
I IIIMIIIIIIIIIIIIIIIIIIIMIIIIIIIIIIIHIIIIIIIIIIIII 
DE85013127 

One Source. One Search. One Solution 

TRIFUNCTIONAL CATALYSTS FOR CONVERSION 
SYNGAS TO ALCOHOLS. THIRD QUARTERLY 
REPORT, MARCH 1-MAY 31, 1985 

OF 

DELAWARE UNIV., NEWARK. CENTER FOR 
CATALYTIC SCIENCE AND TECHNOLOGY 

11 JUN 1985 

U.S. Department of Commerce 
Nat ional Technical  In format ion Service 



One Source.  One Search.  One Solution.  

Providing Permanent, Easy Access 
to U.S. Government Information 

National Technical Information Service is the nation's 
largest repository and disseminator of government- 
initiated scientific, technical, engineering, and related 
business information. The NTIS collection includes 
almost 3,000,000 information products in a variety of 
formats: electronic download, online access, CD- 
ROM, magneti(: tape, diskette, multimedia, microfiche 
and paper. 

? 

~ ! >  ~° .i ~ii 

Search the NTIS Database from 1990 forward 
NTIS has upgraded its bibliographic database system and has made all entries since 
1990 searchable on w~ml.ntis.gov. You now have access to information on more than 
600,000 government research information products from this web site. 

Link to Full Text Documents at Government Web Sites 
Because many Government agencies have their most recent reports available on their 
own web site, we have added links directly to these reports. When available, you will 
see a link on the right side of thebibliographic screen. 

Download Publications (1997 - Present) 
NTIS can now provides the full text of reports as downloadable PDF files. This means 
that when an agency stops maintaining a report on the web, NTIS will offer a 
downloadable version. There is a nominal fee for each download for most publications. 

For more information visit our website: 

www.ntis.gov 

U.S. DEPARTMENT OF COMMERCE 
Technology Administration 
National Technical Information Service 
Springfield, VA 22161 



_P,=,.,=I V~.  . . . . . . .  .1.=, h o,~i 

DISCLAIMER 

This report was prepared as an account of  work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, mak~  any warra.ty, express or implied, or ~ssumcs any legal liability or rcspo..psi- 
bility for th~.~hccuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
¢nc~ herein to any specific commercial product, process, or ~ervic¢ by trade name, trademark, 
manufaettcer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
m-ndation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not neeezsarily state ~os reflect those of the 
United States Government or any agency thereof. 

TRIFUNCTTONAL CATALYSTS 
FOR CONVERSION OF SYNGAS TO ALCOHOLS 

Third Quarterly Report for Period 
March 1,1985 to May 31, 1985 

DOE/PC/70780--T2 

DE85 013127 

K.B. Bischoff, William Manogue and G.Alex Mills 
Coprincipal Investigators 

Sudhakar Chakka, Postdoctoral Fellow 
Nazeer Bhore, Graduate S£udent 

Center for Catalytic Science and Technology 
Department of Chemical Engineering 

University of Delaware 
Newark, Delaware 19716 

Date Published: 
June 11,1985 

Under  

~, Prepared for 
Fossil Energy 

D~partmant of Energy 

Contract No. DE A___ 7 ...... 0 



, 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 EnerRy~ nor any of their employees, 
n o r  a n y  o f  t h e i r  c o l t t r n c t ~ r . ~  e u b c o u t r a c t o r s t  o r  t h e i r  e m p l o y e e s  
take responsibility for the accuracy, completeness, or u s e f u l n e s s  
o f  a n y  i n f o r m a t i o n ,  - a p p a r a t u s ,  p r o d u c t  o r  p r o c e s s  d i s c l o s e d ,  o r  
represents that its use would not infringe privately owned 
rights. .~ ' 

OBJECTIVES 

Task 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 tracers and 

kinetics 
6 Design, prepare and test optimized catalysts 



ABSTRACT 
,, 

An exploratory series of prepared and purchased rhodium catalysts. 
have been tested for CO hydrogenatlonwith interesting results. The 
results are summarized in the following table for typical test 
conditions, 250 ° C, 30 atmospheres pressure, 2 H~/CO at 4000 GHSV. 

TABLE I %CONVERSION %OXYGENATES %C2+OXYGENATES 

3% Rh-AI~ 6 33 75 

" " +0'.67% Ha Or 
IZK or IZMn 2.5 ., 33 75 

" " + 2% Na I 65 60-70 

2.5% Rh-O. 3%Mn-O. 3%Mo-SiO~ 6 65 ~ 90 

3% Rh-IZMn-l%Mo- 
SiO~/MgO 1 87 35 
(florlsil) only MeOH and Et0H 

i, 

5% Pd-Charcoal - 2.3 I00 0 
(Aldrich) all MeOH 

Rhodlum-alumina catalysts are moderately actlve,eg 6~ CO 
conversion. Selectivity of CO to oxygenates is typically 30% with the 
balance mostly methane. An important feature is that 75Z of the 
oxygenates are C~, including ethanol, acetic'acid and methyl and 
ethyl acetates. 

The addition;of sodium or potassium lowered the activity 
considerably. However for the highest Ha level tested, (2%wt.Na) 
selectivity to ox#gen~tes increased to 55-75%, though CO conversion 
was only about 1% to 2.5Z, 

The addition of 1% Hn to Rh-Al~03 decreased activity with no 
increase in selectiv.ity. A higher Mn "loading decreased activity 
further without affecting selectlvlty. This is quite contrary to 
previous observations on the effect of HQ on SiO~-based Rh catalysts. 

Two catalysts containing SiO: gave relatively high selectivity. 
One, a Rh-Mn-Mo-SiO~ catalyst, s~milar to the 
Van den Berg catalyst, gave 6%conversion and 50 to 70% selectivity to 
oxygenates. 

Another catalyst, Rh-Mn-Mo- Florisil(~SiOz-HgO), gave the highest 
selectivity found so far,93%, though at low conversion. 

A Pd-active carbon catalyst produced only methanol ( no CH~ nor Cz 
H OH). 

The above ~catalysts now provide a basis for experiments relating ; 
composition t~Iperformance, to provide samples for study by 
instrumental E~chniques, and to provide a rational basis for 

I/ 

additional calitalyst preparations. 



Tasks I and 2. Catalyst Preparation and Testing for Syngas 
Conversion. 

A series of rhodium-contalning catalysts was prepared and 
tested. In generm!~the preparations were by no-excess 
impregnatlon of the support using nitrate solutions of 
rhodium and modifiers. Following air drying and calcination 
at 500"C~ the catalyst was cooled and reduced in flowing H~ 
at i.creasln8 temperatures to 50~ C. 

Tastl. H for sYnaas convarsio~ was e~rr~e~ ou~ in the flow 
reactor system, prevlous~y descrlbed~ at 225,250 or 275°C, 
and f o r  the most part,at pressures o f  30 o r  50 atmos.and a 
H=/CO ratio of 2. The flow rate was was varied , but usually 
c o r r e s p o n d e d  to 4000 GHSVl 

Certain problems were encountered initially. A heated 
charcoal filter in the purification llne was found to be 
emitting CO~ and H~O resultin~ in analytical uncertainties. 
This was corrected by replacing the charcoal with slkalized 
alumina. 

Furthermore, the first series of catalysts ( 3% Rh on 
AI~O~ with and without added~Na or K ) all proved to be 
essentially inactive. These catalysts were all prepared 
using a solution made up from pure Rh(NO3).2H~O crystals 
~frbm Johnson Matthey. Subsequently, active catalysts were 
prepared from a rhodium nitrate solution which is said hy 
Engelhard to contain excess nitric acld.It is not known why 
the first solution did not result in active Catalysts. 

The results are first summarized in table I ~nd then 
given in more detail i. tables II to VI and figures I~ 2 and 
3. 

i 
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:Discussio,~of results. 

• It,may be expected that the products distribution ~ill be 
affect~?d by test conditions - temperature, pressure, l~/C0 
rabio,~flow rate and length of operation ( aging ). H~wever, 
~from the literature and within the range tested, these 
variables change selectivity only sllghtly. As expected 
lower flow rates or higher temperatures increase 
converslon.For comparative purposes, the results at 30 
atmos., 250"C2 2 Hz/CO ratio and space rate of 4000 GHSV 
have been chosen as a good measure of catalyst 
capabilities.Table I presents an overall summary of results. 

For specific comparisons, it is deemed important to make 
comparisons at equal conversion. :C~mparisons can be made by 
usin E conversion/selectivity curves, shown later. 

It should be emphasized that the distribution of 
oxygenates is an important factor in catalyst eva~uation..{ 
The relatively high C2+ oxygenates for many of t~e catalysts 
tested is noted. 

Rh-AI~0~ Table II 
This catalyst typically resulted in 6~ conversion of CO, 

with a selectivity of about 30~ to oxygenates, with the 
balance almost all CH~.A relatively high percentage of 
oxygenates is C2+, eg 75-90~. One detailed product 
distrlbution is shown in figure I. Note the lares amount of 
ethyl acetate. 

Rh-Alkali-Al~03 Table III 
Catalysts containlng. O,0.67,and 2.0 % Na or 1.14% K were 

prepared by codeposition. The effect of alkali is to lower 
• activity considerably. The selectivity was not improved 

x: except for the 2% Na cataly§t,which rose to 70%. though ai 
low conversion (0.8-2.5%) see also fig 2 . In order to be 
more confident that this improved selectivity is not Just a 
low conversion phenomenon, tests will be made at lower flow 
rate/ higher conversion. 

Also catalysts will be prepared by impregnation of NaNO 3 
on a Rh/Al~Os catalyst which has been prereduced, to find 
o u t  w h e t h e r  t h e  o r d e r  o f  a d d i t i o n  h a s  an  i n f l u e n c e  on t h e  

, activity or selectivity. 

Rh-Mn~AI~O 3 : •. Table IV 
Slnce'Hn has been found to increase activity of Rh/SiO~ 

catalysts, addition of Hn to Rh/AI~0~ catalysts was tried. 
The activity decreased and selectivity was not increased. 
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Rh/Si0~ Table V 

A Rh-Mn-Mo-SiO~ catalyst was prepared si~nilar ~o tha=t 
de dcribed by F.G.A.Van den Berg (thesis, UniVersity of 

: Leiden) and described in psteuts issued to Union Cerblde. 
This catalyst was found to be fairly active( 6Z conversion) , 
about the same as the Rh/AI~O$ catalyt~ts. The oxygenates 
selectivity was 50-70%. As shown in Table IV the effects._ of 
various test conditions were also explored. 

Rh/Florlsll Table V 
Florisll is a SiO~-MgO gel commercial product used for 

packing chromatographic c~lumn6~ A Rh-lZMn-l~Ho/Fl6~isil 
catalyst showed remarkably high selectivity to oxygenates 
(80-93~) although the activity was low. 

I. order ~ follow up on this catalyst, a 3~ Rh/Florisil 
catalyst was prepared. Very low conversion was found with 
high s o l e c ~ v i t y  to m~thanol. 

Pd/ Active Carbon Table VT 
It was confirmed that this catalyst from Aldrich is 

remarkable an producing only methanol. 

Tasks 3 and 4. Surface Structure and Surface Complexes 

The infrared cell has been pressu[re tested successfully' 
up to 200°C and 40 atmos. Modifications are being made which 
will allow us to go up to I00 atmos. At present tests on sn 
IR cell at high temperature (250°C) are being  made using 
Kalrez O rings. A procedure is being evolved to c load, il 
startup and shutdown the IR cell which would nor put 
excessive mechanlcal and thermal strain on: the window. Thr~ 
out of five sections (modules) on the reactor cart have been 
tested. The remaining two sections are in the process of 
being assembled and tested." 

Other Activities. ~ 
J 

As an educational requirement and as an aid to the. 
project, graduate student B~ore submitted and defended 
before the faculty of the Departme.t of Chemical Engineering 
a proposal concerning the future work to be done. 
Considering the rapid rat~ of appearance of data in recent 
literature, new experiments=were designed in this propos~l 
which 5~ould give rise to key results. These resulhs wil~ be 
used to discriminate between different mechanisms which are 
consistent with kinetic data. Some of these are temperature 
programmed desorptlou using labelled compounds and mixing of 
different catalysts of very:small particle size. 

• ! 



Table II 
: C 

catalyst p(psi) t °.~ C, 

Rh-AI~O 3 CATALYSTS 
('\ 

/co QHSV 

3 ~ R h / A l v . O b  456 250 2 4 0 0 0  
= 

" 275 2 " 

" " ' 1 2500 

" " I " 

710 " 2 4000 

OXYGENATES 
%C0 Cony ~ ZC2+ 

approx 

6" 33 ca 80 

18 17 ca 75 

11 28 ca  75 

8 28 c a  75 

13 22 c a  75 

5%Rh high 450 225 '~" ~.. 4000 2.& 37 88 
purity ~., 
g~mma AI~O 5 " 250 2 " 6~2 34 90 
J.-Matthey 

" " 2 2000 8.6 33 94 

red. 300 C 750 " 2 " 13.6 33 95 

"(2 hr) " I 3000 4 48 95 
reduced at 500©In H~ flow for 1 hr, cooled to 150"C, kept 
at 450 psi and flowing H2 during weekend 

450 250 2 4 0 0 0  5 &O 90 

0.5%Rh/AI~O 3 
Engelhard 

(1 .25g)  

150 250 2 I000 2.4 28 

450 ~275 2 " 4.8 29 

" 300 2 I000 13 15 

" 82 
mostly EtOH 

85 

84 

5% Rh ex 15 
Na3RhCI& / 
AI~.O 5 200 
Tamaru 
catalyst 450 

11 

250 2 2000 1.2 27 

" 2 " :0.8 19 

" 2 " 0.9 21 

275 2 " 1.5 17 

repeat of above without I atmos, test- same results 
"" 

82 

30 

30" 

<50 

All catalysts reduced in flowing H~. at 500°C for I hr iln!ess stated 
otherwise. -~ 



Table IIl 

Catalyst 

"Rh-Na/AI~O~ 
I:I' Rh:Na 
0.67% Ha 

& 

R h - A  ~.../).=, -ALKALI 

p(p ,i) 

4 5 0  2 5 0  ~ '2 
, \  

" 2 7 5  2 

715 " 2 

GHSV 
• ' ap If~.'~o x "" 

.. 4000 2 . 5  

sl 7 

,5 ~i'" 

%CO.!'Conv " Oxygenates 

" 9.4 

% ZC2+ • 

35 75 

2 s  :. 

36:' ss 

R h - K / A I ~ . O ~  
I'i Rh:K 
I.I "Z K ~ "~ 

450 

t l ,  

750 

250 

275. 

11 

2 4000 2 . 4  

2 " 5 

2 " 5 . 5  

32 70 

26 7O 

27 75 

Rh-Na/AI-~O 3 
1:3 Rh:Na 
2 Z Na 
not calcined 

x" 

450 250 2 4000 0.8 

" 276 2 " 1.5 

70 ~30 

6 0  30 

Rh-Na/AI~03 
1:3  RhINa 
2 ~ Ha 
calcSnad 

450 250 2 4000 I 70 35 

" 275 2 2000 2.8 53 50 

750 " 2" " 2 . 8  52 40 

All catalysts reduced an flowing H~ at 500=C for I hour.. 



Table IV Rh- Hn/Al~.03 

Catalyst ' p(psi) t°C H~JCO 

3Z.Rh,I% Mn 450 250 2 
on AI~03 
activated by •750 " 2 
Dutch m e t h o d  * 

" 275 2 

GHSV %C0 C o n y  O x y g e n a t e s  
a p p r o x  % %C2+ 

4 0 0 0  ; 3 32  ., 85 

" 3 . 4  32 85 

" 12 19 85 

!;-. 

3% Rh, I% Mn 450 250 2 " 4 30 80 
on AI~O~ 
calcined at " 275 2 " 12 18 83 
500°C 

= 

Semple air dried at room temperature is decomposed first, in He flow 
at increasing temperatures, ending with 250.C for I hr., cooled to 50 
C., reduced with i0% H~in He at 500aC for 1.~hr.,cooled to reaction 
temperature in He . 



Table Rh-Silica Catalysts 

Catalysts" p(psi) tic a~/co GHSV %CO Cony Oxygenates 
approx Z ZC2+ 

2.5% Rh,O.3% Mn, 
0.3Z MolSiO~ 
(approx Van-~ea 
Berg catalyst) 

4 5 0  2 2 5  2 -  ~ 0 0 0  2 . 6  3 8  80  

" " 1 2 5 0 0  2 . 0  62  8 8  

" 250 I " 5.2 60 93 
overnight at 224 C 

" 2 2 4  I " i 68 93 

" .275 I ,I 12.6 45 92 

" 250 1 1250 6.7 64 94 

750 " I 5000 2.1 72 94 

" 275 1 " 5.2 55 94 
overnight at 275 C, 200 psi 

200 " I 2500 8.6 45 91 

" "'250 I " 2.4 53 94 

" " i/2 4000 0.65 6r 95 

450 " 1 2500 1.8 61 93 

• in the conversion calculation, assumed little CO= formed 
other numbers are CO=-Iree calculation 

- - - -  7.--- . . _  i 

2.5Z Rh,I% Mn, 450 250 2 4 0 ~ 0  
11 Mo/Florlsil 
not calcined " " i 2500 

750 250 1 " 

" " 275 I " 

i 87 "35 

1 93 36 

1 89 40 

3 . 5  85 

calcined 450 250 2 4000 1.5 
at 275 C, 750 psi, EtOH=MeOH 

80 35 

3% Rh/Florisil o 450 250 
calcined at 500 C 

" 275 

2 4000 0.13 95 

2 " 0 • 4 3  8 0  
"only MeOli, little CH~ 

O~ 

O' 
! 



Table.VI 

Catalyst p(psi) 

P d - C h e r  

t ° C H2/C0 

5Z Pd /C 220 225 2 
( A l d r i c h )  

]! I! 3 

o-~..~ ,'. 

GHSV 

5000 

3500 

c o  Cony O x y g e n a t e s  
a p p r o x  ~ ~C2+ 

..1 100 0 

2 . 3  • 100 0 
o n l y  MeOll 



CATALYST 5% Rh- A1 0 

| 

Pressure 750 psl 
Temperature 2501C 
G.H.S,V. 2000 .~, 
H~/co 2 

P r o d u c t s  
CO c o n v e r t e d  1 3 . 6  

% o x y g e n a t e s  31 
Z C2+ 92 

FIGURE 

• J.-Mstthey 

Compound  

CO 
CH,~ 
CO.,. 
C~H~ 
C-,.~ 

C~ H~ 
CH~ OH 
cHsc.o 

 COOCH 7 
t -C3 Hv73H 
CH~COOH 
C~H z OH 
CH ~COOC~ He 

G.C. retention 
time, mln. 

1.7 
2.31 
3,58 

~converted 
to 

67 

6 .50  2 .0  

11.83 1.6 
13.78 4 .2  
15.95 8.0 
16.85 1.1 
19.89 2 .I 
20.54  2 .6  
21 .24  
24.69 

0.9 
i0.4 

I, "'~ ~ 

.59 

82 

~FI1.83 

~ 1535 

<.!9.89 
< ~ , i  54 :: 

~ 24.69 

Sl 

= " C  . -  "- i 

 Es'r AvA,Las,E copy : 

II:.~ i 1.70,, 
, , , , , ,  

RUH I 

flREA% 
RT 

1.42 
1.78 
2.31 
3.58 
6.58 
8.82 
11.83 
13,78 
15.95 
16.85 
19.89 
28.54 
21.24 
24.69 
27.14 

71 HAY/31/85 12;88:85 

: AREA TYPE AR/HT 
, 34532 PB 0.132 
18L3988 SPB 8.ttO ~ 
;194588 BB 8.116 

6988 BB 8.155 
4~19 8P 8.183 

53298 BB 1:784 
7212 ¥¥ 8.282 

1"[112 P8 8.£89 
23581 P8 8.288 
696| 8B 8.389 
4776 PB 8.275 
8551 BY 6.311 
1937 9P 6.333 

23388 PP 9.581 
2558 BP 8.966 

AREA% 
! ,573 

82.558 
8.851 
9.314 
e. 192 

%, 328 
8.586 
1.878 
8.317 
8.217 
8.389 
8.888 
I. 864 
8.116.. 
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