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A B S T R A C T

Reactive liquid–liquid extraction is an attractive, innovative technique to intensify the fermentative production
and downstream processing of biobased organic acids through a selective partitioning to an organic phase. In an
in situ product recovery (ISPR) approach, fermentation performance can be enhanced by alleviating product
inhibition, yielding a relatively concentrated product stream. While reactive extraction has been widely studied
for different organic acids in dilute aqueous solutions, its application to complex product streams from
fermentation brings important added challenges. This review addresses these challenges and offers perspectives
for future research and scale-up studies towards industrialisation. The complex interplay of solvent systems,
extraction behaviour of different organic acids, and fermentation-dependent parameters is critically reviewed.
Additionally, challenges faced upon implementation in industrial set-ups are discussed with a specific focus on
ISPR technologies, discussing back extraction and resource recycling, as well as techno-economic considerations.
To that end, potential process strategies and future research directions are proposed to overcome remaining
limitations to bring this technology to an industrial level.

1. Introduction

The chemical industry has large potential to contribute to more
sustainable and environmentally friendly processes. Yet, to date, 85 % of
the feedstocks for organic chemicals are still derived from fossil re-
sources [1–3]. Here, the production of chemicals by microorganisms in
industrial biotechnology offers an alternative to the use of petrochemi-
cals with a lower carbon footprint. The latter is achieved by using
renewable carbon, hence avoiding the depletion of fossil resources, and
through more environmentally friendly processes, typically with mild
conditions [4,5].
In that respect, biobased organic acids can serve as platform chem-

icals to produce a variety of industrial building blocks and end-products
[6]. Applications range from polymers, solvents, textiles, food and feed
additives to detergents, cosmetics, and pharmaceuticals [7,8]. With the
expected decrease of the use of petrochemicals, the demand for biobased
organic acids is increasing and reached a market value of USD 26.5
billion in 2023 with the prediction to grow with a CAGR of 7.45 % from
2024 to 2030 [2,9]. Commonly known biobased organic acids produced

at commercial scale include citric acid, succinic acid, itaconic acid, and
lactic acid, where the demand of the latter is for instance increasing due
to the use of polylactic acid as biopolymer to replace traditional plastic
[6,10–12]. Muconic acid is an example for an organic acid that is not yet
commercially produced via fermentation but is gaining attention as a
platform molecule to produce terephthalic acid, ԑ-caprolactam, and
adipic acid [13]. The main hurdle to produce biobased organic acids to
date is reaching cost-competitiveness to low-priced petrochemicals
where especially the purification from dilute aqueous fermentation
broths is challenging. The latter usually accounts for a large proportion
of the process costs, reaching 30–40 % of the selling price for citric acid,
and up to 50 % of the production costs for lactic acid. Additionally,
during lactic acid production, up to one ton of gypsum (CaSO4) per ton
of product is generated, which is often landfilled and can generate
additional disposal costs [14–19].
Reactive liquid–liquid extraction can intensify the purification of

organic acids through the partitioning of the acids to an organic phase.
In comparison to conventional liquid–liquid extraction, reactive
extraction is based on the formation of complexes between organic acids
and extractants that are soluble in the organic phase [20,21]. The
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extraction can be performed subsequent to the fermentation in a tradi-
tional downstream processing (DSP, Fig. 1.1), or during the fermenta-
tion in an extractive fermentation process, also referred to as in situ
product recovery (ISPR, Fig. 1.2). ISPR can be performed internally
through the addition of an organic phase to the bioreactor (Fig. 1.2A), or
externally by circulating the fermentation broth over an external
extraction unit (Fig. 1.2B) [22–25].
DSP processes based on reactive extraction have been developed for

industrial use as described in various patents for instance for lactic acid
and propionic acid [25–29]. Here, an important advantage is the pos-
sibility to apply different extraction conditions as compared to the
fermentation process such as a change in temperature, pH, and stirring
intensity, or to remove contaminants that are present in the broth. On
the other hand, applying ISPR for a continuous extraction of organic
acids during fermentation can reduce product inhibition, which is
especially pronounced for organic acids, and hence increase fermenta-
tion performance. Additionally, a partly purified product stream in the
organic phase is obtained, which can reduce downstream purification
efforts and costs [30,31]. In 2020, reactive extraction was reported as a
technology under development with a technology readiness level (TRL)
of 3–4, limiting the knowledge to laboratory and bench scale [32]. To
date, ISPR studies emerge focussing on scalability and techno-economic
considerations, however, industrial implementation is lacking.
This review addresses current challenges that are faced for industrial

implementation of reactive extraction of organic acids. Firstly, the
theoretical framework of reactive extraction is given, whereafter the
impact of fermentation parameters such as pH and oxygen requirements,
as well as fermentation broth composition, and solvent toxicity are
discussed in-depth. Then, advanced processing set-ups are critically
reviewed, especially focussing on ISPR technologies as well as their
scalability and techno-economic considerations, including back

extraction and resource recycling. Finally, potential process strategies
and future research directions are proposed to overcome remaining
limitations and challenges to enable industrialization.

2. Theoretical framework of reactive extraction of organic acids

In reactive liquid–liquid extraction processes, a solute is transferred
from an aqueous phase into an organic phase, where, in comparison to
conventional solvent or liquid–liquid extraction, a reaction between the
solute and an extractant is established [33,34]. This typically leads to
the formation of complexes, in which the solute interacts with the
extractant through chemical interactions, creating a species with high
affinity for the organic phase (Fig. 2). To assess the performance of
reactive extraction, key parameters include the distribution or partition
coefficient (KD), the extraction yield, and the selectivity. KD is defined as
the ratio of the concentration of the target product in the organic phase
and in the aqueous phase (equation (1)), whereas the extraction yield is
defined as the ratio of the total mass of the target compound in the
organic phase and the initial mass (equation (2)).

KD =
[HA]org
[HA]aq

(1)

Nomenclature

Glossary
Compositions of commercial chemicals used in this study are listed below
Aliquat 336 methyltrioctylammonium chloride
CYPHOS IL-101 trihexyltetradecylphosphonium chloride
CYPHOS IL-104 trihexyltetradecylphosphonium bis(2,4,4 trimethylpentyl)phosphinate
CYTOP 503 mixture of trialkyl phosphine oxides
CYANEX 923 mixture of trialkyl phosphine oxides

Fig. 1. Configurations of reactive extraction in fermentation processes. In downstream purification (DSP), the extraction takes place subsequent to the fermentation
(1.1), whereas the extraction in in situ product recovery processes (ISPR) takes place during fermentation either internally (1.2A) or externally (1.2B). Created with
BioRender.com.

Fig. 2. Schematic overview of reactive extraction of organic acids. Created
with BioRender.com.
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Extraction yield (%) =
kgHA org

kgHA 0
*100% (2)

If multiple extractable compounds are present, selectivity for one com-
pound a can be calculated by the ratio of its KD with the one of com-
pound b (equation (3)).

Selectivity =
KD,a

KD,b
(3)

For an efficient and selective reactive extraction process, multiple pa-
rameters should be considered, most importantly the organic phase
composition, where properties such as hydrophilicity and viscosity are
crucial. Moreover, this includes the characteristics and concentration of
the target product, the pH, the volumetric ratio between organic and
aqueous phase, as well as the temperature, as reviewed by multiple
authors for organic acid extraction [20,21,34–38].
Selecting an effective organic phase is essential for the process per-

formance, where extraction mechanisms vary depending on the
extractant itself, as well as on so-called diluents or modifiers that are
commonly mixed with the extractants. Reactive extractants can be
classified into aminic and phosphorous-based extractants [20,36],
where the most commonly used aminic extractant is trioctylamine
(TOA) [39–49], and the most commonly used phosphorous-based
reactive extractants are trioctylphosphine oxide (TOPO) and tributyl
phosphate (TBP) [50–56]. Besides, ionic liquids (IL) have gained
attention as extractants, where more specifically the aminic and
phosphorous-based ones have been reported for organic acid extraction,
including the quaternary ammonium salt Aliquat 336 as well as ILs
based on tetraalkylphosphonium cations with varying anions. The latter
are for instance commercially available as CYPHOS IL-104 or CYPHOS
IL-101 [35,57,58]. The complex formation between organic acids and
the extractants can occur through hydrogen bonding, ion pair formation,
or a combination of both, depending on the type of extractant as well as
the diluent [36,59]. In the case of TOA, many studies postulated the
complex formation to be based on hydrogen bonding between the un-
dissociated organic acid and the amine [45,60,61]. More recently, the
complexes were analysed based on Fourier Transform Infrared (FTIR)
spectroscopy suggesting that organic aids are deprotonated by the
amine, leading to a negative charge of the acid and a positive charge of
the amine, allowing ion pair formation (Fig. 3A). Aliquat 336 on the
other hand has a positively charged cation, enabling ion pair formation
directly with dissociated organic acids (Fig. 3B) [40,43].
ILs based on tetraalkylphosphonium cations have been reported to

result in particularly high extraction yields for organic acids through the
formation of clusters where multiple acids can be extracted per IL
molecule [35,62–65]. The usage of diluents can limit the overall
extractants costs and alter physical properties of the organic phase, for
instance through a reduction of viscosity [20,36,38,49]. Diluents can

moreover improve the extraction depending on their nature, where
active compounds such as hexanol are suggested to stabilize amine-acid
complexes through hydrogen bonds. Inactive compounds such as hexene
and dodecane on the other hand, do not participate in the complex
formation. For more detailed information on the extraction mechanisms
of the varying extractants in mixture with different diluents, the reader
is referred to earlier published reviews [20,36].

3. Reactive extraction in fermentation processes

When applying reactive extraction to purify organic acids from
fermentation, complexity increases, and additional challenges arise. The
following sections are focused on the main fermentation parameters and
composition of the fermentation broth, which are known to influence
the performance of reactive extraction in both DSP and ISPR set-ups. For
the latter, the toxicity of organic phases is of major importance due to
the simultaneous fermentation and extraction, and is therefore discussed
in-depth.

3.1. Influence of fermentation parameters

Multiple parameters are controlled during fermentation processes
ensuring optimal performance, where the most important ones are pH,
oxygen level, and temperature. Whereas the pH throughout fermenta-
tions is controlled at the optimum of the production organism, reactive
extraction is also influenced by pH. Depending on the composition of the
organic phase, extraction mechanisms vary, where the dissociation state
of the target organic acid in aqueous solution is crucial. The latter is
directly determined by the pH and the acid specific dissociation constant
(pKa). For extractants such as TOA and TBP, the necessity of a pH < pKa
of the organic acids is reported to ensure that the majority of the acids
are in their undissociated form [43,60,66,67]. On the other hand, Ali-
quat 336 for instance can directly form complexes with the dissociated
form of organic acids at higher pH due to the positive charge of its cation
[60,68]. Therefore, the organic phase for extraction needs to be chosen
based on the pH of the fermentation. Although for DSP processes the pH
could be adjusted before the extraction step, additional chemicals would
be required impacting process economics.
For organic acid production, traditional fermentation processes have

been performed at neutral pH, at the optimum of many producing or-
ganisms but also to reduce the pronounced product inhibition of organic
acids at low pH. Indeed, undissociated acids are able to permeate the cell
membrane of microorganisms and interfere with intracellular processes,
thereby reducing the fermentation performance [69,70]. Strain engi-
neering efforts have focussed on increasing acid tolerance and robust-
ness of microorganisms to allow fermentation processes at reduced pH
with the main goal to limit the use of neutralizers and hence reduce
chemicals requirements and salt waste production. Moreover, organic
acids can be produced in the undissociated form, potentially reducing

Fig. 3. Suggested complexation of lactic acid with TOA (A) or Aliquat 336 (B).
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purification efforts. Great progress has for instance been made in the
development of Saccharomyces cerevisiae strains, enabling the produc-
tion of 233 g/L of malic acid and 119 g/L of L-lactic acid without base
addition [71,72]. For other acids, product titers at low pH typically
remain low. For muconic acid, the maximum titer using Pichia occi-
dentalis at a pH of 3.5–4.0 was limited to 7 g/L, as compared to 39 g/L at
a neutral pH [73]. It has to be noted that in ISPR processes, organic
phases that are efficient at low pH are preferred. The target organic acid
is continuously extracted from the fermentation broth resulting in an
increase in pH. While the latter reduces product inhibition, the extrac-
tion yield is also negatively affected. Several studies report that during
continuous ISPR processes, a balance is reached between extraction and
production of organic acids, resulting in a constant, slightly acidic pH
[74–76]. Hence ISPR can be used as a pH control without the need of
neutralizing agents.
Another crucial parameter during fermentation is the dissolved ox-

ygen, where an efficient transfer rate of oxygen from the sparged gas to
the liquid phase is important for the process performance. Indeed, the
oxygen mass transfer coefficient (kLa) has been described to be the rate-
limiting step in aerobic processes, where limitations can negatively in-
fluence biomass and product formation as well as reduce yields. The kLa
is dependent on varying parameters including the fermentation medium
composition and process conditions such as temperature, aeration, and
stirring rate. During scale-up, additional challenges are encountered for
example through zones with varying oxygen concentrations in large
reactors that potentially decrease performance [77,78]. While the dis-
solved oxygen is not affected by DSP set-ups, the organic phase in ISPR
processes can influence the oxygen transfer through direct contact with
the aqueous fermentation broth in internal ISPR set-ups, or through
partial solubility of solvents in external ISPR set-ups. Whereas the effect
of solvents has not been researched in the context of ISPR processes,
researchers have evaluated the use of, for instance, alkanes and silicone
oils to improve the kLa during fermentation because oxygen shows a
higher solubility in these liquids. An improved oxygen transfer was
indeed found when adding perfluorodecalin to a fermentation with
Yarrowia lipolytica [79]. Oils such as olive oil, silicon oil, and soybean oil
on the other hand, which are used as diluents in ISPR processes, were
reported to decrease the kLa [79,80]. However, a maximum of 0.3 v% of
oil was added to the medium, and the effect of higher amounts of hy-
drophobic compounds is not studied in detail to date. Therefore, further
research is required to study the effect of an organic phase on oxygen
levels and transfer rates in fermentations, especially when dealing with
high cell densities or high oxygen-requiring fermentations and upon
scale-up. Next to this, the addition of a second phase will change the
volume and viscosity and potentially lead to emulsion formation and
foaming. This will have a direct influence on the kLa and the mixing and
sparging capacity of the bioreactor, and hence on the fermentation
performance. As a consequence, the zoning effect during scale-up might
be increased, where trials at pilot scale will be crucial to find an oper-
ating window in which the impact is limited, and to assess the feasibility
of the approach on an industrial scale.
Next to the pH and oxygen transfer, the temperature during

fermentation is important and is controlled at the optimum of the
fermentation organisms. Although the temperature optimum is highly
dependent on the specific organism, commonly used microbes such as
S. cerevisiae and Pichia pastoris are fermented at 30 ◦C [71], and
Escherichia coli at 37 ◦C [81]. Usually, organisms show little tolerance to
changes in temperature, which limits the flexibility for internal ISPR
processes [82]. Rewatkar et al. evaluated the extraction of gallic acid
(2.55 g/L) with an organic phase containing either TBP, TOA, or Aliquat
336 in hexanol and temperatures ranging from 15 ◦C to 45 ◦C. Inde-
pendent of the extractant, lower temperatures resulted in increased
extraction yields most likely due to the decrease in solubility of the
target organic acid in the aqueous solution. For TOA, the KD decreased
from 27 at 15 ◦C to 11 at 45 ◦C [83]. Similar results have been found by
other authors, suggesting that the extraction should be executed at lower

temperatures [84,85]. While this is difficult in internal ISPR set-ups as
the choice of temperature is limited by the organisms’ tolerance, in
external ISPR and DSP set-ups, another temperature could be applied
during extraction. However, applying temperature changes at industrial
scale significantly increases the energy requirements and hence the cost
of the process due to cooling and heating cycles. Whether the cost in-
crease is acceptable in relation to the increase in extraction yield needs
to be addressed during techno-economic assessments (TEA) for specific
processes.

3.2. Influence of fermentation broth compositions

The composition of fermentation broths is complex, where a multi-
tude of different compounds is present to create an optimal environment
for microorganisms. This includes nitrogen and carbon sources as well as
trace elements and vitamins. The use of second-generation feedstocks, e.
g., derived from lignocellulosic biomass, additionally adds compounds
such as hydroxymethylfurfural or 4-hydroxybenzoic acid that are
formed during pre-treatment of the biomass [86]. Moreover, acids and
bases are used for pH control, adding salts to the reactor. Fermentation
broths have been described to compromise reactive extraction for
organic acid separation. As an example, the performance of an organic
phase consisting of TOA in decanol to extract 3-hydroxypropionic acid
(3-HP) was significantly reduced when the acid was present in complex
fermentation broth as compared to a solution in water. Indeed, at a
similar pH of 4.0 and a 3-HP concentration of 1 g/L, extraction yield and
KD were respectively reduced by 26 % and 71 % in the fermentation
broth [87]. Multiple researchers have focused on evaluating the inter-
ference of the different compounds in fermentation broths on reactive
extraction of organic acids as summarized in the table below (Table 1)
and discussed in detail in the following sections.

3.2.1. Other organic acids
The presence of more than one organic acid in the fermentation broth

can lead to competition between the acids, resulting in co-extraction and
a reduced extraction yield of the target product. Moreover, the product
purity after back extraction is most likely reduced. The competition was
for instance studied by Prochaska et al. using reactive extraction to
separate succinic acid from a fermentation broth containing 23.3 g/L of
succinic acid as well as formic acid (9.9 g/L), acetic acid (8.4 g/L), and
lactic acid (6.4 g/L). During reactive extraction with the extractant
Cyanex 923 at pH 2.0, an extraction yield of 100 % for succinic acid was
found, however, the extraction yield was also 100 % for formic acid, 49
% for lactic acid, and 92 % for acetic acid [91]. Similar results have been
found by multiple other authors for varying organic acids and organic
phase compositions (Table 1).
To increase selectivity, potential solutions could be the fine-tuning of

solvent mixtures to balance extraction yields and selectivity or choosing
a pH according to the varying pKa values of the acids. Different re-
searchers have identified the polarity of the organic phase, the viscosity,
and the extractant concentration as important factors for selectivity. For
instance, in a study to extract fumaric acid from Rhizopus oryzae

Table 1
Compounds of fermentation broths and their interference with reactive extrac-
tion of organic acids.

Fermentation broth
compounds

Reason for
interference

References

Other acids Competition/co-
extraction

[41,48,49,52,56,66,88–98]

Salts Competition/co-
extraction

[49,66,92,99–109]

Proteins, surfactants, cells Mass transfer
reduction

[110–112]

Compounds from second-
generation feedstocks

Co-extraction [113]
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fermentation broth that additionally contained malic acid and succinic
acid, selectivity was increased by using a stoichiometric amount of the
tertiary amine Amberlite LA-2 for fumaric acid extraction mixed with
the passive diluent dichloromethane. Indeed, selectivity factors of more
than 9 were reported, which decreased to less than 1 when the extrac-
tant was present in excess [88]. As an example for fine-tuning the pH to
increase selectivity, Omwene et al. evaluated the extraction of the target
product succinic acid and the side product lactic acid using TOA at a pH
range of 2.0–5.0. While at a pH of 5.0, the selectivity for succinic acid
over lactic acid was 0.6, showing a preference for the side product, this
was increased to 2.0 at pH 2.0 [90]. This demonstrated that pH has an
important influence and can introduce or improve selectivity. Never-
theless, the selectivity is limited, and should therefore go alongside
identification and optimization of a suitable extraction mixture to yield
an overall performance level which allows efficient and selective
extraction of the target organic acid.
One of the highest reported selectivities for organic acid mixtures

was reported by Kloetzer et al., where the authors were able to design a
membrane-based pertraction process for a selective recovery of fumaric
acid from a mixture with malic acid and succinic acid. The target
compound is transported from the feed phase mimicking fermentation
broth to a back extraction phase through a liquid membrane, in this case
Amberlite LA-2 dissolved in n-heptane. By tailoring the pH gradient
between the two aqueous phases as well as the concentration of
Amberlite LA-2, fumaric acid was extracted with a selectivity factor of
19 from a mixture with the other two organic acids [41]. This strategy
could be applied in both ISPR and DSP set-ups, where an optimization of
the exact membrane composition and the pH gradient between feed and
back extraction phase will be needed depending on the target product.
However, industrial usage of such systems needs further research to
assess scalability and costs (see section 4). Although increased selec-
tivity for a single acid can be reached with the described approaches,
complete elimination of co-extraction is challenging. If fermentation
streams with multiple organic acids are present, an additional separa-
tion step might be needed. Alternatively, the possibility of introducing
selectivity in the back extraction step should be evaluated. In parallel,
engineered strains with reduced side production of other organic acids
as well as optimized fermentation conditions which favour selective
production of the target organic acid are being developed to improve
extraction and additionally increase fermentation yields for the target
acid.

3.2.2. Salts
The presence of inorganic salts may also negatively affect the

extraction of organic acids. More specifically, the anions of the salts
compete with the organic acids for the extractant [49,103,107]. In the
case of the extraction of an undissociated organic acid (AH) with TOA
(equation (4)), the presence of chloride anions (Cl-) causes the release of
a dissociated weaker acid into the aqueous phase and the extraction of
the Cl- (originating from the stronger acid HCl) to the organic phase (Eq.
(5)) [99]:

AHaq + TOAorg ⇌ [TOAH+, A-]org (4)

[TOAH+, A-]org + Cl-aq ⇌ [TOAH+, Cl-]org + A-aq (5)

Chemarin et al. studied the competition with inorganic salts in detail
in a reactive extraction process for 3-HP using TOA in octanol as organic
phase. There, either KCl or KH2PO4 were added to the aqueous phase
whereupon a reduction of the corresponding anions Cl- and H2PO4- as
well as a release of the dissociated, charged form of 3-HP was reported
[99]. For different types of salts, the influence on the extraction of the
organic acid varies, where Kurzrock et al. showed that NH4Cl, NaCl, and
MgCl have a larger impact on succinic acid extraction using TOA in
octanol compared to MgSO4, CaCl2, and KH2PO4 at an ionic strength of
1.0 mol/L [49]. While the cause for these differences was not further
investigated, other researchers also found variations between different

salts, most likely caused by differences in size, acidity of the salt anion,
and the affinity towards the extractant [99]. In difference to aminic
extractants, the co-extraction of inorganic salts is lower when
phosphorous-based extractants are used. The reason is most likely linked
to the different mechanism to extract organic acids. As the extraction
with phosphorous-based extractants is based on hydrogen bonds, an ion
exchange with salts as presented for aminic extractants (equation (4),
(5)), is not possible. Demmelmayer et al. extracted LA with various
organic phases and found a co-extraction of H3PO4 of up to 51 % when
using organic mixtures containing TOA, which was limited to 0.13 %
using mixtures containing TOPO [109]. Hence, choosing an organic
phase with phosphorous-based extractants can reduce the interference
of salt co-extraction. Moreover, medium optimization can improve the
extraction yields, for instance by evaluating whether chloride salts can
be exchanged. Also, the inorganic salt concentration should be kept as
low as possible, where Keshav et al. reported an increase of KD for the
extraction of propionic acid by 55%when the ionic strength of NaCl was
reduced from 1 mol/L to 0.1 mol/L [105]. If the influence however re-
mains significant, and changes in the medium are not feasible, a removal
of salts prior to the reactive extraction can be considered. However, this
can only be applied if reactive extraction is performed downstream and
is not feasible for ISPR processes with continuous extraction of acids
during the fermentation.

3.2.3. Others fermentation broth compounds
Carbon sources, in difference to inorganic salts, do not compete with

organic acids for the extractant, limiting their effect on reactive
extraction. This has been shown by several authors for carbohydrates
including glucose, lactose, and dextrose, as well as for polyols like
glycerol. The extraction yield remained constant and no competition
was reported [89,104–106,108]. However, when second-generation
feedstocks are used, for instance lignocellulosic biomass, additional
compounds can be found in the fermentation broth. In that respect, low
molecular weight compounds and phenolics from lignocellulosic
biomass such as furfural were shown to be co-extracted with acetic acid
with the extractants TOA and Aliquat 336 in octanol [113]. When
designing a process using second-generation feedstocks, the effect of
such impurities and their co-extraction should be considered and eval-
uated for the specific process.
Other compounds present in fermentation broth such as proteins,

phospholipids, and cells can influence reactive extraction through
adsorption to fluid interfaces [110], where a reduction in mass transfer
during liquid–liquid extraction in a water-octanol system of up to 70 %
was reported earlier [112]. Microbial cells can stabilize oil-in-water
emulsions by serving as Pickering-type colloidal particles, which can
be problematic in internal ISPR processes as stable emulsions would
hinder phase separation subsequent to the fermentation [114,115]. For
external ISPR processes, the interference can be reduced by applying a
cell recycling unit for instance using microfiltration to avoid cell contact
with the organic phase, or by making use of membrane-based extraction.
The latter has been tested by Chemarin et al. using TOA in decanol to
extract 3-HP with a membrane contactor, where the addition of the
protein albumin, which has previously been described to decrease the
extraction yield, did not result in a negative effect on the extraction [99].
For DSP processes, cell removal and filtration are common practice after
fermentation for instance using microfiltration, ultrafiltration, or
nanofiltration steps, where interference with cells, remaining proteins,
and lipids is hence unlikely.

3.3. Solvent toxicity

One of the most significant aspects to consider in the development of
an ISPR process is the solvent toxicity. A majority of the extractants and
solvents used for reactive extraction are toxic towards microbial pro-
duction hosts, which is important to consider when aiming for an ISPR
process. Many researchers have therefore focused on screening different
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solvent classes for toxicity towards multiple organisms including yeasts
[116,117], bacteria [75,117–123], and fungi [117,124], and have
developed different strategies to counter this. The impact of toxicity in
internal ISPR set-ups is generally higher compared to external set-ups
due to the direct contact between microorganisms and the organic
phase, also referred to as phase level toxicity [75,121].
In this context, De Brabander et al. screened the toxicity of over 60

different solvents and extractants towards S. cerevisiae for use in internal
ISPR set-ups. There, the most promising extractants for adipic acid,
namely TBP, CYTOP 503, CYPHOS IL-101, and Aliquat 336, were found
toxic as demonstrated by a glucose consumption that was reduced by 44
%-100 %. However, mixing the extractants with biocompatible diluents
could reduce toxicity while retaining the extraction yield, for example
when mixing 12.5 v% of CYTOP 503 with canola oil [116]. This mixture
has also shown potential in another study for the extraction of muconic
acid during an internal ISPR process [125]. Other biocompatible mix-
tures for application in internal ISPR set-ups were found based on
mixtures of TOA, mainly for Lactobacillus species [74,76]. In external
ISPR set-ups, the impact of solvent toxicity is limited by the partial
solubility of solvents in the aqueous phase, often referred to as molecular
level toxicity. In a direct comparison between internal and external ISPR
set-ups, Gössi et al. demonstrated the toxicity of common extractants
and solvents towards the lactic acid producer Lactobacillus plantarum. By
directly adding 17 v% of TOA to a batch fermentation, only 13 % of
lactic acid was produced as compared to the control. In contrast, if the
fermentation medium was contacted with TOA prior to the fermentation
to mimic the partial solubility of the extractant in the medium as seen in
external ISPR set-ups, lactic acid production amounted to 80 % as
compared to the control. Full biocompatibility has been achieved by
mixing 20 wt% of TOA with decanol [75]. An alternative strategy to

minimize direct contact between microorganisms and the organic phase
is cell immobilisation, which is for instance described to reduce toxicity
of inhibitors from lignocellulosic biomass [126]. To reduce solvent
toxicity in ISPR processes, the use of alginate [127,128] or κ-carra-
geenan [129,130] has been described, where encapsulate cells can for
instance be used in a packed-bed column over which broth and organic
phase are cycled, representing a scalable option of the technique [127].
In conclusion, biocompatible mixtures typically consist of 10–40 v%

of extractant in a diluent, in most cases vegetable oil, long-chain alco-
hols, alkanes, or fatty acid methyl esters. Solvent and extractant toxicity
toward the microbial production host is a critical factor that must be
carefully evaluated when designing an ISPR process, as it can signifi-
cantly impact the efficiency and viability of the system. While diluents
are traditionally used to reduce costs, improve extraction, as well as alter
the extractants physical properties, they should also be selected based on
their biocompatibility and the ability to decrease the overall toxicity of
the organic phase. Hence, in most cases, a compromise between good
extractability of the target organic acid and the biocompatibility has to
be made.

4. From lab to industry

For industrialization of bioprocesses, the choice of equipment is
crucial as well as understanding the main process parameters and scale-
up challenges. For reactive extraction, various equipment is available
and different set-ups can be used. An overview of possible ISPR con-
figurations is given in Fig. 4 for both internal as well as external ISPR set-
ups, and key studies on the performance of ISPR in fermentations tar-
geting organic acid production at bioreactor scale are presented in
Table 2.

Fig. 4. Schematic overview of configurations of in situ product recovery (ISPR) based on reactive extraction. In internal ISPR configurations (A), the organic phase
(dark grey) is in direct contact with the fermentation broth. In external ISPR processes (B), the broth is circulated over an external extraction unit. Created with BioR
ender.com.
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4.1. Internal ISPR configurations

The direct addition of an organic phase to the fermenter is the least
complex option to achieve internal ISPR based on reactive extraction
(Fig. 4A.1). On lab scale, this approach can be used to evaluate the
effectiveness of ISPR in a straight-forward way by adding the organic
phase to a shake flask fermentation. This has been demonstrated to
enhance the fermentation performance for the production of various
organic acid including itaconic acid [124], malic acid [131], caproic
acid [132], and lactic acid [128] using TOA as extractant in all cases
mixed with varying diluents. Crucial parameters for this approach
include the amount of extractant that is added to the fermentation,
which is largely dependent on the solvent toxicity, as well as the stirring
speed, which influences the extraction yield of the target organic acid.
Direct organic phase addition has also been investigated in lab scale

bioreactors. Singhvi et al. added an organic phase containing 20 v%
TOA, 10 v% decanol, and 70 v% dodecane in a ratio of 1:1 (v/v) with the
aqueous phase to a 1 L bioreactor producing lactic acid with Lactoba-
cillus delbrueckii. The extractant mixture was added after 48 h of
fermentation. At the end of the process (96 h), the lactic acid titer was
improved by 36 % with no impact on productivity as compared to the

fermentation without ISPR. Moreover, no neutralizing agent was added,
and the initial pH value of 7.0 decreased to approximately 4.0, where it
remained constant due to the acid extraction into the organic phase
[76]. One limitation of this operation is the bioreactor vessel volume, as
the organic phase should take up as little volume as possible. While
current lab scale studies typically keep the volumetric ratio of the
organic phase to the aqueous phase at 1:1 (v/v), this is not feasible on
large scale. Therefore, researchers evaluated the addition of an organic
phase containing 12.5 v% of CYTOP 503 in canola oil with a reduced
volume ratio of 1:5 (v/v) to a fermentation process in a 10 L bioreactor
to produce muconic acid using S. cerevisiae. This led to an enhancement
of muconic acid production and growth by 44 % and 18 % as compared
to the control fermentation without ISPR, respectively [114]. Never-
theless, in a batch set-up, the inhibitory effect of the target product is
recurrent upon continued production with a constant equilibrium. To
overcome this issue, continuous extraction systems should be targeted,
requiring specialized equipment. Here, Teke et al. developed a semi-
partition bioreactor at lab scale (Fig. 4A.2), inserting a hollow tube
that functions as a settler in the fermenter with an opening for fluid
exchange. The organic phase loaded with the target product settles in
the tube, where it can be pumped to another vessel to perform back

Table 2
Key studies on the performance of ISPR in fermentations targeting organic acid production at bioreactor scale.

ISPR
configuration

Reactive
extraction
equipment

Target
product

Production
organisms

Scale Improvement to
non-ISPR

Organic phase Challenges/Remarks Ref.

Internal Direct organic
phase addition

Lactic acid Lactobacillus
delbrueckii

1 L 36 % (titera)
2 % (productivityb)

20 v% TOA in decanol,
dodecane

− Ratio organic-to-aqueous phase
1:1
− Cell viability decreased over
time

[76]

​ Direct organic
phase addition

Lactic acid Lactobacillus
fructivorans

0.35
L

26 % (productivity)
22 % (yieldc)

22 v% TOA in decanol
− Ratio organic-to-aqueous phase
1:1
− Cells immobilized in alginate
and CaCO3 capsules, operated in
packed-bed reactor

[127]

​ Direct organic
phase addition

Muconic
acid

Saccharomyces
cerevisiae

10 L 44 % (biomassd)
18 % (titer)

12.5 v% CYTOP 503 in
canola oil

− Ratio organic-to-aqueous phase
1:5

[125]

​ Semi-partition
reactor

Lactic acid Lactobacillus casei 7.5 L 68 % (titer)
25 % (productivity)
75 % (yield)

35 v% TBP, 25 v%
TOA in oleyl alcohol

− Ratio organic-to-aqueous phase
1:7
− Continuous extraction and back
extraction
− Cell growth decreased due to
solvent toxicity

[74]

External Mixer-settler
system

Lactic acid Lactobacillus
delbrueckii

2 L No information 40 v% TOA in oleyl
alcohol

− Cell recycling before extraction
− Sequential extraction with up to
4 stages

[143]

​ Mixer-settler
system

Lactic acid Lactobacillus
delbrueckii

2 L 71 % (productivity) 15 v% TOA in oleyl
alcohol

− Cells immobilized in
κ-carrageenan capsules and added
to the fermenter

[130]

​ Mixer-settler
system

Lactic acid Lactobacillus
delbrueckii

1 L 25 % (biomass)
40 % (productivity)

40 v% TOA in oleyl
alcohol

− Cell recycling before extraction
− Sequential extraction with 2
stages

[144]

​ MBSE Lactic acid Lactobacillus
plantarum

2 L 430 % (yield) 20 v%TOA in decanol − Membrane material: Teflon
− Process stable for 7 days

[75]

​ MBSE Butyric
acid

Clostridium
tyrobutyricum

0.15
L

1389 % (titer)
44 % (productivity)
19 % (yield)

10 v% TOA in oleyl
alcohol

− Membrane material:
Polypropylene
− Cells immobilized in a fibrous
bed reactor
− Process stable for 2 weeks

[155]

​ MBSE Itaconic
acid

Aspergillus terreus 5 L 44 % (biomass) 2-methyl
tetrahydrofuran

− Membrane material: Teflon
− Cell recycling before extraction
− Membrane fouling

[156]

​ MBSE Butyric
acid

mixed cultures 5 L No information 3 v% TOPO in light
mineral oil

− Membrane material:
Polypropylene
− Stable process for 55 days

[158]

a titer: product (organic and aqueous phase) formed per liter of aqueous phase (gorg+aq/Laq).
b productivity: product formation rate per liter of aqueous phase (gorg+aq/Laq/h).
c yield: product formed per substrate consumed (gorg+aq/g).
d growth: biomass formation in the aqueous phase based on cell dry weight (g/Laq) or optical density at 600 nm (− ).
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extraction and recycled back to the reactor [133]. With this set-up, the
titer of lactic acid in a 7.5 L bioreactor was increased by 68 % compared
to the control fermentation without ISPR [74]. While this technique has
proven effective on lab scale, recently, industrial-scale set-ups have been
described and patented (Fig. 4A.3). In that respect, Delft Advanced
Biofuels B.V. (DAB.bio) developed a reactor used at demonstration scale
in which both production and separation take place simultaneously. The
reactor consists of a separation compartment and a fermentation
compartment with a continuous inflow of fresh organic phase and a
continuous outflow of loaded organic phase. Production processes have
for example been demonstrated for vanillic acid and butanol [134,135].
In another patent, Bednarz et al. developed a multiphase loop reactor,
which is a modified airlift reactor that enables a counter-current,
continuous liquid–liquid extraction [136] which has been described
for instance to separate rhamnolipids during fermentation processes
[137].
Another challenge of internal ISPR configurations is the formation of

stable emulsions, for example caused by the usage of vegetable oils as
non-toxic diluents. Besides, the ionic liquids CYPHOS IL-101 and
CYPHOS IL-104 have been described to be prone to form emulsion [64].
Emulsion formation is especially favored due to the vigorous mixing and
aeration in aerobic processes with high oxygen demand, as well as by
microbial cells that can stabilize oil-in-water emulsions [114,115].
Stable emulsions in ISPR processes should be avoided as they are chal-
lenging to break and complicate further downstream purification [64].
If the formation cannot be averted, there are multiple options to de-
stabilize emulsions, requiring extra processing steps for instance
through the addition of chemicals or thermal treatments [138]. Besides
the costs of these additional steps, added chemicals need to be removed
from the product downstream, and thermal treatments are often energy-
intensive and unsuitable for heat-sensitive products. Alternatively, the
use of supercritical CO2 can enable fast phase separation, however, extra
costs for instance through the necessity for equipment that can with-
stand high pressure, needs to be taken into account [139].

4.2. External ISPR configurations

In external ISPR configurations, product recovery occurs simulta-
neously to the fermentation in external equipment. Typically, the cells
are separated and recycled back to the fermenter which is achieved by
technologies for continuous fermentations for instance through hollow
fibre membranes [140,141], or cell immobilization [129]. The product-
containing outflow is then subjected to reactive extraction, whereafter
the nutrients can be recycled back to the fermenter. It has to be noted
that although the focus of this section lays on ISPR configurations, the
described equipment can also be applied to DSP subsequent to the
fermentation. The equipment can generally be grouped into mixer-
settler set-ups, column set-ups, centrifugal set-ups, and membrane-
based solutions with numerous variations and manufacturers [142].
In mixer-settler systems (Fig. 4B.1), the fermentation output stream

is mixed with the organic phase and subsequently left for settling, for
example in separate tanks or chambers [142]. This technique is among
the initial ones described for external ISPR and was already studied in
the 1990s at bioreactor scale for lactic acid [130,143,144]. Yabannavar
et al. for instance fermented Lactobacillus delbrueckii at pH 4 in a 2 L
bioreactor and cycled the medium over separate mixer and settler units
to continuously extract lactic acid using TOA in oleyl alcohol. This
increased the productivity by 71 % compared to the control fermenta-
tion [130]. As an intensification approach at industrial scale, column
contactors can be used, which are well-known in chemical processes.
Various designs such as rotating disc contactors, packed columns, or
sieve tray columns, are used for liquid–liquid extraction at industrial
scale [142], but have not been applied for ISPR processes to produce
organic acids to date.
As an alternative to mixer-settler approaches, liquid–liquid centrif-

ugal contactors are gaining attention for reactive extraction (Fig. 4B.2).

With these devices, two phases are continuously brought into contact
and separated based on density differences and applying high centrifu-
gal forces. For information and details on various types, suppliers, and
working principles of centrifugal contactors, the reader is referred to
Hamamah et al. 2022 [145]. Main advantages include continuous
operation, short residence times, good phase separation, high mass
transfer efficiencies, and good scalability [40,145]. Researchers have
successfully demonstrated the use of centrifugal contactors for reactive
extraction of organic acids subsequent to the fermentation on lab scale.
As an example, Notheisen et al. described the extraction of pyr-
idinecarboxylic acid using liquid–liquid centrifuges at lab scale with a
maximum flow rate of 2 L per minute. The authors were able to extract
up to 95 % of the acid from a fermentation broth from Pseudomonas
putida using an organic phase of TOA in octanol [40]. In another study,
acetic acid extraction from pyrolysis oil was demonstrated with the same
extractant in 2-ethylhexanol, where maximum recoveries of 71 % were
reported in a cascade of two sequential centrifuges. The authors re-
ported that the process was prone for emulsion formation in dependency
of the applied flow rates and rotational frequencies, where an increase of
both parameters led to reduced emulsion formation [95]. This indicates
some drawbacks of centrifugal contactors. While increasing rotational
frequency and decreasing flow rates might decrease emulsion formation,
this also shortens the contact time between the organic phase and the
aqueous phase, negatively affecting extraction yield. The latter can for
instance be improved by extraction with multiple devices in sequence
which will, however, increase the amount of process units. These chal-
lenges are most likely the reason for the scarcity of studies implementing
the technique in ISPR settings for organic acids. Nevertheless, external
ISPR processes with centrifugal contactors has been successfully
implemented for other products such as L-phenylalanine at lab scale,
suggesting that this is also possible for organic acids [146]. Moreover,
suitable industrial-scale equipment for centrifugation is available,
facilitating scale-up of the technique.
Alternatively, diverse types of membrane set-ups are described for

reactive extraction (Fig. 4B.3), where the membrane acts as a barrier
between the two immiscible phases. One main advantage is that mixing,
dispersion, and emulsion formation are avoided yet large contact areas
are present enabling efficient extraction [31]. Generally, a distinction
can be made between membrane-based solvent extraction (MBSE) and
the use of liquid membranes (LM). In MBSE, the membrane separates the
feed and extractant phase, but has no active function (Fig. 5A). While
MBSE processes require extra steps for back extraction of the organic
acid and solvent regenerations, in LM processes, the extraction and back
extraction of the target products take place in the same equipment. One
realization of the latter are supported liquid membranes (SLM), in which
the extractant is immobilized in a microporous support. The target
product is simultaneously extracted from the feed solution and back-
extracted with the same equipment (Fig. 5B) [147,148].
Different types of membrane contactors are commercially available,

where hollow fibre membrane contactors are commonly used that are
made from polyurethane, polypropylene, and polyethylene. Those
contactors are available in different sizes with the possibility to run
multiple units in parallel or in series allowing testing from lab to in-
dustrial scale [31,149,150]. Alternatively, hollow fibre membranes that
are submerged in the fermentation broth have also been described
[151]. Multiple authors have evaluated membrane contactors for
organic acid extraction, where the studies focusing on ISPR imple-
mentation at bioreactor scale are summarized in Table 2. Often, the
fermentation broth is directly circled over the contactor without a
separate cell recycling, which, however, resulted in shear stress to mi-
croorganisms [152,153]. Therefore, a cell recycling step is beneficial.
Pérez et al. for instance retained the biomass from a lactic acid process
using L. casei through a hollow fibre filter and subsequently subjected
the supernatant to reactive extraction. The authors implemented a novel
type of extraction based on a liquid membrane in Taylor flow which was
described to enhance mass transfer and to have high stability. Overall,
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lactic acid production was increased by 42 % using this approach [154].
Other possibilities to avoid direct contact of the cells with the membrane
contactor include cell immobilization techniques. A successful example
is described by Wu et al., who immobilized the cells in a fibrous bed
bioreactor and circulated the broth over a hollow fibre membrane
contactor to extract butyric acid with an organic phase consisting of TOA
and oleyl alcohol. With this set-up, the titer was increased 15-fold, and
the productivity by 44 % in the ISPR process as compared to the control
fermentation [155]. Other drawbacks using membrane contactors
include poor resistance of the membrane module towards the organic
phase as well as membrane fouling [152,156]. To reduce these issues,
alternative types of membranes are being investigated, where poly-
tetrafluoroethylene (Teflon, PTFE) or polyvinylidene fluoride (PVDF)
for instance have proven more robust [157]. Pilot-scale studies are
crucial to evaluate whether the process can run continuously over an
extended period of time, and whether a cell removal step before the
membrane-based reactive extraction is needed.
In conclusion, multiple set-ups for external ISPR processes have been

described and proven effective on lab scale. Where mixer-settler units
present more conventional equipment for reactive extraction, contin-
uous processes using liquid–liquid centrifuges or membrane contactors
have gained attention over the past years. To reach industrialization,
further research is needed to align fermentation and extraction pro-
cesses, where process optimization regarding flow rates, phase ratios,
and material selection of the various equipment will be crucial. More-
over, the long term stability and robustness of the ISPR process over
multiple cycles in an industrial setting needs to be assessed.

4.3. Back extraction and resource recycling

After extraction of the target organic acid to the organic phase, there
are multiple options to recover the acid for further processing and sol-
vent recycling; a prerequisite for economic viability. An overview of
different back extraction strategies is given in Table 3. The most
frequently described technique is the addition of an acid, base, or salt
solution. In case of extraction of the undissociated acid (pH < pKa), the
addition of base results in the neutralization of the acid groups and
consequently a release of the dissociated acid in its salt form to the
aqueous phase. Typically, NaOH is applied as exemplified below using
TOA as extractant (equation 6) [89,159–163]. Alternatively, salts such
as NaCl or mineral acids such as HCl can be added to replace the target
organic acid via an anion exchange mechanism (equation 7)
[130,164,165]. The latter is also used to back-extract organic acids from
quaternary ammonium salts like Aliquat 336, where the extraction oc-
curs via an ion exchange mechanism with the dissociated acid (pH >

pKa) [40].

[TOAH+, A-]org + NaOHaq ⇌ TOAorg + NaAaq + H2O (6)

[TOAH+, A-]org + NaCl. ⇌ [TOAH+, Cl-]org + NaAaq (7)

Multiple studies describe full recovery of the organic acid using this
back extraction technique [89,90,162,166,167]. However, the main
disadvantage is the high requirement of chemicals and the recovery of
organic acids in their salt form in dilute aqueous streams. Hence,
dependent on the application, subsequent processing is required to yield
a concentrated stream of the organic acid, for example through acidifi-
cation with the production of a salt by-product, separation of the latter,
and most likely evaporation of water to yield high concentrations of the
organic acid. Moreover, in case of the anion exchange mechanism using
salts or mineral acids, the extractant is not recovered in its native form
(equation 7) and needs to be regenerated, for instance using NaOH to
enable recycling of the deprotonated extractant. The latter results in the
need for larger processing plants, the production of waste streams, and
high energy demands.
To circumvent re-acidification and the production of salt waste, the

usage of volatile bases (e.g., trimethylamine, TMA) as alternative to
NaOH has received attention owing to the possibility of evaporating the
amine after back extraction and yielding the organic acid in its undis-
sociated form. Moreover, the volatile base can directly be recovered by
evaporation and recycled without the need for additional steps, allowing
full resource recycling [168,169]. This approach can yield highly
concentrated product streams, where, depending on the properties of
the target organic acid, the latter can be recovered in its solid form (e.g.,
succinic acid) or liquid form (e.g., lactic acid). Kurzrock et al. used this
approach to produce succinic acid, where reactive extraction was per-
formed using diisooctylamine and dihexylamine in a mixture with
hexanol and octanol. Back extraction was performed with TMA resulting
in a recovery of 95 %, followed by an evaporation-based crystallization
yielding succinic acid crystals with a purity of 99.5 %. Recycling of the
organic phase was successfully demonstrated for four cycles with no
decrease in extraction yield [161]. As mentioned above, the TMA could
also be recovered by evaporation without the need for additional
regeneration steps, whereas it is important to be mentioned that
increased temperature and reduced pressure are required for a full re-
covery of both the organic acid and the TMA. An additional disadvan-
tage of TMA is its strong, fishy odor, which could persist in the purified
end product or other process streams and may require additional
deodorization or other treatment steps. In the abovementioned example,
temperatures of up to 160 ◦C and 4 mbar of pressure were applied to
yield succinic acid crystals [161]. In other examples, lactic acid was
recovered at temperatures of 100–120 ◦C with a pressure of 267 mbar
[160], and acetic acid at 150 ◦C at atmospheric pressure [170].

Fig. 5. Schematic illustration of membrane-based solvent extraction (A, MBSE), and extraction based on liquid membranes (LM) with the specific example of
supported liquid membranes (B, SLM). The feed (F) is represented in blue, the organic phase (S) in yellow, and the solution for recovery (R) or back extraction in red.
Created with BioRender.com.

S. Tönjes et al. Separation and Puriϧcation Technology 356 (2025) 129881 

9 

http://BioRender.com


Some authors suggested that direct distillation of volatile acids from
the organic phase could also be considered to yield highly concentrated
acid streams without the need for additional chemicals [170–172].
Nevertheless, the energy requirements for distillation are high and need
to be critically assessed, especially if the initial acid concentration and
the extraction yields are low. Moreover, if co-extraction of compounds
from the fermentation broth occurs, these might accumulate in the
organic phase, impeding the solvent capacity for the target product over
time, or introducing inhibitory effects in the fermentation if applied in
an ISPR set-up [173]. Saboe et al. provides an example of direct recovery
of organic acids from the organic phase through distillation. The authors
evaluated the distillation of short and medium chain organic acids,
namely a mixture of acetic acid, butyric acid, and caproic acid, from
various organic phases containing either aminic or phosphorous-based
extractants. A complete acid recovery was achieved using a spinning
band distillation column with 25 theoretical stages, and the recyclability
of the organic phase was demonstrated over three cycles. In terms of
energy requirements, the most crucial parameter is the acid concentra-
tion in the organic phase as well as the water content of the organic
phase. In their model, a 50 g/L acetic acid stream from an ISPR process
with membrane-based reactive extraction could be extracted and
distilled with a total energy input of 2.6 MJ/kg acetic acid and a carbon
footprint that was significantly reduced compared to the non-ISPR
control process [171]. This marks a significant reduction in energy
requirement compared to the direct distillation from aqueous broths for
acetic acid, as the boiling points of water and acetic acid are close
together, hampering efficient separation. In a direct comparison, energy
requirements for the direct distillation from a 305 g/L aqueous solution
of acetic acid were reported to be as high as 31.9 MJ/kg of acetic acid
[174]. Although promising, other studies have reported that a full re-
covery of acetic acid was not possible if CYPHOS IL-104 was used as
extractant due to the strong interactions of acetic acid and the ionic
liquid [170]. Another important factor to consider when applying
distillation is the tendency of some organic acids to copolymerize, where
lactic acid for instance is described to form the lactide dimer [175].
Alternatively, a temperature increase can also be used to release the

organic acid during back extraction into an aqueous phase. This process
is referred to as temperature swing and makes use of the temperature-
dependency of the extraction process. Here, Chemarin et al. reached a
maximum recovery of 3-HP from an organic phase containing TOA in n-
decanol of 78 % when heated to 140 ◦C [164]. However, lower re-
coveries of maximum 35 % were found for back extraction of propionic

acid from TOA with l-decanol at 93 ◦C [159], most likely due to the
higher hydrophobicity of propionic acid compared to 3-HP and hence a
higher affinity to the organic phase. Whereas temperature swing is
attractive because no extra chemicals are required and the acids can be
recovered in their undissociated form, the technique is also less robust
and flexible compared to the addition of acid, base, or salt solutions. The
efficiency has to be assessed for the specific organic phase and target
product, also considering the dilution effect when the acid is released
into an aqueous phase, mostly into water.
Another back extraction technique is referred to as solvent swing,

where a change in the composition of the organic phase leads to the
release of the organic acid into an aqueous phase. This can be achieved
either by adding another solvent, often referred to as an anti-solvent, to
the organic phase, or by removing the diluent [176]. As an example, the
addition of hexane to an organic phase containing 3-HP, TOA, and n-
decanol led to a maximum recovery of 3-HP of 70 %. Hexane could af-
terwards be recovered through evaporation owing to its high volatility.
However, similarly to the temperature swing technique, the target acids
will be recovered in dilute streams, resulting most likely in the necessity
of further processing steps to concentrate the product [164].
To assess the feasibility of both temperature swing and solvent

swing, Sprakel et al. compared both back extraction techniques to
recover succinic acid from fermentation broth in terms of energy inputs.
The organic phase for extraction consisted of either TOPO or TOA in
methyl isobutyl ketone (MIBK). Then, back extraction was achieved
either by adding pentane or gaseous ethane as anti-solvent to the organic
phase, by increasing the temperature to 60 ◦C, or by evaporating MIBK
from the organic phase. Compared to a benchmark process in which
water is directly evaporated from the fermentation broth to concentrate
the acid, reactive extraction with either of all four back extraction
techniques was advantageous in terms of energy requirements. The use
of ethane as anti-solvent was most promising, reducing the energy input
by 79 %, amounting to 13 MJ/kg of succinic acid as compared to 62 MJ/
kg of succinic acid for the benchmark process [177].
Energy requirements and techno-economic considerations based on

pilot-scale studies will be crucial to evaluate the feasibility of the
different processes. Comparing all abovementioned back extraction
strategies, there are clear benefits and limitations (Table 3). While the
addition of a base solution is a robust and flexible technique capable of
reaching full organic acid recovery, salt waste streams are produced, and
further processing is most likely needed. Moreover, the acid will be
recovered in a dilute aqueous stream, which is also the main

Table 3
Comparison of techniques to back-extract organic acids from organic phases after reactive extraction.

Back extraction technique Advantages Disadvantages References

Addition of acid, base, or salt (e.
g., NaOH, NaCl, HCl)

- Reliable, complete recovery of organic acids for a wide
range of organic acids and extraction phases

- Recovery of organic acids in salt form, additional
processing required to yield undissociated acids

[40,89,90,159,161–167]

​ - Recovery of organic acid in dilute aqueous streams ​
​ - Additional processing required to enable recycling of

organic phase and back extraction phase
​

Addition of volatile bases (e.g.,
TMA)

- Direct recovery of undissociated organic acids - High energy requirements for distillation [160,161,168–170]

- Recovery of highly concentrated organic acid streams - For volatile organic acids, extra separation required ​
- Reliable, complete recovery of organic acids for a wide
range of organic acids and extraction phases

​ ​

- Easy recovery of organic phase and back extraction
phase

​ ​

Direct distillation - Direct recovery of undissociated organic acids - High energy requirements for distillation [170–173]
- Recovery of highly concentrated organic acid streams - Challenging for non-volatile organic acids ​
- No need for additional chemicals - Contaminants/inhibitors might accumulate in the

organic phase
​

Temperature swing - Direct recovery of undissociated organic acids - Recovery of organic acid in dilute aqueous streams [159,164,176,177]
- No need for additional chemicals - Varying performance for different organic acids and

different extraction phases
​

Solvent swing - Direct recovery of undissociated organic acids - High energy requirements if distillation is needed [164,176,177]
​ - Recovery of organic acid in dilute aqueous streams ​
​ - Additional processing required to enable recycling of

organic phase and back extraction phase
​
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disadvantage of the alternative strategies of temperature swing and
diluent swing. There are two process scenarios which can achieve full
resource recycling, namely the direct evaporation of acids from an
organic phase and the usage of volatile bases such as TMA with a sub-
sequent distillation of the base (Fig. 6). In both cases, waste streams are
avoided through resource recycling and the acid is recovered in a high
concentration or in a crystalline form depending on the properties.

4.4. Techno-economic assessment

To assess the feasibility and economic viability of the different
described approaches for reactive extraction of organic acids, TEAs are
required. However, fully integrated pilot-scale studies for ISPR processes
including fermentation, reactive extraction, and back extraction with
resource recycling are scarce to date. As a result, the predictions for TEA
analysis are more uncertain than for mature technologies and might
change during further developments [32,178]. However, several studies
have been published assessing reactive extraction as DSP method sub-
sequent to the fermentation, where Prado-Rubio et al. compared
different purification technologies to produce lactic acid from a

fermentation process. Using one fermentation process, three subsequent
purification methods were assessed, where reactive distillation was used
as benchmark technology and compared to electrodialysis and reactive
extraction. The latter was modelled in a counter-current column using
TOA and 1-dodecanol as organic phase, whereafter the loaded organic
phase was sent to a distillation column to recover lactic acid. Comparing
this purification method to the more mature technology of reactive
distillation including steps of pre-concentration, esterification, hydro-
lysis, and alcohol recovery, the total annual costs (TAC) and the oper-
ational expenditures (OPEX) were reduced by 44 %. Moreover, energy
requirements were reduced by 37 % [32]. In this study, the authors
assumed a 79 % recovery of lactic acid with a purity of 86 % in a single
stage with one extraction and one distillation column. As mentioned in
section 4.3, a direct distillation of the organic acids or the solvent can be
challenging and highly energy intensive, where pilot-scale studies in
future research should substantiate the model.
In another approach, Magalhães et al. compared different purifica-

tion technologies to recover itaconic acid from fermentation broth. This
included adsorption, reactive extraction, and electrodialysis as
compared to the conventional industrial process of crystallization.

Fig. 6. Process scheme of integrated in situ reactive extraction including product purification and resource recycling. For volatile organic acids, direct distillation
from the organic phase after extraction is applied (A), whereas non-volatile acids are back-extracted with a volatile base, which is subsequently distilled (B). Created
with BioRender.com.
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Reactive extraction was executed in rotating disc contactors using TOA
in ethyl oleate as organic phase. Subsequent back extraction was per-
formed using TMA whereafter itaconic acid was recovered via
evaporation-based crystallization. The results indicate that although
total investment costs of the reactive extraction process were approx. 75
% reduced compared to the crystallization process, the annual costs for
raw materials, utility consumption, and energy costs are 55 % higher.
The total processing costs of itaconic acid are ultimately comparable for
both purification approaches, where a sensitivity analysis of varying
parameters showed that the required amount and cost of the organic
phase are crucial for the competitiveness of reactive extraction [179].
The authors assumed that the organic phase can be used for 1 year with
minimum losses, which cannot be confirmed with experimental studies
to date. In that respect, Oudshoorn et al. also described the highest
operational expenses (OPEX) for ISPR processes during fermentation to
be the solvent purchase and its regeneration, often performed by an acid
or base wash [180], highlighting the importance of efficient back
extraction with organic phase recycling.
In conclusion, initial TEA studies show that reactive extraction can

present a promising technology to recover organic acids. However,
comprehensive TEA studies on ISPR-based production pathways,
including fermentation and the impact of improved fermentation per-
formance, extraction, and back extraction, are needed to allow a true
comparison to current industrial practices.

5. Conclusions and prospects

Reactive extraction is a promising technique to intensify the pro-
duction of biobased organic acids. Its implementation in fermentation
processes in an ISPR approach can improve the fermentation perfor-
mance and reduce downstream purification costs. Internal ISPR pro-
cesses, where the organic phase is directly added to the bioreactor, have
recently been enabled on pilot scale, where the main challenges are
overcoming solvent toxicity and emulsion formation. External ISPR
processes require more complex processing set-ups, which have been
limited to lab scale to date. The primary advantage of external ISPR is
that the conditions of extraction and fermentation can be different,
reducing solvent toxicity issues. However, fermentation parameters as
well as the fermentation broth composition have a significant impact on
the extraction during ISPR. Especially salts and other, non-targeted
organic acids interfere through competition for the extractant and
consequently co-extraction. Moreover, cells, proteins, and surfactants
lead to reduced mass transfer and emulsion formation. To fully leverage
the benefits of the technology and attain cost-competitive production
processes, back extraction of the target organic acid from the organic
phase is crucial. To this end, full resource recycling can be achieved via
direct acid distillation or by using volatile bases such as TMA which are
subsequently distilled and recovered. Initial TEA studies have shown
promising results, however, future research is required to collect
representative data on pilot and demonstration scale. These studies will
allow a comprehensive assessment of the scalability of innovative ISPR
set-ups based on reactive extraction and a precise modelling of costs,
energy requirements, and environmental impact, which is scarce to date.
Additionally, innovative liquid–liquid extraction techniques for further
process intensification are being developed, such as liquid membrane
extraction and integrated extraction-distillation, that can enhance sep-
aration efficiency by combining extraction with additional purification
steps.
Overall, reactive extraction in an ISPR set-up is a high-potential, yet

relatively complex and advanced processing technology, which will ask
for a higher level of expertise for operation and specialised equipment
with concomitant investment costs. By consequence, for certain organic
acids like lactic acid and acetic acid, for which mature biobased pro-
cesses are available to date, such extra investments might hinder short-
term implementation. For novel biobased platform chemicals like
muconic acid and acrylic acid, which currently lack biobased industrial

processes, intensified, integrated ISPR processes could enable viable
biobased production routes and hence accelerate their introduction to
the industrial landscape. In addition, these routes with the potential of
full resource recycling could imply significant waste reduction and even
prevention. As such, they could fit into the zero-waste biorefineries of
the future. As pressure on industry to reduce carbon footprints and
climate impact further increases, more sustainable technologies will
become critical to enable a shift towards green manufacturing practices,
where reactive extraction and ISPR could play a pivotal role.
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[64] J. Marták, Š. Schlosser, Phosphonium ionic liquids as new, reactive extractants of
lactic acid, Chem. Pap. 60 (2006) 395–398, https://doi.org/10.2478/s11696-
006-0072-2.

[65] J. Marták, Š. Schlosser, Extraction of lactic acid by phosphonium ionic liquids,
Sep Purif Technol 57 (2007) 483–494, https://doi.org/10.1016/j.
seppur.2006.09.013.

[66] Y.S. Jun, E.Z. Lee, Y.S. Huh, Y.K. Hong, W.H. Hong, S.Y. Lee, Kinetic study for the
extraction of succinic acid with TOA in fermentation broth; effects of pH, salt and
contaminated acid, Biochem Eng J 36 (2007) 8–13, https://doi.org/10.1016/j.
bej.2006.06.011.

[67] R. Canari, A.M. Eyal, Effect of pH on Dicarboxylic Acids Extraction by Amine-
Based Extractants, Ind Eng Chem Res (2003) 1293–1300, https://doi.org/
10.1021/ie010579p.

[68] G. Kyuchoukov, M. Marinova, J. Molinier, J. Albet, G. Malmary, Extraction of
lactic acid by means of a mixed extractant, Ind Eng Chem Res 40 (2001)
5635–5639, https://doi.org/10.1021/ie010137d.
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