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Abstract The effects of both biomass age and cell

recycling on the 1,3-propanediol (1,3-PDO) production by

Klebsiella pneumoniae were investigated in a membrane-

supported bioreactor using hollow-fiber ultrafiltration

membrane module in two separate experiments. It was

determined that older cells have a negative effect on 1,3-

PDO production. The concentrations of by-products, such

as acetic acid and ethanol, increased in cultures with older

cells, whereas the concentrations of succinic acid, lactic

acid and 2,3-butanediol decreased. The effect of cell

recycling was comparatively studied at a cell recycling

ratio of 100 %. The results showed that cell recycling had

also negative effects on 1,3-PDO fermentation. It was

hypothesized that both cell recycling and biomass age

caused metabolic shifts to undesired by-products which

then inhibited the 1,3-PDO production. On the other hand,

the use of hollow-fiber ultrafiltration membrane module

was found to be very effective in terms of removal of cells

from the fermentation broth.
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Introduction

In recent years, biodiesel production has increased sub-

stantially, due to the interest in alternative energy sources

[1]. During the production of biodiesel, massive amounts of

glycerol are produced as a by-product in the range of 10 %

(w w-1) of the biodiesel production [2]. One of the

attractive management solutions for this problem is the

conversion of this waste into value-added chemicals [3, 4].

Glycerol is a common carbon and energy source for

several microorganisms for the biotechnological produc-

tion of biochemicals such as citric acid, hydrogen, ethanol

and 1,3-propanediol (1,3-PDO), which is one of the

promising and environmentally friendly approaches [1, 5].

1,3-PDO has been known and used for more than 100 years

widely in many industrial applications, such as composites,

adhesives, laminates, aliphatic polyester, cosmetics, foods,

medicines and antifreeze [6, 7]. It is especially well known

as a monomer for the synthesis of polytrimethylene tere-

phthalate (PTT) by the polymerization of terephthalic acid.

PTT is a polyester with excellent properties for fibers,

textiles, carpets and coatings [8].

1,3-propanediol (1,3-PDO) can be produced by chemi-

cal synthesis or microbial fermentation. There are two

different processes for chemical production: the conversion

of acrolein to 1,3-PDO (Degussa/DuPont process) and the

conversion of ethylene oxide to 1,3-PDO (Shell process).

These processes are highly energy and pressure intensive,

use expensive catalysts and release toxic intermediates

[9, 10].

In recent years, the microbial production of 1,3-PDO has

become increasingly attractive due to the utilization of

inexpensive and renewable substrates, mainly glycerol

[11]. A wide variety of wild-type bacteria are known to

have the ability of converting glycerol to 1,3-PDO,

including Klebsiella pneumoniae [7, 12], Klebsiella oxyt-

oca [13, 14], Klebsiella planticola [14], Enterobacter

agglomerans [15], Citrobacter freundii [16, 17], Ilyobacter

polytropus [18], Clostridium butyricum [19, 20],
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Clostridium pasteurianum [21, 22], Lactobacillus brevis,

Lactobacillus buchneri [23] and Lactobacillus reuteri [24].

Among the wild-type strains, K. pneumoniae and C. bu-

tyricum are currently considered as the most promising

microorganisms for industrial applications due to high

product yields and productivities [10]. The microbial

conversion of glycerol to 1,3-PDO was mainly achieved

under anaerobic or micro-aerobic conditions [25].

For the microbial production of 1,3-PDO, batch, fed-

batch, continuous fermentations with suspended systems

and whole cell immobilization (entrapment and attach-

ment) were reported [26]. But the potential of cell recy-

cling is still unknown for this fermentation. Bioreactors

with cell recycling have been investigated for production of

various types of compounds produced by anaerobic bac-

teria such as lactic acid [27], ethanol [28], propionic acid

[29] and acetone–butanol–ethanol [30, 31]. However, there

is only one report on this method for 1,3-PDO production

[32].

A membrane-supported bioreactor allows integrating the

fermentation and separation steps [33]. The microbial

culture passes through a membrane system which separates

the cell mass from the fermentation broth and then recir-

culates the concentrated cell suspension back into the

bioreactor. The system is very effective in achieving a

higher cell inventory than conventional methods and a cell-

free culture liquid for following downstream processes [32,

34]. It is well known that the inoculum age and density can

markedly influence the productivity and economics of

bioprocesses. For example, some literature reports dem-

onstrated the use of cell recycling for the production of

acetone and butanol by Clostridium acetobutylicum in

continuous culture [30]. However, no systematic studies to

elucidate the effects of the biomass inoculum age and cell

recycling on 1,3-PDO production have been reported

before. Thus, this study was carried out to shed light on to

this issue. The purpose of this study is to investigate the

effects of biomass age and cell recycling on the 1,3-PDO

production. There are very limited literature reports and we

believe that further work remains to be done.

Materials and methods

Strain

Locally isolated K. pneumoniae (GenBank accession no.

27F HM063413) was kindly provided by the Faculty of

Pharmacy, Ege University, Izmir, Turkey. The microor-

ganisms were grown in Nutrient Broth (Merck KGaA,

Darmstadt, Germany) with an initial inoculum ratio of 1 %

(v v-1). This ratio was then increased to 10 % (v v-1) for

the fermentation step.

Fermentation media

1 L of the fermentation media used throughout the study

contained 40 g technical-grade (99 %) glycerol, 5.72 g

K2HPO4, 1.5 g KH2PO4, 2.0 g (NH4)2SO4, 0.24 g

MgSO4�7H2O, 1.0 g yeast extract, 0.5 mL FeSO4�7H2O

(0.05 g L-1) and 1.0 mL trace element solution. The trace

element solution consisted of ZnCl2 (70 mg L-1),

MnCl2�4H2O (0.1 mg L-1), H3BO3 (60 mg L-1),

CoCl2�2H2O (0.2 g L-1), CuCl2�2H2O (20 mg L-1),

NiCl2�6H2O (25 mg L-1), Na2MoO4�2H2O (35 mg L-1)

and 0.9 mL L-1 HCl (37 % v v-1) [35]. All the chemicals

were provided from Merck KGaA, Darmstadt, Germany.

The fermentation media were sterilized at 115 �C for

15 min.

Analytical methods

Cell concentration was estimated by measuring optical

density (OD) at 620 nm using a spectrophotometer

(Thermo, USA) [36]. Total suspended solid (TSS) mea-

surements were carried out according to the standard

methods [37]. The culture samples collected from the

fermenter were centrifuged at 7,3799g using a micro-

centrifuge (Sigma 1-14 (10014), USA) with 24 9 0.22 L

angle rotor, followed by filtration using 0.22 lm pore

size cellulose acetate membrane filters (Sartorius,

Germany) before high-performance liquid chromatogra-

phy (HPLC) analysis. The desired product 1,3-PDO,

substrate glycerol, residual glycerol and the by-products

such as 2,3-butanediol (2,3-BD), lactic acid, acetic acid,

succinic acid and ethanol concentrations were determined

in cell-free supernatant using a HPLC system (Thermo,

USA) with a Phenomenex Rezex RHM Monosaccharide

(H?) 300 9 7.8 mm ion exchange column and a Thermo

Refractive Index Detector (Thermo, USA). The column

and detector temperatures were 65 and 45 �C, and the

injection volume was 15 lL. A solution of H2SO4

(5 mM) was used as the mobile phase at a flow rate of

0.8 mL min-1 [35]. Analytical standards, solvents and

reagents were provided by Ehrenstorfer, Germany.

Experimental setup for cell recycling and determination

of biomass age

Continuous cultivation was carried out in a 2 L glass fer-

menter (Sartorius A?, Germany) with a working volume of

1 L. The temperature was maintained at 37 �C and the

agitation rate was controlled at 150 rpm. The pH was kept

at 7.0 by addition of 2 M NaOH automatically. K. pneu-

moniae is a facultative anaerobe microorganism; therefore

no strict anaerobic conditions were provided.
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In a previous study (data not shown), various hydraulic

retention time (HRT) values (0.5–24 h) were applied dur-

ing the continuous culture of K. pneumoniae for the max-

imum production of 1,3-PDO. An optimum HRT of 16 h

was found to result in maximum concentrations of 1,3-

PDO. As a result, the experiments were carried out at HRT

of 16 h.

For cell recycling, a hollow-fiber ultrafiltration membrane

module (Daicen Membrane Systems Ltd., Japan) made from

polyethersulfone (inner diameter 0.8 mm, membrane area

0.26 m2) was connected to the fermenter (Fig. 1). The

medium (feed) was added to the fermenter at a rate of

0.0625 L h-1 (HRT 16 h). At the same time, the culture

from the fermenter was pumped through the hollow-fiber

ultrafiltration membrane module at the same rate simulta-

neously. The concentrated cells were recycled to the fer-

menter. Permeate was removed at the same rate as the

addition of feed to keep a constant volume in the fermenter,

following which it was used for downstream processes (data

not shown). The pressure was measured by manometers to

prevent plugging. Maximum feed inlet and transmembrane

pressures were 0.4 and 0.3 MPa, respectively.

To investigate the effect of cell recycling, a comparative

experiment was done with and without cell recycling at

HRT 16 h. To determine the optimum biomass age, TSS

concentrations in the fermenter and recycling line were

measured every day. The amount of biomass that should be

removed from the system was calculated according to the

equation below [38]. Four different biomass ages (0.67, 5,

15, and 30 days) were studied for the determination of

optimum biomass age. A biomass age value of 0.67 day

corresponding to an HRT value of 16 h was studied

without cell recycling. On the other hand, other experi-

ments using biomass age between 5, 15, and 30 days were

operated with cell recycling using a hollow-fiber ultrafil-

tration membrane unit.

hc ¼
V � X

hw � Xr

where hc is the biomass age (day), V the working volume

(L), X TSS the concentration in the fermenter (mg L-1), Xr

TSS the concentration of recycled biomass to the fermenter

(mg L-1) and hw the volume of biomass that should be

removed from the recycling line per day (L day-1).

Hydraulic retention time (h) was defined as the working

fermenter volume (L) divided by the feeding medium flow

rate (L h-1). 1,3-PDO productivity (g L-1 h-1) was cal-

culated as 1,3-PDO concentration (g L-1) divided by the

HRT (h).

Error bars represent the samples taken during the

pseudo-steady state conditions which were determined by

coefficient of variation. The error bars were calculated for

these samples using the average of last 5 days’ data in this

period. All statistical calculations were performed using

Systat Software Inc. (San Jose, California) Sigma Plot 11.0

Trial Version.

Results and discussion

Determination of the optimum biomass age

To control the biomass age, the determined amount of the

biomass, calculated according to the equation given in

Fig. 1 Schematic view of the

continuous culture with cell

recycling
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‘‘Experimental set-up for cell recycling and determination

of biomass age’’, was removed from the system. As a

result, TSS and OD values were increased with the increase

in biomass ages (Table 1).

As seen in Table 1, 1,3-PDO concentrations were

decreased with the increase in biomass ages. The highest

1,3-PDO concentration was obtained at a biomass age of

0.67 day. Also, molar yields (given as 1,3-PDO production

to glycerol consumed) and volumetric productivities (given

as g 1,3-PDO L-1 h-1) are shown in Table 1. ANOVA

tests (analysis of variance test) for 1,3-PDO concentrations,

1,3-PDO yields and 1,3-PDO volumetric productivities

indicated statistically difference in concentrations, yields

and volumetric productivities (p value \0.05). Therefore,

pairwise t tests were further performed to determine the

differences. At the end of the statistical analyses, 1,3-PDO

concentration, 1,3-PDO yield and 1,3-PDO volumetric

productivity for biomass age of 0.67 day were statistically

different than the other biomass ages (p \ 0.05). There are

no statistically significant difference at 1,3-PDO concen-

trations, 1,3-PDO yields and 1,3-PDO volumetric produc-

tivities for biomass ages of 5, 15 and 30 days.

Figure 2 presents the data for the concentrations of

residual glycerol and by-products. Lower concentrations

were detected for succinic acid and lactic acid at higher

biomass ages in general. As seen in Fig. 2, *95 % of

glycerol was consumed at every biomass age. Acetic acid

concentration was decreased to 0.8–0.9 g L-1 at 5 and

15 days, while it was 2.35 g L-1 at 0.67 day. The con-

centration was increased to 2.62 g L-1 at 30 days again.

2,3-BD was not produced at 0.67 and 30 days. 2,3-BD

concentration was 0.63 g L-1 and 0.22 g L-1 at 5 and

15 days, respectively. Among all other by-products, etha-

nol concentration was the highest, reaching up to

7.24 g L-1 at 30 days of biomass age. This value was

really close to 1,3-PDO concentration (7.46 g L-1) at this

biomass age. The growth curve for K. pneumoniae is given

in Fig. 3. According to OD (620 nm) values in Table 1, the

cells seem to be in stationary phase. This might be the

explanation for high ethanol production. Succinic acid,

lactic acid and 2,3-BD concentrations were decreased with

the increase in biomass age, in general. This is an

advantage for downstream processes. During the experi-

ments, an increase was observed in the concentrations of

acetic acid and ethanol. Cheng et al. [39] showed that

acetic acid was the most inhibitory by-product during the

1,3-PDO fermentation under anaerobic conditions, with

lactic acid and ethanol the next most inhibitory for K.

pneumoniae. The critical concentrations of acetic acid,

lactic acid and ethanol were assessed to be 15, 19,

26 g L-1, respectively. The effects of by-products on cell

growth and 1,3-PDO production were investigated in batch

cultures. At the beginning fermentations, 5 g L-1 acetic

acid, 5 g L-1 lactic acid and 9 g L-1 ethanol were added

to the fermentation media. Cell growth and 1,3-PDO pro-

duction were decreased compared to the control group

without addition. According to Zhang et al. [40], ethanol is

the key competitor to the formation of 1,3-PDO in K.

pneumoniae. Ethanol, contrary to organic acids, was shown

to be more inhibitory to K. pneumoniae growth under

aerobic than anaerobic conditions, with a critical concen-

tration of 17 and 26 g L-1, respectively. The low 1,3-PDO

concentrations can be explained by the potential inhibition

due to the by-product formation at higher biomass ages.

Furthermore, as the biomass age gets longer, microorgan-

isms shift from their optimum 1,3-PDO production condi-

tion, which is exponential growth phase. Biomass age (hc)

controls the microbial growth rate. Long-term operations

(higher biomass ages) might be a problem because of the

accumulation of older cells. This situation may reduce the

system’s performance with time.

Effect of cell recycling

To determine the effect of cell recycling on 1,3-PDO

production, all the fermentation broth was passed through

the hollow-fiber ultrafiltration membrane module and the

separated biomass was recycled back into the fermenter

(100 % recycle). Cell recycling was stopped at the end of

192nd hour and then fermentation was continued without

cell recycling at HRT 16 h. This experiment was ended

after 387 h. Cell-free liquid (permeate) after ultrafiltration

was used for the downstream processes for purification

purpose.

Table 1 OD (620 nm), TSS, 1,3-PDO concentration, 1,3-PDO yield (mol 1,3-PDO/mol consumed glycerol) and volumetric 1,3-PDO pro-

ductivity values at different biomass ages

Biomass age

(day)

OD

(620 nm)

TSS

(g L-1)

1,3-PDO concentration

(g L-1)

1,3-PDO Production yield

(mol mol-1)

Volumetric 1,3-PDO

productivity

(g L-1 h-1)

0.67 1.90 ± 0.06 1.98 ± 0.29 13.72 ± 1.39 0.44 ± 0.05 0.86 ± 0.09

5 2.00 ± 0.05 2.12 ± 0.48 8.61 ± 0.65 0.27 ± 0.02 0.54 ± 0.04

15 1.93 ± 0.15 1.57 ± 0.45 8.15 ± 1.29 0.26 ± 0.04 0.51 ± 0.08

30 2.44 ± 0.08 4.39 ± 0.78 7.46 ± 0.76 0.24 ± 0.02 0.47 ± 0.05
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Figure 4 shows the values of TSS and OD measure-

ments throughout the experiments. It was observed that

both TSS and OD values dropped down when cell recy-

cling was stopped after the 192nd hour of the study as

expected.

Throughout the experiment, almost 90 % of glycerol

was consumed. As shown in Fig. 5, while the highest 1,3-

PDO concentration was observed at the 24th hour

(8.71 g L-1), it then kept decreasing up to a concentration

of 3.98 g L-1. Microorganisms showed adaptation fol-

lowing the end of recycling. The 1,3-PDO concentration

increased after the 339th hour of the experiment. 2,3-BD

was not observed. Succinic acid and lactic acid concen-

trations showed the same trends with or without cell

recycling. Their average concentrations were 0.33 and

0.54 g L-1, respectively. As seen in Fig. 5, acetic acid and

ethanol were the main by-products. Their concentrations

were increased when cell recycling was used. Ethanol was

produced more than 1,3-PDO.

Increase in biomass concentration in the medium did not

show any significant rise in 1,3-PDO probably due to the

inhibition of by-products such as ethanol and acetic acid.

The conversion capacities of the cells not only depend on

the concentration, but also on the accumulation of the

by-products. It is suggested that the high production of

by-products was a result of metabolic shift from reduction

to oxidation of glycerol. The yield of 1,3-PDO depends on

the availability of NADH, which is generated in the oxi-

dative branch pathway of glycerol. The formation of

pyruvate-derived by-products competes with the biosyn-

thesis of 1,3-PDO for NADH, resulting in a decrease of

1,3-PDO yield [41].

In biotechnological productions, higher biomass con-

centrations and smaller fermenter volumes are desirable for

higher volumetric productivities. There are two generally

accepted methods for high productivity: cell immobiliza-

tion and cell recycle. Reimann et al. [32] reported the first

Fig. 2 By-product and residual glycerol concentrations at different

biomass ages

Fig. 3 Growth curve for Klebsiella pneumoniae (OD 620 nm)

Fig. 4 OD and TSS values in the culture with and without cell

recycling (HRT 16 h)

Fig. 5 1,3-PDO and by-product concentrations in the culture with

and without cell recycling: 1,3-PDO (triangle), succinic acid (filled

circle), lactic acid (circle), acetic acid (inverted filled triangle), 2,3-

BD (square) and ethanol (filled square) (HRT 16 h)
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attempt of continuous cultivation with cell recycling using

hollow-fiber membrane modules for production of 1,3-

PDO by C. butyricum. It was reported that the concentra-

tion could not be increased by cell recycling when it was

compared with the un-recycled cultures (28.4 g L-1) for

Clostridial 1,3-PDO fermentation. However, the system

failed at higher glycerol concentration of 92 g L-1 due to

the inability of cells to grow at such high substrate con-

centration. The productivity was at its highest value at a

dilution rate of 0.7 h-1 for two substrate concentrations (32

and 56 g L-1). On the other hand, it decreased with the

increasing dilution rates, which was particularly due to

inhibition by the fermentation products. Previous studies

showed that inhibition imposed by the products was the

major limitation of this method, as in this study. Also, there

were other biotechnological productions using cell recy-

cling which were affected by by-product inhibitions such

as 2,3-BD [42], lactic acid [27, 43], propionic acid [44],

acetic acid [45], ethanol [46] and acetone/butanol [30].

Cells might also be affected by the mechanical stress

caused by pumping the viscous culture through the hollow-

fiber membrane module and through tubings in peristaltic

pumps.

The use of hollow-fiber ultrafiltration membrane module

helped to eliminate time-consuming and challenging

methods for downstream processing such as flocculation,

coagulation and centrifugation. It seems that inhibition of

the by-products is one of the major limitations of this

method. Because of the high cost of product recovery, a

high final product concentration is desirable. To achieve

this, the formation of by-products should be minimized,

which was achieved up to a certain extent in this study.

Also, metabolic engineering can be used to manipulate the

pathways so that by-product pathways can be controlled or

even eliminated.
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