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Abstract 

Milk is a nutrient-dense fluid which is essential for a healthy balanced diet. Thermal 
processing is the dominating approach in the dairy industry to ensure food safety, 
however, heat treatment can alter both the composition and quality of the milk. The 
aim of this thesis has been to evaluate the effects of various processing technologies 
on the nutrient content and physical properties of milk and cream, mainly in the 
production of low- and high-pasteurised milk, milk with extended shelf-life (ESL) 
milk and ultra-high temperature (UHT) treated milk. The studies were performed in 
laboratory, pilot and dairy production scale to evaluate thermal processing effects 
on the milk system and to develop kinetic models for vitamin losses. 

The results showed that the concentration of macro components in milk did not 
change due to heat treatment. However, vitamin degradation was observed in milk 
heat-treated at laboratory scale as well as at pilot scale for ESL/UHT treatment using 
both direct and indirect heating systems. The degradation increased with higher 
heating temperatures and longer holding times, although no differences were 
observed between heating systems. At dairy production scale, high pasteurisation 
caused the most significant vitamin degradation, while limited losses were observed 
for high-temperature-short-time (HTST) pasteurisation, ESL, and UHT processing. 
During storage, vitamin losses varied between 1-22% for different heat treatments, 
and more pronounced effects of vitamin degradation were observed with higher heat 
treatment and longer storage times. The concentration of vitamin B12 tended to 
decrease more over time than vitamins B1, B2, and E, and more losses of vitamins 
occurred during storage than after heat treatment. The total mineral concentration in 
milk and cream showed limited losses. Additionally, a decrease in ionic calcium 
concentration was observed after heat treatment, while no significant changes were 
observed during shorter storage times. 

An increase in fat globule size and aggregate formation were observed in milk heat-
treated using direct heating at pilot scale, with more pronounced effects at higher 
temperatures. However, the physical stability of milk remained unaffected on the 
day of production. Heat treatments performed at dairy production scale resulted in 
an increase in casein micelle size but had no effect on the physical stability of milk. 
However, during storage of milk after heat treatment at both pilot and dairy 
production scale, physical stability of milk was affected. Further, during storage a 
decrease in pH was observed with longer storage times. Minimal changes in milk 
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colour were observed after heat treatment, whereas larger changes in colour were 
observed during prolonged storage.  

Laboratory scale experiments were used to fit kinetic models of vitamin degradation 
in milk (vitamins B1, B2 and E), which were validated with five different heat 
treatment processing lines at dairy production scale. Results showed that the 
predicted values obtained from laboratory scale experiments fit the validation data 
well. This means that simplified laboratory scale experiments can give valid 
predictions of thermal degradation of vitamins in milk during processing at dairies. 

The thesis has highlighted that heating systems for ESL/UHT treatment may 
influence milk quality, although no clear distinction between direct and indirect 
heating systems was observed at pilot scale for the investigated quality parameters. 
Furthermore, the thesis has shown that process techniques for heat treatment used 
in dairy production scale today are mild and have low effects on the nutrient content 
and physical properties of milk and cream, and that more pronounced changes 
primarily occur during longer storage times.   



13 

Popular science summary 

Milk is a nutritious food that is crucial for a healthy and balanced diet. Heat 
treatment is the dominating approach in the dairy industry to ensure food safety 
since it facilitates the destruction of pathogens and most spoilage bacteria and 
enzymes and thereby extends the shelf-life of dairy products. Heat treatment of milk 
can alter both the composition and quality of the milk. Process techniques for heat 
treatment used in the dairy industry today probably have smaller effects on milk 
quality than older technologies that form the basis for nutritional values declared to 
consumers. The aim of this study was to evaluate the effects of various processing 
technologies on the nutritional quality and physical properties of milk, mainly in the 
production of low- and high-pasteurised milk, milk with extended shelf-life (ESL) 
milk and ultra-high temperature (UHT) treated milk. The studies were performed in 
laboratory, pilot and dairy industrial scale to evaluate thermal processing effects on 
the milk system. 

The thesis examined raw and processed milk and/or cream that were heat-treated 
with low- and high-pasteurisation as well as ESL and UHT treatment. Samples were 
stored at different temperatures and times. Additionally, a pilot-scale study on 
ESL/UHT treatment with direct and indirect heating systems was conducted. The 
products were analysed for macro- and micro components as well as physical 
properties. The data and results were evaluated with statistical models and used to 
develop models that predict the rate of vitamin degradation (kinetic models). 

In this thesis, minimal losses were demonstrated for macro components and total 
mineral content for milk and cream after low- and high-pasteurisation, as well as 
ESL and UHT treatment in dairy production. A decrease in the concentration of 
vitamin B1, B2, and B12, and free calcium in milk was observed after high 
pasteurisation. The size of the casein micelles, the main protein group in milk, 
increased but no effect on physical stability was found between heat treatments. 
During storage, a decrease in pH was observed with longer storage times. Vitamin 
losses varied between 1-22% for different heat treatments, and more pronounced 
effects of vitamin degradation were observed with higher heat treatment and longer 
storage times. The concentration of vitamin B12 tended to decrease more over time 
than vitamins B1, B2, and E, and more losses of vitamins occurred during storage 
than after heat treatment. Effects on physical stability and colour changes in milk 
and cream were observed during prolonged storage. This suggests that heat 
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treatment techniques used at dairies today are mild with low effects on milk quality 
and that major changes primarily occur during longer storage periods. 

A detailed study in pilot scale for ESL/UHT treatment with direct and indirect 
heating systems showed no impact on the fat, protein, and lactose contents in milk, 
while pH and ionic calcium were affected by the different heating systems. Vitamin 
degradation was observed for both direct and indirect heating and the degradation 
increased with increasing temperature and time, however no difference could be 
seen between heating systems. No effect of heating system was observed on milk 
colour. Large aggregates were formed during direct heat treatment, influenced by 
temperature, due to the formation of fat aggregates. This suggests that heating 
system may influence milk quality, however, no clear differences between direct 
and indirect heating were observed for the quality parameters investigated. 

Kinetic models for vitamin degradation during heat treatment were developed, 
which can be used to estimate vitamin losses at dairy level. Although kinetic models 
for the degradation of milk components have been presented previously, this is the 
first study to validate and compare such models at the dairy production level using 
contemporary heat treatment techniques.  

In summary, the thesis has shown that process techniques for heat treatment used in 
dairy production today are mild and have low effects on the nutritional and physical 
properties of milk and dairy products, and that more pronounced changes primarily 
occur during longer storage times. This demonstrates that the nutritional quality and 
physical properties of milk and dairy products are maintained after processing at 
dairy plants and that these can be declared as products with high nutrient density. 
The development of kinetic models for vitamin degradation during heat treatment 
have great potential for further optimization of dairy processes. The thesis has 
contributed with knowledge to ensure the quality of milk claimed to consumers, 
which may lead to increased added value for milk as a raw material in dairy products 
and milk-based foods. 
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Populärvetenskaplig sammanfattning 

Mjölk är ett näringsrikt livsmedel som är avgörande för en hälsosam och balanserad 
kost. Värmebehandling är det dominerande tillvägagångssättet inom mejeriindustrin 
för att säkerställa livsmedelssäkerhet, eftersom det avdödar patogena och de flesta 
produktförstörande bakterier och enzymer och därmed förlänger hållbarheten av 
mejeriprodukter. Värmebehandling av mjölk kan förändra både mjölkens 
sammansättning och kvalitet. Tekniker för värmebehandling som idag används 
inom mejeriindustrin har sannolikt mindre effekt på mjölkens kvalitet än äldre 
processtekniker som ligger till grund för näringsvärden som deklareras till 
konsumenterna. Syftet med denna avhandling var att utvärdera påverkan av olika 
processtekniker på näringskvalitet och funktionalitet hos mejeriprodukter, främst 
vid produktion av låg- och högpastöriserad mjölk samt mjölk med förlängd 
hållbarhet (ESL-mjölk) och ultrahögpastöriserad (UHT) mjölk. Studierna utfördes i 
laboratorie-, pilot- och mejeriindustriskala för att utvärdera effekter av 
värmebehandling på mjölksystemet. 

I doktorandprojektet undersöktes obehandlad och processad mjölk och/eller grädde 
som värmebehandlats med låg- och högpastörisering samt ESL- och UHT-
behandling. Proverna lagrades vid olika temperatur och tid. Dessutom gjordes en 
pilotskalestudie på ESL/UHT-behandling med direkt och indirekt värmesystem. 
Produkterna analyserades för makro- och mikrokomponenter samt funktionella 
egenskaper. Datan och resultaten har utvärderats med statistiska modeller samt 
använts för att utveckla modeller för hastigheten av vitaminnedbrytning 
(kinetikmodeller). 

Avhandlingen har visat minimala förluster i makrokomponenter och totalt 
mineralinnehåll för mjölk och grädde efter låg- och högpastörisering samt ESL- och 
UHT-behandling. En minskning i koncentration av vitamin B1, B2 och B12 och fritt 
kalcium i mjölk observerades efter högpastörisering. Storleken på mjölkens 
kaseinmiceller, den största gruppen av proteiner i mjölk, ökade men ingen effekt på 
stabilitet visades mellan värmebehandlingarna. Under lagring observerades en 
minskning av pH vid längre lagringstider. Vitaminförlusterna varierade mellan 1-
22% för olika värmebehandlingar och mer tydliga effekter av vitaminnedbrytning 
observerades vid kraftigare värmebehandling och längre lagringstid. Vitamin B12-
koncentrationen tenderade att minska mer över tid än vitamin B1, B2 och E och mer 
förluster av vitaminer skedde under lagring än efter värmebehandling. Effekter på 
stabilitet och färgförändringar i mjölk och grädde observerades under långvarig 
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lagring. Detta tyder på att värmebehandlingstekniker som används i industriell skala 
idag är milda med låga effekter på mjölkkvaliteten och att större förändringar främst 
sker under längre lagringstider. 

En detaljerad delstudie i pilotskala för ESL/UHT-behandling med direkt och 
indirekt värmesystem visade ingen påverkan på fett-, protein- och laktoshalten i 
mjölk, medan pH och fritt kalcium påverkades av de olika värmesystemen. 
Nedbrytning av vitaminer observerades för både direkt och indirekt värmesystem 
och nedbrytningen ökade med ökande temperatur och hålltid, dock kunde ingen 
skillnad ses mellan de studerade värmesystemen. Ingen effekt av värmesystem 
observerades gällande mjölkens färg. Vid direkt värmebehandling bildades stora 
aggregat som påverkades av temperaturen, vilket berodde på bildning av 
fettaggregat. Detta tyder på att värmesystemet kan påverka mjölkkvaliteten, men 
inga tydliga skillnader mellan direkt och indirekt värmesystem observerades för de 
undersökta kvalitetsparametrarna. 

Kinetikmodeller för nedbrytningshastighet av vitaminer under värmebehandling 
utvecklades, som kan användas för att uppskatta vitaminförluster på mejerinivå. 
Även om kinetikmodeller för nedbrytning av mjölkens beståndsdelar har 
presenterats tidigare är detta den första studien som validerar sådana modeller på 
mejerinivå med hjälp av nutida värmebehandlingstekniker. 

Sammanfattningsvis har avhandlingen visat att värmebehandlingstekniker som 
används i mejeriproduktionsskala idag är milda och har låga effekter på 
näringsmässiga och funktionella egenskaper hos mjölk och mejeriprodukter och att 
större förändringar främst sker under längre lagringstider. Detta visar att den 
näringsmässiga kvaliteten och funktionaliteten hos mjölk och mejeriprodukter 
bibehålls efter processing på mejerierna och att dessa kan deklareras som produkter 
med hög näringstäthet. Utvecklingen av kinetikmodeller för nedbrytning av 
vitaminer under värmebehandling har stor potential för ytterligare optimering av 
mejeriprocesser. Avhandlingen har bidragit med kunskap för att säkerställa 
kvaliteten som levereras till konsumenterna, vilket kan leda till ökat mervärde på 
mjölk som råvara i mejeriprodukter och mjölkbaserade livsmedel. 
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Abbreviations 

HTST High-temperature-short-time 

Past. Pasteurisation 

UHT Ultra-high temperature 

ESL Extended shelf-life 

HPLC High-performance liquid chromatography 

TSI Turbiscan stability index 

EDTA Ethylenediaminetetraacetic 

JND Just noticeable difference 

MFGM Milk fat globule membrane  

ICP-OES Inductively coupled plasma optical emission spectroscopy 

N Number of replicates 

 

Symbols 

L Lightness (dark to white) 

a* colour chroma (green-red) 

b* colour chroma (blue-yellow) 

A, B Reparameterization constant 

c0 Initial (vitamin) concentration, µg mL-1 

cexp Experimentally measured concentration, µg mL-1 

cmod Modelled concentration, µg mL-1 

EA Activation energy, J mol-1 

k(T)  Degradation rate at temperature T, µg1-n mLn-1 s-1 

kref Degradation rate at the reference temperature, s mLn-1 µgn-1 

n Reaction order, - 
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R Gas constant, J mol-1 K-1  

t Time, s.

T Temperature, K

Tref Reference temperature, K. 
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Introduction  

Milk is a highly consumed product globally and milk production has increased 
worldwide during the last three decades by over 59% from 530 million tonnes in 
1988 (FAO, 2021) to 936 million tonnes in 2022 (IDF, 2023). In 2022, farms in the 
European Union produced an estimate of 149.9 million tonnes of raw milk, out of 
which 15% accounted for drinking milk (EuroStat, 2022). In Sweden, all the milk 
that is sold to consumers need to undergo heat treatment to ensure the 
microbiological quality and, in addition, all prepacked food must have a nutrition 
declaration according to given rules in order to provide consumers with information 
about nutritional content (LIVSFS 2016:5, Livsmedelsverket; EU Regulation 
1169/2011). Moreover, the declared nutritional value of the product should be 
applicable throughout the entire shelf-life stated on the package (Swedish Food 
Agency, 2024). Therefore, providing nutritional content declaration to consumer 
becomes a crucial parameter when consumers are choosing a nutritious food product 
to consume. 

Milk is a nutrient-dense fluid which is essential for a healthy balanced diet. It 
consists of macro components like fat, lactose, and proteins, but also micro 
components like vitamins and minerals (Walstra et al., 2005). Milk has high 
nutritional value and high-water activity, making it an excellent growth medium for 
various microorganisms and is therefore prone to spoilage (Fatih et al., 2021). 
Thermal processing is the most widely used processing technique in the dairy sector, 
and it not only increases product safety by facilitating the deactivation of pathogenic 
microorganisms and enzymes, but it also improves milk quality and extends the 
shelf-life of milk and dairy products (Deeth, 2020; Walstra, 2005). Although heat 
treatment has many advantages, it also causes chemical changes in the milk which 
alters the nutritional and technological properties of milk, e.g. vitamin degradation, 
protein denaturation, physical stability and colour change (Kilic-Akyilmaz et al., 
2022; Walstra et al., 2005). These alterations in milk also occur during storage and 
thus the shelf-life of milk and dairy products is not only determined by the severity 
of the heat treatment but also due to other factors including raw milk quality, type 
of packaging, distribution and storage conditions affecting the longevity of a 
product (Rauh and Xiao, 2022; Sunds et al., 2018). Consequently, it is crucial to 
understand the effects of processing and storage on milk quality for minimising 
nutritive losses, changes in chemical and physical properties as well as improving 
storage stability. 
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In order to keep the deleterious alteration of the nutritional quality of milk to a 
minimum, a good process design for heat treatment should be selected. Since it is 
challenging to monitor the chemical changes in milk in real-time, empirical data is 
used to comprehend the reaction kinetics of the heat treatment (Kessler, 2002). In 
understanding how heat treatments affect the nutritional degradation in the milk 
system, kinetic studies and mathematical models are required. Therefore, kinetics 
can aid in understanding chemical changes in milk, minimise losses as well as make 
heat treatment efficient. This study is novel as it provides a comprehensive analysis 
of thermal processing of milk across laboratory, pilot and dairy production scale. 
The inclusion of different heating temperatures, holding times as well as heating 
systems adds more detailed understanding of the factors affecting the nutrient 
content and physical properties of milk. Moreover, the incorporation of data on 
commercially produced products and the changes occurring in milk and cream after 
processing as well as storage makes this study unique. 

Hypothesis  
The hypothesis of this thesis is that the process technologies for heat treatment, 
which are used in the dairy industry today, probably have smaller effects on the 
nutritional content and physical properties of milk than older process technologies 
which are the basis for the calculations of nutritional values declared to consumers. 
By understanding the effects of thermal processing on the nutrient content and 
physical properties of milk, it will be possible to create kinetic models and improve 
the processing of milk and dairy products. 

Aim 
The overall aim of this thesis was to evaluate the effects of thermal processing on 
the nutrient content and physical properties of milk and cream. The overall aim was 
further divided into specific objectives: 

• investigating the effect of heat treatment on vitamin degradation in a 
laboratory-scale setup (Papers I and V) 

• examining how thermal processing of milk affects the nutrient content of 
milk and cream at laboratory, pilot and dairy production scale (Papers II, 
III and V) 

• examining how thermal processing of milk affects the physical properties 
of milk and cream at pilot and dairy production scale (Papers II and III) 
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• evaluating the effects of storage on the nutritional content and physical
properties of heat-treated milk and cream (Papers II and IV)

• developing kinetic calculation model to understand and predict the effects
of heat treatment on vitamin degradation (Papers I and V)

The results obtained in this thesis can be used to understand the effects of thermal 
processing on milk which could increase the added value of milk as raw material 
and in the long-term increase profitability for the Swedish dairy and agricultural 
industry. 
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Background 

Thermal processing of milk 
Thermal processing of milk is the most commonly used processing technique in the 
dairy industry (IDF, 2022; Tetra Pak, 2015). Thermal processing plays a vital role 
as it helps transform raw material by destroying spoilage and pathogenic 
microorganisms into safe-to-consume food products with an extended shelf-life (Ifie 
& Marshall, 2018). Heat treatment of milk can be performed at different 
temperature-time conditions depending on achieving specific goals of safety, 
quality, product characteristics and shelf-life (Lewis & Deeth, 2008; Walstra et al., 
2005). During the processing of milk using heat exchangers, milk undergoes three 
heating stages including a pre-heating stage, high heating stage/final heating 
followed by a subsequent cooling stage (Datta & Deeth, 2002; IDF, 2022; Tetra Pak, 
2015). The heat treatments used in the industry can be further categorised based on 
direct consumption of milk, like HTST past., ESL, UHT and in-container 
sterilisation, or as a raw material for the production of yogurt, cheese or milk 
powders (IDF, 2022). This thesis mainly focuses on some of the heat treatments 
applied in the industry, i.e. HTST past., high past., ESL indirect as well as UHT 
direct and indirect. Table 1 lists the most commonly used heat treatments in the 
dairy industry, with temperature-time combinations used for heat treatment and the 
shelf-life conditions as well as both temperature-time combinations and shelf-life 
conditions used in this thesis. 
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High-temperature-short-time (HTST) pasteurisation 
Pasteurisation is one of the oldest heat treatment practices used for heat treatment 
of milk. The term ‘pasteurisation’ comes from Louis Pasteur who in the middle of 
the 19th century studied the detrimental effects of heat on microorganisms by 
employing heat treatment as a technique for preservation (Tetra Pak, 2015). 
Pasteurisation can be carried out either in batches with Low-Temperature-Long-
Time (LTLT) at 63 ºC for 30 min or continuously with High-Temperature-Short-
Time (HTST) usually performed at 72-76 ºC for 15 s (IDF, 2022). Pasteurization of 
milk deactivates the enzyme alkaline phosphatase, and kills pathogens, yeasts and 
molds while keeping the flavour of milk unaltered as well as keeping the nutritional 
profile of milk (Walstra et al., 2005). HTST pasteurisation of milk is commercially 
used in the manufacturing of milk as well as cream production and cheese 
manufacturing (IDF, 2022). Packaging of HTST pasteurised milk is carried out in a 
clean environment but non-aseptically with a shelf-life of about 10 days stored under 
refrigerated conditions (IDF, 2022).  

High pasteurisation 
High pasteurisation is a method which is performed at higher temperatures for 
longer times compared to HTST pasteurisation. When milk is heat treated with high 
pasteurisation, it first goes through a pre-heating step at 75 ºC for 15 s followed by 
a final heat treatment at 90-95 ºC for 5-10 min (IDF, 2022; Tetra Pak, 2015). High 
pasteurisation of milk destroys most of the non-spore-forming bacteria, deactivates 
most enzymes and causes a complete denaturation of whey proteins in milk (IDF, 
2022; Walstra et al., 2005). High pasteurisation of milk is performed prior to the 
fermentation of milk during yogurt production which helps in increasing the 
viscosity of yogurt by the formation of whey protein-κ-casein complexes as well as 
enhancing the water binding capacity (IDF, 2022).  

Extended shelf-life (ESL) treatment 
The short shelf-life of pasteurised milk led to the development of UHT milk which 
could be stored at ambient temperatures for up to 1 year, however, UHT milk may 
be perceived to have a ‘cooked’ taste by the consumer causing the development of 
extended shelf-life (ESL) milk. ESL milk has a longer shelf-life at refrigerated 
temperatures than HTST past. milk while keeping a similar taste profile as that of 
HTST past. milk (Rysstad & Kolstad, 2006). There is no standard definition for 
temperature and time conditions for ESL milk, however, the treatment is performed 
at temperature ranging from 120-140 ºC for 10-1 s, most commonly it is carried out 
at 125-130 ºC for 2-6 s (IDF, 2022). ESL heat treatment destroys all non-spore-
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forming bacteria as well as psychotropic and mesophilic spores while causing a 
slight variation in the flavour of milk (IDF, 2022). ESL treatment is used for long 
shelf-life drinking milk as well as for the production of cream. Packaging of ESL 
milk is often performed under very clean conditions in a chamber with sterile air 
providing a shelf-life of up to 60 days in refrigerated conditions (IDF, 2022, Rysstad 
& Kolstad, 2006, Tetra Pak, 2015). 

Ultra-high temperature (UHT) treatment 
UHT processing of milk results in a product that is ‘commercially sterile’, implying 
that the heat treatment may not eliminate or destroy all bacteria but destroys the 
bacteria which is prone to grow under ambient storage conditions (IDF, 2022). 
Although high-temperature heat treatment is desirable since it destroys the 
pathogenic microbes, high heat treatment may cause unwanted changes in milk like 
the production of sulphurous compounds giving a cooked flavour to milk as well as 
affecting the appearance and altering the nutritional value of milk (Tetra Pak, 2015; 
Walstra et al., 2005). The temperature-time conditions for UHT milk are 135-150 
ºC with a holding time of 10-1 s (IDF, 2022, Tetra Pak, 2015). UHT milk is 
packaged aseptically ensuring that no bacterial growth occurs after the heat 
treatment is performed, with a shelf-life of 9-12 months at ambient temperature 
(IDF, 2022, Tetra Pak, 2015).  

Heating system 
In the dairy industry, heat treatment of milk is performed with the help of heat 
transfer either in the form of convection or through conduction (Tetra Pak, 2015). 
The heating system used for ESL or UHT milk can be either direct (steam infusion 
or injection) or indirect (using plate or tubular heat exchangers) heating (Deeth & 
Lewis, 2017). This thesis investigates the effect of direct and indirect heating 
systems on milk quality in both pilot scale as well as dairy production scale (Papers 
II, III and IV). 

Direct heating 
Direct heating of milk involves bringing steam in direct contact with the product, 
eliminating the requirement of heat transfer through a wall of heat exchanger 
resulting in a higher heat transfer coefficient between milk and steam (Eisner, 2021). 
Direct contact of the product with steam helps in a faster heating of the product 
because of the condensation of steam which releases latent heat (Eisner, 2021). 
Direct heat treatment of milk is performed either using steam infusion or steam 
injection (Deeth & Datta, 2011; Eisner, 2021). Steam infusion of milk is performed 
by dispersing the milk droplets by spaying into the steam-filled chamber while 
steam injection is performed by injecting the steam into the milk through an 
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injection nozzle (Eisner, 2021). In direct heating systems, the rate of heating is 
extremely fast causing minimal chemical changes in milk as well as it is less prone 
to fouling (IDF, 2022, Eisner, 2021). 

Indirect heating 
Indirect heating of milk involves heat transfer between the heating medium (steam 
or hot water) and milk using a heat exchanger (Datta et al., 2002). Indirect heat 
treatment of milk is performed either using a plate or tubular heat exchanger (Eisner, 
2021). One of the biggest advantages of using indirect heating of milk is that it is 
energy efficient and cost-effective since up to 90% of the energy used can be 
recovered (Eisner, 2021; Deeth, 2010). The indirect heating system is more prone 
to fouling in heat exchangers and thus to avoid it a pre-heating step is usually 
performed (Eisner, 2021). 

Milk composition 
Bovine milk is a nutrient-rich food composed of both macro and micro components. 
Milk is a good source of many vital nutrients including a substantial quantity of 
vitamins and minerals. The average composition of milk consists of 4.7% lactose, 
4.2% fat, 3.5% proteins and 1% vitamins and minerals (Lindmark-Månsson et al., 
2012; Walstra et al., 2005). There are many factors causing variation in milk 
composition, like season, breed of the cow, feed, and lactation period (Fox et al., 
2015). The chemical composition of milk exerts a substantial impact on its 
nutritional value, flavour, microbial growth and chemical reactions occurring in 
milk (Walstra et al., 2005). 

Macro components 
Fat 
Milk fat consists of fat droplets known as fat globules with size ranging from 0.1 to 
10 µm in diameter (Walstra et al., 2005). The fat globules present in milk vary in 
size with numerous small globules and few larger globules. Each fat globule is 
naturally enveloped by the milk fat globule membrane (MFGM) which is composed 
of phospholipids, proteins, and enzymes (Michalski et al., 2002). Fat globules in 
milk are mainly composed of tri-, di- and monoglycerides, free fatty acids, sterols, 
fat-soluble vitamins, and water. The fatty acids present in milk contribute to milk 
flavour, however, these fatty acids are sensitive to heat and when exposed to higher 
temperatures, changes in double bond structure in the fatty acid occur, causing 
oxidation and off-flavours in milk (Walstra et al., 2005). Apart from heat treatment, 
homogenisation also affects the milk fat globules which is performed in milk to 
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reduce creaming and coalescence of fat droplets and increase the stability of milk 
(Walstra et al., 2005). During the processing of milk, homogenisation is used to 
reduce the milk fat globule size to less than 1 µm, depending on homogenisation 
pressure (Rauh and Xiao, 2022; Tetra Pak, 2015). Figure 1 illustrates the fat globules 
present in milk before and after homogenisation. Homogenisation of milk is usually 
performed at temperatures between 50 to 60 ºC (where the milk fat is in a melted 
state) in two stages, where in the first stage, fat is disrupted at high pressure followed 
by the second stage where the aggregates of fat globules and proteins formed during 
the first stage are disrupted at a lower pressure (Rauh and Xiao, 2022; Tetra Pak, 
2015). During storage of milk, fat globules can aggregate causing fat separation, 
which is highly dependent on factors like the fat content in milk, storage temperature 
and the initial fat globule size (Ramsey et al., 1984; Lu et al., 2013). 
Homogenisation efficiency affects the rate of fat separation where higher 
homogenisation efficiency causes a larger reduction in the size of fat globules and 
in turn, causes less fat separation (Lu et al., 2013).  

Figure 1. Micrographs of raw unhomognised milk (left) and homogenised milk (right) with 3% fat. 

Lactose 
Lactose is the primary sugar present in milk. Lactose is a disaccharide consisting of 
glucose and galactose linked with β-1,4-glycosidic bond (Walstra et al., 2005). 
When milk is heat treated, lactose undergoes different reactions. Isomerisation of 
lactose to lactulose may occur, which is used as an indicator of heat treatment 
intensity in heated milk products (Walstra et al., 2005) Other reactions including 
caramelisation and Maillard reactions also take place during heat treatment of milk 
which can result in the generation of flavour compounds as well as browning of the 
milk (Walstra et al., 2005). The extent of the Maillard reactions is influenced by the 
heat treatment and the chemical composition of the product (Rauh and Xiao, 2022). 
The more intense the heat treatment of milk is, more precursors are formed during 
the various stages of the Maillard reactions, and the most notable change can be 
observed during the shelf-life of milk (Rauh and Xiao, 2022). Hydrolysed lactose 
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products, i.e. glucose and galactose, exhibit a noticeable enhancement of Maillard 
reaction as the reducing sugar concentration increases due to hydrolysis of lactose 
into glucose and galactose, with a higher reactivity of galactose to Maillard reaction 
than lactose (Jansson et al., 2012; Naranjo et al. 2013). Furthermore, the Maillard 
reaction can also trigger a colour change in milk both after heating and during 
storage of the dairy products (Walstra et al., 2005), which is explained in the later 
in the thesis (see section Colour).  

Proteins 
Bovine milk contains about 3.5% proteins and the milk proteins are divided into the 
main protein groups whey proteins and caseins. The ratio of casein to whey protein 
in milk is about 80:20 (Fox et al., 2015). In milk, caseins are present in a micellar 
form which are large colloidal aggregates. Despite the vast research performed on 
casein micelles, its structure is still not fully known and many models have been 
proposed (Fox et al., 2015). It has thus been concluded that casein micelles are 
colloidal, polydisperse, fairly spherical particles ranging from 50 to 600 nm in 
diameter, with an average diameter of about 200 nm (Fox & Brodkorb, 2008; Holt 
et al., 2003). Casein present in milk includes αS1-casein, αS2-casein, β-casein and κ-
casein while whey proteins present in milk are mainly α-lactalbumin and β-
lactoglobulin. On acidification to a pH of 4.6, caseins precipitate whereas the whey 
proteins remain soluble (Fox et al., 2015). Whey proteins are heat labile and starts 
denaturing at about 70 ºC and can be completely denatured due to heating at 90 ºC 
for 10 min (Fox et al., 2015). However, compared to whey proteins, caseins are 
disordered proteins causing them to be highly resistant to heat denaturation (Walstra 
et al., 2005). During heat treatment of milk, the formation of complexes between β-
lactoglobulin and κ-casein occurs due to an interaction with thiol disulfide exchange 
(Walstra et al., 2005). This takes place when free thiol groups present in whey 
proteins are subjected to high temperatures and reacts with the -S-S- group in the 
casein micelles. Sulphur bridges are formed between β-lactoglobulin and κ-casein 
(Walstra et al., 2005). The association of whey proteins and casein micelles is 
dependent on heating conditions where a prolonged heating time causes an increase 
in the association of β-lactoglobulin with the casein micelles (Anema et al, 2003). 
During storage, physical changes can occur in milk which causes aggregation of fat 
or protein particles resulting in creaming, sedimentation, separation or gelation 
(Rauh and Xiao, 2022). Sedimentation occurs due to the formation of aggregates of 
protein, fat and minerals during heat treatment of milk which can be formed either 
in the milk or because of fouling in the heat exchanger (Anema, 2019). Casein also 
plays a role in creaming of stored milk, as during storage fat globule flocculation or 
coalescence occur which is caused due to the proteolysis of the caseins that covers 
the fat globule surface (Anema, 2019). 
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Micro components 

Vitamins 
Vitamins are organic compounds that are integral to human health and should be 
present in dietary intake since humans cannot naturally synthesise them (Fox et al., 
2015). Vitamin concentration is dependent on various factors including breed, feed 
composition as well as breeding practices (Godoy, 2021). Vitamins are divided into 
two categories: water-soluble vitamins (thiamine, riboflavin, pyridoxine, 
cyanocobalamin, and ascorbic acid, niacin, biotin, folate, and pantothenic acid) and 
fat-soluble vitamins (retinol, calciferol, tocopherol and menaquinones). Preserving 
these micronutrients is crucial since vitamins are sensitive and could degrade during 
handling, processing as well as storage (Godoy et al., 2021). During heat treatment, 
the structure of vitamins can be altered due to the breakage in chemical bonds within 
the molecule leading to loss of nutritional potency (Fox et al., 2015; Kilic-Akyilmaz 
et al., 2022; Walstra et al., 2005). Milk is a good source of most of the vitamins, 
both water-soluble vitamins including vitamins B1, B2 and B12 as well as fat-soluble 
vitamins like vitamins A, D and E (Walstra et al., 2005; Fox et al., 2015). Milk is a 
good source of vitamins, however, in this study a few of the vitamins were 
investigated due to research focus as well as resource limitations. Table 2 depicts 
the vitamins that were examined in this study including the concentration of the 
vitamins in raw milk (Lindmark-Månsson, 2003) as well as the importance of the 
vitamins (Fox et al., 2015; Ostan et al., 2013). Vitamins present in milk can be 
measured using high-performance liquid chromatography (HPLC), as was 
performed in this thesis (Papers II, III, IV and V). 

Table 2: Concentration and importance of vitamins present in raw milk investigated in this 
thesis (Fox et al., 2015; Lindmark-Månsson, 2003, Ostan et al., 2013). 

Vitamin Concentration Importance / function 
B1: Thiamine  0.40 mg/100g Plays a critical role in energy metabolism and 

cell growth 
B2: Riboflavin  1.41 mg/100g Growth and red blood cell production 

B12: Cyanocobalamin  4.12 µg/100g Formation of red blood cells and functioning 
of nerve tissue 

A: Retinol  0.36 µg/100g Vision process, reproduction and  growth in 
the immune system 

E: α-Tocopherol 1.01 mg/100g Protective effect on red and white blood cells 
and functioning of lungs 

 

Thiamine, also known as vitamin B1 (Figure 2), consists of two heterocyclic rings 
(substituted pyrimidine and thiazole) connected by a methylene bridge (Fox, 1998). 
Vitamin B1 is a heat-sensitive vitamin and susceptible to oxidising and reducing 
agents (Godoy et al., 2021; Voelker et al., 2018). Studies have shown that 
pasteurisation and UHT milk heat treatment can cause a loss of about 10% in 
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vitamin B1 concentration, however, sterilisation of milk leads to a reduction of about 
20 to 50% (Fox et al., 1998; Vidal-Valverde, 1990). Heat treatment system including 
direct or indirect heating also have a minimal influence on vitamin B1 levels in milk 
(Burton et al., 1970). During storage, no significant losses were observed for short-
term storage either of pasteurised or UHT milk, however during prolonged storage 
of UHT milk the loss was in the range of 10 to 40% (Fox et al., 1998; Görner et al., 
1980).  

Vitamin B2 (riboflavin; Figure 2) comprises of an isoalloxazine ring linked to an 
alcohol derived from ribose (Fox et al., 2015). Heat treatment has little to no effect 
on vitamin B2 since it is a heat-stable vitamin, although vitamin B2 is a light-
sensitive vitamin and its stability decreases when exposed to light (Cardoso et al., 
2017; Hadad et al., 1983; Ottaway, 2010). Vitamin B2 present in milk is stable 
during heat treatment as well as storage and could be affected by light intensity, 
storage temperature and packaging material (Fox et al., 1995; Ottaway, 2002).  

Cyanocobalamin or vitamin B12 (Figure 2) consists of a corrin ring which is a 
porphyrin-like structure attached to four reduced pyrrole rings with a central cobalt 
atom chelated at its core which is linked to a nucleotide base, ribose and phosphoric 
acid (Fox et al., 2015). Vitamin B12 is a fairly heat-stable vitamin where the losses 
due to heat treatment can range from negligible to 30% depending on the heat 
treatment employed (Andersson & Öste, 1992, Gregory et al., 1965; Kilic-Akyilmaz 
et al., 2022). Notably, vitamin B12 is not only affected by thermal treatment, 
destabilisation of vitamin B12 can also occur due to the presence of oxygen-reactive 
compounds (Kilic-Akyilmaz et al., 2022). Furthermore, the impact of storage on 
vitamin B12 concentration varies across studies, where a complete loss in vitamin 
B12 concentration in UHT-treated milk after 20 weeks of storage was observed 
(Godoy et al.,2021; Oamen et al., 1989) while Walstra et al. (2005) reported a loss 
of about 20 to 50% of vitamin B12 in UHT milk after 3 months of storage. The drop 
in vitamin B12 concentration noticed during storage is caused not only by the storage 
time but also by the presence of dissolved oxygen in the package (Oamen et al., 
1989; Walstra et al., 2005).  

This thesis mainly focused on the water-soluble vitamins B1, B2 and B12, however 
there are other vitamins present in milk like niacin (B3) pantothenic acid (B5) and 
biotin (B7) which are heat-stable vitamins and are stable during subsequent storage 
(Friend et al., 1983; Zhu et al., 2020). Furthermore, the stability of vitamin C is 
affected by multiple factors including the presence of antioxidants, exposure to 
oxygen as well as heat treatment and storage duration (Kilic-Akyilmaz et al., 2022). 
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Figure 2. Chemical structures of vitamin B1, B2 and B12 (The Royal Society of Chemistry, 2024). 

Fat-soluble vitamins present in milk includes vitamin A, D, E and K. Retinol or 
Vitamin A (Figure 3) is a precursor to a group of chemicals called retinoids, 
possessing the biological activity of vitamin A (Fox et al., 2015). Heat treatment 
of milk showed no significant difference in vitamin A concentration (Bilic et al., 
1988), however, the presence of light and air leads to vitamin A loss (Ottaway, 
2010). The high stability of vitamin A is also aided due to the presence of milk fat 
(Godoy et al., 2021), where loss of vitamin A due to exposure to light in full-fat 
milk is negligible when compared to skim milk (Whited, 2000). Vitamin E (Figure 
3) is an antioxidant comprised of two groups of compounds. namely tocopherols
(α-, β-, γ-, and δ-tocopherol) and tocotrienols (α-, β-, γ-, and δ-tocotrienol).
Tocopherols consist of a chromanol ring and a phytyl chain (Fox et al., 2015).
Vitamin E is a heat-stable vitamin (Macrae et al., 1993) while previous storage
studies suggest no loss of vitamin E (Fox, 1995; Lorenzen et al., 2011) to a
complete loss of vitamin E during storage (Ajmal et al., 2019). Vitamin D is also
a heat-stable vitamin however, most of the milk in Sweden is fortified with vitamin
D (Swedish Food Agency, 2024).

Figure 3. Chemical structures of vitamin A and E (The Royal Society of Chemistry, 2024). 
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Minerals 
The minerals in milk are an essential group of micronutrients constituting about 1% 
of the milk content (Walstra et al., 2005). From a nutritional point of view, minerals 
are vital components that promote functioning of immune system as well as 
inflammation regulation (Weyh et al., 2022). The minerals present in milk are 
divided into macro elements including calcium, magnesium, sodium, potassium, 
phosphorus, and chloride as well as trace minerals including iron, copper, zinc, 
manganese, selenium, iodine, chromium, cobalt, molybdenum, fluorine, arsenic, 
nickel, silicon, and boron (Cashman, 2011). The mineral concentration of milk is 
affected by a variety of factors including seasonal variations, lactation stage, 
environmental and genetic factors (Cashman, 2011; Fox et al., 2015). While the 
minerals present in milk make up a relatively small percentage, they play a crucial 
role in both technological properties of milk like stability of proteins and buffering 
capacity along with nutritional functions like growth and maintenance of teeth and 
bones (Cashman, 2011; Gaucheron, 2005). Inductively coupled plasma optical 
emission spectroscopy (ICP-OES) was performed to determine the mineral 
concentration in milk in this thesis (Paper III). Calcium in milk is present partly in 
serum form as well as partly in the casein micelles as calcium phosphate. Calcium 
in milk exists as a stable complex with citrate and about 10% of the total calcium in 
milk exists in ionic form, termed ionic calcium (Gaucheron, 2005; Lewis, 2011).  
Ionic calcium in milk is also affected by change in pH, with a decrease in pH an 
increase in ionic calcium is observed (Lewis, 2011). Heat-induced changes in the 
mineral concentration of milk are largely impacted by processing conditions, e.g. 
holding time, heating temperature and flow conditions which cause fouling in the 
heat exchangers resulting in a drop in mineral concentration in milk (Huppertz et 
al., 2022). Heat treatment of milk also results in a decrease in the concentration of 
ionic calcium which is caused due to the changes in mineral distribution between 
colloidal and serum phases of milk and the extent of these changes in mineral 
balance is dependent on the intensity of heat treatment (Deeth et al., 2017; Fox et 
al., 2015). Thermal treatment of milk could cause precipitation of calcium 
phosphate leading to a decrease in ionic calcium concentration (de la Fuente, 1998). 
Previous studies have suggested that a higher reduction in ionic calcium 
concentration in milk is observed with more intense heat treatments, for instance, 
UHT heat treatment has a larger effect on ionic calcium than pasteurisation (Holt, 
1995; Deeth et al., 2017). Storage of milk leads to a slight decrease or no change in 
ionic calcium concentrations (Anema, 2017; Lewis, 2011). 
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Physical properties of milk 
The physical and chemical properties of milk are dependent on intrinsic factors like 
composition and structure as well as extrinsic factors such as milk treatment and 
temperature (McCarthy et al., 2009). Thus, understanding the physical properties of 
milk is of importance concerning designing processing equipment, analysis of milk 
quality as well as comprehending complex reactions taking place and the 
microstructure of milk. In this thesis, several physical properties of milk were 
analysed and their effects on milk both before and after heat treatment as well as 
during storage (Papers II, III and IV). Various physical properties of milk like pH, 
colour, particle size distributions of fat globules and casein micelles, physical 
stability of milk as well as structural changes in milk were investigated. 

pH 
pH of raw milk is in the range of 6.6 to 6.8 (Walstra et al., 2005; Fox et al. 2015). 
pH of milk affects the conformation of proteins, enzyme activity as well as the 
dissociation of acids in milk which contributes to an acidic taste and can inhibit 
microbial activity (Walstra et al., 2005) making it an important parameter to 
examine. pH is strongly associated with temperature as after thermal processing of 
milk, a decrease in the pH of milk can be observed because of lactose breakdown at 
higher temperatures which causes the production of organic acids like formic acid 
(Nieuwenhuijse et al., 2003; Tsioulpas et al., 2010). Moreover, the association of 
calcium and phosphate into complexes in milk is affected by thermal processing 
causing a decrease in pH (Fox et al., 1998). Previous studies have suggested minor 
changes in the pH of milk after heat treatment using commercial heat treatments like 
UHT or HTST pasteurisation (Deeth et al., 2017; Karlsson et al., 2019). The type of 
heating system used for heat treatment also influences the pH of milk as a small 
decrease in pH is expected after indirect heating of milk (Walstra et al., 2005) while 
direct heating increases the pH of milk (Lee et al., 2017; Hammershøj et al., 2010). 
The increase in pH of milk after direct heating could possibly be due to degassing 
or pressure of steam which causes a removal of CO2 during flash cooling (Dickow 
et al., 2012; Hammershøj et al., 2010). Decrease in the pH of milk is expected during 
storage due to many factors including the breakdown of lactose-producing organic 
acids (Limacher et al., 2008), proteolysis of casein micelles, temperature-dependent 
dephosphorylation (Al-Saadi et al., 2008; Rauh et al., 2014) and protons release 
caused due to association of calcium and phosphate (Gaucheron, 2005). 

Colour 
The colour of milk and dairy products could indicate physio-chemical changes. The 
white colour of milk is caused by the dispersion of light by fat globules and casein 
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micelles, and when the milk is homogenised, the colour of milk becomes even 
whiter due to the scattering of light by smaller homogenised fat globules (Fox et al., 
2015). Moreover, the carotenoids (β-carotene) present in milk give a yellow colour 
to milk fat (Walstra et al., 2005). Colour changes in milk could occur both after 
being heat treated as well as overtime during storage, making it an important 
parameter for identifying the quality of dairy products. For measuring colour, 
different methods could be used, however, in this thesis, CIELab 1976 was used for 
colour measurements (Papers II and IV). CIELab uses three values to detect the 
colour which are L, a* and b* where L represents lightness with intensity ranging 
between dark to white (0 to 100). The a* and b* values indicate the colour chroma 
with values ranging from positive (+) and negative (-), where the positive a* value 
indicates redness and negative a* value indicates greenness and positive b* value 
indicates yellowness and negative b* value indicates blueness (McGuire, 1992). In 
addition, L, a* and b* values can be used to calculate the colour changes between 
samples with a total colour difference (E) as follows (Baldevbhai et al., 2012): ∆𝐸 = ඥ(𝐿ଶ − 𝐿ଵ)ଶ + (𝑏∗ଶ − 𝑏∗ଵ)ଶ + (𝑎∗ଶ − 𝑎∗ଵ)ଶ  (1) 

If the value of the detected colour difference (E) between samples is below 2.3, 
which corresponds to just noticeable difference (JND), this suggests that the change 
between the samples is undetected by the human eye (Baldevbhai et al., 2012). 
Maillard reactions are chain reactions that occur in the milk system and are divided 
into three stages. In the initial stage, lactose, which is the reducing sugar in milk, 
undergoes lactosylation which is a reaction with amino group resulting in the 
formation of Amadori compounds (van Boekel, 1998). This is followed by an 
intermediate stage where volatile compounds are formed (Sunds et al., 2018). 
Lastly, in the final stage of the Maillard reactions, a non-enzymatic browning 
reaction occurs involving condensation of amino compounds and sugar fragments, 
leading to the formation of brown melanoidins and intra-micellar protein cross-links 
(Al-Saadi & Deeth, 2008; van Boekel, 1998). Browning and colour changes induced 
by the Maillard reactions are often considered a defect in quality (Rauh and Xiao, 
2022). Maillard reactions in milk and dairy products occur faster for temperatures 
above 100 °C while the rate of reaction is slower at lower temperatures or during 
storage at ambient temperatures and is close to zero in refrigerated products (Rauh 
and Xiao, 2022). The offset of the Maillard reactions is significantly influenced by 
the heat treatment of the products. If the products undergo a higher initial heat 
treatment more precursors from intermediate and final stage Maillard products are 
formed compared to products that undergo lower initial heat treatment (Rauh and 
Xiao, 2022). During storage of milk, Maillard reactions are ongoing however, for 
products that are stored above 20-25 °C the changes occurring in milk are significant 
(Karlsson, 2019; Rauh and Xiao, 2022).  
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Particle size distribution 
Fat globule sizes in raw milk range from 1 to 10 µm and usually in industry for 
processed milk when homogenisation is applied to milk the resulting mean fat globule 
size is less than 1 µm (Rauh and Xiao, 2022). The average casein micelle size in milk 
ranges from 0.17 to 0.20 µm. (Bijl et al., 2014; Walstra et al., 2005). Particle size 
distributions of casein and fat globules in milk can be measured using laser diffraction, 
as was performed in this thesis (Papers II, III and IV). One of the drawbacks of this 
method is that particles larger in size, e.g., fat globules, will overlap particles of 
smaller size such as casein micelles due to static measurements and thus blocking the 
signal. This shortcoming can be overcome for raw milk where the fat is not 
homogenised by de-fatting the milk with the help of centrifugation. However, for 
processed heat-treated milk, which is homogenised during processing, defatting of 
milk is not plausible and therefore a reactive solution is added to dissolve the casein 
micelles giving an accurate measurement for fat globules. The protein dissolving 
solution, sol A is a mixture of Tween 20, ethylenediaminetetraacetic acid disodium 
salt dihydrate (EDTA-Na2) and MilliQ water where EDTA acts as a casein 
dissociating substance while Tween 20 is an emulsifier which hinders fat globule 
aggregation (Ransmark et al., 2019). Figure 4 depicts the particle size distribution 
curve for HTST past. milk. When the milk is analysed in the Mastersizer without any 
addition of sol A, two peaks are seen in the PSD curve where one shows the casein 
micelle peak while the other shows the fat globule peak (Figure 4, blue curve). 
However, with the addition of sol A, casein micelles are dissolved and only one peak 
for fat globules is detected (Figure 4, red curve) 

Figure 4. Particle size distribution of HTST past. milk, with (red) and without (blue) the addition of 
sol A (adapted from Paper II). 
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An increase in the size of casein micelles is expected with an increase in heating 
temperature and holding time. This increase in casein micelle size is linked with the 
level of denatured whey proteins associating with the casein micelles leading to the 
formation of whey protein and κ-casein complexes (Anema & Li, 2003; Ono et al., 
1999; Singh et al., 1993). During storage of milk, a slight decrease in casein micelle 
size can be observed, which is caused by the dissociation of β-lactoglobulin-κ-
casein complexes from casein micelles (Akkerman et al., 2021). The heating system 
also has an influence on the particle size distribution since in an indirect heating 
system, the denatured whey protein associates at the micellar surface with κ-casein 
in the colloidal phase, however, direct heating of milk causes the κ-casein and whey 
protein complexes to split between the serum and colloidal phase (Anema, 2021). 
Direct heat treatment of milk also causes disruption of fat globules due to shear and 
elongation forces during steam injection (Dickow et al., 2012; Ye et al., 2005). This 
disruption in turn causes the casein micelles and dissociated κ-casein to attach to the 
surface of fat globules (Corredig & Dalgleish, 1996) which causes a shift in particle 
size distribution of milk heat treated with direct steam injection compared to indirect 
heat treatment. These changes occurring in milk due to direct steam injections are 
usually minimised by homogenisation which is commonly placed downstream at 
dairy production scale (Eisner, 2021; Malmgren, 2007). These aggregates formed 
in the milk due to different heating systems can also be visualised with automated 
static imaging using Raman spectroscopy (Paper II).  

Physical stability 
The stability of a food product undergoes gradual changes over time which impact 
the shelf-life of the product. Milk is a colloid system consisting of casein micelles 
and fat globules which can be subjected to various physical changes including 
creaming, aggregation, and coalescence (Walstra et al., 2005). Creaming of milk is 
a result of fat globules rising due to the difference in density between fat globules 
and milk plasma (Walstra et al., 2005). Creaming is an undesirable quality in milk, 
however, it is not considered as a shelf-life limiting factor if the fat can be easily 
dispersed back by shaking (Rauh and Xiao, 2022). Aggregation occurs for casein 
micelles and fat globules where particles form clusters, while coalescence is a 
phenomenon forming one large particle (Walstra et al., 2005). The milk system can 
also experience partial coalescence and Ostwald ripening while particle size also 
influences the physical stability of milk dispersion (Walstra et al., 2005).  

Multiple static light scattering is the technique used for stability analyses which 
works on the principle of Mie theory. The backscattering value of a system increases 
with an increase in particle size ranging between 0.1 to 0.6 µm while the 
backscattering reduces as the particle size becomes higher than 0.6 µm (Carrentero 
et al., 2005). The physical stability of milk was evaluated using the Turbiscan 
stability index (TSI; Papers II, III and IV) which illustrates the destabilisation 
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kinetics (Carrentero et al., 2005; Meng et al., 2020). A low TSI value (on a scale of 
0-10) indicates a stable emulsion and as the TSI value increases the stability reduces.
During long storage of milk, a destabilisation mechanism could occur due to the
coalescence of fat globules and/or aggregation caused by the proteolysis of casein
present on the surface of these fat globules causing the formation of fat-protein
aggregates which can potentially cause fat separation or creaming in milk (Anema,
2019; Stoeckel et al., 2016).

Reaction kinetics 
As previously discussed, heat treatment of milk and dairy products is necessary for 
ensuring product safety and increasing shelf-life, however, the heating temperature 
and holding time could also have a detrimental effect on milk quality in terms of 
nutritional profile and physical properties. Therefore, to minimize the undesirable 
alterations in milk while deactivating spoilage bacteria as well as pathogenic 
microorganisms, it is essential to have a good process design for heat treatment 
(Kessler, 2002). To understand the impact of heat treatment on nutrient degradation, 
kinetic studies and mathematical models can be used (van Boekel, 2008). Chemical 
kinetics is the study of the rates at which chemical reactions progress (van Boekel, 
2008). Chemical changes, e.g. vitamin degradation taking place in milk during heat 
treatment, can be theoretically quantified with the help of reaction kinetics. 
Additionally, a good understanding of reaction kinetics can enhance the formulation 
and fortification of food products to both preserve the nutrients present as well as 
minimizing the undesirable breakdown of the product (Heldman & Lund, 2007). 
Thermal changes occurring during heating can be described with the help of rate 
law (van Boekel, 2008).  𝑅𝑎𝑡𝑒 = −ௗ஼ௗ௧ = 𝑘𝐶௡ (2)

where C is the vitamin concentration, n is the reaction order, t is time, and k is a temperature-
dependent reaction rate. 

The temperature dependence of the rate constant (k) can be described by Arrhenius 
equation: 𝑘 (𝑇) = 𝑘௢ ∗ exp ቀ− ாೌோ்ቁ (3)

Where k is the reaction rate constant, R is the gas constant, Ea is the activation energy 
and T is temperature (absolute).  

Determination of the kinetic parameters (ko and Ea) is essential for each nutrient for 
the specific food or formulation as the food matrix has an influence on the reaction 
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kinetics (Lešková et al., 2006; Villota and Hawkes, 2006). To determine the reaction 
order kinetics, typically the food (milk) is subjected to constant temperature for 
different durations and quantifying the nutrient concentration, followed by 
estimation of kinetic parameters. Kinetic parameters in food can be determined by 
a two-step method which is the traditional way, where at each temperature, the rate 
constant is determined followed by determining the activation energy. While 
another, more contemporary approach is the one-step approach, where both 
parameters are computed simultaneously using non-linear regression (Claeys et al., 
2001, 2001b; Greiby et al., 2017; Jewell, 2012).  

Despite the large importance and widespread use of milk worldwide, there are 
relatively few studies on kinetics on milk or dairy products. Kessler & Fink (1986) 
intensively investigated the changes occurring in milk including loss of vitamin B1 
due to heat treatment over a wide temperature-time range and interpreting the 
change by reaction kinetics. Another study on vitamin B2 in skimmed milk was 
conducted Alvarado et al. (2022) to obtain a degradation kinetic model. Other 
relevant studies on vitamin B1 and B2 have been performed on different food 
products including soy milk (Kwok et al., 1998) as well as rosehip nectar (Kadakal 
et al., 2017). It is worth noting that, the studies mentioned above often use traditional 
kinetic fitting methods, manually testing reaction orders against data to find the best 
fit. 

Methodological consideration 
In this thesis a global parameter fitting model was applied where the temperature 
dependence of k is modelled with Arrhenius equation (Villota and Hawkes, 2015; 
van Boekel 2008; van Boekel, 2021, 2022): 

𝑘(𝑇) =  𝑘௥௘௙ · exp ቆ ாಲோ⋅்ೝ೐೑ ቀ1 − ்ೝ೐೑் ቁቇ (4)

where, kref is the reaction rate at a reference temperature Tref, EA is the activation 
energy, T is the absolute temperature and R is the gas constant. 

To attain the model in the best practice way, modifications were done to obtain a 
good quality fitting of the parameters obtained. Firstly, to minimize the standard 
error of the activation energy estimation, a reference temperature was chosen 
according to the suggestion from Schwab and Pinto (2007). 𝑇௥௘௙ = ∑ [௖೔⋅୪୬ ௖೔]మ೙೔సభ∑ [೎೔⋅ౢ౤ ೎೔]మ೅೔೙೔సభ (5)
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where ci and Ti refers to the experimentally observed concentration and temperature 
combinations. Secondly, reparameterization of parameters were performed to 
improve convergence behaviour and decrease modelling errors as described by van 
Boekel (2022). 𝐴 = ாಲோ⋅்ೝ೐೑ (6)

𝐵 = ln൫𝑘௥௘௙൯ (7)

Finally, it is important to mention that the initial concentration was used as an 
additional parameter for fitting in each experiment. It is essential to clarify that these 
parameters were only used as a tool to determine the kinetic parameters and are not 
actually part of the kinetic model. 

Ideally, the best approach would be to fit the kinetic models using data obtained 
from actual production-scale experiments, using the real processing equipment and 
thermal treatment processes that are commonly used in industry. However, this is 
rarely feasible due to the high costs involved and the limited availability of 
production-scale facilities. In addition, the range of operating parameters is often 
too narrow to achieve the necessary separation required for parameter fitting. 
Nevertheless, despite these limitations, it is still crucial to validate and evaluate the 
performance of the kinetic parameters obtained from typical laboratory conditions 
(such as heating and holding vials) when applied to production-scale experiments. 
Therefore, in this thesis, kinetic studies on vitamin degradation were performed in 
a standard test-tube-in-water-bath experiment in laboratory-scale. The experimental 
setup was adopted from Paper I, where the thermocouple was placed carefully at 
the centre of the test tube. The kinetic model for thermal degradation of vitamins 
was obtained and was further used for validation by comparing the vitamin 
concentration of milk after the thermal process in dairy production scale as well as 
compared to the pilot scale heat treatment (Papers I, II, III and V). 
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Effects of processing and storage on 
nutrient content of milk 

Processing of milk and dairy products can cause an effect on the nutrient content 
which is dependent on various factors during processing including heating 
temperature, holding time as well as heating system e.g. direct or indirect heating. 
As mentioned previously, these changes in milk also occur continuously during 
storage. In order to understand the effects of processing and storage on milk and 
cream, heat treatment trials followed by storage were conducted in laboratory, pilot 
and dairy production scale (Papers II, III, IV and V). Laboratory scale experiments 
performed in thesis aimed to investigate vitamin degradation using small quantity 
of milk to understand the feasibility of the methods when heating and holding 
samples in vial. Followed by pilot scale studies aiming to replicate the real-world 
condition of heat treatment and to understand the effects on milk quality. The heat 
treatment was performed with 5 different temperatures ranging from 124-143 °C for 
1 and 4s in both direct and indirect heating systems. Industrial scale studies were 
then performed to confirm the effects of heat treatment on nutrients and physical 
properties occurring in commercially produced milk and cream. The investigated 
heat treatments included HTST past., high past., ESL indirect, UHT direct and UHT 
indirect heat treatment. Each set-up had its own limitation like, laboratory scale may 
lack real-world relevance, pilot scale studies might overlook full production 
complexities, and industrial scale studies can be resource intensive. Despite their 
differences, these studies shared a common goal of understanding of how thermal 
processing and storage affects the milk quality and where in the process significant 
changes occur. 

Macro components 
The average composition of raw milk samples collected from the silo tanks at dairy 
plants used in this thesis had an average fat content of 4.13% (SD 0.06%), average 
protein content of 3.32% (SD 0.07%) and average lactose content of 4.60% (SD 
0.17%) (Papers III and V). Macro component values of raw milk obtained were in 
range with previously reported values of Swedish raw milk obtained from silo tanks 
at dairy plants by Lindmark-Månsson et al. (2003) and Karlsson et al. (2019).  
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To understand the effect of heating system in pilot scale on the macro component 
concentration of milk, HTST past. milk (starting material) with an average fat 
content of 2.93%, protein content of 3.51% and lactose content of 4.83% was heat-
treated using direct and indirect heating systems. The average macro component 
composition of milk after heat treatment using the direct and indirect heating 
systems is shown in Figure 5. No changes in milk composition were observed due 
to heat treatment. Overall, the macro component composition of milk was not 
affected by heating temperature, holding time as well as heating system (Paper II).  

Figure 5. Macro component (fat, lactose, protein) composition in raw milk and heat-treated milk 
when subjected to direct and indirect heating at pilot scale (adapted from Paper II).  

The effects of processing on macro components (fat, lactose and protein contents) 
for raw milk and heat-treated milk when subjected to different heat treatments at 
dairy production scale is presented in Figure 6 (Paper III). The results showed that 
there were only small changes in lactose and protein concentration observed in milk 
after heat treatment. During processing at dairy production scale, milk undergoes 
homogenisation to reduce the fat globule size in order to avoid creaming and milk 
was standardised to obtain the desired fat content in milk. In Figure 6, it can be 
observed that the fat content for heat-treated milk was standardised to be in line with 
the values declared for macro components on the package of the respective product. 
Overall, minimal changes in the macro components of milk were observed after heat 
treatment in both pilot scale as well as dairy production scale studies.  
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Figure 6. Macro component (fat, lactose, protein) composition in raw milk and heat-treated milk 
when subjected to HTST past., high past., ESL indirect, UHT direct and UHT indirect heat 
treatment (adapted from Paper III). 

Mineral composition  
Mineral analyses were performed on milk heat treated in dairy scale. Figure 7 
depicts the mineral concentration in raw milk and heat-treated milk when subjected 
to different heat treatments (Paper III). The observed mineral concentration in the 
raw milk was within the range observed in an earlier study by Lindmark-Månsson 
et al. (2003) performed on Swedish raw milk, except for potassium and sodium, 
which were slightly lower in concentration, and iron, which was higher in 
concentration. Since the mineral concentration in cow milk is dependent on various 
factors such as season and breed (Walstra et al., 2005), the differences obtained in 
the mineral concentration could therefore be due to such factors. From Figure 7, it 
can be observed that the heat treatment of milk had little to no effect on the mineral 
concentration of milk. A similar trend was observed for cream samples heat treated 
with HTST past. and UHT indirect heat treatment (Paper III). Mineral concentration 
is dependent on processing conditions such as heating temperature, holding time, 
and flow conditions, which could potentially cause a build-up of fouling in the heat 
exchangers, leading to a decrease in mineral concentrations. However, in this thesis, 
the thermal processing investigated for milk and cream at dairy production scale had 
minimal impact on the mineral concentration. 
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Ionic calcium 
The concentration of ionic calcium in milk plays a critical role in factors such as 
thermal stability, protein conformation and stability, as well as aggregation 
behaviours during heating (Walstra et al., 2005). Therefore, understanding the 
changes occurring in the ionic calcium concentration in milk due to heating is 
important. The ionic calcium concentration normalized to the initial concentration 
(C/Co) in milk after thermal processing by direct and indirect heating at different 
temperatures and holding times at pilot scale is shown in Figure 8 (Paper II). It can 
be observed that the ionic calcium concentration in milk tended to decrease as the 
heating temperature increased from 124 to 140 ºC for both direct and indirect 
heating, as well as the different holding times. However, an increase in the 
concentration of ionic calcium was observed at 143 ºC, which was unexpected. In 
Figure 7, the ionic calcium concentration in milk before and after heat treatment at 
dairy production scale for different heat treatments showed a similar trend, with a 
decrease in ionic calcium concentration observed after heat treatment (Paper III). 
This decrease in the concentration of ionic calcium was expected after heat 
treatment of milk due to the changes occurring in the distribution of minerals 
between the colloidal phase and serum phase of milk (Akkerman et al., 2021; Fox 
et al., 2015; On-Nom et al., 2010). Furthermore, the intensity of heat treatment 
determines the extent of changes in the mineral balance of milk (Fox et al., 2015).  

 
Figure 8. Ionic calcium concentration normalised to initial concentration (C/C0) in milk after heat 
treatment with direct (blue) and indirect (red) heating system at different temperatures with a 
holding time of  1 s (Ο) and 4 s (�) (N=4). The straight line denotes the value for HTST past. milk 
(Paper II). 

Ionic calcium concentrations for milk and cream were also monitored during storage 
after heat treatment at dairy production scale, as shown in Figure 9 (Paper IV). It 
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can be seen that, as the storage time progressed, no statistically significant changes 
in the ionic calcium concentrations for milk and cream were observed, except for 
UHT indirect heat-treated milk, where a significant decrease was observed after 8 
months of storage. Previous studies suggest that heat treatment of milk does induce 
a decrease in ionic calcium concentration, but ionic calcium concentration recovers 
during cold storage of milk (Lewis, 2011). This is in line with our findings, as a 
decrease in ionic calcium concentration was observed when milk was heat treated 
(Figure 7), while during storage, the ionic calcium concentration remained 
unchanged (Figure 9). On the other hand, a significant decrease that is observed in 
ionic calcium concentration during long storage of UHT indirect milk is somewhat 
unexpected as a decrease in pH (Figure 13) would result in dissociation of calcium 
from casein micelles, leading to an increase in ionic calcium concentration (Broyard 
& Gaucheron, 2015). However, the pH change was rather small to cause a change 
and other factors could possibly cause this decrease in ionic calcium concentration. 
Furthermore, studies exploring the change in ionic calcium concentration for longer 
storage of milk heat treated with UHT showed inconsistent results, with some 
suggesting an increase while others suggested no change in ionic calcium 
concentration (Grewal et al., 2017; Li et al., 2017). In summary, ionic calcium 
concentration in milk decreased notably due to heat treatment. The findings also 
suggest that the ionic calcium concentration in milk and cream subjected to different 
heat treatments remains constant for shorter storage times, however, for longer 
storage time there may be a decrease in the concentration that may result in change 
in mineral equilibrium and therefore in the stability of casein micelles. 

Figure 9. Ionic calcium concentration as a function of storage time for milk subjected to HTST 
past., ESL indirect, UHT direct and UHT indirect as well as cream subjected to HTST past. and 
UHT indirect (N=4). All samples were stored at 8 ºC except for UHT indirect milk which was stored 
at 20 ºC. P-values indicate significant differences for milk and cream, respectively, between day 
of production (day 0) and storage for each heat treatment (* P < 0.05) (adapted from Paper IV). 
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Vitamin composition 
Milk is a good source of vitamins, particularly vitamin A and most B-vitamins, in 
terms of its nutritional value. However, the concentration of vitamins is affected by 
thermal processing and storage. In this thesis, the changes in vitamin concentration 
in milk due to heat treatment and storage were investigated (Papers II, III, IV and 
V). The vitamin concentration present in Swedish raw milk, as reported by 
Lindmark-Månsson (2003), ranges as follows: vitamin B1 concentration of 0.40-
0.44 µg/mL, vitamin B2 concentration of 1.41-1.50 µg/mL, vitamin B12 
concentration of 0.41-0.44 ng/mL, and vitamin E concentration of 1.01-1.10 µg/mL. 
The vitamin concentration in raw milk obtained in this study ranged from 0.43-0.58 
µg/mL for vitamin B1, 1.20-1.43 µg/mL for vitamin B2, 0.33-0.44 ng/mL for vitamin 
B12 and 0.94-1.37 µg/mL for vitamin E (Papers III and V). The results are in line 
with the concentration of vitamins in raw milk obtained in this thesis. 

Figure 10 shows the concentrations of vitamin B1, vitamin B2, and vitamin E in milk 
subjected to heat treatment at pilot scale, using both direct and indirect heating 
systems at different temperatures and holding times (Paper II). The concentration is 
normalized to the initial concentration of HTST past. milk (C/C0). It was observed 
that vitamin degradation occurred in both direct and indirect heating systems, with 
the extent of degradation increasing as the heating temperature and holding time 
increased. Notably, vitamin B1 exhibited the most significant decline, ranging from 
1% to 11% across different temperature and time combinations, while vitamin B2 
showed a decrease between 2% and 8%, and vitamin E showed a reduction ranging 
from 1% to 8%. When comparing the direct and indirect heating systems, no 
significant difference in vitamin loss was observed between the two systems (P > 
0.05). Previous studies that compared direct and indirect heating systems yielded 
similar results, indicating that there were no notable differences in terms of vitamin 
loss in milk (Burton et al., 1970; Lorenzen et al., 2011). Overall, the results of the 
pilot -scale study indicate that the degradation of vitamins is highly dependent on 
the temperature/time conditions applied during heat treatment, irrespective of 
whether a direct or indirect heating system is utilized. 
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Figure 10. Concentrations of vitamin B1, vitamin B2 and vitamin E normalised to initial 
concentration (C/Co) in milk after heat treatment with direct (blue) and indirect (red) heating 
system at different temperatures with a holding time of 1 s (Ο) and 4 s (�) (N=4). The straight line 
denotes the value for HTST past. milk (Paper II). 

Figure 11 depicts the vitamin B1, B2, B12 and E concentrations in raw milk and heat-
treated milk when subjected to different heat treatments at dairy production scale 
(Paper III). In Figure 11, it can be observed that the investigated vitamins showed 
a slight degradation after heat treatment. HTST past. showed no significant loss for 
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each of the vitamins studied. Furthermore, High past. of milk resulted in significant 
losses of vitamins B1, B2 and B12 (P < 0.05), whereas no significant loss for vitamin 
E was observed (P > 0.05). ESL indirect and UHT direct showed a significant loss 
of vitamin B2, whereas the other vitamins remained unaffected. Finally, UHT 
indirect heat treatment on milk resulted in no significant loss of any of the 
investigated vitamins. Vitamin A was also investigated for pre-heated cream as well 
as after final heating with HTST past. and UHT indirect heat treatment resulting in 
no significant losses in vitamin A concentration after heat treatment (Paper III). 
Previous studies have contradictory findings where a few suggest that after heat 
treatment, no loss in the investigated vitamins occur (Andersson & Öste, 1994; 
Bendicho et al., 2002; Haddad & Loewenstein, 1983; Zhu et al., 2020) while others 
suggest losses of up to 30% after HTST past. (Andersson & Öste, 1992; Burton et 
al., 1967; Renner et al., 1989; Walstra et al., 2005). High past. heat treatment had 
the highest impact on the vitamin losses which was expected as the heat treatment 
conditions applied are intense. High past. heat treatment is usually used during 
yoghurt production, which helps improving the texture and consistency of yoghurt 
through heat-induced aggregation of whey proteins with the casein micelles.  

To compare the degradation of vitamins during heat treatment at pilot scale study 
and dairy scale study (Papers II and III), it was observed that heat treatments 
conducted at pilot scale for ESL temperature of 129 °C with holding times of 1s and 
4s resulted in a 2% and 4% loss of vitamin B1, 3% and 3% loss of vitamin B2, and 
1% and 4% loss of vitamin E, respectively. In dairy production, following ESL 
indirect treatment (129 °C/2s), there was a 5% loss of vitamin B1, 1% loss of vitamin 
B2, and 1% loss of vitamin E. Heat treatments in the pilot scale at a UHT temperature 
of 140°C with holding times of 1s and 4s resulted in a 6% and 8% loss of vitamin 
B1, 3% and 5% loss of vitamin B2, and 4% and 3% loss of vitamin E, respectively. 
In dairy production, after ESL indirect treatment (129°C/2s), there was a 6% loss of 
vitamin B1, 1% loss of vitamin B2, and 8% loss of vitamin E. Losses of vitamin B1 
in both pilot scale and dairy production scale were observed are similar, whereas 
smaller losses in vitamin B2 were observed in dairy production scale compared to 
pilot scale and more losses of vitamin E in dairy production scale for UHT 
processing compared to pilot scale. From these findings, varying degrees of vitamin 
degradation for pilot scale and dairy production scale experiments were observed. 
No clear conclusions could be drawn and therefore these insights highlight that there 
is a need for more research. 

Overall, the concentration of vitamin B12 showed the most significant change among 
the studied vitamins, whereas other vitamins displayed minor losses. High past. heat 
treatment showed the most severe thermal degradation of the investigated vitamins 
due to the high heat load. Nevertheless, no distinct trends regarding the impact of 
heat treatment on the studied micronutrients could be definitively concluded, 
suggesting that multiple factors influence the changes during production. 
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Table 3. Retention (%) of vitamins B1, B2, B12 and E on best before date for milk subjected to 
HTST past., ESL indirect and UHT direct stored at 8 ºC and UHT indirect stored at 20 ºC. 
Retention was quantified and presented as percentage of vitamin concentration compared to 
day 0, corresponding to 100% (adapted from Paper IV). 

Heat treatment 

Retention (%) 

Best-before date Vitamin B1 Vitamin B2 Vitamin B12 Vitamin E 
HTST past. 10 days 96.47±2.50 100.00±0.58 97.74±0.00 96.54±2.04 
ESL indirect 30 days 96.65±4.62 99.45±0.61 97.55±0.70 91.66±2.63 
UHT direct 30 days 93.69±5.05 97.49±1.47 77.98±1.22 91.30±4.10 
UHT indirect 4 months 90.50±4.61 94.93±1.13 81.73±1.60 95.42±2.78 

 

Retention of vitamins B1, B2, B12 and E on the best before date for milk subjected to 
HTST past., ESL indirect, UHT direct and UHT indirect is shown in Table 3 (Paper 
IV). For vitamin B1, a loss of about 3.5% was observed for HTST past. after 10 days 
of storage, while the maximum loss of about 10% was observed for UHT indirect 
after 4 months of storage. Previous studies investigating vitamin B1 loss in milk 
suggest a loss of about 10-20% in UHT milk after 3 months of storage (Walstra et 
al., 2005), while Eberhard et al. (2003) reported a loss of 15% in UHT direct milk 
after 4 weeks of storage. Lorenzen et al. (2011) found no loss in ESL indirect milk 
during cold storage, but El-Sayed et al. (2014) noted a 100% loss after 4 months at 
25 ºC for UHT milk. These variations in vitamin B1 concentration may depend on 
the light exposure during storage which could influence the losses observed in the 
studies (Fox et al., 2015; Walstra et al., 2005). For vitamin B2 rather small changes 
in concentration were observed during storage with the maximum loss of about 5% 
observed after 4 months of storage of UHT indirect milk. Vitamin B2 is a stable 
vitamin both to heat treatment as well as to storage, however, the stability of vitamin 
B2 is reduced when exposed to light (Cardoso et al., 2012; Kilic-Akyilmaz et al., 
2022). Other studies have only shown a small reduction of about 3 to 4% in vitamin 
B2 concentration for UHT treated milk stored for 5 months (El-Sayed et al., 2014; 
Oamen et al., 1989). 

In Table 3, small losses of vitamin B12 less than 3% were observed for HTST past. 
and ESL indirect on the best before date which is in line with previous studies on 
HTST past. and ESL indirect showing no significant loss after storage (Andersson 
& Öste, 1994; Lorenzen et al., 2011). However, losses of about 20% were observed 
for UHT direct after only 30 days of storage and for UHT indirect after 4 months. 
As vitamin B12 is sensitive to the presence of oxygen, these higher losses in vitamin 
B12 concentration in UHT direct milk could possibly be due to exposure to oxygen 
during heat treatment with steam injection which might have stimulated the 
destabilisation of vitamin B12 or due to the presence of dissolved oxygen in the 
package (Kilic-Akyilmaz et al., 2022; Walstra et al., 2005). Previous studies have 
shown contradictory results of vitamin B12 losses during storage in UHT milk with 
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no effect to complete loss of the vitamin (Fox, 1995). For vitamin E losses of up to 
10% were observed during storage. In conclusion, it is clear that vitamin losses can 
occur not only during heat treatment but also during storage. The intensity and 
duration of heat treatment are directly linked to the amount of these losses. As milk 
undergoes more intense heat treatments and longer storage times, the degree of 
vitamin degradation increases. These results emphasize the importance of precise 
control over processing and storage conditions to protect the nutritional quality of 
milk products.  
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Effects of processing and storage on 
physical properties of milk 

Processing of milk and dairy products can cause an effect on the physical properties 
of milk which is dependent on different factors during processing including heating 
temperature, holding time as well as heating system e.g., direct or indirect heating. 
As mentioned previously, these changes in milk also occur continuously during 
storage. To understand the effects of processing and storage on milk and cream, heat 
treatment trials followed by storage were conducted in pilot and dairy production 
scale (Papers II, III and IV). 

pH 
In Figure 12, the pH of HTST past. milk is shown, with an average pH of 6.69±0.03. 
Additionally, the pH of milk after heat treatment using both direct and indirect 
heating systems at pilot scale can be seen (Paper II). It was observed that heat 
treatment resulted in an overall increase in the pH of the milk. After direct heat 
treatment, a slight increase in pH was observed for each temperature/time 
combination. On the other hand, the pH of milk after indirect heating either slightly 
increased or remained similar across the various heating temperatures and holding 
times. Previous studies (Dickow et al., 2012; Hammershøj et al., 2010; Lee et al., 
2017) have also shown an increase in pH of milk after direct heat treatment. These 
studies suggested that this increase in pH could possibly be attributed to degassing 
or the steam pressure causing the removal of CO2 during flash cooling. 
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Figure 12. pH of milk after heat treatment with direct (blue) and indirect (red) heating system at 
different temperatures with a holding time of  1s (Ο) and 4 s (�) at pilot scale Nn=4). The straight 
line denotes the value for HTST past. milk (Paper II). 

Figure 13 depicts the pH of raw milk, heat-treated milk as well as on the best-before 
date for milk subjected to various heat treatments at dairy production scale (Papers 
III and IV). It can be observed that the pH of raw milk is in the range of 6.68 to 6.75, 
which is comparable to previous studies by Karlsson et al. (2019) and Lindmark-
Månsson et al. (2003). After heat treatment of milk, there is a decrease in pH, which 
could possibly be due to the formation of organic acids like formic acid which at 
high temperatures causes the breakdown of lactose (Nieuwenhuijse & van Boekel, 
2003; Tsioulpas et al., 2010). Additionally, heat treatment causes a decrease in pH 
due to the association of calcium and phosphate in milk (Fox & McSweeney, 1998). 
The pH changes observed in Figure 13 suggest a minor effect on the milk pH after 
heat treatment at the dairy production scale which is consistent with previous studies 
by Deeth and Lewis (2017) and Karlsson et al. (2019) who reported only minor 
changes in milk pH after HTST past. and UHT heat treatment. Furthermore, a 
decrease in pH was observed for stored milk samples. This decrease in pH during 
storage occurs due to various factors such as temperature-dependent 
dephosphorylation and proteolysis of casein micelles, breakdown of lactose, which 
in turn produces organic acids, as well as the association of calcium and phosphate 
ions, which release protons (Limacher et al., 2008; Gaucheron, 2005; Rauh et al., 
2014). To conclude, the pH changes in milk take place both during processing and 
storage due to biochemical changes in the milk system. The data obtained in the 
present thesis offers valuable insights into the changes occurring in the pH of milk 
due to heating temperature, holding time as well as heating systems, and 
complexities during dairy scale processing, assisting producers in enhancing 
product quality. The subtle pH changes indicate the essential balance between the 
formation of organic acids and lactose breakdown, which are further crucial in 
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determining texture, flavour, and safety (Nieuwenhuijse et al., 2003; Tsioulpas et 
al., 2010; Fox et al., 2015). Tracking these pH variations acts as a guide to extending 
the shelf life of milk, preserving its nutritional content, and ultimately satisfying 
consumer’s needs. 

Figure 13. pH of milk (raw, heat-treated as well as on the best-before day) subjected to HTST past., 
High past., ESL indirect, UHT direct and UHT indirect at dairy production scale. All samples were 
stored at 8 ºC except for UHT indirect milk which was stored at 20 ºC (adapted from Papers III and 
IV). 

Colour  
Figure 14 (a, b, c) depicts L (dark-light), a* (green-red) and b* (blue-yellow) values 
of milk after heat treatment at pilot scale, using direct and indirect heating systems 
at different temperatures and holding times on the day of production (Paper II). 
When compared to the HTST past. milk, heat-treated milk samples showed slightly 
higher L and b* values, and a lower a* value indicating that the heat-treated milk is 
whiter, greener and more yellow. However, the observed colour change(E) is 
small and will not be detectable by consumers. This is because the colour change 
(E) value is lower than 2.3, which is the just noticeable difference (JND) value.
The JND value represents the threshold below which changes in colour are
undetected. Additionally, there is no clear trend suggesting a change in colour of
milk at different heating temperatures and times caused by direct or indirect heating
systems.
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Figure 14 (d, e, f) shows the L, a* and b* values of milk heat-treated with direct and 
indirect heating systems after 28 days of storage (Paper II). The lightness of milk 
after 28 days of storage was lower than the day of production for direct heat-treated 
milk, while the lightness was higher for indirect heat-treated milk. Additionally, a 
larger change in lightness during storage in milk was observed for the heat treatment 
at higher temperatures (134 to 143 °C). When compared to the day of production, 
no effect of heating system was seen in the lightness (L value) of the milk. 
Therefore, the difference observed in the milk must have occurred during storage of 
the milk. One plausible reason for the change in lightness could be that the lightness 
is correlated to particle size (McClements et al., 2019), and thus a change in particle 
size of milk samples during storage could affect the colour of the milk. This is also 
supported by the fact that the physical stability of the milk was lower after 28 days 
of storage (Figure 20 b), with a more significant impact of storage observed in 
indirect heat-treated milk (Paper IV). 
The colour change (E) as a function of storage time for milk and cream subjected 
to different heat treatment in dairy production scale when compared with the day of 
production (day 0) is shown in Figure 15 (Paper IV). It can be seen that during 
storage, a change in colour is observed for both milk and cream samples. However, 
the E values were lower or about the just noticeable difference (JND), which has 
been previously suggested to be 2.3 (Baldevbhai & Anand, 2012). Thus, the minor 
changes would be unnoticeable by the consumers. However, during prolonged 
storage of UHT indirect milk, after 6 months the E value is above 2.3 suggesting 
a noticeable change in the colour of the milk. The colour change observed in UHT 
indirect milk could possibly be due to the Maillard reaction occurring in milk during 
storage (Al-Saadi & Deeth, 2008) or due to the change in particle size of milk during 
storage (McClements et al., 2019). Exploring the colour changes in milk during 
heating and storage revealed that while the initial impact of heat treatment and 
heating system on milk colour may not be apparent, more significant changes 
emerge during storage. Storage time is crucial, as a gradual change in the colour of 
milk is observed as the storage period progresses while over prolonged storage, 
these colour changes become more significant. This understanding of colour change 
in milk enables a thorough investigation and control of these changes, offering 
valuable insights into the development and quality of dairy products. 
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Figure 15. Colour change (E) as a function of storage time for milk at dairy production scale 
subjected to HTST past. (), ESL indirect (), UHT direct (♦), UHT indirect () and cream 
subjected to HTST past. () and UHT indirect () (n=4). The just noticeable difference (JND) is 
2.3, which is denoted by a straight line. P-values indicate significant differences for milk and 
cream, respectively, between colour change (E between day of production (day 0) and first 
storage point) and storage time within each heat treatment (* P < 0.05; ** P < 0.01; *** P < 0.001) 
(Paper IV). 

Particle size distribution  
The particle size distribution of milk was analysed during both pilot scale and dairy 
production scale experiments (Papers II, III and IV). In the pilot scale trials, the 
impact of heating temperature and holding time were studied using both direct and 
indirect heating systems. The starting material for the experiments was 
homogenized HTST pasteurized milk, and no homogenisation was conducted 
upstream. Homogenized HTST pasteurized milk was used as a starting material to 
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solely investigate the effects of heat treatment on milk without homogenization. In 
the dairy scale experiments, the particle size distribution of milk was assessed in 
skimmed raw milk, heat-treated milk samples, and storage samples to observe 
changes in the particle size distribution.  

Figure 16 shows the effects of the heating system on the size of fat globules and 
casein micelles (Paper II). The effect of different temperatures on the particle size 
distribution of milk treated with indirect heating systems was minimal, while the 
effect was more pronounced for milk heat-treated using direct heating system. In 
the case of direct heating, there was a noticeable shift towards larger particles in the 
particle size distribution, and this effect was more significant at higher temperatures. 
To analyse the size of fat globules (Figure 16 c, d), a protein dissolving solution (sol 
A) was added to the milk. In Figure 16 (c), no effect of indirect heating on fat globule
size distribution was observed compared to HTST past. milk, suggesting that the
small differences seen in Figure 16 (a) could possibly be attributed to changes in
casein micelle size. However, in Figure 16 (d), which shows the particle size
distribution for milk treated with direct heating, it can be seen that not only were
casein micelles dissolved but some of the larger particles also disappeared after the
addition of the sol A solution, suggesting that the aggregates present in heat-treated
milk were formed due to the interaction of proteins on the surface of fat globules
(Sharma & Dalgleish, 1993; Walstra et al., 2005).

Moreover, to further understand the increase in fat globule size, Dv (90) values were 
investigated with and without the addition of the sol A for HTST past. milk, as well 
as for direct and indirect heat-treated milk (Figure 17). It is evident that the Dv (90) 
value for indirect heat-treated milk was similar to that of the starting material (HTST 
past.). While a higher Dv (90) value was observed for milk treated with direct 
heating, and the effect on particle size was more pronounced at higher temperatures. 
Finally, microscopic analysis of the milk sample was performed to further 
investigate this increase in fat globule size, as shown in Figure 18. It is apparent that 
direct heat-treated milk exhibited different particles of larger size compared to 
HTST past. milk and indirectly heat-treated milk. The micrographs (Figure 18) 
confirm that there was both full coalescence and aggregation of fat globules caused 
by the heating system.
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Figure 17. Dv (90) of milk particle size distribution with (a) and without (b) addition of sol A after 
heat treatment with direct (blue) and indirect (red) heating systems at different temperatures with 
a holding tme of 1 s (Ο) and 4 s (�)  (N=4) at pilot scale. The straight line denotes the value for 
HTST past. milk (Paper II). 
 

 
Figure 18. Micrographs for a) HTST past. milk, b) indirect heat treated milk 143 ºC/ 4 s, c) direct 
heat-treated milk 134 ºC/ 1 s, and d) direct heat treated milk 140 ºC/ 4 s. The arrows indicate large 
fat globules indicating full coalescence and aggregates of small fat globules (Paper II). 
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Previous studies investigating the particle size distribution of fat globules have been 
conducted using unhomogenized milk as the starting material (Corredig & 
Dalgleish, 1996; van Boekel & Folkerts, 1991; Zadow, 1969). A significant 
distinction in this study is that the milk was homogenized before undergoing direct 
heating. Homogenisation enhances the stability of fat globules against 
hydrodynamic breakup by reducing their size and creating a more stable membrane. 
The replacement of a portion of the native milk fat globule membrane with casein 
micelles and whey proteins increases the interfacial tension from approximately 1.5 
to 10 mN·m-1 (Walstra et al., 2005). This is because whey proteins and casein 
micelles partially replace the native milk fat globule membrane, resulting in 
increased interfacial tension (Walstra et al., 2005). The rate of both particle breakup 
and coalescence is influenced by turbulence, and the dominant process depends on 
the interfacial stability of the droplet and the intensity of turbulence (Håkansson, 
2019; McClements, 2015). As a result, a decrease or increase in fat globule size is 
not unexpected in a turbulent zone, whether in unhomogenized or homogenized 
milk. Therefore, the coalescence of fat globules observed in direct heat-treated milk 
could have occurred either in the holding cell or during flash cooling in the steam 
injection step. Even though fat globule coalescence is observed, this is usually 
mitigated with the help of homogenization which is usually performed upstream at 
the dairies. 

The particle size distribution for milk heat-treated at dairy production scale was 
performed, and the results are shown in Table 4 (Paper III). The fat globule size in 
heat-treated milk ranged from 0.28 to 0.85 µm due to the different homogenization 
pressure applied to the milk. Furthermore, the volume-weighted average diameter 
D[4,3] of casein micelles in skimmed raw milk was 0.13 µm for each of the heat 
treatments. After the milk samples were heat-treated, the apparent casein micelle 
size increased, ranging from 0.17 µm to 0.23 µm. This increase in casein micelle 
size due to increasing temperature and holding time was expected and is also 
correlated to the casein micelles associated with denatured whey protein (Anema & 
Li, 2003; Ono et al., 1999). It is thus expected that high past. and UHT direct and 
indirect heat-treated milk would have the highest effect on the apparent casein 
micelle size however this was not observed in our data. One possible reason for the 
small increase in apparent casein micelle size in high past. milk compared to the 
other heat treatments could be that the whey protein aggregates can also be formed 
in the serum phase during heating and therefore they do not associate with casein 
micelles. This, in turn, results in a lower level of denatured whey proteins associated 
with casein micelles. 
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Table 4. Mean ± standard deviation (N=4) of physical stability expressed as Turbiscan stability 
index (TSI), volume-weighted average diameter (D[4,3]) of casein micelles and fat globules as 
well as after final heating for processed milk subjected to different heat treatments, as well as 
comparison in physical properties between heat treatments (Paper III).1 

Property 

Heat treatment 
HTST 
past. 

High 
past. 

ESL 
indirect 

UHT 
direct 

UHT 
indirect 

TSI 0.90±0.25a 1.21±0.23a 0.97±0.12a 1.22±0.20a 0.88±0.10a 
Apparent casein micelle 
size, D[4,3] (µm) 0.19±0.00a 0.17±0.01b 0.23±0.00c 0.17±0.01b 0.21±0.01d 

Fat globule size, D[4,3] 
(µm) 0.85±0.04a 0.37±0.01b 0.63±0.00c 0.28±0.00d 0.32±0.00e 

1Different superscript letters indicate significant differences (P ≤ 0.05) within a row, comparing physical 
properties between heat treatments. The total homogenisation pressures applied during processing 
were for HTST past. 140 bar, High past. 170 bar, ESL indirect 160 bar, UHT direct 160 bar and UHT 
indirect 180 bar. 

The volume-weighted diameter, D[4,3], for fat globules and casein micelles in milk 
during storage for dairy production scale study is depicted in Figure 19 (Paper IV). 
It can be seen in Figure 19 (a), that a slight increase in fat globule size after 30 days 
of storage for ESL indirect milk was observed whereas fat globule size for HTST 
past. and UHT direct remained unchanged during their respective storage times. In 
Figure 19 (b), it is apparent that the fat globule size of milk in UHT indirect milk 
changed significantly with the largest effect observed after 10 months of storage. 
The apparent casein micelle size was in the range of 0.16 to 0.21 µm on the day of 
production, no effect of storage was observed on apparent casein micelle size for 
HTST past and UHT direct treated milk while a slight decrease in UHT indirect 
milk after eight months of storage was observed (Figure 19). Overall, the particle 
size distribution of milk during storage remained stable apart from prolonged stored 
milk samples. 

 
Figure 19. Fat globule size, D[4,3] (green) and apparent casein micelle size, D[4,3] for milk ( blue) 
as a function of storage time for milk subjected to HTST past. (), ESL indirect (), UHT direct 
() stored at 8 °C (a) and UHT indirect (♦) stored at 20 °C (b). P-values indicate significant 
differences for milk between day of production (day 0) and storage time within each heat 
treatment (* P < 0.05; ** P < 0.01; *** P < 0.001; Paper IV).  
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Physical stability 
The particle size distribution of milk in direct and indirect heat-treated milk at pilot 
scale was discussed in the previous section, and these particle size distributions can 
have an effect on the stability of the milk system. However, Figure 20 (a) which 
compares the TSI value of direct and indirect heat-treated milk compared to the 
HTST past. milk, shows no clear effect on the stability of heat-treated milk (Paper 
II). On day 0 (day of production), there was no difference in the TSI value between 
direct and indirect heat-treated milk, even though direct heat-treated milk had larger 
fat globules and aggregates. When the same samples were stored in cold storage for 
28 days it was observed that the TSI value increased for both direct and indirect 
heat-treated milk (Figure 20, b), with a more pronounced effect on the instability in 
indirect heat-treated milk. The differences observed in size distribution did not have 
a significant effect on the physical stability of the milk samples both on the day of 
production and during storage, indicating that the milk was fairly stable in terms of 
physical stability. 

Figure 20. Physical stability expressed as Turbiscan stability index (TSI) for day 0 (a) and day 28 
(b) of milk after heat treatment with direct (blue) and indirect (red) heating system at different
temperatures with a holding tim of 1 s (Ο) and 4 s (�) (N=4) in pilot scale. The straight line denotes 
the value for HTST past. milk (Paper II).

The physical stability, TSI, of milk subjected to different heat treatments in dairy 
production scale is presented in Table 4 (Paper III). UHT indirect treatment had the 
lowest TSI value, with a fat content of milk of 1.86%, compared to about 3% for the 
other processed milk samples. An increase in fat content could result in higher 
instabilities in milk due to flocculation creaming and aggregation of fat globules 
present in milk (Walstra et al., 2005). However, the TSI values for processed milk 
ranged from 0.9 to 1.2 with no significant differences indicating a stable system.  

Figure 21 depicts the physical stability (TSI) for milk and cream during storage 
(Paper IV). The TSI value for milk on the day of production ranged from 0.9 to 
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1.22, while the TSI value for cream was in the range of 2.6 to 2.8, showing that 
cream is more unstable than milk. However, the TSI value is still within the 
acceptable range of product quality (TSI < 3; Carrentero et al., 2005). In Figure 21, 
the physical stability of UHT direct milk remained stable throughout the storage, 
while for HTST past and ESL indirect instability was observed from day 10. For 
UHT indirect instability was observed at month 10 and 12. Even though the TSI 
value for cream was higher on the day of production compared to milk, the 
instability of the cream during storage did not increase. Previous studies have 
suggested that during the storage of UHT milk, creaming occurs due to fat globule 
flocculation or coalescence caused by proteolysis of casein that covers the surface 
of fat globules (Anema, 2019). Proteolysis caused by plasmin is inhibited when milk 
is stored at lower temperatures. However, in this present study, the milk was stored 
at 8°C. More research is needed to understand the risk of proteolysis in cold-stored 
milk, which was not studied in the present study. In summary, the changes in the 
physical stability of milk and cream during storage were significant. However, the 
observed TSI value was still not very high, suggesting that the product was of an 
acceptable quality even after the best-before date. 

 
Figure 21. Physical stability expressed as Turbiscan stability index (TSI) for milk as a function of 
storage time for milk subjected to HTST past., ESL indirect, UHT direct s and UHT indirect  as well 
as cream subjected to HTST past. and UHT indirect in dairy production scale. P-values indicate 
significant differences for milk between day of production (day 0) and storage time within each 
heat treatment (* P < 0.05; adapted from Paper IV). 
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Kinetic modelling  

Kinetic thermal degradation models play a crucial role in optimising food 
processing methods. Ideally, these models should be fitted to data obtained from 
real production scale experiments using the actual large-scale processing equipment 
and the thermal treatment processes used in the industry. However, this is often not 
possible due to the high cost and limited accessibility of production-scale facilities. 
Additionally, the range of operating parameters in these facilities may not provide 
enough variation to accurately fit the model parameters. As a result, it is necessary 
to validate and test the performance of kinetic parameters fitted to typical laboratory 
conditions (heating and holding of vials) when applied to production scale 
conditions. To understand the thermal degradation of vitamins in milk, a laboratory 
scale vial heat and hold experiment was performed at five different temperatures 
ranging from 70 °C to 110 °C and were held for up to 35 mins. The kinetic model 
fitting for three vitamins (B1, B2 and E) were performed in laboratory scale and the 
obtained models were further used for validation of dairy scale experiment results 
obtained as discussed in the previous sections (Paper V). 

Vitamin degradation in laboratory scale experiments 
Degradation of vitamins in laboratory scale experiments is depicted in Figure 22. 
The markers show the concentration of vitamin B1, B2 and E as a function of 
processing time at different heating temperatures (70, 80, 90, 100 and 110 °C). The 
vitamin concentration in raw milk ranged from 0.48-0.58 µg/mL for vitamin B1, 
1.20-1.33 µg/mL for vitamin B2 and 1.30-1.37 µg/mL for vitamin E. It can be 
observed that each of the vitamin is degrading due to thermal processing and the 
rate of degradation increases with increasing temperature (Paper V).  
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Figure 22. Vitamin concentration, c, as a function of processing time, at different processing 
temperatures (T = 70 °C, 80 °C, 90 °C, 100 °C, 110 °C) for the laboratory scale experiments 
(markers). Lines display the predicted vitamin concentrations according to the kinetic models in 
Table 5. A) Vitamin B2, B) Vitamin B1 and C) Vitamin E (Paper V). 

Fitting kinetic models 
To the experimentally obtained vitamin values in laboratory scale, global parameter 
fitting (see section Reaction kinetics) was performed to derive kinetic model for 
each of the studied vitamin. Table 5 summarises the kinetic parameters obtained by 
model fitting. The overall fit appears to be quite good when comparing the modelled 
vitamin concentration to the experimentally measured concentrations in Figure 23. 
This is further supported by the coefficients-of-determination (R2) values, which are 
98% for vitamin B2, 93% for vitamin B1, and 99% for vitamin E. Although the 
adjusted-R2 values, which consider the number of parameters used in the 
estimations, are slightly lower, however, all the values are above 90% (see Table 5). 
It can be observed that the overall fit is lower for vitamin B1 in comparison to the 
other two vitamins (Paper V). 

Figure 23. Vitamin concentration predicted by the kinetic model, cmod, compared to the 
experimentally measured concentration, cexp for the three vitamins (A: vitamin B2, B: vitamin B1 
and C: vitamin E) in the laboratory-scale heat treatments. Marker colours refer to the heat 
treatment temperature (see legend in Figure 22; Paper V). 
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Table 5. Vitamin degradation kinetic parameters (n, kref, EA) obtained from using the global 
model on the laboratory scale data (standard deviations in parenthesis). Also showing the 
model fitted (experiment-specific) initial concentrations and the coefficient of determination (R2) 
and the adjusted version (R2

adj) for the fit to the laboratory scale data (Paper V). 
 

Parameter 
Vitamin B2 
(Riboflavin) 

Vitamin B1 
(Thiamine) 

Vitamin E 
(α-Tocopherol) 

Ki
ne

tic
 m

od
el

 n [-] 2.23 (0.65) 0 (0.0) 2.44 (0.62) 

kref [µg1-n s-1 mLn-1] 0.0070 (0.00073) 0.004194 (0.0005) 0.0045 (0.00058) 

EA [kJ/mol] 71.74 (2.81) 102.2 (8.0) 77.57 (3.18) 

Tref [K] 361.30 361.28  356.48 

Ex
pe

rim
en

t-s
pe

ci
fic

 c0,70°C [µg/mL] 1.21 (0.01) 0.46 (0.01) 1.32 (0.01) 

c0,80°C [µg/mL] 1.31 (0.01) 0.51 (0.01) 1.38 (0.01) 

c0,90°C [µg/mL] 1.31 (0.01) 0.58 (0.01) 1.33 (0.01) 

c0,100°C [µg/mL] 1.32 (0.01) 0.43 (0.01) 1.32 (0.01) 

c0,110°C [µg/mL] 1.30 (0.01) 0.55 (0.02) 1.32 (0.01) 

Fi
t R2 [%] 98  93  99  

R2
adj

 [%] 97  91  98  
 

Furthermore, in Figure 22, along with the experimentally measured vitamin 
concentration (markers), the model predictions (solid lines) for vitamin degradation 
obtained from Table 5 can be observed. Figure 22 shows that the remaining lack of 
fit arises from the fact that the kinetic model predictions deviate more under certain 
conditions. While the fit is typically of the same quality regardless of processing 
time and temperature for vitamin E, the lack of fit for vitamin B2 is largely 
influenced by a single point (T = 100 °C, t = 10 min), which not only deviates from 
the kinetic model but also from the trend of the other data points at that processing 
temperature. Therefore, part of the lack of fit here could be attributed to some 
unidentified experimental uncertainty. The fit for vitamin B1 is somewhat lower 
compared to the other investigated vitamins. Figure 22 shows that this is mainly due 
to difficulties in estimating the degradation rates during prolonged processing at 
high temperatures (Paper V). 

Validation and comparison of kinetic models 
The validation of the kinetic model obtained was performed by predicting the 
vitamin degradation due to processing at dairy scale. Since, the industrial dairy 
processing of milk differs considerably from the laboratory scale experiments which 
was used to develop the kinetic model, both in the heating temperature-time 
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combinations as well as heat treatment method. Therefore, a proper validation of 
the model needs to be performed with the dairy scale production condition. Figure 
24 depicts the comparison between the predicted concentration using the model 
obtained in Table 5 and the experimental concentration of vitamin obtained after 
five different dairy scale heat treatment processes (Paper III), where the error bar 
depicts the standard deviation of the experimentally measured concentration. It can 
be observed that the fit of the model is relatively good with the obtained 
experimental value of vitamins as the error bar overlaps the model prediction. 
However, some discrepancies can also be observed between predicted and measured 
vitamin concentration, for example high past. heat treatment predictions for vitamin 
B1 and B2 are deviating the most from the experimental value leading to 
overprediction of loss. While vitamin E has larger error bar causing difficulty in 
concluding the different heat treatments.  

Figure 24. Vitamin concentrations predicted by the kinetic model, cmod, compared to the 
experimentally measured concentration, cexp for the three vitamins (A: vitamin B2, B: vitamin B1 
and C: vitamin E) in the dairy scale heat treatments. Error bars display estimate plus/minus one 
standard deviation of the experimentally measured concentrations (Paper V).  

Figure 25. Vitamin concentrations predicted by the kinetic model, cmod, compared to the 
experimentally measured concentrations, cexp for the three vitamins (A: vitamin B2, B: vitamin B1 
and C: vitamin E) in the pilot-scale heat treatments. Error bars display estimate plus/minus one 
standard deviation of the experimentally measured concentrations. Blue/red markers: 
direct/indirect heating. Disks/diamonds: 1/4 s holding time (Paper V).  

Furthermore, the obtained kinetic model for vitamin degradation was further 
compared to the pilot scale experiments investigating the vitamin degradation 
(Paper II). Figure 25 depicts the comparison between the predicted concentration 
using the model obtained in Table 5 and the experimental concentration of vitamin 
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obtained after heat treatment at pilot scale. The fit of the model is poor compared to 
dairy scale dataset and the model systematically underpredicts the vitamin 
concentration under majority conditions. This is less obvious for vitamins B1 and E, 
as the model predictions still fall within the range of experimental uncertainty (as 
indicated by the error bars). However, this discrepancy is more apparent for vitamin 
B2. It is important to note that there are differences between pilot scale data and 
laboratory and dairy scale data which could influence the comparison with the 
model obtained. Differences include the type of raw material used (raw milk versus 
pre-pasteurised consumption milk) and the treatment of samples (such as assessing 
vitamin content in fresh samples versus frozen and thawed samples). Therefore, it 
is difficult to determine whether the observed deviation is due to limitations in the 
kinetic modelling approach or the systematic impact of freezing and thawing on 
vitamin determination. 

Overall, the laboratory fitted kinetic model obtained showed a relatively good fit 
between the predicted and measured vitamin concentrations for dairy production 
scale heat treatments, despite the differences between the laboratory scale 
experiments and the production scale. However, when comparing the model with 
pilot scale experiments, the results were less conclusive. It is important to note that 
there are inherent differences in how milk is treated in these different types of 
experiments. Nonetheless, the approach of fitting kinetic parameters using 
laboratory experiments to predict thermal degradation in production scale processes 
still holds value. 
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Conclusions 

In this thesis, the effects of thermal processing and storage on the nutrient content 
and physical properties of milk and cream were evaluated at laboratory, pilot and 
dairy production scale. The thesis has shown that: 

• Thermal processing showed minimal losses of macro components and total
mineral content in milk and cream, whereas degradation of vitamins B1, B2,
and B12 in milk increased with increasing heating temperature and holding
time. At dairy production scale, high pasteurisation caused the most
significant vitamin degradation, while limited losses were observed for
HTST pasteurisation, ESL, and UHT processing. At pilot scale, no
differences were observed between direct and indirect heating systems for
ESL/UHT treatment (Papers II, III and V).

• Thermal processing showed no changes in physical stability of milk,
whereas an increase in casein micelle size was observed at dairy production
scale. An increase in fat globule size and aggregate formation were
observed for direct heating for ESL/UHT treatment at pilot scale with more
pronounced effects with increasing temperature. Minimal colour changes
occurred (Papers II, III and IV).

• During storage, vitamin losses ranged from 1-22% for different heat
treatments and more pronounced effects of vitamin degradation was
observed with more intense heat treatment and longer storage times.
Vitamin B12 concentration tended to decrease more over time than vitamins
B1, B2 and E and more losses in vitamin concentration were found after
storage than after heat treatment. Significant effects on physical stability
and colour changes in milk and cream were observed during prolonged
storage (Papers II and IV).

• Kinetic models for vitamin degradation during heat treatment were
developed, which can be used to estimate vitamin losses at dairy level. This
is the first study to validate and compare such a model at the dairy
production level using contemporary heat treatment techniques (Papers I
and V).

The thesis has highlighted that heating systems for ESL/UHT treatment may 
influence milk quality, although no clear distinction between direct and indirect 
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heating systems was observed at pilot scale for the investigated quality parameters. 
Furthermore, the thesis has shown that process techniques for heat treatment used 
in dairy production scale today are mild and have low effects on the nutrient content 
and physical properties of milk and cream, and that more pronounced changes 
primarily occur during longer storage times.  
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Future outlook 

This thesis has demonstrated the effects of thermal processing and storage on 
nutrient content and physical properties of milk. However, there are many aspects 
of milk quality that need to be investigated that are affected by processing. For 
instance, lactulose and furosine content in milk, which indicate changes occurring 
in milk due to heat treatment could be investigated to further understand the effects 
of processing. Investigating protein denaturation in milk caused by heat treatment 
could be of interest by examining how heat changes the three-dimensional structure 
of proteins. This alteration affects properties such as gel formation, functional 
characteristics, and nutritional quality. It is essential to comprehend these 
transformations to improve dairy processing techniques for achieving specific 
product textures and qualities while maintaining nutritional value. Additionally, this 
thesis only investigated a few vitamins and milk is a good source of many vitamins, 
and therefore the effect of heat treatment on different vitamins could be of interest.  

Since processing of milk does not only include heat treatment but also other steps 
such as homogenisation, which has a great effect on the stability of milk, 
incorporating various processing steps could be an interesting approach to 
understand changes occurring in milk. In this study, 5 different processing lines in 
a dairy were investigated, while more of such processing lines could be investigated 
like thermisation, low temperature long time (LTLT) pasteurisation and in container 
sterilisation. Moreover, during the pilot scale study, only the tubular heat exchanger 
for indirect heating and steam injection for direct heating were compared, while it 
could be interesting to look at plate heat exchangers as well as steam infusion and 
their effects on milk quality. 

The kinetic model developed in this study could further help in understanding the 
degradation of vitamins at different temperature and time conditions. Such an 
approach of calculating the degradation of nutrients with the help of modelling could 
therefore be used instead of performing experiments in a large production scale.  
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