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Table 27. Effect of Support Composition on Performance -
2% Pt on Zn/Mn/Zr Oxide Catalysts

Catalyst Number | B265-76 | B265-36 | B265-77 | 8265-50 | 8265-80 | 8265-90 | 8265-82
20%Pt | 20%Pt | 20%Pt | 20%Pt | 20%Pt | 20%Pt | 20%Pt

Description on on on on on on on
ZnMNZr | ZnMNZr | ZnMnjZr | ZnMnVZe | Zn/MnV2r | Z0/Mnv2r | Zn/Mn/zZr
Oxide | Oxide | Oxide | Oxide | Oxide | Oxide | Oxide
(60/20/20) | (45/45/10) | (45/10/45) | (33/33/33) | (20/20/60) | (20/60/20) | (10/45/45)

Run 272 260 273 258 279 288 278

Conditions 350 C, 30 psig, 2 hr—1 MeOH WHSV, 1/0.1/2 MeOH/EtOH/N2 (molar)

Conversion (%)

MeOH 58.7 63.6 68.3 §7.3 59.0 69.9 733
EtOH 100.0 100.0 100.0 09.8 89.4 100.0 100.0
Selectivity (C%)

nC30H 0.0 0.0 0.0 0.2 03 0.0 0.0
nC40H 0.0 0.0 0.0 0.0 0.1 0.1 0.0
iC40H 111 104 8.0 108 89 8.2 8.9
iC4 Aldehyde 17.7 16.5 113 15.6 117 12.1 120
Me iButyrate 5.3 36 6.8 49 48 6.3 7.3
MeiBu Ether 0.0 0.1 0.3 0.0 0.0 0.0 0.1
C5+0H 0.9 08 09 1.1 1.5 1.3 10
Other Ald/Ketone 0.8 0.9 0.7 0.9 12 08 0.8
Other Esters 0.3 0.8 1.4 0.4 05 0.5 0.8
Others 53 7.6 5.2 9.8 18.8 13.1 4.9
DiME Ether 1.1 0.6 36 13 24 14 1.0
MeEt Ether 0.0 0.0 0.0 0.0 0.1 0.0 0.0
Me Formate 25 42 3.3 27 15 17 0.6
Me Acetate 1.8 16 26 22 22 1.2 0.2
C1 08 14 22 08 0.8 13 0.6
C2+s 1.1 28 15 241 24 1.6 08
co 25.4 225 24.2 210 155 245 38.6
Co2 260 27.4 26.4 26.2 27.0 259 223
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2% Pd on Zn/Mn/Zr Oxide Catalysts

Table 28. Effect of Support Composition on Performance -

Catalyst Number | 8265-34 | B265-56 | 8265—-22 | 8265-81 | 8265-85 | 826583
20%Pd | 20%Pd | 20%Pd | 20%Pd | 20% Pd | 2.0% Pd
Description on on on on on on
ZnMn/2r | 2nMVZr | Zn/MnZr | Zn/MVZr | Zn/Mn2r | Zn/Mn/2r
Oxide Oxide Oxide Oxide Oxide Oxide
(45/45/10) | (45/10/45) | (33/33/33)| (20/20/60) | (20/60/20) | (10/45/45)
Run 251 263 247 283 282 280
Conditions 350 C, 30 psig, 2 hr—1 MeOH WHSV, 1/0.1/2 MeOH/EtOH/N2 (molar)

Conversion (%)

MeOH 44.4 700 450 £35 33.2 808
EtOH 96.4 88.7 97.3 87.0 66.5 96.4
Selectivity (C%)

nC30H 1.3 0.3 1.2 1.5 27 15
nC40H 0.3 0.1 0.2 0.3 0.1 0.1
iC40H 59 7.0 7.3 5.1 1.0 7.4
iC4 Aldehyde 12.1 8.7 11.8 7.3 4.1 9.6
Me iButyrate 1.8 35 2.2 1.5 1.3 29
MeiBu Ether 0.1 0.1 0.0 0.1 0.0 0.0
C5+0H 1.2 1.0 1.1 04 0.7 10
Other Ald/Ketone 4.1 1.2 3.2 3.8 117 4.0
Other Esters 0.3 1.2 04 05 0.2 0.3
Others 14.4 23.1 12.0 25.5 18.9 187
DiME Ether 0.5 2.2 16 26 04 0.7
MeEt Ether 0.0 0.1 0.0 0.1 0.0 0.0
Me Formate 7.0 36 21 20 0.3 0.9
Me Acetate 4.1 3.2 30 28 0.8 17
C1 1.1 0% 1.2 1.1 0.7 05
C2+s 54 4.3 52 6.0 1.4 28
co 136 135 217 14.4 404 21.7
co2 270 25.9 26.0 248 15.1 25.2
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Table 29. Effect of Noble Metal Loading on Performance -
Pt on Zn/Mn/Zr Oxide Catalysts
Catalyst Number 8265-86 8265-87 8265-76 8265-88
0.5% Pt 1.0% Pt 2.0% Pt 5.0% Pt
Description on on on on
Zn/Mn/Zr ZnMnyZr ZnMnjZr Zn/Mn/Zr
Oxide Oxide Oxide Oxide
(60/20/20) (60/20/20) (60/20/20) (60/20/20)
Run 284 285 272 286
Conditions 350 C, 30 psig, 2 hr—1 MeOH WHSV, 1/0.1/2 MeOH/EtOH/N2 (molar)

Conversion (%)

MeOH 68.5 71.6 £8.7 67.6
EtOH 100.0 100.0 100.0 09.8
Selectivity (C%)

nC30H 0.0 0.0 0.0 0.1
nC40H 0.1 0.0 0.0 0.1
IC40H 8.5 9.2 11.4 8.2
iC4 Aldehyde 12.1 12.1 17.7 10.9
Me iButyrate 6.5 6.2 53 3.0
MeiBu Ether 0.1 0.1 0.0 0.1
C5+0H 13 1.1 0.8 08
Other Aid/Ketone 0.8 0.7 0.8 08
OtherEsters 06 0.4 0.3 07
Others 6.2 8.5 83 183
DIiME Ether 2.1 13 1.1 06
MeEt Ether 0.0 0.0 0.0 0.1
Me Formate 1.0 1.2 25 33
Me Acetate 09 05 18 1.8
C1 1.0 1.2 0.8 13
C2+s 1.0 114 15 3.2
CcoO 329 816 254 226
Co2 248 24.7 26.0 7.2
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Table 30. Effect of Noble Metal Loading on Performance -
0.5% and 2% Pt on Zn/Mn/Zr Oxide Catalysts

Catalyst Number 8265-94 8265-95
0.5% Pt on 2.0% Pt on
Description Zn/Mn/Zr Oxide Zn/Mn/Zr Oxide
(60/20/20) (60/20/20)

Run 295 297

Conditions 350 C, 30 psig, 10/0.1/2/ MeOH/EtOH/N2
MeOH WHSV 2 3 4 2 3

(hr—1)

Conversion (%)
MeOH 51.8 35.0 25.6 50.2 41.0 31.0
EtOH 98.9 83.7 86.6 99.0 84.3 90.7

Selectivity (C%)
nC30H 0.1 25 4.1 0.5 21 3.1
nC40H 0.1 0.2 0.2 0.1 0.2 0.3
IC40H 118 8.0 3.7 13.0 120 8.0
iC4 Aldehyde 17.8 16.5 111 16.2 18.6 18.1
Me iButyrate 4.8 16 09 54 3.9 29
MeiBu Ether 0.0 0.1 0.0 0.0 0.0 0.0
C54+0H 0.7 0.8 08 1.2 12 14
Other Ald/Ketone 0.7 6.0 11.4 18 5.0 75
Other Esters 0.3 0.1 0.1 0.1 0.0 0.0
Others 8.6 8.8 10.9 87 58 8.0
DIiME Ether 0.9 04 04 12 08 0.6
MeEt Ether 0.0 0.0 00 0.1 0.1 0.1
Me Formate 26 23 37 0.8 0.7 0.7
Me Acetate 19 3.2 32 24 4.0 45
Hydrocarbons 1.7 1.1 1.1 22 19 17
co 245 250 213 232 216 223
co2 265 23.4 212 259 22.1 20.8




Table 31. Pilot Plant Performance of Large Scale Preparation of
2% Pt on Zn/Mn/Zr Oxide Catalyst

“ Catalyst 8265-76 | 8265-95 | 8265.98
2% Pt on Zn/Mn/Zr (60/20/20) Oxide
Screening Support Final 200 g
Preparation | Certification | Preparation
Plant 700 272 297 308

Run Number

Conditions

350°C, 30 psig, 2 hr'' MeOH WHSV,
1/0.1/2 MeOH/EtOH/N, (molar)

Conversion (%)

MeOH 58.7 50.2 53.4
EtOH 100.0 99.0 99.1
Selectivities (mole %)
nC,OH 0.0 0.5 0.4
nC,OH 0.0 0.1 0.1
iC,OH 11.1 13.0 11.6
iC, Aldehyde 17.7 16.2 18.0
Me iButyrate 5.3 5.4 4.3
Other Oxygenates 2.0 3.2 1.5
Others (No ID) 5.3 5.7 7.3
C,-C, Oxygenates 5.4 4.5 4.1
C,-C, Hydrocarbons 1.9 2.2 1.4
{ CO 25.4 23.2 22.3
CO, 26.0 25.9 28.0
Productivities
(g/kg/hr)
iC,OH 96 102 94
iC,, Oxygenates 360 340 348
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Table 34. Conversion of Methanol Only Using Pt on Zn/Mn/Zr
Oxide Catalysts

Catalyst Number 8265-76 8265-50 8265-82
2.0% Pt on 2.0% Pt on 2.0% Pt on
Description Zn/Mn/Zr Oxide Zn/Mn/Zr Oxide Zn/Mn/Zr Oxide
(60/20/20) (33/33/33) (10/45/45)
Run 272 291 258 293 278 292
Feed MeOH/EIOH, MeOH |MeOH/EtOH, MeOH |[MeOHEIOH, MeOH
Conditions 350 C, 30 psig, 2 hr—1 MeOH WHSV, N2 Inent
Conversion (%)
MeOH 58.7 49.6 57.3 49.1 73.3 60.1
EtOH 100.0 - 89.8 - 100.0 -
Selectivity (C%)
nC30H 0.0 0.0 0.2 0.0 04 0.0
nC40H 0.0 0.0 0.0 0.0 0.0 0.0
iC40H 114 0.2 10.8 0.2 89 0.2
iC4 Aldehyde 177 6.3 186 0.3 12.0 02
Me iButyrate 53 0.1 4.9 0.1 7.3 0.1
MeiBu Ether 0.0 0.0 0.0 0.0 0.1 0.0
C5+0H 09 0.2 1.1 0.3 10 0.1
Other Ald/Ketone 08 0.3 09 0.3 0.8 0.1
Other Esters 0.3 0.2 0.4 0.2 09 0.2
Others 53 0.9 8.8 0.8 4.9 08
DIiME Ether 1.1 79 13 84 10 88
MeEt Ether 0.0 0.0 0.0 0.0 0.0 0.0
Me Formate 25 103 27 7.3 0.6 33
Me Acetate 18 0.0 22 0.0 02 0.0
C1 08 6.6 0.8 6.9 0.6 3.1
C2+s 1.1 07 2.1 12 0.8 04
co 254 61.3 21.0 63.6 38.6 729
Cco2 .
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Tempersture, °C v
Pressure, psig 300
MeOH LHSV, hr-1 1
MeOH/EIOH, molar 7
MeOHMN2 (H2), molar 05
Methano! Conv, % 8518
Ethano! Conv, % 96.85
% Methano!
Conversion
Unconverted 4282
co 12.09
€02 17.48
n-C30H 044
n-C40H
+CAOH 728
C5+ OH 067
DME 0.87
MeBuEther 0.01
+C4 Aldehyde 155
“Other Aid + Ketone 0.18
MeFomate 0.32
MeAcetate 1.18
Me i-Butyrate 1.50
*Other” Esters
c2 0.61
C3 0.20
cs 0.01
Other HC 10.77
Tota! 100.00
c H
Methano! 1 4
Ethanol 2 6
co 1
co2 1
n-C30H 3 8
n-C40H 4 10
=CA0H 4 10
C5+ OH 5 12
DME 2 6
MeBuEther 5 12
+C4 Aldehyde 4 8
+Pentana! 5 10
MeFormate 2 4
MeAcetate 3 8
Me i-Butyrate § 10
Et-Butyrste 6 12
c2 2 ¢
c3 3 8
o 5 12
ce . 1“4

-l b

[ V] VYUY NP O G O Qi G QFRUIrey X T

Table 37. Modelling of Higher Alcohol Synthesis Process

Assumptions:

1. C5+ Alcohols sre trasted as C5's

2. “Other” Aidehydes and Ketones sre treated as C5's
3. “Other Esters sre treated 8s CE's

4. "Other” Hydrocarbons are treated as Co's

100% Conv
Basis

21.01
3168
0.80

13.21
1.21
1.58
D.02
2.81
0.34
0.58
2.14
272

1.11
0.36
0.02
19.52

100.00

94

4% Ethanol 100% Conv
Conversion Basis
305
3.07 317
040 0.41
3895 40.18
940 £70
0.16 0.17
847 874
260 268
826 8.52
21.01 21.67
462 477
100.00 100.00

Reaction Coeflicients for HYSIM Simulation:

Methano! =400
Ethanol <100
co 21.91
co2 3166
nC30H 027 2.1
n-CA0H 0.21
+CA0H 3.30 20.08
C5+ OH 0.24 3.88
DME 0.79
MeBuEther 0.00 0.07
+C4 Aidehyde 0.70 4.37
Pentana! 0.07 1.07
MeFormate 020
MeAcetste 0.71 568
Me i-Butyrate 0.54 8.67
Eti-Butyrate 1.59
c2 055
c3 0.12
] 0.00
] 325
H2 138.8 37.27
H20 8.26 35.32
C Balance: 100.00 100.02
H Balance: 100.00 100.00
O Balance: 100.00 100.00
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Table 40. Isobutanol Process - Summary of Utility Streams

STREAM
EN1

EN2

EN3-ENS

ENS

EN7

ENS

EN10

EN11

DESCRIPTION

Feed Pump Power

Delta P=325 psig

Feed Preheaster
Delta T=280 F
End Temp=617 F

Reaction Heat

Reactor Effluent
Cooler

Delta T=43 F
End Temp=120 F

Compressor
Delta P=40 psig

Splitter Overhead
Condenser

Delta T= 144 F
End Temp=170F

Splitter Reboiler
398 F Bottoms
366 F Feed

Liquid Recycle
Pump
Delta P=115 psig

Splitter Charge
Heater

Delta T=175 F
End Temp=366 F

UTILITY
Electricity

Fuel Gas

{(Assume
Adiabatic)

Electricity
(Air Cooler)

Electricity

Electricity

(Air Cooler)

MP Steam

Electricity

MP Steam

87

QUANTITY
42.3 KW

44.1 MMBtu/hr

67.1 KW

57.1 KW

525 Kw

189 Mib/hr

41.8 KW

74.6 Mib/hr




Table 41.

#1

#2

#3

#5

#5

#7

#8

Calculation of Utility Requirements

Feed Pump AEnthalpy=29.4KW 80% motor eff.

Factor for centrifugal pump=1.15

Feed Preheater

Reactor Effluent Cooler

42.3 KW electric

44.1 MM Btu/hr fuel gas

AEnthalpy=8 46 MM Btu/hr

Cooling air AT=25°F (85°F inlet, 120°F outlet) 0.453 Btuft®
AP=5 4 b, 70% fan eff., 90% motor eff.

67.1 KW electric

Recycle Gas Compressor AEnthalpy=39.7 KW 80% motor eff

Factor for entrifugal pump=1.15

57.1 KW electric

Splitter Overhead Condenser  AEnthalpy=221.2 MM Btu/hr

Cooling air AT=75°F (85°F inlet, 170°F outiet) 1.36 BtuAt®
AP=5 4 IbMt, 70% fan eff., 80% motor eff.

525 KW electric

Splitter Reboiler Bottoms AEnthalpy=161 MMBtu/hr

198 Mib/hr medium pressure (300psig) steam

Liguid Recycle Pump

Splitter Charge Heater

AEnthalpy=29.1 KW 80% motor eff
Factor for centrifugal pump = 1.15

41.8 KW electric

60.4 MMBtu/hr

74.6 Mib/hr medium pressure (300psig) steam

o8




Table 42. Utility Costs Basis

Fue! Oil Value $0.28 per Gallon =e===> $78 per MT
Fuel Oil Gravity 0.8500

Fue! Oil Heat of Combustion 17,000 BTU/Ib

HP Steam (Superheated) @800 psig and 700 deg F 4352 BTUMD

MP Steam (Staurated) @150 psig 4184 BTU/b

LP Steam (Saturated) @50 psig 1174 BTU/D

Boiler Feed Water @ 60 deg F 28 BTUND

Boiler Feed Water @ 250 deg F 219 BTU/Mb

Boiler Efficiency 85%

Boiler Heating Cost as Percent of Tota! 85%

Utility Units | Calculated ‘Recommended
8 Value Vaiue
Electrical Power S/KWH $0.04 $0.05
High Pressure Steam $/MLB $345)° $3.45
Medium Pressure Steam $/MLB 8303 $3.05
Low Pressure Steam $/MLB s$2¢88° $3.00
Boiler Feed Water S/MLB $042)° $0.40
Congenszte (Credit) $/MLB $0.42|° $0.40
Cooling Water $/MGal _ $0.08 $0.10
Fue! Fired $/MM BTU $2.10° $2.10
inent Gas MSCF $1.32 $1.35

* Calculated from fue! oil value

c'v&v CVOUOT O OUUOUILLINDO IO T IOV DI !

- v —
——
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Table 43. Calculation of Total Annual Utility Costs

Electric Power (#1 + #4 + #3 + #5 + #7) = 733.3 KW x 8000 hr x $0.05/KWH

Fuel Gas (#2) = 44.1 MMBtu/hr x 8000 hr x $2.10/MMBtu

0.293 MMS/yr

0.741 MMS/yr

Medium Pressure(300psig) Steam (#6 + #8)

274 Mib/hr x 8000 hr x $3.05/Mib

6.68 MMS/yr

Total Utility Costs = Z.71MM$/vear

100

C:ADOEWTILITY.WPD




Table 44. Basis for Economic Calculations

Fued Costs ] —Capha nses
~Suting 4.8 Operstons/Postoon terest on Caphal None
| Operstor Salaries $33,000/yr | _#rterest on Working Caphta! 10%tyr
Supervision 37% Labdor
Direct Overhead 45% Labor/Super ity ) Unhs Value
Maintenance 3% i8BL°
Pisnt Overhead €5% LadorMaimt. jectice) Powe! Lm‘ WH ~ 8$0.05
Jax & tnsurance 1.5% Fixed Inv® igh Pressure Steam SMLE $345
edium Pressure Steam | S/MLB 3308
N Pressurs Steam SMLE $3.00
YoaTPar investmem olier Foed Water ML $0.40
~SEL nvestment Cuve Coss ondensate (Crast) S$MVLB $0.40
Otisites 0% ISBL* ooing Water $MGa! $0.40
frterest During Construstion 10%N" for 3 years vel Fired $MM BTY $2.10
Royaties £ UOP Rates 7 Gas Mser | gy
CataiysvAdsarbent inventory Caphaized
_ Working Caphal
Raw Materisls Siorage 1% cays 8t Delivered Value
Tota! Progucts in Storage 15 Days Cost of Produstion
Atcounts Receivadle 30 Days Production (Key Products)
Accounts Payable (Credit) 30 Days Production (Rew Materiais)
Cash Kept on Hand 7 Days Gress Proft
Nobdie Meta! inventory Full inventory st Market Value (Pt @ $376/ ©2)
Warehouse inventory 2% ISEL investment®
Chermicals inveniory Full inventory 8t Markey Value (Solvertt. Desorbent ect. )
Depreciation
ISEL Deprecizuon 10% /it
Ofistie Deprecisuon 10%Hr
Roys'lty Depreciation 10%Hr
Inveniory Deprecistion 10%AHr (Composite Astount)
Deprecigue= Schedule Stsight Line

* Parameters designated by an asterisk should not be sonsidered in economic eveiustions where tws or more ceses
are compared 1o each other.
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Table 45.

Base Case Economics for Methanol! to Isobutanol

Bass 33333 oanvy Doty produeter 95 v MYy
8000 hosrwyr '
ST TT"VARABLE CTETE AND REVENUES i CANTAL TS
Mass Baiance
Units Unis Tunkt W Pixatinvertmens M m AW
Mainaroducts Lt Mei a4 oecstock Siorage % gays 18
, !'! DEBCE 45 IMan progust storage 15 cays 15
[T s 31687 03 wEt | : -DIOCUEt SorBge 15 coys coc
Foe Gas WMMBy 120 000 20 024 . BB 86, ct recenvabie 30 dops 260
. - | ose  ewwma 207, peysdie % wn ao
Towm! products mr s W | werest 0% 2w .3 h m ABnG T o © 3
i | ros 2% 185, 012
asdstocks Tota! fized investment 35,
s wT 198657 1% 200, ' Vol werking capital 2%
Evenc: T £750¢ 50 B3 i i
, I Royswes o0
You! feetstocks 2167 2383 ! KCapisns
Totnl swysities 0.0 i
Loniumabin CARlvit adioTMnm. ARG chamicals | .
: "".% ! 'ﬂnnnummnn - N Yots! invermtory 655
Camntysts an0 chemucals 1 :
1 1 tomt Investment 320
Total consumables . (28
L TEONDMC ANALYES
uitss b vmart_saer s : W T o — ;
un LL7 b eenteipal
Power o> (<4 1651 ]
Siea- (== Wip 3at 0000 oo¢ Man procutt seles 285 27087 04y 264 95
S~ VP, M 0L 6518 oS (1] Byr-procutt ssies
S (P, M kYo 0000 poc Wings feedsiock cost 3363 1081 1€ 04t 122 308 82
Bouer fees water VT ce o00C 000
Conoensate Wiz oar 0000 000 _ Gress margin “wm (15059 wer “43122)
Cooing wate' M5’ 01 0000 000 .
Fue freg WWE: 1% 113 3371 D%
e gas =3 0 D4t O 000 0 OC Consumadies 080 "nn [-1.1] 'y
t o Unimes 172 243 63 [+RK] 70 82
You! vtiltties M3.63 1. -
. Tetal varisdis costs 8.2 ¢! AL 0.12 LiZ ] 1842
PXED OPERATING COSTS r
SMM e Lader 18 0e? 02 9e?
l e Ma'nenance c 855 1.7 163
Ope's:s"s pe §* 2 40 g 332000 peyer [{] Overngss exoenses 123 ns” po2 1M
Sovevy o € 3%  ofopentng e b2t Orhe: gxpenses 0ss e s 0es S¢
Drect oveneas & &% oruxordsupey 047
TTHET G Ten!fizedcorts 38 11030 [T 14 3224
iMaintengnce
Vaera's 3=2 I’ -4 3% ¢! ISB. mvestnen: 018 Lash cost of preduction 4843 143136 [ X 1] 416.53
Qverhead sxpenges ! iCash tost of produttion
Pa-icvemeds € % oo b mamensne 110, gor main product 4534 143119 s 416.53
Tazes 3°2 =s.r322¢ € 5% o fixec mvestmen! 014
. 1. Cash fiow 196.50) {820.79) (0.24) {151.58)
Daher pxpentes P
mirs cocazia (oes:, & 0% per yaa’ {100% esJrty) .
g wixsg SRS € 0% peryemr P2 Pam ceprecaton 082 a0 44l (X3
Brpeos st eg [ W pe VT oaz Reyatty amoruzsion (1] o0 tx coc
Saies 382 92~ - € 0% o Do nventory emorzstion 0oC 1.4 feicd (2
b A I
. Tots! capital charges [ J 7] 00 2001 20 848
CAPITAL CHARGES LI
. ’Nﬂ cost o production a2 148039 [ X ] M°0.0 42497
u 7 n N
ISE. € 0%  peya D62 et cost of praduction
Oss. € ™% peyr 024 mein product “~n 148039 (] ] oy
Royanes (4 10% Pe yor’ 000"
Cazmoecmvertones € 10%  peyes’ 000 ncome 11742) e 2 02 (160.00}
E il N ,
R predmx ROL % (18333
mple poyback, years %)
PCF MR, % SRR € 30 man MR € 2 yers
.L" payback, yoors 0 g 2% s e 10%
t
n preduct X% MR 148304 € 10 yeus 148360 @ X yers
price, SMT  JOW RR 151770 € 10 yeans 151138 @ 20 yeas
A0% MR 154405 € 10 yeors 154006 © X yers




Table 46. Summary of Economic Cases
(89.2 MM Capital Investment is Assumed for 500 MT/day Methanol Consumption in Each Case)

CASE 1. BASE CASF

Assume: Best Results from UOP Research Pilot Plant Work are Obtained Commercially,
Isobutanal in the Product Stream has the Same Value as Isobutanol

This Implies:
--22.2% Carbon Selectivity to Isobutanol + Isobutanal Gives 31687 MT/yr Product

--H,, CO, and CO, Byproducts Give 120,000 MMBtu/yr Fue! Gas Credit
--Utilities Costs to Fractionate Liquid Byproducts from Main Product are 7.72 MMS$/yr

CASETN

Assume: All Isobutanal Produced is a Reaction Intermediate and Therefore Eventually
Converted to the Desired Isobutanol Product

This Implies:

--26.1% Carbon Selectivity to Isobutanol Gives 37137 MT/yr Product
--Same Fuel Gas Credit as the Base Case
--Same Utilities Costs as the Base Case

CASE M
Assume: 50% Selectivity to Isobutanol is Achievable Commercially
This Implies:
--50% Carbon Selectivity to Isobutanol Gives 71264 MT/yr Product
-~ Fuel Gas Credit is Reduced 30% from the Base Case
--Utilities Costs are Reduced 50% from the Base Case
CASE IV
Assume: 100% Selectivity to Isobutanol is Achievable Commercially
This Implies:
--100% Carbon Selectivity to Isobutanol Gives 142528 MT/yr Product

-- No Fuel Gas Credit
--Utilities Costs are Reduced 75% from the Base Case
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Table 48. Isosynthesis Catalyst List
li Catalyst Description Surface Area, m%/ Calcination Temp, °C il

1S-1 Zro;® 63 500 1
1S-2 Zro,} 74 450
1S-3 Zro,° 28 600 n
1S-4 ZrO,’ 35 550 I
1S-5 Zr0, 45 600
1S-6 1% Y-ZrO, 71 600
I 157 3% Si-Z10, 120 600
i 1s-8 Commercial-CeO, 2.3 -
I 1s9 CeO;® 69.9 500
[ 1s-10 1% Ba-ZrO, 71.4 550
{ 1s-11 Zr0, 81.0 500
1S-12 2% Ba-Z10, 95.6 500
” 1S-13 Zr0, 60 550
| IS-14 1% Cs-ZrO, 64.6 500
1S-16 ZrO, 73.6 500 |
“ 1S-17 2% Cs-Zr0, 110 500 I
n 1S-18 50% 1S-16 +50% Clay - - |
1S-19 1% Cu-Zr0, °© 71.9 450
I 1s-20 1% Co-Zr0, 71.9 450 |
[ 1s-21 Zr0, 88.0 500 |
1S-22 5% Y-ZrO, 123.0 500
N 1S-23 8% La-Zr0, 119.0 500
[ 1s-24 15% Zr-SiO, 514.0 650
1825 Bi,O, * - 500 |
[ 1s-26 ZrO, 91.0 475 I
u 15-27 10% Zr-Si0, 253 450 I
1S-28 10% Zr-Si0,-Al,0, 299 450 f
1S-29 1% Y-ZrO,/n-C,* - 450
“ 1S-30 1% Cs-ZrO,/EtOH * - 450
| 1s-31 1% Cs-ZrO,/Me,CO * - 450
I 1s-32 Zr0, 95 475
1S-33 ZrO, 107 450
1S-34 ZrO. 122 425

* Solvent Extracted

® Precipitated

¢ Prepared by spray-impregnating nitrate salt onto IS-16
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Table 49.

Isosynthesis Run Summary

iC4=
Yield, %
1 1S-1 ZrO, 1:1 None 16.7 150 |
5 - Blank 1:1 None 0.4 0.00 “
6 1S-3 ZrO, 1:1 None 4.9 0.79
P 7 IS-4 Zro, 1:1 None 15.3 1.56 |
“ 8 1S-1 Zr0, 1:1 None 17.5 154 |
9 I18-5 Zr0,, sol-gel 1:1 None 23.9 2.21
10 IS-6 1% Y-ZrO,, sol-gel 1:1 None 26.4 1.69 "
11 1S-7 3% Si-Zr0,, sol-gel 1:1 None 18.7 077 |
12 1S-5 Z10,, sol-gel 1:1 None 34.9 151 |
13 1S-8 CeO, 1:1 None 4.6 000 |
14 1S-9 CeO, 1:1 None 43.2 075 |
15 IS-10 1% Ba-Zr0O,, sol-gel 1:1 None 24.6 1.54
16 IS-11 Zr0,, sol-gel 1:1 None 30.2 2.23
17 | 1S-12 | 2% Ba-ZrO,, sol-gel 1:1 None 23.0 2.24
18 I1S-11 Zr0,, sol-gel 0.7:1 None 25.2 1.89
19 1S-14 | 1% Cs-Zr0O,, sol-gel 1:1 None 25.0 227 |
20 IS-15 2% Ba on IS-11 1:11 None 244 2.18 ”
- 21 IS-16 Zr0,, sol-gel 1:1 None 21.9 2.26
22 1S-17 2% Cs-Zr0O,, sol-gel 1:1 None 23.1 1.76
23 IS-18 50% 1S-16 + clay 1:1 None 25.8 2.23
24 1S8-17 2% Cs-Zr0O,, sol-gel 0.5:1 None 15.7 1.14
25 18-17 2% Cs-Zr0O,, sol-gel 0.5:1 None 17.5 1.13
26 1S-17 | 2% Cs-ZrO,, sol-gel 0.5:1 None 12.6 1.17
27 1S-14 1% Cs-Zr0,, sol-gel 0.5:1 None 17.8 1.71
28 1S-17 | 2% Cs-ZrO,, sol-gel | 0.5:1 None 13.1 057 |
29 1S-19 | 1% Cu-ZrO,, sol-gel 1:1 None 27.9 217 |
30 1S-20 | 1% Co-ZrO,, sol-gel 1:1 None 28.7 1.43
i 31 1S-17 | 2% Cs-ZrO,, sol-gel | 0.5:1 None 17.1 1.16
I 32 1S-21 Zr0,, sol-gel 1:1 None 23.9 2.28
H 33 1S-21 Zr0., sol-gel 1:1 None 21.8 1.53
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Table 49. (con’t.) Isosynthesis Run Summary

Additive
34 1S-21 Zr0,, sol-gel 2:1 None 21.3 2.33
I 35 | 1523 | 8% La-ZrO,, sol-gel 2:1 None 24.4 1.13
36 | 1S-22 | 5% Y-ZrO,, sol-gel 2:1 None 23.7 1.14
iF 37 | 1524 | 15% Zr-SiO,, sol-gel | 2:1 None 1.5 0.00
{38 | 1s-25 Bi,O,, precip. _ 2:1 None 2.2 0.00
| 39 1S-21 Z10,, sol-gel 2:1 Ethylene - 1.39
40 1S-21 Zr0,, sol-gel 2:1 Propylene - 1.16
41 1S-21 Zr0,, sol-éel 2:1 Propylene - 1.50
42 1S-26 2r0,, sol-gel 2:1 Propylene - 2.14
43 IS-26 Zr0O,, sol-gel 2:1 None 20.99 2.10
44 1S-26 Zr0,, sol-gel 2:1 None 27.17 - 2.76
45 1S-27 10% Zr-SiO,, sol-gel 2:1 None 2.12 0.00
46 1S-28 10% Zr-Si0,-Al,0,, 2:1 None 2.35 0.00
sol-gel
47 1S-26 Zr0Q,, sol-gel 2:1 Ethanol 19.48 1.72
48 1S-29 1% Y-ZrO,,extracted 2:1 None 27.0 1.86 f
49 1S-30 | 1% Cs-ZrO,,extracted 2:1 None 29.7 1.76
50 IS-31 | 1% Cs-ZrO,,extracted 2:1 None 28.3 1.53
51 1S-13 Zr0,, sol-gel 2:1 None 19.6 1.70
52 IS-13 Zr0,, sol-gel 2:1 None 20.5 2.00
53 1S-32 Zr0,, sol-gel 2:1 None 16.4 2.41 I
54 1S-33 Zr0,, sol-gel 2:1 None 28.9 3.70
55 1S-34 Zr0,, sol-gel 2:1 None 31.7 3.75
56 1S-33 Zr0,, sol-gel 1:1 None 23.0 2.32
57 I1S-21 Zr0,, sol-gel 2:1 None 33.8 1.24
n 58 1S-32 ZrQ,, sol-gel 2:1 None 27.8 3.57
Zr0,, sol-gel 2:1 None 25.5 3.17




Table 50. Effect of Catalyst Calcination Temperature and
Surface Area

| lcn Temperatu, °C - utylene Yield,
550 60 2.00
500 88 2.33
475 95 2.41 |
| 450 107 3.70 i
425 122 3.75 |

Table 51. Effect of Additives to Zirconia Catalysts on
Isobutylene Selectivity

‘- Additive Isobutene Yield, % “
None 2.26 ]l
1% ¥ 1.69 |
3% Si 0.77
1% Ba 1.54
2% Ba 2.24
1% Cs 2.27
& 2% Cs 1.76
1% Cu 2.17
H 1% Co | 2.14 H
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Table 52. Non-Zirconia Catalysts

“ Catalyst Isobutylene Yield, % "
ZrO, 3.75 "
CeO, - Commercial 0.00 "
ﬂ CeO, - Precipitated 0.75
Bi,O 0.00

Table 53. Effect of Intermediate Recycle

“ Intermediate Major Products

l’ Ethylene Ethane, n-Butene, Heavies
Propylene Propane, Heavies, Ethylene
Ethanol Ethylene, Ethane, Propylene, n-Butene, Heavies J|
Methanol _ Methane, Dimethyl Ether




Table 54. Effect of Pressure
(450°C, 960 hr' GHSV, 11 H,/CO)

Pressure (psig)

CO conversion (%) 63 | 136 | 209 |
Selectivity (%C) |

co, 617 | 536 | 545 |

c 194 | 174 | 190 |

I-C, | 0 5.8 7.3
1-C,” 0 5.8 3.6

Table 55. Effect of Temperature
(1200 psig, 960 hr' GHSV, 1/1 H,/CO)

Temperature (°C) 353 | 450 | s00
CO conversion (%) 1.7 20.9 42.3 “
Selectivity (%C) “
| " co, 875 | sas5 | 53 |
| c, 1225 | 190 | 213 |
1-C, o | 73 | 105
1c,” o | 36 o
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Table 56. Effect of Space Velocity
(450°C, 1200 psig, 1/1 H,/CO)

CO GHSV (cc/ce cat/hr) 540 | %0 | 2100

CO conversion (%) 36.8 20.9 16.7 H

Selectivity (%C) |

co, 488 | 545 | 404 |

C, | s | 1ea | 157 |

1.C, 11 | 723 | 90 |

L 1.c” | 37 ] 36| 90|

Table 57. Effect of H,/CO Feed Ratio
(450°C, 1200 psig, 960 hr' GHSV)

H,/CO Ratio Catalyst CO Conversion, % | Isobutylene Yield, %
0.5 1S-17 15.7 1.14
1.0 18-17 23.1 1.76
1.0 I1s-21 21.8 1.53 n
E 2.0 IS-21 21.3 2.33 “
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