vacuum residue into smaller hydrocarbon. 

Temperature of plasma arc surface is about 20,000 K. The average temperature of primary chamber is measured by 

thermocouple located at three different places. In absence of air, plasma is generated and which is capable of 

dissociating higher hydrocarbon into lower chain hydrocarbon gases like methane, ethane, butane etc., 

5.2 Vacuum residue is analyzed and contain 83 % carbon and 16 % hydrogen and remaining other impurities by 

weight.  It is on plasma pyrolysis gives mixture of hydrocarbon, carbon monoxide and lighter hydrocarbon like 

methane, ethane etc., which is measured by Gas chromatography analyzer.(Simadzu’s  GC 2010 plus.)  

 

-500

-400

-300

-200

-100

0

100

0 1000 2000

methane decomposition dG

ethane decompositon dG

n-butane decompositon dG

n-pentne decompositon dG



Nayak M.G, IJRIT  143 

 

Sr. No. Component Volume % 

1 Methane 14.08 

2 Ethane 4.03 

3 Propane 0.089 

4 n-butane 0.0061 

5 i-butane 0.015 

6 Ethylene 0.9 

7 Hydrocarbon 5 

8 Nitrogen 38.1 

9 Hydrogen 32.89 

10 CO 4.89 

Table 1:- Typical plasma pyrolyzed gas composition at catalytic cracker inlet. 

 
However the composition may vary depending upon temperature and plasma condition. Reactor design 

include fixed bed of Ni catalyst containing 75 % Ni loading is used to identify the composition of gas at inlet and 
outlet of the reactor. Detail reactor design is published else were.[22] Reactor is fabricated in workshop of FCIPT 
division, Institute for plasma research. Its three dimensional view is as shown below in the figure 2, and 3. 

 

 

                                                  Figure 2:- Internal catalytic holding plate. 
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Figure 3:- Reactor with flange, three Temperature measuring port, inlet and outlet 

5.3 Reactor is placed in between primary and secondary chamber along with fixed weight of nickel catalyst in the 
plate. It is heated up to 550 °C with the help of reduced gas to increase its activity.  
 
5.4 Temperature at the reactor inlet, outlet 

 and catalyst bed is measured by using thermocouple inserted into the port as shown in figure 3. 

5.5 Pressure of the reactor inlet, outlet and primary chamber is measure by acrylic u tube manometer employing 
water.  

5.6 Reactor is maintained at isothermal condition by employing heating source around reactor owing to endothermic 
decomposition reaction. 

5.7 For fixed weight of catalyst in each run, we have three process variables. These are Temperature, Pressure and 
volumetric flow rate. 

 

In each run by maintaining constant feed rate, varying temperature followed by analysis of gas at reactor 

inlet and outlet gives conversion dependency on temperature.  

Similarly by varying space time (volumetric flow rate of gas for given weight of catalyst) at constant temperature 

and pressure followed by measurement of gas composition at reactor inlet and outlet gives time dependency on 

conversion. 
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5.8 Ni catalyst is used to decompose conversion for hydrocarbon in to hydrogen is supplied analyzed for X-ray 
analysis and SEM analysis before and after the specified time of conversion to determine the surface coke 
decomposition type and to measure loading of Ni on surface of catalyst.  

Fresh Ni catalyst is supplied by AVS engineering ltd, Baroda is analyzed by X-ray and found to contain composition 
shown in the figure 4.  

 

 

Figure 4:-X ray analysis of Ni catalyst 
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Figure 5:- SEM analysis of Fresh Ni catalyst at 1000X magnification. 

 

Figure 6:-SEM analysis of Fresh Ni catalyst at 25000X magnification. 
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Same will be done after decomposition for a specified time interval.  

5.9 Regeneration of catalyst is done by partial oxidation of Ni catalyst. 

5.10 Experiment is repeated for different weight of catalyst in ten holding plates reactor, and by varying distance 
between successive plate for different process variable to maximize the conversion of Heavier hydrocarbon in to 
hydrogen. 

 

6. Conclusion 

Hydrogen is a fuel for greener and cleaner tomorrow can be obtained from lower quality heavier hydrocarbon by 
employing plasma as a heat source to generate lighter weight hydrocarbon followed by catalytic decomposition in 
presence of Ni catalyst. It is alternative process for maximizing hydrogen content and has a capability to replace 
conventional steam reforming and partial oxidation process. It helps to reduce the carbon emission. Since hydrogen 
generation is maximized, it’s also reduces purification cost. Entire decomposition reaction is operated above 550° C 
and nearly atmospheric pressure to provide feasibility of decomposition of methane in to hydrogen. 
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