
ABSTRACT 

OW-WING, KAI LEUNG. Production of Low Lactose and Low Serum Milk Protein Beverage 

by Microfiltration. (Under the direction of Dr. MaryAnne Drake).  

 

Our objective was to determine the impact of simultaneous removal of lactose plus low 

molecular weight solutes and milk serum proteins by microfiltration (MF) on the chemical, 

physical and sensory properties of a 3.4, 7.5, and 10.5% milk protein-based beverages before and 

after a direct steam injection thermal process. Skim milk was MF at 50oC using 0.1 micron 

ceramic membranes and diafiltration ratio of water to milk of about 2.5 was used to 

simultaneously remove of milk lactose, serum proteins, and soluble minerals to produce protein 

beverage containing from 3.4 to 10.5% true protein from skim milk and was replicated twice.  

The soluble mineral plus lactose content was very low and the aqueous phase of the beverages 

had a freezing point very close to water (i.e. -0.02oC) and did not change with time storage at 

4oC. Beverage pH ranged from 7.19 to 7.41, with pH decreasing with increasing protein 

concentration.  Overall, the beverages were more white and more bland in flavor than skim milk.  

When UHT beverages were processed with direct steam injection at a holding temp of 140oC for 

2 to 3 s, there was some protein aggregation detected by particle size analysis (volume mean 

diameter of protein particles was 0.16 micron before and 22 microns after UHT), observed as 

white flecks in the vacuum chamber of the UHT unit and an increase in chalky sensory property. 

No sulfur eggy flavors were detected and no browning was observed due to the UHT thermal 

treatment.  Both apparent viscosity and sensory viscosity increased with increasing protein 

concentration and heat treatment. 
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Introduction 

Statistics 

Milk is a prominent product in the global food industry due to its nutrition, cost, and ease of 

production. Global milk production has increased from 497 million metric tons in 2015 to 544 

million metric tons in 2021 and is currently the most bought and sold item on the dairy market 

(Shahbandeh, 2023a). The majority of this milk was produced by the European Union, United 

States, and India which produced 143.9, 102.97 and 96 million metric tons of milk respectively 

(Shahbandeh, 2023b). Within the United States however, total milk production has decreased 

from 53.1 billion pounds in 2011 to 40.43 billion pounds in 2021 (Shahbandeh, 2023d). 

Decreasing production has been attributed to a lower demand for fluid milk products in the 

United States, with a general decrease in fluid milk consumption over time (despite a continued 

increased in consumption of cheese and other dairy products) in the United States. Likewise, 

dairy beverages face fierce competition in the form of alternative milk products, with non-dairy 

milk alternatives having grown by 61% since 2013 (Mintel Group, 2018). Furthermore, 

consumer backlash towards high sugar breakfast cereals marketed towards children has led to the 

rise of alternate breakfast options that are not traditionally paired with milk (Mintel Group, 

2018). Data also shows that children who grew up drinking less milk will continue to drink less 

milk throughout their life, further exacerbating the decline (Stewart et al., 2021).  

 

Dairy Product Trends 

While fluid milk consumption in the United States is declining, total dairy consumption is 

increasing due to the rising demand for cheese, butter, and yogurt. Cheese is the dominant 

contributor, having increased in consumption from 6.5 kg/year per capita in 1975 to nearly 18 
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kg/year per capita in 2018 (Wolf et al., 2020). Two of the main reasons dairy products retain 

desirability amongst consumers is due to their high nutritional value and good taste (McCarthy et 

al., 2017). Likewise, protein supplementation has risen in popularity due to its perceived health 

benefits. This demand for protein has increased the demand for whey protein which has been 

shown to be more beneficial for human growth than plant proteins (Hoffman and Falvo, 2004). 

Ninety-five percent of whey (fluid whey contains 0.6% w/w whey protein) is derived as a by-

product from cheese production and is defined as the serum phase of the milk that remains after 

the curds have coagulated and been removed. It can be further classified as either “sweet whey” 

if the pH is at least 5.6 or “acid whey” if the pH is >5.1 (Tunick, 2008). Whey is traditionally 

produced as a by-product from cheese making but can now also be created by microfiltration 

(MF) of fluid milk. Whey that is produced via cheese making is called whey protein, whereas 

whey produced from milk filtration is called serum protein or milk derived whey protein 

(MDWP) (ADPI, 2022b).  

 

Whey protein has risen in popularity as it is an inexpensive source of complete protein with 

immune system and beneficial gut microflora enhancing properties (Macwan et al., 2016). 

Likewise, use within the sports industry in the form of supplementation products has further 

boosted demand, with the whey protein industry being estimated to grow at a rate of 9.8% per 

year from 2019 (Grand View Research, 2020). The two most popular forms of whey protein on 

the market are whey protein concentrate (WPC) and whey protein isolate (WPI). The primary 

distinction between the two products is their protein content, with WPC being not less than 25% 

protein and WPI being at least 90% protein (ADPI, 2022a). WPC made from whey filtered 

directly from milk is referred to as milk derived whey protein concentrate (mWPC) while WPC 
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made from cheese whey is called WPC. Whey protein concentrates/isolates are produced from 

fluid whey streams via ultrafiltration (UF) (10 kDa/0.02-0.05 µm membrane pore size) with 

diafiltration to concentrate the protein content to at least 25% protein (Woonton et al., 2013).  

Microfiltration is an additional step required for production of whey protein isolate since residual 

fat must be removed. 

 

Three other popular milk products are milk protein concentrate (MPC), milk protein isolate 

(MPI) and micellar casein concentrate (MCC). This review will address MPC and MCC later. 

Commercial versions of MPC and MPI are produced through microfiltration and/or UF of milk 

with subsequent spray drying of the product.  The distinction between the two lies within the 

protein content of the product. MPC ranges from 42%-85% protein by weight and MPI is >85% 

protein by weight (ADPI, 2022a). Naming of the spray dried product is characterized by the 

protein content, with an 80% protein MPC named MPC80. The three most common 

concentrations of commercially available MPC are MPC42, MPC70 and MPC80 (ADPI, 2022a). 

MPC is used in a variety of ways such as in cheese, yogurt, dietary beverages, and baking 

(Agarwal et al., 2015). Within the U.S., MPC is primarily used by the dairy, nutritional products, 

sports beverages and sports powders industries. On a global scale, the cheese industry is the 

primary contributor to lower protein concentration MPC usage (ADPI, 2022a). MCC differs 

from MPC and MPI in that the microfiltration process has removed nearly all of the serum phase 

whey protein, leaving the majority of the protein in the product as casein. While there is no legal 

definition for MCC, ADPI classifies MCC as a microfiltered product with adjusted ratios of 

whey protein to casein from the base skim milk (ADPI, 2022a).  

 



 

5 

 

Clean Label Trend 

One of the dominant drivers of the food industry is consumer trends, and recently the term clean 

label has gained significant popularity. This trend has been attributed to consumers being 

motivated to purchase foods that make them healthier or reduce the risk for diseases (van Kleef 

et al., 2005). However, this term lacks a current legal definition. The FDA has posited that a 

clean label product does not contain any artificial flavor or flavorings, coloring ingredients, 

chemical preservatives or any other artificial or synthetic ingredients (Osborn, 2015). Likewise, 

Ingredion (2014) denotes a clean label product as one that is “natural, organic, and/or free from 

additives/preservatives” (Ingredion, 2014). In a 2021 survey by the International Food 

Information Council, consumers paid more attention to ingredient labels than they did five years 

ago and wanted to purchase foods with clean-sounding ingredients (IFIC, 2021) (Fig. 1.1). This 

is important as, aside from personal health, Osborn (2015) also indicated that the customer 

(purchaser) of a clean label product may not be the consumer and be more distrustful of 

unknown ingredients as a result, as in the case of parents and children. Therefore, this trend 

provides the food industry with a unique opportunity to garner more trust amongst consumers by 

using familiar ingredients (Osborn, 2015).  

 

Research into purchase habits indicated that consumers usually base their purchase decisions on 

a variety of cues, such as an organic logo, “free from” statement, or natural visuals (Asioli et al., 

2017). This scenario creates a paradox where a product may contain an ingredient from a natural 

source, such as xanthan gum, but is considered artificial by the consumer as it is missing familiar 

cues (Osborn, 2015, Asioli et al., 2017). Furthermore, according to Pollan (2009), clean label 

products should have a maximum of five ingredients (Pollan, 2009). In conjunction with the 
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requirement that no ingredient sounds “chemically”, a vast number of nutritional and 

functionality influencing ingredients cannot be used. Regardless, consumers still expect products 

to perform similarly despite these ingredient restrictions, creating a new space for product 

development (Shelke, 2020).  

Composition of Bovine Milk 

General Composition 

Cow’s milk is a matrix of water, lipids, protein, carbohydrates, vitamins and minerals that acts as 

the sole source of nutrition for calves (Horne, 2017). As such, milk contains all the essential 

nutrients required for the growth and development of mammals and plays an important role in 

the dietary health of humans. Worldwide, cow’s milk makes up the majority of milk used by the 

dairy industry (Horne, 2017). On average, bovine milk is made up of about 87% water, with 

lipids, protein, lactose, vitamins and minerals making up the remaining 13% (Huppertz and Kelly 

2009). However, variability in bovine milk composition has been observed due to diet, breed, 

and stage of lactation occurring most noticeably in lipid content (Horne, 2017). To prevent 

irregular product compositions, the dairy industry typically standardizes milk before processing 

using the following methods: 

● Fat removal by creaming or centrifugation 

● Addition of skim milk 

● Addition of cream 

● Addition of milk powder or (UF) retentate to increase total solids (Johnson, 2016). 

Casein Proteins  

The predominant protein found within bovine milk is casein, which constitutes 80% of the total 

protein content in milk and is commonly found in the form of a casein micelle or colloidal 
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dispersion. Casein micelles are anywhere from 60 to 600 nm in size and are an aggregation of 

submicelles joined by colloidal calcium phosphate (Holt, 1992). Submicelles range from 10-15 

nm in size and are formed by the linking of 15-25 casein molecules (⍺s1-, ⍺s2-, ꞵ- and κ-casein) 

by hydrophobic bonds and salt bridges (Walstra, 1990, Martin et al., 2011). These submicelles 

are classified into two separate groups based on the presence of κ-casein. Submicelles with κ-

casein are located on the outer surface of the micelle as κ-casein contains hydrophilic C-

terminals that protrude out from the micelle structure. Submicelles with little or no κ-casein 

aggregate at the center of the micelle structure. The structure of the casein micelle is influenced 

by temperature and pH. As pH lowers, the calcium phosphate bridges go into solution and an 

increase in meltability and stretchability of casein curds is observed, being most prominent at pH 

5.2 and 5.3. Below pH 5.2 and at higher pH levels, the casein micelles are bound by electrostatic 

attraction and calcium phosphate bridges respectively, which increase the strength of the casein 

molecular structure (Walstra, 1990).  

 

The four main casein molecules are named ⍺s1-, ⍺s2-, ꞵ- and κ-casein. ⍺s1 casein is the most 

abundant casein molecule in casein micelles and holds the greatest net negative charge. This 

negative charge is due to an acidic region on the molecule and allows for strong calcium 

bonding. ⍺s2 casein is formed by two phosphoserine clusters bridged by hydrophobic regions. 

These hydrophobic regions help form and stabilize calcium phosphate crystals on the molecule. 

Hydrophobic interactions are driven by various hydrophobic clusters also found on the molecule. 

 

Ꞵ- casein is abundant in cow’s milk and contains highly acidic areas as well as the largest 

hydrophobic regions in all casein molecules. Their greater hydrophobicity results in them 
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bonding with one another at higher temperatures, forming a spherical aggregate with a 

hydrophilic outer shell and reducing the cleavage rate of rennin, which assists with coagulation. 

The structures range from 7-14 nm and can be made up of 15-60 molecules. The hydrophilic area 

allows for strong bonding with divalent ions. Ꞵ- casein plays a key role in oil and water 

interfaces as it stabilizes and reduces surface tension in the emulsion (Rocha-Mendoza and 

Jimenez-Flores, 2011). Κ-casein is found on the surface of casein micelles and contains one 

phosphoserine residue, a hydrophobic region and a hydrophilic region. The hydrophobic region 

is located at the N-terminal and allows Κ-casein to associate with other casein molecules. The 

hydrophilic region is located at the C-terminal and allows Κ-casein to stop casein micelle 

aggregation (Bernos et al 1997, Rocha-Mendoza and Jimenez-Flores, 2011). Genetic variants of 

K-casein occur based on the alleles (A, B, C, E, F, G, H, I, A1) of the cow, with the two most 

common being A and B (Prinzenberg et al., 1999). Preferable traits in cheese making such as 

higher thermal resistance, shorter coagulation time, better coagulation and different casein 

micelle sizes are attributed to allele B (Schaar et al., 1985; Marziali and Ng-Kwai-Hang, 1986). 

Cows with K-casein genotype BB are considered to produce milk with superior cheese making 

properties than cows with different genotypes (Williams, 2021). Furthermore, BB cows have 

been found to produce up to 10% more milk than AA cows and have higher cheese yield 

(Marziali and Ng-Kwai-Hang, 1986). Increased cheese yield has been attributed to the lower 

rennet coagulation time in BB cow milk (Walsh et al., 1998).  

 

Casein can be derived from milk through addition of acid, rennet coagulation or by membrane 

filtration. Addition of acid entails lowering the pH of the milk to 4.6 whereupon casein will 

precipitate out of solution in the form of acid casein. This is accomplished by adding acid 
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directly to the solution or by addition of bacteria that can convert lactose into lactic acid 

(Augustin and Margetts, 2003). According to Teo et al. (1997), incomplete mixing is the 

dominant cause of loss factors such as incomplete precipitation of casein, incomplete curd, curd 

breakdown, and casein run off in whey streams (Teo et al., 1997). However, studies have 

determined acid casein to have a “wet dog/animal” or “gluey” off flavor, which can have a 

negative impact on consumer perception (Karagul-Yuceer et al., 2003; Smith et al., 2016). Acid 

casein is produced by hydrochloric or sulfuric acid to lower pH, which would be perceived 

negatively by clean label consumers looking for recognizable, “wholesome” ingredients 

(Karagul-Yuceer et al., 2003). Furthermore, acidification of milk alters the native state of casein 

micelles in three ways: 

• Casein proteins dissociate from micelles, with more dissociation occurring at lower 

temperatures and pH 

• Association of dissociated casein proteins into new, large protein aggregates 

• Aggregation of remaining casein micelles with newly associated protein aggregates into a 

gel structure (McMahon et al., 2009) 

Importantly, acid caseins are insoluble at neutral pH. Before being used as a food ingredient, 

they must first be neutralized with an alkali to improve solubility and functionality (Amco 

Proteins, 2023). The product of this process is known as caseinate, which exhibits different 

properties based on which salt interacts with the casein (HL-Process, 2023). Common alkali 

solutions used in the dairy industry are sodium, potassium or calcium (Augustin and Margetts, 

2003). Nomenclature for caseinates is based on the alkali used, for example, acid casein 

neutralized with potassium is denoted as potassium caseinate. Depending on the salt interaction, 

caseinates can provide a variety of functional characteristics, which increases their applications. 
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Caseinates prepared with monovalent cations such as sodium and potassium caseinate experience 

minimal aggregation. On the other hand, calcium caseinate has higher turbidity and particle size 

and lower viscosity and heat stability than its monovalent cation counterparts (Carr and Golding, 

2016). 

 

Rennet casein is formed via coagulation of casein micelles by the enzyme chymosin in rennet 

(Dusterhoft et al., 2017). In this process, rennet is added to pasteurized skim milk and allowed to 

coagulate at 30°C for 15-20 minutes (Bylund, 2003a). Coagulation occurs as the enzyme 

chymosin cleaves K-casein at the Phe105-Met106 bond, destabilizing the protein and causing 

casein to clot, subsequently altering their native state (Gilliland et al., 1991, Southward, 2003). 

The coagulated block of casein is then washed, dried, and ground into powder for sale (Bylund, 

2003a). Similar to acid casein, rennet casein has also been documented to have wet dog/animal, 

gluey, or burnt off flavors (Karagul-Yuceer et al., 2003; Ramshaw and Dunstone, 1969). 

Ramshaw and Dunstone (1969) attributed these off flavors to the volatile compound o-

aminoacetophenone. Karagul-Yuceer et al. (2003) also confirmed o-aminoacetophenone as well 

as hexanoic acid to be positively correlated with barny/animal odors. Furthermore, o-

aminoacetophenone was positively correlated with sweet/grape like odors, providing evidence it 

may not be the sole cause of off flavors within acid and rennet casein (Karagul-Yuceer et al., 

2003; Ramshaw and Dunstone, 1969).  

 

Membrane filtration is a more time-intensive process but retains the native state of the casein as 

the protein is not altered or denatured (Carr and Golding, 2016). The two methods of casein 

production via membrane filtration are ultrafiltration and microfiltration. Ultrafiltration produces 
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milk protein concentrate, which contains whey proteins, while microfiltration produces micellar 

casein concentrate, which has a majority of whey proteins removed (Carr and Golding, 2016). 

Microfiltration is a completely physical process that entails concentrating casein micelles in the 

retentate while removing salts, lactose and serum proteins in the permeate. Therefore, 

microfiltration is the only method of producing a casein product in its full native state. According 

to Hurt et al. (2010) approximately 97% of whey proteins can be removed from skim milk by 

microfiltration with diafiltration (Hurt et al., 2010). Casein filtered from a membrane can be 

considered a clean label product due to the absence of any additives as seen in the production of 

acid casein (Carr and Golding, 2016). 

 

While casein is primarily used within the dairy industry, it can also be found in a variety of other 

food products due to its effect on viscosity, gelation, foaming and emulsification. Other benefits 

of casein include its high heat stability, antioxidant properties and classification as a complete 

protein. Caseins are heat stable because they do not form secondary or tertiary structures and 

have low amounts of sulfur containing amino acids. Caseins can survive prolonged 

pasteurization conditions and short periods of UHT processing conditions with minimal 

denaturation after processing and no detectable off flavors (Carr, Golding, 2016, Vogel et al., 

2021). When combined with their nutritional advantages over plant proteins and status as a 

complete protein, caseins have abundant use as ingredients in ready to drink (RTD) beverages, 

typically in the form of milk protein concentrate (MPC) (Carter et al., 2021c; Hoffman and 

Falvo, 2004). However, casein denaturation becomes more evident over the course of storage 

after processing. Protein aggregation and insoluble gelling has been documented in UHT 

processed dairy beverages under cold storage (Raynes et al., 2018).  This is due to unbound 
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calcium ions being released from casein micelles and binding to the micelles surface as the 

micelle deforms under UHT conditions. This causes micelles to aggregate and eventually form a 

gel. However, addition of phosphate salts improves stability and prevents gelation (I.M.P., 

2023).  Processing conditions hotter than UHT will result in severe aggregation, loss of solubility 

and hydrolysis of the casein proteins (Singh and Latham 1993; Jahaniaval et al. 2000). As 

previously mentioned, Ꞵ- casein helps stabilize and reduce surface tension in emulsions. 

Combined with their high heat stability, caseins are a common emulsifier in foods. However, 

high casein concentrations can lead to emulsion destabilization as non-adsorbed casein can self-

aggregate then flocculate out of solution (Dickinson and Golding, 1997; Chu et al, 1995). 

Furthermore, casein has been recently observed to improve oxidative stability in lipid emulsions. 

This property is attributed to phosphoserine residues in ⍺s1-, ⍺s2-, and ꞵ- casein engaging in iron 

scavenging which reduces the available iron for lipid oxidation (Tong et al., 2000).  

 

Whey protein 

Whey or serum proteins (SP) have seen a recent significant rise in global popularity with the 

number of new whey protein based products nearly doubling in three years, going from 4,150 in 

2017 to 7,409 in 2020 (Shahbandeh, 2023c). This is attributed to consumer trends favoring whey 

protein due to it being a good source of complete protein. SP constitutes 20% of the total protein 

in bovine milk and are typically found as soluble globular proteins. The types of SP found in 

bovine milk are ⍺-lactalbumin, ꞵ-lactoglobulin, bovine serum albumin, lactoferrin, and 

immunoglobulins, with the most dominant in milk being ⍺-lactalbumin and ꞵ-lactoglobulin (Ng-

Kwai-Hang, 2011).  Unlike casein, SP have low heat stability and begin to denature at 65℃ 

(Considine et al., 2007). However, SP are stable at low pH (<3.5) which make them ideal 
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ingredients for high acid RTD beverages (U.S. Dairy Export Council, 2017). In contrast, the 

isoelectric point of SP is about pH 5.0 (Post et al., 2012). The stability of SP at low pH can be 

explained by the high net positive charge of ꞵ-lactoglobulin at pH 3-4, creating a repulsive affect 

between SP that prevents aggregation and subsequent turbidity (U.S. Dairy Export Council, 

2017). Due to these factors, properly processed acidic whey protein beverages are clear in 

appearance.  

 

⍺-lactalbumin constitutes 20% of the total SP in bovine milk and enables lactose synthesis. The 

structure of ⍺-lactalbumin is comprised of 8 cysteine residues held together by 4 disulphide 

bonds and stabilized by a Ca2+ ion. Isolation of ⍺-lactalbumin in industry is achieved by 

removing the Ca2+ ion, which causes ⍺-lactalbumin to denature and aggregate more easily (Ng-

Kwai-Hang, 2011). Layman et al. (2018) states that ⍺-lactalbumin is typically used as an 

ingredient in infant formula and a promoter of gastrointestinal health (Layman et al, 2018). Ꞵ-

lactoglobulin constitutes 50% of the total SP in bovine milk and is predominantly found as a beta 

sheet in its native state (O’mahony and Fox, 2012, Boland, 2011). The function of ꞵ-

lactoglobulin is not defined, but it is theorized to act as a transport protein (O’Mahony and Fox, 

2012). It is an important ingredient within the food industry due to its effect on texture and 

variety of ways its structure can be manipulated through temperature and pH (van den Akker et 

al, 2014). Isolation of ꞵ-lactoglobulin is traditionally accomplished by precipitating it out of 

solution at a low pH with high salt concentrations then crystallizing the precipitate. However, 

this method has lower purity and is susceptible to denaturation. Instead, current industry 

practices favor gel and membrane filtration due to their higher yields and purity (Lozano et al, 

2008). Bovine serum albumin is the third most numerous SP in bovine milk whose physiological 
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role is still unknown. Lactoferrin is an iron binding glycoprotein with numerous uses in the 

medical industry and is primarily sourced from bovine milk. A study by Superti (2020) attributes 

this to its anti anemic, anti-inflammatory, antimicrobial, immunomodulatory, antioxidant and 

anticancer properties (Superti, 2020). Lactoferrin is commonly isolated from milk using 

membrane adsorption or chromatographic techniques (Cui et al, 2022). Immunoglobulins 

constitute the minority of SP in bovine milk with the majority being class G immunoglobulins 

(IgG). They are bioactive compounds that act as a deterrent to bacteria, viruses and toxins. The 

high concentration of IgG in bovine milk is attributed to calves needing to develop their immune 

system through milk ingestion rather than through the placenta. Bovine IgG is used as a 

supplement in humans to increase immune function and is isolated through chromatographic 

techniques (UIfman et al, 2018, Heidebrecht et al, 2018). 

 

Lipids 

Milk lipids are primarily composed of triacylglycerols, which make up for 98% of the total fat. 

The remaining 2% is composed of phospholipids, cholesterol, free fatty acids, and mono and 

diacylglycerols. These lipids are commonly found in milk in the form of 3-4µm globules whose 

structure is provided by a fat globule membrane (Taylor and MacGibbon, 2011). This membrane 

plays an important role in maintaining the stability of the milk fat emulsion by preventing 

flocculation and protecting the milk fat from the milk serum phase.  Raw milk contains soluble 

lipases which will break down milk fat if it is exposed to the milk serum phase. Milk lipase is 

readily heat inactivated prior to homogenization in fluid milk processing (Taylor and 

MacGibbon, 2011).  Flocculation occurs due to the disparity in density between fat globules and 

the surrounding nonfat aqueous phase of the milk, called milk plasma (Robbins, 2000). Larger 

fat globules will rise and absorb smaller globules, eventually flocculating out of solution in a 
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process known as creaming (Robins, 2000). Cream is a high value product in the dairy industry 

and is usually isolated from milk using a machine called a disc bowl separator to produce cream 

and skim milk. Disc bowl separators accelerate the natural creaming process of milk by using 

centrifugal force as the driver rather than gravitational force (Dolphin Centrifuge, 2023). The 

two types of separation used in the dairy industry are cold bowl or hot bowl separation. Cold 

bowl separation entails separating milk at 10℃ or lower. Advantages include lower microbial 

growth rates, longer run times between cleaning, lower costs from reduced heating, and reduced 

thermal degradation to milk proteins. Cold bowl separation is typically used to avoid double heat 

treating milk (Tetra Pak, 2023a). On the other hand, hot bowl separation is more common and 

entails separating milk at around 50℃. At this temperature, milk is less viscous which increases 

separation efficiency and production volume. These separators can be integrated into 

pasteurizers, allowing separation, fat content standardization and pasteurization to all be 

accomplished in line with one machine (Tetra Pak, 2023b)  

 

Destabilization of the milk emulsion can be reversed by the process of homogenization which 

breaks down fat droplets and prevents cream from separating (Wilbey, 2011). Industrial 

homogenizers are classified as either low, high, or ultra-high pressure and are able to achieve 

pressure ranges of 20-100 Mpa, 150-200 MPa, and 350-600 MPa respectively (Trujillo et al, 

2016, Wilbey, 2011). Homogenizers operate by subjecting the incoming milk to shear, 

turbulence, acceleration, and impact forces to disperse milk fat globules (Wilbey, 2011). In the 

process of homogenization, casein and whey proteins are bound to the dispersed fat globules and 

stabilize the system by preventing them from aggregating (Sharabi et al, 2018).  
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Carbohydrates (Lactose) 

The primary carbohydrate found within milk is the disaccharide lactose, which is composed of 

galactose and glucose linked by a ꞵ1-4 glycosidic bond. Lactose makes up approximately 4.8% 

of the composition of early stage bovine milk on a w/w basis, but has been documented to 

decrease to as low as 3.3% in late stage milk (Fox, 2009). From a nutritional standpoint, lactose 

constitutes 30% of the calories in bovine milk and limits its osmotic pressure (Romero-Velarde 

et al., 2019). Chemically, lactose is considered a reducing sugar due to the presence of a free 

aldehyde group, allowing lactose to participate in Maillard browning. This attribute is viewed 

unfavorably by the dairy industry as the flavors produced by this reaction are considered 

detrimental in dairy products (Fox, 2009). Furthermore, roughly 75% of people in the world 

suffer from hypolactasia, which is the inability to digest lactose. In some Asian countries, the 

statistic reaches nearly 100% (Dekker and Daamen, 2011). Consequently, lactose reduced or free 

products provide a space in the market with high potential growth.  

 

Minerals  

Currently there is no universally accepted definition for food minerals. In practice however, the 

term typically refers to any element other than carbon, hydrogen, oxygen and nitrogen found in 

food (Miller, 2010). As stated by Zamberlin et al. (2012), minerals are classified as either major 

or trace depending on the amount needed. Major (macro) minerals must be consumed on a basis 

of at least 100 mg/day while trace elements have a dietary intake of less than 100 mg/day 

(Zamberlin et al., 2012). Bovine milk contains the major minerals calcium, phosphorous, 

potassium, sulfur, sodium and magnesium, and the trace elements iron, copper, zinc, manganese, 

selenium, iodine, chromium, cobalt, molybdenum, fluorine, arsenic, nickel, silicon and boron 



 

17 

 

(Zamberlin et al., 2012). Macro minerals are present in milk in diffusible or non-diffusible 

fractions based on their solubility (Gaucheron, 2005). The transportation and utilization of 

minerals is dependent on which fraction the mineral is present as (Zamberlin et al. 2012). 

Diffusible fractions are soluble in the aqueous phase of milk while non diffusible fractions are 

bound to the casein micelle (Gaucheron, 2005). The aqueous phase contains roughly one-third of 

calcium, half the inorganic phosphate, two-thirds of magnesium and over 90% of citrate found in 

milk. The remaining proportions of these minerals are bound to casein micelles, with a small 

amount of calcium bound to 𝛼-lactalbumin. No significant concentrations of any macrominerals 

are bound to fat globules or lactose (Gaucheron, 2005).  The high binding potential of calcium 

phosphate and calcium citrate to casein micelles can be explained by the strong interactions 

between calcium and inorganic phosphate with the phosphoserine residues present on casein 

(Gaucheron, 2005). Furthermore, the structure and stability of casein micelles has been attributed 

to the presence of micellar calcium phosphate (Gaucheron, 2005). Contrary to the typical 

solubility of other minerals in the aqueous phase, calcium phosphate becomes more soluble as 

temperature decreases and vice versa (Bell, 1925). This phenomenon is known as retrograde 

solubility and occurs when a salt has an exothermic dissolution (Mukherjee, 2016).  

 

Vitamins 

Vitamins are a class of micronutrients essential to an organism's health in small amounts that act 

as catalysts for various biological processes needed for life. Vitamins are classified on the basis 

of their solubility, being distinguished as either water or fat soluble. Water soluble vitamins 

include vitamins B and C, while fat soluble vitamins include vitamins A, D, E and K (Lynkstad 

and Sharma, 2022; Reddy and Jialal, 2022). Water soluble vitamins are absorbed in the small 
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intestine and transported via blood to areas of the body where they are needed. Excess water 

soluble vitamins are filtered out and expelled from the body in urine by the kidneys. While fat 

soluble vitamins are similarly absorbed via the small intestine, they are not excreted as easily as 

their water soluble counterparts. Instead, they can be stored for future use within fat deposits and 

the liver (Lynkstad and Sharma, 2022; Reddy and Jialal, 2022). Vitamin fortification in milk has 

been practiced for over 80 years, and was originally used to supplement deficiencies that lead to 

rickets, arboflavinosis and pellagra (West et al., 2002). A comprehensive history of milk vitamin 

fortification was reviewed by Yeh et al. (2017a). This review will focus on vitamins D, A and B2 

due to their abundance in retail milk.  

 

Vitamin D 

Vitamin D, or calciferol, is a fat soluble vitamin that aids in the absorption and retention of 

calcium and phosphorus. The two most common forms are D3 (cholecalciferol) and D2 

(ergocalciferol). Food sources of vitamin D include fortified milks, (milk naturally is not a good 

source of vitamin D) and cereals and fatty fish such as mackerel and salmon (Roseland et al., 

2018). Vitamin D is also produced by the body when UVB radiation converts cutaneous 7-

dehydrocholesterol to pre-vitamin D3, which is converted to vitamin D3 (NIH, 2023b). Vitamin 

D deficiency is currently a worldwide health concern generally attributed to individuals not 

getting enough sunlight. Since UVB radiation cannot penetrate glass, individuals working inside 

cannot synthesize vitamin D (Arash and Holick, 2013).  According to the U.S. department of 

agriculture, the estimated average intake (EAR) and recommended daily allowance (RDA) for 

vitamin D is 10µg and 15µg respectively (U.S. department of agriculture; U.S. Department of 

Health and Human Services, 2023). These amounts do not account for sunlight exposure in order 
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to accommodate individuals with low access to sunlight. However, a survey by the U.S. 

department of agriculture in 2019 noted that 92% of men, more than 97% of women, and 94% of 

people aged 1 year and older ingested less than the EAR of 10 mcg (400 IU) of vitamin D from 

food and beverages (U.S. department of agriculture, 2019). Since calcium and phosphorus play 

vital roles in bone health, vitamin D deficiency has been correlated with increased risk for rickets 

(NIH, 2023b).  

Historically, vitamin D was first recommended for milk fortification in the 1930s to help prevent 

rickets in children and the process nearly eliminated the disease as a public health concern in the 

19th century (National Center for Biotechnology Information, 2023b). By 1939, the term 

“Vitamin D Milk” was defined by the Public Health Service as milk with a vitamin D content 

increased by an amount and method approved by a regulating health official. In 1953, a 

minimum level of 400 IU vitamin D per quart of milk was required by the Milk Ordinance and 

Code for a product to be labeled Vitamin D Milk. This ordinance also legalized fortifying milk 

with other vitamins and minerals (FDA, 2020). The FDA currently allows manufacturers to add 

up to 84 IU/100g of fluid milk (FDA, 2018). Fluid milk produced in the United States is fortified 

with 100 IU of vitamin D per 240 mL serving (Hanson and Metzger, 2010).  

 

Vitamin A 

Vitamin A is a fat soluble vitamin that assists with immune function, gene expression, 

reproduction, vision, bone absorption, and tissue growth and differentiation (Harvard, 2022). 

Common dietary sources of vitamin A include carotenoid pigments found in plants that are 

metabolized into vitamin A, retinol and long chain retinyl esters found in animal products and 

preformed vitamin A in fortified foods (Epstein and Goodman, 1984). Due to its solubility in fat, 
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fat separation processes conducted on milk remove a majority of naturally present vitamin A. 

Therefore, in the U.S., the Pasteurized Milk Ordinance mandates fortification of reduced fat and 

skim milks with vitamin A, typically in the form of retinyl palmitate (Parrish and Richter, 1979; 

Public Health Service 1965). However, Weckel and Chicoye (1954) associated vitamin A 

fortification with “hay like” or “alfalfa” off flavors in skim and reduced fat milks (Weckel and 

Chicoye, 1954). In agreement with this study, Yeh et al. (2017b) determined that consumers 

could detect a difference between vitamin A fortified skim milk and unfortified skim milk when 

water soluble vitamin extracts were used for fortification (Yeh et al., 2017b).  Differences were 

not evident with reduced fat milk (Yeh et al., 2017b).  The prevalence of off flavors in skim milk 

is explained by the masking effects of milk fat in low and reduced fat milk compared to skim 

milk (Kim et al., 2011). 

 

In healthy individuals, over 90% of the body’s vitamin A is stored within hepatic stellate 

mesenchymal cells located in the liver, which is referred to as hepatic vitamin A. Stored hepatic 

vitamin A can be readily transported and used as free alcohol retinol via plasma transport retinol-

binding proteins. Uptake and initial metabolism of newly absorbed retinol is accomplished by 

parenchymal cells (Epstein and Goodman, 1984). Hypervitaminosis has been observed to occur 

at a higher rate with fat soluble vitamins due to their ease of storage within the body vs water 

soluble vitamins and has been traced to over consumption of supplements and fortified foods via 

consumers. Consumption of natural foods has not been correlated with hypervitaminosis. Some 

symptoms of hypervitaminosis A include vomiting, headache, short term loss of consciousness, 

nausea, fever, and skin rashes across the body (Saljoughian, 2021). Contrarily, vitamin A 

deficiency occurs when an individual does not have enough access to edible forms of vitamin A 
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and is the leading cause of preventable childhood blindness. Furthermore, it has been correlated 

with a significant increase in the morbidity and mortality of childhood infections and diseases as 

well as maternal mortality and birth defects (WHO, 2022). The RDA for adults aged 19 and 

above is 900 mcg for men and 700 mcg for women (Harvard, 2022).  

 

Vitamin B2 

Vitamin B2, or riboflavin, is a water soluble vitamin that is involved in the growth of cells, 

energy production, and the breakdown of fats and steroids. Common sources of riboflavin 

include eggs, organ meat, lean meat and milk (NIH, 2023a). Fluid milk contains about 0.48 mg 

riboflavin per cup (8 oz) (U.S. department of agriculture, 2018). The RDA of riboflavin for men 

and women 19 years of age or older is 1.3 mg and 1.1 mg daily respectively (Harvard, 2023). 

Therefore, a cup of milk contains about 37% and 44% of the daily RDA of riboflavin for men 

and women respectively. Due to its solubility in water, riboflavin is not typically stored in the 

body as excess amounts are readily excreted via urine (NIH, 2023a). Within the U.S., riboflavin 

deficiency is rare, however it is more prominent in developing countries. Symptoms include 

fatigue, swollen throat, blurred vision, cracking skin, liver degeneration, hair loss and 

reproductive issues. Deficiency is reversed by the patient receiving the RDA of riboflavin (NIH, 

2023a). Riboflavin has been found to be highly unstable under light, degrading the most when 

exposed to light within the 420-560 nm wavelength. Liquid milk has been documented to lose 

20-80% of its riboflavin content within 2 hours when exposed to continuous light (Ottaway, 

2010). Furthermore, riboflavin reacts with methionine in the presence of sunlight to produce 

volatile sulfur compounds that contribute to off flavors within milk, a process known as light 

oxidation (Al-Attabi et al., 2009).  
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Membrane Filtration 

Background 

Membrane filtration is a separation process that has garnered high attention within the last three 

decades due to its efficiency and non-reliance on additives (Saxena et al., 2009). This technology 

was first developed in the 1930s but was commercialized in the 1960s when a reverse osmosis 

(RO) filtration system was able to separate pure water (Loeb, 1981). The first uses of filtration 

technology by the dairy industry was to concentrate acid whey and assist in the production of 

cheese with a UF  membrane, but the process and technology have evolved to also manufacture 

some of the industry’s highest profit commodities such as MPC, MCC, MPI, and WPC (Pouliot, 

2008, ADPI, 2022a). The four types of filtration systems utilized by the dairy industry in order of 

descending pore size are MF (10-1-101µm), UF (10-2-10-1µm), nanofiltration (NF) (10-3-10-2µm) 

and RO (10-4-10-3µm) which all employ a pressure gradient to force product through the 

membrane (Bylund, 2003b). MF is typically used for reduction of bacteria in skim milk, whey 

and brine as well as defatting of whey and protein fractionation since its pore size retains 

bacteria, casein and fat globules. UF is used for concentration of milk proteins in milk and whey 

and for protein standardization of milk intended for cheese, yogurt, etc. since its pore size retains 

casein, whey, bacteria and fat. NF is used to partially desalinate whey, UF permeate or retentate 

since their membranes are charged and can separate monovalent and divalent cations (Ismail and 

Matsuura, 2022; Bylund, 2003b). RO systems are used to increase solids of whey, UF permeate 

and condensate by retaining everything but water (Bylund, 2003b).  

Membrane filtration offers various desirable characteristics for the dairy industry. The diverse 

selection of membranes and their status as a pressure driven process allow filtration technologies 
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to process a wide range of products (Bylund, 2003b). Goudedranche et al. (2000) describes the 

three main areas membranes are typically employed in in this industry, however, this review will 

focus on separation: 

• Alternatives to unit operations (centrifugation, evaporation, debacterization and 

demineralization) 

• Separation (defatting of whey, protein recovery and separation, milk fat globule 

fractionation) 

• Creation of new dairy products (Goudedranche et al., 2000). 

In two studies investigating whey protein removal efficiency in sweet whey, one with ceramic 

membranes and one with polymeric spiral wound MF (SWMF) membranes, Carter et al. (2021a, 

b) reported no detectable level of lactoferrin in the permeate and partially concentrated bovine 

serum albumin (BSA) and immunoglobulin (IgG) in the retentate of both systems. For both 

ceramic MF and SWMF systems, β-lactoglobulin was impeded more by the membrane than α-

lactalbumin and was present in higher amounts within the MF retentate in both systems. Carter et 

al. (2021a) also determined the cumulative amount of SP removed per stage via microfiltration 

with a 0.1 µm ceramic membrane in a 3 stage process on sweet whey at 50°C using SDS-PAGE. 

The first, second and third stages removed 52.8 +/- 1.3%, 23.7 +/- 0.6% and 2.3 +/- 0.03% 

respectively (78.7 0.7% in total). Carter et al. (2021b) reported the cumulative SP removed using 

a polymeric microfiltration membrane in a 3 stage process on sweet whey at 50°C per stage 

(1,2,3) to be 29.95 +/- 5.51%, 48.94 +/- 4.45% and 57.83 +/- 3.11% respectively. In comparison, 

when processing skim milk at 50°C using a 0.1 µm ceramic membrane, the percentage of SP 

removed per stage (1,2,3) is 64.8, 22.9, and 10.5% respectively (98.3% total) (Hurt et al., 2010). 

Zulewska et al. (2013) determined a polymeric spiral wound (SW) membrane operating at 3x in 
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a continuous bleed and feed configuration to remove 38.62% of SP from 50°C skim milk 

(Zulewska et al., 2013). The difference in separation efficiency between SW polymeric 

membranes and ceramic membranes is explained by Karasu et al. (2010) who noted the design of 

ceramic membranes allows for low transmembrane pressure at high cross-flow velocity. This 

prevents major fouling even at a high rate of permeate removal by keeping the permeate passage 

consistent across the membrane. Additionally, the use of a recirculation pump to establish 

uniform transmembrane pressure maximizes the rate of permeate removal (Karasu et al., 2010).    

A higher concentration of α-lactalbumin was found in the retentate of SW filtration than β-

lactoglobulin and this result was the opposite for ceramic filtration denoting the different rates of 

passage for whey proteins through ceramic MF membranes compared with polymeric (Carter et 

al., 2021a, b). In comparison to Zulewska et al. (2009), MF membranes have greater SP 

separation efficiency when processing skim milk rather than whey (Carter et al., 2021a, b). A 

more recent advantage of filtration capitalizes on the clean label trend, as filtration does not 

require additional chemicals and preserves the native state of proteins, creating desirable 

products for a more health-focused consumer market (Twiford, 2022).   

 

One of the most common obstacles encountered in membrane filtration occurs when proteins 

adsorb onto the membrane surface and plug the pores in a process known as fouling (Bowen and 

Hughes, 1990). Fouling slows the rate of separation and can lead to system failure if left 

unchecked (Kelly, 2011). Two types of fouling can occur: external fouling where the foulant 

accumulates on the membrane surface and internal fouling where the fouling occurs inside the 

pore structure of the membrane via small particles and macromolecules. The former is more 

common and can be removed by cleaning, while the latter occurs less frequently but is generally 
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irreversible (Charcosset, 2012). This has led to various innovations designed to mitigate this 

issue including the use of crossflow velocity, uniform transmembrane pressure (UTP), and 

ceramic membranes. Crossflow velocity refers to the introduction of product parallel to the 

surface of the membrane, preventing immediate fouling that occurs when product is introduced 

perpendicular to the membrane. Likewise, fouling is reduced at higher product velocities as 

protein is stripped away via shear forces (Choi, et al., 2005). UTP involves using a second pump 

dedicated solely to recirculating the permeate flow co-currently with the retentate flow, resulting 

in a more evenly distributed foulant layer upon the membrane and higher efficiency (Adams, 

2015).  

 

The two primary types of membranes used in the dairy industry are ceramic and polymeric 

membranes. Ceramic membranes were first developed in the 1980s and are typically constructed 

from aluminum oxide, a chemically inert, physically durable material that can withstand high 

temperatures and shear, allowing for greater crossflow velocity (6-7 m/s) and more robust 

cleaning procedures in comparison to polymeric counterparts (0.5-1.5 m/s) (Adams et al., 2015; 

Qiu et al., 2017; Pouliot, 2008). Ceramic membrane construction allows for uniform pore size, 

that when paired with UTP, allows them to separate products by molecular weight. On the other 

hand, polymeric membranes were first developed for dairy applications in the 1970s from 

cellulose acetate, but are now typically made of spiral wound heat tolerant polymers such as 

polysulfone and polyethersulfone (Pouliot, 2008). These membranes are less resilient than their 

ceramic counterparts, but contain more membrane surface area due to their spiral wound 

configuration (Pearce, 2007). However, they are susceptible to increased solute build-up and 

fouling since they operate at lower cross-flow velocities than ceramic membranes. A study by 
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Ng et al. (2018) denoted the primary foulants on a polymeric UF membrane to be α-lactalbumin 

and casein proteolysis products (Ng et al., 2018). The result is a phenomenon known as a 

concentration polarization layer which, alongside adsorbed milk components on the membrane 

surface, increases hydraulic resistance to permeate and therefore dictates separation in polymeric 

membranes (James et al., 2003). This concentration polarization layer has a significant effect on 

processing runs.  Beckman et al. (2010) noted that flux decline over the course of a run was 

normal when using polymeric membranes due to increasing thickness and compactness of the 

foulant layer.  Zulewska et al. (2009) determined that a ceramic 0.1µm pore size UPT membrane 

at 50℃ had a flux of about 72 kg/m2 per hour, while a polymeric spiral-wound membrane had a 

flux of 16.2 kg/m2 per hour at 50℃. Furthermore, polymeric membrane flux decreased by about 

30% within the first 30 minutes of processing (Zulewska et al., 2009). These findings are also 

supported by Beckman et al. (2010) that found a significant decrease in milk flux after the first 

30 minutes of processing with a polymeric membrane (Fig. 1.2).   

 

Micellar Casein Concentrate 

Composition and Purity 

Micellar casein concentrate (MCC) or microfiltered milk protein (MMP) is marketed as either 

the liquid or dried product of microfiltered skim milk. Since this product has two names, this 

review will refer to it as MCC to avoid confusion. While there is no current legal definition of 

MCC, the American Dairy Products Institute defines MCC as a microfiltered milk product with 

an altered casein-to-whey protein ratio from that of milk since MF removes SP. Typical 

commercially available ratios include 82:18 and 95:5, with casein content being an indicator of 

purity (ADPI, 2022b). 
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Nomenclature of dairy protein concentrates is based on their total protein on a dry weight basis. 

However, due to the altered protein ratio, two batches of MCC 82 (same protein content) could 

taste and perform differently due to differences in the amount of serum protein removed. 

Therefore, the name of a batch of MCC does not denote the purity of the product. MCC purity 

has a significant impact on flavor and functionality due to the sulfur compounds present on the 

cysteine and methionine amino acids in whey protein (Whitt et al., 2022; Vogel et al., 2021; 

Hutton and Patton, 1952). When subjected to thermal processing, the release of hydrogen sulfide 

from the sulfur-containing whey protein amino acids contribute sulfur/eggy flavors and aromas 

to milk. These flavors are negatively received by consumers (Lee et al., 2017). In a recent study 

investigating sulfur off flavors in ultrapasteurized MCC, a minimum of 91% total serum protein 

(SP) reduction was required to prevent detectable sulfur off flavors (Whitt et al., 2022). 

Determination of purity is different for liquid and dried MCC products, with Kjeldahl analysis 

and HPLC or SDS-PAGE being used respectively. Kjeldahl cannot be used on dried MCC due to 

the inaccuracy caused by SP denaturation and binding with casein micelles in response to heat 

(Whitt et al., 2022).  

 

Production 

Production of MCC is accomplished by pressure driven MF of skim milk. MF membranes have 

the largest pore size used in milk fractionation at a diameter of 0.1-1.0 µm and are typically 

operated at <4 bar (Charcosset, 2012). This wide range of effective pore sizes allows MF to 

separate bacteria, milk fat globules and protein (Pouliot, 2008). Introducing skim milk to a MF 

process with a 0.1 µm membrane pore size will create MCC and milk derived whey protein 
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(MDWP) which are both high value milk protein ingredients (Charcosset, 2012; Hu et al., 2022). 

MCC is made up of the retained (retentate) phase of the milk that does not pass through the 

membrane while MDWP is composed of the filtered (permeate) phase that passes through the 

membrane. The majority of protein in MCC is casein as its diameter of 50-500 nm (mean 180 

nm) prevents it from passing through the MF membrane. On the other hand, MDWP contains SP 

which has a mean diameter of 1-30 nm and is not impeded by the MF membrane (Heidebrecht 

and Kulozik, 2019, Fox and Brodkorb, 2008, Glantz et al., 2010).   

 

The two most common types of MF membranes are characterized by their construction material, 

being either polymeric or ceramic. Polymeric membranes are typically constructed from 

polyethersulfone, polysulfone, polypropylene, cellulose and mixed cellulose esters, and 

hydrophilized polyvinylidene fluoride, which are heat tolerant plastics that are usually wound in 

a spiral configuration for membrane processes  (Reif, 2006). Ceramic membranes on the other 

hand are constructed from ceramics such as aluminum oxide, titanium oxide, zirconium oxide, 

and silicon oxide (Qiu et al., 2017). The point of contention in choosing between these two types 

of membranes falls in their overhead cost and usage lifetime. Ceramic membranes can cost up to 

10 times more than their polymeric counterparts, but last nearly 10 years in comparison to 

polymeric membranes that have a lifetime of 0.5 to 1 year (Park et al., 2015).  

 

As previously mentioned, one of the primary hurdles to overcome in filtration processing is 

fouling. This is especially true for MF, which experiences the highest degree of fouling out of the 

filtration membranes because of its larger pore size (Sablani, 2001). Due to the resilient nature of 

ceramics, ceramic membrane systems can withstand harsher cleaning procedures (temperature, 

https://www.sciencedirect.com/topics/engineering/polysulfone
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/polypropylene
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/vinylidene
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pH) and faster crossflow velocities to remove foulant deposits (Guizard et al., 2002). However, 

polymeric membranes cannot survive the same procedures and may telescope under fast 

crossflow velocities due to their spiral wound configuration (Carter et al., 2021b). Telescoping 

refers to the phenomenon where the inner coils of a spiral membrane are forced outwards from 

the membrane configuration by the product flow pressure, resembling an un-collapsed telescope. 

Furthermore, modern ceramic membranes are typically constructed in a hollow fiber design. This 

novel design increases MF membrane surface area by employing the MF membranes in the form 

of numerous hollow fibers that each allow product to filter through them. Together, these 

resemble a bundle of sticks secured within a casing, with each stick contributing its surface area 

towards the filtration process (Li, 2010). In conjunction with a co-current recirculation pump, 

this design results in more UTP and therefore a more even distribution of foulant across a larger 

surface area of membrane, resulting in increased permeate flow (Adams, 2015, Karasu et al., 

2010). When paired with the uniform pore size of ceramic membranes, ceramic membrane MF 

units achieve separation based on molecular weight. Contrastingly, polymeric membranes 

experience higher rates of fouling and thus achieve separation based on the formation of this 

concentration polarization layer (Lawrence, 2008). Furthermore, ceramic membranes are able to 

achieve higher rates of SP separation than polymeric membranes. Hurt et al. (2010) 

demonstrated how >95% SP removal was achieved with a 0.1 nm MF with 3x stage process and 

full diafiltration (Hurt et al., 2010). Meanwhile, Beckman et al. (2010) described that 68% SP 

removal can theoretically be achieved with a spiral wound polymeric membrane. However, 

>95% SP removal with an SW membrane would require approximately 8 stages and more time 

than what a ceramic membrane would need to achieve the same SP removal (Beckman et al., 

2010).   
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SP removal from MCC is an important topic due to the effect SP denaturation has on the 

sensorial attributes of thermally processed MCC beverages. The volatile compounds and their 

mechanisms associated with SP denaturation will be elaborated later. MCC presents an optimal 

product to investigate the effects of SP as the MF process separates caseins and SP without 

denaturation. Vogel et al. (2021) made protein beverages with MCC with 95% SP removal and 

those beverages had no detectable sulfur/eggy off flavors. Furthermore, MCC with higher 

concentrations of SP as a percentage of total protein produced thicker, less stable beverages that 

gelled faster during storage (Vogel et al., 2021). Later, Whitt et al. (2022) reported that 91% SP 

removal was sufficient to eliminate sulfur/eggy off flavors in MCC following thermal 

processing. Likewise, the presence of fat in a product created a masking effect for the sensorial 

detection of sulfur/eggy off flavors (Whitt et al., 2022).   

 

Additionally, thermal processing of MCC produces colloidal calcium phosphate which decreases 

pH (Fox et al., 2015). Therefore, use of supplemental phosphates and citrates have been used in 

the industry to increase heat stability by binding soluble calcium. De Kort et al. (2012) reported 

the use of heat stabilizers such as disodium uridine monophosphate, disodium hydrogen 

phosphate, trisodium citrate and phytic acid dodecasodium salt hydrate. However, one of the 

most commonly used heat stabilizers in the dairy industry is dipotassium phosphate (DKP) 

(National Center for Biotechnology Information, 2023a). A recent study by Hoyt et al. (2023) 

elucidated some of the functional characteristics of 7.5% protein MCC and MPC processed with 

DKP. Addition of DKP increased the apparent viscosity (AV) and sensory viscosity of 7.5% 

protein MCC and MPC beverages over the course of 15 days of refrigerated (4℃) storage, with 
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the largest impact on MCC. Over the course of refrigerated (4℃) storage, DKP had the greatest 

effect on decreasing whiteness (L value) in 7.5% protein MPC and MCC beverages. This is 

consistent with sensory results that reported formulations with DKP to have reduced opacity 

(p<0.05). Likewise, the additional solids contributed by DKP lowered the total nitrogen (TN) as 

a percentage of total solids (TS) in both 7.5% MPC and 7.5% MCC samples. 7.5% MPC 

beverages without addition of DKP displayed increased casein as a percent of total protein 

(CN%TP) after both HTST and DSI thermal treatments. HTST and DSI treatments rose from 

82.76 to 84.29% and 83.11 to 93.69% respectively as milk serum proteins denatured onto casein 

micelles (Hoyt et al., 2023). This increase in CN%TP in thermally processed MPC beverages 

was consistent with previous reports of DSI treated milk (Lee et al., 2017). DKP also effected the 

particle size of thermally processed 7.5% MPC and 7.5% MCC beverages. The particle size (PS) 

distribution modes of DSI MCC beverages without DKP ranged from bout 0.75-10µm and were 

larger (p<0.05) than no heat and HTST treatments of 7.5% MCC. The PS distribution modes of 

DSI processed 7.5% MPC ranged from 10-175µm with and without DKP. DSI processed 7.5% 

MPC with DKP contained more (p<0.05) of a new group of larger particles at a distribution 

mode of about 175µm than their non DKP counterparts (Hoyt et al., 2023).  

 

Milk Protein Concentrate 

Composition and Purity 

According to ADPI, MPC is a concentrated milk product with a protein content between 40-

89.5% and an unaltered casein-to-whey ratio (80-20) when compared to milk. Therefore, 

standard naming practices regarding protein concentration and purity are considered accurate for 

MPC. Common MPC products include MPC-42, MPC-70 and MPC-80 (ADPI, 2022a). 
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Production 

MPC is produced using UF with a pore size of 0.02-0.05µm at a pressure of 0.1-1.0 MPa (ADPI, 

2022a, Dupont, 2023). Subsequent spray drying is often used to create a dried, powder product. 

An important distinction between MPC and MCC lies in the retention of casein and SP in the 

retentate phase of UF milk. This explains why thermally processed MPC products have higher 

levels of detectable sulfur off flavors when compared to MCC due to the presence of SP (Vogel 

et al., 2021). Current industry practices favor the use of polymeric (typically 10 kD cut off) over 

ceramic membranes due to lower overhead cost and the decreased rate of fouling with UF 

membranes compared to MF. Regardless, MPC production follows nearly the same procedure as 

MF, where pasteurized skim milk is subjected to filtration at 3x concentration with or without 

diafiltration stages (Salunke et al., 2021, Gavazzi-April et al., 2018).    

 

Liquid vs Dried MPC 

MPC is commercially available in either dried powder or liquid forms, with powder being more 

popular due to increased shelf life and ease of transport. The primary drying technique used in 

the dairy industry is spray drying, which can be an expensive process due to overhead investment 

and continued maintenance and energy costs. Spray drying involves spraying a partially 

evaporated, concentrated protein slurry into a heated chamber to rapidly atomize water particles 

(Henning et al., 2006). While spray dried MPC has clear benefits in terms of convenience, 

several studies have noted key drawbacks in regards to flavor, wall deposition and rehydration. 

Smith et al. (2016) noted that thermal processing of dairy products resulted in off flavors from 

lipid oxidation, maillard reaction constituents and the formation of various volatile compounds 
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(Smith et al., 2016). Carter et al. (2018) also found that spray drying increased levels of 

cardboard flavor in the reconstituted product (Carter et al., 2018). Furthermore, spray drying has 

been correlated with reduced protein content and product contamination due to wall deposition. 

Wall deposition refers to the accumulation of spray dried product over the course of production 

within the drying chamber. A primary disadvantage of this is the pollution of finished product by 

thermally degraded wall deposit (Keshani, 2015). Regarding MPC production, wall deposition 

represents a direct cause of protein loss as well as a potential source of off flavors when 

thermally degraded wall deposit powder mixes with finished product. Finally, rehydration is a 

poorly understood mechanism, especially in regards to high protein powders which may lead to 

imprecise reconstitution of MPC. According to Crowley et al. (2016), there is currently no 

analysis capable of fully characterizing the rehydration process (Crowley et al., 2016).  

 

On the other hand, liquid MPC has a much shorter shelf life/stability and is more difficult and 

expensive to transport. However, attention has been shifting towards the use of liquid MPC base 

for protein beverages due to the above mentioned disadvantages of powdered MPC. Liquid MPC 

has a blander flavor and similar functionality to powder MPC but does not incur the overhead 

and continued expense of a spray dryer. This makes it a desirable base for protein beverage 

manufacturers who are able to produce it and process on-site and/or properly transport and store 

it (Carter et al., 2018). One of the primary reasons for the lack of concentrated liquid dairy 

protein use in the food industry is its tendency to form gels at low temperatures. This 

phenomenon was first investigated in MCC by Amelia and Barbano (2013) who documented 

gelling in 18% protein MCC (MCC18) at temperatures <22℃. The gel reverted to liquid state 

when reheated to >22℃. Kieferle et al. (2019) explored the difference in apparent viscosity 
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(AV), shear-thinning and gel formation between rehydrated and fresh liquid MPC. While 

increasing AV and shear-thinning were observed with increasing protein content in both products 

at 10℃, higher values for both analyses were documented in reconstituted MPC at lower 

concentrations than in liquid. Gelling was documented in reconstituted MPC at about 12% 

protein. Fresh MPC remained liquid until it reached 13% protein (Kieferle et al., 2019). 

Recently, Goulder and Harte (2022) determined that the addition of calcium-binding salts 

prevented low temperature gelling in fresh, liquid 16% protein MPC (MPC16). This is 

significant as the dairy industry previously documented the limit at 15% protein (Goulder and 

Harte, 2022). Increasing viscosity and gelation in response to heat treatment and pH adjustment 

have also been well documented. Tari et al. (2021) reported considerably higher viscosity in 

liquid 13% protein MPC following heating at pH 6.9 which reflects the higher association of 

denatured whey proteins with casein micelles at pH >6.7 (Vasbinder and de Kruif, 2003; Rafiee-

Tari et al., 2021, Ho et al., 2018). Subsequently, pH also has a marked effect on the solubility of 

rehydrated MPC powders. Liu et al (2019) documented the effect of skim milk pre-acidification 

prior to UF processing with and without pH restoration of the UF retentate on the solubility of 

the subsequent spray dried product. Insolubility of MPC can lead to flocculation in RTD protein 

beverages, nugget formation in cheese, and hardening in protein bars over the course of storage. 

High solubility of MPC over the course of storage within the product matrix ensures higher 

quality. A significant (P<0.05) increase in solubility of 86% protein MPC over 84 days of 

storage was observed with decreasing pH of pre-acidified skim milk. The solubility of rehydrated 

86% protein MPC beverages prepared from unrestored and restored MPC remained above 94% 

and 97% respectively over the course of storage (Liu et al., 2019).    
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Thermal Processing 

Direct Steam Injection Ultra Pasteurization (DSI-UP) and Indirect Ultra Pasteurization 

(IND-UP) 

DSI is a direct form of ultra-pasteurization (Up) that entails heating a product with steam using 

an in-line steam injector (steam into product). This is in contrast to steam infusion (SI), another 

direct form of UP where the product is sprayed into a steam chamber (product into steam) 

(Bylund, 2003c, Datta et al., 2002). While determining which process to use varies on a case by 

case basis, SI machines may be more prone to burn on due to the higher amount of contact 

between product and high heat surfaces. This necessitates the use of an additional water cooler at 

the base of the infusion chamber on some SI modules (Datta et al., 2002). UP requires heating a 

product to a minimum temperature of 137.78℃ for at least two seconds. This kills spoilage 

microorganisms that are not killed during HTST and consequently extends the shelf life of dairy 

products (21 CFR 131, 2023). According to Lewis and Deeth (2009), UHT processing of milk 

followed by aseptic packaging is theoretically capable of creating a product with up to a 12 

month shelf life (Lewis and Deeth, 2009). Typical DSI-UP parameters for liquid dairy products 

are culinary steam heat treatment at 137-145℃ for 2-8 seconds followed by vacuum cooling 

(Datta et al., 2002). Consequences of DSI-UP include the risk of added water due to the direct 

contact of steam with the product. This is reconciled by rapid cooling within the vacuum 

chamber which evaporates the added water (Datta et al., 2002).   

 

Aside from direct UP, the dairy industry also relies on IND-UP to produce products with 

extended shelf life. Indirect UP heats products to the same specifications as direct Up, but uses 
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an indirect plate or tubular heat exchanger instead (Datta et al., 2002). Heating is accomplished 

by reverse flow water on the opposite side of the heating surface, allowing for greater energy 

conservation within the regeneration section and mitigation of burn on and burnt off flavors 

(Chavan et al., 2016, Lee et al., 2017, Bylund, 2003c). Plate heat exchangers are a more recent 

development and are preferred for low viscosity products due to their simple design, low cost 

and large heating surface area. Furthermore, they are able to heat low viscosity beverages up to 5 

times more efficiently than tubular designs and take up a fraction of the space when constructed. 

However, their compact design leaves them prone to gasket failure due to high pressure and 

fouling induced heating reduction within the corrugated heating channels when treating viscous 

products. On the other hand, tubular heat exchangers can be used for medium and high viscosity 

products and are able to withstand pressures of 200-300 bar, negating the need for a 

homogenizer. (Chavan et al., 2016, Alfa Laval, 2023, Bylund, 2003c).  

 

Comparing the two methods, Biziak et al. (1985) determined the rate of heating and cooling to 

and from final heat temperatures to be 10x faster in direct systems vs. indirect systems (1 sec and 

10 sec respectively) (Biziak et al.,1985). Likewise, Lee et al. (2017) compared HTST, DSI-UP, 

and IND-UP heating methods and used furosine analysis as an indicator of heat load in skim and 

2% milks. IND-UP had the highest amount of furosine (168.72 mg/100 g protein) compared to 

DSI-UP (43.81 mg/100 g protein) and HTST (6.95 mg/100 g protein) (Lee et al., 2017). 

Therefore, UP products produced with indirect heating will have higher heat loads than if they 

had been produced with direct UP. Regardless, products manufactured via UP processes are 

correlated with off flavors attributed to high temperature chemical reactions. Off flavors include 

cooked, sulfur/eggy, sulfur/cabbage and sulfur/burnt, and are characterized as drivers of 
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consumer dislike (Lee et al., 2017). Common flavor sources in UP dairy products are maillard 

browning, Strecker degradation, and SP denaturation (Mehta, 1980, Calvo and De la Hoz, 1992). 

The amount of SP denaturation is directly correlated with the heat load of a process. Lee et al. 

(2017) determined the % SP denaturation in HTST, IND-UP and DSI-UP processed skim milk to 

be 19.97, 72.56 and 70.86% respectively at day 3 after processing (Lee et al., 2017). In two 

studies comparing the sensory properties and sulfur compounds of indirect vs direct UP milk, Jo 

et al. (2018, 2019) determined that direct UP milk had lower sensory scores pertaining to off 

flavors and lower concentrations of sulfur compounds than indirect UP milk (Jo et al., 2018, Jo 

et al., 2019). Consequently, processing protein beverages with reduced levels of SP or lactose 

using direct UHT-P would result in products with minimal off flavors.  

 

Effects of thermal processing on products and serum protein 

While UP milk has advantages in shelf life and stability, consumer acceptance of these products 

remains less than HTST milk. Lee et al. (2017) explored this concept with both adults and 

children and found that HTST milks were preferred over UP by both demographics (Lee et al., 

2017). This is consistent with previous studies.  Chapman and Boor (2001) reported children 

ages 6-11 years old preferred 2% HTST milk over 2% UHT. Gandy et al. (2008) determined 

adult consumers preferred milk pasteurized at 79℃ and disliked cooked and sulfur/eggy flavors 

(Gandy et al., 2008). Furthermore, Palacios et al. (2009) found that American consumers (aged 

18-64 y, mixed race and gender) preferred light to medium sweet, creamy, low to medium flavor 

intensity milks, as opposed to the heavier cooked/caramelized flavors.   
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In a study documenting the origins of cooked flavors in heat treated milk, Gaafar (1987) 

determined that 51% of beta-lactoglobulin 𝛃-Lg remained undenatured in direct UP (145℃, 2 

sec) milk, whereas 12% remained undenatured in indirect UP milk (Gaafar, 1987). According to 

Walstra (1999), 𝛃-Lg contains two disulfide groups (-SS) and one sulfhydryl group (-SH) 

(Walstra, 1999). Strong cooked flavors within UP milks have been primarily attributed to the -

SH compounds released by denaturation of 𝛃-Lg when its coil structure deteriorates, exposing 

the -SH within and allowing it to turn reactive (Hutton and Patton, 1952, Patrick and Swaisgood, 

1976). -SH groups deteriorate into volatile sulfur compounds such as hydrogen sulfide that 

further contribute to off flavors and aromas. Likewise, -SS groups will also be converted into 

volatile sulfur compounds under high heat. (Zweig and Block, 1953, Watanabe and 

Klostermeyer, 1976). Studies have determined that sulfur containing amino acids such as 

cysteine/cystine and methionine to be the origin of volatile sulfur compounds in UP milk such as 

hydrogen sulfide, carbon disulfide, dimethyl sulfide, dimethyl disulfide and dimethyl trisulfide 

(Aboshama and Hansen, 1977, Jo et al., 2018). Hydrogen sulfide (sulfur/eggy aroma) and carbon 

disulfide (cooked) were the key contributors to sulfur and cooked aromas and flavors in UP 

milks (Jo et al., 2018).  

 

Sulfur flavors in thermally processed milk 

Volatile sulfur compounds  

Volatile sulfur compounds in UP milk are formed from various precursor compounds. The 

review will cover hydrogen sulfide (H2S), methanethiol (MeSH), dimethyl sulfide (DMS), 

dimethyl disulfide (DMDS), and carbon disulfide (CS2). H2S is produced via Strecker 

degradation between cysteine and a diketone but can also result from the degradation of thiamine 
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(Schutte, 1974; Dwivedi and Arnold, 1973)(Fig. 1.3, Fig. 1.4, Al-Attabi et al., 2009). H2S levels 

typically increase in concentration with increasing thermal treatment. Vazquez-Landaverde 

(2006) determined that raw milk contained 1.21 μg/kg H2S, however this concentration can 

increase to 50.7 μg/L when subjected to indirect UP (Vazquez-Landaverde et al., 2006, Al-

Attabi, D’Arcy and Deeth, 2009). Likewise, Badings et al. (1981) reported that H2S levels 

increased from 0.1 μ g/L in low-pasteurized milk (75°C, 13 s) to 0.7 μ g/L in high-pasteurized 

milk (80°C, 10 s), and to 47.2 μ g/L in indirectly processed UP milk (142°C, 4.6 s) (Badings et 

al., 1981). Furthermore, others (Mehta, 1980; Calvo and de la Hoz, 1992)  have also found a 

positive correlation between H2S concentration and 𝛃-Lg denaturation (Mehta, 1980; Calvo and 

de la Hoz, 1992). Lee et al. (2017) also reported DSI-UP milks to have higher cooked and 

sulfur/eggy flavors compared to HTST milk. In a study comparing HTST, IND-UP and DSI-UP 

milks held in refrigerated storage (sampled at 0, 3, 7, 14 days), overall aroma intensity and sulfur 

flavor decreases with storage time. Jo et al (2018) reported that the dominant sulfur compounds 

in DSI-UP and IND-UP were H2S, DMS and methional (MeOH) and 3-methylbutanal, diacetyl, 

furfural, 2-heptanone- 2-acetyl-1-pyrroline, 2-aminoacetophenone, benzaldehyde and DMS 

respectively (Jo et al. 2018). 

 

Following the Strecker degradation of methionine with a diketone, methional and dimethyl 

disulphide are produced (Ballance, 1961)(Fig. 1.5). Subsequently, MeSH, which has been 

associated with garlic or rotten cabbage scent, is formed from the degradation of methional (Dias 

and Weimer, 1999) (Fig. 1.6). Furthermore, Allen and Parks (1975) and Patton (1954) described 

a mechanism where riboflavin catalyzed the breakdown of methionine into MeSH under 

continued exposure to sunlight (Allen and Parks, 1975, Patton, 1954) (Fig. 1.7).  Vazquez-
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Landaverde et al. (2006) detected MeSH in raw milk (3.25% fat) at a level of 4.80 μg/kg and 

23.9 μg/kg in UP milk (3.25% fat), demonstrating how MeSH concentrations increased with heat 

treatment (Vazquez-Landaverde et al., 2006).  

 

Trace amounts of DMS and DMDS were also produced from the above two mechanisms of 

methionine degradation (Ballance, 1961). However, they are primarily produced from the 

deterioration of S-methyl methionine sulphonium salt which is introduced to cows via certain 

feeds such as alfalfa and brome grass (Bentley and Chasteen 2004, Keenan and Lindsay, 1968) 

(Fig. 1.8). Gaafar (1987) reported an increase in DMS concentration from 0.6–0.9 μg/L in raw 

milk to 1.3 μg/L in indirectly processed UP milk (Gaafar, 1987). Jo et al. (2018) found 

concentrations of DMS in HTST, IND-UP and DSI-UP to change from 1.49, 15.3 and 0.38 

µg/kg to 3.18, 15.1 and 5.24 µg/kg respectively. Conversely, detection of DMDS has yielded low 

results in both raw and heat treated milks. Vasquez-Landaverde (2006) detected dimethyl 

disulphide at a concentration of 33.4 ng/kg in raw milk (3.25% fat) and Jaddou et al. (1978) 

determined its concentration in UP milk (140°C, 3 sec) to be lower than that of its threshold in 

milk (21 μ g/l) (Vasquez-Landaverde et al., 2006, Jaddou et al., 1978).  

 

Carbon disulfide (CS2) is produced in a similar manner as H2S. Whey proteins denature under 

thermal processing conditions, allowing newly exposed cysteine/cystine to release CS2 as a 

thermal degradation compound (Belitz et al., 2009). CS2 has been documented at a concentration 

of 58.9 ng/kg in UP milk and will gradually decrease over time in storage (Vasquez-Landaverde 

et al., 2006, Jaddou et al., 1978). Jo et al (2018) found concentrations of CS2 in HTST, Ind-UP 
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and DSI-UP to change from 1.52, 6.18 and 7.04 µg/kg to 1.01, 14.2 and 12.0 µg/kg respectively 

over the course of 14 days of storage at 4℃ in light shielded HDPE containers (Jo et al., 2018).  

 

Furosine Analysis 

Furosine is a primary Maillard reaction product (MRP), meaning it is not naturally occurring in 

milk, but is instead a product of the Maillard reaction. It was first quantified in 1966 (Table 1.1) 

and used as a chemical indicator of the Amadori compound Nε-fructoselysine (Erbersdobler and 

Somoza, 2007). When lysine conjoined Amadori compounds undergo acid hydrolysis, furosine is 

formed. Typical furosine yields after hydrolysis are 20-32% and 29-46% using 6M and 7.8M 

hydrochloric acid respectively. Furosine has seen use in the food industry as a heat load marker 

due to its well characterized formation under heat treatment (Erbersdobler and Somoza, 2007). 

Furthermore, furosine can measure the amount of nutritionally unavailable lysine since it tracks 

Amadori lysine. Specifically, furosine has the benefit of being a marker for nutritionally 

unavailable Amadori products produced during the early stage of the Maillard reaction. In 

conjunction with lysine determination analyses, furosine analysis is critical for total lysine 

determination in foods (Erbersdobler and Somoza, 2007, Mehta and Deeth, 2015, Kakade and 

Liener, 1969).   

 

Several studies have investigated furosine contents in dairy products. Typical raw whole milk 

contains between 4-5 mg/100g protein, while pasteurized milk contains a slightly higher amount 

at 4-7 mg/100g protein (Van Renterghem and De Block, 1996, Lee et al., 2017). et al. (2011) 

determined furosine content in fresh MPC powder to be 160 mg/100g of protein, which is 

slightly higher than that of fresh skim milk powder (100-120 mg/100 g of protein) as reported by 
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Van Renterghem and De Block (1996) (Le et al., 2011; Van Renterghem and De Block, 1996). 

Ferrer et al. (2000) explained that higher furosine content in a milk product was generally an 

indication of poor quality due to increased heat induced damage of milk constituents (Ferrer et 

al., 2000). Storage environment also has a significant effect on furosine content, with 

temperature having the greatest impact. Le et al. (2011) reported an increase in furosine in 

MPC80 powder samples stored at 40℃ and 44% relative humidity (RH) for 12 weeks of 160 to 

1140 mg/100g protein. Comparatively, furosine content in MPC80 samples from the same lot 

stored at 25℃ and 44% RH for 12 weeks increased from 160 to 470 mg/100g protein. In 

agreement, Van Renterghem and De Block (1996) found furosine in skim milk powder stored at 

37℃ to be 10-20 times higher than that of powders stored at 14℃ and 5℃. Furosine content in 

samples stored at 5℃ for 60 days remained constant (Van Renterghem and De Block, 1996). In 

UHT milk, furosine content generally ranges from 40-220 mg/100g protein (Hewedy et al., 1993; 

Resmini et al., 1994; Henle et al., 1994), however furosine has been documented to reach as high 

as 310 mg/100g protein) (Ferrer et al., 2000). UHT furosine content also differs based on the 

method of heating, with direct UHT furosine content ranging from 35-210 mg/100g protein 

(Corzo et al., 1994; Van Renterghem and De Block, 1996; Resmini et al., 1994) and Ind-UHT 

ranging from 118-300 mg/100g protein (Corzo et al., 1994; Van Renterghem and De Block, 

1996).    

 

Overall, the dairy industry is poised to capitalize on numerous consumer trends such as their 

desire for high protein, clean label, lactose reduced products and the convenience of ready to 

drink beverages. Membrane filtration technology offers an efficient method of achieving all 

these attributes. Significant research has been accomplished exploring the thermal processing of 
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beverages with these attributes in mind. However, there is currently little research on the use of 

MCC in RTD beverages.   The objective of this study is to determine the effect of lactose 

reduction on the heat stability, physical and sensory properties of MCC model beverages.   
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Tables 

Table 1.1: Historical review of selected indicators identified as chemical markers of nutritional 

evaluation of food proteins (taken from Erbersdobler and Somoza, 2007). 
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Figures 

Fig. 1.1 Clean label purchasing trends (taken from IFIC, 2021). 

 

Fig. 1.2 Mean (n = 3) flux for stage 1 (♦), stage 2 (■), and stage 3 (▴) when using a 0.3-μm 

polyvinylidene fluoride spiral-wound microfiltration with water diafiltration (stages 2 and 3) of 

skim milk at 50°C (taken from Beckman et al., 2010). 
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Fig. 1.3 Degradation of cysteine into H2S (taken from Al-Attabi et al., 2009).  

 

Fig. 1.4 Degradation of thiamine into H2S (taken from Al-Attabi et al., 2009). 
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Fig. 1.5 Proposed production of methional and dimethyl disulfide (taken from Ballance, 1961). 

 

 

 

 

 

Fig. 1.6 Degradation of methional into methanethiol (taken from Al-attabi et al., 2009). 
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Fig. 1.7 Degradation of methionine into sulfur volatiles under exposure to sunlight, (taken from 

Al-Attabi et al., 2009). 

 
 

 

Fig. 1.8 Degradation of S-methyl methionine sulphonium salt to dimethyl sulfide (taken from Al-

Attabi et al.,2009).  
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CHAPTER 2: PRODUCTION OF LOW LACTOSE AND LOW SERUM MILK 
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ABSTRACT 

             Our objective was to determine the impact of simultaneous removal of lactose plus low 

molecular weight solutes and milk serum proteins by microfiltration (MF) on the chemical, 

physical and sensory properties of a 3.4, 7.5, and 10.5% milk protein-based beverages before and 

after a direct steam injection thermal process. Skim milk was MF at 50oC using 0.1 micron 

ceramic membranes and diafiltration ratio of water to milk of about 2.5 was used to 

simultaneously remove of milk lactose, serum proteins, and soluble minerals to produce protein 

beverage containing from 3.4 to 10.5% true protein from skim milk and was replicated twice.  

The soluble mineral plus lactose content was very low and the aqueous phase of the beverages 

had a freezing point very close to water (i.e. -0.02oC) and did not change with time storage at 

4oC. Beverage pH ranged from 7.19 to 7.41, with pH decreasing with increasing protein 

concentration.  Overall, the beverages were more white and more bland in flavor than skim milk.  

When UHT processed with direct steam injection at a holding temp of 140oC for 2 to 3 s, there 

was some protein aggregation detected by particle size analysis (volume mean diameter of 

protein particles was 0.16 micron before and 22 microns after UHT), observed as white flecks in 

the vacuum chamber of the UHT unit and an increase in chalky sensory property. No sulfur eggy 

flavors were detected and no browning was observed due to the UHT thermal treatment.  Both 

apparent viscosity and sensory viscosity increased with increasing protein concentration and heat 

treatment. 

Key Words: microfiltration, low lactose and serum protein, milk protein beverage.  
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INTRODUCTION 

Consumer demand for protein continues to rise, with the global protein market set to 

grow to over 114 billion U.S. dollars by 2030 (Shahbandeh, 2023). While dairy protein based 

products have seen recent competition in plant based protein products, they still experience 

higher popularity due to their greater nutritional value, good taste, and status as a complete 

protein (McCarthy et al., 2017). Currently, more consumers are paying attention to ingredient 

lists and are avoiding foods and beverages with chemical sounding ingredients, creating a 

purchasing phenomenon known as the clean label trend (IFIC, 2021). 

Two clean label forms of dairy protein isolation, separation and concentration are 

ultrafiltration (UF) and microfiltration (MF). These technologies use filtration membranes of 

varying pore size to fractionate milk constituents into products without the need for added 

chemicals or ingredients. UF membranes are primarily used in the dairy industry to concentrate 

proteins to produce whey protein concentrate (WPC) and milk protein concentrate (MPC) while 

MF membranes are primarily used to separate casein and milk derived whey proteins to produce 

micellar casein concentrate (MCC) and milk derived whey proteins (MDWP) (Bylund, 2003; 

ADPI, 2023). UF does not alter the 80:20 ratio of casein to whey protein within skim milk and 

thus retains the same casein as a percent of true protein (CN%TP) (80-82%). MCC does not 

retain whey and can contain up to 95% CN%TP (ADPI, 2023).  

Other milk solids constituents removed in the permeate by UF and MF processes include 

lactose and soluble minerals such as nonprotein nitrogen compounds, calcium, potassium and 

phosphorous. Both UF and MF membranes can be used to manufacture lactose reduced or 

lactose free products because neither process retains lactose (GEA, 2020). Lactose intolerance 

affects approximately 68% of the world (NIH, 2018) and the lactose free dairy market is 

projected to rise from $10.6 billion in 2017 to $17.8 billion by 2027, demonstrating the use for 
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these technologies in this growing market (Shahbandeh, 2018). Recent research has achieved 

96% lactose removal from milk using UF with a diafiltration ratio of water to starting feed of 

approximately 3:1 (Hernandez et al., 2023). They reported that pH and L-value (whiteness) of 

milk increased with increasing lactose and soluble mineral removal, while titratable acidity and 

apparent viscosity decreased. Sensory viscosity and yellowness decreased while sensory 

whiteness and astringency increased with lactose and soluble mineral removal (Hernandez et al., 

2023).  

MCC and MPC are used as protein ingredients in thermally processed ultra pasteurized 

and shelf stable protein beverages. Ultra high temperature (UHT) pasteurization (both indirect 

heating and direct steam injection) is used to produce shelf-stable high protein. Previous research 

has shown that UHT processed dairy products have cooked, sulfur and eggy off flavors (Mehta, 

1980; Calvo and de la Hoz, 1992) due to the high heat exposure.  More recent studies have 

reported that serum proteins (SP) are the milk proteins responsible for these off flavors (Lee et 

al., 2017; Jo et al., 2018). Sulfur containing amino acids such as cysteine/cysteinecystine and 

methionine are the primary origin of volatile sulfur compounds such as hydrogen sulfide, carbon 

disulfide, dimethyl sulfide, dimethyl disulfide and dimethyl trisulfide that contribute to these off 

flavors (Jo et al., 2018). Jo et al. (2018) also determined that hydrogen sulfide (sulfur/eggy 

aroma) and carbon disulfide (cooked aroma) were the key sources of sulfur and cooked aromas 

and flavors in UHT processed milks. Other research has explored the limit of SP removal at 

which off flavors in UHT processed milks are no longer detectable. Vogel et al. (2019) found no 

detectable sulfur/eggy off flavor in 95% SP removed MCC. Furthermore, Whitt et al. (2022) 

reported no sulfur/eggy flavors in UHT MCC beverages with added fat at 91% SP removal 

(Whitt et al., 2022). Hurt et al. (2010) estimated that it should be possible to achieve up to 97% 
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SP removal using a 3x, 3-stage ceramic MF membrane process  with uniform transmembrane 

pressure (UTP) (Hurt et al., 2010).  The objective of our research was to determine the impact of 

simultaneous removal of lactose plus low molecular weight solutes and milk serum proteins on 

the chemical, physical and sensory properties of a 3.4, 7.5, and 10.5% milk protein-based 

beverages before and after a direct steam injection UHT thermal process.  

MATERIALS AND METHODS 

Experimental Design  

             MF at 50oC was used to process pasteurized skim milk (ca. about 3.4% true protein) and 

simultaneously remove lactose and milk SP.  This was done as a batch continuous diafiltration 

process where as MF permeate was removed an equal volume of 50oC deionized diafiltration (DF) 

water was added while the retentate was recirculated directly back to the MF feed tank. This 

produced a low lactose (ca. 0.2%) and low milk serum protein (ca. 95% removed) MF retentate 

with the goal in this part of the process was to produce an MF retentate at a protein content lower 

than the original skim resulting from the retention of casein but removal of the original serum 

proteins.  When this was achieved, the ratio of DF water used to the original amount of skim milk 

used was about 2.6.  Without stopping the MF process, filtration and removal of MF permeate was 

continued without DF to concentrate the protein to 10.5% (Figure 2.1).  At that point the MF 

process was stopped and the 10.5% protein MF beverage was collected.  Next, a portion of the 

10.5% MF beverage was diluted to 7.5% and another portion to 3.4% true protein concentration. 

Each of these 3 MF beverages were split into two batches: one batch received no further heat 

processing and the other batch was processed with a direct steam injection system with holding 

temperature and time of 140oC and 2 to 3 seconds, respectively.  Viscosity, color, particle size, 

calcium, phosphorous, potassium, proximate composition, and sensory properties were analyzed 
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on all batches. The experiment was replicated 2 times starting with a different batch of pasteurized 

skim milk.  

Skim Milk Processing Prior to Filtration.  

             Raw bovine skim milk was obtained from the North Carolina State University Dairy 

Enterprise System (Raleigh, NC) the day before each processing run. The raw skim milk was kept 

and held overnight at 4°C in a stainless-steel glycol chilled jacketed storage tank. On the day of 

membrane filtration, raw skim milk (approximately 400 kg) was prefiltered at 4°C before 

pasteurization using a Nexis T-filter (NXT 10-30U-M7S, Pall Corp., Port Washington, NY) to 

remove foreign material and then pasteurized (870 kg/h) with a plate heat exchanger (model T4 

RGS-16/2, SPX Flow Technology, Greensboro, NC) at 72°C for 15s. 

Microfiltration.  

Pasteurized skim milk (approximately 400 kg) was warmed to 50°C using a plate heat 

exchanger and microfiltered with a GP MF system (Tetra Alcross MFS-7, TetraPak Filtration 

Systems) equipped with 0.1-µm nominal pore diameter ceramic Membralox (model 

EP1940GL0.1μAGP1020, alumina, Pall Corp.) membranes (surface area of 1.7 m2, membrane 

length of 1.02 m). The membranes had a tubular configuration with 7 tubes, 19 channels each with 

a 4-mm channel diameter, in one stainless steel module that was mounted vertically in the system 

as described by Zulewska et al. (2009). Cleaning was as described by Zulewska et al. (2009). 

Skim Milk Microfiltration and Diafiltration   

             Pasteurized skim milk (ca. 400 kg) was microfiltered and diafiltered at 50oC. At the start 

of the run, approximately 70 kg of permeate was collected and weighed without diafiltration to 

increase the starting protein concentration. About 45 kg of permeate was collected weighed and 

an equal weight of 50oC deionized water was added to the feed tank and mixed. This process was 
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repeated until the lactose concentration the total amount of DF water added was about 2.6 times 

the starting weight of milk. The MF process was run at a 2X concentration factor (weight ratio of 

permeate to retentate) and flux of about 60 kg/m2/h.  Samples of permeate and the retentate were 

collected every 15 min for analysis by infrared spectrophotometer (Lactoscope FTIR model FTA, 

Delta Instruments, Drachten, the Netherlands) to monitor their composition. For the final 

concentration the MF retentate was concentrated by permeate removal with no DF to achieve a 

protein content of about 10.5%.  

Milk and beverage freezing points were measured using an Advanced Instruments milk 

cryoscope (Model 4250, Norwood, MA, USA). The pH of each formulation was determined at 

20oC using a pH meter (Fisher Scientific, Accument, Model 915) and gel filled electrode (Mettler-

Toledo HA-405 DXK-S8/120, Columbus, OH).  The pH meter was calibrated using a pH 7 and 4 

buffers at 20oC (Fisher Scientific). 

Beverage Formulation for Thermal Processing. 

The MF retentate containing 10.5% true protein was diluted with DI water by weight to 

make two additional batches of beverage at 7.5% and 3.4% protein. The three batches of lactose 

and milk serum protein reduced beverages were split and half was not heat processed and the other 

was heat processed. There were no flavor or emulsifying salts added to the beverages. 

Thermal Processing: Direct Steam Injection.  

             The beverages were thermally processed in a manner similar to Lee et. al. (2017), using a 

Microthermics EHVH pasteurization unit (Microthermics Inc., Raleigh, NC) running with T12B  

software  (10.11.12.90,  v6.0,  build  104)  with  a  2-stage  homogenizer  (model  NS2006H,  GEA  

Niro Soavi, Parma, Italy). The beverages were continuously fed to a Microthermics EHVH 

pasteurization unit (Microthermics, Raleigh, NC) at a flow rate of 1.4 L/min, and then 
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ultrapasteurized (UP) processed by direct steam injection (DSI): preheated to 90°C, pasteurized at 

140°C for 2.3 s under 330-kPa pressure with culinary DSI (model LG-30, Electro-Steam Generator 

Corp., Alexandria, VA), cooled via vacuum chamber at −432 mmHg (−57.6 kPa) of vacuum, 

homogenized using a 2-stage in-line homogenizer (GEA Niro Soavi, Parma, Italy). The vacuum 

applied to the milk + steam mixture reduced the temperature of the milk at the outlet of the vacuum 

chamber to a temperature of about 87°C, about 3°C lower than the preheat temperature. The 

beverages were then homogenized (second stage 3450 kPa, total 17,240 kPa) using a 2-stage in-

line homogenizer (GEA Niro Soavi, Parma, Italy) post DSI treatment.  

Chemical Analyses    

Beverages were analyzed in duplicate for TS, total N (TN), noncasein nitrogen (NCN),  

and nonprotein nitrogen (NPN) content using forced-air oven drying (AOAC, 2019; method 

990.20), Kjeldahl TN (AOAC, 2019; method 991.20), Kjeldahl NCN (AOAC, 2019: method 

998.05) and Kjeldahl NPN (AOAC, 2019; method 991.21;), respectively. The TP was calculated 

by subtracting NPN from TN and multiplying by 6.38; CN was calculated by subtracting the NCN 

from TN and multiplying by 6.38; and whey protein content was calculated by subtracting NPN 

from NCN and multiplying by 6.38. 

Microbiological Analyses.  

             Beverages were tested in duplicate after processing and at each time point for aerobic plate 

count (Laird et al., 2004; 6.040) and coliform count (Davidson et al., 2004; 7.071) (Petrifilm 

Aerobic Count Plate, 3M ID 7100039310 and Petrifilm Coliform Count Plate, 3M ID 7100039392, 

3M Food Safety, Maplewood, Minnesota) were used to determine microbial quality.   
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Viscosity and Color Analysis 

Apparent viscosity (AV) was measured (Adams and Barbano, 2015) using a rotational 

viscometer (LV-DV2T, Brookfield Engineering Laboratories Inc., Middleboro, Massachusetts) 

equipped with a jacketed cup-and-bob fixture (Enhanced UL Adapter, Brookfield Engineering 

Laboratories Inc.). The calibration of the viscometer (LV-DV2T, Brookfield Engineering 

Laboratories Inc., Middleboro, Massachusetts) was checked prior to use by the following 

method. Using a calibration template (Brookfield Engineering Laboratories Inc., 2021), general 

purpose silicone standards (cP [5 mPa.s] and 100 cP [100 mPa.s], Brookfield Engineering 

Laboratories Inc., Middleboro, Massachusetts) were run on the viscometer (LV-DV2T, 

Brookfield Engineering Laboratories Inc., Middleboro, Massachusetts) at 25oC over a range of 

torques (~10, 30, 70%) and recorded in the calibration template provided by the manufacturer.   

 Measurements for each of the 3 different protein concentration were conducted on the 

beverages (3 no heat treatment and 3 DSI) as described below at 4oC. The samples were 

tempered at 4°C in a circulating refrigerated water bath (PolyScience, SD7LR-20, Warrington, 

PA) for 5 min to allow the samples to equilibrate. Brookfield Engineering Laboratories Inc. 

(2013) recommends choosing an RPM that falls within a torque range of 10-100 % for most 

accurate results.  

             Color of milk beverages was determined in duplicate using an Ultra Scan Pro 

Spectrophotometer (Hunter Associates Laboratory, Inc., Reston, VA) at 4°C. A water bath 

(PolyScience, SD7LR-20, Warrington, PA) was used to maintain sample temperature at 4°C. Milk 

beverages were measured in reflectance mode, wavelength from 360 to 750 nm with a 5 nm 

resolution, using Illuminant A at 10 degree viewer angle and reflectance curves were recorded, as 

described by Cheng et al (2018). The cuvette was glass with a 20 mm path length. Color data were 
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collected and Hunter L, a, and CIE b*-values were reported as recommended for dairy products 

(Cheng et al., 2018). 

Particle Size Analysis.  

Beverages were analyzed using a Malvern Mastersizer 2000 (Malvern Instruments Ltd., 

Enigma Business Park, Malvern, Worcestershire, UK, software version 5.4) as described by Di 

Marzo et al. (2016).   Refractive indices of 1.57 for the protein particles and 1.33 for the water 

(42oC) suspending liquid were used for a range of particle size from 0.02 to 2000 micrometers.  

The Malvern multiple narrow mode model for spherical particles was used.  The measure time 

for sample and background was set at 5 s with 5,000 snaps. A light obscuration range limit was 

set to fall with a range of 7 to 9%, with 3 measurement cycles per sample with zero time delay 

between measurements. 

Mineral Analysis  

Calcium, potassium, and phosphorus were measured in duplicate by DairyOne Laboratory 

(Ithaca, NY) on beverage samples at the beginning of storage. Samples were held at -80oC for 

storage then moved to a -20oC freezer the day before analysis. Samples were removed from the -

20oC freezer and placed for 30 minutes into a 40oC water bath, then mixed gently by inversion for 

homogeneity prior to weighing for analysis. Samples were digested using CEM Microwave 

Accelerated Reaction System (MARS6) with MarsXpress Temperature Control using 50 mL 

calibrated Xpress Teflon PFA vessels with Kevlar/fiberglass insulating sleeves then analyzed by 

Inductively Coupled Plasma (ICP) using a Thermo iCAP 6300 or iCAP Pro XP Inductively 

Coupled Plasma Radial Spectrometer. Samples (about 5 g) were first pre-digested at ambient 

temperature for 10 min with 8 mL nitric acid (HNO3) and 2 mL hydrochloric acid (HCl) and then 

an additional 10 min with 1 mL 30% hydrogen peroxide (H2O2). After pre-digestion was 
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completed, samples were digested in two stages: Stage one had a 10 min ramp to 135ºC and held 

for 3 min at 1500W. Stage two had a 12 min ramp to 200ºC and held for 15 minutes at 

1600W. Vessels were brought to 50 mL volume, with an aliquot used for ICP analysis. The 

following calibration reference standards (Assurance Spex Certiprep Stock Standards 203 

Norcross Avenue Metuchen, NJ 08840) were used: Calcium 10,000 µg/mL in 5% HNO3 – 

Catalog# PLCA2-3X; Phosphorous 10,000 µg/mL in H2O – Catalog# PLP9-3X: Potassium 10,000 

µg/mL in 5% HNO3 – Catalog# PLK2-3X.  

Sensory Analysis 

Descriptive analysis was conducted in accordance with the North Carolina State University 

Institutional Review Board for the Protection of Human Subjects in Research regulations. The 

protein beverages were evaluated for opacity, whiteness, overall aroma, sweet aroma, cooked-

milky, sulfur-eggy, sweet taste, astringent mouthfeel, viscosity and chalkiness (Whitt et al., 2022). 

Seven panelists (4 males, 3 females, ages 21 to 50 y) evaluated each beverage in duplicate in 

separate sessions. Each panelist had more than 50 h of descriptive analysis experience with milk, 

milk products, and dairy protein beverages using the SpectrumTM method with a 0 to 15 point 

intensity scale (Meilgaard et al., 2007). Samples were prepared with overhead lights off to prevent 

light oxidation. Thirty mL of each beverage were poured into 59-mL souffle cups (Dart Container 

Corp., Mason, MI) with randomized 3-digit blinding codes and lidded. Beverages were evaluated 

at 4oC. Data was collected electronically on the NCSU secure network.  

Statistical Analysis 

         Data were analyzed using SAS version 9.4 (SAS Institute Inc., Cary, NC).  Proc GLM of 

SAS was used to determine the statistical differences (P < 0.05) among means of the six treatments 

(three protein concentrations each with and without heat treatment). Proc GLM of SAS was used 
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to determine the effects of independent category variables heat treatment (no heat, DSI), protein 

concentration (3.4, 7.5, and 10.5%) and replicate (n=2) on dependent variables apparent viscosity, 

color (L, a, and b* values), and sensory characteristics and their interactions were included in the 

SAS GLM model. If the F-value for the full model was significant (P < 0.05), then significance 

(P < 0.05) of each independent variable and its interactions were determined.  Principal component 

analysis was applied to sensory attribute means using the correlation matrix to visualize overall 

sensory differences among samples (XLSTAT, version 2019.3.1, Addinsoft, Boston, USA). 

RESULTS AND DISCUSSION 

MF Processing.  

The average flux during MF at 50oC was 58.63 +/- 1.38 Kg/m2/h.  Diafiltraion with 50oC 

DI water was used to remove most of the lactose and serum protein from the skim milk with their 

mean percent removal with amount of DF water shown in Figure 2.2. It took a diafiltration volume 

of about 2.6 times the starting milk volume to achieve 97 to 98.5% lactose removal and a 93% 

serum protein removal at 50oC with 0.1 micron ceramic MF membranes.  

Retentate freezing point, pH, and TA during MF processing.    

The change in freezing point and pH of the MF retentate are shown in Figure 2.3. As lactose 

and soluble minerals were removed from skim milk by MF with diafiltration, the freezing point of 

the MF retentate increased and so did the pH. The final freezing point of the MF retentate was 

close to that of water (i.e.,   

-0.02oC) and the pH was about 7.4 at 20oC instead of the typical freezing point and pH of milk, 

even though the retentate contained 3.4 protein. This trend is consistent with previous literature 

that found lactose and soluble mineral removal to increase pH from 6.6 to 7.4, change the freezing 

point to be closer to that of pure water and decrease TA over the course of processing lactose free 
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UF retentate (Hernandez et al., 2023). Both the freezing point and pH of the MF retentate increased 

with diafiltration during MF.  Freezing point is a rapid testing method using a milk cyroscope that 

is commonly found in dairy plant quality control laboratories to test farm milk for adulteration 

with water, however the same instrument could be used to monitor the removal of lactose and low 

molecular weight solutes during filtration.  

Beverage Composition.  

The actual protein and total solids concentration achieved for the targeted 3.4, 7.5, 10.5% 

protein beverages are shown in Table 2.1.   The casein purity (i.e., casein as a percent of true 

protein) of the beverages averaged about 91 to 93.3% (Table 2.1), which reflects a high percentage 

of serum protein removal. Our findings are consistent with previous research (Whitt et al., 2021) 

that achieve a casein purity of 93.83%. The final pH of the milk protein beverages (Table 2.2) was 

much higher than the pH of skim milk (i.e., 6.65 at 20oC), which agrees with Hernandez et al., 

2023 that reported a final pH of lactose free UF retentate to be 7.4 after processing.  For the final 

beverages, the pH decreased (P < 0.05) with increasing protein concentration (7.41, 7.26, 7.19) for 

3.4, 7.5, and 10.5% protein beverages, respectively. The original calcium concentration and ratio 

of Ca/P in the starting skim milk were 1373 mg/1000g of milk and 1.31, respectively. The 

concentration of calcium, phosphorous, and potassium all increased as protein concentration 

increased (P < 0.05) and the ratio of Ca/P also increased (P < 0.05) (Table 2.2).  The 7.5% and 

10.5% protein beverages contained 1.94 and 2.65 times more calcium per serving (240 g) than a 

serving skim milk and this was similar to the report of Hoyt et al, 2023 where they found 7.5% 

MCC to contain 1.87 times more calcium per serving (240g) than a serving a skim milk. The 

calcium concentration was highly correlated to increasing protein concentration due to protein 

bound calcium.  The original pH of the skim milk was 6.65 at 20oC and removal of lactose and 
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low molecular weight milk components by filtration caused milk pH to increase and milk TA to 

decrease (Table 2.2).  The TA of the MF retentate was continuously decreasing during MF/DF 

(Figure 2.4).   In the final beverages with lactose and low molecular weight soluble components 

removed, as milk protein content decreased the pH increased to as high as 7.41 at 20oC (P < 0.05) 

and TA decreased to as low as 0.04% (P < 0.05).  The amount of decrease in TA was large (from 

0.17 to 0.04) and reflected the influence of the removal of milk soluble minerals on TA, while the 

protein bound minerals increased with increasing protein concentration (Table 2.2). A similar 

decrease in TA and increase of pH of UF retentate was also reported by Hernandez et al. (2023) 

for lactose and soluble mineral removal. 
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Beverage Particle Size.    

The beverages were produced from skim milk with a fat of < 0.1%, therefore the 

concentration of fat droplets was low and the concentration of casein micelles was high in the 

beverages.  The laser light scattering particle size distribution for the 3.4, 7.5, and 10.5% protein 

beverages without and with UHT-DSI thermal treatment are shown in Figure 2.5.    The particle 

size distribution of all the unheated 3.4, 7.5, and 10.5% beverages (Figures 2.5 A, B and C) were 

about the same had a large peak of particles with a volume mean diameter at about 0.15 microns 

(casein micelles) and a small peak for fat globules at about 0.8 microns.  The volume mean 

diameter (D 4,3) was about 0.16 microns and 22 microns after UHT for all protein concentrations.  

There was a very strong impact of heat treatment (P < 0.05) on particle size with 98.5% of the 

variation in d(4,3) being explained by heat treatment and <1% of variation  (P < 0.05) was 

explained by variation in protein concentration (Table 2.3).  The particle size distribution changed 

as a result of the UHT-DSI heat treatment (Figures 2.5 D, E, and F) that indicated that there was 

heat induced aggregation of casein micelles, with a range of particles from 1 to about 100 microns 

at 3.4 and 7.5% protein and particles from 1 to 200 microns in the 10.5% beverage.  Hoyt et al., 

2023 reported protein aggregates with particle size distribution modes at 0.75 and 10 microns in 

UHT-DSI 7.5% protein MCC in comparison to HTST processed beverages. Dalgleish,  (1990)  

reported that heat during thermal processing causes aggregation of milk protein due to interaction 

of k-casein with whey proteins, particularly B-lactogolublin to from protein aggregates.  

During the pilot scale UHT-DSI thermal process, visible flecks of protein aggregates were 

observed in the vacuum chamber that was consistent with the aggregation measured in the particle 

size analysis.   While the thermal process is 140oC for 2 to 3 seconds, the proteins in solution are 

exposed to temperatures in the range of 155 to 160oC at the steam injector tip, so it is not surprising 
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that the high temperature caused protein aggregation.   Pranata et al (2023) concluded that UF and 

MF beverages at 7.5% protein containing a residual lactose concentration of 0.6 to 0.7% and the 

proportional amount of soluble milk minerals were heat stable in UHT-DSI processing without 

addition of dipotassium phosphate. Therefore, when using UF or MF to make lactose free 

beverages, the high total removal of soluble mineral is likely to negatively affect heat stability 

during UHT processing.   Truong et al. (2024) used UF to achieve removal of lactose and soluble 

minerals from skim milk at 3 different protein beverage concentrations (3.4, 7.5, and 10.5%) and 

these beverages were thermally processed.  Truong’s beverages were stable in HTST (78 for 15s) 

and in an autoclave at 116 for 6 min, but not (product coagulation) in UHT-DSI at 142 for 2 to 3 

s, while similar MF beverage produced with very low lactose and soluble mineral in the current 

study did not coagulate in the UHT-DSI probably because the MF beverage contained very little 

heat labile milk serum protein.     

Beverage Apparent Viscosity.   

The apparent viscosity of the beverages increased (P < 0.05) with protein concentration 

and there was a protein by thermal process interaction (P < 0.05), with apparent viscosity 

increasing with increasing protein concentration and with thermal treatment, particularly at high 

protein concentration (Figure 2.6).  Differences in AV in our study were primarily driven by 

protein concentration, which explained about 92% of the variation in AV (Table 2.3) with protein 

by heat treatment interaction being apparent in Figure 2.6 for the comparison of the AV of the NH 

10.5% protein with the AV for the UHT-DSI treatment. Pranata et al. 2023 reported that amount 

of migration of casein and bound mineral out of casein micelles in milk protein will impact 

viscosity and the use of added salts (e.g., dipotassium phosphate) has impact on the movement of 

casein and calcium out of the casein micelles.  Dunn et al. (2021) reported a strong protein x 
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thermal process interaction (P < 0.05) in MCC containing 6.5 to 13.2% protein. However, our 

viscosity results for 10.5% protein MCC at a temperature of 4℃ were are almost double (46 mPas 

vs 25 mPas) the report by Dunn et al.  (2021). The MF process in Dunn et al., 2021 was a 3-stage 

3 X process (i.e., first stage 3X MF with no water added, second and third stage 3X DF) with a 

total DF ratio of DF water to milk of 1.32, which is lower than the DF ratio in the current study 

(i.e., about 2.5).   The 3X, 3 stage process used by Dunn et al. (2021) would produce an MCC 

retentate with higher lactose and soluble mineral content in the final MF retentate than the 

continuous diafiltration used in the current study. The difference in soluble mineral content would 

be expected to produce a difference in AV between the two studies. Similarly, Hoyt et al. (2023) 

used a 3X, 3 stage process that would produce a final retentate with higher lactose and soluble 

mineral content and an AV of 21 mPas in 7.5% protein MCC at 4℃ (Hoyt et al., 2023), which was 

also lower than the AV observed in the current study.  Also consistent with our findings, Ding et 

al. (2023) documented UHT-DSI processed milk (containing both casein and whey proteins) to 

have significantly (P < 0.05) higher viscosity than raw, HTST, and UHT-IND processed milks.  

Beverage Color.  The mean L, a, and b* values for the skim milk prior to MF were 77.98, 

-4.09, and 2.39, respectively.  The L, a, and b*-values for the thermally processed beverages at 

different protein concentrations are shown in Table 2.4.  The L-value (whiteness) of the milks was 

influenced the most by protein level, heat treatment and their interaction and increased with both 

protein level and heat treatment.  The direct effect of protein explained 55% of the variation in L-

value and the interaction effect explained 34% of the variation in L-value (Table 2.3).  The increase 

in whiteness of these skim milks with increasing protein concentration was similar to that produced 

by increasing fat content by 2%.  L-value increased with increasing protein concentration due to 

more reflected light from the higher concentration of casein micelles and removal of soluble light 
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absorbing compounds. Bastian et al. (1991) reported that riboflavin is removed in permeate during 

UF of milk.  Microfiltration would also be expected to remove riboflavin from the retentate and 

this would explain why the a-value (greenness) of the MF retentate was less than skim milk and 

the L-value was higher (at all protein concentrations) than skim milk. (Table 2.4). Variation in 

protein concentration the fat free MF protein beverages in the current study explained from 55 to 

75% of the variation in L, a, and b*-values (Table 2.3). There was strong heat treatment by protein 

concentration interaction (Table 2.3) on L-value that 2.was likely due to the increase in particle 

size caused by the heat treatment (Figure 2.5).  Previous studies have also indicated casein micelles 

to be the primary light reflecting particle in skim milk protein beverages (Misawa et al., 2016; 

Cheng et al., 2019b).  Likewise, Lee et al. (2017) and Hoyt et al. (2023) determined whiteness (L 

value) to increase with heat in milk protein beverages (Lee et al., 2017; Hoyt et al., 2023).  

Beverage Sensory Properties.  

The sensory data from the beverages is presented in Tables 5, 6, and 7.  The proteins that 

are thermally degraded to produced sulfur/eggy off flavors are milk serum proteins (Jo et al., 2018).  

Vogel et al. (2021) reported 92% casein purity MCC to have no detectable sulfur/eggy off flavors 

caused by thermal denaturation of SP, indicating a majority of SP has been removed. No sulfur-

eggy flavor-aroma was detected in any of the MCC beverage either before or after UHT-DSI 

treatment in the current study.  This was expected due to the high level of serum protein removal 

by MF (Figure 2.2) and high CNTP (Table 2.1) and was consistent with the results of Whitt et al. 

(2022) for serum protein removal and for milk protein beverage produced (Hoyt et al., 2023) using 

MF (no sulfur-eggy aroma) versus UF (has sulfur-eggy aroma).  In general, the studies by 

Hernandez (2023) and Truong (2024) that used UF to remove lactose and soluble mineral reported 

that the resulting UF beverages prior to heat treatment were bland and more opaque and white than 
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skim milk and the overall sensory characteristics of the MF protein beverages prior to thermal 

processing in the current study were also more white and more bland than the starting skim milk. 

Sensory opacity was influenced by both protein concentration (Table 2.6) and heat 

treatment (Table 2.7) with protein concentration having a larger relative impact (i.e., 62% of 

explained variation) on opacity (Table 2.5). Sensory opacity results are consistent with previous 

results in UHT-DSI processed 7.5% protein MCC (Hoyt et al., 2023). Likewise, increased protein 

content in milk protein beverages has been demonstrated to increase sensory opacity (Cheng et al., 

2019b; Hernandez et al., 2023; Hoyt et al., 2023).  Only small differences in sensory whiteness 

were observed (Tables 6 and 7). Previous studies have reported sensory opacity to increase with 

increasing protein concentration in both UF (Quinones et al., 1997) and MF beverages to increase 

with both protein concentration and CN%TP (Cheng et al., 2018).  There was a significant protein 

concentration x heat treatment interaction for both L-value (Table 2.3) and sensory whiteness 

(Table 2.5) with the interaction of protein concentration x heat treatment interaction having a much 

stronger impact on L-value (Table 2.3).  These properties of the beverages would be influenced by 

both increased particle size (more light scattering), removal of light absorbing compounds in the 

permeate during microfiltration, and heat induced chemical reactions caused by the UHT-DSI 

treatment. Similarly, Hernandez et al., (2023) reported that removal of lactose and soluble mineral 

to increase milk protein beverage whiteness (Hernandez et al., 2023).  

Overall aroma was low (values of 1 on a 15 point scale) and differences among treatments 

were small.  As expected, heat treatment explained most (ca. 86%) of the variation (Table 2.5) in 

cooked-milky flavor (Table 2.7), with a smaller but significant increase in cooked-milky flavor 

with increased protein concentration (Table 2.6). Increased cooked-milky flavor with increased 

heat treatment has reported in many studies (Lee et al., 2017; Vogel et al., 2021; Jo et al., 2018).  
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Heat treatment and higher protein concentration increased astringent mouthfeel (Tables 6 

and 7) with a protein concentration x heat treatment interaction (Table 2.5). The large particle size 

observed in the 7.5 and 10.5% formulations (Figures 2.5 D, E, F) are consistent with the chalkiness 

and astringency detected by sensory panelists. These results are supported by previous research 

that documented chalkiness and graininess in 10.5% protein 50:50 SPI:MPC beverages (Vogel et 

al., 2021). Large particles have been hypothesized to be the cause of astringency due to lubrication 

reducing and friction increasing properties within beverages, which supports sensory astringency 

results discussed later (De Wijk and Prinz, 2006). Li et al. (2018) recorded increased astringency 

in UP milks vs HTST milks (Li et al., 2018) and Vogel et al. (2021) determined beverage 

astringency to be primarily affected by protein amount and ratio of CN to SP (Vogel et al., 2021). 

Likewise, Cheng et al. (2019b) determined astringency increased with true protein concentration 

in milk protein beverages (Cheng et al., 2019b).  

Sensory viscosity increased with increasing protein concentration (Table 2.5 and 2.6) and 

this was consistent with AV measurements (Figure 2.6 and Table 2.3). This is consistent with 

previous studies that also document a positive correlation between protein concentration and 

viscosity (Vogel et al., 2021; Cheng et al., 2019b; Lutz et al., 2009).  Chalky mouthfeel was 

detected in beverages that received UHT-DSI thermal treatment but not in the unheated beverages 

(Table 2.7), which is consistent with literature documenting chalky mouthfeel in UHT-DSI 

processed high protein milk beverages (Vogel et al., 2021). Higher sensory chalkiness may be 

related to the large (1-200 micron) particles in UHT-DSI processed 7.5 and 10.5% protein 

beverages. Heat treatment and a heat treatment x protein concentration interaction explained nearly 

90% of the variation in chalkiness in the beverages. 
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Overall impact of protein concentration and thermal treatment on the sensory properties of 

beverages with most of the lactose and serum proteins removed can be seen in the principal 

component biplot of sensory data in Figure 2.7.  The skim milk had more overall aroma, sweet 

taste, and sweet aromatic aroma.  The lactose and serum protein reduced beverage before heat 

treatment had less sweet and aromatic character than the skim milk and generally decreased in 

those characteristics as protein concentration increased, as also seen in Hernandez et al. (2023).  

The unheated beverages were more white than the skim milk.  The UHT-DSI thermal processed 

beverages had more cooked milky, chalky, viscosity and astringent mouthfeel than the unheated 

beverages and those characteristic were more pronounced in the as the protein concentration 

increased.   

 

CONCLUSIONS 

             Microfiltration of skim milk at 50oC using 0.1 micron ceramic membranes and 

diafiltration ratio of water to milk of about 2.5 was able to simultaneously achieve a high level of 

removal of milk lactose, serum proteins, and soluble minerals to produce protein beverages 

containing from 3.4 to 10.5% true protein from skim milk.  The soluble mineral plus lactose 

content was very low and the aqueous phase of the beverages had a freezing point very close to 

water (i.e. -0.02oC) and did not change with time storage at 4oC. Beverage pH ranged from 7.19 

to 7.41, with pH decreasing with increasing protein concentration.  Overall, the beverages were 

more white and more bland than skim milk.  When UHT processed with direct steam injection at 

a holding temp of 140oC for 2 to 3 s, there was some protein aggregation detected by particle 

size analysis (volume mean diameter 0.16 micron before and 22 microns after UHT), observed as 

white flecks in the vacuum chamber of the UHT unit and an increase in chalky sensory property. 
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No sulfur eggy aromas were detected and no browning was observed due to the UHT.  Both 

apparent viscosity and sensory viscosity increase with increasing protein concentration and heat 

treatment.   
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Tables and Figures 

Table 2.1. Chemical composition (grams/100 grams of beverage) of low lactose and low serum 

protein microfiltration milk protein beverages processed using a direct steam injection ultra-high 

temperatures thermal process (140oC). 

Milk component  

Target 

% protein 

CP NCN NPN CN CNTP TS 

3.4   3.67c 0.36c 0.03c  3.31c 91.09c  4.19c 

7.5   7.94b 0.57b 0.05b   7.38b 93.50a  8.99b 

10.5 10.94a 0.89a 0.06a 10.04a 92.31b 12.38a 

CP = Crude protein = total nitrogen x 6.38; NCN = noncasein nitrogen x 6.38; NPN = 

nonprotein nitrogen x 6.38; CN = casein (TN-NCN x 6.38); CNTP = casein as a 

percentage of true protein [(TN – NPN) x 6.38]; TS = total solids.    
a, b, c Means within a column with different superscripts differ (P < 0.05) 

 

Table 2.2. Calcium (Ca), phosphorous (P), potassium (K) content (mg/Kg), pH (at 20oC) and 

titratable acidity (TA; expressed as percent lactic acid) of low lactose and low serum protein 

microfiltered milk protein beverages. 

 

 

 

 

 

 

 
a, b,c Means within a column with different superscripts differ (P < 0.05) 

 

Table 2.3. ANOVA relative percent of type III sum of squares for color (L, a, and b*-values), 

apparent viscosity (AV), and volume mean diameter [D (4,3)] for the effect of heat treatment, 

protein concentration, replicate and interactions. 

 

Independent variable L a b* AV D (4,3) 

Protein 54.96 76.39 75.10 91.80 0.65 

Heat treatment 8.71 23.26 21.08 2.51 98.48 

Replicate 0.14 0.35 0.54 0.48 0.10 

Protein x heat treatment 33.73 NS1 3.02 3.03 0.64 

Protein x replicate 2.45 NS 0.26 2.17 0.12 

Heat treatment x replicate 2.45 NS NS NS NS 

Sum 100.00 100.00 100.00 100.00 100.00 

 
1NS = not significant 

 

 

 

Target     

% protein 

Ca P  K Ca/P 

ratio  

pH TA 

3.4 1217c   729c   42c 1.62a 7.41a 0.04c 

7.5 2669b 1598b   90b 1.67a 7.26b 0.11b 

10.5 3642a 2205a 124a 1.65a 7.19c 0.17a 
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Table 2.4.  L, a, and b* values of low lactose and low serum protein microfiltered heat processed 

milk protein beverages measured at 

4oC.

 

 

 
a, b, c Means within a column with 

different superscripts differ (P < 0.05) 

 

 

Table 2.5.  ANOVA relative type III sum of squares for sensory analysis descriptors for the 

effect of heat treatment (heat), protein concentration (prot), panelist (pan), replicate (rep) and 

their interactions.  
  

   
  

Independent 

variable 

opacity whiteness Overall 

aroma 

Cooked 

milky 

Astringent 

mouthfeel 

Viscosity Chalky 

Prot 62.22 46.00 32.53 11.43 29.79 81.53 9.10 

Heat 35.63 2.50 6.26 85.75 52.82 4.44 80.60 

Pan 0.51 8.28 2.35 0.92 1.28 0.61 0.16 

Rep 0.01 1.24 0.64 0.02 0.35 1.97 0.30 

Prot*heat 0.95 13.50 58.23 0.69 11.70 5.05 9.10 

Prot*pan NS1 NS NS NS NS 6.41 NS 

Prot*rep 0.68 NS NS NS 1.64 NS NS 

Heat*pan NS 11.74 NS NS NS NS NS 

Heat*rep NS 1.24 NS NS NS NS 0.30 

pan*rep NS NS NS NS NS NS 0.22 

Prot*Heat*pan NS 6.89 NS NS NS NS NS 

Prot*Heat*rep NS 4.51 NS NS 2.42 NS NS 

Heat*pan*rep NS 4.11 NS 1.19 NS NS 0.22 

SUM 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
1NS = not significant 

 

 

 

 

 

 

 

 

 

 

 

 

 

Target     

% protein 

L a b* 

3.4 80.71b -3.14c -2.32c 

7.5 83.79a -2.10b 0.04b 

10.5 83.45a -1.87a 0.43a 
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Table 2.6.  Means for sensory descriptors (15 point intensity scale) by beverage protein 

concentration for 7 panelists. 

Target % 

protein 

Opacity Whiteness Overall 

Aroma 

Cooked 

Milky 

Astringent 

Mouthfeel 

Viscosity Chalky 

3.4 12.5c 14.2a 1.1b 3.1b 2.2c 2.0c 0.5b 

7.5 13.2b 13.8b 1.0b 3.4a 2.4b 2.2b 0.6b 

10.5 13.6a 13.7b 1.3a 3.5a 2.7a 2.4a 0.9a 
a-c Means within protein concentrations with different superscripts differ (P < 0.05) 

 

 

Table 2.7.   Means for sensory descriptors (15 point intensity scale) by beverage heat treatment 

for seven panelists. 

    Heat 

treatment1 

Opacity Whiteness Overall 

Aroma 

Cooked 

Milky 

Astringent 

Mouthfeel 

Viscosity Chalky 

NH 12.7b 13.8a 1.1a 2.9b 2.3b 2.1b ND2 

UHT-DSI 13.4a 13.9a 1.2a 3.8a 2.7a 2.2a 1.2 

          
1 NH = No heat treatment, UHT-DSI = ultra-high temperature pasteurization by direct steam 

injection.  
2 ND = not detected.  

a-b Means within protein concentrations with different superscripts differ (P < 0.05) 
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Figures 

Figure 1.1. Experimental Design: microfiltration with diafiltration of pasteurized skim milk to 

remove lactose and milk serum protein (SP) to produce milk protein beverages at 3.4, 7.5 and 

10.5% protein followed by either no heat treatment or ultra-high temperature (UHT) treatment by 

direct steam injection (DSI). 
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Figure 2.2.   Percent lactose and serum protein removal using microfiltration plus diafiltration as 

a function of the ratio of diafiltration water to milk. 

 

 
 

 

Figure 2.3.   Change in freezing point (oC) and pH (20oC) due to removal of lactose and low 

molecular weight soluble mineral during microfiltration and diafiltration. 
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Figure 2.4. Change in titratable acidity (expressed as percent lactic acid) due to removal of 

lactose and low molecular weight soluble milk components (e.g., mineral, citric acid, etc.) during 

microfiltration of skim milk. 

 

 
 

Figure. 2.5. Laser light scattering particle size distribution for low lactose, low serum 

protein beverages at 3.4, 7.5, and 10.5% protein with no heat treatment and after ultrahigh 

temperature pasteurization by direct steam injection (UHT-DSI):   (A) unheated 3.4% 

protein, (B) unheated 7.5% protein, (C) unheated 10.5% protein, (D) UHT-DSI 3.4% 

protein, (E) UHT-DSI 7.5% protein, and (F) UHT-DSI 10.5% protein. 
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Figure 2.6. Apparent viscosity (AV) of beverages at 4°C as function of protein concentration (3.4, 

7.5, and 10.5%) and heat treatment (NH=no heat, UHT-DSI= ultrahigh temperature pasteurization 

using direct steam injection).  A-C Bars within heat treatment with different superscripts differ (P 

< 0.05) 
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Figure 2.7. Principal component analysis (PCA) biplot of sensory means for skim milk, unheated 

(NH) and ultrahigh temperature direct steam injection processed (UHT-DSI) low serum protein 

and low lactose beverages containing 3 different protein concentrations (3.4, 7.5, 10.5%)    

 
 

 

 

 

 

Opacity

Whiteness

Overall Aroma

Sweet Aromatic

Cooked milky

Sweet

Astringent 

Mouthfeel

Viscosity

Chalky

Skim

3.4 NH 7.5 NH
10.5 NH

3.4 UHT-DSI

7.5 UHT-DSI

10.5 UHT-DSI

-4

-3

-2

-1

0

1

2

3

4

5

6

-6 -4 -2 0 2 4 6

F2
 (

2
5

.4
3

 %
)

F1 (66.62 %)

Biplot (axes F1 and F2: 92.05 %)

Active variables Active observations


