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Summary 
Lactic acid (LA) is an important organic acid, traditionally used in food, pharmaceutical, leather and 
textile industries as an acidulant, a flavouring or a preservative. Since the beginning of the 21st 
century, the expanding demand of LA is mainly caused by the application to synthesize polylactic 
acid (PLA), which is a biodegradable, compostable and biocompatible plastic. However, the current 
price of LA has strongly limited the competitiveness of PLA compared with petroleum-derived 
plastics. Therefore, reducing the production cost by increasing the volumetric productivity has 
become a critical goal, and various methods focused on increasing the titre, production rate and 
final yield of LA have been employed in both manufacturing and downstream separation processes. 

In industry, the microbial conversion of sugars (in fermenters) is preferable to the chemical 
synthesis of LA, because fermentation can achieve stereospecific LA production by using different 
strains of microorganisms, whereas chemical synthesis provides only racemic mixture of D,L-LA. 
However, the productivity of LA in conventional batch or fed-batch fermentations is often limited by 
the product inhibition. Commonly, the inhibitory effect occurs when the LA concentration in the 
fermentation broth reaches a critical level. In this study, the investigations of batch fermentation 
indicate that the growth of Bacillus coagulans PS5 is obviously inhibited at the concentration of LA > 
40 g·L-1. 

A membrane unit integrated reactor system, i.e. membrane bioreactor (MBR) system is a 
promising candidate to surmount this limit by continuous removal of LA and supplement of 
substrates. The alleviation of product inhibition allows the cells to keep growing during the entire 
fermentation process, achieving a high level of cell density and LA productivity. The LA productivity 
in MBR systems, like traditional continuous fermentation, depends on the dilution rate as well as 
the product concentration. Because the dilution rate in MBR systems is limited by the filtration flow, 
a high and stable permeate flow is desired for the long-term continuous fermentation. The flux 
control, achieved by optimizing the operational mode of membrane filtration processes, can 
enhance the membrane efficiency and in the meantime reduce the capital and operational costs. 
Obviously, the optimization of the operational mode has to base on the knowledge of decline in 
filtration flux, which can be obtained by the fouling analysis using the resistance-in-series model. 
The analysis suggests that the major resistance (up to ~80% of total resistance) in the filtration of 
LA fermentation broth is attributed to the cake layer formed by the deposition of cells. Due to the 
high compressibility of the cake layer (compressibility index n = 2.09), the decline in flux during the 
filtration process could be conveniently controlled by increasing crossflow velocity rather than 
transmembrane pressure. 

Considering the importance of cell density both in fermentation and filtration unit, determining the 
profile of cell density during the fermentation (growth curve), is integral to the process control. 
Conventional offline biomass measurement cannot provide a real-time cell growth profile, thus 
optical sensors allowing online monitoring in real-time are promising candidates to monitor the 
biomass concentration online during fermentation. Optical sensors based on diverse measuring 



Summary 

II 

principles usually have different responses to the measured objects. In order to verify the feasibility, 
two types of optical sensors were tested in the fermentation broth. The appropriate optical sensor 
was selected and then, incorporated into the bioreactor for the online monitoring of cell growth 
during both batch and continuous fermentation processes. The corresponding system outputs in 
the membrane bioreactor were regulated with the cell growth profile to maintain a stable 
productivity with desired dilution rate and product concentration. In order to achieve the most cost-
efficient operation, the influences of process parameters such as feed concentration and dilution 
rate on the LA productivity were investigated in the MBR system. During these processes, the 
optical sensor was used to: (i) online monitor the cell growth, (ii) analyse and identify the reasons 
of different process errors, (iii) enhance the process safety, efficiency and stability. Under the 
online monitoring with the optical sensor, a stable continuous production of LA in the MBR system 
was achieved with the highest productivity of 8.6 g·L-1·h-1 and the highest yield of 0.87 g·g-1. This 
productivity is 2.5 times as high as the best overall productivity obtained in batch fermentations.  

 
Keywords: 
Lactic acid, fermentation kinetics, membrane filtration, membrane bioreactor, optical sensor, online 
process monitoring and control 
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Zusammenfassung 
Milchsäure ist eine wichtige organische Säure, die traditionell in der Lebensmittel-, Pharma-, 
Leder- und Textilindustrie als Säuerungsmittel, Aroma oder Konservierungsmittel verwendet wird. 
Seit Anfang des 21. Jahrhundert wird die steigende Nachfrage nach Milchsäure hauptsächlich von 
der Anwendung für die Synthese der Polymilchsäuren (PLA) verursacht, welche ein biologisch 
abbaubarer, kompostierbarer und biokompatibler Kunststoff ist. Allerdings wird die 
Wettbewerbsfähigkeit der PLA im Vergleich mit aus Erdöl gewonnenen Kunststoffen stark vom 
aktuellen Preis der Milchsäure begrenzt. Daher müssen die Herstellungskosten der Milchsäure 
reduziert werden. Dies ließe sich durch die Erhöhung der Raum-Zeit-Ausbeute im Prozess 
realisieren. Verschiedene Verfahren zur Erhöhung der Titre, der Produktionsrate und der Ausbeute 
an Milchsäure kommen sowohl in der Herstellung als auch in der nachgeschalteten Aufarbeitung 
zum Einsatz. 

Zur industriellen Milchsäure-Herstellung wird die mikrobielle Umwandlung von Zuckern (in 
Fermentern) der chemischen Synthese vorgezogen. Der Grund hierfür ist die stereospezifische 
Milchsäure-Produktion, die durch den gezielten Einsatz verschiedener mikrobieller Stämme 
erreicht wird, während die chemische Synthese in ein racemisches Gemisch aus D- und L- 
Milchsäure resultiert. Die Milchsäure-Produktivität konventioneller Batch- oder Fed-Batch-
Fermentationen wird allerdings oft durch Produktinhibition limitiert, sobald die Milchsäure-
Konzentration ein kritisches Niveau erreicht. In der vorliegenden Arbeit zeigten Batch-
Untersuchungen mit Bacillus coagulans PS5 einen wachstumsinhibierenden Effekt bei einer 
Milchsäure-Konzentration von > 40 g L-1. 

Ein Reaktorsystem mit integrierter Membraneinheit, bzw. Membranbioreaktor-System (MBR-
System) ist ein attraktiver Lösungsansatz derartige Wachstumsinhibitionen durch kontinuierliche 
Produktentfernung und Substratzugabe zu minimieren. Eine Verringerung der Produkthemmung 
ermöglicht ein verlängertes Zellwachstum während des gesamten Fermentationsprozesses und 
somit eine gesteigerte Zelldichte und Milchsäure-Bildung. Die Milchsäureproduktion in MBR-
Systemen, wie auch andere traditionelle kontinuierliche Fermentation, hängt dabei von der 
Verdünnungsrate und Produktkonzentration ab. Da in MBR-Systemen die Verdünnungsrate durch 
den Filtrationsfluss limitiert wird, ist ein hoher und stabiler Filtrationsfluss für kontinuierliche 
Fermentationen notwendig. Die Kontrolle des Filtationsflusses, ermöglicht durch optimierte 
Filtrationsbedingungen, kann die Membranleistung erhöhen und gleichzeitig die Investitions- und 
Betriebskosten reduzieren. Grundlage für die Optimierung der Filtrationsbedingungen ist ein 
ausgeprägtes Verständnis für das Filtrationsverhalten, welches über Fouling-Analysen unter 
Verwendung des Widerstand-in-Serien Modells erlangt werden kann. Die Fouling-Analysen zeigten, 
dass der Hauptfiltrationswiderstand (bis zu ~80% des Gesamtwiderstandes) auf den 
Kuchenwiderstand zurückzuführen ist. Aufgrund der hohen Kompressibilität der Kuchenschicht 
(Kompressibilitätsindex n = 2,09) konnte eine Abnahme der Filtrationsflusses primär über die 
Erhöhung der Überströmungsgeschwindigkeit anstatt des Transmembrandruckes kontrolliert 
werden. 
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In Anbetracht der Wichtigkeit der Zelldichte für die Fermentation und Filtrationseinheit, ist die 
Ermittlung des Zelldichteprofils (Zellwachstumskurve) während der Fermentation ein integraler 
Bestandteil der Prozesssteuerung. Konventionelle Offline-Messungen der Biomasse können 
hierfür keine Zellwachstumsprofile in Echtzeit liefern. Somit rücken optische Sensoren als 
vielversprechende Kandidaten für eine geeignete Online-Überwachung der Fermentation in den 
Fokus. Je nach Messprinzip reagieren diese aber unterschiedlich auf das zu vermessende Objekt. 
Zur Auswahl eines geeigneten optischen Sensors wurden somit in der vorliegenden Arbeit zwei 
Sensor-Typen auf ihre Eignung hin untersucht (im Batch- sowie kontinuierlichen Betrieb). Der am 
besten geeignete optische Sensor ist schließlich zur Online-Überwachung des Zellwachstums im 
MBR-System integriert worden. Dabei wird die Leistung des MBRs über die Zellwachstumskurve 
reguliert, zur Aufrechterhaltung einer stabilen Produktivität bei einer definierten Verdünnungsrate 
und Produktkonzentration. Für eine kostengünstige Betriebsweise wurden hierzu die Einflüsse von 
Prozessparametern, wie Zulaufkonzentration und Verdünnungsrate, auf die Milchsäure-
Produktivität des MBRs untersucht. Während dieser Untersuchungen ist der optische Sensor dazu 
genutzt worden: (i) das Zellwachstum online zu verfolgen, (ii) Prozessfehler zu analysieren und zu 
identifizieren, (iii) die Prozesssicherheit, Effizienz und Stabilität zu erhöhen. Unter 
sensorkontrollierten Bedingungen konnte im MBR eine stabile, kontinuierliche Milchsäure-
Produktion erreicht werden mit einer Produktivität von bis zu 8,6 g·L-1·h-1 und einer Ausbeute von 
0,87 g·g-1. Die erzielte Produktivität ist um das 2,5-fache höher als in den Batch-Fermentationen. 

 

Schlüsselwörter: 
Milchsäure, Fermentationskinetik, Membranfiltration, Membranbioreaktor, optischer Sensor, online 
Prozessüberwachung und –kontrolle 
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Abbreviations 
Nomenclature 
A Membrane area m2 
a Growth associated constant g·g-1 
b Non-growth associated constant h-1 
c Concentration g·L-1 
D Dilution rate h-1 
D Diffusion coefficient m·s-1 
d Diameter m, cm, mm 
F Volumetric flow L·h-1 
J Flux L·m-2·h-1 

k Cake resistance coefficient-related constant, defined in 
Eq.4.3-1  bar-2.09·m-1 

k Mass transfer coefficient m3 m-2·s-1 
K Constant defined in the individual sections  
l Length m, cm 
M/m Mass kg 

 Mass flow kg·h-1 
N Number  
n Compressibility index  
P Pressure bar 
Q Rate of production g·L-1·h-1 
r Specific resistance m-2 

R Resistance m-1 
S Cross-sectional area m2 
Sh Sherwood number  
t Time s, min, h 
V Volume L 
v Velocity m·s-1 
Y Yield g·g-1 
AFG Afguard  
ANOVA Analysis of variance  
CDW Cell dry weight g·L-1 
CFV Crossflow velocity m·s-1 
DO Dissolved oxygen mg·L-1 
EMP Embden-Meyer-Parmas  
EPS Extracellular polymer substance  
LA Lactic acid  
LAB Lactic acid bacteria  
NIR Near infrared  
PLA Polylactic acid  
OD Optical density  
Re Reynolds number  
RO Reverse osmosis  
TMP Transmembrane pressure bar 
MBR Membrane bioreactor  
MRS De Man, Rogosa and Sharpe  
MWCO Molecular weight cut off kDa 
MF Microfiltration   
NF Nanofiltration  
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UF Ultrafiltration  
   
Greek letters 
α Cake resistance coefficient m·kg-1·bar-2.09 
α0 Specific cake resistance coefficient m·kg-1 
β Concentration related specific cake resistance coefficient m2·g-1 
ε Porosity % 
σ Standard deviation  
µ Growth rate h-1 
δ Cake layer thickness m 
κ diffusion coefficient m2·s-1 
η Viscosity mPa·s 
π Osmosis pressure Pa 
ρ Density kg·m-3 
 Shear stress Pa 
 Shear rate s-1 

   
Subscripts 
0 Initial value  
a Adsorption  
b Boundary layer  
b Bulk of solution  
bio Biomass  
c Cake layer  
cp Concentration polarization  
d Death  
f/ feed Feed  
g Gel layer  
glu Glucose  
I Inhibition  
i Individual component  
in Input  
l Laminar  
LA/lac Lactate  
m Membrane  
m/max Maximal  
out Output  
p Particle  
p Product  
p Production  
p Permeate  
p Pore blockage  
R Reactor  
r Reaction  
s Substrate  
ss/  Steady state  
t Turbulent  
tot Total  
w Water  
1 Pressure at inlet  
2 Pressure at outlet  
600 At 600 nm  



Indication of figures and tables 

VII 

Indication of figures 
FIG. 2.1-1 STRUCTURE OF LACTIC ACID [4] ......................................................................................................................... 4 
FIG. 2.1-2 HOMOLACTIC FERMENTATION OF GLUCOSE VIA EMP PATHWAY ..................................................................... 5 
FIG. 2.1-3 BATCH FERMENTATION FOR LA PRODUCTION: A) STIRRED TANK BIOREACTOR, B) CONCENTRATIONS OF 

SUBSTRATE, PRODUCT AND BIOMASS OVER DIFFERENT GROWTH PHASES, C) LA PRODUCTIVITY OVER TIME ....... 8 
FIG. 2.1-4 CONTINUOUS FERMENTATION FOR LA PRODUCTION: A) STIRRED TANK BIOREACTOR, B) CONCENTRATIONS 

OF SUBSTRATE, PRODUCT AND BIOMASS OVER DIFFERENT GROWTH PHASES, C) LA PRODUCTIVITY OVER TIME 13 
FIG. 2.1-5 CONTINUOUS FERMENTATION FOR LA PRODUCTION WITH CELL RETENTION: A BIOREACTOR COMBINED 

WITH A MEMBRANE FILTRATION DEVICE, B) CONCENTRATIONS OF SUBSTRATE, PRODUCT AND BIOMASS OVER 
DIFFERENT GROWTH PHASES ................................................................................................................................... 14 

FIG. 2.2-1 MEMBRANE SEPARATION PROCESS ................................................................................................................. 15 
FIG. 2.2-2 SIZE EXCLUSION FOR MEMBRANE SEPARATION .............................................................................................. 22 
FIG. 2.2-3 FLUX DECLINE AND MEMBRANE FOULING OF DEAD-END AND CROSS-FLOW FILTRATION [86] [96] .............. 22 
FIG. 2.2-4 FORMATION OF DIFFERENT HYDRAULIC RESISTANCES IN FILTRATION PROCESSES ........................................ 24 
FIG. 2.2-5 CONCENTRATION POLARIZATION AT THE MEMBRANE SURFACE: BOUNDARY LAYER AND DIFFUSIVE BACK 

FLOW [96,98] ............................................................................................................................................................ 25 
FIG. 2.2-6 HIGHER MASS TRANSFER COEFFICIENT LEADS TO HIGHER FLUX [96–98]........................................................ 26 
FIG. 2.2-7 CONCENTRATION PROFILE IN THE BOUNDARY LAYER AND GEL LAYER [96,98] ............................................... 28 
FIG. 2.2-8 FORMATION OF GEL LAYER BY THE INCREASING TMP [96,98] ......................................................................... 28 
FIG. 2.2-9 CAKE LAYER AT THE MEMBRANE SURFACE [96,98] .......................................................................................... 30 
FIG. 2.2-10 CONFIGURATIONS OF MEMBRANE BIOREACTOR SYSTEM: A) EXTERNAL LOOP, B) IMMERSED MEMBRANE

 .................................................................................................................................................................................. 33 
FIG. 3.2-1 GEOMETRY OF CERAMIC MEMBRANES ............................................................................................................ 42 
FIG. 3.3-1 THE AFG SENSOR, SHOWING: (A) THE MEASUREMENT PRINCIPLE, D REFERS TO THE DISTANCE BETWEEN 

THE SENSOR AND THE MIRROR AND (B) THE DEVICE WITH AN ADJUSTABLE MIRROR [132]. ................................. 43 
FIG. 3.3-2 THE EXCELL SENSOR AND ITS MEASURING PRINCIPLE [133] ............................................................................ 44 
FIG. 3.3-3 LABBOX CONNECTED WITH DIFFERENT DEVICES FOR THE ONLINE MONITORING, DISPLAY AND CONTROL OF 

RELATED PROCESS PARAMETERS ............................................................................................................................. 44 
FIG. 3.4-1 MEMBRANE BIOREACTOR SYSTEM WITH ONLINE BIOMASS MONITORING USING THE OPTICAL SENSOR FOR 

CONTINUOUS LA FERMENTATION: (1) BASE, (2) CULTURE MEDIUM, (3) STIRRED TANK REACTOR, (4) ROTARY 
VANE PUMP, (5,12) MANOMETERS, (6) MEMBRANE MODULE, (7) INTERMEDIATE TANK, (8) ELECTRIC BALANCE, 
(9) CONTROL SYSTEM, (10) PRODUCT, (11) PERISTALTIC PUMP, (13) VALVE, (14) OPTICAL SENSOR, (15) MOTOR.
 .................................................................................................................................................................................. 46 

FIG. 3.5-1 DYNAMIC MEASUREMENT SYSTEM FOR THE CHARACTERIZATION OF THE AFG SENSOR AND CERAMIC 
MEMBRANES: (1) FEED TANK, (2) MAGNETIC STIRRER AND HEATING PLATE, (3, 10) PERISTALTIC PUMPS, (4) AFG 
SENSOR IN THE MEASURING CELL, (5, 11) MANOMETERS, (6) MEMBRANE MODULE, (7) ELECTRONIC BALANCE, 
(8) INTERMEDIATE TANK, (9) CONTROL SYSTEM, (12) VALVE. ................................................................................. 47 

FIG. 4.1-1 DIFFERENT MORPHOLOGY OF B. COAGULANS: (A) SINGLE CELLS IN THE FERMENTATION BROTH AT PH = 5, 
(D) LIGHT MICROSCOPE OF SINGLE CELLS, (G) FLUORESCENCE MICROSCOPE OF SINGLE CELLS (RED: DEAD CELLS, 
GREEN: ALIVE CELLS), (B) AMORPHOUS FLOCS IN THE FERMENTATION BROTH AT PH = 6, (E) LIGHT MICROSCOPE 
OF AMORPHOUS FLOCS, (H) FLUORESCENCE MICROSCOPE OF AMORPHOUS FLOCS, (C) LIGHT MICROSCOPE OF 
PELLETS IN THE FERMENTATION BROTH AT PH = 7.6, (C) LIGHT MICROSCOPE OF PELLETS, (I) FLUORESCENCE 
MICROSCOPE OF PELLETS, (J) SIZE DISTRIBUTION OF SUSPENDED SINGLE CELLS, AMORPHOUS FLOCS AND 
PELLETS [143] ........................................................................................................................................................... 56 

FIG. 4.2-1 IMAGES OF THE AFG SENSOR BEFORE AND AFTER 9 H FERMENTATION AND BASELINE READINGS TAKEN IN 
DIFFERENT MEDIA. VALUES ARE MEANS ± STANDARD DEVIATION (N = 10) OF MEASUREMENTS TAKEN OVER 5 
MIN [132]. ................................................................................................................................................................ 59 

FIG. 4.2-2 STATIC CALIBRATION OF (A) OPTICAL DENSITY (OD600), (B) THE AFG SENSOR AND (C) THE EXCELL SENSOR IN 
B. COAGULANS LA FERMENTATION BROTH. CDW = CELL DRY WEIGHT. THE SENSOR VALUES IN EACH SAMPLE 
WERE RECORDED EVERY 10 S FOR A TOTAL DURATION OF 1 MIN. ALL DATA ARE SHOWN IN THE FIGURE. .......... 61 

FIG. 4.2-3 ONLINE MONITORING OF BIOMASS WITH (A) THE AFG SENSOR AND (B) THE EXCELL SENSOR DURING THE 
BATCH FERMENTATION OF B. COAGULANS FOR THE PRODUCTION OF LA, USING OPTICAL DENSITY (OD600) AND 
CELL DRY WEIGHT (CDW) AS REFERENCE METHODS. THE VALUES OF OD600 AND CDW WERE DETERMINED THREE 
TIMES [132,144]. ...................................................................................................................................................... 63 



Indication of figures and tables 

VIII 

FIG. 4.2-4 DYNAMIC CALIBRATION OF (A) OPTICAL DENSITY (OD600) (R2=0.999), (B) THE AFG SENSOR (R2=0.950), AND 
(C) THE EXCELL SENSOR (R2=0.973) IN B. COAGULANS LA FERMENTATION BROTH. CDW = CELL DRY WEIGHT. THE 
SENSOR VALUES IN EACH SAMPLE WERE RECORDED EVERY 10 S FOR A TOTAL DURATION OF 1 MIN. ALL DATA 
ARE SHOWN IN THE FIGURE. ................................................................................................................................... 64 

FIG. 4.3-1 WATER FLUX AT DIFFERENT TMPS WITH NEW AND USED MEMBRANE AFTER CLEANING (BOTH WERE 
RINSED BY 1% ASIRAL® SOLUTION AT 53 °C FOR 1 H), MEMBRANE PORE SIZE: 50 NM, T = 53 °C, FOR EACH 
PRESSURE, VALUES AT EACH PRESSURE N = 3 [143]. .............................................................................................. 67 

FIG. 4.3-2 MEMBRANE RESISTANCE WITH DIFFERENT MEMBRANE PORE SIZES BEFORE AND AFTER USE (AT LEAST 5 
TIMES OF FILTRATION). VALUES ARE MEANS ± STANDARD DEVIATION (N = 3) [143]. ........................................... 68 

FIG. 4.3-3 CROSSFLOW FILTRATION OF FRESH CULTURE MEDIUM AT DIFFERENT TMPS, = 53 °C, CERAMIC MEMBRANE 
PORE SIZE: 50 NM, VALUES AT EACH PRESSURE N = 3 [143] ................................................................................... 70 

FIG. 4.3-4 CROSSFLOW FILTRATION OF FERMENTATION BROTH AND CAKE LAYER RESISTANCE AT DIFFERENT TMPS. 
BIOMASS CONCENTRATION: 0.3 G·L-1, CFV: 1.2 M·S-1, TEMPERATURE: 53 °C, CERAMIC MEMBRANE PORE SIZE: 50 
NM. VALUES ARE MEANS ± STANDARD DEVIATION (N = 3) [143]. .......................................................................... 72 

FIG. 4.3-5 CROSSFLOW FILTRATION OF THE FERMENTATION BROTH WITH DIFFERENT CFVS. BIOMASS 
CONCENTRATION: 0.5 G·L-1, TMP: 0.6 BAR, T = 53 °C, CERAMIC MEMBRANE PORE SIZE: 50 NM [143] ................. 73 

FIG. 4.3-6 FLUX DECLINE WITH INCREASING BIOMASS CONCENTRATION. TMP: 0.6 BAR, T = 53 °C, CERAMIC 
MEMBRANE PORE SIZE: 50 NM. VALUES ARE MEANS ± STANDARD DEVIATION (N = 3) [143]. .............................. 75 

FIG. 4.4-1 PROFILE OF LA PRODUCTION FROM GLUCOSE BY B. COAGULANS IN A 5-L FERMENTER CONTAINING 3 L 
MEDIUM (INITIAL GLUCOSE 100 G·L-1) AT PH 6.0, 53 °C ......................................................................................... 78 

FIG. 4.4-2 INSTANTANEOUS PRODUCTIVITY DURING THE LA FERMENTATION WITH 100 G·L-1 INITIAL GLUCOSE. ......... 79 
FIG. 4.4-3 EXEMPLARY BATCH FERMENTATION WITH THE INITIAL GLUCOSE CONCENTRATION INCREASING FROM 5 TO 

150 G·L-1 (PH = 7). .................................................................................................................................................... 80 
FIG. 4.4-4 THE INHIBITORY EFFECT OF LA CONCENTRATION ON THE MAXIMUM OF INSTANTANEOUS PRODUCTIVITY. 

THE BATCH FERMENTATIONS WERE CARRIED WITH THE INITIAL GLUCOSE CONCENTRATION OF 5 - 150 G·L-1 (PH = 
7). VALUES ARE MEANS ± STANDARD DEVIATION (N = 3) ....................................................................................... 81 

FIG. 4.4-5 DETERMINATION OF KS IN BATCH FERMENTATION, CS,0 =20 G·L-1, PH = 7.0, DATA FROM 3 PARALLEL 
EXPERIMENTS. ......................................................................................................................................................... 83 

FIG. 4.4-6 DETERMINATION OF KP,I IN BATCH FERMENTATION, CS,0 =150 G·L-1, PH = 7.0, DATA FROM 3 PARALLEL 
EXPERIMENTS .......................................................................................................................................................... 84 

FIG. 4.4-7 DIAGNOSTICS OF EQ. 4.4-3: (A) PREDICTED VALUES VERSUS EXPERIMENTAL VALUES OF THE MAX. LA 
PRODUCTIVITY, (B) PLOT OF THE RESIDUALS VERSUS PREDICTED VALUE OF THE MAX. LA PRODUCTIVITY. ......... 87 

FIG. 4.4-8 RESPONSE SURFACE (A) AND CONTOUR PLOT (B) OF THE MAX. PRODUCTIVITY, SHOWING THE INFLUENCES 
AND INTERACTION BETWEEN THE PH AND INITIAL GLUCOSE CONCENTRATION. .................................................. 89 

FIG. 4.4-9 UNDISSOCIATED LA VARYING WITH TOTAL LA CONCENTRATION AT DIFFERENT PH VALUES ........................ 90 
FIG. 4.4-10 RESPONSE SURFACE (A) AND CONTOUR PLOT (B) OF THE LA YIELD, SHOWING THE INFLUENCES AND 

INTERACTION BETWEEN THE PH AND INITIAL GLUCOSE CONCENTRATION. .......................................................... 91 
FIG. 4.4-11 THE μMAX OF B. COAGULANS IN LA BATCH FERMENTATION MODE, WITH DIFFERENT MECHANICAL ENERGY 

INPUTS, DETERMINED USING THE OFFLINE METHODS. CFV: HIGH LEVEL (+) = 1.5 M·S-1, LOW LEVEL (-) = 0.5 M·S-1. 
TMP: HIGH LEVEL (+) = 1.2 BAR, LOW LEVEL (-) = 0.3 BAR. VALUES ARE MEANS ± STANDARD DEVIATION (N = 3).
 ................................................................................................................................................................................. 94 

FIG. 4.5-1 THE FILTRATION FLUX WITHOUT FLUX CONTROL DURING CONTINUOUS LA FERMENTATION. THE BIOMASS 
CONCENTRATION WAS MONITORED USING THE EXCELL OPTICAL SENSOR.  MEMBRANE: CERAMIC HOLLOW 
FIBRE MEMBRANE, D=0.1 H-1, CGLU= 20 G·L-1, TMP: 0.2 BAR, CFV: 0.75 M·S-1, OD VALUES ARE MEANS ± STANDARD 
DEVIATION (N = 3) [144]. ......................................................................................................................................... 96 

FIG. 4.5-2 THE FILTRATION FLUX WITH FLUX CONTROL BY STEPWISE INCREASING CFV DURING CONTINUOUS LA 
FERMENTATION. THE BIOMASS CONCENTRATION WAS MONITORED USING THE EXCELL OPTICAL SENSOR. 
MEMBRANE: CERAMIC HOLLOW FIBRE MEMBRANE, D=0.2 H-1, CGLU= 20 G·L-1, TMP: 0.4 BAR, CFV: 0.7 ~ 2.1 M·S-1, 
OD VALUES ARE MEANS ± STANDARD DEVIATION (N = 3) [144]............................................................................. 97 

FIG. 4.5-3 THE FILTRATION FLUX WITH FLUX CONTROL BY STEPWISE INCREASING CFV AND MEMBRANE CLEANING 
USING 1% ASIRAL® AND RO WATER FOR 10 AND 2 MIN, RESPECTIVELY. THE BIOMASS CONCENTRATION WAS 
MONITORED USING THE EXCELL OPTICAL SENSOR. MEMBRANE: CERAMIC HOLLOW FIBRE MEMBRANE, D=0.2 H-

1, CGLU= 70 G·L-1, TMP: 0.4 BAR, CFV: 1.1 ~ 1.7 M·S-1, OD VALUES ARE MEANS ± STANDARD DEVIATION (N = 3). . 98 
FIG. 4.5-4 CONTINUOUS LA FERMENTATION IN MBR SYSTEM WITH DIFFERENT FEED CONCENTRATION, MEMBRANE: 

CERAMIC HOLLOW FIBRE MEMBRANE, T= 53°C, PH=6.4, D=0.2 H-1, CONCENTRATION VALUES ARE MEANS ± 
STANDARD DEVIATION (N = 3), (A) CGLU= 20 G·L-1, (B) CGLU= 70 G·L-1 [144] ........................................................... 100 



Indication of figures and table 

  IX 

FIG. 4.5-5 CONTINUOUS LA FERMENTATION IN MBR SYSTEM WITH DIFFERENT FEED CONCENTRATION, MEMBRANE: 
CERAMIC HOLLOW FIBRE MEMBRANE, T= 53°C, PH=6.4, CGLU= 30 G·L-1, CONCENTRATION VALUES ARE MEANS ± 
STANDARD DEVIATION (N = 3), (A) D=0.2 H-1, (B) D=0.3 H-1 [144] ......................................................................... 101 

FIG. 4.6-1 CORRELATION OF APPARENT SPECIFIC GROWTH RATE AND BIOMASS CONCENTRATION AT THE STEADY 
STATE OF CONTINUOUS FERMENTATION, CS,FEED = 30 G·L-1 AND D = 0.3 H-1, PH = 6.4, T = 53°C ........................... 107 

FIG. 4.6-2 SOLUTION OF THE KINETIC GROWTH MODEL FOR CONTINUOUS LA PRODUCTION, CS,FEED = 70 G·L-1 AND D = 
0.2 H-1, STEADY STATE OF LA PRODUCTION FROM 30 TO 72 H ............................................................................. 108 

FIG. 4.7-1 CONTINUOUS LA FERMENTATION WITH THE HIGHER OUTPUT FLOW. T = 53°C, PH = 6.4, CGLU = 70 G·L-1, D = 
0.2 H-1, OD VALUES AS REFERENCE ARE MEANS ± STANDARD DEVIATION (N = 3). ............................................... 110 

FIG. 4.7-2 CONTINUOUS LA FERMENTATION WITH THE PUMP ERROR IN THE FILTRATION SYSTEM. T= 53°C, PH = 6.4, 
CGLU = 30 G·L-1, D = 0.2 H-1, OD VALUES AS REFERENCE ARE MEANS ± STANDARD DEVIATION (N = 3). ................. 112 

FIG. 4.7-3 CONTINUOUS LA FERMENTATION WITH THE ERROR OF FILTRATION PUMP. T= 53°C, PH = 7.2, CGLU = 30 G·L-1, 
D = 0.2 H-1, OD VALUES AS REFERENCE ARE MEANS ± STANDARD DEVIATION (N = 3). ......................................... 113 

FIG. 4.7-4 AMORPHOUS FLOCS GENERATED AT PH =7.2, (A) DYNAMIC CALIBRATION OF THE OD MEASUREMENT AND 
EXCELL SENSOR, OD VALUES AS REFERENCE ARE MEANS ± STANDARD DEVIATION (N = 3), (B) COMPARISON OF 
THE SAMPLE WITH AMORPHOUS FLOCS AND NORMALLY DISPERSED CELLS FOR THE OD MEASUREMENT. ....... 114 

FIG. 4.7-5 FOULING CAUSED BY THE FORMATION OF AMORPHOUS FLOCS, (A) FOULING ON THE SENSOR SURFACE, (B) 
THE OPTICAL SURFACE OF THE SENSOR AFTER CLEANING WITH A COTTON SWAB, (C) FOULING IN THE 
MEMBRANE FIBRES ................................................................................................................................................ 115 

 



Indication of figures and tables 

X 

Indication of tables  
TAB. 2.1-1  PHYSICAL PROPERTIES OF LA [2,3] ................................................................................................................... 3 
TAB. 2.1-2 MODELS USED TO DESCRIBE MICROBIAL FERMENTATION CONSIDERING DIFFERENT CONDITIONS ............... 9 
TAB. 2.1-3 BATCH FERMENTATION WITH DIFFERENT MICROORGANISMS FOR LA PRODUCTION .................................. 12 
TAB. 2.2-1APPLICATION OF DIFFERENT MEMBRANES FOR LA RECOVERY ....................................................................... 18 
TAB. 2.2-2 MATERIALS FOR MEMBRANE MANUFACTURE ............................................................................................... 19 
TAB. 2.2-3 COMPARISON OF THE POLYMERIC AND CERAMIC MEMBRANES ACCORDING TO THEIR TECHNICAL 

PROPERTIES ............................................................................................................................................................. 20 
TAB. 2.2-4 METHODS FOR FOULING CONTROL AND MEMBRANE REGENERATION ........................................................ 31 
TAB. 2.2-5 DIFFERENT CONFIGURATIONS OF MBR FOR LA PRODUCTION ....................................................................... 35 
TAB. 3.2-1 TECHNICAL DATA OF CERAMIC MEMBRANES ................................................................................................ 42 
TAB. 3.6-1 EXPERIMENTAL SETUP SHOWING ORTHOGONAL COMBINATIONS OF CFV AND TMP. ................................. 53 
TAB. 3.6-2 FRACTIONAL FACTORIAL DESIGN MATRIX TO DETERMINE THE INFLUENCES OF GLUCOSE CONCENTRATION 

AND PH VALUE ON LA PRODUCTION ....................................................................................................................... 53 
TAB. 4.1-1 VISCOSITY OF WATER, CULTURE MEDIUM AND FERMENTATION BROTH AT DIFFERENT TEMPERATURES ... 57 
TAB. 4.1-2 VISCOSITY OF FERMENTATION BROTH WITH DIFFERENT BIOMASS CONCENTRATION AT TEMPERATURE = 

53°C, NO RESIDUAL GLUCOSE. VALUES ARE MEANS ± STANDARD DEVIATION (N = 10)......................................... 57 
TAB. 4.1-3 REYNOLDS NUMBER OF THE B. COAGULANS CONTAINING FERMENTATION BROTH IN DIFFERENT 

MEMBRANES WITH THE LOWER AND UPPER LIMIT OF CFVS ................................................................................. 58 
TAB. 4.2-1 DEVIATION OF CALIBRATION PARAMETERS OF THE OFFLINE METHODS AND THE OPTICAL SENSORS IN 

DIFFERENT MEASUREMENTS. .................................................................................................................................. 62 
TAB. 4.2-2 μMAX OF B. COAGULANS WITH CGLU,0 = 20 G·L-1, OBTAINED WITH OPTICAL SENSORS AND OFFLINE METHODS, 

VALUES ARE MEANS ± STANDARD DEVIATION (N = 3) ............................................................................................ 63 
TAB. 4.3-1 SOLUTE ADSORPTION AND CONCENTRATION POLARIZATION RESISTANCE AT DIFFERENT CFVS [143] ........ 70 
TAB. 4.3-2 CAKE RESISTANCE AT DIFFERENT TMPS [143] ................................................................................................ 71 
TAB. 4.3-3 CAKE RESISTANCE AT DIFFERENT CFVS [143] ................................................................................................. 74 
TAB. 4.3-4 CONCENTRATION-RELATED SPECIFIC CAKE RESISTANCE COEFFICIENT AT DIFFERENT CFVS [143] ................ 75 
TAB. 4.3-5 CAKE RESISTANCE IN MICRO- AND ULTRAFILTRATION APPLIED FOR DIFFERENT BIOTECHNOLOGICAL 

APPROACHES [143] .................................................................................................................................................. 76 
TAB. 4.4-1 CRITERIA OF BATCH FERMENTATION WITH DIFFERENT INITIAL GLUCOSE CONCENTRATION. VALUES ARE 

MEANS ± STANDARD DEVIATION (N = 3) ................................................................................................................. 80 
TAB. 4.4-2 INHIBITORY CONCENTRATION OF LA IN BATCH FERMENTATION UNDER OPTIMAL CONDITIONS ................ 82 
TAB. 4.4-3 FACTORIAL CENTRAL COMPOSITE DESIGN MATRIX OF PH AND GLUCOSE CONCENTRATION IN NATURE 

UNITS ALONG WITH THE OBSERVED RESPONSES, MAX. INSTANTANEOUS PRODUCTIVITY AND YIELD ................. 85 
TAB. 4.4-4 ANOVA FOR THE QUADRATIC MODEL FOR MAX. PRODUCTIVITY .................................................................. 86 
TAB. 4.4-5 THE LEAST-SQUARES FIT AND PARAMETER ESTIMATES ................................................................................. 88 
TAB. 4.4-6 REQUIREMENTS OF THE OPTIMIZATION OF CULTURE CONDITIONS .............................................................. 92 
TAB. 4.4-7 OPTIMIZATION OF CULTURE CONDITIONS ..................................................................................................... 92 
TAB. 4.4-8 THE EFFECT OF MECHANICAL ENERGY INPUT ON CELL GROWTH, MEASURED USING DIFFERENT 

APPROACHES. STATISTICAL SIGNIFICANCE WAS DETERMINED BY ANOVA. ............................................................ 93 
TAB. 4.5-1 COMPARISON OF BATCH AND CONTINUOUS FERMENTATIONS OPERATED UNDER DIFFERENT CONDITIONS.

 ............................................................................................................................................................................... 102 
TAB. 4.5-2 ADVANTAGES AND DISADVANTAGES OF DIFFERENT FEEDING STRATEGIES [144]. ...................................... 104 
TAB. 4.6-1 MODEL PARAMETERS OF CONTINUOUS FERMENTATION IN MBR SYSTEM WITH B. COAGULANS IN 

COMPARISON WITH OTHER´S IN THE LITERATURE ............................................................................................... 109 
TAB. 4.7-1 ERROR ANALYSIS AND REMEDY .................................................................................................................... 116 
 
 



Content 

XI 

Content 
 

Summary ............................................................................................................................. I 
Zusammenfassung ........................................................................................................... III 
Abbreviations .................................................................................................................... V 

Indication of figures ........................................................................................................VII 
Indication of tables ........................................................................................................... X 

Content ..............................................................................................................................XI 
1 Introduction ................................................................................................................. 1 

1.1 Motivation .......................................................................................................................... 1 

1.2 Hypotheses ....................................................................................................................... 1 

1.3 Objectives ......................................................................................................................... 2 

2 Theoretical Background ............................................................................................. 3 

2.1 Lactic acid and its fermentative production ........................................................................ 3 
2.1.1 Properties and applications of LA ............................................................................... 3 
2.1.2 Fermentative production of LA ................................................................................... 4 
2.1.3 Bacillus coagulans for fermentative production of LA ................................................. 7 
2.1.4 Kinetics of LA fermentation ........................................................................................ 8 

2.2 Membrane bioreactor ...................................................................................................... 15 
2.2.1 Membrane and membrane process .......................................................................... 15 
2.2.2 Mass transfer mechanisms and membrane fouling .................................................. 21 
2.2.3 Configuration of the membrane bioreactor for LA fermentation ................................ 33 

2.3 Process monitoring and control using optical sensors ..................................................... 36 
2.3.1 Online monitoring of biomass with sensors .............................................................. 36 
2.3.2 Application of optical sensors in bioprocesses for biomass monitoring ..................... 37 

3 Materials and Methods ............................................................................................. 39 

3.1 Chemicals and microorganism ........................................................................................ 39 
3.1.1 Chemicals ................................................................................................................ 39 
3.1.2 Microorganism.......................................................................................................... 39 

3.2 Equipment and ceramic membrane ................................................................................. 40 
3.2.1 Equipment ................................................................................................................ 40 
3.2.2 Ceramic membranes ................................................................................................ 41 

3.3 Measurement and control system .................................................................................... 43 
3.3.1 Optical sensors ........................................................................................................ 43 
3.3.2 Online monitoring of process parameters (mass, pressure and flow rate) combined 
with control system ................................................................................................................. 44 

3.4 Fermentation process with B. coagulans for LA production ............................................. 45 
3.4.1 Culture medium ........................................................................................................ 45 
3.4.2 Cryopreservation ...................................................................................................... 45 
3.4.3 Preculture ................................................................................................................. 45 
3.4.4 Batch fermentation ................................................................................................... 45 
3.4.5 Continuous fermentation .......................................................................................... 45 



Content 

XII 

3.5 Filtration of fermentation broth .........................................................................................46 
3.5.1 Experimental system ................................................................................................46 
3.5.2 Determination of hydraulic resistances in the filtration of fermentation broth ............48 

3.6 Analytical methods ..........................................................................................................51 
3.6.1 Laboratory analysis ..................................................................................................51 
3.6.2 Calculation ...............................................................................................................52 
3.6.3 Statistical analysis ....................................................................................................52 
3.6.4 Error analysis ...........................................................................................................53 

4 Results and Discussion ........................................................................................... 55 

4.1 Physical properties of the biological system ....................................................................55 
4.1.1 Morphology of B. coagulans PS 5 ............................................................................55 
4.1.2 Flow characteristics of the culture medium and fermentation broth ..........................57 
4.1.3 Conclusion ...............................................................................................................58 

4.2 Performance of the optical sensors for the determination of biomass concentration in the 
fermentation broth ......................................................................................................................59 

4.2.1 Baseline of the optical sensors in different media .....................................................59 
4.2.2 Calibration of optical sensors ...................................................................................60 
4.2.3 Conclusion ...............................................................................................................65 

4.3 Filtration of fermentation broth with ceramic membranes .................................................66 
4.3.1 Membrane resistance with different pore sizes .........................................................67 
4.3.2 Influence of TMP on the generation of concentration polarization, gel layer and cake 
layer 69 
4.3.3 Influence of the CFV on filtration performance ..........................................................73 
4.3.4 Influence of biomass concentration on cake resistance ............................................74 
4.3.5 Control of cake resistance with varying TMP and CFV .............................................75 
4.3.6 Conclusion ...............................................................................................................76 

4.4 Batch fermentation for the LA production ........................................................................78 
4.4.1 Kinetics of batch fermentation with B. coagulans ......................................................78 
4.4.2 Kinetic growth model for LA fermentation with B. coagulans ....................................82 
4.4.3 Influences of pH and glucose concentration on LA production .................................84 
4.4.4 Influence of mechanical energy input on cell growth .................................................92 
4.4.5 Conclusion ...............................................................................................................94 

4.5 Continuous fermentation in MBR system .........................................................................95 
4.5.1 Fouling control in continuous LA fermentation ..........................................................95 
4.5.2 Influences of feed concentration on LA productivity ..................................................99 
4.5.3 Influences of dilution on LA productivity .................................................................. 100 
4.5.4 Conclusion ............................................................................................................. 103 

4.6 Modelling of the continuous production of LA in a MBR system..................................... 105 
4.6.1 Overall mass balance in a MBR system ................................................................. 105 
4.6.2 Verification of the kinetic models at the steady state of continuous fermentation in 
MBR system ......................................................................................................................... 106 
4.6.3 Conclusion ............................................................................................................. 109 

4.7 Analysis of operation error with the optical sensor ......................................................... 110 
4.7.1 Case study I: sensor value with positive deviation .................................................. 110 
4.7.2 Case study II: sensor value with negative deviation................................................ 111 
4.7.3 Case study III: sensor value with complex deviation ............................................... 112 
4.7.4 Conclusion ............................................................................................................. 116 

5 Conclusion and outlook ......................................................................................... 117 

6 References .............................................................................................................. 121 



 
 

Content 

  XIII 

Appendix A ..................................................................................................................... 131 

Appendix B ..................................................................................................................... 132 

Appendix C ..................................................................................................................... 134 
 
 


