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Abstract .  The isothermal f low-microcalor imetry as we l l  as 
the bench-scale ca lo r imet ry  have been used f o r  op t im iza t i on  
o f  mic rob ia l  react ions i n  r e c i r c u l a t i o n  reac tors  charac ter i -  
zed by p e r i o d i c a l l y  changing d isso lved oxygen gradients .  
Thus, the reac t ion  o f  aerobic growth o f  Candida maltosa EH15 
on pe r iod i c  changes o f  a i r  and n i t rogen suppqy has been stu-  
d ied i n  a chemostat. When the  residence t ime o f  ae rob ica l l y  
growing yeast c e l l s  a t  reduced d isso lved oxygen-concentration 
was smal ler  or equal t o  the re ta rda t i on  t ime o f  the  inve- 
s t i ga ted  system no increase o f  s p e c i f i c  heat f l u x  and re- 
c ip roca l  y i e l d  has been obtained i n  comparison t o  the  steady 
s t a t e  w i thout  per tu rba t ions .  The experimental r e s u l t s  are 
i n  agreement w i t h  computer-aided ca l cu la t i ons  on the  base o f  
a simple S-E-X model. 

INTRODUCTION 

Studies o f  aerobic c e l l  growth are the base o f  mic rob ia l  pro- 
duct ion o f  many compounds, e.g. cell-mass cons t i tuents  and ex t ra -  
c e l l u l a r  metabol i tes.  Such substances are produced as a r u l e  i n  
high-performance reac tors .  Ce l l  mass (C1Hi.eOo.5No.i7Po.or . . .  1, 
carbon d iox ide ,  water, and other  e x t r a c e l l u l a r  metabol i tes 
(&HOOP . . . I  are formed i n  an i r r e v e r s i b l e ,  a u t o c a t a l y t i c ,  and 
exothermal reac t i on  from several n u t r i e n t s ,  e.g. a carbon subs t ra te  
(CnHm01 1,  molecular oxygen, ammonium and phosphate ions: 

aoCiHi.eOo.5No. i 7 P o . 0 1  . . .+  bCnHlOm+ ~ 0 2 +  dNH4++ eP043-+... 
-(a-ao ) C i  HI, e O o . 5 N o .  1 7  PO, 0 1  . . .+ f C O 2 +  gH20+ hCkHoOp . . . 
w i t h  Q < 0 

Rec i rcu la t ion  reac tors  which produce space and t ime dependent con- 
cen t ra t i on  gradients  improve the  mater ia l  and heat t r a n s f e r  and w i t h  
i t  the r a t e  o f  the  mic rob ia l  reac t ion  i n  comparison t o  the  s t i r r e d  
vessel ( re f s .  1 and 2 ) .  It seems ,however, t h a t  such concentrat ion 
gradients  in f luence a l so  the  y i e l d  and energy d i s s i p a t i o n  o f  the  
mic rob ia l  reac t ion  ( r e f .  3 ) .  Therefore, d e t a i l l e d  s tud ies  o f  the  
dependences o f  rec ip roca l  y i e l d  and s p e c i f i c  heat f l u x  on per io -  
d i c a l l y  changing oxygen-concentration gradients  i n  r e c i r c u l a t i o n  
reactors  are essent ia l  f o r  op t im iza t ion  o f  mic rob ia l  react ions.  The 
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isothermal f low-microcalor imetry as we l l  as the  bench-scale ca lo-  
r imet ry  are s u i t a b l e  t o o l s  f o r  i nves t i ga t i on  ( r e f s .  4 - 7 ) .  

MATERIALS AND METHODS 

For experimental s imu la t ion  o f  the  cond i t ions  i n  r e c i r c u l a t i o n  
reactors ,  the yeast s t r a i n  Candida maltosa EH15 was c u l t i v a t e d  aero- 
b i c a l l y  on a glucose conta in ing n u t r i e n t  medium ( r e f .  3 )  i n  a 
chemostat. The d i l u t i o n  r a t e  was 0 . 1 4  h-1. The temperature and the  
pH-value o f  the  c u l t u r e  medium were kept constant as w e l l .  The cu l -  
t u r e  medium was exposed t o  changing a i r  (oxygen) and n i t rogen i n f l o w  
( t ime  r a t i o  4:l and dura t ion  o f  n i t rogen in f l ow  120 t o  600 sec) .  The 
chemostat experiments were c a r r i e d  ou t  i n  a 0.5 l i t r e  s t i r r e d  re- 
ac to r  coupled t o  an isothermal f low-microcalor imeter (Fa. LKB) i n  
by-pass. For avoid ing exhaustion o f  d isso lved oxygen concentrat ion 
dur ing the  t ranspor t  o f  c u l t u r e  medium t o  the  measuring chamber, low 
c e l l  dens i t i es  (0.01 t o  0.1 9/11 and h igh  f l ow  ra tes  i n  by-pass 
(40 ml/h)  were chosen. 

c e l l  dens i t i es  ( 1 5  9/11 f u r t h e r  chemostat experiments were c a r r i e d  
ou t  us ing bench-scale ca lo r imet ry  (dynamic ca lo r imet ry  d i r e c t l y  i n  
a 5 l i t r e  s t i r r e d  reactor  w i thout  exhaustion o f  d isso lved oxygen, 
r e f .  7 ) .  The yeast s t r a i n  Candida maltosa EH15 was c u l t i v a t e d  on a 
glucose conta in ing n u t r i e n t  medium ( r e f .  8 )  i n  a chemostat a t  a 
d i l u t i o n  r a t e  o f  0.25 h-1, a temperature o f  32 O C ,  and a pH value 
o f  4 . 2 .  The c u l t u r e  medium was exposed t o  changing i n f l o w  o f  a i r  and 
n i t rogen.  The t ime r a t i o  o f  a i r  and n i t rogen i n f l o w  var ied  between 
10:1.3 and 4:l. The dura t ion  o f  n i t rogen i n f l o w  was changed from 1 
t o  120 sec. 

co l  11 (Fa. Jenopt ik)  and/or g rav ime t r i ca l l y .  The glucose concen- 
t r a t i o n  was analyzed enzymatical ly using the  Bioanalyzer Y S I  2700 
Select  (Fa. Kipp & Zonen). 

I n  order t o  compare the obtained r e s u l t s  w i t h  those a t  h igher  

The c e l l  dens i ty  was determined photomet r ica l l y  us ing a Spe- 

COMPUTER S I M  U LATl O N  

For p r e d i c t i o n  o f  the experimental r e s u l t s ,  a s imple S-E-X model 
has been r e a l i z e d  on a computer system: 

k i  kz 
S - E - X  

These equations descr ibe the  format ion o f  c e l l  mass X from a carbon 
subst rate S v i a  an energy-r ich in termediate E i n  an i r r e v e r s i b l e ,  
consecutive reac t i on  occur r ing  i n  an open system. 
I n  order t o  s imulate the  in f luence o f  r e p e t i t i v e  per tu rba t ions  on 
an open mic rob ia l  system the  t ime constant k l  was changed pe r iod i -  
c a l l y .  I t  was assumed t h a t  ( 1 )  the  t ime d e r i v a t i v e  o f  the  concentra- 
t i o n  o f  the energy-r ich in termediate i s  i n  c lose connection t o  the  
s p e c i f i c  heat f l u x  and the  y i e l d ,  ( 2 )  the  mic rob ia l  system reac ts  
re ta rded ly  t o  per tu rba t ions ,  and ( 3 )  the  carbon subst rate i s  no t  
converted oxydat ive ly  i f  the  d isso lved oxygen-concentration appro- 
ximates zero ( r e f s .  9 and 10) .  
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The resu 
dence o f  
y i e l d  on 
When the 
dat  i on t 

t s  o f  computer s imu la t ion  (F igs .  1 and 2) show the  depen- 
percentage increase o f  s p e c i f i c  heat f l u x  and rec ip roca l  
the  dura t ion  and frequency o f  r e p e t i t i v e  per tu rba t ions .  
per tu rba t ion  t ime i s  smal ler  than o r  equal t o  the  r e t a r -  
me o f  the mic rob ia l  system the  q u a n t i t i e s  mentioned above 

correspond t o  the steady-state data. Consequently, both q u a n t i t i e s  
r i s e  and pass maxima i f  the per tu rba t ion  t ime exceeds the  retarda- 
t i o n  t ime o f  the  mic rob ia l  system. 

t 
t 
A- 
\ 

& 
v 

40 
*/* 
30 

10 

10 

- 
0 100 zoo 300 LOO $00 

S- 

Figure 1 .  Computer s imu la t ion  of 
the in f luence o f  pe r tu rba t i on  t ime 
(s) on the  percentage increase o f  
s p e c i f i c  heat f l u x  (a $x ) and 
rec ip roca l  y i e l d  ( A  YSIX ) a t  
vary ing  re ta rda t i on  t ime 1 - 1 . 2  sec, 
2- 12 sec, and 3- 60 sec ( w i t h  Y 1 = 2  
and k 2 = 0 . 2 5  min- l  1 
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Figure 2 .  Computer s imu la t ion  
the  in f luence of pe r tu rba t i on  

o f  

t i m e ( s )  on the  percentage increase 
o f  s p e c i f i c  heat f l u x  ( A  #x 
rec ip roca l  y i e l d  ( A  Y S I X  a t  
vary ing  pe r tu rba t i on  frequency 
1- 2:1,  2- 4 : 1 ,  and 3- 1O:l 
( w i t h  Y 1 = 2  and k 2 = 0 . 2 5  min-1 ) 

and 

EXPERIMENTAL RESULTS AND DISCUSSION 

Isothermal flow-microcalorimetry 

The in f luence o f  r e p e t i t i v e  changes o f  a i r  and n i t rogen  i n f l o w  
on the  steady-state c u l t i v a t i o n  o f  Candida maltosa EH15 i s  de- 
monstrated i n  F ig .  3. The s p e c i f i c  heat f l u x  and the  rec ip roca l  
y i e l d  pass maxima a t  a dura t ion  o f  n i t rogen i n f l o w  o f  300 sec and a 
r a t i o  o f  a i r  t o  n i t rogen in f l ow  o f  4 : l .  
This  r e s u l t  i s  i n  agreement w i t h  the  pred ic ted  dependencies o f  com- 
puter  s imulat ion.  It can be i n te rp re ted  by the  reac t i on  o f  batch 
cu l tu res  o f  Candida maltosa EH15 t o  i n t e r r u p t i o n  o f  aera t ion  ( r e f . 1 1 ) .  

Dynamic calorimetry 

F i g .  4 shows the  percentage increase o f  s p e c i f i c  heat f l u x  
and rec ip roca l  y i e l d  caused by r e p e t i t i v e  changes o f  a i r  and n i t r o -  
gen i n f l o w  dur ing a chemostat c u l t u r e  o f  Candida maltosa DEH15. When 
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Figure 3. In f luence o f  p e r i o d i c a l l y  changing 
a i r  and n i t rogen i n f l o w o n  a chemostat c u l t u r e  
o f  Candida maltosa EH15 a t  a vary ing dura t ion  
o f  n i t rogen i n f l o w  (s) ( e  32 O C ;  pH 3.5; So 2.1 
g/1; D 0.14 h-1; r a t i o  o f  a i r  and n i t rogen 
in f l ow  4:l) 
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Figure 4. In f luence o f  pe r iod i c  changing a i r  and 
n i t rogen i n f l o w  on the percentage increase o f  s p e c i f i c  
heat f l u x  ( A  $ x )  and rec ip roca l  y i e l d  ( A  Y s i x  1 dur ing 
chemostat c u l t u r e  o f  Candida maltosa EH15 a t  vary ing 
dura t ion  o f  n i t rogen in f l ow  (s) and r a t i o  o f  a i r  t o  
n i t rogen i n f l o w  1- 10:1.3 and 2- 4:l 
0, x experimental values 
__ calcu la ted  values (YI =3; k2=0.028 min-1 1 

the dura t ion  o f  n i t rogen in f l ow  i s  greater  than the  re ta rda t i on  t ime 
o f  the mic rob ia l  system both q u a n t i t i e s  mentioned above r i s e  and 
pass maxima a t  a dura t ion  o f  n i t rogen i n f l o w  o f  5 t o  20 sec. 
Whereas the re ta rda t i on  t ime a t  lower c e l l  dens i t i es  i s  i n  the range 
o f  100 sec i t  amounts t o  2 sec a t  h igher  c e l l  dens i t i es  (compare 
F igs.  3 and 4). This  r e f e r s  t o  the dependence o f  re ta rda t i on  t ime on 
the exhaustion r a t e  o f  d isso lved oxygen i n  the  c u l t u r e  medium. 
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The t h e o r e t i c a l l y  ca lcu la ted  s o l i d  l i n e s  i n  F i g .  4 based on a simple 
S-E-X model and the assumption t h a t  Y1 i s  equal t o  3 and the t ime 
constant kz amounts t o  0.25 min-1 f i t s  i n  the experimental data 
determined by dynamic ca lo r imet ry  d i r e c t l y  i n  the  reac tor .  These 
dependencies conf i rm the  experimental r e s u l t s  measured by isothermal 
f low-microcalor imetry a t  low c e l l  dens i t i es  ( F i g .  3). Thus, i t  i s  
obvious t h a t  isothermal f low-microcalor imetry i s  s u i t a b l e  f o r  op- 
t i m i z a t i o n  o f  aerobic mic rob ia l  processes i f  specia l  measuring 
cond i t ions ,  e.g. low c e l l  dens i t i es  and s u f f i c i e n t  d isso lved oxygen, 
are guaranteed. 

CONCLUSIONS 

The experiments show as a r u l e  an increase o f  the  s p e c i f i c  heat 
f l u x  and the rec ip roca l  y i e l d  o f  the mic rob ia l  steady-state process 
i f  p e r i o d i c a l l y  changing d isso lved oxygen gradients  occur. Such a 
reac t ion  t o  r e p e t i t i v e  per tu rba t ions  can be avoided i f  the pe r tu r -  
ba t ion  t ime i s  smal ler  than o r  equal t o  the  re ta rda t i on  t ime o f  the  
mic rob ia l  system. The experimental data are i n  agreement w i t h  ca l -  
cu la ted data based on a simple S-E-X model. 
These r e s u l t s  show us t h a t  the development o f  high-performance 
reactors  has t o  consider the  mic rob ia l  system and i t s  p roper t i es  
besides the  hydrodynamic reactor  c h a r a c t e r i s t i c s .  

SYMBOLS 

S 
E 
X 
Y1 

k i  , kz 
e 
PH 
s o  

D 

s to ichometr ic  c o e f f i c i e n t s  

rec ip roca l  y i e l d  
percentage increase o f  rec ip roca l  y i e l d  
s p e c i f i c  heat f l u x  
percentage increase o f  s p e c i f i c  heat f l u x  
per tu rba t ion  time, dura t ion  o f  n i t rogen 
in f l ow  
carbon subst rate 
energy-r ich in termediate 
c e l l  mass 
y i e l d  
t ime constants 
temperature 
pH value 
carbon subst rate concentrat ion o f  n u t r i e n t  medium 
d i l u t i o n  r a t e  
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