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In  ~ c h a r a c t e r i z a t i o n  of adsorbed spec i e s  

1 ou methanol syn thes i s  c a t a l y s t s  by FT-IR spec t roscopy  

by 

James Franc is  Edwards 

Under the Superv i s ion  og Clenn L. Schrader  
From the Department of Chemical Eng inee r in  8 

Iowa S t a t e  Un ive r s i t y  

Transmission i n f r a r e d  spec t roscopy  was used to c h a r a c t e r i z e  adsorbed 

spec ies  on methanol syn~hesis  c a t a l y s t s  d u r i n g  r e a c t i o n  c o n d i t i o r ~ .  A 

copper ca rbony l ,  b i d e n t a t e  formate ,  and methoxy spec ie s  were i d e n t i ~ i e d  

as s t a b l e  s u r f a c e  g r o u p s .  An adsorbed formaldehyde spec ies  w u  uns t ab l e  

a t  the r e a c t i o n  t empera tu re ,  but  could be observed on the c a t a l y s t  sur -  

face  a t  the beginning of  the r e a c t i o n .  Sur face  spec i e s  were very sinLtlar 

for  feed mixtures  of 1) carbon monoxide and hydrogen,  2) carbon monoxide, 

carbon d i o x i d e ,  and hydrogen,  and 3) formic acid and hydrogen.  The r o l e  

of copper in  methanol s y n t h e s i s  c a t a l y s t s  was to i n c r e a s e  the adso rp t ion  

of  carbon monoxide to form a l i n e a r  carbonyl  s p e c i e s .  This carbouyl  

promoted the hydrogena t ion  of formate groups.  The formate spec ie s  

was adsorbed on a zinc s i t e  (Zn B) d i f f e r e n t  from the zinc s i t e  (Zny) on 

which formaldehyde and methoxy groups were adsorbed.  The r a t e - d e t e r m i n i n g  

s t ep  in  methanol s y n t h e s i s  was determined to  be the r e a c t i o n  o£ hydrogen 

from a hydroxyl  spec ies  adsorbed on another  zinc s i t e  (Zn~ wi th  a 

methoxy group to y i e l d  methanol .  I t  was e s t a b l i s h e d  tha t  at the expe r i -  

mental  c o n d i t i o n s  used i n  th i s  s t udy ,  t h e  methanol synthemis r e a c t i o n  was 

1DO~. Report IS-T-1121. This work was performed under Cont rac t  No. 
W-7405-~-ns-82 wi th  the U.S. Department of Energy. 



f a r  from e q u i l l b r l u m  w h i l e  the  w a t e r - g a s  s h i f t  r e a c t i o n  was near  

equ i l~br£um.  
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INTRODUCTION 

One of  the g r e a t  cha l l anees  fsc£n8 the chemical  i n d u s t r y  u the 

21st  cen tu ry  approaches w i l l  be makins the r A J u e ~ e n t n  i n  fue l  and raw 

m a t e r i a l  sources  as  petroleum and n a t u r a l  gas r e s e r v e s  d imin i sh .  Coal 

i s  expected to become a major source  £or chemical  feedstock8 i n  t h i s  

country  because of i t s  a v a i l a b ~ l £ t y  and abundance, but  oconceaic con- 

s i d e r a t i o n s  have thus fa r  r e s t r i c t e d  the development of coa l -based  in -  

d u s t r i e s  fo r  a r s e n i c  s y n t h e s i s .  There are two major approaches for  coa l  

u t i l t s a t i o n :  1) coal  8 a s i f i c a t i o n  to produce l l e h t  hydrocarbons ,  carbon 

oxides, hydrosen, and ra te r ,  and 2) coal l iquefact ion to produce heavier 

orKanics ,  e s p e c i a l l y  a romat ics .  The technol~ey  invo lved  in  coa l  g a s i f i c a -  

t i on  i s  v e i l - d e v e l o p e d ,  e . | . .  the Winklor ,  Koppers-Toteek,  or. Lu r j i  

p r oc e s se s ,  and has boon used for  many years  on a l a r e s  £ n d u s t r i a l  s ca la  

tn  South A£rics .  Althoush the s y n t h e s i s  Sas produced by Sas~ fLcatLon 

can be used in  var ious  processes  for  m a r u f a c t u r i n  8 orKanic campoundsm 

th i s  d£scuss ion  w i l l  be l i m i t e d  to the use of synthesLs Sas to produce 

methanol .  Coal S a s t f i c s t i o n  on a c a m e r c t a l  s c a l e  for  methanol s y n t h e s i s  

i s  under developmeut In North Dakota (Great Pleizm Coal C a s i f i c a t i o n  

P r o j e c t )  to make t7 .5  tona/d of methanol got c l e a n i n  8 the raT-Sea products 

and in  Tennessee (Tennessee Zastman Co.) to make a c e t i c  anhydride which 

involves  methanol ~yn thes i s  as an i n t e r m e d i a t e  s t ep .  The Tennessee 

Val ley  Author i ty  plans  to ~o-~Jtruct a coa l - to -me thano l  f a c i l i t y  (North 

Alabama Coal G a s i f i c a t i o n  P r o j e c t )  to pr,xluca 1 ~ L l l i o n  ga l /d  of f u e l -  

grade methanol .  

Cur ren t ly  most methanol i s  produced £rom s y n t h e s i s  8as obta ined  
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by s t e a m  reformtnB of  natural  8as : 

CH/, + H20 ~ 3H 2 + CO 

The CO/H 2 r a t i o  Is ad jus t ed  to 1/2 by adding carbon d iox ide  to the 

n a t u r a l  8: (combinat ion of  s t e m  re fo rmin  8 and water -gas  sh i£c  r eac -  

t i ons )  : 

co  2 + c .  4 2co + 

The syu thea t s  8as is  r e a c t e d  over a h i s h l y  s e l e c t i v e  mixed metal  oxide 

c a t a l y s t  a t  e l eva t ed  p re s su res  and tempera tures  to produce methanol :  

CO + 2H 2 ~ CH3Olt 

The l u l t £ a l  technology for  methanol s y n t h e s i s  was developed by Badlsche 

An i l i n  und Soda Fabrik  i n  1923 us ing  a zinc chromite c a t a l y s t  at  p res -  

sures  of s eve ra l  hundred atlnospheres and temperatures  between 300 and 

450°C. During the 1960n, Imper ia l  Chemical I n d u s t r i e s  developed a low- 

p ressure  process us ing a copper -z inc  chromi te  c a t a l y s t  at  p ressures  of 

50-100 atmospheres and temperatures  of 250-300oc. The only s£Sn i£ ican t  

change lu c a t a l y s t  composi t ion s i n c e  1960 has been the s u b s t i t u t i o n  of 

a l~n ina  ~or throst le .  

Annual methanol de~and i n  t h i s  count ry  has been p r o j e c t e d  to double 

dur ing  the 1980s to 8 m i l l i o n  ~ t r i c  tons due mainly to r a p i d  expansion 

in  s eve ra l  developing a p p l f c a t i o n s  (Weismantel,  1980). Major uses for  

methanol are the p roduc t ion  of  formaldehyde p d~methyl t e r e p h t h a l a t e  

(DHT), ~e thy l  me thac ry l~ t e ,  methyl  ha l~des ,  methyl amines, and a c e t i c  

ac id .  Lares q u a n t i t i e s  o f  methnnol are used as a Sasol tne  b l end in  8 



a 8e n t  m~d as a s o l v e n t .  L e s i s l a t e d  r e d u c t i o n s  Ln the  f o u n t  o5 t , ~ t r a e t h y l  

l e a d  a l l owed  i n  K a s o l i n s  have i r ~ r e a s e d  t he  demand f o r  o c t a n e  b o o s t e r s  

such  as m e t h y l  t a r t - b u t y l  e t h e r  (MTBE) which  i s  made f rem m e t h a n o l  

and i s o b u t y l ~ n e .  The r e c e n t  d e v e l o p m e n t  o f  a s i n g l e - s t e p  c a t a l y t i c  

d i s t i l l a t i o n  p r o c e s s  (MI~E p l u s ) ,  wh ich  e l i m i n a t e s  t he  m e t h a n o l  r e -  

cove ry  s e c t i o n  o f  t he  c o n v e n t i o n a l  p : ' o c e s s ,  p r o v i d e s  an e c o n o m i c a l l y  

a t t r a c t i v e  a l t e r n a t i v e  to  £ s o b u t y l e n e  a l k y l a t t o n  f o r  o c t a n e  enhancemen t  

(Lander  e t  e l . ,  1983) .  }4ethanol by i t s e l f  can  be u s e d  as an o c t a n e  

b o o s t e r ,  bu t  t h e r e  a re  p rob lems  w i t h  m t h a n o l / s a s o l l n e  m i x t u r e s  due to  

t h e i r  h i g h e r  a f f i n i t y  f o r  r a t e r ,  h i g h e r  e v a p o r a t i v e  l o s s e s ,  and t h e  need 

to  modi f7  t h e  s w i n e .  D e s p i t e  t h e s e  p r o b l e m s ,  t h e  ~VA and ARCO w i l l  be 

t e s t i n 8  a 6 -7~  n . ~ t h a n o l l s a s o l l n e  m i x t u r e  i n  150 a u t o m o b i l e s  as p a r t  o f  

t he  Nor th  Alabama Coal  G a s i f i c a t i o n  P r o j e c t |  Wast Carmany has  p u r s u e d  

a more a m b i t i o u s  p r o s r a m  t e e t i n s  more t h a n  1000 v e h t c l e s  w i t h  a 15~ 

m e t h a n o l / g a s o l i n e  m i x t u r e  w i t h  o n t y  minor  a d j u s t m e n t s  to  t he  a n S i n e e  

( P a r k i n s o n  e t  e l . ,  1982) .  

F u t u r e  demand fo r  m e t h a n o l  c o u l d  expand m u l t t f o l d  as c o a l  assumes 

a g r e a t e r  p r o p o r t i o n  o f  our  e n e r g y  n e e d s .  A l t h o u s h  m e t h a n o l  i s  p r e s e n t l y  

e c o n o m i c a l l y  u n a t t r a c t i v e  as a s u b s t i t u t e  f o r  g a s o l i n e ,  t he  S t a t e  o f  

C a l i f o r n i a  has  beKun a p ros rma  to  o p e r a t e  550 v e h i c l e s  w i t h  m e t h a n o l  

be ca us e  i t  p r o d u c e s  fewer  p o l l u t a n t s  t h a n  g a s o l i n e .  More t h a n  300 

p r i v a t e l y - o w n e d  v e h i c l e s ,  c o n v e r t e d  by F u t u r e  Fue l s  o f  & n e r l c a ,  I n c . ,  

a re  ru,~ain8 on m e t h a n o l  i n  the  Sacrament 'o ,  San F r a n c i s c o ,  and Los A n s e l e s  

a r e a s .  Even I f  g a s o l i n e  r ema ins  the  major  a u t o m o t i v e  f u e l  i n t o  t h e  n e x t  

c e n t u r y ,  m e t h a n o l  p r o d u c t i o n  c o u l d  i n c r e a s e  s i g n i f i c a n t l y  i f  t e c h n o l o g y  

such  as Mobil  O i l ' s  M-Gasol lne  p r o c e s s  ~s used  t o  p r o d u c e  B a s e l i n e .  Thls  
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#'recess uses a z e o l i t e  c a t a l y s t  (ZSH-5) t o  c o n v e r t  me thano l  i n t o  a 

blend of p a r a f f i n s ,  c y c l o p a r a f f i n s ,  and aromacics ~rlth a r e s e a r c h  octane 

nuL~ber of 93 ,  i . e . ,  an unleaded premium 8aeo l lne  (Berry ,  1980). New 

Zealand w i l l  use th i s  technology to conver t  n a t u r a l  gas i n to  approxi-  

mately 12,500 b b l / d  of  g a s o l i n e .  U t i l i t i e s  us ing  c o a l  g a s i f i c a t i o n  

techr~],ogy for  power B~nera t ton  w i l l  probabiy a l so  manufacture  methanol .  

During of f -peak  hours ,  p a r t  of the syngas would be conver ted  to methanol 

and s to red ;  during peak hours ,  the methanol vould  be used as fue l  i n  gas 

tu rb ines  to meet the h i s h  e l e c t r i c a l  demand. And f i n a l l y ,  there  i s  

8 rea t  p o t e n t i a l  for  f u t u r e  development of methanol a s  a primary feed- 

s tock  in  the chemical  i n d u s t r y ,  e s p e c i a l l y  as supp l i e s  of e t h y l e n e  and 

propylene dec rease .  An example i s  the manufacture  of a c e t i c  ac id ,  where 

methanol has r e p l a c e d  e t h y l e n e  as the primary f eeds tock  in  new tech- 

nolo&ies by BASF and Monsanto (Kohn, 1979), 

The key development in  methanol s y n t h e s i s  technology has been the 

c a t a l y s t .  Improvements in  c a t a l y s t  performance are u s u a l l y  o b t a i n e d  by 

t r i a l - a n d - e r r o r  methods: v a r i a t i o n s  In composi t ion  or p r e p a r a t i o n  

techxt£ql,~ ere t r i e d  u n t i l  a c a t a l y s t  i s  found havin8 g r e a t e r  a c t i v i t y ,  

s e l e c t i v i t y ,  or s t a b i l i t y .  C h a r a c t e r i z a t i o n  o£ p h y s i c a l  and chemical  

p rope r t i e s  i s  o f t e n  i n c ~ n p l e t e ,  and the reasons  for  the s u p e r i o r i t y  of 

s p a r t i c u l a r  c a t a l y s t  a re  f r e q u e n t l y  u n c l e a r .  Although methanol 

syn thes i s  as a commercial process  ie f u l l y  developed ,  the s p e c i f i c  

£unct ion of the c a t a l y s t  and the fundamentals of the e lementary  su r face  

r e a c t i o n s  are s t i l l  h i g h l y  s p e c u l a t i v e .  The main o b j e c t i v e  of t h i s  

i n v e s t i g a t i o n  has been to prepare  severa l  d i f f e r e n t  compos i t ions  of 

methanol s y n t h e s i s  c a t a l y s t s  and c h a r a c t e r i z e  these  c a t a l y s t s  by phye l ca l  



and chemical  t e c h n i q u e s ,  p l a c i r ~  emphasis on the use of Fou r i e r  t r ans -  

form in£ ra r ed  (FT-IR) spec t roscopy  to i d e n t i ~ y  the chemical  spec ie s  ad- 

sorbed on the c a t a l y s t  s u r f a c e s  under methanol  synthes t~  c o n d i t i o n s .  

Par t  I of t h i s  t h e s i s  d e s c r i b e s  the p r o p e r t i e s  of the c a t a l y s t s  dur ing  

the va r i ous  s t akes  of  p r e p a r a t i o n  ( i . e . ,  p r e c u r s o r ,  ox ide ,  and reduced 

s t a t e s )  u s i r~  the t echn iques  o£ X-ray d i £ £ r a c t i o n ,  atom4c abso rp t i on ,  

ESCA, s u r f a c e  a rea  s and pore d i s t r i b u t i o n  measurements.  Par t  I I  examines 

the a d s o r p t i o n  of va r ious  organic  molecules  such as carbon monoxide, 

formic a c i d ,  formaldehyde,  and methanol on ox id ized  and reduced c a t a l y s t s  

to i d e n t i f y  i n t e r m e d i a t e  su r f ace  spec ies  and to  observe the behavior  of 

adsorbed spec i e s  under va r ious  cond i t ions  us ing  FT-IR spec t roscopy .  

Par t  I l l  eva lua t e s  the r e l a t i v e  a c t ~ v i t i e s  and s e l e c t i v i t i e s  og sevexal  

c a t a l y s t s  for  methanol s y n t h e s i s  and i d e n t i f i e s  the adsorbed spec ies  

under r e a c t i o n  c o n d i t i o n s .  I t  should be emphasized t ha t  t h i s  s tudy has 

focused ou the FT-IR c h a r a c t e r i z a t i o ~  o£ adsorbed s u r f a c e  s p e c i ~  under 

i n  s i t u  c o n d i t i o n s  wi th  the o b j e c t i v e  o£ o b t a i n i n g  a b e t t e r  unders tanding  

of the mo lecu la r  i n t e r a c t i o n s  occur r iu8  on the c a t a l y s t  s Jr ' face.  



PART I .  

PREPARAT£ON AND CHARACTERIZATION 

OF I~TIL~OL SYN'r~sIs  CATALYSTS 



LITERATURE REVIEW 

~he development of an i n o r g a n i c  c a t a l y s t  for  the syn thes i s  of 

methanol from hydrogen and carbon monoxide occur red  dur ing  the e a r l y  

part of this century when catalysis was Just beginning to play an im- 

portant role in the chemical industry. This development was important 

because it enabled methanol to be produced on a larger scale and at a 

lower cost compared to synthesis by the destructive dlstillatlon of wood. 

Although there have been many improvements in the preparation of methanol 

catalysts during the succeeding years, the basic components- zinc oxide, 

copper ox ide ,  and a promoter such as c h r o ~ a  or a l u m i n a -  are unchar~ed.  

Methanol c a t a l y s t s  may be d iv ided  i n t o  two groups:  (1) the h i g h - p r e s s u r e  

z inc  c a t a l y s t s  composed of z inc  oxide and a promoters and (2) the low- 

p ressure  copper c e t a l y s t s  composed o£ z inc  oxides copper ox ide ,  and a 

pru,~oter.  The developments in  methanol c a t a l y s t s  are sunnar ized  i n  

Table 1, Suppor ted-meta l  c a t a l y s t s  for  methanol  s y n t h e s i s  have been 

developed in  r e c e n t  years  but have not  been app l i ed  commercia l ly .  Ex- 

c e l l e n t  rev iews of  methanol c a t a l y s t s  have been provided  by Nat ta  (1955) 

and K l i e r  (1982). 

Zinc C a t a l y s t s  

The c a t a l y s t  developed by BAqF £n 1923 for  methanol  synthes£~ was 

a h i s h l y  s e l e c t i v e ,  mixed metal  oxide c o n t a i n i n  S zinc oxide and chramia 

i n  a raClo of 9 /1 ,  r e s p e c t i v e l y  (BASF, 1923). Zinc oxide by i t s e l f  i s  

a f a i r l y  good c a t a l y s t  for  methanol s y n t h e s i s ,  but  i t  i s  q u i t e  

s u s c e p t i b l e  to aging ( c r y s t a l l l t e  growth) under r e a c t i o n  cond i t i ons  



Table I.  Developments in  methanol c a t a l y s t s  

Year 

1913 

1923 

1923 

i923 

1933 

1936 

1967 

1967 

1971 

1978 

Inventor /ass ignee  

BASF 

G.P. 293,787 

BASF 

G.P. 415,686 

Patart 

BASF 

F.P. 571,356 

Dodge 

U.S. 1,908,696 

Lars on 

U.S. 2,061,470 

lCl 

U.S. 3,326.,956 

ICl 

F.P, 1,489,682 

Metallges ells chaff 

F.P. 2j049 p193 

S tiles 

O.S. 4,111,847 

Catalyst 
ii 

Oxides of Cr ,  Co, Mn, ~ ,  

Pd, Ti, Zn 

90% ZnO - 10~ Cr203 

90% CuO - 10% ZnO 

Oxides of Cu, Cr, Zn, Mn 

zno- CuO (cu) 

CuO-MnO2; CuO-ZnO plus 

Cr203, AI203, ZrO 2, V203, 

TIO2D ThO 2, SiO2, or CeO 2 

ZnO - CuO - Cr203 

ZnO - Cu0- A1203 

Oxides of Znj Cu, Mn, V 

ZnO- Cu0 



which reduces  the c a t a l y t i c  a c t i v i t y .  Chromia, a very  poor h y d r o g e n a t i o n  

catalyst which is also difficult to reduce, is added to zinc oxide 

to  prevent aging. X-ray (Willlms and Cunnlngham . 1974) and ESR (R~lek 

et al., 1968) studies of the mixed oxides have established that the 

active catalyst contains a mixture of zinc oxide and zinc chromite 

s p i n e l ,  ZnC~O 4.  The s p i n e l  i s  no t  c a t a l y t i c a l l y  a c t i v e ,  bu t  se rves  

as a s t a b i l i z e r  for  z inc  ox ide .  The e f f e c t  o f  chromia i s  ma in ly  p h y s i c a l ,  

as evident by comparing the activation energies of a ZnO-Cr203 cata- 

lye." with pure zinc oxide: both have a value of about 30 kcal/mol. 

The optimum composition for a mixed ZnO-Cr203 catalyst depends 

greatly on the preparation method. Various values for the optimum Cr/Zn 

ratio have been determined by conversion tests to be 0.3-0.5 (Molstad 

and Dodge, 1935), 1.0 (Natta, 1955), 1.0-1.5 (Oba, 1965), 0.4-0.5 (Oba, 

1965), and 0.5-1.4 (Vlasenko, 1966). The amount of chrumia required 

appears to depend on the homogeneity of the catalyst components; less 

chromia is needed for catalysts which have small crystallites of each 

component in intimate contact with each other. The catalytic activity 

is poor below a Cr/Zn ratio of 0.3 because of crystalllte growth, and 

is also poor at high ratios because of the decrease in the amount of the 

active component, zinc oxide. Lower amounts of chromia improve the 

catalyst selectivity. A catalyst with a Cr/Zn ratio of 0.I produces 

methanol of greater than 99Z purity (Natta et al., 1953). 

Other metal oxides have been investigated as possible promoters 

for zinc oxide or zinc oxide-chromia catalysts. Alumina forms a spinel 

with zinc oxide (Kauff~ and Pschera, 1950), but is less desirable as 

a stabil~zer than chromia because alumina enhances the dehydration of 
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m e t h a n o l  t o  form d i m e t h y l  e t h e r .  Smal l  q u a n t l t l e s  o f  t h o r i u m ,  z i r c o n i u m ,  

and t a n t a l u m  o ~ i d e s  (Dolgov and K a r p l n s k i l ,  1932) and v a n a d i u m  o x i d e  

( V e l t l s t o v a  e t  a t . ,  1934; M e t a l l g e s e l l s c h a f t ,  19717 a c t  as s t a b i l l z e r s  

f o r  ZnO-Cr203 c a t a l y s t s .  

The s t a b i l i z e r s  wh ich  have been  p r e v i o u s l y  d i s c u s s e d  a re  i n t e r -  

c r y s t a l l i n e ,  i .  : . ,  t h e y  a r e  e x t e r n a l  to  t h e  l a t t i c e  s t r u c t u r e  o f  z i n c  

o x i d e .  There a r e  a l s o  i n t r a c r y s c a l l i u e  s t a b i l i z e r s  s u c h  as magnes ium , 

i r o n ,  and manganese o x i d e s  which  form a s o l i d  s o l u t i o n  w i t h  zinc o x i d e  

b e c a u s e  o f  the  s i m i l a r i t i e s  o f  t h e  i o n i c  r a d i i .  

Copper C a t a l y s t s  

The h i g h  a c t i v i t y  o f  a m e t h a n o l  s y n t h e s i s  c a t a l y s t  c o n t a i n i n g  coppe r  

o x i d e  was d i s c o v e r e d  by  P a t a r t  u s i n g  a mixed m e t a l  o x i d e  o f  9070 CuO- 

10% ZnO (Fenske  and F r o l i c h ,  1929) .  However,  c a t a l y s t s  c o n t a i n i n g  

coppe r  ~e re  n o t  a p p l i e d  c o m m e r c i a l l y  t o  m e t h a n o l  s y n t h e s i s  f o r  many 

y e a r s  because  the  s e n s l t i v i t y  o f  c o p p e r  s i t e s  to  p o i s o n s  s u c h  as s u l f u r  

was h i g h .  Copp~.r o 'c ide  by i t s e l f  i s  a v e r y  poor  m e t h a n o l  c a t a l y s t ,  b u t  

when mixed w i t h  ZnO p r o d u c e s  a combined  o x i d e  h a v i n g  g r e a t e r  a c t L v i t y  

t h a n  e i t h e r  o~Ide  a l o n e .  The a d d i t i o n  o f  coppe r  o x i d e ,  u n l i k e  c h r o m l a ,  

t o  z i n c  ox ide  has a t r u l y  s y n e r g i s t i c  e f f e c t  s i n c e  t h e  a c t i v a t i o n  ene rgy  

d e c r e a s e s  to  abou t  18 k c a l / m o l  (Na t t a s  1955) .  The p r o ~ o t i n E  e f f e c t  i s  

b e l i e v e d  to  be b o t h  c h e m i c a l  and e l e c t r o n i c .  

The t e r n a r y  c a t a l y s t s  composed  o f  z i n c  o x i d e ,  coppe r  o x i d e ,  and a 

s t a b i l i z e r  a re  og m a j o r  i n t e r e s t .  E a r l y  s t u d i e s  e s t a b l i s h e d  t h a c  b o t h  

c h r o m l a  and a l u m i n a  f u n c t i o n e d  as good s t a b i l i z e r s  f o r  m e t h a n o l  c a t a l y s t s  
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(Frolich and Lewis, 1928; Ivanov, 1934a and 1934b; Plotnlkov et al., 1931). 

Huwever, there was great variety in proposed optimum c ompositlons. N atta 

reported hiEh activity for catalysts with Cu/Zn/Cr ratios of 3/6/1 and 

1 / 8 / 1 .  A l though  X-ray p a t t e r n s  o f  r e d u c e d  c a t a l y s t s  showed t he  p r e s e n c e  

o f  m e t a l l i c  c o p p e r ,  t h e  a c t i v e  s t a t e  o f  t h e  c o p p e r  was b e l i e v e d  to  be  a 

partially reduced oxide (Natta, 1955). 

R e c e n t l y  b i n a r y  and t e r n a r y  m e t h a n o l  c a t a l T s t s  have  been  e x t e n s i v e l y  

c h a r a c t e r i z e d  by p h y s i c a l  and k i n e t i c  measu remen t s  (Herman e t  a l . ,  1979; 

Mehta e t  a l . ,  1979; Bulko e t  a l . ,  1979; Herman e t  a l . ,  1981) A s e r i e s  

o f  b i n a r y  CuO-ZnO c a t a l y s t s  were  p r e p a r e d  by c o p r e c i p i t a t i o n  f rom 

n i t r a t e  s o l u t i o n  u s i n g  sod ium c a r b o n a t e .  X-ray  a n a l y s i s  i d e n t i f i e d  t h e  

precipitated compounds as mixtures of Cu2(OH)3N05, Zn5(OH)6(C03)2, 

and (Cu,Zn)2(OH)2CO 3. These precursors were calcined in air at 350oc 

to form ZnO-CuO compounds. Oxides with more than 15 wt.~ CuO ha~ some 

c o p p e r  (up to  6%) d i s s o l v e d  i n  t h e  ZnO p h a s e .  T r a n s m i s s i o n  e l e c t r o n  

m i c r o s c o p y  e s t a b l i s h e d  t h a t  t he  morpho logy  o f  ZnO changed  from t h i n  

c r y s t a l l i t e s  to  h e x a g o n a l  p l a t e l e t s  as t h e  CuO c o n t e n t  r o s e  above 30 wt.%. 

The c o m p o s i t i o n  of  the  p r e c i p i t a t e  was b e l i e v e d  t o  d e t e r m i n e  the  n a t u r e  

o f  t he  Zn0 m orpho logy .  The r e d u c e d  c a t a l y s t s  were  composed  o f  z i n c  

o x i d e ,  m e t a l l i c  c o p p e r ,  ar~ an anorph~us  form o f  c o p p e r  (based  on X-ray  

d i f f r a c t i o n ) .  This  amorphous coppe r  was d e t e r m i n e d  t o  be d i s s o l v e d  i n  

the  ZnO phase  u s i n g  s c a n n i n g  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y ,  D i f f u s e  

r e f l e c t a n c e  s p e c t r a  showed an a b s o r p t i o n  band  a t  17 ,500  cm " l  wh ich  was 

a s s i g n e d  to  a Cu( I )  s p e c i e s  d i s s o l v e d  i n  ZnO. Maxima f o r  g r e a t e s t  c a t a -  

l y t i c  a c t i v i t y  were  found a t  ZnO/CuO r a t i o s  o f  1 /2  and 7 / 3 ,  c o r r e s p o n d i n g  

to compositions with maximum amounts (12%) of copper dissolved in t h e  
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z~nc ox ide  p a r t i c l e s .  S u r f a c e  a n a l y s e s  w i t h  XPS and Auger e p e c t r o s c o p i e s  

r e v e a l e d  s u r f a c e  compos i t i ons  equal  t o  the  b u l k  c a t a l y s t  compos i t i on .  

Te rna ry  c a t a l y s t s  c o n t a i n i n g  some chromia  or a lumina  had a z i n c  o x i d e  

phase w i t h  b o t h  copper  and the  promoter  c a t i o n s  d i s s o l v e d  i n  the  l a t t i c e ,  

a l t hough  the  e f f e c t  o f  the  promoter  was m o s t l y  p h y s i c a l .  A sma l l  amount 

o f  a lumina caused an i n c r e a s e  i n  the  s u r f a c e  a r e a  and an i n c r e a s e  i n  the  

amount o f  d i s s o l v e d  copper  i n  the  ZnO phase by 33%. The a d d i t i o n  of  

c e r i a  to  a b i n a r y  c a t a l y s t  was found t o  d e c r e a s e  the  amount o f  d i s s o l v e d  

copper and d e c r e a s e  the  c a t a l y t i c  a c t i v i t y .  These i n v e s t i g a t o r s  con- 

c luded  t h a t  the  a c t i v e  component of c o p p e r - c o n t a i n i n g  me thano l  c a t a l y s t s  

was a s o l i d  s o l u t i o n  o f  Cu( I )  ions  i n  the  z i n c  ox ide  phase .  

Other  i n v e s t i g a t o r s  work ing  w i t h  ZnO-CuO and ZnO-CuO-A1203 c a t a l y s t s  

have found t h a t  copper  and aluminum ions  d i s s o l v e  i n  the  z inc  oxide  

phase  without ,  the  f o r m a t i o n  o f  s p i n e l s  (Ke t ch ik  e t  a l . ,  1982). I n  the  

b inacy  c o m p o s i t i o n s ,  a CuO phase appeared  when the amount of  copper  ex- 

ceeded 10 atomic-%. Decompos i t ion  of  t h e s e  s o l i d  s o l u t i o n s  produced 

wa te r  and ca rbon  d i o x i d e ,  i n d i c a t i n g  t h a t  the oxides  n o r m a l l y  ha~e 

hyd roxy l  and c a r b o n a t e  groups i n c o r p o r a t e d  i n t o  t h e i r  s t r u c t u r e s .  The 

f u n c t i o n  of  the  aluminum ions  was to  s t a b i l t z e  the c a t a l y s t ,  w h i l e  the  

copper ions  d i s s o l v e d  i n  the  z inc  oxide  phase were  a c t i v e  s i t e s  i n  

methanol  s y n t h e s i s  (Kuzne tsova  e t  a l . ,  1982). 

An X-ray d i f £ r a c t i o n  a n a l y s i s  o f  t h e  r e d u c t i o n  p roce s s  f o r  a ZnO- 

CuO-A1203 c a t a l y s t  i d e n t i f i e d  a s t a b i l e  Cu20 i n t e r m e d i a t e  a t  r e d u c t i o n  

t e m p e r a t u r e s  unde r  200°C (Rugger i  e t  a l . ,  1982).  

The p r e s e n c e  o f  gaseous  CO 2 was found to  r e t a r d  the  reducL~on of  

Cu20 to m e t a l l i c  c oppe r .  B ina ry  ZnO-CuO c a t a l y s t s  a l s o  formed an i n t e r -  
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media te  Cu20 phase dur in8 r e d u c t i o n  (Fctmelfarb e t a l . ,  1983). The 

r e d u c t i o n  r a t e  was dependent on CuO c r y s t a l l i t e  s i ze  and CuO d i s p e r s i o n  

in  these mixed metal  oxides .  

The va l ence  s t a t e s  o f  copper in  p r e c u r s o r ,  c a l c i n e d ,  and reduced 

ZnO-CuO c a t a l y s t s  have been determined us ing  X-ray p h o t o e l e c t r o n  and 

Auger spectroscopies (0kamoto et a l . ,  1982; Okmmoto e t  e l . ,  1983a and 

1983b). The coprec ip i ta ted precursors had two types of Cu 2+ species 

which were a t t r i bu ted  to the copper ions in  Cu2(OH)2CO 3 and 

(Zn,Cu)2(OH)2CO 3. The c a l c i n e d  oxides had th ree  types of cupr ic  ions :  

c r y s t a l l i n e  cupr i c  oxide ,  an amorphous s u r f a c e  l aye r  of copper ox ide ,  

and cupr i c  oxide d i s so lved  iu  the z inc oxide phase.  The reduced c a t a -  

l y s t s  con ta ined  copper metal  p a r t i c l e s  ar~ a t~o-d imens iona l  ~ n o l a y e r  

of  Cu°-Cu + spec ies  over zinc oxide.  TI~ two-dimen | i r ,na l  l a y e r ,  Ih ich  

had be~.n formed from the cupr ic  ions d i s s o l v e d  in  z inc  oxide ,  was be- 

l i e v e d  to be the a c t i v e  s i t e  for  methanol s y n t h e s i s .  The cuprous ions 

in  these b inary  c a t a l y s t s  were very s t a b l e  under reduc ing  and uLtld 

o x i d i z i n g  condi t i o n s .  

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

I n v e s t i g a t i o n s  to develop improved methanol c a t a l y s t s  have cont inued  

through the yea r s  as ev iden t  by the l a rge  number of pa t en t s  i s sued .  

These develGpments have occurred  because the method of c a t a l y s t  p repara -  

t i on  has a g r e a t  e f f e c t  on the c a t s l y t l c  a c t i v i t y .  The u z t a l  oxides can 

be d i r e c t l y  mlz~d and fused toge the r  to form a methanol c a t a l y s t  (La teen ,  

1936), but  the a c t i v i t y  of t h i s  type of c a t a l y s t  was low compared to 
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ocher types ,  Both c a t a l y t i c  s c t L v l t y  and .~ t ab i l i t y  depended on the 

houogenel ty  of the p h u e s  in  the c a t a l y s t .  X-ray s t u d i e s  ~f meveral 

low-pressure  c a t a l y s t s  have e s t a b l i s h e d  tha t  the most a c t i ve  catalyst ,~ 

have the 8 r eaces t  homoseneity of components (Sh/shkov e t  e l . ,  Iq79).  

A te rnary  ZnO-CuO-Al203 c a t a l y s t  prepared  by kneadlns  was less  

a c t i v e  than th,. same c a t a l y s t  prepared  by c o p r e c l p l t a c l o n ;  the l a t t e r  

was found to have i t s  coupouents in  a f l n e l y  d iv ided  s t a t e  (Kotera e t  e l , ,  

1976; St~Luomura e t  "al., 1978). 

Prepa ra t i on  techniques  can be c . r i t t c a !  in  e a c a b l i s h t n s  the u l t i m a t e  

p r o p e r t i e s  of  the c a t a l y s t .  The types of s a l t s  used,  the p r e c i p t t a t i n S  

aaen t ,  the p r e c i p i t a t i o n  t empera tu re ,  the c a l c i n a t i o n  c o n d i t i o n s ,  a n d  

o ther  f a c t o r s  have an impact on the e v e n ' f u e l - c a t a l y t i c  behavior .  The 

8enera l  p r a c t i c e  is  to c o p r e c i p l t a t e  a s o l u t i o n  of m t a l  "n i t r a t e s  wi th  

a carbonate  uo lu t l on ;  the p r e c i p i t a t e  18 then £ i l t e r e d  and washed. ThO 

p r e c i p i t a t e d  metal  "ca rbona tes"  are then d r l ed  and c a l c i n e d  to form metal 

oxides .  Sa)t8 of metal  b e l l d e s  or s u l f a t e s  produce c a t a l y s t s  with lower 

a c t i v i t i e s ,  presumably due to contan~Lnatlon of  a c t i v e  s i t e s  (NarCs, 

1955). Su l fur  w i l l  "poison f o r - p r e s s u r e  c a t a l y s t s  by s e l e c t i v e l y  ad- 

sorblnK on copper s i t e s  (Wood e t  a l . ,  1980). An a l k a l l  '-,~et.~l carbonate  

has been found to .vleld a more a c t i v e  c a t a l y s t  than Chose p r e c i p i t a t e d  

wi th  an a l k a l i  u ~ t a l  hydroxide or ammonium h~droxlde (Dodse,  1933). 

I t  i~ important  to thoroughly wash the p r e c i p i t a t e  because the presence  

of a l k a l i  metals  i n  the c a t a l y s t  w i l l  enhance the format ion of hJgher 

a l coho l s .  Amnonlum carbonate  or ammonium b lca rhona tu  may be used as 

the p r e c t p ~ t a t l n g  aaent  to avoid th i s  problem ( S t i l e s ,  1978). After  

the p r e c i p i t a t e  i s  d r i e d ,  c a l c i n a t i o n  should o c c u r s t  a Cempprmture 
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h l s h  e n o u s h  to decompose the  n i t r a t e  and c a r b o n a t e  components  to  the  

o x i d e s ,  y e t  s t  a t e m p e r a t u r e  low enoush  to  minietime the  s r o w t h  o f  

c r y s t a l l i t e s .  N a t t a  has shown t h a t  t h e r e  was an i n v e r s e  r e l a t i o n s h i p  

b e t w e e n  c a t a l y t i c  a c t i v i t y  and c r y s t a l l i t e  s i z e  fo r  z i n c  ox ide  ( N a t t a ,  

l q $ 5 ) .  C a l c i n a t i o n  t e m p e r a t u r e s  s e n e r a l l y  f a l l  w £ t h i n  the  300-$O0oC 

r a n a e .  The f i n a l  s t e p  i n  c a t a l y s t  p r e p a r a t i o n  i s  the  r e d u c t i o n  o f  the  

o x i d e s ,  u s u a l l y  p e r f o r m e d  i n  the  r e a c t o r  J u s t  p r i o r  to  a c t u a l  use  ( c a t a -  

l y s t  a c t i v a t i o n ) ,  a h y d r o a s n / l n e r t  Sam m i x t u r e  w i t h  a h y d r o s e n  c o n t e n t  

o f  2-$~ i s  pa s sed  ove r  the  c a t a l y s t  a t  t he  r e d u c t i o n  t e a p e r a t u t ' e  u n t i l  

the  r e d u c t i o n  i s  c o m p l e t e ,  I t  i s  i m p o r t a n t  t h a t  l o c a l  t e m p e r a t u r e s  

d u r i r ~  r e d u c t i o n  r e m a i n  low to  a v o i d  c r y s t a l l i t e  8 rowth  and a l s o  to  

p r e v e n t  the  c o m p l e t e  r e d u c t i o n  o f  coppe r  to  t h e  s a r a  v o l a n t  o x i d a t i o n  

s t a t e ,  

A n o v e l  m e t h a n o l  c a t a l y s t  has been  p r e p a r e d  by l e a c h i n g  an a l u m i n a -  

z i n c - c o p p e r  a l l o y  w i t h  aqueous NaOH to  p r o d u c e  a Raney c a t a l y s t  ( F r i e d r i c h  

e t  e l . ,  19B3a and 19B3b). These c a t a l y s t s  were h i g h l y  s e l e c t i v e  to  

m e t h a n o l  f o r m a t i o n  (99~) sl~d q u i t e  r t : s i s t a n t  t o  c o p p e r  s t n t e r t n a .  The 

g r e a t e s t  a c t i v i t y  was r e l a t e d  to  b o t h  s u r f a c e  a r e a  and the  c o n c e n t r a t i o n  

o f  z i n c  ox ide  on the  c a t a l y s t  s u r f a c e  ( t h e s e  c a t a l y s t s  were m o s t l y  

c o p p e r ) .  A l though  m e t a l l i c  c o p p e r  was a s c r i b e d  to  t he  u o s t  a c t i v e  

component  o f  the  Raney c a t a l y s t s ,  t h e s e  ~ n v e s t l g a t o r s  a l s o  s u g g a s t o d  

t h a t  t he  c a t a l y t i c  a c t i v i t y  depended  on a complex i n t e r a c t i o n  be tween  

the  coppe r  and z inc  o x i d e .  
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EXPERII4ENTAL APPARATUS ~ METHODS 

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

A s e r i e s  of  b l n a r y  c o p p e r - z l n c  oxide  ~ a ~ a l y s t s  w i t h  r e l a t i v e l y  low 

copper  c o n t e n t  yam prepa red  by c o p r e c i p i t a t t n 8  the  me ta l  n i t r a t e s  w i t h  

~mon~Lum b i c a r b o n a t e  a c c o r d i n s  to the method deve loped  by S t i l e s  (1978) ,  

A I l l t e r  s o l u t i o n  of the mixed meta l  n i t r a t e s  ( I N )  and I /2  l i t e r  o f  

d i s t i l l e d  wa te r  were poured i n t o  a A l i t e r  Blase  k e t t l e  and 8 r a d u a l l y  

h e a t e d  to  60°C, The i n i t i a l  pR o~ the  s o l u t i o n  was t y p i c a l l y  be tween  

3 and &. ~hen the  p r e c l p £ t a t i o n  t e m p e r a t u r e  was r e a c h e d ,  a slow ~Io~ 

of  CO 2 was bubbled throuBh the  n i t r a t e  molu t ion  and mi ld  s t l r r i n s  was 

begun.  A I l i t e r  s o l u t i o n  o f  I N ammonium b i c a r b o n a t e  yam added d rop-  

wise  to the  n i t r a t e  moluclon i n  the  r e a t o n  near  the  CO 2 s p a r g e r . ,  The 

t e m p e r a t u r e  of  the s o l u t i o n  wan measured c o n t i n u o u s l y  v i a  a the rmocoupIe  

w e l l  and the pH was mort t tored p e r i o d l c a l l y  by I n s e r t l n 8  a probe i n t o  

the s o l u t i o n  mmnually.  The pit probe could  no t  be k e p t  i n  t he  s o l u t i o n  

c o n t i n u o u s l y  w i thou t  formLn& a f i l m  on the 81ams membrane which r e s u l t e d  

in  e r r o n e o u s  r e a d i n g s .  A f t e r  the b i c s r b o n a t e  s o l u t l o n  was c o m p l e t e l y  

added,  some s o l l d  awcaonium b i c a r b o n a t e  was g r a d u a l l y  added to  the  so lu -  

t l o n  u n t i l  a pit o f  a p p r o x i m a t e l y  7 was r e a c h e d .  The t o t a l  amount of  am- 

monium blcarbcnat ,  e added to  the  s o l u t i o n  was a p p r o x i m a t e l y  2.5 moles 

per mole of  meta l  n i t r a t e s  i n  the  i n i t i a l  s o l u t i o n .  The s o l u r l o n  was 

s t i r r e d  fo r  an a d d i t i o n a l  h a l f  hour be£ore  r emov ing  the k e t t l e  and 

f i l t e r l n 8  i t s  c o n t e n t s  t h roush  a 50 micron  f r i t t e d  81ass f i l t e r .  The 

p r e c i p i t a t e  w~s washed w l t h  I l i t e r  o f  d l s t i l l e d  w a t e r .  The b i n a r y  

p r e c i p i t a t e s  were I£8ht  b lue  and the  E i l t r a t e s  were navy b l u e ,  P u r e  
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p r e c i p i t a t e d  z i n c  o x i d e  had  a w h i t e  p r e c l p l t • t e  and a c l e a r  ~ i l t r • t e .  

P r e c i p i t a t e s  were d r i e d  i n  a i r  o v e r n I s h t  a t  llOOC and t h e n  were c a l -  

c l n e d  in  f l o w l n 8  oxygen  a t  400°C fo r  8 h o u r s .  

S o w  t e r n a r y  o x i d e s  c o n t a i n t n 8  ch romfa  or  a lumina  were  p r e p a r e d  

~u the  same manner ,  s t a r t i n g  w i t h  a m i x t u r e  o f  t h r e e  m e t a l  n i t r a t e s .  

These p r e c i p i t a t e s  were  composed o f  s h e l l e r  c r y s t a l l i t e s  t h a t  d i d  n o t  

s e t t l e  as r e a d i l y  as b i n a r y  p a r t i c l e s ,  end were  more d i £ ~ i c u l t  t o  

C i l t e r  and wash.  The t e r n a r y  p r e c i p i t a t e s  were • l e o  l i B h t  b l u e  w i t h  

navy b l u e  f i l t r a t e s .  Pure  p r e c i p i t a t e d  a l u R t n a  had a w h i t e  s o l - l i k e  

p r e c i p i t a t e  and c l e a r  f i l t r a t e ,  w h i l e  pu re  p r e c i p i t a t e d  t h r o a t s  had a 

f i n e  s r e y  p r e c i p i t a t e  and ~ l e • r  f i l t r a t e .  The p r e c i p i t a t e d  a l u m i n a  

was c a l c i n e d  a t  the  s l i g h t l y  h i s h s r  t e m p e r a t u r e  o f  450°C. 

An i m p r e s n a t e d  95 /5  s e e / C u e  c a t a l y s t  v u  p r e p a r e d  by euLxLn 8 • 

coppe r  n i t r a t e  s o l u t i o n  ~ t t h  Kadox 25. Th is  s l u r r y  was d r i e d  s t  l l0OC 

to  y i e l d  a l i g h t  b l u e  s o l i d  w h i c h  ~as s u b s e q u e n t l y  c a l c i n e d  i n  oxy$en  

a t  40OOC fo r  8 h o u r s .  

C a t a l y s t  C h a r a c t e r i z a t i o n  

X-Ray d i f f r a c t i o n  

A P i c k e r  powder d t f f r a c t o m e t e r  was used  t o  i d e n t i f y  the  s o l i d -  

s t a t e  c r y s t a l l i n e  phases  i n  t he  p r e c i p i t a t e s ,  o x i d e s ,  and r e d u c e d  

o x i d e s .  Th in  powder fl lnus were p l a c • d  on S lags  s l i d e s  and exposed  to  

Mn Ko X - r a y s ,  u s i n g  a s t e p  s~ze of  0 .05  ° d u r i n g  s c a n n i n s .  The d e t e c t o r  

s i g n a l s  were c o l l e c t e d  and p r o c e s s e d  by compute r  f a c i l i t i e s  which  used  

• p l o t t i n 8  r o u t i n e  to  p r e s e n t  t he  d a t a  as i n t e n s i t y  v e r s u s  2~ v a l u e .  



18 

Compounds were  i d e n t i f i e d  by compar ing  the  p a t t e r n s  w i t h  s t a n d a r d s  f o r  

pu re  t r y s t s | l i n e  p h a s e s .  

The C u t n i e r  X-ray p a t t e r n s  were  t a k e n  w i t h  an E n r a f  Nonius  D e l f t  

camera ,  A p p r o x i m a t e l y  0 .05  g o f  each  sample  was mixed w i t h  0 .02  8 s i l i c e  

powder (an i n t e r n a l  s t a n d a r d )  and t h i s  m i x t u r e  was s p r e a d  l i g h t l y  o v e r  a 

p i e c e  of  a d h e s i v e  t a p e .  Three  samples  were mounted a d j a c e n t  t o  each  

o t h e r  i n  t he  sample  compar tmen t  o f  t he  O u i n i e r  i n s t r u ~ e n t  and the  f i l m  

was exposed  to  r a d i a t i o n  f o r  f i v e  h o u r s .  

X-Ray p h o t o e l e c t r o n  and  ~ e l e c t ~ o n  e p e c t r o e g o p ~ e s  

The t e c h n i q u e s  o f  X-ray  p h o t o e l e c t r o n  s p e c t r o s c o p y  (XPS), a l s o  

known as e l e c t r o n  s p e c t r o s c o p y  fo r  c h e m i c a l  a n a l y s i s  (ESCA), and Auger 

e l e c t r o n  s p e c t r o s c o p y  (AES) can  p r o v i d e  i n f o r m a t i o n  abou t  the  e l e m e n t a l  

c o m p o s i t i o n ,  ,~.~tdation s t a t e ,  b o u d i n s ,  and e l e c t r o n i c  s t r u c t u r e  o f  t he  

s u r f a c e  o f  a s o l i d .  These s p e c t r o s c o p i e s  have b e e n  used  v e r y  s u c c e ~ s -  

f u l l y  to  i n c r e a s e  the  know ledse  of  s u r f a c e  phenomena i n  h e t e r o s e n e o u ~  

c a t a l y s i s .  

XPS u s e s  X-rays  to e x c i t e  co re  e l e c t r o n s  v i t h  enoush  e n e r s y  to  

cause  i o n i z a t i o n .  The k i n e t i c  e n e r g i e s  o f  the  e m i t t e d  e l e c t r o n s  a re  

measured  w i t h  a m a g n e t i c  o r  e l e c t r o s t a t i c  a n a l y z e r .  B i n d i n g  e n e r g i e s  

are  ~ l c u l a t e d  from the  E i n s t e i n  r e l a t i o n :  

E B • h~ - E k - 

The b i n d i n g  euerBy e q u a l s  the  i n c i d e n t  e n e r g y  minus  the  k i n e t i c  e n e r g y  

minus  a c o r r e c t i o n  term t a k i n g  I n t o  a c c o u n t  the  s p e c t r o m e t e r  work func-  

t i o n  and sample  c h a r g i n g  e f f e c t s .  This  p r o c e s s  ~s d e p i c t e d  i n  F t s u r e  1; 

I I • 
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i n c i d e n t  X-rays  e x c i t e  a co re  e l e c t r o n  r e s u l t i n g  in  the e j e c t i o n  of  t h a t  

e l e c t r  on. 

Subsequen t  r e l a x a t i o n  of  e l e c t r o n s  in  the  sample can c a u s e  the  

e m i s s i o n  of  Auger e l e c t r o n s .  As an e l e c t r o n  from a more e n e r g e t i c  l e v e l  

r e p l a c e s  a co re  e l e c t r o n  e j e c t e d  by the X-ray s o u r c e ,  some ener@y i s  

t r a n s f e r r e d  to  o t h e r  e l e c t r o n s  in  the  same p r i n c i p l e  e l e c t r o n  l e v e l .  

I f  t h i s  ene rgy  i s  s u f f i c i e n t ,  an e l e c t r o n  i n  t h i s  h i g h e r  l e v e l  i s  

e J , ,~ t ed .  F igure  I shows hma a KL2,3L2, 3 Auger e l e c t r o n  i s  g e n e r a t e d .  

S ince  Auger e l e c t r o n s  r e s u l t  from a s e c o n d a r y  p r o c e s s ,  t h e i r  k i n e t i c  

e n e r g i e s  a r e  independen t  of  the i n c i d e n t  e x c i t a t i o n  s o u r c e .  Auger 

t r a n s i t i o n s  a r e  unique  f o r  the  v a r i o u s  e l e m e n t s ,  thus  making t h i s  

t e c h n i q u e  popu la r  f o r  e l e m e n t a l  a n a l y s t s ;  i n f o r m a t i o n  on o x i d a t i o n  

s t a t e s  can a l s o  be o b t a i n e d .  

Both X-ray p h o t o e l e c t r o n  and Auger s p e c t r a  were o b t a i n e d  from an 

AEI 200B s p e c t r o m e t e r  coup led  with a N i c o l e t  1580 computer  fo r  data 

manipulat~on. The X-ray source was AI K~I, 2 radiation which has an 

ene rgy  of  1486.b eV. A f t e r  p r e t r e a c m e n t ,  samples  were t i g h t l y  s e a l e d  

and t r a n s f e r r e d  v i a  a d ry  box to  avoid  a tmosphe r i c  c o n t a m i n a t i o n  or 

o x i d a t i o n .  Sample were  pcepared  fo r  a n a l y s i s  by l i g h t l y  d u s t i n g  

some powder on a d h e s i v e  tape .  

,~urface ~ and m£cropore d i s t r i b u t i o n  

A M£cromer i t i c s  AccuSorb 21OOE a n a l y z e r  was used to  determit~e BET 

s u r f a c e  a r ea s  and m i c r o p o r e  d i s t r i b u t i o n s .  All  samples  were h e a t e d  a t  

200°C under  vacuum (< l0  "4 t o r t )  o v e r n i g h t  to  remove adsorbed  gases  on 

the  s u r f a c e s .  Measurements were t aken  u s i n  S n i t r o g e n  gas a t  l i q u i d  
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n i t r o g e n  t e m p e r a t u r e  ( -195°C) .  A v a l u e  o f  16.2 ~2 was used fo r  the  a r e a  

o f  a r~Lcrogen m o l e c u l e  i n  BET d e c e r a ~ n a t i o n s .  The mic ropore  d i s t r i b u -  

t i o n  was d e t e r m i n e d  from the d e a o r p t l o n  i s o t h e r m  of  each  sample,  u s i n g  

a c y l i n d r i c a l  pore model to  e s t i m a t e  pore  r a d i i .  
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RESULTS OF CATALYST CHARACTERIZATION 

Cation Compositionof the Binary Oxides 

The r e l a t i v e  amount of  z inc  and copper  in  the  p r e c i p i t a t e d  ox ides  

does no t  n e c e s s a r i l y  equa l  the  r e l a t i v e  amount i n  t h e  i n i t i a l  n i t r a t e  

s o l u t i o n  be c a use  the  p r e c i p i t a t i o n  k i n e t i c s  a n d / o r  thermodynamics  

might  a l low one of Lne c a t i o n s  to p r e f e r e n t i a l l y  r ema in  i n  s o l u t i o n .  

The a n a l y t i c a l  t e c h n i q u e  of  a tomic  a b s o r p t i o n  was used to  d e t e r m i n e  the  

r e l a t i v e  -mount of  z inc  and copper  i n  the  b i n a r y  o x i d e s .  

S t anda rd  s o l u t i o n s  o f  z i n c  a n d e o p p e r  were p r e p a r e d  by d i s s o l v i n g  

the  oxide  i n  h y d r o c h l o r l c  a c i d  and d i l u t i n g  the  sample w i t h  d i s t i l l e d ,  

d e l o n l z e d  w a t e r .  The z i n c  s t a n d a r d  had 0.95 ppm Zn and t h e c o p p e r  

standard had 4.8 ppm Cu. The usual method for preparing the precipitated 

oxides  i n v o l v e d  d i s s o l v i n g  approx~ =ely 0.5 g of  the ox ide  i n  hyd ro -  

c h l o r i c  ac id  and d i l u t i n g  the  sample i n  a 1000 ml v o l u m e t r i c  f l a s k .  

The s o l u t l o n  f o r  copper  a n a l y s i s  was made by t a k i n g  iO ml of  the  d i l u t e d  

s o l u t i o n  and f u r t h e r  d i l u t i n g  t h i s  a l i q u o t  i n  a 250 ml v o l u m e t r i c  f l a s k .  

The s o l u t l o n  f o r  z inc  a n a l y s i s  was made by t a k i n g  10 ml of  t he  copper  

s o l u t i o n  and d i l u t i n g  i t  i n  a 250 ml v o l u m e t r l c  f l a s k .  T h e s e s o l u t l o n s  

made from the b i n a r y  ox ides  must have c a t i o n  c o n c e n t r a t i o n s  l e s s  than 

tho~= in  the  s t a n d a r d  s o l u t l o n s  to  e n s u r e  the  a c c u r a c y  o f  t he  r e s u l t s  

because  the  z i n c  and copper  s t a n d a r d s  have c a t i o n  c o n c e n t r a t i o n s  n e a r  

the  upper  l i m i t  of  a l i n e a r  rmige  ( c o n c e n t r a t i o n  vs s i g n a l  i n t e n s i t y ) .  

D i s t i l l e d  w a t e r  i s  used to e s t a b l i s h  t h e  lower l i m d t  (0 ppm) and t h e  

s t a n d a r d s  e s t a b l i s h  the  upper  l i m i t s  f o r  the  p a r t i c u l a r  c o n d i t i o n s  used 

i u  t h i s  a n a l y s i s .  A l i n e a r  r e l a t i o n s h i p  between t h e s e  l i m i t s  i s  then  
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used  to  d e t e r m i ~  the  c a t i o n  c o n c e n t r a t i o n s  i n  the  p r e c i p i t a t e d  o x i d e s .  

In  some c a s e s ,  the  f i l t r a t e  from the p r e c i p i t a t i o n  r e a c t i o n  was a n a l y z e d  

to  check f o r  c o n s i s t e n c y  i n  the  r e s u l t s  by  making; a m a t e r i a l  b a l a n c e ;  

g e n e r a l l y  the  f i l t r a t e  was d i l u t e d  by a f a c t o r  o f  100 fo r  b o t h  z i n c  and 

copper  a n a l y s e s .  I n s t r u m e n t a t i o n  p a r a m e t e r s  and c a t i o n  r a t i o s  a re  8;£ven 

in  Table  2. Both z inc  and coppe r  c o n c e n t r a t i o n s  a re  b a s e d  ou the  ave r age  

o f  t e n  r e a d i n g s .  

Using the  p r e p a r a t i o u  of  86/14 Zn/Gu ox ide  as an example ,  the  c a t i o n  

r a t i o  i n  the  p r e c i p i t a t e  can be c a l c u l a t e d  by determinlng;  the  anouncs o f  

z inc  ar~ copper  l o s t  i n  the  f i l t r a t e  and s u b t T - - t i n  8 t h e s e  amounts from 

the  o r ig ; ina l  n i t r a t e  c o m p o s i t i o n .  The ~ i l t r a t e  had a i n c h  h i g h e r  p r o p o r -  

t i c n  o f  copper  to  z inc  than  t h e  i n i t i a l  s o l u t i o n  i n  a l l  t he  c a s e s  

examined.  Because the amount o f  f i l t r a t e  was a p p r o x i m a t e l y  2 .5  l i t e r s ,  

the  amount o f  copper  l o s t  can be c a l c u l a t e d  as :  

(1.41 ppm)(lO0)(2500 ml) = 0.35 8; Cu 

and the amount of  z inc  l o s t  was:  

(0.55 ppm)(lO0)(2500 ml) = 0.14 g Zu 

The amounts o f  copper  and z i n c  in  the  o r i g i n a l  n ~ t r a t e  s o l u t i o n  were :  

( 0 .14  mole Cu)(6"~.5 g /mol )  = 8.89 8; Cu 

(0 .86  mole Z n ) ( 6 5 . 4  8;/mol) ,, 56.2 g Zn 

Thus,  the  &mounts o f  coppe r  and z inc  ~n the p r e c i p i t a t e  shou ld  be :  
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Table  2. Atomic a b s o r p c l o n  p a r a m e t e r s  and b i n a r y  o x i d e  c o m p o s i t i o n s  

Z n  lamp Cu lamp 

Wavelength 213.9 mn 
C u r r e n t  15 mA 
Time c o n s t a n t  0.5 s 
Slit hei8ht 0 .7  nm 
Fuel flowrate 2.5 I/min 
Air flowrate 17.5 I/mln 

324.8 r~n 
15 mA 
0.5 s 
0.7nm 
2.5 I/mln 

17.5 I/mln 

Binary o x i d e  
Zn,  ppm 

( d i l u t i o n )  Cu, ppm Zn/Cu 

95/5 Zn/Cu 
f i l t r a t e  

90 /10  Zn/Cu 
85 /15  Zn/Cu 
86/14  Zn/Cu 

f i l t r a t e  
80/20 Zn/Cu 
2/1Zn/Cu 

f i l t r a t e  

o.631 _+ .oo5 (2s) 
o. 821 _+ .oo6 (2) 
0.91 + . 0 2  (20) 
0.63 ~." .01 (25) 
0.64 + .01 (25) 
O. 55 + .01 
0.81 + . 0 2  (20) 
0.681 + .004 
0 .580  _+ .004 

0 .72  ~ 0 .02  9614 
0.98 ~ 0,01 63/37 
1.5 + 0 . 0 0  92/8 
2.68 + 0 . 0 4  85/15 
2.61 ~ 0.04 86114 
1.41 + 0.05 28/72 
4 . 1  + 0.05 80/20 

m 

0.31 + 0.02 69/31 
1 

3.64 + 0.03 14/86 
i 

8 .89  - 0 .35  = 8 .54  g Cu 

56.2  - 0 .14 = 56.1 g gn  

The Zn/Cu r a t i o  c o r r e s p o z ~ s  to  87 /13  wh ich  i s  c o n s i s t e n t  w i t h  the  r e s u l t  

o£ 86/14  f o r  the  p r e c i p i t a t e .  The m a t e r i a l  b a l a n c e s  f o r  t h e  o t h e r  o x i d e s  

were a l s o  c o n s i s t e n t .  E v e ,  t hough  an e n r i c h m e n t  o f  c o p p e r  i n  t h e  f i l t r a t e "  

o c c u r r e d ,  the  amount was n o t  enough  t o  s i g n i f i c a n t l y a l t e r  t h e  p r e c i p i t a t e  

c o m p o s i t i o n .  However,  i f  l e s s  c o n c e n t r a t e d  n i t r a t e  s o l u t i o n s  had been  

u s e d ,  t he  c a t i o n  r a t i o  i n  t he  p r e c i p i t a t e s  c o u l d  have b e e n  changed  

c o n s i d e r a b l y .  
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X-Ray Pm~der D i £ f r a e t l o n  

I d e n t i f i c a t i o n  of  the  p r e c u r s o r s  fo r  methanol  c a t a l y s t s  proved to  

be most d i f f i c u l t  b e c a u s e  samples  were  p a r t i a l l y  amorphous and compar i -  

sons w i t h  pure  c r y s t a l l i n e  phases  d i d  n o t  match e x a c t l y .  The p r e c u r s o r  

of  p r e c i p i t a t e d  z i n c  ox ide  ( F i g u r e  2) was composed of  s m i t h s o n i t e ,  ZnC03, 

and h y d r o z l n c i t e ,  Zn5(CO3)2(OH)6. The p r e c u r s o r  of  p r e c i p i t a t e d  copper  

ox ide  (Fig . , re  3) was m a l a c h l t e ,  CuCO3-Cu(Oll)2. The p r e c u r s o r  of  80/20 

Zn/Cu oxide  was t y p i c a l  of  t he  b i n a r y  ox ides  ~ i t h  r e l a t i v e l y  h i g h  z i n c  

c o n t e n t s ;  a l thou&h an e x a c t  i d e n t i f i c a t i o n  o f  c r y s t a l l i n e  phases  c o u l d  

so t  be de t e rmi ned  ' e i t h  c e r t a i n t y ,  i t  appeared  t h a t  h y d r o z t n c i t e  was the  

major  phase w i t h  some s m 4 t h s o n i t e  and some r o s a l i t e ,  (Cu,Zn)2(OH)2CO3, 

p r e s e n t  (F i gu re  4~. Because t h e s e  p r e c i p i t a t e s  were p r e p a r e d  w i t h  CO 2 

bubb l ing  th rough  the  s o l u t i o n ,  c a r b o n a t e s  r a t h e r  t h a n  n i t r a t e s  were  

f avo red  i n  the  f o r m a t i o n  of  t he  p r e c u r s o r s .  

A f t e r  c a l c i n i n g  the  p r e c u r s o r s  i n  oxygen a t  400oc £or 8 h o u r s ,  t he  

o x i d i z e d  m a t e r i a l s  showed on ly  z i n c  ox ide  and c u p r i c  o x i d e .  The 

p r e s e n c e  of  CuO (2% = 17.56 °)  d i d  n o t  become appa ren t  u n t i l  the  copper  

c o n t e n t  exceeded  t h a t  o f  the  90/10 Zn/Cu ox ide  (F igu re  5 ) .  R e d u c t i o n  of  

t h e s e  ox ides  i n  c a r b o n  monoxide a t  200oc d id  no t  a f f e c t  the  ZnO phase  

b u t  some copper  m e t a l  (2~ = 19.56 °)  was formed (F igu re  6 ) .  There was 

no e v l d e u c e  of  a cuprous  ox ide  phase .  

The powder p a t t e r n s  of  t e r n a r y  oz ide s  were v e r y  s i m i l a r  to  t he  

b i n a r y  ox ide  p a t t e r n s .  As i n d i c a t e d  i n  F i g u r e  7,  ZnO was the  o n l y  d i s -  

t i n c t  phase obse rved  i n  ZnO/CuO/Cr203 p r e c i p i t a t e d  oxides  w i t h  copper  

and chromium c o n t e n t s  up to  107. (meta l  atom 7.). Pure m e t a l  ox ides  o f  
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chromiu= and a luminum were  p r e p a r e d  unde r  the  p r e c i p i t a t i o n  condicLosts  

u sed  tn  the  p r e p a r a t i o n  o f  t e r n a r y  c a t a l y s c s  co i d e n t i f y  the  c r y s t a l  

phase s  formed.  A f t e r  p r e c i p i t a c i n S  chroa ium n i t r a t e  ~rLch ammosuum 

b i c a r b o n a t e  i n  the  s t a n d a r d  manner ,  the  c a l c i n e d  p r e c i p i c a c  was 

i d e n t i f i e d  as Cr203 (F~sure  8 ) .  There  was sous~ i n d i c a t i o n  i n  F i s u r e  7 

t h a t  a Cr203 phase  (29 = 18.76 O) had begun Co appear  f o r  t he  8 0 / 1 0 / 1 0  

Zn/Cu/Cr  o x i d e  c o m p o s i t i o n .  A p r e p ~ r a t l o n  u s l n s  aluminum n l t r a t e  

p r e c l p l t a t e d  w l t h  aunonlum b l ca rbomLte  and c a l c i n e d  to  the  o x i d e  y i e l d e d  

the  p a t t e r n  shown i n  F i g u r e  9. A l t h o u s h  che o x i d e  can  be s e e n  c- , e  

q u i t e  m~orphous ,  t he  two d i s t i n c t  p.~aks i d e n t i f y  t he  ox ide  as y-AI203.  

G u i n l e r  X-Ray 

Copper and z i n c  can  form a s o l i d  s o l u t i o n  known u b r a s s ,  b u t  

l i t t l e  i s  knovn  about  the  s o l u b i l i t y  of  t he  o x i d e s .  The r e s u l t s  o f  the  

atou~Lc absoL-pr£on a n a l y s i s  showed t h a t  copper  c o n t e n t s  i n  the  p r e c i p i t a t e d  

ox~des ve re  v e r y  c ' lose t~ the  o r ~ s i n a l  c o m p o s i t i o n  of  the  n i t r a t e  s o l u -  

t i o n s ,  lk~wever, t he  powder d i f f r a c t i o n  p a t t e r n s  have i n d i c a t e d  t h a t  

some o f  the  copper  may .be i n c o r p o r a t e d  tn the  ZuO phase  b e f o r e  a c u p r i c  

ox ide  phase d e v e l o p s .  The p a t t e r n s  o f  m i x t u r e s  o f  ZnO and CuO were no t  

c o n c l u s i v e  i n  e s t a b l i s h i n g  whe the r  or no t  the  amounts  o f  c u p r i c  ox ide  

i n  the  p r e c L p i t a ~ e d  o x i d e s  were  l e s s  them would  be e x p o c t e d  i f  a l l  t h e  

coppe r  were i n  the  Cu(~ p h a s e .  Another  ~.pproach to  a d d r e s s  t h i s  q u e s t i o n  

was G u i n i e r  X-ray a n a l y s i s ,  wh ich  wal u : i l i z e d  to  d e t e r m i n e  the  l a t t i c e  

dimensio. 'w o f  the  ZnO c r y s t a l l t t e s  as the  coppe r  c o n t e n t  o f  t he  

p r e c i p i t a t e d  o x i d e s  was i n c r e a s e d .  
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P r e c i p i t a t e d  o x i d e s  o£ pure  ZnO, 95 /5  Zu/Cu o x i d e ,  and 90 /10  Zn/Cu 

o x i d e  were a n a l y z e d  w i t h  the  G u i n i e r  X-ray t e c h n i q u e .  The  p o s i t i o n s  o f  

the  d i f f r a c t i o n  l i n e s  on the d e v e l o p e d  f i l m  were measured ,  u s i n  S the St  

l i n e s  as an i n t e r n a l  s t a n d a r d  to  c o r r e s p o n d  l i n e  p o s i t i o n s  w i t h  2e v a l u e s .  

The i u t e r p l a n a r  d i s t a n c e s  were c a l c u l a t e d  f r o ~  B r a g g ' s  law:  

dhk I = ~/2 s i n 6  

where ~ i s  1 .54051 ~ f o r  the  X-rays  deed in  t h e s e  e x p e r i m e n t s .  Because  

ZuO has a n e x a s o n a l  l a t t i c e  s t r u c t u r e ,  the  l a t t i c e  parezneters  a re  a = b ~ c 

and ~ = ~ = 90 ° w i t h  ¥ = 120 ° .  This i n f o r m a t i o n  combined w i t h  the  H i l l e r  

i n d i c e s  and i n t e r p l a n a r  s p a c i n g s ,  g i v e n  i n  Table  3,  l e d  to  the  d e t e r m i n a -  

t i o n  o f  l a t t i c e  p a r a m e t e r s  a and c from the computer  program LATT (ABeS 

L a b o r a t o r y ) .  The v a l u e s  o f  a and c d id  ..ot change as the  coppe r  c o n t e n t  

o f  the  p r e c i p i t a t e d  o x i d e s  y e s  i n c r e a s e d  (Tab le  4 ) .  These t h r e e  o x i d e s  

were a l s o  r ed u ced  i n  CO a t  200°C and ana lyzed  i n  the same manner as the 

o x i d e s  e x c e p t  t h a t  t h e s e  samples  were  p r e p a r e d  i n  a d ry  box to  avoid 

any o x i d a t i o n  a f t e r  the  r e d u c t i o n  s t e p .  These r e s u l t s ,  g i v e n  ~n Tab~.es 

3 and 4 ,  a l s o  shc~ed no change i n  the  l a t t i c e  p a r a m t e r s  as the  copper  

c o n t e n t  i n c r e a s e d ;  the v a l u e s  £o~' a an~ c were the  smne as those  f o r  the. 

o x i d e s .  The d i f f r a c t i o n  p a t t e r n s  £or the r educed  o x i d e s  d id  no t  sho~ 

any l i n e s  f o r  copper  m e t a l .  

S u r f a c e  O x i d a t i o n  S t a t e s  

XPS and AES were  u t i l i z e d  to  i d e n t i f y  the  o x i d a t i o n  s t a t e s  o f  Cu 

and Zn i n  b i n a r y  o x i d e s  s u b j e c t e d  to  v a r i o u s  t r e a t m e n t s ,  w i t h  the 
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Table 3. Data fro~ Guinler X-ray analysis 

Ox£des ..... ZnO 
h k i 20 dhk I 

95/5 ZnlCu 
2 O dhk I 

, i  

90/10 Zn/Cu 
20 dhk 1 

1 0 0 31.786 2.8130 
0 0 2 34.454 2.6010 
1 0 t 36.280 2,4742 
1 1 0 56.613 1.6245 
1 0 3 62.882 1.4767 
1 1 2 67.898 1.3793 

Reduced oxtt,e~s 2nO 
h k 1 2 O dhk 1 

i i 

1 0 0 31.730 2.8178 
0 0 2 36,.378 2.6065 
1 0 1 36.225 2.4778 
1 1 0 56.593 1.6250 
1 0 3 62.844 1.4775 
1 1 2 67.981 1.3778 

31.768 2.8145 31.790 2.8126 
34.438 2.6021 34.455 2.6009 
36.275 2.4745 36.289 2.4736 
56.604 1.6247 56.610 1.6245 
62.848 1.4775 62.852 1.4774 
67.958 1.3783 67.962 1.3782 

95/5 zn/cu 
2O 

i i i 

31.726 
34.423 
36.238 
56.584 
62. ~42 
67.946 

dhkl  
i i i i i  

2.8181 
2.6032 
2.4769 
1.6252 
1.4776 
1. 3785 

9O/lq,,Zn/~u i 

2 0 dhk I 

31.750 2.8161 
34.416 2.6037 
36.211 2.4787 
56.580 1.6253 
62.835 1.4777 
67.948 1.3785 

Table 4. Lar.t£ce parameters  
Li  

Ox£des a C 

gnO 
95/5 ZnlCu 
90/10 Zn/Ct 

Reduced oxides 

3.250 + ,001 
3 .2491+ .0004 
2.250 + .001 

m 

a 

5.205 ÷ .003 
5.207 + .001 
5.205 + .002 

m 

C 

ZnO 
95/5 Zn/Cu 
90/10 Zn/Cu 

3.249 + .001 
3.250 + .001 
3.250 + .001 

M 

5.208 + .003 u 

5 . 2 0 7 ~  .001 
5.208 ± .001 

I I  I I I I I I  
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intention to establish what oxidation states likely exist on an active 

catalyst. Because methanol synthesis is a hlgh-pressure process and 

these techniques involve high-vacuum conditions, no direct determination 

of actual surface oxidation states during methanol synthesis conditions 

was possible. 

Two samples of 90/10 Zn/Cu oxide were heated overnight at 200°C 

under vacuum to remove residual surface impurities. One sample was 

cooled and removed in a fully o~dized state, while the other sample was 

reduced in carbon monoxide at 200°C fur 8 hours, cooled, and removed 

for analysis. The kinetic energies of the photoelectrons from the 

o x i d i z e d  and r e duc e d  samples  were  r e c o r d e d .  The k i n e t i c  e n e r g i e s  o f  t h e  

C l s ,  Zu 2P3/2 , and Cu 2P3/2 p h o t o e l e c t r o n s  a r e  g i v e n  i n  Table 5. The 

most  obvious d i f g e r e n c e  be tween  t h e s e  two samples was the  absence  of  t h e  

b road ,  s h o r t  peak ( the  copp~,r shake -up  s a t e l l i t e )  i n  the  r educed  sample 

as shown in  F i g u r e  10. The shake -up  peak r e s u l t s  from the  p romot ion  of  a 

v a l e n c e  e l e c t r o n  to  an u n f i l l e d  h i g h e r  e n e r g y  l e v e l  when the  p h o t o e l e c t r o n  

l eaves  the atom. Because  C u ( l I )  has an i n t e n s e  s~,ake-up s a t e l l i t e  and 

r educed  s t a t e s  o f  copper  do n o t ,  the  r e d u c e d  s~nple  has on ly  r e d u c e d  s t a t e s  

o f  copper .  This c o n c l u s i o n  was s u p p o r t e d  by t h e  c a l c u l a t e d  b i n d i n g  

e n e r g i e s  of  the  Cu 2P3/2 e l e c t r o n s .  The b i n d i n g  e n e r g i e s  r e p o r t e d  i n  

Table 5 were c a l c u l a t e d  u s i n g  the  E i n s t e i n  r e l a t i o n .  The c o r r e c t i o n  t e rm 

f o r  each sample was d e t e r m i n e d  from the  k i n e t i c  ene rgy  of  the C l s  e l e c t r o n  

and a va lue  o f  285.0 eV f o r  the  b i n d i n g  ene rgy  of  t h i s  e l e c t r o n  ( the  

c a r b o n  i n  the  adhes ive  t ape  was used ss an i n t e r n a l  s t a n d a r d ) .  C o r r e c t i o n  

terms of  9 .2 and 9.7 eV were c a l c u l a t e d  fo r  the o x i d i z e d  and r e d u c e d  

samples, respectlvely. Some reported bi~dln8 energies for various states 
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Table 5. Resul ts  from X-ray p h o t o e l e c t r o n  and Auger e l e c t r o n  
• pec eros copies 

Pho toe lec t ron  k i n e t i c  energy (eV) C Is Zn 2P3/2 Cu 2P3/2 

oxidized 90/10 Zn/Cu 
p a r t i a l l y  reduced 90/10 Zn/Cu 

oxidized 67/33 Zu/Cu 
p a r t i a l l y  reduced 67/33 Zn/Cu 

f u l l y  reduced 67/33 Zn/Cu 

Pho toe lec t ron  binding energy (eV) 
m m  J i 

oxidized 90/10 Zn/Cu 
p a r t i a l l y  reduced 90/10 Zn/Cu 

.oxidized 67/33 Zn/Cu 
p a r t i a l l y  reduced 67/33 Zn/Cu 

f u l l y  reduced 67/33 Zn/Cu 

Auger k i n e t i c  energy (eV) 

oxidized 67/33 Zn/Cu 
p a r t i a l l y  reduced 67/33 Zn/Cu 

f u l l y  reduced 67/33 Zn/Cu 

1192.4 454.8 
1191.9 454.4 
1191.2 454.4 
1192.9 455.4 
1193.5 456.0 

543.4 
543.( 
542.8 
545.0 
545.7 

Zn 2P3/2 
i 

Cu 2P3/2 

1022.6 
1022,5 
1021.8 
1022.5 
1022.5 

934.0 
933.3 
933.4 
932.9 
932.8 

T.3M4,SM4, 5 
i m i i i i i i l l  

918.6 
916.5 

915.7, 917.7 

of z inc  and copper are g iven  i n  Table 6. Comparing exper imenta l  b inding  

energ ies  from Table 5 wi th  the l i t e r a t u r e  values  from Table 6, i t  was 

determined tha t  the oxidized samples had both z i n c  and copper i n  the 2+ 

ox ida t ion  s t a t e ,  whereas the reduced sample had zinc in  the 2+ o x i d a t i o n  

s t a t e  and copper i n  e i t h e r  the 1+ or m e t a l l i c  s t a t e .  The b ind ing  

energ ies  of Cu20 and Cu metal  are too c lose  to be able to d i s t i n g u i s h  

between them. However, the measurement of the k i n e t i c  ene rg ie s  of the 

X-ray induced Auger e l e c t r o n s  can r e a d i l y  d i f f e r e n t i a t e  between Cu20 and 

Cu metal .  Unfor tuna te ly  the Zn Auger e l e c t r o n s  were so much more i n t e n s e  
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L i t e r a t u r e  XPS and AES ene r&ies  f o r  v a r i o u s  s t a t e s  o f  c o p p e r  
and z i n c  

P h o t o e l e c t r o n  b i n d i n g  e n e r g y  (eV) a 

ZnO 1022.5 
Zn ~etal 1021.7 

CuO 933.5 
Cu20 932.2 

Cu metal 932.4 

Auger e l e c t r o n  e n e r s y  (eV) b 

CuO 
Cu20 

Cu m e t a l  
ii i i i i i  i 

aWagner eC a l . ,  1979.  

b M c l n t y r e ,  1982. 

918.2 
.916.7 
919.0 

Chart th,. Cu Auser  e l e c t r o n s  from t h i s  r e d u c e d  scruple c h a t  t he  Cu ~ s e r  

e l e c t r o n s  were  no t  o b s e r v e d .  

The i n t e n s i t y  o f  t he  Cu Auser  e l e c t r o t ~  ~as i n c r e a s e d  by u s l n 8  a 

c a t a l y s t  w i t h  a h l s h e r  Copper c o n t e n t .  Three samples  o f  67 /33  Zn/Cu 

ox ide  were h e a t e d  o v e r n i g h t  a t  200°C under  vacuum co remove s u r f a c e  Im- 

p u r i t i e s .  One sample  was c o o l e d  and removed.  Another  smnple  was r e -  

duced  i n  h y d r o g e n  f o r  2 h o u r s ;  s i n c e  t h i s  s y s t e m  was s t a t i c ,  t he  gas 

phase  c o n t a i n e d  w a t e r  a t  i t s  s a t u r a t i o n  p o i n t  o f  200°C and I a t m o s p h e r e .  

The r e m a i n i n g  sample  was s u b j e c t e d  co s e v e r a l  c y c l e s  o f  r e d u c t i o n  i n  

hydrogen  f o l l m a e d  by e v a c u a t i o n  o f  t h e  gas  p h a s e ,  u n t i l  r e d u c t i o n  o f  t he  

sample  yes  c o m p l e t e  (no  w a t e r  was p r e s e n t  i n  t he  gas p h a s e ) .  F i g u r e  I I  
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shows the  k i n e t i c  e n e r g i e s  o f  the  Cu ~P3,2 e l e c t r o n m  i n  the  o x i d i z e d ,  

p a r t i a l l y  r e d u c e d ,  and f u l l y  zeduced  s a m p l e s .  N e i t h e r  the  p a r t i a l l y  

r e d u c e d  nor f u l l y  r educed  a s = p i e s  have the  Cu s h a k e - u p  s a t e l l i t e ,  

i n d i c a t i n g  t h a t  t h e s e  samples  c o n t a i n  no CuO. C o r r e c t i o n  terms o f  10 .4 .  

8 . 7 ,  and 8 .1  eV were c a l c u l a t e d  fo r  t he  o x i d i z e d ,  p a r t i a l l y  r e d u c e d ,  

and f u l l y  r e d u c e d  s a m p l e s ,  r e s p e c t i v e l y ,  u s i n g  the  E i n s t e i n  r e l a t i o n  

and the  k i n e t i c  e n e r g i e s  i n  Table  5. These k i n e t i c  e n e r g i e s  end c o r -  

r e c t i o n  terms were used  to  d e t e r m i n e  the  b i n d i n g  e n e r g i e s  r e p o r t e d  i n  

Tab le  5. Cc,nparing e x p e r i m e n t a l  and l i t e r a t u r e  v a l u e s ,  t he  o x i d i z e d  

sample  had b o t h  z i n c  and c o p p e r  t n  t h e  2+ o x i d a t i o n  s t a t e ,  w h i l e  b o t h  

r e d u c e d  samples  had z i n c  i n  the  2+ o x i d a t i o n  s t a t e  and coppe r  i n  e i t h e r  

t h e  f i r s t  o x i d a t i o n  or  m e t a l l i c  s t a t e .  Th is  t ime  the  Cu Auger e l e c t r o n s  

were s u f f i c i e n t l y  i n t e n s e  to  p e r m i t  i d e n t i f i c a t i o n  o f  the  r e d u c e d  o x i d a -  

t i o n  s t a t e s .  Figure 12 shows the kinetic energies of the L3N4,sM4,5 

Auger e l e c t r o n s  f o r  Cu i n  t h e s e  t h r e e  s a m p l e s .  Because  the  k i n e t i c  

e n e r g i e s  o f  Auger e l e c t r o n s  r e p o r t e d  i n  t h e  l i t e r a t u r e  were r e l a t i v e  to  

t he  Fermi l e v e l ,  whereas  the  e x p e r i m e n t a l  k i n e t i c  e n e r g i e s  were r e l a t i v e  

to the  vacuum l e v e l ,  t h e  c o r r e c t i o n  t e m  o f  t he  E i n s t e i n  r e l a t i o n  was 

added to  the  e x p e r i m e n t a l  v a l u e s  t o  y i e l d  the  Auger k i n e t i c  e n e r g i e s  

g i v e n  i n  Table  5. When t h e s e  v a l u e s  were  compared to  l i t e r a t u r e  v a l u e s  

g i v e n  in  Table 6 ,  t he  f o l l o w i n g  c o n c l u s i o n s  were  r e a c h e d ,  I n  ag r eemen t  

w i t h  the  XPS r e s u l t s ,  t h e  o x i d i z e d  sample  had Cu i n  the  2+ o x i d a t i o n  

s t a t e .  The p a r t i a l l y  r e d u c e d  sample  had a l l  t h e  Cu i n  t h e  l+  o ~ i J a t i o n  

s t a t e .  The f u l l y  r e d u c e d  sample  had two t y p e s  o f  Cu p r e s e n t ,  c o r r e s p o n d i n g  

to  coppe r  i n  the  1+ o x i d a t i o n  s t a t e  and m e t a l l i c  c o p p e r .  The e n e r g y  

d i f f e r e n c e  o f  2 eV be tween  t h e s e  two peaks  as w e l l  as the  absence  of  a 
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shake-up s a t e l l i t e  in  the XPS plot  lupported tbAs ~onclusion. 

A sample c a l c u l a t i o n  fo r  J e t e r ~ t n i u g  b i n d t n  8 e n e r g i e s  and Auger 

k i n e t i c  e n e r g i e s  can be found i n  Appendix A. 

S u r f a c e  Area and ~Lcropore  D i s t r i b u t i o n  

he BET s u r f a c e  a r e a s  r e p o r t e d  in  Table 7 were measured on po~dered 

oxi, e~; p repared  by p r e c i p i t a t i o n  a t  60°C and c a l c i n a t i o n  a t  400oc.  The 

p r e c i p i t a t e d  oxides  of  copper  and z inc  had s u r f a c e  a reas  of 15 and 20. 

m21g. r e s p e c t i v e l y .  C o p r e c l p l t a t e d  b i n a r y  ox ides  of  z i n c  and copper  

hau s u r f a c e  a reas  in  the r ange  o f  20-30 m2/S, the v a l u e  i n c r e a s i n g  as 

the  z inc  c o n t e n t  i n c r e a s e d .  The c o p r e c i p i t a t e d  t e r n a r y  o x i d e s  c o n t a i n i n g  

smal l  amounts of  chromia  or a lumina had s u r f a c e  a r ea s  twi,:e the  magni tude  

of  b i n a r y  o x i d e s .  Because i n f r a r e d  and r e a c t i v i t y  measurements  were 

conduc ted  w i t h  compressed powders ,  the s u r f a c e  a r e a s  o f  some ox ides  

preAsed i n t o  w a f e r s  were  d e t e r m i n e d .  The s u r f a c e  a reas  o f  90/10 ZnO/CuO 

and 80/20 ZuO/~uO were 28 and 22 m2/g, r e s p e c t i v e l y ,  showing t h a t  compres-  

s i o n  of the  powders a t  t h e  l o a d  used i n  t h i s  work (1200 kg/cm 2) had no 

o~sc rvab le  e f f e c t  on the  s u r f a c e  a r e a .  The c a l c i n a t i o n  p r o c e s s  was 

found to s i g n i f i c a n t l y  a f f e c t  the  s u r f a c e  a r e a  o f  the  o x i d e .  The s u r f a c e  

a r ea  of  the p r e c i p i t a t e  Of 67/33 ZnO/CuO was r educed  from 29 to  20 m2/g - 

when c a l c i n e d  a t  400oc and was r e d u c e d  t o  1.5 m2/g ,~hen c a l c i n e d  a t  600oc,  

i n d i c a t i n g  t h a t  s eve re  a i n t e r f n g  had o c c u r r e d  a t  the  h i g h e r  t e m p e r a t u r e .  

The s u r f a c e  a r e a  of  Kadox 25 was measured as 9 .1  m2/g,  £n agreement  w i t h  

va lues  de t e rmined  by o t h e r  i n v e s t i g a t o r s  (Amberg and Seanor ,  1965; Ueno 

e t a l . ,  1971; Boccuzzi e t a l . ,  1978a).  The impregna ted  95/5 ZnO/CuO 



Table  7. 
| ,  

4.5 

BET surface a r e a s  of m e t a l  oxides  

C a t a l y s  ~ Sa t  fa~e a r e s  
(mola r  r a t i o )  (m'/g) 

ZnO/CuO 
100/0 2O 
95/5 27 
90110 27 
85115 26 
80/20 23 
67133 20 
0/100  15 

ZnOICuOICr203 
901512.5 49 
80110/5 58 

ZnO/CuO/A1203 
8011015 65 

p r e p a r e d  from Kadox 25 had a s u r f a c e  a r e a  o f  4 . 7  m2/8.  

By c o n C i n u t n s  a d s o r p t i o n  i s o t h e r m s  to t h e  s a t u r a t i o n  p r e s s u r e  o f  

n i t r o g e n  a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e ,  p o r e  d i s t r i b u t i o n  a n a l y s e s  

o f  the  n t t c ropores  c~u ld  be o b t a i n e d  from the  d e s o r p t i o n  i s o t h e r m s .  

The r e s u l t s  for  two b i n a r y  and two t e r n a r y  ox ides  a re  g i v e n  i n  F i g u r e  13. 

The d i s t r i b u t i o n  o f  m i c r o p o r e  r a d i i  was q u i t e  nar row fo r  b i n a r y  o x i d e s  

and s l i g h t l y  b r o a d e r  f o r  t e r n a r y  o x i d e s .  A l l  o f  t h e s e  o x i d e s  had a most  

p r o b a b l e  m i c r o p o r e  r a d i u s  i n  the  r a n g e  of  100-120 ~. H l c r o p o r e  volumes  

and s u r f a c e  a r e a s  c a l c u l a t e d  from the  d e s o r p t i o n  i s o t h e r m s  a re  g i v e n  i n  

Table  8. Al l  of  t h e s e  o x i d e s  had v e r y  s i m i l a r  w l c r o p o r e  v o l u m e s .  The 

s u r f a c e  a r e a s  o f  the  b i n a r y  o x i d e s  were l a r g e r  t h a n  the  BET v a l u e s ,  sug -  

g e s t i n g  t h a t  t he  c y l i n d r i c a l  pore  model  u sed  i n  t h e s e  c e l c u l a t i o n s  needs  

to  be m o d i f i e d  to  b e t t e r  r e p r e s e n t  t h e s e  c a t a l y s t s .  A sample  c a l c u l a t i o n  

I 



~6 

I.I 

"E 1.2 

0.fl 

0.4 

A 

O 

"I 

OXIDES 

Q - 90/10 Zn/Cu 

0 - 95/5 Zn/Cu 

k~ O - |0 /5 /5  Zn/Cu/Cr 

A -  #0/10/10 Zn/Cu/Cr 

0L 
0 40 O0 120 160 200 240 

P O R E  R A D I U S  (A) 
Figure lB. ~tLcropore s ize  d l i~ t r lbut lon  

280 



47 

Table  8. ~ t tc ropore  volume and s u r f a c e  a r e a  

C e t a l y l t  Pore volume S u r f a c e  a r e a  
(sole ~) (ml/g) (m2/s) 

ZnO/CuO 
9515 0.22 45 
90110 0 .21 42 

ZnO/CuOlCr203 
901512.5 0.23 36 
80110/5 0.27 44 

of  a BET s u r f a c e  a r e a  and pore d i s t r i b u t i o n  a n a l y s i s  cau  be found i n  

Append| x B. 
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DISCUSSION OF RESULTS 

The p r i m a r y  o b j e c t i v e  i n  c a t a l y s t  p r e p a r a t i o n  was t o  d e v e l o p  s u i t a b l e  

mixed m e t a l  o x i d e  c a t a l y s t s  f o r  n~ethanol s y n t h e s i s  which  were  a l s o  

amenable  to  t r a n s m i s s i o n  i n f r a r e d  s t u d i e s .  The c o l o r  of  the  o x i d e  y e s  

a good i n d i c a t o r  o f  w h e t h e r  or  no t  the  o x i d e  c o u l d  s a t i s f a c t o r i l y  t r a n s -  . . . .  

m i t  i n f r a r e d  r a d i a t i o n .  P r e c i p i t a t e d  z i n c  o x i d e  was w h i t e  w h e r e a s  

p r e c i p i t a t e d  c o p p e r  o x i d e  was b l a c k ;  t he  f o r m e r  o x i d e  was v e r y  good 

w h i l e  t he  l a t t e r  was v e r y  poor  i n  t r a n s m i t t i n g  i n f r a r e d  r ~ d i a t i o n  when 

t he  sample  was a t h i n  w a f e r .  B i n a r y  and t e r n a r y  o x i d e s  w i t h  l e s s  t h a n  

14 a tomic  7. c o p p e r  o x i d e  were  brown and t r a n s m i t t e d  i n f r a r e d  r a d i a t i o n  

as w e l l  as pu re  z i n c  o x i d e .  O~ldes  w i t h  8 r e a r e r  amounts  of  c o p p e r  o x i d e  

a p p e a r e d  d a r k  brown o r  b l a c k  and w e r e  n e a r l y  opaque  t o  infra~oed r a d i a -  

t i o n .  A p p a r e n t l y ,  t he  b l a c k  c o l o r a t i o n  d e v e l o p e d  as a c u p r i c  o x i d e  

p h a s e  was fo rmed .  The brown c o l o r  a r o s e  from an i n t i m a t e  m i x t u r e  o~ 

c o p p e r  o x i d e  and z i n c  oxfdeD p o s s i b l y  a s o l i d  s o l u t i o n  o f  c o p p e r  o x i d e  • 

i n  the  z~nr. o x i d e  p h a s e .  M e c h a n i c a l  m i x t u r e s  o f  coppe r  o x i d e  a n d  z i n c  

o x i d e ,  as  w e l l  as t he  4_mpregnated 9 5 / 5  ZnO/CuO~ were  g r e y  r a t h e r  t h a n  

brown.  The G u i n t e r  X - r a y  p a t t e r n s  showed t h a t  t he  z inc  o x i d e  l a t t i c e  

was u n a f f e c t e d  by c o p p e r  c o n t e n t s  up t o  10 m e t a l  atom To. This  r e s u l t  

was c o n s i s t e n t  w i t h  v a l u e s  g i v e n  gor the  i o n i c  r a d i i  o f  Zn 2+ and Cu 2+,  

which  a r e  0 . 6 0  ~ and 0 . 6 2  ~,  r e s p e c t i v e l y  (Shannon and P r e w l t t ,  1969) .  

S i n c e  t h e s e  r a d i i  a r e  n e a r l y  e q u a l j  t h e  l a t t l c e  d lmens ion~  o f  z i n c  

o x i d e  would  n o t  be  e x p e c t e d  to  c h a n s e  I f  some c o p p e r  i o n s  were  i n -  

c o r p o r a t e d  i n  the  ZnO c r y s t a l l £ t e s .  

The e x i s t e n c e  o f  some c o p p e r  i n  an X- ray  amorphous s t a t e  has  b e e n  
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proposed to  e x p l a i n  the o b s e r v a t i o n  t h a t  l e s s  c u p r i c  ox ide  was d e ~ e c t e d  

i n  c o p r e c i p i t a t e d  ox ides  than  would be e x p e c t e d  i f  a l l  ~ e  copper  were 

in  t h i s  phase  (Semenova e t  a l . ,  1977; Her-an  e t  a l . ,  1979). One p o s s i b l e  

e x p t a n a t i o n  f o r  t h i s  d e f i c i e n c y  of  c u p r i c  oxide  no t  p r e v i o u s l y  con- 

s i d e r e d  would be a l o s s  of  copper  d u r i n g  p r e c i p i t a t i o n  v i a  the f i l t r a t e .  

The c o p r e c i p i t a t i o n  method used in  t h i s  i n v e s t i g a t i o n  y i e l d e d  a da rk  

b lue  f i l t r a t e ,  s u g g e s t i n g  t h a t  p a r t  o f  the copper  had complexed w i t h  

ammonia to  form s o l u b l e  co~nplexes of the  type  Cu(NH3)x(H20)6.x, where x 

has v a l u e s  from 1 to /,. P r e c i p i t a t e s  and f i l t r a t e s  were ana lyzed  f o r  

z i n c  and copper  c o n t e n t s  by atomic a b s o r p t i o n .  Al though the amount of 

copper  l o s t  i n  the  f i l t r a t e  exceeded  the  amount of  z i n c ,  the  t o t a l  

amount in  the  f i l t r a t e  was s u f f i c i e n t l y  smal l  to  have n e g l i g i b l e  

e f f e c t  on the  compos i t ' ~ . ,  o£ the  p r e c i p i t a t e s .  T h e r e f o r e ,  ehe copper  

c o m p o s i t i o n  i n  the  oxid,'~ was v e r y  c l o s e  to  the  copper  c o m p o s i t i o n  I n  

the  o r i g i n a l  n i t r a t e  s o l u t i o n s .  

The c a t a l y s t  p r e c u r s o r s  were i d e n t i f i e d  as h y d r o z i n c i t e ,  s m i t h s o n i ~ e ,  

rosallte, and malachite. With the ~xception of smlthsonlte, these 

p r e c i p i t a t e d  compounds have been  obse rved  i n  prev£ous  s t u d i e s  which 

a t t r i b u t e d  the  forr . .a t ion o f  the  p r e c u r s o r s  to the  r e a c t i o n s  (Herman e t  a l . ,  

1979) : 

Zn 2+ + 2OH" --~ Zn(OH)2 

2Zn 2+ + 411CO 3 + 3Zn(OH) 2 -~ Zns(OH)6(C03) 2 + 2H20 + 2C02 

Zn 2+ + 2qCO 3 + Cu(OH) 2 -~ CuZn(OH)lCO 3 + H20 + CO 2 
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Unl ike  the  p r ev ious  s t u d i e s ,  the p r e c i p i t a t i o n  r e a c t i o n s  were conduc ted  

w i t h  carbon d i o x i d e  bubb l ing  through the s o Z u t l o n .  The p r e s e n c e  o f  

ca rbon  d i o x i d e  i n h i b i t e d  the  f o r m a t i o n  o f  h y d r o z i n c l t e  and r o s a l i t e ,  

while promot ing the formation of smithsonlt~: 

Zn 2+ + HC3~ + OH" -~ ZnCO 3 + H20 

The e f f e c t  o f  s m i t h s o n i t e  on the  mu~phology of  the z inc  ox ide  c r y s t a l l i t e s  

has no t  been d e t e r m i n e d .  

The X-ray p a t t e r n s  o f  the  p r e c i p i t a t e d  ox ides  showed on ly  z inc  

oxide  and c u p r i c  ox ide ;  the amount o f  a lumina  or chromia  i n  t h e  t e r n a r y  

compo s i t i ons  was too low to  obse rve  t h e s e  phases .  The su r£aee  a r e a s  of  

the  b i n a r y  ox ides  were i n  t h e  20,30 m2/g r a n g e ,  wh i l e  t e r n a r y  ox ides  had 

a p p r o x i m a t e l y  double  the  s u r f a c e  a r e a  o f  b i n a r y  "oxides.  The a d d i t i o n  

o f  smal l  amounts of  a lumina or c h r o ~ i a  to a b i n a r y  c o m p o s i t i o n  bzought  

about  a l~ rge  change i n  s u r f a c e  a r e a  w i t h o u t  changin~  the c r y s t a l  phase .  

Compression o f  the  powdered ox ides  i n t o  t h i n  w a f e r s ,  which r e d u c e d  the 

bu lk  volume by a p p r o x i m a t e l y  an o r d e r  o f  magn i tude ,  d id  not  change the 

BET surface area. It seems that most of the s.,rface area was in the 

o 
mlcropores (r < 20C A). Both binary and ternary oxides had a mat 

prol able micropore radius near i00 ~, indicating that the increase in 

surface area of ternary oxides arose from an increase in the number of 

pores  r a t h e r  than  a d e c r e a s e  in  pore  r a d i u s  r e l a t i v e  to  pore volume.  

Reduc t ion  o f  the  c a t a l y s t s  d id  n o t  change s u r f a c e  a r e a s .  X-ray 

s p e c t r a  showed some f o r m a t i o n  o f  m e t a l l i c  copper  bu t  no cuprous  ox ide  

phase .  The X~S-Auger spec~.ra r e v e a l e d  a v e r y  d i f f e r e n t  r e s u l t .  R e d u c t i o n  

o f  a 67/33 Zn/Cu b i n a r y  ox ide  r educed  P l l  the  c u p r i c  i o n s .  When r e d u c t i o n  
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took  p l a c e  w i t h o u t  removal  o f  r e a c t i o n  p r o d u c t s  from the gas p h a s e ,  the  

copper  was found e x c l u s i v e l y  in  the  +1 o x i d a t i o n  s t a t e .  When r e d u c t i o n  

took  p l a c e  w i t h  the  removal  o f  r e a c t i o n  p r o d u c t s  ~ a comparab le  amount 

o f  copper  was d e t e c t e d  i n  b o t h  ~he +1 o x i d a t i o n  and m e t a l l i c  s t a r e s .  

T h e z e f o r e ,  a sma l l  amount o f  o x i d a n t  in  the gas phase d u r i n g  r ed t l c ing  

co r~ t i t i ons  f a v o r e d  the f o r m a t i o n  o f  the  cuprous  to~ .  Even d u r i n g  s e v e r e l y  

r e d u c i n g  c o n d i t i o n s  ( a t  200°C) ,  the  cuprous  i o n  was s t a b l e .  

The l o c a t i o n  o f  the coppe r  i n  r e d u c e d  c o p r e c i p i t a t e d  o x i d e s  might  

be  shown by de te rmin~ng the  e f f e c t  o£ coppez c o n t e n t  on the l a t t i c e  

d imens ions  o f  z~nc o x i d e .  An i n c r e a s e  in  the  l a t t i c e  d imens ions  g o u l d  

o c c u r  i f  copper  e x i s t i n g  as a s o l i d  s e l u t t o n  i n  z inc  ox ide  was r e d u c e d .  

Copper i n  the  +1 o x i d a t i o n  s t a t e  ( c o o r c i n a t i o n  number 4) would have an 

O 
ionic radlu:; of 0.90 A and copper in the zero valent exidatibn state 

(metallic copper) would have a radius of 1.28 ~ (Lange's Handbook of 

Chemistry, 1973). The Gulnler X-ray results have indicated, however, 

t h a t  the  l a t t i c e  d imens ions  of  the z inc  ox ide  c r y s t a l l i t e s  f o r  r educed  

b i n a r y  ox ides  d id  no t  change fo r  o x i d e s  w i t h  copper  c o n t e n t s  up t o  10Z. 

Th~ m e t a l l i c  copper  must  be a s e p a r a t e  phase  or on the s u r f a c e  o f  the  z inc  

ox ide  c r y s t a ! l i t e s  to  e x p l a i n  the  o b s e r v e d  r e s u l t .  The cuprous  i o n  cou ld  

be withiz ,  t he  z inc  ox ide  c r y s t a l l i t e  i f  the c o o r d i n a t i o n  number was 2; 

the i o n i c  r a d i u s  would be abou t  0 .60  ~ (Shannon and P r e w i t t ,  1969) .  

F u r t h e r  e x p e r i m e n t a t i o n  w i l l  be n e c e s s a r y  to  c l a r i f y  the  p r e c i s e  l o c a t i o n  

o f  copper  i o n s .  
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LITERATU~ REVIEW 

In  h e c e r o s e n e o u s  c a t a l y s i s ,  the i n t e r a c t i o n s  be tween  r e a c t a n t s  and 

t h e  c a t a l y s t  which l e a d  to the  f o r m a t i o n  of  p r o d u c t s  can be v e r y  complex.  

O f t e n  the c a t a l y s t  s u r f a c e  c o n t a i n s  many d i f f e r e n t  adsorbed  s p e c i e s .  

The f i r s t  o b j e c t i v e  i n  s t u d i e s  of  r e a c t i o n  i n t e r m e d i a t e s  i s  the  i d e n t i f i c a -  

t i o n  o f  adsorbed s p e c i e s .  I n  t h i s  s~udy,  the  emphasis  has been  p l a c e d  

on the  use of  i n f r a r e d  s p e c t r o s c o p y  fo r  t h e  c h a r a c t e r i z a t i o n  o f  s u r f a c e  

s p e c i e s  on methanol  s y n t h e s i s  c a t a l y s t s .  Var ious  8aseous  compounds 

have  been  adsorbed  on z inc  ox ide  and mixed m e t a l  ox ides  d u r i n g  s p e c t r o -  

s c o p i c  measurements .  

A d s o r p t i o n  on Zinc  Oxide 

Zinc ox ide  has been  one o f  the  mos t  e x t e n s i v e l y  s t u d i e d  oxides  

over  the  pas t  two decade~ .  The s t r o n  S i n t e r e s t  i n  z i n c  ox ide  has been  

m a i n l y  due to  i t s  h igh  t r a n s p a r e n c y  to  i n f r a r e d  r a d i a t i o n  which ,  com- 

b ined  wi tn  a c o n t r o l l e d - a t m o s p h e r e  c e l l ,  has p rov ided  a v e r y  s u c c e s s -  

f u l  t e c h n i q u e  for  i d e n t i f y i n g  adsorbed  s p e c i e s  under  r e a c t i o n  condi -  

t i o n s .  The c a t a l y t i c  b e h a v i o r  and n a t u r e  of  adsorbed  compounds on z i n c  

o x i d e ,  r e c e n t l y  r ev iewed  by John (1980) ,  w i l l  be a d d r e s s e d  i n  the  n e x t  

severa l ,  s e c t t o ~ .  

Zinc  ox ide  i s  an u - t y p e  s e m i c o n d u c t o r  w i t h  b o t h  z i n c  and oxygen 

i o n s  t e t r a h e d r a l l y  c o o r d i n a t e d .  Con t r~ -y  to  an e a r l i e r  a s sumpt ion  t h a t  

the  su r£ac e  of  ZnO powders were  m o s t l y  composed o£ e q u a l  a r e a s  o f  p o l a r  

(b001) az~ nonpo ta r  (1010) p l anes  (Morimoto and Mor i sh ige ,  1975) ,  the  

r a t i o  of p o l a r  to nonpo la r  p l anes  was d e t e r m i n e d  to  be 1 : 6 ,  r o s p e c t i v e l y ,  

i 
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by t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  (Bowker e t  a l . ,  1981) .  

The (O00l) p l a n e  c o n s i s t s  o f  s u r f a c e  z i n c  i o n s  c o o r d i n a t e d  to  

t h r e e  l a t t i c e  oxygens ,  whereas  t h e  (lO10) p l a n e  c o n t a i n s  rows o f  z i n c  

and oxygen i o n s  a r ranKed i n  p a i r s .  

Innormal practice, the ZnO surfaces are crys~allographlcally im- 

perfect and contain impurities. Atmospheric water and carbon dioxide 

form an amorphous l a y e r  o f  Zns(Olt)6(CO3) 2 on z inc  ox ide  w h i c h  can  be 

decomposed by h e a t i n g  t h e  sample  above 200oc i n  v scuo  (Nagao e t a l . ,  

1974) .  R e s i d u a l  s u r f a c e  c a r b o n a t e s  can be removed by s u c c e s s i v e  o x i d a -  

t i o n  and e v a c u a t i o n  s t e p s ,  p r o d u c i n g  a " c l e a n "  s u r f a c e  c o n t a i n i n 8  h y d r o x y l  

g roups  o b s e r v e d  i n  an i n f r a r e d  s p e c t r u m  as bands  a t  3670,  3640,  3620,  

3555, and 3440 cm "1 ( A t h e r t o n  e t  a l . ,  1971) .  The f i r s t  t h r e e  bands  

were a s s i g n e d  to  i s o l a t e d  h y d r o x y l s  on p o l a r  p l a n e s ,  w h i l e  t h e  l a t t e r  

two bands  were  a s s i g n e d  to  h y d r o g e n - b o n d e d  h y d r o x y l s  on n o n p o l a r  p l a n e s .  

The s u r f a c e  c o u l d  be g r a d u a l l y  d e h y d r o x y l a t e d  by i n c r e a s i n 8  t h e  o u t -  

g a s s i n g  t e m p e r a t u r e  above 200°C, c a u s i n g  a d e c r e a s e  i n  t h e  i n t e n s i t y  o f  

the  h y d r o g e n - b o n d e d  h y d r o x y l s .  The c h e m i s o r p t i o n  o f  w a t e r  on s e v e r a l  

t ypes  o f  ZnO which  had r e c e i v e d  v a r i o u s  s u r f a c e  p r e t r e a ~ n e n t s  was found 

to  be a s s o c i a t e d  m o s t l y  w i t h  t he  n o n p o l a r  (1010) p l a n e  (Morimoto and 

Nagao, 1974; Nagao e t a l . ,  1978) ,  s u p p o r t i n g  t he  i n f r a r e d  r e s u l t s .  The 

w a t e r  a d s o r p t i o n  i s o t h e r m s  and h e a t s  o f  immers ion  f o r  t h e  d i f f e r e n t  ox ides  

were c o r r e l a t e d  w i t h  t he  a r e a  o f  v a r i o u s  p l a n e s  e s t i m a t e d  w i t h  s c a n n i n g  

e l e c t r o n  m i c r o s c o p y .  P h o t o e l e c t r o n  s t u d i e s  have d e t e r m i n e d  t h a t  t h e  

i n t e r a c t i o n  of  w a t e r  w i t h  t h e  p o l a r  (0001) p l a n e  o f  ZnO n e a r  a m b i e n t  

t e m p e r a t u r e s  was i n s i g n i f i c a n t ,  a l t h o u g h  a t  lower  t e m p e r a t u r e s  (80-200°K) ,  

an oxygena ted  s u r f a c e  w i l l  u n d e r g o  a d d i t i o n a l  h y d r o x y l a t i o n  (Abba t i  
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e t a l . ,  1978; Au e t a l . ,  198Z). 

A summary of  i n f r a r e d  bands  a s s i g n e d  to  r e s i d u a l  h y d r o x y l  bands  on 

ZnO i s  p r e s e n t e d  i n  T l b l e  9. 

Tab le  9. R e s i d u a l  h y d r o x y l  g roups  on z i n c  ox ide  

- I  
Hydroxyl  i n f r a r e d  b a n d s ,  cm 

3670, 3640,  3620, 3555,  3440 

3670, 3642, 3620,  3595,  3450 

3640,  2575, 3530, 3440 

3660, 3610,  3550, 3439 

R e f e r e n c e  
L i 

A t h e r t o n  e t a l . ,  1971 

Nguyen and S h e p p a r d ,  1981 

14orimoto e t a l . ,  1976 

Scholten and van Hont foor t ,  1973 
i 

The a d s o r p t i o n  o f  h y d r o g e n  on z i n c  o x i d e  p r o d u c e s  s e v e r a l  t y p e s  o f  

s u r f a c e  cmnplexes  t h a t  a re  i n f r a r e d  a c t i v e .  E i e c h e n s ,  P l i s k i n ,  and Low 

(1962) e s t a b l i s h e d  t h a t  a r e v e r s i b l e  t y p e  o f  a d s o r p C i o n  o c c u r r i n g  a t  

30°C (Type I )  formed two i n f r a r e d  b a n d s .  Hydrogen kdso rbe  d i s s o c i a -  

t l v e l y  a t  ambien t  t e m p e r a t u r e  on z i n c  o x i d e  p a i r  s i t e s  t o  p roduce  bands  

- I  a t  1710 and 3500 cm , due t o  ZnH and OH s p e c i e s ,  r e s p e c t i v e l y .  This  

type  o f  a d s o r p t i o n  was found  to  be  r e v e r s i b l e ,  c o v e r i n g  be tween  5 and 

10% o f  t h e  s u r f a c e  (Dent  and Kokes ,  1969a) .  Also  a t  a = b i e n t  t e m p e r a t u r e  

an i r r e v e r s i b l e  a d s o r p t i o n  (Type I I )  o c c u r r e d  t h a t  was i n f r a r e d  i n a c t i v e  

and u n r e a c t i v e  i n  e t h y l e n e  h y d r o g e n a t i o n .  A r e v e r s i b l e  type  o f  ad so rp -  

t i o n  o c c u r r i n g  a t  -195°C (Type I I I )  i s  b e l i e v e d  to  be  m o l e c u l a r l y  ad-  

s o r b e d  h y d r o g e n  which  p r o d u c e s  a band a t  4019 cm "1 (Chang e t  a l . ,  1973) .  

A r e c e n t  i n f r a r e d  s t u d y  of  h y d r o g e n  a d s o r p t i o n  on z i n c  ox ide  a t  m b l e n t  

t e m p e r a t u r e  i d e n t i f i e d  two a d d i t l o n a l  bands  a s s o c i a t e d  w i t h  Type I 
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a d e o r p ¢ i o n ;  bands a t  817 and 845-850 cm "1 were a s s i g n e d  co b e n d t n g f r e -  

q u e u c i e s  f o r  ZnH and OH s p e c i e s ,  r e s p e c t i v e l y  (Boccuzzi  e t  a l . ,  1978a).  

More s i g n i f i c a n t  was the ass ignment  o f  b road  bands n e a r  3400 and 1475 

-1 cm to d i s s o c i a t e d  hydrogen  atoms b r i d g e d  be tween n e i g h b o r i n g  oxygen 

and z inc  i o n s ,  r e s p e c t i v e l y  (Type ~1).  

H + H" 
/ \ / \ 

/ 

0 ffi \ = Zn2+ / \ 2+ 0 Zn 

-1 
D e u t e r a c i o n  of  Type I s p e c i e s  s h i f t e d  the bands to 1232 and 2584 cm 

f o r  ZnD and OD,, r e s p e c t i v e l y  (Kokes e t  a l . ,  1972) .  The e l e c t r i c a l  

c o n d u c t i v i t y  of ZnO can  i n c r e a s e  when hydrogen  i s  adsorbed  i n  an 

i n f r a r e d  i n a c t i v e  form (Cimino e t  a l . ,  1962).  This a d s o r p t i o n  has been 

proposed  co occur  on i n t e r s t £ t i c a l  z i n c  atoms ( S c h o l t e n  and van HoncfoorC,  

1973) ,  bu t  o t h e r  s t u d i e s  have found t h a t  the  amount of adsorbed h y d r o g e n  

d id  not  r e l a t e  Co the  i n t e r s t i t i a l  z i n c  c o n c e n C r a t i o n  (Gerastmova e t  a l . ,  

1973). 

Carbon monoxide a d s o r p t i o n  on z i n c  oxide  a t  a m b i e n C c e m p e r a t u r e  oc-  

curs  as D o  t y p e s :  a r e v e r s i b l e ,  weakly  adsorbed  s p e c i e s  which produces  

-1  
a band i n  the  2174-2212 cm r e g i o n  dependin$  on the  d e g r e e  o£ o x i d a t i o n  

o£ z i n c  o x i d e ,  and a s t r o n g l y  adsorbed  s p e c i e s  p roduc lng  bands i n  the  

1300-1600 cm "1 r e g i o n  which d e s o r b s a s  c a r b o n d i o x i d e  (Tay lo r  and / ~ b e r g ,  

-1 
1961; ~ e r g  and Seanor ,  1965).  The ba,-td nea r  2200 cm was b e l i e v e d  

to  be a weakly  adsorbed  carbon monoxide molecu le  t h a t ,  due to p o l a r i z a -  

t i o n ,  had a CO s t r e t c h i n g  f r e q u e n c y  w e l l - a b o v e  t h a t  f o r  gaseous  ca rbon  

monoxide.  Bazuls n e a r  1530, 1 4 7 0 ,  and 1330 cm " I  were a s s igned  to  s u r f a c e  

c a r b o n a t e  s p e c i e s ,  and o t h e r  bands ac  1575, 1342, and 1287 cm "1 were  
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a s s i g n e d  t o  a c a r b o x y l a t e  s p e c i e s  ( see  F i g u r e  14) .  A s i m i l a r  s t u d y  o f  

CO 2 a d s o r p t i o n  on ZnO d i s p e r s e d  i n  A e r o s i l  found b i d e n t a t e  and u n i d e n t a t e  

c a r b o n a t e  bands  a t  1640 and 1430 cm - 1 ,  r e s p e c t i v e l y ;  a t  200°C, bands  

a t  1570 and 1380 cm -1  were a s s i g n e d  to  a c a r b o x y l a t e  s p e c i e s  ( M a t s u s h i t a  

and Naka ta ,  1962) .  Carbon d i o x i d e  was s t r o n g l y  a d s o r b e d  on s i t e s  formed 

by p a r t i a l  d e h y d r o x y l a t i o n  o f  the  s u r f a c e ,  and was d i s p l a c e d  by g a s e o u s  

H20 (Ache r to  : e t  e l . ,  1971; Hoc lmoto  and H o r i s h l g e ,  1974; Morlmoto and 

H o r l s h l g e ,  1975) .  

The i n t e r a c t i o n  o f  CO and CO 2 w i t h  s p e c i f i c  p l a n e s  o f  ZnO has  b e e n  

examined w i t h  a v a r i e t y  o f  t e c h n i q u e s .  Low t e m p e r a t u r e  (90oK) cheml-  

s o r p t l o n  o f  CO o c c u r r e d  on b o t h  p o l a r  and n o n p o l a r  p l a n e s  by a i n t e r -  

a c t i o n  o£ the  c a r b o n  end o f  t h e  m o l e c u l e  t o  z i n c  i o n s  (Gay e t  a l . ,  

1980; S a y e r s  e t  a l . ,  1980; M c C l e l l a n  e t  a l . ,  1981) .  At h i g h e r  t empe ra -  

t u r e s  ( 2 5 - 2 0 0 o c ) ,  CO a d s o r b e d  i r r e v e r s i b l y  on n o n p o l a r  s u r f a c e s ,  y i e l d i n g  

CO 2 when d e s o r b e d  (Rotan  ec  e l . ,  1979) .  Two t y p e s  o f  adso rbed  CO 2 were  

I d e n t i f l e d  by t e m p e r a t u r e  progranuned d e s o r p t l o n  on n o n p o l a r  and s t e p p e d  

p l a n e s :  the  weaker  s p e c i e s  was assumed to  occu r  on z inc=oxygen  p a i r s ,  

w h i l e  the  s t r o n g e r  s p e c i e s  o c c u r r e d  on a n i o n  v a c a n c i e s  or  s t e p s  ( t h e n  8 

and Kun8, 1982) .  The CO 2 d e s o r b e d  as a r e s u l t  of  CO a d s o r p t i o n  was the  

s t r o n g e r  s p e c i e s .  R e v e r s i b l e  CO a d s o r p t i o n  took  p l a c e  on p o l a r  and 

s t e p p e d  p l a n e s .  At h i g h e r  t e m p e r a t u r e s ,  CO a d s o r p t i o n  on p o l a r ,  s t e p p e d ,  

and n o n p o l a r  p l a n e s  r e s u l t e d  i n  CO 2 d e s o r p t l o n .  

When c a r b o n  monoxide  was a d s o r b e d  on ZnO i n  the  p r e s e n c e  o f  h y d r o g e n  

s i g n i f i c a n t  s h i f t s  were o b s e r v e d  i n  Type I h y d r o g e n  a d s o r p t i o n  bands  

(Dent  and Kokes ,  1969b; Boccuzz l  e t  a t . ,  1978b) .  The s t r e t c h  f r e q u e n c y  

of the OH band shlfced continuously CO higher wavenumbers wlth increasing 



i 

58 ¸ 

6 
zk 

UNIDENTATE 
CARBONATE 

0 
I! 

¸ 

\ /  
Zn 

BIDENTATE 
CARBONATE 

%,,0 
Z'n 

O H  

%,, 
Z n  

CARBOXYLATE BICARBONATE 

F i g u r e  14 .  A d s o r b e d  c a r b o n a t e s  o n  ZnO 



59 

ca rbon  monoxide p r e s s u r e ;  the  maximum v a l u e  observed  by Boccuzz£ was 

-1 3523 cm . The Znlt band t r ahs£o rmed  i n t o  a t r i p l e t  s t r u c t u r e  which  

&radua l ly  s h i £ t e d  to lower  wavenumbers w i t h  i n c r e a s i n g  ca rbon  monoxide 

p r e s s u r e .  The t r i p l e t  a ro se  from i n t e r a c t i o n s  caused by ca rbon  monoxide 

a d s o r p t i o n  on z inc  ions  a d j a c e n t  to  the  Zult s p e c i e s .  A d d i t i o n a l  weak 

bands have been  observed  a t  2770 and 2661 cm "1 which were a s s i g n e d  to  

a fo rmyl  s p e c i e s  ( see  F i g u r e  15) (Saussey  e t  a l . ,  1982). An i n t e r a c t i o n  

o c c u r r e d  between CO and a weak ly  adsorbed  s p e c i e s  of hydrogen  a t  room 

t e m p e r a t u r e ,  a l t h o u g h  the  e x a c t  n a t u r e  of  t h i s  s u r £ a c e  p r o d u c t  was un-  

known (Giamel lo  and F u b i ~ i ,  1981).  

The r e a c t i o n  of  c a r b o n  d i o x i d e  and hydrogen  on ZnO a t  230oc was 

s t u d i e d  us ing  s i m u l t a n e o u s  i n f r a r e d  and k i n e t i c  measurements  (Ueno 

e t  a l . ,  1970). A n  i n t e r m e d i a t e  adsorbed  s p e c i e s  i d e n t i f i e d  as a f o rma te  

i o n  produced i n f r a r e d  bands  a t  2870, 1572, 1369, and 1379 ~ n ' l ;  t he se  

bands were a s s igned  to  the  C-H s t r e t c h i r ~  f r e q u e n c y ,  the  asymmetr ic  and 

symmetr ic  O-C-O s t r e t c h i n g  f r e q u e n c i e s ,  and the  i n - p l a n e  C-It bending  

f r e q u e n c y ,  r e s p e c t i v e l y .  Formic a c i d  a d s o r p t i o n  on ZnO formed fo rma te  

ions  which decomposed to  y i e l d  ZnH and gaseous  CO 2 (Nolo e t  a l . ,  1967).  

Formic ac id  d e c o m p o s i t i o n  on a nonpo la r  (1100) p lane  produced adsorbed  

CO and a tomic  oxygen;  t he  ca rbon  end o f  the CO molecu le  was proposed  

to be bonded to  an oxygen i o n  r a t h e r  than  z inc  (L~th e t  a l . ,  1976).  

The a d s o r p t i o n  and d e c o m p o s i t i o n  of  me thano l  on ZnO have bt en i n -  

v e s t i g a t e d .  At room t e m p e r a t u r e ,  d i s s o c i a t i v e  a d s o r p t i o n  produced  

h y d r o x y l  and methoxy groups (Nagao and Hor imoto ,  1980). At 200oc, 

methoxy groups decomposed to  fo rma te  ions  and hydrogen ;  fo rma te  ions  

decomposed to y i e l d  CO (Ueuo e t a l . ,  1971).  Formate i ons  a l s o  r e a c t e d  
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with  gaseous methanol to produce CO 2 and ~ .  l~ thoxy groups can be d i s -  

placed by gaseous wate r  to fo l :mhydroxyl  groups.  The a d s o r p t i o n  of 

methau~,l on a uonpolar (I100) su r face  produced a methoxy spec i e s  

bonded to the su r face  through the oxygen atom (Rubloff  e t a l . ,  1976). 

~ t h a n o l  dec~npos i t ion  on p o l a r ,  s tepped,  and nonpolar  planes of ?nO 

was i n v e s l i g a t e d  us ing  tempe1:ature progrmened d e s o r p t i o n  (Cheng e t a l . ,  

1983). The product  composi t ion from the var ious  su r f aces  i n d i c a t e d  t ha t  

~he decomposi t ion r e a c t i o n  ; a s  s t r u c t u r e - s e n s i t i v e .  Nonpolar p lanes  

wi th  anion vacanc ies  and s tepped planes produced methane,  hydrogen,  

carbon monoxide, and carbon d iox ide .  The polar  plane produced 

formaldehyde,  wa te r ,  hydrogen,  carbon monoxide, and carbon d i o x i d e .  

Stnmuaries of formate and methoxy i n f r a r e d  band a s s i s r ~ e n t s  are 

p resen ted  i n  Tables 10 and 11, r e s p e c t i v e l y .  

Adsorpt ion on Copper and Copper Oxide 

The huge success of u t i l i z i n g  transm~ssion in f ra red  spectroscopy 

for c h a r a c t e r i z i n g  s u r f a c e  spec ies  on ZnO has not  been enjoyed in  the 

c h a r a c t e r i z a t i o n  of copper and copper oxide because of  s t rong  i n f r a r e d  

absorp t ion .  To overcome t h i s  problem, some s t u d i e s  have used i n f r a r e d °  

t r a n s m i t t i n g  supports  such as s i l i c a  or alu~Lna to ob ta in  a spectrum. 

Carbon monoxide adso rp t i on  on copper oxide (CuO) supported by s i l l c a  

produced bands near 2170 and 2140 cm "1 which were ass igned to chemlsorbed 

and p h y s i c a l l y  adsorbed CO, r e s p e c t l v e l y  (London and B e l l ,  1973). 

R e f l e c t l o n - a b s o r p t l o n  spec t roscopy  has bee~ u t i l i z e d  s u c c e s s f u l l y  in  

s tud ie s  of adsorbed CO on copper.  I n l t i a l  i n v e s t i g a t i o n s  on copper 
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Infrared bands of surface foz~atez on zlnc oxide 

-1 Fundamncal fraquencie8, cm 

Vl(k 1) .C-H screeching 

v2(A]) sy~netric C-O s c r e t c h l ~  

v3(A 1) s y ~ e t r t c  C-O bending 

va(B I) as}nsNcrlc C-0 screCchin8 

v$(a l)  In-plane C-H bendln 8 

v6(B2) out-of-plane C-H beudln8 
, , ,  , ,  i , , |  

aUono et e l . ,  1970. 

blJeno e~ e l . ,  1971. 

cHiyata er e l . ,  1981. 

dH~ta et e l . ,  1977. 

HCOOH 
adaorptto@ 

2870 

1369 

1572 

1379 

m 

CH3OH 
decompolltton b 

2870 

1367 

m 

1571 

1382 
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B u t a n o l  
o x l d a t l o n  c 

M e t h y l p r o p e n e  
o x i d a t i o n  c 

Propene  
o x i d a t i o n  d 

DCOOD 
ads or  p t i  on a 

2870 

1364 

1578 

2872 

1364 

"1574 

2870 

1365 

1572 

2190 

1342 

1572 



64 

Table  11. Z n f r a r e d  bands o f  s u r f a c e  m e t h o x i d e s  on z inc  oxide 
i i 

CH30H 
-I adsorptlon a 

J 

2930 

2830 

1470 

Fundamenta l  f r e q u e n c i e s ,  cra 
i 

Asymmetric CH 3 stretching 

Symmetric CH 3 stretchi,~ 

Asymmetric CH 3 bending 

Symmetric CH 3 bending 

C~ r o c k i n g  

C-O stretching 

CH30H . CD30D 
adsorp~tor~ adsorpt ion a 

2930 2200 

2813 , 2050 

aueno e t  a l . ,  1971. 

bNagao and Hor imoto ,  1980.  

f i l m s  r e v e a l e d  a band i n  t h e  2100-2110 cm "1 r e g i o n  ( P r l t o h a r d  and Cims,  

1970) .  The f r e q u e n c y  o f  a d s o r b e d  CO h a s  b e e n  found  to  depend  on t h e  

c r y s t a l  ~ace ( P r i e c h a r d  e t  a l . ,  1975) ~d on t h e  s u r f a c e  uove rage  o f  

CO (Horn and P r i t c h a r d ,  1975; E o ~ l i n s  and P r i t c h a r d ,  1979; Ryberg ,  1982) .  

The e f f e c t s  o f  d i p o l e - d i p o l e  i n t e r a c t i o n s  a~ui t he  e x t e n t  o f  ~ b o n d i n g  

t e n d  to  o f f s e ~  each  o t h e r .  The b o n d i n g  geomet ry  o f  CO can r a n g e  from 

p e r p e n d i c u l a r  on the  ( 1 0 0 ) f a c e  t o  p a r a l l e l  on the  (311) f a c e  ( S a y e r s  

e t  a l . ,  1981) .  

Formic a c i d  a d s o r p t i o n  on coppe r  a t  room t e m p e r a t u r e  formed b o t h  

m o n o d e n t a t e  (1640 cm -1)  and b i d e n t a t e  (1350 cm -1)  f o r m a t e s  c h a r a c t e r i z e d  

w i t h  a p o l a r i z a t i o n  m ~ t u l a t i o n  i n f r a r e d  t e c h n i q u e  (Wadayama e t  a l . ,  

1983) .  Methanol  adso rbed  on o x i d i z e d  coppe r  s u r f a c e s  t o  y i e l d  a methoxy 

s p e c i e s ;  f o r m a l d e h y d e  a n d  h y d r o g e n  were formed by t h e  d e c o m p o s i t i o n  o f  
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methoxy groups (Wachs and Madix,  1978; Sex ton ,  1979; Bowker and Madix, 

1980) .  Formaldehyde r e a c t e d  w i t h  e4sorbed  oxygen on a copper  s u r f a c e  

to  form a v e r y  s t a b l e  f o r ma t e  s p e c i e s  which  u l t i r , a t e l y  decomposed to 

H 2 and CO 2 (Wachs and Madlx, 1979). 

A d s o r p t i o n  on Alumina and C~ond.a 

Although alumina and chromia  were  minor  components i n  the  mixed 

m e t a l  ox ides  i n v e s t i g a t e d  i n  t h i s  work,  some i n f r a r e d  s t u d i e s  have been  

r ev i ewed  to  d e m o n s t r a t e  t h a t  the  types  o f  a d s o r p t i o n  on t he se  o x i d e s  

have much i n  common w i t h  a d s o r p t i o n  on z inc  ox ide .  Alumina has been 

one o f  the  most e x t e n s i v e l y  s t u d i e d  ox ides  because  o f  i t s  i m p o r t a n c e  i n  

c a t a l y t i c  a p p l i c a t i o n s  R e s i d u a l  h y d r o x y l  groups have been obse rved  on 

y -a lumina  w i t h  bands  a t  3800, 3780, 3744, 3733, and 3700 cm -1  ( P e r i ,  

1965) .  Band p ~ s i t i o n s  were  a f f e c t e d  by t e m p e r a t u r e  and the  e x t e n t  of  

s u r f a c e  h y d r a t i o n .  Carbon monoxide adso rbed  weakly to  produce a band 

a t  2200 cm -1 and was a l s o  o x i d i z e d  to  y i e l d  s u r f a c e  c a r b o n a t e s  ( P a r k y n s ,  

1967) .  These same c a r b o n a t e s  were  produced by CO 2 a d s o r p t i o n  ( P a r k y n s ,  

1969).  B i c a r b o n a t e  s p e c i e s  formed bands a t  3605, 1640, 1480, and 1233 

-1 
cm wh i l e  a b i d e n t a t e  c a r b o n a t e  s p e c i e s  was a s s i g n e d  to  bands a t  1850 

and 1180 cm " I  • P h y s i c a l l y  adsorbed  CO 2 p r o l u c e d  a band i n  the  2346- 

-1 
2367 cm r e g i o n .  Other  i n v e s t i g a t o r s  have a l s o  observed t h e s e  s u r f a c e  

compounds d u r i n g  CO 2 a d s o r p t i o n  (P ink ,  1967; Gregg and Ramsay, 1969; 

M o r t e r r a  e t  a l . ,  1977; King,  1980).  

Formic ac id  a d s o r p t i o n  on a lumina  produced  a fo rmate  ion  and a 

s u r f a c e  p r o t o n  (Noto e t  a l . ,  1967). Only the  C-fI s t r e t c h i n g  f r e q u e n c y  
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a t  2915 cm " t  was i d e n t i £ t e d .  Methanol  a d s o r p t i o n  produced mechoxy Stoups 

and p h y s i c a l l y  aduorbed methanol  a t  room t e m p e r a t u r e ,  whi le  a t  h i g h e r  

t e m p e r a t u r e s  (above 150°C), ~ formate  s p e c i e s  was a l s o  formed ( G r e e n l e r ,  

1962; Kagel ,  1967; H e r t l  aud Cuenea,  1 9 7 3 ) .  I t  was proposed t h a t  a 

methoxy group r e a c t e d  wXth an a d j a c e n t  h y d r o x y l  group to  p roduce  hydrogen  

and a b i d e n t a t e  £~rmate  s p e c i e s .  

The a d s o r p t i o n  of  w a t e r ,  ca rbon  monoxide,  and ca rbon  d i o x i d e  on 

chromla  has been i n v e s t i g a t e d  u s i n g  t r a n s m i s s i o n  i n f r a r e d  s p e c t r o s c o p y  

( Z e c c h i n a  e t a l . ,  1971a and 1971b). L iqh t  s c a t t e r i n g  was a major  problem 

a t  h ighe~ waventlubers,  o b s c u r i n g  d e t a i l  i n  the  h y d r o x y l  r e g i o n .  F ive  

-1 OU bands were obse rved  a t  2700, 2675, 2600, 2535, and 2430 cm which 

a rose  f r ~ u  the  d l s s o c £ a t i v e  c h e m l s o r p t i o n  o l D 2 0 ;  the  c o o r d i n a t i v e  

c h e m i s o r p t i o n  snd p h y s i c a l  a d s o r p t i o n  o f  w a t e r  a l s o o c c u r r e d  on the  

s u r f a c e .  Carbon monoxide a d s o r p t i o n  a t  room t e m p e r a t u r e  produced  two 

types  of  s p e c i e s :  a c-bonded s p e c i e s  w i t h  a band £ requency  of  2170- 

-1 
2184 cm , depend ing  on the s u r f a c e  c o v e r a g e ,  and #n adsorbed  CO s p e c i e s  

-1 w i th  p a r t i a l  ~ bonding having  a s t r e t c h i n g  f r e q u e n c y  near  2130 cm . 

~ a t e r  and carbon  monoxide were ~dsorbed on the  same s i t e s .  Carbon 

d i o x i d e  a d s o r p t i o n  formed b i c a r b o n a t e  and c a r b o n a t e  s p e c i e s  as w e l t  as 

a p h y s i c a l l y  adsorbed CO 2 s p e c i e s .  

"l~e d e c o m v o s i t i o u  o f  o l e f i n s  over  chromia  has been found to  produce 

-1 
an adsorbed  fo rmals  s p e c i e s  w i t h  band~ in  the r e g i o n s  o f  2800-3000 cm , 

1560-1565 cm "1,  and 1360 cm "1 v h l c h  c o r r e s p o n d  to  t he  C-H s t r e t c h i n g  

f r e q u e n c y ,  the O-C-O asymmetr ic  s t r e t c h i n g  f r e q u e n c y ,  and t)-C-O sy~uaetr tc  

st~el:chJ.n8 frequency of the formate, r~spec~iv~-ly (Bu(~r~va et a l . ,  1975; 

Kuznetaov e t a l . ,  1977). Hechanol  a d s o r p t i o n  produced p h y s i c a t l y  ad- 
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sorbed  m e t h a n o l ,  methoxy 8 r oups ,  and fo rma te  groups on chromta  (Davydov 

e t  a l . ,  1971). Methanol  d e c o m p o s i t i o n  on an oxygena ted  s u r f a c e  y i e l d e d  

a band a t  1620 cm "1 which was a s s i g n e d  to  the  C-O e t r e t c h i n  8 f r e q u e n c y  

o f  a fo rmaldehyde  s p e c i e s  on the s u r f a c e .  

A d s o r p t i o n  on Mixed Metal Oxides 

I n f r a r e d  s p e c t r o s c o p y  has no t  been u t i l i z e d  i n  a d s o r p t i o n  s t u d i e s  

on mixed me ta l  ox ides  f o r  me thano l  s y n t h e s i s .  The f o r m a t l o ~  o f  s u r f a c e  

s p e c i e s  g e n e r a l l y  has been based  on the  ~nount of  a gaseous  compound 

adsorbed  on the s u r f a c e  and the n a t u r e  o f  desorbed  s p e c i e s .  A s t u d y  

o f  CO a d s o r p t i o n  on a Cu-Zn-A1 oxide  c a t a l y s t  as a ~ , n ~ t i o n  o f  the  

oxygen c o n t e n t  o f  the ox ide  i n d i c a t e d  t h a t  CO formed a s u r f a c e  c a r b o n a t e  

a t  t e m p e r a t u r e s  above 40°C ( O s t r o v s k i i  e t  a l . ,  1978). Carbon monoxide 

a d s o r p t i o n  on a s t r o n g l y  r e d u c e d  s u r f a c e  was v e r y  wlow, Hydrogen ad- 

s o r p t i o n  on a Cu-Zn-Cr ox ide  c a t a l y s t  was £ouud to i n c r e a s e  w i t h  i n -  

c r e a s i n g  copper  c o n t e n t  ( R u d n i t s k i i  e t  a l . ,  1973). This hyd rogen  was 

no t  associ~Lted w i t h  r e d u c t i o n  Of the c a t a l y 6 t  and cou ld  be d i r e c t l y  

r e l ,~ t ed  t~ the a c t i v i t y  f o r  me thano l  s y n t h e s i s .  The s i m u l t a ~ e o u s  ad- 

s o r p t i o n  of carbon monoxide and hydrogen  on a Cu-Zn-Cr ox ide  c a t a l y s t  a t  

a t m o s ~ h e r ~  pressu~.e showed t h a t  each  r e a c t a n t  enhanced the a d s o r p t i o n  

c f  the  o t h e r  (Tauch iya  and Shiba ,  1965),  An i n t e r m e d i a t e  s u r f a c e  

s p e c i e s  having  the formula  -OCH 3 was proposed based on the amounts 

o f  each r e a c t a n t  adso rbed .  A c r i t i c a l  assumpt ion  i n  t h i s  approach  was 

t h a t  the methoxy s p e c i e s  domina ted  the s u r f a c e ,  
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Four i e r  Transform I n f r a r e d  Spect roscopy 

The use of i n f r a r e d  spect roscopy for  the o b s e r v a t i o n  and i d e n t i f i c a -  

t i on  of adsorbed spec ies  on s o l i d  s u r f a c e s ,  e s p e c i a l l y  he te roseneous  

c a t a l y s t s ,  has been very popular i n e x p e r i m e n t a l  r e s e a r c h  ( L i t t l e '  1966; 

Hai r ,  1967; Ki se l ev  and Lygin,  1975). Advances i n  op t i c s  and computer 

t echno log ies  have made Four i e r  t ransform i n f r a r e d  (FT-ZR) s p e c t r o s c o p y  

a p r a c t i c a l  a l t e r n a t i v e  to d i s p e r s i v e  i n f r a r e d  methods.  The  b a s i c  

components of an FT=IR spec t rometer  c o n s i s t  of  an £ n t e r f e r ~ n e t e r  wi th  

the a s s o c i a t e d  o p t i c a l  components and a d e d i c a t e d  computer f o r p e r f o r m i u g  

a Four ier  t r a n s f o r m a t i , n  of t h e d a t a  and for  execu t ing  s p e c t r a l  manipula= 

t ions  of the d a t a .  FT-IR spect roscopy o f f e r s  s e v e r a l  advanta@es compared 

to d i s p e r s i v e  m,~thods (Bo l l ,  1972; G r i f f £ t h s ,  1975; Green and R e e d y ,  

1978,. Fa s t e r  scannin8 t imes  are p o s s i b l e s i n c e  a l l  wavelengths  are  

measured s imul t aneous ly  ( F e l g e t t ' s  advantage) .  The u t i l i z a t i o n  of an 

i n t e r n a l  hel ium-neon r e f e r e n c e  l a s e r  permits  a more a c c u r a t e  wavelength  

c a l i b r a t i o n  (Connes '  advantage) .  Other advantages  i nc lude  g r e a t e r  

energy throughput  (Ja~quinot~s advantage) ,  no i n t e r f e r e n c e  by s t r a y  

l i g h t  or q'~nple emiss ion ,  and b e t t e r  mechanical  r e l i a b i l i t y  ( the  i n t e r -  

ferometer  m~rror is  the only moving pa r t  dur ing  the measurement scans ) .  

. n f r a r e d  s p e c t r a  of adsorbed spec ies  under i_~n sit___~u cond i t i ons  f r e q u e n t l y  

r e q u i r e  t ha t  s p e c t r a l  c o n t r i b u t i o n s  due to gaseous spec ie s  and the ca ta -  

l y s t  i t s e l f  be removed. The computer c a p a b i l i t i e s  of the FT-IR 

spec t romete r  can be u t i l i z e d  to remove these background e ~ f e c t s .  FT-IR 

spec t roscopy is advantdgeou~ in t r ansmiss ion  i n f r a r e d  spec t roscopy  for 
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a ~ p l e s  having lc~ t r a n s ~ t t a n c e  o£ r a d i a t i o n  and got s tudying  t r ana l en t e  

invo lv ing  l i m i t e d  da ta  a c q u i s i t i o n  time (Be l l ,  1980). 
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EXPERIMENTAL APPARATUS ~ND METHODS 

F o u r i e r  Transfozm I n f r a r e d  Speccrmnet,er  

A B r u k e r - P h y s l k  ~ Model IFS 113 s p e c t r o m e t e r  was used  to o b t a i n  

i n f r a r e d  s p e c t r a .  ~oth  the s p e c t r o m e t e r  and the  d a t a  sys t em were sup- 

p l l e d  by USA B r u k e r  I n s t r u m e n t s  and s e r v i c e d  by IBM. The s p e c t r o m e t e r ,  

shown in  F igure  16, is  d i v i d e d  i n t o  fou r  compar tments ;  the  d e t e c t o r ,  

s ~ p l e ,  I n t e r f e r o m e t e r ,  and sou rce  s e c t i o n s .  During u s e ,  the  sample 

compartment  can  be i s o l a t e d  from the  o t h e r  s e c t i o n s ,  The s o u r c e  chamber 

has bo th  a Globar and a mercury  a rc  lamp s o u r c e .  The r a d i a t i o n  from 

the s o u r c e  i s  d i r e c t e d  th rough  an a p e r a t u r e  i n t o  the I n t e r f e r o m e t e r  

chamber to  a f i l t e r  assembly ,  and th rough  t o  the b e a m s p l i t t e r .  Because 

the  i n f r a r e d  beam comes to a focus  a t  t h i s  p o i n t ,  the  b e a m s p l l t t e r s  for  

b o t h  mid- and ga r - IR  are  s u f g l c l e n t l y  smal l  to  be p l a c e d  on a s l n g l e  

r o t a t a b l e  wheel  c o n t r o l l e d  by the computer .  The t~o beams l e a v l n s  t h e  

b e a m s p l l t t e r  a re  r e f l e c t e d  on o p p o s i t e  s i d e s  o f  a movable d o u b l e - s l d e d  

p lane  m i r r o r .  The m o d u l a t e d  beam combines a t  the  b e a m s p l l t t e r  and i s  

d i r e c t e d  to  the s anp le  chamber;  r o t a t a b l e  ml r ro~s  pe rmi t  beam s w l t c h l n s .  

The r a d i a t i o n  passes  through the sample chamber to  the d e t e c t o r  chamber.  

Two DTS d e t e c t o r s ,  opLimlzed fo r  e i t h e r  f a r - I R  or mld-IR r a d i a t i o n ,  

measure  t h e  i n t e n s i t y  of  the i n f r a r e d  beam. 

The r e s o l u t i o n  can be v a r i e d  from 0.05 to 8 , 0  cm "1 , with a minimum 

scannln8 time at 8.0 cm "I of 0.2 aec. The data system utilizes a 

s p e c i a l  2 4 - b l t  word.  Data are  s t o r e d  e i t h e r  on a removable  d l s c  o r  on a 

f loppy  d i s c .  Preprogra~Red e x p e r i m e n t s  can be e x e c u t e d .  The c o n t r o l  

board pe r mi t s  scoLm d i s p l a y  of  t n f e r o s r a m s  and s p e c t r a  , which may be 
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m a n i p u l a t e d  us ing  r o l e  and zoom c o n t r o l s .  The computer  can  o p e r a t e  i n  

t h r e e  t a s k  r e s i o n s  s i m u l t a n e o u s l y ;  d a t a  a c q u i s i t i o n ,  d a t a  m a n i p u l a t i o n ,  

ar~i d a t a  ou tpu t  ( p l o t s )  can be u n d e r t a k e n  a~ the same t ime.  

I n f r a r e d  P h o t o a c o u s t i c  S p e c t r o s c o p y  

Al though methanol  s y n t h e s i s  c a t a l y s i s  t y p i c a l l y  have a copper  con-  

t e n t  above 30~ (meta l  atom %), t h e s e  c a t a l y s t s  c a n n o t  be s t u d i e d  i n  

t h e i r  pure s t a t e  by t r a n s m i s s i o n  i n f r a r e d  t e c h n i q u e s  due to  v e r y  poor 

t r a n s m i t t a n c e .  I n f r a r e d  r a d i a t i o n  s t r ~ k i n g  a s o l i d  t h a t  does  not  t r a n s -  

mi t  photons may e i t h e r  r e f l e c t  or  be abso rbed .  Recent  advancements  in  

the  p r a c t i c a l  a p p l i c a t i o n  o f  p h o t o a c o u s t $ c  s p e c t r o s c o p y  ( P A S ) t o  the  

c h a r a c t e r i z a t i o n  of s o l i d s  p r o v i d e  a method f o r  d e t e c t i n g  t h e  r a d i a t i o n  

absorbed  by a sample.  This t e c h n i q , | e  i s  under  deve lopment  i n  t h i s  

l a b o r a t o r y ,  and o f f e r s  a p o s s i b l e  means to c h a r a c t e r i z e  chose methanol  

c a t a l y s t s  w i t h  hi&h copper  c o n t e n t s .  

When PAS i s  combined witD FT-IR s p e c t r o s c o p y ,  a s e n s i t i v e  and r e l a -  

t i v e l y  qu ick  a n a l y t i c a l  sys tem i s  formed,  l~e  modula ted  i n f r a r e d  beam 

passes  th rough a wir~tow Lnto the  s a m p l e  r.hsmber and i s  absorbed  by the  

sample (FLgure 17) .  The r a d i a t i o n  i s  c o n v e r t e d  to h e a t  by n o n r a d i a t i v e  

d e - e x c i t a t i o n  o f  the sample .  Because the i n f r a r e d  e n e r g y  i s  modu la t ed ,  

the s u r f a c e  h e a t s  and c o , l s  as the  ln~ . iden t  e n e r g y  r i s e s  and f a l l s .  

This the rmal  c y c l e  causes  the  8" ous boundary  l a y e r  nex t  to  t h e  

s u r f a c e  to expand and c o n t r a c t ,  productn& sound waves d e t e c t e d  by a 

s e n s t t L v e  microphone.  The s i g n a l  i s  then  p r o c e s s e d  by the FT-IR d a t a  

sys t em i n t o  an i n f r a r e d  spec t rum.  
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Sample P r e p a r a t i o n  for T r a n s m i s s i o n  I n f r a r e d  S t u d i e s  

Al l  ox ides  used i n  t r a n s m i s s i o n  i n f r a r e d  s t u d i e s  were  h e a t e d  a t  

350°C o v e r n i g h t  under  a vacuum o f  10 -4 t o r t  to remove adsorbed  c a r b o n a t e s  

and w a t e r .  A f t e r  c o o l i n  8 the  ox ide  to  room t e m p e r a t u r e  i n  h e l i u m ,  t h i s  

powder was t r a n s f e r r e d  in  a i r  to  a v i a l  and capped to  p r e v e n t  con tamina-  

t i o n  by a t m o s p h e r i c  CO 2. Samples c o u l d  be t a k e n  from a v i a l  over  a 

p e r i o d  o f  s e v e r a l  months b e f o r e  t h i s  t r e a t m e n t  needed  to be r e p e a t e d .  

Z inc  ox ide  w a f e r s  were p r e p a r e d  by p r e s s i n  E some powder under  a l o a d  o f  

3kO0 kg into a wafer 20.6 ~ in diameter and 0.2-0.3 mm thick. Binary 

and t e r n a r y  o x i d e s w e r e  p r e s s e d  unde~ a load  o f  4500 kg i n t o  w a f e r s  

0 . 0 6 - 0 . 1 2  mm t h i c k .  Zinc ox ide  w a f e r s  weze r e l a t i v e l y  t h i c k  because  

t h i n n e r  w a f e r s  were  too b r i t t l e  to  h a n d l e ;  b i n a r y  and t e r n a r y  w a f e r s  

w e r e m a d e  as t h i n  as p o s s i b l e  to  a c h i e v e  s u f f i c i e n t  t r a n s m i t t a n c e  f o r  

i n  s i t u  s t u d i e s .  Al l  t h e s e  ox ides  t ended  t o  adhere  t o  the  me ta l  f a c e s  

of  the d i e ;  t h i n  s h e e t s  of  Mylar were p l a c e d  on the  d i e  f ace s  when ZnO 

and b i n a r y  ox ides  were  compressed ,  whereas  t h i n  s h e e t s  of  g l a s s i n e  

paper  were used w i t h  t e r n a r y  o x i d e s .  Wafers were c a r e f u l l y  t r a n s f e r r e d  

i n t o  the i n f r a r e d  c e l l  and p l a c e d  i n  t h e  s p e c t r o m e t e r .  D e t a i l s  of  the  

frared ~ell design will be presented in Part III. Adsorbed water on 

the catalyst wafer ~s removed by flowing nitrogen gas through the c~!I 

overnight (about 12 hours)at atmospheric pressure and 200oc (pretreatment 

#I). In  some c a s e s ,  the n i t r o g e n  gas was passed  th rough  water b e f o r e  

e n t e r i n g  the c e l l  d u r i n  8 an o v e r n i g h t  t :  e n t  a t  a t m o s p h e r i c  p r e s s u r e  

and 200°C ( p r e t r e a t m e n t  #2) .  In  some e x p e r i m e n t s ,  the  c a t a l y s t  was r e -  

duced by f l o w i n  8 a 5% hydrogen  s t r e s n  ( t h e  b a l a n c e  was n i t r o g e n )  th rough  
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the  c e l l  f o r  1 hour  a t  a t m o s p h e r i c  p r e s s u r e  and 200oc ( p r e t r e a ~ n e n t  

# 3 ) .  

A l l  a d s o r p t i o n  e x p e r i m e n t s  were c o n d u c t e d  i n  a c o n t i n u o u s  f low 

mode. Gaseous a d s o r b a t e s  were  p a s s e d  t h r o u g h  t h e  c e l l  a t  60 c c / m i n  

STP. L i q u i d s  such  as w a t e r ,  m e t h a n o l ,  o r  £ormic  a c i d  s o l u t i o n  were  

i n t r o d u c e d  to  t h e  c e l l  i n  low c o n c e n t r a t i o n s  by p a s s i n g  a c a r r i e r  

gas ( n o r m a l l y  n i t r o g e n )  t h r o u g h  the  l i q u i d  when t h e  l i q u i d  was e n c l o s e d  

i n  a g l a s s  c o n t a i n e r  ( s a t u r a t o r ) .  Fo rma ldehyde  was i n t r o d u c e d  to t h e  

c e l l  a t  ~ t s  vapor  p r e s s u r e  ( 1 . 4  t o r t  a t  25oc)  by h e a t i n g  s o l i d  p a r a -  

f o r m a l d e h y d e  i n  t h e  s a t u r a t o r  w h i l e  c a r r i e r  gas  £1owed t h r o u g h .  The 

o u t l e t  l i n e  frown the  s a t u r a t o r  d e v e l o p e d  some p a r a g o r m a l d e h y d e  on t he  

i n n e r  w a l l s ,  i n d i c a t i n g  t h a t  t he  £c rmaldehyde  was a t  s a t u r a t i o n .  Flow 

c o n d i t i o n s  i n  t he  l i n e  t o  the  c e l l  were 60 c c / m i u ,  25°C, and 1 a t m o s p h e r e .  

High p u r i t y  g a s e s  were  u s e d  and t he  a d s o r b a t e s  a r e  l i s t e d  i n  Table  12. 

Table  12. ~qdsorbate specifications 

l .  Eas tman Formic  Acid (88~) ,  Reagen t  AC$ 

2. Kodak P a r a f o r m a l 4 e h y d e ,  90% n~n.  

3. F i s h e r  S c i e n t i f i c  H e t h a n o l ,  R e a g e n t  ACS 

4 .  A l d r i c h  Chemica l  H e t h a n o l - d ,  99.5% + D 

5. A l d r i c h  Chemica l  H e t h a n o l - d 4 ,  99.5% + D 
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RESULTS O, ". PI'IEI~: 

A d s o r p t i . .  on 

The method o f  p r e p a r a t i o n  o f  z i n c  

.A.DS ORPTI ON 

~lde  

has  a v e r y  s t r o n g  e f f e c t  

ou i t s  - i n f r a r ed  t r a n s m i s s i o n  p r o p e r t y .  Z inc  o x i d e  made by the  o x i d a t i o n  

o f  m e t a l l i c  z inc  (d ry  p r o c e s s )  t r a n s m i t s  i n £ r a r e d  r a d i a t i o n  w e l i ,  

whereas  p r e c i p i t a t e d  z i n c  ox ide  ( w e t  p r o c e s s )  r a p i d l y  l o s e s  t r a n s -  

m i t t a n c e  when t he  ox ide  £s r e d u c e d .  R e d u c t i o n  i n v o l v e s  t h e  remova l  o f  

some oxygen  c r e a t i n  8 exces s  z i n c  ( p o s s i b l y  i n t e r s t i t i a l  z i n c )  and r e -  

l e a s i n g  e l e c t r o n s  to  the  conduct£ozL band o f  t he  o x i d e .  A c o m n e r c i a l l y  

a v a i l a b l e  .ZnO compound (Kadox 25) p r e p a r e d  by t he  d r y  p r o c e s s  was used  

i n  t h e s e  a d s o r p t i o n  s t u d i e s  t o  avo id  e x c e s s i v e  t r a n s m i s s i o n  l o s s e s .  

An ox, d i z e d  ( p r e t r e a t m e n t  #1) z i n c  o x i d e  w a f e r  was r e d u c e d  in  a 

S~o hydrosen-95% n i t r o g e n  s t r e w n  a t  200°C f o r  an h o u r  ( p r e t r e a m e n t  # 3 ) .  

F i g u r e  18 shows t h a t  some o f  t he  r e s i d u a l  s u r f a c e  c a r b o n a t e  s p e c i e s  

(bands a t  1512, 1466, 1383, and 1326 cm "1)  were  r e d u c e d  to  s u r f a c e  

form. a t e  g roups  (bands a t  2976, 2879,  2738,  1582,  Bud 1370 c m ' l ) .  The 

r e s i d u a l  s u r f a c e  h y d r o x y l  S toups  (bands  a t  366: , 3620,  3565, and 3450 

cm "1)  were  u n a f f e c t e d  by the  e x p o s u r e  c o  h y d r o s e n .  

The a d s o r p t i o n  of  c a r b o n  monoxide  on z i n c  o x i d e  ( p r e t r e a t m e n c  # l )  

a t  200oc and 1 a~uosphe re  i s  shown i n  F i s u r e  19o The c r a n s m i s s i c n  was 

s t r o n g l y  r e d u c e d  by c a r b o n  monoxide  (band a t  2143 cm "1)  ruskin S i t  v e r y  

d i f f i c u l t  to  o b s e r v e  i n f r a r e d  b a n d s  u n d e r  2000  om-1 ( F i g u r e  19b) .  A f t e r  

8 hour s  o f  e x p o s u r e  co c a r b o n  monox ide ,  t h e  c e l l  was f l u s h e d  w i t h  

n i t r o g e n  to  r e v e a l  a s i E ~ L f i c a n t  i n c r e a s e  i n  f o r m a t e  g roups  (bands a~= 
R 

2970, 2875, 2738, 1572, 1381, and 1366 cm'£) ' The b identate carbonate 
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F i g u r e  19, Carbon monoxide a d s o r p t i o n  on gadox  25 at  200°C 

a) o x l d ~ z e d  s u r f a c ~  

b)  exposure  to  CO for  5 u ~ n , - t e s  

c)  purged sample a f t e r  8 ho~rs  o f  CO exposure  



79 

• I IIII III • 
I I I 

J "  

4000 

0 ' ~  C,O ~ O'b 
0 ' ;  0 ' ~  0 ' )  0 
O J l ~ O  

0 

,.o 

' I II L _ t I i l  

300o 36oo 34oo ~2oo 3oo0 

W A V E N U M B E R S  ( c m  "~ ) 

, , i 

2800 2000 

b 

Z 

i - ~ c ~ _  I .... 

IN~ ~ ,,,.,4 



80 

| - - - - -  ! 

Z 

b 

Z 

Figure 19. 

m 

m 
w 

,~d,.,% 

. i ~  l u 6 m i b  

I 

2600 
,,I ' , . . . . .  I 

2400 2200 2000 1000 

WAVENU M BERS 

Continued 

i 

I 

1600 

(cm "l )- 

i i  

1400 



"" 81 
q 

s p e c i e s  (bands  a t  1512 and 1327 cm "1)  have d i m i n i s h e d  and t he  u n £ d e n t a t e  

c a r b o n a t e  (bands  aC 1465 and 1383 cm "1) has d i s a p p e a r e d .  The h y d r o x y l  

r e g i o n  (AO00-3000 cm " l )  was u n a f £ e c t e d  by t he  e x p o s u r e  to  c a r b o n  

monoxide .  

The a d s o r p t i o n  of  c a r b o n  monoxide  and h y d r o g e n  (H2/C0 = 2 /1 )  on 

z i n c  o x i d e  ( p r e c r e a c m e n c  aT) a t  200°C and I a t m o s p h e r e  i s  shown i n  

F i g u r e  20. The i n f r a r e d  s p e c t r a  were  q u i t e  s i m i l a r  t o  Chose f o r  c a r b o n  

monoxide a d s o r p t i o n ;  the  t r a n s m 4 s s £ o n  was v e r y  low c a u s i n g  a l o s s  o f  

i n f o r m a t i o n  a t  lower  f r e q u e n c i e s .  The d e v e l o p m e n t  o f  fo rma te  g roups  

-1 
was i n d i c a t e d  by  t he  g r ~ a t h  o f  bands  a t  2970 and 2875 cm . 

The p r e s e n c e  o f  s t a b l e  f o r m a t e  s p e c i e s  on  Kadox 25 was v e r i f i e d  

by  e x p o s i n g  t he  ox ide  to  f o r m i c  a c i d .  The a d s o r p t i o n  o f  fo rmic  a c i d  

s o l u t i o n  (88% HCOOH, 12~ ~ O )  on z i n c  o x i d e  ( p r e t r e a t ~ n t  ~3) a t  165oc 

and 1 a tmosphe re  i s  shown i n  F i g u r e  21.  The l o ~ r  a d s o r p t i o n  t e m p e r a t u r e  

was used  to  s low the  d e c o m p o s i t i o n  r a t e  o£ s u r £ a c e  s p e c i e s .  Exposure  

t o  £ o r ~ c  a c i d  s o l u t i o n  caused  a f o r m a t e  s p e c i e s  (bands  a t  2970,  2882,  

2737,  1S7~_, and 1382 cm "1) to  form wh ich  l a c k s  t he  s h a r p  d e t a i l  o f  t he  

i n i t i a l  f o r m a t e  g roups  o n  the  r e d u c e d  s u r £ a c e ,  p o s s i b l y b e c a u s e  o£ i n t e r -  

a c t i o n s  among s p e c i e s  a t  r e l a t i v e l y  h i g h  c o u c e n t r a t J . o n s .  The h y d r o x y l  

g r o u p s  have  b e e n  d i s p l a c e d  by £ormate  and a d s o r b e d  w a t e r  (bands  a t  3430 

and 1660 c m ' l ) .  The foru~at ion o£ g a s e o u s  c a r b o n  d i o x i d e  ( v i b r a t i o n a l -  

r o t a t i o n a l  bands  a t  2350 cm " l )  o c c u r r e d  when the  c e l l  was i s o l a t e d  (no 

£1ow t h r o u g h  t h e  c e l l ) ,  i n d i c a t i n g  t h a t  c a r b o n  d i o x i d e  r a t h e r  t h a n  c a r b o n  

m o n o ~ d e  was t h e  p r i m a r y  p r o d u c t  o f  s u r f a c e  f o r m a t e  d e c ~ p o s i t i o n .  
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F1sure 20. Adsorption of  a CO-H 2 m:LxtuYe on Ka4:ioz 25 a t  200°C 

a) ox id ised  su r f ace  

b) exposure for  5 s l n u t e s  

c) exposure for  I hour 
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Fisure 21. Forulc sc ld  adsorp t ion  on Ksdox 25 at  165oC 

a) reduced eur fece  

b) ezpooure to fo rn i c  acid s o l u t i o n  

~.) decomposi t ion of eur f sce  ~orusce spec ies  in  sn i 8 o l s t e d  
c e l l  
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A d s o r , t i o n  on B i n a r y  Oxides  

Two p r e c i p i t a t e d  b i n a r y  o x i d e s ,  95/5 Zn/Cu a n d  90 /10  Zn/Cu o x i d e s ,  

t r a n s m i t t e d  s u f f i c i e n t r a d i a t i o n  f o r  i n f r a r e d  s t u d i e s .  T h e s e  b i n a r y  

o x i d e s  had the  same r e s i d u a l  h y d r o x y l  g roups  as t hose  found  on pu re  

z i n c  ox ide  and had some r e s i d u a l  s u r f a c e  c a r b o n a t e  g r o u p s .  The r e d u c t i o n  

o f  a 95 /5  Zn/Cu ox ide  i n  a 5% H2-957. N 2 s t r e a m  a t  200oc ( p r e t r e a ~ n e n t  4~3) 

i s  shown i n  F i g u r e  2 2 .  S u r f a c e  c a r b o n a t e  g r o u p s  ( b a n d s  a t  1516 ,  1469, 

1380,  and 1322 cm "1)  were  p a r t i a l l y  r e d u c e d  t o  f o rma te  s p e c i e s  (bands 

a t  2970,  2878,  1576,  1381, a n d  1366 c m ' l ) ;  A new h y d r o x y l  band 

d e v e l o p e d  a t  3252 cm "1 .  R e d u c t i o n  w i t h  d e u t e r i u m  s h i f t e d  t he  r e s i d u a l  

h y d r o x y l  g roups  to  OD g r o u p s  (bands  a t  2706,  2667,  2630, and 2560 cm "1)  

' 1  and c r e a t e d  a new OD g roup  a t  2420 om . I f  a b i n a r y  ox ide  was r e d u c e d  

with h y d r o g e n  and s u b s e q u e n t l y  exposed  to  d e u t e r i u m ,  a l l  t h e  h y d r o x y l  

g roups  e x c e p t  t he  s p e c i e s  a t  3252 cm "1 were r a p i d l y  s h i f t e d  to  OD g r o u p s .  

The a d s o r p t i o n  o f  c a r b o n  monoxide  on t h e  b i n a r y  o x i d e s  was a f f e c t e d  

by the  c o n d i t i o n  o f  the  c a t a l y s t  s u r f a c e .  F i g u r e s  23 and 24 show the  

a d s o r p t i o n  o f  ca rbon  monoxide a t  200oc and 1 a t m o s p h e r e  on an o x i d i z e d  

95 /5  and 90 /10  Zn/Cu c a t a l y s t ,  r e s p e c t i v e l y .  Carbon monoxide a d s o r b e d  

as a c a r b o n y l  s p e c i e s  (band  a t  2093 c m  I )  and c a u s e d  g r a d u a l  r e d u c t i o n  

o f  t he  o x i d e .  The u n i d e n t a t e  c a r b o n a t e  g r o u p s  q u i c k l y  d i s a p p e a r e d  

and f o r m a t e  s p e c i e s  s l o w l y d e v e l o p e d .  The v i b r a t i o n a l - r o t a t i o n a l  bands  

fo r  ga seous  c a r b o n  monoxide  o c c u r r e d  a t  2143 cm . 

The a d s o r p t i o n  o£ a c a r b o n  monoxide  and h y d r o g e n  m i x t u r e i ( C O / H  2 - 

1 /2 )  on o x i d i z e d  95 /5  and 90/10  Zn/Cu c a t a l y s t s  a t  200°C and 1 a t m o s p h e r e  

i s  shown i n  F i g u r e s  25 a n d  26, r e s p e c t i v e l y .  R e d u c t i o n  o f  the  ox ide  
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F i s u r e  22. l~eduetion of  95/5 Zn/Cu oxide at  200°C 

a) oxid ized surface 

b) exposu re  to  5% 142 for  30 n~Lnutee 

c)  exposure  to  57, H 2 f o r  2 hour s  

d) exposu re  o f  an o x i d i z e d  s u r f a c e  to  d e u t e r i u m  fo r  
30 minur.ee 



88 

Bill IIIIIIM I I 

I ,, ~ _ _ . _ . t  - P - :  ~. ~ .  

4000 3800 3600 3400 3200 , 3000 2800 2600 

WAVENUMBERS (cm "~) 



89 

I m l  
i i I ¢ m , 

/ 
f 

- / 

~ i ~  ~, 

• ~ ,:,~"1 

m I 

] i n h i ,Ha  - -J --- - ~ ~ * . . . . . . .  

2600 2400 2200 2000 1100 1600 1400 

WAVENU M BERS (cm "I) 
FIsure 22. Continued 



90 

Fisure 23. Carbon monoxide a d s o r p t i o n  on 95/5 Zn/Cu oxide  ac  200°C 

a) ox£d ized  s u r f a c e  

b) exposure  f o r  5 mtnuces  ~ 

c) exposure  f o r  1 hour 
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Figure  24. Carbon monoxide adso rp t i on  on 90/10 Zn/Cu oxide a t  200oc 

a) oxid ized  s u r f a c e  

b) exposure fo r  $ n£nutes  

c) exposure for  I hour 
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Fisure  25. 

I 

k l o o r p t t o n  oE CO-ILj u i x t u r e  on 95/5 Zn/Cu oxide 8t  200oc 

8) o x i d i n d  sur face  

b) expo0ure for  $ u luu tee  

¢) expoeure for  1 houx' 
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F isure  26. /Idsorpt£on oJ~ CO-I~ mixture on 90/10 ZnlCu ox£de a t  200oc 

a) ox id ized  su r face  

b) exposure for 5 minutes 

©) exposure Eor 1 hour 
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vas r a p i d  t n  each  s x p e r ~ e n t ,  i n d i c a t e d  by the  l o s s  of  t r e z ~ L t t a n c e  

and the qu ick  development o f  the hyd roxy l  band at 3252 cm "1. The 

c a r b o n y l  s p e c i e s  and formate  groups were r a p i d l y  formed.  Nethoxy groups  

(bands a t  293.5 and 2822 cm " I )  g r a d u a l l y  d e v e l o p e d  accompanied by the 

g r a d u a l  d i s a p p e a r a n c e  of the  h y d r o x y l  a t  3665 cm " I ,  s u g g e s t i n g  t h a t  

chess  s p e c i e s  occup ied  the  same s i t e s .  The r a t e  o f  h y d r o g e n a t i o n  of  

s u r f a c e  s p e c i e s  on the 90/10 Zn/Cu ox ide  was f a s t e r  than  the  r a t e  on 95/5 

Zn/Cu oxide,  The presence of gaseous CO 2 (bend at  2350 cm "1) i n  the 

spec t rum of  90/10 Zn/Cu oxide  i ~ m l d i a c e l y  a f t e ~  r e d u c t i o n  i n d i c a t e d  

cha t  the  w a t e r - g a s  s h i f t  r e a c t i o n  was p o s s i b l e .  C a t a l y s t  r e d u c t i o n  

by hydrogen  was more r a p i d  than  r e d u c t i o n  by ca rbon  monoxide,  forming 

w a t e r  v~Lch q u l c k l y  r e a c t e d  ~ t h  ca rbon  monoxide t o  y i e l d  ca rbon  d i o x i d e  

and hydrogen .  The ca rbon  d i o x i d e  d id  d i s s i p a t e  ~.~chin an h o u r ,  hue the  

l a ck  of  v l b r a c l o n a l - r o C a t i o n a l  bands s u g g e s t e d  t h a t  the  ca rbon  d£ox lde  

i n t e r a c t e d  w i t h  the c a t a l y s t  s u r f a c e .  The p r e s e n c e  of  CO 2 cou ld  a l s o  

be r e s p o n s i b l e  f o r  the o b s e r v a t i o n  of  a t r a n s i e n t ,  u n s t a b l e  s u r f a c e  

s p e c i e s  (bands a t  2928 and 2850 cm "1) which was ass£&ned Co an adsorbed  

formaldehyde  s p e c i e s .  

Carbon monoxide and d e u t e r i u m  (CO/D 2 © 1/2) were adsorbed  c o n c u r r e n t l y  

on an o x i d i z e d  95/5 Zn/Cu c a t a l y s t  ( p r e t r e a t m e n t  #1) a t  200oc to  check 

the  band as s ignment s  f o r  d e u t e r a t e d  s u r f a c e  s p e c i e s .  The fo rma t ion  o f  

the  OD group  ac 2418 cm "1 shoved r e d u c t i o n  o f  the  ox ide .  A c a r b o n y l  

s p e c i e s  (band a t  2091 cm "1)  was formed and s u r f a c e  c a r b o n a t e  S toups  

were  d e u c e r a t e d  Co y i e l d  a formate  s p e c i e s  (bands a t  2166, 1570, and 

1336 c m ' l ) .  The d e u t e r a t e d  methoxy s p e c i e s  (one band a t  2055 cm "1 
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Figure 27. Adaorpcioa of  CO-D 2 mixture  on 95/5 Zn/Cu oxide 

a) ox id ized  sur face  

b) ezpoaure for  10 mtnucea 

c) expoaure ~or 1 hour 
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a p p a r e n t )  d e v e l o p e d  with t h e  c o n c u r r e n t  d e c r e a s e  i n  t he  OD group  a t  

-1  
2701 cm . 

The a d s o r p t i o n  o f  c a r b o n  monoxide on a r e d u c e d  90/10  Zn/Cu c a t a l y s t  

( p r e t r e a t m e n t  #3) a t  200oc argt 1 a ~ o s p h e r e ,  shown i n  F i g u r e  28,  was 

c o n d u c t e d  to  ~ - t e r m i n e  i f  t he  h y d r o g e n a t i o n  o f  s u r f a c e  s p e c i e s  would 

be g r e a t e r  on a r e d u c e d  r a t h e r  t h a n  o x i d i z e d  c a t a l y s t .  A c a r b o n y l  

s p e c i e s  was formed a t  2093 cm "1 and the  u n £ d e n t a t e  c a r b o n a t e  (bands a t  

1469 and 1380 ~n "1)  d i m i n i s h e d .  The f o r m a t e  (bands  a t  2972,  2880,  1576, 

1379, and 1364 cm " l )  and b i d e n t a t e  c a r b o n a t e  (bands  a t  1516 and 1 3 2 5  
. |  

cm ") s p e c i e s  were  e s s e n t i a l l y  u n a f f e c t e d  ~by CO a d s o r p t i o n .  The t r a n s -  

m i t t a n c e  d i d  d e c r e a s e  d u r i n g  a d s o r p t i o n ,  e s p e c ¢ a l l y  a t  t h e  lower  wave- 

numb e r  s ,  

When a m i x t u r e  o f  c a r b o n  monoxide and h y d r o g e n  (CO/B2. " z 1 /2 )  was 

adso rbed  on a r e d u c e d  90 /10  Zn/Cu c a t a l y s t  ( p r e t r e a U a e n t  #3) a t  200°C, 

t h e  b e h a v i o r  o f  s u r f a c e  s p e c i e s  was comparab l e  t o  o t h e r  s t u d i e s  w i t h  

t ; ~ s  m i x t u r e .  ¥1gure  29 shows t h a t  f o r m a t e  g roups  were  h y d r o g e n a t e d  t o  

metboxy g r o u p s ,  accompan ied  by t h e  d e c r e a s e  o£ t h e  h y d r o x y l  8 r o ~ j  ac 

-1  3665 om . 

A decrease i n  the temperature o f  CO hydrogenat ion  to  lO0OC had the 

e f f e c t  o f  l o w e r i n g  s u r f a c e  r e a c t i o n  r a t e s  arJd s t a b i l i z i n g  a r e a c t i o n  

i n t e r m ~ d i a t e .  A d s o r p t i o n  o f  c a r b o n  monoxide  and h y d r o g e n  (CO/~ 2 = 1 /2)  

on a r e d u c e d  95 /5  Zn/Cu c a t a l y s t  ( p r e t r e a U n e n t  #3) i s  shown it ;  F i g u r e  30.  

S u r f a c e  c a r b o n a t e  g r o u p s  g r a d u a l l y  d e c r e a s e d  as  f o r m a t e  g roups  i n -  

c r e a s e d .  An a d s o r b e d  f o r m a l d e h y d e  s p e c i e s  (bands  a t  2935 and 2852 cm "l)  

formed d u r i n g  an S - h o u r  p e r i o d ,  p o s s i b l y  an i n t e r m e d i a t e  be tween  f o r m a t e  

and methoxy s p e c i e s .  At lO0°C, the  c a r b o n y l  s p e c i e s  had a s l i g h t l y  
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Ffsure  28. Carbon monoxide a d s o r p t i o n  on reduced  90/10 Zn/Cu o x i d e  ac 
200oc 

a) reduced  s u r f a c e  

b)  exposure  for  5 minu tes .  

c) exposure  got 1 hour 
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Figure 30. Jkleorption of  CO-H 2 mixture on reduced 95/5 Zn/Cu oxide I t  
200oC 

e) reduced sur face  

b) exposure for  S u tuu te s  

c) exposure t o t  8 hours 
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f requency (baud at  2097 cm " l ) ,  but  the o the r  bands occurred in  the t z ~  

p o s i t i o n s  found at  200°C. 

The a c t i v i t y  of  a reduced 90/10 Zn/Cu c a t a l y s t  ( p r e c r e a m e n t  I~3) 

for  the v e l a r - g a s  s h i f t  r e a c t i o n  s t  200oc and 1 atmosphere was d e t e r -  

mined for  a h igh CO/H20 r a t i o  (approximate ly  100/1).  Figure  31 shove 

that  carbonyl species and formate groups rare qu ick ly  formed v i t h o u t  

any s i S n i f i c a n t  changes £n the r e s i d u a l  carbonate  6roups, The r a t e r - g a s  

s h i f t  r e a c t i o n  occur red  a t  

of  gaseous carbon d iox ide  

groups ve r e  formed. 

The hydrogena t ion  bf carbon d iox ide  (revez'se r a t e r - s a g  s h i f t  r eac -  

t i on  or methanol  s y n t h e s i s )  vould be expected to have su r face  s p e c i e s  

i n  co~mon with  both r e a c t i o n s .  The concur ren t  adso rp t ion  of carbon 

d iox ide  and hydrogen (C02 /~  - I /1 )  on an ox id ized  90/10 Zn/Cu c a t a l y s t  

( p r e t r ea tmen t  f l )  a t  200oc and 1 a~nosphere i s  shown i n  Figure 32. 

Formate (bands at 2970. 2872, 2737, 1572, and 1366 cm "1) and adsorbed 

formaldehyde (bands ac 2930, 2851, and 1620 cm "1) groups developed 

q u i c k l y .  The su r f ace  carbonate  spec i e s  d£mintshed and the c a t a l y s t  

was reduced (development of 3252 on "1 band).  After  4 hours ,  the amount 

of  mechoxy groups formed was n e s l i g £ b l e .  S u b s t i t u t i o n  of the sag phase 

wi th  pure hydrogen did  not produce me*.hoxy groups a f t e r  an hour of  

hydrogen exposure,  

Since formate groups ve r e  hydrogenated co methoxy groups in  the 

presence  of  carbon mo~)cLde but  not  i n  the presence  of carbon d i o x i d e ,  

i t  appeared tha t  the carbonyl  spec ies  might enhance formate hydrogena- 

t i o n .  To t e s t  t h i s  p o s s i b i l i t y ,  carbon moncxide was adsorbed on a 

these condit ions as £ndicated by the presence 

(band st 2350 cm "1) £n the spectre. No methox~ 
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Fteure 31. Adsorption of CO-H2Ou~xture ou reduced 90110 ZnlCu oxide 
at 200oc 

e) reduced surface 

b) expo|ure for 30 minutes 

c) exposure for 4 houri 
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Fi$ure 32. ktsorpt : ion of  C02-It 2 ~d.xture on 90/10 Zn/Cu oxide a t  200°C 

a) oxi'd£zed sur face  

b) exposure for 5 u~Lnuces 

c) exposure for 4 hours 

d) exposure Co hydrosen for  1 hour  
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reduced 95/5 Zn/Cu c a t a l y s t  ( p r e t r eaunen t  #3) a t  200oc and 1 atmosphere 

£ol~oved by carbon d iox ide  adso rp t ion  (F i su re  33).  The carbonyl  spec i e s  

was veak ly  adsorbed,  deeo rb ins  when the 8aseous CO was £1ushed from the 

c e l l  w i t h  ntCroKen. The subsequent  ad so rp t i on  o f  carbon d iox ide  

caused p a r t i a l  o x i d a t i o n  of the catalyst (a t r a n s ~ s s i o n  i n c r e a s e  and 

the 3252 cm "1 band dec rease )  and decreased  formate StOups, whi le  the 

ca rbona te  groups were i n c r e a s e d .  ~1~e add ic iou  o£ hydrosen to the carbon 

d iox ide  dec reased  carbonate  sroups and i n c r e a s e d  £ormate Stoups wi thou t  

any development o£ m~thoxy Stoups. 

The adso rp t i on  of  f e r u l e  ac id  (88~ BCOOHs 12~ H20 ) on a reduced 

95/5 Zn/Cu c a t a l y s t  (precreacment  #3) a t  165°C and 1 atmosphere i s  

shown i n  F t sure  34. Exposure of  the ac id  to  the c a t a l y s t  was b r i e f  

(§ n~nucea) because the acid  s e v e r e l y  dec reased  the crausm4tcance 

throush the sample.  Spec t r a  were taken i n  n t t r o s e n  a f t e r  the  t r a n s -  

mi s s ion  had i n c r e a s e d  co s e v e r a l  percencase  t r a n s m i t t a n c e .  Formic 

ac id  a d s o r p t i o n  produced a formate s~_-cies (bands at  2968, 2873, 2736, 

1572, 1380, and 1366 cm'l) ,  methoxy sroupe (bands at 2935 and 2825 cm'l) ,  

and a new hydroxyl  Stoup (band a t  3524 c m ' l ) .  This hydroxyl  spec ies  

d i sappea red  as meChoxy sroups i nc rea sed ,  and formate decomposi t ion  

was i n d i c a t e d  by the presence  of carbon d iox ide  i n  the i s o l a t e d  c e l l .  

Nethoxy groups formed wi thou t  any saseous hydrosen p resen t  because t~,e 

c e l l  ~..,as f l u shed  wLch n i c r o s e n  a f t e r  the i n i t i a l  exposure.  Since ~c 

was poss ib le  t h a t  some hydzosen m4sht have e x i s t e d  i n  the micropores ,  

t h i s  exper iment  was r epea t ed  u s in  S a $0% n£crosen-50% hydrosen gas 

mix tu re .  The development of  methoxy groups occur red  a t  e s s e n t i a l l y  the 

same r a t e  as t h a t  i n  n t c r o s e n ,  i n d i c a t i n g  chat  saseous hydrogen vas not  
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Fisure  33. CO 2 hydrolienat:lLon preceded by CO 

a) exposure to CO 

b) lq 2 purKe for  10 m£nutes 

c) e x p o s u r e t o  CO 2 and lq 2 

d) exposure to CO 2, H 2, and N 2 

adaorptLon 



123 

I 

j - o  

.7.., 

f / /  

Z ~ ~ . .~  

4001 3110 3001 3410 3200 3000 2110 2601 

WAVENUMBERS (cm "i) 



124 

I I /  I I 
I | ! " 

- ' S 

[-. 

I 

\ 
i 

/ 

2600 2400 2200 2000 1100 1600' 1400 

WAVE N U M BERS 
Figure 33, Continued 

(c~, -i ) 



125 

Fisure  34. k l | o r p t i o ~  of  f c r t t c  ~ i d  on 95/5 Zn/Cu 'oxide a t  165oC 

a) reduced su r face  

b) 30 minutes a f t e r  exposure 

c) 4 hours a f t e r  exposure 
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d i r e c t l y  invo lved  i n  m e t h o ~  format ion.  The development of methoxy 

groups led  to the d i sappearance  of  the i s o l a t e d  hydroxyl  groups a t  

3666 and 3620 cm "1, The C-H s t re tch ing  frequency of  the formate species 

was sh i f ted  from 2877 to 2870 cm "1 as the mount of methoxy groups 

i n c r e a s e d  on the su r face ;  the hydroxyl  a t  3620 cm "1 s h i f t e d  to  3613 cm "1 

as the band decreased .  

Formaldehyde adsorp t ion  on a reduced 95./5 Zn/Cu c a t a l y s t  ( p r e t r e a t -  

ment ~3) a t  200oc and 1 atmosphere i s  shown ~u  F i i ~ r e  35. Foz~aldehyde 

vapor yes  b r i e f l y  expoled to the s u r f a c e  (§ minutes)  and the s p e c t r a  

ve re  taken in  n i t r o g e n .  I n i t i a l l y ,  formate (bands at  2970, 2875, 2739, 

1578, 1379, and 1364 cm "1) and methoxy (bands at 2934 and 2820 cm "1) 

Stoups dominated the surface w i thout  any evidence of  adsorbed formalde- 

hyde. Both the ~ethoxy and formate groups gradual ly  decomposed, re-  

s t o r i n g  the i s o l a t e d  hydroxyl  groups (bands at  3668 and 3620 ca "1) and 

i n c r e a s i n g  the aunount of  su r face  ca rbona te s .  

The su r f ace  of a reduced 95/5 Zn/Cu c a t a l y s t  ( p r e t r ea tmen t  #3) was 

exposed to formaldehyde vapor at  Io0Oc (Figure  36) to s t a b i l i z e  the su r -  

face  formaldehyde groups.  An adsorbed formaldehyde spec i e s  (bands a t  

~ 3 5 ,  2860, 2739, 1700, and 1609 cm "1) and ~ormate groups (bands at  

2976, 2880, 2739, 1578, 1381, and 1366 cm -1) were formed, accompanied 

by the d i sappearance  of  the i s o l a t e d  hydroxyl  Stoups (bands a t  3670 and 

3620 c= "1) .  Because foz~uate groups were known not  to d i s p l a c e  the 

i s o l a t e d  hydroxy l s ,  i t  can be ~a£ely assumed tha t  adscrbed formaldehyde 

occupied the sane s i t e s  as i s o l a t e d  hydroxyls .  

The adso rp t ion  of methanol on a reduced 95/5 Zn/Cu c a t a l y s t  (pre-  

t r ea tment  #3) at  190°C and 1 atmosphere i s  shown in  F igure  37. Methanol 
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Fisure  35. Mso~pClon of  formaldehyde on 95/5 Zu/Cu oxide s t  200°C 

a) ceduced su r f ace  

b) ,5 minutes a f t e r  exposure 

e) 20 minutes a f t e r  exposure 

d) 1 hour a f t e r  exposure 
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FIsure 36. iklsorptlon of formaldehyde on 95/5 Zn/Cu oxide" et  lO0OC 

a) reduced surface  

b) 30 minutes a f t e r  exposure 

c) a f t e r  second l~CO exposure 
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F£sure 37. Adsorpt ion of  methanol on reduced 95/5 Zn/Cu oxide ac 190oc 

a) d u r £ ~  exposure 

b) l O m i n u t e s  a f t e r  exposure 

c) 4 hours a f t e r  exposure 
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a dso rp t i on  produced meChoxy groups (bands a t  293& and 2822 an "1) and "a 

-1 new hydroxyl  group a t  3524 cm whi le  d i s p l a c i n g  the i s o l a t e d  hydroxyls  

(bands a t  3663 and 3616 c m ' l ) .  The slow decomposi t ion  of  methoxy 

groups began to r e s t o r e  the i s o l a t e d  hydroxyl  groups (bands a t  3663 and 

3616 c ~  l )  whi le  formate decomposi t ion  i n c r e a s e d  the amount of su r f ace  

ca rbona tes  and produced stone gaseous carbon d i o x i d e .  

Because the format ion  og a methoxy spec ies  from methanol would 

invo lve  the d i s s o c i a t i o n  of  the hydroxyl  hydrogen,  a d e u t e r a t e d  methanol 

(CH3OD) was adsorbed on a reduced  90/10 Zn/Cu c a t a l y s t  ( p r e t r ea tmen t  #3) 

a t  130°C an~ 1 atmosphere to e s t a b l i s h  the adso rp t ion  s i t e s  of  the 

d i s s o c i a t e d  hydrogen.  The a d s o r p t i o n  temperature  of  130oc was used to 

i n h i b i t  methoxy decomposi t ion  which would i n c r e a s e  i s o t o p i c  mixing between 

adsorbed hydrogen and deu te r ium s p e c i e s .  F i g u r e  38 shows tha t  methanol-d  

adso rp t ion  formed methoxy groups (bands a t  2935 and 2824 cm "1) and a 

new OD group (band a t  2613 c m ' l ) .  The r e s i d u a l  hydroxyl  groups (banaa 

a t  3670, 3620, and 3450 =n " l )  were d i sp l aced  or s h i f t e d  to OD groups 

whereas the hydroxyl  group a t  3252 cm "1 remained unchanged. No exchange 

was observed between CO groups and methoxy groups,  and only a s l i g h t  

exchange occurred  beeween OD groups and the formate spec ies  as i n d i c a t e d  

by the smal l  band at  2152 cm "1 ( the  C-D s t r e t c h  o£ d e u t e r a t e d  fo rmate ) .  

The adso rp t ion  of  CD30D on a reduced 90/10 Zn/Cu c a t a l y s t  (pre-  

t rea t lnent  #3) at  130°C and 1 atmosphere i s  shown in  Figure  39. "l~ese 

s p e c t r a  were complex and harder  to  i n t e r p r e t  because the i n i t i a l  su r -  

face had formate groups.  Methanol-d 4 adso rp t ion  formed d e u t e r a t e d  

methoxy groups (bands a t  2222, 2201, 2140, and 2058 c~n "1) and the new 

OD group (band at  2619 ore-l) .  The hydroxyls  except  the band a t  3252 cm "1 
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¥£sure 38. ~dsorpctou of CH3GO on 90110 2n/Cu oxide ae 130oc 

a) reduced surface 

b) exposure for 10 minutes 

c) exposure for 1 hour 
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F£sure 39. AdJcrption of CO300 on 90110 ZnlCu oxide at 130oc. 

a) reduced su r f ace  

b) expolure  for  5 minutee 

c) expoeure for  1 hour 
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w e r e  s h i f t e d  or  d i s p l a c e d .  The fo rma te  was d i m l n i s h t n g  w h i l e  i t  ap- 

pea red  an adsorbed fo rma ldehyde  s p e c i e s  (bands a t  2935 and 2840 c~ "1)  

was t e m p o r a r i l y  formed.  Both the  fo rmate  .,.nd adsorbed  fo rma ldehyde  

s p e c i e s  e v e n t u a l l y  d i s a p p e a r .  D e u t e r a t e d  fo rmate  s p e c i e s  (bands a t  

2160, 1574, and 1337 cm " l )  d e v e l o p e d  as the  formate  d e c r e a s e d ,  i n d i c a t i n g  

t h a t  exchange be tween  d e u t e r a t e d  and h y d r o g e n a t e d  s p e c i e s  o c c u r r e d  

r e a d i l y .  

The e f f e c t  of  met ; . anol  a d s o r p t i o n  i n  an o x i d i z i n g  e n v i r o n m e n t  was 

d e t e r m i n e d  by expos i n  8 a r e d u c e d  95/5 Zn/Cu c a t a l y s t  ( p r e t r e a u m e n t  #3) 

to a ~ethanol-water mlxt~re (207, C~OH) at 150oc a-~ I a~nosphere 

(Figure 40). Initially, methoxy (bands at 2934 and 2818 cm "I) and 

formate (bands at 2972, 2878, 1576, 1381, and 1364 cm " l )  gro-Ds de- 

veloped wJth some i n d i c a t i o n  of an adsorbed formaldehyde species (hand 

at  2845 cm "1) also present.  The i so la ted  hydroxyl  groups (bands a t  

3666 and 3620 cm "1) were g r e a t l y  d i m i n i s h e d  b u t  had no t  d i s a p p e a r e d .  

A~ter  an h o u r ,  the  s u r f a c e  s p e c i e s  were  e s s e n t i a l l y  the  same as t he  

i n i t i a l  adsorbed  s p e c i e s .  

A d s o r p t i o n  on Ternary  Oxides 

The z i n c - c o p p e r - a l u m i n u m  o x i d e  c a t a l y s t s  were  s a t i s f a c t o r y  f o r  

t r a n s m i s s i o n  i n f r a r e d  s t u d i e s  i n  t he  f u l l y  .oxidized s t a t e ,  b u t  became 

n e a r l y  opaque when r e d u c e d  i n  hyd rogen .  This c l a s s  of c a t a l y s t s  cou ld  

no ~ be i n v e s t i g a t e d .  The z i n c - c o p p e r - c h r a n i u m  oxide c a t a l y s t s  main-  

t a i n e d  good t r a n s m i t t a n c e  i n  b o t h  the  o x i d i z e d  and r e d u c e d  s t a t e s .  

R e s u l t s  o b t a i n e d  from t h i s  c l a s s  of  c a t a l y s t s  were  b e t t e r  t han  some of  
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Figure 40. Adsorpt ion of  CH3OH-H20 mixture on 95/5 Zn/Cu oxide at  150oc 

a) reduced sur face  

b) exposure for  5 minutes 

c) exposure for  1 hour 
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the in format ion  c o l l e c t e d  from the b inary  c a t a l y s t s  because the t r s n s -  

mi t t ance  was always good over the e n t i r e  waventunber reKion.  The ca ta -  

l y s t s  used in  t h i s  i n v e s t i g a t i o n  had composit ions o f  90/5/5 an~ 80/10/10 

Zn/Cu/Cr oxides which were reduced i n  a 5% ~ - 9 5 ~  N 2 mixture  ( p r e t r e a t -  

ment #3) p r io r  to a l l  adsorp t ion  s t u d i e s .  

The adsorp t ion  of  carbon monoxide and hydrogen (Q/CO = 2/1) on 

90/5/5 and 80/10/10 Zn/Cu/Cr c a t a l y s t s  at  200oc and 1 atmosphere Is 

shown i n  FiKures 41 and 42p r e s p e c t i v e l y .  The r e s i d u a l  hydroxyl groups 

(bands at  3666, 3620, and 3480 cm "1) and the hydroxyl  spec ie s  at  3252 cm "1 

were not very d i s t i n c t  on these  t e rnary  composi t ions ;  band i n t e n s i t y  

decreased wi th  i n c r e a s i n g  chromium con ten t .  The behavior  of  adsorbed 

specie~ on each c a t a l y s t  was qu i t e  s i m i l a r .  The i n i t i a l  exposure to  the 

mixture  p~-oduced the carbonyl  spec ies  (band at  2087 cm - I )  and a formate 

group (bands at 2964, 2872, 1576, 13~"1, and 1360 c m ' l ) .  The , u r f a c e  

carbonates  (bands at  1510, 1433, and 1323 cm "1) g radua l ly  d isappeared .  

Methoxy sroups (bands at  2932 and 2820 cm -1)  developed more qu ick ly  or. 

the 90/5/5 Zn/Cu/Cr c a t a l y s t  than the 80/10/10 Zn/Cu/Cr c a t a l y s t .  

The t r ansmi t t ance  of these  t e rnary  c a t a l y s t s  dur lng  the adsorp t ion  

of  formic acid s o l u t i o n  (887. HCOOH, 127. ~O)  d id  not  decrease  suf-  

f i c i e n t l y  ~o prevent  d e t e c t i o n  of adsorbed s p e c i e s ,  un l i ke  the binary 

c a t a l y s t s ,  Formic acid adsorpt ion  on 90/5/5 Zn/Cu/Cr and 80/10/10 

Zn/Cu/Cr c a t a l y s t s  at  200°C and 1 atmosphere i s  shown in  Figures 43 

and 44, r e s p e c t i v e l y .  An adsorbed formate spec ies  (bands a t  2964, 

z872, 1576, 1381, ar~ 1360 cm "1) and gaseous carbon d iox ide  (band a t  

2350 cm "1) can be seen in  the spec t r a  when formic acid  was in the gas 

phase. A band i n  the 1985-1992 c~n "1 r eg ion  on 90/5/5 Zn/Cu/Cr oxide 
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Fisure  41; Adsorpt ion o f  CO-li 2 mixture on 901515 Zn/Cu/Cr oxide at 
200Oc 

a) reduced surface  

b) exposure for 5 minutes  

c) exposure for I hour 

d) exposure for 8 hours 
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Fisure  42. ~daorpc£on of CO-H 2 mixture  on 80/10/10 ZnlCu/Cr oxidQ at 
200oc 

a) reduced su r face  

b) exposure fo r  S minutee 

c) ,exposure for  1 hour 

d) exposure ~or 8 hours 
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