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Abstract 

Background Glycerol, as a by‑product, mainly derives from the conversion of many crops to biodiesel, ethanol, 
and fatty ester. Its bioconversion to 1,3‑propanediol (1,3‑PDO) is an environmentally friendly method. Continuous 
fermentation has many striking merits over fed‑batch and batch fermentation, such as high product concentration 
with easy feeding operation, long‑term high productivity without frequent seed culture, and energy‑intensive sterili‑
zation. However, it is usually difficult to harvest high product concentrations.

Results In this study, a three‑stage continuous fermentation was firstly designed to produce 1,3‑PDO from crude 
glycerol by Clostridium butyricum, in which the first stage fermentation was responsible for providing the excellent 
cells in a robust growth state, the second stage focused on promoting 1,3‑PDO production, and the third stage aimed 
to further boost the 1,3‑PDO concentration and reduce the residual glycerol concentration as much as possible. 
Through the three‑stage continuous fermentation, 80.05 g/L 1,3‑PDO as the maximum concentration was produced 
while maintaining residual glycerol of 5.87 g/L, achieving a yield of 0.48 g/g and a productivity of 3.67 g/(L·h). Based 
on the 14 sets of experimental data from the first stage, a kinetic model was developed to describe the intricate rela‑
tionships among the concentrations of 1,3‑PDO, substrate, biomass, and butyrate. Subsequently, this kinetic model 
was used to optimize and predict the highest 1,3‑PDO productivity of 11.26 g/(L·h) in the first stage fermentation, 
while the glycerol feeding concentration and dilution rate were determined to be 92 g/L and 0.341  h−1, separately. 
Additionally, to achieve a target 1,3‑PDO production of 80 g/L without the third stage fermentation, the predicted 
minimum volume ratio of the second fermenter to the first one was 11.9. The kinetics‑based two‑stage continuous 
fermentation was experimentally verified well with the predicted results.

Conclusion A novel three‑stage continuous fermentation and a kinetic model were reported. Then a simpler two‑
stage continuous fermentation was developed based on the optimization of the kinetic model. This kinetics‑based 
development of two‑stage continuous fermentation could achieve high‑level production of 1,3‑PDO. Meanwhile, 
it provides a reference for other bio‑chemicals production by applying kinetics to optimize multi‑stage continuous 
fermentation.
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Background
Crude glycerol is produced as the by-product of bio-
diesel, soap, fatty acid, fatty ester, and ethanol indus-
tries from the conversion of many agricultural crops 
such as corn, colza, palm, and olive [1, 2]. The rapid 
production of biodiesel results in a large surplus of 
waste crude glycerol, which not only fails to maximize 
the crop industry economy, but also aggravates envi-
ronmental pollution due to the disposal of crude glyc-
erol [3]. Therefore, this circumstance has stimulated 
researchers to investigate how to transform this low-
value glycerol to valuable products. 1,3-Propanediol 
(1,3-PDO), a valuable product derived from glycerol, 
has been broadly applied in solvents, cosmetics, med-
icine, and plastics [4]. Especially, it can be utilized to 
synthesize polyester and polyurethane [5]. For instance, 
polytrimethylene terephthalate (PTT), an excellent 
polyester material, has potential market prospects in 

plastic and textile industry owing to its superior resil-
ience and stretching characteristics [6, 7].

1,3-PDO can be synthesized by microbial fermenta-
tion and chemical synthesis. Recently, chemical process 
has restricted the 1,3-PDO production in large-scale 
because of its harsh reaction conditions and the growing 
public concerns about sustainable development [8, 9]. By 
contrast, the fermentation engineering, as a green and 
sustainable process, can be performed under a milder 
and more environment-friendly condition [10]. There 
are many reported wild-type strains that could trans-
form glycerol to 1,3-PDO by micro-aerobic or anaerobic 
fermentation, including the genus Clostridium, Kleb-
siella, Enterobacter, Lactobacillus, and Citrobacter, and 
so on [11–15]. Clostridum butyricum, a probiotic and 
 B12-independent bacterium, has been well studied for 
1,3-PDO production in batch [16], repeated batch [17, 
18], fed-batch [19], repeated fed-batch [8], sequential 
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fed-batch [20], continuous [21] and two-stage continuous 
fermentations [22]. However, in batch and continuous 
fermentation, the lower 1,3-PDO concentrations are not 
suitable for scale-up production. In fed-batch, repeated 
fed-batch, and sequential fed-batch fermentations, 
although a satisfactory product concentration can be 
obtained, it is produced with a complicated feed control 
strategy in fermentation process, such as pulsed, continu-
ous, and pulsed continuous feeding [23, 24]. Continu-
ous fermentations have many striking advantages over 
batch and fed-batch processes, such as more economical, 
long-term high productivity without frequent seed cul-
ture and energy-intensive sterilization. Of course, it does 
have serious weaknesses including low product concen-
tration, long-term sterility maintenance. Thus, the stable 
and automatic continuous fermentation has attracted 
the interest of researchers to investigate how to promote 
high concentrations of 1,3-PDO while achieving high 
productivity, which would further promote the industrial 
production of 1,3-PDO.

During fermentation process, glycerol concentration 
and the accumulation of product and by-products have 
negative effects due to substrate inhibition, osmotic 
stress, oxidative stress, and toxic stress on 1,3-PDO pro-
duction and microbial growth [16, 25]. Unfortunately, 
the by-products are always accompanied by 1,3-PDO 
formation because of the intracellular metabolic balance 
between the oxidative and reductive pathways. Many 
studies have focused on reducing by-products and apply-
ing appropriate substrate concentrations to stimulate 
1,3-PDO production. Continuous feeding, one-pulse and 
two-pulse feeding strategies were adopted to ensure dif-
ferent glycerol concentrations for a better fermentation 
performance [26]. The distinct effects of butyrate and 
acetate on 1,3-PDO production and bacterial growth 
have highlighted the metabolic flexibility of C. butyricum 
[27]. However, most of optimized processes are based on 
numerous experiments and a series of in-depth optimiza-
tion design.

In continuous microbial fermentation, the initial sub-
strate concentration and dilution rate were usually set 
based on some experiences and reported values. How-
ever, if the optimal operation conditions are needed for 
production, it is impossible that many experiments are 
conducted for optimal parameters considering the large 
workload and the intricate relationship among all prod-
ucts, substrate, and microbial growth. Thus, the kinetic 
model was proposed as an excellent auxiliary tool that 
employs mathematical language for the analysis of micro-
bial fermentation processes. Many reports have pro-
posed various kinetic models to describe the relationship 
among substrates, products, and microbial growth based 
on different 1,3-PDO producers. Zeng et  al. established 

an inhibition model which focuses on the substrate and 
products inhibition on the growth of K. pneumoniae and 
C. butyricum [28]. As for C. butyricum, some reports 
investigated the effects of different culture conditions 
(initial glycerol concentrations, yeast extract concentra-
tions, temperature, and pH) on the kinetic behavior of 
1,3-PDO production [29]. A detailed model had been 
proposed to describe 1,3-PDO, by-products, biomass, 
and substrate concentration in batch fermentation and its 
modified model could be employed to predict fed-batch 
fermentation [19].

This study is supposed to investigate the three-stage 
continuous fermentation, which was performed at differ-
ent glycerol feeding concentration and dilution rates, to 
achieve high concentrations and yields of 1,3-PDO and 
ensure a low level of remaining glycerol (< 7  g/L). Fur-
thermore, a novel kinetic model should be established 
based on the collected experimental data and serve as a 
useful tool for optimizing and guiding fermentation pro-
cess. Finally, a two-stage continuous fermentation would 
be designed based on the developed kinetic model.

Results and discussion
Coordinated production of 1,3‑PDO in three‑stage 
continuous fermentations
Robust cell growth in the first stage fermentation
The first stage fermentation would play an important 
role for providing seed for the other two fermenters. 
The good robustness was expected for cell growth of C. 
butyricum DL07. Our previous work showed that this 
strain exhibited high tolerance to crude glycerol in three-
pulsed fed-batch fermentation [20]. Thus, high glycerol 
concentrations (90–130  g/L) were selected in feeding 
medium in the first stage fermentation at various dilu-
tion rates. As shown in Table 1, the dilution rate of feed-
ing medium (D1) varied from 0.143 to 0.321  h−1 to avoid 
metabolism changes of the strain resulting from excessive 
or deficient glycerol. Indeed, the actual dilution rates of 
fermentation 

(

D′
1

)

 are greater than the set dilution rates 
of feeding media on account of the addition of NaOH 
solution for adjusting pH during the fermentation. In the 
first stage fermentation, the maximum biomass produc-
tivity of 1.24 g/(L·h) was achieved at 90 g/L feeding glyc-
erol with a high feeding rate of 0.321  h−1, accompanied by 
the highest 1,3-PDO productivity (11.77  g/(L·h)). While 
feeding glycerol concentration increased to 130 g/L, the 
maximum 1,3-PDO concentration reached 53.82  g/L at 
a feeding dilution rate of 0.143   h−1, accompanied by a 
lower productivity of 8.29  g/(L·h). Moreover, the lowest 
biomass productivity of 0.66  g/(L·h) was obtained, and 
butyrate (12.39 g/L) was accumulated substantially. Con-
sidering the lowest productivities of biomass with the 
high residual glycerol of 17.91 g/L based on a low feeding 
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dilution rate (0.143  h−1) at 130 g/L glycerol, so no lower 
feeding dilution rate was explored. As for by-products, 
when 90 g/L glycerol in the feeding medium was pumped 
into the first stage fermentation accompanied by the 
highest feeding rate of 0.321  h−1, the ratio of butyrate to 
acetate in fermentation broth was 1.13. However, since 
the feeding glycerol concentration increased to 130 g/L at 
the lowest dilution rate of 0.143  h−1, the resulting ratio of 
butyrate to acetate was dramatically increased up to 3.20 
(Table 4).

In continuous fermentations, C. butyricum DSM 5431 
subjected to cell recycling could achieved 1,3-PDO pro-
ductivity of 13.3 g/(L·h) with a feeding glycerol concen-
tration of 26.5  g/L, which is the highest reported value 
[31]. Beyond that, the next highest 1,3-PDO productivity 
was 10.3 g/(L·h) by C. butyricum VPI 3266 in one-stage 
continuous fermentation, but only 30.0  g/L 1,3-PDO 
was produced [32]. Microbial consortium C2-2M could 
achieve 57.86 g/L 1,3-PDO in one-stage continuous fer-
mentation, which is the best result for concentration so 
far [21]. C. butyricum DL07, used in this study, had been 
reported to achieve 104.8 g/L 1,3-PDO in fed-batch fer-
mentation [20]. Therefore, a three-stage continuous 
fermentation was investigated for a high 1,3-PDO con-
centration and productivity. In the first stage continu-
ous fermentation, the 1,3-PDO concentration increased 
with decreasing dilution rate under excess glycerol con-
centrations. After all, the lower dilution rate means that 
the strain has longer fermentation time to accumulate 
more 1,3-PDO before being eluted from the bioreactor 

in continuous fermentations. However, the productivities 
of 1,3-PDO and biomass showed irregular changes. The 
cell growth during continuous fermentation is regulated 
by the concentrations of 1,3-PDO, other by-products and 
glycerol [33, 34]. These will be validated in the kinetic 
model established in “Kinetic models development for 
two-stage continuous 1,3-PDO production” section. 
Overall, the high cell productivity indicated that micro-
bial growth was at the exponential growth phase. Due to 
the growth-related and accumulation-suppressed pro-
duction of 1,3-PDO [35], fluctuations in 1,3-PDO con-
centrations were observed. In the first stage continuous 
fermentation, the highest 1,3-PDO productivity reached 
up to 11.77  g/(L·h). To our knowledge, this 1,3-PDO 
productivity is among the best results published so far 
for one-stage continuous fermentation. In addition, 1,3-
PDO concentration achieved the best value (53.82  g/L) 
at 130  g/L glycerol with a lower feeding dilution rate 
(0.143  h−1), but glycerol concentration remained at a high 
level (17.91  g/L) as well as butyrate concentration. The 
ratio of butyrate to acetate was up to 3.20, which is more 
than twice that obtained at 90  g/L feeding glycerol and 
feeding rate of 0.321  h−1, but there was little difference in 
the residual glycerol concentration (17.91 vs. 21.69  g/L) 
between the two experimental groups. This result was 
also presented in continuous fermentation by C. butyri-
cum VPI 3266, where the ratio of butyrate to acetate 
increased since the feeding glycerol concentration rose 
from 30 to 60 g/L [32]. According to kinetic analysis of C. 
butyricum, the production of butyrate can supply more 

Table 1 The experimental results in the first stage continuous fermentations

D1: feeding rates of medium; D′
1
 : dilution rates; Sf: initial glycerol concentration in feeding medium; C1 s: residual glycerol concentration in the reactor; QBiomass: 

productivity of biomass; QPDO: productivity of 1,3-PDO

The first stage continuous fermentation

Sf D1 D′

1
C1 S Biomass 1,3‑PDO Butyrate Acetate Lactate Q1Biomass

Q1PDO

(g/L) (h−1) (g/L) (g/(L·h))

90 0.222 0.237 5.81 ± 1.19 4.17 ± 0.17 42.94 ± 0.71 6.65 ± 0.18 4.83 ± 0.08 1.67 ± 0.04 0.99 10.18

0.256 0.269 13.43 ± 1.46 4.04 ± 0.13 38.89 ± 0.70 6.35 ± 0.34 4.32 ± 0.24 2.18 ± 0.31 1.09 10.46

0.279 0.294 15.38 ± 1.18 3.75 ± 0.16 37.59 ± 0.95 5.58 ± 0.24 4.88 ± 0.12 1.76 ± 0.07 1.10 11.05

0.321 0.338 21.69 ± 2.17 3.66 ± 0.15 34.82 ± 1.06 5.06 ± 0.24 4.49 ± 0.13 1.67 ± 0.07 1.24 11.77

100 0.200 0.216 4.60 ± 1.22 4.15 ± 0.10 45.93 ± 0.27 7.50 ± 0.84 4.98 ± 0.77 1.30 ± 0.13 0.90 9.83

0.211 0.230 14.22 ± 0.58 4.04 ± 0.17 41.73 ± 0.87 6.64 ± 0.22 5.77 ± 0.09 0.98 ± 0.03 0.93 9.43

0.232 0.247 19.86 ± 1.01 3.66 ± 0.15 39.06 ± 0.52 5.95 ± 0.09 5.48 ± 0.07 0.93 ± 0.03 0.90 9.65

0.253 0.268 25.80 ± 1.01 3.49 ± 0.01 36.41 ± 0.50 5.34 ± 0.08 5.02 ± 0.08 0.92 ± 0.02 0.94 9.76

0.274 0.289 32.16 ± 2.11 3.16 ± 0.06 33.57 ± 0.18 4.71 ± 0.09 4.61 ± 0.09 0.74 ± 0.05 0.91 9.70

110 0.148 0.160 3.29 ± 0.60 4.25 ± 0.21 50.85 ± 0.45 9.59 ± 0.23 5.67 ± 0.17 2.34 ± 0.04 0.68 8.14

0.167 0.180 7.29 ± 5.71 4.82 ± 0.37 48.37 ± 2.52 9.95 ± 2.30 4.20 ± 1.43 2.40 ± 0.38 0.87 8.71

0.173 0.185 14.38 ± 2.16 3.73 ± 0.21 46.30 ± 0.86 7.30 ± 0.44 6.59 ± 0.24 1.65 ± 0.17 0.69 8.56

0.200 0.212 26.17 ± 1.88 3.40 ± 0.09 41.42 ± 0.83 6.27 ± 0.15 5.85 ± 0.25 1.36 ± 0.07 0.72 8.78

130 0.143 0.154 17.91 ± 1.43 4.26 ± 0.27 53.82 ± 0.71 12.39 ± 0.72 3.87 ± 0.34 2.25 ± 0.35 0.66 8.29
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ATP than acetate for microbial growth and maintenance 
[36]. However, more NADH can be generated during the 
production of acetate. Therefore, if acetate is the only by-
product, the theoretical maximum yield of 1,3-PDO will 
be 0.72 mol/mol [36, 37]. Therefore, it is possible that the 
osmotic stress on the cells caused by accumulation of 1,3-
PDO forces the strain to provide more energy (ATP) for 
cell survival, leading to more production of butyrate.

Stable 1,3‑PDO production in the second stage continuous 
fermentation
A sequential fed-batch fermentation has been success-
fully applied in C. butyricum DL07 for at least eight 
cycles, indicating that the maintenance of a robust seed 
state in the exponential phase of cell growth can initi-
ate a new fermentation [4, 20]. Similarly, in the first 
stage fermentation, the strain was in a relatively robust 
growth state due to sufficient nutrition and weak inhibi-
tion from product and substrate. Thus, a three-stage con-
tinuous fermentation was explored, aiming to enhance 
1,3-PDO production during second stage fermentation. 
Typically, the concentration of glycerol is maintained at 
20  g/L to ensure 1,3-PDO production during fed-batch 
fermentation process [20, 39]. Therefore, in two-stage 
continuous fermentation, cells from the first stage fer-
mentation proceed with the second stage fermentation 
process with the constant addition of crude glycerol for 
maintaining the approximate glycerol concentration of 
20 g/L (13–24 g/L). The glycerol would be automatically 
and continuously fed into the bioreactor according to 
the relationship between glycerol consumption and the 
addition of 5 M NaOH solution [20]. As a result, during 
the second stage fermentation, the concentrations of 1,3-
PDO reached 57.79–75.13 g/L with the productivities of 
2.77–6.37  g/(L·h) (Table  2). Compared to the first stage 
fermentation, the 1,3-PDO concentrations increased by 

19–23 g/L in the second stage fermentation. Specifically, 
when 110  g/L glycerol with a feeding rate of 0.148   h−1 
was added to the first stage fermentation, the lowest 
1,3-PDO increase of 18.46 g/L was achieved. The largest 
increase in 1,3-PDO concentration was 22.97 g/L in the 
second stage, since the glycerol concentration of feeding 
medium and the feeding dilution rate were 90  g/L and 
0.321  h−1, separately. Although the 1,3-PDO productivity 
gradually increased with the increase in dilution rate, it 
remained lower than that of its corresponding first stage 
fermentation. Moreover, the biomass in the second stage 
fermentation (4.60–6.24 g/L) increased compared to the 
first stage fermentation. However, the biomass produc-
tivity was only 0.07–0.44 g/(L·h), indicating a significant 
decrease compared to the previous stage of fermenta-
tion. Consequently, the concentration of all by-products 
(butyrate, acetate and lactate) in the second stage fermen-
tation increased to some extent. The data were divided 
into four groups according to different feeding glycerol 
concentration (such as 90, 100, 110 and 130 g/L) in the 
first stage fermentation. As the dilution rate decreased, 
the accumulated concentrations of butyrate and lactate 
in the second stage fermentation tended to gradually 
increase in every group, while the production of acetate 
was irregular.

Two-stage continuous fermentation has been reported 
in C. butyricum and Citrobacter freundii for further 
increasing 1,3-PDO concentration, where 1,3-PDO con-
centrations could reach 46.3 and 41.5  g/L, respectively 
[22, 38]. Similarly, in this study, stable 1,3-PDO produc-
tion was achieved in the second stage fermentation by 
C. butyricum DL07, indicating sustained performance 
of this strain during first stage fermentation. However, a 
higher 1,3-PDO concentration in the first stage fermenta-
tion (Table 1) resulted in a lower 1,3-PDO increase in the 
second stage fermentation, probably due to an inhibitory 

Table 2 The experimental results in the second stage continuous fermentations

First stage The second stage continuous fermentation

Sf D1 D′

2
C2 S Biomass 1,3‑PDO Butyrate Acetate Lactate Q2Biomass

Q2PDO

(g/L) (h−1) (h−1) (g/L) (g/(L·h))

90 0.222 0.174 16.72 ± 0.95 5.21 ± 0.14 65.16 ± 0.54 13.08 ± 0.19 5.38 ± 0.10 3.08 ± 0.25 0.25 4.57

0.256 0.199 23.62 ± 1.75 5.13 ± 0.19 61.54 ± 0.97 11.80 ± 0.37 5.36 ± 0.24 2.74 ± 0.28 0.30 5.25

0.279 0.216 16.98 ± 1.43 5.37 ± 0.17 60.28 ± 0.84 11.34 ± 0.18 6.04 ± 0.21 2.64 ± 0.22 0.42 5.67

0.321 0.246 18.32 ± 1.77 5.16 ± 0.21 57.79 ± 1.22 9.76 ± 0.27 6.52 ± 0.14 2.11 ± 0.08 0.44 6.37

110 0.148 0.119 13.40 ± 1.76 4.85 ± 0.24 69.31 ± 0.83 16.04 ± 0.23 6.15 ± 0.23 4.83 ± 1.02 0.12 2.83

0.167 0.133 10.41 ± 3.06 6.24 ± 0.28 68.95 ± 1.57 15.09 ± 1.85 4.71 ± 0.39 2.53 ± 0.37 0.25 3.36

0.173 0.135 20.59 ± 1.47 4.82 ± 2.56 67.17 ± 0.57 13.99 ± 0.36 7.26 ± 0.24 2.28 ± 0.15 0.19 3.38

0.200 0.152 15.01 ± 1.03 4.60 ± 0.15 64.36 ± 0.90 12.34 ± 0.46 7.04 ± 0.19 1.57 ± 0.14 0.22 3.93

130 0.143 0.110 14.48 ± 0.37 4.60 ± 0.10 75.13 ± 0.73 18.36 ± 0.75 4.76 ± 0.58 2.98 ± 0.47 0.07 2.77
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effect of high 1,3-PDO concentrations on cells. Notably, 
the maximum 1,3-PDO concentration was 75.13  g/L in 
the second stage, which was 29.8% higher than the maxi-
mum 1,3-PDO concentration reported in one-stage con-
tinuous fermentation by microbial consortium C2-2M 
[21], and even comparable to that of fed-batch fermen-
tation. However, during the second stage fermentation, 
1,3-PDO productivity showed a significant decrease, 
attributable to the inhibitory effects of all products on 
bacteria. Although the biomass in the second stage was 
higher than that in the first one, a significant reduce in 
the biomass productivity was observed. The high concen-
trations of main products and by-products including 1,3-
PDO, butyrate, and acetate could bring inhibitory effects 
on the growth of C. butyricum and 1,3-PDO formation 
[27, 32]. Therefore, in the second stage fermentation, cells 
entered the stationary phase with the highest biomass. In 
addition, as compared to the first stage fermentation, the 
ratio of butyrate to acetate increased in the second stage 
fermentation (Table 4), indicating that the strains would 
produce more butyrate when suffered from more severe 
inhibition.

The consumption of glycerol in the third stage fermentation
Given the steady progress observed in the second stage 
fermentation, therefore, the third stage fermentation was 
proceeded to obtain the highest 1,3-PDO concentration 
while maintaining a lower residual glycerol concentra-
tion. To remain a lower residual glycerol concentration, 
crude glycerol at different feeding rates were introduced 
into the third stage fermentation until the residual glyc-
erol concentration dropped below 7  g/L. The 1,3-PDO 
concentrations exhibited increments, albeit with sig-
nificantly lower productivities compared to the second 
stage, particularly in groups with relatively high 1,3-PDO 
concentrations (Table 3). In all groups of the third stage 

fermentation, the concentrations of 1,3-PDO exceeded 
70.00 g/L. Notably, 80.50 g/L 1,3-PDO as the best result, 
was harvested in the third stage fermentation, accom-
panied by a productivity of 1.33  g/(L·h). However, a 
decrease in biomass occurred in the third stage fermenta-
tion compared to the second stage fermentation. Moreo-
ver, for most groups, the biomass during the third stage 
fermentation was higher than that of the first stage fer-
mentation. However, when the dilution rates of the third 
stage fermentation were low (0.083–0.090   h−1), accom-
panied by high 1,3-PDO concentrations (> 74.00  g/L), 
the biomass in the third stage fermentation dropped at 
lowest level in the three-stage fermentation. Obviously, 
in the third stage fermentation, the ratio of butyrate to 
acetate increased as the dilution rate decreased. Mean-
while, compared with the first and second stage fermen-
tation, this ratio reached up to the maximum value in the 
third stage fermentation (Table 4). Similar to the second 
stage fermentation, the accumulated concentrations of 
butyrate and lactate in each group gradually increased 

Table 3 The experimental results in the third stage continuous fermentations

First stage Second stage The third stage continuous fermentation

Sf D1 D′

2
D′

3
C3 S Biomass 1,3‑PDO Butyrate Acetate Lactate Q3Biomass

Q3PDO

(g/L) (h−1) (h−1) (h−1) (g/L) (g/(L·h))

90 0.222 0.174 0.133 4.90 ± 0.19 4.76 ± 0.10 74.25 ± 1.32 16.86 ± 0.22 5.38 ± 0.10 3.08 ± 0.25 − 0.05 1.37

0.256 0.199 0.152 6.69 ± 0.60 4.80 ± 0.29 73.86 ± 0.47 15.10 ± 0.30 5.36 ± 0.24 2.74 ± 0.28 − 0.04 2.04

0.279 0.216 0.165 3.92 ± 0.38 4.62 ± 0.13 73.11 ± 0.56 15.01 ± 0.13 6.04 ± 0.21 2.64 ± 0.22 − 0.11 2.30

0.321 0.246 0.190 5.83 ± 0.97 4.88 ± 0.29 70.40 ± 0.58 13.05 ± 0.27 6.52 ± 0.14 2.11 ± 0.08 − 0.03 2.71

110 0.148 0.119 0.090 4.34 ± 0.43 4.11 ± 0.37 74.01 ± 1.07 17.40 ± 0.33 6.15 ± 0.23 4.83 ± 1.02 − 0.06 0.47

0.167 0.133 0.102 5.87 ± 0.80 5.62 ± 0.20 80.50 ± 1.53 18.63 ± 1.51 4.71 ± 0.39 2.53 ± 0.37 − 0.05 1.33

0.173 0.135 0.102 5.32 ± 0.62 4.03 ± 0.21 74.72 ± 1.00 16.68 ± 0.34 7.26 ± 0.24 2.28 ± 0.15 − 0.08 0.82

0.200 0.152 0.116 5.40 ± 0.98 3.91 ± 0.21 74.09 ± 0.26 15.50 ± 0.40 7.31 ± 026 1.61 ± 0.19 − 0.07 1.26

130 0.143 0.110 0.083 6.89 ± 0.67 3.13 ± 0.10 78.51 ± 0.54 19.54 ± 0.37 5.25 ± 0.15 3.17 ± 0.40 − 0.12 0.32

Table 4 The ratio of butyrate to acetate in three‑stage 
continuous fermentations

Sf D1 Butyrate/acetate

(g/L) (h−1) First stage Second stage Third stage

90 0.222 1.38 2.43 3.13

0.256 1.47 2.20 2.82

0.279 1.14 1.88 2.49

0.321 1.13 1.50 2.00

110 0.148 1.69 2.61 2.82

0.167 2.37 3.20 3.96

0.173 1.11 1.93 2.30

0.200 1.07 1.75 2.12

130 0.143 3.20 3.86 3.72
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with decreased dilution rate in the third stage fermenta-
tion, while acetate concentrations still exhibited irregular 
changes.

In the third stage fermentation, remarkable 1,3-PDO 
concentrations ranging from 73.11 to 80.50  g/L were 
achieved with residual glycerol concentrations of 3.92–
6.89  g/L. Meanwhile, the productivities of 1,3-PDO 
ranged from 0.32 to 2.71  g/(L·h), which are the lowest 
values in three-stage of continuous fermentation. At the 
same time, a decrease in biomass occurred in the third 
stage fermentation, resulting in negative biomass produc-
tivities (Table 3), indicating that the microorganism was 
undergoing a decline period. These results suggest that 
in the third stage fermentation, C. butyricum DL07 expe-
rienced the most severe inhibition, leading to the lowest 
productivity of 1,3-PDO (Table 3) and the highest ratio of 
butyrate to acetate (Table 4), when all product concentra-
tions reached their peak levels.

In three-stage continuous fermentation, the overall 1,3-
PDO productivity could reach 2.89–5.96  g/(L·h) while 
the yields distributed in 0.483–0.527  g/g (Table  5). The 
1,3-PDO concentrations distributed in 73.11–80.50  g/L, 
which is comparable to some reported values in fed-
batch fermentations [8, 11, 40], such as 80.5 g/L 1,3-PDO 
by two-pulsed continuous feeding in fed-batch fermenta-
tion [23]. Additionally, the main by-product was butyrate 
with concentrations ranging from 13.05 to 19.54  g/L. 
Acetate and lactate were also produced with the con-
centrations of approximately 4.71–7.31  g/L and 1.61–
3.17 g/L, respectively. 80.05 g/L 1,3-PDO with an overall 
productivity of 3.67 g/(L·h) as the best concentration was 
achieved. Moreover, by-products including 18.63  g/L 
butyrate, 4.71 g/L acetate, and 2.53 g/L lactate were pro-
duced in this process. Notably, only 5.87 g/L glycerol was 
remained after fermentation, which would contribute 
to subsequent purification process of 1,3-PDO [41]. To 
our knowledge, the 1,3-PDO concentration of 80.05 g/L 

achieved in three-stage continuous fermentation is the 
highest reported value in continuous fermentation.

Kinetic models development for two‑stage continuous 
1,3‑PDO production
The development of kinetic models for the first stage 
fermentation.

Kinetic models were proposed to characterize the con-
tinuous production process of 1,3-PDO. These models 
aimed to establish the kinetic relationship between major 
products (1,3-PDO and butyrate), substrate consump-
tion, and cell growth during the first stage continuous 
fermentation. The mathematical Eqs.  (1–3) represented 
the mass balance of products, substrate, and biomass in 
the continuous fermentation.

where μ is the specific growth rate of microbial cells 
 (h−1), X is the biomass concentration (g/L), and D is the 
dilution rate  (h−1). CS , Sf, CP is the residual glycerol, ini-
tial glycerol, and product concentration (g/L), respec-
tively. qs, qP is the specific glycerol consumption rate and 
specific product formation rate (g/(g·h)), respectively.

Among these equations, the cell growth rate of C. 
butyricum DL07 is proposed based on the well-known 
Monod equation [42], a classical function mode used 
to describe the mathematical relationship between sub-
strate concentration and microbial specific growth rate. 
Furthermore, the inhibition on cells by residual glyc-
erol and main products concentration (1,3-PDO and 

(1)
dX

dt
= (µ− D)X ,

(2)
dCs

dt
= D(Sf − Cs)− qsX ,

(3)
dCPi

dt
= qPiX − DCPi (Pi = 1, 3-PDO, HBu),

Table 5 The production of 1,3‑PDO in three‑stage continuous fermentations

Sf D1 1,3‑PDO (g/L) YPDO QPDO

(g/L) (h−1) First stage Second stage Third stage (g/g) (g/(L·h))

90 0.222 42.94 ± 0.71 65.16 ± 0.54 74.25 ± 1.32 0.516 4.40

0.256 38.89 ± 0.70 61.54 ± 0.97 73.86 ± 0.47 0.527 4.99

0.279 37.59 ± 0.95 60.28 ± 0.84 73.11 ± 0.56 0.514 5.36

0.321 34.82 ± 1.06 57.79 ± 1.22 70.40 ± 0.58 0.515 5.96

110 0.148 50.85 ± 0.45 69.31 ± 0.83 74.01 ± 1.07 0.486 2.95

0.167 48.37 ± 2.52 69.95 ± 2.57 80.50 ± 1.53 0.484 3.67

0.173 46.30 ± 0.86 67.17 ± 0.57 74.72 ± 1.00 0.512 3.38

0.200 41.42 ± 0.83 64.36 ± 0.90 74.09 ± 0.26 0.523 3.84

130 0.143 53.82 ± 0.71 75.13 ± 0.73 78.51 ± 0.54 0.512 2.89
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butyrate) in the fermenter were also considered in Eq. (4), 
because both substrate and high product concentrations 
could inhibit microbial growth and metabolism. Prod-
uct-inhibited cell growth is expressed in Eq. (4) using 
multiple product inhibition and growth modeling for C. 
butyricum [28, 43]. The linear relationships between qs 
and qP are presented by Eqs. (5)–(6), separately [44].

where μm is the maximum specific growth rate of cells 
 (h−1), C∗

s  is the maximum residual substrate concen-
tration (g/L), and Ks is the Monod saturation constant 
(g/L). CPDO , C∗

PDO is 1,3-PDO concentration in the bio-
reactor and the maximum 1,3-PDO concentration (g/L), 
respectively.CHBu , C∗

HBu is the butyrate and the maxi-
mum butyrate concentration (g/L), respectively. ms, mp 
is the cell and product maintenance coefficient (g/(g·h)), 
respectively. YX/S, YP/X is the biomass yield (g/g) and the 
coefficient of product per biomass (g/g), respectively.

(4)

µ = µm
Cs

KS + CS

(

1−
Cs
C∗
s

)

(

1−
CPDO
C∗
PDO

)2(

1−
CHBu
C∗
HBu

)

,

(5)qS = mS +
µ

YX/S
,

(6)qPi = mPi + µ · YPi/X (Pi = PDO, HBu),

In steady continuous fermentation of K. peneumoniae, 
the dilution rates are usually determined by the feed-
ing rates of media without considering the addition of 
small amounts of alkaline solution used to neutralize 
acid production during fermentation [45, 46]. However, 
the dilution effect of the alkaline solution addition on 
the fermentation by C. butyricum should not be ignored, 
especially when high concentrations of 1,3-PDO are 
produced. Because significant amounts of butyric and 
acetate are produced, requiring a substantial quantity of 
alkaline solution to stabilize the pH [16, 20, 47]. There-
fore, when conducting continuous fermentation with 
C. butyricum DL07, the dilution rates should take into 
account not only the supplement of the feeding media 
but also NaOH solution in kinetic systems. In a steady 
state of continuous fermentation, products, substrate, 
and cell concentrations remain unchanged over time. In 
this case, the rates of products formation, substrate con-
sumption, and cell growth should be zero. As a result, 
left-hand sides of Eqs. (1)–(3) are equal to zero.

Estimation of parameters in the kinetic model
The optimal parameters in the model were regressed 
with all the experimental data (14 groups) in the first 
stage continuous fermentation according to the relation-
ship between Eqs. (1)–(6). The optimal parameters in the 
developed model and some reports are listed in Table 6. 
As shown in Table 6 and Fig. 1, for the biomass, residual 

Table 6 The parameters in kinetic models of 1,3‑PDO production

a Clostridium butyricum
b Klebsiella pneumoniae
c Clostridium diolis

Parameters Optimized value References

This  worka [19]a [52]b [21]a [37]a [53]c

μmax  (h
−1) 0.78 0.57 0.67 – 0.68 0.65

Ks (g/L) 0.116 1.66 0.026 – – 12.8

C
∗
S  (g/L) 183.6 – 187.8 – 181.7 181.7

C
∗
PDO (g/L) 122.8 – 71.5 – 69.7 66.4

C
∗

Hbu (g/L) 27.54 – – – 24.7 –

ms (g/g/h) 1.99 – 0.20 0.91 – 0.23

YX/S (g/g) 0.086 – 0.75 0.058 – 0.067

mPDO (g/g/h) 0.90 – − 0.20 0.38 – 0.23

YPDO/X (g/g) 6.91 – 5.15 8.41 – 7.3

mHBu (g/g/h) 0.26 – – – – –

YHBu/X (g/g) 0.58 – – – – –

MRE (%) Biomass formation 7.8

Substrate consumption 43.8

1,3‑PDO formation 6.2

Butyrate formation 9.5
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glycerol, 1,3-PDO, and butyrate concentration, the mean 
relative errors were 7.8%, 43.8%, 6.2% and 9.5%, respec-
tively. These results indicated that the microbial growth, 
substrate consumption and products formation could be 
well described by this developed kinetic model.

Specifically, the model of substrate consumption 
(Fig. 2) exhibited an excellent linear correlation between 
the specific rates of glycerol consumption and microbial 
growth (R2 = 0.9012, p < 0.001). The cell maintenance 
coefficient (mS) and biomass yield (YX/S) were 1.99 g/(g·h) 
and 0.09 g/g, separately. Meanwhile, good linear correla-
tions were observed between the specific formation rates 
of products (1,3-PDO and butyrate) and the specific rates 
of cell growth (R2 = 0.9050, p < 0.001 for 1,3-PDO and 
R2 = 0.9056, p < 0.001 for butyrate) (Fig. 2). The yield coef-
ficients of 1,3-PDO and butyrate formed by per biomass 
were 6.91 and 0.58 g/g, respectively, suggesting that these 
two products are growth-associated products [48, 49]. 
These results demonstrated that a stable and continuous 
1,3-PDO production was achieved through C. butyri-
cum DL07 fermentation if glycerol feeding concentra-
tions (90–130  g/L) and feeding rates (0.143–0.321   h−1) 
are within the appropriate range. In the model of cell 

Fig. 1 Comparison of biomass (a), glycerol (b), 1,3‑PDO (c), butyrate 
(d) between experimental and predicted values at steady sates 
in the first stage continuous fermentations

Fig. 2 The relationship between specific glycerol consumption 
rate (qs), specific 1,3‑PDO formation rate (qPDO), specific butyrate 
formation rate (qHBu) and the specific growth rates (μ) in the first stage 
continuous fermentation
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growth, the results indicated that the maximum specific 
growth of cells (μm) was 0.78  h−1, which is slightly larger 
than the values in some reports (Table  6). In addition, 
high concentrations of 1,3-PDO, glycerol, and butyrate 
could inhibit microbial growth with the highest toler-
ance concentration of 122.8, 183.6 and 27.54  g/L, sepa-
rately. Among these, 122.8 g/L 1,3-PDO as the maximum 
inhibitory concentration far exceed other reports values 
(71.5, 69.7, 66.4 g/L) in Table 6, but it is easy to under-
stand since kinetic constants are related to both the spe-
cies and culture conditions [29]. It had been reported 
that C. butyricum DL07 exhibited excellent capacity of 
1,3-PDO production in fed-batch fermentation, espe-
cially its high-level concentration (104.8  g/L) and pro-
ductivity (3.38 g/(L·h)) [20], which are much higher than 
those of other reports. Therefore, it is reasonable that the 
values of 1,3-PDO concentration ( C∗

PDO ) and the maxi-
mum specific growth of cells (μm) are larger than those 
of reports. Other parameters were agreement with some 
reports (Table 6).

Mathematical relationships in the second stage continuous 
fermentation
Two-stage continuous fermentation has many advan-
tageous including reducing the use of control systems 
and human input compared to three-stage continuous 
fermentation. Therefore, it would be more potential for 
industrial applications if two-stage continuous fermen-
tation could achieve high 1,3-PDO production (80 g/L). 
Some important mathematical relationships in the sec-
ond stage fermentation were established to be used to 
predict the operation parameters for two-stage con-
tinuous fermentation. Fortunately, 1,3-PDO concentra-
tion was treated as a linear relationship to the dilution 
rate 

(

D′
2

)

 (R2 = 0.9362, p < 0.001) (Fig.  3a) in second 
stage continuous fermentation. Therefore, an undeter-
mined dilution rate in the second stage could be pre-
dicted while a concentration of 1,3-PDO was set as the 
final target. Moreover, a good linear correlation between 
the increased amount of 1,3-PDO (g/h) and the addi-
tion of NaOH solution per hour (g/h) was also found 
(R2 = 0.9903, p < 0.001) (Fig. 3b), which can be applied in 
Eq.  (8). The mass balance in the second stage fermenta-
tion was carried out in accordance with Eqs. (7)–(9) with 
some known parameters.

(7)D′
2 × V2 = D′

1 × V1 + F2 NaOH + F2 S,

(8)F2 NaOH =
[

1.7322×
(

C2 PDO × D′
2 × V2 − C1 PDO × D′

1 × V1

)

− 3.3859
]

÷ ρNaOH,

where some parameters have been deter-
mined, such as D′

2 = 0.037   h−1, C2 S = 5  g/L, 
ρNaOH = 1.185× 103 g/L; ρS = 1.129× 103  g/L, 
Y2 PDO = 0.48  g/g, ωS= 82.5% . V1 , V2 is the fermenta-
tion volume of the first and second stage fermenta-
tion (L), separately. D′

1 , D
′
2 is the dilution rate of the 

first and second stage fermentation  (h−1), respectively. 
F2 NaOH , F2 S is the consumption volume of 5 M NaOH 
and crude glycerol per hour in the second stage fer-
mentation (L/h), respectively. C1 PDO , C2 PDO is the 
1,3-PDO concentration in the first and second stage 

(9)

F2 Gly =
[(

C2 PDO × D′
2 × V2 − C1 PDO × D′

1 × V1
)

÷Y2 PDO ÷ ωS + C2 S × D′
2 × V2 ÷ ωS

−C1 S × D′
1 × V1

]

÷ ρS,

Fig. 3 The relationship between 1,3‑PDO concentration and dilution 
rate (a), the consumption rate of 5 M NaOH and the production rate 
of 1,3‑PDO (b) in the second stage continuous fermentation
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fermentation (g/L), respectively. C2 S is the glycerol con-
centration (g/L) and Y2 PDO is the yield of 1,3-PDO (g/g) 
in the second stage fermentation. ρNaOH , ρS is the density 
of 5 M NaOH and crude glycerol (g/L), respectively. ωGly 
is the mass of pure glycerol in crude glycerol (%).

Some parameters are obtained by experimental data, 
such as ρS,Y2 PDO , and ωS . Meanwhile, other param-
eters are defined as target parameters. For example, 
a target concentration of 80 g/L for 1,3-PDO (C2 PDO) 
is desired in the second stage fermentation. Moreo-
ver, the glycerol concentration after fermentation was 
expected to remain less than 5 g/L (C2 S) , because high 
glycerol concentrations can bring difficulties to the 
separation of 1,3-PDO. By considering these objec-
tives, the volume ratio of the two fermenters ( V2/V1 ) 
could be determined as the only parameter according to 
Eqs. (7)–(9).

Kinetics‑based development of two‑stage continuous 
fermentation
Optimization of 1,3‑PDO production in the first stage 
fermentation
This developed kinetic model, designed to describe the 
production of 1,3-PDO, can serve as a valuable tool 
to optimize the operation conditions, such as glycerol 
feed concentration and feeding rate of media [50, 51]. In 
the first stage fermentation, the productivities of biomass 
and 1,3-PDO are treated as the most important factors 
[52], as they directly determine the level of 1,3-PDO con-
centration in the subsequent second stage fermentation. 
Fortunately, the microbial growth is positively correlated 
with 1,3-PDO production in C. butyricum DL07. Conse-
quently, the aim of first stage fermentation is to achieve 
the highest 1,3-PDO productivity (QPDO) and biomass 
productivity (QBiom).

The optimization process was performed, employing 
Eq. (10), to determine the glycerol feeding concentration 
and feeding rates of media to maximize the productivi-
ties of 1,3-PDO and biomass.

Max : QPDO = (DCPDO)

(10)
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Table 7 Kinetics‑based design of two‑stage continuous fermentations and their experimental verification

PV: the predicted values; EV: the experimental values; V2/V1: the predicted volume ratio of two reactors in a two-stage fermentation to achieve 80 g/L 1,3-PDO at the 
second stage

Conditions Cf (g/L) D1 D′

1
Groups CS Biomass 1,3‑PDO Butyrate QPDO QBiomass MRE (%) V2/V1

(h−1) (g/L) (g/(L·h))

No constraint 92 0.341 0.358 PV 30.12 3.38 31.45 4.50 11.26 1.12 4.2 11.9

EV 28.28 3.60 31.72 4.93 11.36 1.29 –

8 ≤ CS ≤ 20 g/L
CPDO ≥ 45 g/L

102 0.200 0.214 PV 10.11 4.09 45.49 7.34 9.73 0.88 12.5 6.9

EV 7.04 3.95 44.62 7.42 9.55 0.85 –

8 ≤ CS ≤ 20 g/L
CPDO ≥ 55 g/L

126 0.131 0.142 PV 9.21 4.16 55.06 10.00 7.82 0.59 10.7 4.4

EV 7.64 4.24 54.27 12.34 7.71 0.60 –
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As shown in Table 7, when there are no constraints 
on the concentrations of remaining glycerol and 1,3-
PDO, the highest predicted 1,3-PDO productiv-
ity would reach up to 11.26  g/(L·h) when the feeding 
glycerol concentration and feeding dilution rate were 
92  g/L and 0.341   h−1, respectively. Meanwhile, the 
highest biomass productivity was predicted to reach 
1.21  g/(L·h), accompanied by 31.45  g/L 1,3-PDO and 
4.5  g/L butyrate. Although the predicted maximum 
1,3-PDO productivity (11.26  g/(L·h)) is slightly lower 
than the experimental value (11.77  g/(L·h)) (Table  1), 
these two values and the fermentation conditions are 
very similar. Therefore, this small error is considered 
acceptable. To verify the accuracy of the model, two 
additional fermentation conditions were predicted 
based on the random restriction of glycerol and 1,3-
PDO concentrations in the fermenter (8 ≤ CS ≤ 20  g/L 
and CPDO ≥ 45  g/L; 8 ≤ CS ≤ 20  g/L and CPDO ≥ 55  g/L) 
for the highest 1,3-PDO productivity. When a target 
1,3-PDO concentration was set to exceed 45  g/L, the 
highest predicted productivities of 1,3-PDO and bio-
mass were 9.73 and 0.88 g/(L·h), respectively. Accord-
ingly, the fermentation conditions are predicted to be 
102  g/L feeding glycerol with a feeding dilution rate 
of 0.200   h−1 (Table  7). If more than 55  g/L 1,3-PDO 
was desired, the predicted highest productivities of 
1,3-PDO and biomass are 7.71 and 0.60 g/(L·h), sepa-
rately, while the feeding glycerol concentration reaches 
126  g/L with a low feeding dilution rate of 0.131   h−1. 
The specific concentrations of butyrate and glyc-
erol are listed in the Table  7. During the experimen-
tal manipulation, the medium feeding rates, rather 
than the dilution rates in the continuous fermentation, 
can be manually set. Therefore, the predicted opti-
mal dilution rates need to be converted to the feed-
ing rates of media considering the actual experimental 

manipulation. Fortunately, a good linear correlation 
was observed between dilution rates and feeding rates 
of media in first stage fermentation (R2 = 0.9997, 
p < 0.001) (Fig.  4). Consequently, the feeding rates of 
media are listed in Table 7.

Optimization of two‑stage continuous fermentation
The optimal fermentation conditions, as predicted by 
the developed model, were implemented in the first 
stage fermentation of two-stage continuous fermenta-
tion. Moreover, employing the mathematical relation-
ships established for the second stage fermentation, 
some operational parameters were predicted for a high 
1,3-PDO concentration in two-stage continuous fermen-
tation. For example, the dilution ratio of the two bioreac-
tors ( D′

2/D
′
1 ) and the volume ratio of the two fermenters 

( V2/V1 ) would play important parts in controlling the 
retention time of microorganisms during the fermenta-
tion, ultimately determining the 1,3-PDO production in 
two-stage fermentation [52].

If a target of 80 g/L 1,3-PDO was required in two-stage 
continuous fermentation, the appropriate dilution rate 
in the second stage fermentation was determined to be 
0.037   h−1 according to the relationships (Fig.  3a). Sub-
sequently, the volume ratio of the two fermenters ( V2

/V1 ) would be calculated by the Eqs. (7–9). Of course, 
the fermentation volume of the second fermenter would 
depend on the specific conditions of first stage fermenta-
tion. Therefore, based on the predicted conditions in the 
first stage fermentation, the corresponding volume ratios 
of two fermenters ( V2/V1 ) in two-stage continuous fer-
mentation were determined and listed in Table 7 for pro-
ducing a target 1,3-PDO of 80 g/L. If there is in absence 
of restrictions, the volume ratio of two fermenters ( V2

/V1 ) of 11.9 could achieve 80 g/L 1,3-PDO by two-stage 
continuous fermentation accompanied by the highest 
1,3-PDO productivity (11.26 g/(L·h)) in the first stage fer-
mentation. If the desired 1,3-PDO concentrations in the 
first stage fermentation were 45 and 55 g/L, the volume 
ratios of the two fermenters ( V2/V1 ) would be 6.9 and 
4.4, respectively. The different ratios of the two ferment-
ers indicate that the same target 1,3-PDO concentra-
tion could be obtained in the second stage fermentation 
under different fermentation conditions ( V1 , Sf, and D1 ) 
in the first stage fermentation. These values were pre-
dicted theoretically, so it should be experimentally veri-
fied. After that, once the yield of 1,3-PDO was required 
by a company, the relevant volume of two fermenters, 
along with others parameters, could be directly designed 
using these equations.

Fig. 4 The mathematical relation between the overall dilution rates 
(

D
′
1

)

 and the feeding rates of media (D1) in the first stage continuous 
fermentation
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Experimental verification of the kinetics‑based two‑stage 
continuous fermentations
For the first stage fermentation, experiments were per-
formed separately under these three optimized fermen-
tation conditions described in Table  7. Remarkably, the 
actual fermentation results closely matched the predicted 
values for 1,3-PDO, biomass, butyrate, and glycerol con-
centrations under these three predicted experimental 
conditions. The mean relative error between the experi-
mental and predicted values are 4.2%, 12.5%, and 10.7%, 
respectively. These results demonstrate the suitability of 
the developed mode for optimizing fermentation con-
ditions and predicting the products formation. In the 
experiment, the highest productivities of 1,3-PDO and 
biomass were 11.36 and 1.29 g/(L·h), respectively. Com-
paratively, the maximum productivities of 1,3-PDO and 
biomass in previous experiments were 11.77 and 1.24 g/
(L·h), respectively (Table  1). This suggests that the fer-
mentation condition used in previous experiment, can 
also be considered an optimal fermentation condition. It 
is understandable that several fermentation conditions 

could achieve almost the highest productivity. Therefore, 
an initial glycerol concentration of around 90 g/L and a 
feeding dilution rate approximately 0.32–0.34   h−1, are 
deemed suitable for the first stage continuous fermenta-
tion as the optimal condition.

According to the successful experimental verification in 
the first sage fermentation, the second stage fermentation 
was also performed to validate the feasibility of two-stage 
fermentation process. Based on a fermentation volume 
of 1 L in the first stage fermentation, the volume of the 
second fermenter was determined to be 11.9, 6.9 or 4.4 L 
(Table 7). Considering the available working volumes of 
the fermenters in our lab, a fermentation volume of 4.4 L 
was determined to perform the experiment. Therefore, 
the first stage fermentation was initiated under a feeding 
glycerol concentration of 126 g/L and a feeding dilution 
rate of 0.131   h−1. Then the second stage fermentation 
proceed with the fermentation with a broth volume of 
4.4 L and a dilution rate of 0.037   h−1. The experimental 
results (Fig.  5) indicated that the average concentration 
of 1,3-PDO reached 77.46  g/L with 19.33  g/L butyrate, 

Fig. 5 The experimental results of a two‑stage continuous fermentation under the model‑predicted conditions (Sf = 126 g/L, D1 = 0.13  h−1, V2
/V1 = 4.4)
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5.40  g/L acetate and 2.58  g/L lactate. Apparently, the 
experimental concentration of 1,3-PDO was close to the 
target concentration of 80 g/L, with a small error (3.2%) 
compared to the predicted value. However, the cell pro-
ductivity in the first stage fermentation was only 0.60 g/
(L·h) (Table 7) suggesting that the high product concen-
trations (54.27  g/L 1,3-PDO and 12.34  g/L butyrate) in 
the first stage fermentation inhibited microbial growth 
and metabolism. In Fig. 5, the residual glycerol concen-
tration exhibited fluctuations because the feeding rates of 
glycerol had been constantly artificially adjusted during 
fermentation. Finally, the residual glycerol could be main-
tained about 5  g/L during the steady state (after 63  h), 
which is conductive to the purification of 1,3-PDO. It is 
believed that it would be possible to produce more than 
80  g/L 1,3-PDO in two-stage continuous fermentation, 
if the cells are in a robust growth state in the first stage 
fermentation. Therefore, a feeding glycerol of 92 g/L and 
a feeding rate of 0.341  h−1 in the first stage fermentation 
are considered as the optimal fermentation condition for 
achieving high concentrations of 1,3-PDO (≥ 80  g/L) in 
two-stage continuous fermentation. In addition, the pre-
dicted volume ratio of the two fermenters ( V2/V1 ) would 
be 11.9. In the future, the automatic implementation of 
two-stage continuous fermentation with the developed 
kinetic model would hold great potential for the indus-
trial-scale production of 1,3-PDO.

Conclusions
A three-stage continuous fermentation process was suc-
cessfully performed to produce high concentration of 
1,3-PDO by C. butyricum DL07. In the first stage fer-
mentation, the strain exhibited excellent performance in 
terms of 1,3-PDO productivity (8.14–11.77  g/(L·h)) and 
cell growth (0.90–1.24  g/(L·h)) when glycerol concen-
trations in feeding medium ranged from 90 to 100  g/L, 
with feeding rates of 0.20–0.32   h−1. Given the robust 
cell growth in the first stage fermentation, the second 
stage fermentation was initiated to enhance 1,3-PDO 
production. As a result, the 1,3-PDO concentration was 
increased by 18.46–22.97 g/L in the second stage fermen-
tation using the matching glycerol feeding rates while 
maintaining a glycerol concentration of approximately 
20  g/L. Subsequently, the third stage fermentation was 
proceeded for the highest 1,3-PDO concentration and the 
lowest residual glycerol concentration (< 7  g/L). Finally, 
the highest 1,3-PDO concentration reached 80.05 g/L at a 
remaining glycerol concentration of 5.87 g/L. The overall 
productivity and yield of 1,3-PDO reached up to 3.67 g/
(L·h) and 0.48 g/g, respectively. Additionally, by-products 
such as butyrate (18.63 g/L), acetate (4.71 g/L), and lactate 
(2.53 g/L) were produced during this process. To achieve 
the optimization of 1,3-PDO production in two-stage 

fermentation, a new kinetic model was developed based 
on the concentrations of biomass, substrate, 1,3-PDO, 
and butyrate. The optimal fermentation condition for the 
first stage fermentation (glycerol feeding concentration 
of 92 g/L and feeding rate of 0.341  h−1) was predicted to 
obtain the highest 1,3-PDO productivity based on the 
kinetic model. Furthermore, under the above fermenta-
tion condition, the volume ratio of the two fermenters ( V2

/V1 ≥ 11.9) was predicted to produce more than 80  g/L 
1,3-PDO by two-stage continuous fermentation. Finally, 
the reliability of the developed model was confirmed 
through experiments by one- and two-stage continuous 
fermentations. This optimized two-stage continuous fer-
mentation, coupled with the developed kinetic model by 
C. butyricum DL07, are valuable for the industrial contin-
uous production of 1,3-PDO. It also provides a reference 
for the production of other bio-chemicals by continuous 
fermentation.

Methods
Materials
The crude glycerol used in this research includes 82% 
glycerol, 12% moisture, 4.3% ash and was purchased from 
Dongma Oil and Fats (Zhangjiagang Free Trade Zone) 
Co. Ltd., China. Its pH value was 6.55. It was produced 
through the hydrolysis of palm oil. The yeast extract 
(FM888) includes 11% ash, 10% total nitrogen, and 2% 
NaCl and was purchased from Angel Yeast Co. Ltd., 
Yichang, China.

Microorganism and culture media
In this study, C. butyricum DL07 was employed and 
preserved at − 70  °C in our lab. The selection and pres-
ervation methods of this strain were referred to our pre-
vious work [20]. The seed culture and initial fermentation 
medium will also follow our previous report [20]. In the 
first-stage fermentation, the feeding medium was similar 
with the initial fermentation medium except that differ-
ent glycerol concentrations. The crude glycerol was fed in 
the second and third stage fermentation if necessary.

Seed culture and a three‑stage continuous fermentation
Anaerobic seed cultures were conducted in the anaerobic 
bottle (250  mL). 100  mL of seed medium was prepared 
with nitrogen aeration and sterilized at 121 °C for 15 min. 
The stored strain in refrigerator was firstly activated in 
a bottle at an inoculation ratio of 4% (v/v), shaking at 
200  rpm, 37  °C for 12  h. Subsequently, 2% of activated 
seed was again inoculated into seed medium under the 
same cultivation conditions to serve as inoculum for sub-
sequent fermentation.
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A three-stage continuous fermentation was imple-
mented in three 5.0  L bioreactors (Baoxing Biotech, 
Shanghai, China) containing the appropriate volume of 
initial fermentation medium. Both the initial fermenta-
tion medium in bioreactor and feeding medium were 
sterilized at 121  °C for 15  min. Before inoculating, to 
achieve the anaerobic environment, the initial fermen-
tation medium was aerated with nitrogen at 0.1 vvm for 
1 h. Thereafter, nitrogen supply was adjusted to 0.05 vvm 
for the whole fermentation process. In the first stage con-
tinuous fermentation, 100 mL of seed broths [inoculation 
rate of 10% (v/v)] were transferred into the first bioreac-
tor containing 1 L fermentation medium. Once the initial 
glycerol concentration in the bioreactor was consumed to 
20 g/L, fresh feeding medium was pumped into the first 
bioreactor at a set rate. Simultaneously, fermentation 
broth was removed from bioreactor at a certain rate to 
the second bioreactor so that 1 L of fermentation broths 
was always maintained in the bioreactor. Similarly, the 
fermentation broth of 1.5 L in the second bioreactor was 
maintained while pumping out the excessive broth at 
a constant rate, and the third bioreactor contained 2  L 
fermentation broth. The final fermentation broth was 
obtained from the third stage fermentation. Crude glyc-
erol was directly fed at different rates to pursue approxi-
mately 20  g/L in the second stage fermentation. The 
feeding rate of crude glycerol depended on cell metabo-
lism in the third bioreactor so as to keep a low glycerol 
concentration (< 7  g/L) in the final fermentation broth. 
The three-stage continuous fermentation ran automati-
cally at 37 °C and a pH of 7.0. At the same time, 5 mol/L 
NaOH solution was used to control a predetermined pH. 
The stirring rate was set at 250  rpm. A steady state in 
each stage of fermentation was achieved with 7 times vol-
ume exchanges of fermentation broth in each bioreactor. 
The feeding rates of media (D1) and dilution rates of each 
fermenter ( D′

1 , D
′
2 , D

′
3 ) were mean values of three times 

measure by a 250 mL cylinder.
The kinetics-based two-stage continuous fermenta-

tions were experimentally verified according to the above 
three-stage continuous fermentation without the third 
bioreactor. The feeding rate of medium and volume of 
fermentation broth were determined by the optimization 
of fermentation kinetics based on the three-stage contin-
uous fermentations.

Analytical methods
The glycerol content of crude glycerol was analyzed using 
HPLC. Ash determination of crude glycerol was per-
formed at 800 °C in a high temperature furnace.

During the fermentation process, 6  mL fermentation 
broth was periodically sampled from the bioreactors and 

used to detect biomass, residual glycerol, and metabolites 
concentration.

The biomass was expressed in cell dry weight (CDW) 
per liter. It was calculated by the optical density (OD) of 
fermentation broth. The OD of samples was measured 
use a UV–visible spectroscopy at 650 nm. After then cell 
sediments were collected and washed twice with saline 
solution by centrifugation of sample at 12,000  rpm for 
20  min. Finally, the cell sediments were dried at 65  °C 
overnight to a constant weight. The linear equations 
between biomass (g/L) and OD value were shown as 
follows:

where  ODn,650 and Cn Biom (n = 1, 2, 3) represent OD at 
650  nm and CDW (g/L) of fermentation broth in the 
three-stage fermentation, respectively.

The residual glycerol concentration can also be tested 
quickly according to a report [30]. The specific metabo-
lites concentrations including 1,3-PDO, butyrate, acetate, 
and lactate were analyzed via high performance liquid 
chromatography (HPLC). Before HPLC analysis, the clar-
ified fermentation broths of samples were obtained by 
centrifugation at 12,000 rpm for 10 min. After then chlo-
roform mixed with the clarified fermentation broth at 
1:1 and centrifugated to remove the proteins. Finally, the 
above supernatant was filtered through 0.22-μm mem-
brane filter after appropriate dilution and analyzed for 
metabolites. The HPLC systems include an auto-sampler 
delivery system (Waters 2707), a pump (Waters 1515), 
a differential refractometer detector (Waters 2414), 
and an Aminex HPX 87H column (300  mm × 7.8  mm; 
Bio-Rad). The detector temperatures, column tempera-
ture and detection volume were set at 35  °C, 65  °C and 
20 μL, respectively. 5 mmol/L  H2SO4 was served as tested 
mobile phase at a flow of 0.6 mL/min. The yield and pro-
ductivity of 1,3-PDO, and biomass were analyzed using 
the following equations.

(11)C1 Biom = OD1,650 × 0.294,

(12)C2 Biom = OD2,650 × 0.366,

(13)C3 Biom = OD3,650 × 0.368,

(14)Q1 PDO = C1 PDO × D′
1,

(15)Q1 Biom = C1 Biom × D′
1,

(16)Q2 PDO =

(

C2 PDO −
C1 PDO × F ′

1

F ′
2

)

× D′
2,
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where Cn Biom , Cn gly , and Cn PDO (n = 1, 2, 3) are the bio-
mass, glycerol, and 1,3-PDO concentrations at each stage 
fermentation (g/L), respectively. Qn Biom and Qn PDO 
(n = 1, 2, 3) are the productivities of biomass and 1,3-
PDO at each stage fermentation (g/(L·h)), respectively. 
QPDO is the overall productivity of 1,3-PDO (g/(L·h)) 
and YPDO is the overall yield of 1,3-PDO (g/g) in three-
stage continuous fermentation. m2 and m3 are the feeding 
amount of glycerol per hour at the second and third stage 
fermentation (g/h), respectively. Vn (n = 1, 2, 3) is the vol-
ume of fermentation broth at each stage fermentation. F ′

n 
(n = 1, 2, 3) is fermentation broth outflow rate from each 
stage fermentation.

Kinetic model and parameters estimation
A general method of Runge–Kutta (4-order) was used 
to solve the developed model. The fmincon in MATLAB 
(R2018b) was used for the optimization of parameters 
and fermentation conditions. The developed model was 
evaluated by the mean relative error (MRE) between the 
experimental and predicted values.
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