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Abstract 

Fouling refers to the accumulation of undesirable deposits on heat transfer surfaces; they 

thermally insulate the surfaces of processing equipment and reduce the heat transfer. In the 

dairy industry, fouling by milk proteins and minerals during the thermal processing of milk is 

considered to be a major problem. Surface modification, for example via surface coatings 

and ion implantation, is being explored as one of the feasible techniques to reduce milk 

fouling deposition. Although the effect of surface modification on the fouling and cleaning 

behaviour of milk proteins and minerals has been studied widely, there is limited literature 

on the effect of the fouling behaviour of milk on modified surfaces. Therefore, this study 

was designed to investigate the fouling deposition and cleaning behaviour of milk on 

various modified surfaces and to understand the fouling deposition mechanism on modified 

surfaces. 

In this study, three differently doped diamond-like carbon (DLC) coatings, a silica-based 

coating and a polymeric coating were selected for investigation of their fouling and 

cleaning performance. Stainless steel (316 SS 2B) surfaces were used as control surfaces. 

The surfaces were studied for their fouling behaviour with standardised skim milk at 

laboratory scale and with raw whole milk at pilot scale. Both laboratory and pilot set-ups 

consisted of parallel flow streams to study the modified and control surfaces side-by-side 

using the same milk. At laboratory scale, the DLC-1- and silica-modified surfaces showed a 

statistically significant (P < 0.05) benefit in reducing the mass of fouling deposit, but the 

other modified surfaces were not significantly different from the controls. At pilot scale, 

none of the modified surfaces showed a benefit in fouling reduction when compared with 

their respective controls. 

The findings in this study are in contrast to the literature, where a huge benefit in fouling 

reduction on DLC-modified surfaces has been found with whey protein and mineral 

solutions. However, it is worth noting that the current study used actual milk to foul the 

experimental surfaces and this may have produced a more complex fouling mechanism 

(including casein, β-lactoglobulin and calcium) than those with model fouling solutions. 

Moreover, in the current study, the experimental surfaces were fouled to develop a full 

deposit layer that is much beyond the induction deposition stage, and may have decreased 

the influence of the modified surfaces with the build-up of fouling deposits. 
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When fouled with whey protein isolate (WPI) solution for 120 min, this study found around 

35-40% benefit in terms of the reduction in the mass of fouling deposits when the absolute 

mass of fouling deposit was only about 3-5 g/m². However, with longer fouling time (i.e. 

240 and 480 min), the benefit reduced to less than 15%. This finding suggested that the 

modified surfaces were effective only at the initial stage of the fouling deposition when the 

fouling mass was low. 

In addition, it was interesting to note that the fouling deposit layer for the DLC-1- and silica-

modified surfaces peeled off on drying, and suggested poor adhesion of the initial fouling 

deposits to the surface via weak van der Waals’ and electrostatic forces. Although drying of 

fouling deposits is not practised in the dairy industry, this behaviour suggested a potential 

benefit in easy removal of fouling deposits from the modified surfaces. The pilot-scale study 

of the cleaning behaviour of milk-fouled experimental surfaces found no benefit in terms of 

enhanced cleaning of fouling deposits for the modified surface when compared with their 

respective controls. It is understood that the initial fouling deposit layer on the surface 

plays an important role in the subsequent build-up of the deposits and later in the 

cleaning. However, there is ambiguity over whether the initial deposits are protein or 

mineral. To clarify this ambiguity and to better understand the fouling deposit structure 

and its growth on the modified surfaces, this research study investigated the initial 

interactions of fouling deposits with the DLC-1 and control surfaces at laboratory scale. 

Laboratory-scale experiments were carried out to foul the experimental surfaces for short 

durations (10, 30 and 60 s), and the surfaces were analysed for the deposit structure and 

chemical composition using various surface analytical techniques such as scanning 

electron microscopy (SEM), energy dispersive spectroscopy (EDS) and X-ray 

photoelectron spectroscopy (XPS). The structure of the fouling deposits, for both the 

control and DLC-1-modified surfaces, was found to be in the form of open and closed rings 

deposited randomly on the surfaces. X-ray elemental maps of the fouled surfaces revealed 

a uniform distribution of proteins and minerals in the fouling deposit. The chemical 

composition, quantified using EDS and XPS techniques, revealed a protein-rich fouling 

deposit layer, and suggested that fouling deposition starts as soon as the processing surface 

comes into contact with milk. The Ca:P relative atomic ratio suggested the presence of 

calcium phosphate as a dicalcium phosphate dihydrate form in the short term fouling 

deposit, for both surfaces studied. The study found no significant difference in fouling 

deposition between the DLC-1 surface and the control surface. 
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The experimental surfaces were fouled for longer durations (5, 30 and 60 min) to 

investigate how proteins and minerals are co-deposited as a function of fouling time. The 

morphology study showed that the ring structure of deposits joined with adjacent rings to 

develop a deposit layer. The XPS analysis of the long term fouled surfaces was carried out 

at three different locations as a function of deposit layer thickness: at the leftover fouling 

deposit on the surface, at the inverse of the fouling deposit layer and at the top of the 

fouling deposit layer. Based on N:substrate element relative ratio analyses and inelastic 

mean free path-length (IMFP) calculations, it was estimated that the thickness of the 

leftover fouling deposit layer on the surface was smaller than that for the short term fouled 

surfaces. These findings suggested that the point from which the fouling deposit layer 

removed was near the surface/deposit interface. 

For the control and DLC-1- modified surfaces, the XPS study found that the top of the 

fouling deposit layer was protein rich, whereas the inverse of the fouling deposit layer was 

mineral rich. It also revealed that the mineral composition varied as a function of the deposit 

thickness, and it was proposed that the calcium phosphate in the deposit, at or near the 

surface/deposit interface, would be in the form of tricalcium phosphate or hydroxyapatite or 

a combination thereof. The relative ratio analyses also suggested that the Ca
+2 

and PO4
-3 

ions 

may have diffused through the deposit structure over the fouling time, and would have been 

concentrated near the surface/deposit interface. 

Thus, the study revealed no significant benefit of the modified surfaces in terms of 

fouling reduction and/or enhanced cleaning of deposits. However, the study clarified that 

the milk proteins and minerals deposit simultaneously, as soon as the processing surface 

comes into contact with milk. Furthermore, the findings from the short term and long term 

fouled surfaces improved our understanding of the fouling mechanism of milk. 
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Chapter 1. Introduction 

1.1 Background 

In a processing industry, fouling deposition refers to the accumulation of undesirable deposits 

on heat transfer surfaces; this fouling thermally insulates the surface and reduces the 

performance of the equipment. Fouling deposition occurs more frequently in the food industry 

than in other processing industries, such as the chemical industry, because the food being 

processed often contains proteins that are prone to structural changes and that initiate the 

build-up of deposits on the heat transfer surface (Balasubramanian and Puri, 2009). Fouling 

occurs on both the process side and the auxiliary heating/cooling fluid side of heat exchangers 

or membrane processing equipment (Pereira et al., 2006). However, the process side of the 

heat exchanger fouls rapidly with solid fouling deposits during thermal processing, such as 

pasteurisation and the ultrahigh temperature (UHT) processing of milk (Tissier et al., 1984). 

In the dairy industry, milk fouling refers to the deposition of denatured and aggregated 

proteins and minerals on to a processing surface of a heat exchanger during the processing of 

milk (Burton, 1968; Jeurnink et al., 1996b). Fouling of a heat exchanger results in a decrease 

in heat transfer because the fouling deposit layer imparts a thermal resistance to heat 

transfer. Moreover, it creates a need to restore the processing efficiency by frequent and 

efficient cleaning of the fouled surfaces. Daily cleaning is necessary in a food processing 

industry (Crittenden et al., 1992), whereas once or twice a year cleaning is usual in the 

chemical, fertiliser and petroleum industries. Fouling also results in productivity loss because of 

frequent interruption to the production process for cleaning, increased usage of thermal and 

electrical energy, manpower loss, reduced efficiency and substandard product quality. 

Furthermore, maintenance of heat exchangers, disposal of spent cleaning chemicals and 

footprints on the environment are other factors that affect the overall performance of the 

processing plant (Gillham et al., 2000; Ramachandra et al., 2005; Bansal and Chen, 2006a). 

In the dairy industry, fouling deposition is a common hurdle, and is a known age-old 

unsolved problem. Hence, a number of studies have been carried out to understand the 

milk fouling mechanism during thermal processing (Burton, 1968; Delplace et al., 1994; Fryer 

et al., 1995; de Jong, 1997). Milk is a complex biological fluid and contains an average of 87.5% 

water, 3.4% proteins, 3.9% fat, 4.8% lactose, 0.8% minerals and trace amounts of vitamins and 

enzymes (Walstra and Jenness, 1984; Bylund, 1995). Upon heating milk, β-lactoglobulin (β-
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lg), the major whey protein of milk, fouls because of heat denaturation and aggregation with 

other proteins (Jeurnink and de Kruif, 1995), whereas calcium phosphate, the main mineral of 

milk, fouls because of supersaturation in solution (Changani et al., 1997). It has been well 

established that the milk fouling deposits contain proteins and minerals, and can be categorised 

as Type A  (protein fouling) or Type B (mineral fouling) deposits, based on the composition 

of the fouling deposit (Burton, 1968; Changani et al., 1997; Visser and Jeurnink, 1997). 

Simultaneously, adhesion and growth of microorganisms or biofilms on fouled surfaces, 

known as biofouling, poses serious problems regarding the safety and quality of the final 

product (Flint et al., 1997; Zhao et al., 2005c). A number of studies have been carried out to 

investigate biofilm formation on surfaces with different surface energies (Jönsson and 

Jönsson, 1991; Brink et al., 1993; Hamza et al., 1997; Flint et al., 2000; Bakker et al., 2003). 

There are contradictory reports for the relationship between bacterial adhesion and surface 

energy, with some researchers claiming that bacterial adhesion decreases with decreasing 

surface energy (Hamza et al., 1997; Bakker et al., 2003) and other groups reporting greater 

bacterial cell attachment with low energy surfaces (Jönsson and Jönsson, 1991; Brink et al., 

1993). 

Furthermore, several studies have been carried out to investigate feasible approaches that can 

reduce the fouling deposition. Various techniques, such as variation in processing conditions 

(Belmar-Beiny et al., 1993; Simmons et al., 2007), variation in processing equipment and 

principles (Klaren et al., 2005; Samaranayake and Sastry, 2005; Stancl and Zitny, 2010), 

addition of chemical additives (Al-Roubaie and Burton, 1979; Joshi and Patel, 1986) and 

alteration of surface characteristics (Beuf et al., 2003; Santos et al., 2006a; Augustin et al., 

2007; Premathilaka, 2008; Rosmaninho and Melo, 2008), have been explored to mitigate the 

fouling deposition. The first three of these techniques may adversely affect the product 

quality, its nutritional and functional properties and legal requirements (Müller-Steinhagen, 

1998), and they cannot be varied easily. Hence, alteration in one or more surface properties 

of the processing surface, such as surface roughness and surface free energy, is one of the 

feasible techniques to mitigate milk fouling. Surface properties can be modified by surface 

engineering, either by a coating deposition technique (sputtering, chemical vapour deposition 

(CVD), electroplating, sol–gel) or by an ion implantation technique. A number of research 

studies have been carried out to understand the fouling performance of various surfaces 

modified with diamond-like carbon (DLC), doped DLC (silicon and oxygen), nickel–

phosphorus–polytetrafluoroethylene (Ni–P–PTFE), SiOx, TiN, CrN, TiC coatings and ion-

implanted MoS2 and SiF
+ 

surfaces against a variety of fouling fluids such as whey protein 
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concentrate (WPC), whey protein isolate (WPI), simulated milk ultrafiltrate (SMUF) and 

whey- protein- added SMUF solutions (Müller-Steinhagen and Zhao, 1997; Beuf et al., 2003; 

Santos, 2004; Augustin et al., 2005; Zhao et al., 2005c; Rosmaninho and Melo, 2006; Santos et 

al., 2006a, 2006b; Zhao and Liu, 2006; Augustin et al., 2007; Rosmaninho and Melo, 2008). 

The majority of these studies have reported that surface energy plays a key role in fouling 

deposition, and that surfaces modified for low surface energy fouled less than their control 

surfaces. Similarly, the cleaning performance of fouled modified surfaces has been studied 

to identify any easy removal of fouling deposits (Yoon and Lund, 1994; Beuf et al., 2003; 

Saikhwan et al., 2006; Premathilaka et al., 2007; Rosmaninho et al., 2007). Many of these 

studies suggested that the fouling deposits were easy to clean from surfaces modified for low 

surface energy, whereas other studies did not observe a clear benefit in cleaning performance. 

Various approaches have been used to better understand the fouling deposition process. These 

include evaluation of fouling behaviour by monitoring the mass of fouling deposit and 

increasing the heat transfer resistance and pressure drop across a heat exchanger (Müller-

Steinhagen and Zhao, 1997; Beuf et al., 2003; Parbhu et al., 2006; Santos et al., 2006b; 

Augustin et al., 2007; Premathilaka et al., 2007; Rosmaninho and Melo, 2008; Bani Kananeh 

et al., 2009). In addition, fouling deposits have been characterised, to understand the possible 

fouling mechanism, by using scanning electron microscopy (SEM) (Zhao and Liu, 2004; 

Ramachandra et al., 2005; Rosmaninho and Melo, 2008; Geddert et al., 2009), energy 

dispersive spectroscopy (EDS) (Ramachandra et al., 2005), X-ray elemental mapping (Belmar-

Beiny and Fryer, 1993; Robbins et al., 1999) and X-ray photoelectron spectroscopy (XPS) 

(Belmar-Beiny and Fryer, 1993; Premathilaka et al., 2007) techniques. 

Despite the extensive research on fouling deposition from WPI/WPC/SMUF solutions on to 

various modified and stainless steel surfaces, the fouling deposition mechanism is not 

completely understood. In addition, the results from the fouling behaviour of WPI/WPC/SMUF 

solutions on modified surfaces may not be applicable to the real milk processing industry 

because milk, being a complex biological fluid, behaves differently from solutions. 

Furthermore, there is little information regarding the fouling behaviour of whole milk and 

skim milk on modified surfaces. Moreover, fundamental knowledge on the initial fouling 

deposition is necessary to come up with an effective fouling model. 
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1.2 Interest of the dairy industry to mitigate fouling deposition 

In the dairy industry, each and every litre of milk is heat treated to increase its shelf life. 

However, this heat treatment causes fouling deposition in the heat exchangers. The 

fouling deposition limits the processing efficiency and thereby reduces the utilisation of 

resources. Georgiadis et al. (1998) described how fouling deposition causes an interruption 

in the production process to clean the fouled heat exchanger, and how the cost of cleaning 

becomes higher than the cost due to loss of processing efficiency. Cleaning of the fouled heat 

exchangers is necessary to avoid contamination from microbial films that have developed on 

the fouled surfaces and thereby to ensure quality processing. Fouling deposition and cleaning 

add to the cost of processing, which includes costs due to loss of production and manpower, the 

demand for more thermal and electrical energy, the cost of handling the cleaning chemicals 

and their impact on the environment (Gillham et al., 1999). Bailey (1999) indicated that 

fouling costs all processing industries in the USA about US$5 billion each year. Similarly, in 

a study on energy analysis, Ramírez et al. (2006) reported that the cleaning of a milk- fouled 

pasteuriser requires about 0.14–0.30 MJ of thermal energy for each cleaning cycle. This 

finding was in line with the study carried out by Sandu and Singh (1991), which reported that 

the fouling of a milk pasteuriser resulted in around an 8% increase in energy requirement, and 

that cleaning of the equipment required a total of around 21% more energy. With the 

increasing costs of fossil fuels, there is a need to minimise energy consumption to make the 

production process more energy efficient. Along with the production cost, quality issues are 

equally important; in fact, a shut-down is often necessary because of concerns about the 

quality/contamination of the product rather than the performance of a heat exchanger. 

The costs due to fouling are huge and can be estimated as a fraction of a country’s gross 

national product (GNP). Steinhagen et al. (1993) reported that the total costs of fouling 

were approximately 0.25% of GNP for the industrialised world and 0.15% of GNP for less 

industrialised countries such as New Zealand. For New Zealand, given a GNP of about 

US$107 billion based on statistics from 2005 (Students of the world, 2012), the total costs of 

fouling amount to about US$160 million. Thus, fouling is a major concern for the dairy 

industry. 

In New Zealand, Fonterra Co-operative Group Ltd., the largest milk processing company in 

New Zealand, processing around 14.5 billion litres of milk a year and exporting its products to 

about 140 countries (Fonterra Co-operative Group Ltd., 2011), is facing the challenge of fouling 

deposition, mainly with heat exchangers. The company is attempting to understand milk fouling 
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deposition and to identify an effective technique to reduce it. A study to investigate the fouling 

behaviour of WPI solution on DLC-modified stainless steel surfaces was carried out at the 

University of Auckland. In that study, Premathilaka (2008) reported that a surface modified 

with a  DLC coating fouled less and that the initial fouling species interacted via weak van 

der Waals’ forces with the surface in comparison with a control stainless steel surface. 

Therefore, the current study aimed to advance this knowledge and to evaluate a variety of 

modified surfaces for their performance against milk fouling and to identify a modified surface 

that would be beneficial in reducing the fouling deposition. Furthermore, this study was 

extended to understand the mechanism of fouling deposition on modified and control surfaces. 

The findings from this study will provide a base to develop a strategy to increase the processing 

efficiency and to reduce the cleaning time and costs, which will ultimately lead to lower 

production costs and a reduced environmental impact. 

1.3 Objectives of the study 

The main objective of this study was to identify a modified surface that can reduce milk fouling 

deposition at pasteurisation temperature and can enhance the removal of fouling deposits. 

In addition, the study also aimed to understand the initial interactions of fouling deposits 

with modified surfaces to explain a possible fouling mechanism. Based on an extensive 

literature review on fouling deposition studies, a number of surfaces modified for various 

surface characteristics, such as surface topography and surface energy, were selected for the 

investigation in this study and are listed below. 

1. Silicon-doped diamond-like carbon (doped DLC-1) 

2. Silicon-doped (with different rate) diamond-like carbon (doped DLC-2) 

3. Fluorine-doped diamond-like carbon (doped DLC-3) 

4. Silica-based coating (silica) 

5. Nickel–phosphorus-polytetrafluoroethylene (Ni–P–PTFE) 

6. Stainless steel (316 SS 2B) as control surface 

These surfaces were selected based on their surface characteristics and their reported fouling and 

cleaning behaviours with different fouling solutions. Almost all studies have used a variety of 

fouling solutions, such as WPC, WPI, SMUF, whey-protein- added SMUF, fouling model 

fluid (FMF) and CaSO4, to study the fouling and the cleaning performance of modified 

surfaces. However, only a few studies have reported the fouling behaviour of whole milk 

on modified surfaces. It is well established that milk fouls differently from these fouling 
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solutions, and involves complex interactions among casein, whey proteins (especially β-lg) 

and minerals. Thus, to understand the fouling behaviour of milk on modified surfaces in an 

environment that more closely relates to that in industry, real milk was used to foul the 

experimental surfaces at laboratory scale and pilot scale. At laboratory scale, the fouling 

behaviour of modified surfaces was monitored by determining the mass of deposits and visual 

observation of the fouling deposit layer. At pilot scale, the fouling behaviour was monitored by 

the decrease in heat transfer coefficient and the increase in pressure drop across a heat 

exchanger, the mass of deposit, visual observation and chemical analysis of the deposits. 

Furthermore, the literature suggests that, although surface modification may not offer any 

significant benefit in reducing fouling deposition, it may lead to weaker adhesion of the 

fouling deposits, which could help to facilitate their easy removal. Hence, the modified 

surfaces selected in this study were also evaluated for their performance with respect to the 

cleaning of milk fouling deposits at pilot scale. The cleaning performance of the experimental 

surfaces was monitored by the removal of the mass of fouling deposit, by the change in 

pressure drop for the fouled heat exchanger during the initial stage of the sodium hydroxide 

cleaning step and by estimating the protein content of spent cleaning solutions. 

It is understood that the initial deposition layer on the surface plays an important role in 

the subsequent build-up of the deposits during fouling deposition, and later in the removal of 

the deposits during cleaning. However, there is ambiguity about whether the initial deposits 

are made of proteins or minerals. To clarify this uncertainty and to better understand the 

structure of the fouling deposit and its growth on the modified surfaces, the initial 

interactions of the fouling species were investigated at laboratory scale for the best 

performing modified surface. SEM and ultraviolet (UV) fluorescence microscopy techniques 

were used to characterise the structure of the fouling deposits. EDS and X-ray elemental 

mapping techniques were used to analyse the chemical composition and to characterise the 

distribution of elements in the fouling deposit. An XPS technique was used to estimate the 

possible initial interactions of the fouling deposits with the surfaces. 

Thus, the focus of this study was to identify the best modified surface that would reduce 

milk fouling deposition and/or enhance the cleaning efficiency. The specific objectives are 

listed as follows. 

1. To investigate the fouling behaviour of milk on the modified and control surfaces at 

laboratory scale and pilot scale. 
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2. To investigate the cleaning behaviour of milk-fouled modified and control surfaces at 

pilot scale. 

3. To characterise the structure and the elemental distribution of the fouling species and 

their initial interactions with the modified and control surfaces. 

Finally, the findings from this study were used to propose a mechanism of fouling that may 

be useful in explaining the fouling and cleaning behaviour of modified surfaces fouled 

with milk. Moreover, these findings may be beneficial to other food processing industries, 

such as beverage, meat and ingredient manufacturing industries, for which the problem of protein 

and mineral fouling is severe. 

1.4 Road map to the thesis 

This thesis on the study of “Surface modification to reduce milk fouling and/or to enhance 

cleaning in the dairy industry” comprises the following chapters. 

Chapter 2 describes milk fouling in the dairy industry. This chapter defines and 

introduces different types of fouling, mechanisms of fouling and factors that influence fouling 

deposition. Moreover, a brief description of the effects of fouling deposition on processing is 

given. 

Chapter 3 provides information on the fouling mitigation techniques studied by peer 

researchers. In addition, it presents the effect of surface modification on surface 

properties. Finally, the fouling and cleaning behaviours of such modified surfaces are reviewed 

and presented in detail. 

The materials and methodologies used to carry out this study are presented in Chapter 4, 

which provides information on the design of experimental set-ups, the operating procedures 

for fouling and cleaning experiments and the techniques used to monitor the fouling deposition 

process. This chapter also provides information on the study of the initial interaction of 

fouling species and their characterisation using surface analytical techniques such as SEM, EDS, 

X-ray elemental mapping, XPS and UV microscopy. 

Chapter 5 is the first results chapter and discusses the surface topography, surface chemistry 

and surface characteristics of unfouled experimental surfaces. The experimental surfaces were 

characterised in terms of their microstructure, surface chemistry, surface roughness and surface 

energy. 
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Chapter 6 presents the results from the experiments carried out to study the fouling and 

cleaning behaviour of milk on modified and control surfaces at laboratory scale and pilot 

scale. This chapter also presents the results of and a discussion on the fouling behaviour of 

WPI solution on modified and control surfaces at laboratory scale and pilot scale. In addition, 

the effect of surface modification on microbial attachment is discussed. 

The findings from the investigation on the initial interactions of fouling species with 

modified and control surfaces are presented and discussed in Chapter 7. This chapter discusses 

the structure of the fouling deposits, characterised by SEM and UV microscopy techniques, 

their elemental composition and the elemental distribution in the deposits, quantified by EDS 

and X-ray elemental mapping techniques, and possible initial interactions of fouling species with 

the surfaces, estimated using an XPS technique. 

Chapter 8 combines the findings from all the results and presents final conclusions from 

the study. The chapter also presents recommendations for future study. 
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Chapter 2. Milk fouling 

This chapter gives an overview of milk fouling of processing surfaces in the dairy industry. 

The chapter describes different types of fouling mechanism, factors that affect fouling and the 

adverse effects of fouling on processing conditions. The latter part of the chapter justifies the 

need for fouling mitigation in the dairy industry. 

2.1 Overview of milk fouling 

In the dairy industry, milk is heat treated by either pasteurisation (72°C for 15 s) or ultrahigh 

temperature treatment (135-140°C for 1-2 s ) to destroy undesirable microorganisms and to 

inactivate some of the enzymes (Kelly et al., 2006). This heat treatment is necessary to 

increase the shelf life of milk and to meet legal processing standards. However, during this 

heat treatment, the milk proteins are denatured and form aggregates. These denatured and 

aggregated proteins interact with the processing surface and are deposited on to it, which is 

known as fouling deposition. Whey proteins, especially β-lg, are highly heat sensitive and are 

considered to be responsible for fouling deposition at pasteurisation temperature (Changani et 

al., 1997). 

Fouling is a common and almost unavoidable problem in the milk processing industry. 

Milk contains various components, such as proteins, minerals and microorganisms, that are 

natural precursors for the build-up of deposits on heat transfer surfaces (Balasubramanian and 

Puri, 2009). However, in a broader sense, fouling deposition can be defined as an 

accumulation of dirt, scale, suspended particles, chemical reaction products or microbial 

growth on processing surfaces. Epstein (1978) and Saxon and Putman (2003) classified 

fouling deposition into the following categories based on the phenomena involved in the 

deposition. 

 Crystallisation/Precipitation fouling: The dissolved substances crystallise or precipitate 

out of the solution and are deposited on to the processing surface. This type of fouling is 

commonly known as scale fouling. 

 Particulate fouling: The suspended particles of a solution settle on the processing surface, 

which is also called as sedimentation. 

 Chemical reaction fouling: In this fouling, the products resulting from a chemical 

reaction are deposited on the surface. 
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 Corrosion fouling: This is when the processing surface itself reacts with the environment 

to produce corrosion products that foul the surface. 

 Biological fouling: The attachment of microorganisms and their growth in colonies on a 

processing surface is classified as biological fouling or microbiological fouling. 

 Solidification fouling: Solidification of a fluid or a component of a fluid on a heat 

transfer surface is known as solidification or freezing fouling. 

In a fouling deposition process, a combination of these phenomena occurs 

simultaneously. Milk fouling is considered to be a combination of crystallisation fouling, 

chemical reaction fouling, particulate fouling and biological fouling (Belmar-Beiny et al., 

1993). Moreover, it has been reported that milk fouling of a processing surface is governed 

by bulk and surface reactions. Belmar-Beiny et al. (1993) proposed that the milk fouling 

deposition process can be divided into four different stages that occur in sequence. 

a) Initial stage, when the denaturation and aggregation of proteins in the bulk fluid form 

nuclei as potential fouling species. Rosmaninho and Melo (2008) found that both the 

size and the number of aggregates formed in the bulk fluid are important as they 

influence the structure of the fouling deposit layer. 

b) Transportation stage, when the denatured and aggregated proteins, nuclei, crystallised 

particles and microorganisms are transported to the processing surface. 

c) Adsorption or deposition stage, which is governed by the surface characteristics of 

both the processing surface and the fouling species. In this stage, which is known as the 

induction period, the fouling species interact with the processing surface through 

either electrostatic interactions or polar interactions or a combination thereof. This is 

followed by a growth or fouling period, when the fouling species in the hydrodynamic 

boundary layer interact with the already deposited materials to build a fully developed 

fouling deposit layer (Changani et al., 1997). 

d) Lastly, in the desorption or re-entrainment stage, removal of the loosely adhered 

fouling deposit occurs because of shearing forces in the boundary layer, which are 

induced by the hydrodynamic bulk flow. 

As these stages are interrelated and influenced by each other, it is very hard to draw a 

demarcation line to indicate when one ends and when another starts. Thus, the process of 

fouling deposition in a heat exchanger is complex. The formation of the first fouling deposit 

on a heat transfer surface takes place in the induction period of the fouling process. In this stage, 

the protein aggregates deposit on the processing surface, but they do not affect the processing 
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efficiency of the heat exchanger. In fact, such nucleation in the induction period may increase 

the heat transfer performance because of increased turbulence in the boundary layer flow 

(Belmar-Beiny and Fryer, 1993; Visser and Jeurnink, 1997; Augustin et al., 2005; Geddert et 

al., 2007a). However, in the fouling period, fouling species deposit on the processing 

surface to develop deposit layers, which impact the heat transfer and flow performance of the 

heat exchanger (Belmar-Beiny and Fryer, 1993; Geddert et al., 2009). The fouling period may 

follow one of three different paths, viz. (1) constant rate of fouling, (2) falling rate of fouling or 

(3) asymptotic fouling (Fryer et al., 1995). 

The literature on the fully developed fouling deposit layer provides information on the 

composition of the fouling deposits (Burton, 1968; Changani et al., 1997; Visser and Jeurnink, 

1997), the parameters that affect the fouling deposition process (Belmar-Beiny et al., 1993; 

Simmons et al., 2007) and the effect of the heat exchanger design on the fouling deposition 

process (Delplace et al., 1994; Jeurnink et al., 1996a; Visser and Jeurnink, 1997); however, the 

underlying mechanism of fouling deposition is not clear. Therefore, the initial fouling 

deposition process during the induction period has attracted researchers to characterise the 

interactions taking place between the processing surface and the initial depositing species 

(Belmar-Beiny and Fryer, 1993; Premathilaka et al., 2006; Santos et al., 2006b; Rosmaninho 

and Melo, 2008; Geddert et al., 2009). It is believed that the build-up of a deposit layer and 

its ease of removal during cleaning are influenced by the initial interactions that occur during 

the induction period of fouling deposition (Belmar-Beiny and Fryer, 1993; Elofsson et al., 

1996; Changani et al., 1997; Visser and Jeurnink, 1997). Thus, an understanding of the fouling 

mechanism in the initial stage of fouling is crucial for the development of an effective technique 

to mitigate fouling. 

2.2 Mechanism of milk fouling deposition 

Fouling occurs both on the process side and on the auxiliary heating/cooling fluid side of a 

heat exchanger or non-thermal processing unit (Pereira et al., 2006). In the thermal treatment of 

milk, such as pasteurisation or UHT treatment, the milk proteins and minerals are deposited 

rapidly on the process side of a heat exchanger (Tissier et al., 1984). Milk fouling, i.e. 

deposition of denatured and aggregated proteins along with minerals, is a physico-chemical 

process, which follows a mechanism that can be understood by studying the bulk fluid 

interactions and the surface interactions. 

It has been well established that milk fouling deposits are composed mainly of proteins and 

minerals. Burton (1968) categorised milk fouling deposits into two groups, Type A and Type B, 
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based on their composition and structure (Table 2-1). Type A deposits, which are composed 

mainly of proteins, form at processing temperatures of 75–110°C. Type B deposits, which are 

composed mainly of minerals, form at processing temperatures above 110°C (Changani et al., 

1997; Bansal and Chen, 2006a). Tissier et al. (1984) analysed such deposits and reported that 

whey proteins and immunoglobulins formed the protein component in Type A deposits, 

whereas Visser and Jeurnink (1997) found β-casein and αs1- casein in Type B deposits. 

Furthermore, it has been reported that the minerals were largely calcium and phosphate (Tissier 

et al., 1984; Visser and Jeurnink, 1997). In agreement, Changani et al. (1997) and Visser and 

Jeurnink (1997) reported that the whey proteins, mainly β-lg, and calcium played a key role 

in the fouling deposition mechanism, whereas fat had no significant effect. This was 

supported by a study on the fouling behaviour of 36% fat whipped cream at pasteurisation 

temperature, which indicated a negligible fat composition in the fouling deposits (Hiddink et 

al., 1986). Similarly, Visser and Jeurnink (1997) reported that fat and lactose did not affect the 

fouling deposition process. In contrast, a study of fouling at UHT temperatures from 

recombined milk found a higher fat content (about 60%) in the fouling deposit (Newstead et 

al., 1998), which could possibly have been due to damaged milk fat globule membranes. 

Table 2-1 Classification of milk fouling deposits (Burton, 1968) 

Component Type A Type B 

Protein (%) 50-70 15-20 

Minerals (%) 30-40 70-80 

Fat (%) 4-8 4-8 

Structure of 

deposit 

soft, voluminous, white 

coloured 

brittle, compact, grey 

coloured 

 

2.2.1 Role of bulk reactions versus surface reactions 

The fouling deposition process depends on bulk and surface reactions (Belmar-Beiny and 

Fryer, 1993; Schreier and Fryer, 1995; Changani et al., 1997). Belmar-Beiny et al. (1993) 

studied the fouling behaviour of β-lg solution and showed that the bulk reactions controlled 

the mass of fouling deposit. The authors also mentioned that the amount of fouling would be a 

function of bulk temperature and flow velocity, if the fouling deposition is to depend on bulk 
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reactions. In addition, a study on calcium phosphate deposition from SMUF solution suggested 

that the bulk properties might have driven the fouling deposition process (Rosmaninho et al., 

2005). In contrast, Morison and Tie (2002) studied the fouling behaviour of a model mineral 

solution with added whey proteins and found that the deposition of protein and calcium 

phosphate was controlled primarily by surface reactions. Rosmaninho et al. (2008) suggested 

that the bulk reactions had no effect on the fouling process as the bulk properties were the 

same for various TiN- modified surfaces, which showed different fouling behaviours. 

Various research studies (de Jong and van der Linden, 1992; Schreier and Fryer, 1995; 

Grijspeerdt et al., 2004) found that the fouling process depended on the reaction rates of the 

fouling species and not on the mass transfer rate. However, Toyoda et al. (1994) reported 

that the mass transfer of fouling species plays a vital role in addition to the bulk and surface 

reactions. 

2.2.2 Initiator of fouling process: proteins or minerals 

Knowledge of the composition of milk fouling deposits directed the research to focus on 

characterising the component that triggers the fouling deposition. Although the fouling 

deposition mechanism is complex, protein denaturation and aggregation is considered to be 

the key factor that may explain the fouling phenomenon (de Jong, 1997). However, it is worth 

noting that the fouling mechanism for proteins is different from that for minerals. Whey 

proteins, particularly β-lg, foul after denaturation and aggregation, whereas minerals, especially 

calcium phosphate, foul as a result of supersaturation (Changani et al., 1997). 

Delsing and Hiddink (1983) and Visser and Jeurnink (1997) have reported that the initial layer 

of the deposits is composed of proteinaceous matter. In agreement, a study of the short term 

fouling behaviour of WPC solution revealed that proteins formed the first deposit layer 

(Belmar-Beiny and Fryer, 1993). This was confirmed by Morison and Tie (2002) in their study 

on the fouling of a model fluid with added WPC. It has also been found that the native protein 

may attach to the heat transfer surface at low temperature (even at room temperature) with a 

coverage of about 2 mg/m
2
, but this does not result in any further deposition (Delsing and 

Hiddink, 1983; Zhu and Damodaran, 1994; Visser and Jeurnink, 1997; Christian et al., 

2002). The denaturation of native proteins in heat exchangers starts at about 70°C (Fryer 

and Belmar-Beiny, 1991). However, Aymard et al. (1996) reported that the thermal unfolding 

of whey proteins occurred in two stages: (1) dissociation of the native β-lg dimer into monomers 

at around 50°C and (2) partial and/or complete unfolding of the monomer β-lg at around 60–



2-6 Chapter 2 Milk fouling 

_____________________________________________________________________________________________

Surface modification to reduce milk fouling and/or to enhance cleaning in the dairy industry 

80°C, exposing the free sulfhydryl group and thus allowing the hydrophobic residues to interact 

in the bulk solution. 

Visser and Jeurnink (1997) found that β-lg starts to denature upon heat treatment and to 

expose a free sulfhydryl group, changing into an activated state, which facilitates its 

attachment to the unfouled processing surface and to the already deposited protein layer. 

The rate of protein denaturation and aggregate formation determines the induction time period. 

Furthermore, studies have reported that the presence of calcium and magnesium ions in a 

solution facilitate the denaturation of -lg and promote its aggregation by attaching to -lg in 

the bulk (Zhu and Damodaran, 1994). Various research studies (Burton, 1968; Tissier and 

Lalande, 1986; Foster et al., 1989; Fryer and Belmar-Beiny, 1991; Bott, 1993) have suggested 

that minerals deposit first on the surface through nucleation, and form a dense mineral- rich 

deposit layer. Lewis and Heppell (2000) have reported that the cause of mineral fouling is the 

decreased solubility of calcium phosphate salts upon the heat treatment of milk. However, it has 

been found that the presence of whey proteins delays the crystallisation of calcium phosphate 

and thereby its deposition (Rosmaninho et al., 2007). 

Additionally, there is literature that suggests that proteins and minerals deposit simultaneously 

on the processing surface. Belmar-Beiny and Fryer (1993) analysed the fouling deposit from a 

WPC solution for long term fouled surfaces using XPS, X-ray elemental mapping and SEM 

techniques, and reported mineral- rich regions of fouling deposit near the surface. They 

proposed that the minerals may have diffused through the deposits and would have been 

concentrated near the surface/deposit interface. 

2.2.3 Microbial fouling 

An additional area of focus for dairy fouling, which has also been the subject of several studies, 

is bacterial adhesion to stainless steel because it has high importance in terms of food safety 

(Müller-Steinhagen and Zhao, 1997; Beuf et al., 2003; Ramachandra et al., 2005; Zhao et 

al., 2005b). Various researchers have investigated the effect of biofouling in dairy 

manufacturing plants (Flint and Hartley, 1996; Flint et al., 1999, 2000; Zhao et al., 2005b, 

2007). Bott (1993) suggested that biofouling takes place via two different mechanisms: (1) 

deposition of microorganisms on a processing surface, and (2) deposition / attachment / 

entrapment of microorganisms on/in the deposit layer formed on the processing surface. The 

microorganisms multiply, utilising the nutrients from the fouling deposits. The presence of 

microorganisms in the process stream and/or in the deposit layer not only degrades the quality 



Chapter 2 Milk fouling 2-7 

_____________________________________________________________________________________________

Surface modification to reduce milk fouling and/or to enhance cleaning in the dairy industry 

of the final product but also promotes the fouling process (Flint et al., 1999; Yoo et al., 2006). 

When microorganisms become re-entrained into the downstream process fluid because of 

hydrodynamic forces, they contaminate the downstream sections of the processing line. 

2.3 Factors influencing milk fouling 

The factors that affect fouling deposition can be broadly categorised into three different groups: 

(1) intrinsic factors, (2) processing parameters and (3) processing equipment design. 

2.3.1 Intrinsic factors 

Seasonal and daily variation in milk composition 

An average composition of milk is presented in Figure 2-1. Various factors, such as cow’s breed, 

herd, feed, lactation period and climatic condition, affect the composition of milk. Seasonal and 

daily variations in the milk composition influence the fouling deposition process significantly 

(Burton, 1968; Grandison, 1988; Tissier, 1991; Changani et al., 1997). 

 

Figure 2-1 Average composition (wt.%) of cow’s milk (Walstra and Jenness, 1984) 

The milk in New Zealand is markedly different from the milk in other parts of the world, as dairy 

farming in New Zealand is pasture based (Bansal et al., 2009). Figure 2-2 and Figure 2-3 

respectively show typical variations in the milk composition and the whey proteins components 

in New Zealand milk (Auldist et al., 1998). Bansal et al. (2010) analysed a set of data collected 

from pilot-scale milk fouling experiments, and found no relationship between the milk 

components (proteins and minerals) and the mass of fouling deposits. This was in contrast to 

results reported in the literature, where an increase in the concentration of whey protein 

resulted in an increased mass of fouling deposit (Fryer et al., 1992; Jeurnink, 1995). 
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Figure 2-2 Variations in the composition of New Zealand milk (Auldist et al., 1998) 

 

Figure 2-3 Variations in the whey proteins components in New Zealand milk (Auldist et al., 

1998) 

In contrast, Jeurnink and de Kruif (1995) observed that alteration (i.e. either increased or 

decreased) in the calcium concentration adversely affected the heat stability of milk and led 

to greater fouling compared with that from milk with the normal calcium concentration. 

However, Christian et al. (2002) found that the addition of calcium and phosphorus to 

WPC solution decreased fouling deposition when compared with a control WPC solution. 

pH 

A decrease in pH influences the heat stability of milk by promoting denaturation of the proteins 

(Burton, 1967; Foster et al., 1989; Xiong et al., 1993) and by increasing the ionic calcium 

concentration (Lewis and Heppell, 2000). Burton (1967) and Skudder et al. (1986) have reported 
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a higher mass of fouling deposit at milk pHs below 6.65. Burton (1967) did not observe any 

evident relationship between the pH and the mass of fouling deposit for pHs above 6.65. 

Dissolved air 

Heat treatment decreases the solubility of air in milk and generates air bubbles, inducing 

nucleation at processing surfaces for deposit formation (Burton, 1967; Changani et al., 1997; 

de Jong, 1997). It has been reported that fouling deposition increases with entrainment of 

the dissolved air (Fryer et al., 1995) because of increased turbulence (de Jong, 1997). 

Hence, a sufficiently high back pressure is maintained to prevent the formation of air bubbles 

on the heat transfer surface (Burton, 1968; Bansal and Chen, 2006a). 

Age 

Generally, fouling deposition of milk increases with aging of the milk because of proteolytic 

enzymes produced by psychrotrophic bacteria (de Jong, 1997). In contrast, a reduction in the 

mass of fouling deposit was observed for milk aged for 15–30 h (Burton, 1967; Changani et al., 

1997; Lewis and Heppell, 2000). The reason for the lower fouling is not known, but Burton 

(1968) suggested that there could be possible redistribution of minerals and proteins with aging. 

Reconstitution/recombination of milk 

Reconstituted milk behaves differently from fresh milk when thermally processed. Changani et 

al. (1997) and Visser and Jeurnink (1997) have reported significantly less fouling deposit 

from reconstituted milk and have claimed that such milk has about one-quarter of the β-lg in 

denatured form and has about 9% lower calcium concentration than fresh milk. In contrast, 

a  number of researchers (Newstead et al., 1998; Srichantra et al., 2006) have reported rapid 

fouling deposition from reconstituted milk and have suggested that the severe processing 

conditions used during milk concentration and drying might have influenced the fouling 

deposition. 

2.3.2 Processing parameters 

Temperature 

It has been well established that processing temperature is the most important factor affecting 

the fouling deposition process (Burton, 1967; Belmar-Beiny and Fryer, 1993; Corredig and 

Dalgleish, 1996; Elofsson et al., 1996; Santos et al., 2003; Bansal and Chen, 2006b). It 

is believed that native β-lg, monomers and dimers, can adhere to the processing surface at 
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room temperature in a monolayer (Santos et al., 2003; Rosmaninho et al., 2007). It has also 

been reported that the whey proteins, especially β-lg, are considered to be the main culprit 

for fouling deposition once they have been denatured and aggregated. 

The denaturation of whey protein is strongly related with processing temperature and was 

confirmed by Belmar-Beiny and Fryer (1993) in their study on whey protein fouling. The 

study reported an increasing trend in fouling deposits with an increased inlet temperature of 

WPC solution in a tubular heat exchanger (THE). Simmons et al. (2007) studied aggregate 

formation of whey proteins from 1.5 wt.% WPC solution and reported that the aggregates 

formed at a temperature of 80–90°C were larger in size, denser in structure and strongly 

bonded together through covalent disulphide bonds when compared with the aggregates 

formed at 70–75°C. This study suggested that processing temperature also affects the structure 

of fouling deposits. 

In contrast, it was found that preheating of milk lowered the denaturation and aggregation of 

proteins and gave reduced fouling deposition on the main heating surface (Foster et al., 

1989; Lewis and Heppell, 2000). Lewis and Heppell (2000) also found that the preheating of 

milk caused the precipitation of calcium ions on to casein micelles, which reduced the 

availability of calcium ions for aggregation. However, Srichantra et al. (2006) found that 

preheating of milk for UHT processing accelerated the fouling deposition process. Also, some 

studies, in which the preheating was performed before and after homogenisation in the process 

sequence, reported contradictory findings on the effect of preheating on fouling deposition 

(Lalande et al., 1984; Mottar and Moermans, 1988; Newstead et al., 1998). 

It is also necessary to understand that the fouling process depends on both the absolute 

temperatures of the bulk fluid and the processing surface itself, and the temperature difference 

between the bulk fluid and the processing surface (Bansal and Chen, 2006a; Rosmaninho, 2007). 

Flow velocity 

Flow velocity is another major factor that affects fouling deposition (Belmar-Beiny et al., 

1993; Fryer et al., 1995; Visser and Jeurnink, 1997). It was found that an increase in turbulence 

gave less fouling (Paterson and Fryer, 1988; Belmar-Beiny et al., 1993; Delplace and Leuliet, 

1995; Guérin et al., 2007). Belmar-Beiny et al. (1993) studied the fouling behaviour of 2.86% 

(wt./vol.) WPC solution under laminar and turbulent flow conditions in a THE, and found a 

lower mass of fouling deposit with an increased turbulence (Reynolds number (Re) from 1800 

to 9000) in the flow. 
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The increased turbulence may have increased the shear stress at the boundary layer, leading 

to possible re-entrainment of loosely adhered fouling species. Also, there could be more 

collisions among the denatured proteins, promoting aggregate formation in the bulk rather 

than allowing them to deposit on the surface (Belmar-Beiny et al., 1993; Changani et al., 

1997). In contrast, Delplace et al. (1997) found that the fouling rate was not affected with 

variations in flow turbulence. 

In a plate heat exchanger (PHE), the fouling deposition process increases with enhanced 

turbulence (Belmar-Beiny et al., 1993; Simmons et al., 2007), as the PHE has complex flow 

geometries with a number of low velocity regions at the contact points between the adjacent 

plates (Fryer et al., 1995; Changani et al., 1997; Bansal and Chen, 2006a). 

Similarly, Guérin et al. (2007) investigated the effect of flow velocity on fouling from 

whey protein solutions in a PHE, and reported an increased fouling deposition with an increase 

in the flow velocity until it reached a critical Re, which was expected to lie between 3200 and 

5000. Above this critical Re, the increased turbulence gave a lower amount of fouling 

mass, which was attributed to possible re-entrainment of the deposited fouling species because 

of higher local shear stress induced by the higher flow velocity. Furthermore, the study also 

found that the flow velocity affected the structure of the deposit, with a granular deposit at Re 

2000, a denser deposit at Re 3200 and a smooth and compact deposit at Re 5000 (Guérin et al., 

2007). These findings were in accordance with the results observed by Andritsos et al. (2002), 

who reported compact fouling deposit layers from SMUF solution at higher flow velocity. 

The effect of pulsating flow on fouling deposition was found to reduce deposition when 

the boundary layer was sufficiently hot to cause denaturation and aggregation of the proteins 

(Bradley and Fryer, 1992). Moreover, the effect of pulsating flow on the removal of fouling 

deposits from WPI solution showed that the best cleaning performance was achieved by a 

combination of flow velocity and pulsating flow (Gillham et al., 2000; Bode et al., 2005; Schöler 

et al., 2009). 

2.3.3 Processing equipment design 

Type of heat exchanger 

In the dairy industry, most thermal processing is carried out in PHEs, although it is well 

known that PHEs foul rapidly because of narrow flow paths and regions of low mixing 

zones near the contact points between adjacent plates (Belmar-Beiny et al., 1993; Delplace et 

al., 1997). Therefore, the potential of self-cleaning heat exchangers (Klaren et al., 2005), the 



2-12 Chapter 2 Milk fouling 

_____________________________________________________________________________________________

Surface modification to reduce milk fouling and/or to enhance cleaning in the dairy industry 

Helixchanger (Master et al., 2003) and heat exchangers equipped with turbulence promoters 

has been explored. Habib (2006) and Nazir (2006) have investigated the performance of fluidised 

bed heat exchangers for the freeze concentration of milk and apple juice instead of 

evaporating the moisture. 

Surface properties 

The fouling deposition process is also affected by the processing surface itself (Wahlgren and 

Arnebrant, 1990, 1991). Various properties of a processing surface that may influence 

fouling deposition are: the chromium oxide layer on the heat transfer stainless steel surface, 

the type and grade of the surface, the surface microstructure and irregularities, the surface 

charge, the surface energy, wettability and residues from previous processing (Jeurnink et al., 

1996a; Visser and Jeurnink, 1997). Alteration of one or more of these surface properties may 

influence fouling deposition. These properties can be modified by application of a coating, 

ion implantation, sol–gel application or electroplating techniques (Santos et al., 2004). 

The performance of modified surfaces for the fouling and cleaning behaviour of a  variety of 

fluids has been studied extensively (Lalande et al., 1985; Krisdhasima et al., 1992; Yoon and 

Lund, 1994; Addesso and Lund, 1997; Müller-Steinhagen and Zhao, 1997; Förster et al., 1999; 

Flint et al., 2000; Beuf et al., 2003; Liu and Zhao, 2005; Zhao et al., 2005c; Parbhu et 

al., 2006; Saikhwan et al., 2006; Santos et al., 2006b; Augustin et al., 2007; Geddert et al., 

2007b; Premathilaka, 2008; Rosmaninho and Melo, 2008; Balasubramanian and Puri, 2009; 

Bani Kananeh et al., 2009; Akhtar et al., 2010; Boxler et al., 2010; Patel et al., 2010; Patel 

et al., 2013). It has been commonly reported that the surface energy plays a key role in fouling 

deposition and removal, whereas the surface roughness (in the range 0.08− 0.6 µm) has 

no significant effect (Yoon and Lund, 1994; Santos et al., 2006b; Augustin et al., 2007; 

Rosmaninho, 2007). In contrast, Herz et al. (2008) studied the effect of surface roughness (in 

the range 0.18−1.55 µm) on heat transfer to calcium sulphate aqueous solutions and reported that 

the rougher surfaces fouled rapidly as they provided more nucleation sites. 

2.4 Consequences of fouling on processing 

Fouling deposition on heat transfer surfaces is a complex problem in the dairy industry. It 

starts as soon as a processing surface comes in contact with milk (Rosmaninho et al., 2007; 

Patel et al., 2011) and affects the processing efficiency. The build-up of a  fouling deposit 

layer acts as an insulator on the heat transfer surface and impairs the heat transfer 

efficiency (Santos, 2004). Moreover, the deposited fouling species restrict the flow passage and 
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lead to an increase in the pressure drop across the heat exchanger. Therefore, heat exchangers 

are over-designed, which adds to the cost of installation, operation and maintenance (Sandu and 

Lund, 1983; Müller-Steinhagen and Zhao, 1997). Moreover, the fouling deposits also facilitate 

microbial adhesion and promote microbial growth by acting as a source of nutrients. The 

presence of microorganisms in the process stream and/or in the deposit layer not only degrades 

the product quality but also promotes the fouling process (Flint et al., 1999; Yoo et al., 2006). 

Regular and efficient cleaning of fouled surfaces is required to restore the heat transfer 

efficiency, to restore the production capacity and to achieve a hygienic processing 

environment (Gillham et al., 2000; Bremer et al., 2006; Fryer and Asteriadou, 2009). This 

can be achieved by complex and expensive cleaning-in-place (CIP) techniques (Changani et 

al., 1997). The CIP regime interrupts the production process and consumes processing time. It 

has been reported that the downtime for a typical UHT plant can be about 28% of the total 

available time (Pritchard et al., 1988). Georgiadis et al. (1998) have reported that the 

interruption in processing time costs more than the cost because of loss of processing 

efficiency. Similarly, Mauermann et al. (2009) stated that cleaning consumes about 15% of the 

total production time. Hence, optimisation of the CIP regime is necessary as it incurs costs of 

energy, cleaning chemicals, rinsing water, disposal of spent chemicals, increased downtime, 

manpower loss, lost productivity and adverse impact on the environment (Gillham et al., 2000; 

Bode et al., 2005; Mauermann et al., 2009). 

2.5 Cost due to fouling deposition 

The problem of the fouling of processing surfaces in the dairy industry is more severe than 

that in other processing industries such as chemical, fertiliser, petroleum and pharmaceutical 

industries, and demands frequent and effective cleaning. Daily cleaning is necessary in food 

processing plants (Crittenden et al., 1992), which adds costs of cleaning chemicals, thermal 

and electrical energy, disposal of spent chemicals and downtime of equipment (Gillham et al., 

1999). Bailey (1999) stated that fouling in the process industries in the USA cost about US$5 

billion. Similarly, in a study on energy analysis, Ramírez et al. (2006) reported that the 

cleaning of a milk-fouled pasteuriser requires about 0.14–0.30 MJ of thermal energy for each 

cleaning cycle. This finding was in line with the study carried out by Sandu and Singh (1991), 

which reported that fouling of a  milk pasteuriser demanded about 8% more energy, whereas 

cleaning of the equipment demanded a total of about 21% more energy. With the increasing 

costs of fossil fuels, there is a need to minimise energy consumption to make the production 

process energy efficient. 
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The costs due to fouling are huge and can be estimated as a fraction of a country’s GNP. 

Steinhagen et al. (1993) reported that the total costs of fouling were approximately 0.25% 

of GNP for the industrialised world and 0.15% of GNP for less industrialised countries such 

as New Zealand. Given New Zealand’s GNP of US$107 billion, based on statistics for 2005 

(Students of the world, 2012), the total costs of fouling for New Zealand amounted to 

US$160.50 million. 

Thus, the cost of fouling is a major concern for the dairy industry. Fonterra Co-operative Group 

Ltd., the largest milk processing company in New Zealand, which processes around 14.5 

billion litres of milk a year and exports its products to about 140 countries across the world 

(Fonterra Co-operative Group Ltd., 2011), is facing the challenge of milk fouling deposition. 

2.6 Summary 

The deposition of milk proteins and minerals on the processing surfaces during the heat 

treatment of milk follows a complex mechanism. It has been reported that the fouling process 

may involve both bulk reactions and surface reactions, which facilitate the denaturation and 

aggregation of proteins and the crystallisation of calcium salts. Moreover, it has been found that 

fouling deposition depends on various factors such as the composition of milk, the pH and age 

of milk, the processing temperature, the flow velocity, processing equipment design and surface 

properties. 

Fouling deposition impacts the processing efficiency and product quality and adds to the 

production costs. Various fouling mitigation techniques have been investigated and are 

reviewed in the following chapter. 
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Chapter 3. Fouling mitigation by surface 

modification 

Milk fouling deposition on heat transfer surfaces adversely affects the processing efficiency 

and cost to the dairy industry for the cleaning of the deposits. Hence, fouling mitigation has 

become a major area of research to develop a technique to mitigate fouling deposition and/or to 

enhance the cleaning of the fouled surface. A number of techniques, such as alteration of 

operating parameters, modification of processing equipment design and heating methods, 

addition of fouling inhibitors and modification of surface characteristics, have been studied 

to evaluate their effect on the fouling process. A brief review of these studies is presented in 

this chapter. Of these techniques, modification of surface characteristics by the application of 

coatings is considered to be the most feasible for mitigating fouling deposition in the dairy 

industry. This chapter also presents the effects of surface modification on surface 

characteristics. Lastly, a detailed review of the studies carried out to evaluate the effect of 

modified surfaces on fouling behaviour is presented. Thus, for this research project, this 

chapter forms a basis for the selection of various modified surfaces for investigation, for the 

design of the fouling experimental set-up and parameters and for the interpretation of the results. 

3.1 Fouling mitigation techniques 

The fouling deposition process is a mixture of complex mechanisms that are dependent on 

various processing parameters, the equipment design and characteristics of the processing 

surfaces. Therefore, fouling mitigation studies have focused on investigating the effects of these 

parameters on fouling deposition and cleaning behaviour. These studies can be broadly 

grouped into the following four categories. 

3.1.1 Modification of processing conditions 

It has been well established that fouling is influenced by the processing temperature, the flow 

turbulence (flow velocity, pulsed flow and shear rate), the flow pressure and the method of 

heating (concurrent, counter-current) (Paterson and Fryer, 1988; Belmar-Beiny et al., 1993; 

Delplace and Leuliet, 1995; Fryer et al., 1995; Changani et al., 1997; Visser and Jeurnink, 

1997; Guérin et al., 2007). The denaturation and aggregation of proteins and the 

crystallisation of calcium salts are strongly related to the processing temperature, as 

discussed in Section 2.3.2. Simmons et al. (2007) reported that the aggregates formed from 
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1.5 wt.% WPC solution at temperatures of 70–75°C were softer in structure and weakly 

bonded to each other when compared with the aggregates formed at temperatures of 80–90°C. 

At the lower processing temperature, the major part of the protein could be in its native state 

and may have interacted through weak van der Waals’ forces. It was also reported that the 

preheating/prewarming of milk reduced the denaturation and aggregation of proteins and gave 

less fouling deposition on the main heating surface (Foster et al., 1989; Lewis and Heppell, 

2000). Lewis and Heppell (2000) reported that the prewarming of milk caused the calcium 

ions to attach with casein micelles, which reduced its ionic concentration in the bulk fluid 

and gave a lower amount of fouling deposit. 

Furthermore, turbulence in the flow also affects fouling deposition (Belmar-Beiny et al., 1993; 

Fryer et al., 1995; Visser and Jeurnink, 1997). It has been found that an increased turbulence 

may increase the shear stress at the surface, leading to lower amounts of fouling deposit 

(Paterson and Fryer, 1988; Belmar-Beiny et al., 1993; Delplace and Leuliet, 1995; Changani 

et al., 1997; Guérin et al., 2007). However, there are contradictory reports that state that fouling 

deposition increases with increased flow velocity up to a critical Reynolds number (Guérin et 

al., 2007). This could possibly be due to increased collisions between the potential fouling 

species and the denatured proteins in the bulk to transfer to the surface. Moreover, the increased 

flow velocity may reduce the thickness of the boundary layer and expose the surface to the 

bulk species, ultimately resulting in a greater amount of fouling deposit (Santos et al., 2003). 

In addition, Bradley and Fryer ( 1992) studied the effect of pulsating flow on the fouling and 

cleaning behaviour of WPC solution and reported that pulsating flow may reduce fouling 

because of increased eddy mixing near boundary flow. However, it may increase fouling as the 

pulsating flow increases mass transfer and promotes fouling deposition. The effect of pulsating 

flow was also studied for the cleaning of deposits formed from whey protein solution and it 

was found that a combination of flow velocity and pulsating flow resulted in the best 

cleaning performance (Gillham et al., 2000; Bode et al., 2005; Schöler et al., 2009). 

3.1.2 Modification of equipment design 

In the dairy industry, PHEs are widely used to thermally process milk as they are superior 

to THEs in heat transfer efficiency and flow turbulence. Moreover, they are compact and 

require less maintenance (Kumar and Cooper, 2001). However, Belmar-Beiny et al. (1993) and 

Delplace et al. (1997) stated that PHEs foul rapidly because of narrow flow paths and regions 

of low mixing zones near the contact points between adjacent plates. In comparison with the 

conventional convection heat exchangers, the fluidised bed heat exchangers cost about 60–
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110% more at the initial installation, but may prove to be beneficial as they require little 

maintenance and cleaning (Rautenbach and Katz, 1996). This finding was in support to 

Bradley and Fryer (1992), who reported that the fluidised bed heat exchanger reduced the 

fouling deposition and increased the thermal performance. Habib (2006) and Nazir (2006) 

studied the effectiveness of fluidised bed heat exchangers for the freeze concentration of milk 

and apple juice to remove moisture. Similarly, a pulsating flow heat exchanger resulted in a 

lower amount of fouling (Augustin and Bohnet, 1999). The potential of self-cleaning heat 

exchangers (Klaren et al., 2005), the Helixchanger (Master et al., 2003) and heat exchangers 

equipped with turbulence promoters has been explored. Pigging (pushing a piston-like object 

through a pipe to clean the pipe walls) could be used as another technique to clean equipment 

of compact geometry (Quarini, 2002; Ainslie et al., 2009). 

3.1.3 Addition of fouling inhibiting agents 

Fouling inhibiting agents can bind with the potential fouling species and can reduce their 

deposition. Burton and Burdett (1974) found that controlled lipolysis of fat produced 

lower amounts of fouling deposit. Similarly, the addition of 0.1 wt.% sodium pyrophosphate 

into whole milk gave a 41% reduction in fouling of a laboratory-scale hot-wire apparatus in 

comparison with the control milk (Burdett, 1974). The study, using a  laboratory-scale 

PHE, also showed that the addition of sodium pyrophosphate extended the processing time by 

three times. Likewise, Al-Roubaie and Burton (1979) observed reduced fouling deposition with 

the addition of capric acid into milk, which may have adsorbed on to casein micelles, 

ultimately interfering with further deposition. Skudder (1981) observed a noticeable reduction in 

fouling deposit mass from milk with added potassium iodate at UHT temperature, which may 

have been due to oxidation of the –SH groups of β-lg. Furthermore, Joshi and Patel (1986) 

reported 30–45% lower fouling deposition from recombined milk with the addition of κ-

carrageenan (0.01%), sodium phosphate (0.08%) or sodium citrate (0.04%) into the milk; they 

suggested that the additives may have stabilised the colloidal system. 

3.1.4 Modification of processing surface 

In the fouling process, the initial layers of deposited fouling species may adhere to the 

processing surface through covalent bonds, hydrogen bonds, van der Waals’ forces or a 

combination thereof. These interactions are influenced by the type of surface and the 

surface characteristics (Haynes and Norde, 1994; Visser and Jeurnink, 1997), such as surface 

roughness, surface charge, surface energy and the presence of oxide or passive layers. 
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Therefore, modification of these surface characteristics of the processing surface can be one of 

the techniques to achieve lower fouling. 

An extensive literature review (Lalande et al., 1985; Krisdhasima et al., 1992; Yoon and 

Lund, 1994; Addesso and Lund, 1997; Müller-Steinhagen and Zhao, 1997; Förster et al., 1999; 

Flint et al., 2000; Beuf et al., 2003; Liu and Zhao, 2005; Zhao et al., 2005c; Parbhu et 

al., 2006; Saikhwan et al., 2006; Santos et al., 2006b; Augustin et al., 2007; Geddert et al., 

2007b; Premathilaka, 2008; Rosmaninho and Melo, 2008; Balasubramanian and Puri, 2009; 

Bani Kananeh et al., 2009; Akhtar et al., 2010; Boxler et al., 2010; Patel et al., 2010) found that 

the surfaces modified for low surface energy fouled less when compared with their control 

surfaces. Moreover, more rapid removal of fouling deposits was reported for the surfaces 

modified for low surface energy. 

Surface modification is considered to be the best suited method to reduce milk fouling 

deposition; as alteration in operating parameters may affect the organoleptic, nutritional and 

functional quality of the product and may challenge the legal requirement of milk 

processing, whereas addition of fouling inhibitor chemicals and stabilisers to milk may not 

be permitted in many countries (Müller-Steinhagen, 1998). Surface properties can be 

modified by application of coatings through CVD or sputtering, ion implantation, sol–gel or 

electroplating techniques (Santos et al., 2004). A review on the fouling behaviour of different 

fouling fluids on various modified surfaces is presented in Section 3.3. 

3.2 Effect of surface coating on surface properties 

Stainless steel is widely used as a processing surface in the dairy industry because of its 

durability, strength, resistance to corrosion and easy to clean. The processing surface can be 

tailored through surface modification to gain beneficial performance. Surface modification alters 

one or more surface and/or physical properties (Santos et al., 2004). The main properties that 

may be affected are hardness, coefficient of friction, resistance to wear, surface roughness, 

surface energy, wettability, surface charge, topography and surface chemistry. These properties 

can be grouped into two categories, i.e. (1) tribological properties and (2) functional properties. 

3.2.1 Tribological properties 

The surface properties related to hardness, wear, friction and lubrication are commonly known 

as tribological properties. These properties of a processing surface can be improved by the 

application of a variety of coatings to give higher hardness, lower coefficient of friction, lower 
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wear resistance and self-lubricating properties (Müller-Steinhagen and Zhao, 1997; Donnet, 

1998; Grischke et al., 1998; Neerinck et al., 1998; Fortuna et al., 2000; Gilmore and Hauert, 

2000; Hauert and Müller, 2003; Augustin et al., 2007). Moreover, such coatings provide 

resistance against chemicals (Müller-Steinhagen and Zhao, 1997; Donnet, 1998) and are easy 

to tailor with the doping of desirable atoms into the base matrix (Müller-Steinhagen and Zhao, 

1997; Neerinck et al., 1998; Kester et al., 1999; Augustin et al., 2007). 

Hauert and Müller (2003) reported that the surfaces coated with DLC coating give a hardness 

of about 50 GPa when compared with stainless steel (~2 GPa) (Krauss, 1995; Bringas, 

2004; Krauss, 2005). Doping of atoms like silicon, fluorine and nitrogen into the DLC 

matrix reduced the hardness of the DLC coating to about 20 GPa (Cutiongco et al., 1996; 

Goel et al., 1998; Neerinck et al., 1998), but it increased the adhesion of the coating to the 

substrate. In contrast, Trojan et al. (1994) reported that surfaces coated with polymeric 

coatings had poor hardness of around 0.3 GPa. In addition, the coated surfaces showed a 

lower coefficient of friction (0.04–0.08). Likewise, the wear resistances of DLC and doped 

DLC surfaces were increased about 20 and 10 times respectively, compared with that of an 

uncoated stainless steel surface (Grischke et al., 1998). 

3.2.2 Functional properties 

The surface properties such as surface roughness, surface energy, surface charge, topography 

and surface chemistry can be considered to be functional properties, which are affected by 

the surface coating. 

Surface roughness 

Augustin et al. (2005) studied various surface coatings and reported that surfaces modified with 

a DLC coating through a  plasma-enhanced CVD (PECVD) technique did not affect the 

surface roughness of the substrate. A sol–gel technique used for silica coating smoothed the 

surface roughness from 2.3 to 0.3 µm, which can be attributed to the filling of the valleys 

among the grain boundaries with the application of the coating solution. In agreement, 

Augustin et al. (2007) reported that coatings produced by a PECVD technique marginally 

affected the surface roughness of the substrate material. Santos et al. (2004, 2006b) measured 

the surface roughness of DLC, Si–O–DLC, MoS2, silica and TiC surfaces on 316 SS 2R 

substrates and reported that the surface roughness was independent of the surface modification 

method. However, modified surfaces deposited on 316 SS 2B substrates were three times 

rougher than those deposited on 316 SS 2R substrates. This could be attributed to the surface 
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roughness of the substrate material itself, as the 316 SS 2R surface is annealed and polished 

when compared with the 316 SS 2B surface. Santos et al. (2006b) observed that the average 

values of surface roughness were about 0.03 µm, with the exception of TiC ion-implanted 

surfaces (0.02 µm). Surfaces modified with a Ni–P–PTFE coating using an electroplating 

technique and with a DLC coating using a sputtering technique produced rougher surfaces on 

2R and 2B substrates respectively. Zhao et al. (2005a) also reported that a Ni–P–PTFE-coated 

surface significantly altered the substrate surface, with an average surface roughness value of 

0.22 µm. 

Surface energy/Water contact angle/Wettability 

Augustin et al. (2005) and Rosmaninho and Melo (2006) studied various surface coatings 

(DLC, Si–DLC, Si–O–DLC, silica, copper, CrN, MoS2, SiF3
+
, SiOx, Ni–P–PTFE) and found 

that the surface energy ranged from about 19 to 71 mN/m, and depended on the type of coating 

material. Augustin et al. (2007) reported that the addition of silicon, oxygen and fluorine atoms 

as dopants into the DLC matrix can reduce the surface energy of a  DLC coating from 40 to 

22 mN/m. The study also mentioned that high water contact angles of the surfaces were 

related to low surface energies. It was found that the electron donor component (γ
–
, 

explained in Section 4.5.4) of the surface energy was the parameter that was most influenced 

by the coating deposition when compared with the electron acceptor component (γ
+
) and the 

Lifshitz–van der Waals’ component (γ
LW

) (Rosmaninho and Melo, 2006; Augustin et al., 2007). 

Santos et al. (2004) reported an increase in the electron donor component (γ
–
) for the modified 

surfaces on 316 SS 2B substrates, and a decrease for the modified surfaces on 316 SS 2R 

substrates. The study also mentioned that the hydrophobicity of the modified surfaces was 

positively correlated with the water contact angle and inversely correlated with the surface 

energy. 

The variation in the surface energy of electroplated composite coatings was studied (Zhao et al., 

2005a) and it was found that the incorporation of PTFE components into a Ni–P or Ni–Cu–

P matrix significantly reduced the surface free energy. 

Topography 

The topography of modified surfaces was found to be similar to that of the substrate surface 

when they were coated through CVD and ion implantation techniques, whereas the sol–gel 

and electroplating techniques significantly altered the topography of the substrates (Santos et 

al., 2004; Augustin et al., 2005). This was in line with the well-established fact that surface 
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coatings prepared by a CVD technique reproduce the substrate’s topography (Alexandrov and 

Hitchman, 2009). Santos et al. (2006b) characterised various modified surfaces and found that 

DLC, Si–O–DLC, MoS2, silica and TiC surfaces showed topographies resembling those of 

the control 316 SS 2R surface. Zhao et al. (2005a) studied Ni–P–PTFE-coated surfaces and 

observed that the substrate topography was masked by the coating, and it was found that PTFE 

particles were homogeneously distributed in the Ni–P matrix. Thus, the topography of a 

modified surface depends on the coating technique used for the surface modification. 

3.3 Performance of various modified surfaces against fouling and cleaning 

behaviour 

Several studies have been carried out to understand the fouling behaviours of a  variety of 

milk component solutions on different modified surfaces. Moreover, some studies have 

investigated the cleaning behaviour of modified surfaces fouled with various fouling fluids. 

This section presents a review on the performance of the modified surfaces. 

3.3.1 Protein fouling and cleaning 

Santos et al. (2003, 2006b) studied the fouling behaviour of 0.54 wt.% WPI solution on SiF, 

TiC, MoS2 (ion-implanted), DLC (sputter coated) and DLC, Si–O–DLC and silica (PECVD 

coated) surfaces at 85°C for 15 min. The study observed that the initial fouling deposition was 

influenced by the protein/surface interactions, whereas further build-up of deposits was 

attributed to protein/protein interactions. The initial fouling deposition rate was lower for SiF 

and DLC (sputtered and PECVD) surfaces; however, the final adsorption rate was 

independent of the modified surfaces. It is worth noting that the adsorbed amount of fouling 

was less than the monolayer coverage of β-lg. Moreover, the lower amount of deposit for 

DLC sputtered surfaces could be explained by the extensive conformational changes of the 

adsorbed proteins, which may have covered more surface area and active sites, consequently 

hindering further deposition. These conformational changes may have promoted 

intramolecular interactions, such as disulphide linkages, which form stronger bonds. These 

findings are in accordance with a study carried out by Norde et al. (1986), which suggested 

that, once a  structurally altered protein desorb from the deposit layer, it would not adsorb 

again. 

Santos et al. (2003, 2006b) also revealed the importance of electrostatic and hydrophobic 

interactions. At pH 7.8, hydrophobic interactions would play a key role in deposition for 

hydrophobic surfaces as both the surface and the proteins would be negatively charged at this 
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pH, whereas at pH 6.7, electrostatic attractive forces would control the deposition process for 

hydrophilic surfaces. Although the initial interactions are dependent on surface 

characteristics, once the surface is covered with deposits, subsequent deposition is less 

influenced by the modified surfaces. Moreover, in cleaning experiments at 85°C, Santos et 

al. (2006b) found greater removal of the deposit mass for modified surfaces than for 

unmodified surfaces at pH 7.8, which implied weaker bonding of the initial fouling deposits 

with the modified surfaces. Thus, it can be said that protein deposition is affected by surface 

energy, surface hydrophobicity (wettability) and surface charge. 

Augustin et al. (2007) investigated the fouling behaviour of 3 and 3.5 wt.% WPC solutions 

at a bulk temperature of 40°C on various modified surfaces fouled for about 24 h at 

laboratory scale. The fouling behaviour was measured by an increase in the fouling resistance 

(resistance to heat transfer because of fouling deposition) as a function of time. The study 

observed that the induction period varied from 5 to 8 h for the experimental surfaces (DLC, Si–

DLC (SICAN), Si–O–DLC (SICON), electropolished stainless steel and SICAN on 

electropolished stainless steel). The SICAN-coated surfaces performed well in fouling 

reduction, but the SICAN on electropolished stainless steel surface offered the best results. 

These results implied that the surface energy and the surface roughness should be considered 

in determining the most suitable modified surface for fouling mitigation. Moreover, the study 

suggested that the duration of the induction period was positively correlated with the polar 

component (γ
AB

) of the surface energy. 

Rosmaninho et al. (2007) studied the fouling deposition of a 0.1% β-lg solution at 25°C and 

found no significant difference in the mass of fouling deposits for a range of modified surfaces. 

Boxler et al. (2013) carried out a study to evaluate the effect of surface modification (DLC, 

SICAN, SICON and electropolished stainless steel (AISI 304)) on the fouling behaviour of 

WPI solution at 80°C for 6 h, and revealed that there was little deposition on modified 

surfaces and that the fouling resistance was near zero throughout the fouling experiments. The 

study mentioned that the deposit build-up was affected by the presence of milk salts, but 

reasons for this behaviour were not known. 

To better understand the interactions between proteins and modified surfaces, Ramachandra et 

al. (2005) carried out a study to characterise the initial interactions of fouling deposits from 0.6 

wt.% WPI solution at 85°C. The study used SEM and XPS techniques to characterise the 

structure and possible bonding mechanism of the fouling deposit with stainless steel and TiN-

coated surfaces. The study observed a homogeneous thin layer of protein deposits on stainless 
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steel surfaces, but a heterogeneous deposit layer on TiN-coated surfaces. The deposit layer was 

found to crack on drying of the deposits. In addition, XPS analysis of fouled TiN-coated 

surfaces revealed that the nitrogen (N) element of the proteins was not detected, as was reported 

in previous studies (Belmar-Beiny and Fryer, 1993). This suggested that the nitrogen-

containing part may have oriented towards the TiN-coated surface and may have been buried 

under carbon (C) and oxygen (O) elements of the fouling deposits. 

Premathilaka et al. (2006) studied the initial interactions of proteins with DLC- and 

SICAN-coated stainless steel (304 SS) surfaces fouled with 0.6 wt.% WPI for a short duration 

at 75°C. XPS analysis of the fouled surfaces revealed the presence of the C and O elements 

with a strong peak and the N element with a weak peak. The N peak confirmed the presence 

of protein in the fouling deposits. The N:C atomic ratio suggested that the SICAN-coated 

surfaces had the lowest amount of protein and that the stainless steel surfaces had the highest 

amount of protein in the deposits. However, for SICAN-coated surfaces, there was a 

possibility that nitrogen-containing groups may have been buried under the deposits and were 

not detected in the analysis. In addition, the SICAN coating itself contributes to the C 

content of the analysis, which may have diluted the N concentration. A detailed analysis was 

used to estimate the possible functional groups that might be present at the deposit/surface 

interface. The estimated functional groups and the corresponding binding energies for all 

modified surfaces were similar to those predicted for the control surfaces. Subsequently, an 

angle-resolved XPS analysis (to increase the surface sensitivity of the XPS analysis by turning 

the sample surface at an angle to the X-ray beam) of fouled SICAN surfaces confirmed that 

nitrogen-containing groups and hydroxyl (C–OH)-containing groups were oriented towards the 

deposit/surface interface, whereas carboxyl (O=C–O)-containing groups were located away 

from the interface. These findings suggested that N- and C–OH-containing groups played an 

important role in the initial interactions of the fouling deposits with the SICAN coated surfaces. 

For stainless steel and DLC-coated surfaces, O=C–O and C–OH groups dominated the peptide 

groups of the deposits for the initial interactions. In a similar study, the authors reported that 

DLC-modified surfaces fouled the least and were easy to clean when compared with TiN-

coated and control surfaces (Premathilaka et al., 2007). 

Mauermann et al. (2009) studied the fouling behaviour of 5 wt.% WPI solution on a 

range of modified surfaces (SICON, Ti–DLC, polyetheretherketone (PEEK), fluorinated 

ethylene propylene (PEF), perfluoroalkoxy (PFA), PTFE and AISI 304 SS). It was observed 

that the surface energy influenced the fouling deposition and cleaning, but there was no clear 

relationship. Similarly, Bani Kananeh et al. (2009, 2010) studied the fouling behaviour of 10 
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wt.% WPI solution on stainless steel, electropolished stainless steel, Teflon- coated surfaces 

and polyurethane-based-coated surfaces at laboratory scale and pilot scale. The study reported 

that the fouling performance of the modified surfaces was similar to that of the control 

surfaces at laboratory scale. In the pilot-scale experiments, the Teflon-coated surfaces fouled 

more than the control surfaces, whereas the polyurethane-coated surfaces had the least fouling 

deposit. Moreover, the polyurethane-coated surfaces had 80 and 70% reductions in cleaning 

time at laboratory scale and pilot scale respectively, when compared with the stainless steel 

surfaces. However, it is worth noting that the polyurethane coating damaged and delaminated 

from the base stainless steel surfaces after repeated use of the surface. 

3.3.2 Mineral fouling and cleaning 

Augustin et al. (2005) and Geddert et al. (2007a) studied the fouling behaviour of 

supersaturated calcium sulphate aqueous solution on stainless steel (AISI 304) surfaces modified 

with DLC, SICAN, SICON, CrN, silica and copper. At laboratory scale, fouling experiments 

were carried out at 75°C for about 24 h. It was observed at the start of the experiments that 

the fouling resistance had a negative value, which indicated an improvement in the heat transfer 

behaviour. This could possibly have been due to the increased turbulence because of the initial 

crystal growth at the surface. However, after the induction period, the growth of the 

fouling resistance curve followed a similar trend for all modified surfaces. It was worth 

noting that the induction period for all the surfaces investigated varied, from 3 h for stainless 

steel to 21 h for SICAN, with no clear relationship between the surface energy and the fouling 

deposition. 

Geddert et al. (2007a) reported that surfaces modified for low surface energy had longer 

induction periods for calcium sulphate fouling at higher flow velocity, which may have been 

due to higher shear stress at the deposit/bulk interface and low adhesive strength at the 

surface/deposit interface. 

The fouling behaviour of SMUF solution on modified surfaces (SiOx, silica, SICON, MoS2, 

Ni–P–PTFE) was studied at 44 and 70°C using a rotating disk apparatus (Rosmaninho and 

Melo, 2006; Rosmaninho et al., 2007; Rosmaninho and Melo, 2008). The studies found that the 

amount of fouling deposit was positively correlated with the electron donor component (γ
–
) 

of the surface energy for the surfaces investigated. It was found that the number and the size of 

aggregates formed in the bulk were independent of temperature. However, the initial 

deposition of calcium phosphate was governed by the electron donor component (γ
–
) of the 

surface energy. It was reported that a greater number of smaller sized aggregates formed 
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denser deposits, which were difficult to clean. SEM images of the initial aggregates on 

modified surfaces revealed fewer larger sized aggregates for modified surfaces having a  

lower electron donor component of the surface energy and vice versa (Rosmaninho and Melo, 

2006). Rosmaninho et al. (2007) also evaluated the cleaning behaviour of calcium-phosphate-

fouled modified surfaces and found that the removal of the fouling deposits was independent of 

the surface energy. 

Rosmaninho et al. (2007) studied the fouling deposition of SMUF solution on SiF3
+
, MoS2, 

TiC, DLC, SICON, SiOx, Ni–P–PTFE and silica surfaces, and reported that the initial deposit 

layer was poorly adhered to the Ni–P–PTFE-coated surfaces. Moreover, the study found that the 

mass of deposits was not significantly different among the modified surfaces, but observed 

numbers of microscopic cracks in the initial deposit layer for all modified surfaces compared 

with the unmodified stainless steel surfaces. These results are supported by the findings of 

Britten et al. (1988), who reported that the surface coating affected only the adhesion strength 

of the initial deposits and not the subsequent build-up of deposits. 

In another study, Rosmaninho et al. (2008) reported the fouling behaviour of SMUF solution on 

TiN-coated 2R stainless steel surfaces. Similar trends of the fouling resistance curves were 

observed for modified and control surfaces, with no significant differences. However, the 

surface energy may have influenced the deposition and the final amount of fouling deposit. It 

was found that the TiN coatings with low surface energy presented fewer adhesion sites and 

gave deposits with larger aggregates. This was confirmed by SEM images, in which the dried 

fouling deposit layer had shrunk and cracked into various pieces depending on the surface 

energy component. However, in cleaning experiments, TiN coatings with high surface 

energy performed well, which could possibly have been due to the higher initial deposition 

mass, which may have adhered loosely. 

Similarly, calcium sulphate deposition on SiF3
+ 

implanted surfaces and stainless steel surfaces 

were studied under pool boiling conditions (Müller-Steinhagen and Zhao, 1997). The study 

evaluated a set of SiF3
+ 

ion-implanted surfaces prepared with various deposition parameters to 

produce modified surfaces with a variety of low surface energies. Fouling deposition was 

monitored by the decrease in the heat transfer coefficient as a function of time, which was 

found to be half for the coated surfaces compared with the control surfaces, after 3000 min 

of the fouling experiment. The lower fouling deposition on the modified surfaces could be 

attributed to the continuous re-entrainment of the deposits, possibly because of their porous 

structure. This may have provided a  lower resistance to heat transfer when compared with 
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the control stainless steel surfaces. This observation was supported by microscopic images 

which showed a loose and porous structure of deposits for the SiF3
+
 modified surfaces, whereas a 

compact deposit structure was observed for the control surfaces. 

Zhao et al. (2005c) studied the fouling behaviour of calcium sulphate solution on Ni–Cu–P–

PTFE, Ni–P and stainless steel (304 SS) surfaces with the same experimental set-up as used 

by Müller-Steinhagen and Zhao (1997), and found that the fouling deposits were positively 

correlated with the surface energy of the experimental surfaces. Moreover, the microstructure 

of the deposits showed a compact arrangement with a deposit density of 2.9 g/m³ for a  high 

energy surface (stainless steel), but a porous structure with a deposit density of 1.6 g/m³ for a low 

energy surface (Ni–Cu–P–PTFE). 

A study on the initial interaction of calcium phosphate fouling deposit with TiN-coated 

stainless steel surfaces revealed a crystal matrix type deposit structure (Ramachandra et al., 

2005). For the control stainless steel surfaces, the crystals were 0.2–0.3 µm in size with a Ca:P 

ratio of 1.4. In contrast, the TiN-coated surfaces produced a heterogeneous deposit structure, 

with smaller sized crystal deposits in some parts of the surface and porous deposits with a  

higher Ca:P (1.8) ratio in other parts of the surface. 

3.3.3 Protein-mineral interactions during fouling and cleaning 

It is well known that proteins and calcium are the main components of milk fouling deposits 

(Britten et al., 1988; Belmar-Beiny and Fryer, 1993; Jeurnink et al., 1996a; Visser and 

Jeurnink, 1997; Rosmaninho and Melo, 2006). Hence, the combined effect of whey proteins 

and minerals on fouling deposition on modified surfaces has also been studied. 

Rosmaninho and Melo (2008) studied the fouling behaviour of SMUF solution with added WPI 

on a range of modified surfaces (SiOx, silica, SICON, MoS2, Ni–P–PTFE) using a rotating 

disk apparatus at laboratory scale. The amount of fouling deposit increased with the electron 

donor component (γ
–
)  of the surface energy at 50°C, whereas an opposite trend was found at 

85°C. It was thought that, at the higher processing temperature, the protein denaturation 

process may have dominated the calcium crystallisation process, leading to greater amounts 

of deposit compared with the lower processing temperature, at which the proteins would be in 

their native form. This was also reinforced by a higher mass of aggregates found in the bulk 

solution at 85°C, and confirmed accelerated denaturation and crystallisation reactions at the 

elevated temperature. In addition, a well-structured deposit formed from native proteins was 

observed at 50°C, whereas a continuous phase of deposits with irregular-shaped aggregates 
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formed from denatured proteins at 85°C. The study reported that surfaces with a low electron 

donor component (γ
–
) of the surface energy produced deposits with larger sized and fewer 

aggregates. It also suggested that these larger sized aggregates may have covered more active 

sites on the surface, allowing fewer aggregates to deposit. These results implied that the 

surface energy altered the initial fouling deposit layer and the subsequent build-up of the 

deposits. These findings were in line with a study reported by Britten et al. (1988), which 

suggested that the polar component of the surface energy played a key role in the adhesion 

strength of the deposits. 

Beuf et al. (2003) studied the fouling behaviour of an FMF (composed of whey proteins, 

sucrose and xanthan gum) on MoS2, silica, SiOx, SiF3
+
, DLC, Xylan, Excalibur and Ni–P–PTFE 

surfaces in a pilot-scale PHE. Differences in the slope of the normalised heat transfer 

coefficient and the pressure drop were not significant for the modified and control surfaces. 

The cleaning performance of these modified surfaces was similar to that of the control 

surface. However, it was noted that low energy surfaces, especially Ni–P–PTFE, were better 

in removing fouling deposits, whereas DLC-coated surfaces showed poor cleaning efficiency. 

Rosmaninho et al. (2007) also studied the fouling behaviour of FMF on the same modified 

surfaces, and found that the deposit masses for SiF3
+ 

and Ni–P–PTFE surfaces were lower 

and easier to clean than for the control surfaces, which may have been due to lower surface 

energy, especially the electron donor (γ
–
) component. 

In another study, Rosmaninho and Melo (2007) evaluated the performances of TiN-coated 

surfaces and stainless steel 2R surfaces using SMUF solution with added WPI. The TiN-

modified surfaces fouled more and showed greater fouling resistance than the control surfaces. 

However, it is worth noting that the growth of the fouling resistance varied greatly and was 

attributed to the different surface energies and surface roughnesses of the surfaces studied. It 

was reported that the initial deposit layer governed the final amount of deposit mass and also 

influenced the deposit structure, which affected the removal of the deposits. 

Another study on the effect of surface modification (DLC, SICAN, SICON and electropolished 

stainless steel (AISI 304)) on the fouling behaviour of proteins and minerals from SMUF with 

added WPI solution revealed that the surfaces coated with DLC and SICAN coatings showed 

about 35% lower fouling resistance when compared with the control stainless steel surfaces 

(Boxler et al., 2009, 2010). 
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3.3.4 Microbial fouling deposition 

A number of studies have been carried out to investigate biofilm formation on surfaces 

modified for various surface energies (Dexter, 1979; Jönsson and Jönsson, 1991; Brink et 

al., 1993; McGuire et al., 1995; Hamza et al., 1997; Flint et al., 2000; Bakker et al., 2003). 

There are contradictory reports on the relationship between bacterial adhesion and surface 

energy. A number of studies claim that bacterial adhesion decreases with decreasing surface 

energy (Dexter, 1979; Hamza et al., 1997; Bakker et al., 2003), whereas others report higher 

bacterial attachment for low energy surfaces (Jönsson and Jönsson, 1991; Brink et al., 1993). 

Zhao et al. (2005b, 2005c) studied the adhesion of Escherischia coli (E. coli) Rosetta on Ni–P, 

Ni–Cu–P–PTFE, titanium plate, 304 stainless steel and 316L stainless steel surfaces for 5 h at 

37°C. The number of bacterial cells adhered to the surfaces was strongly correlated with the 

surface energy. The Ni–Cu–P–PTFE-coated surfaces were found to  be  superior to other 

surfaces and offered about 96–98% reduction in the adhesion of bacterial cells when compared 

with stainless steel surfaces. Furthermore, Zhao et al. (2007) evaluated bacterial adhesion 

(Pseudomonas aeruginosa, Staphylococcus epidermidis and Staphylococcus aureus) on various 

SICAN-coated 316 stainless steel surfaces and found that the number of bacteria adhered to 

the SICAN surfaces decreased with increasing silicon content in the DLC matrix. Moreover, 

the surface energy of the modified surfaces increased with increasing silicon content in the 

DLC matrix. However, Liu and Zhao (2005) reported that bacterial adhesion to the surfaces 

decreased with a decrease in surface energy. 

Rosmaninho et al. (2007) investigated bacterial spore adhesion on various modified 

surfaces (MoS2, TiC, Xylan, Ni–P–PTFE), and found that surface energy had no effect on 

spore (Bacillus cereus and Bacillus subtilis) attachment to the surfaces. Moreover, low energy 

surfaces retained higher numbers of bacteria after cleaning. 

3.3.5 Milk fouling and cleaning 

A study to evaluate the fouling behaviour of milk on modified surfaces (303 stainless steel, 

polished stainless steel, Teflon and aluminosilicate) using a THE found a better performance 

of aluminosilicate-coated surfaces with about 10 times lower fouling deposit mass at high 

temperature (100–154°C) (McGuire, 1987). Similarly, Yoon and Lund (1994) studied the 

fouling performance of titanium, stainless steel (304 stainless steel), electropolished stainless 

steel, Teflon (PTFE) and polysiloxane-coated surfaces in a pilot-scale PHE using raw whole 
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milk that was treated with a magnetic treatment device. No significant difference in fouling 

rate and cleaning efficiency between the modified and control surfaces was observed. 

Parbhu et al. (2006) studied the milk fouling behaviour on 1% sodium-silicate-coated stainless 

steel surfaces in a pilot-scale PHE and monitored the fouling deposition through the build-

up of the pressure drop across the PHE. The silicate-coated surfaces produced a lower pressure 

drop across the pasteuriser during 5 h milk fouling experiments compared with the control 

stainless steel surfaces. It was suggested that the silicate coating may have prevented the initial 

conditioning of the phosphate layer at the surface and may have retarded protein deposition. 

The fouling behaviour of skim milk at 72°C was evaluated in a pilot-scale PHE on Ni–P–PTFE, 

Lectrofluor–641™, AMC148–18 and AISI 316 stainless steel surfaces (Balasubramanian and 

Puri, 2009). There was about 15–16% lower thermal energy requirement for the processing of 

skim milk on the Lectrofluor–641™
 
and Ni–P–PTFE surfaces compared with the control. 

Moreover, the mass of fouling deposits on all modified surfaces was significantly lower 

compared with the control surfaces, which was attributed to the lower surface energy of the 

modified surfaces. 

Boxler et al. (2009) evaluated the performances of DLC, SICAN, SICON and electropolished 

stainless steel (AISI 304) surfaces using raw milk at 80 and 120°C for 6 and 0.5 h respectively, 

in a laboratory set-up. At a  fouling temperature of 80°C, the SICAN-coated surfaces 

showed about 33% lower fouling than the unmodified stainless steel surfaces. However, at 

120°C, no such benefit in fouling mitigation was found. 

3.3.6 Fouling and cleaning behaviour of other food products 

Saikhwan et al. (2006) carried out a study to investigate the effect of surface modification on 

the removal of deposits of tomato paste. The deposits were weakly adhered to the surfaces 

modified for surface energy in the range 20–30 mN/m. 

Balasubramanian and Puri (2009) studied the fouling deposition of tomato juice at 88°C on 

Ni–P–PTFE, Lectrofluor–641™, AMC148–18 and stainless steel 316 surfaces in a pilot-

scale PHE. The thermal energy required for the thermal processing of tomato juice on the 

Lectrofluor–641™-coated surface was 7.68% lower than that required for the stainless steel 

surface. This was possibly due to the less adhesive deposits from the tomato juice, as reported 

by Saikhwan et al. (2006) and Liu et al. (2006), and there may have been re-entrainment of 

loosely adhered deposits from the fouled surface. In addition, the mass of fouling deposits on 

all modified surfaces was significantly low in comparison with the control surfaces. 
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The fouling behaviour of carrot juice on Teflon, a  polyurethane-based coating and 

electropolished stainless steel surfaces was studied at laboratory scale (Bani Kananeh et al., 

2009). There was no significant difference in the mass of fouling deposit for the modified 

surfaces. Moreover, in cleaning experiments, it was found that fouling deposits from the carrot 

juice were more strongly bonded to the surfaces than whey protein deposits. 

Mauermann et al. (2009) studied the fouling behaviour of 2% potato starch solution on a range 

of modified surfaces (SICON, Ti–DLC, polyetheretherketone, fluorinated ethylene propylene, 

perfluoroalkoxy, PTFE and AISI 304 SS), and found that the low energy surfaces were superior 

in fouling mitigation and the cleaning of the starch deposits. 

3.4 Summary 

A number of techniques to mitigate milk fouling deposition on processing surfaces have 

been explored. These include variations in the processing conditions (heating temperature, 

preheating, flow velocity, pulsed flow), modification of processing equipment design (self-

cleaning heat exchangers, helixchanger, fluidised bed heat exchanger), addition of fouling 

inhibiting chemicals (κ-carrageenan, free fatty acids, sodium pyrophosphate, sodium iodate, 

sodium citrate) and modification of the surface properties (surface roughness, surface energy, 

surface charge, topography, surface chemistry). Considering the limitations of the first three 

techniques, modification of surface characteristics, through the application of a surface 

coating, is considered to be the most feasible technique for mitigating milk fouling deposition. 

Surface modification can be carried out by various techniques: CVD or sputtering; ion 

implantation; sol–gel application or electroplating techniques (Santos et al., 2004). 

Processing surfaces modified with different coatings (DLC, SICAN, SICON, SiF3
+
, MoS2, 

TiN, silica, Ni–P–PTFE, Ni–Cu–P–PTFE) have been investigated for their fouling 

behaviour with WPI/WPC/SMUF or SMUF solutions with added protein. Although there are 

some contradictions with respect to the effect of surface energy and wettability on fouling 

deposition, the majority of the studies have reported that a lower surface energy, especially 

the electron donor component (γ
–
), results in less fouling deposit mass. It is worth noting that 

these fouling studies have been carried out with various milk component solutions, and the 

findings from these studies are difficult to apply in the milk processing plant, because milk 

protein/salt solutions behave differently from milk when they are heat treated (Robbins et al., 

1999). These differences in the fouling behaviour could be due to the different interactions and 
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polymerisation of β-lg and to crystallisation of calcium in solution compared with those 

among casein, β-lg and calcium in milk. 

A number of studies have evaluated the fouling behaviour of milk on various surfaces 

modified with electropolished stainless steel, aluminosilicate, silica, PTFE, Ni–P–PTFE, 

Lectrofluor- 641™, AMC148–18, polysiloxane, DLC, SICAN and SICON coatings. These 

studies have reported mixed performance of the modified surfaces and have yielded no clear 

trend about the relationship between the mass of fouling deposit and the surface energy. 

A previous study carried out at t he University of Auckland on the fouling behaviour of WPI 

solution on DLC-modified surfaces gave promising fouling mitigation results. Hence, in the 

current study, the research was carried forward to evaluate the fouling performance of raw milk 

on DLC-modified surfaces at pasteurisation temperature, and thereby to contribute to our 

knowledge of milk fouling and the cleaning behaviour on modified surfaces. It was also 

decided to evaluate the performance of the selected modified surfaces in laboratory-scale 

and pilot-scale set-ups to quantify any commercial benefit in terms of milk fouling mitigation. 
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Chapter 4. Materials and Methods 

This chapter outlines the materials, equipment and methods used to carry out sets of experiments 

in this study to investigate the fouling and cleaning behaviour of milk on the selected modified 

surfaces and to characterise the initial interactions of proteins with the modified and control 

surfaces. 

4.1 Overview of experimental plan 

To identify the most effective modified surface that would mitigate milk fouling deposition 

and/or enhance the cleaning efficiency, in this study, the experimental work was divided into 

three major groups, as follows. 

1. Laboratory-scale fouling experiments: to study the effect of surface modification on the 

fouling behaviour of skim milk. These sets of experiments were designed to evaluate the 

performance of the modified surfaces and to screen the best performing modified surface. 

Moreover, a set of experiments was carried out to investigate the microbial attachment on 

the modified surfaces. 

2. Pilot-scale fouling and cleaning experiments: to study the fouling and cleaning behaviour 

of raw whole milk on the modified surfaces. These experiments were designed to 

evaluate the performance of the modified surfaces under processing conditions that are 

relevant to the dairy industry. 

3. Laboratory-scale initial interaction fouling experiments: to characterise the initial 

interactions of milk fouling deposits with the best performing modified surface and the 

control surface. This set of experiments was designed to understand the initial 

interactions of proteins and minerals with the experimental surfaces and to develop a 

theory to explain the fouling deposition. 

4.2 Experimental fluids to study fouling behaviour 

4.2.1 Milk 

Standardised pasteurised skim milk, provided by Fonterra Co-operative Group Ltd., was used 

in the laboratory-scale experiments to investigate the fouling behaviour on the modified and 

control surfaces. This milk was selected to achieve better control of variations in the milk 
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composition compared with whole milk and to clarify the repeatability of the performance of 

the modified surfaces. 

For the pilot-scale experiments, raw whole milk, provided by Fonterra Co-operative Group 

Ltd., was used to evaluate the fouling and cleaning performance of the modified surfaces. 

This milk was selected to reproduce industrial conditions in terms of the daily variations in the 

composition of the incoming milk that are caused by factors such as herd, cow breed and 

seasonal effects. The average compositions of the skim milk and whole milk used in the study 

are presented in Table 4-1. 

Unlike many reported fouling studies, in this study, milk was selected to foul the modified 

surfaces, because milk behaves differently from solutions of milk components when they are 

heat treated. Moreover, it is difficult to apply the results generated from such solutions to the 

real industry, where daily variation in the composition of the incoming milk is common. 

4.2.2 WPI solution 

A set of experiments was carried out to evaluate the fouling behaviour of whey proteins on the 

modified surfaces. Hence, WPI 894 AGG INST powder, provided by Fonterra Co-operative 

Group Ltd., was used for the study. A WPI solution of 6 g/L concentration was prepared for the 

experiments, which represents the concentration of whey protein in milk (Walstra and Jenness, 

1984). The composition of the WPI solution is presented in Table 4-1. The WPI solution was 

prepared using a standard operating procedure (SOP), as given in Appendix A.1.1. 

Similarly, a 100 g/L WPI stock solution was prepared for the pilot-scale experiments. The stock 

solution was diluted to 6 g/L before the fouling study. In addition, a three times higher 

concentration of WPI solution (i.e. 18 g/L) was also studied at pilot-scale, to investigate the 

effect of the concentration of whey protein on the fouling behaviour, under the same operating 

conditions. 
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Table 4-1 Composition of fouling solutions (average ± Range) 

Components 
Standardised 

skim milk 

Raw whole 

milk 

6 g/L WPI 

solution 

Protein 3.6 ± 0.2  3.5 ± 0.2 0.543 

Fat 0.1 ± 0.1  4.9 ± 0.4 0.001 

Carbohydrates 4.9 ± 0.1  4.6 ± 0.1 0.006 

Minerals 0.6  0.5 ± 0.1 0.019 

Total solids 9.2 ± 0.3 13.6 ± 0.6 0.569 

 

4.3 Experimental surfaces 

In the dairy industry, stainless steel (316 SS 2B, mill finish, brushed but without brushed) 

surfaces are commonly used as processing surfaces in PHEs. Hence, these surfaces, as received 

(after removing a protective PVC film), were used as the control surfaces and as the substrate 

surfaces for surface modification. 

4.3.1 Design of experimental surfaces 

The 316 SS 2B surface was manufactured into different size coupons to meet various 

requirements in the laboratory-scale set-ups and into PHE plates for the pilot-scale experimental 

set-up. Table 4-2 presents the shape, size and use of the coupons for various experiments. At 

laboratory scale experiments, the experimental set-up was developed to screen various modified 

surfaces for their fouling behaviour. Hence, a simple design of disks type experimental surfaces 

was used to study the fouling behaviour. However, at pilot scale experiments, PHE plates were 

used to investigate the fouling and cleaning performance of modified surfaces. This set-up was 

developed to represent a typical commercial milk processing plant. 
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Table 4-2 Design of experimental surfaces 

Shape and size of 

coupon 

Used for 

experiments 
Photo of coupon 

Disk 

(OD ⌀ 67 mm x ID 

⌀ 5 mm x 1 mm) 

Laboratory-scale 

fouling study 

 

Button 

(⌀ 10 mm x 10 mm 

thick) 

Laboratory-scale 

microbial 

attachment study 
 

PHE plate 

(260 mm x 97 mm) 

Pilot-scale fouling 

and cleaning study 

 

Square 

(10 mm x 10 mm x 

1 mm) 

Laboratory-scale 

initial interaction 

fouling study 
 

 

4.3.2 Selection of modified surfaces 

Based on the literature review, three differently doped, commercially available DLC coatings, 

a silica coating and a Teflon-based coating were selected to investigate their performance 

against the fouling behaviour of milk. Table 4-3 presents information, provided by coating 

suppliers (information about the coating supplier is confidential), about the code of the coating, 

the dopant element, the concentration of dopant and the coating thickness. Each of the DLC 

coatings was amorphous and was deposited using a plasma-assisted CVD technique by the 

coating supplier. The silica coating was prepared in laboratory using a sol–gel technique. The 

Ni–P–PTFE coating was provided by a supplier and was prepared using an electroless composite 

plating technique. An unmodified 316 SS 2B material was used as a control surface for 

comparison with the fouling and cleaning behaviours of the modified surfaces. 
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Table 4-3 Different surface coatings selected for the study 

Code of the 

coating 
Doped atom 

Rate of doping 

(at.%)
a
 

Thickness of 

coating (µm) 

DLC-1 silicon 35–40   1.5 

DLC-2 silicon 15–20   2.2 

DLC-3 fluorine 10–15   2.0 

Silica – –   0.1 

Ni–P–PTFE PTFE 7–10 10.0 

Control 316 SS 2B  – – 

a
 Atomic percentage - number of atoms of an element in 100 atoms. 

4.4 Sample preparation/cleaning of surfaces 

The modified and control surfaces were cleaned before each fouling experiment. The CIP regime 

followed for the cleaning is presented in Table 4-4. At laboratory scale, the experimental 

surfaces were cleaned using a set-up that was made up of a stainless steel beaker and a stirrer 

shaft, as shown in Figure 4-1. The disks were mounted on a stirrer shaft using a screw and were 

spun in the cleaning solutions as per the CIP regime. At pilot scale, the cleaning solutions were 

circulated through the experimental set-up to clean the experimental surfaces. An SOP for the 

cleaning of the surfaces at laboratory scale is included in detail in Appendix A.1.2. 
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Table 4-4 Standard CIP regime for cleaning of experimental surfaces 

CIP stage Concentration of cleaning solutions 
Temperature (°C)/ 

Time (min) 

Water rinse − 55/10 

Sodium hydroxide 

rinse 

5 g/L Sodium hydroxide + 2.5 mL/L 

StabiCIP
a
 

75/10 

Sodium hydroxide 

recirculation 

10 g/L Sodium hydroxide + 5 mL/L 

StabiCIP 
75/30 

Water rinse − 65/10 

Acid recirculation 8 mL/L Nitrobrite acid
b
 65/20 

Final rinse Soft water 18-24/10 

a
 StabiCIP – Surface active solution (Ethylenediaminetetraacetic acid, Triphosphono 

methylamine and Nitrilotriacetic acid). 
b
 Nitrobrite acid - Nitric acid and Phosphoric acid. 

 

 

Figure 4-1 Laboratory-scale set-up for cleaning of experimental surfaces 

 

Overhead stirrer shaft 

Fouled disks 

Cleaning solution 

Stainless steel beaker 
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4.5 Characterisation of experimental surfaces 

The modified and control surfaces were characterised for their surface microstructure, surface 

chemistry, surface roughness and surface energy, using various surface analytical techniques at 

the Research Centre for Surface and Materials Science and the Centre for Advanced Composite 

Materials, The University of Auckland, Auckland, New Zealand. 

4.5.1 Topography 

The experimental surfaces were observed for topographical information using scanning electron 

microscopy (SEM, Phillips XL30S–Field Emission Gun, The Netherlands) and UV 

fluorescence microscopy (Leica Microscope (DMLS) DC 300F, Cambridge, UK) techniques. 

SEM can give high resolution topographical information in the range 10–50 Å. An electron 

source in the microscope directs a beam of electrons on to an experimental sample surface to 

generate signals that are used to generate topographical images and to quantify the surface 

composition. The images from secondary electrons (SE) and back-scattered electrons (BSE) 

give brighter regions for high atomic mass elements and vice versa. This technique is best 

suited to electrically conductive samples; however, non-conductive samples can be sputter 

coated with gold or platinum metal to avoid surface charging effects and to prevent distortion 

of an image because of the charge accumulation (Goldstein et al., 2003; Premathilaka, 2008). 

In this study, SEM images were obtained at an acceleration voltage of 5 kV with a spot size 

(it controls the rate of X-ray passing to the detection chamber) of 2 using a secondary electron 

detector. 

A UV fluorescence microscopy technique was used to observe the topography of CIP-cleaned 

and milk-fouled experimental surfaces under UV light luminance using a  340–380 nm band 

pass (excitation) filter and a 425 nm long pass (emission) filter. 

4.5.2 Surface chemistry 

For the modified and control surfaces, the surface chemistry and the distribution of elements 

in the coating matrix were studied by energy dispersive spectroscopy (EDS) and X-ray 

elemental mapping techniques using SEM. The back-scattered electron detector was used, in a 

raster pattern (a scan pattern in which an area is scanned from side to side in lines from top to 

bottom), at an acceleration voltage of 20 kV with a spot size of 4, to collect signals from the 

sample surface. The EDS analysis gives the elemental composition of the surface from a 

surface depth of about 1–5 µm based on the atomic composition of the surface (Goldstein et al., 
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2003). The number and the intensity of the signals in the EDS spectrum were analysed to 

quantify the surface composition. 

In the X-ray elemental mapping technique (a technique to produce two dimensional image of 

elemental distribution where each dot represents the presence of an element and the relative 

density of the dots shows the concentration of that element), the surface area under the back-

scattered electron detector was scanned in a raster pattern to identify the specified elements. 

The measured signals were converted into individual maps of the specified elements for further 

analysis. 

Furthermore, an X–ray photoelectron spectroscopy (XPS, Kratos Axis DLD with 

hemispherical analyser, Manchester, UK) technique was used to analyse the surface chemistry 

and to estimate the possible functional groups present on the experimental surfaces. XPS 

analysis gives the elemental composition of the surface from a surface depth of about 10 nm 

(Siegbahn et al., 1967; Powell and Jablonski, 2009). Samples were loaded on the sample bar 

with no extra sample preparation; however, care was taken to avoid surface contamination. 

The X-ray source used was mono-chromatised aluminium Kα (when an electron transit from L 

shell to K shell it produces the strongest X-ray spectral line) with an accelerating voltage of 15 

kV and an emission current of 10 mA. A  charge neutraliser was used for the analysis of the 

majority of the fouled samples. Casa XPS software was used to analyse the XPS spectra. 

Survey scans (an XPS spectrum that identifies the presence of elements on the experimental 

surface; also known as wide scan) were performed for a binding energy range of 0–1200 eV at 

a  pass energy of 160 eV, and were analysed to determine the elemental composition. 

Elemental scans (an XPS spectrum that reveals various functional components of an element; 

also known as narrow scan) were carried out at a  pass energy of 20 eV, and were 

deconvoluted (a technique of curve fitting of an elemental scan to identify possible functional 

components of the element) to identify various states of each element detected on the surface. 

The area of all peaks was calculated using a Gaussian–Lorentzian curve-fitting process. In the 

XPS analyses, all the spectra were charge shifted to reference a C–C/C–H binding energy of 

285.00 eV. 

4.5.3 Surface roughness 

Surface roughness gives information about the peaks and valleys on surface. The average 

distance between the peaks and valleys is known as the arithmetic average roughness (Ra). A 

stylus profilometer (Surtronic-3, Taylor Hobson, Leicester, UK) was used to measure the surface 

roughness, Ra, of the modified and control surfaces. The profilometer had a range of 0-9.99 μm 
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with an accuracy of ± 2% of the measurement. The roughness measurements were carried out in 

longitudinal, transverse and cross directions for each modified and control surface. The average 

value of 15 different measurements was considered for the analysis. 

4.5.4 Contact angle and surface energy 

The contact angle of a reference liquid on the experimental surfaces was measured by a 

sessile drop analysis technique using an optical tensiometer (CAM101 KSV Instruments, 

Helsinki, Finland). Three different reference liquids ─ deionised water, diiodomethane and 

glycerol ─  were used to create droplets on the experimental surface. Images of the droplets 

of the reference liquids on the surfaces were captured by a charge-coupled device (CCD) video 

camera with a resolution of 512 pixels x 480 pixels at up to 60 images per second. Both the left 

contact angle and the right contact angle were determined from the shape of the drop, with an 

accuracy of ± 0.1°. The experimental surfaces were cleaned using the CIP regime prior to the 

contact angle measurements. 

The theory of the contact angle of pure liquids on a solid was developed nearly 200 years ago 

in terms of Young’s equation, as 

                      Eq. 4-1 

Where,    is surface energy of liquid,    is surface energy of solid and     is interfacial surface 

energy between solid and liquid. The contact angle measurements were used to calculate the 

surface energy according to the approach of van Oss (1994). In this approach, the total surface 

energy (γ
TOT

) is a sum of the dispersive (apolar) Lifshitz-van der Waals’ component (γ
LW

) and the 

polar acid-base component (γ
AB

). 

                     Eq. 4-2 

Lifshitz-van der Waals’ interactions arise because of three distinct interactions: induction 

(Debye), orientation (Keesom) and dispersion (London). The acid-base component (γ
AB

) consists 

of two non-additive parts, an electron acceptor component (γ
+
) and an electron donor component 

(γ
-
). 

     √          Eq. 4-3 

The solid/liquid interfacial energy is then given by the following equation. 

              (√  
    

    √  
   

   √  
   

 )   Eq. 4-4 
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Combining Young’s equation (Eq. 4-1) with the above equation (Eq. 4-4), a relation between the 

measured contact angle and the solid and liquid surface free energy can be obtained as: 

   (       )    (√  
    

    √  
   

   √  
   

 )   Eq. 4-5 

To determine the surface free energy components (  
  ) and parameters   

  and   
  of a solid 

surface, the contact angle measurements of at least three different reference liquids with known 

surface tension components (  
     

    
 ) were required. The average value of at least four 

measurements was considered for the analysis. 

4.6 Laboratory-scale experimental set-up to study milk fouling 

4.6.1 Experimental design/operating parameters 

A batch-type tube and disk rig set-up was modified to a flow tube and disk rig set-up at the 

Fonterra Research and Development Centre (FRDC), Palmerston North, New Zealand. It was 

based on the set-up described by Morison and Thorpe (2002). As shown in the schematic 

diagram in Figure 4-2, this modification allowed continuous replacement of milk in the set-up. 

The set-up had four parallel flow streams to study both modified and control surfaces 

simultaneously, in duplicate. A photograph of the experimental set-up is presented in Figure 4-3. 

Each flow stream consisted of a fouling unit, a preheating coil and an overhead stirring 

arrangement. 

 

Figure 4-2 Schematic diagram of the laboratory-scale flow tube and disk rig (only two flow 

streams are shown for simplicity; the set-up had four parallel flow streams) 

 

Feed 

Tank 

 

Peristaltic 

Pump 

 

 
Pre-heating 

Waterbath 

 

 

Final Heating Waterbath 

 

 

Discard Milk 

 

 

 
 

 

Discard tank 



Chapter 4 Materials and Methods 4-11 

_____________________________________________________________________________________________

Surface modification to reduce milk fouling and/or to enhance cleaning in the dairy industry 

 

Figure 4-3 Photograph of the laboratory-scale flow tube and disk rig set-up (with four parallel 

flow streams) 

Each fouling unit consisted of a stainless steel dairy tube, an experimental disk (modified or 

control surface, OD ⌀ 67 mm x ID ⌀ 5 mm x 1 mm disk) and a dairy union with a ring joint type 

(RJT) fitting (Figure 4-4). The schematic diagram in Figure 4-5 shows the arrangement of the 

fouling unit. Each fouling unit was provided with milk inlet and outlet ports such that it could 

hold 100 mL of milk throughout the experimental run. 

 

Figure 4-4 Components of the flow tube and disk rig fouling unit 

Experimental surface 
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Figure 4-5 Schematic diagram of the modified fouling unit 

 

Validation of experimental set-up 

A set of experiments was carried out to validate the flow tube and disk rig using the following 

operating parameters. 

 Stirring speed (rev/min): 0, 90, 180, 270, 360 and 540 

 Fouling temperature (°C): 80 and 84 

 Type of flow (m³/s): batch (no flow), re-circulated (2.77 x 10
-7

) and once-through 

(2.77x10
-7

) 

 Fouling time (min): 2, 10, 30, 60 and 120 

Based on the findings from these experiments (see Appendix A.2.1.), the following operating 

parameters were selected for the fouling experiments. 

 Stirring speed (rev/min): 360 

 Fouling temperature (°C): 80 

 Type of flow (m³/s): once-through (2.77 x 10
-7

) 

 Fouling time (min): 120 

Overhead stirrer 

SS tube 

Dairy fitting with RJT 

Outlet port 

  

Rubber bung Experimental disk 

Inlet port 
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4.6.2 Methodology for laboratory-scale fouling 

For the fouling experiments, standardised skim milk was pumped to the fouling units through 

preheater tubes that preheated the milk to about 55°C. The preheater coil consisted of a 0.29 m 

long stainless steel tube with a 0.005 m internal diameter. A positive displacement pump was 

used to feed the milk at a flow rate of 2.77 x 10
−7

 m³/s (1.0 L/h) to the fouling units, which were 

suspended in a 97°C heated water bath. Overhead stirrers (360 rev/min) were used to impart 

turbulence in the bulk flow. The experiments were designed to have a once-through flow of milk 

to ensure a continuous supply of proteins and to mimic industrial conditions more closely. The 

used milk was collected into a discard tank. The fouling experiments were carried out at a bulk 

temperature of 80°C for 120 min. At the end of each fouling run, the experimental surfaces were 

taken out of the fouling units for fouling measurement. An SOP for laboratory-scale fouling is 

provided in Appendix A.1.3. 

4.6.3 Fouling measurement techniques 

The build-up of fouling deposits on a  processing surface adds to the mass of the 

processing surface. This increase in mass can be used to monitor the fouling deposition 

process. Hence, the experimental (modified and control) surfaces were weighed before and 

after the fouling experiments. The difference in mass was calculated as the mass of the fouling 

deposit for further analysis, as per Eq. 4–6. 

                      Eq. 4-6 

The mass of the fouling deposit was normalised to the effective heat transfer area of the 

experimental surface and to the quantity of milk used for fouling. Thus, the mass of fouling 

deposits was calculated and presented as g/m²L. The fouled surfaces were photographed for a 

qualitative analysis of the deposit layer. 

    (          )   
   
     

     Eq. 4-7 

where 

mfd(normalised) = Normalised mass of fouling deposit, g/m²L 

mfd = Mass of fouling deposit, g 

A = Effective heat transfer area, m² 

Qm = Quantity of milk used for fouling, L 
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4.7 Pilot-scale experimental set-up to study milk fouling 

4.7.1 Experimental design/operating parameters 

A pilot-scale PHE experimental set-up, known as a fouling rig, was available in the pilot plant 

at the FRDC, Palmerston North, New Zealand. The fouling rig was used to investigate the 

fouling and cleaning behaviours of milk on the modified and control surfaces. Figure 4-6 and 

Figure 4-7 respectively show two schematic diagrams and a photograph of the fouling rig. 

The set-up consisted of two parallel flow streams, which facilitated the study of the fouling 

behaviour of milk on the modified and control surfaces simultaneously and with the same milk 

supply. This design eliminated the effects of the milk aging and the daily variation in milk 

composition on fouling deposition. Moreover, the set-up allowed direct comparison of the 

fouling performance between the modified surface and its control surface. 

This set-up represented a typical commercial milk processing plant, and consisted of a series of 

PHEs. All PHEs (preliminary heaters, preheaters, final heaters and a chiller) were supplied 

by APV, New Zealand. The PHE plates were 0.220 m in length and 0.086 m in width. The 

hydraulic diameter, for a rectangular duct flow, was calculated to 0.003 m. The effective heat 

transfer area for a single PHE plate was 0.0175 m². The preliminary heaters and final heaters 

used hot water as a source of energy to heat the milk, whereas the preheaters were set to work 

in regenerative mode. A counter-current flow with a  single pass arrangement was set for all 

PHEs. The flow arrangement in the preliminary heaters and preheaters was selected to give 

two channels for upstream milk and three channels either for water or for downstream milk 

(Figure 4-6b). In the final heater, the flow arrangement was chosen to give a single channel for 

milk and two channels for hot water. 

The fouling rig set-up was equipped with thermocouples (Intech Transmitter, Type: Pt 100, 

Range: 0–100 ± 0.5°C), pressure transducers (Rosemount Transmitter, Range: 0–1000 kPa ± 

1%) and flow meters (Rosemount Transmitter, Type: Flow TX, Range: 0–700 L/h ± 2%) 

to continuously measure and record the temperature, pressure and flow rate of the milk and 

hot water. Table 4–5 illustrates the location of these sensors on the experimental set-up. 
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(a) 

 

 

(b) 

Figure 4-6 Schematic flow diagrams of the pilot-scale fouling rig: (a) overall flow in the set-up; 

(b) flow within PHEs 
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Figure 4-7 Photograph of the pilot-scale fouling rig set-up 

 

Table 4-5 Location of thermocouples, pressure transducers and flow meters 

Component Location 

Thermocouples Feed tank 

Milk inlet and outlet of each PHE 

Hot water inlet and outlet of preliminary heaters and final 

heaters 

Pressure transducers Milk inlet and outlet ports at the final heaters 

Flow meters Before preliminary heaters 

 

Validation of the set-up 

A set of experiments was carried out with water and milk to validate the experimental set-up for 

various fouling temperatures and flow rates. The set-up was also validated to ensure that both 

flow streams behaved similarly to each other in the parallel configuration. The results from the 

validation experiments are presented in Appendix A.2.2. 

Flow Stream 2 

Flow Stream 1 
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4.7.2 Methodology for pilot-scale fouling 

Raw whole milk was selected to investigate the performance of the modified and control 

surfaces against fouling because raw whole milk mimics industrial conditions, where daily 

variations in milk composition are common. Moreover, it was selected for the experiments to 

clarify whether any laboratory-scale benefits in fouling reduction are commercially sustainable. 

For the fouling experiments, the experimental set-up was thermally stabilised using soft water in 

recirculation mode. After achieving thermal equilibrium, the soft water was replaced with 

unstandardised raw whole milk in once-through mode. The milk was first preheated to 

intermediate temperatures in PHEs (40°C in the preliminary heater and 68°C in the preheater) 

and then heated to the final outlet temperature in the final PHEs (final heaters). The milk was 

fed at a flow rate of 2.77 x 10
–5 

m³/s (100 L/h). Hot water, at a flow rate of 8.31 x 10
–5 

m³/s 

(300 L/h), was used in recirculation mode to supply the required heat at the final heaters. The 

fouling deposition of milk was monitored by a reduction in the heat transfer coefficient and an 

increase in the pressure drop across the final heaters only, as no fouling deposition was 

observed downstream of the regenerative preheaters. 

After a run time of 240 min, the fouling process was stopped and the set-up was flushed with soft 

water. The final heaters on both flow streams were dismantled to analyse the fouling 

deposition. The final heaters were re-assembled and cleaned as per the CIP regime prior to re-

use. 

4.7.3 Fouling measurement techniques 

Fouling deposition on the experimental surfaces was monitored by various invasive and non-

invasive techniques. 

Invasive techniques 

Mass of fouling deposits: The build-up of fouling deposits on a processing surface adds to the 

weight of the processing surface, which can be used to monitor the fouling deposition 

process. Hence, the experimental (modified and control) surfaces were weighed before and after 

fouling experiments. The difference in mass was calculated as per Eq. 4–6. The mass of the 

fouling deposit was then normalised to the effective heat transfer area and to the quantity of 

milk used for fouling. Thus, the mass of the fouling deposits was calculated and presented 

as g/m²L. 
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Visual observation of fouling deposit pattern: The fouled experimental surfaces were 

photographed to analyse the fouling deposit pattern qualitatively and to observe any difference 

in fouling deposition between the modified and control surfaces. 

Chemical analysis of deposits: The fouling deposits from the fouled modified and control 

surfaces were collected and evaluated for chemical composition using analytical chemistry 

techniques. The compositional data were analysed to identify any difference in fouling 

deposition between the modified and control surfaces. 

Non-invasive techniques 

Heat transfer coefficient (U-value): The gradual build-up of fouling deposits on processing 

surface hinders heat transfer and decreases the thermal performance of the processing equipment, 

leading to a decrease in the heat transfer coefficient. Hence, the fouling rate (rate of decrease in 

U-value) provided a good indication of the rate of build-up of fouling deposits on the processing 

surface. Therefore, the data from temperature and flow rate measurements were used to calculate 

the heat transfer coefficient and the fouling rate to clarify the effect of the modified surfaces on 

fouling reduction. The heat transfer coefficient was calculated by solving the following 

equations. 

   ̇      (       )    ̇      (       )  Eq. 4-8 

                Eq. 4-9 

     
((       ) (       ))

  [
(       )

(       )
]

     Eq. 4-10 

    
      

 
      Eq. 4-11 

where 

q = Heat flow, W 

ṁw = Flow rate of hot water, kg/s 

ṁm = Flow rate of milk, kg/s 

Cpw = Heat capacity of hot water, J/kg K 

Cpm = Heat capacity of milk, J/kg K 

θwi = Temperature of hot water inlet, °C 
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θwo = Temperature of hot water outlet, °C 

θmi = Temperature of milk inlet, °C 

θmo = Temperature of milk outlet, °C 

A = Effective heat transfer area, m² 

U = Heat transfer coefficient, W/m²K 

∆θln = Logarithmic mean temperature difference between two fluids, °C 

FR = Fouling rate, W/m²hK 

U0 = Heat transfer coefficient at t = 0, W/m²K 

Ut = Heat transfer coefficient at time t, W/m²K 

t = Fouling experiment run time, h 

Pressure drop (ΔP): In a PHE, milk passes through narrow passages between the adjacent plates 

and undergoes a pressure drop across the heat exchanger. Furthermore, the build-up of fouling 

deposits on the PHE plates increases the flow restrictions, ultimately leading to a greater pressure 

drop. Thus, an increase in pressure drop can also be a good indicator of the fouling process and 

can be monitored to estimate the fouling deposition. Hence, in this study, the pressure drop at the 

final heater PHEs was calculated as follows to give an indication of the fouling deposition. 

                 Eq. 4-12 

 

4.8 Cleaning performance of modified and control surfaces at pilot scale 

The cleaning performance of the modified and control surfaces was studied on the fouling rig 

set-up (Figure 4-6 and Figure 4-7) in the pilot plant at the FRDC, Palmerston North, New 

Zealand. The experimental surfaces were fouled with raw whole milk using the set-up as per the 

methodology described in Section 4.7.2. At the end of the fouling run, the surfaces were 

subjected to an experimental cleaning regime to investigate the ease of removal of the fouling 

deposits. This section describes the experimental cleaning regime, the methodology and the 

characterisation techniques used to evaluate the cleaning efficiency. 



4-20 Chapter 4 Materials and Methods 

_____________________________________________________________________________________________

Surface modification to reduce milk fouling and/or to enhance cleaning in the dairy industry 

4.8.1 Cleaning regimes 

Standard CIP regime 

The modified and control surfaces were cleaned as per the standard CIP regime (Table 4-6) 

before fouling experiments to make sure that the experimental surfaces were completely clean. 

Throughout the study, this CIP regime was used as the standard regime for cleaning. 

Experimental CIP regime 

To evaluate the cleaning performance of the modified surfaces, an experimental CIP regime 

with milder cleaning conditions was designed to enable identification of the benefit of removing 

the fouling deposits from the fouled modified surfaces compared with the control surfaces. 

The experimental CIP regime comprised reduced concentrations of cleaning chemical 

solutions and shorter exposure times of the cleaning solutions. The experimental CIP regime 

used in the current study is presented in Table 4-6. 

Table 4-6 CIP regimes used for the cleaning experiments 

CIP stages 

Concentration (g/L) / Temperature (°C) / 

Time (min) 

Standard CIP Experimental CIP 

Flow rate of solution (L/h) 150 110 

Water flush –/55/10 –/ RT
a
/7 

Sodium hydroxide – once through 5/75/10 2.5/75/10 

Sodium hydroxide – recirculation 10/75/30 – 

Mid rinse –/65/10 –/65/7 

Nitrobrite acid– once-through 8
b
/65/20 5/65/11 

Final rinse with soft water –/RT/10 –/RT/10 

a 
Room temperature (°C). 

b 
Concentration as mL/L. 
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4.8.2 Reconfiguration of the experimental set-up 

The parallel flow stream configuration of the fouling rig set-up was reconfigured, after the 

preheater downstream outlet, to disconnect both flow streams and to prevent the outgoing 

cleaning solutions to mix before the plate chiller. This was carried out to isolate the two flow 

streams of cleaning solutions individually for each flow stream. These were used to collect 

samples of the spent cleaning solutions to estimate the protein content of the solution and thereby 

the mass of fouling deposit removed. 

4.8.3 Evaluation of cleaning behaviour 

Removal of fouling deposit 

The fouled final heaters were dismantled to weigh the wet mass of fouling deposit and to 

observe the fouling deposit layer, before carrying out the experimental cleaning. Similarly, the 

wet mass of fouling deposit was weighed at the end of the mid rinse and final rinse stages 

of the experimental CIP regime to quantify the mass of fouling deposit removed at each stage of 

the cleaning regime. Each experimental surface was studied three times, except for the Ni–P–

PTFE coating for which only two experiments were performed because of delamination of 

the coating from the surface. The data were analysed to determine the average percentage 

removal of the mass of fouling deposit. 

Change in the pressure drop during cleaning 

In the cleaning process, the cleaning solutions react with the fouling deposits and remove them 

from the processing surface and the flow channels. The removal of the deposits reduces the 

flow restrictions, which causes a decrease in the pressure drop across the heat exchanger. 

Hence, the change in the pressure drop across the final heater was used to evaluate the 

cleaning performance of the modified surfaces. The pressure drop was calculated as per Eq. 4–

12. 

Protein quantification in spent cleaning solution 

Milk fouling deposits are composed mainly of proteins. Hence, the removal of fouling 

deposits during the cleaning experiments can also be inferred from the amount of protein 

present in the spent cleaning solution. Therefore, the samples of spent cleaning solution were 

analysed using a UV photospectroscopy (T80+ UV/VIS Spectrometer, PG Instruments Ltd., 

Beijing, China) technique to estimate the protein content. 
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UV photospectroscopy: Protein absorbs a characteristic UV light spectrum at a wavelength 

o f  280 nm (A280), predominantly by aromatic amino acids – tyrosine and tryptophan ─ and 

to a very small extent by phenylalanine (Layne, 1957; Aitken and Learmonth, 1996; Noble 

and Bailey, 2009). This technique gives an approximate quantification of protein content 

because the absorbance is also affected by caustic and acid concentrations in the sample. 

Aitken and Learmonth (1996) reported that the presence of non-protein chromophores can 

increase the UV light absorbance at 280 nm (A280). However, Noble and Bailey (2009) 

reported that corrections for absorbance can be performed by measuring the absorbance at 

higher wavelengths (320, 325, 330, 335, 340, 345 and 350 nm), assuming that the protein does 

not give significant absorbance at these wavelengths. Hence, the absorbance of UV light for 

the samples was measured at 320 nm (A320), and was subtracted from the absorbance measured 

at 280 nm (A280) to account for the absorbance by non-protein substances present in the sample 

(Aitken and Learmonth, 1996). For the UV light absorbance measurement, the sample was 

taken in a quartz crystal cuvette to avoid light scattering by the cuvette itself. The protein 

content of the sample was estimated using the following formula. 

                      (
  

  
)   

(          )

                                                              

 Eq. 4-13 

In this study, the optical path-length of the cuvette was 1 cm. 

4.9 Microbial attachment study at laboratory scale 

To study the effect of surface modification on microbial attachment and biofilm development, 

a set of CIP-cleaned modified surfaces (buttons of ⌀  10 mm x 10 mm thick; see Table 4.2) 

was used. The experimental surfaces were autoclaved, to kill any microorganisms, and placed 

in a sterile Multiwell™ tissue culture (MTC) plate to enumerate the growth of Geobacillus 

spp. bacteria on an incubated shaking platform at 100 rev/min at 55°C for 24 h. The shaker 

was used to stir the inoculated milk (2 mL) in each well to simulate the flow of milk in a 

processing plant. At the end of the incubation period, each experimental surface was removed 

from the well and was rinsed with 9 mL of peptone diluent to remove loosely adhered cells and 

coagulated milk. The surfaces were then aseptically transferred to 9 mL of peptone diluent 

(considered as the first dilution, 10
−1 

for serial dilutions) containing glass beads, and were 

vortexed for 30 s to remove the attached bacterial cells from the surface to the peptone 

solution. A series of 10-fold dilutions was prepared using 9 mL of peptone diluent, for each 

sample. Bacterial cells were enumerated by plating 50 µL of each dilution on to milk plate 
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count agar (MPCA), as shown in Figure 4-8, using the droplet plate technique (Lindsay and von 

Holy, 1999). The plates were then incubated at 55°C for 24 h. 

 

Figure 4-8 Plating of dilutions using the droplet plate technique (Baumgart, 1986) 

At the end of the incubation period, the plates were counted for colony forming units (CFUs). 

The two sectors (Figure 4-8) containing between 5 and 50 CFUs were considered, as per Lindsay 

and von Holy (1999), to quantify the number of bacterial cells attached to the surfaces. 

Generally, one CFU is assumed to be equivalent to one bacterial cell in the original solution and 

is calculated as log10 CFU/cm² to normalise the effective surface area of the samples. The data 

were analysed using Minitab15 Statistical Software. 

The best performing modified surface, in the former set of experiments, was studied along with 

the control surface in quadruplicate with a single repeat. This set of experiments was carried out 

using a CDC biofilm reactor (BioSurface Technologies Corporation, Bozeman, MT, USA) set up 

as shown in Figure 4-9. Attached bacterial cells were enumerated as described above, and counts 

were calculated as log10 CFU/cm². 

 
(a) 

 
(b) 

Figure 4-9 Experimental set-up: (a) CDC biofilm reactor; (b) holder 
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4.10 Study of initial interactions of fouling species at laboratory scale 

4.10.1 Experimental design/operating parameters 

The laboratory-scale flow tube and disk rig experimental set-up (Figure 4-2 and Figure 4-3) was 

used to study the initial interactions of fouling species with the modified and control surfaces. In 

this set of experiments, 10 mm x 10 mm x  1  mm squares (see Table 4.2) of the modified 

and control surfaces were used as experimental surfaces. This design of the experimental 

surfaces facilitated the mounting of the samples into the SEM and XPS units without further 

cutting, and thereby eliminated any possibility of damage to the structure of the fouling deposit. 

The set-up was modified with a holding disk and a base disk (Figure 4-10) to hold the 

experimental squares in the fouling unit. 

 

(a) 

 

(b) 

Figure 4-10 Holding and base disks to hold the experimental squares: (a) schematic diagram; (b) 

photograph 
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4.10.2 Methodology 

In this set of experiments, the CIP-cleaned modified and control surfaces were fouled with 

standardised skim milk for short durations to build up initial fouling deposit layers on the 

surfaces. Based on the literature review and the preliminary study, the experimental surfaces 

were fouled for 10, 30, 60, 120, 180, 240 and 300 s at a  bulk outlet temperature of 75°C, for 

short term fouling deposition. The surfaces were also fouled for 30 and 60 min to compare 

the fully developed fouling deposits with the short duration fouled surfaces. 

For this purpose, the methodology used for fouling was the same as that followed for the 

laboratory-scale fouling experiments (Appendix A.1.3.), but the fouling experiments were 

stopped at predefined times. The fouled surfaces were rinsed with deionised water and dried 

before being placed into microscopes for characterisation of the fouling deposits. 

4.10.3 Characterisation of initial fouling deposits 

The initial fouling deposits on the modified and control surfaces were characterised for 

their structure, elemental composition and elemental distribution and for possible functional 

groups interacting at the deposit/surface interface. 

Scanning electron microscopy (SEM) and ultraviolet (UV) microscopy techniques were used 

to observe the morphology of the fouling deposits. Energy dispersive spectroscopy (EDS) and 

X– ray photoelectron spectroscopy (XPS) techniques were used to quantify the chemical 

composition of the fouling deposits. X-ray elemental mapping was employed to study the 

distribution of various elements and their relationship with other elements. XPS analyses 

were also used to estimate the possible functional groups that may be present at the fouling 

deposit/surface interface. The methodologies used for these sets of experiments are given in 

Sections 4.5.1 and 4.5.2. 

For the short term and long term fouling samples, except for 60 min fouled, the morphology 

and chemical analyses were performed at the top of the fouling deposit layer. For the 60 min 

fouled samples, XPS analyses were carried out at three different locations: (1) at the leftover 

deposit layer on the substrate, (2) at the inverse of the fouling deposit layer, i.e. where it had 

removed, and (3) at the top of the fouling deposit layer. 

 





Chapter 5 Characterisation of control and modified surfaces 5-1 

_____________________________________________________________________________________________

Surface modification to reduce milk fouling and/or to enhance cleaning in the dairy industry 

Chapter 5. Characterisation of control and modified 

surfaces 

5.1 Introduction 

Surface modification is used widely to alter surface properties, such as topography, surface 

chemistry, surface roughness, surface energy, wettability, surface hardness and wear resistance. 

The literature suggests that these properties may affect the fouling behaviour of milk 

components. Hence, in this current study, before investigating the fouling and cleaning 

performances of the control and modified surfaces, they were characterised for their 

surface topography, surface chemistry, surface roughness and surface energy. The findings 

from these sets of experiments prepared a base to compare with the fouling and cleaning 

results, later in this study. 

The experimental surfaces were cleaned as per the standard CIP regime (Section 4.4) and were 

evaluated for morphology, surface chemistry, surface roughness and surface energy. Scanning 

electron microscopy (SEM) and Ultraviolet (UV) fluorescence microscopy techniques were 

used to observe the surface microstructure of the control and modified surfaces. Energy 

dispersive spectroscopy (EDS) and X–ray photoelectron spectroscopy (XPS) analyses were 

performed to quantify the chemical composition of the experimental surfaces. Moreover, an X-

ray elemental mapping of the experimental surfaces was also performed to characterise the 

distribution of various elements present at the surface. Finally, the surfaces were characterised 

for their surface roughness and surface energy using surface profilometry and contact angle 

goniometry techniques. 

5.2 Characterisation of stainless steel surface 

5.2.1 Surface morphology 

In the study, 316 SS 2B surfaces were used as the substrates for surface modification and as 

control surfaces in the fouling and cleaning studies. The control surfaces were used as received 

and were not polished. The SEM analysis of the control surface showed a number of 

heterogeneous grains in the size range 1-10 µm (Figure 5-1a). The grains were separated by 

grain boundaries that could be clearly observed. This microstructure could be attributed to the 

CIP treatment, which included an acid cleaning step, leading to etching of the surface. Santos 
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et al. (2004) have characterised 316 SS 2B and 2R grade surfaces, and have reported a 

heterogeneous granular microstructure for 2B surfaces. The UV fluorescence microscopy 

image (Figure 5-1b) revealed auto fluorescence for the control surface. The UV fluorescence 

image presented grains as fluorescent spots and grain boundaries as dark lines. A thin 

fluorescent film was also observed, which may have been caused by surface contamination. 

  

(a) (b) 

Figure 5-1 Morphology of control surface: (a) SEM image; (b) UV fluorescence image 

 

5.2.2 Surface chemistry 

The surface chemistry of the control surface was characterised using EDS and XPS analyses. 

The EDS analysis gives the surface composition from a depth of about 1–5 µm below the 

surface based on the atomic composition of the surface (Goldstein et al., 2003). Table 5-1 

presents the EDS analysis of the control surface. The analysis identified Fe, Cr and Ni as the 

main elements, and C, N, O, Si and Mo as trace elements in the stainless steel alloy. This 

compositional analysis was in line with the composition of 316 stainless steel surfaces 

reported in the literature (Peckner and Bernstein, 1977; Santos et al., 2004; Raj et al., 2009). 

The presence of O was attributed to surface oxide films, whereas N could have been surface 

contamination. 

The XPS analysis of the control surface also identified Fe, Cr, Ni, C, O, Si and N as the 

major elements. The corresponding quantification is presented in Table 5-2. Unlike for the 

EDS spectrum, Mo was not detected in the XPS survey spectrum (defined in Section 4.5.2), 

which implied that this element may have been located deeper in the substrate, as the XPS 

technique is sensitive to within tens of angstroms below the top surface of a solid substrate 

(Moulder et al., 1992). The analysis also found higher oxygen content at the control surface, 

50 µm 
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leading to the enrichment of chromium into the passive oxide film. The presence of carbon is 

unexpected, and reason for it is not known. 

Table 5-1 Surface elemental composition (at.%) of control surface using EDS 

Element Fe Cr Ni C N O Si Mo 

Composition 45 12 6 8 6 11 1 1 

 

Table 5-2 Surface elemental composition (at.%) of control surface using XPS 

Element Fe Cr Ni C N O Si 

Composition 2 9 1 28 3 46 3 

 

A survey scan and elemental scans (defined in Section 4.5.2) for Fe 2p, Cr 2p, C 1s and O 1s are 

presented in Figure 5-2. The spectra were plotted for the intensity of the generated signals 

against the binding energy (eV), and were analysed by referencing to the Handbook of X-ray 

Photoelectron Spectroscopy (Moulder et al., 1992) and the Scienta ESCA300 Database 

(Beamson and Briggs, 1992). In the spectra, the area under the curve represents an approximate 

atomic % of the element present. The peaks were assigned to various components of the 

elements, and their composition is given in Table 5-3. The elemental scan for Fe 2p revealed a 

layer of iron oxides on metal. The deconvolution of the elemental scan for Fe 2p identified 

iron metal at 707 eV and three species of oxides − FeO, Fe3O4 and Fe2O3 (Fredriksson et al., 

2012; Jung et al., 2012). The elemental scan for Cr 2p revealed that chromium was enriched in 

the oxide layer. The curve fitting of the Cr 2p elemental scan found chromium metal (574.2 

eV) and three major species of oxides − Cr2O3, Cr(OH)3 and CrO3 (Stefanov et al., 2000; 

Fredriksson et al., 2012; Jung et al., 2012). It has been reported that CrO3 can co-exist with 

Cr2O3. The oxygen was mainly attributed to the mixture of iron oxides and chromium oxides. 
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(a) 

  

(b) (c) 

  

(d) (e) 

Figure 5-2 XPS spectra for stainless steel surface: (a) survey; (b) C 1s; (c) O 1s; (d) Fe 2p; (e) 
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Table 5-3 XPS peak identification for the control surface 

Element 
Assigned 

component 

Binding energy 

(eV) 
References

a
 

Component 

composition 

(%) 

Fe 

Fe metal 707.0 1, 2, 3 33 

FeO 709.8 1, 2, 3 23 

Fe3O4 711.3 1, 2, 3 31 

Fe2O3, FeOOH 713.0 1, 2, 3 13 

Cr 

Cr metal 574.2 1, 2, 3 14 

Cr2O3 576.6 1, 2, 3, 4 32 

Cr(OH)3 577.8 1, 2, 3, 4 39 

CrO3 579.5 1, 2, 3, 4 11 

Other component 582.3 - 4 

C 

C-C/C-H 285.3 1, 5, 6, 7 73 

C-O 286.8 1, 5, 6, 7 22 

C=O 288.0 1, 5   4 

O-C=O 289.2 1, 5   2 

O 

Fe2O3 530.3 1, 2, 3, 5 21 

Cr2O3, C-O 531.6 1, 5 49 

C-O 532.8 1, 5 21 

Adsorbed water 533.7 1, 5   9 

a 
References: 1. (Moulder et al., 1992), 2. (Fredriksson et al., 2012), 3. (Jung et al., 2012), 

4. (Stefanov et al., 2000), 5. (Vinnichenko et al., 2002), 6. (Premathilaka, 2008), 7. (Flamia 

et al., 2007). 

 

5.3 Characterisation of DLC surfaces 

5.3.1 Surface morphology 

The DLC coatings were observed for their morphology using SEM and UV fluorescence 

microscopy techniques. Figure 5-3 illustrates the SEM images for the DLC-1-, DLC-2- and 

DLC-3-modified surfaces. The SEM images revealed that all three DLC coatings reproduced the 

heterogeneous grain structure of the substrate stainless steel surface. These results suggested that 

all three DLC coatings mimicked the topography of the substrate as reported in the literature 

(Santos et al., 2004). In addition, this result confirmed that the PECVD coating technique 
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reproduces the surface topography of the substrate material (Alexandrov and Hitchman, 2009). 

The bright spherical particles observed for the DLC-2-coated surface (Figure 5-3b) could have 

been due to surface contamination during the sample preparation for the SEM study. 

Figure 5-3d presents a UV fluorescence image for the DLC-1-coated surface. The UV 

fluorescence microscopy of the DLC-coated surfaces showed grains and grain boundaries 

similar to those observed in the SEM images. However, a lower intensity of fluorescence was 

observed for the DLC coatings, when compared with the control surfaces. This could possibly 

have been due to the hindrance of the coating film itself. In addition, the thickness of the 

coating film might also have hindered the fluorescence from the substrate metal. Various 

research studies have used UV fluorescence light to evaluate the adhesion of human plasma 

(Hasebe et al., 2007; Nagashima et al., 2010) and human osteoblast cells (Vijai Bharathy et al., 

2010) on DLC-coated surfaces. These studies have reported no features of the DLC film 

when observed using a UV fluorescence microscope, and support the observations recorded in 

this study. 

  

(a) (b) 

  

(c) (d) 

Figure 5-3 Morphology of the DLC coatings (SEM images): (a) DLC-1; (b) DLC-2; (c) DLC-3; 

(d) UV fluorescence image of DLC-1 

50 µm 
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5.3.2 Surface chemistry 

The surface chemistry of the DLC-modified surfaces was analysed by EDS and XPS 

analyses. Table 5-4 presents the surface composition of all three DLC coatings quantified 

using EDS analyses. The analyses found C and Si to be the major elements for all DLC-coated 

surfaces, which confirmed that the DLC coatings were doped with Si. In addition, the DLC-3 

surface showed the presence of the F element and confirmed F doping into the DLC matrix. 

The composition of the dopant element was in line with the claims made by the coating 

supplier. Argon was detected in small amounts on all three DLC surfaces and was probably 

due to the use of argon gas in the plasma-assisted CVD coating process. The oxygen present on 

the surface could be attributed to surface oxides, whereas the nitrogen on the DLC-1 and DLC-

3 surfaces could have been from the coating deposition process. The EDS analyses also found 

the presence of Fe, Cr and Ni from the underlying substrate. The fact that the elements from 

the substrate were detected suggests that the coating was relatively thin, probably only a few 

microns, and this was in line with the information provided by the coating supplier, which 

stated that the thickness of the coating was 1.5–2.0 µm (Section 4.3.2). 

Table 5-4 Surface elemental composition (at.%) of DLC coatings using EDS 

Element C O Si F N Ar Cr Fe Ni 

DLC-1 45 6 30 – 2 1 3 10 1 

DLC-2 81 2 11 – ND 1 1 4 – 

DLC-3 42 10 25 9 3 1 3 9 1 

– = Not analysed. 

ND = Not detected. 

 

XPS analysis is more surface sensitive than EDS analysis. The surface composition and the 

survey scans for the DLC-1, DLC-2 and DLC-3 surfaces are presented in Table 5-5 and 

Figure 5-4. Similar to the EDS analyses, C, O and Si elements were identified as the major 

surface components for all three DLC surfaces. The F element was also detected on the DLC-3 

surface. As expected, the analyses found no substrate elements because the DLC coatings were 

thicker than the XPS escape depth. The XPS analyses revealed that the DLC-coated surfaces 

were rich in C when compared with the XPS analysis of the control surface. This was attributed 

to the presence of a carbon coating on the modified surfaces. The O content of the DLC-coated 

surfaces was lower than that found for the control surface. These results suggest that the DLC-

coated surfaces had lower amounts of oxides on their surfaces. Furthermore, the lower O 

content on the DLC surface suggests relatively fewer polar groups on the surface. 
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Ar was found as a minor component on the DLC-1 and DLC-2 surfaces and may have been 

integrated during the coating deposition process, whereas the trace amounts of Na and Cl 

identified for the DLC-2 surface were probably due to surface contamination. The analyses 

detected N for all three DLC-coated surfaces, which may have been from the coating 

deposition process. 

 

Table 5-5 Surface elemental composition (at.%) of DLC coatings using XPS 

Element C O Si F N Ar 

DLC-1 67 18 17 – 1 < 1 

DLC-2 79 14   5 – 1 < 1 

DLC-3 49 22 15 13 1 ND 

– = Not analysed. 

ND = Not detected. 
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Figure 5-4 XPS survey scans for (a) DLC-1, (b) DLC-2, and (c) DLC-3 

(a) 

(b) 

(c) 

C
o
u
n

ts
 p

er
 s

ec
o
n

d
s 

(C
P

S
) 

C
o
u
n

ts
 p

er
 s

ec
o
n

d
s 

(C
P

S
) 

C
o
u
n

ts
 p

er
 s

ec
o
n

d
s 

(C
P

S
) 



5-10 Chapter 5 Characterisation of control and modified surfaces 

_____________________________________________________________________________________________

Surface modification to reduce milk fouling and/or to enhance cleaning in the dairy industry 

Elemental scans for all three DLC coatings are given in Figure 5-5, Figure 5-6 and Figure 

5-7, and corresponding peak identification and their percentage composition are provided in 

Table 5-6. All three DLC coatings were primarily defined by the C=C (sp
2 

C, 284.40 eV) and 

C–C (sp
3 

C, 285.20 eV) components. The proportion from C=C (sp
2 

C) indicates the presence of 

graphitic bonding in the DLC matrix, whereas the proportion from C–C (sp
3 

C) indicates 

the presence of diamond bonding (Donnet, 1998; Lifshitz, 1999). A charge referencing 

(normalisation of spectra for any electrical charge accumulation) for the DLC-1 coating was 

carried out for sp
2 

C at 284.4 eV. 

For the DLC-1- and DLC-3-modified surfaces, the C–C (sp
3 

C) component was a more major 

component than the C=C (sp
2 

C) component, whereas, for the DLC-2- modified surfaces, it 

was similar to the C=C (sp
2 

C) component. As expected for the DLC- modified surfaces, the 

sp
2 

C component was found at the surface because these bonds are thermodynamically more 

stable than sp
3 

C bonds (Grill, 1999). It is worth noting that XPS analyses cannot distinguish 

between the sp
3 

C and C–H components at 285 eV. However, these components provide an 

approximate comparison of the three DLC coatings investigated in this study. The higher sp
3 

C 

component for the DLC-1 and DLC-3 surfaces than for the DLC-2 surface would have been 

because of the different composition of the doping atom. Zhao et al. (2000) and Premathilaka 

(2008) have reported an increase in the C sp
3
 component with an increase in Si content in the 

DLC matrix. O was mainly present as oxides and as adsorbed water on the surfaces. The Si 2p 

elemental scans for all three DLC surfaces were fitted using Si 2p
3/2 

and Si 2p
1/2 

doublets (∆ 

binding energy = 0.6 eV), and identified various SiOx components for the DLC-1 and DLC-2 

surfaces. The F 1s elemental scan for the DLC-3 surface revealed the presence of F bonded to 

C. 
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Table 5-6 XPS peak identification for DLC coatings 

Element 
Assigned 

component 

Binding 

energy (eV) 
References

a
 

Component composition 

(%) 

DLC-1 DLC-2 DLC-3 

C 

Si–C bonds 283.6 1, 2, 5 12 – – 

C=C (sp
2
) 284.4 5, 6, 7 26 42 15 

C–C (sp
3
), C–H 285.1–285.7 3, 4 51 41 64 

C–O, C–F 286.2–287.8 3, 4   9 15 17 

C=O, CF2–CF2 288.8–290.6 3, 4   2   3   5 

O 

C–O, C=O 530.4–532.3 5, 6, 7 58 48   1 

SiO2 532.7–533.2 6, 7 32 45 87 

Water 

(adsorbed) 
533.9–534.5 6, 7 10   7 12 

Si 
Si–C 100.9 1, 2 48 49 – 

SiOx (1<x<4) 101.7–104.8 1, 2, 9 52 51 100 

F 
C–F 687.8 5, 6, 7, 8 – – 74 

CF2–CF2 689.9 5, 6, 7, 8 – – 26 

a
References: 1. (Goel et al., 1998); 2. (Auditore et al., 2002); 3. (Hasebe et al., 2007); 4. 

(Bendavid et al., 2009); 5. (Premathilaka, 2008); 6. (Moulder et al., 1992); 7. (Beamson and 

Briggs, 1992); 8. (Nansé et al., 1997); 9. (He et al., 1992). 

 

   

(a) (b) (c) 

Figure 5-5 Elemental scans for the DLC-1 surface: (a) C 1s; (b) O 1s; (c) Si 2p 
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(a) (b) (c) 

Figure 5-6 Elemental scans for the DLC-2 surface: (a) C 1s; (b) O 1s; (c) Si 2p 

 

  
(a) (b) 

  
(c) (d) 

Figure 5-7 Elemental scans for the DLC-3 surface: (a) C 1s; (b) O 1s; (c) Si 2p; (d) F 1s 

 



Chapter 5 Characterisation of control and modified surfaces 5-13 

_____________________________________________________________________________________________

Surface modification to reduce milk fouling and/or to enhance cleaning in the dairy industry 

5.4 Characterisation of silica-coated surface 

5.4.1 Surface morphology 

The SEM images (Figure 5-8a and b) of the silica-coated surface showed a heterogeneous 

structure with irregular grains and grain boundaries similar to that observed for the control 

surface. At lower magnification (Figure 5-8a), the SEM images showed randomly deposited 

coating droplets, in the size range 10–50 µm, which suggested a non-uniform coating layer. UV 

microscopy of the silica-coated surface showed auto fluorescence similar to that of the control 

surface (Figure 5-8c). This observation suggested that the silica coating might be thin enough so 

that it did not impart any hindrance to the fluorescence from the substrate. The lines 

observed in the UV fluorescence image could be coating strokes during preparation of the 

surface. 

 

  

(a) (b) 

 

(c) 

Figure 5-8 Microstructure of silica surface: (a and b) SEM images; (c) UV microscopy image 

50 µm 
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5.4.2 Surface chemistry 

The surface chemistry of the silica coated surface was analysed using EDS and XPS techniques. 

Table 5-7 and Table 5-8 present the composition from EDS analysis and XPS analysis 

respectively for three different spots. The EDS analysis identified F and substrate elements Fe, 

Cr and Ni as the major contributors, whereas Si was a minor component. The analyses 

revealed that the composition of the coating varied significantly and suggested that the silica 

coating may have been either too thin or irregular, as observed with the SEM images. In 

contrast, the XPS analysis found that the substrate elements (Cr, Fe and Ni) were minor 

components in the composition, whereas F, C and O were the major components. This 

analysis showed a consistency in the composition of the coating and implied a uniform 

layer of the silica coating for all spots studied. Thus, considering the detection limit for the 

XPS technique (see Section 4.5.2) and the presence of substrate elements in the survey scans, 

it can be suggest that the silica coating would have been only a few nanometres thick. 

The EDS and XPS analyses quantified a lower composition of the Si element and a higher 

composition of the F element in the silica coating. This was contrary to the information 

provided by the coating supplier, which said that the coating was rich in silicon. With repeated 

measurements of randomly selected spots on the silica-coated surfaces and the control 

surfaces, it was ensured that the F element was a component of the coating solution. 

Table 5-7 Surface elemental composition (at.%) of silica-coated surface using EDS 

 
Composition of element 

C O N Si F Cr Fe Ni 

Spot 1 47 8 ND 3 36 1 4 < 1 

Spot 2 16 11 ND 1 18 10 38 5 

Spot 3 8 9 5 1 25 9 35 5 

ND = Not detected. 

Table 5-8 Surface elemental composition (at.%) of silica-coated surface using XPS 

 
Composition of element 

C O N Si F Cr Fe Ni 

Spot 1 27 24 1 2 39 3 1 2 

Spot 2 27 21 1 2 45 2 1 1 

Spot 3 25 25 1 1 40 4 1 1 
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The survey scan of the silica-coated surface (Figure 5-9a) identified C, O, Si and F elements 

along with the substrate elements. The elemental scans for C 1s, O 1s, Si 2p and F 1s were 

analysed to identify various functional groups present on the silica-coated surface. The 

deconvoluted spectra (defined in Section 4.5.2) and the composition of the peaks are presented in 

Figure 5-9b to e and in Table 5-9, respectively. The C 1s spectrum indicated a mixture of 

hydrocarbons and fluorinated carbons. The curve fitting of the Si 2p elemental scan indicated the 

presence of SiO2 (103.1 eV) and SiO3 (104.2 eV). A component at 105.6 eV was attributed 

mainly to Si–F (Tessier et al., 1999). The F 1s elemental scan identified the CF2–CF2 group 

(688.9 eV) as the major component and the Si–F group (690.8 eV). A peak identified at a 

binding energy 684.9 eV was allocated to F metal (Tessier et al., 1999). The O element was 

present mainly as a mixture of oxides of substrate metal and silicon. 
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(a) 

  
(b) (c) 

  
(d) (e) 

Figure 5-9 XPS spectra for silica-coated surface: (a) survey scan; (b) C 1s; (c) O 1s; (d) Si 2p; 

(e) F 1s 
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Table 5-9 XPS peak identification for silica surface 

Element Assigned component 
Binding energy 

(eV) 
References

a
 

Composition 

(%) 

C 

C–C, C–H 285.1 1, 2 29 

C–CF, C–O 286.7 3 18 

CHF, C=O 288.7 3   7 

CF2–CF2 291.8 3, 4 31 

C–F3 293.9 3-5  14 

Other component 295.8 8-10   1 

O 

Fe2O3 530.4 1, 3, 8, 9, 10 28 

Cr2O3 531.7 1, 3, 8, 9, 10 28 

C–O, SiO2 533.0 1, 3, 8, 9, 10 37 

Adsorbed water 534.8 1, 3, 8, 9, 10   8 

Si 

SiO2 103.1 6, 7 59 

SiO3 104.2 6, 7 26 

Si–F, SiO4 105.6 6, 7, 11 15 

F 

F metal 684.9 11   3 

CF2–CF2 688.9 1-5, 8, 9, 10 81 

F–Si 690.8 12 16 

a 
References: 1. (Ferraria et al., 2003), 2. (Su et al., 2010), 3. (Torrisi, 2008), 4. (Shulga 

et al., 2007), 5. (Nansé et al., 1997), 6. (Goel et al., 1998), 7. (He et al., 1992). 8 

(Moulder et al., 1992), 9. (Beamson and Briggs, 1992), 10. (Premathilaka, 2008), 11. 

(Tessier et al., 1999), 12. (Arreaga-Salas et al., 2012). 

 

5.5 Characterisation of Ni–P–PTFE-coated surface 

5.5.1 Surface morphology 

The SEM image of the Ni–P–PTFE-coated surface (Figure 5-10a) showed that the coating 

masked the topography of the substrate surface and significantly altered the surface 

microstructure. At higher magnification (Figure 5-10b), it was found that the PTFE particles 

(dark regions in the coating) were distributed evenly in the coating matrix to give a 

homogeneous topography of the coated surface. This type of surface structure has been widely 

reported in the literature (Zhao et al., 2002; Santos et al., 2004; Zhao and Liu, 2004; Zhao et al., 

2005a; Zhao and Liu, 2006; Premathilaka, 2008). Moreover, the homogeneous morphology of 
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the coating surface can be attributed to the thickness of the coating (about 10 µm as per the 

supplier’s information, Section 4.3.2) that covered the substrate’s features. 

  

(a) (b) 

Figure 5-10 SEM image of Ni–P–PTFE surface 

 

It was interesting to note numbers of cracks in the Ni–P–PTFE-coated surface when observed at 

higher magnification. The SEM images (Figure 5-11a and 5–11b) showed that the cracks ranged 

from about 0.1 to 50 µm in size. Figure 5-11c illustrates a part of the substrate from which the 

coating had delaminated. It was believed that these cracks would have been the cause of the 

delamination of the coating. Zhao and Liu (2004) mentioned that the Ni–P–PTFE coating 

adhered poorly to the substrate and peeled off. 

UV fluorescence microscopy of the coated surface showed a well-defined network of straight 

lines (Figure 5-11d). This behaviour was not observed with any other coated surfaces or with the 

control surface, and the reasons for such lines are not known. 
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(a) (b) 

  

(c) (d) 

Figure 5-11 Microstructure of the Ni–P–PTFE-coated surface: (a and b) cracks in the coating; 

(c) delamination of the coating; (d) UV fluorescence image of the coating 

 

5.5.2 Surface chemistry 

The Ni–P–PTFE-coated surface was analysed for its surface chemistry using EDS and XPS 

analyses. The surface elemental composition quantified from EDS analysis is presented in Table 

5-10, whereas that from XPS analysis is presented in Table 5-11. The EDS analysis of the coated 

surface showed the presence of Ni, P, F, C and O as the major components. The strong signals 

from nickel and phosphorus were from the Ni-P matrix. The high amounts of carbon and fluorine 

indicated the presence of PTFE particles at the surface. The substrate elements (Fe and Cr) were 

identified in small quantity, and revealed that the coating was thicker than the sensitivity depth 

of the EDS technique. 

An XPS survey scan of the Ni–P–PTFE surface (Figure 5-12a) revealed the presence of C, F, O, 

Ni and P as the major elements at the surface. The estimated composition is presented in Table 

5-11. The F and C contents were higher than those for Ni and P, which implied that the PTFE 

Delaminated 

coating 
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particles would be exposed to the surface. The N identified on the surface could have been the 

result of surface contamination. 

 

Table 5-10 Surface elemental composition (at.%) of Ni–P–PTFE-coated surface using EDS 

Element C O P F N Cr Fe Ni 

Composition 25 6 16 6 4 < 1 < 1 41 

 

Table 5-11 Surface elemental composition (at.%) of Ni–P–PTFE-coated surface using XPS 

Element C O P F N Cr Fe Ni 

Composition 34 17 7 30 2 ND ND 10 

ND = Not detected. 

 

The peak identifications and quantifications for the elemental scans are presented in Figure 

5-12b to f and in Table 5-12 respectively. The spectra were charge referenced to F 1s at 689.7 eV 

for the CF2–CF2 (PTFE) component (Beamson and Briggs, 1992). The C 1s elemental scan was 

deconvoluted with five peaks for C–C, C–O, CHF, PTFE and C–F3. The spectrum of O 1s 

was fitted with two components, of which C–O was the main component, which may have 

formed oxides with PTFE particles. The minor component could have been due to adsorbed 

water. For the F 1s elemental scan, CF2–CF2 (PTFE) was the main component at 689.7 eV, 

whereas C–F was the minor component. Ni was mainly present in metal form at 851.9 eV, with 

various oxides as minor components. The higher binding energy peaks in the Ni 2p 

spectrum could have been due to electron shake up lines, which are generally found at about 

5–10 eV above the main peak. P 2p fitted with three components: the peak at 128.7 eV was 

estimated as phosphides, which contributed the most; the peaks at 130.7 eV and 132.3 eV 

were assigned as P metal and phosphorus respectively. 
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(a) 

   
(b) (c) (d) 

  

(e) (f) 

Figure 5-12 XPS spectra for Ni–P–PTFE surface: (a) survey scan; (b) C 1s; (c) O 1s; (d) F 1s; 

(e) Ni 2p; (f) P 2p 
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Table 5-12 XPS peak identification for Ni–P–PTFE surface 

Element Assigned component 
Binding energy 

(eV) 
References

a
 Composition% 

C 

C-C 284.3 1, 2 43 

C-O 285.9 3 14 

CHF 287.7 3   9 

CF2 (PTFE) 291.3 3, 4 12 

CF3 292.8 3, 4, 5 23 

O 
C–O 530.4 1, 3, 6, 7, 8 80 

Water 532.1 1, 3, 6, 7, 8 20 

F 
C–F 688.3 5-9  25 

CF2–CF2 (PTFE) 689.7 6, 7, 8 75 

Ni 
Ni metal 851.9 10, 11 65 

Ni oxides 853.3–861.1 10, 11 35 

P 

Phosphide 128.7 10, 11 69 

P metal 130.7 10, 11 15 

Phosphorus 132.3 11 16 

a 
References: 1. (Ferraria et al., 2003), 2. (Su et al., 2010), 3. (Torrisi, 2008), 4. (Shulga et 

al., 2007), 5. (Nansé et al., 1997), 6. (Moulder et al., 1992), 7. (Beamson and Briggs, 

1992), 8. (Premathilaka, 2008), 9. (He et al., 1992). 10.  (Kawashima et al., 1984), 11. 

(Okamoto et al., 1979). 

 

5.6 Surface properties of modified and control surfaces 

Surface modification alters various surface properties, of which surface energy and surface 

roughness are of major interest in fouling mitigation studies. This section presents the effect of 

surface coating on the surface energy and the surface roughness of the control and modified 

surfaces. 

5.6.1 Contact angle and surface energy 

The surface energy of the control and modified surfaces was calculated based on the approach of 

van Oss (1994) using contact angle measurement data. The Liftshitz-van der Waals part is made 

up of three different electrodynamics interactions: Keesom (orientation), Debye (induction) and 

London (dispersion) interactions. The Lewis acid/base part is made up of non-additive electron 
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acceptor and electron donor component. The various surface energy components reveal about the 

two different types of bonding: physical forces (i.e. long range forces or intermolecular bonds) 

and chemical bonds (i.e. short range forces). It is generally accepted that the physical forces 

occur between two molecules when they are apart by more than 3 Å (Hiemenz, 1986; Reid et al., 

1977). These interactions act over a distance of 100 Å among molecules and can be repulsive or 

attractive, whereas, the Lewis acid/base forces act over a distance of less than 3 Å (Adamson and 

Gast, 1997). Figure 5-13 presents the average values of various components of the surface 

energy of the experimental surfaces. The total surface energy (γ
TOT

) for a surface is a sum of 

the dispersive (apolar) Lifshitz–van der Waals’ component (γ
LW

) and the polar acid–base 

component (γ
AB

). The control surface had the highest value of total surface energy at 50.82 

mN/m and presented the least hydrophobic nature, whereas the silica-coated surface had the 

lowest value of total surface energy at 18.19 mN/m and presented the most hydrophobic 

nature. The DLC-modified surfaces had surface energies similar to that of the control 

surface and ranged from 40 to 49 mN/m. The surface energy for the Ni–P–PTFE-coated 

surface was similar to that for the silica-coated surface. 

It was noted that the Lifshitz–van der Waals’ (apolar, γ
LW

) components were similar for the 

control surface and all modified surfaces, except for the silica-coated and Ni–P–PTFE-

coated surfaces. However, the acid–base (polar, γ
AB

) component varied from the lowest value 

of 0.69 mN/m for the DLC-2- coated surface to the highest value of 9.26 mN/m for the 

control surface. For the DLC-1 and silica surfaces, the acid–base (polar, γ
AB

) component was 

similar to that for the control surface, whereas it was lower for the DLC-2, DLC-3 and Ni–

P–PTFE surfaces. The electron donor component (γ
–
), which is being considered to be the 

most important parameter in fouling deposition (Rosmaninho et al., 2004), varied from 2.18 to 

30.24 mN/m for all the experimental surfaces investigated (Figure 5-13). Only the electron 

donor surface energy component varied with surface modification, whereas, the total surface 

energy, dispersive component of surface energy and electron acceptor component of surface 

energy do not vary a lot among the various modified surfaces. Hence, electron donor component 

(γ
–
) of surface energy is considered the most important in fouling deposition. The results showed 

that the electron donor component varied the most and presented a range of surface 

wettabilities for the modified surfaces. Thus, it can be said that the surface coating altered the 

surface energy and the wettability of the substrate surface. 



5-24 Chapter 5 Characterisation of control and modified surfaces 

_____________________________________________________________________________________________

Surface modification to reduce milk fouling and/or to enhance cleaning in the dairy industry 

 

Figure 5-13 Surface energy of modified and control surfaces 

 

5.6.2 Surface roughness 

The average value of the surface roughness (Ra) for the control and modified surfaces is 

presented in Figure 5-14. The DLC-coated surfaces had an average value in the range 

0.12−0.15 µm, which was similar to the average value for the control surface (0.17 ± 0.04 

µm). This could be attributed to the coating deposition technique and the coating thickness. 

These results were supported by the SEM images, in which a similar topography for the control 

and DLC-coated surfaces was observed (Sections 5.2.1 and 5.3.1). 

For the silica-coated surface, the average surface roughness value was identical to that 

measured for the control surface, which would have been because of the thin coating layer, 

which would have reproduced the substrate structure. This result was supported by the SEM 

images (Section 5.4.1), in which the underneath substrate was observed, and by the surface 

chemistry analyses (Section 5.4.2), which identified substrate elements along with the silica 

coating. The Ni–P–PTFE-coated surface showed the highest surface roughness, with an average 

value of 0.29 ± 0.10 µm, which was probably due to the cracks in the coating. 

These findings implied that the surface roughness of the modified surfaces was similar to 

that of the control surface, and that the surface modification did not alter the surface 

roughness, except for the Ni–P–PTFE coating. The results found in this study are in 

accordance with the literature, which reported similar surface roughnesses for coated and 
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control surfaces, but a different surface roughness for Ni–P–PTFE-coated surfaces (Santos et al., 

2004; Augustin et al., 2007). 

 

Figure 5-14 Surface roughness of modified and control surfaces 

 

5.7 Summary 

The modified and control surfaces were characterised for their surface topography and 

surface chemistry using SEM, EDS and XPS techniques. The surface properties, such as 

surface energy and surface roughness, were also measured for the experimental surfaces. In 

this study, it was found that the topography of all the modified surfaces was similar to that of 

the control stainless steel surface, except for the Ni–P–PTFE coating. The SEM images revealed 

a heterogeneous microstructure of the surfaces, with irregular-shaped grains. The surface 

roughnesses of the DLC coatings and the silica surfaces were quite similar to that of the 

control surface. The Ni–P–PTFE-coated surface masked the substrate topography and showed 

a homogeneous surface. The surface roughness of the Ni–P–PTFE surface revealed that it was 

the roughest surface in the study. These results indicated that the surface modification did not 

affect the surface topography and the surface roughness significantly. 

However, the surface chemistry analyses, carried out by EDS and XPS techniques, and the 

surface energy measurements revealed differences among the experimental surfaces. The 

surface chemistry revealed that the control stainless steel surface was composed mainly of 

metal elements (i.e. Fe, Cr and Ni) and was covered with a chromium oxide layer. In contrast, 

the DLC-modified surfaces (DLC-1, DLC-2 and DLC-3) were made up of C, Si and F elements, 

and had low amounts of O component. The results implied that the DLC surfaces formed thin 

layers of surface oxides. XPS analysis of the silica surface revealed that it was composed 
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mainly of C and F elements, whereas Si and O elements were low in the composition. The 

analysis also found that the surface was covered with an irregular thin layer of silica coating, 

and formed metal oxides on the surface similar to that found for the control surface. The 

presence of substrate elements also suggested that the thickness of the silica coating would be a 

few nanometres. For the Ni–P–PTFE-coated surface, the EDS and XPS analyses identified the 

presence of C, F, Ni and P as major components. The surface was lower in O and suggested 

minimal polar interactions of protein and minerals during milk fouling deposition. In addition, it 

was found that the majority of the carbon was bonded to fluorine atoms to form a polymerised 

network, leading to non-stick behaviour. 

The surface energy measurements indicated that the modified surfaces investigated in this 

study were more hydrophobic in nature than the control stainless steel surface. The 

electron donor component of the surface energy, which is considered to be the most important 

parameter, ranged from 2.18 mN/m for the Ni–P–PTFE-coated surface to 30.24 mN/m for 

the DLC-3-coated surface. 

These surface characterisation analyses form a basis for an understanding of the fouling 

behaviour of the experimental surfaces with milk at laboratory and pilot scale (Chapter 6) and 

for the characterisation of the initial interactions of fouling species with the experimental 

surfaces (Chapter 7). 
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Chapter 6. Fouling and cleaning performance of 

control and modified surfaces 

6.1 Introduction 

This chapter discusses the investigations of the fouling and cleaning performances of the 

modified and control surfaces. The experimental surfaces were fouled with milk and WPI 

solution at laboratory scale and pilot scale. In the laboratory-scale set-up, the fouling 

behaviour of the experimental surfaces was evaluated by the mass of fouling deposits and by 

qualitative observation of the fouling deposit layer. In the pilot-scale set-up, the performance 

of the modified and control surfaces was evaluated by the mass of fouling deposits, qualitative 

analysis of the deposit layer, the rate of decrease in the heat transfer coefficient (fouling rate), 

the increase in the pressure drop across the final heaters and chemical analysis of the deposits. 

This chapter also presents the performance of the experimental surfaces in terms of easy 

cleaning of fouling deposits in the pilot-scale set-up. This was evaluated by the removal of 

the mass of fouling deposits, the change in the pressure drop across the final heaters and 

quantification of the protein content in the spent cleaning solutions. 

Furthermore, sets of experiments were carried out to investigate the fouling behaviour of 

the modified and control surfaces with WPI solution. 

Finally, the chapter presents the microbial fouling behaviour of the modified and control 

surfaces, evaluated in a laboratory-scale set-up. 

6.2 Milk fouling behaviour at laboratory scale 

6.2.1 Mass of fouling deposits 

A number of experiments were carried out to investigate the fouling performance of the 

experimental surfaces with milk deposition. The modified and control surfaces were cleaned 

using a standard CIP regime, and were fouled with skim milk using the laboratory-scale flow 

tube and disk rig set-up. At least four measurements were obtained for each experimental 

surface, except for the Ni–P–PTFE- modified surface for which only two measurements were 

obtained because the coating delaminated from the stainless steel substrate. The percentage 

difference in the mass of fouling deposits between the modified surfaces and their respective 
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control surfaces was calculated, and the average values are presented as the percentage 

benefit in the reduction in the fouling mass (Figure 6-1), to illustrate the performance of the 

modified surfaces compared with their control surfaces. The absolute mass of the fouling 

deposits for the modified surfaces, along with their controls, is presented in Appendix A.4.1. 

Figure 6-1 shows that the percentage benefits in the reduction in the mass of deposits were 17.4, 

13.2, 4.7, 13.3 and –8.7% for the DLC-1, DLC-2, DLC-3, silica and Ni–P–PTFE surfaces 

respectively, when compared with their controls. The negative benefit observed for the Ni–P–

PTFE-modified surface was attributed to the higher mass of deposits on the coated surfaces in 

comparison with the controls. The performances of the DLC-1- and silica-modified surfaces 

were significantly (P < 0.05) different from the control, but not for the other modified surfaces. 

This could possibly have been due to a large variation in the absolute mass of fouling deposits 

for the experimental surfaces, which ranged from –10 to +15% of the mass of the fouling 

deposits among the repeated experiments (Appendix A.2.1.). However, it is worth mentioning 

that, as the instrumental error in the experimental set-up, shown as a highlighted region in 

Figure 6-1, was only ± 2% (Appendix A.3.1.), it did not have a considerable effect on the 

fouling results. Hence, the observed variation in the mass of fouling deposits could be 

attributed to the inherent fouling process of milk. 
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Figure 6-1 Average reduction in mass of deposits for the modified surfaces at laboratory scale 

 

The lower mass of fouling deposit for the modified surfaces (Figure 6-1) in comparison with 

their respective controls could be attributed to possible re-entrainment of loosely adhered fouling 

deposits influenced by the shear forces at the boundary layer, generated by the hydrodynamic 

flow of milk. Furthermore, the lower mass of the fouling deposits for the modified surfaces could 

be attributed to the lower total surface energy (γ
TOT

) of the modified surfaces (see Section 5.6.1), 

especially the electron donor component (γ
-
). Santos et al. (2003, 2006a) found that the initial 

deposition rate was driven by the surface energy. Figure 6-1 presents the electron donor 

component (γ
-
) of the surface energy. It was noticed that, even though the γ

– 
component of the 

surface energy was quite similar for the DLC-1- and DLC-2-modified surfaces, the reduction 

in the mass of fouling deposits for the DLC-2-modified surfaces was lower than for the DLC-

1-modified surfaces. Whereas, the DLC-2- and silica-modified surfaces performed identically 

in terms of the reduction in the mass of fouling deposits, although the electron donor 

component (γ
–
) of the surface energy for both surfaces differed significantly. The Ni–P–

PTFE-modified surfaces, which had the lowest electron donor component of the surface 

energy, fouled more than their controls. Thus, the findings in this current study revealed that 

the reduction in the mass of fouling deposits for the modified surface did not show a 

relationship with the total surface energy (γ
TOT

) or with the electron donor component of 

the surface energy (γ
–
). Likewise, the surface roughness (Ra) of the modified surface (see 
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Section 5.6.2), which was similar to that of the control surface, was not related to the mass of 

fouling deposit. 

These results are in contrast to the literature, in which a huge reduction in fouling deposits for 

DLC-modified surfaces has been reported when studied with a variety of solutions (Santos 

et al., 2006a; Augustin et al., 2007; Rosmaninho et al., 2008). However, it is worth noting 

that the current study used milk to foul the experimental surfaces, which may have 

produced a more complex fouling mechanism than fouling from various solutions. Robbins et 

al. (1999) studied the fouling behaviour of milk and WPI solution at pasteurisation and UHT 

temperatures. The study reported that the fouling mechanism for milk was different from that 

for WPI solution and involved complex interactions among caseins, whey proteins (especially 

β-lg) and calcium during the heat treatment. Moreover, in this study, the experimental 

surfaces were fouled to develop a complete fouling deposit layer that is much beyond the 

initial fouling deposition. Therefore, once the surface had been covered with the initial fouling 

deposits, there would have been deposit–deposit interactions instead of surface–deposit 

interactions. Thereby, the possible influence of the surface energy on subsequent fouling 

deposition would have been masked. 

6.2.2 Fouling deposit layer 

The fouling deposit layers on the experimental surfaces were analysed qualitatively. Figure 6-2 

shows the photographs of the fouled surfaces. For all the experimental surfaces, it was observed 

during visual inspection, as shown in Figure 6-3a, that the fouling deposit layer formed a mixture 

of dense deposits near the surface/deposit interface and a cottony growth at the top of the 

deposit. It is worth noting that the fouling deposit layers for the DLC-1-modified surface (Figure 

6-2b) and the silica-modified surface (Figure 6-2e and Figure 6-3b) broke and peeled off on 

drying, which was not observed for the control surface (Figure 6-2a). This behaviour suggested 

poor adhesion strength of the fouling deposit layer with these modified surfaces. The peeling-off 

of the fouling deposit layer was less pronounced for the DLC-1-modified surfaces than for the 

silica surfaces (Patel et al., 2010). The phenomenon of the peeling-off of the fouling deposit 

layer suggests that there may have been weaker bonding forces (possibly van der Waals’ and 

electrostatic forces) at the surface/deposit interface of the modified surface because of the 

altered surface characteristics. Although drying of the fouling deposit is not practised in the 

dairy industry, it was predicted that the peeling-off of the deposit layer may offer a potential 

benefit in enhanced cleaning of the deposits from the modified surfaces. 
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The fouling deposit layer for the DLC-2 (Figure 6-2c), DLC-3 (Figure 6-2d) and Ni–P–PTFE 

(Figure 6-2f) surfaces was similar to that was observed for the control surface and did not 

result in peeling-off of the fouling deposit layer. It was surprising to note the absence of 

peeling-off of the fouling deposit layer for the DLC-2-modified surface even though the 

electron donor component (γ
–
) of its surface energy was similar to that for the DLC-1-

modified surface. This behaviour suggested that the fouling deposition process was independent 

of the electron donor component (γ
–
) of the surface energy. 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 6-2 Photographs of the fouled surfaces: (a) stainless steel; (b) DLC-1; (c) DLC-2; (d) 

DLC-3; (e) silica; (f) Ni-P-PTFE 

 

Peeled-off deposit layer 

Peeled-off deposit layer 
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Dense deposits near the 

surface 

 

Cottony deposits away from 

the surface 

(a)  

 

Peeled-off 

fouling deposit layer 

(b)  

Figure 6-3 Photographs of the fouled surfaces (a) close view of fouling deposit on stainless steel 

surface, and (b) peeling-off of the fouling deposit layer for silica-modified surfaces 

 

6.3 Milk fouling behaviour at pilot scale 

Pilot-scale experiments were carried out to investigate the fouling performance of the 

modified surfaces with raw whole milk. This milk was selected to mimic industrial processing 

conditions and to clarify whether the laboratory-scale benefits in fouling reduction are 

commercially sustainable. Each experimental surface, along with its control surface, was 

studied for at least three measurements at bulk outlet temperatures of 78 and 84°C. The 

performance of the experimental surfaces was evaluated by the mass of fouling deposits, 

visual observation of the fouling deposit layer, the fouling rate (the rate of decrease in the heat 

transfer coefficient value) and the increase in the pressure drop across the final heaters. 

6.3.1 Mass of fouling deposits 

Figure 6-4 illustrates the average values of percentage reduction in the mass of fouling deposits 

for the modified surfaces studied at bulk outlet fouling temperatures of 78 and 84°C. The 

absolute mass of the fouling deposits for the experimental surfaces is given in Appendix 

A.4.2. The percentage reductions in the mass of fouling deposits were 8.0, 10.1, 6.8, 16.1 and 

45.8% for the DLC-1, DLC-2, DLC-3, silica and Ni–P–PTFE surfaces respectively at fouling 

temperature of 78°C. They were 0.9, –10.8, 14.0 and –11.6% for the DLC-1, DLC-2, DLC-3 and 
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silica surfaces at fouling temperature of 84°C; the Ni–P–PTFE-modified surfaces were not 

investigated for their performance because the coating delaminated from the substrate. 

The statistical analysis revealed that these benefits in the  reduction in the mass of fouling 

deposits were not significant (P > 0.05), except for the Ni–P–PTFE-modified surfaces. These 

findings were in contrast to the results observed at laboratory scale, where a statistically 

significant benefit in the reduction in the mass of fouling deposits was recorded for the 

DLC-1- and silica-modified surfaces. At 78°C, although the DLC-1-modified surfaces showed 

a consistent benefit in the reduction in the mass of fouling deposit, the benefit was not viable 

commercially. The performance of the silica-modified surfaces was not consistent and resulted 

in a large variation in the mass of deposits, at both fouling temperatures (78 and 84°C). This 

could possibly have been due to the thin silica coating (see Section 5.4.1), such that the 

underneath control stainless steel surface may have influenced the fouling deposition process, 

ultimately leading to a high variability in its performance. 

The Ni–P–PTFE-modified surfaces showed about a 45% reduction in the mass of fouling 

deposits in comparison with their control surfaces. However, the difference was statistically 

non-significant (P > 0.05) because of large variations in the repeated experiments. It was also 

noticed that the reduction in the mass of fouling deposits was not the actual performance of 

the Ni–P–PTFE-modified surface, but was caused by the delamination of the coating from 

the stainless steel substrate. Such delamination of the Ni–P–PTFE coating has been reported 

in the literature (Armyanov et al., 1999; Zhao et al., 2004). In this current study, complete 

delamination of the Ni–P–PTFE coating was found after the standard CIP process (Figure 6-5). 

This phenomenon suggested that the Ni–P–PTFE coating was not sustainable with the 

processing conditions used in this study, and that further development is required to improve its 

adhesion with the substrate material. 
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Figure 6-4 Average reduction in mass of fouling deposits for modified surfaces at pilot scale 

 

 

Figure 6-5 Photograph of delaminated Ni–P–PTFE coating 

 

Thus, the performance of the modified surfaces was not conclusive because of the large variation 

in the percentage reduction, which varied from –25 to +10% of the mass of fouling deposits 

among the repeated experiments (Appendix A.2.2.2). This variation was attributed to the 

inherent milk fouling process because of variation in the milk protein and mineral composition 

(Appendix A.5), as the instrumental error of the pilot-scale experimental set-up was only from –

5 to 0% (Appendix A.3.2). 
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Similar to the laboratory-scale findings, there was no relationship between the reduction in the 

mass of fouling deposits and either the electron donor (γ
–
) component of the surface energy 

or the total surface energy (γ
TOT

) of the modified surfaces (see Section 5.6.1). Furthermore, the 

mass of the fouling deposit was independent of the surface roughness (Ra) of the 

experimental surfaces (Section 5.6.2). 

Thus, in the current study, the effect of the modified surfaces on fouling reduction was 

not conclusive. These results are in contrast to the reported literature, in which a huge 

benefit (~30–40%) in the fouling reduction on DLC- and Ni–P–PTFE-coated surfaces has been 

reported for a variety of fouling solutions such as WPI, WPC, SMUF, SMUF with added whey 

protein and model fluids (Santos et al., 2006a; Augustin et al., 2007; Rosmaninho et al., 2008). 

It is important to note that the absolute mass of fouling deposits in the above- mentioned 

studies was only about 5–10% of the mass of deposits observed in the current study. These 

small masses may have exaggerated the performance of the modified surfaces when 

compared with their controls. Moreover, it has been reported that milk follows a different 

fouling mechanism from that of a WPI solution, and involves complex interactions among 

caseins, whey proteins (especially β-lg) and calcium during heat treatment (Robbins et al., 1999). 

It is worth noting in this study that the experimental surfaces were fouled with raw milk to build 

up a completely developed fouling deposit layer that is beyond the initial fouling stage. 

Hence, the build-up of the deposit mass may have masked the influence of the modified 

surface after the induction stage of fouling deposition had been completed. Britten et al. 

(1988) have reported that the surface coating affects only the initial interactions of fouling 

deposits with the surface and have suggested that further build-up of deposits, once the 

surface has been covered with fouling deposit, will be governed mainly by deposit–deposit 

interactions (cohesion) rather than surface–deposit interactions (adhesion). Similarly, Beuf et al. 

(2003) reported that the fouling behaviour of modified surfaces, at pilot scale, with an FMF 

solution showed no significant benefit in fouling mitigation for the modified surfaces 

studied, but that there was easier cleaning of the deposits from low energy surfaces. 

6.3.2 Fouling deposit layer 

The fouled PHE was opened up for qualitative analysis of the fouling deposit layers. It was 

noticed that the fouling deposit layer on the DLC-1-modified surfaces peeled off (Figure 6-6), 

which was not observed for their corresponding control surfaces. Similarly, the silica-modified 

surfaces also showed a peeling-off of the fouling deposit layer (Figure 6-7). This peeling off 
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phenomenon, although less pronounced than that found at laboratory scale, suggested poor 

adhesion of the fouling deposit to the DLC-1- and silica-modified surfaces, and indicated 

that the fouling deposits may have interacted with weaker van der Waals’ forces and 

electrostatic forces near the surface/deposit interface. However, unlike the DLC-1- and silica-

modified surfaces, the fouling deposit layer for the DLC-2- and DLC-3- modified surfaces 

was similar to that for the control surface and did not show a peeling-off behaviour. In 

addition, it was found that the peeling-off of the fouling deposit layer was independent of the 

surface energy (γ
TOT 

and γ
–
) of the modified surfaces. 

As discussed earlier, although drying of the fouling deposit layer is not practised in the 

dairy industry, the peeling-off behaviour of the fouling deposit layer suggested that it may lead 

to easy removal of the fouling deposits for the DLC-1- and silica-modified surfaces compared 

with the control surface. 
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(a) 

 

(b) 

Figure 6-6 Photographs of fouled surfaces: (a) control; (b) DLC-1 

 

 

Peeling-off of fouling deposit 
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Figure 6-7 Photograph of fouled silica-modified surfaces 

 

6.3.3 Reduction in heat transfer coefficient 

The fouling behaviour of the experimental surfaces was also monitored by the decrease in 

the heat transfer coefficient (U- value, W/m²K) at the final heaters. Real- time measurements 

for the temperature and flow rate were used to calculate the heat transfer coefficients for the 

experimental surfaces fouled at bulk outlet temperatures of 78 and 84°C. The trends for the 

modified surfaces and their respective controls (316 SS 2B surfaces) were plotted against 

fouling time, and are presented in Figure 6-8 to Figure 6-11. 

It can be seen that each fouling experiment started at a U-value of about 7000 W/m²K, which 

meant that the experimental surfaces had been completely cleaned, as per the standard CIP 

regime (see Section 4.4), before the fouling experiments. It is worth noting that the fouling 

deposition started instantaneously, as soon as the milk came in contact with the experimental 

surface. In addition, the heat transfer coefficient started to decrease with fouling time, for all 

experimental surfaces, and showed no induction period of the fouling stage. This was attributed 

to the narrow flow channels and close contact points between adjacent PHE plates, which act as 

regions of low velocity zones, ultimately giving low shear forces (Belmar-Beiny et al., 1993; 

Delplace et al., 1997). 

Peeling-off of fouling deposit layer 
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For all fouling experiments, the heat transfer coefficient decreased with fouling time, 

irrespective of the experimental surface, and indicated a gradual increase in fouling deposition 

on the surfaces. The results showed a linear decrease in the heat transfer coefficient for all 

experimental surfaces, but presented a large range of slopes (commonly known as the fouling 

rate) of the decrease among the repeated experiments. A steeper slope of the decrease in the 

heat transfer coefficient implied a more rapid fouling deposition than a less steep slope. 

Analysis of the fouling rate revealed that, at a bulk outlet temperature of 78°C, it was 

similar for the modified surfaces and their controls, for about half of the total experiments 

carried out. However, at a bulk outlet temperature of 84°C, about two third of the total 

experiments showed no benefit in fouling mitigation for the modified surfaces compared with 

their controls. 

At a  bulk outlet temperature of 78°C the DLC-1-modified surface (Figure 6-8) and the silica-

modified surface (Figure 6-9)-fouled in a similar manner to their controls, except for Trial-02 

of the silica surfaces. However, the other modified and control surfaces showed a mixed 

trend in fouling deposition. Similarly, at a bulk outlet temperature of 84°C (Figure 6-10 and 

Figure 6-11), the experimental surfaces gave a mixed trend in the reduction in the heat transfer 

coefficient for the modified surfaces compared with their controls. 
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Figure 6-8 Reduction in heat transfer coefficient at the final heaters for the DLC-1-, DLC-2- and 

DLC-3-modified surfaces, fouled at a bulk outlet temperature of 78°C 
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Figure 6-9 Reduction in heat transfer coefficient at the final heaters for the silica-modified, Ni–

P–PTFE-modified and control surfaces, fouled at a bulk outlet temperature of 78°C 
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Figure 6-10 Reduction in heat transfer coefficient at the final heaters for DLC-1-, DLC-2- and 

DLC-3-modified surfaces, fouled at a bulk outlet temperature of 84°C 
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Figure 6-11 Reduction in heat transfer coefficient at the final heaters for the silica-modified and 

control surfaces, fouled at a bulk outlet temperature of 84°C 
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Figure 6-12 Milk fouling behaviour – benefit in reduction in fouling rate for the modified 

surfaces at pilot scale 

 

6.3.4 Increase in pressure drop 

The fouling performance of the modified surfaces was also evaluated by monitoring the 

increase in pressure drop across the final heaters. The pressure drop across the PHE increases 

because of a decrease in hydraulic diameter, caused by deposition of the foulant. The trends 

for the increase in pressure drop for the modified and control surfaces, at bulk outlet 
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For all experimental surfaces, the pressure drop did not change for the first 2 h of the 
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the heat transfer coefficient. Thus, the interpretations for the fouling deposition process based 

on the reduction in the heat transfer coefficient (i.e. the fouling rate) and based on the increase 

in the pressure drop were contradictory. This finding suggested that the increase in the pressure 

drop across the final heater could have been from a localised fouling deposition, giving a 

higher pressure drop across the PHE, even though the heat transfer area of the 

experimental surface may not have been fully covered with fouling deposits. 
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Figure 6-13 Increase in the pressure drop at the final heaters for the DLC-1-, DLC-2- and   

DLC-3-modified surfaces, fouled at a bulk outlet temperature of 78°C 
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Figure 6-14 Increase in the pressure drop at the final heaters for the silica-modified,                 

Ni–P–PTFE-modified and control surfaces, fouled at a bulk outlet temperature of 78°C 
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Figure 6-15 Increase in pressure drop at the final heaters for the DLC-1-, DLC-2- and DLC-3-

modified surfaces, fouled at a bulk outlet temperature of 84°C 
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Figure 6-16 Increase in pressure drop at the final heaters for the silica-modified and control 

surfaces, fouled at a bulk outlet temperature of 84°C 
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study resembled the Type A deposit, as reported in the literature (Burton, 1968; Visser and 

Jeurnink, 1997; Balasubramanian et al., 2008). In addition, the ratio of the calcium and 

phosphate components of the minerals was determined to be around 0.75, which suggested 

that the calcium phosphate in the fouling deposits was present as dicalcium phosphate 

dihydrate (DCPD) (Visser and Jeurnink, 1997). 

The compositional analyses were also evaluated to identify any relationship of these 

components with the mass of fouling deposit and the fouling rate; no relationship was found. 

 

Figure 6-17 Average composition of fouling deposit 
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at the initial stage of the caustic cleaning step and by estimating the protein content of the spent 

cleaning solutions. 
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6.4.1 Removal of the fouling deposits 

The removal of the fouling deposits for the modified and control surfaces was quantified 

by calculating the difference in the mass of the fouling deposits measured at three predefined 

stages of the experimental CIP regime (Section 4.8.1., Table 4-6), i.e. 

(i) at the end of fouling (i.e. before the start of the experimental CIP regime), 

(ii) at the end of the mid rinse stage, and 

(iii) at the end of the final rinse stage. 

The difference in the mass of the fouling deposits between stages (i) and (ii) and between 

stages (ii) and (iii) provided a quantitative measure of the removal of the fouling deposits for 

the caustic cleaning step and the acid cleaning step respectively. As the modified and control 

surfaces were found to be completely clean at the end of the final rinse stage, only the data for 

the mass of fouling deposits for stages (i) and (ii) were analysed for the removal of the fouling 

deposits. The data were calculated as the percentage removal of the mass of fouling deposits 

based on the mass of the fouling deposits found at the end of fouling, i.e. at stage (i). The 

average values of three measurements are presented in Figure 6-18. 

The average percentage removal of the mass of fouling deposits for all modified surfaces was 

about 80%, which was similar to that for their control surfaces, except for the Ni–P–PTFE-

modified surface. The Ni–P–PTFE- modified surface showed about 130% removal of the 

mass of the fouling deposits, which was attributed to loss of the coating from the substrate 

because of its delamination. There was lower removal for the control surfaces because the 

experimental CIP regime used lower strength chemicals for cleaning to identify any benefit 

in easy removal of fouling deposits from the modified surfaces. 

The differences in the removal of fouling deposits for all modified surfaces were statistically 

non-significant (P > 0.05), when compared with their controls. These results implied that none 

of the modified surfaces improved the cleaning efficiency, compared with the control surfaces. 

A possible reason for the similar performances of the modified surfaces in terms of the 

cleaning of the fouling deposits could be because of the similar structures of the fouling 

deposits, as observed with the SEM technique (discussed in Section 7.2), which might have 

given similar diffusion of the cleaning chemicals into the deposit structure. This could have led 

to similar dissolution of proteins into the solution, offering an identical rate of removal of the 

fouling deposits for the modified and control surfaces. 
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These results also nullified the hypothesis of a  possible enhancement in the removal of the 

fouling deposits for the DLC-1- and silica-modified surfaces, which showed peeling-off of the 

fouling deposit layer (Sections 6.2.2 and 6.3.2). This finding suggested that the fouling 

deposition behaviour for the modified surfaces was similar to that for the control surfaces, and 

that the observed peeling-off of the fouling deposit layer was not transformed into a cleaning 

benefit. 

 

Figure 6-18 Removal of the mass of fouling deposit for the modified surfaces fouled with milk 

at pilot scale 

 

6.4.2 Change in pressure drop during initial cleaning stage 

During the experimental CIP regime, the pressure of the flow of the cleaning solutions was 

measured at the inlet and outlet ports of the final heaters. The data were analysed to study the 

change in the pressure drop during the initial stage of the caustic cleaning step, across the final 

heaters. Figure 6-19 and Figure 6-20 show the first 200 s of the caustic cleaning step. The 

analysis indicated that there were average peaks in the pressure drops of about 100 kPa at 

around 100 s of cleaning time, which subsequently reduced to about 30 kPa at 150 s onwards. 

Figure 6-19 and Figure 6-20 show that the pressure drop trends for the modified surfaces were 

quite similar to those for their controls, except for one experiment for the silica-modified 

surfaces, in which the cleaning temperature at the final heaters was too low because of a faulty 

reconfiguration of the fouling rig. These results proved that the benefits in the ease of 

cleaning of the fouling deposits for the modified surfaces were non-significant (P > 0.05) 

when compared with their control surfaces. 
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Figure 6-19 Increase in the pressure drop during the initial stage of the caustic cleaning step for 

the DLC-1-, DLC-2- and DLC-3-modified and control surfaces 
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Figure 6-20 Increase in the pressure drop during the initial stage of the caustic cleaning step for 

the silica-modified, Ni–P–PTFE-modified and control surfaces 
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The initial increase in the pressure drop could have been due to swelling of the fouling deposits 

at the initial contact of the caustic solution (Bird and Fryer, 1991; Danne et al., 2006), which 

may have restricted the flow path, leading to an increase in the pressure drop across the heat 

exchanger. At this stage, removal of the fouling deposit may have been controlled by swelling of 

the fouling deposit as the caustic solution diffused into the deposit matrix. Subsequently, the 

dissolved and loosened fouling deposits, because of the reactions of the caustic solution, may 

have been transferred to the bulk flow, as described by Graßhoff (1997). Thus, an early peak 

in the pressure drop trend may indicate rapid penetration of the caustic solution into the 

deposit matrix and rapid removal of the fouling deposits from the surface, offering ease of 

cleaning. This phenomenon, in the current study, suggested that the majority of the fouling 

deposits were removed during the first 100–150 s of the experimental CIP regime. The results 

were comparable with those from a study carried out by Bode et al. (2005), which investigated 

the effect of pulsating flow on the removal of whey protein deposits and found rapid swelling 

and removal of deposits, as indicated by an early peak in the fouling resistance. 

6.4.3 Estimation of protein concentration in used cleaning solution 

Milk fouling deposits are composed mainly of proteins and minerals. Hence, it was considered 

that the protein concentration of the spent cleaning solution could be monitored to quantify 

the performance of the modified and control surfaces in the ease of removal of the fouling 

deposits. Samples of the spent cleaning solutions for the modified and control surfaces 

were collected, throughout the experimental CIP regime, at the downstream end of the 

preheaters. Samples were collected at intervals of 1 min during the caustic cleaning step and 

at intervals of 4 min during the acid cleaning step. For this purpose, the experimental set-up was 

reconfigured as described in Section 4.8.2. The residence times of the cleaning solutions, 

between the final heater outlet port and the point of sample collection, were calculated to be 8.5 

and 8.8 s for flow stream 1 and flow stream 2 respectively. The samples of the spent 

cleaning solution were analysed for UV light absorbance to estimate the protein concentration 

in the solution, as it is well known that protein absorbs UV light at a wavelength of  280 nm 

(Layne, 1957; Aitken and Learmonth, 1996; Noble and Bailey, 2009). 

The dissolved protein in samples of the spent cleaning solution was from the fouling 

deposits that were removed from the final heaters and not from the pipes connecting the 

high heaters. This was confirmed by verifying that the pipes were clean (Figure 6-21) 

immediately after the outlet port of the high heaters. 
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Figure 6-21 Photograph of the fouled tube immediately after the milk outlet port of a final heater 

 

The protein concentrations of the spent cleaning solutions were calculated from the UV light 

absorbance data for the modified and control surfaces and were plotted against the 

experimental CIP time, as shown in Figure 6-22, which shows typical trends observed for all the 

modified and control surfaces studied. The analyses showed that the majority of the fouling 

deposits were removed during the first 5 min of the caustic cleaning step of the experimental CIP 

regime. Hence, the data for the first 5 min measurements are presented in Figure 6-23 and Figure 

6-24. The results revealed that the protein concentration of the samples for all modified surfaces 

and control surfaces was in the range 0.6–0.9 mg/mL for the first 3 min of the experimental CIP 

regime. This was in line with the peaks observed in the pressure drop (Section 6.4.2) during 

the initial stage of the caustic cleaning step. Subsequently, for the rest of the experimental CIP 

regime, the protein concentration of the spent cleaning solutions decreased to less than 0.1 

mg/mL (Figure 6-22). The absorbance of UV light was marginally higher for the acid solution 

samples, which may have been because of the inherent characteristic of acid solutions. 

These results suggested that the majority of the fouling deposits were removed during the 

initial stage of the caustic cleaning step. Such trends have been reported in the literature (Bird 

and Fryer, 1991; Gillham et al., 1999; Xin et al., 2002; Xin, 2003; Bode et al., 2005); an early 

peak in the pressure drop during caustic cleaning was accompanied by an exponential decrease 

in the cleaning rate. Similar findings have also been noted by Bansal et al. (2006) and Nigam 

et al. (2008) in their studies on the cleaning behaviour of membranes fouled with whey 

proteins; they reported that the maximum recovery in permeate flux was achieved within the 

first 100 s of the cleaning regime. These results were supported by the modelling and flux 

theory described by Bird and Bartlett (2002). 
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In general, the study of the UV light absorbance of the spent cleaning solutions illustrated that 

the protein concentrations of the spent cleaning solution samples were similar for the modified 

surfaces and their respective control surfaces, and no benefit in easy removal of the fouling 

deposit was observed. In the current study, these findings supported the observations made for 

the removal of the mass of fouling deposit and the increase in the pressure drop during the 

caustic cleaning step. 

 

Figure 6-22 Representative graph showing typical trend of calculated protein content in the 

spent cleaning solutions during the experimental CIP regime 
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Figure 6-23 Calculated protein concentration in the spent CIP solutions collected for the DLC-1, 

DLC-2- and DLC-3-modified surfaces (Note: the graphs illustrate the first 5 min of the 

experimental CIP regime – Caustic cleaning step) 
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Figure 6-24 Calculated protein concentration in the spent CIP solutions collected for the silica-

modified, Ni–P–PTFE-modified and control surfaces (Note: the graphs illustrate the first 5 min 

of the experimental CIP regime – Caustic cleaning step) 
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6.5 Fouling behaviour with WPI solution 

In the current study, the modified surfaces did not show any benefit in terms of a reduction in 

milk fouling deposition. But, literature has reported a huge benefit in fouling mitigation when 

using model fouling solutions (Müller-Steinhagen and Zhao, 1997; Beuf et al., 2003; Santos, 

2004; Augustin et al., 2005; Zhao et al., 2005c; Rosmaninho and Melo, 2006; Santos et al., 

2006a, 2006b; Zhao and Liu, 2006; Augustin et al., 2007; Rosmaninho and Melo, 2008). In 

addition, significantly lower masses of fouling deposits than found in the current study have 

been reported. Hence, sets of experiments were carried out to investigate the fouling behaviour of 

WPI solution on the modified surfaces. 

6.5.1 Laboratory scale 

A set of experiments was carried out to investigate the fouling behaviour of the doped 

DLC-modified surfaces with 6 g/L WPI solution. The Ni–P–PTFE-modified surface was not 

included in this part of the study as the coating delaminated from the substrate and hence was 

not sustainable for industrial applications. The operating conditions followed in these trials 

were the same as those used with milk fouling. The average benefit in the reduction in the 

mass of fouling deposit, calculated from three measurements, is presented in Figure 6-25. The 

absolute mass of fouling deposits for the control and modified surfaces is presented in Appendix 

A.4.3. The results showed that all three doped DLC-modified surfaces offered about 35–40% 

benefit in terms of the reduction in the mass of fouling deposit when compared with their 

controls. These findings were in accordance with the reported literature (Santos et al., 2006b; 

Augustin et al., 2007). 

The performances of the DLC-1 (44%) and DLC-3 (39%) surfaces were statistically 

significant (P < 0.05) when compared with their respective controls. The performance of the 

DLC-2 (27%) surface was statistically non-significant (P > 0.05) because of large variations in 

the masses of fouling deposit for the DLC-2-modified surface and its control surface. However, 

it is worth recalling that these doped DLC-modified surfaces showed similar fouling behaviour 

to that of their controls when fouled with milk, at both laboratory scale (Section 6.2.1) and 

pilot scale (Section 6.3.1). 

It is important to note that the absolute total mass of fouling deposit was only about 5–10% of 

the mass of deposit observed with milk fouling (Appendix A.4.3), which is in line with the 

reported literature (Appendix A.4.5). Similar behaviour has also been reported by Belmar-

Beiny and Fryer (1993) and Robbins et al. (1999), who found only a  small amount of whey 
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protein deposits from a  WPC solution on stainless steel surfaces. Therefore, the results from 

the fouling behaviour of the WPI solution should be interpreted with caution as any benefit 

in terms of the reduction in the mass of fouling deposit may have been exaggerated because of 

the small amount of fouling deposits. 

Such small amounts of fouling deposit were probably due to the difference in the fouling 

fluids themselves, as WPI solution contains only small amounts of minerals (~3 mg 

Ca/100 mL 0.6 wt.% WPI solution) compared with milk (~300 mg Ca/100 mL milk), and this 

may have affected the protein reaction kinetics (Santos et al., 2006b; Petit et al., 2011). This 

was also supported by the fact that the presence of calcium promotes protein denaturation and 

aggregation (Pappas and Rothwell, 1991; Petit et al., 2011). Moreover, it has been reported 

that the presence of calcium phosphate facilitates the adhesion of denatured whey proteins 

(Rosmaninho and Melo, 2008). 

 

Figure 6-25 Fouling behaviour of WPI solution on doped DLC-modified surfaces fouled for 120 

min at laboratory scale 

 

As the mass of fouling deposits from the WPI solution was low, a further set of experiments was 

carried out to foul the experimental surfaces for longer fouling times (240 and 480 min), and to 

verify the fouling performance observed for the shorter fouling time (120 min) experiments. 

These experiments were carried out with the best performing modified surface, i.e. DLC-1, and 

the control surface. The average mass of at least two measurements of fouling deposit is 

presented in Figure 6-26. The results revealed that the average masses of fouling deposit 

-10

0

10

20

30

40

50

60

70

DLC-1 DLC-2 DLC-3

R
ed

u
ct

io
n

 i
n

 m
a
ss

 o
f 

fo
u

li
n

g
 d

ep
o
si

t 
  
  
  
  

  
  
  
  
  
  
  

(%
, 
b

a
se

d
 o

n
 c

o
n

tr
o
l)

 

Type of surface 

Error bar = Range 



Chapter 6 Fouling and cleaning performance of control and modified surfaces 6-37 

_____________________________________________________________________________________________

Surface modification to reduce milk fouling and/or to enhance cleaning in the dairy industry 

collected were greater by 1.5‒3.0 and 2.5‒5.0 times for the 240 and 480 min fouling runs 

respectively in comparison with the 120 min fouling run. With this greater amount of 

fouling deposit for the longer fouling runs, the reduction in the mass of fouling deposit for 

the DLC-1-modified surface decreased to less than 15% when compared with the control 

surface. 

The reduction in the mass of fouling deposits for the DLC-1-modified surfaces decreased 

with an increase in fouling run time, when compared with their respective controls. Augustin et 

al. (2005) have reported similar trends for the build-up of fouling resistance, during the 

fouling period, for modified and control surfaces. Similarly, Santos et al. (2006b) have also 

reported that the initial adsorption rate of fouling species was lower for DLC-coated surfaces 

than for control stainless steel surfaces, whereas the final adsorption rate was independent of the 

modified surfaces. This would suggest that, in the current study, the impact of the DLC-1-

modified surface reduced with the build-up of fouling deposits. This may be why the coating 

may not have worked for the mitigation of milk fouling. 

 

Figure 6-26 Fouling behaviour of WPI solution on DLC-1-modified surface as a function of 

time at laboratory scale 
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fouling deposit (Appendix A.4.4). The absolute mass of fouling deposits for the control and 

modified surfaces is presented in Appendix A.4.4. 

Two different concentrations of WPI solution, 6 g/L and 18 g/L, were studied to investigate the 

effect of protein concentration on fouling deposition. The performance of the DLC-1 and 

control surfaces, measured as the reduction in the heat transfer coefficient, is illustrated in 

Figure 6-27. The trends in Figure 6-27a show that, when fouled with 6 g/L WPI solution, the 

heat transfer coefficient for the DLC-1-modified surface decreased linearly at a rate of 380 

W/m²Kh, and was identical to that of its control stainless steel surface. It is possible that the 

impact of the DLC-1- modified surface might have been reduced with the increased fouling 

time, as explained for the laboratory-scale experiment. 

The fouling behaviour with 18 g/L WPI solution (Figure 6-27b) indicated that the fouling 

deposition followed two different rates. The heat transfer coefficient decreased at a rate of 

1000 W/m²Kh for the first 120 min of the fouling experiment and then at a rate of 400 W/m²Kh 

for the rest of the experiment, for both experimental surfaces. These results suggested that the 

higher concentration of whey protein in the solution may have enhanced denaturation and 

aggregation of the proteins, consequently accelerating the fouling deposition. 

In these experiments, when analysed for the mass of fouling deposit, the DLC-1-modified 

surfaces fouled about 10% more than the control surfaces. Thus, there was no significant 

difference in the mass of fouling deposit for the DLC-1-modified surface in terms of a reduction 

in WPI fouling when compared with the control surface. 
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Figure 6-27 Fouling performances of control and DLC-1-modified surfaces fouled with WPI 

solution: (a) 0.6% (wt./vol.); (b) 1.8% (wt./vol.) 

 

6.6 Microbial attachment study at laboratory scale 

The modified and control surfaces were studied at laboratory scale, as per the 
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experimental surface was studied for four measurements. Figure 6-28 illustrates the average 
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Interestingly, the number of cells attached to an experimental surface decreased with an 

increased concentration of silicon atoms in the modified surfaces. This result suggests that 

silicon content may have a role to play in reducing bacterial adhesion because of alteration of the 

surface characteristics. It is worth recalling that the sp
2 

C component of the modified surfaces 

decreased with increased silicon content in the coatings (see Section 5.3.2 and Section 5.4.2). 

Zhao et al. (2007) studied bacterial adhesion on three different silicon-doped DLC-

modified surfaces and found lower bacterial adhesion for higher silicon contents in the 

DLC matrix. They attributed this effect to the surface chemistry of the silicon-doped DLC 

surfaces, which had lower sp
2 

C components for higher silicon dopants. 

The lower numbers of cells attached to the modified surfaces could have been due to their lower 

surface energies (more hydrophobic nature) compared with the control surfaces (see Section 

5.6.1). It has been reported that the number of bacterial cells attached to a surface decreased with 

increased surface hydrophobicity (Flint et al., 2000). 

The reduction in the attachment of bacterial cells was statistically significant (P < 0.05) for 

the silica-modified surfaces in comparison with the control surfaces, whereas it was 

statistically insignificant (P > 0.05) for the DLC-1, DLC-2 and DLC-3 surfaces. Rosmaninho et 

al. (2007) have also reported no benefit of modified surfaces (MoS2, TiC, Xylan, Ni–P–

PTFE) in terms of a reduction in bacterial adhesion (Bacillus spores) in comparison with 

unmodified stainless steel surfaces. In contrast, Zhao et al. (2005c) have reported that Ni–

Cu–P–PTFE-modified surfaces reduced the attachment of E. coli Rosetta bacteria by 96% 

when compared with the control stainless steel surface. 

 

Figure 6-28 Number of cells (log10 CFU/cm²) of Geobacillus attached to the control and 

modified surfaces 
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Another set of experiments was carried out to confirm the results from the MTC plate 

biofilm assay. The silica coating, which showed a  potential benefit in reducing microbial cell 

attachment in the MTC plate biofilm assay, was investigated using a CDC biofilm reactor 

method (Section 4.9). The CDC biofilm reactor was used to simulate the flow conditions 

within a milk processing plant. Table 6-1 presents the average of two measurements of the 

log10 CFU/cm² results for the silica and control surfaces. The numbers of bacterial cells 

attached to the silica-modified surfaces were about 0.8 log10 CFU/cm² lower than those attached 

to the control stainless steel surfaces, and the difference was statistically insignificant (P > 

0.05). This result was in contrast to the findings observed in the MTC plate biofilm assays, 

and indicated that the silica coating may not be effective in reducing bacterial attachment. 

Table 6-1 Attachment of Geobacillus spp. on control and silica-modified surfaces in a CDC 

biofilm reactor 

Type of surface Average log10 CFU/cm² ± Range 

Control 6.09 ± 1.43 

Silica 5.30 ± 0.35 

 

6.7 Summary 

The laboratory-scale results showed a statistically significant (P < 0.05) benefit in terms of 

fouling reduction for the DLC-1- and silica-modified surfaces. However, these trends were 

not reproduced in pilot-scale trials. This could be attributed to the daily variations in the 

composition of milk proteins (especially β-lg) and minerals, which may have influenced the 

inherent fouling process, leading to varying performance of the modified surfaces. In addition, 

it was noticed that the mass of fouling deposits for the modified surfaces was related neither 

to the electron donor component (γ
−

) of the surface energy nor to the total surface energy 

(γ
TOT

) of the experimental surfaces. Moreover, from the compositional analysis of the fouling 

deposits from modified and control surfaces, in pilot- scale trials, there was no relationship 

among the mass of deposits, the fouling rate, the deposit composition and the milk 

composition. 

These results are in contrast to the literature, in which huge benefits (~30–40%) in terms of 

fouling reduction on DLC- and Ni–P–PTFE-modified surfaces have been reported using a 

variety of fouling solutions, such as WPI, WPC, SMUF, SMUF added with whey protein 

and FMFs (Santos et al., 2006a; Augustin et al., 2007; Rosmaninho et al., 2008). It is 
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interesting to note that the mass of deposits in these studies was only about 5–10% of those 

observed in the current study, which may have resulted in exaggerated performances of the 

modified surfaces. 

It is worth noting that the fouling deposit layer for the DLC-1- and silica-modified surfaces 

peeled off, possibly because of the altered surface characteristics, leading to weaker 

bonding of the initial deposits with the modified surfaces. However, such peeling-off of the 

fouling deposit layer was not observed for other modified surfaces even though they had 

lower total surface energies and electron donor components compared with the control surface. 

This phenomenon suggested a potential benefit in easy cleaning of fouling deposits for the 

DLC-1- and silica-modified surfaces. 

In the pilot-scale cleaning study, the modified surfaces gave removal of about 80% of the mass 

of fouling deposit, which was comparable with their controls. The Ni–P–PTFE coating 

delaminated from the substrate and was not sustainable for commercial applications. 

Furthermore, analysis of the change in the pressure drop across the final heaters during the 

initial stage of the caustic cleaning stage and analysis of the protein content of the spent 

cleaning solutions using UV spectrophotometry revealed that the modified surfaces performed 

in a similar manner to their respective controls. Thus, it was concluded that the performances of 

the modified surfaces in terms of a reduction in milk fouling deposition and easy removal of 

the fouling deposit were similar to those of their respective control stainless steel surfaces. 

The fouling behaviour of WPI solution on the modified surfaces revealed about a 35–40% 

benefit in terms of a reduction in the mass of fouling deposit when compared with their 

controls, which was in accordance with the literature. However, these results should be 

interpreted with caution, as the mass of fouling deposit was only 5–10% of that observed 

with milk fouling, and any difference may have been exaggerated. The lower mass of fouling 

deposits may have been because of the lower amount of calcium in the WPI solution in 

comparison with milk, which may have delayed the deposition of the proteins (Pappas and 

Rothwell, 1991; Santos et al., 2006b; Petit et al., 2011). However, the benefit in terms of a 

reduction in the mass of fouling deposit decreased to less than 15% with longer fouling runs for 

the DLC-1-modified surface compared with the control surfaces. In pilot-scale trials, the DLC-

1-modified surface fouled in a similar manner to the control surface. Thus, these results 

suggested that the influence of the modified surface would have been decreased with the 

build-up of fouling deposit. 
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The study of the microbial fouling behaviour revealed that the number of Geobacillus spp. 

cells adhering to the modified surfaces was statistically insignificant (P > 0.05), when 

compared with the control surface. 

As discussed earlier, the peeling-off of the fouling deposit layer for the DLC-1- and silica-

modified surfaces, in comparison with the control surfaces, revealed differences in the 

adhesion of the initial fouling deposits to the surfaces. This behaviour directed the current 

study to characterise the initial interactions of fouling deposits to clarify the reasons for their 

poor adhesion. The findings from these experiments are discussed in Chapter 7. 
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Chapter 7. Characterisation of fouling deposits with 

experimental surfaces 

7.1 Introduction 

The fouling and cleaning behaviours of modified surfaces that were fouled with milk were 

investigated in Chapter 6. The performances of the modified surfaces and their respective 

controls were similar. It was interesting to note the peeling- off of the fouling deposit layer 

for the best performing modified surface, i.e. DLC-1, which suggested weak adhesion of the 

fouling deposits to the modified surfaces (although it did not provide any benefit in terms of easy 

cleaning of the deposits). This behaviour directed the current study to characterise the initial 

interactions of fouling deposits with the DLC-1 and control surfaces. In addition, sets of 

experiments were designed to understand the fouling deposition mechanism in a 

completely developed fouling deposit layer and to identify how the proteins and minerals are co-

deposited as a function of time. For this work, fouled experimental surfaces were characterised 

using various surface analytical techniques. Scanning electron microscopy (SEM), ultraviolet 

(UV) fluorescence microscopy and X-ray elemental mapping were used to observe the 

morphology and the distribution of elements in the fouling deposits, whereas energy 

dispersive spectroscopy (EDS) and X–ray photoelectron spectroscopy (XPS) were used to 

quantify the elemental composition of the fouling deposits. 

As discussed in Section 4.10, the DLC-1-modified and control stainless steel surfaces were 

fouled with standardised skim milk for shorter durations (10, 30 and 60 s) and for longer 

durations (1, 5, 30 and 60 min). For the short term and long term fouling samples, except for 

60 min fouled, the morphology and chemical analyses were performed at the top of the fouling 

deposit layer. For the 60 min fouled samples, a part of the fouling deposit layer was removed 

using scalpel. XPS analyses were carried out at three different locations (as shown in Figure 

7-1): (1) at the leftover deposit layer on the substrate, (2) at the inverse of the fouling 

deposit layer, i.e. where it had removed, and (3) at the top of the fouling deposit layer. The 

findings from these analyses, along with short term fouling results, were used to understand 

possible fouling deposition mechanisms. 
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Figure 7-1 Removing fouling deposit layer for XPS analyses of long term fouled surfaces 

 

7.2 Morphology of the milk fouling deposits 

7.2.1 Short term milk fouling 

To study the initial interactions of the fouling deposits with the control and the DLC-1-

modified surfaces, square samples (10 mm x 10 mm) were cleaned as per the standard CIP 

regime and were fouled with standardised skim milk using the laboratory-scale set-up 

modified to hold the square sample surfaces (Section 4.10.1). The surfaces were fouled for 10, 

30 and 60 s as per the SOP (Appendix A.1.3). The fouled surfaces were air dried before surface 

characterisation of the fouling deposits. 

Figure 7-2 shows the SEM images of the fouling deposits on the control and DLC-1-modified 

surfaces fouled for 10, 30 and 60 s. The structure of the fouling deposits was in a ring form 

for both surfaces. The deposits were a combination of open and closed rings, randomly 

deposited on the surfaces. Elemental analysis of these rings using EDS (Figure 7-3) revealed the 

presence of C and N (indicative of protein) and Ca and P (indicative of minerals), and 

confirmed that the rings were milk deposits. A possible reason for the ring structure could be 

the bursting of air bubbles of dissolved gases at the heat transfer surfaces. Tissier and 

Lalande (1986) also observed a ring structure for deposits of raw whole milk in a PHE and 

suggested that air bubbles caused the formation of ring structure. The above study observed only 

one ring after 30 min fouling. 
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Figure 7-2 SEM images of short term fouled surfaces: (a) 10 s stainless steel; (b) 30 s stainless 

steel; (c) 60 s stainless steel; (d) 10 s DLC-1; (e) 30 s DLC-1; (f) 60 s DLC-1 (scale bar = 200 

µm) 
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Figure 7-3 EDS spectrum for 10 s fouled stainless steel surface 

 

Furthermore, for the short term fouled surfaces, a thin film of milk fouling deposit was 

observed on both surfaces (Figure 7-2 c and f). The deposition of these films was independent 

of the deposition of the rings. UV fluorescence images (Figure 7-4), for the control and DLC-1-

modified surfaces, also revealed such thin films of milk fouling deposit. In addition, XPS 

analyses of the short term fouled surfaces (Section 7.5.1) identified the presence of proteins 

(in the form of C, N and O) and minerals (in the form of Ca, Na, K, P, S and Cl). Belmar-Beiny 

and Fryer (1993) reported the presence of similar thin films of proteins on stainless steel 

surfaces fouled with WPC solution. These observations suggested that milk fouling deposition 

on the control and DLC-1 surfaces starts as soon as the surfaces come into contact with milk. 
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Figure 7-4 UV fluorescence images of short term fouled samples: (a) 10 s stainless steel; (b) 30 s 

stainless steel; (c) 60 s stainless steel; (d) 10 s DLC-1; (e) 30 s DLC-1; (f) 60 s DLC-1 (scale bar 

= 500 µm) 

 

Moreover, the SEM images of the short term fouled surfaces were analysed for number, size 

and coverage area of the fouling deposit rings for the control and DLC-1-modified surfaces, as 

shown in Figure 7-5. The average numbers of deposit rings per mm² were 18. 2 and 6 for 10, 30 

and 60 s fouled control surfaces (Figure 7-5a). Whereas, it was 8, 18 and 7 for 10, 30 and 60 s 

fouled DLC-1 surfaces respectively. For the control surfaces, the analysis showed a decrease in 

the number of deposit rings with fouling time, with an exception for 30 s, and an increase in 
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the size of the rings from 40 µm to 80 µm (Figure 7-5b). For the DLC-1- modified surfaces, 

the number (about 7) and the size of the rings (about 90 µm) remained constant, except for a 

greater number of deposit rings for a fouling time of 30 s. The analysis also showed that the 

fouling deposit rings on the DLC-1-modified surfaces covered 3.75–7.14% surface area (Figure 

7-5c), which was greater than for the control surfaces (0.8–2.78%). In addition, the coverage 

area of the fouling deposit rings increased with fouling time for the control and DLC-1 

surfaces, except for the 60 s fouled DLC-1-modified surfaces. The coverage area for the 60 s 

fouled DLC-1 surfaces was similar to that for the 30 s fouled DLC-1 surfaces. 

The large variation in the analysis could be attributed to the inherent variability observed with 

the fouling deposition. The analyses revealed that, although the number of fouling deposit 

rings varied significantly, the sizes of the deposit rings were similar for the control and DLC-1-

modified surfaces. Although the fouling deposit rings covered more surface area for the DLC-1 

surface in comparison to the control surface, the difference was statistically insignificant because 

of large variations. These results suggest that the depositing proteins may have changed their 

conformation in the deposits and may have interacted with more surface binding sites, occupying 

a larger area on the hydrophobic DLC-1 surface compared with the control surface. This is 

supported by the fact that proteins undergo more conformational changes when they deposit on 

a hydrophobic surface (Rosmaninho and Melo, 2006, 2008). 
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Figure 7-5 Image analysis of the fouling deposits: (a) number of deposit rings; (b) size of 

deposit rings; (c) coverage area of deposit rings 
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7.2.2 Long term (60 min) milk fouling 

To study the morphology of the completely developed fouling deposit layers, the control 

and DLC-1-modified surfaces were fouled for 1, 5 and 30 min. Figure 7-6 presents the structure 

of the fouling deposits for the control and DLC-1-modified surfaces, as observed using SEM. A 

ring structure of the fouling deposits was observed, similar to that observed for short term 

fouling (Section 7.2.1), for both the control and DLC-1-modified surfaces. For the 1 min 

fouled surfaces (Figure 7-6a & d), the rings were about 75–100 µm in size. For the 5 min fouled 

surfaces, the size of the deposit rings increased to 150–250 µm, but the structure of the deposit 

rings was similar to that for the 1 min fouled surfaces. UV fluorescence microscopy of the 

fouled samples (Figure 7-7) also revealed an increase in the size of the deposit rings. These 

results suggested growth of the initially deposited rings. Moreover, for the 5 min fouled 

control surfaces (Figure 7-6b), it is worth noting that there were a number of small rings, 

which suggested the formation of new nucleation sites for potential deposits. However, such 

nucleation sites were not found for the 5 min fouled DLC-1 surfaces (Figure 7-6e). This could 

possibly have been because of the difference in the surface characteristics of the DLC-1 

surfaces, which had a lower surface energy and a more hydrophobic nature than the control 

surfaces. For the 30 min fouled surfaces, for both the control and DLC-1-modified surfaces 

(Figure 7-6c & f), the fouling deposit rings grew in size (about 400 µm) and joined with nearby 

deposit rings. This was clearly observed in the UV fluorescence images for the 30 min fouled 

experimental surfaces (Figure 7-7c & f). The SEM images showed cracks in the deposit layers 

for the experimental fouled surfaces, which may have been caused by air drying of the deposits 

during the sample preparation for the SEM or by drying of the deposits in the SEM chamber. 

The UV fluorescence images revealed that the border of the closed rings was thicker than the 

core. This suggested that the rings may have started to grow from the periphery and developed 

towards the centre to build up a closed ring structure (Figure 7-7b & e). In addition to the rings 

of deposits, the UV images at 5 min of fouling revealed the presence of a homogeneous layer 

of deposits. For the long term fouled surfaces (i.e. 30 min fouling), the rings joined with each 

other and developed into a deposit layer. 



Chapter 7 Characterisation of fouling deposits with experimental surfaces 7-9 

_____________________________________________________________________________________________

Surface modification to reduce milk fouling and/or to enhance cleaning in the dairy industry 

  

  

  
Figure 7-6 SEM images for the structure of the fouling deposits as a function of time: (a) 1 min 

stainless steel; (b) 5 min stainless steel; (c) 30 min stainless steel; (d) 1 min DLC-1; (e) 5 min 

DLC-1; (f) 30 min DLC-1 (scale bar = 200 µm) 
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Figure 7-7 UV fluorescence images for surfaces fouled as a function of time: (a) 1 min stainless 

steel; (b) 5 min stainless steel; (c) 30 min stainless steel; (d) 1 min DLC-1; (e) 5 min DLC-1; (f) 

30 min DLC-1 (scale bar = 500 µm) 

 

The UV fluorescence images also showed an interwoven network structure in the wall of the 

deposit rings, as shown in Figure 7-8. The deposits could not be observed in detail because of 

limitations of the UV fluorescence microscopy technique at higher magnification. Hence, it 

would not be confirmed whether the observed network was caused by the denatured and 

aggregated proteins only. It was interesting to note the brighter fluorescence at the joining of 

deposit rings which could be attributed to the difference in the surface projected to the 

fluorescence light source. 
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Figure 7-8 Network structure of the fouling deposit, 2 min of fouling on stainless steel surface 

 

7.3 Morphology of WPI fouling deposits 

The morphology of WPI fouling deposits on the control and DLC-1-modified surfaces was 

also investigated to study the effect of surface modification and to compare the deposit structure 

with that of milk fouling deposits. Figure 7-9 illustrates SEM images of the experimental 

surfaces fouled with 6 g/L WPI solution for 1, 30 and 60 min. The structures of the fouling 

deposits for the DLC-1-modified surfaces and the control surfaces were similar. The surfaces 

fouled for 1 min showed no fouling deposits. The surfaces fouled for 30 and 60 min showed 

that the fouling deposits had irregular shapes. 

In this study, the structure of the fouling deposits was different from the open and closed rings 

of fouling deposit observed with milk fouling (Section 7.2). The difference in the structure for 

WPI deposits can be attributed to the small amounts of minerals (~3 mg Ca/100 g 6 g/L 

WPI solution) compared with milk (~300 mg Ca/100 g milk); this may have affected the 

reaction kinetics of the proteins (Santos et al., 2006b; Petit et al., 2011), as the presence of 

calcium promotes the denaturation and aggregation of proteins (Pappas and Rothwell, 1991; 

Petit et al., 2011). 
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Figure 7-9 SEM images showing the structure of WPI fouling deposit as a function of time: (a) 1 

min stainless steel; (b) 30 min stainless steel; (c) 60 min stainless steel; (d) 1 min DLC-1; (e) 30 

min DLC-1; (f) 60 min DLC-1 (scale bar = 200 µm) 
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7.4 X-ray mapping of milk fouled (2 min) surfaces 

X-ray elemental mapping of the fouled experimental surfaces was carried out to investigate the 

distribution of proteins and minerals in the fouling deposits. Elemental maps for C, N and O 

were obtained to map the distribution of proteins, whereas elemental maps for Ca, Na, K, P, S 

and Cl were obtained to map the distribution of minerals. The spots selected for the elemental 

maps were those at which the deposit was thick enough to minimise signals from the surface. In 

the maps, each bright coloured spot indicated the presence of an element of interest, whereas the 

dark spots indicated the absence of that element in the area. 

Figure 7-10 presents X-ray elemental maps for the control and DLC-1-modified surfaces fouled 

with skim milk for 2 min. The figure presents SEM images to show the fouling deposit and X-

ray maps for C, O, Ca and P elements. As the N element gave weak signals with a low count 

rate, it was not considered in the analysis. Similarly, the signal count rates for Na, K, S and Cl 

were low and the elemental maps for these elements were not considered. These maps were 

similar to those for the unfouled surface and revealed no significant information about the 

fouling deposition. 
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Figure 7-10 SEM images and X-ray elemental maps of 2 min fouled control (first column) and 

DLC-1 (second column) surfaces 

 

The X-ray elemental maps of the fouled experimental surfaces revealed a strong positive 

relationship of C with the fouling deposits (Figure 7-10). This implied that the fouling deposits 

were composed mainly of proteins. The C maps also revealed a uniform distribution of 
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proteins in the fouling deposits. Although there were C signals from the DLC-1 substrate 

surface, the C signals from the deposit were stronger and it was easier to identify the presence of 

protein in the deposit. The O maps of the fouled surfaces revealed that oxygen associated 

only at the edge of the fouling deposits. This may have been because of interactions of the 

fouling deposits with atmospheric oxygen during sample preparation. 

The elemental maps of Ca and P, for both the control and DLC-1-modified surfaces, showed 

a positive relationship with the fouling deposit and the C element in the deposit. In addition, 

it was found that Ca and P deposited uniformly across the fouling deposit, which suggested that 

they formed an integral part of the fouling deposits with the proteins. However, the signals 

from Ca and P were stronger and easier to identify for the control surfaces than for the DLC-

1-modified surfaces. This finding suggested a significant amount of Ca and P in the deposits 

for the control surfaces and a lower amount of Ca and P in the fouling deposits for the DLC-

1-modified surfaces. In addition, the Ca and P elemental maps showed the presence of 

minerals in areas other than the fouling deposit rings on the control surfaces. Whereas, they 

were absent in areas where there were no fouling deposit rings on the DLC-1-modified 

surfaces. Thus, the greater amount of Ca and P deposited on the control surfaces, compared 

with the DLC-1-modified surfaces, could be attributed to the polar nature of the control 

surface, which may have attracted more Ca and P for deposition. 

However, the XPS ratio analyses (discussed in Section 7.6), for the control and DLC-1-

modified surfaces, of the long term fouled experimental surfaces indicated that the minerals 

concentrated towards the fouling deposit/substrate interface. 

7.5 Elemental analysis of the milk fouling deposits 

To characterise the composition of the initial fouling deposits, the spectra from EDS and XPS 

analyses were studied. The presence of protein was characterised by C, N and O peaks, whereas 

the minerals were identified by Ca, K, Na, P, S and Cl peaks. The amount of these components 

in atomic % (at.%) was calculated, using the in-built software and considering the intensity of 

the signals collected for each element. The EDS analysis technique collects signals of elements 

from a surface depth of about 1–5 µm, whereas the XPS technique is sensitive to only the top 10 

nm of the surface layer. 

EDS and XPS analyses are semi-quantitative and were interpreted side-by-side to understand 

the deposition of elements in the fouling deposit. EDS and XPS analyses of at least three 

different spots were carried out. The relative atomic % of the fouled surfaces from the EDS 
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analyses is given in Appendix A.7 and that from the XPS survey scans is given in Appendix 

A.8. In these analyses, the surface elements from the control and DLC-1- modified 

surfaces contributed to the composition of the fouling deposits. The O from the fouling deposits 

and from the surface oxides may have contributed to the O content of the fouling deposit for the 

control surface. The C from the fouling deposits and from the DLC-1-modified surface may 

have contributed to the C content of the fouling deposit for the DLC-1-modified surfaces. The 

XPS analyses of the CIP-cleaned control and DLC-1 surfaces showed about 50 at.% of O for 

the control surfaces and about 60 at.% of C for the DLC-1-modified surfaces. 

As the contribution of the surface O and C to the estimated composition of fouling deposits 

was high, the EDS and XPS data for the fouled surface were normalised to the N content (by 

taking a ratio of atomic % of an element to the atomic % of N) of the fouling deposit 

composition. The results obtained from the compositional analyses, along with the 

morphology and X-ray elemental mapping, were used to understand the fouling deposition 

mechanism for the control and DLC-1-modified surfaces. 

7.5.1 Short term milk fouling 

The EDS and XPS analyses of the short term fouled surfaces revealed the presence of protein 

and minerals in the fouling deposits. The average relative atomic % ratios of the fouling 

deposit for the 10 s fouled control surfaces are presented in Table 7-1, and the EDS and XPS 

spectra are presented in Figure 7-11. The elemental composition of the fouled surfaces, using 

EDS, was measured for two different areas – (1) on the fouling deposit ring, and (2) away 

from the fouling deposit ring. This was performed to determine whether any foulant species 

deposited away from the fouling deposit rings. Table 7-1 shows that the average atomic ratio for 

C in the fouled area (area-1) was higher than that for the area away from the fouling deposit 

ring (area-2). The average atomic ratios for oxygen and other mineral elements for area-1 were 

similar to those for area-2. This result suggested that the fouling deposit rings (area-1) were 

made up of mainly milk proteins and milk minerals. In contrast, the area away from the fouling 

deposit ring (area-2) had a lower amount of protein but a similar amount of minerals, 

compared with the fouling deposit composition. The elemental composition from the XPS 

analyses also revealed that the fouling deposits were composed of proteins and minerals, of 

which proteins were the major constituents. 
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Table 7-1 Average atomic ratio (relative to N) for 10 s fouled control surface 

Element 

EDS 

XPS Area-1 
(on fouling 

deposit ring) 

Area-2 
(away from 

deposit ring) 

C 14.0 ± 0.5 4.4 ± 4.5 8.7 ± 3.0 

O 1.4 ± 0.1 1.6 ± 0.2 3.0 ± 1.4 

Na 0.1 ± 0.1 0.1 ± 0.2 < 0.1 

Ca 0.1 < 0.1 < 0.1 

K < 0.1 < 0.1 < 0.1 

P 0.1 0.1 < 0.1 

S < 0.1 0.1 ± 0.1 < 0.1 

Cl < 0.1 < 0.1 < 0.1 
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Figure 7-11 Spectra for 10 s fouled control surface: (a) EDS analysis; (b) XPS survey scan 

analysis 

a 

b 

keV 
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Protein deposition 

Figure 7-12 presents the average of atomic ratios (normalised to N), from at least three 

measurements, for C and O as a function of fouling time (10, 30 and 60 s) for both experimental 

surfaces. The EDS analyses of the control surfaces (Figure 7-12a) showed that the C and O 

contents of the fouling deposits remained constant as a function of time, except for the C 

content of the 10 s fouled surfaces. Similarly, the XPS analyses showed that the C and O 

contents were comparable with the composition estimated from EDS analyses. It is worth 

noting that there was large variation in the composition, among the spots analysed, which 

suggested that there would have been variation in the amount of depositing species. 

For the DLC-1-modified surfaces (Figure 7-12b), the C and O contents remained constant as a 

function of fouling time, when analysed using EDS and XPS. However, the XPS analyses 

estimated a marginally higher O content, as for the control surfaces, which could be attributed 

to the sensitivity of the analysis technique. The analyses also revealed that the protein deposition 

on the DLC-1-modified surfaces was similar to that on the control surfaces. 

 

Figure 7-12 Protein deposition as a function of fouling time: (a) control surfaces; (b) DLC-1 

surfaces 

 

Mineral deposition 

The short term fouled control and DLC-1-modified surfaces were also analysed for the 

presence of Ca, Na, K, P, S and Cl elements, and their composition in the deposit was 

quantified. The average atomic ratio (normalised to N) of at least three measurements is 

illustrated in Figure 7-13. The average atomic ratios for Ca and P, Na and S, and K and Cl 

respectively are illustrated in Figure 7-13a, c and e for the control surfaces and in Figure 7-13b, 

d and f for the DLC-1-modified surfaces. The analyses showed that the mineral deposition in 

the fouling deposit was independent of the fouling time and that there was no clear trend, for 
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both experimental surfaces. There were large variations in the amount of minerals deposited on 

the surfaces, irrespective of the quantification technique used. These large variations in 

quantification could have been because of inherent variation in the fouling deposition from spot 

to spot. 

 

Figure 7-13 Mineral deposition as a function of fouling time: (a, c, e) control surfaces; (b, d, f) 

DLC-1 surfaces 

 

In this analysis, Ca and P were of most interest as they form the majority of the mineral 

component in milk fouling deposits (Jeurnink et al., 1996b; Robbins et al., 1999; 

Rosmaninho and Melo, 2006, 2008). The average atomic ratios (normalised to N) ranged 

from 0.02 to 0.05 for Ca and from 0.02 to 0.06 for P for the control surfaces (Figure 

7-13a). Similarly, they ranged from 0.02 to 0.06 for Ca and from 0.03 to 0.05 for P for the 

DLC-1- modified surfaces (Figure 7-13b). It was noticed that the Ca:P ratio varied more among 
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the spots analysed than as a function of fouling time, for both experimental surfaces. When 

investigated using XPS, the Ca:P ratio was about 1.0 for the control surfaces, whereas it ranged 

from 0.5 to 1.1 for the DLC-1-modified surfaces. The variation in the Ca:P ratio with fouling 

time suggested that the calcium phosphate may have been present in various forms, such as 

dicalcium phosphate dehydrate (DCPD), tricalcium phosphate (TCP) or a  combination 

thereof. These results also revealed that there was no clear relationship between the Ca and P 

components in the fouling deposits. 

The presence of minerals in the short term fouling deposits indicated that they deposited 

along with the proteins to start the milk fouling deposition process. These results are in 

agreement with the findings of Belmar-Beiny and Fryer (1993), who used SEM and XPS 

techniques to characterise the fouling deposits of raw whole milk on stainless steel surfaces 

fouled for 4 s, and reported the presence of proteins and calcium (negligible amount in 

comparison with proteins) in the deposits. Furthermore, from the relative atomic ratios for 

proteins and minerals, it was noticed that the composition of the fouling deposits was richer in 

protein content than in mineral content. 

As the study of short term fouled surfaces showed no significant difference in fouling 

deposition between the control and DLC-1-modified surfaces, and gave no insight into the 

peeling-off of the fouling deposit layer observed for the DLC-1- modified surfaces, 

experiments were carried out to characterise the distribution of proteins and minerals in the 

long term fouling deposits. 

7.5.2 Long term (60 min) milk fouling 

This set of experiments was carried out to understand the fouling deposition mechanism 

in completely developed deposit layers and to identify how proteins and minerals are co-

deposited as a function of fouling time. The experimental surfaces, both control and DLC-1, 

were fouled with standardised skim milk for 60 min to achieve a completely developed fouling 

deposit layer. Subsequently, part of the air-dried fouling deposit layer was intentionally 

removed from both fouled surfaces. The fouling deposit layer was removed more easily from 

the fouled DLC-1-modified surface than from the control surface. This behaviour suggested 

that the foulants would have been more loosely adhered to the DLC-1-modified surfaces than 

to the control surfaces. 

The fouling deposit layer was removed to compare the deposit composition at the top of the 

fouling deposit layer with the deposit composition at the deposit/experimental surface 
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interface. For the purpose, using the XPS technique, the deposit composition was analysed at 

three different locations, as illustrated in Figure 7-1: (1) at the leftover deposit layer on the 

substrate, (2) at the inverse of the removed fouling deposit layer and (3) at the top of the 

fouling deposit layer. Considering the surface sensitivities of the EDS and XPS techniques, only 

the XPS technique was used as it gives information from the top few layers of the sample and 

not from the bulk of the sample. In addition, sets of the top of the fouling deposit layer from 

long term fouled surfaces were analysed using the EDS technique. With these analyses, it 

was possible to understand the distribution of proteins and minerals in the completely 

developed fouling deposit layer. 

Protein deposition 

Figure 7-14 shows the average atomic ratios (normalised to N) of C and O for the control and 

DLC-1-modified surfaces investigated at three different locations, as explained in Figure 7-1. 

For the control surfaces, the average atomic ratio of C (normalised to N) at the leftover deposit 

layer on the surface (Figure 7-14a) was similar to the average ratios of C found for the short term 

fouled control surfaces (Figure 7-12a). This suggested that the protein component of the 

fouling deposits on the leftover surface would be similar to that on the short term fouled 

control surfaces. In comparison to the leftover surface, the average atomic C:N ratio was 

higher at the inverse of the fouling deposit layer and was lower at the top of the fouling deposit 

layer. This suggested that either there could have been a relatively lower amount of protein at 

the inverse of the fouling deposit layer or there could have been different orientation of the 

proteins in the deposits when compared with the top of the fouling deposit layer. Furthermore, 

the lowest C:N ratio at the top of the fouling deposit layer indicated the highest amount of 

protein within the fouling deposit. Moreover, as shown in Figure 7-14a, the atomic ratio for O 

was highest at the leftover layer on the surface among the three locations investigated, and was 

also higher in comparison with that found for the short term fouled control surfaces. This O 

component may have been composed of surface oxides and of the hydroxyl and carboxyl groups 

of the protein, which may have oriented towards the deposit/surface interface. 
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Figure 7-14 Protein deposition in the fouling deposit layer fouled for a longer fouling time 

(normalised to N): (a) control surface; (b) DLC-1 surface 

 

In contrast, for the DLC-1-modified surfaces (Figure 7-14b), the average values of the atomic 

ratios for C and O decreased from the leftover surface to the inverse of the fouling deposit layer 

to the top of the fouling deposit layer. The C:N ratio was higher for the leftover DLC-1 surface 

than for the leftover control surface, which suggested that there may have been a  

relatively lower protein content on the leftover DLC-1 surfaces. However, it should be noted 

that the observed higher ratio of C:N for the leftover DLC-1 surface could be attributed to C 

from the DLC-1 surface as this coating is rich in carbon. Although the C:N ratio for the 

leftover DLC-1 surface was higher, it was calculated, considering the inelastic mean free path-

length (IMFP, discussed in Section 7.6), that the thickness of the deposit layer on the leftover 

DLC-1 surface would be similar to that of the short term fouled DLC-1 surfaces. The C:N ratio 

was higher at the inverse of the fouling deposit layer than at the top of fouling deposit 

layer. This revealed that there may have been relatively less protein in the inverse of the 

fouling deposit layer than in the top of the fouling deposit layer. The lowest C:N ratio at the 

top of the fouling deposit layer suggested a protein- rich fouling deposit. The C:N ratios at 

the inverse and at the top of the fouling deposit layer were similar to those for the inverse and 

top of the fouling deposit layer for the long term fouled control surfaces. 

Moreover, the O:N atomic ratio was highest in the leftover deposit layer on the surface followed 

by the inverse and then the top of the fouling deposit layers (Figure 7-14b), revealing that the 

hydroxyl and carboxyl groups of proteins may have been oriented towards the DLC-1 

surface/deposit interface. When compared with the long term fouled control surfaces, the O:N 

atomic ratios for the leftover deposit layer and the inverse of the fouling deposit layer on the 

DLC-1 surface were lower. This could be attributed to the apolar nature of the DLC-1 surface, 

for which a lower amount of O was found (Section 5.3.2) than for the control surfaces. 
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Hence, it can be expected that there would be fewer hydrogen bonds for the DLC-1 surface 

than for the control surface, which is richer in oxide films. 

Figure 7-14b shows that the average C:N and O:N atomic ratios for the top of the fouling 

deposit layer of the DLC-1 surfaces were similar to those for the control surfaces. These results 

suggested that the protein compositions of the top of the fouling deposit layers for both 

experimental surfaces were similar and that the fouling deposition process may follow a 

similar fouling mechanism for both experimental surfaces once they have been covered 

with the initial few layers of the fouling species. 

Mineral deposition 

To understand the deposition behaviour of minerals in the fouling deposit, XPS analyses of 

long term fouled surfaces were carried out at three predefined locations, as mentioned in 

Figure 7-1. The analyses identified the presence of Ca, K, P and S minerals, whereas Na and Cl 

were not detected and were considered to be absent. Figure 7-15a and c illustrate the average 

atomic ratios (normalised to N) for Ca and P and K and S respectively for the control 

surfaces, and Figure 7-15b and d present the ratios for the DLC-1 surfaces. 

As mentioned earlier, Ca and P were of most interest in the analyses as they form the major 

part of the mineral component. For the control surfaces (Figure 7-15a), the Ca:N and P:N 

atomic ratios decreased from the leftover deposit surface to the inverse of the fouling deposit 

layer to the top of the fouling deposit layer. This implied that the leftover surface was richer in 

Ca and P than the inverse and the top of the fouling deposit layer. Moreover, these ratios at 

the leftover control surface were higher than those for the short term fouled control surfaces. 

Thus, Ca and P may have migrated towards the deposit/surface interface over the fouling time 

and may have concentrated near the interface because of their higher affinity towards the 

polar control surface. Also, there would be sedimentation fouling mechanism of these minerals 

as the minerals have higher density (Winter, 2013) and have smaller size than milk proteins 

(James et al., 2003). Additionally, the experimental surfaces mounted in the base of experimental 

set-up where the action of gravitational force would have facilitated the migration of these 

molecules towards the surface/deposit interface over the fouling time. These findings are in 

accordance with the literature, which has reported that minerals concentrate at the 

deposit/surface interface (Tissier and Lalande, 1986; Belmar-Beiny and Fryer, 1993). 

The lower Ca:N and P:N atomic ratios at the top of the fouling deposit layer for the control 

surfaces (Figure 7-15a) suggested a protein-rich composition at the top of the fouling deposit 
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layer. In addition, these ratios were similar to those found for the short term fouled control 

surfaces, and revealed that the mineral compositions at the top of the fouling deposit layer were 

similar for the long term fouled control surfaces and for the short term fouled control surfaces. 

 

Figure 7-15 Mineral deposition in the fouling deposit layer fouled for a longer fouling time 

(relative to N, at.%): (a, c) control surface; (b, d) DLC-1 surface 

 

For the DLC-1-modified surfaces, the XPS analyses identified no minerals at the leftover 

surface (Figure 7-15b and d), which suggested no affinity of the minerals towards the apolar 

DLC-1 surface. However, Ca, P, K and S were present at the inverse and at the top of the 

fouling deposit layer. The average Ca:N and P:N atomic ratios for the inverse of the fouling 

deposit layer were higher than those for the top of the fouling deposit layer. This suggested a 

mineral-rich composition at the inverse of the fouling deposit layer, compared with the top of 

the fouling deposit layer, and a possible diffusion of minerals towards the deposit/surface 

interface (as discussed previously). It was interesting to note that the top of the fouling deposit 

layer was low in Ca:N and P:N atomic ratios, which were similar to that for the short term 

fouled DLC-1 surfaces, and suggested a protein-rich deposit composition. 
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The absence of minerals at the leftover DLC-1 surface (Figure 7-15b and d) may explain the 

peeling-off of the fouling deposit layer observed at laboratory and pilot scale. It can be 

anticipated that, in the peeling- off process of the fouling deposit layer for the DLC-1 

surfaces, all of the minerals would have come off with the deposit layer as the minerals 

showed no affinity towards the DLC-1 surface. In addition, there could be weak adhesion forces 

between the minerals and the DLC-1 surface, but strong cohesion forces between the minerals 

and the proteins, leading to the peeling-off of the fouling deposit layer. 

It is worth noting that the Ca:P ratio f or all three locations varied, which suggested that 

calcium phosphate could be present in different forms throughout the deposit thickness. The 

analyses also showed that the mineral composition of the fouling deposit for both experimental 

surfaces varied across the deposit thickness. Section 7.6 discusses the ratio analyses in more 

detail to understand the distribution of proteins and minerals in the fouling deposits. 

Figure 7-16 represents schematic diagram for molecular level interactions of milk protein and 

minerals on the control stainless steel surface and on the DLC-1 modified surface. The fouling 

species may have interacted with the control stainless steel surface via strong covalent bonds, 

whereas, they may have interacted with the DLC-1 modified surface via weaker van der Waals’ 

forces and electrostatic forces. In addition, the DLC-1 being non-polar surface, there would be 

fewer potential binding sites available for fouling species to bind with. 
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(a) 

 

(b) 

Figure 7-16 Schematic representation of interaction of milk proteins and minerals with (a) the 

control stainless steel surface, and (b) the DLC-1-modified surface 

 

7.6 Deposition of proteins and minerals in deposit structure 

To understand the deposition mechanism and the distribution of proteins and minerals in 

the fouling deposit layer, various atomic ratios from the XPS analyses of the short term and 

long term fouled surfaces were studied. The ratios of N (representing the protein content) and 

Ca (representing the mineral content) to surface elements (Fe for the control surfaces and Si 

for the DLC-1 surfaces) were calculated from the relative atomic % of the survey spectra of 

the fouled surfaces. These ratios assisted in predicting an approximate thickness of the 

fouling deposit layer. Furthermore, the Ca:N (representing mineral:protein) and Ca:P atomic 

ratios were also calculated to estimate the average composition of the fouling deposit layer 
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and to predict the possible form of calcium phosphate present. The short term fouled surfaces 

were analysed at the top of the fouling deposit, whereas the long term fouled surfaces were 

analysed at three predefined locations, as illustrated in Figure 7-1. The average atomic ratios of 

at least three measurements are presented in Table 7-2 and Table 7-3, for the control and DLC-

1-modified surfaces respectively. These analyses provided crucial information to understand the 

changes that occur at the deposit/surface interface when a complete fouling deposit layer builds 

up. 
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Table 7-2 Atomic ratio analyses for the fouled control surfaces 

Fouling 

time 

N:Fe Ca:Fe Ca:N Ca:P 

Average ± Range Average ± Range Average ± Range Average ± Range 

CIP clean 1.0 ± 0.3 No calcium detected No calcium detected No minerals detected 

10 s 90.7 ± 37.0 5.3 ± 3.4 0.04 ± 0.04 1.1 ± 0.3 

30 s 52.0 ± 21.6 4.6 ± 2.0 0.05 ± 0.06 1.0 ± 0.6 

60 s No substrate detected No substrate detected 0.02 ± 0.01 1.1 ± 0.3 

Leftover 

surface  
(60 min) 

3.7 ± 2.4 1.0 ± 0.6 0.29 ± 0.10 0.9 

Inverse of 

deposit  
(60 min) 

No substrate detected No substrate detected 0.15 ± 0.07 1.7 ± 1.2 

Top of 

deposit  
(60 min) 

No substrate detected No substrate detected 0.03 ± 0.01 1.0 ± 0.1 

 

Table 7-3 Atomic ratio analyses for the fouled DLC-1 surfaces 

Fouling 

time 

N:Si Ca:Si Ca:N Ca:P 

Average ± Range Average ± Range Average ± Range Average ± Range 

CIP clean 0.1 ± 0.02 No calcium detected No calcium detected No minerals detected 

10 s No substrate detected No substrate detected 0.02 ± 0.01 0.5 ± 0.1 

30 s No substrate detected No substrate detected 0.02 0.5 ± 0.1 

60 s 11.5 ± 3.1 0.3 ± 0.1 0.03 ± 0.01 1.3 ± 0.6 

Leftover 

surface  
(60 min) 

0.3 ± 0.2 No calcium detected No calcium detected No minerals detected 

Inverse of 

deposit  
(60 min) 

No substrate detected No substrate detected 0.14 ± 0.03 2.1 ± 0.5 

Top of 

deposit  
(60 min) 

No substrate detected No substrate detected 0.03 ± 0.01 1.1 ± 0.3 
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Based on the principles of surface sensitivity and inelastic mean free path length (IMFPs) of 

the Fe element (for the control surfaces) and the Si element (for the DLC-1 surfaces) from 

the substrate material, the thickness of the thin film of fouling deposit was estimated using the 

following equation (Surface Analytical Techniques, 2013). The results are given in Table 7-4. 

       
(
    
 
)
      Eq. 7-1 

where 

I = Intensity of a substrate element, when covered with a thin film, at.% 

I0 = Intensity of the element, when not covered with a thin film, at.% 

λ = Inelastic mean free path length (IMFP) of the element, nm 

tth = Thickness of the film on the substrate, nm 

 

Table 7-4 Thickness of fouling deposit film (nm) estimated using IMFP technique 

Fouling time 

Deposit thickness (nm) 

Control 
(Average ± Range) 

DLC-1 
(Average ± Range) 

Short term 

10 s 7.6 ± 0.9 > 10 

30 s 6.9 ± 1.1 > 10 

60 s > 10 8.6 ± 1.2 

Long term 

Leftover 

surface 
2.1 ± 1.1 1.2 ± 0.3 

Inverse of 

deposit 
Not calculated Not calculated 

Top of 

deposit 
Not calculated Not calculated 
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7.6.1 Stainless steel surfaces 

Short term fouling 

The N:Fe and Ca:Fe atomic ratios for the 10 s fouled control surfaces (Table 7-2) revealed that 

the thickness of the deposit film would be less than the detection limit of the XPS technique. 

This was anticipated because the XPS analyses identified the substrate elements which would 

have not been if the deposit film would be thicker than 10 nm. For the 30 s fouled surfaces, 

these ratios were lower and implied a thinner deposit film than for the 10 s fouled surface, 

which was contrary to expectation. However, the IMFP technique estimated that the 

thicknesses of the deposit films were about 7 nm for the 10 s and 30 s fouled surfaces (Table 7-

4), and were considered to be similar within the variability of the technique. For the 60 s 

fouled surfaces, the N:Fe and Ca:Fe ratios could not be calculated as no substrate elements 

were found by the XPS analyses. This suggested that the fouling deposit film was thicker than 

the XPS detection limit. This was expected as the thickness of the fouling deposit would increase 

with fouling time. 

The Ca:N atomic ratio was calculated to study the relative composition of minerals 

(represented by Ca) and proteins (represented by N) in the fouling deposit layer as a function 

of fouling time. The atomic ratios were 0.04, 0.05 and 0.02 for the 10, 30 and 60 s fouled 

surfaces respectively. The lower Ca:N ratios indicated that proteins were present as the major 

component in the fouling deposit and triggered the fouling deposition process, whereas minerals 

formed the minor component. For clarification, Figure 7-17 shows a diagrammatic presentation 

of these ratios. 

The Ca:P atomic ratio was calculated to estimate the form of calcium phosphate present in the 

fouling deposit. For all the short term fouled control surfaces, the Ca:P ratio was about 1.1, 

which indicated the presence of a dicalcium phosphate dihydrate (DCPD) form of calcium 

phosphate (Landis and Martin, 1984; Chusuei et al., 1999). 
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Figure 7-17 Diagrammatic presentation of distribution of proteins and minerals in fouling 

deposits, for short term fouled control surfaces: (a) 10 s; (b) 30 s; (c) 60 s 

 

Long term (60 min) fouling 

Table 7-2 presents the average N:Fe and Ca:Fe atomic ratios for the leftover substrate; 

however, the ratios for the inverse and the top of the fouling deposit layer could not be 

calculated because the XPS analyses did not identify any substrate elements. The N:Fe (3.7) 

and Ca:Fe (1.0) ratios were significantly lower than for the short term fouled control 

surfaces, and revealed that there would have been lower amounts of proteins and minerals on 

the leftover surface. Moreover, these ratios were comparable with those found for the CIP- 

cleaned control surfaces (Table 7-2), and supported the above findings. The IMFP calculations 

estimated that the thickness of the deposit film at the leftover control surface would be about 

2 nm (Table 7-4), which was lower than the deposit film thicknesses predicted for the 10 s and 

30 s fouled surfaces. Thus, as it can be considered that the point at which the fouling 

deposit layer fractured would be near the surface/deposit interface, the study analysed the 

interface region. 

The average Ca:N atomic ratios were calculated to be 0.29, 0.15 and 0.03 for the leftover 

control surface, the inverse of the deposit layer and the top of the deposit layer respectively. 

The high ratio for the leftover control surface revealed that the fouling deposit was richer in 
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mineral composition than the top and the inverse of the fouling deposit layer. It was also noticed 

that this ratio for the leftover control surface was significantly higher than the Ca:N ratios for 

the short term fouled control surfaces. The inverse of the fouling deposit layer was also found to 

be richer in mineral composition than the top of the fouling deposit layer and the short term 

fouled control surfaces. These findings suggest that the Ca
+2 

and PO4
–3 

ions may have diffused 

through the deposit layer and concentrated near the surface/deposit interface, over the fouling 

time. The lowest Ca:N atomic ratio for the top of the fouling deposit layer implied that it was 

the richest in protein composition, and was comparable with the Ca:N ratios for the short term 

fouled control surfaces. These results suggested that the average composition of the top of the 

fouling deposit layer was similar to that found for the short term fouled control surfaces. 

These results are in line with Belmar-Beiny and Fryer (1993), who analysed fouling deposits 

from WPC solution using XPS, X-ray elemental mapping and SEM techniques, and 

reported the presence of proteins and minerals in the short term fouled surface. However, as 

there were mineral- rich regions near the surface when fouled for an extended time, the 

minerals may have diffused through the deposits and concentrated near the surface (as discussed 

in Section 7.5.2). In contrast, other studies (Burton, 1968; Tissier and Lalande, 1986; Foster et 

al., 1989; Fryer and Belmar-Beiny, 1991; Bott, 1993; Müller-Steinhagen, 1998; Yoo et al., 

2006) have reported that minerals deposit first on the surface through nucleation and form a 

dense mineral-rich layer. 

The average Ca:P atomic ratio for the leftover control surface was 0.9 (Table 7-2), which 

suggested the presence of the DCPD form of calcium phosphate in the fouling deposits. This 

showed that, although the minerals concentrated at the surface/deposit interfaces, the calcium 

phosphate would be present in the DCPD form, comparable with the short term fouled 

control surfaces. In addition, the average Ca:P atomic ratio for the top of the fouling deposit 

layer was 1.0, which implied the presence of the DCPD form of calcium phosphate. In contrast, 

the Ca:P ratio for the inverse of the fouling deposit layer was 1.7, which suggested that 

the calcium phosphate may have been present either as hydroxyapatite (HA) or as tricalcium 

phosphate (TCP) or as a mixture of both salts (Raynaud et al., 2002; Das et al., 2005). The HA 

form of calcium phosphate has least solubility and is considered to be the most stable form. 

These results show that the minerals varied in their composition and forms across the 

thickness of the fouling deposit. Low-soluble forms of calcium phosphate were also identified 

at the inverse of the fouling deposit layer, and may have been responsible for the removal 

of the fouling deposit layer. Figure 7-18 gives a diagrammatic presentation of the distribution 

of proteins and minerals as a function of the deposit thickness. 
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Figure 7-18 Diagrammatic presentation of distribution of proteins and minerals in fouling 

deposits, for long term fouled control surface 

 

7.6.2 DLC-1 surfaces 

Short term fouling 

The atomic ratios for the short term fouled DLC-1 surfaces were analysed to study the 

distribution of proteins and minerals across the fouling deposit thickness. To estimate the 

thickness of the fouling deposit, the N:Si and Ca:Si atomic ratios were calculated for all short 

term fouled DLC-1 surfaces. As the XPS analyses of the 10 and 30 s fouled DLC-1 surfaces 

identified no substrate elements, the ratios could not be calculated (Table 7-3). These results 

implied that the fouling deposit film was thicker than the XPS detection limit. It was also 

noticed that the fouling deposit film was thicker than for the short term fouled control 

surfaces. These results imply that there may have been conformational rearrangement of the 

proteins, occupying a large surface area and space and leading to a porous deposit structure. The 

literature has reported that proteins undergo conformational changes when they deposit on 

hydrophobic surfaces (Arnebrant et al., 1987; Rosmaninho and Melo, 2006, 2008). Similarly, 

Santos et al. (2003, 2006b) have reported that the extensive conformational changes in the 

adsorbed proteins result in coverage of more surface area and more active binding sites on the 

surface, leading to lower adsorption of foulant per unit surface area. 

In contrast, for the 60 s fouled DLC-1 surfaces, the XPS analyses detected substrate elements, 

which implied that the thickness of the fouling deposit film was smaller than the XPS 

detection limit. It was interesting to note, contrary to expectation, that the fouling deposit film 

was thinner at a fouling time of 60 s than at fouling times of 10 and 30 s. This finding was 

confirmed with repeated analysis of multiple spots on the 60 s fouled samples. This was also in 
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contrast to the 60 s fouled control surfaces, where the thickness of the fouling deposit film 

was greater than the XPS detection limit. The thinner deposit film for the 60 s fouled DLC-1 

surface may have been because of possible re-entrainment of the fouling species, leading to 

simultaneous removal of the deposited species. Furthermore, being a hydrophobic surface, 

there may have been non-polar weaker bonding of the fouling species with the surface, which 

may have promoted the re-entrainment of the fouling deposits. 

Furthermore, although the N:Si ratio for the DLC-1 surfaces was about 10-fold lower than the 

N:Fe ratio for the short term fouled control surfaces, the IMFP calculation showed that the 

deposit thickness for the 60 s fouled DLC-1 surfaces was 8.6 nm (Table 7-4). This was 

attributed to the difference in the IMFP for Si and Fe elements, ultimately giving a  large 

difference in the peak signals in the XPS survey spectra. Thus, the ratio analyses and 

calculated deposit thicknesses emphasise that the thickness of the fouling deposit film for the 

short term fouled surfaces was of the order of 10 nm. 

The average Ca:N atomic ratio (representing minerals:protein) for all short term fouled DLC-1 

surfaces ranged from 0.02 to 0.03. Such a low ratio indicated that the fouling deposit for the 

short term fouled DLC-1 surfaces was composed mainly of proteins. These results were in line 

with the composition of the fouling deposit found for the short term fouled control surfaces. 

They also suggested that the protein content of the fouling deposit for the DLC-1-modified 

surfaces was similar to that for the control surfaces, when fouled for a short fouling time. 

The Ca:P atomic ratios for the 10, 30 and 60 s fouled DLC-1 surfaces were 0.5, 0.5 and 

1.3 respectively (Table 7-3). The lower Ca:P ratios for the 10 and 30 s fouled DLC-1 surfaces 

implied that the amount of P was double the amount of Ca; the possible form of calcium 

phosphate for such a low ratio is not known. Chusuei et al. (1999) reported a DCPD form 

of calcium phosphate with a Ca:P ratio of 0.7 and that DCPD is an unstable phase that may 

vary about 26% in its ratio compared with the theoretical ratio. In contrast, the Ca:P atomic 

ratio for the 60 s fouled DLC-1 surfaces suggested that the calcium phosphate could have been 

present either as DCPD or as TCP or as a mixture thereof. Figure 7-19 gives a diagrammatic 

presentation of the distribution of proteins and minerals in the fouling deposit for the short term 

fouled DLC-1 surfaces. 
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Figure 7-19 Diagrammatic presentation of distribution of proteins and minerals in fouling 

deposits, for short term fouled DLC-1 surfaces: (a) 10 s; (b) 30 s; (c) 60 s 

 

Long term (60 min) fouling 

The N:Si and Ca:Si atomic ratios for the long term fouled DLC-1-modified surfaces are given 

in Table 7-3. The N:Si atomic ratio for the leftover DLC-1 surface was 0.3, whereas the Ca:Si 

ratio was zero because no minerals were identified in the XPS analyses of this surface. In 

addition, the low N:Si atomic ratio revealed that the leftover DLC-1 surface contained very 

little protein compared with the 60 s fouled DLC-1 surfaces. The IMFP technique estimated 

that the thickness of the fouling deposit layer at the leftover surface was 1.2 nm (Table 7-4), 

which was lower than that estimated for the 60 s fouled DLC-1 surfaces. Furthermore, this 

ratio was comparable with the ratio found for the CIP-cleaned DLC-1 surfaces (Table 7-3). 

Therefore, it can be considered that the point at which the fouling deposit fractured was near 

the surface/deposit interface. The N:Si and Ca:Si ratios for the inverse and the top of the 

fouling deposit layers were not calculated as substrate elements were not identified in the XPS 

analyses. 

To study the distribution of proteins and minerals in the fouling deposit, the average Ca:N 

atomic ratios were calculated. As no minerals were identified for the leftover DLC-1 surfaces, 

in the XPS analyses, it was expected that the fouling deposit remaining on the leftover DLC-1 
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surface would have been composed of proteins only. The Ca:N atomic ratio of 0.14 for 

the inverse of the fouling deposit revealed a relatively higher proportion of minerals in the 

fouling deposit layer. However, a lower Ca:N atomic ratio for the top of the fouling deposit 

layer showed a relatively higher composition of proteins. These results are in accordance 

with the long term fouled control surfaces, except for the leftover control surface. Thus, as 

discussed earlier, the results suggest possible diffusion of Ca
+2 

and PO4
–3 

ions towards the 

surface/deposit interface over the fouling time. However, the absence of minerals at the 

leftover DLC-1 surface suggests that there could be weaker adhesion of minerals to the 

surface; consequently, all the minerals may have come off with the fouling deposit layer. 

However, the top of the fouling deposit layer was composed mainly of proteins, which was 

similar to the short term fouled control and DLC-1 surfaces and to the top of the fouling 

deposit layer for the long term fouled control surfaces. These results showed that, whereas the 

fouling deposit layer at the DLC-1 surface/deposit interface was mineral rich, the top of the 

fouling deposit layer was protein rich, and was comparable with the control surfaces. 

The Ca:P atomic ratio at the inverse of the fouling deposit layer was 2.1, which suggested 

that the calcium phosphate was present in the form of HA or TCP or a mixture thereof. 

However, the Ca:P atomic ratio for the top of the fouling deposit layer was 1.1, and 

suggested the DCPD form of calcium phosphate in the fouling deposit. These results showed 

that the mineral composition and its form varied throughout the fouling deposit thickness. 

Also, it is worth noting that low-soluble forms of calcium phosphate were identified at the 

surface/deposit interface, which may have affected the adhesion of deposits to the surface 

because of the reduced availability of ions to form bridges and may have promoted the peeling-

off of the fouling deposit layer. Figure 7-20 shows a diagrammatic presentation of the 

distribution of proteins and minerals in the fouling deposit for the DLC-1-modified surfaces 

fouled for longer fouling times. 

 

 

Figure 7-20 Diagrammatic presentation of distribution of proteins and minerals in fouling 

deposits for long term fouled DLC-1 surface 
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7.7 Effect of calcium-conditioned surface on fouling deposition 

A set of experiments was carried out to clarify whether calcium triggers fouling deposition on 

surfaces, as the long term fouled surfaces revealed concentrated minerals (specifically calcium 

and phosphorus) near the surface/deposit interface. In addition, the effect of calcium on the 

fouling deposition of milk and WPI solutions was studied, as the short term and long term 

fouled surfaces showed a large variability in the mineral composition of the fouling deposits. 

The control and DLC-1 modified surfaces (10 mm x 10 mm squares) were cleaned as per the 

standard CIP regime (Section 4.4), and were conditioned with a mineral solution (composed of 

3 g/L CaCl2 and 3 g/L KH2PO4) for 10 min at 75°C, using the laboratory- scale set-up 

(Section 4.10.1). This concentration of calcium and phosphorus in the solution was selected to 

mimic their concentration in milk. The XPS analyses (Figure 7-21) confirmed the presence of 

calcium and phosphorus in the conditioned samples. Subsequently, the conditioned surfaces 

were fouled with skim milk for 1 and 5 min at 75°C, and with 6 g/L WPI solution for 10 and 

30 min at a bulk outlet temperature of 75°C. The structures of the fouling deposits on the 

surfaces were observed using the SEM technique. 
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Figure 7-21 Survey spectra of calcium-conditioned surfaces: (a) control surface; (b) DLC-1 

surface 

 

Figure 7-22 illustrates the structure of the fouling deposit for the calcium-conditioned control 

and DLC-1 surfaces fouled with milk for 1 and 5 min. The SEM images showed a continuous 

film of fouling deposit for both surfaces. It was interesting to note that this structure was in 
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contrast to the ring structure of fouling deposit observed for the non-conditioned surfaces 

(Section 7.2). This suggested that calcium may have formed a thin layer on the surface during 

conditioning, and may have served as a bridging component between the surface and the 

fouling species, ultimately triggering the adhesion of foulants. 

  

  

Figure 7-22 SEM images of calcium-conditioned milk fouled surfaces: (a) 1 min stainless steel; 

(b) 5 min stainless steel; (c) 1 min DLC-1; (d) 5 min DLC-1 

 

When fouled with WPI solution, the calcium-conditioned experimental surfaces (Figure 7-23) 

showed closed rings of deposits, which was not found for the non-conditioned WPI-fouled 

surfaces (Section 7.3). As discussed earlier, this result also suggested that calcium may 

have acted as a bridging component to promote fouling deposition. This behaviour also 

suggested that the lower amount of calcium in the WPI solution may have prevented 

aggregation and deposition of proteins on to the processing surfaces. Thus, it can be said 

that the fouling behaviour of WPI solution is significantly different from that of milk. This 

difference can be attributed to the difference in composition of WPI and milk, and complex 

interactions among the casein, whey proteins and minerals in milk. 
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Figure 7-23 SEM images of calcium-conditioned 0.6 wt.% WPI fouled surfaces: (a) 10 min 

stainless steel; (b) 30 min stainless steel; (c) 10 min DLC-1; (d) 30 min DLC-1 

 

7.8 Summary 

Sets of experiments were carried out at laboratory scale to understand the initial interactions 

of fouling deposits for the short term (10, 30 and 60 s) fouled control and DLC-1 surfaces. 

SEM images revealed that the structure of the fouling deposit, for both experimental surfaces, 

was in the form of open and closed rings (50–200 µm in size) deposited randomly on the 

surfaces. Analyses of the number of deposit rings, the size of the deposit rings and the 

coverage area of the deposit rings showed large variations, and revealed no significant 

difference between the fouling deposition for the control and DLC-1-modified surfaces. X-ray 

elemental mapping of the fouled surfaces revealed a positive relationship of C and O (proteins) 

and Ca and P (minerals) with the fouling deposits, and their uniform deposition in the 

fouling deposits. The maps also revealed that the minerals formed an integral part, with the 

proteins, of the fouling deposits. The chemical composition of the fouling deposit, 

quantified using EDS and XPS techniques, revealed a protein-rich fouling deposit layer with a 
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thickness of about 10 nm. The analyses also suggested that fouling deposition starts as soon as 

the processing surface comes in contact with milk. Moreover, the relative Ca:P atomic 

ratio suggested the presence of calcium phosphate as a DCPD form in the short term fouling 

deposit, for the control and DLC-1-modified surfaces. Thus, the study found that the initial 

fouling deposition was independent of the control and DLC-1- modified surfaces, and this 

could be a reason for the similar fouling behaviours of the modified and control surfaces in the 

pilot-scale fouling deposition study. 

For the long term fouled experimental surfaces, the SEM images showed a  ring (about 400 

µm) structure of the deposits with adjacent rings joined to develop a fouling deposit layer. 

Based on N:substrate element relative ratio analyses and IMFP calculations, from the XPS 

analyses of the long term fouled surfaces, it was estimated that the thickness of the fouling 

deposit layer on the leftover surface would be smaller than that estimated for the short term 

fouled surfaces. These findings suggested that the point at which the fouling deposit fractured 

would be near the interface. 

For the control and DLC-1-modified surfaces, the XPS analyses found that, although the top of 

the fouling deposit layer was rich in proteins, the inverse of the fouling deposit layer was 

rich in minerals. Based on the Ca:N relative ratios for the short term fouled samples, the leftover 

surface and the inverse of fouling deposit layer, it can be said that the Ca
+2 

and PO4
–3 

ions 

may have diffused through the fouling deposit structure over the fouling time, and may have 

concentrated near the surface/deposit interface. This would be due to the gravitational 

sedimentation of higher density minerals on the experimental surfaces. The analyses also 

revealed that the mineral composition varied across the deposit thickness. It was estimated that 

the calcium phosphate, at or near the surface/deposit interface, may have been in the form of 

tricalcium phosphate (TCP) or hydroxyapatite (HA) or a  combination thereof. In addition, it 

was interesting to note that the leftover DLC-1 surface showed no minerals, which might 

have offered weaker adhesion of the initial fouling species with the surface in comparison with 

the control surfaces, consequently giving peeling- off of the fouling deposit layer. 

Lastly, the experiments on the fouling deposition of milk on calcium-conditioned surfaces 

showed a continuous film of milk deposits, which was in contrast to the ring structure observed 

for the non-conditioned surfaces. This result suggested that calcium may have formed a thin 

film on the surface, which may have facilitated and promoted the deposition of proteins. 
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Chapter 8. Conclusions and recommendations 

8.1 Introduction 

In the dairy processing industry, a reduction in milk fouling deposition and easy removal of 

fouling deposits during the cleaning process can offer huge savings. Surface modification of 

processing surfaces is being explored to reduce milk fouling deposition. Hence, in this 

research study, various modified surfaces were investigated for their performance in milk 

fouling deposition at laboratory scale and pilot scale. In addition, at pilot scale, the 

experimental surfaces were investigated for their cleaning performance for easy removal of 

fouling deposits. Subsequently, sets of short term and long term fouling deposition 

experiments were carried out to understand the initial interactions of milk fouling deposits 

with DLC-1 and control surfaces, and to study the distribution of milk proteins and minerals 

in the completely developed fouling deposit layer. The findings from this research are 

summarised in this chapter. 

The first part of the chapter describes, in brief, the objective of the study, the experimental 

set-ups and the methodology used. The later part of the chapter gives a summary of the 

results from the research experiments and the conclusions from the study. It also suggests 

potential directions to progress the research. 

The main objective of this study was to identify a modified surface coating that would be 

the most effective in fouling mitigation and/or in easy removal of milk fouling deposits 

during cleaning processes. This study investigated doped DLC coatings (DLC-1, DLC-2 and 

DLC-3), a silica-based coating (silica) and a polymeric coating (Ni–P–PTFE) for 

modification of the surfaces. Stainless steel (316 SS 2B) surfaces were used as control surfaces. 

In this study, milk was used to foul the selected modified surfaces, because there is 

limited knowledge of the fouling behaviour of milk for these modified surfaces. In addition, 

milk fouls differently from whey protein solutions and mineral solutions, and using milk would 

produce results that could be applied to the milk processing industry. 
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8.2 Experimental set-ups and methodology used 

The laboratory-scale and pilot-scale experimental set-ups were designed to foul the 

modified and control surfaces in a way that mimics industrial processing conditions. Parallel 

flow streams of the experimental set-ups were developed to study the experimental and 

control surfaces simultaneously, which eliminated the effects of milk aging and the daily 

variation in milk composition on fouling deposition. This design facilitated direct 

comparison of the fouling and cleaning behaviours of the modified and control surfaces. 

At laboratory scale, standardised skim milk was used to foul the experimental surfaces to build 

up a completely developed fouling deposit layer at a bulk outlet temperature of 80°C for 120 

min. The performances of the modified and control surfaces were quantified by the mass of the 

fouling deposits and by qualitative visual observation of the fouling deposit layers. At pilot 

scale, raw whole milk was used to foul the experimental surfaces at two different (i.e. 78 and 

84°C) bulk outlet temperatures for 240 min. The fouling behaviours of the experimental 

surfaces were quantified by the mass of the fouling deposits, the decrease in the heat transfer 

coefficient, the increase in the pressure drop across the final heater PHEs, qualitative visual 

observation of the fouling deposit layers and chemical analysis of the fouling deposits. The 

same set-up was used to evaluate the cleaning performance of the modified surfaces, which 

was quantified by the removal of the mass of fouling deposit, by the change in the pressure 

drop at the final PHEs during the caustic cleaning step and by quantifying the protein content 

of the spent cleaning solutions. 

Subsequently, the laboratory-scale set-up was modified to mount experimental surfaces that 

were especially designed to fit into electron microscopes. The control and DLC-1- modified 

surfaces were fouled for short terms and long terms, and were characterised by surface 

analytical techniques, such as scanning electron microscopy (SEM), ultraviolet (UV) 

fluorescence microscopy, X-ray elemental mapping, energy dispersive spectroscopy (EDS) and 

X-ray photoelectron spectroscopy (XPS). 

8.3 Key findings from surface characterisation of the control and modified 

surfaces 

The control stainless steel surface and the modified surfaces were characterised for their 

topography using SEM and UV fluorescence microscopy, and for their surface chemistry using 

EDS and XPS techniques. In addition, surface properties such as the surface roughness and 
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surface energy of all experimental surfaces were quantified using surface profilometry and 

tensiometry techniques. The key findings were as follows. 

 The topography of the control surface and all modified surfaces, except the Ni–P–PTFE 

coating, revealed a  heterogeneous granular microstructure with irregular- shaped grains. 

The grain boundaries for the control surface were sharp and deep. Whereas, for the modified 

surfaces, they were smoother and shallower. This could be attributed to deposition of 

coating material into the valleys. The surfaces coated with Ni–P–PTFE showed a 

homogeneous microstructure and masked the topography of the substrate. The silica 

coating was too thin to be identified by the SEM and EDS techniques. However, the XPS 

analyses revealed a continuous layer of the silica coating. 

 The surface chemistry, identified by XPS analysis, of the control and silica-coated 

surfaces revealed a mixture of iron oxides and chromium oxides. However, the DLC-

1, DLC-2 and DLC-3 surfaces showed lower amounts of oxygen on the surfaces and 

suggested the absence of an oxide layer. This also implied the absence of polar groups on 

the surface. The XPS analysis of the Ni–P–PTFE-coated surfaces revealed that carbon 

bonded to fluorine in a polymeric matrix. Also, a lower oxygen component on the surface 

suggested the possibility of non-polar interactions with the fouling species. 

 The total surface energy is composed of dispersive and polar components that give 

information on short range and long range intermolecular forces. This has been calculated 

using sessile drop analysis technique which used about 3-5 µL of reference liquids to 

measure contact angles. Thus, the surface energy provides information about surface nature 

(surface hydrophobicity) at larger scale. The surface energy measurements revealed that 

the control surface had the highest surface energy, whereas the modified surfaces had 

lower surface energies with a more hydrophobic nature when compared with the controls. 

The electron donor component (γ
–
) was the differentiating factor among all the modified 

surfaces. 

 The surface roughness (Ra) of all modified surfaces was similar to that measured for the 

control surface, and ranged from 0.12 to 0.17 µm. The surface roughness of the Ni–P– 

PTFE-coated surface was 0.29 µm. The variation in the surface roughness for the 

experimental surfaces could be attributed to the difference in the coating deposition process. 
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8.4 Key findings from laboratory-scale and pilot-scale fouling and cleaning 

behaviours 

The performance of the modified and control surfaces in milk fouling deposition was 

investigated at laboratory scale and pilot scale. The cleaning behaviour of the experimental 

surfaces was studied at pilot scale. 

 In the laboratory-scale study, the DLC-1- and silica-modified surfaces showed about 17 and 

13% reductions in the mass of fouling deposit when compared with their respective 

controls, which were statistically significant (P < 0.05). The other modified surfaces (DLC-

2, DLC-3 and Ni–P–PTFE) fouled in a similar manner to their respective control surfaces, 

and revealed no significant difference in the mass of fouling deposit. 

 In the pilot-scale study, none of the modified surfaces presented a statistically significant 

benefit in fouling mitigation. Furthermore, the analyses on the heat transfer coefficients, the 

fouling rate and the increase in the pressure drop across the final heater PHEs 

reinforced that the modified surfaces performed similarly to their respective controls. 

 It was also found that the mass of the fouling deposits for the experimental surfaces, both 

at laboratory scale and at pilot scale, was independent of the electron donor component (γ
–
) 

of the surface energy. Generally literature has reported that a low surface energy gives lower 

fouling deposition. However, there is no clear relationship among the surface energy 

components and fouling deposition. Milk proteins (esp. β-lactoglobulin) and minerals 

(calcium and phosphorous) are of 4 and 0.5 nm size, respectively, which may adhere to the 

processing surface locally where there is potential adhesion site, irrespective of the electron 

donor component or total surface energy of the surface. 

 The results in this study were in contrast to the literature, where a huge benefit in terms of 

the reduction in fouling mass for DLC-modified surfaces has been reported. It is worth 

mentioning that the reported studies were carried out using various solutions of WPI, 

WPC, SMUF and SMUF with added whey protein, whereas, in the current study, milk 

was used to foul the experimental surfaces. The difference in the composition of the 

fouling fluid could account for the contrasting results, as the fouling deposition 

mechanism for milk is more complex, and involves interactions among casein, β-lg and 

calcium, than that of various fouling solutions. 

 In a set of fouling experiments with WPI solution, about 35–40% benefit in the reduction 

in the mass of fouling deposit was found for all three doped DLC-modified surfaces. The 
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observed difference may have been exaggerated because the absolute masses of the 

fouling deposits were only about 5–10% of the mass of fouling deposits observed with 

milk fouling. With a longer fouling time to achieve a higher mass of fouling deposits, the 

benefit in the reduction in the mass of fouling deposits decreased to less than 15% when 

compared with their controls. This finding revealed that the influence of the modified 

surface may have been reduced with the build-up of the fouling deposit layer. 

 It was interesting to note that the fouling deposit layer for the DLC-1- and silica-

modified surfaces peeled off on drying, which was not found for the control and other 

modified surfaces. Although drying of the fouling deposit is not practised in the dairy 

industry, this behaviour suggests a weaker adhesion of the fouling deposits with the 

modified surfaces, which may provide easy removal of the deposits during the cleaning 

process. 

 In the cleaning study carried out using an experimental CIP regime (lower than 

normal strength) at pilot scale, the modified surfaces gave about 80% removal of the mass 

of fouling deposit, which was similar to that of their respective controls, except for the Ni–

P–PTFE-modified surfaces. Similarly, the change in the pressure drop across the final 

heater PHEs during the initial stage of the caustic cleaning step and the calculated 

protein content of the spent cleaning solutions revealed that the cleaning performance 

of the modified surfaces was comparable with that of their respective control surfaces. 

For the Ni–P–PTFE surfaces, the observed benefit in the removal of the mass of fouling 

deposits occurred because of the delamination and loss of the coating from the substrate. 

 In the microbial attachment study, the silica surfaces presented the lowest number of 

Geobacillus spp. cells attached to the surface, followed by the DLC-1, DLC-2 and DLC-3 

surfaces. The results suggested a negative relationship between the number of bacterial 

cells attached to a surface and the composition of the silicon atoms in the coated surface. 

8.5 Key findings from the characterisation of the fouling deposits with the 

experimental surfaces 

Sets of experiments were carried out to investigate the initial interactions of milk fouling 

deposits with the best performing DLC-1 modified surface and with the control surface, using 

SEM, UV microscopy, X-ray mapping, EDS and XPS analytical techniques. The study found the 

following. 
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 The SEM images of the short term fouled control and DLC-1 surfaces (10, 30 and 60 s) 

showed a ring structure of fouling deposits. There were mixtures of open and closed rings 

with a size range from 50 to 200 µm and the rings were deposited randomly on the 

surface. The analysis of the number of deposit rings, the size of the deposit rings and the 

coverage area of the rings showed large variations, and revealed no significant difference 

between the fouling deposits for the control and DLC-1 surfaces. The UV fluorescence 

microscopy images presented a network-like structure in the wall of the deposit rings. 

 For the long term fouled experimental surfaces (1, 5 and 30 min), the SEM images 

revealed that the size of the deposit rings ranged from 50 to 400 µm. It was also noticed that 

the fouling deposit rings grew in size and joined with nearby rings to build up a complete 

deposit layer. 

 X-ray elemental maps of the short term fouled surfaces revealed that the fouling deposits 

were composed of C, N, O, Ca and P elements. The maps also showed that Ca and P 

were positively correlated with the fouling deposits and formed an integral part of the 

fouling deposits. 

 The EDS analyses of the short term fouled surfaces showed the presence of C, N and 

O (indicative of proteins) and Ca and P (indicative of minerals) elements, for both the 

DLC-1 and control surfaces. 

 In the XPS analyses for the short term fouled control and DLC-1- modified surfaces, 

the presence of protein and minerals suggested that the fouling deposition started as soon 

as the processing surface came in contact with milk. 

 The XPS analyses of the short term fouled surfaces, especially the N:surface element 

(Fe or Si) and Ca:surface element (Fe or Si) ratios, for both the control and DLC-1-

modified surfaces, suggested that the thickness of the fouling deposit layer was of the 

order of 10 nm. 

 The Ca:N ratio analyses, for both experimental surfaces, suggested that the short term 

fouling deposits were composed mainly of proteins. Although minerals were present, they 

were significantly lower in amount when compared with proteins. Hence, it can be said that 

proteins would be more active for deposition than minerals. 

 The Ca:N ratio analyses of the long term (60 min) fouled experimental surfaces revealed 

that the composition of minerals varied across the fouling deposit, and that minerals were 

concentrated near the surface/deposit interface. This could be attributed to a possible 

diffusion of Ca
+2 

and PO4
–3 

ions through the deposit layer thickness. The Ca:P ratio also 
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varied significantly and suggested the presence of dicalcium phosphate dehydrate 

(DCPD), tricalcium phosphate (TCP) and hydroxyapatite (HA) forms of calcium phosphate 

in the fouling deposit layer. 

 The presence of minerals at the leftover stainless steel surfaces suggested possible 

polar interactions of the fouling deposits with the surface. In contrast, the absence of 

minerals at the leftover DLC-1 surface suggested non-polar interactions of the fouling 

deposits with the surface, and may have resulted in the peeling-off of the fouling deposit 

layer. 

 In the study, calcium-conditioned control and DLC-1 surfaces presented a continuous 

thin layer of milk fouling deposits. This suggested that calcium may have formed a thin 

layer on the surface, and may have acted as a bridging component to facilitate the 

adhesion of foulants on to the surface. In addition, the findings from the WPI solution 

fouling suggested that calcium has a key role to play in driving the fouling deposition, as it 

facilitates and promotes the aggregation and deposition of proteins. 

8.6 Conclusions of the study 

 At laboratory scale, the DLC-1- and silica-modified surfaces showed statistically 

significant (P < 0.05) benefits in the reduction in the mass of fouling deposits. 

However, at pilot scale, all modified surfaces presented a statistically insignificant (P 

> 0.05) difference in the mass of fouling deposits compared with the control 

stainless steel surfaces. It was also found that the mass of fouling deposits for the 

modified and control surfaces was not correlated with the electron donor 

component of the surface energy. The findings in this study are in contrast to the 

literature, where a huge benefit in fouling mitigation on DLC- modified surfaces 

from WPI, WPC and SMUF solutions has been reported. 

 The study found about 35–40% reduction in the mass of fouling deposits when 

fouled with 6 g/L WPI solution, when the absolute mass of fouling deposit was 

low. When fouled for longer fouling times, the benefit in fouling mitigation was 

reduced to less than 15%. This finding suggested that the influence of the modified 

surfaces may have been decreased with the build-up of the fouling deposit layer. The 

benefit observed with WPI solution fouling was not found with skim or whole 

milk fouling because the fouling mechanism for milk is complex and involves 

interactions among caseins, whey proteins - and calcium. In addition, the milk 

system varies in its protein and mineral compositions, which may significantly 
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influence the fouling mechanism and may mask the potential benefit of surface 

modification. 

 The fouling deposit layer for the DLC-1- and silica-modified surfaces peeled off when 

dried. This behaviour suggested that there could be weaker adhesion of fouling 

deposits with the modified surfaces via van der Waals’ and electrostatic forces. 

 In pilot-scale cleaning experiments, none of the modified surfaces proved to be better 

in the removal of the mass of fouling deposits than their respective controls. The 

possible reason could be that the cleaning solutions diffuse through the top of the 

fouling deposit layer, which is similar for all modified and control surfaces, and 

clean the bulk of the deposits first. Thus, the cleaning solutions attack the 

surface/deposit interface last, when the majority of the fouling deposits would have 

been removed. Thus, it was concluded that the modified surfaces investigated in this 

study neither reduced the fouling deposition nor enhanced the cleaning performance 

of the fouling deposits. 

 In the initial interaction study, the SEM images revealed a ring structure of the 

fouling deposit for both the control surfaces and the DLC-1-modified surfaces. An 

analysis of the number, size and coverage area of the fouling deposit rings revealed 

no significant difference between the deposits for the DLC-1- modified surfaces and 

the control surfaces. The ring structure of the fouling deposits may possibly have 

been because of the bursting of bubbles of released dissolved gases at the heat 

transfer surfaces. The UV images of the fouled surfaces presented a network-like 

structure in the wall of deposit rings. 

 The X-ray elemental maps of the fouled surfaces illustrated a positive relationship of C, 

N, O, Ca and P elements with the fouling deposits. The maps revealed that the 

minerals formed an integral part with the proteins in the fouling deposits. The 

results also suggested that the distribution of proteins and minerals in the fouling 

deposits for the DLC-1 surfaces was similar to that for the control stainless steel 

surfaces. 

 The EDS and XPS analyses of the short term fouled surfaces revealed the presence 

of proteins and minerals, which suggested that the fouling deposition started as soon as 

the processing surface came in contact with milk. 

 For the short term fouled surface, a lower Ca:N ratio implied that the fouling 

deposits would be composed mainly of proteins. Although minerals were present in 
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the deposits, they were significantly lower when compared with the protein 

composition. Hence, it can be said that proteins were more active than minerals in 

depositing on the surface. The mineral content of the deposit layer varied markedly 

for both surfaces, and no clear trend was found. The fouling deposit composition for 

the DLC-1-modified surfaces was comparable with that for the control stainless steel 

surfaces. 

 For the long term fouled control and DLC-1-modified surfaces, the Ca:N ratio 

revealed that the mineral composition varied across the fouling deposit, and that 

minerals concentrated near the surface/deposit interface. This could be attributed to 

a possible diffusion of Ca
+2 

and PO4
–3 

ions through the fouling deposit layer. 

 A variation in the Ca:P ratio, across the fouling deposit layer, suggests that calcium 

phosphate would be present mainly as dicalcium phosphate dehydrate (DCPD) in the 

bulk deposits. However, towards the surface/deposit interface, calcium phosphate 

would be present mainly as TCP or HA or a  combination thereof. 

 The presence of minerals at the leftover stainless steel surfaces suggested possible 

polar interactions of the fouling deposit with the surface. However, the absence of 

minerals at the leftover DLC-1 surface suggested non-polar interactions of the 

deposits with the surface, leading to a weaker adhesion of the deposits. This may 

have caused the peeling-off of the fouling deposit layer. 

 Calcium-conditioned fouled surfaces showed a continuous thin film of milk 

deposits, which was in contrast to the ring structure of fouling deposits for the non-

conditioned surfaces. This result suggested that calcium has a significant role in milk 

fouling deposition in terms of the surface reactions and the bulk reactions. 
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8.7 Recommendations 

This study on surface modification to reduce dairy fouling and/or to enhance cleaning in the 

dairy industry identified key findings, which will be useful to the dairy industry for designing 

a modified surface to reduce protein and mineral deposition on processing surfaces. The 

following are recommended to strengthen our knowledge in the milk fouling area. 

 A fundamental study should be carried out to investigate the adhesion strength of 

fouling deposits for DLC-modified surfaces. The findings from this set of experiments 

may be used to design an effective cleaning regime for the easy removal of fouling deposits. 

 The effect of mechanical cleaning of the deposits for DLC-1- modified surfaces should 

be studied to investigate the removal of fouling deposits. Various techniques like 

pulsating flow cleaning, ice-pigging using nano-rods or ultrasonic cleaning technique may 

be explored with experimental CIP regime. 

 The Ni–P–PTFE coating should be developed to improve its sustainability under dairy 

processing conditions as this coating has been reported to foul less and to clean easily. 
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Appendix A.1. Standard operating procedures (SOPs) 

A.1.1.  SOP for preparation of a WPI solution 

 Calculate and weigh the required quantity of WPI powder to prepare a 6 g/L WPI 

solution. 

 Dissolve the WPI powder in pre-weighed distilled water to achieve a 50 g/L 

concentrated WPI stock solution. Add small increments of the weighed powder, 

away from the vortex generated by a magnetic stirrer to avoid lumps, in distilled 

water. 

 Stir the solution constantly for about 3 h at room temperature to ensure complete 

dissolution of the WPI powder. 

 Store the stock solution at 4°C for 18 h to achieve complete hydration of the whey 

proteins. 

 Dilute the stock solution to 0.6 g/L concentration of the whey proteins by making 

up to volume with distilled water. 

 Mix the final solution thoroughly before using for the fouling experiments. 

 

A.1.2.  SOP for cleaning of experimental surfaces in the laboratory-scale set-up 

The uncleaned/fouled disks were cleaned using the following procedure. 

 Two fouled disks were taken and placed back-to-back to form a set. 

 These sets were mounted on to the stirrer shaft with small spacers in between the 

sets (as per Figure 4-1). 

 The stirrer shaft was mounted on the overhead stirrer motor and set to 360 rev/min. 

 The stainless steel beaker was put into the water bath (set and maintained at the 

required temperature). 

 The disks were cleaned using the standard CIP regime (Table A.1). 

 The disks were removed from the stirrer shaft and allowed to dry. 

 The dried disks were wrapped in aluminium foil for the fouling experiments (a set 

of two disks was made by placing them face-to-face). 
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Table A.1. Standard CIP regime 

CIP stage Concentration of cleaning solutions 
Temperature (°C) / 

Time (min) 

Water rinse − 55/10 

Sodium hydroxide 

rinse 

5 g/L Sodium hydroxide + 2.5 g/L 

StabiCIP 
75/10 

Caustic recirculation 
10 g/L Sodium hydroxide + 5 g/L 

StabiCIP 
75/30 

Water rinse − 65/10 

Acid recirculation 8 mL/L Nitrobrite 65/20 

Water rinse − 18-24/10 

 

A.1.3.  SOP for fouling of experimental surfaces in the laboratory-scale set-up 

The following procedure was used for the fouling experiments in the laboratory-scale set-up. 

 The cleaned disks were marked with identification codes and were weighed (i.e. 

weight before the fouling experiment). 

 The weighed disks were plugged with a rubber bung in the centre hole to avoid 

leakage of milk from inside to the water bath and to prevent the entry of water from 

the water bath (as per Figure 4-5). 

 The disks were placed at the bottom of the fouling units and were tightened with 

the help of a dairy fitting through an RJT to make a leak-proof joint. 

 Masterflex Norprene tubing was used for the milk inlet and the milk outlet, on all 

four fouling units (as per Figure 4-3). 

 The feed tank was filled with standardised skim milk. A milk sample (about 100 

mL) was taken in a yellow cap bottle for compositional analysis (fat, protein, 

lactose, total solids) using a MilkoScan. 

 Each fouling unit was suspended in a temperature-controlled water bath (pre-set 

and maintained at 97°C). This was done by clamping the unit. Care was taken to 

avoid air entrapment at the base of the fouling unit by inserting the unit in the water 

bath at an angle of less than 45° to the water. 

 The depth of the fouling units was adjusted to immerse the rim of the fouling unit. 

 Each fouling units (without milk) was allowed to preheat for 5 min. 
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 Overhead stirrers were provided to impart turbulence in the bulk milk. Care was 

taken to place them in the centre of the fouling units and at similar depths. 

Overhead stirring motors were calibrated against a tachometer. The stirrers were set 

to the required speed (360 rev/min). 

 Meanwhile, 400 mL of skim milk was preheated to 55°C in a water bath. A 100 mL 

volume of preheated milk was poured on to the rotating stirrer shaft in each fouling 

unit to start the fouling experiment. 

 The milk was allowed to heat to 80-82°C in the fouling units. 

 The peristaltic pump was started to feed fresh chilled milk to the fouling units. The 

flow rate was set to deliver 1.0 L/h. The used milk from the outlet port of the units 

was collected into a discard tank. 

 Preheating tubes were placed in the preheater water bath (set and maintained at 

65°C) after milk had started to flow through. This was carried out to prevent the 

overheating of the preheating tubes. 

 Temperatures were measured at the feed tank, preheater and final heater and were 

recorded every 15 min throughout the experimental run. 

 The flow rate of milk at the outlet of the fouling units was measured every 30 min 

throughout the experimental run, using a bucket and stopwatch method. 

 Intermittently, make-up water was added to the final heating water bath to 

overcome water evaporation losses. 

 At the end of the experimental run (i.e. 120 min), the peristaltic pump was stopped. 

 The power supply to the final heating water bath and the overhead stirrers was 

turned off. 

 The overhead stirrers were removed from the fouling units. 

 The fouling units were removed from the final heating water bath. 

 Excess milk from the units was poured into the discard tank. 

 The tube and disk units were placed under a running cold water tap in an inverted 

position to cool down. 

 The disks were removed from the fouling units. Care was taken to avoid scratching 

of the fouling deposits. 

 The fouled disks were dip-rinsed with distilled water and then photographed for 

qualitative analysis of the fouling deposits. 

 The disks were placed in a hot air oven maintained at 102°C for 1 h to remove any 

moisture. Later, the disks were allowed to cool in a desiccator for 15 min. 

 The fouling deposits were weighed using a scientific balance (to at least 0.1 mg). 

 The absolute mass of the deposits was calculated as g/m
2
. 

 The CIP of the tubing was started using the CIP regime described in Appendix 

A.1.2. The fouling units were cleaned manually.
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Appendix A.2. Validation of experimental set-ups 

A.2.1.   Laboratory-scale flow tube and disk rig 

A.2.1.1.  Repeatability of the set-up 

Operating conditions: 

Milk type – Skim milk  Stirring speed – 360 rev/min   Fouling temperature – 80°C 

Flow rate – 1 L/h  Fouling time – 120 min 

Average of at least three measurements 

 

Figure A.1 Mass of fouling deposit showing repeatability among the parallel flow streams of 

laboratory-scale set-up 

Note: The following trials were considered for Figure A.1. 

 

Fouling deposit (g/m²L) 

 

Tube 1 Tube 2 Tube 3 Tube 4 

Trial-1 37.62 (TD30) 39.02 (TD30) 42.97 (TD49) 45.77 (TD49) 

Trial-2 35.00 (TD31) 34.07 (TD31) 43.73 (TD54) 42.21 (TD54) 

Trial-3 36.35 (TD48) 40.96 (TD48) 44.43 (TD55) 46.35 (TD55) 

Trial-4 47.38 (TD49) 51.67 (TD49)   

Trial-5 48.54 (TD50) 43.73 (TD50)     

Trial-6 49.91 (TD53) 47.93 (TD53)     

Trial-7 48.05 (TD56) 48.42 (TD56)     

Average 43.26 43.68 43.55 42.53 

Range ±7.46 ±8.80 ±0.73 ±2.07 
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A.2.1.2.  Variation in mass of fouling deposit 

Operating conditions: 

Milk type – Skim milk  Stirring speed – 360 rev/min   Fouling temperature – 80°C 

Flow rate – 1 L/h  Fouling time – 120 min 

 

Figure A. 2 Variation in mass of fouling deposit among flow streams of laboratory-scale set-up 

Note: Trial Nos. 57, 59 and 66 were faulty in operation and were not considered in the analysis. 

A.2.1.3.  Effect of velocity on fouling deposition 

Operating conditions: 

Milk type – Skim milk  Fouling temperature – 80°C   Flow rate – 1 L/h  

Fouling time – 120 min 

Average of at least three measurements, except for 0 and 270 rev/min 

 
Figure A.3 Effect of stirring speed on the fouling of stainless steel surfaces 
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Figure A.4 Effect of flow velocity on fouling deposition: (a) 0 rev/min; (b) 90 rev/min; (c) 180 

rev/min; (d) 270 rev/min; (e) 360 rev/min; (f) 540 rev/min 

 

A.2.1.4.  Effect of fouling temperature on fouling behaviour 

Operating conditions: 

Milk type – Skim milk  Stirring speed – 360 rev/min    Flow rate – 1 L/h  

Fouling time – 120 min Average of at least three measurements 

 
Figure A.5 Effect of fouling temperature on the fouling on stainless steel surfaces at laboratory 

scale 
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A.2.1.5.  Effect of flow recirculation on fouling behaviour 

Operating conditions: 

Milk type – Skim milk  Stirring speed – 360 rev/min   Fouling temperature – 80°C 

Fouling time – 120 min Average of at least two measurements 

Quantity of milk: Batch – 100 mL, Recirculation – 200 mL, Once-through – 1 L/h 

 
Figure A.6 Effect of native whey proteins on fouling deposition 

 

A.2.1.6.  Effect of fouling time on fouling behaviour 

Operating conditions: 

Milk type – Skim milk  Stirring speed – 360 rev/min   Fouling temperature – 80°C 

Flow rate – 1 L/h   

 

Figure A.7 Effect of fouling time on the build-up of fouling deposit 
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A.2.2.   Pilot-scale fouling rig 

A.2.2.1.  Repeatability of set-up 

Operating conditions: 

Milk type – Whole milk  Flow rate – 100 L/h  Bulk fluid outlet temperature – 84°C 

Reynolds No. – 1110  Flow channel – 1 Effective heat transfer area– 0.035 m² 

 

 

Figure A.8 Repeatability between two parallel flow streams of pilot-scale setup: (a) mass of 

fouling deposit; (b) fouling rate 
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A.2.2.2.  Variation in mass of fouling deposit 

Operating conditions: 

Milk type – Whole milk  Flow rate – 100 L/h  Bulk fluid outlet temperature – 84°C 

Reynolds No. – 1110  Flow channel – 1 Effective heat transfer area– 0.035 m² 

 
Figure A.9 Variation in mass of fouling deposit between two flow streams of pilot-scale set-up 

Note: Trials FR 147a FS1 and FR 148a FS1 were not considered in the analysis as a trainee 

operator involved during the experiments. 

A.2.2.3.  Effect of fouling temperature on fouling behaviour 

Operating conditions: 

Milk type – Whole milk  Flow rate – 100 L/h     Reynolds No – 1110 

Flow channel – 1  Effective heat transfer area- 0.035 m² 

Average of at least three measurements 

 
Figure A.10 Effect of fouling temperature on the fouling on stainless steel surfaces at pilot-scale 
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A.2.2.4.  Effect of flow velocity on fouling behaviour 

Operating conditions: 

Milk type – Whole milk  Bulk outlet fluid temperature – 84°C 

Effective heat transfer area – 0.035 m² 

 

Figure A.11 Effect of flow velocity on deposit thickness calculated from mass of fouling 

deposits 

 

Note: The mass of fouling deposit (g/m²L) at the pilot scale trials are too little in comparison to 

the mass found at the laboratory scale. The reasons for this discrepancy are not known. 

However, the difference in flow mechanism, residence time, temperature distribution 

across the heat transfer area could impart variability in the fouling deposition mechanism. 
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Appendix A.3. Error analyses of experimental set-ups 

A.3.1.  For laboratory-scale tube and disk rig 

Error analysis was performed on the overall heat transfer coefficient using the following error 

propagation formulae. 

For addition and subtraction:    √   
     

       
  

For multiplication and division:    √(
   

  
)
 

 (
   

  
)
 

   (
   

  
)
 

 

For natural log:    
   

  
 

 where  1x , 2x , …, nx  are the individual values observed; 

1xs , 
2xs ,…, 

nxs  are the absolute errors associated with the respective individual values. 

Example  

The overall heat transfer coefficient (U) is calculated as: 

   
 

       
Q is the heat obtained by the milk, and is calculated as: 

             

where Cp is the heat capacity of milk, m is the mass of milk and ΔT is the temperature difference 

of the milk between the inlet and the outlet. The flow measurement has an error of 0.5%. The 

density and the heat capacity of milk in this range of temperature were assumed to be 1040 

kg/m³ and 4020 J/kg K. 

   
       

          
         (         )           

 

Error of ΔT: 

T1: milk inlet temperature, 59.9 °C. 

T2: water bath temperature, 97 °C. 

T3: milk outlet temperature, 82 °C. 

These temperature sensors are platinum resistance temperature detectors (RTDs), and have an 

absolute error of ± 0.1°C. The calculation of the overall heat transfer coefficient for this scenario 

is straightforward, and begins with calculating the temperature difference (TD). 

    
     
     

 

θ1 = 82.0 – 59.9 = 22.1°C 

            √               

θ2 = 97.0 – 82.0 = 15.0 °C 

            √               
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                         √(
    

    
)
 

 (
    

  
)
 

                    

Now, confidence limit for TD = 1.47 * 0.0113 = ± 1.66 x 10
-2

°C 

 

Error of Q: 

1. For flow measurement: 0.5% 

2. For temperature difference: √                  

                        √(
     

 
)
 

 (
    

    
)
 

                   

Now, confidence limit for Q = 25.7 * 0.0081 = ± 2.1 x 10
-1 

J/s 

 

   
    

                
                         

 

                        √(
      

     
)
 

 (
      

    
)
 

                  

Now, confidence limit for U = 1.0 x 10
4
 * 7.7 x 10

-3
 = ± 7.7 x 10

1
 W/m²K = ± 7.7 x 10

-1
 % 

 

A.3.2.  For pilot-scale fouling rig 

Example  

 

TT7: milk inlet temperature. 

TT8: hot water outlet temperature. 

TT9: hot water inlet temperature. 

TT10: milk outlet temperature. 

These temperature sensors are platinum resistance temperature detectors (RTDs), and have an 

absolute error of ± 0.1°C. 
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FT1: milk flow rate. 

FT3: hot water flow rate. 

These flow measurements have an error of 0.5%. 

The calculation of the overall heat transfer coefficient for this scenario is straightforward, and 

begins with calculating the log mean temperature difference (LMTD). 

θhot = 87.0 – 83.2 = 3.80 °C 

θcold = 80.8 – 66.1 = 14.7 °C 

      
        

  [
   
    ]

 
     

     
         

              √                  

               √                  

              (        )   √                    

 

                           (           ) 

  (
    

    
)  √(

    

    
)
 

 (
    

    
)
 

                        

                (           )     (   
      

     
)                          

                           √(
    

     
)
 

 (
     

     
)
 

                    

                                                           

 

The overall heat transfer coefficient (U) is calculated as: 

   
 

       
Q is the heat obtained by the milk, and is calculated as: 

             

where Cp is the heat capacity of milk, m is the mass of milk and ΔT is the temperature difference 

of the milk between the inlet and the outlet. The flow measurement has an error of 0.5%. The 

density and the heat capacity of milk in this range of temperature were assumed to be 1040 

kg/m³ and 4020 J/kg K. 

   
          

          
         (         )                             
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Error of Q: 

1. For flow measurement: 0.5% 

2. For temperature difference: √                  

Proportional            √(
     

    
)
 

 (
    

    
)
 

                        

Now, confidence limit for Q = 1.98 x 10
3
 x 8.1 x 10

-3
 = ± 16.038 J/s = ± 16 J/s 

   
         

                
                        

 

                        √(
         

         
)

 

 (
         

    
)

 

                   

Now, confidence limit for U = 7.0 x 10
3
 x 6.5 x 10

-2
 = ± 455 W/m²K = ± 6.5% 

 

Figure A.12 Error in heat transfer coefficient measurements from fouling rig set-up when 

operated with water 

-10

-8

-6

-4

-2

0

2

4

0 0.2 0.4 0.6 0.8 1

E
rr

o
r 

in
 U

 v
a
lu

es
 

(%
, 
b

a
se

d
 o

n
 F

S
1
) 

Time (h) 



Appendix A.3 Error analyses of experimental set-ups xvii 

_____________________________________________________________________________________________

Surface modification to reduce milk fouling and/or to enhance cleaning in the dairy industry 

 

Figure A.13 Maximum error in heat transfer coefficient measured for fouling experiments 
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Appendix A.4. Mass of fouling deposits 

A.4.1.   Laboratory-scale milk fouling behaviour 

 Mass of fouling deposit, standard deviation and significance for the DLC-1 surfaces 

Effective surface area: 0.0017 m² 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(TD53FS1) 
0.17 99.82 

94.31 5.48 

Significant 

difference at 

5% 

confidence 

level 

and 

Highly 

significant 

difference at 

1% 

confidence 

level 

2 

(TD53FS2) 
0.16 95.86 

3 

(TD55FS3) 
0.15 88.86 

4 

(TD55FS4) 
0.16 92.71 

DLC-1 

1 

(TD53FS3) 
0.15 87.51 

78.09 9.01 

2 

(TD53FS4) 
0.14 83.61 

3 

(TD55FS1) 
0.12 69.49 

4 

(TD55FS2) 
0.12 71.76 

 

 

 Mass of fouling deposit, standard deviation and significance for the DLC-2 surfaces 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(TD54FS1) 
0.15  87.46 

95.76 14.21 

No 

significant 

difference at 

5% 

confidence 

level 

2 

(TD54FS2) 
0.14  84.42 

3 

(TD56FS3) 
0.16  96.09 

4 

(TD66FS4) 
0.19 112.84 

5 

(TD56FS1) 
0.17  96.85 

6 

(TD66FS2) 
0.17  96.91 

DLC-2 

1 

(TD54FS1) 
0.14  83.66 

81.84 4.00 

2 

(TD54FS2) 
0.13  78.00 

3 

(TD56FS3) 
0.14  79.70 

4 

(TD66FS4) 
0.15  86.00 
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 Mass of fouling deposit, standard deviation and significance for the DLC-3 surfaces 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(TD57FS3) 
0.15  86.11 

95.89 21.00 

No 

significant 

difference at 

5% 

confidence 

level 

2 

(TD57FS4) 
0.12  71.59 

3 

(TD65FS1) 
0.19 113.59 

4 

(TD65FS2) 
0.19 112.25 

DLC-3 

1 

(TD57FS1) 
0.14  79.46 

88.30 7.79 

2 

(TD57FS2) 
0.16  90.84 

3 

(TD65FS3) 
0.15  87.86 

4 

(TD65FS4) 
0.16  95.04 

 

 

 Mass of fouling deposit, standard deviation and significance for the silica surfaces 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(TD67FS1) 
0.20 115.58 

116.97 7.76 

Significant 

difference at 

5% 

confidence 

level 

2 

(TD67FS2) 
0.16 108.12 

3 

(TD68FS1) 
0.21 120.54 

4 

(TD68FS2) 
0.21 123.64 

Silica 

1 

(TD67FS3) 
0.16  95.52 

101.54 9.54 

2 

(TD67FS4) 
0.16  91.02 

3 

(TD68FS3) 
0.19 110.10 

4 

(TD68FS4) 
0.19 109.52 

 

 Mass of fouling deposit, standard deviation and significance for the Ni–P–PTFE 

surfaces 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(TD81FS1) 
0.21 123.96 

128.79 4.83 
No 

significant 

difference at 

5% 

confidence 

level 

2 

(TD81FS2) 
0.23 133.62 

Ni-P-

PTFE 

1 

(TD81FS3) 
0.25 146.14 

139.61 6.53 
2 

(TD81FS4) 
0.23 133.08 
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 Mass of fouling deposit, standard deviation and significance for the control surfaces 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(TD30FS1) 
0.129  75.24 

86.73 14.92 

No 

significant 

difference at 

5% 

confidence 

level 

2 

(TD31FS1) 
0.120  69.99 

3 

(TD48FS1) 
0.124  72.70 

4 

(TD49FS1) 
0.162  94.75 

5 

(TD50FS1) 
0.166  97.08 

6 

(TD53FS1) 
0.171  99.82 

7 

(TD56FS1) 
0.164  96.09 

8 

(TD49FS3) 
0.147  85.94 

9 

(TD54FS3) 
0.150  87.46 

10 

(TD55FS3) 
0.152  88.86 

11 

(TD57FS3) 
0.147  86.11 

Control 

1 

(TD30FS2) 
0.133  78.04 

86.53 17.60 

2 

(TD31FS2) 
0.117  68.13 

3 

(TD48FS2) 
0.140  81.91 

4 

(TD49FS2) 
0.177 103.33 

5 

(TD50FS2) 
0.150  87.46 

6 

(TD53FS2) 
0.164  95.86 

7 

(TD56FS2) 
0.166  96.85 

8 

(TD49FS4) 
0.157  91.54 

9 

(TD54FS4) 
0.144  84.42 

10 

(TD55FS4) 
0.159  92.71 

11 

(TD57FS4) 
0.122  71.59 
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A.4.2.  Pilot-scale milk fouling behaviour 

 Mass of fouling deposit, standard deviation and significance for the DLC-1 

surfaces: (a) 78°C; (b) 84°C 

Effective heat transfer area: 0.035 m² 

(a) 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(FR232FS1) 
4.31 123.14 

177.52 58.86 

No 

significant 

difference at 

5% 

confidence 

level 

2 

(FR237FS2) 
5.90 168.57 

3 

(FR241FS1) 
8.43 240.86 

DLC-1 

1 

(FR232FS2) 
3.78 108.00 

164.76 61.00 
2 

(FR237FS1) 
5.47 156.57 

3 

(FR241FS2) 
8.05 240.86 

(b) 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(FR157aFS1) 
  6.88 196.57 

236.57 53.29 

No 

significant 

difference at 

5% 

confidence 

level 

2 

(FR157aFS2) 
  7.35 210.00 

3 

(FR160aFS1) 
10.61 303.14 

DLC-1 

1 

(FR157bFS1) 
  7.18 205.14 

237.52 78.86 
2 

(FR157bFS2) 
  6.12 174.86 

3 

(FR160bFS1) 
11.64 332.57 
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 Mass of fouling deposit, standard deviation and significance for the DLC-2 

surfaces: (a) 78°C; (b) 84°C 

(a) 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(FR233FS2) 
3.74 106.86 

178.10 55.00 

No 

significant 

difference at 

5% 

confidence 

level 

2 

(FR238FS1) 
7.59 216.86 

3 

(FR242FS2) 
7.37 210.57 

DLC-2 

1 

(FR233FS1) 
4.39 125.43 

150.38 19.43 
2 

(FR238FS2) 
5.65 161.43 

3 

(FR242FS1) 
5.75 164.29 

(b) 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(FR158aFS1) 
  9.14 261.14 

248.29 37.57 

No 

significant 

difference at 

5% 

confidence 

level 

2 

(FR158aFS2) 
  7.15 204.29 

3 

(FR160aFS2) 
  9.78 279.43 

DLC-2 

1 

(FR158bFS1) 
  9.17 262.00 

276.86 68.29 
2 

(FR158bFS2) 
  7.56 216.00 

3 

(FR160bFS2) 
12.34 352.57 
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 Mass of fouling deposit, standard deviation and significance for the DLC-3 

surfaces: (a) 78°C; (b) 84°C 

(a) 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(FR234FS1) 
6.65 190.00 

224.10 39.15 

No 

significant 

difference at 

5% 

confidence 

level 

2 

(FR239FS2) 
9.39 268.29 

3 

(FR243FS1) 
7.49 214.00 

DLC-3 

1 

(FR234FS2) 
6.75 192.86 

205.62 10.14 
2 

(FR239FS1) 
7.38 210.86 

3 

(FR243FS2) 
7.46 213.14 

(b) 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(FR159aFS1) 
13.98 399.43 

345.72 69.29 

No 

significant 

difference at 

5% 

confidence 

level 

2 

(FR159aFS2) 
13.19 376.86 

3 

(FR161aFS2) 
  9.13 260.86 

DLC-3 

1 

(FR159bFS1) 
12.94 369.71 

299.62 79.29 
2 

(FR159bFS2) 
11.13 318.00 

3 

(FR161bFS2) 
  7.39 211.14 
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 Mass of fouling deposit, standard deviation and significance for the silica surfaces: 

(a) 78°C; (b) 84°C 

(a) 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(FR235FS2) 
3.86 110.29 

172.93 49.29 

No 

significant 

difference at 

5% 

confidence 

level 

2 

(FR240FS1) 
5.75 164.29 

3 

(FR245FS2) 
7.29 208.29 

4 

(FR182FS2) 
7.31 208.86 

Silica 

1 

(FR235FS1) 
4.13 118.00 

138.57 47.29 

2 

(FR240FS2) 
5.30 151.43 

3 

(FR245FS1) 
3.33  95.14 

4 

(FR182FS1) 
6.64 189.71 

(b) 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(FR168FS1) 
10.48 299.43 

237.57 119.43 

No 

significant 

difference at 

5% 

confidence 

level 

2 

(FR172aFS2) 
6.04 172.57 

3 

(FR172bFS1) 
12.55 358.57 

4 

(FR180FS2) 
  4.19 119.71 

Silica 

1 

(FR168FS2) 
  6.65 190.00 

224.22 38.43 

2 

(FR172aFS1) 
  9.34 266.86 

3 

(FR172bFS2) 
  8.75 250.00 

4 

(FR180FS1) 
  6.65 190.00 
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 Mass of fouling deposit, standard deviation and significance for the control 

surfaces: (a) 78°C; (b) 84°C 

(a) 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(FR231FS1) 
5.07 144.86 

169.53 45.00 

No 

significant 

difference at 

5% 

confidence 

level 

2 

(FR236FS1) 
4.79 136.86 

3 

(FR247FS1) 
7.94 226.86 

Control 

1 

(FR231FS2) 
5.43 155.14 

194.19 56.15 
2 

(FR236FS2) 
5.60 160.00 

3 

(FR247FS2) 
9.36 267.43 

(b) 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(FR156aFS1) 
  6.97 199.14 

225.90 86.72 

No 

significant 

difference at 

5% 

confidence 

level 

2 

(FR156aFS2) 
  5.34 152.57 

3 

(FR161aFS1) 
11.41 326.00 

Control 

1 

(FR156bFS1) 
  6.83 195.14 

202.28 57.29 
2 

(FR156bFS2) 
  5.20 148.57 

3 

(FR161bFS1) 
  9.21 263.14 
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 Mass of fouling deposit, standard deviation and significance for the Ni–P–PTFE 

surfaces, at 78°C 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(FR244FS2) 
9.35 267.14 

206.23 60.86 No 

significant 

difference at 

5% 

confidence 

level 

2 

(FR248FS1) 
5.09 145.43 

Ni-P-PTFE 

1 

(FR244FS1) 
6.00 171.43 

117.86 53.57 
2 

(FR248FS2) 
2.25   64.23 

 

A.4.3.   Laboratory-scale WPI fouling behaviour 

 Mass of fouling deposit, standard deviation and significance for the DLC-1 surfaces 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g x 10
-3

) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(TD69FS1) 
5.10 2.98 

3.74 0.82 

Significant 

difference at 

5% 

confidence 

level 

2 

(TD69FS2) 
5.88 3.44 

3 

(TD74FS3) 
6.70 3.92 

4 

(TD74FS4) 
7.90 4.62 

DLC-1 

1 

(TD69FS3) 
3.69 2.16 

2.09 0.41 

2 

(TD69FS4) 
2.80 1.64 

3 

(TD74FS1) 
3.59 2.10 

4 

(TD74FS2) 
4.21 2.46 
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 Mass of fouling deposit, standard deviation and significance for the DLC-2 surfaces 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g x 10
-3

) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(TD70FS1) 
6.29 3.68 

3.62 1.42 

Non-

significant 

difference at 

5% 

confidence 

level 

2 

(TD70FS2) 
3.32 1.94 

3 

(TD75FS3) 
8.17 4.78 

4 

(TD75FS4) 
6.98 4.08 

DLC-2 

1 

(TD70FS3) 
3.80 2.22 

2.34 0.18 

2 

(TD70FS4) 
4.00 2.34 

3 

(TD75FS1) 
4.41 2.58 

4 

(TD75FS2) 
3.80 2.22 

 

 

 Mass of fouling deposit, standard deviation and significance for the DLC-3 surfaces 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g x 10
-3

) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(TD71FS1) 
5.78 3.38 

4.95 1.38 

Significant 

difference at 

5% 

confidence 

level 

2 

(TD71FS2) 
7.59 4.44 

3 

(TD78FS3) 
9.99 5.84 

4 

(TD78FS4) 
10.50 6.14 

DLC-3 

1 

(TD71FS3) 
3.39 1.98 

3.00 0.97 

2 

(TD71FS4) 
5.20 3.04 

3 

(TD78FS1) 
5.20 3.04 

4 

(TD78FS2) 
6.70 3.92 
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 Mass of fouling deposit, standard deviation and significance for the control surfaces 

Type of 

surface 
Trial no. 

Fouling 

deposit 

(g x 10
-3

) 

Fouling 

deposit 

(g/m²) 

Average 

deposit mass 

(g/m²) 

Range 

(g/m²) 

Statistical 

significance 

Control 

1 

(TD76FS1) 
11.97 7.00 

7.82 1.14 

Significant 

difference at 

5% 

confidence 

level 

2 

(TD76FS2) 
12.28 7.18 

3 

(TD77FS3) 
13.37 7.82 

4 

(TD77FS4) 
15.87 9.28 

Control 

1 

(TD76FS3) 
10.29 6.02 

5.32 0.56 

2 

(TD76FS4) 
8.79 5.14 

3 

(TD77FS1) 
8.38 4.90 

4 

(TD77FS2) 
8.89 5.20 

 

A.4.4.   Pilot-scale WPI fouling behaviour – mass of fouling deposit 

Concentration of WPI 

solution (g/L) 

Type of 

surface 

Fouling 

deposit (g) 

Fouling 

deposit 

(g/m²) 

6 
Control 2.32 66.40 

DLC-1 2.49 71.16 

18 
Control 3.96 113.23 

DLC-1 4.55 129.89 

 

 

 

 

 

 

 

 



xxx Appendix A.4 Mass of fouling deposits 

_____________________________________________________________________________________________

Surface modification to reduce milk fouling and/or to enhance cleaning in the dairy industry 

A.4.5.   Literature values of mass of fouling deposits from various fouling solutions 

Solutions used for 

fouling 

Mass of fouling 

deposits on 

stainless steel 

surfaces 

Literature 

MOD-SMUF (85°C, 120 

min) 

2.0 g/m² (Rosmaninho and Melo, 

2008) 

SMUF (70°C, 120 min) 3.2 g/m
2
 

(Rosmaninho and Melo, 

2008) 

(Rosmaninho et al., 2007) 

SMUF (70°C, 240 min) 23.5 g/m
2
 on TiN 

(Rosmaninho et al., 2005) 

SMUF (40°C, 120 min) 0.39 g/m
2
  

(Rosmaninho and Melo, 

2006) 

β-lg (85°C, 15 min) 0.018 g/m
2
 

(Santos et al., 2003) 

(Santos et al., 2006b) 

Fouling model fluid 

(FMF) (102°C, 100 min) 

320 g/m
2
 

(Beuf et al., 2003) 

WPI (75°C, 10 min) 0.008 g/m
2
 

(Premathilaka et al., 2007)  
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Surface modification to reduce milk fouling and/or to enhance cleaning in the dairy industry 

Appendix A.5. Daily variation in milk composition 

 

Figure A.14 Daily variations in composition of milk received at the Fonterra Research and 

Development Centre, Palmerston North, New Zealand 
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Surface modification to reduce dairy fouling and / or to enhance cleaning in dairy industry 

Appendix A.6. Composition of milk and fouling deposits at pilot scale 

Operating parameters: 

Milk flow rate: 100 L/h  Reynolds No.: 1110  Outlet bulk fluid temperature: 84°C  Effective heat transfer area: 0.035 m² 

Milk flow channel: 1 

A.6.1.  Control versus control 

 

Trial 

no. 

Type of 

surface 

Run 

length 

Absolute 

fouling 

deposit (g) 

Deposit composition 

Fat TN NPN Moisture Ash PO4 TP Ca K Mg Na 

% w/w 
% 

w/w 
% w/w % w/w % w/w mmol/kg mg/kg mg/kg 

mg/

kg 
mg/kg mg/kg 

1 

Control 

4.00   6.97 2.31 3.45 0.10 61.60 13.20 720.0 25600.0 48900.0 ND 2000.0 155.0 

2 4.00   5.34 ND 3.55 ND 58.70 14.30 697.0 27000.0 50600.0 ND 2140.0 169.0 

3 3.06 11.41 3.00 3.48 0.12 62.10 10.50 501.0 19700.0 36900.0 ND 1530.0 152.0 

1 

Control 

4.00   6.83 2.10 3.14 0.07 63.00 12.60 623.0 22700.0 42400.0 ND 1800.0 155.0 

2 4.00   5.20 2.61 3.24 0.06 57.90 14.10 577.0 22900.0 43100.0 ND 1800.0 175.0 

3 3.11   9.21 2.89 3.33 0.02 65.60   8.82 415.0 16700.0 31100.0 ND 1330.0 125.0 

TS = Total solids;  PO4 = Phosphate;  TP = Total phosphorus;  Ca = Calcium;  K = Potassium;  Mg = Magnesium;  Na = Sodium;   

TN = Total nitrogen;  NPN = Non-protein nitrogen;    ND = Not detected 

Trial no. 
Type of 

surface 

Run 

length 

Absolute 

fouling 

deposit (g) 

Fouling 

rate 
(W/m²Kh) 

Milk composition 

Fat Protein TS Ash PO4 TP Ca K Mg Na 
pH 

 % 

w/w 
% w/w 

% 

w/w 

% 

w/w 
mmol/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

1(FR156aFS1) 

Control 

4.00   6.97  643.00 4.36 3.19 13.03 0.74 20.10 854.00 1120.00 1490.00   98.00 350.00 6.82 

2(FR156aFS2) 4.00   5.34  493.00 4.36 3.19 13.03 0.74 20.10 854.00 1120.00 1490.00   98.00 350.00 6.82 

3(FR161aFS1) 3.06 11.41  966.00 4.82 3.37 13.60 0.77 21.20 901.00 1210.00 1470.00 106.00 365.00 6.80 

1(FR156bFS1) 

Control 

4.00   6.83  650.00 4.36 3.19 13.03 0.74 20.10 854.00 1120.00 1490.00   98.00 350.00 6.82 

2(FR156bFS2) 4.00   5.20  512.00 4.36 3.19 13.03 0.74 20.10 854.00 1120.00 1490.00   98.00 350.00 6.82 

3(FR161bFS1) 3.11   9.21 1133.00 4.82 3.37 13.60 0.77 21.20 901.00 1210.00 1470.00 106.00 365.00 6.80 
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Surface modification to reduce milk fouling and/or to enhance cleaning in the dairy industry 

 

A.6.2.  Control versus DLC-1 

 

Trial 

no. 

Type of 

surface 

Run 

length 

Absolute 

fouling 

deposit (g) 

Deposit composition 

Fat TN NPN Moisture Ash PO4 TP Ca K Mg Na 

% w/w 
% 

w/w 
% w/w % w/w % w/w mmol/kg mg/kg mg/kg 

mg/ 

kg 
mg/kg mg/kg 

1 

Control 

4.00   6.88 2.79 3.88 0.07 54.90 15.20 742.00 29700.00 55400.00 ND 2380.00 199.00 

2 4.00   7.35 2.62 3.78 0.09 56.50 14.60 722.00 27200.00 50900.00 ND 2160.00 192.00 

3 2.58 10.61 3.75 3.22 0.07 65.40   9.26 467.00 17300.00 32100.00 ND 1410.00 143.00 

1 

DLC-1 

4.00   7.18 2.02 3.22 0.07 61.30 13.30 650.00 25400.00 47100.00 ND 2100.00 167.00 

2 4.00   6.12 3.01 3.27 0.06 63.20 11.80 560.00 22300.00 41800.00 ND 1760.00 166.00 

3 3.44 11.64 3.26 3.36 0.08 63.20 10.20 502.00 18700.00 34900.00 84.40 1470.00 164.00 

 

Trial no. 
Type of 

surface 

Run 

length 

Absolute 

fouling 

deposit (g) 

Fouling 

rate 
(W/m²Kh) 

Milk composition 

Fat Protein TS Ash PO4 TP Ca K Mg Na 
pH 

 % 

w/w 
% w/w 

% 

w/w 

% 

w/w 
mmol/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

1(FR157aFS1) 

Control 

4.00   6.88 712.00 4.36 3.19 13.03 0.74 20.10 854.00 1120.00 1490.00   98.00 350.00 6.82 

2(FR157aFS2) 4.00   7.35 675.00 4.36 3.19 13.03 0.74 20.10 854.00 1120.00 1490.00   98.00 350.00 6.82 

3(FR160aFS1) 2.58 10.61 1266.00 4.82 3.37 13.60 0.77 21.20 901.00 1210.00 1470.00 106.00 365.00 6.80 

1(FR157bFS1) 

DLC-1 

4.00   7.18 650.00 4.36 3.19 13.03 0.74 20.10 854.00 1120.00 1490.00   98.00 350.00 6.82 

2(FR157bFS2) 4.00   6.12 600.00 4.36 3.19 13.03 0.74 20.10 854.00 1120.00 1490.00   98.00 350.00 6.82 

3(FR160bFS1) 3.44 11.64 1019.00 4.82 3.37 13.60 0.77 21.20 901.00 1210.00 1470.00 106.00 365.00 6.80 
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Surface modification to reduce dairy fouling and / or to enhance cleaning in dairy industry 

 

A.6.3.  Control versus DLC-2 

 

Trial 

no. 

Type of 

surface 

Run 

length 

Absolute 

fouling 

deposit (g) 

Deposit composition 

Fat TN NPN Moisture Ash PO4 TP Ca K Mg Na 

% w/w 
% 

w/w 
% w/w % w/w % w/w mmol/kg mg/kg mg/kg 

mg/ 

kg 
mg/kg mg/kg 

1 

Control 

4.00   9.14 2.07 3.65 0.05 59.90 12.30 571.00 21700.00 40500.00 67.90 1770.00 159.00 

2 4.00   7.15 2.52 3.96 0.05 57.40 12.80 634.00 25200.00 47100.00 92.90 2040.00 196.00 

3 2.58   9.78 2.73 3.00 0.12 66.80   8.92 430.00 15800.00 29700.00 ND 1310.00 134.00 

1 

DLC-2 

4.00   9.17 2.73 3.92 0.06 58.00 12.50 619.00 23500.00 44300.00 69.60 1880.00 176.00 

2 4.00   7.56 2.24 3.52 0.06 62.60 11.10 524.00 20500.00 38400.00 ND 1600.00 155.00 

3 3.44 12.34 3.55 3.34 0.12 64.70   8.86 447.00 17200.00 32000.00 116.0 1330.00 172.00 

 

Trial no. 
Type of 

surface 

Run 

length 

Absolute 

fouling 

deposit (g) 

Fouling 

rate 
(W/m²Kh) 

Milk composition 

Fat Protein TS Ash PO4 TP Ca K Mg Na 
pH 

 % 

w/w 
% w/w 

% 

w/w 

% 

w/w 
mmol/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

1(FR158aFS1) 

Control 

4.00   9.14   731.00 4.24 3.25 13.06 0.77 20.00 862.00 1160.00 1460.00 105.00 381.00 6.74 

2(FR158aFS2) 4.00   7.15   675.00 4.24 3.25 13.06 0.77 20.00 862.00 1160.00 1460.00 105.00 381.00 6.74 

3(FR160aFS2) 2.58   9.78 1100.00 4.82 3.37 13.60 0.77 21.20 901.00 1210.00 1470.00 106.00 365.00 6.80 

1(FR158bFS1) 

DLC-2 

4.00   9.17   862.00 4.24 3.25 13.06 0.77 20.00 862.00 1160.00 1460.00 105.00 381.00 6.74 

2(FR158bFS2) 4.00   7.56   687.00 4.24 3.25 13.06 0.77 20.00 862.00 1160.00 1460.00 105.00 381.00 6.74 

3(FR160bFS2) 3.44 12.34 1046.00 4.82 3.37 13.60 0.77 21.20 901.00 1210.00 1470.00 106.00 365.00 6.80 
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Surface modification to reduce milk fouling and/or to enhance cleaning in the dairy industry 

 

A.6.4.  Control versus DLC-3 

 

Trial 

no. 

Type of 

surface 

Run 

length 

Absolute 

fouling 

deposit (g) 

Deposit composition 

Fat TN NPN Moisture Ash PO4 TP Ca K Mg Na 

% w/w 
% 

w/w 
% w/w % w/w % w/w mmol/kg mg/kg mg/kg 

mg/ 

kg 
mg/kg mg/kg 

1 

Control 

4.00 13.98 5.51 3.28 0.05 62.70   8.29 407.00 14200.00 27000.00 147.0 1180.00 172.00 

2 4.00 13.19 5.07 3.25 0.02 62.10 10.00 442.00 17400.00 32700.00 ND 1390.00 154.00 

3 3.06   9.13 3.12 3.46 0.09 63.80   9.47 482.00 18200.00 33900.00 ND 1410.00 161.00 

1 

DLC-3 

3.31 12.94 4.38 3.32 0.04 61.90   9.73 468.00 19600.00 36600.00 120.0 1560.00 178.00 

2 3.31 11.13 4.39 3.19 0.07 64.70   8.69 432.00 16300.00 30200.00 103.0 1320.00 160.00 

3 3.11   7.39 2.97 3.55 0.06 63.30   9.62 466.00 18700.00 35000.00 ND 1410.00 137.00 

 

Trial no. 
Type of 

surface 

Run 

length 

Absolute 

fouling 

deposit (g) 

Fouling 

rate 
(W/m²Kh) 

Milk composition 

Fat Protein TS Ash PO4 TP Ca K Mg Na 
pH 

 % 

w/w 
% w/w 

% 

w/w 

% 

w/w 
mmol/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

1(FR159aFS1) 

Control 

4.00 13.98 1082.00 4.44 3.30 13.27 0.74 20.30 875.00 1160.00 1470.00 105.00 355.00 6.80 

2(FR159aFS2) 4.00 13.19   837.00 4.44 3.30 13.27 0.74 20.30 875.00 1160.00 1470.00 105.00 355.00 6.80 

3(FR161aFS2) 3.06   9.13   966.00 4.73 3.38 13.42 0.72 20.90 884.00 1220.00 1420.00 105.00 361.00 6.82 

1(FR159bFS1) 

DLC-3 

3.31 12.94 1171.00 4.44 3.30 13.27 0.74 20.30 875.00 1160.00 1470.00 105.00 355.00 6.80 

2(FR159bFS2) 3.31 11.13   942.00 4.44 3.30 13.27 0.74 20.30 875.00 1160.00 1470.00 105.00 355.00 6.80 

3(FR161bFS2) 3.11   7.39 1000.00 4.73 3.38 13.42 0.72 20.90 884.00 1220.00 1420.00 105.00 361.00 6.82 
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Surface modification to reduce dairy fouling and / or to enhance cleaning in dairy industry 

A.6.5. Control versus Silica 

 

Trial 

no. 

Type of 

surface 

Run 

length 

Absolute 

fouling 

deposit (g) 

Deposit composition 

Fat TN NPN Moisture Ash PO4 TP Ca K Mg Na 

% w/w 
% 

w/w 
% w/w % w/w % w/w mmol/kg mg/kg mg/kg 

mg/ 

kg 
mg/kg mg/kg 

1 

Control 

3.10 10.48 1.55 3.85 0.07 58.40 12.00 543.00 22700.00 42900.00 96.50 1860.00 287.00 

2 3.17   6.04 1.73 3.39 0.02 64.20   8.43 404.00 16300.00 30300.00 112.0 1400.00 201.00 

3 3.25 12.55 1.61 3.22 0.07 37.80 16.00 461.00 17200.00 32100.00 89.10 1470.00 184.00 

4 2.77   4.19 1.72 ND 0.07 61.00   7.42 345.00 14100.00 26100.00 76.10 1250.00 195.00 

1 

Silica 

3.10   6.65 1.64 3.45 0.20 63.80 10.20 445.00 17700.00 33200.00 71.80 1410.00 220.00 

2 3.17   9.34 1.74 3.30 0.08 66.90   8.14 372.00 16500.00 30600.00 77.40 1380.00 178.00 

3 3.25   8.75 2.13 3.18 0.07 67.90   7.59 358.00 13500.00 25400.00 77.50 1170.00 168.00 

4 2.77   6.65 2.04 3.99 0.07 63.20   7.02 329.00 13000.00 24100.00 71.10 1180.00 168.00 

Trial no. 
Type of 

surface 

Run 

length 

Absolute 

fouling 

deposit (g) 

Fouling 

rate 
(W/m²Kh) 

Milk composition 

Fat Protein TS Ash PO4 TP Ca K Mg Na 
pH 

 % 

w/w 
% w/w 

% 

w/w 

% 

w/w 
mmol/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

1(FR168FS1) 

Control 

3.10 10.48 1333.00 4.61 NA 13.30 0.76 20.00 925.00 1220.00 1550.00 105.00 392.00 6.80 

2(FR172aFS2) 3.17 6.04   788.00 5.14 3.42 14.07 0.74 21.40 930.00 1230.00 1400.00 111.00 403.00 6.80 

3(FR172bFS1) 3.25 12.55 1230.00 5.14 3.42 14.07 0.74 21.40 930.00 1230.00 1400.00 111.00 403.00 6.80 

4(FR180FS2) 2.77   4.19   902.00 4.78 4.08 14.24 0.76 23.70 1050.00 1310.00 1360.00 115.00 411.00 6.81 

1(FR168FS2) 

Silica 

3.10   6.65   833.00 4.61 NA 13.30 0.76 20.00 925.00 1220.00 1550.00 105.00 392.00 6.80 

2(FR172aFS1) 3.17   9.34   946.00 5.14 3.42 14.07 0.74 21.40 930.00 1230.00 1400.00 111.00 403.00 6.80 

3(FR172bFS2) 3.25   8.75   830.00 5.14 3.42 14.07 0.74 21.40 930.00 1230.00 1400.00 111.00 403.00 6.80 

4(FR180FS1) 2.77   6.65   866.00 4.78 4.08 14.24 0.76 23.70 1050.00 1310.00 1360.00 115.00 411.00 6.81 
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Surface modification to reduce milk fouling and/or to enhance cleaning in the dairy industry 

 

A.6.6.  Control versus Ni-P-PTFE 

 

The fouling deposits were cleaned during the CIP experiments, and hence could not be analysed for their chemical composition. 

 

Trial no. 
Type of 

surface 

Run 

length 

Absolute 

fouling 

deposit (g) 

Fouling 

rate 
(W/m²Kh) 

Milk composition 

Fat Protein TS Ash PO4 TP Ca K Mg Na 
pH 

 % 

w/w 
% w/w 

% 

w/w 

% 

w/w 
mmol/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

1(FR244FS2) 
Control 

4 9.35 1300.00 5.72 3.52 14.62 0.74 18.80 909.00 1330.00 1450.00 117.00 388.00 6.69 

2(FR248FS1) 4 5.09   625.00 5.01 3.34 13.81 0.72 19.50 902.00 1220.00 1420.00 113.00 375.00 6.74 

1(FR244FS1) Ni-P-

PTFE 

4 6.00   850.00 5.72 3.52 14.62 0.74 18.80 909.00 1330.00 1450.00 117.00 388.00 6.69 

2(FR248FS2) 4 2.25   375.00 5.01 3.34 13.81 0.72 19.50 902.00 1220.00 1420.00 113.00 375.00 6.74 
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Appendix A.7. EDS analysis (relative atomic %) of fouled surfaces 

A.7.1. Stainless steel surfaces 

A.7.1.1.  10 s fouled stainless steel 

Element 

Relative atomic % 

Trial-06 Trial-06 Trial-14 
Average Range 

Spot 1 Spot 2 Spot 3 

C 69.43 71.84 75.48 72.25 3.03 

O 6.84 8.08 6.94 7.29 0.62 

N 5.09 5.19 5.17 5.15 0.05 

Na 1.34 0.36 0.22 0.64 0.56 

Ca 0.21 0.29 0.23 0.24 0.04 

K 0.29 0.09 0.13 0.17 0.10 

P 0.35 0.39 0.29 0.34 0.05 

S ND 0.01 0.28 0.15 0.14 

Cl 0.22 0.07 0.04 0.11 0.09 

Fe 10.94 9.23 7.34 9.17 1.80 

Cr 2.98 2.54 2.06 2.53 0.46 

Ni 1.53 1.24 0.94 1.24 0.30 

Mo 0.40 0.33 ND 0.37 0.04 

Si 0.30 0.27 0.19 0.25 0.01 

ND = Not detected. 

 

A.7.1.2.  30 s fouled stainless steel 

Element 

Relative atomic % 

Trial-06 Trial-06 Trial-14 
Average Range 

Spot 1 Spot 2 Spot 3 

C 61.45 60.17 53.26 58.29 4.10 

O 8.43 31.62 9.76 16.60 11.60 

N 4.97 ND 5.72 5.35 0.38 

Na 0.16 0.56 0.2 0.31 0.20 

Ca 0.15 0.10 0.11 0.12 0.03 

K 0.08 0.09 0.11 0.09 0.02 

P 0.23 0.05 0.29 0.19 0.12 

S ND 0.05 0.69 0.37 0.32 

Cl 0.08 ND 0.12 0.10 0.02 

Fe 16.78 0.58 20.89 12.75 10.16 

Cr 4.50 0.07 5.54 3.37 2.74 

Ni 2.41 0.03 2.88 1.77 1.43 

Mo 0.41 ND ND 0.41 - 

Si 0.28 4.66 0.42 1.79 2.19 

ND = Not detected. 
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A.7.1.3.  60 s fouled stainless steel 

Element 

Relative atomic % 

Trial-06 Trial-14  
Average Range 

Spot 1 Spot 2 Spot 3 

C 57.25 75.95  66.60 9.35 

O 12.6 6.63  9.62 2.99 

N 7.20 5.80  6.50 0.70 

Na 0.14 ND  0.14 - 

Ca 0.12 0.43  0.28 0.16 

K 0.13 0.05  0.09 0.04 

P 0.29 0.46  0.38 0.09 

S ND 0.34  0.34 - 

Cl 0.12 0.05  0.09 0.04 

Fe 15.13 7.22  11.18 3.96 

Cr 4.05 1.99  3.02 1.03 

Ni 2.08 0.96  1.52 0.56 

Mo 0.51 ND  0.51 - 

Si 0.30 0.12  0.21 0.09 

ND = Not detected. 

 

 

A.7.1.4.  60 min fouled stainless steel 

Element 

Relative atomic % 

Trial-20 Trial-20 Trial-20 
Average Range 

Spot 1 Spot 2 Spot 3 

C 70.03 68.48 70.73 69.75 1.13 

O 15.08 16.00 15.71 15.60 0.46 

N 12.67 12.99 10.92 12.19 1.04 

Na 0.18 0.30 0.22 0.23 0.06 

Ca 0.63 0.63 0.70 0.65 0.04 

K 0.10 0.18 0.16 0.15 0.04 

P 0.80 0.86 0.87 0.84 0.04 

S 0.24 0.23 0.27 0.25 0.02 

Cl 0.04 0.07 0.07 0.06 0.02 

Fe 0.10 0.12 0.12 0.11 0.01 

Cr 0.05 0.03 0.06 0.05 0.02 

Ni 0.04 0.04 0.09 0.06 0.03 

Mo ND ND ND - - 

Si 0.04 0.06 0.06 0.05 0.01 

ND = Not detected. 
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A.7.2.   DLC-1 fouled surfaces 

A.7.2.1.  10 s fouled DLC-1 surfaces 

Element 

Relative atomic % 

Trial-09 Trial-09 Trial-15 
Average Range 

Spot 1 Spot 2 Spot 3 

C 65.14 63.96 75.73 68.28 5.89 

O 25.22 14.91 10.86 17.00 7.18 

N ND 7.94 9.02 8.48 0.54 

Na 0.34 0.13 0.13 0.20 0.11 

Ca 0.41 0.14 0.87 0.47 0.37 

K 0.46 0.16 0.25 0.29 0.15 

P 0.51 0.15 0.77 0.48 0.31 

S 0.12 0.08 0.25 0.15 0.09 

Cl 0.30 ND 0.18 0.24 0.06 

Fe 0.67 1.79 0.17 0.88 0.81 

Cr 0.23 0.57 0.06 0.29 0.26 

Si 6.27 10.17 1.59 6.01 4.29 

Ar ND ND 0.08 0.08 - 

ND = Not detected. 

 

A.7.2.2.  30 s fouled DLC-1 surfaces 

Element 

Relative atomic % 

Trial-09 Trial-15  
Average Range 

Spot 1 Spot 2 Spot 3 

C 62.95 73.65  68.30 5.35 

O 13.97 10.16  12.07 1.91 

N 7.96 6.63  7.30 0.67 

Na 0.27 0.19  0.23 0.04 

Ca 0.19 0.34  0.27 0.08 

K 0.31 0.49  0.40 0.09 

P 0.21 0.41  0.31 0.10 

S 0.09 0.14  0.12 0.03 

Cl 0.31 0.45  0.38 0.07 

Fe 2.29 0.43  1.36 0.93 

Cr 0.71 0.16  0.44 0.28 

Si 10.73 6.50  8.62 2.12 

Ar ND 0.38  0.38 - 

ND = Not detected. 
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A.7.2.3.  60 s fouled DLC-1 surfaces 

Element 

Relative atomic % 

Trial-09 Trial-09 Trial-15 
Average Range 

Spot 1 Spot 2 Spot 3 

C 68.91 63.75 73.28 68.65 4.77 

O 9.58 16.88 9.56 12.01 3.66 

N 6.77 8.82 7.71 7.77 1.03 

Na 0.12 0.21 0.33 0.22 0.11 

Ca 0.21 0.17 0.33 0.24 0.08 

K 0.13 0.26 0.17 0.19 0.07 

P 0.22 0.22 0.50 0.31 0.14 

S 0.12 ND 0.21 0.17 0.05 

Cl ND 0.18 0.16 0.17 0.01 

Fe 2.16 0.96 0.63 1.25 0.77 

Cr 0.68 0.33 0.22 0.41 0.23 

Si 11.05 8.21 6.43 8.56 2.33 

Ar ND ND 0.39 0.39 - 

ND = Not detected. 

 

 

A.7.2.4.  60 min fouled DLC-1 surfaces 

Element 

Relative atomic % 

Trial-20 Trial-20 Trial-20 
Average Range 

Spot 1 Spot 2 Spot 3 

C 70.40 61.96 72.61 68.32 5.33 

O 13.43 14.71 13.77 13.97 0.64 

N 12.49 9.97 10.35 10.94 1.26 

Na 0.53 ND 0.24 0.39 0.15 

Ca 0.83 6.14 0.05 2.34 3.05 

K 0.18 1.07 1.02 0.76 0.45 

P 1.04 1.29 1.17 1.17 0.13 

S 0.41 0.67 0.34 0.47 0.17 

Cl 0.16 0.20 0.01 0.12 0.10 

Fe 0.12 2.16 0.19 0.82 1.02 

Cr 0.03 0.82 0.08 0.31 0.40 

Si 0.23 0.35 0.09 0.22 0.13 

Ar 0.08 0.29 ND 0.19 0.11 

ND = Not detected. 
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Appendix A.8. XPS analysis (relative atomic %) of fouled surfaces 

A.8.1. Stainless steel surfaces 

A.8.1.1.  10 s fouled stainless steel 

Element 

Relative atomic% 

Trial-08 Trial-08 Trial-08 
Average Range 

Spot 1 Spot 2 Spot 3 

C 68.29 67.85 65.08 67.07 1.61 

O 19.95 20.13 22.78 20.95 1.42 

N 10.52 9.78 9.31 9.87 0.61 

Na ND 0.20 0.32 0.26 0.06 

Ca 0.28 0.60 0.80 0.56 0.26 

K ND ND ND - - 

P 0.30 0.58 0.69 0.52 0.20 

S ND 0.23 ND 0.23 - 

Cl 0.05 ND ND 0.05 - 

Fe 0.16 0.07 0.14 0.12 0.05 

Cr 0.40 0.53 0.87 0.60 0.24 

Ni 0.04 0.02 0.01 0.02 0.02 

ND = Not detected. 

 

A.8.1.2.  30 s fouled stainless steel 

Element 

Relative atomic% 

Trial-08 Trial-08 Trial-08 
Average Range 

Spot 1 Spot 2 Spot 3 

C 63.98 59.42 61.59 61.66 2.28 

O 25.29 26.99 26.73 26.34 0.85 

N 8.47 9.26 7.31 8.35 0.98 

Na 0.34 0.55 1.15 0.68 0.41 

Ca 0.52 1.08 0.72 0.77 0.28 

K ND ND 0.89 0.89 - 

P 0.60 1.21 0.84 0.88 0.31 

S ND ND 0.17 0.17 - 

Cl ND ND 0.02 0.02 - 

Fe 0.16 0.31 0.10 0.19 0.11 

Cr 0.58 1.12 0.45 0.72 0.34 

Ni 0.05 0.06 0.04 0.05 0.01 

ND = Not detected. 
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A.8.1.3.  60 s fouled stainless steel 

Element 

Relative atomic% 

Trial-08 Trial-08 Trial-08 
Average Range 

Spot 1 Spot 2 Spot 3 

C 68.35 67.28 65.17 66.93 1.59 

O 20.36 21.97 21.68 21.34 0.81 

N 9.69 9.37 10.25 9.77 0.44 

Na 0.13 0.23 0.34 0.23 0.11 

Ca 0.30 0.25 0.26 0.27 0.03 

K 0.41 0.43 1.65 0.83 0.62 

P 0.31 0.21 0.36 0.29 0.08 

S 0.10 0.20 0.16 0.15 0.05 

Cl ND 0.06 0.13 0.10 0.04 

Fe 0.08 ND ND 0.08 - 

Cr 0.25 ND ND 0.25 - 

Ni 0.02 ND ND 0.02 - 

ND = Not detected. 

 

A.8.1.4.  60 min leftover deposit on stainless steel substrate 

Element 

Relative atomic% 

Trial-09 Trial-09 Trial-09 Trial-11 Trial-11 
Average Range 

Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 

C 52.34 47.90 47.31 50.23 55.67 50.69 4.18 

O 30.07 31.67 31.18 31.18 27.14 30.25 2.27 

N 6.28 5.80 5.08 6.43 7.27 6.17 1.10 

Na ND ND ND ND ND - - 

Ca 1.69 1.87 2.05 1.75 1.49 1.77 0.28 

K ND ND ND 0.25 0.22 0.24 0.02 

P 1.92 2.17 2.42 1.98 1.76 2.05 0.33 

S ND ND ND ND ND - - 

Cl ND ND ND ND ND - - 

Fe 0.96 2.65 2.88 2.10 1.44 2.01 0.96 

Cr 4.92 6.28 6.95 5.00 4.18 5.47 1.39 

Ni 0.59 0.49 0.54 0.75 0.44 0.56 0.16 

ND = Not detected. 
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A.8.1.5.  60 min inverse of fouling deposit layer 

Element 

Relative atomic% 

Trial-09 Trial-09 Trial-09 Trial-11 Trial-11 
Average Range 

Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 

C 73.67 74.04 74.66 68.51 64.98 71.17 4.84 

O 18.20 16.39 16.10 19.64 21.59 18.38 2.75 

N 5.60 7.35 7.86 6.00 4.47 6.26 1.70 

Na ND ND ND ND ND - - 

Ca 1.18 0.72 0.71 0.82 1.03 0.89 0.24 

K ND ND ND 0.14 0.66 0.40 0.26 

P 0.63 0.34 0.27 0.57 3.46 1.05 1.60 

S 0.20 0.33 0.06 ND ND 0.20 0.14 

Cl ND ND ND ND ND - - 

Fe ND ND ND ND ND - - 

Cr ND ND ND ND ND - - 

Ni ND ND ND ND ND - - 

ND = Not detected. 

 

A.8.1.6.  60 min top of fouling deposit layer 

Element 

Relative atomic% 

Trial-09 Trial-09 Trial-09 
Average Range 

Spot 1 Spot 2 Spot 3 

C 71.13 70.13 72.30 71.19 1.09 

O 16.98 17.21 15.70 16.63 0.76 

N 11.16 11.89 11.19 11.41 0.37 

Na ND ND ND - - 

Ca 0.28 0.28 0.29 0.28 0.01 

K ND ND ND - - 

P 0.25 0.25 0.34 0.28 0.05 

S 0.20 0.24 0.18 0.21 0.03 

Cl ND ND ND - - 

Fe ND ND ND - - 

Cr ND ND ND - - 

Ni ND ND ND - - 

ND = Not detected. 
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A.8.2. DLC-1 modified surfaces 

A.8.2.1.  10 s fouled DLC-1 surface 

Element 

Relative atomic% 

Trial-08 Trial-08 Trial-08 
Average Range 

Spot 1 Spot 2 Spot 3 

C 67.34 64.84 68.90 67.03 2.03 

O 23.39 25.52 23.96 24.29 1.07 

N 8.41 8.33 6.18 7.64 1.12 

Na 0.06 0.31 0.24 0.20 0.13 

Ca 0.10 0.16 0.13 0.13 0.03 

K 0.18 0.40 0.18 0.25 0.11 

P 0.27 0.27 0.23 0.26 0.02 

S 0.15 0.12 0.15 0.14 0.02 

Cl 0.11 0.04 0.03 0.06 0.04 

Si ND ND ND - - 

Ar ND ND ND - - 

ND = Not detected. 

 

A.8.2.2.  30 s fouled DLC-1 surface 

Element 

Relative atomic% 

Trial-08 Trial-08 Trial-08 
Average Range 

Spot 1 Spot 2 Spot 3 

C 66.57 68.97 67.44 67.66 1.20 

O 23.84 22.92 24.72 23.83 0.90 

N 8.00 7.14 6.19 7.11 0.91 

Na 0.08 0.04 0.19 0.10 0.08 

Ca 0.14 0.11 0.12 0.12 0.02 

K 0.74 0.34 0.75 0.61 0.21 

P 0.27 0.20 0.28 0.25 0.04 

S 0.19 0.19 0.14 0.17 0.03 

Cl 0.16 0.10 0.16 0.14 0.03 

Si ND ND ND - - 

Ar ND ND ND - - 

ND = Not detected. 
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A.8.2.3.  60 s fouled DLC-1 surface 

Element 

Relative atomic% 

Trial-08 Trial-08 Trial-08 Trial-11 Trial-11 
Average Range 

Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 

C 65.78 67.04 65.95 67.95 67.11 66.77 1.09 

O 22.11 24.18 23.32 17.63 18.11 21.07 3.02 

N 9.89 7.88 9.29 11.93 12.40 10.28 1.88 

Na 0.10 0.13 0.15 ND ND 0.13 0.03 

Ca 0.22 0.21 0.18 0.42 0.43 0.29 0.12 

K 0.47 0.25 0.27 0.14 0.37 0.30 0.13 

P 0.34 0.11 0.18 0.31 0.31 0.25 0.10 

S ND 0.11 0.03 0.25 0.24 0.16 0.11 

Cl 0.12 0.08 0.02 ND ND 0.07 0.05 

Si 0.96 ND 0.62 1.36 1.04 1.00 0.37 

Ar ND ND ND ND ND - - 

ND = Not detected. 

 

A.8.2.4.  60 min leftover deposit on DLC-1 substrate 

Element 

Relative atomic% 

Trial-09 Trial-09 Trial-09 Trial-11 Trial-11 
Average Range 

Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 

C 67.42 64.83 67.08 53.92 54.42 61.53 6.75 

O 17.43 17.44 16.51 20.92 20.81 18.62 2.21 

N 4.37 5.15 4.67 1.34 1.50 3.41 1.91 

Na ND ND ND ND ND - - 

Ca ND ND ND ND ND - - 

K ND ND ND ND ND - - 

P ND ND ND ND ND - - 

S ND ND ND ND ND - - 

Cl ND ND ND ND ND - - 

Si 10.44 12.24 11.43 23.14 22.78 16.01 6.35 

Ar 0.33 0.34 0.31 0.68 0.49 0.43 0.19 

ND = Not detected. 
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A.8.2.5.  60 min inverse of fouling deposit layer 

Element 

Relative atomic% 

Trial-09 Trial-09 Trial-09 Trial-11 Trial-11 
Average Range 

Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 

C 73.72 74.44 75.68 68.75 68.07 72.13 3.81 

O 17.92 17.13 16.04 18.01 18.44 17.51 1.20 

N 6.71 6.06 6.17 7.11 7.54 6.72 0.74 

Na ND ND ND ND ND - - 

Ca 1.00 1.10 1.25 0.70 0.55 0.92 0.35 

K ND ND ND 0.24 0.14 0.19 0.05 

P 0.49 1.02 0.61 0.21 0.30 0.53 0.41 

S 0.16 0.25 0.25 0.34 0.59 0.32 0.22 

Cl ND ND ND ND ND - - 

Si ND ND ND 4.64 4.37 4.51 0.14 

Ar ND ND ND ND ND - - 

ND = Not detected. 

 

A.8.2.6.  60 min top of fouling deposit layer 

Element 

Relative atomic% 

Trial-09 Trial-09 Trial-09 
Average Range 

Spot 1 Spot 2 Spot 3 

C 70.54 72.04 71.00 71.19 0.75 

O 16.50 15.96 16.25 16.24 0.27 

N 11.82 11.19 12.01 11.67 0.41 

Na ND ND ND - - 

Ca 0.31 0.20 0.33 0.28 0.07 

K ND ND ND - - 

P 0.28 0.23 0.23 0.25 0.03 

S 0.16 0.15 0.19 0.17 0.02 

Cl ND ND ND - - 

Si 0.39 0.22 ND 0.31 0.09 

Ar ND ND ND - - 

ND = Not detected. 
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