
Appl Microbiol Biotechnol (1991) 36:289-294 
App//ed 

Microbiology 
Biotechnology 
© Springer-Verlag 1991 

Fermentative production of 1,3-propanediol from glycerol 
by Clostridium butyricum up to a scale of 2 m 3 

Bernd Giinzel, Sems Yonsel, and Wolf-Dieter Deckwer 

GBF, Biochemical Engineering Division, Mascheroder Weg 1, W-3300 Braunschweig, Federal Republic of Germany 

Received 3 June 1991/Accepted 12 August 1991 

Summary. The conversion of glycerol to 1,3-propane- 
diol (PD) by Clostridium butyricum DSM 5431 was 
studied in anaerobic culture. Growth and product for- 
mation were optimal at pH=7.0  and T=35°C, while 
aeration rate and stirrer speed were found to have no 
significant influence. As increasing amounts of initial 
glycerol led to inhibition of growth, cultivations were 
done in fed-batch operation. Comparative cultivations 
were carried out in an air-lift (ALR) and a stirred-tank 
reactor (STR) having equal working volumes (VL= 30 1) 
and no difference in product formation was found. The 
process was scaled up to reactor sizes of 1.2 m 3. (ALR) 
and 2.0 m 3 (STR). The same results were obtained irres- 
pective of reactor volume as well as reactor type (STR/ 
ALR). PD concentrations of approximately 50- 
58 g. 1-1 and overall productivities of 2.3- 
2.9 g. 1-1. h -  1 could be reached. 

Introduction 

1,3-Propanediol (PD) is a versatile intermediate com- 
pound for the synthesis of heterocycles and as a mon- 
omer for the production of polymers such as polyesters 
and polyurethanes. In addition, PD can advantageously 
be used as a solvent and additive for lubricants. The 
chemical conversion of acrolein into 1,3-propanediol is 
rather difficult and proceeds with low selectivity. 
Hence, PD is produced only in negligible amounts and 
its high price has prevented utilization of PD in po- 
lymer industries~ On the other hand, the microbial con- 
version of glycerol to PD is relatively simple. In addi- 
tion, glycerol is relatively cheap and its conversion to 
PD could help to reduce glycerol surpluses on the mar- 
ket. 

PD is produced from glycerol by Enterobacteriaceae 
such as Klebsiella (Streekstra et al. 1987; Tran Dinh 
and Hill 1989; Homann et al. 1990) and Citrobacter 
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(Gottschalk and Averhoff 1990; Homann et al. 1990). 
Bacteria such as Lactobacillus (Sch0tz and Radler 1984) 
and Clostridium (Nakas et al. 1983; Forsberg 1987) also 
convert glycerol to PD. The pathways to PD in Entero- 
bacter have been described by Ruch and Lin (1975) and 
Forage and Foster (1982). The microbial conversion of 
glycerol to PD is a disproportionation. On the one 
hand, glycerol is dehydrated to 3-hydroxypropionalde- 
hyde followed by hydrogenation to PD by NADH2. On 
the other hand, glycerol is converted to pyruvate, which 

in  turn reacts to various by-products (acetate, lactate, 
butyrate, ethanol, H2, CO2) with generation of ~NADH2. 
The highest PD yield is obtained if only acetate is 
formed as a by-product. In this case, two molecules of 
NADH2 are formed and, therefore, the PD yield 
amounts to 2/3 mol of PD per mole of glycerol con- 
sumed (without consideration of biomass formation). 
Generally, the more NADH2 is available the more PD 
can be obtained. 

Gottschalk and Averhoff (1990) as well as Tran 
Dinh and Hill (1989) investigated the effect of the co- 
substrate glucose on PD formation by Citrobacterfreun- 
dii DSM 30040 and K. pneumoniae DSM 4270, respec- 
tively, and reported increased PD yields based on~glyc ~ 
erol consumption. However, as glucose and glycerol 
have similar prices the use of glucose as a hydrogen do- 

n o r  does not offer economical advantages. 
The fermentation of glycero ! by K. pneumoniae 

DSM 2026 (NCTC 418) proceed s with ~ satisfactory~ 
yields and final PD concentrations (Homann et ~al. 
1990; Tag 1990). This microorganism converts up to 
120g.1-1 glycerol, PD yields .being 0.53 to 
0.56 mol. mol - !  glycerol, The overall PD productivities 
achieved range from 1.68 to 2.2 g. 1-1. h -  1, respective- 
ly. The continuous cultivation of K. pneurnoniae DSM 
2026 has also been studied by Streekstra et al. (1987) 
and Tag (1990). However, in view of the pathogenic 
features of K. pneumoniae its application in industrial 
plants will be limited. 

In this study, the conversion of glycerol to  PD by 
Clostridium butyricum (DSM 5431) was investigated 
(Kretschmann et al. 1990). This strain has already been 
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s tud ied  in  c o n t i n u o u s  cu l tu re  ( p H  auxos ta t )  to de tec t  
g rowth  i n h i b i t i o n  due  to  subs t ra te  a n d  p r o d u c t s  (Biebl  
1991). The  p a r t i c u l a r  p u r p o s e  o f  this  p a p e r  was to  dis-  
cover  the  c o n d i t i o n s  tha t  l e ad  to h igh  P D  concen t r a -  
t ions  a n d  p roduc t iv i ty .  In  add i t i on ,  the  s ca l e -up  o f  the  
a n a e r o b i c  c o n v e r s i o n  to p i lo t  p l a n t  scale  in  d i f f e ren t  
r eac to r  t ypes  was  s t ud i ed  in o r d e r  to  c la r i fy  w h e t h e r  o r  
no t  there  is a n y  l im i t a t i on  for  sca l ing  u p  this  p roces s  to  
i ndus t r i a l  size. 

Materials and methods 

Bacterial strain. C. butyricum DSM 5431 was used in this study. 

Media. The composition of the preculture medium per litre was: 
3.4g KzHPO4; 1.3 g KH2PO4; 2.0g (NH4)2SO4; 0.2g 
MgSO4.7H20; 0.02 g CaClz-2H20; 2.0 g CaCO3; 1.0 g yeast ex- 
tract; 20.0 g glycerol; 1.0 ml trace element solution; 2.0 ml Fe so- 
lution. The composition of the Fe solution per litre was: 5 g 
FeSO4.7HzO; 4 mi HC1 (37%). 

The ingredients of the nutrient medium of the main culture per 
litre were: 1 g KzHPO4; 0.Sg KHzPO4; 5g/100g glycerol 
(NH4)/SO~; 0.2g  MgSO4-7H20; 0.02g CaC12.2H20; 2.0g 
CaCO3; 1.0g yeast extract; as required 20.0-50.0g glycerol; 
1.0 ml trace element solution; 1.0 ml Fe solution. 

The trace element solution per litre consisted of: 70 mg ZnC12; 
0.1g MnClz.4H20; 60mg H3BO3; 0.2g COC12.2H20; 20mg 
CuC12.2H20; 25mg NiC12.6H20; 35rag Na2MoO4-2H20; 
0.9 ml HC1 (37%). 

Experimental set-up. Tables 1 and 2 give the major dimensions of 
the bioreactors used in this study. All reactors were equipped with 
controls for temperature, pH, agitation speed and aeration rate. In 
fed-batch cultivations the glycerol was sterilized separately in a 
reservoir vessel and fed to the reactor by a sterile supply line. The 

Table 1. Air-lift reactors (ALR) used 

Reactor data Air-lift reactor 

ALR 50 ALR 1500 

Total volume, VR (m 3) 0.050 1.500 
Working volume, VL (m 3) 0.030 1.200 
Reactor diameter, dR (m) 0.150 0.500 
Draft tube diameter, dt (m) 0.106 0.355 
Top section diameter, dt (m) 0.300 0.800 
Height of reactor, hR (m) 1.800 6.000 
Height of liquid, hL (m) 1.500 5.000 
d~/dR 0.710 0.7!0 
hL/d~ 10.000 10.000 

smallest STR (KLF 2000, Bioengineering, Wald, Switzerland) was 
used to optimize temperature and pH. The other reactors given in 
Tables 1 and 2 were all from B. Braun Diessel (Melsungen, FRG). 
The effect of stirrer speed and aeration rate was determined in a 
stirred-tank reactor (STR 42). 

Reactor comparison studies were carried out in ALR 50 and 
STR 42 both with the same working volume. Both the ALR and 
STR were inoculated simultaneously with the same preculture 
grown in a 10-1 reactor and harvested in the exponential growth 
phase. The air-lift reactors (ALR 50 and 1500) are designed simi- 
larly with regard to their geometrical sizes, i.e. hL/dR = 10 and d~/ 
dR=0.71 (see Table 1). The top sections of the air-lift reactors are 
enlarged to facilitate bubble break-up and foam destruction. 

Analytical methods. Fermentation products were determined by 
gas chromatography (wide bore column HP 17 (cross-linked) of 
10 m length, installed in a Hewlett Packard (HPI, Frankfurt/M, 
FRG) instrument (model HP 5890 A) with a flame ionisation de- 
tector and connected with an automatic sampling device (model 
HP 7673)). The column temperature was programmed from 40 ° C 
to 230°C in two steps. The carrier gas and the internal standard 
used were helium and n-propanol, respectively. 

Glycerol analysis was done enzymatically using the test kit of 
Boehringer (Mannheim, FRG). Optical density was measured at 
650nm in a spectral photometer (Pharmacia-LKB, Uppsala, 
Sweden). Cell concentrations were measured as dry weight (DW) 
and were obtained from washed centrifuged pellets dried at 40 ° C 
for 48 h in vacuum. 

Culture methods. Inocula for the bioreactor were prepared in 
100 ml flasks containing 50 ml deoxygenated preculture medium. 
The flasks were incubated at 30°C for 16 h and subsequently 
transferred to the KLF 2000 bioreactor in amounts of 10% by vol. 
Bioreactors with a working volume larger than 10 1 were inocu- 
lated with 10% precultures by vol. harvested in the exponential 
growth phase. The cultivations were carried out at 35°C and pH 
7.0 if not otherwise stated. The pH was controlled by addition of 
4 M KOH. Aeration with nitrogen (0.05 or 0.1 vvm) provided 
anaerobic conditions. The antifoam used was Desmophen (Bayer 
AG, Leverkusen, FRG). 

Results and discussion 

Optimization 

C u l t i v a t i o n  resul ts  o f  a n a e r o b i c  p rocesses  are  a f fec ted  
by  va r ious  in f luences ,  i.e., t e m p e r a t u r e ,  p H ,  a n d  con-  
een t r a t i ons  o f  subs t r a t e  a n d  p roduc t s .  To d e t e r m i n e  
such  in f luences  b a t c h  cu l t iva t ions  were  ca r r i ed  ou t  in 
the  1.4-1 r eac to r  ( K L F  2000). The  resul ts  are  g iven  in  
Tab les  3 a n d  4. F r o m  Tab le  3 it is seen  tha t  c o m p l e t e  
g lyce ro l  c o n s u m p t i o n  a n d  the  h ighes t  P D  p r o d u c t i v i t y  

Table 2. Stirred-tank reactors (STR) used 

Reactor data KLF 2000 STR 10 STR 42 STR 300 STR 3000 

Total volume, Vr~ (m 3) 2.0.10 -3 0.014 0.042 0.30 3.00 
Working volume, VL (m 3) 1.4.10-3 0.010 0.030 0.20 2.00 
Reactor diameter, dR (m) 0.095 0.215 0.260 0.50 1.28 
Stirrer diameter, ds (m) 0.040 0.120 0.100 0.20 0.43 
Height of reactor, hr~ (m) 0.300 0.542 0.780 1.60 2.57 
Height of liquid, hL (m) 0.210 0.330 0.600 1.06 1.70 
ds/.dr~ 0.421 0.560 0.390 0.40 0.34 
hL/dR 2.211 1.530 2.300 2.12 2.33 



Table 3. Batch fermentation of 2% glycerol at different temperatures (VL = 1.4 1; pH---7.0) 
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T(°C)  Glycerol 
consumed, 
Cs (g.1-1) 

Products formed, c (g-1-1) 

1,3-PD Acetate Butyrate Ethanol 

QPD 
(g.1-1 .h -~) 

30.0 16.5 5.70 0.90 2.00 0.40 0.48 
32.0 20.0 8.60 1.56 1.33 0.23 0.86 
33.5 17.3 8.48 1.11 2.28 0.42 0.94 
35.0 20.0 10.10 1.47 1.72 0.21 1.13 
37.0 18.0 7.95 0.27 2.66 0.43 0.61 

1,3-PD, 1,3-propanediol; QPD, PD productivity 

Table 4. Batch fermentation of 5% glycerol at different pH (VL = 1.4 1 ; T= 35 ° C) 

pH Glycerol Products formed, c (g. 1-~) 
consumed, 
Cs (g.1 -~) 1,3-PD Acetate Butyrate Ethanol 

QPD 
( g - l - '  " h - ' )  

6.0 43.0 21.1 1.95 4.41 0.15 1.6 
6.6 45.0 23.5 3.51 3.43 0.27 2.2 
6.8 43.0 25.0 3.36 3.12 0.13 2.2 
7.0 48.0 23.2 3.05 2.98 0.20 2.2 
7.2 45.0 22.7 3.02 3.25 0.13 2.0 
7.4 44.0 23.4 2.89 3.48 0.13 2.0 
8.0 30.0 18.6 1.36 2.54 0.07 0.7 

was obtained at T= 35 ° C. At this temperature the effect 
of pH was studied. The best results were found in the 
range of pH 6.6-7.0. Therefore, all further cultivations 
were carried out at T=35°C and pH 7.0, the product 
yield being around 0.6 mol PD.mo1-1 glycerol con- 
sumed. Figure 1 shows a typical run performed under 
such conditions. The by-products generated were ace- 
tate and butyrate (Fig. 1, Tables 3 and 4). The forma- 
tion of ethanol was negligible. 

The influence of  glycerol concentration on growth 
and product formation was examined in several batch 
experiments carried out in the STR 10. With increasing 
concentration of substrate, growth .was inhibited. This 
result is in accordance with the findings of Biebl (1991). 
To achieve glycerol consumption in quantities up to 
100g.1-1, cultivations were carried out in fed-batch 
operation, starting with initial glycerol concentrations 
(Co s) of either 20 g. 1-1 or 50 g. 1-1. The course of such a 
fed-batch cultivation is shown in Fig..2. After about 6 h 
the initial glycerol was consumed and additional glyc- 
erol was fed to the reactors in amounts giving again a 
concentration of about 20 g.1-1 in the reactor. This 
could be done four times giving a final PD concentra- 
tion of around 50 g.1-1 at an overall productivity of 
2.76 g.1 - ] . h - k  The time of complete glycerol con- 
sumption was accompanied by a sudden rise in the pH. 
This was used as a signal to start glycerol feeding. 

The effect of stirrer speed (N) and aeration rate (1~o) 
on growth and product formation was investigated in 
the STR 42 (VL=30 1). AS shown in Fig. 3 for fed-batch 
cultivations nitrogen aeration rate (0.05 and 0.1 vvm) 
and agitation speed (150-475 min-1) had no significant 
effects. As expected, mass transfer and mixing proc- 
esses did not influence reactor performance. However, 
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Fig. 1. Batch fermentation of 2% glycerol by Clostridium butyricum 
DSM 5431 at 35°C and pH 7.0: N, stirrer speed; 12~, aeration 
rate; VL, working volume 
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as compared to no aeration, desorption of CO2 was 
greatly enhanced when applying a low nitrogen flow 
rate. Thus, consumption of KOH could be reduced 
drastically. The overall productivities in the 301 reactor 
were similar the those obtained in smaller equipment 
(i.e., 2.3-2.7 g . l - l . h - l ) .  The shape of the acetate con- 
centration curve suggests that acetate was consumed in 
the second part of the cultivation, i.e., when the PD 
concentration curve passed its inflection point. In con- 
trast to acetate butyrate accumulated in the culture me- 
dium up to concentrations of 14 g. 1-1 

Reactor comparison 

Comparative fed-batch cultivations were performed in 
the STR and ALR of 30 1 volume under optimal condi- 
tions (T= 35 ° C, pH 7.0, 0.05 vvm). As depicted in Fig. 
4, no differences in formation of biomass and PD were 
observed. About 100 g-1-1 glycerol were converted to 
approximately 55 g. 1-1 PD (0.66 mol. mol-  a glycerol), 
starting with an initial glycerol concentration of 
50g.1 -~. Therefore, both the ALR and STR can 
equally be used to ferment glycerol to PD by C. butyri- 
cum. The amount of antifoam agent that had to be used 
during fermentation in the ,STR was 3 ml. 1-1 culture 
medium whereas foaming in the ALR could be de- 
pressed by using only 1 ml. 1-1. Obviously, stirring the 
culture medium gives rise to excessive foam formation 
while foaming in the ALR was only moderate and 
caused no problems. 

Scale-up 

The scale-up of glycerol fermentation by C. butyricum 
was studied in ALR and STR. The ALR 50 and 1500 
with working volumes of 30 and 1200 1, respectively, 
were used, the volumetric scale-up factor being 40. The 
concentrations of biomass and  PD are given in Fig. 5. 
The slight differences observed for the two reactors 
does not represent a scale-up effect but are a result of 
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different initial concentrations of glycerol, as proved by 
additional cultivations. The effect of glycerol inhibition 
was not very pronounced (Biebl 1991) but increased the 
cultivation time and hence reduced PD productivity 
while the final product concentrations did not differ. 
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As pointed out above, foaming in the ALR was not se- 
rious and destruction of foam was additionally sup- 
ported by using a nozzle for spraying the glycerol feed 
and KOH solution from the reactor top onto the foam 
layer. 

Production of PD was also studied in the STR 300 
and 3000 with working volumes of 250 and 2000 1, re- 
spectively. Only gentle mixing was applied, the energy 
input being in the range 60-80 W . m  -3. The results are 
shown in Fig. 6. Here the PD concentration is given for 
all reactors used at the two initial glycerol concentra- 
tions applied. As already pointed out the differences in 
these fed-batch fermentations were due to the differing 
starting concentrations. Again any influence of reactor 
type cannot be recognized even for the larger volumes 
studied. As summarized in Table 5, the final product 
concentrations and the productivities achievable 
ranged from 50 to 58 g.1-1 and 2.3 to 2.9 g . l - l - h  -a, 
respectively. As ALR require less investment and lower 
operation costs, microbial production of PD in this 
reactor type is more attractive from the economical 
point of view than the use of stirred reactors. On the 
basis of the findings of this study it is concluded that 
the scale-up of this microbial conversion to industrial 
reactors (VR > 10 m 3) will not cause additional difficul- 
ties. 
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