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z_. o ~ c T z w  AND SCOPE OF WO,~, 

• The impor tance  of t h e  d i r e c t  synthesis of higher (C2-C6) alcohols f.-om 

synthesis gas as a promising route for provldinE clean f-els and petrochemical 

feedstocks is generally recognized. ~t is known that the addition of alkali 

salts to methanol syn~hesls catalysts shifts theproducts tO higher 

alcohols° Rowever, li~.tle i s  known about the effect of various alkali species 

on the catalyst components and the synthesis reaction. A series of research 

studies is planned which should greatly expand current knowledge in this 

area. ~n partlcular, the effect of various alkalis (Na, K= Eb, and Ca) on CO 

ehe=isorpt!on, on the actlvity and selectivlty for the higher alcohol 

synthesis, and on the deactivation characteristics of the catalyst will be 

determined for both supported metals (such as Pd and Rh) and mixed metal-metal 

oxide catalysts (such as Cu/ZnO and Cu/ZnO/Co). Direct measurement of 

electronic interactions between-the alkali promoters and the other catalyses 

components will be attempted by ESCA. 

This co~rehensive research p~'ogtam involves members of  the Departments  

of the"deal ~aSineerlng and of O~emlstry. ~here is a great need for 

coopetatlon between researchers in the areas of catalysis and surface 

science. This research pro~ect seeks to accomplish this and -tillze the 

resuItlnS synergism in illumlnatlug the precise function of alkali promotlon 

in the higher alcohol synthesis. 

2, S~4ARY OF PROGRESS 

During the  f i f t h  q u a r t e r  of  the  p r o j e c t ,  a s tudy  o£ the  a l c o h o l  sTnches i s  

o v e r  a l k a l i - p r o m o t e d  Eh/TtO 2 c a t a l y s t s  was c a r r i e d  o u t  and i s  d e t a i l e d  i n  Sac.  

3. 



3. DESC   ZOS OF  EC ICA  P G SS 

INTRDDUCTTON 

The syn thes i s  of  a l coho l s  from carbon monoxide and hydrogen has been 

s t u d i e d  dur ing the  pas t  ha'.'~ c en tu ry .  The c a t a l y s t s  u t i i i z e d  fo r  these  

s t u d i e s  have inc luded t r a n s i t i o n  metal  c a t a l y s t s  such as Rh, ~d, PC, I t ,  ( I )  

and modif ied methanol ' syn thes i s  c a t a l y s t s  such as a lka l i -p romoted  Cu/ZnO (2) 

and the  IFP c a t a l y s t s  (3) f o r  h i g h e r  a l coho l  s y n t h e s i s .  The use of a l k a l i -  

promoted methanol syn thes i s  c a t a l y s t s ,  p r i o r  to  1957, was reviewed by g a t t a ,  

e t  a l ,  (4) .  They concluded t h a t  a l k a l i  promoting a c t i v i t y  may be r e l a t e d  t o  

alkali baslcity which increases with an increase in atomic we:l.gh~ of the 

alkali moral. Recently alkal~.-promoted Cu/ZnO has been studied by G. A. 

Vedage, et al. (5) Their results indicate that the selecti'.~iCy to higher 

alcohols may be related to the baslclty of the catalyst surface. Because of 

the complexity of these mixed oxide ¢ stalysts, the role of alkali promoters on 

these catalysts is far from belt& fu].ly understood. 

Tt has been suggested (6) t h a t  hlgher-alcohol synthesis catalysts ~st 

dissociate the C-0 bond only at a moderate rate so that the catalyst surface 

contains undissoclated adsorbed CO and surface carbene species for the 

~blmolecular insertion reaction. Rh appears to be an excellent candidate for 

the higher alcohol synthesis. This element, which lles between Ru (which can 

yield hydrocarbons e=cluslvely) and Pd (which can produce only methanol), can 

catalyze the formation of both hydrocarbons and alcohols from synthesis gas. 

I~ appears that different chemical environments for Rh can result in very 

different product distributions ranging from methanol and ethanol (7) to 

hydrocarbons (8)° It has been repo~ced (9~i0) that the CO hydrosenation 

selectivity to alcohols over supported Kh varies with the basiclty of the 

support. However, remarkably little work has been done on the alkali 
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promot ion o f  Bh c a t a l y s t s .  This  p a p e r  r e p o r t s  on a s t u d y  o f  ~he a l k a l i  

promotion effect on the synthesis of alcohols over Eh/TiO 2. 

EXPERIMENTAL 

C a t a l y s t  P r e p a r a t i o n :  

The a l k a l i  promoted Rh c a t a l y s t s  were  p repared  by t h e  i ~ p r e g n a c i o n  of  

TiO 2 (Degussa, P. 25) and SiO 2 (Strem) using RhCl 3 3H20 (Alfa Products) and an 

alkali nitrate (Li, K, Cs) in aqueous solution at pH=3-3.5 ~o give 3wt~h 

catalysts. The atom ratio of alkali promoter toRhwas I/2. After 

impregnation, the samples were dried o-¢ernight in air at 400C~ then reduced in 

glowing H 2 on heating.in 50Oc steps (30~inutes) to 400°C and holdlng at 400°C 

for 16 hmars. Prior to reaction, the TiO2-supported catalysts were again 

reduced in flowing H 2 at 500°C for 1 hour to induce the strong me~al suppor t 

interaction (SMSI) effect. The Si02-supported catalysts were reduced at 400°C 

f o r  1 hOUr. 

C a t a l y t i c  Reac to r :  

The h i g h e r  a l c o h o l  s y n t h e s i s  was c a r r i e d  out  i n  a d i f f e r e n t i a l  r e a c t o r  a t  

250-325°C and 1-30 a t m ~ r i t h E 2 / C O ' l / 2 .  The gases  u sed  f o r  t h e s e  r e a c t i o n s  

s t u d i e s  were  o b t a i n e d  from Air  P r o d u c t s  and i n c l u d e d  H 2 (UHP, 99.99Z) ,  He 

(UHP, 99 .99Z)  and CO (UHP, 99 .99Z) ,  which were  pu r t£1ed  by p a s s i n g  through 

molecu la r  s i e v e  t r a p s  t o  remove w a t e r .  P r i o r  to  passage  th rough  t he  molecu la r  

s i e v e  t r a p ,  t h e  hydrogen  was passed  t h r o u g h a  Deoxo u n i t  t o  remove oxygen as  

wateE, 



The reaction te~er.-ture, pressure and reactant flows were controlled by 

an Apple ~I co~guter. A Cyborg ~saac 91A served as an interface between the 

counter and 3 mass fl~ control maters (Brooks 5850) for controlling H2, CO, 

a~,d He fluw, a relay (Grayb/ll, Inc.) for controlling the reaction 

tez~erature, and a Brooks flow control valve £or the reactor pressure 

control The reactor effluent stream was analyzed "by an on-line Perkln-El~:r 

SiEma IB Gas ChromatoErapho The products were seps_~ated by a 8" x I/8" 

poropak q column in series with a 6ft. x 1/8" 80/100 carbopack c/Oo2Z carbowax 

1500 uslng a He carrier £1uw of 20co/rain. The GC columns were Inltially held 

at 40°C for 2 mino and then temperature prograsmed at 15°C/~u to 160°C 

permitting a good on-llne separation of all CI-C 6 paraffins and ole£1ns, CI-C 4 

alcohols, Ci-C4aldehydes, ethylacetltte, acetlc acid, CO, C02, and H20 in a 50 

mln. alalysls o 

RESULTS AND DISCUSSION 

(a) Rh/TlO 2 and Rh/Si0 2 

The a c t i v i t y  o f  Rh/TiO 2 and Rh/SiO 2 as  a func t ion  of r e a c t i o n  t ime 

is shown in Pig. I.. Rh/TiO 2 was several orders of magnitude more active than 

Eh]SiO2o It is obvious that both ~hese catalysts did not deactivate in the 

same ~-nner. ~n the case of Eh/TiO 2, a rapid initial decline in the activity 

was observed. In ¢ontTast to Rh/Ti02, the actlvlt7 o~ Rh/Si02 showed a slight 

Inltlal increase follo~ed by a slow decline, which pa~allels ~he observation 

r epor t ed  by van Den Berg. (11) 

As sho~n £n Table 1, the prima~y oxygenated products over Rh/TiO 2 were 

C2H5OH, CH3CQOH, and acetone, w~th CH30H and CH3CHO as -dnor products. On the 

other hand, the Rh/SiO 2 catalyst produced ~alnly CH3CRO and C2HbOH. The major 
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d i f f e r e n c e  i n  the. oxygena te  s e l e c t i v i t y  between Rh/TiO 2 and ]~/S:l.O 2 c a t a l y s t s  

a p p e a r s  t o  be  the  f o r m a t i o n  o f  a s i g n i f i c a n t  amount o f  a c e t o n e  (10w~)  and 

a c e t i c  a c i d  ( l~a tZ)  as shown i n  Table  1. In  c o n t r a s t  t o  t h e  Eesu l t s  ~ust  

d e s c r i b e d ,  a c e t o n e  was n o t  o b e e r v e d  f o r  CO h y d r o g e n a t i o n  o v e r  Rh/TtO 2 by 

K a t z e r  e t a l ,  (9) o r  by Ich ikawa e t  e l .  ( 7 ' 10 )  The f a i l u r e  o f  t hese  a u t h o r s  t o  

observe acetone may be due to low reactJ.on ~empera~ures, low C0/H 2 ratios, 

different catalyst preparation methods, and/or different reduction 

conditions. In fact, the presence of acetone has been observed in Che 

~Ischer-Tropsch synthesis (12) and higher alcohol synthesis (4) from CO 

hydrogenatlouo It has been suggested that the acetone is formed by the 

secondary reaction of acetic acid: 

2cs3coo +(c )2co + Iz 2 + c%_ 

The f o r m a t i o n  of  a c e t o n e  o v e r  Rh/TiO 2 i n  t h i s  s t u d y  may be exp l a ined  by t h e  

a bove  secondary  + e e t i o n  s i n c e  an  a p p r e c i a b l e  amount o f  a c e t i c  a c i d  formed o v e r  

P~JTiO 2 could  r e s u l t  i n  a c e t o n e  under  t h i s  r e a c t i o n  c o n d i t i o n :  300°C, 10 

a t e .  

The hydrocarbon s e l e c t i v i t y  t ogeche r  r i c h  CO 2 y i e l d  i s  h ighe r  f o r  Rh/TIO 2 

than Rh/SiO 2. As Bh has ~een shown to be a poor ~atalyst for ~he water gas 

shift reaction, (13) the formatlon of CO 2 can be attributed to the Boudoward 

reaction. The higher yleld of CO 2 for Eh/TiO 2 than for Eh/SiO 2 suggests that 

Rh/Ti0 2 had a stronger CO dlssoo/atlou ability, which may explain the hiEher 

yield of hydrocarbons. It is obvious from the data shown that the support had 

a strong influence on the catalytic seleetlvlty and activity° 

5 



St h a s  been repor ' ted t h a t  t h e  s e l e c t i v i t y  of CO h y d r o g e n a t i o n  over 

suppor ted  rhodium c a t a l y s t s  v a r i e s  w i t h  the  b s s i c i t y  o f  t h e  s u p p o r t .  (9) Rh on 

MSO, a v e r y  b a s i c  suppo r t ,  e x h i b i t s  90Z s e l e c t i v i t y  t o  methanol .  Acid ic  

s u p p o r t s ,  such as  A1203, r e s u l t  i n  m l n l y  CH4t wh i l e  s l i g h l t l y  a c i d i c  o r  b a s i c  

suppor t s  ( e . g . ,  SiO 2, Ti02, CeO 2) produce  both a l coho l s  and hydrocarbons .  

Thus, u s e  o f  TiO 2 as  a suppor t  which h a s  a g r e a t e r  a c i d i t y  t h a n  SiO 2 w o u l d . ,  : 

r e s u l t  i n  h i g h e r  y i e l d s  of  hyd roca rbons .  The r e s u l t s  of t h i s  s tudy  appear ~'o 

be c o n s i s t e n t  w i t h  t h i s  c o r r e l a t i o n .  

The observed  i n c r e a s e  i n  t he  a c t i v i t y  of  Rh ~hen i t  i s  suppor ted  on Ti02 

p a r a l l e l s  i n  soke  r e spec t s  the  o b s e r v a t i o n  r epo r t ed  f o r  TiO2-supported 

t r a n s i t i o n  me ta l s  ( i nc lud ing  Ni,  1~,  Pal, I t ,  aud Rh) by Vannice (14)- Karzez 

e t a l .  (9)  have  a l s o  r epo r t ed  t h a t  Rh/TlO 2 reduced a t  673°K o r  473°K has a 

h i g h e r  a c t i v i t y  than  Eh/SiO 2. These a u t h o r s  have concluded  t h a t  SMS~ was not  

extant for their Rh/TiO 2, and that the race variation ~as due to differences 

in the number of active sites or other geometric factors. It appears that 

their reduction temperature nmy uot have been high enough to induce SMS~o 

High temperature reduction (~ 500 °C) of many TiO2-supported transition 

metal catalysts, resulting in H 2 and CO chemisor~tlon suppression and higher 

olefln selectlvities and chain Erich prohabilitles during CO hydrogenation, 

has usually been suggested to produce SMS~. (14'15'16) Merlaudeau, Ellestad 

and Nac~aehe (17) have studied CO hydrogenation over supported Eh catalysts at 

1 arm and 300°C. ~hey concluded that the increase in chain length and in 

olefin/paraffln ratio observed for Rh on a TIO 2 support could be due to 

SMST° Howeverp our results show the olefln/paraffln ratio and chain length to 

be a: .~roxlmately the same for the TiO 2- and SiO 2- supported catalysts° ~Is 

may be due t o  t h e  h igh  CO/H 2 r a t i o  o r  t h e  h igh  p r e s su re  r e a c t i o n  c o n d i t i o n s  

f o r  our  s t u d y .  Zt would be i n t e r e s t i n g  t o  unders tand  t h e  e f f e c t  of p r e s su re  
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on CO hyd rogena t i on  o v e r  SMST c a t a l y s t s .  No h i g h  p r e s s u r e  r e a c t i o n  s t u d y  ove r  

SMSI c a t a l y s t s  h a s  been  found  by us  i n  t he  open l i t e r a t u r e .  

(b)  A l k a l i - p r o m o t e d  Eh/.TiO 2 c a t a l y s t  

The effect of alkali species on the catalytic performance of Rh/TIO 2 

was studied usinE catalysts eontalnln S dlfferen~ types of alkali species (Li, 

K, and Ca). The effects of a tl~all promotion on the activity and selecnlvltles 

of uhls catalyst for CO hydrocondensation are shown in Figures 2, 3, 4, 5, and 

.o 

6. The acti~-y u~ CO cou~_erslon decreased in the order: 

unproutoted > Li > K > Cs 

The a c i C l v i t i e s  o f  e t h a n o l ,  a c e t i c  acid, ,  a c e t o n e ,  and CH 4 f o r m a t i o n  (as  

s h ~ n  ~n F ig .  3 ,4)  a l s o  d e c r e a s e d  i n  t h e  same ozde r ,  wh i l e  the  f o r m a t i o n  r a t e  

of aceClc acld fell to zero for the case of Cs-Eh/TiO 2. The rate of 

acetaldehyde formation appeared not to he influenced by alkall promotion. The 

t r e n d  i n  th~ r a c e  o f  h i g h e r  hydrocarbon f o r m a t i o n  (C2+) seemed to  f o l l o w  t h a t  

o f  CO 2 fo rma t ion ,  a s  shown i n  F ig ,  2 and 4, . sugges t ing  t h a t  t he  h y d r o c a r b o n s  

were formed from dissociated CO. The observed decrease in CO conversion for 

alkal/-promoted Rh/TIO 2 catalyst is consistent w i t h  results r e p o r t e d  for 

alka11-promoted ~h-~n/SiO 2 by Wilson, et alo (18) 

The selectlvlties of oxygenated products and hydrocarbons are shown in 

Figures 5 and 6. As sh~au i,u Figure 5, there was llttle change in the 

selectivltles for ethanol and acetone among unpromoted Li-, K-promoted 

catalysts. ~he selecti~riCy for acetic acid, as also shc~n in Fig. 5, 

dec reased  i n  t h e  o r d e r :  unpromoted > Li  > K >. Ca, whi le  a c e t a l d e h y d e  

s e l e c t i v i t y  i n c r e a s e d  i n  t h a t  o r d e r ,  ~he methane and h ighe r  hydroca rbon  

s e l e c ~ i v i c i e s  and o l e f i n / p a r a f f i n  r a t i o s  a r e  shown i n  FIgo 6. The a d d i t i o n  of  

• 



a l k a l i  t o  Hh/T£O 2 appeared  t o  £ucr-_ase the  o l e f i u / p a r a f £ 1 n  r a t i o  

s i & ~ i f i c a u ~ l y .  ~h~ f i n d i n g  t h a t  t he  a l k a l i - p r o m o t e d  Rh/TiO 2 decreased  t h e  CO 

c o n v e r s i o n  a c t i v i t y  and i n c r e a s e d  t he  o l e g i n / p a r a g £ i n  r a t i o  i s  indeed 

c o n s i s t e n t  w i t h  those  r e s u l t 8  r e p o r t e d  f o r  a l k a l i - p r o m o t e d  ~ i ,  ~a,  Co 

c a t a l y s t s .  (19,22)  In f a c t ,  i t  has  been we l l  e s t a b l i s h e d  (~2) t h a t  a l k a l i -  

p romot ion  of  FT c a t a l y s t s  r e s u l t s  i n  (1) dec rea sed  CO conve r s ion  a c t i v i t y ,  (2)  

i n c r e a s e d  CO d i s s o c i a t i o n  a h i l i t ' ~ ,  (3) decreased  hyd rogena t i on  a b i l i t y  

r e s u l t i n g  i u  h ighe r  o l e £ i n / p a r a £ £ i n  r a t i o s ,  and (4)  i n c r e a s e d  s e l e c t i v i t i e s  t o  

Ions  cha in  hydrocarbons .  A c o ~ a r i s o n  of  the-mole r a t i o  of  va r ious  p roduc t s  

among t h e  promoted and unpromoted c a t a l y s t s  i s  shown i n  Table  I I .  

T~.e d e c r e s e  i n  the  mole r a t i o  of  (EtOH)/(HeCHO) p a r a l l e l i n g  t h a t  i n  t h e  

( p a r a f £ £ n / o l e f i n )  r a t i o  a s  shown i n  Table I I  cou ld  b e  due t o  a dec rease  i n  t h e  

h y d r o s e n a t i o n  a b i l i t y  £ o l l c ~ i n s  a l k a l i - p r o m o t i o n .  The a ldehyde  formed ove r  Bh 

c a t a l y s t s  may :be p a r t l y  t r a n s f o r u e d  i n t o  e t h a n o l ,  which  has  been shown by t h e  

a d d i t i o n  of  ace ta ldehyd~ i n t o  CO and H 2 over  Bh c n t a l y s t s  r e s u l t i n g  mainly i n  

an i n c r e a s e  i n  e thano l  p r o d u c t i o n .  (11) Bhasin e t  a l  (24) have r e p o r t e d  t h a t  

dur ing ,  CO hydrogeQation ove r  Rh, the  carbon e f f i c i e n c y  r a t i o  of 

(EtOH)/(HeCH0) i s  p r o p o r t i o n a l  t o  t h e  r a t e  c o n s t a n t  f o r  h y d r o s e n a t i o n  of  

a c e t a l d e h y d e .  These r e s u l t s  s u g g e s t  t ha t  t he  e t h a n o l  i s  ob ta ined  mainly due 

t o  t h e  hydro~enatio-.~ o£ an a c e t a l d e h y d e  s u r f a c e  i n t e r m e d i a t e ,  which i s  

consistent with ou~, results. 

Watson and S O ~ J a i  (25 ,26)  have suges t ed  t h a t  t h e  o x i d a t i o n  s t a t e  of  

( s u r f a c e )  Rh i s  r e s p o n s i b l e  f o r  t he  fo rma t ion  of  o x y s e n a t e d  p roduc t s  d u r i n s  CO 

h y d r o g e n a t i o n  whi le  ~ t a l l ~ e  Rh i s  r e s p o n s i b l e  f o r  t h e  fo rma t ion  of  

hyd roca rbons .  ~hey found t h a t  a s lower  r a t e  o f  CO h y d r o g e n a t i o n  o v e r  Rh203 

5H20 ( i n v o l v i n s  the  o x i d i z e d  s t a t e  of  s u r f a c e  Rh) p r o d u c e d  l a r g e  q u a n t i t i e s  of  

a ldehydes  and h ighe r  o l e f i n  y i e l d s .  Our r e s u l t s  show a s l o w e r  r a t e  o£ CO 

g 
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hydrogenat ion and hl-aher y i e l d s  of  o l e f i n s  and aceta ldehyde when Eh/TiO 2 i s  

promoted by a l k a l i °  ~he r a t e  of  ace ta ldehyde  fo rma t ionwas  e s s e n t i a l l y  

i n v a r i a u t  wi th  the  var ibus  a l k a l i  p recoc ious  sugges t ing  t ha t  t h e a l k a l i  

promoters may s t a b i l i z e  o r  a t  l e a s t  no t  a f f e c t  the ox ida t ion  s t a t e  o£ su r f ace  

R h ~ h i l e  suppress ing  the  hydrogenst iou a b i l i t y .  The o v e r a l l  e f f e c t  of a l k a l i  

Li < K < Cs. 

The results'ohtalued in this study demonstrate four effects of alkali\ 

promotlon of Rh/Ti02: (a) - a decrease in the activity of Rh/TiO 2, (b) 

hy~regeuation suppressslon, (c) a slight modification in the hydrocarbon and 

alcohol chain growth, (d) a alight increase in the selectivity for oxygenated 

products. The ma~or dlff~reu~e beL-;een alkall-promoted Rh/YiO 2 and alkali- 

promoted Cu/ZnO appears to be that alkall promotion i~ds to a decrease in the 

rate of alcohol product formation for Rh/TIO 2 catalysts and an @ncrease in the 

rate of higher alcohol product fozmatlon for C~[ZnO catalyst. (5)" 

CONC~LSTONS 

The seleetlvlty and a c t i v i t y  of alcohol synthesis o ~ t  ~ catalysts v a r y  

with the type of  support  and a d d i t i v e .  

The a c t i v i t y  of  Rh/T£02 i s  30 times h igher  than Rh/SiO 2. 

The e f f e c t  of a l k a l i  promntiou of  Xh/T£02 "-'nczeases in  the  order" 

LI~K~Cs. 

The addition of alkall promoters to Rh/TiO 2 results in lower activity of 

C0 hydrogenation, a slight In~rease in the selectivity of oxygenated products, 

and a high yield of oleflns. 

9 
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i 

A~tivlty (g mole/kg'hr) 

i, |i 

Selectivitles 
CO 2 mole % of CO Cony. 

Me0B wt % of HC ~Ox 

Et'0H 

MeOIO 

MeCOOR 

A=etone 

Hydroca=bsns 
C 2- -. C 4 

c 2- - c 4- 

300°C iO arm, C0/B.2=3 

a activity in g =ole/kg hr 

TABLE X 

3% Rh/StO 2 

1 

0 

0 

6 (0.025) a 

40 (0.155) a 

0 

0 

51 

1.3 

3z ~ / ~ o  2 

32 

17 

1 

6 ( 0 . 5 6 2 )  a 

1 (0.145) a 

13 

7 

72 

1 ,1  
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TABLE ZZ 

z~ze ~eio RhlTiO 2 LI-Rh/TiO 2 Z-Rh/Z 02 dA-Rhl•iO 2 

Para f f in  
Olef in  

C; HC 
oH4 
C30 x 

C20 x 

12.8 

0.82 

0.33 

0.29 

{~.2o2 

0.29 

0.4 

0.262 

0.24 

0.295 

0.54 

0.251 

0.5 

0.37 
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FIGURE CAPTIONS - -  

F i g .  1 Activity of CO Conversion. 

Fig. 2 Effect of Alkali Promotion on CO Conversion. 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Effect of Alkali Promotion on C 2 Oxygenates. 

Effect of Alkali Promotion on Hydrocarbons. 

Effect of Alkali Promotion on Oxygenate Selectivities. 

Effect of Alkali Promotion on HC Seiectivities. 
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Figure  1. A c t i v i t y  of CO Conversion 
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Figure 3. Effect of Alkali Promotion on C 2 Oxygenates 
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Figure 4. Effect of Alkali Promotion on Hydrocarbons 
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Figure 5. Effect of Alkali Promotion on Oxygenate Selectivities 
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Figure 6. Effect of Alkali Promotion on HC Selectivities 
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