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PROJECT SUMMARY 

The work included i n  t h i s  r e p o r t  is p a r t  of an ongoing s tudy 

( c u r r e n t l y  funded.by t h e  Solar  Energy Research I n s t i t u t e  - Sub- 

c o n t r a c t  No. XR-9-8144-1) on t h e  inorganic carbon requirements of 

microalgae under mass c u l t u r e  cond i t ions  and covers the  period 

June 1, 1978 through May 31, 1979.' It i s  divid.ed i n t o  two p a r t s  

appended here in .  The f i r s t  p a r t  is a l i t e r a t u r e  review on t h e  

inorganic  carbon chemical system . in r e l a t i o n  , . t o .  algal. growth 
. . I .  , 

requirements, and t h e  second p a r t  d e a l s  wi th  t h e  k i n e t i c s  of 

inorganic  carbon-limited growth o f .  two freshwater  chlorophytes 

inc lud ing  t h e  e f f e c t  of carbon l i m i t a t i o n  on c e l l u l a r  chemical 

composition. Addit ional  experiment research  covered under t h i s  

c o n t r a c t  was repor ted  i n  t h e  Proceedings of the  "3rd Annual Biomass 

Energy Systems Conferences, pp. 25-32, "Bioengineering a s p e c t s  of 

inorganic  carbon supply t o  mass a l g a l  cul tures" .  Report No. 

EERI/TP 33 285, 
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A. Chemistry of Inorganic  Carbon and Algal  Growth 

1. In t roduc t ion :  Among t h e  many a l t e r n a t i v e  energy sources  being con- 

s i d e r e d  t o  meet f u t u r e  demands, t h e  photosynthe t ic  conversion of r a d i a n t  

t o  u s e f u l  chemical  energy (bioconversion)  i s  r e c e i v i n g  widespread a t t e n -  

t i o n  (Hal l ,  1976).  C lea r ly ,  a l l  energy on e a r t h  has  evolved, i n  one way 

o r  ano the r ,  from t h e  u l t i m a t e  sdurce ,  s o l a r  r a d i a t i o n ,  p r i m a r i l y  through 

t h e  s t o r a g e  over  geologic  t ime of f o s s i l  f u e l s .  Now t h e  r a t e  of energy 

consumption f a r  exceeds t h e  r a t e  of supply ;  t h e  prime de terminant ,  then  i n  

dec id ing  t h e  a t t r a c t i v e n e s s  of a  new a l t e r n a t i v e  Source is t h e  r a t e  a t  

which i t  can  be produced. Th i s  imp l i e s  t h a t  energy.balance f o r  a  pa r t i cu -  

l a r  p roces s  i s  f avorab le ,  t h a t  is, t h e  amount of u s e f u l  energy produced 

exceeds t h e  energy expended dur ing  product ion.  

The pho tosyn the t i c  product ion of energy has  p a r t i c u l &  appea l  because 

i t  i s  t h e  most b a s i c  of energy-s tor ing  and l i f e - suppor t ing  processes .  One 

of t h e  major problems, however, is  t h a t  s o l a r  energy, a l though v i r t u a l l y  

i n f i n i t e  i n  t o t a l  c a p a c i t y ,  s t r i k e s  t h e  e a r t h  a t  a  very  low f l u x ,  about  1 .6  

2  
o r  less g r  cal /m /min., hence r e q u i r i n g  ve ry  l a r g e  c o l l e c t i o n  systems f o r  

cap tu r ing  t h e  r equ i r ed  energy. The o t h e r  major problem is t h a t  photosyn- 

t h e t i c  convers ion  e f f i c i e n c e s  a r e  very  low, and under t h e  most i d e a l  con- 

d i t i o n s  t h e  most e f f i c i e n t  p l a n t s  can  conver t  a t  b e s t  about 10-12% of v i s i b l e  

s o l a r  r a d i a t i o n  t o  s t o r e d  chemical energy a s  organic  ma t t e r  (Radmen and Kok, 

1977).  I n  r e a l i t y ,  photosynthe t ic  conversion e f f i c i e n c i e s  of  thermal  t e r r e s -  

t i a l  and a q u a t i c  systems a r e  cons iderably  lower,  and seldom exceed 1-2%, p r i -  



mar i ly  because o t h e r  f a c t o r s  such a s  l i g h t  a v a i l a b i l i t y ,  n u t r i c n t s , . w a t e r ,  

e t c .  a r e  l i m i t i n g .  I n  f a c t ,  i t  i s  es t imated  t h a t  only about 0.1% of t h e  

s o l a r  energy s t r i k i n g  t h e  e a r t h  i s  converted t o  o rgan ica l ly  bound energy 

i n  t h e  form of p l a n t  m i t e r i a l  (Hal l ,  1976). 

Therefore ,  i t  i s  t h e  prime'goal of any bioconversion scheme t o  naxi-  

k i z e  p o s s i b l e  pho tosyn the t i c  e f f i c i e n c i e s  and r e s u l t i n g  y i e l d s  by forci l lg 

t h e  on ly  u n c o n t r o l l a b l e  growth f a c t o r ,  l i g h t ,  t o  be l imi t ing .  Th i s  means 

t h a t  a l l  t h e  r equ i red  n u t r i e n t s  f o r  growth'must be supplied i n  excess. 

A q u a t i c  plants,  pr imar i ly  micro- and macroalgac, a r c  among t h e  n o s t  

e f f i c i e n t  conver te r s  of r a d i e n t  energy, and conversion e f f i c i e n c i e s  under 

l a b o r a t o r y  c o n d i t i o n s  w i t h  low inc iden t  r a d i a t i o n  have been repor ted  t o  be 

ca,. .20% (Shelef 'et az., 1968). I n  a d d i t i o n ,  'al.ga1 c u l t u r e s  can, i n  theory,  
, . 

be maintained i n d e £ i n i t c l y  and thus  a r c  not  dependent on seasonal  growth. 
. . ' . .  

For t h e s e  reasons  mass a l g a l  c u l t u r e s  a r e  being considered a s  candidate  

b ioconvers ion  systems i n  t h e  ERDA Fue l s  From Biomass Program (Ward, 191'7).  

The potenti .al  a p p l i c a t i o n s  f o r  a l g a l  c u l t u r e s  a r e  widespread a s  seen 

i n  Fig .  1. Ear ly  i n t e r e s t  i n  a l g a l  mass c u l t u r i n g  centered around the  possi-  

b i l i t y  of  conver t ing  s ing le -ce l l ed  a l g a e  t o  hurnan, and/or animal, p r o t e i n  

, . 
supplements (Burlew, 1953) u n t i l  W. J .  Oswr~ld and covorlcers a t  t h e  Univer- 

s i t y  of C a l i f o r n i a  Eerkley expanded on t h i s  theme by demonstrating t h a t  

a l g a l  systems could be used f o r  t r e a t i n g  wastewater (Osr~ald et at., 1957) 

and yrodiicing methane v i a  s o l a r  encrgy convcrsj.on and anaerobic d i g e s t i o n ,  

a s  seen i n  Fig .  1 (Oswald and Golueke, 1960). 

The l a t t e r  conccpt h a s  been suggested a s  a  dual-functioning process  t o  
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s imul taneo~ts ly  t r e a t  wastes  and produce energy (Benemann et az., 1977). 1 

Howevek, as shown by Foldman and Ryther (1977), on a n a t i o n a l  l e v e l  t h e  

n u t r i e n t s  a v a i l a b l e  from t o t a l  U.S. domestic waste water  d ischarges ,  even 

when comple te ly 'conver ted  t o  a l g a l  biomass, would rep resen t  j u s t  a  small  

f r a c t i o n  of t h e  t o t a l  n u t r i e n t s  r equ i red  f o r  bioconversion. For example, 

t o  produce 1% of t h e  U.S. energy demand projec ted  i n  1980 would take a 

popula t ion  equivalent  of  1 b i l l i o n  t o  meet t h e  n i t rogen  requirements i n  

t h e  bioconversion scheme depic ted  i n  Fig. 1 (Goldman and Ryther, 1977). 

A s  suggested by Goldman and g it her (1977) and 'shown i n  Fig. 2 ,  any 

, l a r g e - s c a l e  a l g a l  bioconversion process  w i l l  have t o  inc lude  some form of 

n u t r i e n t  r e c y c l e  t o  be energy and economically e f f i c i e n t .  The open type 

bioconversion scheme i n  which n u t r i e n t s  and water  'are continuously sup- 

p l i e d  from a n  e x t e r n a l  source and even tua l ly  wasted i s  uneconomical and 

may not  be  p o s s i b l e  due t o  a  l a c k  of a v a i l a b l e  n u t r i e n t s .  Thus, e i t h e r  

t h e  semi-closed scheme i n  which n u t r i e n t s ,  and poss ib ly  water ,  a r e  re- ' 

cycled a f t e r  t h e  methane conversion s t e p ,  o r  t h e  completely c losed scheme 

i n  which bo th  n u t r i e n t s  and water a r e  recycled,  w i l l  havt! t o  be  employed 

. i f  b ioconvers ion  is t o  make a v i a b l e  con t r ibu t ion  t o  U.S. energy supp l i e s .  

The t h r e e  primary n u t r i e n t s  r equ i red  f o r  a l g a l  growth a r e  t h e  inor-  

ganic  forms of carbon, n i t rogen ,  and phosphorus. The requirements f o r  

t h e s e  11uLr i e i l t s  by a lgnc  a r c  reasonably known and t.hr s t o i c h i o n e t r i c  re- 

l a t i o n s h i p  between them i s  o f t e n  repor ted  a s  C N P a f t e r  t h e  work of 106 15 1' 

Redfield (1958), i n  which i t  was shol-m t h a t  t h e  chemical composition of 

mnrine phy~oplank ton  was t.ypica1Iy i n  these  propor t ions .  flowever, i t  is  
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now w e l l  e s t a b l i s h e d  t h a r  t h i s  chemical r a t i o  i s  achieved only under cer- 

t a i n  environmental cond i t ions  and t h a t  t h e  propor t ions  of phosphorus and 

n i t r o g e n  i n  an  a l g a l  c e l l  can deviat 'e widely from t h e  above s to ich ioncf ry  

when l i m i t a t i o n  by one o r  t h e  o t h e r  n u t r i e n t s  e x i s t s  (Perry,  1976). I n  

r e c e n t  worlc i n  t h c  a u t h o r ' s  l abbra to ry  ' i t  was demonstrated t h a r  under . . 

phosphorus-limited growth of t h e  maririe chrysophyte fif~rwchusis Zut-hz-A 

' i n  continuous c u l t u r e  t h e  C/P a'nd N/P r a t i o s  (by atoms) va r ied  from over 

1000 and .100:1 a t  low growth r a t e s  ( t h e  region of. severe  phosphorus l i m i -  

t a t i o n )  t o  CB. 100 and 1 0 : l  a t  95% of t h e  maximum growth r a t e  ( the  rcgion 

of non-nutrient  l i m i t a t i o n )  (Fig. 3 ) .  Hence, i t  is c l e a r  t h a t  under non- 

n u t r i e n t  l i m i t a t i o n  t h e  Redf ie ld  equat ion of C N P i s  a good approxi- 
106 1 5  1 

mation of t h e  chemical composition of a l g a e  s i n c e  t h e  chemical r a t i o s  of 

d i f f e r e n t  a lgae ,  both f r e s h  water  and marine, appear t o  vary i n  t h e  same 

propor t ions-  

F o r t u i t o u s l y ,  these  a r e  p r e c i s e l y  t h e  condi t ions  t h a t  a r e  achieved 

i n  a l g a l  mass c u l t u r e s  when l i g h t  is  made t h e  l i m i t i n g  growth f a c t o r .  

  he requirements f o r  carbon, n i t r o g e n  and phosphorus i n  a l g a l  mass cul- 

t u r e s  can then be  es t imated f a i r l y  simply. Assuming t h a t  carbon repre- 

s e n t s  about 50% of t h e  organic  mat te r  i n  a lgae  (with a heat  of combustion 

of ~ 5 . 5  c a l / g r  of ash-f ree  dry  weight) (Goldman et aZ., 19721, t h e  n i t r o -  

gen and phosphorus requirements i n  one gram of ash-free a lgae  would be 

0.5 x (15/106) = 0.07 g r  f o r  n f t rogen  and 0.5 (1/106) = 0.005 g r  f o r  phos- 

phorus. The t o t a l  requirements f o r  these  two n u t r i e n t s  could then be 

calculated by mul t ip ly ing t h e  above u n i t  va lues  by t h e  t o t a l  y i e l d  of a lgae  



a n t i c i p a t e d ,  providing a  5-10% excess t o  ensure  t h a t  n e i t h e r  n u t r i e n t  ever  

+ becomes l i m i t i n g .  Nitrogen would be suppl ied  as NH o r  NO- and phosp.horus 
4 3 

-3 
a s  .,PO 

4 -  
I f  t h e s e  n u t r i e n t s  were t o  be recycled  from . t h e  anaerobic diges-  

t i o n  p o r t i o n  of a  bioconversion process  a s  depic ted  i n  Fig. 2 ,  then i t  

would b e  necessary  t o  ensure  t h a t  s u b s t a n t i a l  ox ida t ion  of t h e  d iges ted  

r e s i d u e  conta in ing t h e  recycled  n i t rogen  and phosphorus occurred before  t h e  

n u t r i e n t s  were added back i n t o  t h e  a l g a l  growth system. 

The requirement f o r  inorganic  carbon i s  a  f ax  more complex problem, 

however. Even though t h e . a c t u a 1  q u a n t i t i e s  of organic  carbon produced v i a  

photosynthes is  can be  c a l c u l a t e d  i n  t h e  same manner a s  above, t h e  t o t a l  

amount of inorganic  carbon requi red  i s  much more d i f f i c u l t  t o  c a l c u l a t e .  

Th i s  is because inorganic  carbon is d i s t r i b u t e d  among t h e  chemical s p e c i e s  

-2 
Co2  (aqueous), B CO IICO; and C03, i n  an exceedingly complex chgmical e q u i l i -  

2 3 

brium system wh:ich i s  c o n t r o l l e d  by two parameters,  a l k a l i n i t y  and pll. I n  

n a t u r a l  f r e s h  and marine waters  t h i s  chemical system c o n s t i t u t e s  t h e  main 

b u f f e r i n g  system; l o s s e s  of inorganic  carbon through photosynthesis  r e s u l t  

i n  t h e  d e s t r u c t i o n  of buf fe r ing  capac i ty ,  leading t o  a  r i s e  i n  p11, which 

can adverse ly  a f f e c t  a l g a l  growth i n  a  number of ways (Goldman 1973). 

Normally, t h e  t r a n s p o r t  of C02 froin t h e  atmosphere cannot keep pace 

wi th  a l g a l  a s s im2la t ion  of CO dur ing i n t e n s e  a l g a l  growth and a r i s e  i n  2 

pH t o  over 10  is no t  uncommon i n  eut rophic  n a t u r a l  waters  and mass c u l t u r e  

systems (Goldman a t  aZ., 1972). Thus, i n  a l g a l  mass c u l t u r e s ,  t o  avoid 

t h e  combined problcnls oE inorganic  carbon l i m i t a t i o n  and plI rise, inorgan ic  

carbon a s  gaseous carbon dioxi.de i s . u s u n l l y  suppl ied  v i a  some a e r a t i o n  

scheme o r  by c r e a t i n g  sufficient turbul.cnce s o  that: s u f f i c i e n t  C02 can be 



t r a n s f e r r e d  from t h e  atnlosylirr!. Pli.xiug can, t o  some degree,  enllance CO 
2 

t r a n s p o r t  from t h e  atmosphere, bu t ,  because of t h e  very low concentra t ion  

of CO i n  t h e  atmosphere (0,03%), t h e  t r a n s p o r t  g rad ien t  is always small  
2 

and CO mass . t r a n s f e r  is , i n e f f e c t i v e  u n l e s s  very tu rbu len t  mixing is em- 
2 

golyed,  However, mixing is req; i red . : in .a lga l  mass c u l t u r e s  f o r  s e v e r a l  

o t h e r  reasons:  t o  prevent  s e t t l i n g , a n d  subsequent decay of o rgan ic  ma t t e r  

t o  prevent  thermal s t r a t i f i c a t i o n ,  t o  break down d i f f u s i o n  g r a d i e n t s  of 

e s s e n t i a l  n u t r i e n t s  which could develop n t " t h e  c e l l  s u r f a c e  i n  v e r y  in- 

t e n s e  mass c u l t u r e s  ( t h i s  is  p a r t i c u l a r l y  of seaweeds which a r e  l a r g e  

c e l l s  and have long  d i f f u s i o n  pa ths ) ,  t o  prevent epiphyte  bui ldup on t h e  

s u r f a c e  of . seaweeds ,  and most important ,  t o  provide uni form.cel l  exposure, 

t o  l i g h t  s i n c e  se l f -shading of c e l l s  e x i s t s  i n  t h i c k  c u l t u r e s .  

The technology and r e s u l t i n g  economics of providing adequate C02 and 

mixing i n  a l g a l  mass c u l t u r e s  is amazingly undeveloped cor~siderinp;  the  sub- 

s t a n t i a l  r e s e a r c h  e f f o r t  now undengay t o  mass c u l t u r e  va r ious  f reshwater  

and marine a l g a e  f o r  bioconversion a p p l i c g t i o n s  (Ward, 1977).  The problem 

of d e l i n e a t i n g  t h e  requirements fo r  carbon d iox ide  is exceedingly d i f f i c u l t  

and t h e  major q u e s t i o n s  s t i l l  t o  be addressed a r e  t h e  . r e l a t i v e  . . importance, 

of mixing ( f o r  so.lving non-carbon r e l a t e d  probl.ems), pH . c o n t r o l ,  and quan- 

t i t y  and source  of inorg:inic carbon necessary for  maximizing algal y i e l d s .  

Therefore ,  the major o b j e c t i v e  of t h i s  proposal  i s  t o  address  t h e  ques t ion  of 

i.norgnrri.c carbon supply t o  a l g a l  lnass c u l t u r e s  p r imar i ly  from a s c i c n t  i f  i c  

basis. 1Jitl1. a  f i rm'  undcrl; t:indine of the  chemicnr-biological i n t e r a c t  i o n s  

involved i n  carbon avaj.l .abi.li ty, r a t i o n a l  clecisions can be  made regarding 
. . 



t h e  engiriee'ring design of carbon dioxide  supply systems,.for large-scale 

outdoor' c u l t i v a t i o n  Gstems. . . 

2: ' ' Inorganic  Carbon Trnnsformatiohs i k t h e  Aquatic Environment : inorganic 

carbon ' u t  i l i z a ~ i o n  by pho tosyn the t i c  .d'rganisms.' s i g n i f i c a n t l y  in£  luences t h e  

cyc l ing  of carbon i n  t h e  a q u a t i c  environment by a l t e r i n g  t h e  composition o f  
- 

t h e  chemical' spkd'ies- i n  t h e  CO -H 'CO -HCO- CO-' system, * a  major component of 2 2 3  3 - 3  

t h e  buf fe r ing  system of most n a t u r a l  f r e s h ' w a t e r s  (Weber and Stumm', .1963a, 

1963b). Although equi l ibr ium c o n s t r h i n f s  control '  t h e  t o t a i  . inorganic carbon 

a v a i l a b l e  f o r  a l g a l  growth, k i n e t i c  r e s t r a i n t s  p lay  a dominant r o l e  i n  r e p -  

l a t i n g  t h e  ins tantaneous  supply of inorganic  carbon from t h e  CO 2  - H2C03 - 
- 

HCO; - CO-. sysiein, ' from the.  a t m o ~ i h e r e ,  and from b a c t e r i a l  and o the r  hetero- 3 
. , . . t roph ic  a c t i v i t y ;  , . 

, . . . ~ a s i c ' ~ e 1 a t i o n s h i p s  ' . . . . 

- 
The C O i  - ~ ~ 6 0 ;  - 11~0;- CO' 3 sys tem is governed by t h e  content ,  ;of atmos- 

p l l r ~ i c  C02 and t h e  tbral a l k a l i n i t y  bf a  water ,  and =an b e  described by t h e  

fo l lowing equi l ibr ium express ions  (al l '  c o n s t a n t s ,  used , t o  d e s c r i b e .  t h e  CO 2  - 
- 

H2C03 - 1ico.i - CO- system a r e  t h e  most widely accepted values ,  a s  presented 
3  

. . 

i n  t h e  comprehensive review by Kern (1960): 

+ - .  + 
11 0  1-= H + OII ; 2 

Kw = (fl )(OH-) = 10-l4 @ 25Oc . . : 
. . 

--- 
*Parenthesis  i n d i c a t e  m o l e s / l i t e r  . . 



(2)  S o l u b i l i t y  o f  CO i n  N20' ' 

2 
L CO, (gas)  , C02 (aq) ; C02 = kCO2 P . . . . . . . . .. . (2). .. 

C02 
. . ? - . , . . , : 1,'. > 

i n  which * I 

= 10-1-5 
kco2 moles/atmospher& @ 2 5 ' ~  

= for t y p i c a l  a tmnspheric  a i r  
P ~ ~ a  

(3) Hydra t ion  of CO2 
(CO2) 

Go2 (as) + Hzn N2C03; Kc, 7 7ii-m 2 6 0 0 .  . . . . . . , (3) 
2 3 

Because a t  e q u i l i b r i u m  (CO ) i s  much g r e a t e r  t l lan (112~03), t h e  r e a c t i o n  2 

(H CO ) *  = (H2C03) + (C02) (aq) can  b e  cons idered  valid and (112COj)* w i l l  
2 3 

h e r e a f t e r  be cons ide red  t o  b e  equa l  t o  t h e  sum of t h e  de l~ydra t cd  and hydra ted  

£ o m s  o f  C 0 2 .  

(4)  F i r s t  i o n i z a t i o n  o f  (II2ClJ3) * 
- , (I?) (HCO;) 

H,CO * + H+ + HCO - 4.45 x lob7 @ 25Oc 
L 3 3; = Ti3. - 

i n  which 
* 

KJ l1: Apparent d i s s o c i a t i o n  c a e f l l c i e n t  
. . . -  . 

( 5 )  second i d n i z a t i o n  of  ( ~ I ~ c o ~ ) *  

( 6 )  T o t a l  a l k a l i n i t y  of  most n a t u r a l  w a t e r s  ( i n  equiv.  / l i t e r )  

' T o t .  A l k .  (ALK) =(IICO;) -I- 2 ( ~ 0 ; )  + (OH-) + (8113) 
. . - + + (a2po;) + 2 (HPO~) + 3 (PO;) + B (OH); - (H ) . . . . . . ( 6 )  

-1- - 4 
(I?) can  b e  ncg lcc t ed  f o r  ( H  ) <10 (pH 4 )  



Tlle molar coi~cer l t ra t ion  of a l l  t h ree  carbon spec.ies malting up t h e  

.equi l ibr ium ..system can be descr ibed i n  'terms of t h e  pH and a l k a l i n i t y  of  

a  given system by t h e  fol lowing equat:tons: 

. . . . . . . . . . . . .  C~ = (112C03)* + (11~0;) + (co;) (7) 

i n  which 

C~ 
= T o t a l  molar concen t ra t ion  of inorganic  carbon 

The concen t ra t ions  of t h e  t h r e e  spec ies  can a l s o  h e  expressed a s  a ' f u n c -  

t i o n  of t h e  t o t a l  inorganic  carbon concen t ra t ion  . (C . T  ' )  and t h e  pH (independent 
. . 

of a l k a l i n i t y  concentra t ion)  .by equat ions  s i m i l a r  t o  Equations 8-9. 



i n  which 

4 0  = (H2C03) */c, 

d l  = (HCO;) /CT 

Thus, 

For s i m p l i c i t y  a c t i v i t y  e f f e c t s  a r e  n o t  cons ide red  i n  t h e s e  equa t ions ,  

b u t  c a n  e a s i l y  b e  i nc luded  and f o r  seawater  arc s u b s t a n t i a l  and must be con- 

sidered, 

A d i s t r i b u t i o n  diagram based upon Equat ion 7 and Equat ions  11-13, show- 
! - 

i n g  t h e  r e l a t i v e  p r o p o r t i u r ~ s  oL' a l l  t h r e e  s p e c f c s  os n ~ U I I C L ~ O I ~  of pll ( indc - 
, . 

pendent  of  a l k a l i n i t y  c o n c e n t r a t i o n ) ,  i s  p re sen t ed  i n  F ig .  4 .  

Equ i l i b r ium -- - - -- w i t h  - Atmospheric CO 2 

When t h e  H2C03* - HCO- - CO= i s  i n  e q u i l i b r i u m  w i t h  a tmospher ic  CO 
3 3  2 ' 

t h e  c o n c e n t r a t i o n  of  f r e e  CO i n . s o l t ~ t i o n  rcrnains c o n s t a n t  f o r  a l l  pH va lues ,  
? .  

w h i l e  t h e  c o n c e n t r a t i o n  of t h e  b i ca rbona te  and ca rbona te  s p e c i e s  changes a s  a 



f u n c t i o n  of t h e  t o t a l  carbon a l k a l i n i t y .  

Tbe equi l ibr ium pH of a  n a t u r a l  water  can be  described by combining 

and rea r rang ing  Equations 1 through 6. The fol lowing equations,  developed 

by Weber and S t u m  (1963a) and by Thomas and T r u s s e l l  (1970), show t h i s  re- 

l a t  ionship:  

2 (ALK) . . . . . . . . . . . .  (16) 1 

These equat ions  desc r ibe  s i t u a t i o n s  i n  which t h e  s o l u t i o n  C02 concentra- 

t i o n  is i n  equ i l ib r ium with atmospheric C O ~ - - s i t ' u a t i o n s  r a r e l y  encountered, 

a s  most n a t u r a l  waters  i n  con tac t  wi th  t h e  a i r  a r e  supersa tura ted  wi th  C02 
. > >  

( S t u k ,  1964). ' Morton and Lee (1968a) showed t h a t  theruial s t r a t ' i f  i c a t i o n  

p l a y s ' a n  important  r o l e  i n  mainta in ing v e r t i c a l  CO g r a d i e n t s  i n  some n a t u r a l  2  

waters .  Higher C02 concen t ra t ions ,  and correspondently lower pH va lues ,  a r e  

found nea=er  t h e  bottom where b a c t e r i a l  a c t i v i t y  pfedoniinantes.' Hutchinson 
- 

(1957) e x t e n s i v e l y  descr ibed t h e  H CO * - HCO; - CO- equi l ibr ium system i n  
2  3 3  

l a k e s  and s i m i l a r l y  suggested t h a t  n a t u r a l  water  'bodies a r e  o f t e n  supersa tu ra ted  

wi th  C02. Cont inual ly  occurr ing  complex i n t e r a c t i o n s ,  such a s  b i o l o g f c a l  

a c t i v i t y  and heterogeneous chemical r e a c t i o n s ,  g r e a t l y  a f f e c t  the C02 con- 

c e n t r a t i o n  prrsenL i n  a  water  body (Hutchinson, 1957). That most n a t u r a l  



FIGURE 4, ' E F F E C T  O? FH CS. D I S T R I B . U T X O N  OF I K O R W Y X C  .CARBON 
SPECIES IN i 5 C Q 3 f :  - HCO; - CO= 3 SYSTEk 



P1[CUu 5. EFtXCT OF ALKALLNLTY O N  EQUILIBRIUM pH IN AQUATIC 
SYSTEM EXPOSED TO THE ATP'DSPtlERE (COZ = 0.03%). 
FROM Ti1ObL4S AND TRUSSELL (1370). 



w a t e r s  a r e  supersa tu ra ted  w i t h  CO can r e a d i l y  be  seen from a  p l o t  of 
2  

Equatidn 16 shown i n  Fdg. 5 (Thomas and T r u s s e l l ,  1970). A l l  combinations 

of  pH and a l k a l i n i t y  f a l l i n g , a b o v e  t h e  equi l ibr ium curve demonstrate under- 

s a t u r a t i o n ,  whereas those  va lues  below t h e  curve i n d i c a t e  supersa tu ra t ion .  

A s  an example, f o r  a  water  wi th  5 ica rbona te  a l k a l i n i t y  of 100 mg/R a s  

CaCO equilibri.um would be reached a t  a  pH of  about 8.6. As w l P l  Ire 3 

demonstrated i n  a l a t e r  s e c t i o n ,  very few n a t u r a l  waters  wi th  t h i s  con- 

c e n t r a t i o n  of a l k a l i n i t y  achieve  such a  high pH except during i n t e n s i v e  

algal a c t i v b t y .  

With re spec t  t o  C02 equi l ibr ium i n  t h e  oceans, t h e  P a c i f i c  Ocean is 

s a i d  t o  be undersa tura ted  t o  a  l a r g e  degree,  whereas t h e  Indian Ocean and 
. .. 

t h e  South A t l a n t i c  near  t h e  equator  a r e  s a i d  t o  be  supersa tbra teh  (Horne, 

1969).  Keeling (1968) developed a map of t h e  su r face  d i s t r i b u t i o n  of C02 

i n  t he  oceans, showing s u p e r s a t u r a t i o n  a t  t h e  equator  and undersa tura t ion  

toward t h e , p o l e s .  Kel ley  and Hood (1969) repor ted  t h a t  CO concen t ra t ions  
. 2  

i n  t h e  North P a c i f i c  Ocean and t h e  Bering Sea a r e  g r e a t l y  a f f e c t e d  by cur- 

r e n t s  and r i v e r  d i scharges .  The s u p e r s a t u r a t i o n  wi th  d issolved C02 a t  t h e  

e n t r a n c e  t o  Puget Sound i n  Washington was equivalent  t o  an atmospheric CO 2 

concentrat i .on of 0.09 pe rcen t .  Park a t  a t .  (1969) showed t h a t  t h e  d i s so lved  

CO concen t ra t ion  of t h e  Columbia River was g r e a t l y  i n  excess of equ i l ib r ium 
2  

v a l u e s .  Other r i v e r s  i n  t h e  region d isplayed a  s i m i l a r  c h a r a c t e r i s t i c  (Park 

st aZ., 1970). 

CO Transport From t h e  Atmosphere -2..--- - -- 

The r a t e  of CO exchange between t h e  atmosphere and a n a t u r a l  water  is 
2  



. . .  
governed by t h e  pH and a l k a l i n i t y  (Equat ion  16 and Fig.  5) .  The main d r iv -  

i n g  f o r c e  i n  CO exchange i s  t h e  d i f f e r e n c e  between atmospheric  and aqueou's 2 
. . 
CO ~ ' o n c e n t r a t i ~ n s . ' .  Only when t h e  w a t e r '  i s  unde r sa tu ra t ed  w i t h  respec t '  t o  2 

CO ( a s  t e p r e s e n t e d  by t h e  r e g i o n  above t h e  curve i n  Fig.  5) can  C 0 2 e n t e r  2 

t h e  water  from t h e  atmosphere.  'Hence, CO t r a n s p o r t . i n t o  a n a t u r a l  wa te r  2  

becomes i n c r e a s i n g l y  impor tan t  a s  t h e  pH r i s e s  f o r  a  g iven  a l k a l i n i t y .  

The r a t e  of  CO t r a n s f e r  a c r o s s  a  gas- l iqu id  i n t e r f a c e  is  desc r ibed  
2 

by F i c k ' s  law: 

i n  which 
. . 

dC/Adt . . = CO f l u x  a c r o s s  t h e  gas - l i qu id  i n t e r f a c e  i n  mass of  i no rgan ic  
2  

carbon ( a s  CO ) t r a n s p o r t e d  p e r  u n i t  t ime. 2 

K = Trans fe r  c o e f f i c i e n t  i n  d i s t a n c e  pe r  u n i t  t ime. 

%,, = Res i s t ance  t o  t r a n s f e r  1 s p e c i f i c  f o r  a g iven  l i q u i d  

and g iven  hydrodynamic cond i t i ons .  ( .  : . ' 
AC = Dif fe rence  i n  carbon cw:,ncentrat ion (ac CO ) betweeu t h e  gas 2 

and l i q u i d  phases  i n  mass p e r  u n i t  volume. 

The r a t e  of t r a n s f e r  is  dependent no t  on ly  on t h e  main d r i v i n g  f o r c e ,  

&, b u t  a l s o  on t h e  v a l u e  of , whose v a l u e  i n c r e a s e s  a s  l i q u i d  tu rbu lence  

dec reases ,  and approaches a maxtmu,m as  t h c  water  appruaches s t a g n a t i o n .  

The r a t e  of C02  t r a n s p o r t  is complicated by t h e  r e a c t i o n  of  CO (aq) 2 
- 

with HCO; and CO;, because  a tmospher ic  CO d i s s o l v i n g  i n  water  c o n t a i n i n g  
2 

- - 
b ica rbona te  a l k a l i n i t y  e q u i l i b r a t e s  w i t h  the  H , C O  - HC03 - CO- system. 

L 3 3 



Co2(aq) may d i sappear  on e n t e r i n g  t h e  'system and t h e  d r iv ing  f o r c e ,  .AC, w i l l .  

be l a r g e r  than i f  CO was nonreact ive .  'Th i s  enhancement only occurs  when 2 
: , :. 

t h e  CO t r a n s p o r t  r a t e  is slower than  t h e  C02 r e a c t i o n  r a t e  between EO 2 2  

and e i t h e r  HCO; of  CO= The va lue  of determines t h e  cond i t ions  t h a t  3 ' 't . 
govern t h e  added coneributiuri  of C02 r c n c t i v i t , y .  Rol,in (1960), Kanwisher 

(1963), Hoover and Berkshi re  (i969), and quinn and BLLu (1371) a e n c r n l l y  

conclude t h a t  a t  t h e  pH of s e a  water (% 8.1) ,  and with t h e  turbulence  u s u a l l y  

p r e s e n t ,  C02 chemical r e a c t i v i t y  play a  r e l a t i v e l y  minor r o l e .  However, i n  

n a t u r a l  f r e s h  waters, p a r t i c u l a r l y  those l a k e s  protec ted  a g a i n s t  wind a c t i o n ,  

t h e  v a l u e  f o r  RL i s  undoubtedly much h igher  than in t h e  oceans, and chemical 

r e a c t i v i t y  may p lay  an  important r o l e  i n  providing CO from t h e  atmosphere. 
. 2.:, 

I n  an a l g a l  growth s i t u a t i o n  t h e  uptake of inorganic  carbon provides  

an a d d i t i o n a l  mechanism by which C02 Lcanspart i n t o  the  l j q r ~ i d  phase can 

be enhanced. The uptake Of CO b y  a l g a e ,  l i k e  CO r~artiviry, tel~cls t o  kccp 2 .  2 , -  

AC high,  p a r t i c u l a r l y  a t  high pH v a l u e s  a t  which so lu t ion- f ree  C O ~  concenlla-  

t i o n s  a r e  small .  Schindler  (1971) r epor ted  t h a t  atmospheric CO provided 
F 2  

between 73-200 percent  of t h e  inorgan ic  carbon u t i l i z e d  b y  a l g a e  J u r i n g  n 

bloom per iod  a t  h igh pH i n  a n  e x p e r h e u t a l  Canadian Shield l ake .  This  f ind-  

ing  supported Sch ind le r  's hypu thesis t h a t  carbon i s not a l i . m i t  i n g  n u t r i e n t  
1 

i n  n a t u r a l  waters ,  because even though t h e  l ake  was extremely low i n  i i ~ o r -  . . . . 
ganic  carbon and was f e r t i l i z e d  with a d d i t i o n a l  phospl~orus and n i t r o g e n ,  

atmospheric carbon provided enough carbon . . for a hl.oom t o  develop. Thus, i t  

appears  t h a t  under c o n d i t i o n s  of high pH, low a l k a l i n i t y ,  and i n t e n s e  a l g a l  

a c t i v i t y ,  atmospheric C02 can supply s u b s t a n t i a l  q u a n t i t i e s  of  CO f o r  a l g a l  
2  



growth. T h i s  f i n d i n g  is  d r a m a t i c a l l y  opposed t o  t h e  views of Lange.(1967., 

1970) and Kuentzel  (1969), who comple te ly  r e j e c t  a tmospheric  C02 a s  a  majar  , 

s o u r c e  o f  carb0.n f o r  a l g a l  growth. , . . . 

'b 
, . . . 

A l k a l i n i t y  and ~ u f  f e r i n g '  - Capaci ty  : . 
The o p e r a t i o n a l  d e f i n i t i o n  of a l k a l i n i t y  f o r  most n a t u r a l  wa te r s ,  de-' 

f i n e d  by Equat ion 9 ,  imp l i e s  t h a t  t h e  H CO * - HCO; - CO= system is t h e  
2 3 3 

. , 

rhajor b u f f e r i n g  system of f r e s h  w a t e r s . .  I n  s e a  water  suspended s i l i c a t e s  

and, t o  a l e s s e r  e x t e n t  b o r a t e s ,  a r e  c o n t r i b u t o r s  t o  t h e  a l k a l i n i t y  and' huf- 

f e r i n g  c a p a c i t y  ( S i l l e n ,  1961; G a r r e l s ,  1965).  Fresh  wa te r s  normally con- 

t a i n  q u i t e  low c o n c e n t r a t i o n s  o f  t h e s e  c o n s t i t u e n t s ,  as w e l l  a s  o t h e r  weak 
. . 

b a s e s  such  as i h o s h h a t e s  and ammonia, which could a l s o  c o n t r i b u t e  t o  a ' w a t e r v s  
. . 

t o t a l  a l k a l i n i t y .  

Thus, t h e  apparent  major b u f f e r i n g  system of a f r e s h  water  is  composed 
- 

of  th.& H2C03* - HCO; - CO- system. However, t h e  homogenous H CO * - HCO; - 
3. 2  3 - 

CO- b u f f e r i n g  system, a l though an  impor tan t  component of  t h e  o v e r a l l  bu f f e r -  
3 

i n g  c a p a c i t y  o f  a  n a t u r a l  water ,  i s  i t s e l f  g r e a t l y  a f f e c t e d  hy t h e  compli. 

c a t e d  network of heterogeneous and b i o l o g i c a l  r e a c t i o n s  c o n t i n u a l l y  o c c u r r i n g  

i n  t h e  a q u a t i c  environment a s  t h e  whole system t e n d s  toward, b u t  seldom reaches ,  

e q u i l i b r i u m  ( ~ e b e r  and ~tumrn, 1963a).  Heterogeneous r e a c t i o n s  i n v o l ~ i n ' ~  s o l i d  
r 

phases ,  such a s  c l a y s  and o t h e r  m i n e r a l s ,  may b e  t h e  p r i n c i p a l  b u f f e r i n g  a g e n t s  
. . 

i n  f r c a h  waters; however, t h e r e  is a d e a r t h  of i n fo rma t ion  i n  t h i s  a r e a  and . 
f u r t h e r  r e s e a r c h  is r e q u i r e d  (Stumm, 1964, 1967; Br i cke r  and G a r r c l s ,  1967; 

. . 
and Bostrom, 1967).  



CaC03 Equil ibrium . . 

AJthough t h e  l i t e r a t u r e  d e a l i n g  w i t h  t h e  pure ly  chemical a s p e c t s  of 

t h e  CaCO equ i l ib r ium i n  . n a t u r a l  wa te r s  i s  extens ive ,  s u r p r i s i n g l y  l i t t l e  3 

a t t e n t i o n  has  been given t o  t h e  r o l e  of  CaCO i n  phytoplankton a c t i v i t y .  
3  

The chemistry of CaCO i s  extremely complex. CaCO e x i s t s  i n  a  number of 
3  3 

polymorphic and hydra ted  forms, though t h e  two p r i n c i p a l  forms found i n  

.thc cediments l lnderlying n a t u r a l  waters a r e  c a l c i t e  and a r a g o n i t e  (Bricker 

and Gar re l s ,  1967). Many n a t u r a l  wa te r s  a r e  supersa tu ra ted  both  wi th  res-  

pec t  t o  c a l c i t e  and a r a g o n i t e  (Bricker and G a r r e l s , 1 9 6 7 ) ,  and many a r e a s . ,  

o f  t h e  oceans a r e  i n  equ i l ib r ium w i t h  c a l c i t e  (Weyl, 1961; Schmalz and Chave, 

1963; D i e t r i c h ,  1963; Siever  e t  aZ.). The P a c i f i c  Ocean i s  unsatura ted  with 

r e s p e c t  t o  c a l c i t e  except  a t  i ts  s u r f a c e  (Peterson,  1966); i o n ' p a i r  formation, 

p a r t i c u l a r l y  between magnesium and carbonate  i o n s ,  s t rong ly  in f luences  CaC03 

equ i l ib r ium j.n this and o t h e r  ocean wa te r s  (Plortorl and Lee, 1968b). 

I n  n a t u r a l  f r e s h  wa te r s  CaCO s a t u r a t i o n  is  not as commori 8a insucrrar~ 3 

waters .  Kramer's (1967) s t u d i e s  of CaCOj formation i n  t h e  Great Lakes ind i -  

c a t e d ,  t h a t  f o r  the  observed temperatures,  vaeers i l l  Lake Eric and Lake Orltarlo 

a r e  mostly unsatura ted .  Morton and Lcc (1968a) found Lake Mendota i n  Wisconsin 

to be  unsaturated wi th  r eapcc t  t o  CaCO in t h e  bottom l a y e r s  and supersa tura ted  3 

i n  t h e  s u r f a c e  waters .  . 

Weber and Stumm (1963a, 1963b) and K l e i j n  (1965) showed t h e  e f f e c t  of 

heterogeneous equ i l ib r ium between solid CaCO and carbonate s p e c i e s  on t h e  3 

b u f f e r i n g  capac i ty  of a  n a t u r a l  water .  . A  water i n  equi l ibr ium wi th  s o l i d  

CaCO is  considerably  more buffered  than t h e  same water  i n  the'  absence of 
3  



s o l i d  CaC03. It fo l lows t h a t  t h e  water  i n  i t s  heterogeneous n a t u r a l  environ- 

ment i q  more s t rong ly  buffered  than t h e  same water  s tudied  i n  t h e  l abora to ry  

i n  t h e  absence of s o l i d s .  Thus, f a c t o r s  o t h e r  than t h e  homogeneous. H CO *' - 
2 3 

- 
HCO; - CO- system he lp  c o n t r o l  t h e  b u f f e r i n g  capac i ty  of t h e s e  waters ,  and 

3 

f u r t h e r  complicate t h e  r o l e  of s o l i d  CaCO a s  a source  of carbon f o r  t h e  . 
3 

growth of a lgae .  For example, t h e  obse rva t ion  t h a t  marl forming p l a n t s  such 

a s  Charophytes become encrus ted  wi th  CaCO dur ing  growth, and y e t  a r e  dominant .  3 

i n  wa te r s  s a t u r a t e d  wi th  CaCO seems t o  i n d i c a t e  t h a t  a t  l e a s t  some p l a n t s  3 ' 
a r e  a b l e  t o  e x t r a c t  s u f f i c i e n t  C O .  from CaCO satur ,g ted  waters  ( ~ o r s b e r g ,  . 

2 3 

1965).. Thermodynamically i t  would t ake  cons ide rab le  energy t o  cause  t h e  

C02 from s o l i d  phase CaC03 t o  become a v a i l a b l e  f o r  a l g a l  growth without  t h e  

+ 
a d d i t i o n  of H according t o  t h e  fo l lowing equat ions :  

The r e a c t i o n  i n  Equation 19 is  s t r o n g l y  favored t o  t h e  l e f t .  Therefore,  t h e  

u t i l i z a t i o n  of CO would l ead  t o  a r i s e  i n  pH and a c t u a l l y  l ead  t o  a decrease  
2 

i n  a v a i l a b l e  inorganic  carbon f o r  growth; t h e  fol lowing r e a c t i o n  would then 

predominate a t  a pH g r e a t e r  than 6.5.: 

* - -3 
Ca + 2HC03 ,- C02 4- CaCO + H20 

3 

( a l g a l  up take) .  ( p r e c i p i t a t e )  



Hutchinson (1957), applying t h e  f a c t  t h a t  t h e  carbonate i n  n a t u r a l  

l imes tone  con ta ins  no 1 4 C ,  observed t h a t  only a  r e l a t i v e l y  few hard water 

14 l a k e s  have a  lower C con ten t  than t h e  atmosphere. Therefore,  rnost.ofi 

t h e  carbon i n  l a k e  systems is of modern o r i g i n ,  and thus  e n t e r s  t h e  aqua t i c  

system as al lochthnnous  material ' ,  o r  d i r e c t l y  from t h e  a i r ,  and l i t t l e  C02 

would b e  a v a i l a b l e  from CaCO 3 ' 

In t h e  t i m e  span of a  t r a n s i e n t  a l g a l  bloom t h e  s o l i d  phase CaCO sys- 3 

t e m  may n o t  have, any e f f e c t  on t h e  a v a i l a b i l i t y  of carbon, because . the  r a t e  

at which CaCO Roes i n t o  and out  of s o l u t i o n  is  slow a t  pH va lues  t y p i c a l  3 

of  n a t u r a l  waters .  Thus, t h e  maintenance of' t h e  heterogeneous equi l ibr ium 
- 

may not  keep pace wi th  t h e  changes i n  t h e  H CO * - HCO; - CO- system caused 2 3 3 

by photosynthet ic  a c t i v i t y .  Also, o t h e r  f a c t o r s  present  i n  a  n a t u r a l  water  

may a c c e l e r a t e  o r  h inder  CaCO p r e c i p i t a t i o n .  Chave (1965, 1970) and Chave 3 

and Suess (1967, 1970) showed t h a t  o rgan ic  compounds coa t  CaCO. p r e c i p i t a t e s ,  3 

t h u s  preventing t h e i r  r e t u r n  t o  s o l u t i o n  under otherwise f ava rah le  condi t ions .  

Others ,  such a s  Oppenheimer (1961) and Greenfeld (1963), ind ica ted  a c c l e r a t r d  

CaCO, p r e c i p i t a t i o n  i n  t h e  presence of  b a c t e r i a .  Simkiss (1964) showed t h e  
3 

i n h i b i t o r y  e f f e c t  of c e r t a i n  organophosphates on t h e  p r e c i p i t a t i o n  :of CaC03 

i n  3ca water. Eyster  (1958) found a  s i m i l a r  e f f e c t  on CaCO p r e c i p i t a t i o n  
3, 

by inorganic  phosphates. He suggested t h a t  101-mation of marl d e p o s i * . ~  i c  

a s s o c i a t e d  wi th  s o l u t i o n  phosphate d e f i c i e n c i e s .  Stllmm'and Leckie (1970) 

demonstratad the bi . i i lr l~~p of hydroxy lapa t i t e  on s o l i d '  CaCO surfaces., s t r e s s -  
3 

i n g  t h i s  point  a s  a  major f a c t o r  c o n t r o l l i n g  t h e  r e s o l u b i l i z a t i o n  of phosphates 

i n  n a t u r a l  waters .  Paasche (1963, 1964) and Steemann Nielsen (1966) repor ted  



i n  d e t a i l  on t h e  mechanisms governing CaCO p r e c i p i t a t i o n  due t o  t h e  growth 3 

of t h e  mar ine  coccol i thophor id ,  CoccoZithus huxteyi, showing t h a t  HCO- was 
3 

t h e  s o u r c e o f  CaCO and t h a t  CO was t h e  major forrn.of inorganic  carbon'be- 
3  2 

ing  ass imi la ted  by t h e  a lgae  (see  Equation 20). 

Because of t h e  complexity ahd nonequilibrium e f f e c t s  involved i n  solu-  

t i o n  and p r e c i p i t a t i o n ' o f  C ~ C O  s o l i d s ,  t h e i r  r o l e  i n  t h e .  t o t a l  H CO * - 
3  - . 2 3  

HCO; - CO- system wi th  respec t  t o  t h e  a v a i l a b i l i t y  of inorganic  carbon f o r  
3  

. , 

a l g a l  growth is d i f f i c u l t  t o  a s s e s s .  One would surmise t h a t  CaCO s o l i d s  
3  

would have a small  e f f e c t ,  but  f u r t h e r  research is  required  t o  d e f i n e  t h e  

exact  mangitude of i ts  r o l e  i n  providing carbon f o r  a l g a l  growth. 

Reaction Rates -- 

Because most a lgae  use  CO a s  t h e i r  major carbon source,  i t  is  p o s s i b l e  2 

t h a t  t h e  chemical t ransformat ion r a t e s . o f  the ion ic  forms of inorganic  carbon 

t o  f r e e  C02 could be l i m i t  ing f o r  a l g a l  growth. This  concept is a key po in t  

i n  any d i scuss ion  of carbon l i m i t a t i o n s  i n  mass c u l t u r e s ;  y e t ,  t h e r e  is 

almost a  complete absence of information on t h i s  sub jec t  i n  the l i t e r a t u r e .  

I n  t h e  fol lowing s e c t i o n s  t h e  l i t e r a t u r e  on' r a t e s  of conversion of inorganic  

carbon spec ies ,  e s p e c i a l l y  those  involving C02(aq), and t h e  poss ib le  r o l e  of 

carbonic  anhydrase, i s .  discussed i n  r e l a t i o n  t o  a l g a l  growth r a t e s .  

Chemical Reaction Rates.  Kern (1960) reviewed t h e  l i t e r a t u r e  on CO --- 2 

hydraeS.on and dehydrat ion and pointed o u t ' t h a t ,  whereas t h e  r e a c t i o n s  des- 

cr ibed i n  Equations 4 and 5 a r e  r e l a t i v e l y  instantaneous,  t h e  r a t e s  of hydra- 

t i o n  and dehydrat ion of CO (Equation 4) a r e  r e l a t i v e l y  slow: . 
2 



--.A + H2C03 K-- H + HCO;; I n s t an t aneous .  . . . . . . . . . .  (4) 

+ - . HCO; + H + CO-; I n s t an t aneous .  . . . . . . . . . . .  (5) 
. 3 .  

Hood and P a r k  (1962) claimed t h a t  t h e  slowness of  Cot dehydra t ion  

favored  d i r e c t  b i c a r b o n a t e  u t i l i z a t i o n  by c e r t a i n  marine phytoplankton,  

b u t  Watt and Paasche  (1963) and Steemann Nic l sen  (1963) e f f e c t i v e l y  d i s -  

puted t h i s  c l a i m *  

Dehydrat ion of carbon d i o x i d e  can  occur  i n  one of two ways, depend- 

i n g  on  t h e  pH. . F o r  pH v a l u e s  below 8  t h e  r e a c t i o n  desc r ibed  i n  Equat ion  

3  predominates .  A t  pH v a l u e s  g r e a t e r  t han  10,  dehydra t ion  o c c u r s  ' l a r g e l y  

by t h e  fo l lowing  r e a c t i o n  (Kern, 1960): 

Between pH v a l u e s  of  8  and 1 0  b o t h  methods of dehydra t ion  a r e  s i g n i f i -  

cant. Also I n  ~ l l i s  pll range t h c  normal dehydratinn nf He C.O to CQ and ~~0 2 3 2 - -  

i s  ca t a lyzed  by OH- (Kiese  and H a s t i n g ~ ,  1940).  

The r a t e  c o n s t a n t s  f o r  t h e  dehydra t ion  r e a c t i o n  i n  E q u a ~ i o i ~  6  were 

s t u d i e d  i n  d e t a i l  ( F a u r h o l t ,  1925; Brinkmann et aZ., ,1933; Roughton, 1941; 

Scheurer  e t  aZ., 1958;  S i r s ,  1958) .  Roughton (1941), u s i n g  a thermometr ic  

nethod, determined the rate c o n s t a n t  far  t h e  dehydra t ion  process acco rd ing  

t o  Equat ion 6 f o r  v a r i o u s  tempera tures .  H i s  r a t e  c o n s t a n t  v a l u e s ,  p l o t t e d  

-1 
i n  Fig.  6,  show a  s t r o n g  tempera ture  dependence, wi th  a  v a l u e  o f  26.6 s e c  

a t  25OC. Rabinowitch (1951) r e p o r t e d  t h e  r a t e  c o n s t a n t  a t  2 5 O ~  fo r  t h e  dehy- 

-4 -1 
d r a t i o n  r e a c t i o n  i n  Equat ion 24 t o  be  0.47 x 1 0  s e c  , c o n s i d e r a b l y  s lower  



than i n  Equation 3, whereas Kern (1960) reviewed t h e  l i t e r a t u r e  and.found 

-1 
i t  t o  be 2  x s e c  . . 

O n ~ t h e  b a s i s  of t h e s e  r a t e  cons tant  va lues  i t ' i s  p o s s i b l e  t o  examine 

an a l g a l  growth s i t u a t i o n  i n  which t h e  r a t e  of dehydrat ion of H CO could 
2 3  .. . , .. . 

poss ib ly  become a  r a t e - l i m i t i n g  'step i n  a l g a l  growth. Rabinowitch (1951) 

developed a  h y p o t h e t i c a l  s i t u a t i o n  i n  which t h e  fol lowing cond i t ions  pre- 

va l i ed :  (1) A pH of over 10;  (2) a  HCO- concen t ra t ion  of 0.02 M; and (3)  
3  

only t h e  r e a c t i o n  i n  Equation 21 took place .  He c a l c u l a t e d  t h a t  a  maximum 

of 9 x mole C02/1 - s e c  would be a v a i l a b l e  f o r . a l g a 1  growth. H e  then  

considered t h a t  a 0.1 percent  (by volume) concen t ra t ion  of a lgae  would b e  

under non-l imit ing l i g h t  i n t e n s i t y  capable of photosynthes iz ing  a t  a maxi- 

-7 
mum r a t e  of 3.3 x 10 mole co2/1-sec. Thus, almost t h r e e  t imes  more CO 2 

would be a v a i l a b l e  than would be requi red  by t h i s  concentra t ion  of a lgae .  

The numbers used by Rabinowitch f o r  these  c a l c u l a t i o n s  may be  completely 

u n r e a l i s t i c  when , app l i ed  t o  a t y p i c a l  bloom cond i t ion  i n  an eu t roph ic  

n a t u r a l  water .  To show t h a t  ~ a b i n o w i t c h ' s  c a l c u l a t i o n s  a r e  conse rva t ive ,  

similar c a l c u l a t i o n s  w i l l  b e  made, based on t h e  fol lowing assurnpt ions :  

(1) To ta l  b ica rbona te  . a l k a l i n i t y  is equal  t o  50 mg/R a s  CaCO 
3; 

(2) The bloom has  progressed t o  t h e  point  a t  which t h e  pH h a s  been 

r a i s e d  to 10,  s o  t h a t  GO2 i s  der ived d i r e c t l y  from HCO- (Equa- 
3 

(3) The a l g a l  concentra t ion ,  X,  a t  t h i s  point  i n  t h e  bloom is 5 m g / ~ ;  

(4) The s p e c i f i c  growth r a t e  of t h e  a lgae ,  p ,  is  0.3 day-'; 

(5) The carbon con tcn t  of t h c  a l g a l  c e l l s  i s  50 percent  of  t h e  t o t a l  

a l g a l  d r y  weight.  



-22- 

Thus, t h e  change i n  a l g a l  concen t r a t ion  w i t h  t ime,  dX/dt, can b e  descr ibed  

dX - = LIX = 1 . 5  mg/% - day = 1.74 x mg/9.-sec. . .(22) 
d t  

and t h e  change i n  carbon,  C, peq u n i t  t i m e  t ransformed i n t o  a l g a l  .biomass 

Conve r t ing  t h e  carbon c o n t e n t  t o  a n  e q u i v a l e n t  molar c o n c e n t r a t i o n  of b i -  

c a r b o n a t e  (HCO-) , 'we have: 
3 

F i f t y  mg/l of CaC03 a l k a l i n i t y  e q u a l s  6 1  mg/X of HCO; a l k a l i n i t y ,  o r  1 x loe3 M 
-4 -1 

of HCO;. Using Rabinowi tch ' s  v a l u e  of 0.47 x 10 s e c  f o r  t h e  dehydra t ion  

rate c o n s t a n t ,  t h e  r a t i o  o f  t h e  r a t e ' o f  carbon d i o x i d e  a v a i l a b l e  t o  t h e  r a t e  

0 of carbon d i o x i d e  u t i l i z e d  a t  25 C i s  approximately 65: l .  With Kern's dehydra- 

-4 -1 
t i o n  r a t e  c o n s t a n t  o f  2 x 1 0  s e c  , t h e  r a t i o  is approximately 275:l .  Under 

t h e  c o n d i t i o n s  d e s c r i b e d  t h e  dehydra t ion  s t e p  i s . d e f i n i t e l y  n o t  r a t e  l i m i t i n g .  

To f u r t h e r  i l l u s t r a t e  t h i s  p o i n t ,  a fami ly  of  cu rves  w a s  cons t ruc t ed  com- 

p a r i n g  t h e  r a t i o  of  t h c  r a t e  a t  which CU (aq)  was made a v a i l a b l e  by dehydra- 2 

t i o n  t o  t h e  ra te  a t  which carbon was . u t i l i z e d  by a l g a e  w i t h  t h e  s p e c i f i c  growth 

r a t e  a t  v a r y i n g  a l g a l  c o n c e n t r a t i o n s .  T h e s e . p l o t s ,  shown i n  Fig.  7,  r e p r e s e n t  

a  wide r ange  o f  e u t r o p h i c  c o n d i t i o n s  and approach t h o s e . t h a t  might be  p re sen t  

i n  mass c u l t u r e s ,  and were based on assumptions s i m i l a r  t o  t h o s e  used i n  t h e  
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previous  example. Even under the  most severe  b loom'condi t ions~ described 

-1 i n  t h e s e  curves--50 mg/% of a l g a e  and a s p e c i f i c  growth r a t e  of 1.0 day -- 

t h e  r a t e  a t  which CO (aq) is made a v a i l a b l e  by t h e  dehydrat ion reac t ion  is 
. 2  * .  . . 

over 8 t imes a s , g r e a t  a s  t h e  r a t e  a t  which i t  is used by t h e  algae.  Even 
. . 

i f  t h e  a v a i l a b l e  inorganic  carbon l e v e l  were reduced t o . 3  mg/R then t h e r e  
. . . .  . .. . . . 

would still b e  t w i c e  a s  much CO (aq) a v a i l a b l e  than a s  required.  However, 2 
' ,  

f o r  mass a l g a l  c u l t u r e s  both  a l g a l  s t and ing  s t a c k s  and growth r a t e s  a r e  

h igh i n  o rder  t o  maximize y i e l d s ,  and without  supplementary CO t h e  dehydra- 
> .  . . 2. 

t i o n  r e a c t i o n  could conceivably'become ra te - l imi t iqg .  
.. . 

Even though t h e  crudeness o f . t h e s e ~ c a l c u l a t i o n s  is recognized (no account- 
. " 

ink  was made' f o r  temperature and a c t i v i t y  a f f e c t s ,  nor was CO t r anspor t  from . _  . 2 . . 

t h e  a t m o ~ p h ~ r e  cons ide red) . the  r e s u l t s  a r e  be l i eved  t o  b e  conservative because 
. . 

a l g a l  blooms u s u a l l y  s t a r t  a t  pH. va lues  .considerably lower than 1 0  where t h e  
. .  .. 

2 - 
f a s t e r  dehydrat ion reaction,'H2C03 - CO + H 0 ,  predominates, making HC03 

2 . 2  

more r e a d i l y  conver table  t o  C02. 

I f  C02 dehydrat ion i s  not  r a t e  1, imit ing . then  , a l g a l  growth' r a t e s  i n  a n  

inorgan ic  carbon-limited s i t u a t i o n  should be  a f u n c t i ~ n  of t h e  t o t a l  inor-  
, I  ' 

gan ic  carbon concen t ra t ion  (C ), and no t  of any one of its components (e.g. T . .  , 

CO (aq) ,  HCO-), ev-en though'only one form of carbon may be ass imi la ted .  2 3 
, . .  

Shown i n  Fig. 8 a r e  t h r e e  ways' i n  whiih inorganic  carbon may b e  made ava i l -  

a b l e  f o r  a lga l ' g rowth .  I n  t h e  f i r s t  system t h e  on ly  source of inorganic car-  
, > 

. . 
ban is gaseous CO Bicarbonate a l k a l i n i t y  is absent .  This  system is u s u a l l y  . .2 '  

found i n  l a b o r a t o r y  c u l t u r e s  in-which excess  C02 is sparged i n t o  t h e  medium. 

The second system conta ins  b icarbonate  a l k a l i n i t y ,  and is e q u i l i b r a t e d  



w i t h  a g a s  phase of CO I n  t h i s  system which i s  t y p i c a l  of mass c u l t u r e s  
2 ' 

t h e  equ i l ib r ium pH i s . a  f u n c t i o n  of b icarbonate  a l k a l i n i t y ,  t h e  p a r t i a l  

p r e s s u r e  o f . t h e  sparged COZ, and t h e  carbon a s s i m i l a t i o n  r a t e  by t h e  a lgae .  

Because a l g a l  a s s i m i l a t i o n  o f  inorganic  carbon can poss ib ly  t ake  p lace  i n  
- 

any of t h e  carbon forms, t h e  adjustment of t h e  H2C03* - HCO; - CO; system 

5 s  dependent s o l e l y  on t h e  pH and a l k a l i n f t y .  The pH, i n  t u r n ,  i s  co.ntrol led 

by t h e  r a t e  ,of carbon a s s i m i l a t i o n  by t h e  a l g a e  and t he  sparging rate. 

Regard less  of whether C02(ilq) or HCO- is the f o m  uf carbon being taken up 3 

by . t h e  a lgae ,  t h e  e f f e c t  on pH w i l l  b e  t h e  same. Th i s  concept i s '  o f t e n  dfs- 

regarded by a l g a l  r e sea rchers .  

The t h i r d  system, con ta in ing  on ly  b icarbonate  a l k a l i n i t y  a s  t h e  inorganic  

carbon source ,  r e p r e s e n t s  most n a t u r a l  waters .  CO, from t h e  atmosphere, al- 
L ,  

though being t h e  u l t imare  r e g u l a t o r  of pH %n many n a t u r a l  waters ,  p l ays  a 

S n i ~ l l  r o l e  .?'n providing inorgan ic  carbon f o r  a l g a l  growth a t  the  n e u t r a l  pH 

v a l u e s  a t  which most blooms o r i g i n a t e ,  because I L  d i f f u s c c  ~ l o w l y ,  and because 

t h e  concen t ra t ion  g rad ien t  bctween t h e  gas  and 1 i q u i d . p h a s e s  is small .  Th i s  

50 avidenrkd by t h e  comnlon1.y observed rlse i n  pH i n  n a t u r a l  wa te r s  dur ing  a 

I 

bloom, a s  HCO- and CO provide  t h e  bulk of tlre a v a i l a b l e  iilorganic carbon. 3 3 

The Role of Carbonic Anhydrase 

The presence  of  carbonic  anhydrase, an enzyrne that: c a t a l y z e s  t h e  dehydra- 

t i o n  of C02, is  another  f a c t o r  s t r eng then ing  t h e  argument a g a i n s t  COg(aq) pro- 

d u c t i o n  by t h e  r e a c t i o n s  of Equati.ons 3 and 21 a s  be ing a r a t e - l i m i t i n g  s t e p  

f o r  carbon u t i l i z a t z o n  by a l g a e .  



Carbonic anhydrase,  which c a t a l y z e s  H CO dehydra t ion  d u r i n g  human 
2  3 

r e s p i r A t i o n  (Meldrum .and Roughton, 1933) ,  h a s  a' v e r y  h igh  a c t i v i t y ,  .be ing  

a b l e  t o  double  t h i s  dehydra t ion  when p r e s e n t  i n  minute c o n c e n t r a t i o n s  of  

1 pg/R o r  l e s s  ( E d s a l l  and Wyman, 1958).  Although i t s  r o l e  i n  human res- 

8 

p i r a t i o n  i s  q u i t e  w e l l  d e f i n e d ,  l i t t l e  i n fo rma t ion  is  a v a i l a b l e  on how it  

a f f e c t s  H2C03 dehydra t ion  i n  a l g a l  system,s. Both Sf eemann N i e l s e n  and 

K r i s t i a n s e n  (1949). and O s t e r l i n d  (1950b) t r i e d  t o  e x p l a i n  , d i r e c t  HCO- 
3 

u t i l i z a t i o n  i n  c e r t a i n  a q u a t i c  p l a n t s  and a l g a e  by demonstrat ing a  l a c k  

o f  t h i s  eniyme. However, t h e  enzyme was found i n  a l l  s p e c i e s  t hey  ex- 

amined, whether o r  n o t  t hey  used HCO- and t h e y  could n o t  draw p o s i t i v e  3 ' 
c o n c l u s i o n s  r ega rd ing  i t s  r o l e .  L i t c h f i e l d  and Hood.(1964) demonstrated 

t h a t  the 'enzyme was p r e s e n t  i n  t h e  c e l l u l a r  protoplasm of 11 f r e s h  water  

and mar ine  a l g a e .  Nelsen e t  aZ. (1969).found t h a t  t h e  ca rbon ic  anhydrase 

c o n c e n t r a t i o n  i n  ChZcrmydornonas w a s  20 t imes  g r e a t e r  when t h e  c e l l s  were 

grown on 0.03 pe rcen t  CO t h a n  on 1 pe rcen t  CO . s u g g e s t i n g  t h a t  i t s  2 2" 

a c t i v i t y  becomes more impbr tan t  a t . p H  v a l u e s  :h igher  t han  t h o s e  p red ic t ed  

by cqb i l i b r&m w i t h  atmoophcric  CO- I t . . i o .  a l c o  p o c a i b l c  t h a t  t h c  c n o p e  2 ' 

'media tes  t h e  d i r e c t  dehydra t ion  of HCO- (Equat ion 211.. Graham and Reed 3 

(1971) proposed t h a t  t h e  enzyme may p l a y  a  r o l e  i n  r e g u l a t i n g  t h e  i n t r a -  

c e l l u l a r  pro ton  g r a d i e n t  produced d u r i n g  photophosphorylat ion.  Thus, once 

CO e n t e r e d  t h e  c e l l  t h e  enzyme would c a t a l y z e  t h e  hydra t ion  r e a c t i o n  of 
2 

+ , , 

Equat ion  2 1  and produce H . 
,. . 

Although t h e r e  is no d i r e c t  ev idence  t h a t  ca rbon ic  anhydrase i s  e x t r a -  

c e l l u l a r ,  Berger  and Libby (1969) suggested t h a t  i ts  presence  i n  t h e  oceans 



cou ld  b e  a  s i g n i f i c a n t  f a c t o r  i n  e q u i l i b r a t i n g  a tmospher ic  CO .w i th  t h e  
2 

t 

CO c o n t e n t  of  s e a  .water .  .Kr ishnamur ty  (1969) r e p o r t e d  t h e  p o s s i b i l i t y  
2 

o f  m e t a l  c a r b o n a t e  complexes a i d i n g  i n  t h i s  enzymatic  p roces s .  

Longmuir et aZ. (1966),  .Enns (1967),  Ward and Robb (1967) and Broun 

et aZ. (1970) demonst ra ted  enhanced CO t r a n s p o r t  a s  b i c a r b o n a t e  i o n s  
2 

a c r o s s  a r t i f i c i a l  membranes c o n t a i n i n g  a  s o l u t i o n  of . b i ca rbona te  and ca r -  

b o n i c  anhydrage. The development and s u c c e s s f u l  demonst ra t ion  of such 
. , 

t r a n s p o r t  sys t ems  i n  a r t i f i c i a l  membranes is s u g g e s t i v e  of t h e  r o l e  of  

c a r b o n i c  anhydrase  i n  a l g a l  pho tosyn thes i s .  I f  t h e  enzyme i s  indeed em- 

bedded i n  t h e . o u t e r  c e l l  membrane, t h e n  i t  c o u l d - p l a y  a  major r o l e  i n  

c a r r y i n g  CO and/or  HCO- a c r o s s  t h e  membrane, s o  t h a t  CO could  b e  d i r e c t l y  2 3 2 

a v a i l a b l e  f o r  i n c o r p o r a t i o n  i n t o  t h e  Ca lv in  c y c l e  and HCO- could  be dehydrated 
3 

t o  p r o v i d e  a d d i t i o n a l  C02 .  Because t h e  Calv in  c y c l e  o p e r a t e s  i n  c h l o r o p l a s t s ,  

t r a n s p o r t  o f  CO to /and  a c r o s s  t h e  ch loropl .as t  membrane would a l s o  be r e -  
2 

q u i r a d .  Porhapc aa rbon io  anhgdraco i c  a l c o  p rcocn t  i n  t h i o  mcmbranc. 

The s p e c i f i c  r o l e  o f  ca rbon ic  anllydrase i n  i n o r g a n i c  carbon uptake  by 

a l g a e  i n  n a t u r a l  waters i s  still unanswered. The v e r y  f a c t  t h a t  i ts  pre-  

s e n c e  h a s  been demonstrated i n  many a l g a l  systems s u g g e s t s  t h a t  i t  may be  

i n t i m a t e l y  involved  i n  provid ing  carbon f o r  a l g a l  growth when t h e  f r e e  CO 
2 

c o n t e n t  o f .  a wate.r. i s  low. .It wotrld appear  t h a t  t o  @ f f e c t i v e l y  in f luence  

i n o r g a n i c  ca rbon  u p t a k e  c a r b o n i c a n h y d r a s e  would have t o  b e  e x t r a c e l l u l a r  

o r  a surface-bound enzyme. . 

E f f e c t  of I o n i c  S t r e n g t h  
. . .  

I o n i c  s t r e n g t h  g r e a t l y  i n f l u e n c e s  t h e  conlposition of t h e  H CO fi - HCO; - 
2 3 



- 
CO- system. Morton and Lee (1968a) ca lcu la ted  an  a c t i v i t y  c o e f f i c i e n t  3 

of 0.74 f o r  C0= i n  Lake Mendota i n   isc cons in ( ion ic  s t r e n g t h  = 0.0045) . 3 

Simi la r ly ,  Park  e t  ai?. (1970) found t h e  i o n i c  . s t r e n g t h  of t h e  Columbia 
- 

River . t o  be  0.0018, giving an a c t i v i t y  c o e f f i c i e n t  f o r  CO- of 0.83. Be-. 3 

cause  of t h e s e  r e s u l t s ,  a c t i v i t y  r a t h e r  than concentra t ion must .be considered 
- 

i n  any genera l i zed  formulat ion of t h e  H CO * - HCO; - CO- system, p a r t i c u l a r l y  
2 3 3 

f o r  sea  water  (Berner, 1965), a s  w e l l  as f o r  f r e s h  waters .  

The . i n c r e a s i n g  . e f f e c t  of ion ic  s t r e n g t h  on a o t i v i t y  with inc reas ing  

valency can b e  seen i n  Fig. 9, i n  which t h e  strong-dependence of CO= 
3 

a c t i v i t y  r e l a t i v e  t o  t h e  monovalent , ions i s  demonstrated (Klotz, 1964). 

E f f e c t  of Temperature 

Langel ier  (1946) and Dye (1952) d iscussed t h e  importance of temperature 
- 

on t h e  equ i l ib r ium constants  of t h e  H CO - HCO; - CO- system. A s  shown i n  2 3 3 

Figure 10, t h e  acid-base equi l ibr ium cons tan t s  inc rease ,  whi le  t h e  s o l u b i l i t y  

c o e f f i c i e n t  o'f CO . decreases  wi th  inc reas ing  temperature (Harned and Scholes , 
2 

1941; Harned and Davis, 1943;. ~ a r n e d  and Bonner, 1945; Harned and Owen, 1958). 

' The ex t r ' ac t ion  of C02 through a l g a l  a s s i m i l a t i o n  a t  a r a t e  f a s t e r  than 

i t  'can be replaced through t ranspor t  from the  atmosphere, from r e s p i r a t i o n ,  

from fermenta t ion prdcesses; $nd from d i s s o l u t i o n  of carbonate  . conta in ing 

s o l i d s  1 e a d s . t o  a n  inc rease  i n  pH. This  r i s e  i n  pH can a f f e c t  a l g a l  growth 

i n  ' t h e  fo l lowing ways: 

(1)  ch change i n  t h e  carbon species :  Aqueous.CO concen t ra t ion  is reduced, 
2 
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and HCO- and CO= become predominant. Research t o  d a t e  i n d i c a t e s  3 3 

t h a t  c e r t a i n  a l g a e  growing a u t o t r o p h i c a l l y  can use  only aqueous 

C02 as t h e i r  carbon source;  o t h e r s ,  notably  blue-green a lgae  dominate 

i n  h i g h e r  pH environments and may be  a b l e  t o  t a k e  up HCO- and even 
3 

CO; d i r e c t l y  (Jackson, 1964), and then convert  i t  t o  aqueous C02 

f o r  a s s i m i l a t i o n  v i a  t h e  Calvin cyc le ,  a s  shown by Cooper e t  aZ. 

(1969). A controversy e x i s t s  today over whether o r  n o t  these  i o n s  

are taken  up d i r e c t l y  by grem a l g a e  (Rdven, 1970), and by bluc- 

g r e e n s  (Holm-Hansen, 1967) . 
(2) S o l u b i l i t y :  The s o l u b i l i t y  of o t h e r  e s s e n t i a l  n u t r i e n t s ,  pa r t i cu -  

l a r l y  phosphorus, i r o n ,  and t r a c e  elements is decreased (most com- 

monly by t h e  formation of s o l i d s ) .  Algal growth could then become 

l i m i t e d  bjf one or  more preclplLaLell, auJ I l e ~ t ~ a  iioa.\railatlt, elcmcnto. 

(3) Metabolic  e f f e c t s :  I n  as much a s  a l l  enzymes have pH optima., ex- 

treme pH v a l u e s  a f f e c t  t h e  metabol ic  mechanisms of a l i  l i v i n g  organisms, 

and a l g a l  growth could be a l t e r e d  a t  t h e  h igher  pH va lues  found in some 

a c e f v e  a l g a l  systems. 

B i o l o g i c a l  E f f e c t s  on pH 

D i a l o g i c a l  a c t i v i t y  can alter ' t h e  pH. of a natl.lra1 water i n  many ways. 

I n  Table  I, t aken  from Weber and Stumm (1963a), i s  depic ted  t h e  va r ious  

b i o l o g i c a l  r e a c t i o n s  t h a t  may a l t e r  pH. For example, Berner e t  at.  (1970), 

deuloastrated t h a t  s u l f a t c ' r c d u c t i o n  and ox ida t ion  of o rgan ics  3.n marine 

sediments inc reased  a l k a l i n i t y ,  and hence buf fe r ing  capac i ty ,  through t h e  

product ion  o f  HCO- Because many of t h e s e  r e a c t i o n s  a r e  l o c a l i z e d  i n  t h e  3 ' 



TABLE I 

BIOLOGICALLY PZDIATED REACTIOWS A F F E C T I l C  pH 1% NATURAL WATER SYSTEMS* 

Reaction 

6 ( C 0 2 )  + 6 ( ~ ~ 0 ) - ( C ~ H 1 2 0 ~  + 602) Photosynthesis 

RespFrat ion I 
N 
CO 

?' 

X i t r i f i c ~ t i o n  

Denitrif ication 

Sulfide Oxidation 

Sulfzte  Reduction 

.?(From k'eber and 5 t u m  (1963a) 

L 



sense  t h a t  they occur only  i n  c e r t a i n  p o r t i o n s  of an aquq t i c  ecosystem 

(i.e. photosynthes is  i n  t h e  pho t i c  zone, r educ t ion  processes  i n  axonic 

p o r t i o n s  of t h e  bottom sediments) ,  g r a d i e n t s  of decreas ing pH with  in-  

c r e a s i n g  dep th  a r e  ve ry  o f t e n  found i n  n a t u r a l  waters .  These g r a d i e n t s  

can be maintained by thermal s t i a t i f i c a t i o n .  With t h e  onset  of sp r ing  

and f a l l  ove r tu rn ,  r e l a t i v e l y  equal  pH l e v e l s  a r e  produced f o r  s h o r t  

t'imes throughout t h e  volume of t h e  water  body. But, t h e  formation of 

new thermal g r a d i e n t s ,  t oge the r  wi th  t h e  cont inuaus  b i o l o g i c a l  a c t i v i t y ,  

aga in  causes  pH g r a d i e n t s  t o  form (Lee and Hoadleyl 1967). 

E f f e c t s  of  Nitrogen Transformations. The e f f e c t  of a c t i v e l y  growing 

a l g a e  on t h e  pH of s u r f a c e  waters  can be b e t t e r  understood by an  a n a l y s i s  

of t h e  complete photosynthet ic  r e a c t i o n .  I n  any . such  a n a l y s i s  one should 

cons ide r  t h e  a s s i m i l a t i o n  of a l l  n u t r i e n t s  and t h e  formation of complete 

products .  The photosynthet ic  equat ion  ( t h e  f i r s t  r e a c t i o n  of Table I ) ,  

should t h u s  be  expanded from i t s  s i m p l i f i e d  form.' 

A s  an  example, t h e  aslsimilat ion of n i t r o g e n  may inc rease  o r  decrease  

t h e  pH of a water ,  depending on t h e  form of n i t r o g e n  being ass imi la ted .  

+ .  
I f  ammonium (NH ) i s  used t h e  pH w i l l  tend t o  decrease ,  whereas the  u t i l i -  

4 

z a t i o n  of n i t r a t e  (NO-) w i l l  tend t o  cause a rise i n  pH. This  phenomenon 
3 

h a s  been 0 b s e r v e d . b ~  a number of r e s e a r c h e r s  (Tre lease  and Tre lcase ,  1935; 

Cramer and Myers, 1948; Davis et aZ., 1953). Cramer and Myers (1948), work- 

ing  wi th  ChZoreZZa, proposed t h e  fo l lowing s t o i c h i o h e t r i c  equat ions  t o  

d e s c r i b e  t h i s  s i t u a t i o n :  



N i t r a t e  Assimilati ,on . 
. . 

' LIGHT 
1.0  (NO;) + 5.7 (Cot) +.5.4 (H20) - ' ('5. 7H9. 8'2'. 3N1. 0)  

Ammonium Assimi la t ion  

Every mole of NO- a s s i m i l a t e d  r e s u l t s  i n  t h e  formation of one mole of 
3 

+ 
OH-, t h u s  r a i s i n g  t h e  pH. NH a s s i m i l a t i o n ,  on t h e  o t h e r  hand, l e a d s  t o  4 

+ + 
t h e  product ion  of one. mole of H f o r  every  mole of NH4 ass imi la ted ,  wi th  

a r e s u l t i n g  decrease  i n  pH. These e f f e c t s  were c l e a r l y  shown by Brewer 

and Goldrnan (1976). . 

E f f e c t s  of Carbon Transformations. Algae may u t i l i z e  CO generated from --- 2 

one or more of four  sburces  i n  a . n a t u r a 1  water: (1) C02 d i f fused  from the  

atmosphere; (2) t h e  r c i p ' i r a t  i o n  of h e t c r o t r o p h i c  forms; (3) anaerobic f er- 

menta t ion ;  and (4) bic'arbonate a l k a l i n i t y .  The f i r s t  th ree  sources  provide  
. . 

a d i r e c t  supply o f  C02. The a l k a l i n i t y ,  on t h e  o t h e r  hand, p iovides  C02 

by a c o n t i n u a l  readjustment of t h e  concen t ra t ions  of t h e  va r ious  carbon 

* - 
s o u r c e s  making up t h e  H CO - HCO; - system a s  shown by t h e  fo l lowing 2 3 3 

equa t ions :  

Typ ica l ly ,  t h e  pH of n a t u r a l  waters  a t  o r  near  equi l ibr ium wi th  a i r  is 

about  8.3, and HCO- i s  t h e  major ion  ( see  Fig.  6) .  A s  CO is ex t rac ted  from 
. 3  2 .  



s o l u t i o n  by growing a lgae  a t  a  pH of approximately 8 . 3 , ' a d d i t i o n a l  carbon 
. . 

d iox ide  i s  provided through t h e s e  r e a c t i o n s .  The p r i n c i p a l  r e a c t i o n s  a r e  
. . - .  

descr ibed by Equations 27 and 28, wi th  t h e  r e a c t i o n  i n  Equation 27 predominat- 
. . - 

ing. A s  t h e  pH i n c r e a s e s ,  CO- becomes t h e  major carbon spec ies  and i t ,  too ,  
3 .  

can be converted d i r e c t l y  to.CO by a  hydra t ion  process a s  shown i n  Equation 2 .  - " .  - .  ,. 

29. This  r e a c t i o n  s i m i l a r l y  r e s u l t s  i n  a  pH r i s e .  It i s  not unconlrnon t o  

have pH va lues  a s  high a s  1 0  t o  11 i n  a c t i v e  a l g a l  systems such a s  waste 
. ;  . ,  ' . . 

s t a b i l i z a t i o n  ponds (Caldwell, 1946; Al len ,  1955; Golueke e t  aZ., 1962; 

Pipes ,  1962; Beck e t  aZ., 1969). Th i s  . r i s e  i n  pH demonstrates t h a t  the  CO 
. - . . ! <  2 

suppl ied  from t h e  f i r s t . t h r e e  sources  mentioned is e i t h e r  unava i l ab le  ( i . e . ,  
. . 

d i f f u s i o n  g r a d i e n t s )  o r  i n s u f f i c i e n t  t o  meet t h e  demands of t h e  growing a lgae ,  

and t h a t  a  f u r t h e r  demand i s  placed on t h e  bicarbonate a l k a l i n i t y  through a 

* - 
teadjuktment o f  t h e  H2COJ - H C O -  '- CO- s y s t e m .  Therefore, when t h e  f r e e  C02 

3  3 

content  of a  water  i s  i n s u f f i c i e n t .  t o  meet t h e  demand of the  a lgae ;  t h e  HCO- 
3  - 

and CO- forms can c o n t i n u a l l y  supp ly  f r e e  C02 f o r  a l g a l  u t i l i z a t i o n .  Deuser 
3 

(1970) showed t h a t  t h e  carbon u t  i1ized"by the  diatom Chuetoceros cuuaisetwn 

, dur ing i n t e n s e  a l g a l  a c t i v i t y '  i n  the. Black Sea was derived from inorganic 

carbon spec'ies o t h e r  than f r e e  CO . a f t e r  t h e ' i n i t i a l '  f ree 'CO was depleted.  
2  2 

Only a p o r t i o n  of t h e  t o t a l  ino rgan ic  carbon'can be ex t rac ted  during in-  

* 
t e n s e  a l g a l  a c t i v i t y  i n  a  n a t u r a l  water  p r i n c i p a l l y  buffered by. t h e  H : C O  - 

2 3 - 
HCO; - C O -  system. I f  all =he HCO- and CO= were converted t o  C02 and OH- a s  3 3 3 

described by Equations 30-32, the  pE1 would- approach a ' v b r y  h igh va lue  depen- 

dent  on a l k a l i n i t y .  Metabolic- i i i h i b i t i o n  of a lga1,growth us 'ual ly occurs  a t  
. .. 

a  pH between 1 0  and 11,. and t h u s  p l a c e s  hn.upper l i m i t  on t h e  amount of CO 2 

avai lable  from. HCO- and CQ='. ' 3 3 



No changes i n  t h e  t o t a l  a l k a l i n i t y  of t h e  system occur when f r e e  CO 
2 

* 
is  u t i 1 i z e d . b ~  a l g a e ,  a s  t h e r e  is  no change from e l e c t r i c a l  n e u t r a l i t y  (Sawyer 

" and McCarty, 1967). Th i s  would a l s o  hold t r u e '  f o r  d i r e c t  HCO- u t i l i z a t i o n  
3 

i f .  O H  replaced.  HCO- t o  mainta in  a charge balance ,  a s  depic ted  ..by Equation . 3  

However, changes i n  t h e  t o t a l  a l k a l i n i t y  occur due t o  n i t rogen  ass imi la -  

t i o n  (Equations 2 5  and 26). N i t r a t e  uptake causes an inc rease  i n  t o t a l  a lka-  

l i n i t y  through OH- product ion  and l e = d s  eo a. decrease in alka ' l in l ty  . 3irn i lar ly ,  

- . ., 
a s  t h e  pH r.ises due t o  a l g a l  growth, s a l t s  of c o  and eventual ly  OH- w i l l  begin 

3 .  

t o  p r e c i p i t a t e  out  of s o l u t i o n  wi th  a corresponding reduct ion  i n  a l k a l i n i t y .  

Also,, t h e  concen t ra t ion  of o t h e r  minor a l k a l i n i t y  components such a s  phos- 

. . 
p h a t e s  could b e  a f f e c t e d  by uptake during a l g a l  growth, but  such e f f e c t s  on 

a l k a l i n i t y  w i l l  b e  r e l a t i v e i y  minor In rhe normal case. 

. . 

Effect of pH on Sol!lbility_ of E s s e n t i a l  -.- Algal - = -. Nutr ients .  

The s o l u b i l i t y  of a  number of e s s e n t i a l  a l g a l  n u t r i e n t s  i s  g r e a t l y  

a f f e c t e d  by pH changes. The s o l u b i l i t y  of key n u t r i e n t s  such a s  i r o n ,  phos- 

phorus,  and t r a c e  e lements  ( i . e .  manganese, molybdenum, z inc ,  e t c . )  a r e  con- 

t r o l l e d ' b y  pH and t h e  corlcentrat ions 01 other  ioae such as hydroxide., cnlcium, 

and aragliesluiu. 3Luii~i1 a i ~ d  Plorgan (1370) prcocnt  n d e t a i l e d  di scus s inn  nf the 

chemical e q u i l i b r i a  t h a t  determines t h e  a v a i l a b i l i t y  of these  n u t r i e n t s .  For 

most n a t u r a l  wa te r s  t h e  concentra t ions  of the  rnult ivalent  c a t i o n s  are c o n t r o l l e d  

by t h e  s o l u b i l i t y  of t h e i r  hydroxides and carbonates. As can be seen i n  Fig. 

11, t h e  s o l u b i l i t y  of a  number of t r a c e  elements, of i r o n  (both t h e  f e r r i c  and 

f e r r o u s  forms), of magnesium, and of calcium i s  con t ro l l ed  by ' p ~ .  For. c a t i o n s  



.. . 
. t h a t ' f o r m  s p a r i n g l y  s o l u b l e  ca rbona te s  t h e  pll de te rmines  whether t h e  hydroxide  

or. t h e  ca rbona te  compounds c o n t r o l s  meta l  i on  s o l u b i l i t y . .  A s  an  example, t h e  
. . 

:, , s o l u b i l d t y  of f e r r o u s  i r o n  i n  a water  w i th  a  carbonate  concen t r a t ion  . o f 2  x 

- 4 
:: . 1 0  . M  i s  c o n t r o l l e d  by ca rbona te  f o r  a  pH va lue  l e s s . . t h a n  9 .5 . ,  and by hydroxide  

a t  a pH above t h i s  va lue .  

Mthough complex format ion  i s  no t  considered i n  F ig .  11, i n  a complete 

a n a l y s i s  'of s o l u b i l i t y  one should cons ider  t h e  format ion  of a l l  s o l u b l e  and 

i n s o l u b l e .  compounds. A s  an example of t h e  important  r o l e  t h a t  complex f o r -  

... mation p l a y s  i n  de te rmining  t h e  s o l u b i l i t y  of a  n i l t r i e n t ,  complexes of  f e r r i c  

.,. " ; i r o n  i n  pure  water  have a minimum s o l u b i l i t y  a t  a  pH o f ' app rox ima te ly  8 ; 5 .  

This  s o l u b t l i t y  i n c r e a s e s  w i th  inc reas ing .  o r  dec reas ing  pH-because f e r r i c  

i r o n  can form a number of s o l u b l e  hydroxide complexes such a s  F~oH'~ ,  F ~ ( o H ) ~ ,  

+ 
and Fe(0H) (Fig. 1 2 ) .  - However, over  t h e  e n t i r e  pH range  in which a l g a l  growth 2. 

occurs  (6-11) f e r r i c  i r o n  is h i g h l y  i n s o l u b l e ,  t h e  maximum s o l u b l e  concentra-  

t i o n s  of i r o n  complexes be ing ,  a t  t h e  most, 1-2 pg/R.  
. , 

S u r p r i s i n g l y  l i t t l e  a t t e n t i o n  h a s  been g iven  t o  t h e  r o l e  of i r o n  a s  a  
, 

.. . 

l i m i t i n g  n u t r i e n t  i n  in tens ,e  c u l t i v a t i o n  systems. Perhaps t h e  d i f f i c u l t y  i n  

making a c c u r a t e  d e t e r m i n a t i o n s  of i r o n  concen t r a t ion  i n  t h e  pg/R range ,  i n  
. ... 

d i f f e r e n t i a t i n g  between s o l u b l e  and c o l l o i d a l  i r o n ,  i n  unders tanding  t h e  i n t e r -  
. . .  . , , " 

r e l a t i o n s h i p s  between i r o n  and o rgan ic  m a t t e r ,  and i n  unders tanding  t h e  d i f f i -  

c u l t  chemis t ry  of i r o n  h a s  discouraged r e s e a r c h e r s  from s tudy ing  t h i s  impor tan t  

n u t r i e n t .  

The s o l u b i l i t y  of phosphorus i n  n a t u r a l  wa te r s  and mass c u l t u r e s  i s  l a r g e l y  

c o n t r o l l e d  by pH and calcium concen t r a t ion .  The e q u i l i b r i u m  s o l i d  calcium phos- 
. . 



. - -- - - p H  

FIGUP' 11. IDtARIriMC .ZORCENTRATION D I A G R A b S  FOR 
S O L U S I L L T I E S  O F  HYD3OXIDES AKD' C4RBOXA'ES.  

. FROP: 3I'RH A S D  FDXGAX (1970) 
. .. 
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G 2 . IDGARITfitiIC COXCEXTPSITIOS DIAGPAM FIGURE 13. ~ D G A R X T H ~ ~ I C  COXCEKTRATIOS DIAGRA!.I FOR 
FOR SOLU"UILITY 0 F AI.;3I?Pi:CUS ~e  ti)^. SOLUaILITY O'F Fe AND Ca PHOSPtiATES. 
F?\O:.i STUX: ASD I.DP,GAS (1970). FRON JEhXINS -- ET AL. (1971). 



pha te  phase i n  t y p i c a l  n a t u r a l  f r e s h  waters  i s  hydroxyl .apati te  (Ca OH(P0 ) ). 
5 4 3 

T h i s  s o l i d  forms slowly,  and genera l ly  i t s  e q u i l i b r i a  does not  c o n t r o l  the  

phosphate concen t ra t ions  of n a t u r a l  f r e s h  waters .  The formation of such 

compounds a s  me tas tab le  p recurso r s  to .hydroxy lapa t i t e ,  hydro lys i s  products  

on a p a t i t e  s u r f a c e s ,  carbonate  ' a p a t i t e s ,  and metas table  phases such a s  beta- 

t r i c a l c i u m  phosphate, make p o s s i b l e  t h e  ex i s t ence  of s teady-s ta t ' e  phosphate 

c o n c e n t r a t i o n s  f a r  i n . e x c e s s  o f . t h e  6 ) ~ g / g  one would p r e d i c t  from the  e q u i l i -  

brium of pure  hydroxy lapa t i t e  ( p ~  = 57)  wi th  water.  

An example of t h e  in f luence  of pH on phosphorus a v a i l a b i l i t y  can b e  seen 
. ,  

i n  Fig.  13, i n  which equ i l ib r ium s o l u b i l i t y  diagrams f o r  i r o n  and calcium 

a r e  presented ,  showing t h e  e f f e c t  of c a l c i t e  on hydroxy lapa t i t e  s o l u b i l i t y  

over a  wide pH range. Although t h e  s o l u b i l i t y  curves shown i n  t h i s  f i g u r e  

d e s c r i b e  a  s i m p l i f i e d  aqueous system no t  t r u i y  r e p r e s e n t a t i v e  of n a t u r a l  

wa te r s ,  they do s e r v e  t o  i l l u s t r a t e  t h e  complexity of phosphorus chemistry. 

* 
Prom t h e  foregoing examples it: is apparent t h a t  t h e  H CO - HCO; - C O ~  

2 3 

system; through i t s  i n f l u e n c e  on pH, p lays  a  major r o l e  i n  c o n t r o l l i n g  t h e  
< .  

s o l u b i l i t y ,  and hence t h c  a v a i l a b i l i t y ,  of a number of e s s e n t i a l  a l g a l  

n u t r i e n t s .  

p H  E f f e c t s  on Algal  Growth 

Hydrogen ion concen t ra t ion  e x e r t s  a  profound e f f e c t  on a l g a l  growth and 

metabolism, l a r g e l y  through i t s  e f f e c t  i n  t h e  protonat ion  and deprotonation 

of key enzyme systems. Algae of va r ious  s p e c i e s  show d i f f e r e n t  pH optima 

f o r  growth, and i t  i s  plausablk  t h a t  t h e s e  a r e  due t d  t h e  e f f e c t  of H+ on 

v a r i o u s  enzymes i n  t h e s e  organisms. Evidence e x i s t s  t h a t  microbia l  c e l l s  



have ' nega t ive ly  charged o u t e r  membrane s u r f a c e s ,  r e s u l t i n g  i n  t h e  a t t r a c t i o n  

+ 
of H from t h e  b u l k . f l u i d .  The c e l l , , s u r f a c e , p H  is t h u s  lower than  i n  t he  

b u l k  f l u i d ,  caus ing  t h e  observed pH optima f o r  s u r f a c e  enzyme r e a c t i o n s  t o  

b e  s h i f t e d  t o  t h e a l k a l i n e  r eg ion ,  as, compared t o  t h e  lower observed pH optima 

f o r  t h e  same enzyme r e a c t i o n  i n , - s o l u t i o n  (McLaren and Packer ,  1970; Ka tcha l sk i  

e t  az., 1971).  The lowered pH a t  t h e  a l g a l  c e l l  s u r f a c e  undoubtedly r e s u l t s  

i n  an  i n c r e a s e  i n  t h e  CO (aq)  concen t r a t ion  i.n t h i s  reg ion  o v e r  t h a t  observed 
2 

i n  t h e  b u l k  f l u i d .  Because c e l l ,  s u r f a c e  pH i.s a  f u n c t i o n  of t h e  c e l l  su r -  

. . f a c e  i s o e l e c t r i c  p o i n t  - d i s t i n c t  fior ,each a l g a l  s p e c i e s  - i t  i s  p o s s i b l e  

. .  t h a t  d i f f e r e n t  a l g a l  s p e c i e s ,  though seeming t o  have d i f . f e r e n t  pH optima f o r  

growth,. may i n  f ac t . ,  a t  t h e s e  observed .pH optirna v a l u e s ,  have c l o s e r  s u r f a c e  

pH v a l u e s  and. r e s u l t i n g  ino rgan ic  carbon s p e c i e s  d i s t r i b u t i o n .  No s t u d i e s  

have been a t t empted  t o  examine the,  e f f e c t  of c e l l  s u r f a c e  pH on a l g a l  growth, 

a l t hough  Kolin (1955) and I v e s  (1959) s t u d i e d  t h e  e l e c t r i c a l  p r o p e r t i e s  of 

s e v e r a l  a l g a e  wh i l e  i n v e s t i g a t i n g  methods f o r  t h e i r  removal from t h e  l i q u i d  

phase. a . 
, . 

.. On t h e  o t h e r  hand,  King (1970) suggested t h a t  pH, through i t s  c o n t r o l  

o f  t h e  f r e e  CO c o n c e n t r a t i o n ,  played a  major r o l e  i n  r e g u l a t i n g  t h e  d i s t r i -  2 

b u t i o n  of a l g a l  s p e c i e s  i.n n a t u r a l  wa te r s .  Although t h i s  h y p o t h e s i s  has  

never  been thoroughly  examined, pH may p l a y  a  ve ry  <mportant r o l e  i n  t h e  

s e l e c t i o n  of c e r t a i n  a l g a l  s p e c i e s  i n  n a t u r a l  wa te r s  f o r  o t h e r  reasons ,  pre-  

s e n t l y  unknown. McLachlan and   or ham (1962) ,. Jackson (1964), and Holm-Hensen 

(1967) po in t ed  ou t  t h e  blue-green a l g a e  appear  t o  be favored  by a  more a l k a l i n e  

environment i n  n a t u r a l  wa te r s .  Allen (1953) demonstrated s p e c i e s  change i n  
.. . . . 



o x i d a t i o n  ponds w i t h  i n c r e a s e s  i n  p11 from t h e  n e u t r a l  t o  t h e  a l k a l i n e  reg ions .  

A a s c h e  (1964) abd Swif t  and Taylor  (1966) claimed t o  i s o l a t e  t h e  e f f e c t s  

of pH on t h e  growth of marine cocco l i t hophor ids .  Paasche (1964) showed t h a t  

ca rbon  up take  i n  t h e  coccol i thop!~or id  CoccoZithus hmZeyi was h ighes t  a t  a  

pH o f  7.5. Swi f t  and Taylor  (1966) showed an optimum pH of 7.8 f o r  c e l l  

d i v i s i o n  of t h e  cocco l i t hophor id  Bicosphaera elongata. 

Zabat  (1970) grew ChZoreZZa pyr~enoidosa (hfg21 t empera ture  s t r a i n )  i n  a 

phospho,rus- l imited cont inuous  c u l t u r e ,  and showed a dec rease  i n  c e l l  y . ie ld 

w i t h  inc reas ing  pH v a l u e s  between 7.0 .and 8.25. 'Emerson and Green (1938), 

on t h e  o t h e r  hand, could  show no change i n  ChZoreZZa pho tosyn the t i c  r a t e s  

o v e r  a  pH range  from 4.6 t o  8.9. 

S o l t e r o  and Lee (1967),  i n  demonst ra t ing  a n  automatic pH c o n t r o l  device  

for al.gal c u l t u r e s ,  gave evidence t h a t  optimum growth of ~cenedesmus occurred  

a t  a pH of 7 .  Thi s  was i n  co11LrasL L O  C11e work of W i t t  and Borchardt  (1960) 

and Ga te s  and Borchardt  (9Yb4j who couid Show l l e r l e  cliarlge 111 Ll~e g ~ u w C 1 ~  of 

Scenedesmus ove r  a  wide pH range,  a l though b e s t  growth was observed a t  a  pH 

o f  8 . 3 .  Brown (1969),  wlierl growing Scwzedesmus on a g r i c u l t u r a l  t i l e  d ra inage  

( a l k a l i n i t y  = 350 mg/2 a s  CaCO ) i n  which pH was c o n t r o l l e d  w i t h  "Good" o r g a n i c  
3 

a c i d  b u f f e r s  (Good e t  aZ., 1966),  achieved b e s t  growth a t  a  pH of 8.4 ( a s  com- 

pa red  t o  o t h e r  t e s t e d  pll va lues  of 6.15, 7.5, and 10.5),  i n  agreement w Z L h  

t h e  r e s u l t s  of  W i t t ,  Gates  and Borchardt .  

Ge r lo f f  et aZ. (1952) showed t h a t  t h e  maximum y i e l d  of t h e  blue-grcen 

a l g a ,  Microcystis aeruginosa, c u l t u r e d  i n  a n  unbuffered  medium, occurred  a t  a 

pH of 10 .  Rand and Kemerow (1965) p re sen ted  s i m i l a r  r e s u l t s  f o r  t h e  same 



s p e c i e s ,  w h i l e  McLachlan and Gorham (1961) and Mctachlan (1962) observed 

l i t t i e  change i n  growth i n  a  pure c u l t u r e  ove r  a  pH range  of 6.5 t o  10  i n  

a  wel l -buf fered  medium. When they t r i e d  t o  grow t h i s ' a l g a  t o g e t h e r  w i th  

Scenedesmus a t  a  pH o f  7.4 they  ob ta ined  l e s s  t han  one- th i rd  of  t h e  growth 

reached by t h e  blue-green a l g a  i n  pu re  c u l t u r e .  There appeared t o  be  a  

d e f i n i t e  compe t i t i ve  e f f e c t  a t  t h e  lower pll, i n d i c a t i n g  t h a t  on ly  a t  t h e  

h i g h e r  pH v a l u e s  would t h e  blue-green a l g a  predominate.  Eber ly  (1967) r e -  

p o r t e d  t h a t  i n  b a t c h  c u l t u r e s  of OsciZZatoria agardhii, ano the r  blue-green 

a l g a e ,  t hose  c u l t u r e s  wi th  t h e  h i g h e s t  Z n i t i a l  pH'valucs (up t o  10 )  reached 

t h e  exponen t i a l  phase e a r l i e s t ,  bu t  t h a t  a l l  c u l t u r e s  e v e n t u a l l y  reached t h e  

same l e v e l  of  maximum biomass. 

The optimum pH f o r  s e v e r a l  enzymes i n  t h e  Calv in  c y c l e  was s t u d i e d  by 

P r e i s s  e t  aZ. (1967) and Bassham st aZ. (1968). P r e i s s  e t  aZ. (1967) found 

t h a t  by i n c r e a s i n g  t h e  magnesium c o n c e n t r a t i o n  t h e  pH optimum f o r  f r u c t o s e  

d iphosphatase  a c t i v i t y ,  en enzyme of t h e  Calv in  c y c l e ,  was decreased .  Bassham 

e t  aZ. (1968) ' found s i m i l a r  e f f e c t s  of magnesium on t h e  pH optimum of r i b u l o s e  

diphosphace carboxyl.ase. 

. , 
. . 

0 u e l d t  .and nensen (1952) showed t h a t '  t h e  i n i t i a l  i n c o r p o r a t i o n  o f  C02 

i n  Sceriedesmus swi tched  from three-carbon .compounds t o  four-carbon compounds 

when t h e  pH was r a i s e d  rrom t h e  a c i d  t o  t h e  a l k a l i n e  r eg ions .  pH c o n t r o l  of 

enzyme a c t i v i t y  was f e l t  t o  be  t h e  main f a c t o r  c o n t r o l l i n g  t h e  s h i f t  i n  carbon 

compound s y n t h e s i s .  

More r e c e n t l y ,  Goldinan e t uZ. (1974) demonstrated t h a t  under i no rgan ic  

=arbon l i m i t a t i o n  growth r a t e s  of two f r e shwa te r  green a l g a e  were c o n t r o l l e d  



GY t h e  t o t a l  ino rgan ic  carbon =onceii t rat ion and' t h a t  even wi th in  a: small  

rang; df pH between j.1-7.6 . h a l f - s a t u r a t i o n  c o e f f i c i e n t s  f o r  growth in- 

c reased  wi th  inc reas ing  p ~ .  Gabis an'd Ferguson (1975) expanded on t h i s  

concept  by developing a model t o  account f o r  any mass t r anspor t  (or d i f  fu- 

' sfon) l i m i t a t i o n s  t h a t  might e x i s t  a t  h igh  pH when CO concentra t ions  a r e  
2 

.very low and C02 is t h e  only form o'f ino rgan ic  carbon a v a i l a b l e .  I n  t h e  

s tudy  of Goldman et'al. '(1974) no a t tempt  was made t o  determine which form 

of inorgan ic  carbon was u t i l i z e d  s i n c e  t h e  imposed growth condi t tons  were 

such t h a t  t h e  r a t e  of CO, from HCO- v i a  Equations 3 ahd 21 were 
L. 3 

always g r e a t e r  t h e  r a t e  a t  which inorgan ic  carbon was ass imi la ted  by t h e  

test  a lgae .  Hence, t h e  e f f e c t  of t o t a l  ino rgan ic  carbon on growth r a t e s  

was i n d i s t i n g u i s h a b l e  from any o f : t h e  inorgan ic  carbon species .  This  s i t u -  

a t i o n  more than l i k e l y  would no.t occur i n  mass c u l t u r e s  i f  HCO- was t h e  
3 

orily source of inorganic  carbon. I n  a d d i t i o n ,  un less  good mixing 1s es tab-  

1-ished the  mass t r a n s f e r  of t o  an a l g a l  c e l l  could become Pimirfng, as 2 

suggested by Gavis and Ferguson (1975). 

' , 

B. Previous Mass Cul ture  S tud ies  on to2 E f f e c t s :  

It has long been recognized t h a t  gaseous C02 must b e  suppl ied  t o  a l g a l  

mass c u l t u r e s  t o  optimize y i e l d s .  Cook (1951) i n  one of t h e  e a r l i e s t  mass 

c u l t u r e  experiments wi th  ChZoreZla suggested t h a t  a  5% ~ 0 2  mixture wi th  a i r  

bubbled i n t o  t h e  c u l t u r e  optimized inor,ganic carbon requirements. The e a r l y  

Japanese workers, developed both t h e  "outdoor bubbling technique" (11orimura . . 

et at., 1955) and t h e  "open c i r c u l a t i o n  method" (Kanazawa e t  aZ., 1958) f o r  

opt imiz ing t h e  supply of CO t o  a l g a l  c u l t u r e s ,  bu t  found t h a t ,  because t h e  2 



c u l t u r e  s u r f a c e  was exposed t o t h e  atmosphere,  "an enormously l a r g e  q u a n t i t y  

of CO -enr iched  a i r  is r equ i r ed  f o r  a e r a t i o n ,  and a c o n s i d e r a b l e  p a r t  of C02 2 

is wasted wi thou t  b e i n g  u t i l i z e d  by a l g a l  ce l l s . ' '  S i m i l a r l y ,  Oswald and co- 

workers  a t  Berkeley,  i n  t h e i r *  e a r l y  experiments  w i t h  wastewater-grown.fresh-  

w a t e r  a lgae ,  found s u b s t a n t i a l  i n o r g a n i c  carbon l i m i t a t i o n s  e x i s t i n g  i n  t h e i r  

c u l t u r e s  t h a t  could be overcome by enrichment w i t h  CO - a i r  mix tu re s  bubbled . . 2 

i n t o  t h e  c u l t u r e s  (Ludwig e t  aZ., 1951, Oswald -et aZ., 1953) . I n  t h e  German 

mass c u l t u r e  exper iments  at Dortmund, Germany (Sdeder , .1976) only  about  one- 

h a l f  t h e  CO s u p p l i e d  through a e r a t i o n  was a c t u a l l y  a s s i m i l a t e d  by t h e  a lgae .  
2 

I n  none of t h e s e  s t u d i e s  was any a t tempt  made t o  op t imize  t h e  e f f i c i e n c y  of 

C 0 2  u s e  by c o n s i d e r a t i o n  of t h e  i n t e r r e l a t i o n s h i p s  between t h e  CO - HCO; - 2 
-2 

C03 
chemical  e q u i l i b r i u m  system c o n t r o l l e d  by t h e  a l k a l i n i t y  p rqsen t  and 

t h e  added gaseous CO as they  were a f f e c t e d  by  i n o r g a n i c  carbon a s s i m i l a t i o n  2 

d u r i n g  pho tosyn thes i s .  

P i p e s  (1962), i n  a l a b o r a t o r y  s tudy  showed f o r  inorganic-carbon l i m i t e d .  

growth of a l g a e  i n  cont inuous  c u l t u r e ,  , . ,, t h a t . t h e r e  was a l i n e a r  r e l a t i o n s h i p  . . 

between s t e a d y  state a l g a l  c o n c e n t r a t i o n  and c e l l  r e s i d e n c e  pe r fod  f o r  a 

f i x e d  r a t e  of  CO a i r  a d d i t i o n .  Th i s  w a s  t h e  f i r s t  a t t empt  ' t o  op t imize  t h e  
2- 

a d d i t i o n  of C02 t o  a mass a l g a l  c u l t u r e .  Unfor tuna te ly ,  however, no cons idera-  

t i b n  was g iven  t o  t h e  r o l e  of a l k a l i n i t y  i n  r e g u l a t i n g  t h e  a v a i l a b i l i t y  of 

the '  COY 

some' a t t e m p t s  t o  add v e r y  h igh  CO i n  a i r  mix tu re s  have r e s u l t e d  i n  
2 

appa ren t  t o x i c i t y  e f f e c t s  ( ~ t e d m a n - ~ e i l s o n ,  1955, Se rok in ,  1962, Brown, 1971 

S h e l e f ,  1976).  O the r s  '(Tew e t  aZ., 1962, Fowler, et aZ., 1972) have demon- 
. , , . 



s t r a t e d  no adverse  a f f e c t s  on ChZoreZZa.using v i r t u a l l y  100% CO a d d i t i o n s .  
2  

An impor tant  f a c t o r  not considered i n  any of t h e s e  s t u d i e s  i s , t h e  r a t e  of 

a d d i t i o n  and t h e  e f f i c i e n c y  of d i f f u s i o n .  

Work a t  t h e  Trebon mass c u l t u r e  l a b o r a t o r i e s  i n  Czechoslovokia was 

addressed towards answering some of t h e  fundamental ques t ions  of CO 
2  mass 

t r a n s f e r  and d i f f u s i o n  i n  l i q u i d  c u l t u r e s  of .  gyowing a l g a e  (Necas and C l ~ o ~ s k y ,  

1969; 1970), and al though s i g n i f i c a n t  technolog,ical  advances were made i n  

t h e s e  s t u d i e s ,  once again  no accounting was made f o r  thc effects nf a l k a l i l t y  

and pH o n t h e e f f i c i e n c y  of CO , ' t r a n s f e r  and use. 2  

With marine systems t h e  requirements f o r  gaseous CO a r e  not  a s  seve re  
2  

a s  w i t h  f r e shwate r  c u l t u r e s  because of.:the s u b s t a n t i a l ~ a l k a l i n i t y  (two 

m i l l i e q u i v a l e n t s / l i t e r )  and r e s u l t i n g  t o t a l  ino rgan tc  carbon concen t ra t ion  

(25 mg/$) presen t  i n  seawater .  Yet, in eve11 t h e m  cystems inorganic  carbon 

l i m i t a t i o n  can e x i s t  and high c u l t u r e  pH l e v e l s  can occur i f  supplementary 

C02 i s  not  provided. GulJul~a, and Ryther (1975) showed t.hat.  very stroilg miw- 

i n g  t o  enhance C02 t r a n s p o r t  from.th.e,.atmosphere w a s r e q u i r e d  i n  mass c u l t u r e s  

o f  marine diatoms grown on wastewater-seawater mixtures  t o  meet t h e , f u l l ,  i n -  

o r g a n i c  carbon requirements of the a l g a e  and prevent  t h e  pH from r i s l n g  Lo 

grnwth-Pnhibit ing l e v e l s ;  even st i l l , .  mid-day pH v a l u e s  r o s e . t o . o v e r  ,!O a s  

CO de r ived  from HCO- present nos u t i l i z e d  along wi th  t h e  CO added dur ing 2 3 2 

mixing. No a t tempt  was made t o  add C02-enriched a i r  and c o n t r o l  t h e  pH, how- 

eve r .  

The growth o r  seaweeds i n  mass c u l t u r e  p r e s e n t s  s e r i o u s  p o s s i b i l i t i e s  

of  i n o r g a n i c  carbon l i m i t a t i o n  (Jackson, 1977). L i t t l e  is known about t h e  



i no rgan ic  carbon requirements of macroalgae although J o l l i f f e  and"Tregunna 

(197b) showed t h a t  photosynthet ic  r i t e s  of a  number of macrophytes were a 

f u n c t i o n  of t h e  t o t a l  ino rgan ic  carbon present  i n  seawater.  The c u l t u r e  

chamber used i n  t h e s e  s t u d i e s  was w e l l  mixed wi th  r e c i r c u l a t i n g  seawater 

and, thus ,  problems of mass t r a n s p o r t  of CO a t  t h e  l e a f  s u r f a c e  may have 
2 

been el iminated. '  The problem of mass t r a n s p o r t  l i m i t a t i o n  of CO a t  t h e  
2 

p l a n t  s u r f a c e  i s  probably ve ry  important  i n  seaweed mass c u l t u r e s  and v i r -  

t u a l l y  no research  h a s  been focussed on t h i s  important r e sea rch  top ic .  The 

mixing requirements i n  seaweed mass c u l t u r e s  a r e  completely unknown and, 

as shown by Lapointe et aZ. (1976), even i n  well-flushed and ae ra ted  (with 

a i r )  seaweed c u l t u r e s  pH v a l u e s  increased s u b s t a n t i a l l y  (>9) i n d i c a t i n g  a  

d r a i n  on t h e  HCO- a l c a l i n i t y .  
3 

I n t e r p r e t a t i o n  of t h e  d ivergent  r e s u l t s  reviewed i n  t h i s  s e c t i o n  is  

almost  imposgible. Although an  optimum pH f o r  a l g a l  growth h a s  'been demon- 

s t r a t e d  i n  a  number of s t u d i e s ,  few havc been a b l e  t o  show t h a r  pH was 

t h e  only  f a c t o r  a f f e c t i n g  t h e  observed growth. The d i f f i c u l t y  i n  separa t ing  

* 
pH e f f e c t s  on growth from thooc due t o  changes tl t he  H Co - HCO; - CO; 

2 3 

system, from t h e  p r e c i p i t a t i o n  of o t h e r  e s s e n t i a l  n u t r i e n t s  and from mixing 

e f f e c t s  h a s  plagued'many resea rchers .  
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ABSTRACT 

Two freshwater chloroph.ytes, Chore1 1 a vulgaris and Scenedesmus 'obl - i- i: 

quus ,were grown in inorganic carbon-1 imited continuous cultures in which 

HCO: was the sole'source of inorganic carbon. The response of 

stead.y-state growth rate (u). to external: total inorganic carbon conc'cn- 

tration was we1 1 described by the Monod equation; however,. the response 

to internal nutrient concentration was only moderately well represented 

by the D r o o ~  equation when the internal carbon concentration was defined 

on a cellular basis; and totally inapplicable when total binmass (dry 

weight) was, used to define internal carbon because the carbon :dry wiight 

ratio did not vary over the entire growth rate spectrum. In batch cul- 

tures maximum growth rates were achieved at PCO2.leve1s present in 

atmospheric air and HC0; concentrations of 3 mM. No growth was 

observed at 100% CO?. Both nitrogen uptake and chloroph.yl1 synthesis 

were tightly coupled to carbon assimilation, as indicated by the constant 

C:N and C:Ch1 ratios found at all growth rates. The main influence of 

inorganic carbon limitation is not on chemical structure of the biomass, 

but rather on cell size:higher values of u lead to bigger cells. 



Variations i n  the chemical composition of phytoplankton are  t i gh t ly  

coupled t o  changes in growth r a t e ,  (15,20,40). This growth rate-depen- 

dence, t o  a large degree, provides a good description of - the  nutr i t ional  

s t a t e ,o f  a ce l l  ~ o p u l a t i o n  in response to  d i f fe rent  degrees of nutr ient  

l imitat ion (15,371. For example, s igni f icant  var iat ions i n  the ce l l  'quota 

(ce l lu lar  concentration of 1 irniting nutr ient)  f o r  e i the r  phosphorus or . 

nitrogen occur when the respective nutr ient  i s  l imit ing in continuous : 

cul ture  and the  d i lu t ion  r a t e  (= growth ra te )  i s  varied (7,11,17,37,). 

Droop (6)  has '  demonstrated tha t  the ce l l  quota i s  re la ted  t o  growth r a t e  

1 by a rectangular hyperbolic equation o f  the fo rme  = ;[l-kQQ- ] (equation 

11, in which p i s  the spec i f ic  growth r a t e  ( T ,  , i s  the spec i f ic  

growth r a t e  fo r  vrhich Q is i n f i n i t e ,  Q is the ce l l  quo ta  (mass*[cell]-l), 

defined above, and k i s  the minimum .concentration of 1 irniting Q 
nutr ient  per c e l l  required before growth can proceed.  he equation i s  

empirical and i t s  u t i l i t y  i s  related to  which limiting nutr ient  i s  being, 

considered (16) .  For nutr ients  tha t  cons t i tu te  a small f ract ion of to ta l  

ce l lu l a r  material such as p o i 3  and vitamin BI2 the r a t i o  kQiQl,, 

(QM i s  the  upper bound in ce l l  quota associated with the  t rue  maximum 
. . 

growth r a t e  e )  i s  very small (e.g. < 0.11, indict ing a large variation i n  
- 

Q in the.range 0 < - < G (16). Then, according t o  equation 1, 5 = e.  

When nitrogen, which cons t i tu tes  -5-1 0 percent of to t a l  ce l l  u1 ar biomass, 

is  the l imit ing nutr ient  the va r i ab i l i t y  in Q i s  more r e s t r i c t ed  and 

k :Q i s  -0.2 so t h a t  = 0.8 (16,171. Under these conditions the Q 19 . . 

a ~ p l i c a b i l i t y  of equation 1 i s  r e s t r i c t ed  and there i s  no subs t i tu te  fo r  

determining ; and QM independently . 
. . .  



To date, v i r t u a l l y  no in format ion i s  ava i l ab le  on the degree o'f. 

c e l l ~ ~ l a r  carbon va r i a t i ons  i n  phytoplankton when inorganic carbon i s  the. .  

l i m i t i n g  n u t r i e n t .  Goldman e t  a l .  (18) and Pipes (34) d i d  observe, how-: 

ever, t h a t  t he  y i e l d  coe f f i c i en t  on a  weight bas is  (= c e l l u l a r  d r y  

n e i g h t l c e l  l u l  a r  organic carbonf fo r  ' several freshwater green a1 gae was 

i n v a r i e n t  over t h e  e n t i r e  growth r a t e  spectrum i n  inorganic carbon- l imi ted 

con t i nuous~cu l t u res .  However, c e l l  numbers were no t  measured, and thus 

c e l l  .quotas f o r  carbon were unavai l  able. / 

Go1 dman e t  a1 (18) , moreover, d e m ~ ~ s t r a t e d  t h a t  a t  steady s t a t e  under 

ino rgan ic  ca rbon- l im i ta t ion  p was r e l a t e d  to: t he  res idua l  t o t a l  inorganic  

carbon concent ra t ion C = ( C 0 2  + H2C03 + H C 0 3  + C03) according t o  the 
T 1 

Monod equat ion p - i C T  i ~ ,  + CT )-I (equation 2) i n  which K, i s  the  h a l f  
1 1 

sa tu ra t i on  c o e f f i c i e n t  (ML-3), o r  the  concent ra t ion o f  1, imi t ing n u t r i e n t  

f o r  which u = j 12 .  I n  add i t ion,  Kg was found t o  be a  func t ion  o f  c u l t u r e  

pH. For microalgae i t  has been v i r t u a l l y  impossible t o  demonstrate r e l a -  

t i onsh ips  between p ' and res idua l  (ex terna l  ) 1 i m i t i n g  n u t r i e n t s  because 

KS values for. t he  common n u t r i e n t s  s tud ied  (e .g . ni t rogen, phosphorus) 

have been below l e v e l s  of de tec tab i l  i t y  even though the .Droop ( i n t e r n a l  

n u t r i e n t )  equation and t he  Monod (externa l  n u t r i e n t )  equation are com- 

p a t i b l e  a t  steady s t a t e  (3,711. 

I n  t h e  cu r ren t  study, we expanded on the  e a r l i e r  study o f  Goldman .e t  

a1 . (78) and examined the u t i l i t y  o f  the Droop and Monod equations f o r  

inorganic  carbon- l imi ted growth o f  two freshwater green microalgae, 



Chlore l  l a  vu l  ga r i s  and Scenedesmus obl  iquus, i n  continuous cu1 tu re .  . In . . 

add i t ion,  we s tud ied how the  chemical composition o f  t he  above algae 

va r i ed  w i  t'h growth ' r a t e  under ' inorganic  carbon 1 im i ta t ion .  , 

. . 

MATERIALS AND METHODS 

The continuous-cul t u r e '  apparatus ( a  bank of ei'ght .0.5-1 i t e r  cu l tu res )  , 
. . 

t h e  cu l  t u r i n g  protocols,  and, t h e  experimental analyses were v i k t u a l l y  

i d e n t i c a l  t o  those described p rev ious ly  (16,17). ' . . continuous l i g h t i n g  

(2,093 J m-2min-1 v i s i b l e ) ,  temperature cont ro l .  ( 2 0 ' ~ )  , and mix ing  w i t h  

magnetic ba r  s t i r r i n g  were employed i n  the continuous c u l t u r e  experiments. 

Aerat ion w i t h  mixtures o f  100% C02 and 1 aboatory a i r  a t  several bubble  

r a t e s  were used on ly  i n  some o f  t he  batch experiments t o  determine G.. 

C02 from a g a s  cy l i nde r  and l abo ra to r y  a i r  were f i r s t  mixed i n  t h e  

desired p ropor t ion  5n a 2-gas propor t ioner .  The spec i f i c  gas hubhl ing 

r a t e  G(T-') (= gas bubbl ing r a t e l c u l  t u r e  volume) was se t  by  passing t h e  

gas m i  x t u r c  through a f l  owmeter-rggul a t o r  before i t  entered the  c u l t u r e  

bottom. i n  these 1 a t t e r  experiments. I n  a1 1 other experiments gas 'bubbl i n g  

was n o t  employed and HC03 was t h e  so le  source o f  inorganic  carbon. The 

freshwater chlorophytes C h l o r e l l a  v u l g a r i s  and Scenedesmus ob l iquus were 

obtained from the  labora to ry  o f  M. Gibbs a t  Brandeis Un ive rs i t y .  

The freshwater medium was s i m i l a r  t o  t h a t  used p rev ious ly  (18) and 

cons is ted of 2.0 mM NH~CI, 0.4 mM MgC12, 0.4.mM MgS04 -7H20, 0.2 mM 

CaC12 *2H20, 0.04 mM H3B04, 'and t r a c e  metals i n  a twofo ld '  d i l u t i o n  o f  - f 

medium (23). The medium f o r  the continuous c u l t u r e  experiments was 



bu f f e red  w i t h  10 mH phosphate cons i s t i ng  o f  equi-molar concentrat i6ns o f  

R2HP04 and K H ~ P O ~ ; :  t esu l  t i n g  i n  a pH o f  7 .l-7.2. , The concentration. o f  

t o t a l  inorganic  carbbn i n  t he  medium (C ) was' 10 mg C *  1 i t e r - l  :.suppl i ed  . 
from a mix ture  O f  NaHC03 and NaC03.. F O ~  the batch studies the, r a t i o  o f  

d i -  t o  m o n o - ~ 0 ~ 3  i n  25 mM b u f f &  was, va r ied  depending on the  p a r t i a l  

pressure of COq i n  the' gas mixture.  Up t o  10 mM HC03 \;as added i n  some 
. . 

o f  these batch experiments. Medium was dispensed t o  the continuous cul-  

t u r e s ~  v i a  a mu1 t ichannel  p e r i s t a l t i c  pump ( ~ a r v a r d  no. 1203). A1 l tub ing  

was glass, except f o r  small  sect ions o f  s i l i c o n e  inser ted  through the 

pumps.. 

Chemical analyses f o r  CT and CT , were c a r r i e d  ou t  on a Dohrmann 
0 1 

DC-54 U1 tra-Low To ta l  Carbon Analyzer, modi f ied f o r  inorganic carbon 

analyses according t o  Go1 dman (1 2). The instrument has a p rec is ion  o f  

- - 1 +I 0 ug C *  1 i t e r - '  (or  + 2%) and an accuracy down t o  - 50 p g  C. 1 i te r -  . 
P a r t i c u l a t e  carbon and n i t r ogen  were measured on a Perkin-Elmer 240 cie- 

mental analyzer . Ce l l  s were counted i n  a Spencer. Br ight-1 i n e  hemacyto- . . . ) 

meter. Dry we1 g h t ~  were made on 100 m l  samples re ta i ned  on pre-combusted 

g l  ass-f i ber  f i 1 t e r s  and combus ted  a t  500-550~~ f o r  >4 hours. . Chl orophyl l , 
- .  

a was measured on acetone-extracted samples by f luorometry  according t o  - 
St r i c k l a r i d  and Parsons (48). Cu l tu re  and medium..pH was measured w i t h  a 

6 .  . . 
combination probe mounted on a Corning 110 meter. A11 measurement's were 

made d i r e c t l y  on c u l t u r e  samples a t  the, steady s ta te ,  def ined as t he  t ime 
. . .  

when c u l t u r e  absorbance, measured on a Bausch and Lomb Spectronic 88 a t  

600 nm, d i d  not  vary  more than - + 10 percent f o r  a t  l e a s t  2 consecutive 

days. The cu l tu res  'were n o t  axenic f o r  the reasons c i t e d  - e a r l  i e r .  (11); 

, .  



The haximum growth'rate was estimated both by the ce l l  washout tech- 

nique, (11) 'and the  enriched-cul tu re  batch technique (17 . .  Batch experi- , 

ments 'were carr ied :out using e i the r  bubbled gas  or  H C O i  as t he  Source of 

inorganic carbon. Three concentrations of HC03 were used: :3, 6, 10 mM. ' 

Gas mixtures included a i r  ( P  '= 0.036%) a t  3 bubbling r a t e s  ( G  = 25, 50, 
co7 

L 

75 hr-'1, a n d  .I X ,  5%, and: 100% PCO i n  a i r  a t  a constant G o f  50 hr-I. 
2 

The maximum growth r a t e  was determined from each exper'iment by. l inear  . 

regression' analysis of the  plot of the natural log of. t he  c e l l  count ver- 

sus time. In each experiment 3 measurements were made during exponential 

growth for  ce l lu l a r  carbon (QcM) and nitrogen (QnM) .  Inocula f o r  

the batch.cul tures  were taken from continuous cul tures  a t  steady s t a t e  t o  

5 .  give i n i t i a l  ce l l  numbers o f  0.1*10 to  0 . 3 ~ 1 0 ~  c e l l s  ' m l - l . ,  . 

  he k ine t i . c  coef f ic ien ts  ii and k were determined from regressisn Q 
analyses of t h e  lineakized version of equation* 1 as follows: Y = ~ ~ ( l - ~ i i - ~ )  

(equation 31, i n  which Y i s  the eel l u l a r  yield coef f ic ien t  (Q?'), and Y Q 
i s  the maximum ce l lu l a r  yield coeff ic ient  (kql) (7) ; KS and d were deter 

mined from regre'ssion analyses of the 1 ine,arizedi version . o f .  equation 2 as  
-1 - . follows: CT = (cTIP ),., - K, (egua'tion 4) ( 1 8 ) .  Forty s ix  steady s t a t e  

1 

measuremctnts were made f o r  - C. vulgaris - in the growth r a t e  range.0.17-2.05 

day-', and' 33 measurements fo r  - S. obliquus - i n  the  range 0.17-1 .M day-'. 



RESULTS 

1 

Maximum growth ra te .  ~ s t i m a t e s  of t by the  washout technique were.1.59 

fOr S. obliquus and 2.11 day-l fo r  C. vulgaris. For C .  vulgaris 
7 - - 

t he  magnitude of ' c  determined b,y the batch technique, regardless of 

whether HC03 ( i n  the  range 3-10 mM) o r  bubbled C02 ( i n  the PCO range 
2 

0.036 - 1%) was the' inorganic carbon source, was comparable t o  the washout 

technique, ranging from 1'.94 to  2.08 daym1 and averaging 2.02 daym,' (Table 

1) .  With 5% PC. ; was diminished considerably (0.97 day-') and w i t h  
2 

100% C02 no growth was observed. For - S. obliquus, on the other hand, P 

by the  batch technique was comparable t o  the washout method when bubbled 

C o p  was the inorganic carbon source a t  any PCO level (except fo r  100% 
2 

Cop  f o r  which no growth occurred): 3 ranged from 1.47- t o  1.77 day-' and 

averaged 1.57 day-'. Moreover, increasing concentrations of HC03 beyond 

1 3 mV ((;I; = '1.67 day' ) led t o  signi-ficant reductions in i; (down t o  1.16 day- 1 

with 10 mM HCOj) (Table 2) .  There was no ef fec t  of bubble r a t e  on i; f o r  

e i t h e r  species when a i r  was the  inorganic carbon source. Culture pH 

values varied between 6.8 and 7.7, t he  highest values occurring in the 

10 mM H C O j  experiments (Tables 1 and 2) .  

Half saturat ion -- coeff icient .  The response of p t o  external ( residual)  

inorganic carbon concentration (CT I was well described by equation 4, 
'I 

leading t o  K, values of 0.20 mg C * l  iter- '  fo r  - C. vulgaris (Fig. 1A) and 

0.16 mg C * l i t e r - '  f o r  - S. ohliquus - (Fig. 18).  



Cel lu l  a r  carbon variations.  The ce l lu l  a r  carbon: dry weight ratio.. 

(4:) was inva'rient w i t h  p fo r  both speci'es: 0.46 * 0.07 S.D. f o r  - C. 

vulgaris (Fig. 2A) and 0.48 * 0.08 s.'D. fo r  - S. obliquus (Fig. 3A). In 

contrast  t h e  carbon cel l  quota (Qc) increased with p f o r  both species ' 

- .  

( ~ i ~ s .  2B and 38). T h e  k i n e t i t  coeff icients  kQ and a, derived from 

equation 3, were respectively 2.2 pg C *cell- '  and 2.16 day-' f o r  - C. 

v u l  gar is  and 7.3, pg C -cell- '  and 2.44 d a g 1  f o r  - S. obl iquus (Table 3). 

... There was excellent agreement between estimates of QcM by the  batch 

technique and from the experimental data in Fig.. .2B and 3B for  both 

species: QcM=13.5 pg C *cell- '  (Table 1) t o  1 5  pg C *cell-l  (Fig. 28) f o r  

C. vulgaris and 29.3 pg C *cell-' (Table 2) - 28 pg C *cell- '  (Fig. 3 ~ )  --- 
fo r  - S. obl iquus. . The resul t ing ra t ios  of kQ:QcM were 0.16 for  - C. 

vulgaris and 0.25 for  - S. obl iquus (Table 3).  The r a t i o  F:; determined 
- 

from summarized experimental data for  (Table 3) .and v from equation 3 
' 

did not compare we1 1 wi (;!I .the values derived from equation 1 with the 

r a t i o  k :Q inserted (Table 3) : respectively 0.94-0.98 versus 0.85 f o r  Q cM 
C. vulgaris  and 0.65 v'ersus 0.75 fur  S. obl iquus (Table 3). - - 

Cellular nitrogen variations. There appeared t o  be t i g h t  coupling between 

nitrogen and carbon assimilation a t  a l l  growth ra tes .  The ce l lu la r  C:N 

r a t i o  (by weight) was v i r tua l ly  invarient with varying p ,  f o r  both - C. 

vulgaris ( ~ i ~ .  4 A )  and S. obl iquus (Fig. 481, ranging between 5 and 6 .  -- - 

The maximum nitrogen ce l lu lar  content (QnM), averaged from the batch 

cul ture data in Tables 1 and 2, was 2.8 pg N *cell- '  for  - C. vulgaris and 

4.8 pg N *cel l - '  for  - S. oblfquus. 



Cell ul a r  chlorphyll var iat ions.  Cel lular  chlorophyll 1 ike carbon and 

nitrogen, increased with increasing r ,  ranging from -0.O4pg Chl *cel l - l  

t o  - 0.25 pg Chl .cell-' for '  C. vulgarus (Fig. 5B) and - 0.1 pg Chl - 
*cel l - l  t o  0.25 pg C h l  *ce l l - l  f o r  .S. - obliquus (Fig. 68) i n  the  range 

0 < tr i k  The carbon:chlorop~y11 r a t i o  decreased s l igh t ly  from - 75 t o  

50 between 0 < u - < f o r  - C. vulgaris (Fig. 5A), but generally was invar- 

i en t  a t  -100 with increasing u f o r  - -  S.. obl iquus (Fig. 6A), although there 

was substant ial  s c a t t e r  in the  data  at.^ < 0.3 

Inorganic carbon-'limited - growth - kinetics. .  Interpretation of inor~ganic . 

carbon k ine t i c  d a t a , i s  premised on the  knowledge tha t  the a,ctual: substrate  

f o r  assimilation is  known or  tha t  the  r a t e  reactions within the C o p  - 
HC05 - C O j  chemical system a r e  a l l  f a s t  enough so tha t  the to t a l  f lux  

of inorganic carbon in to  biomass v i a  photosynthesis, i s  the'rate-1 imiting 

s t e p  111). Of t h e  several r a t e  reacti,ons in the  C o p  - H C O ~  - C05, 

system, o n l y t h e  reactions H2c03 i n C 0 2 . +  H20 (equation 5) a t  'pH < 8 a ~ d -  

H C O j  + C02 -I- OH' (equation 6) a t  pH > 10, o r  both in the pH range 8-10, 

a r e  r e l a t i v e l y  slow (25) .  Thus. regardless of whether an alga is  an 

obl iga te  C02 user or can assimil a t e  H C O T  d i r ec t ly ,  t he  uptake of any 

carbon species wi l l  be indistinguishable from t h a t  of the t o t a l  inorganic 

carbon pool when the above reactions a re  not r a t e  l imiting. For example, 
I 

Go1 dman e t  a1 (18) demonstrated tha t  f o r  a range of growth r a t e s ,  algal 

biomass, and to t a l  inorganic carbon concentrations similar t o  those used. , 



in the  current study;and f o r  most natural water s i t i@ations in which t h e  

amount.of t o t a l  inorganic carbon present i s  in excess r e l a t ive  t o  the 

demand of phytoplankton, react ions 5 and 6 generally are not r a t e  

l imiting: hence, under these conditions i t  i s  valid t o  use CT as the 
1 

subs t ra te  in equation 2. 

Moreover, when the '  pH i s  varied but the chemical reactions in the 

C02 - HC03 - CO? system remain non-limiting, i t  i s  impossible to .  

determine the  form of inorganic carbon used in photosynetheis by comparing 

KS values tha t  a r e  based on r e l a t ive  C02 versus HCO; concentrations. 

The two K, values under these conditons will always be related by the 

equil ibrium constants defining ' the chemical system (19).  Lehman (26) 

carr ied these arguments fur ther  by showing than even when Cop was the , 

source of inorganic carbon f o r  photosynthesis, f ac i l i t a t ed  transport  of 

HCO: across ce l l  .membranss supplemented C02 transport  t o  mai.ntain high 

t o t a l  f luxes of inorganic carbon t o  the s i t e s  of photosynthesis. 

The values of K, (based on C ) found. in the current study f o r  C. 
1 

- 

vulgaris (0.20 mg C l i t )  and's. - I  nhliqll~lc (0.16 rng I: * l i t e r 1 )  are  
1 

v i r t u a l l y  identical t o  those determined f o r  two other chlorophytes, 

Selenastrum capricornutum (0.40 mg C 1 i t  and Scenedesrnus quadricaeda 

(0.22 rng c.1 i t e r - l )  grown in t h e  pH range 7.1-7.2 (18). These K, values 

a re  considerably lower than those found f o r  cultured and natural 

pi;oulations of estuarine and marine phytoplankton measured during 

short-term 14~-incubation s tudies  (4,27). However, the  K, values 

determined in these l a t t e r  experiments ace not comparable with steady 

s t a t e  continuous cul ture  experiments because' in the former case they were 



based on 'total inorganic carbon uptake per unit time over 1-2 hours incu- 

bations, whereas in the latter studies they were determined as a function 

of the steady state growth rate. Photosynthetic rates, particularly when 
. . 

measured over short intervals, are not necessarily coupled to growth 

rates (30).. 

Mark1 (28) found that the K; fnr based on C02 levels 

at the cell surface, was - < 1 pg C *liter-l for steady state turbidogtatfc 
growth of - C. vulqaris at various light intensities and influent PCO 

2 .  
levels i n  bubbled gas, which ( 5  over 2 ordenof llldY,~itud~ lwer than the 

KS values reported, in this study. It would thus appear that when inor- 

qanic carbon is suppl ied primarily in the gaseous form the'true affinity 

for inorganic carbon at the cell surface is so high that the main mass 

trans~ort bottleneck occurs at gas-1 iquid interfaces. when HC05 is the 

major source of inorganic carbon, chemtcal converslon rates o f  HCO$.to 

C02 for obligate C02 users 'or the efficiency of HC03 transport across 

cell membranes for species :capable of fac,i 1 i tated HCOj transport (26) 

are, in principal, the major potential rate bottlenecks. However, it has 

been repeatedly demonstrated that the enzyme carbonic anhydrase, which 

catalyses reactions 5 and 6, is produced when cells are grown in low .- 

PCO2 environments (1,10,21,22,24,31), thus providing additional, albeit 

indirect, evidence that mic!roal cJae have very high affinities 'for inorganic 

carbon. Therefore, it is v:irtuall impossible to distinquish between 

u~take of a particular form of inorganic carbon and the response to the 

entire carbon~ool CT without rapid kinetic experiments such as used by 

Lehman (26) and Si kes et a1. (42). 



Sources of inorganic carbon and -- T h e  a b i l i t y  of - C. vulgar is  and - S. 

obliquus t o  grow a t  maximum r a t e s  in hatch c u l t u r e  a t  inorganic carbon 

concentrat ions as low as 3 mM HC0j o r  0.036% PCO (Tables 1 and 2) 
2 

appears t o  be a common c h a r a c t e r i s t i c  of many freshwater and marine algae 

(1,36,43,49), and is  another indicat ion of t h e  remarkable a f f i n i t y  these  

organisms have f o r  inorganic carbon. There a l s o  is general agreement 

t h a t  maxirnum.photosynthetic r a t e s  of species  such as Chlorel la  and 

Scenedesmus - can be susta ined on s i m i l i a r  and even lower C02 concentrat ions 

(2,9,45,46). 

The percentage of C02 in t he  a i r  supplied t o  a, cu l t u r e ,  however, i s  a 

r e l a t i v e l y  meaningless term i n  t r y ing  t o  ascer ta in  t h e  amount of C02 

required f o r  rnaximuni photosynthesis i f  no accounting i s  made f o r  t he  

concentration of C02 i n  solut ion which is r e a l l y  ava i lab le  t o  t h e  algae 

(29).  This concentra t ion,  as demonstrated by Mark1 (281, is a function . 

of t h e  sparging r a t e  and degree o f '  turbulence.  and t h e i r  combined e f f e c t  

on t h e  C02 tension a t  t he  ce l1 , su r f ace  where t h e  demand fo r  inorganic 

carbon occurs;  f o r  :examp1 e ,  w i t h  optimum tubul ence maximum phytosynthetic 

r a t e s  were at tain 'ed when t h e  PCO concentrat ion a t  t h e  c e l l  surface  was 
2 

0.0005% (28). The lowest sparging r a t e  (6.25 hr-l) used i n  t h e  cur ren t  

study c l e a r l y  was high enough t o  prevent any mass t ranspor t  '1 imi ta t ions .  

The narco t ic  e f f ec t  of 100%C02 on bbth species has been observed 

previously (44) ,  a1 though no s a t i s f a c t o r y  expl anation e x i s t s  f o r  the  

phenomenon. The decrease in F a t  5% C02 i n  a i r  observed f o r  - C. 



vulqaris (Table 1) is not susbstantiated by similar data in th? litera- -- 
ture,,as 5% COq has been commonly e:nployecl to prevent carbon limitstion . , 

in Chlorel la and other algal cultures (24). Possibly a lack of condi- 

tioning at this C02 level led to the apparent reduction in F (47). The 

decrease in j for - S. obl iquus with increasing IICO; concentrations greater 

than 3 mM is 1 ikewise difficult to explain. Osterl ind (32) found a 

decrease in u with increasing HCOS concentration and concombitant 

increasing pH, which he attributed to COj toxicity. In our cultures the 

pH rose only sl ightly from 6.8 at 3 mM HC03 to 7.7 . .. at 10 mM HCOi (Table 

2 \ ,  so that CO? levels were always minimal. Pratt (35) observed deli- 

terious effects of the sodium salts of HCOj and CO; on algal growth so 

that such an effect on our study cannot be ruled out. 

Effect of qrowth rate on carbon cell quota. The invarience in Q; with 

changing 11,  re~resenting - 45-50 % carbon in the biomass (F igs .  2A and 

3 A ) ,  is identical to previous resul ts (18,341, and conclusively .denl3n- 

strates the inapplicability of equation 1 for describing the relationship 

between \I and internal carbon when inorganic carbon is limiting and Q i s  

defined on a dry weight or total biomass basis. Droop (8) pointed out 

that his original formulation of equation 1 was based on the considwation 

that total biomass was the proper unit for calcuating Q, and ttiat only 

when cell volume was invarient with changing LI was it acceptable to re- 

olace biomass with cell number in this term. Yet, the general con'vention 

in most phytoplankton studies, both experimental (40) and theoretical (51, 



has been to use concenti-ation of internal nutrient per cell number as a 

measure of Q.  h he choice of biomass' units actually is academic because 

equation 1 is purely empirical without an.y fundamental theoretical basis. 

On a cellular basis there is significant variation in Qc for both 

species. The degee of variatign of Qc, as indicated by the ratio 

kQ:QcM (Table 31 is much more pronounced for - C. vulgaris (k  :Q,, = 0.15) Q 
than for - S. obliquui (k :QcM = 0.26),. C. vulgaris, which is Q - 
considerably small er than -- S. .obi i x s ,  must be capable of 1 arger re1 at ive 

increases in cell size with increasjng p than - S. obliquus. Cell size may 

thus be as important a parameter in dictating the potentia'l range in Q 

for a   articular limiting nutrient, as it is influencing the absolute 

value 0.F k (41).  Q 
The tlifferences between estimates of k :QcM from experimental data Q 

for QcM and from regression analyses of kinetic data using equation 3, 

~oint out the dangers in indiscriminately using' the 1 atter approach. The 

values of QCM from batch data and kd'from the curv-es in Figs. 28 and 2C 

are far more precise than 'determinations of the slope of equation 3, 

which establishes 7 (17). Thus the utility of equation 1 for describing 

inorganic carbon-limitation in algae, is restricted and ji and QcM must be 

determined ex~erimentally, even when.the cell quota is defined as 

cell ul ar carbon. 

Cellular chemical ratios. -- The tight coupling between carbon assimilation 

on the one hand and nitrogen uptake (Fig. 4) and chlorophyll synthesis 

(Fiqs. 5 and 6 )  on the other hand is best represented by the invarience 



in the C:N and C:Ch1 ratios with changing p .  The magnitude of the C:N 

ratio of 5-6 for both species represents the lower limit possible with 
. , 

and indicates a cell population in a we1 1-bal anced nutritional 

state, i.e. - 50brotein in total biomass (15). Similarly, C:Chl ratios 

in the range 50-100 are indicative of well-nourished cells (1.5). 

The. effect of inorganic carbon-limitation on cellular chemical com- 

position is quite d.ifferent then when nitrogen or phosphorus is limiting. 

Under 'nitrogen limitation, the nitrogen cell quota increases with 

increasing p ,  but generally the carbon and phosphorus cellular contents 

either remain constant (33,38,39), or increase in a theshold fashion only 

close to { I  7). For phosphorus 1 imitation both carbon and nitrogen cel- 

lul ar contents typically are independent of p (13,33,38). In contrast, 

the cellular chloroj~hyll content seems to increase with increasing p 

regardless of which nutient is limiting (40). 

It would appear that the major effect of inorganic carbon-l imitation 

on cell physio1og.y is not so much an effect on the chemical structure of 

the cell, but rather its influence on- cell size: decreases in cell sire 

are related to decreasing p ,  which, in turn, represents an increasing 

degree 'of -inorganic carbon-1 imitation. 

Algal productivity. An important consequence of the very low KS values 

establ ished for inorganic carhnn-1 imi t e d  growth i s  t h a t  t h e  steady state 

level of algal carbon virtually is equal to CT at all growth rates until 
0 

just before $ hecause C >> C; (Fig. 1). Then algal productivity P 
To 1 

(ML-~T-~I increases linearly with increas'ing u and is a maximum just 
' 



before G, followed by a rapid decrease to zero at (Fig. 7). Und.er 

thesq conditions peak productivity is synonymous with high p .  This ' 

situation is true, however, only when HC03 isthe source of limiti-ng 
. , 

nutrient and is supplied to th,e culture as part of the influent liquid 
, . 

medium. When bubbled C02, which is supplied independent of the 

medium, is the source of inorganic carbon a decrease in algal biomass . . 

occurs with increasing u and peak productivity will occur when is 

consjderably less than û  (34). In attempting tqoptimize productivity in , 

algal mass cultures . . consideration must be given to. these bioengineering ' 

constraints (14). . . 

Conclusions. In. the.current study the relat'ionship between growth rate 

and inorqanic carhon limitation was best described by tl!e Monod 

equation. The Droop equation was inapplicable when total biomass was 

used in olace of ce!l nurnber in defining Q and .of restricted use when I! 
" I 

was related to cellular carhon. Both equations are empirical and must be . . . , . . 

used with caution in descriptions o f  algal growth response to nutrient 

1 imitation. Rather dnterestingly, the appl icabil i ty of the Monod and 

Drooo equations respectively increase (i .e. measurable KS values) and 

decrease (i .e. 1 arge k :Q ratios) when the 1 im'lting .nutrient . Q M , , 

comprises a larger fraction of cellular biomass. Phosphorus and carbon 

represent the extreme examples of this concept. 

The affinity that algae have for inorganic carbon is high enough to 

Drevent distinguishing between Cop and HCOj uptake on the basis of , . 



chemical e q u i l i b r i u m  c o n s i d e r a t i o n s .  The major f a c t o r s  control1in.g inor -  

gan ic ,  ca rbon  up take  a r e  phys ica l  mass t r a n s p o r t  b o t t l e n e c k s  a t  gas - l iqu id  

i n t e r f a c e s  and t h e  p h o t o s y n t h e t i c  p roces s  i t se l f .  The mass f l u x  of C02 

a n d l o r  HC03 across ,  cell membranes does n o t  appear  t o  be  a  r a t e  l i m i t i n g  

step. 
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TASLE I. G90!iTH AND CELLULAR COEFFICIENTS FOR CHLORELLA VULGARIS AT MAYI!4UM GROh'TH RATE I N  BATCH AND CONTINUOUS CULTURE. 

Gro\rrth Carbon 

Yodo Source 
('conc. 1 ~ h r - ' )  ( d a y 1 )  (pg C ce l l - ' )  (mg C:mg w t )  (pg N ~ ~ l l - ~ )  (mi C 1 i t e r - l )  

C u l t u r e  
DH 

Bubbled Gas 
Pco) = 0.035010 25 

50 

-- pp 

est imated by eye. 



TABLE 2. GROVTH AND CELLULAR COEFFICIEKTS FOR SC3EDESMUS OBLIDOUS AT MA:IMUi-I GROilTH RATE I N  BATCH A ID  CONTINUOUS CULTURE. 

Growth  Carbon 

$?ode Source 
Iconc.1  

L. 
. I - .  Q2 Q", s C u l t u r e  

%N 
( d ay-") pH 

(pp  C cell-') (mg C:mg w t )  (pg N cell-') ( m i  C l i t e r - ' )  

Batch =3 
=6 
=I 0 

- .  

. . .Bubbled Gas 
PCo2 = 0.036010 2 5 

5 3 
7 5 

a estimated by eye. 



TABLE 3.. SUMVARY OF KINETIC' DATA .FOR'.THE TWO FRESHWATER. 
GREEN .ALGAE GROWN IN  INOXGANIC CARBON-LIMITED CONTINUOUS CULTURES 

A a -b A 

Soecies ' Datum . u -  u 
Q~~ Q n ~  k Q : Q i M -  e : i .  . P o i n t s  

(Growth Mode) . (bay-') ( d y - ' 1  [pg C* c e l l - ' )  ( ~ g   tell-') (pg ~ * c e l  i-.') 

Batch . .  12d 2.02 13.5a , .0,16 . 0.94 . 

S. Obl iquus . . - 
. . 

Continuous . 33 1.59 2.44 7.3-  . 28C. 4.8c 0.26 . 0.65 

17d Batch . - 1.59 . 29.; 3a Oi25 0.65 

. * . ,  

a date averaged from da ta  i n  Tables 1 and 2. 

data ob ta ined  frcm regress  on analyses o f  .equation 3. . 

c es t imated  b y  eye from F igs .  25 and 3B. 

d,ddtm ~ o i n t s  f o r  neasurement of c e l l u l a r  carbon and .n i t rogen.  
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FIGURE LEGENDS 

Figur,e 1.   el ationship between specific growth rate and residual total 
inorganic,carbon :at culture at steady state in inorganic 
carbon-limited continuous culture. Curves determined by 
regression analyses of equation 4 and plot of equation 2: A) 
Chlorell a vul garis; 0) Scenedesmus ob1 iquus. ---- - 

Figure 2. Relationship between specific 'growth rate and carbon cell 
q~mtns for Chlorell a vul garis in inorganic carbon-1 imiterl 
continuous culture: W c - d r y  weight basis; B) Qc-cellul ar 
basis. * 5s. . Q c ~  from averaged batch culture data in Table 1. 

Fiqure 3. Relationship between specific qrowth rate and carbon cell 
quotas for Scenedesrnus obl iquus grown. in inoryilrlic 
carbon-1 imi ted continuous culture: A) 9:-dry weight 
basis ;, .B )  4,-cell ul ar basis . * is Q c ~  ..from averaged 
batch culture da ta  in Table 2. 

Figure 4. Relationship between specific growth rate and cellular 
carbon:nitrogen ratio in inorganic carbon-limited continuous 
cultu+-e: A) Chlorell a vul garSs; B) Scenedesmus obl iquus. 

Figure 5.   el ationship between specific growth rate and cellular 
chlorophyll .consti tutuents ii~ Srlorqanic carbon-1 1i11'iWd 
continuous cultures for Chlorell a Gulgaris: A) 
carbon:ch1orophyll ratio'B)ul ar chl orophyll content. 

Fiqure 6. Relationship between specific growth rate and ce11i11ar 
chl orophyll consti tutuents in inorganic carbon-1 imi ted 
continuous cul tures for Scenedesrnus obl i y uus : A) 
carbon :chl oro~hyl 1 rati6B)lmar chlorophyll content. 

Fiqure 7. Relationship between specific growth rate and algal 
~roducti v i ty in inorganic carbon-1 imi ted continuous culture: 
A) Chl ore1 1 a vul yar5 s; B) Scenedesrnus obl iquus. 
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