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Figure  4.~. ~dsorpt ton of formic acid on 901515 Zn/CulCr ox£de ac 
200oc 

a) reduced surface  

b) exposure for  5 minutes 

c) 1 hour a f t e r  exposure 



1S7 

t ! I I 1 - - 1  

! 
I C 

8 

I I , l ,,,,,, I , i  I I 

4000 3100 3600 3401 3200 3000 2101 2601 

WAVENUMBERS (cm "l ) 



158 

I I l l l l l  I l l  I I  I I I I  I I II I ~  
' ' o ~ I s 

I 

~-"2." N 
Z - - ~  

E ~ . 

Z 

W 

• I I ., I nn • I I I 

2600 2400 2 200 2000 1800 1600 1400 

W A V E N U M B E R S  (cm "~) 
F£gure /+3. Continued 



159 

Fisure  ~ .  / d e o r p t i o n  of £ o m i c  acid  on 80/10/10 Zn/Cu/Cr oxide ac 
200oc 

a) reduced sur face  

b) exposure for  5 minutes 

c) exposure for  1 hour 

d) 1 hour agcer exposure 
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war a~algned to an adsorbed formic acid  molecule .  There was n e g l i g i b l e  

methoxy developmeu~ u n t i l  a f t e r  the formic ac id  yes f lushed  from the 

8as phase,  pos s ib ly  because the gas phase a l so  con ta ined  some water  

( the  formic ac id  s o l u t i o n  has water)  which i n h i b i t e d  methoxy forma- 

t ion .  

A b r i e f  exposure (5 minutes)  of  formaldehyde to 90/5/5 and 80/10/10 

Zn/Cu/Cr catalysts at 200oc and I atmosphere is shown in Figures 45 and 

46, respectively. The formation of methoxy groups (bands at 2930 and 

2822 cm "I) and formate 8rou~ (baffle ~t 2872, 1576, 1381, and 1360 cm "I) 

occurred i.~tttlally, followed by decomposition of the me~hoxy groups. 

Both c a t a l y s t s  had a weak band a t  2087 cm "1 sugges t ing  t h a t  carbon 

monoxide was a decomposi t ion product  du r in  8 formaldehyde adso rp t ion  a t  

200oc. The r a t e  of  methoxy format ion  ,.1as more rap id  on the 90/5/5  

Zn/Cu/Cr c a t ~ . y e t  than the 80/10/10 Zn/Cu/Cr c a t a l y s t .  The we~.k band 

a t  1670 cm "1 can be asslBned to adsorbed wa te r ,  probably another  decomposi- 

t i on  product  dur ing  formaldehyde adsorp t ion .  

The adso rp t i on  of formaldehyde on 90/.5/5 and 80/10/10 Zn/Cu/Cr 

c a t a l y s t s  a t  lO0OC al~ l atmosphere i s  shown in  Figures  4~' and 48, 

r e : . p e c t i v e l y .  I n i t i a l l y ,  the exposure to formaldehyde produced an ad- 

sorbed formaldehyde spec ies  (bands a t  2935, 2850, and 2737 c m ' l ) ,  

: )  formate (bands at 2966, 2876, 1580, 1381, at~ 1365 era" , and sou~ 

me,bogy groups (bands at 2932 and 2820 cm'l). ' As the asaount of adsorbed 

formaldehyde i n c r e a s e d  on the s u r f a c e ,  the i s o l a t e d  hydroxyl, groups 

(bands at  3666 and 3618 cm "1) and the methcxy groups were d i s p l a c e d .  
4t 

The adsorbed formaldehyde g radua l ly  decomposed to formate s p e c i e s .  

The a d s o r p t i o n  and d e c o ~ o m i t i o n  of methanol (CH3OH) ou 90/5/5 and 
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Figure 45. Adsorption of  formaldehyde on 901515 Zn/Cu/Cr oxide I t  
200oc 

a) reduced sur face  

b) 10 minutes a f t e r  exposure 

c) 30 minutes a f te r  exposure 
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Q 

Ftgure 46. Adsorption of formaldehyde on 80110110 znlcu/cr  oxide at: 
200oc 

a) reduced su r face  

b) 10 u~Lnutee a f t e r  exposure 

c) 30 miuutea a f t e r  exposure 
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Figux'e 47. Adsorpt ion o~ :~ox'mtldehyde on 90/.515 Zu/Cu/Cr oxide at: 100Oc 

a) dux'iu8 exposu'x'e 

b) 10 minucq.8 a f t e r  exposure 

¢) 30 m.'Luucee afcc'~ expoeure 
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Figure  48. Adsorption of  formaldehyde on 80110110 Zn/Cu/Cr ox£de ac 
lO0OC 

a) reduced s u r f a c e  

b) 10 minutes a f t e r  e x p o s u r e  

c) 30 uLtnuces a f t e r  e x p o s u r e  

. /  
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80/10 i10  Zn,'Cu/Cr= c a t a l y s t s  were v e r y  s i m i l a r  a t  200°C and 1 a tmosphere  

( F i g u r e s  49 and 50).  Exp,~sure co me thano l  formed metho~-y groups (bands 

a t  2930 and 2820 cm " I )  and fo rmate  groups (bands a t  2872, 1576, 1381, 

and 1360 cm - 1 )  w l t h  the  c o n c u r r e n t  d i s a p p e a r a n c e  of I s o l a t e d  h y d r o x y l  

groups (Lauds ac 3666 and 3620 o N ' l ) .  So~e ca rbon  d i o x i d e  was ob- 

s e r v e d  i n  the  gas phase  £rom methoxy d e c o m p o s i t i o n .  ' .~e~val  o f  

me thano l  from the  gas phase  caused  r a p i d  d e c o m p o s i t i o n  o f  the mechoxy 

grc~tps, I e a d i n  S to  the deve lopment  o f  fo rmate  and b t d e n t a t e  c a r b o n a t e  

(bands a t  1510 and 1327 cm "1) g roups .  Nethoxy groups  d i d  no t  decom- 

pose as r e a d i l y  a f t e r  a second exposu re  to  m e t h a n o l .  

i"hotoacous t i c  S p e c t r a  

Both o x i d i z e d  and r e d u c e d  methano l  c a t a l y s t s  wLth Zn/Cu r a t i o s  

below 85/15 were u n s u i t a b l e  f o r  i n  sit....~u i n f r a r e d  s t u d i e s  because  t h e y  

e x h i b i t e d  poor t r a n s m i t t a n c e  over  t he  e : . t i z e  m i d - i n f r a r e d  spec t rum.  

S ince  the  most  a c t i v e  c a t a l y s t s  have Zn/Cu r a t i o s  n e a r  67/33, i t  was 

d e s i r a b l e  co compare s p e c t r a  of  c a t a l y s t s  w i t h  h i g h e r  copper  c o n t e n t  to  

those  c a t a l y s t s  employed 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  i n  o r d e r  to  

d e t e r m i n e  i f  s i~L laz  s u r f a c e  s p e c i e s  e x i s t  on t h e s e  v a r i o u s  c o m p o s i t i o n s .  

The t e c h n i q u e  of  p h o t o a c o u s t t c  s p e c t r o s c o p y  (PAS) was used  to  c h a r a c -  

t e r i z e  s e v e r a l  b i n a r y  ox ides  s u b j e c t e d  to  d £ f f e ~ e n t  t r e a ~ n e n t s .  A l l  

s p e c t r a  were  t a k e n  a t  ambient  c o n d i t i o n s .  

The s p e c t r a  o f  s e v e r a l  ox ides  t h a t  were  no t  s u b j e c t e d  co any p r e -  

t r e a t m e n t  a r e  shown IsL F i g u r e  51. Each spec t rum was take~  w i t h  256 

- I  
scans  a t  8 cm r e s o l u e ~ o n .  S u r f a c e  c a r b o n a t e  bands can be s e e n  i n  
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F i b r e  49. Adsorpt ion of  methanol on 9015/5 Zu/Cu/Cr ozide at 200°C 

a) reduced surface 

b )  exposure for  1 hour 

c) 1 hour a f t e r  exposure 
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Figure  50. / ~ 8 o r p t i o n  of m t h a n o l  on 80110/10 Zn/Cu/Cr oxide a t  200°C 

a) reduced su r f ace  

b) exposure for  1 hour 

c) I hour a f t e r  exposure 
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the  1700-I300 cm "1 r e g i o n  and adsorbed  w a t e r  n e a r  3400 cm "1.  A gaseous  

i m p u r i t y ,  ca rbon  d i o x i d e ,  was p r e s e n t  i n  the  spec t rum of  80/20 Zn/Cu 

o x i d e .  Thes~ ox ides  were  p r e t r e a t e d  a t  350oc under  vacuum f o r  ap-  

p r o x i m a t e l y  12 hours  t o  remove some of  the  s u r f a c e  c o n t ~ t n a n t s  (ad-  

so rbed  w a t e r  and r e s i d u a l  c a r b o n a t e s ) .  P r e t r e a t e d  s a n p l e s  were  t r a n s -  

f e r r e d  i n t o  the  p h o t o a c o u s t i c  c e l l  v i a  a d r y  box to  avoid  c o n t a m i n a t i o n  

by a tmosphe r i c  wate r  vapor  and ca rbon  d i o x i d e .  The s p e c t r a  o f  t h e s e  

-1  
o x i d e s ,  shown i n  F i g u r e  52, were  t a k e n  w i t h  128 scans  a t  8 cm r e s o l u -  

t i o n .  The r e d u c t i o n  of  adsorbed  w a t e r  r e v e a l e d  the  i s o l a t e d  h y d r o x y l  

groups (bands a t  3672 and 3622 c m ' l ) .  The amount o f  r e s i d u a l  c a r b o n a t e s  

(bands a t  1535 and 1380 cm "1)  d e c r e a s e d  as r~he z i n c  c o n t e n t  o f  t he  

b i n a r y  ox ide  d e c r e a s e d .  

The p r i n c i p a l  o b j e c t i v e  o f  t h i s  s t udy  was to  d e t e r m i n e  i f  t he  

adsorbed  s p e c i e s  formed on t h e s e  b i n a r y  ox ides  d u r i n g  exposure  to  a 

m i x t u r e  o£ ca rbon  monoxide and hydrogen  (CO/H 2 - 1 /2)  were s i m i l a r .  

S e v e r a l  b i n a r y  oxides  were  h e a t e d  a t  350oc unde r  vacuum for  about  

12 h o u r s ,  coo l ed  to  200°C, and exposed to the  gas m i x t u r e  f o r  4 h o u r s .  

A f t e r  c o o l i n g  to  room t e m p e r a t u r e ,  the  samples were t r a n s f e r r e d  v i a  a 

d r y  box i n t o  the p h o t o a c o u s t i c  c e l l .  These samples  cou ld  n o t  be sub-  

j e c t e d  to  a vacuum w i t h o u t  d e c o m p o s i t i o n  of  methoxy,  f o r m a t e ,  and 

c a r b o n y l  groups  o c c u r r i n g .  The s p e c t r a  shown i n  F i g u r e  53 were t a k e n  

• ~ i t h  400 scans  a t  2 cm "1 r e s o l u t i o n .  The 95/5 Zn/Cu ox ide  had some ad- 

so rbed  w a t e r  (band a t  3450 cra " 1 ) ,  the  h y d r o x y l  band a s s o c i a t e d  w i t h  r e -  

duced copper  (band a t  3230 cm " 1 ) ,  methoxy groups (bands a t  2935 and 

2820 c ~ ' 1 ) ,  fo rmate  groups (bands a t  2854, 1580, and 1370 cm "1)  : and 
t 

a c s r b o n y l  s p e c i e s  (band a t  2102 c m ' l ) .  As t h e  copper  c o n t e n t  o f  t he  
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oxide i n c r e a s e d ,  the c l a r i t y  of the pho toacous t i c  s p e c t r a  dec reased  to 

the e x t e n t  t ha t  l i t t l e  in fo rmat ion  could be obta ined  from the spectrum 

of the 67/33 Zn/Cu oxide r ega rd ing  su r f ace  s p e c i e s .  The spectrum of 

the 85/15 Zn/Cu oxide showed a small  amount of methoxy groups (bands 

a t  2970 and 2825 cm "1) and formate groups (band8 a t  1572 and 1370 c m ' l ) .  

The poor s i g n a l - t o - n o i s e  r a t i o  of these  ~pec t ra  and lack  of d e t a i l  a t  

h igher  wavenumbers made th~ assigranent of  band l o c a t i o n s  q u i t e  d i f f i c u l t .  
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DISCUSSION OF RESULTS 

The i n f r a r e d  s p e c t r a  of adsorbed spec i e s  on z inc  ox ide ,  b i n a r y  

Zn/Cu ox ides ,  and t e r n a r y  Zn/Cu/Cr oxides were s u f f i c i e n t l y  s i m i l a r  

t h a t  i n f r a r e d  band a s s i s~nen t s  were a p p l i c a b l e  to  a l l  these  oxides .  

Baud positions assigned to various surface species in this discussion 

should be regarded as approximate because ba~d positions can be affected 

by the extent of oxide reduction, temperature, surface concentration, 

and the presence of other speclee. Most results were obtained at 

i atmosphere and 200oC durin 8 flow conditions. 

-1 
The infrared bands above 3000 ~n on all of these catalysts have 

been assigned to hydroxyl 8roups. Residual hydroxyl Stoups with bands 

at 3665, 3620, 3550, and 3450 cm "I existed on both oxidized and reduced 

-I 
catalysts. A small band at 3640 cm was also observed on some cata- 

lysts that had good transmittance. The sharp, narrow shape of the bands 

-I 
at 3665, 3640, and 3620 cm were indicative of isolated hydroxyls, 

while the broad features of the bands at 3550 and 3450 cm "I su88ested 

that hydrogen bonding occurred among these hydroxyls. All the major 

hydroxyls readily ~xchanged with deuterium or deuterium oxide to produce 

OD bands at 2706, 2667, 26"50, and 2560 cm "I, establishing that these 

hydroxyls were surface species. The differences in the band positions 

of these hydroxyls have been attributed to the different crystal planes 

of zinc oxide on which these hydroxyls are located (Atherton et el., 

1971). 

A hydroxyl species indicated by a band at 3525 cm "l developed when 

meth-nol or formic acid was adsorbed on the catalyst surface. An 
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exchange  w i t h  d e u t e r a t e d  compounds was n o t  p o s s i b l e  b e c a u s e  t h i s  

h y d r o x y l  s p e c i e s  was u n s t a b l e  a t  200°C, b u t  a d s o r p t i o n  o f  d e u t e r a t e d  

-1  
m e t h a n o l  p roduced  an a n a l o g o u s  OD band  a t  2608 c~  . The d i s s o c i a t i o n  

o f  t he  h y d r o x y l  h y d r o g e n  f rom the  o r g a n i c  m o l e c u l e  d u r i n g  a d s o r p t i o n  

~ r o v l d e d  a l a r g e  anoun t  o f  a t o m i c  h y d r o g e n  ( p o s s i b l y  as p r o t o n s )  on 

t he  s u r f a c e  wh ich  t e m p o r a r i l y  p r o d u c e d  t h i s  h y d r o x y l  s p e c i e s .  At room 

t e m p e r a t u r e ,  t h i s  h y d r o x y l  has  been  o b s e r v e d  as a s t a b l e  s p e c i e s  on z i n c  

o x i d e  d u r i n g  h y d r o g e n  a d s o r p t i o n  and l a b e l e d  a Type I h y d r o x y l  s p e c i e s  

(Dent and Kokes ,  1969a) .  This  h y d r o x y l  was n o t  formed by h y d r o g e n  ad= 

s o r p t l o n  a t  200oc.  

B ina ry  and t e r n a r y  o x i d e s  formed a h y d r o x y l  band a t  3250 cm "1 

d u r i n g  r e d u c t i o n  w i t h  h y d r o g e n  and a band a t  2421 c m ' !  d u r i n g  r e d u c t i o n  • 

w i t h  d e u t e r i u m .  I s o t o p i c  exchange  o f  a h y d r o g e n - r e d u c e d  s u r f a c e  w i t h  

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

t h a t  t h i s  h y d r o x y l  was n o t  a s u r f a c e  s p e c i e s .  ~ : r l n g  a d s o r p t i o n  

e x p e r i m e n t s ,  the  i n t e n s i t y  o f  t h i s  h y d r o x y l  band was t o t a l l y  u n a f f e c t e d  

by a d s o r b e d  s p e c i e s  as l ong  as  t he  c a t a l y s t  tem~ ned i n  a r e d u c e d  s t a t e .  

C a t a l y s t  o z l d a t l o n  w i t h  c a r b o n  d i o x i d e  o r  wa t e r  c a u s e d  t h i s  h y d r o x y l  t o  

. i  d i s a p p e a r .  These o b s e r v a t i o n s  s u g g e s t  t h a t  t he  h y d r o x y l  a t  3250 cm 

i s  a bu~K s p e c i e s  a s s o c i a t e d  w l t h  a r e d u c e d  form o f  coppe~ ( o x i d a t i o n  

s t a t e  +I  o r  0 ) .  

F . , l l y  o x i d i z e d  c a t a l y s t s  had some r e s i d u a l  c a r b o n a t e  g r o u p s  on t h e  

st, rface which appeared as infrared bands at 1512, 1470, 1435, 1380, and 

-I 
132~ cm . The changes in band intensities during various surface 

-i 
conditions have indicated that the bands at 1512 and 1325 cm belong 

to the same species, the bands at 1470 and 1380 cm "I belong to another 
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s p e c i e s ,  and the  band a t  1435 cm "1 could  be a s s i g n e d  t o  a t h i r d  c a r b o n a t e  

s p e c i e s .  ~n£ ra r ed  band a s s i s m n e n t s  ~o s p e c i f i c  c a r b o n a t e  and c a r b o x y l a t e  

complexes on s u r f a c e s  r e p o r t e d  i n  the  l i t e r a t u r e  have been  dub ious  and 

sometimes c o n t r a d i c t o r y  be c a use  o f  the d i f f i c u l t i e s  i n  makin 8 a s s i g n -  

ments  based  on compar isons  w i t h  pure  i n o r g a n i c  c a r b o n a t e s .  Band f r e -  

quenc i e s  can be a f f e c t e d  by s u r f a c e  p r e t r e a t m e n t s  a n d  the  t e m p e r a t u r e  

o f  a d s o r p t i o n .  A c h o i c e  must  t hen  be made anong many d i f f e r e n t  t ypes  

o f  complexes t h a t  cou ld  b~ formed ,  e . g . ,  b i c a r b o n a t e ,  u n c o o r d i n a t e d  

c a r b o n a t e  i o n ,  u n i d e n t a t e  c a r b o n a t e ,  b i d e n t a t e  c a r b o n a t e ,  and b r i d g i n g  

~ a r b o n a t e  s p e c i e s .  The same c a r b o n a t e  s p e c i e s  on z i n c  ox ide  w i t h  

-1  
bands a t  1530 and 1325 cm has b e e n  a s s i g n e d  to  a u n i d e n t a t e  carbon,~te  

(Herd e t  a l . ,  1974) ,  bands a t  1540 and 1330"an "1" u s i g n o d  to  a 

c a r b o x y l a t e  s p e c i e s  (Bozon-Verduraz ,  1970) ,  and bands a t  1560-1530 and 

1342-1330 c~ "1 a s s i g r ~ d  to  a b i d e n t a t e  s p e c i e s  (Ha i r ,  1967).  The s i n g l e  

-1  band a t  1435 cm , which  was obse rved  on t e r n a r y  c a t a l y s t s ,  was a s s i g ~ d  

to  an u n c o o r d i n a t e d  c a r b o n a t e  i o n .  A c a r b o n a t e  i on  on z inc  ox ide  has 

been  p r e v i o u s l y  r e p o r t e d  a t  1430 cm "1 ( M a t s u s h i t a  and N a k a t a ,  1962). 

Based on the  g e n e r a l  a s s igmnen t s  f o r  u n i d e n t a t e  and b i d e n t a t e  c a r b o n a t e  

complexes g iven  by Nakamoto (1978) ,  the  bands a t  1470 and 1380 cm "1 

were  a s s i g n e d  to  the  a symmet r i c  and symmet r ic  O-C-O s t r e t c h i n g  f r e -  

quenc ie s  o f  a u n t d e n t a t e  c a r b o n a t e  s p e c i e s ,  w h i l e  the  bands a t  1512 

-1 
and 1325 cm were assigned to the asy~netric and symmetric O-C-O 

stretching frequencies of a bldentate carbonate species, respectively. 

The adsorption of carbon monoxide on zinc oxide was the same as 

previously reported by Taylor and ~4nberg (1961). A very weak band was 

observed at 2200 cm "I after a brief flush with N 2 to remove the masking 
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by gaseous  ca rbon  monoxide.  This band was a s s i s n e d  to  a ~-bonded 

-1 
c a r b o n y l  s p e c i e s .  A more i n c e n s e  band was obsecved  nea r  2090 an on 

the  b i n a r y  and t e r n a r y  o x i d e s .  This s c r e e c h i n g  f r e q u e n c y  was i n  t he  

2080-2110 cm "1 r e g i o n  f o r  n-bonded c a r b o n y l s  on m e t a l l i c  copper  ( P r i t c h a r d  

and Sims,  1970; P r i t c h a r d  e t  a l . ,  1975; Horn and P r i t c h a r d ,  1976).  

Al though no i n f r a r e d  s t u d i e s  have b e e n  r e p o r t e d  f o r  carbon monoxide 

a d s o r p t i o n  on cuprous  o x i d e ,  c a r b o n y l  f r e q u e n c i e s  on copper (Z)  organo-  

m e t a l l i c  complexes have b e e n  c h a r a c t e r i z e d  r e c e n t l y .  The c a r b o n y l  

-1  
f r e q u e n c i e s ,  g i v e n  i n  Table  13, f a l l  i n t o  the  2050-2117 cm r e g i o n .  

Thus, the  band n e a r  2090 cm "1 on b i n a r y  and t e r n a r y  ox ides  was a s s i g n e d  

to  the s t r e t c h i n g  f r e q u e n c y  o f  a e a r b o n y l  s p e c i e s  adsorbed  on a r e d u c e d  

copper  s i t e .  The o x i d a t i o n  s t a t e  of  the  r e d u c e d  s i t e  cou ld  be e i t h e r  

Cu(I )  or  copper  m e t a l .  

Formate groups were formed by the  h y d r o g e n a t i o n  of  c a r b o n  monoxide 

and d i o x i d e ,  the  a d s o r p t i o n  o f  fo rmic  a c i d ,  and the  d e c o m p o s i t i o n  of  

me thano l .  I n f r a r e d  b a n d s  a t  2875, ~380, 1575, and 1365 cm "1 were as -  

s i g n e d  to  the  fundamen ta l  C-H s t r e t c h i n g ,  C-H b e n d i n g ,  a symmet r i c  O-C-O 

• s t r e t c h i n g ,  and symmet r i c  O-C-O s t r e t c h i n g  f r e q u e n c i e s ,  r e s p e c t i v e l y .  

Two additional bands at 2966 and 2740 cm "I were assigned to combinations 

of fundamental frequencies; the former band was a combination of the 

C-H bendin 8 and asymmetric O-C-O stretching frequencies, while the 

latter baud was a combination of the C-H bending and symmetric O-C-O 

s t - r e t c h i n g  f r e q u e n c i e s .  These combined f r e q u e n c i e s  have b e e n  obse rved  

i n  the i n f r a r e d  s p e c t r a  o f  i n o r g a n i c  f o r m a t e s .  The i n f r a r e d  bands of  

some i n o r g a n i c  fo rma tes  a re  g i v e n  i n  Table 14. I n f r a r e d  bends  o f  

a d e u t e r a t e d  fo rma te  a t  2166, 1575, and 1335 cm "1 were  a s s i g n e d  to  the  
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Table 13. Organometal l ic  copper ( I )  complexes 
m , ,  H I  I H 

-1 Copper(I) complex VCO , cm 

[llb (C3N2H3) 3 ] Cu (COl 2083 

Cu (LSF 2) (CO) 2068 

[Cu(en)CO] (BPh 4) 2117 

[Cu(dien)CO] (BPh4) 2080 

[Cu 2 (men) 2(C0) 2Cll (BPh4) 2065 

[ Cu 2 (hm) 3 (CO) 2 ] (BPh4) 2 2055, 2066 

[cu(~)co] (B~ 4) 2o91 

[ Cu (en) 2C0] I 2060 

[ Cu 2 (en) 3 (CO) 2 ] I2 2062 

[ Cu 2 (en) 3(CO) 2 ] (BPh4) 2 2078 

CuCO(O- t-Bu) 2063 

Cu(acac) (CO) 2 2100 

[Cu(q)CO] 4 2050 

i i 

Reference 
i i  , i  

Church i l l  e t  a l . ,  1975 

Gasn~ e t  a l . ,  1977 

Pasqual i  e t  a l . ,  1978 

Pasqual i  e t  a l . ,  1978 

Pasqual l  e t  a l . ,  1979 

Pasqual i  e t  a l . ,  1980b 

Pasqual i  e t  a l . ,  1980b 

Paaquali  e t  a l . ,  1980a 

Paaquali  e t  a l . ,  1980a 

Pa lqua l i  e t  a l . ,  1980a 

Geerts  e t  a l . ,  1983 

Chow and Buono-Core, 1983 

Pasqual i  e t  a l . ,  1983 

fundamental C-D s t r e t c h i n g ,  asymmetric O-C-O s t r e t c h i n g ,  and symmetric 

O-C-O s t r e t c h i n g  f r e q u e n c i e s ,  r e s p e c t i v e l y .  

Methoxy groups were a l so  formed by the hydrogenat ion  of  carbon 

monoxide, the adso rp t ion  of formic ac id ,  and the adsorp t ion  of methanol .  

ln£rared  bands at  2935 aud 2820 cm "1 were ass igned to  the fundamental 

asymmetric and symmetric CH 3 s t r e t c h i n g  f r equenc i e s ,  r e s p e c t i v e l y .  

-1 Deuterated methoxy Stoups had i n f r a r e d  bands at  2220 and 2056 cm 

which were ass igned to asymmetric end symmetric CD 3 s t r e t c h i n  S f r e -  

quencies ,  r e s p e c t i v e l y .  I n f r a r e d  f requencies  of methoxy EEoupe were 
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very  s i m i l a r  to the i n f r a r e d  f r equenc len  of l l q u l d  methanol .  Liquid CH30H 

has asymmetric and symmetric CH 3 s c r e e c h i n g  f r e q u e n c i e s  a t  2934 and 2822 

-1 cm , r e s p e c t i v a l y ;  l i q u i d  CD3OD has asymmetric and symmetric CD 3 

s t r e t c h i n g  f r equenc tee  a t  2225 and 2082 cm "1,  r e s p e c t i v e l y  (Pinchas and 

L a u l i c h t ,  1971). 

I n £ r a r e d  bands were formed at  2935, 2850, 2740, and 1600 cm "1 

d u r i n  8 the hydrogena t ion  of  carbon d iox ide  and the adso rp t i on  of 

formaldehyde.  The assignment of  these  ba~ts to a weakly adsorbed 

formaldehyde spec ies  was made s i n c e  the CH 2 s c i s s o r i n g  ove r tone ,  the 

ou t -o f -phase  CH 2 s t r e t c h i n g ,  the in -phase  CH 2 s t r e t c h i n g ,  and the C-O 

s t r e t c h i n g  f r e q u e n c i e s  of gaseous formaldehyde occur a t  2973, 2874, 

-1 
2780, and 1745 cm , r e s p e c t i v e l y  (Pinchas  and L a u l i c h t ,  1971). The 

l a r g e  s h i f t  i n  the C=O s t r e t c h i n g  f requency i n d i c a t e d  t h a t  the 

formaldehyde spec ies  was adsorbed on the su r f ace  through the oxygen 

end of  the molecu le .  The adso rp t ion  of a £ormaldehyde molecule  on 

hemat i t e  (~-Fe203) produced i n f r a r e d  bands a t  2920, 2870, 2770, and 1620 

-1 
cm (Busca and L o r e n z e l l ~ ,  1980). The p o s s i b i l i t y  t ha t  t h i s  su r f ace  

spec ies  might  be a formyl group seems l e s s  l i k e l y .  I n f r a r e d  bands a t  

2770 and 2661 cm "1,  formed, dur ing  CO hydrogena t ion  on z inc  were u -  

signed to a formyl species (Saussey et al., 1982), "L~e C-H and C=O 

s t r e t c h i n g  f r e q u e n c i e s  for  var ious  o r g a n o m e t a l l i c  complexes con~ain tn  8 

a £ormyl l i g a n d ,  r e p o r t e d  i n  Table 15, have C-H s t r e t c h i n g  f requenc ies  

lower than those  observed in  t h i s  s tudy .  

Formate groups were formeu dur ing  carbon monoxide adso rp t ion  on 

z inc oxide ,  b i n a r y  ox ides ,  and t e r n a r y  ox ides ,  demons t ra t ing  tha t  sur -  

face hydrogen m o b i l i t y  a t  200oc was i n c r e a s e d  by oxide r e d u c t i o n  s i n c e  
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no h y d r o g e n  was a v a i l a b l e  f rc ,  n t he  gas  p h a s e .  Formate  f o r m a t i o n  was 

e n h a n c e d  by t he  p r e s e n c e  o f  ga seous  h y d r o g e n ,  p r e s u m a b l y  by i n c r e a s i n g  

the  amount o f  a d s o r b e d  h y d r o g e n  a l t h o u g h  no new h y d r o x y l  or  h y d r £ d e  

s p e c i e s  were  o b s e r v e d .  Carbon monoxide  h y d r o g e n a t i o n  d e v e l o p e d  methox7 

g roups  on b i n a r y  and t e r n a r y  o x i d e s  b u t  n o t  on z i n c  o x i d e  a t  200°C. 

Carbon d i o x i d e  h y d r o g e n a t i o n  on b i n a r y  o x i d e s  a t  200oc formed foe-sa te  

and some a d s o r b e d  f o r m a l d e h y d e  g roups  b u t  few methoxy g r o u p s ,  e v e n  

when the  8as phase  was c o m p l e t e l y  r e p l a c e d  w i t h  h y d r o p n .  These  r e s u l t s  

showed t h a t  t h e  a d s o r b e d  c a r b o n y l  s p e c i e s  on a r e d u c e d  c o p p e r  s i t e  was 

n e c e s s a r y  f o r  t h e  f o n a s t £ o n  of  a methoxy g roup  frcMn a f o r m a t e  g roup  a t  

200oc.  Carbon monoxide  l ~ y d r o g e n a t i o n  a t  lOOOC e a s i l y  d e v e l o p e d  t h e  

c o p p e r  c a r b o n y l  s p e c i e s  b u t  h y d r o B e n a t £ o n  to  f o r m a t e  s p e c i e s  was v e r y  

s low and no methoxy g roups  were  formed.  Thus ,  a t  200°C, t he  p r i m a r y  

f u n c t i o n  o f  c o p p e r  i n  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 s  was t o  a c t i v a t e  

e.arbon monoxide  by f o r m i n g  an a d s o r b e d  c a r b o n y l  s p e c i e s .  Th i s  c s r b o n y l  

s p e c i e s  enhanced  t h e  h y d r o g e n a t i o n  of  f o r m a t e  g roups  to  m e t h ~ y  g r o u p s .  

Formate  a c i d  d e c o m p o s i t i o n  on z i n c  o x i d e  s i m p l y  formed fo rma te  

g roups  t h a t  decomposed  to  CO 2 (any  H 2 formed c o u l d  n o t  be o b s e r v e d ~ .  

Formic  a c i d  d e c o m p o s i t i o n  on b i n a r y  and t e r n a r y  o x i d e s  p roduced  f o r m a t e ,  

me thoxy ,  and a new h y d r o x y l  s p e c i e s .  S i n c e  t h e r e  was no c a r b o n y l  s p e c i e s  

on t h e s e  r e d u c e d  s u r f a c e s ,  t he  h y d r o g e n a t i o n  o f  f o r m a t e  t o  methoxy 

g roups  a r o s e  f rom the  u n s t a b l e  h y d r o g e n  added t o  t he  s u r f a c e  by the  

d i s s o c i a t i v e  a d s o r p t i o n  o£ f o r m i c  a c i d  (Type I h y d r o g e n ) .  At 200Oc, 

t he  z i n c  h y d r i d e  s p e c i e s  yea t oo  u n s t a b l e  t o  be o b s e r v e d  i n  t h e  i n f r a r e d  

s p e c t r a .  ~he amount o f  ga seous  h y d r o g e n  p r e s e n t  d u r i n g  fo rmic  a c i d  

d e c o m p o s ~ t i o n  had no e f f e c t  on t h e  r a t e  o f  methoxy f o r m e t i o n ~  i n d i c a t i n g  



196 

tha t  an Eley-Rideal  mechanism for formate hydrogenat ion  to methoxy spec ies  

yes u n l i k e l y .  

Nethm~ol adsorp t ion  occurred by d f s s o ~ i a t t v e  chemisorpt ton  to 

produce a mechoxy and hydroxyl spec ie  s and by the r e a c t i o n  of methanol 

with a surface  hydroxyl to produce a methoxy spec ies  and water.  The 

disappearance of i s o l a t e d  hydroxyl Stoups (bands at 3665 and 3620 cm "1) 

during methanol adsorp t ion  was ev~aence of the r e a c t i o n  of methanol 

wi th  surface  hydroxyls .  The development of the hydroxyl spec ies  at  3525 

-1 cm (Type I hydrogen) was evidence  of the d i s s o c ~ a t i v e  chemisorpt lon .  

The adsorpt ion  of i s o t o p i c  methanol c l e a r l y  showed tha t  the hydrosen i n  

the new hydroxyl spec ies  came from the hydroxyl hydrosen fn  the methanol 

molecule.  Nethoxy sroupe decomposed to formate Stoups,  acco~penied by 

the 8radual appearance of  the i s o l a t e d  hydroxyls .  

Formaldehyde adsorp t ion  at lO0°C produced an adsorbed formaldehyde 

spec ies  tha t  caused the disappearance of i s o l a t e d  hydroxyl  groups. 

Decomposition of adsorbed formaldehyde produced formate s r o u p s .  

Formaldehyde adso~ptiou at 200oc formed methoxy and formate spec i e s .  

At th i s  hasher  tempera ture ,  adsorbed formaldehyde was not s t a b l e  under 

reduciug cond i t i ons  but the hydrogen from the decomposi t ion of formalde- 

hyde was r e a d i l y  u t i l i z e d  to form methoxy Stoups. No hydroxyl band 

wag observed at  3525 cm " l ,  ~ndica t ing  that  formaldehyde adsorp t ion  was 

not  d i s s o c i a t i v e  and tha t  hydrogenat ion  of t h i s  uns t ab le  formaldehyde 

spec tes  was more favorable  than the formation of a Type I hydroxyl group 

dur in8 decomposi t ion.  

A few concluding remarks have been addressed to the nature  of 

surface  s i t e s  for adsorbed s p e c i e s .  The only spec ies  be l i eved  to be 
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-1 adsorbed on copper s i t e s  was the carbonyl  near  2090 cm . All  o the r  

spec ies  were adsorbed on z inc  oxide .  I s o l a t e d  hydroxyl  Kroups have been 

a s soc i a t ed  wi th  polar  ZnO s u r f a c e s  and hydroKen-bonded hydroxyl  groups 

a s s o c i a t e d  w i t h  nonpolar  ZnO su r faces  us in8 Keometric arguments (Ather ton  

e t  a l . ,  1971). The band i n t e n s i t i e s  of the b i d e n t a t e  ca rbona te  spec i e s  

va r i ed  £uve r se ly  wi th  those of  the formate s p e c i e s ,  s u s s e e t i n 8  t ha t  the  

same su r f ace  s i t e  was invo lved .  Carbonate £ormation on z inc  oxide has 

been found to occur  on dehydroxy la t sd  s i t e s  (Morimoto and Hor ish£ge ,  

1975); these  dehydroxy la ted  s i t e s  have been a s s o c i a t e d  wi th  the s i t e s  of 

hydrogen-bonded hydroxyls  (Ather ton  e t  e l . ,  i971) .  The format ion  of  

carbonate  and formats groups d id  not  a f f e c t  the  i s o l a t e d  hyd roxy l s ,  

but  the f o r m a t i o n  of  adsorbed formaldehyde and methoxy groups caused 

these i s o l a t e d  hydroxyls  to d i sappea r .  Thus, i t  a p p e e s  t h a t  adsorbed 

formaldehyde,  methoxy, and i s o l a t e d  hydroxyls  are  a l l  adsorbed on the 

same s i t e s ,  which are  z inc  atoms on the po la r  ZnO s u r f a c e s .  Yormalde- 

hydo was produced dur ing  the decomposi t ion of methanol  on a po la r  ZnO 

sur face  but not  on any o ther  type of s u r f a c e  (Cheng and gung, 1982). 

The remaining s p e c l e s ,  the Type ~ hydroxyl  a t  3525 cm " I ,  appa ren t ly  ad- 

sorbs on an e n e r g e t i c  l u r f a c e  or d e f e c t  s i t e .  Because both  formic 

acid and methanol adso rp t ion  produced t h i s  hydroxyl  s p e c i e s ,  i t  ~ 1 1  

be proposed t h a t  s tepped su r f aces  h e . s e e n  po la r  and nonpolsr  planes are  

the s i t e s  for t h i s  hydroxyl  Stoup. 
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IN SITU CF,~RACTERIZATION OF 

METHANOL SYNTHESIS CATALYSTS 
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LITERATIRRE REVIEW 

Thermodynamics  

Carbon monoxide and hydrogen can react to form a great variety of 

p r o d u c t s .  Some o f  t h e  p o s s i b l e  r e a c t i o n s  a r e :  

CO + H 2 = HCHO 

CO + 2H 2 - CH30H 

co + 3. 2 + c. 4 + H2o 
2c0 + 2 .  z - c .  4 + co 2 

2CO = CO 2 + C 

2co + 4. 2 = (cH~)2o + HaD 

nCO + 2nil 2 - CnH2n + nil20 

nCO + (2n-I-1)H 2 = CnH(2n+2) + nH20 

nco + 2~ 2 -- c~(2.+i)o. + (n-t)~o 

(n+l)CO + 2nil 2 = CnH(2n+t)COOH + (n-1)~O 

(1) 

(2) 

(3) 

(4) 

(s) 

(6) 

(7) 

(s) 

(9) 

(lo) 

An i m p o r t a n t  r e a c t i o n  i n v o l v i n g  p r o d u c t s  f rom p r e v i o u s  r e a c t i o n s  i s :  

CO 2 + 3H 2 = CH30H + H20 (11) 

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

be c h o s e n  to  f a v o r  r e a c t i o n  2 w h i l e  m i n i m i z i n g  t h e  o t h e r s .  F ree  e n e r g i e s  

o f  r e a c t i o n  f o r  s e v e r a l  o f  t h u s e  r e a c t i o n s  a r e  g i v e n  i n  Table  16; o v e r  

the range of practical temperatures, the formation of methanol from 

carbon monoxide and hydrogen is least favorable. Methanol synthesis 

can be enhanced by using high pressures since the molar reduction for 

reaction 2 is greater than the ~thers with the exceptions of dlmethyl 
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Table  16. F ree  energy, o f  r e a c t i o n  a 

~o ~kca!/mol) 
T, OK 300 ° 400 ° 500 ° 600 ° 700 ° 

, ,=,, _ i,,i, i 

Reaction (2) - 6.3 - 0.8 5.0 10.8 16.7 

Reaction (3) -33.9 -28.6 -23.0 -17.3 -11.4 

Reaction (4) -40.7 -34.4 -27,9 -21.2 -14.5 

R e a c t i o n  (5) -28.6 -24.3 -20.0 -15.7 -11.4 

React ion  (7)  -27 .2  -19 .3  -11 .1  - 2.7 5.9 

Reaction (8) -51.3 -40.5 -29.2 -17.6 - 5.9 

J,± i, , t i 

aHatta, 1955. 

e t h e r  ( r e a c t i o n  6) and e t h a n o l  (n = 2 i n  r e a c t i o n  9) f o r m a t i o n ,  k 

c a t a l y s t  i s  r e q u i r e d  to  s e l e c t i v e l y  form m e t h a n o l .  

The m e t h a n o l  c o n t e n t  a t  e q u i l i b r i u m  i s  d e t e r m i n e d  from t h e  

e qui  l i b r i u m  cons  r a n t :  

K - £C~OH/(fCO ) (fH2)2 (12) 

Using  the  s u b s c r i p t s  Ctl30H = I ,  C0 = 2, and H 2 = 3, t h e n  

K = P l ~ l / ( p 2 Y 2  ) (P3~3)2 (13) 

- K z (14) 
Y Y 

where Ky i s  t he  e q u i l i b r i u m  c o n s t a n t  a t  low p r e s s u r e s  and Ky i s  t h e  

f u g a c i t y  c o e f f i c i e n t  r a t i o .  Numer ica l  e q u a t i o n s  f o r  K have b e e n  

d e v e l o p e d  by C h e r e d n i e h e n k o  ( S t r e l z o f f ,  1970) :  
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log K = 3971T "I - 7.492 log T + 0.00177T - 3.11 x IO'8T 2 + 9.218 

(15) 

and by Thomas and Portalski (1958) :  

l o g  K = 3921T - I  - 7.971 log T + 0.00250T - 2.95 + IO'7T 2 ~ 10.20 

(t6) 

Values foz K are shown in Figure 54, as calculate,~ and plotted by ~well 

(1940) .  R e a r r a n g i n g  E q u a t i o n  13 and u s i n g  mole f r a c t i o n s ,  t h e  m e t h a n o l  

mole  f r a c t i o n  i s  : 

Yl = KY2Y3P2/K'y (17) 

S i n c e  K d e c r e a s e s  w i t h  l n c r e a s t n g  t e m p e r a t u r e  and K i n c r e a s e s  w i t h  l n -  Y 

creas iT.~  t e m p e r a t u r e ,  t h e  t e m p e r a t u r e  f o r  m e t h a n o l  s y n t h e s i s  s h o u l d  be 

as low as p r a c t i c a b l e  t o  maximize  c o n v e r s i o n .  

The r e a c t i o n  i s  s t r o n g l y  e x o t h e r m i c  (~It~98o K = - 2 1 . 7  k c a l / m o l ) .  

A n u m e r i c a l  e x p r e s s i o n  f o r  t h e  h e a t  o f  r e a c t i o n  i s  (Thomas and P o r t a l s k i ,  

1958) : 

= - 1 7 , 9 2 0  - l S . 8 4 T  + 0 . 0 1 1 4 2 T  2 = 2 . 6 9 9  x 1 0 " 6 ~  ( l S )  

and a t  e l e v a t e d  p r e s s u r e s  : 

~T,P = ~I~ - 0.5411P - 3.255 x 106P/T 2 (19) 

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

r e a c t o r s  mus t  be d e s i g n e d  f o r  l a r g e  amounts  o£ h e a t  r emova l  to  m a i n t a i n  

a d e q u a t e  c o n v e r s i o n  and to  p r o t e c t  t he  c a t a l y s t  f rom d e a c t i v a t i o n .  

A more f u n d a m e n t a l  a p p r o a c h  f o r  d e t e r m i n i n g  e q u i l i b r i u m  c o n c e n t r a =  
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Figure 54. 
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tions requires information about the free energy of formation, heat of 

formation, heat capacity, and fugacity coefficient of each component 

in the reaction. The equilibrium constant can also be expressed as: 

K = " x p [ -  AG/RT] = e x p [ -  EviAGi/RT] 

For  t he  m e t h a n o l  s y n t h e s i s  r e a c t i o n  a t  298oK and 1 a im:  

~Go = ~R30 H - AG~O - 2y.,~4 2 

V a l u e s  f o r  AG~ c a n  be  o b t a i n e d  f rom T a b l e  17 ,  g i v i n g  a v a l u e :  

~G ° = - 3 8 . 6  + 3 2 . 8  = - 5 . 8  k c a l / g m o l  

(20) 

The s t a n d a r d - s t a t e  e q u l l i b r l u m  c o n s t a n t  b e c o m e s :  

K ° - e x p [ 5 8 0 0 / ( 1 . 9 9 ) ( 2 9 8 ) ]  - 1 . 8  x 104 

The e f f e c t  o f  t e m p e r a t u r e  on t he  e q u i l i b r i u m  c o n s t a n t  c an  b e  d e t e r -  

mined u s i n g  t he  v a n ' t  H o f f  e q u a t i o n :  

I n  K .  

~p - R,r--- ~ 
The heat of formation is calculated from the expression: 

__ ÷ 

(21) 

(22) 

o o ~cp ffi ~:,~icpi (24) 

and the heat capacity of the reaction mixture is: 

o 

wh~re the standard-state heat of formation, AH °, can be expressed as: 

(23) 
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Table 17. Heat and f r e e  ene rgy  of formatlon a 

Compound ~L~98, k c a l / m o l  

CH30H -48.08 

H 2 0.0 

CO -26.416 

CO 2 - 94.052 

H20 -57.798 

HCO0~ -86 .67  

HCRO -28.29 

~98' k c a l / m o l  

-38.62 

0.0 

-32.808 

-94.260 

-54.635 

-80.24 

-26.88 

achemical Englneers' Handbook, 1973. 

Values fo r  ~H~ a re  g i v e n  i n  Table 17. The heac  c a p a c i t y  i s  t e m p e r a t u r e  

d e p e n d e n t ,  and may be e x p r e s s e d  as :  

C ° = a + bT + cT 2 + dT 3 (25) 
pi 

where values for the Constants are given in Table 18. Substituting 

Equations 25 and 22 into Equation 21, and integrating yields the ex- 

press i on: 

In K = In K ° + (Aa/R)In(T/T o) + (~b/2R)(T - To) 

+ ( , , ~ / 6 R ) ( T  2 - T2 o) + ( ~ / 1 2 a ) ( T  3 - ~o ) 
~c T 3 1 

O 
(26) 

The temperature of the reaction is T and the standard-state temperature~ 

To, is 298°E, The effect of pressure on the equilibrium concentrations 
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Compound 

c ° = a + bT + cT 2 + dT 3,  c a l / m o l - o K  
P 

a b x 102 c x 105 d x 109 

C~OH 5.052 1.694 0 .6179  -6.811 

H 2 6.483 0.2215 -0.3298 1.826 

CO 7,373 -0.307 0,6662 -3.037 

C02 4.728 1.754 -1.338 4.097 

H20 7.701 0.04595 0.2521 -0,859 

HC00H 2 .798 3 ,243  - 2 . 0 0 9  4.187 

HCHO 5.607 0.7540 0.7130 -5.494 
i i  • i 

aReid  e t  a l . ,  1977. 

can  be d e t e r m i n e d  by c a l c u l a t i n g  the  v a l u e  o f  the  f u g a e i t y  c o e £ f i c £ e n t  

r a t i o :  

• P K = KyK = f ~ (y:i)][ ~ (f/p)ii]v t~'~m) 7 C27) 

Using  the  c r i t i c a l  p r o p e r t i e d  g£ven  i n  Table  19,  r e d u c e d  p r e s s u r e s  and 

t e m p e r a t u r e s  a r e  c a l c u l a t e d  and used  w i t h  F i g u r e  55 to  e s t i m a t e  f u g a c £ t y  

c o e f f i c i e n t s .  The mole  f r a c t i o n  o f  m e t h a n o l  c an  t h e n  be e x p r e s s e d  a s :  

2 2 2 
Yl = Ky:~Y3P (flP)2(~IP)31CflP) 1 C28) 

The d e t a i l e d  n u m e r i c a l  r e s u l t s  f o r  s e v e r a l  r e a c t i o n s  a re  g i v e n  i n  

Appendix C, u s i n g  a s t o i c h i o m e t r i c  m£x tu re  o£ r e a c t a n t ~  a t  200oc and 

50 a t m o s p h e r e s .  Table  20 g i v e s  r e d u c e d  p r e s s u r e s ,  r e d u c e d  t e m p e r a t u r e s ,  

and £ u g a c i t y  c o e f f i c i e n t s  a t  t h e s e  c o n d i t i o n s .  Methanol  f o r m a t i o n  i s  
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Table 19. CTitlcal p r o p e r t i e s  a 
J 

Compound T c , OK PC ' 8 tm 

CH~OH 

h 
CO 

CO 2 

ho 
HCOOH 

HCHO 

512.6 

33.2 

132.9 

304.2 

647.3 

580. 

408. 

aReid e t  a l . ,  1977. 

b E s t i m a t e ,  a c e t i c  ac id  p l u s  10 a m .  

Table 20. Fugac i ty  c o e f f i c i e n t s  a t  200oc 

79.9 

12.8 

34.5 

72.8 

217.6 

( 7 0 . ) b  

:65. 

and 50 atmospheres 

Compound T R 

CH30H 

CO 

H 2 

H2o 

CO 2 

HCOOH 

HCHO 

0.92 

3.56 

14.2 

0.73 

1.56 

0.82 

1.16 

0.63 

1.45 

3.91 

0 .23  

0.59 

O. 70 

0.77 

f /P  
1 

0.70 

0.98 

1.03 

O. 38 

0.96 

0.30 

0.85 
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i 

oi 0.2 o.3 o.4 o.s 1.o 2.0 ~.o 4.0 s.o 1o 

FiE,re 55. Generallzed fugaelty chart (Housen et al., 1960) 
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f a v o r a b l e  i n  ca rbon  monoxide h y d r o g e n a t i o n ,  carbon d i o x i d e  hyd rogena -  

t i o n ,  fo rmic  ac id  h y d r o g e n a t i o n ,  and fo rmaldehyde  h y d r o g e n a t i o n .  

l~txed meta l  ox ides  h a v i n g  compos i t i ons  v e r y  s i m i l a r  to  t hose  u s e d  

fo r  methanol  s / n t h e s i s  c a t a l y z e  the w a t e r - g a s  s h i f t  r e a c t i o n  (Newsome, 

1980).  The methanol  s y n t h e s i s  and w a t e r - g a s  s h i f t  r e a c t i o n s  could  oc-  

cur  a t  the same t ime on the  c a t a l y s t  and might  i nvo lve  a common i n t e r -  

m e d i a t e .  A s u r f a c e  fo rmate  has beeu d e t e r m i n e d  to  be an i n t e r m e d i a t e  

s p e c i e s  on ZnO (Ueno e t  a l . ,  1970) and on Cu/ZnO c a t a l y s t s  (van H e r ~ i J n e n  

and de Jong ,  1980; van HerwiJnen  e t a l . ,  1980) d u r i n g  s t u d i e s  o f  the  

w a t e r - g a s  s h i f t  r e a c t i o n .  The thermodynamics o f  the w a t e r - g a s  s h i f t  

r e a c t i o n ,  u s ing  a s t o t c h i o m e t r i c  m i x t u r e  o£ r e a c t a n t s  a t  200°C and 50 

a tmosphe res ,  a re  g iven  i n  Appendix D. The p roduc t s  were s t r o n g l y  

f a v o r e d  under  t h e s e  c o n d i t i o n s .  

K i n e t i c s  

Although thermodynamics e s t a b l i s h e s  the maximum p o s s i b l e  c o n v e r s i o n  

of  ca rbon  monoxide and hyd rogen  to  m e t h a n o l ,  the a c t u a l  methanol  y i e l d  

a l s o  depends on the  r a t e  of  r e a c t i o n .  Because the  r e a c t i o n  i s  h e t e r o -  

geneous ,  the o v e r a l l  r a t e  o f  r e a c t i o n  may depend on r a t e s  og a d s o r p t i o n  

of  the  r e a c t a n t s ,  s u r f a c e  r e a c t i o n  r a t e s ,  and the  r a t e  of  p roduc t  

d e s o r p t i o n .  Rate e x p r e s s i o n s  a re  d e r i v e d  from r e a c t i o n  schemes i n v o l v i n g  

a sequence  o f  e l e m e n t a r y  s t e p s  w i t h  vari .ous assumpt ions  c o n c e r n i n g  t h e  

a s s ignmen t  o f  the  r a t e  d e t e r m i n i n g  s t e p .  K i n e t i c  d a t a  are  a p p l i e d  to 

the r a t e  e x p r e s s i o n s  to d e t e r m i n e  r a t e  c o n s t a n t s  fo r  t hose  models  

c o m p a t i b l e  w i t h  the d a t a  and to  d i s c a r d  those  models i n  which  the  d a t a  
t 
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w i l l  no t  f i t .  

Using the  method o f  Hougen and. Watson (1943) ,  Nat ta  deve loped  an 

e x p r e s s i o n  fo r  the  r a t e  o f  methanol  s y n t h e s i s  on a z inc  o x l d e - c h r o s l a  

c a t a l y s t  and a t e r n a r y  ZnO-CuO-Cr203 c a t a l y s t  assuming t h a t  .t t r i m o l e c u l a r  

s u r f a c e  r e a c t i o n  was r a t e  d e t s r m i n i n s  ( N a t t a j  1955):  

fcof22 - fCH3OH/K 
r = - 3 (29) 

(A + BfCO + CfH2 + DfCII3ON ) 

The v a l u e s  of  the  e m p i r i c a l  r a t e  c o n s t a n t s  A, B, C, and D were d e p e n d e n t  

on the c a t a l y s t  and e x p e r i m e n t a l  c o n d i t i o n s .  Dur i r~  the two decades  

s i n c e  N a t t a ' z  work, e x p e r i m e n t a l  d a t a  have been s u c c e s s f u l l y  a p p l i e d  to  

o t h e r  k i n e t i c  models w i t h  s i g n i f i c a n t l y  d i f f e r e n t  l s sumpt ions  c o n c e r n i n g  

the  r a t e  d e t e r m i n i n g  s t e p .  Var ious  models  have u s u m e d  t h a t  the  adso rp -  

t i o n  of  hydrogen ,  a b i m o l e c u l a r  s u r f a c e  r e a c t i o n ,  the r e a c t i o n  of  ad- 

so rbed  hydrogen  w i t h  a methoxy s p e c i e s ,  a R i d e a l - t y p e  r e a c t i o n  be tween  

gaseous hydrogen  and a s u r f a c e  fo rmaldehyde  s p e c i e s ,  or the  4 e s o r p t i o n  

o f  methanol  was the  r a t e  d e t e r m i n i n g  s t e p  (Denny and When, 1978).  I n  

most e x p r e s s i o n s ,  the  r a t e  o£ r e a c t i o n  was found to  be p r o p o r t i o n a l  to  

(PcoP~2) n ,  where n had v a l u e s  be tween 0 .5  and 1. 

The i n d u s t r i a l  r e a c t i o n  mix tu r e  n o r m a l l y  c o n t a i n s  some carbon  

d i o x i d e  i n  the  feed  to improve the  a c t i v i t y  for  methanol  s y n t h e s i s .  The 

r o l e  of  ca rbon  d i o x i d e  has bec.n d e s c r i b e d  b o t h  as a p r imary  r e a c t a n t  

and as an o x i d a n t  to m a i n t a i n  the c a t a l y s t  i n  an a c t i v e  s t a t e .  At f i r s t  

g l a n c e ,  the  e x t e n t  of  CO 2 h y d r o g e n a t i o n  to methanol  appears  to  be e a s i l y  

d e t e r m i n e d  by s imply  measur ing  the  amount o f  wa te r  fozmed. However, 

as a result of the water-gas shift reaction, the amount of water in the 

gas phase would be q u i t e  smal l  a t  e q u i l i b r i u m  , ' o n d i t i o n s .  I f  the r e a c t i o n  
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r a c e  fo r  the  w a t e r - g a s  s h i f t  o c c u r s  more r a p i d l y  than  m e t h a n o l  s y n t h e s i s  

from ca rbon  d i o x i d e ,  i t  would be p o s s i b l e  fo r  t he  c a r b o n  d i o x i d e  c o n c e n t r a -  

t i o n  to  r ema in  c o n s t a n t  and the  wa te r  c o n c e n t r a t i o n  to  be v e r y  lo~  even  

d u r i n g  CO 2 h y d r o g e n a t i o n  to  m e t h a n o l .  

E x p e r i m e n t a l  s t u d i e s  o f  m e t h a n o l  s y n t h e s i s  by R o z o v s k i i  and co-  

workers  d u r i n g  the  p a s t  decade  have shown t h a t  cazbon  d i o x i d e  was 

h y d r o g e n a t e d  to m e t h a n o l  unde r  r e a c t i o n  c o n d i t i o n s .  M e t h a n o l  was formed 

from s feed  c o n t a i n i n g  CO, CO 2, and H 2 b u t  s y n t h e s i s  a c t i v i t y  cea sed  

when CO 2 was removed from the  8as phase  ( R o z o v s k i i  e t  e l . ,  1975) .  

S t u d i e s  o f  me thano l  s y n t h e s i s  from CO 2 and H2, t a k t n  8 i n t o  a c c o u n t  t he  

CO formed by the  w a t e r - g a s  s h i f t  r e a c t i o n ,  s h ~ e d  no c o r r e l a t i o n  be tween  

me thano l  y i e l d  and CO c o n c e n t r a t i o n s  for  v a r i o u s  c o n t a c t  t i m e s ;  i n  

some c a s e s ,  the  m e t h a n o l  y i e l d  exceeded  the  e q u i l i b r i u m  amount for  CO 

h y d r o g e n a t i o n  (Kagan e t  a l , ,  1976; Kuzne t sov  eC e l . ,  1983) .  Us ing  feed  

m i x t u r e s  c o n t a i n i n g  e i t h e r  i s o t o p i c  CO or C02, r a d i o a c t i v i t y  measu remen t s  

of  the  r e a c t i o n  p r o d u c t s  e s t a b l i s h e d  t h a t  m e t h a n o l  was formed by d i r e c t  

h y d r o s e n a t i o n  of  c a r b o n  d i o x i d e  and p r o v i d e d  e s t i m a t e s  o f  r e a c t i o n  r a t e s  

fo r  i n d i v i d u a l  s t e p s ,  i . e . ,  w a t e r - g a s  s h i f t  and m e t h a n o l  s y n c L e s i s  

( R o z o v s k i i  e t  e l . ,  1977; R o z o v s k i i ,  1980).  High c o n c e n t r a t i o n s  o f  CO 2 

d e c r e a s e d  the  p r o d u c t  y i e l d  by o x i d a t i v e  d e h y d r o g e n a t i o n  of m e t h a n o l  

(Rozovsk i t  e t  a l . ,  1976a) :  

CB30H + CO 2 - 2C0 + B 2 + H20 (30) 

K l i e r  and coworkere  have a l s o  i n v e s t i g a t e d  t he  e f f e c t  o f  c a r b o n  

d i o x i d e  on m e t h a n o l  s y n t h e s i s  ( K l i e r  e t  a l . ,  1982).  Carbon d i o x i d e  was 

h y d r o g e n a t e d  to m e t h a n o l  b u t  a t  a l o n e r  r a t e  t han  c a r b o n  monoxide  h y d r o -  



211 

senatton. The loss of methanol synthesis acL tv i t y  when using a feed of 

o n l y  CO and H 2 was a t t r L b u t e d  to  d e a c t i v a t i o n  o f  a c t i v e  s u r [ a c e  SLLea 

due to strong reduct ion of the ca ta l ys t  ra ther  than the r e a c t i v i t y  of 

f e e d  i t s e l f .  Th is  c o n c l u s i o n  was based  on an i n c r e a s e  i n  the  r a t e  o f  

m e t h a n o l  s y n t h e s i s  by s m a l l  a d d i t i o n s  o f  wa t e r  o r  oxygen  as w e l l  as 

c a r b o n  d i o x i d e .  The d e c r e a s e  i n  t he  r a t e  o f  m e t h a n o l  s y n t h e s i s  a t  h £ s h e r  

CO 2 c o n c e n t r a t i o n s  was a t t r i b u t e d  co s t r o n g  CO 2 a d s o r p t i o n  on the  same 

s i t e s  i n v o l v e d  i n  t he  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 s e n .  A 

k i n e t i c  r d t e  e x p r e s s i o n  i n c o r p o r a t i n g  b o t h  the  p r o m o t i n g  and i n h i b i t i n g  

e f f e c t s  o f  c a r b o n  d i o x i d e  had the  g e n e r a l  form 

PcoP~2 - PCUbOIi/K 
r "" Co Lm 

(A + BP~ + CPCO + DPcH30 B + EPH20 + YPco 2)n 

+ k[Pco 2 " K'I(PcH3oHPH20/P32)o ] (31) 

where C and k were constants, L was the concentration of active sites, 
o 

and K and K ° were equilibrium constants for methanol synthesis from CO 

and C02, r e s p e c t i v e l y .  

S e v e r a l  i n v e s t i g a t o r s  have compared t h e  r a t e s  o f  m e t h a n o l  s y n t h e s i s  

by CO h y d r o g e n a t i o n  and CO 2 h y d r o g e n a t i o n  ( B a r d e t  e t  a l . ,  t981 ;  K t e f f e r  

ec a l . ,  1981; Denise et  a l . ,  1982). I t  was determined that carbon 

d i o x i d e  was h y d r o g e n a t e d  d i r e c t l y  to  m e t h a n o l  a t  lower  t e m p e r a t u r e s  t han  

CO h y d r o g e n a t i o n .  A che0~lcal  t r a p p i n g  t e c h n i q u e  was u . e d  to  i d e n t i f y  a 

s t a b l e  f o rma te  s p e c i e s  on the  c a t a l y s t  s u r f a c e  a f t e r  t h e s e  r e a c t i o n s .  
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R e a c t i o n  Mechanisms 

An u n d e r s t a n d i n g  o f  how c a t a l y s t s  f u n c t i o n  to  s e l e c t i v e l y  form the  

d e s i r e d  p roduc t  i s  an impor t an t  f a c t o r  i n  the deve lopment  o f  improved 

c a t a l y s t s .  This r e q u i r e s  a d e t a i l e d  u n d e r s t a n d i n g  o f  the r e a c t i o n  

mechanism. A methano l  c a t a l y s t  s e r v e s  as a c l a s s i c  e x ~ p l e  o f  how a 

s e l e c t i v e  c a t a l y s t  can be u t i l i z e d  to  produce a p roduc t  t h a t  i s  ~hermo- 

d y n a m i c a l l y  d i s f a v o r e d .  

An i n d i r e c t  method fo r  m e c h a n i s t i c  s t u d i e s  i n v o l v e s  t h e  p roposa l  

o f  a mechanism from which  a r a t e  e x p r e s s i o n  can be d e r i v e d ,  then  makinE 

u compar ison be tween  t h e  proposed r a t e  and e x p e r i m e n t a l  d a t a .  I n v a l i d  

m e c h a n i s ~  may be d i s c o u n t e d  by t h i s  method,  bu t  agreement  be tween  a 

r a t e  e x p r e s s i o n  and e x p e r i m e n t a l  d a t a  does no t  c o n s t i t u t e  p roo f  t h a t  the 

mechanism i s  c o r r e c t .  Na t t a  used t h i s  approach  to  propose  a mechanism 

for methanol synthesis (Natta, 1955). Using HouEen and Watson models 

and kinetic data with the assumption that a trlmolecular surface reaction 

o c c u r r e d ,  the  f o l l o w i n g  s t e p s  were p roposed :  

CO + * - CO* 

H 2 + * = H2* 

CO* + 2H2" - CH3OH* + 2* 

CH3OH* - CH30H + * 

w h e r e *  was an a c t i v e  s i t e  on the  c a t a l y s t  s u r f a c e .  A r a t e  e x p r e s s i o n  

based  on the  a s sumpt ion  t h a t  the  s u r f a c e  r e a c t i o n  was c o n t r o l l i n g  

(Equa t ion  29) ag reed  v e r y  we l l  w i th  e x p e r i m e n t a l  d a t a .  However, many 

o t h e r  k i n e t i c  models  have been found to  s a t i s f y  t he  d a t a ,  making any 
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c o n c l u s i o n s  c o n c e r n i n g  the  r e a c t i o n  mechanism mnbiKuous (Denny and Whan, 

1978). 

A d d i t i o n a l  i n d i r e c t  m e c h a n i s t i c  ~ n f o z m a t i o n  was o b t a i n e d  from ad- 

s o r p t l o n  e x p e r i m e n t s .  Heasurements  o f  the  s i m u l t a n e o u s  a d s o r p t i o n  o f  

carbon wonoxlde and hydrogen  a t  low p r e s s u r e s  on a me thano l  c a t a l y s t  

s u g g e s t e d  t h a t  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  hav ing  the  fo rmula  -OCH 3 

e x i s t e d  on a c t i v e  s i t e s  (Tsuch iya  and Sh iba ,  1965).  A c r i t i c a l  aB- 

gumption i n  t h i s  approach  v u  t h a t  the  -OCH 3 s p e c i e s  dominated  the  

s u r f a c e ,  s i n c e  the  t o t a l  amount o f  c a r b o n  monoxide and hydrogen  adsorbe~ 

was used to  p r e d i c t  the  s u r f a c e  s p e c i e s .  These i n v e s t i g a t o r s  conc luded  

t h a t  the  r a t e  d e t e r ~ i n i n g  s t e p  f o r  me thano l  s y n t h e s i s  was the  r e a c t i o n  

o f  hyd rogen  w i t h  the  surfac~,  s p e c i e s  -OCR 3. Th~s c o n c l u s i o n  was sup- 

p o r t e d  by a h igh  p r e s s u r e  s t u d y  u s i n g  a me thano l  c a t a l y s t  and l a b e l e d  

hydrogen (Borowi tz ,  1969).  A f t e r  e x p o s i n g  the  c a t a l y s t  to  a C O - ~  

mix tu re s  the  r e a c t o r  was e v a c u a t e d  and a CO-D 2 m i x t u r e  a d m i t t e d .  A n a l y s i s  

of  the p r o d u c t  methanol  by umr s p e c t r o s c o p y  showed a predominance  o f  

d e u t e r i u m  in  the  h y d r o x y l  g roups .  This f i n d i n g  i n d i c a t e d  t h a t  a s u r f a c e  

methoxy s p e c i e s  was a s t a b l e  i n t e r m e d i a t e  and t h a t  the  s o u r c e  o f  the  

hydrogen  i n  the h y d r o x y l  group o f  me thano l  was gaseous  hydrogen.  ~o~- 

e v e r ,  i t  was not  c l e a r  whe the r  gaseous  hydrogen  r e a c t e d  d i r e c t l y  w i t h  

methoxy groups  or i£  an adsorbed  form o f  hydrogen  was i n v o l v e d  because  

the  exchange  r a t e s  of  d e u t e r i u m  w i t h  adsorbed  hydrogen  ( h y d r o x y l  or  

h y d r i d e  s p e c i e s )  were not  d e t e r m i n e d .  

S e v e r a l  mechanisms f o r  me thano l  s y n t h e s i s  have been proposed 4n 

r e c e n t  y e a r s .  The scheme i n  F i g u r e  56 was s u g g e s t e d  by D e l u z a r c h e ,  

K t e f f e r ,  and Much (1977) f o r  methanol  s y n t h e s i s  on an i n d u s t r i a l  ZnO- 
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Cr203 c a t a l y s t .  Carbon monoxide i n s e r t i o n  i n t o  a s u r f a c e  h y d r o x y l  

group formed a fo rmate  ( f o r m y l o x y )  s p e c i e s  which  was h y d r o g e n a t e d  t o  

produce  a me thy loxy  s p e c i e s .  D e h y d r a t i o n  a~d h y d r o g e n a t i o n  o f  the  

me thy loxy  s p e c i e s  formed a methoxy group which  was h y d r a t e d  to  produce  

methanol  and a s u r f a c e  h y d r o x y l  group.  This mechanism d id  not  i n v o l v e  

ca rbon  monoxide a d s o r p t i o n  on m e t a l  i o n s .  The proposed mechanism was 

based  on the  z e s u l t s  of  a c h e ~ c a l  t r a p p i n g  t e c h n i q u e  which i d e n t i f i e d  

t h e  s t a b l e  i n t e r m e d i a t e s  on used  c a t a l y s t s .  Only the  fo rmate  awi methoxy 

groups  were d e t e c t e d  by t h i s  method.  The c o n c l u s i o n  t h a t  the  methoxy 

s p e c i e s  was h y d r a t e d  r a t h e r  t han  h y d r o g e n a t e d  t o  methanol  was based  on 

the  o b s e r v a t i o n  t h a t  me thano l  s y n t h e s i s  r e q u i r e d  some CO 2 or ~ O  i n  t he  

CO-H 2 feed  m i x t u r e  ( t he  p r e s e n c e  o f  CO 2 e n s u r e s  some H20 f o r m a t i o n  v i a  

the  w a t e r - g a s  s h i f t  r e a c t i o n ) .  

The mechanism shown i n  F i g u r e  57 proposed  t h a t  ca rbon  monoxide was 

adsorbed  on a m e t a l  i on  f o l l o w e d  by s u c c e s s i v e  h y d r o g e n a t i o n  to  f o r m y l ,  

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

produced methano l  (Herman e t  a l .  ~ 1979).  The a c t i v e  s . i te  f o r  CO adso rp -  

t i o n  was proposed  to be Cu(I )  i ons  wh i l e  a d j a c e n t  ~inc ions  were  the  

c e n t e r s  f o r  hydrogen  a d s o r p t i o n .  None o f  t h e s e  i n t e r m e d i a t e  s p e c i e s  

were proven to  e x i s t  on an a c t i v e  me thano l  c a t a l y s t .  The p r e s e n c e  o f  

ca rbon  d i o x i d e  p rov ided  an a l t e r n a t e  pathway to  methanol  and methane  

f o r m a t i o n  v i a  fo rmate  and methoxy i n t e r m e d i a t e s  ( K l i e r  e t  a l . ,  1982).  

This concep t  of  d i f f e r e n t  r o u t e s  to  meths: lo l  s y n t h e s i s  fo r  CO and CO 2 

h y d r o g e n a t i o n  i n v o l v i r ~  ca rbon-bonded  and oxygen-bonded i n t e r m e d i a t e s ,  

r e s p e c t i v e l y ,  was r e a c h e d  i n d e p e n d e n t l y  i n  k i n e t i c  s t u d i e s  (Denise  

e t  a l . ,  1982).  I t  was proposed  t h a t  an adsorbed  formate  s p e c i e s  was 
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formed b o t h  b CO i n s e r t i o n  i n t o  an a d s o r b e d  h y d r o x y l  S toup  and by CO 2 

i nse r t i on  in to  a surface hydride species, The mechanism for  CO 2 hydro- 

genation suggested by these inves t iga tors  i s  presented i n  Figure 58. 

The studies of Rozovskti and co~orkers concluded that  methanol was 

formed by d i r e c t  h y d r o g e n a t i o n  o f  c a r b o n  d i o x i d e ;  c a r b o n  monox ide  was 

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

form o f  the  mechanism f o r  m e t h a n o l  s y n t h e s i s  was p r o p o s e d  to  be 

CO CO 2 

[KCOl [KCO 21 [KCO 31 CS3OV 

where  [KCO], [KCO 2] , and [KCO 3 ] were  i n t e r m e d i a t e  s u r f a c e  complexes  

( R o z o v s k i i  e t a l . ,  1976b) .  The i n t e r m e d i a t e s  i n  the  w a t e r - g a s  s h i f t  

r e a c t i o n  were  b e l i e v e d  to  be  d i f f e r e n t  f r o ~  t he  i n t e r m e d i a t e s  i n  m e t h a n o l  

synthesis. 

A m e t h a n o l  s y n t h e s i s  mechanism i n c o r p o r a t i n g  b o t h  c a r b o n - b o n d e d  

and oxTgen-bonded  i n t e r m e d i a t e s  was r e c e n t l y  p roposed  by r e v i e w i n g  t h e  

l i t e r a t u r e  up to  1981 ( H e n r i c i - O l i v ~  and O l i v e ,  1982) .  Th is  r e a c t i o n  

scheme D shown i n  F i g u r e  59 ,  ~ o p o s e d  t h a c  ca rbon  monoxide  was a d s o r b e d  

ou Cu( I )  a c t i v e  s i t e s  w i t h i n  t h e  z i n c  ox ide  l a t t i c e .  Hydrogen  was 

d i s s o c i a C i v e l y  a d s o r b e d  to  form Cu( I )  h y d r i d e  and z i n c  h y d r o x i d e .  

Ca rbony l  i n s e r t i o n  i n t o  t h e  Cu-H bond p r o d u c e d  a fo rmyl  s p e c i e s  w h i c h  

was h y d r o g e n a t e d  to form a s i d e - b o n d e d  f o r m a l d e h y d e  s p e c i e s .  F u r t h e r  

h y d r o g e n a t i o n  y i e l d e d  a methoxy s p e c i e s  and u l t i m a t e l y  m e t h a n o l .  

This  t y p e  o f  mechanism has  a l s o  b e e n  s u g g e s t e d  f o r  m e t h a n o l  s y n t h e s i s  

by C0 h y d r o g e n a t i o n  i n  homogeneous c a t a l y s i s  u s i n g  r u t h e n i u m  complexes  

(Dombek, 1980) and c o b a l t  o r  r h o d i u m  complexes  (¥ahey ,  1981) .  
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Some s t u d i e s  have i n v e s t i g a t e d  the  a d s o r p t i o n  o f  v a r i o u s  o r g a n i c  

m o l e c u l e s ,  t h e i r  d e c o m p o s i t i o n ,  and d e s o r p t i o n  from t h e  s u r f a c e  o f  z inc  

o x i d e  to  o b t a i n  an i n s i g h t  on m e t h a n o l  s y n t h e s i s .  The t e m p e r a t u r e  p r o -  

grammed d e s o r p t i o n  o f  adso rbed  s p e c i e s  on z i n c  ox ide  powder u s i n g  the  

adsorbates H2, CO, CO2, HCHO, CH30H , CO + H2, and CO 2 + H 2 indicated 

that an adsorbed formate intermediate was involved in the decomposition 

of methanol and formaldehyde as well as the hydrogenation of carbon 

dioxide (Bowker etal., 1981). The decomposition of methanol and 

formaldehyde also produced a surface methoxy species. The mixture of 

h y d r o g e n  and c a r b o n  monoxide d id  n o t y i e l d  an a d s o r b e d  fo rma te  s p e c i e s .  

This  same t e c h n i q u e  has been  a p p l i e d  to  s p e c i f i c  c r y s t a l  f a c e s  o f  z i n c  

~9a3) I t  was e s t a b l i s h e d  ox ide  (Cheng and Kung, 1982; Cheng e t  a l . ,  

t h a t  t he  t y p e  o f  c r y s t a l  f a c e  and the  p r e s e n c e  o f  d e f e c t s  a f f e c t e d  t he  

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

d e u t e r a t e d  m e t h a n o l  y i e l d e d  DCDO, D20 , CO, C02, and D 3 on t he  p o l a r  (0001) 

s u r f a c e  whe reas  CD4, CO, CO 2,  and D 2 were  the  p r o d u c t s  f rom the  s t e p p e d  

and n o n p o l a r  s u r f a c e s .  Nonpolar  s u r f a c e s  w i t h  s t e p s  or a n i o n  v a c a n c i e s ,  

as w e l l  as p o l a r  s u r f a c e s ,  were b e l i e v e d  to be a c t i v e  f o r  m e t h a n o l  

s y n t h e s i s .  The r e a c t i o n  mechanism d e p i c t e d  i n  F i g u r e  60 d e m o n s t r a t e s  

t he  r o l e  o f  an a n i o n  vacancy  i n  CO h y d r o g e n a t i o n  to  m e t h a n o l  (Kung, 

1980) .  The a c t i v e  s i t e  was p r o p o s e d  to be  an oxygen  vacancy  s u r r o u n d e d  

by m e t a l  i o n s .  Carbon monoxide adso rbed  on a m e t a l  i o n ,  ca rbon  end 

down, and was h y d r o g e n a t e d  by a n e i g h b o r i n g  a d s o r b e d  h y d r o g e n  atom to  

form a fo rmyl  s p e c i e s .  The oxygen on t he  fo rmyl  s p e c i e s  then  i n t e r a c t e d  

w i t h  the  e l e c t r o n - d e f i c i e n t  vacancy  as f u r t h e r  h y d r o g e n a t l o n  o c c u r r e d ,  

e v e n t u a l l y  f o r m i n g  a methoxy s p e c i e s  as t h e  b o n d i n g  be tween  the  oxygen 



221 

,L 
-0\ ~.~" ~ 

o, 

\ I ¢ 

L'Q", I , ,,= 

",.I:I ro 
L'Q 

m 

p., 
m 

i,-4 
0 

, =  
i..i 

~o  

bl 
{= 

.1.4 



222 

and the vacancy s t r eng thened  whi le  the bonding between the carbon and the 

meta l  ion  weakened. Add i t i ona l  hydrogena t ion  produced methanol .  

High Pressure  Spec t roscop ic  Cei l s  

Severa l  i n f r a r e d  c e l l s  have been made for  s tudying  c a t a l y t i c  

r e a c t i o n s  a t  e l eva t ed  p re s su res  and t empera tu res ,  p r imar i l y  for  gas-  

l i q u i d  systems (T~nker and Morr is ,  1972; Ga l l e i  and Schadow, 1974; King 

et  a l . ,  1978; B a l l i n t i u e  and Schmulbach, 1979; Penntnger ,  1979). A 

common f e a t u r e  of  these c e l l s  has been the use of t h i c k  ca lc ium f l u o r i d e ,  

magnesium f l u o r i d e ,  or quar tz  windows which have r e l a t i v e l y  l a r g e  

o p t i c a l  d i ~ n e t e r s .  Shor t ,  v a r i a b l e  pa th  l eng th  des igns  have been used.  

High p r e s s u r e  s t u d i e s  of g a s - s o l i d  systems invo lv ing  gases which s t r o n g l y  

absorb i n f r a r e d  r a d i a t i o n ,  such as CO, r e q u i r e  a c e l l  wi th  a s h o r t  path 

l eng th .  These c e l l s  g e n e r a l l y  have been des igned for  a maximum pres su re  

of s e v e r a l  h u u ~ r ~  ~tmospheres,  l i m i t e d  by the s t r e n g t h  of the windows. 

The maximum ce~?era tu re  of the c e l l  i s  l i m i t e d  by the s ea l  m a t e r i a l  em- 

ployed.  Temperatures up to  600°C could be achieved wi th  t h e  c e l l  of 

G a l l e i  and Schadow because the windows Were wa te r - coo l ed ;  t h i s  c e l l  

a l so  had h lgh vacuum c a p a b i l i t y .  

A high pressure cell has been developed for studying gas-solid 

reactions on a catalyst wafer (Hicks et al., 1981). Temperatures up to 

317°C and pressures up to 7c aunospheres can be achieved with this cell. 

The design allows infrared windows and catalyst wafers to be removed 

and r ep l aced  e a s i l y .  
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EXPERIHENTAL APPARATUS AND METHODS 

Reac to r  System 

The flow sys t em shown i n  F i g u r e  61 was d e s i g n e d  fo r  c a t a l y t i c  s t u d i e s  

a t  p r e s s u r e s  i n  the  r ange  from 10 -4 t o r t  to  I00 a m .  There a r e  t h r e e  

major  s e c t i o n s  i n  t h i s  sy s t e m:  1) a h i g h  p r e s s u r e  s e c t i o n  c o n s t r u c t e d  

w i t h  s t a i u l e s s  s t e e l  components f o r  optimum s a f e t y ,  2) an a tmospb~r ic  

s e c t i o n  to hand le  the  e f f l u e n t  from the  s y s t e m  f o r  v e n t i n g  o r  ~ m p l i n & ,  

and 3) a vacuum s e c t i o n  composed o f  g l a s s  and s t a i n l e s s  s t e e l  t o  deao rb  

i m p u r i t i e s  i n  the  sys tem or  on c a t a l y s t  s u r f a c e s .  The e n t i r e  s y s t e m  

was b u i l t  on a mobi le  frame p e r m i t t i n g  the  sys t em to be c o n n e c t e d  v t t h  

v a r i o u s  o t h e r  a n a l y t i c a l  i n s t r u m e n t s  ( i . e . ,  gas chromatograph  or  i n f r a r e d  

s p e c t r o m e t e r )  a t  d i f f e r e n t  l o c a t i o ~ .  

p r e s s u r e  s e c t i o n  

Gas s t reams ~or n i t r o g e n ,  c a r b o n  monoxide,  h y d r o g e n ,  and oxygen 

were i n c l u d e d  i n  the  sys t em.  The oxygen l i n e  p rov ided  a d d i t i o n a l  

f l e x i b i l i t y  which was not  u t i l i z e d  i n  the  s t u d i e s  o f  methanol  c a t a l y s t s .  

Gas c y l i n d e r s  were  used as the p r e s s u r e  source  f o r  t,,~ sys t em.  A f u l l  

c y l i n d e r  of  ca rbon  monoxide (99.5~ min. p u r i t y )  p rov ided  1650 ps tg  (113 

arm),  a f u l l  c ~ l i n d e r  o f  n i t r o g e n  (99.9% min. p u r i t y )  p rov ided  2490 

ps ig  (170 a tm) ,  and a f u l l  c y l i r ~ r  of  hydrogen  (99.9% min. p u r i t y )  

p r o v i d e d  2200 ps ig  (150 a im) .  C y l i n d e r s  were r e p l a c e d  when the  t a n k ' s  

p r e s s u r e  dropped to  50 atm s i n c e  most e x p e r i m e n t s  were  conduc ted  at  

t h i s  p r e s s u r e .  The s i z e  of  the CO c y l i n d e r  (#2, 1.87 m 3) was s m a l l e r  

than  the  o t h e r s  because  o f  the  t o x i c i t y  of  the  gas ( t o  min imize  the 

amount o f  gas l o s t  i n  the case  of  an a c c i d e n t a l  r e l e a s e ) .  Because  t h e s e  



224 

MS- MOLECULAR SIEVE TRAP 
DOX-  DEOXYOEN TRAP 
CYL - CARBONYL TRAP 

BYPASS2.~, | ~ L'~ 

I M /  ~l[~ MAss FLow 
L , ~ L  [a ~ CONTROLLER 

YEN1 | ~"~ I . 

: c.EcK vAcvE ,I 
I.<1 O " C O L D  ~ k. , 
~...~ ~._~ TRAF ~4~" ~ NEEDLE "ALVE 

F I L T E R ' - - ~  " .L .L [ " 

I , - ~ ~  L..~I PUMP 

INFRARED 
CELL 

Fi8ure 61. R£gh pressure system 



225 

cy l inder  pressures were above the safe operat ing pressure of  ~ome com- 

ponents in  the s y s t e m  Cl.~O0 pets)+ each c y l i ~ l e r  had a h~sh pressure 

r e g u l a t o r  (Ha thesou ,  Hodel 3064) capab le  of  d e l i v e r i n g  any p r e s s u r e  i n  

the s a f e  o p e r a t i n g  r a n g e  (0-100 a t e ) .  

The gas l i n e s  were  i / 8 "  316$S tub ing  (0 .062"  ZD) c o n n e c t e d  to  

varLous f l t t t n B s  ( ~ t o c l a v e  E n g i n e e r s ,  S p e e d b l t e )  = p e c l f l c a l l y  made f o r  

h igh  p r e s | u r e s .  Three t y p e |  of  ha r~ l -opera ted  v a l v e s  were used :  I )  a 

wee stem fo r  o n - o f f  use hav ing  a m e t a l - t o - w t a l  s e a l ,  2) a s o f t - s e a t i n g  

s tem f o r  b u b b l e - t i g h t  o n - o f f  u s e ,  a~t  3) a r e g u l a t i n g  s tem for  c o n t r o l  

as w e l l  as s h u t - o f f  u s e  F i g u r e  61 i n d i c a t e s  where e a c h  type  o f  v a l v e  

has been used in  the  ayl; tem. Each gas has a ~low l i n e  w i t h  a s o l e n o i d  

va lve  (Atkomat i c ,  Type SBTD) and a t he rma l  I l l s  f l ~  c o n t r o l l e r  (Brooke ,  

Mmiel 5810/5835A). Al l  the  s o l e n o i d  v a l v e s  have been wi red  v i a  the  

a la rm x'elay of a GO d e t e c t o r  sys tem (Hlne S a f e t y  A p p l i a n c e s ,  l ~ t a l  571) 

to  p rov ide  al~ aue.omatic shu t -down f e a t u r e  ig  a major gas l e a k  (CO or  H 2) 

deve lops  downstream, l~e s o l e n o i d  v a l v e s  c l o s e  when the CO l e v e l  ex-  

ceeds 200 ppm (or  about  2000 ppm H2) as measured by the  e l e c t r o c h e m i c a l  

s e n s o r .  The mass f low c o n t r o l l e r s  measure  and r e g u l a t e  the  flow ove r  

a range  o£ 0-500 sccm w i t h  an a c c u r a c y  o f  17. f u l l  s c a l e .  These c o n t r o l l e r s  

ax'e r a t e d  fo r  1500 p e i g  maximum o p e r a t i n g  p r e s s u r e .  The glow s e n s o r s  

a re  a t t a c h e d  co the s e c o n d a r y  e l e c t r L , n t c s  and d i g i t a l  i n d i c a t o r s  (Brooks ,  

Hodels 5871/5872) where the  f l o w r a t e s  are  s e t .  C a l i b r a t i o n  cu rves  f o r  

f l o w r s t e  vs .  d i g i t a l  i n d ~ c a t o r  r e a d i n g  over  a range o f  p r e s s u r e s  f o r  

each  o f  the  gases  a re  g i v e n  i n  Append£x E. A bypass l i n e  in  each  gas 

s t r eam a l l o ~ s  qu i ck  gas b l eedog£  from the c y l t ~ i e r s  and,  ~£ n e c e s s a r y ,  

can be used wi th  the  r e g u l a t i n g  v a l v e  down~tream to s e t  £1owrates  ( e . g . ,  
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i f  a f l o w r a t e  g r e a t e r  t h a n  500 eccm were d e s i r e d ) .  

Each gas  pa s sed  t h r o u g h  a t r a p  to  remove i m p u r i t i e s .  

i 

A l l  h i g h  

p r e s s ~ : ' e  t r a p s  were c o m p r i s e d  o f  a 12" l e r ~ t h  o f  t u b i n g  ( 9 / 1 6 "  OD x 

0 . 3 1 2 "  ~D) wrapped w i t h  h ~ a t i n S  t ape  and i n s u l a t i o n .  The t r a p  i n  the  

n i t r o g e n  l i n e  c c u t a i n e d  a c 0 p p e r - s u p p o r t e d  c a t a l ~ , s t  (BASF, R 3 - 1 1 ) w h i c h  

removed t r a c e  renounce o f  oxygen  a t  room t e m p e r a t u r e  by the  o x i d a t i o n  of  

copper  to  coppe r  o x i d e .  The t r a p  i n  the  h y d r o g e n  l i n e  a l s o  c o n t a i n e d  

the  same c o p p e r - s u p p o r t e d  c a t a l y s t  wh ich  removed t r a c e  amounts  o f  

oxygen a t  70oc by r e a c t i n g  h y d r o g e n  w i t h  oxygen  to  form w a t e r .  Both  

t r a p s  were  a c t i v a t e d  by r e d u c i n g  the  I0-20 mesh p a r t i c l e s  i n  h y d r o g e n  a t  

180°C. The t r a p  i n  the  c a r b o n  monoxide l i n e  c o n t a i n e d  ac t i ve t ec"  a lumina  

(A lcoa ,  F - l )  as 28-48 mesh p a r t i c l e s .  D ~ r i n g  o p e r a t i o n  o f  t he  CO f low 

l i n e ,  t h i s  t r a p  was h e a t e d  a t  about  300oc  to decompose aug m e t a l  

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

t r a p  c o n t a i n i n g  a m o l e c u l a r  s i e v e  ( L i n d e ,  13X) co remove any w a t e r  i n  t he  

f eed  s t r e a m .  This  f i n a l  t r a p  i n  the  f eed  s y s t e m  was f o l l o w e d  by a d u a l -  

d i s c  f i l t e r  t o  remove p a r t i c l e s  l a r g e r  t han  35 ~m. Each  gas l i n e  had a 

check  v a l v e  to  p r e v e n t  b a c k f l o w  and a r e g u l a t i n g  v a l v e .  

P r e s s u r e s  from a t m o s p h e r i c  t o  2000 p s i g  can be measu red  w i t h  the  

p r e s s u r e  gauge ( H e i s e ,  Mod~l CMN) to  an a c c u r a c y  o f  _+ 2 p s i .  This  t u b i n g  

c o n f i g u r a t i o n  p e r m i t t e d  b o t h  the  u p s t r e m n  ( p r , ~ - r e a c t o r )  and d o w n s t r e ~  

( p o e t - r e a c t o r )  p r e s s u r e s  to  be r e c o r d e d ,  f rom which  t he  p r e s s u r e  d rop  

t h r o u g h  t he  r e a c t o r  c o u l d  be d e t e r m i n e d .  S e v e r a l  p o r t s  were  i n s t a l l e d  

i n  the  h i g h  p r e s s u r e  s e c t i o n  which  cou ld  be c o n n e c t e d  to  e x t e r n a l  equip-.  

ment .  The p o r t s  l a b e l e d  IR #1 and IR #2 were  n o r m a l l y  u t i l i z e d  as 

i n l e t  and o u t l e t  c o n n e c t i o n s  to  a h i g h  p r e s s u r e  i n f r a r e d  c e l l .  This  
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d e s i g n  made i t  p o s s i b l e  to  c o n d u c t  s i m u l t a n e o u s l y  i n f r a r e d  and c a t a l y s t  

a c t i v i t y  s t u d i e s .  The p o r t s  l a b e l e d  Acceesor)-  #1 and A c c e s s o r y  #2 ,  

w h i c h  p r o v i d e d  a d d i t ~ o n a l  f l e x i b i l i t y  to  t h e  s y s t e m ,  were  u s e d  i n  

i n f r a r e d  s t u d i e s  i n v o l v i n g  a s a t u r a t o r .  I n  t h e s e  s t u d i e s ,  t h e  r e a c t o r  

was removed and t he  c o n n e c t i o n s  p l u g g e d ,  t h e  A c c e s s o r y  #1 and IR #2 

p o r t s  c o n n e c t e d  co t he  s a t u r a t o r ,  and t he  IR #1 and A c c e s s o r y  #2 p o r t s  

c o n n e c t e d  to  the  i n f r a r e d  c e l l .  

The r e a c t o r ,  shown i n  F i g u r e  62 ,  was a 1 2 - i n c h  l e n g t h  o f  316SS 

t u b i n g  (9 /16  i n c h  OD by 0 .312  i n c h  ID) f i t t e d  w i t h  a 316SS s h e a t h e d  

t h e r m o c o u p l e  (Omega, S u b - M i n i a t u r e )  t h a t  p a s s e d  a x i a l l y  t h r o u g h  t he  

r e a c t o r  i n l e t  to  the  c a t a l y s t  bed .  An 8 - i n c h  s e c t i o n  o f  t he  o u t e r  

r e a c t o r  w a l l  was wrapped  w i t h  12 f e e t  o f  a lume l  w i r e  (Leeds  & N o r t h r u p ,  

22 gauge)  i n s u l a t e d  e l e c t r i c a l l y  by f i s h - s p i n e  p o r c e l a i n  beads  (Leeds  & 

N o r t h r u p ,  #034365) f o r  t he  p u r p o s e  o f  h e a t i n g  t h e  r e a c t o r ;  t he  t o t a l  

r e s i s t a n c e  o f  t he  w i r e  was 4 ~. The beads  were  h e l d  i n  p l a c e  w i t h  

e l e c t r i c  r e s i s t o r  cement  ( S a u e r e i s e n ,  #78) h a v i n g  ~ood t h e r m a l  con-  

d u c t i v i t y .  The e n t i r e  h e a t i n g  s e c t i o n  was wcapped w i t h  r e f r a c t o r y  g i b e r  

insulation (Manville, Cerafelt) and aluminum foil. The reactor pre- 

heater was tacked wlth silicon carbide particles (Norton, I0 grit); 

the catalyst bed followed and then addi_~onal silicon carbide particles 

were used to gill the remaining volume in the reactor. The contents 

were kept in place with 316SS screens (- I00 mesh) at each end og the 

r e a c t o r .  The r e a c t o r  was f o l l o w e d  by a d u a l - d i s c  f i l t e r  t o  remove 

p a r t i c l e s  l a r g e r  t h a n  35 p m from the  f low s t r e a m .  

The r e a c t o r  t h e r m o c o u p l e  was used  to  o p e r a t e  a p r o p o r t i o n a l  

c o n t r o l l e r  (Omega, Model 49) and a h i g h  l i m i t  c o n t r o l l e r  (Omega, Model 
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50) which s u p p l i e d  power to the  r e a c t o r  h e a t i n g  J a c k e t .  The e l e c t r i c a l  

c i r c u i t ,  d e p i c t e d  i n  F i g u r e  63,  i s  composed o f  t he  l i m i t  c o n t r o l l e r  and 

p r o p o r t i o n a l  c o n t r o l l e r  i n  s e r i e s  w i t h  a V a r i a c  t r a n s f o r m e r .  The h i g h  

l i m i t  c o n t r o l l e r  was s e t  50oc above the  r e a c t o r  o p e r a t i n g  t e m p e r a t u r e  

to  p r o t e c t  the  c a t a l y s t  from an abnormal t e m p e r a t u r e  i n c r e a s e  t h a t  cou ld  

a r i s e  i f  the  c a t a l y s t  r e d u c t i o n  takes  p l a c e  too  r a p i d l y  or  an e l e c t r i c a l  

ma%funct ion o c c u r s .  The p r o p o r t i o n a l  c o n t r o l l e r  was v e r y  r e s p o n s i v e  

to the  the rmocoup le  measurement ,  p r o v i d i n g  t e m p e r a t u r e  c o n t r o l  b e t t e r  

t h a n  ~ loC ( t h e  t e m p e r a t u r e  i n d i c a t o r ,  Omega Model 199, was on ly  ac -  

c u r a t e  to  ~ l °C) .  Power from the  p r o p o r t i o n a l  c o n t r o l l e r  was passed  

th rough  a t r a n s f o r m e r  s e t  a t  15% of  f u l l  v o l t a g e ,  l i m i t i n g  the  r a t e  o f  

t he  r e a c t o r  t e m p e r a t u r e  r i s e  and p r o v i d i n g  a d d i t i o n a l  p r o t e c t i o n  a g a i n s t  

a t e m p e r a t u r e  o v e r s h o o t .  

At the  downs t r ean  end o f  the  h i g h  p r e s s u r e  s e c t i o n  was a back 

p r e s s u r e  r e g u l a t o r  (Tescom, #26-1724) p r o v i d i n g  p r e s s u r e  r e l i e f  over  

the  range  15-2500 p s i g  w i t h  an a c c u r a c y  o f  ! 25 p s i .  G e n e r a l l y ,  t he  

~.ack p r e s s u r e  r e g u l a t o r  was k e p t  a t  a s e t t i n g  c o r r e s p o n d i n g  ~o 50 arm 

(720 p s ig )  because  o f  t he  d i f f i c u l t y  i n  r e p r o d u c i n g  the same p r e s s u r e  

( s e t t i n g  the  back p r e s s u r e  i s  a t r i a l - a n d - e r r o r  p r o c e d u r e  and the  ac-  

c u r a c y  i s  p o o r ) ;  b o t h  p r e s s u r e  i n c r e a s e s  and d e c r e a s e s  were made by 

c l o s i n g  and open ing ,  r e s p e c t i v e l y ,  the  v a l v e  i n  the  bypaso l i n e .  The 

bypas~ line was also used got studies at aunospheric pressure. 

Atmospher ic  s e c t i o n  

The gas l i n e s  downstream from the  back p r e s s u r e  r e g u l a t o r  were 

304SS tubing (I/A inch OD by 0.18 inch ID) ~onnected with Swagelok 
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f i t t i n s s .  The v e n t  l i n e  c o n t a i n e d  a 1 2 - i n c h  s e c t i o n  f i l l e d  w i t h  

a c t i v a t e d  a lumina  (Alcoa ,  F - l )  h e a t e d  a t  a p p r o x i m a t e l y  300oc t~ decompose 

any c a r b o n y l s  formed in  the  r e a c t o r  sys tem.  The g a s - s a m p l i n g  l i n e  cou ld  

be a t t a c h e d  to  a gas ch romatos raph  f o r  a n a l y s i s  o f  the  r e a c t o r  e f -  

f l u e n t .  This l i n e  c o n t a i n e d  a co ld  t r a p  which cou ld  be used  to condense  

the h e a v i e r  components i n  the e f f l u e n t  s t r e a m  fo r  s u b s e q u e n t  gas 

ch roma to g r a ph i c  a n a l y s i s  to d e t e c t  t r a c e  p r o d u c t s .  The r e g u l a t i n g  v a l v e  

(Whltey, SS-IRS4) allowed a part of the flow to pass throush the 

sampling line and the remaining flow to pass through the vent llne. 

In practice, no carbonyl formation was detected, so for convenience, 

the sampling llne was also used for venting. 

Vacuum section 

A vacuum section was incorporated into the deslgn primarily to 

prov ide  p r e t r e a t m e n t  o f  i n f r a r e d  samples f o r  removing s u r f a c e  con-  

t aminau t s  p r i o r  to  a n a l y s i s .  The l i n e  f rom the  h i g h  p r e s s u r e  s e c t i o n  

l ed  to  a vacuum v a l v e  (Veeco,  1/2 i n c h  b r a s s )  which would a l low the  

vacuum section to operate isolated from the rest of the system. Thill 

valve was connected to a flexible piece of 321SS tubing wlth a metal- 

to-glass seal for making the transition to the Pyrex compunents; the 

flexible tubing compensated for vibration and stresses to protect the 

glassware. The pressure was measured with an ionization gauge controller, 

using a Plranl gause over the lO00 to 10 -3 tort range. Both gauges were 

attached co the vacuum llne near a liquid nltrosen trap. The pump. n 8 

system consisted of a two-stage vacuum pump (Welch, Model 1402) and an 

air-cooled diffusion pump (Edwards, Model EO2) producin 8 an ultimate 
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vacuum o£ 10 -6 t o r t  w i t h  s i l i c o n  o i l  (Dow Corn ing ,  S i l i c o n  704) .  Most 

o f  the g l a s s  p o r t i o n  og the  sys tem could  be e a s i l y  d e t a c h e d  when the 

vacuum sys tem was no t  i n  u s e ,  making i t  e a s i e r  to c l e a n  the g l a s s w a r e  

and avo id ing  damage when t r a n s f e r r i n g  the  sys t em to  a new l o c a t i o n .  

High P r e s s u r e  I n f r a r e d  C e l l  

The i n f r a r e d  c e l l  used i n  t h e s e  s t u d i e s  was a m o d i f i c a t i o n  0£ the  

d e s i g n  by Tinker  and Morr is  (19727. The c e l l  was c o n s t r u c t e d  t o  

examine c a t a l y s t s  a t  p r e s s u r e s  r a n g i n g  £rom 10 -6 t o r t  to 240 a tmospheres  

and t empe r a t u r e s  £rc~ ambient  to  300oc. The c r o s s  s e c t i o n  o£ a par -  

t i a l l y  d i s a s s e m b l e d  ~.ell i s  shown i n  F i g u r e  64. The c e l l  body (A) 

was c o n s t r u c t e d  o£ 304 s t a i n l e s s  s t e e l .  The i n n e r  s u r £ a c e  o£ the  c e l l  

body was copper  p l a t e d  and copper  tub.{ng was i n s e r t e d  i n t o  the  i n l e t  

and o u t l e t  po r t s  to  p r e v e n t  m e t a l  c a r b o n y l  f o r m a t i o n  a t  e l e v a t e d  CO 

p r e s s u r e s .  Four e q u a l l y  spaced  h o l e s  were d r i l l e d  a r o u n d  one end of  the  

body for  the i n s e r t i o n  of  150 w a t t  h e a t i n g  c a r t r i d g e s .  The o u t e r  

c i r c u m f e r e n c e  o£ the c e l l  body was i n s u l a t e d ,  and a the rmocoup le  w e l l  

was p o s i t i o n e d  d i r e c t l y  be tween  the  i n l e t  p o r t s .  

A c o p p e r - p l a t e d  304 s t a i n l e s s  s t e e l  s p a c e r  (C) h e l d  the  windows i n  

p l a c e  and d i s t r i b u t e d  the gas around the sample wager  (G). Cases 

e n t e r i n g  £rom the i n l e t  po r t s  (H) c o n t a c t e d  the  sample and e x l t e d  t h rough  

e i g h t  1.6 ~n ho l e s  d r i l l e d  around the c i r c u m f e r e n c e  o£ the  s p a c e r .  A 

p a i r  o f  grooves arourul the o u t e r  c i r c u m f e r e n c e  was used  to  channe l  the  

e x i t i n g  gases  to  the  o u t l e t  p o r t  ( I ) .  This type  o f  c o n f i g u r a t i o n ,  which  

a d m i t t e d  g a s e s  to  b o t h  s i d e s  o f  the  sample ,  d e c r e a s e d  the  chance  f o r  
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sample b reakage  due to p r e s s u r e  d i f f e r e n c e s .  Samples were p r e s s e d  

i n t o  the form o f  a w a f e r ,  g e n e r a l l y  be tween  0.C5 and 0 .20  mm t h i c k .  

A t h i n  aluminum r i n g  could  be used  to ho ld  the  wa fe r  i n  the  c e n t e r  

of  the  s p a c e r .  

Calcium f l u o r i d e  s t e p  windows (B),  m a n u f a c t u r e d  by Harshaw Chemical 

Co. ,  were used which have an o u t e r  d i a m e t e r  o f  3,3& cm, an i n n e r  d i a m e t e r  

of  1.80 cm, and an o v e r a l l  l e n g t h  o f  3.66 cm. The s m a l l - d i a m e t e r  end 

of  the window d i s p l a c e d  most o f  the  gaseous  volume i n  the  s p a c e r .  The 

maximum o p e r a t i n g  p r e s s u r e  fo r  t he se  windows,  u s i n g  a s a f e t y  f a c t o r  o f  

4 ,  was c a l c u l a t e d  from the  fo rmula  (Eastman Kodak Company, 1971):  

e = M(tl2.1 r) 2 

where  M as the  modulus o f  r u p t u r e ,  t i s  the  window t h i c k n e s s ,  and r i s  

the radius of the unsupported window area. For these windows at room 

temperature, M = 5300 psi, t = 1.9 cm, and r = l.l cm; the maximum 

pressure was calculated to be 3530 psi (240 atm). The cell had separate 

s e a l s  (D) f o r  vacuum or e l e v a t e d  p r e s s u r e  c o n d i t i o n s .  The i n n e r m o s t  

o - r i n g  p rov ided  the  vacuum s e a l ,  and a p a i r  o f  o - r i n g s  s e p a r a t e d  by a 

than alumlnumrlng (E) encircling the larger diameter of the window 

provided the seal at high pressures. The use of two o-rings around 

each window at high pressures distributed the radial stress caused by 

compression better than a single o-rlng, avoiding one cause of window 

failure. A slngle o-rlng can be utillzed successfully if the o-rlr~ 

is not compressed too much. Screw plugs (F) at each end of the cell 

were used to compress the o-rinBs. Because the windows could be 

chapped or cracked fairly easily during compression, the polished ends 
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o£ the  windows were p r o t e c t e d  from t h e  p l u g s  and s p a c e r  w i t h  t h i n - g a s k e t s  

(1 m i l )  o f  Mylar f i l m  i n  a p p l i c a t i o n s  a t  200oc and l e s s .  V i t o n  o - r i n g s  

were used  a t  t e m p e r a t u r e s  be low 250oc;  K a l r e z  o - r i n g s  may be u sed  a t  

t e m p e r a t u r e s  up to  300°C. 

Gas Chromatography  

A gas c h r o m a t o g r a p h  (Antek ,  Model 310/40-ALP) w i t h  d u a l  co lumn 

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

(Hewlett-Packard, Model 3390A) was used for the analysis of gaseous 

mixtures. Samples of the reactor effluent were taken with a 6-port 

sampling valve and analyzed with the column arrangement depicted in 

F i g u r e  65.  A Porapak  N column (6 f t  by 1 /8  i n c h  SS) i n  s e r i e s  w i t h  a 

Po rapak  T column (6 f t  by 1 /8  i n c h  SS) s e p a r a t e d  a l l  s p e c i e ~  n o r m a l l y  

found i n  t h e  e f f l u e n t ;  a t y p i c a l  ch romatogram i s  shown i n  F i g u r e  66.  

I f  n i t r o g e n  was added t o  t he  f e e d  as an i n t e r n a l  s t a n d a r d ,  a C a r b o s i s v e  S 

column (6 f t  by 1 /8  i n c h  SS) p r o v i d e d  the  s e F a r a t i o n  o f  n i t r o g e n  and 

c a r b o n  monox ide .  These two l i g h t  g a s e s  e l u t e d  t o g e t h e r  from t h e  Po rapak  

columns and p,Lssed i n t o  the  C a r b o s i e v e  co lumn.  A s t a n d - o f f  4 - p o r t  

s w i t c h i n g  v a l v e  a l l o w e d  t he  h e a v i e r  s p e c i e s  to  b y p a s s  t he  C a r b o s i e v e  

column w h i l e  t r a p p i n g  t h e  l i g h t  g a s e s .  A f t e r  a l l  t h e  h e a v i e r  s p e c i e s  

had e l u t e d ,  the  s w i t c h i n g  v a l v e  was t u r n e d  back  to  pass  t h e  c a r r i e r  

t h r o u g h  the  C a r b o s i e v e  column and s e p a r a t e  t h e  N2-CO m i x t u r e .  The 

o p e r a t i n g  c o n d i t i o n s  fo r  a l l  a n a l y s e s  have  been  g i v e n  i n  Table  21. 

I n  o r d e r  to  m e a s u r e  q u a n t i t a t i v e l y  the  amount o f  each  component  i n  

the  s ample ,  i t  was n : c e s s a r y  to  d e t e r m i n e  t he  r e s p o n s e  f a c t o r  o f  e a c h  
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Table 21,  Chromatosr aphic  o p e r a t i r ~  c o n d i t i o ~  

ill  i , ,  i I L . ,  i i i 

D e t e c t o r :  t he rma l  c o n d u c t i v i t y  

F i l amen t  c u r r e n t  : 180 mA 

D e t e c t o r  t e m p e r a t u r e :  250°C 

C a r r i e r  gas :  he l i um 

C a r r i e r  f l o w r a t e :  30 cc /n~n  

Oven t e m p e r a t u r e :  150°C 

i !  

I 

s p e c i e s .  R e l a t i v e  molar  r e s p o n s e  f a c t o r s  were  d e t e r m i n e d  u s in8  p r e p a r e d  

m i x t u r e s  i n  a 8as s~npli~q~ bulb  from which 0 .5  cc samples  were  i n j e c t e d  

i n t o  the  gas chromatograph .  The r e s p o n s e  f a c t o r  f o r  CO was d e f i n e d  as 

hav ing  the  v a l u e  1 .00 ,  and a l l  o t h e r  r e s p o n s e  f a c t o r s  wer?  e s t a b l i s h e d  

r e l a t i v e  to t h i s  v a l u e .  A known m i x t u r e  was i n j e c t e d  i n t o  the  gas 

chromatograph  and peak a reas  measu red ,  r e p e a t i n g  the  i n j e c t i o n s  enough 

t imes to  eusu re  the  r e p r o d u c i b i l i t y  and a c c u r a c y  o f  the  r e s u l t s .  Be- 

cause  carbon monoxide was a component i n  each  mix turep  the  r e l a t i v e  molar  

r e s p o n s e  f a c t o r  f o r  any s p e c i e s  c o u l d  be d e t e r m i n e d  u s i n g  the  r e l a t i o n -  

s h i p :  

RF i = (molest/molesco)(areaco/areai)RFco 

The e x a c t  amount i n j e c t e d  d id  no t  need to  be known s i n c e  the  r e l a t i v e  

a r e a  and r e l a t i v e  c o m p o s i t i o n  would be i n d e p e r ~ e n t  of  sample s i z e .  The 

use o f  r e l a t i v e  r e s p o n s e  f a c t o r s  avoided  problems t h a t  a r i s e  from v a r i a -  

t i o n s  in  o p e r a t i n g  c o n d i t i o n s  o v e r  a p e r i o d  of  t ime.  The d e t a i l s  f o r  

m i x t u r e  p r e p a r a t i o n s  and c h r ~ n a t o g r a p h i c  r e s u l t s  have been  g i v e n  i n  
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Appendix ¥. The r e l a t i v e  molar  r e s p o n s e  f a c t o r s  were  d e t e r m i n e d  to  

be 1.15 fo r  CR3OH, 0.91 f o r  H20, 0.98 fo r  C02, and 1.10 f o r  N 2. 

S a f e t y  C o n s i d e r a t i o n s  

There were s e v e r a l  major  s a f e t y  concerns  i n  t h i s  s t u d y .  Both 

hydrogen  and c a r b o n  monoxide a re  hazardous  g a s e s ;  hydrogen  i s  h l g h l y  

flammdble and ca rbon  monoxide i s  t o x i c  and f l a ~ n a b l e .  A c o n t i n u o u s  

ca rbon  monoxide d e t e c t i o n  sys t em (t4SA, Model 571) was i n c o r p o r a t e d  i n t o  

the h igh  p r e s s u r e  sys t em to  c l o s e  the  s o l e n o i d  v a l v e s  i n  a l l  f low l i n e s  

i f  the c o n c e n t r a t i o n  o f  c a r b o n  monoxide exceeded  200 pixn or the  c o n c e n t r a -  

t i o n  of  hydrogen  exceeded  2000 ppm, The e l e c t r o c h e m i c a l  s e n s o r  was 

p l aced  a t  head l e v e l  on the  f r o n t  s i d e  o f  the  r a c k  to  p rov ide  maximum 

proteL-~_Jn to  the  o p e r a t o r .  I n  a d d i t i o n ,  a h a n d - h e l d  ca rbon  monoxide 

i n d i c a t o r  (HSA, I~L~LCO) p r o v i d e d  the  f l e x i b i l i t y  f o r  s p o t  checks  ~nd 

f o r  l o c a t i n g  gas l e a k s .  

Carbon monoxide i n  c o n t a c t  w i t h  s t a i n l e s s  s t e e l  ~,t the  p r e s s u r e s  

and t e m p e r a t u r e s  used i n  t h i s  s t~dy  can form me ta l  c a r b o n y l a  which a re  

extren~ely t o x i c  (Ludlum and E l s c h e n s ,  1973; B r y n e s t a d ,  1976).  Carbonyl  

t r aps  c o n s i s t i n g  o£ a c t i v a t e d  a lumina at  300oc were p l a c e d  i n  the  CO feed  

l i n e  and in  the  e x i t  l i n e  b e f o r e  v e n t i n g  to  decompose any e a r b o n y l s  

p r e s e n t .  The v e n t e d  gases  were  s e n t  to  an e x h a u s t  hood.  

The main c o n c e r n  t o  p e r s o n n e l  when us ing  h igh  p r e s s u r e  gases  i s  the  

danger  of  f l y i n g  p r o j e c t i l e s  i n  the  even t  o f  f a i l u r e  o f  some p a r t  of  the  

sys tem.  The h i g h  p r e s s u r e  s e c t i o n  of the  sys tem was e n c l o s e d  on f i v e  

s i d e s  by l / 8 - i n c h  t h i c k  s t e e l  s h e e t ,  l e a v i n g  the  top open f o r  m a i n t e n a n c e  
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( ~ o s t l y  to  i n s t a l l  end ~move  the r e a c t o r )  and for  gas expans ion  i n  the  

u n l i k e l y  e v e n t  o f  an e x p l o s i o n .  The p r e s s u r e  gauge had a b lowout  back 

w i t h i n  t h i s  s e c t i o n  and v a l v e s  were mounted w i t h  on ly  the stems pro-  

t r u d i n g  th rough  the  s t e e l  s h e e t .  The v a l v e  stems were  anchored to  the 

s t e e l  s h e e t .  The p r e s s u r e s  i n  the  sys tem were o b t a i n e d  d i r e c t l y  from 

the  g a s  c y l i n d e r s ,  r e q u i r i n g  t h a t  a l l  c y l i n d e r  p r e s s u r e s  had t o b e  

above 50 a tmospheres .  The weakes t  p a r t  of  the  sys tem was the glow 

c o n t r o l l e r s  whose maximum o p e r a t i n g  p r e s s u r e  was r a t e d  a t  100 a tmosphe re s .  

Because i t  was d e s i r a b l e  to  ~Lnimize the  amount of  CO i n  the  c y l i n d e r  

owing to i t s  t o x i c i t y  to p e r s o n n e l  i n  the  e v e n t  o£ a major l e a k  y~ t  

a l s o  p r ov i de  a s u f f i c i e n t  amount f o r  ex t ended  f low e x p e r i m e n t s  a t  h i g h  

p r e s s u r e ,  a s i z e  #2 CO c y l i n d e r  was chosen .  A d d i t i o n a l  p r o t e c t i o n  was 

p rov ided  to the  sys t em by u s i n g  t h i s  c y l i n d e r  s i z e  because  the  maximum 

c y l i n d e r  p r e s s u r e  was l lO a tmosphe res ;  i £  the p r e s s u r e  r e g u l a t o r  shou ld  

£ a i l ,  expos ing  the f low c o n t r o l l e r  to  the  c y l i n d e r  p r e s s u r e ,  the  sys t em 

would s t i l l  be s a f e  ( the  10% o v e r p r e s s u r e  would no t  be d a n g e r o u s ) .  

F a i l u r e  o£ the  CO p r e s s u r e  r e g u l a t o r  shou ld  n o t  be r e g a r d e d  as an 

u n l i k e l y  e v e n t  be c a use  i t  has o c c u r r e d  twice  d u r i n g  a ~ o - y e a r  p e r i o d .  

Most components og the  h igh  p r e s s u r e  sys tem have been  r a t e d  fo r  200 

a tmospheres  or  b e t t e r .  

f 
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RESULTS OF I_NN SITU CHARACTERIZATION 

C a t a l y t i c  R e a c t i v i t y  

Because the  c a t a l y s t s  deve loped  f o r  i n f r a r e d  ~r,~dies had copper  

c o n t e n t s  c o n s i d e r a b l y  lower  t h a n  those  i n  an i n d u s t r i a l  me thano l  s y n t h e s i s  

c a t a l y s t ,  i t  was i m p o r t a n t  to  d e t e r m i n e  the  a c t i v ,  t y  and s e l e c t i v i t y  of  

t he se  v a r i o u s  c a t a l y s t s  to  v e r i f y  t h a t  t h e y  f u n c t i o n e d  as me thano l  

s y n t h e s i s  c a t a l y s t s .  A c t i v i t i e s  and s e l e c t i v i t i e s w e r e  measured  under  

the  same c o n d i t i o n s  as t hose  used i n  .'he h i g h - p r e s s u r e  i n f r a r e d  s t u d i e s ,  

i . e . ,  a p r e s s u r e  o f  50 arm and a t e m p e r a t u r e  o£ 200°C. A d d i t i o n a l  

s t u d i e s  were made a t  h i g h e r  t u m p e r a t u r e s .  C a t a l y s t  e v a l u a t i o n s  were  

conduc ted  i n  a f i x e d - b e d  t u b u l a r  r e a c t o r  c o n t a i n i n g  a bed o f  b roken  

c a t a l y s t  w a f e r s  s u r r o u n d e d  by SiC p a r t i c l e s .  S i l i c o n  c a r b i d e  was found 

to  have  no a c t i ~ f t y  f o r  CO h y d r o g e n a t i o n  a t  50 atm of  2 /1  H2/CO up to a 

vempera tu re  of  250oC. 'l~e b i n a r y  ox ides  were e v a l u a t e d  w i t h  a flc~. - a t e  

o f  1800 GHSV and the  t e r n a r y  ox ides  e v a l u a t e d  w i t h  a f low r a t e  of  3600 

G~LSV, to  compensate  f o r  the  d i f f e r e n c e  i n  s u r f a c e  a r e a s  be tween  the  two 

types  of  o x i d e s .  

The s t a n d a r d  p r o c e d u r e  f o r  c a t a l y s t  t e s t i n  8 i n v o l v e d  h e a t l n  8 the 

c a t a l y s t  a t  200°C o v e r n i g h t  i n  60 cc /min  STP o f  N 2. The N 2 f low was 

r e p l a c e d  w i t h  a 5?. H2- in- . ,  2 f low f o r  1 h r  to  r e d u c e  the  o x i d e .  Then 

the  r e d u c i n  8 f eed  was r e p l a c e d  w i t h  the  r e a c t i o n  f e e d  m i x t u r e  and the  

p r e s s u r e  g r a d u a l l y  i n c r e a s e d  to  50 atm. R e a c t i o n  runs  were  8 e n e r a l l y  

conduc ted  ove r  a p e r i o d  of  8 h r s ,  t a k i n g  samples  o f  the  r e a c t o r  e f f T u e n t  

p e r i o d i c a l l y  to obse rve  changes  i n  a c t i v i t y  and s e l e c t i v i t y .  The e f f l u e n t  

was a n a l y z e d  by gas chromatography  u s i n g  Porapak T and N coluums i n  
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s e r i e s  a t  150oc and a the rma l  c o n d u c t i v i t y  d e t e c t o r .  The gc o u t p u t  was 

q u a n t i t a t i v e l y  ana lyzed  by a HP 3390A r e p o r t i n g  i n t e g r a t o r .  

B ina ry  c a t a l y s  ~s 

The s e l e c t i v i t y  f o r  CO h y d r o g e n a t i o n  to  me thano l  was 10070 f o r  a l l  

b i n a r y  c a t a l y s t s  under  the  e x p e r i m e n t a l  c o n d i u i o n s  used i n  t he se  r e a c -  

t i o n s .  The e f f e c t s  of  c a t a l y s t  c o m p o s i t i o n ,  r e a c t o r  t e m p e r a t u r e ,  and 

f e e d  c o m p o s i t i o n  on CO c o n v e r s i o n  were  examined and the  r e s u l t s  a r e  sum- 

mar i zed  i n  Table 22. Pure z i n c  o x i d e ,  e i t h e r  as a p r e c i p i t a t e d  ox ide  

(wet p r o c e s J )  o r  Kadox 25 ( d r y  p r o c e s s ) ,  has no measurab le  a c t i v i t y  a t  

200oc bu t  so~e a c t i v i t y  a t  250oc. The r e a c t o r  sys tem was c a r e f u l l y  

checked to v e r i f y  t h a t  t h i s  low a c t i v i t y  was due to  the  z i n c  ox ide  and 

d i d  no t  a r i s e  from i m p u r i t i e s  o r  components of  the  r e a c t o r .  The 

p r e c i p i t a t e d  b i n a r y  c a t a l y s t s  had comparable  a c t i v i t i e s ,  which were  an 

o r d e r  o f  magni tude  h i g h e r  t h a n  pu re  z i n c  ox ide  a t  250°C. The im- 

p r e g r a t e d  b i n a r y  c a t a l y s t  was p r e p a r e d  by adding a copper  n i t r a t e  s o l u -  

t i o n  to  Kadox 25, fo l lowed  by d r y i n g  and c a l c i n a t i o n .  Unl ike  the 

p r e c i p i t a t e d  oxide  of some c o m p o s i t i o n ,  the  impregna ted  c a t a l y s t  

p o s s e s s e d  no a c t i v i t y  a t  200°C. The a ~ d i t i o n  o f  an o x i d i z i n g  agen t  to  

the  feed  mJ.xture produced l i t t l e  change i n  a c t i v i t i e s  a t  200oc bu t  

s i g n i f i c a n t l y  improved c o n v e r s i o n s  a t  250oc f o r  the  p r e c i p i t a t e d  b i n a r y  

c a t a l y s t s .  Carbon d iox id~  was added as a gas premixed w i t h  h y d r o s e n  

(10°/. CO 2 i n  H 2 ) ,  whi le  w a t e r  was added by bubb l ing  t~e E2/CO m i x t u r e  

t h rough  l i q u i d  wa te r  a t  h i g h  p r e s s u r e .  The r e a c t o r  e f f l u e n t  _~r_~,. e x p e r i -  

ments  u s i n g  w a t e r  i n  the  f e e d  had no w a t e r  bu t  some ca rbon  d i o x i d e ,  
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Table 22. Resctivity of binary catalysts at 50 atmospheres 

CO conversion Methanol yield 
Conmosltlon to CH~OH .(%) (x 10 -5 moleslm21hr) 
ZnO/CuO a 200oc 250oc 200oC 250oc 

With feed composition H2/CO = 67133 vol Z 

Kadox 25 0.0 0.6 0.0 0.6 
100/0 0.0 0.6 0.0 0.5 
95/5 1.6 6.3 I.I 4.5 
Imp. 95/5 0.0 - 0.O - 
90/10 1.3 5.2 0.9 3.7 

With feed composition H2/CO/CO 2 = 66/2816.6 vol 7. 

95/5 0.7 11.4 0.5 8.2 
90/10 1.1 15.6 0.8 11.2 

With feed compe-ition H2/CO/H20 = 67 /33 /0 .5  vol  % 

95/5 1.9 8.8 1.4 
90/10 1.1 12.6 0.8 

6.3 
9.0 

aMole p e r c e n t .  

indicating that the catalysts had good activity for the water-gas shift 

reaction: 

CO + H20~ C02 + H 2 

Methano l  y i e l d s  have been  ba sed  on BET s u r f a c e  a r e a s ;  v a l u e s  o f  9 . 1 ,  

20,  and 27 m2/8 were u sed  f o r  Kadox 25 ,  p r e c i p i t a t e d  ZnO, and t h e  

p r e c i p i t a t e d  b i n a r y  o x i d e s ,  r e s p e c t i v e l y .  

The i n i t i a l  y i e l d  o f  m e t h a n o l  was g e n e r a l i 7  ;~igher t h a n  the  s t e a d y -  

s t a t e  y i e l d  ( v a l u e  a f t e r  8 h r ) ,  u s u a l l y  i n  t h e  r ange  o f  Z0 t o  507. 

h i g h e r .  Th is  l o s s  o f  a c t i v i t y  cou ld  a r i s e  f rom s e v e r a l  c a u s e s ,  and 

has  b e e n  examined by t a k i n g  t h e  t r a n s i e n t  b e h a v i o r  o f  90 /10  Zn/Cu 
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catalyst as an example. The concentrations of CO2~ CH3OH, and H20 

were ~easured perlodLcally during the first 8 hr of a reaction run for 

eoch of the feed mixtures utilized in these studies; these transients 

are shown in Figure 67. When a feed of H 2 and CO was used, the initial 

methanol yleld was 507o higher tl,an the steady-state yield. The activity 

of the catalyst gradually decreased during the transient. At the reac- 

tion temperature of 200°C, however, this deactivation is quite slow 

,nd thus the activity after 8 hr is relatively good. The small amount 

of CO 2 in the initial effluent sample most likely arose from the 

water-ga~, shift reaction berween CO and some residual water formed 

previously from the reduction of CuO by H 2. The transient behavior of 

the effluent components from a reaction run using s feed of CO, ~, 

and CO 2 had some significant dlfferences compared to the previous run 

using a feed of CO and H 2. The initial methanol yield was twice the 

amount obtained without any CO 2 present, while the amount of CO 2 was 

approximately one-tenth the feed concentration. The CO 2 concentration 

returned co th~ value in the feed azld a steady-state methanol yleld was 

established in under 4 hours at a level less than the steady-state 

value of the reaction with CO and ~. Water was also a product in the 

effluent stream, The initial low level of CO 2 arose from absorption by 

the catalyst; relatively high CO 2 concentrations were found in the ef- 

fluent from the reactor system following the pressure drop at the end of 

a reaction run. At steady state, the methanol yield could result from 

CO hydrogenation and CO 2 hydrogenation; the water could be formed by 

CO 2 hydrogenation or the water-gas shift reaction. Because the methanol 

yield was less with a feed containing C02 at 200°C, the diffusive 
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r e s t r i c t i o n s  caused  by CO 2 i n  the  c a t a l y s t  pores o v e r r o d e  any advan tage  

that CO 2 may provide as a reactant or in preventing deactivation (stron 8 

reduction) of active sites. 

At 250oc, however, these conditions were reversed; C02 had a 

positive effect on the methanol yield. The feed mixture with water 

produced e f f l u e n t  c o n c e n t r a t i o n s  e s s e n t i a l l y  c o n s t a n t  over  the  e n t i r e  

8 -hour  p e r i o d .  The me thano l  y i e l d  was app rox ima te ly  the  same a s  the 

yield obtained from the feed mixture containing C02, which is logical 

since the water in this feed mixture was converted to CO 2 by the Hater- 

gas shift reaction. A pressure drop at t|~ e~ of the reactlon run re- 

sulted in relatively high levels of CO 2 and H20 in the effluent, 

indicating some absorption of these two species. These pressure drops 

were also used to detect for condensatlon of methanelj since a pressure 

decrease would increase the amount of CH30H in the gas phase if any 

c o n d e n s a t i o n  had o c c u r r e d .  

Because a fo rmate  i n t e r m e d i a t e  has been  proposed i n  me thano l  

synthesis from H 2 and CO, a reaction run was conducted with some 95/5 

ZnO/CuO catalyst using a gas feed of H2/N 2 = 50/50 bubbling through a 

formic acid solution (73~ ~C00H, 27% H20) at 50 arm. The reaction, 

HCOOH + 2H 2 --D CH30 H + H20 

went to c ompl e t i on  a t  200°C. No o t h e r  r e a c t i o n  p r o d u c t s  o t h e r  than  

methanol  were o b s e r v e d .  
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Tar rua~-y c a t a l y s t s  

The s e l e c t i v i t y  f o r  CO h y d c o g e n a t i o n  to  me thano l  was 100% f o r  the  

t e r n a r y  c a t a l y s t s  a t  ZO0°C and > 98% ( d i m e t h y l  e t h e r  was the  o t h e r  

p r o d u c t )  a t  250oc.  Because  the s u r f a c e  a r e a s  c f  t e r n a r y  o x i d e s  were 

a p p r o x i m a t e l y  d o u b l e  the v a l u e s  o f  b i n a r y  o x i d e s ,  t he  amount o f  t e r n a r y  

catalyst (by weight) used in reactor tests was half the amount of binary 

catalysts. The effects of catalyst composition, reaction temperaturej 

and feed composition on conversion to methanol have been summarized in 

Table 23. In general, the methanol yield per unit surface area was 

comparable between binary and ternary catalysts. BET surface areas of 

49, 58, and 65 m2/g were used for 90/5/2.5 ZnO/CuO/Cr203, 80/10/5 

ZnO/CuO/Cr203, and 80/10/5 ZnO/CuO/AI203, respectively. These results 

support the observation (Herman et al., 1979) that the primary effect 

of the addition of ~r203 or AI203 to the composition of a binary oxide 

was to increase activity by increasing the surface area. An exception 

was the 80/10/5 ZnO/CuO/Cr203 catalyst which exhlb.~ted high activity at 

200°C (approximately an order of magnitude higher yield per unit surface 

area than the binary catalyst). Thus, the role of the promoters C~203 

and AI203 appears to be electronic as well as physical. The activities 

of Lernar> catalysts showed better stability (less deactivation occurred) 

than binary catalysts. The addition of an oxi~zlng agent (CO 2 or H20) 

to the H2/CO feed mixture had little effect on yields at 200°C but In- 

creased yields significantly at 250oc, using the yields for 80/10/5 

ZnO/CuO/A1203 as the benchmark. Carbon dioxide was also absorbed by 

the ternary catalysts, as indicated by initlally low levels of CO 2 in the 

reactor effluent and high levels after the pressure drop. These catalysts 
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were  a l s o  a c t i v e  fo r  the  w a t e r - g a ~  s h i f t  r e a c t i o n ,  c o n v e r t i n g  smal l  

amounts o f  w a t e r  to  c a r b o n  d i o x i d e  ( t he  cca lve r s i on  has been  e x p r e s s e d  

i n  t h i s  manner b e c a u s e  the  amounts o f  w a t e r  and c a r b o n  d i o x i d e  can be  

measured  more a c c u r a t e l y  than hydrogen  c r  c a r b o n  monoxide) .  

The a c t i v i t y  of  the 8 0 / 1 0 / 5  ZnO/CuO/Cr203 c a t a l y s t  was e v a l u a t e d  

f o r  c o n v e r t i n g  ~ormic a c i d  to  me thano l .  At 200°C and 250°C, uo a c t i v i t y  

f o r  methanol  s y n t h e s i s  was o b s e r v e d  u s i n g  a ga seous  m i x t u r e  o f  50/50 

H2/N 2 b u b b l i n g  th rough  a s o l u t i o n  o f  f o r m i c  a c i d  (737. HCOOH, 27% ~ 0 )  

a t  50 arm. 

I n f r a r e d  S p e c t r a  a t  High P r e s s u r e  

Gaseous ca rbon  monoxide 

The h igh  p r e s s u r e  c e l l  was used i n i t i a l l y  t o  d e t e r m i n e  the  e x t e n t  

t o  which gaseous  ca rbon  monoxide a d s o r b e d  i n f r a r e d  r a d i a t i o n  in  the  wave-  

l e n g t h  r e g i o n  nea r  2143 cm "1 and to  det¢~rmine the e f f e c t  o f  p r e s s u r e  on 

the  s p e c t r a .  The c o n t r i b u t i o n  by ga seous  c a r b o n  monoxide to  the  spec t rum 

can be s u b t r a c t e d  to  r e v e a l  the  p r e s e n c e  o f  a d s o r b e d  c a r b o n  monoxide on 

a c a t a l y s t  s u r f a c e  on ly  i f  the  t r a n s m i t t a n c e  i s  nonze ro .  The e f f e c t  o f  

i n c r e a s i n g  p r e s s u r e  on the s p e c t r u m  o f  g a s e o u s  c a r b o n  monoxide i s  shown 

i n  F i g u r e  58. Each spec t rum was p roduced  by t a k i n g  500 scans  a t  0 .24  cm "1 

r e s o l u t i o n .  The r e s u l t s  d e m o n s t r a t e d  t h a t  a v e r y  s h o r t  p a t h l e n g t h  was 

r e q u i r e d  to avo id  t o t a l  a b s o r p t i o n  by g a s e o u s  ca rbon  monoxide.  The 

t r a n s m i t t a n c e  in  the r e g i o n  o f  2180 cm - 1  a t  a p r e s s u r e  og 70 atm. was 

c l o s e  to 10% f o r  a p a t h l e n g t h  o f  0 . 4  m .  These s p e c t r a  d e m o n s t r a t e d  

the need fo r  an a c c u r a t e  r e f e r e n c e  s p e c t r u m  i n  o r d e r  to  c o r r e c t  f o r  
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a b s o r p t i o n  by gaseous  ca rbon  monoxide s i n c e  the  shape o f  the  r o t a t i o n a l -  

v i b r a t i o n a l  bands was a s t r o n g  f u n c t i o n  o f  the  p r e s s u r e .  The a d d i t i o n a l  

c o ~ l p l i c a t i o u s  a r i s i n g  from the  v a r i a b i l i t y  i n  sample background abso rp -  

t i o n s  and the v a r i o u s  wafe r  t h i c k n e s s e s  made i t  i m p r a c t i c a l  t o  s u b t r a c t  

t:he e f f e c t  o f  gaseous  ca rbon  monoxide £r~n the  s p e c t r a  o f  me ta l  o x i d e s  

d u r i n g  i n  s i t u  s t u d i e s .  

Spec i e s  on z inq  oxid___.~e 

Al though z inc  ox ide  was i n a c t i v e  f o r  me thano l  s y n t h e s i s  a t  200°C, 

s p e c t r a  o f  adsorbed  s p e c i e s  c a n  be h e l p f u l  f o r  i d e n t i f y i n g  which i n t e r -  

m e d i a t e s  on mixed m e t a l  ox ides  would be adsorbed  on z inc  s i t e s .  The 

e f f e c t  o f  p r e s s u r e  on the  na t , , r e  of  s u r f a c e  s p e c i e s  on z i n c  ox ide  (Kadax 

25, New J e r s e y  Zinc  Company) a t  200°C was e s t a b l i s h e d  f o r  p r e s s u r e s  

from 1 to 50 a tmospheres  o f  ca rbon  monoxide.  Each spec t rum has had the  

background ( z i n c  oxide)  s u b t r a c t e d  and was produced  by t a k i n g  100 scans  

-1  
a t  1.0 cm r e s o l u t i o n ,  The s p e c t r a  o f  adsorbed  s p e c i e s  on z i n c  ox ide  

a r e  shown i n  F igure  69. Bands a t  1580 and 1363 cm "1 I aim) were as-  

s i g n e d  to  the  asymmetr ic  and symmet r i c  C-O s t r e t c h i n g  bands ,  r e s p e c t i v e l y ,  

o f  a s u r f a c e  fo rma te  s p e c i e s .  As the  p r e s s u r e  was r a i s e d  to  50 

a tmosphe r e s ,  the asymmetr ic  band s h i f t e d  toward lower wavenumbers and 

the  symmetr ic  band s h i f t e d  to  1366 cm "1.  The band a t  1377 cm "1 has 

been  a s s i g n e d  to the  C-H bend ing  £requency  o f  a s u r f a c e  fo rma te  s p e c i e s .  

The band a p p e a r i n g  a t  1688 cm -1 and s h i f t i n g  t o  1678 cm "1 a t  50 

a tmospheres  has been  a s s i g n e d  to  z inc  h y d r i d e  s p e c i e s  which Boccuzz i  

(1978b) had d e s i g n a t e d  as Band l l l ;  no a d d i t i o n a l  bawls: were  o b s e r v e d  

i n  t h i s  r e g i o n  of  the  s p e c t r a .  A s t r o n g  band a t  2867 cm "1,  s h i f t i n g  to  
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h i g h e r  wavenumbers w i t h  i n c r e a s i n g  p r e s s u r e ,  which was a s s igned  t o  the  

C-H s t r e t c h i n g  f r e q u e n c y  o f  the  fo rmate  s p e c i e s .  The bands a p p e a r i n g  

a t  2967 and 2729 cm "1 have been  a s s i g n e d  to  combinati~.~s o f  f u n d a m e n t a l  

f r e q u e n c i e s ;  the  2967 ore-1 band i s  a combina t ion  o f  the  1570 and 1377 

-1 cm bands of the formate species while the 2729 om-I band is a combina- 

tion of the 1366 and 1377 cm "1 bands of the formate species. A stron 8 

-I 
band at 3523 cm was attributed to a surface hydroxyl group having 

greater stability at higher pressures. Because the spectrum of zinc 

oxide  was s u b t r a c t e d  from each  a d s o r p t i o n  s p e c t r u m ,  the  normal  r e s i d u a l  

h y d r o x y l  groups on z i n c  oxide  have been removed.  L~wever, t h e r e  was a 

s h i f t  in  the  r e s i d u a l  h y d r o x y l  s p e c i e s  a t  3620 cm "1 toward lower wave- 

n u m b e r s  as the  p r e s s u r e  i n c r e a s e d ,  r e s u l t i n g  i n  t h e  appearance  o f  the  

-1 
h y d r o x y l  band s e e n  a t  3511 cm . 

Spec i e s  on bina~ c a t a l T s t s  

The b i n a r y  c a t a l y s t s  w i t h  Zn/Cu r a t i o s  o f  95/5 and 90/10 were  s a t i s -  

f a c t o r y  f o r  i n f r a r e d  i n v e s t i g a t i o n s .  Al though  the  t r a n s m i t t a v ~ e  was 

v e r y  poor ,  some i n f o r m a t i o n  was a l s o  o b t a i n e d  from a 85/15 Zn/Cu c a t a l y s t .  

B ina ry  c a t a l y s t s  w i t h  copper  c o n t e n t b  above the  15/85 Cu/Zu r a t i o  were  

u n s a t i s f a c t o r y  f o r  t raDe.miss ion i n f r a r e d  s t u d i e s  i n  b o t h  o x i d i z e d  a~d 

r e d u c e d  s t a t e s .  Al l  of  t h e s e  c a t a l y s t s  had a s i g n i f i c a n t  t r a n s m i t t a n c e  

l o s s  a t  l o w , r  wavenumbers d u r i n g  i n  s i t u  s t u d i e s .  The e x p e r i m e n t a l  

r e s u l t s  f o r  a l l  b i n a r y  c o m p o s i t i o n s  were  n o t  p r e s e n t e d  because  the  

i n f r a r e d  s p e c t r a  o f  adsorbed  s p e c i e s  on t h e s e  c a t a l y s t s  were q u a l i t a -  

t i v e l y  quite similar under equal experimental conditions. 

The adsorption of carbon monoxide on a 95/5 Zn/Cu catalTst (pre- 
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t rea tment  #1) a t  200oc and 50 atmospheres i s  shown i n  Figure  70. Pro-  

longed exposure reduced the c a t a l y s t ,  i n d i c a t e d  by the format ion of  the 

hydroxyl band a t  3252 cm "1 Formate groups (bands a t  2969, 2878, 2731 

1) and 1573 am" developed first, then an adsorbed formaldehyde species 

(bands at 2935, 2834, 2731, and 1660 cm -I) was formed. At high pressure, 

the Type I hydroxyl species (band at 3520 cm -l) gradually emerg~.~ as a 

stable surface species. The r, dual hydroxyl group originally at 

3620 cm "1 shifted to 3611 cm -I and the carbonyl band shifted to 1975 am-l. 

The hydrogenation of surface species was accelerated by incorporating 

hydrogen with the carbon monoxide feed. Figure 71 shows the adsorption 

of a mixture of carbon monoxide and hydrogen (CO/H 2 = 9/1) on a 95/5 

Zn/Cu c a t a l y s t  ( p r e t r ea tmen t  #1) a t  200oc and 50 aemospheres. I n i t i a l l y  

formate groups (band at 2879 cm "I) and the hydroxyl of reduction (band 

at 3252 on "I) ,.;ere formed. The development of methoxy groups (bands at. 

2934 and 2822 am "I ) was accompanied by the disappearance of the isolated 

hydroxyl groups (bands at 3660 and 3612 era'l). The formate band 

shifted significantly from 5879 to 2868 c~" , owing to the presence of 

methoxy groups. 

The adsorption of a 2/1 H2/CO mixture on 95/5, 90/10, and 85/15 

Zn/Cu catalysts at 200°C and 50 atmosphc:es after an hour of exposure 

is shown in Figure 72. At these conditions, very little detail could 

be cbserved at lower wavenumbers because of low transmittance. The 

sure'ace condition was representative of the surface species during 

methanol synthesis. These spectra showed the hydroxyl of reduction 

(band at 3252 cm'l), methoxy groups (bands at 2933 and 2822 cm'l), 

and the formate species (bands at 2865 and 1575 cm "I) %n addition to 
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F i g u r e  70. Carbon monox£de adso rpC£on  on 95 /5  Zn/Cu ox£de ac 50 a m  

a) o x £ d i z e d  s u r f a c e  

b)  e x p o s u r e  fo r  8 h o u r s  

c)  e x p o s u r e  f o r  24 h o u r s  
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d t  

F i s u r e  71. A d s o r p t i o n  o f  CO-H 2 m i x t u r e  on 95 /5  Zn/Cu o x i d e  a t  50 sun  

a) o x i d i z e d  s u r f a c e  

b) e x p o s u r e  f o r  15 m i n u t e s  

c)  e x p o s u r e  f o r  I hou r  
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the bands fo r  gaseous  carbon  monoxide (band a t  2143 c m ' l ) .  

Because methano l  s y n ~ h e s i s  n o r m a l l y  i n c l u d e s  some ca rbon  d i o x i d e  

i n  the  feed  n i x t u r e ,  the  a d s o r p t i o n  of  a 27/7 /66  CO/CO2/H 2 m~xture on 

95/5 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  200°C and 50 a tmospheres  was 

ex~anlned. Surface species at nJ.gh pressure were identical with those 

using only hydrogen and carbon monoxide in the feed. Figure 73 shows 

rha t  a f t e r  the  p r e s s u r e  was dropped to 1 a tmosphere ,  some d e c o m p o s i t i o n  

of  methoxy groups (bands a t  2934 and 2826 cm -1)  o c c u r r e d .  A f t e r  the c e l l  

had been  t h o r o u g h l y  f l u s h e d  w i t h  n i t r o g e n ,  g r e a t e r  d e t a i l  o f  s u r f a c e  

groups was r e v e a l e d .  F u r t h e r  d e c o m p o s i t i o n  o f  methoxy groups r e s t o r e d  

the  I s o l a t ~  h y d r o x y l  groups (bands a t  3663 and 3614 c m ' 1 ) ,  r e v e a l e d  a 

Type I h y d r o x y l  s p e c i e s  (band a t  3524 cm " I ) ,  a c a r b o n y l  group (band a t  

2010 c m ' l ) ,  an adsorbed formaldehyde  s p e c l e s  (bands a t  2938, 2830, 

2737, and 1616 ~ n ' l ) ,  and b i d e n t a t e  c a r b o n a t e  groups (bands a t  1516 and 

1327 c m ' l ) .  The p r e s e n c e  of  some ca rbon  d i o x i d e  (band a t  2350 cm "1) 

in the spectrum without the vibrational-rOtatlonal lines indicated 

tha~" the carbon dioxide was trapped in the catalyst pores. 

Methanol synthesis also occurred when formic acid solution was 

used in a hydrogenating feed stream. Figure 74 shows the spectrum of 

the adsorption of formic ,~cld solution (737. HCOOH, 27% H2C) in a carrier 

gas of 507~ ~2-50% N 2 on a 95/5 Zn/Cu catalyst at 200°C and 47 atmospheres. 

The s u r f a c e  s p e c i e s  d u r i n g  formic  ac id  h y d r o g e n a t i o n  were  v e r y  s i m i l a r  

to  those  duril~ 8 ca rbon  monoxide h y d r o g e n a t i o n  excep t  for  the l a c k  of  

gaseous  CO o'L" any s u r f a c e  c a r b o n y l  s p e c i e s .  The s u r f a c e  had come methoxy 

groups (bar~s a~ 2934 and 2820 ~n'l), furmate groups (bands at 2868 and 
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F~Sure 73. Adamrpt£on of CO-C02-H 2 m£xCure on 95/5 Zn/Cu .oxide at: 50 acre 

a) exposure for 4 hours and pressure drop 

b) 1S-minute £1uah with uLcrosen 
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1574 c m ' l ) ,  the  hydroxy l  o f  r e d u c t i o n  (band a t  3250 c m ' l ) ,  and i s o l a t e d  

hyd roxy l  groups (bands a t  3663 and 3618 c m ' l ) .  

S pec i e s  on t e r n  ar~ c a t a l y s t s  

The z inc=copper -chromium ox ide  c a t a l y s t s  were s u p e r i o r  to  b i n a r y  

c a t a l y s t ~  i n  h i g h - p r e s s u r e  i n f r a r e d  e x p e r i m e n t s  because  the  t r a n s m i t -  

t a n c e  remained h i g h  thrr .~ghout  the  m i d - i n f r a r e d  r ange .  B e t t e r  s u r f a c e  

d e t a i l  p rov ided  ~"~e i n ~ o t ~ a t i o n  f o r  i d e n t i f y i n g  adso rbed  s p e c i e s  d u r i n  S 

me thano l  s y n t h e s i s  c o n d i t i o n s .  

The r e a c t i o n  nf  ca rbon  monoxide and hydrogen  on a 90 /5 /5  Zn/Cu/Cr 

c a t a l y s t  a t  200oC and 50 a tmospheres  i s  shown i n  F i g u r e  75. The 

i n i t i a l  s u r f a c e  s p e c i e s  on the  r e d u c e d  c a t a l y s t  ( p r e t r e a t m e n t  #3) a f t e r  

exposure  to  a 2/1 ~ 2 / C O m i x t u r e  were  ~ormate groups (bands a t  2963, 

2872, 1582, 1 3 8 1 ,  and 1360 c m ' l ) ,  adsorbed  formaldehyde  s p e c i e s  (bands 

a t  2934 and 2843 c m ' l ) ,  and methoxy groups (bands a t  2934 and 2824 cm '1 ) .  

The adsorbed formaldehyde  s p e c i e s  d i s a p p e a r e d  a n d t h e  amount o f  methoxy 

groups had maximized i n  an h o u r ,  f o l l o w e d  by a g r a d u a l  d e c r e a s e  i n  methoxy 

groups .  A p r e s s u r e  drop to  1 a tmosphere  r e v e a l e d  an adsorbed  c a r b o n y l  

-1 s p e c i e s  at  2010 cm . 

Because the d e c r e a s e  over  t ime o f  methoxy groups  migh t  h a v e o c -  

t u r f e d  owing to s e v e r e  r e d u c t i o n  o f  the  c a t a l y s t ,  a s i m i l a r  expe r imen t  

was conducted  a t  the same c o n d i t i o n s  excep t  t h a t  the  2/1 H2/CO m i x t u r e  

wee passed  th rough  the h i g h - p r e s s u r e  s a t u r a t o r  c o n t a i n i n g  d i s t i l l e d  

w a t e r .  F igure  76 shows the same g e n e r a l  b e h a v i o r  of  adsorbed  s p e c i e s  

as the p rev ious  expe r imen t  w i t h o u t  any wa te r  i n  the f e e d .  'l~e i n i t i a l  

spec t rum d id  not  have ~ny adsorbed fo rmaldehyde  and the  f i n a l  spec t rum 
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Figure 75. .,~Iso,,'pt:l.ou o f  CO,-H 2 mix ture on 901.515 ZnlCulCr oxlde at 
50 a m  

a) exposure for 15 u4nute8 

b) exposure for  30 m~nutes 

c) exposure for 8 hours 

d) a f t e r  p ressure  drop 
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Fisure  76. Adsorpt ion of  CO-H2-H20 on 901515 Zn/Cu/Cr oxide at 50 atnn 

a) exposure for  15 minucea 

b) exposure for  1 hour 

c) exposure for  8 hours 

d) a h e r  p~essuce drop 
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r e v e a l e d  ea rbony l  groups a t  2012 and 1970 cm "1 . 

The r e a c t i o n  of  ca rbon  monoxJde and hydrogen  (Q/CO = 2/1) on a 

80 /10 /10  Zn/Cu/Cr c a t a l y s t  ( p r e t r e a c m e n t  #3) a t  200°C and 50 a tmospheres  

i s  shown i n  F i g u r e  77. The i n i t i a l  s p e c t r u m  showed formate  groups (bands 

a t  2870, 1576, 1381, and 1360 cm" 1) ,  methoxy groups  (bands a t  2932 and 

2822 cm "1)  - 1  , and a c a r b o n y l  s p e c i e s  a t  2089 cm . The m e t h ~ y  groups  

i n c r e a s e d  and r e a c h e d  a s t a b l e  c o n c e n t r a t i o n  as s t e a d y - s t a t e  c o n d i t i o n s  

were  approached .  The c a r b o n y l  s p e c i e s  s h i f t e d  from 2089 to  2021 cm "1.  

A p r e s s u r e  drop  to  1 a tmosphere  r e v e a l e d  i n  s h a r p e r  d e t a i l  t he  c a r b o n y l  

s p e c i e s  (band a t  2010 c j n ' l ) .  

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

a c t i v e  fo r  fo rmic  ac id  h y d r o g e n a t i o n  to  m e t h a n o l ,  the  80 /10 /10  Zn/Cu/Cr 

c a t a l y s t  was i n a c t t v e  f o r  t h i s  r e a c t i o n  d u r i n g  t h e  same o p e r a t i n g  c o n d i -  

t i o n s .  The a d s o r p t i o n  of  formic  a c i d  s o l u t i o n  (73% HCOOH, 27~ H20) 

i n  a c a r r i e r  gas of  50% ~ - 5 0 ~  N 2 on a 8 0 / 1 0 / i 0  Zn/Cu/Cr c a t a l y s t  

(pretrea~nent #3) at 200oc and 50 atmospheres is shown in Figure 78. 

Initia!ly, the surface species were a carbonyl species (band at 1983 

• cm "I) with minor amounts of formate groups (bands at 2872, 1580, 1381, 

and 1360 -I). Prolonged exposure began to produce some methoxy groups 

(bands at 2934 and 2818 cm "1) , but not much since the isolated hydroxyl 

groups (bands at 3668 and 3618 cm "I) were not completely displaced. At 

high pressure, the decomposition of formic acid into formate and methoxy 

groups on zlnc-copper-chromium oxides was unfavorable, hence, the poor 

methanol synthesis activity. 
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FIsure 77. Adeorptton of CO-H2 mixture on 80/10/10 Zn/Cu/Cr oxide aC 
50 a m  

s)  exposure for  15 mimste8 

b) exposure for  I hour 

c) exposure for  4 hours 

d) a f t e r  preeeure  drop 
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F isure  78. Adso~pt£on of for~Lc acid on 80/10/10 ZuJCu/Cr ~cide aC 
50 arm 

a) reduced su r f ace  

b) expooure for  1 hour 

c) exposure for  3 hours 
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DISCUSSION OF RESULTS 

The r e a c t o r  t e s t s  e s t a b l i s h e d  t h a t  c o p r e c £ p l t a t e d  b i n a r y  arLd t e r n a r y  

c a t a l y s t s  were a c t i v e  and h i g h l  ; s e l e c t i v e  f o r  me thano l  s y n t h e s i s  a t  50 

a tmospheres  and 200-250°C, even though t h e  copper  c o n t e n t s  in  t h e s e  

compos i t i ons  were much lower than  t hose  used  i n  i n d u s t r i a l  c a t a l y s t s .  

The methanol  s y n t h e s i s  r e a c t i o n  was f a r  from e q u i l i b r i u m  i n  a l l  the 

r e a c t i o n  e x p e r i m e n t s .  At e q u i l i b r i u m ,  the  c o n v e r s i o n  o f  ca rbon  monoxide 

to methanol using a stoichiometric mixture of CO and H 2 would be 82% and 

60% at 200°C and 250oc, respectively. The experimental conversions, in- 

cluding values from feeds contalnln 8 an ow/dlzln8 promo~ert were generally 

under 157.. A small addition of water into a CO-~ feed stream produced 

an effluent with carbon dioxide rather than water j indlcati~ that the 

water-gas shift reaction was near equilibrium. 

At 200°C, zinc oxide and impregnated CuO/ZnO were inactive for 

methanol synthesis, whereas the coprecipitated binary and ternary oxides 

possessed some activ~ ty. A feed stream of CO and H? would usually be 

expected to deactivate these catalysts~ but some carbon dioxide was 

formed during the initial stage of reaction (some CO 2 was detected 

ini~lally in the reactor effluent and CO 2 was observed in the infrared 

spectra). This carbon dioxide could be formed either fro~ further 

red~ction of the catalyst by carbon monoxide or via the water-gas 

shift reaction as carbon monoxide reacts with water in catalyst pores 

(the waker would be the product of the prior reduction using hydrogen). 

The activity was maintained over an 8-hour period because some carbon 

d i o x i d e  p e r s i s t e d  £n the c a t a l y s t  p o r e s .  The 8 r a d u a l  d e c r e a s e  i n  
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a c t i v i t y  c o i n c i d e d  w i t h  a g r a d u a l  d e c r e a s e  in  the  CO 2 band i n t e n s i t y  i n  

i n f r a r e d  s p e c t r a .  The a d d i t i o n  o f  ca rbon  d i o x i d e  or wa te r  to the  CO-H 2 

f eed  s t r eam g e n e r a l l y  d e c r e a s e d  the  y i e l d  o f  me thano l  a t  200°C. The 

i n i t i a l  d e c r e a s e  o f  the o x i d a n t  c o n c e n t r a t i o n  i n  the  r e a c t o r  e f f l u e n t  

and the r e l e a s e  o f  r e l a t i v e l y  l a r g e  amounts o f  the  o x i d a n t  when the  

p r e s s u r e  was reduced  s u g g e s t e d  t h a t  the  o x i d a n t  was adso rbed  by the  

c a t a l y s t .  R e a c t i o n  r a t e s  were  i n h i b i t e d  by  r e l a t i v e l y  h igh  c o n c e n t r a -  

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

At 250oc,  the e f f e c t  o f  an o x i d t z i r ~  a d d i t i v e  was p o s i t i v e  on the  

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

c a t a l y s t s ,  b u t  c a t a l y s t  d e a c t i v a t i o n  was a l s o  i n c r e a s e d  a~ e v i d e n t  by 

the p r o m o t i o n a l  e f f e c t  off o x i d a n t  a d d i t i o n s  to  the  CO-H 2 fee.J s t r eam.  

Assuming tha ~. Cu(I )  s i t e s  a re  n e c e s s a r y  f o r  methanol  s y n t h e s i s  (Herman 

e t  a l . ,  1979) ,  the  f u n c t i o n  of  sma l l  amounts o f  CO 2 or  ~ O  was t o  p r e -  

v e n t  the  r e d u c t i o n  o f  Cu( I )  s i t e s  to  copper  in  the  ze ro  v a l e u t  s t a t e .  

Even pure  z inc  ox ide  showed some a c t i v i t y  f o r  m e t h a n o l  s y n t h e s i s  a t  

250°0,  a l t h o u g h  the  y i e l d  was an ordL:r o f  magni tude  l e s s  than  the  

binary and ~ernary catalysts. 

The infrared spectra taken at 50 atmospheres in CO/H 2 mixtures had 

much less transmission than previous spectra taken at atmospheric 

pressure, especially the binary ca..'alyst results. However, despi~e 

some lack of detail in the .high pressure spectra, it was apparent that 

the surface specie~ were essentially the same at the various pressures. 

Thus, band assignments that were given to adsorbed species on these metal 

ox ides  a t  a tmosphe r i c  p r e s s u r e  have been  a p p l l e d  t o  s u r f a c e  s p e c i e s  a t  

50 a tmosp h e re s ,  The p r imary  e £ f e c t s  o f  e l e v a t e d  p r e s s u r e  w e r e  t o  
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s t a b i l i z e  the  s u r f a c e  h y d r o x y l s  a t  3520 ~ - 1  and t o  weaken the  ca rbon-  

oxygen bond of the  s u r f a c e  c a r b o n y l  (band s h i f t  to  lower  f r e q u e n c y ) .  

I n f o n u a t i o n  about  the  sequence  of  r e a c t i o n  s t e p s  and a d s o r p t i o n  

s i t e s  was o b t a i n e d  from t r a n s i e n t  e x p e r i m e n t s .  D e s p i t e  the  low 

a c t i v i t y  o f  t hese  c a t a l y s t s  a t  200°C, the i n f r a r e d  s p e c t r a  shc~ced t h a t  

s t e a d y - s t a t e  s u r f a c e  c o n d i t i o n s  were  q u i c k l y  r eached  when a s t o i c h i o m e t r i c  

CO/It 2 f eed  m i x t u r e  was u s e d .  The s u r f a c e  r e a c t i o n s  cou ld  be slowed 

by d e c r e a s i n g  the  amount o f  hydrogen  in  the  f eed  m i x t u r e .  Even i n  the  

ex t reme  case  o f  hav ing  on ly  ca rbon  monoxide i n  the  gas p h a s e ,  g r a d u a l  

h y d r o g e n a t i o n  o f  s u r f a c e  groups o c c u r r e d  b e : a u s e  the  r e s i d u a l  h y d r o x y l s  

were a s o u r c e  of  hydrogen .  The a d s o r p t i o n  o f  ca rbon  monoxide a t  50 atxn 

on z inc  ox ide  produced  =ormate g roups ,  whereas  on a b i n a r y  c a t a l y s t  

f o r m a t e ,  f o r ma l de hyde ,  and methoxy groups were formed.  The g r e a t e r  ex-  

t e n .  ~ o f  s u r f a c e  h y d r o g e n a t i o n  on a b i n a r y  c a t a l y s t  as compared to z i n c  

ox ide  i n d i c a t e d  t h a t  the  copper  component o f  the  b i n a r y  c a t a l y s t  enhanced 

h y d r o g e n a t i o n  as w e l l  ~s ca rbon  monoxide a d s o r p t i o n .  Formate groups 

were  c l e a r l y  formed B e f o r e  fo rmaldehyde  and methoxy g roups .  The o r d e r  

o f  fo rmaldehyde  and methoxy f o r m a t i o n  a t  h i g h  p r e s s u r e  was d i f f i c u l t  to  

establish because the  intensity of the formaldehyde bands was low, but 

resultz from the atmospheric studies suggested that the formaldehyde 

species was the precursor of the methoxy species. 

At 200oC, the adsorption of hydrogen caused a reduction in 'trans- 

mlttauce without forming any new species of adsorbed hydrogen observable 

in the infrared spectra, except the hydroxyl at 3250 cm "I on mixed 

metal oxides. This new hydroxyl species, however, was determined in 

Part II to be a bulk species which was unaffected by surface reactions. 
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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  d u r i n g  CO a d s o r p t i o n  i n  t h e  absence  

o~ gaseous  h y d r o g e n  d e m o n s t r a t e d  t h a t  h y d r o g e n  was m o b i l e  on t he  

s u r f a c e  a t  200°C. 

The s p e c t r a  o f  Zu/Cu/Cr t e r n a r y  c a t a l y s t s  d u r i n g  m e t h a n o l  s y n t h e s i s  

c o n d i t i o n s  p r o v i d e d  the  m o s t  d e t a i l e d  i n f o r m a t i o n  on s u r f a c e  s p e c i e s .  

" I  
The adso rbed  c a r b o n y l  g r a d u a l l y  s h i f t e d  f r o m  2090 to  2020 cm , 

i n d i c a t i n g  a weaken ing  o f  the  ca rbon=oxygen  bond w i t h o u t  c h a n g i n g  the  

n a t u r e  o f  t he  c a r b o n y l  ( l i n e a r  b o n d e d ) .  F o r m a t e ,  f o rma ldehYde ,  a n d  

methoxy s p e c i e s  were p r o d u c e d  d u r i n g  t h e  e x p e r i m e n t ;  t h e  b e s t  m e t h a n o l  

c a t a l y s t  ( 8 0 / 1 0 / 1 0  Zn/Cu/Cr  o x i d e ) h a d  m a i n l y  methoxy g roups  on t he  

s u r f a c e  a t  s t e a d y  s t a t e  and co  o b s e r v a b l e  f o r m a l d e h y d e  g r o u p s .  The 

-1  
h y d r o x y l  r e g i o n w a s  t oo  i n d i s t i n c t  to  d e t e c t  any band a t  3520 cm . 

The s t e a d y - s t a t e  s p e c t r u m  of  s u r f a c e  s p e c i e s  on a b i n a r y  c a t a l y s t  

d u r i n g  m e t h a n o l  s y n t h e s i s  u s i n g  a f e e d  w i t h  f o r m i c  a c i d  was t he  same as 

the  s p e c t r a  f o r  f e e d  m i x t u r e s  o f  CO/H 2 or  CO/C02/H 2. Because  t h e  s p e c t r u m  

from t h e  f o r m i c  a c i d  e x p e r i m e n t  showed no s u r f a c e  o a r b o n y l  o r  ga seous  

c a r b o n  monox ide ,  t he  e v i d e n c e  f o r  a r e a c t i o n  s e q u e n c e  i n v o l v i n g  fo rma te  

and methoxy i n t e r m e d i a t e s  was s t r e n g t h e n e d .  The t e r n a r y  c a t a l y s t s  were  

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

The i n f r a r e d  s p e c t r u m  showed v e r y  l i t t l e  f o rma te  and methoxy g roups  on 

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

c o n d i t i o n s  was d i f f i c u l t .  This  s t u d y  v r o v i d e d  a d d i t i o n a l  p r o o f  o f  t he  

i m p o r t a n c e  o f  f o rma te  and m e t h o x y g r o u p s  i n  m e t h a n o l  s y n t h e s i s  b e c a u s e  

t h e s e  s p e c l e ~  were  l a c k i n g  on t he  s u r f a c e  o f  t e r n a r y  c a t a l y s t s .  

A mechanism f o r  m e t h a n o l  s y n t h e s i s  ba sed  on t h e  r e s u l t s  f rom t h i s  

s t u d y  i s  shown i n  F i g u r e  79.  Carbon monoxide  w a s l a d s o r b e d  on C u ( l )  
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CO + [Cu(l)lz. o = [Cb(l)l ZnO 

H H 
Zn.-O = z ' . o - 6  

zliln,. ~ H . H 
+ Zna.--O = Zno-(~ + Zna-6 

, , 

(l)]z, o+  Zn¢O = tcu~l)lz.o +°'Z"~~ 
na + Zn + Znr = 

~) H2 

Z n i O +  Zn,,-O + Zhr 

Znr + Z n . ~  -- ~ + Zno-~, 

CH3 : H 

Z~n~, + Zn,..O = Zn~,4 Zn.,,-O + CH3OH 
Figure 79. Methano~ synthesis mechanism frou infrared studies 
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s i t e s  i n  t h e  z i n c  o x i d e  l a t t i c e  to  form a l i n e a r  c axbony l  s p e c i e s  (band 

a t  2020 e m i l ) .  Hydrogen  was adso rbed  d i s s o c t a t i v e l y  on a d j a c e n t  z~nc- 

oxygen  s i t e s  to  form a h y d r o x y l  and h y d r i d e  s p e c i e s  (Type I a ~ o r p t i o n ) ,  

b u t  on ly  the  h y d r o x y l  s p e c i e s  (band a t  3520 cm "1) was s t a b l e  enough to  

be s e e n  i n  t he  i n £ r a r e d  s p e c t r a .  Hydrogen m4gra ted  t o  o t h e r  s i t e s  to  

form o t h e r  t y p e s  o f  h y d r o x y l  s p e c i e s  (bands  a t  3550 and 3450 cm " l )  

wh ich  were s t a b l e  a~ t h e s e  c o n d i t i o n s .  The s u r f a c e  c a r b o n y l  can i n s e r t  

i t s e l f  i n t o  a h y d r o x y l  g roup  ~o form a b i d e n t a t e  £ormate  s p e c i e s  (bands 

a t  2875,  1575,  1381,  and 1365 c m ' l ) o  H y d r o g e n a t i o n  o f  t h e  £ormate  

s p e c i e s  p roduced  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,  2850, 

2740,  and 1600 cm "1)  ~ h t c h  was a d s o r b e d  to  a d i g £ e r e n t  s u r £ a c e  s ~ t e  

t h a n  the  £ormate  s p e c i e s .  The £ormaldehyde  s p e c i e s  ~ s  q u i c k l y  h y d r o -  

g e n a t e d  to form a methoxy specles (bands at 2935 and 2820 cm'l). The 

r a t e  d e t e r m i n i n g  s t e p  was t h e  h y d r o g e n a ~ i o n  o£ t h e  m e t h e x y  s p e c i e s  to 

m e t h a n o l .  

The v a z i o u s  z i n c  s i t e s  p rop^se~  to  be i n v o l v e d  ~n t h i s  mechanism 

can be a s s o c i a t e d  Wi th  s p e c i f i r  h y d r o x y l  g r o u p s .  The h y d r o x y l  b a n d a t  

3520 cm "1 i s  t h e  s i t e  o£ h y d r o g e ~  a d s o r p t i o n *  This  band  was v e r y  

p r o m i n e n t  d u r i n g  m e t h a n o l  o r  £ormic  a c i d  a d s o r p t i o n .  The h y d r o x y l  bands 

a t  3550 and 3450 cm "1 a r e  t h e  s i t e s  where  ~he f o r m a t e  s p e c i e s  was ad-  

s o r b e d .  The f o r m a t e  g roups  occupy o n l y  p a r t  o f  t h e s e  h y d r o x y l  s i t e s  

s i n c e  the  £ o r m a t i o n  o£ f o r m a t e  g roups  has  l i t t l e  e £ f e c t  on the  i n t e n s i t y  

o f  t he  h y d r o g e n - b o n d e d  h y d r o x y l  g r o u p s .  The i s o l a t e d  h y d r o x y l  bands  

a t  3665 and 3670 cm "1 a re  t h e  s i t e s  where  t h e  f o r m a l d e h y d e  and methoxy 

s p e c i e s  were  a d s o r b e d .  T h e s e  h y d r o x y l  g r o u p s  a re  c o m p l e t e l y  d4 .splaced 

d" lug methanol synchesls. 
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S ~ Y  ~ FUTURE R Z C ~ D A T I O I ~  

This s tudy has c o n t r i b u t e d  a i S ~ i f i c a n t l y  to an unders tand ing  of  

methanol e3-nthesis on the type of  mixed meta l  oz ide  known as the 

i n d u s t r i a l  low-pressure  c a t a l y s t .  This expe r imen ta l  work has p laced  

emphasis on the c h a r a c t e r i z a t i o n  of b i n a r y  c a t a l y s t s  With 95/5 and 90/10 

Zn/Cu composi t ions ,  and t e rna ry  c a t a l y s t s  wi th  90/5/5 and 80/10/10 Zn/Cu/Cr 

compos i t ions .  Carbonyl,  formate ,  and methoxy groups were i d e n t i f i e d  by 

t r ansmis s ion  i n f r a r e d  spec t roscopy as s t a b l e  s u r f a c e  spec£el  du r in  8 

methanol s y n t h e s i s  cond i t i ons  (200oc and 50 a tmospheres) .  The a d s o r p t i o n  

s i t e  o f  ~'he cazbonyl  spec ies  was e s t a b l i s h e d  to he a Cu(I) s i t e  because 

1) only c a t a l y s t s  c o n t a i n i n g  copper had t h i s  carbonyl  s p e c i e s ,  2) Auger 

s p e c t r a  showed the p resence  of copper i n  the f i r s t  va l ence  s t a t e  i n  r e -  

duced c a t a l y s t s ,  and 3) the carbonyl  s t r e t c h i n g  f requency in  organo- 

m e t a l l i c  copper(Z) complexes was very  c lose  to  t h i s  carbonyl  s t r e t c h i n g  

frequency a t  a tmospheric  p re s su re .  The carbonyl  spec i e s  was the only 

su r f ace  spec i e s  to s h i f t  s i g n i f i c a n t l y  when the p r e s su re  was i n c r e a s e d  

from 1 to 50 atmospheres;  the ca rbonyl  s t re r . ch ing  f requency s h i f t e d  

-1 from 2085 to 2020 cm . The formate spec i e s  was adsorbed to a z idc  

s i t e  (Zn~) which d id  not  a f f e c t  the i s o l a t e d  hydroxyls  (bands a t  3665 

a ~  3620 cm=l). The methoxy s p e c i e s ,  however, d i s p l a c e d  the i s o l a t e d  

hydroxyl  groups,  i n d i c a t i n g  t ha t  the methoxy spec i e s  was adsorbed on 

a d i f f e r e n t  z inc  si~.e (Zn~). A formaldehyde s p e c i e s ,  a l so  adsrrbed on 

a Zn s i t e ,  was u n s t a b l e  at  2000C. $om~ evidence  suggested t h a t  a 

hydroxyl spec i e s  adsorbed on a Zn s i t e  (Type I hydrogen adsorn t ion)  

was s t a b ! e  a t  h igh p re s su re  and 200oc, and was the source  of  the hydrogen 



286 

for methoxy hydrogenation to methanol. The rate-determinlng step in m et h -  

a n o l  s y n t h e s i s  was d e t e r m i n e d  to  be t h e  h y d r o g e n a t i o n  o~ methoxy g r o u p s .  

The fo rma te  s p e c i e s  was i d e n t i f i e d  as a r e a c t i o n  i n t e r m e d i a t e  i n  

m e t h a n o l  s y n t h e s i s  by u s i n g  a f e e d  s t r e a m  c o n t a i n i n g  £ormic  ac id  and  

h y d r o g e n .  Adsorbed £ormate and methoxy g r o u p s  were  formed on a b i n a r y  

c a t a l y s t  wh ich  p roduced  m e t h a n o l  as t h e  o n l y  p r o d u c t .  The a d d i t i o n  o f  

c a r b o n  d i o x i d e  t o  a f e e d  o f  c a r b o n  monoxide  and h y d r o g e n  had l i t t l e  e l=  

f e c t  on the  m e t h a n o l  y i e l d  a t  200°C b u t  s u b s t a n t i a l l y  improved  t h e  y i e l d  

a t  250oc.  Carbon d i o x i d e  a p p a r e n t l y  p r e v e n t e d  t h e  r e d u c t i o n  o f  some 

Cu( l )  a c t i v e  s i t e s  a t  t he  h i g h e r  t e m p e r a t u r e .  Carbon d i o x i d e  was a b s o r b e d  

i n  t he  c a e a l y s t  p o r e s  a t  h i g h  p r e s s u r e .  At r e a c t i o n  c o n d i t i o n s ,  any w a t e r  

i n  t h e  f eed  or  i n  t h e  c a t a l y s t  p o r e s  z a p i d l y  r e a c t e d  wLth c a r b o n  monf "d. 

t o  form ca rbon  d i o x i d e  and h y d r o g e n  a t  the rmodynamic  e q u i l i b r i u m  (wate-.- 

gas s h i f t  r e a c t i o n ) .  The m e t h a n o l  s y n t h e s i s  r e a c t i o n  was always f a r  

f rom e q u i l i b r i u m  w i t h  t h e s e  c a t a l y s t s .  

At a t l n o s p h e r l c  p r e s s u r e  and 200oc ,  t he  s u r g a c e  s p e c i e s  p roduced  by 

a f eed  of  c a r b o n  monoxide  and h ~ d r o g e n  were  ca rbonyZ ,  f o r m a t e ,  and methoxy  

g r o u p s .  A f e e d  o f  c a r b o n  d i o x i d e  and h y d r o g e n  o n l y  p~oduced fo rma te  

g r o u p s .  Zt  was d e t e r m i n e d  t h a t  the  a d s o r b e d  ~opper  ca rbgny1  s p e c i e s  

p romoted  t h e  h y d r o g e n a t i o n  o f  £ormate  g r o u p s  t o  methoxy ~rouDs.  Methano l  

a d s o r p t i o n  p r o d u c e d  methoxy g r o u p s  and hydroxyZs  a d s o r b e d  on Zn s i t e s  

w h i l e  d i s p l a c i n g  t he  i s o l a t e d  h y d r o x y l s  a d s o r b e d  on Zn s i t e s .  Adsorp-  

t i o n  w i t h  d e u t e r a t e d  m e t h a n o l  e s t a b l i s h e d  t h a t  t he  h y d r o g e n  i n  t he  

Zn h y d r o x y l  had come f rom the  h y d r o x y l  g roup  o£ m e t h a n o l .  Formic  a c i d  

a d s o r p t i o n  p roduced  £ormate  g r o u p s  and h y d r o x y l s  a d s o r b e d  on Zna s i t e s  

without displacing the isolated h y d r o x y l s .  Fo rma ldehyde  a d s o r p t i o n  a t  
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200Oc produced formate and methoxy Stoups, whereas at 100°C, an 

adsorbed formaldehyde species bonded to the surface through the 

oxygen end of the molecu]e to a Zu7 site was formed, A summary of 

surface species, band assig:~ments, and adsorption sites is given in 

Table 24. Z u f o r m a t i o n  f o r  d e u t e r a t e d  s p e c i e s  i s  p r e s e n t e d  i n  Table  25. 

This  work h a s  r a i s e d  many new q u e s t i o n s  a b o u t  t h e s e  c a t a l y s t s  and 

the  b e h a v i o r  o f  adsorbed  s p e c i e s  which  may be a d d r e s s e d  w i t h  t e c h n i q u e s  

that were not used in this study. ZC is currently thought that some 

copper exists as a solid solution within the zinc oxide crystallltes 

(Herman et al., 1979). The Guinier results in Part I showed no change 

in the zinc oxide lattice parmneters for catalysts with copper contents 

up to  10 a tomic  7~ i n  b o t h  o x i 4 i z e d  and r e d u c e d  I t a t e s .  These r e s u l t s  

can be e x p l a i n e d  as e i t h e r  1) no copper  i s  i n  the  z inc  ox ide  c r y s t a l l i t e s ,  

o r  2) the  c o o r d i n a t i o n  o f  the  copper  i n  t h e  r e d u c e d  c a t a l y s t  i s  d i f f e r e n t  

t han  the  c o o r d i n a t i o n  i n  the  o x i d i z e d  c a t a l y s t .  This  problem cou ld  be 

r e s o l v e d  by c o n d u c t i n g  an EXAFS s t u d y  o f  bo th  o x i d i z e d  and r e d u c e d  

b i n a r y  c a t a l y s t s  co d e t e z m i u e  the  l o c a l  geomet ry  around copper  a toms,  

S o l i d - s t a t e  NMR s p e c t r o s c o p y  may be ab l e  to p r o v i d e  a d d i t i o n a l  

i n f o r m a t i o n  about  the  n a t u r e  and b e h a v i o r  of  adsorbed s p e c i e s .  At 200Ocp 

the  a d s o r p t i o n  o f  ca rbon  monoxide cn  a c o p r e c i p l t a t e d  b i n a r y  c a t a l y s t  

produced both formate and methoxy Stoups. There is no question but 

that this hydrogenation involves an adsorbed form of hydrogen, but only 

surface hydroxyl groups are observed in the infrared spectra. Hydrogen 

-I adsorption at room temperature forms new bands at 3490 and 1710 cm 

corresponding to ZnOH and ZnH species, but at 200°C, hydrogen adsorption 

does n o t  affect any resldu~l hydroxyls nor are any new bands formed. 
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Table 24. I n f r a r e d  band assigrenents for  su r f ace  spec ies  
i ,i , . ,  . I H ,  

Band (cm -I) Asslgmnent Adsorbed s i t e  

B i d e n t a t e  formate 

v I 2875 + 5 CH stretching 
1575 + 5 Asym. OCO stretching 

~4 1380 2 CH bending 
~2 1365 +_- 5 gym. 0CO stretching 

2966 + 4 v4 + \'5 
2740 + 4 v/ + v 5 

Me thox~, 

2935 ± 2 
2820 + 2 

Formaldehyde 

2935 + 5 
2sso + to 
2740 + 5 
1600 + I0 

Carbonyls 

2200 ~ 20 
2085 + 5 
2020 + 10 

o 

Hydroxyls 

3665 ~ 5 
3640 + 4 
3620 + 2 
3550 + 20 
3525 + 5 
3450 + 20 

Unldentate carbonate 

1470 + 5 
1380 + 5 

Asym. CK 3 s t r e t c h i n g  
gym. CH 3 s t r e t c h i n g  

CH 2 s c i s s o r i u  8 over tone 
Asym. CH 2 s t r e t c h i n g  
Sym. CH 2 s t r e t c h i n g  
C=O a t r e t c ~ i n g  

C=.O stretching 
C_'-O stretching (I arm) 
C|O stretching (50 arm) 

OH s t r e  tching 
OH s t r e t c h i n g  

OH s t r e t c h i n g  
OH s t r e  tch ing  
OH s t r e t c h i n g  
OH s tretehing 

Asym. OCO stretching 
Sym. OCO stretching 

znp 

Zn ¥ 

Zl'l 
7 

Zn 
Cu 
Cu 

Zn 
Zn Y 
Zn Y 

Zn'- 

Znp 
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Table 24. Continued 

~and (cm "I) 

Bidentate carbonate 

1512 + 5 
1325 + 5 

Ass Ignment 
i 

As~n, OCO stretching 
Sym, OCO strecchlns 

Adlorbed  site 
, , , i  ± , m  , 

Znj 

Table 25. 

Band (~n "l) 

Bidentate formate 

2166 + 5 
m 

1575 ± 5 
1335 + 5 

I n f r a r e d  band a s a i g m n e n t s  f o r  d e u t e r a t e d  s p e c i e s  

Ass ignmen t  
• p l  

CD s i r e  t c h i n g  
Asym. OCO s t r e t c h i n g  
S~u, OCO s t r e t c h i n g  

Adsorbed  slte 

Zn B 

Me thox7 Zn 
¥ 

2220 + 2 " "~. CD 3 stretching 
2056 _+ 2 roy,. CD 3 stretching 

Hydroxyls 

2706 _+ 5 OD stretching Zn 
2667 _+ 2 OD stretching Zn Y 
2630 + 20 OD stretching Zn Y 
2608 ~ 5 OD stretching Zn p 
2560 _+ 20 OD stretching Zn~ 

The q u e s t i o n s  co be  r e s o l v e d  a re  1) t h e  forms o£ a d s o r b e d  h y d r o g e n  wh£eh 

may be i n f r a r e a  i n a c t i v e ,  and 2) t h e  s u r f a c e  m o b i l i t y  o f  t h e  s p e c i e s  

t h a t  a re  i d e n t i f i e d .  Reduced b i n a r y  c a t a l y s t s  a l s o  have a band a t  3250 

-1  
cm wh ich  has b e e n  a s s i g n e d  to  a b u l k  copper  h y d r o x i d e .  Because  

d e u t e r i u m  r e a d i l y  s h i f t s  a l l  s u r f a c e  h y d r o x y l  g roups  b u t  n o t  t he  band  
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a t  3250 cm "1 ,  t h i s  s p e c i e s  can be i s o l a t e d  and c h a r a c t e r i z e d  by s o l i d -  

s t a t e  1 ~ ,  

The t e c h n i q u e  o f  mass s p e c t r o m e t r y  can  be u t i l i z e d  i n  many types  

of experiments. The most powerful applleation of this method involves 

the use of Isotopic reactants to elucidate the reaction mechani3m. 

If a formate species is a reaction Intermedlate, then the carbon and 

oxyg~.n at~ns in methanol could be different from the carbon and oxygen 

atoms in the carbon monoxlae molecule. A mixture containing 12C180 

and 13C160 would establish whether or not any mixing occurs in 

methanol formation. The role of carbon dioxide in methanol synthesis 

can be determined by using an isotopic compound. Mass spectrometry 

can be very useful in adsorption and desorptlon studies. The adsorption 

of methanol forms methoxy groups on sites containing isolated hydroxyl 

groups, By using deuterated methanol as the adsorbate, the detection 

of HOD would establish that the hydroxyl hydrogen from me, thanol combines 

with a surface hydroxyl to form water. Infrared studies could easily 

be cou?led with temperature programmed desorptlon to correlate changes 

in sur£ace species with the gaseous products evolved, 

J 
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APPENDIX A. 

CALCULATION OF XI~ BINDING EHERGIES 

The c a l c u l a t i o n s  i n v o l v e d  i n  the a n a l y s i s  o f  XPS and AES d a t a  from 

an o x i d i z e d  67/33 Zn/Cu ox ide  a r e  c a r r i e d  th rough  i n  d e t a i l .  Table  5 

g i v e s  a v a l u e  o f  1191.2 eV f o r  the  C l s  p h o t o e l e c t r o n .  The c o r r e c t i o D  

term fo r  t h i s  sample  i s  c a 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  u s i n g  a 

v a l u e  c f  285 .0  eV f o r  the  b i n d i n g  e n e r g y  o f  the  C I s  e l e c t r o n :  

= hu - E K - E B = 1486.6 - 1191.2 - 285.0 = 10.4 eV 

Using this value for the correction term, the binding energy of the Zn 

2P3/2 photoelectron is calculated from the Einstein relation uslnE the 

value of 454.4 eV for the kinetic energy obtained from Table 5: 

E B = h~- E K - ~ ffi 1486.6 - 454.4 - 10.4 ffi 1021.8 eV 

In the same manner, the Cu 2P3/2 photoelectron is evaluated using the 

kinetic energy value of 542.8 eV: 

E B - h~ - E K - ~ = 1486.6 - 542.8 - 10.4 ffi 933.4 eV 

These binding energies can be compared to values reported in the 

liter ature. 

From Figure 12, the experimental kinetic energy of the Cu L3M4,bM4,5 

Auger electron can be determined to be 908.2 eV. A correction term is 

added to this value to adjust the kinetic energy value with respect to 

the Fermi level: 
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E ~  = E K + ~ = 9 0 8 . 2  + 1 0 . 4  = 9 t 8 ' 6  eV 

This  Auger k i n e t i c  e n e r g y  can be compared t o  v a l u e s  r e p o r t e d  i n  the 

l i t e r a t u r e ,  
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APPENDIX B. 

CALCULATION OF BET SURFACE AREA AND M/CROPOEE DISTRIBUTION 

The p r o c e d u r e s  f o r  a n a l y z i n g  p h y s i c a l  a d s o r p t i o n / d e s o r p t i o n  

p r o c e s s e s  on  c a t a l y s t s  u s i n g  t h e  Accusorb  2100E i n s t r u m e n t  have  b e e n  

d e s c r i b e d  Jn  d e t a i l  f o r  a sample  o f  95 /5  ZnO/CuO c a t a l y s t  which  had  

been  removed from the  r e a c t o r  a f t e r  a c t i v i t y  t e s t s .  The c a t 2 l y s t ,  h a v i n g  

a w e i g h t  (W s)  o f  0 .5220  g ,  was p l a c e d  i n t o  a BET bu lb  and h e a t e d  o v p r -  

n i g h t  a t  190oc u n d e r  vacuum to  remove adso rbed  g a s e s .  Then,  t he  sample  

was c o o l e d  to  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  (T s)  f o r  a d s o r p t i o n  measu re -  

m e n t s .  The dead spa~e  (Vs) i n  the  b u l b  v a r i e s  w i t h  t h e  amount o f  s ample  

u s e d ,  so t he  f i r s t  m e a s u r e m e n t  u t i l i z e s  h e l i u m  (a  n o n a d s o r b £ n g  gas )  t o  

d e t e r m i n e  the  v a l u e  o f  V s . The s y s t e m  i s  composed o f  t h r e e  s e c t i o n s :  

a m a n i f o l d  (V D) h e l d  a t  a c o r ~ t a n t  t e m p e r a t u r e  (T D) o f  307 .2°K,  t h e  

dead space  i n  the  b u l b ,  and the  i n t e r e o u u e e t ~ n g  t u b i n g  (V i )  wh ich  has  

a t e m p e r a t u r e  (T.~ t a k e n  as t h e  a v e r a g e  of  t h e  m a ~ i f o i d  and l i q u J ?  

nitrogen temperatu. The initial manifold pressure (H I) was 550 mmHg 

a~d the £inal pressure (H 2) in the system was 148.7 .nnHg. The dead 

space was calculated from a material balance based on the ideal gas 

law: 

V s = (Ts/H2)[(VD/TD)(Ht  - H 2) - ViH2/T i ]  

V 
S 

-- (77.40o~:/148,7 mmHg) [ (29.79 ml/307.2°K) (550.0 - 148.7 mnHg) 

- (3 .65  = 1 ) ( 1 4 8 . 7  m i ) / 1 9 2 . 3 ° K ]  

= 1 8 . 7 9  ml 
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Af te r  pumping o f f  t'~e he l i um i n  t he  b u l b ,  the  a d s o r p t i o n  of  n i t r o g e n  

was measured. Because the nitrogen gas in the bulb does not behave 

ideally, a correction term of (I + aP e ) is applied to the dead space. 

The p e r f e c t  gas law c o r r e c t i o n  f a c t o r ,  ~, f o r  n i t r o g e n  i s  6 .6  x 10 -5 

mmHg "1. The volume of  n i t r o g e n  adsorbed  ov the  c a t a l y s t  (V a ) ,  which  

i s  g iven  a t  SIT c o n d i t i o n s  ~760 mm~g and 273 .1°K) ,  can be c a l c u l a t e d  

from a m a t e r i a l  b a l a n c e :  

V s V£ V 
V a 

where the  i n i t i a l  m a n i f o l d  p r e s s u r e  (P1) ,  ' t h e  f i n a l  sy s t em p r e s s u r e  

(P2), and the final system pressure from the previous measurement (Pe) 

are experimental values. Usually, four or five sets of pressure readings 

are obtairmd in the range from 0.05 to 0.3 P2/Ps, where Ps is the satura- 

tion pressure of nitrogen at 77.40°K (765 mmHg). Table 26 gives 

experimental values for P1 and P2' and the calculated values for the 

normalized volume of adsorbed nitrogen and the relative pressure. The 

BET equation utilizes this information to determine the monolayer volume 

(V m) : 

(Ws/Va)(P2/Ps - P2) = CIV m + [(C - I)/CV ml~P2/Ps) 

A plJt of (Ws/Va)(P2/P s - P2 ) vs. P2/Ps will yield a straight £ne with 

a slope o£ Ws(C - I)/CV m and an intercept of Ws/CV m. The value of V m 

is simply (siope plus Intercept) "I. A least-squares linear regression 

of the data points yielded a slope of 0.1681 and an intercept of 0.0012; 

the initial pair of data points were not used because the relative 

pressure was 0.0206 which was outside the llnear region. The BET 
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BET pressure readings and volume adsorbed 

PI P2 Z Va/W s 
Cram ug) (ran Hg) (ml/g) (P2/PS) 

130.54  15.76 4 .816  0 .0206 
151.36 4 8 . 9 2  5 .654 c}.0639 
174 .08  80.52 6 .159  b .1053  
197 .82  110 .20  6 .597  0.1'~41 
222 .30  138.34 7 .053  0 .1808 

s u r f a c e  a r e a  i s  t he  u n i t  a r e a  pe r  n i t r o g e n  m o l e c u l e  (S) t imes  the  number 

o f  m o l e c u l e s  i n  a m o n o l a y e r ,  wh ich  can  be d e t e r m i n e d  from the  mono laye r  

volume and t h e  i d e a l  g~s law ( t h e  volume a d s o r b e d  was e x p r e s s e d  a t  

STP c o n d i t i o n s ) .  The BET s u r f a c e  a r ea  (S w) was c a l c u l a t e d  to  be :  

S 
W = SVm(P/RT)sT P 

= (16.2 ~2) (0.1681+0.0012)'I(82.06 x 273.1)'I 

(6.023 x 1023/1020 ~2/m2) 

2 
= 2 6 m  

~dltlonal adsorption increments were made until the relative 

pressure (P2/Ps) approached unity. Adsorbed nitrogen gradually filled 

the micropores during the ad3orption process, with smaller pores filling 

before larger pores. Then, the pressure ~n Lhe system was decreased by 

increments and a material balance made to determine the 6mount of 

nitrogen desorbed (-Va) after each step. Both the adsorption and desorp- 

tlon isotherms were nearly the same, indlcatir~ that the desorption 

isotherm should be used for calculating the pore size distribution. A 

cylindrlcal pore model was utilized which assumes that the catalyst has 
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a d i s t r ~ b u t i o n  of p o r e s  of r a d i i  r c with c o n d e n s a t e  o f  t h i c k n e s s  t .  

The free radius, r, was determined from the Kelvin equation: 

r = - 2oM c o s ~ / ( R T p  I n  ( P 2 / P s ) )  

where o is t h e  surface tension of nltrogen, P is the density of liquid 

nltrogen , M is the molecular weight of nitrogen, and O is the contact 

angle of the condensate (taken as zero). The condensate thickness was 

calculated from a Halsey-type expression: 

t = 3.54[- S/ln (P2/Ps)] °'33 

The pore radius was determined simply as: 

r =r+t 
c 

Tab le  27 g i v e s  r e l a t i v e  p r e s s u r e s ,  n o m a l t z e d  volume o f  a d s o r b e d  n i t r o g e n ,  

p o r e  r a d i i ,  t h e  change  i n  p o r e  r a d i i  b e t v e e n  i n c r e m e n t s ,  t h e  c h a ~ e  i n  

a d s o r b e d  n i t r o g e n  b e t w e e n  i n c r e m e n t s ,  and t h e  s u r f a c e  a r e a  o f  u n f i l l e d  

m i c r o p o r e s  (E ~Sp) .  The po re  s i z e  d i s t r i b u t i o n  was p l o t t e d  as 

AV/t~c v s .  r . The s u r f a c e  a r e a  was c a l c u l a t e d  f o r  e a c h  i n c r e m e n t  f rom 
c 

8 e o u ~ t r i c a l  c o n s i d e r a t i o n s  t o  b e :  

(E  ASp) i = Z 2 ~ V p , i l r c ,  i 

where 

 Vp, i - [ u  I -  Sp)i.1]trc/(r c - 

The total surface area of the mlcropores waE determined to be 45 m2/8, 

which is much higher than the BET surface area of 25 m2/g. This 
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d i s c r e p a n c y  i n d i c a t e s  thac  the  c y l i n d r £ c a l  pore  model i s  noc  a t r u e  

r e p r e s e n t a t i o n  of  the  pore  a c r u c c u r e .  

Table 27. D e s o r p t l o n  p r e s s u r e  r e a d i u g s  and volume d e s o r b e d  

Z(Va/Ws) r c ~r ~V Z ~ p  

P21Ps (ml/z) (~1 (~) (ml) (m21s) 
i i i 

0 . 9 5 4  1 3 2 . 9 9  . . . .  

0 .939  1 2 7 . 7 0  170 -- - 1 . 2  

O. 926 109.47 140 30 18.2 6.2 

0.914 84.49 120 20 25.0 14 

O. 898 5 4 . 6 8  100 20 2 9 . 8  26 

O. 854 27.49 74 26 27.2 41 

O. 776 19.43 47 27 8.1 45 
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~ e E m z x  c. 

THERMODYNAMZCS OF METHANOL SYNTHESIS 

A, CO + 2H 2 = CH30H a t  200oc and 50 atm 

The et,,ndard-state free enersy of formation for t h e  reaction is 

~c = ~uic£ = cCH30 H - Cco - 2cH2 

= ( 0 . 6 1 7 9  - 0 .6662  + 2 ( 0 , 3 2 9 8 ) )  x 10 - 5  

= - 38.6  ~ 32 .8  - 0 . 0  = - 5 , 8  k c a l / g  m o l '  

The s t a n d a r d - s t a t e  e q u i l i b r i u m  c o n s t a n t  is 

K ° = e x p [ -  ~GO/RT o] 

= e x p [ 5 8 0 0 / ( 1 . 9 9 ) ( 2 9 8 ) ]  = 1 . 8  x i 0 4  

The s t a m d a r d - s t a t e  h e a ¢ . o f  f o r m a t i o n  i s  

= - 4 1 . 8  + 26 .4  - 0 . 0  = - 2 1 . 7  k c a l / 8  b o l  

The c o n s t a n t s  f o r  t h e  h e a t  c a p a c i t y  e x p r e s s i o n  a r e  

~a = Zvla t = acR30 H - aco - 2aH2 

= 5 .052  - 7 . 3 7 3  - 2 ( 6 . 4 8 3 )  = - 1 5 . 2 8 7  

Ab = Ev ib  i = bcH30 H -  b c o  - 2bH2 

• , (1 .694  + 0.307 - 2 ( 0 . 2 2 2 s ) )  : zo "2 = l i ~58  x 10 -2  

= 0 .6113  x 10 -5  

bd = Zvid  i = dcH30 H - d c o  - 2dH2 

= ( -  6 .811  + 3 .037  - 2 ( 1 , 8 2 6 ) )  x 10 -9  = - 7 .426  x 10 -9  

The e q u i l i b r i u m  c o n s t a n t  a t  4 7 3 ° K ,  u ~ i n g  E q u a t i o n  26 ,  i s  

I n  K = 9 .78  - ( 1 5 . 2 8 7 / 1 . 9 9 )  I n  ( 4 7 3 / 2 9 8 )  + ( 0 . 0 1 5 5 8 / 2 ( 1 . 9 9 ) )  

(473 - 298)  + ( 0 . 6 1 1 3  x 1 0 " 5 / 6 ( 1 . 9 9 ) ) ( 4 7 3 2  - 2982 ) 

- ( 7 . 4 2 6  x 1 0 " 9 / 1 2 ( 1 . 9 9 ) ) ( 4 7 3 3  - 2983 ) + ( 1 / 1 . 9 9 )  

= o =  . z 
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(21,700 - 15 .287(298)  + ( . 0 1 5 5 8 / 2 ) ( 2 9 8 )  2 

+ ( 0 . 6 1 1 3  x 1 0 " 5 / 3 ) ( 2 9 8 )  3 - (7 .426 x 1 0 " 9 / 4 ) ( 2 9 8 )  4 ) 

(11473 - 11298)  

I n  K = - 4 . 3 9  

K = 0 . 0 1 2 4  

U s i n g  t h e  f u g a c i t y  c o e f f i c i e n t s  f rom T a b l e  22 and E q u a t i o n  28 ,  

2 0 Y l  = Y2Y3 ( . 0 1 2 4 )  (0 .98 )  ( 1 . 0 3 ) 2 ( 5 0 ) 2 / 0 . 7 0  

For  au  i n i t i a l  s t o i c h t o m e t r t c  m i x t u r e  o f  CO and ~ ,  t h e  mole f r a c t i o n  o f  

CO a t  e q u i l i b r i u m  i s  (1 - X ) / ( 3  - 2X) ,  t h e  mole  f r a c t i o n  o f  ~ i s  

2(I - X)/(3 - 2X) ,  and the mole fr:mtion of CH30H is X/(3 - 2X). 

Substituting and e o l v i n  8 f o r  X, 

- 3 + 3 o2x - 1 - o 

X ~0.82 

Y l  = X/(3 - 2X) = .821(3 - 1.64) = 0.60  

B. CO 2 + 3H 2 ffi CH30H + H20 at 200°C and 50 atm 

The s t a n d a r d - s t a t e  f r e e  e n e r g y  o f  f o r m a t i o n  f o r  t h e  r e a c t i o n  i s  

~G o = o + ~co . ~Go . 3,~G~t 2 
~GcH30H H20 C02 

=- 38.62- 54.64 + 94.26 - 0.0 = 1.00 kcal/g mol 

The standard-state equilibrium constant is 

K ° - exp[- 1 0 0 0 / ( 1 . 9 9 ) ( 2 9 8 ) ]  = 0.185 

The s t a n d a r d - s t a t e  h e a t  o f  f o r m a t i o n  i s  

AHo = SHilOH + 4 20 " ~i° " (:02 3/gt1~ 2 

= - 4 8 . 1  - 57 .8  + 9 4 . 1  - 0 . 0  = - 11 .8  k c a l / g  mol 

The c o n s t a n t s  f o r  the  h e a t  c a p a c i t y  e x p r e s s i o n  a r e  

~a = aC~30 H + all20 - aCO 2 - 3all2 

= 5.052 + 7.701 - 4 .728 - 3 (6 .483 )  - - 11.624 
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bb - bcH3OH+ bH20 - boo 2 - 3bH2 ' 

= (1 .694  + .046 - 1 .754 - 3 ( 0 . 2 2 1 5 ) )  x 10 -2  ffi - 0 .679  x 10 -2  

~c = CCH30 ~ + cH20 - Cco 2 3cH2 

= (0.6179 + 0.2521 + 1.338 + 3(0.3298)) x 10 -5 = 3.197 x 10 -5 

i 

= d C ~ O ,  + dH20 " d c o  2 " 3dH2 

= (- 6.811- 0.859 - 4.097- 3(1.826)) x 10 -9= - 17.25 x I0 "9 

The e q u i l i b r i u m c o n s t a n t  a t  473°K,  u s i n g  E q u a t i o n  26,  i s  

In  K = - 1.686 - ( 1 1 . 4 2 4 / 1 . 9 9 )  I n  (473 /298)  - (0 .00679/2(1 .9b~)  

(473 - 298) + (3 .197  x 1 0 " 5 / 6 ( 1 . 9 9 ) ) ( 4 7 3 2  - 2982 ) 

- (17.25 x I0"9/12(1.99))(4733 - 2983 ) + (1/1.99) 

( 1 1 , 8 0 0  - 11,424(298) - (0.00679/2)(298) 2 + (3.197 X 10"5/3) 

(298) 3 - ( 1 7 . 2 5  x 1 0 " 9 / 4 ) ( z 9 8 ) 4 ) ( 1 / 4 7 3  - 1 /298)  

i n  K = - 9 .54  

K = 7 .21  x 1 0 " 5  

Us ing  t h e  f u g a c i t y  c o e f f i c i e n t s  f rom Tab le  22 .nd E q u a t i o n  27 ,  

3 
YCH30 H = Yco2YH2 (7.21 x 10"5)(0'96)(l'03)3(50)2/yH-o(O'70)(0'38)Z 

For an i n i t i a l  s t o i c h i o m e t r t c  m i x t u r e  o f  CO 2 a u d H  2, t h e  m o l e  f r a c t i o n  

o f  CO 2 a t  e q h i l l b r l t u n  i s  ( I  - X ) / 2 ( 2  - X),  t h e  mole  f r a c t i o n  o f  H 2 i s  

3(1 - X ) / 2 ( 2  - X) ,  t he  mole  f r a c t i o n  o f  C~OH i s  X/2(2  ! X) ,  and t h e  

mole fraction of H20 is X/2(2 - X)' Substituting and solving for X, 

- 21X 3 + 3 5 ~  - 27X + 6 ' 7  = 0 

X -~ .44 

C. 

YCH30H = X/2(2 - X) = . / .~/2(2 - .44) = 0.14 

HCOOH + 2H 2 = CI-130H + H20 a t  200°C and 50 a i m  

The s t a n d a r d - s t a t e  f r e e  e n e r g y  o f  f o r m a t i o n  f e r  the r e a c t i o n  i s  

L 

J 
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5Go = o + ~ o  . o . 2~C~t2 
~CH30H 1t20 ~GHcooH 

= - 3 8 . 6 2  - 5 4 . 6 4  ÷ 8 0 . 2 4  - 0 . 0  = - 13 .02  k c a t / g  mol  

The s t a n d a r d - s t a t e  e q u i l i b r i u m  c o n s t a n t  i s  

K ° = exp[13020/  (1 .99)  (298) ] = 3 . 4 3  x 109 

'ihe s t a n d a r d - s t a t e  h e a t  o f  f o r m a t i o n  is 

%o 
f f i  - 48.1  - 57.8 + 86.7  - 0 ,0  = - 19.2 k c a l / 8  mol 

The c o n s t a n t s  f o r  t h e  h e a t  c a p a c i t y  e x p r e s s i o n  a r e  

ha = acit301 t + alt20 - altCOOH - 2~ i  2 

= 5,052 + 7,701 - 2.798 - 2(6 ,483)  ,~ - 3,011 

ffi bCH30 R +" bH20 " bHco0  H " 2bli 2 

= ( 1 . 6 9 4  + 0.0/+6 - 3 . 2 4 3  - 2 ( 0 . 2 2 1 5 ) )  x 10 . 2  = - 0 . 0 1 9 4 6  

Ac = Cclt30i t + ctt20 - CHCOO H - 2cll 2 

= (0.6179 + 0.2521 + 2.009 + 2 (0 .3298 ) )  x 10 -5  = 3.539 x 10 -5  

Ad = dCH30 H + dH20 - dltco01 i - 2dH2 

= ( -  6,811 - 0.859 - 4 .187 - 2 (1 ,826 ) )  x 10 -9 = - 15.51 x 10 -9 

The e q u i l i b r i u m  c o n s t a n t  a t  473°K,  u s i n g  E q u a t i o n  26 ,  i s  

In  K = 2 1 . 9 6 -  ( 3 . 0 1 1 / 1 . 9 9 )  i n  ( 4 7 3 / 2 9 8 ) -  ( 0 . 0 1 9 4 6 / 2 ( 1 . 9 9 ) )  

(473 - 298) + (3 .539 x 1 0 " 5 / 6 ( 1 . 9 9 ) ) ( 4 7 3 2  - 2982 ) 

- (1 .551 x 1 0 " 8 / 1 2 ( 1 . 9 9 ) ) ( 4 7 3 3  - 2983 ) 

+ ( 1 / 1 . 9 9 )  (19200 - 3 ,011(298)  - (0 .01946/2 )  (298) 2 

+ (3 .539 x 10 -5 /3 )  (298) 3 - (1 .  551 x 10"8 /4 )  (298) 4) (1/473 - 1/298~: 

I n  K = 9 . 6 9  

K , ,  1.62 x 104 

U s i n g  t h e  E u s a c f t y  c o e f £ i c i e n t s  f rom T a b l e  22 and E q u a t i o n  27 ,  
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2 ( 1 . 0 3 ) 2 / Y H 2 0 ( 0 .  YCH30 H - YHCOOHYB2(1.62 x 1 0 4 ) ( 5 0 ) ( 0 . 3 0 )  . 7 0 ) ( 0 . 3 8 )  

F o r  an  i n i t i a l  s t o i c h i o m e t r i c  m i x t u r e  o f  HCOOH and ~ j  t h e  mo le  f r a c t i o n  

of HCOOH at equilibrium is (I - X)/(3 - X), the mole fraction of ~ is 

2(1 - X)/(3 - X), the mole fraction of ~0 is X/(3 - X), and the mole 

fraction of C%OH is X/(3 - X). Substituting and solving for X, 

X ~ 0 . 9 9 9  

D. 

YCI~OH = 0 . 9 9 9 / ( 3  - 0 . 9 9 9 )  = 0 . 5 0  

HCHO + ~ - CH30H at 200°C and 50 aim 

~ | e  s t a n d a r d = s t a t e  f r e e  e n e r g y  o f  f o r m a t i o n  f o r  t h e  r e a c t i o n  i s  

o . O . ~Go 
~Go =, 5GcH30 H ~GItCHO H 2 

= - 3 8 . 6 2  + 2 6 . 8 8  - 0 . 0  - - 1 1 . 7 4  k c a l / 8  tool  

The s t a n d a r d - s t a t e  e q u i l i b r i u m  c o n s t a n t  i s  

• K ° = e x p [ l 1 7 4 0 / ( 1 . 9 9 ) ( 2 9 8 ) ]  = 3 . 9 6  x 108 

The s t a n d a r d - s t a t e  h e a t  o f  f o r m a t i o n  i s  

o . . ~ t ~ 2  ~.io = ~I~H3OH ~LtlI~CHO o 

= - 4 8 . 1  + 2 8 . 3  - 0 . 0  = - 1 9 , 8  k c a l / g  m o l  

The c o n s t a n t s  f o r  t h e  h e a t  c a p a c i t y  e x p r e s s i o n  a r e  

~a = a c ~ 3 0  H - aHCHO - all2 

= 5 . 0 5 2  - 5 . 6 0 7  - 6 . 4 8 3  = - 7 . 0 3 8  

~b - bCH30 H - bHcHO - bH2 

= ( 1 . 6 9 4  - 0 . 7 5 4  - 0 . 2 2 2 )  x 10 "2  = . 0 0 7 1 8  

= CcH3ot l  " C[CH 0 - cH2 

= ( 0 . 6 1 7 9  - 0 . 7 1 3 0  + 0 . 3 2 9 8 )  x 10 . 5  = 2 . 3 4 7  x 10 - 6  

~d = d c i t 3 0 H -  d s ¢ l t  0 - .lit 2 

= ( -  6 . 8 1 1  + 5 . 4 9 4  - 1 . 8 2 6 )  x 10 . 9  = - 3 . 1 4 3  x 10 - 9  
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The e q u i l i b r i u m  c o n s t a n t  a t  473OK, u s ing  E q u a t i o n  26, i s  

In K - 19.80 - (7.038/1.99) In (473/298) + (0.00718/2(1.99)) 

(473 - 298) + (2.347 x 1 0 " 6 1 6 ( 1 . 9 9 ) ) ( 4 7 3 2  - 2982 ) 

- (3.143 x i0"9112(1.99))(4733 - 2983 ) 
a 

+ (111.99)(19800- 7°038(298) + (0.00718/2)(298) 2 

+ ( 2 . 3 4 7  x 10"6/3)(298) 3 - (3.143 x 10"9/4)(298) 4) 

(1/473 - 1/298) 

In K - 7.26 

K - 1.42 x 103 

Using the fu8aclty =oefflclents from Table 22 and Equaclon 27, 

YCE30H = YHcEoYH2(1.42 x 103)(50)(0.85)(1.03) / (0.70)  

For an i n i t i a l  s t o i c h i o m e t r i c m i x r u r e  of  HCHO and ~, t h e  mole f r a c t i o n  

of HCHO at equi'Librium is (I - X)/(2 - X), the mole fraction of H 2 is 

(I - X)/(2 - X), and the mole fraction of CH30H is X/(2 - X). 

Substituting and solviuE for X, 

X % 1.00 

YCH30 H = 1.00 
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APPENDIX D. 

THERMODYNAMICS OF THE WATER-GAS SHIFT REACTION 

CO + H20 - CO 2 + H 2 at 200°C and 50 arm 

The s t a n d a r d - s t a t e  f r e e  energy  of  f o r m a t i o n  fo r  the  r e a c t i o n  i s :  

= + % -  

= - 9 4 . 2 6  + 0 . 0  + 3 2 . 8 1  + 5 4 . 6 4  

- - 6 .81  k c a l / g  t o o l  

The s t a n d a r d - s t a t e  e q u i l i b r i u m  c o n s t a n t  i s  

K ° - e x p [ -  ~G°/RT] 

-- e x p [ 6 8 1 0 / ( 1 . 9 9 ) ( 2 9 8 ) ]  = 9 . 71  z 104 

The s t a n d a r d - s t a t e  h e a t  o f  f o rma t ion  i s  

~11 o . 8HO + % " 
2 2 0 .  

= - 94 .1  + 0 . 0  + 26 .4  4. 5 7 . 8  = - 9 .9  k c a l / g m o l  

The c o n s t a n t s  f o r  the hea t  c a p a c i t y  e x p r e s s i o n  a re  

m " Aa = aco 2 all2 aco al l20 

= 4 ,728  + 6 ,483  - 7 .373  - 7 .701  = - 3 ,863  

~b = bco 2 + bH2 - b c o  - bH2 0 

= ( 1 . 7 5 4  * 0 .222  + 0 ,307  - 0 . 0 4 6 )  x 10 - 2  ffi 2 .237  x 10 =2 

~c = Cco 2 + - - cH 2 Cco oH20 

= ( -  1 .338 - 0 ,330  - 0 .666  - 0 . 2 5 2 )  x 10 -5  - - 2 . 5 8 5  x 10 -5  

dco  2 + dH 2 - dco - dR20 

= (4 .097 + 1.828 + 3.037 + 0 . 8 5 9 ) ' x  1 0  - 9  = 9 . 8 1 9  x 10  "9  

The e q u i l i b r i u m  c o n s t a n t  .at 473°K, u s i n g  Equa t ion  26, i s  

I n  K = 11 .48  - ( 3 . 8 6 3 / 1 . 9 9 )  In  ( 4 7 3 / 2 9 8 )  + ( 0 . 0 2 2 3 7 / 2 ( 1 . 9 9 ) )  

(473 - 298) - ( 2 . 5 8 6  x 1 0 " 5 / 6 ( 1 . 9 9 ) ) ( 4 7 3 2  - 2982 ) 
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+ ( 9 , 8 1 9  x 1 0 " 9 / 1 2 ( 1 . 9 9 ) ) ( 4 7 3 3  - 2983 ) + ( 1 / 1 . 9 9 ) ( 9 9 0 0  

- 3 ,863(298)  + (0 .02237/25(298)  2 - (2 ,586 x 10 "5 /3 ) (298 )  3 

+ ( 9 . 8 1 9  x 10"914 ) (298 )4 ) (1 /473  - 1 /298)  

Cn K = 5 .33 

K = 206. 

Using the £ u g a c i t y  c o e f f i c i e n t s  from Table 22 and Equa t ion  27, 

Yco 2 = YcoYH20(206) (0.98) (0.38)/YH2 (1.03) (0.96) 

For an i n i t i a l  s to i ch£omet r i¢  mixture of CO and ~ O ,  the mole f r a c t i o n s  

of CO aud H20 a t  e q u i l i b r i u m  are (1 - X)/2 and the mole f r a c t i o n s  o t  

CO 2 and H 2 are X/2. Substituting and solving for X, 

X 2 = 2.03X + 1.01 = 0 

X ~0.95 

Yco 2 -- X/2 ffi 0.95/2 = 0.48 
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APPENDIX E. 

MASS FLOW CONTROLLER CALIBRATION CURVES 

Although the m a n u f a c t u r e r  p rov ided  a c a l i b r a t i o n  cu rve  fo r  each  

mass f low c o ~ t r o l l e r ,  f l c w r a t e s  were measured w i t h  a wet  t e ~ t  m e t e r  a t  

s e v e r a l  p r e s s u r e s  a f t e r  t he  f low c o n t T o l l e r s  had been  i n s t a l l e d  i n  t he  

flow system. Each flow setting was based on the digital indicator 

reading and not the po~entlometer set point. Every point on a curve was 

an average of t~-o flowrate measurements. Some of the low flowrates 

( <  200 cc /min  S~P) were  checked  w i t h  a bubble  mete~ to  e n s u r e  t he  ac -  

c u r a c y  of  the  r e s u l t s .  

C a l i b r a t i o n  curves  £or n i t r o g e n ,  hyd rogen ,  and ca rbon  monoxide a t  

p r e s s u r e s  of  1, 10, 30, and 50 at , .  a re  g i v e n  i n  F i g u r e s  80,  81,  ~ i  82,  

r e s p e c t i v e l y .  The Brooks c a l i b r a t i o n  c u r v e ,  which was measured  a t  100 

arm, has been  i n c l u d e d  f o r  c o e ~ a r i s o n .  The hydrogen  l i n e  was a l s o  used  

w i t h  the  premixed c y l i n d e r  o f  hydrogen  (907~) and c a r b o n  d i o x i d e  :107) ;  

the  c a l i b r a t i o n  curve  f o r  t h i s  gas m i x t u r e  a t  1 and 50 a t , ,  i s  g i v e n  i n  

F igu re  83. The curves  fo r  each  gas show t h a t  the  s l ope  o f  each  c u r v e  

was p r e s s u r e - d e p e n d e n t .  This e f f e c t  would not  r e s u l t  from l e a k a g e  

because  a l e a k  -~ould s imp ly  cause  a s h i f t  i n  the  e n t i r e  c u r v e  w i t h o u t  

a f f e c t i n g  the  s l o p e :  
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APPEI~DIX F. 

RELATIVE RESPONSE FACTORS 

A mixture o£ 95% CO, 4~ C~011, and 1 l  ~ 0  was prepared by i n j e c t i n g  

17.6 ~1 of  C~OH and 1.9 ~1 of ~ O  i n t o  250 cc of  CO. Af ter  a l lowin8 

enouKh time for  the components to evapora te  and mix, 0.5 cc samples 

were i n j e c t e d  i n t o  the gas chromatoaraph.  The response  f a c t o r  of CH30H 

was de termined to be 1.11 ar£, the response  f a c t o r  o f  H20 to be 0.91.  

A mixture  of  97.2Z CO and 2.8~ CH3OH was p repared  by £ n J e c t i ~  12.0 ~1 

of  C t3OH i n t o  250 cc of  CO. The response  f a c t o r  of C~OH was de termined 

to be 1.19.  A m4xture og 99.0~ CO and 1.0~ CO 2 was prepared  by i n j e c t i n g  

2.5 cc of  CO 2 i n to  250 cc of CO. The reeporme f~c to r  of  CO 2 van 

determined to be 0,98. A mixture of 52,97. CO and 47.170 N 2 va8 pre- 

pared by blending 35.5 cc/min CO w i t h  31.6 cc/ud.n N 2 aud uuin 8 the 

s a n p l i r ~  loop to take smnples. The response  f a c t o r  o f  N 2 van determined 

to be 1.10.  Peak areas and r e l a t i v e  response  f a c t o r  de t e rmina t ions  have 

been g iven  in  Table 28. 
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Table 28. 

1. 

. 

. 

. 

Relative response factors 

9s7, co, c.3os, .2 o 

• ~ e a  CO: 95 .4 ,  95 .2 ,  95.2D 95.41 95,3;  avs. " 95.3 
Area Clt301t: 3 .61 ,  3 .66,  3 .65 ,  3 .54 ,  3 .58;  av~. = 3 .61  
Area H20 1.01, 1.15, 1.13. 1.08, 1.14; avg. = 1,10 

RFGIt30H = ( 4 . 0 / 9 5 ) ( 9 5 . 3 / 3 . 6 1 )  = 1.11 

RFH20 = ( £ . 0 / 9 5 ) ( 9 5 . 3 / 1 ' 1 0 )  - 0.91 

97.2% CO, 2.8% CI=.30H 

Az'ea CO: 97.6, 97.5, 97.6, 97.5, 97.6; ave, = 97.6 
Area CH3OH: 2.40, 2.32, 2.38, 2,30, 2.43; avg. ,, 2.37 

RFCIL, OH - ( 2 . 8 / 9 7 . 2 ) ( 9 7 . 6 / 2 . 3 7 )  - 1.19 

99.0% CO, 1. OZ CO 2 

Area CO: 98,99, 98.98, 98.98, 98.98, 98.98; avg. = 98.98 
Area C02: 1.01, 1,02, 1.02, 1.02, 1.02; av 8. = 1.02 

RIFCO 2 = (1.0/99.0)(98.98/1.02) - 0.98 

52.9Z CO, 47.1% lq 2 

Area CO: 54.99~ 55.18, 55.20, 54.90, 55.28; avg. = 55.11 
Area N2: 44.94, 44.73, 44.72, 45.00, 44.66; avs. - 44 .81  

RF. - (47,1152.9) (55.11144.81) ,. 1.10 
"2 
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