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A B S T R A C T

The utilization of a cheap side stream is the core for biotechnological production of platform chemicals, such as, 
succinic acid. This study explores lab and pilot scale fermentation of Actinobacillus succinogenes (B1) and Basfia 
succiniciproducens (B2) to produce succinic acid from sulphide fibre sludge, a side product from pulp and paper 
industry. Both strains demonstrated efficient SA production, with lag phase of 2–3 h, accompanied by by-product 
formation of formic acid (FA) and acetic acid (AA). B1 outperformed B2 in SA concentration (28.4 g•L-1 vs 
20.4 g•L-1) and yield ( 0.76 g⋅g-1 and 0.51 g⋅g-1), leading to its selection for pilot scale fermentations. Pilot scale 
fermentations using SFS hydrolysate as carbon source achieved SA yields of 0.62–0.66 g/g with productivities of 
0.65 – 0.78 g•L-1 SA. SFS hydrolysate, rich in glucose provided a promising substrate, yielding 23 g•L-1 SA. Two 
downstream processing (DSP) methds were evaluated for SA recovery. DSP 1, involving microfiltration, elec
trodialysis, and ion exchange, achieved 62 % recovery but incurred losses during filtration and electrodialysis. 
DSP2 utilized activated carbon for decolorization, followed by microfiltration and crystallization, yielding 
60.3 % SA recovery. Both DSP approaches produced high purity SA suitable for polymer applications. These 
results underscore the potential of SFS hydrolysate for sustainable SA production and highlight the need for 
process optimization, including fed-batch or continuous systems, to enhance yields and reduce costs. These 
findings contribute to advancing biobased monomer production as a viable alternative to fossil-based methods.

1. Introduction

Sustainable Production of Succinic acid: Challenges and 
Opportunities

The increasing demand for organic chemicals and their sustainable 
production lead to the development of alternative ways of their fabri
cation. In addition, the establishment of purification techniques enables 
monomers production, in consequence capable for further processing, 
such as polymerisation. Moreover, the approach to exploit lignocellu
lose, as an alternative feedstock for fossils, rises. Therefore, a combi
nation of biotechnological production with cheap biomass source paves 
the way to fulfil the goals of sustainable development combined with the 
bio-economy concept. However, overcoming strategic goals is one issue, 
whereas finding technical solutions that will compete with already 
existing, cheaper, but fossil based techniques is still of a challenge.

Succinic acid (SA) is a key platform chemical with diverse industrial 
applications. Know as butanedioic acid, this C4-dicarboxylic acid well 

plays a crucial role in the food, pharmaceutical and chemical industri
essince it belongs to the group of 12 platform chemicals (Ewing et al., 
2022; Alexandri and Venus, 2017). SA serves as a precursor for valuable 
chemicals, such as, 1,4-butanediol, succinic esters, and succinimide, 
among others (Pakdeedachakiat et al., 2019). Market predictions indi
cate that bio-based SAproduction is going to increase to 245,000 tons 
annually (Zhou et al., 2023).

Despite its potential, the economic feasibility of bio-based SA pro
duction remains a challenge. Fermentative production of SA was gained 
momentum until 2018, primarily driven by BioAmber. However market 
limitations made it unprofitable compared to traditional chemical 
methods, which involvehydrogenating maleic anhydride at the same 
time causing pollution generation (Gao et al., 2023). As a result, alter
native biotechnological biotechnological pathways, along with bio
process and purification optimizations, have emerged (Oreoluwa 
Jokodola et al., 2022; Shen et al., 2022).

Microbial fermentation is a method for SA production using diverse 
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microbial strains. Bacteria, such as, Actinobacillis succinogenes (Dessie 
et al., 2021), Basfia succiniciproducens (Ventorino et al., 2017), Man
hemmia succiniciproducens, or recently described Issatchenkia orientalis 
(Kim et al., 2023; Tran et al., 2023) as well as certain yeast strains 
(Babaei et al., 2019; Prabhu et al., 2020) can metabolize both C6 sugars, 
such as glucose, but also C5 sugars, like xylose (Bradfield et al., 2015). 
This ability is crucial when using lignocellulosic feedstock is considered 
for SA fermentation. Due to feedstock limitations, lignocellulosic 
biomass, which does not compete with food and feed sector, but also for 
any side stream, rich in simple sugars that could be used as a cheap 
carbon source. Therefore, xylose rich substrates, such as grass 
(Escanciano et al., 2022; Lee et al., 2022; Oreoluwa Jokodola et al., 
2022; Shen et al., 2022) could add value to new biomass valorisation.

Feedstock selection and its composition play a crucial role in opti
mizing SA fermentation (Bartos et al., 2021). Lactose based medium 
(Terboven et al., 2021), sugarcane bagasse (Chen et al., 2021), whey 
(Banger et al., 2021; Omwene et al., 2021), lignocellulosic biomass (Lu 
et al., 2021), sugar beet pulp (Alexandri et al., 2019), citrus peel 
(Patsalou et al., 2017) would have a completely different approach, 
based on substrate composition and heterogeneous feature of each 
biomass. This fact is important in terms of feedstock provision, and type 
of fermentation applied (batch, fed-batch, continuous). Another side 
stream, so called, sulphide fibre sludge (SFS), is a residue coming from 
pulp and paper industry. The annual production of SFS is ca. 1000 dry 
tonnes/paper mill plant (Olszewska-Widdrat et al., 2023). It is rich in 
sugars, so it can be directly used for enzymatic hydrolysis and fermen
tation. Moreover, the incorporation of CO2 as an electron acceptor 
(Amulya and Venkata Mohan, 2022; Terboven et al., 2021) enhances SA 
production sustainability. Exploring novel ways of CO2 fixation could 
significantly reduce production costs while supporting CO2 capture, 
what would positively affect the process value chain and bring 
fermentation techniques as leading methods. In consequence, depending 
on the fermentation mode: batch (Almqvist et al., 2016), fed-batch 
(Ferone et al., 2019) and continuous (Bradfield et al., 2015), different 
techno-economic scenarios must be evaluated to improve process 
feasibility (Ferone et al., 2019; Jiang et al., 2017; Khoshnevisan et al., 
2020).

Downstream processing (DSP) is a critical cost factor in SA produc
tion. Purification techniques include different ways, starting from cal
cium precipitation, direct crystallization, salting out or reactive 
extraction (Alexandri et al., 2019), and membrane purification tech
niques (Alexandri et al., 2019; Ferone et al., 2019) impact yield and 
economic viability. The choice of purification strategy depends on the 
fermentation feedstock, as purification from lignocellulosic biomass, 
such as Miscanthus (Dąbkowska et al., 2019), differs from municipal 
solid waste (López-Gómez et al., 2020). Techniques like microfiltration 
and nanofiltration based crystallization could be a solution for different 
feedstock, depending on the size of particles (Thuy and Boontawan, 
2017), but also different membrane techniques would fasten the process 
and increase ions and impurities removal (Sadare et al., 2021). Cost 
reduction is DSP is essential for improving market competitiveness. 
Downstream processing accounts for around 60 % of overall SA pro
duction costs, making process optimization crucial, in order to convince 
the public to enhance the competitiveness with petrochemical industry 
(Dai et al., 2020; Kumar et al., 2020). For that reason, it is not only 
important to improve yield and productivity of SA production, but also 
to propose sufficient methods for the downstream process to overcome 
market limitations.

This study evaluates two downstream approaches for SA purifica
tion. The first method (DSP1) utilizes electrodialysis techniques, while 
the second (DSP2) incorporates active char. Both approaches focus on 
optimizing SA production using Actinobacillus succinogenes B1 strain, 
leveraging pulp and paper industrial side stream as feedstock.

2. Materials and methods

2.1. Feedstock

Sulphite Fibre Sludge (SFS) was kindly provided by RISE Processum, 
as a side stream coming from pulp industry, enzymatically pre-treated as 
described in (Olszewska-Widdrat et al., 2023).

2.2. Microorganism and inoculum preparation

Actinobacillus succinogenes B1 (DSM-22,257) and Basfia succinicipro
ducens B2 (DSM 22,022) strains were used for lab scale fermentations 
carried out at ATB. B1 strain was obtained from DSMZ (Braunschweig, 
Germany). The inoculum was prepared utilizing tryptic soy broth (TSB) 
(Merck, Germany), with one cryo bead, incubated at 37 ◦C in Duran 
bottles, at 150 rpm, for 20 h. Only B1 strain was used for pilot scale 
fermentation. Inoculum for the pilot scale fermentation was prepared 
with 5 L of TSB (Merck) in 10 L vessel. Biostat Bplus (Sartorius AG, 
Germany) bioreactor was used for preculture preparation. Temp. was set 
to 37 ◦C, with 250 rpm steering speed, and the time of incubation of 
16 h.

2.3. Fermentation

2.3.1. Lab-scale fermentation
Lab scale fermentation was carried out utilizing Eloferm system 

(EloSystems GbR, Germany), with working volume of 250 mL, at 37 ◦C, 
200 rpm, pH 6.7, with the addition of 10 g•L− 1 of yeast extract and 
1 g•L− 1 of NaHCO3. Two succinic acid producing strains were tested: B1 
- Actinobacillus succinogenes and (DSSM 22,257) B2 – Basfia succinici
producens (DSM 22,022). The pH value was maintained at 6.7 by adding 
Na2CO3 25 % (w/v).

2.3.2. Pilot-scale fermentation set-up
Pilot scale fermentation was carried out in 72 L BIOSTAT UD 

bioreactor (B-Braun Biotech, Melsungen, Germany) with 50 L working 
volume. Glucose and nutrient solution was transferred after the sterili
zation to a sterilized fermenter and fermentation parameters were set. 
The nutrient solution contained 10 g⋅L− 1 yeast extract and 1 g⋅L− 1 

NaHCO3. Similarly, SFS was autoclaved at 121 ◦C, 15 min. Additional 
nutrients, such as yeast extract at the concentration 10 g⋅L− 1, NaHCO3 at 
the concentration 1 g⋅L− 1, were dissolved in demineralized water and 
sterilized for 15 min, at 121 ◦C in a stainless steel vessel. Hydrolysate 
and nutrient solution after sterilization were transferred to the sterilized 
bioreactor (water sterilization), the fermentation parameters were set 
(37 ◦C and pH 6.7), and then the preculture was pumped with the tubing 
system from 10 L vessel. pH value was also stabilized with Na2CO3 25 % 
(w/v).

2.4. Analytics

The concentration of reducing sugars, succinic acid (SA), formic acid 
(FA), acetic acid (AA) and lactic acid (LA) was carried out by HPLC 
(DIONEX, Sunnyvale, CA, USA), coupled with refractive index detector 
(RI-71, SHODEX, Yokohama, Japan) and operated with a Eurokat H 
column (300 mm×8 mm x 10 µm, Knauer, Berlin, Germany), eluted with 
5 mM H2SO4 at a flow rate of 0.8 mL⋅min− 1. An IonPac CS 16 column 
was (250 mm×4 µm, DIONEX, Sunnyvale, SA; USA) was used for the 
analysis of cations in SFS and fermentation samples, operating at flow 
rate of 1.0 mL⋅min− 1, at 40 ◦C, with 30 mM CH3SO3H as mobile phase. 
The analysis of anions were carried out using IonPac AS9-HC column 
(250 mm×4 µm, DIONEX, Sunnyvale, CA, USA), eluted with NA2CO3 at 
flow rate of 1.2 mL⋅min− 1, at room temperature.
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2.5. Downstream

2.5.1. DSP1

2.5.1.1. Filtration and softening. Microfiltration was carried out using 
UFI-Tec/TAMI 0.2 µm cross-flow filtration system, equipped with ABB 
ceramic membranes (UFI-TEC, Oranienburg, Germany). Softening was 
done using PUROLITE S950 acid chelating resin (Purolite, Ratingen, 
Germany). pH was adjusted to 10 by adding 20 % NaOH (w/v). The 
permeate was pumped to the column from below at a flow of 6 bed 
volumes per h. Softening was complete after ca. 3 h, when conductivity 
of the purified water was below 1 mS⋅cm− 1.

2.5.1.2. Electrodialysis. After the softening step, the filtrate was 
concentrated using monopolar electrodialysis. The monopolar electro
dialysis (EDM) was carried out in batch mode, under constant polarity 
and at temperature of 35 ◦C. It was composed of sheet flow stack having 
11 cation exchange membranes Type Fuji 7 and 10 anion exchange 
anion exchange membranes Type Fuji 7 (Fujifilm), operating at 20 V, 
and 3 A. Conductivity values ranging below 1.8 mS⋅cm− 1 indicated 
termination of the process. The concentrated steam produced via 
monopolar electrodialysis was then used via bipolar electrodialysis. 
Bipolar electrodialysis was done using 10 cation exchange membranes 
PC CELL Membranes_8 operating max. at 30 V, and 5 A. Conductivity of 
the salt stream at ca. 3.7 mS cm− 1 implied the end of electrodialysis step. 
The acid stream was further used for next purification steps.

2.5.1.3. Decolorization coupled with anion and cation chromatography.
Decolorization step was necessary to remove all ions remaining in the 
stream and responsible for the colour of the solution. In the first 
decolorization step MN502 resin was used at the flow rate of 6 bed 
volumes, with column capacity of 4.5 L. After spectrophotometric 
measurement at 420 nm, a second decolorization step was necessary 
using MN 502 column with resin capacity of 2 L. MilliQ- water was used 
as a blank. The following cations and anions removal was done using 
cation and anion exchange chromatography. The strong cation exchange 
resin RELITE EXC 08 (Resindion S.r.l., Italy) was applied followed by 
anion exchange resin A133S (Purolite, US).

2.5.1.4. Vacuum distillation and crystallization. The filtrate was vacuum 
evaporated using a vacuum distillation phase plant (Büchi Labortechnik, 
Essen, Germany) at 20 ◦C, − 0.98, 350 rpm. The evaporated solution 
with 80–90 g/L succinic acid was filled in a stirred glass vessel (Sartorius 
Stedim, Göttingen, Germany). To reduce the solubility of the succinic 
acid and thus trigger crystallisation, the medium was cooled down to 
− 2.5 ◦C under stirring at 400 rpm. The resulting crystal suspension was 
separated by vacuum filtration consisting of a Büchner funnel and suc
tion flask (Th. Geyer, Germany). The resulting SA crystals were washed 
several times during filtration with demineralised water. The crystals 
were then dried at 50 ◦C for 24 h in a UT20 drying oven with air 
circulating (Thermo Scientific, US). The remaining filtrate still contains 
approx. 50 % of the succinic acid and is therefore concentrated again in 
the vacuum distillation and then crystallised. In the downstream process 
described here, three evaporation-crystallisation stages were carried 

Fig. 1. Schematic diagram of the downstream process (DSP 1) applied for the purification of succinic acid, with all pilot parameters integrated.
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out.(Fig. 1)

2.5.2. DSP2

2.5.2.1. Microfiltration. Microfiltration was done in similarly carried 
out using UFI-Tec/TAMI 0.2 µm cross-flow filtration system, equipped 
with ABB ceramic membranes (UFI-TEC, Oranienburg, Germany).

2.5.2.2. Coarse filtration and activated carbon. The permeate was mixed 
with activated carbon CW 20 (Silcarbon, Aktivekohle, GmbH) for 1 h to 
absorb all impurities remaining in the solution. The ratio between car
bon and filtrate was 1:25 (1 kg of activated carbon / 25 L of permeate). 
The solution was afterwards micro-filtrated (TAMI 0.2 µm).

2.5.2.3. Vacuum distillation and crystallization. Similarly to DSP1, the 
filtrate was vacuum evaporated using a vacuum distillation phase plant 
(Büchi Labortechnik, Essen, Germany) at 20 ◦C, − 0.98, 350 rpm. The 
evaporated solution with succinic acid was filled in a stirred glass vessel 
(Sartorius Stedim, Göttingen, Germany). The succinic acid medium was 
cooled down to − 2.5 ◦C under stirring at 400 rpm. The resulting crystal 
suspension was separated by vacuum filtration consisting of a Büchner 
funnel and suction flask (Th. Geyer, Germany). The resulting SA crystals 
were washed several times during filtration with demineralised water. 
The crystals were then dried at 50 ◦C for 24 h in a UT20 drying oven 
with air circulating (Thermo Scientific, US).(Fig. 2)

3. Results and discussion

3.1. SFS composition

SFS is mostly composed of glucose, but it also contains cellobiose and 
xylose. There was no lactic acid detected, neither acetic acid. However, 
SFS is rich in nutrients, such as nitrogen, phosphorus, or sodium, among 
others, which can positively affect the fermentation process. The con
centration of measured parameters can be found in Table 1.

3.2. Laboratory scale SA fermentation

Laboratory scale fermentations, performed as control fermentations, 
allow optimizing the process to foresee the behaviour of strains, but also 
to determine the amount of ingredients necessary for pilot scale fer
mentations. Both tested strains: Actinobacillus succinogenes (B1) and 
Basfia succiniciproducens (B2) were able to convert reducing sugars to 
succinic acid. The lag phase last in both cases around 2–3 h, before SA 
production started. Both fermentations showed the formation of by- 
products, such as, formic acid and acetic acid with final concentra
tions of FA for B1 strain 4.37 g•L-1 and 4.77 g•L-1 for B2 strain; and for 
AA of 8.99 g•L-1 and 6.63 g•L-1, respectively. Lactic acid detected from 
the beginning of the process was the side effect of the pre-treatment of 
SFS. Additionally, strain B2 was capable to produce small amounts of 
LA; therefore, LA concentration in Fig. 3B slightly increased. Fermen
tations last 32 h, showing total acid production of 48.1 g•L-1 for B1 and 
48.8 g•L-1 for B2 strain. SA yield reached 0.76 g⋅g-1 and 0.51 g⋅g-1 with 
SA productivity of 1.06 g⋅L-1⋅h-1 and 0.87 g⋅L-1⋅h-1, correspondingly. The 

Fig. 2. Schematic diagram of the downstream process (DSP 2) applied for the purification of succinic acid, with all pilot parameters integrated.

Table 1 
Composition of SFS batches used in this study.

Component Batch 1 Batch 2

Glucose (g⋅L− 1) 122.95 117.87
Cellobiose (g⋅L− 1) 2.54 3.20
Xylose (g⋅L− 1) 5.0 4.68
Lactic acid (g⋅L− 1) 0.0 0.0
Acetic acid (g⋅L− 1) 0.00 0.00
Nkjel (mg⋅L− 1) 430.6 412.1
Total phosphorus (mg⋅L− 1) 217.7 244.4
Cl- (mg⋅L− 1) 3.7 3.3
SO4

2- (mg⋅L− 1) 34.0 39.0
Na+ (mg⋅L− 1) 102.0 96.0
K+ (mg⋅L− 1) 6.8 10.0
Mg2+ (mg⋅L− 1) 7.6 9.2
Ca2+ (mg⋅L− 1) 2.0 3.2
Furfural (mg⋅L− 1) n.a. n.a.
HMF (mg⋅L− 1) n.a. n.a.
Phenol (mg⋅L− 1) n.a. n.a.
Catechol (mg⋅L− 1) n.a. n.a.
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final SA concentration for B1 strain reached 28.4 g⋅L-1 and was 8.0 g•L-1 

higher with comparison to B2 strain. B1 strain also produced less by- 
products, therefore, considering all parameters, B1 strain served for 
the pilot scale fermentations.

3.3. Pilot scale SA fermentation

Pilot scale fermentations were carried out either with glucose (as 
control) or with SFS hydrolysate. The control fermentation last 28 h, 
with final titers of 21.9 g•L-1 of SA, 8.63 g•L-1 acetic acid, and 6.37 g•L-1 

of formic acid, seen in Fig. 4A. Although the only carbon source was 
glucose, 0.61 g•L-1 of xylose detected during the fermentation, at the 
end of the process, may suggest a metabolite formation rather than 

xylose occurrence in the fermentation broth. The final SA yield was 
0.62 g⋅g-1 and the global SA productivity 0.78 g⋅L-1⋅h-1 with the max 
productivity of 1.9 g⋅L-1⋅h-1 after 8 h of fermentation, while the initial 
glucose, 41.6 g•L-1, was fully consumed. As shown by Olszewska- 
Widdrat (Olszewska-Widdrat et al., 2023), SFS is mostly composed of 
glucose, but it also contains small amounts of cellobiose and xylose. 
Additionally it contains ions, which have a positive effect on the growth 
of microorganisms. Inhibitors, detected in the hydrolysate; mostly 
catechol did not influence the process significantly. Additionally, 
glucose concentration optimization for succinic acid fermentation, 
where 80 g⋅L-1 was the limiting factor for optimized SA production (data 
not shown) was observed. This phenomena was also mentioned by other 
authors (Dai et al., 2020). Actinobacillus succinogenes was also 

Fig. 3. SA fermentations carried out in a lab scale (250 mL) with SFS as a carbon source and nutrient source utilizing B1 (A) and B2 (B) strain. Concentration of total 
sugars ( ), succinic acid ( ), acetic acid ( ), lactic acid ( ), and formic acid (x).

Fig. 4. A. succinogenes fermentation carried out at pilot scale (50 L) with glucose (A), with SFS1 (B) and SFS 2 (C). Concentration of total sugars ( ), succinic acid 
( ), acetic acid ( ), lactic acid ( ), formic acid (x), and biomass (-).
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investigated separately in terms of its thermal characteristics showing its 
potential biomass utilization as a biofuel (Lin et al., 2020).

The SFS pilot scale batch fermentations last 35 h with the final SA 
concentration of 23 g⋅L-1 and 20 g⋅L-1. The 42 g⋅L-1 of total sugars were 
fully consumed throughout the fermentation, reaching 37.4 g⋅L-1 of total 
acids produced, also shown in Fig. 4B. 23 g⋅L-1 of SA produced led to 
final SA yield of 0.66 g⋅g-1 and the productivity of 0.65 g⋅L-1⋅h-1 with the 
maximal productivity of 1.46 g⋅L-1⋅h-1 after 23 h of fermentation. By- 
product formation resulted in AA and FA production at the concentra
tions of 8.8 g⋅L-1 and 5.68 g⋅L-1, respectively. Similar study, done by 
Alexandri et al., showed that fed-batch system can also increase the 
production of SA, decreasing at the same time by-product production 
(Alexandri et al., 2019). (Kim et al., 2023) presented the utilization of 
metabolically engineered microorganisms, including Actinobacillus suc
cinogenes to produce SA. Oreoluwa Jokodola et al. used batch and 
fed-batch and xylose reach medium to reach conversion yield of 
0.82 g⋅g-1 after 50 h of fermentation (Oreoluwa Jokodola et al., 2022). 
The study done by (Escanciano et al., 2023) showed a kinetic model for 
utilizing potato waste for SA production showing also very promising 
results with similar values for yields and productivities. However, all 
these studies performed in lab-scale show promising results, scaling up 
the process is necessary to show the feasibility of the industrial pro
duction of SA, what is shown in this study. Actinobacillus succinogenes is 
as one of the promising strains in SA production, still its performance 
needs the improvement though, and therefore fed-batch or continuous 
fermentations could improve yields and productivity of this strain. One 
of the ways is the genetic modification of microbial strains to metabol
ically engineer some species to direct SA production, but this issue still 
remains challenging (Becker et al., 2013). Therefore, focusing rather on 
wild type SA producing strains could be sufficient for the process and 
downstream process improvement should be the focus for SA recovery.

3.4. Succinic acid recovery

The high optical purity of succinic acid crystals plays a crucial role in 
further polymerization steps, in order to produce biobased poly
buthylene succinate (PBS). Therefore, several steps were necessary to 
remove cell biomass, protein residues, and ions that could potentially 
affect it. Since the DSP costs are crucial in terms of process ability, new 
techniques were implemented in order to decrease the time, energy cost 
and product loses. In this study, two DSP methods were proposed DSP 1 
and DSP 2, shown in Fig. 1 and Fig. 2. DSP 1 included microfiltration, 
followed by softening, electrodialysis, decolorization, ion exchange 
chromatography, vacuum distillation and crystallization. Micro
filtration was the first step applied after termination of the fermentation 
to remove cell biomass, resulting in 73.4 L of permeate containing 
17.3 g⋅L-1 of succinic acid and 5,09 g⋅L-1 of succinic acid in retentate 
(3.9 L). After the microfiltration, calcium and magnesium ions were 
partly removed from 85 L of permeate with a PUROLITE S950 acid 
chelating resin, in so-called softening step. 73.4 L of filtrate contained 
17.3 g⋅L-1 of succinic acid, but also small amounts of lactic, acetic and 
formic acid. High amount of ions present in permeate was also consid
ered in the next purification steps. When the concentration of Ca2+ and 
Mg2+ ions was low enough, the electrodialysis step was implemented. 
The monopolar electrodialysis was done utilizing 11 cation and 10 anion 
exchange membranes and was terminated when the conductivity of the 
diluate went below 1 mS ⋅cm2. The bipolar electrodialysis was con
ducted until the conductivity of the salt solution was below 2 mS ⋅cm2. 
Succinic acid concentration after electrodialysis step resulted in 
59.5 g⋅L-1 of SA. The diluate stream after the monopolar electrodialysis 
showed 0.70 g⋅L-1 of succinic acid. The acid stream was then decolorized 
using an adsorbent resin MACRONET TM MN-502 where sulfonic acid 
functional groups are capable to decolorize solutions. In this case mostly 
phosphate was removed, followed by Na+ ions. Cation and anion 
removal was carried to remove remaining ions, such as PO4

3-, Cl-, SO4
2-, 

Na+, K+, Mg2+, Ca2+. Their concentration was monitored during the 

entire downstream process and was summarized in Table 2, indicating 
that after the crystallization step there were some ions remaining.

Vacuum distillation was used to concentrate the product and crys
tallization was applied to finally collect SA crystals. The DSP 2 consti
tuted of microfiltration, followed by activated carbon adsorption with 
coarse filtration, microfiltration, vacuum distillation and crystallization. 
At the end of fermentation in 70 L bioreactor, 59.7 L of fermentation 
broth contained 22.4 g⋅L-1 of succinate. It was possible to recover 62.4 % 
of SA in DSP 1. Remaining 37.6 % was lost during the downstream 
process, especially in filtration and electrodialysis steps. There were no 
residual sugars detected, since they were all consumed, but in the side 
stream after the distillation step lactic acid, acetic acid and formic acid 
were still detected. The initial concentration of ions, such as Na+, was 
relatively high, and decreased after in the electrodialysis process, what 
is shown in the base stream in Table 3. Nkjel was also detected and it was 
possible to reduce its concentration to 0.67 mg•L-1 after 3rd crystalli
zation step.

DSP 2 consisted of microfiltration, activated carbon followed by 
coarse filtration, distillation and at the end crystallization. Utilizing 
either a biochar (Li et al., 2019) or activated carbon (Alexandri et al., 
2019), would improve the purification process and decrease the overall 
costs, therefore DSP 2 main step included activated carbon utilization. 
The microfiltration step was necessary to remove cell biomass, similarly 
to DSP 1. The utilization of activated carbon in DSP 2 was essential to 
remove mostly pigments. To do so, 4 % (w/v) of activated carbon was 
sufficient to remove all impurities, what Alexandri et al. showed as well, 
via treatment with activated carbon (Alexandri et al., 2019). After the 
second microfiltration, in order to separate activated carbon, permeate 
was used for distillation, followed by crystallization. The acidification 
step was necessary to lower the pH below by 2 utilizing HCl solution 
(31 % v/v). The vacuum distillation was important to remove formic, 
acetic acids, since they affect the crystal growth rates (Lithourgidis et al., 
2023). High crystal purity is essential for SA high purity crystals, 
therefore, crystallization was carried out under continuous stirring for 
7 h, and was divided to 5 crystallization steps, where the filtrate was 
subsequently used for another crystallization. However, already after 
the first crystallization, the soluble succinic acid reached a concentra
tion of 46.9 g⋅L-1 at room temperature. The filtrated SA crystals were at 
the end dried in the oven. In between, after each step, the concentration 
of ions, SA, LA, FA, and AA was monitored what is summarized in 
Table 2. Fermentation broth (58.5 L) contained 20.3 g⋅L-1 of succinate. It 
was possible to recover 60.3 % of SA in DSP 2. Activated carbon may 
also adsorb SA, therefore this step may mostly contribute to SA loses. 
There were no residual sugars detected, neither other organic acids, such 
as, lactic acid, acetic acid and formic acid. The initial concentration of 
ions, such as Na+, was relatively high, and decreased during the process, 
shown in the base stream in Table 2.

3.5. Mass balance

High reducing sugars content led to hydrolysate dilution. Mass bal
ances of the succinic acid production and recovery from fermentation 
broth using two different approaches (shown in Fig. 5) indicate that in 
the DSP1 based on electrodialysis, from ~ 60 kg of hydrolysate, 0.83 kg 
of SA was recovered giving 62 % recovery yield.

Similarly, in DSP 2, with active char implementation, recovery yield 
reached 61 %, with the final 0.73 kg of SA crystals. SFS is a very 
promising hydrolysate and its utilization could definitely decrease the 
cost of monomers production. Waste valorisation has a huge impact on 
the production of platform chemicals at all, and therefore makes 
fermentable production of monomers, including succinic acid rentable. 
SFS has been tested for fermentative production of other products, such 
as shown bacterial cellulose and enzymes production (Cavka et al., 
2013; Cavka et al., 2014), what makes SFS a very promising substrate 
that could be used within the context of biorefinery. Batch production of 
succinic acid could be still improved; therefore fed-batch or continuous 
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systems need to bring new solutions, although batch fermentation shows 
the first outcomes and challenges that platform chemicals industry and 
society need to face to overcome the transition from fossil-based 

production to more sustainable one. Not only the production cost need 
to decrease, but also the understanding of an urgent need for the 
transformation has to happen. The real steps have to be done in order to 

Table 2 
DSP 1 Compositional analysis after each step of purification process of the fermentation broth, obtained from pilot scale fermentation, utilizing SFS.

DSP 1Step V (L) SA 
(g⋅L-1)

Cl- 

(mg⋅L-1)
Na+

(mg⋅L-1)
K+

(mg⋅L-1)
Mg2+

(mg⋅L-1)
Ca2+

(mg⋅L-1)
NKjel 

(mg⋅L-1)
LA 
(g⋅L-1)

AA 
(g⋅L-1)

FA 
(g⋅L-1)

End of fermentation 59.5 22.4 243 19,148 358 1.62 2.5 1114 6.34 8.80 5.68
Microfiltration permeate 73.4 17.3 185 15,407 262 1.58 2.18 653 4.91 6.75 3.97
Softening 85.0 13.8 133 12,383 216 < 0.1 < 0.1 517 3.71 5.01 3.11
MED concentrate 23.2 40.3 678 41,168 792 < 0.1 < 1 476 14.0 19.9 12.4
BED acid 16.2 59.5 837 4318 113 < 0.1 < 0.1 425 19.1 22.3 6.63
Base stream BED 44.3 1.11 20.5 19,014 357 < 0.1 < 0.1 44.5 0.63 2.75 3.88
Salt stream BED 9.1 2.82 1.83 1637 14.7 < 0.1 < 0.1 386 0.00 0.00 0.00
Decolorization 39.5 27.1 436 539 < 0.1 < 0.1 < 0.1 123 7.62 2.48 2.57
Cation exchange 41.5 25.6 340 44.1 3.15 < 0.01 0.06 43.4 6.93 7.96 2.32
Anion exchange 56.0 16.0 200 27.3 1.89 0.03 < 0.01 35.6 4.29 5.07 1.31
Concentrate vacuum distillation 10.3 66.0 - - - - - 215 30.3 17.1 5.69
Crystallization 1 0.504 40.5 - - - - - 10.6 - 0.00 0.00
Crystallization 2 0.209 40.7 < 0.5 2.36 0.86 < 0.01 < 0.01 - - 0.00 0.00
Crystallization 3 0.113 40.4 18 3.9 1.43 6.19 < 0.1 0.67 - 0.00 0.00

Crystallisation quantity in kg.

Table 3 
DSP 2 Compositional analysis after each step of purification process of the fermentation broth, obtained from pilot scale fermentation, utilizing SFS.

DSP 2 Step V (L) SA 
(g⋅L-1)

Cl- 

(mg⋅L-1)
Na+

(mg⋅L-1)
K+

(mg⋅L-1)
Mg2+

(mg⋅L-1)
Ca2+

(mg⋅L-1)
NKjel 

(mg⋅L-1)
LA 
(g⋅L-1)

AA 
(g⋅L-1)

FA 
(g⋅L-1)

End of fermentation 58.5 20.3 196 14,982 372 26.7 25.5 1195 0.00 8.28 6.19
Microfiltration permeate 72.3 16.6 145 11,889 292 22.4 20.2 657 0.00 6.47 4.78
Activated carbon/coarse filtration 72.7 15.7 132 11,815 275 10.4 19.1 804 0.00 6.41 4.91
Permeate microfiltration 68.4 15.4 145 11,062 257 3.76 13.8 277 0.00 6.17 4.64
Acidification 72.1 15.9 13,765 9349 246 4.93 5.38 273 0.00 6.30 4.86
Concentrate vacuum distillation 8.6 69.4 65,778 57,154 1600 33.7 32.9 1413 0.00 10.13 9.75
Crystallization 1 16.5 46.9 3962 3346 77.2 < 0,1 9.48 104 0.00 0.79 0.00
Crystallization 2 0.48 38.7 10.9 3.39 1.59 < 0,1 0.97 n.n. 0.00 0.00 0.00
Crystallization 3 0.17 38.6 10.7 6.5 0.82 < 0,1 < 0,1 12.1 0.00 0.00 0.00
Crystallization 4 0.08 38.5 17.7 10.4 1.12 < 0,1 0.87 n.n. 0.00 0.00 0.00
Crystallization 5 0.01 37.5 20.5 118 2.35 < 0,1 < 0,1 27.2 0.00 0.00 0.00

Crystallisation quantity in kg.

Fig. 5. Mass balances for SA production from SFS hydrolysate.
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force changes that are more visible in order to overcome the limits that 
white biotechnology offers.

4. Conclusions

This study investigated the use of sulphide fibre sludge, a low-cost 
industrial side stream from pulp and paper industry, as a substrate for 
pilot scale succinic acid fermentation. This study showed a successful 
production of SA at the pilot scale, at the yield of 0.66 g⋅g-1. The 
fermentation outcomes indicated that SA yields and productivities 
comparable to those reported in similar studies are feasible, highlighting 
the potential of pulp and paper side streams as a sustainable and cost- 
effective carbon source for SA fabrication. In addition to fermentation, 
the study explored two downstream processing scenarios for SA purifi
cation: electrodialysis and activated carbon treatment. Both methods 
provided distinct purification strategies, demonstrating pilot scale pro
cessing as well. The findings underscore the viability of producing SA as 
an environmentally friendly alternative to petroleum-based synthesis of 
this valuable monomer. Future work will focus on optimizing the 
fermentation process to enhance final SA concentrations and improve 
overall productivity. Furthermore, efforts will be directed towards 
refining downstream processing techniques to ensure the production of 
SA that meets commercial standards. Such advancements will pave the 
way for further processing of SA into polybutylene succinate, or any 
other succinic acid-based biodegradable polymers with broad industrial 
applications.
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Escanciano, I.A., Santos, V.E., Blanco, Á., Ladero, M., 2023. Bioproduction of succinic 
acid from potato waste. Kinetic modeling. Ind. Crops Prod. 203. https://doi.org/ 
10.1016/j.indcrop.2023.117124.

T.A. Ewing N. Nouse M. van Lint J. van Haveren J. Hugenholtz D.S. van Es Fermentation 
for the production of biobased chemicals in a circular economy: a perspective for the 
period 2022-2050. In: Green Chemistry 24 2022 Royal Society of Chemistry 6373 
6405 10.1039/d1gc04758b.

M. Ferone F. Raganati G. Olivieri A. Marzocchella Bioreactors for succinic acid 
production processes. In: Critical Reviews in Biotechnology 39 2019 Taylor and 
Francis Ltd 571 586 10.1080/07388551.2019.1592105.

Ferone, M., Raganati, F., Olivieri, G., Salatino, P., Marzocchella, A., 2019. Continuous 
succinic acid fermentation by actinobacillus succinogenes: assessment of growth and 
succinic acid production kinetics. Appl. Biochem. Biotechnol. 187 (3), 782–799. 
https://doi.org/10.1007/s12010-018-2846-8.

Gao, X., Tong, X., Zhang, Y., Xue, S., 2023. The sustainable production of succinic 
anhydride from renewable biomass. iScience 26 (7), 107203. https://doi.org/ 
10.1016/j.isci.2023.107203.

Jiang, M., Ma, J., Wu, M., Liu, R., Liang, L., Xin, F., 2017. Progress of succinic acid 
production from renewable resources: metabolic and fermentative strategies. 
Bioresour. Technol. 245 (30), 1710–1717. https://doi.org/10.1016/j. 
biortech.2017.05.209.

Khoshnevisan, B., Tabatabaei, M., Tsapekos, P., Rafiee, S., Aghbashlo, M., Lindeneg, S., 
et al., 2020. Environmental life cycle assessment of different biorefinery platforms 
valorizing municipal solid waste to bioenergy, microbial protein, lactic and succinic 
acid. Renew. Sustain. Energy Rev. 117, 109493. https://doi.org/10.1016/J. 
RSER.2019.109493.

Kim, J.Y., Lee, J.A., Lee, S.Y., 2023. Biobased production of succinic acid and its 
derivatives using metabolically engineered microorganisms. Ind. Biotechnol. 19 (3), 
125–137. https://doi.org/10.1089/ind.2023.0001.

R. Kumar B. Basak B.H. Jeon Sustainable production and purification of succinic acid: A 
review of membrane-integrated green approach. In: Journal of Cleaner Production 
2020 Elsevier Ltd. 277 10.1016/j.jclepro.2020.123954.

Lee, J.S., Lin, C.J., Lee, W.C., Teng, H.Y., Chuang, M.H., 2022. Production of succinic 
acid through the fermentation of actinobacillus succinogenes on the hydrolysate of 
napier grass. Biotechnol. Biofuels Bioprod. 15 (1). https://doi.org/10.1186/s13068- 
022-02106-0.

Li, X., Zhang, M., Luo, J., Zhang, S., Yang, X., Igalavithana, A.D., et al., 2019. Efficient 
succinic acid production using a biochar-treated textile waste hydrolysate in an in 

A. Olszewska-Widdrat et al.                                                                                                                                                                                                                  Food and Bioproducts Processing 151 (2025) 118–126 

125 

https://doi.org/10.1021/acssuschemeng.8b04874
https://doi.org/10.1021/acssuschemeng.8b04874
https://doi.org/10.1016/j.cogsc.2017.09.003
https://doi.org/10.1016/j.cogsc.2017.09.003
https://doi.org/10.1016/j.seppur.2018.08.061
https://doi.org/10.1007/s10295-016-1787-x
https://doi.org/10.1007/s10295-016-1787-x
https://doi.org/10.1016/J.CEJ.2021.132163
https://doi.org/10.1016/J.CEJ.2021.132163
https://doi.org/10.3389/fbioe.2019.00361
https://doi.org/10.3389/fbioe.2019.00361
https://doi.org/10.1007/s12649-021-01390-5
https://doi.org/10.1007/s12649-021-01390-5
https://doi.org/10.3390/su13063513
https://doi.org/10.1002/bit.24963
https://doi.org/10.1002/bit.24963
https://doi.org/10.1186/s13068-015-0363-3
https://doi.org/10.1186/s13068-015-0363-3
https://doi.org/10.1007/s10295-014-1457-9
https://doi.org/10.1007/s10295-014-1457-9
https://doi.org/10.1186/1754-6834-6-25
https://doi.org/10.1016/j.biortech.2020.124615
https://doi.org/10.1016/j.biortech.2019.01.051
https://doi.org/10.1016/j.biortech.2019.01.051
https://doi.org/10.1002/bbb.2063
https://doi.org/10.3390/fermentation7040220
https://doi.org/10.3390/fermentation7040220
https://doi.org/10.1007/s13399-022-02943-x
https://doi.org/10.1016/j.indcrop.2023.117124
https://doi.org/10.1016/j.indcrop.2023.117124
https://doi.org/10.1039/d1gc04758b
https://doi.org/10.1080/07388551.2019.1592105
https://doi.org/10.1007/s12010-018-2846-8
https://doi.org/10.1016/j.isci.2023.107203
https://doi.org/10.1016/j.isci.2023.107203
https://doi.org/10.1016/j.biortech.2017.05.209
https://doi.org/10.1016/j.biortech.2017.05.209
https://doi.org/10.1016/J.RSER.2019.109493
https://doi.org/10.1016/J.RSER.2019.109493
https://doi.org/10.1089/ind.2023.0001
https://doi.org/10.1016/j.jclepro.2020.123954
https://doi.org/10.1186/s13068-022-02106-0
https://doi.org/10.1186/s13068-022-02106-0


situ fibrous bed bioreactor. Biochem. Eng. J. 149. https://doi.org/10.1016/j. 
bej.2019.107249.

B.J. Lin W.H. Chen Y.Y. Lin J.S. Chang A. Farooq Y. Singh et al. An evaluation of thermal 
characteristics of bacterium actinobacillus succinogenes for energy use and circular 
bioeconomy. 2020 10.1016/j.biortech.2020.122774.

Lithourgidis, A.A., Kotsopoulos, T.A., Kalamaras, S.D., Skiadas, I.V., Kuglarz, M., 
Vigato, F., et al., 2023. Bio-succinic acid production, up to pilot scale, by 
fermentation of industrial candy waste with actinobacillus succinogenes 130Z and its 
downstream purification process. J. Environ. Chem. Eng. 11 (5). https://doi.org/ 
10.1016/j.jece.2023.110920.
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