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1 General Introduction 

General Introduction 

Since several decades, whey proteins and thereof derived products became one 
of the most important and lucrative branches in dairy industry. Even if the trend of 
vegan dietary is rapidly emerging, forecast reports predict that the global whey 
protein market size will keep on growing over the next years. It is projected to reach 
15.7 billion USD by 2026. There are several reasons that are driving the market 
growth, one of them is the continuously rising demand for performance and sports 
nutrition, as well as nutritional supplements. Another one is the growing birth rates 
especially in the Asian Pacific area with an increasing demand for infant nutrition, 
but also the local rising awareness about the high nutritional value of whey pro-
teins. 

Generally, liquid whey is a low-cost byproduct from cheese manufacturing. By its 
concentration, demineralization and spray drying, the sales price of the product is 
increased tremendously. It was recognized that a separation of the whey protein 
bulk into the single whey protein fractions is the subsequent step to create an even 
higher value and turns it into a premium product. This allows a more directed use 
of the single whey proteins and enables exploiting the full nutritional or techno-
functional potential of the individual protein fraction.  

Over the last decades, many different separation processes have been proposed 
addressing the target of an effective isolation of the individual whey protein frac-
tions. However, all of them are showing distinct deficiencies, either in terms of the 
final product purity, the overall yield or production costs, which is often related to a 
missing scalability of the process.  

This thesis proposes an innovative process for the separation of the major whey 
protein fractions, named α-Lactalbumin (α-La) and β-Lactoglobulin (β-Lg). The pro-
cess basically consists of two production steps. The first one is a selective thermal 
aggregation of one of the major whey protein fractions, while the counterpart re-
mains native and soluble in the liquid phase. The second step is the separation of 
the aggregated fraction from the liquid phase by using a continuous decanter cen-
trifuge. The selective aggregation of each of the major fractions, α-La and β-Lg, 
respectively, was followed by subsequent centrifugal separation, which was inves-
tigated as an own topic. The aim was to develop a new, efficient, and scalable 
process, which delivers high purity protein fractions. 

This thesis is based on published research articles. The following introductive 
chapter provides the fundamentals base and summarizes the current state-of-art 
knowledge. After the description of the theoretical background, the published re-
search articles will examine specific parts of the proposed process. The thesis con-
cludes with an overall discussion covering the published results separately pre-
sented as individual publications in one context and evaluating to what extent the 
targets have been met.  
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1.1 Whey proteins 

Historians assume that already more than 8,000 years ago in the region of South-
west Asia, the first cheese was manufactured initiated by natural fermentation of 
stored milk in the warm climate, resulting in the separation in a coagulated casein 
curd and liquid whey (Fox et al., 2017). The concept of cheese making spread 
globally. However, the yellowish remainder liquid, the whey, was ever since re-
garded as a waste stream. It was dumped in rivers, used to fed pigs or other live-
stock or spread as fertilizer (Tunick, 2008). With the industrial mass production of 
cheese, the amount of whey exploded and became a severe environmental pollu-
tion issue (Guo, 2019). In the early twentieth century, efforts were taken focusing 
on the utilization and preservation of whey. In the 1970s the membrane filtration 
technique enabled the breakthrough by recovering the whey proteins in the form 
of whey protein concentrate (WPC) and whey protein isolate (WPI) (Smithers, 
2008). 

There are two categories of whey, the sweet whey being a byproduct of rennet-
coagulated cheese, and the acid whey, which is the byproduct of acid-coagulated 
cheese. The sweet whey has a pH value of at least 5.6. while acid whey has a pH 
below 5.1. Acid whey does typically not contain glycomacropeptide (GMP), which 
is formed by enzymatic degradation using rennet. Apart from this difference, the 
composition of the two whey types is quite similar, as can be seen in Tab. 1-1.  

Tab. 1-1: Typical composition of sweet and acid whey (Tunick, 2008). 

 

The protein fraction is considered the most precious component in whey. The main 
proteins are named α-Lactalbumin (α-La), β-Lactoglobulin (β-Lg), immunoglobu-
lin G (IgG), bovine serum albumin (BSA), and lactoferrin (LF). These five proteins 
make up approximately 85% of bovine and human whey proteins, respectively. 

Comparing the composition of whey proteins in human and bovine milks, some 
distinct differences are seen. Firstly, the bovine milk has double the amount of ca-
seins than human milk does. Secondly, the protein β-Lg is absent in human milk, 
but it is the main protein fraction in bovine whey. Further, human mother’s milk 
shows a significantly higher content of α-La and LF than bovine whey. The com-
plete composition is listed in Tab. 1-2. 

 

 

 Sweet whey Acid whey 

Protein (g L-1) 6-10 6-8 

Lactose (g L-1) 46-52 44-46 

Minerals (g L-1) 2.5-4.7 4.3-7.2 

pH >5.6 <5.6 
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Tab. 1-2: Concentration of protein fractions of bovine and human milk (Layman et al., 
2018). 

 

For infant nutrition, mother’s breast milk is certainly the golden standard. However, 
for various reasons, it is often required to rely on commercially available infant for-
mulations that are based on bovine milk. The composition of infant formulas is un-
der continuous modification with the overall goal to reach the golden standard of 
human mother’s milk. In that course, the overall protein content was reduced, spe-
cifically the casein fraction, and the proportion of α-La was increased in order to 
approach the human’s milk amino acid profile (Lien, 2003). In studies comparing 
infants fed with standard formula to infants fed with formula with added α-La and 
lowered protein content, the neonates being fed with the α-La enriched formula 
had growth and development outcomes more similar to breast-fed infants (Lön-
nerdal and Lien, 2003; Petersen et al., 2020; Trabulsi et al., 2011). Moreover, β-Lg 
is suspected to cause cow’s milk allergy, as this protein is not meant to be con-
sumed by infants and thus it is recognized as allergen triggering a respective im-
mune response (Järvinen et al., 2001; Selo et al., 1999) 

1.1.1 α-Lactalbumin 

Naturally, α-La is produced in the epithelial cells of the mammary gland, where it 
supports the formation of lactose synthase, which catalyzes the conversation of 
glucose and galactose into lactose (Brew and Hill, 1975).  

α-La is a globular protein consisting of 123 amino acid residues with a respective 
molecular weight of 14.2 kDa (Permyakov, 2020). The X-ray crystallography struc-
ture of α-La is depicted in Fig. 1-1. This protein consists of two domains, the α- and 

 Human milk 

% 

Bovine milk 

% 

 

Whey proteins 

  

α-La 36 17 

β-Lg 0 52 

IgG 17 10 

HSA/BSA 6 5 

LF 25 1.5 

other 10 14.5 

Percent of total protein 60 20 

 

Caseins 

  

β-casein 68 36 

κ-casein 20 14 

αs1-casein 12 40 

αs2-casein 0 10 

Percent of total protein 40 80 
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β-domain, being connected via the calcium binding loop. The name of both do-
mains originates from the predominant secondary structural motif in the respective 
domain. The α-domain comprises three α-helices (residues 5–11, 23–34, and 86–
99) and two 310-helices (residues 17–21 and 115–119) shown in blue. The smaller 
β-domain is composed of antiparallel β-sheets (residues 40–43, 47–50, and 55–
56) shown in green, a series of loops, and a 310-helix (76–82). It contains eight 
cysteines (shown in yellow), which form four disulfide bonds and are mainly deter-
mining the native structure (Chang and Li, 2002). One disulfide bridge is located in 
the β-subdomain, two disulfide bonds are in the α-subdomain, and one bridges the 
α- and β-subdomains.  

 
Fig. 1-1 X-ray structure of human α-La showing division in α- and β-domain. Dark grey 
sphere represents bound calcium ion, α-helices are shown in blue, β-sheets in green, and 
disulfide bridges in yellow (Permyakov, 2020). 

α-La is categorized a metalloprotein, because it has natively bound a calcium ion 
(dark gray sphere) connecting two molecular domains (Hiraoka et al., 1980). It is 
this structural element of α-La that allows for a targeted weakening of its globular 
structure to enable its selective thermal precipitation under mild conditions, thus 
avoiding or minimizing aggregation of other whey proteins. This is applied as a key 
processing aspect in this work. The primary calcium-binding site is formed by 
Asp82, Asp84, Asp87, Asp88, and Lys79 (Permyakov et al., 1981). The calcium-
bound form is called the holo-α-La, while the calcium-depleted form is referred to 
as apo-α-La. There is also a weaker, secondary calcium-binding site, formed by 
Thr38, Gln39, Asp83, and Leu81, which has a lower relevance for the protein con-
formation (Chandra et al., 1998). The primary calcium-binding site of α-La is capa-
ble of binding several other cations, such as Cd2+, Mg2+, Mn2+, Pb2+, Sr2+, Na+, and 
K+ (Noyelle and van Dael, 2002; Veprintsev et al., 1996; Aramini et al., 1996). Ad-
ditionally, the protein possesses several Zn2+-binding sites, the strongest one being 
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located near the N-terminus. At this site, also interactions with Al3+, Co2+, Hg2+, and 
other cations were reported (Berliner et al., 1987; Noyelle and van Dael, 2002; 
Permyakov and Berliner, 2000; van Dael et al., 1992; Veprintsev et al., 1996). Nat-
urally, the cation-binding capability is suspected to be related to a temperature reg-
ulation of α-La and potentially other functions in the mammary gland. In food tech-
nologies, this property could be exploited for food fortification (Barone et al., 2021).  

Generally, hydrophobic residues (Leu, Val, Ile, Ala, Gly, Phe, and Pro) are buried 
inside of a protein, while hydrophilic residues (Ser, Thr, Cys, Asn, Gln, Arg, His, 
Glu and Asp) are exposed to the solvent. As shown in Fig. 1-2, the most hydropho-
bic residues on the protein surface are located between the α- and β-domains. 
Therefore, this area is called hydrophobic box. The isoelectric point (IEP) of α-La 
is between 4.2 to 4.5 (Bramaud et al., 1997b; Kronman et al., 1964). 

 
Fig. 1-2 Hydrophilic (red) and hydrophobic (blue) surface residues of α-La (Pansri, 2012). 

In various studies, diverse beneficial effects and potential medical applications of 
isolated α-La have been described, which are listed in the following. 

 Improvement of gut development and immunity in infants (Boscaini et al., 
2019; Heine et al., 1991). 

 Stimulating the growth of beneficial bacteria in the intestinal tract (Layman 
et al., 2018; Lönnerdal and Lien, 2003). 

 Regulation of sleep: reduce the time for infants to fall asleep, lengthen the 
deep sleep periods and the overall time of sleeping. (Aparicio et al., 2007) 

 Improvement of mood and brain measures by tryptophan intake through 
α-La (Markus et al., 2000; Markus et al., 2005). 

 Glutathione (synthesized from cysteine, glutamate, and glycine) plays a ma-
jor role in protection of cells against oxidative stress. Studies showed that 
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supplementation with Cys-rich whey proteins increased blood levels of glu-
tathione and improved the quality of life among HIV-positive individuals 
(Grey et al., 2003; Jaziri et al., 1992; Micke et al., 2002).  

 α-La has a high level of branched-chain amino acids (BCAA, Leu, Ile, Val), 
which is essential for muscle contraction and also provides material for de 

novo synthesis of skeletal muscle protein. Studies prove that whey protein 
intake together with resistant exercise lead to increased muscle mass and 
strength, as well as to an enhanced recovery (Huang et al., 2017; Phillips et 
al., 2009; Snijders et al., 2015; Tipton et al., 2007).  

 An innovative way of cancer treatment by human/bovine α-La made lethal 
to tumor cells (HAMLET/BAMLET) (Delgado et al., 2015a; Gustafsson et al., 
2005; Hoque et al., 2016). 

 Protective effect in epileptogenesis (Russo et al., 2012). 

1.1.2 β-Lactoglobulin 

β-Lg is the predominant bovine whey protein and presumably the one that was 
studied most extensively. It belongs to the group of lipocalins and is able to bind 
hydrophobic compounds such as vitamins and fatty acids. Though, the true biolog-
ical role is still speculative, but is likely related to this property (Mandalari et al., 
2009; Perez et al., 1992; Puyol et al., 1995).  

Bovine β-Lg is a globular protein consisting of 162 amino acids with a respective 
molecular weight of 18.3 kDa (Qin et al., 1998). The secondary structure of β-Lg is 
composed of 50% β-sheet, 15% α-helix, and 15-20% reverse turn (Creamer et al., 
1983; Sawyer and Kontopidis, 2000). The nine β-strands labelled A to I, are ar-
ranged to form a barrel-like globular structure, called a calyx (Fig. 1-3).  

β-Lg contains five cysteine residues, forming disulfide bridges between Cys66-
Cys160 and Cys106-Cys119, respectively (Papiz et al., 1986). The disulfide bonds 
link strands G to H and strand D to the C-terminal. The fifth thiol residue, Cys121 
is a free thiol group that lies buried in the center of β-Lg structure and is not acces-
sible under physiological conditions (Burova et al., 1998; Qin et al., 1998). 
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Fig. 1-3 Crystal structures of bovine β-Lg (Oliveira et al., 2001). 

About a dozen genetic variants of β-Lg have been detected in vertebrates, with the 
A and B variants being the most common (Godovac-Zimmermann et al., 1996). 
These two variants differ in two amino acid residues. Variant A has Asp64 and 
Val118, while variant B has Gly64 and Ala118. These two different amino acids are 
located on a flexible surface loop and in the hydrophobic core, thus not causing 
any differences in tertiary structure at neutral pH of the two genetic variants (Saw-
yer and Kontopidis, 2000). However, some differences between the two variants 
were reported for thermal denaturation temperature and reaction rate (Manderson 
et al., 1999; O'Kennedy et al., 2006), susceptibility to chemicals (Bouhallab et al., 
2004; Boye et al., 2004), affinity for aliphatic compounds (Loch et al., 2013), and 
differences in IEP (Yan et al., 2013).  

Under physiological conditions, β-Lg mainly appears as non-covalently bound di-
mers (McKenzie, 1967). The A-variant tends to grow to tetramers between pH 3.5 
and 5.5, which may even form octamers at low temperatures (Sawyer and James, 
1982; Timasheff and Townend, 1964). Below pH 3.5 and above 7.5 it exists as a 
monomer (Gottschalk et al., 2003). High-resolution X-ray structural studies showed 
that at low pH values, the EF loop (residues 85-90) blocks the access to the calyx 
similar like a lid (Oliveira et al., 2001). Whereas at pH values from 7.1 to 8.2, it 
adopts a conformation where the access to the calyx is open (Qin et al., 1998). 
This conformational change is known as the Tanford transition and has functional 
implications for the reversible binding and release of ligands (Tanford et al., 1959).  

Different values for the IEP can be found in literature, ranging from 5.2 to 5.4 
(Nozaki et al., 1959; Reithel and Kelly, 1971). Electrostatic potential contours show 
that the positive and negative domains of the β-Lg dimer are located on opposite 
sides with approximately equal strength. This is exemplarily shown for different pH 
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values between 4.0 to 5.2 and ionic strength of 0.0045 M in Fig. 1-4. With the net 
charge being close to zero, many proteins exhibit a diminished solubility near the 
isoelectric point. This phenomenon is often referred to as isoelectric precipitation, 
corresponding to the loss of aggregation-inhibiting repulsion. Interestingly, for β-Lg 
the maximum aggregation occurs instead at a pH of 4.6, where the net charge is 
significantly positive. However, the main driver are the highly asymmetric electro-
static potential contours at pH 4.6 (Majhi et al., 2006).  

 

 
Fig. 1-4 Electrostatic potential contours positive charge in red and negative charge in blue 
around the β-Lg dimer at ionic strength 0.0045 M, and at pH (A) 4.0, (B) 4.6, (C) 5.0, and 
(D) 5.2 (Majhi et al., 2006). 

The protein β-Lg in an isolated form shows several medicinal and physiological 
activities, which are listed in the following.  

 Various peptides derived from proteolytic digestion β-Lg with pepsin, trypsin 
or chymotrypsin inhibit the angiotensin-converting enzyme (ACE) activity 
(Mullally et al., 1997). This inhibition contributes to a proper regulation of 
blood pressure in humans (Ortiz-Chao et al., 2009).  

 β-Lg is a rich source of Cys, which appears to stimulate the glutathione syn-
thesis, an anticarcinogenic tripeptide that protects against intestinal cancer 
(McIntosh et al., 1995).  



1 General Introduction 

9 
 

 Chemically modified β-Lg was shown to inhibit HIV (Neurath et al., 1997; 
Wyand et al., 1999). 

 β-Lg was found to bind to human ileostomy glycoproteins, which signifi-
cantly reduces the level of adhesion of different bacteria like Klebsiella and 
E. coli (Ouwehand et al., 1997). 

 A peptide derived from β-Lg was reported to exhibit greater hypocholester-
olemic activity in comparison with that of available medicine (Nagaoka et 
al., 2001). 

 β-Lg enhances intestinal uptake of retinol, triglyceride, and long-chain fatty 
acids and may play a role in the absorption and subsequent metabolism of 
fatty acids (Kushibiki et al., 2001). 

 Finally, it is a rich source of BCAA, which stimulate muscle protein synthe-
sis, and is appreciated as sportive nutrition (Tipton et al., 2007). 

However, the real value of β-Lg is mostly seen in its impressive techno-functional 
properties, making it an indispensable source in food industry. β-Lg has excellent 
heat-set gelation characteristics, providing water-binding capabilities and a con-
trollable texturization of formulated foods (Mulvihill and Kinsella, 1988). It has a 
great foamability that is comparable to egg white proteins (Foegeding et al., 2006). 
Microparticulates produced from β-Lg can be used as a fat-replacer for yoghurt, 
ice cream, and cheese (Ipsen, 2017; Koxholt et al., 1999; Sturaro et al., 2015; 
Torres et al., 2018). 

1.2 Thermal denaturation of whey proteins 

There is a broad fundament of knowledge available on the selective thermal dena-
turation of the main whey proteins, which is in this thesis used as a steppingstone 
to develop an innovative separation method of α-La and β-Lg. To better understand 
the methodologic approach described in the results section, the basics of the whey 
proteins´ thermal reactivity are comprehensively summarized in this chapter.  

In general, the reaction scheme of a protein exposed to heat-treatment is described 
in the following three-step model.  

N ↔ U → A 
N being the native state, where the protein is in its naturally correct conformation. 
Upon heating, the protein starts to unfold (U) and loses some structural parts of its 
initial native conformation. Sometimes this state is also referred to as the molten 
globule state (MGS). This (partial) unfolding is ‒ to a certain extent ‒ reversible. 
With continuation of heating, the molecule will completely and irreversibly lose the 
native structure, known as denatured state (D). This is often accompanied with 
intermolecular aggregation. The extent of the aggregation is determined by the 
protein’s thermodynamic reactivity. 
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The terms “aggregation” and “precipitation” are often used interchangeably in liter-
ature. Without attempting to resolve this ambiguity, in this thesis, the term aggre-
gation is used when relating to an irreversible, chemical binding reaction, such as 
intermolecular disulfide bridging. The term precipitation shall relate to generally re-
versible crowding reactions of molecules, as e.g., isoelectric precipitation, when 
protein concentrations are exceeding the solubility limit, and hydrophobic interac-
tions that occur when hydrophobic inner surfaces are exposed under certain con-
ditions.  

1.2.1 Unfolding and precipitation mechanism of α-Lactalbumin 

Due to its four stabilizing disulfide bonds, α-La presents an excellent heat stability 
under physiological conditions and neutral pH (Havea et al., 2000). At an acidic 
pH, the bound Ca2+-ion is released from α-La, which shifts the equilibrium towards 
the apo-form. An additional calcium-complexing agent, such as EDTA (Bernal and 
Jelen, 1984), sodium hexametaphosphate (Alomirah and Alli, 2004), lactic acid 
(Lucena et al., 2007), or citrate (Bramaud et al., 1997b) prevents the re-transition 
to holo-state. In the calcium-free apo-form, the hydrophobic parts of the α-La pro-
tein are easier accessible, which is further promoted by gentle heating up to 60 °C 
(Bonnaillie and Tomasula, 2012). Under these conditions, α-La forms precipitates, 
most likely caused by a combination of hydrophobic and electrostatic interactions 
(Pedersen et al., 2006). The formed precipitates enable a size-based separation 
either by microfiltration (MF) or centrifugation (Gésan-Guiziou et al., 1999; Lucena 
et al., 2007; Toro-Sierra et al., 2013).  

The calcium-bound holo-α-La has a significantly higher stability compared to the 
calcium-depleted apo-form (Vanderheeren and Hanssens, 1994; Veprintsev et al., 
1997). The thermal unfolding of apo-α-La starts at temperatures as low as 10 °C, 
while the unfolding of the holo-form requires temperature of at least 60 °C (De Wit 
and Klarenbeek, 1984; Permyakov et al., 1985). The unfolding results in a small 
decrease in the α-helix content leading to a partial exposure of inner-laying Try 
residues and other hydrophobic parts. Furthermore, in the calcium-depleted form, 
α-La has a higher sensitivity to pH and ionic conditions due to uncompensated 
negative charge-charge interactions at the cation binding site, what results in an 
overall reduced molecular stability against adverse milieu or processing conditions 
(Griko and Remeta, 1999). All of these smaller structural changes are generally 
reversible upon cooling, as long as the four disulfide bridges remain intact.  

Heating the isolated protein up to 85 °C at a neutral pH does not lead to any (irre-

versible) aggregation (Bertrand‐Harb et al., 2002). However, it is assumed that a 
reorganization of the disulfide bridges can appear at that temperature, which re-
mains after cooling (McGuffey et al., 2005). Interestingly, when α-La is heated to-
gether with other proteins comprising a free thiol group, it can lead to an irreversible 
denaturation of α-La (Calvo et al., 1993). The reactivity and thus the tendency to 
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irreversibly aggregate increases significantly in the presence of reactive proteins 
containing free SH-groups, such as β-Lg at elevated temperatures (Boye and Alli, 
2000; Schokker et al., 2000). 

α-La is a popular model protein for folding studies, because of its ability to transition 
into a MGS. In this state, the protein is still compact, the radius of gyration in-
creases to 17.2 Å, which is only about 10% larger compared to the native molecule 
(Kataoka et al., 1997). The MGS is further characterized by a flexible tertiary struc-
ture with simultaneous presence of most secondary structure (Dolgikh et al., 1981; 
Kuwajima, 1996). The MGS is of high interest, because the transition from the MGS 
to the native state (apo and holo) is fully reversible. A high stability of the MGS was 
observed under the following conditions (Kuwajima, 1996): 

 Addition of a strong denaturant such as guanidine hydrochloride or urea 
(Gast et al., 1998; Redfield et al., 1999; Smith et al., 2005) 

 In the acid-denatured state, which is fully stabilized at pH 2.0, often called 
the A-state (Alexandrescu et al., 1993; Rösner and Redfield, 2009) 

 In the apo-form at low ionic strength (Griko and Remeta, 1999; Xie et al., 
1993; Yutani et al., 1992) 

1.2.2 Unfolding and aggregation mechanism of β-Lactoglobulin 

The thermal behaviour of β-Lg at physiological conditions is schematically shown 
in Fig. 1-5. At room temperature, β-Lg mainly exists as a non-covalently linked 
dimer. Upon heating up to 55 °C, it dissociates into monomers and small confor-
mational changes may occur. By long-term heating at a temperature between 60 
to 70 °C, β-Lg may transition into the MGS. Other studies reported the existence 
of a MGS under different conditions, e.g., at pH 6.7 and temperatures between 70 
to 130 °C (Qi et al., 1997), at pH 2.6 and 1 h of heating at 80 °C (Tavel et al., 2010), 
or after the exposure to a pressure 600 MPa at 50 °C for more than 1 h (Yang et 
al., 2001). However, up to date it is controversially discussed whether this molec-
ular state of β-Lg should be termed MGS or not (Dickinson and Matsumura, 1994; 
Ptitsyn and Uversky, 1994; Qi et al., 1997). At temperatures above 65 °C partial 
unfolding of monomers leads to the exposure of usually buried inner hydrophobic 
groups and the free thiol group at Cys121. At temperatures between 75 to 85 °C 
large aggregates are formed by intermolecular hydrophobic interactions and 
thiol/disulfide exchange reactions. At temperatures higher than 85 °C, the disulfide 
bridging is the predominant polymerization mechanism, resulting in smaller sized 
aggregates. At temperatures above 125 °C a breakdown of the chemical structure 
occurs, resulting in complete denaturation of the protein.  
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Fig. 1-5 Schematic presentation of the proposed thermal behavior of β-Lg at pH > 6.8 
between 20 and 150 °C (De Wit, 2009). 

Under selected conditions (20 to 90 g L−1 in water at pH 7.0, 78 °C), a heat-treat-
ment of pure β-Lg and β-Lg in WPI for at least 30 min results in the generation of 
non-native monomers (Kehoe et al., 2011). The difference lies in the exposure of 
the Cys119 as a free thiol group instead of the Cys121, which causes larger hy-
drodynamic conformation, a low solubility at acidic pH values, as well as a signifi-
cantly lower reactivity in a second heating cycle (Croguennec et al., 2003).  

Generally, the heat-induced aggregation of β-Lg can be interpreted as a two-step 
reaction scheme. Fig. 1-6 shows the temperature influence on the β-Lg denatura-
tion kinetic rate in the temperature range from 68 to 96 °C. There is a sharp bend 
in the Arrhenius plot around 80 °C. Below 80 °C the β-Lg denaturation reaction is 
unfolding limited, which means that aggregation is faster than unfolding of the pro-
tein occurs. Above 80 °C all β-Lg molecules are rapidly unfolding, and the aggre-
gation is the rate limiting reaction step. The unfolding reaction is mostly described 
as a first order reaction, while the aggregation reaction step is reported to have a 
reaction order of 1.5 (Anema, 2000; Dannenberg and Kessler, 1988; Le Bon et al., 
1999; Petit et al., 2016; Tolkach, 2008). It is also noteworthy that beside the tem-
perature, the calcium concentration is another important influencing factor on the 
kinetic rates, which can be seen in Fig. 1-6 as well. The increase of the reaction 
rate can be explained by the reduction of the negative net charge of β-Lg by the 
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positively charged Ca2+-ions, which results in lowered intermolecular repulsive 
forces.  

 
Fig. 1-6 Arrhenius plot for the β-lg denaturation reaction with 1.5 reaction order at various 
Ca concentrations. The solid lines correspond to the linear regressions of experimental 
data and kn being the denaturation reaction rate (g1−n·Ln−1·s−1) (Petit et al., 2011). 

1.2.3 Denaturation kinetics of whey protein mixtures 

The respective whey proteins naturally do not exist as pure fractions but occur as 
mixtures of several proteins. A heat treatment of such a protein mixture can lead 
to a deviant denaturation and aggregation behaviour compared to the heating of 
an isolated fraction. As described in chapter 1.2.1, α-La alone does not tend to 
form aggregates, when heated above 75 °C at a neutral pH. However, if proteins 
with a reactive free thiol group, such as β-Lg, are present, α-La gets involved in the 
thiol-disulfide exchange reactions as well (Gezimati et al., 1997). This causes an 
irreversible incorporation of α-La into the β-Lg aggregates and the loss of its native 
form. This means that a heat treatment aiming to form stable β-Lg aggregates, will 
always sacrifice a certain amount of the native α-La. The main influencing factors 
of the degree of denaturation (DD) are temperature, heat holding time, and total 
protein concentration. However, also the environmental conditions, such as pH, 
calcium and lactose content affect the overall denaturation result.  
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Tolkach et al. (2005) extensively studied the denaturation kinetics of α-La and β-Lg 
when heating whey protein concentrate.  

The general kinetic equation with the reaction order n (n ≠ 0) is described as 

���
��

���	 =  1 + �� − 1� ∙ � �     (1.1) 

Where Ct is the protein concertation after heating, C0 is the initial protein concen-
tration, k (s-1) is the velocity constant, and t the treatment time. The reaction order 
n was determined by calculation of maximal regression coefficient R2, and resulted 
in a reaction order of 1 for α-La and 1.5 for β-Lg.  

The velocity constant of α-La’s thermal denaturation kα–La can be described as 

����� = − �� ������,�
�����,�

� ∙ �
      (1.2) 

with Cα–La,0 and Cα–La,t being the concentrations of native α-La in g L-1 before and 
after heat treatment for holding times t.  

The concentration-independent velocity constant of the thermal denaturation of 
β-Lg is kβ-Lg, which can be calculated with the following equation 

�!��" =  �!��"/�.% ∙ &!��",''.%      (1.3) 

with kβ-Lg/1.5 being the concentration-independent velocity constant of thermal de-
naturation of β-Lg.  

In Fig. 1-7 the influence of the heating temperature on the velocity constant of β-Lg 
(left) and α-La (right) are shown, respectively. On the right axes of these Arrhenius 
plots the time to reach a certain DD (99.5% for β-Lg and 25% for α-La) are given. 
The different curves represent various protein concentrations that were investi-
gated. The higher the protein concentration, the shorter is the time required to meet 
the targeted DD. This finding is supported by various other studies (Dissanayake 
et al., 2013a; Fitzsimons et al., 2007; Wolz and Kulozik, 2015). It is remarkable that 
β-Lg denatures much faster than α-La does. Also, other research articles confirmed 
that in the early stages of heating, the formed aggregates contained relatively more 
β-Lg than α-La, whereas in the later stages they contained equal amounts of both 
proteins (Dalgleish et al., 1997). These observations suggest that α-La has a kind 
of lag-phase until it is “activated” by β-Lg (Schokker et al., 2000). Moreover, the 
underlying binding mechanisms seem to change. The prevalence of non-covalent 
bonding was reported to be much higher, when α-La is involved in the aggregation 
compared to β-Lg being heated alone (Havea et al., 2001; McSwiney et al., 1994a; 
Mulvihill and Donovan, 1987). 
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Fig. 1-7 Influence of the heating temperature on the velocity constant of β-Lg (left) and 
α-La denaturation (right) according to Arrhenius equation at different total protein concen-
trations: (●/○) = 20 g L-1; (■/□) = 10 g L-1; (♦/◊) = 5 g L-1; (▼) = concentration independent 
velocity constant. Environmental parameters: pH 7.5, calcium content 0.55 g L-1, lactose 
content 0.5 g L-1. Modified from Tolkach et al. (2005). 

Using this knowledge, it is possible to apply a heat treatment resulting in a high DD 
of β-Lg, while keeping α-La native to a maximum extent. This approach is com-
monly called a selective thermal aggregation of one specific protein and served as 
a fundament for the process developed in this thesis. Besides the target of a high 
selectivity in the aggregation step, another objective was to produce aggregates or 
precipitates that present suitable characteristics for centrifugal separation.  

In fact, not only the DD can be controlled via the applied heating conditions, but 
also the form and specifically the size of the generated aggregates can be directed 
(see Fig. 1-8). Spiegel (1999b) described the dependency of the aggregate struc-
ture on the applied heating temperature. A low temperature (in this case < 85 °C) 
in the unfolding-limited range results in a loose and porous structure. The higher 
the heating temperature, the more rigid and condensed the structure gets. The 
reason that the aggregate structure is temperature-depend, is that different molec-
ular binding mechanisms are involved in the aggregate formation depending on the 
applied temperature. Especially the importance of non-covalent interactions varies 
with temperature (Galani and Apenten, 1999; Iametti et al., 1995). Galani and 
Apenten (1999) reported that the contribution of non-covalent interactions to the 
overall aggregation mechanism has a higher importance at temperatures above 
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90 °C. It is assumed that the formation of non-covalent bonding precedes the thiol-
disulfide exchange, making the latter reaction easier by creating a non-polar envi-
ronment and prolonging the contact time between the molecules (Schokker et al., 
2000). This is also supposed to be the reason for this more rigid and compact 
structure of the aggregates, when heated at higher temperatures.  

In terms of sizes, the smallest aggregates are found when heated in the range of 
kinetic transition area. In the unfolding- and aggregation-limited temperature range, 
the aggregate size was significantly higher, and reached sizes up to 100 µm (Spie-
gel, 1999b). In general, it can be noted that such aggregates are highly favorable 
for separation by centrifuge.  

 
Fig. 1-8 Structure of heat-induced whey protein aggregates in dependency of temperature. 
Modified from Spiegel (1999b).  

Regarding the structure of α-La precipitates and how it can be influenced, only little 
is known. Bonnaillie and Tomasula (2012) investigated the precipitate formation by 
confocal fluorescence microscopy and reported a growth of the particles with pro-
gressing incubation time. Furthermore, they reported that the heating temperature 
is not only influencing the speed of the precipitation, also the resulting size seems 
to be affected. In the investigated range between 50 and 70 °C, the final precipitate 
sizes seemed largest at 60 °C. The suspected sizes of the precipitates based on 
the microscopic images were about 200 to 300 µm. However, when determined in 
a particle size analyzer, no particles above 50 µm were detected. This is an indi-
cation that the precipitates are volatile and might only be loosely connected. No 
further data is published how the applied environmental conditions influence the 
structure of α-La precipitates, as the available studies mainly focus on achieved 
yields and precipitate composition.  
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1.3 Resolubilization of precipitated α-Lactalbumin 

Shortly after finding that α-La forms precipitates under acidic conditions, the pos-
sibility of its resolubilization by a subsequent pH increase was reported (Bramaud 
et al., 1997a; Kronman et al., 1964). A variety of different research groups targeted 
the optimization of this process. Pierre and Fauquant (1986) adjusted the pH to 7.0 
and added 0.03 M CaCl2 and received a fraction containing 64% α-La. Pearce 
(1987) reported a maximum solubilization yield of 80% with a pH adjustment in the 
range of pH 6.5 to 8.0. Bramaud et al. (1997a) observed that the initially turbid 
solution became clear and proteins were solubilized, when the pH returned to 7.5 
or higher. They achieved the best solubilization yield of 80% of α-La with a purity 
of 80%, after dispersion in a 0.1 mol L-1 CaCl2 solution and adjustment to a pH 8.0. 
Whereas another study using similar resolubilization conditions (0.1 mol L-1 CaCl2 
with an adjustment to pH 7.5) yielded only 11 to 43% of α-La, with purities ranging 
from 68 to 73% (Alomirah and Alli, 2004). Toro-Sierra et al. (2013) produced α-La 
fractions with 91% purity and an overall yield between 60 to 80%, relying on re-
solubilization using pH 8.0 and a stoichiometric amount of calcium to the amount 
of α-La molecules present in the starting whey protein solution. All these studies 
show significant discrepancies in yields and purities, which presumably originate 
from the highly different methods used for precipitation (rather than for the resolu-
bilization step).  

In recent years, the efforts in the investigation of protein folding kinetics rocketed, 
which is especially attributed to the remarkable progress in analytical technologies. 
The origin of protein folding theory is often ascribed to the Levinthal paradox, which 
states that the time needed to find the native structure by randomly searching 
among all possible conformations would be far too long to be biologically relevant. 
In conclusion, Levinthal (1969) proposed that this process has to follow a specific 
pathway or set of pathways encoded in the amino acid sequence in order to fold in 
a finite time.  

In regard to α-La, time-resolved infrared (TR-IR) spectroscopy studies suggest that 
the thermally unfolded apo-α-La likely initially transitions to a MGS, followed by 
either parallel or sequential folding pathways to resume the native holo-α-La state 
(Hsu et al., 2021). And indeed, monitoring α-La’s refolding by a stopped-flow small-
angle X-ray scattering, showed that the folding intermediate has the same radius 
of gyration and overall shape as the equilibrium MGS at a pH of 2.0 (Arai et al., 
2002). Structural analysis by nuclear magnetic resonance (NMR) spectroscopy re-
vealed that the MGS of α-La comprises a structured α-helical domain and a disor-
dered β-sheet domain (Kuwajima, 1996; Peng et al., 1995).  

For the transition from the MGS to the native folding, two models have been pro-
posed: On the one hand, a 'nonspecific' approach, often referred to as the jigsaw 
puzzle model. In this model, the correct folding depends on the formation of a suf-
ficient number of native-like contacts regardless of which amino acids are involved, 
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i.e., there is no preferential starting point for folding, and each folding attempt may 
follow a different path (Harrison and Durbin, 1985; Sali et al., 1994). On the other 
hand, a 'specific' approach, in which the native folding of a protein depends on the 
formation of a specific subset of the native structure, often called the nucleation-
condensation (Fersht, 1995; Itzhaki et al., 1995). The nucleation-condensation 
model assumes that the overall structure condenses around an element of struc-
ture, the nucleus, that itself consolidates during the condensation. 

Literature indicates that the binding of Ca2+ to the calcium-binding site of α-La helps 
with initiating the folding nucleus at the interface between the α- and β-domain 
(Chedad and van Dael, 2004; Troullier et al., 2000). This is because metal ions 
lower the energy barrier between the MGS and the transition state, mainly by de-
creasing the difference of entropy between the two states (Bushmarina et al., 
2006). The study of Kuhlman et al. (1997) supports this hypothesis and demon-
strates that the native C-helix is crucial for the formation of the calcium-binding site. 
In case the C-helix is sterically hindered, e.g., by intermolecular crosslinks, the link 
between the α- and β-domains is impaired.  

It is noteworthy that most published data concerning the folding mechanism of α-La 
has been obtained from monitoring the refolding process of denatured α-La with 
intact and native disulfide bonds. Chang (2002) used the technique of disulfide 
scrambling to obtain detailed insights in the refolding pathways of completely un-
folded α-La. When the native disulfide bonds are formed, the intermediates com-
prise partially native-like structures and will likely proceed directly to form the native 
α-La. The results revealed two major types of these intermediates with native di-
sulfide bonds. One type takes on a native-like α-helical domain, and the other one 
comprises a structured β-sheet calcium binding domain. Additional stop/go folding 
experiments with the purified folding intermediates have demonstrated that the for-
mation of the α-helical domain is about 65% more efficient than that of the β-sheet 
domain (Chang, 2002). The formation of non-native disulfide bonds may lead to a 
kinetic trap, which are stabilized by non-native interactions and formed structures. 
Nevertheless, the results indicate that a reshuffling of the disulfide bridges is pos-
sible.  

However, heating to temperature higher than 80 °C leads to irreversible structural 
changes. At both, acid and alkaline pH, the cooled samples showed a loss of 
β-turns compared to native reference (Boye et al., 1997). Furthermore, they re-
ported on an increased β-sheet formation in the samples heated and cooled under 
acidic conditions. This was attributed to intensified intermolecular interactions due 
to increased hydrophobicity upon unfolding, which finally resulted in the formation 
of intermolecular β-sheets. Even disulfide shuffling to a non-native Cys61-Cys73 
disulfide bond was observed when samples were heated at temperatures of 80 °C 
for 120 min (Wijesinha-Bettoni et al., 2007).  
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In summary, it can be stated that, firstly, it is possible to resolubilize α-La after it 
has been precipitated and separated, as proven by several research works. How-
ever, the studies only claimed that α-La was soluble, but no investigations of the 
true molecular state of α-La has been performed so far. Secondly, in vitro folding 
studies demonstrate that α-La can transition to an unfolded state without losing the 
capability to convert back to the original native conformation. The herein presented 
thesis aims to close the gap of knowledge, if precipitated, mechanically separated 
and resolubilized α-La resumes its previous native conformation or if there are ir-
reversible deviations in the structure that allow for a soluble folding variant of α-La.  

1.4 Centrifugal separation and alternative whey protein fractionation 

methods 

As the separation of protein particles with a continuously working centrifuge is the 
centerpiece of this thesis, the theoretical basics of centrifugation shall be briefly 
summarized in this chapter. Centrifugal separation relies on the physical principle 
of sedimentation, and belongs to the three types of mechanical separation, which 
include also filtration and flotation.  

Settling is the process of suspended particles falling through the liquid and is driven 
by gravity or centrifugal acceleration. Sedimentation is the final result of the settling 
process, i.e., the deposition of particles in a suspension. If the size of particles is 
less than 5 µm they undergo Brownian motion (Majekodunmi, 2015). For these 
small particles, the sedimentation velocity in the earth’s gravitational field is very 
small, and sedimentation can only be observed by artificially increasing the gravi-
tational field by means of centrifugation. 

Assuming that there is a single spherical particle in an infinite fluid medium, it’s 
movement will be induced by an external forces field, which may be the gravita-
tional or centrifugal field. The gravitational force FG is defined as the product of the 
particle mass mp and the acceleration of gravity g, being 9.81 m s-2: 

() = *+ ,      (1.4) 

mp can be substituted with the product of the particle density ρp and its volume Vp. 

*+ =  -+ .+     (1.5) 

Most assumptions consider the particle to be a sphere, whose volume is calculated 
using the particle diameter dp.  

.+ = /
0  1+2       (1.6) 

When the particle is in the settling process, the FG is opposed by two forces, the 
frictional resistance FF against a particle moving through liquid, and the buoyant 
force FB. A buoyant force FB will arise because the particle displaces a volume of 
fluid equal to its Vp and is given by  
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(3 =  − .+ -4 ,     (1.7) 

with ρf being the fluid density.  

The frictional resistance FF is given as  

(5 =  − 67
8  9+8  :+ ;5�<=+�    (1.8) 

where, up is the settling velocity of the particle, Ap is the particle area, and cF is the 
frictional coefficient, which is a function of the particles Reynolds number Rep.  

When the particle settles in a liquid in a gravitational field, the following force bal-
ance can be applied: 

() + (3 + (5 = 0     (1.9) 

This results in a definition of the steady-state settling velocity of the particle as 
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At low particle Reynolds numbers (Rep < 0.5, creeping flow), cF can be approxi-
mated by the following equation 

;5 = 8?
FG7

      (1.11) 

with 
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      (1.12) 

With ηf being the fluid viscosity. Combining (1.10), (1.11), and (1.12), the Stokes 
settling velocity uSt can be simplified as 

9J = @67�6AB
�K IA

, 1+8     (1.13) 

In a centrifugal field, it is not only the gravitational force, but also the centrifugal 
force that affects the particle. The centrifugal acceleration aZ is defined as the prod-
uct of the circular radius of the particle r and the squared angular velocity ω 

LM = N O8     (1.14) 

Under laminar flow conditions and with negligible Coriolis forces and radial accel-
eration, the settling velocity of a particle in a centrifugal field, can still be described 
with the Stokes equation: 

9J = @67�6AB
�K IA

N O8 1+8     (1.15) 

In centrifuge parlance the term “g” or “g-force” is often used to describe the multiple 
of gravitation, by which the acceleration in the centrifuge is greater than that of 
gravity alone.  

The previously described calculations are applicable to a single particle settling. 
With an increasing number of particles, the relative distance from one to another 
is reduced, which facilitates particle-particle interactions. These interactions in-
clude, but are not limited to electrostatic forces, Van-der-Waals forces, and steric 
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effects (Hogg, 2005). These interactions may result in settling enhancing or hin-
dering effects, mainly depending on the effective particle concentration.  

Fig. 1-9 shows the empirical settling velocity of monodisperse particles (several 
particles of the same size) in dependence of the solid’s concentration as described 
in Bhatty (1986). The monodisperse suspension consisted of glass ballotini with a 
nominal diameter of 0.1 cm. At low concentrations, when a free settling takes place, 
the velocity can be appropriately described with the Stokes equation. At solids con-
centration above 1% the empiric settling velocity is higher than the theoretical 
Stokes velocity. This phenomenon is attributed to the formation of particle clusters 
(Bhatty, 1986). These are particles agglomerates that form and dissociate in a dy-
namical manner, which is favored by attractive particle-particle interactions. The 
intermediately higher particle size results in a faster settling. The settling rate 
reaches a maximum at a solid content of 10% w w-1. The calculated Re numbers 
ranged from 0.016 to 2.48, depending on cluster size. According to Bhatty (1986) 
the highest cluster stability was observed at Re < 0.6. Even though, some stable 
cluster formed even at Re up to 1.48, which was explained by strong interparticle 
forces.  

Other authors found the maximum settling velocity to be around 2 to 5% w v-1 
(Johne, 1966; Kaye and Boardman, 1962). With further increase of the solid con-
centration, the settling rate decreases constantly and steeply. The reasons are an 
increasing suspension density, a discrepancy from Newtonian flow behavior, and 
increased buoyant forces due to higher amounts of displaced liquid (Bickert and 
Stahl, 1997).  

 
Fig. 1-9 Settling rate of a monodisperse suspension in dependence of particle concentra-
tion (Bhatty, 1986). 
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Generally, in polydisperse suspensions the same mechanisms as for monodis-
perse systems apply. However, additional segregation effects may occur between 
the different particle size classes, depending on the particle size distribution, i.e., 
the number of particles in the respective size classes. As long as a broad variety 
of settling velocities can be observed, which is directly related to the respective 
particle size class (a particle swarm), this settling type is called swarm sedimenta-
tion (Mirza and Richardson, 1979). Effectively, this means the larger particles sink 
rapidly, the smaller ones remain in the supernatant for a longer time before they 
settle. This leads to a gradient of the solids concentration with the highest concen-
tration on the bottom of the settling vessel.  

When a certain solids concentration is exceeded, no more segregation effects will 
occur. Instead, all particles will settle with an approximate same velocity, which is 
visible with a sharp borderline between the suspension and the cleared superna-
tant. This settling type is called zone settlement (Stahl, 2004). This phenomenon 
is attributed to an increase in particle-particle interactions and a rise in the apparent 
viscosity of the system, as well as a higher relevancy of the drag forces.  

In some applications, a so-called flocculant is added to the suspension to induce a 
zone settlement. The flocculation enables the settlement of all particles at a time 
in order to maximize the clarification of the supernatant, including the smallest par-
ticles, which would not settle on their own (Gregory and O'Melia, 1989; Thomas et 
al., 1999). The surface properties of protein-based particles and the respective 
particle-particle interactions (van der Waals forces, electrostatic attraction or repul-
sion, hydrophobic effects) can be modified by pH adjustments, addition of salts, or 
additives like flocculants in order to improve the separation results.  

That said, the necessity arises to include the solids concentration in the calculation 
of the sedimentation velocity. One of the most frequently used approximations is 
the equation of Richardson and Zaki (1954), which provides a relation for the em-
pirical particle settling velocity based on the Stokes velocity with respect to the 
solids volume fraction ϕ. 

9+ = 9J  �1 − P�?.0%      (1.16) 

1.4.1 Continuous centrifuges 

Centrifuges usually comprise a rotating vessel filled with the suspension to be sep-
arated. Accelerations that are up to 106 higher than gravity can be achieved with 
specific types of centrifuges. There are types of centrifuges that can be either op-
erated continuously or in batch mode. Tubular centrifuges, basket type centrifuges 
and rotating buckets run discontinuously, while disc centrifuges and decanters are 
fully continuous in operation. The continuous way of working is related to a mech-
anism that allows the sediment to be discharged from the solid centrifugal bowl, 
while the centrifuge continues running.  
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So-called decanters are not only used in mining industry (Merkl and Steiger, 2012) 
and wastewater management (Veeken and Hamelers, 1999), but also find a broad 
range of applications in the food industry, e.g., olive oil extraction (Altieri et al., 
2013), casein fractionation (Schubert et al., 2018), juice extraction of diverse fruits 
(Beveridge and Harrison, 1995), fractionation of egg yolk (Ulrichs et al., 2015), the 
isolation of steviol glycosides (Arslan Kulcan and Karhan, 2021) and many more.  

In practice, decanter centrifuges provide excellent performance levels when han-
dling slurries with amounts of solids higher than 10% and they are often the only 
choice for solids concentrations above 40% (Records and Sutherland, 2001).  

For scaling up from laboratory data to pilot or industrially sized centrifuges, often 
the so-called Σ-theory is used. Ambler (1959) introduced this mathematical ap-
proach to compare the settling behavior between different forms of sedimentation 
type centrifuges. The thereof derived Σ-value is the calculated equivalent area of 
a settling tank theoretically capable of doing the same amount of work in a unit 
gravitational field. In recent years, the interest in numerical models, such as com-
putational fluid dynamics (CFD) and discrete element method (DEM) simulations 
have increased (Menesklou et al., 2021). The development of numerical methods 
and modelling of centrifuges appears to be complex and time intensive. However, 
if successfully validated, they are powerful tools to provide detailed insights and 
have better accuracy in result prediction. This will be taken up in the overall dis-
cussion of results. 

1.4.2 Separation principles in decanter centrifuges 

The design of a typical counter-current decanter centrifuge can be seen in Fig. 
1-10. The outer housing or casing contains the bowl, which is the separation room. 
The bowl usually consists of a cylindrical and a conical part. The suspension enters 
the decanter via the feed tube. The suspension passes into the rotating bowl 
through holes located in the feed pipe. By the rotation of the bowl, respective cen-
trifugal forces are generated and accelerate the particles to sediment at the inner 
wall of cylindrical part of the bowl. This part is also called the compression zone, 
where the sediment consolidates and builds up a sediment cake. 
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Fig. 1-10 Schematic design of a counter-current decanter centrifuge. 

The conveyor scroll rotates with a slightly higher differential speed than the bowl 
and transports the sediment towards the conical part of the bowl. While its transport 
up the conical inclination, the sediment is further dewatered as it leaves the liquid 
pond. The sediment is finally discharged at the highest point of the conical part. 
The supernatant, also called centrate, is discharged at the opposite end of the 
bowl. Here, a weir serves as a barrier and defines the height of the liquid level in 
the bowl. The weir can usually be adjusted in its height. The effects are schemati-
cally shown in Fig. 1-11. A higher weir will extend the residence time of particles in 
the centrifuge and can therefore increase the clarity of the supernatant. However, 
at the same time, the higher weir reduces the sediment drying zone, i.e., the length 
of the conical bowl part, which can negatively affect the dryness of discharged 
sediment. A lower weir can reduce the centrates clarity and simultaneously in-
crease the discharged sediments dryness (Records and Sutherland, 2001). Solu-
ble proteins will remain in the centrate, as they are too small to sediment. Never-
theless, as the sediment cannot be discharged completely dry, a small portion of 
soluble protein may be discharged as part of the interstitial and vicinal water of the 
sediment. 
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Fig. 1-11 Effects of different weir heights on the filling level in a decanter centrifuge. 

It needs to be emphasized that not only external factors, e.g., the decanter config-
uration, like the weir height, impact the dewatering of the sediment. The major in-
fluencing factor derives intrinsically from the particles themself. The particles den-
sity, size, form, and structure do significantly influence the sediment that is formed 
out of this type of particles. Generally, the particle properties predetermine both the 
feasible extent of sediment dewaterability and its flowability, i.e., how easily the 
sediment is conveyed up the conical bowl part to the discharge port.  

The main portion of the sediment dewatering takes place in the cylindrical bowl, 
when the sediment cake is exposed to compressive forces induced by the centrif-
ugal acceleration in combination with the sediment weight itself. The strength of 
the particle network will influence the solids content obtainable in a dewatering 
process. Ways for determination of the network strength are often based on the 
work of Buscall and White (1987), which is nowadays seen as the fundamental 
theory of compressive rheology (Kretser et al., 2003). They introduced the com-
pressive yield stress Py(ϕ) for the characterization of the network strength, and the 
hindered settling factor R(ϕ) to describe the network permeability by means of an 
interphase drag parameter. Various authors developed characterization ap-
proaches involving these two parameters. In essence, depending on the solids vol-
ume fraction to be investigated, a gravitational sedimentation (Cacossa and Vac-
cari, 1994; Grassia et al., 2008, 2011; Howells et al., 1990; Lester et al., 2005; 
Usher and Scales, 2005; van Deventer et al., 2011), an analytical centrifugation 
(Angle et al., 2017; Curvers et al., 2009; Loginov et al., 2014; Skinner et al, 2015; 
Usher et al., 2013), a compression-permeability cell test (Höfgen et al., 2019; Land-
man and White, 1994; Stickland et al., 2005), or combination thereof (Gladman et 
al., 2006; Loginov et al., 2017) are the methods of choice. The compression-per-
meability cell test comprises a chamber filled with pre-thickened sediment of known 
height and concentration, where pressure is applied by a porous piston, while re-
cording the permeating liquid. 
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Moreover, several authors have demonstrated that the surface properties of colloi-
dal particles in suspension are closely linked to the flow behavior of thereof origi-
nating sediments (Channell and Zukoski, 1997; Leong et al., 1993; Scales et al., 
2000). In practice, the flow characteristics of sediments are often determined by 
rheological investigation. Exposing a sample to oscillatory shear stress will indicate 
its viscoelastic properties, typically using the shear modulus and loss angle for de-
scription (Ward and Hoare, 1990). Additionally, an investigation of the sediment 
adhesiveness can reveal whether the sediment has a tendency to stick to the con-
veyor and thus impairing a continuous solids discharge or not (Friedman et al., 
1963). These characterizations allow to draw conclusions for the flowability of the 
sediment. 

Basically, the sediments discharged from a decanter can reach from a paste-like 
sludge to coarse or even crystalline dry particulates (Records and Sutherland, 
2001). The sludge-like sediments often show a high compressibility. The density 
difference between particle and liquid is usually quite low, and usually no individual 
particles or agglomerates are visible. In order to maximize the dewatering, it is 
advisable to enlarge the sediment cake height for exhaustive compression and to 
use low conveyor differential speed, especially if the sediments tends to have a 
shear-thinning behavior (Erk and Luda, 2003). On the other side, the coarse or 
granular particulates mainly rely on interstitial drainage, and profit from a longer 
residence time on the beach. This can be realized by a reduced throughput, a lower 
conveyor differential speed or the reduction of weir height (Stiborsky et al., 2003).  

The steady removal of the sedimented solids from the centrifuge bowl enables a 
continuous one-step processing of suspensions over a wide range of flow rates.  

1.4.3 Alternative whey protein fractionation methods 

In the last few decades, many approaches were published aiming at developing a 
process for whey protein separation that delivers a maximum protein fraction purity, 
high yields, that keeps the proteins in their native state, and being at the same time 
simple to operate and easy to scale-up, as well as cost efficient. The suggested 
processes exploit different attributes of the whey proteins, including their variation 
in sizes, their denaturation properties, the ionic nature of proteins, or other of their 
specific physical properties. In the following, most relevant published separation 
approaches are presented, and their advantages and drawbacks are briefly sum-
marized.  

An impressive number of studies describe the separation of the major whey pro-
teins by diverse preparative chromatographic application, such as ion-exchange 
chromatography (IEC) and affinity chromatography (AC). IEC can be further distin-
guished into anion (AEC) and cation exchange chromatography (CEC) and makes 
use of the ionic properties of proteins. A charged protein will bind to oppositely 
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charged ligands of a resin. Therefore, proteins will be retained by AEC at a pH 
above their IEP, and they will be retained by CEC below their IEP. With consciously 
chosen elution conditions, it is possible to separately release the individual bound 
proteins from the resin and recover them in highly pure fractions. Contrary to IEC, 
in AC (almost) solely the target protein is captured by a specific complementary 
binding substance, which results in an incomparable selectivity of the process. 

Examples for AEC processes for fractionation of the individual whey proteins are 
Carrère et al. (1996), Flashner et al. (1983), Kristiansen et al. (1998), Kunz and 
Lönnerdal (1989), Manji et al. (1985), Outinen et al. (1996), Pedersen et al. (2003), 
Santos et al. (2012). Studies using CEC for whey protein fractions include, but are 
not limited to Doultani et al. (2004), El-Sayed and Chase (2009), Hahn et al. (1998), 
Turhan and Etzel (2004). Also combinations of AEC and CEC are described, which 
target a complete fraction of all whey proteins Gerberding and Byers (1998), 
Voswinkel and Kulozik (2014), Ye et al. (2000). The use of AC for whey protein 
separation was studied by Gurgel et al. (2000), Ounis et al. (2008), Vyas et al. 
(2002), and Wang and Swaisgood (1993).  

All approaches for IEC and AC have in common the attainment of highly pure whey 
protein fractions (most were above 90%), an attribute for which the preparative 
chromatography has been appreciated for decades in biotechnological and phar-
maceutical processing. The reported recovery rates, however, varied from about 
50% (Gurgel et al., 2000; Santos et al., 2012; Vyas et al., 2002) to more than 90% 
(El-Sayed and Chase, 2009; Skudder, 1985). 

Most mentioned studies presented the process only on a lab scale basis but did 
not provide any data for pilot or production scale. The scale-up of packed bed chro-
matography columns, however, is a challenging task. A common phenomenon is 
an increased compression of packed beds in production scale columns. This com-
pression can deform individual resin particles, thus changing the surface area 
available and reducing the porosity of the packed bed and its effective binding ca-
pacity (Colby et al., 1996). A common recommendation is to maintain the bed 
height and increase the resin volume by increasing the diameter of the packed 
column. The problematic issues are on the one hand, the extremely high prices for 
these large-scale columns as well as the enormous volumes of resin, and on the 
other hand, the challenge of column packing, which requires trained personnel. 

The introduction of membrane-based ion-adsorbers opened new possibilities of 
whey protein separation. The functional groups are immobilized on a membrane, 
which can be assembled in different designs, like spiral-wound, tubular hollow fi-
bers, pleated sheets, or stacked-disc (Nath et al., 2022). This set-up results in low 
backpressures, up to 20-fold higher flow rates compared to column-based pro-
cesses and allows to load the adsorber without pre-filtration of the sample (Goodall 
et al., 2008). Respective studies using membrane-based chromatography include 
Adisaputro et al. (1996), Bhattacharjee et al. (2006a), Goodall et al. (2008), Kim et 
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al. (2003), Saufi and Fee (2009, 2011), Splitt et al. (1996), Voswinkel and Kulozik 
(2011, 2013, 2014), and Weinbrenner and Etzel (1994). 

These studies show consistently high purities and good yields for all whey protein 
fractions, and some even claimed no reduction in binding capacity over several 
cycles. However, it should be emphasized that the initial binding capacities of 
membrane adsorbers currently available on the market are much lower than the 
ones achieved with packed columns with similar geometries. Another drawback of 
the membrane chromatography is the requirement of several pass cycles for a suf-
ficient adsorption of the molecules to the ligands, as well as increased dilution ef-
fects while elution. Additionally, the used membranes tend to have a short lifetime, 
and need to be replaced frequently. Also challenges like a non-uniform flow distri-
bution across the membrane still needs to be overcome to allow for proper scale-
up. In conclusion, although preparative chromatography can provide effective pro-
tein purification, they typically have unacceptable economics at large scale.  

Membranes are not only employed as matrix in chromatography, traditionally they 
are used for filtration, mainly tangential flow filtration (TFF). The membrane has a 
defined pore size, often referred to as molecular weight cut-off (MWCO), which 
allows a precise size-based separation. By adaption of the membrane area and 
respective hardware sizing, this separation method is also suitable for industrial 
scale. Another benefit of TFF is that the nativity and structure of the proteins are 
usually not affected by this processing technique. Several authors demonstrated 
that certain whey proteins can be separated without any further pre-treatment us-
ing TFF. A list of respective studies with a summary of the achieved purities and 
yields for α-La and β-Lg fraction is shown in Tab. 1-3.  

The results for separation of α-La and β-Lg by filtration without any pre-treatment 
are quite limited in terms of achieved purities and yields. The challenge is the mar-
ginal small size difference between α-La and β-Lg, with 14.2 kDa and 18.3 kDa, 
respectively. In average, purities of around 30% were achieved, the yields being 
even worse. With such unsatisfactory results, it cannot be claimed an effective pro-
cess for whey protein fractionation. 

A noteworthy exception is the study of Cheang and Zydney (2003). They demon-
strated that purities higher than 90% for both fractions and yields of more than 90% 
for β-Lg and higher than 95% for α-La are achievable by using a stirred cell filtration 
device with a 30 kDa MWCO. They used optimized environmental conditions to 
promote β-Lg’s presence as a dimer in order to enhance a size-based separation. 
However, this result took a total of 16 diafiltration (DF) steps, implicating elevated 
costs for DF media, and an enormous time consumption. Furthermore, the capa-
bilities to upscale a stirred filtration cell are highly limited, which disqualifies this 
process from an operational and economical point of view.  
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Tab. 1-3 Summary of published studies using TFF for separation of major whey protein 
fractions without whey protein pre-treatment. 
Reference Filter 

MWCO, ma-

terial 

Pro-

cess 

design 

Purity Yield 

Lucas et al. 
(1998) 

150 kDa,  

ZrO2 coated 
with PEI 

1x CF 

TFF 

N.d. α-La (perm.): 14% 

Muller et al. 
(2003a) 

300 kDa, 

ceramic 

9x CF  

No DF 

TFF 

α-La (perm.): 
44% 

β-Lg, BSA, IgG 
(ret.): N.d. 

α-La (perm.): 53% 

Muller et al. 
(2003b) 

50 kDa, 

ceramic 

7x CF  

No DF 

TFF 

α-La (perm.): 
65% 

No data: β-Lg 
(ret.): N.d. 

α-La (perm.): 28% 

(Bhattachar-
jee et al., 
2006b) 

30 kDa, 

PES 

30 min 
run time 

TFF 

β-Lg (perm.): 
75% 

BSA, Lf, IgG 
(ret.): N.d. 

N.d. 

Almécija et 
al. (2007) 

300 kDa tub-
ular ceramic 
membrane 

4x DF at 
pH 4 

N.d. α-La (ret.): 100% 

β-Lg (perm.): 
100% 

Metsämuuro-
nen and 
Nyström 
(2009) 

30 kDa, 

regenerated 
cellulose 

1x CF 

TFF 

N.d. α-La (perm.): 26% 

Marella et al. 
(2011) 

50 kDa, 

PVDF 

5x CF  

No DF 

TFF 

α-La (perm.): 
63% 

β-Lg (ret.): N.d. 

α-La (perm.): 34% 

Holland et al. 
(2012) 

100 kDa, 

regenerated 
cellulose 

2x CF 

TFF 

α-La (perm.): 
80% 

β-Lg (ret.): N.d. 

α-La (perm.): 10% 

Arunkumar 
and Etzel 
(2013) 

300 kDa, 

charged re-
generated 
cellulose 

3-stage 
rectifica-
tion 

α-La (perm.): 
95% 

β-Lg (ret.): 73% 

N.d. 

N.d.: No data, perm.: permeate, ret.: retentate, DF: diafiltration, CF: concentration factor, 
PEI: polyetherimide, PES: polyethersulfone 
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A strategy to overcome the limitations of protein sizes being too similar for proper 
size-based separation is either an increase or a reduction of the size of one of the 
two major whey proteins.  

A way to decrease the size of one protein component is the use of selective hy-
drolysis. On the one hand, it was demonstrated that β-Lg has a higher resistance 
to hydrolysis compared to α-La during the digestion of WPI using pepsin, acid pro-
tease A and protease M. Depending on the enzyme used, about 99% of α-La were 
hydrolyzed, while β-Lg remained almost completely unhydrolyzed (Jakopović et 
al., 2019). On the other hand, β-Lg has a higher susceptibility to tryptic hydrolysis 
compared to α-La. By investigating the influence of hydrolysis temperature and pH 
on the selective hydrolysis of β-Lg in WPI, Cheison et al. (2011) reported a recov-
ery of up to 68% of pure α-La. Konrad and Kleinschmidt (2008) reported on a com-
plete digestion of β-Lg with practically no degradation of α-La. The hydrolyzed β-Lg 
was removed by ultrafiltration in diafiltration mode (UFDF) using a 10 kDa MWCO 
membrane, which resulted in an α-La fraction with up to 95 % purity, but with an 
unsatisfactory yield of only 15%. Lisak et al. (2013) optimized the environmental 
conditions for β-Lg degradation using chymotrypsin outside the enzyme optimum 
and were able to maximize the recovery of α-La to 81% with nearly 99% purity. 
However, in this study, the hydrolysis reaction was stopped by addition of an inhib-
itor molecule, which necessitates an additional step to remove the inhibitor-en-
zyme-complex. In conclusion, the selective hydrolysis itself is an efficient process 
showing good controllability and scalability. However, the separation of the hydro-
lyzed peptides from the unaffected protein appears to be the bottleneck in the pro-
cess, as can be seen by the low recovery rate from Konrad and Kleinschmidt 
(2008). The reason is presumably, that the introduced size difference between 
peptides and proteins is not sufficient to allow for an efficient separation by means 
of UFDF. Apart from that, one component is irreversibly sacrificed as it is degraded 
into peptides. One of the ambitions in this study, however, is to realize the recovery 
of both protein fractions in their native (soluble) states.  

A way to increase the protein size is to make use of the interaction of whey proteins 
with specific complexing agents. For example, chitosan builds complexes with 
β-Lg, while more than 80% of the other proteins remain soluble (Casal et al., 2006). 
The complexes can be separated by filtration or centrifugation. In a subsequent 
solubilization step using acetic acid, more than 90% of the β-Lg can be recovered 
from the chitosan complexes (Montilla et al., 2007). However, this solubilization 
necessitate a subsequent multi-step DF to remove the acetic acid. This additional 
step makes the process highly time and cost intensive. Additionally, NMR spec-
troscopy could not confirm the nativity of β-Lg after this process (Montilla et al., 
2007). 

The size of a protein fraction can also be increased by salting-out procedures. With 
the addition of high concentrations of NaCl and preferably at pH 2, nearly all whey 
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proteins except β-Lg can be salted out of acid or cheese whey and WPI (Mailliart 

and Ribadeau‐Dumas, 1988). After recovery by centrifugation, the β-Lg fraction 

requires extensive DF for removal of salts. With this approach Maté and Krochta 
(1994) achieved a β-Lg recovery rate of 65% and a purity of 95%. The process 
itself appears to be simple and achieved good purity. However, salting out works 
best with highly pure WPI, which requires intensive purification efforts before the 
actual separation process starts (Konrad et al., 2000). Additionally, an enormous 
energy and time consumption is expected for subsequent removal of the salts by 
dialysis or UFDF. 

Another strategy to increase the size difference between two protein fractions is a 
selective thermal aggregation of one of the involved proteins. This method exploits 
the protein’s specific molecular properties under particular heat and environmental 
conditions to initiate an agglomeration reaction, which affects selectively only one 
of the protein fractions. While the precipitation of α-La is mainly based on (reversi-
ble) hydrophobic interactions (chapter 1.2.1), β-Lg can form stably linked aggre-
gates via disulfide bridges (chapter 1.2.2). The resulting size (and density) differ-
ence enables a mechanical separation of the aggregated fraction. The precipitation 
of α-La is supposed to be reversible, which would leverage the recovery of both 
protein fractions, α-La and β-Lg, in their native states.  

Prospecting a scalable process, most authors described the use TFF as the 
method of choice for separating the precipitated fraction from the soluble proteins. 
Several studies proofed the feasibility to separate aggregated β-Lg (Kiesner et al., 
2000; Tolkach, 2008) and precipitated α-La (Gésan-Guiziou et al., 1999; Toro-Si-
erra et al., 2013) from the respective soluble proteins by means of membrane fil-
tration.  

Toro-Sierra et al. (2013) achieved purities above 90% for both fractions, the yields 
were varying between 60 to 97%. The study also described that the permeation 
was lower than expected, which required the execution of more DF steps than an-
ticipated to achieve the targeted results. The low permeate was attributed to fouling 
issues of the highly adhesive precipitates. In fact, it is repeatedly reported that 
whey protein aggregates promote fouling and are one of the main drivers in declin-
ing permeate flux (Barukčić et al., 2015; Marshall et al., 1997; Mourouzidis-
Mourouzis and Karabelas, 2008; Steinhauer et al., 2015; Tarapata et al., 2022). 
The prominent fouling tendency is likely the root cause of the fluctuating results 
and could be an indication for poor repeatability of the process, which is a chal-
lenging behavior when working on industrial scale. 

Compared to TFF, which requires multiple DF steps in order to achieve acceptable 
separation results, centrifugation is considered to be a straightforward one-step 
separation method. Another benefit of centrifugation is that no consumables, such 
as filters, are required, which lowers the required operational expenditure, specifi-
cally on large scale applications. Last but not least, it can be expected that the final 
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solids content in the TFF will be dramatically lower as for the fractions derived from 
a centrifugation. This is not only valid for the retentate fraction compared to the 
sediment, but also for the permeate compared to the supernatant. The retentate of 
a TFF needs to be a fluidlike liquid to allow a proper processing and recovery from 
the filter and plant. In comparison, the sediment of a centrifuge can reach solids 
content of 50% or higher without any restrictions in recovery. The permeate from 
a TFF process in DF mode, appears to be highly diluted because of the additional 
amounts of DF media added. For further processing of the target component in the 
permeate, an additional concentration step is often indispensable. On the other 
side, the supernatant is usually not diluted with any additional liquid in centrifugal 
separation.  

Several authors used a batch-wise centrifugation for the separation of the precipi-
tated α-La (Bonnaillie and Tomasula, 2012; Bramaud et al., 1997a; Fernández et 
al., 2011; Lucena et al., 2007). All in all, the separation results were promising. The 
process of Bonnaillie and Tomasula (2012) yielded a precipitated fraction with 99% 
α-La recovery and 58% α-La purity, and a soluble β-Lg fraction with 74% recovery, 
and 75.5% purity using a bench-top centrifuge with 2,000 g for 60 min. Fernández 
et al. (2012) explored the possibilities to perform washing steps of the precipitated 
fraction after the initial separation. It was found that two washing steps can remove 
up to 92% of β-Lg from the precipitate, with a loss of only 5% of α-La. The subse-
quent solubilization yielded 75% of α-La. These studies can be considered as a 
proof of concept that selectively precipitated of α-La can efficiently be separated 
from soluble β-Lg by means of centrifugation. However, the use of batch-wise cen-
trifuges is considered a bottleneck for any scale-up prospects. Therefore, this the-
sis targets to adapt and modify the process in a way to make it applicable for in-
dustrial scale whey protein separation. This was realized by transferring the cen-
trifugation step from a batch-wise mode into a continuously running separation pro-
cess using a decanter.   
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2 Objective and Outline 

Objective and Outline 

With the exploration of new fields of application as well as intensification of estab-
lished products, such as nutraceuticals and sportive nutrition, the demand for pure 
fractions of the individual major whey protein is continuously rising. Since several 
years, the development of cost-efficient and scalable separation methods deliver-
ing maximum yield and purity of the individual whey protein fractions has become 
one of the focus areas in food research and dairy industry. Up to date, all of the 
suggested process are showing distinct deficiencies, either in terms of the final 
product purity, the overall yield or production costs, which is often related to a miss-
ing scalability of the process. 

The objective of this thesis was to develop an innovative process for separation of 
the major whey proteins, α-La and β-Lg, with high yield and purities. The proposed 
process consists of no more than two production steps. The first step is a selective 
thermal aggregation of one of the major whey protein fractions, while the counter-
part remains native and soluble in the liquid phase. The second one is the separa-
tion of the aggregated fraction in a single step from the liquid phase using a con-
tinuous decanter centrifuge, which is more efficient than a multistep DF procedure 
based on MF.  

The field of selective thermal aggregation of whey proteins has been intensively 
studied by various research groups around the globe, one of them being the Chair 
of Bioprocess and Food Technology at the Technical University of Munich. Here, 
extensive technological work has been performed by Dannenberg (1986), Beyer 
(1990), Plock (1994), Kennel (1994), Spiegel (1999a), Tolkach (2008), Toro-Sierra 
(2016). All of them delivered the fundaments of this thesis. These pre-works pro-
vided knowledge on how the various influencing factors affect the aggregation of 
one target protein component in whey, while keeping the other major protein as 
untouched as possible. Thus, the first aim was to transfer the available knowledge 
of selective thermal aggregation to the process designed in the frame of this thesis. 

The selective thermal aggregation was followed by continuous centrifugal separa-
tion, which was investigated as an own topic. This separation method was chosen 
to overcome the limitations of membrane filtration, which are a low permeability 
due to membrane fouling, the requirement of several DF steps to achieve accepta-
ble separation efficiencies, and the costly consumption of filters. Indeed, there are 
no other studies available in literature on the separation of whey protein aggregates 
by a continuous centrifugation.  

Within this process design, two different routes were explored: On the one hand, 
the selective thermal aggregation of β-Lg, keeping α-La native, followed by the 
continuous centrifugal separation. On the other hand, the selective precipitation of 
α-La, followed by centrifugal separation and as a third step the resolubilization of 
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the α-La precipitates, as the underlying binding mechanisms rely on reversible prin-
ciples.  

The idea was to start with an extensive characterization of the particle properties 
as well as their behavior as a sediment. Batch settling test in the gravitational field 
and compressibility experiments were conducted to predict potential challenges in 
continuous centrifugation, specifically for the sediment discharge. The analyses 
were performed for α-La precipitates and β-Lg aggregates side by side. Extremely 
differing behaviors were observed, which could be traced back to the respectively 
underlying molecular binding mechanisms of the precipitates and aggregate. 

The characterization of the particles led to the conclusion that different decanter 
types might be required for efficient separation processes. While the β-Lg aggre-
gates showed good separability in a regular counter-current decanter, the α-La 
precipitate separation was more challenging with this model. It was investigated if 
the co-current decanter is the appropriate centrifuge type for separation of α-La 
precipitates in order to receive two high purity fractions. Another key question was 
if the fragile α-La precipitates would maintain their physical integrity along the sep-
aration process, despite high mechanical stress and shear forces. This was espe-
cially challenged by testing the feasibility to wash α-La-enriched sediment after 
initial separation from the β-Lg supernatant.  

Regarding β-Lg aggregate separation, the counter-current decanter showed prom-
ising results and turned out to be the tool of choice. However, there was still po-
tential to improve the centrate purity, as the suspension contained small aggregate 
fragments that did not sediment. The hypothesis was that a variation of the sus-
pension pH might induce flocculation, which leads to an agglomeration of the pri-
mary aggregates and finally results in higher clarification of the centrate. Addition-
ally, it was investigated whether the modification of pH leads to any side effects on 
the sediment dewaterability or affects nativity of α-La in the supernatant.  

In the last article, an insightful molecular assessment of resolubilized α-La was 
performed, which was received after selective thermal precipitation and centrifugal 
separation. The question was whether or to which extent the original native state 
of α-La, after having been exposed to thermal, chemical, and mechanical stress, 
can be re-established. The underlying idea was that a complete refolding of α-La 
to the original conformation would enable to receive both protein fractions, β-Lg 
from the centrate and α-La, in native state.   
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3 Separation of whey protein aggregates by means of continu-

ous centrifugation 

Summary and Contribution of the Doctoral Candidate 
The aim of this work was to investigate the suitability of a decanter centrifuge for 
whey protein particle separation. Firstly, a detailed characterization of the two types 
of whey protein particles, α-La precipitate and β-Lg aggregates, was performed, 
respectively. The α-La precipitates were non-covalently stabilized, built irregularly 
shaped particles with a tendency to form loose clumps, and had a median size of 
12 µm. The β-Lg aggregates, stabilized by disulfide bonds, were rigid, had an 
elongated shape with several branches, and had a median size of 109 µm, with a 
distinctly lower density than the α-La precipitates. This characterization data was 
used for calculation of theoretical settling velocities and were compared to in vitro 
batch settling experiments. After a short lag phase, the α-La precipitates seemed 
to flocculate, which led to a settling-enhancing zone sedimentation. Even the 
calculated Stokes velocity was exceeded by many times over. Although the β-Lg 
aggregates were significantly larger in size than the α-La precipitates, their 
sedimentation velocity stayed far below the one of the α-La precipitates. In 
consolidation experiments, the α-La precipitates showed a high compressibility, 
whereas the β-Lg aggregates were highly resistant to compressive forces, which 
is attributed to the stabilization via disulfide bonds resulting in rigid and firm 
particles. 
The critical part was the transfer of obtained sedimentation and consolidation 
insights to the lab-scale decanter centrifugation process. The beneficial 
sedimentation effects of the α-La precipitates were not reproducible in the 
decanter. A potential root cause is that the centrifugal forces resulted in particle 
breakdown. Moreover, the high adhesiveness of sludge-like sediment impaired the 
discharge. Under all investigated conditions, a 70% clarification of the supernatant 
and a dry solids content of 25% in sediment were the best achieved results. It was 
concluded that another discharge mechanism of the decanter would improve the 
separation results. 
The β-Lg aggregates were discharged without any difficulties as a free-flowing 
powder from the decanter. The sediment dryness of maximal 40% was attributed 
to enclosed liquid through thermal aggregation process, which is also reflected in 
the low particle density. A clarification of 90% was achieved with highest applied 
g-force level. This study is the proof of principle that the separation of whey protein 
particles can be conducted with decanter centrifuges. 
The doctoral candidate contributed substantially to conception, design and 
execution of experiments based on preceded critical literature review. The doctoral 
candidate conducted major parts of the data analysis, interpretation, and 
discussion. She wrote and revised the majority of the manuscript. 
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Abstract 

This study investigates the applicability of decanter centrifuges for high efficient 
separation of valuable proteins from whey. Thus, two different types of protein ag-
gregates, α-La and β-Lg, were produced by means of selective thermal aggrega-
tion. The two aggregate suspensions were investigated for their particle character-
istics, sedimentation and consolidation behavior, and were finally separated in a 
lab-scale decanter. They showed severe differences in particle size distribution, 
particle shape, and in the underlying molecular binding mechanisms, all affecting 
their separability. In scale-down experiments, the non-covalently stabilized α-La 
aggregates presented sedimentation enhancing flocculation, and a high compress-
ibility of the cake. However, the beneficial sedimentation effects were not observed 
in the decanter, as the centrifugal forces resulted in particle breakdown. Moreover, 
the high adhesiveness of sludge-like sediment impeded the discharge. Under best 
investigated conditions, a clarification around 70% of the supernatant and a dry 
solids content of 25% in sediment was achieved. Contrary to that, the β-Lg aggre-
gates, stabilized by disulfide bonds, were rigid aggregates comprising a median 
size of 109 µm with irregular shapes. They presented low compressibility in scale-
down testing but were discharged as a free-flowing powder from the decanter. The 
sediment dryness of maximal 40% was attributed to enclosed liquid through ther-
mal aggregation process, which is also reflected in the low particle density. This 

 

 
1 Adapted original manuscript. Adaptions of the manuscript refer to numbering of sections, 
figures, tables and equations, abbreviations, units, spelling, format, and style of citation. 
All references have been merged into a joint list of publications to avoid redundancies. 
Footnotes were added to provide additional information that is not included in original pub-
lication. 
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gates by means of continuous centrifugation. Food and Bioprocess Technology, 12(6), 
1052-1067. https://doi.org/10.1007/s11947-019-02275-1. Reproduced with permission 
from Springer Nature.  
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study demonstrates the successful application of a decanter for the separation of 
whey proteins and contributes to the understanding of aggregate separability by 
means of continuous centrifuges. 

Keywords: α-Lactalbumin, β-Lactoglobulin, Whey protein aggregates, Decanter 
centrifuge, Sedimentation, Consolidation 

3.1 Introduction 

The two major proteins α-La (MW = 14.2 kDa) and β-Lg (MW = 18.0 kDa) represent 
the main proteins in whey. In recent years, the fractionation of these whey proteins 
got more into industrial focus. This can be ascribed to their specific technological 
properties, nutritional values, and reported biopharmaceutical activities. α-La stim-
ulates serotonin uptake (Booij et al., 2006; Markus et al., 2005), shows antibacterial 
and anti-tumor activities (Håkansson et al., 2000; Pellegrini et al., 1999; Rammer 
et al., 2010), and it is a great source for infant food formulations (Heine et al., 1991; 
Lien, 2003; Trabulsi et al., 2011). On the other side, various studies report about 
β-Lg’s excellent gelling, foaming or water-binding properties, which are even su-
perior to egg white protein (Abd El-Salam et al., 2009; Dombrowski et al., 2017; 
Pearce, 1991), as well as its ACE inhibiting activity (Hernández-Ledesma et al., 
2007; Hernández-Ledesma et al., 2008), and many more. 

However, the isolation of individual whey proteins is still a challenging task at in-
dustrial scale in terms of purity, yield, and throughput (Chatterton et al., 2006). A 
range of fractionation processes are described in literature, beyond other mem-
brane filtration, size exclusion or IEC (Mehra and Kelly, 2004; Neyestani et al., 
2003; Outinen et al., 1996; Turhan and Etzel, 2004). However, all have limitation 
in throughput and low purities or yields in common. An alternative to these single 
step separation approaches is the combination of a controlled thermal pre-treat-
ment with a subsequent mechanical separation. A selective thermal aggregation 
of one candidate molecule renders a protein mixture separable based on size 
and/or density. Relevant processes are reported for α-La precipitation (Bramaud 
et al., 1995; Lucena et al., 2006; Fernández et al., 2012; Maubois et al., 1987; 
Pearce, 1983; Tolkach and Kulozik, 2008;), and β-Lg aggregation (Dannenberg 
and Kessler, 1988; Erabit et al., 2014; Griffin et al., 1993; Hillier and Lyster, 1979; 
Roefs and Kruif, 1994), respectively.  

Subsequently to induction of a size and density difference, the two fractions can 
be separated by high-throughput mechanical separation methods, e.g., crossflow 
filtration or continuous centrifugation, like scroll decanter centrifuges. For this type 
of centrifuge, the main fields of applications are sewage water treatment, removal 
of plant residues in oil and juice production, and in brewery industry (Records and 
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Sutherland, 2001; Stahl, 2004; Wakeman, 2007). All these applications fulfill thick-
ening tasks of high dry substance containing slurries or sludges, often comprising 
big sized aggregates. In contrast to that, only a small number of reports for contin-
uous centrifugal separation of protein precipitates are available, e.g., for isoelectric 
precipitated soy protein (Bell and Dunnill, 1982), acid casein curd (Munro and van 
Til, 1988), and salt precipitated yeast homogenate (Maybury et al., 2000). Separa-
tion of protein precipitates is a challenging task, as they are often small and irreg-
ularly shaped particles, presenting low density differences to the liquid phase. Also, 
particle breakdown is likely to occur due to high shear forces especially in the feed 
zone of the centrifuge. Moreover, the rheological behavior, mainly showing nonlin-
ear viscoelastic properties, often creates difficulties in solids discharge.  

While the commercial demand for pure whey protein fractions is constantly rising, 
basic information for development of relevant separation processes is still lacking. 
Up to date, continuous centrifugal separation of whey protein precipitates has not 
been reported in literature yet. The aim of this study was to investigate the suita-
bility of decanter centrifuges to be used as high accuracy separation plant for whey 
proteins by using low feed concentrations. Thus, as a first step, a detailed charac-
terization of the specific particle properties of both aggregate types, α-La and β-Lg, 
was performed. This was followed by investigation of their settling, and the sedi-
ment consolidation behavior, which can be used as indications for sediment de-
waterability in centrifugal separation. Finally, trials in a lab-scale decanter centri-
fuge were conducted based on the previous findings. 

 

Theoretical considerations 

The particle volume fraction ϕ can be calculated based on the solids weight fraction 
Cw by the following equation: 

P = 1/[����R�67
6S

+ 1]      (3.1) 

With ρp: density of particle, ρs: density of suspension. 

 

Considerations concerning sedimentation of particles 

For low particle concentrations settling under laminar flow conditions, the sedimen-
tation velocity u can be appropriately described according to Stokes’ law:  

9J = @6S�6AB∙"
�K∙IU

∙ V8     (3.2) 

With ηf: dynamic viscosity of fluid, x: particle diameter, ρf: density of fluid, g: gravi-
tational acceleration. 

With increasing solids concentration, however, the sedimentation velocity is im-
paired due to settling hindrance effects. These effects comprise an increase in par-
ticle-particle interactions and a rise in the apparent viscosity of the system, as well 
as a higher relevancy of the drag forces. This necessitates the inclusion of the 
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solids fraction for the determination of sedimentation velocity. One of the most fre-
quently used approximations is the equation of Richardson and Zaki (1954), which 
provides a relation for the empirical particle settling velocity up with respect to the 
solids volume fraction ϕ. 

H7
HW�

= �1 − P�?.0%     (3.3) 

The most common method for sedimentation analysis is the batch settling test, 
which provides important information for future transfer to centrifugal separation. 
The fundamentals of batch settling tests under gravity were published by Coe 
(1916) and Kynch (1952). Recording the liquid-suspension interface height as a 
function of time, results in a settling curve comprising three distinct parts: a con-
stant settling period, hindered settling period and a compression zone. The con-
stant settling period is the initial linear portion of the curve, where (almost) no par-
ticle hindrance effects appear. As the interface moves downwards, the concentra-
tion of particles increases, while the respective available volume is continuously 
shrinking. This implements a slowdown of sedimentation velocity, referred to as 
the hindered settling period. The sedimentation phase stops as soon as all particles 
entered the sediment layer on the bottom of the vessel (detailed information on 
compression is provided in the next passage). This, however, implements that all 
conceivable concentrations of solids ϕi are attained in one single experiment.  

The Kynch theory comprises the assumption that the local solids concentration is 
the solely driving force for hindrance in settling velocity. Thereof a mass continuity 
equation of the solid phase can be introduced as 

CXS
C + C�HSXS�

CY = 0     (3.4) 

For a proper description of the settling process in dependency of solids concentra-
tion ϕ, the (solids) flux function can be defined as follows.  

Z�P� = 9�P�P     (3.5) 

An approximation for local solids concentration ϕ in a batch settling test is given by 

P = X�[�
[� �       (3.6) 

With ϕ0 and h0 as initial concentration and suspension height, and h(t) as interface 
height at time point t. 

 

Considerations concerning dewatering properties of sediment 

At the end of the settling phase, the position of the interface between the particle-
free supernatant and the sediment stays constant. The sediment is a continuous 
network of particles at the bottom of the vessel, which exhibits a certain network 
strength Py mainly depending on its structure, i.e., the number, strength and ar-
rangement of interparticular connections. The particle network will remain in this 
original form until an applied stress dp exceeds the compressive yield stress Py 
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resulting in a collapse of the network followed by its consolidation. Thereby, sedi-
ments of compressible solids comprise a concentration gradient with the highest 
packing density at the bottom of the vessel., i.e., there the solids volume fraction ϕi 
is maximal. Incompressible solids would lead to a homogeneous solids concentra-
tion and permeability that is insensitive to the applied pressure.  

The dewatering properties of a buildup sediment can be described by determina-
tion of the compressive yield stress Py(ϕ), which is a function of the local solids 
volume fraction (Buscall and White, 1987). In literature several numerical solutions 
are presented, which use iterative algorithms to model the equilibrium solids vol-
ume fraction distribution in the sediment (Curvers et al., 2009; Usher et al., 2013; 
Loginov et al., 2017). Alternatively, an approximative calculation of the maximal 
particle volume fraction, ϕbase, and respective compressive yield stress Py(ϕbase) at 
the tube base is provided by Buscall and White (1987) and was experimentally 
proven by Usher et al. (2013) to fit the results properly. 

P\�]G = X�^�_�� `
abc�d�^ef�ghe

g� �i
�^ef�ghe

g� ���� he
bc�d�f hea

abc�d
    (3.7) 

The subscript 0 refers to initial conditions of volume fraction ϕ and suspension 
height H, while H∞ indicates equilibrium sediment bed height, a is the acceleration, 
and Rmax the radius from central axis to the sample bottom. 

jk�P\�]G� = Δ-LP'm'�1 − ^e
Fc�d

�    (3.8) 

With 

L =  ωo8<p�Y     (3.9) 

3.2 Materials and methods 

3.2.1 Production of aggregate suspensions 

For production of whey protein solution, WPI powder (Davisco, Le Seur, Minne-
sota, US) was used as starting material. WPI had a protein content of 94% based 
on dry matter and comprised 18% α-La, 44% β-Lg A, 30% β-Lg B, and 8% minor 
proteins. 

3.2.1.1 Production of α-La aggregates 

WPI powder was dissolved in de-ionized water (DIW) to a final protein concentra-
tion of 150 g L-1 and was kept under gentle agitation using a three-blade stirrer 
(Heidolph Elektro GmbH & Co. KG, Schwabach, Germany) with rotation speed of 
350 rpm for 12 h at 4°C, for complete rehydration of the proteins. Environmental 
conditions were adjusted to a pH value of 3.4 using trisodium citrate dihydrate and 
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citric acid monohydrate (Bernd Kraft GmbH, Duisburg, Germany) to a citrate con-
tent of 60 g L-1, as previously described by Toro-Sierra et al. (2013). Heat treatment 
was conducted with a vessel containing the protein solution in a water bath while 
stirring the solution to ensure ideal mixing. Upon reaching the target temperature 
of 50 °C, the temperature was kept at 50 °C ± 0.5 °C for 120 min, followed by a 
fast cooling phase with ice water. If required, the suspension was diluted with DIW 
to desired protein concentration.  

3.2.1.2 Production of β-Lg aggregates 

WPI was dissolved in DIW to a protein content of 25 g L-1 in batches of 15 L. Solu-
tion was homogenously mixed using a three-blade stirrer with rotation speed of 
350 rpm for 12 h at 4 °C. Ionic calcium (CaCl2 2 H2O, Sigma Aldrich, St. Louis, 
United states) content was set to 0.55 g L-1, and confirmed by a flame photometer 
(Elex 6361, Eppendorf, Hamburg, Germany). Afterwards lactose was added to an 
amount of 0.5 g L-1. Consequently, the pH was adjusted to 7.5 using 1 M HCl (Tol-
kach et al., 2005). For heat treatment a pilot scale tubular counter-current heat 
exchanger plant was used (GEA TDS GmbH, Ahaus, Germany), comprised of a 
heating, holding, and cooling section. The product with an initial temperature of 
20 °C was heated to 92 °C with a constant heating rate of 2 K s-1. The temperature 
was kept constant for 23 s. Cooling rate was respective to heating rate. The product 
flow rate was 120 L h-1.  

3.2.2 Protein analytics 

3.2.2.1 Quantification of major proteins 

Quantification of native whey proteins was executed by RP-HPLC. Samples were 
diluted to fit the calibration range, followed by pH adjustment to 4.6 using 0.1 M 
and 0.01 M HCl or NaOH. Non-native proteins precipitated and were separated 
using a syringe filter of 0.45 μm (Chromafil RC-45/25, Macherey-Nagel GmbH & 
Co. KG, Dueren, Germany). The analysis was performed using an Agilent 1100 
series chromatograph (Agilent Technologies Inc., Santa Clara, CA, USA). Separa-
tion of the proteins was done with a PLRP-S 300-Å 8-μm column (Latek Labortech-
nik-Geräte GmbH & Co., Eppelheim, Germany). Elution was performed using a 
mixture of eluent A [1% trifluoroacetic acid (TFA) in water] and eluent B (80% ace-
tonitrile and 0.05% TFA in water) at a flow rate of 1.0 mL min-1 at 40 °C.  

The DD represents the ratio of remaining native protein concentration after heat 
treatment Cp,t to initial concentration of native protein prior to heating Cp,0 and was 
calculated for each protein p separately (p = α-La, β-Lg). 

qq =  �1 − �7,�
�7,�

� ∙ 100%    (3.10) 
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3.2.2.2 Analysis of stabilizing forces in aggregates  

To analyze the stabilizing mechanisms of the aggregates formed, polyacrylamide 
gelelectrophoretic (PAGE) analysis was performed, adding different reactants to 
the sample buffer as described by Leeb et al. (2018). In short, disintegration of 
non-covalent interactions was achieved by adding 1% w v-1 SDS and 6 M urea to 
the glycine/Tris sample buffer. Complete dissociation by disruption of disulfide 
bonds was induced by addition of 1.54 mg mL-1 dithiothreitol (DTT). 10 µL of the 
samples in respective buffer system were transferred to gel pockets (Mini Protean 
Stainfree gels, Bio-Rad Laboratories Inc., Hercules, CA, USA) and voltage of 300 V 
was applied for electrophoretic separation. Evaluation of gels was conducted in the 
GelDoc XR+ scanning system equipped with the Software Image Lab Version 5.1 
(Bio-Rad Laboratories Inc., Hercules, CA, USA).  

3.2.3 Characterization of aggregates suspensions 

3.2.3.1 Particle size measurement 

Particle size distribution of the aggregates was determined by laser diffraction us-
ing a Malvern Mastersizer 2000 equipped with a Malvern Hydro 2000S sample 
dispersion unit (Malvern Instruments GmbH, Herrenberg, Germany). Refractive in-
dex of the dispersant (softened water) was set at 1.33, with an absorption of 0.001, 
and the refractive index of protein was set at 1.41. Each sample applied to disper-
sion unit was measured twice within 2 min. Aggregate size stayed stable within the 
measurement time. Sample application to dispersion unit was done twice for each 
sample. 

3.2.3.2 Density 

All measurements were performed using a temperature controlled oscillating 
U-tube density meter (DMA 4100 M, Anton Paar, Graz, Austria). Measurements 
were performed in triplicate. 

3.2.3.3 Viscosity 

Dynamic viscosities of liquid phases were determined by rheometric measure-
ments using the rheometer MCR302 (Anton Paar GmbH, Graz, Austria) equipped 
with a cone-plate geometry (diameter = 50 mm, angle = 2°, distance = 0.213 mm). 
Measuring and evaluation was conducted in the software RHEOPLUS/32 V3.61. 
Shear rate was increased from 1 to 100 s-1 within 33 measurement points, the 
shear rate of 100 s-1 was held for another 10 points, followed by a downwards ramp 
to 1 s-1 again. All liquids showed Newtonian flow behavior.  
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3.2.3.4 Determination of mass fraction 

Dry matter content was measured by a microwave moisture/solids analysis system 
(CEM Smart Turbo, CEM GmbH, Kamp-Lintfort, Germany). Samples were given 
on pre-dried pads, put on top of the integrated weighing machine. The sample was 
dried at 105 °C by focused microwaves and reduction of weight was used for cal-
culation of dry matter content. All measurements were performed in triplicate. 

3.2.4 Analysis of sedimentation and consolidation behavior 

3.2.4.1 Settling Behavior 

Batch settling tests can supply information for distinction between types of sedi-
mentation behavior and for determination of sedimentation velocities. In this test 
suspensions with initial concentration of ϕ = 0.02 were transferred to 500 mL meas-
uring cylinders. The distance between two graduation lines was 2 mm. The sus-
pensions were consciously mixed before the settling tests started. The height of 
the interface was monitored as a function of time from visual measurements. 

3.2.4.2 Sediment consolidation behavior 

A helpful tool for analysis of sediment consolidation behavior are analytical centri-
fuges, like the Lumifuge (LUM GmbH, Berlin, Germany), which was used in this 
study. Herein, light (wavelength 870 nm) is transmitted through the samples in de-
pendence of time and position in the cuvette while centrifugation, thus enabling a 
high-resolution tracking of the sediment bed height (Lerche and Sobisch, 2007; 
Sobisch and Lerche, 2000). From the data obtained, a function of the particle net-
work resistance to deformation can be determined, the compressive yield stress 
Py(ϕ). 

Throughout all measurements rectangular polycarbonate cells with diameter of 
10 mm were used. The inserted sample volume was 1.4 mL with a respective sam-
ple height H0 = 18 mm. In the transmission profiles, the interface between air and 
liquid is visible as a sharp increase, the sediment-liquid interphase is indicated by 
a sharp decrease of the transmission (Fig. 3-1). The sediment bed height is the 
difference between the bottom of the cuvette (Rmax = 130 mm) and the sediment-
liquid interface. The experiment was designed as a multistep centrifugal consoli-
dation method as previously described by Curvers et al. (2009) and Loginov et al. 
(2014). Thus, a sequence of increasing rotational speeds ω (300 to 3,600 rpm) 
was programmed and each step was executed until an equilibrium sediment bed 
height H∞(ω) was achieved. Sample temperature was previously adjusted to 20 °C 
and was maintained during centrifugation.  



3 Separation of whey protein aggregates by means of continuous centrifugation 

44 
 

 
Fig. 3-1 Exemplary light transmission profiles at two rotational speeds for β-Lg suspension 
2% (w w-1), at the end of a constant speed period, and drawing for indication of the air-
liquid and liquid-sediment interfaces to give the coordinates for Rmax, H0, H∞. 

3.2.4.3 Texture analysis of sediment 

A Texture Analyzer TAXT Plus (Stable Micro Systems Ltd, Godalming, England) 
was used to investigate interaction of sediments towards product touching parts of 
the decanter, for prediction of stickiness between sediment and material, respec-
tively. Therefore, an in-house manufactured measurement geometry (dimensions 
of semi-circle: diameter = 55 mm) was used, imitating half a flight of decanter scroll. 
For manufacture stainless steel with similar alloy as in the pilot scale decanter was 
used.  

All experiments were conducted in a controlled temperature room at 20 °C. Com-
pression of sediments was performed, measuring the resulting force-time curve. 
Same volume of sediment samples was given in a beaker glass (diameter = 
90 mm, height = 70 mm) and was placed on the table of the Texture Analyzer. 
Then the crosshead descended at the rate of 1 mm s-1. A force of 0.1 g was defined 
as trigger force, when head accelerates to 2 mm s-1 and conducts total deformation 
depth of 9 mm. When the compression stroke was completed, geometry abruptly 
reversed direction and started its upward stroke at 2 mm s-1. Five to six measure-
ments were conducted for each sample. The adhesiveness was defined as the 
integrated negative area in the pull phase, as described in Friedman et al. (1963). 
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3.2.5 Separation process 

The separation of aggregates from soluble protein phase was performed using a 
laboratory-scale decanter centrifuge based on counter-flow principle (MD80, Lem-
itec GmbH, Berlin, Germany). A sectional view of the decanter is provided in 
Fig. 3-2, and the working principle is briefly explained in the following. The aggre-
gate suspension is pumped through an inlaying pipe to the middle of the cylindrical 
part of the bowl, where it enters the separation room. The centrifugal force is gen-
erated by rotation and accelerates the particles to sediment at the inner wall of the 
bowl. The conveyor scroll transports the sediment cake towards the conical part of 
the bowl, and finally discharges the sediment via the conus. The liquid phase flows 
over the weir on the counterpart, is collected by an impeller disc, and is discharged 
as the so-called centrate. Applicable g-forces lay between 10 to 4,400 g, with dif-
ferential speeds of the scroll between 0 to 150 rpm.  

 
Fig. 3-2 Schematic sectional view of a counter-current decanter centrifuge [modified image 
from Lemitec GmbH, Berlin, Germany]. 

3.2.5.1 Operation and sampling 

The suspensions were pumped at a flow rate of 12 L h-1 by a hose pump (Verderlab 
VL1000, Verder Deutschland GmbH, Haan, Germany) from a stirred feed vessel 
(three-blade stirrer, 200 rpm) into the decanter. Samples of centrate and sediment 
were taken after constant separation conditions were reached. After a change of 
process conditions, i.e., increase of g-force, at least 4 complete bowl throughputs 
were awaited, before sampling was performed. Samples were immediately cooled 
in an ice bath to prevent microbiological deterioration. After centrifugal separation, 
samples were forwarded to analysis. The dry substance content of the sediments 
were measured with the method described above for determination of solid mass 
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fractions. The centrates were analyzed by photospectrometry (Jenway 6305, Cole 
Parmer, Staffordshire, UK) for determination of clarification. Thus, the transmission 
at a wavelength of 600 nm was measured in the obtained centrate, the slurry, and 
an ideally cleared reference sample, which was rendered particle-free by exces-
sive batch centrifugation (15 min, 6,000 g) and additional purification through a 
syringe filter of 0.1 µm. The clarification was calculated according to (3.11). 

&�LNsZs;L�st� =  �uWUvwwx�ubyAywyz{y���u|yz�w��y�ubyAywyz{y�
@uWUvwwx�ubyAywyz{yB ∙ 100%        (3.11) 

3.3 Results and discussion 

3.3.1 Characterization of aggregate suspensions 

As described above, α-La and β-Lg aggregates were produced by means of selec-
tive thermal aggregation, according to conditions described in chapter 3.2.1. 
Tab. 3-1 lists the obtained denaturation results determined by RP-HPLC analysis 
and calculated according to (3.10). Regarding α-La denaturation, a DD of almost 
98% was achieved, thereby losing only 3% of β-Lg’s nativity. The heat denaturation 
for generation of β-Lg aggregates resulted in a denaturation of β-Lg of 94%, ac-
companied by α-La aggregation of 12%. As described by Tolkach et al. (2005a) a 
higher β-Lg denaturation is always at the expense of a further loss of α-La. We 
therefore decided to focus on a high preservation of α-La fraction in this heating 
procedure, thereby accepting remaining residues of native β-Lg in the final solu-
tion, which could be removed, e.g., by IEC at a later stage. 

Tab. 3-1 Characterization results of α-La and β-Lg suspensions including DD (mean value 
± SD of 10 independent experiments), particle density and viscosity of liquid phase. 

 α-La aggregation β-Lg aggregation 

DD of target component 97.8% ± 0.7% 94.1% ± 0.9% 

DD of non-target component 2.6% ± 2.1% 12.2% ± 2.9% 

Particle density 1358 kg m-3 1268 kg m-3 

Viscosity (20°C) 1.5 mPa s 1.1 mPa s 

 

After selective thermal aggregation, a detailed characterization of the obtained par-
ticle suspension was performed by particle size measurement, PAGE analysis for 
elucidation of stabilizing mechanisms, determination of particle density (see 
Tab. 3-1), measuring of viscosity of the particle-free liquid phase (see Tab. 3-1), 
and microscopic analysis of aggregate shape. Fig. 3-3 depicts the sum distribution 
of aggregate sizes together with indicated the volume-based diameter for percen-
tiles of 1%, 50%, and 99% of the distribution, respectively. The α-La aggregates 
(grey diamonds) showed a narrow particle size distribution with a d0.5 of 11.6 µm. 
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β-Lg aggregates (black squares) were distinctly larger and showed a broader size 
distribution range. Moreover, a small pre-shoulder is visible at ca. 10 µm, which 
makes up less than 4% on a volume-based distribution. The d0.5 of β-Lg aggregates 
was at 109 µm, but also aggregates with sizes up to 500 µm were detected.  

 
Fig. 3-3 Particle size sum distribution of selectively aggregated α-La and β-Lg with indi-
cated d0.5. 

The aggregate shape was investigated by means of light microscopy. In Fig. 3-4 
representative images are given for α-La aggregates (a) and β-Lg aggregates (b). 
α-La built small, irregularly shaped particles, with sizes around 12 µm, which 
agrees with laser diffraction analysis. The single particles formed loose clumps, 
which seemed to be reversible after disturbance. β-Lg aggregates (Fig. 3-4b) 
showed shapes of elongated, partially branched single strands, with chord lengths 
of over 100 µm. They presented a rigid and stable conformation.  

 
Fig. 3-4 Microscopic images of α-La aggregates (a) and β-Lg aggregates (b). 
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Elucidation of intermolecular stabilizing mechanisms was conducted applying 
PAGE analysis under non-reducing (sample buffer + SDS, Fig. 3-5a) and reducing 
conditions (sample buffer + SDS + DTT, Fig. 3-5b). For denatured β-Lg (lane 2) no 
band was visible under non-reducing conditions, however, in an reducing environ-
ment the band appeared. This finding proves that the β-Lg aggregates were stabi-
lized via disulfide bridges, which got disintegrated by DTT and enabled the pene-
tration into the gel. Under non-reducing conditions, the aggregates were withheld 
in the gel pockets. The stabilization of β-Lg aggregates via disulfide bridging is 
proved, e.g., by De Wit (2009) and Nicolai et al. (2011). They described the β-Lg 
aggregate formation as a combination of radical-like thiol-disulfide exchange reac-
tions and hydrophobic interactions that also creates the polymer strand appear-
ance, which was observed in microscopic analysis. The weak β-Lg band of super-
natant sample (lane 3) presents the remaining 6% of β-Lg that were consciously 
not denatured by the chosen thermal heating conditions, according to the aim of 
minimal heat impact on the α-La fraction, as described above. Evaluation of the 
thermal denaturation of α-La showed an aggregate disruption already under non-
reducing conditions, as the α-La band is visible in lane 6. This indicates α-La ag-
gregate stabilization via non-covalent bonds. Based on studies of Bramaud et al. 
(1995, 1997a, 1997b), the predominant interaction for α-La aggregate stabilization 
are hydrophobic interactions. When the calcium ion is depleted from the binding 
site, the two domains of α-La slightly drift away, thus loosening the tertiary struc-
ture. Upon unfolding, hydrophobic residues, hidden in the inner core of the mole-
cule, get exposed and interact with each other, leading to the formation of α-La 
aggregates (Schultz, 2000). 

 
Fig. 3-5 SDS-PAGE with non-reducing (a) and reducing (a) environmental conditions, 
lane 1 and 5 present the starting WPI solution before heat treatment, lane 2 and 6 show 
the suspension after thermal treatment for β-Lg and α-La, respectively, lane 3 and 7 pre-
sent the corresponding supernatant. 
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3.3.2 Investigation of sedimentation behavior  

For the batch settling test, height of the clear liquid interface was noted at regular 
intervals for a total duration of 900 min. The resulting settling curves for both ag-
gregate suspensions are illustrated in Fig. 3-6.  

 
Fig. 3-6 Batch settling curves (ϕ = 0.02) of α-La aggregates and β-Lg aggregates. 

Sedimentation of β-Lg aggregates started straight away and within an hour nearly 
all particles were settled down. The progression of interface lowering slowed down, 
as the local aggregate concentration rose towards the bottom of the cylinder. At 
higher aggregate concentrations particle-particle interactions become more prom-
inent, the viscosity increases, and the drag forces of displaced liquid reduce sedi-
mentation velocity. In comparison to that, α-La aggregate settlement showed an 
initial period with hardly any change in the level of interface. A so-called lag phase 
represents either a time span where suspension recovers from previous disturb-
ance, or, and what is more probable in this case, in which loosely connected flocs 
comprising several aggregate units are formed. Probably, a steric entanglement of 
the aggregates might occur as the calcium-free apo-form is known for its loose and 
swollen state, which facilitates twisting of the helix-rich regions of the protein 
(Permyakov and Berliner, 2000). After flocculation, a rapid settling period started 
with comparable sedimentation velocity than the β-Lg aggregates. At the end of 
settling phase, the sediment of α-La reached a higher packing density than the 
sediment of β-Lg aggregates. This lack of compactability of β-Lg aggregates is 
presumably due to the high degree of particle misfit because of their irregular form 
and high rigidity. 

As mentioned above, sedimentation velocity changes in dependence of local solids 
concentration. The experimental values for the u(ϕ) function are distracted from the 
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absolute values of the gradients of the settling curves from Fig. 3-6. The respective 
solids void fractions ϕ are derived from (3.1). Thus, Fig. 3-7 presents the experi-
mental sedimentation velocities (filled symbols) and compares it with the theoretic 
velocities according to the equation of Richardson and Zaki ((3.3), hollow symbols). 
The sedimentation velocities according to the Richardson and Zaki equation were 
determined for the 1% of smallest particles (d0.01) in α-La and β-Lg suspensions. 
The sedimentation velocities close to ϕ = 0 present the Stokes velocities (3.2), 
respectively. Necessary data (density, particle size, viscosity) for calculation was 
derived from aggregate characterization described in chapter 3.3.1.  

 
Fig. 3-7 Sedimentation velocities for α-La (grey diamonds) and β-Lg (black squares) ag-
gregates derived from batch settling experiments (filled symbols) and calculated by Rich-
ardson & Zaki equation (hollow symbols). 

The lag phase in α-La aggregate sedimentation is assigned to an initial period with 
nearly no settling velocity. This phase is followed by a rapid settling period, reach-
ing maximal velocity of 0.11 m h-1. Afterwards, two plateau phases can be esti-
mated in sedimentation velocity, finally converging towards zero. A similar shape 
of slope was reported by Bargieł and Tory (2013) for flocculated suspensions. After 
an initial floc formation phase, the experimental settling velocity can exceed the 
Stokes velocity by many times over. A characteristic phenomenon for flocculated 
suspensions is the so-called zone sedimentation, meaning that all particles build a 
single zone and present the same settling velocity. Thus, the velocity of the inter-
face is steady (plateau at 0.06 m h-1), but changes with time as other settling hin-
drance factors gain more importance. A further increase in the solids void fraction 
progressively decelerates sedimentation velocity, finally fitting well to calculated 
values. 
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Regarding the settling of β-Lg aggregates, the approximation with the Stokes equa-
tion for the d0.01 results in a good accordance with experimental data up to ϕ = 0.03. 
The distinct drop of u(ϕ) is, however, poorly described by the Richardson & Zaki 
approach, as the boundary conditions neglect the particle shape. As the β-Lg ag-
gregates exhibit high rigidity and present irregular shapes, soon a porous sediment 
(ϕ = 0.04) is reached that only allows for compaction by application of external 
forces. 

3.3.3 Compressibility of sediments 

Investigation of sediment compressibility during centrifugal acceleration is a helpful 
tool to gain information about overall sediment structure and to predict dewatera-
bility. By relating the values of equilibrium sediment bed height H∞,i to their respec-
tive logarithmic centrifugal acceleration ai, a linear dependency is obtained. 
Fig. 3-8 illustrates this dependency for α-La and β-Lg aggregate suspensions con-
taining mass fractions of 1% and 2%, respectively. All curves show a decrease of 
H∞ at respective higher centrifugal accelerations. An increase in centrifugal accel-
eration provokes higher compressional forces, which are reflected in the networks’ 
resistance. Already observed in the batch settling test, the α-La aggregates build 
up a distinctly more compact sediment compared to β-Lg.  

 
Fig. 3-8 Equilibrium sediment bed height as a function of centrifugal acceleration for sam-
ples with α-La and β-Lg aggregates containing 1% and 2% (w w-1) solids mass. 
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With the following equation (3.12), a curve fit is performed to determine the con-
stants c0, c1, c2, c3 with high accuracy.  

ln m� = ;' + ;� ln L + c8 �ln L�8 + ;2 �ln L�2    (3.12) 

Thereof the quotient dH∞/da can be calculated with (3.13) and used for further de-
termination of ϕbase and Py(ϕbase) according to (3.7) and (3.8)  

C^e
C�  = ^e

� [;� + 2;8 ln L + 3;2 �ln L�8]    (3.13) 

The results for the theoretical volume fraction ϕbase with respective compressive 
yield stress Py(ϕbase) for the sediment layer in direct contact with the cuvette bottom 
are illustrated in Fig. 3-9. At low Py, the volume fraction for β-Lg aggregates is just 
slightly higher than the initial concentration. Even at high stresses, the volume frac-
tion stays in a low range. The interpretation of this data suggests that compression 
and therefore the deformation of particles seems to be highly limited. The broad 
β-Lg particle size distribution with irregularly shaped aggregates may lead to inho-
mogeneous cake structure. At low pressures, cavities may form, which enclose 
water. Dewatering occurs, when particles break down, resulting in a reduction of 
the distance between two aggregates and thus squeezing out intermediate water. 
The stabilization via disulfide bonds results in rigid complexes that are highly re-
sistible to pressure. Therefore, the dewatering process in this sediment is restricted 
to high g-forces. Apart from that, humidity may be enclosed in intraparticular holes 
and can therefore not be removed by compression unless complete structural 
breakdown into primary aggregate units takes place. Compared to that, α-La ag-
gregates showed a high compressibility, even at low stresses. The distance be-
tween particles is a function of the electrostatic repulsion, the van der Waals at-
traction, and the external pressure. As α-La aggregation was performed close to 
its isoelectric point, the electrostatic repulsion is supposed to be on a very low level, 
whereas the van der Waals attraction might be the dominating force. Probably, 
these attractive forces have impact on the flocculation and enable the high degree 
of consolidation of the sediment cake. 
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Fig. 3-9 Compressive yield stress plot for α-La and β-Lg aggregates in dependence of 
solids volume fraction. 

3.3.4 Analysis of adhesiveness of the sediments 

To investigate the tendency of the sediment to stick to parts of the centrifuge, tex-
ture analysis experiments were performed as described in chapter 3.2.4. In de-
pendence of the solids weight fraction, the adhesiveness of both, α-La and β-Lg, 
sediments were investigated, because continuous solids discharge by the scroll of 
the decanter centrifuge might be impaired by high stickiness of sediment. As de-
picted in Fig. 3-10, the α-La sediment showed only little interaction with the meas-
urement geometry at low solids concentrations, as the necessary dragging force 
was low. Above 20%, adhesiveness tremendously rose with increase in solids frac-
tion, indicating a high stickiness for the α-La sediment at high dry matter concen-
trations. In contrast to this, the β-Lg sediment showed maximal adhesiveness at 
ca. 12% solids weight fraction. However, exceeding 24%, the sediment showed 
nearly no stickiness to the geometry surface. Transferring these results to the sep-
aration process in the decanter, it becomes obvious that a discharge of high dry 
matter β-Lg sediment will presumably be unproblematic, as the interactions be-
tween product contact surfaces and β-Lg sediment are low. Higher dry matters of 
the α-La sediment, however, seems to increasingly favor the adhesion to surfaces. 
As an accumulation of cake in the bowl can provoke imbalance or blockage, this 
may impair the sediment discharge out of the bowl. The conditions used in the 
performed experiments indeed deviate from real centrifugation trials, e.g., no cen-
trifugal force is applied during the experiment, this implements that the sediment is 
not compressed at the timepoint of measurement, what may alter the porosity and 
the interactivity with materials. Thus, centrifugal experiments were performed to 
confirm the tendencies observed in this approach. 
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Fig. 3-10 Adhesiveness of α-La and β-Lg aggregate sediments in dependence of aggre-
gate concentration. 

3.3.5 Separation behavior in the decanter centrifuge 

Based on previous results, the suspension inlet concentrations were chosen 2.5% 
(w v-1), where sedimentation velocity was maximal for both types of suspensions. 
Separation of both aggregate systems was performed in lab-scale decanter at var-
iable g-forces in a range of 1,000 to 4,000 g. 

For separation of the α-La sediment, the first trials with a weir disc of medium height 
(h = 10 mm) ended up in an overload shut down of the decanter, with a sparely 
cleared supernatant and no discharged sediment. A constant operation of the cen-
trifuge was neither possible by manual variation of scroll differential speed, nor by 
reduction of inlet flow rate. After disassembly of the machine, the sediment was 
found to stick to the backside of the scroll flights, which was presumably caused 
by pulling the scroll out of the bowl at its cylindrical end (Fig. 3-11c). The high 
accumulation of sediment in the bowl is presumably provoked by an unappropri-
ated length of the drying zone, i.e., the conical part of the bowl that is not in contact 
with liquid is too long for this application. As the α-La sediment got to dry, its adhe-
siveness rose immensely as could be observed in previous experiments (chapter 
3.3.4). Thus, the transportability got impaired and discharge of sediment was im-
peded. An arrangement to avoid this situation is the reduction of the drying zone 
to prevent excessive dewatering of the sediment. The length of the drying zone 
can be varied by the weir disc height, as the upper edge of this element determines 
the liquid gauge in the bowl. After setting the height of weir disc to maximum (h = 
14 mm), continuous discharge of the sediment was observed. The obtained α-La 
sediment presented solids concentrations between 20 and 25% (w w-1) dependent 
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on the applied centrifugal acceleration (Fig. 3-12a). In consent with rising sediment 
dry matter, the consistency changed from creamy and sludgy to a curd-like, pas-
tose texture (Fig. 3-11a). The clearance of the respective supernatants presented 
an enhancement in dependency of applied g-force, too. The obtained clarification 
rates were between 62 to 71%, indicating that a distinct number of particles re-
mained in the supernatant. A further enhancement of clarification could be 
achieved by extension of residence time or by raising the centrifugal acceleration. 
A further increase in centrifugal acceleration was not possible due to constructional 
restrictions of the centrifuge, and the chosen volume flow rate was already on the 
lower edge of manufacturers advice. The inlet flowrate was chosen such that the 
available residence time of the smallest particle was more than ten times longer 
than it theoretically needs for reaching the sediment cake. This suggests the oc-
currence of particle breakage, which can be induced through high shear stress. A 
reduced particle size consequently requires longer sedimentation durations. Thus, 
to overcome these obstacles, a change in separation plant might be advisable for 
this issue. 

 
Fig. 3-11 Discharged α-La sediment from decanter with dry matter of 21% (a), β-Lg sedi-
ment with a dry matter of 34% (b) and scroll with adhering α-La sediment after overload 
shut down (c). 
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In contrast to the challenging α-La separation, sedimentation and discharging of 
β-Lg aggregates were unproblematic under all conditions. An elevation of applied 
g-force led to a nearly linear increase of sediment dry matter, as well as to a higher 
clearance of supernatant. The β-Lg sediment was discharged almost as free flow-
ing powder at dry matters exceeding 25% (w w-1). Below this dry matter, sticky 
clumps were obtained at the sediment outlet of the centrifuge. However, solid ag-
gregate structures were clearly visible. Fig. 3-11b shows the macroscopic appear-
ance of the β-Lg sediment with a dry matter of 34% (w w-1). Regarding the super-
natant, clarifications between 60 to 95% were obtained, depended on applied ac-
celeration (Fig. 3-12b). Based on these results, one can expect a further improve-
ment of separation efficiency by application of higher accelerations, and reduction 
of aggregate concentration. 

 
Fig. 3-12 Obtained sediment dry matter (a) and clarification rate of supernatant (b) for 
separation of α-La and β-Lg aggregate suspensions (2.5% (w v-1)) in dependence of 
g-force. 

3.4 Conclusion 

This study investigates the specific and intrinsic particle properties of two different 
types of selectively aggregated whey proteins and relates the results to their pre-
sented sedimentation and consolidation characteristics. The α-La precipitates, 
connected via hydrophobic interactions, presented beneficial flocculation effects in 
static sedimentation experiments, leading to 10-fold higher velocities than ex-
pected from calculations. In decanter centrifuge separation, however, the benefi-
cial sedimentation effects were no more observable. Centrifugal acceleration 
forces exceeded the stabilizing forces of the α-La particles and led to their disrup-
tion. The disintegrated small particles were partly hard to segregate and remained 
in the centrate after centrifugation. Moreover, the α-La sediment cake was hard to 
handle at high solids concentrations. This, however, stands in conflict with the aim 
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of centrifugation, the maximization of dewatering. Nevertheless, as it was demon-
strated that sedimentation of α-La aggregates is possible, a centrifuge with another 
discharge mechanism would be more appropriate for this purpose.  

The β-Lg aggregates, stabilized by disulfide bridges, formed stable and solid par-
ticles, resulting in powder-like sediment that was simple to discharge and showed 
nearly no adhesiveness. The clarification of supernatant was satisfying and indi-
cated that decanter centrifuges are the tool of choice for covalently stabilized par-
ticles. The obtained dryness of sediment was, however, surprisingly low. This might 
be related to intra-aggregate fluid, which got enclosed while aggregation.  

This study might be an example for further applications in protein aggregate sepa-
ration using continuous working centrifuges, not only in the field of food processing, 
but also in biopharmaceutical downstream processing. 
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4 Continuous centrifugal separation of selectively precipitated 

α-Lactalbumin 

Summary and contribution of the doctoral candidate 

The aim of this work was to evaluate the suitability of a co-current continuous cen-
trifuge for the separation of selectively precipitated α-La at industrial-like scale. 
Tested process variables included different applied g-forces, separation tempera-
tures of 20 °C and 50 °C, different concentrations of inlet dry matter, and the use 
of WPC80 and WPI as starting material. Separation efficiency reached a plateau 
at an applied g-force of 6,500 g and did not further improve with an increase of the 
centrifugal acceleration. The reduction of inlet dry matter led to improved separa-
tion efficiency as well as higher sediment dry matter contents. A significant im-
provement was also observed, when the separation was executed at a temperature 
of 50 °C, which was attributed to reduced viscosity of liquid phase and intensified 
particle stability. Generally, WPC80 and WPI showed similar behaviors, the results 
for separation efficiency and obtained sediment dry matter were only little superior 
when WPI was used.  

As the sediment still contained residues of soluble β-Lg and buffer salts, the α-La-
enriched sediment was resuspended in acidified water and two steps of reslurry 
washing were performed. Along the three centrifugation steps, a slight susceptibil-
ity to particle fragmentation was recognized by reduction of median particle size 
from 10.3 µm to 0.6 µm to 0.4 µm. This was also reflected in the visible texture of 
the discharged sediment, changing from irregularly shaped lumps to creamy long 
filaments. However, separation efficiency and dry matter content of sediment were 
rarely impaired by the fragmentation. The minor relevancy of the particle size as 
an influencing factor on the overall separation was additionally confirmed by a prin-
cipal component analysis (PCA).  

Finally, two high purity protein fractions were obtained, the supernatant of initial 
separation step contained 99.7% pure and native β-Lg, while the two-times washed 
α-La sediment fraction was 99.4% free of β-Lg. In conclusion, it was shown that 
this type of centrifuge has the ability to cope with the pseudoplastic flow behavior 
of the α-La precipitate, which is strongly dependent on dry matter. The achieved 
purities and yields are superior to most reported results in literature.  

All experiments and analyses were designed and conducted under the responsi-
bility of the doctoral candidate. She substantially contributed to the data evaluation, 
interpretation, and discussion. Moreover, the generated results were put into con-
text with existing literature. The doctoral candidate concepted and wrote the ma-
jority of the manuscript. She was primary point of contact in the peer-review pro-
cess and conducted the revision.  
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Abstract 

The whey proteins α-La and β-Lg are valuable proteins for various food, nutraceu-
tical, and medical applications. Their fractionation is, however, still a challenging 
task on industrial scale. This study describes a novel separation approach using 
selective thermal precipitation of α-La under acidic conditions, followed by high-
throughput continuous centrifugation. The obtained α-La enriched sediment pre-
sented pseudoplastic flow behavior with strong dependency on dry matter. As the 
sediment still contained residues of soluble β-Lg and buffer salts, two steps of res-
lurry washing were performed. Along the three centrifugation steps, a slight sus-
ceptibility to particle fragmentation was recognized, however, separation efficiency 
was rarely impaired by it. Finally, two high purity protein fractions were obtained, 
the supernatant contained 99.7% pure and native β-Lg, while the washed α-La 
sediment fraction was 99.4% free of β-Lg.  

4.1 Introduction 

The whey proteins α-La (14.2 kDa) and β-Lg) 18.0 kDa are small globular proteins 
of exceptional biological value and excellent functionality. Their specific properties 
and potential application areas are summarized in numerous reviews (Chatterton 
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Footnotes were added to provide additional information that is not included in original pub-
lication.  

Original Publication: Haller, N., & Kulozik, U. (2020). Continuous centrifugal separation of 
selectively precipitated α-lactalbumin. International Dairy Journal, 101, 104566. 
https://doi.org/10.1016/j.idairyj.2019.104566. Permission for the reuse of the article is 
granted by Elsevier Limited. 
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et al., 2006; De Wit, 1990; Keri Marshall, 2004; Smithers, 2008) and are briefly 
outlined in the following.  

On the one hand, formulae enriched with α-La were shown to be superior to clas-
sical infants' formula (Heine et al., 1996). This can be attributed, on the one hand, 
to the high similarity to the amino acid profile of mothers’ milk, and on the other 
hand to the absence of β-Lg in human milk (Heine et al., 1991; Jost et al., 1999; 
Lien et al., 2004; Trabulsi et al., 2011). On the other hand, β-Lg comprises a high 
amount of branched chain amino acids (Etzel, 2004) and is appreciated for its tech-
nofunctional properties, i.e., gelation, emulsification, and foaming characteristics 
(Das and Kinsella, 1989; Dombrowski et al., 2017; Mulvihill and Kinsella, 1988). 
Moreover, studies have attested antimicrobial, antiviral, anti-tumour properties to 
these proteins (Håkansson et al., 2000; Ng et al., 2015; Pellegrini et al., 1999; 
Rammer et al., 2010).  

In nature, α-La and β-Lg do not appear in an isolated form, but in a complex aque-
ous protein-carbohydrate system, generally known as whey. There is still a lack of 
an efficient process for fractionation of these two proteins that provides high yield, 
completely undenatured products, and is suitable for scale-up. Several approaches 
for isolation of the single protein fractions are described in literature and are briefly 
reviewed in the following.  

Primarily, IEC generally achieves high purities for the isolated fractions; however, 
it presents major drawbacks regarding throughput and price efficiency (Santos et 
al., 2012). Another approach is two-phase partition, which often comprises one 
aqueous and one organic solvent phase. Thereby, the affinity of α-La to some or-
ganic solvents is exploited, while β-Lg mainly stays in the aqueous phase (Kalai-
vani and Regupathi, 2013). A recent publication presents an environmental friendly 
aqueous two-phase flotation approach using a PEG/trisodium citrate system with 
subsequent dialysis for isolation of α-La (Jiang et al., 2020). The achieved purities 
were promisingly high; however, this process requires a proof of concept at indus-
trially relevant scale. In another study, the aqueous two-phase flotation was shown 
to be superior to aqueous two-phase extraction for the fractionation of antioxidant 
peptides from whey hydrolysate (Jiang et al., 2019). Alternatively, the recovery of 
β-Lg by NaCl salting-out at low pH values, followed by centrifugation and DF for 
salt removal was demonstrated by Maté and Krochta (1994). The purity of 95% 
was satisfactory, but the recovery rate was only 65%, and also the denaturation of 
the proteins might be severe with this procedure. Recent investigations show that 
casein exhibits chaperone like activities under high hydrostatic pressure and en-
hances the aggregation of β-Lg. This effect may be used to deliver α-La-enriched 
fractions (Marciniak et al., 2019). 

Another emerging application in whey protein fractionation is high gradient mag-
netic separation (Chen et al., 2007; Meyer et al., 2007). Here, magnetic beads are 
loaded with the target protein, magnetically separated, and after a washing step, 
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target protein can be recovered from the particles. This method appears to have 
high selectivity and might be competitive to other chromatographic solutions. How-
ever, this application is limited to lactoferrin, which incorporates ferrous ions. Fur-
ther to that, also the separation based on membrane filtration of the native proteins 
seems to be not appropriate as the molecular weights of α-La and β-Lg present too 
little difference (Heidebrecht and Kulozik, 2019). However, the separation of a frac-
tion containing both proteins, α-La and β-Lg, from the other minor whey proteins 
comprising higher molecular weights can be successfully conducted by ultrafiltra-
tion (Bhattacharjee et al., 2006b). 

In contrast to the above described separation methods, in this study a combination 
of selective aggregation of one candidate protein with a subsequent centrifugal 
separation is suggested. A reversible precipitation mechanism via hydrophobic in-
teractions for α-La is known. Based on this knowledge, a process can be designed, 
that enables the reception of the α-La and β-Lg fraction in native state. 

The basic research for the selective aggregation of α-La using acidic conditions 
close to its isoelectric point (i.e., pH 4.6) were conducted by Bramaud et al. (1995, 
1997a), Maubois et al. (1987), Pearce (1983; 1987; Pierre and Fauquant) and 
Pierre and Fauquant (1986). The model derived describes the equilibrium between 
the calcium-bound holo- and the calcium-free apo-form of α-La as the central as-
pect of the selective precipitation reaction. This conversion into the apo-form under 
acidic conditions on the one hand reduces the heat stability of the protein (Hendrix 
et al., 2000), but on the other hand it increases its hydrophobicity. By the addition 
of a calcium sequestrant, a further improvement of this precipitation method was 
realised. Thus, shifting of the equilibrium towards the apo-α-La is promoted, as 
demonstrated by various authors (Alomirah and Alli, 2004; Bramaud et al., 1997b; 
Lucena et al., 2006; Tolkach and Kulozik, 2008; Toro-Sierra et al., 2013). Inde-
pendent of the choice of α-La destabilisation strategies, the secondary structure 
stays widely intact and allows subsequent molecule dissociation and lat-er refold-
ing under adequate conditions (Permyakov and Berliner, 2000; Toro-Sierra et al., 
2013).  

As the precipitation mechanism of α-La and its influencing factors are well under-
stood, the need for an industrially adequate separation method for large scale ap-
plications arises. Studies describing the removal of the precipitated α-La fraction 
by membrane filtration, however, resulted in low permeability due to fouling issues 
(Gésan-Guiziou et al., 1999; Toro-Sierra et al., 2013). Centrifugal separation of the 
precipitates has been successfully conducted in discontinuous mode (Fernández 
et al., 2012; Lucena et al., 2006), and a promising approach was demonstrated by 
means of a continuously working laboratory scale decanter (Haller & Kulozik, 
2019). The advantage of continuous centrifugation as separation method is its sim-
plicity and speed, also enabling the removal of small precipitated aggregates under 
high acceleration forces.  



4 Continuous centrifugal separation of selectively precipitated α-Lactalbumin 

62 
 

The challenges related to centrifugal separation of α-La aggregates were demon-
strated in our previous study (Haller and Kulozik, 2019). The α-La precipitates were 
characterised as fragile and small particles of low density. The sediment formed 
had a sludgy to pasty appearance and exhibited a high adhesion tendency. More-
over, it showed poor drainage capacity despite high compressibility.  

In this study, we wanted to evaluate the suitability of a co-current decanter centri-
fuge for large-scale separation of precipitated α-La. Hence, one key question was 
whether a continuous sediment discharge could be achieved with this type of de-
canter, thus resulting in two high purity fractions, i.e., a high dry matter ala sediment 
and a well clarified β-Lg supernatant. The hypothesis was that a decanter charac-
terised by a bowl construction without drying zone, i.e., with a fully submerged 
separation room, should allow for better sediment transportation characteristics. 
Furthermore, we expected higher sediment dewatering by consolidation as could 
be achieved by drainage on a drying zone in the lab-scale device. The second key 
question therefore arose as to whether the fragile precipitates would maintain their 
physical integrity along the separation process, despite high mechanical stress im-
posed by high g-forces, compressive yield stress and shearing through the scroll. 
Thus, it was critical to investigate the aggregate stability of the α-La precipitates 
during the washing process, which is important for the realisation of a high yield of 
the α-La fraction and a high purity of soluble native β-Lg in the supernatant. 

4.2 Materials and methods 

4.2.1 Preparation of α-La aggregate suspension 

WPC (WPC80 Milei GmbH, Leutkirchen, Germany) with a protein content of 80.0% 
(Vario MAX cube, Elementar Analysesysteme, Langenselbold, Germany) and WPI 
(Davisco, Le Seur, Minnesota, USA) with a protein content of 94.2%, as related to 
the dry matter (CEM, Kamp-Lintfort, Germany), served as basis for the preparation 
of α-La aggregate suspensions. WPC80, made from fresh sweet whey, had a pro-
tein composition of 21% α-La, 34% β-Lg A, 32% β-Lg B, and 13% minor proteins, 
with 5% lactose and, on a WPC powder basis, 2.4 mg g-1 sodium and 1.3 mg g-1 
calcium. The WPI had a protein composition of 18% α-La, 44% β-Lg A, 30% β-Lg 
B, and 8% minor proteins with 6.0 mg g-1 sodium, 1.2 mg g-1 calcium, and no lac-
tose.  

The different whey protein powders (WPC80 or WPI) were dissolved in DIW to a 
final protein concentration of 150 g L-1 using a powder mixer system (Fristam 
Pumpen KG, Hamburg, Germany). The end volume of WPC batch was 750 L, and 
250 L for WPI. Gentle agitation for 12 h at 4 °C ensured complete hydration of the 
proteins. Prior to further processing, the whey protein solutions were tempered to 
20 °C. Then, the pH value was adjusted to 3.4 using trisodium citrate dihydrate and 
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citric acid monohydrate (Bernd Kraft GmbH, Duisburg, Germany), whereby a final 
citrate content of 60 g L-1 was striven for (Toro-Sierra et al., 2013). Selective for-
mation of α-La aggregates was achieved by subsequent heat treatment by indirect 
heating via the heating jacket of a 500 L tank. Thereby, a constant heating rate of 
0.5 K min-1 was applied and strictly regulated. Steady stirring of the whey protein 
solutions at 150 rpm ensured even heating. Upon reaching of 50.0 °C ± 0.5 °C, a 
holding period of 120 min was followed by a fast cooling phase down to a temper-
ature of 20.0 °C. For monitoring of the progress of α-La aggregation, whey protein 
solution samples were taken every 15 min and analysed using RP-HPLC (section 
4.2.3). 

4.2.2 Centrifugal separation 

Separation of α-La aggregate suspensions was conducted with the industrial-scale 
decanter centrifuge Sedicanter® S3E-3 (Flottweg SE, Vilsbiburg, Germany), which 
is illustrated in Fig. 4-1. It is a horizontal bowl centrifuge with an integrated con-
veyor screw, wherefore continuous separation of solid and liquid phases is ena-
bled. The basic working principle is as follows: the aggregate suspension is 
pumped through an inlaying pipe to the end of the double conical bowl, where it 
enters the separation zone via the feed port. The conveyor scroll transports the 
sediment cake towards the junction of the two cones, where the radius is maximal, 
resulting in high compressive forces on the solids. The sediment is pressed under-
neath the weir disc and is actively discharged by a second scroll at the steep cone. 
The liquid phase is collected by an impeller disc and is discharged under pressure 
as the so-called centrate.  

 
Fig. 4-1 Schematic drawing of the Sedicanter® (modified image, permission for usage is 
given by Flottweg, Vilsbiburg, Germany). 
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The precipitate suspension made from WPC80, which was produced as described 
in section 4.2.1, was diluted with DIW at 20 °C or 50 °C to 400 L with dry matter 
content of 20% (w w-1), 800 L with 10% (w w-1), and 400 L with 6% (w w-1), respec-
tively. The precipitate suspension from WPI was diluted to a volume of around 
800 L with a dry matter content of 6% (w w-1). Suspensions were kept under agita-
tion at 100 rpm to ensure a uniform temperature and to avoid sedimentation of the 
aggregates in the jacketed feed tank. If needed, the centrifuge was pre-warmed 
with hot DIW to adapt the bowl temperature to the suspension. Specific construc-
tional details and the used settings are listed in Tab. 4-1. Weir diameter and differ-
ential speed were regulated inline to obtain best separation results. The suspen-
sion was pumped from the jacketed vessel to the centrifuge using a NEMO® Pro-
gressing Cavity Pump (Netzsch Pumpen & Systeme GmbH, Waldkraiburg, Ger-
many). Sampling was performed after reaching a steady state of separation per-
formance, representing 3 to4 bowl throughputs. After initial separation, the sedi-
ment still contained soluble β-Lg and citrate. To maximize the purity of the α-La 
fraction, reslurry washing was performed. This was done by suspending of the sed-
iment in DIW at 50 °C, which was acidified with 3 N HCl to pH 3.4, corresponding 
to awash ratio of 4 (wash liquid is four times the volume of the residual humidity in 
the cake). Reslurried suspensions were separated again into sediment and liquid 
phase using an acceleration of 10,000 g. In total, two washing steps of sediment 
were performed. The inlet dry matter contents were 8.7% and 7.9% for the first and 
second wash, respectively. For each separation step, samples were taken simul-
taneously from the inlet, the centrate and the sediment. 

Tab. 4-1 Machine conditions and decanter settings used in this study. 
 

 

 

 

4.2.3 Analysis of the precipitate suspension 

To investigate the progress in aggregate formation during heat treatment, taken 
samples were immediately cooled down in an ice water bath to stop further reac-
tion. Firstly, the sample preparation comprised a pre-dilution with DIW to a protein 
content around 20 mg mL-1. From each sample, an aliquot of 200 mL was directly 
mixed with 800 mL guanidine buffer (6 N guanidine buffer containing 19.5 mM DTT) 
to determine the total protein content. The rest of the sample was centrifuged at 
6,000 g for 15 min in a laboratory centrifuge (Multifuge 1S-R, Heraeus Holding 
GmbH, Hanau, Germany). The supernatant was then filtered through a 0.45 mm 

Bowl diameter, mm 300 (max.) 

Clarification length, mm 560 

Bowl speed, min-1 5531-7735 

Centrifugal acceleration, g 5,000-10,000 

Differential speed, min-1 5.4-6.4 

Weir height, mm 126-132 

Feed rate, L h-1 150 

1433231
Text Box
3 to 4
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syringe filter to remove remaining precipitates, and again an aliquot of 200 mL was 
diluted in the guanidine buffer and forwarded to RP-HPLC analysis. Incubation time 
for complete dissolution of proteins was at least 30 min. In Dumpler et al. (2017) a 
constant value for the whey protein content was proven for incubation times up to 
72 h. In this study all samples were generally analyzed within 24 h (maximum 48 h) 
after preparation; samples were stored chilled until analysis started.  

An Agilent 1100 Series chromatograph (Agilent Technologies, Waldbronn, Ger-
many) was used, equipped with a C18 analytical silica-based column (Agilent 
Zorbax 300SB-C18, 4.6 x 150 mm, 5 mm) as described by Dumpler et al. (2017). 
Solvent A consisted of 0.1% TFA, 10% acetonitrile in HPLC grade water. Solvent B 
was 0.07% TFA, 90% acetonitrile in HPLC grade water. The injection volume was 
20 mL, the flow rate was set to 1.2 mL min-1, while the column temperature was 
constantly at 40 °C. Protein detection was done with a UV Detector at 226 nm. The 
yield of the precipitated fraction XP for each protein x (x = α-La or β-Lg) was calcu-
lated according to (4.1). Hereby, the difference of total concentration cx,total of each 
protein x in the suspension to the concentration of this protein in the supernatant 
cx,supernatant is used. 

�� =  D d,����U � Dd,Sv7ywz���z�
D d,����U

    (4.1) 

Furthermore, particle size distribution of the precipitates was measured by laser 
diffraction using the Malvern Mastersizer 2000 equipped with the Malvern Hydro 
2000S sample dispersion unit (Malvern Instruments GmbH, Herrenberg, Ger-
many). Refractive indexes for water (dispersant) and protein were set to 1.33 and 
1.41, respectively, according to manufacturer's protocol.  

The dry matter content of the suspensions was determined using differential weigh-
ing (CEM Smart Turbo CEM GmbH, Kamp-Lintfort, Germany). 

4.2.4 Analysis of centrates 

For evaluation of the separation success achieved by centrifugation, the separation 
efficiency ηsep was calculated, based on RP-HPLC data (section 4.2.3). ηsep of pre-
cipitated α-La from the centrate was then calculated using concentration of α-La in 
centrate cα-La, centr, total obtained volume of centrate Vcentr, as well as α-La concen-
tration cα-La, inlet and total volume Vinlet of inlet suspension. 

�]G+ ��‐�L� = 1 − D����,{yz�w ∙ �{yz�w
D����,�zUy� ∙ ��zUy�

∙ 100%     (4.2)  

Furthermore, quantification of citrate content was done via HPLC as described by 
Schmitz-Schug (2014). Proteins in the samples were removed by the addition of 
50 µL of 60% perchloric acid to 1 mL of sample and subsequent filtration through 
a 0.45 µm syringe filter. Samples were diluted with DIW to fit the calibration range.  
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4.2.5 Analysis of the sediments  

Success in removal of soluble β-Lg and citrate from the sediment were calculated 
as given in (4.3) and (4.4), and expressed as ηsep (β-Lg) and ηsep (citrate).  

�]G+ ��‐�,� = D��U�,{yz�w ∙ �{yz�w
D��U�,�zUy� ∙ ��zUy�

∙ 100%   (4.3) 

With cβ-Lg,centr and cβ-Lg,inlet as concentration of soluble β-Lg in centrate and in the 
inlet suspension, respectively.  

�]G+ �;s�NL�=� = D{��w��y,{yz�w ∙ �{yz�w
D{��w��y,�zUy� ∙ ��zUy�

∙ 100%  (4.4) 

With ccitrate,centr and ccitrate, inlet as citrate content in the centrate and in the inlet sus-
pension, respectively.  

Furthermore, flow properties of the sediment in dependence of dry matter content 
(section 4.2.3) were investigated by rheological measurements. For this, a cone-
plate geometry (diameter = 50 mm, angle = 2°, gap width = 0.213 mm) and the 
rheometer MCR302 (Anton Paar, Graz, Austria) equipped with the software RHE-
OPLUS/32 V3.61 were used. Shear rate was linearly increased from 1 to 100 s-1 
within 3 min, shear rate of 100 s-1 was held for another minute, followed by a 3 min 
lasting downwards ramp to 1 s-1 again. The experimental data of the descending 
ramp was fitted using the Herschel-Bulkley model (4.5) with τ as shear stress, τ0 
as yield shear stress, k as the consistency index, γ as the shear rate, and n as the 
flow index.  

� = �' + ��	     (4.5) 

If n <1 the fluid is shear-thinning, for n >1 the fluid is shear-thickening, and if n = 1 
and τ0 = 0 it presents Newtonian flow behaviour. 

4.2.6  Overall process evaluation 

For overall evaluation of process success after the washing steps, purity and yield 
of the protein fractions x (α-La or β-Lg) were determined based on concentrations 
determined by means of RP-HPLC analysis according to (4.6) and (4.7), respec-
tively. The yield of α-La refers to recovered amount of this protein in the sediment 
after second washing step, whereas the yield of β-Lg refers to the sum of recovered 
amounts in all three supernatants. 

j9Ns�� �V� =  Dd
D��U�fD��U�

∙ 100%       (4.6) 

�s=�1 �V� =  Dd,yzg ∙ �yzg
Dd,S��w� ∙ �S��w�

∙ 100%       (4.7) 

The index start refers to the initial precipitate suspension, while the index end refers 
to last fraction obtained, i.e., the sediment after the second washing step for α-La, 
as well as the centrate of the initial separation step for or β-Lg. 
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4.2.7  Statistical analysis 

In total, two batches of each sample condition were prepared, and each sample 
was analyzed in duplicate. Thus, a four-fold determination was carried out. Data 
points shown in figures and tables represent the mean values, while the error bars 
give the standard deviations (n = 4), which were calculated with Microsoft Excel 
(Microsoft Corporation, Redmond, USA). The 95% confidence intervals were cal-
culated by use of Student’s t-distribution. Data was evaluated and plotted using 
OriginPro 2018b (OriginLab Corporation, Northampton, USA). 

Additionally, a principal component analysis (PCA)3 was carried out to evaluate 
which variables convey the most variation in the dataset, i.e., which influencing 
factors contribute the most in the overall separation. Based on the correlation ma-
trix and the scree diagram a reduction to three PC (with eigenvalue > 1) was con-
ducted, which explained 89.1% of the variance in the data. The resulting PCA biplot 
is a combination of the loading plot (arrows) and the score plot (dots). 

4.3 Results and discussion 

In the following section, results are described for precipitation procedure, centrifu-
gal separation, including initial separation and the consecutive washing steps, as 
well as analysis of rheological properties. The whole process was conducted using 
two different whey starting materials, WPC80 and WPI, respectively. The two sys-
tems were chosen in order to compare an “ideal” protein system (WPI) with a more 
realistic protein system (WPC80), which comprises traces of impurities like lactose, 
fat, and minerals. In industrial processing, most likely raw whey will be chosen as 
starting material. Depending on the intensity of pretreatment, including concentra-
tion and purification steps, this material may present comparable characteristics as 
the ones described here. In order to maintain comparability and to standardize the 
starting material, we used the above-mentioned whey powders. 

4.3.1 Precipitation of α-Lactalbumin 

For assessing the progress of aggregate formation during heat treatment and for 
determination of final precipitation yield, samples were regularly taken and ana-
lyzed by means of RP-HPLC. Fig. 4-2 depicts the precipitation progress for the 
fractions XP of α-La and β-Lg, respectively. Investigation of precipitation was per-
formed using WPI (a) and WPC80 (b) as starting material. The curves are pre-
sented in dependence of time and temperature, starting with the time point, where 
the desired environmental conditions were established. As the heating-up phase 

 

 
3 PCA was performed with OriginPro 2018b (OriginLab Corporation, Northampton, USA). 
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to reach the target temperature of 50 °C took one third of the total heating time, the 
aggregation progress in this phase is also depicted. It is marked with grey back-
ground.  

 
Fig. 4-2 Precipitation yield Xp for α-La (♦) and β-Lg (□) in dependence of time and temper-
ature using WPI (a) or WPC80 (b) as starting material.  

As can be seen in Fig. 4-2a, the main part of α-La precipitation occurred already 
during the heating-up phase, although temperatures were still far below the target 
temperature. According to Hendrix et al. (2000), the transition temperature of holo- 
to apo-α-La is between 22 and 34 °C, depending on the environmental conditions. 
This implies that unfolding of apo-α-La, which is followed by its precipitation, even 
starts at room temperature. During the heating-up phase, XP already reached 0.88, 
at the end of the holding time a nearly complete precipitation yield of 0.98 was 
achieved. Regarding the precipitation kinetic of α-La, the obtained asymptotical 
shape of the curve was already described by Bramaud et al. (1995) in dependence 
of denaturation time under acidic conditions.  

The free content of β-Lg initially decreased slightly due to entrapment in aggre-
gates. In the course of the heating time, however, some enclosed β-Lg was de-
pleted from the precipitates, which happens presumably through a rearrangement 
of the α-La precipitated due to stirring. At the end of the heating, an amount of 6% 
β-Lg stayed within the aqueous phase inside the α-La precipitates. A formation of 
stable α-La-β-Lg aggregates seems to be improbable, because the exposition of 
β-Lgs free thiol group usually starts at temperatures of 60 °C, upon unfolding (De 
Wit, 2009). Furthermore, in an acidic environment the reactivity of sulfhydryl groups 
is reduced (Guyomarc’h et al., 2015; Park and Lund, 1984), and overall denatura-
tion temperature of β-Lg is higher (Dissanayake et al., 2013a). 

The precipitation curve of WPC80 in Fig. 4-2b presented a similar parabolic shape, 
obtaining a final XP 0.92, with 5% of β-Lg remaining in the aggregates after 180 
min heating time. However, the curve suggests that the equilibrium is not neces-
sarily reached after this time. The root cause is probably an deceleration of the 
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precipitation due to hindrance effects in the aggregate rearrangement by lactose 
and fat, which are present in WPC, but not in WPI. 

4.3.2 Optimization of centrifugal conditions 

After precipitation, suspensions obtained from WPC80 were diluted to dry matter 
contents of 20%, 11%, and 6% (w w-1), using cold or pre-warmed DIW at 20 °C or 
50 °C, respectively. In the following, the influences of inlet concentration, suspen-
sion temperature, and applied g-force were investigated in order to optimize cen-
trifugal separation of α-La aggregates. The results of the obtained separation effi-
ciencies of centrate are displayed in Fig. 4-3a, whereas the obtained sediment dry 
matters are presented in Fig. 4-3b, in dependence of applied centrifugal accelera-
tion for all suspensions.  

 
Fig. 4-3 Separation efficiency of α-La precipitates (a) and dry matter of obtained sediments 
(b) at different suspension temperatures and inlet dry matters between 6 and 20% (w w-1). 

Relating to Fig. 4-3a, it can be clearly seen that the separation efficiency increased 
upon reduction of the inlet dry matter for 50 °C. If a suspension contains less pre-
cipitates, the particle-particle interactions are reduced during sedimentation, thus 
enabling higher median settling velocities. Moreover, the residence time of parti-
cles settled on the cake is longer, as there is a lower number of particles coming 
after. This is accompanied by a longer phase for sediment consolidation, thus en-
abling a better dewatering of the sediment.  

Referring to the impact of temperature, the increase in temperature from 20 °C to 
50 °C had a tremendous effect on separation. On the one hand, this is due to the 
reduction of the viscosity of the continuous phase, which reduces the uplifting drag 
force for the particles while sedimentation. On the other hand, the higher temper-
ature also might influence the aggregate stabilization. The apo-α-La form is char-
acterized as the calcium-free variant of this protein, which presents a less dense 
conformation of the tertiary structure (Hirose, 1993). Moreover, it was demon-
strated that the apo-form leads to partly unfolding, thus exposing inner patches of 



4 Continuous centrifugal separation of selectively precipitated α-Lactalbumin 

70 
 

the protein resulting in higher hydrophobicity (Stănciuc et al., 2012). As the system 
attempts to minimize thermodynamically unfavorable states, non-polar groups es-
tablish strong interactions, the hydrophobic interactions. Characteristic for hydro-
phobic interactions is their tendency to get stronger upon moderate temperature 
increase up to 60 °C (Bryant and McClements, 1998). The intensified interaction 
between the protein molecules might, thus, also lead to an intensified exclusion of 
the polar water molecules, which consequently increases the dewatering capability 
of the sediment. 

Regarding the influence of the applied g-force, a nearly linear trend was observed 
as a function of sediment dry matter (Fig. 4-3b). A higher acceleration leads to 
better dewatering of the sludge-like sediments by compression. Thus, the sediment 
pores are compressed, resulting in drainage of the aqueous phased in direction to 
the top of the sediment layer. As can also be seen from Fig.4-3a, the maximum in 
separation efficiency ηsep was already achieved at 6,500 g, and not at the highest 
applied acceleration. Regarding Stokes’s law, an enhancement of centrifugal ac-
celeration results in a proportional increase in sedimentation velocity, correlating 
with the separation efficiency. This effect obviously applied up to 6,500 g. A further 
increase to 10,000 g, however, showed no enhancement in separation efficiency 
for all suspensions. As stated in Stahl (2004), disintegrative forces and shear stress 
on particles are highest when entering the bowl via the feed port. Transported un-
der laminar flow conditions through the feed pipe, the particles are rapidly acceler-
ated by the rotational forces generated by the bowl. Probably, the loosely bound 
molecules at the outer parts of the aggregates were mainly affected by the frag-
mentation, whereas the precipitate kernels were more resistant to destruction by 
shear (Byrne and Fitzpatrick, 2002). Some of these fragments were much smaller 
than the foregoing aggregates so that they were not able to sediment anymore in 
the applied centrifugal field, and consequently stayed in the supernatant. As the 
precipitate kernels were not destroyed by acceleration forces, they were able to 
settle independently form g-force at accelerations above 6,500 g.  

4.3.3 Investigation of flow properties of the α-La sediment 

The transportability of a sediment is distinctly affected by its flow behavior, which 
depends beside others on the total number of potentially interacting particles. Thus, 
rheological experiments were performed with α-La aggregate suspension contain-
ing dry matter contents between 5 and 28%, as described in section 4.2.5. Exper-
imental results from WPI and WPC80 were fitted according to (4.5). The results for 
the received flow index n (Fig. 4-4a) and the consistency index k (Fig. 4-4b) are 
presented in dependency of dry matter concentration.  

In Fig. 4-4a, for concentrations up to 10% (w w-1), a Newtonian flow behavior was 
observed (n = 1). With increasing concentration, the suspension presented a ten-
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dency to shear thinning behavior (n < 1), which got more prominent at concentra-
tions higher than 25% dry matter. The change to a pseudoplastic flow behavior at 
high particle concentrations was additionally reflected by the consistency factor, 
which showed also a slope divided in three distinct parts.  

 
Fig. 4-4 Flow index n (a) and consistency factor k (b) of precipitated α-La in dependency 
of dry matter fraction of sediment for the two starting materials WPC80 (black dots) and 
WPI (grey triangles). 

Many other workers investigated the flow properties of native WPC in dependence 
of protein concentration (Herceg and Lelas, 2005; Hermansson, 1975; Patocka et 
al., 2006; Tang et al., 1993). All agree on Newtonian behavior up to 10% (w w-1), 
what matches the herein presented results. In the range between 10% < w < 20% 
the flow behavior was demonstrated to present pseudoplastic flow behavior at 
shear rates below 50 s-1. In contrast to that, at higher shear rates (> 50 s-1), the 
rheological behavior appears to be Newtonian (Tang et al., 1993). In this study, the 
applied shear rate was 100 s-1, however, a pseudoplastic behavior is clearly visible 
in this concentration range. This observation is considered to be caused by the 
presence of the α-La aggregates, which provide structural elements in the suspen-
sion compared to native whey proteins. For concentrations over 20% a pseudo-
plastic rheological behavior is described in literature, which is also seen with the 
herein processed α-La aggregate suspension (Alizadehfard and Wiley, 1996). With 
an increase in the protein content, the respective volume fraction of particles rises 
as well. Consequently, the distance between α-La aggregates is diminished. Addi-
tionally, the net charge of α-La is supposed to be on a low level, as the environ-
mental pH is close to its isoelectric point. Thus, the attractive Van der Waals forces 
may favor an entanglement of the apo-α-La molecules.  

Comparing the curves from WPI and WPC80, the same trending of the curves can 
be observed. The values for WPI were comparable with the ones for WPC80 in the 
Newtonian flow region, but were slightly higher in pseudoplastic region. However, 
the distinction appears not to be significant. As stated before, the main difference 
of the two systems is the lactose content in WPC80. Thus, sediments of WPI and 
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WPC80 containing the same value of dry matter might differ in their relative protein 
concentration. However, lactose generally presents high solubility in water and 
preferentially remains in the liquid phase, i.e., the supernatant. As only low 
amounts of lactose stay in the sediment, the influence in diminishing the relative 
protein content is obviously minor. Furthermore, the non-Newtonian flow behavior 
is generally originated from large molecules, e.g., proteins. Thus, it is not surprising 
that the lactose does not affect the flow behavior, and the curves from both systems 
look similar (Morison and Mackay, 2001).  

With this data, it was shown that the flow behavior of WPC80 and WPI have high 
similarity. Thus, the investigation of different centrifugal conditions using WPC80 
appears to be appropriately and transferable to the WPI system. Moreover, a 
strong dependency on dry matter content was demonstrated. This development of 
flow behavior might on the one hand promote the sediment accumulation on the 
lowest point of the bowl, thus further improving dewatering. On the other hand, the 
intense particle entanglement might lead to particle disintegration, when shear 
forces perpendicular to flow direction are applied. 

4.3.4 Separation performance and aggregate stability along the separation 

process 

Based on the observations in section 4.3.2 and 4.3.3, the whole separation process 
of α-La including two washing steps was performed. Herein, the focus was on eval-
uating the separation efficiency of all three centrifugation steps and on the obser-
vation of aggregate stability. For the further experiments WPI was used as starting 
material, because this system provides a lower level of impurities (lactose, fat, ash) 
and allows to investigate the specific protein interactions and behavior, nearly with-
out unpredictable cross-reactions from other components. The separation was 
conducted using the aggregate suspension at 50 °C with an inlet dry matter of 6% 
(w w-1) at centrifugal acceleration of 6,500 g. A two-step reslurry washing proce-
dure was chosen to remove other low molecular solutes and soluble proteins like 
β-Lg from the aqueous phase filling the sediment´s pores. Tab. 4-2 presents the 
results of the separation efficiencies as in (4.2), (4.3) and (4.4) for initial separation 
as well as the two subsequent washing steps and the final yields as in (4.6) and 
purities (4.7) for the respective protein fractions. In addition to that, the respective 
chromatograms for the WPI inlet (Fig. 4-5a), the centrate after the initial separation 
(Fig. 4-5b), and the twice washed sediment (Fig. 4-5c) are presented. 
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Tab. 4-2 Summary of achieved separation efficiencies along the separation and washing 
steps, with additional yield and purity of target protein fractions. 

Parameter Centrate Sediment 

 Precipitated α-La (%) 
Soluble β-Lg 

(%) 
Citrate (%) 

ηsep (Initial separation) 99.7 ± 0.1 86.7 ± 0.9 71.7 ± 2.4 

ηsep (Wash 1) 95.0 ± 0.2 85.5 ± 5.4 20.1 ± 4.2 

ηsep (Wash 2) 92.6 ± 1.0 68.3 ± 10.0 4.8 ± 3.4 

Final yield 75.2 83.5 n.a. 

Final purity 99.4* 99.7** n.a. 

* Fraction after resolubilization, pH adjustment to 5.1 and removal of denatured β-Lg ** 
Supernatant of initial separation step  
 

After the initial separation step, the centrate consisted of over 99.7% β-Lg, mainly 
in the native state. This means that the α-La precipitates were (almost) completely 
removed from the supernatant, as can also be seen in Fig. 4-5b. For the first and 
second washing step, ηsep for α-La reached 95.0% and 92.6%, respectively. The 
reduction of ηsep presumably is an indication for the fragmentation of precipitated 
α-La, which led to an increased impurity of the supernatant. In total, 75% of α-La 
aggregates were recovered throughout the process.  

 
Fig. 4-5 Chromatograms from initial inlet (a), centrate after initial separation (b), and sedi-
ment after second washing step (c), using WPI as starting material. 
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Within the initial separation step, nearly 87% of soluble β-Lg migrated into the cen-
trate. Vice versa, this means that around 13% of soluble β-Lg remained in the sed-
iment fraction, which was enclosed in the aqueous phase of the particle’s pores. 
After the second washing step, an almost complete absence of soluble β-Lg, with 
only 0.3% remaining in the sediment, was achieved. This refers to a purity of 99.7% 
of the α-La sediment fraction, which was calculated based on the chromatogram 
shown in Fig. 4-5c. Also, in laboratory scale, two washing steps using acidified 
water at 55 °C as washing medium were shown to be suitable for nearly complete 
depletion of β-Lg (Fernández et al., 2012; Lucena et al., 2006). 

The removal of citrate, which was initially added in order to act as calcium seques-
trant, was, however, not as successful as the washing out of β-Lg. After the initial 
separation, the sediment comprised 28.3% citrate, which could be reduced to 
22.6% and 21.5% with the following washing steps. The reason is that the formed 
tricalcium citrate shows poor solubility (1 g L-1 at 25 °C) compared to trisodium 
citrate (425 g L-1 at 25 °C), and therefore, tends to be present in solid state. Due to 
its high density, it is likely that it is obtained in the sediment. The conclusion from 
this is that the calcium citrate should be removed by a subsequent ultrafiltration 
step after the resolubilization of the α-La molecules. 

 
Fig. 4-6 Particle sizes of α-La precipitate suspension of initial separation (◊), first wash (○), 
and second wash (Δ) displayed as sum distribution, using WPI as starting material. 

To prove the assumption of particle fragmentation, particle size measurements 
were conducted. Fig. 4-6 depicts the particle size sum distribution Q3(x) for the 
inlets of the initial separation as well as for both washing steps. As can be clearly 
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seen, aggregate sizes were reduced with each separation step. The median parti-
cle size of the initial suspension was 10.3 µm, the suspension entering the first 
washing step only had a median size of 0.6 µm, and for the second washing step 
the particles were smaller than 0.4 µm, respectively. The particle size reduction of 
the α-La aggregates by 94% in the initial separation step may therefore be ex-
plained by fragmentation into the primary aggregates or small fragments. Accord-
ing to the model of floc disintegration by Kleine and Stahl (1989), fragmentation 
generally occurs, when the applied the acceleration force FC exceeds the individual 
linkage forces FA. FC is hereby proportional to the product of the density difference 
Δρ, gravitational acceleration g, acceleration factor c, and the cubic of particle size 
x. In concrete, this means that especially big aggregates are subjected to fragmen-
tation as the size is a cubic factor in (4.8). 

(� ∝  ∆- , ; V2    (4.8) 

The linkage force FA of each particle within a floc arises from the charges on the 
surface of the particle. Here, FA is proportional to a surface specific adhesion force 
f and the corresponding particle surface area. 

(� ∝  Z V8     (4.9) 

However, also the interparticular shear forces may not be neglected, especially at 
high particle concentrations. Such high concentrations can be found towards the 
end of their settling way in the centrifuge (region of hindered settling), and of course 
in the sediment itself (Scales et al., 1998). Particularly, for soft particles, as the α-
La aggregates, the compressive yield stress may be considered as an additional 
mechanism for particle disrupture (Haller and Kulozik, 2019). The particles experi-
ence compressive forces due to the pressure from the weight of the upper layers 
of the sediment, which is multiplied by the centrifugal acceleration number (Green 
et al., 1996). Moreover, the upward drag force of liquid, which is squeezed out of 
the particle pores generates a counterflow and induces shear forces. Additional 
shearing in decanter centrifuges is executed by the scroll in horizontal direction. 
Indeed, fragmentation can be observed in this approach due to various reasons. 
However, the high acceleration possibilities of this centrifuge still enable adequate 
separation efficiencies. 

4.3.5  Sediment analysis along the separation steps 

Within the three separation steps, the α-La sediment was purified from soluble β-Lg 
and citrate, simultaneously changing its composition and visible appearance. In the 
first separation step, irregularly shaped lumps of sedimented aggregates were ob-
served falling out from the sediment discharge port (Fig. 4-7a). After the first wash 
of the sediment, the texture of the separated sediment got visibly smoother 
(Fig. 4-7b) until creamy long filaments were obtained after the second wash 
(Fig. 4-7c).  
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Fig. 4-7 Discharged α-La sediment after initial centrifugal separation (a), after the first 
washing step (b) and after the second washing step (c), using WPI as starting material. 

As listed in Tab. 4-3, the total sediment dry matter decreased slightly from 30.5% 
in initial separation to 26.6% and 26.3% within the washing steps. Additionally, the 
protein to dry matter ratio increased from 84.8% up to 88.5% and finally to 90.0%, 
respectively. The remaining 10% of dry matter within the α-La sediment can pre-
sumably be ascribed to the residues of enclosed solid calcium citrate, as described 
previously.  

Tab. 4-3 Obtained results for respective sediments along the three separation steps, pre-
sented in values of dry matter and protein to dry matter ratio  

Separation step 
Dry matter content 

(% w w-1) 

Protein to dry matter ratio 

(% w w-1) 

Initial separation 30.5 ± 0.7 84.8 ± 0.1 

Wash 1 26.6 ± 0.1 88.5 ± 1.5 

Wash 2 26.3 ± 0.4 90.0 ± 2.5 

 

The reduction of overall achievable dry matter along the washing steps is probably 
related to the particle breakage. During the production of the precipitate suspen-
sion, the apo-α-La molecules formed oligomers due to attractive forces of their hy-
drophobic regions. Through the long heating duration and the gentle stirring, strong 
and particulate aggregates arranged (Byrne and Fitzpatrick, 2002). These aggre-
gates were thermodynamically stable as the non-polar amino acid residues con-
glomerated, thus excluding the polar water molecules (Bryant and McClements, 
1998). From a superior view, this equals a system that has a low amount of interior 
bound water. Upon breakage of the precipitates, an increase of the surface to vol-
ume ratio of the aggregates occurs. Thus, a larger surface area is available for 
hydration, as proteins generally have a high solubility in water.  
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The observed change of the sediment texture from clumpy to filamentous shall be 
discussed in the following. The arrangement of single protein molecules to partic-
ulate aggregates is a highly complex process, subjected to collision mechanisms, 
e.g., as described in Smoluchowski (1918). In regard to this, it appears to be im-
probable that particle fragments rearrange into globular aggregates during the res-
lurry washing steps. As the interior hydrophobic regions of the apo-α-La are still 
exposed and “reactive”, it is likely that they will resume the attractive interactions 
with hydrophobic patches from other apo-α-La molecules. There is a high proba-
bility that the molecules will adopt new structures, which are easier to achieve than 
particulates, e.g., filaments (Pelegrine and Gasparetto, 2005). As the environmen-
tal conditions are close to α-La’s IEP, the low level of electrostatic repulsion, on the 
on hand, and the increased importance of the van-der-Waals forces, on the other 
hand, might also act in a supportive manner in this case. 

4.3.6 Overall evaluation 

For overall evaluation of the data, a PCA was performed that aims at emphasizing 
the main influencing factors and also at discovering correlations of the separation 
variables. The PCA is a statistical tool which reduces the number of dimensionali-
ties, thus transforming a large set of variables into a smaller one that still contains 
most of the information. The received biplot comprises a loading diagram (blue 
arrows) and a score plot (black dots), and is given in Fig. 4-8.  

The PC1 is given on the x-axis, the PC 2 on the y-axis, with percentages of 42.0% 
and 29.4% of the data variance, respectively. In this standardized diagram, the 
length of the loading vectors, the arrows, is a direct measurement on how big theirs 
influence on the PCs is (-1 = maximal negative influence, 0 = no influence, 1 = 
maximal influence). Here, it is obvious that nearly all characteristics have a severe 
influence on the PCs, except the d50,3, which is the median particle size in suspen-
sion, has only little influence, followed by the applied g-force, which is the second 
shortest vector.  

Moreover, the angle between a loading vector and the x- or y-axis also represent 
the degree to which PC1 or PC2 are influenced by this vector. This relationship 
additionally provokes that the correlation of one variable with another is described 
by the angle between them (0° < 90° positive correlation, 90° independent, 
90° > 180° negative correlation). Looking on the given vectors, a negative correla-
tion with an angle close to 180° can be seen for particle size and g-force. Basically, 
this means that a higher g-force is able to compensate a reduction in particle size 
in order to keep the acceleration force (or separation result) constant, i.e., particle 
size and g-force are indirectly proportional. This relationship was already given in 
(4.8), which described the proportionality of the acceleration forces. Thus, the load-
ing diagram emphasizes which factors correlate either positively or negatively with 
the separation efficiency.  
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Fig. 4-8 PCA biplot presenting the loading plot of all analyzed variables (blue arrows) and 
the score plot (black dots for WPC80, black stars for WPI), which reflect the measured 
data points. 

A strong positive correlation with the separation efficiency is seen for the influenc-
ing factor temperature, but also for residence time and g-force. Basically, one could 
classify these variables as process-related influencing factors. A negative correla-
tion for separation efficiency is seen for the arrows for particle size described as 
d50,3, lactose, and dry matter content, as the intermediate angle is over 90°. These 
three variables can be generalized as suspension-related influencing factors. 
These relationships suggest that process-related variables, i.e., higher tempera-
ture, extended residence time, beneficially influence the separation efficiency. 
While suspension-related variables, i.e., higher lactose content, more inlet dry mat-
ter, impede the separation efficiency. It seems astonishing that the d50,3 is assigned 
to negatively correlate to the separation efficiency. However, as stated already 
above, due to the short absolute length of this arrow, its influence is minor. Apart 
from that, bigger particles in the inlet suspension are more prone to disintegration 
during centrifugation than already fragmented particles, as discussed in chapter 
4.3.4. A higher occurrence of fragmentation during a centrifugation step might 
thereby impair the overall separation efficiency of this step.  

Regarding the data points, two distinct clusters are visible, one comprising all val-
ues from separations performed at 20°C, and one with the data points from 50°C. 
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Within the 50°C separation temperature cluster, a smaller one is highlighted that 
comprises the data points from all the washing steps. Interestingly, no different 
behavior of WPI (stars) and WPC80 (dots) are observed as the data points lie close 
to each other and are not separated. This means, that the aggregates of both start-
ing material follow the same dependencies in separation. And the differences due 
to lactose content are neglectable. From this diagram, one can conclude that the 
temperature is one of the main influencing factors. 

4.4 Conclusion 

In this study a successful process for the separation of the two major whey pro-
teins, α-La and β-Lg, was demonstrated that has high suitability for industrial utili-
zation. A lean process design is described that comprises high throughput unit op-
erations, where further scale-up appears to be simple. Moreover, we achieved two 
high purity fractions, with both proteins in native state, with respectable yields. Fur-
ther to that, for this approach only components with the GRAS (generally regarded 
as safe) state were used. Due to these advantages, we consider this process to be 
superior to many others suggested in literature.  

Nonetheless, the major challenges of this fractionation method shall be outlined, 
which needed special attention in this study. The selective thermal precipitation of 
α-La under acidic conditions is a well described, state-of-the-art pre-treatment for 
whey proteins. However, the generated α-La precipitates are small, fragile particles 
that are prone to shear forces. Indeed, analysis presented a significant particle size 
reduction from initially 10 µm to 0.4 µm after three consecutive centrifugation steps. 
Nonetheless, separation efficiencies just declined from 99.7% to 92.6% over the 
whole process. Moreover, a pseudoplastic flow behavior of the α-La sediment was 
demonstrated being strongly dependent on dry matter. Generally, such character-
istics might cause discharge issues due to sediment backflow to the lowest point 
of the bowl or adhesion to the scroll flights. However, in this study a constant dis-
charge with highly dewatered sediment was observed. In summary, the suitability 
of the herein used decanter centrifuge for this application was proven, achieving 
purities for α-La and β-Lg fraction over 99%.  

However, the authors see further potential for improvement of this process, thus 
making it even more time- and cost effective. On the one hand, the time span for 
powder hydration was chosen generously long. Re-hydration of proteins might be 
completed after several minutes, depending on the powder used. Alternatively, 
also liquid raw whey can be considered as starting material, thus skipping the 
whole re-hydration step. On the other hand, the heating process has potential for 
improvement by using steeper heating rates in a tubular counter-current heat ex-
changer. Potentially, also the heat holding phase can be reduced by applying 
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higher temperatures. However, the thermal stabilities of the other proteins need to 
be respected, though. 

In the study, two different starting materials, WPI and WPC80 were used. Gener-
ally, both systems showed promising results and had comparable values in rheo-
logical analysis. However, separation efficiencies were higher using the purer WPI 
system. Presumably the α-La precipitates originated from WPC80 have lower sta-
bility while centrifugation, resulting in hardly separable particle fragments. As the 
main difference of the composition of the two whey powders is the content of lac-
tose and fat, we assume that these components are responsible for impairing the 
aggregate strength in WPC80 batches. 
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5 Separation of aggregated β-Lactoglobulin with optimized yield 

in a decanter centrifuge 

Summary and contribution of the doctoral candidate 

The β-Lg aggregates obtained from selective thermal denaturation processes can 
reach sizes up to 700 µm. They consist of multiple interconnected primary aggre-
gate, which are spherically shaped with sizes around 1 µm. During general sus-
pension processing mechanical and shear forces affect the integrity of the aggre-
gates, which can lead to fragmentation and breakage. These fragments, however, 
are often too small for sedimentation in centrifuges and impair the overall separa-
tion efficiency. This study investigates the possibility of a pH-induced flocculation 
of the β-Lg aggregate fragments with the aim to optimize the separation results in 
a decanter centrifuge. 

Firstly, the fragments and particles smaller than 20 µm were isolated from a β-Lg 
aggregate suspension for further analysis. Particle size measurement under con-
trolled environmental conditions showed size enlargement of the fragments in a pH 
range between 4.0 to 5.0, which was ascribed to flocculation. The clarification ve-
locity was determined based on data from a time- and space resolved analytical 
centrifuge. Only in the pH range between 4.0 to 5.0 a clarification of the superna-
tant was observed. At the other pH values, a two-step sedimentation was seen, 
with the largest fragments settling in the first minutes and nearly no further clarifi-
cation afterwards. The highest clarification velocity was measured at pH 4.4.  

Finally, the analytical results were transferred to a decanter separation of aggre-
gated β-Lg from soluble α-La. All results at pH 7.0 were inferior to the separation 
outcomes at pH 4.4. The best obtained results were a separation efficiency of 
99.8% and a sediment dry matter close to 50%, when using a 0.5% inlet dry matter 
and suspension pH was adjusted to 4.4. Generally, the discharged β-Lg aggre-
gates are a highly valuable source for food applications. Upon further break down 
in the primary aggregates, e.g., by homogenisation, they would comprise the ideal 
size to use them as fat replacers. The high degree of absence of particles in the 
centrate makes it a suitable stream for further chromatographic polishing or capture 
of the remaining individual whey proteins.  

Most significant contribution to this manuscript was made by the doctoral candi-
date. This comprises the conception, design and execution of experiments based 
on preceded critical literature review as well as major conduction of data analysis 
and data interpretation. In addition, writing and revising of the manuscript was done 
by the doctoral candidate.  
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Abstract 

The interest in individual whey protein fractions, especially the main proteins α-La 
and β-Lg, has been growing due to their unique nutritional value and their excep-
tional technofunctional properties. Various fractionation and purification methods 
have been published. However, none of them realized highest purity, maximal re-
covery, and transferability to industrial scale. This study used thermal treatment for 
selective aggregation of β-Lg, which was subsequently separated in a pilot-scale 
decanter centrifuge from the α-La-enriched centrate. The aim was to investigate if 
the centrifugal separation can be improved by pH-induced flocculation of the ag-
gregates compared to non-flocculated suspension at pH 7.0. With various analyti-
cal methods, it was demonstrated that the strongest flocculation occurred at pH 4.4 
and facilitated separation of aggregate fragments sized below 20 µm. Finally, sep-
aration efficiencies of more than 99% were achieved by aggregate flocculation in 
the pilot-scale decanter even at low centrifugal forces. 

5.1 Introduction 

Whey is a mixture of different proteins, the carbohydrate lactose, salts, minerals 
and vitamins. The most abundant proteins in whey comprise α-La, β-Lg, BSA, LF, 
and IgG. Each protein has a unique amino acid profile and molecular conformation, 
created by nature with a certain specific biological function. In case of the whey 
protein, their unique properties, however, make them an irreplaceable starting ma-
terial for diverse applications in food technology and other sectors by either using 

 

 
4 Adapted original manuscript. Adaptions of the manuscript refer to numbering of sections, 
figures, tables and equations, abbreviations, units, spelling, format, and style of citation. 
All references have been merged into a joint list of publications to avoid redundancies. 

Original Publication: Haller, N., Greßlinger, A. S., & Kulozik, U. (2021). Separation of ag-
gregated β-lactoglobulin with optimised yield in a decanter centrifuge. International Dairy 

Journal, 114, 104918. https://doi.org/10.1016/j.idairyj.2020.104918. Permission for the re-
use of the article is granted by Elsevier Limited. 
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all whey proteins as a whole or as individual fractions of the major single whey 
proteins, mainly β-Lg and α-La. 

As one of the major proteins in whey, α-La (14.2 kDa), is present in nearly all mam-
malian milks. It naturally plays a central role in the regulation of lactose production, 
is a source of bioactive peptides, and contains various amino acids that are crucial 
for infant’s development, e.g., Try, Lys, Cys (Layman et al., 2018). The enrichment 
of infant formulas with α-La has been demonstrated to increase emulsion stability 
(Buggy et al., 2017), and allows for the reduction of total protein content, thus fur-
ther approaching the composition of humans’ breast milk (Lönnerdal, 2014; Rozé 
et al., 2012). Nonetheless, α-La is also a valuable protein in adult nutrition. Studies 
describe effects of α-La on enhanced immune response, general mood improve-
ment (Kroes et al., 2014; Silber and Schmitt, 2010), sleep quality enhancement 
(Lieberman et al., 2016), and promotion of gastrointestinal health (Brück et al., 
2003). 

On the other hand, β-Lg (18.0 kDa), is absent from human milk, but the most prev-
alent protein in bovine whey. Therefore, it is suspected to be one of the candidates 
for inducing bovine milk allergies (Martorell-Aragonés et al., 2015), although gen-
erally any protein can provoke allergenic reactions, depending on individuals´ sen-
sitivity. In bovine milk β-Lg presumably fulfills transport functions for fatty acids as 
it can be assigned to the class of lipocalins. This protein comprises a large amount 
of branched chain amino acids, making it a perfect source for sports nutrition aim-
ing at muscle mass increase (Hulmi et al., 2010). In its microparticulated form, it 
shows excellent characteristics for the use in dietary or other milk products, such 
as low-fat yoghurts (Torres et al., 2018), Caciotta and other cheeses (Hinrichs, 
2001; Perreault et al., 2017; Sturaro et al., 2015), ice cream (Daw and Hartel, 2015; 
Koxholt et al., 2000; Olivares et al., 2019) and others (Ipsen, 2017).  

To exploit the full potential of each single component, fractionation of the single 
whey proteins has been reported to offer additional options. Many approaches 
have been published in recent times that address the goal of whey protein fraction-
ation. Beyond other methods, IEC, two-phase flotation, membrane separation, salt 
treatments, complexations, magnetic separation are investigated for their capabil-
ity. Detailed analysis of the respective benefits and disadvantages of each ap-
proach have been extensively reviewed or reported in several articles (Ganju and 
Gogate, 2017; Smithers, 2015; Yada, 2018).  

Previous works in the field of selective thermal aggregation of the major whey pro-
teins and separation of the aggregates from the suspension, including those from 
our own group, relied on separation of aggregated and native molecules by MF 
(Toro-Sierra et al., 2013). However, MF requires a time-consuming multistep DF 
process if a high yield of both the aggregated and native fractions is targeted. In 
order to address this issue, we were able to show that the separation of aggregates 
in a continuous centrifuge is a feasible one-step alternative, also for the separation 
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of aggregated β-Lg from the native α-La fraction (Haller and Kulozik, 2019). The 
yield at that stage of our investigations, however, was not optimal due to losses of 
small aggregates and fragments.  

In other approaches, continuous scroll centrifuges were applied for separation of 
precipitate αs- and β-casein (Schubert et al., 2018), isoelectric precipitated soy pro-
tein (Bell and Dunnill, 1982), or precipitated α-La from soluble β-Lg (Haller and 
Kulozik, 2020). According to Haller and Kulozik (2020), the aggregation target com-
ponent α-La formed highly hydrated, fragile aggregates, sized around 10 µm. A 
procedure for resolubilization of the α-La aggregates by adjustment of pH and ionic 
environment causing dissociation and induction of refolding to a native state was 
described. Finally, both α-La and β-Lg were obtained in their soluble, native forms 
with fraction purities of more than 99%. Refolding of denatured α-La was shown to 
be possible, because the aggregation of α-La relies on reversible binding mecha-
nisms, in contrast to β-Lg, which is covalently cross-linked when aggregated (Toro-
Sierra et al., 2013).  

Taking this approach as a role model, the question was whether and how the pro-
cess described by Haller and Kulozik (2020) could be adapted such that β-Lg is 
the target molecule for selective thermal aggregation. As a base, the thermal de-
naturation kinetics of β-Lg are well described in literature and allows targeted ag-
gregation of β-Lg in a well controllable process (Tolkach et al., 2005; Toro-Sierra 
et al., 2013). The first reversible structural changes of β-Lg’s conformation are 
measurable starting at temperatures as low as 40 to 55 °C, known as the Tanford 
transition (Euston, 2013; Loveday, 2016). Starting at temperatures above 60°C, 
the thiol group of Cys121 located in the inner core of the globular β-Lg structure is 
exposed, which shows increasing reactivity upon further heating and higher tem-
peratures (Mulvihill and Donovan, 1987; Verheul et al., 1998). At 80 to 85 °C, the 
process changes from an unfolding-limited to an aggregation-limited process re-
sulting in a steeper increase of reaction rate leading to the formation of aggregates 
cross-linked by disulfide bonds (Dannenberg and Kessler, 1988; Khaldi et al., 
2018; Petit et al., 2016).  

Beside the heating temperature, there are other well-known influencing factors, 
which comprise pH, protein concentration, ionic strength, salt type and concentra-
tion, chelating agents, presence of other proteins and their concentration, e.g., ca-
seins. An optimization approach of environmental conditions aiming at maximal 
aggregation of β-Lg with simultaneous minimal loss of nativity of the other proteins 
in whey protein isolate solutions was investigated by Tolkach et al. (2005a). In this 
study, the optimized conditions were stated as follows: protein content 5 g L-1, lac-
tose content 0.5 g L-1, calcium content 0.55 g L-1, and pH 7.5. Thus, heat treatment 
at 97 °C for 30 s resulted in 99.6% β-Lg denaturation, with a 24.4% loss of native 
α-La. These environmental conditions were chosen as a starting point for the set-
tings used in this study.  
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The β-Lg aggregates generated by these type of heat treatments are characterized 
as solid, elongated and stable particles with low density (Haller and Kulozik, 2019). 
β-Lg aggregates can reach high sizes, which facilitates their sedimentation. How-
ever, fragmentation of the aggregates appears to be a common issue in aggregate 
suspension handling. Due to exposure to shear during pumping, stirring and also 
during centrifugation, single primary aggregates or smaller fragments comprising 
several primary units are separated from the main particle (Byrne et al., 2002; 
Zumaeta et al., 2005). 

Primary aggregates are described to have sizes of approximately 50 nm to 1 µm 
and are thus not very sedimentable (Guyomarc’h et al., 2015; Nicolai et al., 2011). 
Particles below 0.1 µm continuously remain in a randomly oriented motion as a 
consequence of their thermal energy, also known as Brownian motion, which pre-
vents their sedimentation (Ghernaout et al., 2015). From a process efficiency 
standpoint, however, these small β-Lg aggregates that do not sediment, even at 
applied accelerated gravitational forces, reduce yield and purity of the supernatant. 
In order to assess the impact of processing conditions on the separation of β-Lg 
aggregates with optimal separation efficiency, we investigated sedimentation en-
hancement strategies, especially for promoting the sedimentation of smaller parti-
cles and of particle fragments to increase yield and to avoid reduction of purity of 
the fraction of unaggregated proteins.  

The hypothesis was, that by variation of pH, electrostatic interactions can be re-
duced, thus enabling the formation of flocs by van-der-Waals forces comprising 
numerous fine particles. This effect can be achieved either by using active ingredi-
ents, so-called flocculants, e.g., multivalent cations or long-chain polymer floccu-
lants, such as modified polyacrylamides, or, in the case of pure protein suspen-
sions, pH adjustment can be used to alter the surface potential of charged protein 
particles.  

The aim of this study was to induce an enlargement of aggregate fragments, which 
would otherwise not be separated in a decanter, thus enhancing the clarification of 
supernatant, consisting of soluble and native α-La. The approach of this study fo-
cused on investigating the flocculation possibilities for β-Lg aggregates and to 
prove that the stability of the formed flocs is sufficient for centrifugal separation. 
Moreover, it was critical to investigate any side effects of the flocculation, e.g., 
change in sediment dewaterability, or increased loss of α-La due to pH-induced 
precipitation.  
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5.2 Materials and methods 

5.2.1 Preparation of β-Lg aggregate suspension  

WPI (Davisco, Le Seur, Minnesota, US) with a protein content of 94.2% (18% α-La, 
44% β-Lg A, 30% β-Lg B, and 8% minor proteins) was used for preparation of β-Lg 
aggregate suspension. WPI powder was dissolved in DIW to a protein concentra-
tion of 2.5% (w w-1). All batches of 30 L each were homogenously stirred at 350 rpm 
for 12 h at 4°C using a three-blade stirrer (Heidolph Instruments GmbH & Co. KG, 
Schwabach, Germany). Prior to further heat treatment, the whey protein solutions 
were tempered to 20 °C. The ionic calcium concentration (CaCl2 2 H2O, Sigma 
Aldrich, St. Louis, United States) was set at 0.55 g L-1, as measured by flame pho-
tometry (Elex 6361, Eppendorf, Hamburg, Germany). Lactose content of the WPI 
powder was known and a respective amount of lactose was added to get a final 
concentration of 0.5 g L-1. The pH was set at 7.0 by adding 1 M HCl, because at 
this pH value the α-La fraction is in its most stable configuration and least sensitive 
to heat treatment. 

Aggregation of β-Lg was induced by heat treatment. Therefore, a pilot-scale indi-
rect tubular pilot-plant heat-exchanger was used (GEA TDS GmbH Ahaus, Ger-
many). The plant consisted of heating (27.1 m), temperature holding (15.6 m), and 
cooling (30.0 m) sections. The protein solution was heated from the inlet tempera-
ture of 20 °C to 92 °C (heating rate = 2 K s-1), and this temperature was held for 
23 s (inner pipe diameter of holding section = 8.0 mm), followed by rapid cooling 
to 4 °C. Thereby, the flow rate was set to 120 L h-1. 

5.2.2 Protein quantification 

Whey protein quantification was performed by RP-HPLC based on the method de-
scribed by Haller and Kulozik (2020). In short, 200 µL of homogenized samples 
were dissolved in 800 µL of a buffer containing 6 N guanidine hydrochloride and 
DTT for complete unfolding of proteins within an incubation time of at least 30 min. 
Each sample (suspension, centrate or sediment) was divided in two aliquots for 
HPLC analysis, one was the untreated sample containing denatured and native 
proteins (ctotal), the other one was rendered free of denatured proteins by pH ad-
justment to 4.6 (cnative).  

The DD for each protein, α-La or β-Lg, respectively, was calculated with (5.1)  

qq =  D����U� Dz����y
D ����U

∙ 100%    (5.1) 

The respective DD for both main proteins were determined subsequently to heat 
treatment. For each batch (n = 26) the DD for β-Lg was 94.5% ± 0.4%, and for α-La 
16.2% ± 3.6%. 
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5.2.3 Isolation of aggregate fragments fraction 

For investigation of aggregate flocculation effects induced by pH adjustment, it was 
necessary to isolate the respective aggregate fraction with a size below 20 µm. For 
isolation of the target aggregate fraction, the whole aggregate suspension was 
thoroughly filtered through a sieve with a cut-off size of 20 µm (Retsch GmbH, 
Haan, Germany). The filter cake was washed with DIW twice to maximize yield. 
The received fraction of small aggregates was concentrated by bench-top centrif-
ugation (30 min, 6,000 g; Multifige 1 S-R, Heraeus Holding GmbH, Hanau, Ger-
many). For removal of salt and lactose residues, the fragments were washed in 
DIW twice.  

5.2.4 Particle size distribution 

The particle size distribution of formed aggregates was measured based on the 
principle of laser diffraction using a Malvern Mastersizer 2000. The equipment 
comprised a sample dispersion unit (Malvern Hydro 2000S) and a small volume 
dispersion unit (Malvern Instruments GmbH, Herrenberg, Germany). The Hydro 
2000S unit was used for particle size measurement of aggregates obtained after 
heat treatment in water (refractive index of dispersant 1.33, refractive index of pro-
tein 1.44).  

The small volume dispersion unit was used for particle size measurements at de-
fined media in order to investigate particle growth of aggregate fragments due to 
pH-induced flocculation. Thereby, defined media (DIW containing calcium and lac-
tose concentrations as used for preparation of WPI solution) was used and pH 
values between pH 3.0 and 8.0 were adjusted using NaOH or HCl. The small ag-
gregate and fragment fractions isolated as described in chapter 5.2.3 were gently 
re-suspended in the defined media, and transferred into the measurement cham-
ber. From the obtained data, cumulative number distribution Q0 and volume distri-
bution Q3 were calculated. By division through adequate class widths, dx, the re-
spective density distributions q0 and q3 were obtained (5.2). 

�o =  ���Y�
CY      (5.2) 

Furthermore, d10,3, d50,3, and d90,3 were determined to provide information on the 
size of 10%, 50%, and 90% of the smallest particles in a volume-based distribution, 
respectively. 

5.2.5 Analytical centrifuge  

A temperature-controlled analytical centrifuge (Lumifuge, LUM GmbH, Berlin, Ger-
many) was used for characterization of the particles´ sedimentation behavior in a 
centrifugal field. The working principle of the analytical centrifuge is explained in 
detail in Sobisch und Lerche (2000). The measurements contain data on time- and 
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space-resolved transmission, which allows to analyze the sedimentation kinetics. 
A change in the transmission profile is representative for a change in the local 
particle concentration. The isolated and pH-adjusted small particle fractions were 
given in 3 mL polycarbonate cuvettes. The samples were properly resuspended 
before insertion in the analytical centrifuge. The temperature was kept constant at 
20 °C, and samples were centrifuged for 50 min at 4,000 rpm, which equals 2,300 g 
at the bottom of the cuvette. Every 20 s, one transmission profile was recorded. 
The variable of time is visualized by a color change from red to green of the trans-
mission profiles (Fig. 5-1 left side). In an ideal monodisperse system, a clearly vis-
ible sedimentation front would move towards the cuvette bottom. However, due to 
the high content of fines, it is more likely that class segregation takes place, which 
is represented as a gradual progress in clarification of the whole liquid phase. 
Therefore, the area under each single transmission profile was integrated starting 
from the air-liquid interface up to sediment-cuvette interface at the bottom. Display-
ing the values in a diagram with time plotted against integrated transmission results 
in a hyperbolic curve asymptotically approaching the maximal integrated transmis-
sion value. The linear part of the slope of the hyperbolic curve yield a measure for 
the clarification velocity given in % s-1, describing the progress of the clarified su-
pernatant and the sedimenting particles (Giraud et al., 2013).  

 

 

Fig. 5-1 Graphical illustration of the determination of clarification velocity, which comprises 
space- and time resolved transmission profiles (indicated by x-position and color change, 
respectively) on the left side, and derivation of clarification velocity as slope of a resulting 
time vs. integrated transmission plot on the right side.  
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5.2.6 Measurement of particle surface charge 

The surface charge of β-Lg aggregates at various pH values from pH 3.0 to 8.0 
was determined by the Zetasizer Nano ZS device, equipped with the Zetasizer 
Software 7.03 (Malvern Instruments GmbH, Herrenberg, Germany). Only the iso-
lated aggregate fragments (< 20 µm) were characterized for their zeta-potential, as 
bigger aggregates would sediment within the measurement cell and would distort 
the results for electrophoretic mobility. For each data point, three replicate meas-
urements were performed, each one consisting of 10 subsequent individual runs.  

5.2.7 Scanning electron microscopy 

Samples of the aggregates directly after heat treatment and of the sediment after 
discharge of decanter were prepared for scanning electron microscopy (SEM, 
JEOL JSM 5900 LV JEOL GmbH, Eching, Germany) analysis. Both types of sam-
ples were washed twice with DIW using gentle centrifugation (2,000 g, 6 min) for 
separation of washing supernatant. Subsequently, settled aggregates of both sam-
ple types were diluted with DIW to a final concentration of approximately 10% total 
solids. A drop of 20 µL was spread on a microscope cover glass (VWR International 
GmbH, Darmstadt, Germany) and dried under a gentle flow of filtered air within 
5 min. The dried samples were sputtered with gold under vacuum for 70 s (BAL-
TEC SCD 005, Bal-Tec AG, Liechtenstein). Scanning electron microscopy was 
performed using a voltage of 15 kV. 

5.2.8 Decanter separation  

The separation of β-Lg aggregates from the soluble proteins was performed in a 
laboratory decanter centrifuge (Lemitec MD 80, Berlin, Germany), which had a 
bowl diameter of 80 mm, a clarification length of 153 mm, and a weir height of 
6 mm.  

In brief, the heat-treated protein suspension, containing mostly β-Lg aggregates 
and native α-La, was pumped with a feed rate of 13 L h-1 from a stirred feed vessel 
(three-blade stirrer, 200 rpm) by a peristaltic pump (Verderlab VL1000, Verder 
Deutschland GmbH, Haan, Germany) into the feed tube of the decanter. Through 
holes located in the feed pipe reaching into the decanter the suspension enters the 
rotating bowl. Centrifugal forces from 2,000 to 4,000 g (equal to bowl speed 6,687 
to 9,458 min-1) were applied to accelerate particles to sediment at the inner wall of 
the bowl, building up a sediment cake. A conveyor scroll, rotating with a slightly 
higher differential speed (Δn = 1 to 10 rpm) faster than the bowl, transports the 
sedimented aggregates towards the conical part of the bowl, where it is dewatered 
and finally discharged at its upper end. The supernatant leaves the bowl at the 
opposite end of the bowl with a weir as barrier defining the aqueous phase height 
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in the bowl and, thus, apart from the volume throughput, its residence time in the 
centrifuge. The liquid phase is discharged as the so-called centrate.  

Sampling was conducted after reaching a steady state of separation performance, 
representing 3 to 4 bowl volume throughputs. Samples were taken simultaneously 
from inlet, centrate and sediment in order to determine separation efficiency ηsep 
and sediment dry matter. All runs were performed at least in triplicate. Investigated 
were the effects of varying suspension inlet dry matter, pH values, and centrifuge 
settings, such as g-force and weir height.  

Separation efficiency ηsep was calculated for each centrifugation setting according 
to (5.3), based on RP-HPLC data using concentration of denatured β-Lg cβ-Lg,de-

nat,centr in the centrate and in respective inlet cβ-Lg,denat,inlet.  

�]G+ = 1 − D����, gyz��,{yz�w
D����,gyz��,�zUy�

    (5.3) 

Dry matter content of discharged sediments was determined using a microwave 
dryer with integrated weighing machine (CEM Smart Turbo 5, CEM, Kamp-Lintfort, 
Germany).  

5.2.9 Statistical analysis 

For the investigation of the aggregate suspension and the flocculation, three inde-
pendent repetitions were performed, each comprising at least a duplicate meas-
urement of each sample, if not otherwise stated. The presented data of separation 
experiments in the decanter centrifuge consists of at least two independent runs 
for each condition, with each sample being analyzed in duplicate. Thus, a four-fold 
determination was carried out. Data points shown in figures represent the mean 
values, while the error bars give the standard deviations. This calculation was done 
with Microsoft Excel (Microsoft Corporation, Redmond, USA). The 95% confidence 
intervals were calculated by use of Student's t-distribution. Data were evaluated 
and plotted using OriginPro 2020 (OriginLab Corporation, Northampton, USA). 

5.3 Results and discussion 

5.3.1 Initial β-Lg aggregate formation and suspension 

Subsequent to the heat treatment of the whey protein solution, particle size distri-
bution of particles formed was measured. Fig. 5-2 presents the median particle 
size distribution of β-Lg aggregates based on number q0(x) and volume fraction 
q3(x) of n = 36 aggregate suspensions. Regarding the q3 distribution, the main vol-
ume of particles clearly lies between 20 and 700 µm. The respective percentiles of 
the 10, 50 and 90% of smallest particles in a volume-based distribution were d10.3 

= 49.4 µm ± 3.6 µm, d50.3 = 114.4 µm ± 8.7 µm, and d90.3 = 320.5 µm ± 37.9 µm.  
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Fig. 5-2 Particle size distribution of heat-treated whey protein solution, with number-based 
q0(x) distribution marked with (■), and volume-based q3(x) distribution presented as (◊) of 
β-Lg aggregates. 

Only a small pre-peak between 3 and 20 µm was visible in q3 distribution. As larger 
aggregates take a higher volume, the small particles are inadequately represented 
in this volume-based distribution. The picture changes tremendously when looking 
at the number-based distribution q0(x). Only a small portion of particles is bigger 
than 100 µm, the vast majority is sized 3 to 10 µm. Exactly this size class, i.e., the 
particles below 20 µm, will be the target for pH-induced flocculation in this study. 
This type of bimodal particle population is well known for protein aggregate sus-
pensions (Byrne and Fitzpatrick, 2002). However, the particle size distribution data 
does not give insights in particle form, construction and structure, such as an im-
aging method. 

The analysis with SEM provided high resolution photographs of the β-Lg aggre-
gates. Fig. 5-3 correspondingly shows pictures from this analysis with 1,000- (a), 
4,000- (b), and 12,000-fold (c) magnification. Small primary aggregate units can be 
seen, which agglomerate in high numbers to finally build up one large aggregate. 
The primary aggregate units have a rounded, some of them even spherical ap-
pearance with sizes of up to 1 µm. The main portion of the aggregate units may 
connect to create a huge particle, forming the aggregate main body, as can be 
seen in Fig. 5-3b. These main aggregates may reach sizes of several hundred 
microns. At a closer look, also filigree particle chains are observed that branch from 
the main body (Fig. 5-3c). The branches appear to be the weak spot that may be 
subject to breakage at even low forces. In Fig. 5-3a, some fragments can be seen 
that have already went through disintegration. The results from size distributional 
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and SEM analysis show that most aggregates present sizes below 10 µm that 
comprise only low numbers of primary aggregates, such as 5 to 50 units. 

 
Fig. 5-3 SEM pictures of β-Lg aggregates with magnifications of factor (a) 1,000, (b) 4,000, 
and (c) 12,000. Included scale bars present the sizes of 10, 5, and 1 µm in the pictures, 
respectively. 

Two main sources of these small-sized particle fractions can be identified. On the 
one hand, numerous primary aggregates did not have the chance to attach to one 
of the kernels that became an main aggregate during heat treatment. As there is 
no more particle forming activity via disulfide bonding as soon as the temperature 
drops below 60 °C, it can be concluded that this process does not influence the 
particle size distribution any further in the subsequent process. On the other hand, 
previously attached aggregate units, are forced to dissociate from an adult aggre-
gate due to applied shear stresses such as stirring, pumping, and other fluid han-
dling operations (Heffernan et al., 2005). This progression of aggregate disintegra-
tion is inevitable with every handling step and leads to a continuous change in the 
particle size distribution (Péron et al., 2007). Coming back to the distribution pre-
sent in Fig. 5-2, it appears to be only a snapshot at a distinct point of time. The 
overall distribution, however, will trend towards a further increase of particles below 
20 µm upon processing.  

5.3.2 pH-induced flocculation of aggregate fragments below 20 µm in size 

The small aggregate fraction was isolated as described in section 5.2.3, properly 
resuspended in various pH values, and then investigated for particle size, particle 
surface charge, and settling velocity in an analytical centrifuge.  

The results for the volume-based factor d90,3 at pH values ranging from 3.0 to 9.0 
are presented in Fig. 5-4. In the pH 4.0 to 5.0 range, the values for d90,3 are dis-
tinctly higher than those at pH 3.0, as well as those at pH values higher than pH 
6.0. In the latter two ranges, nearly similar particle sizes around 1 µm were meas-
ured. The size of around 1 µm corresponds with the results from the SEM analysis 
to be single primary aggregates. The main peak in the q0(x) distribution that was 
found in particle size measurement straight after heat treatment, indeed showed 
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higher particle sizes of 3 to 20 µm. This means that the fragments further dissoci-
ated into their primary units during the isolation procedure. In contrast, the primary 
aggregates were found to be highly resistant to shear stress.  

 
Fig. 5-4 d90,3 values at different pH values in the range of pH 3.0 to 9.0 for the isolated 
small particles fraction. 

In the pH range between 4.0 to 5.0, however, the particle size measures d90,3 were 
determined to be significantly higher. Maximal sizes were reached at a pH value of 
4.6, with a d90,3 of 18.8 µm. As the pre-treatment for isolation was the same for all 
pH values, these particles are not assumed to be remaining particle fragments from 
heat treatment. They are supposed to be newly formed precipitates made of sev-
eral primary aggregates that originated from the specific environmental conditions 
set.  

Fig. 5-5 depicts the results of particle surface charge measurements at pH values 
from 3.0 to 8.0 of the isolated small particle size fractions. The IEP of the small 
β-Lg particles was determined at pH 4.5. At the IEP, the net surface charge is zero, 
which means that electrostatic repulsion of particles is at a minimum level. In turn, 
the attractive van-der-Waals forces dominate and result in association of particles. 
At pH values lower than the IEP, the functional groups of the amino acid side chains 
become protonated, resulting in positive particle surface charge. A respective 
deprotonation of the functional groups appears at pH values higher than the IEP, 
leading to a negative surface charge. The dispersions generally show higher sta-
bility with increasing absolute surface charge, and show a flocculation tendency at 
charges close to zero. In all cases, particle-particle interactions based on pH shifts, 
such as floc formation, are reversible processes.  
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Fig. 5-5 Particle surface charge of the isolated small particles fraction in the range of pH 
3.0 to 8.0. 

Values for IEP of native β-Lg reported in literature are not consistent, ranging from 
pH values between 4.6 and 5.2, depending on type of salts, ionic strength, and 
also traces of other proteins (Barnett and Bull, 1960). However, most works report 
an IEP at pH 5.1. The β-Lg aggregates herein measured have been exposed to 
heat treatment, which provokes conformational changes. Thereby, inner domains 
get exposed, which are not accessible in surface charge measurement on the na-
tive protein. Furthermore, the herein investigated aggregates consist of at least 
12% α-La, which used to have a lower IEP of approximately pH 4.2 (Lam and Nick-
erson, 2015), what also contributes to the lower IEP of the aggregates compared 
to native β-Lg.  

The study of Majhi et al. (2006) demonstrated that, however, a zero net charge of 
β-Lg is not the most important factor which leads to an electrostatically driven ag-
gregation of β-Lg. Instead, it is a high degree of asymmetry in electrostatic potential 
distribution. This means that the aggregation rate is highly increased in case dif-
ferently charged domains are randomly distributed on the outer shell. In concrete, 
Majhi et al. (2006) reported the highest aggregation rate at pH 4.6, below the IEP, 
where positive and negative potential domains were not of equal magnitude. As 
precipitation occurred with maximum intensity at the IEP, one may call this isoe-
lectric precipitation, which follows the rules of dominance of the attractive Van der 
Wales forces, described above.  
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Fig. 5-6 Clarification velocity of the small particles fraction in the range of pH 3.0 to 8.0, as 
determined by analytical centrifugation. 

By analytical centrifugation, the clarification velocity of the isolated small aggregate 
fraction was determined within the pH range of 3.0 to 8.0 (Fig. 5-6). These results 
indicate that only in the pH 4.0 to 5.0 range the transmission increase over time, 
which is equivalent to an increase in clarification of the supernatant. At a pH value 
of 3.0 and higher than 5.0, almost no increase in measured transmission was de-
tected after 50 min of centrifugation. Highest clarification velocity was seen at a pH 
value of 4.4, which is however not fully congruent with the maximum measured 
particle size of pH-induced flocs, which was found at pH 4.6. The slight discrepancy 
can be explained by the high complexity of the sedimentation process itself, which 
is not only related to particle size, but also to various other influencing factors, such 
as particle stability and particle shape.  

Fig. 5-7 depicts two transmission profiles of the small particle fraction measured at 
pH 4.4 and pH 7.0 to provide an impression of the primary analytical result regard-
ing sedimentation behavior as a function of pH. In the profiles at pH 4.4, a slow but 
steady increase of transmission along the sample length is visible. In the final pro-
file (green line at the top), a nearly complete clarification of the whole supernatant 
was achieved. The maximum clarity with a transmission of 86% was only detected 
on the top of the supernatant. This specific profile can be assigned to a polydis-
perse suspension, where distinct particle classes sediment one after another (Ler-
che and Sobisch, 2014). This indicates that there are weak attractive forces be-
tween the particles, which would enable a separation of all particles.  
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Fig. 5-7 Transmission profiles of small particle fraction at pH 4.4 (left) and pH 7.0 (right). 
Both suspensions contain a dry matter content 2.5%. 

The profile plot of the small particle fraction at pH 7.0 clearly demonstrates a two-
step sedimentation. Within the first three minutes, a clear and fast-moving sedi-
mentation front can be observed, which are related to the largest particles present 
in the suspension, whereas, thereafter, almost no further progress in sedimentation 
occurs. This very slow progress in particle settling is characteristic for zone sedi-
mentation, with sedimentation velocity of the whole zone being lower than Stokes 
velocity would facilitate (Lerche and Sobisch, 2014). Usually, zone sedimentation 
occurs at high particle volume fractions and conditions favoring sedimentation hin-
drance effects. The measured particle charge at pH 7.0 was indeed shown to be 
repulsive, and keeps the fraction of fines away from settling.  

In summary, the investigation of pH-induced flocculation of aggregate fragments 
below 20 µm in size, showed the largest particle size at pH 4.6, a zero net charge 
at pH 4.5, and highest clarification velocity at pH 4.4. In the next section, these 
findings are transferred to a continuous decanter centrifuge system using pH 4.4 
to represent the flocculated suspension. The pH 4.4 had the best results in the 
analytical centrifuge, which as an analysis technique has better comparability to 
decanter centrifugation than the other characterization methods used in this study.  
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5.3.3 Separation of flocculated and original β-Lg aggregate suspension in a 

decanter centrifuge 

After determination of optimal conditions for pH-induced flocculation of the isolated 
small aggregate fraction, the question was whether the benefits of this sedimenta-
tion enhancing effect are also applicable in decanter separation of the original β-Lg 
aggregate suspension. The aim was to prove that pH-induced flocculation leads to 
better separation results compared with non-treated suspension. The separation 
of aggregate suspension was performed at pH 4.4 and at the original pH of 7.0. 
Additionally, two different inlet dry matter levels of 0.5% and 2.0% were investi-
gated with the two pH values, respectively. For evaluation of the separation pro-
cess, the separation efficiency of the centrates and the dry substance of the sedi-
ments were determined.  

The separation efficiency was determined by quantification of remaining denatured 
β-Lg in the collected centrates. For all inlet suspensions investigated, the separa-
tion efficiencies were enhanced with increasing centrifugal acceleration (Fig. 5-8). 
The highest separation efficiencies were obtained for the inlet suspension adjusted 
to a pH of 4.4, reaching more than 99.8% of complete aggregate removal. The pH-
induced particle size growth of the small aggregate fraction enabled the separation 
of particles, which would otherwise had been too small for sedimentation under 
given conditions. Slightly better results were obtained at the lower inlet dry sub-
stance concentration, which can be ascribed to lower particle hindrance effects 
during sedimentation. Separation results of the inlets at pH 7.0 were generally be-
low the separation result of the respective pH-induced flocculated suspension. 
Also, standard deviations of the inlets at pH 7.0 presented higher values, which is 
an indication of varying quantities of the small aggregate fraction. However, it is 
noticeable that the suspension at pH 7.0 and 0.5% dry matter shows a steep im-
provement in separation efficiency, when increasing the centrifugal acceleration. 
Thus, industrial-scale decanter centrifuges capable of delivering higher g-levels 
could possibly reach sedimentation efficiencies close to the maximum even without 
pH adjustment. HPLC analysis furthermore revealed that there was a slightly in-
creased loss of native α-La in the centrate with pH adjustment to 4.4, which re-
duced total recovery of α-La by 2 to 5%. This is most likely attributed to higher 
destabilization of α-La at lower pH values (Pedersen et al., 2006).  
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Fig. 5-8 Separation efficiencies of centrates received from decanter separation of β-Lg 
aggregate suspension at pH 4.4 and pH 7.0 with suspension dry matter levels of 0.5% and 
2.5% as a function of centrifugal force. (●) represents suspension with pH 7.0 and 2.5% 
dry matter content, (▲) suspension with pH 4.4 with 2.5% dry matter content, (○) suspen-
sion with pH 7.0 and dry matter content 0.5%, (Δ) suspension with pH 4.4 and dry matter 
content 0.5%. 

Simultaneously to sampling of the centrate, specimens of the sediment were taken 
and analyzed. Fig. 5-9 shows the values for dry substance content of received 
sediments under given settings. With higher centrifugal accelerations, the dry sub-
stance content in the discharged sediments also increased. Generally, it is recom-
mended to strive for high dry matter contents in the sediment, because the remain-
ing liquid portion filling the void volume of the sediment contain soluble proteins, 
and their loss will minimize the total recovery of native α-La fraction in the centrate. 
For β-Lg aggregates, the highest content of dry substance achieved was 60%, 
which is a comparably high value. Especially for biological sediments, a non-ne-
glectable amount of humidity is bound water, which can be categorized as intersti-
tial water, vicinal water, and hydrational water (Christensen et al., 2015).  
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Fig. 5-9 Sediment dry matter received from decanter separation of β-Lg aggregate sus-
pension at pH 4.4 and pH 7.0, as well as with suspension dry matter levels of 0.5% and 
2.5% as a function of centrifugal force. (●) represents suspension with pH 7.0 and 2.5% 
dry matter content, (▲) suspension with pH 4.4 with 2.5% dry matter content, (○) suspen-
sion with pH 7.0 and dry matter content 0.5%, (Δ) suspension with pH 4.4 and dry matter 
content 0.5%. 

A high dry substance content requires a proper dewatering of the sediment. The 
two main principles of sediment dewatering comprise compression of the sediment 
due to its self-weight, and the drainage of liquid, which occurs when the sediment 
is transported along the conical part of the bowl (Wakeman, 2007). Pictures from 
SEM analysis of the β-Lg aggregates that were discharged as sediment are pre-
sented in Fig. 5-10. The interstitial water may be located in formed voids inside or 
at the outer shell of the aggregate itself. Looking at the shape of the aggregates, a 
clear flattening through compression of initially spherical shaped primary aggre-
gate units is visible. Additionally, no more filigree structures, such as thin branches 
were found, as they most likely were broken by shear forces. Besides the optical 
deformation of the aggregates, their suitability for applications as microparticulate 
to fortify functional food is not impaired.  
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Fig. 5-10 SEM pictures of β-Lg aggregates from discharged sediment with magnifications 
factor of (a) 1,000, (b) 4,000, and (c) 12,000. Scale bars indicate sizes of 10, 5, and 1 µm, 
respectively. 

5.4 Conclusion 

The presented approach results in a microparticulated β-Lg fraction obtained as 
sediment from centrifugal separation with high dry substance content, and a high 
purity liquid phase containing native α-La and traces of other minor whey proteins. 
It was shown that yield and purity of fractions can be optimized by adjusting the pH 
of the particle suspension produced by thermal aggregation of native β-Lg.  

This study demonstrated that a pH adjustment step could increase the separation 
efficiency by up to 2.5%, reaching a value of 99.8% separation efficiency in total. 
The pH-induced flocculation especially affected small particle fragments, which 
otherwise would have been lost in the supernatant thus reducing purity of the sol-
uble fractions contained in the aqueous phase. At industrial scale, where the sus-
pension might be subjected to even harsher processing with higher shear load and 
thus increased particle fragmentation, the flocculation might show even higher sep-
aration improvements. Regarding the sediment fraction obtained, the influence of 
used suspension inlet dry matter was significantly higher than any effect of pH-
adjustment on sediment dry matter. 

In industrial production, these two phases may require further processing steps for 
preparing potential applications. For the sedimented β-Lg fraction, a subsequent 
milling or high-pressure homogenization step can be used to adjust the particle 
size to a narrow mono-modal distribution between 0.1 and 2.0 µm, which is deter-
mined to best mimic the sensory impression of creaminess (Desai and Nolting, 
1995; Singer and Dunn, 1990). The particles are then sufficiently small to be used 
as microparticulated whey proteins with functional benefits, e.g., increased water-
binding capacity and slowing down of melting of ice cream outside the freezer 
(Spiegel, 1999b).  

The liquid phase could subsequently be spray-dried. This would yield a high purity 
α-La powder, which could be an interesting source to increase the content of this 
protein in infant food formula as part of concepts of amending bovine-derived prod-
ucts to the golden standard of human mothers’ milk. If a complete absence of β-Lg 
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is required, e.g., for hypoallergenic food products, the obtained centrate from de-
canter may be additionally purified by IEC to remove the low content of unaggre-
gated β-Lg. So far, the limiting factor using exclusively IEC for removal of β-Lg, is 
the high concentration of β-Lg of nearly 60% in the native whey. Thus, the process 
herein presented for elimination of at least 94% of β-Lg in a whey protein solution 
might be a reasonable pre-treatment step for removing β-Lg prior to IEC to avoid 
overcharging of the limited binding capacity of the IEC columns. 
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6 Molecular analytical assessment of thermally precipitated 

α-Lactalbumin after resolubilization 

Summary and contribution of the doctoral candidate 

This study reports on the analytical characterization of resolubilized α-La received 
from selective thermal precipitation and centrifugal separation. The aim was to 
compare the processed and resolubilized α-La to its native counterpart as a refer-
ence in order to assess whether the resolubilized α-La can be considered close to 
`native´. Refolding pH values ranging from 6.0 to 10.0 were investigated and as-
sessed for significance of the result. Turbidity measurement and quantification by 
RP-HPLC of the resolubilized α-La solutions were used as a measure of solubility 
in aqueous environment. Best results were seen at pH values from 8.0 to 10.0, with 
a resolubilization degree higher than 91%. Differential scanning calorimetry (DSC) 
measurement was performed to determine the denaturation peak temperature of 
resolubilized α-La. The best match was achieved at a refolding pH of 8.0. However, 
the difference in the peak denaturation temperature of all refolded batches com-
pared to the native reference was proven to be significant. RP-HPLC was also 
applied to determine the elution time as a measure for protein´s hydrophobicity. All 
refolded samples represented a higher hydrophobicity compared to native state. A 
Fourier-transform infrared (FTIR) spectroscopy provided further insights in the sec-
ondary structure. For none of the refolded samples, the identical conformation from 
the native state was entirely restored. All refolded batches comprised a lower 
amount of β-turns and unordered structure, whereas the relative amount of α-heli-
ces and β-sheets increased. These changes could originate from intensified inter-
molecular interactions due to increased hydrophobicity upon unfolding, which 
might have resulted in intermolecular β-sheets, and potentially in the formation of 
α-La dimers.  

Among the different investigated refolding batches, the use of pH 8.0 and a three-
fold stoichiometric amount of calcium showed the highest resemblance to the na-
tive reference. The results indicate that the mechanism of precipitation induced by 
thermal treatment under acidic conditions with subsequent mechanical separation 
is reversible to a certain extent, however, the exact native conformation was not 
restored. With this fractionation approach, the high yield and good separation effi-
ciency is achieved at the expense of a minor restructuring of α-La. Nevertheless, 
both main fractions, α-La and β-Lg, can be received in a soluble state and are 
obtained in a still functional state from nutritional and technological perspective. 

The substantial contributions of the doctoral candidate include conception and de-
sign of the experiments based on preceding critical literature review, as well as the 
writing and the revision of the majority of the manuscript. The doctoral candidate 
carried out major parts of the data analysis, interpreted the data set, and discussed 
it.  
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Abstract  

Selective thermal precipitation followed by a mechanical separation step is a well 
described method for fractionation of the main whey proteins, α-La and β-Lg. By 
choosing appropriate environmental conditions the thermal precipitation of either 
α-La or β-Lg can be induced. Whereas β-Lg irreversibly aggregates, the precipi-
tated α-La can be resolubilized by a subsequent adjustment of the solution’s pH 
and the ionic composition. This study reports on the analytical characterization of 
resolubilized α-La compared to its native counterpart as a reference in order to 
assess whether the resolubilized α-La can be considered close to `native´. Turbid-
ity and quantification by RP-HPLC of the resolubilized α-La solutions were used as 
a measure of solubility in aqueous environment. RP-HPLC was also applied to 
determine the elution time as a measure for protein´s hydrophobicity. DSC meas-
urement was performed to determine the denaturation peak temperature of resolu-
bilized α-La. FTIR spectroscopy provided insights in the secondary structure. The 
refolding of α-La achieved best results using pH 8.0 and a 3-fold stoichiometric 
amount of Ca2+ per α-La molecule. The results showed that the mechanism of ag-
gregation induced by gentle thermal treatment under acidic conditions with subse-
quent mechanical separation is reversible to a certain extent, however, the exact 
native conformation was not restored. 

Keywords: α-Lactalbumin, refolding, resolubilization, whey protein, thermal dena-
turation, native, FTIR, DSC 
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6.1 Introduction 

Whey is a source of protein with excellent techno-functional properties and bioac-
tive peptides. The key components, β-Lg and α-La, make up for approximately 50% 
and 20% of the whey protein content, respectively. Due to their individual functional 
or physiological properties, the isolation in pure fraction is of increasing interest. 
Since several years, the development of cost-efficient separation methods of the 
individual whey protein fractions has evolved as an important driver for innovation 
in dairy industry and food research. A common concomitant of traditional dairy pro-
cessing is the partial loss of native conformation caused by thermal, mechanical or 
chemical stresses on the protein (Muuronen et al., 2021). 

α-La incorporates specific physiological and medical functionalities and a nutri-
tional value that makes it an interesting candidate for the use as food additive or 
as a part of therapeutic concepts. Bovine α-La’s richness in tryptophan and its sim-
ilarity to the human α-La makes it an ideal source for infant food formulations, al-
lowing further adaption to the golden standard, mother’s milk (Lien et al., 2004; 
Chatterton et al., 2006). Of special interest is its property to carry different minerals, 
such as Mg2+, Mn2+, Na+, K+, and of course Ca2+, which is natively bound in the 
holo-state (Permyakov, 2020). α-La is reported to enhance the regeneration of 
cells (Heine et al., 1991), to possess antimicrobial properties against a broad spec-
trum of bacteria, including anti-biotic resistant strains (Expósito and Recio, 2006; 
Stănciuc and Râpeanu, 2010), and to have antitumor properties in a complex with 
oleic acid (Delgado et al., 2015b; Hoque et al., 2015). 

Generally, there are two ways for the separation of the whey protein main com-
ponents that are based on selective aggregation of one of the fractions. An aggre-
gation of β-Lg can be initiated by a short heat treatment at high temperatures, 
which is irreversible due to the covalent disulfide bridge formation. The alternative 
is to selectively precipitate α-La under acidic conditions, which are not affecting 
β-Lg. In both cases the aggregated fraction can easily be separated either by MF 
or by centrifugation in order to obtain the native other fractions in the supernatant 
or permeate, respectively. The difference between these concepts is that in the 
second route, the aggregated α-La can be resolubilized, as shown by Toro-Sierra 
et al. (2013), and both fractions were finally be assumed to be obtained in their 
native soluble states. 

In any case, it should be priority to keep the nativity of the proteins at a maximum 
throughout the processing. Primarily, the bioactivity and anti-inflammatory or im-
munomodulating properties are substantially dependent on the native state of the 
whey proteins (Patel, 2015; Pérez-Cano et al., 2007; Prussick et al., 2013). From 
a nutritional perspective, it is reported that whey proteins in their native states pro-
mote gastro-intestinal tolerance and maturation of infants (Navis et al., 2020a; 
Navis et al., 2020b). Furthermore, Abbring et al. (2019a; 2019b) showed that native 
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whey protein has a lower allergenicity than the processed, i.e., heat-treated, equiv-
alent. Additionally, any further processing will benefit from using standardized raw 
material with defined properties rather than a coincidental product with fluctuating 
characteristics. 

In this study, the method of acidic precipitation of α-La with gentle heat treatment 
and subsequent separation from soluble and native β-Lg was used. A previous 
study demonstrated that this process in combination with a separation by a de-
canter centrifuge provides high yields, easy scalability, and high purities of the ob-
tained fractions (Haller and Kulozik, 2020). With a comparably low heat load and a 
good stability at acidic pH values, the nativity of β-Lg remains virtually unaffected 
by this method as demonstrated by Kella and Kinsella (1988). 

Back in 1964, Kronman et al. reported on the release of the bound Ca2+-ion from 
α-La at an acidic pH, followed by its thermally induced aggregation. An additional 
calcium-complexing agent, such as EDTA (Bernal and Jelen, 1984), sodium hex-
ametaphosphate (Alomirah and Alli, 2004), lactic acid (Lucena et al., 2007), or cit-
rate (Bramaud et al., 1997b) prevents the re-transition to holo-state. In the calcium-
free apo-form, the hydrophobic parts of the α-La protein are easier accessible, 
which is further promoted by gentle heating up to 60 °C (Bonnaillie and Tomasula, 
2012). Under these conditions, α-La forms precipitates, most likely caused by a 
combination of hydrophobic and electrostatic interactions (Pedersen et al., 2006). 
The formed precipitates enable a size-based separation either by MF (Gésan-
Guiziou et al., 1999; Toro-Sierra et al., 2013) or centrifugation (Fernández et al., 
2012; Lucena et al., 2006; Haller and Kulozik, 2020). 

Already in the early stages of research in this field, the possibility to resolubilize the 
α-La precipitate by increasing the pH plus the addition of calcium was reported 
(Bramaud et al., 1997a; Kronman et al., 1981). In fact, several studies proved that 
α-La is able to refold from a thermally unfolded apo-state to a native holo-confor-
mation (Bernal and Jelen, 1984; Permyakov, 2020; Stănciuc and Râpeanu, 2010). 
However, all of these studies have been performed under ideal and protected la-
boratory conditions, excluding any additional mechanical stress. It is highly ques-
tionable if the results of these isolated folding studies are transferable to industrial-
like whey protein processing. 

A definite proof is still lacking, whether α-La returns to the same globular folded 
state after the acidic precipitation and mechanical separation compared to the na-
tive holo-state. Therefore, the aim of this study was to characterize the molecular 
state of α-La after selective precipitation, separation and subsequent resolubiliza-
tion. Turbidity by means of optical density and quantification by RP-HPLC were 
used as a measure for dissociation of precipitates upon basification. DSC was used 
to determine the denaturation peak temperature of refolded α-La and to compare 
its thermal stability with its native reference. The Amid I band was analyzed by 
FTIR, which allows quantification of certain secondary structure motifs such as 
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α-helix, β-sheet, and β-turns (Kong and Yu, 2007). The aim was to answer the 
question whether or to which extent the original ‘nativity’ of α-La ‒ after having 
been exposed to thermal, chemical and mechanical stress ‒ can be re-established. 

6.2 Materials and methods 

6.2.1 Materials 

WPI from Davisco (Le Seur, MN, USA) was used as raw material to produce the 
α-La precipitate suspension. This WPI has a protein content of 94.2% per dry mat-
ter. Trisodium citrate dihydrate and citric acid monohydrate were purchased from 
Bernd Kraft GmbH (Duisburg, Germany). HCl, NaOH, CaCl2 and EtOH were pur-
chased from Sigma Aldrich (Steinheim, Germany). Analytical grade TFA and ace-
tonitrile for HPLC analysis were purchased from Sigma Aldrich (Steinheim, Ger-
many). DIW was used for solution preparation and analytical methods. For the 
HPLC methods Milli-Q (Merck KGaA, Darmstadt, Germany) purified water was 
used. 

6.2.2 α-La precipitation, separation, and refolding procedure 

WPI powder was dissolved in DIW to a final protein concentration of 150 g L-1 and 
was gently stirred using a three-blade agitator at 350 rpm (Heidolph Elektro GmbH 
& Co. KG, Schwabach, Germany). Total mixing time was 12 h at a temperature of 
4 °C. The pH value of the protein solution was adjusted to pH 3.4 using trisodium 
citrate and citric acid. A final citrate content of 60 g L-1 was achieved. The beaker 
glass with the protein solution was placed in a water bath, while it was gently mixed 
by a magnetic stirrer. Upon reaching the solution target temperature of 50 °C, the 
temperature was kept at 50 ± 1 °C for 120 min, followed by a fast cooling phase in 
ice water to stop precipitation process. The suspension was transferred to 50 mL 
tubes and centrifuged at 6,000 g for 30 min (Multifuge 1 S-R, Heraeus Holding 
GmbH, Hanau, Germany) to separate precipitates from β-Lg enriched supernatant. 
In a previous study, it was shown that a considerable amount of native β-Lg re-
mains in the sediment phase (Haller and Kulozik, 2020). Two washing steps of the 
sediment using DIW with adjusted pH to 3.4 using 0.1 M HCl were performed to 
remove β-Lg residues from the sediment. The washing procedure resulted in a 
sediment consisting of more than 99% α-La, based on RP-HPLC analysis. For the 
refolding, the sediment was diluted in a ratio of 1:5 in DIW and mixed for 30 min on 
a magnetic stirrer at 150 rpm. The pH was increased with 0.5 M and 0.1 M NaOH 
to adjust the pH value to the respective target value between pH 6.0 and 10.0. 
Subsequently, CaCl2 was added to a final stochiometric ratio of three ionic calcium 
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ions per α-La molecule. The solution was stirred for another 30 min at room tem-
perature and target pH was confirmed once more, before HPLC, FTIR and DSC 
measurements were performed. 

6.2.3 Determination of resolubilization degree 

After refolding of the α-La samples at different pH values and CaCl2 addition, the 
optical density at 550 nm (OD550) as a measure of turbidity was determined by a 
spectrophotometer (Ultrospec III, Pharmacia AG, Uppsala, Sweden) as described 
in (O'Loughlin et al., 2015). Cuvettes with a path length of 1 cm were used. DIW 
served as reference. 

The quantification as well as determination of the degree of resolubilization of α-La 
was performed by RP-HPLC analysis as described by in (Haller and Kulozik, 2020). 
For calculation of resolubilization degree (RD) (6.1), it was required to prepare one 
sample that was clarified from insoluble protein by a pH 4.6 isoelectric precipitation 
and centrifugation (cα-La,soluble), and another one that was left untreated and in orig-
inal composition (cα-La,total). Both samples were pre-diluted with DIW, followed by 
dissolving 200 µL of properly homogenized sample in 800 µL of a 6 N guanidine 
buffer. The incubation time was at least 30 min. Afterwards samples were trans-
ferred to screw-capped glass vials and measured by RP-HPLC (Agilent 1100 Se-
ries chromatograph, Agilent Technologies, Waldbronn, Germany, equipped with 
Agilent Zorbax 300SB-C18, 4.6 × 150 mm, 5 µm). 

<q =  D����,S�Uv�Uy 
D����,����U

∙ 100%     (6.1) 

6.2.4 Production of native α-La as analytical standard 

The reference standard for native α-La was manufactured in-house using the same 
starting material as for the precipitate production. The method of selective thermal 
aggregation of β-Lg was used as described in (Haller et al., 2021). In brief, a WPI 
solution with 2.5% protein content, pH of 7.5 and 0.5 g L-1 CaCl2 was heated at 
97 °C for 9 s. Upon β-Lg aggregation, pH was adjusted to 4.6 for isoelectric pre-
cipitation of denatured proteins and higher separation efficiency in centrifugal sep-
aration. The α-La-enriched supernatant was separated from the sediment contain-
ing denatured protein by a decanter centrifuge (MD 80, Lemitec, Berlin, Germany) 
at 4,000 g and a throughput of 10 L h-1. Subsequently, the pH was adjusted to 8.0 
in order to increase α-La stability. A 10 kDa cassette membrane filter cut-off was 
used for a 5-fold concentration of the solution and subsequent DF steps using DIW 
to remove lactose and salts. The α-La standard was determined to have a nativity 
of 97%, containing 89% α-La, based on RP-HPLC analysis. 
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6.2.5 Characterization of elution time by RP-HPLC analysis 

Using a standardized and highly reproducible RP-HPLC analysis method for one 
specific protein allows to use the retention time as a measure for the proteins’ rel-
ative hydrophobicity. 

The resolubilized α-La samples were diluted to a protein concentration of approxi-
mately 1%. The pH value was adjusted to 4.6 and the samples were filtered through 
a 0.45 µm syringe filter into a glass vial, before being analyzed be RP-HPLC. An 
Agilent 1100 chromatograph with a PLRP-S 8 µ 300 Å 150 × 4.6 mm column 
(Latek, Eppelheim, Germany) was used. Eluent A (1% TFA in water) and a gradient 
of eluent B (80% acetonitrile and 0.055% TFA in water) were used at a flow rate of 
1 mL min-1 at 40 °C. The eluent was detected using an UV detector at 226 nm. 

In the resulting chromatograms, the time point when the peak maximum of each 
α-La sample was reached was defined as the elution time. The elution times of the 
different α-La batches, which were resolubilized at different pH values between 6.5 
and 9.5, were compared. 

6.2.6 Determination of denaturation temperature by DSC 

Unfolding temperature of the α-La samples was determined by DSC including the 
Refrigerated Cooling System (Q1000, TA Instruments, Alzenau, Germany). An 
amount of 20 µg of the refolded α-La solutions with an approximate protein content 
of 5% (w w-1) were used as sample, while DIW was used as reference. For each 
measurement, one sample and a reference were given in aluminum pans and 
crimped with a lid, respectively. They were placed on the respective platforms in 
the measurement cell, which are equipped with heat flow sensors. The cell was 
closed, evacuated and the temperature was controlled as defined in the recipe. 
The first step was an equilibration at 10 °C for 5 min, followed by heating rate of 
3 °C min-1 to 85 °C, which was held for 1 min. The final step was to ramp down to 
10 °C with 10 °C min-1. Conformational changes such as unfolding of the protein 
result in a deviating heat flow of the sample compared to the reference. Obtained 
data were evaluated by OriginPro 2020 to determine the heat flow peak maximum, 
which was defined as denaturation temperature of the sample. 

6.2.7 Analysis of the secondary structure by FTIR 

α-La secondary structure and success of refolding were analyzed by FTIR spec-
troscopy (Tensor 27, Bruker Optik GmbH, Ettlingen, Germany) equipped with an 
attenuated total reflectance (ATR) crystal. Before each measurement, the crystal 
was cleaned with DIW and 70% EtOH, and a background measurement with air 
was performed. Then, 5 µL of the sample was applied on the crystal and dried 
under regulated conditions (gaseous N2 overflow at flow rate of 100 mL min-1 for 
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10 min). Each measurement comprised 60 scans and each sample was applied 
and measured 5 times. The scans recorded the spectrum between 400 and 
4,000 cm−1 with a nominal instrument resolution of 2 cm−1. 

Data evaluation was performed with the software OPUS 7.2.139.1294 (Bruker 
Optik GmbH, Ettlingen, Germany). Data preparation covered the following steps: 
The spectra were cut between 1,600 and 1,700 cm−1, which represents the so-
called Amid I band that reflects protein secondary structures. Elastic baseline cor-
rection using 64 points was applied. Spectra were normalized by Min.-/Max.-
method and afterwards second derivation of spectra were calculated. All obtained 
minima in second-derivative spectra indicate an inflection point in the original ab-
sorbance spectra, meaning each minimum represents a peak position at a certain 
wavenumber. A median spectrum was calculated from all appropriate spectra. Fi-
nally, Lorenz-deconvolution with noise reduction of 0.55 and band shape 2 was 
applied. The Levenberg-Marquardt-Algorithm was used to calculate peak areas at 
the positions, previously determined by the second derivative. The integrated ar-
eas of each peak were related to secondary structural motives as described in 
(Carbonaro and Nucara, 2010). 

6.2.8 Data evaluation and statistics 

Presented data points are the mean values with standard deviations. The number 
of replications n is given in the respective figure description. Data were evaluated 
and plotted using OriginPro 2020 (OriginLab Corporation, Northampton, MA, USA). 
The t-test was applied to compare significance of difference between the reference 
and the refolded α-La samples at a confidence level of 95%. The Student’s t-test 
was used when the assumptions of normality and homogeneity of variances was 
fulfilled. In case of violation of the assumption of normality, Welch’s t-test was used. 
Statistical significance was declared at p < 0.05. Pairwise comparison between 
different refolding pH values was performed using one-way ANOVA and Tukey’s 
test as post-hoc test. 

6.3 Results and discussion 

6.3.1 Solubilization of α-La precipitates 

As a scale of precipitate dissociation of the α-La refolding batches, the OD550 and 
the RD determined by RP-HPLC quantification were measured after pH adjustment 
and CaCl2 addition. Resolubilized α-La samples in the pH range of 6.0 to 10.0 in 
steps of 0.5 pH-units were investigated. The results of OD550 are shown in 
Fig. 6-1a, the results of RD determination are presented in Fig. 6-1b. 
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Fig. 6-1 (a) OD550 as measure for turbidity of the precipitated and washed α-La and of 
resolubilized α-La samples after pH adjustment and CaCl2 addition. Data are given as 
mean ± SD, n = 3. * Significantly different than precipitated α-La (p < 0.05). (b) RD of the 
precipitated and washed α-La and of resolubilized α-La samples after pH adjustment and 
CaCl2 addition. Data are given as mean ± SD, n = 2. * Significantly different than precipi-
tated α-La (p < 0.05). 

All samples with pH values in the acidic range showed high turbidity, which indi-
cates a predominance of precipitates instead of single protein molecules. A re-
markable jump in turbidity decrease was observed between pH 7.5 and pH of 8.0. 
With a further increase of the pH value the nominal OD550 was reduced slightly 
further. Based on pairwise statistical comparison, the refolding pH values 8.5 to 
10.0 did not significantly differ from each other. However, the turbidity is only an 
indicator, but not a direct measurement of the extent nor of the quality of α-La’s 
refolding. Additionally, the RD was determined based on RP-HPLC quantification 
of insoluble and soluble α-La (Fig. 6-1b). In the precipitated and washed α-La only 
3.5% of the α-La was soluble. With a pH increase to pH 6.0 only a slight improve-
ment of solubility to 8.9% was observed, though not being significantly different 
from the precipitated references. The biggest step in resolubilization was obtained 
between pH 6.5 and pH 7.0. The RD of the samples refolded at pH 8.0 to 10.0 lay 
between 91.9 to 93.2% and were not significantly different from each other. 

Generally, the RD results support the OD550 measurements from a qualitative per-
spective. The RD results may suggest a more extensive resolubilization at a lower 
pH value. However, this shift may also be related to the sample preparation method 
that includes dilution. Both methods are in good accordance with results from liter-
ature. For example, Bramaud et al. (1997b) also reported an effective resolubiliza-
tion of α-La starts at pH 8.0. 

As described in the introduction, the α-La precipitates are mainly stabilized by hy-
drophobic interactions. The alkaline pH decreases the hydrophobic interactions, 
while the importance of the electrostatic forces increases and lead to repulsion of 
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the molecules (Lam and Nickerson, 2015; Wang et al., 2020). It is required to sin-
gularize the α-La molecules to make the calcium-binding site accessible for the 
subsequently added calcium. 

In other experiments, the amount of added calcium was varied between 1 to 10-
fold stoichiometric amount in respect to the number of α-La molecules. However, 
results indicated that the calcium concentration was not the main influencing factor 
in resolubilization. The results with 1 to 2 times calcium showed slightly inferior 
resolubilization results compared to the higher concentrations. The results with 3 
to 10-fold calcium concentration were equal within a 95% confidential interval. The 
results are in agreement with literature, stating that addition of excess CaCl2 only 
affects the transition temperature but does not change the protein substructures 
involved in the refolding (Zhong et al., 1999). 

6.3.2 Investigation of thermal stability 

The denaturation temperature was determined by DSC and provides information 
about the proteins’ thermal stability, which strongly correlates with the tertiary struc-
ture of the protein. An identical or similar denaturation temperature suggests that 
two proteins follow a similar road map in unfolding and that the same binding types, 
such as thiol bridges and hydrogen bonds, are accessible and dissociate at the 
same threshold temperature. The peak denaturation temperature of native cal-
cium-bound α-La was determined at 64.2 °C, which is indicated by the dashed line 
across the diagram in Fig. 6-2. The peak denaturation temperature of the native 
standard is in good accordance with values from literature (Boye and Alli, 2000; 
McGuffey et al., 2005). 

 
Fig. 6-2 Peak denaturation temperatures of α-La samples that were refolded at pH values 
between 6.0 and 10.0 in comparison with untreated native reference α-La (left), deter-
mined by DSC analysis. Data are given as mean ± SD, n = 2. All refolded batches were 
significantly different from native α-La (p < 0.05). 
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The refolded α-La samples showed peak denaturation temperatures between 62.5 
and 65.3 °C. The samples being refolded at pH 6.0, 7.0, and 7.5 showed a dena-
turation temperature of more than 1 °C below the one of the native reference. Other 
refolded batches, such as pH 6.5, 8.5, and 9.5, demonstrated higher denaturation 
peak temperatures than the reference. The best match in denaturation peak tem-
perature was achieved at a re-folding pH of 8.0 with a peak temperature of 64.3 °C. 
However, the difference in peak temperature of all refolded batches compared to 
the native reference was proven to be significant (p < 0.05). This is a first indication 
that the structural conformation of the refolded batches differs from the native state. 

The samples with pH values from 8.5 to 10.0 had relatively high standard devia-
tions. One possible explanation is the presence of partially irreversibly denatured 
α-La or of protein fragments that might occur as a consequence of mechanical 
separation forces. Another reason could be that the refolded α-La samples may 
contain several different conformations in one sample. Time-resolved IR studies 
suggest that the thermally unfolded apo-α-La likely initially transitions to a molten 
globule state, followed by either parallel or sequential folding pathways to resume 
the native holo-α-La state (Hsu et al., 2021). Though, a correct refolding to native 
state remains a challenging task, especially, when the protein was kept in a ther-
mally unfolded state for a longer time and was further exposed to mechanical 
stress through stirring and centrifugation. Literature data indicate that the binding 
of Ca2+ to the calcium-binding site of α-La initiates a folding nucleus at the interface 
between the α- and β-domain, which appears to be a crucial step to trigger the 
correct re-organization of the native structure (Bushmarina et al., 2006). The two 
domains are held together by the disulfide bridges between Cys73 and Cys91 and 
between Cys61 and Cys77. The total of four disulfide bonds are considered crucial 
for the stability of α-La, even when transitioned to apo-form. The disulfide bridges 
in α-La can resist temperatures higher than 90 °C, when α-La is heated alone or 
no reactive sulfhydryl groups are present, such as β-Lg exposes at temperature 
above 60 °C (Calvo et al., 1993; Chang and Li, 2002). Therefore, it is very likely 
that the four disulfide bonds remained intact throughout the processing. 

With the peak denaturation temperature all being higher than 62 °C, it is expected 
that the refolded α-La samples have a Ca+ bound. The apo-form is described to 
unfold already at temperatures as low as low as 10 to 30 °C (Permyakov, 2020). 
Though, the results fail to clearly indicate whether the native calcium-binding site 
is restored or not.  
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6.3.3 Investigation of hydrophobicity 

The RP-HPLC separates proteins according to their surface hydrophobicity, i.e., 
the hydrophobic stationary phase has a stronger affinity for hydrophobic com-
pounds, which is the reason why more hydrophilic molecules are eluted first. With 
the increasing acetonitrile gradient, the hydrophobic interactions between the sta-
tionary phase and the molecule are gradually reduced, and thus hydrophobic mol-
ecules elute at a later point of time. This separation principle was used to investi-
gate if the refolded α-La samples show differences in hydrophobicity, which would 
relate to a deviation in the tertiary structure. Fig. 6-3 shows that the elution time of 
the native reference α-La was 8.37 min. The α-La samples being refolded at a pH 
of 6.5 and 7.0 had a distinct later elution time, which means that these refolded 
samples have a higher hydrophobicity compared to the native reference. The clos-
est match in elution time compared to the native reference is achieved with the 
sample that was refolded at pH 8.0 with a time of 8.38 min. 

Statistical analysis resulted in a significant difference in elution time of all refolded 
samples compared to the native reference. 

 
Fig. 6-3 Elution times in RP-HPLC analysis of native reference and refolded α-La samples 
at different pH values. Data are given as mean ± SD, n = 2. All refolded batches were 
significantly different from native α-La (p < 0.05). 

Globular proteins locate most of their hydrophobic amino acid residues in the inner 
core (Rose et al., 1985), and so does α-La (Vanhooren et al., 2005). With the pre-
cipitation procedure used in this study, the α-La releases its calcium ion and un-
folds to a certain extent, thus exposing the inner hydrophobic parts (Stănciuc et al., 
2013). All refolded batches of α-La had a later elution time, implying a higher sur-
face hydrophobicity. These results indicate that there are still inner hydrophobic 
residues exposed that are usually not accessible. 
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6.3.4 Analysis of secondary structure 

FTIR spectrometry is an established method to determine a structural ‘fingerprint’ 
of a protein by providing insights in its secondary structure. The second-derivative 
spectra of native α-La sample was used to determine the approximate position and 
number of peaks in the Amid I band. Each of these peaks can be assigned to cer-
tain secondary structure motive of proteins. The assignment of structural motifs 
was performed based on results of Carbonaro and Nucara (2010) and is listed in 
Tab. 6-1. 

Tab. 6-1 Assignment of secondary structural motifs to the peak positions obtained from 
FTIR spectrum analysis.  

Peak position [cm-1] Secondary structure 

1693 β-sheet 

1680 β-turn 

1666 α-helix 

1658 α-helix 

1650 α-helix 

1643 unordered 

1632 α-helix 

1620 β-sheet 

1612 β-sheet 

 

In Fig. 6-4, the Amid I band spectrum of native α-La is compared to the spectra of 
the samples that were refolded at different pH values. The spectrum of the pH 7.0 
refolded batch shows distinct differences, especially in the region of 1,700 to 
1,680 cm−1, as well as 1,620 to 1,600 cm−1, which are assigned to β-sheet and 
β-turn structures (Tab. 6-1). Such an extensive formation of β-structures is charac-
teristic for protein aggregation (Goers et al., 2002). This supports the assumption 
that a resolubilization pH of 7.0 is not sufficient to induce a proper dissociation of 
the α-La molecules from precipitated state, which is supported by the results from 
Fig. 6-1. The spectra of samples refolded at pH 8.0 to 10.0 show a certain resem-
blance to the spectrum of the native α-La, at least from a qualitatively perspective. 
Nevertheless, the peak heights still show discrepancies to the native reference. 
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Fig. 6-4 FTIR spectrum of the Amid I band of native α-La is compared to the batches that 
were resolubilized at pH values between 7.0 and 10.0. 

A Gaussian fitting was performed with the spectra from Fig. 6-4 considering that 
nine peaks were determined previously. The relative area under each of the 
Gaussian curves was calculated and assigned to a respective secondary structural 
motive, as listed in Tab. 6-1. Fig. 6-5 shows the relative amounts of β-turns, α-hel-
ices, β-sheets, and unordered structure for the refolded batches as well as for the 
native reference. 

 
Fig. 6-5 The relative amounts of secondary structural motives calculated based on FTIR 
curve areas displayed for the refolded batches and the native α-La sample. Data are given 
as mean, n = 2. All refolded batches were significantly different from native α-La (p < 0.05). 
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The distribution of the structural elements clearly shows that for none of the re-
folded samples, the identical conformation from the native state was entirely re-
stored. Statistical analysis proved that the difference to the native reference was 
significant. All refolded batches comprise a lower amount of β-turns and unordered 
structure, whereas the relative amount of α-helices and β-sheets had increased. 

Boye et al. (1997) investigated FTIR spectra of α-La samples at different pH values 
that were heated and subsequently cooled. At both, acid and alkaline pH, the 
cooled samples showed a loss of β-turns compared to native reference. Further-
more, they reported on an increased β-sheet formation in the samples heated and 
cooled under acidic conditions. This was attributed to intensified intermolecular in-
teractions due to increased hydrophobicity upon unfolding, which finally resulted in 
the formation of intermolecular β-sheets. It was suggested that this formation of 
intermolecular β-sheets may indicate a (irreversible) denaturation of the protein or 
the formation of α-La dimers. Other studies suggest that non-native β-sheet for-
mation may transiently appear, especially, when the refolding is slow (Troullier et 
al., 2000). In fact, the refolding to the native apo-structure in absence of calcium 
was reported to be slower than when calcium is present (Veprintsev et al., 1997). 
As described in the materials section, the calcium was added after the pH adjust-
ment, which might affect the ability to refold properly. 

Intermolecular interactions are likely the reason why a complete restoration of the 
native state was not achieved. Kuhlman et al. (1997) demonstrated that the native 
C-helix is crucial for formation of the calcium-binding site and promotes a proper 
connection of the two domains of α-La. In case the C-helix is sterically hindered, 
e.g., by intermolecular crosslinks, the normal connection of the α- and β-domain 
would be impaired. The resulting cleft would result in inner hydrophobic amino ac-
ids still being exposed to some extent, which is supported by the previously pre-
sented elution time results. 

Generally, refolding to the native conformation from a thermally unfolded state re-
quires a correct formation of the β-sheets domain, the calcium binding site and the 
numerous loop and turn structures, as well as the restoration of a stable tertiary 
structure. Major changes in the environment, however, which could be caused by 
different pH values, temperature or solvent conditions, can affect the folding of the 
β-sheet domain and the structure of the loops in the molten globule (Dobson et al., 
1998). Furthermore, apo-α-La is not only more susceptible to thermal treatment, 
but also to hydrostatic and mechanic stress compared to its holo-form (Haller and 

Kulozik, 2020; Hosseini‐Nia et al., 2002). It is likely that the applied conditions, 
such as heating to 50 °C for several hours and the mechanical stress through stir-
ring and centrifugation are the root cause for the deviating conformation after re-
folding. 
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6.4 Conclusion 

The aim of this study was to determine to which extent the original and native 
structure of α-La — after having been exposed to chemical, thermal, and mechan-
ical stress — can be re-established at alkaline pH and calcium addition. The overall 
outcome was that under none of the investigated refolding conditions, the exact 
native structure was fully restored. Among the different investigated refolding 
batches, the use of pH of 8.0 and a three-fold stoichiometric amount of calcium 
showed the highest resemblance to the native reference. Under these resolubili-
zation conditions, the denaturation temperature was only 0.1 °C higher compared 
to the native α-La, although the resemblance was not statistically significant. In the 
analysis of RP-HPLC elution time, the pH 8.0-refolded α-La was also closest to the 
native α-La by a difference of less than 1 s. Even though the absolute shift in elution 
time seems to be comparably low, the difference was significant different from the 
native reference. A comparison of the full Amid I band spectra of native and resolu-
bilized samples suggests an overall resemblance of the peak profile, but some 
respective secondary motifs have distinctly changed by the precipitation and re-
solubilization procedures. In conclusion, all analytical methods confirmed that, 
within a confidence interval of 95%, the native structure of α-La was not completely 
re-established by the presented resolubilization method. However, the degree of 
deviation across all analytical methods applied was not very large. 

Generally, a refolding of thermally unfolded apo-α-La to a native holo-state appears 
to be possible, as it was demonstrated by various studies previously. However, 
these studies investigated the refolding process under isolated lab conditions, with-
out any further stress on the proteins. In contrast to those works, this study exam-
ined the applicability of the refolding potential under real life conditions, i.e., in a 
technologically relevant environment. Although the four disulfide bridges seem to 
stay intact and although it appears as if the structurally decisive calcium ion be-
tween two domains of the native α-La was in fact re-integrated, the precipitation 
method obviously has remaining effects on the conformation of the refolded α-La 
samples. Overall, our results demonstrate that characteristic structural motifs were 
reorganized sustainably as a result of chemical, thermal and mechanical treatment 
of the protein. Therefore, the resolubilization results could be termed ‘restructuring’ 
rather than renaturation. 

We see the main application field of the restructured α-La in functional and/or for-
tified foods, such as α-La-enriched infant formula. For this type of application, the 
key property is the amino acid composition, which is generally not affected by the 
procedure used in this study. If and to which extent the ability of cation binding was 
impaired should be verified in further experiments. The results of the denaturation 
temperature determined by DSC is, however, a strong indicator that the re-integra-
tion of the calcium into the protein´s structure has taken place. 
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The applied precipitation conditions were chosen based on previous studies, as-
cribing highest precipitation yield and best separation results to this method. In this 
case, the high yield and good separation efficiency is achieved at the expense of 
a minor restructuring of α-La. Given that this separation concept does not only yield 
β-Lg unaffected by the processing conditions applied, but also α-La in a soluble 
state, there is no loss in the whey protein main components, i.e., no low value side 
stream is produced. This way, the main whey proteins α-La and β-Lg can both be 
obtained in a still functional state both from a nutritional and technological perspec-
tive. 
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7 Overall Discussion and Conclusion 

The constantly rising demand for pure and native fractions of the major whey pro-
teins α-La and β-Lg necessitates an efficient, commercial production process. In 
this thesis, an innovative two-step separation process for whey protein fractiona-
tion was described. The first step comprises a selective thermal aggregation of 
either α-La or β-Lg, while the other fractions’ nativity and solubility are not affected 
by the applied conditions. In the second step, the generated protein particles are 
separated by continuous centrifugal separation using a decanter type centrifuge. 

As each of the four published articles comprised in this thesis elucidates a certain 
topic, this chapter aims to critically review all key findings, explain the overall con-
nections, and discuss the results on a higher level. Firstly, the assessment of the 
particle characteristics is related to the underlying intermolecular binding mecha-
nisms, and it is explained how these structural properties of the protein particles 
influence the behavior during settling, compression, and discharge of the sediment. 
With that information, a suitable decanter type for the respective sediments, con-
sisting of α-La precipitates or β-Lg aggregates, was determined. In the next step, 
the herein achieved separation results are related to other established separation 
processes, and further possibilities for process optimization and scale-up are dis-
cussed. Lastly, recommendations are provided when to apply the α-La precipitation 
route and on what occasion the β-Lg aggregation route should be preferred. 

7.1 Assessment of precipitation and aggregation results 

Overall Discussion and Conclusions 

The assessment of the protein particle properties played a central role in this the-
sis. While the α-La precipitates were found to be soft and irregularly shaped particle 
agglomerates, the β-Lg aggregates appeared to be rigid, stable, and elongated. In 
the following, it shall be further elucidated why the α-La precipitates and β-Lg ag-
gregates had these specific properties, and how these characteristics affected the 
centrifugal separation.  
 

The α-La precipitates 

Generally, it is assumed that the underlying intermolecular binding mechanism pre-
determines the structure and shape of protein particles. Taking a closer look at the 
α-La precipitates, their connection seemed to be unstable and was shown to rely 
on attractive forces without any covalent interactions. The precipitate instability was 
also described by Bonnaillie and Tomasula (2012), reporting on a dramatic drop in 
particle size, when changing from a static size measurement under a microscope 
to a dynamic measurement in an AccuSizer. Furthermore, their results are congru-
ent regarding the high amount of bound water (around 80% w w-1) in the α-La pre-
cipitate fraction. This indicates that the particles are swollen and just loosely 
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packed. Indeed, α-La is reported to have a high water-sorption capacity, especially 
in the apo-state, as it was the case in this study (Rantamäki et al., 2000). Actually, 
the liquid content held in the precipitates was even high enough to allow for en-
trapment of native β-Lg. Along the heating time, however, a reduction of the en-
closed β-Lg was observed (Fig. 4-2). Also, several other authors described the 
precipitation of α-La as a lasting process of rearrangement within the particles, 
often referred to as maturation or ageing (Bonnaillie and Tomasula, 2012; Heffer-
nan et al., 2005; Toro-Sierra et al., 2013). It is known that the precipitation of pro-
teins is controlled to a large extent by the charge on the particles: high charge will 
result in regular aggregation, whereas low charge – such as being close to the IEP 
of a protein – give rise to more disordered aggregation (Lin et al., 1989). Thus, the 
low surface charge of apo-α-La at an acidic pH, is supposed to stimulate an irreg-
ular agglomeration of the α-La molecules. The underlying binding mechanism un-
der the acidic conditions with sequestered calcium, is a combination of hydropho-
bic and electrostatic interactions, which are both easily reversible and allow for 
rearrangement of intermolecular bonds. During maturation, the precipitates are 
continuously striving for a more stable state through rearrangement and are thus 
displacing water molecules and native proteins such as β-Lg having low surface 
hydrophobicity. 

Even if the precipitation is predominantly regulated by the balance between elec-
trostatic repulsive and van der Waals attractive forces, the possibility of involve-
ments of other intermolecular forces cannot be excluded. At high α-La precipitate 
contents, it was suggested that the pseudoplastic flow behavior could result from 
a steric entanglement of the α-helices of the apo-α-La molecules. Studies demon-
strate that such interactions are possible, when the protein is partially unfolded, as 
it is the case in the apo-form (Dissanayake et al., 2013b; Hu et al., 2013). However, 
suspensions of such randomly coiled molecules are prone to irreversible damage 
of the native protein structure induced by shear. This could be one of the root 
causes why a complete restoration of α-La’s native state upon resolubilization was 
not achieved.  
 

The β-Lg aggregates 

In this work, the β-Lg aggregates were analyzed by SEM providing high resolution 
pictures of the microstructure. It can be clearly seen that the aggregate itself con-
sists of interconnected ellipsoidal or sometimes even spherical primary aggregates 
as subunits (Fig. 5-3). Schmitt et al. (2007) and Zuniga et al. (2010) reported the 
primary aggregate structure to be worm-like to ellipsoidal with sizes in the nm-
range when heating WPI or pure β-Lg, respectively, at a neutral pH. Other studies 
suggested that the primary particles are rather globular in shape and that the size 
of these spheres is insensitive to environmental conditions while heating (Aymard 
et al., 1996; Gimel et al., 1994). Tanger et al. (2021) suspect the shear stress to 
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be the decisive factor of the aggregate shape. However, as the shapes of the 
herein received primary aggregate units is quite heterogeneous, it is not possible 
to draw a conclusion on the main influencing factors on the final form. Disregarding 
shape, it is widely accepted that heat-induced aggregation of β-Lg at neutral pH is 
a two-step process, consisting of the formation of these primary globular aggre-
gates, and the subsequent connection of the globules forming aggregate strands 
(Ikeda, 2003). Recent studies provide deeper insights in the formation of these 
primary subunits. It was shown that upon heating, β-Lg is able to build cross-β-
sheets, i.e., intermolecular β-sheet assemblies, assembling to fibril-like structures 
(Carrotta et al., 2001; Krebs et al., 2007). Cross-β-sheets are typically found when 
proteins with high β-sheet content are heated away from their IEP. In the case of 
β-Lg, fibril formation used the be mainly reported in the context of fine-stranded 
gels, produced through extensive heating at low ionic strength and well below its 
IEP (Lefevre and Subirade, 2000). However, further analyses proved that β-Lg 
builds amyloid-like β-sheet stretches that arrange in densely packed spherical par-
ticles even at neutral pH (Krebs et al., 2009). These spheres are connected to each 
other and result in the pearl necklace-like microstructure, which was also observed 
in this thesis. The fibrils formed at neutral pH are reported to be a bit thicker, longer 
and more flexible than at other pH values (Langton and Hermansson, 1992). The 
results of Hamada et al. (2009) indicate that fibrils formed by the A, G, H and I 
β-strands are able to promote amyloid formation, with the A strand having a spe-
cifically high amyloidogenicity. This is explained by its natural hydrophobic charac-
ter and its flexibility. The G, H and I strands are initially hindered by the presence 
of stabilizing disulfide bridges. However, as soon as the thiol-disulfide exchange 
reaction starts, they become accessible and promote amyloid formation. The pro-
vocative statement of Hamada et al. (2009) that their “results indicate that the pres-
ence of disulfide bonds represents a design principle that is […] promoting folding 
rather than aggregation” still requires further investigation. At any case, dozens of 
studies proved that intermolecular disulfide bridges are formed above 70 °C (Hoff-
mann and van Mil, 1997; McSwiney et al., 1994b). Additionally, it is known that the 
gel hardness is significantly improved, when β-Lg is heated together with α-La, 
which is transferrable to an improved aggregate stability as well (Matsudomi et al., 
1992). In conclusion, the cross-β-sheets are likely the main driver for the fibrils that 
assemble to densely packed globular shaped primary aggregates. The final 
strength and stability of the interconnected globules is further enhanced by the 
intermolecular disulfide bridges, which are known to be one of the strongest bond-
ing types.  

Taking a more macroscopic look at the herein produced aggregates, it rather 
seems to be an agglomerate of numerous of these globule chains, which finally 
result in streamline formed, elongated particle with a few branches. The elongated 
overall form of the β-Lg aggregates presumably originates from the tubular heat 
exchanger at high flow rates. At heating in static set-ups, the aggregates do not 
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show such an elongation (Ikeda and Morris, 2002; Langton and Hermansson, 
1992). It is, however, remarkable that the β-Lg aggregates are extremely large 
having a d50,3 above 100 µm. Other studies reported particle sizes of 20 to 300 nm 
(Hussain et al., 2012; Nicorescu et al., 2008; Ryan et al., 2012;). In addition to the 
basic influencing factors, like temperature, heat holding time, protein and CaCl2 
concentration, the substantial effect of the presence of shear during aggregation 
should not be neglected. Erabit et al. (2014) provided evidence that the collision 
rate between aggregates bigger than 1 μm is significantly increased, when shear 
stress comparable to a heat exchanger is applied, resulting in larger median ag-
gregate sizes compared to static heating conditions. That said, the choice of a tub-
ular heat exchanger for pilot to industrial scale is actually superior to static heating 
approaches, which are often the tool of choice at lab-scale process development.  

7.2 Evaluation of separation results  

Subsequent to the selective precipitation of either α-La or β-Lg, the separability by 
decanter centrifuges was investigated. In general, the sedimentation and dis-
charge of the α-La-enriched sediment with the counter-current decanter was far 
more challenging than of the β-Lg aggregates. 
 

The α-La precipitates 

For α-La precipitate separation in the decanter, it was required to use the highest 
available weir plate to avoid sediment drying during the discharge, which was 
shown to be associated with a tremendous increase in adhesiveness. The overall 
separation results for the α-La precipitates, however, were poor (3.3.5). The max-
imum dry matter content that was reached did not exceed 25% (w w-1) under best 
found conditions. In comparison, with the co-currently working decanter, a dry mat-
ter content of more than 30% (w w-1) was reached.  

Not only the sediment recovery was enhanced, also the clarification of the super-
natant was highly improved. While the counter-current decanter could achieve a 
maximum clarification of 71%, the co-current model was able to achieve a separa-
tion efficiency of 99.7% in the initial separation step. Unfortunately, different deter-
mination methods for the quantification of the centrate purity were used, which 
does not allow a quantitative comparison. Nevertheless, as the centrate from the 
co-current decanter was shown to be practically free of α-La and was visually fully 
transparent, it can be concluded that the separation in this decanter type was 
clearly superior to the counter-current model.  

In the PCA (Fig. 4-8), the temperature was shown to be one of the main influencing 
factors on the separation efficiency. On the one hand, the elevated temperature 
led to an improved clarification of the centrate by reducing the viscosity of the liquid 
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phase during settling. On the other hand, the discharged sediment showed a sig-
nificantly higher dry matter content, which is presumably related to intensified hy-
drophobic interactions within the α-La precipitates resulting in a higher level of wa-
ter displacement combined with stronger intermolecular connection. It is assumed 
that an elevated process temperature could also positively influence the separation 
of α-La precipitates using a decanter centrifuge instead.  

The level of g-force is the driving force for particle settling, however, it also plays a 
dominant role in the sediment compression, which is crucial for dewatering of the 
sediment. As demonstrated, the liquid phase enclosed in the sediment does still 
include soluble proteins. Therefore, the purity of the sediment fraction rises with an 
increasing sediment dryness. Bonnaillie and Tomasula (2012) used a benchtop 
centrifuge at 2,000 g acceleration, which was able to settle 99% of the α-La pre-
cipitates. However, it was reported that the sediment fraction still contained 42% 
of other soluble proteins, which is a clear sign of insufficient dewatering. In com-
parison, only 13% other soluble proteins were measured in the sediment at 6,500 g 
using the co-current decanter. Using an acceleration of 10,000 g increased the 
sediment dry matter content even further. However, as the higher g-force level did 
not improve the centrate clarity any further, it was decided from an economical 
point of view to keep the lower acceleration for the subsequent experiments. There-
fore, it can be expected that the results for purity and yield for the α-La sediment 
fraction still have capability for improvement at higher g-forces.  

Based on the findings and correlations described above, a schematic illustration of 
the α-La precipitates is shown in Fig. 7-1. Under static conditions and during (gen-
tle) sedimentation, the swollen apo-α-La accumulate because of hydrophobic in-
teractions and incorporate numerous water molecules into the precipitates. During 
compression, i.e., when settling is completed and the applied centrifugal force 
leads to compaction of the sediment, the α-La molecules are merged, leading to 
intermolecular entanglement. Thus, a portion of the water molecules are displaced, 
allowing for an increase of sediment dry matter. However, a significant amount of 
water remains in the precipitates, which is attributed to the slightly unfolded con-
formation that provides a large surface area for hydrational water. Occasionally, 
breakages and irreversible deformations of molecules may appear through high 
shear forces, such as the sediment transportation by the scroll.  
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Fig. 7-1 Schematic illustration of α-La precipitates during sedimentation (left) and while 
compressive forces apply (right). The small light blue spheres represent water molecules.  

Nevertheless, the separation process using the co-current decanter showed high 
stability and reliability, whereas the runs with the counter-current decanter were 
inconsistent and associated with unexpected discharge irregularities. Conse-
quently, the co-current decanter can be termed the better choice for α-La precipi-
tates separation.  

When comparing the separation results of the co-current decanter to results 
achieved with TFF reported by Toro-Sierra et al. (2013), the centrifugal approach 
is superior in terms of final purities of the individual protein fractions. The centrifugal 
separation resulted in a 99.4% α-La and 99.7% β-Lg purity, while TFF yielded pu-
rities of 91.3% and 97.2%, respectively. In terms of overall process yield, both ap-
proaches lie in a similar range. The co-current decanter recovered 75.2% α-La and 
83.5% β-Lg, whereas TFF yielded 60.7% to 80.4% of α-La and 80.2% to 97.3% of 
β-Lg.  
 

The β-Lg aggregates 

The decanter separation of the aggregates was unproblematic, even at low 
g-forces. This is mainly attributed to the extraordinary size of the vast majority of 
the produced β-Lg aggregates. However, it was shown that also the β-Lg aggre-
gates are prone to fragmentation due to mechanical stress. Because of the low 
size of the fragments, the clarification of the centrate in the decanter centrifuge was 
impaired. Adjusting the pH to pH 4.4 prior to the sedimentation, induced a floccu-
lation of the fines, such as dissociated particle fragments, thus improving the clar-
ification of the centrate. With that strategy a separation efficiency of more than 99% 
was realized. However, as mentioned before, only denatured β-Lg can be sepa-
rated, the native and soluble portion will remain in the α-La enriched centrate.  
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Another positive side effect of the pH adjustment to 4.4 at low inlet dry matter, was 
a distinct increase in the dry matter content in the discharged sediment compared 
to a separation performed at pH 7.0. A potential explanation for this is that the 
intermolecular association, i.e., the flocculation, via ionic mechanisms acts strongly 
dehydrating and was thus reducing the bound water in the sediment (Kuntz and 
Kauzmann, 1974). However, the predominant influencing factor on improving the 
sediment dry matter is the reduction of the inlet dry matter content. The reason is 
that a lower inlet dry matter content enables a faster completion of the settling, 
because of minimized hindrance effects. Furthermore, the overall residence time 
in the centrifuge is prolonged because the sediment build-up is slower compared 
to suspensions with higher inlet dry matter. With that, the particles spend more time 
in the compression phase and a higher dewatering through steadily progressing 
compaction is achieved.  

Summarizing the findings in Fig. 7-2, the β-Lg aggregates consist of interconnected 
primary globules, which build a streamline shaped aggregate. The primary glob-
ules are densely packed, likely through cross-β-sheets. This is not only the reason 
for the high aggregate stability, but also for the generally low water content in the 
separated aggregates. The highest achieved sediment dry matter content was 
60%, which is an indication that a distinct portion of water in the aggregates is not 
removable by centrifugation. It is assumed that some interstitial water is enclosed 
inside the particle during aggregation, which cannot be removed by compression. 
Additionally, some hydrational and vicinal water on the aggregate surface will likely 
remain.  

 
Fig. 7-2 Schematic illustration of β-Lg aggregates during sedimentation (left) and while 
compressive forces apply (right). The small light blue spheres represent water molecules. 

Generally, the heat-induced selective aggregation of β-Lg already predetermines 
the maximum achievable purity of the α-La enriched supernatant. A longer heating 
time, or respectively a higher temperature, will allow for a higher degree of β-Lg 
aggregation, which in turn reduces the amount of remaining soluble β-Lg in the 
supernatant. However, the increased purity of the α-La fraction will always be on 
the expense of the final α-La yield. This is because under the applied conditions 
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α-La is not resistant to denaturation, its reaction rate is just slower than the one of 
β-Lg. Tolkach (2008) performed a similar thermal selective denaturation of β-Lg 
with subsequent separation of the aggregates by TFF. He used harsher heating 
conditions and achieved a nearly complete denaturation of β-Lg. This was, how-
ever, on the expense of more than 26% of native α-La. In this thesis (chapter 5), 
only 95% of β-Lg was denatured, along with only 16% α-La loss. Focusing on the 
aggregate separation, a total of 8 DF steps were used to have a satisfactory yield 
of native α-La in the permeate (Tolkach, 2008). In comparison to that, it required 
only one single pass through the decanter to obtain a similar separation effect. 
Therefore, the decanter centrifuge appears to be clearly superior in terms of eco-
nomics and efficiency.  

7.3 Critical assessment of the overall process design 

This chapter focuses on a high-level assessment of the process described in this 
thesis. The future relevance of this study shall be discussed in the context of an-
other recently published innovative approach. Furthermore, consideration on po-
tential influences on the process are made regarding the choice of starting material. 
Lastly, recommendations are given when to choose which of the two routes, and 
an outlook on scalability is provided. 
  

Future relevance of this work 

One of the main drivers for this thesis was the idea to establish a process that 
yields β-Lg-free dairy products. The reason is that β-Lg is considered one of the 
main initiators of cow’s milk allergy (Järvinen et al., 2001; Selo et al., 1999). Com-
monly, the removal of β-Lg from whey and milk is accomplished by means of sep-
aration technology. However, recently an interesting new approach was published, 
that takes a completely different path to pursue the goal of β-Lg-free milk. That 
approach is based on the genetic modification of cow’s DNA to produce β-Lg-free 
milk. This can be realized by knockdown of the alleles, which are coding for β-Lg 
production. Jabed et al. (2012) used microRNA for the knockdown and proved for 
the first time that β-Lg can be reduced from milk by transgenic methods. Shortly 
after, Sun et al. (2018) generated a β-Lg bi-allelic knockout cow by zinc-finger nu-
clease mRNA and produced a completely β-Lg-free milk. According to the authors 
there were no mutations at off-target sites and the β-Lg allele knockdown was 
transmitted through the germline. However, as promising as this technology may 
sound in the first moment, a bunch of drawbacks and concerns persists. The stud-
ies reported on increased rates of abortion, as well as health problems and abnor-
malities of the transgenic calves, which is a major ethical concern. Additionally, 
mutated farm animals will likely be considered genetically modified organisms 
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(GMOs) by regulatory authorities in many countries, which would inhibit the poten-
tial spread of this technology. Even if the regulatory authorities give permission, 
the customer’s acceptance is highly questionable. Consumers do have concerns 
regarding biological safety with “lab-derived” foods, as can be seen for example 
with the low acceptance of cultured meat (Bryant and Barnett, 2020). That said, it 
appears improbable that β-Lg-free milk of genetically modified cows is an appro-
priate alternative to established separation methods of traditional milk.  
 

Choice of starting material 

Starting from milk, a row of purification steps delivers whey protein in different lev-
els of purities. In this study, WPI was chosen, which is the purest source of whey 
protein available on the market. Certainly, the high purity protein solutions are the 
best-case scenario because any interferences with impurities during the aggrega-
tion are minimized that way.  

Chapter 4.3 compared the separation of α-La precipitates using WPC80 and WPI 
as starting material side by side. The precipitation progress was observed to be 
slower in the WPC80, and it appeared that the equilibrium was not necessarily 
reached after 180 min. The root cause is probably a deceleration of the precipita-
tion rate because of interference with lactose and fat from the WPC. The slightly 
inferior precipitation results are transferrable to the centrifugation results as well. 
When applying the same conditions (6% inlet dry matter, 6,500 g centrifugal accel-
eration, 50 °C suspension temperature), the suspension made of WPI reached a 
separation efficiency of the centrate of more than 99%, while the WPC80 suspen-
sion was at 95%. The discharged sediment dry matter was 30% for WPI compared 
to 27% for WPC80.  

These slightly inferior results through the use of WPC instead of WPI, are likely 
relevant for the β-Lg aggregation route as well. For example, other authors re-
ported on a significantly lower gel strength, when using WPC80 instead of WPI 
under similar heat treatment conditions as used in this study (Jiang et al., 2018). 
In addition, gels with WPI were clearly more elastic than WPC gels, which could 
provide a higher stability during the centrifugal separation and the discharge pro-
cess (Lorenzen and Schrader, 2006). The superior gelation and aggregation prop-
erties of WPI relative to WPC are mainly due to the low amount of lipids and lac-
tose, as well as the high initial protein nativity, and the higher β-Lg/α-La ratio (Ra-
mos et al., 2012). Therefore, the choice of starting material appears to be critical, 
as the particle properties are the crucial factors of the centrifugal separation. How-
ever, the “upcycling” from WPC to WPI is a common process in dairy industry and 
can easily achieved by UFDF.  

 

 
 



7 Overall Discussion and Conclusion 

128 
 

Scale-up possibilities 

Last but not least, an important criterion in the development of the herein proposed 
separation process, was a good scalability to facilitate commercial production. Re-
garding scale-up of decanter processes, Ambler’s Σ-theory is widely used. The 
Σ-value is an index of centrifuge size, which represents the calculated equivalent 
area of a settling tank with the same separation capacity. When scaling from a 
smaller to a larger decanter, the throughput is amended proportionally to the 
Σ-value. However, the higher throughput, i.e., the higher flow rate that transfers the 
suspension into the decanter, could negatively affect the integrity of particles, spe-
cifically in flocculated suspensions. A shear induced break-up of particles may oc-
cur in large scale separations, caused by harsher shear conditions in the feed zone 
and/or turbulence in the settling zone, which were not present in the small-scale 
decanter. This requires a previous determination of the shear sensitivity of the par-
ticles (Rumpus, 1997). Generally, the Σ-theory allows the comparison of centri-
fuges which are geometrically similar, with that limiting the scale-up considerations 
solely to sedimentation performance. However, for a successful separation pro-
cess in a decanter, also other factors need to be taken into account. One of the 
most important is the conveying and discharge of the solids once they are sedi-
mented, which is specifically important for compressible sediments, like the α-La 
precipitates. Therefore, a profound characterization of the sediment’s compressi-
bility, flowabilty, and conveyabilty appears to be an obligatory additional task. In 
this case, CFD and DEM usually show a better predictability, because their algo-
rithm also implies information on particle properties from experimental characteri-
zations.  

Concerning the separation of α-La precipitate, a larger co-current decanter might 
potentially not even be required, when treating a larger volume of suspension. A 
comparably slower throughput relative to the total treated volume in the centrifuge, 
would extend the stay of the suspension in a heated tank. As described above, the 
α-La precipitates mature with longer heating time, which is beneficial for the particle 
properties. Therefore, a linear increase of throughput appears not to be mandatory 
with larger processed α-La precipitates volumes.  
 

Comparison of the two process routes 

Comparing the two proposed processing routes in this thesis, the precipitation of 
α-La on the one hand, and the selective aggregation of β-Lg on the other hand, 
both have their strengths and potential fields of application.  

Looking at the β-Lg aggregation route, the majority of β-Lg is aggregated and can 
be separated with centrifugation. However, depending on the applied heating con-
ditions, a portion of soluble and native β-Lg remains in the α-La-enriched superna-
tant. Depending on the targeted purity of the α-La fraction, an additional polishing 
step with, e.g., chromatography, would be required. With that, α-La can be received 
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in a pure and native form. The β-Lg aggregates, however, are irreversibly dena-
tured with no possibility to bring them back to a native state. Nevertheless, in food 
industry, there are multiple fields of application, where whey protein microparticu-
late is used. In case a reduction of the aggregate size is required, e.g., to mimic fat 
globules sized about 1 µm, a high-pressure homogenization could be used.  

Taking a closer look on the α-La precipitation route, it was possible to isolate a 
native β-Lg fraction with extraordinary high purity. A subsequent concentration and 
desalting may be required before spray drying. The α-La sediment possessed a 
high purity after the two washing steps. Unfortunately, it was not possible to re-
establish the exact native configuration upon resolubilization. However, it was 
shown that resolubilized α-La is still able to bind Ca2+, which is a crucial attribute, 
when it comes to calcium fortification of formulated dairy-based nutritional prod-
ucts, such as infant formula. Barone et al. (2020) showed that α-La isolated by 
means of selective precipitation can actually present a stronger ability to bind 
Ca2+ than α-La, which derives from other fractionation methods. It was, however, 
not investigated, if this observation also applies to the selectively precipitated α-La 
in this study. Another important attribute of α-La enriched infant formula is the de-
livery of higher Trp content compared to regular formula. The primary structure, 
i.e., the sequence of amino acids in α-La, remains untouched with the proposed 
processing process. This means that the α-La yielded with selective precipitation, 
does fulfil the targeted nutritive purpose. Solely, in cases where the exact native 
configuration is required, it is advisable to use α-La that is isolated via a different 
route. 
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8 Summary & Zusammenfassung 

8.1 Summary 

The global demand for whey protein and especially for their individual pure frac-
tions is constantly rising. Beside other reasons, the main drivers are an increasing 
health consciousness accompanied with higher consumption of performance and 
sports nutrition, as well as the exploration of new application fields, such as 
nutraceuticals, and medical usages. Over the last decades, several different sep-
aration processes have been proposed aiming at an efficient isolation of the indi-
vidual whey protein fractions. However, all of them are showing distinct deficien-
cies, either in terms of the final product purity, the overall yield or production costs, 
which is often related to a missing scalability of the process.  

An innovative process for separation of the major whey proteins, α-La and β-Lg, 
was developed, realizing good economics, as well as optimized yield and purities. 
The process basically consists of two production steps. The first one is a selective 
thermal aggregation of one of the major whey protein fractions, while the counter-
part remains native and soluble in the liquid phase. The second step is the sepa-
ration of the aggregated fraction from the liquid phase using a continuously working 
decanter centrifuge. For this separation process, two routes were explored. On the 
one hand the selective precipitation of α-La, on the other hand the selective thermal 
aggregation of β-Lg, both with subsequent separation by continuous centrifugation, 
respectively.  

For the precipitation of α-La, a calcium sequestrant at pH 3.4 was added to enable 
its transition into the apo-form, which is characterized by a distinctly lower unfolding 
temperature compared to its holo-state. A heat treatment at 50 °C was sufficient to 
induce a precipitation of the α-La molecules via hydrophobic interactions. The α-La 
precipitates were characterized as irregularly shaped, loosely bound particle ag-
glomerates with sizes around 12 µm. In settling experiments, it was demonstrated 
that α-La precipitates can benefit from sedimentation enhancing effects and ex-
ceed calculated Stokes velocity. Unfortunately, this phenomenon could not be re-
produced during centrifugation, because of the higher turbulences that affected the 
integrity of the precipitates. The separation in a classical counter-current decanter 
centrifuge worked unstably presenting some complications during sediment dis-
charge. The change to a co-current decanter model improved the separation re-
sults and the process stability significantly. Further improvement was achieved by 
increasing the process temperature to 50 °C. The clarification of the centrate was 
enhanced by reducing the viscosity of the liquid phase, and the discharged sedi-
ment showed a significantly higher dry matter content, which is presumably related 
to intensified hydrophobic interactions within the α-La precipitates. Sediment dry 
matter contents of more than 30% were achieved, while the centrate contained 
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99.7% pure and native β-Lg. As the α-La enriched sediment still contained residues 
of β-Lg, two steps of reslurry washing were performed. This resulted in a final α-La 
fraction with 99.4% purity.  

Following the centrifugal separation, the possibility to resolubilize α-La was inves-
tigated. Best folding results were found using pH 8.0 and a 3-fold stoichiometric 
amount of calcium per α-La molecule. The results showed that the mechanism of 
precipitation induced by gentle thermal treatment under acidic condition with sub-
sequent mechanical separation is reversible to a certain extent. However, the exact 
native conformation of α-La could not be re-established.  

The selective aggregation of β-Lg was performed at neutral pH with supplemented 
calcium in order to stabilize α-La during the heat treatment at 92 °C. This procedure 
led to a denaturation of 94% β-Lg, accompanied by a loss of 12% α-La. The ob-
tained β-Lg aggregates were rigid, had an elongated shape with few branches, and 
had a median size of 109 µm. SEM revealed that they consist out of multiple inter-
connected primary aggregate, which are roundly shaped with sizes around 1 µm.  

The decanter separation of the β-Lg aggregates was unproblematic at all times 
and even at low g-forces. The β-Lg aggregates were highly resistant to compres-
sive forces, which is attributed to the stabilization via disulfide bonds, and were 
discharged as a free-flowing powder with sediment dry matters up to 60%. How-
ever, the β-Lg aggregates were prone to fragmentation due to mechanical stress, 
which impaired the clarification of the centrate in the decanter centrifuge. Adjusting 
to pH 4.4 prior to the centrifugation, reduced the electrostatic repulsion, which led 
to a flocculation of these fragments by van-der-Waals forces. With this strategy a 
separation efficiency of more than 99% was realized.  

Both routes were proven to meet the requirement of being an industrial suitable 
process with remarkable purities and yields, and are thus, superior to most of the 
formerly proposed separation processes. The two established routes have their 
individual strengths and potential fields of application, respectively. The α-La pre-
cipitation route allowed an isolation of a native β-Lg fraction with extraordinary pu-
rity. Even if the α-La fraction was not received in native conformation, the resolu-
bilized α-La can still be used for calcium fortification and Try enrichment of formu-
lated dairy-based nutritional products. Looking at the β-Lg aggregation route, de-
pending on the applied heating conditions, a portion of soluble and native β-Lg can 
remain in the α-La-enriched supernatant. Depending on the targeted purity of the 
α-La fraction, an additional polishing step with, e.g., chromatography, would be 
required. With that, α-La can be received in a pure and native form. The β-Lg ag-
gregates are a highly valuable source for food applications. Upon further break 
down in the primary aggregates, e.g., by homogenisation, they would comprise the 
ideal size to use them as fat replacers. 
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8.2 Zusammenfassung 

Die weltweite Nachfrage an Molkenproteinen und insbesondere an deren reinen 
Fraktionen steigt stetig an. Haupttreiber sind neben anderen Gründen ein steigen-
des Gesundheitsbewusstsein bei gleichzeitigem höherem Konsum von Leistungs- 
und Sportnahrung sowie die Erforschung neuer Anwendungsfelder wie Nutraceuti-
cals und medizinischer Anwendungen. In den letzten Jahrzehnten wurden ver-
schiedene Trennverfahren vorgeschlagen, die auf eine effiziente Isolierung der 
einzelnen Molkenproteinfraktionen abzielen. Sie alle weisen jedoch deutliche De-
fizite auf, entweder in Bezug auf die finale Produktreinheit, die Gesamtausbeute 
oder die Produktionskosten, die oft mit einer fehlenden Skalierbarkeit des Prozes-
ses zusammenhängen. 

Ein innovatives Verfahren zur Trennung der Hauptmolkenproteine α-La und β-Lg 
wurde entwickelt, das eine gute Wirtschaftlichkeit sowie eine optimierte Ausbeute 
und Reinheit ermöglicht. Der Prozess besteht im Wesentlichen aus zwei Produkti-
onsschritten. Der Erste ist eine selektive thermische Aggregation einer der Haupt-
molkenproteinfraktionen, während die Andere in der flüssigen Phase nativ und lös-
lich bleibt. Der zweite Schritt ist die Trennung der aggregierten Fraktion von der 
flüssigen Phase mittels einer kontinuierlich arbeitenden Dekanterzentrifuge. Für 
diesen Trennprozess wurden zwei Prozesswege untersucht. Zum einen die selek-
tive Fällung von α-La, zum anderen die selektive thermische Aggregation von β-Lg, 
beide mit anschließender Separation durch kontinuierliche Zentrifugation. 

Für die Präzipitation von α-La wurde ein Kalziumkomplexbildner bei pH 3,4 zuge-
geben, um den Übergang in die Apo-Form zu ermöglichen, die sich durch eine 
deutlich niedrigere Auffaltungstemperatur im Vergleich zum Holo-Zustand aus-
zeichnet. Eine Wärmebehandlung bei 50 °C reichte aus, um eine Fällung der α-La-
Moleküle durch hydrophobe Wechselwirkungen zu induzieren. Die α-La-Präzipi-
tate wurden als unregelmäßig geformte, lose miteinander verbundene Agglome-
rate von Partikeln mit Größen um 12 μm charakterisiert. 

In Absetzversuchen wurde gezeigt, dass α-La-Präzipitate von sedimentationsver-
stärkenden Effekten profitieren und dadurch die berechnete Stokes-Geschwindig-
keit überschreiten können. Leider konnte dieses Phänomen während der Zentrifu-
gation nicht reproduziert werden, da die höheren Turbulenzen die Integrität der 
Präzipitate beeinträchtigten. Der Trennvorgang in einer klassischen Gegenstrom-
Dekanterzentrifuge lief instabil mit einigen Schwierigkeiten beim Sedimentaustrag. 
Der Wechsel zu einem Gleichstrom-Dekanter-Modell verbesserte die Trennergeb-
nisse und die Prozessstabilität deutlich. Eine weitere Verbesserung wurde durch 
die Erhöhung der Prozesstemperatur auf 50 °C erzielt. Die Klärung des Zentrats 
wurde durch die Verringerung der Viskosität der flüssigen Phase erhöht, und das 
ausgetragene Sediment zeigte einen signifikant höheren Trockenmassegehalt, 
was vermutlich mit verstärkten hydrophoben Wechselwirkungen innerhalb der 
α-La-Präzipitate zusammenhängt. Es wurden Sedimenttrockenmassen von mehr 



8 Summary & Zusammenfassung 

133 
 

als 30% erreicht, während das Zentrat 99,7% reines und natives β-Lg enthielt. Da 
das mit α-La angereicherte Sediment immer noch Rückstände von β-Lg aufwies, 
wurden zwei Waschschritte durchgeführt. Dies führte letztendlich zu einer α-La-
Fraktion mit 99,4% Reinheit. 

Nach der zentrifugalen Trennung wurde die Möglichkeit der Resolubilisierung von 
α-La untersucht. Die besten Rückfaltungsergebnisse wurden bei pH 8,0 und einer 
3-fachen stöchiometrischen Menge an Kalzium pro α-La-Molekül gefunden. Die 
Ergebnisse zeigten, dass der durch schonende thermische Behandlung unter sau-
ren Bedingungen induzierte Fällungsmechanismus mit anschließender mechani-
scher Trennung bis zu einem gewissen Grad reversibel ist. Die exakte native Kon-
formation von α-La konnte jedoch nicht wiederhergestellt werden. 

Die selektive Aggregation von β-Lg wurde bei neutralem pH-Wert mit zugesetztem 
Calcium durchgeführt, um α-La während der Wärmebehandlung bei 92 °C zu sta-
bilisieren. Dieser Prozess führte zu einer Denaturierung von 94% des β-Lg, beglei-
tet von einem Verlust von 12% des α-La. Die erhaltenen β-Lg-Aggregate waren 
starr, hatten eine längliche Form mit einigen Verzweigungen und eine mittlere 
Größe von 109 μm. Eine Analyse mittels SEM ergab, dass sie aus mehreren mit-
einander verbundenen Primäraggregaten bestehen, die rundlich geformt sind und 
Größen um 1 μm haben. 

Die Trennung der β-Lg-Aggregate mit dem Dekanter war zu jeder Zeit und auch 
bei niedrigen g-Kräften unproblematisch. Die β-Lg- Aggregate waren sehr bestän-
dig gegen Kompressionskräfte, was auf die Stabilisierung über Disulfidbindungen 
zurückzuführen ist, und wurden als rieselfähiges Pulver mit Sedimenttrockenmas-
sen bis zu 60% ausgetragen. Die β-Lg-Aggregate waren aufgrund mechanischer 
Beanspruchung anfällig für Fragmentierung, was die Klärung des Zentrats in der 
Dekanterzentrifuge beeinträchtigte. Die Einstellung auf pH 4,4 vor der Zentrifuga-
tion reduzierte die elektrostatische Abstoßung, was zu einer Flockung dieser Frag-
mente durch Van-der-Waals-Kräfte führte. Mit dieser Strategie wurde eine Sepa-
rationseffizienz von mehr als 99% realisiert. 

Beide Prozesswege erfüllen nachweislich die Anforderung, ein industrietaugliches 
Verfahren mit bemerkenswerten Reinheiten und Ausbeuten zu sein, und sind da-
her den meisten der zuvor vorgeschlagenen Trennverfahren überlegen. Die beiden 
etablierten Prozesswege haben ihre individuellen Stärken bzw. potenziellen An-
wendungsfelder. Die α-La-Präzipitation ermöglichte eine Isolierung einer nativen 
β-Lg-Fraktion mit außergewöhnlicher Reinheit. Auch wenn die α-La-Fraktion nicht 
in nativer Konformation erhalten wurde, kann das resolubilisierte α-La immer noch 
zur Anreicherung von gebundenem Calcium und als Trp-Lieferant in formulierten 
Milchprodukten verwendet werden. Betrachtet man die β-Lg-Aggregationsroute, 
so kann je nach den angewandten Erhitzungsbedingungen ein Teil des löslichen 
und nativen β-Lg im α-La-angereicherten Überstand verbleiben. Abhängig von der 
angestrebten Reinheit der α-La-Fraktion wäre ein zusätzlicher Reinigungsschritt 
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mit z.B. Chromatographie erforderlich. Damit kann α-La in reiner und nativer Form 
gewonnen werden. Die β-Lg-Aggregate sind eine sehr wertvolle Ressource für Le-
bensmittelanwendungen. Bei weiterer Zerkleinerung in die Primäraggregate, z.B. 
durch Homogenisierung, würden sie die ideale Größe haben, um sie als Fettersatz 
zu verwenden.  
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