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Selective Separation of 4,4’-Methylenedianiline, 
Isophoronediamine and 2,4-Toluenediamine from 
Enzymatic Hydrolysis Solutions of Polyurethane
Jörg Eberza*, Moritz Doeker a*, Yannic S. Ackermann b, Dominik Schaffelda, 
Nick Wierckx b, and Andreas Jupke a

aFluid Process Engineering (AVT.FVT), RWTH Aachen University, Aachen, Germany; bInstitute of Bio- and 
Geosciences, IBG-1: Biotechnology, Forschungszentrum Jülich GmbH, Jülich, Germany

ABSTRACT
The recycling of plastics such as polyurethane (PU) is a current 
challenge. The continuously increasing production volume and 
additionally growing end-of-life streams increase the urgency 
for solutions. Conventional recycling methods such as mechan
ical and chemical recycling are only economically and/or ecolo
gically suitable to a limited extent. The three-step approach 
consisting of enzymatic PU decomposition, separation of 
amines (4,4’-methylenedianiline (MDA), isophoronediamine 
(IPDA), 2,4-toluenediamine (TDA)) and fermentation of the resi
dual stream is a promising recycling concept. In this study, 
extraction methods for the separation of MDA and IPDA from 
an aqueous solution at neutral pH are developed. In addition, 
the influence of relevant PU hydrolysate components on the 
amine extraction is investigated. The results show that MDA can 
be efficiently separated using solvent extraction of 1-octanol. 
For IPDA separation, a reactive extraction with oleic acid as 
reactant is developed. The application of these two extraction 
methods to TDA shows extraction efficiencies of 52% to 86%. 
The other PU hydrolysate components adipic acid and selected 
salts have only a minor influence on the extraction efficiency. 
The diols ethylene glycol and 1,4-butanediol influence the equi
librium pH of IPDA extraction, raising it to higher values. For 
MDA, no influence of other PU hydrolysate components on the 
extraction efficiency can be observed. Since amines can have an 
inhibitory effect on microorganisms, toxicity experiments were 
carried out to determine the tolerable residual concentration of 
amines in the raffinate to avoid fermentation inhibition. Growth 
experiments with Pseudomonas putida KT240 show that MDA 
has an inhibitory effect at concentrations near the solubility 
limit, whereas IPDA does not affect growth.
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Introduction

With the “Green Deal”, the European Union (EU) is following the goal of 
achieving climate neutrality in Europe by the year 2050.[1] An important step 
towards this goal is a comprehensive circular economy, whereby the recycling 
of polymers poses a particular challenge. This challenge is reflected by poly
mers such as polyurethane (PU), which shows a high landfill rate of almost 
50% in the EU.[2] There are different approaches to tackle this challenge, such 
as mechanical recycling, or chemical recycling by chemolysis or pyrolysis.[3–8] 

A promising three-step approach to recycle PU is based on biocatalytic 
decomposition, purification and subsequent fermentation of the 
residues,[9,10] yielding different valuable base building blocks.[11]

First, the PU is depolymerized by enzymatic hydrolysis via oxidoreduc
tases or hydrolases. Typical degradation products resulting from the cleavage 
are 4,4’-methylenedianiline (MDA), 2,4-toluenediamine (TDA), isophoro
nediamine (IPDA), butane-1,4-diol (BDO), ethane-1,2-diol (EG) and adipic 
acid (AA).[12,13] The separation of these components by extraction into 
amines and the remaining lower-value monomers is a key step for recycling. 
The separated aromatic amines (MDA, TDA, IPDA) can be reused as base 
building blocks for the production of virgin PU.[14] The remaining lower- 
value monomers can be upcycled into high-value chemicals such as rham
nolipids via microbiological fermentation using a Pseudomonas strain. 
Rhamnolipids are used, for example, as biosurfactant in detergents. Since 
amines can have an inhibitory effect on the Pseudomonas strain, the tolerable 
residual concentration of amines is fundamental information to develop the 
extraction.[10]

This was already shown during the microbial conversion of a TDA-based 
model PU hydrolysate, in which the toxicity of TDA on microorganisms was 
proven. To selectively recover the TDA from the aqueous hydrolysate, 
a reactive extraction technique using di-(2-ethylhexyl) phosphoric acid 
(D2EHPA) as reactant was applied. This approach reduced the TDA concen
tration so that the inhibitory effect of TDA on the applied Pseudomonas strain 
could be significantly lowered. However, Utomo’s group has found that 
extraction creates a new inhibition. The reactant D2EHPA is partially soluble 
in water and itself has an inhibitory effect on fermentation. To mitigate this 
effect, extraction was performed at a low pH, where the cross-solubility of 
D2EHPA is reduced. Since fermentation occurs at a neural pH, a pH adjust
ment between extraction and fermentation is required.[10]

In the three-step approach for PU recycling, enzymes are used in the first step 
and microorganisms in the last step, which requires a neutral pH. Since the 
extraction takes place between these two stages, this work aims to develop an 
extraction of aromatic amines at neutral pH. More specifically, this paper 
focuses on the recovery of MDA and IPDA from hydrolysates by solvent 
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extraction and reactive extraction and thus addresses further relevant aromatic 
amines derived from PU hydrolysates.

In addition to the extraction technique investigations, the inhibitory effect 
of MDA and IPDA on a Pseudomonas strain was investigated in toxicity 
studies. The objective of these studies is to determine acceptable residual 
amine concentrations to provide further insight into the requirements for 
successful integration of extraction into the three-stage recycling process 
presented above.

Materials and methods

Chemicals

Isophoronediamine 99+ % (IPDA), adipic acid 99% (AA) and 2,4-toluenediamine 
98% (TDA) were purchased from Acros Organics (Geel, Belgium). 4,4′- 
methylenedianiline ≥97% (MDA), oleic acid FCC grade (OLA) and adipic acid 
for the toxicity experiment were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). 1,4butanediol ≥99% (BDO) was purchased from Carl Roth (Karlsruhe, 
Germany) and 1,2-ethanediol 99% and 1-octanol 99% were purchased from 
Thermo Fischer (Kandel, Germany). All other chemicals came from the compa
nies mentioned above or from Merck (Darmstadt, Germany) and VWR (Leuven, 
Belgium).

Microbiological toxicity experiment for MDA and IPDA

For quantitative microbiology toxicity experiments, P. putida KT2440 and the 
engineered adipic acid-metabolizing KT2440ge ΔPpaaF-paaYX::P14 g ΔpsrA were 
cultivated in mineral salts medium (MSM) with a buffer concentration three times 
higher compared to Wierckx et al. to prevent pH shift after degradation of acidic 
substrates. (11.64 g/L K2HPO4, 4.89 g/L NaH2PO4).[15,16] For the cultivation with 
AA, a 300 mM AA stock solution was dissolved 1:10 in MSM to reach a final 
concentration of 30 mM. For the different MDA and IPDA concentrations, 10- 
fold stocks were prepared starting from 5 mM and then diluted 1:10 with the 
medium. Due to the low solubility of MDA which is 1.01 g/L, a maximum 
concentration of 0.85 g/L (4.3 mM) was chosen for MDA experiments.[17] For 
online growth detection a Growth Profiler® 960 (Enzyscreen, Heemstede, The 
Netherlands) was used. This device analyses cultures in microtiter plates with 
transparent bottoms by image analysis. Pre-cultures containing 2 mL MSM with 
20 mM glucose in 14 mL culture tubes (Greiner bio-one, Frickenhausen, 
Germany) were cultivated in a Multitron shaker (INFORS, Bottmingen, 
Switzerland) with a 220 rpm shaking speed. Main cultures in 96-well plates 
with 200 µL volume, using MSM with several concentrations of different carbon 
sources as indicated, were incubated at 30°C, 225 rpm shaking speed with an 
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amplitude of 50 mm in the Growth Profiler® in biological triplicates. Pictures were 
taken every 30 minutes and analysed using the Growth Profiler Control software 
V2_0_0. The resulting green-values (G-values, based on green pixel counts) 
correlate with the optical density of a cell culture. These G-values were converted 
into optical densities at a wavelength of λ = 600 nm (OD600) equivalents using 
a calibration curve for P. putida.[18]

Solvent and reactive extraction experiments

As was already shown for TDA, also MDA and IPDA (see Figure 1) are proton 
acceptors and show pH dependent dissociation behavior.

The two functional amine groups of the investigated substances can have 
three different dissociation states, resulting in pH-dependent extraction 
behavior.[19] A detailed discussion of the pH-dependent extraction behavior 
is given in the section Extraction of diamines. For this discussion and com
parison, the extraction efficiency E is introduced, which is defined as 

E ¼
meq

i;org

m0
i;aq

; (1) 

the ratio of the mass of component i of the organic phase in the equilibrium 
state meq

i;org, to the mass of component i of the aqueous phase in the initial state 
m0

i;aq. The mass of the components in the organic phase, is calculated based on 
the overall mass balance and the components mass in the aqueous phase. The 
mass balance is given in the following. 

m0
i;aq ¼ meq

i;org þmeq
i;aq (2) 

With the assumption of constant volume of the aqueous phase in the initial 
and equilibrium stateV0

aq ¼ Veq
aq , and a concentration measurement of compo

nent i in the aqueous phase at the initial state and equilibrium state by means 
of HPLC, the extraction efficiency E can be calculated by 

Figure 1. Chemical structure of 4,4’-methylenedianiline (MDA), 2,4-toluenediamine (TDA) and 
isophoronediamine (IPDA).
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E ¼
m0

i;aq � meq
i;aq

m0
i;aq

¼
c0

i;aq � ceq
i;aq

c0
i;aq

: (3) 

Separation of diamines were studied in single-stage solvent extraction and 
reactive extraction experiments. For solvent extraction, 1-octanol was used 
as solvent. For reactive extraction, OLA as reactant diluted in 1-octanol was 
used as organic phase. 1-octanol was chosen as diluent since it has been 
reported in the literature as a suitable solvent for bioprocesses and has 
already been successfully used in biotechnological processes in a reactive 
in situ extraction.[20,21] In addition, it is non-toxic, only slightly soluble in 
water and can be produced biotechnologically from renewable raw 
materials.[22] If not specified otherwise, the concentration of the reactive 
agent was 0.1 M. For the extraction, 1 mL of the corresponding aqueous 
diamine solution with a concentration of 0.5 g/L, were mixed with 1 mL 
solvent in 2 mL tubes. This concentration corresponds to 2.5 mM for MDA, 
2.9 mM for IPDA and 4.1 mM for TDA. The water used was distilled in 
a MonoDest3000 (Lenz Glas Instrumente, Wertheim, Germany). An orbital 
Lab-Shaker LS-W (Kuehner, Birsfelden, Germany) at 150 rpm for at least 14  
h realized mixing of organic and aqueous phase. After this time, it was 
assumed that the thermodynamic equilibrium state is reached. For phase 
separation, the tubes were centrifuged at 10,000 rpm for one minute with an 
IKA G-L centrifuge (IKA, Staufen, Germany). Before and after extraction, 
the amine concentration of the aqueous phase was determined via HPLC. 
The error of the extraction experiments is determined with the coefficient of 
variation v based on the concentration measurement via HPLC of all samples 
of each experiment before extraction. This is defined as the ratio of the 
standard deviation s to the arithmetic mean �x: 

v ¼
s
�x

(4) 

The coefficient of variation is given in each figure caption.
The pH value of the aqueous phase was measured in the equilibrium state 

after the extraction with a SevenCompact pH/Ionmeter (Mettler Toledo, 
Gießen, Germany). All experiments were conducted at ambient temperature 
295 K ± 1 K. Sulfuric acid, hydrochloric acid, citric acid, sulfates and phos
phates were used to adjust the pH and as buffers. Table S1 in the supporting 
information lists the substances and concentrations used for each experiment. 
In addition, the pH adjusting agents used are mentioned under each figure.

Furthermore, the influence of diols (EG, BDO), carboxylic acid AA and salts 
(NaCl, phosphate, sulphate) were investigated at concentrations up to 
500 mM.
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HPLC analytics for diamine quantification

For the determination of the amine concentration of the aqueous phase, an 
Agilent 1200 HPLC system (Agilent, Santa Clara, USA) equipped with 
a Diode-Array Detection (DAD) was used. The method for the detection of 
MDA and TDA is shown in Table 1.

For the concentration determination via HPLC of IPDA the method of Doeker 
et al.[23] was used, for diols and carboxylic acid the method of Kocks et al.[24]

Results & discussion

Microbiological toxicity experiment for MDA and IPDA

Experiments were carried out to determine the influence of MDA and IPDA on 
growth of P. putida KT2440 on glucose or adipate as sole carbon source. Both 
P. puitda KT2440 wild-type and a engineered KT2440 strain optimized for the 
degradation of adipate were used for this purpose.[16] The growth rates are shown 
in Table 2. In both strains, the highest concentration of MDA (4.3 mM) resulted in 
complete growth inhibition (Figure 2). At the concentration of 0.5 mM MDA no 
impaired growth was observed compared to the negative control without MDA 
when glucose was used as sole carbon source. If adipate as common plastic 
monomer is used as the sole carbon source, growth was slightly impaired at 0.5  
mM MDA. Concentrations below 0.05 mM showed no significant effect on the 
growth of the two P. putida strains cultured either glucose or adipate.

IPDA was clearly less toxic than MDA. None of the tested concentrations (0  
mM − 5.9 mM IPDA) had any negative effects on growth, regardless of which 
carbon source was used and whether it was the wild-type or the reverse- 
engineered strain. The results can be found in the supporting information in 
Figure S1. As previously mentioned, the toxicity of TDA has already been proven 
by Utomo et al.[10]

Table 1. HPLC method for MDA and TDA analysis.
Method Parameter Value MDA method Value TDA method

Column Nucleodur C18 ec Nucleodur C18 ec
Column Size 3.0 x 125 mm, 3µm 3.0 x 125 mm, 3µm
Column temperature 40°C 40°C
Mobile phase Water/Methanol − 90/10% Water/Methanol − 90/10%
Buffer KH2PO4 30 mmol/L 900 mL H2O + 2.5 mL acetic acid  

+ NaOH to pH 6; +100 ml MeOH
Flowrate 0.5 mL/min 0.4 mL/min
Injection volume 5 µL 20 µL
Wavelength 240 nm 194 nm

Table 2. Bacterial growth rates under different MDA concentrations for the two strains of P. putida 
(A = wild-type KT2440, B = reverse engineered KT2440ge ΔPpaaF-paaYX::P14 g ΔpsrA).

Substrate 0.0005 mM 0.005 mM 0.05 mM 0.5 mM 4.3 mM without MDA

A: Glucose 0.56 ± 0.01 0.56 ± 0.01 0.57 ± 0.00 0.54 ± 0.01 - 0.49 ± 0.01 h−1

B: Glucose 0.36 ± 0.01 0.38 ± 0.01 0.37 ± 0.01 0.33 ± 0.00 - 0.33 ± 0.00 h−1

B: Adipate 0.31 ± 0.01 0.29 ± 0.00 0.29 ± 0.00 0.20 ± 0.00 - 0.29 ± 0.00 h−1
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Extraction of diamines

Solvent extraction of MDA and IPDA
Figure 3 shows the pH dependent extraction efficiency of MDA and IPDA via 
solvent extraction. For both diamines, a strong dependency of extraction 
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Figure 2. Characterization of bacterial growth under different MDA concentrations. Two strains of 
P. putida (A = wild-type KT2440, B = reverse engineered KT2440ge ΔPpaaF-paaYX:P14 g ΔpsrA) were 
grown in MSM medium with either 20 mM glucose or 30 mM adipate supplemented with different 
MDA concentrations (0 mM, 0.0005 mM, 0.005 mM, 0.05 mM, 0.5 mM, 4.3 mM MDA). OD600 
equivalents (OD600 eq.) were derived from green-values obtained from the Growth Profiler 
using a calibration curve. Symbols show every 2nd data point. Error bars indicate the standard 
error of the mean (n = 3).
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Figure 3. Extraction efficiency of solvent extraction of 2.5 mM MDA (aq) and 2.9 mM IPDA (aq) from 
an aqueous solution with 1-octanol. The pH value was determined at the equilibrium state. 
Adjustment of the pH with sulphuric acid and sodium hydroxide. νMDA=1.5%, νIPDA=2.4%.
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efficiency on pH was observed. For MDA, no extraction was observed at pH 
values below 3. For pH between 3 and 5, a continuous increase in MDA 
extraction was observed, and very high extraction efficiencies of up to E =  
97.6% (logP = 1.61) were achieved from pH higher than approximately 6. 
IPDA showed a similar behaviour, only with a shift to much higher pH values. 
For IPDA below pH 7 no extraction took place, between pH 7 and 10 the 
extraction efficiency increased continuously, and above pH 13 a maximum 
was reached with a extraction efficiency of E = 98.1% (logP = 1.71).

This difference in the pH dependency can be explained by the dissociation 
behaviour of MDA and IPDA which is defined by the pKa value. In the literature, 
the pKa1 values are reported with 5.3 for MDA and 10.7 for IPDA.[17,25] At pH 
below the pKa, the protonated species is predominant, while at pH above the pKa 
the unprotonated mainly occurs. The protonated and thus positively charged 
species cannot be extracted. Consequently, the extraction efficiency is decreasing 
below the pKa and increasing above the pKa, as shown in Figure 3.

Therefore, MDA can be extracted from an aqueous solution via solvent 
extraction at neutral pH, whereas IPDA requires a pH lager than 10.7 for an 
efficient extraction. This means that further pH adjustment would be required 
if IPDA separation were performed by solvent extraction, since enzymatic 
hydrolysis and fermentation are typically performed at near-neutral pH.[23,26] 

This pH adjustment would lead to an increased salt load, which results in 
larger waste streams and higher costs. Thus, an alternative separation techni
que such as reactive extraction is appropriate for efficient separation of IPDA.

Reactive extraction of IPDA
To achieve high extraction efficiencies for IPDA at neutral pH, reactive 
extraction was applied. OLA can form a reactive complex with the protonated 
amine, which has a high affinity for the organic phase. The formation of the 
complex is strongly pH dependent and thus also leads to a pH dependence of 
the extraction.[23] First, the influence of the OLA concentration, on the 
extraction efficiencywas investigated. The results of these extraction experi
ments for four different OLA concentrations (0.1 M to 1 M) and without OLA 
are given in Figure 4. Variation in OLA concentration resulted in a shift in the 
extraction curves, with higher OLA concentrations leading to a lower equili
brium pH. Thus, via variation of the OLA concentration, the pH operating 
window of the extraction can be adjusted. Based on the results of the literature, 
we assume that the reactive extraction is a liquid cation exchanger. Moreover, 
we assume a similar mechanism as already described in the work of Doeker 
and Bednarz.[19,23]

Without OLA, a pure solvent extraction occurs, in which high extraction 
efficiencies can only be achieved at pH greater 12. Whereas reactive extraction 
allows high extraction efficiencies even at neutral pH.
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Influence of solutes from PU hydrolysis reactive extraction of IPDA
Besides the diamines, the PU hydrolysate is composed of a variety of 
components depending on PU composition and additives.[13] These com
ponents can influence the selectivity of the reactive extraction, and thus 
affect the overall efficiency of the process. To characterize this influence, 
representative components were identified and added to the extraction 
experiments. The identified components are diols (EG, BDO), adipic 
acids (AA) and salts (sodium chloride, sodium phosphates). For all sub
sequent experiments, the results from the previous reactive extraction 
experiments were used as a reference, allowing to show differences in 
diamine extraction.

Figure 5 depicts the extraction efficiency for the reactive extraction of IPDA 
with different relevant salts. For both chlorides and phosphates, a shift of the 
extraction curves towards higher pH can be observed. At low salt concentra
tions, there are only slight deviations from the experiments without salt 
addition with a pH difference of mostly less than 0.1. With increasing salt 
concentration, this difference increases up to a pH difference of 0.7. 
A possibility to compensate the pH shift would be to increase the OLA 
concentration. However, a reduction of the maximum extraction efficiency 
could not be observed.

The influence of BDO and EG on the reactive extraction of IPDA is shown 
in Figure 6. With both BDO and EG, the extraction efficiency is shifted to 
higher pH values. The pH difference for both diols compared to the reference 
experiment is about 1. However, the maximum extraction efficiency is not 
affected by the diols.
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Figure 4. Extraction efficiency for reactive extraction of 2.9 mM IPDA (aq) with 1-octanol as diluent 
and different OLA concentrations as reactant. Adjustment of the pH with citric acid, sulphuric acid 
and sodium hydroxide. ν1.00 M=3.2%, ν0.50 M=2.4%, ν0.25 M=2.9%, ν0.10 M=4.3%.
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In addition to the amine extraction, the co-extraction of the diols was also 
investigated. The results are shown in the supporting information in figure S3 
and show that both EG and BDO was extracted with a constant extraction 
efficiency of approx. E = 4% and E = 12%, respectively, independent of the pH 
value. The resulting partition coefficient logP corresponds to the partition 
coefficients from the literature with logPEG = −1.4 and logPBDO = −0.9.[17,27] 

This co-extraction leads to a reduction of the diol concentration in the 
raffinate and is thus not available as a carbon source for fermentation. In 
addition, it leads to contamination of the extract and impedes further down
stream processes in order to reuse the amines for the production of virgin PU. 
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Thus, without further process steps a selective IPDA single-stage extraction is 
challenging. A possible approach to increase selectivity would be a multi-step 
extraction.

Furthermore, co-extraction of diols affects the extraction behavior. One 
explanation is that co-extraction of significant amounts of diols would lead to 
dilution of the organic phase and lower OLA concentrations, resulting in 
a shift of the extraction curve to higher pH. However, since the co-extracted 
amount of diols is small (12% for BDO) and only leads to a decrease in OLA 
concentration of about 0.28 mM (initially 100 mM), this cannot explain the 
observed behavior.

A second explanation of the effect could be the influence of the diols 
on the complex formation and the hydrophobicity of the organic phase, 
which could lead to a shift in pH. Similar effects have already been 
observed in the literature for reactive extraction when the diluent was 
changed.[28] However, this is beyond the scope of this work and will be 
investigated in another study.

The influence of AA on the reactive extraction is shown in Figure 7. The 
data points of the reference experiment and the experiment with AA are 
superimposed and no influence on the extraction efficiency could be 
observed.

Co-extraction was also investigated for AA. The results are shown in the 
supporting information in Figure S6. Depending on the pH, AA is in different 
dissociation states, which strongly influences the extraction. At pH below 6, 
AA is present in protonated state, which was physically extracted to the 
organic phase. Above pH 6, no protonated species of AA is present in the 
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Figure 7. Extraction efficiency of IPDA with 1-octanol as diluent and 0.1 M OLA as reactant. 
Adjustment of the pH with chloric acid and sodium hydroxide. νIPDA+AA=1.4%.
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solution,[29] thus no extraction of AA was observed. This allows selective 
separation of IPDA at a neutral pH.

For the most part, similar observations regarding the influence of minor 
components on extraction were made for solvent extraction of MDA as for 
reactive extraction of IPDA. Therefore, the figures are shown in the supporting 
information. Figure S2 shows the results for salt influence. Similar to IPDA, 
the addition of salt results in a small pH shift in extraction efficiency in the 
range of large pH gradients. The minimum and maximum extraction efficien
cies are not affected by the salts investigated. Carboxylic acid also has negli
gible effect on MDA extraction. The pH shift shown for IPDA caused by the 
diols cannot be observed for MDA in Figure S3. Also, the co-extraction of the 
minor components is as previously described for IPDA.

Transfer of the solvent and reactive extraction to TDA
Since MDA was successfully recovered via solvent extraction and the developed 
reactive extraction showed good results for IPDA separation, both methods 
were tested for separation of TDA. The results are depicted in Figure 8.

For solvent extraction of TDA with 1-octanol (0 M OLA), a maximum 
extraction efficiency of E = 54% was achieved. The partition coefficient deter
mined in the experiments of logP = 0.07 only differs slightly from values of 
0.03 reported in the literature.[17] Reactive extraction with OLA, led to an 
increase in extraction efficiency with a maximum value of E = 86% when using 
pure OLA as organic phase. This increase of extraction efficiency is due to the 
already explained complex formation, making, reactive extraction with OLA 
generally applicable for the recovery of TDA.
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Figure 8. Extraction efficiency of solvent extraction and reactive extraction of 4.1 mM TDA. 
Adjustment of the pH with citric acid and sodium hydroxide. ν0 M=1.1%,ν1 M=1.0%,νpure OLA=1.4%.
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When compared to the reactive extraction of TDA with D2EHPA,[10] the 
use of OLA led to lower maximum extraction yields and seems inferior to the 
already proposed solution with D2EHPA. However, since D2EHPA has been 
proven to be non-biocompatible and requires a pH in the acidic range, the use 
of biocompatible OLA at pH 7 is a suitable alternative. In previous studies, it 
has already been demonstrated that small traces of 0.5 mM TDA already lead 
to a 20% reduction in the growth rate of P. putida KT2440.[30] In the experi
ment shown above, by using pure OLA, the initial concentration of 2.4 mM 
could be reduced to 0.3 mM, but only since a low initial amine concentration 
was chosen. For higher amine concentrations, multistage operation should be 
envisaged to achieve higher extraction yields.

Conclusion

We have shown that, depending on the amine and pH value, solvent extraction 
or reactive extraction are appropriate separation methods to separate MDA 
and IPDA from an aqueous medium. MDA can be extracted to more than 97% 
by one-step extraction at neutral pH, thus making it compatible with potential 
up- and downstream bioprocessing. For IPDA, similar extraction efficiencies 
could be achieved with solvent extraction, but only with a pH > 12. The 
developed one-step IPDA reactive extraction enabled extraction efficiency 
higher than 98% at neutral pH. Expected other components of PU hydro
lysates such as AA, sulfates, and phosphates only slightly affect the extraction 
efficiency by a minor pH shift of the extraction curve and allow selective amine 
extraction. Other possible PU monomers such as EG and BDO are co- 
extracted with a low extraction efficiency of E = 4% and E = 12%, respectively. 
IPDA extraction efficiencies show a pH shift to higher values in the presence of 
these components.

Furthermore, we were able to show with toxicity experiments that the 
remaining small amounts of MDA or IPDAwill not have a negative effect on 
the growth of P. putida and therefore do not cause any problems for the 
subsequent bio-upcycling. The developed extraction methods were addition
ally investigated for the extraction of TDA. An extraction efficiency of E = 52% 
was achieved for solvent extraction and an extraction efficiency of E = 86% for 
reactive extraction at neutral pH. In the work of work of Utomo et al.[10] 

a higher extraction efficiency could be achieved, but the reactant D2EHPA 
used was not biocompatible compared to OLA in this work. Since it is already 
known that small traces of TDA lead to inhibition of fermentation of P. putida 
KT2440, there is a need for further research, by investigating a multi-step 
process or new solvents to further improve the TDA extraction efficiency.

In addition, the re-extraction of the amines from the organic phase should 
be investigated in a next step. A possibility for this is the transfer of the organic 
phase into an acidic phase, whereby the amine is re-extracted. This process is 
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described in detail in the work of Doeker et al.[21] Through the back extraction, 
valuable amines can be further purified from the aqueous phase by means of 
an evaporation. Moreover, a solvent recovery and reuse is possible.
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