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, This report was prepared as an account of work sponsored by 
the United States Government. Neither the United States nor the 
United States Department of EnerEy~ nor any of their employees, 
nor any o£ thslr =ontractors~ subcontractors, or their employees 
take responsibility for the accuracy, completeness, or usefulness 
of any information, apparatus, product or process disclosed, or 
represents that its use would not infringe privately owned 
rights:. 

OBJECTIVES - -  

~k I. Preparation of catalyst samples 
2. Testing catalysts for syngas conversion 
3 Measurement of surface composition and structure 
4 Determination of nature of surface complexes 
5 Reaction mechanism determination by isotopic tracezs and 

kinetics 
6 Design, prepare and test optimized catalysts 
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ABSTRACT 

The identification and analysis of all the individual reaction 
products formed in the CO hydrogenation over rhodium catalysts has 
been achieved. This has not been reported by previous workers. The 
reaction products contain significant amounts of all five classes of 
oxygengtes ( namely alcohols, aldehydes, acids, esters and ethers)9 
C1 to C5 hydrocarbons, in addition to carbon dioxide and water formed 
by the shift reaction. 

In a series of tests using a Na-Rh/alumina catalyst,varying space rate 
was used to vary CO conversion from i to 13%. Selectivity to 
oxygenates decreased with increasing conversion. Over this range the 
C2 oxygenates were found to be a remarkable ca 80% of all oxygenates. 
From a plot of production of C2 oxygenates as a function of CO 
conversion, the build-up of secondary reaction products can be 
observed, which indicates, for example, the sequential formation of 
acetaldehyde, hydrogenation to ethanol and, with acetic acid, 
conversion to ethyl acetate. 

Six new catalysts were prepared to test out various ideas. 
- Ce addition to Rh/alumina increased selectivity to oxygenates 

slightly. 
- Sn addition to Rh/aiumina caused essentially complete deactivation. 
- Rh deposited on alumina as the unusual rhodium acetate dimer was 

not active at low temperature as hoped. Also at higher temperatures 
where the complex decomposed, the selectivity to oxygenates was poor. 
- Ha added to ~rereduced Rh/alumina performed identically to a 

catalyst in which Na and Rh were cedepositgd on alumina. 
- Rh deposited on alumina from Rh trichloride solution gave t,he same 

results as catalyst prepared using Rh trinitrate solution. 

Progress was made in catalyst characterization using chemisorptio~, 
infrared measurements and temperature programmed desorption. 
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Tasks I and 2. Catalyst Preparation and Testing for Syngas Conversion. 

This report provides for the first time detailed analyses of 
individual products distributions for each of the hydrocarbons and 
oxygenated compounds. This information appears in Tables I and II 
which are produced using the new computerized system. In these : 

- the basis for C2+ oxygenates is Z of total oxy&enates on a 
carbon dioxide-free basis. 

- propane/methanol are found in as single peak and acetic acid/ 
methyl acetate in another peak. Their separate values have 

been eestimated. 
- the butane/methyl ethyl ether peak has now been resolved by 

preparation of the ether and using it to calibrate the GC 
system. 
Table I lists new catalyst preparations. 

4Z Ce,3Z Rh/Alumina catalyst is slightly less active than standard 
Rh/Alumina, but has somewhat improved selectivity to oxygenates 
production, FiE. I. 

3.6% Sn,3% Rh/Alumina catalyst was prepared to test the idea that tin 
would improve the selectivity of the Rh/Alumina. However, this 
catalyst proved to be inactive. 

IZ Rh/Alumina catalyst, was prepared using rhodium acetate dimer. The 
Rh~ (OOCCH~) d, first synthesized in 1962 is an unusual Rh ~ compound 
which has a strong rhodium-rhodium bond. It has previously bean found 
to be active as a catalyst for hydrogenating olefins. The concept was 
that this compound, anchored on alumina, would have unusual catalytic 
properties because of its Rh-Rh bond. Worley et al., J.Chem. Phys. 
76,No I, (1982), found by infrared spectroscopy that, when deposited 
on alumina, the dimer structure was retained at 150~C but not 40~C. 
However as seen in Table I. the catalyst prepared from the dimer was 
not active until about 225~C and above where it is believed that the 
complex decomposes. Furthermore, the selectivity was distinctly poorer 
than the standard Rh/Alumina pepared from rhodium nitrate, Fig. I. 

1Z Na, 3% Rh/Alumina catalyst was prepared with sodium added as NaOH 
to a prereduced Rh/Alumin~ to test the idea that the sodium would act 
differently than when codepqsited with the rhodium. The activity,Table 
I, and the selectivity, Fi E . l, were the same as with catalysts 
prepared by codeposition. The catalyst has about 1/4 the activity of 
Rh/Alumina without sodium. 

3Z Rh/Alnmina catalyst was a fresh preparation from Rh(N03) ~ solution, 
It was used to evaluate reproducibility and to provide da~aJto settle 
the butane/methyl ethyl ether analytical question. Activity and 
selectivity data confirm previous results for this type of catalyst. 

3Z Rh/Alumina catalyst was prepared from RhCl3solntion to evaluate 
whether chloride remaining on the alumina after reduction would impart 
extra_acidity wh&ch would affect catalyst performance, This catalyst 
was"essentially identical to the standard Rh/Alumina, Fig. I. 



3 

Table,provides detailed product analyses for catalysts previously 
reported in less detail. Interesting variations in product 
distributions are observed and have not previously been reported by 
others. The significance of these is being analyzed. Some inferences 
on reaction mechanisms are given later under Task 5. 

Task 3 and 4:Determination of Surface Composition. Stucture and 
Complexes. 
INFRARED .Some changes have been made in the infaredcell which have 
led to higher operating pressure. These changes include 
(A) redesign of spacer rings. 

(B))repolishing of contact surfaces b 
At present the cell can withstand pressures up to 600 psi at 200 C .It 
is being modified to extend it to 1,000 psi. 
Other modifications have been made on the 'cart' due to failure of 
some components. 

(i) two needle valves have replaced a back pressure regulator. 
(ii) the valve vmm#3 (Fig.3) has been replaced and now it is 

out of mixing manifold. 
(iii) the high temperature/high pressure GC sampling valve has 

been removed temporarily. 
(iv) since COs was being produced in the CuO trap in the 

CO-module . the trap and the subsequent molecular sieve trap have been 
bypassed. 

(v) Heating the mixing manifold was discontinued after it was 
found that no substantial amount of carbony!s were formed as long as 
8as was flowing through the mixing manifold. 

(vi)An external CO-detector has been interlocked with the 
safety system on the cart. 

A preliminary'infrared pattern is shown in Fig. 3 for CO on Rh/Alumina 
which displays both linear and bridged structures but not g-dicarbonyl 
at higher temperatures. 

CHEHISORPTION. Hydrogen chemisorption values are now being determined. 
A dispersion of 35% was determined for a standard 3~ Rh/alumina~ 

TEMPERATURE PROGRAMMED REDUCTION has b e e n  c a r r i e d  o u t  a n d  will be  
reported later as well as ESCA tests which will be started shortly. 

Task 5 Determination of Reaction Mechanism. ',~ 
One series of six experiments was carried o u t  on a single 2%-'Na,3% 
Rh/Alumina catalyst at constant conditions except for changing space 
rate. CO conversions varied from 0.8 tO 12.8 %. The variation in C2 
oxygenates, summarized in table III, ' provides very interesting 
insight into the reactions which occur, Selectivity to total 
oxygenates decreases from 33 to 55 % over this conversion range.The 
C2 oxygenates as a percentage of total oxygenates is remarkably high, 
87-79%. This is an interesting way of making C2 oxygenates, apparently 
not subject to the A-S-F limitation for alcohols. Hydrogenation of the 
products would provide high sei.-~tivity to ethanol. 
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Hoowever,it is recognized that for these catalysts the selectivity to 
hydrocarbons is high, selectivity for methane being 55-67%. 

i 

Fig 4 ~hows a plot of selectivity vs conversion. Of more interest 
is Fig 5, where productivity:( selectivity times conversion ) is 
plotted vs conversion. Several interesting observations are apparent. 
especially relating to the secondary reaction products, which indicate 
the sequential formation of acetaldehyde, hydrogenation to ethanol 
and,with acetic acid, esterification to ethyl acetate.The amounts of : 
ethyl acetate are'remarkably high. 

A detailed examination of product distributions reveals that addition 
of alkali to Rh/alumina deactivates hydrocarbon formation relatively 
more than that of oxygenates. Further, an important point is that 
while formation of C2+oxygenates decreases drastically, the formation 
of methanol remains almost unchanged. This selective change in 
selectivity is important in considering the chemical influence on 
reaction pathways, depicted in Fig. 6. 

t 

J 

CH4 

( a )  ~CH 
/ 

C 

X ~ nzgner ~yarc 

(b) *CH xO ---*C2H xO 

C~3OH 
Fig. 6 Proposed reaction nework for CO hydrogenation. 

Higher H,drocarbons 

Higher Oxygenates 

To cause such a drastic change in catalytic properties, the alkali 
must interact with the surface rhodium an a special manner. 
(a) Alkali may force Rh to form larger crystallites. This is precluded 
by the XRD results. 
(b) Alkali rhodate may have formed which prevents reduction to Rh . 
XPS work is underway to test this hypothesis. 
(c) Our view is that the Na alters the essential chemical nature of 
the cat~lytic site so as to interfere wit~ activation of either of 
both H 2 and CO. In terms of a proposed reaction network, Fig 6 [see 
Chuang, Goodwin and Wender, J.Cata1.95,A35 (1985)],the present data 
show that the active site leading to'~oute (a) is particularily 
poisoned, reducing the rate of the steps which lead to chain growth 
necessary for the formation of higher alcohols.The findings by McClory 
and Gonzales, J.Catal. ~,392 (1984), that alkall greatly reduces 
hydrocarbon synthesis'over Ru/silica is very pertinent. They conclude 
that there as an ensemble of Ru atoms necessary for CO hydrogenation 

! ! and that a very small amount of alkali can block a whole ensemble. 
In our case, since alkali decreases conversion, and also the 
production of C2+ oxygenates, but not the formation of methanol, and 
since it is known from previous workers t~at the formation of methanol 
from CO and H2 does not require an ensemble of atoms, the conclusion 
of McClory and Gonzales seems applic@ble here too. 
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APPENDIX IDENTIFICATION OF UNKNOWN GC PEAK 5 

It was mentioned in our previous quarterly reports that on alumina 
based rhodium catalysts, butane was apparently forming in amounts muchq. 
larger than predicted by the Anderson- Shultz- Flory distribution. 
Later, from the time and temperature dependence of the GC peak (which 
had the retention time thought to be butane) it was suspected that 
this peak must consist of two products, namely butane and an 
oxygenate. It should be mentioned that the retention time did not 
match any of the previously reported oxygenates formed over rhodium 
catalysts. From the location of the peak from the Propak QS column'~the 
qxygenate must have 2 or 3 carbon atoms, and a molecular weight 
slightly higher than that of ethanol. The only class of oxygenated 
products that other workers have not mentioned are ethers. The peak 
position is later~at of dimethyl ether and much earlier than that of 
diethyl ether. Therefore 
it was suspected to be methyl ethyl ether. This was confirmed with the 
preparation of an authentic sample prepared by reacting sodium 
ethoxide with methyl iodide in ethanol solution at 0 ~ C and injecting 
it into the GC column.This particular oxygenate has not been reported 
by any previous workers for supported rhodium catalysts for syngas 
conversion. It should be noted that over rhodium/alumina catalysts 
methyl ethyl ether forms with considerable selectivity. 

ANALYTICAL PRODUCTS IDENTIFICATION 

With the present analytical system (12 foot x 1/8 inch Poropak QS 
packed in teflon coated SS tubing ) it is possible to separate and 
measure quantitatively most of the reaction products with three 
exceptions : (I) propane/methanol (2) butane/methyl ethyl ether and 
(3) methyl acetate/acetic acid. Each pair comes out as a different 
single peak. In order to provide a complete on-line analysis, we are 
planning to modify our analytical system by installing an available 
second gas chromatograph with a Poropak T column ( 7 feet x 1/8 inch), 
The manufacturers literature states that this column can carry out the 
required separations and we have already veri~&%d thisLf~an~nd 

h~r~ Simultaneous complete analysis will he possible by 
injecting reaction product mixture into two different columns, Poropak 
Q~ an T. It is believed zhat this will provide the most complete 
analytical system for analysis of products of CO hydrogention over 
rhodium catalysts which has been used by anyone. 
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FIG. 3 

INFRARED SPECTRA OF C0 ON 3% Rh/ GAMMA ALUMINA 
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k i n e t i c  data 
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kinet i¢,~0 
" .  ~o  

:-+o 
temp pressure CO:H2 GHSV 'time • • ~'~Oconv ". 
C psig hr-1 hr~ • In~l C02 

, +  

25+ 459 8.5 360~ 1 .4"4.' 
250' 4.50 0 • 5 3960 12 2 .8 "  
'250 459 e ,5  15+6 , 15 5 .0"  

, m . ,  - -  • 

eat no c a t a l y s t  
(page no) 

Rh3~. 4.1~¢Ce/gomma AI203; H2-290,350.5BOC 
Rh3~. 4,1~Ce/garmo AI203; H2-200,350,500C 
Rh3~, 4.1~;Ce/gorma AI203; H2-200,350,500C 

RhSR, 4.1~Ce/gcmmo AI203: H2-200,350,500C 
Rh3~, 4.1~Ce/gommo AI203: H2-20+,350,500C 
RhS~, 4.1ZCe/gommo Ai203; H2-200,350,500C 

260 450 0 ,5  1589 18 
250 758 0.5 158+ 25 
2.5+ 45+ 8.5 159+ 27 

Rh3~, 3.6~Sn/Gamma Al2OS:from chlorides;H2-500C 
Rh3~, 3.6~Sn/Garmo AI203;from chlorides;H2-500C 
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~ 0 

• t - . . . _  

3 "  

10 
"+ 4. 

2-. 

2 .  

. 4 "  
°, 4 !  
," + 7 ;  

NolO/Reduced 3~Rh-AI203;dried. 110C;I-12-500C 
NolO/Reduced 3Y;Rh-Ai2OS;dried "1-;C~-.~H2-500C 
NolO/Reduced 3T;Rh-AI2OS;dried 110C;H2-50BC 

L_  " , ,  ' 

RhS~/gamma:AI205; new preparat ion; '  H2-500C 
RhS~/gommo AI203; new p repara t ion :  H~-5~9C 
RhS~/~omma~AI203; new p r e p a r o t ; c n ; . ~ S 0 0 C  

258 750 9.5 1590 54 
259 750 e .5  1500 69 
25+ 45+ 0.5 15B0 72 

259 459 6.5 3660 1' 
25+ 459 9.5 3660 8.5 
25+ 450 9,5 1500 68 

2~ 
I.: 

RhS~/Gamma.-Ai203 from RhCI3.SH20; No ca l c i n= t i on  
RhS~/Gamma:Al203 from RhCIS.3H20; No ca l c i na t i on  
RhS~]Gammo A1203 from RhCI3.SH20; No ca l c i na t i on  
Rh3~/Gc~a~AI203 from RhCI3.3H20; No eo l c i no t i on  

_ , , .  i i i i | . . . . .  , 

RhS~/Gomma. A[203 from RhCI3.SH20 No c a l c i n a t i o n  
RhS~/Gamma AI203 from RhCIS.SH2Q No ca l c i na t i on  
RhS~/Gar~a,.AI203 from RhCIS.SH20 No c a l c i n a t i o n  
RhSR/Gamma" Ai203 from RhCI3.3H20 No ca l c i na t i on  

25+ , s +  ° 5  + , +  
+5+ + . 5  3°+o 2+ 

258 450 0.5 1800 25 -5 
258 450 0.5 180+ 26 

. . . . . . . . .  H r 

259 759 9.5 3600 29 
260 75+ 0 . 5  3600 31 " 
250 459 + . 5  1800 33 
258 450 1 1809 35 

u 
+ 

°+  



~(inet ic d o t o  
k i n e t i c  doto  

~ C ) ( ~ O l l V  

i nc I C02 

~ 4.4 
.=2.8 

5.8 

t line 0 SELF.CTIVITY IN PRODUCTS CARBOk~ 
¢ond i t i onCH~. C2H4 C2H6 C3H6 C3H8 MeOH MzOMe MeCHO 

1 51 .8  e . e  3 .3  e . 9  1 .3  6 .3  13.8 6 .8  
12 51.B e . 9  2 .3  B.6 8 . e  9 .9  9 ,4  6 .e  
3 57 .5  e . e  1.9 e . e  e ,7  8 .8  4 ,8  6 ,5  

EtOH 

7.9 
11.9 
l lL~ 

c4HI~ .~o*o 
I ,  

~ . 9  e . .  
8 . 8  1 . '  
e . 6  1 ..~ 

..... e ~6 . . . .  

e . e  3 .~  
6.9.  2 .5  63.7  e . e  3.4- B.8  1 .3  6 .2  2 .9  e .3  9.1 
5.2 6 58.7  e . e  3 .2  0 . 0  6 . 9  9 .7  5 .9  e .e  11.8 
3.6 2 55.4 e . 6  4 .e  ~ . e  I .3 8 ,9  4 .4  e .6  18.6- 

6.7 1 B7.8 
8.5 2 96 .8  
e.4 2 .5  166.(~ 
e.9 1.5 89.8  

,,, , ,~ 

e.7 13 98.2 
1.1 3 88.9 
8.6 2 l e e . 6  
8.8 3 88 .6  

~. 1 2 ERR 
e.1 1.5 . ..FRR 
~,3 2 .5  : Z .6  
1.2 3 "~.1 

3.2 3 -~8.5 
2.5 14 72 .2  
8.5 2 76 .5  

"1~.6 2 76.~,  

3.2 3 73.2  
.6 12 100.e 

6.0 2 73 .4  
3.5 16 78 .2  

3.5 1~- 65.9  
le .1  2 76.,~ 
4 .8  3 63 .6  
2.9 2 62..7 

8 . 8  3 . 3  0 . e  e . 8  8 . 9  e . 6  e . e  
0 . 8  4 .e  e . e  e . 0  e .e  6 .e  6 . ~  
e . e  e . e  e . 6  e . e  e . e  e . e  e . 6  
e . e  10.2 o . e  e . e  e , e  e . e  e . e  

O.B 1 . 8  e . e  ; } .8  8 . e  0 . e  8 . e  
B.e • 11.1 e . e  e . 8  8 .e  e.{}  6 .6  
e . e  e .e  e . e  e . e  e ,6  e . e  B.e 
B .6  11 . 4  ( } . e  e . { }  e .e  e . e  B.e 

. . . . .  I I  i I 

ERR ERR ERR ERR ERR ERR ERR 
ERR ERR ERR ERR ERR ERR ERR 
e . e  6 .3  B,0 ~.(~ ! 4 . 7  25.1 B.B 
(~.~ 15.2 1 ,6 7 .9  3.1 9 .4  6 .e  

e . e  l e . 8  B.o 4.1 e .7  5 .7  e .~ 
e . e  7 .5  e . e  3 .9  e .8  3 .2  2 .3  
0 .e  7.9 ~ . e  2 .4  8 . 5  3 .5  1.7 
~ .e  7 .5  e . e  1 .9  e .¢  3 .e  2 ,6  

e . 6  6.9 e . e  ~ .3  e .9  2 .9  4 .2  3,,~ 
e . e  e . e  e . e  e . e  e . e  e . e  e . e  e . ~  
e . 6  3 . 9  0 . 8  ~ . 5  1 . e  3 . 2  e . 5  
0 . 6  3 .5  e . e  4 .9  e .9  1 .5  8 .7  

e . e  4.1 1 .3  4 . ~  B.6 1 . 4 .  1 .4  
e . e  3 .5  e . 5  3 . 2  e .7  e.1 1.7 
0 , 6  3.1 B.7 4 . 8  1.1 0 .8  3 .9  
e . e  4 .5  ~.9  4 . 5  e . 8  e.B 4 .7  

3 38 .6  e . 6  3 .5  B .e  2 . 4  25.1 6 .5  8 .e  

e . e  e . [  
D.6 e . 0  e . '  

e.e (}.~ 
e.e 

- _ (~;e (}~ 
e.e e .B (}. | 
e .e  e . o  e . r  
0.6 e.(~ ~ 
e.e. ~ 

ERR" P_t;" 
ERR ERR EF~ 
ERR 0.0 0~ 

11.3 3 .2  0~  
4 . . 7 "  ~ -- 

2.3 O*" 

6.6 1.2 0 ~ 
6.9 

" r  - -  1 . 1 , . ,  

° 6  
2 .6  C~, 

6 .~  1 . 2  1 ~, 
5.8 - - - - - - - ~  " - - -  - - -  ~ . ~  4 ~  

. , ~ ,  1 5  i ~ .  
5 . B  1.9 3 ~  

, 8 . 8  2.4  2~'. 
8.-'3 ~ 

16.5 B.e 
le.~ "e-e !~.' 
18 .~  6.t~ -,i¢, 
17.1 

11.1 6 .e ~; 
~8.9  e . e  '.,,, 
~4.;,  e . e  ,-, 
l e . 7  ~ w  

- -  r '  e l  e 1 

13 .~  e . e  " 

1 4 . ~  . . . .  

8.1 2 ,6  ": 
11.2 2 .~  i'~ 

9 . 7  1 . 4  

2.7  4 .5  36 .6  e . e  2 .4  B.e 1 .0  27.9 6 .2  e .o  
1.9 17 36 .9  0 . e  1.6 B .e  e . e  31.1 3 .8  1.3 
2 .e  23 39 .3  e . 6  3 .6  e . e  1 .6  25.2 2 .2  2 .2  

. . . . . . . . . . . . . . . . . . . . .  

4.5 26 59 .7  e .B  4 .7  e . e  1 .8  8.1 0 .9  3 .4  
4 .5  23 59.2  6 .8  5 .4  e . e  2 . 2  8 .2  0 .e  3 .5  
7.9 3 52 .6  e . e  6 .3  e . ~  2 .6  7 .2  e .e  2 .+  
7 .5  3 55.1 9 . 6  5 .8  e . e  2 . 6  8 .2  0 .9  2 .7  

, , , . i 

2.e 4 38 .7  e . e  .... ~ .3  e . e  1 .5  18.1 e .e  
1.9 15 ~S.5 B.6 4 .2  e . e  1 .8  23 .2  1 . 2 '  
8.9 3 ~ - 2  0 .0  3 .8  e . e  1 .7  17.8 1.2 

6.6 1 65 .5  e . 0  4 . 7  e .B  3 . 7  ~ .9  3.1 ~.4 
5.7 8 .5  59 .7  0 . 6  4 .2  B.O 5.1  1 .9  1.1 1 .9  
9.1 45 62 .6  e . e  3 .8  e . 6  3 . 7  1 .5  0 .3  2 .2  

6 . |  2 57 .6  8 . 6  3 .5  1 .5  4 .1  e . 8  8.1. 4.1 18.6 
4.8 12 59 .8  8 . 6  2 .9  " 1 .5  3 . 5  0 .9  0 . 4  4 . 2  18.3 
9 .2  1 .5  61 .2  8 . ~  . 3 . 2  . 1 . 0  3 , 5  8 .8  e . 8  4 . 2  9.9 
8.9. 2 61 .6  e . e  3 .2  1 .2  3 . 5  8 .7  8.1 3 .5  9 .9  

, , ,, . , . , .  ~ ,. 

5 .2  3 58 .2  e . e  2 .9  e . 8  3 . 4  1.2 0 . 0  5.1 18.4 
7 .9  2 62 .7  e . e :  3.1 1 .2  4 .e  . 1.e 8 .2  3 .6  8.7 
7 .5  2 69 .7  e . e  2 .7  -" 0 .9  3 . 8  1.1 9.1 3 . 5  18.2 
3 .9  • 2 .49.B e . e  3 , 6  ~- : 2,1 4 . 3  1 . 8  e . o  4 . 9  13 ,B 

3.3  
3 .5  
5 .0  

a m  

1.7 :. 
1.1 

p. 

1.3 % 
t . 3  
1.5  - .  
1 .9  ,. 



,: -.. 

:~:.• 

• ~ - t ~ ' : : : .  

\ ,  7;0 
11.9 
1B,8 

9.1 
11.B 
I 0 ,0  

k i n e t i c  da ta  

c 4 ~  
0 . 0  
0 . 0  
0 . 0  

MeOAc AcOH n-P rOH 

0 . 8  0 : 0  1.9 
1-4 1 .0  0 . 0  
1 . 5  1 .1  3.4  

0 .6  1 .9  t • 3  1.9 
0 .0  4 . 0  2 . 8  1.9 
0 .0  3 .3  2 .3  1,0 

EtCHO C5H12 ~eOEt 

0 . 0  0 • 0  13.7 
0 . 0  0 . 0  13.0 
0 . 0  0 . 0  9.0 

. . . .  , ° -  

0 . 0  0 . 0  6.0 
0 . 0  0 . 0  7 . 0  
0 . 0  0.0 7 . 5  

grOAt 

0 . 0  
0 . 0  
0.0 

n-BuOH 
TOTALOXY 

i-BuOH C~, C02f re 

0.0 0 .0  43.6 
0.0 0 .0  46.6  
0 . 0  0 . 0  39.9 

i . 5  
3 . 0  
2.0 

0,0 
0 . 0  
0 . 0  

0 . 0 '  31.0 
0 . 0  45.2 
0 . 0  ~ 9 . 3  

0 . 0  
0 . 0  
0 . 0  

' e . 0  

0 . 0  0 . 0  0 . 0  0 . 0  
0 . 0  0 . 0  0 . 0  0 . 0  
0 . 0  0 . 0  0 . 0  0 . 0  
0 . 0  0 . 0  0 . 0  0 . 0  

e•e 0 .e  0.0 ~ b  0.0 0 .0  8 .9  
0 .0  0 .e  o.0 0.0 o.0 0 . 0  .o 
0.0 0.0 0.0 0.0 ~.0 0 .0  0 .o  
0 . 0  0 . 0  0 . 0  0 . 0  0 .0=  0 . 0  0 .0  

~ . 0  0 . 0  0 . 0  0 . 0  0 • 0  0 . ~  0 . 0  0 . 0  ~ . 0  0 . 0  0 . 0  . 0  
0 . 0  0 . 0  0 . 0  0 . 0  . - :~ .  0 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  - . 0  

0 . 0  0 . 0  0 . 0  0 , 0  0 • 0  0 . 0  0 . 0  0 . ~  0 . 0  0 . 0  0 . 0 "  0 . 0  
0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0.(~ . 0 -  0 . 0  

ERR 
I' ] .3 
,1:.. 7" 

;.3 
6..~ 

ERR ERR ERR ERR 
ERR ERR ERR ERR 
8 . 0  0 . 0  0 . 0  0 . 0  
3 . 2  0 . 0  0 . 0  0 . 0  

2.3 0 . 0  0 . 0  0 . 0  
1.8 0 . 0  0 . 0  0 . 0  
1.2 0 .7  0 .0  0•0 
~.9 0 . 9  0 . 0  0 . 4  

ERR ERR ERR ERR ~ R  ERR ERR 
ERR ERR ERR ERR ERR ERR ERR 
0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  5 1 . 1  
0 . 0  0 . 0  4 . 8  0.0 0 . 0  0 . 0  22.0  

0 . 0  0 ; 0  3 . 0  0 . 0  
0 . 0  0 . 0  2 . 3  0 . 0  
0 , 0  0 . 0  1 , 6  0 . 0  
0 . 0  0 . 0  1 . 3  0 . 9  

~=0 0 , 0 .  14•7 
0,0 0 .0  14.7 
0,0 0•0 12.0 
0,0 0 .0 . .  13.2 

I 

0•~ 

• 5 . 6  
, 8 . 8  

8..-9 

1.1 2.1 0 . 0  
0 . 0  0 . 0  0 . 0  
2.0 0 .6  0 . 0  
1.2 i .5 0 .0  

3 . 5  4 . 0  . . . .  0 . 0  
1.5 1.2 0 ,0  
1.9 3 .6  0 ,0  
2.4 2 .3  0 . 0  

0 . 0  0 . 0  0 . 0  1 .1  0 , 0  0 . 0  0 . 0 .  1 4 . 6  
0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0o0  0 . 0  
0 . 6  0 . 0  0 . 0  2 . 8  0 . 9  0 . 0  0 . 0  1 6 . 2  
0.0 0 . 0  0 . 0  0 . 8  " 0.9 0 . 0  0 . 0  20:2 

0 . 0  0 . 0  0 . 0 "  4 . 8  0 . 0  0 . 0  0 . 0  2 0 . 7  
1 . 9  0 . 0  0 ~ 4  2 . 0  0 . 9  0 . 0  0 . 0  1 4 . 4  
1.7 0 .0  0 .0  2 .9  3.7 1.0 0.0 ' 2 6 . 6  
1 . 4  0 . 0  0 . 0  3 . 4  3 . 5  0 . 0  0 . 0  2~.O 

16.5 
16.9 
"18.-¢ 
17.n 

10.g 
14.2 
t 0 . ;  

13.6 
12.7 
14.0 

8.1 
11.Z 
9 .7  

1.0 1.4 
0 .0  t .5 

-0 .0  1 .0  
0.0 4 ,2  

0 .0  4 .3  
0 .0  4 .2  
0.0 ,5.2 
0 . 0  5.7 

-- 0 .0  10.2 
0.e 9 .0  
o.0 9 .5  

2 .0  0 . 6  
2.0 3 . 4  
1 .4  2 . 4  

1.0 
1.1 
0 .7  
3.1 

3.1 
2 .9  
3 .7  
~ . 0  

0 . 0  
0 . 0  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
1 . 8  
1 . 0  

7 . 1  0 . 0  
7 .0  0 .0  
6 . 7  0 . 0  

0 . 0  0 . 0  4 . 0  0 . 0  0.0 0 , 0  5 4 . 6  
0 . 0  0 . 0  6 . 4  0 . 0  0 . 0  0 . 0  6 0 . 0  
0 . 0  0 . 0  4.2 0 , 0  0 . 0  0 . 0  60.4 
0 . 0  0 , 0  1.5 0 . 0  0 . 0  0 . 0  55.4 

0 , 0  0 . 0  0 . 0  3 . 8  
0 . 0  . 0 . 0  0 . 0  3 . 5  
0 . 0  0 . 0  0 . 0  3 . 9  
0 . 0  0 . 0  0 , 0  4 . 3  

0 . o  0 . 0  0 . 0  3.9 
0 . 0  0 . 0  0 . 0  0 . 0  
0 . 0  0 . 0  0 . 0  0 . 6  

e .e  3 . 3  0 .6  1 .5  6 ,9  0 .0  
0 ,0  2 .7  8 . 4  0 .0  3 .8  3 .3  
0 .0  2 .2  0 . 0  8 . 4  2.1 6 .4  

0,0 e-0 • 33.B 
0.0 0.0 35.2  
0.0 0.0 - 38 .5  
0.0 8.0 . 3 6 . 5  

e.o 0.0 55 .5  
e.e e,0 57 ,5  
e ,o  - - _0 . , g .___54 .5 . -  

d J~  ' . .  

0.8 o .o  22 .6  : 
0;0 0.0 , 25 .9  
0.7 0.0 - 27 .5  

10 .6  
1 0 . 3  
9 . 9  
9 . 9  

10.4 
8 ,7  

16.2 
13.0 

* :  , 

1.7 4 .5  
1.1 4 .5  
0.9 3 .4  
I ,e  5...3 

1.3 6.1 
1.3 4 .5  
1.5 3 .7  
1.9 4 . 7  

0 .e  
0 .e  

0 .0  

0 .9  
0 .6  
0 .9  
e .0  

2 ,3  0 . 3 ,  " 0 . 3  2 .7  5 .9  0.0 0.0 31 .3  
1 . 9  0 . 8  9 . 0  1 .5  8 .3  0.0 8.0 32.1 
2 .2  0 . 0  0 .2  1 .4  7 ,4  0.8 0.6 30 .0  
1...9 . . . .  0 . 0  , 0 .0  1_4 7 .8  o.R o R _ _  .-~ A 

1.7 0 .0  0 .0  1.7 6.3 0.9 0.0 33.4  
1.1 0 .0  8 .0  1.8 5 .8  0.9 0.0 27.7 
2 ,6  0 . 6  0 . 0  2.1 6.9 0.8 0.0 30.4  
1.7 0 . 0  0 .8  2 .6  9 .4  6.9 6.0 58.2  



i ne t i c  doto 

~YDRO C¢. 
:I 

51.8 
m 51 .e 

57.5 

63.7 
50.7 
55.4 

87.8 

C2 

1.9 0.7 e.B 17.1 

96.e 
1E}0.0 
89.8 

oxyg C~, turnover • 
C3 c4 C1 C2 C3 C4 no. =ec-I 

3.2 1.3 6.9 25-(~ 16.6 / .9 ~.0 1.736--~3 
2.3 0.B 6.~ 24.1 22.4.. ~ 0.0 ~.B 1.1~E-~3 

19,3 3.4 e .~  9.74E-~4 

3 ,  1.3 6 ~  117 ,~, 19 ~ o  1 3s~-03 
3.2 9 9  - ~  1~.~ 2 4 9  1 9  . ~  1 ~ - ~  
ae.e 1.3 e.9 16.6 21.4 1,(~ 0.8 7,99E--~4 

~ ~ ~ ,  6 ~  ~ ~ ~ 2 ~7£-~4 
4 9  ~.e ~.~ ~ ~ ~ 0  ~ .~  9 5 ~ - 0 5  
0 ~  ~ ~.~ ~ ~ ~ 0  ~ 0  s ~9~-~5 

1(}.2 (}.e e.e e.~ 0.0 e.0 e .0  1 . 61 E--e4 

90.2 1.8 6.e e.e l~.B O.e 0.6 e .e  1.310-f14 
66.9 11.1 e.e e.o e .o  {).e fl.e ~.e 2.170-~4 

li~e.e e.e fl.e ¢.e o.e ~.e e.e ~ .e  1.170-04 
88.5 11.4 fl.o 0.e 0.9 B.6 6.8 e .e  1.636-04 

ERR ERR ERR ERR ERR ERR ERR ERR-4.926--0b 
ERR ERR ERR ERR ERR ERR ERR -'RR 3.566-05 

42.6 6.3 e.e 0.0 39.8 11.3 e.e 0 .e 1.756-04 
50.1 15.2 9.5 3.2 14.~ 7.9 6.9 ~ .0  8. 136-04 

68,5 18.5 4.1 2.3 7.3 7.5 e.e ~ . e  1.87E--03 
72.2 7.5 3.9 1.6 4.8 9.8 e.e ~ .e  1 .48~03 
76.5 7.9 2.4 1.2 4.7 7.2 o.e ~ .0  4 .94~03  
76.4 7.5 1.9 ~.9 4.1 8.7 6.4 ~ .e  6 . 2 t E ~ 3  

~ . 2  6.9 4.3 1.1 
160.e e.B 0.6 e.9 
73.4 5.9 ~.5 2.B 
70.2 3.5 4.9 1.2 

55.9 4.1 5.8 3.5 
76.4 3.5 3.7 1.5 
63.~ 3.1 5.4 1.9 

6 2 . 7  4.5 5.4 2.4 

38.6 3.5 2.4 1.0 
36.6 2.4 1.E 0.0 
38.~ 1.6 0.0 0-0  

3 9 . 3  3.6 1.6 e.O 

59.7 4.7 1.8 0.0 
59.2 5.4 2.2 0.0 
52.6 6.3 2.6 0.0 
55.1 5.8 2.6 0.~ 

4.8 9.7 0.0 ~ .0  1.846-~3 
6.0 0.0 0.0 Q.e 1.556-~5 
5.3 10.3 0.6 ~.B 3. 486-03 

3.2 16.9 6,~ (~.0 2. 076-~3 

5.1 15.6 O.e 0 .0  1. 926-~3 
.9 16,6 ! .9 0 .0  5.886-~3 

3.3 20.5 1.7 1 .0  2.326-03 
2.7 20.8 1.4 ., ~ . g  1.760-83 

33.4 21.1 ~.0 ~ . e  5.966-9~. 
56.7 25.2 9,9 e.B 5.35E.-'04 
36.5 23.8 e.6 0 .8  3.776-04 
29.3 26.9 8.$ ;):~ 3. 816-.~4 

. . . .  . . . . . .  . , . .  o ~ ,  

9.5 24.2 e,g e . 6  8.6RE-84 
9.6 23.6 e.e ~ .8  8.766-~4 
8.9 27.7 1.8 e . 0  1.546-03. 

10.8 25.4 1.o 0 .0  1.42E-03 

30.7 4.3 1.5 0,9  
36,5 4.2 1.6 e.O 
¢e.2  3.8 1.7 e .e  

21.4 34.0 0.0 8 . 0  3.976--~4 
27.7 29.7 IL6 0,(~ 3,45E-84 
22.2 ~2.1~ 8.6 ~ .0  1.73£-g4 

55.5 4.7 3.7 2.8 
59.7 4.2 5.1 2.0 

~ ~ 52.6 3.6 4.3 1.4 

.' 57.5 3 .5  5.5 1.7 
59.~ 2.9 4.9 1.1 
61.2 3.2 4.5 e .9  

• - 1 . 5  ~ .2  4.6 1.0 

'1 59.2 2.9 4,1 
62.7 3.1 5.3 
6~.7 2.7 4,7 
49.8 

6.3 13.1 3.5 
5.1 20.7 3 .e 
3 .3  21.3 2.2 

3.3 25.3 
5 .3  26.8 
2 .3  24.6 
2.4 24.3 

1.3 3 .8  27.0 
1.3  3.5 22,3 
1.5  3.1 24.5 

3,6 6.4 1.9 3.4 .32.1 

2.6 
1.9 
2.2 
t .9 

1.7 
1.1 
2.e 
1.7 

• ~ ) .  0 2.55E-{}3 
0- • 2.20E--83 
0 .7  1.77E-63 

0 .0  2. 836-03 
0 .0  2.24E-63 
0 .8  2.16£-03 
e . 8  2. e~_E-__e3 ._. 

0 .9  2.456-4~3 
0 .9  3.696-03 
~ .5  1.766-.~3 
0 .9  1.366-~3 

; = .  

k i n e t i c  datQ 

~¢C2+OXG RATE CO 
of t o t e i  gmol /hr  

42.7 1.1E-~3 
48.4 6 .9 [ - 04  
57.1 6.16-~4 

C¢ to C O 2 ~  ~ 
(302 |nc l  ~ .  

11.1 From~ 
. 5 . 2  olm~" 

6,3  C oral:". 

62.4 8.56-04 
59.4 6.36-~4  
57.2 4,4E-~4 

.9 1 .BE*-~4 

ERR 5.26-05 
ERR 1.16-04 

8,36-~5 
1.4E-~4 

ERR 7.46-~5 
1.06-04 

6.2 t 
~.~ o,=g' 

8.7 Cot~! 
23.4 I o o '  ~' 

22.6 c o n ~  33.e '  ~ : 

~,~.9 ~ 
36.6 of t,~'. 

37.1 Repr,¢ 

ERR 1.6E-05 100,9 No O~Q 
ERR 7.56-06 100.0 the i'~, 

22. ~ 3.7E--~5 21.7 moo t'!~ 
36.1 1.4£-~4 5 .8  ' i?,; 

50.6 3.96-~3¢ 6.4 t~ ~ 
66.9 5.16-~4 3.1 ;.". 
Be. 3 1.0£-03 1.4 ~i~ 
69.0 1.3E-0,3 1,7 a c t ~  

67.8 3.96-04 1.8 o f te~  ~ 
ERR 3.36-06 t).O After:.' 

~7.  I 7.36--~¢ 4.4 ~ 
B4.2 4.36-84 1,7 End~ 

75.5 4.0F..-.~4. 2.7 ~ - o ~  
86,7 1.2E-~3 1.7 Comb~i'l 
87.8 4.9E-~4 1.6 Combli'i 
89.3 3.66-~4 2.0 End ~t.~ 

58.7 3.66-~¢ 
38,8 3.46-e4 
39.4  2 .46 -04  
47.1 2.46-04 

71,B 5.56--04 
71.2 5.56--~4 
76.8 9.76-04 
72.5 8.96.-~4 

61.4 2.56-04 
51.9 2.26-04 

72.3 1.66-03 
62.4, 1.46-03 
87.9 1.1 E-03 

27.5 p r op!~'l 
25.(} Ccmb~',.~ 
15.5 C02 ;:[~; 

9.9 Et he r.~', 
9.6 lnere  ;='̀ ' 

13.6 r 
14_.2 p oba;.~. 

l e .5  ran o 
12.3 Et hyl~.~ 

3.9 c a t o l ~  
e.9 Combi~' 
1.4 flo At(I, 

89.4 1.56-~3 
B9.7 1.26--~3 
92.2 1.1E-03 
91.~ 1.16--r33 

88.6 1.36-~3 
88.1 1.96--03 
89.8 9,26-¢4  
91.2 7.16-84 

B.6 No co l  ~. 
B.5 React ~ 
e.g Combin" 
~.8 Comb1 n,, 

e .7 Combi~ ~, 
e.9 o / t e r ~  
e.8 now. ~ 
1.2 End of  F 



k i n e t i c  data 

/ 
T^ ¢ £E T 

:~ turnover - 
~" no. see-1 

i !01.73~-03 
.0 1.10E-05 
~,0 9.74E-84 

;0 1.35E-03 
~0 1.06E-03 
~.:O 7.00E--04 

2.87 E--04 
!g 9.50E--~5 
',~0 8 .29E-05 
';0 1.81E-O4 

'.';0 1.31E-04 
'~e 2.17E--04 
¢.0 1,17E--~4 
~ 1.63E-04 

...~ 3.56E-05 
I~O 1.75E-84 
,~.o 8.13E-04 

~.0 1.87E--03 
~.O 1.48E--83 

94 -83 

~6 6.21E-03 

~.e 1.64E-03 
~.e 1.55E--05 
J~e 3.48E-03 

~.0 2.07E-03 

~C2+OXG 
of t o t a l  

42.7 
48.4 
57.1 

RATE CO C~ t o  C02COMMENT5 
gmol /hr  C02 inc l  ~ - '  

1.1E-03 11,1 From previous expt .  on the some cata lys t ,  from Porapak T ana l ys i s ,  o 
6.9E-0~ • 5 .2  almost no propane or butane are formed on th is  c a t a l y s t .  
6.1E-04 6.3 Combined (AcOH+MeOAc) peak : r a t i o  of AcOHto MeOAo is taken as 1:1 

8.5E--04 6.4 
6.3E-84 6 .2  Actual  space v e l o c i t y  may be about 15~ lower, because of small leak 
4.4E--04 5.3 O r i g i n a l  cond i t i on ;  End of react ion.  

62.4 
5 9 . 4  
57.2 

.0  

ERR 
ERR 

teo-~P 

ERR 

ERR 
ERR 

22.0 
35.1 

50.0 
66,9 
60.3 
69. 

1.8E-04 
6 .OE-05 
5.2E-05 
1.1 E-04 

8.3E-85 
1.4E-04 " 
7.4E-05 
1.8E-04 

8.7 C a t a l y s t  not ca lc ined .  D i r e c t l y  reduced inH2 at 280,350 and 500C 
23.4 looks l i k e  rap id  d e a c t i v a t i o n  
22.6 
33.0" cant inued over.,=ight 

56.9 
56.6 
39.5 
57.1 

1 .OE--05 108.0 
7.5E-06 188.0 

• 3.7E-05 21 .7  
1,4E-04 5 , 8  

3.9E-04 5.4 
5.1 E-04 3.1 
1.0E-05 1.4 

a f t e r  t h i s ,  went back to the o r ig ina l  COndition 
a f t e r  t h i s ,  Fur o f f  CO. cooled to room temp. A f t e r  weekend, s t a r t e d  rexn 
Reproduc ib le :  End of reac t ion  

No c a l c i n a t i o n ;  NO REDUCTION: Heated to 1G~C in H2, immediate ly  s ta r ted  rexn 
the reac t ion . .o t  4 5 0 p s i a .  
mo~t of the small peak areas are not eccurnte 

1.3E--~5 1.7 act " lower by ab0ul 20~. because of leak  

67.0 3.9E-04 1.8 
ERR 3.3E-06 0 . 0  

67.1 7.3E-04 4.4 
84.2 4.3E-04 1.7 

a f t e r  t h i s ,  reduced the temp. to 174C, pressure to 450psio 
A f t e r  t h i s  CO cut o f f ,  H2 reduced : 275-.Shr,35~-1hr,SBOC--lhr 
End of the reac t ion  

75.5 4.0E-04 2.7 No c a l c i n a t i o n ;  H2 reduced di rect ly ;2/3of  combined peak is propane .J.O 1.92E--83 
~..O 5.68E-03 
• .O 2.32E-83 
~.0 1.7BE---B3 

~.0  5.96E-04 
J,O 5.35E-05 
~. 0 3-77E-0$ 
";;~ 3.81E-04 

LO 8.68E-84 
~.0 8.76E-04 
).O 1.54E-03 
'). O 1.42E--03 

,. 0 3.97E-0$ 

1.7 Combined (C4Hl(~eOEt)peok : 367, area is butane, res t  MeOEt 
1.6  Combined (AcOH+MeOAc)peok : e l l  AcOH, n0MeOAc 
2.(] End of the reac t ion .  

27.5 propane and butane areas arc approximated roughly 
25.0 Combined (AcOH-I-MeOAc) peak : area ratloepproximated as 1:1 
15.5 C02 fo rmat ion  has d r a s t i c a l l y  reduced 

12.7 i ._  ncreased the tem._pto 275C and ran overniqhl 

9.9 Et hers d i sappeared. CH3CHO appeared 
9.6 increased the pressure to 758psia 

13.6 
14.2 p robab ly  t h i s  ethanol area is right 

0 ,~ 5.45E-04 
3.0 1.73E--B$ 

- ii 

d 

1.6 2.55E-83 
~.0 2.28E--03 
~,.7 1.77E-03 

l 

',o - 
; .O 2.24E-05 

--3,6 2.16E--03 
6.8 2. O8E-B3 

.i. 9 z .  4.E-e~ 
".9 3 .69E-03 
',~.8 1.76E-93 
t!.a 1.seE-e3 
V.  

86.7 1.2E--03 
87.8 4.9E-04 
89.3 3.6E--04 

38 .7  3 .8E-04  
38.8 3.4E-04 
39.4 2.4E-4~4 

_ .  ,.422.~ . 2 .4E-~4  

71.8  5.5E--04 
71.2 6.6E..-04 
76.8 9.7E--84 
72.5 8.9E-84 

61.4 2.5E-84 18.5 ran overn igh t  at  t h i s  condi t ion 
51.g 2.2E-84 12.5 Ethy l  ace ta te  disappeared 
59.2 1.1E--04 8 . 1 . O r i g i n a l  eondi,ti_on;. End of reoctlon. 

72.3 1.6E--~3 
62.4 1,4E--03 
87.9 1.1E-~5 

89.4 1.5E-03 
89.7 1.2E-83 
92.2 1.1E-83 
91.9 1.1E-03 

88.6 1.3E-03 
88.1 1.9E-03 
89.8 9.2E-04 
91.2 7.1E-04 

3.9 c a t a l y s t  ca lc ined at 500C before: 
8.9 Combined (C4Hl~+MeOEt)peok : 30~, area is I~lane 
1.4 no AcOH, o i l  MeOAo; End of reaction. 

B.6 No c a l c i n a t i o n  step; cata lys t  reduced inH20t 488C-lhr 
8,5 React ion f i r s t  s ta r ted  at 225C, rcn for 12hrs, but da ta  is  not good 
8.9 Combined Cpropane+methonot) peak : 2/3 ereO !s propane, res t  MeOH 
8,8 Combined (C4H1B+kleOEt) peak : 30% ore0 is but0ne,_ rest  u . n o .  

e.7 Combi ned (AeOH+MeOAc) "peak : o i l  area is IJeOAc, no AcOH 
8.9 a f t e r  t h i s ,  went back to the origin01 condition 
e.6 now, t r i e d  H2:C0==1:1 jus t  to see 
1.2 End of reac t ion  



KINETIC DATA 

cat no 
(page no) 

ca ta l ys t  temp pressure CO:H2 GHSV time 
C ps ig  hr-1 hr= 

RhS~/High p u r i t y  Gamma AI203. J.-M. 

I¢ 

K'~NETZC i ,  

~C, Ocohv.. 
i nc I C02~ , ~" 

3.'~, 

RhS~/High p u r i t y  Gamma AI203. J.--M. 
RhSR/High p u r i t y  Gamma AI205, J.-M. 
RhSR/High p u r i t y  Gamma AI203, J.--M. 

NolO/reduced 5~Rh-AI203, J.--M. 
NaIR/reduced 5%Rh-AI203, J.-kL 
NolO/reduced 5~Rh-AI203, J.-k(. 
N~lR/reduced 5~Rh-AI205, J.--M. 
NolO/reduced 5~Rh-AI205, J.-M, 

Rh3~/Gamma AI2O3(catapa l ) , f rom EngeI.N03 soln.  
Rh3~/Gamma AI203(ca tapo l ) , f rom EngeI.N03 =otn. 
Rh3~/Gamma A~2OS(catopal) , f rom Engel.N03 soln.  
Rh3~,/Gammo A l203(c~ tapa l ) , f rom EngeI.N03 soln,  
Rh3R/Gammo AI203(cc fapo l ) , f rom EngeI.N03 so ln .  

.., , 

225 450 0.5 5335 2 
256 450 6 . 5  3333 4 ,3  7,6 t 
256 450 e. 5 1667 20 10.7~, 
256 750 1 2222 22 5.5~ 

250 450 0.5 1500 2.7 . . . . .  5 .b  
275 45¢ 0.5 1560 8 "~ * 
275 456 0.5 1500 23 7,2. 
275 756 0.5 1500 26 9.3~ 
250 75¢ 0.5 15e6 29 2. 

7 "~'" 250 450 0.5 3060 2 " ~ 2e. ;~: 2?5 450 O. 5 560o 5 
275 45o 1 2 o ~  4 15. ~..~, 
275 450 1 200o 20 8.8~ 
275 456 e. 5 50e0 21 12. 

275 710 ¢.5 3088 25 15"7~i 
2 B. E,~ 29¢ 71¢ 0.5 300¢ 25 12..~ 

275 450 0.5 3¢60 26 B 275 266 6.5 3e60 27 " ~  

256 45@ 6.5 3680 2 3.;.~ 
250 45e 6.5 3000 15 2.5~ 8 . ~  275 450 0.5 3e6¢ 17 12. ~', 

204.5 450 0.5 3080 18 2.'.  256 45¢ 0.5 5000 22 4. 
256 450 @. 5 156@ 24 ,: 

Rh3~./Oomma AI203(ca tapo l ) , f rom EngeI.N03 so ln .  
Rh3~/Oan~o AI2OS(catopa l ) , t rom EngeI.N03 so ln .  
Rh3~,/Oammo AI2OS(catapol ) , f rom EngeI.N03 so ln .  
RhZ~./Gammo A l203(co tapa l ) , f rom Engel.N03 soln.  

Rh3~,.67~Na/Gar~no AI203,coimpr 9 . 
Rh3~,.67gNa/Gomma AI203,coimpr9. 
Rh3~,.67~Na/Gammo AI203,coimpr9. 
Rh3~,.67~No/Gammo AI2OS,coimprg. 
Rh3~.,.67~Na/Gomma Ai203,coimprg. 
Rh3~,.67~No/Gammo AI203,coimpr9. 

Rh3~,.67~No/Gamma AI2OS.coimpr O 
RhS~,.67~Na/Gamma AI20~,colmprg. 
Rh3~,.67~Na/Gammo Al203,coimprg, 
Rh3~,.67~Na/Gommo AI203.coimprg. 
RhS~,.67~Na/Gomma AI203,colmpr 9 . 

256 45¢ 0.5 1500 26 
250 45¢ 0.5 3 ~ 0  1.5 
256 718 0.5 3¢60 4.5 
275 710 6.5 3000 6 
275 200 0.5 36~0 7 

250 45¢ 0.5 3600 Rh3~,2~No/AI203;He-120,H2-200,350,500C 

4.~ 
5 1;, 
3.~ 

~1 ;i 

RhS~,2~.Ha/AI203;He-120,H2-200,350,500C 
RhZ~I;,2Y.No/AI205:Air-500,H2-200,350,500C 
Rh3~,2RNo/AI203;Air-500,H2-200.350,500C 

275 45¢ 0.5 366¢ 4 
25¢ 450 0.5 1500 5 
250 456 0.5 1560 19 1. ' "  

3. :.~ 
1 o " !  
6.; 

Rh~;,2~Na/AI203:Air-5~6.H2-200,350,506C 
Rh3,~,2~,Na/A[203;Air-560,H2-200,350,500C 
RhS~,2~,No/AI203;Air-560,H2-200,350,SBeC 
Rh3~,,2~No/AI203:Air-506.H2-200.350,500C 
Rh3~;,2~,No/AI203;AIr-500,H2-200,550,500C 

275 450 0.5 1500 21 
275 756 0.5 ~500 23 
250 75¢ 0.5 1560 25 
25¢ 750 1 2080 27 
275 750 1 2000 29 

2o~ I -  Rh~Y,,T. 14~K/AI203:Air-500,H2-200,350,500C 
Rh3~,,1.1-&~K/AI205;Air-506,H2-200,350.500C 
Rh3~,l.14RK/~I203;Air-500,H2-2¢O,350,500C 
RhS~.,1,14~K/A]203;Ai r-50B,H2-200,350,500C 

250 450 0.5 5275 I 
25¢ 450 0.5 3273 1.6 
250 450 0.5 3273 21 
275 45¢ 0.5 5273 23 

2°~  

5.~. 

Rh3~,l.14~K/AI205;Air-500,H2--200,350,500C 
RhS~,l.14%K/AI205:Air-500,H2-200,350;500C 
Rh3~.,1.14~K/AI203;Air-500,H2-200,550,500C 
Rh3~,l.14~K/AI203;Air-50¢,H2-200,350,50eD 

285.5 458 0.5 3273 25 
275 750 ¢.5 3273 26 
250 750 6.5 3273 28 
250 2¢0 ¢.5 1636 29 

8.:,. 

3~ Rh 2~ Na/AI203colc in o l r  i 
3~ Rh 2~ Na/AI203calc in a i r  .' 
3~ Rh 2~, No/AI203calc in a i r  
5~ Rh 2.~ No/Al203cal¢ in a i r  
3~ Rh 2~ Na/AI203col@ ~h a i r  
3~ Rh 2~ No/AI203cal¢ in a i r  

275 450 0.5 409 48 
275 450 e.5 818 59 
275 450 0.5 1636 52 
275 450 8.5 2455 71 
275 450 0.5 3273 75 
275 450 0.5 3927 96 

3.P 

0.~ 
Rh~/AI203 ,  red .a t  5000; 
RhS~./AI203, red at 500C 
Rh3~/AI203, red ot 500C 

258 450 0.5 8571 
"250 450 0.5 12857 
250 450 0.5 17143 

45 
48 
50 



O:H2 
.-, 

GHSV 
hr-1 

t ime 
hrs  

KINETIC DATA 

~COconv t i m e  0 SELECT]V[I~" IN PRO 
inc i  C02 c o n d i t i o n  CH4 C2H4 

DUCTS C~REOh~. 
C2H6 C3H6 C;~H8 

i i . . . .  
~eOH 

0 . 5  3333 2 ~'3.0 
0 . 5  3333 4 .3  7 . 6  
0 .5  1667 20 10.7 

1 2222 22 5 . 6  

'~'500 " ~ ' ~ "  ' 0 . 5  2 .7  5.0 
0 .5  1500 8 7 .9  
0 .5  1580 23 7 .2  
0 .5  1500 26 9 .3  
0 .5  1500 29 2 . 7  

.... ] _  

~ 0 . 5  3000 2 7 .4  
0 . 5  3000 3 20.7  

1 2000 4 13.2 
, 1  2000 20 8 .8  
~ 50. 3000 21 12.5 

2 56 .0  0 . 0  2 .9  0,0 5 ,7  
1 .5  61 . I  0 . 0  3.1 0.0 4',8 

15 62.2 0 , 0  2 .7  0.0 3 ;0  
2 47.8 0.0 2.1 0.0 3.3  

2 .7  43.4 0 . 0  2 ,4  
4- 63.2 0 . 0  2 . 2  

15 60.8 0 . 0  1.9 
2 54.3 0 . 0  1.6 

,.,....3 33.2 0 . 0  0 . 4  

2 68.9 0 . 0  5 . 3  
1 73.4 0 . 0  5 . 0  
1 63.0 0 . 0  5 . 2  

16 61.0 0.0 4.9 
1 67.8 0 . 0  4.1 

1.1 
0.9 
0 .6  
0 .6  

12.0 
2 .7  
4.0 
6 .6  

14.6 

1.2 
0 .9  
1.0 
1 .0 .  
0 ,8  

0 . 0  
0.8  
0 .0  
0 . 0  
0 .0  

1.0 
0 .9  
0 . 8  
0.7  
0 . 2  

0 .0  
0 .3  
1.8 
2 .2  
0 .9  

5.9  
4 .6  
5 .2  
5 .2  
4.1 

m , o ~  M e C H O .  :-,,E t 
. - . . ' = l  

.~.'0 3 . 7  • :,,<..~ 
0 . 8  
0.8 2.',7 "~,." ' 
0 .0  5.~ ' "  "~. ~'" 

0 .0  :-'. 0 . 6  . ."..3" 
0 . 0  , 1 . 4  -" "1 
0 .0  - 1 . 3  :.~,-~.. 
0 . 0  1 . 7  "1 
0 .0  ' 1 . 4  2" 

2.2 '" " '0 .0  " "" : . , , . , "  

0.2  1.1 
. 0 ,  2..1 . " :'-;. 

0 .8  3.1  ,'.:" 
0 . 2  2 . 3  ".~: 

0 ,5  3000 23 
8 .5  3000 25 

~ ; . 5  3000 26 
• 0 ,5  3080 27 

d0-5 3800 2 
~.5 3800 16 

J 8 . 5  3800 17 
~.5 3900 18 
,~.5 3000 22 
~.5  1500 24 

A 

15.7 1 .5  69.2 0 .0  
28 .6  1 .5  ; 76.8 0 . 0  
12.3 1 ~':: 66.8 "0.0 

8 .6  1 64.9 8 . 0  

3 .2  2 55.8 
2 .5  15 " 55.7 
8 .2  1 68.5 

12.4 1 71.8 
2 .3  1 56.3 
4 .4  1 58.4 

4 . 6  
4.7 
5.2 
4.4 

1.0 
0 .5  
0.9 

1 . 1  

4.8 
4.9 
4.8 
5.6 

0 . 0  
0 . 0  
0 . 0  
0 . 0  
8 . 0  
8 . 0  

4 . 2  
5 . 3  
5.1 
6 .2  
5.0 
6.1 

o . 0  
0 .0  
0 .5  
0 .5  
3 .3  
1 .6  

1.7  
2 .2  
2 . 1 1  
2 . 6  
2.1 
2 ,5  

8 .9  
0.9 • 
0 ,9 
1,1 

7 .5  
4 .8  
2 .8  
2.1 
3 .8  
3 .5  

0 .2  2 . 0  "':: 
0.1 1 . 1  " ~; 
0.1  1 . 8  " , ".:'f 
0 . 0  1 . 5  . .  " 1, 

3 . 8  0 . 0  .1.  
0 . 0  4 . 8  .-'1: 
0 . 8  2 . 8  :. '_.:. 
0 . 0  2 . 2  
0 . 0  4 . 8 .  - " 1 
0 . 8  5 . 7  " 1 

, .  5 1500 26 
".~. 5 3000 1.5 
. 0 . 5  3 0 o o  4 .5  
. ) . 5  3000 6 
.3.5 3000 7 

) .5  3600 1 
'~,5 3600 4 
~ . 5  1500 3 
~ . 5  1500 19 
JJ 

~ . 5  1500 21 
~ . 5  1500 23 
. 5  1500 25 

" 1 2000 27 
" 1 2000 29 

J 

.~. 5 3273 1 
~.5 3273 1.6 
f . 5  3273 21 
, .5 3273 23 

4 .4  1 .5  58.3 
3.1 1.5 57.6 
3 .3  3 54.9 

11.4 1 .5  62.4 
6.1 1 74.8 

8 .9  1 29.5 
1.7 2 .5  41.2 
1.8 I .4 31.9 
1.0 17 29.3 

0 . 0  7 .1  
0 . 0  
8 . 0  
0 . 0  
0 . 0  

0 . 8  
0 . 0  
0 . 0  
0 . 0  

1.5 3 . 0  3 .0  0 , 0  
2.9 
2.3 
1.1 
2.5 

0 .8  
0 .0  
8 .0  
0 .0  

5 . 5  
4 .9  
5 . 6  
3 . 2  

0 .0  
1 .6  
2 .7  
0 .0  

3 .3  1 .5  42.9 0 . 0  3 . 4  
3 . 4  2 42.5 0 . 0  1.7  
1,0 2 26.9 0 . 0  0 . 0  
0 .4  2 2 2 . 4  0 . 0  0 . 0  
1.0 1 .6  32.8 810 4 . 0  

T 

2.7  1 56.2 0 . 0  5 . 0  
2 .5  1 .6  56.0 0 . 0  5 . 5  
1.6 21 52.2 0 . 0  7 . 3  
5 .5  2 - 66.4 0 . 0  5 . 4  

2 . 3  ¸ 

2 . 0  
2 . 3  
1.3 
el 

0 .0  
0 . 0  
0 . 0  
0 . 0  

5.1 0 .0  
5.1 0.0 3~3 
2 .4  0.0 4 . 2  
2.1 0,8 3.2" 

5 . 0 "  :.' 1' 
0 - ' 6  ~ .11 

4 1 . 3  0 . 0  0 . 0  
28.1 0 .0  • 0 . 0  
3 9 . 5  0 . 8  0 . 0  
4 2 . 2  0 .0  0 . 0  

0.0  0 . 0  18.3 0 .8  2 . 7  
0 . 0  
0 . 0 .  
0 . 0  
0 . 0  

0 . 0  
0 . 0  
0 . 0  
0 . 0  

22.8  
39.8 
41.7 
25 .7  

0 .0  2 . 7  . / 
0 .8  1 .9  " ":":1 
0.8 3 . 3  "./, 
0 .0  8 . 7  

0.0 
0.0 
0.0 
0.0 

2 . 0  
2 . 2  
2 . 9  
2 . 2  

9 .7  
8 .9  
8.1  
5.7  

5 .5  0 - 0  
4.5 0.0~. 
0 . o  5 . 8  '~il 
0 . 8  3 . 8  . 

t ,5  3273 25 
i . 5  3273 26 
.5 3273 2~ 
• 5 1636 29 

~.5, 409 48 
,.5 818  50 
..5 1636 52 
,.5 2455 71 
r 5  3273 78 
c 5  3927 96 

8 .4  1 .3  72.4 0 . 8  5 . 6  0.6 2 . 3  
6 .3  1 .3  65.3 0 .0  6 . 5  0 .0  2 . 7  
1 9  1 3  49 .6  0 0  3 . 5  0 0  1 6  
1 .7  1 66 .4  0 . 0  - 2 . 5  8 .0  0 . 9  

1 .8 48  8.7 0 . 0  4 . 3  0' 0 1 . 7  
6.1 2 55;8 0 .0  4 .0  0 .0  1.6 
3 . 2  2 47.8 0 .6  4 .3  8 .0  1 .7  
1.8 19. 49.8 e . e  4 .4  8 .0  2 . 0  
! . 5  7 51.4  e . e  e . e  0 .0  0 . 0  
8 . 8  18 45.3 0 .0  0 .0  0 .0  0 . 0  

2 ,3  0 .3  
3.1 0 ,0  
6 .2  0.8 
3.1 0.0 

1.2 0.0 
1 . 9  0.8 
3 .3  0 .0  
3 .6  0 .0  
4 .7  0 .0  
5 . 1  '0 .0  

2 . 6  . "  " 

3 . 9  
8 . 7  
5 . 5  

6 .3"  
9 . 4  

1 2 . 4  "~'.-- 
1 3 . 6  
15 .8  "; 
19 .8  ' .,',; 

! ~  8571 45 
12857 48 

L5 17143 58 

2 . 2  45 56.0 
1 .5  2 54.2 
1 .0  2 58.9 

0 . 0  . 

0 .0  
0 . 0  

3 .3  
2 .3  
2 .4  

1 .8  
1.4 
1.9 

5 . 4  
5 . 4  
5 . 7  

1.2 
1.1 
1.3 

1 . 4  
t . 7  
3.7  

3 .G  
4 . 9  
6 . 3  

, . . - .  



KINETIC DATA 

MeCHO 

3=.7 
.1.9 
2",'/ 
5."5 

EtOH 

19.6 
16o.5 
I~1.~ 
~4.7 

C4H10 MeOAc AcOH 

2 .4  4 .~  0 . 0  
1.3 1.6 0 . 0  
0.9 2.7 0 . 0  
1.3 4 .6  0 . 0  

n-PrOH E t = ~ . . ~ . . . ~ _ C  5 L~T-2--~ MeOEt 

0.0 0.0 0 .0  3 .7  
4.6 0.0 0 .0  2.1 
4.1 0.0 0 .0  1.4 
3.5 0.0 1,2 1.9 

"rOTALOX~ 
EtOAc n-BuOH i-BuOH (~,C02f ~, 

0 . 0  0 .0  0 . 0  32,C 
2.0  0 .0  0 . 0  29, .  
8.2 0.0 0 .0  31," 

13.5 0.0 0.0 44. f, 

0 . 6  32".4 0 . 0  2 .1  1 . 5  0 . 0  1 . 8  0 . 0  0 . 0  
1 .4  14 .B  0 . 0  3 . 6  2 . 6  0 . 0  0 . 5  0 . 0  0 . 0  
1.3 16.9 0 . 0  4.1 2 .9  0 . 0  0.6 0 . 0  0 . 0  
1.7 14.7 0 .0  6.5 4 .6  0 .0  0 .3  0 . 0  0 . 0  
1.4 20 .2  0 .0  11.4  8 .1  0 .0  0 .0  0 . 0  0 , 0  

2.8  0.0 0.0' 5 3 . ~  
7 .9  0.0 0 .0  33.6 
6 .5  0.0 0.0 36.~ 
8 .7  0.0 e .e  43.~ 

10.5 0.0 0.0 66.~ 

"0,0  7 . 7  4 ,0  0 . 0  0 . 0  4 .3  0 .0  2 . 3  6 .2  
1,1 5 . 3  1.6 0 .5  0 . 0  2 . 4  3 .0  0 . 7  2 . 4  
2.1 6~4 1.6 1.8 0 . 0  2.5 0 .2  1.2 2 .4  
3. I  5 . 4  1.5 2 .2  0 .0  2.5 0.1 2 .4  2 .3  
2.3 5 .1  1.4 2 .6  0 .0  2.5 0.0 1.9 2.1 .. 

0 . 0  0 .0  0 . 0  21 
0 . 9  0 ,6  .~.0 14. 
3.3' 2.6 0 . 0  22.~, 
5.-~ ~ .2 0 . 0  22.~: 
3 s  0.6 0.0 1~.;~ 

2.0 ,.3.7 
1.1 . . 2 . 3  
1.8 • 6 .9  
1.5 10.2 

0.0 ' 13.'3 

1.5 2 .3  0 . 0  2.0 0 . 0  1.5 2 .2  
1.1 1.2 0 . 0  0.9 0.2 1 ,2  1,7 
1.5 1.7 0 . 0  2 . 3  0 .0  1.3 2 .2  
1.0 2.4 0 . 0  2.8 0 .0  1.0 1.5 

0 .8  1 .3  0 . 0  4 .7  0 .0  0 . 0  6 . 8  

3 .3  0.7 0 . 0  17. ~':" 
2 .2  0.3  0 . 0  10.9~ 
2.9 0.6 0.0 19.5~ 
2.1 0.4 0 ,0  22. #" 

0 .0  0.0 0 ,0  "37:5~" 
4.5  0.0 0 .0  36.~, 
3 .5  0.8 0 . 0  23.~  
2 .7  0.0 0 .0  17.P: 
5 .4  0.0 0 . 0  . 33. ~ 
s.e  e .e  0 .0  30.,:  pi 

= =  

5.0  0.0  e . 0  29 .~  s 
0 . 0  0.0 0 . 0  3 0 . ~  
0 . 9  3 .4  0 . 0  34.7"~ 
4 . 0  2.5 0 . 0  26.7~; I 
2 .5  0.0 0 . 0  1 7 . . ;  

0 . 0  0.0 0 . 0  70..~! 
o . o  o .0  0 . 0  57.2~; 
0 . 0  0,0 0 . 0  65.Z" 
0 . 0  0,0 0 . 0  70.~'~ 

;i 4.8 '13.8 
3, 2.8 8 . 5  
3 2.2 7 . 7  

"3 4.8 14.0 
5.7 1 2 . 2  

• 5.0 "' 12.5 
0 0.6 18.3 
3 3;3 18.=0 
O 4.2 6 . 8  
0 3.2 ..... " 7 . 5  

0 0 .0  13.2 
:0 • 0 .0  2~'~, 0 
0 0.0 25.8  
e 0.0 28.6  

0 .0  
0 .6  
1.4 
0 ,0  
1.1 

4 .0  2 . 8  2.1 0 .0  0 . 0  0 . 0  
1.9 1 .4  0 .9  0 .0  0 . 0  0 . 8  
0 . 8  0 . 6  0 .5  0 . 3  0 . 5  0 . 9  
3.1 2 .2  0 .0  0 .0  0 . 0  0 . 0  
1.8 1.3 0 .0  0 .0  0 . 0  0.9 

6.9 1.7 1 .2  0 .0  0 .0  0 . 0  0 . 8  
1.0 0 .0  0 . 0  3 ,8  0 .0  0 , 0  2 .9  
1.2 0 ,0  0 . 0  2.3 0 .0  0 . 0  1.8 
1.1 1.6 1.1 1.2 E~.5 0 . 8  0 . 4  
0.8 0 .6  0 . 5  0 . 0  0 .0  0 . 0  1.0 

0 .0  
0 .0  
0 .0  
0.0 

9 .4  6 . 7  0 .0  0 . 0  0 . 0  0 . 0  
5 .3  3 . 8  0 .0  0 .0  0 . 0  0 . 0  
0 .0  0 . 0  0 .0  0 .0  0 . 0  0 . 0  
0 .0  0 , 0  0 .0  0 .0  0 . 0  0 , 0  

0 . 0  0 .0  0 . 0  53 ~ 
0 .0  e .0  e . e  5 5 . a ~  
0 . 0  0.0 0 . 0  73.1~1 
0 . 0  e .0  0 . 0  77.6~ 
0 .0  0.0 0.0 6 3 . ~  

20.4  0.0 3.4 2 .4  6.4 0.0 0 .0  0 .0  
0.0 4.7 3 .3  4.0 0.0 0 .0  B.0 
0.0 8.0 5 .7  0.0 0 .0  0 ,0  0 .0  
0.0 7.5 5 . 3  0.0 0.0 0 .0  0 .0  
0.~ 6.9 6 .3  0.0 0.0 0 .0  0 .0  

1.2 1.5 0 .9  0.0 0.0 0 .0  5 .7  
1.3 1.6 0 .9  0 .0  0 .0  0 .0  5 .8  
0.0 4.4 3.1 0 .0  0.0 0 .0  0 .0  
0.7 2.9 2 .0  0 .0  1.1 0 .0  0 .3  

0 .0  0.0 0 .0  35. ~'~. 
. 0 . o  0.0 O.e 35.1.~, 

2.2  0.0 0 . 0  37.6~ 
0.0  25.3 L_ 1.9 

el 2.7 
• 2.7 -I~J.3 
el 1.9 18.6  
0 3.3 19.7 
0 8.7 13.6  

• 5 0"~0 12 .4  
• 5 0.0:  13.3  
e 5.8 13 .6  
0 3.8 7 . 6  

.3 2.6 5 . 9  
0 3.9 7.1  

0 8.7 10.7  
0 5.5 11.7  

.0 6.3 7 . 6  
0 9.4 8 . B  
,0 12.4 9 . 5  
.0 13.6 9 . 8  
.0 15.8 11.2  
.~ 19.8 9 , 3  

.4 3.6 8 . 6  
7 4,9 8 . 5  
.7 6.3 7 . 4  

9.9 1.8 1 .3  0.6 0 .6  
0.9 3 .2  2 .2  0.0 0 .9  
0.0 7 .5  5 .3  0.0 2.3 
e . e  .3.s 2 . e  o .0  0 .0  

i 

0 .e  3.7 2 .6  0.0 1.B 
0.0 3 .5  2 .5  0.0 2.4, 
0.0 6.7 4 .8  0.0 1.4 
0.0 6.9 4 .9  0 .0  2 .5  
0.0 8 .5  6 .0  0.8 2 . 4  
0.0 10.9 7 . 7  0 .0  2 .0  

2.3 4.1 0 . 0  2.8 1.7 
2,7 5.1 0 . 0  3.1 0 .0  
2.9 7 .3  0 .0  3 .0  0 .0  

0 .0  0 .0  2.9 0,0 0 .0  18.3~ 
0 . 0  e . 0  o . 0  o 0  
0 0  o o 4 1  . e  o o 
0 .0  0 0  5 .2  0 o  

e.0  0 .0  lO.O e.e e.e 33.3~ 
0 .0  0 .0  10.1 0.0 
0 .0  8 .e  8 .0  0.0 
0 .0  0 .0  2 .5  0.0 
0 .0  0 .0  0 .e  0.0 
0 .0  e . 0  ~ .e  e.e 

0 .0  3 .3  4.5 0.0 
0 .0  3 .8  5 .8  0.0 
0 .0  4.1 3 .0  e.e 

0 .0  35.6~ 
O.0 46. ~'~. 
0 .0  43.~T" 
0 .0  48.6~ 
e . e  54.7,~ 

L/~t L 

0.0  31 .~,. 
0 .0  34. !.. 
0 .0  36,1~: 

• = - , . 



MeOEt EtOAc n-BuOH 
TOTALOXY 

i.BuOHC~,,CO2fre 

KINETIC DATA 

~C2+OXG RATE CO 
of t o t a l  gmol /h r  

C~, to  C02 
C02 incl  

m 

• " ';':"$:!i ,; . :( 

_ .  : : ; g  

5.0 Combined (C3HB+MeOH) area : 2/3  is p ropane ' !  8 8 . 1  7.4E-04 
92 .7  1.9E-83 
93 .9  1.3E-03 
93 .7  1.4E--02 

76 .2  6.1E-04 

1.8 Combined (C4HI(~-MeOEt) area : 3~Y, Butane,..=~. 
1.3 Combined (A¢OH+MeOAc) area : a l l  MeOAG,'Nd~:" 
1.9 End of reac t i on  ..{: 

21.4 No depos i ted  as NeOH on a s - r e c i e v e d  c o t o l y ~  

3 . 7  0 .0  0 .0  0.8 22.9 
q 2.1 2 .0  0 .0  0.0 29,6 

1 .4  8 . 2  0.0  0.0 21.2 
1.9 13.5 0 .0  • 0.0 4 4 . 4  

0 . 0  2 ,8  0 . 0  0 .0 '  53.2 
• 0 . 0  7.9 0 . 0  0 . 0  33.6 

0 . 0  6.5  0 . 0  0 . 0  36.4 
" 0 . 0  8 . 7  0 . 0  0 . 0  43 .4  
L o 0  1os 0.0 o.0 o6.? 

,- 6 ,2  0 . 0  0 . 0  0 . 0  21.6 
i~ 2 . 4  0 . 9  0 . 6  0 . 0  14.4 

2 .4  3 .7  2 .6  0 . 0  22.9 
: 2 ,3  5.1 1.2 0 . 0  22.8" 

2.1 3 .6  0.6 " 0 . 0  19.7 

88 .2  9.7E-04 
85 .2  8.8E-04 
79 .3  1.1E-02 
72 .2  3.4E-04 

75 .0  1.9E-03 
85 .3  5.1E-03 
89.3 2.2E-03 
89.1 2.2E-82 
87.0  3.1E-02 

7.7 C a t a l y s t  reduced in H2 f low at 290C f o r  2 -~  
7,4 Combined (C3HB+MeOH) peak : 25R of C2H6 pd~ 

10.0 Combined (AcOH+MeOAc) peak : a p p r o x i m a t e  rc 
7 .3  r eac t i on  stopped 

3.5  Butane area is 30~ of the combined (C4Hl~H~-  
2.2 Combined (MeOH+C3H8) peek : 2 /3  a rea  i s  p r :  
2.8 Combined (AcOH+t~eOAc) peak : No AaOH, a l l  ~ 
2.0 A f t e r  ove rn igh t  at  prev ious c o n d i t i o n  
1.1 Changed back to  C0:H2=1:2 

2 .2  3 .3  ~0-." 7---::" " 0.0 
1.7 2 .2  0.3 0.0 
2 .2  2 .9  0.6 0 . 0  
1,5 2.1 0 .4  0.0 

6 . 8  0 . 0  0 . 0  0 . 0  
0 . 0  4 . 5  0 . 0  0 , 0  
0 . 8  3 . 5  0 . 8  0 . 0  
0 .9  2 . 7  0 . 0  0 . 0  
0 . 0  5 . 4  0 . 0  0 . 8  
0 .9  5 . 0  0 . 0  0 . 0  

0 . 8  5 . 8  0 . 0  0 . 0  
2 , 9  0 . 0  0 . 0  0 . 0  
1 . 8  0 . 9  2 . 4  0 , 0  
0 . 4  4 . 0  2 . 5  0 . 0  
1 . 0  2 . 5  0 . 0  0 . 0  

17.3 
10.9 
19.5 
22.0 

37.5-  
36.7 
23.2 
17.8 

. 33.4 
30.3 

29.2 
3 0 . 8  
34.7 
26.7 
17,3 

84.9 3.9E-03 
81 .6  7.1E-03 
8 7 . 9  3.1E-03 
89 .2  2.1E-03 

62 .6  7 .BE-B4 
83.4  6.2E-04 
83.9  2.0E-03 
84 .8  3.1E-03 
85 .5  5.6E-04 
85.7  5.4E-04 

86.8 524E-04 
8 0 . 3  7.7E-04 
83 .5  8.2E-04 
88.5"  2.8E-03 
85 .0  1.5E-03 

1.5 Higher pressure 
2.2 MeOH peak area may be lower than c o l o u l a t : "  
1.1 redn 508c/min H2 3 5 0 C ( . 5 ~ r  
0.6 End of  the reac t ion  

10.6 Calc ined 500C,H2-200C.Shr,350 .5h r ,500C 1~= 
1.9 Propane area is 35~ of  C2H5 peak a r e a ;  
2.6 Combined (AcOH-I-MeOAc) peak : AcOH-MeOAc ra :  
2.4 Butane area - rough approx ima t ion  
2.7 O r i g i n a l  s t a r t i n g  c o n d i t i o n .  
2.4 Lower space v e l o c i t y ;  next i n j e c t i o n  t o  oh :  

2 .4  a f t e r  t h i s  run, cut o f f  CO, f lown H2 a t  2~. 
7.9 React ion  s t a r t e d  again bn regenera ted  co ta~  
4.3 redn 50cc/min H2 350C( .5h  
2.2 Note s e l e c t i v i t y  changes 
1.3 End of reoc t ion  

o.~ " o .~  8.0 0.0 7~.5 
0.0  0 .0  0 .0  0.0 57.2 
0 .8  0 . 0  e . a  0.0 65.3 
0 . 0  0 . 0  0 . 0  0 . 0  7 0 . 7  - 

..;-- 
.. 0 . 0  0 . 8  0 . 0  e . e  5 3 . 6  

0 .0  8 .0  0 .0  0.0 55.8 
~; 0 . 0  e . 0  e . e  8 . 0  73.1  JI 
: 0 . 0  0 . 0  8 . 0  e . e  7 7 . 6  

0 . 0  0 . 0  0 . 0  0 . 0  63.3 

37.1 2.2E-04 
47.9  4 . 1 E - 0 4  
39 .5  2.2E-04 
4 0 . 4  1.2E-04 

31.0 MeOH peak is only MeOH, no C3HB; a rea  AcOH; 
32.8 End of reac t ion  
44.8 Rxn s t a r t e d  eL H2-20,C0-10 f l ow  r a t e s ,  b~t 
23.3 CO2 fo rmat ion  dropped d r a s t i c a l l y  w i t h  t im .  

63 .7  4.1E--04 
5 6 . 4  4.2E-04 
43.1 1.2E-04 
43.8  9.2E-05 
54 .7  2.5E-~4 

21.7 Combined (AcOH+MeOAc) peek : r a t i o  of  AcOH. 
21.9 
18.0 
28.2 CH4 area iS not accurate 
23.9 End of reoc t lon  

/ 

5 .7  0 .0  0 .0  0.0 35.6- 
5 .8  0 .0  8 .0  0.0 35.1 
8 ,0  2 .2  0 .0  0.0 37.6 
8 .5  1.9 0 . 0  0.8 • 25.3 

0 .6  2 .9  0 .0  0.8 ',: 18.3 
8 .8  4 .2  0 .0  0 .6  ' 24.6 
8 .6  4.1 6 .0  0 .0  45.3 
0 .8  3 .2  0 .0  e .e  30.2 

0 .8  10.0 0 .0  0.0 33.3 
0 .0  18.1 0 .0  0.8 38.6 
0 .0  8 .6  0 .0  0.0 46.2 
8 . 0  2.5 0 .0  0 . 0  43.8 
0 .0  0 .0  0 .0  0.0 48,6 
8 . e  0 . 8  0 . 0  0 .0  54 .7  

L 

50 .6  6.6E-04 
54 .8  6.2E-04 
74 .4  4.0E--04 
72 .2  1.4E-03 

i 

82 .6  2.. 1E-03 
82 .3  1.6E--03 
80.9  4.7E-84 
85 .4  "2.0E-04 

92.7  7.9E-04 
92 .2  7.4E-04 
88 .0  7.9E-04 
86 .6  6.6E--04 
64 .6  7.1E-04 
84 ,2  4.7E-04 

11.2 Combined (C3HB+MeOH) peak : 35R of  C2H6 p= 
11.0 Butane peak o r e o -  rough a p p r o x i m a t i o n  be,- 
3.0 Combined (AcOH-I-MeOAc) area : r o t i o  o f  AcOH 
2.6 

2.7 
3.1 r e a c t i o n  continu.es 
2,6 
1.8 End of the reac t ion  

10.3 redn 50cc/mln H2 358C( ,Sh r ) , 500C( lh r )  
7,3 areas of  MeOH and UeOAc peaks c o r r e c t e d  : 
5.0 propane area is 25~ of  t ha t  of e thane o r : "  
4.8 and the r a t i o  of areas of AcOH and MeOA¢ | 
3.4 app. 1 to 1; these conc lus ions  made by us i .  
4.5 porapak T column l a t e r .  Data typed 1 1 / 1 8 ~  

3 .5  4 .5  0 .0  0.0 31.3 
2 .8  5 .8  0 .0  0 .0  34.8 
4.1 3 .0  0 .0  0.0 36.1 

83 .8  5.5E-84 . 0.0 
83,1 5,5E-04 8 . 0  
75.8  4.8E-04 ; 0 . 0  

c o r r e c t i o n s  made as fo l iows= 3 ~  o f  ? a r e a  
rest  MeOEt; N0 AcOH; o i l  MeOAc; 2 / 2  o f  o r : "  
and res t  i= MeOH .- 

_ , - : .  

I 
i 

• . - = ~ - ~ - , * ~ , ~ L ~  ~ - ~ ' ~  ' 

i l l  l l l l l l ~  BI 
I -  

. "  : . ;  

, .  :.:' 
• - ~,.-==. 



COMMENTS 

area : 2 /3  is propane, res t  MeOH 
t )  a rea  : 30~ Butane, rest  MeOEt 
) a rea : a l l  MeOA¢, No a c e t i c  ac i d  

on a= - re¢ ieved  c a t a l y s t ,  d r i e d .  
,2 f l o w  at 309C for  2 hours 
peak : 35~ of C2H6 peak is  propane,  res t  MeOH 

i peak : approx imate ro~io = 1:1 

r the combined {C4Hle-C-MeOEt} peak area 
peak : 2 /3  area is propane, res t  MeOH 

) peak : No AcOH, a l l  MeOAa 
"ev ious  c o n d i t i o n  
=1 :2  

lower than ca l cu la ted  area 
50cc/min H2 350C(.5hr~,500C(1hr)  

: . 5h r ,359  .5hr.SeeC lh r  
' f  C2H6 peak area;  

peak : AcOH-MeOAc r0 t i 0  is  1:1 
I p p r o x i m o t i o n  
i d i t i o n  

next  ~njec~ion to  cheat r e p r o d u c i b i l i t y  

f f  CO. f lown H2 at  256C, 450psi  o v e r n i g h t  
n on regenera ted c a t a l y s t  

50cc/min H2 350C(.Shr),5OgC~1hr) 

H,  no C3H8: area AcOH:keOAc = 1:1 

00-10 f low ra tes ,  but cut down t~ ha l f  
j d r a s t i c a l l y  w i t h  t ime 

peak : r o t ; o  of AaOH t~ MeOAc is  1:1 

: : k  : 35Z of C2H6 peak area i s  propane area 
Jgh app rox ima t i on  based on propane area 
a rea  : r a t i o  of AcOH to MeOAc i s  1:1 

i . S h r ) , 5 0 0 C ( l h r }  
¢ peaks Cor rea ted  : 

tha t  of ethane area 
of AoOH and MeOAc is  

¢ l u s i o n s  mode by using 
". Data typed 11/18/85 

i i o w s :  30",~ of ? area i~ butane,  
• i l  MeOAc; 2/3 of ores is  C3H8 

KINETIC DATA 

HYDRO C~, 
C1 c2 C3 

oxyg C~, 
c4 C1 C2 

5 6 . 0  
61.1 
62.2 
47.8 

2 . 9  
3.1 
2 .7  
2.1 

5.7 
4.8 
3.0 
3.3 

2 .4  
1.3 
0 .9  
1.3 

3 .9  
2 .2  
1.9 
2 .8  

28.9 
22,8 
25.2 
38.1 

43.4 
63.2 
60.8 
54 .3  
33 .2  

2 .4  
2.2 
1.9 
1,6 
0 ,4  

1 . 0  
0 . 9  
6.8 
0.7 
0.2 

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  

12.7 
3 .9  
5 .4  
9 .9  

18.4 

38.7 
29.1 
36.3 
34.0 
47.7 

60.9 
73 .4  
63.0 
61.0 
67.8 

5 .3  
5 .0  
5.2 
4.9 
4,.1 

5.9 
4.9 
6.2 
7.3 
5.0 

4 .0  
1.6 
1.6 
1.5 
1 .4  

5 .4  
2.1 
2 .5  
2 .5  
2 .6  

11.8 
g.2 

15.1 
16.5 
14.1 

69.2 
76 .8  
66,8 
64,9 

4.6 
4,.7 
5.2 
4.4 

5,8 
5.3 
5.8 
6.7 

1.5 
1.1 
1.5 
1.0 

2 .6  
2 .0  
2.4, 
2 .4  

12.0 
7.4 

14.2 
16.4 

55 .8  
55.7 
66.5 
71 .0  
56.3 
56.4 

4 ,2  
5 .3  
5.1 
6.2 
5 .0  
6.1 

1.7 
2.2 
2.6 
3.1 
5.4 
4.2 

0 . 8  
0 . 0  
0 . 6  
1.4 
0 .0  
1 . i  

14.0 
6.1 
3 .7  
2 .7  
4 .8  
4 .3  

18.7 
28.5 
17.9 
14.3 
28.5 
26.6 

58.3 
57.6 
54.9 
62.4 
74 .8  

m , 

29.5  
41.2 
31.9 
29.3 

7.1 
5 .5  
4.9 
5 .6  
3.2 

0 .0  
1.6 
2 .7  
0 .0  

4.5 
5.2 
4.3 
3.5 
3.9 

9.0 
0.9 
0.0 
0.0 

0 .9  
1,0 
1.2 
1.1 
0 .8  

e .e  
0 .0  
o .9  
0..e 

3 .9  
6.1 
5 .7  
3.1 
2 ,6  

44.4 
29.8 
39 .5  
42 .2  

25.4 
20,9 
23.3 
19,4 
14.7 

26.1 
27.3 
25.8 
2B.6 

42.9 3 .4  e .0  0 .0  19.4 
42.5 1.7 0.0 e .e  24.3 
26.9 9 .0  0.0 0 .0  41 .6  
22.4 0 .0  0 .e  e . e  44.2 
32.8 4-0 0.0 0 .0  28.6 

, '  m 

56.2 5 .8  2.0 1,2 "~7.6 
56 .0  5 .5  2.2 1.3 15.-8 
52 .2  7 .3  2.9 O.O 9 .6  
6 6 . 4  5 .4  2 .2  e .7  6 . 8  

72.4 5 .6  2 .8  0 .9  3 .2  
65.3 6.5 2.7 0 .9  4.1 
49 .6  3 .5  1.6 0 .0  8 .6  
66.4 2 .5  0.9 0 .0  4 . ~  

27.8 
27.4 
31.4- 
33.3 
34.5 

17.9 
19.2 
27.9 
17.4 

13.9 
19.6 
33.7 
25.8 

68.7 
55 .8  

• 47.8 
49 .8  
51 .4  
4 5 . 3  

• 5 ; o  
54"2 
50.9  

4 .3  
4 .0  
4 .3  
4 .4  
0 .0  
0.O'  

3 .3  
2 .3  
2.4. 

1.7 
1.6 
1.7 
2 .0  
o .0  
o .0  

• 7.2  
.. 6 .8  
' 7.7  

e . e  2 .4  29.e 
0 . e  3 .0  33.1 
0 .8  5 .6  39.2 
8 .e  5 .9  35.4 
0 ,0  7 .5  38.6 
0 .0  8 .7  44.0 

2 . 3  5.1 21.6 
2 .7  5 . 7  25.8 
2 .9  : " "8 .7  24.2 

C3~ 

4:6  
4.1~{ 
3.5~ 

0.6 ~ 
0.3 I 

N 4.3~ 
2.4~ 
2.7~ 
2.6~. 
2.sl 
2,0,~ 
1 . 1 ~  
2.3."~ 
2 8 ~  

• ~ f  

4/! 
2.1!, 
6 . 9 ~  
B.8~ 
e.e~, 
e,0~' 

e.~!; 
3.6!~ 
2.l.~l 
1.7t;! 
~.0~' 

0.c... e.¢': 
0 .~ ; !  

, , , , ,  ;I 6.4 :  
4 ` -  . 

6 . E  
0.e", 
e.0" 
0 . 8 ,  
0.? 
0 . 8  

1/-" 
e.'~ 
2.~, 
0.'_. 

,, m 

t . , . .  

2.;.. 
1.~ 
2.~ 
2,',: 
2.~. 
4,;, 

". 3 " i ~  

• p 

IBm II • '" 



KINETIC DATA 

! 
o . . "  . . . . . .  ~. . . . . . . . .  

: . ' ,1 

TABLE II '" 

HYDRO C'= 
C1 c2 C3 

56.0 2.9 5.7 
61.1 3.1 4.8 
62.2 2,7 3.8 
47.8 2.1 3.3 

oxyg C~, 
c4 C1 C2 C3 

2.4 3.9 28.9 0.0 
1.3 2,2 22.6 4.6 
0.9 1.9 25.2 4.1 
1.3 2.8 38.1 3.5 

turnover  
C4 no, eec- ]  

0.0 7,87E-04 
0.0 2.00E-03 
0.0 1.40E-03 
0.0 1,48E-03 

43.4 2.4 1.0 0.0 12.7 
63,2 2.2 0.9 0.0 3.9 
60.8 1.9 0.8 0.0 5.4 
54.3 1.6 0.7 8.8 9.0 
33.2 0.4 0.2 0.0 18.4 

60.9 5.3 5.9 4 . 0  5.4 
73.4 5.0 4.9 1.6 2.1 
63.0 5.2 6.2 1.6 2.5 
61.0 4 .9  7,3 1 .5  2.5 
67.8 4.1 5.0 1.4 2.6 

38.7 1 , 8  
29.t 0.5 
38.3 0.6 
34.0 0.3 
47.7 8 .0  

11.8 4.3 
9.2 2.4 

15.1 2.7 
16.5 2.6 
14.1 2.5 

0 . 0  5 .81E-04  
0 . 0  9 . 24E- 04  
0 . 0 . 6 . 3 9 E - 0 4  
0 . 0  1 .08E-83  
0 , 0  3,21E-04 

0.0 2.95E-03 
0.6 8.15E-03 
2~ 6 5". 20E-03 
1.2 3.47E-0.3 
0.6 4.92E-.03' 

69.2 4.6 5.8 1.5 2.6 
76.8 4.7 5.3 1.1 2.0 
66.8 5.2 5.8 1.5 2.4 
64.9 4 .4  6.7 1.0 2.4 

12.o 2.0 
7.4 I .1 

14.2 2.3 
16.4 2.8 

0.7 6.1gE-03 
0.3 1.12E-02 
0.6 4,85E-03 
0 . 4  3,39E-03 

55.8 4.2 1,7 0.8 14.0 
55.7 5.3 2.2 0.0 6.1 
68.5 5.1 2.6 0.6 3.7 
71.0 6.2 3.1 1.4 2.7 
56.3 5.0 5.4 0 . 0  4,8 
58,4 6.1 4.2 1.1 4.3 

18.7 
28.5 
17.9 
14.3 
28.5 
26.0 

4.7 
2.1 
0.9 
0 . 8  
0 . 0  
0 . 0  

0,0 1,23E-03 
0.0 9.87E-04 
0.8 3.21E-03 
0.0 4.86E-03 
0 . 0  8.96E-84 
0 . 0  8 . 5 5 E - 0 4  

58.3 
57.6 
54.9 
62.4  
74.8 

5.5 
4.9 
5.6 
3.2 

4.5 
5.2 
4.3 
3.5 
3.9 

0.9 
1.0 
1.2 
1.1 
0 . 8  

3.9 
6.1 
5.7 
3,1 
2.6 

25.4 
28.9 
23.3 

• 19.4 
14.7 

0.0 
3.8 
2.3 
1.7 
0.0 

0.0 8.54E-04 
0.0 1.22E-03 
3.4 1.31E-03 
2.5 4.48E-03 
0.0 2.40E-03 

29.5 
41.2 
31.9 
29.3 

0.0 
1.6 
2.7 
0.0 

J 

0 . 0  
0 . 0  
0 . 0  
0 , 0  

0 . 0  
0 . 0  
8 . 0  
0 . 0  

44.4 
29.8 
39.5 
42.2 

26. I 
27.3 
25.8 
28.6 

( ~J .8  • 

0.0 
0 .0  
8 . 8  

8,0 4.11E-04 
0.0 7,79E-04 
0.0 3.50E-04 
0.0 1.87E-(~4 

- 

. j .  

:I 

L 
" 1  

v - -  

42.9 
42.5 
26.9 
22.4 

__ 32.8 

56.2 
56.0 

; 52.2 
66.4 

72.4 
65.3 
49.6 
66.4 

3.4 
1.7 
0.0 
0.0 
4.0_. 

5.0 
5.5 
7.3 
5.4 

5.6 
6.5 
3.5 
2.5 

0.0 
0.0 
0.8 
8.8 
~_ , , 0  

2.0 
2.2 
2.9 
2.2 

i | 

2.8 
2.7 
1.6 
e.9 

60 .7  4.3 1.7 
55.8 4.0 1,6 

"47.8  4.3 1.7 
49.8 4.4 2.0 
51.4 0.0 0.0 
45.3 0.8" 8.0 

.5~.e ~.3 7.~' 
54:2 • 2.3 6.8 
5 9 . 9  2.4 7.7 

0 . 0  
0 . 0  
8.0 
0.o 
0.o 

1.2 
1.3 
0.0 
0.7 

9.9 
0.9 
0.0 
0.0 

0 . 8  
0.0 . 
0.8 
0.0 
8 . 8  
0 . 0  

2.3 
2.7 
2.9 

19.4 
24.3 
41.6 
44.2 
28.6 

77.6 
15~8 
9.6 
6.8 

3.2 
4.1 
8.6 
4.4' 

2.4 
3.0 
5.6 
5.9 

7 . 5  
8.7 

5.1 
5.7 

• " • 8 . 7  

27.8 
27.4 
31.4 
33:3 
34.5 

17.9 
19.2 
27.9 
17.4 

13.9 
19.6 
33.7 
25.8 

29.0 
33.1 
39.2 
35.4 
38.6 
44.0 

21.6 
25,0 
24.2 

5.4 
4.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
1.1 

1.2 
0 . 9  
2.9 
0.0 

1.8 
2.4 
1.4 
2.5 
2 . 4 ~  • 
2.0',~' 

4.5 
3.1 
3.0 " 

• 0.0 6.52E-04 
B. 0 6.67E-04 
0.0 1.88E-04 
0.0 1.46E-04 
0.0 3.96E.--04 

0.0 1.15E'-03 
• 6.0 1.07E-03 

0.0 6.87E-04 
0.0 2,37E-03 

0.0 3.59E--93 
0.0" 2.70E-03 
0.0 8.13E-04 
0.0 3.53E-04 

e.(~ 6.80E--~4 
0.0'  6.4,5E-'4~4." 
0.0 6.86E-04 
0.0 5.72E-04 
0 . 0  6 .  !7E--04 
0.0 4. eSE-.4 

0.0 2.48E-03 
0.0 2.48E-03 
0.0 2.16E--03 

i 
_ 

• t .  , '  

i _ _  

I 
; . ~.. , 

l l "  

o . ,  



J | . 
| RBm I 

| ,I 

J 

I 

i 

i 
I 
I 
i 
I 

i 
L • 
! • 

Z 

i 

I 

I 
i 

• ! 

I 
i 

SELECTIVITY TO C2 OXYGENATES TABLE III 
2%Na, 3% Rh/Alumina, at 450 psi (30 atmos.),275 C ,varied 
space rate. 

% CO Conversion 12.8 6.1 3.2 1.8 1.5 0.8 

Selectivity, % of CO Conversion 

acetaldehyde 6.3 9.4 12.4 13.6 15.8 19.8 

ethanol 7.6 8.8 9.5 9.8 11.2 9.3 

accetic acid 2.7 2.5 4.8 4.9 6.0 7.7 

methyl acetate 2.5 2.3 4.5 4.6 5.7 7.3 

ethyl acetate I0.0 I0.I 8.0 2.5 0 0 

selectivity to 
C2 oxygenates 

selectivity to 
total oxygenates 

selectivity of 
C2 oxygenates 
of total 
oxygenates 

29.1 33.1 39.2 35.4 38.7 44.1 

33.3 38.6 46.2 43.8 48.8 54.7 

87 86 85 81 79 81 

% CO conversion includes CO 2 formation. 

% selectivities to oxyeenates is on a CO 2 -free basis 

For methly acetate, 2/3 has been counted as C2 oxygenate. 
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