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A modified Schulz-Flory analysis was applied to the siurry auteclave data
for L-1122 catalyst as shown in Figure VI-36. The modified Schulz-Flory
_ probability parameter appeared to pass through a maximum point of about

" 0.65 at 250-300 hours on-stream time prior to levelling off at a value of
0.50. This is a very similar trend to that observed for L-1122 catalyst
evaluated in the Berty reactor. The carbon number distribution at 558
hours on-stream time in the slurry auteclave is shown in Figure VI-37.
~ The modified Schulz-Flory probability parameter at this time was 0.50.

 Although the carbon number dfistribution for L-1122 catalyst was
essentially equivalent in both the slurry-phase and Berty vapor-phase
- reactors, there were noticeable oifferences in the hydrocarbon/oxygenates
ratios. This can be clearly seen in Figure VI-37 by comparing the
relative areas of the darkened regions (hyarocarbons} to those of
cross-hatched regions (oxygenates) for a given carbon number. Most
obvicus 1is the C.l product split, namely, methane and methanol. The
methane/methanol weight ratio was about 2.7 as compared to about 0.5 for
data obtained in the Berty reactor. The high methane yields might be
somewhat attributable to possible hydrocracking of n-heptadecane, the

slurry 01, by the ALKANOLS synthesis catalyst. An ensuing test (226-425}
in the slurry autoclave was made with a wider boiling range mineral oil
characterized by wparaffinic and naphthenic stocks, The resultant
methane/methano] weight ratios in this test were lower than that of the
slurry test utilizing n-heptadecane ana even lower than that of the Berty
vapor-phase reactor test.

2. Slurry-Phase Tesis With Witco 40 Mineral 0i1 (226-425)

The entire head assembly of the slurry autoclave reactor, which had
suffered damage during test 226-285, was replaced with & head assembly
from another autociave reactor. This enabled the continuation of testing
with a minimum of lost time. One hundred grams of -70 mesh UCI L-1122
calcined catalyst were reduced and slurried with 600 m1 of Witco-40, a
white paraffinic mineral oil. The properties of this oil are shown in
- TJable VI-15. With the excepticn of the slurry oil employed, the reduction
- ama transfer procedures used during this run were identical lo those used
during test 226-285. Make-up oil was added continucusly using an Altex
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TABLE VI-15
PHYSICAL PROPERTIES OF WITCO 40 MINERAL OIL
Hydrocarbon Type: 72% Paraffinic, 20% Nephthenic
Carbon Number Distribution: . C]4 5%
€207C21 - 20%
Coy 15%
A1 Gravity - 60/60°F: 43.2
Viscosity at 100°F
cp 3.4
SUS 40
Distillation (ASTM D86), °F
18P ' 518
5% Distilled 528
10 _ 540
50 568
90 . 634
95 657
P 659

Sulfur (ASTM D1266), ppm 1
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micro-metering pump rather than on a batchwise basis as in test 226-285.
The rate of oil aadition ranged frem 0.1 to 0.2 ml/min and was set to
match the rate of collection of the hydrocarbon phase in the product
separator. The oi1 inventory at the end of the run was found to be within
five percent of the initial inventory using this method of oil make-up.
Table VI-16 summarizes the operating conditions and results for the ten
material balance periods made during the 361 hour test. Table VI-17
summarizes the crude ALKANOL compositions for each of the material balance
periods.

During the initial 193 hours on-stream, a catalyst 7ife test was performed
at the following conditions:

Temperature: 350%

Pressure: 2500 psig

Space Velocity: 3600 1/hr/kg

Agitator Speed: 720 rpm

Synthesis Gas Composition: 2/1 hydrogen/carbon monoxide with

10.8% carbon dioxide, ]4.3% argon

These operating conditions were based 1n'part on the high carbon monoxide
conversions and selectivities to ALKANGLS observed at the 2500 psig

B reaction pressure in the previous slurry autoclave test. After about 193

hours on-stream, the reactor was shutdown to allow an inspectionm of the
agitator assembly for possible mechanical problems. This inspection
included briefly opening the reactor while 2 nitrogen purge was continued
through the slurry. No mechanfcaT problems were detected at this point or
after the final shutdown. The run was cont1nued for an add1t1cna? 168
hours on-stream time us1ng a synthes1s gas of the following compos1t10n
61.5% hydrogen, 8.4% argon, 28.8% carbon monoxide, and 1.3% carbon
dioxide, During this second run period, reactor temperature Was
maintained at 350°C, while system pressure and space Qelo;ity were
varied.

- The ceatalyst performance observed during test 226-425 shows some unigue
"~ 1irends not cbserved during previcus tests using this catalyst. The cause
of this behavior is thought to be related tou the high partial pressures of
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Table VI-16 CHEM SYSTEME. IMC

SUMMaAaREY FOR RO # 22e—a2 5

o
i
P

TROMYT S DATE S Es13s
CATALYST HUMBER & UCT L-1122
BT FORMULA ¢ Proprietary
FREP, METHOD ¢ UCI prer

SURFECE BRER'LY @ & e A
BULE DEMSITY1Z @ 4 -1
TEST HMEBEE 1 z = 4 c &
TEST COMDITIONS =
FEED H2-CO Ratio 2. BE 2. B& g 1) 2. B& 2, e o B
FEED CO2 18, 20 14,28 1Q.2@ 18, &6 i0, 3a 10, &6
AYE, TEMP, ."C £1.0 Ea.e 3IEl.0 IL4. 8 35i.A J49. 8
HET ZRAT. "C Li.g TEea 3Se. 8 3EZ.A ZEL.A 0 ZEEL 9
FRESEURE: pziz ZECE. 8 2LOR.8 2CHE.A 2ETA. 8 ZEIG. A 2634, 6
UHEY, 1shr~kam catl. Teké. £ TEERLAE T4 T T4EZL 1 ZE16, 2 2952, 8
HIURZ an STREAM 22 E 4. & TR & 26, 2 1E4. 5 1om, B
COHVERSIOM ¢
CO te Prods. » wol ) 24, 8¢ 2258 17.38 16,34 18, 2& 14,93
oo to CO2, wolX A, 13 -1. 28 -1. 64 -i.%4 ~@. 24 -, ZE
LO0s sm molshrskam cat. =, 2d g, 43 B 19 5. 4% 7L E. 83
STY of Dwusanatestl) :

am moelshrskan cat. £, 64 7. 17 c.21 4. 47 2. 873 LB

STOICHIOM, HZACD corwerted 1. 86 1,97 1, 99 Z. 18 2. 8d 1. 31
CARBOM SELECTIVITY fHormalized Mel

-

an Ci2~free Baszish |

CHEOH R, B TB.82Z Ye.le FV.E2  &F.EE EB9LE2
Co~-Ce Ol TOHOLE . 54 4, B3 £.13 3. 86 6. &7 775
CZ-Co all, BESTERS & 45 1,085 B TE B, DB 1. 71 232
LHe B 13 £. 43 .72 £. 78 g.5¢  1B.38
C2-C3 HYDROCAREONS 1. 8% 1.76 2. 51 I I L. 4% Te RS
Ca+ HYDROCARBOMS £ t4 g2Ee 18,22 =) o, 9 12,33

BFFROACH TOLE?
WES Equilibriums *C ¢ It 4 447 -IT.E 8.1 —48. T a7
&

JE O 187 21. 4
DHYEEH REJECTION RATIO. (0 e, 83 a. 99 8, 83 &, 65 B, ax . Bk

COREOM RUCOUMTAEBILITY.% (43 V3. & ™.g  18l.% 7

P Fresh: noo-reduced catalwetd, -

Space Time Yiald {ST%> = WHSU- 22,4 % %00 in feed 108 #* KOO coms S1BG ¥ XZel,
ta OxwzepatezslBG,

Cefined az T =T 23 - T bhs '

whetre T ea = water ags zhifi equilibrium temr calculated for raaxgtor aff.

zampoel tion.
T % = hot seot temrerature.

(4y Defined as Cartor obrerved in Froducts o Feed Carbon converied,

Sy Defined as ratio of oxusan removed as Wwater. to that remowed as COZ.

Continued. ..

A
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Reproduced from
1 best available copy,
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Table VI-16 (Concluded)

THEM SYSTEMS. I

HE.

SUMM&SE Y FOR R # S Te—a 320

CATALYST HUMEER UCII{1122 TooEYTE DATE 1 BUlEABRR
aTOMIC FrRMULg @ Proprietary
PREE, METHOD @ UCI Prep.
SURFACE &REATLY 3 AR
BIAK DEMSITY L) @ 4 Ao
TEST HUMEER ? 8 9 10
TEST CONDITIOHS =
FEED HZ-CO Ratio .14 2.0 14 Z. 14 .14
FEED C02 1. 29 1,29 1. 29 1,25
aLYE, TEWMP..*C TLAR O IRE. A T48. @ IEL. |
HOT ZF0T. "2 58, 8 358, 8 49, 8 Ay )
PECSSURES pFeia 1460, 0 14700 2480.8 2414. 2
VHEL . Lotirsksn catl. 1588, 8 1823, B 3IIVILY ’d”‘ 7
HOURS on STERERM 2ET.H IS & LR I61. ﬁ
SHAFT SPEED: rem 3 TeB. B TZ8. 8 2,4 7oE. 8
COMUERSION @
0O te Prods. - wolk 19,86 T.F2  B.66 1239
0 to CO2. wolX 2. TR Z. BT 2. 8T 2. 3%
Ch: am mclshrskam Ldf 2. 64 2. 14 4. Ad 4,98
TV of Oxysenatests

at molsohrsokam cat. .74 1,249 Izt . 2E
STOICHION, H2ATD capuarted 1.4% 1. 49 1. &3 1. 58
COREON SELECTIVITY (Mormalized Mol ¥ on CDE-free Basiss !
CHTOH EZ. 83 48, @3 53, 97 Cd, 532
CE-CE mLCOHOE 11. 55 16, Za 8. 27 .91
EE-CE FLD. RESTERES 1,45 1.87 i. 18 .74
i f.?E 11 Te a5 V. ET
C2-C3 HYDROCARBOMS .13 g. a7 6. B T.EZ
Cad WY DEQCARBOME 19._ 22,82 17.13 15,51
BRPROACH T3
WES Equilibriom. "0 1 e -4, B 2.2 g2, 2
DHREON ACCOUNTABILITY.% 4> 21,6 1568, & igd, 1 a3, 3
WYREM REJECTION RATIO. (SX: @, 14 B 85 Q. 8 g.12
€1 Freshs: mon-reduced catalwst.
L2y S ace Tlmu wisld COTY = VHSW-Z2Z,4 ® NCD in feedsl8l #* XLO cams, A1EE % 32al

to Oxygenataz. 106,
£3% Definad a3 T =T e1 = T h2 .

where T 22 = water zas zhifi etuilibrium tzme caloulated for reactor =fFffF

compoel Lion,
T ha = hobl spot temrPerature

{4y Defined az Carbon obserwved in Products to Feed Carbon cormsetriad,
KBy Lafined as ratio of comssen ramoved 33 water. o that removed az COZ.
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Catalust

COMFDNENT

METHANDL
ETHANOL
H~PRGF OL
N-BUT BL
N-PENT OL
N~HEX OL
ACET ALD
PROP ALL
RUT aLD
PENT ALD
HEX ALEB
€4 H.C.
H.C.
HiC.
H‘c-.
HlCd
ch'

TDTAL

METHANDL

£z - Cé
ALCDHOLS

OTHER C2
OXYGENATE

c4 - €7
HYDROCARE

SEmsmE=me

CTALCULATE
Btu/gal
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Table VI-17
CREUDE _AaLKANQL FEPEL _WI _DISIRIBULLIEN
RUN 224—a2 S
Number § HCI L-1122 Bste § 1/5/B2
Formulationt FProerietary (UCI Catalust) Wt% (K0 FREE)
TEST # _
1 2 3 4 5 &
=='_‘-'==‘-‘-==It===F===-=!B====.ﬁ:::============lﬂ=====$====;':='=:========---======
94,501 9i:734 20,548 92,407 87.214 83.344
851 580 924 1.247 2,335 2,902
1.308 1.051 1.162 1.358 2:265 2,99%
0i47 ilSé !15? 0401 15?3 0369
L 000 ‘528 +189 L 000 000 .129
.270 500 1.244 000 531 w150
L000 L000 ,000 + 000 172 . 000
L 153 081 .125 +157 377 1594
«143 +555 .103 <390 750 1.248
.000 1060 L G00 » 000 000 . 000
,000 L000 L 000 +000 2 000 L000
. 422 V447 ,583 ,839 1,208 1,872
571 V505 B72 974 1,499 2,324
L909 L904 +802 1,088 2,015 2,902
+i98 1.612 1.774 1,089 ,136 293
527 .829 .033 S04 sS4 167
2000 L0009 1.5481 012 +333 .188B
100.000  100.000 100.000  100.000 100.000  100.000
=================!l‘=====“'====B‘E:l:#==2======ll-B======’:===========H--=====
94,501 ?1.734 90.648 92,407 87.214 83,344
2,576 3,213 3.479 1,004 5,709 7,643
- 0 _ , .
5 294 697 .228 . 548 1,299 1.854
oNS 2.627 5,358 5,444 4,040 5,779 7.748
:======wz================a----:===========::-_'-====---=================a--
§ HIGHER HEATING VALUE ‘
45144, 57813, 6B4&2, 67107, 45118, 704676

Continued. ..
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Table ¥I-17 (Concluded)

RUN 224-42 S

Catzlwst Numbsr ! UCI L-1122 Date § 1/5/82

Cataluwst Formulationd Proprietarws (UCI Catalwst) Wtx (H,D FREER)
TEST %
COMPONENT 7 8 9 i0

====::5:::===II====22========‘======T-’==-===2==:=:ﬂ==ﬂ-=====:======ﬂ======‘—“=======:

METHANDL 7%.858 72.825 81.42%5 77.84%
ETHANDL 2.073 3.813 2.923 3,371
N~PROP O 5.083 4.974 3.068 34664
N”BUT oL 10085 1336 10032 .904
N-FENT COL + 430 497 +273 L322
N-HEX OL +B31 + 0090 +00Q0 000
ACET ALD + 000 + 249 +000 +215
FROF ALL + 283 +328 180 213
BUT ALD +938 1.085 469 \879
FENT ALR +000 «B00 000 + 165
HEX ALD 000 , 000 + Q00 000
.4 H.C. 2.457 3.278 2.157 2.47%
€3 H.T, 2.463 2.848 1,897 2.284
Cé H.C. 2.802 2.044 1,333 2.101
C7 H.C. 2.-444 5.453 4,494 3.786
cg H.C. 2.043 $215 +530 1.671
C? H.C. » 209 024 «020 :158
TOTAL 100.000 100.000 100.000 100.000
==-B====================:==‘.:========2.‘:===========H=====:=======S============Bﬂ=
METHANOL 75u.858 72.825 891.425 77.84%
Cz - Cé _ _
ALCOHOLS 16.502 10,120 74294 B.261
UTHER C2 - Cé

OXYBENATES 1.222 1,662 +B47 1,412
L4 - 9

HYDROCAREONS 12,418 15.323 10.430 12,479
CALCULATEL HIGHER HEATING VALUE

Btusgal 74535. 79820, 72183, 737239,
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carbon dioxide to which the catalyst was exposed during the first 193
hours of testing. As no improvement was seen upon reducing the carbon
dioxide content of the synthesis gas, it appeared that the catalyst was
irreversibly deactivated by exposure to high carbor dioxide partial
pressures,

During the initial Tife test over the first 190 hours of on-stream time,
the data in Figure IV-38 indicate an almost Tinear catalyst deactivation
rate, as measured by carbon monoxide conversion, with on-stream time. I
is believed that the high carbon dioxide partial pressures of 270 psig in
the synthesis feed gas severely inhibited the ability of the catalyst to
adsorb and therefore convert carbon monoxide. This is supporied by the
fact that the Tiquid-phase diffusivity of carbon gioxide at 270°C is
almost twice that of carbon monoxide (21.6 vs. 11.6 mmzjhr) and the
corresponding mass transfer coefficient is  almost 50 percent
greater(sz). After the 200-hour: campaign, the carbon dioxide-rich
synthesis g¢as was replaced by one containing only 1.3 percent carbon
dioxide and the reaction pressure was decreased to 1500 psig, thereby
resulting in a carbon dioxide partial pressure of less than 20 psig.
However, carbon monoxide conversions continued to decrease with on-stream
time in line with the deactivation rate observed during the initial 150
hour test period. Furthermore, the carbon monoxide conversion levels
under conditions of Jow carbon dioxide partial pressure were lower than
those during the previous slurry autoclave test in which the carbon
dioxide partial pressure in the synthesis gas never exceeded 30-35 psig.
This can be seen in Table VI-18.

It would appear that the carbon dioxide inhibition of the L-1122 catalyst
also affected the formation of the desired active catalyst species that
promote C2+ oxygenates production.  Although ALKANOLS selectivities
remained essentially constant at & value of 90 percent over the test
duration (Figure vi-39), the observed ALKANOLS compositions differed
greatly from those of the previous slturry autociave test. The methanaol
content of the crude ALKANOLS (Figure VI-40) decreased by only about 15
percent from its initial value of 94.5 percent at 22 hours on-stream -
time. Previous tests with L-1122 catalyst resulted in large decreases in
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TABLE VI-18
EFFECT OF CARBON DI0OXIDE PARTIAL PRESSURE DK
L=-1122 CATALYST ACTIVITY IN SLURRY AUTGCLAVE
Test 2264235 Test 226-28%

Maximum Carbon Dioxide
Partial Pressure, psig 270 30-35
Percent Carbon Monoxide cOnvérsion{l} 10.1; 7.7 20.9; 18.5
fatalyst Age, Hr. 268; 335 1pb; 436

sl

(1) At 350°C; 1500 psigs 1600-1700 SL/hr/kgs 2/1 Hy/CO with 1.3%

co COZ—free basis.

2;
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the methanol content of ALKANOLS to steady-state values ranging from 34

percent for the Berty reactor test and 18 percent for the slurry autoclave

rcactor test. These declines in methanol content vresulted in

corresponding increases in the {22+ content of the ALKANCOLS. However, in

this current slurry-phase test, CZ_CG oxygenates 1increased only to

about 10 percent (Figure VI-41) as compared to 42-57 percent for the

previous L-1122 evaluations. At the end of the current 361-hour fest, the
C4-Cq hydrocarbon content (Figure VI-42) of the crude ALKANOLS did not

stabilize and was still increasing at an appar_'ent'l_y Tinear rate,

The product distribution by carbon .number at the end of the test is shown
in Figure VI-43 where it can be seen that the catalyst essentially
performed as a methanel synthesis catalyst with the coproduction of about
10 percent ({hydrocarbon-free basis) higher alcohols. The 3chulz-Flory
distribution was not applied to these data in view of the predominance of
the methanol synthesis activity of the catalyst under the particular test
conditions utilized.
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YII. DISCUSSION OF RESULTS_OF CATALYST PERFORMANGE STUDIES {TASK &)

The original work statement gspecified that the process variables studies
(Task 2) as well as the catalyst performance studies {Task &) be carried
out in existing bench-scale (BSU} and process development (PDU) units only
if it was determined that a Tliguid-fluidized reaction mode was
gpplicable. If the ALKANOLS synthesis catalysts were judged to be better
suyited for another reaction mode, liquid-entrained or vapor-phase, then
the BSU and the PDU should be appropriately modified.

One of the outcomes of the engineering studies of Task 3 was the
jdentification of the 1iquid-entrained reaction system as a preferred mode
for carrying out the ALKANOLS synthesis in & large-scale application.
This finging was based on three premises: 1) a liquid-phase reaction
system offers the potential for decreased production costs vis a vis the
ability to efficiently recover the higher (with respect to methanol
synthesis) heats of reaction of the ALKANOLS synthesis; 2) a
liquid-entrained system utilizes a finely-divided slurry catalyst which
pravides a potentially higher catalyst productivity than that of a
tabletted or pelletized catalyst; and 3) the potential catalyst productien
cost savings foreseen for producing ALKANOLS catalyst in powdered form as
opposed to tablets or extrusions.

In June, 1981, Chem Systems recommended to the DOE that a cost effective
route of carrying out the process variables studies and catalyst
performance studies would be to assemble a liguic-entrained, autoclave
reaction system. A contract modification was approved and a &-liter,
stirred autoclave reaction system was assembled {see Section IV for
details of the design of this unit). Based on data coilected during the
process variables studies, i1 was decided to initiate the catalyst
aciivity maintenance test at the following reaction conditions:

Reactor Temﬁerature: 3500C

Reactor Pressure: 2500 psig
Space Velocity: 3600 standard liters/hr/kg coxioed catalyst
Agitator Speed: 720 rpm :

Siurry Concentration: 0.17 kg oxide/liter of oil
0i1 Type: Witco 40 mineral oil
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Catalyst: UCT L=1122 peliets crushed and screened to
100 percent through U.S. 70 mesh,

Synthesis Gas

fomposition: 2/1 hydrogen/carbon menoxide with 10,8
percent carbon dioxide content,

Reduction Procedure:  Vapor-phase, fixed-bed reduction using a 2
percent hydrogen in nitrogen mixture at 1
atmosphere, 900 SL/hr/kg space velocity with
temperature programming from 200°C io
3500C over a 48 hour period.

The choice of these conditions was basea on the high activity (?5 percent
total carbor monoxide conversion per pass) and the relatively high
ALKANGLS productivity {13 gmmol/hr/kgm catalyst) observed in a previous
test (#226-285-4) made at these reactor conditions but with a 2/1
hydrogen/carbon moncxide synthesis gas having only 1.3 percent carbon
dioxide content. The decision to wutilize the higher carbon dioxide
content synthesis gas in the catalyst activity maintenance test was based
on the desire to approach the higher assumed steady-state carben dioxide
Tevel used in the conceptual design study.

Upon 1introduction of synthesis gas, it was determined that the initial
activity of the catalyst under these conditions was less than that
abserved for the previous test. Moreover, over the first 200 hours of
operatioh, the rate of increase in the selectivity to the C2+ components
of the ALKANOLS with time was less than that observed for the previous
test. The detailed discussion of the results of both tests is presented
in Section VI. ' -

Although the demeonstration of catalyst activity maintenance in the
slurry-phase reactor was never completed, a previous test in the Berty
gradientless, vapor-phase reactor made over a 300-hour test 'period
indicated that catalyst activity, as measured by both carbon monoxide
conversion and ALKANOLS productivity, increased by more than 150% over
that at 25 hours on-stream time.
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VIII. DISCUSSION OF RESULTS OF ENGINEERING ANMD ECONOMIC STUDIES (TASK 3}

A. Qverview

Throughout the performance of the experimental program, which was aimed ai
defining a preferred catalyst composition and reaction system, we have
assessed the technicai and economic applicabitity of this technology to
the commercial-scale production of ALKANOL fuels. These assessments
included the following major areas of investigation:

e Technical and economic advantages of utilizing ALKANOL fuels
as synthetic transportation fuel or additives for
‘conventional petroleum-based gasoline;

s Conceptual design of a commercial-scale facility for
producing ALKANOL  fuels from coal-derived synthesis
gases; and ’

e Comparative economics of progucing ALKANOL fuels, methanol
and Mobil MTG synthetic gasoline from coal-derived synthesis
' gases.

 The conceptual plant design was based oD production of 1280 short ten/day
crude ALKANQLS from coal-derived synthesis gases. This product rate is
equivalent to an 1800 short ton/day methanol plant in terms of total
energy content of synfuel product, It was assumed in the design study
that a liquid-entrained reaction system would be utilized.

Although the process concept for producing ALKANOL fuels on &
- commercial-scale is in an early state of deveiopment, the techno-economic
analyses performed to date are encouraging. The following key conclusions

have been drawn:

e Production cost estimates {1981 Gulf Coast basis) indicate that
ALKANOLS might be produced at relative costs to methanol and
Mobil MIG of 1.1% ana 0.86, respectively, when calculated on 2
cgnstant product energy value basis. Hawever, it should be
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realized that in all three cases about 84% of the respective
product costs can be attributable to the cost of the
coal-derived synthesis gases.

An analysis of the value of ALKANOLS as a gasoline pool blending
stock indicates that there are certain scenarios 1in which
specific ALKANOL fuel compositions have vrefining values
equivalent to or better than some of the current octane
improvement methods hs_ed by petroleum refiners. One noteworthy
exampie is the situation in which a refiner is adding toluene
(valued at $1.27/gal) to unleaded gasoline (88 Road {ctane
Number). The computed refining value of an ALKANOL fuel
containing 20% methanol and 80% C,-C. alcohols and having a
measured blending value octane number (RdBVON) of about 125,
when blended at the 10 weight percent Tlevel in unleaded
gasoline, 1is about $1.61/gal. Thus, these actane improvement
economics calculaticens (1981 basis) suggest that there 1is a
driving force between the estimated ALKANOLS refining value
(§1.61/gal) and the estimated ALKANOLS production costs
($1.15/gal) for utilizing them as gasolire blending stocks.

From a reaction engineering viewpoint, the ALKANDLS synthesis
pepresents a compromise betiween the higher exothermicity/lower
efficiency of the Mobil MTG process and the lower sSeverity
methanol sjmthesis process., Thus, the ALKANOLS synthesis has
the potential to convert synthesis gases at a theoretical energy
efficiency (i.e., Btu content of product divided by Btu content
of synthesis gas assuming stoichiometric yields) intermediate
between that of wethanol (85.2%) and Mobil MIG gasoline
{76.0%). |Moreover, it appears that the ALKANOL mixtures have
physical and chemical properties rendering them as potentially
viable alternatives to pefroleum-derived gasoline and gasoline
octane improvers (e.g., toluene, t-butanol}.



-201-

CHEM SYSTEMS INC.

B, Conceptual Design of an ALKANOLS from Synthesis Gas Plant

1. Design Basis

A design basis for a conceptual facility to produce ALKANOL fuels from
coal-derived synthesis gases was established based on the data generated
in the vapor-phase test units and on our current understanding of the
reaction chemistry and reaction engineering of the ALKANOLS synthesis.
The objective of the conceptual plant design study wés to determine the
economic impacts of the reactor design and reactor operating conditions on
the overall plant design thus providing the direction for generation of
experimental data needed to define the preferred operating regime. Four
key parameters (per pass carbon monaxide conversion, reactor outiet
pressure, synthesis gas pressure, space velocity) were allowed to vary in
an ensuing sensitivity analysis to determine their potential impact on the
cost of production estimates. Other key parameters {e.g., ALKANOLS
composition, synthesis gas composition, reactor design) were held
constant, and although variations in these parameters could have 2
significant effect on the process economics, it was determined that the
study of the effect of varisiions in the values of these parameters would
hest be performed at a future time when a sironger database would be
available.

a. Design Parameters Kept Constant

e Synthesis Gas Composition

The reactor feed gas, which consisted of a fresh coal-nerived synthesis
gas comporent and a vecycie gas component, was assumed to have @
hydrogen/carbon monoxide ratio of 2.0/1 with 18 percent carbon dioxide
content snd 10% inerts (methane, ethane, 1ight alcohol vapors, etc,
derived from the ALKANCLS synthesis reactions). The composition of the
inerts was computed from material balance and vapor/liquid equilibria
calculations around the reactor loop. The 18 percent carbon dioxide Tevel
corresponded to equilibration of the water-gas shift reaction at the
outlet of the reactor. Although the process variables study indicated
that high carbon dioxide levels 1in synthesis gas may adversely affect
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catalyst activity, it was decided in this preliminary design to circumvent
the added costs of a carbon dioxide-scrubber for the reactor effluent
yases by allowing the carbon dioxide in the recycle gases to achieve &
steady-state level. This required an increased purge in order to satisfy
the material batance around the synthesis loop.

The fresh coal-derived synthesis gas was assumed to have a 2/}

hydrogen/carbon monoxide ratio and contain 5.5 percent carbon dioxide.

This type of gas could come from coal gasifiers based on slagging partial.
oxidation technology in which no hydrocarbons (e.g., methane) are

produced, and the raw gas is shifted and scrubbed to achieve the
hydrogen/carbon monoxide ratto ana carbon dioxide levels assumed (low
levels of nitrogen/argon normally associated with oxygen-blown gasifiers

were neglected in this study).

In the process variables scans performed after the initiation of the
conceptual design study, it was determined that synthesis gas composition
at the reactor inlet could have a significant effect on catalyst
performance. However, a sensitivity analysis of the effect of synthesis
gas composition on overall process economics was not performed and should
be inctuded as a key task in any future techno-economic assessment efforts.

¢ Product Yield Spectrum

The product yiela spectrum was based on the results of tests made in the
Berty vapor-phase reactor during the early phases of the process variables
scans. The overall product composition assumed in the study consisted of
9.0 wt percent light (Cq-Cq) hydrocarbon gases, 69.3 wt percent
alcohols and 21.7 wt percent gasoline-range hydrocarbons, all expressed on
a water~-free basis. The carbon number distribution for each product class
is shown in Table VIII-1. In practice, we detected small quantities of
oxygenates such as aldehydes and ketones which have been included in the
general product class cefined as alcohols. In a large-scale plant, a
hydrogenation finishing reactor might be required to convert any aldehydes
to alcohols, Commercial catalysts and processes (e.g., cobalt catalysts
in the OXO Process) are readily available for this step. A raw ALKANOLS
finishing step has not been included 1in this study. Depending upon
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CARBON KUMBER DISTRIBUTION FOR ASSUMED PRODUCT SLATE

Alcohols, Wty

C% 45.1
Cy 22.7

15.4
C4 6.3
C5 7.9
Cﬁ 2.6

Total 100.0

Gaso!ine-Range Hydrocarbons, Wt%

Cq 33.7
C5 18.4
Cﬁ 16.1
C? 10.6
Co 8.3
Cg 9.7
C1g 32
Total 100.0

Light Hydrbpcarbon Gaseé, Wiy

C 60.0
Co 26.7
C3 13.3

Total 100.0
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cata'iyst composition and reaction conditions, the composition of the
" hydracarbon (C4+) fraction aisc varies, and we have detected paraffins,
both normal and iso, as well as olefins. In this study, it was assumed
that all C4+ hydrocarbons were n-paraffins. Thus, the crude ALKANOLS
fraction, after separation of product water and light hydrocarbon gases,
would have the following composition:

Mathanol - 34,3 wt percent
C,-Cs Alcohols - 41.9
64-010 hydrocarbons - 23.8

¢ Reactor Design

Chem Systems(53)
methanol utilizing a three-phase reaction system in which a finely
divided, methanol synthesis cetalyst is entrained in an inert circulating
0il. In this way, the exothermic heat of reaction can be efffcient1y

has been developing technology for the synthesis of

removed by generating steam either in an external heat exchanger or in
tubes immersed within the T1iguid-entrained reactor. In this current
study, we assumed the utilization of a liquid-entrained reactor system for
the ALKANOLS synthesis in which a high beoiling (e.q., Cq7-Cag) mineral
0il was assumed as the inert circulating oil. Although the ALKANCLS
synthesis product siate was Dased on experimental datz obtained in a
vapor-phase, gradient]ess reactor, later data obtained in the siurry-phase
autoclave system indicates that a liquid-entrained reaction mode has the
potential to generate a similar product slate as that observed in the
back-mixed, vapor-phase reactor,

The exothermic heat of the ALKANOLS synithesis reactor was assumed to be
recoveread as Nigh pressure steam in an external heat exchanger on the
circylating o0il loop. Although 400 psig steam was produced, it may be
possible to generate steam up to 900 psig, which could be used to drive
steam turbines instead of providing heat for the ALKANOLS product
distillation train. However, a steam/electricity balance has not been
optimized in this preliminary design study.
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The superficial gas velocity in the reactor was assumed to be about 0.5
ft/sec. The slurry density or catalyst loading was assumed at 2.5 1b of
oxided catalyst per gallon of circulating oil,

® Reactor Temperature

The conceptual design was based on experimental data obtained at 350°¢
(662°F) isothermal reactor temperatures. In the large-scale equipment,
the exothermic reactions are carried out adiabatically. Based on the
flowrates of feed gas and circulating oil and on the calculated heat of
the ALKANOLS synthesis reactions, a 299C (52°F) temperature rise was
taken across the reactor. Thus, in order to maintain the 3500C reactor
outlet temperature, the feed gas and circulating oil inlet temperatures
were maintained at 321°C (610°F).

e Product Recovery Train

Once the primary vapor/liquid separation has been achieved, a two-phase
hydrocarbon/aqueous alcohols separation is made. The hydrocarbon phase
can either be sent to storage or held in a holding tank for blending with
the dried alcohols fraction to produce the crude ALKANOLS product. The
design of the aqueous alcohols separation is based on a process
described(®) by the Institute Francais du Petrol (IFP).  This
dehydration scheme is based on the use of diethylene glycol as a selvent
and combines cxtractive distillation technology with hetero-azeotropic
distillation. '

s Plant Capacity

The nominal design capacity was 1280 short ton/day (stpd) cruoe ALKANOLS
{water-free) with an 8000 hour per year stream factor. This capacity was
selected to give a product energy production rate equivalent to that of an
1800 stpa methanol plant. The assumed net synthesis gas flow (total
synthesis gas flow to reactor Jess purge gas) to produce the specified
yield of crude ALKANOLS was 2013 million Btu/hr. This value is -about 13
percent higher than that of the equivalent 1800 stpd methanol plant with
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the differences emanating primarily from preduct quality differences
(methanol has about a 30% lower volumetric energy content than that of the

crude ALKANOLS).

b. Design Parameters Sensitized

e Carben Monoxide Conversion Per Pass

The base case carbon menoxide conversion was assumed to be 22% per pass to
products (at zero selectivity to carbon .dioxide).  Production cost
estimates were also made at carbon. monoxide conversions per pass of 30%
and 40%, respectively, while assuming the same product slate as for the
base case conversion. Overall carbon monoxide conversion was fixed at
86.8%.

# Reactor Outlet Pressure

The base case reactor outlet pressure was assumed to be 2050 psia with an
equivalent partial pressure of carbon monoxide and hydrogen of 1475 psia.
The 575 psia differential is attributable to the carbon dioxide and inerts
(CH4, CoHg s CH3DH, etc.) content of the recycle gases., Production
cost estimates were also made at a lower reactor outlet pressure of 1550
psia which is essentially equivalent to that utilized in the autoclave
tests.

® Synthesis Gas Feed Pressure

The base case synthesis gas feed was assumed to be delivered to the
ALKANOLS plant hattery limits at a pressure of 550 psia. A two-stage,
compressor was then used to compress the synthesis gas to the ALKANOLS
synthesis loop pressure. This comprassor and jts associated power
requirements can represent a significant portion of the cost of production
of the ALKANOLS. A production cost estimaie was made tb determing the
effect of higher synthesis gas delivery pressure, namely 1040 psia.
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e Space Velocity

The base case space velocity was assumed to be 3000 standard 1iters/hr/kg
of catalyst at the specified base conditions of temperature and pressure.
A product cost estimate was aiso made to determine the effect of operating
at the higher space velocity of 6000 standard liters/hr/kg catalyst.

2. Process Description

A process flowsheet for- the conceptual 1280 stpd ALKANOLS plant has been
developed. The ALKANOLS synthesis loop is shown in Figure VIII-1, and the
ALKANCLS product dehydration section is show 1n Figure VIII-2. A material
balance indicating the flow rates of the major streams in beth plant
sections is presented in Table VIII-Z. '

In the synthesis Jloop, makeup synthesis gas derived from a coal
gasification facility in which the raw gas has been shifted and scrubbed
to maintain a 2.118 hydrogen/carbon monoxide ratio with a residual carbon
dioxide content of 5.5% is compressed to 2100 psig. The thus compressed
synthesis gas is blended with the recycie gas recovered from the
vapor/liquid separator y-101 and heat exchanged against the hot reactor
effluent stream in feed preheater H-103. The preheated blended syithesis
gases are fed 1o seven parallel synthesis reactors where they are
contacted with a circulating stream of inert hydrocarbon oil containing
the active methanol synthesis catalyst. For the current conceptual
design, a catalyst loading of 0.3 kg/1iter of oil was assumed, and the oil
circulation rate was 2500 gpm per reactor, which is equivalent to a feed
gas/oil volumetric ratio of about 34/1. At this ratio and the assumed
exothermic heat liberated per pass by the ALKANOL synthesis reactions, the
calculated temperature rise across the reactor was 520F (28°C)}. The
hot oil is circulated to a heat exchanger, HE-101, where it is cooled
while generating 400 psig steam. Each reactor is & feet in diameter by
150 feet long and fabricated from stainless steel-clad carbon steel., The
assumed circulation rate corresponds 1o a suyperficial velocity of about
0,1 it/sec.
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The reactor effluent is then heat-exchanged against reactor feed gas and
further cooled in the final cooler, HE-104, to 120°%F to condense product
and water. Condensed 1iquid products and unconveried gas are sgparated in
the vepor/liquid separation drum, V-101. The unconverted gas 1s
recompressed to 2,100 psig via the recycle compressor, 6C-102 and returned
to the reactor feed stream, A small purge stream is taken from the
vapor/liquid separator to prevent the buildup of methane and other gaseous
byproducts in the synthesis reactors. Liquid products from the separator
are depressurized ito about '5‘0 psig in the degasser, V-102, to remove
dissolved gases from the product. The gases are vented to the atmosphere,

The Cz+ hydrocarbons and alcohel-water products phase separate in the
degasser. The hydrocarbon phase is sent to storage, and the alcohol-water
layer goes to a multi-tower distillation train for the removal of water,
Except for methanol, all of the alcohels form azeotropes with water, thus
making it necessary to use a solvent for extractive aistiliation. The
dehydration scheme is based on use of di-ethylene glycol (DEG) 8s a
solvent and the combination of  extractive distitlation - and

" heteroazeotropic distillation. First, the product alcohol-water mixture

and DEG are fed to the extractive distillation column, TW~201. In this
colwan, the Tighter alcohols (Cy, C;, C3) ¢o overhead ana the
heavier alcohols, water and the solvent bottoms are fed to the solvent
regeneration column, TW-202. - Due to high vapor rates, two parailel
extraction columns are required. In the regeneration column, the
alcohol-water mixture is distilled overhead and the solvent bottoms
~ (containing some water to reduce the bottoms temperature) are recycled
. back to the extraction column, '

Because of the Tlimited solubility of higher alcohols and water, the
 product phase separates in the regeneration column reflux drum, V-202.
The alcohol-rich phase is sent to the dehydration column, TW-203, for
_ further purification. The bottoms, containing C4, Cg and Cg
- alcohols, are cooled in product cooler HE-210 and sent to product
_storage. The overheads containing an azeotropic mixture are recycled back
to the phase separator. The water-rich phase is sent to the stripping



