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Figure 1.1. Temperature dependence of equilibrium constants. Hydrogenation of CO is

exothermic.
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Figure 1.2. Equilibrium distributions of alkenes from hydrogenation of CO at 700K, 70
atm, and 1/1 CO/H, ratio.
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Figure 1.3. The Schulz-Flory-Anderson plots for the distributions of hydrocarbons.
a: Isosynthesis (4); ®: E-T synthesis (28).
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Figure 1.4. Distribution of C, to Cg hydrocarbons as a function of space time.
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Figure 2.3. CDS 900 Micro-scale bench-top reaction system (Fixed bed reactor 2).
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Figure 2.4. Schematic diagram of trickle bed reactor system.
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Figure 2.5. Schematic diagram of slurry reactor system.
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Figure 3.1. XRD pattern for ZrO, (ppt.) calcined at 773 K for 5 minutes.
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Figure 3.2. XRD pattern for ZrO, (ppt.) calcined at 773 K for 30 minutes.
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Figure 3.3. XRD pattern for ZrO, (ppt.) calcined at 773 K for 3 hours.
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Figure 3.5. XRD pattern for ZrO, (ppt.) calcined at 723 K for 2% hours.
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Figure 3.7. XRD pattern for ZrO, (ppt.) calcined at 773 K for 2'4 hours.
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Figure 3.8. XRD pattern for 7% Ce, ZrO, (ppt.) calcined at 723 K for 2'4 hours. -
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Figure 3.9. XRD pattern for 1.6% Na, 10.3% Ti, ZrO, (HT) calcined at 773 K for 2%2
hours.
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Figure 3.16, XRD pattern for ZrO, (CAL) calcined at 773 K for 4 hours.
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Figure 3.11. XRD pattern for ZrO, (MSG) calcined at 773 K for 3 hours.

Figure 3.12. A comparison of basicity for catalysts prepared by different methods
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Figure 3.13. A comparison of acidity for catalysts prepared by different methods.
TPD of NH,, 0.2 g catalyst. Catalysts have similar acidity.
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Figure 3.14. Basicity of the catalysts prepared by the modified sol gel method.
TPD of CO,, 0.2 8 catalyst.



Detector Response

50

30

20

10

Al203—-Zr0z (MSG)

Si02—Zr0z (MSG)

Zr0z (MSG)

200 300 400 500 600

Temperature, C

100

Figure 3.15. Acidity of the catalysts- prepared by the modified sol gel method.
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Figure 3.16. Modification of basicity by potassium. TPD of CO,, 0.2 g catalyst.
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Figure 3.19. Modification of acidity by calcium. TPD of NH;, 0.2 g catalyst.
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Figure 3.20. XRD pattern for ZrO, (ppt.) after reaction.
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Figure 3.21. XRD pattern for 7 % Ce, ZrO t.) after reaction.
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Figure 3.22. XRD pattern for 1.6% Na, 10.3% Ti, ZrO, (HT) after reaction.
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Figure 3.23. XRD pattern for Zr0, (CAL) after reaction.
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Figure 3.24. Comparison of catalytic activity for precipitated (ppt.), calcination (CAL), and
hydrothermally (HT) prepared zirconias at 673 K and 1/1 CO/H, ratio.
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Figure 3.25. Effect of pressure on CO conversion at 673 K.
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Figure 3.26. Effect of pressure on Cs+ fraction at 673 K.
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Figure 3.27. Effect of temperature on CO conversion.
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Figure 3.28. Effect of temperature on methane fraction.
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Figure 3.30. Effect of CO/H, ratio on CO conversion at 673 K and 95 atm over Zr0O, (ppt.).
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Figure 3.35. Distribution of hydrocarbons at 723 K, 70 atm, 1/1 CO/H, ratio, and CO
conversion 11 to 12%: a-ZrO, (H-0304); ®-ZrO, MSG).

10t

g :

§ )

2 i
100

-

1 1 L] 1 1

i 2 3 4 5 8 7 8
Carbon Number,n

Figure 3.36. The Anderson-Schulz-Flory plots of hydrocarbon distributions for isosynthesis
and Fischer-Tropsch synthesis. Isosynthesis: A-ZrO, (H-0304), ®-ZrO, (MSQG);
F-T synthesis: ¢-adapted from Dry (27). .
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Figure 3.38. Distribution of hydrocarbons at 723 K, 70 atm, 1/1 CO/H, ratio, and 80 second
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Figure 3.39. Distribution of C, hydrocarbons at 723 K, 70 atm, 1/1 CO/H, ratio, and 80
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Figure 3.40. Effect of alkali metals on hydrocarbon distribution at 723 K, 70 atm,
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Figure 3.41. C, hydrocarbon distribution and CO conversion over alkali promoted catalysts
at 723 K, 70 atm, 1/1 CO/H, ratio, and 80 second space time.
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Figure 3.42. Effect of alkaline earth metals on hydrocarbon distribution at 723 K, 70 atm,
1/1 CO/H, ratio, and 80 second space time: +-Mg-ZrO, MSG), a-Ca-ZrO,
(MSG), a-Ba-ZrO, (MSG), ®-ZrO, (MSG). :
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Figure 3.43. C, hydrocarbon distribution and CO conversion over alkaline promoted
catalysts at 723 K, 70 atm, 1/1 CO/H, ratio, and 80 second space time.
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Figure 3.44. Effect of calcium loading on hydrocarbon distribution at 723 K, 70 atm,
1/1 CO/H, ratio, and 80 second space time: 4-Ca(2%)-ZrO, MSG),
a-Ca-ZrO, MSG), ¢-ZrO, (MSG).
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Figure 3.45. Effect of calcium loading on C; hydrocarbon distribution at 723 K, 70 atm,
1/1 CO/H, ratio, and 80 second space time.
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Figure 3.46. Comparison of mean production rates for non-H,S (solid line) and H,S (dashed
line) runs for methane (A), total C, (M), and C,+ (@) at 673 K, 50 atm, and
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Figure 3.47. Breakthrough curve for H,S over 7% Ce-ZrO, at 673 K, 25 atm, and 90 second
space time.
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Figure 3.48. Changes in CO conversion with dopant level at 673 K, 50 atm, 1/1 CO/H,
ratio, and 90 second space time.
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Figure 3.49. Changes in CO conversion with ionic radius of the dopant cation at an oxygen

vacancy to zirconium ratio of 0.06 at 673 K, 50 atm, 1/1 CO/H, ratio, and 90
second space time.
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Figure 3.50. Changes in CO conversion with dopant charge to ionic radius ratio at an oxygen
vacancy to zirconium ratio of 0.06 at 673 X, 50 atm, 1/1 CO/H, ratio, and 90
second space time.
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Figure 3.51. Changes in CO conversion with dopant charge to ionic radius ratio at a dopant
metal to zirconium ratio of 0.04 at 673 X, 50 atm, 1/1 CO/H, ratio, and 90
second space time.
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Figure 3.52. Changes in isobutylene/isobutane ratio and isosynthesis profile with pH at
673 K, 50 atm, 1/1 CO/H, ratio, and 90 second space time.
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Figure 3.53. Changes in isobutylene fraction among C,’s and isobutylene/methane ratio with
pH at 673 K, 50 atm, 1/1 CO/H, ratio, and 90 second space time.

7
.*
R [ fixed bed, CO conv.=10.0% cs
% 6 1
s ] E trickle bed, 0.8 kg/m2s,
= E CO conv.=9.4% : 4.9
=2
e
«
(a4
S 2.5 2.5
k= 23 2.1
=
= 1
e 0.3
Q
—
2 3 4 5
Carbon Number

Figure 3.54. Comparison of the hydrocarbon distribution for fixed and trickle bed reactors
at 669 X, 51 atm, 1/1 CO/H, ratio and 89 second space time. ]
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Figure 3.55. Comparison of C, distribution for fixed and trickle bed reactors at 669 X, 51

atm, 1/1 CO/H, ratio, and 89 second space time.
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Figure 3.57. Effect of gas oil separator temperature on C, distribution in the trickle bed
reactor at 10% CO conversion, 669 K, 51 atm, 1/1 CO/H, ratio, and 89

second space time.
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Figure 3.58. Variation of CO conversion with oil flow rate in the trickle bed reactor at 669
K, 51 atm, 1/1 CO/H, ratio, and 668 (1/hr) space velocity.
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Figure 3.59. Change in hydrocarbon distribution with oil flow rate in the trickle bed reactor
at 669 X, 51 atm, 1/1 CO/H, ratio, and 668 (1/hr) space velocity.
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Figure 3.60. Changes in CO conversion level with time on stream in the slurry reactor over
ZrO, (ppt.).
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Figure 3.61. Comparison of hydrocarbon distribution between slurry and fixed bed reactors
over ZrO, (ppt.).
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Figure 3.62. Comparison of C, distribution between slurry and fixed bed reactors over
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Figure 3.66. Predicted conversion over 7% Ce-ZrO, at 673 K, 50 atm, and 1/1 CO/H, ratio,
with and without CO, inhibition.
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Figure 3.67. Changes in predicted conversion over 7% Ce-ZrO, at 673 K, 50 atm, and
1/1 CO/H, ratio with n.
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Figure 3.68. Predicted conversion over 7% Ce-ZrO, at 673 K, 50 atm, and 1/1 CO/H, ratio
with CO inhibition.
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Figure 3.69. Comparison of experimental and predicted carbon monoxide conversion for all
catalysts.
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Figure 3.70. Determination of activation energy over 7% Ce-ZrO, (ppt.) with aluminum CO
cylinder at 50 atm and 1/1 CO/(H,+H,S) ratio.
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Figure 3.71. Determination of the heat of adsorption for CO, over 7% Ce-ZrO, (ppt.) with
aluminum CO cylinder at 50 atm and 1/1 CO/(H,+H,S) ratio.
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Figure 3.72. Comparison of experimental and predicted C,-C;+ production rates over
7% Ce-ZrO, at 673 K, 50 atm, and 1/1 CO/H, ratio.
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Figure 3.73. Product distribution generated by the semi-empirical model over K-ZrO,
MSG), at 723 K, 70 atm, 1/1 CO/H, ratio, and 80 second space time.
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Figure 3.74. Parameters in the semi-empirical model. The distribution in Figure 3.73 is
plotted on a semi-log scale, and « and « are related to the slopes of the line
segments. '
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Figure 3.75. Production rates of CH, and C, hydrocarbons. Calculated by combining the
semi-empirical model for hydrocarbon distribution with the empirical CO
reaction rate. ZrO, (H-0304), 723 K, 70 atm, 1/1 CO/H, ratio.
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