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Summary 
The rising costs of petroleum have resulted in increased interest in sustainable 
routes for obtaining energy, fuels and chemicals. Fermentation processes offer a 
very promising alternative for the production of chemicals. However, 
bioprocesses as such, have originally been developed for the production of 
specialty chemicals and pharmaceutical ingredients, where the required volumes 
are relatively small. A successful transition to commodity chemicals demands an 
increase in productivity and involves new challenges – both scientifically and 
economically. 

A major challenge in applying fermentative technology remains the recovery of 
typically highly hydrophilic products from the broth, which currently constitutes 
up to approximately 60% of the total costs. Two examples of the bioprocesses 
leading to the production of monomers for bio-based plastics have been chosen 
to illustrate this further. These processes are the production of lactic acid (LA) 
for Poly-lactic acid (PLA) and production of butane-1,4-diamine (BDA), an 
intermediate for Nylon 4,6. Due to the specific character of bioprocesses 
(application of microorganisms, complexity of the broth), the well-established 
industrial separation techniques such as distillation, membrane processes or 
adsorption are all facing drawbacks in their application. They are energy 
intensive, often cannot be coupled with continuous fermentation processes, or 
their selectivity is not sufficiently high.  

Reactive liquid-liquid extraction has been recognized as promising alternative 
for the recovery of compounds produced via fermentation. This method can be 
highly selective, is applicable at mild conditions and can be integrated with 
either batch or continuous fermentation process.  

Reactive liquid-liquid extraction for lactic acid recovery has a long history (the 
first reports date back to 1946).  For over five decades, tertiary amines (e.g. 
trioctyl amine, TOA and resembling tertiary amines and mixtures thereof) have 
been the state-of-the-art extractants for carboxylic acid extraction.  
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However, currently application of reactive liquid-liquid extraction requires high 
concentrations of acids in the broth and in order to mitigate the negative effect 
of low acidity on the microorganisms, large amounts of base need to be used. 
Hence, it is desired to develop approaches, where the acid could be removed 
from the broth in situ, at an early stage in the fermentation, when its 
concentration is not yet detrimental to bacteria. For such approaches, 
distributions significantly higher than these provided by the state-of-the-art 
TOA-octanol solvent, are required. Hence, in the case of lactic acid, the 
objective of the research described in this thesis was to identify the solvent able 
to outperform tertiary amines. For butane-1,4-diamine, the objective was to 
identify solvents capable of providing sufficiently high distributions, which was 
quantified to be D > 50. 

First, extractant screening studies were performed for both industrial cases. This 
was followed by the study of the influence of different process parameters 
(including extractant concentration, temperature, and type of applied diluent) on 
the extraction effectiveness. Subsequently, the back-extraction options have 
been investigated and their effectiveness experimentally verified. For both cases, 
a series of experiments with the best extractant-diluent combination have been 
performed at different temperatures. Using the collected data, single stage 
extraction models were developed for both cases, enabling short-cut calculations 
to estimate the achievable concentration factors in the combined extraction – 
back-extraction processes.  

Lactic acid  

In the first part of the screening study, different groups of extractants were 
evaluated, including amines, amides, superbases, guanidines and N-oxides. The 
extraction performances were compared with those of the benchmark TOA in 
octanol. It appeared challenging to improve the state-of-the-art in lactic acid 
extraction. A range of extractants simply did not have high enough affinity for 
lactic acid, while for guanidines and superbases heavy extractant leaching was 
making a proper assessment of these substances impossible. Thus, it was 
concluded that for an appropriate evaluation of the functional group 
effectiveness, the hydrophobicity of examined compounds needed to be 
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increased. For this purpose, traditional extractants were replaced with 
functionalized silica compounds and the second part of screening study was 
performed. 

The functionalized silica compounds included equivalents of tertiary amine (the 
reference, corresponding with TOA), piperidine, piperazine, pyridine, guanidine 
and aminopyridine. It was found that functional groups containing multiple 
nitrogen-based functionalities and at least one double bond between the nitrogen 
and carbon atom exhibited higher acid affinity than the single tertiary amine 
functional group, as present in TOA. After incorporating these functional groups 
in highly hydrophobic extractants, the highest distribution coefficients of lactic 
acid were observed for N,N-didodecylpyridin-4-amine (DDAP). 

A very important factor in reactive liquid-liquid extraction is the recovery of 
solvent and release of pure solute from the extract phase. Therefore, back-
extraction through temperature swing, application of anti-solvent and the 
combination of the two was studied. Increasing the temperature and addition of 
an anti-solvent such as heptane promoted the back extraction, allowing for a 
single stage recoveries up to 80%. 

The extraction of aqueous lactic acid by DDAP in 1-octanol was studied in more 
detail. Using experimental data and mathematical modelling, a single stage 
extraction model was developed. The aqueous phase dissociation constant 
dependency on temperature was described with the Van’t Hoff’s equation. The 
equilibrium constants at particular temperatures were determined and based on 
this data, the enthalpy and entropy in the Van’t Hoff’s equation describing the 
complexation reaction were estimated. With these parameters, a temperature 
dependent single stage model was developed, and the required solvent to feed 
ratio (S/F) for removal of 99% of acid was estimated. Also, the highest 
concentration factor achievable through temperature swing operation at 
atmospheric pressure has been estimated and was ζ = 6 (from 13 mM in the feed 
to 78 mM lactic acid in wash stream from back extraction). Application of 
pressurized recovery at 413 K allows for concentrations up to 210 mM 
(concentration factor ζ =17).   
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Butane-1,4-diamine 

Unlike LA, BDA is currently not produced through fermentation. 
Microorganisms capable of its production have been identified, however, the 
research concerning the production of BDA through fermentation is still in an 
early stage, and no extractive recovery of BDA has been reported yet. Also, 
analytical methods for the direct analysis of BDA in aqueous solutions are not 
readily available. Therefore, prior to the extractant screening studies, a method 
for the determination of primary amines in water was developed. Gas 
Chromatography with deactivated Agilent WCOT Fused Silica CP Volamine 
capillary column and ionic liquid impregnated pre-columns was found to be a 
suitable analytical technique for the direct analysis of aqueous samples of 
primary amines (e.g. aminopropane, BDA, pentane diamine) samples. 

In the extractant screening study, several extractants were studied, including 4-
nonylphenol, 3,4-bis((2-ethylhexyl)oxy)phenol , di-2-ethylhexyl phosphoric 
acid (D2EHPA), Versatic acid 1019, di-nonyl-naphthalene-sulfonic acid 
(DNNSA), and 4-octylbenzaldehyde. 1-octanol, 2-octyl-1-dodecanol and 
heptane were used as diluents. The most promising solvent was 4-nonylphenol, 
hardly leaching into the aqueous raffinate and exhibiting BDA distribution 
coefficients very strongly dependent on the extractant concentration ranging 
from D ~ 1 at < 20wt% 4-nonylphenol in 1-octanol at 25°C to D>100 for pure 4-
nonylphenol at 25°C. The strong dependency of the distribution on extract phase 
composition was applied to efficiently back-extract up to 90% BDA in a single 
step by dilution with 1-octanol as anti-solvent. Dilution in heptane was also 
possible, but yielded lower back-extraction efficiency. However, because of the 
ease of evaporative removal of the diluent, this diluent was preferred for the 
study on the extraction of pentane-1,5-diamine (PDA), which was found to 
exhibit higher distributions than BDA, due to the longer hydrocarbon chain.  

In order to estimate multistage extraction efficiencies, the distribution of BDA 
as function of process conditions was studied, and by a combination of 
experiments and mathematical modelling, a single stage extraction model was 
developed. The dependency of both aqueous phase basicity constants pKb1 and 
pKb2 on the temperature was described with the Van’t Hoff’s equation. The 
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equilibrium constants at 3 different temperatures were determined and based on 
this data, the enthalpy and entropy of complexation were estimated. In the 
complexation equilibrium, also the stoichiometry of complexation was taken 
into account. It was found that the average stoichiometry of complexes formed 
between BDA and NP is hardly depending on temperature and about1:2.5. 
Using the temperature dependent distribution of BDA, the required solvent to 
feed ratio (S/F) in multi-stage extraction was estimated at 0.2 for removal of 
99% of BDA. The highest concentration factor achievable through temperature 
swing operation at atmospheric pressure has been estimated at ξ = 3.6, resulting 
in concentrations in the back extraction wash of 4.1 wt%, which is still rather 
low. From this, it was concluded that also in multi-stage processes, the use of an 
anti-solvent or other trigger to promote the recovery of BDA is required for 
efficient concentration of BDA. 

Overall conclusion and outlook 

For both industrial cases effective extractants were found for reactive liquid-
liquid extraction based processes to extract LA and BDA from their broths. 
However, for both cases, the solutions obtained from temperature-swing 
operated back-extractions were still diluted and required subsequent evaporation 
of water in order to arrive at desired pure LA or BDA. Hence, further 
investigation on alternative recovery methods is required. This could include 
thermal recoveries, or anti-solvent approaches. Important factors that should be 
included in these studies are the energy required for effective concentration of 
the solutes and the required equipment sizes and costs. Also, prior to integration 
of reactive liquid-liquid reactive extraction with an existing fermentation 
processes, some further research needs to be performed concerning the toxicity 
of the solvent, and the effect of other solutes in the fermentation process on the 
extraction. 
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Streszczenie 
Rosnące koszty ropy naftowej zaowocowały wzmożonym zainteresowaniem 
zrównoważonymi metodami pozyskiwania energii, paliw oraz chemikaliów. W 
przypadku tych ostatnich, procesy fermentacyjne stanowią obiecującą 
alternatywę. Jednakże zastosowanie mikrobów w produkcji było dotychczas 
stosowane głównie w przypadku specjalistycznych środków chemicznych lub 
farmaceutyków, gdzie skala produkcji jest stosunkowo mała. Skuteczne 
zastosowanie fermentacji do produkcji chemikaliów na duża skalę wymaga 
zwiększenia wydajności procesu oraz jest związane z szeregiem wyzwań – 
zarówno natury naukowej jak i ekonomicznej. 

Jednym z głównych wyzwań w zastosowaniu procesów fermentacyjnych na 
dużą skalę pozostaje kwestia oddzielania otrzymanych produktów, które 
zazwyczaj charakteryzują się wysokim stopniem hydrofilności, od pozostałych 
składników brzeczki pofermentacyjnej. Obecnie koszt metod separacji sięga 
60% całkowitych kosztów produkcji. Przedmiotem badań opisanych w tej pracy 
są dwa bioprocesy mające na celu produkcję monomerów stosowanych w 
pozyskiwaniu biopolimerów: produkcja kwasu mlekowego stosowanego do 
pozyskiwania polilaktydu oraz produkcja butan-1,4-diaminy będącej jednym z 
substratów w produkcji Nylonu 4,6. Ze względu na specyfikę bioprocesów 
(zastosowanie mikroorganizmów, złożony skład brzeczki pofermentacyjnej), 
możliwość zastosowania metod stosowanych tradycyjnie na potrzeby procesów 
przemysłowych – takich jak destylacja, procesy membranowe czy adsorbcja – 
jest zdecydowanie ograniczona. Są to procesy wymagające dużych nakładów 
energii, charakteryzujące się niewystarczającą selektywnością, a także w 
większości przypadków ich integracja z ciągłym procesem fermentacji jest 
niemożliwa.  

Ekstrakcja typu ciecz-ciecz została wskazana jako metoda o wysokiej 
skuteczności w odzyskiwaniu składników wyprodukowanych w procesie 
fermentacyjnym. W przeciwieństwie do pozostałych uprzednio wymienionych 
metod, wykazuje ona dużą selektywność, nie wymaga zastosowania 
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ekstremalnych warunków (temperatura, ciśnienie) oraz może być łatwo 
zintegrowana z procesami fermentacji zarówno okresowej jak i ciągłej.  

Zastosowanie ekstrakcji typu ciecz-ciecz do separacji kwasu mlekowego ma 
długą historię – pierwsze sprawozdania na ten temat pochodzą z roku 1946. W 
ciągu ostatnich 60 lat aminy trzeciorzędowe (np. trioktylamina, TOA, oraz 
podobne aminy tego typu, jak i ich mieszaniny) stały się standardowymi 
odczynnikami w ekstrakcji kwasów karboksylowych. 

W chwili obecnej zastosowanie ekstrakcji typu ciecz-ciecz jest możliwe tylko w 
przypadku, kiedy stężenie kwasu w brzeczce pofermentacyjnej jest 
zdecydowanie wyższe od stężenia tolerowanego przez bakterie. W związku z 
tym, aby zapobiec negatywnym skutkom obniżonego pH (wysoka kwasowość), 
w czasie procesu fermentacji do medium dodawane są zasady lub sole, mające 
na celu zneutralizowanie wyprodukowanego kwasu. Na skutek takiego 
podejścia, procedury związane z odzyskiwaniem kwasu ulegają komplikacji. 
Przekształcenie laktydu obecnego w brzeczce w kwas mlekowy o wysokim 
stopniu czystości wymaga zastosowania dodatkowych operacji. W związku z 
tym, duże zainteresowanie wzbudzają prace nad metodami pozwalającymi na 
usuwanie kwasu mlekowego in situ, na etapie, gdy jego stężenie nie jest jeszcze 
wystarczająco wysokie, by stanowić zagrożenie dla kultur bakteryjnych. Aby 
takie podejście okazało się wystarczająco efektywne, wartości osiąganych 
współczynników podziału (D) powinny znacznie przewyższać wartości osiągane 
przy ekstrakcji kombinacją trioktylamina-1-oktanol. W związku z tym, w 
przypadku kwasu mlekowego, celem pracy było zidentyfikowanie 
rozpuszczalnika zdolnego przewyższyć wyniki uzyskiwane przy zastosowaniu 
amin trzeciorzędowych. W przypadku butan-1,4-diaminy (putrescyny), celem 
pracy było zidentyfikowanie rozpuszczalników zdolnych zapewnić 
wystarczająco wysokie współczynniki podziału, co zostało zdefiniowane jako 
D>50.  

W pierwszej części badań dla obu przypadków dokonano analizy przeglądowej 
potencjalnych ekstrahentów. Następnie zbadano wpływ parametrów procesu 
(takich jak stężenie ekstrahenta, temperatura, rodzaj zastosowanego 
rozpuszczalnika) na skuteczność procesu ekstrakcji. Możliwe metody re-
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ekstrakcji zostały zidentyfikowane i zweryfikowane eksperymentalnie. Dla obu 
studiowanych przypadków przeprowadzono serię eksperymentów z użyciem 
kombinacji ekstrahent-rozpuszczalnik zapewniającej najlepsze wyniki. 
Eksperymenty te przeprowadzono dla różnych temperatur. Na podstawie 
uzyskanych danych utworzono matematyczne modele opisujące jednostopniową 
ekstrakcję. Przy użyciu w/w modeli możliwe było oszacowanie 
współczynników koncentracji dla połączonych procesów ekstrakcji i re-
ekstrakcji.  

Kwas mlekowy 

W pierwszej części analizy porównawczej ekstrahenty należące do różnych klas 
substancji zostały zbadane, w tym aminy, amidy, tzw. super-zasady, guanidyny 
oraz pochodne tlenków azotu. Pozyskane wyniki zostały porównane z tymi 
zanotowanymi dla mieszaniny trioktylaminy w 1-oktanolu. Uzyskanie wyników 
przewyższających te zanotowane dotychczas okazało się trudne. Część z 
badanych ekstrahentów nie wykazywała wystarczającego powinowactwa do 
kwasu mlekowego, natomiast w przypadku super-zasad i guanidyn intensywne 
wypłukiwanie ekstrahenta z fazy organicznej uniemożliwiło ocenę skuteczności 
tych substancji. W związku z tym uznano, iż w celu dokonania poprawnej oceny 
skuteczności grup funkcyjnych, należy zwiększyć hydrofobowość badanych 
substancji. W tym celu tradycyjne ekstrahenty zastąpiono silikonowymi 
ziarnami posiadającymi zintegrowane grupy funkcjonalne i ponownie 
przeprowadzono analizę porównawczą skuteczności poszczególnych grup 
funkcyjnych.  

Pośród przebadanych substancji znajdowały się odpowiedniki amin 
trzeciorzędowych, (jako punkt odniesienia, odpowiednik TOA), piperydyna, 
piperazyna, pirydyna, guanidyna oraz aminopyridyna. Ustalono, iż grupy 
funkcjonalne, w skład których wchodzą liczne grupy funkcyjne zawierające 
atomy azotu, a także przynajmniej jedno wiązanie podwójne pomiędzy atomami 
węgla i azotu, wykazywały większe powinowactwo do kwasu niż w przypadku 
pojedynczej grupy funkcjonalnej zwartej w aminach trzeciorzędowych, tak jak 
w przypadku TOA.  Spośród przygotowanych na zamówienie hydrofobicznych 
ekstrahentów zawierających grupy funkcjonalne zapewniające najlepsze efekty, 
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najwyższy współczynnik podziału dla kwasu mlekowego został zanotowany dla 
N,N-didodecylpyridin-4-aminy (DDAP).  

Jednym z kluczowych czynników mających wpływ na możliwość pomyślnego 
zastosowania ekstrakcji typu ciecz-ciecz jest możliwość odzyskania 
zastosowanego rozpuszczalnika (tudzież mieszaniny rozpuszczalnika i 
ekstrahentu) oraz możliwość odzyskania kwasu mlekowego z ekstraktu w jak 
najczystszej postaci. W związku z tym, przebadano możliwość re-ekstrakcji 
poprzez zastosowanie zmiennej temperatury, zastosowanie anty-rozpuszczalnika 
oraz kombinacji temperatury i anty-rozpuszczalnika. Wzrost temperatury 
połączony z rozcieńczeniem ekstraktu rozpuszczalnikiem typu heptan wpłynęły 
pozytywnie na re-ekstrakcję prowadząc do odzyskania około 80% 
wyekstrahowanego kwasu.  

Ekstrakcja kwasu mlekowego z roztworu wodnego przy użyciu mieszaniny 
ekstrahenta DDAP i 1-oktanolu została szczegółowo opisana. Model 
jednostopniowej ekstrakcji został przygotowany w oparciu o uzyskane dane 
eksperymentalne oraz przy użyciu modelowania matematycznego. Zależność 
stałej dysocjacji kwasu mlekowego od temperatury została opisana przy użyciu 
równania Van’t Hoffa. Następnie, stałe równowagi reakcji pomiędzy kwasem 
mlekowym i DDAP dla różnych temperatur zostały wyznaczone i na ich 
podstawie oszacowano wartość entalpii i entropii dla reakcji powstawania 
kompleksów. Na podstawie tych danych utworzono model jednostopniowej 
ekstrakcji i oszacowano stosunek rozpuszczalnika do roztworu surowego 
wymagany do ekstrakcji przynajmniej 99% kwasu zawartego w roztworze 
surowym. Oszacowano także najwyższy współczynnik koncentracji możliwy do 
uzyskania poprzez re-ekstrakcję przy użyciu zmiennej temperatury, w 
warunkach normalnego ciśnienia atmosferycznego. Wyniósł on ξ=6 (stężenie 
początkowe w roztworze surowym wynosiło 13mM i zostało zwiększone do 
78mM w roztworze uzyskanym po re-ekstrakcji). Na podstawie utworzonego 
modelu matematycznego oszacowano również, iż w warunkach re-ekstrakcji w 
temperaturze 413K, i przy odpowiednio dostosowanej wartości ciśnienia 
atmosferycznego, stężenie kwasu może osiągać wartość 210mM (współczynnik 
koncentracji ξ=17). 
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Butan-1,4-diamina (BDA, putrescyna) 

W przeciwieństwie do kwasu mlekowego, putrescyna wykorzystywana do 
produkcji Nylonu 4,6 jest obecnie nadal pozyskiwana metodą syntezy 
chemicznej. Bakterie zdolne do jej produkcji w procesie fermentacji zostały co 
prawda zidentyfikowane, ale badania w tej dziedzinie są nadal w bardzo 
wczesnym stadium i jak dotychczas nie przeprowadzono prób ekstrakcji BDA z 
roztworu wodnego. Również metody analizy chemicznej do bezpośredniej 
analizy zawartości BDA w roztworach wodnych nie zostały jeszcze całkowicie 
rozwinięte i usprawnione. W związku z tym, przed przystąpieniem do badań nad 
ekstrakcją BDA, przygotowano metodę bezpośredniej analizy amin 
pierwszorzędowych w roztworach wodnych. W tym celu zastosowano 
chromatografię gazową przy użyciu deaktywowanej kolumny typu Agilent 
WCOT Fused Silica CP Volamine oraz pre-kolumn deaktywowaych przy użyciu 
roztworu cieczy jonowych. Ta metodyka okazała się skuteczna w analizie amin 
pierwszorzędowych, takich jak putrescyna, kadaweryna, a także propanamina. 

Do analizy porównawczej wybrano zróżnicowane ekstrahenty takie jak 4-
nonylfenol, 3,4-bis((2-etylheksyl)oksy)fenol, kwas fosforowy dietyloheksylu 
(D2EHPA), kwas wersatowy 1019, kwas dinonylonaftylosulfonowy, oraz 4-
oktylbenzaldehyd. 1-oktanol, 2-okty-1-dodekanol oraz heptan zostały użyte jako 
rozpuszczalniki. 4-nonylfenol został zidentyfikowany jako najbardziej 
skuteczny ekstrahent – wypłukiwanie z fazy organicznej zaobserwowano na 
bardzo niskim poziomie (19ppm), a zanotowane współczynniki podziału były 
silnie zależne od stężenia ekstrahenta w rozpuszczalniku i wynosiły 
odpowiednio D=1 dla 20% roztworu 4-nonylfenolu w 1-oktanolu w temp. 25°C 
do D>100 dla 100% 4-nonylfenolu, również w temperaturze 25°C. Zależność 
współczynnika podziału od składu fazy organicznej (stężenia ekstrahenta) 
została wykorzystana w procesie re-ekstrakcji, gdzie przy zastosowaniu 1-
oktanolu jako anty-rozpuszczalnika zdołano re-ekstrahować w 
jednostopniowym procesie 90% wyekstrahowanej diaminy. Zastosowanie 
heptanu jako anty-rozpuszczalnika było również możliwe, nie zapewniło jednak 
tak wysokiej skuteczności jak w przypadku 1-oktanolu.  Jednak ze względu na 
łatwość regeneracji poprzez destylację, to właśnie heptan został zastosowany 



Streszczenie 
 

24 

jako rozpuszczalnik w badaniach nad ekstrakcją kadaweryny przy użyciu 4-
nonylfenolu. Zaobserwowane współczynniki podziału były wyższe dla 
kadaweryny niż dla putrescyny, co jest spowodowane obecnością dłuższego 
łańcucha węglowodorowego w kadawerynie (lepsza rozpuszczalność w fazie 
organicznej).  

 W celu oszacowania skuteczności ekstrakcji wielostopniowej, przebadano 
zależność współczynnika podziału BDA jako funkcji różnych parametrów 
procesu i przy użyciu pozyskanych danych oraz narzędzi modelowania 
matematycznego, utworzono model ekstrakcji jednostopniowej. Zależność obu 
stałych zasadowych pKb1 oraz pKb2 od temperatury została opisana przy użyciu 
równiania Van’t Hoff’a. Stałe równowagi zostały zmierzone dla 3 różnych 
temperatur i na podstawie tych danych oszacowano wartości entalpii i entropii 
dla reakcji kompleksacji. W analizie stałych równowagi wzięto pod uwagę 
stoichiometrię utworzonych kompleksów. Zaobserwowano, iż średnia wartość 
stechiometryczna dla kompleksów utworzonych pomiędzy BDA a 4-
nonylfenolem jest w bardzo niskim stopniu zależna od temperatury i wynosi 
1:2,5. Wymagany stosunek rozpuszczalnika do roztworu surowego wymagany 
do ekstrakcji przynajmniej 99% aminy zawartej w roztworze surowym, w 
wielostopniowym procesie, został oszacowany jako S/F=0.2. Najwyższy 
współczynnik koncentracji uzyskany przy pomocy re-ekstrakcji z 
zastosowaniem zmiennej temperatury wyniósł ξ=3.6, co oznacza uzyskanie w 
roztworze otrzymanym po re-ekstrakcji pustrescyny o stężeniu 4.1wt%, co jest 
relatywnie niskim stężeniem. W związku z tym wywnioskowano, iż także w tym 
przypadku zastosowanie anty-rozpuszczalnika lub innego czynnika 
wywołującego re-ekstrakcję jest niezbędne do skutecznego odzyskania 
putrescyny z roztworu ekstraktu. 

Wnioski i rekomendacje 

Dla obu badanych przypadków zidentyfikowano ekstrahenty zapewniające 
wysoką skuteczność ekstrakcji kwasu mlekowego oraz putrescyny z brzeczki 
pofermentacyjnej. Jednakże, w obu przypadkach, roztwory uzyskane w procesie 
re-ekstrakcji z zastosowaniem zmiennej temperatury cechował wysoki stopień 
rozcieńczenia. Oznacza to, iż do uzyskania produktu końcowego w czystej 
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postaci niezbędne byłoby zastosowanie dodatkowo procesu ewaporacji. W celu 
poprawienia skuteczności procesu zaleca się zbadanie alternatywnych metod re-
ekstrakcji. Metody te mogłyby obejmować procesy termiczne, jak i 
zastosowanie anty-rozpuszczalników. Ważnymi czynnikami, na które należy 
zwrócić szczególną uwagę w badaniach nad re-ekstrakcją, jest zapotrzebowanie 
energetyczne niezbędne do osiągnięcia wymaganego stopnia koncentracji, a 
także rozmiar i koszt instalacji, przy użyciu której taki proces mógłby być 
realizowany.  

Do innych aspektów, które powinny zostać przebadane przed integracją procesu 
ekstrakcji ciecz-ciecz z procesem fermentacyjnym, należą m.in. kwestie 
toksyczności stosowanego rozpuszczalnika i ekstrahenta w stosunku do 
mikroorganizmów. Także wpływ innych substancji obecnych w brzeczce 
pofermentacyjnej na skuteczność procesu ekstrakcji powinna zostać przebadana.   
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Mankind has always been dependent on the natural resources but has not always 
made use of them in a sustainable way (Mebratu, 1998). With the discoveries of 
the industrial revolution, and especially since the first oil drilling attempts, the 
availability of natural resources has been boosted strongly, leading to a huge 
increase in the average human consumption level and enormous environmental 
exploitation (Mebratu, 1998; Senge & Carstedt, 2001). The progress in oil 
winning resulted in a widespread use of petroleum and its derivatives – not only 
as the sources of energy but as well as feedstock for production of many 
commodity goods, as seen in Fig. 1.1 (Carlsson, 2009). 

 

 

Figure 1.1 Petroleum refining, petrochemistry and gas processing, adapted from 
http://www.snm.co.jp/recruit/lecture/pump_02.html (retrieved on 05 March 2012).  

However, fossil fuels are limited and after years of unrestricted exploitation, the 
perspective of their depletion has increased the awareness of the concept of 
sustainable chemical processing. As a result, a growing interest in alternative, 
renewable sources of raw materials has been observed in recent years (Gandini, 
2008; Sheldon, 2010; Nigam & Singh, 2011; Eerhart et al., 2012). One of the 
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production strategies that gained attention is fermentation (Bai et al., 2008; 
Chong et al., 2009; Cao et al., 2011; Dhillon et al., 2012). 

Fermentation technology has a long history. Evidence has been found for the 
application of microorganisms for the production of food and beverages as early 
as 6000BC (Vasic-Racki, 2006). References to wine making can be found in 
Book of Genesis, and yeast has been used for bread baking already by ancient 
Egyptians (Sicard & Legras, 2011, see Fig. 1.2). More recently, bulk chemicals 
like butanol were produced industrially through fermentation (early twentieth 
century), but because of the availability of cheap fossil oil, the fermentative 
productions of e.g. butanol became economically unattractive. Currently, next to 
application in the food and beverage industries (Lacaze et al., 2007; Juncioni de 
Arauz et al., 2009; Procopio et al, 2011), fermentation is also used commonly in 
production of pharmaceuticals, e.g. penicillin (Verral, 1992; Waites, 2001; 
Sheldon, 2011), terpenoids (Ajikumar et al., 2008), and even fermentative 
production of Taxol precursors has been the target of recent studies (Ajikumar et 
al., 2010). 

 

 

Figure 1.2 Fermentation technology was already known in ancient times. From left to 
right: baking bread in ancient Egypt (adapted from Spicher and Stephen, 1982), wine-
making in ancient Egypt (adapted from Singer et al., 1954), first brewery in early 
Germany (adapted from Das Hausbuch der Mendelsuchen zwölfbrüderstiftung zu 
Nürnberg, edition from 1966). 
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Fermentation is basically the conversion of sugars (in the presence of other 
nutritional compounds) by suitable microorganisms, into desired products. In 
Fig. 1.3, a conceptual scheme for fermentation is presented. 

 

 

Figure 1.3 Schematic representation of a fermentation process.  

By biotechnological and chemical engineering the products of the fermentation 
processes can be changed, and the yields can be optimized.  Engineering 
fermentations offers the possibility of, next to production of food, beverages and 
drugs, more sustainable production of bulk and platform chemicals from 
biomass (Kamm, 2007; Dodds & Gross, 2007; Haveren et al., 2008; Cherubin & 
Strømman, 2011). However, as indicated above, with the current availability of 
still relatively cheap fossil oil, fermentative production of bulk chemicals is for 
most commodity chemicals not competitive with petrochemical routes.  

Several specific characteristics of fermentation processes are limiting their 
competitiveness in production of bulk chemicals:  
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1. Fermentations are run in aqueous solutions and large amounts of water 
need to be removed in order to recover the fermentation product. This is 
energy intensive. 

2. Because of toxicity of the fermentation products to the microorganisms, 
typically the production is limited to low concentrations, complicating 
product recovery. 

3. Glucose is a relatively high valued starting material, leaving only small 
margins for production, if there are any.  

Addressing the above mentioned issues could improve the competitiveness of 
fermentative production of commodity chemicals. E.g. replacing expensive 
glucose by cheap biomass, preferably not competing with the food markets, 
could reduce feedstock costs significantly. However, sugars present in biomass 
are typically cellulose, hemicellulose and lignin, which are limited in their 
accessibility for fermentation. Hence, conversion into more accessible forms is 
required.  Diverse pre-treatment methods are available that target 
depolymerization of cellulose and hemicellulose and cracking of lignin (see Fig. 
1.4).  

 

 

Figure 1.4 Biomass pretreatment strategies (based on Hendriks & Zeeman, 2009). 
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Next to cheaper feedstock, the competitiveness of fermentations can be 
improved by development of more efficient product removal technology to 
recover the products from dilute aqueous streams. 

The research described in this thesis is aiming at effective recovery of 
fermentation products by liquid-liquid extraction, in particular acids and bases 
are targeted. Fermentative production of acids and bases is additionally limited 
by the pH-change induced by the fermentation product. In conventional 
fermentation processes for e.g. acids like citric acid, lactic acid, succinic acid 
(Song & Lee, 2006; John et al, 2009; Dhillon et al., 2011), the change in pH is 
avoided by neutralizing the acids. This approach results in large amounts of salts 
formed. By applying liquid-liquid extraction in situ, not only effective product 
removal may be achieved, but also the excessive salt production could be 
avoided.  

In liquid-liquid extraction, a solvent is applied that is at least partially inmiscible 
with the feed phase to extract one or more species into that solvent (Treybal, 
1963; Lo et al., 1983; Thornton, 1992). A solvent may comprise of a diluent and 
an extractant, by carefully selecting/designing the proper extractant-diluent 
combination, the capacity and selectivity towards the targeted solute may be 
optimized. 

An important factor in the development of extraction processes is the extractant, 
for which specific criteria are valid, schematically presented in Fig. 1.5. Next to 
a high capacity, the extractant should be selective towards the desired solute. 
Furthermore, in order to be applied in a closed-loop system, the extractant 
should be as well recyclable and (chemically and thermally) stable. Toxicity 
should preferably be avoided, as direct contact with fermentation media and 
microorganisms is involved in the process. Also, the leaching of the extractant 
should be minimized. 
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Figure 1.5 Criteria that need to be met by an extractant to ensure a successful recovery 
process. 

The highly polar organic acids and bases being the subject of this study 
constitute very interesting classes of biobased monomers that are, due to their 
high hydrophilicity, difficult to extract from aqueous solutions. From both 
classes, one model compound has been selected, for which novel extractants 
have been selected/designed, being lactic acid and putrescine (butane-1,4-
diamine). Both compounds are the building blocks for bio-based plastics, lactic 
acid for poly-lactic acid (PLA) and putrescine for Stanyl®. The former is 
currently more and more often produced via industrial fermentation (John et al., 
2009; Sauer et al., 2010; Gao et al. 2011), while the latter is still mainly obtained 
via chemical synthesis. Before going into detail on extractive recovery of the 
fermentation products lactic acid and putrescine, their markets, and current 
production processes with their environmental impact are described including 
the main challenges concerning these particular industrial fermentations. Then 
an overview of different state-of-the-art separation techniques is given, and. 
finally, a short introduction on the liquid-liquid (reactive) extraction approach is 
presented including the outline of the thesis.             
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1.1 Background on lactic acid and butane-1,4-diamine 

1.1.1 Applicability and environmental impact of butane-1,4-
diamine 

butane-1,4-diamine has been known mainly from its role in biological processes, 
e.g. rotting of food and drinks (Busto et al., 1997; Slomkowska & Ambroziak, 
2002) and involvement in DNA or RNA modification (Sakai et al., 1975; 
Bolton&Kearns, 1977). An industrially interesting application of butane-1,4-
diamine was commercialized in 1990, being the production of Stanyl® by the 
Dutch company DSM (Polak et al., 2005). Stanyl® is a type of plastic 
characterized by advanced material properties, being high resistance to 
temperature and mechanical endurance. These characteristics made it attractive 
to many industrial sectors including the electronic and automotive industries. 
The production process of Stanyl® involves the reaction between butane-1,4-
diamine and adipic acid (see Fig. 1.6). 

 

 

Figure 1.6 Schematic representation of the chemical synthesis of butane-1,4-diamine 
and subsequent polymerization to Stanyl®.  

Besides the use in bulk polymers, butane-1,4-diamine, also referred to as 
butylene-1,4-diamine, (BDA) or putrescine, was tested for application in direct 
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drug delivery systems (Sideratou et al., 2001). PEGylated diaminobutane 
poly(propylene imine) dendrimers were tested as networks wherein medicines of 
interest were solubilized. Application of such structures allows for introduction 
of features facilitating cell transport, and cationization of the dendimeric 
structures enhances interactions with DNA, making them applicable in the gene 
therapy (Paleos et al., 2004).  

Currently, butane-1,4-diamine is obtained through a two-step chemical 
synthesis. In the first step succinonitrile is produced from hydrogen cyanide and 
acrylonitrile, and in the second step the formed succinonitrile is hydrogenated to 
BDA (see Fig. 1.6). All components used it this synthesis are harmful and toxic 
(Pollak et al., 1991; Huang et al., 2007; Qian et al., 2009).  

Industrial fermentation routes for BDA are under development, and currently 
improvement of bacterial strains for this purpose is being pursued (Qian et al. 
2009; Schneider & Wendisch 2010). Next to developing improved bacterial 
strains that are more productive and resistant to the harsh nature of BDA, 
development of efficient downstream processing technologies (which can 
account for 50-70% of the final costs (Wasewar et al., 2004) is required to make 
the bio-BDA route economically competitive to the petrochemical BDA route. 
In this thesis, development of an extraction process for the recovery of BDA 
from fermentation broths is pursued, see section 1.3 for the scope of the research 
with regard to the development of BDA downstream processing technology.  

 

1.1.2 Applicability and environmental impact of lactic acid 

L-(+)-lactic acid (LA) is the monomer of Poly Lactic Acid (PLA), a 
biodegradable, inexpensive polymer that may be used to replace the 
hydrocarbon based thermoplastics traditionally used in production of food 
packaging, specialty fibers, disposable tableware, apparel (Joglekar et al., 2006). 
Other applications of LA are in the conversion into propylene glycol and acrylic 
polymers, or into polyesters (Wasewar et al., 2004). LA is of industrial 
relevance for the food industry, where it is used as additive to end products in 
order to ensure their preservation (Datta & Henry, 2006, Slover & Danzinger, 
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2008), the packaging sector, exploiting mainly the anti-microbial properties of 
lactic acid-based materials (Rhim et al., 2007, Liu et al., 2007), and 
pharmaceutical industry attempting to develop direct drug delivery methods 
(Kumari et al., 2010). In the latter case microspheres and microcapsules are 
made of poly-lactic acid and depending on the percentage of PLA in the 
compound, the release time for the medicine can be engineered (Hans & 
Lowman, 2002). PLA also offers new solutions in the field of bone fixation 
devices enabling replacement of traditional metal elements with the ones made 
of biodegradable materials (Lasprilla et al., 2012).  

Lactic acid can be produced via petrochemical synthesis routes, or through 
industrial fermentation. Petrochemical routes involving ethylene and propene 
are known, see Fig. 1.7. In both cases the final product is a racemic mixture of 
L(+) and D(-) enantiomers of lactic acid. 

 

 

Figure 1.7 Lactic acid production through petrochemical synthesis routes (based on 
Vaidya et al., 2005).  

Chemical synthesis was mainly used by Sterling Chemicals (Datta & Henry, 
2006). However, this American company exited the LA market in 2003.  

Currently, the biggest producers use fermentative technology, as it allows for 
obtaining enanatiopure solutions of L(+)lactic acid (Datta & Henry, 2006). This 
process (presented schematically in Fig. 1.8), however, still has some 
drawbacks; it is based on processed carbohydrates and as a result the raw 
materials cost are high. In addition, neutralizing compounds, such as calcium 
carbonate, need to be added to maintain microbial activity.  
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Figure 1.8 Industrial fermentation for lactic acid production. Traditional approach 
involving calcium lactate production. 

Neutralization prevents premature termination of fermentation process, but the 
produced lactic acid is turned into calcium lactate. Conversion of the salt back 
into LA requires sulphuric acid, and leads to a huge by-product stream. Per ton 
of lactic acid, also a ton of gypsum sludge is produced. Removal of lactic acid in 
situ would address the end-product inhibition and eliminate the by-product 
stream. For this purpose, an effective downstream processing is required.  

1.2 Current recovery techniques for lactic acid 

Downstream processing of LA has a long history, and in this subsection the 
recovery methods that have been reported for lactic acid are described.  

For recovery of lactic acid from fermentation broths, different approaches have 
been suggested, schematically presented in Fig. 1.9. 

An extensive discussion on the advantages and disadvantages of presented 
technologies was provided by Wasewar (Wasewar et al., 2004, Wasewar, 2005).  
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Figure 1.9 potential separation methods for lactic acid recovery from fermentation 
broths. Due to its characteristics (described in the text), reactive extraction seems to be 
the most promising method.  

Among the presented methods, distillation is the most widely applied industrial 
separation technology, and most mature. However, in the case of lactic acid, the 
low volatility of LA excludes this approach, as it would involve the evaporation 
of huge amounts of water. 

Another widely applied industrial separation technology is adsorption. This 
technology may be used under rather mild conditions and can provide high 
selectivity (Kawabata et al., 1982). It does not affect cells present in the 
solution, however, typically ion-exchange type adsorbents have been applied 
(Kulprathipanja & Oroshar, 1991; Zihao & Kefeng, 1995; Monteagudo & 
Aldavero, 1999), that cause a selectivity problem because other anions present 
in the broth were also adsorbed. Recovery of adsorbed acid (or lactate) appeared 
to be challenging and required flushing with appropriate eluents, which employs 
application of extra chemicals. When activated carbon was used, bacterial cells 
showed the tendency to absorb thereon (Chen & Ju, 2002).  
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Most popular among scientists working in the field of lactic acid recovery 
appear the membrane-assisted separation processes – their thorough review was 
provided by Pal and co-workers (Pal et al., 2009). Within these processes, 
different types of membranes can be used, resulting in different types of 
transport employed. The facilitated transport mechanism, characteristic for 
electrodialysis and liquid membranes, is driven by preferential sorption of the 
template (solute to be separated) due to affinity binding and results in slower 
transport of other compounds. Retarded transport on another hand, typical for 
reversed osmosis and solid membranes, is based on the affinity binding of the 
template, while other compounds are transported in a faster way (Ulbricht, 
2004).  

The complexity of fermentation broths decreases usually the effectiveness of 
membrane processes based on retarded transport (such as microfiltration, 
ultrafiltration, nanofiltration or reverse osmosis). Separation of lactic acid in a 
single step – nanofiltration or reverse osmosis – is impossible, due to the fouling 
caused by the presence of numerous compounds (Timmer et al., 1993, 1994). 
Also, coupling of these two techniques still suffered from fouling – mainly 
attributed to the presence of microbial cells (Li et al., 2008). Hence, this type of 
processes needs to be preceded by microfiltration or ultrafiltration to remove the 
microbes in the first instance, which in turn will contribute to the energy 
demand and overall costs of separation.    

For membranes operating on the basis of the retarded transport mechanism, 
another difficulty might arise from the fact that in conventional process majority 
of lactic acid is present in the lactate form. Hence, application of membranes 
operating on the basis of retarded transport requires introduction of the final step 
where lactate will be converted into lactic acid. This can be achieved through 
electrodialysis, 

Electrodialysis is a method based on facilitated transport. It consists of two steps 
– conventional electrodialysis (CED) and bipolar electrodialysis (BED). In the 
former, lactate salts are separated and concentrated, while in the latter their 
conversion to lactic acid is taking place. For effective separation to take place, a 
cell-free solution must be provided, which requires microfiltration or 
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ultrafiltration to be performed in the first place. Hence, more than one operating 
unit needs to be employed, which may result in high costs and less robustness of 
the system.  

Taking into account the complexity of the broth, it becomes clear that 
application of membranes employing facilitated transport would be 
advantageous, as it enables selective recovery at relatively low energy expense.  

Liquid surfactant membranes and supported liquid membranes use a membrane 
as matrix in which complexing carriers are immobilized that retain the acid to be 
recovered. Such approach enables a large surface area available to mass transfer 
and rather low energy consumption. Also, simultaneous separation and 
concentration of acid is possible. Unfortunately, these systems suffer often from 
membrane instability and operations involved are complicated, making it less 
attractive to large-scale industrial separations. 

Immobilization of a complexing agent in the membrane integrated with 
fermentor (as described by Tong et al., 1998) has the advantage of 
biocompatibility as microbes are not exposed to extraction reagents. Mild 
conditions are sufficient and energy requirements are low. However, the 
advantages on the downstream part impose some difficulties in the upstream 
processing, making cleaning and sterilization procedures time consuming.  

A technology that in recent years gained the attention of numerous scientists 
with regard to the recovery of lactic acid from its fermentation broth is liquid-
liquid extraction (Yabannavar & Wang, 1991; Hano et al., 1993; von Frieling & 
Schügerl, 1999; Jung et al., 2000, Wasewar et al., 2004; Joglekar et al., 2006). 
Liquid-liquid extraction may be considered as a very promising technology to 
recover lactic acid in situ from its fermentation broth, because by extracting the 
relatively small amounts of lactic acid from the broth, instead of distilling it out, 
large amounts of energy are potentially saved. The physico-chemical principles 
of the technology are essentially similar to liquid membrane technology; 
however leaching of solvent from the membrane is not an issue. 

Liquid-liquid extraction is a well-known technology that is applied in many 
different industrial areas such as the petrochemical industry, hydrometallurgy, 
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the nuclear industry, and in the pharmaceutical industry (Lo et al., 1983; 
Thornton, 1992). The first report on the application of liquid-liquid extraction of 
lactic acid has been published already in 1931 (Jenemann). As formulated by 
Robbins (Robbins, 1997), liquid-liquid extraction is a separation technique that 
involves two immiscible liquid phases, one of them being the feed, and the other 
the solvent. By contacting the feed with the solvent, a desired solute may be 
extracted from the carrier when an appropriate solvent is applied. At 
equilibrium, the concentrations of the solute in the two phases will depend on its 
affinities with the two solvents. The ratio of concentration in the extract (y) over 
the concentration in the raffinate (x) is called the distribution ratio (D): 

 

D = y / x        (1.1) 

 

A schematic representation of a countercurrent liquid-liquid extraction process 
coupled with a back-extraction column to recover the lactic acid from the extract 
phase is displayed in Fig. 1.10.  
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Figure 1.10 Schematic representation of lactic acid extraction form the fermentation 
broth. 

The higher the value of D, the higher is the effectiveness of the extraction.  

Because the highly polar lactic acid is only sparingly soluble in most organic 
solvents (Hano et al., 1993), effective extraction chemistry is required, i.e. a 
proper extractant. Many researchers have reported studies on the use of an 
extractant, e.g. by von Frieling & Schügerl, 1999; Wasewar, 2003; Hossain & 
Maisuria, 2008; Yamamoto et al., 2011.  

For selection or design of a proper extractant, the requirements as displayed in 
Fig. 1.5 should be taken in consideration. In the specific case of lactic acid 
extraction from aqueous broths, the affinity of lactic acid to the organic phase 
may be increased by addressing specific molecular properties (King, 1980), e.g. 
the acid functionality and/or the hydrogen bond donor abilities. 

A range of different compounds has been examined on their potential as 
separating agents for lactic acid (and other carboxylic acids). According to the 
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time scale, they can be divided in two categories – traditional extractants and 
recent developments. Among the traditional extractants, 3 groups have been 
distinguished, being oxygenated hydrocarbons (carbon-bonded oxygen-donor 
extractants), oxy-phosphorous hydrocarbons (phosphorous-bonded oxygen 
donor extractants) and aliphatic amine extractants (Kertes & King, 1985, von 
Frieling & Schugerl, 1998), see Fig. 1.11. 

 

 

Figure 1.11 Traditional extractants applied for the recovery of lactic acid (based on 
Kertes & King, 1985, von Frieling & Schugerl, 1998). 

In the cases of ether or ketone extractants, because only hydrogen bond acceptor 
groups are available in the extractant, hydrogen bonding interactions are not so 
strong and, as a result solvation is the main mechanism governing extraction. 
Therefore, these extractants are generally regarded as rather unspecific and do 
not provide high distributions (Kertes & King, 1985). Solvents like long chain 
alcohols such as octanol are typically applied because of their hydrogen bond 
donor capability combined with a large miscibility gap with water, but the 
hydrophobic character limits the extractability of the highly polar lactic acid. 
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Oxy-phosphorous H-bond acceptors extractants (Fig. 1.11B) are characterized 
by significantly more basic donor properties as compared to the ethers and 
phosphates, intensifying the interaction with acids and more efficient recovery is 
observed with this class of extractants (von Frieling & Schugerl, 1998). In Fig. 
1.11C, aliphatic amines are displayed. This group has gained the most attention 
as extractants of carboxylic acids (Bizek et al., 1992; San-Martin et al., 1996; 
Heyberger et al., 1997; Matsumoto et al., 1998; Choudhury et al., 1998; Hong & 
Hong, 1999, 2000; Yankov et al., 2004; Keshav et al., 2009). Trioctylamine 
(TOA) and commercial mixtures of closely resembling trialkyl amines (e.g. 
Alamine 336) have been the-state-of-art separating agents for carboxylic acids 
for many years (Tamada & King, 1990a, 1990b; Yabannavar et al. 1991; San-
Martin et al., 1996; Wasewar et al., 2003; Joglekar et al., 2006; Keshav et al., 
2009). The much stronger affinity for lactic acid (and more general: carboxylic 
acids) by amines is due to the acid-base pairing. With less strong bases, typically 
Lewis acid-base pairing is observed, while for stronger Lewis bases such as 
tertiary amines, the Lewis acidity is so strong that even proton migration from 
the acid to the base is observed (i.e. Bronsted acid-base pairing).  

Due to increasing feed stock (glucose) prices, margins on fermentative 
production of carboxylic acids are reducing, and recently research on extraction 
of acids from aqueous broths has received renewed attention from several 
groups. 

A new group of potential extractants in the form of (phosphonium) ionic liquids 
(Fig. 1.12) has been investigated for extraction of several organic acids, 
including lactic acid (Martak & Schlosser, 2007; Oliveira et al, 2012). 
Promising results have been reported by Martak and Schlosser, who found 
distributions higher than those of TOA or Alamine 336 for low initial 
concentrations of lactic acid, which is interesting for in situ product removal 
purposes. Oliveira and co-workers used the phosphonium ionic liquids (Fig. 
1.12B-D) as extractants, with no addition of diluent, and also found high 
distributions for low initial acid concentrations (Oliveira et al., 2012). Part of the 
work described in this thesis was devoted to finding better alternatives for TOA 
as extractant for the extraction of lactic acid, also at higher lactic acid 
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concentrations (where the new ionic liquids appear not as good as with lower 
acid concentrations). 

 

 

Figure 1.12 Ionic liquids applied for extraction of lactic acid in the works by Martak & 
Schlosser (A) and Oliveira and co-workers (B-D).  

1.3 Scope and outline of the thesis 

In order to study the extraction processes of butylene-1,4-diamine and lactic 
acid, a proper analysis of these compounds in their aqueous solutions is 
required. For lactic acid, a good HPLC method was available, but for BDA there 
was no suitable direct analysis. Before describing any extraction studies, in 
Chapter 2 the development of a quantitative direct analysis through gas 
chromatography (GC) is described (Krzyżaniak et al., 2011). 

Chapter 3 describes the extractant screening study for butane-1,4-diamine. Not 
only the extraction of BDA was examined, but also extractant leaching and 
stability (recyclability). For the extractant that allowed both effective extraction 
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and recoverability, the single stage equilibrium extraction was studied in more 
detail. 

Chapter 4 and 5 describe an extractant screening study for lactic acid. A new 
methodology was suggested. After a molecular modeling study that was 
performed in the group of Prof. Zuilhof in Wageningen, it was concluded that 
unfortunately no comprehensive direction towards new extractant classes 
followed from molecular modeling. Additionally leaching issues hindered a 
comparative experimental liquid-liquid extraction study on extractant functional 
group performance. This part of research is described in Chapter 4. In Chapter 5 
further steps undertaken to perform a screening study are described. A lactic 
acid sorption with functionalized silica-beads was chosen to find functional 
groups that extract lactic acid better than trialkyl amines. Based on this sorption 
screening, extractants bearing the promising functional groups were custom 
synthesized, and applied in the experimental studies. An improved extractant 
was identified, for which a more detailed performance characterization study 
was performed. 

Chapter 6 describes development of single stage extraction model for extraction 
of butane-1,4-diamine with 4-nonylphenol. A series of experiments with 
differed temperature and solvent/feed ratios was performed, and model 
parameters were fitted to experimental data.  

Chapter 7 describes the development of a single stage extraction model for 
liquid-liquid reactive extraction of lactic acid with DDAP (N,N-
didodecylpyridin-4-amine, the best extractant identified in Chapter 5). A series 
of experiments at different temperatures and solvent/feed ratios have been 
performed. By parameter fitting, an extraction model was developed and 
verified. The developed model can be used to predict and optimize a single stage 
equilibrium extraction process. Furthermore, the parameters may be used to 
develop multistage process models. 

Chapter 8 is the last chapter of this thesis, and contains the major conclusions 
and recommendations. 
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Chapter 2  
Ionic liquids as silica deactivating agents in 
gas chromatography for direct analysis of 
primary amines in water 

 

This chapter has been published as A. Krzyżaniak, W. Weggemans, B. Schuur, 
A.B. de Haan, Ionic liquids as silica deactivating agents in gas chromatography 
for direct analysis of primary amines in water, Journal of Chromatography A, 

1218(50) pp. 9086-9090. 
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Analysis of primary amines in aqueous samples remains a challenging analytical 
issue. The preferred approach by gas chromatography is hampered by 
interactions of free silanol groups with the highly reactive amine groups, 
resulting in inconsistent measurements. Here, we report a method for direct 
analysis of aliphatic amines and diamines in aqueous samples by gas 
chromatography (GC) with silanol deactivation using ionic liquids (ILs). ILs 
including trihexyl(tetradecyl)phosphonium bis 2,4,4-
(trimethylpentyl)phosphinate (Cyphos IL-104), 1-methyl-3-propylimidazolium 
bis (trifluoromethylsulfonyl) imide [pmim][Tf2N] and N”-ethyl-N,N,N’,N’-
tetramethylguanidinium tris(pentafluoroethyl) trifluorophosphate [etmg][FAP] 
were tested as deactivating media for the GC liner. Solutions of these ILs in 
methanol were injected in the system prior to the analysis of primary amines. 
Butane-1,4-diamine (putrescine, BDA) was used as a reference amine. The best 
results were obtained using the imidazolium IL [pmim][Tf2N] . With this 
deactivator, excellent reproducibility of the analysis was achieved, and the 
detection limit of BDA was as low as 1mM. The applicability of the method was 
proven for the analysis of two different primary amines (C4-C5) and pentane-
1,5-diamine. 
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2.1 Introduction 

Short-chain primary amines can be present in aqueous solutions including 
environmental samples, biological fluids, and industrial process streams (Avery 
& Junk, 1985; Liu et al., 2008). Due to their toxic and carcinogenic 
characteristics, developing adequate analytical methods to determine 
concentrations of these compounds is a very relevant issue (Kataoka, 1996). 
Recently, diamines have gained attention as building blocks for bio-based 
polymers (Qian et al., 2009; Kind et al., 2010; Schneider & Wendisch, 2010). 
Bio-based production of the diamines is possible through fermentation, 
however, a proper downstream processing method is required. A direct analysis 
of aqueous primary diamines is desired to monitor the amine content in the 
fermentation broth. Due to its high resolving power, short analysis time, low 
cost and low labor intensity, gas chromatography (GC) is preferred (Onuska, 
1973; Saha et al., 1977; de Zeeuw et al., 2000). 

Direct analysis of primary amines with GC is not trivial (Saha et al, 1977; 
Dalene et al., 1981; Kataoka, 1996; Liu et al., 2008). Due to the high reactivity 
of the amine group, the amines tend to adsorb on polar surfaces (de Zeeuw et al., 
2000), resulting in long elution times, tailing of peaks and low reproducibility 
(Saha et al, 1977; Kataoka, 1996; de Zeeuw et al., 2000). Next to the basicity, 
the amine group introduces a large dipole into the molecule, causing strong 
interactions with silanol groups and siloxane bridges present in the column and 
pre-column (de Zeeuw et al., 2000). Partial adsorption of the analyte makes 
reliable analysis at low concentrations impossible without additional 
modifications to either the system or the amine. In order to reduce this 
unfavorable effect, deactivation of the column with mixtures of polyethylene 
glycol (PEG) and potassium hydroxide or sodium hydroxide can be performed 
(Onuska, 1973; Schomburg et al., 1980; de Zeeuw et al., 2000). Alternatively, 
the unfavorable characteristics of the amines can be neutralized through 
derivatization procedures, preventing the free amines from adsorbing on the 
already deactivated column and improving the detection and separation of these 
compounds. There is a variety of derivatization methods available, a detailed 
overview is provided by Kataoka (Kataoka, 1996).  A few examples aim at the 
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direct analysis of amines in water (Giumanini et al., 1976; Avery & Junk, 1985). 
However, these methods are very laborious, may suffer from incompleteness of 
reaction and instability of the obtained derivatives. In addition, application of 
extra reagents and formation of by-products requires implementation of 
additional purification steps (Kataoka, 1996). Finally, even though meant as 
direct analysis in water, the described methods involve extraction of amines 
from aqueous solutions into organic solvents. 

Thus, the development of an analytical method that allows for a direct analysis 
of primary amines in aqueous samples, without prior derivatization and/or liquid 
extraction step, would be a big improvement. Attempts to block the activity of 
the silanol groups present in the GC system towards the amine analytes by 
injecting highly concentrated BDA prior to analysis of more diluted samples, 
and by shielding with dimethyldichlorosilane (Crissman, 2004) were not 
successful (see Supporting Information for detailed description). Searching for 
an alternative shielding agent, we reasoned that the key properties of such a 
compound should be a very low volatility, high thermal stability, and low 
reactivity with the amines to analyze.  

Because of their negligible volatility, ionic liquids (ILs) appear as promising 
candidates. Several ILs have been reported in analytical chemistry applications, 
because of the negligible volatility (Koel, 2009; Soukup-Hein et al., 2009; Sun 
& Armstrong, 2010). Also, they have been already reported as silica 
deactivators in liquid chromatography (Kaliszan et al., 2004; Marszałł et al., 
2006; Le et al., 2007; Marszałł & Kaliszan, 2007; Stalcup, 2009). There, 
improved peak shapes and shortened retention times after addition of ILs to the 
mobile phase were observed (Xiaohua et al., 2004; Marszałł et al., 2005; Jiang et 
al., 2008; Han et al., 2009). In GC, ILs have been used as stationary phases 
(Armstrong et al., 1999; Anderson & Armstrong, 2005), successfully improving 
the quality of separation for many groups of compounds (alcohols (Baker at al., 
2005), alkanes (Baker at al., 2005), polycyclic aromatic hydrocarbons (Baker at 
al., 2005)). We here present the application of ILs as deactivation agent for 
silanol groups or siloxane bridges present in the pre-column, an application that, 
to the best of our knowledge has not been reported.  
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Three commercially available ILs were selected, including N”-ethyl-N,N,N’,N’-
tetramethylguanidinium tris(pentafluoroethyl) trifluorophosphate [etmg][FAP], 
trihexyl(tetradecyl)phosphonium bis 2,4,4-(trimethylpentyl)phosphinate 
(Cyphos IL-104) and 1-methyl-3-propylimidazolium bis 
(trifluoromethylsulfonyl) imide [pmim][Tf2N]. Their structures are presented in 
Fig. 2.1. 

 

 

Figure 2.1 ILs used for deactivation. Left: [etmg][FAP], middle: Cyphos IL-104, right: 
[pmim][Tf2N].  

2.2 Experimental 

2.2.1 Chemicals 

Butylamine (99%), pentylamine (99.5%+), butane-1,4-diamine (99%) and 
pentane-1,5-diamine (97%) were obtained from Sigma Aldrich, The 
Netherlands. Ethylene diamine (99.5%+) and isopropanol (99.5%+) were 
obtained from Acros Organics, Belgium. The water used in this study was 
MilliQ water. The ILs [etmg][FAP], Cyphos IL-104, and [pmim][Tf2N] were 
obtained from Merck (Germany), Cytec and Sigma Aldrich (The Netherlands), 
respectively, all with a purity of >95%.  
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2.2.2 Equipment 

An Agilent WCOT Fused Silica CP Volamine capillary column (Agilent, 
Amstelveen, The Netherlands) with dimensions 15m x 0.32mm i.d. was used. 
Two types of gas chromatographs were used in this study, a Carlo Erba 8180 gas 
chromatograph, equipped with an electrometer control module EL 980 and a 
split/splitless injector, and a Varian (Agilent) 430-GC system equipped with 
Varian (Agilent) CP8400 autosampler. Both systems were equipped with an FID 
detector. 

 

2.2.3 Deactivation procedure and lifetime analysis 

Prior to the deactivation tests, BDA samples (1-50mM) were analyzed on the 
system without any pre-treatment. The obtained results were used as a reference 
for the deactivation procedures. Deactivation of the liner was pursued by 
injection of three different ILs (see Fig. 2.1) into the system. The ILs were 
injected splitless 40 times as 10% v/v solutions in methanol, at constant oven 
temperature of 90°C. After deactivation, BDA samples (1-50 mM) were 
injected. Consistency tests were done by injecting these samples until 
deterioration of the analytical accuracy was observed qualitatively by an 
increase in peak tailing and quantitatively by an increase of the detection limit. 
The detection limit was defined as the concentration where the mean square 
deviation of 3 injections was 33 %. 

 

2.2.4 Sample preparation 

Aqueous solutions of amines were prepared in the concentration range 1-50mM 
by dissolving the amines in MiliQ water. Next, for diamines, 750µl of standard 
solution was placed in a vial and 750µl (45wt%) of ethylene-1,2-diamine was 
added. Addition of the second amine provides the shielding effect for the analyte 
and reduces the relative water content, protecting the GC column from negative 
effects of water. In the case of primary amines, addition of ethylene diamine was 
not possible, due to overlapping retention times. Hence, for butylamine and 
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pentylamine, 750µL of standard solution was diluted with 750µL of methanol, 
in order to decrease the amounts of water injected onto the column. For analysis 
of diamines, dilution with ethylene diamine is favored over dilution with 
methanol, because of a higher analysis quality.  

 

2.2.5 Sample analysis 

Samples of 1.0µL were injected splitless at a temperature of 200°C, The oven 
temperature was initially kept at 90°C for 3 minutes, followed by a temperature 
ramp of 40°C/min up to 110°C. The column was operated at a constant flow 
mode with a helium pressure of 43 psi (296 kPA). The detection temperature 
was set at 300°C with an air pressure of 16 psi (110 kPA) and a hydrogen 
pressure of 10 psi (69 kPA). No make-up gas was used. Analyses were done by 
injecting samples five times. Since in the first two injections the influence of the 
so-called memory effect was observed, they were discarded and the last three 
measurements were used in calculations.  

 

2.2.6 Statistical treatment and calibration curves 

24 Standard aqueous mixtures containing butylamine, pentylamine, butane-1,4-
diamine  and pentane-1,5-diamine in 1-50mM concentrations were used for 
calibration. Statistical analysis was applied to the last three from five injections 
for every sample, including the average and the relative standard deviation in 
order to create the calibration lines, and to determine the R2 values and the 
detection limit. 

2.3 Results and discussion 

2.3.1 Analysis without additional deactivation 

Analysis without any deactivation steps yielded very inconsistent results, and 
large relative standard deviations (RSD) were observed, especially at low 
concentrations (Fig. 2.2).  



Chapter 2 
 

66 

 

Figure 2.2 Accuracy of the analysis without additional deactivation procedures. 

The peaks had irregular size and were tailing, although the retention times were 
comparable. An increase in the size of the peaks from a single sample after 
multiple injections indicated that carryover was taking place and amine in the 
sample was partially adsorbed inside the system. Since the applied column was 
already deactivated, the observed inconsistency was attributed to free silanol 
groups present in the pre-column.  

 

2.3.2 Deactivation of the liner with ionic liquids 

Because of their low volatility, a minimal leaching by evaporation was expected 
when ILs were used for deactivation of the liner. Furthermore, we selected ILs 
that are thermally stable enough to last for a few hundred injections (Anderson 
& Armstrong, 2003; Breitbach & Armstrong, 2008; Anderson & Cong, 2009). 
The selected ILs are displayed in Fig. 2.1. Deactivation was done according to 
the procedure described in section 2.3. 
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2.3.2.1 N”-ethyl-N,N,N’,N’-tetramethylguanidinium tris(pentafluoroethyl) 
trifluorophosphate ([emtg][FAP]) 

Injection of BDA-standards of 1-50mM after deactivation with [emtg][FAP] 
revealed that although at higher concentrations the shape and size of the peaks 
from consecutive injections were nicely reproducible (except for every first 
injection showing a lower peak area), the detection limit was as high as 20mM. 
Thus, although the PF6

- anion was previously reported as a strongly adsorbing to 
the silica-based support (Berthod et al., 2005), the shielding performance of the 
selected FAP phosphate anions did not work out as expected. An explanation 
may be that the analytes in the present work contain proton accepting groups, 
and thus due to the presence of the PF6

- anion they are strongly retained on the 
created shielding surface (Armstrong et al., 1999).  

 

2.3.2.2 Trihexyl(tetradecyl)phosphonium bis 2,4,4-
(trimethylpentyl)phosphinate (Cyphos IL-104) 

After deactivation of the liner with Cyphos IL-104, both the shape and the 
reproducibility of the peaks obtained for BDA concentrations higher than 10mM 
improved significantly. At lower concentrations there was hardly an effect (Fig. 
2.3). 

The reason for screening of the Cyphos IL-104 to deactivate silica was the 
reported shielding effect provided by the phosphonium cation which screens the 
negative charge of silicate (Ghosh et al., 1995; Liu et al., 2009; Liu et al., 2010). 
At low concentration, though, the acidic character apparently negatively 
influences the analysis of basic substances through acid-base interactions (Loris 
et al., 2004). To verify this hypothesis and to find a solution to the problem of 
the analysis, a basic ionic liquid was tested, being [pmim][Tf2N]. 
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Figure 2.3 Accuracy of the analysis after deactivation with highly concentrated amine 
as function of the sample concentration. Values calculated after deactivation of the 
system with highly concentrated butylene-1,4-diamine solution; ¢=no deactivation, 
○=deactivation with Cyphos IL-104, ●= deactivation with [pmim][Tf2N]. 

 

2.3.2.3 1-Methyl-3-propylimidazolium bis (trifluoromethylsulfonyl) imide 
([pmim][Tf2N])  

Deactivation of the liner with [pmim][Tf2N] resulted in improved peak shapes 
and elimination of the tailing (Fig. 2.4A). The improved performance is 
reflected in a significantly reduced detection limit, and a very small RSD even 
for BDA-concentrations below 10mM in the samples (see Fig. 2.3). This result 
can be attributed to the cumulative effect of both the cation and the anion in this 
particular IL. The imidazolium cation is screening the free silanol groups and 
simultaneously repelling the amines present in the analyte. Additionally, the 
fluorine present in the anion is enhancing the hydrophobicity. As a result, more 
regular shaped peaks are observed, and a lower detection limit (80ppm) is 
reached. This allows for direct analysis of primary amines in aqueous solutions.  
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Figure 2.4 Chromatograms obtained after deactivation with [pmim][Tf2N]: A: 50mM 
putrescine and 50mM cadaverine (Carlo Erba); B: 50mM butylamine and 50mM 
pentylamine (Carlo Erba); C-E: 130mM putrescine/cadaverine mixture (GC-430): IPA 
(1), ethylene-1,2-diamine (2), putrescine (3 and D), cadaverine (4 and E). 
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2.3.3 Analysis of other primary amines and primary diamines 

The applicability of the deactivation method using [pmim][Tf2N] was studied 
for analysis of other (di)amines, including butylamine, pentylamine and 
pentane-1,5-diamine (cadaverine).  

1-50mM solutions of all the amines and diamines were prepared and injected in 
a freshly regenerated system. The peaks obtained for amines (Fig. 2.4B) were 
symmetrical, minimal tailing was observed and consecutive injections provided 
similar peak areas, with no carryover effect. The detection limit for amines was 
about 5mM. For diamines, the first two injections still needed to be discarded 
due to the memory effect, but peaks were as well symmetrical, no tailing was 
observed (see Fig. 2.4A) and RSD values were low. The detection limit for 
diamines was 1mM. (for BDA 80 ppm, for PDA 102ppm). The higher detection 
limit for the amines compared to their diamine equivalents is likely due to the 
higher volatility of amines. The observation of carryover effect only in the 
analysis of diamines is caused by the presence of additional amine group, which 
makes these compounds more reactive.  

 

2.3.4 Lifetime analysis of deactivation with IL  

After approximately 400 injections the collapse of method was recognized by a 
sharp increase in RSD (Fig. 2.5). Severe tailing of both BDA and ethylene 
diamine peaks was observed, which was attributed to adsorption of these 
compounds on the “re-activated” liner. This is an excellent result, comparable to 
the one obtained by Hsieh et al. in application of vinylimidazolium based ionic 
liquid stationary phase for GC (Hsieh et al., 2008). For a full recovery of the 
analytical performance of the system, installing a new liner was required, 
followed by the deactivation procedure, described above, run prior to 
measurements. The lifetime of a column operated with this method was 
estimated at 5000 injections.  
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Figure 2.5 Development of RSD with the number of injectons for 10mM butylene-1,4-
diamine sample. Dependence on the used deactivating media: ⎯ =450mM butylene-1,4-
diamine sample solution (see Supporting Information for method details), ⎯ = 
[pmim][Tf2N]. 

2.3.5 Application of the deactivation method in other GC systems 

In order to prove its versatility, the method was also applied in a Varian GC-430 
system. Since in this GC system the size of the injector is much smaller, the 
main adjustments concerned the amount of injected solutions. Deactivation was 
performed by injecting 0.5µL of IL in methanol 40 times, with a split ratio of 50. 
Samples for analysis (now containing only 167µL (10wt%) ethylene-1,2-
diamine) were injected with 2.0µL volume, at a split ratio of 10. No changes in 
the temperature scheme were made. The column was operated at a constant flow 
mode with a helium pressure of 8 psi (55 kPa). Nitrogen was used as a make-up 
gas.   

Excellent results were obtained for putrescine and cadaverine (see Fig. 2.4C). 
The number of injections per single deactivation procedure increased to 800, 
while the detection limit was maintained at 1 mM for both diamines It was thus 
concluded that the method is not system specific.  
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2.5 Conclusions 

Direct analysis of primary amines in water by GC is hindered by the presence of 
free silanol groups in the pre-column. To date, no specific method dealing with 
this issue has been described. In our study presented in this paper, we found 
some traditional methods used for deactivation of GC systems (injection of 
highly concentrated amine solutions, and deactivation of glass surfaces with 
DMDCS) not suitable for this purpose. Deactivation with ILs was successful, 
with [pmim][Tf2N] performing best. Because of the specific characteristics of its 
cations and anions, this IL acts as an excellent suppressor of unspecific 
adsorption of amines to the silica supports. As a result, it was possible to 
establish direct GC analysis of primary amines with RSD values lower than 6%. 
The detection limit for amines was 5mM and for diamines it was reduced to 
1mM (88ppm for putrescine and 102ppm for cadaverine). Furthermore, because 
of the thermal stability and negligible vapor pressure of the IL, the method is 
very robust with up to 400 injections per deactivation, and a total column 
lifetime of 5000 injections. Application of the method in a second GC system 
(Varian GC-430) was successful, with a detection limit of 1mM maintained and 
the number of injections per single deactivation increased to 800. 
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Chapter 3  
Extractive recovery of aqueous diamines 
for bio-based plastics production 
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BACKGROUND This paper reports an extractant screening study for the 
recovery of putrescine (butylene-1,4-diamine, BDA) and cadaverine (pentylene-
1,5-diamine, PDA) from aqueous solutions (e.g. fermentation broths) by liquid-
liquid extraction. Several extractants were studied, including 4-nonylphenol, 
3,4-bis((2-ethylhexyl)oxy)phenol , di-2-ethylhexyl phosphoric acid (D2EHPA), 
Versatic acid 1019, di-nonyl-naphthalene-sulfonic acid (DNNSA), and 4-
octylbenzaldehyde. 1-Octanol, 2-octyl-1-dodecanol and heptane were used as 
diluents, and temperatures of 25°C and 65°C.  

RESULTS The most promising solvent is 4-nonylphenol, hardly leaching into 
the aqueous raffinate (19 ppm), and showing BDA distribution coefficients very 
strongly dependent on the extractant concentration, ranging from very low 
distribution (D ~ 1 at < 20wt% 4-nonylphenol in 1-octanol at 25°C) to high 
distribution (D>100) for pure 4-nonylphenol at 25°C. The strong dependency of 
the distribution on extract phase composition was applied to efficiently back-
extract up to 90% BDA in a single step. To achieve this, the pure 4-nonylphenol 
used in extraction was diluted to a 20 wt% dilution in 1-octanol. The use of 4-
nonylphenol as extractant was also examined for PDA, and higher distributions 
were observed than for BDA, which can be attributed to the longer hydrocarbon 
chain of PDA.   

CONCLUSIONS Recovery of diamines from aqueous medium can be 
accomplished in an effective way using 4-nonylphenol as extractant. These 
results may be used to develop a bio-based butylene-1,4-diamine production 
route. 
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3.1 Introduction 

Increasing prices of petroleum, caused by depletion of fossil fuels, combined 
with environmental factors resulted in increased interest in chemicals from 
renewable resources (Hatti-Kaul et al., 2007). There is a clear trend observable 
in intensified research on biotechnological processes for the production of bio-
based chemicals, especially polymers (Mimitsuka et al., 2007; Kind et al., 
2010B). Polylactic acid and polyhydroxyalkanoates are the first examples of 
fully developed bio-based polymers that are currently produced on industrial 
scale (Kind et al., 2010A). For many petroleum-based plastics to be completely 
replaced with bio-based materials, the availability of highly pure (co-)monomers 
from biological sources is limiting. As a result, many polymers with advanced 
material properties, like polyamides, are still based on petro chemistry (Kind et 
al., 2010A). 

An example of a synthetic high-performance polyamide is Nylon-4,6, produced 
through polycondensation of putrescine (butane-1,4-diamine, BDA) with adipic 
acid (Qian et al., 2009). Currently, BDA is synthesized via hydrogenation of 
succinonitrile, which is formed through addition of hydrogen cyanide to 
acrylonitrile (Pollak et al., 1991). This approach requires, next to petrochemical 
products, harsh conditions, expensive catalyst systems and highly toxic reactants 
(Qian et al., 2009). Considering all these factors, it is interesting to develop a 
mild biotechnological process for the production of BDA from renewable 
feedstocks (Nakada & Itoh, 2003; Alberto et al., 2007; Landete et al., 2008; Liao 
et al., 2008). 

Prior research on the role of biogenic amines (i.e. amines present in plants, 
animal and human, and being products of their life processes) in rotting 
processes of fermentative food and beverages resulted in identification of the 
main microorganism strains that are nowadays considered as possible producers 
of BDA (Straub et al., 1995). Typically, next to BDA, also cadaverine (1,5-
pentanediamine, PDA) is produced (Qian et al., 2009; Schenider & Wendisch, 
2010).  
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Next to the developments to improve the productivity of the fermentations, an 
economically attractive bioprocess to produce these amines requires 
development of downstream processes. Downstream processing constitutes 
usually over 50% of the total production costs (Wasewar et al., 2004), 
contributing to the less competitive position of many bulk chemical 
bioprocesses compared to petrochemical based technologies.  

Downstream processing is often done through distillation (Joglekar et al., 2006; 
Lee et al., 2008; Xiu & Zeng, 2008; Oudshoorn et al., 2009; Luo et al., 2010) 
but to remove products that are less volatile than water, thermal recovery is not 
energy efficient because large amounts of water need to be evaporated. Among 
the alternatives, liquid-liquid extraction (Thornton, 1992) is a very interesting 
technology, because of the mild conditions (room temperature, atmospheric 
pressure). With liquid-liquid extraction, specific interactions between the 
solvent and the solute may result in high distributions and selectivity (King, 
1980). Liquid-liquid extraction has been applied in extractions from 
fermentation broths to recover penicillin G (Verrall, 1992), organic acids 
(Kozak et al., 1996; Wasewar et al., 2004; Martak & Schlosser, 2007; Oliveira 
et al., 2012), and amino acids (Kelly et al., 1998; Cameron et al., 2001; Cascaval 
et al., 2001).  

For biogenic amines in particular, no previous studies on their extraction from 
aqueous broths are known, however, the works of Cascaval et al. (2001), and 
Verkuijl and co-workers (Verkuijl et al., 2011; Schuur et al., 2011) using 
hydrophobic phosphoric acid derivatives to extract amino acids from aqueous 
solutions, clearly indicate that molecules containing amino groups may be 
effectively extracted using an acid – base interaction. Next to the non-covalent 
acid – base interactions, application of dynamic covalent bonding between 
aldehydes and amines to reversibly form imines may be applied (Babic et al., 
2009; Nguyen et al., 2009; Hermann, 2009). If the aldehydes are sufficiently 
hydrophobic, the formed imines will prefer the organic phase, thereby removing 
the amines from the aqueous solution.  

The objective of this study was to examine the effectiveness of liquid-liquid 
extraction for the selective recovery of putrescine from fermentation broth. For 
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this purpose, a series of acidic extractants including 4-nonylphenol, 3,4-bis((2-
ethylhexyl)oxy)phenol, Versatic acid 1019, dinonylnaphthalenesulfonic acid 
(DNNSA) and di-2-ethylhexyl phosphoric acid (D2EHPA) have been studied, as 
well as the aldehyde 4-octylbenzaldehyde. The structures of the applied 
extractant molecules are displayed in Fig. 3.1.  

 

 

Figure 3.1 Extractants used in this study: 4-nonylphenol (1), 3,4-bis((2-
ethylhexyl)oxy)phenol (2), 4-octylbenzaldehyde (3), 3, Versatic acid 1019 (4), D2EHPA 
(5), DNNSA (6). 

For an extraction process to be technically and economically feasible, the three 
main criteria are 1) a high affinity of the extractant for the solute resulting in a 
high solute distribution, 2) minimal leaching of the extractant to the aqueous 
raffinate to limit extractant losses, 3) recoverability of the solute from the extract 
phase. The aim of this study was therefore, to investigate these key criteria for 
BDA. After finding extractants that fulfilled all three criteria, the extraction of 
PDA was studied. 
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3.2 Materials and methods 

3.2.1 Materials 

Putrescine  (BDA) (99%), cadaverine  (PDA) (97%, purum), bis(2-ethylhexyl) 
phosphate (D2EHPA, 97%), dinonylnphthalenesulfonic acid (DNNSA, 50% wt 
in heptane), 1-octanol (99% ReagentPlus), heptane  (>99%, Biotech Grade) and 
2-octyl-1-dodecanol (97%) were obtained from Sigma Aldrich (The 
Netherlands). 4-nonylphenol (99%, mixture of chain isomers) was obtained 
from Acros Organics (Belgium) and TCI Europe (Germany). 4-
octylbenzaldehyde (97%) was obtained from Acros Organics (Belgium) and 
Versatic acid 1019 was kindly provided by Hexion (The Netherlands). 3,4-
bis((2-ethylhexyl)oxy)phenol (97%) was provided by Syncom BV (The 
Netherlands). 

 

3.2.2 Methods 

3.2.2.1 Extraction experiments 

Extraction experiments were carried out by contacting 5g of solvent phase with 
5g of a 1.1wt% aqueous BDA solution (or 1.3 wt% PDA) at 25°C or 65°C in 
50mL glass bottles. In experiments with acidic extractants 20-100wt% 
extractant was used. In the experiments where aldehydes were applied as 
extractants, the extractant concentrations were limited to 3-20wt% because of 
the limited solubility of the aldehydes in the diluents. Heptane, 1-octanol and 2-
octyl-1-dodecanol were used as diluents. Aqueous and organic phase were 
incubated for 17h in a shaking bath. After equilibration, phases were allowed to 
settle for 2h, a sample of the aqueous phase was taken and the pH was 
measured. The aqueous phase BDA concentration (and PDA when applicable) 
was determined with gas chromatography, according to the method described 
elsewhere (Krzyżaniak et al., 2011). The organic phase BDA-concentration was 
determined by mass balance. Distribution ratios (D, mass fraction ratio) were 
calculated as the ratio of the concentration in the organic phase over the 
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concentration in the aqueous phase. With the accuracy of analytical method 
being ±3%, the accuracy of obtained distribution ratios was in the range ±4-6%. 

 

3.2.2.2 Back-extraction experiments 

In back extraction experiments, BDA-solutions that were prepared by extraction 
of 130 mM aqueous BDA solutions at T=25ºC with either pure 4-nonylphenol, 
or 10wt% 4-octylbenzaldehyde in 1-octanol were applied. The back-extraction 
experiments with MiliQ water were carried out at various water/organic ratios (1 
< W/E < 3), at 25ºC and 65ºC. Next to experiments with the BDA-loaded 
solvents that were obtained directly from extraction experiments, also extract 
phases that were diluted (on the mass basis) with heptane, 1-octanol or 2-octyl-
1-dodecanol were applied. 4-nonylphenol solutions in each of before mentioned 
diluents were made by 3 – 5 times dilution. 4-octylbenzaldehyde solutions in 1-
octanol were prepared by dilution of approximately 3.33 times (in order to 
decrease extractant concentration from 10wt% to 3wt%). Back-extractions were 
carried out for 17 hours, and after settling of the phases for 2h, the aqueous 
phase pH was measured and samples of the aqueous phase were taken to 
determine the BDA concentration by GC. 

 

3.2.2.3 Analytical methods 

The concentrations of BDA and PDA in aqueous solutions were measured with 
gas chromatography. A Varian-430 GC apparatus equipped with an Agilent CP 
Volamine column was used. The detection limit of the applied method was 
1mM for both diamines. The relative standard deviation in the analysis was 
below 3%. A detailed description of the applied method was reported previously 
(Krzyżaniak et al., 2011).  

In order to detect presence of the extractant in aqueous phase and to be able to 
quantify the extent of extractant leaching, UV-Vis measurements were 
performed. For this purpose,  a Varian Cary 300 Conc apparatus was used. 
MiliQ water was used as the reference, and the absorbance of raffinate samples 
was measured. For samples that showed a maximum absorbance of higher than 
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1 in the characteristic signal, the samples were diluted until measurements 
within 0 < Abs < 1 range were acquired.   

Dynamic light scattering (DLS) experiments were done to investigate on 
aggregation behavior using a Nanotrack™ Ultra Particle Size Analyzer from 
Microtrack. The applied solvents in the corresponding extraction experiments 
(MiliQ water and 1-octanol) were used as references. A DLS-scan yields an 
aggregate size distribution (0.8 nm – 6500 nm), the average result from 5 scans 
was reported and the relative standard deviation between consecutive 
measurements for a particular sample was less than 3%. 

 

3.3 Results and discussion 

As indicated in the introduction, key extractant characteristics are a high affinity 
for the solutes (i.e. a high distribution), negligible leaching, and reversibility (i.e. 
the possibility to recover both solute and solvent by the means of back 
extraction step). Studies on these three factors are described respectively in this 
section, and finally also a mixture of BDA and PDA is used in a series of 
extraction experiments to investigate the use of the extractant for other amines, 
and on the competition in the extraction of BDA and PDA. 

 

3.3.1 Distribution of BDA  

The extractants that have been investigated fall in two classes, i.e. aldehydes and 
acids. In this sub-section, first the BDA-distributions that were observed are 
discussed for the aldehyde extractant, and then for the acid extractants. 

 

3.3.2 Aldehyde Extractant 

Extraction through Schiff base formation was studied using 4-
octylbenzaldehyde (3-20wt%) in heptane, 1-octanol, and 2-octyl-1-dodecanol, 
and solvent/feed ratios (S/F, mass based) of 0.5 and 1. The results of the 
extraction experiments for different diluents are presented in Fig. 3.2A (1-
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octanol), 3.2B (2-octyl-1-dodecanol) and 3.2C (heptane). Because of the 
detection limit of BDA in the raffinate at 1mM, in experiments with S/F = 1, and 
[BDA]initial = 130 mM, the maximum measurable distribution is 129. At S/F = 
0.5, this increases to 258. These detection limits are indicated in Fig. 3.2 and 
values displayed at these lines correspond with a distribution ratio at a raffinate 
concentration equal to the detection limit. The actual distributions in these 
experiments may be (much) larger. 

A general trend that is visible both at 25°C and at 65°C, and for all the diluents, 
is a strongly increasing distribution ratio with increasing 4-benzaldehyde content 
in the extract. At 3 wt% extractant loading, there is not a significant extraction, 
while at 10 wt% or higher (depending on the diluent and the S/F ratio) no BDA 
was detected anymore in the raffinate. In between, around 6wt% extractant 
loading, it is possible to detect some difference in the observed distributions for 
different diluents. The highest distribution is observed for 2-octyl-1-dodecanol, 
the lowest for heptane. In order to explain the remarkable sharp increase in the 
distribution, and the trend in diluents, the molecular properties of the 4-
octylbenzaldehyde and BDA should be considered. The character of BDA, with 
its two primary amine functionalities, is very hydrophilic of nature, while 4-
octylbenzaldehyde is hydrophobic. Therefore, a formed Schiff base may be 
considered to be a surfactant. Moreover, if both amine groups react with an 
aldehyde, a Gemini surfactant (Menger & Keiper, 2000) is formed. Since a 
double-Schiff base can be considered a Gemini surfactant, where the 4-
octylbenzaldehyde tails are quite bulky, the shape of the surfactant is likely of 
the reversed truncated cone type that prefers aggregation by self-assembly in the 
reversed micellar form (Zana, 2005). The molecular shape (very small polar 
head and bulky tail) of the 2-octyl-1-dodecanol is most compatible with Schiff 
bases formed from 4-octylbenzaldehyde and BDA (Zana, 2005). Therefore, 2-
octyl-1-dodecanol can enhance the formation of the reversed micelles (by 
directly participating in their formation) and hence the highest distribution being 
observed for this diluent is reasonable. The strong increase in the distribution 
may be due to reverse micelles being formed, and the hypothesis was 
investigated using dynamic light scattering (DLS), with 1-octanol being applied 
as the reference diluent.  
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Figure 3.2 Distribution ratios that were obtained by extraction from 130mM aqueous 
BDA solutions with Shiff-base forming extractants (A) 4-octylbenzaldehyde in 1-octanol 
(B) 4-octylbenzaldehyde in 2-octyl-1-dodecanol (C) 4-octylbenzaldehyde in heptane.  
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The DLS measurements showed average aggregate sizes of typically 2 – 7 nm in 
samples from the extract phase with 10 wt% and 20 wt% 4-octylbenzaldehyde 
in 1-octanol, which is a typical aggregate size for reverse micelles (Pelizetti & 
Pramauro, 1985; Blitz et al., 1988; Smith et al., 1990). Samples from extract 
phases in which the extract concentration was below 6 wt% did not show this 
light scattering behavior. These results indicate that very high distributions in 
the forward extraction might be combined with efficient back-extraction, if the 
extract phase is diluted prior to the back-extraction, so that the concentration of 
the Schiff base in the extract phase drops below the critical aggregation 
concentration during back-extraction, promoting the recovery into the aqueous 
phase. 

3.3.3 Acidic Extractants 

Two phenolic extractants, a sulphonic acid, a phosphoric acid and a carboxylic 
acid have been studied for the extraction of BDA. The distribution of BDA as a 
function of the extractant loading in the extract phase is displayed in Fig. 3.3A. 
1-Octanol, n-heptane and 2-octyl-1-dodecanol have been used as diluents. 
DNNSA was diluted in heptane, because it is commercially available as 50wt% 
solution in heptane. 
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Figure 3.3 Extraction of BDA from 1.1wt% (130mM) solution using: acidic extractants 
(A), 4-nonylphenol at T=25 ºC in different solvents (B), 4-nonylphenol at T=65 ºC in 
different solvents (C) 

From Fig. 3.3A, it can be observed that with DNNSA at 25°C and S/F = 1, very 
high distributions were obtained. The BDA-concentration in the raffinate was 
less than the detection limit, meaning a minimum D of 129. The strong acidity 
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of DNNSA (pKa = 0.68) can be accounted for the strong affinity between 
DNNSA and BDA leading to these high distributions. This strong affinity 
corresponds with the previously reported affinity between amines and 
naphthalenesulfonate based carbonyl condensates (Kozak et al., 1996). The 
other acidic extractants (di-2-ethyl-hexyl phosphoric acid (D2EHPA, pKa = 
2.75) and Versatic acid 1019 (V1019, pKa = 4.8, Oliveira et al., 2012) were 
diluted in 1-octanol and studied over the complete composition range from 0 - 
100wt% at 25°C and S/F = 1. The observed distributions were for both 
extractants significantly lower than for DNNSA in heptane. Although the choice 
of diluent may have some influence on the extraction yield (Bizek et al., 1993; 
Senol, 2004; Wasewar & Pangarkar, 2006), the strong difference between 
DNNSA and the acids D2EHPA and V1019 can be attributed to the weaker 
acidity of D2EHPA and V1019. While the acid-base interaction with BDA is 
less strong due to the weaker acidity, dimerization of the acids through hydrogen 
bonding remains strong (Juang & Huang, 1997). This competition between acid-
base complexation, and acid dimerisation is reflected in the reducing BDA 
distribution at increasing acid concentration in the extract phase (Juang & 
Huang, 1997; Bi et al., 2008).  

4-nonylphenol was applied as extractant in a wide range of experiments, varying 
the diluent (1-octanol, heptane, 2-octyl-1-dodecanol) and temperature (T = 25ºC 
and T = 65 ºC) and the extractant loading from 0 - 100 wt%. It can be read from 
Fig. 3.3B that the observed distribution of BDA is strongly increasing with 4-
nonylphenol concentration for all applied diluents, and in heptane above 80 
wt%, and in undiluted form the raffinate concentration of BDA is even below 
the detection limit, i.e. D > 129. A comparable trend was previously measured 
for monoethanolamine - phenol interactions (McNabb, 1998). For lower 4-
nonylphenol concentrations, it is visible that the highest distributions are 
observed for heptane, followed by 2-octyl-1-dodecanol and 1-octanol. This 
order corresponds inversely with the functional group density in the diluent able 
to form hydrogen bonds, i.e. the higher density of hydrogen bonding ability of 
the diluent, the lower the distribution. Formation of hydrogen bonds between the 
extractant and the diluent is thus competitive with the complexation of BDA 
with the extractant, which also occurs through hydrogen bonding.  In Fig. 3.3C 
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the results are displayed for extractions at T = 65 ºC, the distributions are here 
for otherwise comparable conditions approximately 2 - 3 times as low. The 
dropping distribution with increasing temperature is commonly observed in 
extractions (Tamada & King, 1990; Keshav et al., 2008; Burghoff et al., 2009), 
and a reduced interaction at increased temperature is also known to be 
characteristic for hydrogen bonding (Bosch, 1996; Skarmoutsos et al., 2012).  

Based on the results for 4-nonylphenol, 3,4-bis((2-ethylhexyl)oxy)phenol was 
examined as extractant only in a pure form at T = 25 ºC. From Fig. 3.3A, it can 
be observed that the BDA-distribution (DBDA = 14.7) is significantly lower than 
for 4-nonylphenol DBDA > 129. The lower D is due to the higher electron density 
on the aromatic ring, reducing the acidity of the phenolic proton (Hansch et al., 
1991). A similar strong effect of electron density on the aromatic ring was 
observed for extraction of pyridine derivatives from aqueous solutions using 
phenolic extractants (Bokhove et al., 2012). Thus, the intended lower aqueous 
phase solubility and lower viscosity that were introduced by the long branched 
alkyl groups introduce such a penalty on the BDA-distribution, that this 
extractant appears less favorable.  

In conclusion, the extractants 4-octylbenzaldehyde, DNNSA, and 4-nonylphenol 
showed very high BDA-distributions, and were selected for further study. 

 

3.3.4 Extractant leaching  

Leaching of extractant to the raffinate phase is undesired in liquid-liquid 
extraction, because it decreases the effectiveness of the extraction process, and 
requires additional extractant recovery operations. In addition, in case of 
bioprocesses toxicity of the leached extractants to microorganisms in the broth 
should be avoided (Stark et al., 2003; Prpich et al., 2006).  

In the case of acidic extractants, a first indication on leaching could be obtained 
by measuring the pH of the raffinate after extraction. The pH of 1.1wt% 
(130mM) aqueous BDA-solutions was 12.5. After extraction with DNNSA, the 
pH dropped to a value of 1.7, indicating a serious leaching, which could be 
facilitated through salt formation with BDA. A similar effect at high pH (>8.5) 
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was observed with binaphthyl-based phosphoric acid derivatives that appeared 
rather hydrophobic, but due to the high pH were not stable in the organic phase 
(Schuur et al., 2011). Traditional use of DNNSA is in metal extractions, 
typically performed at very low pH (pH<2) (Zhang & Inoue, 1995; Zhou & 
Pesic, 1997; Cheng et al., 2011). There, leaching is not a significant issue, so 
apparently the basic conditions do not match with this extractant. 

For 4-nonylphenol and 4-octylbenzaldehyde, the pH of the raffinate was always 
10 < pH < 11, but since there is not a real proton donor in these extractants (pKa 
= 10.3 for nonylphenol (Vazquez-Duhalt et al., 2005), and ~17 for aldehydes 
(Fox & Whitesell, 2005) the pH of the raffinate is not a strong indication 
whether leaching is happening or not. Therefore, UV-Vis spectrophotometry 
was also applied to study leaching, and because all extractants contain aromatic 
functionalities, this technique is applicable for all three extractants.  

In Fig. 3.4 spectra obtained from UV-Vis measurements performed on the 
raffinates from extraction with DNNSA (A), 4-nonylphenol (B) and 4-
octylbenzaldehyde (C) are displayed. 

In the case of DNNSA the initial absorbance observed exceeded value of 1 
significantly and only after 100 times dilution, results within 0<Abs<1 range 
were obtained. This observation combined with the fact that significant decrease 
in pH of the raffinate was observed, suggests that heavy leaching of extractant is 
taking place. Hence, DNNSA is not suitable for BDA recovery.  

In the case of 4-nonylphenol and 4-octylbenzaldehyde no initial dilutions 
needed to be performed as measured absorbance immediately obeyed 0<Abs<1 
rule. Based on the acquired information, the concentration of both extractants in 
the raffinate was quantified. For 4-nonylphenol the extinction coefficient at 
λmax=275nm was previously determined to be ε=2837 M-1cm-1 (Kim et al., 
2005). With the absorbance at λmax=275nm of 0.25, molar concentration of 4-
nonylphenol in raffinate was estimated to be 8.81x10-5 mol/L (19 ppm).  
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A  

B  

C  

Figure 3.4 Raffinate analysis using UV-Vis after extraction 130mM aqueous BDA 
solutions with different extractants: A, 20%DNNSA in heptane (after 100 fold dilution of 
the sample), B, 100 wt% 4-nonylphenol (no dilution), C, 10 wt% 4-octylbenzaldehyde in 
1-octanol (no dilution). 
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For 4-octylbenzaldehyde extinction coefficient was not available in the literature 
and thus it was experimentally determined to be ε=5212 M-1cm-1 at λmax=275. 
Using the absorbance measurements obtained at this wavelength (A=0.125), the 
concentration of 4-octylbenzaldehyde in raffinate was estimated to be 2.40x10-5 
mol/L (5 ppm).  

For both 4-nonylphenol and 4-octylbenzaldehyde concentrations observed in the 
raffinate were significantly lower than in the case of DNNSA, indicating that 
both molecules are suitable for further consideration as possible extractants of 
BDA. 

 

3.3.5 Back-extraction studies 

Back-extraction studies have been carried out using pure water as wash phase 
for both 4-octylbenzaldehyde as extractant, and 4-nonylphenol. For both 
extractants, during the extraction experiments, a strong effect of extractant 
concentration was observed, as well as a (smaller) effect with temperature (see 
Figures 3.2 and 3.3). To study this extractant concentration effect, back-
extraction experiments have been done with organic phases that were created by 
extraction of BDA with both 4-octylbenzaldehyde and 4-nonylphenol as 
extractants, at 25°C, and after the extraction experiments, a series of 
experiments with varying dilution ratio were performed with each BDA-loaded 
extract phase. The results of the experiments with 4-nonylphenol are displayed 
in Fig. 3.5. The experiments with 4-octylbenzaldehyde are not displayed, 
because it was found infeasible to obtain BDA in the wash from 4-
octylbenzaldehyde containing organic phases.  

 

Because in the extraction experiments with 4-octylbenzaldehyde (Fig. 3.2) it 
was found that at extractant concentrations below 6wt%, the distribution of 
BDA is very low, it was attempted to effectively back-extract the BDA by 
diluting the organic phase obtained from an extraction experiment with 10 wt% 
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4-octylbenzaldehyde in 1-octanol to a concentration of 3wt% 4-
octylbenzaldehyde. Although the forward extraction shows almost no extraction 
under these conditions, suggesting a good back-extraction should be possible, 
the distribution remained very high and the concentration in the wash phase 
below the detection limit. In the discussion on the forward extraction results, it 
was argued and confirmed by dynamic light scattering measurements, that the 
Schiff base that is formed by reaction between BDA and 4-octylbenzaldehyde is 
a surfactant that aggregates into self-assemblies at higher concentrations. 
Furthermore, it is known that the Schiff base formation is not favored in 
aqueous solutions, because water is in the right hand side of the equilibrium 
relation (Fox & Whitesell, 2005). Apparently, after the micelles have been 
formed, the thermodynamic conditions in the micellar pseudo-phases are not 
favoring break-up of the micelles and back-extraction. Next to a thermodynamic 
factor, the very limited yield during back-extraction could also be due to kinetic 
limitations that may cause metastable (pseudo) phase behavior. Because of the 
difficulties in regeneration, 4-octylbenzaldehyde is not a feasible extractant for 
BDA.  

The results obtained for 4-nonylphenol based extract phases are depicted in Fig. 
3.5.  

 

Figure 3.5 Back extraction of BDA from 4-nonylphenol using the anti-solvent approach, 
temperature swing approach, and combined anti-solvent and temperature approach. 
Symbols: experimental data, lines: predicted from distribution ratios forward extraction 
at 20 wt% 4-nonylphenol.  
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As can be seen from Fig. 3.5, the recovery does not work for undiluted extract 
phases at 65°C, i.e. by applying a temperature swing only. For undiluted 4-
nonylphenol based extract phases, back extraction at 65°C and W/E = 1 (where 
W/E is wash/extract ratio, mass based) only yielded 1.7% recovery. These 
results indicate that temperature swing is not a very efficient method to yield 
high recovery percentages (>90%), even when the back-extraction temperature 
would be increased further.  

Recovery of BDA from 4-nonylphenol after dilution from pure 4-nonylphenol to 
20wt%  at various W/E ratios yielded 70 - 90% recovery in a single equilibrium 
step for both the diluents 1-octanol and 2-octyl-1-dodecanol at 25°C. The 
experimental recovery percentages are in agreement with the predicted values 
based on the measured distributions in extraction experiments with 20 wt% 4-
nonylphenol in the diluents. Applying both dilution and a temperature swing to 
65oC did not increase the recovery – on the contrary, the decrease in recovery 
was observed. This can be attributed to the fact, that even though presence of 
anti-solvent promotes transfer to the aqueous phase, simultaneously the 
solubility of BDA in the organic solvent increases due to the elevated 
temperature. Recovery of BDA from 4-nonylphenol after dilution from pure 4-
nonylphenol to 20wt% with heptane at W/E=1 yielded 6% recovery in a single 
equilibrium step. Taking into account the fact that heptane was identified as the 
most favorable diluent, these low recovery results confirmed what was to be 
expected. However, in a larger W/E ratio and in multistage back-extraction, this 
can easily be improved, and since regeneration of the extract phase to the 
original concentration requires removal of the diluent, it was decided that even 
though with 1-octanol much higher single stage recovery was observed, the use 
of heptane will be preferred because of the ease of evaporation. 

It may be concluded from the experiments on the BDA extraction and recovery, 
that 4-nonylphenol is the most promising extractant for BDA, showing high 
distributions when applied in pure form, and high recovery of BDA in a single 
step after dilution of the extract phase. 
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3.3.6 Extraction of PDA 

Two important biogenic amines from typical fermentation processes are BDA 
and PDA. Therefore, the extraction of PDA with 4-nonylphenol was also 
investigated using 20-100wt%, 4-nonylphenol in heptane at T=25ºC.   

The results are displayed in Fig. 3.6. From Fig. 3.6 it follows that for both BDA 
and PDA distribution is increasing with the increasing concentration of 
extractant. For PDA this increase is steeper, which can be attributed to the 
longer hydrocarbon chain present in the PDA molecule. The results displayed in 
Fig. 3.6 show that both PDA and BDA are very well extractable from aqueous 
solutions using 4-nonylphenol. 

 

 

 

Figure 3.6 Comparison of extraction of BDA and PDA with 4-nonylphenol in heptane at 
T=25 ºC. ○= PDA, □ = BDA. 

 

3.4 Conclusions 

Putrescine (butylene-1,4-diamine, BDA) is a building block for synthetic high-
performance polyamide Nylon-4,6, that can be produced in a mild 
biotechnological process from renewable feedstocks. However, for an 
economically attractive bioprocess, next to high yield fermentation, 
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development of an effective downstream process is required. Liquid-liquid 
extraction has been identified as promising method for the recovery of 
putrescine from aqueous solutions. In order to confirm its potential for biogenic 
amine separations, an extractant screening study for the recovery of putrescine 
and cadaverine (pentane-1,5-diamine, PDA) from aqueous solutions was 
performed.  The distribution of BDA from the aqueous feed into the organic 
extract phase, leaching of the extractant into the aqueous raffinate, and 
recoverability of BDA through back-extraction have been examined. 4-
Nonylphenol was identified as suitable extractant, exhibiting a distribution of 
BDA that was strongly dependent on the extractant concentration, with values > 
100, negligible leaching of the extractant, and good recoverability of BDA 
through back-extraction. In a comparing experiment, it was shown that the 
distribution of PDA is even higher than BDA. Hence, recovery of diamines from 
aqueous medium can be accomplished in an effective way through liquid-liquid 
reactive extraction using 4-nonylphenol as extractant. 
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Chapter 4  
Extractant Screening for Liquid-Liquid 
Extraction in Environmentally Benign 
Production Routes  

 

This chapter has been published as A. Krzyżaniak, B. Schuur, M. Sukumaran, H. 
Zuilhof, A.B. de Haan, Extractant Screening for Liquid-Liquid Extraction in 

Environmentally Benign Production Routes, Chemical Engineering 
Transactions, 24, pp. 709-714. 
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Fermentation processes offer a very promising alternative for the production of 
chemicals by more environmentally benign routes. However, a major challenge 
in applying this technology remains the recovery of typically highly hydrophilic 
products from the complex broth. Here, we report the results of a study with the 
aim to enhance the separation of organic acids from fermentation broths by 
liquid-liquid extraction by improved design of the extractant. Based on 
extensive literature research supported by molecular modeling and isothermal 
titration calorimetry (ITC) experiments, different groups of extractants were 
evaluated, including amines, amides, superbases, guanidines and N-oxides. 1-
octanol, 2-octyl-1-dodecanol and heptane were used as solvents. After 
extraction, a sample of aqueous phase was analyzed with high performance 
liquid chromatography (HPLC) and distribution coefficients were calculated. 
The obtained results showed that tertiary amines remain the state-of-the-art 
extractants for the recovery of organic acids. Highly basic compounds, like 
guanidines or superbases, as well as the N-oxides, were not able to outperform 
tertiary amines. The performed work demonstrated that the applied molecular 
modeling tools were not sufficient to adequately assess interactions observed 
between amines and organic acids.  
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4.1 Introduction 

A sharp increase in petroleum costs in the recent decennia has shifted the 
attention to fermentative processes and possibilities within (Joglekar et al. 
2006). Lactic acid (a basic component of biodegradable plastics) can be 
produced through fermentation, but its recovery requires significant costs 
(Joglekar et al. 2006). A more cost-efficient and environmentally friendly 
method needs to be developed to enable in-situ removal of lactic acid, resulting 
in higher final concentration levels and that avoids excessive production of salts 
(Wasewar et al. 2004). Recent studies show increased interest in liquid-liquid 
reactive extraction (Wasewar et al. 2004). It allows for direct removal of lactic 
acid from the fermentation broth, hence preventing the decrease in pH.  

Liquid-liquid reactive extraction of carboxylic acids has been broadly described 
in the literature, addressing its dependence on i.e. properties of solvent  
(extractant and diluent), pH, temperature and acid concentration  (Joglekar et al. 
2006). The relative basicity of extractant has been identified as a crucial 
characteristic determining the effectiveness of acid recovery (Shan et al. 2006).  

Here we describe the results of a study with the aim of enhancing the recovery 
of lactic acid from a fermentation broth by liquid-liquid reactive extraction with 
improved extractants. The design of improved extractants focuses on increasing 
the basicity of the molecule. Molecular modeling calculations are used to predict 
the strength of extractant-acid complexation. 

4.2 Experimental 

4.2.1 Chemicals 

Lactic acid crystals were kindly provided by Purac. Heptane (99%), 2-octyl-1-
dodecanol (97%), 1-octanol (>99.5%), trioctylamine (98%) and N,N,N′,N′-
Tetramethyl-1,8-naphthalenediamine (proton sponge, 99%)  were obtained from 
Sigma Aldrich. N,N  –diethyl  – m- toluamide was obtained from Acros 
Organics (98%) and Alfa Aesar (97%). LIX 7950 (guanidine) was kindly 
provided by Cognis. Bis-N-oxide (Fig. 4.1) was custom synthesized by Syncom 
BV. 
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Figure 4.1 Structure of applied extractants, from left: proton sponge, N,N-diethyl-m-
toluamide, LIX 7950 (guanidine), tetradodecyl-bis-N-oxide. 

 

4.2.2 Methods  

Solutions of the extractants in heptane, 1-octanol or 2-octyl-1-dodecanol were 
prepared at different weight ratios (20-100%wt extractant). 5-10 grams of 
aqueous acid solution (0.13M in MiliQ water) was contacted in 100ml glass 
bottles with an equal mass of organic phase and incubated for 17 hours at the 
temperature of 25°C or 55°C. After phase separation, the pH of the aqueous 
phase was measured. The lactic acid concentrations in the aqueous phase were 
determined with an HPLC system consisting of a pump, an autosampler and a 
UV-detector (all from Varian ProStar). The column used was Aminex HPX-87H 
(Bio-Rad) and 0.005M H2SO4 solution was used as mobile phase, at a flow rate 
of 0.6ml/min. The lactic acid concentration in the organic phase was calculated 
by mass balance. Distribution coefficients (D) were calculated as the ratio of the 
concentration in the organic phase over the concentration in the aqueous phase. 

 

4.3 Results and discussion 

4.3.1 Molecular modeling predictions 

The hydrogen-bonding interaction between lactic acid and potential extractants 
was screened using density functional theory (DFT), with the application of 
B3LYP/6-311G(d,p) and M06/6-311G(d,p) calculations. The larger the negative 
value of ΔH, the stronger interaction between solute and extractant was 
expected. The obtained results are displayed in Fig. 4.2. According to the 
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predictions toluamide should provide results comparable to trioctylamine (TOA) 
and the tetradodecyl-bis-N-oxide is expected to outperform the tertiary amine. 
These predictions were verified experimentally.  

 

 

Figure 4.2 Molecular modeling predictions based on calculation of ΔH as a result of 
hydrogen bonding. 

 

4.3.2 Extraction with amines 

The extraction of lactic acid from aqueous solutions was studied as a function of 
the mass fraction of TOA in the solvent at two different temperatures (T=25°C, 
T=55°C). The highest distributions (D) were obtained in all cases for 20%wt 
TOA at T=25°C. This optimum could be explained by the complex stabilizing 
action of the diluent. Extraction in 1-octanol was more effective than with the 
highly branched alcohol, since the last one displayed lower solvating power for 
the amine-acid complex. Temperature had negative effect on extraction, which 
is in accordance with observations by Wennersten (1983), Kertes & King 
(1986), Tamada & King (1990), and Wasewar et al. (2004). The obtained 
results, displayed in Fig. 4.3, were used as a reference to assess the performance 
of the selected extractants.  
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Figure 4.3 Extraction of lactic acid with TOA. LA initial concentration = 1.2wt%, TOA 
in octanol at T=25° (☐) and T=55° (¢), TOA in 2-octyl-1-dodecanol at T=25° (�) and 
T=55° (�). 

 

4.3.3 Extraction with amides 

Extraction with amides was performed according to the procedure described for 
amines. A maximum D of 10 was observed with pure toluamide, which is lower 
than for TOA, and in line with the molecular modeling predictions. Next to the 
less effective extraction, the toluamide is less favored compared to TOA 
because of significant leaching of the extractant to aqueous phase.  

 

4.3.4 Extraction with superbases 

Due to the solubility limit of proton sponge in the diluent, extraction studies 
with the proton sponge were performed only at 20wt% and 40wt% of extractant. 
Heptane was the diluent of choice, since superbasic compounds are to be used in 
non-polar solvents. No extraction was observed in all performed experiments. A 
high raffinate pH of 7.6 and a strong coloring of the aqueous phase suggest that 
severe leaching of extractant into the aqueous phase took place.  
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4.3.5 Extraction with guanidines 

Extractions with guanidines were performed according to the procedure 
described for amines. The obtained results (Fig. 4.4) show that performance of 
the guanidine is lower when compared with the results obtained for TOA. This 
is in agreement with molecular modeling expectations. The optimal 
concentration of the extractant is 80wt% and the temperature does not influence 
the outcome significantly. The pH of the aqueous phase after the extraction was 
higher than 7, which indicated that some leaching of extractant to water took 
place.  

 

 

Figure 4.4 Comparison of lactic acid extraction efficiency for TOA and LIX 7950 
(guanidine). LAinitial concentration = 1.2wt%, TOA in octanol at T=25° (☐) and 
T=55° (¢), LIX 7950 in 1-octanol at T=25° (�) and T=55° (�). 

4.3.6 Extraction with bis-N-oxide 

The bis-N-oxide molecule was designed based entirely on the molecular 
modeling calculations. Long alkyl chains were added to prevent the leaching of 
extractant to the aqueous phase. As a consequence, its molecular weight was 
very high, and solubility in the examined diluents low. The extraction studies 
were performed at 5wt% N-oxide, in all three diluents. Other conditions 
remained unchanged. In all cases obtained distributions were in the range 
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0.3<D<0.7. The low D was in contrary to the expectations based on the 
hydrogen bonding affinity that was calculated by molecular modeling. It was 
concluded that in the complex formation of the benchmark solvent TOA and 
lactic acid, not a hydrogen bond is formed, but a proton exchange takes place. 
This energetically more favorable proton exchange between lactic acid and 
nitrogen was not possible in the case of N-oxide, because of the presence of the 
oxygen atom. Instead, the formation of hydrogen bonds with water molecules 
was preferred as predicted by the molecular modeling results. Apparently, this is 
not the most important interaction in the extraction of acids by bases.  

 

4.3.7 Comparison of molecular modeling predictions with 
experimental results 

In Table 4.1 a comparison between calculated ΔH values and experimentally 
obtained distributions is displayed. The experimental values follow a different 
trend than suggested by molecular modeling calculations. In two cases 
(toluamide, proton sponge) the underperformance is caused by extractant 
leaching. The difference between expectation and actual result is remarkable in 
the case of bis-N-oxide. It appears that the applied tools were not sufficient to 
describe the interaction between bis-N-oxide and lactic acid. The used model is 
limited to predictions involving hydrogen bonding, and for these compounds 
protonation is the main complexation mechanism. 
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Table 4.1 Comparison of calculated deltaH values and D values obtained 
experimentally (at T=25, in 1-octanol) 

Type of extractant 
Calculated 
ΔH (kJ/mol) 

D obtained 
experimentally 

LIX 7950 (guanidine) -14.02 4.5 

Proton sponge (superbase) -16.61 <0.1 

Trioctylamine (TOA) -45.98 29 

N,N-diethyl-m-toluamide -46.06 <10 

N,N,N’,N’-tetradodecypentane-1,5-
diamine dioxide (bis-N-oxide) 

-78.07 0.3<D<0.7 

 

4.4 Conclusions 

The results obtained in this study show that amines remain the state-of-art 
extractants for the recovery of lactic acid from fermentation broths. The 
examined compounds were not able to outperform amines, and in some cases 
(proton sponge and toluamide) severe leaching of the extractant was observed. 
N-oxides showed a preference for hydrogen bonding with water, and an 
unfavorable conformation hindered proton exchange with acid. The results 
obtained from the experimental study differ significantly from the predictions 
provided by molecular modeling. The applied tools were not sufficient to 
adequately assess interactions observed between amines and organic acids. 
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Chapter 5  
Novel extractants for the recovery of 
fermentation derived lactic acid 

 

The content of this chapter has been published as A. Krzyżaniak, M. Leeman, F. 
Vossebeld, T. J. Visser, B. Schuur, A. B. de Haan: Novel extractants for the 
recovery of fermentation derived lactic acid. Separation and Purification 

Technology 111:82-89 
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Reactive liquid-liquid extraction is a promising technology for the removal of 
lactic acid directly from fermentation media. For over five decades, tertiary 
amines (e.g. trioctyl amine) have been the state-of-the-art extractants for 
carboxylic acid extraction. However, to make fermentative carboxylic acid 
production with in situ recovery through extraction economically attractive, 
higher distribution ratios of the acids are required. The aim of this study was to 
develop extractants with a higher affinity for carboxylic acids than 
trioctylamine, and in particular for lactic acid.  Key properties to achieve this 
goal are hydrophobicity and acid affinity.  A screening study using 
functionalized silica compounds showed functional groups containing multiple 
nitrogen-based functionalities and at least one double bond between nitrogen 
and carbon displayed higher acid affinity than the single tertiary amine 
functional group as present in trioctylamine. After incorporating these functional 
groups in extractants the highest distribution coefficients of lactic acid were 
observed for N,N-didodecylpyridin-4-amine (27, vs 11 for trioctylamine at 25 
°C). Back-extraction was demonstrated to be feasible, and is promoted by 
increasing the temperature and by addition of an anti-solvent such as heptane 
achieving single stage recoveries up to 80%. 

  



Chapter 5 
 

113 

5.1 Introduction 

Poly(lactic) acid (PLA) is one of the examples of industrially matured bio-based 
polymers. Production of its monomer, lactic acid, from renewable resources 
(biomass) has been the subject of extensive research (Maas et al., 2005; John et 
a., 2007; Okino etal., 2008; Gao et al., 2011) and transition of fossil oil based 
production to fermentative processes is taking place. Bioprocesses have 
originally been developed for the production of specialty chemicals and 
pharmaceutical ingredients (Waites et al., 2001), where the required volumes are 
relatively small. Shifting fermentative productions to commodity chemicals 
requires significantly higher productivity, and involves new challenges – both 
scientifically and economically (John et al., 2007). In order to compete 
effectively with traditional production routes, the costs of bio-based lactic acid 
production need to be minimized. One way of achieving this, is by reducing the 
costs of recovery and purification, which currently constitute approximately 
60% of the total costs (Wasewar et al., 2003). Also, elimination of by-products 
is desired to increase the attractiveness of the process to industry (John et al., 
2007). During the fermentation process, the pH in the fermenter needs to be 
maintained at a relatively high level (pH=5-7) – as a too low pH leads to a 
decrease in microorganism productivity, and may result in its death. The 
relatively high pH value is typically maintained by addition of lime or chalk to 
neutralize the lactic acid that is formed in the broth. Hence, the traditional 
product recovery is based on concentration of clarified fermentation liquor and 
subsequent reacidification with H2SO4 to obtain crude lactic acid (Hong et al., 
2001; Joglekar et al., 2006). Unfortunately, in this way also huge amounts of the 
by-product calcium sulfate are produced. In situ removal of lactic acid would 
address both purification and end-product inhibition issues. Reactive liquid-
liquid extraction is a separation method that can be applied in situ and has 
potential to provide a high recovery yield. For a successful implementation, a 
proper extractant needs to be identified. Over the last 60 years, extensive 
research on the potential candidates has been conducted (Wasewar et al., 2004A; 
Wasewar et al., 2004B; Vaidya et al., 2005; Joglekar et al., 2006). Through all 
these years of research, tertiary amines with alcohols as diluents remained the 
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state-of-the-art extractants, with trioctylamine (TOA) providing the highest 
distributions (Krzyżaniak et al., 2011). Recently, Martak and Schlosser (Martak 
& Schlosser, 2007), and Oliveira and co-workers (Oliveira et al., 2012) 
attempted to apply phosphonium based ionic liquids and demonstrated that at 
low acid concentrations, these ionic liquids are able to provide higher 
distribution ratios than traditional extractants diluted in alkanes. However, under 
conditions comparable with the results obtained by Wasewar et al. (Wasewar et 
al., 2004A, 2004B), the TOA in 1-octanol remains the extractant-diluent 
combination with the highest distribution of lactic acid.  

When reactive liquid-liquid extraction is to be applied in an in situ fashion on a 
continuous fermentation process, it could mean that the extractant is entered into 
the bioreactor, but alternatively a continuous cycle of fermentation broth 
through an extraction unit is possible. This last process option offers more 
operational flexibility, e.g. the possibility to operate the extraction at room 
temperature, which is desired to increase the distribution. The work here 
described was aiming at application in an in situ extraction process, that may be 
executed in such manner that it is not necessary to maintain the fermentation 
temperature in the extraction process, and in which the use of additional 
chemicals such as acids and bases is intended to be minimized. An important 
factor that may limit the use of additional chemicals is the lactic acid 
concentration in the process. Therefore, typical concentrations that are applied 
here are more comparable with the concentrations as applied recently by Martak 
and Schlosser (Martak & Schlosser, 2007) and Oliveira and co-workers 
(Oliveira et al., 2012) than with concentrations that are obtained in classical 
batch fermentors.  

In a previous study on lactic acid extraction, several potential extractants having 
interesting functionalities to extract lactic acid were identified, but their 
application was hampered because of severe leaching into the aqueous feed 
phase (Krzyżaniak et al., 2011). Hence, it was concluded that a novel extractant 
for lactic acid should not only comprise such an interesting functionality (vide 
infra), but should also be sufficiently hydrophobic to avoid leaching. Design and 
development of the molecules combining these properties involves time-
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consuming and expensive custom synthesis. Therefore, an alternative approach 
to investigate on the lactic acid affinity of functionalities, while avoiding the risk 
of transfer to the raffinate and extensive synthesis, is preferred.  

Functionalized silica compounds may be applied for adsorption of lactic acid. 
By immobilizing the functional groups, leaching of extractant can be ignored, 
and the focus can be completely directed to the functionality of the potential 
extractants. Through application of commercially available functionalized silica 
beads, the amount of laborious and expensive custom synthesis can be limited. 
In this paper, the lactic acid affinity of selected functional groups is studied by 
lactic acid adsorption on functionalized silica compounds. For the functional 
groups displaying higher affinity towards lactic acid than TOA, extractant 
design and syntheses steps were undertaken, followed by extraction studies 
using the custom synthesized extractants. 

Since our previous study (Krzyżaniak et al., 2011) has confirmed effectiveness 
of amine extractants in recovery of lactic acid we have concluded that the 
interaction between acid and extractant is governed by proton transfer to the 
nitrogen atom. Following from this conclusion, we have decided to include in 
the testing pool compounds whose functionalities contain single or multiple 
nitrogen atoms. Hence, the functionalities that were investigated using 
functionalized silica compounds included tertiary amine (the reference, 
corresponding with TOA), piperidine, piperazine, pyridine, guanidine and 
aminopyridine (Table 5.1).  

Table 5.1 Main properties of the functionalized silica compounds used in this 
study. The hydrogen bond basicity pKBHX, was scaled as described in 
Laurence and Gal (Laurence & Gal, 2009), i.e. as the strength of complexation 
with 4-fluorophenol with carbon π bases in CCl4, at 25°C. 4-Fluorophenol is 
acidic, and able to form complexes with bases like nitrogen containing 
compounds. This acid has been applied as a reference complexation agent, and 
the measured heat of complexation (e.g. using isothermal titration calorimetry) 
can be used to calculate the complexation constants of the studied bases with 4-
fluorophenol. This expression of basicity has been listed in ref. (Laurence & 
Gal, 2009) for many bases, including those in Table 5.1.  
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Table 5.1 Main properties of the functionalized silica compounds used in this study. The 
hydrogen bond basicity pKBHX, was scaled as described in Laurence and Gal [15], i.e. as 
the strength of complexation with 4-fluorophenol with carbon π bases in CCl4, at 25°C. 

 

*7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene, MTBD 

 

5.2 Materials and Methods   

5.2.1 Materials 

5.2.1.1 Commercially available materials 

All silica functionalized compounds, i.e. SiliaBond®Pyridine (R43030B), 
SiliaBond®Dimethylamine (R45030B), SiliaBond®Piperazine (R60030B),  
SiliaBond®Piperidine (R71530B), SiliaBond®DMAP (75530B) and 
SiliaBond®TBD (R68530) were ordered  at Screening Devices .1-Octanol 
(ReagentPlus, 99%) was obtained from Sigma Aldrich . Lactic acid crystals 

Name silica compound Silica compound 
structure

Base used for 
basicity 
determination 
(Laurence &Gal, 
2009) 

Hydrogen bond 
basicity values 
pKBHX for 
complexes with 4-
fluorophenol with 
carbon π bases in 
CCl4, at 25°C*

Functional 
group density 
(mmol/g)

SiliaBond®Dimethylamine Diethylamine 1.98 ≥ 1.14

SiliaBond®Pyridine Pyridine 1.86 ≥ 0.66

SiliaBond®Piperidine n-MePiperidine 2.11 ≥ 1.03

SiliaBond®Piperazine Piperazine 2.11 ≥ 0.83

SiliaBond®TBD Guanidine* 3.16 ≥ 0.83

SiliaBond®DMAP 4-aminopyridine 2.56 ≥ 0.53
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were kindly provided by Purac Biochem and LIX-7950 was provided by Cognis 
. Trioctylamine (TOA, 98%) was purchased at Fluka. 

 

5.2.2 Methods 

5.2.2.1 Synthesis procedures for the custom synthesized materials 

Extractant (2), being 1-(12-((2-hexyldecyl)oxy)dodecyl)-2,3,4,6,7,8-hexahydro-
1H-pyrimido[1,2]pyrimidine (95.5%) has been synthesized by Syncom B.V. 
The target compound has been produced in two steps in 47% over-all yield 
according to the methodology as has been depicted in scheme 5.1.  

 

 

Scheme 5.1 

7-(((12-Bromododecyl)oxy)methyl)pentadecane (6). To 2-Hexyl-decan-1-ol 4 
(25 g, 0.10 mol) was added potassium hydroxide (6.93 g, 0.14 mol). To this 
mixture was added aliquat 336 (808 mg, 2 mmol). After 10 min of stirring 1,12 
dibromododecane 5 was added. The mixture was heated at 40 °C overnight. The 
reaction was not complete (determined by analyzing a sample with 1H-NMR 
(CDCl3)) and the mixture was therefore heated to 60°C for 1 hour. A sample 
showed no improvement and additional KOH (6.93 g, 0.14 mol) was added and 
the mixture was stirred at 60 °C overnight. After this time the reaction was 
complete and water (100 mL) and toluene (100 mL) were added. The layers 
were separated and the organic layer washed with water (2x 50 mL) and brine. 
After drying (MgSO4) the organic layer was evaporated. The excess of 
dibromododecane was removed by kugelrohr distillation at 180°C and 0.1 
mmbar). The compound was isolated as an oil (43 g, 88%). 1H-NMR (300 MHz, 
CDCl3): δ 3.43 (m, 4H); 3.2 (d, 2H); 1.8 (m, 2H); 1.6-1.2 (m, 43H); 0.9 (m, 6H). 
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1-(12-((2-Hexyldecyl)oxy)dodecyl)-2,3,4,6,7,8-hexahydro-1H-pyrimido[1,2-
a]pyrimidine (2). To 7-(((12-Bromododecyl)oxy)methyl)pentadecane 6 (40 g, 
81.6 mmol) was added 2,3,4,6,7,8-hexahydro-1H-pyrimido[1,2-a]pyrimidine 7 
(23g 0.16 mol, 2 equiv.) and THF (80 mL). The mixture was heated at 80°C 
overnight in an inert N2 atmosphere. The solvent was evaporated. 
Dichloromethane (500 mL) and water (200 mL) were added. The mixture was 
stirred for 5 minutes and separated in a separation funnel. The dichloromethane 
layer was washed with water (2x 200 mL). The mixture was dried over MgSO4. 
Filtration of the MgSO4 gave problems due to the sticky nature of the 
compound. Therefore the mixture was filtered through a bed of sea sand. 
Evaporation gave an oily product (48 g). This product (40 g) was taken up in 
heptane and eluted through a pad of aluminumoxide (700 g) on a glass filter (5 
L) which was pre-eluted with heptane. The product sticks to the column and the 
column was flushed with heptane (1.5 L) and ethylacetate (2 L). The product 
eluted from the column with MeOH: Et3N=95:5 (1.6 L). The heptane layer 
contained 3.2 g of byproduct. The ethyl acetate layer contained 2.6 g of the 
starting material (6). The MeOH layer contained 33 g of product. To the product 
was added TBME (100 mL) and a white triethylamine salt precipitated. This 
was removed by filtration. After evaporation of the TBME a pale yellow viscous 
oil was isolated. On 1H-NMR still triethylamine was visible. Therefore, the 
compound was taken up in toluene (400 mL) and washed with NaOH (2M) and 
demi water (200 ml). The toluene layer was evaporated and the compound was 
isolated as a yellow oil (24g, 43.53 mmol, c.y. 54%). HPLC: purity: 95.9% at 
215 nm. Column: Zorbax SB-CN  (4.6 x 150 mm, 3.5µm); Mobile phase: 0.1% 
HCOOH (aq): acetonitrile = 40 : 60 (0 min)→(6 min)→ 5:95 (6 min); Flow: 1.0 
ml/min; Injection volume: 1.0 µL; Temp: 22 oC; MS calculated for C35H69N3O: 
547.54. MS (API-ES, Pos): m/z 548 (M+1). 1H-NMR (300 MHz, CDCl3): δ 3.35 
(m, 4H); 3.25 (m, 4H); 3.1 (m, 6H); 1.92 (m, 2H), 1.82 (m, 2H), 1.52 (m, 5H), 
1.4-1.2 (m, 40H); 0.85 (t, 6H). 

Extractant (3), being N,N-didodecylpyridin-4-amine (99.1%), was synthesized 
at Syncom B.V. according to slightly modified procedures as have been 
described by Poziomek [16] and Culp et al. [17] (scheme 5.2).  
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Scheme 5.2  

4-Amino-1-methylpyridin-1-ium iodide (9). Methyl iodide (166 mL, 2.66 mol, 
2.5 eq.) was added dropwise to a suspension of 4-aminopyridine (100 g, 1.06 
mol, 1 eq.) in acetone (1.1 L), while keeping the reaction temperature below 30 
°C with ice-water. A white precipitate was formed during addition. The mixture 
was stirred at RT overnight. The precipitate was filtered and washed with 
acetone (300 mL). The solid was dried at the rotary evaporator under reduced 
pressure at 50 °C to yield salt 9 (234 g, 0.99 mol, 93%) as an off-white solid. 
1H-NMR (300 MHz, DMSO-d6): δ 8.11 (d, 2H); 7.99 (bs, 2H); 6.81 (d, 2H); 
3.87 (s, 3H).  

 

4-(Didodecylamino)-1-methylpyridin-1-ium iodide (10). A mixture of salt 9 
(229 g, 0.97 mol, 1 eq.), 1-bromododecane (605 mL, 2.4 mol, 2.5 eq.) and 
K2CO3 (335 g, 2.4 mol, 2.5 eq.) in acetonitrile (5 L) was stirred at reflux for 
several days. The progression of the reaction was monitored by 1H-NMR. Each 
day K2CO3 (134 g, 0.97 mol, 1 eq.) was added, until the reaction was complete 
after 5 days. The mixture was cooled to RT and the solid was filtered off. The 
filtrate was concentrated in vacuo. The resulting solid was triturated with 
heptane (3 L) and dried in air to afford compound 10 (464 g, 0.81 mol, 83%) as 
an off-white solid 1H-NMR (300 MHz, CDCl3): δ 8.43 (d, 2H); 6.82 (d, 2H); 
4.18 (s, 3H); 3.42 (m, 4H); 2.64 (m, 4H); 1.4-1.2 (m, 36H); 0.9 (m, 6H).  

 

N,N-Didodecylpyridin-4-amine (3). A mixture of compound 10 (458 g, 0.8 
mol, 1 eq.) and pyridine.HCl (1155 g, 10 mol, 12.5 eq.) was refluxed overnight. 
The progress of the reaction was monitored by 1H-NMR. After completeness of 
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the reaction, the mixture was poured into water (3 L), while hot. The mixture 
was filtered. The solid residue was dissolved in CHCl3 (5 L) and washed with 
ammonia (25%, 2x2 L). The organic layer was dried over Na2SO4 and 
concentrated in vacuo. The residue was stirred in acetonitrile (1 L) at 55 °C and 
then cooled to RT and filtered (2x). The solid was dried in air to yield target 
compound 3 (261 g, 0.6 mol, 76%) as a grey solid. When the material is not 
pure enough after work-up, it can be purified by column chromatography (SiO2, 
heptane: t-butyl methyl ether: Et3N = 1: 1: 0.04). 1H-NMR (CDCl3, ppm): δ 8.17 
(d, 2H); 6.43 (d, 2H); 3.27 (t, 4H); 1.58 (m, 4H); 1.4-1.2 (m, 36H), 0.85 (t, 6H). 
HPLC: purity: 99.2 at 254 nm, 99.1% at 310 nm. Column: Zorbax SB-CN  (4.6 
x 150 mm, 3.5µm); Mobile phase: solution A: solution B = 20 : 80 (0 min)→(4 
min)→ 0 :100 (16 min); Flow: 1.0 ml/min; UV: 254 and 310 nm; Injection 
volume: 1.5 µL; Temp: 22 oC; solution A: 9.65 g ammonium acetate; 2250 ml 
H2O; 150 ml methanol; 100 ml acetonitrile; solution B: 9.65 g ammonium 
acetate; 250 ml H2O; 1350 ml methanol; 900 ml acetonitrile. MS calculated for 
C29H54N2: 430,43. MS (API-ES, Pos): m/z 431.3 (M+1). 

 

5.2.2.2 Adsorption experiments 

Silica functionalized beads were contacted with 1.2wt% (130 mM) and 0.12wt% 
(13 mM) solutions of lactic acid, at two different temperatures of 25⁰C and 
65⁰C, and at a 1:1 molar lactic acid: functional group ratio. Incubation was 
performed for 17h, in glass vessels of 100mL. Afterwards, the silica beads were 
allowed to settle for 2h and a sample of the lactic acid raffinate was taken. The 
pH was measured and the concentration of remaining acid was determined with 
HPLC. The loading of silica beads with lactic acid was calculated by mass 
balance. 

 

5.2.2.3 Extraction experiments 

In the extraction studies, 10-40wt% of extractant was dissolved in 1-octanol and 
contacted with two lactic acid solutions (1.2wt%  (130 mM) and 0.12wt%  (13 
mM)), at a 1:1 mass ratio. Equilibration of the extraction mixtures was 
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performed in a glass vessel for 17h, at two temperatures (25⁰C or 55⁰C). The 
phases were allowed to settle for 2h and if the phase-separation was not 
complete, samples incubated at 25⁰C were centrifuged at 4500rpm for 30 
minutes. Aqueous samples for analysis by HPLC were filtered using Whatman 
0.45µm Spartan filters. For samples incubated at 55⁰C no centrifugation was 
performed since the temperature could not be maintained during this operation. 
However, the elevated temperature alone was sufficient to ensure phase 
separation and hence direct filtration of aqueous phase could take place. Next to 
HPLC analysis to determine the concentration of lactic acid, also the pH was 
measured. The concentration of lactic acid in the organic phase was calculated 
by mass balance. 

 

5.2.2.4 Back-extraction experiments 

Back extraction studies were performed using an extract phase that was obtained 
through forward extraction from a 0.12wt% lactic acid solution with 20wt% 
N,N-didodecylpyridin-4-amine in 1-octanol at 55°C and a S/F-ratio of 0.2. The 
back-extraction experiments were performed at 70°C by contacting 4g of extract 
with 4-12g water in a temperature controlled shaking bath for 17h. Afterwards 
the phases were allowed to settle for 2h and a sample of aqueous phase was 
taken for lactic acid determination with HPLC. A second set of experiments was 
performed to study the effect of an anti-solvent. In these experiments the extract 
was diluted 3 to 5 times with heptane (decreasing thus the concentration of 
extractant from 20wt% to 8.33wt% and to 4wt% respectively). After incubation 
and settling, the concentration of lactic acid was determined in aqueous phase 
with HPLC, and the concentration in organic phase was calculated by mass 
balance. 

 

5.2.2.5 Lactic acid analysis by HPLC 

The lactic acid concentration in aqueous solutions was determined with an 
HPLC system consisting of a pump, an autosampler and a UV-detector (all 
Varian ProStar series). The column used was an Aminex HPX-87H (Bio-Rad) 
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and a 0.005M H2SO4 solution was used as mobile phase, at a flow rate of 
0.6ml/min. 

5.3 Results and discussion 

5.3.1 Lactic acid sorption by functionalized silica beads 

The results of the sorption experiments are displayed in Fig. 5.1.  

  

A B 

Figure 5.1 Results of functional group screening with Silica compounds. A: 
LAinitial=0.12 wt%, B: LAinitial=1.2wt%, □ = 25°C, ■=65°C. 

From Fig. 5.1 it follows that at room temperature, and initially 0.12wt% LA in 
the broth, the reference dimethyl amine functionalized silica has a capacity of 
0.1 mol LA per mol dimethyl amine. At the higher feed concentration of 
1.2wt%, this increases to 0.25 mol LA per mol dimethyl amine, because a larger 
fraction of LA in solution is in the neutral form. The sorption capacity of the 
immobilized tertiary amine decreases with increasing temperature, which is also 
observed for tertiary amines in liquid-liquid extraction of LA (Wennersten, 
1983; Kertes & Judson King, 1990; Tamada & Judson King, 1990; Joglekar et 
al., 2006). 
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Next to the reference tertiary amine, two other single-nitrogen-functionalities 
were studied. They adsorb LA in the order pyridine < dimethylamine < 
piperidine, which corresponds to the Lewis basicity of the functional group 
(Table 5.1). All three adsorbents show a decreasing adsorption capacity of LA 
with increasing temperature. These results suggest that extractants based on N-
alkylated piperidine could extract LA slightly better than tertiary amines.  

Three adsorbents containing multiple nitrogen atoms in the functional group 
have been studied, and all three showed a higher lactic acid adsorption capacity 
than dimethylamine silica. The higher affinity can be explained by multiple 
interactions between the functional groups and LA (e.g. acid-base, hydrogen 
bonding, hydrogen bond – π interactions). As a result of having these multiple 
electrostatic interactions possible, there is not a simple correlation between the 
basicity of the sorbent and the sorption capacity of LA. At room temperature, 
the sorption capacity is highest for piperazine, followed by DMAP and TBD, 
while the basicity order is opposite. At 65°C, the capacity of piperazine was 
reduced more than DMAP, and as a result also the order changed to DMAP > 
piperazine > TBD.  

The results were obtained at low sorbent to feed ratios (in terms of kg silica per 
kg aqueous lactic acid solution), since the experimental design was aiming at 
comparison of different functional groups, and are therefore not directly 
comparable with liquid-liquid extraction experiments. The focus here is at 
further development of extractants, making use of these sorption characteristics, 
however, it may be noticed that here we have shown that lactic acid may as well 
be removed from a fermentation broth by adsorption on functionalized silica. 
Any studies investigating on this type of processing should address full 
adsorption isotherms at varying conditions to evaluate sorption-desorption 
cycles. 

Based on the adsorption results, any of the three multiple-nitrogen-functional 
groups could be potentially good for extracting LA, and the observed 
temperature effect in the distribution also offers good opportunities for an 
efficient back-extraction. However, because of recoverability issues observed by 
Kamm et al. (Kamm et al., 1997, 2000) and Thomsen (Thomsen, 2005) working 
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with piperazines and LA, it was decided not to develop an extractant with this 
functional group, but to focus on DMAP and TBD-based extractants. 

5.3.2 Liquid-liquid extraction  

5.3.2.1 Extractant comparison using 1-octanol as diluent 

Based on the silica screening tests, two extractants have been synthesized based 
on the guanidine functional group (1-(12-((2-hexyldecyl)oxy)dodecyl)-
2,3,4,6,7,8-hexahydro-1H-pyrimido[1,2]pyrimidine (2) and the dialkylamino 
pyridine functional group (N,N-didodecylpyridin-4-amine (3) according to the 
methods described in the experimental section. High hydrophobicity of both 
molecules has been created by the long (minimum of 13 carbon atoms) alkyl 
chains within their structure (as displayed in Fig. 5.2). In addition, a 
commercially available guanidine (LIX 7950, 1) was applied in the liquid 
extraction experiments that based on its long – 11 carbon atoms – alkyl chain 
and 4 cyclohexane rings) was expected to be sufficiently hydrophobic. 

 

 

Figure 5.2 Extractants applied: (1) LIX 7950 - N,N'-bis(cyclohexyl)-N"-
isotridecylguanidine, (2) 1-(12-((2-hexyldecyl)oxy)dodecyl)-2,3,4,6,7,8-hexahydro-1H-
pyrimido[1,2]pyrimidine, (3) N,N-didodecylpyridin-4-amine. 

A series of experiments were conducted at 25°C using 1-octanol as diluent (the 
benchmark diluent for extraction of LA from aqueous broths (Eyal & Canari, 
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1995; Choudhury et al., 1998; Han et al., 2000; Wasewar et al., 2003). The 
results are displayed in Fig. 5.3A and 5.3B. The influence of temperature on 
extraction was studied by experimenting at T=55°C. These results are displayed 
in Fig. 5.3C and 5.3D. 

 

 
A 

 
B 

 
C 

 
D 

 

Figure 5.3 Results of lactic acid extraction with varying extractants in 1-octanol, A: 
T=25°C, LAinitial=0.12wt%, B: T=25°C , LAinitial=1.2wt%, C: T=55°C LAinitial=0.12wt%, 
D: T=55°C LAinitial=1.2wt%,    -□- = TOA, -○- = (1), -◊- = (2), (only in C), -Δ- = (3). 

Next to the results using the newly developed extractants, also the extraction 
results using the reference extractant TOA are displayed for comparison. For 
TOA at 25°C and 1.2 wt% LAinitial, the typical maximum in the LA distribution 
at 20wt% TOA in 1-octanol (Wennersten, 1983; Kertes & Judson King, 1990; 
Tamada & Judson King, 1990; Joglekar et al., 2006) was found, confirming our 
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experimental routine. The higher temperature causes the distribution to drop, 
which is also in accordance with the literature (Wennersten, 1983; Kertes & 
Judson King, 1990; Tamada & Judson King, 1990; Joglekar et al., 2006). 
Experiments at lower LAinitial show a maximum in the distribution already at 
10wt% TOA in 1-octanol. This phenomenon was, to the best of the authors 
knowledge, not reported before, since extraction with TOA in 1-octanol was 
always described for significantly higher LAinitial concentrations (Han & Hong, 
1998; Han et al., 2000; Kyuchoukov et al., 2006). From the results obtained it 
can be concluded that the optimal conditions for extraction are dependent both 
on the amount of TOA available to form a complex with lactic acid, and on the 
concentration of 1-octanol responsible for keeping this complex in organic 
phase. The maximum in distribution was for 0.12wt% lactic acid solutions lower 
than for 1.2wt% lactic acid solutions, which can be attributed to the dissociation 
equilibrium of lactic acid, causing an increasing fraction of aqueous lactic acid 
to be in the neutral form at increasing concentration.  

Although not visible over the entire composition range of organic phase, 
because (3) is a solid, and could not be applied in concentrations over 20wt% in 
octanol, comparing the experiments with different lactic acid initial 
concentration (Fig. 5.3A and 5.3B) shows that at lower lactic acid concentration 
the distribution is lower. The effect of the initial lactic acid concentration is 
however, much smaller than in the case of TOA. This may be explained, 
considering that the equilibrium extraction systems comprises of three 
simultaneous equilibria, being the aqueous phase dissociation equilibrium, the 
physical partitioning of lactic acid over the aqueous phase and the organic 
phase, and the complexation equilibrium in the organic phase. Extractant (3) 
shows a higher distribution than TOA, which is due to stronger complexation in 
the organic phase, and this stronger organic phase complexation is shifting the 
aqueous phase dissociation equilibrium as well, and making the dependency on 
the initial concentration smaller than in the case of TOA. 

In the case of extraction with (1), there are two remarkable observations. The 
first is similar to TOA, but more extreme, and that is the change in the optimum 
extractant composition, being lower at lower initial lactic acid concentration. 
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The second observation is that the distribution strongly dropped with increasing 
the initial lactic acid concentration, which was accompanied with some visible 
emulsification and a strongly increased pH of 7.5 (for all other extractants, 
typically the raffinate pH ranged from 3 to 4, depending on the conditions). This 
strongly increased pH indicates serious leaching (Krzyżaniak et al., 2011). The 
results for (2) are only displayed in Fig. 5.3C, because in the other situations 
emulsification was observed. The tendency towards emulsification in the 
systems with (1) and (2) indicates that the complexes that can be formed 
between LA and (1) and (2) behave as surfactant and as such are, despite the 
hydrophobic character of the guanidine, rather soluble in the aqueous phase. The 
pH in the aqueous phases that increased strongly up to 7.5 causes deprotonation 
of LA, and because the extraction yield is negatively correlated to the 
deprotonation of lactic acid (Joglekar et al., 2006), the distribution drops 
strongly.   

The most important result in Fig. 5.3 is the high distribution of LA when (3) is 
applied as extractant. At the maximum extractant concentration of 20wt% due to 
solubility limitation, a maximum distribution as high as 42 was observed at 
25°C and 1.2 wt% LAinitial, almost 1.5 times as high as TOA. At the lower 0.12 
wt% LAinitial, the maximum distribution is even three times as high as for the 
maximum distribution observed with TOA.  

For all extractants that were investigated, the distribution decreased upon 
increasing the temperature, this is in line with expectations based on previous 
works on complexation with amines (Wennersten, 1983; Kertes & Judson King, 
1990; Tamada & Judson King, 1990; Joglekar et al., 2006).  

It may be concluded that with (3) an extractant has been developed that shows a 
higher distribution than TOA under all four investigated situations (high and low 
LAinitial and at 25 and 55°C). This better performance may be due to the 
presence of the second nitrogen that can contribute to the complex stability by 
hydrogen bond formation with the hydroxyl group of LA. Furthermore, the 
double bond between carbon and nitrogen atoms creates electron rich areas that 
are more reactive than single bonds. Lewis acid presence in close proximity of 
the imine bond results in coordination to the imine nitrogen lone ion pair (Bloch, 
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1998; Blackwell et al., 2002) and results in modulation of this reactivity 
(Blackwell et al., 2002), which can lead to stabilization of the formed complex. 
On another hand, as a result of the acid coordination, electrophilicity of the 
carbon atom in the imine bond is increased (Bloch, 1998; Blackwell et al., 
2002), which can result in stronger interaction with 1-octanol and thus better 
solvation of complex in organic phase. 

 

5.3.2.2 Effect of diluent 

To study the effect of the diluent polarity on the extraction behavior of LA, 
extractions were done with heptane and 2-octyl-1-dodecanol at 0.12wt% of 
lactic acid and at 55°C (the condition where the distribution was measured for 
all four extractants in 1-octanol). The results of these experiments are displayed 
in Fig. 5.4. 

 

 

Figure 5.4 Influence of diluent on extraction. Recovery of lactic acid from 0.12wt% 
solution with 10wt% extractant, at T=55°C; ■ = TOA, □ = LIX 7950, ≡ = DDAP, ║ = 
HDOHPP. 

Fig. 5.4 shows that decreasing the polarity of the diluent strongly reduces the 
distribution of LA in the extraction. This is attributed to the supporting role of 
the diluent in stabilizing the formed complex in the organic phase (Bizek et al., 
1992; Eyal & Canari, 1995; Senol, 2004). It may be concluded that the 
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distribution decreases with decreasing polarity: 1-octanol > 2-octyl-1-dodecanol 
> heptane, and it may be concluded that heptane is not a suitable diluent for the 
extraction of LA with any of the four investigated extractants. Because of the 
low distribution of LA using heptane as diluent, and its relatively high volatility 
this offers opportunities for applying heptane as anti-solvent to enhance the 
back-extraction. 

 

5.3.3 Back-extraction studies 

From the previous section, it may be concluded that the lactic acid distribution is 
both dependent on the temperature and on the applied diluent. These factors can 
be used to enhance the efficiency of the back-extraction to recover lactic acid 
from the extract phase. The negative correlation between the distribution of 
lactic acid and the temperature may be exploited by performing the back-
extraction at an elevated temperature, while the low distribution of LA using 
heptane as diluent suggests that addition of heptane to an extract stream as anti-
solvent may as well improve the back-extraction. To study the combined effect 
of an increased temperature and dilution with heptane, a series of back-
extraction experiments were performed at 70°C and a varying aqueous wash 
/extract (W/E) ratio. For the back-extraction studies, an LA rich extract phase 
(LA=0.492wt%) was prepared by performing a forward extraction with 20wt% 
(3) at T=55 ºC and S/F = 0.2. Afterwards, in three series, the extract was 
contacted with water at T=70 ºC and a range of W/E ratios 1≥W/E≥3. The first 
series was done with undiluted extract, in the second series the extract phase 
was diluted three times (on the mass basis) and in the third series five times with 
heptane, before contacting with the aqueous wash phase. For the experiments 
with heptane, the W/E ratio was based on the mass of extract after dilution. 
Based on the determined LA concentration in the aqueous wash phase, the 
recovered fraction of lactic acid was calculated. The results are plotted in the 
Fig. 5.5. 
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Figure 5.5 Back extraction of lactic acid from DDAP in 1-octanol at 70ºC: - □- = 
undiluted, -○- = 3 times dilution in heptane, -Δ- = 5 times dilution in heptane.  

Fig. 5.5 shows that in a single equilibrium stage at 70 ºC, by applying a wash 
ratio up to W/E = 3, only 20% LA can be recovered. It is also visible that by 
diluting the extract phase in heptane, the single equilibrium stage recovery can 
be increased up to 80%. These findings suggest that full recovery of the LA is 
possible from the diluted extract phase using multiple stages. After the recovery 
of the LA, the heptane may easily be recovered by evaporation. 

5.4 Conclusions 

Commercially available silica beads immobilized with nitrogen containing 
functionalities were applied to screen functional group affinity towards lactic 
acid. Through this procedure, molecules with functional groups containing 
multiple nitrogen atoms were identified as potential extractants for the recovery 
of lactic acid from aqueous solutions. From the sorption experiments, it was 
furthermore concluded that using functionalized silica in adsorption processes to 
remove lactic acid from its broth might be an interesting alternative as well, but 
not the focus in this study, which was limited to the design of new extractants 
for liquid-liquid extraction. Based on the sorption studies, two extractants, being 
1-(12-((2-Hexyldecyl)oxy)dodecyl)-2,3,4,6,7,8-hexahydro-1H-pyrimido[1,2-
a]pyrimidine (2), and N,N-Didodecylpyridin-4-amine (3) were designed, 
synthesized, and applied in extraction studies. In addition the commercially 
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available LIX7950 (1) was applied as extractant. It was found that (3) exhibited 
better lactic acid distributions than the reference extractant trioctylamine under 
all investigated conditions, while at low acid concentrations, also (1) showed 
higher distributions of lactic acid. Unfortunately, for (2), many conditions led to 
emulsification. The effect of the diluent was also studied and showed that lower 
polarity of the diluent leads to significantly lower LA-extractant complex 
stability and lower distributions. This finding was applied in the recovery of 
lactic acid from the extract phase by diluting this phase in heptane. Back-
extractions with diluted extract phases allowed for single stage back-extraction 
yields of up to 80%. 
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Chapter 6  
Equilibrium studies on butane-1,4-diamine 
extraction with 4-nonylphenol 

 

This chapter has been submitted to Journal of Chemical Technology and 
Biotechnology as: A. Krzyżaniak, B. Schuur, A.B. de Haan: Equilibrium studies 

on butane-1,4-diamine extraction with 4-nonylphenol. 
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The extraction of butane-1,4-diamine (BDA) from aqueous solutions with the 
application of undiluted 4-nonylphenol (4NP) has been studied at three 
temperatures (298K, 310K and 323K) in a batch system. A reactive extraction 
model based on mass action law was applied to describe the experimental data. 
The developed model incorporates the interactions between the two amine 
groups of BDA and 4NP. The average complex formation stoichiometry and the 
complexation constant were fitted to experimental data with good accuracy for 
each of the three temperatures, the largest error at the confidence limit of the 
estimated parameters being 6%. Using a Van ‘t Hoff plot, the  thermodynamic 
parameters of the equilibrium constant were determined and used in an 
extrapolation to estimate  that in a single stage with only S/F = 0.5, over 99% of 
the BDA from a 1.146 wt% aqueous solution can be extracted. Nevertheless, 
high distribution coefficient at low BDA concentrations hampered the effective 
recovery by back-extraction.  A coupled multistage forward and back-extraction 
process appeared the most effective. A maximum concentration factor of 3.6 
was achieved by coupling extraction at 298K to a back-extraction at 373K. 
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6.1 Introduction 

The demand for bio-based materials, both in industry and every-day life, is 
rapidly growing (Shen et al., 2009; Raquez et al., 2010; Scheppard et al., 2011; 
Cobror & Iannace, 2012). The production of bio-based plastics such as poly 
lactic acid (PLA) has relatively matured, although research on broader scopes of 
polymers is ongoing (Rasal et al., 2010; Inkinen et al., 2011; Lasprilla et al., 
2012; Krzyżaniak et al., 2013). One of the issues that need to be addressed is 
improvement of the mechanical properties of the bio based products to improve 
their potential applicability. PLA has definitely potential to replace some of the 
traditionally produced plastics, yet it lacks advanced material properties, such as 
high mechanical and thermal stability (Madhavan Nampoothiri et al., 201). 
Materials displaying such properties (i.e. polyamides) are still obtained through 
chemical synthesis of monomers and subsequent polymerization, leading to the 
production of toxic by-products (Qian et al., 2009; Schneider & Wendisch, 
2010, 2011). If the chemical process would be replaced by industrial 
fermentation, the production of toxic by-products may be significantly reduced. 
One example of a polymer that could be obtained from fermented monomers is 
Stanyl (also known as Nylon 4,6), which is widely used in the electronic and 
automotive industry (Qian et al., 2009). The current process is based on the 
reaction between butane-1,4-diamine (BDA) and adipic acid (Lee et al., 2011). 
BDA is obtained through series of chemical reactions involving some toxic 
additives and intermediates, but the potential to produce it via a fermentative 
route has been already identified (Qian et al., 2009; Schneider & Wendisch, 
2010, 2011; Lee et al., 2011). Adipic acid can be obtained as a derivative of 
succinic acid, which is already a bio-based platform chemical (Zeikus et al., 
1999; Polen et al., 2012). 

Economically viable bioprocesses require high yields in both upstream and 
downstream parts of the processes, and downstream processing to separate 
compounds from fermentation broths using the current state-of-the-art 
technology is costly (Bechtold et al., 2008; Jiang et al., 2009; Grote et al., 2012). 
Among the available technologies liquid-liquid reactive extraction is gaining 
recently more and more support, as it does not require high energy inputs, can 
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be operated at mild conditions, and is capable of selective recovery of desired 
compound (Joglekar et al.; 2006; Li et al., 2009; Cheng et al., 2012; Garcia-
Chavez et al., 2012).   

To the best of our knowledge, no fermentative process has been established for 
commercial scale production of diamines, nor has the applicability of liquid-
liquid extraction for downstream processing been considered until we recently 
published a study on recovery of diamines (putrescine, cadaverine) from 
aqueous solutions using liquid-liquid extraction (Krzyżaniak et al., 2013). The 
study identified 4-nonylphenol (4NP, see Figure 6.1) as the most effective 
extractant. 

 

 

Figure 6.1 Chemical structures of solute (butane-1,4-diamine, BDA) and 4-nonylphenol 
extractant 

In this chapter, a more detailed study on the extraction of BDA by 4NP is 
described, including the development of a single stage equilibrium model that 
was applied in simulations of extraction processes. The aim of this study was to 
identify the requirements of equilibrium based extraction processes for the 
extraction of BDA with 4NP from fermentation broths in terms of minimum 
solvent/feed ratio (S/F)min required for removal of 99% of BDA, and the 
required wash/extract ratio (W/E)min to recover the BDA from the extraction 
solvent as function of temperature. 

6.2 Experimental section 

6.2.1 Chemicals 

4-nonylphenol (99%) was obtained from TCI Europe (Germany). butane-1,4-
diamine (99%) was obtained from Sigma Aldrich (The Netherlands).   
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6.2.2  Procedures 

6.2.2.1 Determination of BDA basicity constants 

The BDA protonation was studied by measuring the pH of aqueous BDA 
solutions with concentrations ranging from 5 to 100 mmol/L, at temperatures 
from 298 – 323 K under an inert (N2) atmosphere. The solutions were bubbled 
with nitrogen gas and kept under a slight excess pressure of N2 (~0.05 barg) 
while heated to 323K (±0.5 K). During cooling down back to 298 K, pH 
measurements were collected every minute using an Inolab 730 pH meter 
connected with Multilab® Pilot software on a personal computer. The accuracy 
of the pH measurement was ±0.005. 

 

6.2.2.2 Reactive liquid-liquid extraction of BDA 

In reactive liquid – liquid extraction experiments, 130 mmol/L solutions of BDA 
were contacted with 4NP. Experiments were performed at 298K, 310K and 
323K and at different S/F ratios ranging from 0.07 to 0.62 (volume based) for 
17h under continuous shaking (185 rpm), and afterwards the phases were 
allowed to settle for 2h. Samples of the aqueous phase were taken and the BDA 
concentration in the raffinate was determined with gas chromatography. The 
concentration of BDA in the 4NP phase was determined by mass balance. 

 

6.2.2.3 Analytical procedures 

The concentration of BDA in aqueous solutions was measured with gas 
chromatography. A Varian-430 GC apparatus equipped with an Agilent CP 
Volamine column was used. The detection limit of the applied method was 
1mM. The relative standard deviation in the analysis was below 3%. A detailed 
description of the applied method was reported previously (Krzyżaniak et al., 
2011). 
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6.2.3 Modeling and optimization software and procedures 

Parameter fitting for all parameters was done using a nonlinear-least-squares 
approach (lsqnonlin) provided by the software package Matlab (Mathworks). 
The reported confidence intervals of the parameter values are 95% confidence 
limits. 

6.2.4 Extraction theory and reactive extraction modeling 

A temperature dependent single stage equilibrium model was developed to 
describe the single stage extraction and back-extraction equilibria. 

The single stage extraction model is based on the extraction mechanism, which 
can be either homogenous or heterogeneous (Schuur et al., 2008), depending on 
the locus of the complexation reaction. When the solute to be extracted has 
negligible solubility in the extract phase (i.e. extraction of metals), the 
complexation reaction will take place only at the interface (Cox, 1992), and the 
extraction mechanism is classified as heterogeneous. For polar compounds that 
are to some extent soluble in organic phase, the complexation reaction is not 
only limited to the interface, but is rather considered as a homogenous organic 
phase reaction. These models are typically applied in systems with diluted 
extractants, because the physical solubility is to a large extent determined by the 
solubility in the diluent. However, since in this work pure 4NP is used, it is not 
possible to measure the physical solubility of BDA in the solvent phase. 
Therefore, the approach of writing out the heterogeneous equilibrium between 
4NP and BDA has been chosen, this approach is commonly used in extraction of 
metals (Cox, 1992) and also for carboxylic acid extractions (Tamada et al., 
1990). 

The extraction system can be described by the coupled protonation equilibrium 
relations, the heterogeneous complexation equilibrium, and the component mass 
balances of BDA and 4NP. Because of the electroneutrality constraint, it is 
assumed that only BDA in the non-protonated form is transferred to the organic 
phase. The aqueous phase protonation equilibria are described by Eq. 6.1 and 
6.2, where Kb1 and Kb2 are the protonation constants.   
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Because the applied solutions in the experimental study were of relatively high 
concentrations (5-100 mmol/L), the non-ideality of the system was taken into 
account: 
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Where αi is the activity and γi the activity coefficient for species i. For the 
neutral BDA, it was assumed that the activity did not vary significantly over the 
concentration range, and any deviation from unity is included in the fitted 
basicity constant. For the calculation of the activity coefficients of the ionic 
species, the Davies’ equation was used (Robson Wright, 2007): 
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      (6.3) 

Where I is the ionic strength and b is the distance of the closest approach of two 

ions which for Davies model is 1.5 (Robson Wright, 2007), A is the Debye–
Hückel constant and zi is the ion charge. The ionic strength can be expressed by  
(Robson Wright, 2007): 

 

∑=
k

kk zmI 25.0
       (6.4) 

Where m is the molality [mol kg-1] of ion k. A is a constant that depends on the 

solvent, for BDA in water, it can be estimated from Eq. 6.5 (Debye & Huckel, 
1923): 
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where ρ and ε are the density [g cm-3] and dielectric constant of water, 

correspondingly (Akerlof & Oshry, 1950): 

 

3723 10292.810417.19297.076.2335321 TTT
T

−− ∗−∗+−+=ε
 (6.6) 

And 

 

0009,1105104 526 +∗−∗−= −− TTwρ     (6.7) 

With these nonidealities taken into account, the activity of OH- and the ionic 
strength can be found by simultaneous solving of the ionic strength equation (eq 
6.4) and the relation for the electroneutrality. 

 

][][][][][ 2 −+++ =+++ OHHBDABDAHBDAHH    (6.8) 

The experimentally observed activity of OH- at various temperatures and overall 
concentrations of BDA in the aqueous solution can be used to fit the ΔHKb1, 
ΔHKb2, ΔSKb1 and ΔSKb2, that are related to the basicity constants (and hence, to 
the modeled [OH-]) through the well-known Van ‘t Hoff equation.   

 

−RT ln(K ) = ΔG = ΔH −TΔS      (6.9) 

For the heterogeneous complexation equilibrium, it was considered that the 
solute has two amine functional groups, and stoichiometries that are deviating 
from unity are possible, and complexes with 1 BDA: 1 4NP and 2 BDA: 1 4NP 
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stoichoimetries can be expected through hydrogen bonding between the amine 
and phenolic functional groups. 4NP in high concentrations is known to 
oligomerize, and next to the 1:1 and 2:1 stoichiometric complexes, due to the 
oligomerization also complexes with higher stoichiometric ratios of 3:1 and 4:1 
are possible, as recently described by Bokhove et al. (Bokhove et al., 2012)  in a 
study on 4-cyanopyridine extraction with 4-nonylphenol. In this study, the 
average stoichiometry is taken into account, the complexation equilibrium is 
described by Eq. 6.10. 
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c NPBDA

NPBDA
K

][][

][
=

      (6.10) 

In this equation, Kc is the complexation constant with the dimension [L/mol]n, 
NP the extractant, DABnNP the BDA-4NP- complex with stoichiometry BDA: 
4NP of n. 

The component balance for butane-1,4-diamine is given in Eq. 6.11 and the 
component balance for the extractant in Eq. 6.12. 

 

[ ] orgnorgaqaqaqaqaq NPBDAnVBDAHHBDAHBDAVBDAV ][)][]([][ 2
0, +++= ++

     (6.11) 

)][]([][ 0, orgnorgorgorgorg NPBDANPVNPV +=     (6.12)  

Using the thermodynamic constants for the aqueous phase protonation 
equilibria, the total concentration of BDA in the aqueous phase could be related 
to the concentration of neutral BDA which is in equilibrium with the organic 
phase complex. By fitting the total aqueous phase BDA concentration to 
experimentally determined values at three temperatures (298K, 310K and 
323K), the values for Kc and n were determined at these temperatures. 

The temperature dependency of the equilibrium constant Kc was converted to 
the thermodynamic properties enthalpy and entropy using the well-known Van‘t 
Hoff relation 
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cccc STHGKRT Δ−Δ=Δ=− )ln(      (6.13) 

6.3 Results and discussion 

6.3.1 BDA basicity constants  

In order to study the protonation equilibria as function of temperature, the pH of 
unbuffered solutions of BDA was measured as described in the experimental 
section.  The temperature dependency of the pH is displayed for four overall 
BDA concentrations in Fig. 6.2A. It can be seen that with increasing 
temperature, the pH is decreasing, which is due to decreasing concentration of 
[OH-], indicating that the protonation reactions are exothermic. Using the fitting 
procedure as described in the theory section, the enthalpy and entropy of BDA 
protonation were estimated at ΔHKb1 = -1.0183×104 J mol-1 and ΔSKb1 = -
9.7853×101 J mol-1K-1 for the first protonation, and ΔHKb2 = -1.0954×104 J 
mol-1 and ΔSKb2 = -1.8376×102 J mol-1K-1 for the second protonation. It can 
be seen in Fig. 6.2A that the modeled pH ([OH-] is well in accordance with the 
experimental observations. In Fig. 6.2B and 6.2C, the effect of temperature on 
the Kb1 and Kb2 is depicted.  

In Table 6.1 the estimated values of the parameters are given together with the 
95% confidence limits. 
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Table 6.1 Enthalpy and entropy of BDA protonation together with 95% confidence 
limits. 

Parameter Value fitted 95% confidence limits 
ΔHKb1 -1.0183×104 [J mol-1] -1.0376×104 -9.9890×103 
ΔSKb1 -9.7853×101 [J mol-1K-1] -9.8482×101 -9.7224×101 
ΔHKb2 -1.0954×104 [J mol-1] -1.1082×104 -1.0826×104 
ΔSKb2 -1.8376×102 [J mol-1K-1] -1.8483×102 -1.8269×102 
 

From the found Kb1 and Kb2 values, which are both rather small, it follows that 
at typical extraction concentrations of up to 130 mM, the concentration of 
BDAHH2+ is almost negligible, and also the concentration of BDAH+ is low. It 
can thus be concluded, that in solutions of up to 130mM butane-1,4-diamine, 
mainly the neutral form of BDA is present, which is favorable for the extraction 
process. 
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Figure 6.2 Dependency of pH on the temperature (6.3A) and dependency of pKb1 and 
pKb2 on the temperature (Figures 6.3B and 6.3C respectively). Symbols: experimental 
data: □ = BDA 100mM, ○ = BDA 50mM, Δ = BDA 20mM, +=BDA 5mM. Line: 
calculated with ΔHKb1 = -1.0183×104 J mol-1 and ΔSKb1 = -9.7853×101 J mol-1K-1 and 
ΔHKb2 = -1.0954×104 J mol-1 and ΔSKb2 = -1.8376×102 J mol-1K-1. 

6.3.2 Complexation constant Kc and complexation stoichiometry n 

Experiments to estimate the equilibrium constant Kc and the stoichiometry 
parameter n were carried out with aqueous solutions of BDA, and 100% 4-
nonylphenol under varying S/F-ratio at 298K, 310K, and 323K as described in 
the experimental section. In Fig. 6.3, the total organic concentration of BDA 
(which is n times the concentration of the complex BDAnNP) is plotted versus 
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the total aqueous concentration ([BDA]aq+[BDAH+]aq+[BDAHH2+]) at 
equilibrium. 

 

 

Figure 6.3 Extraction of butane-1,4-diamine with 4-nonylphenol, symbols = 
experimental: □: T = 298K, ○: T = 310K, Δ: T = 323K, lines represent modeled 
concentrations.  

From Fig. 6.3 it can be seen that at very low concentrations, the increase in 
BDA concentration in organic phase with increasing aqueous BDA 
concentration is strong, which is reflected by the steepness of the curve. With 
increasing concentration of BDA in organic phase, the steepness of the curve is 
reducing rapidly, although it does not approach an asymptotic organic BDA 
concentration. This means that even at the highest measured concentrations, the 
solvent NP is not saturated with BDA. The trend indicates that multiple NP 
molecules may be involved in the complex formation in the organic phase, 
which is in logical agreement with the presence of two functional amine groups. 
At very low concentrations of BDA, both groups may be bound to a phenol 
functionality, while due to this stoichiometry, the availability of free NP for 
complexation reduces strongly, so that it becomes less favorable to take up even 
more BDA, hence, the steepness of the curve reduces at higher BDA 
concentrations.    
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Another observation from Fig. 6.3 is the increasing steepness of the curves with 
reducing temperature.  This observation is due to the decreasing of the 
complexation constant Kc with increasing temperature, and so is the 
effectiveness of extraction. Reduced complexation strength with increasing 
temperature is commonly observed with affinity between acids and bases 
(Wennersten, 1983; Tamada & Judson King, 1990; Joglekar, 2006). 

Next to the experimental observations, it can be seen from Fig. 4 that the 
modeled curves fit the experimental data very well. The modeled curves are 
obtained with the fitted parameters Kc and n, which were fitted independently 
for each of the temperatures. The fitted parameters are listed in Table 2. 

The goodness of the fit is also represented by the 95% confidence limits, at 
which the uncertainty in the Kc was for each temperature less than 3%, while for 
n it was less than 6%. 

Table 6.2. Complexation constants and number of BDA molecules per complex 
fitted for reaction between BDA and NP. 

 

Table 6.2 Complexation constants and number of BDA molecules per complex fitted for 
reaction between BDA and NP.  

Temperature 
[K] 

Kc 
[L/mol]n 

95% 
confidence 

limits 

n 95% 
confidence 

limits 

298 3.7864 +/- 0.097 0.358 +/- 0.013 

310 2.6437 +/- 0.064 0.417 +/- 0.025 

323 2.0457 +/- 0.37 0.422 +/- 0.02 

 

From Table 6.2 it can be seen, that the average stoichiometry of complexes 
formed between BDA and NP is about 1:2.5, and although there is a slight 
increase of n with temperature, this effect is rather small. The observed 
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stoichiometry is comparable with the findings for NP of Bokhove et al. 
(Bokhove et al., 2012).  

By plotting the estimated complexation constants in a Van ’t Hoff plot (Fig. 
6.4), the enthalpy and entropy of complexation could be determined from the 
intercept with y-axis (ΔSc/R) and the slope (–ΔHc/R). The values of the enthalpy 
and entropy have been estimated at ΔHc = -1.964 × 104 J mol-1 and ΔSc = -
0.55×102 J mol-1K-1. 

 

 

Figure 6.4 Van’t Hoff plot for lnKc using the values at three different temperatures (T = 
298K, 310K and 323K). 

From Fig. 6.4 it follows that at higher temperatures the strength of complexation 
decreases, as was already concluded from the experimental trend in Fig. 6.4. 
The determined ΔHc of -19.6 kJ mol-1 for the amine functionality is higher than 
the values of -15.3kJ mol-1 and -8.1 kJ mol-1 found by Bokhove et al. for the 
complexations of pyridine and cyano functional groups, the trend of which is in 
agreement with the trend in Lewis basicity of the functional groups (Laurence & 
Gal, 2009). 
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6.3.3 Modeling of distribution ratio  

In multistage liquid-liquid extraction processes, the distribution ratio is an 
important parameter that characterizes the extraction performance. The 
distribution ratio of BDA on mole basis is defined in Eq. 6.14. 
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,

,

][
][

=
       (6.14) 

In Eq. 6.14, the subscript tot indicates that all forms (including protonated and 
non-protonated in the aqueous phase and complexed in the organic phase) are 
included. 

With the single stage equilibrium model that was developed in this study, it is 
possible to plot the distribution of BDA as function of the raffinate 
concentration, which is done for different temperatures, in Fig. 6.5. 

 

 

Figure 6.5 Calculated Distribution ratio (D) versus raffinate concentration. Lines: - - - 
= 298K , ─ = 310K, ···· = 323K, - - - = 373K, ─ = 433K. 

From Fig. 6.5 it can be seen that the maximum achievable distribution ratio is 
decreasing with increasing temperature which follows logically from the 
temperature dependency of the determined complexation constants. Another 
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observation is the very strong dependency of the distribution ratio on the 
raffinate concentration. The strong increase of the distribution at very low BDA 
raffinate concentrations is beneficial for the efficiency of the extraction close to 
the raffinate outlet in the multistage processes. Due to the high distribution at 
low BDA raffinate concentration, it should be possible to effectively remove 
over 99% of the BDA. 

6.4 Extraction and back-extraction simulations 

6.4.1 Single stage simulations 

Because of the very high distributions at low raffinate concentrations, for 
effective extraction of BDA from aqueous solutions, a single stage may be 
economically favorable. In Fig. 6.6 the raffinate concentrations at varying 
volume ratios are displayed, with the horizontal line indicating a raffinate 
concentration of 1% of the feed concentration, i.e. 99% extraction efficiency. It 
can be seen from Fig. 6.6 that at 298K already at a S/F ratio below 0.5 the 
desired extraction efficiency is reached. 

 

 

Figure 6.6 Effect of S/F-ratio on the raffinate concentration in single stage equilibrium 
extraction from 1wt% BDA aqueous solutions at different temperatures: ··· = 323K, --- 
= 310K, ─ = 298K. ─ = 0.01[BDA]in (objective concentration). 
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Increasing the temperature results in decreasing distributions, hence single stage 
back-extractions were simulated using temperatures of 323K (the highest 
experimentally validated temperature for the equilibrium constants) and an 
extrapolated temperature of 373K, the atmospheric boiling point of water. The 
fraction of BDA that is recovered from the extract phase into the aqueous wash 
phase is plotted in Fig. 6.7 as function of the Wash to Feed ratio (that equals 
twice the Wash to Extract ratio at an S/F of 0.5, which was used as starting 
condition for the back-extraction simulations). 

 

Figure 6.7 Recovery of BDA in a single stage equilibrium back-extraction, after initial 
extraction from 1wt% aqueous solution at 298K and S/F = 0.5, back-extraction 
temperatures: ─ = 298K, --- = 373K.  

From Fig. 6.7, it is clearly visible that even if the back-extraction is performed at 
the atmospheric boiling point of water, the fraction BDA that is recovered is 
rather low, only 0.15 at a W/F ratio of 1. This means that with the maximum 
temperature swing at atmospheric pressure, it is not possible to recover BDA 
efficiently from an aqueous solution by coupled extraction and back-extraction 
at elevated temperature. Therefore, it is concluded that at least the back-
extraction should be performed in a multi-stage mode, and perhaps also the 
forward extraction. 
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6.4.2 Single stage extraction with multistage back-extraction 

The effectiveness of a single stage forward extraction at S/F = 0.5 and T = 298K 
coupled with multistage back extraction has been examined. For this purpose, 
the desired fraction of BDA to be recovered from the organic extract phase was 
0.99, and for this situation the minimum W/E and required number of theoretical 
stages N for the back-extraction were calculated.  

The wash to extract ratio (W/E)min for recovery of 99% of the extracted diamine 
was calculated using Eq. 6.15, assuming the ingoing BDA concentration in the 
wash stream is zero. 
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       (6.15) 

In Eq 6.15, yin = BDAe , the concentration in the extract phase coming from the 
extraction, yout = concentration BDA left in the extract flow. 

Because the distribution of BDA is relatively low over a large part of the 
concentration range in Fig. 6.5, for a first optimistic estimation of the feasibility 
of this operational mode, the (W/F)min required for recovery of 99% of BDA was 
calculated (which for this case with (S/F) = 0.5 equals twice (W/E)min) with the 
minimum values of D for each temperature. The (W/F)min is displayed in Fig. 6.8 
over the temperature range 298 K < T < 373 K. It follows from Fig. 6.8 that over 
this temperature range the (W/F)min drops from 15.6 at 298K to 6.9 at 373 K. 
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Figure 6.8 Influence of temperature on the minimum wash/feed ratio (W/F)min required 
for the recovery of 99% BDA. 

It can thus be concluded that employing a single stage extraction and multistage 
back-extraction inevitably leads to very diluted wash streams, even if the back-
extraction is operated at the atmospheric boiling point of water. 

6.4.3 Multistage processing in both forward extraction and back-
extraction 

In order to maximize the concentration in the forward extraction, this was also 
simulated in multistage. Similar to Eq. 6.15, also the minimum S/F-ratio can be 
calculated based on the mass balance and the assumption of equilibrium 
between incoming feed and outgoing extract (yout = Dxin), this relation is given 
in Eq. 6.16 (de Haan & Bosch, 2013). 
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where xin and, xout are the concentrations in the feed and the raffinate, and yin is 
the initial BDA concentration in the extract phase. For a combination of an 
extraction process operated at minimum S/F-ratio and a back-extraction process 
at minimum W/E-ratio and given requirements of extracting 99% of the fed 
BDA, and recovering 99% of the extracted BDA in the back-extraction, and 
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furthermore assuming the wash stream entering the back-extraction is free of 
BDA, the Eqs. 6.15 and 6.16 can be used to calculate minimum S/F-ratio’s and 
W/E-ratios when the distributions are known. 

Because the distribution is a function of the aqueous phase concentration, as an 
estimate the arithmetic mean value of the distributions over the range 
0.01BDAini < BDA < BDAini was used (the range was calculated with 
increments of 0.01 BDAini) in Eq. 6.16, and because the aim is to estimate a 
concentration factor for the back-extraction, the range over which the 
distributions were calculated was extended to 0.01BDAini < BDA < 5BDAini. 
The value of the used distribution ratio’s in Eqs. 6.15 and 6.16 is given in Table 
6.2, the attainable concentration factor (defined in Eq. 6.17 as the concentration 
BDA in the outgoing wash stream over the initial BDA concentration in the 
feed) is depicted in Fig. 6.9. 

 

ζ = BDAout,be/BDAin       (6.17)  

Because in real extraction processes, the actual flow ratios S/F and W/E are 
typically about 1.5 times the minimum required flow ratios (de Haan & Bosch, 
2013), the actual concentration factor is the ideal concentration factor divided by 
(1.5)2, as defined in Eq. 6.18. The corrected concentration factors are also 
displayed in Fig. 6.9.  

       

ζcorr = ζ (1.5)-2        (6.18) 
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Figure 6.9 Maximum attainable concentration factors and corrected attainable 
concentration factors, --- = minimum S/F and W/E (ζ), ─ = for 1.5(S/F)min and 
1.5(W/E)min (ζcorr).  

Based on the concentration factors displayed in Fig. 6.9, it can be concluded that 
for processes operated at about 1.5 times the minimum flow ratios, the 
maximum concentration factor at atmospheric pressure (i.e. at T = 373K) is 
ζcorr = 3.6. This means that starting with a concentration of 1 wt% in the broth, 
the obtainable concentration in the wash is not higher than 3.6wt%, hence, 
applying multistage extractions and back-extractions for the concentration of 
BDA is not very effective. Therefore it is concluded that another approach, 
providing higher concentration factors is required. One such option can be the 
application of an anti-solvent, which has previously been shown to provide 
promising results (Krzyżaniak et al., 2013). 

6.5 Conclusions 

In this study the extraction of butane-1,4-diamine (BDA) from aqueous 
solutions using pure 4-nonylphenol (NP) has been studied both experimentally 
and by modeling. Using experimental data on the aqueous phase protonation of 
BDA and the complexation of BDA with NP over a temperature range of 298 – 
323 K, a single stage extraction model was developed and a it was found that the 
complexation stoichiometry n between BDA and NP was only slightly 
dependent on temperature and around 0.4, meaning that on average 2.5 
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molecules NP complex with BDA. This stoichiometry was explained by 
oligomerisation of NP and the double functional group of BDA. With the 
developed single stage model, the BDA-distribution was simulated for varying 
conditions and it was found that in a single stage with only S/F = 0.5, over 99% 
of the BDA from a 1wt% aqueous solution can be extracted. However, due to 
the very high distribution coefficient at low BDA concentrations, it could not 
effectively be recovered by back-extraction, even when the back-extraction 
temperature was increased to 373K, the atmospheric boiling point of water.  A 
coupled multistage forward and back-extraction process appeared the most 
effective. A maximum concentration factor of 3.6 was achieved by coupling 
extraction at 298K to a back-extraction at 373K. However, obtaining pure BDA 
from the resulting 3.6wt% aqueous solution still requires evaporation of large 
amounts of water, and hence alternative recovery options, like using an anti-
solvent in the back-extraction, need to be considered. 

6.6 Nomenclature 

6.6.1 Symbols and abbreviations  

4NP  4-nonylphenol 

ΔH  enthalpy, [J mol-1] 

ΔS  entropy, [J mol-1 K-1] 

ΔG  Gibbs energy, [J mol-1] 

barg  bar gauge  

BDA  butane-1,4-diamine  

D  distribution factor [wt% / wt%] 

E  extraction factor [-] 

E  extract flow (in forward extraction) 

F  feed flow 

I  ionic strength 
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K  equilibrium constants, various dimensions 

M  molality, (mol kg-1) 

R  gas constant J K−1 mol-1 

S  solvent flow 

T  temperature [K] 

V  volume [L] 

W  wash flow (in back-extraction) 

x  concentration in aqueous phases 

y  concentration in organic phase 

z  ion charge 

 

6.6.2 Subscripts and superscripts 

aq  aqueous phase 

b  basicity 

be  back-extract phase (wash) 

c  complexation 

corr  corrected 

e  extract phase 

in  inlet concentration 

k  index for ionic species in ionic strength equation 

n  stoichiometry of BDA in BDAnNP complexes 

org  organic phase 

out  outlet concentration 

tot  total (concentration) 
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6.6.3 Greek letters 

α  activity   

γ  activity coefficient 

ε  dielectric constant 

ρ  density, (kg m-3) 

ξ    concentration factor [-] 
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Chapter 7  
Equilibrium studies on lactic acid 
extraction with N,N-didodecylpyridin-4-
amine (DDAP) extractant 

 

This chapter has been submitted to Chemical Engineering Science journal as: A. 
Krzyżaniak, B. Schuur, A.B. de Haan: Equilibrium studies on lactic acid 

extraction with N,N-didodecylpyridin-4-amine (DDAP) extractant. 
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The extraction of aqueous lactic acid (LA) by the extractant N,N-
didodecylpyridin-4-amine (DDAP) diluted in 1-octanol was studied at three 
temperatures (298K, 310K and 328K) in a batch system for an initial 
concentration of 0.013M (0.12wt%) and a range of Vorg/Vaq ratios (0.02-1). A 
reactive extraction model based on mass action law was applied to describe the 
experimental data. The parameters of this model were fitted to the experimental 
data. The aqueous phase dissociation constants were fitted for the three 
temperatures, from which the enthalpy and entropy of dissociation were found 
using a Van’t Hoff-plot. The found values are ΔHd = -2.122x104J mol-1 and ΔSd 
= 1.44x102 J mol-1K-1.  The equilibrium constants for 298K, 310K and 328K 
were determined to be 570.42L/mol, 349.77 L/mol and 175.46 L/mol, 
respectively. Next to the complexation constant Kc also number of lactic acid 
molecules present in formed complex was determined. Using a Van ’t Hoff plot, 
the thermodynamic constants for the complexation were estimated at ΔHc = -
3.194x104 J mol-1 and ΔSc = -0.544x102 J mol-1K-1. With these parameters it was 
estimated that using the temperature swing at atmospheric pressure and T=373K 
with wash/extract ratio (W/E) = 5.4, the outlet concentration between 
0.041mol/L and 0.078 mol/L lactic acid (concentration factor within 3.15-6.06 
range) can be achieved. Pressurized recovery at 413 K allows for concentrations 
up to 0.112-0.21M (concentration factor within 8.66-16.66 range).  
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7.1 Introduction 

Developing sustainable production strategies for both energy and platform 
chemicals has recently gained much attention to reduce dependency on fossil 
sources (Guo et al., 2010; Stevens, 2012; Kircher, 2012; de Jong et al., 2012). 
Production of bio-based chemicals has taken a prominent position on the  
worldwide bio-based economy agendas (Hatti-Kaul et al., 2007; Hermann & 
Patel, 2007; Sanders et al., 2007). Because of the tremendous amounts of 
plastics used worldwide, especially the demand for bio-based monomers used in 
(biodegradable) plastic production is growing (Halley & Dorgan, 2011; Shen et 
al., 2009a, 2009b). One of the examples of biodegradable plastics is poly-lactic 
acid (PLA), which was invented by Carothers and Natta (Carother et al., 1932), 
of which the spectrum of application is rapidly expanding (Jamshidian et al., 
2010; Jem et al., 2010, Averous, 2012). Its use to make microspheres and 
microcapsules for drug delivery systems has been investigated for 
pharmaceutical applications (Hans & Lowman, 2002), and in the field of bone 
fixation devices PLA enables replacement of traditional metal elements with the 
ones made of biodegradable materials (Lasprilla et al., 2012). Scaffolds made of 
PLA are used for cells cultivation (including stem cells) (Lasprilla et al., 2012). 
Next to PLA, propylene glycol, acrylic polymers and polyesters can be produced 
using lactic acid as feedstock (Wasewar et al., 2004). In the food industry lactic 
acid is known as additive for preservation (Datta & Henry, 2006), and the 
packaging sector has been making use of its antimicrobial properties (Rhim & 
Ng, 2007; Liu et al., 2007). 

The traditional method to obtain lactic acid via chemical synthesis from ethylene 
or propane is no longer in use since 2003 (Datta & Henry, 2006). The large 
lactic acid producers are obtaining it currently through industrial fermentation 
(Datta & Henry, 2006). However, because of the microbes sensitivity to broth 
acidity (end-product inhibition), the pH is kept high using bases like Ca(OH)2.  
Recovery from the broth is done by acidification, and leads to production of 
large amounts of gypsum or salts, reducing the sustainability of the process 
(Wasewar et al., 2004; Datta & Henry, 2006). A suitable method for in situ 
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lactic acid recovery would enable production without acidification followed by 
neutralization, and can prevent end-product inhibition simultaneously.  

Among examined techniques, such as membrane-based processes 
(ultrafiltration, nanofiltration, reverse osmosis, electrodialysis) (Pal et al., 2009), 
adsorption (Evangelista & Nikolov, 1996), distillation (Choi & Hong, 1999; 
Kumar et al., 2006), also reactive liquid-liquid extraction has gained attention as 
promising method for the recovery of carboxylic acids from the fermentation 
broth (Wasewar et al., 2004). Compared to other approaches, reactive liquid-
liquid extraction is expected to require less energy input, provide higher yields 
and selectivity and facilitate the establishment of closed-loop processes 
(Wasewar et al., 2004). Key to extract lactic acid in situ in an economically 
feasible process is to develop a suitable extractant.  

Lactic acid recovery by reactive liquid-liquid extraction has been reported as 
early as 1946 by Filacchione & Fisher (Filacchione & Fisher, 1946), and since 
then a multitude of extractant types have been reported. The extractants can be 
generally divided into four categories (i) carbon-bonded oxygen-donor 
extractants (Kertes & Judson King, 1990; von Frieling & Schügerl, 1999), (ii) 
phosphorous-bonded oxygen donor extractants (Kertes & Judson King, 1990; 
von Frieling & Schügerl, 1999), (iii) aliphatic (tertiary) amines (Kertes & 
Judson King, 1990; von Frieling & Schügerl, 1999) and (iv) ionic liquids 
(Martak & Schlosser, 2006, 2007; Oliveira et al., 2012). Recently, we reported 
on a new extractant for lactic acid, being N,N-didodecylpyridin-4-amine 
(DDAP, see Fig. 7.1), that showed distribution coefficients up to twice as high 
as tertiary amines (Krzyżaniak et al., 2013). 
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Figure 7.1 Chemical structures of solute LA (upper) and N,N-didodecylpyridin-4-amine 
extractant (DDAP, lower). 

With the objective of removing lactic acid already at the early stages of 
fermentation, one of the key issues to be resolved is the effectiveness of DDAP 
at low initial concentrations of lactic acid. Also, information on the influence of 
process parameters such as temperature and solvent to feed ratio is desired to 
enable process optimization. Mathematical modeling combined with 
experimental studies can provide a tool to predict the extraction performance.  

This study describes the development of a single stage equilibrium model that is 
applied to study the influence of process conditions such as initial lactic acid 
concentration, volume ratio, aqueous pH, and temperature on the extraction of 
lactic acid with DDAP. The developed equilibrium model was used to determine 
the minimal solvent/feed ratio (S/F)min to remove 99% of the lactic acid. 

7.2 Experimental section 

7.2.1 Chemicals 

N,N-didodecylpyridin-4-amine (97%) was custom synthesized by Syncom BV 
(The Netherlands). 1-octanol (99%) was obtained from Sigma Aldrich (The 
Netherlands). Lactic acid crystals were kindly provided by Purac (The 
Netherlands).   
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7.2.2 Procedures 

7.2.2.1 Aqueous phase lactic acid dissociation  

The lactic acid dissociation constant has been reported at 298K (pKa=3.86) 
(Eyal & Canari, 1995; Honda et ao., 1995; Martak & Schlosser, 2007). 
However, the temperature dependency of the pKa was not reported, and in order 
to develop a temperature dependent equilibrium extraction model, the 
temperature dependency of the lactic acid dissociation constant was studied by 
measuring the pH of aqueous lactic acid solutions with lactic acid concentrations 
of 130 and 13 mmol/L at different temperatures, within the 320-298K range. 
The solutions were heated to 320K (±0.5) and while cooling down took place, 
pH measurements were collected every minute using an Inolab 730 pH meter 
connected with Multilab® Pilot software on a personal computer, until the 
temperature was 298K. The accuracy of the pH measurement was ±0.005. 

 

7.2.2.2 Reactive liquid-liquid extraction of lactic acid 

In reactive liquid – liquid extraction experiments, 13 mmol/L solutions of lactic 
acid were contacted with 20wt% DDAP in 1-octanol as solvent. Experiments 
were performed at 298K, 310K and 328K and involved contacting feed and 
solvent at different S/F ratios ranging from 0.02 to 1(mass based) for 17h under 
continuous shaking (185 rpm), and afterwards the phases were allowed to settle 
for 2h. Samples of the aqueous phase were taken and the concentration of lactic 
acid remaining in the raffinate was determined from the overall mass balance.  

 

7.2.3 Analytical procedures 

The aqueous phase concentrations of lactic acid were determined using an 
HPLC system consisting of a pump, an autosampler and a UV-detector (all from 
Varian ProStar). The column used was an Aminex HPX-87H (Bio-Rad) and 
0.005M H2SO4 solution was used as mobile phase at a flow rate of 0.6 mL/min. 
The systematic error was below 3%.  
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7.2.4 Modeling software and optimization 

Parameter fitting for all parameters was done using a nonlinear-least-squares 
approach (lsqnonlin) provided by the software package Matlab (Mathworks). 
The reported confidence intervals of the parameter values are the 95% 
confidence limits. 

7.3 Theory and reactive extraction modeling 

In order to estimate the minimum solvent to feed ratio ((S/F)min) that is 
required for extraction, and the concentration factor (ξ) that can be achieved 
during back-extraction, a temperature dependent single stage equilibrium model 
has been developed that is described here. The basis for the single stage 
extraction model is the extraction mechanism. In the case of reactive extraction 
in biphasic systems consisting of an aqueous and an organic phase, the 
complexation reaction can take place in either the aqueous or the organic phase, 
or at the interface (Schuur et al., 2008). Since lactic acid has a nonzero solubility 
in the organic phase, and the applied extractant N,N-didodecylpyridin-4-amine 
exhibits very high hydrophobicity, it has been assumed that the complexation 
takes place in the organic phase. However, because it was not possible to 
determine the physical partitioning in the reactive system containing the 
extractant, and the concentration of free lactic acid in the organic phase is 
always very small compared to the amount that is complexed, it was decided to 
describe the equilibrium in terms of the aqueous phase lactic acid concentration, 
and organic phase extractant concentration according to equation 2. This is a 
common method for describing extraction Equilibria of organic acids (Kertes & 
Judson King, 1986; Tamada et al., 1990; San-Martin et al., 1999; Bart, 2001; 
Qin et al., 2003; Yankov et al., 2004).  

In Fig. 7.2 the schematic representation of biphasic system involving single 
stage reactive extraction of lactic acid with the amine extractant is displayed. 
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Figure 7.2 Single stage reactive extraction of lactic acid with the amine-based 
extractant.  

The extraction system displayed in Fig. 7.2 can be described by two coupled 
equilibrium relations, and component balances of lactic acid and the extractant. 
Only undissociated acid takes part in the complexation with the amine-based 
extractant (Kertes & Judson King, 1986; Juang & Huang, 1997A, 1997B; 
Wasewar et al., 2004; Yabannavar & Wang, 2004). 

Therefore, the aqueous phase dissociation equilibrium (Eq. 7.1) is included in 
the mechanistic description of lactic acid extraction. 

In the aqueous phase, dissociation of acid is taking place according to the 
equation. 
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        (7.1) 

where Ka is the equilibrium dissociation constant. In unbuffered systems, in 
which lactic acid is the only solute, the concentrations of H+ and LA- are equal. 

The complexation in the organic phase is described by eq 7.2. 
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where Kc is the complexation constant with the dimensions [L/mol]n, C the 
extractant, LAHnC the lactic acid-extractant complex and n is number of lactic 
acid molecules present in a complex.  

The type of complexation between carboxylic acids and tertiary amines is proton 
transfer from the solute to the extractant (Kertes & Judson King, 1986; Juang & 
Huang, 1997B; Wasewar et al., 2004). The stoichiometry of this type of 
complexation is not definite, with various combinations of complexes being 
reported (Tamada et al., 1990; San Martin et al., 1999; Yankov et al., 2004). In 
the present study, the applied extractant includes two nitrogen atoms, which 
indicates a possibility of both 1:1 and 2:1 acid:DDAP complexes formation. 
Therefore, this likelihood has also been included in the model.  

The temperature dependency of the equilibrium constants in the system are 
converted in the thermodynamic properties enthalpy and entropy using the well 
known Van ‘t Hoff relation 

 

     (7.3) 

The component balance for lactic acid is given in Eq. 7.4 and the component 
balance for the extractant in Eq. 7.5. 

 

orgnorgaqaqaqaqaq CLAHnVLALAHVLAHV ][)][]([][ 0, ++= −

   (7.4) 

)][]([][ 0, orgnorgorgorgorg CLAHCVCV +=     (7.5) 

7.4 Results and discussion 

In this section, first the parameter fitting for the dissociation constant (Ka), and 
the complexation constant (Kc) are presented. Hereafter, the distribution in 
single stage extractions is simulated for varying equilibrium conditions. On the 
basis of the equilibrium stage simulations, in the last part of this section, 
multistage extraction processes are discussed, including back-extraction sections 

cccc STHGKRT Δ−Δ=Δ=− )ln(
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and the possible concentration factors that may be obtained depending on the 
process conditions.  

7.4.1 Acid dissociation constant Ka 

The dependency of the dissociation equilibrium on the temperature was 
determined experimentally by measuring the pH of dilute unbuffered solutions 
of lactic acid as described in section 7.2.2 The enthalpy and entropy of the lactic 
acid dissociation were calculated to be ΔHd = -2.12×104 J mol-1 and ΔSd = -
1.44×102 J mol-1K-1 by minimizing the differences between experimental and 
calculated [H+] data. Using these values, the pKa at T = 298K was determined 
to be pKa = 3.78, which is in good agreement with the value reported in the 
literature (pKa = 3.86) (Eyal & Canari, 1995; Honda et al., 1997; Martak & 
Schlosser, 2006).  

In Fig. 7.3 the influence of temperature on [H+] concentration (Fig. 7.3A) and 
on pKa (Fig. 7.3B) is displayed. 

 

  

A B 
Figure 7.3 Dependency of pKa on the temperature (A) and dependency of [H+] 
concentration on the temperature (B). Symbols: experimental data: + = LA 130mM, ○ = 
LA 13mM. Line: calculated with ΔH = -2.12×104 J mol-1 and ΔS = -1.44×102 J mol-1K-1 

In Fig. 7.3A the effect of temperature on the value of pKa is displayed. With the 
increasing temperature, the value of pKa is increasing as well. This tendency is 
in accordance with expectations – since the value of enthalpy reported is 
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negative, the value of Ka is negatively correlated to the temperature and hence, 
the value of pKa is positively influenced by elevated temperature. On another 
hand, since the dissociation constant Ka is decreasing with increasing 
temperature, at higher temperatures the dissociation reaction equilibrium shifts 
in the direction of undissociated acid. This leads to decreased concentration of 
[H+] in solution, a phenomenon that is displayed in Fig. 7.3B.  

 

7.4.2 Complexation equilibrium constant Kc 

Experiments to estimate the equilibrium constant Kc were carried out with 
aqueous solutions of lactic acid, and 20 wt% DDAP in 1-octanol under varying 
S/F-ratio as described in Section 7.2.2.2. 

The experimentally determined total aqueous concentrations of lactic acid at 
equilibrium, [LAH]aq+[LA-]aq were used to fit Kc and n by regressing the model 
equations 1-5 to the experimental data. In this way, values for the Kc and n were 
obtained for 298K, 310K and 328K, they are listed in Table 7.1. At the 95% 
confidence limits, the uncertainty in the Kc was for each temperature less than 
12%, while for n it was less than 3%. 

 

Table 7.1 Complexation constants and number of lactic acid molecules per complex 
fitted for reaction between LA and DDAP.  

Temperature 
[K] 

Kc 
[L/mol]n 

95% 
confidence 

limits 

n 95% 
confidence 

limits 

298 570 +/- 71 1.18 +/- 0.029 

310 350 +/- 30 1.2 +/- 0.019 

328 194 +/- 16 1.21 +/- 0.022 
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In Fig. 7.4 the equilibrium concentration at an initial feed concentration of 13 
mmol/L is displayed as function of Vorg/Vaq. A correlation between experimental 
and calculated values of Vorg/Vaq and total aqueous acid concentration at 
equilibrium for 3 studied temperatures has been plotted. Very good agreement 
(MARE ±1%) between model and experimental data was observed. 

 

 

Figure 7.4 Extraction of lactic acid with DDAP in 1-octanol, symbols = experimental: 
Δ: T = 328K, ○: T = 310K, □: T = 298K, lines represent modeled concentrations.  

The equilibrium concentration is, in case of all temperatures, decreasing with an 
increasing Vorg/Vaq ratio. This decrease is most remarkable for the initial Vorg/Vaq 
ratios range, when increasing the volume of organic phase results in significant 
enhancement of system’s extraction capability. Nevertheless, while more and 
more lactic acid is transferred to organic phase, the saturation of the organic 
phase is taking place. Also, the dissociation equilibrium in the aqueous phase is 
becoming a limiting factor to further extraction. Therefore, while the Vorg/Va is 
increasing, the steepness of the plot is gradually decreasing, becoming in the last 
stage almost parallel to the x-axis, but not reaching the value of 0.   

From Fig. 7.4 the negative influence of temperature on the extraction capacity 
can be seen as well. This phenomenon has been previously reported for other 
extractants (von Frieling & Schugerl, 1999; Wasewar et al., 2004; Yabannavar 
& Wang, 2004) and is in line with expectations. Despite the increased 
temperature having positive influence on the solubility of lactic in organic 
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phase, and also on the amount of undissociated acid present in solution (see the 
temperature dependence of the dissociation constant Ka is discussed in Section 
7.4.1.),  its effect on the complexation constant is more pronounced, leading thus 
to a decrease in extraction capacity. 

The average number of lactic acid molecules present in the formed complexes is 
over the investigated temperature range independent of the temperature (see data 
in Table 7.1).  

Table 7.2 provides an overview of selected complexation constants reported so 
far for lactic acid. In this table, the advantage of nitrogen containing molecules 
over other extractants can be clearly seen, as they provide significantly higher 
complexation constants Kc than phosphorous extractants like tributylphosphate 
(TBP) or Cyanex 923. This, in turn, results in higher distribution ratios reported. 
Moreover, within the amine-based extractant group, the superiority of DDAP 
containing multiple nitrogen atoms and a double bond between one nitrogen and 
carbon atom is confirmed. The complexation constant obtained for DDAP in 1-
octanol is almost twice as high as the value of Kc reported for the system with 
TOA.  

Table 7.2 Overview of selected complexation constants Kc reported for carboxylic acids 
extraction systems.  

Acid Solvent T [K] 
Kc 

[L/mol] 
Ref 

Lactic  DDAP in octanol 298 570 Present work 

Lactic TOA in octanol 298 297 Qin et al., 2003 

Lactic TBP in dodecane 298 50 Labbaci et al., 2009 

Lactic Alamine 336 in octanol 298 75 Wasewar et al., 2004 

Lactic Alamine 336 in chloroform 298 372 Juang & Huang, 1997 

Lactic Alamine 336 in MIBK 298 20 Juang & Juang, 1997 

Lactic  Cyanex 923 298 6.7 Von Frieling et al., 1999 
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By plotting the estimated complexation constants in a Van ’t Hoff plot (Fig. 
7.5), the enthalpy and entropy of complexation could be determined from the 
intercept with y-axis (ΔS/R) and the slope (–ΔH/R). The values of the enthalpy 
and entropy have been estimated at ΔHc = -3.19 × 104 J mol-1 and ΔSc = -
0.544×102 J mol-1K-1. 

 

 

Figure 7.5 Van ’t Hoff plot for Kc using the values at three different temperatures (T = 
298K, 310K and 328K) 

7.4.3 Multistage extraction and back-extraction 

7.4.3.1 Modeling of the distribution ratio 

In multistage liquid-liquid extraction processes, the distribution ratio is an 
important parameter that characterizes the extraction performance. The 
distribution ratio of lactic acid is defined on mole basis in Eq. 7.6. 

 

totaq

totorg

LA
LA

D
,

,

][
][

=
       (7.6) 

In Eq. 7.6, the subscript tot indicates that all forms (including dissociated and 
non-dissociated in the aqueous phase and complexed and non-complexed in the 
organic phase) are included. 



Chapter 7 
 

177 

With the single stage equilibrium model that was developed in this study, it is 
possible to plot the distribution of lactic acid as function of the raffinate 
concentration, which is done for different temperatures, in Fig. 7.6.  

 

 

Figure 7.6 Calculated Distribution ratio (D) versus raffinate concentration. Lines: --- = 
298K , ─ = 310K, ···· = 328K, --- = 373K, ─ = 413K. Symbol + denotes maximal 
distribution ratio. 

From Fig. 7.6 it can be seen that at lower temperatures the maximal distribution 
is achieved for relatively low acid concentrations. This is caused by combined 
effect of two phenomena: on one hand, at too low acid concentrations the 
amount of undissociated acid is low, and thus amount of acid transferred to 
organic phase is small. At high concentrations, the amount of acid available for 
extraction is increasing, but the extractant phase becomes saturated, creating a 
limiting factor for further extraction and leading to a decrease in distribution 
ratio. 

In Fig. 7.6 it can as well be seen that the equilibrium concentration of lactic 
acid, at which the maximal distribution ratio is achieved (it has been denoted 
with +) increases with increasing temperature. This is the consequence of a 
decreasing Kc. While less lactic acid is transferred to organic phase, and the 
equilibrium needs to be maintained, an increase in acid concentration in the 
aqueous phase is observed. Even though at higher acid concentrations more 
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undissociated acid is present, the effect of Kc has a prevailing effect on the 
extraction. 

The complexation with the extractant is strongly dependent on temperature, 
which is a common trend in the extraction of acids using amines (Wennersten, 
1983; Kertes & Judson King, 1986; Tamada & King, 1990; Joglekar et al., 
2006). This can be seen in Fig. 7.6 as well – the maximal distribution ratio 
achieved is decreasing with the increasing temperature. 

 

7.4.3.2 Calculation of the minimum S/F and number of stages 

For the assessment of the feasibility of the extraction process involving DDAP, 
based on the previously performed simulations, the minimal S/F ratio required 
for the recovery of 99% of lactic acid was calculated. Subsequently, the minimal 
number of stages required for countercurrent extraction was estimated. 

In Fig. 7.6 it can be seen that at the lowest simulated temperature (298K), the 
distribution is always above 26, and below 50. Assuming the infinite number of 
stages, the outgoing extract is in equilibrium with incoming feed, and using 
value of D, the maximal concentration of lactic acid in extract can be calculated. 
For calculation of the minimum S/F-ratio the value of 26 is used in eq 7.7 (de 
Haan & Bosch, 2013). For this value of D the concentration of acid in extract 
remains in equilibrium with the incoming feed with 13 mmol/L concentration.  
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       (7.7) 

where xin and, xout are the concentrations in the feed and the raffinate, and yin is 
the initial LA concentration in the extract phase.  

In the developed model, (S/F)min depends on the initial concentration of acid and 
for an initial concentration of LAini = 0.013M, the minimum solvent to feed ratio 
required for 99% extraction (xout = 0.01xin) is 0.038, and as a rule of thumb for 
an extraction process with a finite number of extraction stages, this corresponds 
to 1.5 times the minimum S/F-ratio (King, 1980), i.e. (S/F) = 0.057. This value 
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is much lower than the practical minimum in extraction columns, hence the 
minimum number of stages in a countercurrent extraction processes was 
calculated also for higher values of (S/F), with (S/F)=0.1 as the maximum. For 
this purpose the modified Kremser equation given in eq 7.8 (with Ex from eq 
7.9): 
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In this equation, Ex is the extraction factor, defined as 

 

F
SDEx =

        (7.9) 

Next, the wash to extract ratio (W/E)min for recovery of 99% of the extracted 
lactic acid was calculated using Eq. 7.10, assuming the ingoing lactic acid 
concentration in the wash stream is zero.  
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In eq 7.10, yin = LAini in extract, yout = fraction LA left in the extract flow, D – 
distribution obtained in the forward extraction. 

To determine the range of concentrations that can be expected in the wash 
streams exiting the back-extraction, calculations were done using both the 
scenarios using the minimum value of D over the concentration range 0.13mM – 
13 mM, and the maximum value of D. By combining the minimum D in 
extraction with the maximum D in the back-extraction and the opposite 
combination, the best case scenario and the worst case scenario were calculated. 
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For sake of efficiency, it is desired to obtain as high concentrations of acid in the 
aqueous wash stream as possible. With the calculated (S/F)min for the forward 
extraction step and (W/E)min for the back extraction step, it is possible to 
determine the attainable concentration factor which can be defined as: 

ζ = xout,be/xin,e         (7.11)  

where xout,be is concentration of acid in the aqueous wash stream and xin,e is the 
concentration of acid in feed supplied to the forward extraction.  

In Fig. 7.7 the dependency of the number of stages (A) and concentration factor 
(B) on the 1.5(S/F)min  has been displayed. 

 

  

A B 
Figure 7.7 Dependency of number of extraction stages required for removal of 99% of 
LA (─ = N for “worst case scenario”, --- = “best case scenario”) (A) and concentration 
factor (─ = ξ for “worst case scenario”, ···· = “best case scenario”) (B) on the 
1.5(S/F)min. Data obtained from experiments conducted at T=298K.  

For a constant temperature of 298K, the highest attainable concentration factor 
is ξ=1.28, whereas for “the worst case scenario” it decreases to ξ=0.34 (see Fig. 
7.7B). Assuming the highest concentration attainable in the wash stream, 
significantly lower S/F ratio can be applied. Within the range of S/F common 
for both highest and lowest concentration of acid in wash calculated, the number 
of stages required to obtain given concentration factor is lower for “the best 
case” scenario (Fig. 7.7A). In both cases, with increasing S/F ratio the number 
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of stages required for removal of 99% of lactic acid is decreasing.  This is due to 
enhanced capacity of the larger amount of solvent present in the system. On 
another hand however, a larger solvent flow results in a more diluted extract 
stream, and consequently a lower lactic acid concentration in the aqueous wash 
stream and finally a lower concentration factor. Since it is desired to maximize 
the concentration factor while maintaining low values of S/F and W/E, it is 
interesting to examine the influence of temperature applied in the back 
extraction on the concentration factor ξ.  

 

7.4.3.3 The dependency of concentration factor on the back-extraction 
temperature 

In Fig. 7.8 the dependency of concentration factor ζ on the back-extraction 
temperature has been depicted for both highest and lowest concentration 
attainable in the wash stream. With increasing temperature, the concentration 
factor is increasing as well. This tendency is according to the expectations, as at 
higher temperatures back the extraction process is more effective, resulting in 
higher values of xout,be. Of course, the conditions applied in the forward 
extraction influence the ζ value as well (see the difference between “worst” and 
“best” case scenario), since the concentration obtained in the back extraction is 
compared to the initial concentration of acid provided in the feed. Hence, it is 
desired to obtain high concentration of acid in the extract phase as well, and this 
is accomplished by applying low temperature in the forward extraction step. 
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Figure 7.8 Dependency of the concentration factor ζ on the temperature applied in the 
back extraction step: □ = “worst case scenario”, ○ = “best case scenario”. 

Based on the results depicted in Fig. 7.8 it can be concluded that for atmospheric 
pressure the maximum concentration factor for T = 373K is approximately 
3.15<ζ<6.06. Further increase of the temperature to 413K requires application of 
pressurized equipment, but results in an increase of the concentration factor to 
8.66<ζ<16.66. In practice, this means, that starting with the concentration of 
0.013 mol/L in the broth, a concentration of 0.041-078 mol/L can be obtained 
without the need of applying pressurized equipment, whereas increasing 
temperature further, 0.11-0.21 mol/L in the wash stream can be obtained. This 
is, however, still a rather dilute solution and hence it would be recommended to 
examine the effect to be obtained by further increasing the temperature of back-
extraction process. In such case, however, care should be taken of the 
temperature effect on the chiral purity of lactic acid, as application of too high 
temperature can stimulate the racemization, leading to the creation of mixture of 
isomers.   

7.5 Conclusions 

The reactive liquid-liquid extraction of lactic acid with N,N-didodecylpyridin-4-
amine (DDAP) extractant has been studied. The experimental data indicates that 
the extraction process involves a reaction of the undissociated lactic acid with 
the extractant DDAP in the organic phase (homogenous complexation model). 
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This model was applied to describe the liquid-liquid equilibrium in the 
extraction, and the model parameters were fitted to experimental data. The 
minimal solvent/feed ratio (S/F) required for removal of 99% of acid has been 
estimated to be 0.038 Back extraction of 99% of lactic acid can be accomplished 
at atmospheric pressure and T=373K with wash/extract ratio (W/E) = 5.4, 
leading to the outlet concentration of 0.041-0.078 mol/L (concentration factor of 
3.15< ζ< 6), while pressurized recovery at 413 K allows for concentrations up to 
0.11-0.21M.   
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7.7 Nomenclature 

7.7.1 Symbols: 

TOA    trioctylamine 

TBP tributylphosphate 

MIBK methyl-iso-butyl ketone 

D distribution, [-] 

Ex extraction factor, [-] 

m physical partitioning coefficient, [-] 

Ka equilibrium dissociation constant for lactic acid, [mol/L) 

Kc complexation equilibrium constant, [various dimensions]  

N number of stages 

T temperature, [K] 

F feed flow, [m3 s-1] 

S solvent flow, [m3 s-1] 
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E extract flow, [m3 s-1] 

R raffinate flow, [m3 s-1] S solvent flow, [m3 s-1] 

W wash flow, [m3 s-1] 

ΔH enthalpy, [J mol-1] 

ΔS entropy, [J mol-1 K-1] 

V volume [L] 

yin concentration of acid in extract phase, [mol L-1] 

yout concentration of acid in extract, after back extraction, [mol L-1] 

xin concentration of acid in the feed stream, [mol L-1] 

xout concentration of acid in the raffinate stream, [mol L-1] 

7.7.2 Subscripts: 

0 initial 

aq aqueous 

org organic 

tot total (i.e. in all forms, dissociated and non-dissociated; complexed and 
non-complexed) 

ts theoretical stages 

mod modeled 

exp experimental 

7.7.3 Greek letters 

ξ – concentration factor [-] 
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The on-going transition towards bio-based economy triggered the development 
of fossil-fuel independent methods for obtaining fuels, energy and chemicals. 
Fermentation processes offer a possibility for producing chemicals in a 
sustainable and environmentally friendly manner.  

Compounds that could be produced via fermentative processes include, among 
others, monomers for bio-plastic production, such as lactic acid (LA) for poly 
lactic acid (PLA) and butane-1,4-diamine (BDA) for the production of 
polyamides such as high performance materials like Stanyl ®. LA is currently 
being produced on a large scale via fermentation, whereas for BDA the potential 
for production by microorganisms has been identified and is currently in the 
development phase. For both cases, however, the recovery from the 
fermentation broth remains a challenge, as they are highly hydrophilic 
compounds. This results in high costs for downstream processing, which can 
contribute up to  60% of the final costs. 

Reactive liquid-liquid extraction has been identified as a potentially attractive 
method for the recovery of compounds produced via fermentation. It is highly 
selective, applicable at mild conditions and can be integrated with either batch 
or continuous fermentation processes. In fact, it has already been proven 
effective in the recovery of carboxylic acids, with tertiary amines being the 
current state of the art compounds to be applied for the recovery of organic acids 
like lactic acid. However, for application in in situ extraction without the 
coproduction of large amounts of gypsum due to acidification and subsequent 
neutralization of the broth, extractants with even higher LA distributions are 
required.   

The objective of the research described in this thesis was twofold: 

– for lactic acid it focused on the identification of novel extractants, capable 
of outperforming the state of the art tertiary amines 

– for butane-1,4-diamine the aim of the study was to find solvents capable of 
providing sufficient recovery, which has been quantified in terms of a 
minimal distribution ratio being D > 50.    
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8.1 Lactic acid 

Based on the literature study and molecular modelling calculations, a group of 
potentially novel extractants for lactic acid has been identified including amides, 
diamines, superbases and n-oxide. In the course of experimental procedures, it 
was however observed that some of these molecules were not sufficiently 
hydrophobic, and their transfer to aqueous phase was taking place, hindering the 
proper assessment of their functionality.  

In order to overcome this limitation, a study applying the most interesting 
functional groups immobilized on silica beads was performed. This approach 
allowed identification of the most promising functionalities, which have 
subsequently been included in highly hydrophobic extractant molecules to be 
applied in a liquid-liquid extraction study.  

The extractant N,N-didodecylpyridin-4-amine (DDAP) exhibited better lactic 
acid distributions than the reference trioctylamine under all investigated 
conditions. The effect of the diluent was studied and showed that lower polarity 
of the diluent leads to significantly lower LA-extractant complex stability and 
lower distributions. This finding was applied in the recovery of lactic acid from 
the extract phase by diluting this phase in heptane and allowing for single stage 
back-extraction yields of up to 80%.  

Reactive liquid-liquid extraction of lactic acid with the N,N-didodecylpyridin-4-
amine (DDAP) extractant was studied in more detail in order to develop a 
single-stage extraction model. It was concluded that the interaction with lactic 
acid can take place through both amine groups present in the DDAP molecule, 
with the average overall stoichiometry of 1.2:1 (LA:DDAP). In coupled 
multistage extraction –back-extraction processes using  temperature swing with 
a maximum temperature at atmospheric pressure of T=373K,  a maximum 
concentration factor of 6.1 could be achieved. Pressurized recovery at 413 K 
allows for a concentration factor up to 16.7.  

The obtained results indicate that concentration in the stream leaving the back 
extraction column can be significantly increased. Nevertheless, since the 
objective is to obtain pure lactic acid, it is still required to evaporate water 
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remaining in the stream, which in this case still remains present in huge 
amounts. Therefore, it is interesting to examine, whether higher concentrations 
of acid in the wash stream can be obtained or if the acid can be recovered from 
the extract phase in a more direct way.   

8.2 Butane-1,4-diamine 

For butane-1,4-diamine a number of acidic extractants including 4-nonylphenol 
(NP), 3,4-bis((2-ethylhexyl)oxy)phenol, Versatic acid 1019, di-2-ethyl-hexyl-
phosphoric acid (D2EHPA) and di-nonyl-naphtalenesulfonic acid (DNNSA) 
were examined. Also, the effectiveness of Shiff-base forming compounds has 
been tested using 4-octylbenzaldehyde. 4-nonylphenol, DNNSA and 4-
octylbenzaldehyde were identified as the most effective extractants, all of them 
providing distribution ratios D > 100.  

In the case of DNNSA, heavy leaching of the extractant to the aqueous phase 
was observed and thus this molecule was excluded from the further 
investigations. For 4-nonylphenol and 4-octylbenzaldehyde no significant 
leaching was observed and these 2 molecules were further examined, including 
the influence of initial concentration of extractant, type of diluent and 
temperature. In both cases a dependency of extraction on temperature and type 
of diluent was observed. On this basis the temperature swing and anti-solvent 
approach were tested for the purpose of back-extracting BDA from extract 
phase. In the case of 4-octylbenzaldehyde neither of the methods provided 
recovery within the detection limit. For 4-nonylphenol, recoveries up to 90% in 
a single step were obtained. Hence, it was concluded that 4-nonylphenol is the 
most suitable compound included in the study for the recovery of BDA.   

Subsequently, a single stage extraction model has been developed in which the 
aqueous phase protonations of BDA and the complexation of BDA with NP 
were included. Because of the double functionality of BDA and the known 
oligomerization of NP, the stoichiometric coefficient between BDA and NP was 
one of the parameters that were investigated. After regressing the 
thermodynamic parameters (ΔH and ΔS) of the aqueous phase protonation 
equilibrium constants to experimental data, the  complexation constant and the 
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stoichiometry coefficient were regressed at three temperatures (298K, 310K and 
323K)using experimental data. The results showed that the stoichiometry 
between NP and BDA was hardly dependent on temperature and about 2.5:1.  
Due to the strongly increasing distribution coefficient at decreasing BDA 
concentrations in the raffinate, removal of 99% of BDA from aqueous solutions 
could be achieved in a single stage at S/F = 0.5 and for a countercurrent multi-
stage system at S/F=0.12. However, recovery of BDA from NP turned out to be 
challenging and in multistage extraction – back-extraction processing, a 
maximum concentration factor of 3.6 was achieved at an extraction temperature 
of 298K and a back-extraction temperature of 373K. Hence, similarly to the 
lactic acid case, also here the obtained wash stream is still rather diluted, and 
other possibilities for recovery of the solute from the extract stream should be 
investigated, one option being the already indicated use of an anti-solvent.  

8.3 Recommendations 

For both lactic acid and butane-1,4-diamine, extractants providing high 
distribution ratios have been identified. Further work that needs to be done 
towards implementation of in situ extaction to recover LA and BDA includes 
further improvement of the recovery from the extractants, because this was 
found to be the limiting element in the concentration of the solutes.  

The application of distillation for the recovery of the solute from the extract 
stream should be considered since in both cases there are sufficient differences 
between the boiling points of components present in the mixtures. To get the 
insight on the possibilities offered by distillation, the co-extraction of water in 
forward extraction step should be examined. This should be complemented with 
an investigation on the vapour-liquid equilibrium.  

Furthermore, experimental work performed at this stage was limited to 
extraction of the solute from aqueous streams where no additional compounds 
were present. Yet, the composition of fermentation broth is much more 
complex. Many of the compounds present in the solution display molecular 
similarity to the compound which is to be extracted and may affect the 
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extraction process. Therefore, it is recommended to study extractions with the 
selected extractants on real fermentation broths.  

Another point of attention when integrating liquid-liquid extraction with 
fermentative production is the toxicity of applied solvent to microorganisms. For 
processes, where the substance of interest is kept within the bacterial cell, 
sonification of the cells is required before the actual recovery, and thus the 
toxicity can be neglected. However, for the processes where the solute is 
released from the cells to the fermentation broth, a possibility of establishing 
continuous processes exists, and for such cases the toxicity of the developed 
solvents should be studied. Hence, in order to verify the feasibility of identified 
extractants for the in situ recovery of lactic acid and butane-1,4-diamine,, it is 
recommended to examine the influence of these molecules on the bacterial cells. 
Also, when designing the actual process, options for preventing contact of 
microbial cells with the solvent phase, may be developed.  

Finally, a calculation of the investment and operational costs (CAPEX and 
OPEX) should be performed, in order to enable an economical assessment of the 
in situ recovery approach. For the development of conceptual process, 
established single-stage extraction models should be extended with the effect of 
anti-solvent approach and resulting extractant concentration. 
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