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Abstract 1,3-Propanediol (1,3-PD) can be pro-

duced from glycerol by Klebsiella pneumoniae under

micro-aerobic conditions. Recently, this fed-batch

fermentation process has been successfully scaled up

to 1 m3. The final 1,3-PD concentration, molar yield

and volumetric productivity of 72 g l�1, 57% and

2.1 g l�1 h�1, respectively, are close to those of

75 g l�1, 61%, and 2.2 g l�1 h�1 under anaerobic

conditions. This process would be suitable for the

production of 1,3-PD on a large scale.
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Introduction

1,3-Propanediol (1,3-PD) is a bulk chemical, which is

used in the manufacture of polymers, cosmetics,

foods, lubricants, and medicines, in particular as a

monomer to synthesize a new type of polyester,

polytrimethylene terephthalate (Zeng and Biebl

2002). At present, 1,3-PD has mainly been manufac-

tured by chemical synthesis that requires high

temperature, high pressure and expensive catalysts.

Therefore, much attention has recently been paid to

its microbial production (Alper 1999; Biebl et al.

1999; Xiu et al. 2004), which mainly includes two

processes: the fermentation of D-glucose to 1,3-PD by

recombinant E. coli and the microbial conversion of

glycerol to 1,3-PD by natural organisms.

Glycerol can be converted to 1,3-PD by many

microorganisms such as Klebsiella, Citrobacter and

Clostridia. Of these Klebsiella pneumoniae has been

widely investigated due to its high productivity

(Menzel et al. 1997). It is a facultative bacterium

and glycerol can be dissimilated to 1,3-PD under

anaerobic or aerobic conditions. Commonly, the

bioconversion of glycerol is mainly attributed to the

dihydroxyacetone system under anaerobic conditions.

Under aerobic conditions, however, the conversion is

mainly attributed to the glycerol 3-phosphate system

(Chen et al. 2003a). In comparison with anaerobic

cultivations, microbial production of 1,3-PD under

micro-aerobic conditions has attracted much attention

due to low equipment investment and power con-

sumption on an industrial scale. Recently, many

investigations have focused on optimizing fermenta-

tion conditions as well as exploring metabolic

mechanism in K. pneumoniae under micro-aerobic

or mild aerobic conditions on a laboratory scale

(Wang et al. 2001a; Huang et al. 2002; Chen et al.

2003b, 2005). On the other hand, Dupont/Genencor

have developed a recombinant E. coli for 1,3-PD
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production by aerobic fermentation of D-glucose

(Nakamura et al. 2003) and have established an

industrial process. But E. coli needs vitamin B12, that

is required by glycerol dehydratase, to be added to the

fermentation medium, K. pneumoniae does not.

To date there is no report on production of 1,3-PD

by K. pneumoniae under micro-aerobic conditions on

a pilot-plant scale. The particular purpose of this

paper is to clarify whether or not there is any

limitation for scaling up this process to industrial

scale.

Materials and methods

Microorganism and medium

Klebsiella pneumoniae DSM 2026 was a gift from

Prof. Dr. An-Ping Zeng (obtained from the German

Collection of Microorganisms and Cell Cultures,

Germany). A mutant of this strain was used. The

composition of the preculture medium per liter was:

20 g glycerol, 3.4 g K2HPO4, 1.3 g KH2PO4, 2 g

(NH4)2SO4, 0.2 g MgSO4 H2O, 1 g yeast extract, 2 g

CaCO3, 5 mg FeSO4�7H2O, 2 mg CaCl2, 0.14 mg

ZnCl2, 0.2 mg MnCl2�4H2O, 0.12 mg H3BO3, 0.4 mg

CoC12�6H2O, 0.04 mg CuCl2�2H2O, 0.05 mg

NiCl2�6H2O, 0.07 mg Na2MoO4�2H2O. The ingredi-

ents of the fermentation medium per liter were:

0.75 g KCl, 1.38 g NaH2PO4�H2O, 5.35 g NH4Cl,

0.28 g Na2SO4, 0.26 g MgCl2�6H2O, 0.29 g

CaCl2�2H2O, 0.42 g citric acid�H2O, 1 g yeast

extract, as required 40–170 g glycerol, 3.4 mg

ZnCl2 �6H2O, 27 mg FeCl2 �6H2O, 10 mg

MnCl2�4H2O, 0.85 mg CuCl2�2H2O, 2.35 mg

CoC12�6H2O, 0.5 mg H3BO3, 25 mg Na2MoO4�2H2O.

Fed-batch fermentation methods

Cells were grown in 500 ml shake-flasks containing

250 ml medium at 378C for 10 h. The fed-batch

fermentations were conducted in a 10 l and a 1 m3

stirred bioreactors containing 5 and 600 l fermenta-

tion medium, with inoculation volume of 10% (v/v)

and 7% (v/v), respectively. The pH was controlled at

7 by automatic addition of 5 M NaOH, and the

temperature was controlled at 378C. Glycerol was

initially at 40 g l�1 and additional glycerol was added

to maintain it between 15 g l�1 and 25 g l�1 during

the fermentations. The stirrer speed and aeration rate

were maintained at 300 rpm and 0.2 vvm in 10 l

bioreactor, and 120 rpm, 0.04 vvm in 1 m3 bioreactor,

respectively. The micro-aerobic or anaerobic condi-

tions in the bioreactors were maintained by sparging

air or N2.

Analytical methods

Cell concentrations were measured as optical density

(OD) at 650 nm, and correlated with cell dry weight

(CDW) directly. The determination of products [1,3-

PD, 2,3-butanediol (2,3-BD), ethanol and acetic acid]

was carried out by GC. Glycerol was assayed by a

modified titration method (Wang et al. 2001b).

Results and discussion

Fed-batch fermentations in 10 l bioreactor

The fed-batch fermentations of K. pneumoniae with

glycerol under different aeration conditions were first

performed in a 10 l stirred bioreactor. The experi-

mental results were given in Table 1 and further

details were shown in Fig. 1.

The highest biomass concentration, reached at 15 h

under micro-aerobic conditions, molar yield and

productivity of 1,3-PD were 77 g l�1, 62% and

2.7 g l�1 h�1, respectively. Under anaerobic condi-

tions, the highest biomass concentration was reached

at 17 h and the final concentration, molar yield and

productivity of 1,3-PD were 81 g l�1, 64% and

3 g l�1 h�1, respectively. Thus, the results were

similar in both fermentations. The final concentra-

tions of ethanol and acetate were 8.1 and 7.5 g l�1

under micro-aerobic conditions, while 10 and

11 g l�1 under anaerobic conditions. As more NaOH

was consumed in micro-aerobic fermentation were

higher than that in anaerobic fermentation, more

organic acids were apparently generated under micro-

aerobic than with anaerobic conditions.

Fed-batch fermentations in 1 m3 bioreactor

The pilot-plant scale experiments in a 1 m3 stirred

bioreactor were conducted under micro-aerobic and
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Table 1 Comparison of glycerol (residual and consumed),

products, 1,3-propanediol (1,3-PD) yields (YPD), productivities

(QPD) and alkali consumed in fed-batch fermentations by

Klebsiella pneumoniae in 10 l bioreactor under micro-aerobic

and anaerobic conditions

Different aeration

conditions

Glycerol (g l�1) 1,3-PD

(g l�1)

Ethanol

(g l�1)

Acetic acid

(g l�1)

2,3-BDa

(g l�1)

YPD (mol

mol�1)

QPD

(g l�1 h�1)

Alkali

consumed

(mol)residual consumed

Micro-aerobic

conditions

20 150 77 8.1 7.5 8.8 62 2.7 3.9

Anaerobic

conditions

20 153 81 10 11 8.3 64 3.0 3.6

a 2,3-Butanediol
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Fig. 1 Time courses of 1,3-
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Fig. 2 Time courses of 1,3-

propanediol (1,3-PD) fed-

batch fermentations by

Klebsiella pneumoniae in

1 m3 bioreactor under

micro-aerobic (A1, A2) and
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conditions. Symbols:
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anaerobic conditions (see Fig. 2). By comparison

with that in a 10 l fermentation, cells grew more

quickly in 1 m3 bioreactor under micro-aerobic

conditions. The highest biomass concentration

reached 5.2 g l�1 at 14 h under micro-aerobic

conditions, while under anaerobic conditions it

reached 6 g l�1 at 21 h. The slight differences

suggested that it had no obvious effects on the final

fermentation results under different aeration condi-

tions (Table 2). The final 1,3-PD concentration, molar

yield and volumetric productivity were 72 g l�1, 57%

and 2.1 g l�1 h�1, respectively, under micro-aerobic

conditions were comparable to those of 75 g l�1,

61%, and 2.2 g l�1 h�1 under anaerobic conditions.

The differences between the fermentative results

in 10 l and 1 m3 bioreactors were mainly imputed to

the differences of inoculation volume as described in

FM, which led to slow growth of cells, consumption

of glycerol and accumulation of 1,3-PD in the 1 m3

bioreactor. For this reason, the volumetric productiv-

ity of 1,3-PD in 1 m3 bioreactor decreased about 20%

compared to that in 10 l bioreactor under both micro-

aerobic and anaerobic conditions, although the final

concentration and yield of 1,3-PD decreased a little

only.

The presence of O2 is normally unfavorable for

1,3-PD production because of inactivation of glycerol

dehydrogenase (GDH) and 1,3-propanediol oxidore-

ductase (PDOR). The present experimental results

obtained with the final 1,3-PD concentrations of over

70 g l�1 demonstrated that micro-aerobic fermenta-

tions for 1,3-PD production could be conducted not

only on the laboratory scale but also on the pilot-plant

scale. The fact that cells grew faster under micro-

aerobic than anaerobic conditions was consistent with

those previously reported by Wang et al. (2001a) and

Chen et al. (2003a, b). But the final 1,3-PD concen-

trations, molar yields, volumetric productivities and

biomass were remarkably different from those in

previous reports that all above parameters were

higher under micro-aerobic conditions than under

anaerobic conditions. In this research, the volumetric

productivities of 1,3-PD under micro-aerobic and

anaerobic conditions in 1 m3 bioreactor were almost

equal. Under micro-aerobic conditions the final 1,3-

PD concentration, molar yield and biomass were,

however, lower than those under anaerobic condi-

tions which was similar to the findings of Cheng et al.

(2004). The slightly lower 1,3-PD concentrations and

molar yields obtained under micro-aerobic than

anaerobic conditions were possibly due to a part of

acetyl-CoA entering into the TCA cycle. Compared

to the results during anaerobic fermentations, the

production of organic acids and CO2 were increased

during micro-aerobic fermentations according to

alkali consumption. Furthermore, in comparison with

glycerol consumption and the finally obtainable

products accumulation in Tables 1 and 2, it also

proved that the amounts of glycerol loss during

micro-aerobic fermentations were more than that

during anaerobic fermentations. In addition, the

aerating flow of air plays an important role in cellular

growth and product accumulation. The influence of

air flow on glycerol metabolism under micro-aerobic

conditions is being investigated in our laboratory.

The results would be published in the future.

Conclusion

The experimental results achieved in 1 m3 stirred

bioreactor demonstrate that micro-aerobic fed-batch

Table 2 Comparison of glycerol (residual and consumed),

products, 1,3-propanediol (1,3-PD) yields (YPD), productivities

(QPD) and alkali consumed in fed-batch fermentations by

Klebsiella pneumoniae in 1 m3 bioreactor under micro-aerobic

and anaerobic conditions

Different aeration

conditions

Glycerol (g l�1) 1,3-PD

(g l�1)

Ethanol

(g l�1)

Acetic acid

(g l�1)

2,3-BDa

(g l�1)

YPD (mol

mol�1)

QPD

(g l�1 h�1)

Alkali

consumed

(mol)Residual Consumed

Micro-aerobic

conditions

21 152 72 9.1 8.2 7.5 57 2.1 543

Anaerobic

conditions

21 148 75 9.9 11 7.5 61 2.2 494

a 2,3-Butanediol
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fermentation is suitable for the production of 1,3-PD

from glycerol by K. pneumoniae. The final 1,3-PD

concentration, molar yield and volumetric productiv-

ity were 72 g l�1, 57% and 2.1 g l�1 h�1, respec-

tively, and approached those of 75 g l�1, 61%, and

2.2 g l�1 h�1 under anaerobic conditions.

As an air filtration unit is unnecessary under

micro-aerobic conditions and in view of less invest-

ment and lower operation costs, it is concluded that

micro-aerobic fed-batch fermentation process will be

more attractive for the industrial production of

1,3-PD.
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