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TABLE 1.1. Conversions and product distributions® of CO/H, reactions at equilibrium

Pressure (atm)

Temperature (K) 653 723 653 723
CO 0.000339  0.001660 0.000295  0.001401
H, 0.000886 - . 0.001936 0.000750  0.001639
CoO, 0.338798  0.360891 0.338427  0.360205
H,0 0.331568 0.312950 0.331927  0.313742
C 0.223619  0.214070 0.223464  0.213770
CH, 0.104789  0.108471 0.105138  0.109227
C,H; 0 0.000016 0.000016  0.000016
CO conversion 0.999636  0.998214 0.999732  0.998675
H, conversion 0.986799  0.97117 0.990141 0.97848

“ Distributions are on a weight basis, 1/1 CO/H, in the feed.



TABLE 2.1. Chemicals utilized in precipitated, hydrothermal, and calcination catalyst

preparation
Compound Purity Main impurities (ppm)
ZrO(NOy), - 5SH,0 tech Hf-3700, Fe-400, Si-250
NaOH 97 % Na,C0,-10000, K-2000
LiNO, 99.99% Cs-16, Ca-7, K-1, Na-0.8
Ba(NO;), 99.98 % Sr-100, Si-25, Ni-10 -
Cu(NO,),-3H,0 99.999 % None detected
Mg(NO,), - 6H,0 99.995+%  Na-9, Mn-1, Zn-1
Mn(NO,), - 6H,0 98% No analysis
AI(NO,);-9H,0 99.997 % Si-2, Na-1
Ce(NO,); - 6H,0 99 % La-2000, Ca-65, Si-25
Dy(NOs); - 5H,0 99.9% Si-100, Er-35, Ca4
TiCl, 99% No analysis
Y(NO,); - 5H,0 99.9% Si-25, La-10, Ca,Mg<0.2
Th(NO,), -4H,0 98% La<2000, Ti-100, Fe-20
TaF; 98% No analysis
(CH,),NOH (25 wt% in MeOH) No analysis
(C,Hy),NBr 99% No analysis
Ti(i-OC;H;), 97% No analysis
Zr(OC;H,), (70 wt% in 1-C;H,0OH) No analysis




TABLE 2.2. Chemicals used in modified sol gel catalyst preparation

Chemical Formula Mamufacturer  Purity and State
Tetraisopropyl titanate Ti(OC;H,), Aldrich 97%, liquid
Tetraorthoethyl silicate Si(OC,Hy), Aldrich 97%, liquid
Zirconium isopropoxide Zr(OC;H,), Aldrich 70% in C;H,OH
Aluminum #ri sec butoxide Al(C,H,0), Aldrich 97%, liquid
Zirconyl chloride ZrOClL,-8H,0  Aldrich 98%, .sélid
Sodium hydroxide NaOH Aldrich 97%, solid
Potassium hydroxide KOH Aldrich - 87.1%, solid
Methanol CH,OH Mallinckrodt  99.9%, liquid
Acetone CH,COCH, Mallinckrodt  99.8%, liquid
Hydrochloric acid HCI Baker 37.3%, liquid
Sulfuric acid H,SO, Baker 95.9%, liquid
Nitric acid HNO, Mallinckrodt  70.3%, liquid
Ammonium hydroxide NH,OH Baker 30%, liquid
Tetramethylammonium hydroxide (CH),NOH Aldrich 25% in MeOH
Rubidium hydroxide RbOH Aldrich 50% in H,0O
Lithium hydroxide LiOH Aldrich 98%, solid
Cesium hydroxide CsOH Aldrich 50% in H,0
Barium hydroxide 'Ba(OH), Aldrich 98%, solid
Calcium nitrate Ca(NO,),-xH,0 Aldrich 83.5%, solid
Mg(NO,),-6H,0 Aldrich 99%, solid

Magnesium nitrate




TABLE 3.1. Effect of calcination time on properties of zirconia

Calcination time (min) N, BET surface area (m?/g) Crystal phase’
5 87 C
30 N 80 cM
180 61 M/C

a C: cubic, M: monoclinic, predominant phase listed first

TABLE 3.2.d spacings and relative intensities of peaks in zirconia XRD patterns

Monoclinic (#36-420)° Tetragonal (#24-1164) Cubic #27-997)
d (A) Intensity d (A) Intensity d (A) Intensity
3.694 18 2.995 100 2.93 100
3.636 12 2.635 10 2.55 25
3.163 100 2.574 13 1.801 50
2.839 64 1.8412 23 153 20
2.620 22 1.820 13
2.605 12 1.5821 8
2.540 14 1.5553 15
2.2131 12
1.8480 16
1.8186 18
1.8032 12
1.6567 12 -

a The number given is the catalog number in the Powder Diffraction File 37).



TABLE 3.3. Effect of calcination temperature on properties of zirconia

Calcination conditions N, BET surface Crystal Bulk density
T  Time () area (m*/g) phase? (g/cm’)
S 2% 210 A 1.64
723 214 89 oM 2.14
1273 214? 0.36 M 3.57

a A: amorphous, C: cubic, M: monoclinic, predominant phase listed first
b 5 K/min heat-up from 348 K and 5 X/min cool-down t0 348 K

TABLE 3.4. Changes in catalyst properties with preparation method

Pore volume Pore diameter Bulk density
Method (cm?®/g) A (g/cm®)
Precipitation 0.10 30-40 2.2
Hydrothermal 0.28 150-200 1.0

Calcining 0.20 30-40, 150-200 1.7
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TABLE 3.6. Ionic radii for 8 coordinated cations

Cation® Tonic Radius (A) Cation Tonic Radius (A)
Li* 0.700 Ho™*? 0.917
Na* 0.979 Lu*? 0.876
Ba*? 1.39 Nd+? 1.03
Ca*? 1.02 Sc*? ~0.834
Cu*? 0.989 Sm*? " 0.989
Mg*? 0.670 Y+ 0.956
Al*? 0.515 Yb*? 0.886
Dy*? 0.937 7=+ 0.814
Gd*? 0.968 Ta*s 0.721

a Cations used in this study are indicated in ocutize type.

TABLE 3.7. Details of vacancies created by various dopants

Molar Ratio Vacancies/100 Zr® Zr defects/100 Zr sites
/100 Z1) Li Mg Al Dy Ta YBaCu® Li Mg Al Dy Ta YBaCu
s 4 2 2 1 - 2 4 4 4 4 -
9 6 - - - - 6 6 - - - -
.9 - - - - . 9 - - - -
12 18 12 6 6 - 11 12 12 12 12 - 12
24 - - = - 6 - - - - - 24 -

a Refers to oxygen vacancies in the cases of lower valence dopants and zirconium
vacancies in the case of higher valence dopants.
b Molar ratio refers to total (Y +Ba+Cu)/Zr molar ratio.



TABLE 3.8. Typical coke deposition on cataly

sts under reaction conditions

Batch # Precipitated catalysts Time used® (hr) Eocid] Eent
2 Zr0, 264 0.0374
3 1.6% Na, ZrO, 1848 0.0378
8 7% Ce, ZrO, 308 0.0640
11 0.34% Li, Zr0, 26 0.0740
20 13.39% Dy, Z10, 26 0.0395
Hydrothermal catalyst
28 1.6% Na, 10.3% Ti, Z10, 768 0.0415
Calcination catalyst
31 ZrO, 36 0.0060

a Refers to time spent at reaction conditions.



*9580 S1Y) Ul une G St 21nssaid uondesy 4

*(], pue J UONoEal 18 99BI MO[} OLIIWNIOA 39 ut s1 °a) %/ se pauyap si (£) swn aoeds ,
! : | jui 51 / pauyap st !

001 LAY 6Vl ¥t 8¢ SLT L'11 06 1017 ‘UL %T ‘WL %T BN %9°0
£'66 LY 9°6¢ 1'9 e 95t ¥l 06 047 ‘11, %E°01 ‘BN %9°1
sisA|eieo [euayloIpAH
$'99 0°9¢ g'te 1's ¢L 6LT 911 09 ‘012
15K|e1ed uoijRUIdED
T't9 6'tl L0t 0'8 96 8'LC 1°¢l 0t ‘01z 90 %L
(A7 ¢ €L %8s ¢8 Ut vl 0t '0IZ ‘UL %T 1L BT
L9L S'0L ¥'81 Sl 0'¢ 99 911 0 ‘1Z ‘eN %9'1
oL 0¥ Tt 0T 9T TOl 8l 97 {01Z
¥3//0-1  +0 D ) ) o (%) (039) sisAfeieo pajendioald
(%1M) uonngLsip u0qIeco1pkH ‘AU0D 0D W 30edS

‘une Og ‘N €19 18 siskeied [BULIAY0IpAY pue ‘UOLBUIDNED ‘pajendioaid 10§ u

oner 'H/0D 1/1 pue

onnquIsp uoqea0phy Jo vosuedwo) 6°¢ A IUV.L



TABLE 3.10. Comparison of activity and selectivity of commercial, modified sol gel, and
precipitated Zirconias at 70 atm and 1/1 CO/H, ratio

Catalyst Zr0, (H-0304) 710, MSG) Zr0, (ppt.)
Temperature (K) 723 723 673
Space time (sec) 80 - 80 45
CO conversion (%) - 11.8 - 17.0 13.2
Hydrocarbon distribution (Wt%) '
C, - 11.8 22.5 15.3
C, 3.60 3.7 2.9
C, 2.91 2.14 2.3
C, 9.01 15.63 25.3
Cs+ 72.68 56.02 54.2
C, distribution (wt%)
isobutane 30.10 25.20 9.1
n-butane 6.14 2.48 2.0
1-butene 3.26 2.98 9.1
isobutylene 47.60 63.90 67.6
trans-2-butene 7.23 2.07 5.5
cis-2-butene 5.66 3.36 6.7

TABLE 3.11. A summary of time on stream experiments over Th-ZrO, (HT) at 723 K,
50 atm, 1/1 CO/H, ratio, and 40 second space time

Experiment A B C D
Time on stream, hr 4 20 55 88
CO conversion, % 18.1 17.8 18.7 19.5

CH./iso-C.’s, Wt/wt 0.827 0.804 0.872 1.36




TABLE 3.12. Comparison of activity and selectivity betw
cylinders at 673 K, 50 atm, and 1/1 CO/H,

ecen iron and aluminum CO

ratio over 7% Ce-ZrO,

TIron cylinder Aluminum cylinder

Space time (sec) 60 90 120 60 90 120

CO conversion (%) 20.0 26.7 30.6 23.1 29.2 34.0
Hydrocarbon distribution (Wt%)

C, 29.5 30.8 32.6 36.1 - 44.7 47.7

C, 83 7.5 6.6 9.4 8.8 8.5

Cs 7.1 53 4.6 85 5.0 4.4

C. 29.0 29.4 28.38 19.8 19.5 20.1

Cs+ 26.2 27.0 27.4 26.4 22.0 19.3
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TABLE 3.14. Effect of hydrogen sulfide on C; selectivity at 673 K, 50 atm, and
1/1 CO/H, [or CO/ (H,+H,S)] ratio

without H,S with H,S

Space time (sec) 60 60
CO conversion (%) o 23.6 23.6
C, distribution (wt%)

3-m?®-1-C;~ 4.0 . 73.0
2-m C,, 1-Cs=, 2-m-1-C,~ 325 8.5
n-Cs, trans-2-Cs=, cis-2-Cs™, 2-m-2-C,~ 63.5 18.5

¢ m=methyl

TABLE 3.15. Gibbs free energy of formation at 700 X for Cs alkanes and alkenes

C; hydrocarbon AG,® (kcal/mol)
3-methyl-1-butene 53.96
2-methyl butane 45.18
1-pentene 54.20
2-methyl-1-butene 51.55
n-pentane 46.19
trans-2-pentene 52.60
cis-2-pentene 52.71

2-methyl-2-butene 50.47




Kyrw=uw ,
(8 001/3) peonpoad uoqueso1pAy/paonpoid 21euadhxQ 4

suoquesospAy £ snid 1D »
9¢"y1 Lv'09 L1°ST 807 €L
161 0E'0E €508 96'8¢ 869
S1°0C 92Tl 65°L9 €6°'LT €L9
6v'S ¢S"0 $6°€6 vl 89
Jo-rw-g LS00 {0t PO LO-1-u-g 501 "D W-T 01 W€
(351M) uonnquIslp D
ZI'e SLy Trol T TT €699 00 L L OL'ST L6'8- 89°0S 80T EIL
w9 606 .EL9T ¥I'S 8EL EV'SY 70 ¥8Vl YCTL YILL LS8 ITLE  96'8¢ 869
ve8 IPTL 019y T9 ¥9'E 09U e7 99'1g LI ISVT 9Us  Ov'er €6 ELI
€89  8L9 €8'65 9€9 VY91 LS8l 197 170 ¥0'TT ¥9'0T  95'€  SS'EE Tyl 8K
g0 0Tt Lot o ou 'O OHIO +D ' S D (%
*AUOD L
(35m) vonnquIsp *D (31%) uoRNQLISIP U0qIed0IpAH 00

aw) ooeds puodss 06 pue
‘onel (STH-+H)/0D 1/1 ‘wie O 18 axmeaadwa) yim Kanoajes pue Kyanoe uf sadueyd ‘91°¢ A1EV.L



TABLE 3.17. Comparison of activity and selectivity at 673 K, 50 atm, and 1/1
CO/(H,+H,S) ratio over 79 Ce-ZrO, without and with presulfiding

without with
presulfiding presulfiding
Space time (sec) - 60 90 90
CO conversion (%) . 23.55 27.93 21.22
Hydrocarbon distribution (wt%) .
C, 26.46  29.40 3152
C 5.93 4.83 5.49
GC; 5.82 3.43 3.18
C, 22.71 24.51 22.51
Cs 20.46 16.17 23.98
Cest 18.63 21.66 13.31
C, distribution (wWt%)
isobutane 13.97 22.60 11.14
n-butane 3.03 3.64 2.77
1-butene 7.26 6.72 5.55
isobutylene 53.20 46.10 65.75
trans-2-butene 13.41 12.41 8.02
- cis-2-butene 9.15 8.54 6.77
C, distribution (wt%)
3-m-1-C,~ 73.1 67.6 82.6
2-m C,, 1-Cs=, 2-m-1-C;~ 8.5  12.3 4.8
n-Cs, trans-2-Cs™, cis-2-C5=, 2-m-2-C;” 18.4 20.1 12.6

Oxygenate/HC (g/ 100 g) ' 2.1 2.3 1.9
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TABLE 3.30. Parameters in the semi-empirical kinetic model

K

Catalyst a

710, (H-0304) 0.333+0.043 3.80-:0.08
7210, (MSG) . 0.508:0.060 2.26+0.34
Li-ZrO, (MSG) 0.232 1.76
K-Zr0, MSG) " 0.464 3.98
Mg-ZrO, (MSG) 0.408 4.49
Ca-ZrO, (MSG) 0.480 5.17

TABLE 3.31. Kinetic parameters for the two catalysts used in slurry modeling

Precipitated catalyst Commercial catalyst
, X10°
mol/(kg.., atm'~ s) 6.12 6.397
Kcoz, atm™ 0.306 1.694

TABLE 3.32. Phase equilibrium constants used in the slurry modeling

CH, CH, CsHs CHs CsHio

K, values 4.0 3.0 2.2 1.5 1.15

TABLE 3.33. Slurry modeling results for the precipitated catalyst at 673 K, 60 atm,
1/1 CO/H, ratio," GHSV 1050 1/hr, liquid mass rate 0.08 g/sec,

and W_,,=20 g
CH, C,H, C;Hs C.H; CsHyo
~; used in the
modeling 0.06167 0.03828 0.02743 0.05115 0.01497
weight 13.86 15.05 16.17 40.20 14.71

percentage, %




TABLE 3.34. Slurry modeling results for the commercial catalyst at 679 K, 60 atm,
1/1 CO/H, ratio, GHSV 419 1/hr, liquid mass rate 0.04 g/sec,

and W, =159 g

CH, CH, C,Hs C.Hs CsHyo
~; used in the -
modeling 0.1462 0.03095 0.04338 0.01852 0.01452
weight 32.10 11.88 27.86 14.22 13.94

percentage, %

TABLE 3.35. Predicted synthesis conversions for precipitated and commercial catalyst

Conversion, %

H,/CO Precipitated catalyst Commercial catalyst
co H, co H,

1.0 12.30 6.91 13.53 8.74

1.5 12.11 11.74

2.0 10.41 11.69 11.16 14.43




