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Carbon Dioxide and the Petroleum Sector 

www.eia.doe.gov 

   500 scf H2/bbl crude 
  CH4 + 2H2O ! CO2 + 4H2 

 
 Gary, Handwerk, Kaiser (2007) 

51,350 tons CO2/day 
(19 MM ton/yr)  

 
 
 

CO2 Treatment Technologies: 
ü  Sequestration Technology – CO2 Capture & storage 
ü  Conversion – CO2 to usable compounds 
 

ü  29 Petroleum Refineries 
ü  4.7 MM bbl/day crude 
ü  30% Total U.S. refining 
 
 



Electricity in the United States	

2.9 billion tons CO2 annually 



Greenhouse Gases & Their Sources 

http://www.epa.gov/climatechange/emissions/
co2.html  



CO2 - Birth, Death, and Reuse 

CO2 + H2O 

CO + H2 
Light 

Photocat 

Diesel 
Methanol 
Dimethyl Ether 
Long Chain Alcohols 



Tri-Reforming: Turning CO2 into a Fuel 

CH4 + CO2 à 2CO + 2H2  ΔH = +247 kJ/mol 
CH4 + H2O à CO + 3H2  ΔH = +206 kJ/mol 
CH4 + ½ O2 à CO + 2H2  ΔH =  -  36 kJ/mol 
CH4 + 2O2 à CO2 + 2H2O  ΔH = - 880 kJ/mol 
CH4  à C + 2H2   ΔH =  + 75 kJ/mol 
2CO à C + CO2   ΔH =  -172 kJ/mol 
C  +CO2  à + 2CO   ΔH =  +172 kJ/mol 
C + H2O à CO + H2   ΔH =  +131 kJ/mol 
C  + O2  à CO2    ΔH =  -394 kJ/mol 
 

Ø  Conversion and utilization of CO2 without CO2 separation from power plant 
 
Ø  Effective production of syngas with desired H2/CO ratio for methanol synthesis   

Ø  Reducing the possibility of carbon formation compared with dry reforming 

Conversion: >70% CO2, 98% CH4 
 H2/CO = 1.5 – 2.0 

Fuels, 
Chemicals 

CH4 

CO2, H2O, O2 

SYNGAS 
(CO + H2) 
Unreacted CH4 

Tri-Reforming 
 
9 Separate Reactions 

Ht Exchange 

Methanol 

Song, C. and W. Pan, Catalysis Today, 2004. 98(4): p. 463-484 



Framework for Methanol Production via Tri-Reforming 
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Tri-Reforming Process Flowsheet 

CO2:H2O:O2:N2 = 0.1:0.2:0.03:0.67 
Basis of 1,000 kmol/hr Tri reforming reactions 

Objective 
Ø  Converting as much CO2 as possible 
Ø  Obtaining the ideal ratio of H2/CO = 2. 

CH4 + CO2! 2CO + 2H2           ΔH = +247 kJ/mol 
CH4 + H2O ! CO + 3H2             ΔH = +206 kJ/mol 
CH4 + ½ O2! CO + 2H2             ΔH =  -  36 kJ/mol 
CH4 + 2O2!CO2+ 2H2O        ΔH = - 880 kJ/mol 
CH4! C + 2H2                                    ΔH =  + 75 kJ/mol 
2CO ! C + CO2                                 ΔH =  -172 kJ/mol 
C +CO2! + 2CO          ΔH =  +172 kJ/mol 
C + H2O ! CO + H2                    ΔH =  +131 kJ/mol 
C  + O2!CO2                                     ΔH =  -394 kJ/mol 
 

Conditions? 
Ø  Reaction Temperature 
Ø  Reactor Pressure 
Ø Ratio of CH4/Flue gas 



Composition vs Temperature 

Conditions: CH4/Flue Gas=0.4 and pressure = 1 atm. 
(°C) 



Composition vs CH4/Flue Gas ratio 
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Composition vs Pressure 

(°C) (°C) 

 (°C)  (°C) 

CO2 

CO 

CH4 
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Optimum Conditions 

 Pressure: 1 atm  Temperature: 850 °C  CH4/Flue gas: 0.4 

 	 CH4	 FLUEGAS	 MIX-GAS	 TO-REACT	 SYN	 

Temperature, °C	 25 150 110 850 850 
Vapor Frac	 1 1 1 1 1 

Mole Flow, kmol/
hr	 400 1000 1400 1400 2080 

Mole Frac	  	  	  	  	  	 

  CH4 1 0 0.29 0.29 0.02 
  CO2	 0 0.1 0.07 0.07 0 
  CO	 0 0 0 0 0.22 
  H2 0 0 0 0 0.44 



Combined Methanol Synthesis and Tri- 
Reforming 

Flowsheet Element	 Parameter	 Value	
methanol reactor	 temperature (°C)	 220	

pressure (bar)	 50	
sep1	 temperature (°C)	 25	

pressure (bar)	 24	
sep2	 temperature (°C)	 25	

pressure (bar)	 10	
S3 (Radfrac)	 Number of stages	 19	

Feed stage	 11	
Reflux ratio	 1.5	

 	 Distillate to feed 
ratio	 0.988	

R-equil Reactor 
 
Peng – Robinson EOS 

CO + 2H2 à CH3OH  ΔH = - 91 kJ/mol 
CO2 + 3H3 à CH3OH + H2O  ΔH = - 50 kJ/mol 
CO + 2H2O à CO2 + H2  ΔH =  - 41 kJ/mol 
 



Blocks Stream  Tin(°C)  Tout(°C)  Fcp(kW/°C)  

H-1 C1  110 850 16 

H-2 C2  125 220 154 

Reboiler C3  137 139 4806 

C-1 H1  850 60 18 

C-2 H2  219 25 170 

Conderser H3  135 96 249 

Variables for heat and cold streams 

Utility	 Temperature(°C)	 Cost ($/kW-yr)	

Cooling water	 20	 6.7	

Refrigerant 1	 -25	 86.3	

Fired heat	 1000	 134	

Variables for utilities selected in heat integration 



 
1. Minimizing Utility Cost 
2. Minimizing Capital Cost 

Heat Integration strategies 



Transshipment model (Utility Cost) 

N.V. Sahinidis and I.E. Grossman, Transshipment LP  model for minimizing the utility cost in a heat exchanger network 1983  

Objective Function: 

Equations: 

Constraints: 

Boundary conditions: 
Heat Flows in interval k 



Energy usage before heat integration Energy usage after heat 
integration 

streams Amount (kW) streams Amount (kW) 
C1 12047 C1 1331 
C2 14660 C2 8766 
C3 10574 C3 0 
H1 14208 H1 1550 
H2 32975 H2 18697 
H3 9637 H3 9396 

% energy savings     57.8 

Transshipment Model 
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Yee, T.F. and I.E. Grossmann, Comput. Chem. Eng. 1990;14:1165-1184 

Three stage superstructure in 
MINLP model (Capital Cost) 

Minimizing: 

Utility cost 

Fixed charges for the exchangers 

Area cost for each exchanger 



Energy usage before heat integration Energy usage after heat integration 

streams Amount (kW) streams Amount (kW) 

C1 12047 C1 11448 
C2 14660 C2 0 
C3 10574 C3 0 
H1 14208 H1 2911 
H2 32975 H2 18455 
H3 9637 H3 9637 

% energy savings     54.9 

MINLP Model 



Energy usage before heat integration	
Energy usage after heat integration	

Minimizing utility cost	 Minimizing capital cost	

Block	 Type	
Amount 
(kWh)	 Amount (kWh)	 Amount (kWh)	

GASIFIER	 Reactor	 19061	 19061	 19061	
MEOHRXT	 Reactor	 10762	 10762	 10762	

C-1	 Cooler	 14209	 1550	 2912	
C-2	 Cooler	 32975	 18697	 18456	
H-1	 Heater	 12047	 1331	 11448	
H-2	 Heater	 14659	 8766	 0	

SEP1	 Flash	 0	 0	 0	
SEP2	 Flash	 0	 0	 0	

COMP	 Compressor	 14255	 14255	 14255	

CONDENSER	 RADFRAC	 9637	 9396	 9637	

REBOILER	 RADFRAC	 10574	 0	 0	

Total utility	 127605	 83818	 86531	

Energy per kg CO2 	 29	 19	 19.7	
% Energy savings	  	 34.3	 32.2	

Comparison of energy consumption before and after heat 
integration for the whole process 



Economic Analysis 
Ø  Operating hours – 8,000 hr/year 

Ø  Flue gas was not considered into the overall costs calculation as it is a waste stream 

Ø  Catalyst in the reactions are not considered 

Ø  Due to the lack of info for fixed capital cost, depreciation, taxes, operating profit was defined as follows: 

PROFIT = INCOME – FCOST – UCOST 

CO2 treatment 
method	

Methanol production	
Energy 

consumption	
(kg/kg CO2)	 (kWh/kg CO2)	

Steam - CO2 
reforming	

1.31	 11.5	

Tri-reforming	 2.75	 19.0	

 Comparison between steam CO2 reforming and tri-reforming 

Aresta, M., Carbon dioxide recovery and utilization. 2003: Springer. 



Developing Nanoparticle Catalyst 

ü  Synergism between active metal and support 
Ø  Oxygen vacancies within support 
Ø  Adsorption of hydrogen by active metal 

ü  Reverse Micelles for nanoparticle formation 
Ø  Increased active sites per unit mass 
Ø  Intimate contact between reacting species 
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Nanoparticle Catalyst Concept 
Reverse Micelles 

(water in oil micro-emulsions) 
 

Water  AOT 
(dioctyl sodium succinate)  

+ 

Ni(NO3)2 6H2O 

Cyclohexane 

Reduce using NaBH4 Nio 

Complete Ni  
Reverse Micelle 



Nickel Nanoparticle Catalysts 
From Reverse Micelles to 

Nanoparticle Catalysts 
 

+ 
Triple Solvent washing 

Calcine (650°C)  

Factors Affecting RM’S 
Ø  Water Pool Size  
Ø  Surfactant Ligand Size 
Ø  Sonication 
Ø  Solvents  



SEM Ni-TiO2 Support 

30 – 50 nm sized Ni particles Micron sized Ni particles 

Wet Impregnation Reverse Micelle 

v  Nickel nitrate solution, drying, calcination (650°C) 
v  Narrow particle size range in RM system 
v  Inconsistent surface converages for Ni (5% ≠ 5%) 

2Cu2+ + 4BH- + 12H2O à 2 Cu +14H2O + B(OH)3 

2Ni2+ + 4BH- + 12H2O à 2 Ni +14H2O + B(OH)3 

Standard 
Reduction 
Potential 

+ 
- 



Ni Content (SEM-EDX)  
(a) 5%    (7%) 
(b) 10%  (11%) 
(c) 15%  (13%) 
(d) 20%  (21%)	

  111 200 220 
  16.94 19.17 24.75 
  11.25   17.32 
  23.16 19.17 19.91 
  18.66 21.64 24.75 
        

AVG 17.50 19.99 21.68 
St Dev 4.92 1.43 3.70 

Ni Particle Sizes, nm 

SEM micrograph of (a)5%, (b)10%, (c)15% and (d) 20% Ni/TiO2 (scale:
2µm) 

Preliminary Results (Ni/TiO2) 



Photocatalyst Theory 

ordered porous alumina can also be formed in fluoride-
containing electrolytes).[158] The remaining aluminum metal
and oxide were then selectively chemically dissolved.
Another highly beneficial feature introduced by Albu et al.
is that the etched area was defined by a photolithographic
process to form a grid structure. The remaining titanium
metal frame allows for a high mechanical flexibility and
excellent electrical contact to the enclosed nanotube packs.
This strategy allowed large-scale membranes to be reliably
created for the first time.

3. Properties of TiO2 and TiO2 Nanotubes

The main reason why TiO2 nanotubes are currently
attracting such a high interest is that some of the intrinsic
properties of TiO2 provide the basis for many outstanding
functional features. In the following, we will briefly discuss
some of the most relevant material properties of TiO2; for
more detailed material properties, the reader is referred to
some excellent reviews.[16,22,28,40,197,198] However, in the follow-
ing sections, we will address several specific features relevant
to TiO2 nanotubes.

3.1. Crystal Structure

TiO2 exists naturally mainly in three crystalline phases:
anatase, rutile, and brookite. Other than these, a synthetic
layered phase, called TiO2(B),

[199] and some high-pressure
polymorphs also exist.[200] Moreover, TiO2 structures formed

at room temperature (sol–gel techniques, or anodic oxides)
often are obtained in an amorphous form. Among the
different polymorphs, rutile is generally considered to be
the thermodynamically most stable bulk phase, while at the
nanoscale (< 20 nm), anatase is considered to be stable,
although there are some arguments in literature.[200,201]

Regarding nanoscale materials, it is important to realize
that surface energy and stress have a significant effect on
phase stability. The surface energy depends on the number of
uncoordinated titanium cation sites. Fourfold-coordinated
centers have larger surface energy than those with fivefold
coordination, and the surface energy increases with the
number of uncoordinated positions. In case of anatase
crystals, the surface energy is lower than for rutile. However,
the stress energy shows the opposite behavior. Both energies
have some compensational effect; therefore, it is not surpris-
ing that a somewhat unclear picture exists regarding the most
stable phase in nanoscale materials.[201,202] Moreover, the
presence of some ionic species in the lattice, such as Cl! or F! ,
also influences the stability of particular polymorphs.[180,203–205]

For example, rutile is more stable in presence of chloride
ions.[203–205] In the case of anodic oxidation of titanium, the
amorphous oxide layer can be converted by extended
anodization times into rutile in fluoride-containing electro-
lytes, whereas in fluoride-free electrolytes, anatase can be
obtained.[180] In anodic layer formation, the conversion from
an amorphous TiO2 film into a crystalline anatase phase and
dehydration effects are reported to depend not only on time
but also on the applied voltage.[101,206–209]

Apart for stoichiometric TiO2, various suboxide phases
exist that have very interesting properties. Substoichiometric
compositions of titania may be described by the general
formula TinO2n!1 (4" n" 10), but some defined phases are
most remarkable, such as Ti4O7, Ti5O9, Ti6O11, Ti7O13, Ti8O15,
Ti9O17, which are usually called Magn!li phases.[210,211] Such
phases are made up of two-dimensional chains of titania
octahedra; for example, Ti4O7 can be considered as three TiO2

octahedra and one TiO octahedron with oxygen vacancies at
the edge of the unit cells. Such Magn!li-phase titanium oxides
are highly conductive (almost as high as graphite) and can be
formed under reductive high-temperature treatment in H2

[210]

or C2H2.[212,213]

In fact, many properties of TiO2 strongly depend on bulk
or surface structural defects, and in particular on the
formation or presence of bulk or surface Ti3+ states or O2!

vacancies.[40] On the surface of TiO2, unsaturated titanium
cations, such as Ti3+, Ti2+, and Ti+, may for example be
generated during vacuum or inert-gas annealing (TiO2

surfaces at low oxygen partial pressures tend to split off O2

or H2O from terminal oxide or hydroxide groups and form
bridged oxide and Ti3+ states). Such effects can also be
obtained under inert gas sputtering (for example, with Ar+) or
e-beam exposure etc. Usually, Ti3+ states are found after such
treatments, which are crucial for electronic and optical
properties and also the surface reactivity. Under UV irradi-
ation and in the presence of O2, adsorbed oxygen can be
reduced to O2! and thereby inhibit the generation of Ti3+ sites.
During long-time annealing, Ti3+ atoms may diffuse from the
surface into the bulk of TiO2.

Figure 10. A TiO2 nanotube membrane produced by anodic tube
formation, lift-off, and bottom-opening processes. a) Flow through a
membrane, b) optical image of a robust membrane (reproduced with
permission from Ref. [118]) c,d) SEM images of a membrane open on
both sides: c) top view, d) bottom view.

TiO2 Nanotubes

2917Angew. Chem. Int. Ed. 2011, 50, 2904 – 2939 ! 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

Carbon Nanotubes on Titanium Nanotubes 



Photocatalyst Development 

1 Wt. % SDS (TiO2 NT:SWCNT/1:1) 



Band Gap Determination 
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E(ev)	

Kubelka-Munk	Plot	 TIO2	NT	

TIO2	NT/SWCNT	UV	TREATED	

TIO2	NT/SWCNT	SDS	

TIO2	NT/SWCNT	SIMPLPE	MIXING	

Tio2	NT	TL	

TIO2	NT/SWCNT	SIMPLE	MIXING	

TIO2	NT/SWCNT	SDS	

TIO2	NT/SWCNT	UV	TREATED	

Linear	(Tio2	NT	TL)	

Material Band Gap Energy, 
eV 

TiO2-NT 3.1 

TiO2-NT/SWCNT (simple mix) 2.85 

TiO2-NT/SWCNT (uv treated) 2.75 

TiO2-NT/SWCNT (SDS) 2.1 



Moving Forward – Photocatalytic Reactions 

u CO2 Conversion (competing rxn) 
 
u Photon Flux 
 
u Carbon Balance 
 
u Energy Required/mole CO2  

r 

r+Δr 

Ro 

Ri 

Photon Balance:     In – Out – absorbed = 0 
 
E = Photon Flux   
A = Absorbance property of fluid + catalyst 
 
2Πh[(Er)r – (Er)r+Δr] – 2ΠhrEAΔr = 0 
 



Key Closing Thoughts 
Ø  Process modeling (equilibrium)  

Ø Optimum T = 850°C  
Ø Optimum CH4/Flue Gas is 0.4 
 

Ø   CO2 conv 99% and H2/CO = 2  

Ø  Catalyst optimization and kinetic evaluation 

Ø  Sustainable Carbon Management Strategies 
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