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Abstract

Fouling of thermal processing equipment during production of dairy products and ingredients
is a challenge for the dairy industry, with evaporator fouling during the production of skim milk
powder being an area of particular focus. The build-up of foulant mass deposit within different
regions of the evaporator technology has significant economic, operational, and environmental
consequences for the dairy industry, as the decline in the heat performance of the equipment
results in more frequent cleaning required and increased energy and water consumption, in
addition to potential deterioration in product quality as the required product temperature may
not be achieved. The objectives of the work reported in this thesis were to study the effect of
pH on the heat stability and physicochemical properties of concentrated skim milk during
thermal processing to assess their contributions to evaporator fouling. Heating concentrated
skim milk (30%, w/w, total solids; pH 6.0, 6.1, 6.2, 6.3, 6.4, 6.5, 6.6, 6.7) using a high
temperature short time thermal treatment (90 °C x 3 min), using a rheometer, showed that as
the pH of the samples decreased, both viscosity and particle size distribution increased after
heating, coinciding with an increase in sedimentation. Heat treatment (90 °C x 2 h) of
concentrated skim milk at pH 6.2 on the fouling rig resulted in severe fouling. Moreover, when
the concentrated skim milk was analysed for particle size and sedimentation after heat
treatment using the fouling rig, the findings aligned with the initial analysis conducted during
the rheometer based HTST thermal treatment. Further characterisation of evaporator fouling
was carried out by heat treating concentrated skim milk samples at pH 6.1, 6.3, 6.5 and 6.7 on
the fouling rig while in-line measurements of pH, conductivity and temperature were
conducted, followed by analysis of the concentrated skim milk samples, cleaning-in-place
chemicals and foulant material adhered to the heat exchanger after the fouling experiments. It
was observed that samples of concentrated skim milk that caused fouling also displayed
increased viscosity, particle size and sedimentation when compared to the samples that resulted
in no fouling. The adhered foulant formed at pH 6.1 and 6.3 was found to consist predominantly
of protein on a total solids basis, with protein profiling showing that the most prominent
proteins were denatured PB-lactoglobulin and a-lactalbumin, as well as a strong presence of
caseins. It was found that by maintaining the pH of concentrated skim milk above 6.3, fouling
during heat treatment could be successfully avoided. Furthermore, through pH adjustment to
achieve no fouling to extensive fouling, it was possible to analyse physicochemical properties
such as viscosity, particle size, and sedimentation, to provide a practical approach to predict

the potential for fouling in concentrated skim milk. These findings contribute significantly to



our understanding of the impact of protein stability on the formation of fouling deposits caused
by concentrated skim milk, allow us to develop/validate predictive tools and to develop/test

mitigation strategies for fouling.
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1.1. Introduction

Thermal processing is a key unit operation in the processing of many dairy products and
ingredients. Milk is thermally processed in order to tailor its functionality, kill pathogens, and
improve the overall shelf life by eliminating any other deteriorative organisms (Chandan et al.,
2015). These thermal processes include pasteurisation, ultra-high-temperature (UHT)
processing, evaporation, sterilisation, and pre-heating, in a number of formats ranging from
direct and indirect heating mechanisms. Fouling during thermal processing is defined as the
build-up of foulant mass deposit in different areas of the thermal processing equipment, such
as in pipes, on the heat exchange surface, and in any other fittings in the apparatus (Milanovic
et al., 2006). The formation of deposits can cause challenges during production by increasing
the overall thermal resistance, resulting in a decline in the heat performance of the equipment.
This can lead to corrosion, obstructions to fluid flow, increased pressure drop, and reduced heat
transfer coefficient (Grijspeerdt et al., 2003), which causes increased operating costs. There is
also a possibility of deterioration in product quality, as the required product temperature may
not be achieved (Mahdi et al., 2009), as well as the possibility of deterioration in microbial
quality of subsequent processing runs due to biofilm formation (Mérian & Goddard, 2012). In
the dairy industry, fouling can be split into two categories (Huppertz & Nieuwenhuijse, 2022);
‘Type A’ is primarily caused by denaturation of the whey protein B-lactoglobulin (B-Lg)
(Lalande et al.,, 1984), and ‘Type B’ is due to mineral precipitation (particularly calcium

phosphate) (Foster & Green, 1990).

It would be valuable for the dairy industry to have the ability to measure or predict the
presence, type, and/or intensity of fouling that occurs in a thermal process when designing,
improving, or adapting production processes in order to avoid unnecessary product or capital
loss (WallhduBer et al., 2013). However, fouling is a complicated process that depends on

several often difficult-to-measure parameters, meaning it is challenging to achieve an accurate



quantification of overall fouling resistance (Bott, 2001). Several diverse approaches have been
investigated to measure and/or predict fouling, and this review will outline and compare these
different techniques. Furthermore, this review will explore the intricacies of fouling modelling
and predictive algorithms, fouling simulators, in-process monitoring of fouling, and alternative

rapid techniques for identifying fouling.

1.2. Heat-induced changes in milk

Thermal processing of milk results in biological, chemical, and physicochemical changes
that can have significant effects on its organoleptic, nutritional, and functional properties (Fox
et al., 2015). Heat treatment leads to the denaturation of whey proteins, which involves the
disruption of the protein's native structure, resulting in changes to their functional properties.
Whey proteins, being globular proteins, are more susceptible to denaturation compared to the
caseins, as casein lacks secondary and tertiary structure (Mulvihill & Donovan, 1987). The
denaturation process in milk can be reversible or irreversible depending on the
physicochemical conditions (Hoffmann & vanMil, 1997). In the reversible denaturation, whey
proteins undergo partial unfolding, resulting in the loss of helical structure. However, in the
irreversible denaturation, an aggregation process takes place, involving sulfhydryl (—
SH)/disulphide (S—S) interchange reactions and other intermolecular interactions such as
hydrophobic and electrostatic interactions (Anema & Li, 2000; McMahon et al., 1993;
Vasbinder & De Kruif, 2003). Typically, the aggregation of whey proteins occurs through the
interaction of a free -SH group with the S-S bond found in cystine-containing proteins like -
lactoglobulin, k-casein, a-lactalbumin, and bovine serum albumin. These interactions involve
-SH/S-S interchange reactions and result in irreversible protein aggregation (Considine et al.,
2007). The aggregated proteins form complexes of different molecular sizes, which depend on

the heating conditions and the composition of the proteins involved (Ndoye et al., 2013).



Calcium phosphate plays a crucial role in the stability of casein micelles and the
interaction between casein and whey proteins. Skim milk is a two-phase system of casein
colloidal calcium phosphate in equilibrium with a serum phase of salts and proteins (Holt,
1985; Gaucheron, 2011). During the heating process, the solubility of calcium phosphate
diminishes, causing its transfer to the colloidal phase, where it becomes associated with the
casein micelles (Wang & Ma, 2020). This transfer is accompanied by a reduction in the
concentration of calcium ions and a decrease in pH (On-Nom et al., 2010). Both whey proteins
and casein have calcium-binding sites, and they compete for calcium ions during heating (Morr

& Josephson, 1968).

The pH of milk changes during heating due to several factors and reactions that occur as
a result of the heat treatment. The primary factors influencing pH changes in milk during
heating are related to the dissociation of certain components and the production of acidic or
basic compounds (Chaplin & Lyster, 1988). Milk is a complex biological fluid containing
various components that can act as acids or bases. The pH of milk is initially ~6.7, however,
heating can alter the acid-base equilibria in milk, resulting in pH shifts (Salaiin et al., 2005).
For instance, the dissociation of weak acids, such as lactic acid, can increase, leading to a
decrease in pH. Conversely, the dissociation of weak bases, like phosphate ions, can decrease,
resulting in an increase in pH (Gaucheron, 2005). As mentioned earlier, heat treatment can
cause denaturation of proteins in milk. When whey proteins undergo denaturation, their native
structure and conformation are disrupted, resulting in the exposure of previously buried
ionizable amino acid residues. These exposed amino acids, particularly acidic residues such as
glutamic acid and aspartic acid, can contribute to the release of hydrogen ions (H+) in the
surrounding solution, decrease the pH of milk (Anema, 2021). Changes in the mineral
equilibrium on heating causes a decrease in the pH of milk; Primary and secondary calcium

phosphate precipitate as tertiary phosphate, releasing H+ ions, and organic phosphate,
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specifically in the form of casein phosphate, undergoes hydrolysis and subsequently
precipitates, leading to the release of H+ ions (Fox, 1985). The Maillard reaction, which occurs
between reducing sugars (such as lactose) and amino acids, can also influence the pH of heated
milk (Van Boekel, 1998). Lactose undergoes a conversion to organic acids, primarily formic
acid, resulting in an increase in H+ concentration, decreasing the overall pH of the milk (Berg,
1997). It is important to note that the specific pH changes observed during heating can depend
on the temperature, duration of heat treatment, composition of the milk, and any other factors
that may influence the reactions mentioned above. Additionally, variations in starting pH and

buffering capacity of milk can also affect the extent of pH changes during heating.

1.3. Properties of dairy foulant

Dairy fouling is a complex process that involves both aggregation of whey protein and
formation of calcium phosphate in the bulk of the fluid (Mahdi et al., 2009). Figure 1 shows
the protein and mineral reactions that contribute to dairy fouling; Georgiadis & Macchietto
(2000) proposed that the protein reaction takes place in the bulk and at the thermal boundary
layer of milk. A first order reaction causes native protein to unfold, followed by a second order
reaction causing the unfolded protein to aggregate, with only the aggregated protein forming
deposits on heat transfer surfaces (Sava et al., 2005). Initially a protein monolayer adsorbs onto
the heat transfer surface at room temperature and as temperatures exceed 65°C, 3-Lg molecules
begin to denature and unfold in the bulk of the fluid (Mahdi et al., 2009). Aggregation of B-Lg
occurs, and particles of calcium phosphate are formed in the bulk which are continually
transported to the heat transfer surface; the activated molecules adsorb onto the heat transfer
surface, forming fouling deposit (Simmons et al., 2007). The deposition rate is proportional to
the amount of aggregated protein adhering at the thermal boundary layer; the thicker the
deposit, the higher the thermal fouling resistance (Georgiadis & Macchietto, 2000). Another

important aspect of the dairy fouling process is mineral deposition as there is an inverse
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relationship between mineral solubility and temperature that results in further fouling
deposition. As calcium phosphate becomes less soluble in milk with increasing temperature, it
precipitates out of solution and can produce deposits in the form of crystals on the heat transfer
surface (Visser & Jeurnink, 1997). Some calcium ions can become entrapped within the protein
deposit, stabilising the structure (Huppertz & Nieuwenhuijse, 2022). If the heat treatment
exceeds 85°C, calcium phosphate becomes the main component of the fouling deposit, with
this type of deposit being able to entrap small aggregates of protein due to its open network

structure (Mahdi et al., 2009).

Whey proteins S
(B-lactoglobulin) Casein micelles
-SH -SH Disulphide bonding 5
g Heating e with k-casein e 2 2
SH —— SH e —— > S awt M 2Ca*"+ 2H,PO,
Denaturation S-S/ i\
-SH
-SH -SH -SH
Ve
Whey ) \ Precipitation
protein Casein of minerals

aggregation aggregation onto

facilitated/ facilitated by stainless
mediated by disulphide steel

disulphide bonds and surface

bonds and calcium
hydrophobic bridging

association ¢

S=S S-S 5 & Ca;s(POy) 2+ 2H"
S-S 0‘ =
S-S \s-S ‘ ““

Stainless steel surface

Figure 1.1.: The protein and mineral reactions contributing to the formation of fouling deposit during thermal
processing of milk.

The extent of dairy fouling deposition is dependent on many different parameters,
including protein concentration, flow velocity, pH, calcium content and temperature.
Increasing protein concentration has been reported to enhance fouling as the aggregation rate
of protein increases with concentration, resulting in a fast forming fouling deposit (Fickak et

al., 2011). In addition, a higher protein concentration forms a firmer deposit which is more

12



difficult to remove. Dairy fouling is also related to flow velocity; when dairy solutions are
processed at turbulent flow there is a less severe occurrence of fouling, whereas a more laminar
flow results in a greater build-up of fouling deposit (Belmar-Beiny et al., 1993). Heat stability
of dairy proteins was shown to decrease with decreasing pH, meaning a higher degree of whey
protein aggregation would occur at lower pH values (Law & Leaver, 2000) contributing to the
occurrence of dairy fouling. Variations in calcium content of milk, either increasing or
decreasing, generally lowers heat stability, which in turn increases the fouling prevalence
(Roefs & deKruif, 1994). Temperature is one of the most important parameters impacting
fouling during thermal processing, with the extent of fouling increasing with temperature
(Belmar-Beiny et al., 1993). By understanding the various factors that contribute to dairy

fouling, robust methods of measurement and prediction can be established and implemented.

1.4. Measurement and monitoring of fouling

A wide range of analytical approaches and devices have been used to measure and/or
predict fouling in thermal processes (Table 1). The techniques reported include ultrasonic,
acoustic, thermal, and electrochemical methods, and each have their own advantages,
disadvantages, and specificities (Cheng et al. 2016; Milanovic et al., 2006; Mairal et al., 1999;
Crattelet et al., 2013). Adapting these techniques into in-line process analytical technologies
(PAT) formats that can detect the onset and subsequent build-up of fouling for early operator
intervention to mitigate/reduce fouling and optimise scheduling of the cleaning operation to

minimise downtime and product loss (Withers, 1996).

1.4.1. Fouling thermal resistance
The overall fouling thermal resistance (FTR) is a measure of the resistance to heat

transfer due to the thickness of a fouling layer (Asadi & Khoshkhoo, 2013). Therefore, the

13



higher the value of FTR, the greater the thermal resistance in the system. This value is
commonly used as a measure of fouling across many different production processes. The
calculation of the overall FTR can vary depending on the system, but generally it is calculated

using a version of the following equation (TEMA Standards, 1988):

FTR = ! !
Uy U,

(1)

Where Uy is the mean overall heat transfer coefficient U, is the overall heat transfer
coefficient for the heat exchanger with clean (unfouled) heat transfer surfaces. Both heat
transfer coefficients were calculated by the dividing the heat flux by the difference in
temperature between the heat transfer surface and surrounding fluid. The above equation was
used by Milanovic et al., (2006) to calculate the change in the FTR from experimental
measurements of water passing through a double-pipe cooler. The experiment was carried out
over 90 d, and changes in temperature at the inlet and outlet of the heat exchanger were
recorded every 5 min. The initial value of the overall heat transfer coefficient was 1160 W/(m?
K), decreasing linearly over time to 650 W/(m? K) after 90 d, and the overall fouling thermal
resistance increased from 0 to 0.615x1073 m2?K/W over the course of the experiment. The
change in overall fouling thermal resistance was caused (primarily) by a mineral scale,
previously shown to present linear fouling behaviour (Zubair ef al., 2000). As mineral fouling
is a key aspect of dairy fouling, this approach may be applicable to the dairy industry. This
study demonstrates how the fouling resistance can be used as a simple monitoring system, but
this value can also be used in more advanced modelling methods (Kern & Seaton, 1959; Gao

et al., 2021) described in further detail in Section 4.
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1.4.2. Ultrasonic, acoustic, and electrochemical techniques

With technology advances in recent years, fouling can be detected with sensors that can
process signals faster than the rate of fouling occurs allowing for early detection before the
degree of fouling becomes too severe (Hay & Rose, 2003; Lohr & Rose, 2003). Many of these
sensors are based on ultrasonic, acoustic, and electrochemical signals (Withers, 1996). The
principle of ultrasonic sensors is based on the use of sound waves to detect the location of a
stationary or moving interface. The waves travel through the media, with the velocity of the
waves dependent on the medium they travel through, allowing observations on the medium’s
physical characteristics to be obtained (Bond et al, 2003). The acoustic impedence is
calculated by pc; where p is the density of the medium and c is the wave velocity through the
medium (Dalmont, 2001). When the ultrasonic wave comes into contact with an interface
between two media (e.g., a fouling deposit), the energy is partitioned in a way that results in a
reflected wave. The amplitude of this reflective wave is a function of the acoustic impedence
difference between the media and topography of the fouling deposit (Ensminger & Bond,

2011).

Mairal et al. (1999) developed a novel approach for the measurement of fouling of
reverse osmosis desalination membranes in real time and in-situ using ultrasonic time-domain
reflectometry (TDR). The measurements obtained through ultrasonic TDR were compared
with more traditional fouling indicators such as changes in permeate concentration, flux
decline, and degree of membrane surface coverage and a good correlation (r=0.73) was
reported between decline in ultrasonic signal amplitude and growth of the fouling layer.
Ultrasonic TDR was found to be particularly sensitive for monitoring the initiation of the
fouling layer, as well as its removal during cleaning, implying that it could be a useful tool in
early real-time detection of fouling to prevent product loss, as well as a tool in quality control

to check the efficiency of cleaning. It was also possible to measure the fouling layer thickness
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by calculation of the time delay between the initiation of the emitted and received transducer
signals, when the velocity of the medium was known; after analysis of the entire data set
obtained during the fouling experiment by Mairal et al. (1999), it was concluded that there was
a statistically significant correlation between flux decline and surface coverage, and between
amplitude decline and surface coverage. This indicates that amplitude changes work just as
well as flux-decline measurements for tracking fouling behaviour. Even though variation in
some of the amplitude decline data was high due to its complex nature, this study shows that
ultrasonic sensors are a promising option for monitoring fouling due to their low cost and

ability to operate non-invasively in opaque systems (Wang, 2015).

The presence of a fouling layer can be detected by an acoustic sensor through
measurements of amplitude and the natural frequency of vibration, with a decrease in these
values indicating the build-up of a fouling deposit (Prakash et al., 2005). An acoustic sensor
was specifically designed for use in plate heat exchangers by Dam Madsen (1994), consisting
of a small transducer placed on the inside surface of one plate within the plate heat exchanger.
During processing, the presence of a fouling film coats the surface of the transducer,
dampening the amplitude of its vibrations and reducing its natural frequency. The sensor was
designed to ensure it would foul in the same way as the rest of the plate heat exchanger,
allowing the measured amplitude and frequencies to be related to the degree of fouling. The
sensor was able to detect fouling thickness ranging from 0.1-0.4 mm and could gradually detect
the build-up of fouling through an increasing trend in its resonant frequency. Merheb et al.
(2007) used multiple acoustic sensors to monitor dairy fouling in a plate heat exchanger in real
time. Analysis of low-frequency acoustic waves that were propagated through the plates, via
comparison of the development of the acoustic wave parameters, allowed for a fouling rate to
be obtained for each zone inside the exchanger. This use of multiple fouling detection sensors

in a thermal process would be a valuable asset to the dairy industry, as it could be used to non-
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invasively identify ‘hotspots’ for fouling build-up in processing equipment in order to develop

targeted adaptive strategies for the mitigation of fouling.

The use of electrochemical devices in industrial fouling detection has been studied with
a particular emphasis on biofilm fouling and the use of voltammetric sensors (Kang et al., 2012;
Muthukumaran et al., 2016). While the literature regarding the detection of dairy fouling using
voltammetry is not as well established, a study by Fysun et al. (2020) showed promising results
for the use of cyclic voltammetry and square wave voltammetry in dairy fouling monitoring.
Voltammetry measures the current of a sample with changing potential, as the current results
from oxidation or reduction of the electroactive species in the sample (Thévenot ef al., 2001).
Cyclic voltammetry correlates the concentration of a chemical species to oxidation and
reduction peaks caused by the redox reaction of the species on the electrode, whereas square
wave voltammetry determines concentration using square wave pulses of increasing potential
with the waves being superimposed on a staircase ramp (Bard et al., 2022). The study on dairy
fouling by Fysun et al. (2020) compared the efficacy of these voltammetric techniques by
determining the change in current between clean and fouled microelectrodes. For both
voltammetry techniques, microelectrodes covered with foulant had the lowest current
responses due to additional resistance caused by the fouling layer. This is in agreement with
the study of Roscoe et al. (1993), which determined that absorption of B-Lg and a-lactalbumin
(the key whey proteins in dairy fouling) results in a significantly reduced current response.
However, square wave voltammetry was found to be less effective in distinguishing dairy
fouling of a dairy emulsion system as no oxidation peak currents could be detected. Previous
literature has reported that square wave voltammetry is better suited to a low concentration of
the electrochemically active species (i.e., proteins), therefore it may be applicable at lower
frequencies as the longer duration of the measurement allows for more structural changes in

the sample (Mirceski et al., 2007). While more research into the development on an in-line
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microelectrode sensor for monitoring of dairy fouling in industrial settings is required, this

study demonstrates the potential of voltammetry to be suitable for this purpose.

1.4.3. Thermal properties

Simple measures of thermal properties are often used as indirect indicators of fouling in
heat exchangers and other piping surfaces. As the build-up of fouling decreases the heat transfer
efficiency, the temperature of the heating medium must increase in order to maintain product
temperature; therefore, this temperature increase can be used as an indirect measure of fouling
(Prakash et al., 2005). This concept was implemented and adapted by Hill et al., (1997) when
investigating the impact of different genetic variants of B-Ig on fouling in ultra heat treated
(UHT) milk. The temperature difference between the hot water entering the system as the
heating medium and the treated milk leaving the system was monitored with an increase in this

temperature difference indicating fouling deposit build-up.

The presence of fouling deposit reduces the overall heat transfer coefficient of a heat
exchange system; therefore, this thermal property can also be used to monitor fouling. The
calculation of the overall heat transfer coefficient considers temperature and flow rate changes
with build-up of fouling deposit, making it a more rounded indication of fouling. Jones et al.
(1996) studied fouling of a whey protein solution using a heat flux sensor, which detected

changes in heat flux caused by the build-up of a fouling deposit:

Q = UAAT,,
(2)
where U is the overall heat transfer coefficient, A is the area of the heat exchange surface,

and AT, is the log mean temperature difference. The fouling apparatus was a simple heated
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copper block with the milk protein solution flowing through a copper tube, with the heat flux
sensor recording changes in voltage output, which were transformed into heat flux readings
using a data logger. The value of ATj,,, measured by thermocouples, and the value of A were
substituted into equation 2 to give U; the variation of U with time was monitored as an indicator

of fouling.

Differential thermal analysis can be used as an advanced analysis of thermal properties
in order to determine fouling status of a heat exchanger. In a study conducted by Crattelet et
al. (2013), an in-situ, on-line fouling sensor based on local differential thermal analysis was
applied to an ohmic cell jet heater used for dairy product pasteurisation. The sensor measured
local thermal pulses to determine the fouling status of the equipment. The thermal sensor
measured the heat flux and temperature of the equipment wall (Tyy) and the bulk of the fluid
(Ty), with the sensor including a platinum hot wire connected to a direct current generator. By
calculating the electric resistance (determined through measurement of electric current and
potential), the average temperature of the hot wire could be determined. At the midpoint of the
platinum wire, a thermocouple measured the wall temperature at the deposit interface, and
another temperature probe determined the bulk temperature. Each signal received by the sensor
was converted into a heat generation equation to establish the expression of temperature versus
time and position. The sensor could monitor fouling at an intermediate electric current (5-50
mA), with the monitored change in temperature (AT = T,, — T) being a direct consequence
of the heat transfer coefficient (U) and flux. Therefore, at constant flux, the heat transfer
coefficient and temperature would change with the formation of fouling deposit. By combining
product knowledge with heat transfer analysis, detailed observations of the fouling phenomena
can be made. The sensor could also measure thermal conductivity using a periodic temperature
field throughout the entire equipment wall. The dampened temperature signal was dependent

on frequency, therefore adjusting the frequency allowed a temperature signal to be recorded at
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a specific point on the equipment wall (Lahoucine & Khellaf, 2004). To conclude, this study
by Crattelet et al. (2013) demonstrated the potential of this thermal sensor to evaluate the
properties of a fouling deposit in-situ. The sensor was shown to accurately detect and measure
fouling, as well as displaying low thermal inertia. It could be readily implemented into any

thermal process in the dairy industry to enable in-situ monitoring of fouling.

1.4.4. Spectroscopic techniques

Spectroscopy is the study of the production or interactions of electromagnetic radiation
with matter (Pavia et al., 2014). Spectroscopic techniques are used widely across dairy research
for both qualitative and quantitative analysis. These techniques generally characterise, identify,
or measure the concentration of particular molecular species, such as protein (Siegel & Saukko,
2012), and the ability of these techniques to characterise dairy foulant has been reported in
literature, with particular emphasis on Raman spectroscopy and Nuclear Magnetic Resonance

spectroscopy.

Raman spectroscopy is a technique capable of providing information on the
conformational changes and molecular structure of proteins, taking the peptide backbone
conformation and side chains into consideration (Nonaka ef al., 1993). As described in Section
2, dairy fouling is primarily caused by the denaturation and aggregation of B-Lg; these reactions
are due to heat induced changes in the secondary protein structure, and this secondary structure
can be analysed using Raman spectroscopy by studying the amide bands produced by the

spectra (Li-Chan, 1996).

This was shown to be useful for fouling evaluation in a study by Blanpain-Avet et al.
(2011), where Raman spectroscopy was used to analyse the structure of whey protein fouling

deposits in a plate heat exchanger. The fouling solution (reconstituted whey protein isolate with
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added calcium chloride) was heated from 60 to 85°C in order to induce B-Lg denaturation in
the plate heat exchanger. The nature of B-Lg (i.e., native, denatured, or aggregated) present at
the interface between the fouling deposit and the stainless steel surface was determined from
Raman signatures of the thermal denaturation processes, as well as analysis of aggregates in
the spectral range of 800-1800 cm ™. This spectral range is in the amide I and amide III bands
region, which is where changes in the secondary structure of B-Lg can be observed (Stephani
et al., 2017). A shift in the frequency of the amide I band and a decrease in the intensity of the
940 cm™~! band was observed at the interface between the fouling deposit and the stainless steel
surface over the course of the fouling experiment, this indicates a loss of a-helix structures
within the molecular conformation of B-Lg. The spectral data showed no evidence of
aggregation, meaning the fouling deposit primarily consisted of denatured protein. This study
shows the application of Raman spectroscopy in analysing mechanisms governing the dairy
fouling deposit, and by elucidating the specific protein reactions that are causing the occurrence

of deposit, targeted prevention strategies can be developed.

Recent developments in the use of Raman and Fourier transform infrared (FT-IR)
spectroscopy in hyperspectral imaging to study dairy residues (Caponigro et al., 2019) shows
great promise in fouling monitoring applications. This study used the two aforementioned
spectroscopic techniques to automatically distinguish between different dairy residues (whole
milk, skimmed milk, protein milk, butter milk and butter) on surfaces commonly used in the
food industry. For both Raman and FT-IR spectroscopy, principal component analysis showed
a good separation between the spectra of the different dairy products, with FT-IR spectroscopy
results being more precise at recognising different products. The findings of this study could
be adapted to automatically monitor the build-up of fouling deposit on food production
surfaces, by using milk compositional data to relate the hyperspectral images of the fouling

surface to fouling type — i.e., Type A or B as mentioned in Section 1.
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Nuclear Magnetic Resonance (NMR) spectroscopy is an increasingly prominent
technique in dairy research. The principle of NMR relies on resonance transition between
magnetic energy levels, due to immersion of atomic nuclei in an external magnetic field where
electromagnetic radiation is applied with specific frequency; the absorption signals give an
NMR spectrum with resonance peaks of varying intensities, positions, and structure, that
coincide with molecular structure that can be studied quantitatively (Belloque & Ramos, 1999).
NMR has more recently been considered as a promising non-invasive detection method for
various deposits, with one such application being demonstrated by Fysun et al. (2019) in the
detection of biofilm and dairy fouling for UHT and pasteurised milk in flexible tubing using
low field NMR. The fouling experiments involved pumping the milk through silicone tubing
for 4 d at 30°C for biofilm fouling, and for 4 d at 80°C for dairy fouling. NMR measurements
of the silicone tubing were taken before, during, and after the fouling experiments in order to
monitor the change in transverse relaxation time with the build-up of deposit. It was shown that
this technique could differentiate between biofilm and dairy fouling, with longer transverse
relaxation times being observed for biofilm fouling (100 ms) compared to dairy fouling (50 —
60 ms). Shorter relaxation times are expected in solid or gel-like structures typical of dairy
foulant, due to the restricted movement of protons trapped within the gel (Belton, 1997). This
demonstrates the potential of NMR for monitoring fouling and implementing more specific

preventative measures, as the specific type of fouling can be differentiated.
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Table 1.1.: Overview of fouling measurement and monitoring methods reviewed.

Method Principal Equations Equation symbols System used to | In-line Combined | Authors
test method monitoring | with other
measures
of fouling
Overall Resistance to heat 1 1 R: Thermal resistance (m?K/W) Double-pipe Milanovic
fouling transfer due to T Uy U Uy Mean overall heat transfer coefficient | cooler \/ et al.
thermal thickness of (W/(m? K)) (2006)
resistance fouling layer. U,: Overall heat transfer coefficient for the
heat exchanger with clean (unfouled) heat
transfer surfaces (W/(m? K))

Ultrasonic Use of sound As = 12cAt As: distance between the interface and the Reverse Mairal et
sensor waves to detect transducer (m) 0smosis \/ \/ al. (1999)

location of an c: wave velocity through the medium (m/s) desalination

interface (i.e., the At: arrival time (s) membrane

fouling layer), and

monitor changes

in thickness.
Acoustic Measurements of | x = A sin (ot + ¢) x: displacement of wave (m) Plate heat Dam
sensor amplitude and the A: amplitude exchanger \/ Madsen

natural frequency | f==2 o: angular frequency (rad/s) (1994);

of vibration, with am t: time period (s) Merheb et

a decrease in these ¢: phase angle al. (2007)

values indicating f: natural frequency

the build-up of a

fouling deposit.
Voltammetric | Measures the I=V/R I: current (A) Well-plates Fysun et
sensor current of a V: potential difference (V) with \/ al. (2020);

sample with R: resistance (Q2). microelectrodes Roscoe et

changing al. (1993)

potential,

additional

resistance caused

by a fouling layer

would result in a
lower current.
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Temperature The temperature AT =Tim-Tp AT: temperature difference (°C) Plate heat Hill et al.
difference of the heating Thm: temperature of heating medium (°C) exchanger (1997)

medium increases Tp: temperature of product leaving the

as fouling builds system (°C)

up on the heat

transfer surface.

This temperature

increase is an

indirect measure

of fouling.
Heat transfer The presence of Q=UAAT, Q: heat flux (W/m?) Copper heating Jones et
coefficient fouling deposit U: overall heat transfer coefficient (W/(m? tube al. (1996)

reduces the K)

overall heat A: area of the heat exchange surface (m?)

transfer ATy,: log mean temperature difference (°C)

coefficient of a

heat exchange

system.
Differential The differencein | AT = T,, — T, AT: temperature difference (°C) Ohmic cell jet Crattelet
thermal temperature Ty temperature of equipment wall (°C) heater etal.
analysis between the _Qd Ty: temperature of bulk of the fluid (°C) (2013)

sample and a AAT K: thermal conductivity (Wm'K")

reference material Q: amount of heat transferred (W)

is monitored d: distance between the two isothermal

against time or planes (m)

temperature while A: area of surface (m?)

the temperature of

the sample, in a

specified

atmosphere, is

programmed.
Raman Analysis of heat N/A N/A Plate heat Blanpain-
spectroscopy induced changes exchanger Avet et al.

in the secondary (2011)

protein structure,
caused by the
denaturation and
aggregation of p-
Lactoglobulin.
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Raman and The observation N/A N/A Stainless steel Caponigro
Fourier of how light is slides et al.
transform scattered or (2019)
infrared absorbed upon
spectroscopy reaching a

material, allowing

for hyperspectral

imaging to study

fouling material.
Nuclear The resonance N/A N/A Silicon tubing Fysun et
magnetic transition between al. (2019)
resonance magnetic energy
spectroscopy levels, due to

immersion of
atomic nuclei in
an external
magnetic field
where
electromagnetic
radiation is
applied with
specific frequency
can be used
monitor the
change in
transverse
relaxation time
with the build-up
of deposit.
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1.5. Fouling modelling and prediction algorithms

There have been many models and algorithms developed over the years for prediction of
fouling during thermal processing. Several of these models and algorithms have been primarily
based on empirical methods or dynamic heat exchanger models for waste water (Sundar et al.,
2020). Early analytical models of water and crude oil fouling were based on rate equations
(Epstein, 1988), where the rate of fouling deposit accumulation was either a deterministic
function, meaning the function always gives the same answer when it has the same inputs
(Ritter, 1983; Watkinson & Martinez, 1975), or a stochastic approximation (Zubair et al.,
1997), which finds the extremes of functions that are unknown, when only noisy observations
are obtainable (Kushner & Yin, 1997). One of the earliest fouling models was the Kern-Seaton
fouling model (Kern & Seaton, 1959), which defined the overall amount of water fouling as
the difference between the rate of deposition and removal of the fouling layer. Many
researchers have since built upon this model and have applied it to dairy, with improvements
in the length indices (Gao et al., 2020), computing precision, area indices, and efficiency
indices (Li & Webb, 2002). Others have also used the Kern-Seaton model to develop a series
of semi-theoretical fouling prediction models (Li et al., 2016). Mechanistic models founded on
differential mass, energy and reaction balances, and computational fluid dynamics models
(CFD) have also been applied to predict fouling of whey protein concentrate in plate heat
exchangers (Gu et al., 2019). Some researchers have proposed a computer based iterative
model for the precise estimation of the heat transfer coefficient to monitor fouling of whole
milk (Sahoo et al., 2003), and to monitor the decline in the outlet temperature of milk due to
fouling of tubular heat exchangers (Nema & Datta, 2005). The remainder of this section will
systematically review the suitability of the principal approaches to modelling and prediction of

fouling during dairy processing (Figure 2).
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1.5.1. Kern-Seaton classical fouling model

One of the simplest fouling models was developed by Kern and Seaton (1959):

Rit = Rror(1— €F)

(3)

where Ry, is fouling thermal resistance, Rro, is fouling resistance at infinite time
(asymptotic value), B is a constant dependent on system properties, and t is time. Although this
model provides a simple mathematical explanation of fouling, extensive research is required to
determine the values of R, and P as they are dependent on operating conditions and fouling
type. Many researchers have used this basic model as the foundation for more detailed models
that are more readily applicable to predict fouling in various thermal systems. Gao et al. (2021)
developed two models to predict waterside fouling for enhanced tubes in a shell and tube
condenser. Both models were based on the principles of the Kern-Seaton model, with Model 1

in the form of a ratio of fouling resistance of an enhanced tube to that a plain tube (R¢/Rf ),
and Model 2 in the form of fouling resistance of an enhanced tube (R;),. The variables

considered in the models were tube geometry, water velocity and water quality. The parameter
defined for water quality was valid concentration (C,,,,) of the cooling water, which represents
the amount of potential components that could cause fouling. The impact of water velocity on
sticking probability (P) and deposit bond strength (&) (two critical parameters of fouling) were
investigated experimentally. It was found that with increasing water velocity, the sticking
probability decreased continuously with the deposit bond strength increasing initially, and
thereafter decreasing. Models 1 and 2 presented comparatively accurate predictions, however
Model 1 had a higher accuracy in predicting fouling resistance. The fouling prediction in Model

1 took combined fouling into consideration, making it more applicable to predict the
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asymptotic fouling resistance in industry. The principles used here for water fouling could be

easily adapted and implemented into dairy systems.

1.5.2. Dimensional analysis

Dimensional analysis (DA) is perhaps one of the most powerful approaches for modelling
fouling during thermal processing. This is due to the fact that it can be applied when detailed
and precise descriptions of physiochemical changes occurring in the process (e.g., denaturation
of B-Lg, mineral precipitation, adhesion to the surface) are not available, which is the case for
fouling (Delaplace et al., 2015). DA is mathematically based on the n-theorem (Buckingham,
1914) and the principle of DA is to use experimental data to define the relationship between a
set of dimensionless numbers representative of influencing and target parameters. These
dimensionless groups represent commands accountable for the advancement of the system,
which in turn could enable the detection of process relationships between fouling deposit mass
and other influencing parameters (Gibbings, 2011). DA is relatively easy to implement and has
been shown to be efficient in linking operating conditions to product characteristics or

equipment performance, as well as being a useful aid in the scale-up of heat transfer.

In a study by Gu et al. (2019), DA was used to identify the effects of a range of parameters
on total whey protein fouling mass, whereby experimental data was collected from a pilot scale
plate heat exchanger, and the total fouling mass was used as the target variable. The model
developed to predict total fouling mass covered a wide range of variables including fouling
solution flow rate, whey protein solution concentration, total fouling surface area, calcium
concentration, outlet temperature, running time, and differences in whey protein concentrate
powders. Besides temperature dimensionless parameters, the two main parameters in the model

were Reynolds number and calcium to B-Lg molar ratio (Ca:B-Lg). The Reynolds number
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serves as a criterion for distinguishing between laminar and turbulent fluid flow. It stands as a
key factor governing viscous flows, influencing the choice of a numerical model based on a
pre-calculated Reynolds number (Rapp, 2017). The calcium/protein molar ratio was included
as a main parameter because Khladi ef al. (2018) demonstrated that fouling mass is strongly
related to this ratio, rather than the protein concentration alone. A large number of influencing
parameters reflecting the variables mentioned above were significantly reduced using the n-
theorem by grouping influential dimensional parameters into dimensionless numbers based on
units (Delaplace et al., 2015). In brief, it was found that there was a linear correlation between
fouling and protein mass, and B-Lg aggregation and the calcium to B-Lg molar ratio. The
intercept and slope of these correlations/equations depended on fouling side Reynolds number
and the type of WPC powder used, with similarity observed between the predicted and
experimental values. Further fouling runs were carried out to verify the process relationship
and showed that with an outlet temperature of 85°C, the predictions were strong. However, the
model could not predict the correct fouling mass for experiments with an outlet temperature of
82°C and therefore the model was adjusted for temperatures between 85 and 97°C,

demonstrating the importance of using data within the valid range of the model.

The rate at which protein is deposited and removed from the fouling layer determines the
overall extent of fouling (Szirtes, 2007). As both of these rates are functions of Reynolds
number, it can be assumed that the total fouling mass is a non-monotonic Reynolds function —
meaning it increases or decreases for some time on different intervals of its domain
(McDermott & Doyle, 1980). Gu et al. (2019) demonstrated that the predicted fouling mass
increased with turbulence intensity and Reynolds number, after which the predicted fouling
mass decreased; it is assumed that this behaviour is associated with the particular type of heat

exchanger plate, possibly shape, used in this study. In summary, DA modelling approaches
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could be used to achieve fouling mitigation and control, or to help understand the success of

anti-fouling solutions.

1.5.3. Classification models

Generally, a classification model, or algorithm, is a function that evaluates the input
features so that the output is divided into two classes: one for negative values and one for
positive values (Theodoridis, 2015). In a study by WallhduBer ez al. (2013), two classification
methods were compared for detecting the presence of protein and mineral dairy fouling in a
glass acrylic experimental setup, based on ultrasonic measurements. The classification methods
compared were an artificial neural network (ANN) and a support vector machine (SVM). An
ANN is a simulation of a biological network that can form a relationship within the data by
developing models between input and output vectors (Basheer & Hajmeer, 2000). Cortes &
Vapnik (1995) first introduced the SVM, a decision machine that classifies objects in such a
way that a clear divide is found between them using a hyperplane, with the hyperplane

characterized by support vectors from the individual classes.

The aim of the study by WallhduBler et al. (2013) was to develop a decision method
independent of foulant type (i.e., protein or mineral). A combination of specially chosen
acoustic and signal parameters, as well as a pattern recognition or a classification method were
used to detect fouling on stainless steel. Reconstituted skim milk powder (for protein fouling)
and reconstituted milk permeate powder (for mineral fouling) were heated and the acoustic and
signal parameters used to determine if fouling had occurred. These parameters included
characteristic acoustic impendence, short-time energy, temporal crest factor, spectral crest
factor, and spectral smoothness. By understanding how each of these parameters respond to

fouling, and by comparing the values of these parameters for protein and mineral fouling, the
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classification models could be built. Three ANNs were built, with one for mineral fouling, one
for protein fouling, and one for both together. The ANN for protein fouling displayed the best
results, with a detection accuracy of almost 100%, followed by mineral fouling with an
accuracy of 93.5%, and for both fouling types combined, the detection accuracy was 71.9%.
The SVM for protein fouling showed an accuracy of 100%, while for mineral fouling the
accuracy was 98.2% and for both fouling types combined, the SVM had an accuracy of 97.6%.
Both classification models had comparable results for mineral and protein fouling, but the SVM
was more accurate for detecting both fouling types. Seeing as protein and mineral fouling differ
greatly in terms of layer structure (spongy and thick for protein; brittle and thin for mineral),
variations in calculated features and errors in detection may occur. In the study of WallhduBBer
et al. (2013), the SVM dealt with this variance better than ANN, as it had ability to determine
the absolute maximum of the error function, whereas ANN only found a local one. The data
produced by SVM seemed to be independent of fouling type and thickness, and was more

robust than ANN.

An ANN was developed by Riverol & Napolitano (2005) to estimate fouling in a plate
heat exchanger for pasteurisation of milk. The ANN was designed to predict fouling deposit
thickness, the overall heat transfer coefficient, and the time at which the unit must be stopped
for cleaning. The model inputs were heat flux and temperature, measured by sensors in the
plate heat exchanger, which gave an output of the fouled deposit thickness. Like the heat flux
sensor used by Jones et al. (1996) in Section 3.3, the data collected by the sensors was used to
calculate the overall heat transfer coefficient. The model continually processes this data to
calculate an error expression; this being a value between 0 and 1 that indicates when fouling
has reached a critical level and the process needs to be stopped for cleaning. The error has a
value of 1 at the start of the process, and as the fouling layer becomes thicker the error move

closer to 0, at which stage the pasteuriser should be cleaned. The ANN was shown to produce
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theoretical fouling deposit thickness values that were similar to actual measurements,

indicating that the ANN was successful in predicting fouling.

1.5.4. Models for fouling based on heat transfer properties

A mathematical model for intricate plate heat exchanger arrangements subjected to milk
fouling was developed by Georgiadis & Macchietto (2000). A plug flow model was adapted to
include the effects of axial convection and radial dispersion. However, this model was based
on a 1D hydrodynamic performance of the plate heat exchanger, which does not take into
consideration all the effects of plate geometry in industry. In addition, the 1D model produced
large prediction errors. A similar 2D model that considers the hydrodynamics of fluid flow
could predict temperature distribution of flow more accurately than this 1D model (Jun et al.,
2003). This model followed the trends of experimental data more accurately than the 1D model,
regardless of the plate dimensions. The 2D model could also detect regions most susceptible to

milk deposits, by identifying when cold and hot streams surpassed the threshold values.

Taking all of this into account, a study was conducted by Jun & Puri (2006) that applied
the model developed by Georgiadis & Macchietto (2000) to a 2D dynamic model designed to
predict the patterns of milk deposit on the surfaces of a plate heat exchanger with more
accuracy. Prediction was based on thermodynamic and hydrodynamic performances of the
plate heat exchanger in a 2D environment. The model was validated by visual inspection and
quantification of milk deposit present in the fluid channels. The simulation results determined
that fouling growth becomes more dominant across the whole plate surface when flow rate is
decreased. The predicted deposit mass values in each channel corresponded well to the
experimental data, with an average prediction error of 10.9%. The predicted temperatures of

fluid milk were also in good agreement with the measured values, resulting in a maximum
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prediction error of 2.1%. This model is a good option for analysing thermal and hydraulic
performance of a heat exchanger during fouling. A good correlation between the operating
conditions (i.e., flow rate and fouling layer formation) was shown by the prediction model,
which advances on limitations of previous studies (e.g., Georgiadis & Macchietto, 2000).
However, description of the fouling layer in this case is limited as the hypothesis considers
only aggregated protein as the fouling source, not taking into consideration the influence of
calcium content on protein denaturation and deposition rate, salt precipitation, the corrugated
pattern of the plate, or the thickness of the deposit. The model is also limited as it is challenging
to obtain data for certain parameters that influence the fouling layer, such as thermal

conductivity, density, and specific heat capacity of the deposit (Gu et al., 2019).

The fouling of falling-film evaporators was analysed by a set of dynamic models
developed by Diaz-Ovalle et al. (2017). These models considered several key operating
variables; temperature, mass fraction of solids, fouling thickness and film thickness. The
dynamic models were developed from simple mass and energy balances that considered
thermo-physical properties of the product, as well as thermocompression, as functions of
composition and temperature. The model was designed to predict the thickness of the falling-
film, as well as to evaluate the effect of fouling on heat transfer performance. A set of ordinary
differential equations make up the models, and these are numerically solved using a specially
developed software with the modelling of heat transfer using a calculation of the overall heat
transfer coefficient, taking fouling thermal resistance into consideration. The user of the
software can input the number of effects in the evaporator, and the features of each effect, such
as: number of tubes, length and diameter of tubes, number of liquid passes, and output vapour
fraction. The model developed in the work of Diaz-Ovalle et al. (2017) was tested by
comparing predictions to in-process measurements obtained from an evaporator with four

effects used to concentrate whole milk. It was found that the models outputs for the overall
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heat transfer coefficient and falling-film thickness matched with the experimental data
throughout the evaporation process. By relating these values back to fouling, this model can be
used in the prediction of fouling in evaporators taking various process and product parameters

into consideration.

1.5.5. Deep learning

A fouling resistance prediction model based on deep learning was developed by Sundar
et al. (2020). This accurate and scalable model can predict fouling resistance (i.e., resistance to
heat transfer due to foulant build-up) using commonly measured heat exchanger parameters
and utilizing feed-forward ensemble neural network architectures based on deep learning. The
neural network was used to understand the non-linear functional relationship that exists
between fouling resistance (target variable) and heat-exchanger operational data (casual
variables) (LeCun et al, 2015). The network inputs were inlet fluid temperatures, ratio of
fouled fluid flowrates to flowrates under clean conditions and outlet fluid temperatures, with
these inputs relatively quick and simple to measure in-sifu using established process monitoring
sensors. The neural network architecture of the fouling resistance module required training
using deep learning techniques. A deep neural network is a very specific function, usually with
millions of parameters, that can estimate complicated nonlinear maps by calculating the correct
parameters; the function ‘learns’ these parameters using training data (Montavon et al., 2018).
For each data sample, the predicted target variable (fouling resistance) was compared with the
observed fouling resistance in order to diminish the prediction error. This procedure was
repeated numerous times for each data sample until the network was capable of precisely
predicting the fouling resistance for every data sample in the training dataset. Once the neural
network was trained with a dataset that covered the entire operation of the heat exchanger, it
was used to predict fouling resistance for new samples. The test data accuracies for the
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prediction model was over 97% for a training dataset with over 5000 points, demonstrating that
this model was effectively and accurately trained to predict fouling resistance and could
therefore be used to make real-time predictions in an industrial setting by obtaining inputs with
numerous temperature and flowrate sensors at the inlets and outlets of the heat exchanger. The
model could be adapted to any heat exchanger by modifying the layers of the network. The
network could also be adapted to instantly identify regions of the heat exchanger that are most
impacted by fouling by inputting region specific temperature and flow-rate data into the

prediction model. This would be useful for conducting region specific corrective action.

1.6. Small-scale simulation of fouling

1.6.1. Fouling microsystems

As fouling studies are often based on trial-and-error approaches involving measurement
of parameters such as pressure drop and destructive equipment studies post-fouling, there is a
requirement for more tools that involve microscopic and visual observations of fouling, non-
destructively, in-situ and in real-time (Flemming, 2003). A range of fouling microsystems have
been designed in order to analyse fouling on a smaller scale and evaluate the suitability of

different measurement and prediction approaches to measure fouling.

Vrouwenvelder et al. (2006) designed a membrane fouling simulator (MFS) for the
characterization of fouling potential of feed water, early warning indicators of fouling and for
the evaluation of potential control strategies for fouling. Several requirements were identified
to ensure the system was successful, which are applicable to the development of future fouling
systems for thermal processes. First of all, it was determined that the tool must have elements
identical to the equipment used in practice, which in this case was a spiral wound membrane.

These elements include spatial dimensions, materials used and hydraulics. Secondly, the data
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obtained from the system must be reproducible and accurate. Thirdly, the system must be able
to monitor fouling quantitatively using operational parameters (e.g., pressure drop), and real-
time, in-situ, non-destructive observations (e.g., microscopic). The MFS has multiple ways of
detecting fouling rapidly and precisely. A sensitive pressure analyzer acted as an early warning
system by measuring pressure drop over the MFS and triggering an alarm when the pressure
drop exceeded a certain value. The MFS also had a transparent window to allow visual
inspection of fouling. Vrouwenvelder et al. (2006) compared the MFS with a membrane
module and observed the same pressure drop development and the same accumulation of
biomass. Although this specific example highlights membrane fouling, the concepts of using
pressure drop and visual inspection to monitor fouling a can be extended and applied to thermal

fouling studies.

A micro-scale heat exchanger (MSHE) system was designed and constructed by Magens
et al. (2017) to study fouling under wall shear stress and surface temperature conditions
representative of a high-temperature-short-time pasteuriser. The system consisted of a 650 x
2000 um flow channel that allowed 2 litres of raw milk to be studied for fouling. Like
Vrouwenvelder et al. (2006), the pressure drop across the unit was measured over time. In this
system, the fouling cell guided the flow of the process fluids, heated the square test plate, and
allowed for microscopic imaging. Confocal laser scanning microscopy was incorporated into
the system to analyse the fouling layer, particularly the distribution of protein and calcium
phosphate, with pictures of deposits on fluoropolymers taken in-situ. The temperature of the
thermal boundary layer (~ 60°C) coincided with beta-lactoglobulin (B-Lg) being in the molten
globule state, where B-Lg is partially unfolded with its free thiol group exposed, allowing
intramolecular disulphide linkages to occur, making this change irreversible (Tolkach &
Kulozik, 2007). Pressure drop steadily increased as deposition occurred. Unexpectedly, the

thermal resistance did not change significantly within the conditions and timescales of the
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experiment. The surface mass coverage was determined from the mass of the fouling deposit
after drying overnight. There was substantial deposition on all surfaces, even with the bulk
temperatures maintained at < 72°C, indicating that milk fouling was driven by aggregation and
chemical reactions in the hot boundary layer. After 120 min of processing at a surface
temperature of 85°C, there was strong adhesion of a mineral-rich sub-layer (i.e., calcium
phosphate). This system is an excellent example of all-encompassing fouling analysis tool,
with several fouling monitoring techniques incorporated to obtain the full picture of the

development of dairy fouling in a heat exchanger.

A concentric tube fouling rig designed by Khalid et al. (2013) is an interesting and
promising example of introducing a fouling microsystem into a production process. This
fouling deposit monitoring device can be attached to any food processing equipment; in this
study it was attached to a lab-scale concentric tube pasteuriser processing pink guava puree at
temperatures of 90-95°C. The rig functions as a sampler for fouling deposit, which can be
dismantled at any time for analysis of the fouling deposit material without dismantling the
entire food processing equipment it is attached to. The fouling rig was attached to the last tube
of the concentric tube lab-scale pasteuriser, as this is where the most fouling was occurring.
The rig was removed after every hour of pasteurisation to observe the fouling thickness, and
temperature changes were continually recorded in order to correlate the heat transfer properties
with the build-up of fouling deposit. A rig of this design has potential to be a useful monitor

dairy fouling of a processing line where frequent dismantling is not possible.

1.6.2. Computational fluid dynamics

Computational fluid dynamics (CFD) is a robust numerical tool that is increasingly being
used to imitate several processes in the food industry (Norton & Sun, 2006). CFD is a type
of fluid mechanics that utilises data structures and numerical analysis to study and solve
challenges involving flow. CFD can be applied to simulate and predict fouling, as fluid flow is
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a key factor in the occurrence of fouling. CFD models can analyse the contribution of specific
mechanisms to fouling, such calcium phosphate reactions (Ojaniemi et al., 2021) and protein
denaturation (Jun & Puri, 2005), or it can evaluate the combined effect of several parameters
such as the study by De Bonis & Ruocco (2009) that used CFD to analyse the mutual effects

of flow, heat transfer and local transport of B-Ig on heat exchanger fouling.

In a study by Grijspeerdt et al. (2002), 2D and 3D CFD was used to conduct a
comprehensive calculation of the flow pattern of milk between two plates of a plate heat
exchanger. The calculations conducted were used to identify regions of turbulent backflow, as
these regions are very sensitive to fouling. The 2D and 3D simulations conducted using CFD
demonstrated that the flow in the centre of the flow channel was quite straightforward. Regions
of reverse flow were shown to be the most susceptible to fouling as the extended residence
time of the fluid particles caused more intense heating. The validation experiments conducted
by Grijspeerdt et al., (2002) showed results similar to that of the simulated flow in CFD,
demonstrating that this numerical simulation could give trustworthy results. Two temperature
scenarios were simulated to demonstrate the impact of temperature on fouling. It was suggested
by Hiddink et al. (1986) that the difference in temperature (AT) between the heating medium
and the milk impacts fouling when it surpasses 10—15 °C. Therefore, for the first simulation
the plates had a consistent temperature of 110 °C, and for the second simulation the plate
temperature was increased to 140°C. For the simulation with a lower AT, the highest
temperature regions, and thus the regions most prone to fouling, were located at the downside
of the corrugations. For the simulation with the higher AT, the most fouling was observed at
the end of the corrugations, where the temperature was highest. Although a AT of 40°C is not
likely to occur in industry, the results demonstrate the accuracy of the simulation and identify

potential weak spots in plate design.
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1.7. Conclusion

The purpose of this review was to outline the key aspects of dairy fouling during thermal
processing in order to identify and analyse the key advancements in fouling measurement,
monitoring, and prediction. It is clear from the research reviewed that many methods have been
explored to quantify and predict fouling, as fouling continues to be a key challenge in the dairy
industry. The monitoring methods range in approaches used, including thermal resistance,
ultrasonic  properties, acoustic properties, electrochemical properties, temperature
measurements, continuous calculation of the heat transfer coefficient, and spectroscopic
analysis. The monitoring methods reviewed provide an insight into the wide variety of options
available for in-situ measurement of fouling through the use of inline sensors. The ability to
obtain real-time data for the progression of fouling is an extremely valuable asset to the dairy
industry, as it provides information that can minimise downtimes and maximise operational
efficiency. The ability to predict the onset and progression of fouling during production is even
more valuable to the dairy industry, hence a range of prediction models and algorithms for
fouling have been developed based on dimensional analysis, classification methods, classic
fouling models, heat transfer properties and deep learning. The use of modelling for prediction
of fouling presents a possible way forward for the dairy industry, however further research is
required into the development of an all-encompassing model or algorithm that can address all
aspects of fouling, as the models reviewed here often focus on specific aspects of fouling rather
than accounting for all the contributing factors. Small scale fouling simulations based on
fouling microsystems and computational fluid dynamics continue to enable lab-scale research
into fouling, which is key in developing the above mentioned monitoring techniques and
prediction algorithms. The area of fouling studies is vast and complex, as many of the
underlying mechanisms of fouling are still not fully understood, however the research reviewed

here demonstrates the key advancements in the monitoring and prediction of fouling over the
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years, which aid in the design and implementation of strategies to control fouling during dairy

processing.
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Objectives

Evaporation is a thermal concentration process, where milk is heated under vacuum to
temperatures in the range 55-70°C to remove water and concentrate skim milk to total solids
typically in the range 48-50%, while minimising thermally induced changes in the resultant
concentrated skim milk. This process of evaporation to 48-50% total solids is typically applied
prior to spray drying in the production of skim milk powder and is also employed for
concentration of skim milk to 40-42% total solids prior to transport between processing sites
in the form of liquid concentrates. In spite of using moderate temperatures, the combination of
high total solids and long tun times (typically 15-20 h) results in fouling being a key challenge
during evaporation of skim milk. Fouling has significant operational, economic, and
environmental consequences for the dairy industry, including increased cleaning chemical and
water usage, increased energy consumption due to reduced heat transfer efficiency,
deterioration in product quality due to insufficient heating and fouling deposit sedimentation,
as well as increasing the risk of deterioration in microbial quality due to biofilm formation.
Therefore, it is critically important that we develop a better understanding of fouling and the
factors contributing to it, such that appropriate mitigation strategies can be researched,

developed, and deployed.
Consequently, the overall objectives of this thesis were:

1. To investigate, and study systematically, the effect of pH on the heat stability and
physicochemical properties of concentrated skim milk during thermal processing designed
to simulate the prevailing conditions in an evaporator;

2. To evaluate the suitability and robustness of the methods used to analyse the
physicochemical properties of concentrated skim milk before and after simulated
evaporator thermal processing by upscaling heat treatment to a custom-built fouling rig, in
the development of predictive indicators of fouling;

3. To examine the influence of pH on the occurrence of fouling of concentrated skim milk
during heat treatment on a custom-built fouling rig by monitoring in-process changes, as
well as analysis of the heat-induced changes in concentrated skim milk and cleaning-in-

place chemicals, in order to characterize evaporator fouling
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Abstract

The objective of this study was to investigate the effect of pH on the heat stability and
heat-induced changes to the fouling properties of concentrated skim milk. The heat coagulation
time of the concentrated skim milk solutions (30%, w/w, total solids) was determined at 120
°C as a function of pH (pH range 6.0-6.7). These samples were heat-treated using a controlled-
stress theometer equipped with a starch-pasting cell geometry, and subsequently assessed in
terms of their viscosity, particle size distribution, and sedimentation. As the pH of the samples
decreased, an increase in both viscosity and particle size distribution coincided with an increase
in sedimentation. Two pH points (pH 6.2 and pH 6.6) of the samples were chosen for upscaling
the analysis to a fouling rig to determine if the heat-induced changes identified at small scale
would be replicable and to identify the mechanisms in the fouling of concentrated skim milk.
After recirculation on the fouling rig, the samples were recovered for analysis of particle size
and dry sediment. Cleaning in place solutions applied to the fouling rig after recirculation, and
the recirculated skim milk samples were analysed for total solids, protein, and ash content.
Recirculation of the sample at pH 6.2 on the fouling rig resulted in severe fouling, however no
fouling was observed at pH 6.6. Compositional analysis of the concentrated skim milk sample
at pH 6.2 after recirculation on the fouling rig showed a reduction in protein and ash content
compared to the starting material. These results, accompanied by compositional analysis of
CIP solutions, demonstrated that the foulant deposit formed was mainly comprised of
aggregated protein, with some calcium phosphate binding promoted by the low pH and high
recirculation temperature. Analysis of the low pH skim milk solution after recirculation for
particle size and sedimentation showed results consistent with the initial small-scale heat
treatment analysis. These findings provide new insight into the impact of pH on fouling during
thermal treatment of concentrated skim milk, using a combination of analytical approaches and
tools to allow for a deeper understanding of concentrate behaviour, helping to reduce its

occurrence in the future
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2.1. Introduction

In the dairy industry, evaporation is used to concentrate skim milk prior to drying in the
production of skim milk powder (SMP) (Wiegand, 1971). Evaporation is a thermal process,
whereby the milk is heated under vacuum to 55-70°C to remove water at a reduced boiling
point, typically targeting a total solids content of 48-50% before spray-drying to a powder (96-
97% total solids content) (Bylund, 2015). Fouling of thermal processing equipment during
production of dairy products and ingredients is a challenge for the dairy industry, with
evaporator fouling being an area of particular focus. Fouling during thermal processing is
defined as the build-up of foulant mass deposit in different parts of the thermal processing
equipment, such as in pipes, on the heat exchange surface, and in any other fittings in the
apparatus (Milanovic et al., 2006). The formation of both dairy foulant (in product) and fouling
deposits (on surfaces) is a complex process that involves both aggregation of protein and
formation of calcium phosphate in the bulk (i.e., the inner matter) of the fluid (Mahdi et al.,
2009). Georgiadis & Macchietto (2000) proposed that the protein reaction takes place in the
bulk and at the thermal boundary layer of milk; a first order reaction causes native protein to
unfold, followed by a second order reaction causing the unfolded protein to aggregate, with
predominantly the aggregated protein forming deposits on heat transfer surfaces. This study
also showed that the deposition rate is proportional to the amount of aggregated protein in the
thermal boundary layer; the thicker the deposit, the greater the difference in temperature
between the heating medium and the product temperature (AT). Another important aspect of
the dairy fouling process is mineral deposition as there is an inverse relationship between
calcium phosphate solubility and temperature that results in further fouling deposition. As
calcium phosphate becomes less soluble in milk with increasing temperature, it precipitates out
of solution and can produce deposits in the form of crystals on the heat transfer surface (Visser
& Jeurnink, 1997). Calcium phosphate can deposit onto the surface of the already deposited
beta-lactoglobulin (B-Lg) molecules to further stabilize the structure, creating a strongly
adhered foulant layer, as well as mediating protein-protein interactions through electrostatic

bridging caused by charge neutralisation (Dalgleish & Law, 1989).

Fouling has significant economic, operational, and environmental consequences for the
dairy industry. The formation of deposits can cause challenges during production by increasing
the overall thermal resistance, resulting in a decline in the heat performance of the equipment.
This can lead to obstructions to fluid flow, increased pressure drop, and reduced heat transfer

coefficient (Grijspeerdt et al., 2003), which causes increased total operating costs due to more
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frequent cleaning required and increased energy consumption. The additional cleaning in place
protocols required to remove fouling deposits are time consuming leading to increased
downtimes, as well as causing major environmental impact due to the amount of chemicals,
water, and heat needed (Hagsten et al., 2016). There is also a possibility of deterioration in
product quality, as the required product temperature may not be achieved (Mahdi, et al., 2009),
or erosion of the fouling layer may deposit into the bulk fluid causing product sedimentation
(Saget et al., 2021). Deterioration in microbial quality may also occur due to biofilm formation
(Mérian & Goddard, 2012), as the bacteria in milk, which includes spoilage and pathogenic
microorganisms, can adhere to the foulant deposited on the stainless steel surfaces, and migrate

into the product (Marchand et al., 2012).

With these operational and environmental costs in mind, it would be valuable for the
dairy industry to have the ability to measure or predict the presence, type, and/or intensity of
fouling that occurs in a thermal process when designing, improving, or adapting production
processes in order to avoid unnecessary product or capital loss (WallhduBer et al., 2013).
However, fouling is a complicated process that depends on several difficult-to-measure
parameters, meaning it is challenging to achieve an accurate quantification of overall fouling
resistance (Bott, 2001). Therefore, the aim of this study was to investigate the influence of pH
on the heat stability and heat-induced changes in concentrated skim milk to determine the
suitability and inter-relationships between potential measures and/or indicators of fouling.
Initially a small-scale heat treatment of concentrated skim milk at 30% total solids was
conducted over a pH range of pH 6.0 to 6.7. Two pH points (pH 6.2 and pH 6.6) of the
concentrated skim milk were chosen for upscaling the analysis to a fouling rig to determine if
the heat-induced changes identified at small scale would be replicable and to identify the
mechanisms in the fouling of concentrated skim milk. This study categorises fouling into two
types: ‘adhered fouling’ and ‘non-adhered fouling’ (Figure 2.1), with adhered fouling referring
to a build-up of fouling deposit on thermal equipment, and non-adhered fouling referring to
any changes in product that are caused either by physicochemical reactions related to fouling,

or sedimentation of the fouling layer into the product.
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2.2. Materials and Methods

2.2.1. Materials

Medium-heat skim milk powder (SMP) was provided by a local Irish dairy company.
The total protein, fat, ash, and carbohydrate of the SMP were 34.29, 0.8, 8.00 and 56.91%
(w/w) respectively, as provided by the manufacturer. All chemicals and reagents, unless
otherwise stated, were sourced from Sigma-Aldrich (Wicklow, Ireland) and were of analytical

grade.

2.2.2. Preparation of high total-solids skim milk solutions

Preliminary rehydration trials were carried out to determine the highest feasible total
solids (TS) content that could be attained when rehydrating skim milk powder. Initial
rehydration trials using magnetic stirring at room temperature were carried out at 20, 25, 30,
35 and 40% TS. It was found that at a TS content of 30%, severe foaming and sedimentation
indicated that the powder was not fully solubilised after stirring at 4°C overnight, and at a TS
content >35% the skim milk solution gelled when stirring at 4°C overnight. In the next stage
of preliminary trials, rehydration was carried out at 30, 31, 32, 33 and 34% TS using overhead
stirring in a waterbath at 50°C. Foaming and sedimentation was observed in the samples at 33
and 34% TS after overnight stirring at 4°C. The samples between 30-33% total solids were
analysed for particle size distribution using a laser light diffraction unit (Mastersizer 3000 S,
Malvern Instruments Ltd., Worcestershire, UK) to determine if any insolubilized powder
particles were present in the solution. Only the sample at 30% total solids was fully solubilised
and was therefore chosen as the target TS for the study. It was critical for the study that the
total solids content chosen was both comparable to the skim milk evaporation process and

feasible to rehydrate to a fully solubilised solution in a replicable manner.

Reconstituted skim milk was prepared by adding medium-heat SMP to ultrapure water
over 1 h at 50 °C to attain 30% (w/w) TS (and 9% (w/w) TS for Section 2.2.3) while stirring
using an overhead stirrer (Eurostar 60 control, IKA, Staufen, Germany) with a spiral mixing
element (Visco Jet 3x spiral mixing element d = 80 mm, Kiissaberg, Germany). During
rehydration the stirring speed was gradually increased from 100 to 250 rpm. The solutions were
stirred at 50°C for a further 3 h at 200 rpm, after which the solutions were cooled to 20 °C while
magnetically stirring during pH adjustment. The pH of the skim milk solutions were measured

using a standard pH meter at 20 °C (Metler Toledo, FiveEasy pH / mV bench meter, F20,
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Switzerland).The pH of the skim milk solutions, at 30% (w/w) TS, were adjusted to pH 6.0,
6.1, 6.2, 6.3, 6.4, 6.5, 6.6 and 6.7 using 1 N NaOH and HCI as appropriate. The skim milk
solutions were magnetically stirred for a further 2 h, after which pH was readjusted to the target
pH, if required. The skim milk solutions were then stored at 4°C overnight, with low speed
magnetic stirring, to facilitate complete rehydration. After overnight rehydration, the samples
were equilibrated to 22°C for 2 h, after which the pH was checked and re-adjusted to the target
pH, as required.

2.2.3. Heat coagulation time as a function of pH

Heat coagulation time (HCT) of skim milk solutions at 9 and 30% (w/w) TS, was
determined at 120 °C as a function of pH in the range 6.0 — 6.7 using the method of Davies and
White (1966). Samples (2 mL) were added to heat-resistant glass tubes and stoppered using a
rubber bung, placed in a steel rack, and immersed in a silicone oil bath (Hettich ESP oilbaths;
Hettich Benelux BV). The HCT was recorded as the time elapsed between immersing the

sample in the oil bath and the visible detection of aggregates within the sample.

2.2.4. Viscosity during heat treatment

The skim milk solutions (30%, w/w, TS; pH 6.0-6.7) were heat treated using an AR-G2
controlled-stress rheometer (TA Instruments, Crawley, UK) equipped with a starch pasting cell
(SPC) geometry. Samples (28 g) were subjected to a temperature profile, at a shear rate of 15
s, as follows: initial temperature (25 °C) was held for 7 min, then increased at a rate of 10 °C
min’! to reach the target temperature of 90 °C; samples were then held at 90 °C for 3 min and

cooled to 25 °C at a rate of 10 °C min’!, before holding at 25 °C for 10 min.

2.2.5. Particle size distribution

Particle size distribution (PSD) of the skim milk solutions (after heat treatment, as
detailed in Section 2.2.4.) was measured using a laser light diffraction unit (Mastersizer 3000
S, Malvern Instruments Ltd., Worcestershire, UK) equipped with a 300 RF (reverse Fourier)
lens and He—Ne laser (A of 633 nm). The samples were introduced to the dispersing unit using
ultrapure water as dispersant to reach an obscuration of 10% (£ 1%). Analysis of PSD was

performed using the generalised polydisperse model, with particle refractive index of 1.46,
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absorption of 0.1 and dispersant refractive index of 1.33. Non-heated samples of the skim milk
solutions were used as controls. The skim milk solution at pH 6.0 was not analysed as extensive

aggregation made the sample unsuitable for analysis using this method.

2.2.6. Dry Sediment

Sediment was measured following a centrifugation method of Chen et al. (2012), with minor
modifications to adapt the method for a high total solids material. After heat treatment, as
detailed in Section 2.2.4., the skim milk solutions were well shaken, and 20 g was accurately
weighed into a calibrated tube and centrifuged (Sorvall RC5C Plus, Massachusetts, United
States) at 12,000 g for 1 h. After the supernatant was removed, the sediment was oven-dried at
105°C until a constant weight was obtained, to determine its percentage dry weight. The
moisture content (%w/w) of the sediment was calculated by the difference in weight before
and after oven drying the sediment. Non-heated samples of the skim milk solutions were used

as controls.

Protein and ash content (%,w/w) of the skim milk solutions after heat treatment, and the
supernatant formed during the dry sediment method were determined using the Kjeldahl
method with a nitrogen-to-protein conversion factor of 6.38 (IDF, 2001), and by dry ashing in
a muffle furnace (Nabertherm GmbH, Lilienthal, Germany) at 650 °C until a white ash was
obtained (IDF, 2008). The protein and ash content of the sediment which was calculated as

follows:
Skim milk solution crude protein — Supernatant crude protein = Sediment crude protein

Skim milk solution ash — Supernatant ash = Sediment ash

2.2.8. Fouling

Fouling behaviour of the skim milk solutions (4 L) at pH 6.2 and pH 6.6 was determined
using a custom-built fouling rig, as per the method developed by Hebishy et al. (2019), with
modifications detailed in Appendix 1. The fouling rig used in this study was a stainless steel,
shell and tube heat exchanger of length 90 cm and internal diameter 5 cm (Liam A. Barry Ltd.,
Cork, Ireland), connected to a circulating waterbath (Grant, LT ecocool™100, Cambridge,
UK) which controlled temperature of the water used as the heating medium. Two electronic

pressure transducers (PR-33X, Keller-druck, Dorchester, UK), one located immediately before
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and one immediately after the heat exchanger were used to measure temperature and pressure
in-line. The unit had a stainless steel feed vessel (capacity 4 L), connected directly to a positive
displacement, progressive cavity pump (Torqueflow, Sydex, UK); the liquid flow rate through
the heat exchanger was controlled by means of a variable speed drive. The pressure on the
recirculating samples was set using a manual diaphragm throttling valve, with pressure
recorded using an analogue pressure gauge (1107J486, WIKA, Los Angeles, CA, USA). The
initial back pressure was set at 1 bar using the throttling valve and was not adjusted during the
runs. Temperature of the samples was also measured using a thermocouple mounted to the feed
vessel (Digitron 2024 T Digital Thermometer Pt100, Port Talbot, UK). The fouling system was
operated at a laminar flow rate (25 Hz) in batch recirculation mode. The samples were supplied
at an initial temperature of 25 °C, and the fouling experiments were conducted at 90 °C
(temperature of the heating medium) to simulate thermal processing and preheating of spray
dryer liquid concentrate feeds during ingredient manufacture and to enable sufficient
denaturation and deposit build-up on the heat exchanger (Jimenez et al., 2013; Khalid et al.,
2013). The experiment was stopped after 2 h of recirculation, after which, the samples were
recovered for analysis of particle size (as detailed in Section 2.2.5) and dry sediment (as
detailed in Section 2.2.6). Results are the mean of triplicate measurements from one

independent trial.

The system was cleaned in place (CIP) using a standardised CIP protocol. The system
was first rinsed using deionised water (4 L) for 10 min, after which a caustic wash was
performed using 4 L of 1% (v/v) NaOH solution containing sodium hypochlorite (5%) (Ansep
CIP, Ecolab, Co. Meath, Ireland) at 64 °C for 30 min to dissolve fat, protein, and carbohydrate
deposits. After the caustic CIP step, the system was rinsed for 10 min with deionised water (4
L) to remove any residues of caustic. An acid wash was then performed using 4 L of 1% (v/v)
acid solution containing nitric acid (>30%) and orthophosphoric acid (<5%) (Horolith V,
Ecolab, Co. Meath, Ireland) at 46 °C for 30 min to dissolve any remaining carbohydrate and
mineral deposits. After the acid wash, the system was rinsed for 10 min with deionised water

(4 L) to remove any residues of acid.

Samples of the CIP solutions were analysed for total solids (%, w/w), protein (%,w/w),
and ash content (%,w/w). Total solids content was determined by oven drying at 104°C until a
constant weight was obtained (IDF, 2010). Total nitrogen was determined using the Kjeldahl
method (IDF, 2001) and converted to protein using a conversion factor of 6.38. Ash content

was determined by dry ashing in a muffle furnace (Nabertherm GmbH, Lilienthal, Germany)
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at 650 °C until a white ash was obtained (IDF, 2008). Skim milk solutions after recirculation
on the fouling rig were analysed for total solids, protein, and ash (using the above methods).
Results are the means of data from one independent trial, with triplicate measurements carried

out for each sample.
2.2.9 Statistical analysis

All experimental analyses were conducted in duplicate, with samples produced from
three independent trials for each pH, unless otherwise stated. Results are expressed as mean +
standard deviation. Analysis of variance (ANOVA; Tukey’s HSD test) was performed using R
1386 version 4.0.2 (R Foundation for Statistical Computing, Vienna, Austria) to identify
statistically significant differences between mean values for different samples. The level of
significance was determined at p < 0.05 to determine whether statistically significant
differences existed between the mean values.
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Figure 2.2.: Summary of fouling analysis methods. This study categorises fouling into
two types: ‘adhered fouling’ and ‘non adhered fouling’.
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2.3. Results and discussion

2.3.1. Heat Stability

To assess the effects of total solids (TS) concentration on the heat stability of the samples
(at 9 and 30% (w/w) TS), the heat coagulation time (HCT) was determined at 120 °C as a
function of pH in the range 6.0-6.7 (Figure 2.2). The wide pH range was essential for this study,
as in-house preliminary trials (data not shown) demonstrated that during evaporation, as total
solids increased, the pH decreased. Reconstituted skim milk at 20% (w/w) TS was concentrated
using a rotary evaporator at 50 °C, and as the total solids increased from 20 to 30% (w/w) TS,
the pH decreased from 6.3 to 6.1. This coincides with findings in a study by Anema (2009),
where a linear decrease in pH was observed when heating a 28.8% TS skim milk solution from
20-80°C. As evaporation increases the dry matter content of milk, the decrease in pH can be
attributed to the resultant increase in ionic components, precipitation of calcium phosphate and

release of hydrogen ions from the casein micelle (Sutariya et al., 2017).

In the present study, at 9% (w/w) TS, the maximum HCT was observed at pH 6.6, and
as the samples were acidified, the HCT decreased. The samples had significantly higher (p <
0.05) HCTs between pH 6.4-6.7, compared to pH 6.0-6.3. In addition, between pH 6.4-6.7 the
HCTs differ significantly (p < 0.05) varying from 20.0 to 42.7 min. The heat stability of milk
falls into two main profiles: Type A and Type B (Rose 1961a, 1961b). Type A milk shows a
maximum in HCT usually at the natural pH of milk at pH 6.6-6.8 and a local minimum at pH
6.9-7.0. Type B milk shows an increase in HCT with increasing pH. The control sample of 9%
TS skim milk solution followed the Type A profile at 120°C, which is the most dominant
profile found in standard skim milk (Fox and McSweeney, 2003). The higher heat stability
observed in the samples between pH 6.4 and 6.7 is attributable to the stability of the casein
micelles as the pH is within the region of the native pH of milk, making them less prone to
aggregation due to denatured whey proteins adsorbed to the micelle surface, forming a less
calcium sensitive steric barrier. The low heat stability of the samples between pH 6 and 6.3 can
be attributed to ‘salt-induced’ coagulation. At low pH, the colloidal stability of casein micelles
is lowered by a decrease in surface charge of casein micelles, a reduced electrostatic repulsion,
and a collapse of the kappa casein layer due to charge neutralisation. This results in an increased
tendency towards aggregation (van Boekel ef al. 1989). An increase in calcium activity and
ionic strength by the dissolution of colloidal calcium phosphate (CCP) also contributes to an

increase in calcium-mediated bridging between casein micelles (Nieuwenhuijse ef al. 1991).
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For the skim milk solution at 30% (w/w) TS, the maximum HCT was observed at pH
6.5, and as the samples were acidified, the HCT decreased, but not as severely as the HCT
decrease observed on acidification at 9% (w/w) TS. The samples at 30% (w/w) TS had
significantly higher (p < 0.05) HCTs between pH 6.4-6.7, compared to pH 6.0-6.3. In addition,
between pH 6.4-6.7 the HCTs differ significantly (p < 0.05) in a small range, varying from
7.78 to 8.86 min, which was much lower than the HCTs observed at 9% (w/w) TS in the same
pH range. The HCT at 30% (w/w) TS was slightly higher between pH 6.0 and 6.3 compared to
9% (w/w) TS, and the HCT of the 30% (w/w) TS samples at pH 6.2 and 6.3 were significantly
higher (p < 0.05) than the samples at pH 6.0 and 6.1, which was not observed at 9% (w/w) TS

where there was no significant differences (p > 0.05) in this pH range.

The explanation for the difference in HCT between low pH (6.0-6.3) and high pH (6.4-
6.7) samples at 30% (w/w) TS is the same as the reasoning above for 9% (w/w) TS. However,
there have been several studies exploring why the heat stability of concentrated skim milk is
lower than that of unconcentrated skim milk, as heat induced coagulation is a complex process
with at least 2 stages (destabilisation and aggregation) which is affected by multiple
environmental conditions that mutually influence each other (O’Connell & Fox, 2003). A
study by Dumpler (2018b) showed the dependency of HCT on pH for unconcentrated milk and
concentrated milk up to a TS content of 35%. HCT decreased significantly (p < 0.05) with
increasing total solids content, and the increase in pH by NaOH addition to improve heat
stability of concentrated skim milk became less effective with increasing TS content. This
could provide an explanation for the lower HCT observed between pH 6.4 and 6.7 for 30%
(w/w) TS compared to 9% (w/w) TS. Other factors that have been shown to affect the heat
stability of concentrated skim milk include an increase in the concentration of soluble calcium
(Anema, 2009; Faka et al., 2009), an increase in ionic strength proportional to volume
reduction (Augustin & Clarke, 1990), and an increase in protein content (Morrissey &
O’Mahony, 1976). It has also been shown by FTIR analysis that protein in milk undergo
imperative structural changes during concentration that make them more prone to
destabilisation reactions during heating (Markoska et al., 2019). All of these factors contribute
to the increased susceptibility of concentrated skim milk to aggregation, and therefore a lower

heat stability than unconcentrated skim milk.
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Figure 2.2.: Heat coagulation time (HCT) at 120 °C as a function of pH. Data shown is for
concentrated reconstituted skim milk at 30% total solids (TS) (m). HCT of reconstituted skim
milk at 9% TS (0) was measured as a control. Results are the means of data from three
independent trials. Error bars represent standard deviation. Mean values with different

superscript letters within each %TS are significantly different (p < 0.05).

2.3.2. Viscosity development on heating

The viscosity of each skim milk solution was measured continuously during lab-scale
high temperature short time (HTST) processing (Figure 2.3). At the initial temperature of 25
°C, there were no significant differences (p > 0.05) in viscosity between the samples, with
viscosity ranging from 31.4 to 33.3 mPa.s (Table 2.1). Upon heating, as the temperature
increased, the viscosity of all samples decreased slightly (Figure 2.3). This slight decrease in
viscosity on heating has been previously observed in other concentrated dairy systems and can
be attributed to a decrease in the hydrodynamic volume of the protein before physicochemical
and conformational changes of the protein occur, such as protein unfolding, protein aggregation
and hydrophobic interactions between proteins (Considine et al., 2007; Kasinos et al., 2014).
Upon holding at 90 °C, the viscosity increased, with no significant difference (p > 0.05)
between the samples in the pH range 6.3-6.7, while the viscosities of the samples at pH 6.0,
6.1 and 6.2 were considerably higher and significantly different (p < 0.05) from each other at
148, 74.4, and 30.8 mPa.s respectively (Table 2.1). On cooling to 25 °C, there was a
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considerable increase in viscosity of all samples. There was no significant difference in peak
viscosities on cooling between pH 6.3 and 6.7, while between pH 6.0 and 6.2 the peak

viscosities on cooling were much higher and had significant differences (Table 2.1).

During holding and cooling, the samples with pH in the range 6.2-6.7 displayed a gradual
increase in viscosity that peaked and plateaued, whereas at pH 6.0 and 6.1, a different viscosity
profile was observed with a peak followed by a sharp decrease in viscosity during both holding
and cooling (Figure 2.3), indicating a two-stage aggregation process occurring at low pH where
protein structure unfolding (with resultant exposure of reactive groups) would precede protein-
protein association to form larger protein aggregates (Schmidt, 1981). Following HTST
treatment, it was observed that the viscosity was higher than the initial viscosity prior to heating
for the samples with pH 6.0-6.5, implying that heating to 90 °C irreversibly impacted on the
viscosity of the samples as the protein molecules unfold and aggregate. The final viscosities of
the samples at pH 6.6 and 6.7 returned to the initial value, indicating that protein aggregation

did not occur, or any association was reversible.

As discussed in Section 2.3.1, evaporation of milk results in a decrease in pH due to
increased concentration ionic components, formation/precipitation of calcium phosphate and
release of hydrogen ions (Sutariya et al., 2017), which in turn increases the degree of protein
denaturation and aggregation. In a study by Anema et al. (2004) showed decreasing the pH
during heat treatment of skim milk resulted in a greater increase in viscosity, along with
increased casein micelle size. The results from the current study show that as the pH of the
samples decreased, the viscosity on heating increased. These increases in viscosity could be
due to an increased level in protein denaturation. When milk is heated, conformational changes
in the whey protein’s tertiary structure occur causing the protein to unfold and denature, which
exposes the reactive thiol groups that interact with each other to form disulphide bonds,
allowing them to associate with k-casein, hydrophobic regions of the casein micelle, and other
whey proteins. These interactions result in protein aggregation, which causes an increase in the
volume fraction and voluminosity of the casein micelles. This increase in volume fraction and
casein micelle voluminosity, as well as the increased repulsion between micelles cause the
increase in viscosity (Jeurnink & De Kruif, 1993; Ho et al, 2018). Although some of the
literature referenced here was not based on concentrated skim milk, it was suggested by Anema
(2000) that the effect of skim milk concentration on protein denaturation and viscosity becomes
less apparent between temperatures of 75 to 100 °C due to a shift of the rate limiting factor

from denaturation at < 90 °C to aggregation at > 90 °C. Therefore, it can be concluded that the
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viscosity development of concentrated skim milk on heating follows the same reaction kinetics

as unconcentrated skim milk.
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Figure 2.3.: Temperature (dashed line) and viscosity during lab-scale high-temperature short-time heating
to 90°C of concentrated reconstituted skim milk solutions (30% w/w, total solids). Viscosity profiles shown
are the solutions at following pH values: pH 6.0 (solid line);, pH 6.1 (A); pH 6.2 (e); pH 6.3 (m); pH 6.4 (¢);
pH 6.5 (- -e--); pH 6.6 (dotted line); pH 6.7 (grey line). Results are the means of data from three independent

trials
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Table 2.1.: Viscosity of concentrated skim milk solutions (30% w/w, total solids, pH 6.0-6.7) at different stages during lab-scale high-temperature
short-time treatment (HTST) and the area under the curve during the holding and cooling stages during HTST. Values within a column not sharing

a common superscript letter differ significantly (p < 0.05).

Sample (pH) zvlec:::EEfy:g)x Viscosity at 90°C oy sooling  on cooting | Fimal Viscosity
(mPa.s)
6.0 31.4+ 1.68° 148 + 63.6° 339 + 52.2° 417 + 107.6* 495 + 46.9° 376 + 120.22
6.1 31.7 +1.32° 74.4 + 34.9° 133 + 5.74° 299 + 51.7° 386 + 13.9° 246 +22.1°
6.2 31.2 +3.00? 30.8 + 13.2° 54.6 + 7.58° 359 + 74.4% 303 + 79.4° 340 + 70.8%
6.3 32.3 £ 1.60? 19.1 + 3.66% 26.1 + 4.59% 104 +£27.4° 92.9 £23.1¢ 102 +£29.2°
6.4 30.7 + 1.38° 17.2 + 1.66% 19.8 +2.10% 58.3+12.2¢ 55.0+12.1¢ 57.8 +13.0°
6.5 32.0 +1.98° 16.1 + 0.684 17.4 +0.67¢ 39.1 + 3.35° 37.8 +3.25¢ 38.9 + 3.33¢
6.6 33.0+2.14° 15.7 £ 0.48¢ 16.5 + 0.45¢ 33.6 + 1.66° 32.8 +1.594 33.4 + 1.60¢
6.7 33.3+2.79° 15.4 +0.42¢ 16.6 + 0.45¢ 31.0+1.31° 304+ 1.264 30.8 + 1.24¢
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2.3.3. Particle size distribution

Particle size analysis was conducted to assess the extent of aggregation taking place
during heat treatment as influenced by pH. The unheated control and the heated samples with
pH between 6.5 and 6.7 all displayed monomodal particle size distributions (PSD’s), with one
peak identified between 0.01 and 1 um (Figure 2.4). At pH 6.4, an additional shoulder is
observed between 1 and 10 pum, indicating a very low level of protein denaturation and
aggregation (Figure 2.4). The heated samples at pH 6.1 also displayed a monomodal particle
size distribution of large particles (~10 — 1000 uM) indicative of extensive protein aggregation.
Both heated samples at pH 6.2 and 6.3 were poly-dispersed, with pH 6.2 displaying one large
peak between 10 and 100 um, and pH 6.3 displaying one large peak between 0.01-1 pm,
followed by two smaller peaks between 1 and 10 um, and 100-1000 um. The large standard
deviations observed in the particle size distributions for pH 6.1 and 6.3 can be attributed to the
partial protein aggregation that can cause variability in results. These results show that as the
pH of concentrated skim is decreased, the degree of protein denaturation and aggregation

increases (Anema & Li, 2003).

There was no significant difference (p > 0.05) in volume mean diameter (D [4,3]) for
the unheated control and the heated samples with pH between 6.4 and 6.7 (Table 2.2). The
heated samples at pH 6.2 and 6.3 showed significantly higher (p < 0.05) values for the D[4,3]
at 35.9 and 21.5 um respectively, while D[4,3] of the heated skim milk solution at pH 6.1 was
significantly higher (p < 0.05) than all samples at 373 um due to the dominance of very large,
aggregated particles present (Table 2.2). These results are in agreement with a study by Anema
et al. (2004) that showed an increase in particle size of heated skim milk with a decrease in pH.
It was also observed that the span of the heated skim milk solution at pH 6.3 was significantly
different (p < 0.05) from all other samples, as it displayed the most polydisperse particle size
distribution. It can be concluded there is a pH-dependent increase in particle size of
concentrated skim milk on heating. At low pH (i.e., between pH 6.1 and 6.3), heat-induced
whey protein association with casein micelles occurs, resulting in an increase in casein micelle

size (Beaulieu et al., 1999), which is reflected in the results of the present study.
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Figure 2.4.: Particle size distribution of concentrated skim milk solutions (30% w/w, total solids)
after lab-scale high-temperature short-time heating to 90°C at pH 6.1 (B), pH 6.2 (C), pH 6.3 (D),
pH 6.4 (E), pH 6.5 (F), pH 6.6 (G) and pH 6.7 (H). The unheated control (A) was not subjected to

any heat treatment. Results are the means of data from three independent trials.
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Table 2.2.: Particle size distribution parameters (um) for concentrated skim milk solutions (30% w/w, total solids) after lab-scale high-
temperature short-time heating. The unheated control was not subjected to any heat treatment. Samples analysed after heating are abbreviated to

‘AH.

Sample D [3,2] D [4,3] Dv (10) Dv (50) Dv (90) Span
(nm)

Unheated Control ~ 0.05 + 0.00° 0.20 +0.07° 0.02 + 0.00° 0.08 = 0.00° 0.26+0.02*  3.03+0.08
pH 6.1 AH 115+ 16.9° 373 + 62.5° 66.7 + 15.9° 321 + 46.8° 758 + 86.4° 2.18 £ 0.26%
pH 6.2 AH 22.6+7.18° 35.9 + 14.4° 11.5+2.35¢ 19.6 +2.41° 51.8+£7.89°  2.20+0.70°
pH 6.3 AH 0.07 +0.01° 215+937 0.03 + 0.00° 0.12 +0.01° i 3794 11.8b
pH 6.4 AH 0.07 £ 0.00° 0.35 + 0.06° 0.03 + 0.00° 0.11 £0.00? 0.46+0.04*  4.06+0.32°
pH 6.5 AH 0.06 = 0.00° 0.20 = 0.06° 0.02 + 0.00° 0.09 + 0.00° 0.32+0.02°  3.36+0.24°
pH 6.6 AH 0.05 + 0.00° 0.15+0.01° 0.02 + 0.00° 0.08 £0.01° 0.30+0.03*  3.34+0.20°
pH 6.7 AH 0.06 £ 0.00? 0.17 £ 0.03* 0.02 + 0.00° 0.09 + 0.00° 0.30+0.01*  3.08+0.12°

Results are the means of data from three independent trials. Mean values within a column not sharing a common superscript letter differ significantly (p < 0.05).
D[4,3] = volume-weighted mean particle diameter.

D[3,2] = surface-weighted mean particle diameter.

Dv(10) = particle size below which 10% of sample volume is found.

Dv(50) = particle size below which 50% of sample volume is found.

Dv(90) = particle size below which 90% of sample volume is found
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2.3.4. Sediment formation

Sediment formation during heating of concentrated skim milk is related to poor heat
stability (Chen ef al., 2012), and is formed by casein micelle aggregation (Chen & O’Mahony,
2016). On-Nom et al., (2012) found that the dry weight of sediments formed in samples of
reconstituted milk heated and dialysed at 115°C for 30 min consisted of 50-60% protein, with
all the major whey protein and casein fractions being identified in the sediment. Calcium ions
have also been shown to be a predominant factor influencing sediment formation in a study by
Lewis et al., (2011), where milk with calcium chloride additions were ultra-heat treated and

analysed for sediment formation.

In this study, sediment is used as a measure of fouling as sedimentation of the foulant
into the product is a common occurrence during thermal processing in the dairy industry
(Swartzel, 1983). The sediment formation in the unheated control is significantly different (p
< 0.05) from the heated samples with pH between 6.0 and 6.3, whereas samples between pH
6.4 and 6.7 do not differ significantly (p > 0.05) from the unheated control (Figure 2.5). The
largest amount of sediment was formed at pH 6.2, followed by pH 6.0 and 6.1, with sediment
values of 49.3, 41.7 and 37.9% respectively. These results coincide with findings by On-Nom
et al. (2012), where no significant sediment was formed in heated samples of reconstituted
skim milk if the pH was maintained above 6.3. The large amount of sediment formation in the
low pH range is likely as a result ofthe increased particle size due to protein aggregation. A
similar method for determining sediment was used in a study by Havea (2006), in which milk
protein concentrate was separated into two parts: the supernatant which consisted of the soluble
protein, and the sediment which consisted of the insoluble protein. The aggregated proteins

were defined as the insoluble protein that formed the sediment.

The sediment's protein, ash, and moisture levels, represented as a percentage of the total
sediment formed, offer insights into the varying composition of concentrated skim milk
sediment at different pH levels (Figure 2.5). Protein and moisture were found to be the primary
components in all formed sediments. The control sample, which was not heated, had a minimal
percentage of moisture in the sediment due to its compact and firm nature, causing any moisture
to be easily expelled during centrifugation. As the pH of the concentrated milk decreased, the
sediment's protein and moisture content increased. The sediments formed at between pH 6.0-
6.3 exhibited a higher percentage of protein, which can be attributed to extensive protein
aggregation occurring at low pH as the micelles lose stability. This observation aligns with

previous hypotheses suggesting that aggregated protein primarily constitutes the sediment
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(Chen & O'Mahony, 2016; On-Nom et al., 2012). The sediments formed at pH 6.2 and 6.3
displayed a high percentage of moisture due to the presence of large protein aggregates,
resulting in a soft and porous structure. These large aggregates hindered the sediment from
compacting as firmly as the unheated control during centrifugation, leading to a significant
amount of trapped moisture in the sediment. The sediments formed by the samples between
pH 6.0-6.3 contained the highest amount of ash, while all other samples had ash levels
comparable to the unheated control. This outcome was expected since the low pH of the sample
promotes calcium activity through the dissolution of the CCP (Nieuwenhuijse et al., 1991),
indicating that the substantial sediments formed between pH 6.0-6.3 were likely due to
calcium-mediated bridging between casein micelles and denatured whey proteins associated
with k-casein. Overall, these findings align with prior research on sediment formation in both
unconcentrated and concentrated milk upon heating (Chen & O'Mahony, 2016; Havea, 2006;
Lewis et al., 2011; On-Nom et al., 2012). These studies have consistently demonstrated that as
the pH of the product decreases, the quantity of sediment formed increases. Furthermore, it has
been established that the sediment primarily comprises aggregated protein, with minerals being

the secondary component.
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Figure 2.5.: The relationship between pH and sediment (m) formation (%)following lab-scale
high-temperature short-time heating to 90°C of concentrated skim milk solutions (30% w/w,
total solids). The protein (m), ash (0) and moisture (m) content of the sediments is expressed as
a percentage of the total sediment formed for each sample. The unheated control was not
subjected to any heat treatment. Results are the means of data from three independent trials.

Mean values with different superscript letters are significantly different (p < 0.05).
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2.3.5. Fouling analysis

2.3.5.1. Fouling behaviour of concentrated skim milk

Concentrated skim milk solutions at pH 6.2 and 6.6 were chosen for fouling analysis
based on the results from Section 2.3.1-2.3.4, as they represent the two distinct effects of pH
on heat-induced changes in concentrated skim milk i.e., pH 6.2 coincides with results indicative
of protein aggregation, whereas pH 6.6 represents results with little heat induced changes. The
temperatures of the samples at pH 6.2 and pH 6.6 on recirculation through the fouling rig at 90
°C are shown in Figure 2.6. For both samples, an initial heat-up time was observed from 0-40
min with a rapid increase in temperature, followed by a gradual temperature change from 40-
90 min. The temperature of the sample at pH 6.2 increased with circulation through the fouling
rig to reach 79.5 °C after 40 min, whereas the sample at pH 6.6 increased to 81.1°C after 40
min. As recirculation continued, the temperature of the sample at pH 6.2 decreased to a final
value of 75.4 °C by the end of the run. This temperature reduction was due to the build-up of
fouling deposits in the heat exchanger, as seen in the image in Figure 2.6. In contrast, the
sample at pH 6.6 had a gradual increase in temperature (from 81.3 to 86.8 °C) after the initial

heat-up time, indicating that concentrated skim milk at pH 6.6 does not foul the heat exchanger.

The foulant formed at pH 6.2 was characteristic of ‘type-A deposit’, distinguished by
Burton (1968), which is a soft, curd-like material that forms at temperatures between 70-110
°C. A similar deposit was formed in a fouling study by Jeurnink et al. (1996), and it was
determined that the deposit consisted mainly of whey proteins, followed by minerals and
caseins; the authors also reported that lowering the pH of milk results in severe fouling caused
by casein micelles. Therefore, it can be hypothesised that the foulant formed in this current
study can be attributed to mutual interactions of casein micelles due to aggregation facilitated
by denatured whey proteins and solubilised calcium phosphate salts (Smits & van
Brouwershaven, 1980). This reaction, partnered with heat-induced disulphide bonds between
whey proteins and x-caseins, results in a significant degree of protein aggregation that can
contribute to fouling (Lowe et al., 2004). No adhered foulant was formed by the sample at pH
6.6, further supporting the hypothesis that the build-up of foulant is due to association of
denatured whey proteins and casein micelles; as the pH approached the native pH of milk, the
micelle surface charge will increase reducing the tendency of the denatured whey proteins and

casein micelles to associate (Anema & Li, 2003).

As the build-up of fouling reduces the heat transfer efficiency of thermal equipment, the

temperature of the heating medium must increase in order to maintain product temperature for
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product quality and safety. Therefore, this temperature increase can be used as an indirect
measure of fouling (Prakash et al., 2005). This concept was implemented and adapted by Hill
et al. (1997) when investigating the impact of different genetic variants of B-lg on fouling in
ultra-high temperature (UHT) milk. The temperature difference (AT) between the heating
medium and the treated milk leaving the system was monitored with an increase in this
temperature difference indicating fouling deposit build-up. In this current study, the AT was
measured differently, with the heating medium remaining a constant temperature and the
product temperature changing, as maintaining product temperature was not a concern for this
study. There was a considerable difference in AT between the samples at pH 6.2 and 6.6; after
2 h of recirculation at pH 6.2 the AT was 14.6 °C, whereas at pH 6.6 the AT was 3.2 °C. This
higher AT at pH 6.2 can be attributed to the build-up of the fouling deposit in the heat
exchanger, impeding the heat transfer. The AT of the sample at pH 6.6 remained stable after
the initial heat up time, as no adhered foulant built up in the heat exchanger. An ‘acceptable’
AT, 1.e., indicative of no fouling, is process and product specific, and for the fouling rig used
in this study, it was determined through several preliminary trials that a AT that indicates no
fouling is between 2-8°C. In conclusion, these results demonstrate that the pH level of

concentrated skim milk has a major impact on the occurrence of fouling.
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Figure 2.6.: Temperature as a function of time for concentrated skim milk solutions (30% w/w,

total solids) at pH 6.2 (e) and pH 6.6 (m) measured using a thermocouple mounted to the feed
vessel. Inserted photographs show the surface of the tube outlet of the heat exchanger for the

sample at pH 6.2 and pH 6.6 after 2 h of running at 90 °C.
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2.3.5.2. Particle size distribution following fouling rig

The unheated control and the recirculated sample at pH 6.6 displayed monomodal
particle size distributions, with one peak identified between 0.01 and 1 um (Figure 2.7). On
heating at pH 6.6, an additional shoulder is observed between 1 and 10 um, indicating a very
low level of protein denaturation and aggregation due to the severe time and temperature
conditions of the fouling experiment (Figure 2.7). The recirculated skim milk solution at pH
6.2 also displayed a monomodal particle size distribution of large particles (~10-100 pm),
indicative of protein aggregation (Figure 2.7). There was no considerable difference in volume
mean diameter (D [4,3]) for the unheated control (0.20 um) and the recirculated skim milk
solution at pH 6.6 (0.15 um), whereas the recirculated skim milk solution at pH 6.2 showed a
much higher value for the D [4,3] at 54.0 um (Table 2.3), indicating that the formation of
protein aggregates via intermolecular disulphide bridges resulted in an increase in particle size
diameter, as also previously reported (Donato & Guyomarc'h, 2009). These results are
comparable to the particle size analysis in Section 2.3.3, which showed large particle size
indicative of protein aggregation for the heated concentrated skim milk solution at pH 6.2,
whereas at pH 6.6 a considerably lower particle size was observed due to reduced protein
aggregation. These results support the above hypothesis (Section 2.3.5.1) that the fouling
caused by concentrated skim milk could be related to the increase in particle size due to protein
aggregation, showing that this phenomenon is the same in both lab-scale and large scale
systems. This highlights the relevance, robustness, and scalability of lab-scale methods for
measurement of fouling characteristics at a larger scale, as understanding the mechanisms

causing fouling is key in the development of strategies for reducing the occurrence of fouling.
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Figure 2.7.: Particle size distribution of concentrated skim milk solutions (30% w/w, total solids) without heat treament

(®), and after 2 h of running on the fouling rig at 90 °C at pH 6.2 (A) and pH 6.6 (m). Results are the means of data

from one independent trial.
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Table 2.3.: Particle size distribution parameters (um) for concentrated skim milk solutions (30% w/w, total solids)

after 2 h of running on the fouling rig at 90 °C. The unheated control was not subjected to any heat treatment. Samples
analysed after heating are abbreviated to ‘AH’.

D [3,2] D [4,3] Dv (10) Dv (50) Dv (90) Span
Sample
(um)
Unheated
Control 0.05+£0.00 0.20+0.07 0.02+0.00 0.08+0.00 0.26+0.01 3.01 +£0.09
pH 6.2 AH 33.1+£2.84 54.0+7.83 11.6+1.64 444+6.59 108 + 14.7 1.97+0.10
pH 6.6 AH 0.06+£0.00 0.15+0.01 0.02+0.00 0.08+0.01 0.30 £0.03 3.42+0.23

Results are the means of data from one independent trials.

D[4,3] = volume-weighted mean particle diameter.
D[3,2] = surface-weighted mean particle diameter.
Dv(10) = particle size below which 10% of sample volume is found.
Dv(50) = particle size below which 50% of sample volume is found.
Dv(90) = particle size below which 90% of sample volume is found.
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2.3.5.3. Sediment formation following fouling

In Section 2.3.4, the sediment test was used to demonstrate its applicability as a simple
measurement of heat stability. In this section, the sediment test is being used for this purpose,
as well as a measure of the extent of fouling, as transfer of fouling deposit into evaporated milk
products is a common issue in the dairy industry as the excessive sediment formation reduces
product quality (Dumpler & Kulozik, 2016; Kasinos et al., 2014; Swartzel, 1983). The
sediment formation in the recirculated skim milk solution at pH 6.6 and the unheated control
differed slightly, at 13.3 and 6.86% respectively (Figure 2.8). The recirculated skim milk
solution at pH 6.2 formed the largest amount of sediment at 47.2%. The large amount of
sediment formation at low pH can be attributed to the fouling that was shown to occur at pH
6.2 in Section 2.3.5.1, as flecking and transfer of the fouling deposit into the recirculating
concentrated skim milk solution was likely to have occurred. The composition of the sediments
was found to be mainly protein and moisture, with a considerable amount of ash constituting
the sediment formed at pH 6.2. As observed in the results in Section 2.3.4, the higher
percentage protein present in the sediment formed at pH 6.2 can be attributed to extensive
protein aggregation that occurs at low pH as the micelles become destabilised (On-Nom ef al.,
2012), with an accompanied high percentage moisture attributed to the presence of large
protein aggregates resulting in a soft and porous structure that traps moisture in the sediment.
These results are comparable to the sediment test in Section 2.3.4, with very similar amounts
of sediment with comparable protein, ash and moisture contents formed at pH 6.2 and 6.6 after
small-scale heat treatment and recirculation on the fouling rig. This shows the usefulness of
the sediment test as a simple measurement of the extent of non-adhered fouling material (Figure
2.1), as a relationship has been established between the occurrence of fouling and the formation

of sediment in the material that causes fouling i.e., the concentrated skim milk.
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Figure 2.8.: .The relationship between pH and sediment (m) formation (%) following running
concentrated skim milk solutions (30% w/w, total solids) on the fouling rig at 90°C for 2 h. The
protein (m), ash (0O) and moisture (m) content of the sediments is expressed as a percentage of
the total sediment formed for each sample. The unheated control was not subjected to any heat

treatment. Results are the means of data from one independent trial.
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2.3.5.3 Composition of the concentrated skim milk solutions following fouling rig
recirculation
To determine what components of the concentrated skim milk solutions contributed to

fouling, measurement of the total solids, protein, and ash content of the samples before and
after recirculation on the fouling rig was performed (Table 2.4). The total solids, protein and
ash content of the starting material was 30.0, 9.46, and 2.70% respectively. The total solids
content was lower after recirculating the samples at pH 6.2 and 6.6, reducing to 24.3 and 25.0%
respectively. After recirculating the sample at pH 6.2, the protein content decreased to 7.56%
whereas a less extensive change in protein content was observed after recirculating the skim
milk solution at pH 6.6, with the protein content reducing to 8.34%. The ash content was lower
after recirculating the samples at pH 6.2 and 6.6, reducing to 1.78 and 1.74% respectively. This
indicates that minerals were less of a contributing factor to fouling caused by concentrated skim
milk, as both the fouled and unfouled samples had similar ash contents after recirculation,
further supporting that the fouling deposit was caused mainly by aggregated proteins, i.e., ‘type
A fouling’. This is to be expected, as mineral fouling (‘type B fouling’) usually takes place at
temperatures >110 °C (Lund & Bixby, 1975); however small amounts of solubilised calcium
phosphate from the casein micelle can facilitate protein-protein interactions, and thus the drop
in ash content between the starting material and the samples drained from the fouling rig could
be attributed to this (Singh & Creamer, 1991) . In previous studies where the composition of
fouling deposits were analysed, it was found that whey proteins account for more than 50% of
the fouling deposits in type A fouling, with the B-Ig being the dominant protein due to its high
heat sensitivity (Lalande ef al., 1985; Gotham et al., 1992).
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2.3.5.4 Composition of the recovered CIP solutions

The recovered CIP solutions obtained after applying the CIP protocols were analysed for
total solids, protein, and ash content to further investigate the components of concentrated skim
milk contributing to fouling (Table 2.4). The total solids, protein and ash content of the water
rinses did not differ considerably between the different recirculation experiments; however,
substantial differences were observed between the samples of the caustic and acid washes.
After recirculation of the sample at pH 6.2, the subsequent caustic solution had a protein
content of 0.82% after the CIP regime, whereas after recirculation of the skim milk solution at
pH 6.6 the caustic solution had a protein content of 0.25% after the CIP regime. The results
show that considerably more protein adhered to the stainless-steel surfaces within the fouling
rig at pH 6.2, further confirming that heat induced protein denaturation contributes to fouling
and that the reactions are promoted at low pH. In the acid washes, an ash content of 1.06% was
observed after the CIP regime for the recirculation of the skim milk solution at pH 6.2, whereas
after recirculation of the skim milk solution at pH 6.6 the acid wash had an ash content of
0.29% after the CIP regime. These results further support the hypothesis in Section 2.3.5.5 that
solubilised calcium phosphate is involved in the formation of fouling deposits caused by
concentrated skim milk at low pH. As the natural pH of milk (pH 6.7) decreases towards its
iso-electric point, the net charge of the casein micelle decreases. This causes progressive
protonation of organic and inorganic phosphate present in the casein micelles resulting in

dissolution of the CCP (Dalgleish & Law, 1989; Marchin et al., 2007).
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Table 2.4.: Protein, ash, and total solids content (% w/w) of concentrated skim milk solutions (30% w/w, total solids) at pH 6.2 and pH 6.6 after
running on the fouling rig at 90°C for 2 h. Unheated control was not subjected to any heat treatment. Samples analysed after heating are
abbreviated to ‘AH’. Composition of the cleaning solutions recovered after applying a cleaning in place (CIP) protocol to the fouling rig after

recirculation is also shown. Results are the means of data from one independent trial.

Skim Milk Solutions CIP after fouling rig at pH 6.2 CIP after fouling rig at pH 6.6
Composition  Unheated . Caustic . . Caustic .
(Yow/w) Control pH6.2AH  pH6.6 AH | Water Rinse Wash Acid Wash | Water Rinse Wash Acid Wash
Protein 946+034 756+0.02 834+0.02 | 1.08+£0.06 0.82+0.00 0.00£0.00 | 1.07+0.06 0.25+0.02 0.00=+0.00
Ash 270+0.02 1.74+£0.00 1.78+0.03 | 030+0.02 0.00+0.00 1.06+0.04 | 0.22+0.01 0.00+0.00 0.29+0.04
Total Solids  30.0+0.02 243 +0.06 25.0+0.48 1.60+0.01 3.45+024 3.05+022 | 1.16+0.00 1.12+£0.02 0.50+0.07
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2.4. Conclusion

This study demonstrated the complex interrelationships between heat stability, viscosity,
particle size, sedimentation and ultimately fouling of concentrated skim milk during thermal
processing. As the pH of the concentrated skim milk solutions decreased, heat stability
decreased, viscosity development on heating increased, particle size after heating increased,
and formation of sediment in solution after heating increased. Recirculating a low pH sample
(pH 6.2) on a custom-built fouling rig resulted in severe fouling, which was visually apparent
and also confirmed by a high AT. Analysis of the composition of the low pH skim milk solution
after recirculation on the fouling rig showed a reduction in protein and ash content compared
to the starting material. These results, accompanied by compositional analysis of CIP solutions,
demonstrate that the fouling deposit formed was mainly comprised of aggregated protein, with
some calcium phosphate binding promoted by the low pH and high recirculation temperature.
Analysis of the low pH skim milk solution after recirculation for particle size and sedimentation
showed results consistent with the earlier small-scale heat treatment analysis, supporting that
the formation of protein aggregates and sediment could be related to fouling. The combination
of analytical approaches and tools allows for a deeper understanding of fouling, helping to
reduce its occurrence in the future. This study showed that the custom-fabricated fouling rig is
a powerful tool to investigate the fouling and cleaning behaviour of dairy heat exchangers. Its
modular design facilitated the generation of deposits under high temperature short time
conditions for compositional characterisation and evaluation of cleaning in place solutions. The
fouling rig could be used in the future to study potential process modifications to reduce the

occurrence of fouling.
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Abstract

Fouling of evaporators during the concentration of skim milk is a key challenge in the
dairy industry that causes product loss, decline in equipment heat performance, reduced
product quality and an increase in overall operating costs. The main objective of this work was
to investigate the effect of pH on the heat-induced changes in concentrated skim milk, as related
to evaporator fouling. The heat coagulation time of the concentrated skim milk solutions (30%,
w/w, total solids) was determined at 120°C as a function of pH in the range pH 6.0-6.7. The
skim milk solutions at pH 6.1, 6.3, 6.5 and 6.7 were recirculated in a custom-built fouling rig
at 85°C for 90 min, and after recirculation, changes in viscosity, particle size distribution,
sedimentation, and composition were measured. Composition and turbidity analysis of
cleaning in place (CIP) chemicals used to clean the rig after fouling experiments was also
performed. Foulant adhering to the heat exchanger of the fouling rig was collected and analysed
for protein content and protein profile. The skim milk solutions at pH 6.1 and 6.3 fouled the
heat exchanger most extensively, and had increased viscosity, particle size and sedimentation
after recirculation, and in comparison, the skim milk solutions at pH 6.5 and 6.7 did not foul
the heat exchanger. Compositional analysis of the skim milk solutions after recirculation, in
addition to the CIP chemicals after the cleaning cycles, suggested that aggregated protein was
the main contributor to fouling, as confirmed by SDS-PAGE analysis of the adhered foulant.
These findings provide new insights into the impact of pH on fouling during evaporation of

skim milk.
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3.1. Introduction

In the dairy industry, the process of evaporation is used to concentrate skim milk before
it is dried to produce skim milk powder (SMP) (Kelly et al, 2003). Evaporation involves
heating the milk under vacuum to temperatures ranging from 55-70°C. This heat treatment
removes water from the milk and concentrates the liquid skim milk, typically achieving a total
solids content of 48-50%, before it is spray-dried into a powder (Bylund, 2015). The dairy
industry faces challenges related to fouling, particularly in the evaporation stage of the
production of SMP. Fouling refers to the accumulation of undesired deposits in different parts
of the thermal processing equipment, such as pipes, heat exchange surfaces, and other
apparatus fittings (Fryer & Belmar-Beiny, 1991), in addition to such foulant material also being
present in the finished product. In dairy processing, the formation of fouling involves a
complex process that encompasses the aggregation of proteins and the formation of insoluble
calcium phosphate within the fluid. The aggregated protein primarily forms deposits on heat
transfer surfaces. A study by Georgiadis & Macchietto (2000) indicated that the deposition rate
is influenced by the quantity of aggregated protein in the thermal boundary layer. A thicker
deposit corresponds to a greater temperature difference (AT) between the heating medium and
the product temperature. Another significant aspect of dairy fouling is the deposition of
minerals, particularly calcium phosphate. As temperature increases, the solubility of calcium
phosphate decreases, resulting in its precipitation and the formation of crystalline deposits on
heat transfer surfaces (Hagsten et al., 2016). Within fouling layers, calcium phosphate can bind
to existing beta-lactoglobulin (B-1g) molecules, enhancing the stability of the fouling layer and

facilitating protein-protein interactions through charge neutralization (Dalgleish & Law, 1989).

Fouling poses significant economic, operational, and environmental challenges for the
dairy industry. The accumulation of deposits during production can increase thermal resistance,
leading to a decline in equipment performance. This, in turn, obstructs fluid flow, increases
pressure drop, and reduces the heat transfer coefficient (Schnoing et al., 2020; Georgiadis et
al., 1998). As a result, the industry incurs higher operating costs due to more frequent cleaning
requirements and increased energy consumption. The cleaning protocols needed to remove
fouling deposits are time-consuming, causing extended downtimes and significant
environmental impact due to the use of chemicals, water, and heat (Hagsten et al., 2016).
Moreover, there is a risk of product quality deterioration, as the desired temperature may not
be achieved (Holsinger et al., 1997), and the erosion of fouling layers can lead to finished

product containing foulant with the potential to contribute to insolubility and sedimentation
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(Saget et al., 2021). Biofilm formation also poses a threat to microbial quality, as bacteria,
including spoilage and pathogenic microorganisms, can adhere to stainless steel surfaces and
reduce the microbial quality of the product (Hinton et al., 2002). In addition to fouling, another
important aspect during heat treatment is the physicochemical changes that can occur in the
product resulting in significant effects on its organoleptic, nutritional, and functional properties
(Fox et al., 2015). Heat treatment leads to the denaturation of whey proteins, which involves
the disruption of the protein’s native structure, resulting in changes to their functional
properties, in addition to challenges for processability (Anema & Li, 2000; McMahon ef al.,
1993; Vasbinder & De Kruif, 2003).

Given the operational and environmental costs involved, it is important for the dairy
industry to be able to measure or predict the presence, type, and intensity of fouling during
thermal processes. This knowledge would assist in designing, improving, or adapting
production processes to avoid unnecessary product or capital loss (WallhduBer et al., 2013).
However, fouling is a complex process influenced by various parameters that are challenging
to measure accurately, making it difficult to quantify overall fouling resistance (Bott, 2001).
Hence, the objective of this research was to examine how pH affects the heat stability and heat-
induced changes in concentrated skim milk, aiming to assess the suitability and
interconnectedness of potential measures and indicators of fouling. The heat coagulation time
of the concentrated skim milk solutions (30%, w/w, total solids) was determined at 120°C as a
function of pH in the range 6.0-6.7. These skim milk solutions at pH 6.1, 6.3, 6.5 and 6.7 were
then recirculated in a custom-built fouling rig at 85°C for 90 min; during recirculation,
continuous measurements of temperature, pH and conductivity were taken, and after
recirculation, changes in viscosity, particle size distribution, sedimentation, and composition
were measured. Composition and turbidity analysis of CIP chemicals used to clean the fouling
rig after experiments was also performed. Adhered foulant formed in the heat exchanger of the
fouling rig was collected and analysed for protein content and protein profile using sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). From an analytical
perspective, in this study, fouling is classified into two categories, adhered fouling and non-
adhered fouling, whereby adhered fouling pertains to the accumulation of fouling deposits on
thermal equipment, while non-adhered fouling encompasses any product changes resulting
from heat-induced reactions associated with fouling or sedimentation of the fouling layer in

the heat treated, concentrated product.
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3.2. Materials and methods

3.2.1. Materials

Medium-heat skim milk powder (SMP) was provided by a local Irish dairy company. The
total protein, fat, ash, and carbohydrate of the SMP were 34.1, 0.80, 8.00 and 57.1 % (w/w)
respectively, as provided by the manufacturer. All chemicals and reagents, unless otherwise

stated, were sourced from Sigma-Aldrich (Wicklow, Ireland) and were of analytical grade.

3.2.2. Preparation of high-solids skim milk solutions

Reconstituted skim milk was prepared by adding medium-heat SMP to ultrapure water
over 1 h at 50°C to attain 30% (w/w) total solids (TS) (and 9%, w/w, TS for research described
in Section 3.2.3) while stirring using an overhead stirrer (Eurostar 60 control, IKA, Staufen,
Germany) with a spiral mixing element (Visco Jet 3x spiral mixing element d = 80 mm,
Kiissaberg, Germany). During rehydration, the stirring speed was gradually increased from 100
to 250 rpm. The solutions were stirred under the conditions described above for a further 3 h
at 200 rpm, after which the solutions were cooled to 20°C while magnetically stirring for pH
adjustment. The pH of the skim milk solutions were measured using a standard pH meter at
20°C (Mettler Toledo, FiveEasy pH/mV bench meter, F20, Switzerland).The skim milk
solutions were adjusted to pH 6.1, 6.3, 6.5 and 6.7 using 1 N NaOH and HCI as appropriate
(skim milk solutions were also adjusted to pH 6.0, 6.2, 6.4 and 6.6 for Section 3.2.3). The skim
milk solutions were magnetically stirred for a further 2 h, after which pH was readjusted to the
target pH, if required. The skim milk solutions were then stored at 4°C overnight, with low
speed magnetic stirring, to facilitate complete rehydration. After overnight rehydration, the
samples were equilibrated to 22°C for 2 h, after which the pH was checked and re-adjusted to
the target pH, as required.

3.2.3. Heat coagulation time as a function of pH

Heat coagulation time (HCT) of skim milk solutions at 9 and 30% (w/w) TS, was
determined at 120°C as a function of pH in the range 6.0-6.7 using the method of Davies and
White (1966). Samples (2 mL) were added to heat-resistant glass tubes and stoppered using a

rubber bung, placed in a steel rack, and immersed in a silicone oil bath (Hettich ESP oilbaths;
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Hettich Benelux BV). The HCT was recorded as the time elapsed between immersing the

sample in the oil bath and the visible detection of aggregates within the sample.

3.2.4. Fouling of concentrated skim milk

Fouling behaviour of the skim milk solutions (4 L) at pH 6.1, 6.3, 6.5 and 6.7 was
determined using a custom-built fouling rig, as per the method developed by Hebishy et al.
(2019), with modifications detailed in Appendix 1. In brief, the fouling rig used in this study
consisted of a stainless steel, shell and tube heat exchanger of length 90 cm and internal
diameter 5 cm (Liam A. Barry Ltd., Cork, Ireland), connected to a circulating waterbath (Grant,
LT ecocool™100, Cambridge, UK) which controlled temperature of the water used as the
heating medium. Two electronic pressure transducers (PR-33X, Keller-druck, Dorchester,
UK), one located immediately before and one immediately after the heat exchanger, were used
to measure temperature and pressure in-line. Two analogue pressure gauges, on either side of
the electronic pressure transducers, were used as an additional measure of pressure. The unit
had a stainless steel feed vessel (capacity 4 L), connected directly to a positive displacement,
progressive cavity pump (Torqueflow, Sydex, UK); the liquid flow rate through the heat
exchanger was controlled by means of a variable speed drive. The pressure on the recirculating
samples was set using a manual diaphragm throttling valve, with pressure recorded using an
analogue pressure gauge (1107J486, WIKA, Los Angeles, CA, USA). The initial back pressure
was set at 1 bar using the throttling valve and was not adjusted during the runs. pH and
conductivity of the recirculating samples were measured using a pH/conductivity meter
attached to the feed vessel (Metler Toledo, SevenGo Duo, SG23, Switzerland). Temperature
of the samples was also measured using a thermocouple mounted to the feed vessel (Digitron
2024T Digital Thermometer Pt100, Port Talbot, UK). The fouling system was operated at a
laminar flow rate (25 Hz) in batch recirculation mode. The samples were introduced to the
fouling rig at an initial temperature of 25 °C, and the fouling experiments were conducted at
90°C (temperature of the heating medium) to simulate thermal processing and preheating of
spray dryer liquid concentrate feeds during SMP processing and to enable sufficient
denaturation and deposit build-up on the heat exchanger (Jimenez ef al., 2013; Khalid et al.,
2013). The experiment was stopped after 90 min of recirculation, after which the recirculated
samples were recovered for further analysis, summarised in Figure 3.1. After sample recovery,
the fouling rig was visually inspected for fouling deposit and any deposit formed was collected

for further analysis.
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The system was cleaned in place (CIP) using a standardised CIP protocol. The system
was first rinsed using deionised water (4 L) for 10 min, after which a caustic wash was
performed using 4 L of 1% (v/v) NaOH solution containing sodium hypochlorite (5%) (Ansep
CIP, Ecolab, Co. Meath, Ireland) at 64 °C for 30 min to dissolve fat, protein, and carbohydrate
deposits. After the caustic CIP step, the system was rinsed for 10 min with deionised water (4
L) to remove any residues of caustic. An acid wash was then performed using 4 L of 1% (v/v)
acid solution containing nitric acid (>30%) and orthophosphoric acid (<5%) (Horolith V,
Ecolab, Co. Meath, Ireland) at 46 °C for 30 min to dissolve any remaining carbohydrate and
mineral deposits. After the acid wash, the system was rinsed for 10 min with deionised water
(4 L) to remove any residues of acid. The recirculated washes were recovered after each

cleaning step for analysis of protein, ash, and turbidity.

3.2.5. Viscosity

The viscosity of the skim milk solutions (30%, w/w, TS; pH 6.1, 6.3, 6.5, 6.7) after each
fouling experiment (detailed in Section 3.2.4), were measured using an AR-G2 controlled-
stress rheometer (TA Instruments, Crawley, UK) equipped with a concentric cylinder geometry.
Samples (25 g), at 25°C controlled by a Peltier apparatus (+ 0.1°C), were subjected to a shear
ramp from 0-300 s™! for 4 min, followed by holding at 300 s™' for 2 min, and a shear ramp from
300-0 s! for 4 min. Corresponding un-heated samples of the skim milk solutions were used as

controls.

3.2.6. Particle size distribution

Particle size distribution (PSD) of the skim milk solutions (30%, w/w, TS; pH 6.1, 6.3,
6.5, 6.7) after each fouling experiment (detailed in Section 3.2.4), was measured using a laser
light diffraction unit (Mastersizer 3000 S, Malvern Instruments Ltd., Worcestershire, UK)
equipped with a 300 reverse Fourier lens and He—Ne laser (A of 633 nm). The samples were
introduced to the dispersing unit using ultrapure water as dispersant to reach an obscuration of
10% (£ 1%). Analysis of PSD was performed using the generalised polydisperse model, with
particle refractive index of 1.46, absorption of 0.1 and dispersant refractive index of 1.33. Non-

heated samples of the skim milk solutions were used as controls.
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3.2.7. Dry sediment

Sediment was measured following a centrifugation method of Chen et al. (2012), with
minor modifications to adapt the method for high total solids material. After the fouling
experiments, as detailed in Section 3.2.4., the skim milk solutions (30%, w/w, TS; pH 6.1, 6.3,
6.5, 6.7) were mixed to ensure a homogenous sample, and 20 g was accurately weighed and
poured into a calibrated tube and centrifuged (Sorvall RC5C Plus, Massachusetts, United
States) at 12,000 g for 1 h. After the supernatant was removed, the sediment was oven-dried at
105°C until a constant weight was obtained, to determine its percentage dry weight. The
moisture content (%w/w) of the sediment was calculated by the difference in weight before
and after oven drying the sediment. Unheated samples of the skim milk solutions were used as

controls.

3.2.8. Composition of skim milk solutions, sediment, and cleaning in place solutions

Samples of the skim milk solutions after the fouling experiments (detailed in Section
3.2.4), the supernatant formed during the dry sediment method, and the cleaning in place (CIP)
solutions used in cleaning cycles after the fouling experiments were analysed for protein (%,
w/w) and ash content (%, w/w). Protein was determined using the Kjeldahl method with a
nitrogen-to-protein conversion factor of 6.38 (IDF, 2001). Ash content was determined by dry
ashing in a muffle furnace (Nabertherm GmbH, Lilienthal, Germany) at 650°C until a white
ash was obtained (IDF, 2008). The protein and ash content of the sediment was calculated as

follows:
Skim milk solution crude protein — Supernatant crude protein = Sediment crude protein [3.1]
Skim milk solution ash — Supernatant ash = Sediment ash [3.2]

Samples of the skim milk solutions after the fouling experiments and the CIP solutions
used in cleaning cycles after the fouling experiments were also analysed for total solids

(%,w/w) by oven drying at 104°C until a constant weight was obtained (IDF, 2010).

3.2.9. Turbidity of cleaning in place solutions
The turbidity of the CIP solutions was measured at 600 nm using a Cary 300 bio UV-

visible spectrophotometer (Varian Inc., CA, USA) which was equipped with a temperature
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control system. CIP solutions were measured for turbidity immediately after the cleaning cycles

of the fouling rig.

3.2.10. Electrophoretic analysis of protein profile

The protein profile of fouling material deposited in the heat exchanger by the skim milk
solutions at pH 6.1 and 6.3 (Section 3.2.4) were analysed using sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE), as described by Laemmli (1970), with minor
modifications. No fouling was observed in the heat exchanger after recirculating the skim milk
solutions at pH 6.5 and 6.7, therefore SDS-PAGE was not performed on these samples.
Prepared samples were analysed using pre-cast mini-protean Tetra Cell TGX 4-20%
acrylamide gels (Bio-Rad Laboratories, Inc., Hercules, CA, US) at a constant voltage of 180
V, under reducing and non-reducing conditions. The solid fouling material was dissolved in
SDS-buffer to obtain the desired protein load of 1 mg/ml in the individual gel loading wells.
All gels were Coomassie-stained, before being de-stained with a solution of water, methanol,
and acetic acid, 50:40:10, respectively, until a bright background was reached. Stained SDS-
PAGE gels were scanned using a desktop flatbed scanner (HP Scanjet G4010, HP, Leixlip,
Ireland).

3.2.11. Statistical analysis

All experimental analyses were conducted in triplicate, with samples produced from two
independent trials for each pH, unless otherwise stated. Results are expressed as mean =+
standard deviation. Analysis of variance (ANOVA; Tukey’s HSD test) was performed using R
1386 version 4.0.2 (R Foundation for Statistical Computing, Vienna, Austria) to identify
statistically significant differences between mean values for different samples. The level of
significance was determined at p < 0.05 to determine whether statistically significant

differences existed between the mean values.
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Figure 3.1.: Summary of analytical approaches used to identify and quantify
fouling and heat-induced changes in concentrated skim milk solutions. Four
categories of fouling analysis are outlined in this study: in-line measurements
during fouling experiments, analysis of skim milk solutions after recirculation on
the fouling rig, analysis of cleaning-in-place (CIP) solutions used in cleaning
cycles after fouling experiments, and analysis of fouling deposit collected from the
fouling rig heat exchanger after fouling experiments. The abbreviation AT is the
difference in temperature between the heating medium and the skim milk solution

in the fouling rig.
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3.3. Results and discussion

3.3.1. Heat stability of skim milk solutions

To determine the influence of concentration on the heat stability of the skim milk
solutions, the heat coagulation time (HCT) was determined at 120°C as a function of pH in the
range 6.0-6.7, at both 9 and 30% (w/w) TS, with results presented in Figure 3.2. The wide pH
range used was deemed essential for this study, as in-house preliminary trials (data not shown)
demonstrated that the pH of skim milk decreased markedly as TS increased during evaporation,
in agreement with findings of Anema (2009), where a linear decrease in pH was observed when
heating a 28.8% TS skim milk solution from 20 to 80°C. As evaporation increases the dry
matter content of milk, the decrease in pH can be attributed to the resultant increase in ionic
components, precipitation of calcium phosphate and resultant release of hydrogen ions from

the casein micelle (Tanguy et al., 2016).

In the present study, at 9% (w/w) TS, the maximum HCT was observed at pH 6.7, and
as the samples were acidified, the HCT decreased. The samples had significantly higher (p <
0.05) HCT at pH between 6.5-6.7, compared to pH 6.0-6.4. In addition, between pH 6.5-6.7,
the HCT differs significantly (p < 0.05), varying from 18.2 to 38.7 min. The heat stability of
milk follows two trends: a maximum HCT at the natural pH of milk (pH 6.6-6.8) and a local
minimum at pH 6.9-7.0, or the heat stability profile shows an increase in HCT with increasing
pH (Huppertz, 2016). The control sample at 9% TS skim milk solution showed a maximum
HCT at the natural pH of milk, which is the most dominant profile reported for skim milk (Fox
and McSweeney, 2003). The higher heat stability observed in the samples between pH 6.5 and
6.7 is attributable to the stability of the casein micelles as the pH is within the region of the
native pH of milk, making them less prone to aggregation due to denatured whey proteins
adsorbed to the micelle surface, forming a less calcium sensitive steric barrier. The low heat
stability of the samples between pH 6.0 and 6.4 can be attributed to ‘salt-induced’ coagulation.
At low pH, the colloidal stability of casein micelles is lowered by a decrease in surface charge
of casein micelles, reduced electrostatic repulsion, and a collapse of the hairy layer due to
charge neutralisation. This results in an increased tendency towards aggregation (Anema et al.,
2004). An increase in calcium activity and ionic strength by the dissolution of colloidal calcium
phosphate (CCP) also contributes to an increase in calcium-mediated bridging between casein

micelles (McMahon & Oommen, 2008).
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For the skim milk solution at 30% (w/w) TS, the maximum HCT was observed at pH
6.6, and as the samples were acidified, the HCT decreased, but not as severely as the decrease
in HCT observed on acidification of the skim milk at 9% (w/w) TS. The samples at 30% (w/w)
TS had significantly higher (p < 0.05) HCTs between pH 6.5-6.7, compared to pH 6.0-6.4. In
addition, between pH 6.5-6.7 the HCTs differ significantly (p < 0.05) in a small range, varying
from 8.04 to 9.27 min, which was much lower than the HCTs observed at 9% (w/w) TS in the
same pH range. The HCT at 30% (w/w) TS was slightly higher between pH 6.0 and 6.4
compared to 9% (w/w) TS, and the HCT of the 30% (w/w) TS samples at pH 6.3 and 6.4 were
significantly higher (p < 0.05) than the samples at pH 6.0, 6.1 and 6.2, which was not observed
at 9% (w/w) TS, where there was no significant differences (p > 0.05) in this pH range

The explanation for the differences in HCT between low pH (6.0-6.4) and high pH (6.5-
6.7) samples at 30% (w/w) TS is essentially the same as that described above for the 9% (w/w)
TS samples. However, there have been several studies exploring why the heat stability of
concentrated skim milk is lower than that of unconcentrated skim milk, as heat induced
coagulation is a complex process with at least two stages (destabilisation and aggregation),
being affected by multiple environmental conditions that mutually influence each other (Parris
et al, 1991). Dumpler (2018) found that the HCT of skim milk decreased significantly (p <
0.05) with increasing TS content, and efforts to improve the heat stability of concentrated skim
milk by increasing pH through NaOH addition were shown to be less effective with increasing
TS content. Other factors that have been shown to affect the heat stability of concentrated skim
milk include an increase in protein content (McLean et al., 1987), an increase in ionic strength
proportional to volume reduction (Augustin & Clarke, 1990), and an increase in the
concentration of soluble calcium (Anema, 2009; Hardy ef al., 1984). It has also been shown by
Fourier transform infrared (FTIR) analysis that proteins in milk undergo considerable structural
changes during concentration that make them more prone to destabilisation reactions during
heating (Markoska et al., 2019). All of these factors contribute to the increased susceptibility
of concentrated skim milk to aggregation, and therefore a lower heat stability than

unconcentrated skim milk.
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Figure 3.2.: Heat coagulation time (HCT) at 120°C as a function of pH for concentrated
reconstituted skim milk at 30% total solids (TS) (m) and at 9% TS (o). Results are the means of
data from three independent trials. “"Mean values at 30% TS with different superscript letters
are significantly different (p < 0.05). ““Mean values at 9% TS with different superscript letters
are significantly different (p < 0.05).

3.3.2. Fouling rig

Concentrated skim milk solutions at pH 6.1, 6.3, 6.5 and 6.7 were chosen for fouling analysis
by recirculation on the fouling rig based on the results from Section 3.2.1, as they represent the
two distinct regions of the heat stability profile i.e., samples at pH 6.1 and 6.3 displayed low
heat stability, whereas samples at pH 6.5 and 6.7 displayed high heat stability.

3.3.2.1. Inline pH and conductivity measurements
During recirculation of the skim milk samples on the fouling rig, pH and conductivity
were measured at regular intervals to provide information on the effects of initial sample pH

on the heat-induced changes during fouling (Figures 3.3 and 3.4). Recirculation of the samples
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on the fouling rig resulted in a decrease in the pH of all samples (no significant differences (p
> 0.05) in the extent of pH reduction between samples), with all samples decreasing in pH by
~0.36 units (Table 3.1). For all samples, the most extensive change in pH occurred during the
initial heat-up phase of the fouling experiments (i.e., between 0-40 min), with a decrease in pH
by ~0.31 units for all samples during this time. After the fouling rig experiments, the samples
of concentrated skim milk were collected and cooled to 25°C for measurement of pH; all
samples did not return to their starting pH after fouling rig recirculation, with each sample

reading ~0.1 units less than their initial pH.

A different trend was observed for conductivity, with recirculation of the samples on the
fouling rig resulting in an increase in conductivity for all samples. All samples had
approximately the same conductivity (~8.07 mS/cm), with no significant differences (p > 0.05)
between samples (Table 3.1). Conductivity increased from 8.07 to 9.09 mS/cm for the sample
at pH 6.7, which was significantly different (p < 0.05) from the conductivity increase for the
samples at pH 6.3 and 6.5, increasing to 9.24 and 9.18 mS/cm, respectively. The sample at pH
6.1 had the largest increase in conductivity, being significantly different from all other samples
(p <0.05), increasing from 8.09 to 9.40 mS/cm during recirculation. In a similar trend to pH,
the conductivity of all samples did not return to the starting value when cooled to 25°C after
the fouling rig trials, with all samples having a conductivity of ~8.23 mS/cm when cooled (no
significant difference (p > 0.05) between samples, with an increase of ~0.16 mS/cm from the

starting conductivity).

The observed decrease in sample pH during recirculation can be attributed to the
precipitation of colloidal calcium phosphate (CCP), since the solubility of calcium and
phosphate ions decreases with increasing temperature (Chaplin & Lyster, 1988) and the release
of hydrogen ions that accompanies the precipitation of CCP causes the reduction in pH (Fox et
al., 2015). The samples at pH 6.1 and 6.3 displayed a build-up of adhered foulant and it can be
safely assumed that there was a higher amount of free calcium ions in the serum phase of these
samples (compared to the samples at pH 6.5 and 6.7) as the pH of the samples before
recirculation on the fouling rig was sufficiently low to allow solubilisation of CCP and release
of free calcium and phosphate ions into the serum phase (Pyne & McGann, 1960). Upon
recirculation of the samples at pH 6.1 and 6.3 on the fouling rig, precipitation of CCP would
still have occurred, causing a further decrease in pH, but the high amount of free calcium
already in the serum phase would still be reactive and promote fouling through calcium-

mediated bridging between casein micelles (Nieuwenhuijse ef al., 1991). As the samples at pH
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6.1 and 6.3 further decreased in pH upon recirculation on the fouling rig, the colloidal stability
of casein micelles would have been lowered by a decrease in surface charge of casein micelles,
a reduced electrostatic repulsion, and a collapse of the casein micelle surface hairy layer due
to charge neutralisation; combined, these effects result in an increased tendency towards
aggregation (van Boekel et al. 1989). Further aggregation of casein micelles caused by
association of denatured whey proteins with k-casein via intermolecular disulphide bonds and
hydrophobic interactions contributes to the formation of an adhered fouling layer after

recirculation of samples at pH 6.1 and 6.3 (Haque & Kinsella, 1988; Singh, 1995).

Milk has conductive properties due to its charged constituents, particularly mineral salts
(Mabrook & Petty, 2003). The electrical conductivity of milk is determined primarily by
sodium and chloride ions (Mabrook and Petty, 2003) but also by other ions (Jenness and Koops,
1962), with the distribution of salt fractions between soluble and colloidal forms being of
particular importance to the electrical conductivity (Pyne, 1962). The observed increase in
conductivity during recirculation of all samples on the fouling rig can be attributed to changes
in equilibria of buffer systems and solubilisation casein-bound calcium and phosphorus salts
in milk due to the acidification of milk on heating (Mucchetti ez al., 1994). The greater increase
(» <0.05) in conductivity of the sample with an initial pH of 6.1 is due to the more extensive
changes in mineral equilibrium and abundance of free ions as the pH of the sample decreased
from 6.10 to 5.70 during recirculation on the fouling rig. These results show that conductivity
is not directly related to fouling, rather it is a co-product of changes in pH, which has been
shown here to be directly related to the occurrence of fouling. Therefore, in-line measurements
of pH and AT (perhaps with conductivity measurements to coincide with pH readings) could
be used in industry as an indicator of susceptibility to, and extent of fouling during thermal

processing.
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Figure 3.3.: pH as a function of time of concentrated skim milk solutions (30% w/w, total solids) at a starting

pHof 6.1 (e), 6.3 (¢), 6.5 (A) and pH 6.7 (m) during recirculation on the fouling rig at 85°C. Temperature
of the feed as a function of time (dashed line) is also shown. Results are the means of data from two

independent trials.
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Figure 3.4.: Conductivity (mS/cm) as a function of time for concentrated skim milk solutions at
30% w/w, total solids at starting pH of 6.1 (e), 6.3 (¢), 6.5 (A) and pH 6.7 (m) during
recirculation on the fouling rig at 85°C. Temperature of the feed as a function of time (dashed

line) is also shown. Results are the means of data from two independent trials.
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Table 3.1.: In-line measurements of pH and conductivity (mS/cm) during recirculation of concentrated skim milk solutions at 30% w/w total solids

at a starting pH of 6.1, 6.3, 6.5 and 6.7. Measured changes(A) in these parameters are shown. The abbreviations ‘ty’ and ‘tey’ indicate the

measurements at the start (0 min) and end (90 min) of the fouling experiments.

pH Conductivity (mS/cm)
Sample pH ) °C af i °C af
too Cooled t?uis C after A duringrun A 0-40 min A 40-90 min to too Cooled t(r)uis C after A during run A 0-40 min A 40-90 min
6.1 5.70+0.13" 6.00 £ 0.00" 036+0.08 034+0.08" 0.02+0.00° 8.09+0.07" 9.40+0.08" 8.21+0.01" 131+0.01° 087+0.69"° 0.04+001°
6.3 5.93+0.00° 6.20 + 0.00° 036+0.01° 030+001"° 0.06%0.00" 8.09+0.00° 9.24+0.00° 8.25+0.00° 1.1540.00°  057+0.03"  0.01+0.00"
6.5 6.11£0.07° 6.36 + 0.09" 0.36+0.02° 031+0.01° 0.05=0.03" 8.04+0.02" 9.18+0.06" 8.24 +0.04" 1.14+0.08°  041+022°  0.07+0.03"
6.7 6.25+0.01° 6.58 + 0.04° 0.38+0.01° 0.32+0.00° 0.06+0.01" 8.07+0.05" 9.09+0.02° 8.23 +0.02° 1.02+£0.07°  0.58+0.07" 0.06=+0.01"

Results are the means of data from two independent trials. Mean values within a column not sharing a common superscript letter differ significantly (p < 0.05).
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3.3.2.2. Temperature difference

During recirculation of the samples on the fouling rig, temperature was continuously
measured to provide information on the efficiency of heat transfer across the stainless steel heat
exchange surface. The heat transfer efficiency of thermal equipment is reduced as fouling
deposit build up on the heat transfer surface, therefore the temperature of the heating medium
must increase in order to maintain product temperature for product quality and safety; this
temperature increase can be used as an indirect measure of fouling (Kastanas et al., 1995). This
concept was implemented and adapted in ultra-high temperature (UHT) fouling studies by
Wadsworth & Bassette (1985) and Hill et al. (1997), where the temperature difference (AT)
between the heating medium and the treated milk leaving the system was monitored, with an
increase in this AT parameter indicating fouling deposit build-up. In this current study, the AT
was measured differently, as the configuration meant that the heating medium remained at
constant temperature and the reduction in product temperature was measured over time as an
indicator of fouling (maintaining temperature was not a product quality requirement). The
measured values for AT after the initial heat up time (i.e., 40 min of recirculation) for each
sample are shown in Figure 3.5. The skim milk samples at pH 6.5 and 6.7 displayed similar
development in AT after 40 min of initial recirculation; there was a gradual decrease in AT
before plateauing at ~68 min and reaching a final AT of 7.80°C for both samples. The sample
at pH 6.3 had a slightly different progression of AT compared to the samples at pH 6.5 and 6.7,
whereby it decreased sharply before plateauing at 8.10°C after 60 min, followed by a slight
increase to 8.20°C between 80-90 min. The sample at pH 6.1 had a very different progression
of AT to all other samples; after a slight decrease in AT between 53-63 min, the AT increased

steadily for the remainder of the experiment, peaking, and plateauing after 83 min at 10.8°C.

Upon visual inspection of the heat exchanger after the fouling experiments, no adhered
foulant was observed after recirculation of the samples at pH 6.5 and 6.7 (Figure 3.6),
demonstrating that the plateaued AT at 7.80°C is indicative of no visual fouling for this system.
An ‘acceptable’ AT, i.e., suggestive of no fouling, is process and product specific, and for the
experimental configuration used in this study, it was determined through several preliminary
trials that a AT between 2-8°C is associated with no visible adhered fouling. The higher final
AT at pH 6.3 (Table 3.1) can be attributed to the small amount of fouling deposit built up on
the heat exchanger, impeding the heat transfer (Figure 3.4). The final AT after recirculation of
the sample at pH 6.1 was significantly higher (p < 0.05) than the samples at a higher pH (Table

3.1), and this coincides with the considerable amount of adhered foulant deposited on the heat
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exchanger by the sample at pH 6.1 (Figure 3.4). The foulant material formed at pH 6.1 and 6.3
were characteristic of ‘type-A deposit’ (Burton, 1968), which is a soft, curd-like material that
forms at temperatures between 70-110°C. A similar deposit was formed in a fouling study by
Jeurnink et al. (1996), and it was determined that the deposit consisted mainly of whey proteins,
followed by minerals and caseins; the authors also reported that lowering the pH of milk results
in severe fouling caused by casein micelles. Therefore, it can be hypothesised that the foulant
formed in this current study is attributable to mutual interactions of casein micelles due to
aggregation facilitated by denatured whey proteins and calcium phosphate (Rosmaninho &
Melo, 2008). This reaction, in conjunction with heat-induced disulphide bonding between
whey proteins and k-caseins, results in a significant degree of protein aggregation that can
contribute to fouling (Lowe et al., 2004). No adhered foulant was formed by the samples at pH
6.5 and 6.7, further supporting the hypothesis that the build-up of foulant is due to association
of denatured whey proteins and casein micelles. As the pH approached the native pH of milk,
the micelle surface charge will increase, reducing the tendency of the denatured whey proteins

and casein micelles to associate (Anema & Li, 2003).
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Figure 3.5.: Difference in temperature of heating medium and product as a function of recirculation
time for concentrated skim milk solutions at 30% w/w, total solids at pH 6.1 (e), 6.3 (4), 6.5 (A) and
pH 6.7 (m), after the initial 40 minute heat up time of the fouling experiment. Results are the means of

data from two independent trials.
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pH 6.1

pH 6.7

Figure 3.6.: Images of the surface of the heat exchanger outlet after recirculation of
concentrated skim milk solutions at 30% w/w, total solids at pH 6.1, 6.3, 6.5, and 6.7 at
85°C for 90 min.
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3.3.3. Viscosity

Measurements of viscosity of the concentrated skim milk samples at initial pH of 6.1,
6.3, 6.5 and 6.7 were performed immediately after recirculation on the fouling rig (Figure 3.7).
The viscosity of samples at pH 6.5 and 6.7 (9.68 and 7.34 mPa.s, respectively) after the fouling
experiments did not differ significantly (p > 0.05) from that of the unheated control (7.54
mPa.s). Both the samples at pH 6.1 and 6.3 had significantly higher (p < 0.05) viscosity after
the fouling experiments when compared to the unheated control, while also being significantly
different (p < 0.05) from each other with viscosity values of 47.8 and 22.1 mPa.s for the sample
at pH 6.1 and pH 6.3, respectively. The significant increase in viscosity for the samples at pH
6.1 and 6.3 can be attributed to a greater extent of association of whey protein with the casein
micelles during heat treatment, as reported by Anema et al. (2004) who showed a similar effect
when the pH of skim milk samples were adjusted to pH 6.5 and 7.1 prior to heat treatment,
resulting in a higher viscosity being observed at pH 6.5 after heat treatment when compared to
pH 7.1. A later study by Anema et al. (2014) also reported the same phenomenon in a
concentrated skim milk system, with a greater increase in viscosity being observed for samples
heated at low pH. This more extensive increase in viscosity at low pH can be attributed to an
increase in volume fraction and casein micelle voluminosity, as well as decreased electrostatic
repulsion between micelles. When milk is heated, conformational changes in the tertiary
structure of whey protein cause the proteins to denature and unfold , exposing the reactive thiol
groups that interact with each other to form disulphide bonds, resulting in association with k-
casein, hydrophobic regions of the casein micelle, and other whey proteins. These interactions
cause protein aggregation, which results in an increase in the volume fraction and voluminosity

of the casein micelles (Nair et al., 2013; Ho et al., 2018).

More adhered foulant was visually apparent after recirculation of the skim milk sample
at pH 6.1, when compared to the adhered foulant formed by the sample at pH 6.3 (Figure 3.4),
which coincides with the higher viscosity of the sample at pH 6.1 after recirculation.
Concentrated dairy systems with high viscosity are associated with fouling of heat exchangers
and reduction in heat transfer during evaporation (Bienvenue et al., 2003; Bista et al., 2021).
As the samples at pH 6.1 and 6.3 resulted in adhered foulant in the heat exchanger of the fouling
rig, which did not occur for samples at pH 6.5 and 6.7, it can be hypothesised that the increased
viscosity, driven by the denaturation/aggregation of proteins is a key factor in the build-up of

adhered foulant in thermal processing equipment.
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Apparent Viscosity (mPa.s)

Unheated pH 6.1 pH 6.3 pH 6.5 pH 6.7
Control

Figure 3.7.: Apparent viscosity at a shear rate 300 s and 25°C for concentrated skim milk
solutions at 30% w/w, total solids, and pH 6.1, 6.3, 6.5 or 6.7 after 90 min of recirculation in
the fouling rig at 85°C. The unheated control was not subjected to heat treatment on the
fouling rig. Results are the means of data from two independent trials. Mean values not

sharing a common letter differ significantly (p < 0.05).

114



3.3.4. Particle size distribution

Particle size analysis was conducted to assess the extent of protein aggregation in the
concentrated skim milk solutions that fouled the heat exchanger of the fouling rig (pH 6.1 and
6.3), in comparison with samples that did not foul the heat exchanger (pH 6.5 and 6.7). The
unheated control and the recirculated samples at pH 6.5 and 6.7 displayed monomodal particle
size distributions (PSD’s), with one peak identified between 0.01 and 1 pm (Figure 3.8). At pH
6.3, an additional shoulder was observed between 1 and 300 um, indicating a moderate level
of protein denaturation and aggregation. The recirculated sample at pH 6.1 was poly-disperse,
displaying multiple large peaks between 0.1 and 1000 um. The large standard deviations
observed in the particle size distribution analysis of the recirculated sample at pH 6.1 can be
attributed to the heterogenous nature of the sample, with aggregates of varying size. These
results show that as the pH of concentrated skim is decreased, the degree of protein denaturation

and aggregation increases (Anema & Li, 2003), resulting in increased extent of fouling.

There were no significant differences (p > 0.05) in volume mean diameter (D [4,3])
between the unheated control and the recirculated samples at pH 6.5 and 6.7 (Table 3.2). The
recirculated samples at pH 6.1 and 6.3 showed significantly higher (p < 0.05) values for D[4,3],
at 17.6 and 2.96 pum, respectively. The D[4,3] of the recirculated sample at pH 6.1 was
significantly higher (p < 0.05) than that of the recirculated sample at pH 6.3 due to the
dominance of very large, aggregated particles present (Table 3.2). These results are in
agreement with previous studies that showed an increase in particle size of heated skim milk
with a decrease in pH (Anema, 2007; Anema et al. (2004)). It was also observed that the span
for the recirculated sample at pH 6.1 was significantly larger (p < 0.05) than all other samples,
as it displayed the most polydisperse PSD. It can be concluded there is a pH-dependent increase
in particle size of concentrated skim milk on heating. At low pH (i.e., at pH 6.1 and 6.3), heat-
induced whey protein association with casein micelles occurs, resulting in an increase in
protein particle size due to aggregation of whey proteins with caseins, as well as with other
whey proteins, (Anema & Li, 2003; Beaulieu et al., 1999), which is reflected in the formation

of adhered foulant in the heat exchanger of the fouling rig.
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Figure 3.8.: Particle size distribution of concentrated skim milk solutions at 30% w/w, total solids
after 90 min of recirculation in the fouling rig at 85°C at pH 6.1 (B), pH 6.3 (C), pH 6.5 (D), and pH
6.7 (E). The unheated control (A) was not subjected to heat treatment on the fouling rig. Results are

the means of data from two independent trials.

116



Table 3.2.: Particle size distribution parameters for concentrated skim milk solutions at 30% w/w total solids after 90 min of recirculation in the

fouling rig at 85°C. The unheated control was not subjected to heat treatment on the fouling rig.

Sample DJ3,2] D[4,3] Dv(10) Dv(50) Dv(90) Span
Unheated Control 0.05 + 0.00? 0.24 + 0.09° 0.02 + 0.00° 0.08 + 0.00° 0.26 +0.02° 3.06+0.18
pH 6.1 0.46 +0.01° 17.6 + 7.68° 0.19 + 0.00° 0.65 + 0.05° 25.2 +5.88° 38.5+ 6.41°
pH 6.3 0.07 +0.01° 2.96 + 0.62¢ 0.03 + 0.00° 0.13 + 0.00° 0.94 +0.13° 7.26 + 0.94¢
pH 6.5 0.06 + 0.00° 0.19 + 0.06 0.03 + 0.00° 0.09 + 0.00° 0.31£0.01° 3.19+0.11°
pH 6.7 0.06 + 0.00° 0.18 + 0.03? 0.02 + 0.00° 0.09 + 0.00° 0.29 +0.01° 3.16 +0.07

Results are the means of data from two independent trials. Mean values within a column not sharing a common superscript letter differ significantly (p < 0.05).

D[4,3] = volume-weighted mean particle diameter.
D[3,2] = surface-weighted mean particle diameter.

Dv(10) = particle size below which 10% of sample volume is found.
Dv(50) = particle size below which 50% of sample volume is found.
Dv(90) = particle size below which 90% of sample volume is found
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3.3.5. Sediment formation

Sediment is formed during heating of concentrated skim milk by casein micelle and/or
whey protein aggregation (Chen & O’Mahony, 2016), and is an indicator of poor heat stability
(Chen et al., 2012). Previous studies have shown that the dry weight of sediment formed in
samples of reconstituted milk heated and dialysed at 115°C for 30 min consisted of 50-60%
protein, with all the major whey protein and casein fractions being identified in the sediment
(On-Nom et al., 2012). Lewis et al. (2011) found that calcium ions are also a predominant
factor influencing sediment formation, as ultra heat-treated milk with calcium chloride

additions had significantly more sediment formation than milk without added calcium.

In this study, sediment was quantified as a measure of the extent of fouling, as transfer
of the fouling deposit into evaporated milk products is a common occurrence in the dairy
industry as excessive sediment formation reduces product quality (Dumpler & Kulozik, 2016;
Kasinos et al., 2014; Swartzel, 1983). The sediment formation in the unheated control was
significantly different (p < 0.05) from the heated samples with pH at 6.1 and 6.3, whereas
samples at pH 6.5 and 6.7 did not differ significantly (p > 0.05) from the unheated control
(Figure 3.8). The largest amount of sediment was formed at pH 6.1, followed by pH 6.3, with
significantly different (p <0.05) sediment values of 35.5 and 17.4% respectively. These results
align with those of On-Nom et al. (2012), where no significant sediment was formed in heated
samples of reconstituted skim milk if the pH was maintained above 6.3. The large amount of
sediment formation in the low pH range can be attributed to protein aggregation, as evidenced
in the earlier particle size analysis. Havea (2006) used a similar method for determining
sediment, in which milk protein concentrate was separated into two parts: the supernatant
which consisted of the soluble protein, and the sediment which consisted of the insoluble

protein, with the aggregated proteins defined as the insoluble protein, forming the sediment.

The protein, ash, and moisture content of the sediment, presented as a percentage of the
total sediment formed, provides insights into how the composition of the sediment formed in
concentrated skim milk varies with pH (Figure 3.9). For all sediment formed, protein and
moisture were found to be the main components. The unheated control had a very small
percentage of moisture in the sediment, as the sediment formed was extremely compact and
firm. As pH of the concentrated milk was reduced, the amount of protein and moisture in the
sediment increased. The higher percentage protein present in the sediments formed at pH 6.1
and 6.3 can be attributed to extensive protein aggregation that occurs at low pH as the proteins

become destabilised; consistent with previous hypotheses that sediment consists of mainly
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aggregated protein (Chen & O’Mahony, 2016; On-Nom et al., 2012). The high moisture
content in the sediments formed at pH 6.1 and 6.3 can be attributed to the presence of large
protein aggregates resulting in a less compact and porous sediment layer. These large
aggregates could have prevented the sediment compacting as firmly as the unheated control
during centrifugation, resulting in a large amount of trapped moisture in the sediment. The
sediment formed by the sample at pH 6.1 had the highest ash content; all other samples had ash
contents comparable to the unheated control. This to be expected, as the low pH of the sample
would promote calcium activity by dissolution of the CCP (Nieuwenhuijse et al., 1991),
suggesting that the significant amount of sediment formed at pH 6.1 was due to calcium
mediated-bridging between casein micelles, as well as denatured whey proteins associated with
k-casein. Overall, these results coincide with previous results in studies of sediment formation
in unconcentrated and concentrated milk on heating (Chen & O’Mahony, 2016; Havea, 2006;
Lewis et al., 2011; On-Nom et al., 2012), which concluded that the amount of sediment formed
in heated milk systems increases with decreasing product pH, and that the sediment consists
mainly of aggregated protein, followed by minerals. These studies, as well as the current study,
have established a clear link between product instability and sediment formation. In this study,
the samples that caused the most fouling (as discussed in Section 3.3.2) also had the highest
amount of sediment formation (i.e., samples at pH 6.1 and 6.3), showing that sediment

formation is strongly linked with fouling.
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Figure 3.9.: The relationship between pH and sediment (m) formation (%) following recirculation of concentrated
skim milk solutions at 30% w/w total solids on the fouling rig at 85°C for 90 min. The protein (m), ash (0) and
moisture (m) content of the sediments is expressed as a percentage of the total sediment formed for each sample.
The unheated control was not subjected to any heat treatment. Results are the means of data from two independent

trials. Mean values for sediment formation (%) with different superscript letters are significantly different (p <
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3.3.6. Composition of the concentrated skim milk solutions following fouling rig recirculation

To determine what components of the concentrated skim milk solutions contributed to
fouling, measurement of the total solids, protein, and ash content of the samples before and
after recirculation on the fouling rig was performed (Table 3.3). The total solids, protein and
ash content of the starting material was 30.3, 9.45, and 2.00% respectively. The total solids
content was significantly lower (p < 0.05) after recirculating the samples at pH 6.1, 6.3. 6.5
and 6.7, reducing to 23.3, 24.0, 24.6, and 24.9% respectively. After recirculating the sample at
pH 6.1, the protein content decreased significantly (p < 0.05) to 7.87%, whereas a less
extensive, but significantly different (p < 0.05), change in protein content was observed after
recirculating the sample at pH 6.3, with the protein content reducing to 8.02%. After
recirculation at pH 6.5 and 6.7, the protein contents (8.20 and 8.50%, respectively) were
significantly different (p < 0.05) from both the unheated control and the recirculated sample at
pH 6.1, but not significantly different (»p > 0.05) from the recirculated sample at pH 6.3. The
ash content was also significantly lower (p < 0.05) after recirculating the samples at pH 6.1,
6.3, 6.5, and 6.7 reducing to 1.67, 1.74, 1.74 and 1.76% respectively, with only the recirculated
sample at pH 6.1 having a significantly different (p < 0.05) ash content from the other samples
after recirculation. This indicates that minerals were a contributing factor to fouling caused by
concentrated skim milk only at very low pH (pH 6.1), as both the mildly fouled (pH 6.3) and
unfouled samples (pH 6.5 and 6.7) had similar ash contents after recirculation, further
supporting that the fouling deposit was caused mainly by aggregated proteins, i.e., ‘type A
fouling’. The reduction in ash content between the starting material and the samples drained
from the fouling rig could be attributed to casein micelles in the fouling layer that contain a
relatively large amount of minerals, as well as small amounts of solubilised calcium phosphate
from the casein micelle facilitating protein-protein interactions (Khaldi ez al., 2018; Koutina et

al., 2014).
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Table 3.3: Protein, ash, and total solids content (% w/w) of concentrated skim milk solutions
at 30% w/w total solids at pH 6.1, 6.3, 6.5 and 6.7 after heating through recirculation through
the fouling rig at 85°C for 90 min. Unheated control was not subjected to any heat treatment.

Samples analysed after heating are abbreviated to ‘AH’.

Sample Total solids Protein Ash
(Yow/w)

Unheated Control 30.3+0.17" 9.45 4 0.34" 2.00 £ 0.02°
pH 6.1 AH 233 =048 787077 1.67+0.07"
pH 6.3 AH 24.0+0.82" 8.02+0.72° 1.74 £ 0.02°
pH 6.5 AH 24.6 £ 0.82" 8.20 + 1.29° 1.74 £ 0.04°
pH 6.7 AH 24.9 +0.32¢ 8.5+ 0.46° 1.76 £ 0.07°

Results are the means of data from two independent trials. Mean values with different superscript letters within a
column are significantly different (p < 0.05).
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3.3.7. Cleaning in place analysis

3.3.7.1. Composition of the recovered cleaning in place solutions

The recovered cleaning in place (CIP) solutions obtained after applying the CIP protocols
were analysed for protein and ash content to further investigate the components of concentrated
skim milk contributing to fouling (Figure 3.10 and 3.11). The protein and ash content of the
water rinses differed significantly (p < 0.05) only after recirculation at pH 6.7, with the higher
protein and ash content of the water rinse being attributed to any remaining deposit after
recirculation being loosely bound (Vasbinder & De Kruif, 2003). A significant difference (p <
0.05) was observed in the protein content of the caustic wash after recirculation of the sample
at pH 6.1 (0.24%), when compared to the protein content of the caustic washes after
recirculation of samples at pH 6.3, 6.5 and 6.7. This demonstrates that considerably more
protein adhered to the stainless-steel surfaces within the fouling rig at pH 6.1, further
confirming that heat induced protein denaturation contributes to fouling and that the reactions
are promoted at low pH (De Wit, 1990). The ash content of the acid washes differed
significantly (p < 0.05) between all samples, with the highest percentage ash being observed
after the CIP regime for the recirculation of the skim milk solution at pH 6.1 (1.06%). A linear
trend was observed for the ash content of the acid washes, whereby as the pH of the recirculated
samples increased, the ash content of the acid washes decreased. This indicates that minerals
play a more significant role in heat-induced reactions at low pH; further supporting the
hypothesis that solubilised calcium phosphate is involved in the formation of fouling deposits
caused by concentrated skim milk at low pH (Guérin et al., 2007). As the natural pH of milk
(pH 6.7) decreases towards its iso-electric point, the net charge of the casein micelle
decreases. This causes progressive protonation of organic and inorganic phosphate present in

the casein micelles resulting in dissolution of the CCP (Petit ef al., 2011).

3.3.7.2 Turbidity of the recovered CIP solutions

The results from turbidity analysis of recovered CIP solutions obtained after applying the
CIP protocols were in good agreement with the protein and ash contents of the CIP solutions
(Tables 3.4 and 3.5). The turbidity of the water rinses after recirculation of the samples at pH
6.5 and 6.7 (2.96 and 3.27, respectively) were significantly higher (p < 0.05) than the turbidity
of the water rinses at pH 6.1 and 6.3 (2.91 and 2.91, respectively). This can be attributed to the
higher protein and ash content of the water rinses at pH 6.5 and 6.7. The turbidity of the caustic

wash used in the CIP regime after recirculation of the sample at pH 6.1 was significantly higher
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(» <0.05) than all other samples, which can be attributed to the significantly higher (p < 0.05)
amount of protein dissolved by the caustic wash after recirculation of concentrated skim milk
at pH 6.1. The turbidity of the acid washes were significantly different (p < 0.05) for all
samples, following a linear trend with a decrease in turbidity being observed with increasing
sample pH, which is in agreement with the trend observed in ash content of the acid washes.
These results show a direct correlation between the turbidity and protein and ash content of the
CIP solutions, i.e., the more fouling material dissolved by the CIP solutions, the more turbid
the solutions were. Other fouling studies have monitored the cleaning procedure after fouling
has occurred through turbidity measurements, proving it to be a convenient and efficient
method for promptly assessing the cleaning effectiveness. Guerrero-Navarro et al. (2019)
found that analysing turbidity to compare the effectiveness of different cleaning strategies for
fouling served as an efficient and effective indicator of the cleaning process's advancement,
facilitating optimization efforts. Van Asselt et al. (2002) employed real-time turbidity
monitoring via spectrophotometry in an automated CIP system to evaluate the elimination of
protein fouling. Similarly, Fickak et al. (2011) utilized turbidity and conductivity measurements
during the rinsing phase to assess the effectiveness of the cleaning process. The results of this
study, coinciding with other fouling research, shows that measuring turbidity of CIP solutions
after cleaning cycles can be used to analyse the cleaning effectiveness after fouling, i.e., critical
turbidity values could indicate the degree of protein or mineral deposit removal. It is important
to ensure cleaning regimes are effective in completely removing the fouling deposits, as any
remaining deposit in the system will facilitate the formation of biofilms and allow for fouling
reactions within the product to occur more quickly, as the protein and minerals have a reactive

surface to bind to (Tuoc, 2015).
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Figure 3.10.: Protein content (% w/w) of cleaning solutions recovered after applying a cleaning in place
(CIP) protocol to the fouling rig after recirculation of concentrated skim milk solutions at 30% w/w total
solids at pH 6.1 (m), 6.3 (m), 6.5 (O), and 6.7 (m) on the fouling rig at 85°C for 2 h. Results are the means
of data from two independent trials. Mean values within each individual cleaning step (i.e., water rinse)

with different superscript letters are significantly different (p < 0.05)..
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Figure 3.11.: Ash content (% w/w) of cleaning solutions recovered after applying a cleaning in place (CIP)
protocol to the fouling rig after recirculation of concentrated skim milk solutions at 30% w/w total solids at
pH 6.1 (m), 6.3 (m), 6.5 (O), and 6.7 (m) on the fouling rig at 85°C for 2 h. Results are the means of data
from two independent trials. Mean values within each individual cleaning step (i.e., water rinse) with different

superscript letters are significantly different (p < 0.05).

126



Table 3.4.: Turbidity (optical density @ 600 nm) of cleaning solutions recovered after applying
a cleaning in place protocol to the fouling rig after recirculation of concentrated skim milk
solutions at 30% w/w total solids at pH 6.1, 6.3, 6.5, and 6.7 on the fouling rig at 85°C for 2
h.

Turbidity (OD @ 600 nm)

Circulated Milk pH Water Rinse Caustic Wash Acid Wash
pH6.1 2.91+0.02" 0.14 +0.01" 0.76 +0.13°
pH 6.3 2.91+0.00° 0.10 = 0.02" 0.63+0.18"
pH 6.5 2.96+0.01" 0.09 = 0.01" 031 +0.02°
pH 6.7 3.27+0.01° 0.09=0.01" 0.18 £0.03°

Results are the means of data from two independent trials. Mean values within a column with different
superscript letters are significantly different (p < 0.05).
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Table 3.5.: Images of cleaning solutions recovered after applying a cleaning in place (CIP)

protocol to the fouling rig after recirculation of concentrated skim milk solutions at 30% w/w,

total solids at pH 6.1, 6.3, 6.5, and 6.7 on the fouling rig at 85°C for 2 h.

pH of concentrated skim milk sample recirculated before CIP regime
pH 6.1 pH 6.3 pH 6.5 pH 6.7
CIP solution
Water Rinse
Caustic Wash m
il
Acid Wash
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3.3.7. Protein profile of foulant material

The fouling material built up in the heat exchanger after recirculation of the concentrated
skim milk at pH 6.1 and 6.3 (Figure 3.4) was analysed electrophoretically under reducing and
non-reducing conditions (Figure 3.12). From SDS-PAGE analysis, it can be observed that the
protein profile of the fouling material deposited by the samples at pH 6.1 and 6.3 was similar.
The bands corresponding to the caseins were the strongest in intensity in both the reducing and
non-reducing gel, indicating that casein is one of the most dominant proteins in fouling deposit
formed by concentrated skim milk. The intensity of bands corresponding to -lg were markedly
more prominent in the reducing gel compared to the non-reducing gel, indicating that denatured
B-Ig was a key component of the large aggregates present in the loading well of the non-
reducing gel. The bands corresponding to a-lactalbumin (a-lac) were slightly more intense in
the reducing gel, indicating that a small extent of denatured a-lac was also present in the fouling
material. During the fouling process for concentrated milk, B-lg undergoes unfolding and
denaturation due to heating, exposing the reactive thiol group (-SH) present in -Ig, which can
interact with other milk proteins such as casein and a-lac, leading to the formation of aggregates
and deposits (Changani et al., 1997; Oldfield et al., 2005; Visser and Jeurnink, 1997).
Comparing the bands between 50-75 kDa in the reducing and non-reducing gels indicates the
presence of protein aggregates in this region. In the non-reducing gel, there is only one major
protein band below the 75 kDa band; however, in the reducing gel, this band is less intense and
there are also additional bands, signifying the presence of other minor whey proteins such as
bovine serum albumin (BSA) and lactoferrin; these bands were essentially absent in the non-
reducing gel, indicating that these proteins could also have reacted in forming the large
aggregates present in the loading well of the non-reducing gel. BSA, like B-1g, possesses a
single free -SH group (Go et al., 2011); this -SH group in BSA can participate in intramolecular
disulfide bonds with other protein molecules (Huggins et al., 1951; Nikkel and Foster, 1971),
triggering the formation of large aggregates (Kelly and Zydney, 1994). The differences in the
intensity of the bands between the reducing and non-reducing gels indicates that there was a
significant amount of disulphide bonding between the caseins and denatured whey proteins. In
previous studies where the composition of fouling deposits were analysed, it was found that
whey proteins account for more than 50% of the fouling deposits in type A fouling, with B-lg
being the dominant protein due to its sensitivity to heat (Lalande et al., 1985; Gotham et al.,

1992).
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Figure 3.12.: Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
electrophoretograms of fouling material recovered from the heat exchanger of the fouling rig after
recirculation of concentrated skim milk solutions at 30% w/w total solids at pH 6.1 and 6.3 at 85°C
for 90 min: lane 1 and 10, molecular weight marker, lanes 2-3 and 6-7, foulant at pH 6.1, lanes 4-
5 and 8-9, foulant at pH 6.3.
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3.4. Conclusion

This study successfully illustrated the intricate relationships among pH, heat stability,
viscosity, particle size, sedimentation, and fouling in concentrated skim milk during thermal
processing. As the initial pH of the concentrated skim milk solutions decreased, the heat
stability decreased. Under the conditions of the study, fouling was induced in concentrated
skim milk samples at pH 6.1 and 6.3 (i.e., those with low heat stability), but not at pH 6.5 and
6.7. Severe fouling was visibly evident and confirmed by a high AT for the sample at pH 6.1,
and less so for the sample at pH 6.3. Although no significant differences in the degree of pH
and conductivity change during fouling rig recirculation were observed between samples, it is
important to note that all samples showed reductions in pH of ~0.36 units, highlighting the
importance of monitoring pH during thermal processing. The concentrated skim milk samples
that displayed fouling had higher viscosity, larger particle size distribution, and more sediment
formation when compared to the unheated control and the samples that did not demonstrate
fouling. Analysis of the composition of the concentrated skim milk solutions after recirculation
on the fouling rig revealed reduced protein and ash content compared to the initial material,
with this reduction being more significant at pH 6.1 and 6.3. These findings, along with
compositional analysis of cleaning in place (CIP) solutions and SDS-PAGE analysis of the
adhered foulant, demonstrated that the fouling deposits consisted primarily of aggregated
protein, with the relatively high ash content of the CIP solutions indicating some calcium
phosphate binding facilitated by the low pH. Through a combination of analytical approaches
and tools, a deeper understanding of fouling was achieved, aiding in the identification of
strategies to mitigate its occurrence in the future. Moreover, this study established the efficacy
of the custom-fabricated fouling rig as a powerful tool for investigating the fouling behaviour
of concentrated skim milk and cleaning of dairy heat exchangers. The rig's modular design
facilitated the generation of deposits under high-temperature short-time conditions for
compositional characterization and assessment of cleaning in place solutions. In the future, the
fouling rig could be employed to explore potential process modifications aimed at reducing the

occurrence of fouling.
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4.1. General discussion and conclusions

The production of skim milk powder involves the concentration of milk through
evaporation, followed by drying to remove most of the remaining water. However, the
evaporation process is often impacted by the challenge of fouling, which significantly impacts
the efficiency and sustainability of the production process, while also often having undesirable
implications for finished product quality (e.g., insolubility and sediment formation).
Evaporator fouling refers to the unwanted deposition of solids on the heat transfer surfaces
within the evaporator system. Over time, the fouling deposits accumulate, leading to reduced
heat transfer efficiency, increased energy consumption, and decreased production capacity. The
presence of fouling in the evaporator not only hampers the overall process efficiency but also
poses a considerable economic burden for dairy processors. The accumulation of fouling
deposits necessitates more frequent cleaning (with associated chemical and water usage),
which translates into downtime, increased costs, and decreased profitability. Therefore,
understanding the causes and mechanisms of evaporator fouling in skim milk powder
production is of paramount importance to mitigate its adverse effects and optimize process
performance. This thesis aimed to investigate evaporator fouling by exploring its underlying
mechanisms and the factors influencing its formation. The studies described in this thesis
systematically investigate the use of pH and lab-scale analysis to predict fouling; the results
report on the heat-induced changes during heat treatment, and the impact of pH on the heat
stability and physicochemical properties of concentrated skim milk and how it can be

extrapolated to large scale evaporators.

The study described in Chapter 2 demonstrated the influence of pH (6.0-6.7) on the heat
stability and physicochemical properties of concentrated skim milk after high temperature short
time (HTST) processing using a rheometer. The objective of this study was to assess the
contribution of pH and heat-induced changes in concentrated skim milk to the occurrence of
fouling. As the pH of the concentrated skim milk solutions decreased, heat stability decreased,
viscosity development on heating increased, particle size after heating increased, and formation
of sediment in solution after heating increased. The poor heat stability and significant increase
in viscosity, particle size, and sediment formation after heat treatment of samples between pH
6.0-6.3 can be attributed to aggregation of the principal milk proteins, caseins, and whey
proteins. Indeed, the colloidal stability of casein micelles is lowered by a decrease in surface
charge of casein micelles, a reduced electrostatic repulsion, and a collapse of the hairy layer

due to charge neutralisation. The denaturation of whey proteins due to the high heat treatment
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resulted in exposure of sulthydryl (-SH) groups and hydrophobic regions, promoting
interaction with the destabilised casein micelles, facilitating extensive protein aggregation,
ultimately leading to an increase in viscosity and particle size of concentrated skim milk. This
trend in the results of increasing extent of heat-induced physicochemical changes with
decreasing pH was replicated when the analysis at two pH points (6.2 and 6.6) was upscaled
from the rheometer to a custom built fouling rig. Heat treatment of concentrated skim milk at
pH 6.2 on the fouling rig resulted in severe fouling, and analysis of the concentrated skim milk
after recirculation on the fouling rig for particle size and sedimentation showed results
consistent with the initial laboratory-scale heat treatment analysis. Fouling did not occur when
concentrated skim milk was recirculated on the fouling rig at pH 6.6, and particle size and
sedimentation did not increase significantly when compared with an unheated control. By
conducting compositional analysis of the concentrated skim milk and cleaning-in-place
solutions after recirculation on the fouling rig, it was hypothesized that the fouling deposit
formed was mainly comprised of aggregated protein, comprised mainly of casein and whey

proteins.

Building on the conclusions from Chapter 2, the study described in Chapter 3 focused on
further characterising evaporator fouling and more systematically developing the inter-
relationships between heat stability, viscosity, particle size and fouling across both laboratory
(i.e., theometer) and pilot (i.e., fouling rig) scales. Concentrated skim milk samples at pH 6.1,
6.3, 6.5 and 6.7 were recirculated on the fouling rig while in-line measurements of pH,
conductivity and temperature were performed, followed by analysis of the concentrated skim
milk samples, cleaning-in-place chemicals and adhered foulant on the heat exchanger after the
fouling experiments. The objective of this study was to identify the effect of pH on the heat-
induced physicochemical reactions contributing to fouling of concentrated skim milk during
heat treatment and to develop laboratory-scale predictors for fouling taking place at pilot scale.
This approach was effective in differentiating between the distinct pH regions in milk in which
fouling was extensive (pH 6.1-6.3), in comparison with pH regions in which fouling was much
more limited (pH 6.5-6.7). Continuous pH measurements carried out during the heat treatment
of concentrated skim milk on the fouling rig revealed a significant decrease in pH for all
samples during recirculation. This emphasizes the importance of pH monitoring during thermal
processing, as a decline in pH within the threshold associated with protein aggregation
corresponds to fouling occurrence. It was observed that the samples of concentrated skim milk

that caused fouling also showed increased viscosity, particle size and sedimentation when
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compared to the samples with limited/no fouling. Expanding upon the hypothesis that the
fouling deposit was comprised largely of aggregated protein (Chapter 2), sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of adhered foulant formed
by concentrated skim milk at pH 6.1 and 6.3 was conducted and confirmed the prominence of
denatured B-lactoglobulin and a-lactalbumin, as well as a strong presence of caseins. In
conclusion, maintaining the pH of concentrated skim milk above pH 6.3 was effective in
preventing the occurrence of fouling during heat treatment. Simple analysis of physicochemical
properties related to protein aggregation, i.e., viscosity, particle size, and sedimentation, could
be used as a preventative measure for fouling by predicting the likelihood of the concentrated
skim milk to foul. These results emphasise the importance of monitoring pH during thermal
processing to predict and control heat-induced fouling. Thus, the findings presented in this
thesis are of significance in facilitating a better understanding of the role of protein-protein

interactions in the formation of fouling deposits by concentrated skim milk.

Through a combination of experimental analysis and theoretical investigation, this study
contributes to the existing body of knowledge by uncovering the fundamental causes of
evaporator fouling. The findings will not only benefit dairy industry processors but also
facilitate the development of innovative mitigation solutions. Ultimately, this thesis aims to
shed light on the complex interplay between skim milk composition, processing conditions,
and evaporator fouling, providing a scientific foundation for enhancing the efficiency,

productivity, and sustainability of skim milk powder production.

4.2. Suggestions for future research

From the findings of the studies conducted in this thesis, it is evident that an area that
requires further research is methods to improve the heat stability of concentrated skim milk.
Application of these methods to the fouling rig could further develop the relationship between
heat stability and fouling, as well as to facilitate the development of fouling mitigation
strategies. Various approaches have been identified and proposed to improve the heat stability

of milk:

e The utilization of enzymatic cross-linking, such as with transglutaminase, has
demonstrated the ability to enhance the heat stability of milk by cross-linking
denatured whey proteins, thereby inhibiting protein aggregation, and thus reducing

fouling (O’Sullivan, 2002; Smiddy et al., 2006).
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e The heat stability of concentrated skim milk can be both positively and negatively
influenced through heat-induced changes. Exposure to high temperatures with no pre-
treatments (i.e., pre-heat treatment) can lead to extensive protein-protein interactions
leading to aggregation. Alternatively, milk subjected to pre-heat treatments with
lower controlled temperatures can facilitate protein interactions which can improve
heat-stability. The heat stability of milk proteins, through preheating has been found
to be an effective strategy by controlling heat induced Maillard conjugation between
milk protein and sugar (Wu ef al., 2021a). Therefore, employing this approach may
be a promising method to improve the heat stability of concentrated skim milk, and
thus reduce the occurrence of fouling (Singh & Tokley, 1990; Sweetsur & Muir, 1980;
Tan-Kintia & Fox, 1999; Wu et al., 2021b).

e The addition of stabilisers e.g., disodium phosphate, trisodium phosphate, trisodium
citrate, has been shown to increase the pH and, consequently, the heat stability of
concentrated skim milk through analysis of the heat coagulation time at 120°C
(Sweetsur & Muir, 1980). In addition to their effect on pH, they have the ability to
bind cations (e.g., calcium) which have been shown to mediate protein-protein
aggregation. Thus, their addition to skim milk prior to heat treatment should be a

potential mitigator of fouling

Another area that requires additional investigation would be to apply the findings related
to pH and analysis of physicochemical properties associated with protein aggregation from this
thesis to a pilot scale evaporator mimicking the evaporation stage in the production of skim
milk powder. Monitoring the pH of skim milk during evaporation could identify the point in
the process in which the pH drops to a level that promotes fouling (i.e., below pH 6.3). Through
the collection of skim milk samples at various stages of evaporation and subsequent assessment
of parameters such as viscosity, particle size, and sedimentation (as outlined within this thesis),
it would be possible to determine the specific temperature and total solids content within the
evaporation process at which milk fouling tendencies are most pronounced. Further detailed
studies into the effects of process variables on fouling phenomena could provide a more

comprehensive understanding of strategies for mitigating fouling.

The use of antifouling surfaces has been suggested as a solution to prevent fouling during
thermal processing (Barish & Goddard, 2014; Mérian & Goddard, 2012; Rosmaninho et al.,
2007). However, the main challenge lies in reducing adhesion, which is crucial for antifouling

effectiveness and depends on the properties of the substances attaching to the surface.
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Moreover, modified surfaces and coatings introduce extra costs for fabrication and installation,
which must be taken into account when assessing their fouling and cleaning performance.
There is ample literature available on various antifouling coatings shown to mitigate dairy
fouling, such as polytetrafluoroethylene and titanium dioxide nanoparticles (Bangavadi
Munivenkatappa et al., 2022), biomimetic surface modifications (Zouaghi et al., 2019), and
amphiphilic silicone coatings (Zouaghi et al, 2018). However, few researchers have
experimented with the effectiveness of antifouling coatings in mitigating the fouling of
concentrated skim milk. Therefore, a study investigating the ability of different antifouling
coatings to prevent fouling of concentrated skim milk using the fouling rig would provide

useful information as a potential fouling mitigation strategy.

In Chapter 1, a range of in-line process analytical technologies (PAT) used to monitor
fouling were reviewed, including ultrasonic sensors (Hay & Rose 2003; Mairal et al., 1999),
acoustic sensors (Dam Madsen, 1994; Lohr & Rose, 2003; Merheb et al., 2007), voltametric
methods (Fysun et al., 2020; Roscoe et al., 1993), sensors based on local differential thermal
analysis (Crattelet et al, 2013) and spectroscopic techniques (Blanpain-Avet et al., 2012;
Caponigro et al., 2019; Fysun et al., 2019). The research conducted on these PAT tools was
primarily focused on fouling of skim milk and whey protein solutions; therefore, further
research is required on the applicability of these PAT tools to fouling of concentrated skim
milk. The modular design of the fouling rig used in this thesis allows for easy modification and
addition of PAT tools to enable research on different aspects of fouling. A study comparing the
applicability of different PAT tools in detecting fouling of concentrated skim milk would be
easily facilitated using the fouling rig, as different technologies could be added and removed
as needed, resulting in identification of the most effective PAT approach for monitoring fouling

of concentrated skim milk.

Effective management of cleaning in place protocols offers significant potential for
optimizing processes that are prone to fouling. The choice of the most suitable cleaning
technique depends on the characteristics of the fouling deposit, and through an understanding
of the fundamental mechanisms involved in deposit removal, these methods can often be
considerably enhanced (Piepiorka-Stepuk et al., 2012). There is a diverse array of cleaning in
place methods available to the dairy industry; however, in many instances, the cleaning
procedures currently used rely primarily on past experience and due to the absence of
dependable monitoring tools, the cleaning time often tends to be longer than actually required,

which has undesirable environmental and financial impacts. Many researchers who investigate
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the cleaning process tend to optimize it primarily with regard to cleaning quality, specifically
surface cleanliness. They take into account various factors that affect the process, such as flow
velocity, temperature, and chemical concentration, and analyse their impact on the duration of
cleaning. A significant portion of the literature focuses on the elimination of milk fouling from
production surfaces, as post-production sediments encountered in food processing pose the
greatest challenge for removal. For instance, Gillham et al. (1999) discovered a strong
dependence of whey protein deposit removal from stainless steel pipes on temperature. Some
authors have identified optimal chemical concentrations that minimize cleaning time (Fryer et
al., 2006), while others have directed their attention towards mechanical influences (Changani
et al., 1997). While all this previous research provides important insights into optimisation of
cleaning for dairy systems, there is limited specific research regarding cleaning after fouling of
concentrated skim milk. The fouling rig used in this thesis offers a useful medium for testing
various cleaning in place protocols to optimise and specify a particular protocol that is most

suited to fouling caused by concentrated skim milk.
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1.1. Introduction

A custom-built fouling rig, used in a previous study involving fouling of whey protein
solutions (Hebishy ef al., 2019), was used to study the fouling behaviour of concentrated skim
milk. As the fouling material in this present study is different to the previous studies using this
rig, several modifications were made to the fouling rig set-up in order to optimise its use for

concentrated skim milk.

1.2. Original fouling rig set-up

The original fouling rig set-up is shown in Figure 1. It consisted of a stainless steel
tubular heat exchanger of length 58.6 cm and internal diameter 2 cm (Liam A. Barry Ltd.,
Cork, Ireland), heated using water as a heating medium via the connected circulating water
bath (Grant, LT ecocool™100, Cambridge, UK). Two pressure transducers (PR-33X,
Keller-druck, Dorchester, UK), located before and after the heat exchanger, gave
measurements of temperature and pressure in-line. The stainless-steel feed vessel, of height
14.7 cm and width 15.5 cm (reducing down to 1 cm at the base of the vessel) had a capacity
of 3.0 L. Connected to the feed vessel was a positive displacement, progressive cavity pump
(Torqueflow, Sydex, UK), which pumped the fluid at a flow rate controlled by a variable
speed drive to a maximum capacity of 50 Hz. A three way ball valve, located after the
pump, allowed for the batch recirculation system to be drained at the end of the run. The
pressure of the system could be set using a manual diaphragm throttling valve, with the
pressure being measured with an analogue pressure gauge (1107J486, WIKA, Los Angeles,
CA, USA). A thermocouple was mounted to the feed vessel as an additional measure of

temperature (Digitron 2024T Digital Thermometer Pt100, Port Talbot, UK).
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Figure 1.3.: Process flow diagram of fouling rig set up used by Hebishy et al (2019), showing
the tubular heat exchanger, feed vessel, positive displacement progressive cavity pump, two
electronic pressure transducers, circulating water bath, thermocouple, product drain valve,

pressure regulation valve and analogue pressure gauge.
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1.3. Modified fouling rig

The modified fouling rig set-up is shown in Figure 2, with the modifications highlighted
in red. The first modification was to replace the feed vessel, as the design caused formation of
a skin on the surface due to the lack of turbulence in the vessel causing surface dehydration,
which was undesirable as this skin could have contained material that would foul the heat
exchanger. The newly designed feed vessel (Liam A. Barry Ltd., Cork, Ireland), of height 17
cm and width 15.5 cm (reducing down to 6 cm at the base of the vessel), was rounded at the
bottom instead of the original angular design (Figure 3). The feed tube was redesigned to have
a tangential entry port, instead of directly down into the vessel as in the original design, with
an additional piping inside the vessel at an angle to promote turbulent flow within the vessel
without causing aeration or foaming (Figure 4). The new feed vessel also had a clear acrylic
lid (with entry points for the thermocouple and pH/conductivity meter (Metler Toledo,
SevenGo Duo, SG23, Switzerland)) to prevent evaporation of the material while still being

able to take measurements and observe inside the vessel.
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Figure 1.4.: Process flow diagram of modified fouling rig set up, showing the shell and tube heat

exchanger, feed vessel, positive displacement progressive cavity pump, pressure relief valve, two

electronic pressure transducers, circulating water bath, thermocouple, pH and conductivity meter,

product drain valve, pressure regulation valve, and analogue pressure gauges. The areas highlighted

in red are the modifications.
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Figure 1.3.: The feed vessel from the original fouling rig set-up (left) and the

feed vessel from the modified fouling rig set-up (right).

Figure 1.4.: Top down view of the feed vessel
from the modified fouling rig set-up, showing
the feed tube designed to return product at an
angle to promote turbulence without aeration

or foaming.
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1.3.1. Heat exchanger

The next modification to the fouling rig involved changing the tubular heat exchanger to
a shell and tube heat exchanger (Liam A. Barry Ltd., Cork, Ireland), with length of 33.5 cm,
internal diameter of 5 cm, and nine inner tubes of diameter 0.8 cm each. The reasoning for the
change of heat exchanger due to the greater surface area (766.8 cm?), when compared to the
original heat exchanger (374.5 cm?), as this promotes heat transfer. As well as this, the design
encourages the build up of fouling, as the inner tubes had a narrow diameter and there was a
larger surface area for the fouling deposits to build-up on, with Figure 5 showing the fouled

versus unfouled heat exchanger.

Figure 5: Top down view of the inside of the shell and tube heat
exchanger, showing the heat exchanger fouled (left) and unfouled

(right).

1.3.2. Safety features

In terms of safety-related components, a pressure relief valve was added between the
pump and the product drain valve. Its purpose was to limit the amount of compressed air
pressure in the system in order to prevent the pressure building up above 4 bar, which would

cause damage to the machinery.

1.3.3. Pressure measurement
The final addition to the fouling rig was two additional analogue pressure gauges on
either side of the temperature and pressure transducers as a supplementary pressure measure in

case of issues with the transducers.
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