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I. CONTRACT OBJECTIVE

[4 .
s

(]

The objective of the contract is to develop and evaluate novel

homogerieous catalytic systems for the selective conversion of low

o H;/CO-ratio syngas to alcochol *fuel extenders.

(3



II. SCHEDULE

* .

" The contract work was originally planned for the 24-month
period from October 1, 1984 through Septémber 30, 1986. Our
present planiis £o0 continue the work, on a no-cost extension,
through January 31, 1987. )

Work on the project is divided into three ‘tasks. '

Task 1:is the study and development of a ruthgnium—baSed'
catalytic .system for alcohol production discovered‘at Union

Carbide.  The effects of reactlon components, including additives,
co~catalysts, and solvents, on catalyst productlv1ty and
selectivity are being investigated. Task 1 work will continue
throughout the contract period. ' o

Task 2 is.the search for novel syngas conversion catalysts
with lmproved performance. The major dlrectlon has been ‘toward
metal. systems not previously known to have 51gn1f1cant catalytlc
activity in homogeneous CO hydrogenatlon reactions. :Work on Task 2

"will be pursued only at a low level during the remainder of the
contract, as concepts for investigation are developed.

Task 3 is a more detailed study of the most promising catalyst
systems identified in Tasks 1 and 2. Investigations are to be
carried out- on both fundamental and process levels. ' Work in Task 3
is proceeding on the novel methanol homologation system discovered
under this conmtract.




- ' JProgram manager is Dr. Donald C. Best. ‘ i

III._ ORGANIZATIEON
.. Ihe.production of optimum higher alcohol mixtures for fuels
from syngas by homogeneous catalysts is the goal of a re_search and
development “program conducted by the Engineering, Manufacturing and

Technology Services Division of Union Carbide Corporation.
The work is performed &t 'Unioﬁ“""c:E‘fb’f&é"c’érfﬁé??a"tﬁi”o‘ﬁ‘"‘.’sﬂ,'S'c'"S‘i'ﬂi S
Charleston Technical Center, South'Charleston, West Virginié

25303. o
Principal investigator is Dr. B. Duane Dombek.
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IV. SUMMARY OF PROGRESS
A. Task 1: Modification of Ruthenium Catalyst System

Because of their reactivity and select1v1ty in syngas—based
reactions produc1ng higher alcohols, ruthenlum catalysts are being
_1nveet1gated more thoroughly in Task 1 of thlsncontract Research
has peen done on several ruthenlum—based catalyst Systems during
‘this- quarter . &

The screenlng of several types of additives with ruthenium
catalyst systems has been continued. The basic objective of thlS
effort is to modify the catalyst systems so that higher alcohols
can be produced directily from'syngas Efforts are therefore o
directed toward increasing the total- act1v1ty of ‘the systems so :
that a' lower operating pressure can be reallzed At the same tlme,‘

studies are being directed toward:increasing the Co+ alcohol

selectivity of the: systems« - . ’ i

Much of the effort. is belng concentrated on the ruthenlum .
carbonyl/molten phosphonlum salt system. However, the 1od1de—f
promoted ruthenlum system in NMP is also being 1nvest1gated
Several catalyst addltlves have been observed to have benef1c1al
effects on these ruthenium systems. As described in the last/
quarterly report, a ncvel metal-containing additive has been'found
ko significantly enhance both the rate of syngas conver31on/and the
yleld of hlgher-alcohols Addltlonally, the use of this addltlve

has been found to allow operation at pressures lower than é

prev1ously used; experiments at 3000 psi gave better performance
than some runs at 5000° p31 not using the additive. Experlments

have now been conducté&d with tHe, synthetic precursors. of thlS

additive to ‘see- whether they may form the catalytic promoter under
reaction conditions. nlthough a oenef1c1al effect is observed, it
fs not. as great as when the preformed additive is employed

. s i
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Modifications of this additive have also been investigated.
Usé of related compounds has so far given results inferior to those
previously cb%ained' The introduction of electron-donating oxr .
electron—w1thdraw1ng groups -sometimes can caunse significant changeé
.in catalyst behav;or. In this case, neither gave an increase in
activity, although changes 1n select1v1ty were evident.
» Qrganic ligands 51mllar to those included in some of the

metal—contalnlng additives tested have also been used as catalyst

additives. In several cases, enhanced. selectivities and actmvxtles
to hlgher alcohols were observed

These experlments were carrled ‘out accordlng to Procedures
B(a) and B(b) of Appendlx B. Product analyses were conducted using
Procedure C(a) of Appendix C. A more. complete descrlptlon of these
experiments and tables of data are glven in Appendix D.

< G

B. Task 3: Further Study of Superior Catalysts i

Further- lnvestlgatlons have been ‘carried out in an effort to
gain basic lnformatlon on the catalytlc chemlstry 1nvolved in the
novel methanol homologation system discovered earlier in ‘this

| prOJect Loglcal extensions of this system are also under
1nvest1gatlon, based on the knowledge already gathered
Experlments ;An this basic lnvestlgatlon of the homologatlon system
were conducted follow1ng Procedure B(c) of Appendlx B,aand
analytlcal determlnatlons were carrled out according to Procedufe

© . C(b) of Appendlx C. ) ﬁ

Earlier work 1n this project hasvshown the importance of two
specific catalyst,addltlves in the new homolcgation system.- Work

has now Seen done“to attempt to use additives similar to one of

\

these, both to learn about the essential characteristics of the
addltlve and to try to further enhance the rate and select1v1ty
0f-a number of similar additives tried, three have been found to" |

promote the formatlon of ethanol at selectivities approachlng those
‘earlier observed. It is not yet clear what properties of these

fa)



additives are important in determining the catalystféctivity.

Several experiments were carxied out with added solvents (in -
addition to the methanol normally used).: Although earlier work
with copalt-based homologation systems showed ingreased selectivity
with added solvents, these experiments did not result in increased
selectivity ' However, the reactant methanol is from a practical
stand901nt the solvent of choice for this reaction.

Because of the many variables involved in the methanol
homologation system, it was felt that the best approach to gaining
‘an understéndipg of how each affects the béhavior of the system was
through statistically designed experiments. These experiments 2
would allow the determination of which variables were most
1mportant for obtaining high conversion rates of methanol to
ethanol with high selectlv1§y, and at what levels optimum results
could be obtained. A first%ﬁesigned set of experiments explored
_ the effects of six variables: temperature, pressure, ruthenium,
and the amounts of three additives. The experiments did not
generate data of sufficient quaiity fbr quantitative correlations
to be made, but did suggest conditions under which a second
de51gned 'set mlght be ‘more successful.. The second designed set
varied only temperature, ruthenlum, and two additives, over
somewhat harrower ranges. This dééigned set provided exceileﬁt
' guantitative correlations between the variables Etudied'and the
| rate andselectivity of ethanol production. Unfortunately, the
resulté'showed that conditions for highest rate and highest
selectivi%§ are mutually exclusive within the range of variables
investigated. The hiéhest rate to ethénol is achieved at high
temperature and high ruthenium. The highest selectivity reguires
_low temperature.

" The experiments of the designed sets were carried out .

according‘&o Procedure B{d) of Appendix B. Analyses were performed

as described in Procedure C(c) of Appendix C. Further experimental

information and tables of data are presented in Appendix D.



V. CHANGES

~  There were no contract changes.during this quarter. A zequest
has been filed for a four-rmonth no-cost extension to cover the
period fror October Z. 1986 to January 31. 1987.



. VI. FUTURE WORK

e

kl

” Work during the next quarter w1ll continue on Task 1, with the
goal of 1mprov1ng rq;henlum catalysts for the direct, selective
‘Tonversion of syngas to alcohols @ .
Additional work on Task 2 will be carried out as concepts ., -

wo*thy“of éxperimental investigation are developed. Work in this
task seeks to discover novel types of catalysts for the conver51on
of syngas to fuel alcohols. A

" Work on Task 3 will continue. This task involves, the: more
thorouga investigation of system(s) identified in Tasks 1 and 2 as
the most deserving of further work. The system presently undex

lnvestlgatlon is the novel ‘ruthenium-baged methanol homologation
system discovered under this contract.

2

(9]

D. C. Best'
Program:Manager
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Appendix A. USE OF CODE SYSTEM

A code system is being used in this report and throughout the

contract period to identify proprietary data or inforration which

nay be the subject of future patents:- The code system consists of

three classaifications. each rermber of which is assigned a nunberxr
Categdry A enco—passés additives, such as ligands. retal

conplexes- or salts. which apparently function as catalyst

~ promoters.

Category C consists of catalysts or co-catalysts

Category S includes solverts for catalytaic reactions.

Use of the code syster has been approved by the Chief Offace

of Patent Counsel, U.S. Departrent of Energy, 9800 South Cass
Avenue, Argonne, Illinois 60439. ’

The following coded inforration is included in this report:

a8: - A catalyst additive
A25: A catalyst additive
A26° A catalyst additave
A36: A catalyst addative
A4™-A58: Catalyst alddz.t ives
A59-A"2: Metal-containirg catalyst additaives
AT3-ATB: Organic catalyst additaives
A"9-A8B0: DMetal-containing catalyst additives
C18: A catalyst precursor
- 54: A reaction solvent
522-S27: Peaction solvents

10
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hppendix B. PROCEDURES FOR CATALYST TESTING

kel

L] o
. " ]

Catalyst tests carrled out under this contract have beern'.
a331gned reference numbers of the form SGHAM—X-y, where the
character X 1dent3f1es the approprlate researcher and the numeral v
specifies the serlal numbex. of the experlment T

v

PROCEDURE B (a) .

Y

. Into a speciel;y designed glass l;ner, tpeﬂcataiyst and
additive (s) were charged along with 15.0 g of P(h-Bu)4Br. The

glass liner was then placed into a 150 ml rocker bomb autoclave
The system was pressurized w1th nltrogen to 80 psig and vented, a
-total of three times.-=- The system was then pressurmzed with syngas
‘to 200 psig, vented, pressurized to 10 )00 psig syngas and tested for
possible_ leaks. Then it was heated to 230°C and pressurized to
5000 p51g (ox other specified pressure) for a desired period
(usually 3.0 hr) with adjustment of pressure back to the spec1f1ed
level as uptake of ‘gas occurred After the desired time of
reactlon, the system was vented and purged with nitrogen. The
glass liner’'was taken out and the content analyzed by GCfmethods.

PROCEDURE B (b) .

In experiments which used NMP as the solvent, the catalyst and
additives were charged into a 150 mL Hastelloy C magnedrive
autoclave along with the solvent under argon. The reactor was
sealed, pressurized with 80 psi of nitrogen, and vented. It was
then pressurized to 300 psi with syngas and then vented. This
purging was then repeated once more before the system was '
pressurized to 1000 psi.of syngas. At this point, the system was

11



tested for possiblé leaks. It %as then heated to the desired
temperature. ;After the desired temperature was reached, the system
was preSsurized to the desired level with syngas. The temperature
and pressure were then kept constant for the desired reaction
‘period. Afterwards, the reactor was rapidly cooled to room

temperature by a cool water jacket.

PROCEDURE B(cC) .

A 100 cc Hastelloy magnédrive.autoclave was used for catalyst
‘testing. The'cleaned autoclave was purged with nitrogen, charged
with the reactants, sealed and preséured to 400 psig with synthesis
gas of the desired composition. The reactor was maintained at 400

psig for 10 minutes to check for leaks. The reactor was then
heated to the desired temperature and pressured with éyntheéis gas
to 25 psi above the specified pressure. The'preséure was
maintained within * 25 psi of the operating pressure by
repressurizing as necessary. After the experiment_wés‘cbmpleted,
the reacto; was cooled to 20°C. The gas was vented and the liquid
products were collectgd@in a chilled bottle fitted with a septum.
'ihe°reactor was washed with various solvents until the rinses

appeared clean. The reactor was periodically disassembled and
cleaned, as requiréd.“

-~

[+]

PROCEDURE B (d) .

Catalyst testing was performed in & 300 mL Hastelloy C
magnedrive autoclave. The cleaned autoclave was purged with
nitrogen, charged with reactants, liquids first, théh solids,
sealed and pressured Lo.600 psi with synthesis gas of the desired
composition. This pressure was held for 15 minutes to ensure'that
there were no leaks. The temperature was then raised to the
(desired operating temperature and the pressure raised to the
desired_operating pressﬁre. The pressure was maintained ‘to within .

"r
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200 psi by repressur121ng as Pecebsary All experiments were .run

for three hours. After completion of the run the reactor was

inyooled to below 20°C and a'gas sample“was taken. The reactor was

slowly vgnted and the product collected in a crown-—capped bottle

precooled to 0°C. The reactor was washed with several solvents,

then disasggmbled and washed further.

"®

13



Appendix C. PROCEDURES FOR PRODUCT ANALYSIS

PROCEDURE C{(a) .

Liquid orgaﬁic product analyses were pe;formed on a Hewlett-
Packard gas chromatbgraphic'}nstrument,'model 5840A, equipped with
a 30m x 0.32mm Durabond 1701 capillary column with initial

temperature :and final ‘temperature set at 25 and 280°C,
respectively.

PROCEDURE C(b) .

o
M te
i

Liquid product anélyses were'performed on a Varian 3700

caplllary gas chromatograph equlpped with a Durabond 1701 30m x
0.32mm’ ‘capillary column.

PROCEDURE C(c) .

quu1d product analyses were performed on a Hewlett-Packard
HP5890A gas chromatograph using a DB 1701 30m x 0.32mm capillary
column attached to a flame ionization detectér. Products were N

quantified using acetonitrile as an internal standard. Gas samples
were analyzed using a Carle Analytical Gas Chromatograph, Series §

o~
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I. TASK 1: Modification of Ruthenium Catalyst Systems

A. Iptroduction

The good characteristics of rutheniuh—based catalysts for

syngas conversion were the basis for further investigation of these
‘catalysts under Task 1 of this project. ' Ruthenium catalysts
studied earller iri the contract have shown good activity,
select1v1ty to higller alcohols, and catalyst stability at_pressuras
of about 6000 psi. Efforts are continuing to 1mprove,the catalyst
characteristics at lower pressures, both through catalyst screening
studies and through a better understanding o//the catalytic
process. - 4// &

The screening of several types of/gadltlves with ruthenlum~
catalyst systems has thereforefseen continued. The basic objective
of this effort is to mOdlfj the catalyst systems so that hlgher

- alcohols can be efflflently produced directly from syngas. fforts
are thereEg;e/uifected toward increasing the total act1v1ty of the
_—-SY. steiifd so that a lower cperating pressure could be realized. At
the same time studies are being directed toward increasing the Co+
alcohol selectivity of the systems.

Much of the effort is being concentrated on the ruthenium
carbonyl/molten phosphonium salt system. However, the iodide-
promoted ruthenium system in NMP is also being investigated.
Following the discovery that additive A38 can 1ncrease the catalvst

actlv1ty as . well as the production of C2+ alcohols, a number of

'additives with structures similar to' A38 were discovered to have
similar catalytic characteristics. A particular additive was found
to increase the production of n-propanol, especially in the molten
phosphonium salt system. Furthermore, it was demonstrated that the
addltloh of synthetic precursors of A38 to the molten phosphium
salt system gave catalytlc effects very similar to those of A38.

These experiments were carried out according to Procedures

16
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B(a) ‘and B(b) of Appendix B. Product analyses were conducted using
Procedure C{a) of Appendix C.

B. Effects of Metai—Qontaining Additives in Ruthenium Systems

We previously reperted fhat the use of a novel.metal—
containing additive, A38, in the catalyst system of ruthenium
carbonyl/molten phosphonium salt causes the activity of the system
;o lncrease substantially. Even at the relatively low syngas

‘pressure of 3000 psi, the activity of the system was quite

respectable It has now been demoastrated that by adding the
precursors of A38, for example, A57/A58 or Al16/A58, to the catalyst

system of Ru3(CO)12/molten phosphonium salt, effects similar to A38

were observed. However, A38 remains~a superior?additiye to its

‘precursors. Results of these exper{ﬁents are presented in.Table I.

When an experlment was carried out under 2:1 HZ/CO syngas, the

acthlty of the system dropped- compared. to. that seen under 1:1
syngas. This suggests that a higher CO,parplal pressure'ls . ‘
essential for the homologation step(s). )

Modification of the ligand.has not yet led to & furtherg
increase in the activity of the catalyst system. For example, AS9,
260, and A6l are modifications of A38, but they do not provide -
catalytic results as good.as 2A38. ‘Nevertheless,. one particular
modification did yi€ld some “interesting results. -When A62 was
added to the molten salt system, it caused the system to produce
more propanol than previous systems. Electron-donating groubs on
this ligand seem to retard the homologation steps of this
particular system, while electron-withdrawing groups caused the
system to produce other oxygenates.

The screening of‘metal;coﬁtaining coﬁpounds discussed earlieX
as catalyst additives to the phosphonium salt system is almost
completed. Additives A63-A68 ‘seemed to have either a slight
positive effect or no effect on the activity and the selectivity to
higher alcohols. 2a69 did not affect the activity but increased the

17



formation of ethanol moderately. A70, A71,. ancli' ;A72 retarded the
catalyst activity severely. Resulrs of these experiments are given
in Table I. L .f' T

' These experiments were carried out agcordi:ﬁg to Procedu;eé

~ B(a).-and B(b) of Appendg.x B. Product analyses were conducted

' us:@.né'Proce’dufe-:C,(a) of Appendix C. - -

18
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Key to Tables I and’ II.

pe

SGHAM-T,—#

«1 Catalyst

2 mmole )
3§§olvenﬁ

4 mL/g .
. 5 Additive

6 mmole
Press.,psi
Temp., "C
Time,hrs.

10 H2/CO

v 0 I

11 MeOH, g

12 EtOH,g

13 n-PrOH, g

14 n-BuOH,g

15 CH3CHO,g

16 Other Ox.,g

17 Total Prod.,g
18 % Cp+ alcohols

: 219 CZ+/C1 ratio

o

Catal@st preéursorﬁcharged

Amount

of c;talystvprécursor used

Solvent used ,c ; ¢

Amount

of solvent used, in mL or grams

Additive’ ‘employed

Amount

of ddditive used

. 15 . .
Reaction pressure in psig *

Reaction temperature  :°

Reaction time in hours

Syngas
Aﬁéunt
Amount
-Amount
Amount
Amount
~Amount
Weight
Weight

molar ratio

of méthénol produced,,ih grams -

of :ethanol produced, in grams

of n—pr6pahol produced, grams

of n-butanol produced, grams

of acetaldeh&de produFed, grams

of Sther oxygenates produced, grams
of total producfs analyzed fi

percent' of C, and-higher alcohols
¢ 0

" Wt. ratio of C, and higher products to Cj

19
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Tablg:i.

Effects of Metal-Containing.Additives
1

“ ’ " 7

. SGHAM-L-# 1-123 1-129°
-_-———---—--.. ___________ \.- p— -—
1 Catalyst Rug (CO) 15 Ru3(CO) 17
2 mmole 1.25 1.25A

3 Solvent P (nvBu) 4Br P (n~Bu) 4Br
. 4 mL/g 15.0; 15.0g

5 Additive Al6 A16/A58

6 mmole 3.0 3.0/3.0

7 Press.,psi 5000 5000

8 Temp.,'C i~ 230 230

9 Time,hrs 3.0 3.0 )
10 H,/CO ) 1.0 . 1.0
11 MeOH, g 0.89 2.7
12 EtOH,g - 1.70 3.1.

13 n-PrOH,g 0.59 SE s 1.6
14 n~BuOH,g ‘ 0.0 © 0.26
.15 CH3CHORg trace 0.25
.16 Other Ox.,g . 9.4 5.7
37 T8tal Prod.,g 12.6 13.0
18 § C,+ ‘alcohols 18 - 34
19 C,+/C; ratio 13 3.8

See page 19 for key.

20



Table I.

v

SGHAM-L-+

o o e B o P e e e e Bt g A o o P S S e P Gt P . G P

w N

© .~ o .

10

Catalyst
mmole
§oi&ént
mL/g
Additive
mmole .

Press.;psi

Temp., ‘C
Time,hrs
HZ/CO

MeOH,g
EtOH, g

_n—P;OH,g

n-BuOH, g
CH3CHO, g

Other Ox.,g
Total Prod.,g-

% gé% alcohols -

Cp*/Cqy ratio

“

Effects of

Metal-Containing Additives (Cont'd.)
1-119 1-131
Ru:; (CO) 12 RU3 (CO) 12
1.25 1.25
P(n—BuL4Br P(n—Bu)4B;
15.0g - 15.0g
©. -A57 A57/A58
3.0 3.0/3.0
5000 » 5000
230 7 - 230
3.0 - 3.0 °°
1.0 . 1.0
0.15 . 1.0 . =
0.26 S 2.7
- i
trace 0.80
0.0 0.36
trace 0.20, .
3.4 5.4
3.8 . 10.5
gé 6.8 - 37
- 9.5

-

ﬁage 19 for Xey.
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Table I. Effects of Metal-Cpn;aiﬁing Additives (Cont'd.)

SGHAM-L—-# 2-79 * " 3-29
1 Catalyst Ruz(C0)33 = Ru3(CO)q,
2 mmole - . 1.25 1.25
3 Solvent . p(nJBu14Q£ - P(n-Bu)€§ N
- , . :
4 mL/g ¢ ‘ 15.0g o 15.0g
5 Additive . RS9 " A60
6 mmole ¢ 3.0 : 3.0
7-Press.,psi © 5000 o 5000
8 Temp.,'C 230, 230
9 Timé,hrs ) 3.0 3.0
10 Hy/cO0 ., 1.0 . 1.0,
11 MeOH, g : 1.9 ) 2.5
12 EtOH,g . 3.3 .31
13 n-PrOH, g : .2 - . 0.96
14 n-BuOH,g 0.38 : 0.30
15 CH4CHO,g " 0.26 . 0.31
16 Other Ox.,g 5.3 41 ¢
~ 17 Total Prod.,g 12.3 . 11.2
18 % -Co+ alcohols 40 - - 39
19 ¢y+/Cy ratio C 5.5 3.4

See page 19 for key.
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Table I. Effects of Metal-Containing 2dditives. (Cont'd.)

4]

SGHAM~L—# 2-81c 319
e S,
1iCatalyst Ru3 (CO) 17 Rug (CO) 15
2 mmole 7 125 1.25
3, solvent L omee " NMP
4 mL/g 30.0 mL . 30.0 mL
5 Additive KI/A59 _KI/A61
* 6 mmole 9.0/3.0 __ 9.073.0 ¥
' 7“Press.,§si ) . 6000 B -6000
8* Temp.,*C:+ © . 230 ' 230
9 Time,hrs 3.0 3.0°
10 Hy/CG) 1.0 1.0 '
© [
. ° !
11 MeOH,g - 2.3 2.5
12 EtOH, g 3.3 2.4
13.n-ProH;g 0.41 0.14
14 B—BuOH,g trace trace
15 CH3CHO,g" Lol 1.4
16 Other Ox.,g 1.9 1.4
17 Total Prod.,g | 8.9 7.9
18 % 92+fa;pohols 37 " 32
19 Cy+/Cqy ratio - 3.3 2.2
1 N
Sée page 19 for ké;. .
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Table I. Effects of Metal-Containing ﬁﬁditives:(Cont'd.)

SGHAM-IL~#

2-55 2-103
- - o e Z
1 Catalyst . ‘Ruz (CO) 15 ¢ Ruz(CO) 1z
2 mmole ~1.25 1.25 |
3 Solyent P(Q—Bu)4ﬁr P (n-Bu) 4Br
4 mL/g 15.0g 15.0g
5 Additive 338 A38
/6 mmole . 3.0 3.0
7 Press.,psi’ 5000 5000
8 Temp.,'C 230 T o230 .
S Tipe,hrs b 3.Q 3.0
- 10 H,/CO 1.0, 2.0
11 MeOH, g 2.8 3.1
12 EtOH, g 5.4 3.48 .
13 n~PxOH,g 1.1 0.43
.14 n-BuOH, g [ 0.34 trace
15 CH3CHO, g \\ 0.10 0.25
' 16 Other Ox.,g S~ 7.7 25
17 Total Prod.,g . . 17.8 10.4
18 % Cy+ alcohols 38 38
19 Co+/Cq ratio : 5.4 1.8

See page 19 for key.
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Table I.” Effects of Metal-Containing Additives

SGHAM~L—#

3-24 3-28,
1 Catalyst Ruz (CO} 13"  "Rug.CO 1)
2 mmole 1.25 1.25
3 Solvent P(n-Bu) 4Br P n-Bu 4Br
4 rL’g _ 15.0g 'iS,Og
< 5 Additaive 262 AT9 =
6 mmole 3.5 3.0 o
~ Press.,psi 5000 5000
8 Temp.,'C 230 230
9 Time,hrs’ 3.0 3.0 .
10 H,y/CO 1.0 1.0 -
11 MeOH.g %#15 2.03
12 EtOH.g 3.55 2.69
13 n-PrOH.g 1.47 0.92
14 n-BuOH,g 0.58 0.32 )
15 CH3CHO.g 0.18 0.23
16 Other Ox.,g 5.8 4.52
1~ Total Prod.:-g 13.3 10.7
18 % Co* alcohols 42 3
19 Cp+/Cyq ratio 6.6 4.3

o o e e i S Bt i o B et S P Y et A e S e A e W SO ) U i S e s e e e i

See

page 19 for key.
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1.21
0.36
0.41
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Table I. [Effects of
;

Js

l.
SGHAM-L{#

it

1
2
3
4
.5
6
7
8
9

10

1k
12
13
14

15
16
17
18

19

Cataleff
]
mmolel‘
Solvent
mL/g
additive
mmole
Press.,psi
Temp., °C
Timé,hrs

H2/CO

MeOH, g
EtOH,qg
n-PxOH, g
n—BuOH, g
'CH3CHO, g

Other Ox.,g .
Total Prod.,g

o

Cp+/Cy- ratio

% Cp+ alcohols

Metal-Containing Additives (Cont'd.)

page 19 for key.
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3-52 3-11
Ruz(CO)q5 « Rug(CO)qsp
1.25 1.25
P (n-Bu) 4Br P (n-Bu) 4Br
15.6g . 15.0g *
none A70
- . T 1.5
5000 5000
230 230
3.0 3.0
1.0 1.0
3.0 1.6
107 1.4
0.32 0.12.
trace . © trace
0.1 s ‘trace
0.27 trace
5.4 3.1
39 -
0.8 -

e o ot . . et e ot e o o S St e e e

. R’LI3 (CO) 12
1.25

* P{(n-Bu)4Br

15.0g9
A65
1.5
5000
230
3.0
1.0

o

e

2.4
3.0
0.24
trace
0.28
0.55
6.4
51

D)
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Table I. Effects of Metal-Containing Additives (Cont'd.). o~

» SGHAM-L-# ' 3-44 _ 3-46 3-50
SR S
1 Catalyst Ru3 {CO) 12 R‘U3 (CO) 12 . R‘LI3°(CO) 12

2 mmole Tt . 1.25 1.25 1.25
3 Solvent ' P {n-Bu) 4Br P (n-Bu) 4Br P (n-Bu) 4Bx
4mb/g ¢ 15.09 15.0g . ... 15.09
5 pdditive 263 " DB A64
6 mmole 1.5 1.5 - 1.2
7 Press.,psi 5000 5000 5000
8 Temp.,°C 230° ., . 230 " 230
8 fimé,hrs 3.0 3.0 3.0 o
10 H,/CO 1.0 1.0 1.0
11 MeOH,g 2.5 2.7 2.1
12, EtOH, g 3.1 3.3 3.0
13 n-PrOH,g 0.24 0.23 o 0.2
14 n-BuOH,g . Y trace trace » trace
15 CH3CHO, g Y 0.29 0.35 0.28
.16 Other OX.,g *0.55 0.69 . 0.52
17 Total Prod.,g 6.7 ©7.3 6.7
18°% Co+ alcohols 50 48 48
"19 Cp+/Cq ratio 1.7 1.7 1.5

—— i — T S o A Sk o o B s G o S o B B o U e A5 Pt L B P

A

See page 19 for key.
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Table I. Effects of Meta14Containing Additives (Cont'd.)

RU3(CO)12:
1.25
P(n—Bu)qBr
15.0g
269
1.5
5000
230
3.0
1.0

1.8
2.9
0.27
0.31
0.50
5.8

55

SGHAM-L-# 4-82 3~56
1 Catalyst RU3 (CO) 12 R‘L’l3 (CO) 12
2 mmole 1.25 1 1.25
3 -Solvent P (n-Bu) 4Bx P (n-Bu) 4Br
4, nL/g _ 15.0g JS.Og—
5 Additive A7 " n68 -
6 mmole 1.5 1.5 -
- 4
7 Press.,psi 5000 - 5000 ’
8 Temp.,"C “2;9 230
9 Time,hrs 3.0 3.0
10 Hp/CO 1.0 1.0
11 MeOH,g 2.7 3.4
12 EtOH,g 2.9 2.1
13 n-PrOH,qg 0.18 0.19
-14 n-BulH,g o trace 2 0.0‘
15 CH3CHO,g 0.26 0.20
16 Other Ox.,g 0.73 0.40
17 Total Prod.,qg 6.8 6.3
18 % Cy+ alcohols 45 36
19 C,+/Cq ratio 1.5 0.9
See

page 19 for key.




Table I. Effects ofJMetal—Containing Additives (Cont'd.)

 SGHAM-L-# 3-34 1-78

1 Catalyst . Ru3(CO)yp  Rug(CO)qp
NN“E_;&;;E:=£mE: 1.25 . 1.25
:3 Solvent P (n-Bu) 4Br P (n-Bu) 4Br
4 mL/g ~ 1s.0g - 15.0g ‘
5 ndditive © an a72
6 mmole 1.5 1.5
7 Presst,psi 5000 - 5000
8 Temp.,'C 230 230
9 Time,hrs 3.0 ¢ 3.0
10 Hy/CO 1.0 1.0
= 11 MeOH,qg 1.4 Nad
12 EtOH,g 1.5 Nad
13 n-PrOH, g " 0.25 Na2
14 n~BuOH,g trace Na2
15 CH3CHO, g . 0.13 : NA2
16 Othe; OX.,9 . 0.30 NA2 |
17 Total Prod.,g 3.6 N@a
18 % C,+ alcohols 49 Nad
19 C,+/Cq ratio 1.6 NAZ

. 8 A e it Gt Y (. S e S A G o o o S o o o o S R e o o S e o e S ot G o Bt 4 ot S S B B S G ey S o e

2. Not analyzed; very small amounts of products formed.

See page 19 for key.
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C. Effects of Organic Additives

When organic additive A58 was added to the ruthenium catalyst
systems, both the molten phosphonlum salt system and the

" iodide-promoted catalyst in NMP were found to produce more Cs

products, such as ethanol. The enhancement was particularly
notable for the NMP system. Increased activities were also
observed. Electron-withdrawing groups substituted on the additive
seem to increase both theﬁactivitQ and the selectivity to higher
-dlcohols in the NMP system, while electron-donating groups have the
opposite effect. A76 had a slight negative effect on the catalyst
activity in NMP solvent, but the production of ethanol and propanol
increased significantly. Interestingly, no effect was observed din
either system when the closely related A73 was added. Results of
these experiments are reported in Table II. ‘

The addition of A77 or A78 to the NMP system affected the

activity sllghtly Also, the yleld of Cy+ alcohols dropped to only

about 10% (from about 20% when no addltlve;was added) by weight of
total product. w T — _,

It has become cleax that~ben21m1dazole, an addltlve previously
reported as A40, is not stable at 230 C under catalytlc conditions;

it decomposes ‘o o—phenylenedlamlne and some Cq fragment, most
likely formic acid. Large quantltles -of o-phenylenediamine were
cbsexrved by GC in these catalytlc runs. Interestlngly,
—phenylenedlamlne in low concentratlon was shown to be a mild
promcter for the " ‘“formation of certaln oxygenates by these catalyst
systems. At highi concentratlons, however, it retarded the catalyst
activity The enhanced productlon of certain oxygenates when
benz1m1dazole ‘was used as addltlve may have resulted from the
,.hydrogenatlon of the C; fragment formed from ben21m1dazole
decomposition. Results of these experiments are reported in Table

1T, :

30



These experiments were carried out according to Procedures
B(a) and B(b) of Appendix B. Product analyses were conducted

using Procedure C(a) of Appendix C.

4
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Table II. Effects of Organichdditives in Ruthenium Systems

SGHAM-T-#,. i 3-17 2~65 1-109

1 Catalyst Ruj (€0) 15 Rus (CO) 15 Ruz (CO) 15
2 mmole 1.%5 1.25 1.25

3 Solvent wME; NMP NMP

4 mL/g ' , ;OiﬁL . %P mL 30 mL

5 Additive - KIg KI/A58 - KI/A58

, ' i .

6 mmole | %Zo _ 9.0/1.9 . 9.0/3.0
-7 Press.,psi : 6000 ' 6000 - 6000

8 Temp., " C -éBp ‘ . 230 230

9 Time,hrs ﬂ3;b 3.0 3.0
10 Hy/CO <« f1.0 1.0 1.0

. , i

11 MeOH,g f 3.1 3.3 3.6
12 EtOH,g E 0.86 2.1 1.5
13 n-PrOH, g f trace | . 0.11 0.10
14 n-BuOH, g f trace : trace trace
15 CH3CHO,g I 0.10 1.3 : . 1.5
16 Other Ox.,g L 047 1.2 0.89
17 Total Prod.,g , 4.53 . 8.0 7%
18 % Co+ alcohols : 19 28 ' 21

19 C3+/Cy ratio 0.46 1.4 1.1

. 3
- S Pt ot AN e ek o e e S e o o S S T T o et e S . S . Sk i . S P S B 0 . e S B B e U et D B A S S s o 40 S e e

See page 19 for key.
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Table II. Effects of Organic Additives in Ruthenium Systems

4

(Cont'd.) .
SGHAM-L-# 3-58 2-107 4-46
1 Catalyst RU3(CO) 12 RU3 (CQ) 12 RU.3(CO) 12
;-.!I” © wot \!.'
2 mmole . 2.2 . 2.2 P2.2%wm
3 Solvent fMP v NMP ‘ NMP
4 mL/g ‘ 50 mL ' 50 mL 50 mL
5 additive . KI KI/A74 KI/AT5
6 mmole 19 1%/2.5 18/2.6
7 Press.,psi . 6000 6000 6000
8 Temp., °C 230 230 230
9 Time,hrs 3.0 3.0 ¢ 3.0
10 Hy/CO 1.0 1.0 . " 1.0
11 MeOH,g ° 4.2 ¢ 4.3 3.3
12 EtOH, g ) 1.1 ' 4.0 2.3
13 n-PxOH, g 0.15 0.60 0.23
14 n-BuOH, g 0.0 . trace trace
15 CH3CHO, g 0.47 1.0 0.57
16 Other Ox.,g 0.33 0.73, 0.63 "
17 Total Prod.,g 6.3 . 10.6 7.0
18 % Cot alcochols 20 43 - 36
19 Cp+/Cy ratio 0.5 ' 1.5 1.1

e e i e o o e o S o T B i o o e S S S G o et o T (e S ke A R S S s o T S e e

See page1l9 for key.
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Table TI. Effects of Organic Additives in, Ruthenium Systems

(Cont 'd.)
SGHAM~-L~-#% 2-96 -
Catalyst Ruj(CO) 15 &
mmole 1.25
Solvent NMP
nb/g 30 kL
Additive K1/A73
mmole 9.0/2.3,
Press.,psi 6000
Temp., ‘'C 230
Time,hrs 3.0
Hy/CO 1.0 4
MeOH, g 3}02
EtOH, g .56
9—PrOH,g . irace
n-BuOH, g Zﬁtrace
-CH3CHO, g /. 0.10
Other 0x.,9 " 0.35
Total Prod.,g 4.0
g Cot alcohols;k 14
.CZ+/C1 ratio ; 0.33

2 penzimidazole

o

b o-Phenylenediamine

C In this experiment, 3.7g (37 mmole)
was detecteéd by GC.

See page 19 for key.
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Rug (CO) 12
1.25
NMP
50 mL
KI/Benz?
9.0/51
6000
230
3.0
1.0
T 3.9
0.73
trace
0.0
trace
2.8
7.5€
10

34

1.25
NMP
50 mL
KI/o-PhenP
19.0/4.6
6000
230
3.0
1.0

3.8
2.0
0.24 .
trace
0.61
0.9
7.6

30
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Table II. Effects of Organic Additives in Putherium Systems

Cont - d..

SGHAM-I,~# 4-54 4-58

1 Catalyst Rugz(CO) 1> Ruz:CO" ¢5
2 mrole 1.25 . 1.25

3 Solvent Pin-Buy)Br NMP

4 nL'g 15.0 ¢ 50 rL

5 Additive o-Phen? KI o-Phen?
6 nmole 0.0 9.0 9.2
- Press.,psi 5000 6000

8 Terp.."C 230 . 230 .
9 Tire hrs 3.0 3.0

10 H,.'CO 1.0 1.0

11 HeOH.g 2.1 3.4

12 EtOH.g 1.3 1.8

13 n-PrOhk.g 0:18 0.21

14 n-BuOH-g trace trace
15 CH3CHO.g trace 0.28

16 Other Ox.,9 0.84 1.2

1~ Iotal'Prod,,g 4.42 6.9
18 % Cy* alcohols 33 51

19 Cy+ Cq ratio 1.1

e e o S S S 04 i S (At A, e s o S A P G Mf o S e B B o e i o S g DU S S e e e (o S o e e

8 o-Phenylenediarine

See page 18 for key.




Table II. Effects of Organic Addaitaves in Futheniur Systemns

Cont'd.

SGHAM-L-# ‘ 3-32 3-48 3~64

1 Catalyst R'L'l3 (CO 12 RU3 co 12 RU3 co 12

2 rrole 2.2 2.2 2.2

3 Solvent ¥MP NMP “ NMP

4rL g ‘ 50 g 50 nL 50 rL

5 Additive KI A76 KI A7~ KI A™8

6 mrole 18 2.5 18 2.0 19 2.7

~ Press.,psi 6000 6000 6000

8 Terp -°C 230 230 . 230

9 Tire,hrs 3.0 3.0 30
10 H, CO = 1.0 1.0 1.0
11 MeCH ¢ 2.2 4.1 4.8
12 EtOd. g 2.1 : 0.50 D.59
13 n-PrOH-g ; 0.71 trace trace
14 n-BuOH-g trace trace - trace
15 CH3CHO- g ' trace trace trace
16 Other Ox..g 0.42 trace trace
17 Total Prod..g 5.4 4.6 5.4
18 % C,* alcohols 52 11 11

19 Cy+ Cg rataro 1.5 0.12 0.13

——— s ot 1o o P S o S (o e P A e e e e o o S e (S B i St e o Gy S e o S o o e S U St S S D o e P e S

See page 19 for key
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D. Task 1 Summary

-As reported in the prev1ous quarter, the use of a novel metal-
contalnlng additive, A38, 1n the catalyst system of ruthenlum ]
carbonyl/molten phosphonlum salt causes the activity of the system
tq increase substantially. Even at the relatively low syngas .
pressure of :3000 psi, thé acti&ity of the system was quite
respectable. We have now found that addition of.the precursors of
A38 to a ruthenium catalystisystém gives similar, but slightly
inferior, results. v

Modification of the organic portion of additive A38 has not
yet led to a further increase ih the activity.of the catalyst
.systemi Nevertheless, ome particular modification did yield some
interesting resulte; A62 caused the system to produce more propanol
than previous systems. Electron~donating groups in the additive
seem to retard the. homologation steps of this particular system,
while electron-withdrawing groups caused the system to- produce
other oxygenates ;

’ The addltlon of organic addltlve A58 was found to enhance the

production of C, products suchgas ethanol; 1ncreased’act1v1t1es

were also observed. Electron-withdrawing groubs substituted on the
additive seem to increase both the activity and the selectivity to,
. higher alcohols, while electron-donating groups have the opposite
' effect Additive A76 had a slight negative effect on the catalyst'

actlvxty, but the production of ethanol and propanol 1ncreased
" significantly. -

It has becomc clear that benzimidazole, an additive reported -
by others to be & useful promoter for ruthenium catalysts, is not
stable at 230°C under catalytic conditions. It decomposes to,

o—phenylenedlamlne and some Cq fragment, most likely formic ac1d
Interestingly, o—phenylenediamine in low concentration was shown to .
‘be a-mild promoter for the formation of certain oxygenates by these

catalyst systems.. At high concentrations, however, it retarded the

catalyst activity. The enhanced production of certain oxygenates

.37



when benzimidazole was used as additive may have resulted from the

hydrogenation of the C4 fragment formed from benzimidazole

decomposition.
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II. TASK 3: Further Study of Superior Catalysts

A. Introduction

The objective of Task 3 is to anvestigate in rore detail the
characteristics and cheristry of catalyst systers 1dentified ar
Tasks 1 and 2 as having the rost potential for further developrent.
The activities included an this task are both of a fundamental
- chemical nature and a process—orierted nature.

Work which has been done this quarter in Task 3 falls into '
both categories. The system presently under study 1s the novel
low-pressure horologation syster which converts methanol to ethanol
upon reactaion wath syngas. Fundarental chemical studies are being
directed toward a better understanding of the chemicél steps
involved. At the sare time, studies are being carried out to
characterize the syster by studying its responses to various
process varaiables. A series of statistically designed experiments

has been corplieted, and the results are presented below.

B. Methanol Homologation

Homologation of methanol yields ethanol according to equation
1. The reaction 1s traditionally carried out with a Co-Ru-I

CHROH + 2 Hy, + CO  ——=——- > CH3CH,0H + H0 1
catalyst a% 160 to 180°C and 3000 to 6000 psag. The ethanol rates
are typically 3 to 6 moles 1 hr M hr: and selectivities are at
best 85%. In our work. we have discovered a novel rutheniur-based
catalyst that allows the reaction to be carried out at
signaficantly lower pressure. For example. ethanol selectavities

of 80% are obtained at operating pressures below 1500 psig with a

39



- catalyst consisting of A9-Pu-A25-A28.

C. Catalyst Studaes

Earlier work in thas project has shown that catalyst additives
. A9 and A25 are critical components of the catalyst. In the absence
of one or both:; the horologation reaction is not observed.

T EJditives sirilar to A25 were prepared and exarined in our earlier
workf In geheral. catalysts containing additives other than A25
were found to bé markedly less active. and ethanol selectivities
were less than 40%. We have continued to study alterrative
adaltlves and our current results are reported in Table III. All
cf the runs reported in Table III were carried out at 975 psig with
H5, CO = 2:1

" In run 189109 with A26, tpe reaction consured 300 psi in ~
rinutes and then stopped. The terperature was very difficult to
control due to the exothermac nature of the reaction. Lower
terperature runs 118~110 and 18-112) resulted ip bettex
terperature contrel. 1In éach case gas consurption was low and 1in
18-112 the ethanol selectavaity was only 9.1%. Additives A4~

18-54. EtOH = 64.8% . A3~ 18-116. EtOH = 60.2% and A53 21-16.
EtOH = ~1.6% resulted in catalysts that yielded ethanol with
selectivities >60%. The catalyst containing A53 approaches the
activity and ethanol selectivity obtained with A25. The results
with A4~. A3” and AS3 deronstrate that additives other than A25
will work. Howewer- at thais tire 1E 1s not clear what property

structural or electronic. of the additive deterrines the overall
actaivity.
Several experarerts were carried out waith Hy; CO = irl at

various temperatures and pressures. The results are reported ir
Table IV. ©Neather the operating pressure nor the arount of C~
utailized had ruch irpact on the ethanol selectaivty. The highest
ethanol selectavity. 50.1%. was obtained at 140°C and 500 psaig.
Decreasing the pressare decreased the activity as judged by the
arount of gas consured per unit tave.
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The homologation reaction''was carried out with various
solvents at constant catalyst composition and reaction conditions.
The're%ults are reported in Table IV. For comparison, run 17-19
(no solvent, same reaction conditions) is included in Table IV. _ In
these experiments the methanol:solvent ratio was 1:1 by volume.
Bxcept for S22 (18-87, EtOH = 70.9%) the ethanol selectivities are
rarkedly less than in the no-solvent case. Thqfe is no correlation
- of catalyst activity or product seiectivity with solvent polarity.:
It was anticipatéd that the ethanol selectivity would increase by '
. the addition of a solvent. This effect has béen observed in the
cobalt-catalyzed feductive carbonylation of ﬁethanbl. In that

‘case, it was thoﬁéht.th;% the metal-acyl intermediate ("CH3C(O)M",

equation 2) reacts with Hy or metﬁanol to yield acetaldehyde or

methyl acetate, respectively. . K

k2
Hy —————> CH3C(O)H
) ‘ acetaldehyde
"CH3C(O)M" + s ) @
. CH3C (0) OCH3

methyl acetate

s, - N .
A solvent decreases the methanol concgntratiop whereas the'Hz

concentration (assuminé the H,y partial pressure remains cdﬁ;tant)
remains relatively unchangedl The net effect is that the reaction
of the acyl. intermediate "CH3C(O)M" with H, becomes;morehfavored
(kliﬂzl > k5 [CH30H]) and the amount of acetaldeﬂydé increases. The

" decreased catalyst activity and ethanol selectivity (except 522)
may indicate that the solvent is not acting as a simple diluent in
the homologation reaction.
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Several runs were carried out with a catalyst consisting of

A9-C6-C~—-A25-A28. The results are listed in the corprehensive

table Table V; 18-41. 68, 0. 3. 75, and "6 It was thought

that C6- in combinataion with C°. would lead to a better

acetaldehyde hydrogenation catalyst and hagher etharol

selectavities. Pun 18-41 resulted IZp an ethanol selectavaty of BOx:

which 25 8% higher than for the corresponding run without C6

17-19, Table IV . 1Increasing A25 f18-"3 or C° 18-70 -
decreasing C~ 18-68

or
resulted in ethanol selectaivities less tha=x
0% Further work with the A9-C6-C™-R25-A28 catalyst i1s necessary

e

" to understand the oragins of these effects.

A corprehensive list of the experirents carried out ip this
part of the project during the quarter s given in Iable V. All of
these éxperlrents were carried out accordang to Procedure B c of
Appendix B and analyzed according to Procedure C b of Appendaix C
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Tgile ITII. Effects of Catalyst Composition Changes

! . Temp. , N EtOH
. SGHAM-W-# Catalysts, molar ratio C e Sel.,%
18-51 A9:C7:AB:A28 = 1:2:2:20 165 43.3
18-53 'A9:C7:A537428 = 1:2:1:20 140 19.3
18-105 A9:C7:A54:A28 = 1:2:2:20 140 3.6
18-109 A9:C7:A26:A28 = 1:2:2:20 140 6.6 -
18-110 A9:C7:RA26:A28 = 1:2:2:20 © 115 not analyzed
18-112 A9:C7:A26:A28 .= 1:2:2:20 95 ' 9.1
18-113 B9:CT:A55:A28 = 1:2:2:20 140 | 26.2
18-115  A9:C7:A36:A28 = 1:2:2:20 140 32.2
18-50 ' AS:C7:A36:228 = 1:2:3:20, 165 - not analyzed
18-54 ° A9:C7iA47:A28 = 1:2:1.5:20 140 64.8 ¢
18-56 . A9:CT:A48:A28 = 1:2:2:20 . 140 24.8
18-59 A9:CT:A49:A28 = 1:2:2:20 140 17.0
18-60 R9:C7:A49:228 = 1:2:1.35:20 120 37.9
18-114 * R9:C7:AS50:A28 = 1:2:2:20 140 15.4
18-116 A9:C7:A37:h28 = 1:12:2:20 140 602
18-121 A9:C7:A37:A28 = 1:2:2:20 150 12.5
18-122 R9:C7:A51:A28 = 1:2:2:20 140 9.4
18-123 A9:C7:A52:R28 = 1:2:2:20 140 .8
21-16 A9:C7:B53:A28 = 1:2:2:20 140 71.6

S e Bt e o i e St et P G0 R D Gt Tt G S S B B . e S S 0 A P e P e e . e e e S et e Bt St ) G Skl S TS B G P S
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Table IV.

SGHAM-W—#

Effects of Solvents and Reaction Conditions

Témp.,

A9:C7:225:228 Solvent °C

Pressure,

psig

EtOH

HZ/CO Sel.,%'

o 4 et e e P e e U s e T o e S ot ot e S i e i o Vo ot G A B L o P S e e o o (et e o o e e e S e T i i TS W M B4 o P S Sy S oy e

18-97
18-100
18-102
21-28
21-25

&

=
MR N NN

N =

s

: 20
: 20
:20

120

20

140
140
140
140
140
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Key to Table V.

SGHAM-W-#

— ——" T S e ot S Gk Ao Ot |

B W NP

o @ N o !

10
11
12

13

14
15
16

17
18
19
20

21

Catalyst
mmole
Cocatalyst
mmole
Additive =
mmole
Promoter
mmole

MeOH (nL)
Solvent i
mL . I

[
?
.4
Pressure,psi ',

H2/CO

Tempf,'c
Time,hr

Uptake,psi

Product Sel.%
EtOH

~ EtOH Eq.
fotal EtOH
Other Oxy.

— et e ot At S . G i S e

Compound added as catalyst precursor
Amount of catélyst precursor, mmoles
Other compound added as cocatalyst
Amount ofhcocatalyst added ’
Catalyst additives employed

Amount of cataiyst additive

Other promoter employed

Amount of promoter

Amount of methanol used
Reaction solvent employed
Volume of.splvent used
Reaction pﬁ%ssure in PSig
Syngas mol%r (volume) ratio
Reaction teﬁperature -
Reaction time in hours

Ggs uptake in psi

"

Molar,selectivity to produbts:
Free. ethanol:
Ethanol equivalents
Total ethanol
Other oxygenates
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Table V. Comprehensive Tabie of Homolpgation Experiments

SGEAM-W~#

Catalyst
mmole .
Cocatalyst
mmo le
Additive

Gémnole

7

B.

S
10

11

12
13

15
16

c17

18
18
20
21

22

Promoter
mmole
MeOH:(mL)
Sol¥ent

mL -
Préssure,psi
H,/CO
Temp., 'C
Time,hr

Uptake,psi

Product Sel.%

EtOH

EtOH Eq.
Total EtOH
Other Oxy.

18-41 18~44
A9 A9
2.00 0.50

c6/C7 ¢
2/2 1.00
A25 A25
4.00 1.00
A28 A28
20.00 10.00
40.00 £ 40.00
none none
0.00 0.00
975 975
2:1 2:1
140, 165
5.75 2.50
3200 1097
50.23 = 29.51
29.60 31.63
79.83 61.13
20.17 38.87

1.00
A25
2.00
A28
10.00
40.00
none
0.00
975
2:1
165
2.20
1090

e e e e e e o e e it v e e . i et ST A e s PP A S B R S S e T e e e e e S e T e B B ) ) o e e e e e

See page 45 for key.



Table V.

Comprehensive Table of Homologation Experiments

e v et e i ettt Y S S . o Pt e O S $000 S B Bt U B P it G A TS SRS U o S P S e B B S S et B S et i S e o S S S S S St St it

n (Cont'd.)
SGHAM-W-# 18-48
1 Catalyst a9
, 2 mmole 0.25

"' 3 Cocatalyst c7
‘4 mmole 0.75
S.Additive A25
é mmole 0.50
7 Promoter A28
8 mmole 7.50
9 MeOH(mLi 40.00
10 Solvent none
11 mL 0.00
12 Pressure,psi 975

13 Hy/CO 211
14 Temp.,"C 165
15 Time,hr 1.50
16 Uptake,psi 450
17 Product Sel.%

18 EtOH 21.46
is EtCOH Eqg. 21.16
20 Total EtOH 42.62
21 Other Oxy. 57.38

1.00
A8
1.00
A28
10.00
40.00
none
0.00
975
2:1
140
1.50
620

15.94

27.36
43.30
56.70

4.00
A53
2.00
A28 -

40.00

. 40.00

none
0.00
975
2:1
140
0.75.
450

& Not analyzed; solution lost during recovery process.

See page”45 for key.
&1
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Table V. Comprehensive Table of ﬁdmologationlﬁxperiments
{Cont'd.) ‘

SGHAM-W-#

e et e e e . e S e e e A Gy TS P T S SR R S Soad VG Y s

W O N U W N

R
w N B o

[ R
o L b

Catalyst -
mmoie
Cocatalyét
mmole
Additive
mnole
Promoter
mmole -
MeOH (mL)
Solvent

mL .
Pressure,psi
H,/CO
Temp., "C
Time,hr
Uptake,psi

Product Sel.%
EtOH
EtOH Eq.
Total EtOH
Other Oxy.

4.00

A47

2.50

A28

40.00

40.00

none
0.00
975
2:1
140
2.00

1596

Al
2.00
c7 -
4.00
"A48
4.00
A28
40.00
40.00
none
0.00
975
_2:1
140
. 1.00
445

4.00
A49
© 2.20
A28
40.00
4Q.00
none
:0.00
975
2:1
-140
1.00
- 977

See page 45 for key.
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Table V. Comprehensive Table of_Homologation'Experiments

(Cont'd.) <
, SGHAM~W-# 18-68 18-70 " 18-75 18-76
1 Catalyst I A9 A9 A9 «
2 mmole 2.00 __ 2.00 ., 2.00. 2.00°
3 Cocatalyst C6/C7 egrea” ﬁﬁl C7 cé
4 mmole 4/t %4 . B 1.00 4.00
5 Additive 225 a2s a2 225.
6 mmole 4.00 .4.00 " . 4.00 4.00
7 Promotex A28 A28 . A28 A28
8 mmole 40.00 40.00 ., 40.00 40.00
9 MeOH (mL) 40.00 40.00 +  40.00 4000
10, Solvent none’ none none none
11 al - 0.00 0.00 .0.00 0.00°
12 Pressure,psi 975 875 . 975 975
13 Hy/CO s 2:1 2:1 2:1 2:1
14 Temp.,"C 140 140 140. . 140
15 Time, hr 2.75 2.50 2.75 2.20
16 Uptake,psi 2330 1700 ¢ . 850 610
| 17.product Sel.% |
2N : es
@ﬁ BeoH i 47.45 37.05 12.10 1.77
19 Etom Eq.. 22.24 28.45 42.22 45.33
20 Total EtOH  69.69 65.50 54.32 47.10
21  Other Oxy. 30.31 34.50 45.68

See page 45 for ke§.‘
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. Table V. Comprehensive Table of Homologation Experiments ;“
R . _ ¢

(Cont'd.)” X

i , ) c

SGHmM-w-# ¢ 18-73 _ 18-85~ 18-87 18-01

. 1. Catalyst a8 ‘. . Ay * A9 A9

2 mmole . 2.00 ¢ 2.00 -~ 2.000 -~  2.00
.3 Cocatalyst ce/c? = 1 el . c7 ¢

4 mmole . aza’ . 400 ¢ 4.00 o 4.0°

5 additive . A25  © A25° a25s A28

6 mmole . . 8.00 ¥ 4.00 4.00 4.00

7 Promoter A28, A28 . . A28 a2

8 mmole 40,00° ' 40.00 40.00 ©  40.00
'9 MeOH(mL) . .  40.00 . 20.00  20.00 . 20.00
10.Solven£ .- none s4 - ¢ S22 s§23 |
11 mn 0.00 -  20.C0 ' 20.00 20.00
12 pressuze,psi . 975 . 975 2 975 975
13 H2/CO 2:1 . 2:1 g e “2:1 C 201
14 Temp.,*C~ = 1407 © . 140 . 140 . 140
15 Time,hr ° S1.00 2.00- 2.00 . .2.00
.16 ‘Uptake,psi, 1450 1540 ¢ 2030 380
17 Product Sel.% ) ‘. : - -
18 EtOH , 37.39  30.23 .45.75 . 6.83
19 EtOH Eq. ~ 29.71 - 27.06 +25.20 ¢ 8.11
20, Total EtOH 67.10  57.305 . 70.94 14.94
21 Other Oxy. 32.90 42.70°  29.06 85.06
____________________________ e

See page 45 for key.
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Table V. “Comprehensive Table of Homologation Experiments

{Cont'd.)
scHAM-W-4# ¢ % 18-94
il Catﬁlyst‘ AB
2 mmole 2.00
3 Cocatalyst Cﬁ
4 mmole 4.00
5 Additive A25
6 Mole ' 4.00
7 Promoter A28
8 mmole - 40.00
9 MeOH (mL) 20.00
10¢ Solvent 524
11 mL 20.00
QlZﬁggessuyé,psi 975
13 Hy/co - 2:1
14 %@mﬁz,"c 140
15 T%?e;hr 2.00
' 16;Ué%akergsi 1720
. 'S'{' £ ' " =
17 Progduct Sel.%
18 . .Bton* 25.560
19 N 'BtOE Eq. |  30.98
. .20 "mTotd1l Etom  56.58
21 Other Oxy. 43.42

18-100 18-102
AS a9 . A9
2.00 2.00 2.00
ey, c7 ¢ c7
4.00 .4.00 2.00
A25 A25, * A25
4.00 "t 4.00 . 4.00
A28 " a28 A28
40.00 40.00 20..00
40.00 40.00° 40.00
none ~ : none "r' no'{le
10.00 0.00 ~~  0.00
975 750 750
1:1 BE S T W
140 140 140
2.00 2:.30 2.50
2568 2100 1980
¢ .
19,48 19.25 19.98
25.80 22.57 21.02
45.27 41.82 41.00
54.73 58.18 59.00

s St S Yo ot e A S it S i S48 i M e o o e e S S g S S . A S i e S e A e P . A B S e s S S e e S S8 008 e

See page 45 for key.
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Table V. Comprehensive Tablé of Homologation Experiments

(Cont'd.)

SGHAM-W-# 18-105 18-109 18-110 18-112

1 Catalyst . A% AS A% AS

2 mmole: 2.00 - 2.00 2.00 2.00

3 Cocatalyst c7 - c7 c7 c?

4 mmole © 400" 4.00 4.00 4.00

5 additive AS54 A26 A26 . A26

6 mmole 4.00 4.00 4,00 4.00

7 Promoter A28 A28 A28 . A28

8 mmole 20.00 - 20.00 20.00 20.00

9 MeOH (mlL) 40.00  40.00 40.00 . 40.00
10 Solvent none none none none
11 mb 0.00 0.00 . 0.00 0.00
12 P;g§sure,p§i 975 . 975 975 975
13 H/co -« . 2:1 2:1- 2:1 2:1
14 Temp.,'C - 1406 140 . a15, 95
15 Time, hr 1.00 1.00 1.00 1.50
16 Uptake,psi 300 300 270 477
17 Product Sel.% " .
18 . EtOH : 0.00 0.00 NAZ - . 1.81
19 EtOH Egq. 3.61 6.62 NA2 7.34
20 Total EtOH  3.61 6.62 Np2 9.15 °
21 Other Oxy. = 96.39 93.38 Na2 90.85

2 Not analyzed; solution® lost during recovery process.

o

See page 45 for key.
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Table V. Comprehensive Table of Homologation Experiments

(Cont'd.)
SGHAM~-W-# 18-113
1 Catalyst : AS
2 mmole 3 2.00
.3 Cocaﬁalyst . c7
:4 mmole 4.00
5 Additive ) A55
6- mmole . 4.00
7 Promoter “'AZE
8 mmole. ' ' 20.00
9 MeOH(mL) - 40.00
10 Sclvent s+ none
211 mL " 0.00
12 Pressur§,§si 975 .
| %13 Hy/C0 2:1
14 Temp., "C 140
15 Time,hr . 1.40
'16 Uptake,psi 8 .- 490

17 Product Sel.

18, EtOH 13.06
19 - EtOH Eq. 13.15
20 Total EtOH 26.21
21 Other Oxy. 73.79

18-114 18-115
29 a9
2.00 2.00
c7 7
4.00 4.00
A50 A36
4.00 4.00
A28 A28

20.00 2000

40.00 " 40.00

none none
0.00  0.00

. 975 975
201 2:1
140 140
1.00 1.00
431 650
1.89 15.07

13.57 17.15
15.45 32.22
67.78

———— - Sy 2 10 e e P o S e Pt e e S b VP GRS et i i S e S S AV P S S e U G S R S s Gt Y S B S o b g

See page 45 for key.
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Table V. Comprehensive Table of Homologation Expgriments

(Cont'd.)

SGHAM-W-# 18-121 18-122 18-123

1l Catalyst A9 A9 AS

2 mmole 1.70 2.00 ' 2.00

3 Cocatalfst c7. c7 c7

4 mmole . 3.40 ' 4.00 4.00

5 Additive A36 © A5l ' A52

6 mmole 3.40 : 2.00 4.00

7 Promoter 'A28 A28 A28

8 mmole 20.00 20.00 20.00

9 MeOH (mL) 40.00 40.00 40.00 .
10 Scolvent none none none
11 b 0.00 0.00 0.00
12 Pressure,psi 975 975 975
13 Hy/CO , 2:1 2:1 2:1
14 Temp.,'C 150 140 140
15 Time,hr 1.00 1.00 '0.50
16 Uptake,psi 100 - 240 200
17$Product Sel.%
18 EtOH 1.85 0.74 0.67
19 EtOH Eq. 10.70 8.63 4.13
20 Total EtOH 12.56 9.37 © 4.81
21 Other Oxy. 87.44 90.63 | 95.19

e e e e At e e B o e e A S T o L A o s i ok o it S e e T At Py RS P S e (R S e (e

See page 45 for key.

54




Table V. Comprehensive: Table of Homologation Experiments

{(Contid.) ¢

SGHAM=W-# 21-16 21-21 21-25

1 Catalyst A9 ' ci8 ., - . A9

2 mmole .. 2.00 1.00 . 2.00
.3 Cocatalyst et c7 - toc7
" 4 mmole 4.00 4.00 ¢t 4.00

5 Additive 247 . A47 - © A25
., 6 mmole ~4.00 4.00 2.00
.7 Promoter A28 A28 A28

8 mmole .20.00° 20.00 " 20.00

9 MeOH (mL) 40.00 ' 40.00 v 40.00
.10 Solvent N none none none
11 mL 0.00 0.00 0.00
12 Pressure,psi 975 975 500
13 Hy/CO 2:1 2:1 1:1
14 Temp.,"C 140 140 140
*15, Time, hr 4.50 2,75 2.00
16 Uptake,psi 1900 585 1085

17 Product Sel.%

18 EtOH 46.45 | 28.46 24.09
19 EtOH Eq. 25.i4 26.86 © 25.92
20 Total EtOH 71.60 .  55.32 50.01
21 Other Oxy. 28.40 °  44.68. 49.99

- e e . S e o A St S S e et S O (e S o e

See page 45 for key.
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Table V.

(Cont'd.)

SGHAM-W—# 21-28

1 Catalyst A9

2 mmole 2.00

3 Cocatalyst c7

4 mmole 1.00

5 Additive A25'

6 mmole 4.00

7 Promoter A28

8 mmole 20.00

9 MeOH (mL) 40.00 -
10 Solvent none
11 mL 0.00
12 Pressure,psi 750
13 H,/CO 1:1
14 Temp.,"C 140
15 Time,hr 1.75
16 Uptake,psi 2050
17 Product Sel.%

18 -EtOH . 21.14
19 EtOH Eq. 20.65
20  Total EtQH 41.79
21 Other Oxy. 58.21

v

4.00
A25
4.00
A28

+ 20,00 °

20.00
525

. 20.00

975
2:1

140

2.00

.1000 .

*4.00
A25
4.00
A28

20.00
20.00
526
20.00
975

2:1

140
2.00
1490

Comprehensive Table of Homologation Experiments

4.00
- A25
4.00
A28
20.00
'20.00°
827
20.00
975
2:1
140
1.00
320

S0t P B PO oy A P ey e YR e . . e o e S et e s £ £ o g e e e e e o (R e e U e e B et S it G Y e . e e

) See page 45 for key.
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. '
- D. Statistically Designed Experiments

There are many variables which may affect the performance of"
the methanol homplogation system. These inclﬁde temperature,
pressure, syngas ratio, and concentrations of ruthenium, A28, A9,
and A25. , With this many variables it would be very time-consuming
to investigate separately the effects of each one on the
homologation reaction. Therefore it was decided to run
statistically designed experimeqts, specifically a two-level
factorial, in order to establish which variables were most

_ important and in what dérection to move in order to obtain optimum
results. ¢

<

M A
For the first designed set it was decided to examine six

variables in®eight experiments. The variables'examined were
temperature, pressure, concentiation of A9, and the ratios of
rqthen;ﬁh, AZQ, and 225 to A9. ' -It had been estabilished that the
lowest temperéture at which reasonable rates are observed is=125’c,
so this was set as the lower temperature limit. Thé uppef
temperature was set at 155°C . The pressure was va;ied between
1200 and 3500 psi. " The amount of A% was varied from 2 mmole to 6
mmole. The ranges for the ratios of ruthenium and A25 to A9 were
1:1 to 3:1. The ratio of A28 to A9 was varied Zrom 20:1 to 60:1.

The syngas ratio was held constant at Hy/CO = 2:1 and the reactions

were run for a fixed time ofithree hours. The results of the first
designed set are reported in Table VI. .

As can be seen in Table VI, a wide range of reactivity was
observed. The total rate to ethanol and equivalents ranged from
0.27 to 2.46 M/hr. The mole percent selectivity to ethanol ranged
from 24% to 79%. The last three runs reported, G-118, 123, and
125, are center point ruhs, run at the average level of each
variable. Thesg runs should give an indication of the
reproducibility of the system under these conditions. Significant
variations can be seen, particularly between run G-118 and the two
later runs. This lack of reproducibility may have arisen from
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equipment problems or from changes in the reagents used, -since two
" reagents had té be replaced during the‘designed set. Whatever the
' Eause, this poor reproducibility was also reflected in the fact
that quantitative correlations could not be made between the
variable levéls and the results of the experiments. Qualitative
£xamination of the data suggested that rate and/or selectivity are
helped by low levels of 19 and a28 and High levels of pressure,
ruthenium,.and A25. Higﬁ'temperature seemed to help the rate to
ethanol but-hurt.the selectivity.

Based on the results from the first designed set, a second *
designed set was formulated. In order to“simplify interpretation
of the results, two more variables were fixed. The level of AY was
fixed 'at 2 mmole and the pressure was fixed at the maximum
economically feasible level, 1500 psi. Experience with the first
designed set suggested that the upper temperature of 155°C was too
high, so the temperature range was decreased to 125 to 140°C.
Likewise, the 60:1 level of A28 to AS seemed too high, so this
range was decreased t6'20:1 to 40:1 (40 and 80 mmole). The rénge
of ratiqs of ruthenium and A25 to A9 was kept constant, and sincé
AY was fixed at 2 mmole, this range became 2 to 6 mmole for both
ruthenium and A25. The results from the second designed 'set are
repo:téd in Table.VII. )

'The modifications for the second designed set appear to have
helped reproducibility. Run G-130 waséiepeated since its uptake
seemed unusually low. The repeat run, G-137, was almost exactly
the same in all respects. The other data were apparently just as

good, ‘since quantitative correlations were obtained. Some examples
of the correlations are listed,below.

Rate to Methane:

Rate = -0.63 + 0.00752 x Temp - 0.03875 x Ru/A9 - 0.05375 x
' A25/A9 = 0.03375 x (Ru/A9 - 2) (A25/A9 - 2)

r2 = 0.99
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Rate to Ethanol + Egquivalents:

)

Rate = —2.71 + 0.0265 x Temp + 0.0925 x Ru/A9 - 0.075 x A25/A9
2 . .
r< = 0.91

Weight Percent Selectivity:
Selectivity = -19.9 + 0.665 § Temp + 2.873 x Ru/A9 -
. 4.00 x A25/A9 + 2.448 x,(Ru/A9 - 2) (A25/A9 - 2)
. . Pad . o

z2 = 0.95

[ ~ -

Mole Percent Selectivity:

Selectivity = 115.6 - 0.359 x Temp + 2.962 x A25/A9
r? = O.ié '

»

¥

The wvalues of r2, reflecting the "goodness of fit"'g%:%hg
correlations,'ranged from 0.72 to 0.99. It should be noted that
the two select1v1t1es, weight percent and mole percent, are
affected .oppositely by temperature and A25 levels., The select1v1ty
of the methanol homoiogatidh reactions has previously been reported
on a .weight percent basis. However, during the second designed set
it was noticed that some experlments ‘which produced very llttle
other oxygenates nevertheless gave very poor weight percent
selectivities fo ethanol. Upon examining the method of selectivity
‘calculation it was found that one product which is an ethanol
equivalent was being produced in large cquantities and that its high
molecular welght caused it to lower the apparent selectivity of the
_ reaction. In order to circumvent this problem the selectivity was
" calculated on a mole percent basis. Since each equivalent of
ethanol then counted ecqually, the high molecular weight product did
‘not .affect the selectivity calculation (see for example runs G-130
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and 137). It should also be noted that the weight percent
calculation does not include methane produced during the reéction
since its small weight hes little effect on the calculated
selectivity. - However, the methane had a large effect on the mole
percent calculation and so it is included in the mole percent
selectivity. For this reason and the above problem with high
molecular weight ethanol equlvalents, it is felt that the mole
pexcent selectivity is a truer representatlon of the selectivity of
the homologation reaction.

The dependence of the rate to ethanol and equivalents on
temperature and Ru/AS ratio at a constant A25/A9 ratio of 1l:1 is
présented graphically in Figure I. The contours of constant rate
demonstrate that the major factor in determining the rate is
temperature, with a smaller effect derived from the Ru/A9 ratio.
The mole percent: selectivity under the same conditions is presented
in Figure II. The vertical lines signify a lack of dependence of
selectivity on Ru/A9 ratio. Overlaying the two graphs reveals that
areas of higﬁest rate do not correspond to highest selectivity.
This relationship is clearly visible upon examination of the
egquations from which the plots were derived. High rate to ethanol
requires high temperaturé and ruthenium and low A25, while high
‘mole percent seleétivity is achieved at low temperature and high
A25. This inability to obtain both the highest rate and
selectivity under the same conditions may represent a furidamental
limitation of the methanol homologatlon system. However, it must
be remembered that these limitations apply only within the range of
variables 1nvest1gated in this designed set. It may be that under
significantly different conditions a high rate can be obtained
without sacrificing select1v1ty

Table VIII reports a felwt ;other experlments performed on the
basis of the results from the designed sets. In run G~124, the
optimum catalyst composition for high selectivity was examined at
high temperature, 155°C . This high temperature not only gave rise
to, very poor selectivity, but also caused rapid deactivation of the
catalyst. The initial rate qf gas uptake was high, but the rate of

v
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uptake rapldly declined, resulting in a very low total gas uptake.
Run G-138 was similar to G-134 except that 225 was increased, which
should.have led to hlgher selectivity at the expense of a lower
, rate to ethanol The equations previously discussed predlcted a
rate of -1. 05 M/hr and a se;ect1v1ty of 74.2%. The select1v1ty
matched the prediction exactly, but the rate was 1.33 M/hr, 27%
higher than predicted.

. In an attempt to boost selectivity while maintaining a high

rate, the syngas ratio was changed to H2/CO 3:1. Three

experiments were run at this ratlo, runs G-139, 140, and 141l. The

3]

total pressure was varied from 1200 psi (ca. same partial pressure
of’H2 as G-138) to 2000 psi (same partial pressure of Coyae G-138) .
In each case the rate to ethanol was lower, probably beéause of
more rapid eatalyst deactivation.‘ Theééelectivity to liquid
prqducts was highexr with H,/CO 5‘3:1, buE the rate of methane

production was much higher and this led to an overall decrease in
mole percent selectivity to ethanol.
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Key to Tables VI-VIIT.

SGHAM-G—#

1 mmol Ru f Amount of Ru added as RuClé
2 mmol A28 Amount of A28 added;
3 mmol A9 ' Amount of A9 added
4 mmol A2S: Amount of A25 added
5 MeOH, mL AZmount of methanol used, mL
6 Pressure, psi Reaction pressure in psih
7_H2/CO Synthesis gas volume (molar) ratio
8 Temp.,'C Reaction temperature
9 Time, hr Reaction time in hours

10, Uptake, psi Gas uptake in psi

‘11 Rate, to EtOH Rate to ethanol, M/hr

12 Rate to EtOH Eq.
13 Rate to OtHer Ox.
14 Tot. EtOH Sel.,wt.%

Rate to ethanol equivalents, M/hr

Rate to other oxygenates, M/hxr

Weight percent selectivity to ethanol plus
'equivalents in liquidlﬁfoducts

15 Tot. EtOH Sel.,mol.% Mole percent selectivity to*ethanol plus

Y equivalents; calculation includes methane
§ ' detected ‘in gas phase

e e e e e e e i e e e By e 0 e S
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Table VI. Pesults of First Methanol Homologation Designed Set

SGHAM~G-#  _

—— e B e A i e 7 e ot i it o i S o B

MeOH- nL W . o,
Pressure, psi

Hy €O

8 Temp., C.

9 Tame. hr

10 Uptake, psi

11 Pate to EtOCH

12 Pate to EtOH Eq..

13 Pate to Other Ox.

14 Tot. EtOH Sel..wt.%
15 Tot. EtOH Sel..rol.%

1162

See page 62 for key.
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113. 114 115

2 6 6 6
120, 360, 120 40
o2 e 2 2
6. - 6 2 2
1150 150 150 - 150
1200 - 3500, 1200 ° 3500
2:1 2:1 2:1 2:1
125 125% 155 125
3.00 3.00 3.00 3.00
1260 9610 2220 3850
.03 0.59 0.20 0.45
0 30 0.38 0.41 0.22
0.05 0.79 0.25 .0.11
5¢.8 4.9 60.0 8.~
-5.0 29.6 4" -9.1



o
Table'v;, “Results of First Methanol Homolpgation Designed Set
(Cont'd.) ' -

.0 o
" sGEAM-G-§  .° 119 120 121 122
1 mmol Ru - . 18 2 6 .18
2, mmol A28 . 120 40 | 1206 360,
-3 mmol A9 T 6 ”' 2 6 6%
fhzdol A25 18 6 6 18
5 MeOH, mL¢ Y. . 150 - 150 150 . 150 §
6 Pressure, 'psi 1200 3500 1200 . 3500 ‘3
7 Hy/CO . T 20 Tooan 2:1 2:1 °
. 8 Temp., " C . . 125 * 155 155 155
9 Time, hr. - 3.00 3.00 .3.00  3.00
10 Uptake, psi .°© 4000 14060 1050 ° 10110
11 Rate to EtOH : 0.63 1.39 . , 0.02 £ 0.32
12 Rdte to EtOH Eq. " 0.36 _1.07 : 0.25 0.87
13 Rate to Other Ox. . 0.12 0.37 0.32 0.47
14 Tot. EtOH Sel.,wt.% 78.1 © 81.0 31.8 66.7
15 Tot. EtOH Sel.,mol.% 71'4; 64.1 24.5 46.3
: i
s i e o —-T ________ - ‘).L‘ - ———— e —————

See page 62 for key.
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Table VI. Bééults of First Methanol Homologation Designed Set .

(Cont'd.)
SGHAM-G-# 118 123 125
1 mmol Ru 48 8 8
" 2 mmol A28 : 160 . 160 - 160
3 mmol A9, - 4 4 L4
4 mmol A25 . : : 8 T8
"5 MeOH, mL . 150 150 150
6 Pressure, psi 2400 2400 2400
. 7°Hp/CO L 2:1 2:1 2:1
8 Temp., C . 140 140 140
9 Time, hr 3,00 3.00 .3:00 °
10 Uptake, psi ' ﬁ}lSlO 9470 . 9540
11 Rate to EtOH hlas -+ 1.04 %1.06
12 Rate to EtOH Eq. 0‘%1;6_8’ ©0.79 | 0.63
13 Rate to Other Ox. 0533 1 0.23 0.23
14 Tot. ECOH Sel.,wt.$5 - 80.8 © " 85.8 84.5
15 Tot. EtOH Sel.,mol.%  69.9 ~ . 61.7 62.4

At e e e e e et e St ey it i, Y o e P S et S e b Ao SR i D S S D R e e S et o B e Bt St S St

See page 62 for key.
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Table VII. Results of Second Methanol Homologation Designed Set

v

. SGHAM-G-# T 128 129 130 137 131

1 mmol Ru | 2 27 2 2 2

* 2 mmol A28 40 80 . 80 80 . 40
3 mmol A9 2 . 2 2 2 2

4 mmol A25 2¢ ° 2 - 6 6 . - 6

5 M2OH, mL " ¢ 150 150 150 150 150

6 Pressure, psi . 1500 1500 1500 1500 1500

7 H,/CO 21 2:1 2:1 2:1 2:1

8 Temp.,'C ; 125 140 125 125 140

' 9. Fine, hr . 3,00  3.00  3.00  3.00  3.00
10 Uptake, psi 2400 3500 1510 1550 3420
11 Rate fo EtOH  °  0.18  0.47 ° 0.07 0,04  0.31
12 Raté to EtOH Eq. .0.54  0.43  0.38  0.40  0.55
13 Rate to Other Ox.  0.05 0.1 0.04  0.06  0.12
14 Tot. EtOH Sel.,wt.3 63.9  74.2  53.6 49.6 60.8
15 Tot. EtOH Sel.,mol.5 71.3  64.4  J78.5 . 78.5  73.3

See page 62 for key.
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Table VII. Results of Second Methanol Homologation Designed Set

(Cont'd.)
 SGHAM-G-# 132 133 . 134 ° 135 7136
1 mmol Ru 4 6 - 6 6 6
2 mmol A28 : 60 80 * 40 a0 s 80
3 mmol A8 - 2 . 2 2 2 2
4 mmol A25 ' © o4 2, 2 : 6 6
5 MeOH, mL,, ° ' 150 150 150 " 150 150
6 Pressure, psi 1500 1500 1500 1500 .. 1500
7 H,/CO To2: 2:1 2:1 2:1 2:1
8 Temp., "C 132 125 140 125 . 140
9 Time, hr 3.00 3.00 3.00 . 3.00 3.00
10 Uptake, tpsi . 3570 3150 - 5770 2550 5050
11 Rate to EtOH 0.49 0.36 0.92.  0.23 = 0.73
12 Rate to EtOH BEq. =~ 0.46 _ 0.36 0.31 0.38 0.36
13 Rate to Other Ox. 0.11 0.12 0.28 0.08 0.20
14 Tot. EtOH Sel:,wt.%  69.8 65.8  74.5 60.6  73.0
15 Tot. EtOH Sel.,mol.%  78:0 74.8 71.5 - 79.9 74.0

-..._-—-__——_.——.——_———-.___....a—.__.-—.____—-._.-——_——_.—_-._...._———_——...—_—.—.__—____.

See page 62 for key.
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FIGURE I

CONTOURS OF CONSTANT RATE TO ETHANOL, MOL/HR
A25/A9 = 1
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FIGURE IT

CONTOURS OF CONSTANT ETHANOL SELECTIVITY, MOLZ%

A25/A9 =1

METHANOL HOMOLOGATION DESIGN i
PRESSURE = 1500 PSI, A8 =2 MMOL
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Table VIIT.

SGHAM-G-# 124 138
1 mmol Ru 6 6
2 mmol A28 ‘40 40
3. mmol A9 2 2
4 Yimol A25 6 6
5 MeOH, mL 150 150
6 Pressure, psi 1200 1500
7 Hy/CO o 2:1 2:1
8 Temp., °C . 155 140
9 Time, hr #AQQ.OO 3.00
10 Uptake, psi 1580 5430
11 Rate to EtOH " 0.18 0.84
12 Rate to EtOH Eg. 0.28 0.49
}3 Rate to Other Ox. 0.22 0.31
14 Tot. EtOH Sel.,wt.% 50.6 71.9
15 Tot. EtOH Sel.,mol.% 74.2

5 41.6°

See page 62 for key.
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Other Methanol Homologation Experiments
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E. Task 3 Summary

Research in Task 3 has been conducted on the novel methanol

homologation system which produces ethanol and' other products under

" relatively low pressures. Studies of the catalyst chemistry have

been carried cut, with an emphasis on the involvement of catalyst
precursors in the catalytic chemistry. The effects df using
related and different catalyst precursors have been investigated,
and these studies are continuing. I

Earlier work in this ﬁrojecﬁ has shown the importance of .5
specific catalyst additives in the new homologation system.
Further work has now been done to attempt to use additives similar
to one of these, A25, both to learn about the eseential ‘
characterlstlcs of this additive and to try to further enhance the
rate and select;v;ty with a different additive. Of a number of
similar catalyst additives tried, three hdve been found to promote |
the formation of eﬁhanol at selectivities appfoaching those earlier
obserﬁed.fdr A25. It is not yet clear what properties. of these¢
additives are important in determining the catalyst actiﬁity,.but
research is continuing. ‘ ' ‘

Seyeral experiments. were carried out with added selvents (in
addition to the methanol normally used). Although previously
studied cobalt—based homologatlon systems ‘show increased
select1v1ty w1th added solvents, experiments with our
rqthenlum—based system did got result in increased selectivity.
However, the reactant methanol is in any caseé the solvent of choice
for this reaction. ”;N }

4 Because of the many ;arlables involved in this methanol
homologatlon system, it was felt that the best approach to gaining
an understanding of how each affects the behavior of the system was
through statistically designed experiments. These experiﬁ%nts
would allow the determination of which variables were ﬂost

important for obtaining high rates of conversion of methanol to

-ethanol with high selectivity. A first designed set of experiments

71



did not generate data of sufficient quality for quantitativé
correlations to be made, but did suggest conditions under which a
second designed set might be more successful. The second.designed
set provided excellent quantitative correlations between the
variables studied andvthe rate and selectivity of ethanol
production. The results showed that conditions for highest rate
and highest selectivity are mutually exclusive within the range of
variables investigated. The highest rate to ethanol is achieved at
high temperature, high ruthenium, and low A25 levels. The highest
selectivity requires low temperature and high A25. Further
experiments are underway to try to further enhance the reaction
rate while maintaining selectivity by using modifications of the
present catalyst system.

72



SATISFACTION GUARANTEED

)

2

)

0

o

™

-

©

By

£

2
'}
w O
=5
“=L°
> >
TP
°I-
™ =
[ ™
£ £
o,
5 5
T O
Q=
£ ®
Q0
0T
[a
ot
<
e S
i
)

- R
H.-
05
=
5.2
(IS
Q0
mh—
c o
Q9
a2

NTIS strives to provide quality products, reliable service, and fast delivery.

Reproduced by N

is.gov

1-888-584-8332 or (703)605-6050

info@nt

P E-ma
P Phone

National Technical Information Service
Springfield, VA 22161

This report was printed specifically for your order
from nearly 3 million titles available in our collection.

For economy and efficiency, NTIS does not maintain stock of its
vast collection of technical reports. Rather, most documents are
custom reproduced for each order. Documents that are not in
electronic format are reproduced from master archival copies
and are the best possible reproductions available.

Occasionally, older master materials may reproduce portions of
documents that are not fully legible. If you have questions
concerning this document or any order you have placed with
NTIS, please call our Customer Service Department at (703)
605-6050.

About NTIS

NTIS collects scientific, technical, engineering, and related
business information — then organizes, maintains, and
disseminates that information in a variety of formats — including
electronic download, online access, CD-ROM, magnetic tape,
diskette, multimedia, microfiche and paper.

The NTIS collection of nearly 3 million titles includes reports
describing research conducted or sponsored by federal
agencies and their contractors; statistical and business
information; U.S. military publications; multimedia training
products; computer software and electronic databases
developed by federal agencies; and technical reports prepared
by research organizations worldwide.

For more information about NTIS, visit our Web site at

http://www.ntis.gov.

Ensuring Permanent, Easy Access to
U.S. Government Information Assets




U.S. DEPARTMENT OF COMMERCE
Technology Administration
National Technical Informafion Service
Springfield, VA 22161  (703) 605-6000




