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

B i c e l e c t r o c h e m i c a l  energy  convers ion  ( i e e a ,  c o n v e r t i n g  

chemical f ree  energy  Of  b i o l o g i c a l l y  c a t a l y z e d  r e a c t i o n s  

t o  e l e c t r i c a l  energy)  is  n c t  a newly d i s c o v e r e d  phenomenon. 

As l o n g  ago a s  1786 Galvan i  observed t h a t  a f r o g  muscle 

tw i t ched  when tcluched w i t h  copper-zinc c o u p l e s  i n  t h i s  

e a r l y  i n s i g h t  i n t o  t h e  e lec t r ica l  c h a r a c t e r i s t i c s  of bio- 

l o g i c a l  systems.  

Over 50 y e a r s  ago $1912) P o t t e r  demonst ra ted  t h a t  a 

" b a c t e r i a l  c u l t u r e  d u r i n g  t h e  p r o c e s s  of ene rgy  conve r s ion  

i s  i n  a sense, therefore,  a p r i m a r y  e l e c t r i c a l  h a l f  c e l l  

and a s  such  should  conce ivab ly  be a b l e  t o  per form work." 

Cohen, i n  1930, o b t a i n e d  1,25 mil l i amps  f r o m  s i x  

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

Through t h i s  p r o c e s s  he l a t e r  b u i l t  a b a t t e r y  a b l e  t o  

f u r n i s h  2 mi l l i amps  a t  about  35 volts. 

During the p a s t  10  y e a r s  i n t e r e s t  i n  b iochemica l  

ene rgy  h a s  i n c r e a s e d  f a n t a s t i c a l l y ,  r e a c h i n g  e x p o n e n t i a l  

p r o p o r t i o n s  w i t h i n  t h e  l a s t  f i v e .  P a r t i c u l a r  a t t e n t i o n  i n  

t h e  p a s t  t w o  y e a r s  h a s  been d i r e c t e d  t o  app ly ing  t h e  re- 

s u l t s  of r e s e a r c h  and development t o  t h i s  t y p e  o f  ene rgy  
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conver s ion .  T h i s  p a p e r  w i l l  c o n s i d e r  t h s e s  a p p l i c a t i o n s  i n  

a s t a t e - o f - t h e - a r t  review and w i l l  p r e s e n t  a s y n o p s i s  of 

sugges t ed  a p p l i c a t i o n s  r ang ing  f r o m  the use  of b i o e l e c t r i c  

c u r r e n t s  t o  i d e n t i f y  t o x i c  m a t e r i a l s  and power human 

implanted c a r d i a c  pace  makers t o  the  g e n e r a t i o n  of e lectr ic  

power i n  remote a r e a s  of the w o r l d ,  

Research i n  b iochemica l  energy conve r s ion  -- l i m i t e d  t o  

t h e  l a b o r a t o r y  -- is  i n  its in fancy ,  A v a i l a b l e  d a t a  a r e  

inadequa te  t o  form a sound b a s i s  f o r  d e f i n i n g  s p e c i f i c  

e n g i n e e r i n g  and economic c r i t e r i a  t h a t  might p o i n t  the  way 

toward s e l e c t i n g  p a r t i c u l a r  technology f o r  development and 

l a t e r  a p p l i c a t i o n s ,  S i n c e  c r i t e r i a  fo r  b i o e l e c t r o c h e m i c a l  

sys tems canno t  now be d e f i n e d ,  it i s  s t r o n g l y  sugges t ed  

t h a t  p r e s e n t  and e x t r a p o l a t e d  c h a r a c t e r i s t i c s  of such 

systems should  n o t  be compared w i t h  t h o s e  of o t h e r  energy  

c o n v e r t e r s  i n  u s e  o r  b e i n g  developed.  Such a p r a c t i c e  

c o u l d  be d i scouraged  and might r e s u l t  i n  f a i l u r e  t o  r e a l i z e  

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

-2- 
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11. Fundamental P r i n c i p l e s  

The fundamental  p r i n c i p l e s  of b i o e l e c t r o c h e m i s t r y  

shou ld  be c o n s i d e r e d  i n  order t o  f u l l y  r e a l i z e  t h e  

p o t e n t i a l i t i e s  o f  t h i s  f i e l d .  Some i n s i g h t  i n t o  t h e  

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

chemica l  sys tems may be  d e r i v e d  f r o m  the Second Law of 

Thermodynamics. T h i s  law de te rmines  t h e  r e l a t i o n  

be tween  f ree  energy  changes and 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  of r e a c t i o n s  o c c u r r i n g  i n  b i o l o g i c a l  systems.  

A. Chanqe i n  Free Enerqy  and E l e c t r i c a l  P o t e n t i a l s  

A s  is  w e l l  known, the f ree  ene rgy  F, of  t h e  

r e a c t a n t s  and p r o d u c t s  i n  t h e  b iochemica l  sys tem 

aA+bB cC+dD+ --- may be  expres sed  i n  t e r m s  of the 

chemica l  p o t e n t i a l s  a s  

(2) = c / u C  + d//D + ----_-------------_________ 
'prod 

A t  c o n s t a n t  t empera tu re  and p r e s s u r e ,  t h e  f r e e  energy  

change of the r e a c t i o n  i s  g iven  by  

A F T p  = c/C + d/UD i- --- 
( 3  I 

- a p A  - b/UB - --- 
The chemica l  p o t e n t i a l p i s  given i n  t h e  s t a n d a r d  s t a t e  

/ u o  

(4) ,Q =/o+ RT I n  21 

-3-  



C 

where 3 is  the a c t i v i t y  of t h e  s p e c i e s  i n  q u e s t i o n  under 

d e f i n e d  c o n d i t i o n s .  S u b s t i t u t i o n  of (4)  and ( 3 ) ,  and 

c o l l e c t i n g  t e r m s ,  

O F  = A P ~  + RT I n  - c D 
a b TP T 

(59 
.- - - 

a o a  
A B 

When the  r e a c t a n t s  a r e  inco rpora t ed  i n  an e l e c t r o c h e m i c a l  

conve r s ion  system, 

where F is  the  Faraday  c o n s t a n t ,  E the e l e c t r o d e  p o t e n t i a l  

and n i s  the  number of e l e c t r o n s  a s s o c i a t e d  w i t h  the  

r e a c t i o n .  Equat ion ( 6 )  i s  of g r e a t  importance s i n c e  it 

permits  the c a l c u l a t i o n  of s t anda rd  electrode p o t e n t i a l s  

Eo ( s t a n d a r d  c o n d i t i o n s  and u n i t  a c t i v i t y )  f r o m  f ree  energy  

d a t a ,  S u b s t i t u t i n g  -nFE f o r  A F  and nFEo f o r  A F O  and 

s u b s t i t u t i n g  c o n c e n t r a t i o n  (C) for  a c t i v i t i e s  (a l though an 

approximation9.  

Equat ion  5 becomes 
c d  

E = Eo - - RT In '@ "@C 
nF a b  

'A "'B 

f r o m  the s t a n d a r d  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  

X reduced - X o x i d i z e d  + e- 
T 

(7  9 
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E = E, - $ I n  - xox 
X r e d  

(9) 

B. Gene ra t ion  o f  E l e c t r i c a l  P o t e n t i a l s  i n  B i o l o g i c a l  

Ox i d  a t  ion-- Reduc t ion R e  a c t  i on s 

Energy t r a n s f e r  r e a c t i o n s  i n  b i o l o g i c a l  sys tems a r e  

of the  o x i d a t i o n - r e d u c t i o n  type .  Equat ion  (9)  p e r m i t s  

t h e  c a l c u l a t i o n  o f  t h e  e l ec t r i ca l  p o t e n t i a l  of t h e s e  sys tems 

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

I n  g e n e r a l  there a r e  t w o  main schemes f o r  t h e  

b i o l o g i c a l  o x i d a t i o n  o f  o r g a n i c  m a t e r i a l s .  The f i rs t  

( f i g .  1) i s  based  on an i n i t i a l  hydrogen removal from 

t h e  reduced ( o r  f u e l )  molecule ,  followed by  a s u c c e s s i v e  

series o f  hydrogen atom and e l e c t r o n  t r a n s f e r s  a long  a 

c h a i n  o f  redox c o u p l e s  r e s u l t i n g  i n  e l e c t r o n  t r a n s f e r  t o  

oxygen. The e n t i r e  p r o c e s s  i s  c a t a l y z e d  by  b i o l o g i c a l  

c a t a l y s t s  (enzymes) 

The second i n v o l v e s  t h e  d i r e c t  a c t i v a t i o n  of 

molecu la r  oxygen b y  t h e  ox idase  enzymes. Three  t y p e s  

of o x i d a s e s  a r e  those which c a t a l y z e :  (1) d i r e c t  oxygen 

a d d i t i o n  t o  a molecule ,  (2) r e c u c t i o n  o f  one oxygen atom 



+ 
A 

m 
0 
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( i n  02) b y  e l e c - r o n  r a n s f e r  and d i rec t  a d d i t i o n  of t h e  

other t o  a r e a c t i n g  molecule ,  and ( 3 )  r e d u c t i o n  of oxygen 

t o  H202 or  H20.  

I n  t h e  work r e p o r t e d  t o  d a t e  on a p p l i c a t i o n  of  

t h e  f o r e g o i n g  p r i n c i p l e s  t o  b i o e l e c t r o c h e m i c a l  ce l l s  

t h e  p rocedure  h a s  been t o  b r e a k  the o x i d a t i o n  sequence 

so t h a t  t h e  e n t i r e  enzyme system is i n  one or t h e  other 

of the e l e c t r o d e  compartments.  Systems such  a s  t h o s e  

shown i n  f i g u r e  1 a r e  d i v i d e d  i n t o  an oxygen e l e c t r o d e  

and an o r g a n i c  fuel-enzyme system s e p a r a t e d  b y  a s u i t a b l e  

i o n i c  conduc to r .  O f  p a r t i c u l a r  s i g n i f i c a n c e  is  the s t e p  

i n  the o x i d a t i o n  sequence a t  which e l ec t r c jn  t r a n s f e r  t o  

an i n e r t  e l e c t r o d e  can occur.  

1, Bioanodes 

Tab le  1 l i s t s  a number of p o t e n t i a l  b i o -  

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

anod ic  t o  oxygen a t  t h e  more normal b i o l o g i c a l  pH of 

7. The p o t e n t i a l s  i n  Tab le  I i n d i c a t e  t h a t  w i t h  t h e  

a p p r o p r i a t e  enzyme c a t a l y s t s ,  s u b s t a n c e s  found i n  

n a t u r a l  s o u r c e s  such a s  ace t a ldehyde ,  x a n t h i n e ,  g l u c o s e ,  

and c y s t e i n e  may be f e a s i b l e  a s  f u e l  electrodes w i t h  an 

-7 - 



TABLE I 

ELECTRODE POTENTIALS OF BIOCHEMICAL REACTIONS 

Electrode Couple Enzyme 

Aceta t e/Acet a ldehyde Xanthine Oxidase 

Latic Acid/Xanthine Xanthine Oxidase 

Gluconolactone/Glucose Glucose oxidase 

Cyst in e/Cys t e ine 

Acetaldehyde/Ethanol Alcohol dehydrogenase 

Pyruvate/Lactate Lactic dehydrogenase 

Oxaloacetate/Malate Malic dehydrogenase 

Furnara te/Succ in a te 

Dehydroascorbate Ascorbate Ascorbic oxidase 

Ferricytochrome c/Ferrocytochrome c 

Oxidized cyt . oxidase/Cytochrome oxidase 
02 + 4 ~ +  + 4e 

None 

Succinic dehydrogenase 

2 ~ 2 0  

- E"m7 

-0.58 

-0.39 

-0 .36  

-0.33 

-0 .20  

-0.18 

-0.16 

+o. 02 

+O. 06 

+O. 27 

+0.29 

+O. 82 

*Em7 is the potential at pH 7 in the presence of equal 

concentrations of oxidized and reduced forms of reactants. 
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oxygen ( a i r )  ca thode .  The energy d e n s i t y  of these m a t e r i a l s  

is on t h e  o r d e r  of 5 pounds p e r  k i lowa t t -hour .  S e v e r a l  

enzymes c a t a l y z e d  and whole organism-catalyzed redox 

c o u p l e s  have been s t u d i e d  under  l a b o r a t o r y  c o n d i t i o n s .  The 

r e s u l t s  a r e  d i s c u s s e d  b e l o w :  

( a )  Glucose - Glucose Oxidase System 

The e l e c t r o d e  mechanism h a s  n o t  been 

c r i t i c a l l y  d e s c r i b e d  for  t h i s  system. S e v e r a l  mechanisms 

a r e  sugges t ed .  I n  a d i r e c t  mechanism g l u c o s e  and t h e  

enzyme g l u c o s e  o x i d a s e  r e a c t  t o  f o r m  a complex i n t e r -  

med ia t e .  The i n t e r m e d i a t e  is o x i d i z e d  a t  t h e  anode t o  

g l u c o n o l a c t o n e  and t h e  enzyme is l i b e r a t e d .  (Equat ions  

10 and 11). 

Glucose  Oxidase 
(Glucose . Enzyme) ‘gH1206 

(Glucose-Enzyme) m o d e  C,HLo06 + 2H+ + 2e- (11) 

Anodic p o l a r i z a t i o n  d a t a  f o r  t h e  g lucose-  

g l u c o s e  o x i d a s e  bio-anodes i s  shown a s  f i g u r e  2.  I n  these 

s t u d i e s ,  t h e  enzyme g l u c o s e  ox idase  is i n c o r p o r a t e d  i n  t h e  

p t - b l a c k  electrode s u r f a c e  and g l u c o s e  ( reduced  form is  

added t o  t h e  c e l l ) .  As shown i n  f i g u r e  2, the  e l e c t r o c h e m i c a l  

-9- 
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o x i d a t i o n  of g l u c o s e  on p l a t inum is  markedly enhanced by 

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

(b) Amino A c i d  - D - Amino A c i d  Oxidase 

System 

The normal a e r o b i c  r e a c t i o n  p r o d u c t s  

of the  amino a c i d  D - amino ac id  o x i d a s e  (DAO) system ill- 

c l u d e  the p y r u v i c  a c i d  d e r i v a t i v e  o f  the amino a c i d ,  hydrogen 

p e r o x i d e  and ammonia. 

Experiments have  been conducted on 

the b i o e l e c t r o c h e m i c a l  behavior  of the three amino a c i d s  

Tryptophane,  t y r o s i n e  and pheny la l an ine  and their r e s p e c t i v e  

D-amino a c i d  o x i d a s e  r e a c t i o n  p r o d u c t s  indole-3-pyruvic  a c i d ,  

para-hydroxy phenyl  p y r u v i c  a c i d ,  and phenyl  p y r u v i c  a c i d .  

R e s u l t s  t o  d a t e  on p l a t i n u m  e l e c t r o d e s  show t h a t  observed 

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

the a romat i c  p y r u v i c  r e a c t i o n  p roduc t s .  Ammonia n o t  p e r o x i d e  

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

of the o r d e r  of 350 / fA/cm2 a t  200 mv have  been d e r i v e d  

w i t h  indole-3-pyruvic  a c i d .  

C u r r e n t s  on the order of 45/u A/cm2 

a t  200 mv have  been d e r i v e d  f rom ce l l s  i n  which i n d o l e  

p y r u v i c  a c i d  i s  g e n e r a t e d  enzymat i ca l ly  f r o m  Tryptophane.  

-11- 
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These s t u d i e s  i n d i c a t e  t h a t :  (1) t h e  c u r r e n t  l i m i t a t i o n  i s  

enzymat ic ,  ( 2 )  t h e  r e a c t i v e  s p e c i e s  is t h e  e n o l  form of t h e  

k e t o  a c i d  d e r i v a t i v e  of the n a t u r a l l y  o c c u r r i n g  amino a c i d s  

( a b s o r p t i o n  s p e c t r a  d a t a ) ,  and ( 3 )  f u r t h e r  s t u d i e s  a r e  

needed t o  de te rmine  o p t i m a l  c o n d i t i o n  f o r  enzyme and electro- 

chemica l  a c t i v i t y  i n  o r d e r  t h a t  t h e  p o t e n t i a l  of u t i l i t i z i n g  

complex n a t u r a l  o c c u r r i n g  m a t e r i a l s  a s  e l e c t r o d e  r e a c t a n t s  may 

be e x p l o i t e d .  

(c) The Urea-Urease System 

T h e o r e t i c a l l y  it would be expec ted  t h a t  

i n  t h i s  ce l l  t h e  enzyme u r e a s e  would g e n e r a t e  ammonia from 

u r e a  and t h e  ammonia e l e c t r o c h e m i c a l l y  o x i d i z e d :  

CO (NH2)2 + H20 Urease  r 2 "3+CO2 (12 1 

2 NH + 6 OH- N2 + 6 H20 + 6s ( 1 3  1 3 

I n  s t u d i e s  t o  d a t e  t h e  Urea-Urease System h a s  p r e s e n t e d  a 

r a t h e r  c o n s i s t a n t  dilemma. I n  ce l l s  wich b r i g h t  p l a t i n u m  

e l e c t r o d e s  i n  0.25 m ammonium n i t r a t e  i n  t r is  b u f f e r  (tris- 

hydroxymethyl amino methand) a t  pH of 6.5 - 9.0 ammonia 

was r e p o r t e d l y  n o t  o x i d i z e d .  I n  t h e  same ce l l ,  n e v e r t h e l e s s ,  

t h e  a c t i o n  of u r e a s e  r e s u l t e d  i n  t h e  augmentat ion of the 

c e l l  c u r r e n t  and t h e  enzymatic h y d r o l y s i s  of u r e a  p a r e l l e l s  

t h e  c e l l  c u r r e n t ,  ( f i g .  3 ) .  Other  s t u d i e s  have shown t h a t  
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a t  pH 6 i n  a K C1 - c i t r a t e  b u f f e r  u s i n g  p l a t i n u m  impregnated 

carbon electrodes i n c o r p o r a t i n g  the u r e a s e  enzyme, short 

2 c i r c u i t  c u r r e n t s  of 1-3 ma/cm w e r e  d e r i v e d  on a d d i t i o n  o f  

u r e a ,  F u r t h e r  s t u d i e s  on t h i s  system a r e  b e i n g  conducted .  

2 .  S u l f a t e  Bioca thode  

P o t e n t i a l s  a s s o c i a t e d  w i t h  b i o l o g i c a l l y  

c a t a l y z e d  r e d u c t i o n s  have  a l s o  been  i n v e s t i g a t e d .  The 

r e d u c t i o n  of s u l f a t e  t o  hydrogen s u l f i d e  by the organism 

D e s u l f o v i b r i o  d e s u l f u r i c a n s ,  a t t a c h e d  t o  po rous  i r o n  elec- 

t r o d e s ,  h a s  been e x t e n s i v e l y  s t u d i e d .  However, the  

mechanism for  t h i s  e l e c t r o d e  h a s  n o t  been completely 

e s t a b l i s h e d .  It is  t h o u g h t  t h a t  t h e  r e a c t i o n $  f o r  the 

b i o e l e c t r o c h e m i c a l  r e d u c t i o n  of  s u l f a t e  may be a s  fo l lows :  

2W20 + 2e- Ca thode ,  - H2+20H- (14) 

S04=+4H2- S= + 4H20 (15 1 

S0,=+4H20 + 8e" S= + 80H- (16) 

C, B i o l o q i c a l  Genera t ion  of F u e l s  f o r  E l e c t r i c a l  

Enerqy 

B i o l o g i c a l  ene rgy  s o u r c e s  may a l s o  i n d i r e c t l y  

g e n e r a t e  e l ec t r i c i ty .  Biochemical  a g e n t s  may g e n e r a t e  chemi- 

c a l  species s p e c i f i c a l l y  t a i l o r e d  t o  a b i o l o g i c a l  e n e r g y  
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c o n v e r s i o n  sys tem op t imized  t o  the r e q u i r e m e n t s  and con- 

s i s t e n t  w i t h  a v a i l a b l e  f u e l .  Examples i n c l u d e  t h e  g e n e r a t i o n  

of hydrogen,  ammonia, or  methanol from h i g h e r  molecu la r  

we igh t  m a t e r i a l s  (such a s  s u g a r s ,  p r o t e i n s ,  f a t s ,  s t a r c h e s ,  

u r e a )  by means of whole l i v i n g  ce l l s  o r  ce l l  free e x t r a c t s  

o r  c r y s t a l i z e d  enzymes. 

Samples of b iochemica l  sys tems f o r  the g e n e r a t i o n  

of p r imary  f u e l s  from complex m a t e r i a l s  a r e  p r e s e n t e d  as 

T a b l e  11. The l i t e r a t u r e  h a s  been reviewed and o v e r  200 

r e f e r e n c e s  a r e  inc luded  i n  t h e  b i b l i o g r a p h y  under 

"Genera t ion  of B ioe lec t rochemica l  Fue ls . "  

A p p l i c a t i o n s  o f  b i o e l e c t r o c h e m i c a l  c o n v e r s i o n  a r e  

d i s c u s s e d  i n  t h e  f o l l o w i n g  paragraphs .  
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111. A p p l i c a t i o n s  of B ioe lec t rochemica l  Convers ion  

A. General  

Research and development l o o k i n g  toward t h e  

a p p l i c a t i o n s  o f  b i o e l e c t r o c h e m i c a l  conve r s ion  is i n  

i t s  e a r l y  phases .  However, a t  p r e s e n t  f o u r  g e n e r a l  

a r e a s  f o r  p o t e n t i a l  f u t u r e  a p p l i c a t i o n s  appear  t o  be 

emerging. 

These inc lude :  

Power sciurces for supp ly ing  r e l a t i v e l y  

sma l l  amounts of e l e c t r i c a l  ene rgy  i n  

s p e c i a l i z e d  a p p l i c a t i o n s  anl! l o c a t i o n s .  

D e t e c t o r s  f o r  s p e c i f i c  con taminan t s  i n  l o w  

c o n c e n t r a t i o n s .  

Senso r s  f o r  g e n e r a t i o n  of con t ro l  s i g n a l s .  

C a t a l y s t s  f o r  t h e  g e n e r a t i o n  of electro- 

chemica l  r e a c t a n t s  from complex n a t u r a l l y  

o c c u r r i n g  m a t e r i a l s  and f r o m  was te  m a t e r i a l s .  

Ava il a b l e  in fo rma t ion  i n d i c a t e s  t h a t  b ioelectro- 

chemica l  power g e n e r a t i o n  w i l l  most l i k e l y  be l i m i t e d  t o  

s p e c i a l i z e d  a p p l i c a t i o n s .  Competit ion w i t h  major power 

g e n e r a t i o n  methods is u n l i k e l y .  B i o e l e c t r o c h e m i c a l  power 

-17- 



g e n e r a t i o n  w i l l  p robab ly  supply  l i m i t e d  emergency power, 

serve remote and una t tended  power s u p p l i e s ,  and supplement 

e x i s t i n g  n a t u r a l  f u e l s  ( such  as v e g e t a t i o n )  when t r a n s -  

p o r t a t i o n  costs f o r  a d d i t i o n a l  f u e l s  a r e  e x c e s s i v e .  

B. Sources  of Enerqy  or Power 

AS power s o u r c e s  b i o e l e c t r o c h e m i c a l  c o n v e r t e r s  

may be a r b i t r a r i l y  c l a s s i f i e d  i n  terms of power l e v e l s  for  

sugges t ed  a p p l i c a t i o n s .  

1. Requirement for  1-10 m i l l i w a t t s  

Low power level  i m p l a n t a b l e  t r a n s d u c e r s ,  

s t i m u l a t o r s ,  and o t h e r  e l e c k r o n i c  d e v i c e s  a r e  needed 

t o  r e g u l a t e  p h y s i o l o g i c a l  and b i o l o g i c a l  f u n c t i o n s .  

For  example, the present day  peacemaker used i n  t h e  r e g u l a -  

t i o n  of t h e  e l e c t r i c a l  p r o f i l e  of the human h e a r t  r e q u i r e s  

e l e c t r i c a l  energy  a t  about  2 . 4  vo l t s  w i t h  c u r r e n t  p u l s e s  

2 m i l l i s e c o n d s  i n  d u r a t i o n  a t  a f requency  of one  t o  two /  

second.  The ave rage  c u r r e n t  and power a r e  abou t  2 5 A  

amperes and 1 0 0 ~  w a t t s ,  r e s p e c t i v e l y .  T h i s  ene rgy  is 

norma l ly  s u p p l i e d  by  f i v e  pr imary cel ls ,  c a l c u l a t e d  t o  

l a s t  fo r  t w o  t o  t h r e e  y e a r s ,  which a r e  made p a r t  of t h e  

i m p l a n t a b l e  package. Surgery is  r e q u i r e d  t o  r e p l a c e  the 
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dead b a t t e r i e s .  The o p e r a t i n g  l i f e  o f  b a t t e r i e s  for  other 

i m p l a n t a b l e  d e v i c e s  may be much less. 

The development of i m p l a n t a b l e  ene rgy  con- 

ver tors  w h i c h  d e r i v e  t h e i r  energy  on a con t inuous  o r  

periodic b a s i s  from p h y s i o l o g i c a l  f l u i d s  may be q u i t e  

advantageous.  Consequent ly ,  t h e  development of an i m -  

p l a n t a b l e  f u e l  c e l l  w i t h  o u t p u t  of 2 0 0 A  w a t t s  a t  a v o l t a g e  

leve l  i n  the v i c i n i t y  of 1 v o l t  may be a v e r y  wor thwhi le  

objective.  

The l i t e r a t u r e  a v a i l a b l e  on the measurement 

of o x i d a t i o n - r e d u c t i o n  p o t e n t i a l s  of mammalian b lood  is 

e x t e n s i v e .  Electrode p o t e n t i a l s  r a n g i n g  from 0.5 t o 4 . 3  

a r e  r e l a t i v e l y  common i n  qammalian body f l u i d s .  W i t h  a f u e l  

c e l l  of 0.5 v o l t  a t  a c u r r e n t  d e n s i t y  of 1 0 N a m p e r e s  per 

s q u a r e  c e n t i m e t e r ,  the  power o u t p u t  would be 5 A w a t t s  per 

c m 2  of e l e c t r o d e  s u r f a c e  a r e a .  Even a t  such  l o w  c u r r e n t  

d e n s i t i e s  the peacmaker power r equ i r emen t s  cou ld  e a s i l y  

be s a t i s f i e d  w i t h  electrode s u r f a c e  a r e a s  of the o r d e r  of 

2 100 c m  . 
I n  an exper imenta l  ana log  of the c o n d i t i o n s  

found i n  the blood s t r e a m  the  open c i r c u i t  v o l t a g e  was 
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approximate ly  0.1 v o l t  when p la t inum b l a c k  e l e c t r o d e s  w e r e  

used.  

s q u a r e  c e n t i m e t e r  w e r e  found t o  be l i n e a r  w i t h  the p o l a r i -  

z a t i o n  v o l t a g e s  hav ing  a s l o p e  o f  n e a r l y  2 1/2 m i l l i v o l t s  

C u r r e n t  d e n s i t i e s  ranging  f r o m  10 t o  50 ,Uamps  per 

per P a m p e r e  per s q u a r e  c e n t i m e t e r .  

2. Requirements for  2-5 w a t t s  

A t t e n t i o n  h a s  been g iven  t o  the  a p p l i c a t i o n  

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

una t t ended  power g e n e r a t i o n .  U s e  of these c o n v e r t e r  sys tems 

t o  s u p p l y  2-5 w a t t s  o f  power i n  the ocean h a s  been b r o a d l y  

explored. S u l f a t e ,  a v a i l a b l e  i n  t h e  ocean ,  h a s  been s t u d i e d  

e x t e n s i v e l y  a s  the c a t h o d i c  r e a c t a n t  of such  a power s o u r c e  

device.  I n  t h i s  d e v i c e  b a c t e r i a  ( D e s u l f o v i b r i o  d e s u l f u r i c a n s )  

a r e  a p p l i e d  t o  t he  ca thode  where t h e y  consume hydrogen and 

r educe  s u l f a t e  ion  t o  s u l f i d e  ion .  The anodic  p r o c e s s  is 

the  o x i d a t i o n  of magnesium. L i m i t i n g  c u r r e n t  d e n s i t i e s  a s  

high a s  3 ma/cm2 a t  -0.8V vs SCE have been r e p o r t e d  under 

optimum c o n d i t i o n s .  C e l l  de s ign  h a s  n o t  been op t imized  h u t  

power d e n s i t i e s  i n  t he  r a n g e  of 5-20 W / f t 3  dnd ene rgy  d e n s i -  

t i es  of approx ima te ly  30 K" / f t3  may be e s t i m a t e d  for a ce l l  

t o  o p e r a t e  two y e a r s  w i t h o u t  a t t e n t i o n .  A l a b o r a t o r y  f u e l  

c e l l  is  shown i n  f i g u r e  4.  
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3 .  Requirements f o x  20 w a t t s  

The a v d i l a b i l i t y  of  used oxygen and the enzyme 

u r e a s e  h a s  sugges ted  t h e i r  u s e  i n  an open-cycle  power 

g e n e r a t o r .  S e v e r a l  i n v e s t i g a t t u n s  have  been conducted 

of the  e l e c t r o c h e m i c a l  performance of a u r e a z e  u r e a  

oxygen ( a i r )  b a t t e r y .  I n  t he  f u t u r e  t h i s  t y p e  of b a t t e r y  

might be used t c  produce r e l a t i v e l y  low power (below 20 

w a t t s )  f o r  shor t  p e r i o d s  o f  t i m e  ( 2  weeks, fo r  example) .  

As anode m a t e r i a l s  p l a t inum b l a c k  electro- 

d e p o s i t e d  p l a t i n u m ,  p l a t i n u m  impregnated cd rbon ,  a c t i v e  

impregnated carbofi ,  a c t i v a t e d  c a r b o n ,  R a n e y  s i l v e r ,  and 

e l e c t r o d e p o s i t e d  n i c k e l  have been i n v e s t i g a t e d .  

C r y s t a l l i n e  enzyme c a t a l y s t s  would be i n c o r p o r a t e d  i n  the 

e l e c t r o d e s ;  monel s c r e e n s  and pa rous  carbon blocks used 

3s c u r r e n t  c o l l e c t o r s .  A 3 M KC1, c i t r a t e  b u f f e r  a t  

p H 6 ,  r e s u l t e d  i n  maximum l i m i t i n g  c u r r e n t  6 e n s i t i e s .  The 

a i r  ca thode  i s  a porous p l a t i n i z e d  carbon electrcde. 

These  f u e l  c e l l s  hdve achieved an open c i r c u i t  vol tage 

of abou t  0.8V and a s h o r t  c i r c u i t  d e n s i t y  of 3 .6  

anip/ft2 f G r  s h o r t  p e r i o d s  cf t i m e .  



4. Power Requirements G r e a t e r  t h a n  2 0  w a t t s  

S e v e r a l  f a c t o r s  need t o  be ana lyzed  when 

c o n s i d e r i n g  b i o e l e c t r o c h e m i c a l  c o n v e r t o r s  f o r  power 

a p p l i c a t i o n s  i n  e x c e s s  of 20 w a t t s .  Worldwide energy 

demand and f u e l  l o g i s t i c s  a r e  t w o  of these i m p o r t a n t  con- 

s i d e r a t i o n s .  A d i s t r i b u t i o n  of t h e  w o f l d ' s  y e a r l y  e l e c t r i c a l  

ene rgy  consumption is  shown a s  t a b l e  111, d i s t r i b u t i o n  

by c o u n t r y  a s  f i g u r e  5, and d i s t r i b u t i o n  on t h e  b a s i s  of 

wor ld  p o p u l a t i o n  a s  f i g u r e  6. These d a t a  show t h a t  a b o u t  

2 4  p e r c e n t  of t h w  world's c o u n t r i e s ,  w i t h  37 p e r c e n t  of i t s  

p o p u l a t i o n ,  have an ave rage  y e a r l y  e l e c t r i c a l  ene rgy  con- 

sumption of only 2 0  k i l o w a t t  hour s  p e r  c a p i t a .  It is 

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

th roughou t  the w o r l d  may w e l l  be provided  w i t h  a minimal 

power s o u r c e  a t  minimal c o s t s  b y  u s i n g  b i o l o g i c a l  sLurces  

of energy .  

B i o l o g i c a l  sou rces  of energy  c o u l d  be used 

f o r  the  g e n e r a t i o n  o f  e l e c t r i c a l  power d i r e c t l y  by bio- 

e l e C t r L C h e m i C d 1  energy  convers ion  o r  i n d i r e c t l y  b y  

b i o c a t a l y t i c  g e n e r a t i o n  of s imple f u e l s  from complex 
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Group Range KWH 
per c a p i t a  

A 1,000-10,346 

B 500-1,000 

C 200-500 

D 100-200 

50-100 E 

F 0-50 

TABLE I11 

Average KWH 
per c a p i t a  

2,964 

6 81 

331 

129 

70 

20 

P e r c e n t  
C o u n t r i e s  

24.2 

11.3 

16.1 

10.5 

13.7 

24.2 

P e r c e n t  
Popu la t ion  

28.9 

4.3 

6.9 

4.4 

18.3 

3 7 . 2  
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n a t u r a l l y  o c c u r r i n g  m a t e r i a l s .  O f  p a r t i c u l a r  s i g n i f i c a n c e  

i s  t h e  u t i l i z a t i o n  o f  b i o l o g i c a l  ene rgy  s o u r c e s  i n  t h e i r  

n a t u r a l  f o r m .  

( a )  Ur ina ry  Waste a s  a Source o f  Energy 

T h e o r e t i c a l l y ,  b i o e l e c t r o c h e m i c a l  con- 

v e r s i o n  o f  u rea  i n  human u r i n a r y  w a s t e s  cou ld  supp ly  on 

t h e  o r d e r  o f  18 KWH p e r  c a p i t a  y e a r l y  based  on a con- 

v e r s i o n  e f f i c i e n c y  of 50 p e r c e n t .  

Work h a s  a l r e a d y  been conducted on t h e  

e l e c t r o c h e m i c a l  b e h a v i o r  o f  systems f u e l e d  by raw u r i n e  

and c a t a l y z e d  by  growing b a c t e r i a .  T h e  b a c t e r i a  B a c i l l u s  

p a s t e u r i i  h a s  been s t u d i e d  i n  a sys tem because  of i t s  

e s t a b l i s h e d  u r e o l y t i c  a c t i v i t y .  P r e l i m i n a r y  d a t a  ( f i g .  7 )  

i n d i c a t e  t h a t  a p r e l i m i n a r y  18-hour i n c u b a t i o n  of raw 

u r i n g  w i t h  t h i s  b a c t e r i a  p r o v i d e s  i n c r e a s e d  c u r r e n t .  A t  

170  mV, f o r  example, the  c u r r e n t  c a r r y i n g  c a p a c i t y  of the 

electrode f u e l e d  by  p re incuba ted  m a t e r i a l  w a s  g r e a t e r  by  

d f a c t o r  of 15  t h a n  the  unincubated m a t e r i a l .  

(b) Vege ta t ive  Sources  o f  Energy 

S e v e r a l  o t h e r  systems us ing  n a t u r a l  m a t e r i a l s  

a s  f u e l s  have been s t u d i e d .  Labora to ry  s t u d i e s  have  shown 
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t h a t  some power g a i n s  may be r e a l i z e d  b y  t h e  b i o l o g i c a l  

c a t a l y z a t i o n  of e l e c t r o c h e m i c a l  systems u s i n g  n a t u r a l  

m a t e r i a l s  such  a s  f r e s h  mushrooms, t o a d s t o o l s ,  s u c r o s e ,  

and a l g a e  a s  f u e l s  and oxygen ( a i r )  ca thodes .  

Chemical d i g e s t i o n  of n a t u r a l  m a t e r i a l s  

w i t h  s u l f u r i c  a c i d  and potdssium hydrox ide  r e s u l t s  i n  

the 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 l y  a c t i v e  o r g a n i c  and 

i n o r g a n i c  m a t e r i a l  and an o v e r - a l l  n e t  r e a c t i o n  may be 

w r i t  t e n  : 

1 / 2  CH2O + 1 / 2  0 2  --a 1 / 2  C02 + 1/2 H 2 0  (17) 
( B i o l o g i c a l  fuel) 

Some l a b a r s t o r y  r e s u l t s  f L r  t h e  non- 

b i o l o g i c a l l y  c a t a l y z e d  systems a r e  p r e s e n t e d  a s  f i g u r e  8. 

The b i o l o g i c a l  c a t a l y z e d  o x i d a t i o n  o f  

n a t u r a l  f u e l s  w i t h  s u l f u r i c  a c i d  u s i n g  t h e  b a c t e r i a  

D e s u l f l o v i b r i o  may be used a s  anodic  r e a c t a n t s  i n  a system 

w i t h  an oxygen ( a i r )  ca thode .  The o v e r - a l l  n e t  r e a c t i c n  

may be g iven  a s  fo l lows :  

2 CH20 + H 2 S 0 4  + 1/2 02 --> C 0 2  + 3H20i-S (18) 

LaLoratory r e s u l t s  f o r  s e v e r a l  systems 

s t u d i e d  a r e  p r e s e n t e d  a s  f i g u r e  9. A cbmparison of 
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f i g u r e s  8 and 9 i n d i c a t e s  a g r e a t e r  t h a n  4 f u e l  i n c r e a s e  

i n  c u r r e n t  d e n s i t i e s  may be r e a l i z e d  by b i o l o g i c a l  

c a t a l y s t s  i n  systems u s i n g  complex n a t u r a l  f u e l s .  These 

s t u d i e s  have  been conducted under l a b o r a t o r y  c o n d i t i o n s  

i n  o r d e r  t o  e l u c i d a t e  t h e  pa rame te r s  e f f e c t i n g  b i o -  

e l e c t r o c h e m i c a l  a c t i v i t y .  Much work remains  t o  be done 

b e f o r e  the f e a s i b i l i t y  is  e s t a b l i s h e d  of u t i l i z i n g  such  

phenomena a s  p r a c t i c a l  a p p l i c a n t s  where complex n a t u r a l  

m a t e r i a l s  a r e  r e a d i l y  a v a i l a b l e .  

C. D e t e c t i o n  and Genera t ion  of C o n t r o l  S i g n a l s  

Another a r e a  o f  a p p l i c a t i o n s  f o r  b i o e l e c t r o c h e m i c a l  

conve r s ion  i s  i n  (1) t h e  d e t e c t i o n  of s imple  and complex 

chemica l  s p e c i e s  i n  ex t remely  low c o n c e n t r a t i o n s ,  and ( 2 )  

i n  the  use  o f  e lec t r ic  s i g n a l s  a s s o c i a t e d  w i t h  b iochemica l  

systems f o r  c o n t r o l .  I l l u s t r a t i v e  work t o  d a t e  i n c l u d e s  

the  t o x i c  g a s  d e t e c t o r  and m y o e l e c t r i c  s e r v e  b o o s t  system. 

The i n f l u e n c e  o f  v a r i o u s  chemica l s  on the  a c t i v i t y  

of n a t u r a l l y  o c c u r r i n g  microorganisms h a s  been u t i l i z e d  

i n  t he  d e t e c t i o n  o f  t o x i c  agen t s .  

The a c t i v i t y  o f  i h e  microorganism h a s  been found 

t o  be p r o p o r f i o n a l  t o  the c o n c e n t r a t i o n  of v a r i o u s  agenc t .  
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S p e c i f i c  b i o l o g i c a l  a g e n t s  have been p r e s e l e c t e d  which 

w i l l  p r o v i d e  d e t e c t i o n  of  t r a c e  m a t e r i a l s  a t  concen t r a -  

t i o n s  of p a r t s  p e r  b i l l i o n .  

The f e a s i b i l i t y  h a s  been demonst ra ted  of u s i n g  

e l e c t r i c a l  s i g n a l s  a s s o c i a t e d  w i t h  c o n t r a c t i o n  o f  

musc les  t o  c o n t r o l  a s e r v o  b o o s t  sys tem which would 

e n a b l e  an i n d i v i d u a l  t o  remotely h a n d l e  adve r se  t a s k s .  

I n  t h i s  a p p l i c a t i o n  s i lver  f o i l  e l e c t r o d e s  a r e  a t t a c h e d  

e x t e r n a l l y  t o  a s u b j e c t  and a p o t e n t i a l  o f  1-3 mi l l i vo l t s  

peak t o  peak a t  3-1000 cyc les / second a r e  p icked  off  and 

used t o  d i rec t  an e x t e r n a l  c o n t r o l  l o g i c .  

F i n a l l y ,  i n  the b r o a d e s t  s e n s e ,  b i o e l e c t r o -  

chemica l  energy  conve r s ion  may show numerous and v a r i e d  

a p p l i c a t i o n s .  Such a p p l i c a t i o n s  a r e  a r b i t r a r i l y  o rgan ized  

I a cco rd ing  t o  the l e v e l  o f  a s s o c i a t e d  power a s  f i g u r e  10.  

T h e  a p p l i c a t i o n s  i l l u s t r a t e d  do n o t  r e p r e s e n t  a complete  

su rvey ,  s i n c e  the  e n t i r e  a rea  i s  r e l a t i v e l y  new and a 

comple te  p i c t u r e  h a s  n o t  been developed.  

However, it i s  hoped t h a t  the  above d i s c u s s i o n  

w i l l  serve t o  s t i m u l a t e  t h i n k i n g  i n  t h i s  a r e a .  
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