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Abstract
Propionic acid is a platform chemical, antifungal agent and 
important chemical intermediate. Current industrial produc-
tion of propionic acid is mainly through petrochemical pro-
cesses because the conventional method of the propionic acid 
fermentation is uneconomical due to low product yield, pro-
ductivity and product concentration caused by end-product 
inhibition. The coproduction of acetic and succinic acids in 
the propionic acid fermentation processes also makes down-
stream processing more complicated and costly. To the best 
of our knowledge there are several and recent reviews in the 
available literature on propionic acid fermentation processes 
and strain improvement techniques, but only a few on prod-
uct recovery and purification, i.e. downstreaming. However, to 
realize a biorefinery, where propionic acid is a key intermedi-
ate, complex discussion of up-, and downstreaming is required. 
Therefore in this review a short overview of the whole bio-
based propionic acid production process is presented includ-
ing recent results of both upstream and downstream area. Thus 
the biosynthetic pathways, the significant results of native and 
recombinant producer strains as well as product recovery are 
discussed.

Keywords
propionic acid, propionic acid pathway, yield, productivity, 
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1 Introduction
Propionic acid is a valuable C-3 platform chemical. 

Accordingly, propionic acid and its derivatives are used in 
agriculture, food and pharmaceutical industries, e.g. propionic 
acid is an important chemical intermediate in the synthesis of 
herbicides, perfumes, cellulose fibres and pharmaceuticals. 
As a three-carbon building block, it is used as a precursor for 
high-volume commodity chemicals such as propylene [1]. 
Propionic acid and its calcium, sodium and potassium salts 
are widely used as preservatives in animal feed and human 
food. Some of them are also important mould inhibitors [2]. 
Currently, propionic acid is mainly produced by petrochemical 
routes, i.e., the Reppe, Larson and Fischer-Tropsch processes. 
Biotechnological production of propionic acid from renewable 
bioresources has attracted increasing interest in terms of research 
because of the problems associated with increased oil prices and 
the benefits of eco-friendly production [3]. However, bio-based 
propionic acid is more expensive than that synthesized from 
chemical routes because of the low propionic acid concentration 
and levels of productivity caused partly by product inhibition. 
The produced by-products, e.g. acetic and succinic acids, make 
downstream processing more complicated and costly in terms 
of product recovery and purification [4]. The global propionic 
acid market stood at around 400.0 kilotons in 2014,only a minor 
proportion of that was produced biologically [5].

2 Producing pathways
Three different biochemical pathways are known for the 

production of propionic acid: the succinate pathway, the acry-
late pathway, and the propanediol pathway [6, 7].

2.1 Succinate pathway
The succinate pathway (Fig. 1), alias dicarboxylic acid path-

way follows glycolysis which converts glucose and glycerol 
into pyruvate. Pyruvate is converted into oxaloacetate (OAA) 
by OAA transcarboxylase (EC 6.4.1.1) and propionate is gen-
erated through several intermediates, including malate, succi-
nyl-CoA, and propionyl-CoA [8]. There are two key enzymes 
which catalyze multiple reactions. One of them is oxaloacetate 
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transcarboxylase (EC 6.4.1.1) which transfers the carboxyl 
group from methylmalonyl-CoA to pyruvate with the simulta-
neous formation of oxaloacetate and propionyl-CoA. The other 
key enzyme is CoA transferase (EC 2.8.3.5) which reversibly 
transfers the CoA part from propionyl-CoA to succinate to 
form succinyl-CoA together with the end product propionate. 
In the succinate pathway acetate is a byproduct which is gen-
erated from pyruvate when the pyruvate dehydrogenase com-
plex (EC 1.2.4.1) decarboxylates pyruvate to form acetyl-CoA, 
which is then converted into acetate by phosphotransacetylase 
(EC 2.3.1.222) and acetate kinase (EC 2.7.2.1) [9]. In some 
cases, like in Propionibacterium acidipropionici acetyl-CoA is 
converted into acetate by acetate-CoA ligase (EC 6.2.1.13) [10].

Bacteroidetes, several Firmicutes and some Gram-negative 
bacteria use the succinate pathway via methylmalonyl-CoA 
for propionate production. While Bacteroidetes mainly utilize 
polysaccharides and peptides as substrates of this metabolic 
pathway, strains belonging to Firmicutes use organic acids to 
produce propionate [11, 12]. Some Gram-negative bacteria 
exhibit special propionate metabolic activity together with 
the application of the succinate pathway, which provide a 
special degree of potential for them. Phascolarctobacterium 
succinatutens can grow on succinate alone whereas Veillonella 
parvula gains additional energy from succinate in the 
presence of lactate as the main growth substrate. Selenomonas 
ruminantium strains utilize carbohydrates to produce lactate, 
acetate and propionate and some are also able to use lactate 
for growth [6]. Pelobacter propionicus can consume alcohol 
to form propionate [13].

2.2 Acrylate pathway
The second propionate forming pathway is called the acrylate 

pathway (Fig. 2). This is applied for the conversion of lactate 
to propionate [15]. This reduction allows the cell to balance the 
anaerobic oxidation of lactate to acetate and carbon dioxide, 
which appears to be the primary source of ATP generation. Key 
steps of the pathway are catalyzed by the following enzymes 
sequentially: propionyl-CoA transferase (EC 2.8.3.1) lactyl-
CoA dehydratase (EC 4.2.1.54) and acrylyl-CoA reductase 
(EC 1.3.1.95). Propionyl-CoA transferase typically catalyzes 
the interconversion of DL-lactate/DL lactyl-CoA (Fig. 2 first 
step) and propionate/propionyl-CoA translocations (Fig.  2 
fourth step). This CoA-transferase catalyzes the transfer of 
the CoA moiety from propionyl-CoA to lactate. Lactyl-CoA 
dehydratase converts lactyl-CoA to acrylyl-CoA (Fig. 2 second 
step). Propionyl-CoA is generated from Acrylyl-CoA by 
acrylyl-CoA reductase (Fig. 2 third step) [9, 16]. The acrylate 
pathway for propionate production is applied by Clostridium 
propionicum [16, 17], Coprococcus catus [15], Clostridium 
homopropionicum [13], Megasphaera elsdenii [16] and 
Prevotella ruminicola [17-19].

Fig. 1 Succinate pathway in Propionibacterium. The biosynthetic pathway 
from glycerol to propionic acid proceeds from glycerol to dihydroxyacetone 

(DHA) to dihydroxyacetone phosphate (DHAP) to phosphoenolpyruvate 
(PEP) to pyruvate and oxaloacetate and from oxaloacetate to malate, fumarate, 
succinate, succinyl coenzyme A (CoA), methylmalonyl CoA, propionyl CoA, 
and propionate (see arrows). Acetate is the main byproduct in the production 

of propionic acid. The figure was copied from [14] with permission.

Fig. 2 Acrylate pathway for the metabolism of lactate into propionate 
by Megasphaera elsdenii. This pathway is modified to show acrylate 
consumption via propionyl-CoA transferase. ETF: Electron transfer 

flavoprotein. Figure was taken from [16] with permission.

2.3 Propanediol pathway
Several different bacteria are known to produce 1,2-propane-

diol from fucose, rhamnose or lactate. In some bacteria 1,2-pro-
panediol can be further metabolized to propionate (Fig. 3) or 
propanol, e.g. Salmonella enteric serovar Typhimurium and 
Roseburia inulinivorans [6]. Fucose is converted to 1,2-pro-
panediol through L-fucose, L-fuculose, Fuculose 1-phosphate 
and L-lactaldehyde. The enzymes are L-fucose isomerase 
(EC 5.3.1.25), L-fuculokinase (EC 2.7.1.51), L-fuculose phos-
phate aldolase (EC 4.1.2.17) and propanediol oxidoreductase 
(EC 1.1.1.77). Then the next step is the conversion of 1,2-pro-
panediol to propionaldehyde by propanediol dehydratase 
(EC 4.2.1.28). Afterwards, propionaldehyde is catabolized to 
propionyl-CoA and propanol by propionaldehyde dehydroge-
nase (EC 1.2.1.87) and propanol dehydrogenase (EC 1.1.1.1), 
respectively. The propionyl-CoA is converted to propionyl 
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phosphate and then to propionate by phosphotransacylase 
(EC 2.3.1.222) and propionate kinase (EC 2.7.2.15) [20]. This 
pathway provides a source of ATP and carbon compounds that 
can be diverted to central metabolism via known pathways. The 
propanediol pathway is also present in Ruminococcus obeum 
[7] and Bacteroides thetaiotaomicron [15-20].

Fig. 3 Propanediol pathway for L-fucose conversion to propionate via 
1,2-propanediol. Figure was taken from [20] with permission.

2.4 Comparison of ATP production and redox-
balance during the different propionate pathways

The straightforward propionic acid pathway should be 
redox-balanced itself and be able to generate ATP to avoid the 
need of byproduct formation, otherwise the microbes pursue 
the redox-balance via by-product formation decreasing the 
yield of propionic acid. As shown in Table 1 none of the path-
ways can fulfil these criteria resulting from heterofermentative 
behaviour. 

In the succinate pathway one mole of ATP and one mole of 
NADH per mole of propionate are produced but one mole of 
ATP is utilized and two moles of NADH are consumed if the 
substrate is glucose. In the case of lactate no ATP production 
occurs, the net ATP production is -1. If the substrate is glycerol 
the production and utilization of ATP and NADH is balanced. 

During the acrylate pathway the net production of ATP is 
0 and one mole of NADH is generated while two moles are 
consumed if the substrate is glucose. In lactate utilization one 
mole of ATP and one mole of NADH is required per mole of 
propionate. In the case of glycerol the net production of ATP is 
0 and the process is redox-balanced. 

The propanediol pathway produces and utilizes one mole 
of ATP and generates one mole but consumes two moles of 
NADH per mole of propionate from L-fucose. There is no lit-
erature about propionate production from lactose, glucose or 
glycerol through the propanediol pathway. In this novel path-
way if the substrate conversion to 1,2-propanediol is connected 
with the 1,2-propanediol conversion to propionate, in all cases 
the consumption of NADH is greater than its production. The 
net ATP is 0 when the substrate is glucose or glycerol and 1 
when lactate is utilized.

Table 1 Net ATP and redox-balance of propionate-producing pathways. 
+1 – configuration would be favourable.

Pathway Substrate
Net 
ATP*

Redox-
balance

Succinate Glucose 0 -1

Lactose -1 -1

Glycerol 0 0

Acrylate Glucose 0 -1

Lactose -1 -1

Glycerol 0 0

Propanediol Glucose 0 -1

Lactose 1 -1

Glycerol 0 -1

Fucose/ 
Rhamnose

0 -1

*Net ATP yield mol/mol propionate

3 Biotechnological production
Beside the fact that fermentative production provides the 

opportunity for countries with limited petroleum feedstocks to 
manufacture propionic acid, it also provides a more sustain-
able approach [1]. Currently, propionic acid processes that are 
bio-based are limited because of their low levels of produc-
tivity, yield and final propionic acid concentration which are 
caused by strong end-product inhibition. Nowadays, produc-
tion of propionic acid via petrochemical routes is more eco-
nomical than applying biotechnological methods. For econom-
ical biotechnological production, it is necessary to increase the 
bacterial tolerance to propionic acid. There are reported solu-
tions that increase this tolerance. One of them is serial adap-
tation followed by screening and isolation of single colonies 
on propionate-containing agar plates [21]. Genetic engineer-
ing provides new tools for generating mutants with improved 
fermentation capabilities [3, 22], e.g. metabolically engineered 
mutants (ACK-Tet) were generated to tolerate and produce 
propionic acid thus the yield of propionic acid increased by 
13% in comparison to wild type [23]. Derivates of sucrose, glu-
cose, glycerol or cellulose as abundant and economical feed-
stocks are required for propionic acid fermentation processes. 
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Cellulosics-based feedstocks are cheap, are exposed to reduced 
levels of competition with food sources and are widely avail-
able. Their only downside is the limited number of solutions 
for industrial scale applications. Glucose- and sucrose-based 
propionic acid fermentations have been widely studied. Some 
research achieved over 100 g*l-1 propionic acid titres [1]. 
Several bacteria like Propionibacteria, Clostridium propioni-
cum and many others can produce propionic acid under anaer-
obic conditions. Among the reported cases, higher yields are 
achieved with the genus of Propionibacteria (Table 2).

Propionibacteria are Gram-positive, nonmotile, non-spore-
forming facultative anaerobes. They usually form wet, bright 
and oily, round or granular colonies of a creamy, red, brown 
or orange colour. The genus of Propionibacteria is divided into 
two groups: dairy and cutaneous Propionibacteria [2]. Dairy 
Propionibacteria are widely used in the production of Swiss 
cheese, vitamin B12 and propionic acid. They are non-toxic 
and non-pathogenic; products from these bacteria are safe for 
human consumption [9, 24]. Propionibacteria can be utilized 
for the growth and product formation of several carbon sources, 
e.g. glucose, lactose, lactate, xylose, arabinose, glycerol and 
sorbitol. As a nitrogen source organic sources are mainly used 
such as yeast extract, trypticase soy broth, corn steep liquor, 
soybean meal and tryptone. Propionibacteria usually require 
biotin and pantothenic acid as vitamin supplements in their 
growth media [25]. The optimal temperature for cell growth 
ranges from 30 to 32°C. Propionibacteria grow most rapidly at 
pH’s of between 6.0 and 7.0, while no growth was observed at 
pH’s of below 4.5 [26].

To improve the yield and productivity of propionic acid 
in Propionibacteria, extensive studies have been conducted. 
Various carbon and nitrogen sources have been examined and 
several cultivation techniques tested [8]. Since both the avail-
ability of genomic information and tools of synthetic biol-
ogy with regard to Propionibacteria have improved recently, 
it has become a reality to increase the production of propi-
onic acid with metabolically engineered Propionibacteria [8]. 
There have been many metabolic engineering studies reported 
in recent years [25, 27, 28]. Propionic acid titres have been 
improved by overexpressing enzymes such as glycerol dehy-
drogenase, malate dehydrogenase [2] and fumarate hydratase 
in Propionibacterium jensenii, phosphoenolpyruvate carbox-
ylase (PPC) in Propionibacterium freudenreichii, and propi-
onyl-CoA:succinate CoA transferase in Propionibacterium 
shermanii [8]. The yield of propionic acid was also increased 
by the inactivation of the acetate kinase gene [23]. In a 
study, gene-encoding phosphoenolpyruvate carboxylase 
(PPC) was cloned from Escherichia coli and expressed in 
Propionibacterium freudenreichii. PPC catalyzes the conver-
sion of phosphoenolpyruvate to oxaloacetate with the fixation 

of one molecule of CO2. Its expression in P. freudenreichii 
exhibited profound effects on propionic acid fermentation. 
Compared to the wild type, the mutant expressing the ppc 
gene grew significantly faster, consumed more glycerol, and 
produced propionate of a larger final titre at a faster rate, i.e. 
productivity increased by 46% [29]. 

To eliminate such end-product inhibition, various extractive 
fermentation processes have been developed to continuously 
remove propionic acid from the fermentation medium resulting 
in the product yield increasing by 24% [30]. 

There are also metabolic engineering solutions to protect 
Propionibacteria against propionic acid stress. Two key acid 
resistance elements, the arginine deaminase and glutamate 
decarboxylase systems, have been identified and modified to 
improve acid resistance by 10 fold and even propionic acid pro-
duction by 20% with regard to Propionibacterium jensenii [31].

3.1 Propionic acid yield
In Table 2 the highest propionic acid yield is 0.90 g*g-1 [35]. 

This was achieved with Clostridium neopropionicum which 
was isolated from a mesophilic anaerobic digester treating 
industrial vegetable cannery wastewater. Fermentation was 
conducted in 25 ml vials containing 10 ml of medium under 
a N2/CO2 (80% : 20%) headspace. The initial concentration of 
ethanol was 30 mM (1.38 g*L-1) and the produced propionic 
acid concentration was 1.25 g*L-1. Also the second and third 
highest values were achieved in this report [35].

Propionibacterium freudenreichii could also achieve a 
high propionic acid yield of 0.71 g*g-1 [46]. In this report 
batch fermentations were studied in three parallel 200 mL 
expanded bed adsorption bioreactors (EBAB) connected with a 
recirculation loop to a 5 L stirred-tank fermenter to control the 
temperature and pH. The EBAB was made of a glass column 
packed with Duolite A30 resin, and both ends of the column 
were equipped with a stainless steel wire mesh. In this process, 
propionic acid was adsorbed semicontinuously from the broth, 
and replenishment with fresh resin was possible when needed 
by alternating the three columns. The fermentation broth with 
free cells was circulated through the EBA column to separate 
the propionic acid in the expanded bed every 12–24 h, when 
10 g*L-1 propionic acid was produced. To optimize the 
fermentation performance, a strategy of gradually adding 
feedstock was employed, in which glycerol was introduced at 
set times (12, 24, 48, and 72 h) with a constant mass ratio of 
2.5 to glucose. When glycerol was added after 48 h, the highest 
product concentration (propionic acid: 42.7 g*L-1), the highest 
yield (propionic acid: 0.71 g*g-1), and highest productivity 
(propionic acid: 0.36 g*L-1*h-1) of this experiment were 
obtained [46].
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Table 2 Propionic acid producing microorganisms.

Strain Fermentation technique/ volume/ substrate
PA titre 
(g*L-1)

PA productivity
(g*L-1*h-1)

Yield
(g*g-1)

Ref.

Anaeroglobus geminatus AIP313.00 Batch fermentation/n.a./ glucose 0.04 ~0 0.01 [32]

Bacteroides fragilis DSMZ 2151 Batch fermentation/ 0.01L / glucose 0.37 0.005 0.07 [33] 

Bacteriodes thetaiotaomicron Batch fermentation/ 0.15L/ pectin 0.36 0.015 0.07 [34]

Clostridium homopropionicum 
DSM 5847

Batch fermentation/1L / lactate 1.06 n.a. 0.70 [13]

Clostridium neopropionicum  
DSM 3847

Batch fermentation/ 0.01L/ ethanol 1.25 0.02 0.90 [35]

Batch fermentation/ 0.08 L/ ethanol 0.70 ~0 0.76 [36]

Batch fermentation/ 0.08 L/ propanol+acetate 1.34
0.01

0.75 [36]

Eubacterium hallii DSM 3353 Batch fermentation/ 0.01L/glucose 1.48 0.01 0.12 [37]

Megasphaera elsdenii ATCC 17753
Batch fermentation/ 0.1L / 
DL-lactate

0.35 0.02 0.01 [16]

Megasphaera elsdenii 
NIAH 1102

Batch fermentation/ 1L/  
DL-lactate 

0.62 0.05 0.17 [38]

Negativicoccus succinicivorans
Batch fermentation/n.a./  
glucose + sodium succinate

3.49 0.05 n.a. [12]

Pelobacter propionicus 
DSM 2379

Batch fermentation/ 1L / lactate 0.26 n.a. 0.52 [13]

Prevotella ruminicola 23 Batch fermentation/ 1L/ glucose 0.59 n.a. 0.30 [18]

Propionibacterium acidipropionici  
ACT-1

Sequential batch fermentation with cell recycle/n.a./ glucose 39.7 2.98 0.46 [21]

Fed batch fermentation with cell recycle/n.a. / glucose 55.7 2.23 0.43 [21]

Propionibacterium acidipropionici  
ATCC 4875

Fed-batch fermentation with cell recycle/ 0.1L/ glucose 70.8 0.42 0.36 [39]

Fed-batch/ 3L/ corncob molasses 71.8 0.28 n.a. [40]

Batch fermentation/ 2L/ glycerol 23.55 0.12 0.70 [41]

Fibrous-bed bioreactor, fed batch fermentation/ 2L/ glucose 71.8 0.08 0.4 [42]

Fed-batch extractive fermentation/ 2L/ lactose 75 0.98 0.66 [43]

Propionibacterium acidipropionici  
ATCC 4875 with ack gene knock-out

Fibrous-bed bioreactor, fed batch fermentation/ 2L/ glycerol 106 0.04 ~0.50 [3]

Propionibacterium acidipropionici 
CGMCC1.2230

Fed-batch fermentation/ 3L/ 
glycerol

23.1 0.10 0.46 [4]

Propionibacterium acidipropionici  
DSM 4900

Batch fermentation/ 1L/ glycerol 43.40 0.35 0.62 [44]

Propionibacterium acidipropionici  
NRRL B-3569

Continuous fermentation with packed bed column/ 1L/ glycerol 7.7 0.88 0.58 [24]

Propionibacterium acidipropionici 
WSH1105

Fed-batch fermentation/ 3L/ glycerol 27.1 0.13 0.45 [4]

Propionibacterium freudenreichii  
CCTCC M207015

Plant fibrous-bed bioreactor, fed-batch fermentation / 7.5L/ 
sugarcane molasses

91.89 0.36 0.46 [45]

Propionibacterium freudenreichii  
CICC 10019

Batch fermentations in expanded bed adsorption bioreactor/ 
0.2L/ glucose +glycerol

42.7 0.36 0.71 [46]

Propionibacterium freudenreichii  
DSM 20271 mutant Pf(ppc)

Batch fermentation/ 0.5L/ glucose 19.5 0.10 0.51 [29]

Propionibacterium jensenii  
(pZGX04-ppc)

Fed-batch fermentation/ 3L/  
residual glycerol

33.21 0.15 0.66 [8]

Propionibacterium jensenii  
(pZGX04-gldA-mdh)

Fed-batch fermentation / 2L/ 
glycerol

36.09 0.17 0.65 [2]

Roseburia inulinivorans  DSM 16841
Batch fermentation/ n.a./  
fucose

1.39 0.09 0.28 [20]

Selenomonas ruminantium HD4 Batch fermentation/ 0.037L/ DL-lactate 1.3 0.01 0.13 [47]

Veillonella parvula DSM 2008 Batch fermentation/ 1L/ Lactate 1.07 n.a. 0.59 [13]
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3.2 Propionic acid titre
As shown in Table 2 larger values of propionate concen-

tration are achieved by Propionibacterium species. The high-
est propionic acid titre is 106 g*L-1 which was reported by An 
Zhang and Shang-Tian Yang [3]. In this experiment research-
ers used a mutant strain of Propionibacterium acidipropionici 
ATCC 4875 with acetate kinase (ack) gene knock-out. The 
medium contained 40 g*L-1 of glycerol as a carbon source. The 
immobilized-cell fermentation was studied in a fibrous-bed 
bioreactor (FBB) which was connected to a 5 L fermenter to 
control the pH and temperature through a recirculation loop. A 
piece of cotton cloth was spirally wound with a stainless steel 
mesh and packed into the glass column. The FBB itself had a 
working volume of ~600 mL and the complete system contained 
~2 L of the medium. After inoculation, the FBB was operated 
under the repeated batch mode for several batches with glucose 
as the substrate to increase the cell density in the reactor sys-
tem. After the cell density had reached the desired value of glu-
cose, the glycerol feed was started. The fermentation lasted for 
4 months which equates to 3000 hours. The glycerol fed-batch 
fermentation was conducted five times. The long fermentation 
time resulted in low propionic acid productivity (0.04 g*L-1*h-1) 
contrary to the highest propionic acid titre (106 g*L-1) [3]. 

The second highest propionic acid titre in Table 2 was 
91.89 g*L-1 [45]. In this study Propionibacterium freudenreichii 
CCTCC M207015 was used. The fermentation was conducted 
in a plant fibrous-bed bioreactor (PFB) which was composed 
primarily of a 7.5 L stirred-tank fermenter (BioFlo 110, 
New Brunswick Scientific, USA) and immobilized cells in a 
glass column (ID: 4 cm; and height 60 cm). The column and 
stirred-tank fermenter were connected with a peristaltic pump. 
The chopped bagasse was dried to achieve constant weight 
and loaded into the glass column with an estimated weight 
of approximately 30 g for immobilization of the cells. The 
bagasse was kept in place using a stainless steel wire mesh 
on top and at the bottom of the column to avoid leakage. The 
fermentation used hydrolysed cane molasses as the medium. 
Cane molasses contained 35.8% (w/w) sucrose, 5.2% (w/w) 
glucose, 8.7% (w/w) fructose, 2.5% (w/w) other carbohydrates, 
4.3% (w/w) crude protein, 0.1% (w/w) crude fat, 9.6% (w/w) 
ash, 4.6% (w/w) salt, 8.9% (w/w) metal ions such as calcium, 
potassium, sodium, iron, magnesium and copper, and 
20.3%  (w/w) water. During the fed-batch fermentation when 
the sugar concentrations of the broth decreased to 10 g*L-1, a 
concentrated sugar solution of 500 g*L-1 was fed into the PFB 
to maintain the sugar concentration at around 10 g*L-1 using 
a constant flow pump. The highest value for final propionic 
acid production was 91.89 g*L-1, which was achieved over 254 
hours. The propionic acid yield was 0.46 g*g-1 and productivity 
0.36 g*L-1*h-1 [45].

3.3 Propionic acid productivity
The highest propionic acid productivity was achieved by 

sequential batch (hereinafter SB) fermentation with cell recy-
cling [21]. Propionibacterium acidipropionici ACT-1 was used 
in the study. Cells in the late exponential phase (cultured in 3 L 
of medium with 50 g*L-1 glucose at pH 6.5) were collected by 
centrifugation and used to seed the batch fermentation in a 1 L 
bioreactor containing 500 mL of medium agitated at 100 rpm. 
A total of four sequential batches were performed at pH 6.5 for 
a total duration of 65 h. In the SB fermentation with high initial 
cell density, the propionic acid yield was stable at 0.45 g*g-1 
and the volumetric productivity increased from 2.06 g*L-1* h-1 
for the first batch to 2.74 g*L-1*h-1 for the fourth batch, which 
was also proportional to the average cell density in these SB 
fermentations. It is noted that a significantly higher yield of 
0.48 g*g-1 and productivity of ~3  g*L-1*h-1 were obtained in 
the third batch, which achieved the highest cell density of 
~49 g*L-1 in terms of the dry weight of the cell (corresponding 
to OD 244.8). The highest propionic acid titre of 42.7  g*L-1 
obtained in the second batch also confirmed that ACT-1 had a 
relatively high tolerance to propionate at pH 6.5 [21].

The second highest propionic acid productivity in Table 2 is 
2.23 g*L-1*h-1 achieved by fed-batch fermentation also with cell 
recycling [21]. Propionibacterium acidipropionici ACT-1 was 
used in the study, as well. Fermentation was performed in a 1 L 
bioreactor containing 500 mL of medium agitated at 100  rpm. 
The temperature of the bioreactor was maintained at 32°C and the 
pH was controlled at 6.5 by the addition of ammonium hydrox-
ide. An initial glucose concentration of ~50 g*L-1 was used and 
a concentrated glucose solution was pulse fed into the reactor 
when the glucose concentration was less than ~15 g*L-1 or had 
almost depleted. The final propionic acid titre at pH 6.5 achieved 
55.7 g*L-1 with a high productivity of 2.23 g*L-1*h-1 and a propi-
onic acid yield of 0.43 g*g-1. Both the productivity and yield were 
comparable to those of high cell density sequential batch fermen-
tations at pH 6.5, suggesting that ACT-1 can tolerate a propionic 
acid concentration in excess of 50 g*L-1 at pH 6.5 [21].

4 Propionic acid recovery
It is really hard to make a compose a comprehensive review 

on downstream operations because their effectivity is strongly 
determined by the different feedstocks (yielding the matrix), the 
producer strain (that determines accompanying by-products), 
or the required final product quality and formula. Additionally, 
existing recovery reports focus either on recovery after syn-
thetic production or recovery from model solutions, but almost 
none of them address recovery from real fermentation broths. 
However we compared the available processes on the basis of 
their key operations, and the overall recovery yields obtained. 

The importance of propionic acid production by fermenta-
tion makes it necessary to develop new, efficient methods for 
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propionic acid separation from fermentation broths or requires 
substantial improvement in existing recovery technologies. 
Around half of the total production costs are associated with 
downstream processing [48], therefore these improvements 
have a similar impact to developments on fermentation pro-
cesses. As a result this overview introduces the possible pro-
cesses with regard to model solutions. Since the purity of the 
product is often required to be in excess of 99.5% for propionic 
acid, a high extent of recovery is needed in the downstream 
process. Low energy consumption as well as low consumption 
of chemicals is necessary during product recovery. Therefore 
efficient levels of mass and heat transfer must be exhibited 
by the recovery equipment. To meet all of these require-
ments the downstream process has to fulfil the following key 
requirements:
•	 In clarification: removal of large particles.
•	 In primary recovery: removal of the product from the 

bulk aqueous solution containing major impurities. 
•	 Counterion removal: replacing the cation of a propionate 

with H+ to produce propionic acid (if required). 
•	 Concentration/purification: removal of the bulk solvent 

or capture of the propionic acid, achieving the concentra-
tion as well as removal of remaining impurities [49].

4.1 Clarification
Cell removal is usually the first step of the downstream pro-

cess step and is achieved by filtration or centrifugation, as in 
the case for other fermentation products [9].

4.2 Primary recovery
The aqueous propionic acid or propionate solution gener-

ally contains several impurities such as sugars, salts, fermen-
tation by-products and debris derived from the cell lysis. A 
good recovery strategy is the transfer of the product to another 
phase, namely the extractant phase, adsorbent phase, precipi-
tate phase, or an aqueous phase behind a membrane. Several 
separation methods are known and have been applied for pri-
mary recovery such as liquid-liquid extraction, ultra filtration, 
reverse osmosis, electro-dialysis, direct distillation, liquid sur-
factant membrane extraction, anion exchange, precipitation, 
and adsorption [50].

In the literature concerning the primary recovery of car-
boxylic acids, adsorption and extraction dominate. Numerous 
options have been suggested, due to the wide variety of inter-
actions between carboxylic acids and amine-based adsorbents 
and extractants [51]. It is necessary to regenerate the adsor-
bents and extractants because of their expense compared to the 
recovered carboxylic acids, and the high costs of treating them 
as waste. Adsorbents have very different features to extractants 
such as the equipment used, costs, process losses and safety 
aspects. While adsorption is usually conducted by packed beds, 

extraction generally utilizes different types of stirred reactors 
[52, 53]. For extraction, contact between the phases is neces-
sary, which may also be achieved via membranes, resulting in 
membrane-based solvent extraction, supported liquid mem-
branes and pertraction as the most typical modes [54, 55]. 

Reactive extraction is also one of the applicable separation 
processes. It is based on the reactions between extractants and 
the materials extracted. The extractant in the organic phase 
reacts with the material in the aqueous phase and the product 
formed is then dissolved in the organic phase, too. Extractants 
such as hydrocarbons, phosphorous, and aliphatic amines are 
mainly used in the reactive extraction of carboxylic acids [56]. 
Investigations have been conducted into the reactive extraction 
of propionic acid using tri-n-octylamine in sCO2 [48].

During precipitation a soluble carboxylic acid (propionic 
acid) or soluble carboxylate (propionate) is converted into an 
insoluble carboxylate by a double replacement reaction. The 
conventional industrial method of carboxylic acid separation is 
precipitation using calcium hydroxide. This method is environ-
mentally unfriendly and expensive. It requires large amounts of 
sulphuric acid and generates a solid by-product in the form of 
calcium sulphate [48, 51].

Nanofiltration and reverse osmosis are pressure-driven 
membrane techniques. The passage of water and somewhat 
larger molecules is allowed by nanofiltration membranes. Ions 
rather than neutral molecules of the same size are retained, 
which indicates a potential for concentrating as well as purify-
ing carboxylic acid or carboxylate solutions. Reverse osmosis 
membranes have smaller pores which mainly allow the per-
meation of water, resulting in a concentration step, as well. 
Microfiltration and ultrafiltration membranes may not pre-
vent the passage of propionic acid effectively and sufficiently 
because of its low molecular weight [57]. 

During conventional electrodialysis a feed solution of a car-
boxylate salt is introduced between cation and anion exchange 
membranes. Driven by an electrostatic potential, cations and 
anions diffuse in opposite directions, but they are only able to 
pass through a cation or anion exchange membrane, respec-
tively. This results in a more concentrated solution and a more 
dilute solution of carboxylate salt [51, 58]. 

4.3 Removal of counterion
In many cases carboxylate salts are formed whereas car-

boxylic acids are desired. When converting carboxylate into 
carboxylic acid, H+ has to replace the counterion of the car-
boxylate (e.g. Na+). Depending on the required procedure, the 
removal will lead to a (sodium) salt or base as a co-product. 
This co-product can be removed from the carboxylic acid if 
both products end up in different phases. The counterion can 
be removed by precipitation, ion exchange adsorbents, or 
extractants [49].
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4.4 Water removal and carboxylic acid purification
Water is the major accompanying by-product, therefore its 

removal is determinative for recovery costs. A large propor-
tion of the water may be removed during primary recovery, 
but often a separate water removal step has to be introduced of 
whichseveral methods are available. These may be used at dif-
ferent points in the process, to concentrate the carboxylic acid, 
its salt, or an inorganic salt. The removal of water is often inte-
grated with purification by distillation or crystallization [52].

Since reverse osmosis (RO) membranes only allow the pas-
sage of water, a concentration effect is obtained that may be 
exploited for crystallization. This RO may be energetically 
more favourable than heat-driven evaporation but has other lim-
itations. The proportion of permeated carboxylic acid should be 
negligible, otherwise a loss of product would result [57].

During evaporation, water and possibly volatile impurities 
are removed from non-volatile carboxylic acid. Evaporation is 
the default process for removing water. Evaporation costs are 
high for dilute aqueous solutions due to the energy required 
to evaporate water. Therefore it is important to obtain concen-
trated solutions by fermentation and to concentrate rather than 
dilute during primary recovery and counterion removal [49].

4.5 In-situ product removal
In-situ removal of the acids from the fermentation broth 

could be one of the solutions to reduce product inhibition. 
Removing carboxylic acid or carboxylate during fermentation 
can prolong the production time before the fermentation stops 
due to product inhibition, resulting in improved productivity. 
Moreover, removing the undissociated carboxylic acid can 
reduce the consumed amount of pH-controlling base and the 
associated inorganic salt production [65, 66].

5 Conclusions and future developments
Fermentation using renewable resources is an attractive 

alternative route of propionic acid production, although com-
mercial production is mostly conducted by chemical synthesis 
from petroleum feedstocks. Currently propionic acid fermenta-
tion cannot compete with petrochemical routes due to its rela-
tively low productivity, yield, final titre, and product purity. 
Many attempts have been made to overcome these problems 
on both organism and process levels. The genomes of several 
Propionibacteria species have been fully sequenced, and the 
synthetic pathways of propionic acid elucidated. Overexpression 
and knockout vectors have been developed as useful tools for 
the metabolic engineering of Propionibacteria. With the recent 
advances in “omic” technologies and systems biology, new tools 
and abundant genetic and metabolic data can be generated expe-
diently, including genome-scale metabolic modelling and meta-
bolic flux analysis. Furthermore these advances have also been 
used to explore metabolically important enzymes. Biosynthetic 
pathways of propionic acid can be re-engineered with precisely 
targeted and manipulated enzymes to greatly improve fermen-
tation. On the process level, several cheap and readily available 
carbon as well as nitrogen sources have been identified to sup-
port good degrees of cell growth and propionic acid production. 
Most of them are agricultural residues and processing wastes. 
In terms of process engineering, cell recycling and immobiliza-
tion are promising techniques to achieve high cell densities, high 
product titres, high productivity, and high yields simultaneously, 
while at the same time the process can be operated stably for 
an extended period. As shown in Table 2 the major values are 
achieved by methods that utilize cell recycling and high cell den-
sities. Finally, fermentation integrated with separation for online 
or in-situ product recovery will serve as a driving force to further 
improve product titres, yields, and productivity [9, 67].

Table 3 Samples for propionic acid recovery from model aqueous solution using primary recovery methods

Method Used adsorbent, extractant and solvent removal of acid % Ref.

Adsorption Amberlite IRA-67 84.46 [53]

Adsorption alumina 16.94 [59]

Electrodialysis Acid Dialyzer Gll00 82.65 [60]

Extraction Aliquat 336 in Cyclohexane 63.25 [61]

Extraction Aliquat 336 in Hexane 61.53 [61]

Extraction Aliquat 336 in Ethyl acetate 72.65 [61]

Extraction Aliquat 336 in Toluene 66.67 [61]

Extraction Aliquat 336 in Methyl isobutyl ketone 70.94 [61]

Reactive Extraction Aliquat 336 in 1-decanol 66.68 [62]

Reactive Extraction tri-n-octylamine + oleyl alcohol 91.00 [63]

Reactive Extraction tri-n-butyl phosphate + kerosene 81.25 [64]

Extraction Hexanol 80.99 [54]

Extraction 2-Octanol 80.33 [54]
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