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Heino, A. 2009. Microfiltration in cheese and whey processing. (Dissertation). EKT series 

1460. University of Helsinki. Department of Food Technology, 112 pp.  

 
ABSTRACT 

 

Milk microfiltration (0.05-0.2 µm) is a membrane separation technique which divides milk 
components into casein-enriched and native whey fractions. Hitherto the effect of intensive 
microfiltration including a diafiltration step for both cheese and whey processing has not been 
studied. 
  
The microfiltration performance of skimmed milk was studied with polymeric and ceramic 
MF membranes. The changes caused by decreased concentration of milk lactose, whey 
protein and ash content for cheese milk quality and ripening were studied. The effects of 
cheese milk modification on the milk coagulation properties, cheese recovery yield, cheese 
composition, ripening and sensory quality as well as on the whey recovery yield and 
composition by microfiltration were studied. The functional properties of whey protein 
concentrate from native whey were studied and the detailed composition of whey protein 
concentrate powders made from cheese wheys after cheese milk pretreatments such as high 
temperature heat treatment (HH), microfiltration (MF) and ultrafiltration (UF) were 
compared.  
 
The studied polymeric spiral wound microfiltration membranes had 38.5% lower energy 
consumption, 30.1% higher retention of whey proteins to milk retentate and 81.9% lower 
permeate flux values compared to ceramic membranes. All studied microfiltration membranes 
were able to separate main whey proteins from skimmed milk. The optimal lactose content of 
Emmental cheese milk exceeded 3.2% and reduction of whey proteins and ash content of 
cheese milk with high concentration factor (CF) values increased the rate of cheese ripening. 
Reduction of whey protein content in cheese milk increased the concentration of 
caseinomacropeptide (CMP) of total proteins in cheese whey. Reduction of milk whey 
protein, lactose and ash content reduces milk rennet clotting time and increased the firmness 
of the coagulum. Cheese yield calculated from raw milk to cheese was lower with 
microfiltrated milks due to native whey production.  
 
Amounts of α-lactalbumin (α-LA) and β-lactoglobulin (β-LG) were significantly higher in 
the reference whey, indicating that HH, MF and UF milk pretreatments decrease the amounts 
of these valuable whey proteins in whey. Even low CF values in milk microfiltration (CF 1.4) 
reduced nutritional value of cheese whey. From the point of view of utilization of milk 
components it would be beneficial if the amount of native whey and the CMP content of 
cheese whey could be maximized. Whey protein concentrate powders made of native whey 
had excellent functional properties and their detailed amino acid composition differed from 
those of cheese whey protein concentrate powders.  
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TIIVISTELMÄ 

 

Maidon mikrosuodatus (0.05-0.2 µm) on kalvoerotustekniikka, joka jakaa maidon 
komponentit kaseiinikonsentraattiin ja natiiviin herajakeeseen. Tähän mennessä voimakasta 
mikrosuodatusta, joka sisältää diasuodatusvaiheen, ei ole tutkittu juuston ja heran prosessien 
kannalta. 
  
Tässä tutkimuksessa tutkittiin rasvattoman maidon mikrosuodatusta polymeerisillä ja 
keraamisilla mikrosuodatuskalvoilla ja verrattiin kalvojen suorituskykyä. Mikrosuodatuksella 
alennetun juustomaidon laktoosin, heraproteiinin ja tuhkapitoisuuden vaikutuksia juuston 
laatuun ja kypsymiseen tutkittiin. Lisäksi tutkittiin mikrosuodatetun juustomaidon 
koostumuksen vaikutusta maidon juoksettumisominaisuuksiin, juustosaantoon, juuston 
koostumukseen, kypsymiseen ja aistittaviin ominaisuuksiin sekä juustoheran saantoon ja 
koostumukseen. Natiivien ja juustoherasta valmistettujen heraproteiinikonsentraattien 
toiminnallisia ominaisuuksia ja koostumuksia vertailtiin. Lisäksi vertailtiin juustomaidon 
esikäsittelymenetelmien, korkeapastöroinnin (HH), mikrosuodatuksen (MF) ja 
ultrasuodatuksen (UF), vaikutusta herasta valmistettujen heraproteiinikonsentraattien 
koostumukseen. 
 
Tutkituilla polymeerisillä spiral wound -mikrosuodatuskalvoilla havaittiin 38.5% alhaisempi 
energiankulutus, 30.1% suurempi heraproteiinien pidättyminen retentaattiin ja 81.9% 
alhaisempi permeaattivirtaus verrattuna keraamisiin suodatuskalvoihin. Kaikki tutkitut 
mikrosuodatuskalvot olivat soveltuvia pääheraproteiinien erottamiseen maidosta. 
Optimaalisen emmental-juustomaidon laktoosipitoisuuden todettiin olevan yli 3.2%. 
Heraproteiinien ja tuhkapitoisuuden alentaminen juustomaidossa suurilla 
konsentrointikertoimilla (CF) tehosti juuston kypsymistä. Heraproteiinipitoisuuden 
alentaminen juustomaidossa lisäsi kaseiinimakropeptidien (CMP) osuutta juustoheran 
proteiinista. Maidon heraproteiinin, laktoosin ja tuhkapitoisuuden alentaminen lyhensi maidon 
juoksettumisaikaa ja lisäsi juoksettuman kovuutta. Juustosaanto raakamaidosta laskettuna oli 
alhaisempi mikrosuodatetuilla maidoilla johtuen natiivin heran muodostumisesta.  
 
Maidon pääheraproteiinien, α-laktalbumiinin (α-LA) ja β-laktoglobuliinin (β-LG), 
pitoisuudet olivat merkittävästi korkeammat vertailuherassa. Tämä osoitti, että maidon 
korkeapastörointi, mikrosuodatus ja ultrasuodatus maidon esikäsittelymenetelminä alensivat 
heraproteiinien määrää juustoherassa. Jopa alhaisilla konsentrointikertoimilla (CF 1.4) 
mikrosuodatus heikensi juustoheran ravitsemuksellista arvoa. Maidon tehokkaan 
hyödyntämisen kannalta tulisi pyrkiä mahdollisimman korkeaan natiivin heran määrään ja 
juustoheran kaseiinimakropeptidipitoisuuteen. Natiiveilla heraproteiinikonsentraateilla oli 
erinomaiset toiminnalliset ominaisuudet verrattuna juustoherasta valmistettuihin 
heraproteiinikonsentraatteihin. Natiivin heraproteiinikonsentraatin ja juustoherasta 
valmistetun heraproteiinikonsentraatin aminohappokoostumusten välillä havaittiin merkittäviä 
eroavaisuuksia.  
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Figure 17. Modified milk coagulation properties in test 3 (pH adjusted to 6.50, CaCl2 
addition 0.03%) in study III. n=3. RCT=rennet clotting time is the time needed to detect gel 
formation; K20=time to reach a curd firmness of 20 mm, indicating optimal cutting time; 
A40=curd firmness 40 min after chymosin addition; K20-RCT=parameter which describes the rate 
of development of curd firmness. K20-RCT represents the time difference between clotting time 
and optimal cutting time for cheese manufacture; a shorter K20-RCT time means faster coagulation 
kinetics. 

Figure 18. Essential amino acid composition [g/100g of total amino acids] of whey protein 
concentrates (WPC) made from untreated reference (REF WPC), high temperature 
heat treated (HH WPC), microfiltrated (MF WPC) and ultrafiltrated (UF WPC) 
wheys in study V. Native whey protein concentrate (NWPC) is presented as a 
reference. Mean±SD (n=2). Only those amino acids of which the content in WPC 
powders showed statistically significant differences (p<0.05) are presented. Amino 
acids Thr=threonine, Pro=proline, Ala=alanine, Ile=isoleucine, Leu=leucine, Lys=lysine, 
Trp=tryptophan.  

   Figure 19. Gel strength and gel visual estimation (0 = solution or precipitation, 5 = elastic 
gel) of 10% (w/v) protein dispersion made of freeze dried native whey protein 
concentrate (NWPC-FD), spray dried native whey protein concentrate (NWPC-
SD), freeze dried cheese whey protein concentrate (CWPC-FD) and industrial 
spray dried cheese whey protein concentrate (WPC-SD) powders at 90°C for 10 
min in study VI. n=6. Means with different letters, a-b and A-C, are significantly 
different (p<0.05).   
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1 INTRODUCTION 

 

Membrane filtration has been used in milk processing for several decades and nowadays it is 

one of the most important processing techniques in the dairy industry. Membrane filtration is 

widely used in milk and whey concentration and in producing process water from flush water. 

The main applications in dairy processes are milk concentration by ultrafiltration (UF), cheese 

or milk permeate concentration by nanofiltration (NF) or reverse osmosis (RO) as well as 

process water manufacture by RO. Microfiltration (MF) is a membrane filtration process in 

which tangential flow is used to sustain stable permeate flux in a porosity range of 0.05-10 

µm. Typically in dairy processes, microfiltration has been used for starter concentration, 

cheese brine water clarification or defatting of cheese whey. Membrane filtration differs from 

other basic processes due to membrane characteristics. Microfiltration membranes are very 

often made of ceramics, which prolongs membrane lifetime and facilitates disinfection with 

steam or chemicals. Traditional polymeric membrane filters can also have a long lifetime 

when the membranes are used in suitable conditions with the recommended parameters.  

 

Milk microfiltration for separating casein micelles from serum whey proteins was described 

already over twenty years ago (Maubois et al., 1987). Separation of whey proteins from milk 

and native whey protein reduction in milk microfiltrate was presented by Kulozik and Kersten 

(2002). Typically whey proteins are separated from milk using 0.05-0.2 µm ceramic 

membranes with low transmembrane pressure (TMP) values (0.1 to 1.0 bar) and high 

tangential flow rates (3 to 8 ms-1) (Gésan-Guiziou et al., 1999b). In some previous studies 

whey proteins from skimmed milk were separated using polymeric microfiltration 

membranes, with satisfactory permeate flux and whey protein permeation (Govindasamy-

Lucey et al., 2007; Lawrence et al., 2008). Permeation of whey proteins and permeate flux 

values together describe the mass flux of whey proteins, which plays the main role in whey 

protein separation processes (Piry et al., 2008). This mass flux of whey proteins can be 

converted into processing costs, which can be calculated as costs of whey protein mass flux 

per kilogram of protein.  

 

Milk and milk-based liquids are difficult to filter due to protein fouling of membranes and 

precipitation of minerals. Membrane fouling in food applications causes a need for efficient 

cleaning to secure hygienic production and to restore membrane performance (Gésan et al., 

1995b).  
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Separation of milk components is mainly affected by membrane pore size homogeneity, 

concentration polarization phenomena and membrane fouling (Jimenez-Lopez et al., 2008). 

There has been considerable progress during recent years in microfiltration using new types of 

membranes for casein separation from whey proteins. Whey protein separation was earlier 

possible only with ceramic membranes due to the requirement for narrow membrane pore size 

distribution (Zulewska et al., 2009). 

 

Traditionally, cheese milk pretreatment alternatives have been ultrafiltration and high 

temperature heat treatment. These methods have been used for increasing milk component 

recovery in cheese (Guinee et al., 1995; Guinee et al., 2006). In all cases a large amount of 

whey is released, the quality of which depends on the cheese process.  

 

By using microfiltration as a cheese milk pretreatment method it is possible to standardize 

cheese milk protein, lactose and ash compositions. This means separation of whey proteins 

and some of the lactose and minerals before milk coagulation. In this way it is possible to 

create ideal cheese milk, in which the necessary milk components for the cheese 

manufacturing process are present in suitable concentrations. Milk components which are 

removed before the cheese manufacturing process can be further processed to new types of 

products without any cheese components.   

 

Milk pretreatment methods such as microfiltration in cheese manufacture have impacts on 

cheese yield, texture and sensory quality as well as on milk coagulation properties. In 

addition, modification of cheese milk affects the cheese whey amount, quality and usability as 

well as the functional properties of whey products. 

 

The impact of cheese milk modification was studied by using different microfiltration 

processes. Cheese milk component recovery was evaluated in cheese and whey. Modified 

milk coagulation and the effects of milk minerals, lactose and whey protein concentrations 

were studied. Microfiltration as a cheese milk protein standardization method was compared 

to ultrafiltration and high temperature heat treatment methods.   
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2 LITERATURE REVIEW 

2.1 The composition of milk and milk fractionation 
 
Bovine milk has been very important part of human nutrition thousands of years. Milk has 

been used for human nutrition when it contains many essential components for human 

nutrition as well as it is good source of energy. The fractionation technology like membrane 

filtration is new way to utilize milk components for human nutrition in best possible way.   

  

2.1.1 The composition of milk 

 

Bovine milk consists of water (86-88%), fats (3-5%), proteins (3.3-3.6%), lactose (4.5-5.0%), 

salts (0.7%) and enzymes as well as many other minor components (Jenness and Patton, 

1959). For this study milk proteins were the most important milk components. Milk proteins 

are divided to caseins and whey proteins. The main whey proteins β-lactoglobulin (β-LG), α-

lactalbumin (α-LA) and bovine serum albumin (BSA) are 20% of total milk proteins (w/w). 

Caseins are the main milk proteins and in bovine milk these are on micellar form. Casein 

micelles are formed of individual submicelles αs1-, αs2-, β-, κ- and γ-caseins with calcium 

phosphate (Ca6(PO4)6) clusters (Figure 1).  

 

2.1.1.1 Casein micelles and whey proteins 
 

The structure of casein micelles, denaturation of whey proteins and interaction of denatured 

whey proteins with casein micelles are presented on Figure 1. Whey proteins are hydrophilic 

and they are separated during milk coagulation (Kammerlehner, 1986). They are considerably 

smaller (15-130 kDa) than casein submicelles (500 kDa) but they are sensitive to heat 

(Andrews, 1964; Fox, 2001). Caseins are phosphorylated molecules and they have no 

secondary, tertiary or quaternary structures. Whey proteins are not phosphorylated but they 

are globular proteins with secondary, tertiary and quaternary structures which are stabilized 

with intramolecular disulphide (SH-) bonds (Fox, 2001). Casein micelles are heat stable but 

denatured whey proteins are attached to casein micelles with covalent bonds (Tran Le et al., 

2008). Therefore whey proteins have a negative influence on casein micelle coagulation 

because chymosin enzyme has fewer open sites to remove hydrophilic caseinomacropeptide 

(CMP, the hydrophilic part of κ-casein) from the micelle surface. CMP formation is the main 

 19 



phenomenon in milk coagulation (Bönisch et al., 2008) and in cheese manufacture 

(Kammerlehner, 1986). 

Casein micelle contains hydrophobic
αS1-, αS2-, β- and γ-casein

          SH Ca6(PO4)6

     SH Hydrophilic CMP clusters

     SH Covalent bonding 
β-LG of unfolded whey

   α-LA  > 80°C      SH proteins and
para-κ-casein

IgG

Unfolded denaturated κ-casein enriched
whey proteins surface submicelle

    BSA Hydrodynamic 
Covalently bonded radius of 7 nm
denatured whey
protein 100 nm

Heating        SH

 
Figure 1. Casein micelle structure, whey proteins and attachment of whey proteins to casein 
micelles. CMP=caseinomacropeptide, Ca6(PO4)6 = calcium phosphate cluster, SH=disulphide bond which has 
been opened during heating. 

 

2.1.2 Fractionation of milk by membrane filtration 
 

Milk can be fractionated to many different fractions by using membrane filtration techniques. 

These pressure-driven filtration techniques are microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF) and reverse osmosis (RO). RO technology only concentrates milk, 

whereas the other techniques can be used for milk fractionation. A filtration spectrum of 

membrane filtration techniques, main milk components and membrane porosity values is 

presented in Figure 2.  

 

In this study microfiltration (0.1 µm and 800 kDa) and ultrafiltration (10 kDa) were used; the 

differences between these techniques were in the separation of whey proteins from milk. 

Microfiltration concentrated casein micelles but passed whey proteins through the membrane, 

whereas ultrafiltration concentrated both casein micelles and whey proteins. 
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Figure 2. Membrane filtration techniques for milk fractionation, main milk components, 
molecular and particle sizes of milk components. (Adapted from Jensen and Køningsfeldt, 
2000) 
 

2.2 Microfiltration 
 

Microfiltration (MF) technology is one type of pressure driven membrane filtration, which is 

used for separating particles, microbes or molecules from liquids. MF technology is widely 

used in the pharmaceutical, chemical, mining and food industries. MF as a filtration 

technology is between ultrafiltration (UF) and coarse filtration. MF is the oldest technique 

among filtration techniques and the first cellulose MF membranes were designed almost one 

hundred years ago (Ripperger and Altmann, 2002). The importance of tangential flow in MF 

filtration was realized in 1907. Tangential flow influences cake layer formation and the 

increase of filtration pressure during filtration (Bechhold, 1907). It is important to sustain 

stable permeate flow rate during continuous operation and therefore cake layer formation 

should be minimized. MF employs membranes with a mean pore size of 0.02-10 µm. Modern 

microfiltration membranes are made to a particular pore size and therefore by using a 

combination of membranes different fractions can be obtained from a single feed liquid.  
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2.3 Milk microfiltration techniques 
 

2.3.1 Separation of micellar casein from milk 

 

When micellar casein is concentrated by microfiltration (pore size 0.05-0.2 µm) it is very 

important to reduce membrane fouling. Fouling reduces whey protein permeation, which is 

the main feature of micellar casein concentration. In all cases small amounts of whey proteins 

are found from the micellar casein fraction after filtration (Brans et al., 2004). The 

concentration of micellar casein can be performed from full fat milk or skimmed milk, and it 

can account for up to 95% of total protein. This kind of high-casein retentate can be obtained 

with a microfiltration process, which includes a diafiltration step. When micellar casein 

micelles are concentrated the milk microfiltrate permeate contains milk whey proteins, and is 

called native or ideal whey. The native whey is a microbiologically sterile and clear permeate, 

the composition of which is close to that of sweet cheese whey (Fauquant et al., 1988). This 

kind of permeate does not contain caseinomacropeptides, cheese starters or chymosin. In 

addition, the native whey does not contain fat, bacteriophages or partially denaturated whey 

proteins. Traditionally, casein concentration has been performed with ceramic microfiltration 

membranes by using the uniform transmembrane pressure (UTP) principle with high 

tangential flow velocity (>6 m/s) and 50-55°C filtration temperature (Maubois, 2002).  

 

Native whey is formed when micellar casein concentrate is manufactured. Native whey 

contains native whey proteins, which have excellent functional properties, and therefore the 

technological and economical value of the native whey is higher than that of the standard 

sweet cheese whey (Maubois, 2002). Native whey has the same pH as milk, unlike cheese 

whey which is always more acidic (Maubois et al., 2001). If the native whey is further 

concentrated by ultrafiltration, native whey protein concentrate (NWPC) or isolate (NWPI) is 

formed (Maubois et al., 2001). NWPC can be dried and used in applications in which 

excellent solubility, foaming and gel forming properties are required (Østergaard, 2003). 

Native whey protein has foaming properties equal to those of egg white (Punidadas and Rizvi, 

1998).  

 

The nutritional value of native whey protein is higher than that of cheese whey due to its 

different amino acid composition. This difference has led to increased interest in native whey 

protein utilization. Utilization of the native whey proteins in human nutrition (Boirie et al., 
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1997), especially as a raw material for weight balancing products (Burton-Freeman, 2008) or 

baby food products, is based on the lack of the glycosylated part of the caseinomacropeptide 

or in other word glycomacropeptide (GMP) molecule (Rigo et al., 2001). Lack of GMP is an 

important feature in baby food products because GMP contains 20% more threonine (Thr) 

than human milk (Boehm et al., 1998). GMP is thought to cause hyperthreoninemia in 

preterm infants and therefore its content in baby food products should be low. It is possible to 

separate individual whey proteins (β-lactoglobulin, α-lactalbumin, osteopontin) from native 

whey by chromatographic processes (Maubois et al., 2001). Individual whey proteins and 

hydrolyzed whey proteins can have various biological activities. For example, β-lactoglobulin 

(β-LG) anticarcinogenic tripeptide may protect against intestinal cancer (McIntosh et al., 

1995).       

 

Micellar casein fraction can be used in cheese manufacture to replace milk, or for cheese milk 

protein standardization. From micellar casein it is possible to manufacture pure β-casein or 

caseinomacropeptides (CMP) by further processing (Maubois and Ollivier, 1997).  

    

2.3.2 Microfiltration membranes in whey protein separation 
 

Whey protein separation with microfiltration (pore size 0.05-0.2 µm) can be performed in 

batch or continuous mode. In industrial processes continuous filtration is used due to easier 

control and longer filtration times. In milk microfiltration ceramic membranes, which can 

tolerate high temperatures and both low and high pH values, have traditionally been used. 

Milk microfiltration with ceramic membranes is traditionally performed at 50-55°C with 

transmembrane pressure (TMP) 0.1-1.0 bar and with high tangential flow rates (>6 m/s) 

(Sachdeva and Buchheim, 1997). Tubular ceramic membranes are able to give a permeate 

flux rate of 55-65 L/m2h (mean concentration factor from 1 to 4) with these parameters. 

Lower filtration temperatures and higher TMP values lead to lower permeate flux and higher 

whey protein retention. In industrial milk microfiltration, ceramic membranes (0.05-0.2 µm) 

need high tangential flow in order to reach high permeate fluxes (Maubois et al., 1987).  

 

Polymeric microfiltration systems are not widely used in milk concentration or fractionation 

due to their high fouling rate and lack of data on their properties and applicability. According 

to Saboya and Maubois (2000), polymeric membranes cannot be used for on milk 

fractionation because of poor retention of caseins and low permeate flux. In addition, 
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polymeric membranes have poor mechanical, chemical and heat stability. However, some 

very recent studies have shown that the new generation of polymeric microfiltration 

membranes can be used for milk fractionation (Govindasamy-Lucey et al., 2007; Lawrence et 

al., 2008). In fact, polymeric microfiltration membranes can be used at low temperatures (5-

10ºC), which is not reasonable for high energy consuming ceramic systems. Lawrence et al. 

(2008) filtered milk at 10ºC with 1.5 bar TMP and 0.4 m/s tangential flow rate. Permeate flux 

with 0.3 µm membranes varied from 6 to 18 L/m2h with 98% casein and 69% β-lactoglobulin 

retention. Important factors for industrial applications are the investment and running costs of 

membrane systems, in which polymeric systems have a clear advantage (Schier, 2007). 

However, the lifetime of polymeric membranes is much lower than that of ceramic 

membranes and they are less tolerant to cleaning chemicals, possibly causing higher variation 

in retention values during the membrane lifetime (Schier, 2007).   

 

It is clear that membrane pore size should vary as little as possible in milk microfiltration 

because milk caseins and whey proteins have only a rather small difference in molecular 

mass. Pore size distribution in polymeric membranes has been too wide for whey protein 

separation from milk (Brans et al., 2004). If the pore size distribution is too wide, larger 

particles such as casein micelles pass through larger pores while at the same time smaller 

particles pass through smaller pores. Fouling reduces the amount of open pores and influences 

permeate flux and membrane selectivity. If larger pores are blocked first, retention increases 

and permeate flux decreases sharply (Brans et al., 2004). 

 

2.4 Microfiltration equipment 
 

All milk microfiltration systems apply tangential flow or shear induced vibration, which 

generates turbulent flow near the membrane surface. Tangential flow causes pressure drop 

over the membrane channel and this pressure drop means higher pressure at the input 

compared to the output. In milk microfiltration this pressure drop (tangential flow rate) can be 

higher than the optimal mean transmembrane pressure (TMP). High tangential flow rate is 

needed to reduce cake layer thickness and compactness on the membrane surface. The cake 

layer forms a secondary layer on the membrane surface and the quality of this secondary layer 

affects the permeate flux and retention values (Gésan-Guiziou et al., 2000). In ceramic 

systems a pressure drop has also been generated on the permeate side in order to reduce TMP 

difference in different areas of the membrane surface (Kessler, 1997). This idea has been 

called the uniform transmembrane pressure (UTP) principle (Sandblom, 1978). One 
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disadvantage in the use of the UTP principle has been higher energy consumption, because 

the permeate side also needs tangential flow (Figure 3, B). An advantage of the UTP principle 

is lower membrane fouling and only minor changes in permeability and permeate flux during 

filtration (Saboya and Maubois, 2000). To reduce energy consumption in UTP principle 

filtration, membrane manufacturers have developed gradient porosity membranes (Pall 

Exekia, GP-membranes), in which a pressure gradient has been generated in the membrane 

surface or support layer. Gradient membranes are made for specific applications and process 

conditions and for this reason they are less flexible than UTP-membranes, with which the 

pressure gradient can be adjusted to follow product viscosity changes. Polymeric membranes 

(Figure 3, A) use non-UTP mode, because at present organic spiral wound (SW) or hollow 

fiber (HF) membranes are not designed to tolerate permeate circulation. Therefore filtration 

performance of polymeric membranes varies widely along the length of the membrane. 

 

0 1 2 3 4
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Permeate pressure Retentate pressure

Pressure profilesA
0 1 2 3 4
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Ceramic microfiltration, non-UTP principle Ceramic microfiltration, UTP principle
 

Figure 3. Pressure profiles in (A) non-uniform transmembrane pressure (non-UTP) and (B) 
uniform transmembrane pressure (UTP) principle ceramic microfiltration systems (Kessler, 
1997). 
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2.4.1 New types of microfiltration membranes 

 

There has recently been an interest in the development of membranes with lower resistance to 

permeate formation, improved selectivity, narrow pore size distribution and lower tendency to 

fouling as well as lower energy consumption. Microsieves have also been developed to meet 

these needs, but they are not yet widely used. Metal microfilters have been made for the 2-10 

µm pore size range and these have had high permeate flux rates and low tendency to fouling 

(Holdich et al., 2003). Track etched membranes also have narrow pore size variation due to a 

very precise manufacturing process (Apel, 2001). Inorganic silicon microsieves have 

extremely low membrane resistance and exact pore size distribution and pore shape (Kuiper et 

al., 1998). Polymeric microfiltration membranes are traditionally hydrophilic, and 

modification of membrane surfaces to be more hydrophobic can reduce membrane and 

protein interactions and protein adsorption. Several studies have also been made with 

polymeric membranes which have been coated, chemically modified or polymerized to reduce 

membrane fouling (Pieracci et al., 2000; Chen and Belfort, 1999; Blanco et al., 2006).          

 

2.5 Principles of microfiltration 
 

2.5.1 Membrane fouling 

 

Fouling can be divided into reversible and irreversible fouling. Reversible fouling can be 

removed during or after filtration with a water flush. Irreversible fouling is more difficult to 

remove from the membrane surface or pores by cleaning treatments (Gésan-Guiziou et al., 

1999a). Membrane fouling is dependent on permeate flux. During filtration the membrane 

retains large particles which are not able to go through membrane, and these particles form a 

cake layer. This cake layer reduces permeate flux and therefore increases membrane 

resistance (Rc). Permeate flux (J) and retentate concentration (Cb) define the resistance of the 

concentration polarization layer (Gésan et al., 1995a). Movement of retained particles towards 

the membrane surface is related to permeate flux and retentate concentration. On the 

membrane surface particles move with a laminar flow. Combination of Brownian motion and 

wall shear stress forces, have greatest influence on those particles which are smaller than 100 

nm. The mean diameter of milk casein micelles is about 100 to 220 nm (de Kruif and Holt, 

2003; Udabage et al., 2003), which means than Brownian motion has a greater impact on 

casein movement that shear stress forces. If the Reynolds number value is higher than 1500, 
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shear stress forces will have a major impact. Milk casein concentration influences the Re 

value: with higher concentrations or higher viscosity values, higher tangential flow must be 

used to reach the same Re value. Increase in concentration also increases the thickness and 

density of the cake layer, which affects particle movement on the membrane surface (Zeman 

and Zydney, 1996). Slow movement of the cake layer reduces particle attachment to the 

membrane surface. The wall shear stress (τw) is the force which removes particles from the 

membrane surface and it can be determined by using equation 1, where L is the length of the 

membrane, d is the height of the membrane channel and ∆Pl is the pressure drop over the 

membrane (Gésan-Guiziou et al., 2000).  

 

L4
Pd l

w
∆

=τ                             (1) 

 

Permeate flux is mainly the result of τw value and particle size and concentration (Vadi and 

Rizvi, 2001). The permeate flux (J), which is the main factor in membrane filtration, can be 

determined by equation 2. This equation is based on Darcy’s law, in which µ is the dynamic 

viscosity, R is overall hydraulic resistance (the sum of membrane, fouling and cake layer 

resistances), and ∆Pl is the pressure drop over the membrane. 

 

R
PJ l

µ
∆

=                          (2)          

 

The membrane itself, fouling and the cake layer cause resistance to permeate flux. Membrane 

resistance (Rm) is dependent on membrane thickness, membrane support layer thickness, 

mean pore size and liquid route through the membrane. Cake layer resistance (Rc) is higher 

with higher filtration pressures and lower with higher Rm values. Rc can be calculated with 

equation 3, in which µp is the permeate dynamic viscosity and ∆PTM is the transmembrane 

pressure of filtration (Vadi and Rizvi, 2001). 

 

 m
p
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=R    (3) 

 

In continuous filtration, stable permeate flux is reached when overall filtration resistance (R) 

does not increase. This holds true if fouling is not detectable and the cake layer is not 

compressed. The rate of cake layer formation and disintegration is equal. However, at the very 
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beginning of filtration the reduction in permeate flux is not due to membrane fouling. This is 

the moment when the cake layer (gel layer with casein) over the membrane is formed. Fouling 

and permeate flux reach a steady state situation when particle flow to the surface is at the 

same level as particle removal from the cake layer, i.e. these two opposite processes are in 

equilibrium (James et al., 2003). The steady state filtration is the result of permeability of the 

gel layer and if TMP is higher the gel layer is thicker and more compact, increasing the cake 

layer resistance (Rc) value (James et al., 2003). 

 

If permeate flux exceeds a critical value there is an irreversible particle attachment to the 

membrane surface during the first seconds of filtration (Howell, 1995). Fouling means 

irreversible particle attachment to the membrane surface, which cannot be flushed away. 

Biological liquids contain denaturated or aggregated proteins, which have a tendency to cause 

membrane fouling (Zeman and Zydney, 1996; Makardij et al., 1999). The susceptibility of a 

membrane to fouling can be reduced by using higher τw and lower ∆Ptm values, which 

decrease the height of the cake layer to a certain limit (Aubert et al., 1993). 

 

Near the membrane surface the tangential flow is conciderably slower than in the centre of the 

flow channel. In the centre of the flow channel the flow is turbulent but it is reduced to 

laminar flow closer to the membrane surface. The thickness of this laminar flow layer (δ) is 

important because the layer contains particles which are smaller in diameter than the laminar 

layer thickness. In milk MF filtration, casein micelles are retained in this laminar flow layer if 

the layer is thicker than the casein micelles themselves.   

 

Membrane fouling increases the hydraulic resistance (R) to permeate flow and this induces 

unfavourable impacts for process efficiency. On the membrane surface, protein fouling can 

occur due to four different mechanisms depending on process parameters, membrane structure 

and behaviour of proteins near the membrane surface or in the cake layer (Figure 4). Pore 

narrowing is a result of protein adsorption to the membrane surface due to solute and 

membrane electrical properties, especially if the difference in zeta potential is close to zero 

(Martinez et al., 2000). Pore plugging is possible even if pore size is larger than the particles, 

due to the aggregate formation on the membrane surface or inside the membrane structure 

(Güell et al., 1999). Internal membrane fouling reduces permeate flux and selectivity of the 

membrane if the membrane has a complex structure (Saxena et al., 2009). Many theoretical 

pore blocking and cake filtration models have been developed, but none of them has 

explained the fouling phenomena completely (Ho and Zydney, 2000).    
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Figure 4. Mechanisms (1 to 4) causing membrane pore narrowing and plugging (Saxena et al., 
2009). 
 

2.5.2 Critical and limiting flux in microfiltration 
 

Permeate flux (J) during filtration is usually defined as the system performance, which means 

the volume (∆V) of permeate from a certain membrane area (A) in a given time (∆t). This is 

normally calculated using equation 4 (Makardij et al., 1999). 

 

A
t/VJ ∆∆

=                                              (4)   

During the past decade many studies in microfiltration have been carried out examining 

critical and limiting flux theory (Holdich et al., 2003; Huisman and Trägårdh, 1999; Gésan-

Guiziou et al., 2000; Howell, 1995; Field et al., 1995). At least four different mechanisms 

cause erosion of the cake layer in microfiltration: inertial lift, wall shear stress diffusivity 

mechanism, Brownian diffusivity and liquid transport mechanism on the membrane surface 

(Belfort et al., 1994). By using these mechanisms it is possible to predict a critical flux (Jcrit) 

from a microfiltration membrane. Critical flux is the maximum permeate flux value, which is 

obtained with linearly increasing transmembrane pressure at a value called critical 

transmembrane pressure (Pcrit) (Figure 5). Below the critical flux value the permeate flux 

increases linearly with increasing TMP as in the case of water (hard form), or non-linearly 

(weak form) depending on liquid composition and viscosity (Metsämuuronen and Nyström, 

2005). The following equation (5) describes the overall characteristics of permeate flux 

reduction (Field et al., 1995). 
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rirm ++µ
=     (5) 

 

where Rir is an irreversible fouling, µ feed viscocity, Rr reversible fouling and polarisation 

effect. 

 

At values below the critical flux value selectivity of the membrane is better but at lower flux 

values the need for membrane area increases. Critical flux is dependent on wall shear stress, 

filtration temperature, characteristics of particles in liquid and membrane characteristic such 

as morphology and chemical membrane material (Makardij, 1999; Gironés et al., 2006). TMP 

values above the critical transmembrane pressure (Pcrit) value increase permeate fluxes, but 

not linearly as below the critical permeate flux (Jcrit) value. The limiting flux (Jlim) is the 

maximum permeate flux which can be obtained with limiting TMP (Plim) value. TMP values 

above the limiting TMP value decrease permeate flux, as seen in Figure 5.   

 

Filtration zones are presented in Figure 5, in which filtration zone I represents the zone of low 

permeate flux, low fouling rate and low retention of separated components. Milk filtration in 

zone II assumes high tangential flow rates to reduce membrane fouling. Increased tangential 

flow increases energy consumption and with certain tangential flow rates the optimal situation 

can be found in the region where permeate flux compared to energy consumption is highest 

(Gésan-Guiziou et al., 1999a). In zone III permeate flux and permeation of separated 

components are decreased, and therefore the filtration outside the optimal filtration range.  
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Figure 5. Effect of transmembrane pressure (TMP) in critical and limiting permeate flux (J) 
values and filtration zones I-III. Pcrit = critical transmembrane pressure, Plim = limiting transmembrane 
pressure, Jcrit = critical permeate flux, Jlim = limiting permeate flux (Brans et al., 2004).  
 

2.5.3 Membrane fouling in milk microfiltration 

 

Hydrodynamical conditions such as tangential flow rate, wall shear stress and transmembrane 

pressure are the main factors affecting membrane performance during filtration. These factors 

affect membrane fouling and membrane performance and selectivity (Piry et al., 2008). 

Fouling in milk microfiltration starts with α-lactalbumin and β-lactoglobulin adsorption on 

the membrane surface during the first minutes of filtration. Bovine serum albumin (BSA) in 

milk also causes aggregates on top of the membrane surface, thus blocking the pores. Native 

or non-aggregated proteins are chemically attached to these whey protein aggregates by 

disulfide linkages (Kelly and Zydney, 1997). In addition, other fouling mechanisms caused by 

molecular interactions based on van der Waals forces, hydrophobic interactions, electrostatic 

interactions and hydrogen bonding exist (Marshall et al., 2003). Tong et al. (1988) reported 

that 95% of fouling layer proteins are whey proteins. Lee and Merson (1975) found that β-

lactoglobulin has the highest potential for membrane fouling due to sheet-forming and 

because it constitutes 50% of whey proteins. BSA, immunoglobulins and β-lactoglobulin can 

induce anchor point formation for other proteins and cause thicker sheet formation (Lee and 

Merson, 1975). Milk minerals such as phosphorus and calcium also bind casein to whey 

proteins, and in this way formation of a thick fouling layer is possible (Vetier et al., 1988).  
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2.5.4 Reduction of fouling and increasing membrane performance 

 

Many improvements in microfiltration technology have been reported in recent years. 

Improved membrane performance and reduced filtration costs can be attained using different 

methods (Table 1). However, many of these methods cannot be applied in large scale and 

some of them have a negative influence on filtered product quality (Brans et al., 2004).  

 

Table 1. Methods and principles for improving ceramic membrane performance and 
disadvantages of these methods according to Brans et al. (2004). 
 

Method Principle Disadvantage 
High tangential flow with 

UTP principle 
Improved erosion on membrane surface, 

wall shear stress, low TMP 
High energy consumption, high 
investment and running costs 

Turbulence promoters Improve erosion effect on membrane 
surface 

Difficult cleaning, increased energy 
consumption 

Backpulsing Removes cake layer with backpulse, higher 
pressure on permeate side (negative TMP) 

Difficulties to control in large scale 

Pulsated tangential flow Creates velocity changes in the feed side Difficult to control in large scale 
Air slugs Increases mixing and shearing on 

membrane surface 
Difficult to control air slugs, causes 

foaming and denaturation of proteins
Scouring particles Increases flow and wall shear stress on 

membrane surface 
Wear of pumps and membranes, 

denaturation of proteins 
Ultrasonic, acoustic waves Removes attached particles by vibrations or 

cavitations 
Increased energy consumption, 

denaturation of sensitive 
components 

Vibrated membrane 
modules 

Increases wall shear stress on membrane 
surface 

Expensive equipment, up-scaling 

Rotating membranes Increases wall shear stress on membrane 
surface 

Cleaning problems, up-scaling 

Electric fields Electric field removes charged particles 
from membrane surface 

Electrolysis, energy consumption, 
gas production 

 

Vibrated membrane modules could not be used in milk microfiltration for reasons of hygiene 

(Ding et al., 2002). Backpulse technology has an effect on the filtration performance and 

depending on backpulse interval, length and pressure profile (Guerra et al., 1997). Backpulses 

in large-scale equipment are damped and the effect is reduced more than in smaller filtration 

units (Jaffrin et al., 1994). Denaturation of proteins excludes ultrasonic methods in milk 

microfiltration (Villamiel and de Jong, 2000). Electric field has an effect on milk rancidity, 

and consequently has not been applied (Wakeman, 1998). New types of ceramic membranes, 

which have turbulence promoters, are reducing cake layer thickness. The turbulence 

promoters are able to increase permeate flux (J) and decrease energy consumption (Brossous 

et al., 2001).  
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2.6 Cheese manufacture 
 

Cheeses have been made for over 5000 years, and it was recognized a long time ago that 

conversion of milk to cheese preserves valuable milk components in a compact way. 

Nowadays, numerous cheese varieties are made to fulfil human needs. Cheeses can be made 

from any milk source but economically the most important milk, due to its abundance, is 

bovine milk. Milk can be used for hard or soft cheese production, fresh or ripened cheese 

production or mould cheese production. Cheese manufacture starts with milk fat-to-protein 

standardization, including pasteurization or other heat treatment. Additives such as starters, 

calcium chloride (CaCl2) and copper sulphate (CuSO4) are added to cheese milk.  

 

Calcium chloride is an important additive in cheese milk because free calcium accelerates 

milk coagulation, leads to a harder milk coagulum and increases cheese yield due to higher 

casein recovery in cheese (Fagan et al., 2007). CaCl2 addition is very important with heat 

treated milks in which the free calcium content is otherwise reduced due to calcium phosphate 

formation, denaturation of whey proteins and attachment of denatured whey proteins to κ-

casein. However, heat treated whey protein-free milk has not been observed to require CaCl2 

addition (Vasbinder et al., 2003). Another additive, copper sulphate (CuSO4) is added 

traditionally only to Emmental cheese milk to improve carbon dioxide production and eye 

formation with Propionibacterium strains and to improve cheese proteolysis (Maurer et al., 

1975). Cheese starters ferment milk lactose to lactic acid and reduce cheese pH to the desired 

level. Starters are mainly responsible for cheese flavour and for the whole complex ripening 

process (Kammerlehner, 1986). Chymosin enzyme is a necessary additive; without chymosin 

traditional cheese cannot be made (Kammerlehner, 1986).   

 

After a short stirring step, chymosin is added and milk is coagulated for 30-45 min. 

Coagulated milk (curd) is cut and whey is traditionally partly removed from the cheese vat. 

Some water addition to curd can be made for diluting the lactose content of curd. After the 

water addition step, the curd is cooked and curd syneresis removes whey from the curd pieces. 

At the same time, starters are hydrolyzing the residual curd lactose to lactic acids. Finally, 

curd is moulded and pressed in the cheese moulds. After pressing, fresh cheeses are removed 

from the moulds, salted in a salt bath and ripened in different ways according to the cheese 

recipe (Kammerlehner, 1986). 
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In all cases milk casein is coagulated with rennet or with acid to separate milk serum and milk 

coagulum. For the cheese processor the main targets have always been good and stable cheese 

quality and high recovery of milk components in the cheese. Maximum recovery of the milk 

components has been attempted by high temperature heat treatment of cheese milk 

(Lawrence, 1993), concentration of milk by evaporation, concentration of milk proteins by 

ultra- or microfiltration (Guinee et al., 2006; Ur-Rehman et al., 2003), addition of denaturated 

and particulated whey proteins (Asher et al., 1992) or addition of calcium chloride (CaCl2) 

(Wolfschoon-Pombo, 1997).  

 

The traditional cheese process produces whey as a by-product, and usability of whey has 

become economically more important. Some cheese types produce acid whey, the usability of 

which is low due to its low pH value and therefore it has been important to reduce the amount 

of acid whey. Nowadays this is possible by microfiltration, in which native whey is removed 

before the cheese process (Schafroth et al., 2005). Production of native whey creates 

possibilities for better utilization of milk serum because cheese starters, rennet, lactic acid or 

cheese colour are not affected by the quality of whey (Maubois, 2002; Nelson and Barbano, 

2005). Native whey proteins have a higher value than whey products or other milk products 

when protein functionality or nutritional value is important (Boirie et al., 1997). For the 

cheese processor the casein, salt and lactose content of milk have the greatest importance due 

to milk coagulation (Nelson and Barbano, 2005). Therefore the whey protein content of 

cheese milk is not important when whey proteins are passed to whey without milk high 

temperature heat treatment (Maubois et al., 2001). Separation technologies such as 

microfiltration are therefore excellent tools to maximize the economical value of milk.            

 

2.6.1 Milk coagulation kinetics 
 

Milk casein is precipitated when milk pH is lowered with acid near to about 4.6, or by using 

chymosin. Coagulation of casein micelles by action of chymosin enzyme is presented on 

Figure 6. 
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Figure 6. Coagulation of casein micelles by chymosin and cleavage of CMP. 
CMP=caseinomacropeptide.  
 

Milk coagulation is the first step in cheese manufacture. Rennet induces milk coagulation in 

three phases, i.e. enzymatic proteolysis, aggregation and gelification. Enzymatic proteolysis 

starts when chymosin contacts κ-casein and in this phase the caseinomacropeptide (CMP) is 

released into whey. The aggregation phase initiates when a sufficient amount of κ-casein is 

hydrolyzed. After that the repulsion forces between micelles are decreased and hydrophobic 

interactions are enhanced (Bönisch et al., 2008). The micelles form chains which require 

energy. This energy is obtained from casein particles. When CMP is released, electrical forces 

between micelles cause the formation of a casein matrix (Figure 6). When CMP is released 

from micelles the surface charge of CMP and micelles are opposite and therefore CMP can be 

removed with the aqueous phase. This supports the development of casein micelle matrix, 

which reduces or prevents Brownian motion. During gelification the distance between 

micelles is decreased and the structure of micelles is altered due to the stronger network and 

this causes whey syneresis from gel matrix (Kammerlehner, 1986). These phases can be 

understood as primary and secondary phases of the renneting process (Dalgleish, 1992). Milk 

coagulation is a critical phase in cheese manufacture, and has a drastic effect on the chemical 

and functional properties of cheese. Milk salt balance (Famelart et al., 1999; Lucey and Fox, 

1993), pH (Famelart et al., 1996), quality (Ng-Kwai-Hang et al., 2002), and the amount (Steffl 

et al., 1999) of whey protein as well as the amount of rennet have an effect on milk 
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coagulation kinetics (McMahon and Brown, 1982). Caron et al. (1997) reported that higher 

protein levels in milk increase coagulation strength and reduce coagulation time, and that 

lower milk mineral contents result in a softer coagulum. Cutting time and properties of 

coagulation have significant effects on the cheese recovery yield, and consequently cheese 

processes should be adjusted in appropriate ways to optimize milk coagulation. Concentration 

of cheese milk casein by microfiltration (MF) is a method to reduce the amount of whey 

proteins in milk and to reduce cheese vat milk volume. MF of cheese milk reduces or even 

eliminates the release of cheese whey, if part or all of the whey has already been removed (as 

native whey) before the actual cheese process (Neocleous et al., 2002b).  

 

The hydrophilic part of κ-casein f(106-169) which is released by the chymosin during the 

renneting of milk is about 12 to 14% of milk total casein. Of this amount ca. 50% is 

enzymatically cleaved into caseinomacropeptides (CMP) (Mollé and Léonil, 2005). This 

CMP can be further differentiated to non-glycosylated caseinomacropeptide (ngCMP) and 

glycomacropeptide (GMP) fractions. There is a considerable variation in the degree of 

glycosylation (Vreeman et al., 1986): the GMP to ngCMP ratio varies from 30:70 (Casal et 

al., 2005) to 60:40 (Lieske et al., 1996; Vreeman et al., 1986). The average 

caseinomacropeptide yield is 50 g/kg casein, consisting 20-25% of total proteins in rennet 

whey (Thomä-Worringer et al., 2006; Swaisgood, 2003; Vreeman et al., 1986). 

Glycomacropeptide is glycosylated and phosphorylated and the ngCMP is non-glycosylated 

but phosphorylated. GMP fraction contains sialic acids which is often terminal carbohydrate 

of glycans (Holland et al., 2006). This carbohydrate consists of five different glycans which 

can be varied due to genetic or posttranslational modifications. These CMP fractions can be 

separated with chromatographic methods (Tanimoto et al., 1992; Kreuß et al., 2009) and used 

for novel functional foods. 

 

2.6.2 Microfiltration as a cheese milk pretreament method    

 
Milk casein concentration by MF accelerates curd firmness and decreases coagulation time 

(Caron et al., 1997; Pierre et al., 1992; Maubois, 2002). It also reduces the need for additives, 

e.g. CaCl2 (Schafroth et al., 2005), and enables stronger heat treatment for cheese milk 

(Samuelsson et al., 1997a). Microfiltration as a cheese milk pretreatment method affects the 

cheese process. When the milk protein level is standardized it is easier to minimize cheese 

quality changes and to optimize the cheese process (Klein and Lortal, 1999). In the cheese 

process, milk coagulation time can be reduced to half and a more rigid coagulum is obtained 
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when the coagulation rate is accelerated. Maximum strength of coagulum and therefore 

hardness of cheese measured using an (Instron Universal Testing Machine) in the 

compression test was increased from 50 newtons (N) to 70 N (40%) when MF was used as a 

milk pretreatment method (Neocleous et al., 2002a). Casein and fat recoveries to cheese are 

increased, reducing casein and fat contents in cheese whey. According to Daviau (2000a), 

microfiltration increases the cheese yield by 2-4% as a result of the increased level of milk 

protein.  

 

2.6.3 Microfiltrated milk in fresh cheese manufacture 

 

Fresh cheeses can be made from ultrafiltrated or microfiltrated milk when the milk proteins 

are concentrated up to 5-8 times. After the concentration step, starter and rennet are added to 

milk and after coagulation cheese is formed. This cheese process produces no traditional 

cheese whey and maximizes the amount of UF permeate or native whey. If milk concentration 

is performed by microfiltration, cheese texture and flavour are not reported to be affected. 

With this MF-based cheese process it is possible to increase the cheese yield by 3 to 5% 

(Thomet and Gallmann, 2003) and at the same time to reduce processing costs.  

 

2.6.4 Heat treatment and coagulation properties of micellar casein concentrate 
 

Milk contains bacteria and enzymes, which both affect cheese manufacture and ripening 

(Pandey et al., 2003). The risk of failures during cheese manufacture and ripening can be 

decreased by the use of sterilized milk, using cheese milk microfiltration (1.4 µm) or high 

temperature heat treatment (Maubois, 2002). However, milk whey protein denaturation due to 

high temperature heat treatment weakens milk coagulation properties and therefore cheese 

milk could not be thermally sterilized. Microfiltrated casein concentrate is therefore a 

promising alternative for cheese manufacture. Powerful high temperature heat treatment is 

able to inactivate Clostridium tyrobuturicum spores up to 4 log units without affecting the 

coagulation properties of casein concentrate (Schreiber, 2001). Strongly heat treated micellar 

casein fraction can be used as cheese milk because strong heat treatment (100°C, 10 min) 

does not affect milk renneting properties or casein micelle size (Anema and Li, 2003). The 

reason for this is a decrease of κ-casein and β-lactoglobulin (β-LG) complexes as the 

concentration of β-LG is reduced, which normally weakens coagulation properties of cheese 

milk (Garem et al., 2000). Ultra high temperature (135°C, 1 s) (UHT) treatment has a 
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negative effect on the coagulation properties of milk micellar casein concentrate due to 

reduction of free calcium content in milk, caused by calcium phosphate precipitation.  

 

2.7 Cheese properties       

2.7.1 Effect of standardization of cheese milk protein on cheese quality 

 

Cheese consists of a gel network and a free water fraction. Increased protein content reduces 

the amount of free water in cheese gel structure. The gel network contains casein and calcium 

salts and bound water (Kammerlehner, 1986). The free water fraction contains fat, soluble 

casein, byproducts from proteolysis and proteolytic enzymes, whey proteins and soluble salts 

with water. Free water influences proteolysis and cheese textural changes during ripening. If 

the rate of proteolysis is decreased, the development of cheese flavour slows down and 

flavour after ripening is decreased.       

 

Microfiltrated milk causes changes in the cheese-making process if cheese quality 

requirements remain constant. Neocleous et al., (2002a) reported that Cheddar cheese quality 

was not changed if the increased milk protein content was considered in the cheese 

processing, shortening the cooking time and increasing the amount of rennet.         

 

If the microfiltrated cheese milk is high temperature treated (80°C, 30 s), whey proteins are 

denaturated and whey protein recovery in the cheese increases. Denaturated whey proteins 

bind more water and cause a further increase in the cheese yield (Mead and Roupas, 2001), 

and also affect the cheese texture. If the milk is microfiltrated after a high temperature heat 

treatment (80°C, 30 s), the quality of native permeate is slightly different due to the different 

denaturation behaviour of individual whey proteins (Thomet et al., 2004).  

 

The economical benefit of microfiltration in cheese manufacture is still unclear. The native 

whey and caseinomacropeptides (CMP) enriched cheese whey are important by-products in 

the cheese process including a microfiltration pretreatment. Papadatos et al. (2003) reported 

that microfiltration as a protein standardization method was economical for use in Cheddar 

and Mozzarella cheese manufacture during 10 of the 12 months of the year. Microfiltation 

increased processing costs but it also led to higher net revenues during the months when the 

prices of end products such as cream and cheese were higher. The economics of 
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microfiltration are dependent on individual product prices and therefore the net effect of 

microfiltration can vary substantially.  

 

2.7.2 Effect of standardization of cheese milk protein on cheese ripening    
 

Concentration of cheese milk by ultrafiltration or evaporation produces cheeses with lower 

moisture, slower proteolysis and decreased meltability (Acharya and Mistry, 2004). On the 

other hand, Mistry and Maubois (1993) and Saboya et al. (2001) reported that ultrafiltration 

did not have a significant negative effect on cheese ripening. It has been reported that whey 

proteins inhibit cheese proteolysis when ultrafiltered cheese milk is used for cheese 

production (Lawrence, 1989; Bech, 1993). In the case of ripened cheeses, crumby texture and 

bitter taste of cheese have been reported (Hinrichs, 2001). However, in the manufacture of 

semi-hard and hard cheeses higher salt and whey protein concentrations in the cheese are 

obtained by ultrafiltration. Although economically beneficial the taste, structure and 

functional properties of the cheese are often compromised (Mistry and Maubois, 1993). De 

Koning et al. (1981) reported that whey proteins slow down cheese proteolysis due to their 

resistance to proteolytic enzymes of rennet and starters, and thus slow down cheese ripening. 

The same effect was found in cheeses in which microfiltration was used as a protein 

standardization method and the native whey protein content of the cheese milk was increased 

(St-Gelais et al., 1995). Neocleous et al. (2002a) proposed three possible reasons for the 

decreased proteolysis. One reason could be the reduced amount of substrates for chymosin 

when milk non-fat dry matter is reduced. The second reason could be the larger whey proteins 

in the microfiltrated milk retentate. The third reason could be lower rennet content in the 

cheese. The amount of rennet in the cheese milk affects the residual chymosin content in the 

cheese and this affects the proteolysis of αs- and β-casein. Rennet, peptidases from starters 

and milk plasmin together with some other enzymes such as phosphatase are responsible for 

cheese proteolysis (McSweeney, 2004). 

 

When microfiltration (MF) was used for casein concentration, higher milk casein content 

during milk coagulation increased hardness of cheese due to the lower amount of linkages 

between whey proteins and caseins (Rodríguez et al., 1999). However, aroma and flavour 

development in MF cheeses are not affected, contrary to the case with ultrafiltration (UF) 

cheeses, where the content of whey proteins is higher (Bech, 1993). UF concentrates all milk 

proteins, which are known to act as plasmin inhibitors in cheese milk. Plasmin initiates the 

breakdown of β-casein into γ-casein (Ardö, 2001). Plasmin also hydrolyses αs1-casein into 
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αs1-I-casein at high pH values, as does chymosin at low pH values (Larsson et al., 2006). The 

concentration of plasmin inhibitors such as whey proteins and plasminogen inactivators has a 

negative effect on cheese flavour intensity (Benfeldt, 2006). In addition, hydrolysis of 

denaturated whey proteins during extensive ripening imported an atypical flavour and texture 

to the UF cheese (Lelievre and Lawrence, 1988). Other high molecular mass whey proteins, 

such as α2-macroglobulin, have been observed to be concentrated in the MF retentate and 

possibly to inhibit chymosin activity during the MF cheese ripening (Neocleous et al., 2002a; 

Ardisson-Korat and Rizvi, 2004). Cheeses made by MF contain less residual rennet 

chymosin, because the dosage of chymosin can be reduced due to faster coagulation 

(Benfeldt, 2006). A reason for the different ratio is faster coagulation because of the higher 

protein content, which in turn is compensated by a reduced amount of chymosin. 

 

2.8 Composition of native and traditional cheese whey 
 

Separation of the whey proteins from the cheese milk into MF permeate (native whey) prior to 

cheese manufacture allows whey proteins to be further processed into value-added whey 

products such as a native whey protein concentrate as a liquid (Marcelo and Rizvi, 2008) or 

powder (Garem et al., 2000). MF permeate as a native whey does not contain fat, casein or 

casein dust nor any other by-products from the cheese manufacture (Ardisson-Korat and 

Rizvi, 2004). However, native whey can contain some traces of casein when membrane 

integrity or membrane poresize distribution may cause some loss of casein to permeate. It has 

been also reported that some nonmicellar individual casein monomers are dissociating from 

micelles and end up to native whey (Zulevska et al., 2009). Lower permeability of 

immunoglobulins, BSA and lactoferrin to native whey compared to permeability of α-

lactablumin or β-lactoglobulin has been reported (Jost et al., 1999) but clear reason for that is 

still unclear (Zulevska et al., 2009). Native whey is almost free of bacterias and somatic cells 

when these are larger than membrane pore size (800 kDa). Cheese whey contains starter 

bacterias and lactic acid due to cheese starter bacteria growth during cheese cooking step. 

Native whey is free of caseinomacropeptides (CMP), cells, phages and thermally formed κ-

casein β-lactoglobulin complexes (Maubois, 2002) which are not passed through membrane 

due to higher molecular size. During cheese manufacture the functionality of whey proteins 

decreases, reducing their biological activities (de la Fuente et al., 2002). These main 

differences between native and cheese whey are listed in Table 2. 
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Table 2. Main differences between the composition of native whey (MF permeate) and sweet 
cheese whey (Maubois, 2002; Ardisson-Korat and Rizvi, 2004).   
 

Component in whey Native whey Cheese whey 
Fat no yes 
Cheese fines no yes 
Casein yes, traces yes 
Caseinomacropeptides (CMP) no yes 
Bacteria no yes 
Somatic cells no yes 
Lactic acid no yes 
κ-casein and β-lactoglobulin complexes no yes 
Cheese chymosin no yes 
Immunoglobulins yes, minor amounts yes 
 

Transfer of whey total solids into the microfiltration (MF) permeate changes the content of 

whey protein in the cheese milk, since the permeability of the main whey protein components 

into the MF permeate depends on the concentration factor (CF) (Outinen et al., 2008) and also 

on the retention of large proteins. Retentions of lactoferrin (LF), bovine serum albumin (BSA) 

immunoglobulins (Ig) and proteose-peptone components in the MF retentate were reported by 

Jost et al. (1999). In their study, skimmed milk was microfiltered with a ceramic 0.14 µm 

membrane to CF 3 and diafiltered to CF 6, after which the MF retentate still contained 5% of 

non-casein protein. Nelson and Barbano (2005) reported 5% residual whey proteins in MF 

retentate at CF 27, whereas Samuelsson et al. (1997b) measured 10% retention of non-casein 

nitrogen at CF 3.  

 

The amount of whey components in the traditional sweet whey does not depend on the extent 

to which the components are recovered from the cheese milk in the whey. Ardisson-Korat and 

Rizvi (2004) observed that the recovery of whey proteins in whey decreased 14.8-15.8% in 

whey with increasing CF from CF 6 to CF 9 with 0.1 µm membranes. Recovery of whey 

proteins to press whey increased proportionally and at the same time there were no significant 

differences in the recovery of casein to whey (0.9-1.13%). Brandsma and Rizvi (2001) 

reported 11.5% recovery of skimmed milk whey proteins into chymosin whey using CF 8 

retentate. Increase of whey protein and fat of total solids (TS) in whey has been reported by 

St-Gelais and Haché (1995) and St-Gelais et al. (1995).  
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2.8.1 Effect of microfiltration on whey processing 
 

Native whey production reduces the amount of cheese whey and changes its composition 

(Maubois, 2002). The influence of microfiltration (MF) on cheese whey has not been 

thoroughly studied and the influence of cheese milk microfiltration on native and cheese whey 

mass balances is still unclear. Govindasamy-Lucey et al. (2007) studied the effect of 

microfiltration (MF) on the structure, quality and yield of pizza cheese, and on the quality of 

whey but in this study the cheese whey usability compared to the reference whey was not 

analyzed. Thomä and Kulozik (2005) reported that MF cheese whey contains more 

caseinomacropeptide (CMP) than traditional cheese whey and MF whey can be further 

processed to retain pure CMP fractions. Higher protein level in cheese milk reduces cheese 

whey, depending on the concentration factor (CF) during microfiltration. Microfiltration 

permeate contains whey proteins which are normally transferred to cheese whey. The CMP 

content of cheese whey is much higher if whey proteins are partially removed to the MF 

permeate.  

    

2.8.2 Biological and functional properties of proteins from native whey 
 

The biological and functional properties of whey proteins are important due to their use in the 

food and pharmaceutical industries. In the food industry, whey proteins are used to create 

food matrix, bind water or to create protein gels. Therefore solubility, water binding, gelling, 

foaming and emulsifying properties of individual whey proteins, modified and hydrolyzed 

whey proteins are attracting more attention (Foegeding et al., 2002). More attention has also 

been paid to the biological properties of food and therefore the influence of whey proteins on 

human nutrition has become more critical (Luhovyy et al., 2007). The main whey proteins and 

biological properties as well as the contents in milk are presented in Table 3. The functional 

properties of the individual whey proteins are summarized in Table 4. 
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Table 3. The main whey proteins of milk, their contents and biological functions. 

Main whey proteins Content in milk Biological function Reference 
β-lactoglobulin (β-LG) 3.2 g/L Stimulate glutathione synthesis (McIntosh et al., 1995) 
α-lactalbumin (α-LA) 1.2 g/L Support biosynthesis of lactose (De Wit, 1998c) 
Bovine serum albumin 

(BSA) 0.4 g/L Binds insoluble free fatty acids 
(Harzer and Haschke, 

1989) 
Immunoglobulin G (IgG) 0.8 g/L Passive immunity (Larson, 1989) 
Bioactive whey proteins    

Lactoferrin (LF) 0.2 g/L Antimicrobiological activity, bind iron 

(Nichols and Kee, 1990; 
Jenssen and Hancock, 

2009) 
Growth factors <1.2 mg/L Impact on immune system and growth (Purup et al., 2007) 

Lactoperoxidase 0.03 g/L Part of the bactericidal system (Nichols and Kee, 1990)
Proteose-peptones >1.0 g/L Gastrointestinal adsorption of calcium (Kitts and Yuan, 1992) 

Caseinomacropeptides 
(CMP) 0.18 g/L 

Contains no aromatic amino acids, 
mineral adsorption enhancing, prebiotic 

(Brück et al., 2003a; 
Brück et al., 2003b) 

 Non-glycosylated 
caseinomacropeptides 

(ngCMP) 0.09 g/L 
Anticariogenic, immunomodulating 

activities 

(Thomä-Worringer et al., 
2006; Kreuß and Kulozik, 

2009 ) 

 Glycosylated 
caseinomacropeptides 

(GMP) 0.08 g/L 

Bioactivity: function of cell membrane 
and membrane receptors in brain 

development, interacts with toxins, 
viruses and bacteria, contains five 

different mucin-type carbohydrate chains 
and sialic acids 

(Saito and Itoh, 1992; 
Kreuß and Kulozik, 2009)

 

 

Table 4. The functional properties of the main whey proteins and their other features. 

Whey protein Functional properties Other features Reference 

β-lactoglobulin (β-LG) 
Foaming, gelation, lipid 

binding 
Most allergenic bovine 

milk protein (Tolkach and Kulozik, 2004) 

α-lactalbumin (α-LA) Emulsifying, viscosity 
High amount of 

essential amino acids 
(Tolkach and Kulozik, 2004; El-

Shibiny et al., 2007) 
Bovine serum albumin 

(BSA) 
Flavour and compound 

binding - (Tan and Siebert, 2008) 
Caseinomacropeptides 

(CMP) 
Emulsifying, foaming 
properties, mouthfeel 

Hypoallergenic, lacks 
aromatic amino acids 

(Abd El-Salam et al., 1996; Kulozik 
and Guilmineau, 2003) 

 

Whey proteins are a special group of proteins due to their different functional, physiological 

and biological properties (Fox, 2001). The functional properties of whey proteins are affected 

by the proteins themselves, but also by the process conditions and by environmental factors 

such as pH, temperature and ionic strength (De Wit, 1988). 

 

The main whey protein is β-lactoglobulin (β-LG), representing 80% of total milk whey 

proteins. β-Lactoglobulin has excellent foaming and gelation properties and may be capable 

of binding fatty acids and lipids and some other small hydrophobic molecules such as retinol. 

However, β-LG is one of the most allergenic bovine milk proteins for humans (El-Agamy, 

2007). The second main whey protein is α-lactalbumin (α-LA), which has significantly 

 43 



higher thermal stability against unfolding and lower gel formation properties compared to β-

LG (Tolkach and Kulozik, 2004) when it is present in mixed matrices such as milk. α-

Lactalbumin is a metallo-protein and it has high affinity for calcium (Ca2+) ions, which means 

that both calcium-free (apo α-lactalbumin) and calcium-bound (holo α-lactalbumin) forms of 

α-LA exist (Thompson and Brower, 1989). These apo- and holo α-lactalbumins have 

different denaturation temperatures and numbers of denaturation step. Apo denatures at 41-

43°C with a 2-step denaturation reaction and holo at 66-67°C with a 3-step reaction route 

(Apenten, 1995), which means that the denaturation temperature of β-lactoglobulin (78-84°C) 

may be higher in pure solutions (Kessler, 2002b). However, denaturation behaviour of whey 

proteins is dependent also of many other factors like pH value, lactose and protein 

concentration in solution (Kessler, 2002b). α-LA contains a high amount of essential amino 

acids, which are needed in muscle protein synthesis, and it also stimulates human brain 

serotonin activity due to its high tryptophan (Trp) content (Markus et al., 2000). 

 

The caseinomacropeptide (CMP) is considered to be a sweet cheese whey constituent, but it is 

actually a hydrophilic C-terminal part of κ-casein, which is cleaved by chymosin during milk 

coagulation. CMP is water soluble and it ends up in cheese whey. CMP has a unique amino 

acid composition, combining a high threonine (Thr) content with the total absence of all 

aromatic amino acids, and therefore pure CMP can be used as an ingredient in diets for 

phenylketonuria (PKU) patients (Abd El-Salam et al., 1996). CMP has few functional 

properties, but it has a positive influence on the mouthfeel and flavour of food because it is 

heat stable and does not release off-flavours during heat treatment. CMP is hypoallergenic, it 

is easily absorbed and digested, and it has a strong anti-infective effect as well as high 

nutritive value (Takahashi et al., 1992). It can be used as a food structuring agent because of 

its emulsifying and foaming properties (Kulozik and Guilmineau, 2003).  

 

Bovine serum albumin (BSA), immunoglobulins (Ig), growth factors and other minor whey 

proteins have an important biological significance for the human immune system, but their 

functional properties in food applications are far less well known. Immunoglobulins such as 

the other large whey proteins are relatively thermolabile, and even moderate heat treatments 

in dairy processes denaturate these proteins (Cao et al., 2007), reducing their technological 

potential.        
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2.9 Aims of this study 
 

The main objective in this thesis was to compare different cheese milk pretreatment methods 

from the point of view of cheese and whey. Microfiltration (MF) of milk with a membrane 

having a pore size of 0.05-0.2 µm has an influence on cheese milk coagulation, cheese yield 

and cheese ripening as well as on whey quality and on the functional properties of the whey 

product. These influences were studied and evaluated for their significance for cheese, whey 

and milk component usability. Effects of reduced lactose, whey protein and salt content in 

cheese milk coagulation together with cheese milk protein standardization have not been 

studied previously. In his study it was assumed that microfiltration in cheese process increases 

cheese yield and improves cheese whey functionality. 

 

Microfiltration technology has been developed further by membrane manufacturers and one 

object of this study was to measure and compare the energetic performance of different 

microfiltration membranes in skimmed milk microfiltration. It was also hypothesized that 

polymeric microfiltration membranes have poorer performance in whey protein separation in 

skimmed milk filtration compared to ceramic membranes. Does microfiltration affect milk 

coagulation or cheese quality and ripening when the cheese milk ash, whey protein and 

lactose concentrations are decreased? It was suspected that α-lactalbumin and β-lactoglobulin 

were transferred better from milk to cheese when the amount of these components in cheese 

milk were decreased and at the same time cheese whey contained higher amounts of CMP of 

total protein. It was also believed that microfiltration as a protein standardization method 

improved cheese yield as much as ultrafiltration and high temperature heat treatment. One 

hypothesis was that whey protein concentrate made from native whey had better functional 

properties than cheese whey protein concentrate powders. To resolve the main questions, 

seven studies were performed, with the specific aims described below:      

 

1. Measurements and calculations of filtration performance with ceramic, polymeric 

spiral wound and hollow fiber membranes were made to estimate the aspects of 

microfiltration (MF) technology affecting milk microfiltration. Trials with hollow 

fiber membranes were made to detect the influence of filtration parameters on 

permeate flux, β-lactoglobulin mass flux and whey protein retention values.   
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2. The effects of decreased milk lactose and ash content on cheese ripening and sensory 

quality were evaluated. Ripening of cheese produced with or without microfiltration 

(MF) was studied (I). 

 

3. The influence of MF cheese milk on the recovery yield of milk components from milk 

to whey with different CF values (MF) was studied. Retention coefficients for the 

main whey proteins α-LA and β-LG with different concentration factors (CF) were 

analyzed (II), 

 

4. The effect of milk modification on milk coagulation properties was studied. The 

influence of reduced milk lactose, whey protein and salt content on cheese milk 

coagulation properties was also examined (III), 

 

5. Recovery yields of milk components to cheese were determined from micro- (MF) and 

ultrafiltered (UF) and high temperature heat treated (HH) modified milks. The 

influence of cheese milk protein standardisation using polymeric MF and UF on Edam 

cheese manufacture, ripening and functional characteristics was studied (IV),  

 

6. The effects of three cheese milk pretreatment methods, microfiltration (MF), 

ultrafiltration (UF) and high temperature heat treatment (HH), on cheese whey amount 

and quality were determined. Amino acid compositions of native and cheese whey 

protein concentrate powders made with MF, UF and HH whey were evaluated (V).  

 

7. The effects of drying methods on whey protein concentrate (WPC35) functionality 

(solubility, viscosity, gelation, foaming properties, emulsification and water-holding 

capacity) of native whey (microfiltration permeate) were compared to those on 

traditional cheese whey (VI). 
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3 MATERIALS AND METHODS 

 
This study consists of the publications I-VI. Detailed materials and methods are described in 

each publication. Here only a brief summary of the materials and methods used is given.  

 

3.1 Raw materials 
 

3.1.1 Milk and whey 

 
In studies I, II and III the whole milk was obtained from a local dairy (Valio Ltd., Helsinki, 

Finland) and in studies IV-V skimmed and pasteurized milk (72±2°C for 15 s) was received 

from a cheese factory (Valio Ltd., Lapinlahti, Finland). In study VI raw milk for the MF 

filtrations was obtained from a local farm and whey from the cheese factory (Valio Ltd., 

Lapinlahti, Finland). Before microfiltration (0.1 µm) milk was skimmed by microfiltration 

(1.4 µm) in study VI or with a separator in studies I-V. In study VI the milk was not 

pasteurized. In hollow fiber filtration trials pasteurized (71°C, 20 s) and skimmed milk was 

obtained from a local dairy (Staatliche Molkerei Weihenstephan GmbH, Freising, Germany). 

UF permeate for skimmed milk MF diafiltration was obtained by using UF to deproteinize 

MF permeate in studies I and III.  

 

3.1.2 Filtration equipment, filtration parameters and heat treatments  
 

All filtrations were carried out in batch mode using different concentration factors (CF) 

depending on the aim of the filtration. The first filtrations were performed with old (uniform 

transmembrane pressure, UTP) and new type (gradient permeability, GP) of ceramic 

membranes and the last filtrations were done with new type of polymeric membranes after 

performance tests. Used polymeric spiral wound and hollow fiber microfiltration membranes 

were selected by testing different membranes on laboratory scale and the selected membranes 

had best retentions for casein and highest permeate flux values. Total concentration factor of 

filtration was the CF value of microfiltration multiplied by the diafiltration CF value in cases 

where diafiltration was used. Concentration factor was calculated as described in equation 6. 
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Permeability of β-lactoglobulin (β-LG) and permeate fluxes values through 500 kDa hollow 

fiber (HF) membranes (RomiPro™, PM500, 1”x18”, 1.1, Wilmington, Koch Ltd, USA) was 

measured at a concentration factor (CF) value of 1 with a laboratory filtration unit (Technical 

University of Munich, Freising, Germany), using a total filtration area of 0.092m2. 

Transmembrane pressure (TMP) varied from 0.36 to 0.83 bar and tangential flow velocities 

from 2.0 to 3.5 m/s at 55±2ºC. The hollow fiber membrane (HF) showed retentate inlet 

pressures of 0.65 to 1.24 bar and retentate outlet pressures 0.0 to 0.68 bar depending on the 

tangential flow rates and TMP values. 

 

Transmembrane pressure (TMP) during filtration has a major impact on membrane 

performance. Mean TMPs for polymeric MF (FR-2B-3838), UF (HFK-131, type 2540-30D; 

5838-HFK-131-NYT) and hollow fibre (RomiPro™, PM500) membranes were calculated 

using equation 7 and for ceramic (Membralox P19-40) membranes using equation 8. 

However, ceramic GP membrane (Membralox P37-30) TMP values were calculated from 

retentate outlet and permeate outlet pressures because of the membrane gradient structure.  
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Microfiltration of skimmed milk was carried out in the studies I and III in a Tetra Alcross 

MFS-1 filtration unit (Tetra Pak, Højbjerg, Denmark). Ceramic uniform transmembrane 

pressure (UTP) membrane (0.1 µm, 0.24 m2, Membralox P19-40, Pall Co., Bazet, France) 

was used in the filtration unit at a transmembrane pressure (TMP) of 0.3 bar at 55±1˚C. In 

study VI the ceramic gradient permeability (GP) membrane 0.1 µm 0.36 m2 (Membralox P37-

30, Pall Co., Bazet, France) was used instead of the UTP membrane due to of larger filtration 

area. In study VI milk skimming was performed using the Tetra Alcross MFS-1 plant with a 

1.4 µm, 0.24 m2 membrane (Membralox P19-40, Pall Co., Bazet, France) and a TMP of 0.3 

bar at 50±1ºC. In study V the Tetra Alcross MFS-1 plant with 0.8 µm, 0.24 m2 membrane 

(Membralox P19-40, Pall Co., Bazet, France) was used for whey skimming with 0.3 bar at 

50±1ºC. In study IV skimmed milk microfiltration was carried out at 50±5ºC using four spiral 

wound (SW) polymeric polyvinylidene fluoride (PVDF) 800 kDa membranes (FR-2B-3838, 
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Synder Filtration, Vacaville, USA) in the Niro Combi Plant filtration unit (Niro A/S, Soeborg, 

Denmark) with total a filtration area of 28.2 m2 and TMP of 0.7 bar.  

 

Ultrafiltration of sweet whey (study VI) was performed with a DDS Labstak® M37/38 unit 

(DDS AS, Silkeborg, Denmark) using six 10 kDa membranes (M37, GR81PP, total 

membrane area 0.66 m2). Ultrafiltration of native whey (studies I, II and III) was performed 

with the ProScaleTM unit (Millipore S.A., Molsheim, France) using a 10 kDa membrane 

(HFK-131, type 2540-30D, 2.4 m2, Wilmington, Koch Ltd, USA) and 2.5 bar TMP at 

20±1ºC. Permeate from native whey ultrafiltration was used as a diawater for microfiltration 

in studies I and III. Ultrafiltration of skimmed milk in studies IV and V was carried out at 

50±5ºC in the Niro Combi Plant filtration unit with 2.5 bar TMP using 10 kDa spiral wound 

(SW) polyethersulfone (PES) membranes (5838-HFK-131-NYT, Koch Membranes, 

Wilmington, USA) with a total filtration area of 100.2 m2. Whey ultrafiltration in study VI 

was performed using the ProScaleTM unit using the same 10 kDa membrane and operation 

parameters as with native whey and whey described above. 

 

For spiral wound (SW) microfiltration the retentate inlet pressure was 1.1 bar, retentate outlet 

0.3 bar, meaning 0.8 bar pressure drop over the membrane. This 0.8 bar pressure drop created 

ca. 0.5 m/s tangential flow rate near the membrane surface. Ultrafiltration retentate inlet 

pressure was 3.0 bar and outlet pressure 2.0 bar in studies I to III. Ultrafiltration membranes 

in studies IV and V had retentate inlet pressure 4.0 bar and retentate outlet pressure 1.0 bar. In 

studies I to V all UF trials were performed with 2.5 bar TMP. In study VI flat sheet UF (DDS 

Labstak® M37/38 unit) retentate inlet pressure varied from 5.5 to 3.8 bar and retentate outlet 

pressure from 5.2 to 3.5 bar, resulting in TMPs between 4.1 and 5.2 bar. Ceramic uniform 

transmembrane pressure (UTP) membranes (0.1 and 1.4 µm) had retentate inlet pressure 3.5 

bar, outlet pressure 2.0 bar and permeate inlet pressure 3.1 bar and outlet pressure 1.7 bar. 

Pressure drop over the UTP membranes was 1.5 bar, which resulted in a tangential flow rate 

of 6.1 m/s. For GP membrane it was assumed that TMP levels in the retentate inlet and outlet 

were identical when the pressure drop over the membrane was 1.95 bar. This pressure drop 

caused a tangential flow rate of 6.1 m/s in the GP membrane channel. GP membrane had 

retentate inlet pressure 4.0 bar, outlet pressure 2.1 bar and permeate inlet pressure 1.8 bar and 

outlet pressure 1.8 bar.  

 

High temperature heat treatment (HH) of milk at 93°C for 15 s in study IV was performed 

using a plate heat exchanger (Alfa Laval, C8-SR, Lund, Sweden). Traditional pasteurization 
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of milk at 72°C for 15 s was performed in study I with a EuroCal 5FGH (Fischer Mascinen- 

und Apparatebau AG, Austria) and in study IV with an APV Pasilac H07 equipment (APV 

Pasilac AS, Kolding, Denmark).   

 

3.1.3 Equipment cleaning, water flux measurement and cleaning of membranes  
 

Cheese vats, all pipes and tanks were cleaned after 10 min tap water flushing in a two step 

cleaning-in-place (CIP) procedure with 1.0% (v/v) NaOH at 75°C for 30 min and 1.0% (v/v) 

HNO3 for 20 min at 70°C. All membranes and filtration plants were cleaned according to 

membrane and equipment manufacturer instructions. Membrane filtration plants and all 

equipment were cleaned if over 24 h had elapsed since the previous cleaning procedure. After 

filtration and after the cleaning procedure, filtration plants were flushed with tap water at 

10°C for 20 min.  

 

Hollow fiber (HF) membranes were cleaned in a three step procedure with 1% (v/v) Ultrasil 

14 caustic (Ecolab, Düsseldorf, Germany) at 50°C for 40 min, with 0.5% (v/v) HNO3 acid 

(Staub & Co., Nürnberg, Germany) at 50°C for 30 min and with 1.0% (v/v) Ultrasil 14 

(Ecolab, Düsseldorf, Germany) at 50°C for 30 min.  

 

After flushing, ceramic membranes (0.1 µm, 0.8 µm and 1.4 µm) were cleaned in a three step 

procedure with 1.0% (v/v) cleaning Divos 124 caustic (JohnsonDiversey Ltd., Turku, 

Finland) at 80°C for 40 min, with 0.5% (v/v) nitric (HNO3) acid (Nitric acid 65% GR, Merck 

KgaA, Darmstadt, Germany) at 50°C for 25 min and with 1.0% (v/v) Divos 124 at 80°C for 

30 min.  

 

Polymeric spiral wound membranes in the Niro Combi Pilot Plant were cleaned in a three step 

procedure with 0.8% (v/v) F80 FILTER HE and 0.4% (v/v) F93 FILTER EN enzymatic 

caustic (Farmos Ltd., Turku, Finland) at 45°C for 40 min, with 0.4% (v/v) F91 FILTER VH 

acid (Farmos Ltd., Turku, Finland) at 40°C for 20 min and 0.8% (v/v) F80 FILTER HE 

caustic (Farmos Ltd., Turku, Finland) at 45°C for 30 min. Polymeric plate and frame (M37, 

GR81PP) and polymeric spiral wound (HFK-131, type 2540-30D) filters were cleaned in a 

three step procedure with 0.8% (v/v) Divos 2 acid (JohnsonDiversey Ltd., Turku, Finland) at 

50°C for 30 min, with 0.8% (v/v) Divos 108 and 0.6% (v/v) Divos 80-6 enzymatic caustic 

(JohnsonDiversey Ltd., Turku, Finland) at 45°C for 40 min and with 0.6% (v/v) Divos 2 acid 
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at 45°C for 30 min. After the cleaning steps, intermediate flushing with tap water was 

performed for 15 min.  

 

The cleaning effect was controlled by measuring the membrane water flux under standard 

conditions. When the water flux was >10% below the previous membrane water flux record, 

the cleaning procedure was repeated.    

 

3.2 Coagulation tests 
 
In study III, different amounts of CaCl2 34% (w/w) solution (Tetra Chemicals AB, Sweden) 

together with the 1:100 diluted chymosin (MIC Coagulant 600, Chr. Hansen, Denmark) were 

added to milk samples before the coagulation tests. Coagulation tests were performed with a 

Formagraph 20 equipment (Foss Electric, DK-3400, Hillerød, Denmark). Milk samples (10 

mL) were renneted at 32°C. Rennet clotting time (RCT), curd firmness 40 min after rennet 

addition (A40) and the time required to achieve a curd firmness of 20 mm (K20) were 

determined. The parameter (K20-RCT) was calculated in order to evaluate the development of 

curd firmness rate. 

 

3.3 Cheese milk pretreatment and cheese manufacture 
 
In studies I and III cheese trials were performed as presented in Figure 7. The cheese whey 

(see Figure 7) was further processed and used as raw material for study II. Milk pretreatments 

in the trials 2-5 aimed to increase milk casein concentration by a factor of 1.4 (except in study 

IV where the final CF was 1.0 in trial 3) and to reduce the proportion of whey proteins. Total 

CF for trials 1 to 5 was 1.0; 1.4; 4.0; 10.8 and 10.8, respectively. In trials 4 and 5 the filtration 

procedure was similar, except that in trial 5 recombination of milk was performed with water 

and in trial 4 with UF permeate. 

 

In studies I and III a lower amount of chymosin was used for concentrated milks except in 

trial 3 of study III (Figure 7), which had the same protein content as the reference milk, but 

less chymosin was added. Starter, CaCl2 and CuSO4 additions were carried out in relation to 

the calculated casein content. In study V rennet, starter and CaCl2 additions were similar in 

each trial.  
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Figure 7. Process flow chart of the trials 1, 2, 3, 4 and 5 in studies I and III. The target for 
fat/protein ratio in standardization was 0.9 and for vat milk recombination the protein target 
was 4.2% in Trials 3 to 5. MF = microfiltration, UF = ultrafiltration, DF = diafiltration in microfiltration, 
CF = concentration factor, * = membrane pore size or cut-off value. 
 
 
A cheese and whey process flow chart of studies IV and V is presented in Figure 8. Cheese 

whey (see Figure 8) was further processed to use as raw material for study V. Protein contents 

of microfiltrated and ultrafiltrated milks were increased from 3.5% to 4.2%. No filtration as a 

pretreatment was made for reference milk and for high temperature treated (HH) milk. 
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Figure 8. Process flow chart of the trials REF, HH, MF and UF in study IV. The target for 
fat/protein ratio in standardization was 0.8 and for MF and UF vat milk protein target was 
4.2%. REF = reference, HH = high temperature heat treatment, MF = microfiltration, UF = ultrafiltration, CF = 
concentration factor, * = membrane pore size or cut-off value. 
 
 

3.4 Whey process 
 
In study I the cheese whey was obtained from the cheese process and whey was used without 

any further processing for study II. In study V the cheese whey from the cheese process and 

the native whey from microfiltration of milk were further processed to obtain powders of 

whey protein concentrates (WPC) using the process flow chart presented in Figure 9. WPCs 

were dried as powders from the UF retentates with a freeze dryer (GWB Edwards, Crawley, 

Great Britain) in studies V and VI and with a spray dryer (Niro Atomizer P 6.3, Niro A/S, 

Denmark) in study I. 
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Figure 9. Process flow chart for reference (REF WPC), high temperature heat treatment (HH 
WPC), microfiltration (MF WPC), ultrafiltration (UF WPC) and native whey (NWPC) types 
of whey protein concentrate powder produced in study V. CF = concentration factor, * = membrane 
pore size or cut-off value. 
 
 

Functionality tests of the whey protein were performed with whey protein concentrate (35% 

protein of total solids, w/w) (WPC 35) powders in study VI. The flow charts of these 

processes are presented in Figure 10. The powder (Proval 35, Valio Ltd, Lapinlahti, Finland) 

of industrial whey protein concentrate WPC-SD was obtained from an industrial process. 
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Figure 10. Process flow chart for native whey protein concentrate powder – freeze dried 
(NWPC-FD), native whey protein concentrate powder – spray dried (NWPC-SD), cheese 
whey protein concentrate powder – freeze dried (CWPC-FD) and cheese whey protein 
concentrate powder – spray dried (WPC-SD) types of whey protein concentrate powders 
(35% total protein of total solids) produced in study VI. MF = microfiltration, UF = ultrafiltration, CF 
= concentration factor, * = membrane pore size or cut-off value. 
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3.5 Analytical methods 
 

3.5.1 Analyses of milk, whey, WPC powder and cheese samples 
 
Samples were taken from cheese milk, whey, WPC powder, fresh cheese after pressing and 

from cheese after ripening. Total solids (TS) was analysed from all samples with IDF 

21B:1987. Water content was calculated after total solids measurement (IDF 21B:1987) as 

100 – total solids content (%). Casein nitrogen was analysed with IDF 29:1964/ISO 8968-1 

and IDF 20-1:2001. Non-protein-nitrogen (NPN) was determined with IDF 20-4:2001. NPN 

was converted to protein equivalent (NPN-P) by multiplying by 6.38. Total nitrogen (TN) 

content of milk and whey was analysed using ISO 8968-1 and IDF 20-1:2002; for cheese ISO 

8968-2 and IDF 20-2:2002; for WPC powder IDF 20-4:2002. Total protein content was 

obtained by multiplying TN by a factor of 6.38. Whey protein (WP) was calculated as 

follows: WP = [TN – (CN – NPN)] x 6.38. The fat contents of milk was obtained using IDF 

1C and 16C:1987 and of cheese using ISO 1735 and IDF 5:2004. Fat content of whey and 

WPC powders were analyzed with IDF-1D:1996 and IDF-5B:1986, respectively. The lactose 

contents of milk, whey and cheese were analysed with IDF 79-2:2002. Whey proteins α-LA, 

β-LG, ngCMP and GMP were determined with reverse phase high pressure liquid 

chromatography (RP-HPLC) (Thomä et al., 2006). The proteins of the samples for CMP were 

precipitated in 6% (study VI) and 8% (study II and V) trichloroacetic acid, centrifuged and 

analyzed. Calibrations of the chromatographic system for the quantitative analysis were 

carried out by means of external standards and measured by with a UV detector at 280 nm. 

The purified preparations for the calibrations were α-LA L-0610 (Sigma) and β-LG (L-0130, 

Sigma). Whey protein analysis was performed by sodium dodecyl sulphate polyacrylamide 

gel electrophoresis (SDS-PAGE) according to Laemmli (1970), using ready-made 18% Tris-

HCl polyacrylamide gels (Bio-Rad, Hercules, USA). Protein bands (10 µg load) were stained 

with Coomassie G-250 (GelCode Blue Stain Reagent, Pierce, USA) and compared with IgG 

(Perstorp Biolytica, Lund, Sweden), BSA and LF standards (Sigma, St. Louis, Missouri, 

USA). The pH of the milk and cheese was measured with Knick SE 104 (study I) or WTW 

330 (study IV) combination puncture electrodes. Salt contents of cheese were measured by 

potentiometric chloride titration (IDF 88/ISO 5943:2006). Ash contents of whey and WPC 

powders were analyzed with IDF 154:1992. Calcium contents of milk and WPC powders 

(study II) were measured with ICP-MS -equipment (Inductively Coupled Plasma Mass 

Spectrometry, Elan 6100 Perkin Elmer, Waltham, USA). Titratable fatty acids (TFA) and 

lactic acids in cheese were measured using a titration method (Moisio and Heikonen, 1996) 
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and with IDF 69B:1987, respectively. Cheese carboxylic acids were measured with a gas 

chromatography -method (De Jong and Badings, 1990) and β-casein with fast protein liquid 

chromatography equipment (Syväoja, 1992) in study I. Amino acids and tryptophan (Trp) 

contents of cheese milk (study IV) and WPC powders (study V) were determined with 

AnalyCen AB (Lidköping, Sweden) according to SFS standards (SFS, 2005a; SFS, 2005b). 

Cheese moisture in the non fat substance (MNFS) was calculated with the formula MNFS 

(g/kg) = (100-TS) / (100-Fat) x 1000. Fat on a dry basis (FDB) was calculated with the 

formula FDB (g/kg) = (Fat/TS) x 1000. 
 

3.5.2 Sensory analyses of cheese 
 
In study IV cheeses were analysed in the Sensory Analyses group (Valio Ltd., R&D, Helsinki, 

Finland) at 14±1°C under normal light using triangle and consumer tests. Each cheese was 

evaluated by 15 trained panelists in order to detect differences between the cheeses. Each 

panelist was asked to choose the different cheese among three cheeses. The consumer test 

with 14 untrained panelists was used to determine the pleasantness of different sensory 

properties (overall pleasantness, structure, flavour, appearance) using a rating from 4 to 10 

(4=not good, 10=excellent). 

 

3.5.3 Textural analyses of cheese 
 
Textural properties were analysed with a TA.XTplus texture analyser (Stable Micro Systems 

Ltd, Surrey, UK) in the IV. Hardness and cohesiveness were tested by compressing a cheese 

sample twice, with an interval of five seconds, between two metal plates into 25% of its 

original height. Springiness and resilience were analysed by compressing the cheese sample to 

70% of its original height. Cheese samples were cylindrical (23 mm in diameter and 20 mm in 

height). Six repeats were performed for each cheese sample. Samples were temperated at 

14°C for at least 16 hours before the analyses. 

 

3.5.4 Calculations for cheese yield and recovery of milk components  
 

The most important factors in cheese manufacture are cheese properties and recovery yield of 

milk components in the cheese. In study IV, cheese yield (CYv and CYr) and adjusted cheese 

yield (ACYv and ACYr) from vat and raw milk were calculated using equations (9), (10), (11) 

and (12) respectively. In study I only CYv and ACYv were calculated.  

 57 



 

)9(
)kg(milkvatofmass

100)kg(cheeseofmass
(%)CYv

×
=  

 

)10(
)kg(milkrawofmass

100)kg(cheeseofmass
(%)CYr

×
=

 
 

)11(
)g100/g(moisturecheese

46
)kg(milkvatofmass

100)kg(cheeseofmass
(%)ACYv ×

×
=

      

)12(
)g100/g(moisturecheese

46
)kg(milkrawofmass

100)kg(cheeseofmass
(%)ACYr ×

×
=  

 
In studies I and IV vat milk component recovery (CR) as the mass balance for each of the 

main milk components was calculated using equation (13).  
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Milk component recovery in the native whey (study II) and in the cheese whey (study V) was 

calculated using equations (14) and (15), respectively. 

 

)14(%100x
)g(milkskimtheinmass

)g(permeateMFtheinmass
(%)RY 








=  

 

)15(%100x
)g(milkvatcheesetheinmass

)g(wheytheinmass
(%)RY 








=

 
 

3.5.5 Functional property analysis of whey protein concentrate powders  
 
The native whey and cheese whey protein concentrate (WPC) powder functional property 

analysis was performed in study VI. Solubility, viscosity, gelation, foaming, emulsifying 

capacity and water-holding capacity measurements were carried out.  
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3.5.5.1 Solubility 
 
Solubility was determined according to IDF 173:1995 except that the pH of the protein 

dispersion (1%, w/v) was adjusted to 4.00 or 6.50±0.05 instead of 7.00±0.55 as described in 

the method.  

 
3.5.5.2 Viscosity 
 
Apparent viscosity of the WPC powders was measured using a Brookfield Model RVDVI+  

viscometer (Brookfield Eng Labs Inc., Stoughton, MA, USA). Each powder was dissolved in 

deionised water (22°C) to make a 10% (w/w) protein solution. Viscosity was measured in 

triplicate using an ultra low adapter (Brookfield Engineering Labs Inc., Stoughton, MA, USA) 

and a spindle shear rate of 100 rpm. 

 

3.5.5.3 Gelation 
 
The strength of the gel was used as a measure of gelation as described by Rantamäki et al. 

(2000). The transparency and the appearance of the gels were also visually rated. A protein 

dispersion of 10% (w/v) was prepared with deionised water and its pH was adjusted to 6.5 

with 0.1 M NaOH or 0.1 M HCl. The dispersion was stirred and further heated at 90°C for 10 

min. After heating, the gel was cooled to room temperature. The penetration test was applied 

in a Lloyd Instruments Testing Machine (LR 10K, Lloyd Instruments, Fareham, England) 

using a 10 N tension load cell. The compression force at a depth of 5, 10, 15, 20, 25, 30, 35 

and 40% of overall gel depth was recorded. For visual estimation the transparency of the gel 

was rated from 1 (transparent) to 5 (white). The appearance of gelation was rated from 0 

(solution) to 5 (gel).  

 
 
3.5.5.4 Foaming properties 
 
Foam volume, overrun value and stability were determined as described earlier (Rantamäki et 

al. 2000). The used method was a modification of the methods described by Phillips et al. 

(1987) and de Wit et al. (1988b). Protein dispersion (3%, w/v) was whipped at maximum 

speed using a Hobart N-50 whipping machine (120 Watt, Hobart Canada, Ontario, Canada). 

The overrun was calculated as presented in equation (16). 
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3.5.5.5 Emulsifying capacity 
 

Emulsifying capacity (EC) indicates the maximum amount of oil which can be emulsified per 

unit weight of protein (Vuillemard et al. 1990). EC was measured according to the method of 

Vuillemard et al. (1990). Protein dispersions (pH 7.0) of 0.005-0.050% (w/v) were prepared. 

Protein solution (50 mL) was homogenized by an Ultra-Turrax T 25 (IKA-WERKE GmbH, 

Staufen, Germany) with rapeseed oil. EC was determined by observing the increase in 

electrical resistance at the inversion point. The EC value reported was the mean of 4 to 6 

measurements.  

 
 
3.5.5.6 Water-holding capacity 
 
The water-holding capacity of WPC powders was measured according to the modified 

method of Quinn and Paton (1979) and Rantamäki et al. (2000). The volume of water needed 

to saturate the whey protein powder was determined. Samples were weighed in centrifuge 

tubes, a series of volumes of water was added and the mixtures were strongly agitated for 2 

min. The samples were centrifuged at 20200 x g for 30 min at 10°C. The last sample was able 

to absorb all the water, whereas the first sample released some of the water. The mean of 

these two water volumes was taken as the water-holding capacity of the protein powder. 

Measurements were performed as triplicates. 

 

3.5.6 Calculation of filtration parameters 
 

In membrane filtration, important parameters are permeate flux, permeability of the desired 

components and the specific mass flux of separated components. In addition the energy 

consumption of separation processes was considered in these studies. Permeate flux (J) was 

calculated by diving permeate flow per hour (L/h) by filtration area (m2) as described in 

equation 4 (Makardij et al., 1999). The specific mass flux of WP (MWP) was calculated by 

multiplying flux (J) by the concentration of WP in the permeate (CWP, permeate) (equation 17).  

 

)17(CJM permeateWP,WP ⋅=  

 

The specific energy consumption (E) for polymeric and ceramic membranes was obtained by 

dividing measured electric motor power consumption (Danfoss VLT HVAC Drive FC 100, 
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Graasten, Denmark; Vacon NXS FR4, Vaasa, Finland) by the specific mass flux of whey 

proteins (MWP).   

 

Permeation of whey proteins (PWP) during microfiltration was calculated by dividing WP 

content in permeate (CWP, permeate) by the WP content in retentate (CWP, retentate) (equation 18).  
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Relative quantity (%) of α-LA (Qα-LA) was calculated by equation 19. Relative quantity (%) 

of β-LG (Qβ-LG) in skimmed milk and MF permeate was calculated as 100 - Qα-LA = Qβ-LG. 
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where Cα-LA is the concentration of α-LA and Cβ-LG is the concentration of β-LG. 
 
 
Permeation of β-lactoglobulin (Pβ-LG) through hollow fiber (HF) membranes was calculated 

by dividing β-LG content in permeate (β-LG, permeate) by β-LG content in retentate (β-LG, 

retentate) (equation 20).  
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3.5.7 Statistical analyses 
 

One way analysis of variance (ANOVA) and the statistical significance of the results from 

each trial were carried out using the Tukey HSD test with significance at p<0.05 using 

Statistica 7.1 (StatSoft. Inc., Tulsa, USA) software in studies I-VI. Shapiro-Wilk and Levene 

tests were used to measure normal distribution and equality of standard deviations of variables 

in study V. 
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4 RESULTS 

4.1 Separation of whey proteins from skimmed milk with polymeric MF membranes 
 

Polymeric microfiltration membranes were used to remove whey proteins from skimmed 

milk. The major whey proteins α-lactalbumin (α-LA) and β-lactoglobulin (β-LG) in the milk 

permeate were analyzed during the trials (Figure 11). Permeate whey protein concentration 

increased during the concentration phase (CF from 1 to about 4) and during the diafiltration 

phase (CF over 4) the protein concentration decreased linearly up to CF 61. α-LA and β-LG 

levels in skimmed milk were 0.11 and 0.30 % (w/w) and in the MF retentate of skimmed milk 

with CF 70 the levels were 0.01 and 0.03 % (w/w), respectively. 
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Figure 11. Permeation of α-LA (red) and β-LG (green) during skimmed milk microfiltration 
and diafiltration with spiral wound polymeric membrane (Synder FR, 800 kDa) at 50°C. 
CF=concentration factor, TMP=transmembrane pressure (bar), α-LA=α-lactalbumin, β-LG=β-lactoglobulin. 
*=membrane cut-off value. 
 

Microfiltration permeate flux (J) is a result of membrane performance, which was mainly 

affected by membrane resistance (Rm), cake layer resistance (Rc), wall shear stress (τw), 

filtered liquid particle size and concentration (Vadi and Rizvi, 2001). Polymeric and ceramic 

MF membrane permeate fluxes of skimmed milk are presented in Figure 12. Polymeric 

membranes were able to filter skimmed milk at rather low flux values compared to ceramic 
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UTP-membranes. Mean permeate flux with the polymeric membrane was 13.4 L/m2h (n=4) 

and with the ceramic membrane 73.9 L/m2h (n=2) at a CF value of 1 to 4 at 50°C.  
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Figure 12. Skimmed milk microfiltration permeate flux (J) with polymeric (Synder FR, 800 
kDa, blue) and ceramic (Membralox GP, 0.1 µm, red) MF membranes at CF values from 1 to 
4 and at 50 °C. TMP=transmembrane pressure (bar), *=membrane pore size or cut-off value. 
 

4.2 Effect of microfiltration parameters on permeate flux and β-lactoglobulin separation 
of skimmed milk 
 
 
Permeate flux (J) and β-lactoglobulin (β-LG) mass flux in skimmed milk microfiltration at 

different tangential flow rates and transmembrane pressure values were measured with hollow 

fiber (HF) membranes using a CF value of 1.0. The permeability of β-LG with different 

filtration parameters was measured due to its greater effect on MF permeate total protein 

content. Increased tangential flow rates from 2.0 m/s to 3.5 m/s increased permeate flux 

values from 33 L/m2h to 73 L/m2h, respectively (Figure 13). Increase in TMP had a very 

limited effect on permeate flux values with HF membranes (data not shown). Mass flux of β-

LG increased when higher tangential flow rates were used but the mass flux of β-LG was not 

increased at higher TMP values without increasing tangential flow rate (Figure 13). Mass flux 

of β-LG at 0.83 bar TMP varied from 60.0 to 113.6 g/m2h when tangential flow rates were 2.0 

and 3.5 m/s, respectively. A lower mass flux of β-LG was obtained due to lower permeation 

of whey proteins at higher TMP values. Permeation of β-LG varied from 71.9 to 49.2 % when 

TMP values were 0.36 (2.5 m/s) to 0.83 bar (3.5m/s), respectively. Increase of TMP from 
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0.49 bar to 0.83 bar with the same tangential flow rate of 2.5 m/s reduced β-LG permeation 

from 50.6 to 37.5 %, respectively. The sum of α-LA and β-LG mass flux varied between 77.8 

and 144.8 g/m2h when TMP values were 0.36 bar (2.5 m/s) to 0.83 bar (3.5m/s), respectively. 
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Figure 13. Skimmed milk microfiltration mass flux of β-lactoglobulin and permeate flux (J) 
with polymeric hollow fiber (Koch PM500, 500 kDa) membrane at transmembrane pressure 
(TMP) values of 0.36 to 0.83 bar and with tangential flow rates of 2.0 to 3.5 m/s. Red and 
green lines decribe β-LG mass flux values with tangential flow rates of 2.0 and 2.5 m/s, 
respectively, at different TMP values. The blue line describes permeate flux values with 
different TMP and tangential flow rate values. Concentration factor (CF) was 1. n=2. *=membrane cut-
off value.  
 
 

4.3 Comparison of ceramic and polymeric membranes in skimmed milk microfiltration 
        

In milk microfiltration whey protein (WP) mass flux is actually a more important factor than 

permeate flux. Permeation of WP can be expressed as mass of protein divided by the energy 

consumption (P) which is needed for creating protein mass flux during filtration. The energy 

consumption (kW/kg of NWP) of polymeric (Synder FR, 800 kDa) and ceramic (Membralox 

GP, 0.1 µm) membranes in skimmed milk whey protein separation at 50°C is presented in 

Figure 14. The average energy consumption of the studied polymeric spiral wound (Synder 

FR, 800 kDa) MF membrane was 38.5% of the energy consumption of ceramic (Membralox 

GP, 0.1 µm) MF membrane. However, mean whey protein mass flux values with the 

polymeric and ceramic membranes were 41.2 g/m2h and 305.4 g/m2h, respectively. Due to 
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lower permeation and lower mass flux values of whey proteins, polymeric spiral wound MF 

membranes were a less interesting alternative when the performance of membrane area was 

calculated. However, polymeric MF membranes had lower energy consumption compared to 

ceramic MF membranes, due to lower tangential flow values (wall shear stress force (τw)) and 

more compact membrane packing (smaller spacer size of polymeric membranes compared to 

the hydraulic diameter of the filtration channel (d) of ceramic membranes). Ceramic 

membranes had ca. 7.4-fold higher mass flux values for whey proteins, but they also had ca. 

2.6-fold higher energy consumption figures (Figure 14).  

 

Permeation of whey proteins (PWP) during microfiltration influences the WP content of 

skimmed milk MF retentate. The effect of lower permeation of polymeric membranes can be 

offset by using higher CF values or by using an additional diafiltration step. Mean permeation 

values of whey proteins (PWP) with polymeric and ceramic membranes were 26.2% and 

56.3%, respectively, during microfiltration (CF 1 to 4) at 50°C (Figure 14). 
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Figure 14. Energy consumption (E), whey proteins mass flux (MWP) and whey protein 
permeation (PWP) with the polymeric (Synder FR, 800 kDa) and ceramic (Membralox GP, 0.1 
µm) microfiltration membranes in whey protein separation from skimmed milk (CF 1 to 4, 
n=3) at 50°C. CF=concentration factor, TMP=transmembrane pressure, *=membrane pore size or cut-off 
value. 
 
 

Permeation of main whey proteins (β-LG and α-LA) was analysed in permeates from 

polymeric spiral wound and ceramic membranes and compared to the corresponding values 
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measured with skimmed milk. Relative quantities of Qα-LA in both permeates (polymeric and 

ceramic) were higher than in skimmed milk and Qβ-LG values were lower, as presented in 

Table 5. 

 

Table 5. Mean relative quantities (α-LA+β-LG=100) of β-lactoglobulin (Qβ-LG) and α-
lactalbumin (Qα-LA) in skimmed milk and permeates produced using polymeric membranes 
(Synder FR, 800 kDa) with a transmembrane pressure (TMP) of 0.7 bar and ceramic 
membranes (Membralox GP, 0.1 µm) with a TMP of 0.3 bar at 50ºC (CF 1 to 4). 
 

 
 

   n 
 

Qβ-LG 
% 

Qα-LA 
% 

Feed (Skimmed milk) 6 75.7±0.7 24.3±0.7 
Permeate (Synder FR, 800 kDa) 3 73.3±2.0 26.7±2.0 
Permeate (Membralox GP, 0.1 µm) 3 73.9±0.2 26.1±0.2 
 
 

4.4 Cheese milk modification by micro- and ultrafiltration and its effect on Emmental 
cheese quality (I) 
 

Milk microfiltration decreased native whey protein (NWP) / casein ratio as a function of CF 

value (study I), as seen in Figure 12. In Trial 1 (CF 1.0) the ratio was 0.19 and in Trial 5, in 

which intensive diafiltration was used, the ratio was 0.07. In all trials the β-casein / casein 

ratio was unchanged (0.41-0.42). Diafiltration with water reduced the milk ash content from 

0.7% to 0.5%. Lower lactose and total solids contents in milk were measured in Trials 4 and 5 

when diafiltration was employed (Figure 15). 
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Figure 15. Effect of concentration factor (CF) value on total solids, total protein, lactose and 
NWP/casein ratio of cheese milk in study I. n=3, NWP=native whey protein. *=CF 10.8 
including diafiltration with water, **=CF 10.8 including diafiltration with water and recombination of cheese 
milk with water.  
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Increased casein concentration in milk did not increase fat, casein or β-casein recovery in 

fresh cheese. Recovery of total solids increased and a significant increase in milk protein 

recovery was observed due to the elevated casein/TP ratio. Modification of milk composition 

had no effect on salt, moisture in the non fat substance (MNFS), fat on a dry basis (FDB), fat, 

casein or NWP contents of fresh cheese. Cheese yield was 8.5% with the reference milk and 

11.2-11.8% with the modified milks. The adjusted cheese yields varied from reference cheese 

8.6 to Trial 2 cheese 11.7%, which correlates with the lowest and highest milk casein 

contents. This result does not mean that microfiltration increases milk recovery yield to 

cheese, because the total amount of milk which was used for modified milks was not 

calculated.   

 

In Trials 4 and 5 lower lactic acid content of fresh cheese, and lower acetic acid and propionic 

acid contents in ripened cheese were measured. pH values of milks varied from 6.5 to 6.8 and 

pH values of fresh cheeses from 5.2 to 5.75. 

 

4.5 Influence of concentration factor on the composition of Emmental cheese milk and 
on the caseinomacropeptide content of the whey (II)   
 

Total solids of native whey contained 7.5 to 10.0% (w/w) whey proteins, but for cheese whey 

the relation of TP in TS was 13.2% (study II). Casein permeation varied from 0.2 (CF 1.4) to 

0.7% (CF 10.8) of the total amount of milk casein. The casein nitrogen/TN ratio increased 

from 78% (Trial 1, skimmed milk) to 92% when a CF value of 10.8 (Trial 5, cheese milk) was 

used. At a CF value of 1.4 NPN, lactose reduction was 29 and 24%. At a CF value of 10.8 the 

recovery yield of lactose in MF permeate was 91%.  

 

In MF retentate at CF values of 4 and 10.8 a lower retention of α-LA (25.9 and 17.0%, 

respectively) compared to β-LG (44.0 and 25.1%, respectively) was observed (Figure 16.). 

Retentions of WPN in MF retentate were 95.5, 47.3 and 34.5% at CF values of 1.4, 4 and 

10.8, respectively. At CF values 1.4 and 10.8, retention of milk protein in MF retentate was 

98.5 and 78.4%, respectively. 
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Figure 16. Influence of concentration factor (CF) value on protein, whey protein nitrogen 
(WPN), α-lactalbumin (α-LA) and β-lactoglobulin (β-LG) retention in skimmed milk 
retentate in study II. n=3. *=CF 10.8 including diafiltration step with water, **= microfiltration membrane 
pore size, TMP = transmembrane pressure during filtration, T=filtration temperature. 
   

At a CF value of 1.4 the proportion of caseinomacropetides (CMP) in TP was below 20% and 

at CF 10.8 almost 40%. The relative amount of α-LA in WPN from cheese whey decreased 

from 12% to 5% when CF values of 1.4 and 10.8 were used, respectively. The relative amount 

of β-LG in WPN from cheese whey decreased from 40% to 20% when CF values of 1.4 and 

10.8 were used, respectively. The recovery yield (RY) of total nitrogen (TN) from milk to 

whey was 21% in Trial 1 and 12% in Trial 5. TS recoveries from milk to whey were 47 and 

26% in Trials 1 and 5, respectively. In cheese whey the CMP content varied from 4.3 to 5.5% 

according to the casein content of cheese milk. The TS content of cheese whey was 4.8% 

(w/v) in Trial 1 and 2.1% (w/v) in Trial 5. 

 

4.6 Impact of milk modification on milk coagulation kinetics (III) 
 

4.6.1 Composition of modified milks 
 
Microfiltration of milk at a CF value of 1.4 resulted in higher total solids (TS) and native 

whey protein (NWP) contents of cheese milk. Microfiltration at CF values 4 and 10.8 NWP 

resulted in remarkably decreased lactose contents of milk, as shown in Table 6 (study III). 

The NWP/casein -ratio decreased in relation to CF value from 0.21 to 0.08 in milks 1 to 5, 
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respectively (Table 6, study III). Calcium content in milk was 1100-1400 mg/kg in all the 

studied milks. Milk diafiltration with water reduced the lactose content to 1.85% (w/v) in milk 

5 with a TS content of 17%. In Trial 1 lactose contributed 36% of the TS content. In milks 2 

to 5 a lower chymosin amount (0.083%) was used compared to milk 1 (0.100% chymosin) 

used as the reference milk. This was because preliminary results (data not shown) indicated 

much too rapid coagulation when the amount of chymosin added was the same as with 

reference milk. In test 2 the CaCl2 addition was doubled, being 0.06% instead of 0.03% (tests 

1 and 3). 

 

Table 6. Total solids, total protein, native whey protein (NWP), NWP/casein ratio and lactose 
content of test milks in study III.  
 

Content Milk 1 Milk 2 Milk 3 Milk 4 Milk 5 
Total solids [%] 12.5 14.3 12.4 12.4 10.9 
Total protein [%] 3.6 4.52 3.38 4.42 4.32 
Native whey protein (NWP) [%] 0.58 0.64 0.33 0.35 0.33 
Native whey protein (NWP)/casein [-] 0.21 0.17 0.12 0.09 0.08 
Lactose [%] 4.51 4.2 3.81 2.89 1.85 

 

4.6.2 Coagulation results 
 

Addition of CaCl2 and decreased milk pH shortened the rennet clotting time (RCT) of milk 

and increased curd firmness (A40) in all the milks studied (study III), as seen in Figure 17. 

Curd firmness (A40) was 30% higher in milks 4 and 5 of trial 3. The time to reach K20 

shortened from 21.7 min (milk 1) to 16.0 min and to 14.0 min in milks 4 and 5, respectively. 

RCT decreased from 15.0 min (milk 1) to 13.2 (milk 4) and 11.0 min (milk 5) in test 3. The 

amount of added chymosin was decreased for modified milks due the higher casein/TP ratio. 

The shortest RCT and the hardest curd firmness (A40 value) were obtained with milks 4 and 

5, in which the casein/TP ratio was highest. Milks 4 and 5, in which the NWP content was 

lowest and the casein/TP ratio was highest, produced more than 50% lower K20-RCT time 

and more than 12% shorter RCT. Reduction of milk NWP/casein from 21% (milk 1) to 12% 

(milk 3) caused no changes in milk coagulation characteristics when the lower amount of 

chymosin (0.083%) was used (Figure 17). At higher casein levels the reduction of NWP 

amount resulted in lower RCT, K20 and K20-RCT values.     
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Figure 17. Modified milk coagulation properties in test 3 (pH adjusted to 6.50, CaCl2 addition 
0.03%) in study III. n=3. RCT=rennet clotting time is the time needed to detect gel formation; K20=time to 
reach a curd firmness of 20 mm, indicating optimal cutting time; A40=curd firmness 40 min after chymosin 
addition; K20-RCT=parameter which describes the rate of development of curd firmness. K20-RCT represents 
the time difference between clotting time and optimal cutting time for cheese manufacture; a shorter K20-RCT 
time means faster coagulation kinetics. 
 

4.7 Pretreatment methods of Edam cheese milk. Effect on cheese yield and quality (IV) 
 

4.7.1 Cheese milk composition 
 
MF and UF cheese milks were standardized to have a TP of 4.2% and a fat/TP ratio of 0.7. In 

high temperature heat treated (HH) and reference (REF) milks the protein level was 3.4% and 

the fat/TP ratio was 0.7. In each vat the mass of total protein and casein varied from 16.5 (UF) 

to 17.0 kg (REF, HH) and from 13.4 (UF) to 13.9 kg (MF), respectively. Lactose contents in 

various milks varied from 4.3% (MF) to 4.7% (REF). However, in MF and UF milks mass 

reduction of total lactose was 25%, being proportional to the CF value. MF and UF increased 

the casein to whey protein (WP) ratio by 21% and 10%, respectively. HH increased the 

casein/WP ratio by 12%. The highest casein/α-LA and casein/β-LG ratios were 25.9 and 8.4, 

respectively, in MF milk and lowest ratios were 20.1 and 6.8, respectively, in the reference 

milk (REF). TS and fat contents in milks varied from 11.4 (HH) to 12.5% (UF) and from 

2.40% (REF) to 2.95% (MF). In all milks the initial milk pH was 6.67 and during renneting 

the pH was 6.54 in MF milk and 6.59 in the reference milk. 
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4.7.2 Recovery of milk components in cheese and ripened cheese composition 
 

Milk component recovery (CR) of TS in cheese was 55.5% for MF milk and 48.6 % for HH 

milk. Milk TP recovery in cheese was highest with MF milk (81.1%) and lowest with the 

reference milk (76.6%). Vat milk component recoveries (CR) of casein and fat varied from 

92.1% (HH) to 93.8% (MF) and from 92.0% (REF) to 93.5% (MF and UF), respectively.  

 

The cheese yield from vat milk (CYv) was 12.8% cheese from milk with MF and UF, whereas 

with REF and HH the yield was 10.1% and 10.2%, respectively (Table 7). Adjusted cheese 

yield (ACYr) from raw milk was 9.8% with MF, 10.4% with REF and 10.2% with HH and 

UF. In all milks the initial milk pH was 6.67. After the salting step the pH of cheese was 5.23 

in UF cheese and 5.26 in REF and HH cheeses. Among ripened cheeses the MF cheese had 

the highest TP and the UF cheese had the lowest TP (Table 7). The highest fat content was in 

REF cheese 25.0% (w/w) and the lowest in the MF cheese 22.4% (w/w). In the MF cheese fat 

on a dry basis (FDB) was the lowest and in the REF cheese highest. The casein content was 

highest in the MF cheese (23.6% w/w) and the lowest in the REF cheese (21.8% w/w). 

Titratable fatty acid (TFA) contents varied between 50.8 and 75.8 mmol/kg in HH and REF 

cheeses, respectively (Table 7). Moisture of the non fat substance (MNFS) was highest in the 

UF cheese and lowest in MF cheese. Cheese fat content varied from 22.4% (w/w) MF to 

25.0% (w/w) REF.  

 

Table 7. The mean content of ripened cheese (w/w), cheese yield from vat milk (CYv), cheese 
yield from ripened cheese (CYr), moisture adjusted cheese yield from vat milk (ACYv) and 
moisture adjusted cheese yield from ripened cheese (ACYr) ± SD in study IV, (n=4).  
 

 REF HH MF UF 
Fat [%] 25.0±0.5a 23.7±0.5ab 22.4±1.4b 23.4±0.4ab 
Total solids [%] 55.9±0.9a 54.9±0.7a 54.4±0.8a 54.3±0.5a 
Total protein [%] 26.0±0.5a 26.1±0.4a 26.6±1.0a 25.5±0.5a 
Casein [%] 21.8±0.5a 22.7±0.8ab 23.6±0.9b 22.2±0.3ab 
Salt [%] 1.5±0.1a 1.5±0.1a 1.5±0.1a 1.5±0.1a 
MNFS [%] 58.8±0.9a 59.2±0.6a 58.9±0.7a 59.7±0.5a 
FDB [%] 44.7±0.4a 43.2±0.3ab 41.2±2.1b 43.2±0.5ab 
TFA (mmol/kg) 75.8±15.4a 50.8±2.2b 51.8±5.4b 56.3±8.0b 
CYv [%] 10.1±0.2a 10.2±0.1a 12.8±0.3b 12.8±0.2b 
ACYv [%] 10.4±0.1a 10.2±0.2a 12.7±0.5b 12.6±0.2b 
CYr [%] 10.1±0.2a 10.2±0.1a 9.9±0.3a 10.3±0.2a 
ACYr [%] 10.4±0.1a 10.2±0.2ab 9.8±0.3b 10.2±0.2ab 

a,b Values within a row not sharing a common superscript differ significantly at p<0.05  
REF=reference, HH=high temperature heat treatment, MF=microfiltration, UF=ultrafiltration, MNFS=moisture 
of the non fat substance, FDB=fat on a dry basis, TFA=titratable fatty acids. 
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4.7.3 Texture and sensory analysis of cheeses 
 

The hardest cheeses were obtained with the HH milk and the softest with the REF milk. 

Hardness values of MF and UF cheeses were between those of REF and HH cheeses. The 

results of cheese cohesiveness were similar to the hardness results. Resilience of MF and UF 

cheeses was significantly higher than in REF and HH cheeses. No difference in springiness 

was detected between the cheeses. Results of cheese sensory analysis of the MF, UF and HH 

cheeses were comparable and the quality of these cheeses was regarded as excellent, but still 

the REF cheese was regarded as the softest. However, differences between the cheeses were 

negligible and statistically significant differences were not detected (Table 8).       

 

Table 8. Sensory analysis of the Edam cheeses included in study IV. 

Cheese milk n Appearance Texture Odour / taste Total appearance 
REF 17 9.08±0.75a 7.47±0.94 a 8.00±1.06 a 7.88±1.11 a 
HH 14 8.50±1.02 a 8.21±1.19 a 8.36±1.01 a 8.36±0.93 a 
MF 14 8.64±1.01 a 8.14±1.23 a 8.29±0.99 a 8.21±1.05 a 
UF 14 8.79±0.80 a 8.21±1.48 a 8.36±1.08 a 8.36±1.22 a 

a
 Values within a column not sharing a common superscript differ significantly at p<0.05 

n = number of panellists in the sensory analysis 
REF=reference, HH=high temperature heat treatment, MF=microfiltration, UF=ultrafiltration 
 

4.8 Pretreatment methods of Edam cheese milk and their effect on the whey composition 
(V) 
 

4.8.1 Composition of wheys and permeates 
 

TS contents of MF and UF wheys were lower compared to REF and HH wheys (Table 9). TPs 

of MF and UF wheys were increased by about 8% compared to REF and HH wheys. The 

amount of WP was lower in MF whey (0.44%) than in UF whey (0.48%), but the lowest WP 

content was with HH whey (0.40%). In REF whey the WP content was 0.44%. The amount of 

casein was increased in MF and in UF wheys compared to REF and HH wheys. Lactose 

content was at approximately the same level in all the wheys studied. Non-glycosylated 

caseinomacropeptide (ngCMP) contents in MF and in UF wheys (0.08% and 0.07%, 

respectively) were higher compared to REF and HH wheys, which both contained about 

0.06%. A similar level difference was also observed in the glycosylated caseinomacropeptide 

(GMP) content of the wheys, as can be seen from Table 9.  
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Table 9. The composition of unclarified reference whey (REF), high temperature heat treated 
whey (HH), microfiltration whey (MF) and ultrafiltration wheys (UF) in study V, mean±SD 
(n=4). (w/w).  
 

  REF whey HH whey MF whey UF whey 
Total mass [kg] 518±5a 514±5a 403±3b 404±4b 
TS [%] 5.23±0.13a 5.25±0.06a 5.23±0.05a 5.01±0.07a 
Fat [%] 0.18±0.01a 0.19±0.02a 0.17±0.03a 0.20±0.04a 
Lactose [%] 3.71±0.07a 3.82±0.04a 3.76±0.03a 3.66±0.08a 
TP [%] 0.69±0.02a 0.69±0.01a 0.75±0.01b 0.77±0.01c 
WP [%] 0.44±0.01a 0.40±0.01b 0.45±0.00a 0.48±0.01c 
Casein [%] 0.06±0.01a 0.09±0.01b 0.095±0.00b 0.10±0.01b 
NPN-P [%] 0.19±0.00a 0.20±0.01a 0.20±0.00b 0.19±0.01a 
α-LA [%] 0.10±0.01a 0.09±0.01a 0.09±0.01a 0.09±0.01a 
β-LG [%] 0.22±0.02a 0.21±0.01b 0.23±0.01ab 0.27±0.01c 
GMP [%] 0.08±0.00a 0.10±0.01b 0.12±0.00c 0.11±0.00d 
ngCMP [%] 0.06±0.00a 0.06±0.01a 0.08±0.00b 0.07±0.00c 

a,b,c,d Samples sharing the same superscript are not statistically different (p>0.05), TS=total solids, TP=total 
protein, WP=whey protein, ngCMP=non-glycosylated caseinomacropeptide, GMP=glycosylated 
caseinomacropeptide. 
 

Use of MF and UF as milk pretreatment methods resulted in 20% lower whey production 

compared to REF and HH processes (Table 10). The amount of total mass of TP was lower in 

MF and UF wheys (3.0 and 3.1 kg, respectively) compared to REF and HH wheys (3.6 and 

3.5 kg, respectively). MF whey contained 20% less WP than REF whey (1.83 kg instead of 

2.3 kg), but HH and UF wheys contained almost the same mass of WP (2.0 kg and 1.9 kg, 

respectively). Total mass of casein was highest in HH whey (0.45 kg) and lowest in REF 

whey (0.33 kg). Mass of fat in MF and UF wheys was 20% lower than in REF and HH wheys 

(0.8 kg instead of 1.0 kg). 

 

MF and UF permeates of polymeric spiral wound membranes contained 23 and 25% of milk 

TS (6.0 and 4.9 kg, respectively), as can be seen from Table 10. Total masses of MF and UF 

whey were identical when the TP of milk was 4.2%. MF permeate contained 19% of milk 

NPN-P (0.2 kg) and 15% of WP (0.3 kg), respectively. UF permeate contained 4.9% of milk 

TP (0.2 kg), which consisted totally of NPN-P. MF permeate contained low amounts of high 

molecular mass whey proteins such as BSA, lactoferrin (LF), or immunoglobulin G (IgG), but 

did contain traces of casein (Table 10). The total amount of casein in the MF permeate was 

0.04 kg, corresponding to 0.25% of the vat milk casein (about 400 kg milk containing a total 

amount of casein of 16.8 kg, Table 10). Total masses of ngCMP (0.3 kg) and GMP (0.4-0.5 

kg) were at the same level in all wheys (Table 10), being 0.06-0.12% of the total mass of 

whey. The total mass of caseinomacropeptides varied between 720 and 810 g.  
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Table 10. Mass of initial vat milks and the mass balance [kg] of unclarified reference whey 
(REF), high temperature heat treated whey (HH), microfiltration whey (MF), ultrafiltration 
whey (UF), MF permeate and UF permeate components in study V, n=4. Higher mass of 
whey than of milk was the result of water addition during the cheese cooking phase.  
 

REF milk HH milk MF milk UF milk   
Total mass [kg] 500±2 499±3 400±1 402±4   
 REF whey HH whey MF whey UF whey MF permeate UF permeate
Total mass [kg] 518±5a 514±5a 403±3b 404±4b 116±8 95±4 
TS [kg] 27.0±0.5a 27.0±0.3a 21.1±0.2b 20.2±0.1b 6.0±0.2 4.9±0.4 
Fat [kg] 0.96±0.02a 0.98±0.01a 0.77±0.06b 0.76±0.03b 0 0 
Lactose [kg] 19.2±0.2a 19.7±0.3a 15.1±0.1b 14.8±0.2b 5.1±0.2 4.3±0.4 
TP [kg] 3.58±0.24a 3.53±0.04a 3.03±0.03b 3.10±0.02b 0.56±0.02 0.17±0.02 
WP [kg] 2.29±0.02a 2.03±0.04b 1.83±0.01c 1.94±0.02d 0.34±0.01 <0.01 
Casein [kg] 0.33±0.03a 0.45±0.03b 0.38±0.02a 0.40±0.04b 0. 04±0.00 0.00±0.00 
NPN-P [kg] 0.97±0.01a 1.03±0.05a 0.82±0.01b 0.77±0.01b 0.19±0.05 0.16±0.02 
α-LA [kg] 0.50±0.03a 0.44±0.03b 0.35±0.02c 0.36±0.03c 0.07±0.00 0 
β-LG [kg] 1.21±0.07a 1.09±0.04b 0.91±0.02c 1.07±0.05b 0.20±0.01 0 
GMP [kg] 0.41±0.00a 0.51±0.04bc 0.48±0.00cd 0.44±0.01ad 0 0 
ngCMP [kg] 0.31±0.00a 0.28±0.03b 0.32±0.00a 0.28±0.00b 0 0 

a,b,c,d Samples sharing the same superscript are not statistically different (p>0.05), statistical analysis was carried 
out only between cheese wheys. TS=total solids, WP=whey protein, NPN-P= non-protein nitrogen converted to 
protein equivalent by multiplying by 6.38, ngCMP=non-glycosylated caseinomacropeptide, GMP=glycosylated 
caseinomacropeptide. 
 

The RY of vat milk TS in whey was lowest for UF (40.5%) milk and highest for HH (47.6%) 

milk. RYs of fat in whey were 6.5% for MF and UF milks, but 8.0% and 7.5% for REF and 

HH wheys, respectively. RY of WP was lowest for UF whey (85.4%) and highest for REF 

whey (89.3%). RYs of the major whey proteins α-LA and β-LG were lowest for UF whey (60 

and 57%, respectively) and highest for REF whey (77 and 63%, respectively). RY of CMP in 

whey varied between 2.1% (HH and UF) and 2.3% (REF and MF).   

 

4.8.2 WPC powders 
 

SDS-PAGE results showed that all WPC powders (study V) contained BSA, LF and IgG, but 

this method was unable to quantify these proteins. For further comparison of these WPC 

powders, their amino acid composition was analyzed (Figure 18). The most important amino 

acids for this study were threonine (Thr) and tryptophan (Trp), due to the importance of these 

amino acids for infant nutrition. Whey protein products are commonly used in the infant 

nutrition industry. MF WPC and REF WPC contained Thr at 7.1% and 6.8% of total amino 

acids, respectively. NWPC contained Thr 4.7% of total amino acids. Trp contents varied from 

1.6% (MF WPC) to 1.8% (REF WPC) of total amino acids. The content of Trp, 2.2%, was the 

highest in NWPC of total amino acids. The greatest difference was also between the 

traditional WPC powders and the NWPC powder in the case of many other essential amino 
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acids (Figure 18). NWPC contained higher amounts of Leu, Lys and Trp due reason that 

NWPC contained no CMP which is rich of aromatic amino acids like Trp, Phe and Tyr. 
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Figure 18. Essential amino acid composition [g/100g of total amino acids] of whey protein 
concentrates (WPC) made from untreated reference (REF WPC), high temperature heat 
treated (HH WPC), microfiltrated (MF WPC) and ultrafiltrated (UF WPC) wheys in study V. 
Native whey protein concentrate (NWPC) is presented as a reference. Mean±SD (n=2). Only 
those amino acids of which the content in WPC powders showed statistically significant 
differences (p<0.05) are presented. Amino acids Thr=threonine, Pro=proline, Ala=alanine, Ile=isoleucine, 
Leu=leucine, Lys=lysine, Trp=tryptophan.    
 

4.9 Functional properties of whey protein concentrate powders (VI) 
 

4.9.1 Composition of WPC powders  
 

Powders of native whey protein concentrate (NWPC-SD and NWPC-FD) had lower protein 

and fat contents compared to powders of cheese whey protein concentrate (CWPC-FD and 

WPC-SD). In this study the CMP content of CWPC total protein content was 14-17%, 

whereas NWPC powders did not contain any detectable CMP.  
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4.9.2 Functional properties of WPC powders  
 
NWPC powders had significantly higher solubility at pH 4.0 than at pH 6.5. No differences in 

solubility between freeze dried or spray dried NWPC powder were detected. Similar results 

were also obtained by Vaghela and Kilara (1996) and Bhargava and Jelen (1995). WPC 

powder made from cheese whey had lower solubility than NWPC powders and industrial 

spray dried WPC had the lowest solubility values. Differences in solubility between NWPC 

and CWPC powders were reported by Britten and Pouliot (1996), supporting the results 

obtained in this study (VI).  

 

Increasing concentration increases the viscosity of an aqueous whey protein solution (Kessler, 

2002a). In this study (VI) viscosity was measured at a protein content of 10% (w/v), but no 

significant differences in viscosity between NWPC and CWPC powders were detected. 

NWPC-SD had the highest viscosity and NWPC-FD the lowest viscosity at the same protein 

level, but comparison of these results was difficult due to variation in the contents of lactose 

and minerals between the samples. Analogous results for the viscosity of WPC powder 

solutions were also obtained by Moon and Mangino (2004). 

 

Significantly higher gel strength values were obtained for NWPC powders compared to 

CWPC powders (Figure 19). NWPC-FD and NWPC-SD had a more compact gel structure, 

which was easy to cut without loss of water. WPC-SD gave an elastic gel which differed 

remarkably from the gel obtained for CWPC-FD.  
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Figure 19. Gel strength and gel visual estimation (0 = solution or precipitation, 5 = elastic gel) 
of 10% (w/v) protein dispersion made of freeze dried native whey protein concentrate 
(NWPC-FD), spray dried native whey protein concentrate (NWPC-SD), freeze dried cheese 
whey protein concentrate (CWPC-FD) and industrial spray dried cheese whey protein 
concentrate (WPC-SD) powders at 90°C for 10 min in study VI. n=6. Means with different 
letters, a-b and A-C, are significantly different (p<0.05).   
 

NWPC powders had excellent foaming properties compared to CWPC powders. Foam 

volume was over sixfold and overrun was over fivefold higher with NWPC powders 

compared to CWPC powders. In addition, foam stability was much better with NWPC 

powders. Foam overrun and volume with NWPC powders were higher compared to egg 

white, but foam stability was at about the same level. Emulsification capacity (EC) was 

statistically (p<0.05) higher with NWPC powders at protein concentrations of 0.0125 and 

0.050% (w/v). Water-holding capacity of NWPC powders and CWPC-SD were similar, but 

industrial WPC-SD had higher water-holding capacity although lower solubility.         
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5 DISCUSSION 

 

5.1 Separation of whey proteins from milk with polymeric MF membranes 
 

During milk microfiltration whey proteins pass partially through the membrane, depending on 

membrane resistance and filtration conditions. The main whey proteins in milk permeate, α-

lactalbumin (α-LA) and β-lactoglobulin (β-LG), were analyzed during trials in this study. 

Summarized results for whey protein content as a function of the concentration factor (CF) 

value are shown in Figure 11. To obtain the same filtration permeate flux with polymeric 

membranes as with ceramic membranes, the total membrane area should be 5.5 times higher 

(Figure 11). This is particularly evident if higher CF values (>3.0) are used. The reason for 

the lower flux rate at higher CF values is the increased viscosity of skimmed milk retentate 

(Vadi and Rizvi, 2001) and denser and thicker casein gel layer on the membrane surface 

(Jimenez-Lopez et al., 2008).     

 

As expected, whey protein content in permeate increased during the concentration phase and 

protein content during the diafiltration phase decreased linearly up to CF 61. Kulozik and 

Kersten (2002) reported an increase of the casein/whey protein -ratio as a function of 

diafiltration steps when using ceramic uniform transmembrane pressure (UTP) membranes. 

The shape of the whey protein (WP) permeation curve is related to the membrane 

characteristics. A membrane with high WP permeation rate increases the WP content in 

retentate during the concentration phase less and the decrease in WP content in the retentate 

during diafiltration is faster.    

 

Permeate flux (J) in skimmed milk microfiltration is a function of membrane performance 

under the filtration conditions. Compared to ceramic UTP-membranes, polymeric membranes 

are able to filtrate at rather low flux values, reported by Lawrence et al., 2006. Permeate 

fluxes of polymeric and ceramic MF membranes are presented in Figure 12. Flux rate 

decreased rapidly when the CF value increased, due to increase in retentate viscosity, 

concentration polarisation and membrane fouling as was reported also by Kulozik and 

Kersten (2002). Permeate flux reduction with a ceramic membrane was moderate, due to 

higher tangential flow rates on the membrane surface. Spiral wound MF membranes are not 

used in high tangential flow conditions, because membrane spacers between membrane 

leaflets are damaged if pressure drop (related to tangential flow) over the membrane increases 
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above 0.9 bar. In addition, transmembrane pressure (TMP) values were higher with polymeric 

membranes due to operation in non-uniform transmembrane pressure mode, where the risk of 

centrifugal pump cavitation cannot be avoided when the permeate side is also pressurized. 

Therefore similar TMP values for polymeric spiral wound and ceramic membranes cannot be 

used. 

 

Zulewska et al. (2009) reported that ceramic membranes are able to remove whey proteins 

with less membrane area compared to polymeric membranes and diafiltration is necessary 

only for polymeric membranes. However, any energetic calculations of whey protein removal 

with ceramic and polymeric membranes were not presented which is the most important 

factor for practical applications. 

 

5.2 Effect of microfiltration parameters on permeate flux and β-lactoglobulin separation 
of skimmed milk 
 

The tangential flow on a membrane surface creates wall shear stress (τw) force, which reduces 

the height and compactness of the cake layer (Zeman and Zydney, 1996) and affects total 

filtration resistance (Vadi and Rizvi, 2001). Hollow fiber (HF) results (Figure 13) showed that 

increased tangential flow rate resulted in a linear increase in permeate flux values in skimmed 

milk microfiltration and results were in line with previous studies (Gésan-Guiziou et al., 

1999b; Gésan-Guiziou, et al., 2000). Permeate flux of HF membranes was higher compared to 

polymeric spiral wound (SW) microfiltration membranes but lower than with ceramic 

membranes. This was as expected, due to the tangential flow rates which were lowest with 

SW membranes and highest with ceramic membranes. However, increased TMP values had 

only a limited effect on permeate flux values with HF membranes and therefore it can be 

concluded that in skimmed milk microfiltration the cake (casein gel) layer thickness and 

compactness were also limiting permeate flux values in the filtration conditions used, as 

concluded also Piry et al. (2008). 

 

Tangential flow rates and transmembrane pressure (TMP) values had a major impact on mass 

flux of β-lactoglobulin (β-LG). At lower tangential flow rates (2.0 m/s), lower mass flux 

values of β-LG were attained compared to the highest (3.5 m/s) tangential flow rates, as 

expected, but the reduction of mass flow rate with increased TMP values proved that cake 

layer compactness has a great effect on mass flux of β-LG. When the permeate flux was not 
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decreasing the reason for lower mass flux of β-LG was decrease in membrane permeability of 

β-LG. HF results showed that permeation can vary remarkably with the same membrane and 

different filtration parameters (Figure 13). It can be concluded that the permeate flux was a 

less important factor in skimmed milk microfiltration than mass flux of whey proteins (here 

β-LG), and that increased TMP value had a negative influence on permeability of β-LG. 

When mass flux values of whey proteins (α-LA and β-LG) through hollow fibre, polymeric 

spiral wound (SW) and ceramic membranes were compared it was observed that the lowest 

mass flux of WP was obtained with polymeric SW membranes and the highest with ceramic 

membranes (Figures 13 and 14). Different tangential flow rates and overall membrane 

resistances explained the differences in mass flux values between SW and ceramic 

membranes, which were also reported by Gésan-Guiziou et al. (1999b) in a study of ceramic 

membranes in different filtration conditions. 

 

5.3 Comparison of ceramic and polymeric membranes in skimmed milk microfiltration 
        

In milk, microfiltration permeate flux (J) is less important than whey protein (WP) mass flux 

(MWP) reported Piry et al. (2008). Permeation of WP can be expressed as mass of protein 

divided by the energy consumption (kW/kg of WP) during filtration which is needed to create 

WP mass flux. In milk microfiltration tangential flow with ceramic membranes is often higher 

than 7 m/s (Saboya and Maubois, 2000) and with polymeric spiral wound (SW) membranes 

much lower, 0.5 to 3.0 m/s. However, high tangential flow rates with polymeric spiral wound 

(SW) membranes could not be estimated due to the membrane spacer structure, and therefore 

wall shear stress values would be a better parameter to characterize friction force on the SW 

membrane surface (Schwinge et al., 2002). Ceramic membranes operate in the range where 

fluid hydrodynamics largely account for permeate formation (Altmann and Ripperger, 1997). 

Permeate flux of polymeric SW membranes is controlled by back-diffusion due to low 

tangential flow rates (Guillen and Hoek, 2009), which also caused lower energy consumption 

per kg of WP. This causes almost tenfold lower whey protein mass flux (MWP) values with 

polymeric SW membranes, but because of much more effective membrane packing the 

polymeric membranes are more effective than ceramic membranes in the separation of whey 

proteins from skimmed milk if performance is measured as floor area (kg of WP/ m2) which is 

needed for filtration equipment to separate the same amount of whey protein. Polymeric 

membranes had a lower permeation rate of whey proteins (PWP) compared with ceramic 

membranes, as can be seen from Figure 14. In a recent study Zulewska et al. (2009) also 
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reported higher WP retentions and lower permeate flux values with polymeric spiral wound 

(SW) microfiltration membranes compared with ceramic UTP and gradient permeability (GP) 

membranes. In this study measurement of hollow fiber membrane energy consumption was 

not performed and therefore comparison with other membranes could not be made.   

 

The relative amounts of β-LG (Qβ-LG) and α-LA (Qα-LA) in microfiltration permeate suggested 

that permeation of α-LA was higher compared to the values measured for skimmed milk. 

However, no statistical differences between polymeric and ceramic membranes were detected, 

although a slightly higher relative amount of β-LG was observed with ceramic membranes, as 

recently reported by Zulewska et al. (2009). However, they had no explanation for that kind 

of phenomena. It could be assumed that lower permeability of β-LG from polymeric 

membranes is dependent of membrane concentration polarization layer thickness and density 

when β-LG is larger molecule (dimer) at milk natural pH than α-LA. This may cause 

decreased β-LG flow through polarization layer and membrane itself so resistance for β-LG 

through membrane is higher than for α-LA. However, Tolkach and Kulozik (2006) reported 

that permeability of β-LG is complicated phenomena and it can`t be only explained with 

interactions between membrane, deposit layer and β-LG.  

 

Membrane performance depends on many factors such as spiral wound (SW) membrane 

configuration (Bégoin et al., 2006), channel height, and shape and length of ceramic 

membranes (Grangeon and Lescoche, 2000). Energy consumption during filtration also 

depends on pump type, type of electric motor and filtration unit structure. In this study 

polymeric SW and ceramic membranes were used in the same process, enabling direct 

comparison of these membranes. The mean energy consumption of a polymeric SW 

membrane was considerably lower compared to the energy consumption of ceramic 

membrane, resulting in lower running costs of filtration. Schier and Paar (2007) compared the 

behaviour of polymeric and polymeric membranes in milk microfiltration, but no efficiency 

calculations were included. Energy efficiency is a critical factor in milk microfiltration due to 

the high volumes, high CF values and relatively low product prices. Ceramic membranes of 

skimmed milk microfiltration membranes can tolerate high tangential flow rates of >8 m/s in 

order to obtain low retention of whey proteins and high permeate flux values (Samuelsson et 

al., 1997b). High wall shear stress (τw) values were not used with polymeric membranes due 

to their poorer mechanical strength, which lowers the critical flux value. The critical value of 

J/τw is therefore lower and this relation characterizes competition between erosion and 
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convection at the solution/membrane interface, as was reported by Le Berre and Daufin 

(1996). Mass transport of skimmed milk microfiltration is dependent on particle (casein 

micelle) size, interactions between particles (casein micelles and whey proteins) and 

interactions between particles (casein micelles) and membrane (Ripperger and Altmann, 

2002). Based on mass transport theory, whey protein separation and permeate flux with 

polymeric membranes are therefore more related to diffusion than erosion forces. Separation 

of whey proteins and high permeate flux with ceramic membranes were achieved using 

hydrodynamic forces (wall shear stress (τw)), which reduced the thickness of the casein gel 

layer and allowed higher whey protein mass flux and permeate flux values. 

 

In skimmed milk microfiltration, membrane performance has a great influence on the physical 

size of filtration equipment and therefore also on filtration costs. Low permeability of whey 

proteins and low permeate flux lead to high investment and running costs. Zulewska et al. 

(2009) reported that ceramic membranes are able to separate same mass of whey proteins on 

one stage system and polymeric systems are needed three stage with diafiltration to do same 

separation work. However, it must be understood that high permeate mass flux of whey 

proteins is not sufficient if membrane price and energy consumption of the installation are 

very high, as is usually the case with ceramic membranes. Polymeric SW membranes are 

typically inexpensive (20-70 $/m2), hollow fiber membranes are expensive (>1 700 $/m2) and 

ceramic membranes are very expensive (>10 000 $/m2) (Wagner, 2001). This means that 

polymeric SW membrane filtration installations with satisfactory whey protein mass flux and 

permeate flux values can be more economical than ceramic membrane installations.      

 

5.4 Cheese milk modification by micro- and ultrafiltration and its effect on Emmental 
cheese quality (I) 
 
The effects of composition of modified milk on Emmental cheese yield, quality and ripening 

were studied. In this study MF and UF techniques were used to remove whey proteins and to 

reduce the milk lactose and mineral content. At the same time the influence of increased milk 

casein level on the recovery of milk components was studied. There was no previous report 

on the minimum lactose content of Emmental cheese vat milk required for sufficient lactic 

acid production to decrease the cheese pH to 5.2. Lactose reduction before milk renneting can 

decrease or eliminate the need for addition of dilution water, and minimizes the amount of 

sweet cheese whey obtained.  
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The recovery of total solids from milk to cheese naturally increased when the lactose and 

mineral contents of cheese milk were reduced. Neocleous et al. (2002a) reported that an 

increase in milk casein concentration can increase casein recovery, but in our study (I) this 

effect was not observed. When the amount of native whey proteins (NWP) in milk was 

reduced the recovery of residual NWP in cheese increased. One reason for this could be the 

firmer structure of cheese coagulum, which trapped NWP during syneresis (Garem et al., 

2000). As expected, a statistically significant increase in milk protein recovery was observed 

when an increased amount of NWP was removed from milk, producing an increase in the 

casein/TP ratio. Modification of milk composition had no influence on the contents of salt, 

moisture in the non fat substance (MNFS), fat on a dry basis (FDB), fat, casein and NWP in 

fresh cheese. 

 

For the ripening of Emmental cheese it is important to reduce the cheese pH to 5.2. Reduced 

lactose content of cheese milk resulted in reduction of lactic acid production, which caused 

decreased acetic acid and propionic acid levels in ripened cheese. Typical flavour of 

Emmental cheese was not achieved if the milk lactose content was reduced by more than 25% 

(w/w). Larsson et al. (2006) and Upreti et al. (2006) reported that lower lactose, salt (Ca and 

P) and NWP contents increased the rate of proteolysis. In this study (I), decreasing the β-

casein/TS ratio in ripened cheese promoted increased proteolysis. One reason for the higher 

rate of proteolysis was probably the higher pH of ripened cheese, resulting in higher activity 

of plasmin. In modified milks native whey protein (NWP), which could operate as plasmin 

inhibitors, were partially removed as reported Benfeldt, 2006. In this study, it was concluded 

that the lactose content of Emmental cheese milk should be 3.2 to 3.9% in order to reach the 

desired acetic and propionic acid levels in ripened cheese and to reach a pH value of 5.2 in the 

fresh cheese. 

 

5.5 Influence of concentration factor on the composition of Emmental cheese milk and 
on the caseinomacropeptide content of whey (II) 
 

The amount and quality of cheese whey were affected by MF/UF treatment of cheese milk. In 

this study (II) one aim was to characterize the effects of cheese milk composition and 

increased milk protein content on the quality of whey. In milk microfiltration, native whey 

was formed, containing native whey proteins at a level depending on the milk CF value 

applied, but lacking caseinomacropeptides (CMP). This kind of pretreatment of milk caused 

changes in the amount and composition of cheese whey.  
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As expected, retention of casein in skimmed milk microfiltration (MF) was very high, but 

retention of whey proteins in MF milk caused an increased native whey protein nitrogen 

(WPN) content in milk retentate, and in turn reduced the content of WPN in MF permeate. 

Lower WPN content in MF permeate was partially caused by absence of CMP, which 

normally represents 15-25% of TP in cheese whey (Thomä-Worringer et al, 2006). However, 

intensive microfiltration increased the casein content from 78% of total nitrogen in skimmed 

milk to 92% of total nitrogen at a CF value of 10.8 of microfiltered milk. A significantly 

higher α-LA/β-LG ratio was observed in MF permeate compared to skimmed milk, as was 

also reported by Tolkach and Kulozik (2005). Lower permeability of β-LG was due to higher 

molecular mass, effective hydrodynamic size and complicated interactions between 

membrane, deposit layer and β-LG. Removal of NPN and lactose was efficient already at a 

CF value of 1.4. At a CF value of 10.8 the reduction of lactose content increased the total 

protein (TP) / total solids (TS) ratio. 

    

During milk coagulation CMPs are released from κ-casein in the casein micelles by the action 

of chymosin, and end up in the whey. When cheese milk contained less whey protein nitrogen 

(WPN), e.g. at CF 10.8, a lower recovery yield of WPN in cheese was obtained. Higher CF 

values resulted in an increase in CMP and decreases in α-LA and β-LG of WPN in cheese 

whey, which was natural due to the lower α-LA and β-LG contents in cheese milk. Lower 

lactose level in milk caused an increased TP/TS ratio in cheese whey, but no influence on the 

ash/TS ratio was observed. Modification of milk composition did not influence CMP 

formation during milk coagulation, as has been reported Swaisgood (2003). This might be 

because the casein content was not increased in cheese whey, which could affect CMP 

formation. 

 

5.6 Impact of milk modification on milk coagulation kinetics (III) 
 

Milk modification causes changes in milk coagulation properties, which were already 

observed in study II. These changes were further analysed in study III. The NWP/TP -ratio in 

vat milk decreased in relation to cocentration factor (CF) value. Calcium content in milk was 

not dependent on the CF value, due to the high proportion of calcium attached to casein 

micelles. Milk diafiltration with water increased milk pH, causing increased rennet clotting 

time (RCT). 

 84



 

 

The factors affecting milk coagulation properties have been widely studied (McMahon and 

Brown, 1982; Famelart et al., 1996; Steffl et al., 1996; Caron et al., 1997; Famelart et al., 

1999; Ng-Kwai-Hang et al., 2002). Addition of CaCl2 and lowering milk pH shorten the milk 

rennet clotting time (RCT) and increase curd firmness (A40) as was also reported Nájera et al. 

(2003). It has been possible to reduce the amount of chymosin added to modified milks due to 

their higher casein/TP ratio. One reason for shorter RCT might have been the lower NaCl 

content in modified milks (Karlsson, 2006), due to diafiltration with water. However, the 

shortest RCT and hardest curd firmness was obtained with milks in which the casein/TP ratios 

were the highest. This relation was also has described by Daviau et al. (2000b). McMahon et 

al. (1993) claimed that in concentrated milks a lower level of κ-casein hydrolysis promotes 

gel network and reduces RCT in this way. Decrease of milk pH to 6.5 increased the 

coagulation rate more in the cases of 4 and 5 in study IV, where the initial pH of milk was 

elevated due to diafiltration with water. Milks 4 and 5 had the lowest NWP content and the 

highest casein/TP ratio, which could explain the increased K20-RCT and reduced RCT 

values. A similar observation was also made by Garem et al. (2000). The amount of rennet 

was reduced by 20% with the modified milks. Despite this, milk rennetability was enhanced 

especially with milks 4 and 5, in which NWP and lactose contents were the lowest. This 

indicates that dosage of rennet added could be reduced by more than 20% without affecting 

the coagulation properties. It has been reported that UF milks coagulate faster and that the 

curds produced are more rigid (Casiraghi et al., 1988; Sharma et al., 1992), but in the case of 

MF the coagulation rate is enhanced even more, as reported by Schreiber et al. (2000). 

Reduction of milk NWP/TP ratio from 16.1% (milk 1) to 9.8% (milk 3) caused no changes in 

milk coagulation characteristics when 20% less rennet was used. In the same study (IV) it was 

observed that the lactose/TS ratio, which decreased from 36% (milk 1) to 31% (milk 3), can 

influence milk coagulation. At higher casein levels reduction of NWP resulted in reduced 

RCT, K20 and K20-RCT values. In the literature, whey proteins (Caron et al., 1997) and salts 

(Tsioulpas et al., 2007) have been reported to impair chymosin activity as was seen also in 

this study. Firmer coagulation is evidently caused by lower amounts of filling material (NWP, 

lactose) in casein matrix, as proposed Mahaut and Korolczuck (1992). This filling material 

slows down rennet diffusion due to lower milk viscosity, and reduces rennet activity. The 

increased casein/TP -ratio enhances the coagulation rate. Increased casein/TP -ratios in cheese 

manufacture necessitate a more precise process control and different process parameters such 

as reduced cutting temperature, reduced amount of rennet or more precise cutting time. 
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However, a reduced amount of chymosin can slow down cheese ripening (Benfeldt, 2006), 

and time is a very important economic factor in the manufacture of ripened cheeses.     
 

5.7 Pretreatment methods of Edam cheese milk: Effect on cheese yield and quality (IV) 
 

The purpose of the cheese milk pretreatment methods, e.g. microfiltration (MF), ultrafiltration 

(UF), high temperature heat treatment (HH), is to increase the recovery of milk components in 

cheese. In this study the effects of these milk pretreatment methods for Edam -type cheeses 

were compared.  

 

In MF and UF milks, lactose reduction was proportional to the CF value. The casein/whey 

protein (WP) ratio was increased 21% and 10% by MF and UF, respectively. However, the 

increased casein/WP ratio in UF milk was not detected when amounts of individual whey 

proteins were compared with amounts of casein. High temperature heat treatment (HH) 

partially denaturated whey proteins and consequently the casein/WP ratio increased by 12% 

due to attachment of whey proteins to casein micelles. The highest casein/α-LA and casein/β-

LG ratios were observed in MF milk due to the whey protein permeability of MF membranes. 

Denaturation of β-LG was detected in HH milk by analyzing the casein/β-LG.  

 

Recovery of milk total solids (TS) in cheese was highest with MF and UF, as expected. 

Component recovery (CR) of milk TP was highest with MF due to the high casein/total 

protein (TP) ratio. Elevated milk TP content did not increase CR of TP in cheese, as was also 

reported by Guinee et al. (2006). In addition, casein CR was at same level with all 

pretreatment methods. Fat component recovery (CR) was enhanced with all pretreatment 

methods, as was also reported by Guinee et al. (2006). Explanantion for that was probably the 

more intensive attachment of fat globules to protein matrix. There was a little variation in 

moisture contents of the fresh cheese and moisture-corrected cheese yields. The cheese yield 

was proportional to the casein concentration of vat milk. When yield was calculated from raw 

milk (ACYr) there was a statistically significant, slightly lower yield with MF which can 

explained by the fact that whey proteins are removed from milk before cheese manufacture 

and whey proteins can not end up to cheese. 

 

Only minor differences were detected in the composition of ripened cheese. In the MF cheese 

TP was elevated, but the difference was not statistically significant. In the MF cheese, casein 

concentration was highest and fat concentration lowest and therefore fat on a dry basis (FDB) 
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was lowest. The probable reason for this was the standardized milk fat/TP ratio, which 

actually caused an increased fat/casein -ratio after a part of milk TP (WPN) was removed with 

MF before the cheese manufacture. In this case the correct standardization parameter would 

be the fat/casein -ratio. Cheese ripening was measured by analyzing titratable fatty acids 

(TFA), and the results indicated that the milk pretreatment methods had significantly slowed 

down the ripening process, in accordance with the results of Bech (1993) and Benfeldt (2006). 

However, in all Edam cheeses TFA values were low and variance of the results was high. 

Cheese moisture of the non fat substance (MNFS) affects cheese structure and ripening (Ur-

Rehman at al., 2003). In this study MNFS levels were similar and therefore it can be 

concluded that the pretreatment method had only a minor effect on starter activity during 

Edam cheese ripening. Furthermore, milk pretreatment methods had no influence on cheese 

acidification during the cooking step of Edam cheese manufacture.  

 

In textural analysis of Edam cheeses, minor changes between cheeses were detected. Harder 

MF and UF cheeses could be obtained as a result of a more rigid coagulum, due to the higher 

milk protein concentration (St-Gelais et al., 1995; Neocleous et al., 2002a), and the hard HH 

cheese was a result of whey protein denaturation. Milk pretreatment methods did not have any 

influence on cheese springiness, as was reported by St-Gelais et al. (1995). However, 

resilience of MF and UF cheeses was significantly higher, which was probably due to the 

lower internal volume of the more dense protein network, and therefore this kind of cheese 

returns to its initial state after pressing. In sensory analyses the MF, UF and the HH cheeses 

were comparable and the quality of these cheeses was considered as excellent. However, 

differences between cheeses were negligible, indicating that with different pretreatment 

methods it is possible to reach the same Edam cheese specifications. 
 

5.8 Pretreatment methods of Edam cheese milk and their effects on whey composition 
(V) 
 

Use of MF and UF as milk pretreatment methods produced ca. 22% less whey compared to 

REF and HH processes. Amounts of MF and UF whey were identical when milk TP was 

4.2%. Milk pretreatment methods had no influence on whey TS, lactose and fat contents, but 

TP contents were higher in MF and UF wheys compared to HH and REF wheys. Increased TP 

contents of MF and UF wheys were due to higher casein and WP contents, respectively. TP of 

MF and UF wheys were reduced by 15 and 12% compared to REF and HH wheys. Higher 

caseinomacropeptide (CMP) concentration was observed in MF and UF wheys, but the 
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caseinomacropeptide of cheese milk casein ratio was similar with all wheys which indicated 

that modification of milk did not have any influence to amount of CMP as observed in study 

II. 

 

Milk components were divided to the MF/UF retentate and permeate after filtration, and after 

the cheese milk coagulation step to cheese mass and whey. MF and UF wheys contained less 

residual fat and 15% less total protein (TP) compared to REF or HH whey. In the case of UF 

whey, reduction of TP was due to NPN permeation and in the case of MF whey due to native 

whey protein (NWP) and NPN permeations. HH reduced WP content in whey compared to 

REF whey, as a result of partial heat denaturation of WP during the high temperature heat 

treatment. Amounts of α-LA and β-LG were significantly higher in REF whey, indicating that 

HH, MF and UF pretreatments were decreasing the amounts of these whey proteins in whey.  

 

MF and UF permeates contained 28% and 24% of TS of the reference whey TS, respectively. 

MF permeate contained 23% and 19% of MF whey NPN and WP content, respectively. UF 

permeate contained 4.9% of milk TP, as described also by Maubois and Mocquot (1975). 

NWPC made of MF permeate contained less high molecular mass whey proteins such as 

BSA, lactoferrin (LF) and immunoglobulin G (IgG) compared to reference whey protein 

concentrate (REF WPC), but traces of casein were found in NWPC, as was also reported by 

Karleskind et al., (1995). 

 

TS recoveries in MF and UF wheys were naturally reduced, since the TP of TS was increased. 

In addition, reduced recovery yields (RY) of fat and TP in MF and UF wheys were observed 

as well as reduced RY of α-LA, β-LG and WP in MF and UF wheys. The reduced RY of WP 

could be caused by the absence of caseinomacropeptides (CMP) in milk serum before 

coagulation. 

 

The content of CMP increased in MF and UF wheys since part of TS was transferred to the 

permeate, but this was seen more clearly in MF whey, as expected. HH had no influence on 

CMP formation. However, the total amount of CMP was similar with different pretreatment 

methods when the total amount of casein was the same in each trial. The amount of 

glycosylated caseinomacropeptides (GMP) varied between 57 and 61% of 

caseinomacropeptides (CMP), which was in accordance with previously published data 

(Vreeman et al., 1986; Lieske and Konrad, 1996; Mollé and Léonil, 2005). Total amounts of 

caseinomacropeptides were close to the theoretical yields (Swaisgood, 2003). 
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As chemical analyses of MF and UF permeates showed a lack of high molecular mass whey 

proteins, the individual whey protein compositions of WPC powders were analyzed. Results 

of SDS-PAGE indicated that all WPC powders contained BSA, LF and IgG, but with this 

method it was not possible to quantify these proteins. In order to compare these WPC 

powders, the amino acid composition of each powder was analyzed and from these results it 

could be concluded that variation of amino acid composition was limited. The most striking 

difference was observed between MF WPC and REF WPC, in which the contents of the 

important amino acids threonine (Thr) and tryptophan (Trp) varied most. Increased content of 

Thr and decreased Trp content indicated a higher content of CMP in the MF WPC powder. 

MF with a low CF value as a milk pretreatment method has a negative effect on cheese whey 

quality. However, MF produces MF permeate in which the Trp content is increased and the 

Thr content decreased. MF is not the best milk pretreatment method if cheese whey is used as 

a raw material for infant formula, in which reduced levels of Thr and elevated levels of Trp 

are preferred (Thomä et al., 2006). However, MF permeate is an ideal raw material for infant 

formula and this means that if MF is used as a cheese milk pretreatment method the CF value 

in MF should be maximised in order to obtain the major part of whey as native whey. A high 

amount of native whey means the use of a high concentration factor in milk microfiltration 

(study I) and a low content of whey proteins in cheese milk. This intensive milk 

microfiltration causes changes in milk coagulation kinetics and cheese ripening in the cheese 

process, as described in studies III and I, respectively. Analogously, caseinomacropeptide 

(CMP) -enriched cheese whey also has different functional properties (Outinen and 

Rantamäki, 2008) and could be used especially when gelation or certain nutritional properties 

are required (Thomä-Worringer et al., 2006). CMP enriched cheese whey is second whey and 

it should be processed separately in order to realise the benefits of this microfiltration process, 

which causes increased complexity of whey processing.         
 

5.9 Functional properties of whey protein concentrate powders (VI) 
 

Reasons for lower whey protein level in NWPC powders compared to CWPC powders were 

lack of caseinomacropeptides (CMP) and retention of whey proteins during skimmed milk 

microfiltration. CMP normally represents 15-25% of cheese whey protein content (Regester 

and Smithers, 1991; Tolkach and Kulozik, 2004). The reason for lower fat content in NWPC 

powders was the double microfiltration (1.4 µm and 0.1 µm) of skimmed milk, resulting in 

almost total retention of fat in the casein concentrate. Only traces of fat can pass to the MF 
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permeate, and these traces are considered to be milk phospholipids (Phillips et al., 1990). In 

this study production of CWPC powders did not include the skimming step, resulting in a 

high amount of residual fat. High amount of residual fat affected the functional properties of 

CWPC powders. There was some compositional variation in NWPC powders, mainly caused 

by the more complex process compared to the production process of CWPC powders. NWPC-

FD was manufactured in such a way that no pasteurization step was included, and the native 

whey protein NWP to total protein ratio varied from 81 to 85.5% of TP. It has been reported 

that the composition of native whey is close to that of sweet whey but without CMP, casein 

fines, chymosin enzyme and cheese starter residual (Maubois, 2002). In this study with 

ceramic microfiltration membranes this was also observed. Jost et al. (1999) concluded that 

large molecular mass whey proteins such as lactoferrin and immunoglobulins are retained in 

the retentate during milk microfiltration, and that due to this native whey and cheese whey 

have different protein compositions.       

 

As expected, drying methods had only a limited effect on whey protein functional properties. 

Gel strength was influenced by pH, ionic strength and mineral or sugar composition of the 

protein mixture (Boye et al., 1995). In this study, the chemical compositions (excluding fat 

and CMP) of WPC powders were rather similar, and accordingly difference in chemical 

composition could not be the reason for the observed difference in foaming and gelation 

properties. The obvious reason was the lack of CMP and high content of NWP in NWPC 

powders (Veith and Reynolds, 2004; Outinen and Rantamäki, 2008). The reason for the more 

elastic gel structure obtained with NWPC powders was their lower amount of denaturated 

whey protein. 

 

Presence of phospholipids and lipoproteins (Joseph and Mangino, 1988) and high amount of 

fat residues were the most probable reasons for lower foam stability of CWPC and foam 

volume of CWPC, as was also reported by Muller (1976) and Vaghela and Kilara (1996). 

Foam stability was much better with NWPC powders due to their high content of native whey 

proteins. However, NWPC powders have shown lower fat binding, poorer mouth-feel and 

flavour properties compared to egg white (De Wit, 1998b). In angel-cake tests WPI also 

resulted in poorer structural properties (Arunepanlop et al., 1996). Consequently, in this study 

(VI) the results obtained did not indicate that the properties of NWPC powders as food 

structuring agents were better than those of egg white. According to this study (VI), protein 

composition and solubility influenced the emulsifying capacity (EC). EC, solubility and 

native WP to TP ratio were the highest with NWPC powders and lowest with WPC powders. 
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Factors affecting EC include protein solubility, salt content, pH, other solutes (De Wit, 1988) 

and heat treatment history (Vaghela and Kilara, 1996). The water-holding capacities of 

NWPC powders and CWPC-SD were similar, but industrial WPC-SD had higher water-

holding capacity due to the higher level of denaturation of whey proteins. The observed lower 

solubility and higher water-holding capacity of WPC-SD were in agreement with previous 

studies by Modler and Harwalkar (1981) and Fachin and Viotto (2005). The analysis of 

functional properties of native whey powders showed that native whey processing can be 

valuable if functional properties and purity of protein is appreciated.  
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6 CONCLUSIONS 

 

On the basis of the studies presented in this thesis, the following conclusions concerning 

microfiltration (0.05-0.2 µm) as a cheese milk pretreatment method for cheese manufacture, 

and its effects on native whey and cheese whey properties can be drawn.  

 

1. β-Lactoglobulin mass flux of skimmed milk with polymeric hollow fiber membranes 

was higher with higher tangential flow rates. Increase in transmembrane pressure 

resulted in lower permeability of whey proteins. Polymeric spiral wound 

microfiltration membranes had lower energy consumption, higher retention of β-

lactoglobulin and α-lactalbumin to milk retentate and lower permeate flux values 

compared to ceramic membranes. Polymeric microfiltration membranes were 

acceptable alternative for ceramic membranes on skimmed milk microfiltration.   

 

2. Optimized milk for Emmental cheese includes at least 3.2% lactose in milk to 

guarantee cheese pH changes and ripening. Microfiltration with high concentration 

factor values (CF 10.8) increased ripening rate of Emmental cheese due to lower 

contents of plasmin inhibitors such as native whey protein and ash. Microfiltration of 

milk does not increased cheese yield.  

 

3. Reduction of milk whey protein, lactose and ash content did not influence chymosin 

activity. Reduction of whey protein content in cheese milk increased the 

caseinomacropeptide (CMP) portion in the total proteins in cheese whey. The CMP 

content of whey total protein content increased up to 40% when CF 10.8 was used.   

 

4. Milk coagulation properties were largely influenced by milk pH, CaCl2 and chymosin 

additions, and by the content of milk protein. Rennet clotting time was decreased 

when lactose, whey protein and ash content in milk were reduced. In addition hardness 

of the coagulum was increased and the time difference between rennet clotting and 

optimum cutting time was shortened. Changes in milk coagulation kinetics were based 

on faster diffusion of rennet (chymosin), lower filling material content in milk and 

lower milk ash content. Decreased whey protein and salt contents in milk also 

increased chymosin activity. Due to these reason it can be concluded that 

microfiltration of cheese milk changed milk coagulation kinetics. 
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5. Cheese yield calculated from raw milk to cheese was lower with microfiltrated milks, 

due to reduced amounts of whey proteins: casein recovery from vat milk to cheese did 

not vary significantly. However, elevated recoveries of fat, total protein and total 

solids from vat milk to cheese were observed. MF and UF cheeses with similar 

moisture content were harder than reference cheeses. Cheese hardness increased when 

microfiltration and ultrafiltration resulted in elevated milk protein concentration. Due 

to the changed cheese protein network, higher cheese resilience was obtained from 

cheeses made of microfiltrated and ultrafiltrated milk. However, cheeses from 

microfiltrated and ultrafiltrated milk were considered as more pleasant compared to 

the reference cheese. It can be concluded that microfiltration or ultrafiltration as a 

pretreatment method for Edam cheese milk has no negative influence on cheese 

manufacture.  

 

6. Microfiltration-produced native whey (MF permeate) contained part of the milk whey 

proteins, and the contents of native whey depended on the concentration factors (CF) 

used. Microfiltration permeate did not contain as much higher molecular mass whey 

proteins as cheese whey. A low amount of whey proteins in cheese whey resulted in a 

new type of CMP-enriched whey. The amino acid composition of native WPC 

differed from that of WPC made from cheese whey, mainly due to the lower threonine 

(Thr) and higher tryptophan (Trp) contents. In fact, even at low CF values (CF 1.4), 

skimmed milk microfiltration affected the amino acid composition of cheese whey and 

changed its nutritional value. Ultrafiltration as a milk pretreatment method did not 

change cheese whey composition, because during milk coagulation the whey protein 

to casein ratio did not change. Total masses of α-LA and β-LG were significantly 

higher in the reference (REF) whey, indicating that HH, MF and UF milk 

pretreatments decreased the total mass of these whey proteins in whey.   

   

7. Powders from native whey protein concentrate had excellent functional properties as 

well as different amino acid compositions. Whey protein concentrate powder 

functionality was not dependent on the drying method, but on the process history and 

the source and content of protein concentrate. 
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Microfiltration is beneficial for the cheese manufacturer because it allows optimization of the 

composition of cheese milk. This means a lower amount of additives (chymosin, starters), 

higher recovery yield of fat and protein from vat milk to cheese, standardized protein content 

of vat milk and lower need for additional water during cooking for lactose removal. For whey 

processing the microfiltration also gave some benefits. A lower amount of water addition 

during the cheese cooking phase reduced the amount of cheese whey and increased whey total 

solids content, which therefore decreased the need to concentrate the whey. Native whey can 

be utilized as a raw material for infant formula because it has a higher tryptophan and lower 

threonine content than cheese whey due to its lack of caseinomacropeptides. Whey protein 

products made from native whey had better functional properties such as gelation and 

foaming properties, and they allow utilization of native whey proteins as food structuring 

agents. In addition caseinomacropeptide-enriched cheese whey can be a raw material for 

products in which aromatic amino acids are not desired. Microfiltration is also a very 

promising alternative because native whey can be obtained from milk before the cheese 

process without lactic acid formation in whey. Thus microfiltration creates possibilities to 

utilize milk whey components in the best possible way in other processes. Microfiltration can 

be used for cheese milk modification and it is possible to standardize ideal cheese milk for 

each cheese type. Ideal cheese milk contains important milk components for cheese 

manufacture, and milk components which are unnecessary for the cheese process can be 

removed with the native whey.       

 94



 

 7 REFERENCES 

 
 

Abd El-Salam, M.H., El-Shibiny, S., and Buchheim, W. 1996. Characteristics and potential 

uses of the casein macropeptide. International Dairy Journal, 6, 327-341. 

Acharya, M.R., and Mistry, V.V. 2004. Comparison of effect of vacuum-condensed and 

ultrafiltered milk on cheddar cheese. Journal of Dairy Science, 87, 4004-4012. 

Altmann, J., and Ripperger, S., 1997. Particle deposition and layer formation at the crossflow 

microfiltration. Journal of Membrane Science, 124, 119-128.  

Andrews, P. 1964. Estimation of molecular weights of proteins by Sephadex gel-filtration. 

Biochemical Journal, 91, 222-233. 

Anema, S.G., and Li, Y. 2003. Association of denaturated whey proteins with casein micelles 

in heated reconstituted skim milk and its effect on casein micelle size. Journal of Dairy 

Research, 70, 73-83. 

Apel, P. 2001. Track etching technique in membrane technology. Radiation Measurements, 

34, 559-566. 

Apenten, R.K.O. 1995. Thermodynamic parameters for 3-state thermal denaturation of human 

and bovine α-lactalbumin. Thermochimica Acta, 262, 1-12. 

Ardisson-Korat, A.V. and Rizvi, S.S.H. 2004. Vatless manufacturing of low-moisture part-

skimmed Mozzarella cheese from highly concentrated skimmed milk microfiltration 

retentates. Journal of Dairy Science, 87, 3601-3613. 

Ardö, Y. 2001. Cheese ripening. General mechanisms and specific cheese varietes. Bulletin of 

the International Dairy Federation, 369, 7-12. 

Arunepanlop, B., Morr, C.V., Karleskind, D., and Laye, I. 1996. Partial replacement of egg 

proteins with whey proteins in angel food cakes. Journal of Food Science, 61, 1085-

1093. 

Asher, Y.J., Mollard, M.A., Thomson, S., Maurice, T.J., and Caldwell, K.B. 1992. Whey 

protein product: Method for its production and use thereof in foods. International Patent 

Application. WO9220239.   

Aubert, M.C., Elluard, M.P. and Barnier, H. 1993. Shear stress induced erosion of filtration 

cake studied by a flat rotaing disk method. Determination of the critical shear stress of 

erosion. Journal of Membrane Science, 84, 229-240. 

Bech, A.M. 1993. Characterising ripening in UF-cheese. International Dairy Journal, 3, 329-

342. 

 95 



Bechhold, H. 1907. Kolloidstudien mit der Filtrationsmethode. Zeitschrift für Physikalische 

Chemie, 60, 257-318. 

Bégoin, L., Rabiller-Baudry, M., Chaufer, B., Faille, C., Blanpain-Avet, P., Bénézech, T., 

Doneva, T. 2006. Methodology of analysis of a spiral-wound module. Application to 

PES membrane for ultrafiltration of skimmed milk. Desalination, 192, 40-53. 

Belfort, G., Davis, R.H. and Zydney, A.L. 1994. The bahaviour of suspensions and 

macromolecular solutions in crossflow microfiltration. Journal of Membrane Science, 

96, 1-58. 

Benfeldt, C. 2006. Ultrafiltration of cheese milk: Effect on plasmin activity and proteolysis 

during cheese ripening. International Dairy Journal, 16, 600-608. 

Bhargava, A., and Jelen, P. 1995. Freezing of whey protein concentrate solutions and its 

effect on protein functionality indicators. International Dairy Journal, 5, 533-541. 

Blanco, J.F., Sublet, J., Ngyuen, Q.T. and Schaetzel, P. 2006. Formation and morphology 

studies of different polysulfones-based membranes made by wet phase inversion 

process. Journal of Membrane Science, 283, 27- 37.  

Boehm, G., Cervantes, H., Georgi, G., Jelinek, J., Sawatzki, G., Wermuth, B., and Colombo, 

J-P. 1998. Effect of increasing dietary threonine intakes on amino acid metabolism of 

the central nervous system and peripheral tissues in growing rats. Pediatric Research, 

44, 900-906. 

Boirie, Y., Dangin, M., Gachon, P., Vasson, M-P., Maubois, J-L. and Beaufrére, B. 1997. 

Slow and fast dietary proteins differently modulate postprandial protein accretion. The 

Proceedings of the National Academy of Sciences of the United States of America, 94, 

14930-14935.  

Bönisch, M., Heidebach, T.C., and Kulozik, U. 2008. Influence of transglutaminase protein 

cross-linking on the rennet coagulation of casein. Food Hydrocolloids, 22, 288-297.  

Boye, J.I., Alli, I., Ismail, A.A., Gibbs, B.F., and Konishi, Y. 1995. Factors affecting 

molecular characteristics of whey protein gelation. International Dairy Journal, 5, 337-

353. 

Brandsma, R.L. and Rizvi, S.S.H. 2001. Effect of manufacturing treatments on the rheological 

character of Mozzarella cheese made from microfiltration retentate depleted of whey 

proteins. International Journal of Food Science and Technology, 36, 601-610.  

Brans, G., Schroën, C.G.P.H., van der Sman, R.G.M. and Boom, R.M. 2004. Membrane 

fractionation of milk: state of the art and challenges. Journal of Membrane Science, 243, 

263-272. 

 96



 

Britten, M., and Pouliot, Y. 1996. Characterization of whey protein isolate obtained from milk 

microfiltration permeate. Le Lait, 76, 255-655. 

Brossous, L., Schmitz, P., Prouzet, E., Becque, L. and Larbot, A. 2001. New ceramic 

membranes designed for crossflow filtration enhancement. Separation and Purification 

Technology, 25, 333-339. 

Brück, W.M., Graverholt, G., and Gibson, G.R. 2003a. A two-stage continuous culture 

system to study the effect of supplemental α-lactalbumin and glycomacropeptide on 

mixed cultures of human gut bacteria challenged with enteropathogenic Escherichia coli 

and Salmonella serotype Typhimurium. Journal of Applied Microbiology, 95, 44-53. 

Brück, W.M., Kelleher, S.L., Gibson, G.R, Nielsen, K.E, Chatterton, D.E.W., and Lönnerdal, 

B. 2003b. rRNA probes used to quantify the effects of glycomacropeptide and  α-

lactalbumin supplementation on the predominant groups of intestinal bacteria of infant 

rhesus monkeys challenged with enteropathogenic Escherichia coli. Journal of Pediatric 

Gastroenterology Nutrition, 37, 273-280. 

Burton-Freeman, B.M. 2008. Glycomacropeptide (GMP) is not critical to whey-induced 

satiety, but may have a unique role in energy intake regulation through cholecystokinin 

(CCK). Physiology and Behaviour, 93, 379-387. 

Cao, J., Wang, X., and Zheng, H. 2007. Comparative studies on thermoresistance of protein 

G-binding region and antigen determinant region of immunoglobulin G in acidic 

colostral whey. Food and Agricultural Immunology, 18, 17-30. 

Caron, A., Saint Gelais, D., and Pouliot, Y. 1997. Coagulation of milk enriched with 

ultrafiltered or diafiltered microfiltered milk retentate powders. International Dairy 

Journal, 7, 445-451. 

Casal, E., Corzo, N., Moreno, F.J., and Olano, A. 2005. Selective recovery of glycosylated 

caseinomacropeptide with chitosan. Journal of Agricultural and Food Chemistry, 53, 

1201-1204. 

Casiraghi, E., Lucisano, M., and Peri, C. 1988. Rennet coagulation of milk retentates. 2. The 

combined effect of heat treatments and protein concentration. Journal of Dairy Science, 

72, 2457-2463. 

Chen, H. and Belfort G. 1999. Surface modification of poly (ethersulfone) ultrafiltration 

membranes by low-temperature plasma-induced graft polymerization. Journal of 

Applied Polymer Science, 72, 1699-1711.  

Dalgleish, D.G. 1992. The enzymatic coagulation of milk. In: Fox, P.F. (editor). Advanced 

Dairy Chemistry, Vol 1 – Proteins, (pp. 579-619). Elsevier Science Publishers, London. 

 97 



de Kruif, C. G., and C. Holt. 2003. Casein micelle structure, functions, and interactions. In: 

Fox, P. F., and McSweeney, P. L. H., (editors), Advanced Dairy Chemistry—1. Proteins. 

Part A., (pp. 233-270), Kluwer Academic / Plenum Publishers, New York, NY. 

Daviau, C. 2000a. Effect des caractéristiques physico-chimiques du lait sur l`aptitude à la 

coagulation présure et à l`égouttage dans une technologie pâte molle. Thèse 

ENSAR/INRA. pp. 1-158. Rennes. 

Daviau, C., Famelart, M.H., Pierre, A., Goudédranche, H., and Maubois, J.L. 2000b. Rennet 

coagulation of skim milk and curd drainage: Effect of pH, casein concentration, ionic 

strength and heat treatment. Le Lait, 80, 397-415. 

De Jong, C., and Badings, H.T. 1990. Determination of free fatty acids in milk and cheese: 

procedures for extraction, clean up, and capillary gas chromatographic analysis. Journal 

of High Resolution Chromatography, 13, 94-98. 

de Koning, P.J., de Boer, R., Both, P. and Nooy, P. 1981. Comparison of proteolysis in a low-

fat semi-hard type of cheese manufactured by standard and by ultrafiltration techniques. 

Netherlands Milk and Dairy Journal, 35, 35-46. 

de la Fuente, M.A., Hemar, Y., Tamehana, M., Munro, P.A., and Singh, H. 2002. Process-

induced changes in whey proteins during the manufacture of whey protein concentrates. 

International Dairy Journal, 12, 361-369. 

De Wit, J.N. 1988. Functional properties of whey proteins. In: Fox P. F, (editor), 

Developments in Dairy Chemistry – 4, (pp. 285-321), Elsevier Applied Science. Essex, 

England. 

De Wit, J.N. 1998c. Nutritional and functional characteristics of whey proteins in food 

products. Journal of Dairy Science, 81, 597-608. 

De Wit, J.N., Hontelez-Backx, E., Adamse, M. 1988b. Evaluation of functional properties of 

whey protein concentrates and whey protein isolates. 3. Functional properties in aqueous 

solution. Netherlands Milk and Dairy Journal, 42, 155-172. 

Ding, L., Al-Akoum, O., Abraham, A. and Jaffrin, M.Y. 2002. Milk protein concentration by 

ultrafiltration with rotating disk modules. Desalination, 144, 307-311. 

El-Agamy, E.I. 2007. The challenge of cow milk protein allergy. Small Ruminant Research, 

68, 64-72. 

El-Shibiny, S., Farrag, A.F., El-Garawany, G., and Assem, F.M. 2007. Rheological and 

functional properties of whey protein concentrate and β-lactoglobulin and α-lactalbumin 

rich fractions. International Journal of Dairy Science, 2, 196-206. 

 98



 

Fachin, L., and Viotto, W.H. 2005. Effect of pH and heat treatment of cheese whey on 

solubility and emulsifying properties of whey protein concentrate produced by 

ultrafiltration. International Dairy Journal, 15, 325-332. 

Fagan, C.C., Castillo, M., Payne, F.A., O’Donnell, C.P., and O’Callaghan, D.J. 2007. Effect 

of cutting time, temperature, and calcium on curd moisture, whey fat losses, and curd 

yield by response surface methodology. Journal of Dairy Science, 90, 4499-4512.  

Famelart, M.H., Le Graet, Y., and Raulot, K. 1999. Casein micelle dispersions into water, 

NaCl and CaCl2: physicochemical characteristics of micelles and rennet coagulation. 

International Dairy Journal, 9, 293-297. 

Famelart, M.H., Lepesant, F., Gaucheron, F., Le Graet, Y., and Schuck, P. 1996. pH-induced 

physicochemical modifications of native phosphocaseinate suspensions: Influence of 

aqueous phase. Le Lait, 76, 445-460. 

Fauquant, J., Maubois, J.L and Pierre, A. 1988. Microfiltration du lait sur membrane 

minérale. Technique Laitiere and Marketing, 1028, 21-23. 

Field, R.W., Wu, D., Howell, J.A., and Gupta, B.B. 1995. Critical flux concept for 

microfiltration fouling. Journal of Membrane Science, 100, 259-272. 

Foegeding, E.A., Davis, J.P., Doucet D., and McGuffey, M.K. 2002. Advances in modifying 

and understanding whey protein functionality. Trends in Food Science and Technology, 

13, 151-159. 

Fox, P.F. 2001. Milk proteins as food ingredients. International Journal of Dairy Technology, 

54, 41-55. 

Garem, A., Schuck, P. and Maubois, J.L. 2000. Cheesemaking properties of a new dairy-

based powder made by a combination of microfiltration and ultrafiltration. Le Lait, 80, 

25-32. 

Gésan, G., Daufin, G. and Merin, U. 1995a. Performance of whey crossflow microfiltration 

during transient and stationary operating conditions. Journal of Membrane Science, 104, 

271-281. 

Gésan, G., Daufin, G. and Merin, U., Labbe, J.P., and Quemerais, A. 1995b. Microfiltration 

performance: Physiochemical aspects of whey pre-treatment. Journal of Dairy Research, 

62, 269-279. 

Gésan-Guiziou, G., Daufin, G., Boyaval, E. and Le Berre, O. 1999a. Wall shear stress: 

effective parameter for the characterization of the cross-flow transport in turbulent 

regime during skimmed milk microfiltration. Le Lait, 79, 347-354.  

 99 



Gésan-Guiziou, G., Boyaval, E. and Daufin, G. 1999b. Critical stability conditions in 

crossflow microfiltration of skimmed milk: transition to irreversible deposition. Journal 

of Membrane Science, 158, 211-222. 

Gésan-Guiziou, G., Daufin, G., and Boyaval, E. 2000. Critical stability conditions in 

crossflow microfiltration of skimmed milk: impact on operating modes. Le Lait, 80, 

129-140. 

Gironés, M., Lammertink, R.G.H., and Wessling, M. 2006. Protein aggregate deposition and 

fouling reduction strategies with high-flux silicon nitride microsieves. Journal of 

Membrane Science, 273, 68-76.   

Govindasamy-Lucey, S., Jaeggi, J.J., Johnson, M.E., Wang, T., and Lucey, J.A. 2007. Use of 

cold microfiltration retentates produced with polymeric membranes for standardization 

of milks for manufacture of pizza cheese. Journal of Dairy Science, 90, 4552-4568.  

Grangeon, A., and Lescoche, P. 2000. Flat ceramic membranes for the treatment of dairy 

products: comparison with tubular ceramic membranes. Le Lait, 80, 5-14. 

Guerra, A., Jonsson, G., Rasmussen, A., Waagner Nielsen, E., and Edelsten, D. 1997. Low 

cross flow velocity microfiltration of skim milk for removal of bacteral spores. 

International Dairy Journal, 7, 849-861. 

Güell, C., Czekaj, P. and Davis, R.H. 1999. Microfiltration of protein mixtures and the effects 

of yeast on membrane fouling. Journal of Membrane Science, 155, 113-122. 

Guillen, G., and Hoek, E.M.V. 2009. Modeling the impacts of feed spacer geometry on 

reverse osmosis and nanofiltration processes. Chemical Engineering Journal, 149, 221-

231. 

Guinee, T.P., Pudja, P.D., Reville, W.J., Harrington, D., Mulholland, O.E., Cotter, M., and 

Cogan, T.M. 1995. Composition, microstructure and maturation of semi-hard cheeses 

from high protein ultrafiltered milk retentates with different levels of denatured whey 

protein. International Dairy Journal, 5, 543-568. 

Guinee, T.P., Kennedy, B.T., and Kelly, P.M. 2006. Effect of milk protein standardization 

using different methods on the composition and yields of cheddar cheese. Journal of 

Dairy Science, 89, 468-482. 

Harzer, G., and F. Haschke. 1989. Micronutrients in human milk. In: Renner, E. (editor) 

Micronutrients in Human Milk and Milk Based Food Products, (p. 125). Elsevier 

Applied Science Publishing, London, England. 

Hinrichs, J. 2001. Incorporation of whey proteins in cheese. International Dairy Journal, 11, 

495-503. 

 100



 

Ho, C.C., and Zydney, A.L. 2000. A combined pore blockage and cake filtration model for 

protein fouling during microfiltration. Journal of Colloid and Interface Science, 232, 

389-399. 

Holdich, R.G., Cumming, I.W., Kosvintsev, S., Bromley, A.J., and Stefanini, G. 2003. 

Clarification by slotted surface microfilters. Minerals Engineering, 16, 121-128. 

Holland, J.W., Deeth, H.C., and Alewood, P.F. 2006. Resolution and characterisation of 

multiple isoforms of bovine κ-casein by 2-DE following a reversible cysteine-tagging 

enrichment strategy. Proteomics, 6, 3087-3095. 

Howell, J.A. 1995. Sub-critical flux operation of microfiltration. Journal of Membrane 

Science, 107, 165-171. 

Huisman, I.H. and Trägårdh, C. 1999. Particle transport in crossflow microfiltration – I. 

Effects of hydrodynamics and diffusion. Chemical Engineering Science, 54, 271-280. 

IDF. 1964. Milk. Determination of Casein-Nitrogen Content. IDF Standard 29/ISO 8968-1. 

Brussels, Belgium, International Dairy Federation. 

IDF. 1986. Cheese and processed cheese products. Determination of Fat Content. IDF 

Standard 5B: Röse-Gottlieb method. Brussels, Belgium, International Dairy Federation. 

IDF. 1987. Cream. Determination of Fat Content. IDF Standard 16C: Röse-Gottlieb method. 

Brussels, Belgium, International Dairy Federation. 

IDF. 1987. Dried milk. Determination of lactic acid and lactates content: enzymatic method. 

IDF Standard 69B. Brussels, Belgium, International Dairy Federation. 

IDF. 1987. Milk, cream and evaporated milk. Determination of Total Solids Content. IDF 

Standard 21B. Brussels, Belgium, International Dairy Federation. 

IDF. 1987. Milk. Determination of Milk Fat Content. IDF Standard 1C: Röse-Gottlieb 

method. Brussels, Belgium, International Dairy Federation. 

IDF. 1992. NMKL 173:2005 modified Valio R&D/Chemistry method 50. IDF Standard 154. 

Brussels, Belgium, International Dairy Federation. 

IDF. 1995. Dried milk protein products. Determination of nitrogen solubility index. IDF 

Standard 173. Brussels, Belgium, International Dairy Federation. 

IDF. 1996. Whey. Determination of Fat Content. IDF Standard 1D: Röse-Gottlieb method. 

Brussels, Belgium, International Dairy Federation. 

IDF. 2001. Determination of Non-Protein-Nitrogen-Part 4. IDF standard 20-4. Brussels, 

Belgium, International Dairy Federation. 

IDF. 2001. Milk. Determination of Nitrogen Content-Part 1: Kjeldahl method. IDF Standard 

20-1. Brussels, Belgium, International Dairy Federation. 

 101 



IDF. 2002. Dried milk, dried ice mixes and processed cheese. Determination of Lactose 

Content-Part 2. IDF Standard 79-2/ISO 5765. Brussels, Belgium, International Dairy 

Federation. 

IDF. 2002. Milk. Determination of Nitrogen-Part 1.Kjeldahl method. IDF Standard 20-1/ISO 

2968-1. Brussels, Belgium, International Dairy Federation. 

IDF. 2002. Milk. Determination of Nitrogen-Part 2. Block-digestion method. IDF Standard 

20-2/ISO 2968-2. Brussels, Belgium, International Dairy Federation.  

IDF. 2002. Milk. Determination of Nitrogen-Part 4. Determination of non-protein-nitrogen 

content.  IDF Standard 20-4/ISO 2968-4. Brussels, Belgium, International Dairy 

Federation. 

IDF. 2004. Cheese and processed cheese products. Determination of Fat Content. IDF 

Standard 5B/ISO 1735. Brussels, Belgium, International Dairy Federation. 

IDF. 2006. Cheese and processed cheese products. Determination of chloride content: 

potentiometric titration method. IDF Standard 88/ISO 5943. Brussels, Belgium, 

International Dairy Federation. 

Jaffrin, M.Y., Gupta, B.B. and Paullier, P. 1994. Energy saving pulsatile mode cross flow 

filtration. Journal of Membrane Science, 86, 281-290. 

James, B.J., Jing, Y. and Chen, X.D. 2003. Membrane fouling during filtration of milk – a 

microstructural study. Journal of Food Engineering, 60, 431-437. 

Jennes, R., and Patton, S. 1959. The composition of milk. In: Jennes, R., and Patton, S. 

(editor). Principles of Dairy Chemistry, (pp. 1-29). Chapman & Hall, London. 

Jensen, J.A., and Køningsfeldt, P. 2000. Separation technologies. In: Nielsen, W.K. (editor). 

Membrane Filtration and Related Molecular Separation Technologies, (pp. 15-21). 

Silkeborg Bogtrykkeri A/S, Silkeborg. 

Jenssen, H., and Hancock, R.E.W. 2009. Antimicrobial properties of lactoferrin. Biochimie, 

91, 19-29. 

Jimenez-Lopez, A.J.E., Leconte, N., Dehainault, O., Geneste, C., Fromont, L., and Gésan-

Guiziou, G. 2008. Role of milk constituents on critical conditions and deposit structure 

in skim milk microfiltration (0.1 µm). Separation and Purification Technology, 61, 33-

43. 

Joseph, M.S.B., and Mangino, M.E. 1988. Contribution of milk fat globule membrane 

proteins to the effective hydrophobicity of whey protein concentrates. Australian Journal 

of Dairy Technology, 43, 6-8. 

Jost, A., Brandsma, R., and Rizvi, S. 1999. Protein composition of micellar casein obtained 

by cross-flow micro-filtration of skimmed milk. International Dairy Journal, 9, 389-390. 

 102



 

Kammerlehner, J. 1986. In: Soßna, R. (editor). Labkäse Technologie Band I. (pp. 104-157), 

Verlag Th. Mann. Gelsenkirchen-Buer, Freising, Germany. 

Karleskind, D., Laye, I., Mei, F-I., and Morr, C.R. 1995. Chemical pretreatment and 

microfiltration for making delipidized whey protein concentrate. Journal of Food 

Science, 2, 221-226. 

Karlsson, O.L. 2006. Controlling physical properties of rennet-induced casein gels made from 

concentrated skim milk. Dissertation, The Royal Veterinary and Agricultural University, 

Frediksberg C. Denmark.   

Kelly, S.T. and Zydney, A.L. 1997. Protein fouling during microfiltration: comparative 

behavior of different model proteins. Biotechnology and Bioengineering, 55, 91-100. 

Kessler, H.G. 1997. Engineering aspects of currently available technological processes. 

Bulletin of the International Dairy Federation, 320, 16-25. 

Kessler, H.G. 2002a. Membrane separation – Processes. In: Kessler, U. and Kessler, N. 

(editor). Food and Bio Process Engineering – Dairy Technology, (pp. 56-105). Verlag 

A. Kessler, München.  

Kessler, H.G. 2002b. Heat treatment, processes and effects – microorganisms and conditions 

of inactivation. In: Kessler, U. and Kessler, N. (editor). Food and Bio Process 

Engineering – Dairy Technology, (pp. 130-215). Verlag A. Kessler, München. 

Kitts, D.D., and Yuan, Y.V. 1992. Caseinophosphopeptides and calcium bioavailability. 

Trends in Food Science and Technology, 3, 31-35. 

Klein, N. and Lortal, S. 1999. Attenuated starters: an efficient means to influence cheese 

ripening, a review. International Dairy Journal, 9, 751-762. 

Kreuß, M., and Kulozik, U. 2009. Separation of glycosylated caseinomacropeptide at pilot 

scale using membrane adsorption in direct-capture mode. Journal of Chromatography A, 

doi:10.1016/j.chroma.2009.01.084. 

Kuiper, S., van Rijn, C.J.M., Nijdam, W. and Elwenspoek, M.C. 1998. Development and 

applications of very high flux microfiltration membranes. Journal of Membrane Science, 

150, 1-8. 

Kulozik, U., and Guilmineau, F. 2003. Food process engineering and dairy technology at the 

Technical University of Munich. International Journal of Dairy Technology, 56, 191-

198. 

Kulozik, U., and Kersten, M. 2002. New ways for the fractionation of dairy and minor 

constituents using UTP-membrane technology. Bulletin of the International Dairy 

Federation, 374, 37-42. 

 103 



Laemmli, U. K., 1970. Cleavage of structural proteins during the assembly of the head of 

bacteriophage T4. Nature, 227, 680-685. 

Larson, B.L. 1989. Immunoglobulins of the mammary secretions. In: Fox. P.F. (editor). 

Advances in Dairy Chemistry—1, (pp. 231-254). Elsevier Applied Science. London, 

England. 

Larsson, M., Zakora, M., Dejmek, P., and Ardö, Y. 2006. Primary proteolysis studied in a cast 

cheese made from microfiltered milk. International Dairy Journal, 16, 623-632. 

Lawrence, N., Kentish, S., O`Connor, A., Stevens, G., and Barber, A. 2006. Microfiltration of 

skim milk for casein concentrate manufacture. Desalination, 200, 305-306.  

Lawrence, N.D., Kentish, S.E., O`Connor, A.J., Barber, A.R. and Stevens, G.W. 2008. 

Microfiltration of skim milk using polymeric membranes for casein concentrate 

manufacture. Separation and Purification Technology, 60, 237-244. 

Lawrence, R.J. 1989. The use of ultrafiltration technology in cheesemaking. Bulletin of the 

International Dairy Federation, 240, 1-15. 

Lawrence, R.J., 1993. Incorporation of whey proteins in cheese. In: Factors affecting the yield 

of cheese. (pp. 79-87). S.I. No. 9301, Brussels: IDF.  

Le Berre, O. and Daufin, G. 1996. Skim milk crossflow microfiltration performance versus 

permeation flux to wall shear stress ratio. Journal of Membrane Science, 117, 261-270. 

Lee, D.N. and Merson, R.L. 1975. Examination of cottage cheese whey proteins by scanning 

electron microscopy: Relationship to membrane fouling during ultrafiltration. Journal of 

Dairy Science, 58, 1423-1432. 

Lelievre, J. and Lawrence, R.C. 1988. Manufacture of cheese from milk concentrated by 

ultrafiltration. Journal of Dairy Research, 55, 465-478. 

Lieske, B., and Konrad, G. 1996. A new method to estimate caseinomacropeptide and 

glycomacropeptide from trichloacetic acid filtrates. Milk Science International, 51, 431-

435. 

Lucey, J.A. and Fox, P.F. 1993. Importance of calcium and phosphate in cheese manufacture: 

a review. Journal of Dairy Science, 76, 1714-1724. 

Luhovyy, B.L., Akhavan, T., and Anderson, H. 2007. Whey proteins in the regulation of food 

Intake and satiety. Journal of the American College of Nutrition, 26, 704-712. 

Mackley, M.R. and Sherman, N.E. 1992. Cross flow cake filtration mechanisms and kinetics. 

Chemical Engineering Science, 47, 3067-3084. 

Mahaut, M., and Korolczuk, J. 1992. Effect of whey protein addition and heat treatment of 

milk on the viscocity of UF fresh cheeses. Milk Science International, 47, 157-159. 

 104



 

Makardij, A., Chen, X.D. and Farid, M.M. 1999. Microfiltration and ultrafiltration of milk: 

some aspects of fouling and cleaning. Trans IchemE, 77, 107-113. 

Marcelo, P.A., and Ritzvi, S.S.H. 2008. Physicochemical properties of liquid virgin whey 

protein isolate. International Dairy Journal, 18, 236-246. 

Markus, C.R., Olivier, B., Panhuysen, G.EM., Van der Gugten, J., Alles, M., Tuiten, A., 

Westenberg, H.GM., Fekkes, D., Koppeschaar, H.F., and de Haan, E.EHF. 2000. The 

bovine protein a-lactalbumin increases the plasma ratio of tryptophan to the other large 

neutral amino acids, and in vulnerable subjects raises brain serotonin activity, reduces 

cortisol concentration, and improves mood under stress. American Journal of Clinical 

Nutrition, 71, 1536-1544. 

Marshall, A.D., Munro, P.A. and Trägårdh, G. 2003. Influence of ionic calcium on fouling 

during the cross-flow microfiltration of β-lactoglobulin solutions. Journal of Membrane 

Science, 217, 131-140.  

Martínez, F., Martín, A., Prádanos, P., Calvo J., Palacio, L. and Hernández, A. 2000. Protein 

adsorption and deposition onto microfiltation membranes: The role of solute – solid 

interactions. Journal of Colloid and Interface Science, 221, 254-261. 

Maubois, J.L, Fauquant, J., Famelart, M.H. and Caussin, F. 2001. Milk microfiltrate, a 

convenient starting material for fractionation of whey proteins and derivatives. In: Proc. 

3rd Int Whey Conf. The importance of whey and whey components in food and nutrition. 

(pp. 59-72). München. Germany.  

Maubois, J.L. 1997. Current uses and future perpectives of MF technology in the dairy 

industry. Bulletin of the International Dairy Federation, 320, 37-40. 

Maubois, J.L. 2002. Membrane microfiltration: a tool for a new approach in dairy technology. 

Australian Journal of Dairy Technology, 57, 92-96. 

Maubois, J.L. and Ollivier, G. 1997. Extraction of milk proteins. In: Damodaran, S. and Paraf, 

A. (editor.). Food proteins and their applications. (pp. 579-595). Marcel Dekker, Inc. 

New York. 

Maubois, J.L., and Mocquot, G. 1975. Application of membrane ultrafiltration to preparation 

of various types of cheese. Journal of Dairy Science, 58, 1001-1007. 

Maubois, J.L., Pierre, A., Fauquant, J., and Piot, M. 1987. Industrial fractionation of the main 

whey proteins. Bulletin of the International Dairy Federation, 212, 154-159. 

Maurer, L., Reinbold, G.W., and Hammond, E.G. 1975. Influence of copper on the 

characteristics of Swiss-type cheeses. Journal of Dairy Science, 58, 645-650.   

 105 



McIntosh, G.H., Regester, G.D., Lelue, P.J., Royle, P.J, and Smithers, G.W. 1995. Dairy 

proteins against dimethylhydrazine-induced intestinal cancers in rat. Journal of Nutrition 

Science, 125, 809-816. 

McMahon, J.D., and Brown, R.J. 1982. Evaluation of formagraph for comparing rennet 

solutions. Journal of Dairy Science, 65, 1639-1642. 

McMahon, J.D., Yousif, B.H., and Kaláb, M. 1993. Effect of whey protein denaturation on 

structure of casein micelles and their rennetability after ultra-high temperature 

processing of milk with or without ultrafiltration. International Dairy Journal, 3, 239-

256. 

McSweeney, P.L.H. 2004. Biochemistry of cheese ripening. International Journal of Dairy 

Technology, 57, 127-144. 

Mead, D., and Roupas, P. 2001. Effect of incorporation of denatured whey proteins on 

chemical composition and functionality of pizza cheese. Australian Journal of Dairy 

Technology, 56, 19-23. 

Metsämuuronen, S., and Nyström, M. 2005. Critical flux in cross-flow ultrafiltration of 

protein solutions. Desalination, 175, 37-47. 

Mistry, V.V. and Maubois, J.-L. 1993. Application of membrane separation technology to 

cheese production. In: Fox, P.F. (editor). Cheese: Chemistry, Physics and Microbiology. 

(pp. 493-521). Chapman & Hall, London, England. 

Modler, H.W., and Harwalkar, V.R. 1981. Whey protein concentrate prepared by heating 

under acidic conditions. 1. Recovery by ultrafiltration and functional properties. Milk 

Science International, 36, 537-542. 

Moisio, T., and Heikonen, M. 1996. Simple method for the titration of multicomponent acid-

base mixtures. Fresenius` Journal of Analytical Chemistry, 354, 271-277. 

Mollé, D., and Léonil, J. 2005. Quantitative determination of bovine κ-casein macropeptide in 

dairy products by liquid chromatography/electrospray coupled to mass spectrometry 

(LC-ESI/MS) and liquid chromatography/electrospray coupled to tamdem mass 

spectrometry (LC-ESI/MS/MS). International Dairy Journal, 15, 419-428. 

Moon, B., and Mangino, M.E. 2004. The effect of preheating on functionality of whey protein 

concentrates. Milk Science International, 59, 294-297. 

Muller, L.L. 1976. Whey utilization in Australia. Australian Journal of Dairy Technology, 31, 

92-97. 

Nájera, A.I., de Renobales, M., and Barron, L.J.R. 2003. Effects of pH, temperature, CaCl2 

and enzyme concentrations on the rennet-clotting properties of milk: a multifactorial 

study. Food Chemistry, 80, 345-352. 

 106



 

Nelson, B.K., and Barbano, D.M. 2005. A microfiltration process to maximise removal of 

serum proteins from skim milk before cheese making. Journal of Dairy Science, 88, 

1891-1900. 

Neocleous, M., Barbano, D.M. and Rudan, M.A. 2002a. Impact of low concentration factor 

microfiltration on the composition and aging of Cheddar cheese. Journal of Dairy 

Science, 85, 2425-2437. 

Neocleous, M., Barbano, D.M. and Rudan, M.A. 2002b. Impact of low concentration factor 

microfiltration on milk component recovery and Cheddar cheese yield. Journal of Dairy 

Science, 85, 2415-2424. 

Ng-Kwai-Hang, K.F., Dodds, C., Boland, M.J., and Auldist, M.J. 2002. The influence of 

genetic variants of β-lactoglobulin on gelation speed and firmness of rennet curd. Milk 

Science International, 57, 267-269. 

Nichols, B.L., and Kee, K.S. 1990. Lactoferrin as a dietary ingredient promoting the growth 

of the gastrointestinal tract. US Patent. No, 4977137. 

Østergaard, B. 2003. Adding value to whey by Pro-Frac. European Dairy Magazine, 8, 20-22. 

Outinen, M., and Rantamäki, P. 2008. Gelation properties of whey protein isolate influenced 

by the concentration of κ-casein macropeptide. Milk Science International, 63, 77-80. 

Outinen, M., Heino, A., and Uusi-Rauva, J. 2008. Microfiltration of milk I. Influence of the 

concentration factor on the composition of Emmental cheese milk and the κ-casein 

macropeptide content of the whey. Milk Science International, 63, 305-308. 

Pandey, P.K., Ramaswamy, H.S., and St-Gelais, D. 2003. Evaluation of pH change kinetics 

during various stages of Cheddar cheese-making from raw, pasteurized, micro-filtered 

and high-pressure-treated milk. LWT- Food Science and Technology, 36, 497-506. 

Papadatos, A., Neocleous, M., Berger, A.M. and Barbano, D.M. 2003. Economic feasibility 

evaluation of microfiltration of milk prior to cheesemaking. Journal of Dairy Science, 

86, 1564-1577. 

Phillips, L.G., Haque, Z., and Kinsella, J.E. 1987. A method for the measurement of foam 

formation and stability. Journal of Food Science, 52, 1074-1077. 

Phillips, L.G., Shulman, W., and Kinsella, J.E. 1990. pH and heat treatment effects on 

foaming of whey protein isolate. Journal of Food Science, 55, 1116-1119. 

Pieracci, J., Wood, D.W., Crivello, J.V. and Belfort, G. 2000. UV-assisted graft 

polymerization of N-vinyl-2-pyrrolidinone onto poly(ether sulfone) ultrafiltration 

membranes: Comparison of dip versus immersion modification techniques. Chemistry 

of Materials, 12, 2123-2133. 

 107 



Pierre, A., Fauquant, J., Le Graet, Y., Piot, M. and Maubois, J.L. 1992. Préparation de 

phosphocaseinate natif par microfiltration sur membrane. Le Lait, 72, 462-474. 

Piry, A., Kühn, W., Grein, T., Tolkach, A., Ripperger, S. and Kulozik, U. 2008. Length 

dependency of flux and protein permeation in crossflow microfiltration of skimmed 

milk. Journal of Membrane Science, 325, 887-894. 

Punidadas, P. and Rizvi, S.S.H. 1998. Separation of milk proteins into fractions rich in casein 

or whey proteins by cross flow filtration. Food Research International, 31, 265-272. 

Purup, S., Vestergaard, M., Pedersen, L.O., and Sejrsen, K. 2007. Biological activity of 

bovine milk on proliferation of human intestinal cells. Journal of Dairy Research, 74, 

58-65. 

Quinn, J.R., and Paton, D. 1979. A practical measurement of water hydration capacity of 

protein materials. Cereal Chemistry, 56, 38-40. 

Rantamäki, P., Tossavainen, O., Outinen, M., Tupasela, T., Koskela, P., and Kaunismäki, M. 

2000. Functional properties of the whey protein fractions produced in pilot scale 

processes. Foaming, water-holding capacity and gelation. Milk Science International, 

55, 569-572. 

Regester, G.O., and Smithers, G.W. 1991. Seasonal changes in the β-lactoglobulin, α-

lactalbumin, glycomacropeptide and casein contents of whey protein concentrates. 

Journal of Dairy Science, 74, 796-802. 

Rigo, J., Boehm, G., Georgi, G., Jelinek, J., Nyambugabo, K., Sawatzki, G., and Studzinski, 

F. 2001. An infant formula free of glycomacropeptide prevents hyperthreoninemia in 

formula-fed preterm infants. Journal of Pediatric Gastroenterology and Nutrition, 2, 

127-130. 

Ripperger, S. and Altmann, J. 2002. Crossflow microfiltration – state of the art. Separation 

and Purification Technology, 26, 19-31. 

Rodríguez, J., Requena, T., Fontecha, J., Goudédranche, H., and Juárez, M. 1999. Effect of 

different membrane separation technologies (ultrafiltration and microfiltration) on the 

texture and microstructure of semihard low-fat cheeses. Journal of Agricultural and 

Food Chemistry, 47, 558-565. 

Saboya, L.V. and Maubois, J.L. 2000. Current developments of microfiltration technology in 

the dairy industry. Le Lait, 80, 541-554. 

Saboya, L.V., Goudédranche, H., Maubois, J.l., Lerayer, A.L.S. and Lortal, S. 2001. Impact 

of broken cells of lactococci or propionibacteria on the ripening of Saint-Paulin UF-

cheeses: extent of proteolysis and GC-MS profiles. Le Lait, 81, 699-713. 

 108



 

Sachdeva, S., and Buchheim, W. 1997. Separation of native and whey proteins during 

crossflow microfiltration of skim milk. Australian Journal of Dairy Technology, 52, 92-

97. 

Saito, T., and Itoh, T. 1992. Variations and distributions of O-glucosidically linked sugar 

chains in bovine κ-casein. Journal of Dairy Science, 75, 1768-1774. 

Samuelsson, G., Dejmek, P., Trägårdh, G., and Paulsson, M. 1997a. Rennet coagulation of 

heat-treated retentate from crossflow microfiltration of skim milk. Milk Science 

International, 52, 187-191. 

Samuelsson, G., Dejmek, P., Trägårdh, G., and Paulsson, M. 1997b. Minimizing whey protein 

retention in cross-flow microfiltration of skim milk. International Dairy Journal, 7, 237-

242. 

Sandblom, R.M. 1978. Filtering process, US Patent. No. 4.105.547. 

Saxena, A., Tripathi, B.P., Kumar, M., and Shahi, V.K. 2009. Membrane-based techniques for 

the separation and purification of proteins: An overview. Journal of Colloid and 

Interface Science, 145, 1-22. 

Schafroth, K., Fragnière, C., and Bachmann, H.P. 2005. Herstellung von Käse aus 

microfiltrierter, konzentrierter Milch. Deutsche Milchwirtschaft, 56, 861-863. 

Schier, G. and Paar, S. 2007. Standardization of casein using different membranes. Evaluation 

of the cross-flow microfiltration of milk. Lebensmittelindustrie und Milchwirtschaft. 

128, 22-25. 

Schreiber, R. 2001. Heat induced modifications in casein dispersions affecting their 

rennetability. International Dairy Journal, 11, 553-558. 

Schreiber, R., and Hinrichs, J. 2000. Rennet coagulation of heated milk concentrates. Le Lait, 

80, 33-42. 

Schwinge, J., Wiley, D.E., and Fletcher, D.F. 2002. Simulation of the flow around spacer 

filaments between narrow channel walls. 1. Hydrodynamics. Industrial and Engineering 

Chemistry Research, 41, 2977-2987. 

SFS. 2005a. Animal feeding stuffs. Determination of amino acids content (SS-EN ISO 

13903:2005). 

SFS. 2005b. Animal feeding stuffs. Determination of tryptophan content (SS-EN ISO 

13904:2005). 

Sharma, S.K., Hill, A.R., and Mittal, G.S. 1992. Evaluation of methods to measure 

coagulation time of ultrafiltered milk. Milk Science International, 47, 701-704. 

Steffl, A., Schreiber, R., Hafenmair, M., and Kessler, H.G. 1999. Influence of whey protein 

aggregates on the renneting properties of milk. International Dairy Journal, 9, 403-404. 

 109 



St-Gelais, D., and Haché, S. 1995. Whey syneresis of milk enriched with different retentate 

powders, Milk Science International, 50, 71-75. 

St-Gelais, D., Piette, M. and Belanger, G. 1995. Production of cheddar cheese using milk 

enriched with microfiltered milk retentate. Milk Science International, 50, 614-618. 

Swaisgood, H.E. 2003. Proteins. Chemistry of the caseins. In: Fox, P.F., and McSweeney, 

P.L.H. (editor). Advanced dairy chemistry - 1, 3rd edn. (p. 141). Plenum Publishing, 

New York. 

Syväoja, E-L. 1992. Quantitative determination of the main casein components and 

purification of αs2- and κ-casein from bovine milk. Milk Science International, 47, 563-

566. 

Takahashi, N., Asakawa, S., Dosako, S., and Tadashi, I., 1992. Hypoallergenic nutritive 

composition. French Patent Application. FR 2677850-A1. 

Tan, Y., and Siebert, K.J. 2008. Modeling Bovine Serum Albumin binding of flavor 

compounds (alcohols, aldehydes, esters, and ketones) as a function of molecular 

properties. Journal of Food Science, 3, 56-63. 

Tanimoto, M., Kawasaki, Y., Dosako, S., Ahiko, K., and Nakajima, I. 1992. Large-scale 

preparation of κ-casein glycomacropeptide from rennet casein whey. Bioscience, 

Biotechnology and Biochemistry, 56, 140-141. 

Thomä, C., and Kulozik, U. 2005. Methods to obtain isolated caseinomacopeptide from milk 

and whey and functional properties. Bulletin of the International Dairy Federation, 389, 

74-77. 

Thomä, C., Krause, I., and Kulozik, U. 2006. Precipitation behaviour of 

caseinomacropeptides and their simultaneous determination with whey proteins by RP-

HPLC. International Dairy Journal, 16, 285-293. 

Thomä-Worringer, C., Sørensen, J., Rosina López-Fandińo, R. 2006. Health effects and 

technological features of caseinomacropeptide. International Dairy Journal, 16, 1324-

1333. 

Thomet, A. and Gallmann, P. 2003. Neue Michprodukte dank Membrantrenntechnik. FAM-

info. Bern. 453, 16-29.  

Thomet, A., Bachmann, H.P. and Schafroth. 2004. Raclette cheese with whey proteins – 

innovative and economical. European Dairy Magazine, 7, 8-12. 

Thompson, M.P., and Brower, D.P. 1989. Phylogonetic variations in the calcium-dependent 

electrophoretic shift of α-lactalbumin. Journal of Dairy Science, 72, 3156-3165. 

 110



 

Tolkach, A., and Kulozik, U. 2004. Fractionation of whey proteins and peptides by means of 

membrane techniques in connection with chemical and physical pretreatments. Bulletin 

of the International Dairy Federation, 389, 20-23. 

Tolkach, A., and Kulozik, U. 2005. Fractionation of whey proteins and caseinomacropetide 

by means of enzymatic crosslinking and membrane separation techniques. Journal of 

Food Engineering, 67, 13-20. 

Tolkach, A., and Kulozik, U. 2006. Transport of whey proteins through 0.1 µm ceramic 

membrane: phenomena, modelling and consequences for concentration or diafiltration 

processes. Desalination, 1999, 340-341. 

Tong, P.S., Barbano, D.M. and Rudan, M.A. 1988. Characterization of proteinaceous 

membrane foulants and flux decline during the early stages of whole milk ultrafiltration. 

Journal of Dairy Science, 71, 604-612. 

Tran Le, T., Saveyn, P., Dinh Hoa, H., and Van der Meeren, P. 2008. Determination of heat-

induced effects on the particle size distribution of casein micelles by dynamic light 

scattering and nanoparticle tracking analysis. International Dairy Journal, 18, 1090-

1096.   

Tsioulpas, A., Lewis, M.J., and Grandison, A.S. 2007. Effect of minerals on casein micelle 

stability of cow`s milk. Journal of Dairy Research, 74, 167-173. 

Udabage, P., McKinnon, I.R., and Augustin, M.A. 2003. The use of sedimentation field flow 

fractionation and photon correlation spectroscopy in the characterization of casein 

micelles. Journal of Dairy Research, 70, 453-459.  

Upreti, P., Metzger, L.E., and Hayes, K.D. 2006. Influence of calcium and phosphorus, 

lactose, and salt-to-moisture ratio on Cheddar cheese quality: proteolysis during 

ripening. Journal of Dairy Science, 89, 444-453. 

Ur-Rehman, S., Farkye, N.Y., Considine, T., Schaffner, A., and Drake, M. A. 2003. Effects of 

standardization of whole milk with dry milk protein concentrate on the yield and 

ripening of reduced-fat Cheddar cheese. Journal of Dairy Science, 86, 1608-1615. 

Vasbinder, A.J., Rollema, H.S., and de Kruif, C.G., 2003. Impaired rennetability of heated 

milk; study of enzymatic hydrolysis and gelation kinetics. Journal of Dairy Science, 86, 

1548-1555. 

Vadi, P.K. and Rizvi, S.S.H. 2001. Experimental evaluation of a uniform transmembrane 

pressure crossflow microfiltration unit for the concentration of micellar casein from 

skim milk. Journal of Membrane Science, 189, 69-82. 

Vaghela, M.N., and Kilara, A. 1996. Foaming and emulsifying properties of whey protein 

concentrates as affected by lipid composition. Journal of Food Science, 61, 275-280. 

 111 



Veith, P.D., and Reynolds, E.C. 2004. Production of a high gel strength whey protein 

concentrate from cheese whey. Journal of Dairy Science, 87, 831-840. 

Vetier, C., Bennasar, M. and Tarodo de la Fuente, B. 1988. Study of the fouling of a mineral 

microfiltration membrane using scanning electron microscopy and physiochemical 

analyses in the processing of milk. Journal of Dairy Research, 55, 381-400. 

Villamiel, M. and de Jong, P. 2000. Influence of high-intensity ultrasound and heat treatment 

in continuous flow on fat, proteins and native enzymes of milk. Journal of Agricultural 

and Food Chemistry, 48, 472-478. 

Vreeman H. J., Visser, S., Slangen, C. J., and Van Riel, J. A. M. 1986. Characterization of 

bovine κ-casein fractions and the kinetics of chymosin-induced macropeptide release 

from carbohydrate-free and carbohydrate-containing fractions determined by high-

performance gel-permeation chromatography. Biochemical Journal, 240, 87-97. 

Vuillemard, J.C., Gauthier, S.F., Richard, J.P., and Paquin, P. 1990. Development of a method 

for the measurement of the maximum value of emulsifying capacity of milk proteins. 

Milk Science International, 45, 572-575. 

Wagner, J. 2001. Price, systems and membranes. In: Wagner, J. (editor). Membrane Filtration 

Handbook – Practical Tips and Hints (pp. 113-114). Osmonics Inc., Minnetonka, USA. 

Wakeman, R.J. 1998. Electrically enhanced microfiltration of albumin suspensions. Trans 

IChemE, 76, 53-59. 

Wolfschoon-Pombo, A.F. 1997. Influence of calcium chloride addition to milk on the cheese 

yield. International Dairy Journal, 7, 249-254. 

Zeman, L.J. and Zydney, A.L. 1996. Bulk mass transport. In: Zeman, L.J. and Zydney, A.L. 

(editor). Microfiltration and Ultrafiltration: Principles and Applications (pp. 350-379). 

Marcel Dekker. New York. 

Zulewska, J., Newbold, M., and Barbano, D.M. 2009. Efficiency of serum protein removal 

from skim milk with ceramic and polymeric membranes at 50°C. Journal of Dairy 

Science, 92, 1361-1377. 

 

 
8 APPENDIX A (ORIGINAL PAPERS I-VI) 

 

 

 

 

 112


