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A B S T R A C T   

Reactive extraction of carboxylic acids such as lactic acid with tertiary amines is a state-of-the-art process but 
suffers strongly from reduced extraction efficiency in buffered environments like fermentation broths. In order to 
increase the efficiency of in-situ product removal, we here propose the combination of a membrane-assisted 
reactive extraction with an electrochemical pH shift. Prior to extraction in the membrane module, the fermen-
tation broth containing the lactic acid at neutral pH is treated by anodic electrolysis to reduce the pH and thereby 
improve the extraction yield. Additionally, the cathodic reaction is used to increase the pH of the aqueous stream 
used for back-extraction of the loaded organic phase. 

Model solutions were used to develop a mathematical model, capable of calculating the required membrane 
area for in-situ extractions, considering the effect of the aqueous pH on the extraction performance. Additionally, 
using electrochemical pH shift, we were able to concentrate lactic acid from 1 wt% in the dilute broth to 7 wt% in 
the back extract.   

1. Introduction 

The demand for bio-based chemicals has increased tremendously in 
the last years [1], and a wide range of pharmaceuticals and chemicals 
are produced nowadays by fermentation. One example of large-scale 
fermentatively produced platform chemicals are carboxylic acids, such 
as lactic acid, mandelic acid, succinic acid, and itaconic acid are surging 
biobased chemicals [2–5]. 

Large fermenters are often required since the concentration of the 
main product in the fermentation broth is low (usually ≪ 10 wt%) due to 
inhibition of the microorganism by the product and/or the substrate [6]. 
For pH control during fermentation to counteract acidification due to 
the produced acids, calcium hydroxide or calcium carbonate is typically 
used. When the fermentation process is finished, the microorganisms are 
removed by a filtration step. After that, sulfuric acid is added to release 
the lactic acid from the lactate form. The free acid is further purified and 
evaporated into crystalline acid. During this process, calcium sulfate 
(gypsum) is formed at a rate of about one ton per ton of lactic acid. At 

current production levels of lactic acid, still practical uses are found, but 
especially when acid production is ramped, gypsum production will 
pose disposal and environmental problems [7,8]. 

An alternative to the use of neutralizing agents is the in-situ separa-
tion of the produced acid during fermentation. However, the selective 
removal of a highly hydrophilic carboxylic acid in the presence of 
numerous substrates and active microorganisms is challenging. The use 
of Ionic Liquids (ILs) as solvents is promising due to their negligible 
vapor pressure, high thermal stability, and low chemical reactivity. 
Several published ILs proved to have a high capacity and low toxicity 
towards microorganisms. [9–11]. However, recent work on recovery 
from ILs showed that direct thermal recovery is not possible at low 
loadings, and an additional back-extraction is needed, followed by 
thermal decomposition of the formed complexes [12]. This is less suited 
for lactic acid, as it is prone to polymerization at elevated temperatures. 
Therefore, reactive extraction with tertiary amines [3,13–16] still ap-
pears to be the solvent of choice. The reactive extraction of carboxylic 
acid has been subject to numerous studies [7,17,18]. Typically, a 
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tertiary amine like tri-n-octylamine (TOA) is used as an extractant. 
However, the pH optima difference for fermentation and extraction 

poses a significant challenge. While a neutral pH value is required for 
fermentation, higher extraction yields are achieved at low pH since 
tertiary amines only extract unprotonated acids. Several publications 
report the reduced extraction efficiency of tertiary amines at higher pH 
values [13,14,19,20]. 

An option to boost the efficiency of tertiary amines at higher pH 

values is by adding highly water-soluble salts [21]. However, this 
approach requires the addition of large amounts of salts and can 
therefore not be used as an in-situ extraction. Thus, this process can only 
be used for fermentation processes with continuous neutralization or 
fermentations, which result in low lactic acid concentrations. However, 
since carboxylic acids are promising platform chemicals used in large- 
scale, in-situ extraction represents the key towards continuous fermen-
tation and, therefore, large-scale production. Another approach to in-
crease the extraction efficiency of tertiary amines is electrochemical pH 
shift. Recently, separations have been shown in combination with 
electrochemical stimuli, such as electrodialysis or electro-deionization 
[4,22,23]. Additionally, recent publications presented combinations of 
electrochemical separation technologies and bio-based production [24]. 
For example, electrochemical extraction of carboxylic acid [4,25] or 
CO2 capture with amines [26]. 

Fig. 1 illustrates the correlation of protonation grade and pH for 
lactic acid. 

The positive effect of the combination of electrochemical pH shift 
and reactive extraction has already been demonstrated by [4]. However, 
in-situ extraction of fermentation broths is challenging due to the for-
mation of stable emulsions, limited phase ratios applicable, and solvent 
toxicity. A previous publication demonstrated the benefits of a mem-
brane as an extraction interface regarding these issues [3]. We herein 
combine the concepts of electrochemical pH-swing and membrane- 
assisted reactive extraction, respectively back-extraction to enable the 
recovery and up-concentration of lactic acid from aqueous solution at 
physiological pH values [27]. The relevance of the aqueous pH on the 
lactic acid extraction performance is investigated experimentally. Based 
on the experimental observations we derive a mathematical model that 
takes the weak-acid equilibrium of lactic acid into account and enables 
design calculations to determine the membrane area required for the 
extraction at varying pH values in the feed which is an important aspect 
in the development of well performing in-situ separation technologies 
[28,29]. 

Fig. 1. Optimal ranges of the aqueous pH value for the fermentation and 
reactive extraction of lactic acid, the blue lines show the reversible pH changes 
introduced in the cathode/ anode chamber of the electrolysis for optimal 
fermentation, extraction, and back-extraction. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 2. Electro-swing MSE-Setup and extraction equilibrium system, HLA = protonated lactic acid, Kc = lactic acid-TOA complexation constant, Ka = lactic acid 
dissociation constant. 
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2. Materials and methods 

2.1. Chemicals 

All chemicals used were purchased from Sigma Aldrich Switzerland. 
Tri-n-octylamine (TOA) (98%), sodium sulfate (>99%), mandelic acid 
(Standard for quantitative NMR, TraceCERT®), 1-decanol (>99%), so-
dium hydroxide solution (1 M), sulphuric acid (1 M), deuterium oxide 
(99.9 atom % D) The aqueous lactic acid solutions were prepared using 
85 wt% FCC lactic acid. 

2.2. Experimental setup 

Fig. 2 shows a schematic representation of the used electro-swing 
membrane extraction setup. It consists of two temperature-controlled 
2 L vessels for the aqueous and organic phases. Two gear pumps 
(Ismatec Micropump Z − 140, 5 L/h – 60 L/h), were used to pump the 
phases through the electrochemical cell, the membrane module and 
back into the container, which can be adjusted to 10–60 ◦C. Needle 
valves were used to adjust the pressure. Coriolis flowmeters were used to 
record the flows as well as the densities of both phases. All phase- 
contacting parts made from PVDF, PTFE, glass, or stainless steel 
(1.4404). The electrolysis cathode consists of platinum and the anode of 
iridium; the electrolysis membrane was a Fumasep FS-990-PK. 

A quasi-continuous operation was used to study the pH effect on 
membrane extraction and potential improvements by applying the 
electrochemical pH shift. Therefore, the lactic acid containing aqueous 
phase was first pumped through the anode chamber where the protons 
produced by the electrolysis acidify the solution before it enters the 
membrane contactor. The base produced with the electrochemical pH 
shift was recovered in a 2nd loop (Base loop). 

For the back-extraction, the aqueous receiving phase was pumped 
through the cathode chamber of the electrolysis as depicted in Fig. 7. 

2.3. Experimental methods 

If not stated differently, 20 wt% tri-n-octylamine (TOA) in 1-decanol 
was used as solvent for the experiments. 

MSE experiments were started by pumping the aqueous phase with 
an overpressure of about 60 mbar to ambient pressure. Subsequently, 
the organic phase flow was started, keeping the pressure about 50 mbar 
lower than the aqueous phase. This avoids the breakthrough of the 
organic phase into the aqueous phase. Depending on the membrane area 
used, samples were taken every 1–8 h for analysis. 

The organic phase was pumped through the fibers and the aqueous 
phase through the membrane contactor’s shell side. The outer diameter 
of the fibers was used to calculate the contact area because the hydro-
phobic membranes are only penetrated by the organic phase. 

Table 1 shows the properties of the used PTFE fibers. 
Since only a small-sized membrane module (0.059 m2) was used, 

both the aqueous and the organic phases were circulated until equilib-
rium was reached. If not stated otherwise, all experiments were per-
formed at room temperature and with 0.15 M Na2SO4 as background 
electrolyte, to represent the ionic strength encountered in lactic acid 
fermentation [30,31]. 

2.4. Analytic methods 

All samples were analyzed by either High-Performance Liquid 
Chromatography (HPLC) or quantitative Nuclear Magnetic Resonance 
(NMR) measurements. 

Lactic acid concentrations in the preliminary equilibrium study 
(Fig. A2) were measured by HPLC on an 1100 Series HPLC (Agilent 
Technologies) equipped with an Organic Acid Resin 250 X 8 mm Column 
(CS Chromatographie) and a refractive index (RI) detector (G1362A). As 
mobile phase, 10 mmol H2SO4 at an isochratic flow rate of 1 mL/min 
was used. Quantitative 1H NMR measurement was used to measure the 
carboxylic acid concentration in the membrane extraction experiments. 
Measurements were performed at ambient temperature on a Bruker 
Avance III 400 NMR spectrometer (Bruker BioSpin AG) fitted with a 5 
mm i.d. BBO prodigy probe and operating at 400.13 MHz. Maleic acid 
was used as an internal standard in D2O. 

3. Theory and reactive extraction modeling 

Small carboxylic acids are difficult to extract out of aqueous streams 
due to their hydrophilic nature. Thus, it is highly beneficial to apply a 
reactive extraction process instead of a conventional physical extraction. 
Tertiary amines such as tri-n-octylamine (TOA) are state-of-the-art for 
the reactive extraction of carboxylic acids out of aqueous streams, due to 
their high selectivity and capacity [13,32–34]. Both are needed when 
working with fermentation broths since the carboxylic acid is highly 
diluted (<10 wt% in water) and the fermentation broths contain 
numerous compounds that preferentially are not co-extracted. The pH of 
the fermentation broth determines the concentration of protonated 
lactic acid and thus the extraction rate and efficiency. A mass transfer 
model was developed to describe the rate of the extraction, and hence, to 
predict the required membrane area for desired production rates. A 
detailed description of the model and derivations can be found in the 
electronic supplementary information (ESI). In Fig. 2, the biphasic 
reactive extraction model is shown that is used for this work with lactic 
acid as a model substance [35]. 

The overall mass transfer coefficient kov can be determined experi-
mentally from: 

ṅex =
dn
dt

= kov⋅Ao⋅

(

[HLA]aq −
[HLA⋅TOA]org

Kc⋅[TOA]org

)

(1) 

with Kc as the lactic acid-tri-n-octylamine complexation constant and 
kov as the overall mass transfer coefficient and HLAC as the lactic-acid- 

Table 1 
Used PTFE membrane. The tortuosity was determined using Field Emission 
Scanning Electron Microscopy (FESEM) as 2.5.  

Membrane 
Material 

Porosity 
[%] 

Pore 
diameter  
[µm] 

Inner 
Diameter  
[mm] 

Outer 
diameter 
[mm] 

Wall 
thickness  
[µm] 

PTFE 54  0.47  2.97  3.49 260  

Fig. 3. Aqueous phase lactic acid concentration-in-time-profiles for extractions 
at initial pH values of pH 6, pH 5, pH 4.5. 
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tri-n-octylamine complex. The bracket is the driving force described by 
the concentration difference between protonated acid in the aqueous 
phase [HLA]aq and the organic phase [HLA]org. Ao stands for the mem-
brane contact area. It is essential to mention that the membrane only 
serves as a solid extraction interface, meaning that the membrane does 
not influence the phase equilibrium in any way. The overall mass 
transfer coefficient kov can be calculated as shown in the ESI or can be 
fitted from mass transfer experiments [36]. 

The pH of the aqueous is calculated using the dynamic approach 
[37,38], which includes solving the differential equations for the proton 
concentration, sulfuric and the lactic acid concentration in the aqueous 
phase. The constituting equations of the kinetic model used in the 
calculation presented in Fig. 3 are given in the ESI (S8-S25). 

It should be noted that due to the low membrane area and the high 
volumetric flow, the concentration difference between the membrane 
inlet and outlet was negligible. Although such settings are well suited to 
investigate the kinetics of the reactive extraction, a kinetically limited 
reactive extraction caused by insufficient contact area is not desirable 
for any process application. For this reason, the calculation of the 
required membrane area is an essential step in the designing of processes 
featuring membrane assisted in-situ extraction. 

The herein-derived model is based on the classic design approach for 
membrane-assisted extraction from [39]. For a detailed explanation of 
the derivation, the reader is referred to the original work and the ESI. In 
summary, mass balances for a differential volume of the membrane 
contactor and the overall module are formulated, approximated with a 
Taylor series expansion and rearranged to yield a differential expression 
for the membrane area concerning the desired change in lactic acid 
concentration: 

dAm

d[HLA]
= −

V̇aq
kmem⎛

⎜
⎝[HLA]Kc[TOA] +

V̇aq
V̇org

(
[HLAtot]α − [HLAtot]

)
− [HLAtot]ω

⎞

⎟
⎠

(2) 

This approach is analogous to the modeling of plug flow reactors 
(PFR). Integration of the right-hand side of Equation (2) for the 
respective concentration [HLAtot]α at the inlet and at the outlet [HLAtot]ω, 
where [HLAtot]ω is the desired outlet concentration, yields the required 
membrane area for the extraction. In order to take into account that only 
the protonated lactic acid is extracted, the integration variable is altered 
from the concentration of protonated lactic [HLA] to the total concen-
tration of lactic acid [HLAtot] by changing the integration variable: 

dAm

d[HLAtot]
=

dAm

d[HLA]

d[HLA]

d[HLAtot]
(3) 

The derivation of the differentials resulting from this change of 
variables is presented in the ESI. 

And further: 

d[HLA]

d[HLAtot]
=

[H+]

[H+] + Ka
+ [HLAtot]

d[H+]

d[HLAtot]

Ka

([H+] + Ka )
2 (4) 

The term defined in Equation (4) is in essence the inverse of the 
aqueous phase enhancement factor as defined by Gössi et al. [36]. A 
derivation of the remaining differentials caused by the change of the 
integration variable is given in the ESI (S31, S36). The resulting set of 
differential expressions equations is solved numerically for the required 
membrane area using the MATLAB ode15s solver. 

4. Results and discussion 

Cyclovoltammetry experiments were performed to assess the 

Fig. 4. Membrane area required for the extraction of lactic acid, dependent on 
pH and total lactic acid concentration. 

Fig. 5. Aqueous phase lactic acid concentration-in-time-profiles for the 
extraction with and without electrochemical pH shift. 

Fig. 6. Back-extraction with electrochemical pH shift, with LA-saturated 20 wt 
% tri-n-octylamine in 1-decanol. Electrochemical pH shift to pH 12 prior to 
back-extraction. 
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stability of lactic acid towards the electrochemical pH-swing. The sta-
bility of lactic acid solutions in an operational window of − 1.5 to 1.5 V 
was tested for the alkaline and acid environment. Using platinum as 
cathode and iridium as anode material, no significant indicators for 
decomposition were detected. This finding is agrees with the observa-
tion that carboxylic acids are often found to be comparatively stable 
intermediates in the electrochemical degradation of organic compounds 
[40,41]. However, the electrochemical stability of lactic acid should be 
validated again at higher current densities and lactic acid concentration, 
because Chen et al. reported electrochemical degradation of lactic acid 
at iridium catalysts [42]. More details about the cyclovoltammetry can 
be found in the Appendix. 

4.1. pH-dependent extraction kinetic modeling 

The model described in ESI (S8-S25) was experimentally verified. 
For that, membrane assisted extractions were performed with a mem-
brane contactor with 0.059 m2 and 1200 g of aqueous phase with 10 g/L 
lactic acid and 500 g of 20 wt% TOA in 1-Decanol. A lactic acid con-
centration of 10 g/L represents a realistic concentration during a 
continuous fermentation with in-situ removal. 

Both phases were continuously recirculated at 15 kg/h through the 
membrane until equilibrium was reached. Three experiments were 
performed at pH 4.5, 5 and 6. A mass transfer coefficient of 2⋅10-7 m/s 
working with the same membrane contactor and aqueous feed has been 
published before [36]. 

From the results in Fig. 3, it can be concluded that at higher pH 
values, hardly any extraction is observed. 

Fig. 7. Process scheme for the in-situ extraction.  

Fig. A1. Cyclovoltammetry measurements with a) iridium and b) platinum as anode and cathode material, respectively. 0.083 M sodium sulfate, reference electrode 
Ag/AgCl. Scan rate 20 mV/s, recorded with a Gamry reference 3000 potentiostat. 
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While these results are entirely in line with what would be expected 
based on literature, it proves that using tertiary amines to extract lactic 
acid from buffered solutions is highly inefficient [20,43]. 

Fig. 3 shows the experimental and simulative results for various pH 
values, the initial lactic acid concentration was 10 g/L, and the organic 
phase consisted of 20 wt% TOA in 1-decanol. The black line represents 
the predicted concentration profile using the model from [39] without 
any pH-dependency included. The blue lines show the predicted con-
centration profiles based on the model presented in this work, which can 
be regarded as a further development of the models from [4,36]. The 
experimental and simulative results are in excellent agreement. It is 
evident that the aqueous pH has a striking effect on the kinetics of the 
membrane-assisted extraction. Therefore, it is crucial to consider its 

impact in the design process and maintain a suitable pH during the 
operation to ensure satisfying extraction rates. This can either be done 
by employing the electrochemical pH shift prior to extraction or by 
developing acid tolerant strains of lactic acid producing microorganisms 
[44–46]. 

4.2. Design of membrane contactor area with regard to pH 

The classical design equations which are used to calculate the 
membrane area required for the membrane supported extraction do not 
consider the pH effect imposed on the extraction by the weak-acid 
equilibrium [39]. Based on the modeling results we extended the 
design framework developed by Melin et al. and derived a new mathe-
matical model to calculate the membrane area required for ISPR at 
different feed conditions (concentration and pH). Fig. 4 shows the 
required areas for a fictive fermenter of 10 L operated with a produc-
tivity of 2 g/Lh, depending on the pH and lactic acid concentration. In 
the hatched area, the pH equilibrium prohibits the complete extraction 
and causes a steep exponential increase of the required membrane area, 
which makes the junction region sensitive towards numerical errors. 

Two major influences can be identified in Fig. 4: The reduced 
membrane area required at low acid concentrations and the strong in-
fluence of the pH value. The first influence can be explained by the 
higher amine-acid ratio at low concentrations, which is also reflected in 
the last term of Equation S13 in the ESI. The increasing enhancement 
factor outweighs the decreasing driving force at low concentrations and 
leads to higher mass transfer rates. This also demonstrates that the 
reactive extraction with tertiary amines is especially suitable for in-situ 
extractions, where lactic acid must be recovered from low concentra-
tions [47,48]. 

The second influence, the influence of the pH on the required 
membrane contact area, is apparent, demonstrating the immense 
improvement that could be reached when applying an electrochemical 
pH shift or. The membrane area required for extraction rises exponen-
tially when the aqueous pH approaches 4. Above this pH, the removal of 
protonated lactic acid causes an immediate increase of the aqueous pH, 
which triggers the dissociation of the remaining lactic acid and thereby 
makes it unavailable for extraction. A starting pH well below 4 is 
mandatory to achieve an efficient extraction. This requirement is not 
compatible with the thermodynamic limits imposed by microbial lactic 
acid production and product export from the cell in currently used mi-
croorganisms (Fig. A3) [49]. As a consequence, there is a gap between 
the optimal operational conditions required for fermentation and 
extraction with regard to the pH value, which can be closed by elec-
trochemical pH shift. By doing so, the pH of the aqueous solution can be 
reduced prior to the membrane module and the extraction efficiency can 
be highly increased. Fig. 5 shows the influence of an electrochemical pH 
shift from pH 4.5 to pH 4. In both experiments, the initial lactic acid 
concentration was 10 g/L, and the organic phase consisted of 20 wt% 
TOA in 1-decanol. The black symbols represent an experiment with an 
initial pH of 4 and without electrochemical pH-swing, the grey symbols 
an experiment in which the pH of the aqueous feed phase was reduced in 
the electrochemical cell prior to the membrane-assisted extraction to a 
pH 4. 

The improvement depicted in Fig. 5 is apparent. However, the 
benefit can be even: The electrolysis allows a change of pH at a given 
lactic acid concentration and can therefore lead to strongly reduced 
membrane contactor sizes required. 

The electrochemical pH shift improves the extraction rate at the 
expense of electric power consumption. The degree of the pH shift de-
pends on the amount of protons ṅH+ produced in the electrolysis and is 
proportional to the electric current I according to Faraday’s law: 

ṅH+ =
I⋅t
z⋅F 

With t being the time, z the number of electrons transferred in the 

Fig. A2. Loading of tri-n-octylamine (TOA) with lactic acid and sulphuric acid 
depending on the pH. Lines are only visual help. Initial lactic acid concentration 
0.5 mol/L. Initial sodium sulfate concentration 0.15 mol/L. Adjustment of pH 
using 2 M sulphuric acid. 

Fig. A3. Curves indicate the thermodynamic limit of the microbial production 
of lactic acid. Microorganisms relying on passive product export from the cell 
can only survive at elevated pH and/or lactic acid concentration below 10 g L-1

. 
If the organism is capable of active product export, survival at low pH values is 
possible at the expense of additional metabolic energy. 
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electrochemical reaction and F being the Faraday constant. As a 
consequence, a high degree of pH shift requires a high input of elec-
tricity. This results in a trade-off between the power consumption 
required for the pH shift and the membrane area required for extraction. 
Finding the sweet spot for the process operation thus requires an un-
derstanding of the relation between the membrane area required for 
extraction and its dependence on the initial lactic acid concentration and 
the initial pH at the module entrance. For this purpose, we used the 
design method presented in Section 3 and the ESI to calculate the 
required membrane area with regard to the initial condition at the 
module entrance. 

Fig. 5 implies that a lower pH value is always better for extraction. 
However, culture media typically contain various salts, like NaCl, 
Na2SO4, or K2HPO4. Their presence should initiate the salting-out of the 
produced acids and increase the distribution coefficient. Contrarily, 
studies showed that the presence of salts reduces the extraction effi-
ciency of carboxylic acids [43,50]. For example, sodium chloride results 
in the formation of hydrochloric acid, which then competes with lactic 
acid for extraction. This leads to a reduced extraction efficiency. 
Therefore, the number of undissociated acids in the fermentation broth 
should be kept at a minimum to reduce co-extraction. Further infor-
mation about the co-extraction of salts can be found in the Appendix, 
Fig. A2. As an alternative, the extractant Trioctylphosphine oxide 
(TOPO) showed only negligible co-extraction of sulphuric acid and thus 
might be a promising alternative to TOA [51]. 

Another opportunity to close the gap between the fermentation and 
extraction pH values is the development of more acid-resistant bacteria, 
which have been investigated lately [45]. These microorganisms allow a 
more efficient extraction process due to an increased driving force and 
reduced electrolysis’s required power input. If low pH tolerant strains 
are available [14,45], the direct extraction of lactic acid is viable 
without an electrochemical pH shift prior to extraction. However, at low 
pH, the lactic acid production and export from the cell of the biocatalyst 
require additional metabolic energy for the active product export. This 
energy is inevitably gained at the expense of substrate yield, which 
causes a trade-off between ease of separation and substrate utilization 
efficiency [49]. Nevertheless, using an electrochemical pH shift in the 
back-extraction process will still be highly beneficial. The following 
section describes this back-extraction approach in detail. 

4.3. Electrochemical pH-swing back-extraction 

A continuous process raises the need for a continuous solvent recy-
cling process; thus, a back-extraction is needed. Different strategies have 
been reported for the back-extraction of carboxylic acids out of tertiary 
amines. In the case of volatile acids or solvents, the most straightforward 
option appears to be evaporation or distillation. A temperature- and 
solvent-swing process can be applied if neither the carboxylic acid or the 
solvent is volatile [18]. Since the complexes are stabilized by hydrogen 
bonds with the solvent n-decanol, adding a solvent that cannot donate or 
accept hydrogen bonds - like heptane - reduces the complex’s stability 
[18,52,53]. Additionally, an increase in the organic phase temperature 
reduces the complexation constant, increasing the recovery rate 
[52,54]. However, the added heptane needs to be recycled after back- 
extraction by evaporation [3]. Therefore, we propose using an electro-
chemical pH shift for the back-extraction. Back-extraction with a 
receiving phase at alkaline pH conditions is known for its high efficiency 
[28]. In our setup the alkaline conditions in the receiving phase are 
established by pumping the receiving phase through the cathode 
chamber of an electrolysis cell. Experiments with lactic-acid saturated 
20 wt% TOA in 1-decanol (55 g/L lactic acid) and an aqueous receiving 

phase with 0.15 M Na2SO4 set to a pH of 12 led to extraction efficiencies 
of > 90%. Fig. 6 shows the back-extraction process using an electro-
chemical pH shift to increase the pH of the receiving aqueous phase to 
12 before the actual back-extraction. 

Compared to the temperature- and solvent-swing process, the mass 
transfer coefficient is reduced when applying an electrochemical pH 
shift: The mass transfer coefficient with temperature- and solvent-swing 
is 2.1*10-7 m/s (Solvent/Feed/Wash with a volumetric ratio of 1/1/3), 
and 1.4*10-7 m/s with the electrochemical pH shift (Solvent/Feed with a 
1/1 volumetric ratio). The reduced viscosity with heptane as anti- 
solvent and working at increased temperature can explain the 
increased extraction rate. However, the extraction efficiency with pH 
shift can be increased significantly, from ~ 40% [3] to > 90%, 
depending on the chosen parameters. Thus, by applying an electro-
chemical pH shift, a much higher concentration factor is achievable. 
Moreover, the subsequent distillation process for water removal requires 
less energy, and the whole process becomes more energy efficient. 
Additionally, evaporating three parts of antisolvent per part extractant 
phase after back-extraction is no longer necessary. 

4.4. Outlook 

Based on the results presented in this work we propose combination 
of membrane supported extraction and electrochemical pH-swing for 
both the extraction and backextraction process. 

Fig. 7 shows the process flow diagram for a continuous fermentation 
process with in-situ removal of lactic acid. By pumping the fermentation 
broth through the anode chamber, the pH can be reduced before the 
extraction. 

Further investigation is required with actual fermentation broths and 
its influence on the electrolysis. In-situ extraction with membrane sup-
ported extraction have been previously reported by [3]. 

5. Conclusion 

The developed pH-dependent reactive extraction model enables the 
calculation of the necessary contact area for membrane-assisted 
extraction, an essential step in the design of extraction processes to 
separate lactic and other carboxylic with membrane contactors. Imple-
menting a pH shift electrolysis can overcome the pH gap between the 
optimal operating conditions of fermentation and extraction, reducing 
the required membrane. The significant reduction of the required area is 
advantageous since membrane contactors often represent substantial 
investment costs. The presented electrochemically driven back- 
extraction enables high concentration factors reducing the required 
energy input for thermal purification tremendously. 
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Appendix 

Cyclic voltammetry measurements are shown in Fig. A1: 
Fig. A1 a) shows that the lactic acid profile in the negative voltage range drops earlier than the reference measurement with sodium sulfate. 

However, in the voltage range of interest (1–1.5 V), the two profiles coincide. We can therefore conclude that with iridium as anode material, the 
chemical stability of the lactic acid during electrolysis can be ensured. 

Fig. A1 b) shows a number of small peaks in the range from − 1 to 1 V. The same peaks can be found in the reference measurement, indicating 
material-typical reactions of the electrode. However, the peak in the lactic acid profile at 1.2 V does not agree with the reference measurement, which 
indicates an electrochemical degradation of the lactic acid at the platinum anode. On the other side, no reaction peak is observed for an alkaline pH at 
the negative potential for platinum. Thus, platinum is considered a suitable cathode material. 

An optimal pH range for lactic acid extraction needs to be found. For this purpose, a titration experiment was performed. A 0.5 M lactic acid 
solution with a sodium sulfate concentration of 0.15 mol/L was used as raffinate phase. Using sodium hydroxide, the pH was set to a basic value. 
During the experiment, the pH value was gradually lowered by the addition of a titration solution. The loading of TOA as a function of pH is shown in 
Fig. A2. The figure includes the loading with lactic acid (ZHLA) and sulfate (ZSO4). Up to a pH of 6, mainly lactic acid is extracted. However, the 
obtained yield is low since most of the acid is deprotonated and doesn’t take part in extraction. 

The yield can be increased by lowering pH. At the same time, the loading of TOA with sulfate rises as well. The highest yield for lactic acid is 
reached at a pH of 4.5. A ZHLA value of 0.35 is achieved. This corresponds to 70% of the maximum value. Lowering the pH further causes the yield to 
decrease. When reaching a pH of 2.5 ZHLA is 0.24. Therefore, the optimal pH for extraction of lactic with pH adjustment using sulphuric acid is 4.5. 
When choosing a higher pH range, the driving force for extraction decreases significantly due to dissociation. For low pH ranges, the influence of co- 
extraction increases. 

Fig. A3 presents the thermodynamic limits of microbial lactic acid production and product export from the cell. The calculation for the limits is 
based on considerations of [49] and [55]. An intracellular pH of about 7 and an intracellular lactic acid concentration in the order of 0.001 mol/L is 
assumed. Furthermore, a proton motive over the cell membrane of 150 mV and an energy gain per mole ATP hydrolyzed of 40 kJ/mol is selected, as 
suggested [49]. 

HLAtot,o

HLAtot,i
= 10

(
F(n− 1)(− pmf)

RTln(10) +pHo − pHi+m⋅ ΔGATP
RTln(10)

)

⋅
1 + 10(pKs− pHo)

1 + 10(pKs− pHi)
(E1)  

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.seppur.2022.120702. 
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