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A B S T R A C T

Membrane supported reactive extraction (MSE) coupled to back-extraction (MSBE) using a new type of Teflon
(PTFE) capillary membrane contactor was studied for the in-situ removal of carboxylic acids from aqueous
streams, e.g. fermentation broths. The use of microporous membranes as extraction interface helps avoiding
emulsification problems, allows the use of extreme phase ratios, and protects microorganisms, as they are less
affected by solvent toxicity during in-situ extractions. The use of PTFE capillary membranes is suitable for long-
term use due its high chemical and thermal stability.

A simple toxicity screening identified n-decanol with tri n-octyl amine (TOA) as a suitable solvent. MSE
experiments were performed using membrane contactors (0.005 m2 to 0.15 m2), working with solvent to feed
phase ratios down to 1:40 (mass based). The in-situ removal of lactic acid out of fermentation broths using
lactobacillus plantarum led to a glucose conversion rate of 80 mol%. Additionally, a concentration factor up to 7.8
could be shown during back-extraction.

1. Introduction

The demand for bio-based chemicals in general and bio-based
polymers in particular has tremendously increased in the last few years
[1]. Carboxylic acids like lactic acid, mandelic acid, succinic acid and
itaconic acid are up-and-coming substances which are used on large
scale. For example, a growing interest in bio-based and/or bio-de-
gradable polymers increased the production of lactic acid from 60.000
tons in 2006 to 494.000 tons in 2013 [2]. Many carboxylic acids are
currently produced by fermentation of carbohydrates [3,4]. The release
of acid during the fermentation leads to a production inhibition, which
is why the pH has to be controlled to ensure optimal growth conditions
for the microorganisms [5]. Usually, the pH is maintained by addition
of calcium hydroxide, leading to carboxylates. After the fermentation
has finished, sulfuric acid has to be added to release the acid from its
carboxylate salt form into its neutral acid form, resulting in about 1 ton
of gypsum per ton carboxylic acid as by-product [3]. With increasing
demand of carboxylic acids this costly method of recovery is neither
environmentally friendly nor economical [3,6,7].

Several techniques have been investigated in the past to avoid

gypsum production, mainly by in-situ product removal techniques such
as adsorption [8], reactive distillation [9], stripping [10], reactive li-
quid-liquid extraction [6] and membrane-based processes (electro-dia-
lysis, ultrafiltration, nanofiltration) [11].

Liquid-liquid extraction of carboxylic acids is a widely studied re-
search field [12,13]. Often composite solvents comprising a diluent and
a complexing extractant are used, such as tri-octylphosphine oxide [14]
or, more frequently, tertiary amines [7,10,15,17–19]. Although ionic
liquids have shown great potential [20 21–23], it has been shown that
the regeneration from the ionic liquid in dilute systems is challenging
[24]. The published method to regenerate the acid from the ionic liquid
involves thermal treatment challenging [24], which is not feasible for
lactic acid production. For this application the more traditional amine
based extraction systems appear more suitable. However, the opera-
tional limitations such as the formation of stable emulsions and limited
flexibility in solvent/feed (S/F) ratios remain points of attention. By
applying a membrane supported extraction (MSE), both emulsification
can be prevented, and an unlimited range of (S/F) becomes accessible.

The in-situ removal of substances inhibiting production out of fer-
mentation broths has been studied previously ([4,25–27]. However, the
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conventional liquid-liquid extraction systems suffer from the negative
effect of the direct contact of solvent with microorganisms [28]. Several
technologies have been described to minimize or even avoid the contact
between microorganisms and organic phases. These include for ex-
ample membrane pertraction [20,29,30] or solvent impregnated resins
containing ionic liquids [31]. The use of membranes as extraction in-
terface represents a promising way to reduce solvent toxicity on mi-
croorganisms [6,32], since the immobilized extraction interface pro-
tects microorganism from long-term contact. Most authors use
commercially available hollow fiber membrane contactors, made out of
polypropylene and polyurethane [25–27]. While these contactors pro-
vide remarkable contact areas based on their size, their solvent stability
is limited and they are difficult to clean due to the embedded materials.
Disadvantages of membrane contactors include the increased mass
transfer resistance, limited membrane lifetime and the risk of fouling.
To reduce the mass transfer resistance, the membrane should be thin,
while the pore size should be as large as possible. [33,34] Alternatively,
dense (=non-porous) membranes can be used, which are less affected
by fouling. However, they suffer from reduced permeability compared
to porous membranes [35].

This paper aims to characterize a new type of capillary membrane
contactor based on commercially available (porous) PTFE fibers, which
allow for a long-term use due to its superior chemical stability and good
cleanability.

2. Material and methods

2.1. Chemicals

All chemicals used were purchased from Sigma Aldrich Switzerland.
Tri-n-octylamine (TOA) (98%), sodium hydroxide standard solution
(volumetric for titration 0.1 M NaOH), n-heptane (> 99%) and n-de-
canol (> 98%), 2-ethyl-1-hexanol (> 99%), n-octanol (> 99%), tribu-
tylphosphate (> 99%) , methyl isobutyl ketone (MIBK,> 98.5%), n-
dodecanol (98%), isobutanol (> 99%), oleyl alcohol (85%), dodecane
(> 99%), itaconic acid (> 99%), mandelic acid (99%), succinic acid
(> 99%) were used. The aqueous lactic acid solutions were prepared
from an 85 wt% lactic acid solution.

2.2. Experimental setup

Fig. 1 shows the applied membrane extraction setup. This setup was
used for either extraction or back-extraction experiments. It consists of
two temperature controlled 2 L vessels for the aqueous and organic
phase, respectively. Two gear pumps are used to pump the phases
through the membrane and back into the container. The pressure of
both phases can be adjusted by needle valves. Coriolis flow meters re-
cord the flow as well as the density of both phases. For continuous
fermentation experiments, a glucose-feeding pump is connected to the
aqueous phase vessel.

Phase equilibrium and back-extraction experiments were conducted
in 50 mL Falcon tubes. Intensive phase contact was ensured by regular
shaking of the tubes, for a total of one hour. Different temperatures
were applied using a water bath. Phase separation was reached with an
Eppendorf Centrifuge 5804 R, A-4–44 Rotor, at 4500 × g for 20 min).

Table 1 shows characteristics of the used membrane fiber. All parts
of the modules are either from stainless steel, glass, polytetra-
fluoroethene (PTFE) or polyvinylidene fluoride (PVDF).

The MSE setup was cleaned after every experiment using acetone
and then dried using oil-free compressed air. When working with mi-
croorganisms, the setup was disinfected with 70 vol% ethanol for>
20 min. Afterwards, the setup was purged with ethanol and dried using
oil-free compressed air.

Due to the chemically inert materials used in the membrane con-
tactor, the modules can also be autoclaved, steam sterilized or ozo-
nized.

2.3. Experimental methods

2.3.1. Solvent and toxicity screening
For the extraction efficiency tests, 20 mL of a 0.68 M lactic acid

solution was extracted with 20 mL organic phase containing 20% TOA.
The occurrence of stable emulsions was examined by vigorous shaking
of the samples and observation of the phase separation. Phase separa-
tion was reached with centrifugation for 20 min at 4500 × g. The
concentration of the lactic acid bound to the reactive agent in the or-
ganic phase was determined by mass balance.

A simple toxicity screening approach was used regarding dissolved
organic solvents (molecular level toxicity) and excess solvent (phase
level toxicity) [32,36-38]. For the molecular level toxicity, 30 mL of
water was saturated with organic solvent. The excess organic solvent
was then removed and the aqueous phase was used for a batch fer-
mentation after sterile filtration (culture medium see chapter 2.3). The
phase level toxicity was studied by adding 5 mL of organic solvent to
30 mL of a batch fermentation. The resulting lactic acid concentration
for both tests was measured after 72 h by direct titration.

The extraction efficiency of a solvent was determined by its dis-
tribution coefficient as given in Eq. (1). In this equation, all forms of
lactic acid are lumped, thus aqueous lactate and lactic acid con-
centrations are summed, as well as any free lactic acid in the organic
phase, and lactic acid bound to an extractant in the organic phase.

=D
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LA
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[ ]
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,
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2.3.2. Membrane supported extraction experiments
Different starting concentrations of carboxylic acids ranging from

0.3 to 3 wt% were used. If not stated differently, the experiments were
performed at room temperature, with 20 wt% TOA in n-decanol, at a
flow rate of the aqueous shell side of 12 kg/h and an organic flow rate
of 6 kg/h (inside the fibers/lumen).

All experiments were started by pumping of the aqueous phase and
applying an overpressure of about 100 mbar to ambient pressure.
Subsequently, the circulation of the organic phase was started, keeping
the pressure about 80 mbar below the aqueous phase. This avoids
breakthrough of organic phase into the aqueous phase. Temperature,
flow rates and pressure were monitored. In order to work with higher
solvent-to-feed ratios (S/F), an external 20 L glass vessel could be
connected.

Throughout all experiments, the organic phase was pumped through
the fibers (lumen side), and the aqueous phase through the shell side of
the membrane contactor.

Extraction experiments were performed using different capillary
membrane contactor sizes (0.005 m2 to 0.15 m2) and phase ratios (up to
1:40 S/F) and different substrate/ reactive agent concentrations. Both
the aqueous and the organic phase were circulated loop-wise until
reaching the equilibrium, this operation mode allowed adequate and
accurate analysis of the process even at the small membrane sized ap-
plied. The concentration in the organic phase was calculated via mass
balance.

2.3.3. Back-extraction experiments
Lactic acid was added to a solution of 20 wt% TOA in n-decanol to

prepare a saturated solution. This solution was then contacted with
different volumes of water (the receiving phase) and heptane (anti-
solvent) in Falcon tubes. The tubes were temperature regulated using a
water bath. Intensive phase contact was ensured by regular shaking of
the tubes, for a total of one hour. The phases were separated in the
temperature regulated centrifuge and the samples of the aqueous
phases were taken. The concentration of lactic acid in the aqueous
phase was measured by titration (see chapter 2.4).
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2.3.4. Fermentation experiment: In-situ lactic acid extraction
Lactobacillus plantarum (DSM 2648) was used for fermentation

experiments. The used culture medium contained the following in-
gredients, per liter: 20 g Glucose, 5 g Yeast extract, 0.4 g, magne-
siumsulfate heptahydrate, 0.1 g mangansulfate monohydrate, 5 g so-
diumacetate, 2 g triammonium citrate, 10 g casein protein, 10 g meat
extract, 2 g dipotassium phosphate. The pre-culture was developed
using the same culture medium at 37 °C for 16 h (150 RPM, Infors HAT
Multitron). The pH of the pre-cultures was in the range of 4.5–5, in-
dicating that production of lactic acid had already commenced.
Inoculum was added to sterile culture medium in a phase ratio of 1/500
vol/vol.

2.4. Analytical techniques

The analysis of the lactic acid concentration in the aqueous phase
was performed either by titration or by capillary electrophoresis (CE). A
Mettler Toledo G20 device was used for the potentiometric direct ti-
tration method (0.1 M NaOH). For low concentrations, capillary elec-
trophoresis was used with the Agilent organic acids solutions kit
method. The systematic error was below 3% for both methods.

3. Theory

The reactive extraction using tertiary amines extracts only the un-
dissociated form of the carboxylic acid, meaning that the process is
more efficient at low pH. However, when working with fermentation
broths, the pH has to be kept > 5 for optimal culture conditions [39].
The trioctylamine-carboxylic acid complex is stabilized by hydrogen
bonds with the solvent, leading to much higher complexation constants
in the presence of hydrogen bond acceptors or donors (e.g. alcohols).

n-octanol is the most widely used solvent for the reactive extraction

of carboxylic acids [16,25-27,40,41]. However, the octanol-trioctyla-
mine-water-carboxylic acid system is known to form stable emulsions.
Additionally, octanol shows some water solubility and a strong solvent
toxicity [6,27].

Generally speaking, with an increasing octanol–water partition
coefficient 10log(Poctanol) of a solvent, the probability increases that it is
non-toxic to microorganisms [42]. Solvents having a 10log
(Poctanol) > 5 are generally biocompatible for cellular biocatalysis
[43].

Solvents that can form hydrogen bonds stabilize the carboxylic acid-
trioctylamine complex [44,12]. Thus, alcohols are the most widely used
species of solvents for this kind of reactive extraction and are expected
to result in high extraction efficiencies.

4. Results and discussion

4.1. Solvent screening

A set of nine solvents had been selected for a solvent screening. The
selection was based on literature research as well as on the octanol–-
water-distribution coefficients 10log(Poctanol), which can be an indicator
for solvent toxicity. [6,43,45–49]. Key criteria for solvent selection
were low toxicity and high extraction efficiency (see Table 2).

Due to their low distribution coefficients, oleyl alcohol and dode-
cane were not studied in further tests. Subsequently, the remaining
solvents were investigated regarding their molecular and phase level
toxicity. Fig. 2 shows the resulting lactic acid concentration after 72 h
of fermentation stressed by either molecular or phase level toxicity of
the applied solvents.

A significant difference between the molecular and phase level
toxicity results can be seen. All solvents strongly inhibit the lactic acid
production when applied in direct contact with microorganisms.

Fig. 1. Used MSE-Setup, gear pumps range 0 L/h – 60 L/h, temperature variable 20–60 °C, all phase-contacting parts made out of PVDF, PTFE, glass or stainless steel
(1.4404). Additional glucose feeding required for fermentation experiments only.

Table 1
Used PTFE membrane. The membrane porosity was achieved by stretching; the tortuosity is estimated at 2–3, based on Field Emission Scanning Electron Microscopy
(FESEM). Membrane purchased from Memo3, Switzerland.

Membrane Material Porosity [%] Pore diameter [µm] Inner Diameter [mm] Outer diameter [mm] Wall thickness [µm]

PTFE 54 0.47 2.97 3.49 260
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However, the toxicity on the molecular level is much lower compared
to the phase level toxicity. The use of a microporous membrane as
extraction interface prevents direct contact with the solvent, helping
against phase level toxicity. The negative effects of molecular level
toxicity however cannot be reduced.

Due to its good extraction efficiency and its low molecular level
toxicity decanol is a very promising solvent for membrane supported
extractions. Octanol, the most widely used solvent for reactive extrac-
tion of carboxylic acids with tri-n-octylamine acids [16,25-27,40,41]
shows good extraction efficiency, but its molecular level toxicity is too
high for in-situ extraction with efficient fermentation. Thus, a separa-
tion of the microorganisms from the extraction process would be re-
quired to avoid molecular level toxicity.

Therefore, we propose using decanol as solvent in the in-situ ex-
traction. Decanol offers a good compromise between extraction effi-
ciency and toxicity. Apart from the toxicity issue, the membrane helps
to overcome the emulsification problems occurring with all investigated
solvents and to achieve the desired extreme phase ratios.

4.2. Membrane supported extraction experiments

The types of membranes used in this study differ from commercially

available membrane contactors in terms of membrane material, pore
diameter and wall thickness. The use of these innovative types of
membranes might provide significant improvement regarding process
stability and cost efficiency. The MSE set-up described under 2.2 was
used for all membrane experiments. Experiments were conducted at
25 °C.

Fig. 3 shows typical membrane extraction diagrams. Depending on
the membrane area and the process parameters, the extraction process
took between 8 h and 7 days. Phase ratios (S/F) between 1:1 and 1:40
were tested. Membrane extractions were performed with following
carboxylic acids: lactic-, succinic-, mandelic- and itaconic acid, with
initial concentrations of 3%.

The differences in the resulting final concentrations can be ex-
plained due to different physical distribution coefficients which are
highest for itaconic and mandelic acid. The physical distribution coef-
ficients resulting from the extraction of 3% carboxyilic acid solutions
with n-decanol are 0.14, 0.15, 0.50 and 0.56 for lactic-, mandelic, ita-
conic- and succinic acid.

Noticeable is the difference between the two dicarboxylic acids
succinic- and itaconic acid, which can be explained due to the lower
pKa’s of itaconic acid, increasing the extraction efficiency. Additionally,
itaconic acid could tend to undergo further reactions (e.g. poly-
merization) [50].

The used membranes are non-selective, meaning that they do not
influence the phase equilibrium in any way. All MSE distribution
coefficients were in excellent accordance with distribution coefficients
measured in batch liquid-liquid equilibrium experiments.

As expected, the formation of emulsions could be avoided during all
MSE experiments. The used PTFE membrane allows the immobilization
of the extraction interface at the aqueous side of the membrane, filling
the pores of the membrane with 20 wt% TOA in n-decanol. Extraction
experiments with fermentation broths using n-octanol as solvent led to
a rapid decrease in living microorganisms in less than 24 h. However,
working with n-decanol as solvent, the number of live cells remained
constant for 24 h.

4.3. In-situ lactic acid extraction out of fermentation broths

An in-situ extraction of lactic acid from a batch fermentation with

Table 2
Distribution coefficients of lactic acid and octanol–water distribution coeffi-
cients of solvents. Extraction of 20 mL of a 0.68 mol/dm3 lactic acid solution
with 20 mL organic phase containing 20 wt% TOA at 25 °C, *source: Sigma-
Aldrich.

Solvent Solvent 10logPoctanol* Distribution coefficient of lactic acid
[-]

2-ethyl-1-hexanol 2.9 15.1
n-octanol – 14.6
n-decanol 4.5 12.7
Tributylphosphate 4.0 10.7
MIBK 1.3 8.8
n-dodecanol 4.8 7.1
Isobutanol 1.0 5.7
oleyl alcohol 7.5 5.4
Dodecane 7.0 0.5

Fig. 2. Resulting lactic acid concentrations (wt%) from toxicity tests after 72 h of fermentation. The Blank experiment represents the fermentation without any
solvents.
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lactobacillus plantarum (DSMZ 2648) was set up. The goal was to
maintain the fermentation process as long as possible and to achieve a
high yield of lactic acid. A pH set point of 5 was chosen as compromise
between microorganism activity and extraction efficiency. As the size of
the membrane contact area (0.059 m2) was prone to limit the mass
transfer, the product formation had to be controlled by a constant feed
rate of medium containing 20 g/L glucose with a rate of 2 mL/hour. The
initial medium contained 5 g/L glucose. Additional glucose was added
when the pH of the fermentation rate increased over 5.

First extraction trials using n-octanol led to no production of lactic
acid at all. In fact, almost no live cells could be detected after 24 h of
fermentation.

However, the in-situ extraction with n-decanol led to promising
results. The fermentation could be kept up for more than 7 days. The pH
in the fermenter was solely controlled by the dosage of culture medium,
without the addition of any base. The results of the fermentation run
with in-situ extraction using MSE are shown in Fig. 4.

The fermentation process was stable for more than 7 days. The
microorganisms in the fermenter were still active. However, the pro-
ductivity after 7 days was reduced. After the addition of 5 g of glucose,
the pH only dropped slightly. Nevertheless a sample of the fermentation
broth after 8 days could be used to start a new pre-culture, resulting in a
pH of 4.8 after 16 h, which fits well the pH of other pre-cultures.

In total, 25.8 g of glucose was added to the fermentation broth,
resulting in 21.0 g of lactic acid. This corresponds to a conversion rate
of 81 mol % of the fed glucose. This is remarkable, considering the
achievable lactic acid concentrations without neutralization or mem-
brane extraction, as shown in Fig. 5. The in-situ removal of lactic acid
increased the yield by factor 4.3 when compared to a fermentation
without neutralization. Without a membrane protecting the micro-
organisms from n-decanol phase toxicity, only less than 0.1% of lactic
acid was formed. There was no biomass removed during the experi-
ment. However, during a continuous fermentation process, dead mi-
croorganisms need to be removed eventually from fermentation broth
e.g. by cross flow filtration [51].

Nevertheless some issues remain to be solved. Culture media typi-
cally contain different salts, like NaCl, Na2SO4 or K2HPO4. Their

presence should initiate a salting out of acids and therefore increase the
distribution coefficient. Contrarily, studies showed that the presence of
salts reduces the extraction of carboxylic acids. As an example, the
presence of sodium chloride results in the formation of hydrochloric
acid from Cl- and the proton from the carboxylic acid. Hydrochloric
acid then competes with lactic acid for the extraction [6,52,53], similar
effects were observed for amine-functionalized resins, which were
found to prefer sulfuric acid, phosphoric acid and hydrochloric acid
over volatile fatty acids [54].

The use of membranes as extraction interface slows down the pro-
cess due to the limited contact area available. Since tertiary amines only
extract undissociated acid, fermentation at low pH using (genetically
modified) acid-tolerant organisms promises significantly increased ex-
traction rates [4].

It has to be noted that the production rate of lactic acid had to be
kept rather low due to the limited contact area available.

Since the organic phase eventually is saturated, the continuous re-
moval of carboxylic acids requires an additional back-extraction step.
Fig. 5 shows the desired process on the example of a fermentative
production of carboxylic acid. After the in-situ extraction, the loaded
organic phase is regenerated in a (membrane supported) back-extrac-
tion step, in which the carboxylic acid is transferred into water. The
back-extraction is described more in detail in the following chapter.

4.4. Back-extraction of lactic acid

In general, the fermentative production of platform chemicals is
done in large scales. The use of a membrane supported extraction al-
lows an extraction with big phase ratios. Thus, the cost intensive or-
ganic phase can be kept at a minimum. This, on the other hand, only
allows the extraction of small amounts of carboxylic acid in a single
extraction step. Nevertheless, by introducing a continuous back-ex-
traction, it is still possible to extract sufficient amounts of acid.

In order to back-extract the bound carboxylic acid into water, the
tri-n-octylamine-carboxylic acid complexes need to be split. As dis-
cussed in the theory section, the complexes are stabilized by hydrogen
bonds with the solvent n-decanol or n-octanol. By adding a solvent that

Fig. 3. Extraction of carboxylic acids out of an aqueous stream. Initial carboxylic acid conc. = 3.0 wt%, S/F 1:1 vol/vol, A = 0.059 m2, 20 wt% TOA in n-decanol.
Dotted lines are the fitted extraction curves for each carboxylic acid. The last values for each acid are equilibrium values derived from batch extraction experiments.
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cannot donate or accept hydrogen bonds (like heptane), the nature of
the complexes and the stoichiometry changes [12,55], and the dis-
tribution can be reduced [16,37]. Additionally, an increase in tem-
perature of the organic phase reduces the complexation constant even
more, increasing the recovery rate [10,16,37,47].

However, the added heptane needs to be removed after back-ex-
traction, e.g. by a falling- or thin-film evaporation. Back-extraction
experiments were performed using a 20 wt% TOA with a lactic acid
concentration of 54 g/L in n-decanol (the concentration was based on
lactic acid uptake in previous extraction experiments, extracting from
2.5 wt% lactic acid at S/F of 1:4). Temperatures between 20 and 70 °C,
S/F (n-decanol phase to water) ratios between 1:1 and 1:8, and W/E

(wash phase/extract phase, i.e. aqueous back-extraction phase to hep-
tane in n-decanol ratio) between 0:1 and 3:1 were used. A concentra-
tion factor was calculated, assuming a feeding concentration at position
1 in Fig. 5 of 0.8% LA. This incoming feed concentration was chosen as
a compromise between bacteria activity and extraction efficiency (see
Table 3).

A good compromise between concentration factor and recovery rate
can be achieved at 70 °C, with a phase ratio S/F of 1:2. As shown in
Fig. 6, a recovery rate of 31% results in a single step extraction, with an
outgoing aqueous-solution containing 4.3%.

Higher recovery rates could be achieved by working at even higher
temperatures than 70 °C. The PTFE membrane modules can endure

Fig. 4. In-situ extraction of lactic acid out of fer-
mentation broths. Vferm = 0.7 L, Vorg = 0.7 L,
dashed green line represents the goal value of
pH = 5, red arrows represent additional dosage of
glucose. The dashed red lines represent the lactic
acid concentrations derived without neutralization
and extraction without membrane, respectively.

Fig. 5. Shows the conceptual process design for a fermentation with in-situ removal of lactic acid. The lactic acid produced in the fermenter at ① extracted into 20 wt
% TOA in n-decanol and then back-extracted in a temperature- and solvent-swing process into a pure water stream. The resulting product stream is at ②.
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temperatures > 120 °C (b.p. heptane 98 °C at ambient pressure). An
increased temperature also benefits the removal by means of distilla-
tion. Alternatively, other antisolvent (gaseous or liquid) could be used
[56]. Due to the significant boiling point difference of heptane and n-
decanol (98 °C resp. 230 °C under ambient pressure), heptane can be

removed out of the organic phase by evaporation after the back-ex-
traction. By doing so, the negative effects of heptane on extraction rate
efficiency and the toxicity towards the microorganisms can be avoided.

5. Conclusions

The here proposed membrane supported extraction (MSE) process
using PTFE-based membranes showed promising results for the in-situ
removal of carboxylic acids from aqueous streams at superior chemical
membrane stability, being compatible with the investigated solvents
(tri-n-octylamine in n-decanol showed best results), as well as with the
fermentation broth.

Reduced solvent toxicity due to the membrane interface was ob-
served in continuous removal of lactic acid from a fermentation, al-
lowing the fermentation to run for five days yielding a conversion of
80% without any neutralization required. Extraction followed by back-
extraction allowed concentration factors up to 7.8.
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Table 3
Back-extraction experiments with the developed temperature- and solvent-swing process on the example of lactic acid and 20% TOA in n-decanol. Resulting outgoing
concentrations of lactic acid (LA) and concentration factor reachable.

LA conc. [wt %] ① Temperature [°C] W/E [-] S/F[-] LA conc.[wt %] ② Recovery [%] Concentration Factor[-]

0.8 20 0 1 0.34 6.2% 0.4
0.8 20 0 2 0.43 3.9% 0.5
0.8 20 0 4 0.50 2.3% 0.6
0.8 20 0 8 0.58 1.3% 0.7
0.8 20 1 1 0.89 16.3% 1.1
0.8 20 1 2 1.26 11.6% 1.6
0.8 20 1 4 1.62 7.5% 2.0
0.8 20 1 8 2.04 4.7% 2.6
0.8 20 3 1 1.40 25.7% 1.7
0.8 20 3 2 2.12 19.5% 2.7
0.8 20 3 4 2.86 13.2% 3.6
0.8 20 3 8 3.62 8.3% 4.5
0.8 50 0 1 0.66 12.1% 0.8
0.8 50 0 2 0.82 7.5% 1.0
0.8 50 0 4 1.02 4.7% 1.3
0.8 50 0 8 1.27 2.9% 1.6
0.8 50 1 1 1.39 25.6% 1.7
0.8 50 1 2 1.92 17.6% 2.4
0.8 50 1 4 2.63 12.1% 3.3
0.8 50 1 8 3.36 7.7% 4.2
0.8 50 3 1 1.97 36.2% 2.5
0.8 50 3 2 3.04 28.0% 3.8
0.8 50 3 4 4.44 20.4% 5.6
0.8 50 3 8 5.31 12.2% 6.6
0.8 70 0 1 0.70 12.8% 0.9
0.8 70 0 2 0.97 8.9% 1.2
0.8 70 0 4 1.60 7.3% 2.0
0.8 70 0 8 1.88 4.3% 2.3
0.8 70 1 1 1.46 26.9% 1.8
0.8 70 1 2 2.21 20.3% 2.8
0.8 70 1 4 3.19 14.6% 4.0
0.8 70 1 8 3.84 8.8% 4.8
0.8 70 3 1 2.00 36.7% 2.5
0.8 70 3 2 3.42 31.4% 4.3
0.8 70 3 4 5.03 23.1% 6.3
0.8 70 3 8 6.21 14.3% 7.8

Fig. 6. Back-extraction efficiency comparison at different S/F ratios. Incoming
LA concentration of 0.8%, 70 °C, W/E 1:3. The dots represent the concentration
factor.
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