
ABSTRACT 

HOYT, HAYDEN MICHAEL. The Impact of Heat Process and Dipotassium Phosphate on 

Chemical, Physical, and Sensory Properties of Milk Protein Beverages. (Under the direction of 

Dr. MaryAnne Drake). 

 

Our objective was to determine the impact of addition of dipotassium phosphate (DKP) at 

and three different thermal treatments of 7.5% milk protein-based beverages on beverage color, 

viscosity, and sensory properties during 15 d of storage at 4oC. Micellar casein concentrate 

(MCC) and milk protein concentrate (MPC) containing about 7.5% protein were produced from 

pasteurized skim milk using a 3X, 3-stage ceramic microfiltration (MF) process and a 3X, 3-

stage polymeric ultrafiltration (UF) membrane process, respectively. The MCC and MPC were 

each split into 6 batches, based on thermal process and addition of DKP. The 6 batches were no 

heat treatment with DKP (0.15%), no heat without DKP (0%), HTST with DKP, HTST without 

DKP, direct steam injection (DSI) with DKP, and DSI without DKP. The 6 MCC milk-based and 

the 6 MPC milk-based beverages were stored at 4oC. Viscosity, color, and sensory properties 

were determined over 15 d of refrigerated storage. MCC and MPC based beverages at 7.5% 

protein with and without 0.15% added dipotassium phosphate (DKP) were successfully run 

through an HTST (72˚C for 15 s) and direct steam injection (140˚C for 2.3 s) thermal process. 

The 7.5% protein MCC-based beverage contained higher calcium and phosphorus (2425 and 

1583 mg/L, respectively) than the 7.5% protein MPC- based beverages (2141 and 1338 mg/L, 

respectively).  Pasteurization (HTST) had very little impact on beverage particle size distribution 

while direct steam injection thermal processing produced protein aggregates with medians in the 

range of 10 and 175 μm for MPC beverages. A population of casein micelles at about 0.15 μm 

was found in both MCC and MPC based beverages.  Larger particles in the 175 μm range were 

not detected in the MCC beverages. In general, the apparent viscosity (AV) of MCC beverages 



was higher than MPC beverages. Added DKP increased the AV of both MCC and MPC based 

beverages, while increasing heat treatment decreased AV. The AV of beverages with DKP 

increased during 15 d of 4oC of storage for both MCC and MPC, while there was very little 

change in AV during storage without DKP and a similar effect was observed for sensory 

viscosity scores. L-value of beverages was higher with higher the heat treatment, but add DKP 

decreased L-value and sensory opacity greatly. Sulfur-eggy flavors were detected in all MPC 

beverage, but not MCC based beverages. 
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Introduction  

Dairy Industry Statistics 

Milk is a popular commodity in the United States. However, despite its popularity, 

bovine milk sales in the United States have been on a steady decline. Since 2014, fluid milk sales 

have fallen by 22% with the driver of these decreasing sales being skim and low-fat milks 

(Mintel, 2019). The cause of this decline in fluid milk consumption could be from a myriad of 

reasons. Possible contributors to diminishing milk sales include generational differences, 

competing plant based beverages, environmental impact, animal ethics concerns, and less desire 

to consume milk as a stand-alone beverage (Nielsen and Popkin, 2004; Stewart et al., 2013; 

McCarthy et al., 2017; Haas et al., 2019).  While fluid milk sales and consumption have been 

trending negative, total milk production has increased. Data from the USDA database shows that 

total milk production has increased from approximately 193 million pounds in 2010 to over 223 

million pounds in 2020 (USDA, 2021). This growth was in part due to expanding herd size as 

well as increased milk production per cow (USDA, 2021). With increased milk production and 

lower demand, the US dairy industry is met with a difficult challenge of finding a use for the 

excess milk.   

Clean Label Trend  

Consumer trends are drivers of change in the food industry. Recently, a new trend known 

as clean label has emerged and has become popular amongst consumers. While this trend has 

gained wide spread support, there is currently no legal definition of clean label. Since the term 

clean label has not been defined, it can be a difficult topic to navigate for both consumers and 

producers. However, there are some common attributes associated with this trend including 

minimally processed, sustainable, simple and fewer ingredients, organic, non-GMO, 
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environmentally friendly, and “free from” claims (Rozin et al., 2004; Ingredion, 2014; Cargill, 

2017; Aschemann-Witzel et al. 2019; Burrington, 2019). The most common view of the clean 

label trend is a reduced number of ingredients, particularly ingredients with long or chemical 

sounding names (Rozin et al. 2012; Shelke, 2020). There are multitude of ingredients used in 

food and beverage applications and a comprehensive list of these ingredients and their functions 

can be found in section CXG 36-1989 of the Codex Alimentarius (Joint FAO/WHO Codex 

Alimentarius Commission, 2021). Many of these ingredients are perceived negatively by 

consumers. One such ingredient is dipotassium phosphate (DKP) which will be discussed in 

detail later in this review. Other examples of ingredients that may not be considered clean label 

include: potassium sorbate, sodium benzoate, trisodium citrate, sodium phosphate, carrageenan, 

and sodium carboxymethyl cellulose (cellulose gum) just to name a few. Due to the sheer 

number of ingredients, only a general list of functional classes (ingredient categories), their 

definitions, and purpose have been included in this review (Table 1.1).  However, despite the 

push for clean label products, consumers still expect these new options to have the same 

performance of traditional ingredients (Shelke, 2020).   

Even with access to the large amount of information available today, Varela and Fiszman 

(2013) found that there is a great lack of knowledge on the subject of food additives among 

consumers. Asioli et al. (2017) suggested that consumer familiarity with ingredients may be a 

factor in the acceptance or rejection of food additives. Zhong et al. (2018) observed that 

consumers with additive knowledge were more likely to accept food additives than those without 

food additive knowledge. In contrast, Maruyama et al. (2021) found ingredient familiarity to be a 

poor predictor of acceptance but hypothesized that lack of understanding of ingredient 

functionality led to a decrease in consumer acceptance. This result implies that while a consumer 



   

4 

 

may recognize or be familiar with name of an ingredient, but they may lack the understanding of 

its functionality or purpose in a food and perceive that ingredient negatively. Food producers 

have a unique opportunity to be more transparent and educate consumers about the purpose of 

the ingredients used in their products (Shelke, 2020; Brewster, 2021). Transparency is important 

to consumers, they want to know why ingredients are being used and how those ingredients 

impact the environment (Brewster, 2021).    

Composition of Milk 

General Composition   

Milk is an intricate mixture of lipids, proteins, carbohydrates, vitamins and minerals that 

are meant as the sole source of nutrients for young mammals (Damodaran et al., 2008). Because 

of its high nutrition, milk has high nutritional value and plays an important role in the human diet 

(Fox, 2001; Górska-Warsewicz et al., 2019).  Bovine milk is made up of 87% water with solids 

(fat, protein, lactose, vitamins, minerals, and enzymes) making up the remaining 13% (Bylund, 

2003). Milk composition varies slightly throughout the year and stage of lactation (Lin et al., 

2017) with the primary component changing being fat.  Milk, namely fat content, is typically 

standardized before processing to keep the components consistent throughout the year (Barbano, 

1987; Guinee et al., 2006).  

Carbohydrates (Lactose) 

Lactose is the most abundant solids component of milk making up about 4.8% of the total 

composition (Bylund, 2003). Lactose is a disaccharide consisting of glucose and galactose 

connected by a β-glycosidic bond and is relatively small in size (0.5 nm) allowing for separation 

from other milk components using filtration (Johnson and Conforti, 2003; Vyas and Tong, 2003; 

Damodaran et al., 2008; IMARC, 2020). Removal of lactose from milk can be done for a variety 
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of reasons, but for the purposes of this review, this topic will be briefly discussed. Lactose 

represents about 30% of the total calories of milk while contributing little to sweetness (McCain 

et al., 2018). Approximately two-thirds of the world population suffers from lactose intolerance 

(Anguita-Ruiz et al., 2020). Lactose intolerance is defined as the inability to digest lactose. 

Digestion of lactose requires the enzyme lactase to hydrolyze this disaccharide into its 

monosaccharide forms (glucose and galactose) so that it can be utilized by the body (Deng et al., 

2015). Unabsorbed lactose causes gastrointestinal discomfort from increased osmotic pressure 

and products of bacterial digestion, such as gas (Deng et al., 2015).  Removal of lactose could 

positively impact the nutritional quality of milk while also expanding the milk consumer base by 

catering to people with lactose related health issues.  

Lipids 

Fat in milk exists as an oil in water emulsion in complex structures known as fat globules 

(Bylund, 2003). These structures are surrounded by a thin membrane of complex composition 

which helps to stabilize the emulsion (Barba et al., 2020). This protective layer is known as the 

milkfat globule membrane (Barba et al., 2020). Fat globules range in size (2000-6000 nm) and 

are made up primarily of triglycerides (96-98%) (Damodaran et al., 2008). Fat globules are the 

largest particles in milk but their density is lower than that of the milk plasma (nonfat aqueous 

phase of the milk) around them (Damodaran et al., 2008). Because of this, milk fat tends to 

separate from the milk plasma in a gravitational separation process known as creaming 

(Damodaran et al., 2008). This process happens naturally, but can be accelerated through the use 

of centrifugal force and is a technique known as separation that is commonly used in the dairy 

industry to produce skim milk and cream (Ma and Barbano, 2000; Bylund, 2003). However this 

destabilization of the oil in water emulsion can be slowed by breaking up the fat globules into 
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smaller globules in a process known as homogenization. Homogenization involves subjecting the 

milk to high pressure at high velocity. During this process the milk fat globule membrane 

protecting the fat globule is disrupted and the surface area of the fat is greatly increased 

(Michalski and Januel, 2006). In response to this, milk protein, the majority of which are casein 

micelles, coat the newly formed fat globules reducing the interfacial tension and prevent them 

from coalescing with each other (Michalski and Januel, 2006). 

Casein Proteins 

Casein is one of the two major types of proteins found in milk. It is the primary protein 

making up about 80% of the total protein (Hoffman and Falvo, 2004). There are several types of 

casein proteins: αs1-caseins, αs2-caseins, β-caseins, and κ-caseins (Farrell et al., 2004). These 

variants can be split into two groups with one being calcium sensitive (αs1-CN, αs2-CN, and β-

CN) and the other being calcium insensitive (κ-CN) (Müller-Buschbaum et al., 2007). The 

calcium sensitive group will bind free calcium and precipitate when the concentration of calcium 

reaches a certain level (protein specific) while the calcium insensitive group will not precipitate 

in the presence of calcium (Farrell et al., 1996; Huppertz, 2013). The insolubility found in αs1-

CN, αs2-CN, and β-CN in the presence of calcium ions can be attributed to the presence of high 

amounts of phosphorylated serine (SerP) residues which bind to calcium (Thomsen et al., 1995).     

All four subspecies exist in milk in large colloidal structures know as casein micelles.  

These colloidal particles are spherical in shape and average about 160 nm in diameter 

with a range of 50-500 nm (Morr et al., 1973; McMahon and Brown, 1984; Saboya and Maubois, 

2000; McMahon and Oommen, 2013). The structure of the casein micelle has been the subject of 

much research and debate. This is largely due to the fact that their three-dimensional structure is 

not known because the casein micelle cannot be crystallized (Alaimo et al., 1999; Damodaran et 
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al., 2008). Despite this, numerous models have been proposed for the structure of the casein 

micelle due to its economic and functional importance in milk. These models can be placed in 

one of three different categories: coat-core models, internal structure models, and subunit models 

(McMahon and McManus, 1998; Fox et al., 2015). Models that fall under the coat-core category 

state that the proteins at the exterior of the micelle are different than those in the interior. Coat-

core models have considerable overlap with the other two categories and can be considered 

subcategories of both (McMahon and McManus, 1998). Subunit models claim that casein 

micelles are made up of smaller protein aggregates that bind together to form the colloidal casein 

particle. Internal structure models describe the formation and aggregation of protein polymer 

chains through hydrophobic interactions and binding of colloidal calcium phosphate. These chain 

aggregates grow to form the internal structure of the casein micelle and the growth is terminated 

by κ-casein molecules. These models have undergone many changes and adaptations throughout 

the years by many different authors. However this review will focus on two of the more 

prominent models proposed by Walstra (1990) and Holt (1992) 

  Nanocluster models as proposed by Holt (Holt, 1992), Kruif and Holt (2003), and de 

Kruif et al. (2012) can be considered as both coat-core and internal structure models. According 

to Huppertz et al. (2018), nanoclusters, specifically calcium phosphate clusters, are surrounded 

by caseins which absorb onto the surface of the CCP (colloidal calcium phosphate) nanoclusters 

and prevent them from precipitating. It is theorized that these types of nanoclusters form casein 

micelles, and the growth is terminated by the association of κ-casein on the micelle surface 

Huppertz (Huppertz et al., 2018). The distribution of CCP is believed to be homogenous, 

however the distribution of water is not homogenous (Huppertz et al., 2018).  It was proposed by 

de Kruif et al. (2012) that there are low protein density areas that are highly hydrated around the 
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nanoclusters—which is where most polar residues inhabit. However, between the casein-covered 

nanoclusters is where the casein interactions happen (hydrophobic interactions). These areas 

have low hydration and high-protein density. This model is the most recently proposed and is 

gaining popularity because it continues to align with current data on casein micelles.   

The subunits in the subunit model are also referred to as submicelles. These subunits are 

believed to be spherical in shape and between 10 to 15 nm in diameter (Walstra, 1990). They 

contain approximately 15-25 casein molecules (αs1-CN, αs2-CN, κ-CN, and β-CN) and are held 

together by a combination of hydrophobic and electrostatic interactions (salt bridges) (Walstra, 

1990; McMahon and McManus, 1998).  Colloidal calcium phosphate (CCP) forms salt bridges 

with casein proteins and essentially acts as the cement that holds all the submicelles together 

(Fox et al., 2015). Morr (1967) suggested that submicelles have a porous-like structure that is 

open because they are linked together by CCP. This model emphasizes that not all submicelles 

are the same compositionally with some containing κ-casein and others being deficient (Walstra, 

1990). The majority of κ-casein is thought to be on the outside of the casein micelle and is 

essential in providing steric stability and preventing flocculation of casein micelles (Walstra, 

1990). Because of this, submicelles containing κ-casein are believed to be positioned at the 

exterior of the micelle with the κ-casein deficient submicelles positioned at the interior (Walstra, 

1990). This model has had a lot of support throughout the years, but has never gained unanimous 

acceptance.   

Despite the considerable amount of research done to find the structure of the casein micelle, 

it is still unknown. There have been many different models proposed for the structure of the 

casein micelle, however they all seek to explain important characteristics or traits of the casein 

micelle. Below are several key features of the casein micelle: 
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1. κ-Casein (calcium insensitive) must be positioned in a way to stabilize the calcium 

sensitive caseins  (αs1-CN, αs2-CN, and β-CN). κ-Casein is found primarily on the surface 

of the micelle.  

2. The micelle has an open porous structure where proteins occupy 25% of the total volume. 

3. Chymosin must be able to rapidly hydrolyze most of the κ-casein. Because chymosin is a 

larger molecule, κ-casein must be readily available at the surface of the micelle.  

4. β-Lactoglobulin will interact with κ-casein when heated and form disulphide-linked 

complexes that modify the properties of casein micelles (rennet coagulability and heat 

stability).  

5. Casein micelles will disintegrate if CCP is removed from the system. 

6. The addition of urea, sodium dodecyl sulfate (SDS), or raising the pH above 9 will cause 

the micelles to dissociate. This suggests that hydrogen and hydrophobic bonds are 

involved in micelle structure.  

7. Alcohols, acetone, or similar solvents will destabilize casein micelles which shows that 

electrostatic interactions (salt bridges) are essential for micelle structure. 

8. With decreasing temperature, caseins, particularly β-casein, will begin to dissociate from 

the micelles. This is does not disrupt the structure of the micelle and is reversible with 

increasing temperature. This shows that hydrophobic interactions are somewhat involved 

in the structure of the micelle but are not essential. 

9. The electron density of the interior of the micelles is not uniform suggesting that the 

spacing of the protein and water is not homogenous.  
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10. Casein micelles have a negatively charged surface (zeta potential of -20 mV at pH 6.7), 

which helps to stabilize the colloidal dispersion by causing micelles to repel each other 

and prevents flocculation.  

The above are discussed in detail by (Fox et al., 2015).  

Serum Proteins 

Whey or serum protein is the other protein type that is naturally occurring in milk and it 

makes up about 20 percent of the total protein (Davoodi et al., 2016). Unlike caseins, whey 

proteins do not exist in milk as colloidal dispersions. They are mostly found as globular proteins 

and are soluble in milk (Walstra, 1999; Madureira et al., 2007). There are many types of whey 

proteins: β-lactoglobulin, α-lactalbumin, serum albumin, immunoglobulins, and protease 

peptones (Tavares and Malcata, 2016). However, β-lactoglobulin and α-lactalbumin are the most 

predominant serum proteins, together making up about 80 percent of all serum protein in bovine 

milk (Schmidt et al., 1984; Walstra, 1999).  Whey proteins have poor heat stability and are easily 

denatured at temperatures above 60oC (Dannenberg and Kessler, 1988; Singh et al., 1996). When 

heated at high temperatures in the presence of casein micelles, β-lactoglobulin, will form a 

complex with κ-casein (Oldfield et al., 2000). This changes the properties of the casein micelle, 

resulting in longer coagulation times and the formation of a weaker gel during the production of 

cheese (Singh and Waungana, 2001). Whey proteins have great pH stability and are soluble at 

lower pH levels. Because of this, whey proteins can be easily separated from casein proteins 

which precipitate at their isoelectric point (pH 4.6). This is the main mechanism used in the 

cheese making process. At a pH of 4.6, casein proteins will aggregate and form a curd while the 

whey proteins remain soluble. The resulting whey solution can then drained away, thereby 

separating the two protein types. Separation of these two protein types can also be achieved 
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mechanically through ultracentrifugation or microfiltration; the later will be described in detail 

later in this review. Ultracentrifugation is typically used in a laboratory setting to separate the 

casein micelles (colloidal dispersion) from the aqueous phase. This process is achieved by 

centrifuging milk at 100,000 x g for one hour (O’Mahony and Fox, 2013). However, the 

efficiency of casein protein separation is highly dependent on temperature (Rose, 1968; 

O’Mahony and Fox, 2013). Rose (1968) observed that the serum casein increased when milk was 

centrifuged at 4 C compared to 35 C. Ergo, because casein proteins will dissociate from the 

micelle at lower temperatures (4 C), higher temperatures (35 C) should be used to achieve better 

separation.  

Milk also contains several other proteins found in the serum phase. These other proteins 

have specific functions for health, especially in regards to the neonate, but provide little in terms 

of functional properties for beverage applications (Kilara and Vaghela, 2018). One example is 

the immunoglobulin protein group which are antibodies synthesized by the mother and passed on 

to the neonate that provide passive immunity while the immune system is developing (Bylund, 

2003; Hurley and Theil, 2013; Kilara and Vaghela, 2018). Another example is the protein 

lactoferrin which provides antimicrobial properties, is a component of the immune system, and 

enhances iron absorption. Because of these properties, lactoferrin has been considered as an 

ingredient for infant formula and health supplements (Lonnerdal and Suzuki, 2013). Other 

proteins include bovine serum albumin (BSA), lactoperoxidase, proteose peptone, and many 

others. While these proteins provide specific functions in milk, they are naturally found in small 

amounts and contribute little to the physicochemical properties of protein beverages (Farrell et 

al., 2004; Corbo et al., 2014; McGregor and Poppitt, 2014).  

Minor components  
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Minerals 

Minerals are classified as micronutrients. They do not provide energy but they are 

essential for proper growth, metabolism, and overall health (Varela-López et al., 2016). Minerals 

fall into one of two groups: major minerals (>100 mg/day) and trace elements (<100 mg/day) 

(Varela-López et al., 2016). Major minerals found in milk are phosphorous, calcium, potassium, 

sulfur, sodium, and magnesium (Fox et al., 2015). Milk contains around 20 trace elements but 

some of the important ones include copper, iron, manganese, zinc, and iodine (Fox et al., 2015). 

Minerals in milk are distributed in one of two ways, diffusible fractions and non-diffusible 

fractions (Gaucheron, 2005). Minerals in the diffusible fraction are found in the aqueous phase 

and minerals in the non-diffusible fraction are bound, mostly to casein micelles (Gaucheron, 

2005). Approximately two-thirds of calcium, half of the phosphate, and a third of the magnesium 

found in milk are bound to casein micelles with the remainder dispersed in the aqueous phase 

(Gaucheron, 2005). Minerals bound to casein micelles, such as: calcium, phosphate, and 

magnesium, play an important role in the structure of the micelle (Gaucheron, 2005). The 

concentration of calcium and phosphorous, in the form of calcium phosphate, in the aqueous 

phase is dependent on temperature (Rose and Tessier, 1959; Liu et al., 2013). Most compounds 

tend to become more soluble as temperature increases, however this is not the case with calcium 

phosphate. As temperature increases, calcium and phosphorous will become less soluble and 

shift from the aqueous phase into the casein micelle and form CCP (Rose and Tessier, 1959; Liu 

et al., 2013). This phenomenon is known as retrograde solubility or inverse solubility and occurs 

with compounds that exhibit exothermic reactions upon dissociating, such as calcium phosphate 

(Mukherjee, 2016).   
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Vitamins  

Vitamins are chemically complex micronutrients, distinct from fats, carbohydrates, and 

protein, that are natural components of foods and essential for human and animal nutrition 

(Combs, 2008). Vitamins are composed into two categories, fat soluble and water soluble, and 

are vital for normal metabolism, growth, reproduction and necessary to maintain health (McBean 

and Speckmann, 1988; Damodaran et al., 2008; Chen et al., 2015). Fat soluble vitamins, A, D, E, 

and K, are only soluble in fats whereas water soluble vitamins are soluble in water. Water 

soluble vitamins include vitamin C and all B vitamins (thiamin, riboflavin, niacin, pyridoxine, 

biotin, folic acid, pantothenic acid, and cyanocobalamin). Riboflavin, B12, and vitamin A are 

naturally occurring in milk and vitamin D is commonly fortified in milk.   

Vitamin A (retinoids and carotene): Vitamin A is characterized as a long chain alcohol 

with many isometric forms in foods (Ottaway, 1993). Vitamin A is an extremely important 

vitamin but also one of the least stable vitamins with some forms of the vitamin being more 

stable than others (Combs, 2008). Vitamin A is needed for immune system, gene expression in 

embryonic development, vision, reproduction, and is essential for growth and differential of 

tissues (Zile and Cullum, 1983; Ottaway, 1993; Yeh et al., 2017). Vitamin A deficiency results in 

night blindness, xerophthalmia, keratinzation, exhaustion and possibly death if infection occurs 

(Ottaway, 1993). Additionally, Vitamin A deficiency can occur when the incorrect form of the 

vitamin is taken due to one directional metabolic pathways of the vitamin. For example, if a 

person solely consumes the retinoic acid form vitamin A, the person (or animal) could go blind 

as the retinol/retinal form is needed for eye function/health and is a one-way metabolic 

conversion from retinal to retinoic acid. In terms of metabolism, vitamin A is stored in the liver 

in the form of retinyl esters as these can easily be converted to any needed form of the vitamin 
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(Palace et al., 1999). A major dietary source of vitamin A is provitamin β- carotene which can be 

converted to the retinol form of the vitamin in the body (Ottaway, 1993). Provitamins are 

precursors to vitamins and can be converted to the active form of the vitamins in the body. There 

are several carotene precursors with around 50 having pre-vitamin A activity, but β- carotene has 

the highest pre-vitamin A activity with 12 μg of β-carotene from food being equivalent to 1 μg of 

retinol, or 1 μg retinol activity equivalent (RAE). β- carotene and other carotenoids are found 

naturally in fruits and vegetables, whereas retinoids/retinal, or pre-formed vitamin A, are found 

naturally in animal products like milk, cheese, beef, salmon, and eggs. Carotenoid content 

largely depends on the color and maturity of vegetable (Ottaway, 1993). In terms of toxicity, 

vitamin A is only toxic in its preformed retinol form and therefore a higher intake of β -carotene 

will only result in discoloration of the skin (NIH, 2022). The daily recommended dose of vitamin 

A for adults age 19 and older is 3.0 mg per day or in terms of international units (IU), 10,000 IU 

(IU for retinal = 0.3 mcg retinal and 0.6 mcg for β -carotene) (Food and Nutrition Board et al., 

2011).  

Vitamin D (calciferol): Vitamin D is a vitamin that can also be classified as hormone 

since the body can synthesize the vitamin from ultraviolet radiation from the sun, however, it is 

commonly fortified in milk (Combs, 2008; Zahedirad et al., 2019). The body converts sunlight 

and 7-dehydrocholestrol found in our skin to pre-vitamin D3. Healthy individuals can make more 

than 90% of their required vitamin D from just casual exposure to sunlight throughout the day 

(Banville et al., 2000; Holick, 2004; Holick, 2005). However, urbanization, indoor working 

environments, and air pollution have limited our vitamin D intake and many people are not 

reaching dietary adequate amounts of vitamin D and therefore must obtain the vitamin through 

dietary sources (Holick, 2004; Combs, 2008; Zahedirad et al., 2019). Vitamin D is essential for 
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calcium absorption and bone growth and is commonly found in fish products, eggs, fish liver 

oils, meats, vegetables, and grains (Parrish, 1979; Ottaway, 1993; Holick, 2004; Yeh et al., 

2017). At risk populations for not getting enough vitamin D include breastfed infants, children, 

pregnant women, elderly, homebound individuals, and patients using immunosuppressive drugs 

(Zahedirad et al., 2019). Deficiency of vitamin D can lead to rickets so in order to counteract this 

deficiency, many foods including milk are fortified with the vitamin D. Dairy products, 

especially milk, provide an ideal matrix to protect vitamins from degrading and providing 

consumers with necessary nutrients (Dwivedi and Arnold, 1973; Ball, 2006). Milk is commonly 

fortified with retinyl palmitate (lowfat and fat free milks only) and synthetic D3 to 2,000-3,000 

IU/qt of vitamin A and 400-600 IU/qt of vitamin D (FDA, 2020; Yeh et al., 2017). In the United 

States, if fluid milk is fortified it must be fortified to at least 400 IU (FDA, 2020; Yeh et al., 

2017).  

Vitamin B2 (riboflavin): Pure riboflavin is odorless and has been noted to have an 

unpleasant bitter taste (Ball, 2006). Due to riboflavin importance, the vitamin can be found in 

low levels in all natural unprocessed foods but found in higher levels in fish, milk, eggs, yeast, 

and many other foods (Ball, 2006). Riboflavin is extremely light sensitive and hence why milk is 

frequently stored in opaque or UV blocking containers. Riboflavin is known for being highly 

unstable to both UV radiation and visible light, especially in the 420 to 560 μm range (Ottaway, 

1993; Ball, 2006; Damodaran et al., 2008). In relation to milk, past studies have investigated 

using riboflavin a means to mark light oxidation flavor (Schiano et al., 2019). When milk is 

exposed to light, it can lose 20-80% riboflavin content in just 2 hours (Ottaway, 1993). When 

photo degradation of riboflavin occurs, riboflavin can generate a singlet oxygen which can then 

react with polyunsaturated fatty acids to create hydro peroxides, leading to off flavor 
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development (Aurand et al., 1977). If vitamin D is present which this occurs, the singlet oxygen 

formed from riboflavin reacted with vitamin D to form vitamin D-5,6-epoxide leading to less 

bioavailability of both vitamins (King and Min, 2002). 

Protein Beverages 

Ready to Drink (RTD) 

Protein beverages continue to grow in popularity as they attract multiple consumers due 

to their convenience, health appeal, and variety (Formanski, 2021). Sales for beverages in this 

sector are expected to continue to grow steadily and are forecasted to exceed 6.3 billion dollars 

US dollars by 2025 (Formanski, 2021). The acceptable macronutrient distribution range 

(AMDR) for protein for adults is 10 to 35 percent of the daily energy consumption (Institute of 

Medicine, 2005). This translates to 50-175 g of protein per day with 50 g being the Daily Value 

(DV) for a 2000 calorie diet (FDA, 2021). Ready to drink (RTD) protein beverages typically 

contain 5-40 g of protein per serving, making them a good choice for consumers to fulfill their 

dietary recommendations. However, previous research has shown that consumers prefer between 

20-29 g of protein per serving (Harwood and Drake, 2021). The beverages within this protein 

range can be labeled with health claims such as: high, rich in, or excellent source of protein 

according to CFR Title 21 section 101.54 (2021).  

RTD protein beverages typically fall within two categories: neutral pH and high acid 

(pH < 4.6). Whey protein ingredients are typically used in high acid products because this pH 

range is where they are the most stable. The isoelectric points of the two predominant whey 

proteins (β-lactoglobulin and α-lactalbumin) are around pH 5 and are where they are the least 

soluble due to loss of charge and protein aggregation (Burrington, 2012). If a beverage 

containing whey protein ingredients were at pH 5, it would appear cloudy due to lower solubility 
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of the whey protein. Decreasing the pH (<3.5) will increase the repulsive force (increases 

charge), thereby inhibiting interactions between proteins and increasing the solubility 

(Vardhanabhuti et al., 2010; Burrington, 2012). The high solubility of whey proteins at pH <3.5 

make these beverages appear very clear and they are known as clear acidic whey protein 

beverages. In contrast, dairy protein concentrates containing casein proteins (milk protein, 

micellar casein) are great ingredients that can be used for neutral pH beverages because of the 

high protein content and nutritional appeal (Formanski, 2021). Also, because caseins will 

precipitate at pH 4.6 they are not used in high acid beverages. RTD protein beverages are usually 

shelf stable and thus require specific processing parameters that will be discussed in the next 

section. Despite the growing popularity of RTD beverages, there has been limited published 

research done in this area.  

Thermal Processing 

Clear acidic whey protein RTD beverages typically have a low pH (<3.5) and require a 

less aggressive heat treatment than neutral pH RTD beverages. These beverages can be thermally 

treated by a process known as hot fill. For this process, the beverage is heated to greater than 

83oC, held for up to two minutes, filled into bottles, capped, inverted, and then cooled  (Breidt et 

al., 2010; Lea, 2016; U.S. Dairy Export Council et al., 2017). The hot acidic liquid essentially 

sterilizes the container and cap and the low pH further hinders microbial growth, making these 

beverages shelf stable (Sperber, 2009; U.S. Dairy Export Council et al., 2017). These types of 

beverages can also be thermally processed by high temperature short time (HTST) 

pasteurization, but are not shelf stable and require refrigeration (Center for Dairy Research, 

2019).  The minimum temperature and time required for this process is 72oC for 15 s as outlined 

by the Food and Drug Administration (FDA) in the Pasteurized Milk Ordinance (PMO; 2020). 
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This type of pasteurization is commonly used for milk, however, because products produced by 

this method require refrigeration, it is not typically used for acidic protein beverages.   

To ensure shelf stability, neutral pH beverages require retort or aseptic processing, in 

which the latter is typically achieved through direct steam injection (DSI) (Datta et al., 2002). 

DSI is a form of direct heating used for ultra-high temperature (UHT) and ultra-pasteurization 

(UP) processing where steam is injected directly into the product thereby quickly heating it to the 

target temperature (Datta et al., 2002; Bylund, 2003; Britz and Robinson, 2008). The product and 

steam are then held at that temperature for a short time. After which, the mixture enters a 

chamber where it is subjected to a vacuum which simultaneously removes the excess moisture 

(steam) and cools the product (Datta et al., 2002; Bylund, 2003; Britz and Robinson, 2008). The 

processing conditions for UHT pasteurization and UP can vary slightly but the main difference 

between the two methods is that UHT beverages are aseptically packaged and UP beverages are 

not (Cornell, 2007; FDA, 2020). Because of this, UP beverages are not considered shelf stable 

and still require refrigeration, but the shelf life of the product is significantly extended (Cornell, 

2007). The minimum time and temperature required to achieve UP as defined in CFR Title 21 

section 131.3 are 138oC for at least two seconds (2020). However, the times and temperatures for 

this process range from 138-145oC for 2-10 s (Rosenberg, 2022). Because of the high 

temperatures used in this process, beverages of this type commonly require the use of buffering 

agents. Buffering agents make the beverages less susceptible to pH changes. Resistance to 

changes in pH is necessary because the pH of milk will decrease as temperature increases and if 

the pH drops below the isoelectric point of casein (pH 4.6) it will disrupt the dispersion by 

causing protein aggregation. This drop in pH is due to the reduced solubility of calcium 

phosphate with increasing temperature which decreases the ionic strength of the solution (Rose 
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and Tessier, 1959; Fox et al. 2015). Neutral pH protein beverages can also be processed by 

HTST but they must also be refrigerated. The parameters required for HTST pasteurization were 

discussed earlier in this review.  

Phosphates 

Beverages 

Phosphates are used as ingredients in many dairy applications including buffering agents, 

ion exchange, gelation promotion, and sequestrants (Lampila, 2013). There are many different 

phosphate ingredients available, however, Table 1.2. DKP is a common ingredient used as a 

buffering agent in high temperature processed beverages to maintain the pH (Garg, 2003; 

Lampila, 2013; Joint FAO/WHO Codex Alimentarius Commission, 2021). While DKP and other 

phosphates work well for this application, they interact with milk proteins and inorganic cations 

such as calcium. Tessier and Dyson (1958) found that the addition of orthophosphate salts 

caused the ionic calcium concentration to decrease, most likely causing them to precipitate and 

migrate to the interior of the micelle. In addition to this, Fox et al. (1964) reported that high 

levels of orthophosphates (0.1-0.2 M) caused gelation in milk at room temperature (25oC) with 

the rate of the gelation being directly proportional to the concentration of phosphate, calcium 

ions, and milk solids-non-fat. They also found that complete removal of calcium prevented the 

formation of any gel, suggesting that calcium is a critical component for increasing viscosity 

(Fox et al., 1964). They theorized that as the calcium phosphate diffusion into the micelle 

reached a critical level, structural changes occurred causing a decrease in opacity and allowed for 

interactions between casein micelles (Fox et al., 1964). The thickening or gelation of aseptically 

processed concentrated milk (canned) was also found to occur by addition of orthophosphates 

(Stewart, 1967). This result suggests that phosphates can provide increased heat stability in dairy 



   

20 

 

beverages, but produce undesirable gelation in the container post processing. In contrast, the 

addition of small amounts of orthophosphates (1-15 mM) to milk at normal concentration was 

found to cause little change in the viscosity (Ellinger, 1972).  

Choi and Zhong (2020) observed that the turbidity of 5% (wt/vol) rehydrated skim milk 

powder decreased with increasing amounts (0-30 mM) of sodium tripolyphosphate and sodium 

hexametaphosphate (SHMP) with each phosphate providing different turbidities at the same 

concentrations. Choi and Zhong (2020) attributed this result to the different capacities of each 

phosphate to bind calcium. The ability of phosphates to bind calcium causes CCP to leave the 

micelles and bind to the phosphates resulting in the dissociation of the casein micelles and a 

decrease in turbidity (Mizuno and Lucey 2005; de Kort et al., 2011; Culler et al., 2017; Choi and 

Zhong, 2020). The addition of SHMP to beverages containing casein has shown to cause 

aggregation of dissociated micelles by binding to the positively charged amino acid residues 

(Mizuno and Lucey, 2007; de Kort et al., 2011; Choi et al., 2021). Choi et al. (2021) found that 

the addition of SHMP to 10% (w/w) nonfat dry milk (NFDM) beverages resulted in an increase 

in viscosity over a 10 week period at both 4 C and 21 C, but viscosity did not increase in 5% 

NFDM beverages with SHMP. This result suggests that there is a minimum protein content 

required for this increase in viscosity to occur. Choi et al. (2021) also observed that 10% NFDM 

beverages containing SHMP gelled at 21 C but remained liquid at 4 C over the 10 week period. 

The lack of gelation in the 10% NFDM beverages at 4 C was most likely due to the weakened 

hydrophobic and electrostatic interactions between caseins at that temperature (Balakrishnan et 

al., 2018). The research done in this area provides valuable insight for the use of phosphates in 

dairy beverages. However, more work is still needed to better understand the effect of 

phosphates on protein type and concentration in beverages.    
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Processed Cheese 

Phosphates are commonly used as an ingredients in processed cheese and are sometimes 

called emulsifying salts. These salts are not inherently emulsifiers themselves; rather, they 

interact with calcium and protein to facilitate the emulsification of fat in processed cheese (Carić 

et al., 1985; Culler et al., 2017). According to Carić et al. (1985), this process is accomplished by 

the following: chelating calcium and removing it from the micelle, solubilizing and dispersing 

proteins, causing proteins to swell from hydration, acting as a buffer (controlling pH), and 

providing structure by forming a complex with the calcium and casein. The hydration and 

dispersion of the protein allows them to better coat the surface of the fat globules (Chen and Liu, 

2012). This emulsification is essential in providing processed cheese with the physical 

characteristics it is known for (meltability, texture, spreadability, etc.) (Gupta et al., 1984; Culler 

et al., 2017). When processed cheese is heated without the addition of phosphates, excessive 

clumping and coalescence of fat globules occurs (Guinee et al., 2004). This results in an 

inhomogeneous mass that quickly loses moisture and fat (oiling off), especially upon cooling 

(Guinee et al., 2004). Guinee et al. (2004) suggested that this occurred due to the casein 

becoming less hydrated and lacking the necessary structure to emulsify the fat.   

Marchesseau et al. (1997) found that pH played an important role in the development of 

the physicochemical characteristics of processed cheese during production, with optimal pH 

ranging from 5.7-6.0. Changes in pH caused variation in the ionic composition and strength 

which substantially modified the protein interactions and affected the final structure and quality 

of the protein gel (Marchesseau et al., 1997).  Increasing pH made the processed cheese more 

liquid and decreasing pH made it more solid (Lee and Klostermeyer, 2001). Gupta et al. (1984) 

recognized that when acidic emulsifier salts were added to the processed cheese they decreased 
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the pH at or below 5.2 which resulted in a dry/crumbly texture that failed to emulsify the fat; 

most likely because it was unable to form a continuous protein matrix. Phosphate salts are 

important ingredients used for controlling the pH of processed cheese because they modify the 

pH to give the product its ideal structure while also acting as a buffer to prevent further changes 

in pH (Ellinger, 1972; Carić et al., 1985; Dimitreli and Thomareis, 2007).  

Membrane Filtration 

Background 

The first separation membranes with graded pore sizes were designed in the 1930s and 

were made from nitrocellulose (collodion), but were unsuccessful in attempting to produce pure 

water (Pouliot, 2008). However, two graduate students initiated modern membrane technology in 

the 1960s after the development of a reverse osmosis (RO) water filtration system in southern 

California (Loeb and Sourirajan, 1963). Within a few years, manufacturers were able to develop 

reproducible membranes and eventually the dairy industry adopted membrane technology within 

the next decade (Pouliot, 2008). With the development of new materials, such as cellulose 

acetate and polysulfone, and sanitary modules, the dairy industry began using ultrafiltration (UF) 

for concentration of acid whey and manufacture of cheese (Pouliot, 2008). This technology has 

since been shown to be a continuing asset to the industry throughout the years with the evolution 

of membrane technology and the development of new applications. Membrane filtration employs 

the use of a pressure gradient to force molecules through a semipermeable membrane based on 

its porosity (Richert, 1975). There are four major filtration processes that are utilized by the dairy 

industry and are categorized by pore size and molecular weight cutoff. These processes are 

known as MF, UF, nanofiltration (NF), and RO (Figure 1.1). Anything small enough to pass 
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through the membrane is known as permeate and anything retained by the membrane is known 

as retentate.  

Micellar Casein Concentrate 

Composition and Purity 

Micellar casein concentrate (MCC) or microfiltered milk protein (MMP) is the liquid or 

dried concentrate of micellar casein that is produced by removing serum proteins in skim milk 

through a separation process known as microfiltration (MF). While this product is known by 

both MCC and MMP, this review will refer to it as MCC for simplicity. There is currently no 

legal definition of MCC. Despite this issue, the American Dairy Product Institute (ADPI; 2018) 

defines MCC as a product produced using microfiltration that alters the casein-to-whey protein 

ratio. They also provide a naming mechanism for MCC based on percent protein and include min 

or max standards for protein, fat, lactose, ash, and moisture demonstrated in Table 1.3 (ADPI, 

2018). However, this standard way to classify MCC lacks information regarding casein purity. 

The purity of MCC is one of the important factors that affect its flavor and functionality and 

distinguish it from milk protein concentrate (MPC; Carter et al., 2021c). 

Conventionally, dairy protein concentrates have been named based off their percent 

protein on a dry-matter basis (total protein). However, because the ratio between casein and 

whey proteins have been altered for MCC, nomenclature based off of total protein does not 

accurately describe the purity or the percentage of serum protein removed. For example, there 

could be two different bags of MCC with the same amount of total protein (same name) but 

differing casein-to-whey ratios. This is a problem because these two ingredients appear to be the 

same but are in fact different. One of the major differences is the negative contribution to flavor 

from whey proteins. Whey proteins have been associated with contributing to cooked and sulfur 
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or eggy flavor and aroma in milk (Mehta, 1980; Calvo and Hoz, 1992). Lee et al. (2017) 

demonstrated that consumers dislike cooked and sulfur flavors in ultrapasteurized (UP) milk. 

Vogel et al. (2021) evaluated 6.3% UP protein beverages made with different casein:whey 

protein blends.  Only protein beverages made with 95% serum protein reduced MCC had no 

detectable sulfur flavors by sensory analysis (Vogel et al., 2021).  More recently, Whitt et al. 

(2022, in press) found that a minimum reduction of 91% of total serum protein was required in 

UP MCC protein beverages to prevent a noticeable sulfur/eggy flavor. As such, purity needs to 

be an essential criterion in the naming of MCC and finding a way to do this effectively should be 

a focus of the dairy industry.  

   Another important thing to consider regarding the purity of MCC is the method used to 

determine the casein-to-whey ratio. For liquid MCC, Kjeldahl analysis would be sufficient to 

determine the residual whey protein.  For powders, HPLC or SDS-PAGE analysis is required 

because Kjeldahl analysis would provide inaccurate results due to partial whey protein 

denaturation and formation of disulfide bonds with casein micelles after heat treatment (Verdi et 

al., 1987; Jang and Swaisgood, 1990; Whitt et al., 2022, in press).  

Manufacture  

MF is characterized as having the largest pore size (0.1–10 µm) and requires the lowest 

processing pressure (0.01–0.2 MPa; Rosenberg, 1995; Pouliot, 2008). Due to its broad range of 

pore size, MF can be used to separate different macromolecules such as bacteria, milk fat 

globules, and milk proteins (Pouliot, 2008). If skim milk is run through a MF membrane with a 

pore size of 0.1 µm, casein micelles (50–500 nm) will be retained while serum protein (3–6 nm) 

will pass through the membrane thereby producing two high quality dairy protein ingredients, 

MCC (retentate) and milk derived whey protein (MDWP; permeate; McMahon and Brown, 
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1984; Saboya and Maubois, 2000; McMahon and Oommen, 2013). However, research has 

shown that temperatures greater than 78oC for pasteurization prior to microfiltration will cause 

whey protein to denture and attach to casein micelles and prevent the denatured whey proteins 

from passing through the membrane (Saboya and Maubois, 2000).  As such, careful attention 

must be made to heat treatment of milk prior to MF for MCC production. 

There are many different membrane materials available for dairy processing, but ceramic 

and spiral wound (polymeric) membranes are most commonly used for MF. While these two 

membrane material types are commonly used, they have distinct differences in cost and 

processing efficiency. Cost is often a major factor in selecting a membrane material with ceramic 

membranes having an overhead cost approximately ten times greater than that of polymeric 

spiral wound membranes (Guerra and Pellegrino, 2012; Park et al., 2014). However, ceramic 

membranes have a much greater lifespan (at least ten years compared to half a year) and a more 

tolerant range for pH and temperature conditions compared to polymeric membrane systems 

(Guerra and Pellegrino, 2012; Park et al., 2014; Gitis and Rothenberg, 2016).   

MF membranes have higher rates of fouling compared to other membrane types because 

the larger pore size facilitates the accumulation of milk solids on the membrane surface. A 

common practice to prevent fouling is to apply a high cross-flow velocity which creates lift of 

the particles and prevents them from accumulating in the pores. However, due to the design of 

spiral wound membranes, high cross-flow velocity cannot be applied because it causes the 

membrane to telescope; therefore, they tend to have a higher rate of fouling than ceramic 

membranes (Sablani et al., 2001; Carter et al. 2021a;b;c). Ceramic membranes are designed to be 

able to handle high cross-flow velocity while maintaining a low transmembrane pressure (Carter 

et al. 2021a;b;c). This helps to maintain a consistent permeate passage throughout the entire 
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length of the membrane and provides a high rate of permeate passage by preventing major 

fouling on the surface of the membrane (Karasu et al., 2010). Because of this and the fact that 

ceramic membranes have a very uniform pore size, it allows for separation of molecules by the 

declared molecular weight cutoff. In contrast, because of the higher rate of fouling and formation 

of a concentration polarization layer in polymeric membranes, the separation is determined by 

this layer rather than the declared size of the pores (Sablani et al., 2001).  

These two membrane material types also differ in their ability to remove serum protein 

from skim milk. Research has shown that ceramic membranes have a much higher serum protein 

removal rate at greater than 95 percent compared to polymeric spiral wound membranes which 

can remove about 70 percent (Beckman et al., 2010; Carter et al. 2021a;b). These results were 

achieved via a three stage process with two diafiltration stages (diluted 1:2 with RO water) while 

maintaining a 3X concentration at 50oC (Beckman et al., 2010; Carter et al. 2021a;b).  Beckman 

et al. (2010) also predicted that a 95 percent serum protein removal could be achieved with a 

polymeric membrane, but would require an additional five diafiltration stages for a total of eight 

stages. This process would be more than double the time required to achieve the same serum 

protein removal from a ceramic MF system and would greatly increase the operating cost.  

Milk Protein Concentrate  

Composition 

The ADPI defines MPC as a concentrated milk product that contains 40-90 percent 

protein (ADPI, 2021). MPC is usually produced from skim milk and contains the same ratio of 

casein and whey that are found in milk. The proteins are concentrated by the removal of lactose, 

minerals, and other minor components by UF membrane processing. There is currently no 

standard of identity for MPC in the US. However, unlike with MCC, the casein to whey ratio has 
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not been altered in MPC (80:20) making the standard naming mechanism based off of total 

protein a viable naming option. Compositional industry standards provided by the ADPI for 

typical MPC products can be found in Table 1.4 (2018). 

Manufacture 

UF membranes are characterized as having the next largest pore size following MF with a 

range of 1-500 nm and an operating pressure of 0.1-1.0 MPa (Rosenberg, 1995; Pouliot, 2008). 

UF pore size are small enough that they retain all milk protein (serum and casein micelles) while 

allowing for lactose and minerals to pass through into the permeate stream. As such, UF is 

applied to milk for the production of MPC.  This process allows for the production of a high 

protein low lactose product that can be used as an ingredient in a variety of applications.  

MPC production typically utilizes polymeric membranes but ceramic membranes can be 

used (GEA, 2020). Polymeric membranes are preferred for this process because they have a 

much lower cost and don’t have the same challenges as described above with serum protein 

removal in the MF process. However, besides the differences in retention of milk fractions, the 

UF process follows a similar method of the MF process. Pasteurized skim milk is subjected to 

varying stages (with or without diafiltration) depending on the desired protein content while 

maintaining a 3X concentration level (DMI, 2005). The diafiltration stages determine the amount 

of lactose that is removed with more diafiltration stages removing more lactose and thus 

producing a higher protein product (DMI, 2005).  

Conclusions 

MCC and MPC are ideal ingredients for neutral pH protein beverages because of their 

high protein and low carbohydrate content. With the emergence and increasing popularity of the 

clean label trend, it is evident that the dairy industry needs to focus on making dairy products 
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more clean label. This can be done by determining if ingredients currently used in formulations 

are truly necessary to provide consumers with the types of products that they are looking for. If 

these ingredients are deemed unnecessary, they can easily be removed from a formulation. 

However, if ingredients are found to be essential to a product, research could be done to find a 

more consumer friendly ingredient that provides the same/similar function. Ingredients, such as 

DKP, are perceived negatively by consumers and this could reflect negatively on dairy products. 

The objectives of this thesis were to determine the effects of DKP and thermal process on model 

beverages made with MCC and MPC.
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Tables and Figures 

Table 1.1. Ingredient functional classes, definitions, purposes (taken directly from Joint 

FAO/WHO Codex Alimentarius Commission, 2021) 
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Table 1.1. (continued) 
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Table 1.2. Classification of phosphate ingredients, their usage rates, and examples (Created 

using information from 21 CFR 182, 2022 and Phosphates, 2019)  

*Usage rates for phosphate ingredients that are generally recognized as safe (GRAS) are guided 

by good manufacturing practices (GMP) 

 

 

Table 1.3. Composition standards for micellar casein products (taken directly from ADPI, 2018)  

(*) Protein content ≥ 85.0% is reported on a dry basis, all other parameters are reported “as is” 
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Table 1.4. Composition standards for milk protein concentrate and milk protein isolate (taken 

directly from ADPI, 2018).  

(*) Protein content ≥ 85.0% is reported on a dry basis, all other parameters are reported “as is” 

 

 

Figure 1.1. Range of pore size and passed/rejected particles by membrane type (taken directly 

from Bylund, 2003). 
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Abstract 

Our objective was to determine the impact of addition of dipotassium phosphate (DKP) at 

and three different thermal treatments of 7.5% milk protein-based beverages on beverage color, 

viscosity, and sensory properties during 15 d of storage at 4oC. Micellar casein concentrate 

(MCC) and milk protein concentrate (MPC) containing about 7.5% protein were produced from 

pasteurized skim milk using a 3X, 3-stage ceramic microfiltration (MF) process and a 3X, 3-

stage polymeric ultrafiltration (UF) membrane process, respectively. The MCC and MPC were 

each split into 6 batches, based on thermal process and addition of DKP. The 6 batches were no 

heat treatment with DKP (0.15%), no heat without DKP (0%), HTST with DKP, HTST without 

DKP, direct steam injection (DSI) with DKP, and DSI without DKP. The 6 MCC milk-based and 

the 6 MPC milk-based beverages were stored at 4oC. Viscosity, color, and sensory properties 

were determined over 15 d of refrigerated storage. MCC and MPC based beverages at 7.5% 

protein with and without 0.15% added dipotassium phosphate (DKP) were successfully run 

through an HTST (72˚C for 15 s) and direct steam injection (140˚C for 2.3 s) thermal process. 

The 7.5% protein MCC-based beverage contained higher calcium and phosphorus (2425 and 

1583 mg/L, respectively) than the 7.5% protein MPC- based beverages (2141 and 1338 mg/L, 

respectively).  Pasteurization (HTST) had very little impact on beverage particle size distribution 

while direct steam injection thermal processing produced protein aggregates with medians in the 

range of 10 and 175 μm for MPC beverages. A population of casein micelles at about 0.15 μm 

was found in both MCC and MPC based beverages.  Larger particles in the 175 μm range were 

not detected in the MCC beverages. In general, the apparent viscosity (AV) of MCC beverages 

was higher than MPC beverages. Added DKP increased the AV of both MCC and MPC based 

beverages, while increasing heat treatment decreased AV. The AV of beverages with DKP 
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increased during 15 d of 4oC of storage for both MCC and MPC, while there was very little 

change in AV during storage without DKP and a similar effect was observed for sensory 

viscosity scores. L-value of beverages was higher with higher the heat treatment, but add DKP 

decreased L-value and sensory opacity greatly. Sulfur-eggy flavors were detected in all MPC 

beverage, but not MCC based beverages. 
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Introduction 

Ready to drink (RTD) protein beverages are a popular commodity in the United States 

with nutrition and weight loss drinks reaching approximately 7 billion dollars in total sales in 

2021 (Mintel, 2022). Micellar casein concentrate (MCC) and milk protein concentrate (MPC) 

are ingredients that can be used for neutral pH ready-to- drink (RTD) protein beverages because 

of their good solubility, high protein and low lactose content (U.S Dairy Export Council, 2012, 

2015, 2019). However, these two ingredients differ in their flavor properties and protein 

composition. MCC is produced by removing a portion of serum protein from skim milk through 

the process of microfiltration (MF) (Zulewska et al., 2009; Carter et al., 2021). A MF process 

can utilize either ceramic or polymeric membranes. Zulewska et al. (2009) reported that ceramic 

membranes are more efficient at removing serum protein than spiral wound polymeric 

membranes (i.e., 95% and 70% serum protein reduction, respectively) under similar processing 

conditions (i.e., at 50˚C, crossflow filtration with 3 stages at 3x concentration factor). Due to the 

removal of serum protein, MCC has an altered ratio of casein to serum protein compared to the 

original skim milk. This ratio is important for determining the purity of MCC which is defined as 

casein as a percentage of true protein (CN%TP) (Whitt et al., 2022). For example, an MCC with 

a 95% serum protein reduction has a purity of 94 to 95% and is approximately 85% protein on a 

dry basis (Whitt et al., 2022). MPC is produced by removing lactose and minerals through 

ultrafiltration (UF) and the CN%TP is the same as the original milk (ca. 82%) (Meena et al., 

2017). For example, MPC 85 contains approximately 85% casein plus serum protein on a dry 

basis (U.S. Dairy Export Council, 2019).  

Non-dairy food additives are used for a variety of reasons in food products but they are 

often added to dairy protein beverages to improve mouthfeel and heat stability. Common 
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ingredients used to improve mouthfeel/viscosity and heat stability of dairy protein beverages 

include hydrocolloids and calcium chelators, respectively.  Hydrocolloids are a group of 

polysaccharides and proteins that either provide texture (thickening agent) or produce a gel 

network (gelling agent) that can suspend small particles and can increase viscosity of a food 

system (Fallourd and Viscione, 2009; Williams and Phillips, 2009).  During heating of milk, 

additional colloidal calcium phosphate is formed (less soluble at higher temperatures) and causes 

milk pH to decrease (Fox et al., 2015). Addition of phosphates and citrates (calcium chelators) in 

milk-based beverages has been shown to increase heat stability (based difference in heat 

coagulation time [HCT]) and this has been attributed to the binding of soluble calcium (de Kort 

et al., 2012). de Kort et al. (2012) reported that disodium uridine monophosphate (Na2UMP, 

calcium chelator) was the most effective heat stabilizer in 9% (w/v) micellar casein isolate (MCI, 

85% protein [dry basis] less than 5% serum protein) solutions, as it bound sufficient free calcium 

ions to reduce protein aggregation without affecting the micellar structure. The calcium chelators 

disodium hydrogen phosphate (Na2HPO4), trisodium citrate (TSC), and phytic acid 

dodecasodium salt hydrate (sodium phytate, SP) induced a comparable increase in HCT in the 

MCI solutions, but the increase in HCT was smaller than that for Na2UMP. The slight 

differences in HCT for these samples were explained by the higher sensitivity of dissociated 

casein micelles for calcium-induced protein aggregation. Sodium hexametaphosphate was the 

least effective heat stabilizer. The binding of soluble calcium by chelators prevents the formation 

of colloidal calcium phosphate and the decrease in pH associated with its formation (de Kort et 

al., 2012). Dipotassium phosphate (DKP: K2HPO4) is a common ingredient used in dairy 

creamers processed under UHT conditions to prevent changes in coagulation. (National Center 

for Biotechnology Information, 2022).  
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The clean label trend recently emerged and has become popular amongst consumers. 

Currently there is no legal definition of clean label. However, clean label products are typically 

considered to have short ingredient lists that contain no negatively perceived ingredients, 

especially ingredients with long or chemical sounding names (Aschemann-Witzel et al., 2019; 

Sipple et al., 2021). It is possible that ingredients such as DKP may not be considered clean label 

due to the chemical sounding name. Therefore, it is important to understand the role of DKP in 

milk protein beverages. The objective of this research was to determine the impact of addition of 

DKP to 7.5% milk protein-based beverages and thermal process with and without added DKP on 

beverage color, viscosity, and sensory properties during 15 d of storage at 4oC.  

Materials and Methods  

Experimental Design  

Micellar casein concentrate and milk protein concentrate containing about 7.5% protein 

were produced from pasteurized skim milk using a 3X, 3-stage ceramic microfiltration (MF) 

process and a 3X, 3-stage polymeric ultrafiltration (UF) membrane process, respectively. The 

MCC and MPC were each split into 6 batches, based on thermal process and addition of DKP. 

The 6 batches were no heat treatment with DKP, no heat without DKP, HTST with DKP, HTST 

without DKP, direct steam injection (DSI) with DKP, and DSI without DKP. The 6 MCC milk-

based and the 6 MPC milk-based beverages were stored at 4oC. Viscosity, color, and sensory 

properties were determined over 15 d of refrigerated storage. The experiment using MCC was 

replicated 3 times and MPC was replicated 2 times starting with different batches of pasteurized 

skim milk in different weeks.  

Skim Milk Processing Prior to Filtration 
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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 (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. 

Micellar Concentrate Manufacture  

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). Operation and cleaning were as described by 

Zulewska et al. (2009). 

Milk Protein Concentrate Manufacture  

Pasteurized skim milk (approximately 450 kg) was warmed to 50°C using a plate heat 

exchanger and ultrafiltered with a 10 kDa nominal molecular weight cut-off polyethersulfone 

(PES) (TRISEP DS UP010 3883-31, Mycrodyn-Nadir US, Inc., Goleta, CA) membranes 

(surface area of 7 m2 per membrane, length of 0.965 m per membrane). The membranes had a 

spiral wound (SW) configuration, a diameter of 96 mm and a feed spacer thickness of 0.7874 

mm. Two membrane elements were housed in one stainless steel module that was mounted 
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horizontally in the UF system. The SW UF system had a feed pump (#4, Thomsen Group LLC, 

Kenosha, WI) and a retentate recirculation pump (Model FPX 732, Fristam Pumps, Middleton, 

WI). Dial pressure gauges (Sani-Flow, Filtration Engineering, Champlin, MN) were used to 

monitor the retentate pressure outlet (Rpo) and retentate pressure inlet (Rpi). Permeate pressure 

outlet was assumed to be 0 kPa because the permeate exit tube was open to the atmosphere.  

Cleaning the UF Before Processing 

The soak solution (0.26% solution of Ultrasil MP; Ecolab Inc., Food and Beverage 

Division, St Paul, MN) was flushed with deionized (DI) water until the water exiting the system 

was at neutral pH. The retenate pressure at the inlet (Rpi) and retenate pressure at the outlet 

(Rpo) were set by adjusting the speed of the recirculation pump and retenate outlet valve. The 

membrane was cleaned for 10 min at 276 kPa Rpi and 138 kPa Rpo with a combination of 

Ultrasil 110 liquid alkaline membrane cleaner (0.39% vol/vol) and XY-12 liquid sanitizer 

(0.15% vol/vol; Ecolab Inc., Food and Beverage Division, St Paul, MN) diluted in 50oC DI water 

to a pH of 11.2 to 11.4. The operating conditions were set such that the average ΔP per element 

was approximately 69 kPa. After the alkaline cleaning cycle was completed, the membrane 

system was flushed with 50oC DI water until neutral pH was obtained. The membrane was 

cooled to 20°C and sanitized with a solution of XY-12 liquid sanitizer (0.15% vol/vol) to achieve 

a chlorine level of 150 to 180 ppm in DI water. This solution was circulated through the 

membrane for 10 min at 276 kPa Rpi and 138 kPa Rpo with no permeate back pressure. The 

membrane flushed with 50°C DI water to neutral pH. The starting water flux before milk was 

determined using 50°C DI water with only the feed pump running, the permeate outlet fully 

open, and a Rpo of 138 kPa adjusted by partially opening the retentate bleed valve. The clean 
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water flux (typically about 87 kg/m2/h) was calculated based on the weight of permeate collected 

in 30 s and the total membrane surface area.  

Skim Milk Ultrafiltration and Diafiltration  

Skim milk and diluted stage 1 and stage 2 retentates were processed using the 3-stage 

procedure outlined below. In stage 1, skim milk was heated to 50°C and ultrafiltered. For stages 

2 and 3, retentate from the previous stage was diluted (1 part retentate and 2 parts DI water) back 

to the original weight of skim milk from stage 1 (about 450 kg). Before processing, skim milk or 

diluted retentate was heated to 50°C and held at that temperature for the duration of processing. 

Throughout the run, the retentate removal rate was adjusted to maintain a 3× concentration factor 

(CF) and achieve a ΔP <138 kPa. Samples of permeate and the retentate were collected every 15 

min for analysis by infrared spectrophotometer (Lactoscope FTIR, Delta Instruments, Drachten, 

the Netherlands) to monitor their composition. For stage 3 the concentration factor was adjusted 

(about 2.5x) to achieve a protein content of about 7.5%. The pH of the retentate was measured 

with an electrode (model LE438, Mettler Toledo, Columbus OH) that was standardized at pH 

4.06 and 6.97 at 50°C (pH 4.00 and 7.00 standard buffer solutions, Thermo Fisher Scientific, 

Waltham, MA). The retentate was cooled and stored overnight in a water-cooled tank at <4oC 

(s/n 6332-5, Precision Stainless, Springfield, MO).  

Post-Process UF System Cleaning 

After each day of processing, the SW UF system was cleaned as follows: first, the MF 

system was flushed with 379 L of 50°C DI water at 276 kPa Rpi and 138 kPa Rpo, with no back 

pressure on the permeate side. During a second rinse using 379 L of 50°C DI water, the 

recirculation pump was turned off and the Rpo was adjusted to 138 kPa by adjusting the retentate 

outlet valve. The fouled water flux (kg/m2 per hour) was calculated based on the weight of 
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permeate collected in 30 s and the membrane area and was typically about 20% of the clean 

water flux. After determination of the fouled water flux, the membrane was cleaned for 30 min 

with a combination of Ultrasil 110 liquid alkaline membrane cleaner (0.39% vol/vol, pH 11.2 to 

11.4), and Ultrasil 01 liquid high surfactant cleaner (0.08% vol/vol, Ecolab Inc.) in 50°C DI 

water at 276 kPa Rpi and 138 kPa Rpo, with no back pressure on the permeate side. These inlet 

and outlet pressures were used for all cleaning procedures unless otherwise indicated. After the 

30-min alkaline clean, the membrane was flushed to a neutral pH with 50°C DI water, and then 

cleaned with Ultrasil 76 liquid acid cleaner (0.15% vol/vol, Ecolab Inc., pH 2.0 to 2.2) in 50°C 

DI water for 30 min. After the 30-min acid wash, the membrane was flushed to a neutral pH with 

50°C DI water. The membrane was then cleaned for 30 min with a combination of Ultrasil 110 

liquid alkaline membrane cleaner (0.39% vol/vol), and XY-12 liquid sanitizer (0.15% vol/vol) at 

a pH of 11.2 to 11.4 with a chlorine level of 150 to 180 ppm at 50°C DI water. After the 30-min 

clean, the membrane was flushed to a neutral pH with 50°C DI water. When the rinse water pH 

was neutral, the system was flushed with DI water at 50°C. The final clean water flux was 

determined using 50°C DI water with only the feed pump running, the permeate outlet fully 

open, and a Rpi of 138 kPa which was achieved by adjusting the retentate outlet valve. After the 

ending flux was determined, the membrane was sanitized with a solution of XY-12 liquid 

sanitizer (0.15% vol/vol) in DI water (20°C) with a chlorine level of 150 to 180 ppm. This 

solution was circulated through the membrane for 10 min at 276 kPa Rpi and 138 kPa Rpo and no 

permeate back pressure. The membrane was then flushed with room temperature DI water to a 

neutral pH. After a neutral pH was obtained, a storage solution of Ultrasil MP soak solution 

(0.26% vol/vol, Ecolab Inc.) and room temperature DI water were combined to achieve a pH 3.5 

to 3.9, and this solution was circulated through the membrane for 10 min. After 10 min, the 
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pumps were shut off and all the valves on the membrane housing were closed so that the soak 

solution could stay in contact with the membrane until the next processing day. 

Beverage Formulation for Thermal Processing 

The MCC and MPC-based beverages were formulated to contain 7.5 % protein. The 

HTST pasteurized and DSI beverage batches (with and without added dipotassium phosphate 

(DKP) (Consolidated Chemical, Quakertown, 148 PA, USA) at a usage level of 0.15 % (w/w)) 

were 18,000 g at 7.5 % protein for both MCC or MPC. The unheated beverages were 11,000 g of 

7.5 % protein for MCC or MPC (with and without DKP).  

Thermal Processing: HTST and DSI 

The beverages were thermally processed in a manner similar to Lee et. al. (2016), 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 HTST treated beverages (18000 g per batch) were 

preheated to 60oC, processed at 72oC for 15 s with a flow rate of 2.0 L/min and homogenized 

(second stage 3450 kPa, first stage 13,790 kPa) using a 2-stage in-line homogenizer (GEA Niro 

Soavi, Parma, Italy). DSI beverages were continuously fed to a Microthermics EHVH 

pasteurization unit (Microthermics, Raleigh, NC) at a flow rate of 1.4 L/min, and then 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. 
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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). All beverages were cooled to 

approximately 20°C and split into two portions (portion 1: about 4800 g, portion 2: about 4000 

g) under a clean fill hood (Microthermics Inc., model EL422TT-ST, HEPA filter, 0.3µm size 

filter, Raleigh, NC) and stored at 4°C. One portion (about 4800 g) of each formulation was 

packaged in 473 mL high-density polyethylene (HDPE) bottles (Item ID B252SS, Container and 

Packaging Supply Inc, Eagle, ID, USA) to be used for sensory evaluation. The other portion 

(5000 g) of each batch was filled into a clear 12 L round storage container (SKU: 

FG572624CLR, Rubbermaid Commercial, Winchester, VA) to be transferred into 4 L containers 

used for preservation. Four thousand g portions of the test material collected in the 12 L round 

storage container was later transferred into a 4 L screw top container for preservation (2120-

0005, Thermo Scientific, Waltham, MA) to be used for color, AV, and mineral analysis.  

Chemical Analyses    

The beverages to be used for chemical analysis were preserved with the addition of 

thimerosal (Thermo Fisher Scientific, Ward Hill, Massachusetts) at a rate of 1 mL of 10% w/v 

aqueous thimerosal per 1000 grams of test material. After the addition of thimerosal, the 

preserved beverages were portioned into lidded 89 mL vials (capitol vial polypropylene flip top 

03CL, Thermo Scientific, Waltham, Massachusetts) and stored at 4°C until analysis.  

Beverages were analyzed in duplicate for TS, fat, total N (TN), and NPN content using 

forced-air oven drying (AOAC, 2019; method 990.20), ether extraction (AOAC, 2019; method 

989.05), Kjeldahl (AOAC, 2019; method 991.20), and Kjeldahl (AOAC, 2019; method 991.21;), 

respectively. The non-casein nitrogen (NCN) content of retentates was determined using 

Kjeldahl (AOAC, 2019; method 998.05). The TP was calculated by subtracting NPN from TN 
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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) to evaluate microbial quality.   

Viscosity and Color Analysis 

Apparent viscosity (AV) was measured (Adams et al., 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 [5 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 were conducted on the 6 beverages each for both MCC and MPC as 

described below after 1, 5, 8, 12, and 15 days of storage at 4oC. The samples were tempered at 

4°C in a circulating – PolyScience, SD7LR-20, Warrington, PA refrigerated water bath for 5 min 

to allow the samples to equilibrate. Brookfield Engineering Laboratories Inc. (2013) 
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recommends choosing an RPM that falls within a torque range of 10-100 % for most accurate 

results. Because of this, the shear rates were chosen by selecting the RPM that gave the greatest 

torque range for beverages that increased in viscosity during storage. This was done to reduce the 

need to change the RPM for the beverages with the greatest increasing viscosity. For MCC, all 

beverages started at 8 RPM at day 1. The RPM of the viscometer for the HTST with DKP and no 

heat with DKP was reduced to 2 RPM at day 8 due to increased viscosity with time of storage. 

All remaining beverages continued to be tested at 8 RPM for the continuing time points. For the 

MPC beverages, 10 RPM was selected and used for all beverages and did not change for all five 

time points.  

Color of milk beverages was determined in duplicate using an Ultra Scan Pro 

Spectrophotometer (Hunter Associates Laboratory, Inc., Reston, VA) at 4°C after 1, 5, 8, 12, and 

15 days of storage at 4oC. 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 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).   

Mineral Analysis  
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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 -

80 C for storage then moved to a -20C freezer the day before analysis. Samples removed from 

the -20 C freezer and placed for 30 minutes into a 40C 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) first pre-digested at 

ambient temperature for 10 minutes 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 complete, 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 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 North Carolina State University 

Institutional Review Board (NCSU IRB) regulations. The protein beverages (treatments 1 thru 6) 

were evaluated for color intensity, opacity, cooked/milky, sulfur/eggy, bitter taste, viscosity and 

astringency. Seven panelists (4 males, 3 females, ages 21 to 50 y) evaluated each beverage over 
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two weeks at five time points (d 1, 5, 8, 12, and 15). Each panelist had > 50 h of descriptive 

analysis experience with milk, milk products, and dairy protein beverages using the SpectrumTM 

descriptive analysis method with a 0 to 15 point intensity universal 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. Each treatment was evaluated in duplicate and at 

4oC. Data was collected electronically on an NCSU secure network.  

Statistical Analysis 

         Data were analyzed using SAS version 9.4 (SAS Institute Inc., Cary, NC). Data for MPC-

based beverages and MCC-based beverages were analyzed separately. Proc GLM of SAS was 

used to determine the statistical differences (P < 0.05) among means of starting beverage 

chemical composition under the six applied treatments (three heat treatment types each with and 

without added DKP). Proc GLM of SAS was used to determine the effects of independent 

variables heat treatment, DKP addition, replicate, and storage time on dependent variables 

apparent viscosity, color (L, a, and b* values), and sensory characteristics. Heat treatment (no 

heat, HTST, DSI), addition of DKP (none, 0.15% added), and replicate were included in the 

model as categorical variables with all two-way interaction terms. For sensory characteristics 

dependent variables, panelist (seven trained panelists) was also included in the model as a 

categorical independent variable along with all its interaction terms. Refrigerated storage time (0 

to 15 days) was included as a continuous variable in the model and was mean centered with a 

mean value of zero to minimize effects of co-linearity (Glantz and Slinker, 2001). Both the linear 

and quadratic term for mean-centered time, and all two- and three-way interactions were 

included in the model. If the F-value for the full model was significant (P < 0.05), then 
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significance (P < 0.05) of each independent variable and its interactions were determined. The 

effects of the categorical variables and their interactions were tested for significance using heat 

treatment × DKP × replicate as the error term for apparent viscosity and color dependent 

variables and using heat treatment × DKP × replicate × panelist as the error term for sensory 

dependent variables, whereas the effect of time (linear and quadratic) as well as its interactions 

with categorical variables were tested for significance using the full model error. A backward 

stepwise process was done to remove all nonsignificant terms from the model to produce a final 

reduced model with type III sum of squares (SS) table and least squares mean (LSM) table for 

each dependent variable analyzed. Relative percentage type III SS for each dependent variable 

analyzed were calculated by dividing the type III SS for each significant term in the final reduced 

model with the total type III SS and multiplying them by 100. Relative percentage type III SS 

shows the relative amount of variation explained by each term in the model.  

Results and Discussion  

Composition 

The compositions of beverage treatments 1 thru 6 for MCC and MPC are in Tables 2.1 

and 2.2, respectively. No differences (P > 0.05) in chemical composition among the treatments 

for MCC and MPC beverages were detected. Beverages with added DKP had lower (P < 0.05) 

total nitrogen as a percentage of total solids for both MCC and MPC due to the added solids 

contributed by the DKP. The casein nitrogen as a percentage of true protein in MCC and MPC 

were 93% and 83%, respectively (Tables 2.1 and 2.2). Mineral compositions (P, Ca, and K) of 

MCC and MPC are in Tables 2.3 and 2.4, respectively. Beverages with added DKP contained a 

higher (P < 0.05) potassium and phosphorous content, which was expected due to the added 

potassium and phosphorous from DKP. 
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Particle Size 

The particles were mostly in the range of 0.04 to 0.36 microns, which represents the 

average casein micelle size (Tables 2.5 and 2.6, Figure 2.1) for both MCC and MPC.  MCC and 

MPC with no post membrane filtration heat treatment contained very few large protein particles 

with or without added DKP (Tables 2.5 and 2.6, Figure 2.1). DSI thermal treatment produced a 

range of larger protein aggregates (i.e.., about 10 µm in diameter) both with and without added 

DKP in both MCC and MPC beverages at 7.5% protein concentration (Tables 2.5 and 2.6, Figure 

2.1). MCC (Table 2.5) and MPC (Table 2.6) beverages processed with DSI, but no added DKP 

contained more larger protein aggregates with particle size distribution modes at about 0.75 and 

10 µm (P <0.05) than beverages not heated or HTST processed. Sauer and Moraru (2012) 

observed an increase in particle size in reconstituted MCC beverages (8% CN wt/vol) without 

any additives or pH adjustment when heated under UHT (indirect heating) conditions (135˚C for 

15 s) compared to an unheated control. Pandalaneni et al. (2018) studied MPC beverages at 

about 7.75% protein with the pH adjusted to 7.0 with differing amounts of added sodium 

hexametaphosphate (SHMP). In the treatments without added SHMP and without and with 

heating (140°C for 15 s), the mean particle was 0.19 and 0.23 µm, respectively. However, in 

Sauer and Moraru (2012) and Pandalaneni et al. (2018), the particle size measurement systems 

were nano sizer systems, which generally do not measure particle sizes larger than 6 µm. We 

observed the formation of larger particles in our study (about 10 and 175 µm) in MPC beverages 

processed with DSI with and without added DKP (Table 2.6). For MPC beverages processed 

with DSI with added DKP, there was less particles at 10 µm (P <0.05) than without DKP, but 

there was more of a new group of larger protein particles with a particle size distribution mode at 

about 175µm compared to MPC beverages processed with DSI without added DKP (Figure 2.1 
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and Table 2.6). Pandalaneni et al. (2018) reported that addition of SHMP to MPC beverage prior 

to heating decreased particle size (from 0.19 to 0.08 µm) as level of addition of SHMP increased, 

but after heating particle size increased and generally increased with increasing level (0, 0.15, 

0.25%) of SHMP with volume mean diameters for 0.23. 0.38, 0.33 µm, respectively. 

Viscosity 

 The addition of DKP increased (P <0.05) the viscosity of both MCC and MPC based 

beverages (Table 2.7). However, the addition of DKP and heat treatment had larger impacts (P 

<0.05) on apparent viscosity of MCC based beverages than on MPC based beverages (Table 

2.7). There were many factors and interactions in the statistical model that explained (i.e., were 

significant) observed variation in beverage viscosity. However, DKP, Heat * DKP interaction, 

and time had the largest impacts (P < 0.05) on apparent viscosity and explained most of the 

variation in apparent viscosity during the 15 day period among treatments for MCC and MPC 

beverages (Table 2.8). The majority of the variation (49%) in apparent viscosity in MPC 

beverages was attributed to addition of DKP (Table 2.8). The interactions (P <0.05) of heat * 

DKP and Time*DKP can be seen in Figures 2.2 and 2.3. Apparent viscosity of MCC and MPC 

beverages with DKP was higher (P < 0.05) than beverages without DKP and showed an 

interaction effect with time and heat, especially in MCC beverages (Figures 2.2 versus 2.3). AV 

increased (P < 0.05) with time, especially with DKP and lower heat (heat x DKP interaction) in 

both protein beverage types, but on an absolute basis the viscosity increased much more with 

time for MCC than MPC beverages (Figures 2.2 and 2.3). Also, AV increased (P < 0.05) with 

decreasing heat treatment for MCC and MPC beverages with DKP (Figures 2.2 and 2.3). In 

beverages with DKP, viscosity was lower with higher heat treatment and increased less with time 

(Figures 2.2 and 2.3) but there were more large protein aggregates (26 to 365 um) with DKP than 
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without added DKP. It could be that DKP is causing some of the protein aggregates in the size 

range from 2 to 26 um to aggregate further to form larger particles that may have a tendency to 

settle out of solution with time of storage. The least square mean (Table 2.7) apparent viscosity 

at 4˚C (i.e., 14.3 mPa.s) for the MCC beverage averaged across all heat treatments without DKP 

(7.5% protein) was similar to the apparent viscosity data reported by Dunn et al. (2021) for MCC 

at 4˚C (6.54% and 8.75% protein: ca. 10 and 35 mPa.s, respectively). Pandalaneni et al. (2018) 

reported that addition of SHMP (0 to 0.25%) caused an increase in AV of the unheated pH 

adjusted MPC beverage from 6.6 to 56.5 mPa.s, however after heating (140oC for 15 s) all 

beverages decreased in viscosity to about 3 to 4 mPa.s at 20oC. 

Color 

Added DKP and time of storage had the largest impacts (P <0.05) on L, a, and b* values 

for MCC and MPC based beverages over 15 days of storage with added DKP explaining 55 to 

70% of the variation in these color metrics (Table 2.9). DKP had the strongest effect on 

decreasing (P < 0.05) beverage whiteness (explained 66 and 60% of the variation in MCC and 

MPC, respectively) followed by time and heat (Table 2.9). Whiteness (L-value) was higher (P < 

0.05) in MCC and MPC beverages without DKP than with DKP (Table 2.10). Time had the 

second largest impact on beverage whiteness with whiteness decreasing (P < 0.05) over time in 

MCC and MPC beverages with added DKP (Table 2.9, data not shown for change over time). 

Whiteness also increased (P < 0.05) with higher heat treatment (Table 2.10) and this may be 

related to more large heat induced protein aggregates with higher heat treatment (Table 2.6). An 

increase in whiteness (L-value) with heat in milk protein beverages is consistent with the report 

by Lee et al. (2017) comparing no heat, HTST and DSI on color of skim and 2% milk. 

Pandalaneni et al. (2018) also reported a small increase in whiteness (L*-value) in reconstituted 
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MPC 85 beverages (8% protein wt/wt) with heat for no added SHMP (from 74.4 to 76.8). 

However, when SHMP was added and the beverages were heated (140oC for 15 s) there was a 

large decrease in whiteness from 76.8 to 64.2. In our study with added DKP, a large decrease in 

beverage whiteness was also observed for both MCC and MPC based beverages (Tables 2.10 

and 2.11). Whiteness values were similar between skim milk and beverages with DKP (data for 

skim milk not shown). Beverages with DKP appeared more green (a-value) (P < 0.05) and 

greenness decreased (P < 0.05) with higher heat (Table 2.10). Time had second largest impact on 

greenness and greenness increased (P < 0.05) over time, especially in MCC beverages (Table 

2.9, data not shown for change over time). Beverages with DKP appeared more blue (b*-value) 

(P < 0.05) and blueness decreased (P < 0.05) with higher heat (Table 2.10). Time had the second 

largest impact on blueness and blueness increased (P < 0.05) over time, especially in MCC 

beverages (Table 2.9, data not shown for change over time). MCC beverages appeared more blue 

than MPC beverages (Table 2.10). Lee et al. (2017) reported an increase in b value with 

increasing heat (no-heat, HTST, DSI) and very little change in a-value with increasing heat 

process for skim and 2% fat milks, as we found in this study for skim MPC (Table 2.10).   

Sensory 

Opacity was lower (P < 0.05) in MCC and MPC beverages with DKP than without DKP 

(Table 2.11) and this result was consistent with beverages with added DKP having lower L-

values (Table 2.10). Opacity of beverages with added DKP was lowest when treated by HTST (P 

< 0.05) due to an interaction (P > 0.05) of DKP and heat treatment (Supplemental Table 2.1). 

Heat treatment, DKP, and Heat x DKP interaction explained 42, 28, and 13.7% of the observed 

variation in sensory opacity of the beverages, respectively (Supplemental Table 2.1). There was 

very little change (P < 0.05) in opacity with time of storage (data for change over time not 
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shown). Cooked/milky flavor increased (P < 0.05) with heat, especially in MPC (Table 2.11). No 

impact of DKP was detected in cooked/milky flavor for the MCC or MPC beverages (Table 

2.11). There were no practical impacts of heat treatment on sensory viscosity but both MCC and 

MPC beverages with added DKP had higher (P < 0.05) sensory viscosity than without added 

DKP (Table 2.11, Figures 2.4 and 2.5). In beverages with added DKP, sensory viscosity 

increased (P < 0.05) with time (Figures 2.4 and 2.5). Sensory viscosity was higher in MCC than 

MPC beverages (Table 2.11). Vogel et al. (2021) found similar results with increasing sensory 

viscosity over time in MCC and MPC beverages containing the same level of added DKP at two 

protein concentrations (6.3% and 10.5%) with the higher concentration having a greater increase 

in viscosity over time. Color and astringency intensity values are not shown because there were 

no practical impacts from heat or DKP. Sulfur/eggy flavor intensity values are also not shown 

because this flavor was only detected in MPC beverages treated by DSI as expected. Lee et al. 

(2017) reported increasing cooked sulfur flavors with increasing heat treatment of skim and 2% 

fat milk, which was similar to what was observed in the present study for MPC beverages. Jo et 

al. (2019) first confirmed the whey protein fraction as the source of the sulfur/eggy flavor in milk 

protein beverages processed by UP. Undetectable sulfur/eggy flavor in UP MCC and clearly 

detectable sulfur/eggy flavor in UP MPC beverages with the purity used in this study is 

consistent with previous research (Vogel et al., 2021; Whitt et al., 2022). Bitterness was not 

detected in the MCC and MPC beverages.  

Conclusions 

Micellar casein concentrate (MCC) and milk protein concentrate (MPC) based beverages 

at 7.5% protein with and without 0.15% added dipotassium phosphate (DKP) were successfully 

run through an HTST and direct steam injection thermal process. Pasteurization (HTST) had 
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very little impact on beverage particle size distribution while direct steam injection thermal 

processing produced protein aggregates with medians in the range of 10 and 175 μm in size for 

MPC. A population of casein micelles at about 0.15 μm was found in both MCC and MPC based 

beverages. Larger particles in the 175 μm range were not detected in the MCC beverages. In 

general, the apparent viscosity (AV) of MCC beverages was higher than MPC beverages. Added 

DKP increased the AV of both MCC and MPC based beverages, while increasing heat treatment 

decreased AV. The AV of beverages with DKP increased during 15 d of 4oC of storage for both 

MCC and MPC, while there was very little change in AV during storage without DKP and a 

similar effect was observed for sensory viscosity scores. L-value of beverages was higher with 

higher heat treatment, but added DKP decreased L-value and sensory opacity.  
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Tables and Figures 

Table 2.1. Mean chemical composition of 7.5% micellar casein concentrate (MCC) beverages under different heat treatments (no 

heat, HTST, DSI [direct steam injection]) with and without added dipotassium phosphate (DKP). Values shown are percentages 

(wt/wt). N=3. 

 

Heat 
treatment 

DKP Fat Lactose TN1 NCN2 NPN3 TP4 CN5 CN%TP6 TS7 8TN/TS 

No heat DKP 0.16a 0.64a 7.86a 0.619a 0.066a 7.79a 7.24a 92.90a 9.70a 81.05c 

No heat No DKP 0.16a 0.64a 7.91a 0.609a 0.066a 7.84a 7.30a 93.07a 9.60a 82.42a 

HTST DKP 0.16a 0.64a 7.90a 0.603a 0.063a 7.84a 7.30a 93.12a 9.70a 81.48bc 

HTST No DKP 0.16a 0.63a 7.87a 0.596a 0.065a 7.80a 7.27a 93.20a 9.58a 82.14ab 

DSI DKP 0.16a 0.64a 7.87a 0.594a 0.066a 7.80a 7.28a 93.23a 9.72a 80.94c 

DSI No DKP 0.16a 0.63a 7.89a 0.604a 0.065a 7.83a 7.29a 93.12a 9.60a 82.16ab 

Root mean square 
error 

0.01 0.02 0.06 0.039 0.006 0.06 0.03 0.42 0.10 0.45 

a,b,c Numbers not sharing a common superscript within a column are different (P < 0.05). 

 
1TN    = total nitrogen x 6.38 
2NCN = non-casein nitrogen x 6.38 
3NPN = non-protein nitrogen x 6.38 
4TP = true protein = (TN – NPN) x 6.38 
5CN = (TN – NCN) x 6.38   
6CN%TP = (CN/TP) x 100 

 1-6 Kjeldahl measurements were taken from beverages prior to heat treatment.  
7TS = total solids 
8TN/TS = (TN/TS) x 100 
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Table 2.2. Mean chemical composition of 7.5% milk protein concentrate (MPC) beverages under different heat treatments (no heat, 

HTST, DSI [direct steam injection]) with and without added dipotassium phosphate (DKP). Values shown are percentages (wt/wt). 

N=2.  

 

Heat 
treatment 

DKP Fat Lactose TN1 NCN2 NPN3 TP4 CN5 CN%TP6 TS7 8TN/TS 

No heat DKP 0.14a 0.60a 7.61a 1.345a 0.052a 7.56a 6.27a 82.90a 9.27a 82.15b 

No heat No DKP 0.14a 0.63a 7.66a 1.353a 0.052a 7.60a 6.30a 82.89a 9.17a 83.51a 

HTST DKP 0.14a 0.62a 7.64a 1.363a 0.056a 7.58a 6.27a 82.76a 9.27a 82.38b 

HTST No DKP 0.14a 0.61a 7.64a 1.345a 0.054a 7.59a 6.30a 83.00a 9.15a 83.54a 

DSI DKP 0.14a 0.60a 7.64a 1.334a 0.052a 7.59a 6.31a 83.11a 9.28a 82.37b 

DSI No DKP 0.14a 0.61a 7.66a 1.340a 0.053a 7.61a 6.32a 83.08a 9.16a 83.59a 

Root mean square 
error 

0.01 0.08 0.08 0.036 0.002 0.08 0.11 0.65 0.09 0.15 

a,b Numbers not sharing a common superscript within a column are different (P < 0.05). 
1-6Kjeldahl measurements were taken from beverages prior to heat treatment.  

 
1TN    = total nitrogen x 6.38 
2NCN = non-casein nitrogen x 6.38 
3NPN = non-protein nitrogen x 6.38 
4TP = true protein = (TN – NPN) x 6.38 
5CN = (TN – NCN) x 6.38   
6CN%TP = (CN/TP) x 100  
7TS = total solids 
8TN/TS = (TN/TS) x 100 
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Table 2.3. Mean mineral (P = phosphorous, Ca = calcium, K = potassium) composition of 7.5% 

micellar casein concentrate (MCC) beverages under different heat treatments (no heat, HTST, 

DSI [direct steam injection]) with and without dipotassium phosphate (DKP). Values shown are 

in mg/L. N=3.   

 

Heat 
treatment 

DKP P Ca K 

No heat DKP 1870a 2463a 918a 

No heat No DKP 1583b 2425a 318b 

HTST DKP 1831a 2436a 922a 

HTST No DKP 1603b 2466a 322b 

DSI DKP 1826a 2403a 916a 

DSI No DKP 1523b 2339a 316b 

Root mean square 
error 

58 87 21 

a,b Numbers not sharing a common superscript within a column are different (P < 0.05). 

 

 

Table 2.4. Mean mineral (P = phosphorous, Ca = calcium, K = potassium) composition of 7.5% 

milk protein concentrate (MPC) beverages under different heat treatments (no heat, HTST, DSI 

[direct steam injection]) with and without dipotassium phosphate (DKP). Values shown are in 

mg/L. N=2. 

 

Heat 
treatment 

DKP P Ca K 

No heat DKP 1571a 2115a 954a 

No heat No DKP 1338b 2141a 361b 

HTST DKP 1541a 2083a 927a 

HTST No DKP 1300b 2096a 340b 

DSI DKP 1587a 2139a 963a 

DSI No DKP 1327b 2135a 348b 

Root mean square 
error 

40 50 27 

a,b Numbers not sharing a common superscript within a column are different (P < 0.05). 
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Table 2.5. Volume percent of particles in four different size ranges of 7.5% micellar casein 

concentrate (MCC) beverages under different heat treatments (no heat, HTST, DSI [direct steam 

injection]) with and without dipotassium phosphate (DKP). N=3. 

 

Heat 
treatment 

DKP 0.036-
0.356 µm 

0.357-2.00 
µm 

2.01-26.67 
µm 

26.68-356 
µm 

Total 

No heat DKP 99.26a 0.74a 0.00b 0.00a 100 

No heat No DKP 100.00a 0.00a 0.00b 0.00a 100 

HTST DKP 98.77a 0.93a 0.15b 0.14a 100 

HTST No DKP 100.00a 0.00a 0.00b 0.00a 100 

DSI DKP 99.12a 0.55a 0.33b 0.00a 100 

DSI No DKP 90.34b 1.62a 8.05a 0.00a 100 

Root mean square 
error 

1.33 1.09 0.53 0.10  

a,b Numbers not sharing a common superscript within a column are different (P < 0.05). 

 

Table 2.6. Volume percent of particles in four different size ranges of 7.5% milk protein 

concentrate (MPC) beverages under different heat treatments (no heat, HTST, DSI [direct steam 

injection]) with and without dipotassium phosphate (DKP). N=2. 

 

Heat 
treatment 

DKP 0.036-
0.356 µm 

0.357-2.00 
µm 

2.01-26.67 
µm 

26.68-356 
µm 

Total 

No heat DKP 100.00a 0.00b 0.00c 0.00c 100 

No heat No DKP 98.94ab 0.00b 0.00c 1.06bc 100 

HTST DKP 97.54b 0.00b 0.00c 2.45ab 100 

HTST No DKP 100.00a 0.00b 0.00c 0.00c 100 

DSI DKP 94.90c 0.00b 2.05b 3.07a 100 

DSI No DKP 90.15d 3.08a 6.47a 0.32c 100 

Root mean square 
error 

0.85 0.04 0.19 0.81  

a,b,c,d Numbers not sharing a common superscript within a column are different (P < 0.05). 
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Table 2.7. Least square means for apparent viscosity (mPa.s) for the effect of heat treatment (no 

heat, HTST, DSI [direct steam injection]) and dipotassium phosphate (no DKP, 0.15% added 

DKP) for 7.5% protein beverage over 15 d of storage at 4oC made with micellar casein 

concentrate (MCC) or milk protein concentrate (MPC). 

 

Treatment MCC apparent viscosity MPC apparent viscosity 

No heat 68.3a 16.2a 

HTST 35.3b 13.7b 

DSI 21.0b 13.7b 

SEM 5.55 0.23 

   

DKP 68.7a 20.6a 

No DKP 14.3b 8.4b 

SEM 4.53 0.19 
a,b Numbers not sharing a common superscript within each treatment category (heat treatment 

and DKP addition) within a column are different (P < 0.05). 

SEM = standard error of the means.  
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Table 2.8. Apparent viscosity (AV) relative percentage of type III sum of squares (for factors 

with P < 0.05) explained by model factors (heat = heat treatment with levels no heat, HTST, and 

DSI [direct steam injection]; DKP = dipotassium phosphate with levels added or none added; rep 

= replicate; time = mean centered storage time between day 1 to 15) for micellar casein 

concentrate (MCC) and milk protein concentrate (MPC) beverages.  

 

Terms MCC AV MPC AV 

Heat 12.85 2.45 

DKP 24.48 49.04 

Rep 2.10 NS 0.56 

Heat*DKP 12.17 2.14 

Heat*Rep 1.49 NS 

DKP*Rep 2.18 0.44 

Heat*DKP*Rep 1.43 0.20NS 

Time 13.54 24.54 

Time*Heat 7.43 1.18 

Time*DKP 11.29 12.21 

Time*Rep 1.09 NS 

Time*Heat*DKP 7.21 0.90 

Time*Heat*Rep 0.94 0.92 

Time*DKP*Rep 0.84 NS 

Time*Heat*DKP*Rep 0.95 1.12 

Time*Time NS 1.08 

Time*Time*Heat NS 0.23 

Time*Time*DKP NS 0.63 

Time*Time*Rep NS 0.49 

Time*Time*Heat*DKP NS 0.25 

Time*Time*Heat*Rep NS 0.57 

Time*Time*DKP*Rep NS 0.43 

Time*Time*Heat*DKP*Rep NS 0.62 

Sum 100 100 

R2 0.98 1.00 
NS = not significant 
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Table 2.9. Whiteness (L), redness-greenness (a), yellowness-blueness (b*) values relative 

percentage of type III sum of squares (for factors with P < 0.05) explained by model factors (heat 

= heat treatment with levels no heat, HTST, and DSI [direct steam injection]; DKP = 

dipotassium phosphate added or none added; rep = replicate; time = mean centered storage time 

between day 1 to 15) for 7.5% micellar casein concentrate (MCC) and milk protein concentrate 

(MPC) beverage.  

 

 MCC MPC 

Terms L a b* L a b* 

Heat 5.32 1.38 8.76 14.16 1.65 15.64 

DKP 66.17 69.69 62.06 60.44 69.51 54.74 

Rep 3.73 5.27 4.90 0.09NS 0.32NS 0.75 

Heat*DKP 0.63 2.27 2.49 2.20 8.41 9.04 

DKP*Rep 0.67 NS NS NS NS NS 

Heat*DKP*Rep 0.28NS 0.45NS 0.86 0.44NS 0.35NS 0.46NS 

Time 15.35 17.71 15.43 13.47 13.32 12.17 

Time*Heat 1.75 0.68 1.05 1.33 1.16 1.30 

Time*DKP 3.98 0.82 2.68 3.33 1.57 2.87 

Time*Rep 1.24 0.65 0.94 1.60 0.81 0.85 

Time*Heat*DKP 0.70 NS 0.34 0.40 NS NS 

Time*Time 0.18 1.08 0.49 2.22 1.97 1.12 

Time*Time*Heat NS NS NS NS 0.67 0.68 

Time*Time*DKP NS NS NS 0.34 0.28 0.38 

Sum 100 100 100 100 100 100 

R2 0.98 0.97 0.98 0.99 0.99 0.99 
 

NS = Not significant. 
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Table 2.10. Least square means for whiteness (L), redness-greenness (a), yellowness-blueness 

(b*) values for the effect of heat treatment (no heat, HTST, DSI [direct steam injection]) and 

dipotassium phosphate (no DKP, 0.15% added DKP) for 7.5% protein beverage over 15 d of 

storage at 4oC made with micellar casein concentrate (MCC) or milk protein concentrate (MPC). 

 

  MCC    MPC  

Treatment L-value a-value b*- value  L-value a-value b*-value 

No heat 77.5c -4.15b -1.64c  78.5b -3.38b -0.23b 

HTST 78.6b -4.06b -1.23b  78.5b -3.45b -0.14b 

DSI 80.6a -3.86a -0.46a  80.7a -3.20a 0.96a 

SEM 0.14 0.04 0.083  0.14 0.031 0.05 

        

DKP 75.1b -4.87b -2.41b  76.1b -4.17b -0.83b 

No DKP 82.3a -3.17a 0.18a  82.3a -2.51a 1.23a 

SEM 0.12 0.03 0.07  0.11 0.03 0.04 
a,b,c Numbers not sharing a common superscript within each treatment category (heat treatment 

and DKP addition) within a column are different (P < 0.05). 

 

 

Table 2.11. Least square means for trained panel sensory attributes for the effect of three heat 

treatments (no heat, HTST, DSI [direct steam injection]) and dipotassium phosphate (no DKP, 

0.15% added DKP) for 7.5% protein beverages over 15 days of storage at 4oC made with 

micellar casein concentrate (MCC) or milk protein concentrate (MPC). 

 

  MCC    MPC  

Treatment Opacity Cooked/ 
Milky 

Viscosity  Opacity Cooked/ 
Milky 

Viscosity 

No heat 12.5a 3.1b 2.2a  12.2a 3.0c 2.1b 

HTST 11.2c 3.0b 2.2a  11.3c 3.4b 2.1b 

DSI 12.3b 4.0a 2.2a  12.0b 4.3a 2.2a 

SEM 0.010 0.013 0.004  0.015 0.007 0.005 

        

DKP 11.3b 3.4a 2.3a  11.1b 3.6a 2.3a 

No DKP 12.7a 3.3a 2.1b  12.5a 3.6a 2.0b 

SEM 0.008 0.010 0.003  0.012 0.006 0.004 
a,b,c Numbers not sharing a common superscript within each treatment category (heat treatment 

and DKP addition) within a column are different (P < 0.05).  Attribute intensities were scored on 

a 0 to 15 point universal intensity scale.  Dairy protein flavors and mouthfeel/viscosity are 

generally between 0 and 4 on this scale (Meilgaard et al., 2007; Vogel et al., 2021; Whitt et al., 

2022).   
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Supplemental Table 2.1. Sensory parameters relative percentage of type III sum of squares (for factors with P < 0.05) explained by 

model factors (heat = heat treatment with levels HTST, no heat, and DSI [direct steam injection]; DKP = dipotassium phosphate with 

levels added or none added; rep = replicate; time = mean centered storage time between day 1 to 15) for 7.5% micellar casein 

concentrate (MCC) and milk protein concentrate (MPC) beverage.  

 

 MCC MPC 

Terms Color 
intensity 

Opacity Cooked 
/ milky 

Sensory 
viscosity 

Astrin-
gency 

Color 
intensity 

Opacity Cooked 
/ milky 

Sensory 
viscosity 

Astrin-
gency 

Heat 49.14 42.20 0.15 47.76 1.01 71.15 16.39 89.52 6.57 53.54 

DKP 11.76 27.92 30.39 1.53 17.02 9.94 62.55 0.01NS 47.22 2.71 

Rep 0.06NS 2.89 0.10NS 1.36 12.20 1.29 0.45 0.64 0.60 0.59 

Panelist 0.31 0.04NS 0.06NS 0.32NS 0.87 0.14NS 0.48 0.22 0.48NS 3.21 

Heat*DKP 15.36 13.66 NS 3.15 6.55 4.71 4.36 0.68 2.47 6.20 

Heat*Rep 3.30 4.31 NS 5.15 12.88 2.17 1.36 1.05 NS NS 

DKP*Rep 1.39 0.79 NS 1.37 1.35 0.76 3.30 0.09 NS NS 

Heat*Panelist NS NS NS NS NS 1.21 0.61 0.32 1.55 6.80 

Rep*Panelist NS NS NS NS NS 0.23 0.45 NS NS NS 

DKP*Panelist NS NS NS 2.05 NS 0.57 NS NS 0.75 NS 

Heat*DKP*Rep 5.23 0.60 NS 0.42 0.63 2.76 0.91 NS NS NS 

Heat*DKP*Panelist NS NS NS NS NS 0.36 0.72 NS NS NS 

Heat*Rep*Panelist NS NS NS NS NS 0.37 0.23 0.35 0.80 NS 

Heat*DKP*Rep*Panelist 1.07NS 0.73 2.30NS 5.52 3.82NS 0.44 0.42 0.50NS 2.29 5.64NS 

Time 0.02NS 1.22 0.06NS 7.79 8.28 0.06 0.02NS 1.22 21.28 4.48 

Time*Heat 1.98 0.04 1.35 2.75 3.39 NS 0.12 0.15 0.76 4.76 

Time*DKP NS 1.54 NS 5.30 5.08 0.06 NS 0.30 4.05 0.71 

Time*Rep 1.04 0.33 0.98 2.15 4.91 NS 0.62 NS 3.05 NS 

Time*Panelist NS 0.11 NS NS NS NS 0.26 NS NS 3.08 

Time*Heat*DKP 1.06 0.05 NS 0.77 NS NS 0.64 0.07 NS 3.02 

Time*Heat*Rep 1.55 0.70 2.41 0.85 1.41 0.71 0.19 NS NS NS 

Time*DKP*Rep 0.99 0.90 NS 0.45 0.20 NS 0.23 NS 0.54 NS 

Time*Heat*Panelist NS NS 3.22 0.84 NS 0.31 0.60 0.41 0.89 NS 
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Supplemental Table 2.1. (Continued) 

 

Time*Rep*Panelist NS NS 3.67 NS 1.11 NS NS NS 0.59 1.61 

Time*DKP*Panelist NS NS NS 0.74 NS 0.20 NS NS NS NS 

Time*Heat*DKP*Rep 1.62 0.62 2.52 0.65 2.07 0.37 0.23 0.74 NS NS 

Time*Heat*DKP*Panelist NS NS 5.40 NS NS NS 0.30 NS NS NS 

Time*Heat*Rep*Panelist NS 0.28 7.65 NS 2.33 NS 0.50 0.26 NS NS 

Time*DKP*Rep*Panelist NS NS NS 1.80 NS NS 0.16 0.26 NS NS 

Time*Heat*DKP*Rep 
*Panelist 

1.34 NS 10.85 NS NS NS 0.35 0.55 NS NS 

Time*Time 0.08 0.01NS NS NS 2.86 0.07 0.46 0.03NS 0.20 0.25NS 

Time*Time*Heat 0.06 NS NS NS 0.44 NS 0.07 0.37 NS NS 

Time*Time*DKP 0.36 NS NS NS NS NS NS NS 0.40 NS 

Time*Time*Rep 0.11 NS NS 2.82 3.80 0.09 0.11 0.23 NS 0.69 

Time*Time*Panelist 0.43 NS NS NS 0.73 NS 0.38 0.21 0.65 1.68 

Time*Time*Heat*DKP 0.42 NS NS 1.00 0.40 0.08 NS 0.13 0.29 NS 

Time*Time*Heat*Rep NS 0.41 NS 2.83 3.79 0.18 0.47 0.34 NS 1.03 

Time*Time*DKP*Rep 1.32 0.17 NS NS 0.49 0.07 NS NS NS NS 

Time*Time*Heat*Panelist NS NS NS NS 0.73 NS 0.64 0.46 NS NS 

Time*Time*Rep*Panelist NS 0.14 NS NS 1.18 0.27 NS 0.15 0.59 NS 

Time*Time*DKP*Panelist NS NS NS NS NS NS NS NS 0.50 NS 

Time*Time*Heat*DKP 
*Rep 

NS 0.33 NS 0.62 0.45 0.24 0.49 0.15 NS NS 

Time*Time*Heat*DKP 
*Panelist 

NS NS NS NS NS NS 0.30 NS NS NS 

Time*Time*Heat 
*Rep*Panelist 

NS NS 14.02 NS NS 0.79 NS 0.26 1.68 NS 

Time*Time*DKP 
*Rep*Panelist 

NS NS NS NS NS 0.39 0.24 0.34 NS NS 

Time*Time*Heat*DKP 
*Rep*Panelist 

NS NS 14.88 NS NS NS 0.39 NS 1.81 NS 
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Supplemental Table 2.1. (Continued) 

 

Sum 100.00 100.00 100.00 100.00 100.00 100 100 100 100 100 

R2 0.96 0.98 0.56 0.81 0.81 0.97 0.98 0.97 0.89 0.71 
 

NS – not significant 
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Figure 2.1. Typical particle size distribution curves for micellar casein concentrate (MCC) and 

milk protein concentration (MPC) beverages thermally processed by direct steam injection (DSI) 

with and without dipotassium phosphate (DKP).   
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Figure 2.2. Linear effect of heat treatment, added dipotassium phosphate (DKP) and days of 

storage (at 4oC) on apparent viscosity of micellar casein concentrate (MCC) beverage with and 

without added DKP and under three different heat treatments (HTST, no heat, and DSI [direct 

steam injection]).  

 

 
 

 

Figure 2.3. Linear effect of heat treatment, added dipotassium phosphate (DKP) and days of 

storage (at 4oC) on apparent viscosity of milk protein concentrate (MPC) beverage with and 

without added dipotassium phosphate (DKP) and under three different heat treatments (HTST, 

no heat, and DSI [direct steam injection]).  
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Figure 2.4. Sensory viscosity intensity scores across time (15 d at 4oC storage) of 7.5% micellar 

casein concentrate (MCC) beverages with and without added dipotassium phosphate (DKP) and 

three different heat treatments (no heat, HTST, and DSI).  
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Figure 2.5. Sensory viscosity intensity scores across time (15 d at 4oC storage) of 7.5% milk 

protein concentrate (MPC) beverages with and without added dipotassium phosphate (DKP) and 

three different heat treatments (no heat, HTST, and DSI).  
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