
8 / 7 5  8962 

6. H Y D R O G E N  P R O D U C T I O N  BY T H E R M O C [ E M I C A L  M E T H O D S  - 
J ,  C.  S l q a r e r  a n d  J .  B.' P a n g b o r n  - - -  

I n t r o d u c t i o n  

D u r i n g  r e c e n t  y e a r s ,  a n  i n t e r e s t  h a s  b e e n  g e n e r a t e d  in t h e r m o c h e m i c a l  

h y d r o g e n  p r o d u c t i o n  m e t h o d s .  9, 13, 17 T h e r m o c h e m i c a l  h y d r o g e n  p r o d u c t i o n  

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

s e r i e s  of  c h e m i c a l  r e a c t i o n s .  A l l  c h e m i c a l  i n t e r m e d i a t e s  a r e  r e c y c l e d  i n -  

t e r n a l l y  w i t h i n  the  p r o c e s s  so  t h a t  w a t e r  i s  the  o n l y  r a w  m a t e r i a l  a n d  h y d r o -  

g e n  and  o x y g e n  a r e  the  p r o d u c t s .  T h i s  p r o c e s s  m u s t  be  d r i v e n  by  an  e x t e r n a l  

h e a t  s o u r c e ,  w h i c h  c o u l d  b e  a h i g h - t e m p e r a t u r e ,  g a s - c o o l e d ,  n u c l e a r  r e a c t o r  

( H T G R )  o r  a s o l a r  f u r n a c e ,  T h e  m a x i m u m  t e m p e r a t u r e  r e q u i r e m e n t s  f o r  

h e a t  f o r  m o s t  p r o p o s e d  c y c l e s  l i e  w i t h i n  a t e m p e r a t u r e  r a n g e  of  650 o to  

l l 0 0 ° C ,  t h u s  e l i m i n a t i n g  m a n y  of  the  l o w e r  t e m p e r a t u r e  h e a t  s o u r c e s  a s  

p o t e n t i a l  e n e r g y  d o n o r s .  

T h e  o b j e c t i v e  of  ~asing a c l o s e d - l o o p  s e r i e s  o f  c h e m i c a l  r e a c t i o n s  ~s 

e s t a b l i s h e d  in  o r d e r  to u t i l i z e  h e a t  d i r e c t l y  a s  t he  f o r m  of  e n e r g y  f o r  h y d r o -  

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

d i f f e r s  f r o m  the m a j o r  c o m m e r c i a l  p r a c t i c e  of  h y d r o g e n  p r o d u c t i o n  - i . e . ,  

s t e a m  r e f o r m i n g  of  n a t u r a l  g a s  - b e c a u s e  a c a r b o n  s o u r c e  i s  n o t  e x p e n d e d  

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

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

file m a j o r i t y  of  the  e n e r g y  r e q u i r e m e n t s  a r e  s u p p l i e d  in  the  f o r m  of  w o r k  

( e l e c t r i c i t y ) .  B e c a u s e  o f  p r a c t i c a l  l i m i t a t i o n s  in t he  e f f i c i e n c y  of  c o n v e r t i n g  

h e a t  f r o m  a p r i m a r y  e n e r g y  s o u r c e  ( e . g . ,  H T G R  o r  s o l a r  f u r n a c e )  to  w o r k  

( e l e c t r i c i t y } ,  i t  m a y  b e  a d v a n t a g e o u s  to u t i l i z e  the  h e a t  d i r e c t l y  a t ,  h o p e f u l l y ,  

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

p r o c e s s e s ,  w h e t h e r  e l e c t r o l y t i c  o r  t h e r m o c h e r n i c a l ,  a r e  l i m i t e d  by  the  

s e c o n d  l a w  of  t h e r m o d y n a m i c s  to  the e x t e n t  t h a t  h e a t  i s  c o n v e r t e d  to the  

" f r e e "  c h e m i c a l  e n e r g y  o f  h y d r o g e n .  T h i s  w i l l  be  s h o w n  in m o r e  d e t a i l  l a t e r  

in t h i s  section. 

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

in 1Figure  6 - 1 ,  w h i c h  i n c l u d e s  a Z - s t e p  e x a m p l e  -_ the  c y c l e  p o s t u l a t e d  b y  

E m i l  C o l l e t t  and  p a t e n t e d  in  G r e a t  B r i t a i n  in 1924 ( p r o b a b l y  the  f i r s t  t h e r m o -  

c h e m i c a l  c y c l e  f o r  w a t e r  s p l i t t i n g } .  ~ 
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Water may be chemically decomposed in a single-step reaction. This, 

however, requires a very high temperature thermal source because tempera- 

tures in excess of 2500 °C are essential for reasonable reaction yields. 

Process heat sources are not available at these temperature levels, and 

the materials requirements for containment and high-temperature gas sepa- 

rations make techniques impractical for large-scale hydrogen production. 

Theoretically, a series of t~'o or more chemical reactions can be devised 

to react w, ater with intermediates, liberate hydrogen and oxygen at differ- 

ent reaction sites, and regenerate all of the consumed intermediates. These 

(ideal) reactions would be selected so that they could be driven thermally 

and would not require work. In other words, the free-energy change for 

e a c h  r e a c t i o n  would  be e q u a l  to o r  l e s s  than z e r o ,  and no w o r k  wou ld  be 

r e q u i r e d  fo r  s e p a r a t i o n  of the r e a c t i o n  p r o d u c t s .  The r e a c t i o n  c y c l e  would  

be  c o m p o s e d  of only  e n t r o p y  (heat )  r e q u i r e m e n t s .  If such  a c a s e  e x i s t e d ,  

h e a t  c o u l d  be u s e d  d i r e c t l y ,  and it  wou!d  be p o s s i b l e ,  wi th  the p r o p e r  c h o i c e  

of  r e a c S o n s ,  to p r o d u c e  a c y c l e  wi th  v e r y  high o v e r a l l  e n e r g y  e f f i c i e n c y .  

As wi l l  be d i s c u s s e d  l a t e r ,  an idea l  t h e r m o c h e m i c a l  c y c l e  r e q u i r i n g  no w o r k  

d o e s  no t  e x i s t ,  and t h e r e  a r e  o t h e r  c o n s i d e r a t i o n s  tha t  m u s t  be e x a m i n e d  

to d e t e r m i n e  if a p r o p o s e d  c y c l e  i s  f e a s i b l e  and p r a c t i c a l .  

A l though  t h e r m o c h e m i c a l  p r o c e s s e s  f o r  the p r o d u c t i o n  of h y d r o g e n  a r e  no t  

in c o m m e r c i a l  p r a c t i c e  t o d a y ,  c o n s i d e r a b l e  r e s e a r c h  is u n d e r  way  a t  r e s e a r c h  

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

fo r  t h e r r n o c h e m i c a l  h y d r o g e n  p r o d u c t i o n .  A p p e n d i x  B of th is  r e p o r t  d e s c r i b e s  

the p r o g r a m s  of 23 r e s e a r c h  g r o u p s  tha t  dea l  wi th  t h e r m o c h e r n i c a l  h y d r o g e n .  

Th i s  i n f o r m a t i o n  w a s  c o m p i l e d  f r o m  the p u b l i s h e d  l i t e r a t u r e  and f r o m  p r i v a t e  

c o m m u n i c a t i o n s  (both  p e r s o n a l  v i s i t s  and t e l e p h o n e  i n t e r v i e w s ) .  F o r  e a c h  

r e s e a r c h  o r g a n i z a t i o n ,  the a p p e n d i x  i n c l u d e s  the o r g a n i z a t i o n ' s  a d d r e s s ,  the 

d u r a t i o n  o f  i t s  p r o g r a m ,  a l i s t  of n o n p r o p r i e t a r y  c y c l e s ,  and a l i s t  of  pub-  

l i c a t i o n s .  B e c a u s e  of  the p r o p r i e t a r y  n a t u r e  of the m a n y  p r o g r a m s  tha t  a r e  

u n d e r  p r i v a t e  s p o n s o r s h i p ,  fu l l  d i s c l o s u r e  of  the o r g a n i z a t i o n s '  w o r k  is  ~m- 

p o s s i b l e .  T h e r e f o r e ,  s o m e  of  the c y c l e s  t hough t  to be of  h igh  q u a l i t y  in 

t e r m s  of p r a c t i c a l i t y  and e n e r g y  e f f i c i e n c y  a r e  no t  a v a i l a b l e  f o r  p u b l i c a t i o n .  

It  shou ld  a l so  be n o t e d  tha t  the d e v e l o p m e n t  of the r m o c h e m i c a l  h y d r o -  

gen p r o d u c t i o n  p r o c e s s e s  i s  in i t s  i n f a n c y  s t a g e s .  T h e r e f o r e ,  i t  is  p r e m a t u r e  

to r e p o r t  in d e t a i l  on p r o c e s s  p a r a m e t e r s ,  e n g i n e e r i n g  f l o w s h e e t s ,  and c o s t  
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a n a l y s e s  of spec i f i c  p r o c e s s e s .  T h e r m o c h e m i c a l  h y d r o g e n  p r o d u c t i o n  on a 

l a r g e - s c a l e  b a s i s  i s  p r o b a b l y  a t  l e a s t  20 y e a r s  away .  Th i s  i s  i n d i c a t e d  by 

the v a r i e t y  of r e s e a r c h  o r g a n i z a t i o n s  do ing  w o r k  in  the f i e ld  and  the n u m e r o u s  

a p p r o a c h e s  to th i s  r e s e a r c h .  F o r  e x a m p l e ,  an a c a d e m i c  i n s t i t u t i o n  w i t h  

g o v e r n m e n t a l  fund ing  xvill have  an  e n t i r e l y  d i f f e r e n t  a p p r o a c h  f r o m  an i n d u s -  

[ r i a l l y  s p o n s o r e d  o r g a n i z a t i o n .  In add i t i on ,  an o r g a n i z a t i o n  wi th  a h i g h  l e v e l  

of funding  h a s  the o p p o r t u n i t y  f o r  a m o r e  c o m p r e h e n s i v e  p r o g r a m  than  t h o s e  

g r o u p s  wi th  p r o g r a m s  tha t  can  s u p p o r t  on ly  one o r  two r e s e a r c h e r s .  Wi th  

the m a n y  d e g r e e s  of f r e e d o m  a v a i l a b l e  in th i s  a r e a  of r e s e a r c h ,  a l m o s t  

e v e r y  o r g a n i z a t i o n  h a s  a un ique  a p p r o a c h ,  w i t h  v a r y i n g  g o a l s  and a b i l i t i e s  

to pub l i sh  o r  c o m m u n i c a t e  i t s  c o n c l u s i o n s .  T h e r e f o r e ,  c o m p i l i n g  and  d i s -  

c u s s i n g  a l l  w o r k  done  in the a r e a  of  t h e r m o c h e m i c a l  h y d r o g e n  p r o d u c t i o n  i s  

a d i f f i c u l t  t a sk .  The  i n f o r m a t i o n  i n c l u d e d  h e r e i n  i s  as  c o m p l e t e  and  a c c u r a t e  

as  p o s s i b l e  as  of  J a n u a r y  31, 1975. 

T a b l e  6-1 p r e s e n t s  a s u m m a r y  of  the  i n f o r m a t i o n  i n c l u d e d  in  Append ix  B. 

E a c h  r e s e a r c h  o r g a n i z a t i o n  i s  l i s t e d  w i th  the a r e a s  of r e s e a r c h  tha t  i t  i s  

i n v o l v e d  in. R e s e a r c h  a c t i v i t i e s  a r e  d iv ided  in to  s e v e n  c a t e g o r i e s .  T h e y  

are 

o 

L i t e r a t u r e  S u r v e y s  

D e r i v a t i o n  of  N o v e l  C y c l e s  

A n a l y t i c a l  E v a l u a t i o n  of  C y c l e s  

E x p e r i m e n t a l  E v a l u a t i o n  of  C y c l e s  

Comparisons With Electrolytic Hydrogen Production 

Nuclear Reactor Interface Studies 

D e t a i l e d  E n g i n e e r i n g  S tud ies  of C h o s e n  C y c l e s .  

A l though  the l eve l  of e f f o r t  in  e a c h  a c t i v i t y  i s  n o t  d e p i c t e d ,  a n o t a t i o n  i s  

e s t a b l i s h e d  to d i f f e r e n t i a t e  b e t w e e n  p u b l i s h e d  w o r k ,  p r o p r i e t a r y  o r  unpub -  

l i s h e d  w o r k ,  and no w o r k  f o r  e a c h  a r e a .  

Bas i c  The r m o d y n a m i c  C o n s i d e  r a t i o n s  

B e c a u s e  t h e r m o c h e m i c a l  h y d r o g e n  p r o d u c t i o n  s c h e m e s  a r e  in the e a r l y  

s t a g e s  of d e v e l o p m e n t ,  a b a s i c  t h e r m o d y n a m i c  a p p r o a c h  to p r o v e  f e a s i b i l i t y  

is required. The following equation describes the overall system reaction 

III 
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T a b l e  6 - 1 .  

8 9 6 2  

A R E A S  O F  R E S E A R C H  O N  T H E R M O C H E M I C A L  H Y D R O G E N  
P R O D U C T I O N  BY I N T E R E S T E D  G R O U P S  

G r o u p  

°l 
¢0 

.= 

ca 

R e s e a r c h  A c t i v i t i e s  

I r = 

0 ~ 

o 

~ b a z 5 u 

I 

0 ""~ 

¢~na 

I~ ca 

ca @ 

A c r e  j e t - G e n e r a l  
C o r p .  , K1 M o n t e ,  
Calif. 

Air Products and 

Ch~, -n lc~ l s ,  Inc.  g 

A l l e n t o w n ,  P e n n a .  

A r g o n n e  N a t i o n a l  
Laboratory, A r g o n n e ,  2 

I l l .  

A t o n l i c  E n e r g y  of 

C a n a d a  L t d . ,  P i n o w a ,  1 
M a n i t o b a  

A v c o  C o r p .  , W i l m i n g t o n ,  
M a s s .  

E U R A T O M ,  l s p r a ,  
I t a l y  2 

G a z  de  F r a n c e  
Paris, France 2 

General Atomic Co. 

San Diego, Calif. 2 

O c n c r a t  E l e c t r i c  Co.  
S c h e n e c t a d y ,  N . Y .  

H o l i f i c l d  Na t l .  L a b .  
Oak  R i d g e ,  T e n n .  

K e y :  

R e p l y  not  r e c e i v e d .  

3 3 3 3 

l 1 2 3 

3 3 J 3 

R e p l y  not  r e c e i v e d .  

1 1 2 

2 2 2 2 

1 2 2 3 

Z I i 2 Z 

g 2 2 Z 3 

l = Published Results 
I = Proprietary or Unpublished Work 
3 = N o  W o r k  in T h i s  A c t i v i t y  as  of J a n u a r y  31, 1975 

3 3 

3 3 

3 3 

1 1 

3 3 

g Z 

1 1 

3 3 

o 
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Table 6-i, Cont. AREAS OF RESEARCH ON THERMOCHEMICAL 
HYDROGEN PRODUC TION BY INTERESTED GROUPS 

O o 

o o 
~ Z  

R e s e a r c h  Ac t iv i t i e s  
itl 
ID 

o . o  

~ 2  

M 

a/ 

. J  • 0 

,-4 

~rfl 

o 

. 4  01 
O 

~ u  

t~ 

Z 1 

Z 3 3 3 

Z 2(?) 3(.*) 3(?)  

z 3(.*) 1 3 

Z 3 3 

1 3 3 

Z 3 

3 3 

Group 
Ins t i tu te  of Gas  
T e c h n o l o g y ,  C h i c a g o ,  Z 1 I 
1!1. 

Iowa State Univ. 
A m e s ,  Iowa z ~ x 

J a p a n e s e  Gox~. (Sunshine 
P r o g r a m ) ,  Tokyo ,  J a p a n  Z Z Z 

K F A  ( N u c l e a r  R e s e a r c h  
Cen te r ) ,  J ( i l ich,  W. 2 2 1 
G e r m a n y  

KMS Fusion, inc. 
Ann Arbor, Mich. Z Z Z(?) 

Lawrence Livermor e 
L a b . ,  L i v e r m o r e ,  Calif.  Z 1 Z 

Los  A l a m o s  Sc ien t i f i c  
Lab., Los Alamos, N.M. Z 1 2 

P e c h i n e y  Ugine 
Kuhlmann,  Paris, France Z 3 I(?) 

Stevens  Lust. of Tech.  
Hoboken ,  N . J .  1 3 3 

Univ. of Ken tucky  
Le.,dngton, I<3,. Z Z 1 

Univ. of New Mexico 
Albuquerque, N . M .  1 3 1 

Univ. of P u e r t o  Rico 
Mayaguez, Puerto Rico 2 3 1 

Westinghouse Electric 

3 3 

3 3 3 3 

3 3 3 3 

3 3 3 3 

Corp. , Pittsburgh, Penna. Z Z Z Z Z 

Key: 1 = Published Results 
g = P r o p r i e t a r y  or  Unpubl ished Work  
3 = No W o r k  in This Ac t iv i ty  as of J a n u a r y  31, 1975 

z 3(?) 
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for all processes producing hydrogen and oxygen from water: 

HzO( ) HzCg) + ,/z Oz(g) a t  z oc 

8962 

(6-1) 

If we dealw[thelectrolysls, direct thermal decomposition, or a thermo- 

chemical cycle, the net reaction is described by Equation 6-I. For this 

net reaction, we know that - 

ZkH=Z&G-- T~S 

whe re - 

AH---- enthall2y change for the reaction 

AG _- Gibbs free-energy change for the reaction 

AS --- entropy change for the reaction 

T = ternperatllre of the reaction 

A b a s i c  p r o o f  h a s  b e e n  d e r i v e d  t h a t  s h o w s  tha t  w a t e r - s p l i t t i n g  p r o c e s s e s  

a r e  s u b j e c t  to a C a r n o t - t y p e  l i m i t a t i o n  on the t r a n s f o r m a t i o n  of h e a t  in to  

f r e e  e n e r g y .  8'14 I t  a p p l i e s  to any  w a t e r - s p l i t t i n g  p r o c e s s  in w h i c h  w a t e r  

i s  the o n l y  r a ~ '  m a t e r i a l  and in w h i c h  the  p r o c e s s  i s  d r i v e n  d i r e c t l y  o r  

i n d i r e c d y  by  h e a t .  T h e s e  p r o c e s s e s  i n c l u d e  t h e r m o c h e m i c a l w a t e r - s p l i t t i n g  

c y c l e s ,  e l e c t r o l y s i s  ( i n c l u d i n g  e l e c t r i c i t y  g e n e r a t i o n ) ,  and  d i r e c t  t h e r m a l  

w a t e r  s p l i t t i n g .  The  p r o o f  i s  a s  f o l l o w s :  

C o n s i d e r  a s t e a d y - s t a t e  p r o c e s s  t h a t  c o n v e r t s  w a t e r  in to  h y d r o g e n  and  

a t  a c o n s t a n t ,  e l e v a t e d  t e m p e r a t u r e  T o x y g e n  by o b t a i n i n g  h e a t ,  q r ' ' r 

( f r o m  a n u c l e a r  r e a c t o r ,  f o r  e x a m p l e ) ,  and  by  r e j e c t i n g  h e a t ,  q e '  a t  a l o w e r  

t e m p e r a t u r e ,  T w h i c h  m a y  be the e n v i r o n m e n t  t e m p e r a t u r e .  (See F i g u r e  
e ' 

6 - Z . )  A s i d e  f r o m  h y d r o g e n  p r o d u c t i o n ,  the only  e n e r g y  o u t p u t s  f r o m  the 

p r o c e s s  a r e  the  h e a t  r e j e c t i o n  and  the  d i s p l a c e m e n t  of  the  e n v i r o n m e n t .  The  

r e a c t a n t  w a t e r  and p r o d u c t  g a s e s  e n t e r  and e x i t  a t  the f i x e d  c o n d i t i o n s ,  

T and P 
e e 

Writing the first law for such a system, where AE is the internal energy 

change and AV is the volume displacement of the environment, Equation 6-Z 

is obtained: 

qe = q r  -- P e A -  A E  (6 -2 )  
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Figure 6=2. IDEAL STEADY-STATE PROCESS TO CONVERT WATER 
INTO HYDROGEN AND OXYGEN 

Denoting the entropy change of the system by AS and writing the second 

law, we derive Equation 6-3 :  

qr qr 
AS~T- - T -  

r e 

Combining Equations 6-Z and 6-3 results in Equation 6-4: 

T --T 
AE + PeAV-- TeAS ~ qr ( r e Z ) 

r 

The corresponding equation for the process stream is- 

(6-3) 

(6-4) 

A E + Pe AV- TeAS = Z. ~i Ani (6-5) 
I 

w h e r e  ~t i i s  t he  c h e m i c a l  p o t e n t i a l  of a c o m p o n e n t -  

= bG (6-6) 
P, n 

G denotes Gibbs free energy, and n denotes the number of moles of a com- 
ponent. 

Substituting Equation 6-54nto 6-4, Equation 6-7 is obtained: 

T --T 
PiAni < qr ( r e r ) 

r 

(6-7) 
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F r o m  the d e f i n i t i o n  of G i b b s  f r e e  e n e r g y  and the G i b b s - D u h e m  E q u a t i o n ,  

SdT + V d P  - E n i d  bLi=0 ( w h e r e  d P =  d T =  0 b e c a u s e  T i s  c o n s t a n t  a t  

T e and P is  c o n s t a n t  at  P e ) ,  E q u a t i o n  6-8  i s  o b t a i n e d :  

T -- T T --Te_ ) 
AG < qr  ( , r e AO r 

T ) or -- ( (6-8) 
r q r  T r  

F r o m  th i s  r e l a t i o n s h i p ,  an i d e a l  w a t e r - s p l i t t i n g  e f f i c i e n c y  can  be w r i t t e n  

i n v o l v i n g  the e n t h a l p y ,  /% H, o r  h e a t i n g  va lue  of h y d r o g e n :  

E A H  ~ A H  T - T 
qr ~ ( r e ) (6-9)  

- Tr  

The  e f f i c i e n c y  of any g i v e n  p r o c e s s  o r  c y c l e  should  be c o m p a r e d  wi th  the 

b e s t  a t t a i n a b l e ,  w h i c h  i s  g i ven  by E q u a t i o n  6 - 9 .  F r o m  the  p r o c e s s  - 

H (g) + t 4 o (g) 

at I atmosphere and Z5°C, where Z~H -- 68. 3 kcal/g-mol and AG = 56.7 

kcal/g-mol, we have calculated the ideal water-splitting efficiencies pre- 

sented in Table 6-2. 

Actual thermochemical water-splitting cycles cannot be evaluated by 

Equation 6-9; they can only be compared with it, and they cannot exceed it. 

Theoretically, a cycle might be written so that - 

i. All the chemical reactions proceed as written, spontaneously, with no 
work inputs required (only heat inputs}. 

Z. No gas separations need to be done, and no compression work is required. 

5. All the heat required by the cycle is fed in at T , all the waste heat 
is rejected at T e, and there is perfect internal~atching of endothermic 
and exothermic processes. 

When all these conditions are fulfilled, Equation 6-9 can be applied. However, 

no cycles known to us come close to fulfilling all these criteria. If a given 

cycle satisfies criteria 1 and g, but not 3, a simple heat (entropy) balance is 

adequate, but very few cycles even approximate this circumstance. 

For an electrolysis process that operates at 25°C, we know that work 

must be supplied to the reaction and that, ideally, the quantity of work is 

equal to the Gibbs free-energy change for the reaction, 56.7 kcal/g-mol of 

hydrogen. There is also an ideal heat requirement that is equal to the en- 

tropy term, T A S, which for this reaction is equal to 1 i. 6 kcal/g-mol of 

hydrogen. We do produce hydrogen that has a high heating va]ue equal to the 
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TaMe 6-2. IDEAL WATER-SPLITTING EFFICIENCIES 

T r  Te q r  qe  H / q r  
~ C ' - ' - - - - -  : -  k c a l l g - m o l  - ' - - -  E, ~0 

125 25 222 154 0. 307 30 .7  

225 25 140 72 0. 487 4 8 . 7  

325 25 113 45 O. 605 6 0 . 5  

425 25 99 .8  3 1 . 5  O. 692 69 .2  

525 Z5 90. 3 Z2. 0 O, 757 75 .7  

725 25 80 .7  12 .4  0 .846  84 .6  

1225 25 70. 8 2. 5 O. 965 9 6 . 5  

1725 25 6 6 . 6  - - 1 . 7  1 . 0 2 5  100.0  

4025 25 60. 9 - - 7 . 4 *  1. 122 100. O n 

25 56 .7  - 1 1 . 6 "  1 .204 100. O" 

I n d i c a t e s  n e g a t i v e  h e a t  r e j e c t i o n  a a t  T (25°C).  T o h a v e  a u r o c e s s  
. . . .  - - e  . e "  " e f f l c , e n c y  in e x c e s s  of  100~o, th i s  n e g a t i v e  qA wou ld  h a v e  to be  " f r e e  

hea~" inpu t  f r o m  the  e n v i r o n m e n t .  An  examp~le would  be  a 25°C ,  1 
a t m o s p h e r e  r e v e r s i b l e  e l e c t r o l y z e r  o p e r a t i n g  at  1 .23  vo l t s  and  
supp ly ing  e x a c t l y  56 .7  k c a l  of e l e c t r i c a l  e n e r g y  fo r  each  m o l e  of  
w a t e r  d e c o m p o s e d .  Wit/, 100% h e a t - t o - w o r k  e f f i c i e n c y  (T r = ~,  T e - 25°C) ,  
t h i s  o v e r a l l  p r o c e s s  w ou ld  be  "120% ,T e f f i c i en t ,  bu t  i t  r e q m r e s  a f r e e  
e n t r o p y  i n p u t  of 11 .6  k c a l / m o l e  of  w a t e r  d e c o m p o s e d .  
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n e g a t i v e  of  the  e n t h a l p y  c h a n g e  o f  t h i s  o v e r a l l  r e a c t i o n ,  o r  - - 6 8 . 3  k c a l l ' g - m o l  

o f  h y d r o g e n .  T h e  w o r k  t h a t  i s  r e q u i r e d  f o r  the  r e a c t i o n  in a n  e l e c t r o l y s i s  

c e l l  i s  s u p p l i e d  in  the  f o r m  of  e l e c t r i c i t y ,  the  g e n e r a t i o n  of w h i c h  i s  s u b j e c t e d  

to a C a r n o t  l i m i t a t i o n  by  the  s e c o n d  l a w  of  t h e r m o d y n a m i c s .  E l e c t r i c i t y  t o d a y  

h a s  a p r a c t i c a l  g e n e r a t i o n  e f f i c i e n c y  u s u a l l y  in  the r a n g e  of f r o m  30% to 4 0 % .  

B e c a u s e  w o r k  g e n e r a t i n g  c y c l e s  a r e  l i m i t e d  in  e f f i c i e n c y  b y  m a x i m u m  

o p e r a t i n g  t e m p e r a t u r e s  ( i m p o s e d  by  a v a i l a b l e  h e a t  s o u r c e s )  a n d  by p r o c e s s  

m a t e r i a l s  f o r  h e a t  t r a n s f e r  o r  c o n t a i n m e n t  o f  w o r k i n g  f l u i d s ,  i t  w o u l d  be  

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

o f  the  m e c h a n i c a l  l i m i t a t i o n s  t h a t  c a u s e  the  p r a c t i c a l  l i m i t a t i o n s  on e f f i c i e n c y  

in  e l e c t r i c i t y  g e n e r a t i o n .  B y  u s i n g  h e a t  d i r e c t l y ,  i t  i s  h o p e d  t h a t  o n e  s t e p  

in  a n  e n e r g y  c o n v e r s i o n  p r o c e s s  w o u l d  be e l i m i n a t e d .  T h i s  i s  t he  b a s i c  

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

I n  r e a l i t y ,  t h e r e  w i l l  be  w o r k  r e q u i r e m e n t s  f o r  t h e r m o c h e m i c a l  c y c l e s .  

F o r  e x a m p l e ,  w o r k  w i l l  be  r e q u i r e d  to d r i v e  s o m e  r e a c t i o n s  to c o m p l e t i o n ,  

to  p e r f o r m  s e p a r a t i o n s  of  r e a c t i o n  p r o d u c t s ,  f o r  c o m p r e s s i o n  w o r k  f o r  

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

a n d  s u s t a i n  p r e s s u r e  d r o p s  in  t he  s y s t e m .  T h e s e  w o r k  i n p u t s  c a n  a n d  s h o u l d  

b e  m i n i m i z e d  to  a c h i e v e  the  m a x i m u m  o p e r a t i n g  e f f i c i e n c y  of a t h e r m o c h e m i -  

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

t i o n s  f o r  the  v a r i o u s  c h e m i c a l  r e a c t i o n s .  T h e  o p e r a t i n g  t e m p e r a t u r e s  m u s t  

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

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

h e a t  s o u r c e  ( e , g . ,  s o l a r ) .  F r o m  the  l i t e r a t u r e ,  m a x i m u m  t e m p e r a t u r e s  in 

t h e  r a n g e  of  f r o m  900  ° to l l 0 0 c C  m a y  b e  a t t a i n e d  By a n  a d v a n c e d - t e c h n o l o g y ,  

h i g h - t e m p e r a t u r e ,  g a s - c o o l e d  n u c l e a r  r e a c t o r  ( I - ITGR).16 '18 '19 L i m i t s  on s o l a r  

f u r n a c e s  f o r  t h i s  a p p l i c a t i o n  h a v e  n o t  y e t  b e e n  e s t i m a t e d ,  a l t h o u g h ,  w i t h  c o n -  
3 c e n t r a t l o n ,  2 0 0 0 ° C  t e m p e r a t u r e s  h a v e  b e e n  a c h i e v e d  f o r  o t h e r  p u r p o s e s .  

A l s o  e s s e n t i a l  f o r  a t h e r m o c h e m i c a l  c y c l e  i s  t h a t  the  n e t  o v e r a l l  r e a c t i o n  

f o r  t he  a e r i e s  o f  r e a c t i o n s  s e l e c t e d  be  d e s c r i b e d  by  w a t e r - s p l i t t i n g  R e a c t i o n  

5-1  ( i . e . ,  t h a t  a l l  i n t e r m e d i a t e s  be  i n t e r n a l l y  r e c y c l e d  w i t h i n  the  p r o c e s s ) .  

F o r  e x a m p l e ,  l e t ' s  e x a m i n e  a c y c l e  p r o p o s e d  b y  the  I n s t i t u t e  of  G a s  T e c h n o l o g y  

and  o t h e r s ,  13 a s  d e s c r i b e d  b e l o w :  
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ZCrCh(s) + ZHCl(g) ~ ZCrClds) + Hz(g) zs°c 

ZCrCh(s) 4 ZC=Cid~) + clz(g) 9z5oc 

ch(g) + HzO(g) ~ ZHCt(g) ÷~AO,(g) 9 z s o c  

~Gp~ = --8.5 (6- i 0) 

AGp. x = +lS. I (6-1t) 

~GRx = --5. 41 (6- IZ) 

HzO "~ H z .+ t/z,Oz 

The ne t  o v e r a l l  r e a c t i o n  " s p l i t s "  w a t e r  into h y d r o g e n  and oxygen,  The t e m -  

p e r a t u r e s  a r e  s e l e c t e d  so that  the Gibbs  f r e e - e n e r g y  change for  each  r e a c t i o n  

i s  m i n i m i z e d  and so that  the t e m p e r a t u r e s  a r e  wi th in  an enve lope  of 25 o to 

9 2 5 ° C .  R e a c t i o n s  6-10 and 6 - 1 2 h a v e  f r e e - e n e r g y  changes  of - - 8 . 5  and 

- - 5 . 4 1 ,  r e s p e c t i v e l y ,  and t h e o r e f f c a l l y  wi l l  not  r e q u i r e  w o r k  inputs  to g e n e r a t e  

a p p r e c i a b l e  quan t i t i e s  o f  r e a c t i o n  p r o d u c t s .  Admi t t ed ly ,  this  does  no t  in-  

c lude  the w o r k  inputs  n e c e s s a r y  fo r  p r o d u c t  m i x t u r e  s e p a r a t i o n .  Reac t ion  6-11 ,  

ho~vever, does  have a pos i t i ve  f r e e - e n e r g y  change ,  + 15.1 kca l  at  925 ° C, 

and wil l  r e q u i r e  a w o r k  input .  We have ,  h o w e v e r ,  in t h e o r y  r e d u c e d  the 

work requirements for splitting one mole of water from 56.7 %o 1 5. 1 kcal. 

This  c u r s o r y  look  at  the b a s i c  t h e r m o d y n a m i c  c o n s i d e r a t i o n s  fo r  r e a c t i o n  

and t e m p e r a t u r e  s e l e c t i o n  can be s u m m a r i z e d  as fo l lows .  F o r  a p r o m i s i n g  

t h e r r n o c h e m i c a l  c y c l e ,  r e a c t i o n s ,  and t e m p e r a t u r e s  fo r  those  r e a c t i o n s ,  

should be s e l e c t e d  so that  the f r e e - e n e r g y  change fo r  each  r e a c t i o n  i s  m i n i -  

m i z e d  and should  fal l  within a t o l e r a b l e  range .  (Mos t  r e s e a r c h  o r g a n i z a t i o n s  

have s e l e c t e d  a range  not  l a r g e r  than --15 kca l  to + Z0 kca l  p e r  r e a c t i o n ,  

p e r  g r a m - m o l e  of h y d r o g e n  p r o d u c e d . )  T e m p e r a t u r e s  should  be s e l e c t e d  

between 25 °C and some maximum temperature that could be supplied by 

a futuristic heat source. (This maximum temperature varies between 800 ° 

and I000 o C, depending on the research organization. ) 

There are other considerations that must be examined in evaluating 

therrnochernical cycles. Some of these are work requirements for gas 

separations, the exchange of heat within the cycle, corrosivity of chemical 

compounds, interfacing the thermochemical cycle with a heat source, and 

reaction kinetics. These considerations are discussed in the following 

paragraphs. 
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Efficiency Calculations for Thermochemical Cycles 

Although most research organizations have determined theoretical maxi- 

mum (ideal) efficiencies for thermochen~Lcal cycles, relatively few groups 

have tried to calculate or estimate realistic values or process operating 

efficiencies. Each organization has devised its own ,~nethod of efficiency 

evaluation that best suits the objectives of its program. To date, no one 

method has been established as the best approach, although it may be ad- 

vantageous to determine a scheme that will allow" each team of researchers 

to measure the quality of its cycle against those proposed by others. 

Importance of Energy Efficiency for Thermochemical Cycles 

The efficiencies of cycles may be the most important criterion in deter- 

ruining the most promising cycle. As in electrolysis, operating costs of 

thermocheruica[ processes ,nay contribute significantly to the hydrogen 

production cost. A consideration of the electrolysis process for hydrogen 

production is useful at this point: For example, Figure 6-3 shows the effect 

of the cost of electricity on the cost of hydrogen produced by electrolysis, z0 

In Figure 6-3, the abscissa intercepts are directly related to the capital 

costs for an advanced electrolyzer plant. The slope of the cost lines reflect 

the electrolyzer efficiency. Because the cost of nuclear electricity is in 

excess of 10 rnills,/kWhr, operating costs will be at least 65%% to 80~ of 

the production cost of electrolytic hydrogen. The more efficient the electro- 

lyzer operation, the lower the hydrogen cost (after some power cost is 

assumed). 

It is interesting to note that an estimated 67% or more of the proportion of 

capital costs associated with a nuclear heat supply versus those associated 

with an entire conventional nuclear-electricity generating plant is attributable 

to the nuclear heat supply, ii, 15 Hence, the nuclear-heat portion o5 all plant 

capital costs for electrolytic and ther:nochen~ical hydrogen production will be 

relatively large for processes of reasonable and competitive costs. A recent 

sttldv Is that included projections ol costs ior thern~ochen1[cal hydrogen placed 

the nuclear-heat portion of the hydrogen produc~io~ cost at 44~. Eviden[ly, 

efficiency o5 t/~e use of nuclear heat will have a strong influence on both 

electrolytic and thermochem[cal hydrogen production - i.e., the greater 

the efficiency, the cheaper the cost ot the hvdrt~en (for similar plant capital 

costs). 
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F i g u r e  6-3. COST OF HYDROGEN PRODUCED BY 
AN ADVANCED ELECTROLYZER 

The e f f i c i e n c y  of a c y c l e  can  be def ined  as  the hea t  ava i l ab le  in the h y d r o -  

gen p r o d u c e d  (usua l ly  c o n s i d e r e d  to be the high hea t ing  va lue ,  HHV, of  the 

hydrogen ,  o r  68 .3  k c a l / g - m o l )  d iv ided  by the quan t i ty  of hea t  r e q u i r e d  to 

p r o d u c e  one g r a m - m o l e  of hydrogen ;  this  quo t i en t  i s  m u l t i p l i e d  by 100. 

HHVH2 
E f f i c i e n c y  = H e a t  Input X 100 (6-13) 

The HI-IV of hyd rogen  is r e c o m m e n d e d  as  the m e a s u r e  of p roduc t  e n e r g y  fo r  

th ree  r e a s o n s :  

1. 

, 

The ttHV is  c o n s i s t e n t  with the o v e r a l l  t h e r m o d y n a m i c  r e q u i r e m e n t s  of  
w a t e r  spli t t [ng.  Liquid w a t e r  is  the p r i m a r y  r aw  m a t e r i a l ,  and ga seous  
hydrogen  and oxygen a re  the p r o d u c t s .  The entha lpy  of this  d e c o m p o s i t i o n  
p r o c e s s  (at 1 arm and Z5°C)  i s  equa l  to the nega t ive  of the HHV of hydrogen .  

Although m o s t  f u e l - b u r n i n g  e q u i p m e n t  u s e d  today does  not  e x t r a c t  even  
the low heat ing  value  (LHV) of the fuel ,  e n e r g y  c o s t s ,  c o n s e r v a t i o n ,  and 
e m p h a s i s  on e f f i c i e n c y  wi l l  tend to r e m e d y  this  w a s t e  in the fu tu re  - 
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3. 

p a r t i c u l a r l y  if m a n u f a c t u r e d  h y d r o g e n  is the fue l .  I a b o r a t o r y  t e s t s  of 
d e v e l o p m e n t a l  m o d e l s  of  h y d r o g e n - b u r n i n g  a p p l i a n c e s  h a v e  a l r e a d y  d e m o n -  
s t r a t e d  t ha t  it i s  p o s s i b l e  to e x t r a c t  m o r e  than the L H V  of  h y d r o g e n  fue l .  
F u r t h e r ,  i t  would  m a k e  l i t t l e  s e n s e  to d e a l  x~ith u t i l i z a t i o n  e f f i c t e n c i e s  
e x c e e d i n g  100% ( b a s i s  LHV) in the f u t u r e .  

The  G a s  U t i l i t y  I n d u s t r y  u s e s  the HHV by c o n v e n t i o n  and  by  s t a t u t e .  T h i s  
i s  no t  a r b i t r a r y ,  b u t  i s  p a r t l y  b e c a u s e  c o m p a r a b l e  c a l o r i m c t r y  d e t e r -  
m i n a t i o n s  c a n  m o s t  {-asily and a c c u r a t e l y  be m a d e  by c o n d e n s i n g  the c o n -  
d e n s a b l e  p r o d u c t s  of  c o m b u s t i o n  (HzO) and c o o l i n g  to n e a r  r o o m  t e m p e r a -  
t u r e .  

Techniques for Estimating Cyclc Efficiency 

A form of Equation 6-13 is used by almost all research organizations 

that attempt to estimate cycle efficiencies. However, distinctions between 

t e c h n i q u e s  f o r  e f f i c i e n c y  e s t i m a t i o n  ( e x p l a i n e d  be low)  l ie  in d e t e r m i n i n g  the 

d e n o m i n a t o r  of  the e q u a t i o n .  On ly  a few u r g a m z a t i o n s  h a v e  not  d e v e l o p e d  

e f f i c i e n c y  c a l c u l a t i o n  p r o c e d u r e s .  U s u a l l y ,  t h e s e  o r g a n i z a t i o n s  h a v e  done  

v a l u a b l e  s u r v e y  w o r k  and  h a v e  no t  b e e n  c o n c e r n e d  wi th  d e r i v i n g  and  e v a l u a t -  

ing  c y c l e s .  E x a m p l e s  of  such  o r g a n i z a t i o n s  a r e  A t o m i c  E n e r g y  of C a n a d a ,  

L t d . ,  P e c h i n e y  Ugine  K u h l m a n n  ( P a r i s ) ,  and the S t e v e n s  I n s t i t u t e  of T e c h n o l o g y .  

O t h e r  o r g a n i z a t i o n s ,  s u c h  a s  La~x-rence L i v e r m o r e  L a b o r a t o r y  ( L L L )  and  I o w a  

S ta t e  U n i v e r s i t y ,  h a v e  b e e n  m o r e  c o n c e r n e d  wi th  c y c l e  c h e m i s t r y  and h a v e  

no t  c o n c e n t r a t e d  on e f f i c i e n c y  e s t i m a t e s .  

The  r e s e a r c h e r s  a t  L L L  de ,  h o w e v e r ,  e m p l o y  a s i m p l e  e s t i m a t e  of 

" e f f i c i e n c y "  in o r d e r  to m e a s u r e  the q u a l i t y  of  one c y c l e  a g a i n s t  a n o t h e r .  

T h e y  c a l c u l a t e  a h e a t  i npu t  t h a t  i s  e q u a l  to the s u m  of the e n t h a l p y  c h a n g e s  

of  a l l  e n d o t h e r m i c  r e a c t i o n s  c a l c u l a t e d  a t  Z5 ° C. T h i s  i s  by no m e a n s  an 

e s t i m a t e  of  p r o c e s s  e f f i c i e n c y .  I n d e e d ,  i t  i s  n o t h i n g  m o r e  than  a " y a r d s t i c k "  

by  w h i c h  to m e a s u r e  the e x p e c t e d  e n e r g y  inpu t s  of  c y c l e s .  

T h e r e  a r e  c e r t a i n  r e a s o n s  f o r  t ak ing  th i s  a p p r o a c h .  F i r s t ,  i t  is  a q u i c k ,  

s i m p l e  w a y  to c o m p a r e  c y c l e s .  S e c o n d .  t h e r e  i s  e x t e n s i v e  t h e r m o d y n a m i c  
O 

d a t a  ( e . g . ,  e n t h a l p y  o f  f o r m a t i o n )  f o r  c h e m i c a l  c o m p o u n d s  a t  Z5 C, but  

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

T h e r e  a r e  a l s o  m a n y  d i s a d v a n t a g e s  to th i s  s i m p l e  e s t i m a t i o n  o r  c o m p a r i s o n  

p r o c e d u r e .  F i r s t ,  i t  m a k e s  no d i s t i n c t i o n  bet~.veen f r e e - e n e r g y  (work )  r e -  

q u i r e m e n t s  and e n t r o p y  (hea t )  r e q u i r e m e n t s ;  and ,  of  c o u r s e ,  i t  d o e s  no t  a c c o u n t  

f o r  the r e l a t i v e  c h a n g e  b e t w e e n  the  two a s  a f u n c t i o n  of t e m p e r a t u r e  f o r  a 
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chemical reaction. Second, work requirements for reaction product separa- 

tion are ignored, and these requirements may be significantly different for 

cycles of 'rsimilar" chemistry. Additionally, this procedure does not account 

for internal heat utilization and rejection (waste) that occurs from heat ex- 

change between steps within the cycle. 

Los Alamos Scientific Laboratories (LASL) makes a small addition to 

the LLL method. Researchers there sum the enthalpy changes of the endo- 

thermic reactions calculated at 25°C and add to that the sum of the positive 

free-energy changes of reactions calculated at Z5 o C. This total is assumed 

to be the heat input, and an efficiency is calculated via Equation 6-13. 

Again. this efficiency is only used as a measure of quality and should not 

be confused with process-type eff[eiencies. However, even as a comparative 

technique it suffers from some of the deficiencies enumerated above for the 

LLL procedure. It should he noted that free energy is not equivalent to heat; 

it generally takes about 3 units of heat to generate one unit of work. Cycles 

of similar chemistry may require significantly different work inputs, and the 

LASL procedure partially accounts for this (on a comparative basis) by account- 

ing for reaction free-energy changes - hut only at 25 o C. 

Researchers at Argonne National Laboratories, who have published 

articles on cycle analysis, * have developed a thermodynamic scheme for 

e stirnating cycle efficiency or "figure of merit. " They prefer to analyze 

cycles with respect to the operation of a heat engine, and they define a "figure 

of merit" that is equal to the free-energy change of water splitting at 25°C 

divided By the heat requirement, as shown in Equation 6-14. 

Figure of Merit = ~ = 2 (Heat Required) (6-14) 

To determine the figure of merit for a multistep cycle, a temperature- 

entropy diagram is constructed. On such a diagram, the reaction steps 

are isothermal lines at the reaction temperature, and the lJ.nes connecting the 

isotherms represent the heating and cooling of materials streams. A material 

phase change would also be represented by an isotherm. The enclosed area 

of the temperature-entropy diagram must be the work accomplished by operat- 

ing the thermochem~cal cycle, AG~(HzO). A s~mplifyln~ assurnptlon ~s t~,at 

the hi, at absorbed and the heat rejected during the heating and cooling ,,f 
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the reactants and products are equal, so that the reactants are heated to the 

reaction temperature through perfect heat interchange with the products. 

The heat required for the cycle is determined mathematically by multiplying 

the algebraic sum of the entropy changes by the associated temperatures. 

The procedure is elegant from the standpoint of thermodynamics; however, 

it assumes that thermochemical cycles require only heat inputs for opera- 

tion and that, for comparative analysis, cycles can he evaluated by entropy 

input only. The idealizations about heat capacity, and heat exchangc are 

acknowledged, and the associated errors would be relatively small. How- 

ever, the w-ork requirements (and the attendant heat energy) to drive re- 

actions, separate products, compress gases, etc., would have to be 

a c c o u n t e d  fo r  s e p a r a t e l y .  T h e s e  q u a n t i t i e s  can  be l a r g e  and d i s s i m i l a r ,  even  

for cycles of similar-appearing chemistry. 

Researchers at General Electric Co. have published thermochemical cycles 

and have calculated efficiencies for three of thcir cycles. 9, 10 They calculate 

the enthalpy changes for reactions at the postulated temperatures and assume 

that the process heat requirements are equal to the sum of the enthalpy changes 

for the endothermic reactions. To this value they add between 10% and 15~ 

of that heat as energy needed for pumping and to compensate for miscellaneous 

l o s s e s .  (Th is  va lue  was  a s sun~ed  based  on s i m i l a r  inpu t  r e q u i r e m e n t s  of oil  

r e f i n e r i e s . )  This  to ta l  h e a t  r e q u i r e m e n t  is  then  d iv ided  into the low h e a t i n g  

va lue  of h y d r o g e n  (57 .6  k c a l / g - m o l )  to ob t a in  an e f f i c i e n c y .  (As p r e v i o u s l y  

s t a t e d ,  i t  is ou r  opin ion  tha t  the h igh  h e a t i n g  va lue  of h y d r o g e n  would  be 

p r e f e r a b l e  and m o r e  c o n s i s t e n t . )  

The U n i v e r s i t y  of Ken tucky ,  EURATOM,  and the I n s t i t u t e  of Gas  T e c h n o l o g y  

have  gone a s tep  f u r t h e r  wi th  c y c l e  e f f i c i e n c y  e s t i m a t e s .  They  c a l c u l a t e  a 

p r o c e s s  h e a t  r e q u i r e m e n t  in the fo l lowing  m a n n e r :  All h e a t  r e q u i r e m e n t s  

for endothermie reactions and for heating compounds from one reaction 

temperature to a higher one are determined. This requires heat-capacity 

and phase-change data or estimates. Likewise, those process steps in which 

heat is liberated are determined _ that is, those involving exothermic re- 

actions and heat release from cooling a component from some temperature 

to a lower temperature. Calculations are then performed to determine where, 

according to temperature levels in the cycle, the available heat can be used 

to supply endothermic requirements. As much usable heat as possible is 
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t r a n s f e r r e d  i n t e rna l l y  b e t w e e n  e n d o t h e r m i c  and e x o t h e r m i c  s t eps .  A ne t  

hea t  input is r e q u i r e d  to s a t i s f y  all r ema in ing  e n d o t h e r m i c  r e a c t i o n s  and 

componen t  s t r e a m s .  This  i s  the p r o c e s s  hea t  r e q u i r e m e n t .  (This  p r o c e d u r e  

a s s u m e s  hea t  exchange  e f f [ c i e n c i e s  of 1 0 0 ~ . )  

In addi t ion to the p r o c e s s  hea t  r e q u i r e m e n t ,  t he re  a re  w o r k  r e q u i r e m e n t s  

for  gas  s e p a r a t i o n s ,  f o r  [npL~ts to d r ive  r e a c t i o n s  (mechan ica /  o r  e l e c t r i c a l  

inputs) ,  and s o m e t i m e s  fo r  c o m p r e s s i o n  for  e l e v a t e d - p r e s s u r e  ope ra t ion .  

The work term for gas separations is assumed to be equal to the free energy, 

~G, of separation calculated by Equation 6-15: 

ZiGSEP = I~T~ a.lnx.1 I (6-15) 

"~,h e re -- 

a. = moles of gas component i at equilibrium 
i 

x. = mole fraction of gas component i at equilibrium. 
1 

Before separation, attainment of either equilibrium concentration at the reaction 

temperatures or some stated extent of reaction (percent of equilibrium) may 

be assumed for the mixture of gases. 

This manipulation is done for all reactions involving gas separations. 

When possible and advantageous, IGT uses an additional procedure to cool 

the gas mixture (to a lower step temperature) before the (mathematical) 
separation is accounted for. In a case in which work is required to achieve 

reasonable yields from a chemical reaction, the quantity of work is assumed 

to be at least the positive free-energy change of the reaction. For example, 

an electrochern[cal or electrolysis step is presumed 80~o efficient, requiring 

125% of the reaction free-energy requirement. 

The sum of the work terms is the total work input required for the cycle. 

At this point, the £xvo research groups manipulate the numbers d[~ferenf/y. 

The Un[verslty of Kenttleky 7 assumes a heat-to-work efficiency of 30~ 

(constant). They determine the heat required to generate this %work, add 

it to the process heat requirements, assume this to be the total heat input, 

and calculate an efficiency like Equation 6-13 - or more explicitly, accord- 

ing to Equation 6-16: 
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E f f i c i e n c y  o r  F i g u r e  of  M e r i t  = 
HH VH7 - 

(Process Heat Input) + 
W o r k  I n p u t  

0.30 

X I00 

where HHVH2 is the high heating value of hydrogen. 

IGT first examines the waste heat from the enthalpy balance - that is, 

the exothermic heat not available for exchange within the cycle. If heat of 

a temperature high enough (above 3Z5°C) to be practically useful in generating 

work is available, it is converted to work via a mower plant with an arbitrarily 

assumed efficiency. This quantity of work is then subtracted from the cycle 

work requirement. If more work is required, the heat needed for this work 

is determined via a power-plant efficiency formula in which the maximum 

temperature is arbitrarily assumed to be the highest (endothermic) reac- 

tion temperature of the cycle and the lowest temperature (for waste heat) is 

125 °C. In attempting to calculate a realistlc maximum efficiency attain- 

able for a working thermochemical process, IGT uses a limited Carnot factor 

to determine the work value of heat with respect to temperature. The follow- 

ing equation is used when mathematically converting heat into work: 

TM.AX -- 400  
W = r / Q  (. ) ( 6 - 1 7 )  

T M A X  
whe  r e  - 

W = 

= 

Q = 

w o r k ,  k c a l  

f r a c t i o n  e f f i c i e n c y  (o f  C a r n o t )  

h e a t ,  k c a l  

T I % ~ X  = m a x i m u m  t e m p e r a t u r e  of  h e a t  f r o m  w h i c h  w o r k  
c a n  b e  g e n e r a t e d ,  ° K  

I G T  u s e s  a f r a c t i o n a l  e f f i c i e n c y ,  77 , e q u a l  t o  0. 5 w h e n  c a l c u l a t i n g  e f f i c i e n c i e s  

b a s e d  on  c u r r e n t  t e c h n o l o g y .  H o w e v e r ,  b e c a u s e  t h e r m o c h e m i c a l  h y d r o g e n  

p r o d u c t i o n  w i l l  n o t  be i m p l e m e n t e d  i m m e d i a t e l y ,  s u c h  w o r k - g e n e r a t i n g  c y c l e s  

s h o u l d  a c c o u n t  f o r  f u t u r e  t e c h n o l o g i c a l  an d  e f f i c i e n c y  a d v a n c e s .  B a s e d  on 

p r o j e c t i o n s  f o r  an o p t i m i z e d ,  s t a g e d  R a n k i n e  c y c l e  w i t h  m e r c u r y  t o p p i n g ,  

I G T  u s e s  the  v a l u e s  of  7] a c c o r d i n g  to  T a b l e  6 - 3 .  
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T a b l e  6-3. FRACTIONAL EFFICIENCY OF CARNOT FOR 
FUTURE-TECHNOLOGY VfORI< GENERATION CYCLES 

T e m p e r a t u r e ,  o K "0 

700 O. 65 
800 0.67 
900 0.68 

1000 0 . 6 9  
II00 0.68 
1200 O. 68 
1300 0.67 
1400 0 , 6 6  

To c a l c u l a t e  an e f f i c i e n c y ,  IGT d iv ide  s the  h igh  h e a t i n g  v a l u e  of  h y d r o g e n  

b y  the sum of the process heat and the heat required to generate work: 

HH~VH~ 

Efficiency = (Process Heat Input) + Work Input X 100 
~7 

Calculating efficiencies, if done manually, is time-consuming. 

(6-1s) 

The re  - 

f o r e ,  r e s e a r c h e r s  a t  IGT ,  the  U n i v e r s i t y  of K e n t u c k y ,  and  E U R A T O M  ( t s p r a )  

have  c o m p u t e r i z e d  p r o g r a m s  for  th i s  p r o c e d u r e .  (The  E U R A T O M  c o m p u t e r  

p r o g r a m  w a s  f o r m u l a t e d  b y  the U n i v e r s i t y  of  A a c h e n ;  i t  i s  s i m i l a r  to the 

p r o g r a m  at  the U n i v e r s i t y  o f  K e n t u c k y . )  A c o m p u t e r  p r o g r a m  m a k e s  the 

t a s k  m o r e  w o r k a b l e  i f  s u f f i c i e n t  p r o p e r t y  d a t a  a r e  a v a i l a b l e ,  

O t h e r  r e s e a r c h  o r g a n i z a ~ o n s  have  n a r r o w e d  o r  i s o l a t e d  t h e i r  i n v e s t i g a -  

t ions  to on ly  a f e w  c y c l e s .  W e s t i n g h o u s e  E l e c t r i c  C o r p . ,  G e n e r a l  A t o m i c  

C o . ,  and (in s o m e  c a s e s )  E U R A T O M  h a v e  done ,  o r  a r e  in the p r o c e s s  of  

doing,  e n g i n e e r i n g  f l o w s h e e t i n g .  B y  do ing  a c o m p l e t e  h e a t  and m a t e r i a l  

b a l a n c e  ( inc lud ing  p u m p i n g  and  c o m p r e s s i o n  r e q u i r e m e n t s )  and p r o d u c t  

s e p a r a t i o n s  and r e c y c l e s  and  by  e st ima~_ng h e a t  e x c h a n g e r  l o s s e s  and m a t e r i a l  

m a k e u p ,  a m o r e  e x a c t  p r o c e s s  e f f i c i e n c y  can  be  g e n e r a t e d .  T h i s ,  h o w e v e r ,  

i s  v e r y  t i m e - c o n s u m i n g  and  c o s t l y .  In m o s t  c a s e s ,  k i n e t i c  d a t a  n e c e s s a r y  

fo r  de s ign ing  r e a c t o r  s,  h e a t  e x c h a n g e r s ,  and o t h e r  e q u i p m e n t  a r e  no t  a v a i l -  

ab le .  A s s u m p t i o n s  m u s t  b e  m a d e  a s  to w h e t h e r  s t e p s  a r e  h e a t -  o r  m a s s -  

t r a n s f e r  l i m i t e d .  C o n s t r u c t i o n  m a t e r i a l s  o r  e q u i p m e n t  s p e c i f i c a t i o n s  m u s t  

be dec~ded on; and,  though  d i f f i cu l t ,  h e a t - t r a n s f e r  c o e f f i c i e n t s  m u s t  be  e s t i -  

m a t e d  f o r  the e x o t i c  m a t e r i a l s  and e n v i r o n m e n t s .  T h i s  w o r k  is  p r e m a t u r e  

f o r  m a n y  c y c l e s  due  to the l a c k  of  e x p e r i m e n t a l  da ta .  A l s o ,  m a n y  r e s e a r c h  

o r g a n i z a t i o n s  h a v e  n e i t h e r  the  f a c i l i t i e s  n o r  a f i n a n c i a l  Budget  c a p a b l e  of  
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handling such work. This type of program necessitates selection of one or 

t~o cycles that are assumed to be the most promising. 

It should be reiterated that there is a certain Carnot-type limitation 

for thermochemical cycles. Therefore, other factors being equal, cycles 

that accept heat at high temperatures should inherently have higher effi- 

ciencics than those that accept heat at lower temperatures. For example: 

A cycle that utilizes heat at 900 ° C may have a maximum attainable effi- 

ciency of 45% and a cycle that operates with a maximum-temperature heat 

requirement of 750°C may have a 40% efficiency. In this case (by com- 

parison to a Carnot cycle), the second cycle utilizes the lower quality heat 

(750°C and below) more "efficiently" than does the first cycle, even though 

the first has a 5%-higher overall efficiency. Therefore, energy efficiencies 

should be normalized with respect to the temperature levels of heat accep- 

tance. The Institute of Gas Technology does this by comparing calculated 

efficiencies for thermochemical cycles with an ideal efficiency for electro- 

lytic hydrogen production where like quantities of heat are available, at the 

same temperature as that used within the thermochemical cycle, for generat- 

ing e l e c t r i c i t y .  D i v i d i ng  t h e s e  two e f f i c i e n c i e s  r e s u l t s  in  a " w a t e r - s p l i t t i n g  

r a t i o "  t ha t  t a k e s  i n t o  a c c o u n t  the q u a l i t y  of the h e a t  u t i l i z e d .  

In s u m m a r y ,  t h e r e  is  no a c c e p t e d  s t a n d a r d  t e c h n i q u e  f o r  c a l c u l a t i n g  e f f i -  

ciencies. The term "efficiency" or "figure of merit" is used by all re- 

searchers, but the numbers generated by the different groups are not com- 

parable. Even the terms themselves are often misleading. To date, none 

of the numbers generated could be considered as practical process effi- 

ciencies. Rather, they are more correctly construed as maximum attain- 

able efficiencies or figures of merit for various levels of ideality assumed 

for the cycle in question. 

Evaluating Cycle s 

Thus far, the most generally accepted method of evaluating cycles, energy 

efficiency, has been discussed. Efficiency (when calculated on a consistent 

basis) is probably the most important parameter and the best for comparison 

of different cycles. There are, though, a number of other parameters that 

should be closely examined when evaluating cycles. The following is a list 

of the key parameters used by researchers for such evaluations: 
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• E n e r g y  e f f i c i e nc y  ( f igure  of m e r i t )  

• He~t t r a n s f e r  and r e a c t i o n  r a t e s  (k inet ics)  

• N u m b e r  of r e a c t i o n  s teps  

• C o r r o s i v e  p r o p e r t i e s  of c h e m i c a l  i n t e r m e d i a t e s  

• Avai labi l i ty  and cos t s  of r a w  m a t e r i a l s  (makeup m a t e r i a l  f o r  the cyc le)  

• T e m p e r a t u r e  schedu le  of hea t  r e q u i r e m e n t s  ( h e a t - s o u r c e  i n t e r f a c e ) .  

The ex ten t  of c o n s i d e r a t i o n  of these  p a r a m e t e r s  was  d e t e r m i n e d  th rough  

personal and phone interviews with a majority of the research organizations 

listed in Appendix B. Efficient cycles generally have steps that are staged in 

temperature to accommodate internal heat exchange between exothermic and 

endotherrnic steps. Maximizing this internal exchange of heat helps to mini- 

mire waste heat. Kinetics have an indirect effect on efficiency, and therlno- 

dynamics alone cannot be used to predict the magnitude of this effect. If 

the kinetics are slow, more heat loss to the environment per unit of hydro- 

gen produced will occur. Rapid kinetic s are particularly advantageous for 

the high-temperature, endothermic steps of a cycle. 

One general trend a number of researchers have observed is that the 

fewer the chemical reactions within the cycle, the higher the predicted 

efficiency. 

This makes sense because there willbe fewer heat-transfer steps, fewer 

gas separations, fewer material-handling steps, and less overall system 

pressure drop. Hence, the number of chemical process steps is drastically 

reduced. 

Some researchers believe that a 2-step, pure thermochemical cycle can 

be proved to be thermodynamically impossible when practical temperature 

conditions are imposed. 1,8 To date, there are no known pure thermo- 

chemical cycles -- [. e., those that require only heat inputs; and there are 

no kDo%vn workable Z-step cycles that are essentially thermoehemical. 

Sorr~e research organizations have presented cycles that are not purely 

thermochernical; these are termed "hybrids" or "heat-plus-work ''4 cycles. 

They have one or more reactions that are performed essentially with electro- 

chemical or mechanical work inputs. This scheme is often used when a 
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r e a c t i o n  wi th in  a c y c l e  c a n n o t  be t h e r m a l l y  d r i v e n .  >-'or e x a m p l e ,  if the f r e e -  

e n e r g y  c h a n g e  of a r e a c t i o n  is  s l i g h t l y  p o s i t i v e ,  the r e a c t i o n  m i g h t  be m a d e  

to p r o c e e d  i f  a c o n f i g u r a t i o n  tha t  a l l o w s  the i m p o s i t i o n  of  a s m a l l  e l e c t r i c a l  

p o t e n t i a l  is  f e a s i b l e .  Th i s  s i t u a t i o n  is s o m e t i m e s  o b s e r v e d  in m i l d l y  e n d o -  

t h e r m i c  o r  e x o t h e r m i c  l i q u i d - p h a s e  r e a c t i o n s  in w h i c h  l o w - t e m p e r a t u r e  

o p e r a t i o n  is  d e s i r e d .  R e a c t i o n s  e n h a n c e d  by w o r k  i n p u t s  a r e  c h a r a c t e r i s t i -  

c a l l y ,  bu t  no t  e x c l u s i v e l y ,  t h o s e  tha t  have  i n c r e a s i n g  f r e e - e n e r g y  c h a n g e s  

wi th  i n c r e a s i n g  t e m p e r a t u r e  and tha t  have  a f r e e - e n e r g y  change  b e t w e e n  

--5 a n d + 1 5  k e a l  at Z5 ° c .  A v o l t a g e  of abou t  0 . 3  v o l t s  o r  l e s s  t h e o r e t i c a l l y  

wou ld  be r e q u i r e d  to d r i v e  th i s  type  of r e a c t i o n .  (The  e l e c t r o l y s i s  of  w a t e r  

t h e o r e t i c a l l y  r e q u i r e  s 1. Z3 v o l t s . )  

The  g e n e r a l  c o n s e n s u s  i s  t ha t  c y c l e s  of f r o m  3 to 5 r e a c t i o n  s t e p s  look  

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

abi l i  ty.  

A n o t h e r  k e y  p a r a m e t e r  c o n s i d e r e d  when  e v a l u a t i n g  c y c l e s  i s  the c o r r o s i v -  

try of  the c o m p o u n d s  in the c y c l e .  Many  of the p r o p o s e d  c y c l e s  have  c o m -  

pounds  t ha t  a r e  e x t r e m e l y  c o r r o s i v e  to c o m m o n  c o n s t r u c t i o n  m a t e r i a l s ,  and  

i t  i s  q u e s t i o n a b l e  w h e t h e r  t h e r e  a r e  e c o n o m i c a l l y  a v a i l a b l e  m a t e r i a l s  tha t  

can  c o n t a i n  the c o m p o u n d s  and no t  c o n t a m i n a t e  t h e m .  T h e r e f o r e ,  m a t e r i a l s  

t ha t  can  w i t h s t a n d  h igh  t e m p e r a t u r e s  and c h e m i c a l  a t t a c k  a r e  of u t m o s t  Lm- 

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

e q u i p m e n t  f o r  t h e r m o c h e m i c a l  c y c l e s  have  b e e n  of m o d e r a t e  c o n c e r n  in a 

few r e s e a r c h  p r o g r a m s ,  n o t a b l y  the E U R A T O M  p r o g r a m .  In g e n e r a l ,  d e t a i l e d  

s t u d i e s  of  th i s  type  a r e  p r o b a b l y  p r e m a t u r e  in v i e w  of the s t a t e  of c y c l e  

s e l e c t i o n .  C o r r o s i v i t y  s e e m s  a c h a r a c t e r i s t i c  of w o r k a b l e  c y c l e s ;  but  e f f o r t s  

to d e v e l o p  c y c l e s  i n v o l v i n g  l e s s  c o r r o s i v e ,  but  s u f f i c i e n t l y  r e a c t i v e  i n t e r -  

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

c y c l e  c o m p l i c a t e s  the p r o b l e m  of  m a t e r i a l s  c o m p a t i b i l i t y .  

C y c l e s  i n v o l v i n g  r e l a t i v e l y  n o n c o r r o s i v e  m a t e r i a l s  a r e  of g r e a t  i n t e r e s t  

and a r e  a p r i m e  o b j e c t i v e  of m a n y  r e s e a r c h  p r o g r a m s .  One of the p r o b l e m s  

wi th  t h e r m o e h e m i c a l  h y d r o g e n  p r a d u c t i o n  is  tha t  a l o w - t e m p e r a t u r e  r e a c t i o n  

s t ep  is  o f t en  r e q u i r e d  to c l o s e  a c y c l e .  Al though  h i g h - t e m p e r a t u r e  s t e p s  

u s u a l l y  p r o c e e d  r e a d i l y  (with good k i n e t i c s ) ,  the c o m p o u n d s  in the c y c l e  

m u s t  a l s o  be s u f f i c i e n t l y  r e a c t i v e  ( c o r r o s i w - )  to, p r o c e e d  at  low t e m p e r a -  

t u r e s .  One p o t e n t i a l  way  to d e c r e a s e  c o r r o s i v i W  and s t i l l  have  a w o r k a b l e  
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cycle is by employing a low-temperature electrolytic step - i.e., by using 

a hybrid cycle. 

During our telephone survey, discussions sometimes arose concerning 

the availability of compounds that appear as chemical species in many cycles. 

There are usually two questions regarding them. First, is there enough 

materia.l available to supply numerous plants with initial raw-material 

and makeup requirements? Secondly, will the cost of the raw-material 

charge be prohibitive? 

These questions are difficult to answer. It is difficult to estimate the 

quantity of material necessary to initially charge the process because reaction 

kinetics are unknown. The faster the cycle kinetics, the higher the hydro- 

gen production rate, or the lower the required materials inventory for a 

given hydrogen production rate. The makeup requirements are likewise un- 

known. Again, it should be remembered that the process should be totally 

contained so that the makeup of intermediate compounds is minimal. Even 

the smallest "leak" will cause large makeup requirements that could prove 

too costly for continued economical plant operation. Iz 

What will the new demand for some of the less plentiful compounds do 

to their market prices? It is easy to see the advantages of low cost, plenti- 

ful materials, but limiting the number of elements that can be used in thermo- 

chemical cycles also limits the number of potential cycles. This question 

also remains unanswered, but it is agreed that these parameters are of im- 

portance when evaluating cycles. 

The temperature of the heat required from a heat source is another key 

parameter that should be considered when evaluating a cycle. An HTGR, 

for example, might, in the future, deliver helium from its nuclear core at 

about I000° C and require that the helium stream be reduced to perhaps 

500 °C or below before reinjection to the core. On the other hand, a thermo- 

chemical cycle may require a considerable portion of its heat above an iso- 

thermal condition for a reaction at, say, 800°C. Therefore, there must be 

modifications to the process or a bottoming energy-conversion cycle included 

so that the heat available from the nuclear reactor matches the load of the 

combined processes. There are alternatives for thermochemical cycles 

with problems in this area. First is a need for some electric power to 

operate pumps, compressors, and other utilities for the process. 
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e l e c t r i c  g e n e r a t i n g  p l a n t  c o u l d  be  t he  b o t t o m i n g  c y c l e ,  u t i l i z i n g ,  p e r  the 

e x a m p l e ,  the  u n u s e d  p o r t i o n  of  the  500 ° to 8 0 0 ' ~ G  h e a t .  S e c o n d  i s  the  

p o s s i b i l i t y  of  " s t a c k i n g "  t h e r m o c h e m ~ c a l  c y c l e s ,  bu t  t h i s  m a y  i n v o l v e  

d i f f i c u l t  p r o c e s s  c o n t r o l  and  h e a t  ba la~ncing .  T h i s  p o s s i b i l i t y  w i l l  g e n e r a l l y  

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

of  c h e m i c a l  p r o c e s s  e q u i p m e n t .  

T o  u t i l i z e  h e a t  f r o m  a n u c l e a r  s o u r c e ,  a c o m p a t i b l e  t h e r m o c h e m i c a l  

c y c l e  m u s t  a c c e p t  the  h e a t  f r o m  the n u c l e a r  c o o l a n t  s t r e a m  so t h a t  the  t e m -  

p e r a t u r e  of the  s t r e a m  i s  r e d u c e d  to a c c e p t a b l e  c o r e  r e i n j e c t i o n  l e v e l s .  

S u m m a r i z e d  h e r e  a r e  t h e  a t t r i b u t e s  of  a " g o o d "  t h e r m o c h e m i c a l  c y c l e  

f o r  h y d r o g e n  p r o d u c t i o n  a s  d e r i v e d  f r o m  the  c r i t e r i a  u s e d  b y  the  r e s e a r c h  

o r g a n i z a t i o n s  s u r v e y e d  in  t h i s  s t u d y :  

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

• T h e  c y c l e  k i n e t i c s  s h o u l d  n o t  be  s t r o n g l y  l i m i t e d  b y  s l o w  h e a t - t r a n s f e r  
o r  r e a c t i o n  r a t e s .  F a s t  r a t e s  a r e  g e n e r a l l y  d e s i r a b l e .  

• T h e  c y c l e  s h o u l d  h a v e  a s  f e w  r e a c t i o n  a n d  h e a t - e x c h a n g e  s t e p s ,  g a s  
s e p a r a t i o n s ,  a n d  m a t e r i a l - t r a n s p o r t  s t e p s  a s  p o s s i b l e .  

I t  i s  d e s i r a b l e  t h a t  c h e m i c a l  i n t e r m e d i a t e s  w i t h i n  the  c y c l e  be  n o n -  
c o r r o s i v e  to c o n s t r u c t i o n  m a t e r i a l s  c o m m o n l y  u s e d  in  t he  c h e m i c a l  
p r o c e s s  i n d u s t r y  a n d  t h a t  e x o t i c  c o n s t r u c t i o n  m a t e r i a l s  n o t  be  r e q u i r e d .  

I t  w o u l d  b e  a d v a n t a g e o u s  to u s e  s e v e r a l  c h e m i c a l  i n t e r m e d i a t e s  t h a t  
a r e  a b u n d a n t  a n d  i n e x p e n s i v e .  A c y c l e  t h a t  i n v o l v e s  a r a r e  o r  e x p e n -  
s i v e  e l e m e n t  i s  g e n e r a l l y  u n d e s i r a b l e .  

D I f  a t h e r m o c h e m i c a l  c y c l e  i s  d r i v e n  by  h e a t  f r o m  a n u c l e a r  s o u r c e ,  the 
b e a t  d e m a n d  s h o u l d  m a t c h  the  h e a t  a v a i l a b l e  f r o m  the  n u c l e a r  c o o l a n t  
s t r e a m  a s  i t  c o o l s .  ( T h e  i n h e r e n t  i s o t h e r m a l  a s p e c t  o f  t h e r m o c h e m i c a l  
c y c l e s  a p p e a r s  to  m a k e  t h e m  a d a p t a b l e  to h i g h - t e m p e r a t u r e  s o l a r  a p p l i -  
c a t i o n s . )  

These criteria are of value when comparing one cycle with another or 

with the electrolytic splitting of water. Gliminatlng a cycle because it vio- 

lates a criterion is not good practice, but selecting one cycle as more 

promising than another, based on all criteria, is a practical and necessary 

approach. 
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Heat Source Specifications and Availability 

"We have outlined the chemical and thermodynamic bases for thermo- 

chemical hydrogen production. Cycles that work in the laboratory and 

that have promising efficiencies and/or that meet other evaluation criteria 

are extremely important. At this juncture, however, the future of the~'mo- 

chemical hydrogen produc£ion is largely dependent on the development of 

high-temperature thermal sources. We have shown that, because of the 

second-law ]imitation on the splitting of water into hydrogen and oxygen 

through the application of heat, the highest temperature at which heat can 

be used may produce the most efficient cycle. By having the largest tem- 

perature envelope for selection of reaction operating temperatures, we 

allow the greatest latitude in chemical-species selection. The question 

that really should be addressed is: In the foreseeable future, what thermal 

sources will be available and what temperatures will they attain ? 

In the last two decades, considerable work has been done in the area of 

nuclear-reactor development for electric power generation. Recently, 

however, modest investigations have been directed toward the possibility of 

using nuclear reactors as sources of process heat. Table 6-4 presents 

cnolant temperature ranges for various types of nuclear reactors that are 

h~ operation or are under development. 16 

_~v[ost research organizations have chosen a temperature envelope that 

ranges from a minimum of 25 ° C to a maximum of between 600 o and 

i000 ° C. With this information, from examination of Table 4, and by 

a11oxving a 50 o to I00 °C temperature drop for the heat exchanger between 

the reactor coolant stream and the high-temperature, endothermic step 

of the cycle, it is clear that HTGR' s will be desired for thermochemical 

hydrogen production. GCFBR' s would be marginal in temperature eapa- 

]3ility. Other reactor types would serve as well, or better, for electrolysis. 

If a hydrogen-energy system is contemplated for the future arid if nuclear 

%rater splitting is the hydrogen source, then we must plan reactor develop- 

ment to match the production method. At this time, BWR' s, PWR' s. 

LTGR' s, and even LIV[FBR' s do not appear to be particularly- useful for 

the rrnochemieal hydrogen production. It is disturbing to note that the U.S. 

breeder reactor program, the success of which is vital for the provision of 

enough nuclear energy to meet our post-f990 demands, is based upon the 
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Table 6-4, NUCLEAR REACTOR COOLANT TEMPERATURES 

R e a c t o r  Type Coolant  
R e a c t o r  C o r e  Coolant  Exi t  

Temp.  , oc 

BWR (bo i l i ng -wa te r  reactor, 1957 technology ,  
Va l l ec i t o s )  

PWR ( p r e s s u r i z e d - w a t e r  r e a c t o r s ,  1957 
t e c h n o l o g y ,  Shippingpor t ,  s u b m a r i n e s )  

LTGR ( l o w - t e m p e r a t u r e ,  g a s - c o o l e d  r e a c t o r ;  
1963 technology ,  Windsca le ,  G r e a t  Br i ta in)  

BWR/SH (bo i l i ng -wa te r  r e a c t o r  with supe rhea t ,  
c u r r e n t  technology)  

L~IFBR (liquid-metal, fast-breeder reactor; 
experimental) 

GCFBR (gas-cooled, fast-breeder reactor; 
experinlental) 

HTGR (high-temperature, gas-cooled reactor; 
1967 technology, Peach Bottom) 

HTGR-Otto (same as above with "Otto" fueling 
scheme, experimental, Germany) 

UHTGR(same as above, 1969 experiments, 
LASL) 
Rover (nuclear rocket power plant, 1970 to 
1972, LASL or Aerojet-Westinghouse NERVA 
pro jec t )  

W a t e r  

W a t e r  

C a r b o n  dioxide 

Wa te r  

Liquid sod ium 

Hel iu ln  

H e l i u m  

H e l i u m  

H e l i u m  

H y d r o g e n  

250-325 

275-350 

350-575 

450-575 

450-625 

500-700 

780-900 

900-1000 

1000-1300 

2000-2500 

GO 

tn 

co 
~D 
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L]~HTBR, w h i c h  is  p r o b a b l y  no t  accep tab le  as a hea t  s o u r c e  f o r  a t h e r m o -  

chemical hydrogen process. 

The nuclear-electric industry has made various estimates of the demands 

for nuclear-elec£ricii-y generation capacity through the years 1990 and Z000. 

~re have considered, for the purposes of illustra~on, the extra amount of 

nuclear eapacit 5, that will have to be developed to meet the deficit in natural 

gas supplies that are projected to exist in the year Z000. Estimates of the 

demand for natural gas in the year 2000 are on the order of 65 trillion 

SC]F/vr, and it is generally accepted that only about half of this demand 

will be met \xith domestic, imported, and substitute natural gas sources. 

Thus, a deficit of about 33 trillion SCF/yr (or 33 quadrillion Btu/yr) is 

e.~ec ted. 

This deficit can be compensated for in three ways. One way is to 

altogether deprive the U.S. energy market of this energy, requiring 

enormous conservation measures and probably resulting in a lowering of 

economic standards throughout the country. Another way is to meet this 

energy demand with nuclear-generated electricity, thus requiring major in- 

stallations of new transmission, distribution, and utilization equipment. The 

third way is to supply synthetic hydrogen, made through use of a nuclear 

energv source to a part of the U.S. gas market. The nuclear capacity that 

would then be required is within the currently anticipated capability of the 

nuclear industry. 

Assuming that reactor materials technology allows for HTGR process- 

heat production at 925 o to I000 °C in the time frame with which we are 

concerned, we can reasonably anticipate a practical thermochemical hydrogen 

production efficiency of about 50~o. To produce 33 quadrillion Btu/yr of 

hydrogen (to meet the gas deficit for the year 2000), we will need a nuclear 

plant capacity of 66 quadrillion Btu/yr, or 2Z50 G'vV (thermal). Because 

nuclear plant capacities today are conventionally expressed in electrical 

generating units, it is convenient for purposes of comparison to correct 

2Z50 GW (thermal) to an equivalent 700 GW (electric), assuming a typical 

31~ muelear generating efficiency (40~, or 900 GW, for all new-technology 

HTGR' s). 

Can an extra 700 GV6 (electric) of nuclear generation be provided by the 

nuclear industry ? Allowing a 20~o downtime for maintenance, refueling, 
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e t c . ,  we a r e  r e a l l y  a s k i n g  fo r  about  850 GW ( e l e c t r i c )  of p l a n t  c a p a c i t y .  

Figure 6-4 shows two projections by the Atomic Energy Commission (AEC)m 

and one by the Atomic Industrial Fcrurn~ (AIF) z of the growth of nuclear- 

electric capacity. The lower two lines are the "most likely r' case and the 

"high" projected case by the AEC. The top line is the AIF' s indication 9 

that a growth rate somewhat greater than the AEC's "high" projection can 

be maintained by the nuclear industry if necessary. Much of the need behind 

the A.EC' s accelerated case is due to an anticipation of a take-over of part 

of today' s fossil-fuel markets by nuclear electricity, it seems reasor~ab]e 

to assume that if, for the sake of this example, nuclear hydrogen is to fi]] 

the natural gas deficit, the electric demand will be amply satisfied hy the 

"most likely" case, 1200 GW (electric). 

In Figure 6-5, we have superimposed a demand point tb_at corresponds 

to meeting both the I200-GW (electric), nuclear-electric demand and the 

850-G1&" ( e l e c t r i c )  n e e d e d  to m e e t  the gas  d e f i c i t  p r o j e c t e d  f o r  the y e a r  2000. 

In t e r m s  of n u c l e a r  c a p a c i t y ,  we a s s u m e  tha t  the c a p a M l i t y  f o r  t h e r m a l  

c a p a c i t y  wou ld  be the s a m e ,  p e r  the AEC and .~IF p r o j e c t i o n s ,  w h e t h e r  the 

" a d d i t i o n a l "  2 2 5 0 - G W  ( t h e r m a l )  be a m i x  of r e a c t o r  t y p e s  o r  p r e d o m i n a n t l y  

H T G R ' s .  Of c o u r s e ,  f o r  t h e r m o c h e m i c a l  h y d r o g e n  p r o d u c t i o n  the c r u c i a l  

q u e s t i o n  i s  w h e t h e r  o r  no t  th i s  p r o j e c t e d  c a p a b i l i t y  can  i n c l u d e  a s i g n i f i c a n t  

H T G R  c o n t r i b u t i o n .  

It  c a n  be s e e n  f r o m  F i g u r e  6 - 5  tha t  a c h i e v e m e n t  of t h i s  t o t a l n u c l e a r  

g e n e r a t i n g  c a p a c i t y  i s  p r o b a b l y  w i th in  the A I F ' s  p r o j e c t e d  n u c l e a r - i n d u s t r y  

c a p a b i l i t y .  H o w e v e r ,  i t  is i m p o r t a n t  to r e a l i z e  tha t  this  p o i n t  can  on ly  be 

a c h i e v e d  by the y e a r  2000 i f  the n u c l e a r  i n d u s t r y  b e g i n s  i t s  a c c e l e r a t e d  

g r o w t h  p a t t e r n  v e r y  soon  - s a y  by 1980 - and c a n n o t  be m e t  if such  a 

d e c i s i o n  to e x p a n d  is  d e l a y e d  un t i l  say ,  1995. T h u s ,  an e a r l y  c o m m i t -  

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

we a r e  to d e v e l o p  the n e c e s s a r y  q u a n t i t y  of  the type  of  r e a c t o r s  n e e d e d  to 

m e e t  o u r  d e m a n d s  of  25 y e a r s  h e n c e .  

To da t e ,  no e x p e r i m e n t a l  w o r k  h a s  b e e n  done on a p p l y i n g  s o l a r  f u r n a c e  

t e c h n o l o g y  to t h e r m o c h e m i c a ~ l  h y d r o g e n  p r o d u c t i o n .  T h e r e  a r e ,  t oday ,  s o l a r  

f u r n a c e s  t ha t  c an  a t t a i n  t e m p e r a t u r e s  a b o v e  1 0 0 0 ° C .  6 T h e y  have  the 

a p p a r e n t  a d v a n t a g e  o f  be ing  ab le  to supp ly  h e a t  a t  s o m e w h a t  m o r e  i s o t h e r m a l  

c o n d i t i o n s  than do n u c l e a r  r e a c t o r s .  T h e r e  a r e ,  h o w e v e r ,  p r o b l e m s  wi th  
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t r a n s i e n t  o p e r a t i n g  cond i t ions  fo r  c h e m i c a l  p r o c e s s  equ ipmen t  and/or dif f i -  

c u l t i e s  in high t e m p e r a t u r e  hea t  s t o r a g e  dur ing  o v e r c a s t  p e r i o d s  and n ight -  

t ime .  These  p r o b l e m s  might  be o v e r c o m e  by u s e  of r e l a t i v e l y  u n c o m p l i c a t e d ,  

h i g h - t e m p e r a t u r e  t h e r m o c h e m i c a l  c y c l e s  of  not m o r e  than 3 r e a c t i o n  s t eps  

that  could be o p e r a t e d  e f f i c i en t l y  and i n t e r m i t t e n t l y .  

Techno logy  D e v e l o p m e n t  and Iden t i f i ab le  Gaps 

The d e v e l o p m e n t  of  t echno logy  for  the r m o c h e m i c a l  h y d r o g e n  p roduc t ion ,  

as  an a p p r o x i m a t e  c o n s e n s u s  c o n s t r u c t e d  a f t e r  our  i n t e r v i e w s ,  is dep i c t ed  

in F i g u r e  6-6 .  The s e r i e s  of s t a g e s  is in tended to p o r t r a y  an o r d e r l y  d e -  

v e l o p m e n t  of  the t echnology .  The s e r i e s  w a s  d e v e l o p e d  a f t e r  i n t e r v i e w s  

with o v e r  20 g roups  r e c e n t l y  a n d / o r  c u r r e n t l y  invo lved  in r e s e a r c h  on 

t h e r r n o c h e m i c a l  hyd rogen  p roduc t ion .  On the a v e r a g e ,  the s ta te  of  t e c h -  

no losy  for  the v a r i o u s  p r o g r a m s  s u r v e y e d  is a t  s tage 3 o r  4. A few g roups  

a r e  s t i l l  work ing  at  s tage  1. A few o t h e r s  have p r o g r e s s e d  to s tage  8; 

but this  r ap id  p r o g r e s s i o n  has  not  inc luded  m o s t  of s t ages  4 and 6, and i t  

has  not  inc luded  any of  s tage 7. (Depending on i t s  f a c i l i t i e s  and ph i losophy ,  

it m a y  be exped i t i ous  fo r  an o rgan i za t i on  to de lay  s tage  7 unt i l  s tage 8 is  

c o m p I e t e d . )  Mos t  of the r e s e a r c h  g r o u p s  i n t e r v i e w e d  p laced  a t t a i n m e n t  of 

s tage  10 in 1985 o r  l a t e r ;  and m o s t  g roups  at s tage  3 o r  4 p l a c e d  a t t a in -  

m e n t  of  s tage 7 in f r o m  1978 to 1980 wi th  annual  funding r e q u i r e m e n t s  of 

f r o m  $ 500. 000 to $1 mi l l ion  and on condi t ion  that,  at this point ,  one cyc l e  

be s e l e c t e d  fo r  f u r t h e r  d e v e l o p m e n t .  

It should a l so  be s t r e s s e d  that  i t  is  d i f f icul t  to d e t e r m i n e  the s t a t e -  

of-the-art fo r  t h e r m o c h e m i c a l  h y d r o g e n  p roduc t i on .  E v e r y  r e s e a r c h  

o rgan i za t i o n  has  a unique a p p r o a c h  with independen t  o b j e c t i v e s  and d i r e c -  

['ion. Many o r g a n i z a t i o n s  have t aken  a p r o p r i e t a r y  stand,  and the i r  " b e s t "  

w o r k  is  unava i l ab l e .  Some r e s e a r c h  tha t  i s  s p o n s o r e d  by p r i v a t e  i n d u s t r y  

is  p r o t e c t e d  f r o m  publ ic  d i s c l o s u r e  a t  this t ime .  

The o v e r a l l  ob j ec t i ve  of  s e v e r a l  r e s e a r c h  p r o g r a m s  i s ,  h o w e v e r ,  d e m -  

o n s t r a t i o n  of a cycIe  in the l a b o r a t o r y .  I t  is  hoped  that  within f ive y e a r s ,  

a b e n c h - s c a l e  d e m o n s t r a t i o n  wi l l  be in con t inuous  o r  s emicon t i nuous  o p e r a -  

tion. R e s e a r c h e r s  at  s o m e  o r g a n i z a t i o n s ,  such as at  LASL,  IGT, GE, 

EURATOM,  and L L L ,  have p r o v e d  the f e a s i b i l i t y  of  individual  r e a c t i o n s .  

Some ( those at LASL,  IGT, and EURATOM) have d e m o n s t r a t e d  c y c l e s  by 

r e c y c l i n g  m a t e r i a l s  through e a c h  r e a c t i o n  s tep  in a b a t c h - t y p e  ope ra t i on ;  
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but  to da t e ,  none h a s  s e t  up a c o n t i n u o u s l y  o p e r a t i v e  c y c l e  in the  l a b o r a t o r y ,  

To do t h i s ,  a r e s e a r c h  g r o u p  m u s t  f i r s t  s e l e c t  one c y c l e .  At  th is  s t age ,  

i t  m a y  be d i f f i c u l t  f o r  m o s t  g r o u p s  to m a k e  s u c h  a s e l e c t i o n  w i t h  any  d e g r e e  

of  c o n f i d e n c e .  I f  th i s  w e r e  done,  i t  would  i m p l y  tha t  the o r g a n i z a t i o n  e i t h e r  

b e l i e v e d  tha t  th i s  c y c l e  wou ld  p r o v e  to be one of  the  b e s t  o r  t h a t  t h e y  had  

s u f f [ c i e n t  funding  to a l l o w  t h e m  to m a k e  a d d i t i o n a l  s e a r c h e s  f o r  b e t t e r  c y c l e s  

in parallel efforts. 

To build a continuous bench-scale operation, kinetic data on all reactions 

are required so that reactor design and sizing will allow compatible and balanced 

material flows throughout the demonstration system. 

The objective of other programs is to eventually do engineering designs of 

proved cycles. These could be used to generate flowsheet-based costs for 

thermochemical hydrogen production - something that has not yet been 

achieved; but, for at least one program, will soon be. When asked about 

capital and operating cost requirements for thermochemical processes, 

most organizations would not comment; and none had "hard data" to present. 

Considerable work will be required to generate the cost figures, but the 

eventual implementation of the rmochemical hydrogen will depend on economics. 

One important factor brought out by ongoing research is that currently 

identified technology gaps would limit the pract[callty of thermochemical hydro- 

gen production. The areas in which research is required can be isolated, and 

appropriate research programs can be initiated now to find solutions before 

the world' s energy demands include large-scale utilization of hydrogen fuel. 

One m a i n  a res ,  t ha t  r e q u i r e s  f u r t h e r  d e v e l o p m e n t  is  the h i g h - t e m p e r a t u r e  

hea t  e x c h a n g e r  for  t r a n s f e r r i n g  hea t  f r o m  the n u c l e a r  r e a c t o r  to the e n d o t h e r m i c  

s t e p s  of  the t h e r m o c h e m i e a l  p r o c e s s .  B e c a u s e  h igh ly  e f f i c i e n t  u t i l i z a t i o n  o f  

hea t  is of  u t m o s t  i m p o r t a n c e ,  hea t  e x c h a n g e r s  Will p l a y  a p r i m e  r o l e  in 

t h e r r n o c h e m i c a l  p l an t  d e s i g n s .  High s u r f a c e  a r e a ,  h i g h - e f f i c i e n c y  hea t  ex-  

c h a n g e r s  m u s t  be d e v e l o p e d  tha t  wi l l  w i t h s t a n d  800* to 1000 ° C t e m p e r a t u r e s ,  

wi th  u l t r a p u r e  h e l i u m  on one s ide  and ,  p o s s i b l y ,  c o r r o s i v e  a t m o s p h e r e s  

on the o t h e r  s ide .  T h e y  m u s t  be of r e a s o n a b l e  s i z e ,  c o s t ,  and e x p e c t e d  

l i f e t i m e .  

The a v a i l a b i l i t y  of m a t e r i a l s  t h a t  c a n  h a n d l e  the c h e m i c a l  e n v i r o n m e n t s  

i s  an a r e a  tha t  w i l l  r e q u i r e  e x t e n s i v e  t e s t i n g  and  d e v e l o p m e n t  w o r k .  N e e d s  
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fo r  m a t e r i a l s  f o r  p a r t i c u l a r  f u n c t i o n s  in t h e r m o c h e m i c a l  cy~zles have  no t  

y e t  be e n  e x t e n s i v e l y  idenf ,  f i ed .  B e f o r e  c o m m e r c i a l i z a t i o n ,  s o m e  of the 

c y c l e s  w i l l  r e q u i r e  new  m a t e r i a l s  to e n s u r e  a d e q u a t e  l i fe  f o r  r e a c t o r  v e s s e l s  

and p ip ing  e x p o s e d  to c o r r o s i v e  a t m o s p h e r e s  at h igh t e m p e r a t u r e s .  C o n -  

s t r u c t i o n  m a t e r i a l s  a r e  e v i d e n t l y  a l i m i t i n g  f a c t o r  in d e t e r m i n i n g  the p r a c t i -  

c a l i t y  of m a n y  of the p r o p o s e d  c y c l e s .  

As d i s c u s s e d  p r e v i o u s l y ,  h igh  t e m p e r a t u r e  h e a t  s o u r c e s  a r e  c u r r e n t l y  

u n d e r  d e v e l o p m e n t .  In G e r m a n y  (KFA)  and in 5apart ,  e x t e n s i v e  w'ork i s  u n d e r  

way  on the d e v e l o p m e n t  of H T G R '  s wi th  c o o l a n t  s t r e a m  t e m p e r a t u r e s  in 

e x c e s s  of  950 ° C .  B e c a u s e  e f f i c i e n t  t h e r m o c h e m i c a ]  h y d r o g e n  p r o d u c t i o n  

m e t h o d s  r e q u i r e  such  t e m p e r a t u r e s ,  the f u t u r e  of t h e s e  m e t h o d s  i s  d e -  

p e n d e n t  on the s u c c e s s f u l  c o m p l e t i o n  o f  th i s  w o r k .  The  p o s s i b i l i t y  of o t h e r  

h i g h - t e m p e r a t u r e  s o u r c e s ,  such  as s o l a r  f u r n a c e s ,  ha s  no t  b e e n  fu l ly  

e x p l o r e d .  

One o t h e r  a r e a  of  c o n c e r n  wi th  n u c l e a r  r e a c t o r s  i n v o l v e s  the c o n t a i n -  

m e n t  of h e l i u m  in the c o o l a n t  loop.  I t  has  been  o b s e r v e d  tha t  in s o m e  t e s t  

l o o p s ,  o p e r a t i n g  in t e m p e r a t u r e  r a n g e s  of 500 ° to 1 0 0 0 ° C ,  a c o m p l e t e  

r e c h a r g e  of h e l i u m  is  r e q u i r e d  e a c h  y e a r .  With  i n c r e a s e d  u s a g e  of H T G R '  s, 

th is  p r a c t i c e  cou ld  b e c o m c  c o s t -  o r  s u p p l y - l i m i t e d ,  

W o r k  on s o l u t i o n s  to the p r o b l e m s  a n t i c i p a t e d  in c o n n e c t i o n  wi th  the gaps  

in h y d r o g e n  p r o d u c t i o n  t e c h n o l o g y  shou ld  be i n c o r p o r a t e d  in to  an o v e r a l l  

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

p r o d u c t i o n  i s  d e p e n d e n t  on f ind ing  t h e s e  a n s w e r s ;  the m e r i t s  of the h y d r o g e n  

p r o d u c t i o n  m e t h o d  a r e  c l e a r  and w a r r a n t  such  i n v e s t i g a t i o n s .  
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7. P R O D U C T I O N  OF HYDROGEN ]BY P H O T O S Y N T H E T I C  PROCESSES  -- 
, ,  , , ,  

R. H. E l k i n s  

I n t r o d u c t i o n  and  P r o b l e m  D e f i n i t i o n  

P r a c t i c a l l y  a l l  of the  e n e r g y  r e q u i r e d  fo r  the  g r o w t h  of ou r  t e c h n o l o g i c a l  

c i v i l i z a t i o n  up to th i s  t i m e  h a s  b e e n  u l t i m a t e l y  s u p p l i e d  by the p h o t o s y n t h e t i c  

c o n v e r s i o n  of s o l a r  e n e r g y  to c e l l u l o s e  and ce l l  m a t e r i a l  tha t  h a s  b e e n  s t o r e d  

t h r o u g h  the  a g e s  as  f o s s i l  f ue l s .  F a c e d  wi th  the r a p i d  d e p l e t i o n  of  t h i s  s o u r c e  

of e n e r g y ,  c o n s i d e r a b l e  a t t e n t i o n  is  now be ing  g i v e n  to  d e t e r m i n i n g  w h e t h e r  

o r  not  (and if so,  to  what  ex ten t )  the  p h o t o s y n t h e t i c  p r o c e s s  c a n  be a c c e l e r a t e d  

to m e e t  c u r r e n t  and f u t u r e  e n e r g y  n e e d s .  The m o s t  f u n d a m e n t a l  p r o b l e m  is 

the i n e f f i c i e n c y  of s o l a r  e n e r g y  c o n v e r s i o n  to c h e m i c a l  e n e r g y .  Wi th  c o n v e n -  

t i o n a l  p l an t  g rowth ,  the  e f f i c i e n c i e s  a r e  g e n e r a l l y  qu i te  low -- o n l y  0 .5% to 

2. 0~,, of  the t o t a l  f lux is  c o n v e r t e d  to f ixed  c a r b o n .  As wi l l  be shown,  t h e r e  

is no t h e r m o d y n a m i c  f a c t o r  p r e v e n t i n g  a t t a i n m e n t  of e f f i c i e n c i e s  as  h igh  as  

10%, fo r  h y d r o g e n - p r o d u c i n g  p h o t o s y n t h e t i c  p r o c e s s e s .  

Of c o u r s e ,  m o s t  r e s e a r c h  a c t i v i t y  in  th i s  a r e a  h a s  c e n t e r e d  on the  m o r e  

c o n v e n t i o n a l  a p p r o a c h e s  fo r  a c c e l e r a t i n g  the  g r o w t h  of  p l an t s  and  a l g a e  or  on 

c o n v e r t i n g  re  s i d u e s  ( p a r t i c u l a r l y  w a s t e s  s u c h  as  h u m a n  and a n i m a l  s e w a g e )  

to m e t h a n e .  6,.9,12,45,46,61 H o w e v e r ,  b e c a u s e  the  c o n c e p t  of  a f u t u r e  h y d r o g e n  
1 

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

a d d r e s s e d  s p e c i f i c a l l y  to the  p r o d u c t i o n  of h y d r o g e n  by p h o t o s y n t h e t i c  p r o -  

c e s s e s .  4,5,8, I0, Z4,34,36,47.,43 T h e s e  i d e a s  inc lude  not  on ly  the  m o r e  c o n v e n t i o n a l  

a p p r o a c h  of  c o n v e r t i n g  c a r b o n a c e o u s  p h o t o s y n t h e t i c  r e s i d u e s  to  h y d r o g e n  by  

th~ action o£ nonphotosynthetic organisms or photosynthetic processes, but 

also (and more importantly) the direct photochemical splitting of water into 

hydrogen and oxygen. At this time, the proposals for direct water splitting 

a r e  g e n e r a l l y  on ly  r e s e a r c h  s u g g e s t i o n s ,  so o b j e c t i v e  e n g i n e e r i n g  e v a l u a t i o n s  

a r e  not p o s s i b l e  at  th i s  t i m e .  1Never the le s s ,  a b r i e f  a n a l y s i s  of  the  e n e r g e t i c s  

of the p h o t o s y n t h e t i c  p r o c e s s  i n d i c a t e s  t h a t  the p r o c e s s  is ,  in f ac t ,  t h e r m o d y -  

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

In e v a l u a t i n g  s u c h  p r o p o s a l s ,  it  m u s t  be kep t  in  m i n d  tha t  a n u m b e r  of 

m e t h o d s  a l r e a d y  e x i s t  o r  c a n  be d e v e l o p e d  by w h i c h  the c a r b o n a c e o u s  p r o d -  

u c t s  of p h o t o s y n t h e s i s  can  be c o n v e r t e d  to h y d r o g e n .  F u r t h e r m o r e ,  the  m o s t  

f u n d a m e n t a l  p r o b l e m  r e m a i n s  the  i m p r o v e m e n t  of  the e f f i c i e n c y  a t  w h i c h  

s o l a r  e n e r g y  c a n  be c o n v e r t e d  to c h e m i c a l  e n e r g y ,  in  w h a t e v e r  f o r m .  In  th i s  

l igh t ,  the  p r o b l e m  b e c o m e s  p r i m a r i l y  one of e v a l u a t i n g  - 
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• Whether or not photosynthesis has the potential to produce energy in 
a m o u n t s  s i g n i f i c a n t l y  in e x c e s s  of o u r  food r e q u i r e m e n t s ;  and,  if so,  wha t  
r e s e a r c h  and d e v e l o p m e n t  would  be r e q u i r e d  to a c h i e v e  tha t  p o t e n t i a l  

• W h e t h e r  h y d r o g e n  c a n  be p r o d u c e d  m o r e  e f f i c i e n t l y  d i r e c t l y  by p h o t o -  
s y n t h e s i s  o r  i n d i r e c t l y  f r o m  o t h e r  p h o t o s y n t h e t i c  p r o d u c t s .  

H o w e v e r ,  the  e v a l u a t i o n  of t h e s e  po in t s  is s t i l l  l a r g e l y  s u b j e c t i v e  and wi l l  

d i f f e r  e v e n  a m o n g  the  a~:knowledged " e x p e r t s "  in the f i e ld .  M a n y  in the  f i e l d  

e x p r e s s  c o n s i d e r a b l e  (but no t  u n i v e r s a l )  o p t i m i s m  tha t  p h o t o s y n t h e s i s  c a n  be 

u s e d  as  an e f f i c i e n t  c o n v e r t e r  of s o l a r  e n e r g y ,  but on ly  on a l o n g - r a n g e  b a s i s .  

Al l  a c k n o w l e d g e  t ha t  b r e a k t h r o u g h s  wi l l  be r e q u i r e d ;  but  m o s t  a g r e e  tha t  t he  

e f f o r t  is  w o r t h w h i l e ,  e v e n  if u n s u c c e s s f u l ,  b e c a u s e  of the f u n d a m e n t a l  i m p o r -  

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

in i n c r e a s i n g  food  p r o d u c t i o n .  

H i s t o r i c a l  R e v i e w  of Pho tosy .  n t h e s i s  R e s e a r c h  14'1~ 5z 

H i s t o r i c a l l y ,  the d e v e l o p m e n t  of ou r  u n d e r s t a n d i n g  of p h o t o s y n t h e s i s  has  

p a r a l l e l e d  the  d e v e l o p m e n t  of c h e m i s t r y  as a s c i e n c e .  By 1800, s h o r t l y  a f t e r  

the d i s c o v e r y  of o x y g e n  by  P r i e s t l e y ,  the  e s s e n t i a l  m a t e r i a l  b a l a n c e  f o r  the  

p r o c e s s  had  been  i d e n t i f i e d  as -- 

l ight  
CO z + HzO ~ O z+ organic matter 

green 
plant 

By 1845, coincident with his formulation of the law of conservation of energy, 

Mayer understood the essential energy balance, as well as the material bal- 

ance of the process: 

CO z + HzO + l igh t  e n e r g y  4 0 ,  + o r g a n i c  m a t t e r  + c h e m i c a l  e n e r g y  

At th i s  po in t ,  he r e a l i z e d  the  t r e m e n d o u s  i m p o r t a n c e  of p h o t o s y n t h e s i s  as 

n a t u r e '  s p r i m a r y  m e a n s  f o r  s t o r i n g  s o l a r  e n e r g y .  

L i t t l e  p r o g r e s s  was  m a d e  t o w a r d  u n d e r s t a n d i n g  the  m e c h a n i s m s  of th i s  

r e a c t i o n  u n t i l  the  1930' s,  a f t e r  Van Nie l '  s c o m p a r a t i v e  s t u d i e s  of p h o t o s y n -  

t h e s i s  in g r e e n  p l a n t s  and in p h o t o s y n t h e t i c  b a c t e r i a .  T h e s e  b a c t e r i a ,  l ike 

g r e e n  p l a n t s ,  u t i l i z e  l igh t  e n e r g y  f o r  g r o w t h  and c o n t a i n  an e s s e n t i a l  p i g m e n t ,  

b a c t e r i o c h l o r o p h y l l ,  w h i c h  d i f f e r s  on ly  s l i g h t l y  f r o m  g r e e n - p l a n t  c h l o r o p h y l l  

(Chl) .  H o w e v e r ,  the  b a c t e r i a  do not  e v o l v e  m o l e c u l a r  oxygen ,  and t h e i r  
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p h o t o s y n t h e t i c  g r o w t h  d e p e n d s  on the p r e s e n c e  of  a n  o x i d i z a b l e  s u b s t r a t e  s u c h  

as  h y d r o g e n ,  h y d r o g e n  su l f i de ,  o r  a v a r i e t y  of  o r g a n i c  c o m p o u n d s  ( p a r t i c u l a r l y  

the s i m p l e r  a l c o h o l s  and o r g a n i c  a c i d s ) .  To i nc l ude  t h e s e  o r g a n i s m s ,  Van  Ne i l  

f o r m u l a t e d  the p h o t o s y n t h e s i s  r e a c t i o n  as an o x i d a t i o n - r e d u c t i o n  p r o c e s s :  

l ight  
CO t +  2I-IzA---~ CHzO + H z O +  2A 

C'.~l 

in w h i c h  H~a. r e p r e s e n t s  a g e n e r a l  c l a s s  of  o x i d i z a b l e  c o m p o u n d s  and A is  

the  p r o d u c t  of i ts  o x i d a t i o n ,  Soon  a f t e r  th i s  f o r m u l a t i o n  it  was  r e a l i z e d  tha t  

g r e e n - p l a n t  p h o t o s y n t h e s i s  m i g h t  be  a s p e c i a l  c a s e  in w h i c h  the  o x i d i z a b l e  

s u b s t r a t e ,  H,A,  is  w a t e r ,  w h i c h  is  o x i d i z e d  to  oxygen .  I f  so ,  the  o v e r a l l  

r e a c t i o n  of  g r e e n - p l a n t  p h o t o s y n t h e s i s  w o u l d  be  w r i t t e n  - 

CO z+  2I-tzO ~ C H z O +  H z O +  Oz 

On th i s  b a s i s ,  Van  N ie l  p o s t u l a t e d  tha t  the  p r i m a r y  p h o t o c h e m i c a l  e v e n t  

is  the sp l i t t i ng  of w a t e r  to p r o d u c e  an ox idan t ,  d e n o t e d  (OH), and a r e d u c t a n t ,  

d e n o t e d  (H). In t u r n ,  the  p r i m a r y  r e d u c t a n t  w o u l d  b r i n g  a b o u t  the  r e d u c t i o n  

of  c a r b o n  d iox ide  to  a c a r b o h y d r a t e ,  d e n o t e d  a s  CHzO, and the p r i m a r y  

ox idan t  wou ld  r e a c t  w i th  HzA: 

Hp 
l igh t  

Chl  

- - ( H )  +  ( COz 
~CHzO 

A 
(OH) + 

\ HzA 

(The  p r i m a r y  o x i d a n t  and r e d u c t a n t  w e r e  not  r e g a r d e d  l i t e r a l l y  as  h y d r o g e n  

a t o m s  and  h y d r o x y l  r a d i c a l s ,  but  r a t h e r  a s  u n s p e c i f i e d  ox id i z ing  and r e d u c i n g  

s p e c i e s .  ) 

T h u s ,  the  Van Nie l  h y p o t h e s i s  s u g g e s t e d  tha t  t he  u n i q u e  e v e n t  of  p h o t o -  

s y n t h e s i s  w a s  a n  o x i d a t i o n - r e d u c t i o n  r e a c t i o n  d r i v e n  b y  c h l o r o p h y l l  in  a p h o t o -  

a c t i v a t e d  s t a t e .  S i n c e  then ,  the  o x i d a t i o n - r e d u c t i o n  n a t u r e  of  the  p r o c e s s  

h a s  b e e n  e s t a b l i s h e d  b e y o n d  q u e s t i o n .  

The ] E n e r g e t i c s  of  S o l a r  R a d i a t i o n  and 
the  T h e r m o d y n a m i c s  of  P h o t o s y n t h e s i s  14,1503s,Sz 

The e n e r g e t i c s  of  p h o t o s y n t h e s i s  in n a t u r e  a r e  c o n s t r a i n e d  by the  n a t u r e  

of  l iv ing m a t t e r  and  by  the s p e c t r u m  of sun l i gh t  r e a c h i n g  the  e a r t h '  s s u r f a c e .  
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Most of the ultraviolet (UV) light below about 300 nm is absorbed by ozone in 

the upper atmosphere and never reaches the earth. Infrared radiation (IR) 

is absorbed by the water that universally surrounds living matter and by 

atmospheric water vapor, thus having no chemical effect. As a consequence, 

the range of wavelengths available for photosynthesis is from about 300 to 

1300 r i m ,  

In  n a t u r e ,  e v e r y  p a r t  of  t h e  s p e c t r u m  f r o m  300 to  950 n rn  i s  a b s o r b e d  ( and  

i s  t h u s  a v a i l a b l e  f o r  u t i l i z a t i o n )  b y  one  o r g a n i s m  o r  a n o t h e r .  G r e e n  p l a n t s ,  

in  w h i c h  p h o t o s y n t h e s i s  i n v o l v e s  t he  s p l i t t i n g  of w a t e r ,  p r i m a r i l y  a b s o r b  

r a d i a t i o n  in the  v i s i b l e  r a n g e  ( f r o m  400 to  700 n_m). T h i s  r e p r e s e n t s  a b o u t  

h a l f  o f  t h e  t o t a l  s o l a r  r a d i a t i o n  t h a t  r e a c h e s  the  e a r t h ' s  s u r f a c e :  T h e  o t h e r  

h a l f  i s  in  the  i n f r a r e d  r a n g e .  

T h e  e n e r g y  c o n t e n t  o f  l i g h t  i s  i n v e r s e l y  p r o p o r t i o n a l  to  i t s  w a v e l e n g t h ,  

a n d  the  e n e r g y  c o n t e n t  of  p h o t o n s  in  t he  v i s i b l e  s p e c t r u m  r a n g e s  f r o m  a b o u t  

70 k c a l / E i n s t c i n  ~= a t  400  n m  to a b o u t  40 k c a l / E i n s t e i n  a t  700 n m .  T h u s ,  t h e  

e n e r g y  of  t h e  s o l a r  r a d i a t i o n  a v a i l a b l e  f o r  p h o t o s y n t h e s i s  i s  l i m i t e d  to  t h e  

r a n g e  of  f r o m  40 to  70 k c a l / E i n s t e i n ,  f a r  l e s s  t h a n  the  e n e r g y  r e q u i r e d  to  

b r e a k  t h e  o x y g e n - h y d r o g e n  b o n d  ( a b o u t  111 k c a l / m o l e ) .  F u r t h e r m o r e ,  e f f i -  

c i e n t  c o n v e r s i o n  of  t h e  a b s o r b e d  s o l a r  e n e r g y  r e q u i r e s  i t s  u t i l i z a t i o n  in  i n c r e -  

m e n t s  a s  s m a l l  a s  40  k c a l / m o l e .  

S e r i e s  M o d e l  f o r  Photosynthesis14,15,z3'3s'sz°63 

T h e  s e r i e s  m o d e l ,  w h i c h  c a m e  in to  v o g u e  in t h e  e a r l y  1960 '  s,  i s  s h o w n  in 

F i g u r e  7 - I .  E s s e n t i a l l y ,  t h i s  f , g u r e  is  a f l o w  d i a g r a m  of  t h e  e l e c t r o n  t r a n s -  

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

p o t e n t i a l  a t  w h i c h  t h e  e l e c t r o n  e x i s t s  (a m e a s u r e  of  the  e n e r g y  of  t h e  e l e c t r o n ,  

o r  i t s  r e d u c i n g  p o w e r )  a t  v a r i o u s  s t a g e s  of  the  p r o c e s s .  T h u s  the  o r d i n a t e  

d e n o t e s  t h e  c h e m i c a l  r e d u c i n g  p o w e r  o f  t he  n e g a t i v e  ion  in  w h i c h  the  e l e c t r o n  

r e s i d e s ,  a n d  the  h o r i z o n t a l p r o g r e s s i o n  d e n o t e s  t he  c h r o n o l o g i c a l  o r  c h e m i -  

c a l  s e q u e n c e  of t h e  t r a n s p o r t .  T h e  a r r o w s  s h o w  t h e  d i r e c t i o n  of  e l e c t r o n  

£1ow. 

T h e  p h o t o c h e m i c a l  r e a c t i o n  in  p h o t o s y s t e m  I I  ( P S  I I )  g e n e r a t e s  a s t r o n g  

o x i d a n t ,  Z " ,  w h i c h  i s  c a p a b l e  of  l i b e r a t i n g  o x y g e n  f r o m  w a t e r ,  a n d  a w e a k  

r e d u c t a n t ,  Q ' .  A s e c o n d  p h o t o c h e m i c a l  r e a c t i o n ,  in  p h o t o s y s t e m  I ( P S  l) ,  

':: 1 E i n s t e i n  = 1 m o l e  of  p h o t o n s .  
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Figure 7-i. TWO-QUANTUM-SERIES MODEl, OF ELECTRON 
FLOW IN PHOTOSYNTHESIS 
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generates a weak oxidant, P+, and a strong reductant, X-, which has a poten- 

tlal more negative than that of the hydrogen electrode. The two systems are 

connected in series by the reaction of Q- xvith P+ through an elaborate electron- 

transport system. Together, the two systen]s generate an oxidant strong 

enough to oxidize water and a reduotant strong enough to reduce hydrogen ions 

to molecular hydrogen. 

This, then, is the basic photochemical process associated with photosyn- 

thesis in green plants. In addition, however, some of the exotherrnio energy 

released by the "down-hill" electron transfer between the two halves of the 

process, Q----~ P-, is converted by unknown mechanisms to adenosine tri- 

phosphate (ATP), the  universal medium of energy exchange in b i o l o g i c a l  pro- 

cesses of all kinds. 

The thermodynamic requirement for the photosynthesis reaction (or for 

the splitting of water) is about 114 kcal/2 moles: 

2HaO + CO z .~ CH20 + H20 + 0 2 AFz~ s -- ~114 kcal/mole 

ZH20 -~ O a + ZI-I~ AFz9 a ~ ~113.4 kcal/nlole 

The  f u n d a m e n t a l  p r o b l e m  w i t h  p h o t o s y n t h e s i s  o r  w i t h  s o l a r  p h o t o l y s i s  of  w a t e r  

is  s u p p l y i n g  the  l a r g e  e n d o t h e r m i c  e n e r g y  r e q u i r e m e n t  f r o m  the  r e l a t i v e l y  

s m a l l  i n c r e m e n t s  a v a i l a b l e  in s u n l i g h t .  

To pu t  t h i s  in p r o p e r  p e r s p e c t i v e ,  it is n e c e s s a r y  to  r e m e m b e r  t h a t  p h o t o -  

c h e m i c a l  e n e r g y  a c t s  u p o n  m a t t e r  t h r o u g h  the  e l e c t r o n s  on  a o n e - t o - o n e  b a s i s  - 

i. e. , t he  e n e r g y  uf on~ q u a n t u m  o f  l i g h t  is t r a n s f e r r e d  (at v a r y i n g  e f f i c i e n c y )  

t o  one  e l e c t r o n .  In  t h i s  s e n s e  t h e n ,  the  e n e r g y  of  a p h o t o n  is a n a l o g o u s  to 

e l e c t r o c h e m i c a l  p o t e n t i a l  in  t h a t  it r e p r e s e n t s  the  a v a i l a b l e  f r e e  e n e r g y  p e r  

e l e c t r o n  r a t h e r  t h a n  p e r  m o l e  of  p r o d u c t .  On  th i s  b a s i s ,  40 k c a l / E i n s t e i n  

c o r r e s p o n d s  to  an  e l e c t r o c h e m i c a l  p o t e n t i a l  of  1. 74 v o l t s ,  ~ w h i c h  is  m o r e  

t h a n  s u f f i c i e n t  to  s p l i t  w a t e r .  (The  t h e o r e t i c a l  v o l t a g e  r e q u i r e m e n t  f o r  s p l i t -  

t i ng  w a t e r  is 1. 23 v o l t s . )  

The  r e d u c t i o n  of  c a r b o n  d i o x i d e  to  CHz© and  the  e v o l u t i o n  of  o x y g e n  f r o m  

w a t e r  a r e  p r o c e s s e s  t h a t  i n v o l v e  the  t r a n s f e r  of  f o u r  e l e c t r o n s  p e r  m o l e c u l e  -- 

i . e . ,  t he  p r i m a r y  p h o t o c h e m i c a l  p r o c e s s  m u s t  o c c u r  at  l e a s t  f o u r  t i m e s  to 

::: 1 vo l t  - Z3. 053 k c a l .  
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r e d u c e  one c a r b o n  d iox ide  m o l e c u l e  and to evo lve  one o x y g e n  m o l e c u l e .  On 

th i s  b a s i s ,  the q u a n t u m  r e q u i r e m e n t  f o r  p h o t o s y n t h e s i s  would  be a t  l e a s t  4 

quan ta  p e r  m o l e c u l e ,  i f  the  p r i m a r y  r e a c t i o n  is  d r i v e n  by a s ing l e  q u a n t u m  as  

o r i g i n a l l y  a s s u m e d .  If  t h i s  is the  c a s e ,  the  t h e r m o d y n a m i c  e f f i c i e n c y  w o u l d  

be about 71%. 

In the early 1920 ' s, experimental determinations by O. Warburg, using 

manometric techniques for the measurement of the oxygen and carbon dioxide, 

appeared to confirm that the quantum requirement for photosynthesis is four. 

However, more realistic estimates of the energy requirement, which include 

the probable thermodynamic losses in the process, suggested that the actual 

requirement must be in excess of 4 quanta per molecule. On this basis, the 

primary photochemical process would require at least 2 quanta of light for 

each electron -- an overall minimum requirement of 8 quanta per molecule. 

This initiated a controversy that lasted 30 years. It was finally established 

that each electron transfer does, in fact, require two photochemical reactions 

for each electron -- a total quantum requirement of eight per oxygen mole- 

cule evolved, thus indicating a thermodynamic efficiency limit of about 35%. 

However, the problem was not then resolved by direct experimental rnea- 

surernent of the quantun% requirements for oxygen and carbon dioxide exchange. 

Instead, the initial evidence for a two-quantum primary photochemical process 

came from a fascinating series of studies on the effect of monochromatic light 

of varying wavelength on the efficiency of photosynthesis. The results of these 

studies led to the Z scheme (or series model) of photosynthesis, which postu- 

lates that the primary photosynthetic process actually involves two separate 

photochemical systems ghat act cooperatively in series and that are connected 

by an electron-transport system that utilizes cytochromes. Furthermore, 

photosynthesis can occur only when both systems are operative, either simul- 

taneously or  consecutively. The overall photosynthesis reaction is then com- 

pleted by coupling the photochemical reactions to the "dark" enzymatic reac- 

tions (i. e., those that occur in the dark) required to allow Z + to oxidize water 

to oxygen and X" to reduce carbon dioxide to glucose. 

P o s s i b l e  A p p r o a c h e s  to H y d r o g e n  P r o d u c t i o n  

The above  a n a l y s i s  i n d i c a t e s  t h a t  it is  t h e o r e t i c a l l y  p o s s i b l e  to sp l i t  

w a t e r  in to  h y d r o g e n  and o x y g e n  if  a l t e r n a t i v e  p r o c e s s e s  c a n  be found fo r  

the e n z y m a t i c  r e a c t i o n  of  X- .  A l t h o u g h  it a p p e a r s  to be u n i v e r s a l l y  t r u e  
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tha t  the  r e d u c i n g  p o w e r ,  X- ,  g e n e r a t e d  by g r e e n - p l a n t  p h o t o s y n t h e s i s  is 

a l w a y s  u s e d  to r e d u c e  c a r b o n  d iox ide  to ce l l  m a t e r i a l ,  b i o l o g i c a l h y d r o g e n  

p r o d u c t i o n  by p h o t o c h e m i c a l  p r o c e s s e s ,  as  w e l l  as  d a r k  p r o c e s s e s ,  has  b e e n  

o b s e r v e d ,  The s t u d y  of t h e s e  p r o c e s s e s  has  r e s u l t e d  in the  s u g g e s t i o n  of a 

n u m b e r  of  a p p r o a c h e s  to p h o t o s y n t h e t i c  h y d r o g e n  p r o d u c t i o n .  

H y d r o g e n  p r o d u c t i o n  b y . N a t u r a l  B i o l o g i c a l  Processes as 

C e r t a i n  b a c t e r i a  and a lgae  c o n t a i n  e n z y m e s ,  such  as  h y d r o g e n a s e ,  and 

a r e  c a p a b l e  of c a t a l y z i n g  the  r e d u c t i o n  of h y d r o g e n  ions  to  m o l e c u l a r  h y d r o -  

gen.  7,19,25,]3,59 Such organisms do, in fact, product hydrogen under certain 

conditicns by photochemical reactions, as well as by the dark reactions. 

Hydrogen is produced by a number of anaerobic microorganisms, notably 

the Clostridium types, during the anaerobic n~etabolism (fermentation) of 

carbohydrate. The hydrogen donor ill these systenls is organic and is usually 

formic or pyrnvic acid, intermediates in fermentation, z5 Thus hydrogen is 

actually produced as a by-product. 

Hydrogen can also be produced by a number of photosynthetic bacteria that 

contain nitrogenase, an enzyme for fixing nitrogen, z5 However, hydrogen is 

only produced by growing cells in the absence of nitrogen and by certain nitro- 

gen metabolites on a substrate such as glutamic acid, which contains both the 

nitrogen and carbon required for growth. Cells in the resting stage, how- 

ever, can produce hydrogen almost quantitatively from substrates such as 

acetic, succinic, and malic acid: 

CzHdO z + ZH20 ~ ZCO z + ,IH a 

Thus in the case of photosynthetic bacteria, the hydrogen donor for hydro- 

gen production is also primarily organic, and no species has been found in 

which water is the ultimate source of the hydrogen produced. This is con- 

sistent with the fact that photosynthetic bacteria de not incorporate photo- 

system Ii. 

Until recently, no case had been found in which water was the substrate 

or in which IDS II participatedT,59; but certain alRae, containing hydrogenase 

or nitrogenase, have been found that, after anaerobic adaptation, do produce 

hydrogen photochemically. I~ Because the algae show photosystem-II activity, 

the possibility exists that water could be the source of the hydrogen produced. 

In all cases, however, the rates of photohydrogen production have been very 

slow compared with the rates of photosynthesis. 7,]3,~9 

15Z 
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Still, the biochemical mechanisms involved in biological hydrogen pro- 

duction a r e  not  w e l l  u n d e r s t o o d .  The  p r o c e s s  a p p e a r s  to be  p r i m a r i l y  a s s o -  

c i a t e d  wi th  a n a e r o b i c  c o n d i t i o n s  and p r o c e s s e s .  ( H y d r o g e n a s e  is  o x y g e n  

s e n s i t i v e .  ) I t s  f u n c t i o n  a p p e a r s  to be  r e g u l a t o r y  in n a t u r e .  G r a y  and  G e s t  

s t a t e  z_~ : 

"In heterotrophic organisms, the anaerobic mode of growth 
poses special problems ~or the cell with respect to the dispo- 
sition of electrons from e n e r g y - y i e l d i n g  o x i d a t i o n  reactions. 
This is particularly so when the overall adenosine triphos- 
pha t e  ( A T P )  r e q u i r e m e n t  fo r  b i o s y n t h e t i c  a c t i v i t y  c an  be  s a t -  
i s f i e d  only b y  degradation of a relatively large q u a n t i t y  of an 
organic compound that serves as the energy source. Accord- 
ingly, various kinds of specific controls are necessary to 
r e g u l a t e  e l e c t r o n  f l ow  in the  m e t a b o l i s m  of  s t r i c t  and f a c u l -  
tative anaerobes. One of these is reflected by the ability of 
many such organisms to dispose of excess electrons in me 
form of such molecular hydrogen (Hz) through the activity of 
hydrogenases, which, in effect, catalyze the reaction: 

2e- + ZH+-~ H~ 

From a general standpoint, the formation of molecular 
hydrogen can be considered a device for disposal of electrons 
released in metabolic o x i d a t i o n s .  " 

Kok also suggests $3 that the function of hydrogen formation in algae is to 

"prime the photochemical pump under anaerobic conditions. " He further 

suggests that algae frequently encounter anaerobic conditions under which the 

photosynthetic electron-transport chain is reduced, thus effectively blocking 

flow. However, utilization of the electrons to reduce hydrogen ions effec- 

tively primes the pump by converting the electron-transport system back to 

the oxidized state, thus allowing photosynthesis to proceed. Land plants, on 

the other hand, never encounter anaerobic conditions and thus contain no 

hydrogenase. 

Thus the hydrogen-production mechanism does exist in photosynthetic 

bacteria and in algae, but its function is regulatory rather than p r i m a r y  in 

nature. Indeed, an organism in which the photosynthetic apparatus has been 

subv~'rted to produce hydrogen rather than cell material can no longer be con- 

sidered a viable, self-reproducing system. Furthermore, the aerobic water- 

splitting and anaerobic hydrogen-production functions are not compatible 

because hydrogenase iS highly oxygen sensitive. Thus it would appear that 

the direct production of hydrogen and oxygen from water by living organisms 

has a very low probability of success. 
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R e c e n t l y ,  h o w e v e r ,  a n i t r o g e n - f i x i n g  a lgae  s p e c i e s ,  A n a b a e n a  c y l i n d r i c a ,  

has  b e e n  found tha t  u n d e r  c e r t a i n  c o n d i t i o n s  d o e s ,  in f ac t ,  e v o l v e  o x y g e n  and 

h y d r o g e n  s i m u l t a n e o u s l y  u n d e r  the  i n f l u e n c e  of l igh t  wh i l e  in a g r o w t h  s t a g e .  5 

Th i s  d i s c o v e r y  c o u l d  be i m p o r t a n t ,  if not  as the b a s i s  f o r  s o l a r  c o n v e r s i o n ,  

at  l e a s t  as  a guide  to how it m i g h t  be a c c o m p l i s h e d  in v i t r o .  

A n a b a e n a  c y l i n d r i c a  is a h e t e r o c y s t i c  f i l a m e n t o u s  n i t r o g e n - f i x i n g  a lga  in 

w h i c h  the n i t r o g e n a s e  a c t i v i t y  a p p a r e n t l y  e x i s t s  in d i s t i n c t l y  d i f f e r e n t i a t e d  

c e l l s  l o c a t e d  at i n t e r v a l s  a m o n g  the v e g e t a t i v e  c e i l s  of the  f i l a m e n t .  In the  

v e g e t a t i v e  c e l l s ,  p h o t o s y n t h e s i s  o c c u r s  as  u sua l ,  s p l i t t i n g  w a t e r  to p r o d u c e  

o x y g e n  and,  wi th  c a r b o n  d i o x i d e ,  c e l l  m a t e r i a l .  H o w e v e r ,  s o m e  of the c a r b o -  

h y d r a t e  so p r o d u c e d  is s u p p l i e d  to the  n i t r o g e n a s e  c o n t a i n i n g  c e i l s  ( h e t e r o -  

c y s t s )  as f e e d s t o c k  f o r  p h o t o s y n t h e t i c  n i t r o g e n  f ix ing .  Thus  the  two t y p e s  of  

c e l l s  h a v e  a s y m b i o t i c  r e l a t i o n s h i p .  

T y p i c a l  of  n i t r o g e n - f i x i n g  s p e c i e s  is t ha t  h y d r o g e n ,  r a t h e r  t han  f ixed  n i t r o -  

gen ( a m m o n i a )  is p r o d u c e d  w h e n  n i t r o g e n  is e x c l u d e d ,  s, zs, z6 B e c a u s e  n i t r o -  

g e n a s e  is o x y g e n  s e n s i t  r e ,  n a t u r e  a p p a r e n t l y  d e v e l o p e d  h e t e r o c y s t s  to s e p -  

a r a t e  the  a e r o b i c  p h o t o s y n t h e t i c  p r o c e s s  f r o m  the a n a e r o b i c  n i t r o g e n  f ix ing .  

Thus  bo th  o x y g e n  e v o l u t i o n  and h y d r o g e n  ( a m m o n i a )  p r o d u c t i o n  can  c o e x i s t  in 

the  s a m e  o r g a n i s m ,  a l t h o u g h  in d i f f e r e n t  c e l l s .  5 

U s u a l l y  o x y g e n  p r o d u c t i o n  is s e v e r a l  t i m e s  g r e a t e r  t han  n i t r o g e n  p r o d u c -  

t ion .  H o w e v e r ,  a f t e r  s e v e r a l  d a y s  of n i t r o g e n  s t a r v a t i o n ,  o x y g e n  p r o d u c t i o n  

d e c r e a s e s ,  and h y d r o g e n  p r o d u c t i o n  i n c r e a s e s .  T h u s  it  m a y  be  p o s s i b l e  to  

c o n t r o l  the  s t o i c h i o m e t r y  - u n f o r t u n a t e l y ,  h o w e v e r ,  at  the  e x p e n s e  of s o l a r -  

c o n v e r s i o n  e f f i c i e n c y ,  S It is p r e s u m e d  a l s o  tha t  a n i t r o g e n  n u t r i e n t  would  

h a v e  to be s u p p l i e d .  On the  o t h e r  hand,  it  m a y  be  p o s s i b l e  to  f ind  o r  to 

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

S i m i l a r  p o s s i b i l i t i e s  e x i s t  f o r  c e r t a i n  p l a n t - n i t r o g e n  f ix ing  a l g a e  s y s t e m s  

tha t  n o r m a l l y  l i ve  in s y m b i o t i c  r e l a t i o n s h i p .  One s u c h  s y s t e m  c o n s i s t s  of  

A n a b a e n a  a z o l l a e ,  a b l u e - g r e e n  a l g a e ,  and A z o l l a ,  a genus  of  w a t e r  f e r n s .  

Th i s  s y s t e m  has  b e e n  u s e d  in A s i a  as a f e r t i l i z e r  and as  a n i n l a l  food,  and 

n i t r o g e n - f L x i n g  r a t e s  of  up to IZ5 l b s / y r - a c r e  h a v e  been  r e p o r t e d .  R e c e n t l y  

G. A. P e t e r s  (of K e t t e r i n g  R e s e a r c h  L a b o r a t o r y )  has  shown  tha t  the  a l g a e ,  

w h e n  s e p a r a t e d  f r o m  the  f e r n ,  c o n t i n u e s  to f ix  n i t r o g e n  fo r  up to 12 h o u r s  at 

a s o m e w h a t  r e d u c e d  r a t e  and w i thou t  f u r t h e r  g r o w t h .  51 Thus  it a p p e a r s  tha t  

the a l g a e  d e p e n d s  upon  the f e r n  fo r  at l e a s t  s o m e  of  i ts  n u t r i e n t s  ( p r e s u m a b l y  

1~4 
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carbohydrate) and supplies its partner with nitrogen. It might be possible, 

with such systems, to control the hydrogen-oxygen stoichiomery under nitrogen- 

starvation conditions by controlling the relative algae/fern ratio. Again it 

would be necessary to provide nutrient nitrogen. 

The Na tu re  and Ef f i c i ency  ,o./N,i.trogenase Reduction.s. 

T h e r e  has  been  c o n s i d e r a b l e  r e s e a r c h  on b io log ica l  n i t r o g e n  fixing for  

the p roduc t ion  of a m m o n i a ,  as we l l  as of hydrogen ,  s ince  1960 (when n i t r o -  

genase  was f i r s t  i so la ted) ,  z6,40 Howeve r ,  the na tu re  of n i t r o g e n a s e  and 

the reaction mechanisms involved are not well understood, z6,6s Both ATP 

and an energy-rich substrate, such as pyruvate or possibly reduced nicotin- 

amide-adenine dinucleotide phosphate (NADPH), are required. The reductive 

input to the system appears to involve an iron-containing enzyme similar to 

the ferredoxins that mediate the reduction of nicotinamide-adenine dinucleo- 

tide phosphate (NADP) to NADPH in photosynthesis. Nitrogenase is also a 

con%plex enzyme, containing both iron and molybdenum. The system is 

remarkably versatile in that it can bring about the reduction not only of nitro- 

gen and hydrogen ions, but also of a variety of unsaturated compounds, such 

as that of acetylene to ethylene, z6 The acetylene reduction is used as a quanti- 

tative monitor of nitrogen-fixing rates. 

Unfortunately, the nitrogen-fixing reaction is extremely inefficient. Hardy 

and Havelk estimate 26 that a minimum of Z4 moles of ATP are required for 

the reduction of one molecule of nitrogen. As aresult, it has been estimated 

that almost 20~ of the photosynthate produced by ligumes is used by the 

associated nitrogen-fixing species to fix nitrogen. Thus ammonia or hydro- 

gen production is apparently accomplished at a high cost to the efficiency of 

photosynthesis, at least in natural symbiotic systems. (iNo efficiency data 

were given by Beneman 5 for the heterocystic-algae case. ) 

Genetic Engineering 

A number of suggestions have been put forth concerning the use of "gene- 

tic engineering" for developing strains of organisms or plants to solve many 

of these problems. Certainly, the genetic approach has had some spectacular 

successes in bringing about the "green revolution" in conventional agriculture. 

Until recently, however, these techniques had been aimed primarily at increas- 

ing food and lumber production. 11,64 Broadening of the genetic approach to 

includ~ energy production is obviously justified. 
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P r o p o s a l s  to d e v e l o p  m u t a n t ,  or  " e n g i n e e r e d ,  ~' o r g a n i s m s  to  p r o d u c e  

s t o r e d  e n e r g y  in a f o r n l  o t h e r  t han  c e l l  m a t e  r ia l  a r e  m u c h  m o r e  d i f f i c u l t  to 

e v a l u a t e ,  v, 34,44,ss,60,62 F i r s t ,  the  s c i e n c e  of m o l e c u l a r  g e n e t i c  m a n i p u l a -  

t i on  is in i ts i n f a n c y ,  and e v a l u a t i n g  the  cF.ances of s u c c e s s  is d i f f i cu l t .  

S e c o n d ,  such  o r g a n i s m s ,  if d e v e l o p e d ,  would  no t  be g r o w i n g ,  s e l f - r e p a i r i n g ,  

s e l f - r e p r o d u c i n g  s y s t e m s  and t h e r e f o r e  would  r e q u i r e  m a i n t e n a n c e  and 

s t a b i l i z a t i o n .  

The  p o s s i b i l i t y  d o e s  e x i s t ,  h o w e v e r ,  tha t  such  s y s t e m s  m a y  be a m e n a b l e  

to s t a b i l i z a t i o n  fo r  long " c a t a l y s t "  l i f e .  F u r t h e r m o r e ,  the  " s p i n o f f  '~ r e s u l t s  

f r o m  s uc h  s t u d i e s  m a y  c o n t r i b u t e  to the  d e v e l o p m e n t  of h i g h - e f f i c i e n c y  c o n v e r -  

t e r s  of s o l a r  e n e r g y  to m o r e  c o n v e n t i o n a l  c e l l - r n a t e r i a l  e n e r g y .  

In V i t r o  P r o c e s s e s  

The  f e a s i b i l i t y  of coup l i ng  the  h y d r o g e n a s e  (and n i t r o g e n a s e )  a c t i v i t y  to the  

p h o t o s y n t h e t i c  p r o c e s s  P S I  in g r e e n - p l a n t  c h l o r o p l a s t s  was  d e m o n s t r a t e d  in the  

l a b o r a t o r y  as  e a r l y  as  1961.:  H o w e v e r ,  in t h e s e  e x p e r i m e n t s ,  PS II a c t i v i t y ,  

and t h e r e f o r e  o x y g e n  e v o l u t i o n ,  was  e f f e c t i v e l y  b t o c k e d ;  and an a r t i f i c i a l  e l e c -  

t r o n  d o n o r  was  s u b s t i t u t e d .  

By 1973, h o w e v e r ,  B e n e m a n n  et  a l . 4  a c t u a l l y  d e m o n s t r a t e d  tha t  h y d r o -  

g e n a s e  a c t i v i t y  can ,  in f ac t ,  be c o u p l e d  to the  p h o t o s y n t h e t i c  a p p a r a t u s  of 

g r e e n  p l an t s  to p r o d u c e  h y d r o g e n  and o x y g e n  in the  l a b o r a t o r y .  I n h i b i t i o n  

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

t i nuous  f l u sh ing  wi th  a r g o n .  H o w e v e r ,  the  r a t e s  of h y d r o g e n  e v o l u t i o n  w e r e  

r e l a t i v e l y  s low c o m p a r e d  wi th  t h o s e  in e x p e r i m e n t s  in w h i c h  o x y g e n  e v o l u -  

t i on  was  b l ocked  (by i n h i b i t i o n  of  PS II and s u b s t i t u t i o n  of  an a r t i f i c a l  e l e c t r o n  

d o n o r )  o r  s c a v e n g e d  by  g l u c o s e  o x i d a s e .  The  r e s u l t s  i n d i c a t e d  tha t  the o x y g e n  

i n h i b i t i o n  of both  h y d r o g e n a s e  and f e r r e d o x i n  is a p r o b l e m  tha t  m u s t  be s o l v e d  

b e f o r e  f u r t h e r  d e v e l o p m e n t  c a n  p r o c e e d .  

S inc e  1973, K a p l a n  has  b e e n  ab le  to p u r i f y  C l o s t r i d i u m  h y d r o g e n a s e  and 

i m m o b i l i z e  it on g l a s s  s u r f a c e s ,  z9 In the  i m m o b i l i z e d  f o r m ,  the h y d r o g e n a s e  

a p p e a r s  to be  s t a b l e  in the p r e s e n c e  of o x y g e n .  S i m i l a r  s u g g e s t i o n s  h a v e  

b e e n  m a d e  by v a r i o u s  w o r k e r s  in the f i e ld .  

A n o t h e r  a p p r o a c h  to c o u p l i n g  h y d r o g e n a s e  to p h o t o s y n t h e s i s  has  b e e n  

s u g g e s t e d  by  L. O. K r a m p i t z  a t  C a s e  W e s t e r n  R e s e r v e  U n i v e r s i t y .  S4,36 

I n s t e a d  of d i r e c t  c o u p l i n g ,  he s u g g e s t s  tha t  the p h o t o s y n t h e t i c  a p p a r a t u s  of 
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green plants be used to produce a stable reduced species (in the absence of 

carbon dioxide) that can be converted to hydrogen by hydrogenase in a second 

step, without the inhibiting effect of oxygen. Again, the feasibility of this 

approach has been demonstrated in the laboratory with triphosphopyridine 

nucleotide (TPN) as the electron acceptor. TPIN is an alternative term for 

N A D P  - the natural hydrogen acceptor in photosynthesis that, in the reduced 

form, mediates the reduction of carbon dioxide. It is a fairly complex, but 

stable, chemical species. 

In the first-stage reaction, TPNwas added to a suspension of spinach 

chloroplasts and ferredoxin, which was then illuminated. The reaction pro- 

duced oxygen and reduced triphosphopyridine nucleotide (TPNH). The 

TPiN-H was then subjected to Clostridium hydrogenase and ferredoxin, in a 

second-stage reaction, to evolve hydrogen. Thus the feasibility of a two- 

stage process was demonstrated in terms of a fairly complex biological 

chemical: 

hv 
HzO + TPN---~ I/ZO z + TPNH z 

Chl 

h y d r o g e n a s e  
TPNH z ~ TPN + H z 

Obviously, a simpler, more stable first-stage electron acceptor is desirable 

and is being sought. 34 

It is apparent that hydrogen can be thermochemically produced from any 

stable, reduced product of photosynthesis. The most obvious thermochemi- 

cal process would involve the use of natural photosynthetic products (such as 

carbohydrate) to reduce water. However, other possibilities exist. For 

example, it has been known since 1937 that slurries of chloroplasts (isolated 

from green leaves) with a suitable electron acceptor, such as benzoquinone, 

will evolve oxygen and yield hydroquinone when illuminated with visible light 

(the Hill reaction). IS~ 5z Thus, the following two-stage, water-splitting cycle 

can be visualized: 

hv 
2HzO + 2Q-~ 2QH z+ O z 

2QH z * 2Q + ZH z 
c a t a l y s t  
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U n f o r t u n a t e l y ,  on ly  a p o r t i o n  of the t o t a l  r e d u c i n g  p o w e r  of the pho to -  

s y n t h e t i c  a p p a r a t u s  ( that  is ,  on ly  PS II) is u t i l i z e d  in the H i l l  r e a c t i o n .  How-  

e v e r ,  the  r e d u c i n g  p o w e r  of the  whole  p h o t o s y s t e m  is a v a i l a b l e ,  as shown in 

the  s t u d i e s  by K r a m p i t z 4  and B e n e m a n n  et  a l .  34 Thus  it m a y  be p o s s i b l e  

to  f ind a t e r m i n a l  o x i d a n t  f o r  p h o t o s y n t h e s i s  t ha t  y i e l d s  a s t a b l e  r e d u c e d  

s p e c i e s  f r o m  wh i ch  h y d r o g e n  can  be p r o d u c e d  by a t h e r m o c h e m i c a l  s e c o n d  

s t a g e .  

Cell-Free Reconstituted Systems 4z'~3'59 

Understanding of the photosynthesis process and biological hydrogen for- 

mation is sufficient to have stimulated proposals far in vitro syste,ns reuon- 

stituted from the various components of the natural systems. In this way it 

might be possible to physically separate the aerobic and anaerobic functions. 

However, because membrane structures and coupling n~echanisms are two 

large unknowns at this time, the potential for this approach lies in the future. 

Also, because these then are ,i0 longer living, growing species, maintenance 

or stabilization of the very complex, delicately balanced system becomes of 

paramount importance. 

As we have seen, the stabilization of hydrogenase appears to have been 

accomplished, z9 However, stabilization of the photosynthetic system will 

presunlably present a much more difficult problem. Unfortunately, the 

photosynthetic systems in chloroplasts are, for reasons unknown, highly 

degradable, so the Hill reaction lasts only a few minutes. Similar photo- 

lytic catalysts with improved stability can be prepared simply by lyophili- 

zation of whole photosynthetic bacteria or algae. These preparations have 

shelf stabilities of up to I year, and their catalyst life is increased from a 

few minutes to a few hours. 35 

Stabilization of the photocatalytic system is now recognized, in the field, 

as a hlgh-priority goal. 46 However, this recognition has come only recently, 

with the realization of the energy crisis. Thus, work toward this goal is just 

be g inn ing .  

T w o - S t a g e  P h o t o c h e m i c a l  and F e r m e n t a t i o n  P r o c e s s e s  

F e r m e n t a t i o n  of P h o t o s y n t h e t i c  R e s i d u e ~  

O b v i o u s l y ,  i t  is p o s s i b l e  to p r o d u c e  h y d r o g e n  and o x y g e n  f r o m  w a t e r  by a 

c o n v e n t i o n a l t w o - s t a g e  p r o c e s s  wi th  l iv ing  and g r o w i n g  o r g a n i s m s  -- tha t  is ,  
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by the s e c o n d a r y  c o n v e r s i o n  of pho tosyn the t ic  m a r i n e  or  a g r i c u l t u r a l  r e s i d u e s  

to hyd rogen  by a n a e r o b i c  f e r m e n t a t i o n  or  by the ac t ion of pho tosyn the t i c  b a c -  

t e r i a .  Such p r o c e s s e s  have  been  p r o p o s e d ,  a4,36 and h y d r o g e n  p r o d u c t i o n  by  

fermentation with clostridial species actually has been performed commer- 

cially. ~ However, hydrogen is produced in such processes only as a by-product 

of the primary production of alcohols, ketones, or fatty acids. Presumably, 

better strains could be developed to maximize hydrogen production. Also by- 

product alcohols and fatty acids might be converted to hydrogen in separate 

reactions by other bacteria. However, such processes would merely repre- 

sent alternative method~ for converting primary photosynthetic products to 

useful fuels such as methane or cellulose. Furthermore, methane processes 

are much closer to cornrnercial feasibility. Wolfe believes z0 that a relatively 

modest investment (~ $1 million) in basic research on methane fermentation 

would result in substantial technical and economic improvement, 

We do not discount the potential for hydrogen or methane production from 

carbonaceous photosynthetic residues, particularly those that would otherwise 

be waste materials (e. g. , sewage or garbage). However, this potential is 

ultimately subject to the basic limitations on the efficiency at which solar 

energy can be converted in marine and agricultural residues to feedstock for 

hydrogen or methane production. 

Nonbiologic al Photolys is 

It seems likely that nonbiological water photolysis that utilizes a sub- 

stantial portion of the available solar flux will require the coupling of two or 

more photocatalytic (or stoichiornetric) reactions in a closed cycle in order 

to bridge the energy gap. In photosynthesis, two photochemical processes 

are coupled "in series" via an elaborate electron-transport chain so that a 

net electrochemical potential of about I. Z to I. 4 volts is imparted to each 

electron involved, and the reaction is accomplished in one integrated step. It 

may be possible to accomplish this in the laboratory, but at present it appears 

difficult. 

There are, however, other ways to accomplish the same objectives. For 

example, it should be possible to electrochemically couple certain photo- 

chemical reactions. In particular, the overall potential needed for splitting 

water might be provided in smaller increments by coupling two or more 

electrochemical cells in series. 
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F u j i s h i m a  a n d  H o n d a  h a v e  d e n l o n s t r a t e d 1 8  a n  e f f e c t i v e  m e a n s  f o r  c o u p l i n g  

t h e  p h o t o c h e m i c a l  s e n s i t i z a t i o n  o f  n - t y p e  s e m i c o n d u c t o r s  to t he  p r o d u c t i o n  of  

h y d r o g e n  and  o x y g e n  f r o n ~  w a t e r .  T h i s  w a s  a c c o m p l i s h e d  s i m p l y  by  u s i n g  t h e  

i r r a d i a t e d  t i t a n i u m  d i o x i d e  ( T i O z )  s e m i c o n d u c t o r  a s  t h e  a n o d e  of  an  e l e n t r o -  

c h e m i c a l  c e l l  in s e r i e s  w i t h  a p l a t i n u m - b l o c k  c a t h o d e .  T h e  p h o t o c h e m i c a l  

a n d  e l e c t r o d e  r e a c t i o n s  a r e  p r e s u m e d  to  be  a s  f o l l o w s :  

4 h v ~  4p + 4 e -  
T i O  z 

4p + + 2HzO -~ O z~ 4H* --I. 23 V 

4 e -  + 4H + ~ 2 H a 0 . 0  ¥ 

4 h v  + 2H20 -~ 0 a + ZH z +0.  5 V 

T h e  a n o d e  w a s  i r r a d i a t e d  w i t h  415 n m  l i g h t  ("~3. 0 v o l t s ) ,  c o r r e s p o n d i n g  to the  

b a n d  g a p  of T i O  z. T h e  e l e c t r o m o t i v e  f o r c e  ( E M F )  of  t he  c o m p l e t e d  c e l l  w a s  

0 . 5  v o l t .  T h u s ,  t h e  p h o t o c h e m i c a l  r e a c t i o n  n l u s t  h a v e  g e n e r a t e d  a n  e l e c t r o -  

c h e m i c a l  p o t e n t i a l  o f  1. 73 v o l t s  (1. Z3 + 0 . 5 ) .  T h i s  c o r r e s p o n d s  to  a q u a n t u m -  

e n e r g y - c o n v e r s i o n  e f f i c i e n c y  of  a b o u t  58% ( a b o u t  t he  s a m e  a s  in  p h o t o s y n t h e -  

s i s ) .  U n f o r t u n a t e l y ,  t h e  q u a n t u m  e f f i c i e n c y  w a s  o n l y  a b o u t  10%,  a n d  t h e  p r o -  

c e s s  c a n  u t i l i z e  l e s s  t h a n  10% of  t h e  s o l a r  s p e c t r u m .  H o w e v e r ,  t he  e x p e r i -  

m e n t  is  i m p o r t a n t  b e c a u s e  i t  i l l u s t r a t e s  a p r a c t i c a l  m e t h o d  of  u t i l i z i n g  p h o t o -  

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

T h i s  a p p r o a c h  is  a l s o  b e i n g  s t u d i e d  in  a N A S A - s p o n s o r e d  p r o g r a m  a t  

M . I . T .  u n d e r  t h e  d i r e c t i o n  o f  M.  S. W r i g h t o n .  47 T h e i r  w o r k ,  in  g e n e r a l ,  

c o n f i r m s  the  w o r k  o f  F u j i s h i m a  and  H o n d a ,  a l t h o u g h  t h e  e l e c t r o l y s i s  a c t u a l l y  

r e q u i r e s  a 0. Z - v o l t  a s s i s t .  T h i s  p r o g r a m  w i l l  e x p l o r e  T i O  z a n d  o t h e r  

s e m i c o n d u c t o r  s y s t e m s ,  a s  w e l l  a s  o t h e r  v a r i a b l e s  in t h e  s y s t e m .  

S i m i l a r l y ,  o t h e r  p h o t o c a t a l y z e d  r e a c t i o n s  c o u l d  b e  u s e d  a s  h a l f - c e l l  c o m -  

p o n e n t s  of  a n  e l e c t r o c h e m i c a l  c e l l .  U n f o r t u n a t e l y ,  h o w e v e r ,  t h e  p o t e n t i a l  

g e n e r a t e d  by  p h o t o c a t a l y t i c  r e a c t i o n s  t h a t  u t i l i z e  s i g n i f i c a n t l y  l o n g e r  w a v e -  

l e n g t h s  of  l i g h t  w i l l  no t  b e  s u f f i c i e n t  to s p l i t  w a t e r .  S u c h  r e a c t i o n s  do ,  h o w -  

e v e r ,  r e s u l t  in t h e  s t o r a g e  o f  e n e r g y  c r  in  t h e  g e n e r a t i o n  of  e l e c t r o c h e m i c a l  

p o t e n t i a l .  T h e  p r o b l e m  t h e n  b e c o m e s  o n e  of  c o u p l i n g  t h e  i n c r e m e n t a l  e n e r -  

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

r e s u l t  in t he  s p l i t t i n g  o f  w a t e r .  
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Ohta and Kamiya have suggested 48 that electrochemical potentials of less 

than I. Z3 volts can be used to assist the electrolysis of water by convention- 

ally ~enerated electricity. For example methylene blue (MB) and ferrous ions 

generate an electrochemical potential of about 0. Z volt when irradiated: 

hu 
ZFe ++ + H++ MB+ ----~ XFe +++ + MBH 

If such a cell were placed in series with a water-electrolysis cell, the poten- 

tial required for electrolysis would be redhead by about 0. Z volt -- a rather 

small assist. Alternatively, it might be possible to use a stack of eight such 

cells in series to generate a potential of I. 6 volts (ignoring overvoltage), 

%vhich would be sufficient for the electrolysis of water. However, the solar- 

energy-conversion efficiency wol!Id be reduced to a maximum of about 7y0 of 

the absorbed energy. 

Ohta and Kamiya have also demonstrated that three complex dye systems 

in series can generate significantly greater EMF values (~ 0.6 volt) and a 

negative potential at the anode close to that of the hydrogen electrode. Thus 

they have a prototype for an anode that is almost capable of reducing hydrogen 

ions to molecular hydrogen. Their paper, however, did not give detail suffi- 

cient for evaluation of whether this series utilizes one or two photons per 

electron. If it is a two-photon event, the solar-energy-conversion efficiency 

is probably no greater than that for each indlvidualcell. In any case, only 

the anode portion of the cell was studied. Thus coupling into a complete 

electrochemical cell has not been achieved. 

On the other hand, to our knowledge, none of the photochemical reactions 

discovered thus far appear to be able to generate an oxidant strong enough to 

liberate oxygen at the cathode (utilizing the longer wavelengths of light). How- 

ever, the approach is valid, although on the basis of current knowledge, such 

processes will probably be very complex, as illustrated by the proposal by 

Graves and Stramonde z4 that utilizes three half-cell reactions based on organic 

dyes (une with a cyctochrome redox system), hydrogenase to evolve hydrogen, 

and a six-stage thermochemical cycle to evolve oxygen. Obviously, photo- 

chemical half-cell reactions that are capable of bridging a much larger por- 

tion of the I. Z3-volt energy gap are needed. This would increase efficiency, 

as well as simplify the coupling problem. 
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Efficiency of Solar Utilization 3~'33 

The Basic Photosynthetic Process 

Ideally, the above formulation indicates that photosynthesis utilizes 8 

E i n s t e i n s  of  l i g h t  a t  a n  e n e r g y  o f  4 0 . 8  kcal/'Einstein to  p r o d u c e  the  f r e e -  

energy equivalent of 2 moles of hydrogen plus I mole of oxygen, Thus the 

maximum internal thermodynamic efficiency of the process is about 35ff~ 

[114 kcal/(40.8 X 8)] of the e=ergy received by the reaction center. In 

actuality, however, the reduction of carbon dioxide to carbohydrate requires 

about 4 molecules of ATP, in addltion to the light-generated reducing function 

(NADPH). Is About half of the ATP requirement is generated by the exergonic 

electron-transport system at no cost in light energy. The other half, how- 

ever, is generated by photophosphorylation and apparently requires two extra 

quanta of light. The maximum thermodynamic efficiency for producing carbo- 

hydrate, therefore, is actually closer to Z8~ of the energy received. 

These calculations are in agreement with similar estimates made on the 

basis of charge separation produced by 700-nm light (N 1.77 volt). Thus, at 

an efficiency of 56~0, 700-nm light produces a charge separation of about l volt. 

A t o t a l  o f  t w o  q u a n t a ,  a t  1. 77 v o l t s  e a c h ,  p r o d u c e s  a n e t  c h a r g e  s e p a r a t i o n  o f  

a b o u t  1 . 2 3  v o l t s  - a n  o v e r a l l  e f f i c i e n c y  o f  a b o u t  3 5 % .  T h u s  the  t h e r m o -  

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

r e a c t i o n  c e n t e r  i s  r e l a t i v e l y  h i g h .  

T o  c o n v e r t  t h e  a b o v e  e f f i c i e n c i e s  to  s o l a r - u t i l i z a t i o n  e f f i c i e n c y ,  we  m u s t  

a l l o w  f o r  t w o  o t h e r  f a c t o r s :  

a I n  o r d e r  to u t i l i z e  l i g h t  e n e r g y  a t  a c o n s t a n t  I .  77 v o l t s ,  h i g h e r  e n e r g y  
p h o t o n s  h a v e  b e e n  d e g r a d e d  to  t h a t  l e v e l .  T h e  a v e r a g e  w a v e l e n g t h  o f  t he  
l i g h t  a b s o r b e d  i s  a b o u t  550 r im,  w h i c h  c o r r e s p o n d s  to  a n  e n e r g y  o f  Z. Z5 
v o l t s  ( o r  52 k c a l / ' E i n s t e i n ) .  

• O n l y  a b o u t  45% of  t h e  s o l a r  s p e c t r u m  i s  in t h e  400 to  7 0 0 - n m  r a n g e .  

T a k i n g  t h e s e  t w o  f a c t o r s  i n t o  a c c o u n t ,  t h e  a c t u a l  m a x i m u m  u t i l i z a t i o n  

e f f i c i e n c y  s h o u l d  b e  Zg% [114, , / (10 X 5Z)] o f  t he  l i g h t  a b s o r b e d ,  o r  a b o u t  10% 

of  t h e  t o t a l  s o l a r  f l ux .  T h e r e  a p p e a r s  to  b e  a c o n s i d e r a b l e  a m o u n t  o f  e x p e r i -  

m e n t a l  c o n f i r m a t i o n  of  the  o r d e r  of  m a g n i t u d e  of  t h i s  v a l u e .  K o k  s t a t e s  33 

t h a t  " a l g a e  a n d  h i g h e r  p l a n t s  h a v e  b e e n  g r o w n  (in w e a k  l i g h t )  w i t h  e f f i c i e n c i e s  

a p p r o a c h i n g  t h i s  v a l u e  - c o n v e r t i n g  Z0% of  the  a b s o r b e d  s o l a r  r a d i a t i o n  

(~ -550  n m ) . "  O f  c o u r s e ,  t h i s  i s  u n d e r  i d e a l  l a b o r a t o r y  c o n d i t i o n s .  H o w e v e r ,  

16Z 

Y 



8 / 7 5  896Z 

s o l a r - u t i l i z a t i o n  e f f i c i e n c i e s  as  h igh  as  f r o m  5% to 6% h a v e  b e e n  m e a s u r e d  on 

a d a i l y  b a s i s ,  u n d e r  f i e ld  c o n d i t i o n s ,  f o r  c r o p s  s u c h  as  c o r n  and  s u g a r  c a n e .  39,56 

Thus  a m a x i m u m  p r a c t i c a l  e f f i c i e n c y  o f  10~0 d o e s  s e e m  r e a s o n a b l e .  

M a r i n e  and A g r i c u l t u r a l  P h o t o s y n t h e s i s  39 s6 

The  solar utilization efficiencies found in nature, on the other hand, are 

substantially lower that 10g0. Kok states 33 that "net production in the field 

seldom exceeds Z~; typical values are 0.5~ to i. 5~ (3 to I0 kW/acre)." How- 

ever, he indicates that annual efficiencies of from 4~0 to 5~ have been observed 

and cites efficiencies of ~3~ for sugar cane and ~ Z~'o for forestry on the south 

coastal plains. Loomis et al. 39 as well as Schneider, 56 generally confirm 

the order of magnitude of the above-quoted efficiencies, on an annual basis, 

for a number of crops. However, both show data indicating that daily effi- 

ciencies that approach 6~ can be achieved with certain crops, such as corn, 

sugar cane, and tropical grasses. It is significant that, although the highest 

daily efficiencies for corn and sugar cane are about the same, the annual 

efficiency for sugar cane is about twice that for corn because of the length of 

the growing season. Thus annual efficiencies tend to be higher nearer the 

equator. It seems probable that annual efficiencies might actually approach 

the average daily efficiencies if cropping could be carried out on a continuous 

basis rather than in batches. Examples would include mixed natural ecosys- 

tems, such as the tropical rain forests, and a continuous algae-growth process. 

The loss mechanisms have been summarized by Schneider 56 and by Loomis. I! 

Ikdany losses (e. g. , those due to the density of the ground coverage, grazing 

and insects, or lack of nutrients)can be controlled by agricultural practice. 

Other losses, however, are more intrinsic to the photosynthetic process 

itself or to the overall plant physiology. These include- 

@ In strong light, limitation of the velocity by the dark enzymatic reaction 
(most plants attaining saturation of photosynthesis at intensities below 
that of noon sunlight) sz 

• In weak light, a decrease in net efficiency brought about by respiration 
and other factors 33 

Further limitation of the maximum rates by the availability of water; 
organic nutrients (such as nitrate ions, NO 3- ); and, in particular, 
carbon d i o x i d e  

Consumption by plants of a significant fraction of their gross production 
(< 50~0) for their own maintenance (respiration) 64 
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Each of these factors, particularly photorespiratiun and light-saturation 

intensity, varies considerably among different plants. Thus plant breeding 

and genetic manipulation could lead to significant improvements in the effi- 

ciency of p h o t o s y n t h e s i s  in p r a c t i c e ,  s4 

P o t e n t i a l  E f f i c i e n c i e s  of  A r t i f i c a l  I n - V i t r o  Processes 

R e c o n s t i t u t e d  in  v i t r o  p h o t o s y n t h e s i s ,  if it cou ld  be d e v e l o p e d ,  cou ld  

e l i m i n a t e  the  need  f o r  r ~ s p i r a t i o n ,  as we l l  as A T P  f o r m a t i o n .  Th i s  would 

r e d u c e  the  q u a n t u m  r e q u i r e m e n t  f r o m  I0 to 8 E i n s t e i n s  p e r  m o l e  of  o x y g e n  

e v o l v e d  and would  i n c r e a s e  the t h e o r e t i c a l  r n a x i m u m  e f f i c i e n c y  to 13.7~% of  

the s o l a r  f lux.  F u r t h e r m o r e ,  b e c a u s e  such  p r o c e s s e s  c o u l d  be c a r r i e d  out  

on a c o n t i n u o u s  ( r a t h e r  t han  b a t c h )  b a s i s ,  the  a n n u a l  e f f i c i e n c i e s  would  

a p p r o a c h  n-~aximun~. On the  o t h e r  hand,  the e n e r g y  r e q u i r e d  f o r  c o n t r o l  and 

m a i n t e n a n c e  of s u c h  s y s t e m s  would  c e r t a i n l y  r e d u c e  the o v e r a l l  e f f i c i e n c y .  

C u r r e n t  S ta tus  and F u t u r e  P r o s p e c t s  of 
P h o t o s y n t h e s i s  R e s e a r c h  

The  p h o t o s y n t h e s i s  m o d e l  p r e s e n t e d  in F i g u r e  7-1 is c o n s i s t e n t  with the 

known  e x p e r i m e n t a l  d a t a ,  a l t h o u g h  o t h e r  m o d e l s  c a n  p r o b a b l y  be d e v i s e d  to 

e x p l a i n  the  s a m e  da t a .  C l a y t o n  s u g g e s t s  19 tha t  the f i g u r e  is a r e a s o n a b l e  c o n -  

s e n s u s  as  of 1970. H o w e v e r ,  t he  m o d e l ,  as it s t a n d s ,  is s t i l l  i n c o m p l e t e .  

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

be low.  

Electron-Transport S y s t e m  14,zs,sz 

The electron-transport system connecting the two photochemical half-cell 

reactions has been fairly well elucidated. 14,15,5z The detail presented in 

Figure 7-i primarily serves to illustrate the complexity of the transport 

chain. Each of the electron carriers shown (and there are probably more) 

is a complex chemical entity attached to or in the form of a protein. Fur- 

thermore, the relative amounts of the carriers vary. For example, there 

are I0 equivalent of PQ for every Q, two equivalent of cytbs59 for every 

cyt _f, and one of PIC for every PT00" Thus the difficulties that might be 

anticipated in trying to stabilize such a system for use in vitro or in trying 

to construct a synthetic electron-transport system become evident. 

I N ~ r ! T II T 
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C a r b o n  D i o x i d e  R e d u c t i o n  zl,zz 

The u l t i m a t e  e l e c t r o n  a c c e p t o r  in the  p h o t o s y n t h e s i s  p r o c e s s  is a c t u a l l y  

N A D P ,  a c o m p l e x  b i o l o g i c a l  c h e m i c a l .  As  i n d i c a t e d  in F i g u r e  7 -1 ,  N A D P  

is  r e d u c e d  by the  p h o t o c h e m i c a l  r e d u c t a n t ,  X ' ,  t h r o u g h  a s e c o n d  e l e c t r o n -  

t r a n s p o r t  cha in  invo lv ing  s e v e r a l  m o r e  corr ip lex  e n z y m e  s p e c i e s ,  i nc lud ing  

an i r o n - c o n t a i n i n g  f e r r e d o x i n .  A l t h o u g h  the  s e q u e n c e  of  t h e s e  c a r r i e r s  ha s  

b e e n  r e a s o n a b l y  w e l l  e s t a b l i s h e d ,  the  n a t u r e  of  the  p h o t o c h e m i c a l l y  p r o -  

d u c e d  r e d u c t a n t  i t s e l f  is unknown.  F u r t h e r m o r e ,  the  m a n n e r  in  w h i c h  the 

e l e c t r o n - t r a n s p o r t  c h a i n  is c o u p l e d  to the  p r i m a r y  r e d u c t a n t  i s  s t i l l  a m y s t e r y .  

N A D P H  (the r e d u c e d  f o r m  of  N A D P )  and A T P  r e d u c e  c a r b o n  d i o x i d e  to  

c a r b o h y d r a t e .  Th is  p r o c e s s  h s s  b e e n  n a m e d  t he  C a l v i n - B e n s o n  c y c l e :  E l u c i -  

d a t i o n  of the  m e c h a n i s m s  i n v o l v e d  in the  r e d u c t i o n  e a r n e d  C a l v i n  and h is  

associates at Berkeley a Nobel Prize. 

Oxygen Evolution and PS II 15,16,52 

The electron donors and acceptors immediately surrounding chlorophyll a 

in PS 11 remain unidentified. The electron acceptor, Q, is presumed to be a 

quinone. Even less is known about the nature of Z (the oxidizing agent) and the 

reactions and reactants mediating the oxidation of water to oxygen. (It is 

known that manganese and chloride ions are somehow involved because 

ext raction the reof effectively stops oxygen evolution. ) 

The generation of oxygen is one of the more critical steps in the whole 

process because it involves the molecular mechanism by which a chemical 

process is coupled to a photoactive membrane system (which, incidentally, 

can he synthesized in the laboratory 30). Thus, if we knew how to couple 

such a membrane to a chemical or voltaic process, photosynthesis might be 

reproducible in the laboratory. In any case, the lack of analytical success 

suggests that a greater emphasis should be placed on the synthetic approach. 

S t o i c h i o m e t r i c  Pathways Is,3z 

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

c e s s .  H o w e v e r ,  the  r e l e a s e  of  one  o x y g e n  m o l e c u l e  r e q u i r e s  the  a c c u m u l a -  

t i o z  of  f ou r  e l e c t r o n s  at a s p e c i f i c  e n e r g y  l e v e l .  How th i s  is a c c o m p l i s h e d  is 

not  w e l l  u n d e r s t o o d .  A g a i n  th is  e m p h a s i z e s  the  c o m p l e x i t i e s ,  as  w e l l  a s  the  

lac~: of  u n d e r s t a n d i n g ,  of t he  m e c h a n i s m  by  w h i c h  a c h e m i c a l  r e a c t i o n  is  

c o u p l e d  to the  p r i m a r y  p h o t o c h e m i c a l  s p e c i e s .  
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D h o t o p h o s p h o r y l a t i o n  ls,3s,41,4% se 

In  a d d i t i o n  to t he  p r o d u c t i o n  of r e d u c i n g  p o w e r  ( N A D P H ) ,  p h o t o s y n t h e s i s  

a l s o  r e s u l t s  in t h e  s t o r a g e  of  e n e r g y  in the  f o r m  of  A T P ,  w h i c h  is  t h e  u n i v e r -  

s a l  m e d i u m  of  e n e r g y  e x c h a n g e  in b i o l o g i c a l  p r o c e s s e s .  A l t h o u g h  we  a r e  

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

p r o c e s s ,  c o n s i d e r a t i o n  of  t h e  m e c h a n i s m  by  w h i c h  the  p h o s p h o r y l a t i o n  p r o -  

c e s s  is  c o u p l e d  to  t h e  e l e c t r o n - t r a n s p o r t  s y s t e m  m a y  l e a d  to  a b e t t e r  u n d e r -  

s t a n d i n g  of  t h e  p r o c e s s  a s  a w h o l e .  

P h o s p h o r y l a t i o n  a p p e a r s  to be  of  v i t a l  i n l p o r t a n c e  to  m a n y  o r  a l l  m e m -  

b r a n e  p r o c e s s e s  in w h i c h  a c t i v e  i o n - t r a n s p o r t  o c c u r s .  In  1970,  A.  L .  

L e h n i n g e r  s t a t e d  ss.  

" T h e r e  c a n  be  no d o u b t  t h a t  t he  m o s t  c e n t r a l  and  o v e r r i d -  
ing  p r o b l e m  w e  f a c e  t o d a y  ~n t h e  s t u d y  of p h o t o s y n t h e s i s  a n d  
r e s p i r a t i o n  i s  t h e  n a t u r e  of  the  c h e m i c a l  a n d  p h y s i c a l  e v e n t s  
i n v o l v e d  in t h e  c o n v e r s i o n  of  e l e c t r o n - t r a n s p o r t  e n e r g y  in to  
p h o s p h a t e  b o n d  e n e r g y .  In  b o t h  p r o c c s s c s  we  h a v e  c h a i n s  of  
e l e c t r o n - c a r r y i n g  p r o t e i n s  w h i c h  a r e  f i x e d  in m e m b r a n e s ,  t h e  
s t r u c t u r e  of  w h i c h  is  v i t a l  f o r  t h e i r  f u n c t i o n .  I n  b o t h  c a s e s  
e l e c t r o n  t r a n s p o r t  c a n  l e a d  not  o n l y  to  A T P  f o r m a t i o n ,  b u t  
a l s o  to  t r a n s p o r t  of  i o n s  a s  H :  a c r o s s  t h e  m e m b r a n e . . . "  

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

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

F u r t h e r m o r e ,  t h e  c h e m i c a l  c o u p l i n g  h y p o t h e s i s  d o e s  no t  e x p l a i n  t h e  n e c e s -  

s i t y  o f  a m e m b r a n e  s t r u c t u r e  f o r  f u n c t i o n a l i t y .  

M o r e  r e c e n t l y ,  P .  M i t c h e ! l  p r o p o s e d  41 t h a t  t h e  c o u p l i n g  o c c u r s  not  t h r o u g h  

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

s t a t e  of  t h e  m e m b r a n e  in  w h i c h  the  e l e c t r o n - t r a n s p o r t  s y s t e m  i s  a r r a y e d .  

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

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

a n d  is  s t o i c h i o m e t r i c a l l y  r e l a t e d  to t he  t r a n s p o r t  o f  h y d r o x y l  i o n s  a c r o s s  t he  

m e m b r a n e ,  w h i c h  s e p a r a t e s  the  ~nne r  a n d  o u t e r  p h a s e s .  T h u s ,  a n  e l e c t r o -  

c h e m i c a l  p o t e n t i a l ,  e s t i m a t e d  to be on t h e  o r d e r  of  0. 3 v o l t  ( q u i t e  s u f f i c i e n t  

to  d r i v e  t h e  A T P  f o r m a t i o n ) ,  :s g e n e r a t e d .  IS, s4 

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

d i f f e r e n c e  in pH a c r o s s  t h e  m e m b r a n e ,  a s  w e l l  a s  w i t h  A T P  f o r m a t i o n .  

F u r t h e r m o r e ,  R a c k e r  a n d  S t o e c k e n i u s 5 3  (a t  C o r n e l 1 )  h a v c  r e c o n s t i t u t e d  
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membranes from the photosynthetic pigment of purple bacteria with an ATP 

enzyme from heart mitochondria that, when illuminated, generate a hydrogen 

ion gradient and ATP. 

%Vhcther the l%~itchell hypothesis is basically correct in its present form 

or not remains unresolved. 38,49,57 However, it has served to focus attention 

on the importance of the membrane structure and dynamics and on biological 

membranes as energy transducers. In particular, the Mitchell hypothesis 

emphasizes our lack of understanding of the relationships between biological- 

membrane structure and function. 

Nature of the Photosynthetic Unit 14,15,5z 

The most fundamental, as well as the most important, unknown in the 

current understanding of photosynthesis is the nature of the photosynthetic 

unit ifself in terms of structure and function. The primary photoacceptors 

in photosynthetic organisms belong to a small family of closely related pig- 

ments known as the chlorophylls. The principal members of this family are 

chlorophyll a and b (Chl a and Chl b) in green plants and algae and bacterio- 

chlorophyll (BChl) in photosynthetic bacteria. Without exception, Chl a is 

present in all organisms that carry out photosynthesis with the evolution of 

oxygen. Although the chlorophylls appear to be the primary and essential 

components of the system, they are in nature associated with a number of 

other pigments, including the carotenoids and the phycobilins (phycoerythrin 

and phycocyanin). Together, these pigments absorb most of the visible spec- 

trum of solar radiation. (See Figure 7-Z. ) 

According to current views, the basic photosynthetic unit consists of 

about 300 to 400 molecules of Chl a, together with the associated pigments 

(most of which function only to "harvest" light and to transfer energy to a 

reaction center within the unit). The efficiency of the energy-transfer pro- 

cess is in excess of 90%. 

The brief survey of nonbiological photolysis serves to highlight the unique 

properties of the chlorophyll photosensit[zer in photosynthesis, in particular- 

• Its ability to harvest light over the whole solar spectrum and to transfer 
the energy efficiently to the reaction center 

The photocatalytic nature of the reaction centers and the efficiency with 
which they convert photoenergy to electrochemical potential. 

I I~ r, '1" | "I" I I  T I :  
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Figure 7-2. ABSORPTIOIN SPECTRA OF ]?HE T H R E E  TYPES OF 
PLANT PIGMENTS 

T h e s e  p r o p e r t i e s  a p p e a r  to e x i s t  in n a t u r e  on ly  in p h o t o s y n t h e s i s ,  and both  

are  d e r i v e d  f r o m  the  n a t u r e  of  the  c h l o r o p h y l l  m o l e c u l e .  

Of p a r t i c u l a r  i n t e r e s t  is  the c o n t r a s t  b e t w e e n  the  p h o t o c h e m i c a l  r e a c t i o n s  

of chlorophyll in solution with those occurring in photosynthesis. For example, 

Chl a in methanol is photooxidized by suitable electron acceptors -- such as 

Fe ++-, quinone, and a variety of dyes - in reactions reminiscent of the Hill 

5 ~ reactlon ~: 

Chl a + Fe +++ ,-~ Chl a; + Fe ++ 
d a r k  

O1" 

h V  

2 C h l  a ~- Q ~- 2 C h t  a + - Q H  2 

dark 

!68 
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However, the reactions are stoichiometric, and the oxidized chlorophyll 

species does not appear to be reactive with water. Furthermore, the overall 

electrochemical potential bridged appears to be on the order of only O. l to 

0 . 2  vol t .  

S i r n i l a r y ,  Ghl  a c a n  be p h o t o r e d u c e d  by c e r t a i n  e l e c t r o n  d o n o r s ,  s u c h  as 

a s c o r b i c  a c i d  (E 0 -- 0 . 0 ) ,  in  a r e a c t i o n  analogous to  the  Krasnovsky r e a c t i o n  37 sz: 

hR. 
Chl  a + a s c o r b i c  a c i d  .---4. C h l H  2 + d e h y d r o a s c o r b i c  a c i d  

-- dark 

A ga in  the  r e a c t i o n  t e n d s  to  be s t o i c h i o m e t r i c ,  a l t h o u g h  Ch lH  2 c a n  be  r e o x i -  

d i z e d  by v a r i o u s  e l e c t r o n  a c c e p t o r s  w i th  e l e c t r o c h e m i c a l  p o t e n t i a l s  of  up to  

O. OZ vol t .  T h u s  t h e  m a x i m u m  e n e r g y  s t o r e d  is  on ly  O. Z vo l t .  

In c o n t r a s t ,  e a c h  c ld lo rophy l l  r e a c t i o n  c e n t e r  in  p h o t o s y n t h e s i s  g e n e r a t e s  

a charge separation of about i. 0 volt at an efficiency of about 56% (I/I. 77), 

and the process is photocatalytic. This accomplishment has only been par- 

tially explained, but considerable progress toward understanding the process 

has been made during the last 5 years. 

Structure and Function of Chlorophyll 
, L , _ ,,,,, , 

Chlorophyll a is a fascinating member of the porphyrin family. It con- 

sists of a cyclic tetrapyrrole chelated with magnesium. (See Figure 7-3. ) In 

addition, the structure includes the following important features: 

• An alicyclic ketone structure fused to one of the pyrrole rings, which 
appears to be conjugated to the unsaturated double-bond structures 
throughout the m01ecules 

• An aliphatic acid group esterified with a ZO-carbon-atom aliphatic 
a l c o h o l .  

The overall molecule is polar and hydrophilic at one end and nonpolar 

and hydrophobic at the other end. This strongly affects its colloidal behavior, 

particularly in nonpolar solvents and at polar-nonpolar interfaces. However, 

the naost important and distinctive feature of the chlorophylls is that they con- 

tain both an electron-donor and an electron-acceptor function within the same 

n~olecule. 

The central magnesium atom is constrained by the cyclic tetrahydropyr- 

role structure to a coordination number of 4 and is therefore coordinatively 
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unsaturated and tends to behave as a Lewis acid (i. e. , it accepts electrons 

from an electron donor). This is quite analogous to the strong acid catalyst 

properties of silica-magnesia gel in which magnesium ions are constrained 

by the silicate matrix to a coordination number of 4, thus generating Lewis- 

acid function. The electron-donor function is provided by the alicyclic ketone 

group (/..C = O) as a result of the fact that the energy change associated with 

the loss of an electron from the ketone can be delocalized and distributed over 

the whole porphyrin structure b"y resonance of the conjugated double-bond 

system. 

As a result of its electron donor-acceptor properties, chlorophyll tends 

to form coordination complexes with itself and with other nucleophilic agents 

such as water. 30 In nonpolar solvents it exists as dimers or oligomers, the 

molecular weight of which is dependent on the concentration. In polar sol- 

vents, chlorophyll forms coordination adducts. Bifunctional liquids, such as 

dioxane and water, interact with chlorophyll to produce cross-linked coordina- 

tion adducts of colloidal dimensions. Thus the structure, and therefore the 

properties, of Chl a will depend strongly on the chemical environment in 

w h i c h  i t  e x i s t s .  

On this basis, J. J. Katz and associates ~° (at Argonne National Labora- 

tories) took a synthetic approach to delineating the nature of the antenna 

chlorophyll and of the reaction center. Thus the properties indicative of 

light harvesting and photoactivity of different synthetic chlorophyll prepara- 

tions in various colloidal states and adducted with various nucleophilie agents 

were determined and compared with in vitro reaction-center preparations. 

These studies have been quite informative. 

Comparative studies of the absorption spectra of the oligomers of chloro- 

phyll in nonpolar solvents with those of in vivo reactive-center preparations 

provide good experimental support for the hypothesis that the bulk of the 

Chl a in vivo (i. e. , the antenna chlorophyll) exists as high-molecular-weight 

oligorner (Chl ~.). The oligomers, however, show no indication of photo- 

activity, such as the photoreversible electron spin resonance signal (ESK) 

or the characteristic shift in absorption toward the far red (Pro0), both 

characteristic of the reaction center in photosynthesis. 
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On the o t h e r  hand ,  a d d u c t s  wi th  b i f u n c t i o n a l  l i g a n d s  ( c o m p l e x i n g  a g e n t s ) ,  

such  as d i o x a n e  and w a t e r ,  show a r e m a r k a b l e  r ed  sh i f t ,  t I o w e v e r ,  of a l l  of  

the  b i f u n c t i o n a l  a d d u c t s ,  the  1:1 c h l o r o p h y l l / w a t e r  a d d u c t  ( C h l a ' H z O ) n  is the  

on ly  one tha t  s h o w s  a p h o t o r e v e r s i b l e  ESR s i g n a l  when  i l l u m i n a t e d  by r e d  

l igh t  wi th  a w a v e l e n g t h  g r e a t e r  t h a n  650 nm.  T h e s e  r e s u l t s  s u g g e s t  t ha t  the  

c h l o r o p h y l l  r e a c t i o n  c e n t e r  in v ivo  i n v o l v e s  a n u c l e o p h i l i c  i n t e r a c t i o n  s i m i l a r  

to the  w a t e r  a d d u c t ,  e v e n  though  the r e d  sh i f t  in the 1:1 (Chl. HzO)n adduc t  is 

m u c h  too  l a r g e  and the  ESR s i g n a l  m u c h  too  n a r r o w  f o r  s p e c i f i c a l l y  P~00. 

H o w e v e r ,  t h e s e  d i s c r e p a n c i e s  c an  be  r a t i o n a l i z e d  in t e r m s  of a t h e o r y  tha t  

s u g g e s t s  the  r e d  sh i f t  and ESR s i g n a l  of  an i s o l a t e d  (Chl.  HaO. Chl  ) e n t i t y  

would  be  c o m p l e t e l y  c o n s i s t e n t  wi th  the  in v ivo  PT00. 

Thus  Ka t z  p o s t u l a t e s  a m o d e l  in  wh ich  one w a t e r  m o l e c u l e  i n s e r t e d  in to  a 

h i g h - m o l e c u l a r - w e i g h t  o l i g o m e r ,  c o m p o s e d  of abou t  300 c h l o r o p h y l l  m o l e -  

c u l e s ,  is the  p h o t o s y n t h e t i c  uni t .  M e c h a n i s n ~ s  e x i s t  f o r  a p l a u s i b l e  e x p l a n a -  

t i on  of the  p h o t o c h e m i c a l  c h a r g e  s e p a r a t i o n  in s u c h  a m o d e l .  F u r t h e r m o r e  

ESR da ta  on P865 in p u r p l e  p h o t o s y n t h e t i c  b a c t e r i a  a r e  c o m p l e t e l y  c o m p a t i b l e  

wi th  the  s p e c i a l  c h l o r o p h y l l  p a i r  h y p o t h e s i s .  3o 

The  Katz  c h l o r o p h y l l - p a i r  m o d e l  ~s a l s o  c o n s i s t e n t  wi th  the  e m p i r i c a l  

r e s u l t s  of p a r a l l e l  a n a l y t i c a l  s t u d i e s  of the r e a c t i o n  c e n t e r  of  p h o t o s y n t h e t i c  

b a c t e r i a .  P a r s o n  and C o g d e l l h a v e  r e c e n t l y  r e v i e w e d  so the  c u r r e n t  s t a t u s  

(as of M a r c h  1975) of  u n d e r s t a n d i n g  of  the p r i m a r y  r e a c t i o n s  in  b a c t e r i a l  

p h o t o s y n t h e s i s .  C o n s i d e r a b l e  p r o g r e s s  has  b e e n  m a d e  p o s s i b l e  s i n c e  the  

d e v e l o p m e n t  of t e c h n i q u e s  (in 1968) f o r  p h y s i c a l l y  s e p a r a t i n g  and p u r i f y i n g  

the  r e a c t i o n  c e n t e r s  f o r  the  o r g a n i s m  R. s p h e r o i d e s  of  l i g h t - h a r v e s t i n g  and 

o t h e r  c o m p o n e n t s  of the  p h o t o s y n t h e t i c  uni t .  T h e s e  t e c h n i q u e s  led  to an i n t e n -  

s i v e  a n a l y t i c a l  s t u d y  of the n a t u r e  and p h o t o c h e m i c a l  r e a c t i o n s  of the  r e a c t i o n -  

c e n t e r  p r e p a r a t i o n s .  

The  b a s i c  c h l o r o p h y l l  c o m p o n e n t  of the r e a c t i o n  c e n t e r  in the  b a c t e r i a  

1~. s p h e r o i d e s  has  b e e n  shown  to c o n s i s t  of  a c o m p l e x  of  f o u r  BChl  m o l e c u l e s  

p lus  two m o l e c u l e s  of  BChl  in which  the  m a g n e s i u m  a t o m  has  b e e n  r e p l a c e d  

wi th  two h y d r o g e n  a t o m s .  ESR s t u d i e s  of the  r e a c t i o n - c e n t e r  p r e p a r a t i o n s  

i n d i c a t e  tha t  when  the  c o m p l e x  l o s e s  an e l e c t r o n ,  the  r e m a i n i n g  u n p a i r e d  

e l e c t r o n  is s h a r e d  by two of the BChl  n ~ o l e c u l e s ,  and the  e n e r g y  t r a n s f e r  w i th  

the  o t h e r  two B C h l m o l e c u l e s  is b r o k e n .  T h e s e  o b s e r v a t i o n s  a r e  c o m p a t i b l e  

wi th  a d u a l - f u n c t i o n  m o d e l  s u c h  as tha t  by Ka tz .~c  F u r t h e r m o r e ,  it has  b e e n  
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shown that d e h y d r a t i o n  (over  p h o s p h o r o u s  pentoxide)  r e v e r s i b l y  b l o c k s  the 

p h o t o c h e m i c a l  a c t i v i t y  of b a c t e r i a l  c h r o m a t o p h o r e s ,  thus imp l i ca t ing  the w a t e r  

m o l e c u l e  as an i n t e g r a l  p a r t  of  the r e a c t i o n  c e n t e r .  

These  r e s u l t s  s u g g e s t  to us tha t  pho toca t a ly t i c  ac t iv i ty ,  as  we l l  a s  the 

l a r g e  cha rge  s e p a r a t i o n  p r o d u c e d  by the r e a c t i o n  c e n t e r s ,  is a s s o c i a t e d  with 

dual  func t iona l i ty  of the  r e a c t i o n  c e n t e r .  Dua l  func t iona l i ty  is i nhe ren t  in the 

s p e c i a l  c h l o r o p h y l l  pa i r  m o d e l  by  Katz:  

hv 
Chl_a.HzO.Chl_a --~ Ch_la+.H20.Chl_a 

Such a d u a l - f u n c t i o n  c a t a l y s t  p r o v i d e s  fo r  not  only the g e n e r a t i o n  of both  an 

oxidant  and a r e d u c t a n t  for  pho toca ta ly t i c  ac t iv i ty ;  but  a l so ,  p e r h a p s ,  double 

the c h a r g e  s e p a r a t i o n  that  e i t h e r  h a l f - s t o i c h i o m e t r i c ,  h a l f - c e l l  p r o c e s s  a lone  

could  ach ieve .  

Whe the r  the Katz  or  s i m i l a r  m o d e l s  a r e  val id  r e m a i n s  to be  d e m o n s t r a t e d .  

However, the fact remains that it has been possible to synthetically prepare 

chlorophyll films in the laboratory that exhibit, qualitatively at least, the 

light harvesting and pho~oactive properties of the photosynthetic organisms. 

This accomplishment represents a large step toward synthetic photosynthesis. 

On the other hand, it has not yet been possible to couple the measurable 

photoactivity (that is, charge separation) of such chlorophyll aggregates with 

a suitable elelctron-transport system to achieve either chemical reaction or 

voltaic activity. 

P r i m a r y  E l e c t r o n  D,~nor and A c c e p t o r  

It is c u r i o u s  that  the Chl + g e n e r a t e d  in a m e t h a n o l  so lu t ion  a p p e a r s  to 

be incapable  of  i n t e r ac t i ng  with w a t e r  d i r e c t l y .  As a m a t t e r  of fact ,  the  

r edox  po ten t ia l  of Chl a in me thano l  has  b e e n  m e a s u r e d  to be  0 .62  volt ,  63 

c l e a r l y  too weak  to oxid ize  w a t e r  (which r e q u i r e s  0 .8Z volt) .  P e r h a p s  this 

is b e c a u s e  the Chl + ion is s t a b i l i z e d  by fo rming  a c o m p l e x  wi th  the so lven t .  

The l igand e f f ec t  on the s t ab i l i ty ,  and t h e r e f o r e  on the r edox  po ten t ia l  of 

m e t a l l i c  ions is a we l l  known phenomenon.  

the i ron  couple  -- 

Fe +++ + e- 

Thus the ox ida t ion  po ten t ia l  fo r  

_~ ~--e + +  

v a r i e s  f r o m  as high as  1. 14 vo l t s  (with e l e c t r o n - w i t h d r a w i n g  l igands  such  as 
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I, 10 p h e n a n t h r o l i n e )  to 0. 36 vol t  (with an ion ic  e l e c t r o n - d o n o r  l i gands  s u c h  as 

c y a n i d e  ion,  CN- ) .  The  s t a n d a r d  o x i d a t i o n  p o t e n t i a l  f o r  F e  +++ in wh ich  the  

l i gand  is w a t e r  is 0. 77 vol t .  z It  is a l s o  v e r y  i n t e r e s t i n g  tha t  t he  o x i d a t i o n  

p o t e n t i a l  of  Fe  +++ is r e d u c e d  e v e n  f u r t h e r  in the e l e c t r o n - t r a n s p o r t  e n z y m e s - -  

fo r  e x a m p l e ,  to a r a n g e  of f r o m  --0. 3 to - 0 . 3  vo l t  in c y t o c h r o m e s  and to  

o n l y - 0 . 4 2  vol t  in f e r r e d o x i n .  

Thus  the  l igand  e n v i r o n m e n t  of  the o x i d a n t  and r e d u c t a n t  p r o d u c e d  by the  

p h o t o c a t a l y z e d  r e a c t i o n  m a y  be c r i t i c a l  in d e t e r m i n i n g  the  c h a r g e  s e p a r a t i o n  

a t t a i n e d  and the r e a c t i v i t y  of  the  s p e c i e s .  On th i s  b a s i s ,  the  f u n c t i o n  of  the  

e l e c t r o n - d o n o r  and - a c c e p t o r  m o l e c u l e s  i m m e d i a t e l y  a s s o c i a t e d  wi th  the  

p h o t o c a t a l y s t  m a y  be to p r o v i d e  the  i dea l  l i gand  f i e l d  f o r  the  t e r m i n a l  o x i d a n t  

and r e d u e t a n t ,  thus  f a c i l i t a t i n g  e l e c t r o n  t r a n s p o r t  and r e a c t i o n  wi th  w a t e r .  

S u p p o r t  f o r  such  an e f f e c t  is c i t e d  in the  P a r s o n  and C o g d e l l  r e v i e w  50. 

'~The E m  v a l u e s  tha t  have  b e e n  r e p o r t e d  f o r  P870 a r e  s i g n i f i -  
c a n t l y  below that of b a c t e r i o c h l o r o p h y l l  in solution, which  is 
+ 0. 52 vo l t  in  m e t h a n o l  and + 0 .64  vo l t  in CI-IzCI z . . . .  The  E m 
of c h l o r o p h y l l  in  a l c o h o l i c  s o l u t i o n  v a r i e d  by 0. Z3 vol t ,  in the  
s e r i e s  m e t h a n o l  < e t h a n o l  < i - p r o p a n o l .  A l t h o u g h  the  e f f e c t  
a w a i t s  r a t i o n a l i z a t i o n ,  it  cou ld  r e f l e c t  t he  c o m p l e x i n g  of  the  
a l c o h o l  wi th  the c h l o r o p h y l l  Mg a t o m  or  wi th  the  r i n g  k e t o  
oxygen. " 

On the other hand, an equally important property of the primary electron 

acceptor is to quench the fluorescence of the excited chlorophyll (i. e., to trap 

the e l e c t r o n i c  e n e r g y ) .  P a r s o n  and C o g d e l l  c i t e  50 l i t e r a t u r e  i n d i c a t i n g  tha t  

the  q u e n c h i n g  a b i l i t y  of e l e c t r o n  a c c e o t o r s  d e c r e a s e s  wi th  d e c r e a s i n g  r e d o x  

p o t e n t i a l  ( i . e . ,  t he  b e t t e r  the  o x i d a n t ,  the  g r e a t e r  the q u e n c h i n g  a b i l i t y ) .  

On the  o t h e r  hand,  the q u e n c h  r a t e s  i n c r e a s e  wi th  i n c r e a s i n g  c o n c e n t r a t i o n ,  

up to  the  poin t  at  wh i ch  d i f f u s i o n  b e c o m e s  c o n t r o l l i n g .  Such  f a c t o r s  p r o b a b l y ,  

in p a r t ,  a c c o u n t  fo r  the  f a c t  t ha t  p h o t o c h e m i c a l  r e a c t i o n s  in s o l u t i o n  do no t  

s e e m  to b r i d g e  a l a r g e  e n e r g y  gap.  

R e c e n t  s t u d i e s  of  r e a c t i o n - c e n t e r  p r e p a r a t i o n s  f r o m  b a c t e r i a  (as i n t e r -  

p r e t e d  by P a r s o n  and C o g d e l l )  a l s o  i n d i c a t e  tha t  the  p r i m a r y  e l e c t r o n  a c c e p t o r  

of the  p h o t o c h e m i c a l  p r o c e s s  is an i n t e g r a l  c o m p o n e n t  of  the  r e a c t i o n  c e n t e r .  

I ts  c o m p o s i t i o n  is s t i l l  unknown;  but  bo th  a q u i n o n e  and an i r o n - c o n t a i n i n g  

c o m p l e x  ( p r o b a b l y  s i m i l a r  to f e r r e d o x i n )  a r e  i n v o l v e d  in s e r i e s ,  in p a r a l l e l ,  

o r  as  an  i n t e g r a l  c o m p l e x .  The  in t i r r .a te  r e l a t i o n s h i p  {ana logous  to i n f i n i t e  
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c o n c e n t r a t i o n  wi th  no d i f f u s i o n  c o n t r o l )  p r o b a b l y  p e r m i t s  u s e  of  the  a c c e p t o r  

w i th  the  l o w e s t  o x i d a t i o n  p o t e n t i a l  (i. e . ,  w i th  the  h i g h e s t  r e d u c t i o n  p o t e n t i a l )  

w i t h o u t  a r e d u c t i o n  in  the  t r a p p i n g  e f f i c i e n c y .  

In a d d i t i o n  to  f o u r  B C h l  m o l e c u l e s  and the  i r o n  and q u i n o n e  s p e c i e s ,  t he  

r e a c t i o n - c e n t e r  c o m p l e x  c o n t a i n s  t h r e e  p r o t e i n  c o m p o n e n t s  of  d i f f e r i n g  m o l e c -  

u l a r  w e i g h t  in a m o l e  r a t i o  of  1"-1:1. T h e s e  p r o t e i n s  u n d o u b t e d l y  h a v e  an 

i m p o r t a n t  f u n c t i o n  in b ind ing  the  c o m p o n e n t s  t o g e t h e r  and in  p r o v i d i n g  the  

idea l  l i gand  e n v i r o n m e n t .  F o r  e x a m p l e ,  d e n a t u r a t i o n  of  the  p r o t e i n  r e s u l t s  

in a d r a s t i c  sh i f t  of  the  a d s o r p t i o n  s p e c t r u m  f r o m  tha t  c h a r a c t e r i s t i c  of  t h e  

r e a c t i o n  c e n t e r  (with the  m a j o r  peak  at  870 rim) to  t ha t  o f  m o n o m e r i c  BCh l  

in s o l u t i o n  (wi th  t he  m a j o r  p e a k  a t  760 nm) .  14,1s,sz B e c a u s e  the  h e a v i e r  u n p i g -  

m e n t e d  f r a c t i o n  c a n  b e  p h y s i c a l l y  r e m o v e d  (by d e t e r g e n t  t r e a t m e n t )  w i t h o u t  

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

the  two l o w e r  m o l e c u l a r  w e i g h t  f r a c t i o n s ,  z3,3s,63 

C o n s i d e r a b l e  i n f o r m a t i o n  ha s  a l s o  b e e n  g a t h e r e d  on  the  k i n e t i c s  of  the  

p h o t o c h e m i c a l  e v e n t s  o c c u r r i n g  in  the  r e a c t i o n  c e n t e r  in t e r m s  of  r a t e s  o f  

a b s o r p t i o n ,  f l u o r e s c e n c e ,  and  c h a r g e  s e p a r a t i o n  (ESK).  In  th i s  w a y ,  the  

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

a l t h o u g h  no q u a n t i t a t i v e  m e c h a n i s m  h a s  y e t  e m e r g e d .  T h e  r e a c t i o n  c e n t e r  

is a p p a r e n t l y  a d u a l  f u n c t i o n  p h o t o s e n s i t i z e r  (e. g . ,  C h l ' H z O . C h l  ), t he  p h o t o -  

c a t a l y t i c  a c t i v i t y  of  w h i c h  d e p e n d s  on an  i n t i m a t e  r e l a t i o n s h i p  o r  c o m p l e x i n g  

wi th  an e l e c t r o n  a c c e p t o r  to  t r a p  the  pho ton ic  e n e r g y  t ha t  w o u l d  o t h e r w i s e  be  

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

s t r o n g l y  bound  to the  r e a c t i o n  c e n t e r ,  but  in r e a l i t y  it i s  p r o b a b l y  a l s o  an 

i n t e g r a l  c o m p o n e n t  of  th i s  r e a c t i o n  c e n t e r .  I t s  r o l e  in  q u e n c h i n g  f l u o r e s -  

c e n c e  has  not  b e e n  i d e n t i f i e d ,  bu t  it i s  n e v e r t h e l e s s  r e q u i r e d  to  t r a n s m i t  the  

p o s i t i v e  c h a r g e  to a r e a c t a n t .  The  r e d o x  p o t e n t i a l s  o f  t he  d o n o r  and  a c c e p t o r  

s p e c i e s  a r e  d e p e n d e n t  on the  n a t u r e  o f  the  l i g a n d s  p r o v i d e d  and s e e m  to b e  

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

t i a l  l e v e l s  r e q u i r e d  to  o x i d i z e  w a t e r  in  PS II and to  r e d u c e  N A D P  in P S I .  

Th i s  u n d e r s t a n d i n g  of  the  r e a c t i o n  c e n t e r  and the  e m p i r i c a l  o b s e r v a t i o n s  

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

p h o t o c a t a l y t i c  m e m b r a n e s ,  c o m p l e t e  w i t h  e l e c t r o n  t r a n s p o r t ,  w i l l  r e q u i r e  a 

m a j o r  b r e a k t h r o u g h .  H o w e v e r ,  t he  k n o w l e d g e  g a i n e d  t hus  f a r  d o e s  i n d i c a t e  

the  d i r e c t i o n  f o r  f u r t h e r  r e s e a r c h .  
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IX'onbiologic al  P h o t o l y s i s  

The e n e r g y  of the c a r b o n - o x y g e n  s ing le  bond is abou t  I l l  k c a l / m o l e ,  

e q u i v a l e n t  to the e n e r g y  of UV l ight  tha t  has  a w a v e l e n g t h  of about  2.60 rim. 

F u r t h e r m o r e ,  w a t e r  d o e s  not a b s o r b  UV l ight  at w a v e l e n g t h s  g r e a t e r  t h a n  

185 nm ( e q u i v a l e n t  to an  e n e r g y  of 155 k c a b ' E i n s t e i n ) .  O b v i o u s l y ,  d i r e c t  

p h o t o l y s i s  is not p o s s i b l e  wi th  sun l igh t ,  wh ich  does  not c o n t a i n  UV l igh t  

be low about 300 nrn. 

On the other hand, we have learned from photosynthesis that photolysis 

of water can be carried out by red light that has an energy content of only 

40 kcal/Einstein if the energy is applied incrementally to one electron at a 

time, This is analogous to the electrolysis of water, which can be driven 

by energy units as small as Z8.4 kcal/Einstein (l. 23 volts). Thus the low 

energy content of the available solar radiation does not preclude the possi- 

bility of developing a relatively efficient photolysis process. It does, how- 

ever, impose rather severe constraints on how such a process can be accom- 

plished. 

it has been estimated that the theoretical maximum free energy (~Gmax) 

made available by absorption of light is limited by the second law of thermo- 

dynamics to about 70~0 of the energy of the light absorbed. 31 Thus red light 

at 700 n_~, which has an energy content of 1.8 volts, theoretically can pro- 

vide a net free energy of I. 26 volts (1.8 :K 0. 7), which is sufficient to drive 

the splitting of water. However, in photosynthesis, 700-nrn light yields a 

charge separation of only about 1 volt (an overall efficiency of 55~0). On the 

basis of a 55~o efficiency, the photogeneration of i. 23 volts would require 

quantum energy of Z. 24 volts ("~543-nnl light). If 1.47 volts (corresponding 

to the reaction enthalpy) is actually required to electrolyze water, a quantum 

energy of Z. 7 volts (-~450-nrn light) would be required. Thus it seems 

improbable that direct, one-step photolysis or electrolysis of water can be 

accomplished, except at short wavelengths. 

Requirements for Efficient Photolysis by Sunlight 

Because water does not absorb visible light, attainment of efficient photo- 

chemical reaction will require special considerations: 
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F o r  e f f i c i e n t  u t i l i z a t i o n  of  the  s o l a r  f lux ,  a s e n s i t i z e r  m u s t  be u s e d  t h a t  
is capab le  of u t i l i z i n g  a l l  o r  a s u b s t a n t i a l  p a r t  of the  v i s ib l e  s p e c t r u m .  
M o s t  p u r e  c h e m i c a l s  a b s o r b  o v e r  a f a i r l y  n a r r o w  p o r t i o n  of the v i s i b l e  
s p e c t r u m .  Thus  i t  m a y  be n e c e s s a r y  to e m p l o y  one o r  m o r e  a c c e s s o r y  
p i g m e n t s  fo r  h a r v e s t i n g  l ight .  T h i s ,  in  t u r n ,  wou ld  r e q u i r e  a m e c h a n i s m  
f o r  e f f i c i e n t  t r a n s f e r  of h a r v e s t e d  e n e r g y  to the  s e n s i t i z e r .  T h e s e  
requirements suggest that perhaps a black pigment (e. g., a carbon or 
graphite) should be considered. However, the best possibility seems to 
be the oligomeric Chl a membranes described by Katz. s0 

The  p h o t o c h e m i c a l  r e a c t i o n  m u s t  be p h o t o c a t a l y t i c  o r  c a p a b l e  of  coup l ing  
to o t h e r  r e a c t i o n s  to c l o s e  the  c y c l e .  G e n e r a l l y ,  p h o t o c h e m i c a l  r e a c t i o n s  
are stoichi0metric and result in the oxidation or reduction of the sensi- 
tizer. Such reactions comprise only one half-cell reaction of a ph0tocata- 
lytic reaction. Therefore, the sensitizer in its altered oxidation state 
must be capable of driving a second half-cell reaction, either in situ or 
in a separate stage, to regenerate the original sensitizer and to complete 
the desired reaction. 

Q E l e c t r o n - t r a n s p o r t  m e c h a n i s m s  wi l l  be r e q u i r e d  to  couple  the  s e n s i t i z e r  
to the r e a c t i o n  s y s t e m  o r  to  coup le  one h a l f - c e l l  r e a c t i o n  to the  o t h e r .  
T h e r m o d y n a m i c  c o n s i d e r a t i o n s  s u g g e s t  t h a t  a t  l e a s t  two p h o t o c a t a l y t i c  
r e a c t i o n s  wi l l  be r e q u i r e d  a n a l o g o u s  to the  r e q u i r e m e n t  of  Z q u a n t a  p e r  
electron for photosynthesis. Therefore, means must also be provided 
for coupling two or more reactions into a complete system that produces 
hydrogen and oxygen from water. Conversely, thermodynamic consider- 
ations limit the number of photocatalytic reactions that can be used in 
series efficiently. For example, if photosynthesis required 4 quanta per 
e I e c t r o n  i n s t e a d  of  two,  the  m a x i m u m  e f f i c i e n c y  wou ld  be h a l v e d .  

T h e s e  c r i t e r i a  o b v i o u s l y  have  b e e n  s e t  up by" a n a l o g y  wi th  p h o t o s y n t h e s i s ,  

w h i c h  is the  on ly  m o d e l  we  h a v e  to  w o r k  f r o m  a t  p r e s e n t .  F r o m  th i s  p o i n t  of  

v iew,  i t m i g h t  a l s o  be u s e f u l  to  s e t  up an i d e a l i z e d  p r o c e s s  a n a l o g  of  pho to -  

s y n t h e t i c  h y d r o g e n  p r o d u c t i o n  as  a w o r k i n g  m o d e l .  Such  a m o d e l  would  c o n -  

s i s t  of  t h r e e  d i s c r e t e  r e a c t i o n  s t a g e s  t h a t  o p e r a t e d  in s e q u e n c e  (in s e r i e s )  

to sp l i t  w a t e r  as  fo l l ows :  

hv  
2HzO + 2Q - - ~ O  2+ 2QH z ( l )  E 1 ~ 1 

PS II 

2QH z + 2P ----¢ 2Q + 2-~H z (Z) E z ~ - 0 . 8  

h~ 
2PH2 ~ 2 P +  2Hz (3) E 3 

PS I 

2H20 ~ O a+ 2H z E ~ 1 .23  
P S I + H  
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T h e  l i g h t - d r i v e n  r e a c t i o n s ,  1 and  3, r e q u i r e  q u a n t u m  e n e r g i e s  e q u i v a l e n t  

to a b o u t  1 vo l t  and  a r e  c o u p l e d  ~ h r o u g h  R e a c t i o n  2, w h i c h  o c c u r s  s p o n t a n e o u s l y  

w i t h  t he  r e l e a s e  of  e n e r g y .  T h u s  t he  p h o t o s y n t h e t i c  m o d e l  s u g g e s t s  t h a t  to  

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

t i o n s ,  i t  is  n e c e s s a r y  f o r  e a c h  p h o t o c h e m i c a l  e v e n t  to i n v o l v e  w a t e r  d i r e c t l y  - 

one  p r o d u c i n g  o x y g e n ,  and  the  o t h e r  p r o d u c i n g  h y d r o g e n .  F u t h e r m o r e ,  e a c h  l i g h t -  

d r i v e n  r e a c t i o n  m u s t  a c h i e v e  a n e t  e n e r g y  i n p u t  e q u i v a l e n t  to m o r e  t h a n  0.6 v o l t  

so  tha t  R e a c t i o n  2 o c c u r s  s p o n t a n e o u s l y .  O t h e r w i s e  a p o r t i o n  of  t he  h y d r o -  

g e n  p r o d u c e d  m u s t  be  u s e d  to  d r i v e  R e a c t i o n  2. H o w e v e r ,  it is  p o s s i b l e  t o  

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

w i t h o u t  d i r e c t  i n v o l v e m e n t  of  w a t e r  if  t he  e n e r g y  g a p  b r i d g e d  is  s u f f i c i e n t  t o  

g e n e r a t e  p r o d u c t s  from w h i c h  h y d r o g e n  and o x y g e n  c a n  be  r e c o v e r e d  by spon- 

taneous r e a c t i o n s .  T h i s  w o u l d ,  h o w e v e r ,  r e q u i r e  a d d i t i o n a l  r e a c t i o n  s t a g e s .  

P h o t o c h e m i c a l  S e n s i t i z e r s  

I t  is  no t  s u r p r i s i n g  t h a t  n a t u r a l  e v o l u t i o n a r y  p r o c e s s e s  r e s u l t e d  in  a s  

c o m p l e x  a p h o t o c a t a l y s t  a s  c h l o r o p h y l l :  It is  d i f f i c u l t  to  f ind  s i m p l e  p h o t o s e n -  

s i t i z e r s  t h a t  c a n  u t i l i z e  v i s i b l e  l i g h t  and  t h a t  a r e  c a p a b l e  of  i n t e r a c t i n g  w i t h  

w a t e r .  M o s t  i n o r g a n i c  m a t e r i a l s  t h a t  c a n  p h o t o o x i d i z e  o r  r e d u c e  w a t e r  do s o  

o n l y  in t he  U V - l i g h t  r a n g e  a n d  car-  t h e r e f o r e  u t i l i z e  o n l y  a s m a l l  f r a c t i o n  o f  

t he  l i g h t  in  the  v i s i b l e  r a n g e .  

f o r  e f f i c i e n t  s o l a r  p h o t o l y s i s .  

m a t e r i a l s  i n c l u d e  -- 

2Ce  ++++ 

S u c h  m a t e r i a l s ,  t h e r e f o r e ,  a r e  no t  s u i t a b l e  

E x a m p l e s  of  s u c h  r e a c t i o n s  w i t h  i n o r g a n i c  

2Ce +++ /2  + HzO -~ + 1. Oz z7 

F e  ++ / H + -*+  -~ F e  _ 1 / 2 H 2  z8 

G r ++ + H + ~ ~-++ -* ~,r + I / Z H  a 17 

T h e  f i r s t  of  t h e s e  r e a c t i o n s  (i. e . ,  the  c e r i c - i o n  o x i d a t i o n  of  w a t e r )  d o e s  no t  

e v e n  r e p r e s e n t  a s t o r a g e  of  s o l a r  e n e r g y  b e c a u s e  t he  AGz9 8 f o r  the  r e a c t i o n  

is  n e g a t i v e .  

The  b a s i c  p r o b l e m  a p p e a r s  to  be  t h a t  m o s t  i n o r g a n i c  m a t e r i a l s  a r e  w e a k l y  

a b s o r p t i v e  of  l i g h t  in t he  v i s i b l e  r a n g e ,  and  t h o s e  t h a t  a r e  c o l o r e d  y i e l d  e x c i t e d  

s t a t e s  (o r  i o n s )  t h a t  a r e  n o t  c a p a b l e  of  r e a c t i n g  w i t h w a t c r .  M o s t  c o l o r e d  

ions  a r e  i o n s  of the  t r a n s i t i o n  m e t a l s .  A c c o r d i n g  to B a s o l o  and P e a r s o n ,  Z 

m o s t  i o n i c  c o m p l e x e s  o f  the  t r a n s : t i o n  m e t a l s  e x h i b i t  two  d i s t i n c t  t y p e s  o f  

178 



8175 8962 

l ight  absorp t ion .  A b s o r p t i o n  of v is ib le  l ight  is of low in tens i ty  and p roduces  

e l e c t r o n i c  t r a n s i t i o n s  that  l ead  not to c h a r g e  t r a n s f e r ,  but only to weakening  

of the l igand bonding. Such eff~cts  can  p r o m o t e  r e a c t i o n s  such as l igand 

subs t i tu t ion  and r a c e m i z a t i o n ,  but not o x i d a t i o n - r e d u c t i o n  r e a c t i o n s .  The 

in tense  a b s o r p t i o n  in the u l t r a v i o l e t  r e g i o n  is of the " c h a r g e - t r a n s f e r "  type 

and is "characteristic of associated pairs of molecules, where we can iden- 

tify a charge donating group and a charge accepting group, or alternatively, 

a Lewis base and a Lewis acid, or a reductant and an oxidant. " Absorption 

of light in the visible range involves primarily d-orbital electrons, and "The 

i n t ens i ty  is low because the transitions are parity forbidden and sometimes 

spin forb idden .  ,.z 

On the other hand, a number of highly colored organic materials are known, 

many of which do undergo photochemical oxidation-reduction reactions under 

the inf luence  of v is ib le  lightSZ: 

hv  
dye + 2Fe ++ $ leucodye + ZFe ++ 

dark 

However, the reactions thus far discovered result in the generation of rela- 

tively small EMF' s (from 0. Z to 0.3 volt), and none generate an oxidant or 

reductant strong enought to react with water. Such reactions are stoichio- 

metric. However, if the reaction is carried out in an emulsion of ether in 

water, the product leucodye can be continuously extracted, thus resulting in 

the storage of solar energy in the form of a leucodye. 5z 

Thus far, our experience suggests that the probability of finding a simple 

inorganic or organic photosensitizer is not great. However, it should be 

emphasized that investigation of the photochemical properties of materials 

absorbing light in the visible range has not been extensive. Thus the field is 

wide open for research, particularly because we know photochemical water 

splitting can be done (i. e. , as in photosynthesis). At present, the Katz 

approach 3° seems to have the greatest potential. 

Sumn~ary and Conclusions 

Photosynthesis in green plants is a process that results ultimately in the 

splitting of water into molecular oxygen and a strong reducing species with an 

electrochemical potential below that of hydrogen. Thus the photosynthetic 

I N S T I T I!  T i= r~ 
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p r o c e s s  is t h e r m o d y n a m i c a l l y  c a p a b l e  of p r o d u c i n g  h y d r o g e n  and o x y g e n  froH1 

w a t e r .  H o w e v e r ,  it a p p e a r s  to be u n i v e r s a l l y  t r u e  tha t .  in g r e e n  p l a n t s ,  t he  

r e d u c i n g  p o w e r  so g e n e r a t e d  is a l w a y s  u sed  fo r  the r e d u c t i o n  of c a r b o n  

d i o x i d e  to c a r b o h y d r a t e  and otl~er ce l l  m a t e r i a l .  

C e r t a i n  b a c t e r i a  and a l gae  do c o n t a i n  e n z y m e s ,  s u c h  as h y d r o g e n a s e  and  

n i t r o g e n a s e ,  t ha t  a r e  c a p a b l e  of  c a t a l y z i n g  the r e d u c t i o n  of h y d r o g e n  ions  to 

m o l e c u l a r  h y d r o g e n .  Such  o r g a n i s m s  do in f a c t  p r o d u c e  h y d r o g e n  u n d e r  c e r -  

t a i n  c o n d i t i o n s  by  p h o t o c h e m i c a l  and d a r k  r e a c t i o n s .  H o w e v e r ,  th i s  h y d r o g e n  

is not  p r o d u c e d  f r o m w a t e r ,  but  is p r o d u c e d  at the  e x p e n s e  of an e n e r g y - r t c h  

n u t r i e n t  s u b s t r a t e  s u p p l i e d  by  a s e p a r a t e  p h o t o s y n t h e t i c  p r o c e s s  ( p e r f o r m e d  

by e i t h e r  i t s e l f  o r  o t h e r  o r g a n i s m s ) .  Thus  the two b i o l o g i c a l  m e c h a n i s m s  

r e q u i r e d  for  p r o d u c i n g  h y d r o g e n  and tJxygen f rona  w a t e r  e x i s t  in n a t u r e  in 

s e p a r a t e  o r g a n i s m s .  T h e  q u e s t i o n s  then  b e c o m e  w h e t h e r  and how e f f i c i e n t l y  

the  two f u n c t i o n s  c a n  be c o u p l e d  to sp l i t  w a t e r  d i r e c t l y .  

O b v i o u s l y ,  it is p o s s i b l e  to p r o d u c e  h y d r o g e n  and o x y g e n  f r o m w a t e r  by  

a c o n v e n t i o n a l  t w o - s t a g e  p r o c e s s  wi th  l iv ing  and g r o w i n g  o r g a n i s m s  - t h a t  

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

h y d r o g e n  by a n a e r o b i c  f e r m e n t a t i o n  o r  by the  a c t i o n  of p h o t o s y n t h e t i c  b a c t e r i a .  

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

wi th  c l o s t r i d i a l  s p e c i e s  a c t u a l l y  has  b e e n  p e r f o r m e d  c o m m e r c i a l l y .  H o w e v e r ,  

h y d r o g e n  is p r o d u c e d  in s u c h  p r o c e s s e s  on ly  as a b y - p r o d u c t  of  the  p r i m a r y  

p r o d u c t i o n  of a l c o h o l s ,  k e t o n e s ,  o r  fa t ty  a c i d s .  P r e s u m a b l y ,  b e t t e r  s t r a i n s  

c o u l d  be d e v e l o p e d  to m a x i m i z e  h y d r o g e n  p r o d u c t i o n .  H o w e v e r ,  t h e r e  m a y  be 

a b a s i c  l i m i t a t i o n  in  the e f f i c i e n c y  (or  k i n e t i c s )  b e c a u s e  b i o l o g i c a l  h y d r o g e n  

p r o d u c t i o n  a p p e a r s  to h a v e  a r e g u l a t o r y  f u n c t i o n ,  r a t h e r  t han  a m e t a b o l i c  f unc -  

t ion  by w h i c h  o r g a n i s m s  c a n  l ive  and g row.  Such  p r o c e s s e s  wou ld  m e r e l y  

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

to u s e f u l  f u e l s ,  s u c h  as  m e t h a n e  and a l c o h o l ,  w h i c h  a r e  m u c h  c l o s e r  to c o r n -  

me  rc~al  f e a s i b i l i t y .  

We do not  d i s c o u n t  the  p o t e n t i a l  fo r  h y d r o g e n  o r  m e t h a n e  p r o d u c t i o n  f r o m  

c a r b o n a c e o u s  p h o t o s y n t h e t i c  r e s i d u e s ,  p a r t i c u l a r l y  t h o s e  t ha t  would  o t h e r w i s e  

be w a s t e  m a t e r i a l s  ( i . e . ,  s e w a g e  o r  g a r b a g e ) .  H o w e v e r ,  t h e y  a r e  u l t i m a t e l y  

s u b j e c t  to the  b a s i c  l i m i t a t i o n  in the e f f i c i e n c y  at  w h i c h  s o l a r  e n e r g y  c a n  be  

c o n v e r t e d  in m a r i n e  and a g r i c u l t u r a l  r e s i d u e s  to f e e d s t o c k  f o r  h y d r o g e n  o r  

m e t h a n e  p r o d u c t i o n .  
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A n u m b e r  of o the r  b io logica l  app roaches  have  been  sugges t ed  for  the 

p roduc t ion  of hydrogen: 

Genet ic  i m p r o v e m e n t  of c e r t a i n  n i t r o g e n - f i x i n g  a lgae  spec i e s  in which  
the b io logica l  func t ions  for  both w a t e r  spl i t t ing and a m m o n i a  o r  h y d r o g e n  
p roduc t ion  do coex is t ,  but  in s e p a r a t e  ce l l s .  In the a b s e n c e  of n i t r o g e n  
gas and with the  p r o p e r  n i t rogenous  nu t r i en t s  suppl ied,  such  s p e c i e s  do, 
in fact,  p r oduc e  h y d r o g e n  and oxygen f r o m  w a t e r .  However ,  the s o l a r -  
u t i l i za t ion  e f f i c i enc i e s  a r e  s ign i f i can t ly  l o w e r  than  in n o r m a l  pho tosyn-  
thes i s .  

b. D i r e c t  coupl ing of b a c t e r i a l  h y d r o g e n a s e  with the in tac t  pho tosyn the t ic  
appara tus  e x t r a c t e d  f r o m  algae  o r  g r e e n  plants .  The s c i en t i f i c  f e a s i -  
bi l i ty of this  a p p r o a c h  has  been  d e m o n s t r a t e d  (in ~ m o l e  quan t i t i e s )  in 
the l a b o r a t o r y .  However ,  two subs tan t i a l  p r o b l e m s  r e m a i n :  The h y d r o -  
genase  ac t iv i ty  is d e s t r o y e d  by oxygen,  and the  c a t a l y s t  l i fe of the in tac t  
pho tosynthe t ic  appa ra tus  in v i t ro  is v e r y  s h o r t  ( las t ing only m i n u t e s ) .  

C° T w o - s t a g e  coupling in which  the ae rob i c  and a n a e r o b i c  funct ions  a r e  
separated processwise. In the first stage, water splitting is performed, 
producing a stable reductant other than carbohydrate, by the intact 
photosynthetic apparatus extracted from algae. The stable reductant is 
then separated and reacted with hydrogenase in a second stage. The 
scientific feasibility has been demonstrated (in ~mole quantities) in the 
laboratory with a fairly complex biological chemical. Obviously, a 
simpler stable reductant is needed; and the brevity of the catalyst life 
remains the primary problem. 

The above a p p r o a c h e s  a r e  all  based  on u t i l i za t ion  of the  in tac t  photo-  

syn the t ic  appa ra tu s  of na tu ra l  o r g a n i s m s .  However ,  when  r e m o v e d  f r o m  

the s e l f - r e p a i r i n g  e n v i r o n m e n t  of the l iving o r g a n i s m ,  the pho toca ta ly t i c  

life of these  c o m p l e x  s y s t e m s  tends  to be v e r y  shor t .  Although s o m e  p r o g -  

r e s s  has  been  m a d e  t oward  s tab i l i za t ion  o r  p r o t e c t i o n  of t he se  s y s t e m s ,  a 

m a j o r  r e s e a r c h  e f f o r t  wil l  be r e q u i r e d  b e f o r e  s u c c e s s f u l  app l ica t ion  can  be 

expec ted .  

Signif icant  p r o g r e s s  t o w a r d  syn the t ic  pho tosyn thes i s  has  b e e n  m a d e  by 

deve lopmen t  of syn the t ic  ch lo rophy l l  m e m b r a n e s  tha t  exhibi t ,  at l e a s t  qua l i -  

t a t ive ly ,  the l i g h t - h a r v e s t i n g  capabi l i ty  and photoac t iv l ty  of pho tosyn the t i c  

m e m b r a n e s .  However ,  it has  not been  poss ib le  to couple  such m e m b r a n e s  

to the e l e c t r o n - t r a n s p o r t  m e c h a n i s m  r e q u i r e d  to ach ieve  p h o t o c h e m i c a l  o r  

photovol ta ic  ac t ion .  F u r t h e r m o r e ,  a m a j o r  b r e a k t h r o u g h  m a y  be r e q u i r e d  

be fo re  this coupling can be ach ieved .  
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The major barrier to understanding how the primary photosensitizing 

entity is coupled to electron transport has been the lack of effective analyt- 

ical tools. It is our impression that the barrler is beginning to yield to a 

combination of analytical, synthetic, and theoretical approaches; however, 

the breakthrough may still be a few years hence. 

There can be little doubt that photosynthesis has vast potential for con- 

verting solar energy to chemical energy for use as fuel, as well as food: 

• T h e o r e t i c a l l y ,  t h e  p h o t o s y n t h e s i s  p r o c e s s  is  c a p a b l e  o f  c o n v e r t i n g  up  
to  10if0 of  the  s o l a r  f l u x  to  c h e m i c a l  e n e r g y .  

• U n d e r  l a b o r a t o r y  c o n d i t i o n s ,  e f f i c i e n c i e s  a p p r o a c h i n g  10% h a v e  b e e n  
o b s e r v e d  w i t h  a l g a e .  

• M a x i m u m  d a i l y  e f f i c i e n c i e s  a s  h i g h  a s  f r o m  5% to 6~o h a v e  b e e n  a c h i e v e d  
in  agriculture. 

• If the theoretical maximum efficiency of i0% based on total solar flux 
c o u l d  b e  a c h i e v e d ,  p r o d u c t i o n  f r o m  a b o u t  1~:~ of  t h e  t o t a l  a r e a  of  t h e  
U n i t e d  S t a t e s  w o u l d  b e  ~ u f f i c i e n t  to  m e e t  a l l  o f  o u r  e n e r g y  n e e d s .  

T h e  m a x i m u m  a n n u a l  m a r i n e  o r  a g r i c u l t u r a l  e f f i c i e n c y  a c h i e v e d  is  a b o u t  3 % ,  

b u t  e f f i c i e n c i e s  a r e  u s u a l l y  m u c h  l o w e r  -- in  t h e  r a n g e  of  f r o m  0 . 5 %  to  1. 5~, 

c o n v e r s i o n  o f  t h e  t o t a l  s o l a r  f l u x .  I t  b e c o m e s  e v i d e n t ,  t h e r e f o r e ,  t h a t  t he  

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

t h e  b a s i c  p r o c e s s ;  a n d  w h e t h e r  t h e  r e d u c i n g  is  u t i l i z e d  to  p r o d u c e  h y d r o g e n  

d i r e c t l y  o r  to  p r o d u c e  o t h e r  r e d u c e d  m a t e r i a l s ,  s u c h  a s  c a r b o h y d r a t e ,  m e t h -  

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

O n  t h e  b a s i s  of  c u r r e n t  k n o w l e d g e ,  n o n b i o l o g i c a l  p h o t o l y s i s  d o e s  n o t  

a p p e a r  p r o m i s i n g .  H o w e v e r ,  i n v e s t i g a t i o n  of  t h e  p o t e n t i a l  o f  t h i s  a p p r o a c h  

h a s  n o t  b e e n  e x t e n s i v e ,  a n d  t h e  f i e l d  is  w i d e  o p e n  f o r  r e s e a r c h ,  i t  i s  o u r  

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

r e s e a r c h  on  the  m e c h a n i s m s  of  p h o t o s y n t h e s i s ,  w i l l  p r o v e  w o r t h w h i l e .  

i n  c o n c l u s i o n ,  t h e r e  is  no d o u b t  t h a t  p h o t o s y n t h e s i s  o f f e r s  a v a s t  p o t e n -  

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

I t  i s  a l s o  c l e a r  t h a t  t h e  g r e a t  c h a l l e n g e  to  r e s e a r c h  in t h i s  a r e a  is  i n c r e a s -  

ing  the  r a t e  of  t r a n s d u c t i o n  of  s o l a r  e n e r g y  to  c h e m i c a l  e n e r g y ,  w h e t h e r  

a s  f o o d  o r  a s  f u e l .  A l t h o u g h  f i r s t  p r i o r i t i e s  a r e ,  a n d  s h o u l d  be ,  d i r e c t e d  

t o w a r d  f o o d  p r o d u c t i o n ,  in t he  l o n g  r u n  it  m a k e s  l i t t l e  d i f f e r e n c e  b e c a u s e  

f o o d  a n d  e n e r g y  a r e ,  to a m a j o r  e x t e n t ,  l n t e r c o n v e r t l b l e .  F u r t h e r m o r e ,  i t  
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is conceivable that h ighe r  e f f i c i enc i e s  of s o l a r - e n e r g y  c o n v e r s i o n  can be 

achieved by engineered "in vitro", photosynthetic processes than by conven- 

tional marine or agricultural processes, particularly on an annual basis. 
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8. HYDROGEN PRODUCTION BY OTHER PROCESSES -- J. B. Pangborn 
and D. P. Gregory 

In addition to the hydrogen production processes that have been described 

in earlier sections, there are three more processes that, although not men- 

tioned a s  o f t e n  a s  t he  o t h e r s  in c o n n e c t i o n  w i t h  t he  l a r g e - s c a l e  u s e  of  h y d r o g e n ,  

d e s e r v e  s o m e  a t t e n t i o n .  One  of  t h e s e  i s  t he  p r o d u c t i o n  of  h y d r o g c n  f r o m  w a s t e  

m a t e r i a l s ,  s u c h  a s  s e w a g e ,  g a r b a g e ,  a n d  a g r i c u l t u r a l  w a s t e s .  A n o t h e r  i s  the  

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

sequence resen~bling a thermochemical process. The last process, the 

direct thermal dissociation of water, deserves special attention because it 

could make use of solar energy. 

Hydrogen Production From Waste Materials 

There is a possibility that hydrogen can be produced fro~a waste materials 

such as sewage, garbage, and agricultural wastes. These materials, largely 

c e l l u l o s i c ,  r e p r e s e n t  a c o n s i d e r a b l e  r e s e r v e  of " e n e r g y "  a n d  a r e  c u r r e n t l y  

b e i n g  c o n s i d e r e d  a s  f e e d s t o c k s  f o r  a v a r i e t y  of  s y n t h e t i c  f u e l  p r o d u c t i o n  

p r o c e s s e s .  H y d r o g e n  p r o d u c t i o n  m u s t  be  c o n s i d e r e d  a s  a p o s s i b l e  o p t i o n .  

C e l l u l o s i c  w a s t e s  c a n  be  c o n v e r t e d  to  a v a r i e t y  of  f u e l s  b y  f o u r  p r i m a r y  

routes: 1) p a r t i a l  o x i d a t i o n ,  2) h i g h - t e m p e r a t u r e  r e a c t i o n  w i t h  s t e a m ,  

3) p y r o l y s i s ,  a n d  4) f e r m e n t a t i o n .  In  t h e  f i r s t  t h r e e  c a s e s ,  the  i n i t i a l  p r o c e s s  

i s  o n e  of  g a s i f i c a t i o n ,  c o n v e r t i n g  t h e  c e l l u l o s i c  m a t e r i a l  to a r a w  g a s  t h a t  

c o n s i s t s  p r i m a r i l y  of  h y d r o g e n ,  c a r b o n  m o n o x i d e ,  c a r b o n  d i o x i d e ,  a n d  h y d r o -  

c a r b o n s ,  t o g e t h e r  w i t h  m a n y  o t h e r  c o m p o n e n t s .  T h i s  g a s  s t r e a m  c a n  t h e n  

be  p r o c e s s e d  in a v a r i e t y  of  w a y s  to  y i e l d  m e t h a n e ,  m e t h a n o l ,  s y n t h e t i c  

" g a s o l i n e , "  o r  h y d r o g e n ,  o r  i t  car .  be  u s e d  d i r e c t l y  a s  a b o i l e r  f u e l .  In the  

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

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

o r  hydrogen. 

C o n s i d e r a b l e  r e s e a r c h  i s  a l r e a d y  u n d e r  w a y  f o r  the  d e v e l o p m e n t  of  

c o m m e r c i a l l y  v i a b l e  p r o c e s s e s ,  e m p l o y i n g  e a c h  of  the  m e t h o d s  d e s c r i b e d  

a b o v e ,  f o r  the  p r o d u c t i o n  of  S N G  ( p r i m a r i l y  m e t h a n e ) ,  l i q u i d  h y d r o c a r b o n s ,  

a n d  a l c o h o l s  f r o m  s e w a g e ,  g a r b a g e ,  a n d  a g r i c u l t u r a l  w a s t e s .  T h e r e  s e e m s  

to  be  l i t t l e  o r  no e f f o r t  d i r e c t e d  t o w a r d  the  p r o d u c t i o n  o f  h y d r o g e n .  H o w e v e r ,  

the  p r o b l e m s  b e i n g  a d d r e s s e d  a r e  p r i m a r i l y  c o n c e r n e d  w i t h  the  i n i t i a l  c o n v e r s i o n  
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of the raw waste to "raw gas" and are those that result from the consider- 

able variation in feedstock "quality, " which in turn results in much variation 

in the raw-gas composition. For this reason, most processes entering the 

commercial-application stage are those in which the raw gas is simply used 

as a boiler fuel, often added to a conventional fuel supply such as coal, oil, 

or natural gas. 

Once consistent raw-gas production has been achieved there seems to 

be little doubt that a fairly conventional gas "clean-up" process could be 

designed to produce hydrogen-rich gas rather than SNG or a liquid fuel, 

should the need exist. Therefore, there seems to be little justification 

at this stage for setting up a special research program aimed at producing 

pure hydrogen froth these waste-material feedstocks. In the case of 

fermentation processes, the problems are similar to those already des- 

cribed in the section on photosynthetic hydrogen production. 

A word of caution is appropriate at this point. There will be continuing 

demand for hydrocarbons and carbon-based organic materials long after 

conventional sources of fossil fuels have been depleted. Because the waste 

materials considered here are all carbonaceous, they must be regarded as 

an important source of organic carbon for such applications as lubricants, 

plastics, and pharmaceuticals. In the long run, it may be quite wrong to 

consider using them as a source of hydrogen and to develop processes that 

break down the organic carbon molecules. 

Hydrosen Production by P, adiation 

Researchers at KMS Fusion, Inc., a private company in Ann Arbor, 

Michigan, have been carrying out research on the production of fusion energy 

through use of a laser beam. They have achieved significant success 

in producing fusion reactions by irradiating deuterium-tritium targets with 

laser energy, and the resulting fusion reaction produces a burst of radiation 

that consists primarily of neutrons with an energy of 14 IV~eV. They are 

still trying to demonstrate the "break-even point, " at which their equipment 

will produce as much energy as it consumes. In parallel with this work 

is a project, funded by Texas Gas Transmission Corp., for the development 

of a process that splits water into hydrogen and oxygen under the influence 

of 14-1V[eV neutron irradiation. Thus, the successful development of 

such a process would enable hydrogen to be produced from a nuclear fusion 

reactor without the intermediate production of electricity and heat. 
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D e t a i l s  of  the h y d r o g e n - g e n e r a t i o n  p r o c e s s  h a v e  no t  b e e n  r e l e a s e d ,  and  

s t a f f  aL b o t h  I<MS F u s i o n  and  T e x a s  Gas  T r a n s m i s s i o n  C o r p .  r e g a r d  th i s  

w o r k  as  h i g h l y  p r o p r i e t a r y .  H o w e v e r ,  r e p r e s e n t a t i v e s  o f  [<MS h a v e  a n n o u n c e d  z 

t ha t  t h e y  a r e  a c t u a l l y  p r o d u c i n g  h y d r o g e n  in the l a b o r a t o r y  t h r o a g h  a p r o c e s s  

t h a t  is d r i v e n  by 1 4 - M e V  n e u t r o n s ,  t h a t  a r e  o b t a i n e d  f r o m  a c y c l o t r o n .  

T h e y  d e s c r i b e  Lhe p r o c e s s  a s  b e i n g  s i m i l a r  to a t h c r m o c h e m i c a l  r e a c t i o n  

s e q u e n c e ,  in w h i c h  a n u m b e r  o f  c h e m i c a l  p r o c e s s e s  a r e  c a r r i e d  ou t  in a 

c y c l i c  f a s h i o n ,  bu t  the  e n e r g y  s u p p l y  to th i s  s e q u e n c e  c o m e s  f r o m  one  o r  

m o r e  s t e p s  t h a t  a b s o r b  n e u t r o n  e n e r g y  r a t h e r  t h a n  a b s o r b i n g  h e a t .  V T h e y  

p o i n t  ou t  t h a t  s u c h  a p r o c e s s  o f f e r s  c o n s i d e r a b l e  a d v a n t a g e  o v e r  t h e r m o -  

c h e m i c a l  p r o c e s s e s  b e c a u s e  it is  n o t  n e c e s s a r y  to i n c l u d e  a h i g h - t e m p e r a t u r e  

s t e p ;  t h u s  c o r r o s i o n  of  p r o c e s s  e q u i p m e n t  is l e s s  l i k e l y  to o c c u r .  B e c a u s e  

no e x p e r i m e n t a l  r e s u l t s  h a v e  b e e n  r e l e a s e d ,  i t  i s  i m p o s s i b l e  to a s s e s s  the 

s t a t u s  o f  th i s  r e s e a r c h ;  but  i t  w a s  r e c e n t l y  a n n o u n c e d  t h a t  T e x a s  G a s  T r a n s -  

m i s s i o n  C o r p .  h a s  r e n e w e d  i ts  f u n d i n g  o f  K M S ' s  p r o g r a m  f o r  a s e c o n d  y e a r  

a t  a v e r y  s u b s t a n t i a l  l e v e l ,  w h i c h  g i v e s  c r e d e n c e  to tile b e l i e f  t h a t  s i g n i f i c a n t  

p r o g r e s s  is b e i n g  m a d e .  To  o u r  k n o w l e d g e ,  no o t h e r  c o m p a n y  is i n v e s t i -  

g a t i n g  s i r n i i a r  p r o c e s s e s .  

C h e m o n ~ a c I e a r  W a t e r  S p l i t t i n g  

In f u s i o n  r e a c t i o n s ,  d e u t e r i u n z  n u c l e i  a r e  c o m b i n e d  to f o r m  h e l i u m  n u c l e i  

( a l p h a s ) .  In  f i s s i o n  r e a c t i o n s ,  U z3s, U a33, P u  z39, e t c . ,  a r e  s p l i t  in to  f i s s i o n  

f r a g m e n t s  w h o s e  k i n e t i c  e n e r g y  r e p r e s e n t s  a b o u t  85% of  the  e n e r g y  r e l e a s e d  

by the  f i s s i o n  p r o c e s s .  Use  o f  the h i g h - e n e r g y  r a d i a t i o n  f r o m  n u c l e a r  f u s i o n  

o r  u s e  of  the k i n e t i c - e n e r g y  f i s s i o n  p r o d u c t s  to e x c i t e  o r  i o n i z e  m o l e c u l e s  

a n d  to b r e a k  c h e m i c a l  b o n d s  h a s  b e e n  s u g g e s t e d  by J u p p e 9  a n d  by t t a r t e c k  

a n d  O o n d e s S  a s  a m e a n s  fo r  the  p r o d u c t i o n  o f  h y d r o g e n  f r o m  w a t e r .  E x p e r i -  

m e n t s  h a v e  s h o w n  t h a t  w a t e r  c a n  be s p l i t  w i t h  f i s s i o n  f r a g m e n t s  and  t h a t  

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

IG]7 h a s  b e e n  g r a n t e d  a p a t e n t  on  a m u l t i s t e p  t h e r m o c h e m i e a l  p r o c e s s  

in w h i c h  the c h e m o n u e l e a r  d e c o m p o s i t i o n  o f  c a r b o n  d i o x i d e  to c a r b o n  

m o n o x i d e  a n d  o x y g e n  is u s e d .  14 In th i s  p r o c e s s ,  i n v e n t e d  by  C. G. 

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

of  s t e a m  on i r o n ,  a n d  the  i r o n  o x i d e  so p r o d u c e d  is r e d u c e d  w i t h  c a r b o n  

m o n o x i d e  to c a r b o n  d i o x i d e .  F i s s i o c b e m i c a l  d e c o m p o s i t i o n  o f  the c a r b o n  

d i o x i d e ,  by e x p o s u r e  to h i g h - v e l o c i t y  f i s s i o n  f r a g m e n t s ,  r e p r o d u c e s  the  
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c a r b o n  m o n o x i d e  and l i b e r a t e s  o x y g e n .  In  p r i n c i p l e ,  f i s s i o c h e m i c a l  

r e a c t i o n s  a r e  d i f f e r e n t  ~ r o m  t h e r m o c h e m i c a l  o r  d i r e c t  ( s i n g l e - s t e p )  t h e r m a l  

w a t e r - s p l i t t i n g  s t e p s ,  w h i c h  c o u l d  u s e  the h e a t  g e n e r a t e d  by  a n u c l e a r  

r e a c t o r .  (In c o n v e n t i o n  hi  n u c l e a r  r e a c t o r s ,  the  f i s s i o n  p r o d u c t s  a r e  s l o w e d  

by collisions to yield their energy as heat.) 

For hydrogen and oxygen production from water via chemonuclear splitting, 

efficiency is measured in terms of the number of water molecules split per 

dose of radiation (I00 eV by convention). The enthalpy required to split 

liquid water, 68,300 cal/g-mol, corresponds ideally to 33.8 molecules of 

hydrogen produced/100 eV; and the enthalpy required to split steam, 

57,900 cal/g-mol, corresponds ideally to 39.9 molecules of hydrogen 

produced/100 eV. For fission-fragment bombardment of water, an 

experimental chemonuclear yield of I. 75 splits/100 eV has been reported; 

this corresponds to an efficiency of 5~. For alpha irradiation of steam, 

a yield of 6 splits/100 eV has been observed; this corresponds to an 

efficiency of 15~.9 The use of fusion reactors to produce hydrogen from 

steam is a technology that may be developed in 30 to 50 years. The 

experimental ve1"ification of a self-sustaining f~sion reaction is yet to be 

demonstrated, and a commercial fusion technology must be considered 

speculative at this date. 

Although fission reactors are in commercial use today, a configuration 

for chemonuclear reactions is not practical because of the requirements for 

containment of radioactive material That is, fission products must be 

conga[ned by the fuel particles in the reactor core. A fission reactor for 

chemonuclear-reaction use would then need a thin, high-surface-area 

nuclear fuel structure through which the chemical reactants could pass to 

be exposed to fission-fragment tracks, in gaseous systems, this track is 

about Z centimeters long; and in condensed systems, it is on the order of 

Z0 microns long. Honeycomb fuel foil structures have been fabricated to 

make about 38~ of the fission-fragment energy available for chemonuclear 

reactions. The main technical problem with this configuration is that the 

chemical reactant streams become contaminated with all manner of fission- 

product radioactivity. 
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I X ' u c l e a r - P h o t o c h e m i c a l  W a t e r  Sp l i t t i ng  

W a t e r  can  bc s p l i t  into h y d r o g e n  and o x y g e n  by e x p o s u r e  to u l t r a v i o l e t  

(UV) l igh t  of  the c o r r e c t  w a v e l e n g t h ;  h o w e v e r ,  a s p e c t r u m  of  [IV l ight  wil l  

p r o d u c e  m a n y  e x c i t e d  s t a t e s  ar,d r a d i c a l s  t ha t  a r e  no t  d e s i r e d .  W a t e r  is 

t r a n s p a r e n t  to v i s i b l e  l igh t ,  but w a v e l e n g t h s  of l e s s  than  2000 ~ a r e  

a b s o r b e d .  A c o n t i n u u m  f r o m  abou t  1850 to a b o u t  1450 A r e s u l t s  i n - -  

HzO -~ H + OH (8-1)  

Wi th  UV l ight  a t  1849 ~ ,  Ung and Back l3  o b s e r v e d  the p r o d u c t i o n  of  

hydrogen and hydrogen peroxide from steam at 200 0to 350°C. In the 

vicinity of 1236 ~k, another decomposition mechanism has been observed: 

HzO ~ H z + O (8-2)  

F o r  th is  n l e c h a n i s m ,  n e a r l y  m o n o c h r o m a t i c  o r  q u i t e - i n t e n s e ,  n a r r o w -  

s p e c t r u m  UV l igh t  wou l d  be r e q u i r e d  for  s i g n i f i c a n t  y i e l d s  of  h y d r o g e n ,  

and the l ight  would  have  to be p r o d u c e d  a r t i f i c i a l l y .  On ly  i n s i g n i f i c a n t  

intensities of sunlight at these wavelengths reach the earth' s surface. 

I£astlund and Gough 4 have proposed the use of a "fusion torch' for 

producing UV light for water splitting. They conclude that because water 

molecules, under bombardment by the ultraviolet rays of sunlight, are 

split apart (producing hydrogen and oxygen) in the upper atmosphere, 

the same process might be achieved on the earth' s surface by using 

radiation from controlled fusion. They have calculated the requirements 

for a photolysis system, including a fusion reactor that generates plasma 

energy and a plasma-leakage stream that produces the correct UV light 

for transmission through a window (of unspecified character) and into water 

vapor. By using an optimistic plasma energy-to-photon conversion, a 

hydrogen production efficiency of about 20~0 is achieved. Waste energy 

is converted to electricity and then to hydrogen by electrolysis for an overall 

sysLeni efficiency (UV light to hydrogen) of 5640. [~ased on the reactor plasma 

energy, the systen~ efficiency is about Z950. 

Photolysis can be combined with other n]eChanisms to split water and 

produce hydrogen. For example, in an aqueous solution (or vapor) of 

n~ercury atones, the photosensitized decomposition of water by excited 

n~ercury atoms occurs; mercuric oxide is produced, and hydrogen i s evolved. 

The quantum yield (water molecules split per photon) is about 0.0Z at 

l q z  
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1849 ~. n Temperatures of 5000 to 7000 C are adequate for decomposing 

the mercuric oxide to mercury and oxygen, thus closing the cycle. 

Direct Thermal Decomposition of Water to Produce Hydrogen 

Description of the Direct Decomposition Reaction 

At sufficiently high temperatures, water (steam) will undergo appreciable 

dissociation into its elements, hydrogen and oxygen. This is a direct de- 

composition via one reaction step: HzO(g ) -~ Hz(g ) + i/zOz(g). At equilib- 

rium, the extent of th~s thermal decomposition depends primarily upon 

the temperature, but also upon the pressure of the steam-hydrogen-oxygen 

system. An inverse pressure dependence for the decomposition [s evident 

from the fact that one mole of steam produces one and a half moles of 

gaseous products. The procedure of supplying high-temperature heat to 

steam to cause this decomposition has been suggested as a method for 

spl£tting water to produce hydrogen, l,S 

The enthalpy required to convert water at Z5°C and 1 aim to hydrogen 

and oxygen at 25°C and 1 aim, is 68.3 kcal/g-rnol of hydrogen produced. 

In a process involving internal heat exchange, heat is needed to vaporize 

the water and to raise the temperature of the steam to the desired reaction 

temperature. Dissociation will occur continuously during this heating, 

and heat must be supplied for this reaction as well. Upon achieving 

satisfactory decomposition and having prevented recombination (by product 

separation), the latent heat of the product streams can be transferred 

to the cooler incoming reactant stream (water). 

Temperature Dependence of Hydrogen Production 

The temperature dependence of the dissociation may he related to the 

free-energy change of the dissociation reaction, AGRx , according to 

the conventional equation for the equilibrium constant, (for pressure) K : 
P 

AGRx =-RTInKp (8-3) 

The equilibrium constant in Equation 8-3 is defined as -- 

= (Hydrogen Partial Pressure)(Oxygen Partial Pressure) ,/z (8-4) 
Kp (%Va~e r" l~ar£ial Pr e s sur e) 
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The dissociation reaction may be expressed as -- 

HaO(g )-~ (1- -  x)HzO(g) + xHz(~) 4 1/2xOz(g ) 

~here x is the nurnber of moles of hydrogen present at equilibrium. 

Assun~ing that the partial pressures are equal to Lhe mole fractions for 

the components simplifies the calculation determining the mole fraction 

of hydrogen present, y, as a function of temperature, provided the AGRx 

x Wc have made this calculation is known. Algebraically, y = 1 ~ x/Z 

to i l l u s t r a t e  tha t  r e l a t i v e l y  h igh  t e m p e r a t u r e s  a r e  r e q u i r e d  for  a p p r e c i a b l e  

h y d r o g e n  p r o d u c t i o n .  The e q u a t i o n  r e l a t i n g  the e q u i l i b r i u m  c o n s t a n t  to 

the reaction stoichiometry is - -  

x x ~/2 (8-5) = (1  ) 

Table  8-1 is b a s e d  on the tal: .ulated e n t h a l p y  and f r e e - e n e r g y  da ta  for  

wa te r °  In Tab le  8-1 ,  ~H R is the en tha lpy  r e q u i r e d  for  the d i s s o c i a t i o n  
T . 

of one grarn-zllole of steam, and ,~GR_ ~ is the free energy of this dissociation. 

The hydrogen produced at equilibriun~ (at ternperature T) is that amount 

resulting from the dissociation of one mole of steam at one atmosphere 

total pressure. (At lower absolute total pressures, the extent of disso- 

ciation is higher. ) 

The rrr!odynamic Considerations and Energy Requirements 

The reaction enthalpy is often considered to be the ideal amount of 

energy, heat (entropy) plus work (free energy, G), tha~ must be supplied 

to drive a chemical reaction. By analogy to electrolysis, entropy is usually 

supplied by resistive dissipation of electricty as heat, and free energy is 

supplied through ion and electron movement across an electrical potential, 

splitting ~vater into hydrogen and oxygen. This is a case in which practical 

methods are approaching ideal limits. 

In the case of thermal dissociation of steam, however, supplying the 

energy equivalent of the standard enthalpy, H, of formation (for water) does 

not accomplish the decomposition reaction or the required gas separations 

(to pure hydrogen and pure oxygen) at the reaction conditions. To illustrate 

this point, consider the dissociation of steam at 4310 0 [4. where AG°~ of w a t e r  

is zero and ^H ° F is 61.06 kcal (heat)/~-n~ol. At this point, the equilibrium 

25 is 1.0 and the product of the hydrogen partial pressure and the square p 
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T a b l e  8 -1 .  T H E R M O D Y N A M I C  DATA AND HYDROGEN YIELD FOR THE 
T H E R M A L  D E C O M P O S I T I O N  OF S T E A M  

R e a c t i o n  
. . T e m p i ,  T 

0K o F - - _  ] 

500 440 58. Z8 

1000 1340 59.Z5 

1500 ZZ40 59.8Z 

2000 3140 60.15 

2500 4040 60.36 

3000 4940 60.53 

3500 5840 60.70 

4000 6740 60.91 

4500 7640 61.16 

R e a c t i o n  
R e a c t i o n  F r e e - E n e r g y  E q u i l i b r i u m  Mole F r a c t i o n  of  

Enthalp~, Change, Constant, Hydrogen Present, y 
~GRx ~GRxT Kp (vol ~ + 100) .... 

k c a l / g - m o l  

M o l e s  of  H y d r o g e n  P r o -  
d n c e d ,  x ,  P e r  M o l e  of  

W a t e r  R e a c t a n t  

53.5Z 1.30 X I0 "z~ 7 X 10-16 7 X 10 -*6 

46.04 8.67 X I0 "II Z.5 X 10 -7 

39.30 1.88 X 10 -6 1.92X I0 "4 

3Z.40 Z.88 X 10 -4 5.48 X 10 -3 

25.44 5.97 X 10 -3 3.76 X 10 "z 

18.44 4.54 X 10-z 1.40 X 10-* 

11.41 1.94 X 10 -l Z.90 X 10-* 

Z. 5 X 10 -7 

I. 9Z X I0 -4 

5.50 X 10 -3 

3.83 X I0 "z 

-I 
1.51 X I0 

1 
3 . 3 9 X  10- 

4.35 5.78 X I0-* 4.35 X I0-* 5.56 X 10 "I 

--Z. 73 1 . 3 6  X 10 ° 5 . 3 0  X 10 "~ 7 . 2 2  X 10 -1 

-D 
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r o o t  of the o x y g e n  p a r t i a l  p r e s s u r e  e q u a l s  the p a r t i a l  p r e s s u r e  of the 

u n d i s s o c i a t e d  w a t e r .  W o r k  ( abou t  Z0 k c a l / g - m o l  of h y d r o g e n ) ,  m u s t  s t i l l  

be supplied to separate these corc, ponents. If a hydrogen separation is not 

perlormed, rapid reaction kinetics will cause recombination (burning) as the 

gas mixture is cooled. 

The free-energy change associated with separating gas mixtures at 

some temperature, T, or the ideal separatory work requirements may 

be calculated by Equation 8-6: 

~ G s e  p = - - R T E X  i l n y  i (8-6)  

In th is  e q u a t i o n ,  X. is the n u m b e r  of  m o l e s  of c o m p o n e n t  i p r e s e n t  a t  
1 

m o l e  f r a c t i o n  y i .  C a l c u l a t i o n s  of  OG s e p  ( r e q u i r e d  to p r o d u c e  one m o l e  
T 

of  p u r e  h y d r o g e n  by t h e r m a l  d i s s o c i a t i o n  o f  w a t e r )  show t h a t / ~ G  e q u a l s  
sep  

o r  e x c e e d s  ~ G R x T  At 3 5 0 0 ° K ,  fo r  e x a m p l e  ~ G  = 22 .7  k c a l / g - m o l  
' sep 

of hydrogen and ~GRx = 11.4 kcal/g-mol of hydrogen. 

E s t i m a t e s  of  T h e o r e t i c a l  and  I d e a l  E n e r g y  E f f i c i e n c i e s  

We have  no t  c o n s i d e r e d ,  in d e t a i l ,  the t h e r m o d y n a m i c  e f f i c i e n c i e s  t ha t  

ha ve  be e n  o r  m i g h t  be a p p l i e d  as  l i m i t i n g  c a s e s  f o r  the d i r e c t  t h e r m a l  

d e c o m p o s i t i o n  of w a t e r .  H o w e v e r ,  s o m e  d i s c u s s i o n  of  th i s  is in o r d e r  

b e c a u s e  " i d e a l "  e f f i c i e n c i e s  can  a p p e a r  p a r t i c u l a r l y  d e c e i v i n g  o r  o v e r l y  

o p t i m i s t i c  when  a p p l i e d  to d i r e c t  t h e r m a l  d e c o m p o s i t i o n .  The  m a x i m u m  

t h e o r e t i c a l ,  i d e a l  w a t e r - s p l i t t i n g  e f f i c i e n c y  is 6,10_ 

AH - - T , )  (8-7)  
E i d e a l  - AG ( T I T  l 

w h e r e  T 1 is the " h i g h "  t e m p e r a t u r e  of h e a t  s u p p l y  and T z is the " l o w "  

t e m p e r a t u r e  of h e a t  r e j e c t i o n .  This r e l a t i o n  has  been  used in the c o n t e x t  

of  t h e r m a l  d i s s o c i a t i o n  of  w a t e r .  I Its u s e  h e r e  is no t  i n c o r r e c t ,  but  the  

r e l a t i o n  is h i g h l y  o p t i m i s t i c  and r e q u i r e s  r e s t r i c t i o n s .  O b v i o u s l y ,  if T z is 

h e l d  at  25CC and T 1 is h igh  e n o u g h ,  E i d e a  1 wi l l  a p p r o a c h A H / / h G  = I . Z .  

H o w e v e r ,  f r o m  the f i r s t  law of  t h e r m o d y n a m i c s  it  can  be shown tha t  

n e g a t i v e  h e a t  r e j e c t i o n  would  o c c u r  to T l > 1650~C and u n d e r  a l l  c o n d i t i o n s  

of  E < 1 . 0 .  (See S e c t i o n  6.)  H e n c e ,  it is a d v i s e d  that  E q u a t i o n  8 - 7 ,  

u n a l t e r e d ,  no t  be u s e d  in s e t t i n g  an u p p e r  bound  ( i dea l  e f f i c i e n c y  l imi t )  

fo r  d i r e c t  t h e r m a l  w a t e r  s p l i t t i n g .  
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To p r o p e r l y  e s t i m a t e  the m a x i m u m  a t t a inab l e  e f f i c i ency  of  d i r e c t  t h e r m a l  

decomposition, and i£ heat is the primary energy source, all work-generating 

steps must be accounted for. One arbitrary way to postulate an energy 

efficiency limit for thermal decomposition (used by IGT in its hydrogen- 

production program) is to divide the  high heating value (HHV) of the product 

hydrosen by the sum of the reaction entropy, the heat required to generate 

the reaction free-energy change, ~ and the heat required to perform the extra 

separatory work (not satisfied by the supplied free energy). Separatory 

work is calculated for the composition and temperatl/re of the decomposition. 

TaBle 8-Z presents these quantities based on an arbitrary 35~ elficiency for 

wo~'k generation from heat (probably not appropriate for the 500 0K case). 

In our opinion, irreversibilities and heat losses would result in practical 

efficiencies of about 50~ to 65~ of those listed for T >Z000 e K, assuming 

that process equipment and plant materials could be used with performance 

similar to that attained with modern technology. For T < 2000 °K, the 

separatory equipment for recovering the very small concentrations of 

hydrogen produced would be excessive in complexity and in energy consumption. 

Thus, practical efficiencies would be very low for temperatures below 

Z000 °K. 

I~ 1972, The Futures Group prepared a hydrogen technology assessment 

for the Northeast Utilities Service Co. s In that report, they summarized 

their analysis of a water dissociation system operating at 5000 OF (3033 OK) 

and at 1 arm. Steam was forced through a vortex tube at high velocity, 

and the hydrc~gen was separated Iron the steam and oxygen. The hydrogen 

stream and the water plus oxygen stream were cooled to condense the steam 

and separate the gases; the condensation was taken through 10 stages for 

90% heat recovery. The efficiency of this system, based on heat and mass 

balance, "was computed to be only 35~. " 

The recent study by Bilgen ! considers solar energy as a heat source 

for direct thermal dissociation of water. However, no particular process 

or flow diagram was analyzed. The author does conclude that 3000°K heat 

is required "for a substantial yield in hydrogen production." A general 

description of solar concentrators, with cost estimates, is presented for 

components capable of high temperatures. Bilgen is optimistic about being 

able to achieve suitably high temperatures with a combination of a mirror 

field and concentrating units and states that 3500°K should be achievable. 
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Table 8-2. ESTIMATED UPPER EFFICIENCY LIMITS 
FOR DIRECT THERMAL DECOMPOSITION OF WATER 

Reac t ion  Reac t ion  Heat  for  
.... T e m p . ,  T E n t r o p y  F r e e  EnerGy 

°K OF kcal/g-rnol 

500 440 5.92 152.9 

i000 1340 13.21 131.5 

1500 2240 20.54 IIZ. 3 

2000 3140 28.11 q2.6 

2500 4040 34.92 72.7 

3000 4940 42.09 ~ 52.7 

3500 5840 49.29 32.6 

4000 6740 56.56 12.4 

4500 7640 58.43 0 .0  

8962 

Heat for 
"Extra" Work 

0 0 

0 5 

3 5 

11 1 

1 7 4  

24 6 

32 3 

43 7 

49 1 

Ef f i c i ency  L imi t  
B a s e d  on HHV 

of Hydrogen ,  % 

43 

47 

50 

52 

55 

57 

59 

61 

63 
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9. C O ~ v I M E R C I . A L  T E C H N O L O G Y  F O R  H Y D R O G E N  P R O D U C T I O N  -- 
T .  D. D o n a k o w s k i  

C a t a l y t i c  S t e a m  R e f o r m i n g  o f  N a t u r a l  G a s  

S t e a m  r e f o r m i n g  of  n a t u r a l  g a s  is the  m o s t  w i d e l y  u s e d  h y d r o g e n  m a n u -  

f a c t u r i n g  p r o c e s s  in the  U n i t e d  S t a t e s .  3 C o m m e r c i a l  o p e r a t i o n s  b e g a n  in 

1930 a f t e r  a [ 5 - y e a r  d e v e l o p m e n t  p e r i o d .  A t y p i c a l  p r o c e s s  f o r  a l a r g e ,  

m o d e r n  h y d r o g e n - p r o d u c t i o n  f a c i l i t y  is  d i s c u s s e d  b e l o w  a n d  i s  i l l u s t r a t e d  in 

F i g u r e  9 -  1. 

ZNO REFORMER BOILER HOTSHICT COLDSH FT COMPRI:$SION 

-" I [ t . s'r,Au 

, ~ - J  l I ~ II " ~ I ~ L-J I | c , ,  il 

FUEL E/POClT N P STE'M EXHAUST 

ABSORPTION METHANAT0~ 

PRODUCT 

1--- . cw 

T 
aFT 

Figure 9-I. FLOW DIAGRAM OF A STEAM-REFORMING PROCESSI 

The primary step in the production of hydrogen from natural gas is the 

e n d o t h e r m i c  s t e a m - m e t h a n e  r e a c t i o n :  

CH 4 + Hz0 -~ CO + 3H z 

To reduce any catalyst-poisoning sulfur compounds to a level of less than 

5 ppm, z the natural gas is passed through a sulfur guard drum that contains 

zinc oxide. The sulfur-free natural gas is combined with superheated steam, 

thus forming the feed for the reforming furnace. (Steam-to-methane ratios 

are usually 3:1 or 4:1, by volume.) The steam is then passed through a ver- 

tical array of type 25-Z0 chrome-nickel steel tubes that contain a catalyst. 

A typical commercial catalyst is composed of nickel oxide on a refractory 

substrate. The catalyst may be shaped into pellets I/Z to 3/4 inch in dia- 

meter and length or into Raschig rings of similar size. 

Reforming has been performed at pressures of up to 600 psi, but 300 psi 

is typical. If a high-pressure hydrogen product is desired, it is preferable 

to reform the natural gas at a high pressure. The reforming reaction in- 

creases the volume of the gas, so less compression is required if the feed 

is initially at high pressure. However, high pressures require high 

Z00 
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t e m p c r a ~ r e s  to ensure a favorab le  e q u i l i b r i u m .  A m o r e  e f f i c ien t  r e c o v e r y  

of hea t  f r o m  the p r o d u c t  gas  is  a t t a i n e d  a t  the  h i g h e r  t e m p e r a t u r e s .  Gas  t y p i -  

c a l l y  ex i t s  the r e f o r m i n g  f u r n a c e  a t  t e m p e r a t u r e s  of f r o m  15000 to 1650 ° F .  

The  e q u i l i b r i u m  c o n s t a n t  f o r  the s t e a m - m e t h a n e  r e f o r m i n g  r e a c t i o n  i n c r e a s e s  

by a f a c t o r  of  3 as  the t e m p e r a t u r e  i s  i n c r e a s e d  f r o m  14700 to 1 5 6 0 ° F ,  so 

t e m p e r a t u r e  is  an  i m p o r t a n t  p r o c e s s  o p e r a t i n g  p a r a m e t e r ,  s H e a t  i s  t r a n s -  

f e r r e d  to the r e f o r m e r  f u r n a c e  tubes  f r o m  the r a d i a n t  s e c t i o n  of the f u r n a c e ,  

and  l a r g e  a m o u n t s  o f  hea t  a r e  a v a i l a b l e  for  s t e a m  g e n e r a t i o n  in  the c o n v e c -  

t ion  s e c t i o n .  

The  r e f o r m e d  gas  i s  c o m p o s e d  of h y d r o g e n ,  w a t e r ,  c a r b o n  m o n o x i d e ,  

c a r b o n  d i o x i d e ,  and  r e s i d u a l  m e t h a n e .  I t  is  c o o l e d  to abou t  7 0 0 ° F  and  is  

p a s s e d  t h r o u g h  a sh i f t  r e a c t o r  in  w h i c h  e x c e s s  s t e a m  r e a c t s  w i th  c a r b o n  

m o n o x i d e  to f o r m  c a r b o n  d iox ide  and  m o r e  h y d r o g e n  v ia  the e x o t h e r m i c  r e a c t i o n  -- 

CO+ Hz0-~CO z + H z 

An iron oxide-chromium oxide catalyst is used: The equilibrium constant for 

this reaction increases with a decrease in temperature, and at 7000 F, a satis- 

factory conversion of carbon monoxide to hydrogen cannot be achieved. 

A second shift reactor is used that operates at temperatures of from 3500 to 

450 0 F and that utilizes a low-temperature catalyst containing copper, chrom- 

ium, and zinc oxides. This low-temperature catalyst is permanently dam- 

aged if it is used at temperatures higher than design, 3 

The  s h i f t e d  gas  s t r e a m  is  then  c o m p r e s s e d ,  t y p i c a l l y  w i th  s t e a m -  

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

removal system. In choosing a carbon-dioxide-removal system for the 

process, the desired purity of the product and the inlet pressure of the ab- 

sorber feed-gas must be considered. Several absorption processes are com- 

mercially available (e. g., monoethanolamine and hot-potassium-carbonate 

systems). 

Finally, if desired, traces of carbon oxides can be removed by reacting 

the gas with hydrogen to form methane via the exothermic reactions -- 

CO+ 3H z -~ CH 4+ Hz0 

and 

CC2 ÷ 4H z ~CH 4+ ZHz0 

The reactions occur in the presence of a nickel catalyst at from 750 °to 840°F 

and at pressures of up to 600 atmospheres. Water is removed, thus leaving 

Z01 
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the h y d r o g e n  p r o d u c t  ( t y p i c a l l y  97% pure).* A p r o c e s s  and u t i l i t y  s u m m a r y  

for  the s t e a m  r e f o r m i n g  of n a t u r a l  gas  is p r e s e n t e d  in T a b l e  9-1.  

Tab le  9 - 1 .  E F F I C I E N C Y ,  PROCESS ,  AND UTILITY R E Q U I R E M E N T S  OF 
STEAM REFORMING NATURAL GAS FOR THE PRODUCTION OF 97%- 

PURE HYDROGEN 
(Per i000 SCF of Hydrogen) 3 

P r o c e s s  F e e d ,  lb of m e t h a n e  

F u e l ,  lb of m e t h a n e  

E l e c t r i c  P o w e r ,  k W h r  

Cool ing  W a t e r ,  ga l  

Bo i l e r  F e e d w a t e r ,  gal  

C o n d e n s a t e  R e t u r n e d ,  gal  

Input  19.8  lb of m e t h a n e  X Z3,880  B t u / l b  

0 . 4  kWhr  E l e c t r i c i t y  X 3414 B t u / k W h r  

T o t a l  

Output  = 1000 SCF of H y d r o g e n  X 325 B t u / S C F  

Output  _ 325 ,000  X 100 E f f i c i e n c y  = -rn'put 

: 6 8 . 5 %  

P a r t i a l  Oxida t ion  of  H y d r o c a r b o n s  

Amount 
I 1 . 9  

7 .9  

0 .4  

400 

10 

6 

472, 8OO Btu 

1,4O0 Btu 

474,200 Btu 

325,000 Btu 

T h e r e  a r e  two p a r t i a l - o x i d a t i o n  p r o c e s s e s  tha t  have been e x t e n s i v e l y  

c o m m e r c i a l i z e d :  the T e x a c o  P r o c e s s  ( s ince  1954) and the She l l  G a s i f i c a t i o n  

P r o c e s s  ( s i n c e  1956). Gas c o n s i s t i n g  p r i m a r i l y  of h y d r o g e n  and c a r b o n  

m o n o x i d e  is p r o d u c e d  by bu rn ing  h y d r o c a r b o n s  wi th  h i g h - p u r i t y  oxygen  

or an o x y g e n - r i c h  s t r e a m .  The  m a i n  p r o c e s s i n g  f e a t u r e s  of the T e x a c o  

P r o c e s s  a r e  shown in F i g u r e  9-2  and a r e  d i s c u s s e d  be low.  

H i g h - p u r i t y  o x y g e n ( 9 5 %  to 99~/o) is  i n j e c t e d  in to  the gas  g e n e r a t o r ,  a long  

wi th  p r e h e a t e d  s t e a m  and h e a v y  oil  (10 ° A P I  g r a v i t y ) .  P r o p e r  m e t e r i n g  of 

the feed  into  the s p e c i a l l y  d e s i g n e d  m i x i n g  b u r n e r s  is e s s e n t i a l .  A t y p i c a l  

s t e a m - t o - o i l  we igh t  r a t i o  would  be 0. 5:1. It shou ld  be no ted  tha t  oxygen  and 

oil  a r e  no t  p r e m i x e d ;  t h e r e f o r e  f l a s h b a c k s  and l i m i t s  to p r e h e a t  a r e  not  e n -  

c o u n t e r e d .  A h igh  d e g r e e  of s t e a m  and oil  p r e h e a t  is d e s i r a b l e  b e c a u s e  i t  

s i g n i f i c a n t l y  r e d u c e s  the oxygen  r e q u i r e m e n t .  3 The  use  of l e s s  oxygen  r e s u l t s  

i n the  p r e s e n c e  of l e s s  d i l uen t  n i t r o g e n  in the f i na l  h y d r o g e n  p r o d u c t  s t r e a m ,  z 

Any p e r c e n t a g e  of s u l f u r  in the oi l  feed  is p e r m i s s a b l e ,  a l t h o u g h  the  e f f i c i e n c y  
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of hydrogen production is lower for a higher sulfur-content oil than for 

a sulfur-free oil because hydrogen is consumed in the removal of sulfur as 

hydrogen sulfide. A refractory-lined reactor is used to withstand the 

Z500°F final gas-generation temperature. The Texaco gas-generating reactor 

can be run at pressures of between ZOO and 600 psi. Better compression 

economics can be obtained if the gasifier is operated at high pressure because 

the gaseous volume of the feed materials is less than the volume of the hydrogen 

generated. Heat from the reactor is used for internal generation of steam 

via a water-quenching step. The steam is subsequently reacted in a carbon 

monoxide-water shift step. The ~,ater quench also removes particles of 

unreacted carbon, which are recovered by filtration and can be mixed with 

oil for plant fuel requirements. 3 

The synthesis gas then undergoes aftertreatment steps, similar to the 

steps undergone downstream in a steam-natural gas reforming process, to 

increase the amount and the purity of the hydrogen. Hydrogen sulfide is re- 

moved; and the stream is shifted, in a carbon monoxide conversion step, tO 

produce more hydrogen. Carbon dioxide is removed from the hydrogen by an 

absorption process. If desired, final traces of the carbon oxides can be 

removed by reaction to methane; and finally water is removed from the 

system. The hydrogen can then be compressed to the required pressure. 
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I0. SURVEY OF PATENTED HYDROGEN-PRODUCTION PROCESSES -- 
H. C. Maru 

In order to complete this survey of hydrogen-production processes, we 

examined the literature with the hope of finding novel processes that had 

been suggested, but that had never been fully developed. We anticipated that, 

in the past, the ease of making hydrogen by steam reforming relatively 

cheap natural gas would have made the development of other hydrogen 

processes unattractive; but that now, with the supply of natural gas rapidly 

dwindling, these processes might be worthy of attention. 

Ideally, search of this type would involve a complete literature review 

and evaluation. However, the number of literatllre entries on hydrogen pro- 

duction is immense, and a comprehensive search of all published literature 

was out of the question. We decided to proceed on the assumption that if 

a novel hydrogen-production method had not been developed, it would at least 

have been patented. 

We conducted a search through abstracts of patents published in 

Chemics/ Abstracts from 1917 to 1974 using the following key words 

appearing under the heading, "Hydrogen": 

• Formation of 

• Manufacture of 

• Preparation of 

• Production of. 

We l[m[ted our attent-ion to ~hose processes that made either pure hydro- 

gen or significant amounts of hydrogen mixed with nitrogen, carbon monoxide, 

and/or carbon dioxide because these mixtures could easily be converted to 

pure hydrogen. 

Literature prior to 1917 was scanned through two important monographs 

dealing with hydrogen production. 3, 14 Increased activity of the recent years 

has been documented in several symposia proceedings I' 17,18 and compilations. 4'7 

These documents were also scanned for this survey. 
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Classification of Processes 

The number of relevant patents found was staggering. We had expected 

that only about Z00 or so processes would haw." been patented in the last 

60 years. Instead, we found about 1800 patents. 

We sorted the patents into 10 categories, as shown in Table 10-I. Patents 

relating £o purification schemes, storage, salety, or corrosion and those 

describing hardware or control equ[pn~ent were rejected. Approximately 

56~ of the total number of patents related to hydrogen production from hydro- 

carbons, ZZ~'o related to; coal, and 7~% related to water electrolysis. The 

patents related to unconventional hydrogen-production processes were assigned 

to a general category, "Other Sources." 

T a b l e  l O - l .  

Category 

CLASSIFICATION OF PATENTS FOR 
HYDROGEN PRODUCTION 

Code Number of Patents 

Electrolysis of Water 

Electrolysis of Impure Water and 
Other Solutions 

Coal and Related Sources 

Hydrocarbons and Fossil Fuels 

Oil Shale 

Synthetic Fuels 

The rmoc hemic al 

Solar, Windpower, Geothermal, 
and Ocean Thermal Gradients 

Waste Materials 

Other Sources 

Total 

Patents Rejected (NotProcesses) 

Total Examined 

E 128 

I 47 

C 394 

H 985 

I< 9 

F 29 

T i0 

S 2 

W 9 

O 157 

1770 

500 

2270 

~ of T o t a l  

3 

Z2 

56 

0.5 

2 

0.5 

0.5 

9 
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The pa ten t s  in each  c a t e g o r y  w e r e  a r r a n g e d  a l p h a b e t i c a l l y  by ass igned  

o rgan i z a t i o n  (or by  au thor  if the pa tent  was  not a s s i g n e d  to an o rgan iza t ion) .  

The p u r p o s e  of  this a r r a n g e m e n t  was  to a s s e m b l e  all the pa ten t s  r e l a t e d  to a 

s ingle  p r o c e s s ,  thus a l lowing us to judge  the s t a t e  of d e v e l o p m e n t  of  e ach  

p r o c e s s  and to e l imina te  dupl ica t ion .  The pa t en t s ,  so a r r a n g e d ,  a r e  l i s t e d  

in Appendix  C.* 

Evaluation of Processes 

Alter classification and arrangement, the patents in each category were 

evaluated by an IGT expert in the particular field in order to find any promis- 

ing processes. All the patents and literature were further reviewed by the 

chemical engineer in charge of the patent survey. Figure I0- l is a schematic 

f low diagram of the procedure used for this survey. 

PATENT SEARCH 
CHEMICAL ABSTRACT 

1917-74 
KEYWORDS: 

HYDROGEN 
FORMATION OF 
MANUFACTURE OI 
PREPARATION OF 
PRODUCTION OF 

ADDITIONAL 
LITERATURE 

MONOGRAPHS 
SYMPOSIA 

PROCEEDINGS 

PATENT 

/ 
/ 

/ 

CLASSIFICATION 
12 CATEGORIES BY 
SOURCE OR 
PROCESS 

A R R A N G E  B Y  
ASSIGNEE 
INITIAL 
EXAMINATION 

REJECT IF NOT 
A PROCESS 

m . . - ID 

EVALUATION 
BY FIELD 
EXPERTS 

__• INPUT TO 
APPROPRIATE 
TASKS 

[ 

OVERALL 
REVIEW AND 
EVALUATION 

~ CONCLUSIONS 
REPORT 

I LIST{Appendix A} 

I 

A7507|811 

Figure I0-I. FLOW DIAGRAM OF LITERATURE SUI~VEY OF 
HYDKOGEN- PRODU CTION TECHNIQUES 

VAn a l p h a n u m e r i c  code has been  a s s igned  to each  patent ,  as exp la ined  in 
Appendix  C. R e f e r e n c e s  to t he se  pa ten t s  in the tex t  a re  m a d e  us ing  this  
norne nc l a t u r e .  
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Several novel processes and suggestions were identified as being worthy 

of further consideration. Because of the large number of patents retrieved 

(approximately I0 times the number originally anticipated), by mutual agree- 

ment with NASA only the novel processes and suggestions have been cataloged 

in detail. Many of the processes currently under development are discussed 

in other sections of this report. 

Electrolysis of Pure Water 

Several patents describe means of increasing the current density and ef- 

ficiency of electrolysis via minimization of electrode overvoltages and ohmic 

polarizations. Recently, processes that use thermally aided electrolysis have 

been proposed. 3 

Ore rvoltage Reduction 

Several proposed methods of electrode and electrolyte modification are 

described in Table 10-Z. As can be seen in this table, improvements of as 

much as several hundred millivolts have been claimed. 

A patent by DEMAG Electrometallurgic GmbH (ED3) sugggests additions 

of wetting agents to facilitate bubble removal, thereby minimizing concentra- 

tion polarization. A patent by E. G. Clark (EC4) claims that current densities 

as high as 7~00 A/sq ft can be achieved when the electrolyte is forced through 

a thin layer placed between the electrodes. A somewhat different flow-through 

electrode system is being tested at Brookhaven National Laboratories. I° Large 

drops in pressure and structural difficulties in manifolding are anticipated 

with this concept. At present no commercially operating system uses such 

a concept. 

Because oxygen polarization is a major factor in many water electrolyzer 

cells, several depolarization schemes have been suggested. 3's The patents 

by General Electric Co. (EG3) and H. H. Moebius and B. Rohland (EMI0) 

suggest putting a reducing gas (e.g. , producer gas) in a solid-oxide system 

to depolarize the oxygen electrode. Juda and N~oulton 8 suggest adding sulfur 

dioxide in the form of sulfurous acid in an acid-electrolyte ceil. A voltage 

gain of about 800 mV has been claimed for such a system. Additional corro- 

sion and contamination problems and the added cost of a depolarizing agent 

are the trade-off considerations. Recently Bockris z suggested the use of 

this concept for simultaneous pollution cleanup, where, for example, nitric 
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T a b t e  I0-2. PROPOSED ELECTRODE AND ELECTROLYTE MOD[FICATIONS 

N 
0 

~ m  
m m 
mww 

m w 

m 

m m 

Electrode + 
~ n ~ e  or ,%~atl'xc, r e f e r e ~ e  Ele,ztrol~ ~ 

C l ~ r b ,  F. G F-G4 ~,~aC)H X ~";. 

C~nsolid~,ted M i r J  n:! F~C#~ Caas'.ic 
~-,nd Src~clt£r~g ,:,f .alk; . l i  
Canada Ltd. 

D E M A G  E l e c k t r o -  E D 3  A q u e o a s  
n~etal  htr l ,  d e .  G m b H  s o l u t i o n s  

X X 

East Asia Synthetic 
Chemical Industries 
Co. 

EE~ I ~,% NaOH 

G e n e r a l  E l e c t r i c  Co,  I~G3 S o l i d  
o x i d e  

I i i ~ o e r i a l  Ch~ m i c z d  E l 3  
Industries ol 
A ~ s t r a l i a  and 
N e w  Z e a l a n d  L t d .  

Vada,  W. end  R e f .  8 h o , l e o u s  
.~,|o,lltoe. D . M .  acid:c 

Lonr.a ~leMrizit~its- F.LI 3 

.Muse h i n e n f a b . - i k  E M 3  
Oarltkon 

,Moe- , ius .  H . H .  a n d  E M I O  S o l i d  
R n h l a n d .  B. o x i d e  

Pintsch Bamag AG EBI ROH (~ i 

X 

Prop_~sed  M e t h o d  

Forced e l e c t r o l y t e  f low t h r o u g h  ~p~ce~ 
bP~,epn ~h~ ~:lec~rode~q 

V~n~l l iu t i l  in s o l .  f o r m  [ e . ~ ,  V~O~) 
r, drl~d r e  e i , , e t r s l y t e  

W e t t t n ~  a g e n t s  to f a c i l i t a t e  b u b b l e  r e m o v a l ,  
s i l i c o n e  o i l s  a d d e d  to  f a t t y  a c i d  to  t~re~'ent 
foamine 

0 . 0 5  g / l  tNbid) tSOt a d d e d  to e l e c t r o l y t e .  
oth~-r S c o m p o u n d s  -- e .  g ,  . (NHd)CI'4b o r  
(NH/)~CS - can be used. 

X Reducing gas mixture to depolarize oxygen 
,~le~trod~ 

X 

° .  

S i e m e n s  and  H a l s k e  E S 1 7  X 
A G  

S t a t e  P e d a g o g * c a [  I n s t . .  E S Z l  X 
':< ha r k o v ,  U . S . S . R .  

T s e u n g ,  A . C . C .  a n d  R e f .  16  I (OH X 
Vassie, P ,  R. 

• W e r l e n ,  A .  et a l .  EW1 X X 

ai-"oless otherwise noted, refers to Apoendix C,  

(Mo, Wi.(Fe). (Mol-(Ni, Co)or (Mo{- 
(Co, Ni, Fcl-(Co, Ni, Fe}. and (Ti-Pt) 
c o a t i n g s  elect rodeoosited 

X Add  50~ in t he  f o r m  of  H : S O ,  

Elecrroolatingl P t ,  Rh, Pd, Os, or Ir on 
Fe cathode; reactivation lay O C V  operation 

Cr, m~o,and of s i x t h  gro~ip m e t a l  ¢~f NazMoO# ' 

R e d u c i n g  g a s  mixture t o  deoolarLze o~c~/gen 
e l e c t r o d e  

D e o o s i t  a l l o y  {e. g. , Z n - N i - C a }  i t e m  a b a t h  
containin~ a complex-forming r e d g e n t  s u c h  
a s  a e y a . i d e  p y r o o h o s o h a t ¢  on s ~ , l f a m a t e ;  
a c t w a t e  by  s a r t l y  d i s s o l v i n g  a f i r s t  c o r n e D -  
n e a t  o f  t h e  a l l o y  ( e ,  g . .  Zn)  in  a n  a l k a l i  o r  
c y a n i d e  s o l , i l i o n .  

C a t h o d e  t r e a t e d  w i t h  a n  e l e c t r o l y t e  c o n t a i n i n g  
m e t a l l i c  o x y g e n  a c i d s  -- e. g . .  c h r o m a t e s ,  
m o l y b d a t e s ,  t u n g s t a t e e ,  c o l u m b a t e s ,  l i r a -  
n o t e s :  a l t e r n a t i v e l y ,  a d d  s m a l l  a m o u n t s  to 
cathode ch~rnbe r. 

Alloys of NI-Ru or Co-Ru applied o n  a metal 
base consisting of Fe, Ni, Cu, or T i  

CozNiO 4 catalyst 

blg Cu-Zn catalyst on anode and an alkali 
phosphate as delmolarizer on AI cathode 

_ _ C l a t  m#d ~rr, p r o v e _ r ~ n t s  _ 

Obtai l~ a C.  O. nf 7Zf~O Al~ei ft 

Cc' t l  c,c, t l  1~ req t lc f ,  rl 

L o w e r  concentration p o l a r l a a t l o n  

L o w e r e d  t o t a l  c e l l  v o l u m e  t,y g0  rnV 
a t  =,0 m o l / s q  c rn  

L o w e r  o x ? g e n  o v e r v o l t a g e  

A W-Fe coated electrode resulted 
in 80 mV decrease in nverootential; 
an Mo-Co rated electrode resulted 
in ISf~ mV decreasu in overpotentlat 

aft0 m V  l o w e r i n g  o f  o o l a r i z e t i o n  

S e v e r a l  h u n d r e d  nIV l o w e r i n g  in [ 1  

o~ersalt 

O v e r : ' o l t a g e  r e d t i e t i o n  

Lower o ~ y g e n  o v e r v o l t e x g ¢  

Surfaces not PvroDhoric. greater 
f l e x i b i l i t y  in  s e l e c t i o n  o f  s t r t t e t a r a l  
and  t m a l  shads  

The comoounds d l o s o l v e ,  bu t  do not  
decomooae: tower overvoltago 

L o w e r  h y d r o g e n  o v e r v o l t a g e  

H i g h  a n o d e  a c t i v i t y ,  s t a b l e  o e r f o r -  
mance at room temperature 

CO 

Lrl 

CO 
xD 
Ox  
rV 
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+ W h e r e  k . o w n ,  t h e  e l e c t r o d e ( s )  c o n s i d e r e d  f o r  m o d i f i c a t i o n  i s  d e n o t e d  w i t h  a n  " X . "  
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ox ide  c a n  be o x i d i z e d  to n i t r i c  ac id  o r  s e w a g e  c a n  be  o x i d i z e d  to c a r b o n  

d i o x i d e .  The  r e s u l t i n g  c o s t  r e d u c t i o n s  in the d e p c I a r i z e d - a n o d e  s y s t e m s  

m a y  be a t t r a c t i v e .  

A l t e r n a t i v e l y ,  to m i n i m i z e  the  o x y g e n  o v e r v o l t a g e ,  T s e u n g  and c o w o r k e r s  15'*6 

have  r e p o r t e d  the u s e  of  a h i g h l y  a c t i v e  e l e c t r o d e  c a t a l y s t .  A r a p i d  e l e c t r o d e  

d e a c t i v a t i o n  was  o b s e r v e d  when  o p e r a t e d  in the fue l  c e l l  m o d e ,  Is but  s t ab l e  

p e r f o r m a n c e  fo r  s e v e r a l  h u n d r e d  h o u r s  was  o b t a i n e d  at r o o m  t e m p e r a t u r e  

when  o p e r a t e d  in the o x y g e n - e v o l u t i o n  m o d e .  15 

E l e c t r o l y t e  S y s t e m s  

E l e c t r i c a l  c o n d u c t i v i t y  and e l e c t r o d e  k i n e t i c s  c an  be i m p r o v e d  by  the u s e  

of s u i t a b l e  e l e c t r o l y t e s ,  An A t l a n t i c  R i c h f i e l d  Co.  pa t en t  (EA6) c l a i m s  o ~ e r a -  

l ion  of a m o l t e n - a l k a l i  e l e c t r o l y t e  c e l t  a t  1. 3 vo l t s  (an a p p a r e n t  e f f i c i e n c y  of 

1 1 3 ~ )  and at  c u r r e n t  d e n s i t i e s  of 500 m A / s q  c m  wi th  use  of a 90,~0 

c a l c i u m  h y d r o x i d e ,  10% s o d i u m  h y d r o x i d e  e l e c t r o l y t e  a t  480°C.  P r o b l e m s  

of  c o r r o s i o n ,  e l e c t r o d e  s i n t e r i n g ,  and p e r f o r m a n c e  s t a b i l i t y  a r e  a n t i c i p a t e d .  

A n o t h e r  p a t e n t  (EB5)  c l a i m s  u s e  of m o l t e n  s o d i u m  h y d r o x i d e  o r  p o t a s s i u m  

h y d r o x i d e  c o n t a i n i n g  5% to 10% w a t e r .  The  c e l l  in th i s  c a s e  was  o p e r a t e d  at  

3130 ° to 350°C and i r o n  e l e c t r o d e s  w e r e  u s e d .  

T h e  u se  of  s o l i d - o x i d e  e l e c t r o l y t e s  at  h igh t e m p e r a t u r e s  has  a l s o  b e e n  p r o -  

posed13, 19 (EG3 and E M I 0 )  f o r  w a l t e r - v a p o r  d i s s o c i a t i o n .  H i g h e r  e f f i c i e n c i e s  

and r a p i d  e l e c t r o d e  k i n e t i c s  c an  be o b t a i n e d  at h igh  t e m p e r a t u r e s ;  but  r e -  

s e a r c h  s h o w s  s o m e  m a j o r  p r o b l e m s :  t h e r m a l  s t r e s s e s  in the c e r a m i c  e l e c -  

t r o l y t e s ,  r e t e n t i o n  of  s u f f i c i e n t  e l e c t r o l y t e  p u r i t y  to avo id  the o n s e t  of s e m i -  

c o n d u c t i n g  p r o p e r t i e s ,  s e l e c t i o n  of m e t a l s  f o r  the  e l e c t r o d e  at the  o x y g e n  

s i de  in the  800 ° to 1000°C o p e r a t i n g  r a n g e ,  and d i f f i c u l t y  in f ind ing  m a t e r -  

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

a l m o s t  a l l  r e s e a r c h  on th i s  type  of  s y s t e m  has  b e e n  a b a n d o n e d .  B o c k r i s  3 sug -  

g e s t s  tha t  e v e n  if  t h e s e  p r o b l e m s  w e r e  s o l v e d ,  the c o s t  of h i g h - t e m p e r a t u r e  

e l e c t r o l y z e r s  would  be abou t  the  s a m e  as tha t  of l o w - t e m p e r a t u r e  e l e c t r o l y -  

z e r s  c u r r e n t l y  be ing  d e v e l o p e d .  T h e r e f o r e ,  r e s e a r c h  on m o d e r a t e - t e m p e r a t u r e  

(80 ° to 400°C)  e l e c t r o l y z e r s  shou ld  be e m p h a s i z e d .  

C e l l  Des i gn  

Two p a t e n t s  (EA5 and EU2) c la in~ a c e l l  d e s i g n  s u i t a b l e  f o r  z e r o - g r a v i t y  

o p e r a t i o n .  One p a t e n t  i s s u e d  to R e y n o l d s  M e t a l s  Co.  (ER1)  is f o r  a c e l l  
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designed to produce gases under hydrostatic pressure with the gases collected 

outs ide  the v e s s e l .  S e v e r a l  h i g h - p r e s s u r e  uni ts  that  u se  p r e s s u r e  v e s s e l s  fo r  

pressure containment have been built, fo r  s p e c i a l  applications, by Construc- 

tion $ohn Brown Ltd. of Great Britain. ll' 12 Such designs, however, may not 

be cost effective for large-scale production because of the high contaimnent- 

material cost compared with that for dlaphragm-type cells. 

System Design 

A Swedish patent (ESZ4) claims a modification that purifies a contan%inated 

electrolyte by electrolyzing the impure electrolyte in a mercury cell and sub- 

sequently decomposing the amalgam with water to obtain an alkali solution. 

The modification would, however, involve additional investment for a mercury 

cell. Therefore adopting such a modification is a question of relative econo- 

mics. 

A vapor-diffusion water feed arrangement has been suggested in a patent 

by TRW, Inc. (ETI) .  An in s i tu  p u r i f i c a t i o n  s y s t e m  that  u s e s  a p a l l a d i u m  

coating on the electrode is suggested in patent ET3. A patent by A. Kitgus 

(EK3) c l a i m s  hyd rogen  y i e ld s ,  upon app l i ca t ion  of a m a g n e t i c  f ie ld  to the 

e l e c t r o l y z e r ,  in e x c e s s  of  those  d e t e r m i n e d  by  F a r a d a y ' s  Law, The va l i d i t y  

o~ this  c l a im  is doubtful;  but  even  if  this  w e r e  t rue ,  the addi t iona l  e n e r g y  

u s e d  and the c o m p l i c a t i o n s  in main ta in ing  a magne t i c  f ie ld  would c o m p e n -  

sa te  f o r  the addi t ional  y i e ld s .  

T h e r m a l l y  A s s i s t e d  E l e c t r o l y s i s  

The electrolysis of water at a pressure of 1 atmosphere and at Z5°C 

requires a minimum potential of I. Z3 volts. Because electricity cost is a 

major component in the overall hydrogen cost, electrolysis of an alterna- 

tive s u b s t a n c e  that  has  a l o w e r  r e v e r s i b l e  ce l l  po ten t ia l  than w a t e r  and sub-  

s equen t  t h e r m a l  d e c o m p o s i t i o n  of the p r o d u c t s  is t empt ing .  G r e a t e r  o v e r a l l  

e f f i c i e n c i e s  m a y  be  p o s s i b l e  in such  c a s e s .  B o c k r i s  2 has  s u g g e s t e d  fou r  such  

systems: 

I. Electrolysis of hydriodic acid CI-;_I) - 

a) Electrochemical step ZHI-* H z + I z AEzs°= 0. 535 volt 

b) Thermal step I z + HzO (1400°C) -~ 2I-H + 1/ZO 2 
(endothe rmic ) 

ZI I  
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2, E l e c t r o l y s i s  of c u p r o n ~  
a c id  (I-IC1) -- 

c h l o r i d e  (CuC1] in a c e l l  c o n t a i n i n g  h y d r o c h l o r i c  

a) E l e c t r o c h e m i c a l  s t ep  gCu+- , , :Cu~ '÷ ,  l e -  
o 

2H ÷--  Ze- -* H a AEzs = 0 , 5 3 5  volt 

b) Thermal steps 2CuCI z -* ZCuCI ÷ Cl z AE o = 

(endothermic) C1 z , H.O -* 2HCI . l./ZO z 

3. Electrolysis of ferrous chloride (FeCI3) in a cell containing HCI-- 

a) E l e c t r o c h e m i c a l  s t ep  

b) T h e r m a l  s t e p s  
( endo the  r m i c )  

4. E l e c t r o l y s i s  of s t a n n o u s  c h l o r i d e  

a) E l e c t r o c h e m i c a l  s t ep  

b) T h e r m a l  s t e p s  
(e ndo the  r m i c  ) 

0 . 7 7  vo l t  

2Fe2+-+ 2Fe s÷ ~- 2e- 
O 

2H + ~- 2e--~ H z AE25 -- 0. 535 vo l t  

2FeCI 3 -, ZFeCI z÷Cl z 

CI z,IlzO -) 2}{CI + 1/20 z 

(SnClz) in a c e l l  c o n t a i n i n g  HC1 - -  

Sn 2+ -~ Sn 4-I ÷ le- 
o 

2H ÷ + 2e- -* H 2 /% Ea5 = 0. 77 volt 

SnCI 4 -~ SnCI z ~. C1 z 

C1 z, HzO -~ 2HCI ÷ I/ZO z 

S e v e r a l  p r a c t i c a l  l i m i t a t i o n s  e x i s t ,  but  b e c a u s e  t h e r e  is  the p o t e n t i a l  of  

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

d e s e r v e  a c l o s e r  look .  A c c o r d i n g  to B o c k r i s '  s e s t i m a t e ,  s y s t e m s  l ,  2, and 

4 m a y  be m o r e  e c o n o m i c a l  t han  the a d v a n c e d  w a t e r  e l e c t r o l y z e r  s y s t e m s .  I t  

is  no t e d  h e r e  tha t  the  h i g h - t e m p e r a t u r e ,  d i r e c t  w a t e r  e l e c t r o l y s i s  p r o c e s s e s  

m a y  a l s o  c o n s u m e  h e a t  and in tha t  s e n s e  can  be c o n s i d e r e d  t h e r m a l l y  a ided  

e l e c t r o l y s i s  p r o c e s s e s .  

Electrolysis of Impure Water and Other Solutions 

O u r  l i t e r a t u r e  s e a r c h  p r o d u c e d  f o u r  p a t e n t s  (IM3, IO1, IS6, and IT6)  

r e n t e d  to the  d i r e c t  e l e c t r o l y s i s  of s e a w a t e r .  T h e  p a t e n t s  c l a i m  v a r i o u s  

m e a n s  f o r  m i n i m i z i n g  the p r o b l e m  of i n s o l u b l e  d e p o s i t s .  S e a w a t e r  e l e c t r o -  

l y s i s  has  b e e n  u s e d  f o r  the in s i t u  g e n e r a t i o n  of h y p o e h l o r i t e s  f o r  u s e  as 

s t e r i l a n t s .  C o u n t r i e s  such  as  J a p a n  u se  c o n c e n t r a t e d  s e a w a t e r  b r i n e  f o r  

c h l o r - a ! k a l i  p r o d u c t i o n 2  T h u s  s o m e  e x p e r i e n c e  has  b e e n  ga ined  in s e a w a t e r  

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

e l e c t r o l y s i s  is p r e s e n t e d  in S e c t i o n  3. 
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When e l e c t r o l y z e d ,  aqueous  so lu t ions  of m a n y  sa l t s  (such as s o d i u m  

chloride), sulfates, or acids (such as hydrochloric acid) yield hydrogen as a 

byproduct. Because this technology is well developed, some of the advances 

made  in this  f ie ld,  such  as m e m b r a n e s  and e l e c t r o d e  technology ,  m a y  be 

b e n e f i c i a l  to p u r e -  and i m p u r e - w a t e r  e l e c t r o l y z e r  s y s t e m s .  

Among the pa ten t s  r e t r i e v e d  in the p r e s e n t  s u r v e y  is a pa ten t  by  Matu-  

sh i t a  E l e c t r i c  I n d u s t r i e s  Co. (IMI) that  s u g g e s t s  the e l e c t r o l y s i s  of an aque-  

ous so lu t ion  of a m m o n i u m  ch lo r ide  (NH4C1) o r  a m m o n i u m  n i t r a t e  (NH~NO3) 

in the p r e s e n c e  of s e m i c o n d u c t o r  p o w d e r s  fo r  the p roduc t ion  of  h i g h - p u r i t y  

hydrogen .  A pa ten t  i s s u e d  to Asahi  C h e m i c a l  I n d u s t r y  (IA3) p r o p o s e s  the 

addi t ion of  p l a t i num o r  pa l l ad ium to the e l e c t r o l y t e .  An 0 .8 -vo l~  po l a r i za t i on  

d e c r e a s e  r e s u l t e d .  

Coal  and R e l a t e d  S o u r c e s  

Mos t  of  the 300 o r  so pa ten ts  in this  c a t e g o r y  dea l  with e s t a b l i s h e d  coa l -  

g a s i f i c a t i o n  p r o c e s s e s  that  p roduce ,  as a f i r s t  s tep ,  a m i x t u r e  of c a r b o n  

monox ide  and hydrogen ,  l ? lu id ized-bed  gas i f i ca t ion ,  such  as that  u s e d  in the 

Wink le r  and HYGAS ® P r o c e s s e s ,  is of ten men t ioned .  Many o£ the o the r  

pa t en t s  d e s c r i b e  s u s p e n s i o n  g a s i f i c a t i on  p r o c e s s e s  s i m i l a r  to those  being 

deve loped  by T e x a c o  and those  o f f e r ed  for  sa l e  by  K o p p e r s - T o t z e k .  Some 

of the pa ten t s  a re  f o r  mod i f i c a t i ons  to the s t e a m - i r o n  p r o c e s s  -- an i m p r o v e d  

f o r m  of which,  d e s c r i b e d  in an e a r l i e r  s ec t ion ,  is c u r r e n t l y  u n d e r  deve lop -  

merit for  u s e  in coa l  gas i f i ca t ion .  T h e s e  pa ten t s  of ten  s u g g e s t  the use  of 

ano the r  m e t a l  as the o x id i z in g - r educ ing  agent .  

The p roduc t ion  of c l ean  g a s e o u s  fue ls  f r o m  coa l  has  b e e n  i n t e n s e l y  r e -  

searched in the past few years. Consequently it should not be surprising that 

all of the promising ideas described in this group of patents are currently 

under development. 

Hydrocarbons 

This  c a t e g o r y ,  l a r g e s t  among the c a t e g o r i e s  s u r v e y e d ,  i nc ludes  approx i -  

m a t e l y  1O00 pa ten t s  on h y d r o g e n  p roduc t ion  f r o m  f o s s i l  h y d r o c a r b o n s  such  

as na tu ra l  gas ,  naphtha,  o r  o the r  p e t r o l e u m  c o m p o n e n t s .  The m a j o r i t y  of 

the pa ten t s  in this c a t e g o r y  w e r e  i s s u e d  a f t e r  1940. The p r o c e s s e s  include 

ca t a ly t i c  s t e a m  r e f o r m i n g ,  ca t a ly t i c  and nonca ta ly t i c  p a r t i a l  oxidat ion ,  and 
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thermal decomposition. Because of the rapidly depleting world supply of 

petroleum and natural gas, their role in future hydrogen production will be 

limited. The large number of patents in this field is indicative of the amount 

of research and development that has been carried out, and it is unlikely that 

any promising processes have been neglected. For these reasons, these 

patents were merely summarized and listed without further examination. 

Patents on hydrogen production from oil shale were classified separately, 

however, because of the possibly significant role of this source as a future 

energy supply. Patents applicable to multiple sources, such as hydrocarbons, 

coal, carbon monoxide, and coke, were included in the category "Coal and 

Related Sources. " 

Organizations holding large numbers of patents on the production of hydro- 

gen or hydrogen-rich gas from hydrocarbons include I. G. Farbenidustrie 

(on thermal decomposition of gaseous hydrocarbons), Standard Oil Co. (on 

the reforming of light hydrocarbons and thermal decomposition of a variety 

of hydrocarbon liquids), Texaco, Inc. (on partial oxidation), and Badische 

Anilin and Soda Fabrick (on partial oxidation). These patents describe varia- 

tions in process conditions (temperature, pressure, etc.), catalysts, reactor 

designs, and process steps. 

Some exotic suggestions, such as the electrolysis of hydrocarbons and the 

simultaneous production of mechanical energy, were also encountered. Many 

of the more recent patents describe hydrogen production on a small scale for 

local application such as self-propelled vehicles, fuel-cell operation in resi- 

dences or small industries, for special appliances or equipment, and for lab- 

oratory or experimentation purposes. 

Oil Shale 

Our literature search, using the keywords mentioned previously, yielded 

only nine patents that deal with hydrogen production from oii shale. The patent 

issued to Chevron Research Co. (KCI) describes a process that uses steam 

injection for hydrogen production from kerogen-depleted shale formations. 

The patent issued to Compagnie Francaise des Essences Synthetiques (DC2) 

claims the coke-free production of hydrogen-rich gas from oii shale and other 

solid fuels. The Institute of Gas Technology patents (Kll, K26, K23, and K24) 

deal with hydrogasification steps and reactor designs. Hydrogen is obtained 

as a coproduct in the process patented by I m. H. Gifford (KGI). Two patents 
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issued to Phillips Petroleum Co. (KPI and KP2) describe their partial- 

combustion process and the utilization of carbon monoxide from the combus- 

tion zone for the production of hydrogen. 

Synthetic Fuels 

This category includes the production of hydrogen from synthetic organic 

compounds such as methanol, acetylene, ethanol, cyclohexane, and heptane. 

Because these compounds are usually synthesized by using petroleum, coal, 

or other fossil fuels, they will probably not be used for large-scale hydrogen 

production. !~ethanol, however, has been recognized as a convenient portable 

fuel. Because of the low reforming temperatures involved, simple materials of 

construction, and good catalyst stability, it can be reformed at the point of 

appl~cation %o produce hydrogen. Fuel cells and automotive fuel are two exam- 

ples of such applications. Hydrogen is obtained as a byproduct in the thermal 

dissociation of acetylene to produce carbon black. Of the patents retrieved, a 

majority of the patents covered these two sources. 

Two patents issued to the U.S. Atomic Energy Commission CFU3, and FU4) 

claim the cracking of hydrocarbons by using x-rays or neutron bombardment. 

A patent issued to Varta A.G. (FVI) claims the simultaneous production of 

oxygen and hydrogen by utilizing heat released by the oxygen-generating corn- 

pound to catalytically decompose the hydrogen-generating cornDound. Such an 

arrangement can be beneficial in generating gases for fuel cell or wetding 

eq UiDment, 

The  r r n o c h e m i c  al, H y d r o g e n  P r o d u c t i o n  

Our  pa t en t  s e a r c h  r e t r i e v e d  only  10 pa t en t s  f o r  this  c a t e g o r y .  It  is l i k e l y  

tha t  m a n y  c y c l e s  have  not  b e e n  pa t en t ed ,  and o t h e r s  m a y  be in  the  p r o c e s s  of 

be ing  pa t en t ed .  The  pa t en t s  r e t r i e v e d  inc lude  EURATOM'  s m e r c u r y - h y d r o -  

bromic acid (Hg-HBr) cycle, Gaz de France' s stannous oxide-stannic oxide 

(SnO-SnOz) cycle, and others. 

In addition to the purely thermochemical cycles, several hybrid cycles have 

been suggested. The thermally aided electrochemical processes discussed 

previously are examples of such h y b r i d  cycles. 
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Solar, Windpower, Geothermal, and Ccean Thermal Gradients 
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Only  a s m a l l  f r a c t i o n  of the e n e r g y  a v a i l a b l e  from s o l a r ,  wind,  and geo-  

t h e r m a l  s o u r c e s  is c u r r e n t l y  be ing  u t i l i z e d  for  e n e r g y  c o n v e r s i o n ,  S e v e r a l  

p o s s i b i l i t i e s  for  u t i l i z i n g  t h e s e  i znpo r t an t  s o u r c e s  e x i s t .  

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

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

D i r e c t  g e n e r a t i o n  of h y d r o g e n  by the u s e  of wind p o w e r  is not  p o s s i b l e .  

W i n d p o w e r  is f i r s t  c o n v e r t e d  to e l e c t r i c i t y ,  which  then  can  he u s e d  for  e l e c -  

t r o l y s i s .  G e o t h e r m a l  e n e r g y  cou ld  a l so  be c o n v e r t e d  to e l e c t r i c i t y  for  

e l e c t r o l y s i s ,  but  t h e r e  is  the a d d i t i o n a l  p o s s i b i l i t y  of m a t c h i n g  a low-  

t e m p e r a t u r e  t h e r m o c h e m i c a l  c y c l e  to the hea t  s o u r c e .  

B e c a u s e  the i n t e r e s t  in p o s s i b l e  a p p l i c a t i o n s  of s o l a r ,  w i n d p o w e r ,  and geo-  

t h e r m a l  s o u r c e s  to h y d r o g e n  p r o d u c t i o n  is of r e c e n t  o r i g in ,  no p a t e n t  l i t e r a t u r e  

e x i s t s  in th i s  f ie ld .  O n l y  two p a t e n t s  t ha t  d e a l  wi th  s y s t e m  c o n c e p t s  w e r e  

retrieved. Patent SKI proposes hlgh-pressure electrolysis as a means of 

energy storage for solar, wind, or tide energy. (Hydrogen is subsequently 

converted to ammonia, which is stored. ) Patent SOl claims utilization of wind- 

power in the electrolysis of seawater for hydrogen production. Escher 6 re- 

cently proposed an ocean-based, solar-to-hydrogen energy conversion macro- 

system. Researchers in several government-sponsored programs are cur- 

rently exploring the use of these abundant natural sources in hydrogen gener- 

ation. 

Waste Materials 

Nine patents were found that were primarily concerned with the production 

of hydrogen or hydrogen-rich gases from waste materials. Six of these patents 

(WCI, WC2, WFI, WRI, WSI, and WTI)deal with some form of gasification. 

The other three deal with fermentation (bioconversion). A considerable amount 

of patent and other literature exists on gas-production processes. These pro- 

cesses can be suitably modified to produce hydrogen. However, no special lit- 

erature search was conducted to explore this aspect. 

Other Sources 

Patents not falling into any of the categories discussed previously were 

classified as "Other Sources." Patents in this classification were further 

subdivided by types of reactions, as shown in Table ]0-3. Generally, the 
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Table 10-3. 

De,.s c ription 

Hydrides and boranes 

Caustics (silicon and 
iron 

Metals 

Nonmetals 

Ammonia 

Inorganic compounds 

Mis ce llaneoas 

Total 

HYDROGEN- PRODUCTION TECHNIQUES USING 
"OTHER SOURCES" 

Number of Patents 

23 

19 

15 

41 

Z8 

6 

25 

157 

Typical Reactions 

LiH + HzO * H Z + LIOH 

BH3(NHz)z BH3 + LiBH4 -~ Hz + borohydrides 

ZNaOH + Si + HzO -~ ZHz + NazSiO 3 

H z O  + A l  + K O H  -~ 3 / Z  H z + K A I O  z 

ZHzO + S -~ ZHz + SOz 

Z N H  3 ~ N z + 5H z 

N H  3 + O z -# 3 / Z H z  + n i t r o g e n  o x i d e s  

HzO+CaC z*H z +ZC + CaO 

HzS+ 2CO z*H z + ZCO+ SO z 

S+ ZHzO e~ZH 2 +SO z 

HzS + Oz*Hz + SOz 

CO 

-4 
%n 

CO 
~D 

t~J 
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pa ten t s  in  th i s  c l a s s i f i c a t i o n  d e s c r i b e  m e t h o d s  of h y d r o g e n  p r o d u c t i o n  fo r  

s p e c i a l  a p p l i c a t i o n s ,  such  as ons i t e  w e l d i n g - g a s  g e n e r a t i o n ,  ba l loon  in f l a -  

t ion,  torpedo-propulsion systems, and fireworks displays. The processes 

are energy-inefficient in hydrogen production, either requiring complex 

starting materials and catalysts or producing hydrogen only as a byproduct. 

For the most part, they are convenient for the intended use, but are 

neither practical nor economical for large-scale production. However, 

some methods may be beneficial in the development of hydrogen-storage 

concepts (e.g., metal-hydride containment) and might have possible uses 

within closed-loop thermochemical reactions. No unconventional processes 

for large-scale hydrogen production were uncovered in this category. 
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