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A B S T R A C T

Aim: of this study was to investigate the by-products acid whey and oat pomace as nutrient sources for succinic 
acid production by Actinobacillus succinogenes. Both by-products provide carbon sources in form of glucose and/ 
or lactose without any pre-treatment. Yields of succinic acid per g total sugars consumed after 24 h were between 
0.6 and 0.7 in control medium, acid whey, and in acid whey/oat pomace mixtures. A yield of more than 0.8 g per 
g was found in oat pomace after 24 h, which further increased to 1.0 g per g after 48 h. For the fermentation 
carried out with acid whey and oat pomace mixed at a ratio of 1:1 a productivity of 0.52 g L−1 h−1 was obtained. 
The productivities in control medium, acid whey, oat pomace, acid whey/oat pomace (2:1), and acid whey/oat 
pomace (3:1) were 16 %, 75 %, 48 %, 46 %, and 48 % less, respectively, indicating the necessity of finding the 
right balance of nutrients. The results of this study contribute to the decentralized utilization of food residues and 
even, despite the high value of succinic acid as platform chemical, to a recirculation into new food products.

1. Introduction

Succinic acid, a 4-carbon dicarboxylic acid, has a wide range of uses 
in polyesters, paints, fuel additives, herbicides, medicines, and de
tergents, making it one of the top platform chemicals derived from 
biomass. The need for bio-based succinic acid is being driven by the 
pressing need to find green and renewable chemicals, which can be 
produced at reduced carbon footprint, cost effective, at less volatile 
prices, and lessen reliance on crude oil [12].

Bio-based succinic acid can be produced from organic residues 
through microbial fermentation [14]. For the production of bio-based 
succinic acid, a variety of microorganisms have been employed, 
including Actinobacillus succinogenes, Mannheimia succiniciproducens, 
Pichia kudriavzevii, Saccharomyces cerevisiae, Corynebacterium gluta
micum, Basfia succiniciproducens, and Escherichia coli. [4]. Additionally, 
various organic substrates have been employed as carbon sources for the 
manufacture of succinic acid, such as glycerol, frying oil from sunflower 
waste, agro-industrial waste, and hydrolysates from the organic part of 
municipal solid waste [16,20,9]. It has been shown that succinic acid 
yields and titers can vary depending on the applied feedstocks. Using 
pure glycerol a maximum titer of 117 g L−1 and a yield of 1.3 g g−1 could 
be obtained using a strain of the class Actinobacteria [6]. When corncob 

hydrolysate was used directly as carbon source, a titer of 23.64 g L−1 and 
a yield of 0.58 g g−1 was reached [23]. Succinic acid production from 
hydrolysates of municipal solid waste resulted in a titer of 29.4 g L−1 in 
batch cultures and 21.2 g L−1 in continuous cultures [16]. Terboven 
et al. made use of a lactose concentrate appearing as by-product from 
cheese-making as substrate for the A. succinogenes or 
B. succiniciproducens. An initial sugar concentration of 43 g L−1 and 
5 g L−1 of yeast extract resulted in a comparable performance of both 
strains. The best yield and acid titer were 0.57 g g−1 and 23 g L−1. The 
authors have further shown that an appropriate supply of yeast extract is 
important to achieve a proper succinic acid production [18].

From the examples shown, it can be concluded that high titers can 
only be achieved using substrates that do not only contain utilizable 
carbon sources but also nitrogen sources. Thus, the right feedstocks must 
be chosen to establish a commercially feasible bio-based succinic acid 
production process. Economically speaking, low-cost raw materials like 
agricultural or food leftovers should be used for the commercial bio- 
based synthesis of succinic acid, which ideally do not require an inten
sive upstreaming to make nutrients available [13]. Furthermore, the 
feedstocks and the selected microorganism shall allow for the produc
tion of succinic acid at a high titer and productivities as well as mini
mized side products formation (predominantly organic acids) to result in 
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a pure succinic acid [4].
Finding the right balance between upstreaming and fermentation 

was the aim of the present study. Based on the two by-products, acid 
whey and oat pomace, appropriate upstreaming was developed which 
resulted in most efficient conversion of sugars into succinic acid by 
A. succinogenes. In the present study both residues were used as nitrogen 
and carbon sources with a focus on substituting yeast extract but still to 

supply sufficient nitrogen for a high titer [18]. Since both by-products 
are locally generated by food producers, the presented approach 
should be considered as process for the decentralized utilization, and 
thus the obtained results strongly support the establishment of a local 
bioeconomy.

2. Material and methods

2.1. Strain

A. succinogenes (DSM 22257) was purchased from the German 
Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, 
Germany) and used in all fermentations. Prior to fermentation the strain 
was reactivated with two cryo-beads in 35 mL tryptone soy bouillon 
(TSB) consisting of 17 g L−1 peptone from casein, 3 g L−1 peptone from 
soy, 2.5 g L−1 K2HPO4, 5 g L−1 NaCl, and 2.5 g L−1 glucose monohydrate 
at 37 ◦C for 20 h in an incubator.

Table 1 
Composition of the different batches (OP1 and OP2) of oat pomace (DM: Dry 
matter; oDM: Organic dry matter).

Parameter OP1 OP2

DM [%, w w−1] 23.5 32.1
oDM [% DM, w w−1] 94.4 92.1
Proteins [% DM, w w−1] 23.0 37.5
Sugars [% DM, w w−1] 26.5 5.9
Starch [% DM, w w−1] 4.1 16.4
Hemicellulose [% DM, w w−1] 18.5 16.9
Cellulose [% DM, w w−1] 3.2 3.7
Lignin [% DM, w w−1] 4.2 6.1

Fig. 1. Two fermentations of Actinobacillus succinogenes in filtrated control medium. A and B: Consumption of glucose (closed triangle), C and D: Formation of 
succinic acid (open circled), lactic acid (open triangle), acetic acid (open quadrate), and formic acid (open diamond) as well as increase in optical density (OD, open 
star). CO2 was used as additional carbon source.

Table 2 
Effect of different substrates on the production performance of succinic acid and the formation of acetic and formic acids by Actinobacillus succinogenes after 24 and 48 h 
(YSA: Yield of succinic acid per g sugar; PSA: Succinic acid productivity; SA: Succinic acid; AA: Acetic acid; FA: Formic acid).

Substrate YSA [g/g] PSA [g L−1 h−1] SA [g L−1] Ratio of SA to AA to FA

24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h

Control medium 0.61 - 0.44 - 10.66 - 1:0.38:0.23 -
0.69 - 0.42 - 10.06 - 1:0.30:0.20 -

Acid whey 0.62 0.95 0.18 0.18 4.42 8.72 1:0.41:0.31 1:0.28:0.21
Suspended oat pomace (OP1) 0.84 - 0.26 - 6.18 - 1:0.31:0.31 -

0.80 1.00 0.27 0.28 6.37 10.88 1:0.28:0.32 1:0.19:0.21
Acid whey/suspended oat pomace (ratio 1:1, OP1) 0.68 0.58 0.52 0.36 12.63 18.40 1:0.40:0.32 1:0.33:0.26
Acid whey/suspended oat pomace (ratio 2:1, OP2) 0.63 0.77 0.25 0.29 5.92 13.69 1:0.33:0.26 1:0.26:0.24

0.69 0.62 0.28 0.23 6.81 10.86 1:0.25:0.23 1:0.51:0.23
Acid whey/suspended oat pomace (ratio 3:1, OP2) 0.66 0.59 0.26 0.28 6.10 13.60 1:0.28:0.09 1:0.23:0.12

0.68 0.66 0.27 0.28 6.52 13.43 1:0.23:0.16 1:0.36:0.06
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2.2. By-products

Acid whey is a by-product from the manufacture of low-fat curd 
production. To produce the low-fat curd, the raw milk was separated, 
and the resulting low-fat milk pasteurized and heated. After cooling, the 
milk was fermented by adding lactic acid bacteria and rennet. The solid 
components of the curdled milk were separated from the liquid com
ponents (acid whey) using separators.

Oat pomace is a by-product of oat milk production. The process of 
making oat milk involved soaking oats and treating them with enzyme 
[3]. Afterwards oat milk was decanted from the solids (oat pomace). In 
this study, two batches of oat pomace (OP1 and OP2), obtained through 
different process steps during oat milk production, with different com
positions have been used. OP1 pomace resulted from oat flakes that were 
mixed with water, whereas OP2 pomace were derived from oat flakes 
mixed with water and grounded at the same time. The composition of 
both is shown in Section 3.

Both by-products were collected regularly from local producers and 
immediately frozen at −10 ◦C until used in experiments.

2.3. Preparation of fermentation media

The by-products acid whey and oat pomace were used for preparing 
different fermentation media. Acid whey and oat pomace were either 
purely used in fermentation or mixed in proportions 1:1 (v/w), 2:1 (v/ 

w) or 3:1 (v/w) for identifying the right balance of carbon and nitrogen 
sources to achieve high yield and titers under consideration that the 
suspension should be pumpable for subsequent processing. Acid whey, 
oat pomace, and mixtures of acid whey and oat pomace were stirred 
magnetically at room temperature for 1 h with a rate of 300 rpm. The 
media was divided into four large centrifuge tubes and centrifuged for 
10 min at 14.025g (Rotanta 460R, Hettich GmbH & Co. KG, Germany). 
The supernatants of suspended oat pomace or mixtures as well as pure 
acid whey were filtered using a pleated filter (320 mm × 13 µM, 
ROTILABO® Typ 600P, Roth, Germany) and used in fermentations.

2.4. Fermentation

Succinic acid fermentation was carried out in 1 L EloFerm bio
reactors (EloSystems GmbH, Berlin, Germany) with a working volume of 
300 mL under controlled conditions (37 ◦C and pH 6.7) and stirred at 
30 rpm using a magnetic bar. The pH was adjusted with 5 M NaOH. CO2 
was supplied by dosing either a 20 % (w/v) Na2CO3 solution, coupled 
with pH control, or by dosing pure CO2 at 0.2 mL per minute. The 
bioreactor was sterilized at 110 ◦C for 10 min together with the sub
strate, which was either suspended oat pomace, acid whey, a mixture of 
both, or control medium consisting of 15 g L−1 glucose, 5 g L−1 yeast 
extract, and 1 g L−1 NaHCO3. To all media 8 drops of antifoam agent 
(Antifoam A concentrate, Sigma, Germany) were added. The fermenta
tion medium was inoculated with pre-cultured A. succinogenes in TSB- 
medium. Control medium consisted of 15 g L−1 glucose, 5 g L−1 yeast 
extract, and 1 g L−1 NaHCO3. In all fermentations which corresponded to 
an optical density (OD) of 0.1 (in control medium). Fermentations were 
carried out in duplicate if not otherwise stated in Section 3.

For the measurement of OD, sugars, and organic acids concentra
tions, samples were taken regularly. Samples for sugars and succinic acid 
concentration determination were centrifuged at 13,400g for 10 min and 
kept frozen until analysis.

2.5. Analytics

OD was determined at 660 nm using a Cary 6000i UV–VIS–NIR 
spectrometer (Agilent).

To determine the dry matter of applied residues a halogen moisture 
analyzer (HR 83, Mettler Toledo, Germany) was used.

The ash content and eventually the organic matter were determined 
by treating a defined portion of a sample at 550 ◦C for 5 h in a muffle 
furnace.

The ANKOM2000 fiber analyzer (ANKOM Technology, USA) was 
employed to measure the fiber composition of oat pomace, in particular 
the cellulose, hemicellulose, and lignin contents according to the 
Weender analysis. Firstly, samples were pre-dried at 60 ◦C and after
wards cellulose, hemicellulose, and lignin contents were measured 
following manufacture’s protocol (ANKOM Technology).

Total nitrogen was quantified as Kjeldahl nitrogen. All chemical 
forms of nitrogen in the sample are determined as the sum of the 
organically bound nitrogen, ammonium-nitrogen, and nitrate-nitrogen. 
The distillation was carried out with the Kjeldahl Sampler System K- 
370/371. The amount of proteins was calculated from the amount of 
Kjeldahl nitrogen multiplied by a conversion factor of 6.25.

Starch was determined in oat pomace in accordance with the inter
national standard ISO 10520.

Free sugars in oat pomace were determined after resuspending the 
material in water and analyzing the supernatant with the HPLC-method 
described below.

Free amino nitrogen (FAN) was determined following the modified 
EBC-ninhydrin method. First, two reagents were prepared. For reagent 
A, 1 g Na2HPO4*12H2O, 0.6 g KH2PO4, 0.05 g ninhydrin, and 0.03 g 
fructose were dissolved in 10 mL demineralized water. Reagent B con
tained 0.2 g KIO3, 60 mL demineralized water, and 40 mL absolute 
ethanol. For analysis, 20 µL sample, 50 µL A, and 30 µL demineralized 

Fig. 2. Fermentation of Actinobacillus succinogenes in filtrated acid whey. A: 
Concentrations of lactose (closed quadrate), galactose (closed diamond), and 
total sugars (closed circle), B: Formation of succinic acid (open circled), lactic 
acid (open triangle), acetic acid (open quadrate), and formic acid (open dia
mond) as well as increase in optical density (OD, open star). CO2 was used as 
additional carbon source. Please note that the fermentation was carried out 
only once.
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water were combined and heated at 90 ◦C for 5 min. Then 900 µL of B 
were added and absorption at 570 nm was measured. A calibration curve 
with glycine was used as reference.

Sugars as well as organic acids concentrations were determined using 
HPLC (Thermo Scientific Dionex UltiMate 3000, Germany): 10 µL of 
sample was injected on an Aminex HPX-87H column (300 mm ×

7.8 mm) and eluted isocratically with 0.4 mL min−1 5 mM H2SO4 at 50 
◦C. Calibration curves were generated with pure solutions of known 
concentration.

3. Results

3.1. Composition of by-products

The composition of the two by-products differed. Acid whey was 
liquid containing lactose, galactose, lactic acid, and total nitrogen with 
concentration of 38.2, 2.8, 6.5, and 1.1 g L−1, respectively. Both tested 
oat pomaces had a water content between 69 % and 76 % (w/w) and an 
organic content of more than 90 %/w/w). For fermentation purposes the 
value of oat pomace lays in its protein and carbohydrate contents 
(Table 1). Interestingly, OP1 differed in terms of protein, sugars, and 
starch contents from OP2. OP1 contained with 23 % (w/w) only 2/3 of 
the proteins found in OP2. However, OP1 contained with 26.5 % (w/w) 
4-times more free sugars than OP2. Contrarily, OP1 contained 4-times 
less starch than OP2. The contents for hemicellulose, cellulose, and 
lignin were rather comparable between both oat pomaces (Table 1). 
Since oat pomace has not been hydrolyzed to make all carbohydrates 
available, a conversion of hemicellulose, cellulose, and lignin into suc
cinic acid can be ruled out.

Even though there were variations in the biochemical composition of 
oat pomaces, which probably resulted from different processing steps 
and the use of different oat plant species, the presence of proteins, 
sugars, and starch makes it a promising nutrient source for fermentation. 
Mixing oat pomace in water or alternatively acid whey at room 

temperature for 1 h was already sufficient to extract nutrients. This 
simplified the extraction process and saves cost compared to an enzyme- 
based nutrient recovery process during upstreaming.

3.2. Fermentation in control medium, acid whey, or suspended oat 
pomace

Succinic acid fermentation was investigated in pure acid whey and 
suspended oat pomace, and the results compared to a control medium, 
which consisted of 15 g L−1 glucose, 5 g L−1 yeast extract, and 1 g L−1 

NaHCO3, in terms of titer, yield, and productivity. As visible in Fig. 1 A 
to D, glucose was totally consumed within 24 h and more than 10 g L−1 

was produced in both fermentations. Together with succinic acid, acetic, 
and formic acids were produced, while lactic acid was in the medium 
from the beginning and not formed by A. succinogenes. The concentra
tions of the three acids were 3.2 g L−1, 2.0 g L−1, and 1.0 g L−1, 
respectively. The ratio of acetic and formic acids compared to succinic 
acid was 1:0.30:0.20. In average a yield of 0.64 g per g glucose and a 
productivity of 0.43 g L−1 h−1 were achieved (Table 2).

The fermentation in pure acid whey gave a different result compared 
to the fermentation in the control medium. Lactose was with 17.7 g L−1 

the dominant sugar (Fig. 2A). Additionally, 1.7 g L−1 galactose was 
present. Within 24 h, 7 g L−1 of the total sugars were consumed and 
4.4 g L−1 succinic acid, 1.7 g L−1 acetic acid, 1.3 g L−1 formic acid, and 
0.3 g L−1 lactic acid were found (Fig. 2B). Eventually the yield of suc
cinic acid per g consumed total sugar was 0.62 and the productivity was 
0.18 g L−1 h−1. Titer and productivity were less than half compared to 
what has been found in the control (Table 2). Lactose concentration was 
reduced, however, galactose resulting from the cleavage of lactose was 
not utilized by A. succinogenes. Per g of lactose that was reduced, 0.3 g of 
galactose was formed. By extending the fermentation period to 48 h 
lactose concentration was further reduced to 2.2 g L−1 and in total 
8.0 g L−1 galactose was determined in the fermentation broth. Never
theless, succinic acid titer and yield increased to 8.7 g L−1 and 

Fig. 3. Two fermentations of Actinobacillus succinogenes in filtrated suspended oat pomace (OP1). A and B: Concentrations of glucose (closed triangle), lactose (closed 
quadrate), galactose (closed diamond), and total sugars (closed circle), C and D: Formation of succinic acid (open circled), lactic acid (open triangle), acetic acid 
(open quadrate), and formic acid (open diamond) as well as increase in optical density (OD, open star). CO2 was used as additional carbon source.
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0.95 g L−1 h−1. While productivity was comparable to what has been 
found after 24 h (Table 2).

Furthermore, two fermentations were carried out with pure sus
pended oat pomace (OP1, Fig. 3A–D). Glucose was the only sugar pre
sent at around 22 g L−1 (Fig. 3 A and B). After 24 h, both fermentations 
resulted in 6.3 g L−1 succinic acid, a yield of 0.82 g g−1, and a produc
tivity of 0.26 g L−1 h−1 (Table 2). Simultaneously, 1.9 g L−1 of acetic 
acid and formic acid were found. Lactic acid was not found in oat 
pomace suspension (Fig. 3 C and D). The ratio of succinic acid to acetic 
acid to formic acid was 1:0.29:0.31 (Table 2). One fermentation was 
further extended to 48 h (Fig. 3 B and D). No further decrease in glucose 
could be determined, however, succinic acid concentration increased to 
nearly 11 g L−1, while the other acids did not increase in concentrations. 
The increased succinic acid concentration resulted in a yield and pro
ductivity of 1.0 g g−1 and 0.28 g L−1 h−1. The ratio of succinic acid to 
acetic acid to formic acid after 48 h was 1:0.19:0.21 (Table 2).

3.3. Fermentation in mixtures of acid whey and suspended oat pomace

In the following it was investigated to which ratio acid whey and 
suspended oat pomace should be mixed to increase the titer, yield, and 
productivity of succinic acid. For this purpose, a 1:1 mixture was pre
pared with 700 g of oat pomace (OP2), made up to a volume of 1.4 L 
with acid whey. A maximum sugar concentration of 71 g L−1 was 
examined as a fermentation medium, which was sterile-filtered and 

gassed using CO2. Fig. 4 shows the fermentation with 71 g L−1 total 
sugar. After 24 h, 12.6 g L−1 succinic acid was formed, corresponding to 
a yield of 0.68 g g−1 total sugars and a volumetric productivity of 
0.52 g L−1 h−1. After 48 h a concentration of 18.4 g L−1 succinic acid 
could be achieved. However, only 33.3 % of the total sugar was 
consumed, leaving 47.3 g L−1 unused in the medium. The concentration 
of acetic acid, formic acid, and lactic acid after 48 h was 6.0 g L−1, 
4.7 g L−1, and 6.5 g L−1. Also in this fermentation lactic acid was present 
from the beginning and not formed by A. succinogenes. The ratio of the 
acids formed from succinic acid to acetic acid to formic acid was 
1:0.33:0.26 (Table 2).

Based on the obtained results a substrate mixture with an initial total 
sugar concentration between 20 and 70 g L−1 was selected for further 
experiments. For this purpose, acid whey and oat pomace (OP2) were 
mixed in a ratio of 2:1 and then sterilized using an autoclave. Overall, a 
total sugar concentration of around 35 g L−1 was achieved (Fig. 5 A-D). 
From both fermentations in average 12.3 g L−1 succinic acid was ob
tained after 48 h and a yield of 0.70 g g−1 total sugars and a volumetric 
productivity of 0.26 g L−1 h−1 were obtained. The by-products formed 
reached a ratio of succinic acid to acetic acid to formic acid of 
1:0.26:0.24 (Fig. 5A and C, Table 2) and 1:0.51:0.23 (Fig. 5 B and D, 
Table 2).

In subsequently carried out fermentations the ratio of acid whey to 
oat pomace (OP3) was increased to 3:1 (Fig. 6 A-D). Both carried out 
fermentations revealed similar results and 13.4 g L−1 of succinic acid 
could be produced after 48 h and a yield of 0.66 g g−1 and a volumetric 
productivity of 0.28 g L−1 h−1 achieved (Table 2). After 48 h, 45 % of 
the initial total sugar supplied remained. To further improve the utili
zation of sugars the fermentation length was increased to nearly 80 h 
(Fig. 6 A and C). Increasing the fermentation length resulted in a further 
consumption of total sugars but still 20 % remained in the medium. The 
succinic acid titer increased to 17 g L−1. Interestingly, the other acetic 
and formic acids did not further increase in concentrations.

4. Discussion

Establishing a fermentative succinic acid production depends on the 
availability of substrates and their quality. In this study the by-products 
acid whey and oat pomace have been investigated as nutrient sources for 
A. succinogenes to produce bio-based succinic acid Oat is known for its 
nutritional quality resulting from a high-quality protein, unsaturated 
fatty acids, and soluble fiber (ß-glucan) contents as well as the presence 
of polyphenolic compounds and micronutrients [1]. The composition of 
oat grains, however, can vary between countries where it is grown [1]
and varieties [15]. Furthermore, the manufacturing process during the 
oat drink production could influence the composition of the resulting oat 
pomace. In 2017, oat ranked with 25.9 million tons seventh of the 
produced grains worldwide [8] with increasing tendency. With the 
increasing popularity of oat drinks, it is expected that the appearance of 
oat pomace will increase. Furthermore, more than 180 million tons of 
acid whey are produced globally per year. It can, for instance, be used 
for the formation of whey powder after concentration, however, this 
might be due to a high content of minerals not applicable to acid whey. 
Furthermore, smaller scale cheese making facilities may not have the 
equipment to concentrate whey, and thus use it as feed for animals [2]. It 
can be expected that a focus on oat pomace and acid whey as substrates 
for the fermentative production of succinic acid is justified and a 
continuous supply of substrates can be secured. The focus is further 
justified by the promising composition in terms of sugars (glucose and 
lactose) and nitrogen compounds as shown in Table 1. That whey is a 
promising substrate for A. succinogenes and for the formation of succinic 
acid has been shown in a couple of studies before [10,19,21,7]. The 
feasibility of oat pomace, however, was tested only once [5] and more 
knowledge on mixing ratios of acid whey and oat pomace is needed.

In all fermentations, irrespective if carried out with control medium, 
pure suspended oat pomace, acid whey, or mixtures of oat pomace and 

Fig. 4. Fermentation of Actinobacillus succinogenes in acid and suspended oat 
pomace (OP2) mixed in a ratio of 1:1. A: Concentrations of glucose (closed 
triangle), lactose (closed quadrate), galactose (closed diamond), and total 
sugars (closed circle), B: Formation of succinic acid (open circled), lactic acid 
(open triangle), acetic acid (open quadrate), and formic acid (open diamond) as 
well as increase in optical density (OD, open star). CO2 was used as additional 
carbon source. Please note that the fermentation was carried out only once.
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Fig. 5. Two fermentations of Actinobacillus succinogenes in autoclaved acid whey and suspended oat pomace (OP2) mixed in a ratio of 2:1. A and B: Concentrations of 
glucose (closed triangle), lactose (closed quadrate), galactose (closed diamond), and total sugars (closed circle), C and D: Formation of succinic acid (open circled), 
lactic acid (open triangle), acetic acid (open quadrate), and formic acid (open diamond) as well as increase in optical density (OD, open star). For the fermentation 
shown in A and B Na2CO3 and for the one shown in C and D CO2 were used as additional carbon source.

Fig. 6. Two fermentations of Actinobacillus succinogenes in autoclaved acid whey and suspended oat pomace (OP2) mixed in a ratio of 3:1. A and B: Concentrations of 
glucose (closed triangle), lactose (closed quadrate), galactose (closed diamond), and total sugars (closed circle), C and D: Formation of succinic acid (open circled), 
lactic acid (open triangle), acetic acid (open quadrate), and formic acid (open diamond) as well as increase in optical density (OD, open star). Na2CO3 was used as 
additional carbon source.
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acid whey, the OD increased during the first 8–9 h (Figs. 1–6). This was 
also the time where a decrease in the concentration of FAN from roughly 
0.1 g L−1 to 0.08 g L−1 could be measured (not shown). It is interesting 
that the formation of succinic acid is not associated to the growth of 
A. succinogenes as in most fermentations succinic acid concentration 
increased when OD stagnated. To ease the downstream processing of 
succinic acid the formation of side products such as acetic and formic 
acids should be avoided. Unfortunately, it can be seen from the results 
obtained that acetic and formic acids also do increase when growth 
stagnated and even worst ratios of succinic acid to side products have 
been found when the fermentation time was extended to 48 h. Addi
tionally, an effect of CO2 or Na2CO3, which have been used as additional 
carbon sources in the present study, on the formation of side products 
can be ruled out as comparable results where obtained (Figs. 5 and 6, 
and Table 2).

While the focus was in the past predominantly on the identification 
of suitable carbon sources, activities concentrate now on the identifi
cation and efficient use of alternative and complex nitrogen sources to 
produce succinic acid. In various studies, among others, corn steep li
quor [22], whey [7,21], and yeast extract [18] have been studied. 
Terboven et al. found that a supplementation of 5 g L−1 yeast extract is 
more than sufficient when an initial sugar concentration of 43 g L−1 is 
applied [18]. The authors found a titer and a yield of 23 g L−1 and 0.57 g 
per g total sugar. Louasté and Eloutassi found optimal succinic acid 
production with 25 g L−1 lactose in 35 g L−1 whey powder, which 
resulted in a succinic acid titer of 21 g L−1 and yield of 0.65 g per g 
lactose [7]. Xi et al. tested 7.5 g L−1 and 15 g L−1 of corn steep liquor to 
substitute yeast extract and obtained 17.1 and 15.1 g L−1 succinic acid 
at a yield of 0.57 and 0.50 g per g glucose. The nitrogen supply has a 
direct impact on the utilization of carbon sources. While glucose was the 
preferred carbon source, galactose accumulated in this study. This was 
also observed before when nitrogen was absent [18]. Interestingly, 
when nitrogen was supplied in an utilizable form and at sufficient 
concentration also galactose was utilized [18]. Thus, by providing a 
better nitrogen source the productivities, as shown in Table 2, can 
certainly be increased by also making use of the accumulating galactose.

In this study the yield of succinic acid was comparable in control 
medium, acid whey, and mixtures of oat pomace and acid whey at 
different ratios (Table 2), and the yields are similar to what has been 
reported earlier [18,21,22,7]. However, highest yield was obtained in 
this study in suspended oat pomace. After 24 h the yield was above 0.8 g 
per g sugar consumed. After 48 h the yield increased to 1.0 g g−1 

(Table 2 and Fig. 3). It might be speculated that other carbon sources 
beside glucose were present and utilized by A. succinogenes. But also the 
assimilation of CO2 might have contributed to a yield of 1 g per g and 
higher [6,17].

It might be expected that a better pretreatment using proteolytic 
enzymes may increase the amount of FAN recovered from acid whey and 
oat pomace. Nevertheless, the upstreaming used in this study is simple 
and realizable without any special equipment on chemicals. Further
more, the reduction of process steps may reduce the risks of contami
nation and may eventually make sterilization unnecessary. Such 
simplicity may also contribute to the realization of continuous process to 
increase productivity without complicating upstreaming [11].

5. Conclusions

The use of acid whey and oat pomace as nutrient sources for 
fermentation has shown promising results, with oat pomace providing a 
higher succinic acid yield compared to acid whey. The efficient utili
zation of nitrogen sources is crucial for biomass production and succinic 
acid formation. However, neither acid whey nor suspended oat pomace 
provided sufficient nitrogen to allow for an efficient conversion of sugars 
into succinic acid. Nevertheless, the findings contribute to the efforts to 
identify suitable carbon sources for the fermentative production of 
succinic acid, and in this aspect oat pomace could clearly be identified as 

suitable carbon source for A. succinogenes.
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