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' This 'report was prepsred as an accou~t'l!~of\work spoitsor\ed.~by 
the United States Government. Neither the Unite~d States., nor .\th_ • ~' % " % ". 

.United States Department of Enorgyt nor any d~f thclr employees, , 

" n o r  an ~ o f  their COl|£rae~ora, subco'nt,ractors,%or~ their e m  levees • y , P ., 
\ "~ % , 

take res onslbilit7 for the accuracy,~completenessp or %Isefulness 
of any information, apparatus, product~ or proc_~ss\ disclosed, o~r 
re resents that its use would not infr':inge p ri~:,ately owned .~ ,, P . \ \  . \ .  ' \  .~ -,- 
r i g h t s .  

OBJECTIVES 

Task i. Preparation of catalyst samples 
2 Testing catalysts for syngas conversion '\ 
3 Measurement of surface compositio'n and structure 
4 Determination of nature of surface complexes ,~ 
5 Reaction mechanism determination by isotopic tracers end 

kinetics 
6 Design, prepare and test optimized catalysts 



TRiFUMCTIO'NAL CAT A[,YSTS FOR COI~VERSlON ,OF SYN'G'AS'.-TO Ai, COHOLS 

':"" ' MOI,YBI)F, NA - MODIFIEI) RIIODIUI'I .CATkLYSTS 

,. ABSTRACT 

Y.X"]:.!I.e add . i t : ion  oE r e ] a t i v e l y  l a r g e a m o u n t s  o f " m o l y b d e n a  to  Rh/A..I203. 

, c a t a ' . l y s t s  ( Ho/Rh ~xl:om r a t i o  o f  2 o r  g r e a t e r  ) was f o u n d  to  i n c r e a s e  CO 

' . . . ;hydrog'en'~tion activity by a factor Of ten. M o r e o v e r ,  under standard test 

L k ,  

:6':ondJ. tJ ' i?ns t h e  s e l e c t i v i t y  to  o x y p e n a t e s  i s  i n c r e a s e d  f r o m  a b o u t  35 t o  ,. 
\ ; ,  ° 

'2 r: a .  al~'O, u t  ~.~.'o. The C I / C 2  o x . y g o n a L e s  r a t i o  i.s i n c r e ' a s e d ,  C1 o x y g e n a t e s  i n c l u d e  

%, 

MeOl'l', HeOH'e and H e O E t . ' T . h e  Rh/  Mo/h1203  c a t a l y s t s  a l s o  show h i g h  a c t i v i t y  

for tile water-gas shift reaction. " -  

• "<: HoO3.~/A1203 tes~t:ecl uncle'r-s'imi.]ar-co,diVions'"( 250~ C, 30-.-a'tmos:, l{2/eq ..... 

% ,: i,: ~.,/,2, 3,dO0 (IHSV ) d i s ' p l a y e d  1 . o w ' a c t L v i t y  ; o n l y  h y d r o c a r b o n s  w e r e  

'? :, 

pr~d  u c e d .  -'. 

" ! 'l ' i0'~ i s  more  a c t i v e  t h a n  Rh ' / h l203  R h / S i 0 2 ,  Rh/MgO or  R h / L a 2 0 3 .  I,' t~: . . . .  • 

llowcver~ Rh/Mo/Ti02 was ]ess active than Rh/Mo/AI203. 

13tiring the course o[ this work, a few patents were .l'oc~ted which also 

point t.o ghe h.~gh activity of catalyst containing Rh and l,lo. llowever 

these patents do not provide a systematic study nor an under'standing of 

Lhe .ature of thi.s 4nhsncement. Our research is d3.~rected to .identifying 

t h e  s u r f a c e  c h e m : i s t r y  which gives rise to s u c h  stro}?g a c t i v i t y  anti 
• !! 

s e . l e c L i v i L ' y  en l~ancemenr ' ,  I~ is c o n j e c t u r e d  t h a g  hyd!~rogen activation is .. 

parLiculari]y i.ncreased, possibly, on MoO3 ,wiLh,.~,,.'c,r, ansfer, to CO chemisorbed 

o n  t h e  R h .  
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-tRII'U.~CrlONAL CATALYSTS~-FOR CONVERSION OF',~SYNGAS TO ALCOHOL'S 
1.10LYBDE~,IUI'[ - ~IODIFIBD CATALYSTS % 

;" llydrogenation of CO by rhodium catalyst~'~ is under intensive 
.,' \~ 

i,,vestigation worldwide (|,2)..Remarkable d'hanges in activity and 

selectivity" can be induced by variat.Jons in\,support and/or by the 

a d d i t i o n  of  chen~ica l  m o d i f i e r s .  'i" '~, 

Ret:enc] '~we have ['ound that' the addition of relativel"y large 

amounts of mo].ybdena ~-~ Rh/A1203 ([,lo/Rh atom}ratio of ahoht 2) increases 

the activity for CO" hydrogenation hy a facto~r of ten. that the 

selecti'vity to oxygenates is £nct-ense.d from about 35 to 85%, and that 

the activity ~or promot[hg the water-gas shift reaction is also greatly 

enhanced ( important i.n generatin~ I[2 in syngas of low }|2/C0 ratios). 

}, l'~x p e r ira.an ta .~., 
C' "" R 

Supports were : CATAPAL gamma a]ui~ina ( extrudate from Air Products 

and Chemicals Inc..) calcined at 500 (a].l temperatures C), 200 m2/gm; 

Davison silica ge:~!° gr.ade 57.i titnnis P-25 from Degussa. Commercial 

Co/I.Io/A1203, American Cyonamid Co. catalyst IIDS-16A, 5.6%Co0,II.2% MoO3 

was a~iso [lsed as 'sup:port' Rhodium n:[trate wa~ sulfate-free I0 wt.%.Rh 

solution fromi~g'e].hard. Ammonium molybdate was from Alfa Proddhts, 

Puraton.ic grade. All catalysts except Mo/AI203 contaised 3 wt. % Rh. 

C~t.~lysts were prepared hy the incipient' wetness method. 

3% Rh, 2.8P" Mo/AI203 was prepared by coimpregnation (pH ¢a I). The 7.5 

and 15% ~|o catalysts were prepared by first depositing molybdena an 

alumina using ammonium molybdate solution adjusted to pH 1-2 using HN03, 

drying and calcining at 500 , [allowed by impregn~t-i-6n with Rh nitrate 

s¢~].ution. For the cata].yst containing 15% ~io, the Ha was deposited ':In 

.;two steps with a 500 calcination in between. The % Mo quoted is for the 
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metal by 'wt.; Me is undoubtedly present in an oxide, form. 
j: , , 

Catalyst testing was in a flow reactor syssem ( ca. 0.5 gm. catalyst) ~' 

20[~- 275 ° , H2/CO = 2, 2,500 -36,000 GHSV, at 30 atmos. Analysis was 

by on-line GC using a singl:-e Teflo;~ line'd SS column packed with Porapak 

QS. A porapnk T column was used to r~solve three peaks each having a 
p ~ii r 

o6 compounds. ConVersion of CO is reported on a total basis. Selectivity 

' k: ° 

is on a C02-£ree/ b'asIs, as others have done; this applies to individual 

compounds and to % of CO converted which goes to oxygenates, reported as 

OXY., and Yh'e perc~ntage of oxygenates greater than CI, which is 

reported as %C20XY. 

' Activit,~ Results "-" ~ s T " "°-- 
v 

R h / M o / A 1 2 0 3 .  The e f f e c t  o f  i n c d r p o r a t i n g  i n c r e a s i n g  a m o u n t s  o f  
'2 

molybdena in the llh/A1203 system is shown in series A, Table i. Activity 

z." 

i n c r e a s e s  s , c h  t h a t  when t h e  ~lo/llh a t o m  , , r a t i o  r e a c h e s  2 . 7  

(7.5 wt.7 ~.1o/3 ,io"' Rh) the same CO conversion is reached at 36,000 GIISV as 

i 

~qth Rh/A1203 at 3,600 C, IISV. ,: 

M o / A 1 2 0 3 .  I n  ' o r d e r  t o  d e t e r m i n e  t h e  e f . f e c t  o f  m o l y d e n a  on a l u m i n a ,  
! 

~1o/A1.203 c a t : a l y s ~  B ~as  i n v e s L i g a t : e d .  A c t : i v . i t y  was  f o u n d  t o ' l ~ e  at... a 

comparatively low lave] and, significuntly, only hydrocarbons were ,: 

formed. 

Rh/Co/Mo/AI203. Whil.e catalyst C showed high activity as 

expected, no unusual results attributable to the Co were observed. 

Rh/ Other .qupports. kh/llO2 is the most active of Rh/Ti02 Rh/AI203 

or llh/Si02 ( or indeed Rh/Ng0 or Rh/La203, not shown).It was thought 

' that possibly Rh/l,lo/Ti02 would have superactivity. However, while mor.e 

active than Rh/TiO2 ig was not as active as Rh/Mo/AI203. 
% 
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Se!ectivit~, Results. 

The;infl,,ence of catalyst composition on selecivity is of 

specJ.a] interest. First it should be 'noted that the add±tion of MoO3 

greatly inere~Ises the water-gas shift reaction. Inde'ed, with the higher 

amounts of ~;o, 20 to 35~ aJ- of CO reacted under the test conditions 

was converte(l to C02.The water needed for the shift reaction came from 

the synthes~s of hydrocarbons and higher alcohols. 

~" It was previously established that the selectivity of supported 
%. 

rhodillm catalysts for oxygenates synthesis is dependent on conversion 

level (3). This ~s illustrated in the figure by the line for Rh/AI203. 

Al.so evident is the major increase 'in selectivity for catalysts of 

: various t.]o contents. This figure also demonsLrates the decrease in 

se]ectivity on increasing ~he reaction uemperature from 200 ° to 225-250 ° 

Jar the 7.5Z }~o catR].yst. "~ :. 

The distribution of individt, al oxygenates is shifted significantly 

hy the ~,ddition of i'[o to Rh/AI203. The percentage of C2+ oxygenates 

decreases from about 75~" to 28% (Table I)..A more detailged comp~firison. 

of the distribution of individual compounds is shown in Tab'le 2. Note 

for the |-Io catalyst not only the relatively high HeOH but also the 

h i~h ether and low ester formation. 



.. ° ,.. 

Discussion. : 
t 

The scientific interpretation of rhodium catalysts and the effects 
' • t. ." 

5 

of supports a n d  modifiers has been controversial'. Considerable ':' ' 
i [ [ 'T  " ' " ' "  : " G : '  

• ,critical.ity of the oxidation state o~!/the R.h on evidence points to tt!le :' .. , ...(¢: :." 
i 

control of oxygenates thro'ugh a mechanism whic'h i'nvolves' " 

non-dissociative CO cbimisor'ption ( 1,2) . 
: 2,, ]] ' 

"rile concept of an " ensemble " of Rh ate'ms has been advocated. Such 
- /, 

,~ :. . " :  

an enemble is believed to .nave a minimum number~..of atoms necessary to 

act as" an adequate catalyst.)site f'or','activaton of the 'CO.snd H2 

me] eci, les (/, ;5) . i. f ,... 

:, : £-) 

"'._ ,'{ gdhe'rfil"'p-i~"fir'e:b-'f'2"t'lid~'r6fidfgr"-pif£1y covering the Rh atoms has 
• ; • . ,~. .' 

a]so been put forward (6) .ifi which a ['letal-O-Rh interacti'on assist:s .i.n 
4,. "" 

CO nctivation.'it h'as al.-so been', proposed (7") that~ the .CO chemisorpt.ion 
: : ¢ .  • : : .  

i s  weakened, thereby increasing the surface concehtration of h,vdrogen 

i: r. % . , 
: q t O n l S .  :t , u '  , .  . . .  ~_. 

O u r  p r e v i o u s ,  w o r k  h a s : s h o w n " t h a t  f o r  R h / A 1 2 0 3  c a t a l y s t s  the Rh i s  "~' 

,,essentially comi~lete[y d i s p e r s e d . " T h u s  the effect of t.he Hb is not to 

increase l{h dispersion. It is persuasive that the ef t of ~thd Ha is 
. , L 

to accelerate CO hydrogenation ~y making more effect{'ve use of the I I 2 .  
2 

l'ar].y work b y  N.n'~ta._~-8)showed /hat tll~e reaction 
l 

..... CO + 2112 - - - >  Cli"3-O!I : ": 

fitted the termolecvlar kinetic expression : 

(initial) rate = 
'7- 

a . a 

CO II~, 

%.-," ~ : 

.6 

wh e r e 

3 
', ( A + B'a + Ca :) 

g o  u,': 
a' represents nctivitf'es of CO altd 112. 

/. 
:' Q 
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Thus if the concentration of surface hydrogen atoms is limiting 

because of. the strong chemisorption o~' CO, then an increase in 

mvai]ab].e II b'f the Me would enllance,{tha rate of reactio'n. This might 

: ' '.' . . . . .  " ,  ' 1; ~ "  " " 
occur by a " ica'akenifig" of CO chemisorp'tion on the Rh, or what seems 

more iLke].y, by the activation of I~2 on tile "MOO3 adjacent to Rh with e 

sort of 'revi'rse spillov'~er ' to the RI~ active site where CO is" 
C L' 

chemisorbed!2 Thfls the ' ens'emhle' might be a dual-metal/metal oxide 

ensemble. Also the eEfect of Rh may be to assist partial reduct:ion of 

|qo03 with increased activity. To'explain t~e great increase in 

oxygenates sel.ectivltly may require that CH3'01I formation is favored 
i 

from the oxygen~Led surface intermediate which is common for=formation 

of hath methane": and methanol, due to the presen.ce of Me. 
J 
!; O 

During the course 06 this work, a few patents were Located which - 

also point to !l-igh activity o'f catalysts whi6"h contaim No a'nd Rh. 
I: 

i.lulticomponenti:.catalysts ha.re been described:which contain a wide 

array on elements, inciuding Me and Rh. (eg/9,10).More. , significantly" 
L'" 

for the presenlt report is a. patent applicati.on (Ii) in which lRh on 
L t 

MoO3 .is shown to be active at relatively low temperatures for CO 

hydrogenation ~ith production of ox~y'genates.. Also, a US patent (12) 

which claims R'h/Fe/lqo/Al203 catalysts ~'ncludes an example of 
:: ~ ~. " v 

Rh/No/AI203,, actzve in/J the formation of oxygenates. 

The patents cited do/]not provide, a systemmatic study nor do they =0 

a t t e m p t  t o  e x p l a i n  tlii"e L n a t U ' r e  o f  t h i s  e n h a n c e m e . n t .  O u r  r e s e a r c h  i s  

bei'ng directed to'wa~ds ~fi'swering.-possi].ities raised above Sad "~o 

i d e n t i ,  f y ~ n g  t h  . . . .  ' . . . . . .  ;"~ ' :  • ' e surface chen:~s~r.y, wh..xch gives rise to•'such strong 
','. , , . :  !: . ' 7  " 

activity and selec"tivi:ty/enh~hc:eme'~'~.'.i'. • ,: 

J 
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CO Hydrogenation over 3%Rh Catalyst~ "/ ~AB,,~ I 
(30 atmos., H2/CO = 2) 

Catalyst 
comp- Wt% " 

Rh/AI20 3 
Rh,2.8Mo/AI20 3 
Rh/7.5Mo/AI20 3 

Rh/15Mo/AI20 3 

i i i 

15Mo/A120 3 ,:" 

, , , '  I 

Rh/Mo/Co/AI20 3 

Rh/SiO 2 

Rh/Ti02, 
J i 

t°C GHSV 

250 
225 
200 
250 
200 I' 
225 

r 

2251 
250 

",., 275 

'.250 

250 

.225 

225 Rh/6Mo/:i'iO 2 

%CO 
Oonv. 

I i ' I 

I 4QOOi,,~ 

3000 
3000 

36000 
3000 

" 3000 
i ii i i 

,: 3000 

3000 
3000 

i i i  j 

3000 
I I 

3OO0 

• 2500 
] I 

47001 

6 
9 

,7 
5 
7 

27 
i • 

<1 
2 
5 

9 

9 

11 

• , , , ,  , ,  

%CO conv.to 

CO2 

1 
21 
24 
25 
23 
37 

61 
50 
51 

23 

0 

33 

Oxy'~ 

33  
59 
86 
65 
91 
83 

C2+Oxy 
%of Oxy 

" 80 
i 

i 42 
17 
27 
2i 
14 

0 i ' 

0 
0 

51 

58 

18 

;~,94 

90 

19 

27 

56 



,- TABI.E :, 
KVFI.'.c'r 0i~ PRODUc'rs DIS~I'R'rBUTTON O[{i ADDITION OF lqO TO RH/AL203 

)i 
• . : --: ..-:-L . ~ . : . , , i  

CO IIYI)R(')(;EIi,V['ION, ~ 3 0  A.'.I'I, IOS. ,  ll2[CO~..= 2 
. , ,  , . . .  :~ .  

., , ,  . - . . . . . .  - j  

RII/Ai',203 RII/1.10/AL203_ ~ PROD[IC. l l /AL203  c ,RII/ 
, 1  ~ ' ;  ( 2 )  

i 

CONDITION/ 
P R FiD U CT 

s,s ~ , ,  ,) I I!,r.~[ . C 
GIISV 

% CO COl,IV 

% TO CO2.  

%" XY O . 

t i t  ~r z,.C+ O,~YO. 

Cll!, c: 

C2116 

C3II6 

I C.3115 

C4 II I 0 

3O00 

6 

t 

29 

82 

60 

4 

0 

5 

2 

3000 :;136000 

2 I, 25 

# 

/'~86 65 

17 27 

9 27 

3 6 

0 0 

I 2 

O. : 0 

.% 

\ i, 
HEOII 

MEOAC 

HECIIO 

:~ETOI{ < 
• . - :  

HEOAC. 

ACOH 

ETCHO 

N-PRTOI~ 
HEOET 

ETOAC 

N-BUOH 

1 

"2 

711 
\- 

3 

0 

0.4 

2.7 

3 

3 

0, 

IMOIflI-L203 
( 1 )  " t 2 )  

I 
! 

38~ 16 

30 27 

0 
6 7 

,-;..; I I 

Ii '~';'~-' 0 0 

0 0 
i t 

2 .... 1 

I0 15 

0 0 

0 0 

|I ..... , | 

3 WT % RIi, 7 . 5  WT% H O ": 
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