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3. DEVELOPMENT OF THE PROCESS TO SYNTHESIZE CNT 
FROM BIOGAS  

 

This chapter describes the experimental methods that are used in the catalyst 

preparation and reactor design for the research work and the trial run of CNT 

formation experiment. 

3.1. Catalyst Preparation 
 

The Nickel as catalyst material and SiO2 as support material was selected for this 

reaction.  Availability of material to prepare Ni/SiO2 in the Sri Lankan market is 

higher than other support material such as Al2O3, TiO2, and ZrO2. Also, Ni/ SiO2 

catalyst can be prepared by using Sol – Gel method and for this method high 

technology equipment is not necessary as in the case of impregnation method.  

 

A nickel precursor was prepared by hydrolysis of the ammonia complex produced by 

dissolving nickel nitrate in aqueous ammonia solution (Ermakova, 2002). The 

precipitate was filtered out and washed with water in order to remove ammonium 

nitrate. The specific surface area of the prepared hydroxide Ni(OH)2 was 460 m2/g 

after drying in air at 110 0C. Non-stoichiometric nickel oxide is prepared by calcining 

nickel hydroxide in flowing air at 250 0C. There by, the specific surface area of the 

oxide could be further reduced. Next, the texture of this nickel oxide was varied by 

calcination at 350, 450 and 700 ◦C, thus the moisture capacity of nickel oxides was 

from 6 to 0.8 ml/g.  

 

To prepare 90% Ni–10% SiO2 systems, the samples of nickel oxide was modified 

with silica by mixing them with alcosol containing silica in certain amount 10%. The 

Alcosol was prepared by mixing 50 ml of Tetra Ethyl Ortho Silicate (TEOS), 40 ml 

of ethanol, 2ml of water and 0.5 ml of 40% HCl. The content of silica in the alcosol 

is 0.147 g per 1ml, and could be varied by dilution with ethanol.  

 

The mixture of NiO and alcosol was dried in flowing air at room temperature. Then 

the temperature was elevated to 150 ◦C and the sample was allowed to stand at this 

temperature for an hour.  
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The following Figures 8, 9, 10, 11, 12 and 13 show the prepared catalyst stages at 

various temperatures of the process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9  Sample after Drying at 110 0 C Figure 8  Sample after Dry Calcining at 
2500C 

Figure 10  Sample after Dry Calcining 
at 3500C 

Figure 11  Sample after Dry Calcining 
at 4500C 

Figure 12 Sample after Dry Calcining 
at 7000C Figure 13  when Final sample 

elevated to 1500C from room 
temperature 
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3.2. Reactor Design 
 

3.2.1. Material selection 
 

The reactor was designed and fabricated in the work shop using available reactor 

fabricating material in Sri Lankan market. Stainless steel was used as the main 

material to fabricate cylinder vessel, inlet and outlet tubes and inside holder. Mild 

steel was used to make support legs.  

 

According the size requirement stainless steel tube was selected for the cylinder part 

of the reactor and the fitting top cap cut with the lathe machine and was welded 

permanently using an arc discharge. A slightly thicker bottom cap was prepared with 

the fitting thread and fitted to the bottom of the cylinder. A Catalyst holder was made 

from stainless steel rod and placed inside the cylinder. The design parameters are as 

follows: 

Internal pressure – 1.55 Kg/cm2 ( 1.5 atm) 

Design pressure – 2.07 Kg/ cm2 (2 atm) 

Material – stainless steel (ASTM / ASME SA 312 GR. TP 316L) 

Outside diameter – 0.051 m 

Allowable stress – 8.8 ksi  

To find the allowable stress of the cylinder 
(http://www.stealth316.com/misc/stainless_steel/stainless-steel_pressure-ratings.pdf)  

SE
PDt
2

=  

t-   Pressure design thickness 

P-  Internal Design Pressure (22.04 pounds per square inch = 0.022 in ksi and 
1ksi = 1,000 psi / psi = Pounds Pressure per Square Inch) 

D-  Outside Diameter (0.051 m = 2.008 inch) 

S-  Stress Value for material (ASTM A312 TP 316L operating at 550 0C for 
which S = 8.8 ksi –  Appendix I)   

E- Quality Factor (according to manufacturing specification for ASTM A312 TP 
316L Seamless for which E = 1.0) 

http://www.stealth316.com/misc/stainless_steel/stainless-steel_pressure-ratings.pdf
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Based on above equation 
18.8
008.222.0

X
Xt =  = 0.05 inch (1.2 mm) 

Nominal Bore Schedule 10S1 has an outside diameter and need not put these values 

in inches. If the wall thickness calculation leads to a heavier wall than what is 

available in the market then the pipe diameter must be increased (See Appendix 3). 

Depending upon the design of the system this may also reduce the pressure. 

The minimum required wall thickness tm or straight sections of pipe were determined 

in accordance with the following equation:  

(http://www.stealth316.com/misc/stainless_steel/stainless-steel_pressure-ratings.pdf) 

tm = t + c 

Where, 

tm = Minimum required thickness. including mechanical, corrosion and erosion 

allowances. 

c= The sum of the mechanical allowances (thread or groove depth) plus corrosion 

and erosion allowances. For threaded components, the nominal thread depth 

(dimension h of ASME B1.20.1 or equivalent ) shall apply. For machine surfaces or 

grooves where the tolerence shall be assumed to be 0.5 mm in addition to the 

specified depth of the cut.  

The actual minimum thickness for the pipe selected considering manufacturer’s 

tolerence,.  

   tm = t + c = 1.2 + 20%*1.2 = 1.5 mm 

 

3.2.2. Support design 
 

This model was fabricated and set up only for experimental purpose. Therefore, the 

vessel support design was done based on the required scale that is approximately 

0.03 m height from bottom of the cylinder. The support legs were welded to the 

cylinder permanently.  

 

http://www.stealth316.com/misc/stainless_steel/stainless-steel_pressure-ratings.pdf
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3.3. Process Instrument Diagram 
  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15 Process Instruments Diagram  

The purpose of this control system is to ensure the chemical solution inside the 

reactor vessel is maintained at a constant temperature. A heater band is transferring 

heat to the reactor. The control system maintains a constant temperature by 

Figure 14   (a) Mechanical Drawing of Reactor, (b) Mechanical Drawing of 
Catalyst Holder and (c) Fabricated Reactor 
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measuring the temperature of the reactor l, and power is supplied through the inverter 

to maintain the constant temperature.  

The power is supplied to the relay and it is connected to the temperature controller. It 

is then transmitted through the inverter and supplied to the heating element.  

The temperature transmitter (Thermo Couple), located near the top of the vessel 

senses the temperature. It is connected to the temperature indicating controller (TIC). 

The transmitter reports the process variable that is the reactor temperature to the 

controller using digital bits of information.  

3.3.1. Heating elements design 
 

To perform as a heating element a tape is used which have a resistance to flow of 

electricity. This resistance converts the electrical energy into heat which is related to 

the electrical resistivity of the metal. The electrical resistivity of a metal is defined 

based on the resistance of a unit length of unit cross-sectional area. The linear 

resistance of a length of tape or wire may be calculated from its electrical resistivity. 

To calculate the tape size and length required for a 1500 W/220 V mica-wound 

element in a band heater, operating at a maximum temperature of 600oC, the total 

resistance of the element at operating temperature (R(t)) will be: 

Ω=== 27.35
1500
23022

)( W
VR t  

With very few exceptions the resistance of a metal will change with temperature, 

which must be allowed for when designing an element. As the resistance of an 

element is calculated at operating temperature, the resistance of the element at room 

temperature must be found. To obtain the elements resistance at room temperature, 

divide the resistance at operating temperature by the temperature resistance factor 

shown below: 

F
R

Rt =  
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Where: 

F = Temperature-Resistance Factor 

R = Element resistance at 20oC (Ohms) 

Using RW80 Nickel-Chrome Resistance band, the Temperature Resistance Factor 

(F) (see appendix I) at 600oC is 1.068.  Thus, the total resistance of the element at 

20oC (R) will be: 

Ω=== 7.37068.1*27.35* FRR t  

Knowing the dimensions of the mica-board, the length of the tape that may be wound 

round could be estimated.  Thus, the resistance required per metre of tape considering 

a length of tape of 7 m will be: 

m
L
R /4.5

7
7.37

Ω==
  
 

A tape size of 2.0 mm x 0.1 mm has a resistance per metre of 5.46 ohms/m 
(Appendix I) which is near to 5.4 ohms/m. 

 

To verify the actual tape length (L), mL 9.6
46.5
7.37
==  

A change in tape length may mean adding or subtracting turns (altering the pitch of 

the tape) to achieve the total resistance value required. 

To verify the surface area loading (S): 

2/18.5
20*)1.00.2(*9.6

1500
20*)(*

cmW
tbL

WS =
+

=
+

=  

Where, 

W – Supplied Power b – Width of band and t – Thickness of the band 

Based on the above equation cross sectional area is calculated for selected tape with 

the following data. 

 Width 2 mm 
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 Thickness 0.1 mm 

 Voltage - 230VSurface load - max 5.18W/cm2  

 Sheath - steel Cr-Ni (AISI 321), brass 

An important characteristic of these electrical resistant alloys is their resistance to 

heat and corrosion, which is due to the formation of oxide surface layers that retard 

further reaction with the oxygen in air. When selecting the alloy operating 

temperature, the material and atmosphere with which it comes into contact must be 

considered.  

3.3.2. Selection of thermocouple 
 

A thermocouple at a distance of 3 meter (sensor working area) was used to measure 

the temperature of this system. It consists of two dissimilar metals, joined together at 

one end. When the junction of the two metals is heated or cooled a voltage is 

produced that can be correlated back to the temperature. The thermocouple alloys are 

commonly available as wire.  

 

 

 

 

 

 

 

 

 

 

 

Type J (iron–constantan) is selected for the experimental work due to the reason of 

range of temperature (−40 to +750 °C), but higher sensitivity of about 55 µV/°C. The 

Figure 16 Thermocouple measuring circuit 
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Curie point of the iron which is 770 °C causes an abrupt change in the characteristic, 

which determines the upper temperature limit. 

3.3.3. Temperature controller and Inverter 
 

 

 

 

 

 

 

 

To accurately control process temperature without extensive operator involvement, a 

temperature control system relying upon a controller, which accepts a temperature 

sensation measurement from a sensor that is a thermocouple, is used. It compares the 

actual temperature to the desired control temperature and provides an output to a 

control element.  

To ensure reliable control, the controller needs to know several factors. They are the 

true temperature, to what the controller will be connected, will the heater needs on 

off switch and how much current (in amps) will the heater use. If a large heater is 

required there may be the need for a solid stare relay or contactor. Alternatively the 

heat may be supplied via a control valve as in steam systems.  

The maximum temperature of 5500C is needed in the reactor for the reaction to 

occur. Further this temperature should be maintained at a constant value for one hour. 

The temperature of the gas supply line to the reactor also must be kept at this 

temperature at all times until the reaction is over. Further a transmitter power supply 

is used to power a 4–20mA sensor. This power supply is used to supply 24VDC 

power at a maximum of 40mA.  

Among the typical standardized thermocouple types include J, K, T, R, S, B and L. 

The type J is selected based on the above requirements and J type  (AD 596) will 

amplify thermocouple signals covering the entire -2000C to +7600C temperature 

Figure 17  Thermo Couple and Temperature Controller 
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range.  The properties of J type controller was satisfied the requirement of required 

thermocouple to conduct the experiment.  

First a trail was done to check maximum temperatures that can be attained without a 

reaction sample in the reactor. In this trial 3750C was taken as the reading of the 

maximum temperature. The trial set up is shown in Figure 18.  

 

 

 

 

 

 

 

 

The reactor was insulated with the fiberglass insulation material which can withstand 

temperatures up to 1200 0 C to reduce the heat loss to the outside environment 

(Figure 19). 

 

 

 

 

 

 

 

 

 

Figure 18  First tail for maximum temperature of heating element 

Figure 19  Insulated Reactor  
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An Inverter was used to enhance the function and life time of heating elements by 

controlling the power of heaters and increasing the heat spread time.  The heat loss 

was reduced while supplying high power to the reactor by using an inverter. This 

apparatus with the inverter is able to obtain the desired design temperate within a 

reasonable period of time with a low power supply. Standard 555 IC timer was used 

to make the Inverter (Figure 20).   

 

 

 

 

 

 

 

 

 

The timer standard 555 astable circuit produces a 'square wave’; this is a digital 

waveform with sharp transitions between low (0V) and high (+Vs). For a standard 

555/556 astable circuit the mark time (Tm) must be greater than the space time (Ts), 

so the duty cycle must be at least 50%.  

 

 

 

 

 

 

 

Figure 20  Components of Inverter 

Figure 21 555 astable circuit 
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Mark time (output high): Tm = 0.7 × R1 × C1    

Space time (output low): Ts  = 0.7 × R2 × C1    

Duty cycle  = Tm/( Tm+ Ts ) 

R1 = resistance in ohms ( )  

R2 = resistance in ohms ( )  

C1 = capacitance in farads (F) 

Final power of heater = original power of heater * Duty cycle 

Therefore according to the above the power consumption in the reactor was 

minimized to half and life time of the heater is increased by the function of inverter.  

 

3.4. Experiments with Biogas 
 

 

Figure 22 Experimental Setup (a) Gas Cylinders (b) Reactor 

Argon and biogas cylinders were connected to the reactor. Flashback arrestors and 

non return valves were fixed near to the cylinders valve to stop the flame from 

burning back up to the cylinders and prevent explosions and damage.  

A 2.54g sample of the catalyst material was kept in the holder and holder was fixed 

to the cylinder for the trial run for the synthesis of carbon nanotubes from biogas. 

Then, the argon gas was sent in to the reactor and an inert environment inside the 

a b 
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reactor cylinder was obtained. The reactor was heated up to 550 0C and at this 

temperature the biogas was sent in to the reactor for one hour.  

At the end of one hour the gas supply was stopped and the reactor was allowed to 

cool down to the room temperature.  The reaction product sample is taken out of the 

reactor at room temperature. This sample was checked for the morphologies of the 

carbon thus deposited by the biogas, using Scanning Electron Microscope (SEM).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


