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a b s t r a c t

Itaconic acid is a promising biobased organic acid that can be industrially produced in an 

eco-friendly way by aerobic fungal fermentation. It has many applications, e.g. in biopo-

lymers, and has the potential to help replace or facilitate the green production of other 

similar but fossil-based chemicals. Nowadays, its production costs are still relatively high, 

partly due to the multistep product recovery process from the fermentation broth. In this 

study, a reduced number of downstream processes were evaluated to recover itaconic acid 

from model and real fermentation effluents. To the best of our knowledge, this is the first 

time the whole procedure is presented from the substrates to the solid and pure product, 

including fermentation, electrodialysis with bipolar membrane, evaporation and optimized 

crystallization. Based on the fermentation temperature and elevated pH, a synergistic effect 

was observed that intensified certain mass transfer mechanisms. Consequently, a sig-

nificant amount of water (400 cm3) and itaconic acid (15 g) was transported into the alkaline 

concentrate. Moreover, novel outcomes about the condition, decolorization and process 

enhancements of the membrane (product recovery: 65–80 %, current efficiency: 42–76 %, 

product purity: 99 %) were recorded. Based on the results, our group is one step closer to the 

final concept of a continuously operated fermentation-electrodialysis integrated system.

© 2022 The Authors. Published by Elsevier Ltd on behalf of Institution of Chemical 

Engineers. This is an open access article under the CC BY license (http://creative-

commons.org/licenses/by/4.0/).

1. Introduction

Itaconic acid or methylenesuccinic acid (C5H6O4) is a re-
markable organic compound produced biologically by an 
aerobic filamentous fungus from carbohydrates (e.g. sugars, 
lignocellulosic biomass, etc.) (Komáromy et al., 2019; Saha, 
2017). For instance, the detailed mechanisms regarding the 
biotechnological production of itaconic acid have been pub-
lished (Kuenz and Krull, 2018). As a result of continuous 

optimization, the biotechnological process is economical 
compared to the equivalent chemical synthesis (Bafana and 
Pandey, 2018).

Itaconic acid can be used in many fields such as synthetic 
resins, synthetic fibers, plastics, rubbers, surfactants and oil 
additives as well as in the polymer, textile, dental, oph-
thalmic and pharmaceutical drug delivery industries among 
others which have previously been described (Okabe et al., 
2009). Additionally, a novel carboxyl functionalized biosor-
bent was made by grafting with itaconic acid on the seed 
composite for the purpose of removing metal ions (Mahour 
et al., 2022). Moreover, it can be used in super-absorbent 
polymer microspheres for the rapid concentration and 
quantification of viruses or other microbial waterborne 
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pathogens (Wu et al., 2020). Besides its wide range of appli-
cations, it is capable of replacing or supporting the sustain-
able synthesis of similar, albeit typically petroleum-based, 
chemicals (e.g. polyacrylic, acrylic and methacrylic acids) (El- 
Imam and Du, 2014; Erickson et al., 2012; Lansing et al., 2017; 
López-Garzón and Straathof, 2014; Okabe et al., 2009). Me-
thacrylic acid (2-methylpropenoic acid, MAA) and methyl 
methacrylate (MMA) are important commodity monomers 
for the synthesis of numerous industrially significant plas-
tics. The most significant petrochemical synthetic route to 
MAA/MMA is the acetone cyanohydrin process (ACH) (Nagai, 
2001). Biobased MAA can be produced from simple sugars 
and citric acid via itaconic acid intermediate. Lansing et al. 
have summarized the existing synthetic routes to biobased 
methacrylic acid using IA (Lansing et al., 2017).

Over half of the total production costs of organic acids 
originate from the separation processes during manu-
facturing (Kim et al., 2022). The main limitations of IA market 
expansion are the relatively high production costs of $1.6/kg 
(from glucose) and $0.6/kg (from lignocellulosic feedstocks) 
as well as the high market price of $1.80–2.00/kg (Bafana and 
Pandey, 2018; Nieder-Heitmann et al., 2018; Yang et al., 2020). 
If the price falls below approximately $1.50/kg, the complete 
substitution of fossil-based polyacrylic acid with IA will have 
a market potential worth over $11 billion annually (El-Imam 
and Du, 2014; Klement and Büchs, 2013). Alternatives exist to 
minimize the total cost, e.g. reducing the number of steps in 
downstream processes, fermentative production by geneti-
cally modified strains as well as the use of cheaper sub-
strates, continuous fermentation and acid recovery. 
However, in the case of continuous fermentation, the 

accumulation of the product or by-products can increase the 
likelihood of the inhibition effect occurring. According to 
other research groups, the production of IA already started to 
be inhibited above approximately 20–25 g IA/L (Eggert et al., 
2019; Klement et al., 2012; Yahiro et al., 1995; Zambanini 
et al., 2017). In the light of this, although its accumulation 
should be avoided in the fermentation medium, the max-
imum product concentration is necessary for the efficient 
recovery of IA during the downstream steps.

For the aforementioned reasons, on the one hand, fer-
mentation needs to be supported by another technique 
which is able to maintain the amount of the undesired 
compound at an adequate level in the fermentation broth 
(continuous in situ product removal, ISPR). On the other 
hand, a relatively pure and as concentrated as possible phase 
should result to facilitate the subsequent recovery stages 
such as crystallization. If each condition is met, the total cost 
could be reduced.

Several methods are available for the separation of the 
product from the fermentation broth, e.g. reactive extraction, 
crystallization, adsorption, precipitation and membrane 
processes (Gorden et al., 2017; Magalhães et al., 2017). Ac-
cording to Magalhães et al., despite the formation of by- 
products (waste salts), extraction and adsoption are re-
markable techniques in terms of chemical-intensive pro-
cesses because of the wide range of solvents, diluents and 
adsorbents required. Crystallization and membrane separa-
tion are energy-intensive low-emission processes. Direct 
crystallization as a result of evaporation is highly energy 
demanding. Techniques, namely adsorption, membrane 
bioreactors and reactive extraction, coupled with fermenta-
tion seem the most likely candidates for enhancing both the 
production yield and recovery efficiency.

The membrane separation techniques are applicable to 
other processes (e.g.: fermentation). Before the utilization of 
fermentation broth by membrane separation the only prac-
tical requirement is the pretreatment stage (suspended solid 
or mycelium removal) regarding to the continuous operation. 
One of the promising techniques for the separation of IA is 
electrodialysis (ED), an electromembrane process. ED is 
mostly used for the purpose of desalination due to the 
transfer of ions from the diluate to concentrate chambers 
through several pairs of perm-selective membranes con-
taining monocharged (anion and cation exchange) functional 
groups across an electric potential (Strathmann, 2010). Or-
ganic acids can also be ionized and separated by ED (Handojo 
et al., 2019). Pal et al. demonstrated the advantages of in-
tegrating membrane-based techniques such as ED and elec-
trodialysis with bipolar membranes (EDBM) into the 
industrial production of gluconic acid (Pal et al., 2016). The 
application of ED to fermentation is advantageous due to the 
preservation of the residual substrate in the diluate, which 
can be recirculated to be used in the fermentation process. 
Meanwhile, in continuous operations, the likelihood of pro-
duct inhibition can be minimized by controlling the content 
of products or by-products. An ED membrane module can be 
equipped with bipolar membranes (EDBM). A bipolar mem-
brane consists of two layers of membranes (both a cation and 
an anion exchange membrane), moreover, the dissociation of 
H2O to H+ and OH- takes place in the transition layer. With an 
appropriate combination of mono- and bipolar membranes, a 
free acid and base are formed from the salt without the ad-
dition of other chemical reagents (Sun et al., 2017). Further-
more, the protonated form of itaconic acid (H2IA) enables 

Nomenclature

AM surface area of membrane (m2).
AEM anion exchange membrane.
BM bipolar membrane.
Cacid segment/solution of the acidic concentrate.
Cbase segment/solution of the alkaline con-

centrate.
CE current efficiency.
CEM cation exchange membrane.
E specific energy consumption (kWh/kg 

product).
ED electrodialysis.
EDBM electrodialysis with bipolar membranes.
FERM-ED-IS fermentation-electrodialysis integrated 

system.
I current flowing through the membrane 

stack (A).
IA itaconic acid.
ISPR in situ product removal.
mp

acid mass of itaconic acid in the concentrate (g).
mP

dil mass of itaconic acid in the diluate (g).
PR product recovery.
RS

M specific membrane resistance (Ωm).
U Voltage across the membrane stack (V).
δM membrane thickness (m).
F Faraday constant (96,500 C/mol).
Em total transferred IA (mol).
b ionic charge (2).
N number of cell pairs.
t operating time.
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efficient crystallization due to its lower solubility compared 
to the majority of itaconates at higher pHs (Gausmann et al., 
2021). The deprotonated form of itaconic acid (IA2-) is pre-
ferable for the purpose of electrochemical separation thanks 
to the higher conductivity of the solution.

Our research aims to establish and develop the proof of 
concept regarding the continuous in situ product removal 
fermentation-electrodialysis integrated system (FERM-ED-IS) 
coupled with crystallization. This promising method could 
improve both the up- and downstream efficiencies simulta-
neously as a result of the higher production of IA and in-
creased space-time yield. In the present work, model and 
real fermentation broths were separated by EDBM. Moreover, 
the effects of pH shifting, separating under elevated (35 °C) 
and room temperatures, recycling the diluate/product as well 
as optimizing the crystallization technique were investigated 
to get one step closer to a FERM-ED-IS concept.

2. Materials and methods

2.1. Fermentation broth materials

All of the chemicals used were described earlier in our pre-
vious papers (Komáromy et al., 2019; Rózsenberszki et al., 
2021). The majority of them were of analytical grade and 
utilized in the fermentation stage. The applied itaconic acid- 
producing microorganism was Aspergillus terreus NRRL 1960, 
a native itaconic acid overproducing strain isolated from soil 
in Texas. Two types of fermentation broths were used in this 
study. One of them originated from a batch process, while 
the other was collected from a long-term continuous process. 
The composition of the starting medium was identical in 
both cases using glucose as a source of carbon, as described 
by Komáromy et al. (Komáromy et al., 2019).

2.2. Fermentation broth preparation

The batchwise production of itaconic acid was performed in 
a 2 L Biostat fermentation system at 37 °C, 500 rpm and an 
aeration rate of 1 VVM. The pH was maintained at 3.0 with a 
15 % w/w NaOH solution. The process was stopped after 7 

days once no further itaconic acid had been produced over 
the previous 24 h.

Continuous fermentation was carried out in a LAMBDA 
MINIFOR bioreactor with an effective volume of 1.8 L. The 
operating temperature was 37 °C and the appropriate dis-
solved oxygen level was provided by pure oxygen gas at 0.2 
VVM. The glucose concentration was maintained high (ap-
proximately 150 g/L). To effectively prevent microbial con-
tamination, the pH was not controlled so it naturally reduced 
to below 2.5 and remained at that value throughout the fer-
mentation.

Before electrodialysis, dead-end filtration was performed 
to remove the fungal biomass using a glass microfiber filter 
with a pore size of 1.2 µm (55 g/m2; 270 µm thickness). The 
clear solution obtained was tested on the electrodialysis unit 
directly or after appropriate pH adjustments had been made.

2.3. Electrodialysis with bipolar membranes

In this study, since a laboratory-scale P EDR-Z/4x multi-
functional electrodialysis unit (manufactured by MemBrain) 
was used with the module variant of EDBM-Z/10–0.8 type, the 
electrodialysis unit was operated with ten membrane triplets 
(Ralex®) in the regular arrangement CEM-AEM-BM. The ef-
fective surface area of the membrane was 1984 cm2. A de-
tailed description of the ED unit and the membranes used 
can be found in our previous papers (Rózsenberszki et al., 
2020, 2021). The module was cleaned by circulating HNO3 

(5 %) and NaOH (5 %) solutions according to the instructions 
described in the technical documentation.

Model and real fermentation broths were poured into a 
tank (diluate) with an IA content of between 28 and 33 g/L. 
Before the separation, all the fermentation broths were fil-
tered as a pretreatment to avoid prompt fouling in the 
module caused by particles and the formation of mycelium 
from fungae. In some cases, the initial pH of the diluate was 
elevated by NaOH solution to study the shift in pH. Fig. 1
showes the schematic illustration of the system. The dif-
ferent segments are as follows: Diluate - initially this seg-
ment was filled with the feed solution; Cbase - this segment 
is between the CEM and BM; Cacid – this segment results in 

Fig. 1 – The schematic illustration of the IA separation and recovery from fermentation broth using three compartments 
EDBM coupled with crystallization. The recirculation of the side solutions (Cbase, Diluate) results low waste generation 
process.
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the accumulation of the product between the membranes 
AEM and BM. Except one case, the separation tests were 
operated in batch mode for the better understanding of the 
transport mechanisms. In one case, semi-continuous op-
eration was tested to determine the product accumulation in 
the Cacid. The elevated temperature of 35 °C (to simulate the 
fermentation conditions) was maintained by a water bath. 
During the electrodialysis, Na2SO4 was used as the electro-
lyte solution (0.5 mol/L). In general, further chemicals are not 
required for the operation of the EDBM.

2.4. Analysis

The concentration of IA was followed by a Young Lin 
Instrument Co., Ltd. high-performance liquid chromatography 
(HPLC) system (including a YL9109 vacuum degasser, a YL9110 
quaternary pump and a YL9150 automatic sample dispenser) 
with a Hamilton PRP-X300 HPLC column 15 cm in length, 
4.6 mm inner diameter, 5 µm particle size (Hamilton Company, 
Berkeley, CA, USA) and a YL9120 UV/VIS detector. 
Chromatographic conditions were as follows: 1 mM H2SO4 and 
methyl alcohol as the eluents at a flow rate of 2.0 mL/min: 
0–1 min 100 % of 1 mM H2SO4, 1–6 min increasing methyl al-
cohol ratio, 6–8 min until 100 % of 1 mM H2SO4. The injection 
volume was 100 μL, monitoring at 210 detection wavelength. 
The standard deviations were less than 5 %. The glucose con-
tent of the fluids was measured by 3,5-dinitrosalicylic acid 
(DNS) with a DR3900 Laboratory VIS Spectrophotometer 
(Lorenz, 1959). The electrical conductance of the fluids in the 
various segments of the EDBM unit was measured by a Ra-
delkis OK-102/1 conductivity meter equipped with a Radelkis 
OK-9023 bell electrode using a cell constant of 0.97 cm−1. The 
data were collected online by LabVIEW software. The pH in 
each segment was monitored by a Radelkis OP-205/1 pH meter 
equipped with a WTW SenTix 60 pH electrode. The current was 
followed online by a Metrix MTX 3281 digital multimeter and 
evaluated by SX-DMM v 2.3 software. The elevated temperature 
of 35 °C (to imitate fermentation conditions) was provided by a 
water bath heated with a Sous Vide precision immersion cir-
culator made by Ambiano in Germany.

2.5. Crystallization

In this study, the acidic solution (Cacid) was concentrated by 
a rotary vacuum evaporator (Heidolph VV2000), the con-
centration of the solution was followed on an induction 
hotplate. The temperature of the solution was approximately 
80 °C. The solution continued to be evaporated until the 
concentration of IA reached 250 g/L, which was estimated by 
the reduction in volume. After evaporation, the solutions 
were initially slowly cooled to room temperature and later to 
below 5 °C (in a fridge). The following day, the crystals were 
filtered from the solutions and the samples dried by a drying 
oven (Memmert UFE 400) at 105 °C. Recrystallization took 
place in a small volume of warm (80 °C) ion-exchanged water 
whilst continuously being stirred to dissolve the crystals of 
IA. The clear solution was once again cooled down and, once 
crystallized, the filtered crystals were dried according to the 
aforementioned method.

2.6. Determination of specific membrane resistance

The specific membrane resistance (RM
S) was measured by DC 

chronopotentiometric polarization measurements. The 

experimental setup (Fig. 2) consisted of a rectangular reactor 
divided into two chambers (each with a working volume of 
160 mL) by the membrane under investigation. The mem-
branes (M) were previously equilibrated with the test solu-
tion (0.5 M NaCl and real fermentation effluent containing 
30 g/L of itaconic acid) by being soaked for at least 2 h. Pt 
plates with a surface area of 1 cm2 and an Ag/AgCl (3 M KCl, 
OP-0820 P, Radelkis, Hungary) electrode were used as 
working (W), counter (C) and reference (RE1) electrodes for 
chronopotentiometric control by a PalmSens3 potentiostat/ 
galvanostat (P, PalmSens, The Netherlands). The current- 
density range between W and C was 6.25 – 75 A m−2 (pro-
jected onto the surface area of the membrane). Two addi-
tional Ag/AgCl (3 M KCl, OP-0820 P, Radelkis, Hungary) 
reference electrodes (RE2 and RE3) were inserted into Luggin 
capillaries (L) filled with 3 M KCl, which were placed in the 
vicinity of both sides of the membrane surface via porous 
frits. The potential difference between RE2 and RE3 (U) was 
recorded by a digital voltmeter (V, 34460 A, Keysight, USA). 
The electrolyte solution was stirred continuously by mag-
netic stirrers (S) during the experiments.

2.7. Calculations

Based on the current (I) and potential difference between the 
related electrodes, the resistance of the membrane+electro-
lyte (RM+E) was determined as the gradient of the I-U data 
using Ohm’s law. To obtain the pure membrane resistance 
(RS

M), the measurements were carried out in the absence of 
the membrane, thereby determining the electrolyte re-
sistance (RE), which was then subtracted from RM+E. The 
specific membrane resistance was then calculated by con-
sidering the thickness of the swollen membrane ( M) and its 
surface area (AM = 4 cm2) based on Eq. 1 (Geise et al., 2013):

=R R A* /M
S

M M M (1) 

The current efficiency (CE) was calculated by Eq. (2):

=CE Em b F Idt N(%) * * / * *100 (2) 

where Em denotes the total amount of IA transferred in mol, 
b represents the ionic charge = 2, F stands for the Faraday 
constant = 96,500 A s/mol, N refers to the number of cell 
pairs, I equates to the current (A) and t is the operating time 
(Tran et al., 2015).

Fig. 2 – Experimental setup for measuring the polarization 
of the membrane (C: Pt counter electrode; M: membrane 
under investigation; L: Luggin capillary with a porous frit; P: 
potentiostat; RE: Ag/AgCl reference electrode; S: magnetic 
stirrer; V: digital voltmeter; W: Pt working electrode).
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In this study, the percentages of the product (IA) and its 
recovery (PR) were calculated as follows:

=PR m m(%) / *100acid
p

dil
p

(3) 

where macid
p denotes the mass of the product in the Cacid (g) 

in the permeate segment and mdil
p stands for the mass of the 

product (g) in the fermentation broth that initially fed into 
the diluate segment before the separation commenced. It 
should be noted that using the mass (g) instead of con-
centration (g L−1) is more precise because in some special 
cases, as can be seen in the Results and discussion section, the 
concentration could be inaccurate due to the water transport 
effects during the process.

The specific energy consumption (E) of the electrodialysis 
was calculated by the following equation:

=E U I mdt kWh kgIA/ , / (4) 

where U (V) denotes the potential difference across the 
membrane stack, I (A) represents the current through the 
whole stack and m (kg) stands for the total mass of IA, which 
migrated during the electrodialysis (Tongwen and 
Weihua, 2002).

3. Results and discussion

3.1. Effect of the fermentation temperature on the 
electrodialytic separation of IA

The biological production of IA is carried out industrially by 
aerobic fermentation caused by filamentous fungi. Generally, 
the most preferable productive species are the Aspergillus 
terreus strains and the optimal operating temperature is 
somewhere between 30 and 35 °C (Bafana and Pandey, 2018; 
Kuenz et al., 2012; Magalhães et al., 2019; Narisetty et al., 
2021). During the strictly operated fermentation, the tem-
perature and pH, among others, are the most critical para-
meters. In this section, to simulate a continuous 
fermentation-electrodialysis integrated system, an elevated 
fermentation temperature was applied during the separation 
of IA using aqueous model solutions. Table 1 includes the 
characteristics of the samples tested and the results after the 
separation. Each sample contained 33 g of IA and 33 g of 
glucose to simulate the residual substrate. The initial pHs 
were 3 and 5 since 7.4 (in the presence of the fully dissociated 
form of IA) had been tested in our previous works 
(Komáromy et al., 2020; Rózsenberszki et al., 2020, 2021).

As was expected, the shift in pH and the higher tem-
perature increased the separation rate due to the facilitated 
ion transport caused by a higher ionic conductivity and 
current. However, the pH shifting reduced the CE due to the 
added charge used to move the ions. Moreover, a higher 
temperature (35 °C instead of 20 °C) coupled with pH shifting 
(from pH 3–5) increased the intensity of co-ion migration 
which intensified water transfer by electro-osmosis between 
the segments Cbase and Cacid. Co-ion migration transferred 
IA2- from Cacid to Cbase (15 g of IA in Cbase) and the solva-
tion shell (hydration shell) of the ions moved resulting in 
electro-osmosis and significant water transfer from Cacid to 
Cbase (+400 cm3 of water in Cbase). The description of the 
mass transfer mechanisms in EDBM has been published by 
Wang et al. (2013), especially regarding IA separation with a 
similar EDBM configuration as can be seen in our previous 
work (Rózsenberszki et al., 2020; Wang et al., 2013). Based on 

the results, it can be stated that separation at an elevated 
temperature with pH shifting in a solution of NaOH in-
tensified co-ion migration. IA loss reduced PR and CE in the 
case of batch operations of 52 % and 50 %, respectively. 
Without adding extra ions to control the pH, CE was high at 
99 % in both cases while PR was 85 % and 79 %, respectively. 
It would be interesting to investigate the impact of pH 
shifting at a particular fermentation temperature but a re-
duced applied potential. The latter parameter can lower the 
energy consumption as well as enhance CE and PR.

3.2. IA separation by EDBM from real fermentation 
broths originating from batch fermentation

Unlike the previous test, in this case, a real fermentation 
broth was fed into EDBM equipment at room temperature. 
Table 2 includes the characteristics of the broth, the elec-
trodialytic conditions and the results regarding different in-
itial pHs. It was shown that at room temperature and a 
higher pH (7.4 instead of 3 or 5) the impact on the IA content 
in Cbase (and the water transfer to Cbase) was less sig-
nificant than when a temperature of under 35 °C was applied 
(see Table 1). According to the results, if the pH shifting of a 
diluate in a NaOH solution was avoided, the fermentation 
temperature did not cause a significant synergistic effect as 
described in the previous section. It seems that operating a 
fermentation-EDBM integrated system where the tempera-
ture and pH were elevated without modifying the applied 
potential could be disadvantageous in terms of the separa-
tion due to the intensified mass transfer mechanisms such 

Table 1 – IA recovery from aqueous model solutions by 
three-compartment EDBM at different initial pHs and 
temperatures. 

Operating parameters

IA conc. in Diluate (g/L) 33 33 33 33
Glucose conc. in Diluate 

(g/L)
33 33 33 33

pH in Cbase, Cacid 
(Initial)

5 5 5 5

pH in Diluate (Initial) 3 3 5 5
Applied voltage (V) 20 20 20 20
Operating 

temperature (°C)
∼20 35 ∼20 35

Operating time (hour) 5.5 4.5 4.5 4.0
Results
IA content (g/L, g)
Diluate <  1,  <  1 <  1,  <  1 <  1,  <  1 <  1,  <  1
Cbase 4, 4 6, 6 7, 7 10, 15
Cacid 28, 28 27, 27 25, 25 23, 16
pH in the segment
Diluate 4.3 4.0 4.2 4.5
Cbase 6.0 7.0 13.0 13.0
Cacid 3.6 3.0 3.0 3.0
Efficiency ( %)
current efficiency (CE) 99 99 75 50
product recovery (PR) 85 79 77 52
Change in Volume during the operation (  ±  10 cm3)*
Diluate -60 -80 -140 -100
Cbase + 20 + 30 + 40 + 400
Cacid 0 0 + 20 -320

* The net change in volume is negative (20–80 cm3) pre-
dominantly due to the lack of sampling during HPLC as well as 
the solution in the tubes of the spectrophotometer and the ED 
equipment.
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as co-ion migration. Without elevating the pH, 74 % and 80 % 
of PR and CE were achieved, respectively, which are higher 
than in the case of a pH-shifted fermentation broth where 
42 % and 65 % of PR and CE were calculated, respectively.

3.3. Evaluation of membrane ageing and resistance in a 
model electrolyte and real fermentation effluent

Ion exchange membranes with high ionic conductivity (i.e. 
low ion transport resistance) are vital for ensuring an effi-
cient ED process. Moreover, when a membrane stack con-
sisting of a series of membranes is used, the individual 
membrane resistances could significantly contribute towards 
the overall resistance of the system.

During the separation process, it could be observed that 
IA can pass through the membranes not only into Cacid but 
into Cbase as well. Since this phenomenon may lead to a 
reduction in PR, monopolar membranes used in the stack 
were tested by DC chronopotentiometric polarization to in-
vestigate membrane ageing by evaluating the specific 
membrane resistance of the IEMs. The total operating time of 
IEMs was ∼200 h at the time of the experiments, during 
which model and prefiltered fermentation broths containing 
IA, glucose, malic acid and other by-products were separated 
via ED. In some cases, extreme pH values were applied (e.g. 
pH =1.5, 13.5), which could potentially have contributed to 
membrane ageing. Although a membrane cleaning proce-
dure was carried out twice a month, separation of the fer-
mentation broth – which may contain microbes and residual 
substrates – further increases membrane stress and the risk 
of membrane fouling during excessively long operating 

times. Indeed, contamination could be observed on the 
membrane surface, mainly in the case of AEM (Fig. 3):

Firstly, the specific membrane resistance was character-
ized for reference purposes in a standard electrolyte solution 
(0.5 M NaCl). For both membranes tested, RS

M fell within the 
range of 35 – 45 Ω cm. The CEM exhibited a higher RS

M of 
44.5 Ω cm, while the AEM had somewhat of a lower resistance 
(RS

M = 36.2 Ω cm). Although the specific resistances of tested 
membranes previously operated for approximately 200 h in 
the treatment model and real itaconic acid-containing ef-
fluents remained low (RS

M < 120 Ω cm in 0.5 M NaCl is assured 
by the manufacturer), the results did not indicate the pre-
sence of severe membrane fouling, since the deposition of 
the foulant on the membrane surface or ion-exchange 
functional groups would lead to an obvious decrease in RS

M 

(Mikhaylin and Bazinet, 2016). In some cases, even though 
the test solution (NaCl) could promote the detachment of the 
foulant from the membrane surface (Mikhaylin and Bazinet, 
2016), no detached particles were visible in the electrolyte 
after measurements had been taken. Nevertheless, in order 
to address the potential detachment and gain information 
about RS

M in the actual separation media, measurements 
using a real fermentation effluent (of which the electrolytic 
conductivity was 8.8 times lower than that of 0.5 M NaCl) 
were taken. The results showed that the CEM exhibited the 
lower resistance (100.8 Ω cm), while RS

M = 114.5 Ω cm was ob-
tained for the AEM. Similarly to the NaCl tests, the data 
suggested that no severe fouling layer formed on the mem-
brane surface (the measured resistances remained lower 
than the upper limit according to the manufacturer, although 
the conductivity of the real effluent was significantly lower 
compared to that of 0.5 M NaCl). Based on these observations, 
it can be assumed that certain colorants became trapped in 
the structure of the AEM membrane (see Fig. 3) which did not 
significantly affect its properties.

During the ED operation, the BM was not in direct contact 
with the fermentation broth. Besides determining key ele-
ments that contributed to its resistance, it may also be ap-
propriate to periodically monitor the specific membrane 
resistance during an ED operation for the purpose of evalu-
ating membrane ageing and the phenomenon of membrane 
fouling, thereby initiating the cleaning or replacement of the 
membrane. Although this study mainly focuses on the se-
paration and recovery of IA from the fermentation broth, 
further tests would be useful to monitor the resistance of the 
membranes, including BMs, during separation.

Table 2 – IA recovery by EDBM from a real fermentation 
broth originating from a batch operation. 

Operating parameters

Initial IA conc. in Diluate (g/L) 31
Applied potential (V) 20
Initial glucose conc. (g/L) 54.8
Parameters Test 1 Test 2
Operating time (hour) 6.0 5.5
Operating temperature (°C) ∼20 ∼20
Initial pH 3.0 7.4
Results
Parameters Test 1 Test 2
IA content in Diluate (g/L, g) <  0.5,  <  0.5 3, 3
IA content in Cbase (g/L, g) 6, 6 7, 8
IA content in Cacid (g/L, g) 25, 25 21, 20
pH in Diluate 4.0 9.5
pH in Cbase 13.0 13.7
pH in Cacid 2.2 2.6
CE ( %) 74 42
PR ( %) 80 65
Glucose concentration (g/L)
Diluate 53.1 49.7
Cbase 0.3 0.3
Cacid 1.1 4.2
Change in Volume during the operation (  ±  10 cm3)*
Diluate -60 -100
Cbase + 20 + 110
Cacid + 20 -30

* The change in net volume is negative (20 cm3) predominantly 
due to the lack of sampling for HPLC as well as because of the 
solution in the tubes of the spectrophotometer and the ED 
equipment.

Fig. 3 – Bipolar (BM), Cation exchange (CEM) and Anion 
exchange (AEM) membranes after a total operating time of 
200 h. IA containing model solutions and filtered real 
fermentation broths were used in the membrane stack.
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3.4. IA separation by EDBM with a modified membrane 
stack from a fermentation broth originating from continuous 
fermentation

There are parameters such as the applied potential/current, 
flow rate of the segments or the total effective surface area of 
the membrane module that can affect on the separation in-
tensity. In the following test, the membrane module was 
modified to analyze the process when the current density 
was raised without increasing the applied potential. Reduced 
numbers of membranes were applied, namely 6 pieces of 
CEM instead of 11, 5 pieces of AEM instead of 10 and 5 pieces 
of BM instead of 10. The total effective surface area of the 
membrane was 1024 cm2 instead of 1984 cm2.

The results are summarized in Table 3, which show that the 
modified module ensured a higher current density (182 A/m2) 
compared to the previously discussed tests (see Table 5). The 
reduction in the number of membranes lowered the internal 
resistance of the membrane stack. The current was higher than 
in the tests described in the Sections 3.1, 3.2. The driving force 
of the separation process intensified (faster ion transport 
shortened the operating time to 3.8 h instead of 5.6 or 6.0, 
moreover, this modification resulted in a similar PR of 71.4 %) 
but a higher CE of 76.2 % instead of 42 % was reported in a 
previous study, where a similar broth and the same ED equip-
ment without modification of the module were used. Only a 
moderate level of water transfer from the Cacid segment is 
observed compared to the phenomena described in the section 
where the effect of the mesophilic temperature was tested.

3.5. Simulation of a continuously operated separation 
with a sequential batch model fermentation broth

To simulate the behavior of EDBM in terms of the continuous 
operation, the dose of the model fermentation broth tested 

was doubled. Table 4 summarizes the details and main re-
sults of the test. The configuration of the EDBM apparatus 
was the same as in the previous test (modified module was 
used). The separation of the first feed resulted in a lower IA 
content in Cbase (seen in Fig. 4.) compared to the results 
regarding the separation of the second feed. As was ex-
pected, due to the higher current density in the second part 
of the separation, co-ion migration intensified increasing the 
rate of IA movement to Cbase (15.0 g of IA instead of 2.9 g).

Meanwhile, unexpectedly less water transfer was ob-
served, which is interesting because higher current densities 
favor electroosmosis which should enhance the rate of water 

Table 3 – IA separation by EDBM from a pH-shifted 
fermentation broth (continuous fermentation) with a 
modified membrane module. 

Operating parameters

Initial IA content in Diluate (g/L; g) 27.8; 25.6
Initial pH 7.4
Applied potential (V) 20
Initial glucose conc. (g/L) 122
Operating time (hour) 3.8
Results
IA content in Diluate (g/L; g) 3.0; 2.3
IA content in Cbase (g/L; g) 3.6; 4.0
IA content in Cacid (g/L; g) 31.5; 18.3
pH in Diluate 10.2
pH in Cbase 13.3
pH in Cacid 2.0
CE ( %) 76
PR ( %) 71
Glucose concentration (g/L)
Diluate 108
Cbase 1.3
Cacid 7.7
Change in Volume during the operation (  ±  10 cm3)*
Diluate -120
Cbase + 180
Cacid -80

* The change in net volume is negative (20 cm3) predominantly 
due to the lack of sampling for HPLC as well as the solution in 
the tubes of the spectrophotometer and the ED equipment.

Table 4 – Results of an IA separation consisting of two 
feedings using a model fermentation broth. 

Operating parameters

Model fermentation broth to 
Diluate

First 
feeding

Second 
feeding

Initial IA content in Diluate 
(g/L; g)

30.2; 30.2 29.4; 29.4

Initial pH 5.0 5.0
Applied potential (V) 20
Initial glucose conc. (g/L) 92 92
Operating time (hour) 4 4
Results

First 
feeding

Second 
feeding

IA content in Diluate (g/L; g) 0.003; 0.003 0.003; 0.003
IA content in Cbase (g/L; g) 1.95; 2.85 9.05; 15.02
IA content in Cacid (g/L; g) 27.6; 22.1 67.4; 45.8
pH in Diluate 3.3 3.6
pH in Cbase 12.6 12.7
pH in Cacid 1.2 1.2
CE ( %) 71.4
PR ( %)* 72.6
Glucose concentration (g/L)
Diluate 170.0
Cbase 1.3
Cacid 9.2
Change in Volume during the operation (  ±  10 cm3)
Diluate -120 -120
Cbase + 400 + 200
Cacid -280 -120

* The change in net volume is negative (0–40 cm3) predominantly 
due to the lack of sampling for HPLC as well as the solution in 
the tubes of the spectrophotometer and the ED equipment.

Fig. 4 – Demonstration of double feeded EDBM process 
under fixed applied potential. Orange points: mass of IA in 
the segment of Cbase. Black line: Current density during the 
operation.
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transfer. Probably, in this case, the osmotic force acted in the 
opposite direction due to the concentration gradient between 
the segments and moderate level of water transfer was ob-
served from Cacid into Cbase. Water transfer from Cacid into 
Cbase concentrated the IA in Cacid which could be beneficial 
with regard to crystallization. However, the leakage of IA 
from Cacid to Cbase should be avoided to enhance product 
recovery. Based on the results, it would seem that during a 
continuous long-term EDBM operation, the applied potential 
should be maintained at an adequate level to minimize the 
phenomena caused by high current densities. Therefore, 
electro-generated phenomena such as co-ion migration can 
be minimized and PR enhanced. The overall PR and CE were 
72.6 % and 71.4 %, respectively. A moderate applied potential, 
especially during the second separation of the feed,probably 
resulted in a higher PR and CE.

3.6. Summary of the main separation results regarding 
the different fermentation broths treated by EDBM

In Table 5, the main results are summarized and compared 
to our previous tests because of the limited number of stu-
dies in the literature regarding IA separation by EDBM using 
real fermentation broths. PR reached between 65 % and 77 % 
regarding fermentation broths at elevated initial pHs. 
Without pH shifting, these values were between 74 % and 
80 %. In the case of CE, pH shifting reduced these figures to 
between 41 % and 42 %. Since the membrane stack contains a 
reduced number of membranes, CE could be improved by 
34–35 %, that is, from 41 % to 76 %, compared to similar tests 
where a fermentation broth was pH shifted. Additionally, 
although these results were higher than those from tests in 
the absence of pH shifting (63 % and 74 %), more energy was 
required (2.6 kWh/kg IA).

Szczygiełda et al. used EDBM to recover succinic acid (SA, 
C4H6O4) from a three-component model solution containing 
43 g/L succinic acid, 42 g/L glycerol and 20 g/L lactose 
(Szczygiełda et al., 2017). Based on their results, at a current 
density of 120 A/m2, 31 g/L of SA was separated from the 
model solution. Furthermore, the energy consumption and                         

current efficiency were equal to 3.2 kWh/kg and approxi-
mately 31 %, respectively. The authors tested the actual post- 
fermentation broth and recovered 20.2 g SA/L. By comparing 
it with experimental data obtained for the EDBM of model 
solutions, a decrease of approximately 35 % in the con-
centration of succinate ions through the AEM was observed 
due to the complex composition of the fermentation broth.

3.7. Recovery of IA from the Cacid segment by 
crystallization after EDBM separation

Typically, IA produced by fermentation is purified by filtra-
tion and multistep concentration by evaporating water with 
the subsequent crystallization below a pH of 3.84 (Regestein 
et al., 2018). Even though Dwiarti et al. obtained highly pure 
IA (97.2–99.0 %), the PR was only 51 % due to the loss of the 
product as a result of the multistep crystallization (Dwiarti 
et al., 2007). According to Okabe et al., the classical process 
without EDBM is usually characterized by large thermal en-
ergy demands due to the evaporation stage and low levels of 
purity of products within the cooling crystallization step 
(Okabe et al., 2009). Furthermore, the latter stage makes 
further purification steps such as secondary crystallization, 
recrystallization and decolorization by treatment with acti-
vated carbon at 80 °C necessary to produce high-quality IA.

By integrating EDBM into IA separation, the filtration of 
insoluble particles such as microorganisms is necessary but 
the retention of colorants as well as parts of ionic and other 
non-ionic compounds such as residual substrates to be re-
circulated into the fermentation process can be provided 
(Rózsenberszki et al., 2021). It should be noted that the re-
circulation of the diluate back into the fermentation stage 
requires further investigation, e.g. evaluation of the bio-
compatibility of the fungal activity during the fermentation. 
In addition, a continuous operation is beneficial to increase 
the concentration of IA in the Cacid solution before crystal-
lization and decrease the number of crystallization steps. As 
is clearly illustrated in Fig. 5 during the continuous fermen-
tation process by Aspergillus terreus, smaller amounts of col-
orants as by-products were formed. The presence of less 

Table 5 – Summary and comparison of the main results regarding IA separation under similar EDBM conditions. 

Feed solution (operation 
method)

Initial 
pH

CE 
( %)

PR 
( %)

Current 
density 
(A/m2)

Energy 
consumption 
of ED process 
(kWh/kg IA)

Remarks References

fermentation broth (semi- 
continuous)

3.0 63 74 53 1.5 – Rózsenberszki 
et al., 2021

fermentation broth (semi- 
continuous)

7.4* 41 77 94 2.2 –

fermentation broth (batch) 3.0 74 80 44 1.1 EDBM followed by crystallisation present study
fermentation broth (batch) 7.4* 42 65 67 2.0 EDBM followed by crystallisation present study
fermentation broth 

(continuous)
7.4* 76 71 182 2.6 Effective surface area of membrane module 

reduced, EDBM followed by crystallisation
present study

model fermentation broth 5.0 71 73 166; 185** 2.3 reduced effective surface area of membrane, 
refeeding: 
double the dose of feed solution (diluate), 
EDBM followed by crystallisation

present study

* *first feed; second feed
* initial pH of fermented broth was shifted by NaOH solution
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colorant is benefical for the following recovery process to 
produce highly pure IA. Although the early results seem 
promising, further tests are required to identify the reasons 
why less colorant as a by-product was formed during the 
fermentation.

In this study, IA separation using EDBM from model and 
real fermentation broths was followed by crystallization (see 
Table 5). During the separation by EDBM, a significant 
amount of the colorants in the fermentation broth can be 
retained in the diluate (Rózsenberszki et al., 2021). However, 
due to the high substrate (glucose) concentration gradient 
between the Cacid segment and the diluate, a small pro-
portion of it can be transferred into the Cacid segment 
(Tables 2–4). During evaporation and crystallization, al-
though the presence of these impurities can cause colora-
tion, an adequate level of crystallization in addition to 
washing and stirring coupled with a multistep heating 
technique can significantly reduce the degree of aforemen-
tioned contamination, as can be seen in Fig. 6:

Based on the experiments, stirring during the slow crys-
tallization process was necessary to prevent the colorants, 
residual substrates or other impurities from becoming 
trapped inside the crystals formed. The accumulated im-
purities in the supernatant can be removed and the process 
followed by washing then drying. Since gradual heating re-
sulted in efficient drying, the trace residues could not be 
caramelized on the surface of the crystals. Therefore, by 

applying this technique, that is, continuous, slow stirring 
during crystallization and gradual drying, the IA crystals 
after recrystallization were 99 % pure and the PR over the 
whole crystallization process was 78–80 %.

4. Conclusions

Electrodialysis is a compatible and space saving technique 
that operated under normal temperature. In this study, an 
electrodialytic process with a bipolar membrane was eval-
uated using model- and real fermentation effluents at ele-
vated temperatures and different initial pHs. Based on the 
results, it is able to separate IA, and at the same time, has the 
ability for the colorants and glucose retainment. The side 
solutions could be reusable for the process control or the 
recirculation in the fermentation stage. It was observed that 
the combination of an elevated temperature with pH shifting 
by a NaOH solution intensified certain mass transport me-
chanisms during the EDBM process as well as resulted in 
significant water and IA transport from the Cacid to Cbase 
segment. Moreover, based on calculations, this caused a 
lower PR and CE under the same applied potential. The 
crystallization process was improved for the recovery of IA 
from the Cacid segment using the EDBM technique. 
Therefore, in contrast to the classical multistep downstream 
process, only one or two crystallization steps were required 
to produce pure IA. Based on these novel results, further 
experiments are planned to acquire data regarding the reu-
sability of the residual diluate which is still rich in retained 
unmetabolized substrate. In conclusion, even though recent 
results have shown that the concept of a continuous fer-
mentation-EDBM system coupled with crystallization is an 
emerging and promising method, further investigation is 
necessary to achieve more efficient IA production compared 
to classical multistep downstream processes.
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