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Abstract 

Residual process brines with high sodium chloride loads, generated during industrial 

production processes, can serve as valuable raw material, e.g. for membrane cell chlor-alkali 

electrolysis processes. However, residual process brines frequently contain organic or 

inorganic contamination, which often leads to challenges connected to their disposal or 

recycling. To utilize residual brines in chlor-alkali electrolysis, however, low levels of organic 

carbon (TOC: 1-10 ppm), nitrogen, and various ions are required to ensure an efficient process. 

Available physical and electrochemical approaches for the reduction of organic impurities in 

process brines, like sorption or oxidation, often come along with high energy consumption and 

operational expenditures, due to extended costs of chemicals and/or catalysts.  

Therefore, the goal of this thesis was to provide an industrial mature bioprocess for the 

reduction of organic impurities in an industrial residual process brine. The potential of a 

biotechnological approach should be demonstrated to be integrated into chemical production 

chains. To do so, a continuous bioprocess using halophilic microorganisms should be 

characterized and optimized operating conditions should be provided. The industrial process 

brine used during this work was derived from the industrial production of 4,4’-

methylenedianiline (MDA) and contained formate, aniline, phenol, and 4,4’-methylenedianiline 

as organic impurities. 

To demonstrate an industrial mature bioprocess, a 1L-lab-scale bioreactor system was 

transferred to a 20-liter scale and implemented at an industrial production site. Continuous 

operation for >200 days showed robustness, efficiency, long-term feasibility, and stability of 

the biological treatment system. During unsterile pilot operation at the industrial site, the 

original halophilic archaeal culture was replaced by a halophilic mixed culture consisting of 

three bacterial genera (Halomonas sp., Aliifodinibius sp. and Oceanobacillus sp.), which 

showed excellent degradation properties for the organic contaminants. To increase the 

acceptance in the chemical industry to integrate bioprocesses, reliable analytical tools for 

process monitoring are required. Therefore, an integrated, non-invasive, and online biomass 

estimation was furthermore developed and successfully established, to serve as a control input 

for a feed-forward biomass control strategy. Moreover, a reliable HPLC method for the 

quantification of aromatic impurities in residual process brine feed and bioreactor samples was 

established. In that way, separation of peaks from bioreactor samples and aromatic target 

molecules according to the retention time was achieved, which enables a correct interpretation 

of the chromatograms. Also, the integration of a bioprocess into an industrial production chain 

requires a cost-efficient operation with minimal nutrient supplementation and optimized 

process control. Therefore, critical process parameters (specific glycerol uptake rate, 
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ammonium to glycerol yield, aniline feed concentration) for the degradation of organic 

impurities were identified, and optimized operating conditions for an efficient process were 

proposed. 

All achievements were accomplished by the combined use of innovative process analytical 

tools as well as an intelligent and intensified process design. For the first time, long-term 

integration of a pilot-scale bioprocess treating MDA residual process brine into an industrial 

environment was successfully shown. Moreover, the potential to exploit natural microbial 

diversity for industrial purposes was underlined and a robust microbial system was found which 

could be operated during prolonged cultivation times, unsterile conditions, and changing 

residual process brine compositions. Finally, statistical experimental planning and evaluation 

enabled the definition and proposal of a cost-effective process operation space, ready for the 

transition into an industrial scale. Consequently, the work showed the successful integration 

of extremophilic bioprocesses into chemical production chains. In contrast to electro-chemical 

and physical approaches, the presented bioprocess solution offers a sustainable alternative 

for integration into industrial production chains with high degradation efficiencies. Future 

investigations could scope the potential of the novel halophilic mixed culture for treating 

different residual process brines. Moreover, the technology transfer to the production scale 

would be the final step of the process development. 
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Zusammenfassung 

Prozessabwässer mit hohen Kochsalzkonzentrationen (Natriumchlorid) fallen bei vielen 

industriellen Produktionsprozessen an. Oft sind solche Prozessabwässer mit organischen und 

anorganischen Verunreinigungen kontaminiert, die häufig zu Problemen bei der Entsorgung 

oder dem Recycling der Abwässer führen. Auf der anderen Seite können solche 

Prozessabwässer aber auch einen wertvollen Rohstoff darstellen. So kann salzhaltiges 

Prozessabwasser zum Beispiel für die industrielle Erzeugung von Chlorgas oder 

Natriumhydroxid verwendet werden. Für einen solchen Chlor-alkali-Elektrolyseprozess wird 

meist das Membranzellverfahren eingesetzt. Bei diesem Prozess bestehen allerdings hohe 

Anforderungen an die Reinheit der verwendeten Sole. Um einen effizienten und sicheren 

Elektrolyseprozess gewährleisten zu können, sollten deswegen bestimmte Konzentrationen 

von organischem Kohlenstoff (TOC: 1-10 ppm), Stickstoff und anderen Ionen in der Sole nicht 

überschritten werden. Verfügbare elektrochemische und physikalische Ansätze zur 

Reduzierung organischer Verunreinigungen in Prozessabwässern sind oft mit einem hohen 

Betriebsaufwand und einem hohen Energieverbrauch verbunden.  

Deshalb war das Ziel dieser Arbeit, einen biotechnologischen Reinigungsprozess für 

industrielles Prozessabwasser mit hohem Salzgehalt zu entwickeln und die Implementierung 

in einen industriellen Kontext zu demonstrieren. Das Prozessabwasser, welches in dieser 

Arbeit verwendet wurde, fällt bei der industriellen Herstellung von 4,4'-Methylendianilin an und 

enthält neben Formiat auch die aromatischen Verbindungen Anilin, Phenol und 4,4'-

Methylendianilin.  

Die vorliegende Arbeit hatte das Ziel einen kontinuierlich betriebenen Bioprozess für den 

Abbau organischer Verunreinigungen in einem industriellen Prozessabwasser zu entwickeln 

und zu charakterisieren, um diesen letztendlich in einen industriellen Prozesskreislauf zu 

integrieren. Um dieses Ziel zu erreichen wurde ein Bioprozess mit einem membran-basierten 

Zellrückhaltungssystem etabliert und eine Feed-Forward Kontrollstrategie für die Einstellung 

gewünschter Biomassekonzentrationen entwickelt. Für eine verbesserte Prozesskontrolle, 

wurde zudem eine nicht-invasive Echtzeit-Biomasseschätzung entwickelt und integriert. Dafür 

wurden Informationen aus Substratkonzentrationen im Feed und Konzentrationen von CO2 

und O2 im Abgas verwendet. 

Um einen industriell ausgereiften Bioprozess zu demonstrieren, wurde ein 1L-

Bioreaktorsystem im Labormaßstab in einen 20-Liter Pilotmaßstab überführt und an einem 

industriellen Produktionsstandort implementiert. In einem Betrieb von mehr als 200 Tage 
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konnte die Robustheit, Effizienz, und Langzeitstabilität des biologischen 

Aufreinigungsprozesses gezeigt werden. 

Während des Langzeitversuches wurde schließlich eine halophile Mischkultur, welche drei 

verschiedenen bakteriellen Gattungen (Halomonas sp., Aliifodinibius sp. und Oceanobacillus 

sp.) aufwies, entdeckt. Diese Mischkultur verdrängte die ursprüngliche Vorkultur aus dem 

extrem-halophilen Archaeon Haloferax mediterranei. Diese neue halophile Mischkultur zeigte 

sehr gute Wachstumseigenschaften im Prozessabwasser sowie Abbauleistung der 

vorhandenen organischen Verunreinigung. 

Für die Integration eines Bioprozesses in eine industrielle Produktionskette sollte ein möglichst 

kosteneffizienter Betrieb mit minimaler Nährstoffzugabe umgesetzt werden. Daher wurden 

kritische Prozessparameter (spezifische Glycerinaufnahmerate, Ammonium-zu-Glycerin-

Aufnahme, Anilinfeedkonzentration) für den Abbau organischer Verunreinigungen identifiziert 

und anschließend optimierte Betriebsbedingungen für einen effizienten Prozess untersucht 

und vorgeschlagen. Möglich wurde dies durch den kombinierten Einsatz innovativer 

prozessanalytischer Methoden sowie durch eine intelligente und intensivierte 

Prozessabwicklung.  
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1 Introduction 

 

1.1 Background 
 

1.1.1 Industrial residual process brines as a raw material 
 

In various industrial sectors, such as the petroleum industry, tannery, and textile industry, or 

during polyurethane and polycarbonate production, effluents with high salt content (>5% NaCl) 

are generated (Castillo-Carvajal et al., 2014; Le Borgne et al., 2008; Mainka et al., 2021; 

Muddemann et al., 2018; Silva et al., 2009). The share of saline residual process brines (RPB) 

is estimated to be 5% of worldwide generated wastewater and is likely to increase in the future 

(Le Borgne et al., 2008). Hence, the question arises of how to deal with industrial residual 

process brines, as they frequently contain hazardous organic or inorganic contamination, 

which often leads to challenges when disposed of or recycled (Mavukkandy et al., 2019; 

Moussa et al., 2006; Woolard & Irvine, 1995). Hence, reuse (or recycling) of RPB would not 

only relieve the natural water system from hazardous and saline waste streams but also saves 

cost in generating raw materials (like NaCl) and reduces water consumption (Blöcher et al., 

2019). One possibility for the reuse of RPB for industrial purposes is the production of chlorine 

gas or caustic soda (NaOH) in the chlor-alkali industry, using the RPB as a raw material (Casas 

et al., 2012; Reig et al., 2014). The main applications for chlorine are the production of 

polyvinylchloride (PVC), isocyanate, and oxygenate, whereas caustic soda is mainly used for 

the production of organics (Euro Chlor, 2021). In 2020, membrane-based processes were the 

dominant technology for chlor-alkali electrolysis (CAE) processes. The installed capacity of 

membrane cell CAE processes accounted for 85% of the total capacity. Compared to other 

CAE processes (like mercury or diaphragm cells), membrane processes are seen as 

advantageous due to their reduced energy consumption, the production of high-quality caustic 

soda, and the avoidance of harmful chemicals during the process (Crook & Mousavi, 2016; 

Schmittinger et al., 2011). In a membrane cell CAE process, brine is fed to the anode 

compartment, which is separated from the cathode compartment by a cation-exchange 

membrane. Inside the membrane cell, three main reactions take place resulting in the 

production of chlorine and hydrogen gas, and a liquid sodium hydroxide solution (Crook & 

Mousavi, 2016; Schmittinger et al., 2011). On the cathode side chlorine is formed: 2 𝐶𝑙− → 𝐶𝑙2 + 2 𝑒− (1) 
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From the anode compartment, hydrated sodium ions pass the membrane to the cathode side, 

where hydrogen and hydroxyl ions are formed (Equation 2). The latter react with sodium ions 

to form sodium hydroxide (Equation 3): 2 𝐻2𝑂 + 2 𝑒− → 𝐻2 + 2 𝑂𝐻− (2) 𝑁𝑎+ + 𝑂𝐻− ↔ 𝑁𝑎𝑂𝐻 (3) 

During the membrane cell CAE processes, harsh conditions (chlorine gas exposure, high salt 

loads in the anolyte, 90 °C reaction temperature, >30% NaOH solution) are applied to the 

membrane. To withstand such harsh conditions, perfluoro polymers are used as membrane 

materials, which are layered with sulfonate groups (-SO3
-) on the anode side and carboxylate 

(-COO-) groups on the cathode side (Schmittinger et al., 2011). The performance of the 

membrane cell mostly depends on four factors: i) concentration of anolyte/catholyte, ii) current 

density, iii) temperature, and iv) brine impurities (Schmittinger et al., 2011).  

In brines, especially solid materials should be avoided, as they can damage the membrane 

materials. Thus, high concentrations of ions like magnesium and calcium have to be avoided 

in brines used in membrane cell CAE (Brinkmann et al., 2014; Schmittinger et al., 2011). 

Moreover, if nitrogen compounds are present in the membrane cells, explosive nitrogen 

trichloride (NCl3) can be formed, thus nitrogen levels in brines have to be low (Brinkmann et 

al., 2014). Furthermore, organic impurities might lead to foaming and cause voltage increases, 

resulting in an inefficient process (Brinkmann et al., 2014; Casas et al., 2012; Keating & 

Behling, 1990; Schmittinger et al., 2011).  

Thus, a pre-treatment of contaminated RPB before the membrane-based chlor-alkali process 

step is necessary. Physical and electro-chemical methods like sorption or oxidation can be 

used for brine treatment. However, reservations can arise due to extended costs of chemicals 

and/or catalysts, low organic removal efficiencies, or inappropriate handling of large brine 

streams (Bulan et al., 2019; Li et al., 2019b; Turkay et al., 2017; Zhou et al., 2011). Hence, 

biological systems are considered an economically more attractive alternative for residual 

process brine treatment (Bonfá et al., 2013; Jin et al., 2012; Le Borgne et al., 2008). In such a 

biological treatment strategy, microorganisms are used in a bioprocess unit operation to 

degrade the impurities present in the RPB (Figure 1) (Cao et al., 2016; Heckroth et al., 2019; 

Mainka et al., 2021; Tan et al., 2019).  

After a biological pre-treatment step in which organic compounds should be removed, the brine 

has to be purified in further unit operations before potential reuse in industrial production 

processes. During the first purification step, especially magnesium and calcium ions should be 
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removed, as these ions can form large crystals near the cathode side, which leads to 

mechanical disruption of the membrane (Brinkmann et al., 2014; Schmittinger et al., 2011). 

Thus, magnesium and calcium are precipitated using sodium carbonate and sodium hydroxide 

before the CAE. In that way, calcium carbonate and magnesium hydroxide are formed 

(Brinkmann et al., 2014). Also, other ions and metals are precipitated by adding different 

precipitation salts. After precipitation, the solid particles are removed by either sedimentation, 

filtration, or a combined approach of both methods (Brinkmann et al., 2014). Nevertheless, for 

the membrane cell CAE process, brines have to be purified to a further extent. Thus, 

subsequential purification steps are applied to reduce magnesium and calcium levels. To do 

so, a polishing filtration step is applied to remove all solids sufficiently, in order to protect the 

resin used in the following ion-exchange chromatography step. The ion exchange is necessary 

to reduce magnesium and calcium levels below 20 ppb and achieve low current densities (<4 

kA m-²) (Brinkmann et al., 2014; Schmittinger et al., 2011).  

 

Figure 1. Schematic overview of a potential recycling strategy for industrial residual brine. From 

a production process, the residual process brine with a high organic load is transferred and treated in 

an integrated bioprocess using halophilic microorganisms. The treated brine with a low organic content 

can then be used in a chlor-alkali electrolysis step to produce H2, Cl2, and NaOH, which serve as raw 

materials for other industrial production steps (Bergner, 1982; Euro Chlor, 2021; Lakshmanan & 

Murugesan, 2014; Mainka et al., 2019; Schmittinger et al., 2011). 
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1.1.2 Residual process brine from polyurethane production 
 

Polyurethanes (PU) are important polymers for the production of plastics, with a share of 7% 

in 2011 and 9% in 2016 among all plastic polymers in the European market (Kreye et al., 2013; 

Palm & Myrin, 2018). The main application forms of PU are soft or rigid foams (Gama et al., 

2018). The industrial production of PU comprises the polyaddition reaction of a diisocyanate 

with a diol, in the presence of a tertiary amine, mostly triethylenediamine (TEDA) (Boros et al., 

2018; Kreye et al., 2013). The most frequently used diisocyanate during PU production is 

methylene diphenyl diisocyanate (MDI), with a demand share of 61.3% (compared to 34.1% 

of toluene diisocyanate (TDI)) (Kreye et al., 2013; Schupp et al., 2018). The precursor of MDI 

is methylenedianiline (MDA), which is derived from the condensation reaction of aniline and 

formaldehyde (Figure 2A). Among the condensation products, 4,4’-methylenedianiline (4,4’-

MDA) is the most abundant isomer (90-95%), compared to 2,4’-MDA (2-5%) and 2,2’-MDA 

(>1%) (Schupp et al., 2018). During the condensation reaction, an acid catalyst is used (mostly 

hydrochloride acid (HCl)). Thus, after the reaction, the mixture is neutralized using a base 

(mostly sodium hydroxide), and the organic phase containing the product (MDA) is separated 

from the aqueous phase by extraction and distillation steps (Bulan et al., 2019; Merenov et al., 

2015; Thornton, 1968). Thus, the residual process brine derived from MDA production 

comprises an aqueous, alkaline (pH up to 13) solution containing sodium and chloride ions, 

residuals of the formate, and traces (c < 20 mg L-1) of the aromatic compounds aniline and 

4,4’-MDA (Figure 2A+C) (Heuser et al., 2005). In addition, also phenol (c < 20 mg L-1) is 

frequently present in MDA residual process brine, as a residual from aniline production (Figure 

2B) (Pohl et al., 2009). As organic impurities, formate and aromatic compounds should be 

removed if RPB from MDA production is used as raw material in a membrane cell CAE 

process. Moreover, the treatment of RPB comprising aniline and 4,4’-MDA is of interest when 

it should be disposed of, as both molecules were reported to potentially be carcinogenic 

(Bomhard & Herbold, 2005; McQueen & Williams, 1990; Schütze et al., 1995; Ward et al., 

1991). Conventional treatment methods of RPB derived from MDA production are stripping out 

organic compounds by using steam and subsequent treatment with activated carbon (Bulan et 

al., 2019). However, activated carbon has a limited absorbance capacity and has to be 

renewed in intervals, resulting in high material costs. Also, ozonation can be used for the 

reduction of organic content in RPB is known. However, the generation of ozone (O3) is energy-

intensive, and the use of oxygen is costly (Bulan et al., 2019). In an electrolysis process using 

Boron-doped diamond anodes, the TOC levels of an MDA-derived RPB could be decreased 

with an efficiency of 95% (Muddemann et al., 2018). Although MDA and formate could be 
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reduced with an efficiency of >90%, aniline and phenol concentrations were only reduced with 

an efficiency of 73.1 and 74.9%, respectively. 

 

Figure 2. (A) Condensation reaction of aniline and formaldehyde to 4,4’-methylenedianline (Schupp et al., 2018). 

(B) Structure of phenol. (C) Structure of formic acid. 

 

1.1.3 Halophilic microorganisms  
 

For the biological treatment of saline RPB, the use of halophilic microorganisms is necessary, 

due to increased sodium chloride concentrations. Halophilic microorganisms are classified into 

four different groups, according to their level of salt tolerance: halotolerant, slight, moderate, 

and extreme halophilic microorganisms (Amoozegar et al., 2017). Halotolerant 

microorganisms are able to grow in saline environments but do not necessarily require high 

salt concentrations (Zhuang et al., 2010). In contrast, true halophiles are classified as slight 

(1–3% NaCl), moderate (3–15% NaCl), and extreme halophiles (15–30% NaCl) according to 

the salt concentration they require for growth (Fofonoff, 1985; Oren, 2002; Oren, 2008; Zhuang 

et al., 2010).  

Generally, there are two different strategies for balancing osmotic pressure in high-salt 

environments, which are the salt-in and the compatible solute strategy (Amoozegar et al., 
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2017; Gunde-Cimerman et al., 2018; Mainka et al., 2021; Oren, 2002; Oren, 2006; Oren, 

2008). In the taxonomic group of halophilic archaea, the use of the salt-in strategy is 

widespread. Microorganisms using the salt-in strategy are accumulating inorganic ions (K+ and 

Cl−) intracellularly, in order to provide an osmotic balance (Margesin & Schinner, 2001; Oren, 

2002; Oren, 2008). To do so, potassium ions can either be transported passively or actively 

into the cells. As the intracellular accumulation of negatively charged chloride ions would be 

repressed by the inside-negative membrane potential, an energy-dependent mechanism is 

required (Gunde-Cimerman et al., 2018; Oren, 1999). 

In contrast, mostly halophilic bacteria produce or accumulate so-called compatible solutes. 

This group contains organic substances which are osmotically active and highly water-soluble. 

Prominent representatives of these molecules are glycerol or ectoine. Additionally, compatible 

solutes are reported to have stabilizing effects on DNA, enzymes, and whole cells against 

stress factors such as freezing, drying, and heating (Oren, 2002; Oren, 2006; Oren, 2008; 

Roberts, 2005; Shivanand & Mugeraya, 2011). Microorganisms accumulating compatible 

solutes, usually have high adaptability to changes in the extracellular salinity, compared to 

microorganisms using the salt-in strategy. In general, the accumulation of compatible solutes 

strategy is widespread among halophilic microorganisms, although it requires more energy 

than the intracellular accumulation of ions, because organic solutes have to be synthesized de 

novo (Gunde-Cimerman et al., 2018; Mainka et al., 2021; Oren, 2002). 

Extremophilic microorganisms, like halophiles, offer a huge potential for industrial, medical, or 

cosmetical applications. They are a suitable source for producing highly valuable biomolecules 

like polyhydroxyalkanoates (PHA), pigments/carotenoids, or enzymes (Amoozegar et al., 

2017; Corral et al., 2019; DasSarma et al., 2009; Delgado-García et al., 2018; Haque et al., 

2020; Mitra et al., 2020). Moreover, extremophilic enzymes are very interesting for industrial 

purposes, as they are adapted to harsh conditions like low water activities, high or low pH, and 

high or low temperatures (Amoozegar et al., 2017; Delgado-García et al., 2018). For instance, 

a haloarchaeal alcohol dehydrogenase was reported to be stable in organic solvents (Alsafadi 

& Paradisi, 2013; Haque et al., 2020; Timpson et al., 2013). 

 

1.1.4 Suitable bioprocess operation for integration into industrial 
process chains 

 

To solve the problem of treating industrial residual brine with halophilic microorganisms and 

effectively degrade the organic contaminants, a suitable bioprocess is crucial. This bioprocess 
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should be designed in a way, that it should meet the requirements for implementation in an 

industrial environment. As during industrial production, residual process brines are generated 

in high volumes, and the bioprocess operation mode has to be chosen accurately. Out of the 

three typical operation modes (batch, fed-batch, and continuous), the continuous operation 

mode is seen as the most suitable for industrial integration, as it combines several advantages. 

For biological wastewater treatment processes, also sequencing batch reactors are frequently 

used, which work by sequential repetition of four phases (Amin et al., 2014; Deive et al., 2012; 

Golshan et al., 2019; Jiang et al., 2016b; Jiang et al., 2016c; Kayranli & Ugurlu, 2011; Martín-

Hernández et al., 2009; Woolard & Irvine, 1995):  

i) filling of the inoculated bioreactor with wastewater, ii) reaction and aeration time, iii) 

settlement phase where the cells sink to the bottom, and iv) removal of effluent with a specific 

volumetric exchange ratio.  

However, the sequencing operation mode is also the major drawback of SBR, as high liquid 

throughputs of RPB require high reactor volumes. Thus, for treating industrial RPB, a 

continuous operation mode allows the application of higher volumetric rates. Additionally, as 

lower bioreactor volumes are necessary, higher space-time yields can be reached and lower 

energy inputs are needed (Konstantinov & Cooney, 2015; Schofield, 2018). A continuous 

operation mode moreover reduces potential cleaning times, compared to discrete batch or fed-

batch processes (Croughan et al., 2015; Konstantinov & Cooney, 2015; Schofield, 2018; Vees 

et al., 2020; Zydney, 2015). 

Potential drawbacks of continuous bioprocesses arise from higher technical requirements and 

complexities, as well as from a higher risk of contamination, due to a prolonged process time 

(Zydney, 2015). The latter problem can be overcome by the use of halophilic organisms which 

are adapted to the process conditions in saline RPB. However, cross-contamination might 

occur with other halophilic strains, which are also able to grow in the specific RPB.  

During this work, a continuous bioprocess was used and extended with a membrane-based 

cell retention system. The general principle of a retentostat cultivation process is explained as 

follows (see Figure 3): a feed flow FF is applied to the bioreactor which contains the growth 

medium with one or more substrates. Through an external loop line, cell broth from the 

bioreactor is circulated over a hollow-fiber membrane. A cell-free harvest flow FH is withdrawn 

from the permeate side of the membrane. A smaller, cell containing bleed flow FB is removed 

directly from the loop or the bioreactor. The system can be described by the liquid dilution rate 

D and the retention rate R with Equations 4 and 5, respectively: 
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𝐷 = 𝐹𝐹 𝑉𝑅⁄  (4) 

𝑅 = 𝐹𝐻 𝑉𝐹⁄  (5) 

Such a bioprocess system increases the potential throughput of RPB, as the specific growth 

rate µ of the microorganisms is decoupled from the liquid dilution rate D by the retention rate 

(or recycle ratio) R (Doran, 1995; Heckroth et al., 2019; Lorantfy et al., 2014a; Mainka et al., 

2019): 𝜇 = (1 − 𝑅) ∗ 𝐷 (6) 

Thus, by applying high retention rates R, a lower substrate use is sufficient for maintaining the 

same biomass concentration as in chemostat cultivation. The addition of a co-substrate, which 

enables and/or enhances the growth of the used microorganisms depends on several factors. 

As the organic impurities can also serve as the sole carbon source for the microorganisms, the 

concentrations and the biomass formation yields have to be high enough to provide sufficient 

biomass concentrations during the process. 

FF

FBase

VR

FH

FBFL

R = FH/FF

D = FF/VR

 

Figure 3. Scheme of the cell retention setup. A constant feed (FF) supplies the cells with fresh substrate and 
media components. Base (FBase) is added to hold the pH at a constant level. A pump continuously circulates the 
cell suspension as loop flow (FL) through the membrane module to separate cell-free harvest (FH). Bleed flow (FB) 
is continuously removed to eliminate cells and sustain steady-state conditions. To guarantee a constant reactor 
volume (VR) flow for Feed, Base, Harvest and Bleed have to meet the following equation: FF + FBase = FH + FB. 
Biomass is monitored using a turbidity probe and a soft sensor that is driven by measurements of off-gas 
composition (Mainka et al., 2019). 
 

If concentrations of organic impurities are low or only a small part is incorporated to form 

biomass, an additional growth substrate has to be introduced in the bioprocess. As the 

supplement of a co-substrate is an additional cost factor, a sustainable substrate and an 

optimized feed strategy are crucial for the industrial integration of a treatment bioprocess. 
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Glycerol, acetate, and/or succinate could serve as sustainable co-substrates in a biological 

treatment process, as their production can be ensured by sustainable raw materials (Bucheli-

Witschel et al., 2009; Khan et al., 2011; Luthfi et al., 2017; Mainka et al., 2022; Mainka et al., 

2019; Novak & Pflügl, 2018; Pflügl et al., 2014; Rasool et al., 2015; Rüegg et al., 2007; 

Russmayer et al., 2019; Shan et al., 2009; Tan et al., 2016). Also, the feeding strategy of the 

co-substrate is important, as it was reported in retentostat cultures, that cells are prone to co-

utilize substrates which are not co-utilized during carbon excess conditions, including organic 

compounds like benzoate (Marozava et al., 2014). 

Moreover, the use of cell retention systems can prevent cell washout, compared to 

conventional CSTR processes, which might accelerate the adaptation of microbial systems to 

changes in wastewater compositions (Jang et al., 2013). Besides a membrane-based cell 

retention systems, also (i) the immobilization of cells magnetically inside the bioreactor (Jiang 

et al., 2016a; Wang et al., 2007a), (ii) biofilm cultivations (Gebara, 1999; Qureshi et al., 2004), 

or (iii) acoustic retention using ultrasound (Chisti, 2003; Gorenflo et al., 2002) are suitable 

technologies. However, in municipal and industrial wastewater treatment processes, 

membrane-based approaches are widely used (Henze et al., 2008; Marrot et al., 2004; Neoh 

et al., 2016; Santos et al., 2011). Thus, the application of membrane-based bioprocesses is 

widely accepted in the industry. 

In addition to the process operation mode, the industrial integration of a biological treatment 

process also requires a suitable bioreactor design, which enables not only efficient degradation 

of impurities but also allows a cost-effective operation. In biotechnology, the most abundant 

bioreactor design is a stirred tank reactor (STR), where the cell suspension is mixed inside the 

reactor vessel mechanically. Continuous stirred tank reactors (CSTR) were shown to be 

suitable for the treatment of industrial residual process waters and brines (Gargouri et al., 2011; 

Papadimitriou et al., 2009). In contrast, bubble column reactor (BCR), the mixing of the liquid 

and gaseous phase is provided without mechanical stirring but by the sparging of the gas 

(Rollbusch et al., 2015; Sánchez Pérez et al., 2006). However, volumetric energy inputs are 

lower in BCR compared to STR, when the same oxygen transfer rates (OTR) should be 

reached (Mahler et al., 2018). Therefore, as BCR requires lower energy input compared to 

STR, operational expenditures can be lowered. In addition, BCRs are widely used in the 

chemical industry (Rollbusch et al., 2015). Thus, the acceptance of the chemical industry 

towards the integration of bioprocess unit operations into chemical production chains can be 

improved when BCRs are used. The feasibility of using a BCR with a membrane-based cell 

retention unit for the treatment of MDA residual process brine has been shown previously 

(Figure 4) (Mahler et al., 2018). During this study, a 21 L BCR (15 L working volume) was 
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operated continuously for 35 hours. Therefore, the presented BCR depicts a promising pilot-

scale model for the implementation of an RPB treatment bioprocess in an industrial context. 

 

Figure 4. Schematic diagram of the BCR: (1) Pressure resistant bubble column vessel, (2) continuously 

circulating loop driven by a diaphragm pump, and (3) microfiltration unit for cell retention. Probes are indicated in 

italic, and continuous fluid flows are indicated in bold (Mahler et al., 2018). 

 

1.1.5 Halophiles for the treatment of industrial residual process brine 
 

For the treatment of process brines, a suitable halophilic microbial system has to be selected 

according to (1) the corresponding sodium chloride concentration in the brine, and (2) the 

present organic impurities to enable efficient degradation. Moreover, a suitable microbial 

system should be robust against changes in brine composition and/or salinities, which might 

occur in industrial RPB.  

Various halophilic microorganisms have been reported to be able to degrade organic 

substances in process brines (Castillo-Carvajal et al., 2014; Fathepure, 2014; Le Borgne et al., 

2008). As mentioned above, the industrial residual process brine used during this study 

contained four organic impurities: formate, aniline, phenol, and 4,4’-methylenedianiline. The 

main organic impurity, formate, is usually oxidized to CO2 via enzymes, which are classified 

into two different groups (Niks & Hille, 2019). The first group consists of metal-independent, 



  Introduction 

 

 

  11 

but NAD+-dependent formate dehydrogenases, which oxidize formate according to Equation 7 

(Alpdağtaş et al., 2021; Tishkov & Popov, 2006): 𝐻𝐶𝑂𝑂𝐻 +  𝑁𝐴𝐷+ ↔ 𝐶𝑂2 + 𝑁𝐴𝐷𝐻  (7) 

The second group are metal-containing formate hydrogen lyases, which have molybdenum or 

tungsten containing components (Equation 8)  (Maia et al., 2017; Niks & Hille, 2019; Yu et al., 

2017):  𝐻𝐶𝑂𝑂𝐻 ↔ 𝐶𝑂2 + 𝐻+ + 2𝑒−  (8) 

Among halophiles, the halophilic bacterium Halomonas sp. MA-C was reported to degrade 

formate. However, only less than 5% of formate was incorporated into biomass, as shown by 

experiments using 14C-labeled formate (Azachi et al., 1995; Heckroth et al., 2018b; Oren et al., 

1992). 

The degradation of aromatic compounds, like aniline or phenol, has frequently been studied 

for halophilic microorganisms (Arora, 2015; Bonete et al., 2015; Castillo-Carvajal et al., 2014; 

Fuchs et al., 2011; Krzmarzick et al., 2018; Li et al., 2019a; Nogales et al., 2017). For the 

aerobic and anaerobic degradation of small aromatic compounds, several pathways and the 

involved enzymes were described (Arora, 2015; Corti Monzon et al., 2018; Fuchs et al., 2011). 

For the aerobic degradation of small aromatics like aniline or phenol, two main pathways, the 

meta- and the ortho-cleavage pathway, exist (Figure 5). Both pathways start with an initial 

hydroxylation reaction, which leads to the formation of the intermediate catechol. While during 

the meta-cleavage pathway, 2-hydroxy muconic semialdehyde is formed as the next 

intermediate, during the ortho-cleavage pathway, muconic acid is formed. Ultimately, the 

intermediates of both pathways are incorporated into the TCA cycle (Corti Monzon et al., 2018; 

Fuchs et al., 2011; Li et al., 2019a). Halophilic microorganisms which are able to degrade 

aromatic compounds are mostly found in seawater, salt lakes, or soils, contaminated with 

industrial waste (Dehvari et al., 2020; Díaz et al., 2002; Feng et al., 2018; Lofthus et al., 2018; 

Tan et al., 2017b; Wang et al., 2007b). Thus, industrial sites were shown to be excellent places 

to exploit microbial diversity in the context of a residual process brine treatment. 

Although the degradation of aromatic compounds present in industrial RPB was reported for 

various halophilic microorganisms, bioprocesses using real industrial process brines are 

scarce. Mostly synthetic brines are used in academic studies and organic impurities are added 

manually (Heckroth et al., 2018a; Praveen & Loh, 2016; Tan et al., 2017a; Wang et al., 2017). 

The slightly halophilic strain Oceanomonas sp. was reported to degrade phenol in saline 

wastewater (0-6.5% NaCl) (Tan et al., 2017a). The degradation process was carried out in a 
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cell retention system by immobilizing Oceanomonas cells to a polypropylene fiber in a 10L 

bioreactor. For the extremely halophilic archaeon H. mediterranei, continuous bioreactor 

cultivations showed the capability of degrading organic content from an MDA residual process 

brine (Heckroth et al., 2019; Mahler et al., 2018). Thus, H. mediterranei depicts a promising 

microbial system for the degradation of organic impurities in industrial RPB containing aromatic 

compounds.  

In addition, also the use of halophilic mixed cultures offers a high potential for the treatment of 

RPB, as the chance of accumulating highly adapted species, which are able to degrade the 

occurring impurities, is improved (Mainka et al., 2021). For instance, an activated sludge 

consisting of three halophilic bacterial genera (Oceanomonas sp., Arthrobacter sp., Vibrio sp.) 

was reported to degrade phenol in a synthetic wastewater (Tan et al., 2017b).  

However, so far, most bioprocess studies for the treatment of RPB using halophilic 

microorganisms lack investigations regarding the feasibility of integration into an industrial 

scope, like long-term studies, monitoring, and control strategies, or definition of cost-effective 

and optimized operating conditions.  

 

Figure 5. Aerobic pathway of phenolic degradation (meta- and ortho-cleavage) (Li et al., 2019a; Mainka et 

al., 2021). 

  



  Introduction 

 

 

  13 

1.2 Aim and structure of this thesis 
 

This thesis aimed the development and characterization, of an industrial mature biological 

treatment process for the efficient reduction of organic impurities, present in an industrial 

residual process brine (RPB), by using halophilic microorganisms. To that end, the treated 

RPB, which is derived from the chemical production of 4,4’-methylenedianiline (MDA), should 

serve as a raw material for a membrane cell CAE process. However, brines used in membrane 

cell chlor-alkali electrolysis processes require a low organic content (TOC: 1-10 ppm). This 

thesis aims, therefore, (i) to propose a bioprocess, which is capable of degrading the organic 

impurities (formate, aniline, phenol, and MDA) in an industrial scope and (ii) to provide process 

operating conditions suitable for the implementation in an industrial production chain. 

Furthermore, (iii) reliable analytical tools to monitor, control and evaluate the bioprocess should 

be established.  

Acceptance criteria for achieving these goals were, that (i) a robust microbial system, which 

achieves constantly high degradation efficiencies over a prolonged cultivation time under 

unsterile and changing environmental conditions, is provided, (ii) cost-efficient and optimized 

operating conditions by achieving nutrient-limitations for essential growth elements (C, N, and 

P) are applied while maintaining high degradation efficiencies, (iii) organic target molecules in 

RPB feed and bioreactor samples can be qualified and quantified reliably, and (iv) that specific 

growth rates and yields for halophiles can be estimated online and be used for a biomass 

monitoring and control strategy. Thus, this thesis is structured into four parts, which deal with 

individual steps of the process development for an industrial mature, biological treatment 

process to reduce organic content in a residual process brine (Figure 6).  

The first part (chapter 2.1) of this work aimed at the implementation and long-term operation 

of a pilot-scale biological treatment process in an industrial environment. To do so, an 

established pilot-scale bioreactor system was put into operation at an industrial production site 

and was continuously operated for more than six months. During this work, the process 

robustness under real industrial conditions with changing RPB compositions was investigated. 

Therefore, the question should be answered if:  

 

a stable and robust bioprocess be integrated into an industrial residual process brine 

production plant and be operated under changing raw material conditions for a 

prolonged cultivation time?  
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The experiments performed in the pilot-scale bioreactor at the industrial production site led to 

the discovery of a halophilic culture, which replaced the original inoculum culture of H. 

mediterranei. Therefore, this chapter also focuses on the identification of the found halophilic 

mixed culture as well as their process performance in a continuous RPB treatment process 

(Mainka et al., 2022). 

 

Figure 6. Structure of the thesis. 

 

During the second part of this work (chapter 2.2), a reliable offline qualification and 

quantification approach of aromatic impurities in RPB feed and bioreactor samples should be 

developed, which is essential to evaluate the degradation efficiency of the proposed biological 

treatment process. Therefore, the following questions should be answered during this study:  

How can peaks from bioreactor samples be distinguished from target molecules with 

similar retention times? 

How can an HPLC method be improved to achieve reliable separation and identification 

of peaks occurring in bioreactor samples and the aromatic target molecules?  

The developed method is able to robustly measure and distinguish aromatic impurities of the 

RPB feed from other peaks in bioreactor samples, based on efficient peak separation and 

identification tools. 
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The third part (chapter 2.3) aimed the development of an online, non-invasive biomass 

monitoring and control strategy for the cultivation of halophilic microorganisms. During this 

study, the following questions should be answered: 

What are the requirements of a bioprocessing strategy when applied to the treatment of 

an industrial residual process brine? 

How can a robust biomass monitoring strategy be established for use in an industrial-

scale biological residual water treatment process? 

Can a suitable biomass monitoring approach identify important physiological 

parameters of the microbial system? 

Therefore, a feed-forward control strategy for a lab-scale bioprocess in a continuous operation 

mode, including a cell retention setup was developed. Combined with the soft sensor-based 

biomass estimation, a reliable monitoring, and control strategy for the biomass concentration 

was provided, which additionally delivers information about metabolic rates and physiological 

parameters like yield coefficients. The results of this work were published in a peer-reviewed 

journal paper (Mainka et al., 2019). 

Finally, chapter 2.4 optimized process operating conditions should be proposed for the cost-

effective operation of a biological treatment process at high degradation efficiencies. 

Therefore, additional media supplements should be minimized, and co-substrate feeding 

should be optimized to enhance process performance. Thus, the following questions arose 

and should be answered during this study: 

Is it possible to establish a triple nutrient-limitation for the carbon, nitrogen, and 

phosphorus source and maintain an efficient degradation for organic impurities? 

What is the influence of the co-substrate glycerol on the degradation efficiency of 

organic impurities? 

Furthermore, other critical process parameters are investigated for their potential influence on 

process performance. Optimized process operation conditions are proposed to minimize 

operational expenditures and decrease efforts for preparation and polishing steps before the 

treated RPB is used for chlor-alkali electrolysis.  
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2  Results 
 

2.1 Long-term scale-up and piloting study  
 

Problem statement 

To integrate a bioprocess for the treatment of industrial residual process brine into a chemical 

production chain, robustness and stability are required for the bioprocess and the used 

microbial system. Additionally, changing raw material conditions of the residual process might 

influence the degradation efficiency of the biosystem. 

State-of-the-art 

A bioprocess for the continuous cultivation of Haloferax mediterranei to treat a residual process 

brine derived from the production of 4,4’-methylenedianiline was successfully established 

(Mainka et al., 2019). The bioprocess was equipped with a membrane-based cell retention 

system, which allows the application of liquid dilution rates higher than the specific growth rates 

of microorganisms. The cultivation was performed for more than 54 days, however, under 

highly controllable laboratory conditions and only one residual process brine batch was used. 

Another lab-scale process was described for the removal of aromatic compounds in synthetic 

wastewater using an aerobic granular reactor (Franca et al., 2018; Ramos et al., 2016a; Ramos 

et al., 2015; Ramos et al., 2016b). There, long-term conditions were investigated, however, 

only synthetic, non-saline wastewater was used. Thus, simulating a real industrial environment 

(unsterile conditions) and changing residual process brine compositions were not addressed 

before. Additionally, a scale-able bioprocess platform for halophilic microorganisms suitable 

for pilot-scale studies has not yet been studied for its long-term applicability in industrial 

conditions (Mahler et al., 2018). 

Goal of this study 

This study aimed the implementation and long-term operation of a pilot-scale bioprocess into 

a chemical production chain for the continuous treatment of an industrial residual process 

brine. 

Scientific question 

Can a stable and robust bioprocess be integrated into an industrial residual process brine 

production plant and be operated under changing raw material conditions for a prolonged 

cultivation time? 
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Approach 

We aimed to implement a pilot-scale bioprocess platform for the continuous treatment of MDA 

residual process brine into an industrial production chain. We hypothesized that by using a 

robust microbial culture, a long-term cultivation and successful degradation of organic 

impurities can be achieved. The combined use of a feed-forward control strategy and a 

membrane-based retentostats system should enhance the success of this study. In course of 

the study, a highly adapted and efficient degrading halophilic mixed culture was found as 

described to consist of mainly three halophilic genera. Using the discovered microbial system, 

the successful cultivation of more than 200 days was achieved at a high degradation efficiency 

for the present organic impurities. 

Results and Discussion 

Can a stable and robust bioprocess be integrated into an industrial residual process brine 

production plant and be operated under changing raw material conditions for a prolonged 

cultivation time? 

One of the main reservations of integrating bioprocesses into industrial, chemical production 

chains is the long-term robustness and stability of a suitable microbial system, to ensure high 

degradation efficiencies during RPB treatment processes. To prove the applicability of a 

bioprocess for an industrial scope RPB treatment process, a pilot-plant bubble column 

bioreactor system was implemented at an industrial MDA production site and operated 

continuously for more than 210 days. Such a long continuous cultivation time under unsterile 

conditions faces a significant challenge regarding the stability of the microbial system. Hence, 

the microorganisms have to be highly adapted to the current environmental conditions.  

During this study, a novel halophilic mixed culture, consisting of at least three different bacterial 

genera (Halomonas sp., Aliifodinibius sp., and Oceanobacillus sp.), was identified and 

characterized. So far, it is the first time that a halophilic mixed culture consisting of these three 

halophilic genera is described for use in a biological RPB treatment process. The described 

bacterial mixed culture was able to replace the original inoculation culture of the extremely 

halophilic archaeon H. mediterranei from the start of the cultivation. A possible reason for the 

replacement of H. mediterranei with the halophilic mixed culture could be an advanced 

adaptation to the RPB medium. This was proven, as the halophilic mixed culture showed higher 

growth rates in shake flask experiments than H. mediterranei when grown in the RPB medium. 

Although the original culture of H. mediterranei was replaced, the discovery and the use of 

novel mixed culture might be advantageous for the biological treatment process. Strains from 

the genera of Halomonas have already been described previously to efficiently degrade 
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aromatic compounds as well as formate (Alva & Peyton, 2003; Azachi et al., 1995; 

Govarthanan et al., 2020; Haddadi & Shavandi, 2013; Heckroth et al., 2018b; Oren et al., 1992; 

Piubeli et al., 2012; Tena-Garitaonaindia et al., 2019).  

Moreover, the mixed culture showed a stable and robust culture throughout the entire process 

time and maintained equally high degradation efficiency. This is astonishing as the culture was 

not only robust against constant changes in the organic compositions of the RPB constantly 

changed, but also against potential, unmeasured variations in the RPB, which could influence 

the process performance.  

During the piloting study, the successful integration of a pilot-scale bioprocess into an MDA 

residual process brine production plant was shown. The goal of establishing a stable and 

robust cultivation process as well as an efficient organic removal was not only achieved by 

using a novel and highly adapted mixed culture. Moreover, with the use of an intensified 

retentostats bioprocess, constantly high degradation efficiencies and sufficient biomass 

concentrations could be maintained throughout the entire cultivation time of more than 200 

days. Using moderate biomass concentrations (OD600 ) enabled the use of only one membrane 

unit for cell retention, without a necessary change or cleaning of the filter. Hence, combined 

with a low concentration of glycerol (1.5 g L-1 feed concentration) a cost-efficient process was 

provided. 

One challenge for integrating a biological treatment process into the RPB production chain is 

the constantly changing concentrations of organic impurities between different RPB batches. 

Concentrations of aromatic compounds in the RPB feed varied significantly between the 

batches. Nevertheless, all aromatic impurities present originally in the RPB were degraded 

completely during the whole cultivation time of >200 days, underlying the efficiency of the found 

halophilic mixed culture. Besides, the results showed that aniline concentrations in the RPB 

feed are positively correlated to the accumulation of a potential, yet unknown intermediate, 

found in harvest samples. Also, the feed concentrations of the main organic impurity, formate, 

varied significantly between RPB batches. Degradation efficiencies of 90-98% were reached 

and did not decrease over a prolonged cultivation time. Residual concentrations of formate in 

harvest samples were low (10 and 20 mg L-1), which corresponds to theoretical TOC levels of 

3–6 ppm, which is below TOC specifications for chlor-alkali electrolysis processes. In addition, 

it was shown that limiting conditions for the co-substrate are required for a sufficient formate 

degradation. When the growth substrate glycerol was overfed and thus, accumulated in the 

bioreactor, also the degradation efficiency for formate was decreasing. The results of the 

present study further indicated a correlation between the glycerol feeding and the formate 
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degradation, as applying the lowest glycerol concentration combined with the highest dilution 

rate, the lowest residual formate concentrations were reached. 

Outlook 

The found novel halophilic mixed culture showed high degradation performance in a biological 

RPB treatment process. Although three halophilic genera could already be identified, the 

identification of single present strains should be performed. So far, further molecular biological 

tests indicated the presence of at least the halophilic strain of H. organivorans, a halophilic 

bacterium known to degrade organic pollutants in residual brines. Hence, further 

characterization of the mixed culture could investigate the specific roles of the single strains in 

the degradation of the organic impurities. Specifically, the investigation of Aliifodinibius strains 

and their ability to degrade organic impurities in residual brines could contribute to the diversity 

of halophilic bacteria. Additionally, the use of the novel found mixed culture for the treatment 

of other residual process brines, even with other salt concentration ranges, could be 

investigated.  

Besides, the important role of glycerol in the degradation of formate should be further 

investigated to increase process knowledge and improve the cost-efficiency of the process. To 

do so, and to increase process flexibility, the RPB feed could be decoupled from the co-

substrate feeding by applying an additional glycerol feed to the system. Furthermore, a 

potential correlation between glycerol feeding and formate degradation should be investigated 

to minimize the use of glycerol and optimize the formate degradation efficiency. Also, the 

identity of the unknown intermediate substance during aniline degradation, as well as its 

potential influence in further chlor-alkali electrolysis should be investigated. Ultimately, the 

present study underlines the potential of an alternative and sustainable bioprocess for treating 

residual process water, and once more emphasizes the possibilities, which natural microbial 

diversity offers for exploitation in an industrial context.   
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2.2 Reliable HPLC method for quantifying mono-aromatic 
compounds  

 

Background and problem statement 

Aromatic compounds, like aniline, phenol, or many vitamins, can be qualified and quantified 

using various offline analytical methods, like high performance liquid chromatography (HPLC) 

or gas chromatography (GC) (Cordin et al., 2021; Hofer & Herwig, 2017; Jen et al., 2001; Trost 

et al., 1997; Zhao et al., 2002). To detect aromatic compounds, several detection approaches 

are available, among the most used are flame ionization (FID), mass spectrometry (MS), or 

ultraviolet (UV) light (Brunmark et al., 1992; Dearth et al., 1992; Hofer & Herwig, 2017; Mainka 

et al., 2022; Tiljander & Skarping, 1990; Trost et al., 1997). 

For the reduction or removal of aromatic compounds from industrial residual process brine 

(RPB) using biological treatment processes, online monitoring of aromatic target molecules 

could be helpful, especially in terms of real-time control strategies (Mainka et al., 2021). 

Therefore, several online monitoring approaches for the determination of aromatics were 

reported (Buerck et al., 2001; Gutés et al., 2005; Jen et al., 2001; Korkut et al., 2016; Mu, 2006; 

Rahemi et al., 2020; Zhang & Li, 2009). However, offline (re-)calibrations are still necessary to 

ensure reliable measurements of the online methods.  

Samples from industrial RPB usually contain only the aromatic target molecules, which should 

ultimately be degraded in a biological treatment process. In contrast, samples derived from 

bioreactors after the treatment are frequently more complex, as potential intermediate 

substances might occur. Therefore, offline analytics for bioremediation processes are 

necessary which achieve a reliable peak separation of target molecules and other substances 

occurring in bioreactor samples.  

The industrial RPB, used during this study, comprises three small aromatic compounds 

(aniline, phenol, and 4,4’-methylenedianiline), in concentrations below 20 mg L-1 (Mainka et 

al., 2022). Thus, as the concentrations of the target molecules are relatively low, a sensitive 

quantification method is crucial. Furthermore, the RPB contains a high NaCl load (8-15%), 

which has to be considered during the analytical procedure. Therefore, HPLC methods are 

considered to be the most suitable analytical approach to quantify aromatic impurities in the 

used industrial RPB.  

An HPLC method for the quantification of aromatic compounds in an industrial RPB was 

previously described (Mainka et al., 2022). However, during the analysis of bioreactor samples 

from a biological piloting study for the continuous treatment of an industrial RPB (Mainka et 
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al., 2022), a peak shift was observed during the measurement of the same bioreactor samples 

at two different HPLC runs, with the same method. The peak had a similar retention time as 

aniline. As the analysis and quantification of aromatic impurities are essential for the 

interpretation of the biological treatment process efficiency, a reliable measurement of 

aromatics is crucial. Therefore, during this study the following questions should be answered: 

• How can peaks from bioreactor samples be distinguished from target molecules with 

similar retention times? 

• How can an HPLC method be improved to achieve reliable separation and identification 

of peaks occurring in bioreactor samples and the aromatic target molecules?  

Thus, we hypothesized that using an adapted HPLC method and advanced peak detection 

methods (UV-spectrum and dual-wavelength absorption ratios) improves identifying and 

distinguishing aromatic target molecules from potential intermediate substances present in 

bioreactor samples. 

 

Material and Methods 

Used chemicals and residual process brine 

Pure aromatic substances aniline, phenol, and catechol were purchased from Sigma-Aldrich. 

The project partner, Covestro AG, provided pure 4,4’-methylenedianiline and the residual 

process brine derived from the industrial production of MDA. 

Sample and standard preparation 

Prior to analysis, samples derived from RPB feeds and bioreactor cultivations were centrifuged 

for 10 minutes at 4 °C and 14,000 rpm. The supernatant was removed from the pellets and 

was used for analysis undiluted.    

Standards of the aromatic target molecules were dissolved in water at a concentration of 20 

mg L-1. Afterwards a dilution series was prepared to reach concentrations of 0.1, 0.5, 1.0, 2.0, 

5.0, and 10.0 mg L-1.   

HPLC analysis: method 1 

For the quantification of aromatic compounds in feed and harvest samples, a reversed-phase 

HPLC measurement (U3000 UHPLC systems, Thermo-Fisher, USA) was carried out, using an 

AcclaimTM PolarAdvantage column (Thermo Scientific, USA, C16, 3 µm, 120 Å, 4.6x150 mm) 

at 30 °C (Mainka et al., 2022; Mainka et al., 2019). Aromatic compounds were detected using 
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a UV detector at 210 nm. The flow was 1 mL min-1 with a gradient system (see Table 1). The 

eluents were A) acetonitrile; B) 25 mM KH2PO4 (pH 3.5 with 1 M H3PO4); and C) MiliQ water. 

The injection volume of samples and standards was set to 10 µL. 

Table 1. HPLC gradient program (method 1) for quantification of aromatic compounds in an industrial RPB. 

t [min] 0 2.5 2.5 5 20 20 25.5 35 35 40 

% A 5 5 25 25 70 25 5 5 5 5 

% B 95 95 75 75 30 0 0 0 95 95 

%C 0 0 0 0 0 75 95 95 0 0 

 

HPLC analysis: method 2 

Quantification of aromatic compounds in feed and harvest samples was performed using a 

reversed-phase HPLC measurement method (Vanquish UHPLC systems, Thermo-Fisher, 

USA) with an AcclaimTM PolarAdvantage column (Thermo Scientific, USA, C16, 3 µm, 120 Å, 

4.6x150 mm) at 30 °C (Mainka et al., 2022; Mainka et al., 2019). Aromatic compounds were 

detected using a UV detector (diode array detector) at different wavelengths. The flow was set 

to 0.6 mL min-1 and a gradient system was used (see Table 2). Eluents were A) acetonitrile; 

B) Milli-Q water. The injection volume of samples and standards was set to 10 µL. 

Table 2. HPLC gradient program (method 2) for quantification of aromatic compounds in an industrial RPB. 

t [min] 0 5 5 10 33 35 40 45 

% A 5 5 25 25 70 70 5 5 

% B 95 95 75 75 30 30 95 95 

 

Data analysis 

Chromatograms were analyzed using ChromeleonTM 7 Chromatography Data System (Version 

7.2, Thermo ScientificTM, USA). Samples were derived from a continuous bioprocess treating 

an industrial RPB, which was published previously (Mainka et al., 2022). 
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Results and discussion 

During a previously published study, aromatic compounds (aniline, phenol, and 4,4’-MDA) in 

an industrial RPB should be degraded using halophilic microorganisms (Mainka et al., 2022). 

In HPLC measurements of bioreactor samples taken during the process, shifts in a peak, which 

was previously identified as aniline, were detected. The shifts were observed as the same 

bioreactor samples were measured at two different HPLC runs, both using method 1 (see 

material and methods section). In addition, the aniline peaks in chromatograms derived from 

RPB feed samples did not shift and were retained at similar times as the aniline standards 

(Figures 7 and 8). However, in the chromatogram derived from HPLC run 2, the “aniline” peak 

of the bioreactor sample was shifted to the left, when compared to the chromatogram derived 

from HPLC run 1. Therefore, it was assumed that the “aniline peaks” in chromatograms of 

bioreactor samples are not actually aniline, but another, yet unidentified substance.  

To confirm this hypothesis, dual-wavelength absorbance ratios (197 nm and 230 nm), were 

calculated for the “aniline” peak in a bioreactor sample and compared with the peaks from an 

aniline standard and an RPB feed sample (Figure 9) (Drouen et al., 1984; Marr et al., 1990; 

Tiljander & Skarping, 1990). Assuming the “aniline” peak of the bioreactor is aniline, the 

absorbance ratio should be equal to the absorbance ratios of the aniline standard. Similar 

absorbance ratios were indeed observed for the aniline standard and aniline from RPB feed 

samples at both HPLC runs 1 and 2. However, absorbance ratios calculated for the “aniline” 

peak of the bioreactor sample were less than half of the value, calculated for the aniline 

standard peak areas (Figure 9). Therefore, the results of the HPLC measurements indicate, 

that no aniline is present in the bioreactor sample and aniline from RPB feed was metabolized 

completely by the microorganisms. Thus, it is assumed, that another metabolite was formed 

during the process, which has a similar retention time as aniline when using the HPLC method 

1. The metabolite measured at the retention time of aniline, however, might be an intermediate 

of the microbial aromatic degradation pathway. 
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Figure 7. Aniline peaks in chromatograms of HPLC run 1. Chromatograms of bioreactor samples (t478), feed 

sample, and aniline standards (c = 1 mg L-1). The HPLC runs were performed with the same method. 

  
Figure 8. Aniline peaks in chromatograms of HPLC run 2. Chromatograms of bioreactor samples (t478), feed 

sample and aniline standards (c = 1 mg L-1). The HPLC runs were performed with the same method. 
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Figure 9. Dual-wavelength absorbance ratios of peak areas were integrated from peaks at λab. = 197 nm and 

λab. = 230 nm. Left bars (dark): HPLC run 1; right bars (light): HPLC run 2. 

To further investigate aromatic compounds in bioreactor samples, HPLC method 1 was 

adapted in a way, that no buffers were used anymore, in order to avoid potential operator 

effects. In the new HPLC method (indicated as HPLC method 2), Mili-Q water and acetonitrile 

were used as eluents. Thus, it was possible, that peaks of potential intermediates in bioreactor 

samples were separated from peaks of the target aromatics. Furthermore, peak identification 

was improved by measuring the UV spectra of each peak. Thus, peaks could be compared 

with reference standards and target aromatics could be distinguished from potential 

intermediated eluted at similar retention times. Such a procedure was already reported for the 

confirmation of peaks with their corresponding reference standards (Wang et al., 2004). Aniline 

showed UV absorption maxima at three different wavelengths, 195 nm, 232 nm, and 283 nm 

(see Figure 10). Additionally, absorption maxima of three other small aromatic compounds 

(phenol, catechol, and 4,4-MDA) were determined (Table 3). Thus, the comparison of 

absorption maxima allows the specific identification during the HPLC measurement, as non-

overlapping maxima were determined. Therefore, peak integration for the specific aromatic 

compounds should be performed at the specific absorption maxima wavelengths. By doing so, 

the sensitivity of the HPLC quantification method can be increased, as the limit of detection 

can be improved. It is suggested to analyze and integrate peaks for aniline at 230 nm, phenol 

at 212 or 270 nm, and 4,4’-MDA at 240 nm. 
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Figure 10. UV absorption spectrum of the aniline standard peak (retention time: 13.79 min). 

The results of the aromatic absorption spectra are in line with literature values. For aniline, 

strong UV absorption was reported for ranges of 225-235 and 280-290 nm (King et al., 2010; 

Roberts et al., 2012; Thompson et al., 2015). For phenol, also previously published studies 

reported absorption maxima at two wavelength ranges (210 nm and 268-273 nm) (Dearden & 

Forbes, 1959). Absorption maxima were also reported for catechol to be 274 nm (Nikolic et al., 

1998; Pillar-Little et al., 2015). 

Table 3. UV absorption maxima of small aromatic compounds. 

Aromatic compound 
Absorption 

maximum λ1 [nm] 

Absorption 

maximum λ2 [nm] 

Absorption 

maximum λ3 [nm] 

Aniline 195-196 231-232 282-283 

Phenol 211-212 270-271  

4,4-methylenedianiline 199-200 243-244 289-290 

Catechol 193-194 276-277  
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The developed HPLC method could furthermore successfully be applied for the quantification 

of aromatic compounds in RPB feed and bioreactor samples. The aromatic target molecules 

aniline, phenol, and 4,4’-MDA in RPB feed samples were effectively qualified and quantified 

(Figure 11). Moreover, after biological RPB treatment, aniline, phenol, and 4,4’-MDA could not 

be detected in bioreactor samples, and no overlapping of other peaks with the target molecule 

peaks was observed. 

 

Figure 11. HPLC chromatogram for RPB feed (blue) and bioreactor (black) samples at λ=230 nm. As indicated 

in the chromatogram, the three aromatic target molecules (aniline, phenol, and 4,4’-MDA) are separated from any 

peaks in bioreactor samples. 

 

Conclusion 

During continuous bioreactor cultivations, an HPLC method for the quantification of aromatic 

compounds in an industrial residual brine was shown to be unsuitable, as a peak in bioreactor 

samples was eluting at a similar retention time as the aromatic target molecule aniline. Using 

dual-wavelength absorbance ratios, it was demonstrated that the peak in the bioreactor 

samples was not aniline, but a yet unidentified substance. Thus, to avoid potential 

interferences and wrong interpretations of HPLC chromatograms, the existing HPLC method 

was adapted, and it was demonstrated that the novel HPLC method was able to detect and 

quantify small aromatic compounds like aniline, phenol, catechol, and MDA. With the novel 

HPLC method interferences of the target molecules with potential intermediate substances 

were avoided. Moreover, by expanding the novel HPLC method with UV spectrum and dual-

wavelength absorbance ratios analysis, intermediate substances can easily be distinguished 
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from the aromatic target molecules, present in the industrial RPB feed. Therefore, this study 

showed the importance of reliable measurement and detection methods for the correct 

interpretation of HPLC chromatograms of bioreactor samples derived from RPB treatment 

processes. Moreover, further investigations on improving process parameters and flow rates 

should be performed to reach faster elution times of the target molecules. Therefore, a potential 

real-time HPLC analysis can be applied during a biological treatment process of aromatic 

containing RPB. Furthermore, efforts for the identification of the unknown intermediates, which 

are detected in bioreactor samples should be performed. Therefore, mass spectrometry 

analysis could be used to determine the molecular masses of the present substances. 

However, special attention has to be paid to the salt content of bioreactor samples, which can 

lead to precipitates on ionization devices of the mass spectrometer.  
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2.3 Halophilic biomass monitoring and control strategy 
 

Problem statement 

The industrial integration of a bioprocess for the treatment of high salt RPB requires a robust 

and scalable process design and operation. To increase the acceptance of the chemical 

industry to integrate a bioprocess into chemical production chains, a simple and real-time 

control and monitoring strategy for the most important process parameters is crucial. For 

bioprocesses, biomass concentration is one of the most important process parameters, as 

biomass is the main catalyst in bioreactions. For halophiles, so far, no online biomass 

monitoring approach and control strategy was proposed in an industrial context. Therefore, in 

a rententostat bioprocess, the biomass concentration control should be established by 

regulating the parameters glycerol feed concentration, dilution rate D, and the retention rate 

R.  

State-of-the-art 

So far, retentostat processes have been used for the cultivation of slow-growing extremophiles 

(Lee et al., 1998; Schiraldi et al., 2001). However, mainly complete cell retention was used in 

order to increase the biomass concentration, instead of maintaining a stable steady-state. For 

H. mediterranei, a retentostat bioprocess system was applied to reach biomass concentrations 

of 5 g L-1, however, not in the context of residual process brine treatment  (Lorantfy et al., 

2014a). For the determination of the biomass concentration, several offline and online 

concepts are known and established (cell dry weight, capacity, or optical density) (Sonnleitner, 

2013). The most used method in the cultivation of halophilic microorganisms is the 

measurement of the optical density at 600 nm (Fang et al., 2010; Martinez-Espinosa et al., 

2015). For a continuous bioprocess operated in an industrial environment, fast and reliable 

online measurements of the biomass are required. The application of online turbidity probes is 

often limited by a sensor saturation already at low concentrations, non-linear biomass to 

turbidity behavior, and disturbing effects of agitation and aeration rates (Gregory & Thornhill, 

1997; Münzberg et al., 2017). Hence, the use of exhaust gas measurements and substrate 

feed concentrations are suitable for the estimation of online metabolic rates (Kager et al., 2017; 

Kager et al., 2018; Reichelt et al., 2016; Sagmeister et al., 2013; Ulonska et al., 2018; 

Wechselberger et al., 2013). Therefore, both, a biomass monitoring and control strategy have 

to be adapted for retentostat bioprocesses using halophilic microorganisms.  
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Goal of this study 

This study aimed the development of an online monitoring and control strategy for the biomass 

concentration of a halophilic model organism (Haloferax mediterranei). 

Scientific question 

What are the requirements of a bioprocessing strategy when applied to the treatment of an 

industrial residual process brine? 

How can a robust biomass monitoring strategy be established for use in an industrial-scale 

biological residual water treatment process? 

Can a suitable biomass monitoring approach identify important physiological parameters of the 

microbial system? 

Approach 

We aimed to develop a robust and scalable bioprocess for the continuous treatment of a high-

salt industrial residual water contaminated with organic impurities. To do so, a bioreactor setup 

was equipped with a membrane-based cell retention system. This bioprocess system allowed 

the simple and robust control of the biomass concentration by adjusting the feed concentration 

of the growth substrate and the retention rate R (ratio of harvest flow and feed flow). To 

complete the biomass control concept, an online monitoring approach was developed which 

uses concentrations of consumed substrates as well as exhaust gas measurements of O2 and 

CO2 to estimate a biomass turnover rate. Ultimately, this rate can be applied to calculate 

biomass concentrations at steady-state conditions, which can be used as input variables for 

the biomass control strategy. 

Results and discussion 

During this work, a feedforward control strategy for a membrane-based cell retention system 

was combined with a soft sensor-based monitoring tool, which allows the control and real-time 

estimation of biomass concentrations for the halophilic model organism H. mediterranei. The 

feedforward control strategy was depending on the retention rate R and the substrate 

concentration, which were investigated over a broad range of concentrations. This new 

approach was successfully applied in a high throughput industrial RPB treatment process. 

Moreover, removal of the four organic pollutants formate, phenol, aniline, and MDA at high 

productivity and degradation efficiency was demonstrated. The results in this work provide an 

excellent framework for future applications of halophiles in continuous bioprocesses. 
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What are the requirements of a bioprocessing strategy when applied to the treatment of an 

industrial residual process brine? 

To integrate a bioprocess for the treatment of an industrial and high-salt residual water, the 

desired process has to be robust and scalable. An important parameter for any bioprocess is 

the biomass concentration. Thus, for improving the acceptance for the integration of a 

bioprocess into chemical production chains, a simple and effective control strategy for the 

biomass concentration in continuous bioprocesses is crucial. Hence, we hypothesized that a 

continuous bioprocessing strategy using cell retention allows the achievement of high space-

time yields for slow-growing organisms such as halophiles. 

The feed-forward strategy suggested in this study successfully achieved regulation of steady-

state biomass concentrations. In contrast to a chemostat process, the presented rententostat 

bioprocess introduced an additional process parameter for the control of biomass 

concentration, namely the retention rate R. Hence, the control of the biomass concentration in 

the bioreactor was established by a regulation of the parameters glycerol feed concentration, 

dilution rate D and the retention rate R, which was independent of the microbial growth rate µ. 

Hence, decoupling the liquid dilution rate D from the specific growth rate µ allows higher 

residual water throughputs as with conventional chemostats. Additionally, the operational costs 

can be further optimized by using low substrate uptake rates rS and retention rates R. By doing 

so, costs are reduced for i) the substrate supplementation in the growth medium, and ii) the 

disposal of residual biomass. It was also shown, that the cultivation of H. mediterranei was 

successful under unsterile conditions, using industrial RPB for more than 54 days. Therefore, 

the industrial applicability of the bioprocess strategy was demonstrated and integration into a 

chemical production chain is feasible. 

How can a robust biomass monitoring strategy be established for use in an industrial-scale 

biological residual water treatment process? 

Efficient methods for online monitoring of biomass concentration in continuous halophilic 

bioprocesses are rare. Hence, the aim was to establish an online monitoring strategy for 

biomass in continuous cultures, which is non-invasive, reliable, and easy to implement in an 

industrial treatment process. In this study, an online approach was introduced for the 

determination of biomass concentrations in a retentostats process using exhaust gas 

measurements and substrate feed concentration. To do so, elemental balances were used to 

calculate turnover rates and ultimately calculate the biomass formation rate. Also, the 

redundant measurement system can be used to determine gross errors of the measurements 

to ensure reliable data generation (Jobe et al., 2003). Hence, the proposed method only 
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needed minimal a-priori knowledge (substrate feed concentration and biomass elemental 

composition) and no calibrated multivariate models. Moreover, good comparability between 

online soft sensor values and offline biomass values, derived from OD measurements, was 

shown (Lorantfy et al., 2014b). As it is a non-invasive approach, human interferences are 

minimized and offline sampling times during the process monitoring can be reduced, which 

increases the acceptance of integration into industrial processes (Kager et al., 2018; Vojinović 

et al., 2006).  

Can a suitable biomass monitoring approach identify important physiological parameters of the 

microbial system? 

The estimation of physiological parameters is of utmost importance, not only for monitoring but 

also for real-time evaluation of biotechnological processes (Kager et al., 2018; Reichelt et al., 

2016). Especially for continuous cultivation processes operated at low growth rates, the 

knowledge of yield coefficients can be interesting, as they might depend on the growth rate 

(Lipson, 2015; Pirt, 1965; Pirt, 1987). The suggested biomass estimation approach 

successfully calculated biomass formation yields and specific growth rates in real-time. The 

biomass formation yield was also demonstrated to depend on the specific growth rate, which 

showed the applicability of the soft sensor-based approach to be used as a real-time control 

input for controlling the biomass concentration in a continuously operated bioprocess. 

Consequently, with only simple process knowledge (substrate concentration, biomass 

elemental composition), the proposed approach can be helping to further intensify continuous 

bioprocess development, especially for extremophiles.  

Outlook 

The study showed the applicability of a feed-forward biomass control strategy and a soft 

sensor-based biomass monitoring approach for the extremely halophilic archaeon H. 

mediterranei in synthetic and industrial residual process brine. Consequently, transferability to 

larger scales and the implementation into an industrial environment could accelerate the 

integration of bioprocess into chemical production chains. So far, only carbon-limited, and 

steady-state conditions can be displayed with the presented biomass monitoring strategy. To 

adapt the soft sensor model for dynamic concentration changes of the substrate, online 

measurement of the substrate concentration could serve as an additional model input. 

Therefore, it becomes possible to calculate biomass concentrations online, using online 

exhaust gas and substrate measurements. Moreover, it should be investigated if changes in 

residual water compositions can be detected by changes in physiological parameters like yield 
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coefficients for biomass, O2, or CO2. These changes could be monitored by the proposed soft 

sensor and be linked to a process control strategy to ensure equally high process performance. 
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2.4 Optimized process operating conditions for a biological 
treatment process 

 

Problem statement 

For using industrial residual brines as raw material for the membrane-cell chlor-alkali 

electrolysis, high-quality requirements have to be met, like a low organic content. Besides, also 

inorganic substances, like nitrogen, might be critical to the membrane-cell process, in terms of 

performance and process security (Brinkmann et al., 2014). Thus, organic, and inorganic 

impurities must be removed before brines can be used in the membrane-cell process. A 

bioprocess can serve as a sustainable way of treating residual process brines, however, 

integration of bioprocess into an industrial production chain requires an efficient and cost-

optimized process. Thus, the use of additional nutrients, like a carbon, nitrogen, and 

phosphorus source, should be optimized.  

State-of-the-art 

A continuous bioprocess was developed for the treatment of industrial residual brines using 

halophilic microorganisms (Mahler et al., 2018; Mainka et al., 2019). It was shown that a robust 

and long-term bioprocess, as well as efficient degradation of organic impurities was 

successfully achieved (Mainka et al., 2022). However, the efficiency of an industrial treatment 

process is not only measured in the degradation performance of impurities. Also, a bioprocess 

should be efficient in operational expenditures, among which the addition of nutrient 

supplements plays a major role. So far, double limitations with the carbon, nitrogen, and/or 

phosphorus source were achieved in continuous cultivations (Egli, 1991; Egli & Zinn, 2003; 

Frank, 1999; Zinn et al., 2004). However, the effect of multiple nutrient limitations on the 

degradation of organic impurities still has to be shown. 

Goal of this study 

During this study, optimized process operating conditions should be proposed, which allows 

the cost-effective operation of a biological treatment process at high degradation efficiencies. 

Scientific questions 

Is it possible to establish a triple nutrient-limitation for the carbon, nitrogen, and phosphorus 

source and maintain an efficient degradation for organic impurities? 

What is the influence of the co-substrate glycerol on the degradation efficiency of organic 

impurities? 
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Approach 

We aimed to identify the effect of certain critical process parameters on the process 

performance of a bioprocess for the continuous treatment of MDA residual process brine. We 

hypothesized that optimizing the addition of the growth nutrients glycerol, ammonium, and 

phosphate in a way that limiting conditions can be reached at high degradation efficiencies of 

organic impurities. It was found that the specific glycerol uptake rate and the consumption yield 

of ammonium to glycerol mainly influenced the residual formate concentration. In addition to a 

stable microbial system and an efficient and robust bioprocess, the operational costs are of 

utmost interest for industrial implementation and integration of the investigated bioprocess. 

Thus, the liquid throughput of the RPB should be desirably high, and additional media 

supplementation should be kept to a minimum.  

Results and discussion 

Is it possible to establish a triple nutrient-limitation for the carbon, nitrogen, and phosphorus 

source and maintain an efficient degradation for organic impurities? 

When used as a raw material for membrane-cell chlor-alkali electrolysis, RBP requires to have 

low organic carbon levels and needs to be free of any ammonium or organic nitrogen species. 

In the case of nitrogen, a limited use is not only of interest for operational expenditures (OpEX), 

but also for security reasons, as explosive nitrogen trichloride (NCl3) can be formed during 

electrolysis (Brinkmann et al., 2014). Thus, for OpEX reasons, the addition of nitrogen and 

phosphorus sources should be limited, in a way to avoid residuals of C, N, and P, but 

simultaneously ensure high organic degradation efficiency. In nature, especially in marine 

ecosystems, co-limitations of nutrients like N and P often occur (Bracken et al., 2015; Chen et 

al., 2019; Harpole et al., 2011; Mills et al., 2008). Furthermore, co-limitation for nutrients, like 

Zn/C, Ni/N, and Fe/light was frequently reported for cultivations of phytoplankton biomass 

(Maldonado et al., 1999; Morel et al., 1994; Price & Morel, 1991; Sunda & Huntsman, 1997). 

So far, continuous cultivations are known with a dual-nutrient limitation of the carbon and 

nitrogen source (Egli, 1991; Egli & Quayle, 1986; Egli & Zinn, 2003; Frank, 1999; Poblete-

Castro et al., 2012; Zinn et al., 2004). However, the effect of dual- or triple-nutrient limitations 

on degradation efficiencies in biological residual water treatment processes has not yet been 

investigated. We hypothesized that nitrogen and phosphorus consumption can be linked to the 

consumption of glycerol to ensure complete uptake of N and P and simultaneously maintain 

high degradation efficiency of organic impurities. Therefore, different feed concentrations of 

ammonium (N source) and phosphate (P source) were tested to achieve the following nutrient-

limited states: C, C:N, C:P, and C:N:P. It was shown, that a dual- and triple-limitation state can 
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successfully be achieved. Degradation efficiencies for all present organic impurities were high. 

No effect of limitation states was shown on the degradation of aromatics, as all originally 

present aromatic compounds were fully degraded. Besides, residual formate concentrations at 

all different nutrient limitation states were below 10 mg L-1, which corresponds to theoretical 

TOC values below 3 ppm. However, when lower consumption yields of ammonium to glycerol 

YNH4+/glycerol were applied, a slight increase in the residual formate concentration was observed 

(from 6.5 to 8.2 mg L-1). Therefore, YNH4+/glycerol should be chosen to be between 0.2-0.4 mol 

mol-1. Thus, the feed concentration of ammonium has to be set accordingly to the glycerol 

concentration, to avoid residual nitrogen in the treated RPB. 

What is the influence of the co-substrate glycerol on the degradation efficiency of organic 

impurities? 

The co-substrate glycerol plays an important role in the presented biological treatment 

process, as it works as the growth substrate. In contrast to glycerol, the main organic impurity 

formate only contributes little to biomass forming, as shown for Halomonas strain sp. MA-C 

(Azachi et al., 1995; Oren et al., 1992). Although glycerol can be produced sustainably, it is 

still the priciest part of the operational costs in the presented biological treatment process. 

Hence, an optimized supplementation of glycerol is crucial for the overall process efficiency. 

We thus hypothesized that an optimized feeding strategy for glycerol improves the degradation 

and, hence, the process efficiency for the treatment bioprocess of MDA residual process brine. 

In the course of this work, it was shown that an excess of glycerol feeding and thus 

accumulation of glycerol in the bioreactor, led to a decrease in the formate degradation and 

ultimately to higher residual formate concentrations. It was shown already that carbon-limited 

conditions are beneficial for the simultaneous utilization of a growth substrate and other organic 

compounds (Duetz et al., 1994; Rüegg et al., 2007). Evidently, a glycerol feeding strategy 

resulting in residual glycerol and higher residual formate concentrations are not suitable for a 

process reducing organic content, both, economically and in terms of degradation efficiency. 

Therefore, only limiting conditions for the growth substrate should be applied to ensure high 

process performance. Also, it is crucial to minimize the addition of the co-substrate glycerol. 

However, to ensure high degradation efficiency, it was investigated if applying low co-substrate 

feeding rates influences the degradation of organic impurities. During this study, it was found 

that specific glycerol uptake rate qS,glycerol had an influence on the degradation of formate. If 

qS,glycerol was kept below 8.0 x 10-3 g L-1 h-1 OD600
-1, the residual formate concentration was 

increased. In contrast, a qS,glycerol over 16.0 x 10-3 g L-1 h-1 OD600
-1 did not improve the formate 

degradation. Hence, specific glycerol uptake rates of  8.0 – 16.0 x 10-3 g L-1 h-1 OD600
-1 are 

shown to be beneficial for the degradation efficiency and the process operational costs. 
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Outlook 

During this study, a process operation space for an effective bioprocess to continuously reduce 

organic impurities in an industrial RPB was proposed. It was shown that reduction of media 

components can be successfully applied, and a triple-nutrient limitation is possible. To further 

reduce operational costs, a further reduction or even limitation of other media supplements like 

magnesium, calcium, or potassium can be achieved and should be investigated. However, 

further investigations are required to elucidate the influence of the ammonium (or nitrogen) 

metabolism on the degradation of formate. Moreover, the degradation metabolism of aniline 

and strategies to avoid an accumulation of potential degradation intermediates should be 

investigated. To do so, the identification of the yet unknown intermediate should be prioritized. 

Additionally, enhancing liquid dilution rates should be investigated as a potential strategy to 

improve overall process productivity. Ultimately, the process and specifically the halophilic 

mixed culture could be investigated for the treatment of saline residual process brines 

contaminated with different organic impurities than formate, aniline, phenol, and MDA. 
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3  Conclusion and outlook 

 

During this work, an efficient continuous, and scalable bioprocess for the treatment of an 

industrial residual process brine was successfully developed, characterized, and integrated 

into an industrial production chain. The main achievements of this thesis were (i) the 

successful, robust and stable long-term operation of a biological RPB treatment process 

integrated into an industrial production chain with high degradation efficiency, (ii) the discovery 

of a highly adapted halophilic microbial community, able to efficiently degrade organic 

impurities in an industrial residual process brine, (iii) the development of a reliable HPLC 

method to quantify aromatic compounds in a high-salt residual process brine, (iv) the 

development and application of a combined online monitoring and control strategy for biomass 

concentration using halophilic microorganisms, (v) optimized control range for the glycerol 

uptake rate to ensure efficient formate degradation and (vi) the successful application of a 

triple-nutrient (carbon, nitrogen, and phosphorus source) during the degradation of organic 

impurities (Figure 12).  

Furthermore, the feasibility of a bioprocess to continuously reduce organic matter in an 

industrial RPB was demonstrated. Organic impurities (formate, aniline, phenol, and 4,4’-MDA) 

were found to be efficiently degraded by a novel found halophilic mixed culture. During the 

piloting study, it was shown that the developed retentostat bioprocess is suitable for the long-

term cultivation of halophilic microorganisms under changing RPB compositions. Therefore, 

the acceptance criteria of a robust and long-term bioprocess were achieved and proven to be 

suitable for the integration into industrial production chains. Moreover, the presented 

retentostat bioreactor system was shown suitable for the long-term cultivation of slow-growing 

extremophilic microorganisms, such as halophiles, especially for their application in an 

industrial context. 
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Figure 12. Achievements and findings of this thesis. 

Moreover, a stable microbial system was demonstrated during the whole cultivation time. The 

halophilic mixed culture, consisting of three bacterial genera (Halomonas sp., Aliifodinibius sp., 

and Oceanobacillus sp.), was proven to be suitable for the reduction of organic content in 

industrial MDA residual process brine. A constant and efficient degradation of the four organic 

impurities (100% aromatic degradation, 90-98% formate degradation) was demonstrated. High 

degradation efficiencies were also shown under changing RPB feed compositions, as no 

decrease in process performance was observed. Thus, the found halophilic mixed culture 

showed promising attributes for the treatment of industrial residual brines. Therefore, the 

potential of the mixed culture for reducing organic content in other residual process brines 

should be exploited in future research. 

As a crucial element for this work, an existing HPLC method for the quantification of aromatic 

compounds was adapted to avoid overlapping peaks with target molecules in bioreactor 

samples. The developed method was shown to be able to robustly measure and distinguish 

aromatic target molecules in the RPB feed from other peaks in bioreactor samples, based on 
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efficient peak separation and identification tools. It was demonstrated, that a reliable HPLC 

method is essential for the correct interpretation of chromatograms derived from bioreactor 

samples. Additionally, the importance of the combination of the detection methods and purity 

indices (dual-wavelength absorption ratios and UV spectra) was demonstrated to increase the 

reliability of HPLC measurements. 

Moreover, as a key scientific success factor, a reliable online biomass monitoring strategy for 

halophilic microorganisms was developed, which is based on exhaust gas measurements and 

substrate concentrations. Therefore, it was possible to calculate metabolic rates and yield 

coefficients in real-time, with one or two carbon sources. The results also showed a 

dependency of the biomass yield coefficient on the specific microbial growth rate. Therefore, 

the proposed method is suitable to detect changes in microbial metabolism, which is especially 

important in the context of long-term continuous cultivations. Moreover, the biomass 

concentration calculated by the soft sensor can serve as a suitable real-time input variable for 

the feed-forward biomass control strategy, developed for a retentostat bioprocess.  

Also, it was demonstrated that carbon-limiting conditions are essential for high degradation 

efficiencies of formate. Additionally, an optimized control range for the specific glycerol uptake 

rate was proposed, which ensures efficient formate degradation and resulted in the lowest 

residual formate concentrations. Ultimately, a cost-efficient operation space for an industrial 

integration of the bioprocess was proposed. Scientifically novel triple-nutrient limiting 

conditions were successfully applied which reduces not only operational costs but also 

potential downstream efforts to remove ions, disturbing the membrane cell electrolysis 

process. As shown with the nitrogen and phosphorus source, also a reduction of 

concentrations of other ions, like magnesium and calcium, and referring their consumption to 

the glycerol uptake seems reasonable. Thus, further research should be performed to optimize 

the medium and reduce both, the operational expenditures, and downstream efforts. According 

to a cost-effective process, also the throughput of the RPB and the disposal of residual 

biomass have to be considered. The results indicated that a process can be operated at least 

with a dilution rate of D = 0.2 h-1, which corresponds to a hydraulic residence time (HRT) of 5 

h. Hence, during this study, a desirable high throughput of RPB was successfully applied. Still, 

the use of even higher dilution rates should be investigated in the future. Furthermore, high R 

values of up to 0.98 were successfully applied, which corresponds to only 2% of RPB feed 

streams that are generated as residual waste streams. Another beneficial impact of high 

retention rates is, that a cell wash-out can be prevented when high dilution rates and low 

glycerol concentrations in the feed are applied. Therefore, high throughputs of RPB combined 
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with minimal medium costs and a robust microbial system increase the potential of the 

developed process for industrial integration. 

This thesis focused on the development and characterization of a bioprocess, ready to be used 

as a unit operation for the continuous treatment of an industrial residual process brine, 

integrated into an industrial production chain. Organic impurities could be effectively degraded 

in an industrial residual process brine using an efficient halophilic mixed culture. Moreover, 

analytical tools for monitoring, controlling, and evaluating the process performance were 

successfully developed and demonstrated in an industrial context. Finally, optimized process 

operation conditions for an efficient and industrial-mature bioprocess were proposed. In 

conclusion, the combined use of advanced retentostat bioprocessing, analytical approaches, 

and statistical experiment evaluations were key scientific success factors to gain knowledge 

about a biological treatment process for MDA residual process brine. Ultimately, this work 

demonstrated that the next steps towards the integration of bioprocesses into chemical 

production processes have been taken. To that end, the focus should be set on the technology 

transfer to an industrial scale, and further feasibility studies of this technology for the treatment 

of other brine effluents can be performed effectively.  



Manuscripts   

 

 

42 

4  Manuscripts 

 

4.1 Potential applications of halophilic microorganisms for 
biological treatment of industrial process brines contaminated 
with aromatics 

 

Title of manuscript 

Potential applications of halophilic microorganisms for biological treatment of industrial process 

brines contaminated with aromatics  

Citation 

Mainka. T., Weirathmüller, D. Herwig, C., and Pflügl S.: “Potential applications of halophilic 

microorganisms for biological treatment of industrial process brines contaminated with 

aromatics” 

Journal of Industrial Microbiology and Biotechnology, Volume 48, Issue 1-2, February 2021, 

kuab015, https://doi.org/10.1093/jimb/kuab015 

Contribution 

Conceptualization: Thomas Mainka, Stefan Pflügl; Writing - original draft preparation: Thomas 

Mainka, David Weirathmüller; Writing - review and editing: Stefan Pflügl, Christoph Herwig; 

Visualization: Thomas Mainka; Funding acquisition: Christoph Herwig; Supervision: Stefan 

Pflügl, Christoph Herwig 

 

https://doi.org/10.1093/jimb/kuab015


  Manuscripts 

 

 

  43 



Manuscripts   

 

 

44 



  Manuscripts 

 

 

  45 



Manuscripts   

 

 

46 



  Manuscripts 

 

 

  47 



Manuscripts   

 

 

48 



  Manuscripts 

 

 

  49 



Manuscripts   

 

 

50 



  Manuscripts 

 

 

  51 



Manuscripts   

 

 

52 



  Manuscripts 

 

 

  53 



Manuscripts   

 

 

54 



  Manuscripts 

 

 

  55 



Manuscripts   

 

 

56 



  Manuscripts 

 

 

  57 



Manuscripts   

 

 

58 



  Manuscripts 

 

 

  59 



Manuscripts   

 

 

60 



  Manuscripts 

 

 

  61 

 

  



Manuscripts   

 

 

62 

4.2 Reducing organic load from industrial MDA residual process 
brine with a novel halophilic mixed culture: scale-up and long-
term piloting of an integrated bioprocess 

 

Title of the manuscript 

Reducing Organic Load From Industrial Residual Process Brine With a Novel Halophilic Mixed 

Culture: Scale-Up and Long-Term Piloting of an Integrated Bioprocess 

Citation 

Mainka T, Herwig C and Pflügl S (2022). Reducing Organic Load From Industrial Residual 

Process Brine With a Novel Halophilic Mixed Culture: Scale-Up and Long-Term Piloting of an 

Integrated Bioprocess. Front. Bioeng. Biotechnol. 10:896576.  

https://doi.org/10.3389/fbioe.2022.896576  

Contribution 

TM carried out the cultivation experiments. TM and SP conceived the study and analyzed the 

data. TM, CH, and SP wrote the manuscript. All authors have read and approved the final 

manuscript. 

https://doi.org/10.3389/fbioe.2022.896576


  Manuscripts 

 

 

  63 



Manuscripts   

 

 

64 



  Manuscripts 

 

 

  65 



Manuscripts   

 

 

66 



  Manuscripts 

 

 

  67 



Manuscripts   

 

 

68 



  Manuscripts 

 

 

  69 



Manuscripts   

 

 

70 



  Manuscripts 

 

 

  71 



Manuscripts   

 

 

72 



  Manuscripts 

 

 

  73 



Manuscripts   

 

 

74 



  Manuscripts 

 

 

  75 

 

  



Manuscripts   

 

 

76 

4.3 Soft Sensor-Based Monitoring and Efficient Control Strategies 
of Biomass Concentration for Continuous Cultures of Haloferax 
mediterranei and Their Application to an Industrial Production 
Chain 

 

Title of manuscript 

Soft Sensor-Based Monitoring and Efficient Control Strategies of Biomass Concentration for 

Continuous Cultures of Haloferax mediterranei and Their Application to an Industrial 

Production Chain 

Citation 

Mainka, T., Mahler, N., Herwig, C., and Pflügl S.: “Soft Sensor-Based Monitoring and Efficient 

Control Strategies of Biomass Concentration for Continuous Cultures of Haloferax 

mediterranei and Their Application to an Industrial Production Chain”.  

Microorganisms 2019, 7(12), 648; https://doi.org/10.3390/microorganisms7120648 

Contribution  

Thomas Mainka: data analysis and evaluation; revision, structuring, and writing of the 

manuscript. 

Nicole Mahler: planning and execution of experiments, initial data evaluation, first manuscript 

draft. 

Stefan Pflügl: conceiving the study and writing the manuscript. 

Christoph Herwig: conceiving the study and writing the manuscript. 

 

https://doi.org/10.3390/microorganisms7120648


  Manuscripts 

 

 

  77 



Manuscripts   

 

 

78 



  Manuscripts 

 

 

  79 



Manuscripts   

 

 

80 



  Manuscripts 

 

 

  81 



Manuscripts   

 

 

82 



  Manuscripts 

 

 

  83 



Manuscripts   

 

 

84 



  Manuscripts 

 

 

  85 



Manuscripts   

 

 

86 



  Manuscripts 

 

 

  87 



Manuscripts   

 

 

88 



  Manuscripts 

 

 

  89 



Manuscripts   

 

 

90 

 



  Manuscripts 

 

 

  91 

4.4 Optimized operating conditions for a biological treatment 
process of an industrial residual process brine using a 
halophilic mixed culture 

 

Title of manuscript 

Optimized operating conditions for a biological treatment process of an industrial residual 

process brine using a halophilic mixed culture 

Citation 

Mainka. T., Herwig, C., and Pflügl S.: “Optimized operating conditions for a biological treatment 

process of an industrial residual process brine using a halophilic mixed culture” 

Currently under Revision in Fermentation, MDPI (04/2022) 

Contribution 

TM carried out the cultivation experiments. TM, CH, and SP conceived the study and analyzed 

the data. TM and SP wrote the manuscript. All authors have read and approved the final 

manuscript. 

 

 



Manuscripts   

 

 

92 



  Manuscripts 

 

 

  93 



Manuscripts   

 

 

94 



  Manuscripts 

 

 

  95 



Manuscripts   

 

 

96 



  Manuscripts 

 

 

  97 



Manuscripts   

 

 

98 



  Manuscripts 

 

 

  99 



Manuscripts   

 

 

100 



  Manuscripts 

 

 

  101 



Manuscripts   

 

 

102 



  Manuscripts 

 

 

  103 



Manuscripts   

 

 

104 



  Manuscripts 

 

 

  105 



Manuscripts   

 

 

106 



  Manuscripts 

 

 

  107 



Manuscripts   

 

 

108 



  Manuscripts 

 

 

  109 



Manuscripts   

 

 

110 



  Manuscripts 

 

 

  111 



Manuscripts   

 

 

112 



  Manuscripts 

 

 

  113 



Manuscripts   

 

 

114 



  Manuscripts 

 

 

  115 

 

 



References   

 

 

116 

5 References 

Alpdağtaş, S., Turunen, O., Valjakka, J., Binay, B. 2021. The challenges of using NAD+-dependent 
formate dehydrogenases for CO2 conversion. Critical Reviews in Biotechnology, 1-20. 

Alsafadi, D., Paradisi, F. 2013. Effect of organic solvents on the activity and stability of halophilic 
alcohol dehydrogenase (ADH2) from Haloferax volcanii. Extremophiles, 17(1), 115-122. 

Alva, V.A., Peyton, B.M. 2003. Phenol and catechol biodegradation by the haloalkaliphile Halomonas 
campisalis: influence of pH and salinity. Environmental science & technology, 37(19), 4397-
4402. 

Amin, M.M., Khiadani, M.H., Fatehizadeh, A., Taheri, E. 2014. Validation of linear and non-linear 
kinetic modeling of saline wastewater treatment by sequencing batch reactor with adapted and 
non-adapted consortiums. Desalination, 344, 228-235. 

Amoozegar, M.A., Siroosi, M., Atashgahi, S., Smidt, H., Ventosa, A. 2017. Systematics of haloarchaea 
and biotechnological potential of their hydrolytic enzymes. Microbiology, 163(5), 623-645. 

Arora, P.K. 2015. Bacterial degradation of monocyclic aromatic amines. Front Microbiol, 6, 820. 
Azachi, M., Henis, Y., Oren, A., Gurevich, P., Sarig, S. 1995. Transformation of formaldehyde by a 

Halomonas sp. Canadian Journal of Microbiology, 41(6), 548-553. 
Bergner, D. 1982. Membrane cells for chlor-alkali electrolysis. Journal of Applied Electrochemistry, 

12(6), 631-644. 
Blöcher, C., Schießer, Y., Weber, R. 2019. Closing Water‐Related Loops in High‐tech Polymer 

Production–Status, Perspectives and Limitations. Chemie Ingenieur Technik, 91(10), 1409-
1416. 

Bomhard, E.M., Herbold, B.A. 2005. Genotoxic activities of aniline and its metabolites and their 
relationship to the carcinogenicity of aniline in the spleen of rats. Critical reviews in toxicology, 
35(10), 783-835. 

Bonete, M.J., Bautista, V., Esclapez, J., García-Bonete, M.J., Pire, C., Camacho, M., Torregrosa-Crespo, 
J., Martínez-Espinosa, R. 2015. New uses of haloarchaeal species in bioremediation processes. 
Advances in Bioremediation of Wastewater and Polluted Soil. 1st ed. InTech, 23-49. 

Bonfá, M.R.L., Grossman, M.J., Piubeli, F., Mellado, E., Durrant, L.R. 2013. Phenol degradation by 
halophilic bacteria isolated from hypersaline environments. Biodegradation, 24(5), 699-709. 

Boros, R.Z., Koós, T., Wafaa, C., Nehéz, K., Farkas, L., Viskolcz, B., Szőri, M. 2018. A theoretical 
study on the phosgenation of methylene diphenyl diamine (MDA). Chemical Physics Letters, 
706, 568-576. 

Bracken, M.E., Hillebrand, H., Borer, E.T., Seabloom, E.W., Cebrian, J., Cleland, E.E., Elser, J.J., 
Gruner, D.S., Harpole, W.S., Ngai, J.T. 2015. Signatures of nutrient limitation and co‐
limitation: responses of autotroph internal nutrient concentrations to nitrogen and phosphorus 
additions. Oikos, 124(2), 113-121. 

Brinkmann, T., Santonja, G.G., Schorcht, F., Roudier, S., Sancho, L.D. 2014. Best available techniques 
(BAT) reference document for the production of chlor-alkali. 

Brunmark, P., Persson, P., Skarping, G. 1992. Determination of 4, 4'-methylenedianiline in hydrolysed 
human urine by micro liquid chromatography with ultraviolet detection. Journal of 

Chromatography B: Biomedical Sciences and Applications, 579(2), 350-354. 
Bucheli-Witschel, M., Hafner, T., Rüegg, I., Egli, T. 2009. Benzene degradation by Ralstonia pickettii 

PKO1 in the presence of the alternative substrate succinate. Biodegradation, 20(3), 419-431. 
Buerck, J., Roth, S., Kraemer, K., Scholz, M., Klaas, N. 2001. Application of a fiber-optic NIR-EFA 

sensor system for in situ monitoring of aromatic hydrocarbons in contaminated groundwater. 
Journal of hazardous materials, 83(1-2), 11-28. 

Bulan, A., Weber, R., Muddemann, T. 2019. Process for the electrochemical purification of chloride-
containing process solutions, Vol. US20190177186A1, Covestro Deutschland AG  

Cao, S.M., Fontoura, G.A., Dezotti, M., Bassin, J.P. 2016. Combined organic matter and nitrogen 
removal from a chemical industry wastewater in a two-stage MBBR system. Environ Technol, 
37(1), 96-107. 



  References 

 

 

  117 

Casas, S., Aladjem, C., Cortina, J., Larrotcha, E., Cremades, L. 2012. Seawater reverse osmosis brines 
as a new salt source for the chlor-alkali industry: integration of NaCl concentration by 
electrodialysis. Solvent Extraction and Ion Exchange, 30(4), 322-332. 

Castillo-Carvajal, L.C., Sanz-Martin, J.L., Barragan-Huerta, B.E. 2014. Biodegradation of organic 
pollutants in saline wastewater by halophilic microorganisms: a review. Environ Sci Pollut Res 

Int, 21(16), 9578-88. 
Chen, J., Seven, J., Zilla, T., Dippold, M.A., Blagodatskaya, E., Kuzyakov, Y. 2019. Microbial C:N:P 

stoichiometry and turnover depend on nutrients availability in soil: A 14C, 15N and 33P triple 
labelling study. Soil Biology and Biochemistry, 131, 206-216. 

Chisti, Y. 2003. Sonobioreactors: using ultrasound for enhanced microbial productivity. TRENDS in 

Biotechnology, 21(2), 89-93. 
Cordin, M., Bechtold, T., Pham, T. 2021. Quantification of aniline and N-methylaniline in indigo. 

Scientific Reports, 11(1), 21135. 
Corral, P., Amoozegar, M.A., Ventosa, A. 2019. Halophiles and their biomolecules: Recent advances 

and future applications in biomedicine. Marine drugs, 18(1), 33. 
Corti Monzon, G., Nisenbaum, M., Herrera Seitz, M.K., Murialdo, S.E. 2018. New Findings on 

Aromatic Compounds' Degradation and Their Metabolic Pathways, the Biosurfactant 
Production and Motility of the Halophilic Bacterium Halomonas sp. KHS3. Curr Microbiol, 
75(8), 1108-1118. 

Crook, J., Mousavi, A. 2016. The chlor-alkali process: A review of history and pollution. Environmental 

Forensics, 17(3), 211-217. 
Croughan, M.S., Konstantinov, K.B., Cooney, C. 2015. The future of industrial bioprocessing: batch or 

continuous? Biotechnol Bioeng, 112(4), 648-51. 
DasSarma, P., Coker, J.A., Huse, V., DasSarma, S. 2009. Halophiles, industrial applications. 

Encyclopedia of industrial biotechnology: bioprocess, bioseparation, and cell technology, 1-
43. 

Dearden, J., Forbes, W. 1959. Light absorption studies: Part XIV. The ultraviolet absorption spectra of 
phenols. Canadian Journal of Chemistry, 37(8), 1294-1304. 

Dearth, M.A., Gierczak, C.A., Siegl, W.O. 1992. On-line measurement of benzene and toluene in dilute 
vehicle exhaust by mass spectrometry. Environmental science & technology, 26(8), 1573-1580. 

Dehvari, M., Ghafari, S., Haghighifard, N.J., Jorfi, S. 2020. Petroleum Contaminated Seawater 
Detoxification in Microcosm by Halotolerant Consortium Isolated from Persian Gulf. Current 

Microbiology. 
Deive, F.J., López, E., Rodríguez, A., Longo, M.A., Sanromán, M.Á. 2012. Targeting the Production of 

Biomolecules by Extremophiles at Bioreactor Scale. Chemical Engineering & Technology, 
35(9), 1565-1575. 

Delgado-García, M., Rodríguez, J., Mateos-Díaz, J., Aguilar, C., Rodríguez-Herrera, R., Camacho-Ruíz, 
R. 2018. Halophilic archaeal lipases and esterases: Activity, stability, and food applications. in: 
Enzymes in food technology, Springer, pp. 243-262. 

Díaz, M.P., Boyd, K.G., Grigson, S.J., Burgess, J.G. 2002. Biodegradation of crude oil across a wide 
range of salinities by an extremely halotolerant bacterial consortium MPD‐M, immobilized onto 
polypropylene fibers. Biotechnology and bioengineering, 79(2), 145-153. 

Doran, P.M. 1995. Bioprocess engineering principles. Elsevier. 
Drouen, A.C., Billiet, H.A., De Galan, L. 1984. Dual-wavelength absorbance ratio for solute recognition 

in liquid chromatography. Analytical Chemistry, 56(6), 971-978. 
Duetz, W.A., Marqués, S., de Jong, C., Ramos, J.L., Van Andel, J. 1994. Inducibility of the TOL 

catabolic pathway in Pseudomonas putida (pWW0) growing on succinate in continuous culture: 
evidence of carbon catabolite repression control. Journal of Bacteriology, 176(8), 2354-2361. 

Egli, T. 1991. On multiple-nutrient-limited growth of microorganisms, with special reference to dual 
limitation by carbon and nitrogen substrates. Antonie van Leeuwenhoek, 60(3), 225-234. 

Egli, T., Quayle, J. 1986. Influence of the carbon: nitrogen ratio of the growth medium on the cellular 
composition and the ability of the methylotrophic yeast Hansenula polymorpha to utilize mixed 
carbon sources. Microbiology, 132(7), 1779-1788. 



References   

 

 

118 

Egli, T., Zinn, M. 2003. The concept of multiple-nutrient-limited growth of microorganisms and its 
application in biotechnological processes. Biotechnology advances, 22(1-2), 35-43. 

Euro Chlor. 2021. Chlor-alkali industry review 2020-2021, Euro Chlor. Brussels. 
Fang, C.J., Ku, K.L., Lee, M.H., Su, N.W. 2010. Influence of nutritive factors on C50 carotenoids 

production by Haloferax mediterranei ATCC 33500 with two-stage cultivation. Bioresour 

Technol, 101(16), 6487-93. 
Fathepure, B.Z. 2014. Recent studies in microbial degradation of petroleum hydrocarbons in hypersaline 

environments. Frontiers in microbiology, 5, 173. 
Feng, Y., Xu, X., Zhang, L., Zhang, C. 2018. Bio degradation of phenol by halophilic Pseudomonas sp. 

strain SL-1 and evaluation of its resistance of heavy metals. Desalination and Water Treatment, 
111, 236-240. 

Fofonoff, N. 1985. Physical properties of seawater: A new salinity scale and equation of state for 
seawater. Journal of Geophysical Research: Oceans, 90(C2), 3332-3342. 

Franca, R.D.G., Pinheiro, H.M., van Loosdrecht, M.C.M., Lourenço, N.D. 2018. Stability of aerobic 
granules during long-term bioreactor operation. Biotechnology Advances, 36(1), 228-246. 

Frank, S.E. 1999. Growth characteristics of Acinetobacter johnsonii 210A under single and dual nutrient 
limitation with special reference to carbon, nitrogen and phosphorus, ETH Zurich. Zürich, pp. 
146. 

Fuchs, G., Boll, M., Heider, J. 2011. Microbial degradation of aromatic compounds—from one strategy 
to four. Nature Reviews Microbiology, 9(11), 803-816. 

Gama, N.V., Ferreira, A., Barros-Timmons, A. 2018. Polyurethane foams: Past, present, and future. 
Materials, 11(10), 1841. 

Gargouri, B., Karray, F., Mhiri, N., Aloui, F., Sayadi, S. 2011. Application of a continuously stirred tank 
bioreactor (CSTR) for bioremediation of hydrocarbon-rich industrial wastewater effluents. 
Journal of Hazardous Materials, 189(1), 427-434. 

Gebara, F. 1999. Activated sludge biofilm wastewater treatment system. Water Research, 33(1), 230-
238. 

Golshan, M., Jorfi, S., Jaafarzadeh Haghighifard, N., Takdastan, A., Ghafari, S., Rostami, S., Ahmadi, 
M. 2019. Development of salt-tolerant microbial consortium during the treatment of saline 
bisphenol A-containing wastewater: Removal mechanisms and microbial characterization. 
Journal of Water Process Engineering, 32, 100949. 

Gorenflo, V.M., Smith, L., Dedinsky, B., Persson, B., Piret, J.M. 2002. Scale‐up and optimization of an 
acoustic filter for 200 L/day perfusion of a CHO cell culture. Biotechnology and bioengineering, 
80(4), 438-444. 

Govarthanan, M., Khalifa, A.Y., Kamala-Kannan, S., Srinivasan, P., Selvankumar, T., Selvam, K., Kim, 
W. 2020. Significance of allochthonous brackish water Halomonas sp. on biodegradation of low 
and high molecular weight polycyclic aromatic hydrocarbons. Chemosphere, 243, 125389. 

Gregory, M., Thornhill, N. 1997. The effects of aeration and agitation on the measurement of yeast 
biomass using a laser turbidity probe. Bioprocess Engineering, 16(6), 339-344. 

Gunde-Cimerman, N., Plemenitaš, A., Oren, A. 2018. Strategies of adaptation of microorganisms of the 
three domains of life to high salt concentrations. FEMS microbiology reviews, 42(3), 353-375. 

Gutés, A., Céspedes, F., Alegret, S., del Valle, M. 2005. Determination of phenolic compounds by a 
polyphenol oxidase amperometric biosensor and artificial neural network analysis. Biosensors 

and Bioelectronics, 20(8), 1668-1673. 
Haddadi, A., Shavandi, M. 2013. Biodegradation of phenol in hypersaline conditions by Halomonas sp. 

strain PH2-2 isolated from saline soil. International biodeterioration & biodegradation, 85, 29-
34. 

Haque, R., Paradisi, F., Allers, T. 2020. Haloferax volcanii for biotechnology applications: challenges, 
current state and perspectives. Applied microbiology and biotechnology, 104(4), 1371-1382. 

Harpole, W.S., Ngai, J.T., Cleland, E.E., Seabloom, E.W., Borer, E.T., Bracken, M.E., Elser, J.J., 
Gruner, D.S., Hillebrand, H., Shurin, J.B. 2011. Nutrient co‐limitation of primary producer 
communities. Ecology letters, 14(9), 852-862. 

Heckroth, H., Herwig, C., Kamravamanesh, D. 2018a. Biodegradation Of Aniline From Hypersaline 
Environments Using Halophilic Microorganisms, COVESTRO DEUTSCHLAND AG. WO. 



  References 

 

 

  119 

Heckroth, H., Herwig, C., Kamravamanesh, D., Ruschitzka, P. 2018b. Formate Catalysis From 
Hypersaline Environments By A Halotolerant Halomonas Sp, COVESTRO DEUTSCHLAND 
AG. WO. 

Heckroth, H., Weber, R., Herwig, C., Mahler, N. 2019. Continuous Method For Reducing The Amount 
Of Organic Compounds In Wastewater, COVESTRO DEUTSCHLAND AG. WO. 

Henze, M., van Loosdrecht, M.C., Ekama, G.A., Brdjanovic, D. 2008. Biological wastewater treatment. 
IWA publishing. 

Heuser, J., Verhoeven, W., Sluyts, D. 2005. Preparation of waste water containing sodium chloride for 
use in chlor-alkali electrolysis, Google Patents. 

Hofer, A., Herwig, C. 2017. Quantitative determination of nine water‐soluble vitamins in the complex 
matrix of corn steep liquor for raw material quality assessment. Journal of Chemical Technology 

& Biotechnology, 92(8), 2106-2113. 
Jang, D., Hwang, Y., Shin, H., Lee, W. 2013. Effects of salinity on the characteristics of biomass and 

membrane fouling in membrane bioreactors. Bioresource Technology, 141, 50-56. 
Jen, J.-F., Chang, C.-T., Yang, T.C. 2001. On-line microdialysis–high-performance liquid 

chromatographic determination of aniline and 2-chloroaniline in polymer industrial wastewater. 
Journal of Chromatography A, 930(1-2), 119-125. 

Jiang, B., Shi, S., Song, L., Tan, L., Li, M., Liu, J., Xue, L. 2016a. Efficient treatment of phenolic 
wastewater with high salinity using a novel integrated system of magnetically immobilized cells 
coupling with electrodes. Bioresource Technology, 218, 108-114. 

Jiang, Y., Wang, H., Shang, Y., Yang, K. 2016b. Simultaneous removal of aniline, nitrogen and 
phosphorus in aniline-containing wastewater treatment by using sequencing batch reactor. 
Bioresour Technol, 207, 422-9. 

Jiang, Y., Wei, L., Zhang, H., Yang, K., Wang, H. 2016c. Removal performance and microbial 
communities in a sequencing batch reactor treating hypersaline phenol-laden wastewater. 
Bioresource Technology, 218, 146-152. 

Jin, Q., Hu, Z., Jin, Z., Qiu, L., Zhong, W., Pan, Z. 2012. Biodegradation of aniline in an alkaline 
environment by a novel strain of the halophilic bacterium, Dietzia natronolimnaea JQ-AN. 
Bioresour Technol, 117, 148-54. 

Jobe, A.M., Herwig, C., Surzyn, M., Walker, B., Marison, I., von Stockar, U. 2003. Generally applicable 
fed-batch culture concept based on the detection of metabolic state by on-line balancing. 
Biotechnol Bioeng, 82(6), 627-39. 

Kager, J., Fricke, J., Becken, U., Herwig, C. 2017. A Generic Biomass Soft Sensor and Its Application 
in Bioprocess Development. 

Kager, J., Herwig, C., Stelzer, I.V. 2018. State estimation for a penicillin fed-batch process combining 
particle filtering methods with online and time delayed offline measurements. Chemical 

Engineering Science, 177, 234-244. 
Kayranli, B., Ugurlu, A. 2011. Effects of temperature and biomass concentration on the performance of 

anaerobic sequencing batch reactor treating low strength wastewater. Desalination, 278(1), 77-
83. 

Keating, J.T., Behling, K.-J. 1990. Brine, Impurities, and Membrane Chlor-Alkali Cell Performance. in: 
Modern Chlor-Alkali Technology: Volume 4, (Eds.) N.M. Prout, J.S. Moorhouse, Springer 
Netherlands. Dordrecht, pp. 125-139. 

Khan, M.Z., Mondal, P.K., Sabir, S., Tare, V. 2011. Degradation pathway, toxicity and kinetics of 2,4,6-
trichlorophenol with different co-substrate by aerobic granules in SBR. Bioresource 

Technology, 102(13), 7016-7021. 
King, G.A., Oliver, T.A.A., Ashfold, M.N.R. 2010. Dynamical insights into π1σ∗ state mediated 

photodissociation of aniline. The Journal of Chemical Physics, 132(21), 214307. 
Konstantinov, K.B., Cooney, C.L. 2015. White paper on continuous bioprocessing May 20–21 2014 

continuous manufacturing symposium. Journal of pharmaceutical sciences, 104(3), 813-820. 
Korkut, S., Uzuncar, S., Kilic, M.S., Hazer, B. 2016. Electrochemical, continuous-flow determination 

of p-benzoquinone on a gold nanoparticles poly (propylene-co-imidazole) modified gold 
electrode. Instrumentation Science & Technology, 44(6), 614-628. 



References   

 

 

120 

Kreye, O., Mutlu, H., Meier, M.A. 2013. Sustainable routes to polyurethane precursors. Green 

Chemistry, 15(6), 1431-1455. 
Krzmarzick, M.J., Taylor, D.K., Fu, X., McCutchan, A.L. 2018. Diversity and niche of archaea in 

bioremediation. Archaea, 2018. 
Lakshmanan, S., Murugesan, T. 2014. The chlor-alkali process: work in progress. Clean Technologies 

and Environmental Policy, 16(2), 225-234. 
Le Borgne, S., Paniagua, D., Vazquez-Duhalt, R. 2008. Biodegradation of organic pollutants by 

halophilic bacteria and archaea. J Mol Microbiol Biotechnol, 15(2-3), 74-92. 
Lee, S.Y., Chang, H.N., Um, Y.S., Hong, S.H. 1998. Bacteriorhodopsin production by cell recycle 

culture of Halobacterium halobium. Biotechnology Letters, 20(8), 763-765. 
Li, H., Meng, F., Duan, W., Lin, Y., Zheng, Y. 2019a. Biodegradation of phenol in saline or hypersaline 

environments by bacteria: A review. Ecotoxicology and Environmental Safety, 184, 109658. 
Li, J., Li, Y., Xiong, Z., Yao, G., Lai, B. 2019b. The electrochemical advanced oxidation processes 

coupling of oxidants for organic pollutants degradation: a mini-review. Chinese Chemical 

Letters, 30(12), 2139-2146. 
Lipson, D.A. 2015. The complex relationship between microbial growth rate and yield and its 

implications for ecosystem processes. Frontiers in microbiology, 6, 615. 
Lofthus, S., Almås, I.K., Evans, P., Pelz, O., Brakstad, O.G. 2018. Biodegradation in seawater of PAH 

and alkylphenols from produced water of a North Sea platform. Chemosphere, 206, 465-473. 
Lorantfy, B., Ruschitzka, P., Herwig, C. 2014a. Investigation of physiological limits and conditions for 

robust bioprocessing of an extreme halophilic archaeon using external cell retention system. 
Biochemical Engineering Journal, 90, 140-148. 

Lorantfy, B., Seyer, B., Herwig, C. 2014b. Stoichiometric and kinetic analysis of extreme halophilic 
Archaea on various substrates in a corrosion resistant bioreactor. New Biotechnology, 31(1), 80-
89. 

Luthfi, A.A.I., Manaf, S.F.A., Illias, R.M., Harun, S., Mohammad, A.W., Jahim, J.M. 2017. 
Biotechnological route for sustainable succinate production utilizing oil palm frond and kenaf 
as potential carbon sources. Applied microbiology and biotechnology, 101(8), 3055-3075. 

Mahler, N., Tschirren, S., Pflügl, S., Herwig, C. 2018. Optimized bioreactor setup for scale-up studies 
of extreme halophilic cultures. Biochemical Engineering Journal, 130, 39-46. 

Maia, L.B., Moura, I., Moura, J.J. 2017. Molybdenum and tungsten-containing formate dehydrogenases: 
Aiming to inspire a catalyst for carbon dioxide utilization. Inorganica Chimica Acta, 455, 350-
363. 

Mainka, T., Herwig, C., Pflügl, S. 2022. Reducing Organic Load From Industrial Residual Process Brine 
With a Novel Halophilic Mixed Culture: Scale-Up and Long-Term Piloting of an Integrated 
Bioprocess. Frontiers in Bioengineering and Biotechnology, 10. 

Mainka, T., Mahler, N., Herwig, C., Pflügl, S. 2019. Soft Sensor-Based Monitoring and Efficient 
Control Strategies of Biomass Concentration for Continuous Cultures of Haloferax mediterranei 
and Their Application to an Industrial Production Chain. Microorganisms, 7(12). 

Mainka, T., Weirathmüller, D., Herwig, C., Pflügl, S. 2021. Potential applications of halophilic 
microorganisms for biological treatment of industrial process brines contaminated with 
aromatics. Journal of Industrial Microbiology and Biotechnology. 

Maldonado, M.T., Boyd, P.W., Harrison, P.J., Price, N.M. 1999. Co-limitation of phytoplankton growth 
by light and Fe during winter in the NE subarctic Pacific Ocean. Deep Sea Research Part II: 

Topical Studies in Oceanography, 46(11-12), 2475-2485. 
Margesin, R., Schinner, F. 2001. Biodegradation and bioremediation of hydrocarbons in extreme 

environments. Applied microbiology and biotechnology, 56(5-6), 650-663. 
Marozava, S., Röling, W.F.M., Seifert, J., Küffner, R., von Bergen, M., Meckenstock, R.U. 2014. 

Physiology of Geobacter metallireducens under excess and limitation of electron donors. Part 
II. Mimicking environmental conditions during cultivation in retentostats. Systematic and 

Applied Microbiology, 37(4), 287-295. 
Marr, J.G.D., Seaton, G.G.R., Clark, B.J., Fell, A.F. 1990. Multiple absorbance ratio correlation — a 

new approach for assessing peak purity in liquid chromatography. Journal of Chromatography 

A, 506, 289-301. 



  References 

 

 

  121 

Marrot, B., Barrios‐Martinez, A., Moulin, P., Roche, N. 2004. Industrial wastewater treatment in a 
membrane bioreactor: a review. Environmental progress, 23(1), 59-68. 

Martín-Hernández, M., Carrera, J., Pérez, J., Suárez-Ojeda, M.E. 2009. Enrichment of a K-strategist 
microbial population able to biodegrade p-nitrophenol in a sequencing batch reactor. Water 

Research, 43(15), 3871-3883. 
Martinez-Espinosa, R.M., Richardson, D.J., Bonete, M.J. 2015. Characterisation of chlorate reduction 

in the haloarchaeon Haloferax mediterranei. Biochim Biophys Acta, 1850(4), 587-94. 
Mavukkandy, M.O., Chabib, C.M., Mustafa, I., Al Ghaferi, A., AlMarzooqi, F. 2019. Brine management 

in desalination industry: From waste to resources generation. Desalination, 472, 114187. 
McQueen, C.A., Williams, G.M. 1990. Review of the genotoxicity and carcinogenicity of 4, 4′-

methylene-dianiline and 4, 4′-methylene-bis-2-chloroaniline. Mutation Research/Reviews in 

Genetic Toxicology, 239(2), 133-142. 
Merenov, A.S., Jewell, D.W., Gillis, P.A., Jansma, G.I., Breed, A.W., Anderson, J.J., Reed, D.J. 2015. 

Process for the production of methylene diphenyl diisocyanate isomer mixtures with specific 
isomer distributions and new products derived, Google Patents. 

Mills, M.M., Moore, C., Langlois, R., Milne, A., Achterberg, E., Nachtigall, K., Lochte, K., Geider, R., 
J. La, R. 2008. Nitrogen and phosphorus co‐limitation of bacterial productivity and growth in 
the oligotrophic subtropical North Atlantic. Limnology and Oceanography, 53(2), 824-834. 

Mitra, R., Xu, T., Xiang, H., Han, J. 2020. Current developments on polyhydroxyalkanoates synthesis 
by using halophiles as a promising cell factory. Microbial Cell Factories, 19(1), 1-30. 

Morel, F., Reinfelder, J., Roberts, S., Chamberlain, C., Lee, J., Yee, D. 1994. Zinc and carbon co-
limitation of marine phytoplankton. Nature, 369(6483), 740-742. 

Moussa, M., Sumanasekera, D., Ibrahim, S., Lubberding, H., Hooijmans, C., Gijzen, H., Van 
Loosdrecht, M. 2006. Long term effects of salt on activity, population structure and floc 
characteristics in enriched bacterial cultures of nitrifiers. Water research, 40(7), 1377-1388. 

Mu, S. 2006. Catechol sensor using poly(aniline-co-o-aminophenol) as an electron transfer mediator. 
Biosensors and Bioelectronics, 21(7), 1237-1243. 

Muddemann, T., Bulan, A., Sievers, M., Kunz, U. 2018. Avoidance of Chlorine Formation during 
Electrolysis at Boron-Doped Diamond Anodes in Highly Sodium Chloride Containing and 
Organic-Polluted Wastewater. Journal of The Electrochemical Society, 165(15), J3281-J3287. 

Münzberg, M., Hass, R., Khanh, N.D.D., Reich, O. 2017. Limitations of turbidity process probes and 
formazine as their calibration standard. Analytical and bioanalytical chemistry, 409(3), 719-
728. 

Neoh, C.H., Noor, Z.Z., Mutamim, N.S.A., Lim, C.K. 2016. Green technology in wastewater treatment 
technologies: integration of membrane bioreactor with various wastewater treatment systems. 
Chemical engineering journal, 283, 582-594. 

Nikolic, G.M., Premović, P.I., Nikolić, R.S. 1998. Spectrophotometric Study of Catechol Oxidation by 
Aerial O2 in Alkaline Aqueous Solutions Containing Mg(II) Ions. Spectroscopy Letters, 31(2), 
327-333. 

Niks, D., Hille, R. 2019. Molybdenum‐and tungsten‐containing formate dehydrogenases and 
formylmethanofuran dehydrogenases: Structure, mechanism, and cofactor insertion. Protein 

Science, 28(1), 111-122. 
Nogales, J., García, J.L., Díaz, E. 2017. Degradation of Aromatic Compounds in Pseudomonas: A 

Systems Biology View. in: Aerobic Utilization of Hydrocarbons, Oils and Lipids, (Ed.) F. Rojo, 
Springer International Publishing. Cham, pp. 1-49. 

Novak, K., Pflügl, S. 2018. Towards biobased industry: acetate as a promising feedstock to enhance the 
potential of microbial cell factories. FEMS microbiology letters, 365(20), fny226. 

Oren, A. 1999. Bioenergetic aspects of halophilism. Microbiol. Mol. Biol. Rev., 63(2), 334-348. 
Oren, A. 2002. Diversity of halophilic microorganisms: environments, phylogeny, physiology, and 

applications. J Ind Microbiol Biotechnol, 28(1), 56-63. 
Oren, A. 2006. Halophilic microorganisms and their environments. Springer science & business media. 
Oren, A. 2008. Microbial life at high salt concentrations: phylogenetic and metabolic diversity. Saline 

Systems, 4, 2. 



References   

 

 

122 

Oren, A., Gurevich, P., Azachi, M., Henis, Y. 1992. Microbial degradation of pollutants at high salt 
concentrations. Biodegradation, 3(2-3), 387-398. 

Palm, E., Myrin, E. 2018. Mapping the plastics system and its sustainability challenges. Lund 

University: Lund, Sweden, 37. 
Papadimitriou, C.A., Samaras, P., Sakellaropoulos, G.P. 2009. Comparative study of phenol and cyanide 

containing wastewater in CSTR and SBR activated sludge reactors. Bioresource Technology, 
100(1), 31-37. 

Pflügl, S., Marx, H., Mattanovich, D., Sauer, M. 2014. Heading for an economic industrial upgrading 
of crude glycerol from biodiesel production to 1,3-propanediol by Lactobacillus diolivorans. 
Bioresour Technol, 152, 499-504. 

Pillar-Little, E.A., Zhou, R., Guzman, M.I. 2015. Heterogeneous Oxidation of Catechol. The Journal of 

Physical Chemistry A, 119(41), 10349-10359. 
Pirt, S. 1965. The maintenance energy of bacteria in growing cultures. Proceedings of the Royal Society 

of London. Series B. Biological Sciences, 163(991), 224-231. 
Pirt, S.J. 1987. The energetics of microbes at slow growth rates: Maintenance energies and dormant 

organisms. Journal of Fermentation Technology, 65(2), 173-177. 
Piubeli, F., Grossman, M.J., Fantinatti-Garboggini, F., Durrant, L.R. 2012. Identification and 

characterization of aromatic degrading Halomonas in hypersaline produced water and COD 
reduction by bioremediation by the indigenous microbial population using nutrient addition. 
Chemical Engineering Transactions. 

Poblete-Castro, I., Escapa, I.F., Jäger, C., Puchalka, J., Chi Lam, C.M., Schomburg, D., Prieto, M.A., 
Martins dos Santos, V.A.P. 2012. The metabolic response of P. putida KT2442 producing high 
levels of polyhydroxyalkanoate under single- and multiple-nutrient-limited growth: Highlights 
from a multi-level omics approach. Microbial Cell Factories, 11(1), 34. 

Pohl, F., Bulan, A., Weber, R., Adamson, R., Böhm, M., Six, C. 2009. Method for creating methylene-
diphenyl-diisocyanates Vol. EP2096102A1, Covestro Deutschland AG  

Bayer Intellectual Property GmbH  

Covestro Intellectual Property GmbH and Co KG  
Praveen, P., Loh, K.-C. 2016. Osmotic membrane bioreactor for phenol biodegradation under 

continuous operation. Journal of Hazardous Materials, 305, 115-122. 
Price, N., Morel, F.M. 1991. Colimitation of phytoplankton growth by nickel and nitrogen. Limnology 

and Oceanography, 36(6), 1071-1077. 
Qureshi, N., Lai, L., Blaschek, H. 2004. Scale-up of a high productivity continuous biofilm reactor to 

produce butanol by adsorbed cells of Clostridium beijerinckii. Food and Bioproducts 

Processing, 82(2), 164-173. 
Rahemi, V., Trashin, S., Hafideddine, Z., Van Doorslaer, S., Meynen, V., Gorton, L., De Wael, K. 2020. 

Amperometric flow-injection analysis of phenols induced by reactive oxygen species generated 
under daylight irradiation of titania impregnated with horseradish peroxidase. Analytical 

Chemistry, 92(5), 3643-3649. 
Ramos, C., Suárez-Ojeda, M.E., Carrera, J. 2016a. Biodegradation of a high-strength wastewater 

containing a mixture of ammonium, aromatic compounds and salts with simultaneous nitritation 
in an aerobic granular reactor. 51(3), 399-407. 

Ramos, C., Suárez-Ojeda, M.E., Carrera, J. 2015. Long-term impact of salinity on the performance and 
microbial population of an aerobic granular reactor treating a high-strength aromatic 
wastewater. Bioresource Technology, 198, 844-851. 

Ramos, C., Suárez-Ojeda, M.E., Carrera, J. 2016b. Long-term performance and stability of a continuous 
granular airlift reactor treating a high-strength wastewater containing a mixture of aromatic 
compounds. Journal of Hazardous Materials, 303, 154-161. 

Rasool, K., Mahmoud, K.A., Lee, D.S. 2015. Influence of co-substrate on textile wastewater treatment 
and microbial community changes in the anaerobic biological sulfate reduction process. journal 

of Hazardous Materials, 299, 453-461. 



  References 

 

 

  123 

Reichelt, W.N., Thurrold, P., Brillmann, M., Kager, J., Fricke, J., Herwig, C. 2016. Generic biomass 
estimation methods targeting physiologic process control in induced bacterial cultures. 
Engineering in Life Sciences, 16(8), 720-730. 

Reig, M., Casas, S., Aladjem, C., Valderrama, C., Gibert, O., Valero, F., Centeno, C.M., Larrotcha, E., 
Cortina, J.L. 2014. Concentration of NaCl from seawater reverse osmosis brines for the chlor-
alkali industry by electrodialysis. Desalination, 342, 107-117. 

Roberts, G.M., Williams, C.A., Young, J.D., Ullrich, S., Paterson, M.J., Stavros, V.G. 2012. Unraveling 
Ultrafast Dynamics in Photoexcited Aniline. Journal of the American Chemical Society, 
134(30), 12578-12589. 

Roberts, M.F. 2005. Organic compatible solutes of halotolerant and halophilic microorganisms. Saline 

systems, 1(1), 1-30. 
Rollbusch, P., Bothe, M., Becker, M., Ludwig, M., Grünewald, M., Schlüter, M., Franke, R. 2015. 

Bubble columns operated under industrially relevant conditions – Current understanding of 
design parameters. Chemical Engineering Science, 126, 660-678. 

Rüegg, I., Hafner, T., Bucheli‐Witschel, M., Egli, T. 2007. Dynamics of benzene and toluene 
degradation in Pseudomonas putida F1 in the presence of the alternative substrate succinate. 
Engineering in life sciences, 7(4), 331-342. 

Russmayer, H., Egermeier, M., Kalemasi, D., Sauer, M. 2019. Spotlight on biodiversity of microbial 
cell factories for glycerol conversion. Biotechnology Advances. 

Sagmeister, P., Wechselberger, P., Jazini, M., Meitz, A., Langemann, T., Herwig, C. 2013. Soft sensor 
assisted dynamic bioprocess control: Efficient tools for bioprocess development. Chemical 

Engineering Science, 96, 190-198. 
Sánchez Pérez, J.A., Rodríguez Porcel, E.M., Casas López, J.L., Fernández Sevilla, J.M., Chisti, Y. 

2006. Shear rate in stirred tank and bubble column bioreactors. Chemical Engineering Journal, 
124(1-3), 1-5. 

Santos, A., Ma, W., Judd, S.J. 2011. Membrane bioreactors: Two decades of research and 
implementation. Desalination, 273(1), 148-154. 

Schiraldi, C., Acone, M., Giuliano, M., Di Lernia, I., Maresca, C., Cartenì, M., De Rosa, M. 2001. 
Innovative fermentation strategies for the production of extremophilic enzymes. Extremophiles, 
5(3), 193-198. 

Schmittinger, P., Florkiewicz, T., Curlin, L.C., Lüke, B., Scannell, R., Navin, T., Zelfel, E., Bartsch, R. 
2011. Chlorine. in: Ullmann's Encyclopedia of Industrial Chemistry. 

Schofield, M. 2018. Current state of the art in continuous bioprocessing. Biotechnology Letters, 40(9-
10), 1303-1309. 

Schupp, T., Allmendinger, H., Boegi, C., Bossuyt, B.T., Hidding, B., Shen, S., Tury, B., West, R.J. 
2018. The Environmental Behavior of Methylene-4, 4′-dianiline. in: Reviews of Environmental 

Contamination and Toxicology Volume 246, Springer, pp. 91-132. 
Schütze, D., Sepai, O., Lewalter, J., Miksche, L., Henschler, D., Sabbioni, G. 1995. Biomonitoring of 

workers exposed to 4, 4'-methylenedianiline or 4, 4'-methylenediphenyl diisocyanate. 
Carcinogenesis, 16(3), 573-582. 

Shan, X., Junxin, L., Lin, L., Chuanling, Q. 2009. Biodegradation of malathion by Acinetobacter 
johnsonii MA19 and optimization of cometabolism substrates. Journal of Environmental 

Sciences, 21(1), 76-82. 
Shivanand, P., Mugeraya, G. 2011. Halophilic bacteria and their compatible solutes–osmoregulation 

and potential applications. Current science, 1516-1521. 
Silva, J.M., Soloveichik, G.L., Novak, D. 2009. Effects of Organic Impurities on Chloralkali Membrane 

Electrolyzer Performance. Industrial & Engineering Chemistry Research, 48(2), 983-987. 
Sonnleitner, B. 2013. Automated Measurement and Monitoring of Bioprocesses: Key Elements of the 

M3C Strategy. in: Measurement, Monitoring, Modelling and Control of Bioprocesses, (Eds.) 
C.-F. Mandenius, N.J. Titchener-Hooker, Springer Berlin Heidelberg. Berlin, Heidelberg, pp. 
1-33. 

Sunda, W.G., Huntsman, S.A. 1997. Interrelated influence of iron, light and cell size on marine 
phytoplankton growth. Nature, 390(6658), 389-392. 



References   

 

 

124 

Tan, J.P., Jahim, J.M., Harun, S., Wu, T.Y., Mumtaz, T. 2016. Utilization of oil palm fronds as a 
sustainable carbon source in biorefineries. International Journal of Hydrogen Energy, 41(8), 
4896-4906. 

Tan, S., Chen, X., Cui, C., Hou, Y., Li, W., You, H. 2017a. Biodegradation of saline phenolic wastewater 
in a biological contact oxidation reactor with immobilized cells of Oceanomonas sp. 
Biotechnology letters, 39(1), 91-96. 

Tan, S., Cui, C., Hou, Y., Chen, X., Xu, A., Li, W., You, H. 2017b. Cultivation of activated sludge using 
sea mud as seed to treat industrial phenolic wastewater with high salinity. Marine Pollution 

Bulletin, 114(2), 867-870. 
Tan, X., Acquah, I., Liu, H., Li, W., Tan, S. 2019. A critical review on saline wastewater treatment by 

membrane bioreactor (MBR) from a microbial perspective. Chemosphere, 220, 1150-1162. 
Tena-Garitaonaindia, M., Llamas, I., Toral, L., Sampedro, I. 2019. Chemotaxis of halophilic bacterium 

Halomonas anticariensis FP35 towards the environmental pollutants phenol and naphthalene. 
Science of The Total Environment, 669, 631-636. 

Thompson, J.O.F., Saalbach, L., Crane, S.W., Paterson, M.J., Townsend, D. 2015. Ultraviolet relaxation 
dynamics of aniline, N, N-dimethylaniline and 3,5-dimethylaniline at 250 nm. The Journal of 

Chemical Physics, 142(11), 114309. 
Thornton, P.G. 1968. Process for the preparation of 4, 4'-methylenedianiline, Google Patents. 
Tiljander, A., Skarping, G. 1990. Determination of 4,4′-methylenedianiline in hydrolysed human urine 

using liquid chroamtography with UV detection and peak identification by absorbance ratio. 
Journal of Chromatography A, 511, 185-194. 

Timpson, L.M., Liliensiek, A.-K., Alsafadi, D., Cassidy, J., Sharkey, M.A., Liddell, S., Allers, T., 
Paradisi, F. 2013. A comparison of two novel alcohol dehydrogenase enzymes (ADH1 and 
ADH2) from the extreme halophile Haloferax volcanii. Applied microbiology and 

biotechnology, 97(1), 195-203. 
Tishkov, V.I., Popov, V.O. 2006. Protein engineering of formate dehydrogenase. Biomolecular 

Engineering, 23(2), 89-110. 
Trost, B., Stutz, J., Platt, U. 1997. UV-absorption cross sections of a series of monocyclic aromatic 

compounds. Atmospheric Environment, 31(23), 3999-4008. 
Turkay, O., Barışçı, S., Öztürk, B., Öztürk, H., Dimoglo, A. 2017. Electro-Peroxone Treatment of 

Phenol: Process Comparison, the Effect of Operational Parameters and Degradation 
Mechanism. Journal of The Electrochemical Society, 164(9), E180-E186. 

Ulonska, S., Waldschitz, D., Kager, J., Herwig, C. 2018. Model predictive control in comparison to 
elemental balance control in an E. coli fed-batch. Chemical Engineering Science, 191, 459-467. 

Vees, C.A., Neuendorf, C.S., Pflügl, S. 2020. Towards continuous industrial bioprocessing with 
solventogenic and acetogenic clostridia: challenges, progress and perspectives. Journal of 

Industrial Microbiology & Biotechnology: Official Journal of the Society for Industrial 

Microbiology and Biotechnology, 47(9-10), 753-787. 
Vojinović, V., Cabral, J., Fonseca, L. 2006. Real-time bioprocess monitoring: Part I: In situ sensors. 

Sensors and Actuators B: Chemical, 114(2), 1083-1091. 
Wang, H., Provan, G.J., Helliwell, K. 2004. Determination of rosmarinic acid and caffeic acid in 

aromatic herbs by HPLC. Food Chemistry, 87(2), 307-311. 
Wang, W., Wu, B., Pan, S., Yang, K., Hu, Z., Yuan, S. 2017. Performance robustness of the UASB 

reactors treating saline phenolic wastewater and analysis of microbial community structure. 
Journal of Hazardous Materials, 331, 21-27. 

Wang, X., Gai, Z., Yu, B., Feng, J., Xu, C., Yuan, Y., Lin, Z., Xu, P. 2007a. Degradation of carbazole 
by microbial cells immobilized in magnetic gellan gum gel beads. Applied and Environmental 

Microbiology, 73(20), 6421-6428. 
Wang, Y.-N., Cai, H., Chi, C.-Q., Lu, A.-H., Lin, X.-G., Jiang, Z.-F., Wu, X.-L. 2007b. Halomonas 

shengliensis sp. nov., a moderately halophilic, denitrifying, crude-oil-utilizing bacterium. 
International Journal of Systematic and Evolutionary Microbiology, 57(6), 1222-1226. 

Ward, E., Carpenter, A., Markowitz, S., Roberts, D., Halperin, W. 1991. Excess number of bladder 
cancers in workers exposed to ortho-toluidine and aniline. JNCI: Journal of the National Cancer 

Institute, 83(7), 501-506. 



  References 

 

 

  125 

Wechselberger, P., Sagmeister, P., Herwig, C. 2013. Real-time estimation of biomass and specific 
growth rate in physiologically variable recombinant fed-batch processes. Bioprocess Biosyst 

Eng, 36(9), 1205-18. 
Woolard, C., Irvine, R. 1995. Treatment of hypersaline wastewater in the sequencing batch reactor. 

Water Research, 29(4), 1159-1168. 
Yu, X., Niks, D., Mulchandani, A., Hille, R. 2017. Efficient reduction of CO2 by the molybdenum-

containing formate dehydrogenase from Cupriavidus necator (Ralstonia eutropha). Journal of 

Biological Chemistry, 292(41), 16872-16879. 
Zhang, L., Li, B. 2009. A highly selective optical sensor for aniline recognition. Spectrochimica Acta 

Part A: Molecular and Biomolecular Spectroscopy, 74(5), 1060-1063. 
Zhao, L., Zhu, L., Lee, H.K. 2002. Analysis of aromatic amines in water samples by liquid–liquid–liquid 

microextraction with hollow fibers and high-performance liquid chromatography. Journal of 

Chromatography A, 963(1-2), 239-248. 
Zhou, T., Lim, T.-T., Chin, S.-S., Fane, A. 2011. Treatment of organics in reverse osmosis concentrate 

from a municipal wastewater reclamation plant: feasibility test of advanced oxidation processes 
with/without pretreatment. Chemical Engineering Journal, 166(3), 932-939. 

Zhuang, X., Han, Z., Bai, Z., Zhuang, G., Shim, H. 2010. Progress in decontamination by halophilic 
microorganisms in saline wastewater and soil. Environmental Pollution, 158(5), 1119-1126. 

Zinn, M., Witholt, B., Egli, T. 2004. Dual nutrient limited growth: models, experimental observations, 
and applications. Journal of biotechnology, 113(1-3), 263-279. 

Zydney, A.L. 2015. Perspectives on integrated continuous bioprocessing—opportunities and challenges. 
Current Opinion in Chemical Engineering, 10, 8-13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix   

 

 

126 

6  Appendix 

 

List of publications 

Mainka, T., Mahler, N., Herwig, C., Pflügl, S. (2019). Soft Sensor-Based Monitoring and 

Efficient Control Strategies of Biomass Concentration for Continuous Cultures of Haloferax 

mediterranei and Their Application to an Industrial Production Chain. Microorganisms, 7(12). 

https://doi.org/10.3390/microorganisms7120648 

Mainka, T., Weirathmüller, D., Herwig, C., Pflügl, S. (2021). Potential applications of halophilic 

microorganisms for biological treatment of industrial process brines contaminated with 

aromatics. Journal of Industrial Microbiology and Biotechnology, 48(1-2). 

https://doi.org/10.1093/jimb/kuab015 

Mainka T, Herwig C and Pflügl S (2022). Reducing Organic Load From Industrial Residual 

Process Brine With a Novel Halophilic Mixed Culture: Scale-Up and Long-Term Piloting of an 

Integrated Bioprocess. Front. Bioeng. Biotechnol. 10:896576. 

https://doi.org/10.3389/fbioe.2022.896576  

Mainka, T., Herwig, C., Pflügl, S. (2022). Optimized operating conditions for a biological 

treatment process of an industrial residual process brine using a halophilic mixed culture. 

Currently under revision in Fermentation, MDPI. 

Mainka, T., Pflügl, S., Herwig, C. (2022), Biodegradation of organic contaminants by halophilic 

microorganisms under nutrient limitation, Patent No. 2020P30051WO  

The patent was filed at 04.03.2022 

Registration number: PCT/EP2022/055652  

Patent number: 2020P30051WO 

 

 

 

 

 

https://doi.org/10.3390/microorganisms7120648
https://doi.org/10.1093/jimb/kuab015
https://doi.org/10.3389/fbioe.2022.896576


  Appendix 

 

 

  127 

  



Appendix   

 

 

128 

Conferences 

Mainka, T., Herwig, C., Pflügl, S. (2020). Bioprocess Development for Continuous Treatment 

of Industrial Waste Salt Water. Industrial Water 2020 - International Conference & Exhibition 

on Water Management in Industry. Presentation: 19.11.2020. Virtual Conference 17.-

19.11.2020 

Mainka, T., Herwig, C., Pflügl, S. (2020). Bioprocess development for continuous treatment of 

industrial waste salt water. e-Poster: 10. ProcessNet‐Jahrestagung und 34. DECHEMA‐
Jahrestagung der Biotechnologen 2020: Processes for Future. Chemie Ingenieur Technik, 92: 

1228-1228. https://doi.org/10.1002/cite.202055309 https://doi.org/10.1002/cite.202055309  

Mainka, T., Herwig, C., Pflügl, S. (2019). Bioprocess Development for Continuous Treatment 

of Industrial Waste Salt Water. 18th Austrian Chemistry Days: Mini Symposium Chemical 

Engineering: Recent Advances and Challenges. Presentation: 24.09.2019. Linz, 24.-

27.9.2019. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1002/cite.202055309
https://doi.org/10.1002/cite.202055309


  Appendix 

 

 

  129 

  



Appendix   

 

 

130 

List of Figures 

Figure 1. Schematic overview of a potential recycling strategy for industrial residual brine. From 

a production process, the residual process brine with a high organic load is transferred and 

treated in an integrated bioprocess using halophilic microorganisms. The treated brine with a 

low organic content can then be used in a chlor-alkali electrolysis step to produce H2, Cl2, and 

NaOH, which serve as raw materials for other industrial production steps (Bergner, 1982; Euro 

Chlor, 2021; Lakshmanan & Murugesan, 2014; Mainka et al., 2019; Schmittinger et al., 2011).

 ...............................................................................................................................................3 

Figure 2. (A) Condensation reaction of aniline and formaldehyde to 4,4’-methylenedianline 

(Schupp et al., 2018). (B) Structure of phenol. (C) Structure of formic acid. ............................5 

Figure 3. Scheme of the cell retention setup. A constant feed (FF) supplies the cells with fresh 

substrate and media components. Base (FBase) is added to hold the pH at a constant level. A 

pump continuously circulates the cell suspension as loop flow (FL) through the membrane 

module to separate cell-free harvest (FH). Bleed flow (FB) is continuously removed to eliminate 

cells and sustain steady-state conditions. To guarantee a constant reactor volume (VR) flow 

for Feed, Base, Harvest and Bleed have to meet the following equation: FF + FBase = FH + FB. 

Biomass is monitored using a turbidity probe and a soft sensor that is driven by measurements 

of off-gas composition (Mainka et al., 2019). ..........................................................................8 

Figure 4. Schematic diagram of the BCR: (1) Pressure resistant bubble column vessel, (2) 

continuously circulating loop driven by a diaphragm pump, and (3) microfiltration unit for cell 

retention. Probes are indicated in italic, and continuous fluid flows are indicated in bold (Mahler 

et al., 2018). ......................................................................................................................... 10 

Figure 5. Aerobic pathway of phenolic degradation (meta- and ortho-cleavage) (Li et al., 2019a; 

Mainka et al., 2021). ............................................................................................................. 12 

Figure 6. Structure of the thesis. ........................................................................................... 14 

Figure 7. Aniline peaks in chromatograms of HPLC run 1. Chromatograms of bioreactor 

samples (t478), feed sample, and aniline standards (c = 1 mg L-1). The HPLC runs were 

performed with the same method. ........................................................................................ 24 

Figure 8. Aniline peaks in chromatograms of HPLC run 2. Chromatograms of bioreactor 

samples (t478), feed sample and aniline standards (c = 1 mg L-1). The HPLC runs were 

performed with the same method. ........................................................................................ 24 

Figure 9. Dual-wavelength absorbance ratios of peak areas were integrated from peaks at λab. 

= 197 nm and λab. = 230 nm. Left bars (dark): HPLC run 1; right bars (light): HPLC run 2. .... 25 

Figure 10. UV absorption spectrum of the aniline standard peak (retention time: 13.79 min).

 ............................................................................................................................................. 26 



  Appendix 

 

 

  131 

Figure 11. HPLC chromatogram for RPB feed (blue) and bioreactor (black) samples at λ=230 

nm. As indicated in the chromatogram, the three aromatic target molecules (aniline, phenol, 

and 4,4’-MDA) are separated from any peaks in bioreactor samples. ................................... 27 

Figure 12. Achievements and findings of this thesis. ............................................................ 39 

 

 


