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Two key advances have been made d u r i n g  t h e  c u r r e n t  r e p o r t i n g  pe r iod .  F i r s t ,  n e t  thermo- 
dynamic e f f i c i e n c i e s  of t h e  conve r s ion  of l i g h t  energy i n t o  a gaseous f u e l  v i a  photo- 
b i o l o g i c a l  water s p l i t t i n g  have been measured. 
hydrogen p roduc t ion  by i n t a c t  mic roa lgae ,  convers ion  e f f i c i e n c i e s  of -10% have been 
measured i n  t h e  l i n e a r ,  l ow- in t ens i ty  r e g i o n  of t h e  l i g h t  s a t u r a t i o n  cu rve  o f  photo- 
s y n t h e s i s .  These are, by f a r ,  t h e  h i g h e s t  convers ion  e f f i c i e n c i e s  r e p o r t e d  f o r  photo- 
b i o l o g i c a l  hydrogen product ion .  Yuccess i n  t h i s  measurement was based, i n  p a r t ,  on a 
r e c o g n i t i o n  of t h e  p h y s i o l o g i c a l  s t a t e  of the a l g a e  wi th  r e s p e c t  t o  t h e  number of 
monolayers  used f o r  t h e  measurement. Second, a key advance i n  b io technology method- 
ology h a s  been made i n  t h e  area of r a p i d  a s s a y  and s c r e e n i n g  t echn iques  f o r  gaseous  
f u e l  s y n t h e s i s  of microa lgae .  Working w i t h  i s o l a t e d  c o l o n i e s  c u l t u r e d  on s p e c i a l l y  
formula ted ,  o p t i c a l l y  b l a c k ,  sol id-growth media, hydrogen p roduc t ion  by individual 
c o l o n i e s  of algae i r r a d i a t e d  w i t h  a n  X-Y t r a n s l a t a b l e  helium-neon laser has  been quan- 
t i t a t i v e l y  measured. It is  b e l i e v e d  t h a t  t h i s  newly developed methodology r e p r e s e n t s  
a n  impor t an t  i n s t r u m e n t a t i o n a l  advance f o r  app ly ing  modern t echn iques  of g e n e t i c s  and 
molecu la r  b io logy  t o  t h e  problem of gaseous  %el s y n t h e s i s  from renewable i n o r g a n i c  
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To unders tand  t h e  b a s i c  p h y s i c s  and chemis t ry  of hydrogen 
and oxygen photoproduct ion  by t h e  p h o t o s y n t h e t i c  process .  

P h o t o s y n t h e t i c  water s p l i t t i n g  i s  a promising approach 
t o  t h e  product ion  of hydrogen as a renewable gaseous 
fuel.. I n  e s s e n c e ,  R b i o l o g i c a l  s o l a r  energy convers ion  
and s t o r a g e  system i s  contemplated i n  which t h e  energy- 
r i c h  product i s  molecular  hydrogen. Vydrogen h a s  p o t e n t l a 1  
a p p l i c a t i o n s  as a p o s s i b l e  a d d i t i o n  t o  or s u b s t i t u t e  f o r  
n a t u r a l  gas ,  

I n i t i a l  s u c c e s s  i n  t h i s  miss ion-or ien ted  b a s i c  r e s e a r c h  
program w a s  ach ieved  by developing  p h y s i c a l  ins t rumenta-  
t i o n  f o r  performing k i n e t i c  and mechanis t ic  s t u d i e s  of 
t h e  s imul taneous  photoproduct ion of molecular  hydrogen 
and oxygen by anaero.2ical ly  adapted g r e e n  a l g a e .  Two 
key advances have been made d u r i n g  t h e  c u r r e n t  r e p o r t i n g  
per iod .  F i r s t ,  n e t  thermodynamic e f f i c i e n c i e s  of t h e  
convers ion  of l i g h t  energy i n t o  a gaseous f u e l  v i a  photo- 
b i o l o g i c a l  water s p l i t t i n g  have been measured. Based on 
t h e  Gibbs f r e e  energy of hydrogen product ion  by i n t a c t  
microa lgae ,  c o n v e r s i m  e f f i c i e n c i e s  of -10% have been 
measured i n  t h e  l i n e a r ,  low- in tens i ty  r e g i o n  of t h e  
l i g h t  s a t u r a t i o n  curve  of photosynthes is .  These are ,  by 
f a r ,  t h e  h i g h e s t  convers ion  e f f i c i e n c j e s  r e p o r t e d  f o r  
p h o t o b i o l o g i c a l  hydrogen product ion.  Success i n  t h i s  
measurement w a s  based, i n  p a r t ,  on a r e c o g n i t i o n  of t h e  
p h y s i o l o g i c a l  s t a t e  of t h e  a l g a e  w i t h  r e s p e c t  t o  t h e  
number of monolayers used f o r  t h e  measurement. Second, 
a key advance i n  biotechnology methodology has  been made 
i n  t h e  area of r a p i d  a s s a y  and s c r e e n i n g  techniques  f o r  
gaseous f u e l  synthesis of  mfcroalgae.  Working w i t h  
i s o l a t e d  c o l o n i e s  c u l t u r e d  on s p e c i a l l y  formula ted ,  
o p t i c a l l y  b l a c k ,  sol id-growth media, hydrogen product ion  
by i n d i v i d u a l  c o l o n i e s  of a l g a e  i r r a d i a t e d  w i t h  an X-Y 
t r a n s l a t a b l e  helium-neon laser has been q u a n t i t a t i v e l y  
measured. It i s  b e l i e v e d  t h a t  t h i s  newly developed 

v i  i 





R e s u l t s  methodology represent : s  an  impor tan t  i n s t r u m e n t a t i o n a l  
( con td . )  advance f o r  app ly ing  modern t echn iques  of g e n e t i c s  and 

molecu la r  b io logy  t o  the problem of gaseous  f u e l  
s y n t h e s i s  from renewable i n o r g a n i c  r e s o u r c e s  v i a  micro- 
a l g a l  w a t e r  s p l i t t i n g .  

T e c h n i c a l  
Approach 

These r e s u l t s  were ob ta ined  by developing  a n o v e l  a p p a r a t u s  
f o r  measuring t h e  s imul taneous  photoproduct ion  of hydrogen 
and oxygen. The a p p a r a t u s  c o n s i s t s  of a flow system i n  
which t h e  hydrogen arid oxygen s e n s o r s  are l o c a t e d  down- 
stream from t h e  p h o t o s y n t h e t i c  r e a c t o r .  P h y s i c a l  removal 
of t h e  s e n s o r s  from r h e  locus  of g a s  p roduc t ion  h a s  t h e  
impor t an t  t e c h n i c a l  advantage  of e l i m i n a t i n g  i n t e r f e r i n g  
l i gh t - induced  a r t i f a c i t s  i n  t h e  s e n s o r s .  The hydrogen 
s e n s o r  i s  a TaguchL g a s - s e n s i t i v e  semiconductor .  The 
oxygen s e n s o r  i s  a Hf r sch  e l e c t r o g a l v a n l c  c e l l .  IJsing 
a n  e l e c t r o l y s i s  c e l l  and Faraday ' s  Law of E lec t rochemica l  
Equiva lence ,  c a l i b r a t i o n  curves  f o r  t h e  two s e n s o r s  are 
p repa red  u s i n g  a l e a s t - s q u a r e s  f i t t i n g  r o u t i n e  i n  
c o n j u n c t i o n  w i t h  an  FIP-85 l a b o r a t o r y  microcomputer. 

P r o j e c t  During t h e  p rev ious  y e a r  t h i s  r e s e a r c h  has  cont inued  to 
I m p l i c a t i o n s  advance t h e  p o s s i b i l j t y  of e f f e c t i v e  h i o p h o t o l y t i c  pro- 

d u c t i o n  of H 2  and 0 2  from water. 
under  special ,  low i n t e n s i t y ,  anae rob ic ,  l a b o r a t o r y  con- 
d i t i o n s ,  t h e  l a r g e  improvement over  p r e v i o u s l y  r e p o r t e d  
e f f i c i e n c i e s  i n d i c a t e s  t h a t  l i v i n g  p h o t o s y n t h e t i c  
systems have p o t e n t i a l  f o r  s p l i t t i n g  water e f f i c i e n t l y .  
The laser  method f o r  r a p i d  a s say  of H 2  produced from 
i s o l a t e d  c o l o n i e s  i s  t h e  s u b j e c t  of a G R I  p a t e n t  a p p l i -  
c a t i o n  and w i l l  expand t h e  a p p l i c a t i o n  of g e n e t i c  and 
molecular  b io logy  t echn iques  t o  t h e  r e sea rch .  During 
t h e  f o l l o w i n g  y e a r ,  t h e  r e s e a r c h  w i l l  emphasize e f f o r t s  
t o  improve performanc-e a t  h i g h e r  l i g h t  i n t e n s i t y .  G R I  
p l a n s  t o  c o n t i n u e  suppor t  of t h i s  r e sea rch .  

Although ob ta ined  

i x  
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1.0 ANNUAL REPORT 

The f o l l o w i n g  sect-lons d e s c r i b e  exper imenta l  r e s e a r c h  on gaseous 

f u e l  p r o d u c t t o n  from i n o r g a n i c  resourc:es based on p h o t o s y n t h e t i c  water 

s p l i t t i n g  by microa lgae  f o r  hydrogen and oxygen product ion.  Each s e c t i o n  

i s  d i v i d e d  i n t o  t h r e e  p a r t s :  R a t i o n a l e ,  R e s u l t s ,  and S t a t u s .  

The R a t i o n a l e  sect- lon d e s c r i b e s  why we are performing t h i s  p a r t i c u l a r  

t a s k  and how i t  c o n t r i b u t e s  t o  GRI's s t r a t e g y  of renewable gaseous f u e l  

product ion.  This s e c t i o n  a l s o  h i g h l i g h t s  t h e  s c i e n t i f i c  merit of t h e  

r e s e a r c h  i n  t h e  s p e c i f i c  contex t  of tFe c o n t r a c t .  

The R e s u l t s  s e c t i o n  i s  a t e c h n i c s 1  d e s c r i p t i o n  of exper imenta l  

r e s u l t s  and, where a p p r o p r i a t e ,  a d e s c r i p t i o n  of t h e  e x p e r i m e n t a l  p r o t o c o l  

used t o  o b t a i n  t h o s e  r e s u l t s .  

The S t a t u s  s e c t i o n  i n d i c a t e s  t h e  e x t e n t  of complet ion of t h i s  t a s k  

and, i f  completed,  i t s  s i g n i f i c a n c e  i n  t h e  c o n t e x t  of G R I  o b j e c t i v e s .  

P h o t o s y n t h e t i c  water s p l i t t i n g  by microalgae f o r  t h e  product ion  of 

hydrogen and oxygen i s  a promising applroach t o  t h e  product ion  o f  gaseous 

f u e l s  from renewable i n o r g a n i c  r e s o u r c e s .  The miss ion-or ien ted  b a s i c  

r e s e a r c h  performed i n  GRI's P h o t o s y n t h e t i c  Water S p l i t t i n g  r e s e a r c h  

p r o j e c t  i s  foclised on a q u a n t i t a t i v e  assessment  of a b i o t e c h n o l o g i c a l  

p r o c e s s  f o r  gaseous  f u e l  s y n t h e s i s  frcm renewable inorganlrc r e s o u r c e s  

u s i n g  l i v i n g  microalgae.  Microa lga l  Chotosynthes is  i s  a l o g i c a l  b a s i c  

r e s e a r c h  area f o r  t h e  product ion  of gaseous f u e l  from i n o r g a n i c  r e s o u r c e s  

because t h e  a l g a e  themselves  are s y n t h e s i z e d  i n  a s e l f - r e p l i c a t i n g  process  

r e q u i r i n g  o n l y  w a t e r ,  m i n e r a l  s a l t s ,  v i s i b l e  l i g h t ,  and carbon d i o x i d e  as 

t h e  s o l e  carbon source.  Noreover,  as w a s  f i r s t  shown by Gaff ron  and 

Rubin (1) ,  c e r t a i n  microa lgae  p o s s e s s  a unique b iochemis t ry .  .4 s p e c i a l -  

i z e d  enzyme, hydrogenase,  can  c a t a l y z e  t h e  photoevolu t ion  of the gaseous 
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f u e l  hydrogen. 4s documented i n  prev ious  GRI  Annual Reports  and peer- 

reviewed p r o f e s s i o n a l  p u b l i c a t i o n s  (2-12), we have demonstrated t h a t  

c e r t a i n  u n i c e l l u l a r  microa lgae  such as ChZumydomonas and Scanedc3smus are 

capable  of t h e  s imul taneous  photoevolu t ion  of hydrogen and oxygen f o r  

hundreds of hours .  We have a l s o  demonstrated t h e  p o t e n t i a l  f o r  s e l e c t i n g  

and improving s u b c u l t u r e s  of algae w i t h  enhanced p r o p e r t i e s  f o r  hydrogen 

and oxygen e v o l u t i o n  (8 ,101.  

Research d u r i n g  t h e  c u r r e n t  r e p o r t i n g  per iod  has focused on two key 

a r e a s :  (a) measurement of n e t  thcrrnodynamic convers ion  e i f i c i e n c i e s  and 

( b )  o r i g i n a l  ins t r i imenta t ion  development f o r  r a p i d  a n a l y s i s  of photo- 

produced hydrogen by i s o l a t e d  a l g a l  c o l o n i e s .  

1.1 Energy Conversion E f f i c i e n c i e s  

Rationale. Die most impor tan t  f i g u r e  of merit f o r  any photo- 

convers ion  concept  i s  n e t  thermodynamic conversi-on e f f i c i e n c y .  A s  used 

i n  t h i s  r e p o r t ,  e f f l c i e n c y  i s  d e f i n e d  a s  t h e  r a t i o  of Gibbs  f r e e  energy 

of  photoproduced molecular  hydrogen t o  s o l a r - e q u i v a l e n t  absorbed 

radiation. The p h o t o s y n t h e t i c a l l y  a c t i v e  r a d i a t i o n  w a s  assumed t o  

comprise h a l f  of t h e  power of t h e  s o l a r  emission spectrum; t h e r e f o r e ,  

t h e  s o l a r - e q u i v a l e n t  e f f i c i e n c y  w a s  determined by m u l t i p l y i n g  t h e  photo- 

s y n t h e t i c a l l y  a c t i v e  e f f i c i e n c y  by two. 

Results. The r e s u l t s  o f  t h e  e f f i c i e n c y  experiments  a r e  i n d i c a t e d  i n  

Table  1. Figure 1 i s  a schemat ic  i l l u s t r a t i o n  of t h e  r e a c t i o n  chamber 

used. The d o t t e d  c i r c l e  i n  t h e  c e n t e r  r e p r e s e n t s  a r e l a t i v e l y  t h i n  

f i l m  of u n i c e l l u l a r  a l g a e  (<30 monolayers) en t rapped  on f i l t e r  paper .  

The a l g a e  a r e  c e n t e r e d  on and pressed  f l u s h  agaf-nst an aluminum backing 

p l a t e  t h a t  has  a hole  which i s  bored c o n c e n t r i c  w i t h  t h e  c i r c l e  d e f i n e d  
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by t h e  e n t r a p p e d  a l g a e .  

head of an  EG&G Model 550 rad iometer  equipped w i t h  a f l a t  s p e c t r a l  

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

by t h e  f i l t e r  paper  and t h e  r e t a i n i n g  r i n g .  The a l g a e  were covered by an 

O-ring p l a t e  w i t h  a f l a t  window, which provided a uniformly c lear  pathway 

f o r  i l l u m i n a t i o n .  T h i s  cover  p l a t e  and t h e  a s s o c i a t e d  backing suppor t  

y i e l d e d  a h e r m e t i c a l l y  s e a l e d  environment which w a s  placed s e r i a l l y  i n  a 

f low system, as i n d i c a t e d  by t h e  l o n g i t u d i n a l  O-ring connec tors  of F ig .  1. 

Yydrogen and oxygen produced i n  t h e  a l g a e  d i f f u s e d  i n t o  t h e  a d j a c e n t  g a s  

phase and were swept o u t  of t h e  r e a c t i o n  chamber and c a r r i e d  downstream 

This  h o l e  w a s  a b l e  t o  accommodate t h e  s e n s i n g  

t o  s e p a r a t e  hydrogen and oxygen s e n s o r s .  

The methodology f o r  e f f i c i e n c y  measurements is f u r t h e r  i l l u s t r a t e d  

i n  Fig.  2. F i g u r e  3 c o n t a i n s  d a t a  f r o n  which e f f i c i e n c i e s  were d e t e r -  

mined. As i n d i c a t e d  i n  Fig. 2 ,  each convers ion  e f f i c i e n c y  measurement 

was based on two l i g h t  measurements, one w i t h  algae-entrapped f i l t e r  

paper  and a n o t h e r  w i t h  t h e  f i l t e r  paper  a lone.  

puted based on n e t  absorbed p h o t o s y n t h e t i c a l l y  a c t i v e  r a d i a t i o n  and then  

d i v i d e d  by two t o  o b t a i n  a n  e q u i v a l e n t  s o l a r  e f f i c i e n c y .  

E f f i c i e n c i e s  were com- 

4s  can  b e  s e e n  i n  Table  1, t h e  eq i i iva len t  s o l a r  e E f i c i e n c i e s  vary 

from 3 t o  12%, depending on t h e  a l g a  arid t h e  i r r a d i a t i o n  i n t e r v a l .  

Status. The convers ion  e f f i c i e n c L e s  i n d i c a t e d  %n Table 1 a r e  t h e  

h i g h e s t  v a l u e s  e v e r  r e p o r t e d  f o r  p h o t o h i o l o g i c a l  hydrogen product ion  and, 

i n  our  o p i n i o n ,  are a n  encouraging development i n  t h e  area of hydrogen 

f u e l  s y n t h e s i s  v i a  p h o t o s y n t h e t i c  water s p l i t t i n g .  Yowever, i t  -is impor- 

t a n t  t o  remember t h a t  t h e  r e s u l t  a p p l i e s  on ly  i n  t h e  l i n e a r  low- in tens i ty  

r e g i o n  of t h e  l i g h t  s a t u r a t i o n  curve.  A k i n e t € c  imbalance between photon 

a b s o r p t i o n  and t h e r m a l l y  a c t i v a t e d  e l e c t r o n  t r a n s p o r t  i s  a well-known 
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c h a r a c t e r i s t i c  of photosynthes is .  The q u e s t i o n  of n e t  convers ion  e f f i -  

c iency  and i t s  r e l a t i o n s h i p  t o  i n c i d e n t  i r r a d i a n c e  is among t h e  most 

impor tan t  t a s k s  of t h i s  r e s e a r c h  p r o j e c t .  It is an  ongoing i t e m  and w i l l  

be f u r t h e r  d t s c u s s e d  i n  Sect.  2.0. 

1.2 L ight -Sca t te r ing  Measurements 

Rationale. O p t i c a l  me.xsurements on heterogenous systems such as 

microa lgae  are  complicated by l i g h t  s c a t t e r i n g .  Since convers ion  eEfL- 

c i e n c i e s  i n v o l v e  a n  a b s o l u t e  l i g h t  measurement, t h e  magnitude and a n g u l a r  

d i s t r i b u t i o n  of s c a t t e r e d  l i g h t  are important  f a c t o r s .  Although a 

complete unders tanding  of l igh t :  s c a t t e r i n g  of heterogenous media invol-ves 

complex t h e o r e t i c a l  t r e a t m e n t ,  i ts  e f f e c t  on t h e  c a l c u l a t e d  e f f i c i e n c y  i s  

e a s i l y  eva lua ted .  I n  t h e  e f f i c i e n c y  c a l c u l a t i o n ,  any l i g h t  t h a t  does not  

r e a c h  t h e  p h o t o d e t e c t o r  ( i . e . ,  b a c k s c a t t e r e d  l i g h t )  i s  counted as hejng 

absorbed and goes i n t o  t h e  denominator of t h e  e f f i c i e n c y  computation. 

Because t h i s  b a c k s c a t t e r e d  l i g h t  is  n o t  involved  i n  photobiochemistry,  

t h e  n e t  e f f e c t  i s  t o  underes t imate  t h e  a c t u a l  e f f i c i e n c y .  However, t h e  

e f f e c t  i s  minimal f o r  t h e  a l g a e  used i n  t h e  c u r r e n t  experiments  s i n c e  

most of  t h e  scattered l i g h t  is forward s c a t t e r e d  i n  a small a n g l e  cone 

about  t h e  a x i s  o f  i r r a d i a t i o n  ( s e e  R e s u l t s  s e c t i o n ) .  

Results. The l i g h t - s c a t t e r i n g  measurements were performed by 

M. T. Harris, i n  a s s o c i a t i o n  with C. H. Byers and D. P. W i l l i a m s ,  a t  

Oak Ridge N a t i o n a l  Laboratory (OWL) .  F igure  4 i s  a schematic  i l l u s t r a -  

t i  on of t h e  l a s e r - l i g h t - s c a t t e r i n g  f a c i l i t y  used For t h e s e  measurements. 

The sample c e l l  w a s  rep laced  by two t h i n  q u a r t z  p l a t e s  between which t h e  

a l g a e  were sandwiched. The a l g a e  were i l l u m i n a t e d  w i t h  t h e  514.5-nm line 

of a n  argon-ion laser. Tbo r u n s  were performed. P l o t s  of s c a t t e r e d  
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l i g h t  v s  a n g u l a r  p o s i t i o n  are p r e s e n t e d  i n  Figs .  5 and 6. The d e t e c t o r  

r a d i u s  w a s  47 cm. The p l a n a r  a n g l e  subtended by t h e  d iameter  of t h e  

d e t e c t o r  w a s  1.4" f o r  t h e  d a t a  of Fig.  5 and 0.4" f o r  t h e  d a t a  o f  Fig.  6 ,  

The key c o n c l u s i o n  of t h e s e  experiments  i s  t h a t  v i r t u a l l y  a l l  of 

t h e  l i g h t  t h a t  i s  s c a t t e r e d  by t h e  a l p a  i s  i n  a small-angle  forward cone, 

which i s  subtended by t h e  s o l i d  a n g l e  of the r a d i o m e t r i c  sensor .  

Status. This  t a s k  i s  complete. 

1.3 B i o t e c h n o l o g i c a l  I n s t r u m e n t a t i o n  Development 

Rationale. New i n s t r u m e n t a t i o n  h a s  been developed u t i l i z i n g  an  

in f i i t u  r a p i d  a s s a y i n g  and s c r e e n i n g  technique  €or  t h e  photoproduct ion  of 

hydrogen from i n d i v i d u a l ,  i s o l a t e d  c o l o n i e s  of d c r o a l g a e .  

With c u r r e n t  i n s t r u m e n t a t i o n ,  t h e  s c r e e n i n g  of an  a l g a l  p o p u l a t i o n  

f o r  hydrogen photoproduct ion  i s  time-consuming and l a b o r  i n t e n s i v e .  In 

a d d i t i o n ,  we have d i s c o v e r e d  and r e p o r t e d  (8,101 t h a t  a c o n s i d e r a b l e  

amount of v a r i a b i l i t y ,  w i t h  r e s p e c t  t o  both  hydrogen p r o d u c t i o n  and 

s u r v i v a b i l i t y  f o r  extended p e r i o d s  of a n a e r o b i o s i s ,  exis ts  among t h e  

i n d i v i d u a l  c e l l s  of a p u r e - s t r a i n  a l g a l  c u l t u r e .  The new method be ing  

t e s t e d  will a l l o w  a r a p i d  a s s a y  of the hydrogen-producing c a p a c i t i e s  of a 

l a r g e  number o f  a l g a l  c o l o n i e s  ( a  colony i s  d e f i n e d  as a p o p u l a t i o n  of 

ce l l s ,  a l l  of which are descended from a s i n g l e  c e l l  by v e g e t a t i v e  

r e p r o d u c t t o n ) .  

In  a d d i t i o n  t o  p r o v i d i n g  a means €o r  s c r e e n i n g  c o l o n i e s  r a p i d l y ,  

t h i s  new t e c h n i q u e  w i l l  allow q u a n t i t a t i o n  of t h e  v a r i a b i l i t y  i n  hydro- 

g e n a s e  a c t i v i t y  s e e n  i n  l a r g e  p o p u l a t i m s  of a lgae .  

The method i s  based on t h e  technique  of s p r e a d i n g  d i l u t e  a lga l  

suspens ions  o v e r  t h e  s u r f  ace of a g a r - s o l i d i f  i e d  medium, which produces 
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well-spaced c o l o n i e s  over  t h e  s u r f a c e  of t h e  a g a r  a f t e r  a s u f f i c i e n t  

growth p e r i o d  (-2 weeks). Each of t h e s e  c o l o n i e s  of -1 t o  3. mm i n  

d iameter  c o n t a i n s  from lo5  t o  l o 6  c e l l s ,  and each c e l l  i s  a d i r e c t  

l i n e a l  descendant  of t h e  p a r e n t  ce l l .  This e n s u r e s  ( b a r r i n g  spontaneous 

muta t ion)  t h a t  a l l  t h e  ce l l s  i n  a p a r t i c u l a r  colony a r e  g e n e t i c a l l y  

homogeneous; as such,  each ce l l  i n  t h e  colony should have a n  I d e n t i c a l  

c a p a c i t y  f o r  hydrogen photoproduct ion.  However, s i n c e  h e t e r o g e n e i t y  

e x i s t s  among c e l l s  i n  l i q u i d  c u l t u r e s  w i t h  r e s p e c t  t o  hydrogen product ion  

c a p a b i l i t i e s ,  t h i s  sane v a r i a b i l i t y  should  be e v i d e n t  among t h e  i n d i v i -  

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

These a g a r  p l a t e s  a r c  p laced  i n  a r e a c t o r  modif ied t o  f i t  t h e i r  

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

flow-through a n a l y s i s  system, w i t h  downstream monitors  f o r  oxygen and 

hydrogen. The i n d i v i d u a l  c o l o n i e s  on t h e  p l a t e s  aria i l l u m i n a t e d  hy a 

hel€um-neon laser,  which a l lows  a s i n g l e  colony t o  be i l l u m i n a t e d  while  

t h e  o t h e r  c o l o n i e s  remain i n  darkness .  A p o t e n t i a l  problem 1s laser- 

l i g h t  s c a t t e r i n g  by t h e  a g a r ,  t h e  a l g a l  colony,  and t h e  p l a s t i c  P e t r i  

d i s h ,  which can i l l u m i n a t e  o t h e r  c o l o n i e s  on the  p l a t e .  H O W C V ~ ~ ,  t h e  

a d d i t i o n  of fine-mesh c h a r c o a l  t o  t h e  s o l i d  medium has so lved  t h i s  

problem. 

Our key o b j e c t i v e s  i n  pursu ing  t h i s  r e s e a r c h  are: 

a .  t o  provide a r a p i d ,  s imple,  and s e n s i t i v e  a s s a y  of 

hydrogenase a c t i v i t y  i n  g r e e n  a l g a e  t o  f a c i l i t a t e  the. 

s e l e c t i o n  and maintenance of c l o n e s  w i t h  e l e v a t e d  rates 

of hydrogen product ion;  

b. t o  more e a s i l y  and a c c u r a t e l y  q u a n t i f y  t h e  v a r i a b i l i t y  

among c e l l s  i n  o s t e n s i b l y  p u r e - s t r a i n  a l g a l  c u l t u r e s  

w i t h  respect t o  hydrogen photoproduct ion c a p a b i l i t i e s ;  
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c. t o  s c r e e n  l a r g e  numbers of a l g a l  s p e c i e s  and s t r a i n s  and 

t o  select  from t h o s e  p o p u l a t i o n s  c l o n e s  of a l g a e  w i t h  

e x t r a o r d i n a r i l y  high rates o f  hydrogen photoproduct ion  

which could  p o s s i b l y  ra ise  t h e  e f E i c i e n c y  l e v e l s  of 

r e a c t o r s  for p h o t o b i o l o g i c a l  hydrogen product ion ,  

Results. Table 2 g i v e s  r e p r e s e n t a t i v e  rates of hydrogen product ion  

from s i n g l e  c o l o n i e s  of wild- type s t r a i n s  of ChZcanydomorias reinhardtii. 

A l l  of t h e  c o l o n i e s  i n  Table  2 were approximately 3 weeks o l d  and 

1 t o  3 mm i n  d iameter .  

Status. This t a s k  i s  i n  a n  earl)  s t a g e  and w i l l  be cont inued  i n  t h e  

next  c o n t r a c t  year .  

The r e s e a r c h  planned f o r  next  y e a r  f o l l o w s  l o g i c a l l y  from c u r r e n t  

accomplishments of t h i s  p r o j e c t  and h a s  a s p e c i f i c  miss ion-or ien ted  g o a l  - 
t h e  demonst ra t ion  of  s u s t a i n e d  h i g h - e f f i c i e n c y  gaseous f u e l  p r o d u c t i o n  

v i a  p h o t o s y n t h e t i c  water s p l i t t i n g  by microalgae.  Accordingly,  two areas 

of r e s e a r c h  w i l l  be t h e  p r i n c i p a l  p o i n t s  of f o c u s  f o r  t h e  coming year .  

F i r s t ,  w e  will b u i l d  on t h e  promising r e s u l t s  t h a t  demonst ra te  h i g h  

convers ion  e f f i c i e n c i e s  i n  t h e  l i n e a r  low- in tens i ty  r e g i o n  of t h e  l i g h t -  

s a t u r a t i o n  curve. (he q u e s t i o n  t h a t  w e  must r e s o l v e  is whether t h e s e  

high e f € i c i e n c i e s  can be s u s t a i n e d  a t  h i g h e r  i n c i d e n t  l i g h t  i n t e n s i t i e s .  

We b e l i e v e  t h a t  t h e  answer is y e s  and t h a t  t h e  key t o  t h i s  problem i s  t h e  

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

f o r  t h e  w a t e r - s p l i t t i n g  r e a c t t o n ,  i n  comparison t o  wild- type a lgae .  

Toward t h i s  end, we a re  c o l l a b o r a t i n g  w i t h  g e n e t i c i s t s  and p h y s i o l o g i s t s ,  

in p a r t i c u l a r  P r o f e s s o r  Gregory W. Schmidt, of the Rotany Department,  
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U n i v e r s i t y  of Georgia ,  who h a s  provided u s  w i t h  two low-chlorophyl l  

mutant s t r a i n s  of Chlamydomonas For s tudy .  

Second, we will use our  laser s c r e e n i n g  technology t o  survey I n d i -  

v i d u a l  c l o n e s  of microa lgae  f o r  enhanced p r o p e r t i e s  of l i g h t - i n d u c e d  

gaseous f u e l  s y n t h e s i s .  In  a d d i t i o n  t o  i t s  obvious p r a c t i c a l  i m p l i c a t i o n s ,  

w e  b e l i e v e  t h a t  t h i s  work will make a s i g n i f i c a n t  c o n t r i b u t i o n  i n  t h e  

b a s i c  r e s e a r c h  a r e a  of hydrogenase and a l g a l  g e n e t i c s .  

3 .O PUBLICATIONS 

The f o l l o w i n g  p u b l i c a t i o n s  were based on GRI-supported r e s e a r c h :  

1. 

2. 

3. 

4 .  

5 .  

F:. Greenbaiim, "Hydrogen Product ion  by Alga l  Water S p l i t t i n g , "  t o  be 
publ i shed  as a c h a p t e r  i n  Algae and liuwan Af fa irs ,  C .  A. Lembi and 
J. ri. Waaland ( E d s . ) ,  Cambridge I J n i v e r s i t y  P r e s s  (1986).  

E.  Greenhaum, " P h o t o s y n t h e t i c  Water S p l i t t i n g :  A Riotechnologica l  
Approach t o  Gaseous Fuel  S y n t h e s i s , "  i n  Promedings of the 1386 
In t e rmt iona l  Gas Research Conferawe, September %11, 1986, Toronto,  
Canada ( i n  p r e s s ) .  

9. R .  Ward, M. E. Reeves, and E. Greenbaum, " S t r e s s - S e l e c t e d  
Chlamydomonas reinhardbii f o r  Photoproduct ion of Hydrogen," 
Biotechnot. Bioeng. Symp., i n  p r e s s  (1986). 

E. Greenbaum, "Hydrogen and Oxygen Product ion  by P h o t o s y n t h e t i c  
Water S p l i t t i n g , "  i n  Proceedings of the Second Intermtiom1 
Synpos ium on Hydrogen Proheed f Porn Renmable Energy ,  0 .  G .  Hancock 
and K. G. Sheinkopf ( E d s . ) ,  pp.  145-53 (1985).  

M. E. Reeves and E.  Greenbaum, "Long-Term Endurance and S e l e c t i o n  
S t u d i e s  i n  Hydrogen and Oxygen Photoproduct ion by Ch~ariydomoms 
reinhardtii," .Enape and Microbial Technot, - 7 ,  164-74 (1985).  

4.0 SEMINARS AND IwImD PAPERS 

The f o l l o w i n g  seminars  and i n v i t e d  papers  w e r e  p r e s e n t e d  d u r i n g  t h e  

c u r r e n t  r e p o r t i n g  per iod:  
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1. 

2. 

3 .  

4 .  

5. 

6 .  

7. 

8. 

M. E. Reeves and E. Greenbaum, " P h o t o s y n t h e t i c  Uni t  S i z e s  f o r  
Hydrogen and Oxygen Photoprodt ic t ion i n  I n t a c t  Algae," p o s t e r  
p r e s e n t a t i o n  a t  t h e  Seventh Symposium on Biotechnology f o r  Fuels  
and Chemicals,  May 14-17, 1985, Gat l inburg ,  TN. 

H. R. Ward, M. E. Reeves, and E. Greenhaum, "St ress -Se lec ted  
Chlm,ydomonas rmhhard&ii f o r  Photoproduct ion of Hydrogen, " p o s t e r  
p r e s e n t a t i o n  a t  t h e  Seventh Symposium on Biotechnology f o r  Fuels  and 
Chemicals,  May 14-17, 1985, G a t l i n b u r g ,  TN. 

8. Ward, M. E. Reeves, and E. Greenbaum, "Anaerobiosis  Tolerance  and 
S u i t a b i l i t y  of Chlamydomonas rei?ihardbii St r a i n s  f o r  Long-Term 
P r o d u c t i o n  of  Hydrogen, *' Second I n t e r n a t i o n a l  Phycologica l  Congress,  
August 4-10, 1985, Copenhagen, Denmark. 

E. Greenbaum, "The L i g h t  S a t u r a t i o n  Curves oE P h o t o s y n t h e t i c  
Hydrogen and Oxygen Evolu t ion ,"  p r e s e n t e d  a t  the Annual Meeting of 
t h e  American S o c i e t y  f o r  Photobic logy ,  June  23-27, 1985, New Or leans ,  
LA. 

M. Reeves and E. Greenbaum, " P h o t o s y n t h e t i c  TJnit S i z e s  € o r  Hydrogen 
and Oxygen Photoproduct ion i n  Wild-Type and Mutant S t r a i n s  of 
Chlanydomoms re~nhardti:i," Second Conference on the Genet ics  and 
Molecular  Biology of ChZamydomm:s, August 11-15, 1985, Santa  Cruz, 
CA. 

E. Greenbarn,  "Phys ics  and Chemistry of B i o l o g i c a l  Water S p l i t t i n g , "  
p a p e r  p r e s e n t e d  t o  t h e  Department of Applied Biology,  Georgia  
I n s t i t u t e  of Technology, March 10, 1986. 

E. Greenhaum, " E n e r g e t i c  Aspects of P h o t o s y n t h e t i c  Water S p l i t t i n g , "  
Symposium on t h e  S t r u c t u r a l  and E n e r g e t i c  Aspects  of Light-Induced 
Water S p l i t t i n g  General  Xeet ing  of t h e  American P h y s i c a l  S o c i e t y ,  
March 31-April 4 ,  1986, L a s  Vegas, W .  

E. Greenbaum, "Physics  and Chemistry of B i o l o g i c a l  Water S p l i t t i n g , "  
paper  p r e s e n t e d  t o  t h e  Duke U n i v e r s i t y  Marine Labora tory ,  A p r i l  15, 
1986, B e a u f o r t ,  NC. 

5 e 0  SERYICE TO PROFESSIONAL SOCIETIES AND COLLABORATIVE RESEARCH 

5.1 ProEess iona l  S o c i e t i e s  

The principal i n v e s t i g a t o r  i s  a member of t h e  Execut ive  Committee of 

t h e  D i v i s i o n  of B i o l o g i c a l  Phys ics  of t h e  American P h y s i c a l  S o c i e t y  and 

h a s  been e l e c t e d  Secre ta ry-Treasurer  of t h e  Div is ion .  He i s  a member of 

the Board of D i r e c t o r s  and Past-Chairman of t h e  D i v i s i o n  of Biotechnology 
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and  Chemical Sc iences  of t h e  American S o l a r  Energy Soc ie ty .  Be i s  a l s o  

o r g a n i z e r  and c h a i r p e r s o n  o f  t h e  S p e c i a l  Topic Discuss ion  Groups a t  t h e  

E i g h t h  Symposium on Biotechnology f o r  Fue l s  and Chemicals,  May 13-16, 1986, 

Gat l inburg ,  TN. 

5.2 C o l l a b o r a t t v e  Research 

P r o f e s s o r  Gregory W. Schmidt,  of t h e  Botany Department,  I Jn ive r s i ty  

of  Georgia ,  has i s o l a t e d  mutants  of C'hlamydomoms with  low chlorophyl l  

c o n t e n t  and t h e  a b i l i t y  t o  grow e x c l u s i v e l y  on i n o r g a n i c  s u b s t r a t e s ,  

u s i n g  carbon d i o x i d e  as t h e  s o l e  carbon source .  This  class of mutants  i s  

o f  p o t e n t i a l  i n t e r e s t  w i th  respect t o  t h e  r e l a t i v e  s i z e  of t h e  o p t i c a l  

c r o s s  s e c t i o n  f o r  t h e  w a t e r - s p l i t t i n g  r e a c t i o n .  We p lan  t o  c o l l a b o r a t e  

w i t h  P r o f e s s o r  Schmidt i n  c h a r a c t e r i z i n g  t h e  l i gh t - r e sponse  p r o p e r t i e s  

of t h e s e  and o t h e r  a lgac .  

In  a d d i t i o n ,  we are  con t inu ing  ou r  c o l l a b o r a t i v e  r e s e a r c h  w i t h  

D r .  R. R. L. C u l l l a r d ,  of t h e  Bigelow Labora tory  f o r  Ocean Sc iences ,  

West Boothbay Harbor,  Maine, on t h e  u t i l i z a t i o n  of microscopic  marine 

a l g a e  f o r  hydrogen and oxygen product ion.  

6.0 SPECIAL RECOGNITION 

Rased i n  p a r t  on GRI-f unded r e s e a r c h ,  t h e  p r i n c i p a l  i n v e s t i g a t o r  

h a s  been nominated € o r  Fe l lowship  i n  t h e  American Assoc ia t ion  f o r  t h e  

Advancement of  Science.  M e  r ece ived  a 1986 Technic-a1 Communication Award, 

p re sen ted  by t h e  East Tennessee Chapter  of t h e  S o c i e t y  f o r  Technica l  

Communication, and h a s  a l s o  r ece ived  a Di s t ingu i shed  S c i e n t i s t  Award, 

p re sen ted  by t h e  Mar t in  Marietta Corporat ion.  
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Tab le  1. Energy convers ion  e f f i c i e n c i e s  of g reen  algae 
f o r  hydrogen and oxygen p roduc t ion  

E f f i c i e n c  (PAR) Equiv. s o l a r  
i: e f f .  

Exp er I m e  n t  I r r a d i a t i o n  
no. A1 ga i n t  e r v a l a  ( X  1 

16 

23 

13 

16 

1s 

19 

2 1  

2 1  

18 

24 

22 

18 

8 

11.5 

6.5 

8 

9 

9.5 

10.5 

10.5 

9 

12 

11 

9 

aThe i r r a d i a t i o n  i n t e r v a l s  c o n s i s t e d  of s e q u e n t i a l  c y c l e s  of 3 h on, 

bConversion ef f i c iency  i s  based on absorbed p h o t o s y n t h e t i c a l l y  

CColumn 2 i s  d iv ided  by 2 ,  assuming t h a t  t h e  p h o t o s y n t h e t i c a l l y  

3 h o f f .  

a c t i v e  r a d i a t i o n .  

a c t i v e  r a d i a t i o n  comprises half  of the power i n  t h e  s o l a r  emiss ion  
spectrum. 
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Tab le  2. Rates of hydrogen photoproduct ion  from 
s i n g l e  c o l o n i e s  of Chltmydomnas rainhardtii a 

Maximum rate of 
R2 photoproduct ion  Ex p e  r Ime n t  

no. Algal s t r a i n  (nmol/h) 

1 UTEX #2246 16 

2 CC- 12 5 [ 1 3 7 ~ (  --) ] 7 

3 UTEX 82246 16 

4 UTEX /I2246 26 

5 CC- 125 21 

6 CC-125 9 

aThese a b s o l u t e  rates are not normalized t o  
colony d iameter  o r  c h l o r o p h y l l  content .  
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8.0 FIGURE LEGENDS 

Fig. 1. Schematic illustration of reaction chamber used to measure 
thermodynamic conversion efficiencies. 

Fig. 2.  Principle of conversion efficlency measurements based on 
net light absorption by thin Eflms of algae. 

Fig .  3 .  Simultaneous photoproduction of hydrogen and oxygen by 
entrapped ChZamydomonus moeuusii. 

Fig. 4 .  Schematic illustration of laser-light-scattering facility 
used t o  determine angular distribution of scattered light from algae. 

Pig. 5. Angular distributi-on data used to determine scattered light 
from algae. 

Fig. 6 .  Same as Fig. 5, but a smaller angle is subtended by the 
photodetector. See text f o r  details. 
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