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ABSTRACT 

A horizontal packed-bed reactor with baffles (HPBR) and a con- 
tinuously stirred tank reactor with intermittent paddle agitation have 
been shown to considerably reduce the CO2 entrapment when  glu- 
cose is fermented with immobilized baker's yeast in calcium alginate 
beads. Using high cell contents in the gel resulted in internal mass 
transfer hindrance. The highest productivity was obtained with the 
HPBR giving 29 g EtOH/L.h at an ethanol yield of 90%. The substrate 
used was 100 g/L glucose. Fermentation of lactose and deproteinized 
whey by coimmobilized baker's yeast and ~-galactosidase resulted in 
much lower productivity--about 5 g EtOH/L-h because of the slow 
fermentation of galactose. 

Index Entries: Immobilization; coimmobilization; alginate; yeast; 
CO2 entrapment; reactor. 

INTRODUCTION 

Dur ing  recent  years considerable at tent ion has  been  g iven  to the 
con t inuous  product ion  of e thanol  wi th  immobi l ized cells. Frequent ly  
u sed  suppor t  materials are different k inds  of gels such as ca r ragenan  and  
calcium alginate (1,2) wi th  the cells immobil ized in small beads .  The ad- 
van tages  quo ted  are numerous :  h igh productivi ty,  low capital costs due  
to r educed  equ ipmen t  size, and  low separat ion costs as no  cell separat ion 
after the fermenta t ion step is necessary.  However ,  there  are  as yet  no 
large-scale applications. Some of the reasons for this are p rob lems  with  
con tamina t ion  in cont inuous  product ion  and a lack of adequa t e  me thods  
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for the scale-up of bioreactors. The engineer ing principles of whole-cell  
immobi l iza t ion  are d iscussed in an excellent review by Karel et al. (3). 

The des ign  of the bioreactor requires an unde r s t and ing  of the mass 
t ransfer  characteristics (4). A knowledge  of the internal  mass  transfer  is 
essential ,  especially with  a high cell content  in the calcium alginate car- 
rier. Diffusion limitations will arise causing a reduct ion in reaction veloc- 
ity (5,6). At the same time this can cause bead rupture .  This is caused  by 
supersa tura t ion  of carbon dioxide within the beads  (7). 

The external mass transfer can, of course, inf luence the reaction ve- 
locity to a certain extent, but  this is often negligible (8,9). A m u c h  more  
impor tan t  d rawback  in bioreactor performance is the so-called CO2 gas 
effect. According to the reaction 

C6H1206--+2C2HsOH + 2CO2 

equimolar  amoun t s  of e thanol  and carbon dioxide are p roduced .  The gas 
evolved  at a very high rate causes dead spaces in the packed  bed.  This 
will make  a large port ion of the immobilized cells inactive. In a vertical 
packed-bed  reactor the increased hydrostatic pressure  will result  in com- 
pact ion of the bed,  especially in the top of the reactor (10,11). 

Many  bioreactors of varying degrees  of sophist icat ion have been 
sugges ted  for minimiz ing  the gas effect. A multistage reactor was s h o w n  
to give a bet ter  utilization of the reactor than a vertical tubular  reactor 
(11). Other  reactors repor ted  are the pulsed-packed-bed reactor (7), the 
r h o m b u s - s h a p e d  bioreactor (12), the rotating packed -d rum reactor (13), 
a n d  the stirred basket reactor (14). 

Anothe r  possibility is to use film reactors with the cells immobi l ized  
in gel films or on sheets (15-18). These kinds of reactors avoid the gas 
effect but  can give a lower  reactor productivity because the carrier for the 
film will reduce  the active reactor volume.  

One  of the largest semicommercia l  plants using cells immobi l ized  in 
calcium alginate beads  for e thanol  product ion has a total reactor vo lume  
of 20 m 3. This is d iv ided into two column reactors wi th  a h t /d iam ratio of 
about  6 (19,20). Fluid-bed reactors can reduce the gas effect considerably 
(21). A1203, Fe203, or some other  agent  is often immobi l ized  in the beads  
to enhance  the fluidization properties.  This kind of reactor is especially 
suitable for aerobic fermentat ion.  

Some interest  has been  s h o w n  in the use of hor izontal  reactors 
(22,23,7,24,25). The adverse  effect of the CO2 gas is m in imized  as a result  
of the shor ter  path  length  of the gas leaving the bed.  A horizontal  bed 
reactor  can be improved  by  careful design to min imize  backmixing,  
w h i c h  is de t r imenta l  to the e thanol  fermentat ion,  especially at h igh  etha- 
nol  concentra t ion.  

From a strictly kinetic point  of v iew the best choice o u g h t  to be a con- 
t inuous  stirred tank reactor (CSTR) followed by a p lug flow reactor (PFR) 
in series. With  this a r r angemen t  the substrate inhibi t ion is r educed  by an 
immed ia t e  decrease  in the substrate concentrat ion.  In the following, PFR 
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product inhibition is less severe because of the minimized backmixing. 
However,  this arrangement is not used very often. 

From an engineering point of view, it is of great advantage to use as 
simple a reactor as possible, thus facilitating operation. 

The purpose of this study was to examine the performance of a hori- 
zontal reactor and compare it with that of a conventional tank reactor 
with intermittent stirring. Model systems used are anaerobic fermenta- 
tion of glucose to ethanol with baker's yeast immobilized in calcium 
alginate gel and anaerobic fermentation of lactose and whey to ethanol 
with coimmobilized yeast and [3-galactosidase (26-28). 

MATERIALS AHD METHODS 

/qatedals 

Sodium alginate was of the type Manugel GMB. N-hydroxysuc- 
cinimide (NHS) and 1-ethyl-3-(3-dimethyl-amino-propyl-1)-carbodi-imid 
HC1 (EDC) were purchased from Sigma Chemical Co. The [3-galacto- 
sidase, from Aspergillus oryzae, was a generous gift from Miles Kali- 
Chemie GmbH&Co., KG, Hannover, Germany. The glucose used was 
dextrose monohydrate. Sweet spray-dried whey permeate powder was 
kindly supplied by the diary in G6tene, Sweden. Other chemicals were 
of reagent grade and purchased from other commercial sources. 

Microorganism 

Baker's yeast (Svenska J/istbolaget, Sweden) was used in the glucose 
fermentations. Dried baker's yeast (Danstar Ferment Ltd., Denmark) 
was used in the lactose and whey fermentations. 

Medium 

Glucose and Lactose Fermentation Medium 

Glucose 100 g/L or lactose 48.3 g/L, yeast extract (Difco) 2.5 g/L, 
(NH4)2HPO4 0.25 g/L, MgC12.6H20 0.025 g/L, KC1 0.5 g/L and 
CaC12-2H20 1.47 g/L were dissolved in an acetate buffer solution (0.1 M) 
to a pH of 4.5. CaC12 was added to stabilize the alginate gel used as the 
immobilization matrix. 

Whey Fermentation Medium 

Whey permeate powder, 55.6-109.6 g/L, was dissolved in acetate 
buffer to a pH of 4.5. 

Immobilization of Yeast Cells 

A 2.1% (w/v) sodium alginate solution was prepared using distilled 
water. This was mixed with a yeast suspension resulting in a yeast cell 
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concentration of 17.1 or 29.2% (w/v, wet basis), corresponding to a yeast 
cell concentration of 7.0 and 11.0% (dw) in the gel after shrinkage. The 
alginate-yeast suspension was injected into a calcium chloride solution 
(0.1M) through a nozzle. The nozzle consisted of 19 needles, each with 
an inner diameter of 0.55 mm. The flow of the suspension through the 
nozzle was regulated by applying an air pressure on the liquid surface. 

After curing in a 0.01 M CaC12 solution and activation in a glucose 
medium (50 g/L) the average size of the beads obtained was 2-2.5 mm 
throughout  all the experiments. 

Coimmobilization of Yeast Cells and [3-Galactosidase 

Baker's yeast cells were coimmobilized with [~-galactosidase as previ- 
ously described (26-28). The enzyme (75 g) was bound to 15 g sodium 
alginate using 9 g NHS and 15 g EDC in 1200 mL of water. The enzyme 
coupling reaction was carried out at room temperature and was com- 
pleted after 15 h. The alginate ~-galactosidase complex was then co- 
entrapped with 135.7 g (dw) yeast cells in another 15 g sodium alginate 
solution (1200 mL water) in the form of beads as described earlier. 

Curing in 0.01 M CaC12 and activation in a lactose medium (50 g/L) 
resulted in a shrinkage of the beads to 55% of the original volume. There- 
fore this process resulted in 1475 g beads (wet weight). 

Analytical Methods 
The effluent samples were filtered through a 0.45-1~m filter before 

analysis. The samples from the lactose and whey fermentations were 
also heat-treated in a microwave oven for 10 s to prevent any hydrolysis 
reaction in the samples if enzyme was lost from the carrier. 

Glucose, galactose, lactose, and ethanol were analyzed using high- 
performance liquid chromatography. A Shimadzu chromatograph was 
used, with a column of 0.78 cm inner diameter and length of 30 cm 
(Biorad Aminex HPX-87H) placed in an oven at 60~ Diluted H2SO4 (5 
mM) was used as the diluent at a flow rate of 0.5 mL/min. A refractive 
index detector, ERMA ERC-7510, was used. 

The optical density of the effluent was measured with a colorimeter 
(Beckman-C) at 520 nm, and the cell concentration was determined from 
the calibration curve. 

BIOREACTORS 

Small-scale Packed-bed Reactors 

Two identical reactors with a total volume of 56.5 mL (diam 3 cm, ht 
8 cm), respectively, were packed with different amounts of gel beads (9.4 
mL and 28.3 mL). The reactors were continuously operated by feeding 
the substrate into the bottom of the reactors. 
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Reactor with Alginate Gel Films (Fig. la) 
Six rec tangular  gel films (7 cm x 50 cm) were  m o u n t e d  in parallel in 

a stainless steel holder .  The films were  placed in a plexiglass reactor that  
could be r u n  vertically or horizontally. The total reactor vo lume  was  1730 
mL; l eng th  500 ram, height  70 mm,  and  wid th  40 mm.  

To m a k e  a stable gel film a ny lon  net  (opening  1.0 ram, ny lon  line 
d iameter  0.4 mm)  was  used as reinforcement .  This was  fixed onto a stain- 
less steel frame.  The gel film was p repa red  by first submerg ing  the ny lon  
net  in a yeast-alginate suspension.  Immedia te ly  af terwards,  the net  was  
placed in a l iquid bath of 0.1 M CaC12 solution. After about  an  hour  the 
gel sheet  w a s  stable enough  to be r e m o v e d  and  placed in the  reactor 
which  was  filled with  a 0.01 M CaCI2 solution. The gelled prepara t ion  
was cured  for about  1 d. 

(a) 

__JI II II II I [ _ _  

4b 4b 

/c) 

k ) 

Fig. 1. (a) Reactor with yeast immobilized in alginate sheets; (b) horizon- 
tal packed bed reactor with baffles (HPBR); (c) intermittently stirred tank reactor 
(ISTR). 
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Horizontal Packed-bed Reactor (HPBR) (Fig. l b) 

The final des ign  of the HPBR is shown  in Fig. lb.  The total reactor 
vo lume  was  1680 mL wi th  a length of 500 ram, he ight  of 70 ram, and  
wid th  of 40 ram. It was  constructed in plexiglass wi th  a thermosta t  jacket 
cover ing the sides and  the bottom. The reactor was  equ ipped  wi th  four 
baffles d ividing the reactor into five compar tments  of equal  size. Besides 
the baffles, each c o m p a r t m e n t  was divided from the others  by a nylon 
ne t  to avoid m o v e m e n t  of the gel beads be tween  the compar tments .  

Intermittently Stirred Tank Reactor (ISTR) (Fig. I c) 

Two identical  reactors of this k ind were  cons t ruc ted  in plexiglass 
wi th  thermos ta t  jackets,  as can be seen in Fig. lc.  The total reactor 
vo lume  was  1900 mL wi th  an inner  d iameter  of 140 m m  and  a liquid 
he ight  of 140 ram. The substrate flow was  fed into the bo t tom of the reac- 
tor and  the effluent  left the reactor via an overflow a r rangement .  The agi- 
tator used  was  a padd l e  or gate impeller.  The agitator was  equ ipped  with  
an agitator speed  control ler  and a t imer with which  the agitator could be 
dr iven  intermit tent ly .  

EXPERIMENTAL SET-UP 

A schematic  layout  of the experimental  setup is s h o w n  in Fig. 2. The 
substrate was  s tored in a refrigerator at 8~ and  p u m p e d  cont inuous ly  to 
the reactor wi th  a peristaltic pump.  The t empera tu re  in the reactor was 
kept  at 30~ The flow of substrate was m e a s u r e d  by sampl ing the 
out f low dur ing  a g iven per iod and was  double-checked against  the de- 
crease in the substrate  tank. The flow from the ISTR was  found  to be very 
stable. The f low from the HPBR somet imes  varied by up  to - 15%, espe- 
cially at h igh space velocities. This was  caused by variat ion in the gas 
h o l d u p  in the  reactor.  The space velocities calculated were  therefore 
m e a n  values.  The rate of CO2 gas evolution was  m e a s u r e d  by collecting 
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Fig. 2. Experimental setup. 1. Substrate tank; 2. peristaltic pump; 3. heat 
exchanger; 4. HPBR; 5. ISTR; 6. gas-liquid separator; 7. product outlet; 8. CO2 
vent. 
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800 mL of gas and  not ing the time required.  This was  used  as an indica- 
t ion of reactor performance.  W h e n  the gas p roduc t ion  was  constant ,  
s teady  state was  a s sumed  to have been  at tained and  samples  were  then  
t aken  from the effluent. The cell concentra t ion was  not  moni to red  regu- 
larly. Samples  were  taken occasionally to de te rmine  m a x i m u m  cell con- 
cent ra t ion  in the effluent. 

After the beads had  been cured for about  24 h they were  pu t  into the 
reactors.  In most  cases the activation was  pe r fo rmed  wi th  the fe rmentor  
m e d i u m .  In the glucose fermentat ions up  to 50 h were  requi red  to attain 
s teady  state. In the lactose fermenta t ion this t ime was  considerably 
longer  (up to 80-90 h). The experimental  runs  lasted for up  to 14 d. Dur- 
ing  this t ime the space velocity was varied.  At least five reactor vo lumes  
of the fe rmentor  m e d i u m  had to pass th rough the appara tus  before a 
n e w  steady-state condit ion was  obtained.  To check the reproducibi l i ty 
the  exper imenta l  run  was  concluded  by reproduc ing  the s tar tup condi- 
tions. If these were  not  consistent the run was rejected. 

As the microorganism used  in these invest igations was  commercial  
baker ' s  yeast ,  it was to be expected that  the activity and  the kinetic be- 
havior  w o u l d  vary for different experiments .  Therefore,  the reactors 
w e r e  r u n  in parallel with beads  from the same batch, to facihtate a t rue 
compar i son .  Up to three reactors could  be run  s imul taneous ly .  

R E S U L T S  A N D  D I S C U S S I O N  

For all the experiments ,  the results  were  eva lua ted  as the yield of 
e thanol  expressed as percent  of theoretical maximum.  This means  that 
100% ethanol  yield wou ld  only be obta ined if all the glucose or lactose 
was  f e rmen ted  to ethanol.  Of course, a port ion of the substratr is utilized 
for cell mass ,  maintenance ,  and  secondary  p roduc t  formation.  The yield 
of e thanol  based on fermentable sugar  varied be tween  90-95%. This is 
s o m e w h a t  h igher  than that expected from an ATP balance. Space veloc- 
ity (SV) is def ined as flow/gel vo lume (1/1 gel-h) a n d  di lut ion rate (DR) as 
f low/reactor vo lume (Vl-h). Finally, product ivi ty  is expressed  as mass 
flow of ethanol/reactor  vo lume (g EtOHdl-h). 

Small-scale Reactor Experiments 

The inf luence of the external mass  transfer has  been  s tud ied  by sev- 
eral researchers  (8,9,29) and  found  to be negligible. This means  that  the 
e thanol  yield mus t  be constant  if the space velocity is kept  constant  whi le  
the  gel vo lume  or cell concentrat ion in the reactor is varied.  Two different 
gel vo lumes  were  used,  9.4 and  28.3 mL in two small packed-bed  reactors 
r u n  in parallel with a total reactor vo lume  of 56.5 mL. The space velocity 
was  kept  constant  by increasing the flow velocity f rom 14 to 42 mL/h. 
From Fig. 3 it can be conc luded  that  the  e thanol  yield is about  the same 
for the two reactors, at least for concentra t ions  greater  than  100 gFL. To 
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Fig. 3. 
space velocity (sv). 

GLUCOSE CONC, g / I  

Influence of glucose concentration on ethanol yield at constant 

Gel volume (mL) 9.4 28.3 
Liquid volume (mL) 47.1 28.2 
SV. (1/1 gel-h) 1.5 1.5 
DR. (1/1-h) 0.25 0.74 
Flow (mL/h) 14 42 
Cell conc. [% (dw) of gel] 7.8 7.8 

ensure  a t rue  compar i son  the exper iment  was  started wi th  a glucose feed 
concent ra t ion  of 224 gFL and  kept  at this level until s teady state was  ob- 
ta ined (after 21 h). After changing  to a n e w  glucose level s teady-state 
condi t ions  w e r e  obta ined after about  five reactor vo lumes  of substrate 
flow. To ensu re  full reproducibil i ty the whole  exper imenta l  r u n  was  con- 
c luded  wi th  a glucose feed concentra t ion of 210 g/L, wh ich  gave an etha- 
nol  yield consis tent  wi th  the . s ta r tup  conditions. 

The difference at 50 g/L glucose concentrat ion is probably  caused  by 
loss of e thanol  in the ven ted  CO2 from the reactor wi th  28.3 mL gel vol. 
The CO2 m e a s u r e m e n t  indicated an 86% yield for this reactor  on  this oc- 
casion. The decrease  in e thanol  yield at lower  concentra t ions  is probably 
caused  by main tenance .  If a main tenance  coefficient of 0.036 g glucose/g 
cells (dw)-h  (30) is a s s u m e d  this corresponds  to a 20% c o n s u m p t i o n  of 
g lucose  at a glucose concentra t ion of 10 gFL. For lower  concent ra t ions  the 
e thanol  yield is expected to be even  lower. 

The mos t  impor tan t  f inding f rom these small-scale exper iments  is 
that  the e thanol  yield shou ld  be in terpre ted  as a funct ion of space veloc- 
ity expressed  as 1/1 gel .h.  The di lut ion rate, w h e t h e r  based  on liquid 
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v o l u m e  in the  reactor or on  total reactor vo lume ,  is no t  sui table for ade-  
qua te  compa r i sons  b e t w e e n  different  reactors. The  d i lu t ion  rate based  on  
total reactor  vo lume ,  in this case 0.25 and  0.74 1/l-h, respect ively ,  is in- 
s tead  i m p o r t a n t  w h e n  reactor  product iv i ty  is d i scussed .  

Reactor with Gel F~lrns 

A n  in te res t ing  al ternat ive for m in imiz ing  the  gas effect is to immobi -  
lize yeas t  cells on  shee ts  or in films (15-18). Therefore  a reactor  wi th  six 
parallel gel films was  cons t ruc ted .  The  reactor was  c o n t i n u o u s l y  fed w i th  
100 g/L glucose.  The cell concent ra t ion  in the  gel was  11.0% (dw).  D u r i n g  
a pe r iod  of 350 h the  e thano l  yield was  m o n i t o r e d  at th ree  di f ferent  space  
velocities.  Exper imen t s  we re  pe r fo rmed  wi th  the  reactor  m o u n t e d  hori-  
zonta l ly  a n d  vertically. The  results  are p r e sen t ed  in Table 1. There  is ob- 
v ious ly  no  difference b e t w e e n  the vertical and  hor izon ta l  reactor  or ienta-  
t ions.  The  m a i n  d i s advan tage  is the  low p roduc t iv i t y  caused  by the  
l imi ted  gel v o l u m e  in the  reactor (19% of reactor vo lume) .  For practical 
reasons  it was  no t  possible  to use more  t han  six gel  f i lms in the  reactor.  
The  f rames  requi red  as ho lders  for the ny lon  ne t s  took  u p  too m u c h  
space.  Stainless steel ne t s  could  of course be u s e d  w i t h o u t  f rames,  bu t  
the  gel t e n d e d  to slip off the  steel wires  and  the film was  des t royed .  F r o m  
an e n g i n e e r i n g  po in t  of v iew the p rob lems  invo lved  in m a k i n g  this k i n d  
of gel film on  a larger scale are obvious.  The  g lucose  ut i l izat ion was  
h ighe r  t h a n  that  ind ica ted  by the e thanol  yield. A yield factor va ry ing  
b e t w e e n  84-87% was  ob ta ined ,  i.e., m u c h  lower  t h a n  in the  o the r  reactor  
exper imen t s .  The cell concen t ra t ion  in the  out le t  was  n o t  m e a s u r e d ,  bu t  
there  was  considerable  cell g rowth  on  the gel surfaces.  After  the  experi-  
m e n t  was  t e rmina ted  a considerable  a m o u n t  of s e d i m e n t  was  f o u n d  in 
the  reactor  indicat ing excess cell g rowth .  A l t h o u g h  the  e thano l  yield was  
comparab le  to that  of the  o ther  reactors u sed  (Fig. 5) it was  dec ided  no t  to 
deve lop  this reactor fur ther .  

Horizontal P a c k e d  Bed-reactor 

In o rde r  to increase the  cell concent ra t ion  the  reactor  was  filled w i th  
alginate  gel beads.  The  act ivat ion p rocedu re  was  p e r f o r m e d  wi th  a n d  

Table 1 
Reactor with Alginate Gel Films" 

SV, DR, Ethanol yield, % 

1/1 gel-h 1/1-h 

Productivity, 
g EtOH/1.h 

Horizontal Vertical Horizontal Vertical 

1.1 0.2 69 69 7.0 7.1 
1.8 0.3 65 64 9.9 9.8 
2.4 0.4 55 53 11.3 10.8 

'Reactor volume: 1730 mL; gel volume: 328 mL; substrate: 100 g/L glucose; cell 
conc.: 11% (DW) of gel; gel film thickness: 1.5 mm. 
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without aeration with the same result. A difference is just noticeable at
very low cell concentrations.

Since high productivity is valuable only if there is at least 90% utiliza­
tion of the substrate, the space velocity was lowered until a 90% ethanol
yield was obtained. About 61 % of the total reactor volume was then filled
by alginate beads (cell concentration 10.9% (dw) of the gel). The results
are presented in Table 2 and Fig. 4. Extremely low space velocities had to
be used to obtain sufficient glucose conversion. Large gas pockets could
be seen in the packed bed. By coloring the substrate flow it was noticed
that much of the liquid bypassed the packed bed by flowing over the
bed. From this experiment it could be concluded that too great a gel
volume can cause a detrimental effect on reactor performance. Gas
pockets, making a large proportion of the bed inactive, in combination
with a bypass flow, lowered the conversion considerably.

To minimize these effects the gel volume was reduced to 825 mL
(47% of the total reactor volume) and four baffles were introduced into
the reactor dividing it into five equal compartments containing equal
amounts of gel beads. The cell concentration in the gel was kept approxi­
mately constant. The reactor performance was improved, as can be seen
from Table 2 and Fig. 4. Bypass flow could still arise, as was seen by col­
oring the substrate flow.

Finally, the baffle arrangement was reconstructed, still dividing the
reactor into five compartments, but ensuring that no bypassing was pos­
sible. The final reactor construction can be seen in Fig. lb. When using
the same gel volume and the same cell concentration the ethanol yield
and productivity were considerably enhanced, as can be seen from Table
2 and Fig. 4.

The reactor with this final baffle arrangement was used hereafter
and will be referred to as HPBR (horizontal packed-bed reactor with
baffles).

It is important to notice that a horizontal bed must be carefully de­
signed to guarantee that the liquid will not find any "short-cuts." This
bypass flow can be detrimental for the reactor performance. The main
disadvantage is that the gel volume in the first compartment increased to
some extent, as a result of cell growth, until a steady state was attained.

Table 2
Improving the Horizontal Reactor

Ethanol Reactor
Gel volume

yield, SV, volume, % of Productivity,
Reactor % 1/1 gel·h mL mL reactor g EtOHll·h

Without baffles 90 0.08 1680 1020 61 2.3
Baffles

partly bypassed 91 0.12 1770 825 47 2.8
With baffles (HPBR) 89 1.31 1680 830 49 29.4
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Fig. 4. Improving the design of the horizontal packed-bed reactor (data 
from Table 2). 

As a consequence  of this, bead rupture  was  m u c h  more  frequent  in this 
compar tment .  

Some of the gel beads were  exposed to the gas phase  above the liq- 
uid surfaces in all the compar tments ,  wh ich  lowered  the convers ion  
efficiency. 

Intermittently Stirred Tank Reactor (ISTR) 

As po in ted  out  earlier a stirred tank reactor can be an al ternative to 
the p lug-f low reactor in certain cases, especially w h e n  the reaction veloc- 
ity is r educed  by substrate inhibition. The problem wi th  stirred tank reac- 
tors us ing  alginate beads is severe degrada t ion  of the beads by the h igh 
shear  forces p r o d u c e d  by the agitator. Therefore  a paddle  agitator was  
used  to minimize  the shear forces giving a lmost  no  bead degrada t ion  at 
all. As the external  mass transfer is not  rate-l imiting the agitation was  in- 
termit tent .  With this a r rangement  there were  no CO2 gas pockets  in the 
bed. The n u m b e r  of revolutions per  minu te  var ied wi th  the flow of sub- 
strate but  was  kept  at a round  1-2 rpm wi th  a paddle  tip velocity of 1.5 
cm/s. The results  can be seen in Fig. 5. Two different  gel vo lumes  we re  
used,  43% and  58% of the total reactor volume.  

Comparison of ISTR and HPBR 

In Fig. 5 it can be seen that the e thanol  yield was  substantially lower  
in the ISTR than  in the HPBR. It should  be no ted  that the ISTR experi- 
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Fig. 5. Ethanol yield as a function of SV for the HPBR and the ISTR at 
high cell concentration. 

HPBR (A) ISTR (e, II) 

Reactor volume (mL) 
Productivity at - 90% ethanol 

yield 
SV. at - 90% ethanol yield 

1680 1900 
29.4 2.3 

1.31 0.11 

m e n t  w i th  1100 m L  gel v o l a n d  the HPBR-exper iment  wi th  830 m L  gel vol 
we re  r u n  s i m u l t a n e o u s l y  wi th  beads  m a d e  f rom the  s a m e  batch.  It can be 
c o n c l u d e d  tha t  the  p lug- f low reactor is to be p re fe r red  at this g lucose  
concen t ra t ion .  

M a n y  a u t h o r s  have  po in t ed  ou t  that  the  in ternal  m a s s  t ransfer  can 
r educe  the  react ion  veloci ty  considerably.  To explore  the  reactor  perfor-  
m a n c e  at a lower  cell concen t ra t ion  beads  were  m a d e  w i th  a cell con ten t  
of 7% (dw).  The  gel v o l u m e s  u sed  were  660 m L  gel in the  ISTR and  470 
m L  gel in the  HPBR. 

These  e x p e r i m e n t s  w e r e  run  s imu l t aneous ly  wi th  beads  m a d e  f rom 
the  s ame  batch.  The  resul ts  are p r e sen t ed  in Fig. 6. The  difference be- 
t w e e n  the  two  reactors  is m u c h  smaller  than  w h e n  a h ighe r  cell concen-  
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Ethanol yield as a function of SV for the HPBR and the ISTR at low 
cell concentration. 

HPBR (o) HPBR (a) ISTR ( , )  

Reactor volume (mL) 
Productivity at -90% ethanol 

yield 
SV. at ~90% ethanol yield 

1680 1680 1900 
12.3 16.1 11.9 

0.98 0.79 0.76 

trat ion was  used.  The most  striking effect is that a h igher  e thanol  y ie ld  is 
ob ta ined  for both reactors which  indicates a severe internal  diffusion hin-  
d rance  by the  high cell content  in the gel matrix. 

In Fig. 7 and  8 the exper iments  il lustrated in Fig. 5 a n d  6 are com- 
pared  for each reactor. The compar ison is made  on the basis of space ve- 
locity expressed  as 1/1 gel-h which  in this case is not  quite adequa te .  If the 
space velocity is instead expressed as 1/g cells-h, the difference w o u l d  be 
even  larger. This means  that the conclusion of internal  mass  t ransfer  hin- 
d rance  still holds  and  is further stressed.  

A final glucose exper iment  wi th  the HPBR was  pe r fo rmed  wi th  an 
increased  gel vo lume (755 mL) and  a cell content  of 7% (dw). If the  pro- 
duct ivi ty  values  obta ined are to be used  for economical  eva lua t ion  of the 
fe rmenta t ion  process, the ethanol  yield mus t  be high.  Therefore  this ex- 
p e r i m e n t  was  carried out  with low space velocities to ensu re  sufficient 
glucose conversion.  The results are p resen ted  in Fig. 6. This exper imen t  
ex tends  the  HPBR curve to lower space velocity values. It also conf i rms 
the earlier results that different gel vo lumes  do not  inf luence the e thanol  
yield w h e n  the space velocity is expressed as e/e/gel.h. 
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Ethanol yield as a function of SV for the HPBR at different cell 
concentrations. 
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T h roughou t  all the  exper iments  there  was  no significant difference 
in out let  cell concentra t ion which  ranged  from 0.1 to 0.2 g cell (dw)FL. 

Reactor Experiments ~dth Coimmobilized Yeast 
and [3-Galactosidase 

The reaction sequence  

C12H22Oll + H20  ~ C6H1206(glu) + C6H1206(gal) 
C6H1206(glu) ---> 2C2H5OH -t- 2CO2 
C6H1206(gal) --~ 2C2HsOH + 2CO2 

is more  complicated than  the glucose fermentat ion.  
T h e  hydrolysis  is inhibited by galactose whi le  the glucose and  galac- 

tose fermentat ions  are inhibi ted by the substrate and  the product .  This, 
coup led  wi th  the internal  mass transfer behavior ,  requires mathemat ica l  
mode l ing  to make the r ight  choice of the reactor. This work  is u n d e r  way  
and  will be publ ished (31). 

Two initial exper iments  with the ISTR and  HPBR were  run  in parallel 
to reveal  possible critical factors. The exper iment  was  s tar ted with  lactose 
as substrate.  After steady-state condit ions had  been  at ta ined the sub- 
strate was  changed  to whey .  The results are p re sen ted  in Table 3. In Fig. 
9 it can be seen that steady-state is at tained after about  80-90 h, wh ich  is 
considerably  longer than  in the glucose exper iments .  Sufficient t ime is 
requi red  for the adapta t ion of the cells to fe rment  galactose. 

From Fig. 9 it can be concluded that galactose is m u c h  more  slowly 
f e rmen ted  than glucose, which  is to be expected.  A surpris ing result  is 
that  the galactose is fe rmented  more  rapidly in the ISTR than in the 
HPBR, w h e n  rather  the opposite is to be expected.  In general ,  it is be- 
l ieved that  glucose efficiently suppresses  the galactose utilization until  
the  glucose is exhausted.  No simple explanat ion can be given for the 

Table 3 
Anaerobic Fermentation of Lactose and Whey in ISTR and HPBR 

ISTR HPBR 

Lactose Whey Whey Lactose Whey Whey 

Lactose, inlet (g/L) 48.3 
Lactose, outlet (g/L) 0.7 
Galactose, outlet (g/L) 2.5 
Glucose, outlet (g/L) 0.2 
Ethanol, outlet (g/L) 23.7 
SV (1/1 gel-h) 0.55 
Gel volume (mL) 690 
Cell conc. (% dw) 8.1 
DR (1/1.h) 0.20 
Productivity 

(g EtOH/1.h) 4.7 

55.6 109.6 48.3 55.6 105.5 
0.7 7.7 0.5 0.6 2.9 
4.8 23.3 8.5 11.3 35.6 
0.3 1.9 0.2 0.3 3.2 

24.0 34.6 20.7 20.6 35.2 
0.55 0.28 0.59 0.59 0.32 

690 690 690 690 690 
8.1 8.1 8.1 8.1 8.1 
0.20 0.10 0.26 0.26 0.14 

4.8 3.5 5.4 5.4 4.9 
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Fig. 9. Fermentation of lactose with coimmobiILzed baker's yeast and 
~-galactosidase in gel beads in the ISTR (solid lines) and the HPBR (dashed 
lines). 
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Fig. 10. Concentration profile for the HPBR. 48.3 g/L lactose fermented 
with coimmobilized baker's yeast and ~;galactosidase. 
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results obtained at this point. The HPBR was reconstructed to allow 
samples to be taken from each compartment. It is, however, difficult to 
take a sample that is representative for the whole compartment as there 
is definitely a concentration gradient due to insufficient mixing. The con- 
centration profile in Fig. 10 shows the approximate behavior of the 
HPBR. When the substrate was changed to whey, the ethanol yield de- 
creased in both reactors by about 10%. This must be caused by some 
inhibiting component  in the whey. The main bottleneck in the coimmobi- 
lization system is the slow fermentation of galactose resulting in much 
lower productivities (about 5.9 g EtOH/L-h) than in the glucose fermen- 
tation (29 g EtOH/L.h). 

CONCLUSIONS 

As the external mass transfer not is rate-limiting in glucose fermenta- 
tion it has been possible to show through small-scale reactor experi- 
ments, that different reactors must be compared on the basis of ethanol 
yield as a function of space velocity expressed as 1/1 gel.h as long as the 
cell content in the gel is constant. Using this approach a horizontal 
packed bed with baffles (HPBR) has been compared with an intermit- 
tently stirred tank reactor (ISTR). The experiments have shown that a 
HPBR must be carefully designed to prevent bypass flow in the reactor 
that can be detrimental to reactor performance. Continuously stirred re- 
actors are often said to be unsuitable in combination with alginate beads 
because of bead degradation. With intermittent agitation using a paddle 
the packed bed is efficiently degassed from CO2, even with a gel volume 
as high as 58% of the reactor volume. 

Experiments with different cell contents in the gel point to a problem 
of internal mass transfer hindrance as a result of too high a cell content in 
the gel. This has been investigated further by measurements of effective 
diffusivities in alginate gels with different amounts of cells that confirm 
the results of the experiments (6). 

For the glucose fermentation the highest productivity, 29 g EtOH/ 
L-h at 90% ethanol yield, is obtained with the HPBR. 

Fermentation of lactose or whey by coimmobilized yeast and ~-gal- 
actosidase results in a much lower productivity--about 5 g EtOH/L.h. 
The main bottleneck in this case is the slow fermentation of galactose. 

Further work is still needed to construct adequate mathematical 
models for predicting reactor performance and facilitating the choice of 
reactor (31). 
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