












































































 

 

 
39 

 

CLAIMSCLAIMSCLAIMSCLAIMS    
 

1. A system for the production of carbon nanotubes, comprising: 
a feed gas heater configured to heat a feed gas with waste heat from a 

waste gas stream; 
a reactor configured to form carbon nanotubes from the feed gas in a 

Bosch reaction, wherein the reactor is a fluidized bed reactor 
using a counter-current flow of feed gas to fluidize a catalyst; 

a separator configured to separate the carbon nanotubes from a 
reactor effluent stream forming the waste gas stream; and 

a water removal system, comprising an ambient temperature heat 
exchanger and a separator configured to separate a bulk of 
water from the waste gas stream to form a dry waste gas 
stream. 

 
2. The system of claim 1, wherein the ambient temperature heat 

exchanger comprises a water chiller. 
 
3. The system of claim 1, wherein the ambient temperature heat 

exchanger comprises an air cooled heat exchanger. 
 
4. The system of claim 1, comprising a package heater configured 

to heat the feed gas for an initial startup of the system. 
 
5. The system of claim 1, comprising: 
a compressor configured to increase the pressure of the dry waste gas 

stream; and 
a final water removal system configured to remove water from the dry 

waste gas stream. 
 

6. The system of claim 5, comprising a gas fractionation system 
configured to separate a methane rich stream and a CO2 rich stream from the 
dry waste gas stream. 
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7. The system of claim 6, comprising a mixing system configured 
to mix the methane rich stream into the feed gas before the feed gas heater. 
 

8. The system of claim 1, wherein the catalyst comprises metal 
shot-blasting beads. 

 
9. The system of claim 1, comprising: 
a heat exchanger configured to heat the dry waste gas stream with 

waste heat from the waste gas stream to form a second feed 
gas; 

a second reactor configured to form carbon nanotubes from the second 
feed gas; 

a separator configured to separate the carbon nanotubes from an 
effluent stream from the second reactor forming a second waste 
gas stream, and wherein the waste gas stream used in the feed 
gas heater comprises the second waste gas stream; and 

a water removal system configured to separate water from the second 
waste gas stream using an ambient temperature heat exchanger 
to chill the second waste gas stream and remove the bulk of the 
water to form a second dry waste gas stream. 

 
10. The system of claim 9, comprising: 
a compressor configured to increase a pressure of the second dry 

waste gas stream; and 
a final water removal system configured to remove water from the 

second waste gas stream. 
 
11. The system of claim 10, comprising a gas fractionation system 

configured to separate a methane rich stream and a CO2 rich stream from the 
second waste gas stream. 

 
12. The system of claim 11, comprising a mixing system configured 

to mix the methane rich stream into the feed gas before the feed gas heater. 
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13. The system of claim 1, wherein the catalyst comprises metal 
beads comprising iron and nickel, chromium, or any combinations thereof. 

 
14.      The system of claim 1, wherein the catalyst comprises metal 

beads between about 25 mesh and 50 mesh in size. 
 
15. The system of claim 1, wherein the reactor is lined with a 

material configured to prevent degradation of a metal shell. 
 
16. The system of claim 1, wherein a piping connection between the 

reactor and a cross heat exchanger is lined with a refractory material 
configured to protect a metal surface from degradation. 

 
17. The system of claim 1, wherein the feed gas heater comprises a 

heat exchanger configured for use in a metal dusting environment. 
 
18. A method for forming carbon nanotubes, comprising: 
forming carbon nanotubes in a reactor using a Bosch reaction, wherein 

the reactor is a fluidized bed reactor using a counter-current flow 
of feed gas to fluidize a catalyst; 

separating the carbon nanotubes from a reactor effluent to form a 
waste gas stream; 

heating a feed gas, a dry waste gas stream, or both, with waste heat 
from the waste gas stream; and 

chilling the waste gas stream in an ambient temperature heat 
exchanger to condense water vapor, forming the dry waste gas 
stream. 

 
19. The method of claim 18, comprising: 
compressing the dry waste gas stream to form a compressed gas; 
passing the compressed gas through an ambient temperature heat 

exchanger to condense and remove any remaining water vapor;  
fractionating the compressed gas to separate methane and carbon 
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dioxide; and 
adding the methane to the feed gas. 
 
20. The method of claim 18, comprising: 
feeding the dry waste gas stream to a second reactor; 
forming another portion of carbon nanotubes in the second reactor; 
separating the carbon nanotubes to form a second waste gas stream; 
heating the feed with waste heat from the second waste gas stream; 

and 
chilling the second waste gas stream in an ambient temperature heat 

exchanger to condense water vapor, forming a second dry 
waste gas stream. 

 
21. The method of claim 18, comprising: 
compressing the second waste gas stream to form a compressed gas; 
passing the compressed gas through an ambient temperature heat 

exchanger to condense and remove any remaining water vapor;  
fractionating the compressed gas to separate methane and carbon 

dioxide; and 
adding the methane to the feed gas. 
 
22. A reaction system for forming carbon nanotubes, comprising: 
two or more reactors configured to form carbon nanotubes from gas 

streams using a Bosch reaction, wherein an effluent from each 
reactor, before a final reactor, is used as a feed stream for a 
downstream reactor, and wherein an effluent stream from the 
final reactor comprises a reactant depleted waste stream, 
wherein the two or more reactors comprise a fluidized bed 
reactor using a counter-current flow of feed gas to fluidize a 
catalyst; 

a separation system downstream of each reactor, wherein the 
separation system is configured to remove carbon nanotubes 
from the effluent from the reactor; 
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a feed heater downstream of each separation system, wherein the feed 
heater comprises a heat exchanger configured to heat a feed 
gas stream for a following reactor using waste heat from the 
effluent from the reactor, and wherein the feed heater 
downstream of the final reactor is configured to heat a gas 
stream for the first reactor;  

an ambient temperature heat exchanger downstream of each feed 
heater, wherein the ambient temperature heat exchanger is 
configured to remove water from the effluent, forming the feed 
stream for the following reactor; 

a compressor configured to increase the pressure of the reactant 
depleted waste stream; 

an ambient temperature heat exchanger downstream of the 
compressor, configured to remove water from the reactant 
depleted waste stream; 

a gas fractionation system configured to separate the reactant depleted 
waste stream into a methane enriched stream and a carbon 
dioxide enriched stream; and 

a mixer configured to blend the methane enriched stream or the carbon 
dioxide enriched stream into an initial feed stream. 

 
23. The reaction system of claim 22, wherein the catalyst comprises 

metal beads. 
 
24. The reaction system of claim 22, comprising a separation vessel 

downstream of each of the ambient temperature heat exchangers, wherein 
the separation vessel is configured to separate liquid water from a gas 
stream. 

 
25. The reaction system of claim 22, comprising a plurality of 

package heaters configured to heat the feed stream to the each of the two or 
more reactors. 
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26. The reaction system of claim 22, comprising a package heater 
configured to heat an initial feed stream for plant startup. 

 
27. The reaction system of claim 26, wherein the package heater is 

used to heat a feed stream to a subsequent reactor. 
 
28. The reaction system of claim 26, wherein the package heater is 

a heater configured to be field erected, or an electric power heater,  a 
commercial heater configured for heating gases, or any combinations thereof. 

 
 29. The reaction system of claim 26, wherein the package heater is 
configured to heat a reducing gas stream without substantial damage. 
 


