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Abstract 
Industries (food, beverage, petrochemical, etc.) normally use various gravitational separation 

techniques in their processes. Such separation processes often suffer from the deposition of 

undesirable material on the active surfaces of the process equipment, e.g. a high-speed separator 

or decanter, causing a slew of problems with the process or product quality. To restore 

operational efficiencies, additional cleaning steps using both water and chemicals are required, 

making the process more expensive and less environmentally friendly. Other than operating 

time and concentration of the process fluid there are several factors such as surface nature, 

surface roughness, type of material, surface charge, etc which influence the fouling deposition 

of surfaces. Fouling on the surfaces can grow following different mechanisms. The goal of this 

research work is to learn more about the nature of foulant interactions with stainless steel 

surfaces and eventually design some antifouling methodology. It is too difficult to study fouling 

for all kinds of solutions and industries, so we tried to investigate the organic deposition in dairy 

and brewery industries by using lab-scale synthesized milk and beer solutions, For quantitative 

and statistical examination of these characteristics, several experimental approaches (FTIR, 

percent weight change, surface roughness, surface energy) were used. It was confirmed that 

fouling grows on the surfaces in a non-linear fashion irrespective of the time and concentration 

of the solution. The fouling of surfaces can be improved by producing more hydrophilic surfaces 

or by reducing surface roughness. Steric hindrance, electrostatic charge, and water barrier or 

hydration layer theories can be used to modify the surface nature and hence the fouling 

deposition. For antifouling purposes, PMMA (organic) and tungsten oxide (inorganic) coatings 

were employed. The PMMA was deposited using a dip-coating technique using (6%,10%, and 

12%) PMMA solution, and the tungsten oxide coating was carried out by using a standard two-

electrode electrochemical system under different voltage (3.5V and 4.5V) and time (5min, 10 

min, and 20 min) conditions. The coatings were characterized by using different techniques and 

their antifouling effects were studied in model milk and model beer solutions 
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Chapter 1. Introduction  
For the past 20 years, the food and beverage industries have been experiencing continuous 

growth in separation technology. Using separation techniques in such plants provide many 

advantages such as reduced usage of chemicals and additives, simplified process, higher quality 

of products, and shorter processing time. Additionally, ease of process automation, less waste 

disposal, lower energy consumption, and low labor and process costs are achieved using 

separation techniques. During industrial processing, fouling is a serious issue and some 

drawbacks are associated with it. Sticking of molecules, precipitation, or particles on the 

separator disk are among the most common reasons for fouling. The fouling of surfaces results 

in reduced productivity, altered separation selectivity, and increased separation resistance, 

which consequently contributes to unstable and poor product quality [1]. 

 

Figure 1: SEM image of  a surface with fouling layer[2] 

The fouling process generally includes solute aggregation on the surface and pore-blocking that 

ultimately leads to the gel layer or cake formation on the surface. Broadly classifying, the fouling 

process may occur in all or some of the mentioned steps including starting, transportation 

(forward/backward), attachment/removal, and aging (change in structure due to chemical 

reactions at surfaces)[2]. The fouling mechanism is complex due to the probability of surface 

denaturation, highly concentrated gel formation, and often shear or crack formation upon 

various species interaction at the surface. In addition to pore blocking and cake formation, fatty 

acids and other small hydrophobic solutes could be a reason for the lost efficiency [3].   
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Chapter 2. Theoretical background 
The majority of the process equipment is made of stainless steel due to its excellent mechanical 

properties and relatively low price. Steel can be easily modified into shapes, reproduced, and 

recycled that is why it is also considered an eco-friendly material. However, during the 

application, steel gets deposition of organic matter mainly known as fouling. In this section 

fouling of steel is described in detail.  

2.1. Mechanisms of fouling formation: 

To design a suitable cleaning or antifouling strategy, it is necessary to understand the leading 

fouling mechanism and characteristics of the deposited layer. The fouling can be classified into 

several categories based on the deposition mechanism. For example, proteins and other organic 

matter form aggregate when interacting with metal ions. These aggregates can form a surface 

layer as well as infiltrate into the pores (in membranes) hence decreasing the flux[4]. Biofouling 

can also change the flow stream if there is any interaction between macromolecules and ionic 

species. Fouling can be categorized into the following major classes based on the formation 

mechanism.  

2.1.1. Inorganic scaling 

Inorganic precipitates (metal hydroxides) are the primary reason for such fouling. Insoluble salts 

such as CaCO3, SiO2, calcium phosphate, and CaSO4.xH2O are the prime concern in filtration and 

separation processes. These inorganic species cannot pass through the narrow channels (pores) 

and form a concentration layer on the surface and promotes precipitate formation. In the 

separation processes, this inorganic fouling creates wetting for hydrophobic surfaces and 

resulting in cross-contamination of the feed.  

2.1.2. Organic fouling  

This kind of fouling is mainly caused by macromolecules (polysaccharides, proteins, 

carbohydrates) and is one of the major concerns in the food and bioprocess industry. Proteins 

due to their complex structure (primary, secondary, and tertiary) held by weak intermolecular 

forces might change due to the change in temperature, pH, or ionic concentration. These 

unfolded macromolecules interact with each other and form aggregates resulting in fouling. The 

denaturation, or gelation, causes aging of the macromolecules and hardening of the fouling 

deposit [5]. The molecular weight of these biomolecules is one of the important considerations 

while studying organic fouling.  

2.1.3. Microbial/ biological fouling 

The undesirable development of microbial organisms’ layers is less often observed in the food 

industry due to harsh cleaning and disinfecting procedures [6]. Bacteria in liquid environments 

have a higher tendency for biofouling due to rapid growth and produce soluble products of these 

microorganisms that’s why biofouling is a major concern in the marine industry[7]. The soluble 

microbial products (SMP) and external polymer substrates (EPS) compounds are mostly 

composed of lipids, polysaccharides, and proteins. The bio-adhesive nature of SMPs allows them 

to interact with surfaces and change their surface nature. Additionally, SMP can also provide a 

source of nutrients for bacterial growth.  
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Figure 2:  Mechanisms of fouling on the surfaces [7]. 

2.1.4. Particulate fouling 

Such kind of fouling is caused by the adhesion of aggregates, particles, bacterial, and biomass 

during filtration and separation processes. Particulate fouling is relatively easy to remove 

through air scrubbing or backflushing unless some smaller particles are trapped inside the pores 

of membranes [8]. Particle fouling is generally associated with other kinds of fouling for example 

inorganic molecules, saccharides, or proteins that need chemical cleaning to achieve required 

membrane efficiency[4]. 

 

 

Figure 3: Factors affecting the fouling of surfaces. 
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2.2. Factors affecting the device fouling 

Several factors contribute to the fouling of device surfaces, with properties of device material, 

properties of the feed solution, and operating parameters having the greatest effect (figure 3).  

Characteristics of the device material and the feed solution are considered more important as 

there is always a direct interaction between the device surface and foulant molecules. The 

operational conditions are considered important for the transport of foulant from bulk to the 

surface of the separator disks. The operational parameters and the properties of the feed 

material are usually standard in the food and beverage processing industry. Cleaning a surface 

after fouling is a complex process that involves the breaking of attractive and repulsive bonds 

between the surface and the foulant by both chemical and physical means. Mostly these foulants 

interact with surfaces and bind cohesively ranging from soft gels to hard mineral deposits. 

Removal of such foulants may involve dispersion, dissolution, or breaking the cohesive 

interaction between the deposited aggregates. Cohesive strength and solubility of the deposit is 

a crucial factor in determining either a simple water wash is enough or specific chemical cleaning 

is required. 

The cleaning processes are effective to maintain the process flow however cleaning always 

consumes extra time, energy, and water resources. Cleaning in the process increases the water 

consumption, for instance, it requires 0.2- 11L of water for cleaning pipeline pollution per one 

liter of milk processed Furthermore, improved techniques, or sensors, to monitor the beginning 

and completion of cleaning phases are a crucial necessity for cleaning process optimization. 

Fouling is not always uniformly spread in pores or on the surface thus chemical cleaning can 

alter the device lifetime. There is increasing restriction on the practice of phosphates, EDTA, and 

chlorine mainly in Europe due to aquatic pollution, biodegradability, and health concerns. It is 

much needed to explore other methods and techniques to address the fouling issue during 

applications. 

In the separation processes, fouling is unavoidable and the foulants are mainly macromolecules 

composed up of amino acids, adsorbed onto the other solid surfaces causing several problems 

such as flow resistance and loss of functionality[9][10]. The complex structure of proteins makes 

it a difficult problem in anti-adsorption and other industrial and scientific fields[11][12][13]. 

According to Song and Elimelech[14], the fouling on the surfaces is mainly an interplay between 

mechanisms namely transportation of foulants, interfacial interaction between foulants and the 

surface, and molecular penetration drag. The relation is simple for the penetration force where 

a higher flux rate results in higher penetration flux and thus higher deposition of rate. It is 

reported in the literature that the surface energy of the surface and the fouling particles play an 

important role in fouling. Hoek et.al.[15] studied the effect of surface roughness and showed 

colloidal particle’s preferential deposition due to larger interaction energy. Also, Nabeetal[16] 

reported the reduced fouling rate by chemical modification of the surface with polysulfone 

resulting in lower surface energy. Accumulatively, earlier studies have shown that the surface 

energies and the roughness of the surfaces affect the deposition of fouling materials on the 

surfaces due to variation in interfacial interactions[17][18][19] However, the attractive and 
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repulsive surface energies for the foulant-surface and foulant-foulant interaction should be 

investigated further. 

The DLVO theory, that only considers the electrostatic (EL) and Van der Waals (VW) forces were 
found ineffective in estimating fouling [20] thus all other interfacial interactions including VW 
or Electrodynamic forces/dipole moments, Lewis acid-base (AB) interaction/ electron donor and 
acceptor interaction, EL interactions/surface charge and Brownian motion (BR) forces between 
liquids, surfaces, particles, and macromolecules are considered important for fouling [21]. Thus 
Gibbs free energy (G) of such interactions can be represented as 
 

∆𝐺 = ∆𝐺𝑉𝑊 + ∆𝐺𝐴𝐵 + ∆𝐺𝐸𝐿 
The free energy of the interface is a reliable parameter to predict the nature of the interaction 
between two surfaces e.g. interaction between foulant and surface is attractive (∆𝐺 < 0) or 

repulsive (∆𝐺 > 0). A negative value of ∆𝐺 indicates lower Gibbs free energy which is 
thermodynamically favorable for the adsorption of foulants on the surface. There are several 
physicochemical processes (adhesion, friction, crystallization wetting, etc) that occur at the 
interfaces when a liquid comes in contact with a solid surface. All these interactions are based 

on the fundamental properties of the interface such as the energy of interaction and dynamics. 
Thus, it is believed that the adhesion of a molecule on the surface induces a surface tension 
governed by the interfacial forces. On the other hand, the friction behavior between the solid 
surface and the molecules is lead by the interfacial dynamics. 

For instance, the growing and decreasing drop on a solid surface make different contact angles 

with the surface. The growing drop usually has a larger contact angle with the surface than the 
decreasing one resulting in higher adhesion tension in the first case. Moreover, the forces need 

to separate the two surfaces are much larger than the forces require for two surfaces to come in 
contact within the first place. Interfacial phenomena provide the required driving force for the 
change and are characterized mainly by dynamics. Surface scientists mainly focused to 
investigate the bond formation at the interface, their corresponding energy change, and 
ultimately if there was any compositional change or crystallization on the surface. However, it 
is much needed to investigate the heterogeneity, intermolecular interaction, and surface 
roughness to understand interfacial engineering. The control of the wettability of solid surfaces 
is one of the major issues in surface engineering. Both morphological and chemical properties 
are not only important for different processes and applications but also wetting and adhesion 
behavior of the surfaces.  The wettability of a surface can be investigated by measuring the 
contact angle between the surface and connecting liquid[22]. The well-known young’s equation 
is used for calculating the contact angle.  

 
𝛾𝑆𝑉 = 𝛾𝑆𝐿 + 𝛾𝐿𝑉𝐶𝑜𝑠𝜃𝑌 

Where SV, SL, and LV are the interfacial energies between solid-vapor, solid-liquid and, liquid-
vapor. The θY is the young’s contact angle often referred to as the contact angle of wetting. The 
young’s equation applies to all the smooth surfaces. However, this is not true in the cases where 
a surface exhibits a range of contact angles due to the surface roughness. On the ideal surface, 
the measured contact angle is between the solid surface and the liquid-vapor interface. However, 
in real conditions surfaces are not ideal and the actual contact angle is different than measured 
(figure 4) and it’s the angle between the liquid-vapor interface and the actual local surface of the 
solid. It is recommended to use the real contact angle for the calculation of surface free energies. 
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Figure 4: Change in contact angle with change in surface roughness. 

Wenzel [23] defined the relationship between surface roughness and wettability and 
investigated the change in wettability with changing surface chemistry. For instance, a 
hydrophobic surface becomes more hydrophobic when the surface roughness is increased. The 
Wenzel statement can be described as 

𝐶𝑜𝑠𝜃𝑚 = 𝑟𝐶𝑜𝑠𝜃𝑌 

Where m is the measured contact angle, Y is young’s contact angle and r is the roughness ratio 
(the ratio between actual and projected solid surface area)(if r=1 the surface is smooth and if 

r>1 the surface is rough) 

The surface roughness is randomly distributed over the area and includes micro and nano 
roughness. In the case where the liquid does not penetrate the valleys the Wenzel equation fails. 
For such heterogeneous surfaces with different surface chemistries Cassie-Baxter equation was 
developed [24] 

𝐶𝑜𝑠𝜃𝑚 = 𝑥1𝐶𝑜𝑠𝜃𝑌1 + 𝑥2𝐶𝑜𝑠𝜃𝑌2 
 

𝐶𝑜𝑠𝜃𝑚 = 𝑥1(𝐶𝑜𝑠𝜃𝑌 + 1) − 1 

 

Figure 5: Liquid interaction nature with the surfaces having different roughness values. 
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The material's surface roughness is one of the important considerations in the fouling of the 
surfaces.  The rougher surfaces were reported to be prone to fouling due to the larger surface 
area. The increased surface area (due to surface roughness) has a strong relationship with the 
equipment material, deposition of fouling, and the cleaning process. Additionally, the surface 
roughness also affects the surface nature (hydrophilicity/hydrophobicity) surface charge and the 
hydrodynamics that consequently contributes to the fouling[25].  
 
Vrijenhoek et al. reported the increase in fouling with an increase in surface roughness 
regardless of operating conditions[26]. The author also concluded that the particles trapped in 
the valleys of the rougher surface resulting in the increased fouling. In another study, Weis et al. 
compared the polysulphone (PSF) and polyethersulphone (PES) membranes with the same 
hydrophilicity and reported less fouling for the smoother membrane than the rough ones [27]. 

Keysar et al. investigated the effects of lime deposition on the mild steel with varying roughness 
and showed the adhesive strength of the foulant layer was influenced greatly by the degree of 
roughness [28]. They also reported that the tensile strength required to remove the fouling layer 
from a rough surface was much higher than that of a smooth surface. The higher surface 
roughness possesses larger nucleation sites thus more fouling.  
 
With the development of science and technology different antifouling mechanisms have been 

explored, including steric hindrance, electrostatic charge, and hydration layer [29]. Steric 

hindrance is generally associated with the long-chain linked polymeric materials (figure 6) [30] 

as the polymer chains are flexible to extension and compression at the surface these could hold 

back the adsorbing molecules and are considered to have antifouling properties [31]. The chain 

length and thickness of the polymer are considered to be important in anti-fouling properties, 

generally, longer chain length covers the larger surface area and hence better antifouling 

properties [12]. Moreover, the larger conformational changes in anti-fouling polymeric coatings 

result in larger material adsorption on the surface [32].   

 

Figure 6: A simple diagrammatic representation of steric repulsion 

Electrostatic interaction-based antifouling is based on the surface charge. Similar charges on the 

surface and foulants result in repulsive interaction while opposite charges result in attractive 

interactions (figure 7).  In a study by Zhao et al. strongly negatively charged hydroxymethyl 
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chitosan (CM-CE)/PES composite material showed much higher resistance to protein fouling 

[33]. However, many materials with negative surface charges do not show anti-adsorption 

properties. The surface charge of the material is an important factor in fouling but cannot be 

used as the main mechanism in designing antifouling surfaces. 

 

Figure 7: A simple diagrammatic representation of Electrostatic repulsion. 

The water barrier or hydration layer is a material’s intrinsic property and is considered 

important in the anti-fouling properties of materials. When the fouling material 

(macromolecules) comes in contact with the surfaces, water molecules are discharged resulting 

in a decreased energy barrier between the foulants and surfaces which leads to dehydration and 

consequently the adsorption of molecules on the surface[34][35]. On the other hand, highly 

hydrophilic surfaces have a higher resistance to fouling due to the presence of a hydration layer 

and a higher interfacial energy barrier between foulants and the surfaces (figure 8)[36]. The 

relation between the interaction of water molecules/surface functional groups and protein 

adsorption has been widely reported in the literature [37] [34]. 

 

Figure 8: A simple diagrammatic representation of the water barrier/ hydration layer. 

Antifouling can be achieved by combined effects of these mechanisms. There are materials such 

as polypeptides and natural polysaccharides [38] that possess more than one antifouling 
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mechanism, these materials contain a zwitterionic surface group as well another group capable 

of forming hydrogen bond [39]. Polypeptides contain a large number of hydrogen bonding sites 

that can resist fouling either by making hydrogen bonds on the surface or electrostatic repulsion.  

In the last decade, anti-adsorption materials have been explored widely to overcome the 

aforementioned problem. For instance, Wu et al. used SBMA and PEG hydrogels for Bovine 

Serum Albumin and lysozyme (Lys) anti-adsorption studies and showed a significant decrease 

in BSA adsorption with increasing PEG content [40]. The amphiphilic and zwitterionic 

molecules have also been investigated in the anti-adsorption of macromolecules on the surfaces, 

zwitterionic molecules are capable of making a large number of hydrogen bonds by combining 

with water molecules which impart fouling resistance [41]. Organic coatings have broad 

applications in metal protection by acting as a physical barrier between the metal surface and 

fouling or corrosive environment [42]. However, adhesion strength is one of the major concerns 

when employing any coating. The organic coatings might result in delamination due to poor 

bonding between the surface and the coatings. Therefore, various coupling agents e.g. silane or 

some other primer material can be used to enhance interfacial adhesion strength between the 

metal surface ad the coating[43][44]. 

The fouling repulsion ability is based on interfacial free energy can also be prevented by changing 

free energy and hence the surface nature i.e. increasing the hydrophilicity or hydrophobicity of 

material to inhibit the adsorption of the pollutants to the surface[45].  Polymethyl methacrylate 

(PMMA) also known as Acrylic is optically transparent, mechanically rigid, low cost and, 

biocompatible material also resistant to adverse environmental effects[46][47]. The polymer 

has reported applications in optical lenses, implants, dental resins environmental, and 

anticorrosive coatings[48].  

Its well understood that the water molecules adsorb on the hydrophilic material surface forming 

a protective layer causing an aqueous separation interface [49][50]. Rare-earth and transition 

metals oxide are emerging materials due to their unique physical, chemical, and mechanical 

properties[51]. Particularly, tungsten oxides (WOx) have been studied broadly in the last few 

years due to their unique mechanical durability[51], high corrosion resistance[52], and 

electrocatalytic activity. 

These metal oxide coatings are generally deposited by vapor deposition techniques which require 
high capital cost and a small coverage area. On the other hand, chemistry-based techniques such 
as hydrothermal or sol-gel techniques are inexpensive however limited for only a few metal 

oxide which also requires post-deposition treatment[53]. For such coatings electrodeposition is 
considered superior as it produces a highly durable coating due to its self-purification capability. 
Additionally, it offers multi-component metal depositions at low temperatures. 
 

In this study, we aim to investigate the nature of the interaction between organic molecules and 

stainless steel surfaces and the anti-fouling effects of dip-coated PMMA coating and 

electrodeposited WO coatings. 
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Chapter 3. Methods and materials 
3.1. Materials 

Calcium phosphate(Ca3(PO4)2), sodium tungstate dihydrate (Na2WO4.2H2O), acetone, ethanol, 

Polymethyl methacrylate (PMMA), N-Methyl-2-pyrrolidone ( NMP)  (Sigma- Aldrich), dry malt 

extract-Muntos, hops-Cascade 6.6%, dry ale yeast-Fermentis, yeast nutrient -Wyeast 

(Humlegårdens Ekolager), Whey protein concentrate - Lacprodan LF70SF (Arla Foods), stainless 

steel plates (Alfa Laval). All the other grinding media was obtained from the Struers.  

3.2. Methodology 

3.2.1.Synthetic methods 

3.2.1.1. Fouling model solutions 

The dairy experiments model solution was prepared in DI water by using 30 g/L β-lg and 900 

ppm calcium phosphate at a pH of 6.8 (10 times higher than the usual concentration). For 

brewery experiments, the brewing and fermentation equipment was thoroughly cleaned for 

sanitizing and preventing bacterial proliferation. For a 12 liter of recipe (beer model solution) 

1.5 kg of dry malt extract was boiled into 6 liters DI water for one hour followed by the addition 

of hops and yeast nutrients. After 1.5 hours of total boiling, the wort was cooled down to room 

temperature by adding 6 liters of DI water. After the yeast cells were added and the liquid was 

fermented in a fermentation bucket for 8 days. The concentration of organic matter in the 

obtained beer was determined to be 4.7% via thermogravimetric analyses (TGA, SDT Q600) 

[Ramp- 25-150 C, 5 C/min, Isothermal heating at 150 C for 25 min ]  which was further 

concentrated to 14.5 % (model solution for experiments) using a rotary evaporator.  

3.2.1.2. PMMA coating 

The stainless steel samples were thoroughly cleaned with acetone and ethanol in an 

ultrasonication bath. The organic coating solutions were prepared using 6%, 10%, and 12% 

weight percentage of PMMA in N-Methyl-2-Pyrrolidone (NMP) at 180°C. The stainless steel 

samples were dipped into PMMA solutions for 5 minutes and the coating was cured at 60°C in 

the oven for 15 minutes.  

3.2.1.3. Tungsten oxide coating 

For the electrodeposition of Tungsten oxide on stainless steel surfaces, the samples were cleaned 

thoroughly in an ultrasonic bath using acetone and ethanol solutions. A common two electrodes 

electrochemical system was used for the deposition. The stainless steel was connected to the 

negative terminal of the cell for the reduction of tungsten oxide on the working electrode and 

platinum was used as a counter electrode connected to the positive terminal of the cell.  A 0.5M 

aqueous solution of Na2WO4.2H2O was prepared and used as an electrolyte. Tungsten oxide was 

deposited on the stainless steel surface under different experimental conditions e.g. time and 

applied voltage. The coated samples were further analyzed using a scanning electron microscope 

(SEM, JEOL JSM-5600LV) for surface morphology, and contact angle measurements for the 

surface energy change.   
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3.2.2. Experimental methods 

3.2.2.1. Quantification of fouling 

For the quantification of fouling, the stainless steel plates were cut into small pieces approx. 2x2 

cm and cleaned using acetone and ethanol in the ultrasonic bath to remove any organic matter 

present on the sample. The sample was dipped into the model solutions milk (60°C /1500 rpm) 

and beer (5°C /1500 rpm) for different time intervals, and time-based adsorption was studied 

using weight change measurements and Fourier transform infrared spectroscopy FTIR ( Nicolet 

iS50 FTIR Spectrometer). After the FTIR characterization, the % weight change of the samples 

was also measured using an analytical balance (Sartorius BP211D).  

(In actual applications the SS separators for dairy processing operate at 4000-4800 rpm and 

60°C with 3g/L β-lg and 90 ppm calcium phosphate. Separators employed in the beverage 

industry operate at 5000-6250 rpm and 0-2°C with <5% organic matter. To compensate for the 

higher rotation speed, a much higher concentration of the organic matter was used in the model 

solutions.) 

3.2.2.2. Mechanical polishing 

To investigate the effects of surface roughness on the fouling, three sets of stainless steel samples 

were mechanically polished using an automated polishing machine (TEGRAPOL-31) with 

different size grinding papers (3µm, 18µm, and 30µm). 

3.2.3. Tools and Characterization methods 

Thermal gravimetric analysis (SDT Q600 TA Instruments) was employed to determine the 

percentage of organic content in as-synthesized beer and concentrated beer. The organic content 

measurement was conducted using 25-150C ramp, 5C/min heating rate, Isothermal heating at 

150C for 25 min. FTIR ( Nicolet iS50 FTIR Spectrometer) was employed to determine the 

presence of functional groups corresponding to the organic fouling. The operating parameters 

were set as the resolution of 2, 32 scans and transmission mode.  The SEM was used with 20 kV 

operating voltage for better estimation of surface roughness and surface morphology change 

after WO coating. An optical microscope (Leica M420) was also employed to observe the surface 

texture after polymeric coating. The contact angle measurements were carried by the double 

sessile drop method with 4 µl drop size using an optical tensiometer (Theta Lite). Mitutoyo 

surftest SJ—210 profilometer was used to measure the surface roughness over the samples using 

0.8 mm measuring length.  PosiTector 6000 coating thickness gauge was used to measure the 

average PMMA coating thickness on the stainless steel surfaces. 
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Chapter 4. Results and Discussion 
To measure fouling and better understand the nature of the interaction between foulants and 

stainless steel, time-based adsorption (10, 30, 60,..., and 240 minutes) of organic matter was 

studied by investigating the presence of functional groups on the steel surface and weight change 

measurements. The FTIR spectrum shows that absorbance peaks keep increasing for both 

solutions (beer and milk) for a specified period before decreasing and increasing again in a 

sinusoidal pattern. The foulants adhere to the surface up to a certain thickness, then separate 

and fall back into the solution when the surface becomes saturated, and this adhesion and 

removal of foulants repeats as shown in Figures 9 & 10. 

  
Figure 9: Fourier transform infrared spectroscopy spectrum for a) milk model solution fouling 

b) beer model solution 

In the case of milk, the surface saturation was reached in 60 minutes (figure 10a) and the 

adsorption curve started decreasing however in the case of beer the surface saturation reached 

after 90 minutes (figure 10b). Additionally, the beer model solution showed more infrared 

absorbance than the milk solution. The latter indicates that the beer model solution is more 

complex than the milk model due to the higher percentage of organic matter present.  

  
Figure 10: Time based adsorption behavior of foulants, based on FTIR spectrum (a) Milk model 

solution (b) Beer model solution 
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Figure 11: Time-based weight change pattern of SS samples after fouling experiments (a) Milk 

model solution (b) Beer model solution. 

The adsorption patterns of the organic foulants were confirmed further by the percent weight 

change measurements of the samples after the fouling experiments using high sensitivity 

analytical balance (figure 11 a&b). The time-based weight measurements were repeated three 

times for reproducibility which followed the similar sinusoidal kind pattern however strange 

shape of curves leads us to consider other factors such as surface roughness. 

  
Figure 12: Time-based foulant adsorption on stainless steel on three different samples 

The effect of surface roughness was studied by using samples with different average roughness 

values (Ra) 0.071µm, 0.11µm, and 0.18µm corresponding to the 3µm, 18µm, and 30µm size 

grinding papers.  It was found that the samples with the highest average surface roughness of 

0.18µm showed more weight change than the others 0.071µm and 0.11µm and confirmed the 

effects of surface roughness on the fouling[18][19].  Further to the surface roughness the contact 

angle measurements values  24, 39 and 50 corresponding to 3µm, 18µm, and 30µm showed 

that the smother surfaces are more hydrophilic (figure 15). 
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200x 

   

500x 

   
Figure 13:  SEM images of the surfaces with different roughness values a) 3µm b) 18µm c) 

30µm 

  
Figure 14: Graphical representation of weight change with increasing roughness a) Milk model 

solution b) Beer model solution 

a) b) c) 

   
Figure 15: Contact angle measurements for the samples with different roughness values a) 3µm 
polished, contact angle 24 b) 18µm polished contact angle 39 c) 30µm polished contact angle 

54 

 

a) b) c) 
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4.1. Antifouling Effects of the PMMA coating 

The polymeric coating was found effective to reduce fouling by reducing the surface roughness. 

Figure 16 shows the FTIR spectrum of 6%, 10%, and 12% PMMA with different absorbance 

intensities on the stainless steel surface. The infrared absorbance intensities increase with 

increasing PMMA content in the coating. The measured coatings thickness was also found to 

increase with the increase in PMMA percentage. The measure values of coating thickness were 

found 10.54 µm, 13.54 µm, and 23.94 µm corresponding to 6 %, 10%, and 12% PMMA (figure 

17).  

 

Figure 16: Fourier Transform infrared spectrum of polymeric coating with different wt. % 
PMMA. 

However, the measured average surface roughness values corresponding to the coating 

thickness and PMMA content were found to increase. The measured Ra values are 0.186, 0.195, 

0.237 and 0.247 corresponding to 6%, 10%, 12% and uncoated samples (figure 19). One possible 

reason for such a change in roughness values could be that the thin coating with less PMMA 

content has better adhesion with the steel surface and coating filled all the valleys on the surface 

resulting in a smoother surface. In other cases, the increased PMMA content induced large 

conformal changes and resulted in an uneven coating profile resulting in increased Ra values 

with an increase in coating thickness. The contact angle measurements of the PMMA coated 

samples showed the larger liquid-solid interface contact angle. The measured contact angle 

values are 62, 63, 70, and 60 degrees corresponding to the 6%, 10%, 12% PMMA coated samples 

and the uncoated ones (figure 20). These contact angle values are in line with coating thickness 

and measured surface roughness values. The increase in PMMA content increased coating 

thickness, surface roughness, and contact angle. The antifouling experiments in Figures 21 & 22 

also showed that the percent weight change is minimum for the 6% PMMA coated samples in 

both the milk and beer model solutions. The weight change in the beer model solution is more 

when  
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Figure 17:  Increase in coating thickness with increased PMMA wt %. 

 

Figure 18:  Optical images of polymer-coated stainless steel samples with different PMMA 
content a) Uncoated sample b) Coated/Uncoated sample c) PMMA 6% d) PMMA 10% e) PMMA 

12% 

compared to the milk model solution probably due to the complex nature and more organic 

content present in the beer model solution. These weight change results are similar to the one 

we found during the quantification of fouling based on surface roughness and surface energy. 

The antifouling behavior of PMMA coatings can be explained with reduced surface roughness as 

well as the steric hindrance phenomenon. The presence of polymeric chains on the steel surface 

imparted resistance to water dissolved foulants resulting in less fouling. However the thick 
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coating layers might have resulted in large conformal changes reduced mechanical adhesion to 

the stainless steel surface, less mobility due to shorter polymeric chain length. 

 

Figure 19: Change in average surface roughness values (Ra) with different PMMA wt. % 

  

  
Figure 20:  Contact angle measurements a) Stainless steel surface (60) b) PMMA 6% coated 

sample (62) c) PMMA 10% coated sample (65) d) PMMA 12% coated sample (70). 

Further to the surface roughness, surface energy, and weight change studies, the FTIR spectrum 

(figure 23 & 24 ) also showed a decrease in foulants adsorption on the stainless steel surface. 

The FTIR spectrum of samples with PMMA coating after fouling experiments with milk shows 

decreased absorbance intensity between wavenumbers 1750-1450 corresponding to fouling 

functional groups and the presence of PMMA coating on the surface. However, in the case of the 

beer model solution, the decrease in absorbance intensity was not seen that evident as compared 

to the milk model solution due to the complex nature of beer as well more organic content in the 

solution. 

4.2. Antifouling effects of the electrodeposited tungsten oxide coating 

The electrodeposited tungsten oxide coating was also found effective in terms of antifouling. 

Tungsten oxide was electrodeposited on the stainless steel surface with different experimental 
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conditions and surface morphology and wettability were studied using SEM and contact angle 

measurements.  

  

Figure 21: Antifouling behavior of PMMA coating in Beer model solution. 

 

Figure 22: Antifouling behavior of PMMA coating in Milk model solution. 
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Figure 23: A comparison between FTIR spectrum of different samples in Milk model solution. 

 

Figure 24: A comparison between FTIR spectrum of different samples in Milk model solution. 

Figure 25 gives a comparison of the surface morphology of WO-coated samples for 20 minutes 

under different operating voltages (3.5 V and 4.5 V). It is pretty evident in both SEM images (b 

and c) that the stainless steel surface is uniformly coated with the WO layer filling deep valleys 

and grooves as shown in figure (a) and generating a comparatively smoother surface. The higher 

voltage results in a larger amount of WO deposition which was confirmed by contact angle 

measurements. The effect of coating time is also evident in terms of surface texture. With the 
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increase in deposition time, the generated surfaces are smoother than the uncoated stainless 

steel surface, and the degree of smoothness increase with the increase in the deposition time. 

 

Figure 25:  SEM images of WO deposited stainless steel surfaces a)Uncoated stainless steel 
Surface b) Coated 3.5V, 20 min c)  Coated 4.5V, 20 min 

  

  
Figure 26: Effect of coating time on electrodeposition of WO under an applied voltage of 3.5V a) 

Uncoated Stainless steel surface b) 5 minutes c) 10 minutes d) 20 minutes 

a) b) 

c) 

a) b) 
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c) 
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  .   

The wettability of the samples was measured using a contact angle measurement system and it 

was found that with an increase in the WO deposition the generated surfaces are more 

hydrophilic. Longer time and higher voltage both resulted in the higher deposition of WO on the 

stainless steel surface.   

   

   

Figure 27:  Contact angle measurements a) WO coated sample 3.5V, 5 min b) WO coated sample 
3.5V, 10 min c) WO coated sample 3.5V, 20 min d) WO coated sample 4.5, 5 min e) WO coated 

sample 4.5V, 10 min f) WO coated sample 4.5V, 20 min 

Table 1: The measured values of the contact angles.  

Time 5 min 10 min 20 min 

3.5 V 61 53 39 
Measured Contact angle 

4.5V 51 43 20 

 

 

Figure 28: Antifouling effect of WO coating in Beer model solution 
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Figure 29: Antifouling effect of WO coating in Milk model solution 

The antifouling experiments were carried out for 30 minutes in milk and beer model solutions. 

It was found that the sample which was coated in the aqueous solution of sodium tungstate for 

20 minutes under 4.5 volts applied voltage showed the minimum weight change when compared 

to all the other samples. Other than the antifouling effects of WO coating, these experiments 

showed the effect of voltage on the deposition rate. The samples coated under 4.5 V showed 

more hydrophilic surfaces i.e. lower contact angles than the samples coted under 3.5 V. The 

coating time also has a significant effect on deposition rate, the samples which were coated for 

a longer time showed more hydrophilic surfaces with lower percent weight change when 

employed in antifouling experiments. The tungsten oxide deposited layer changed the surface 

nature towards a more hydrophilic side which resulted in the formation of a water-based barrier 

layer between foulants and the stainless steel surface during antifouling experiments and hence 

very small weight change.  
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Conclusions 
This work aimed to investigate the interfacial interaction between organic foulants, and stainless 

steel often used in process equipment. The organic matter attached to the surface and followed 

a sinusoidal kind of trend once the surface approached saturation. The material's qualities, 

especially surface roughness and surface energy, have a substantial influence on the fouling of 

stainless-steel surfaces, independently of operating conditions. Because of the complex structure 

of the components and the larger percentage of organic matter present, the beer model solution 

showed greater fouling than the milk solution. Experiments have revealed that surfaces with a 

smooth finish encouraged less organic matter adherence and deposition. However, because of 

the variable surface roughness, rougher surfaces caused greater fouling, and larger deposition 

was caused by the larger surface area, surface energy, high peaks, and deep valleys. Thus, surface 

roughness was shown to be an essential aspect in changing the character of the surface. The 

organic coating (PMMA) and inorganic coating tungsten oxide (WO) proved to be potential 

materials for antifouling applications by changing the surface roughness and surface nature of 

pristine steel surfaces. As an organic coating, PMMA in various weight percentages (6 %, 10%, 

and 12 %) was used, with the 6 percent PMMA coating proving to be more successful due to 

greater adherence to the stainless-steel surface and uniform deposition. Because of the 

hydrophobic nature of the material contact angle values changed and hence the surface nature, 

the evenly deposited coating lowered the peak to valley ratio (roughness) and hindered the 

development of the foulants deposition layer. Under varied working voltages of 3.5V and 4.5V, 

tungsten oxide coatings were electrochemically deposited for 5, 10, and 20 minutes. The greater 

deposition rate was achieved by increasing the deposition time and voltage, and the produced 

surfaces were hydrophilic. The SEM images revealed a uniformly deposited WO layer and a 

changed stainless steel surface texture. The produced WO coatings were hydrophilic and showed 

better resistance to the fouling by the presence of a water barrier layer on the steel surface. 
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