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Abstract 

UV radiation disinfection technology is an advantageous method of wastewater 

disinfection as it avoids the formation of chemical by-products typically found from 

chlorination. One challenge with this technology is avoiding fouling on the quartz sleeves 

in which the UV lamps are housed. In this study, using a model fouling system, the roles 

in fouling of light, and the constitution of the fouling media, are examined. The 

systematic determination of fouling by various mixtures of human serum albumin, humic 

acid, Ca2
+, and Fe3

+ was carried out on quartz slides in the presence and absence ~f UV 

(254nm) light. Fouling was assessed by the reduction in transmission of UV light through 

the quartz slides over time. It was determined that the most important factors were the 

concentration of..iron and protein, which apparently act synergistically to foul the surface. 

Other contributing factors to the magnitude of fouling include the flow rate and the age of 

the fouling solution. Most important was the presence of UV light. In all solutions 

examined, fouling was observed to a lower degree when the system was exposed to light. 

On the other hand, XPS analysis has demonstrated differences in the nature of the fouling 

layer on the surface exposed to UV light compared to that in the dark. 

It is generally accepted that low energy surfaces are less easily fouled than polar surfaces. 

Therefore, hydrophobic modification of the quartz by a series of different silane coupling 

agents was undertaken. Irrespective of the nature of the coating (alkylamine, alkyl, aryl, 

fluorocarbon, silicone), the rate and magnitude of fouling on the surface were comparable 

to the unmodified quartz. However, the more hydrophobic surfaces were easier to clean. 
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1. Introduction 

1.1. Fouling phenomena 

Fouling phenomena are well known in various fields in our life. For example, 

fouling is found in heat exchange systems, cooling towers, water deionizers, pipelines, 

ftlters beds, calorimeters, the surfaces of ships' hulls, in food industries, domestic central 

heating systems, and even on our teeth. 1
•
2 Fouling is expected wherever an "interface " 

exists between two different phases. It is more pronounced at solid/liquid interfaces but 

also found, to a lesser degree, at solid/gaseous phase interfaces. The fouling of aqueous 

systems and the concomitant decrease of efficiency in energy utilization provides a major 

impetus for studying fouling processes. Most industries depend on water either as a 

chemical fluid in the reactions or alternatively as a heat exchange fluid that can be used in 

both cooling and heating systems. The limited resources of pure water and the growing 

demands for water have pushed forward the concept of "cycling" water in chemical 

processes. This term is not confmed to waste-water treatment, but also relates to 

minimizing- the amount of water used in industrial complexes. In order to achieve 

maximum efficiency from a process using water as a heat transfer fluid, there should be 

little resistance to heat exchange, flow rate, and clean surfaces should be maintained (this 

shall be dealt with in more ~etail below). This thesis will deal with understanding and 

controlling the nature of fouling on quartz surfaces. 



The general defmition of fouling is, ''The process of gradual deposition of 

particulate material onto solid surfaces."3 This can include organic, inorganic and 

biofouling. The processes involved in fouling are discussed in more detail below. Two 

major approaches emerge in dealing with fouling phenomena. One strategy focuses on 

understanding fouling phenomena in a chemical sense through adhesion and adsorption. 

The other trend deals only with the symptoms of the problem and attempts to minimize 

the negative effects of fouling. 

2 

The study of fouling is complicated by the number of parameters involved. 

Different industrial sites have different types of foulants, and thus, different experiences 

with fouling: foulants can interact synergistically. Many efforts have been made to mimic 

the fouling process under controlled conditions using laboratory scale models.4
•
5 These 

studies provide · valuable information about the processes involved if the models are 

developed in conjunction with good characterization methods for the fouled surface, 

especially online characterization methods.2 The development of model fouling systems 

is one of the objectives of this thesis. 

1.2. Fouling Types 

Fouling phenomena may be broadly categorized into several classes: 

"crystallization'.6·7 or "precipitation" is fouling due to the deposition or the formation of 

(usually inorganic) crystals from solution onto a surface; ''particulate fouling" is the 

accumulation of suspended solid particles from the fluid stream on the surface;3 

"chemical reaction fouling" describes the formation of a surface deposit resulting from 



3 

one or more chemical reactions between reactants contained in the flowing fluid; 

"corrosion fouling" where the surface itself is the source of the foulant and, fmally; 

"freezing or solidification fouling", which is attributed to the freezing of the process fluid 

itself on the surface. A different, very important type of fouling is biological fouling or 

"biofouling", defmed as "the deposition or growth of materials of biological origins"1
•
2

•
8 

including the attachment and metabolism of microorganisms like algae, bacteria and 

fungi (microbial fouling) on surfaces"9or higher organisms such as sea-weed and 

barnacles (macrobial fouling). This thesis focuses on three of these fouling processes: 

biofouling, crystallization and precipitation fouling. Note that two or more types of 

fouling can occur simultaneously with natural and process waters.6
·
10 

1.2.1. Biofouling 

Biofouling is one of the most important types of fouling. There is some dissention 

in the literature regarding the limitations of this class of fouling. One of the defmitions 

for biofouling is, ''The development of a colony of microorganisms embedded in a matrix 

of an organic polymer film formed on the surface.',() A broader defmition considers 

biofouling as, ''The deposition or growth of materials of biological origins." 1
•
6 

• In this 

defmition both living and dead biological materials are considered biofoulants as long as 

their metabolism byproducts still exist at the interface of the phases. Thus, the deposited 

materials may include microorganisms (e.g., bacteria, algae, diatoms, and yeast) and their 

constituents and metabolic products. When developed, this usually will take the form of 

the film or layer term~d a•"biofllm". When higher organisms such as water-weeds, 
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seaweed and barnacles are involved in forming such a film, the deposits are then known 

as "macrobial fouling". If the film left long enough, both types of biofouling can exist on 

the fouled surface. 

Many studies have been done to explore the nature of biofouling processes and 

also the nature of the resulting biofllm. In these studies, extensive efforts were devoted to 

studying the microbiological aspects of the process, and the factors that affect the 

viability of the organism(s) in such environments. The complex nature of biofllms may 

more properly be considered the key point in understanding the steps of biofouling. 

One of the known constituents of the biofllm caused by bacteria is a highly 

hydrated polysaccharide-like slime, which is termed now as glycocalyx. 11
•
12 It is very 

important to realize that the adhesion of these polysaccharides is not always a result of 

bacterial adhesion on a surface. That is, these polysaccharides can be found on the 

surface even if the bacteria itself does not form colonies there. 13 As well, work done by 

McEldowney and Fletcher showed clearly that other materials, such as protein-containing 

materials, can work as mediators on the surface to assist the bacterial adhesion.14 These 

studies indicate the importance of surface conditioning step in understanding biofouling 

and fouling phenomena in generaL 

The mechanism of biofouling was discussed by Characklis in detail and the 

proposed mechanism can be summarized as followed: 15 

1) Development of polymeric film on the surface over a short time, which is responsible 

for changing surface properties (conditioning of the surface, Figure 1). 
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2) Deposition of single-cell microorganisms (bacteria) with a transient state that 

involves the attachment and detachment of individual organisms at the interface. This 

transient state is considered a reversible process in which long-range forces hold the 

cells near the surface, but shear forces can easily remove the cells. 16 

3) Colonization of the surface by the deposited single-cell microorganism(s). This step is 

known as to be an irreversible step and usually characterized by the synthesis of the 

extra-cellular polymers that bind the cells to the surface. 17 

4) Secondary deposition of higher level of microorganisms, which now can fmd a 

suitable environment on the surface for adhesion and survivaL In other words, the 

complex biofilm developed by the colonization of bacteria can act now as a precursor 

for the deposition of higher levels of microorganisms and submicron-size 

particulates. 6 

5) Sloughing off of the film from the surface as the growth of the biofilm further 

develops. This is affected mainly by the shear forces at the interface and depends 

upon the nature of the formed fllm on the surface. 

Before further discussing some of the factors that affect biofouling, it is useful to 

point out that fouling process is considered to be the net result of deposition and removal 

processes of the materials on the surface as pointed out by Characklis.15 That is, when 

one discusses factors affecting fouling, both processes must be considered. Some of these 

factors include surface and fluid temperature, fluid velocity, surface characteristics, 
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nutrient concentration, fluid pH and fmally the presence of inorganic materials, especially 

inorganic suspended particles. 

' / 
I 

Bacteria --------

------- ' ' 
Surface ' ~--~~----- -·S7illiS7iilllllll ........ ~:!*:~::;A:~.:.~~ .• 

(l) (2) (3) 

Figure 1 Microbial biofouling mechanism: (1) surface conditioning, (2) bacteria cells 

attachment and (3) exopolymer formation 

Fluid temperatures can affect the growth of the living microorganisms in the fluid 

and on the surface as well; this will obviously impact on the extent of surface biofouling. 

Experiments done in evaluating the temperature effect on biofouling have revealed that 

there is an optimal range of temperature for the growth for every species of 

microorganism, and the thickness of the bioftlm is sensitive to the temperature of both the 

fluid and the surface. 18 One of the expected results of the temperature variation is the 

concomitant variation in the production of exopolymers by the cells, which affects the 

nature of the formed biofilm and its detachment process. 
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Fluid velocity can impact biofouling through many ways. The fluid flow is 

considered important in terms of providing the bacterial colonies with the necessary 

nutrients and the removal of the metabolism by-products that can act as poisons, 19 hence 

increasing the extent of biofouling. On the other hand, high fluid velocity can enhance the 

sloughing process of the developed biofilm. Moreover, with very high fluid velocity, a 

compact deposited layer can be obtained that retards the diffusion of nutrients through the 

deposited layer, negatively affecting the growth of the organism. In other words, cell 

growth may be increased in presence of higher fluid velocities, but for much higher 

velocities the "active" layer becomes limited to the superficial layer of the deposit.20 

Surface characteristics are important in the initial stage of fouling when the first 

layer of biofilm is established. In fact, the formation of the organic conditioning fllm, 

which starts the .adhesion of the first layer of deposit on the surface, is indeed dependent 

on the critical surface tension of the surface20 which can be defmed as the energy 

required to form a unit area of the interface. Most engineering materials (including glass 

materials) demonstrate a high capacity for adsorbing the first layer of the biofilm. 

Surface roughness is another property that can affect the adsorption process 

primarily at the initial stages. It is accepted that a high surface roughness favors the 

anchorage of microorganisms to the surface because of the higher contact area. However, 

this effect is less important once the surface is conditioned by the first layer. 

The effect of pH on biofouling process is dual in nature. From the point of view 

of microorganism growth, there is an optimal pH value, generally at or near pH 7, at 
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which maximum growth and hence maximum extent of biofouling can be achieved. On 

the other hand, the pH of solution can affect the charge of the surface and· its zeta 

potentiaL Most bacteria do possess negative electrical surface charges21 and hence, the 

adhesion of these bacteria to positively charged materials is enhanced. In other words, the 

coating of solid surfaces with materials that increase surface negative charge would 

typically reduce the adhesion of bacteria to such surfaces. 

The presence of inorganic species, especially divalent metal ions such as ca+2 and 

Mg+2
, was reported to increase the extent of biofouling process.3

•
17 This may be attributed 

. to the bridging effect of the ions that could help in cross-linking fouling materiallayers.17 

Finally, nutrient concentrations and oxygen content can play an important role in 

the biofouling process. The availability of both at the interface can enhance the bacterial 

growth and hence the formation of biofilms on the surface. The diffusional abilities of 

these nutrients through the biofilm can impact the process. With thick or compact films, 

through which oxygen diffusion is inefficient, anaerobic microorganisms are expected to 

dominate in the lower layers while aerobic organisms would prevail at the external layers. 

The deprivation of nutrients means simply that the growth process is strongly restricted. 

1.2.2. Crystallization fouling 

Crystallization fouling, also known as ''precipitation" or "scaling", is defmed as 

fouling caused by the deposition or the formation of crystals from solution onto the 

surface. This type can be found in industrial boilers, desalination systems, food 

processing, steam generators, cooling-water systems and many more. Crystallization 
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fouling depends on the salt type(s), concentration(s), and operating conditions present. 

Typical salts involved in such phenomenon are carbonate, sulfate, silicate, phosphates 

and hydroxides of calcium, barium, magnesium, sodium, and lithium? Most of the 

bivalent salts are known to have inverse solubility in the range of cooling systems, which 

means they precipitate more efficiently as temperatures increase. In the following 

discussion, we focus on the available data taken from fouling of heat exchangers. 

The crystallization process consists of two stages that usually take place 

simultaneously. The frrst stage involves the creation of small particles, usually termed 

nuclei. The second stage is the growth of the crystalline structure around the formed 

"nucleus". Obviously, the number of nuclei present in a solution will control the ultimate 

size of the crystals formed. In general, pure salts form very hard, compact deposits while 

in the case of a mixture of salts, the deposit is usually very soft and flaky; it maybe even 

be easy to remove by the shearing action of the flowing fluid. 

Spontaneous nucleation is associated only with clean conditions using pure 

solutions. In industrial conditions, this is highly unlikely; impurities generally provide the 

primary heterogeneous nucleation.7 This is followed by secondary heterogeneous 

nucleation, which is a complicated process and covers a wide range of situations. For 

instance, collision breeding is believed to be widespread whenever high fluid shear 

conditions exist, which may favor crystal to crystal or crystal to wall collisions.7 The 

mechanism of fouling at the wall is primarily particulate deposition instead of 

crystallization at the heat e~change wall itself. In this case, the formed deposit can be a 

loose aggregate of particles rather than crystals formed directly on the surface. The latter 
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have stronger structure and are more difficult to remove compared to the deposits formed 

by secondary heterogeneous nucleation. 

The mechanism of crystallization fouling is summarized as followed:7 

1. Nucleation phenomena at the surface and in solution as described above. 

2. Diffusional phenomena, which involve the transport of ionic species, molecules and 

crystalline particles from the bulk of solution to the surface. 

3. Deposition phenomena occurring at the interface that result in wall crystallization. 

4. Removal phenomena occurring during the deposition stage, which opposes the effect 

of the deposition stage. 

5. Change of the nature of the deposit over time. This may be hardening due to re­

crystallization and crystal transformation, or softening (weakening) due to the lack of 

cohesion as the deposit grows as well as the production of planes of weakness. 

1.2.3. Particulate fouling 

This type of fouling can be defmed as 'i:he accumulation of the solid particles 

from one phase onto the interface with another phase" such as the accumulation of solid 

particles from the fluid stream onto the surface of the solid phase. In water, for instance, 

the source of particulate material is quite varied and may include clay, dead shells, iron 

oxides, deposits of sloughed off materials, particles crystallized in the bulk of flowing 

water and corrosion products, among others. 
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When the particle size is equal to or smaller than 1• m, fouling phenomena can be 

handled and described in terms of colloidal chemistry. Since the nature of solid surfaces 

is usually different from the nature of the deposited particles, heterocoagulation is the 

appropriate term to describe the initial stage of the fouling process. Once the flrst layer is 

formed and established on the surface, the process becomes a homocoagulation in which 

subsequent particles of the same type are deposited and coagulated with the deposited 

layer on the surface. 

The principal interaction forces between colloidal particles are van der Waal's 

forces and electrostatic double layer force$. In addition, steric hindrance effects due to 

polymer adsorption on the particle surface and ion bridging effects can also play roles in 

the process. It is clear that the net interactions determine whether the adhesion is 

promoted or depressed. In all cases, adhesion is expected only if the flow of fluid that 

contains the particles is not providing a shear force strong enough to overcome the net 

attractive force. 

Van der Waal's forces in binary systems are attractive in nature. The 

mathematical formula for solid particle adhesion,3 postulated initially by London and 

later on modified by Hamaker,3 indicates that as the distance between the two particles or 

between the particle and the surface decreases, the attraction force increases as a 

consequence. Furthermore, Langbein22 has indicated that as soon as the thickness of the 

surface layers of the two interacting solids becomes larger than the separation distance 

between them, their interaction is determined by the properties of the layer and not by the 

material underneath. This provides the principal for the usage of surface modification as 
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an antifouling technique: the active layer can be used to reduce the adhesion to the 

surface. 

Electrostatic double layer forces. on the other hand. are considered to be repulsive 

forces and are well described through DLVO theory. Colloidal particles of similar natures 

are expected to have the same type of surface charge; hence. repulsion due to charge is 

expected. As the separation distance decreases. the repulsive force increases. It is clear 

here that the isoelectric point of the particle (solid) surface is an important factor in the 

magnitude of these forces and the pH affects the adhesion processes. 

Repulsion 

Potential 
enera:Y 

Attraction (B) 
VDW attraction e 

Figure 2 Energy-distance curves 

... 

Separation distance 

It is clear that we have two major forces that compete with each other. As the 

separation distance decreases. the attractive force due to van der Waal's forces will 

increase and the repulsion forces due to electrostatic double layer will increase too. At a 

certain point. the net result would be a high-energy barrier for which a net repulsive force 
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exists (Figure 2. A). As the separation distance further decreases, the attractive forces 

become higher than the electrostatic repulsion forces and net attraction force will result in 

particle adhesion Figure 2. B). That is, the particle adheres once it has passed the net 

repulsive maximum point described in DLVO theory. In the case of solids of different 

charges, both van der Waal and electrostatic interactions are attractive and adhesion is 

further enhanced (Figure 2). This is believed to be the case at the initial stages of fouling 

when the particles adheres to the surface to form the flrst layer of the deposit. 

In practice, other interactions can take place that further complicate the picture. 

Ions, for instance, can bridge two particles of similar electric charge. While polymers can 

also act as bridging agents between the two particles,23 the aggregates formed by polymer 

adhesion may stimulate steric hindrance that could hinder further adhesion to the surface. 

Similarly, surface hydration of the particle surface can work to minimize the adhesion by 

creating a barrier that prevents a close approach of the hydrated surfaces. As a result, 

separation distances are insufficiently low to allow the dominance of the attraction forces. 

1.3. Interactive effects of different fouling types 

As mentioned previously, it is rare to have a single fouling mechanism in 

processes involving water. It is expected in most cases that a given type of fouling will 

enhance other type(s) of fouling. For instance, it is difficult to mitigate biofouling in the 

presence of corrosion fouling, as the corrosion film may facilitate biofllm formation. In 

another example, living microorganism colonies on the surface may enhance the rate of 

corrosion, either by its metabolic by-products, such as in the case of SRB (sulfur reducing 
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bacteria) in MIC (microbial induced corrosion),1
•
2

•
6 or by the depression of mechanical 

mitigation processes. Also, the formation of a bioftlm on the surface may' enhance 

particulate fouling once the surface nature has been changed or "conditioned" by 

biofouling; the attachment process is assisted by the new sticky properties of the surface.6 

It is important to realize that the interdependency of fouling mechanisms does not 

always enhance each individual process. Sometimes the effect of one foulant suppresses 

other fouling mechanisms. For example, the corrosion of copper containing alloys may 

slow down the rate of biofouling mechanism, as the Cu20 can affect the 

microorganisms20 and hence retard the build up of the biofilm. 

1.4. Mitigation methods for fouling 

Several distinct approaches are utilized to mitigate fouling; no one method serves 

all fouling problems. For example, chlorine, which is known to be an oxidizing 

antifouling agent, is used to depress biofouling. However, iron hydroxide formed on the 

surface as a result of corrosion may react with chlorine and reduce the amount of chlorine 

available for breaking up the extracellular polysaccharide ftlm.6 Worse, the chloride 

exacerbates corrosion. Some of the methods that are applied to mitigate fouling will be 

described 

1.4.1. Physical mitigation methods 

Fouling layers can be removed abrasively by physical devices. Two on-line 

methods are known: sponge-ball deaning24 and reversing-flow shuttle brushes.25 In the 
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first method, properly selected balls are circulated in the aqueous solution (responsible 

for fouling) and then collected downstream using a screen. These beads abrade the 

surface through collisions. In the case of the reversing flow shuttle brush, brushes are 

installed in each tube and cages are installed at both ends of the tube. At timed intervals, 

water flow is reversed to run the brushes through the tubes, cleaning the surfaces during 

the traversal. 

In the case of biofouling, these physical methods are often inefficient because of 

the pseudoelastic nature of the bioftlm; spiny balls and brushes seem to move through the 

film but do not remove it. However, physical cleaning works well when combined with 

chemical methods that can destroy the biofilm structure. 

Other methods have been described, but are not yet in wide use. They include the 

use of magnetic· fields, electric fields (both of which affect crystallization fouling), radio 

frequency (said to change the crystal morphology and size, hence retarding 

heterogeneous nucleation), ultraviolet light (to affect biofouling processes) and surface 

modification prior to fouling. 

1.4.2. Chemical Mitigation 

Chemical mitigation methods, as expected, are widely used in mitigating several 

types of fouling. For biofouling, many approaches exist. The nature of a deposited 

bioftlm can be affected by factors that actually control bacterial growth on the surface 

and assist or suppress the processes described above. Agents that oxidize the group 

responsible for the formation of adenosine triphosphate (ATP), which is essential for the 
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microorganism survival, will act as a biocide. Oxidizing antifouling agents, such as 

chlorine, also have the ability to oxidize the extracellular film on the surface leading to its 

depolymerization. It is further advantageous to use wall shear produced by flowing fluid 

(see previous section), enough to remove the debris of the depolymerized biofilm.26 If 

colonies of bacteria are well established and the thickness of the deposited layer acts as a 

barrier to prevent efficient penetration of the oxidizing chemical through it, the efficiency 

of the antifouling agent will be indeed diminished.6 

Chlorine can be applied either continuously or periodically to the bulk fluid in 

order to depress biofouling. The application of chlorine in water treatment, however, is 

accompanied by the production of some undesirable by-products such as chloramines or 

carcinogenic hydrocarbons (disinfection byproducts DBPs).9 Other oxidizing chemicals 

have been investigated, therefore, such as hydrogen peroxide and ozone gas. 

For crystallization and corrosion fouling, chromate was once successfully used for 

both corrosion protection and crystal growth control However, it was banned due to 

toxicity concerns and has not yet been replaced with a chemical agent that has a 

comparable performance. Polyphosphates are used to prevent scaling, but their utilization 

is limited to temperatures below 90°C; they are thus considered low temperature 

additives. Polyphosphates, however, are microorganism nutrients that may enhance 

biofouling process. More recently, membrane methods to control the composition of the 

fouling solution has been utilized to minimize fouling. 27 
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1.4.3. Chemical Modification of Surfaces 

An entirely different approach to decreasing problems due to fouling utilizes 

surface treatments that change the fouling behaviour of the surface. Although there are 

many types of surface treatments, in this thesis we focus on the use of very thin films of 

surface modifiers that change the inherent chemical and the physical properties of the 

substrate's surface. It is thus possible to render the surface hydrophobic or hydrophilic in 

nature, an electrical insulator or conductor, active or inert toward specific chemical 

environments, to control its adsorption properties, etc. 

Successful surface modification is largely dependent on the suitable choice of 

surface modifier, which must be able to adhere to the surface via either physical or 

chemical adhesion forces, must further achieve the desired properties for the substrate 

and, fmally, must have the necessary durability under the conditions of use. Thus, the 

surface of prosthetic devices, such as heart valves, must be the subject of surface 

modification to reduce the adhesion of blood materials on its surface; metal surfaces are 

commonly inactivated/passivated toward environmental conditions that cause corrosion 

by surface modification. 

One of the important consequences of surface modification is the ability to change 

the adsorbtivity of the surface either in terms of selectivity for or quantity of adsorbed 

· material The validity of this approach to mitigating fouling is highly dependent on the 

criteria established for each individual case of fouling. The nature of the surface 

(chemical and physical), the nature of the adsorbate (chemical and physical), the 
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conditions of the process (pH, temperature, flow rate, etc.) and the nature of the proposed 

surface modifier all must be considered in a careful manner. 

Surface modification is considered a safe tool to minimize fouling, as the 

modifying agent should, in principle, remain bound to the surface (this is important if the 

constituents have some toxicity associated with them). For instance, many attempts have 

been made to mitigate marine fouling using surface modification. In this case, reduced 

surface energy surfaces28 result from modifications with materials such as 

silicone,29
•
30

•
31

•
32 Teflon,® and epoxy_29

•
33 Metal surfaces can be modified by 

electrofmishing, a commercial method that produces a very smooth surface. The effect of 

the method actually is to delay the initial deposition but it can't eliminate fouling 

problems. Ion implantation, which involves the bombardment of the surface with ions in 

the ke V to MeV energy range, can work to minimize crystallization fouling over the 

metal surface. 

In addition to modifying surface structure, one can incorporate chemicals in the 

surface. Biocides34 based on tin and copper that can affect microorganisms found in 

vicinity to the interface act to reduce the rate of biofouling processes.1
•
6

•
9 This biological 

effect, however, is thought to cease after several layers of deposits are formed on the 

surface. Under such cases, retardation of the process is likely to take place rather than 

complete elimination. 
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1.5. Siliceous surfaces 

Silica and quartz are important types of siliceous surfaces that have many 

industrial applications including working as ftllers and thickening agents in organic 

systems, including elastomers, ink and paints. The properties of these compounds depend 

largely on the surface chemistry of the solid phase. In the following discussion, we 

consider the nature of the silica surface, the nature of deposition on the surface and the 

efforts to modify the surface using silane coupling agents. 

1.5.1. The Nature of Siliceous Surfaces 

Kiselev postulated in 1936 that the surface of the amorphous silica is actually 

covered by OH groups bound to an Si(h skeleton.35 Later, in 1940, Carman recognized 

that water hydrates the surface of anhydrous Si(h to create silanol groups.36 Since then, 

many studies have focussed on how these hydroxyl groups can affect the adsorption 

phenomenon on the siliceous surface and, further, how the external environment affects 

the adsorption through changing the nature of those hydroxyl groups. 

The OH groups on siliceous surfaces are important in controlling adsorption on 

such surfaces. Hydroxy groups can participate in the adsorption of many chemical 

species via hydrogen bonding between the hydrogen atom of the OH group and 

electronegative atoms or 1t electrons of adsorbate molecules, especially in the adsorption 

of such species from non-aqueous solutions. 37 Evidence for this role has been presented 

by many workers in the field. For example, Dubinin emphasized the importance of the 

SiOH group in adsorption of any material whenever a donor-acceptor match, particularly 



20 

hydrogen bonding, exists.38 As early as 1950, dehydration studies demonstrated that 

absorption of methyl red from benzene solution is less efficient for dehydrated than 

hydrated silica gels.39 It was also shown that water molecules are preferentially adsorbed 

on hydroxylated silica surfaces when compared to essentially hydrophobic siloxane 

surfaces (SiOSi) that don't have free SiOH groups, as is the case with quartz.40
•
41 

The number of hydroxyl groups on a siliceous surface is affected by the thermal 

history of that surface. For example, heating silica particles in a vacuum to various 

temperatures can reduce the number of OH groups remaining on the surface.35
.4

2 Also, 

the number of hydroxyl groups is known to be greater for an amorphous silica surface 

than a crystalline quartz surface. Typical amorphous silica surfaces possess about 4-5 OH 

groups/nm2
•
43 

The presence of adsorbed water on silica surface constitutes a real problem when 

attempting to estimate the concentration of OH groups on the siliceous surfaces. Most of 

the studies conducted to estimate the OH groups include desorption of adsorbed water 

first under vacuum and heat. Dehydration at higher temperatures can lead to the 

formation of Si-0-Si bonds as noted above. In surface modification of silica using 

alkoxysilanes, adsorbed water is believed to react first with alkoxysilanes and 

chlorosilanes to hydrolyze them and hydrogen bonding of the resulting silanol to the 

surface silanol can occur rather than covalent grafting to the surface (see below).44 

1.5.2. The isoelectric point of siliceous surfaces. 

A siliceous surface qas a point of zero charge (isoelectric point) at a pH of about 

2. As the pH increases up to 6, the charges increase but are still very low; above that 
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value the surface charge will increase as the pH increases up to 10.7 at which, the surface 

would be extensively negatively charged.45 Taking the OH group number as 4.6 nm-2
,
43 it 

was shown that, at pH: 8, 9 and 10, the surface charge measured as OR nm-2 was found 

to be 0.76, 1.45 and 2.52, respectively.46 

1.5.3. Physical Adsorption on siliceous surface 

1.5.3.1. Absorption of Ions 

Ions readily adsorb onto siliceous surfaces. The site-binding theory proposed by 

Yates, Levine, and Healy states that an adsorbed counterion forms an ion pair at or just 

within the surface;47 the ionic sites are considered to be a two dimensional array of 

discrete positive, neutral and negative sites at the silica-water interface. Unlike other 

metal oxides, counterions, such as Na+, are found almost in the same surface plane as the 

potential determining Sio-. This can be attributed to the open network of oxygen ions at 

the surface that contains spaces large enough to accommodate the adsorbed cations. It 

was shown as early as 1954 that the order of ion adsorption follows ca+2 > Ba+2 > sr+2
•
48 

When ca+2 is adsorbed on siliceous surface, it displaces only one W ion,49 rather than 

two as might be expected. 5° It was further shown that ca+2 was adsorbed above pH 5 and 

that the amount adsorbed was proportional to the surface area. 51
•
52 

S~OH + Ca+2 = [S~OCat 1 + W 

Siliceous surfaces also strongly adsorb certain polyvalent cations,53 such as Fe+3
, 

Al+3
, Cr+3

, even at low pH where the magnitude of the negative charge on the surface is 
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fairly small. The behaviour of surface silanol groups as ligands for metal ions, Fe+3
, cu+2

, 

Cd+2
, was tested by Schindler et al.54 

1.5.3.2. Adsorption of organic cations and bases on silica 

For organic bases such as amines, the mechanism of adsorption of ions on silica is 

dependent on the strength of the base and the pH of the solution. In neutral solution, the 

adsorption occurs via hydrogen bonding of the amine with a silica surface. Ionic bonds 

can be formed as welL providing that the pH of solution is high enough to allow negative 

charge formation on the silica surface. 

The size and type of hydrocarbon group bound to nitrogen are also major factors 

in the adsorption processes of alkylamines and quaternary alkylammonium ions. Once the 

ion is bound to the surface, the surface can be rendered hydrophobic. Increased 

hydrophobicity . accompanies an increase in the size of the hydrocarbon chain. 

Hydrophobic bonding with other hydrophobes, including other surfactant molecules, will 

favour their adsorption on the surface in such cases. The concentration of the depositing 

solution is a very important factor too. If the concentration is very low, a monolayer of 

the adsorbate can be adsorbed on the surface rendering it hydrophobic. When the 

concentration is increased, a double layer can be formed at the surface such that the 

hydrophobic hydrocarbon group will be physically bound to the hydrocarbon chain of the 

adsorbed mono-layer, leaving the hydrophilic termini of the compound pointing outward 

to the solution (Figure 3). This changeover in behaviour was confirmed to take place as 

concentrations near the critical micelle concentration (c.m.c.).55 
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The importance of the hydrophobic bonding in the adsorption of quaternary ammonium 

cations was indicated by Bresler et a/. ,56 who showed that the adsorption of quaternary 

ammonium ions possessing long hydrophobic chains is higher than those of shorter chain 

length, especially at pH 3-6. 
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Figure 3 The effect of solution concentration on the adsorption of cationic species on 

siliceous surfaces 

1.5.3.3. Adsorption of organic polymers on siliceous surface 

The adsorption of polymers on siliceous surfaces is governed by several factors, 

including the nature of the polymer (chemical structure, functional groups, chain length, 

spatial arrangement, isoelectric point), the interaction forces between polymer chains, the 

solvent (aqueous/non aqueous) and the surface, the number of binding sites available 

both on the surface and the adsorbed polymer's chain, the pH of the solution, and the 

nature of the electrolytes present. 57 
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1.5.3.4. Protein adsorption 

Proteins are a class of polymers that will be important in this thesis. The 

adsorption of proteins on siliceous surfaces is very complex. The diversity of protein 

functional groups and its multiconstituent structure give it peculiar position among the 

different classes of adsorbates. Protein adsorption can involve hydrogen bonding with 

OH, NH or COOH groups; ionic bonding can take place between charged sites on the 

surface and the charged quaternary ammonium cations found in some proteins; and, 

finally, hydrophobic bonding through the hydrophobic segments found in some proteins 

can occur with the surface. It was shown that proteins are adsorbed within sharp pH 

limits. For albumin, it was found the optimum pH to be 5, while it was 6 for y-globulin. It 

was also found that proteins eluted from silica at sharply defined pH of about 7.5 and 8 

for albumin andy-globulin, respectively. 

In more recent work, it was shown that the adsorption of bovine serum albumin 

BSA to silicon oxide surface is strongly dependent on the pH value; as the pH shifted 

away from the isoelectric point, the adsorption is reduced. It was also shown that the 

adsorption was irreversible; that is, the desorption of protein was unachievable by 

dilution. However, the adsorption was reversible with respect to solution pH at low BSA 

concentrations only. 58 In other words, desorption of protein can be achieved by changing 

the pH of dilute solutions. At high pH values, the negative charges that develop on the 

surface lead predominately to ionic bonding, while at low pH, hydrophobic bonding is 

expected to take place. This was shown in an interesting experiment59 that compared the 

adsorption of protein from aqueous solution of pH 3 on three different macro porous silica 
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gels: fully hydroxylated, dehydroxylated by calcination at 750°C, and hydrophobed by 

trimethylchlorosilane. It was found that the adsorption on the chemically modified silica 

gel was the strongest while it was the weakest on the hydroxylated silica. With seven 

proteins (lysozyme, ribonuclease A, pepsin, lactoalbumin, ovalbumin, human serum 

albumin andy-globulin), it was found that desorption is complete when the hydroxylated 

silica was treated with 20% isopropanol solution for all of the proteins expect ovalbumin 

(90% desorption). In the case of dehydroxylated silica gel, three of these proteins only 

partially desorbed (lactoalbumin, ovalbumin andy-globulin). In case oftrimethylsilylated 

silica, the same three proteins demonstrated the smallest degree of desorption. 

The deposition of albumin on a quartz surface at different potentials was 

examined using cyclic voltammetry and a quartz crystal microbalance.60 The experiment 

demonstrated the dependence of the adsorption process on the potential of the electrode; 

the adsorption was highly accelerated by the application of positive potential to the 

electrode, indicating an electrostatic interaction between the positively polarized 

electrode and the negatively charged albumin molecules. It was also found that the 

adsorption of the albumin on the electrode is irreversible, as the dilution of the solution 

did not lead to desorption of protein molecules. As noted above with pH changes, protein 

can be desorbed from dilute solution by shifting the charge of the electrode to the 

negative direction. 

The adsorption of proteins on siliceous surfaces is inevitable. Discussions of 

protein adsorption must consider not only the deposition of native protein, but also 

denatured proteins that frequently bind more tightly to the surface. Improved binding of 



denatured proteins that frequently bind more tightly to the surface. Improved binding of 

the denatured protein can be understood in tenns of the multiple binding sites on the 

siliceous surface that can interact with the protein through different types of attractive 

forces, hence facilitating the flattening of the protein molecule on the surface. AB a 

consequence, the hydrogen-bonding coiled configuration of the protein is destroyed, 

usually irreversibly. 

1.5.3.5. Methods for siliceous surface modification 

26 

Although there are several methods of surface modification, we focus here on two 

major categories, which are differentiated by the nature of the bond created between the 

surface and the grafted alkyl group. The first category involves the formation of a surface 

Si-0-C bond sequence; the second a surface Si-0-Si sequence using silane coupling 

agents (see below). The former bonds can be fonned by the direct condensation of an 

alcohol or acid with the silica surface (Figure 4). 
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Figure 4 Modification of siliceous surface using octanol 

These reactions can only be performed at high temperatures (250°C) in an 

autoclave or under reflux at temperatures in excess of 150°C. It was shown that the 
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structure of different isomers could affect the rate of the process, and the activity 

decreases in the order normaL iso, neo and tertiary.61 Such changes were found to render 

the hydrophilic surface of the silica hydrophobic, as discovered by Iler.62 

The stability of these alkoxysilane surfaces was found to increase as the coverage 

of the surface by hydrocarbon groups approaches the close-packed state. In this case, no 

underlying silanol groups that can promote water adsorption are exposed, which 

minimizes or prevents hydrolysis. If such criteria are achieved, the coating becomes 

extremely stable to hydrolysis.63 

1.5.4. Silane coupling agents in surface modification 

Silane coupling agents are widely used to modify a wide variety of surfaces 

including metals, metal oxides, wood, and organic polymers.64 More important than any 

of these, however, is the modification of silica and other siliceous surfaces. They were 

initially developed to improve bonding of organic resins to mineral surfaces. Thus, the 

first silane coupling agents contained organofunctional groups that could be used to link 

silica to organic resins. 64 

Theoretically, dispersion forces can work effectively to bind organic resins 

(polymers) to the oxide surface, if complete65 "wetting" were achieved between the resin 

and substrate. However, in practice the resin has to compete with contaminants and 

surface water at the interface. Silanes, especially alkoxysilanes, were used as coupling 

agents, as they utilize surface water to generate silanol groups, which are believed to 

form strong hydrogen ' bonds to the hydroxylated surfaces. In addition, alkoxysilanes 
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themselves can form covalent bonds with the surface by reacting with surface hydroxyl 

groups to form covalent siloxane bonds.65 These changes to surface energy permit 

wetting by hydrophobic materials such as polyesters and other organic polymers. 

The major effect of the surface chemistry of the modified surface is indeed the 

nature of the alkyl or functional alkyl group bound to the silane coupling agent. 

Depending on the chemical and physical properties of alkyl group, the surface response 

to the surrounding environment can be greatly controlled. Film thickness, polarity, 

permeability, electrostatic charge, and wetting properties may be controlled by proper 

choice of the alkyl group. It is furthermore possible to use functional gr_oups that can also 

chemically graft, by radical or ionic means. Silane coupling agents thus permit surface 

characteristics and thus adhesion of other materials to be controlled. 

Silane coupling agents typically have the structures R3SiX, R2SiX2, and RSiX3 

(where X = Cl, MeO, EtO, etc.) can react with the silanol groups on the surface to form a 

physisorbed or chemisorbed layer of organosilyl groups (Figure 5). 
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Figure 5 Applying silane coupling agents from organic solvent to modify the surface. 

There is, however, evidence that efficient surface modification can also occur 

with adsorbed water, without the necessity to invoke a direct coupling agent/surface 

Koenig and Shih67 showed using Raman spectroscopy (absorption at 788 em·• 

compared to 783 em·• for the siloxane homopolymer) that vinyltriethoxysilane (VTES), 

for instance, condensed with the glass surface via a covalent siloxane bond across the 

interface. It was further demonstrated that the reaction was reversible when the surface 

was boiled in water (after drying ll0°C, the siloxane bond absorption line at 788 em·• 

was restored). 

Alkoxysilanes are generally more useful coupling agents than the corresponding 

chlorosilanes as a cqnsequence of the by-products of the reaction. In case of 
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alkoxysilanes, the by-product of the reaction is an alcohol (typically ethanol or 

methanol), which can be easily evaporated. This is not the case of chlorosilanes that leads 

to the formation of the undesirable by-product hydrochloric acid, especially in industry 

(Scheme 1). 
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Scheme 1: Surface modification of silica using chlorosilane. 

1.6. UV Disinfection of Water 
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UV irradiation has been adopted as a reliable, environmentally safe tool for water 

disinfection. UV radiation was recognized earlier this century for its fatal effect on living 

organisms in water.33 While chemical agents, such as chlorine, chlorine dioxide, sodium 

chlorate, sodium chlorite and ozone are still used for water disinfection, UV radiation 

disinfection has the advantage of avoiding potentially harmful by-products. In chemical 

disinfection, these by-products (known in the water treatment field as disinfection by 

products DBPs) can impact the public health. 
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Figure 6 Simplified diagram for UV wastewater disinfection system. 

The benefits of UV disinfection, however, are limited by some practical 

considerations. Fouling, particularly from (very dirty) wastewater streams is frequently 

very efficient, which compromises the disinfection efficiency. Thus, there is a need to 

develop an understanding of fouling processes from wastewater, particularly in the 

presence of UV light. Very little is known about such fouling processes on bare quartz. 

Similarly, the ability of silane coupling agents to mitigate fouling in the presence of UV 

light was almost unexplored. 

1.7. Objectives 
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In this thesis, our objectives are to better understand the chemistry of quartz 

surfaces, particularly in the presence of UV light. We have chosen to utilize the fouling 

as a metre by which we can measure the chemical changes at the interface. Therefore, in 

Chapter 2 we examine fouling phenomena on quartz surface by using model fouling 

system that was built tp miinic the actual wastewater fouling both in the dark and in the 
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presence of UV light. In Chapter 3, based on the assumption that hydrophobic surfaces 

will foul less, quartz surfaces were modified with commercial coupling agents and those 

we synthesized. The effect of the coupling agent on the magnitude of surface fouling, 

both in the light and the d~k, is examined. Finally, we summarize the relationship 

between the chemistry on the surface to the efficiency of fouling and nature of the fouling 

layer in the light and the dark. An appendix contains some of the experimental conditions 

used for synthesis of the coupling agents and, in the case of a squalene-modified coupling 

agent, some preliminary data on its sensitivity to oxidation. 
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2. The Role of UV Light in the Fouling of Quartz Sleeves Useq in 
Water Disinfection 

2.1. Abstract 

Wastewater disinfection using UV light is often compromised by fouling of the 

UV-lamp surface. To determine the most significant parameters in the fouling process, 

quartz surfaces were fouled by model fouling solutions containing individually or as 

mixtures Fe3+, Ca2
+, human serum albumin and humic acid. The most significant fouling 

was observed in solutions containing iron and protein; calcium exacerbated such fouling. 

The fouling could be reduced by aging the solution before exposing it to the quartz 

surface. The flow rate was also found to affect the fouling: very low and very high flow 

rates were acco.mpanied by less fouling than intermediate rates. The most important 

observation was that the magnitude of the fouling was shown to be significantly less 

when the fouling took place in the presence of UV light. Fouling layers of different 

elemental composition were found on UV -exposed and dark slides. The origins of these 

observations are discussed. 

2.2. Introduction 

Many pundits have begun to claim that the control of fresh water, as its 

availability decreases, is going to be one of the defining elements in the way in which the 

planet develops over the .next decades. Common sense and, increasingly, legal 

requirements are mandating more stringent requirements for water purity both following 
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extraction from the environment, particularly when destined for human consumption, 1•
2 

and prior to reentry to the environment. In the latter case, major challenges continue to 

arise in the purification and disinfection of treated sewage prior to discharge into natural 

water environments. 

Chemical agents, such as chlorine, chlorine dioxide, sodium chlorate, sodium 

chlorite and ozone are frequently used for disinfection during wastewater treatment. 

However, these compounds and their chemical by-products (known in the water 

treatment field as disinfection byproducts DBPs), resulting from their reaction with 

organic and inorganic materials contained in the effluent, can impact the public health 

and must thus be dealt with; an association has been made between DBPs and a negative 

impact on human health.3 

It was recognized earlier this century that UV irradiation can act to disinfect 

harmful, waterborne biological entities.4 The use of UV irradiation avoids the formation 

of chemical DBPs and has been widely adopted as a reliable, environmentally safe tool 

for water disinfection. UV systems typically contain an intense light source in a quartz 

sleeve, across or along which the water flows at relatively high speed. One practical 

problem associated with UV disinfection, in certain classes of waters, is the attendant 

fouling of the quartz sleeve, which reduces light transmission and thus disinfection 

efficiency. 

In this work, we focus on trying to better understand fouling phenomena on quartz 

surfaces in aqueous solutions. To do so, using a model fouling reactor and fouling 

solution, several parameters were examined: the interdependency of different foulants on 
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total fouling,5
•
6 the composition of the resulting fouled layer, the presence or absence of 

UV light, the age of the fouling solution and the flow rate. We note that there are other 

factors that can be expected to affect the rate and magnitude of fouling such as pH, 

temperature, and surface roughness. In the following work, the latter variables were held 

constant. From these studies, it should be possible to develop a model that will allow a 

prediction of the types of anti-fouling protocols that should be utilized at the different 

waters found at different treatment sites (it is known that fouling varies widely from site 

to site). By doing so, we hope to be able to extend the effective lifetime of the quartz 

surface, reduce the efficiency of fouling, and minimize the necessity for surface cleaning 

and the attendant costs. 

2.3. Experimental section 

2.3.1. Chemicals 

Human serum albumin (HSA, Sigma), humic acid (Aldrich), ferric chloride 

hexahydrate FeCh·6H20 (BDH), calcium chloride dihydrate CaClz·2H20 (Fisher 

Chemicals), sodium hydroxide (BDH) and hydrochloric acid (BDH) were used without 

further purification. MilliQ water (distilled deionized water) was used to prepare the 

solution for each experiment (15 litres for each). The pH of each fouling solution was 

adjusted to pH 7 only at the beginning of the experiment using sodium hydroxide solution 

(1. 0 M NaOH) or hydrochloric acid solution (1. 0 M HCl). 
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The magnitude of fouling was determined on standard quartz microscope slides 

obtained from PS~ Supplies. They mimic the fused quartz sleeves on commercial UV 

lamps used in water disinfection.7 All slides initially had at least 85% UV transmittance 

at 254nm. Prior to use, slides were dipped in 5M hydrochloric acid solution for at least 2 

days, then cleaned thoroughly with distilled water and acetone, followed by a 20 min 

cleaning period using Argon plasma glow discharge system Picotron ™ (Park Dental 

Research Corp.) just before the launch of the experiment. The slides were removed from 

the plasma cleaning system to clean glass containers and then directly transferred to the 

reactor. Typical contact angles for the cleaned slides were in the range 2-3° using 

deionized distilled water (milliQ water). Contact angle measurements were carried out 

using an NRL contact angle goniometer (model 100-00), manufactured by Rame Hart 

Inc. 

2.3.2. Equipment 

2.3.2.1. Fouling Reactor 

Fouling experiments were carried out using a special reactor designed and 

provided by Trojan Technologies (Figure 7). The reactor consisted of two adjacent 

channels of 103 em length and 5 em width, with one common inlet from which the 

solution streams diverge to provide each channel with an equal amount of fouling 

solution. The height of the fluid stream over the bottom surface of the reactor was 

adjusted and measured to be -1.4 em. At the terminus of one channeL a low pressure UV 

lamp with a primary output at 254 nm was mounted about 7 em above the surface of the 
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fouling solution to illuminate the solution in this region (labeled the UV zone). The lamp 

was kept above the water to eliminate any thermal effects of the lamp (along the heated 

surface) and to maintain a constant amount of UV radiation to the surface to be fouled; as 

the surface of the UV lamp is not in contact with the fouling solution, fouling on the lamp 

surface is avoided. 

UVlamp 

UVarea 

Solutunt 

Figure 7: Fouling Reactor 

A B C D E 

B' C' D' E' 

Reserwir 
(15L) 

MagMtlc stirrer 

Quartz slides (coupons, see below) were laid at the bottom of the channel in 

certain cavities at specific positions (A/ A'-E!E', Figure 7). The exposed top surface of the 

slide was flush with the bottom of the reactor such that the fouling surface traversed as 

planar a surface as possible to minimize turbulent flow. Cavities not filled with quartz 



44 

sample coupons were filled with aluminum coupons. Each quartz slide exposed in the UV 

zone was twinned with another slide at the same position in the dark (e.g .. B (dark) 

against B' (UV), Figure 7). In all cases, the slides were placed in positions closest to the 

reactor outlets, where the flow was the least turbulent. The flow rate was set at - 140 

mUmin in each channel using the flow rate control knob of the pump and flow level 

knob in the reactor. This flow rate was used in all experiments. A magnetic stirrer was 

used to stir the 15 litre solution reservoir. A thennostatted water bath adjusted the 

temperature of the solution to 32 oc for all experiments. 

2.3.2.2. Fouling Protocol: Measuring UV Transmittance 

The UV transmittance of the quartz slides was measured using Varian Cary-300 

and Cary-50 instruments, respectively. The transmittance of each clean quartz slide over 

340-200 nm was taken as a reference line to which all successive measurements were 

normalized. Each slide was removed at certain times from the reactor then gently dipped 

in MilliQ water to remove the unbound fouling solution; the pH of the solution was noted 

when slides were removed. The slides were left to dry for about five minutes (until fluid 

water could no longer be seen) at room temperature, examined by the UV instrument 

using a special slide holder designed to fit the microscopic slide inside the Cary 

instrument, then placed ba~k in their original positions in the reactor. 

The transmittance of each slide was scanned over the range of 340-200 nm. This 

facilitates the comparison of different slides; the different foulants used in these 

experiments absorb over various UV ranges. The magnitude of the transmittance at 254 

was used to quantitate fouling: the average of 8 positions over 2 slides was taken for each 
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side. The transmittance at 254 run was used because it is an efficient wavelength at which 

UV light disinfects water and it is the primary wavelength used in commercial U:V lamps. 

Microscope images of some of the fouled slides were obtained using an optical 

microscope (Carl Zeiss Axiovert 25 CA, Empix Imaging Inc.). After removal from the 

reactor, the slides were allowed to dry at the end of the experiments at ambient 

temperature and kept in a capped glass container (-3-4 weeks) until they were imaged. 

The images were obtained in the polarized inverse (reflected) mode in the dark field. 

2.3.2.3. X-ray Photoelectron Spectroscopy (XPS) of Fouled Surfaces 

Quartz surfaces fouled with the quaternary mixture (see below) were 

characterized by XPS (Leybold MAX 200 XPS). Slides were broken/cut into pieces less 

than 1 cm2
• Unmonochromatized AI Ka (15 kV and 25 rnA) X-ray radiation was used as 

the excitation source. Features in the resultant low resolution spectra due to excitation 

from the weaker X-ray satellite lines, which are also present in the non-monochromatic 

source, were subtracted by use of an algorithm supplied with the instrument.8 Atomic 

percentages of the elements present were derived from spectra run in a low-resolution 

mode (pass energy=l92 eV), which were normalized to unit transmission of the electron 

spectrometer by means of a routine provided by the manufacturer.9 The sensitivity factors 

used (0 Is = 0.78, N ls = 0.54, C ls = 0.34, Si 2p =0.40) were empirically derived by 

Leybold for the normalized spectra. Binding energies and peak areas were obtained by 

the use of the standard provided with the spectrometer. The energy scale of the 

spectrometer was calibrated to the Cu 2p312 (932.7 eV) and Cu 3p (75.1 eV) peaks, 
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respectively, and the binding energy scale was then shifted to place the C ls feature 

present at 285.0 eV.10 Large-area analysis (2x4 mm or 4x7 mm) was performed so that 

exposure of the samples to the X-ray would be minimized, while sufficient signal to noise 

ratios could be obtained for the spectral features. 

2.3.2.4. Foulants Examined 

Four foulants were examined individually and in combination (reasons for choosing these 

specific compounds are noted in the results section). The solution concentrations used for 

each chemical foulant were a compromise between the concentrations of analogous 

reagents in natural waters and the expediency of the experiment. It was initially necessary 

to ensure that the instruments to be utilized for analysis were sufficiently sensitive for the 

experiments. Thus, the first set of experiments used concentrations of Fe3
+ and Ca2

+ 

comparable to the maximum levels normally found in wastewater treatment plants. 

Subsequent experiments were done with the much lower concentrations found in most 

treated waters.11 There are no reference concentrations in natural waters for humic acid 

and HSA specifically, so a balance was made between sensitivity of the instrument and 

the use of a reasonable amount of the chemical agent, based on total organics found in 

treated waters. The concentration of chemical agents in each experiment and the duration 

time of each experiment are listed in (Table 1). 
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Table 1: Foulants Used in Fouling Experiments 

Dura-
Exp Fe3+ Ca2+ Humic acid HSA 

Fouling agents tion 
(mg!L) (mg!L) (mg!L) (mg!L) 

(days) 

1 Fe+ 6 10 

2 Ca2+ 6 140 

3 Humic acid 6 50 

Human serum albumin 
4 6 100 

(HSA) 

5 Fe3+1 Ca2+ 7 10 140 

6 Fe3+1 Humic acid 6 10 50 

7 Fe3+1 HSA . 7 10 100 

8 Fe3+1 HSA 6 5 50 

9 Fe3+1 HSA I Ca2+ 6 5 100 50 

10 Fe3+ I HSA I Humic acid 6 5 50 50 

Fe3+ I Ca2+ I HSA I Humic 
11 7 5 100 50 50 

acid 

13 Fe3+ (High flow rate) 4 10 

Fe3+1 Ca2+1 HSA I Humic 
14 4 5 100 50 50 

acid (aging) 
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2.4. Results 

Model fouling solutions were created from mixtures of up to four contaminants: 

iron, calcium, humic acid and human serum albumin (HSA). Iron was chosen because it 

is often found in natural waters, it is commonly used as a flocculating agent in waste 

treatment plants, and, moreover, because of its (problematic) ability to absorb UV light. 12 

Calcium was selected because it is a known variable in fresh waters (hardness) and 

because multivalent ions such as calcium and iron are able to act as bridge/crosslinking 

sites between hydrophilic organic functional groups such as carboxylic acids. 13 A typical 

surface-active protein, HSA, was chosen because materials of this type are typical 

constituents of biological broths derived from lyzed cells. Finally, humic acid compounds 

are well known as constituents of natural water, and can be found in soil as well. Humic 

acids can bind Iiietals and act as detergents.11 We were intrigued to learn whether such 

surfactant-like molecules mitigate fouling on quartz surfaces. 

In the following sections, fouling experiments involving the four contaminants, 

individually and in mixtures, are described. Quartz slides were fouled in two separate 

streams, one of which was subjected to UV light (Figure 7). The degree of fouling was 

judged by changes in light transmission through the quartz slide at 254 nm, and fouling 

on the analogous .. UV" and .. dark" slides were compared. Experiments were carried out 

over several days, with changes in transmission through the slide measured 

approximately each 24 hours. 
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2.4.1. Fouling Experiments 

2.4.1.1. Individual Contaminants 

Quartz slides were exposed to each one of the four foulants; the loss of UV transmission 

in all cases can be seen in Figure 8. In all the Figures, thick lines refer to slides that were 

not exposed to UV light and thin lines to UV -exposed samples. Several factors are 

noteworthy: i) fouling was always more pronounced in the absence of UV light; ii) of the 

two ions, Fe3
+ is much more opaque to UV light at the concentrations used than Ca2

+ -

indeed, Ca2
+ is not a significant contributor to loss of UV transmission; and, iii) protein is 

a more severe foulant than humic acid at the concentrations used. The relationship 

between the magnitude of fouling with mixtures of foulants will comprise much of the 

remainder of the results section. 



50 

?fl. 100 
Q) 
u 90 c 
cu 

80 = E 70 en 
c 
t! 60 .... 

- Fe+3 

-a- C a+ 2 [U V J 

- Fe+ 3/C a+ 2 

- ~Ue ~ ~ [ d a r k] 

-ca+2 [dark] 
~----------------~0 100 1 5 0 

A 
Time (Hours) 

100 ~w••••••·""•"•W••-•"•"·•·••·""· .. wN .. •n•w._ .•• ~·-·"-'•···~•.w•••-· ._,,_.._,__ "'·~·-·-·---:;;; ... ·; 

90 r-.. l ._,.., ' 

80 

';II. 70 
Ill 60 g 
E 50 
E - 40 c 

~ I 
~ ~ 

J. l 
-e- Protein HSA [UV] 

I! 
1- 30 

--H urn ic acid [UV] 

20 

1 0 

- Protein H SA [dark] 

-Humic acid [dark] I 
0 

0 50 1 0 0 150 

B Time (Hours) 

Figure 8: Individual fouling experiments in the presence and absence of UV light 

using A: Fe3+ (10 mg!L), Ca2+ (140 mg!L), and B: HSA (100 mg/L) and humic acid 

(50mg!L). 

2.4.1.2. Mixtures of Foulants 

HSA and Fe3
+ led to the largest decrease in UV transmission of the individual 

foulants tested. Various binary mixtures of each of these compounds with the other 
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foulants were first examined, followed by ternary and quaternary mixtures. The decrease 

in transmission was very severe at higher concentrations of iron and HSA Therefore, 

some of these experiments were reproduced at lower concentrations. The results include: 

Fe3
+ (10 mg!L) + Ca2

+ (140 mg!L) (Figure 8A); Fe3
+ (10 mg/L) + humic acid (50 mg/L) 

(Figure 9A); Fe3
+ (5 mg!L) + HSA (50 mg!L) (Figure 9B); ternary and quaternary 

mixtures of Fe3
+ (5 mg!L), HSA (50 mg/L), humic acid (50 mg/L) and Ca2

+ (100 mg/L) 

(Figure 10); a comparison of fouling from "fresh" and "aged" solutions (Figure 15); and, 

fouling as a function of flow rate (Figure 16). 

Several features are apparent from comparing these graphs. The most significant 

observation is that fouling in the dark is always more problematic than in the UV­

exposed samples, as determined by a reduction in transmittance. Other observations are 

noted on a mixture by mixture basis: i) Fl+ and ol+: The graph indicates that fouling 

caused by Fe3
+ I Ca2

+ mixture solution was less than that caused by Fe3
+ solution alone 

(Figure 8). That is, when examining only these two foulants, the calcium mitigates 

fouling by iron; ii) Fl+ and humic acid: When examined in this binary mixture, humic 

acid leads to a reduction of fouling by iron in both the UV and dark regions (Figure 9); 

and, iii) Fe3
+ and HSA: The presence of HSA amplifies significantly the fouling of the 

quartz slide. In this case, at the concentrations used (Fe3
+ 10 mg!L, HSA 100 mg/L), 

fouling is so severe that the slide became almost opaque, irrespective of the presence of 

UV light. The experiment was . thus repeated at lower concentrations by half and 

demonstrated the expected correlation between fouling efficiency and foulant 

concentration (Figure 9B). 
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Figure 9: Fe3+ (10 mg/L) and A: Humic acid (50 mg/L); B: HSA (50mg/L). 

Ternary and Quaternary Mixtures: These experiments move a step closer to the 

actual fouling process by incorporating representative examples of all common types of 
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foulants found in waste streams. The comparison of two ternary mixtures: Fe3+, Ca2
+ and 

HSA ; and Fe3+, HSA and humic acid; and the quaternary mixture Fe3
+, Ca2

+, HSA and 

humic acid suggests that humic acid, as noted above, mitigates fouling both in the UV 

and dark regions. By contrast, Ca2
+ exacerbates fouling from these mixtures. As before, 

the presence of UV is an important factor in reducing fouling (Figure 10). Unlike the 

simple mixture of iron and calcium, the effect of calcium is overpowered by the effect of 

protein in these more complex mixtures. 

In many of the fouling mixtures containing both iron and HSA, a temporal trend 

for fouling is observed that is quite different from the other mixtures. There is a decrease 

to a minimum transmittance at about 24 hours, following which the UV transmittance 

improves. This phenomenon will be discussed below . 
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Figure 10: Ternary and quaternary mixtures of Fe3+ (5 mg/L), HSA (50 mg!L), 

humic acid (50 mg/L) and Ca2+ (100 mg/L) 



54 

2.4.2. Visualization of Fouled Slides 

In addition to determining the factors important in the evolution of fouling on 

quartz in wastewater treatment under intense UV irradiation, an ancillary objective was to 

determine if any factors associated with the fouling broth facilitate the cleaning of the 

quartz slide: cleaning is frequently a .. necessary evil" in actual waste water disinfection 

using UV irradiation. 7 Optical microscopy of some selected fouled slides, using dark field 

microscopy, shed some light on the level of adhesion of the fouling layer to the quartz. 

The magnitude of fouling can be judged by two criteria: total light transmission which 

reflects the magnitude of fouling, and defects in the fouling that, as described below, may 

reflect adhesion of the fouling layer to the quartz and, thus, ease of cleaning. 

A comparison of light transmission, by optical microscopy, was undertaken of the 

quartz slides fouled by the Fe3+/Ca2+ mixture. As seen in Figure 11, the fouling layer is 

thicker in the absence of UV irradiation (less black area); patchy, particulate islands of 

foulant characterized the UV-irradiated slide. The iron/humic acid mixture showed more 

fouling than Fe3+/Ca2+, although it was also of a particulate nature (Figure 12). The iron I 

HSA mixture was much more heavily fouled in both the UV and dark slides, the latter 

were completely obscured (Figure 13) with a thick coherent film; the UV slide, while 

heavily fouled, had both transparent and translucent areas. The particulate nature of the 

other mixtures noted is not seen, suggesting a very different foulant lies on the surface. 

Quaternary mixtures behaved in a similar manner (figures not shown). 
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A 

B 

Figure 11: Fe +l /Ca +2 A: in the dark and B: UV 
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Figure 12: Fe3
+ /humic acid A: in the dark and B: under UV 
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B~ ............ --~__;,""'"""',____,;;.,...,........,,~;,:;.a 

Figure 13: Fe3
+ (10 mg!L) I HSA (100mg!L) A: in the dark and B: UV 

2.4.3. Characterization of Fouled Slides 

X-ray photoelectron spectroscopy was used to provide some insight regarding the 

chemical nature of the fouling on the dark and UV-exposed slides. Slides fouled by the 

quaternary mixture (Fe/Ca/humic acid/HSA) in the dark and exposed to UV were shown 

to be quite distinct in their fouling patterns. The fouling layer on the UV slide was 
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sufficiently thin (XPS penetrates about 70-100AI4
) that the underlying silicon signal from 

Si02 could be seen (41atom% SiOz present). By contrast, the dark slide showed only a 

small quantity of silicon, indicating the thickness of the fouling layer was almost at the 

maximum penetration depth of the instrument (?atom% SiOz). To more easily compare 

the nature of the two films, the results were normalized to 100% after removing 

contributions from SiOz (Figure 14). Two features are immediately apparent: there is 

much more nitrogen (attributed to the protein) on the dark slides and much more iron on 

the UV slides in both an absolute and relative sense. This indicates very different fouling 

films in the two cases. In both cases, there remains significant amounts of both carbon 

and oxygen, which may be attributed to humic acid constituents. 
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Figure 14: Raw and Normalized (norm) XPS data from dark and UV-exposed 

Quartz Slides Exposed to the Quarternary Mixture (Fe/Calhumic acid/HSA). 
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2.4.3.1. Aged Solution Experiment 

A minimum in UV transmittance through slides was observed after about 24 

hours in solutions that contained both proteins and iron (e.g., Figure 10). The subsequent 

improvement in transmittance could arise from sloughing of the fouling layer from the 

substrate, a change in the nature of the fouling solution as a function of age or a change in 

the surface-bound layer. In an attempt to discriminate between these possibilities, a 

comparison was made between the fouling of a fresh solution of Fe3
+ I HSA I Ca +2 I 

humic acid and an identical solution that had been aged a day before coming in contact 

with the quartz. It can be clearly seen from Figure 15 that the older solution fouled to a 

significantly lower degree. 
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Figure 15: Fouling of quartz by an Fe/Calhumic acid!HSA mixture as a function of 

fouling solution age 
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2.4.4. Effect on of Flow Rates on Fouling 

The final parameter to be examined in the study of fouling was the flow rate of 

the solution. Typically, wastewater streams have a relatively high velocity 

(approximately 0.1-1 rnls15
), such that the exposure time of the sample to the disinfecting 

UV light is approximately 1-10 s. To examine the effect of flow rate, experiments were 

conducted at three different velocities in the reactor: 0 mL/min, 140 mllmin and 500 

mL/min. These data demonstrated that fouling is reduced at stagnant and higher flow 

rates (500 mL/min, which corresponds to approximately 1.2xl0-2 rnls), but is much worse 

at 140 mL!min (~3.3x10-3 rnls). This clearly points to an optimal flow rate at which 

fouling is minimized, either in the presence of UV light of the dark. 
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Figure 16: Fouling by several different foulants fouling at solution in two different 

flow rates 
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2.5. Discussion 

Fe3
+ is well known to those who disinfect wastewater by UV to be a problematic 

foulant due to its opacity to UV light. In this work, the deposition on quartz of iron and 

three other typical fouling agents was studied individually and in combination. 

Individually, neither calcium nor humic acid compounds were significant fouling 

problems, at least when judged by UV transmittance through the quartz slide at 254 nm; 

both can act to mitigate fouling by other contaminants. By contrast, HSA and particularly 

iron foul significantly in their own right and work cooperatively to facilitate deposition 

on the quartz surface. In the following discussion, several of the results above will be 

examined in tum. These include consideration of the interplay between foulants that 

facilitates fouling, the nature of the fouling layer, the events leading to fouling and 

fmally, of most importance, we examine the role ofUV light in reducing the fouling. 

Iron oxide forms a slimy, adhesive film on surfaces, including quartz. This is 

difficult to remove mechanically when hydrated, and extremely difficult to remove once 

the film has dried.16 Chemical means may be used to clean iron-fouled surfaces in 

practice. 17 Due to the high extinction coefficient of iron and iron oxides, the quartz 

surface dramatically reduces disinfection ability in wastewater treatment by UV as seen 

in Figure 8. 

Proteins, particularly globular proteins such as albumin, are surface active 

materials. Removal of protein films is frequently more difficult once denaturation has 

occurred because of fav.orabie protein/surface interactions. 18 The relatively minor loss of 



62 

transmittance through protein-fouled surfaces may be ascribed to the surface adsorption 

by the UV-active moieties, such as tryptophan, in the protein (Figure 8). 

2.5.1. Mitigating Effect of Cal+ in Fe3
+ I Ca2

+ Mixtures 

The level of fouling caused by the Fe3+ I Ca2+ mixture solution was found to be 

less than that caused by Fe3
+ solution alone. Furthermore, the deposition on the surface 

consisted of small particulate domains (Figure 11). In crystallization fouling, it is known 

that pure salts usually form hard, compact deposits that bind tightly to the surface, while 

mixture of salts usually form soft and removable layers of the deposited materials. 19 This 

may be attributed to "primary heterogeneous nucleation," a process in which spontaneous 

nucleation is readily achieved in the presence of trace impurities leading to the formation 

of small crystals instead of large crystals. Due to their larger surface area, the small 

crystals are more soluble. In addition, the presence of small crystals may favor 

"secondary heterogeneous nucleation",20 a process that usually takes place whenever 

fluid shear conditions exist. Under such conditions, the fouling mechanism can change to 

particulate (crystals) deposition rather than crystallization; crystal to crystal and crystal to 

surface collisions can take place, leading to more weakly bound deposits. 

2.5.2. Interactions of Humic Acid with Multivalent Ions Including Iron and 

Calcium 

Humic acid is an ill-defmed mixture of oxygenated organic materials. The 

carboxylate groups in humic acid can behave as ligands to multivalent metals that act as 

bridges.13
•
21 Thus, as wjth the proteins (see below), high molecular weight aggregates 
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held together by iron ions or complexes can deposit on the quartz films. Because of the 

chelation of the humic acid, the iron is unable to form coherent iron oxide films. · 

Humic acid is also able to form ''pseudomicelles" similar to those formed by 

synthetic detergents, 22 having non-pol~ cores and polar surfaces that make them water 

compatible. Such micelles can have detergent-like behavior at concentrations as low as 5-

10 ppm. Due to variations in molecular size and composition of humic acids, a broad 

dispersity in micelle size and properties is generally observed. These micelles, and the 

humic constituents, compete with iron for the available surface area on the quartz slide. 

This can mitigate fouling by changing the effective character of the deposition surface, 

interfering with the coherence of an iron oxide film and providing a surface-active 

underlayer that facilitates removal of iron oxide films by mechanicaVchemical means 

(Scheme 2); fouled materials can slough off the surface. The small particulate nature of 

the fouling deposit, clearly seen in Figure 12, is consistent with deposition and partial 

loss of humic acid/Fe aggregates, but is not consistent with a homogenous coherent ftlm 

of iron oxide bridged by humic acid. 
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Humic acid J 

· -

Scheme 2: Models of humic acid interaction with the quartz surface/fouling layer. 

2.5.3. Complementary Interactions of Fe3+ and HSA 

Proteins possess a variety of ligands ( carboxylates, thiols, imidazole groups) that 

can bind effectively to multivalent ions such as Fe3
+. It is, therefore, not unexpected to 

see enhanced fouling, as judged by opacity of the fouling layer to 254 nm light, over their 

individual fouling behaviors, when Fe3+ and HSA are mixed together. In the dark zone, 

the deposition of the material was quite heavy. Thick coherent films, rather than small, 

unassociated particulates, characterize the fouling. The differences in the presence of UV 

light, both the magnitude (Figure 9, Figure 10) and nature of fouling (Figure 13), are 

discussed below. 
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2.5.4. Fe/HSA/humic acid 

When humic acid is added to the iron/protein solution, its ligand character is 

manifested more than its surfactant behavior: fouling is exacerbated in both UV and dark 

films (Figure 1 0). Even thicker coherent films formed when humic acid was added to the 

Fe+3/protein mixture, especially in the dark zone. The addition of calcium, another 

multivalent metal, in ternary or quaternary mixtures similarly aggravates fouling in both 

the UV and dark zones. In both cases, this is consistent with metals bridging the 

biopolymers. This facilitates aggregation of protein and humic acids in solution, their 

deposition on the surface, and leads to an improved stability of the resulting biofilm 

(Figure 10).23
•
24 

While it is true that chelation would take place between protein molecules and the 

metal ions, still though the process of binding through ligand formation can take place as 

well and this will enhance the aggregation of the biopolymer molecules in generaL 

2.5.5. Nature of the Fouling Layer 

The UV transmittance data through the slides (Figure 8-Figure 13) provides a 

single value that provides no molecular insight into the nature of the fouling layer. The 

_XPS data is more revealing. With a take-off angle of 90°, XPS can measure the top 70-

lOOA of a surface!4 It is apparent from the data shown in Figure 14 that much less silicon 

from the underlying quartz is observed in "dark" slides than the UV -exposed slides; this 

is consistent with much thicker layers. 
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The elemental composition of the layers in the dark slides is also quite different 

from the UV-exposed slides. Much more iron is present in the UV-exposed slides in both 

an absolute and relative sense. While both the dark and UV-exposed slides have 

significant quantities of carbon and oxygen, only the dark slides are rich with nitrogen. 

These data are consistent with fouled layers of humic acid and iron in the UV slides and 

both protein and humic acid, bridged with ironr and calcium (where present), on the dark 

slides. 

In the presence of UV light, one must address that fact that protein-containing 

solutions foul more effectively than protein-free solutions, yet the resulting fouling films 

contain very little (protein-derived) nitrogen. One must further account for an enhanced 

absolute quantity of iron on the surface, when compared to the analogous dark slides. 

Finally, one must explain the observation that reduced fouling is associated with the 

Fe3+/lmmic acid mixtures, but that enhanced fouling is observed from Fe3+/Ca2+/humic 

acid/HSA mixtures and that, on the UV slides, the resulting fouling film is mostly 

comprised of iron/humic acid (derivatives). These observations must be associated with 

the mechanism of deposition and/or subsequent reactions that differ between the UV and 

dark slides. 

Iron and humic acid, when present, form complexes that foul the surface. For the 

reasons already noted, simple mixtures of iron and humic acid foul to a relatively low 

degree due to the surfactancy of the humic acid. However, when both protein and iron are 

present, aggregation in solution is followed by deposition on the quartz surface. Humic 

acid, when also present; can further facilitate the formation and deposition of aggregates. 
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In the absence of UV light, complex thick, coherent (Figure 13) biofilms, crosslinked 

with iron and calcium23 (where present), build up. It should be noted that these 

sequestering events lead to prevention of well-defmed iron oxide films or aggregates on 

the surface. These films comprise protein, humic acid, iron and calcium, as shown by 

XPS, but are primarily iron/protein mixtures. 

In the UV -exposed slides, there is little evidence for nitrogen and thus for protein, 

yet the presence of protein greatly facilitates the fouling process. This phenomenon can 

be explained by considering the stability of proteins to UV light. Proteins undergo 

photodegradation,25 leading to the formation of soluble organic fragments. This provides 

a mechanism to account for the near absence of nitrogen on the slides. Once deposited, 

the protein preferentially undergoes photoerosion into smaller, soluble fragments. Their 

departure disrupts the fouling matrix, leaving behind primarily iron and humic acid. The 

sequence of deposition/photoerosion further provides a route to large iron oxide 

aggregates. These account for the higher iron content, yet higher transmittance, found on 

the UV-exposed slides (Figure 14). 

2.5.6. Aging 

UV light is an important factor in reducing the magnitude of fouling as noted 

above. However, other factors are also clearly significant. "Day-old" solutions fouled far 

less efficiently than fresh solutions (Figure 15). Visual inspection the aged solutions 

showed heterogeneous iron oxide particulate of at Jeast 100 microns in diameter. These 
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flocculated particles either don't efficiently deposit on the quartz surface, or are readily 

abraded from the surface by the flow of the solution. 

2.5. 7. Temporal Dependence of Fouling 

Two different fouling profiles were observed with all the slides; either there was a 

continuous decrease in transmittance to some minimum, after which no further fouling 

was noted, or, following a decrease in transmittance, there was an improvement to a new 

plateau (Figure 10). Dark slides, in particular, followed the latter profile after 24-48 

hours, when the foulants included both protein and iron. This temporal dependence can 

be ascribed both to changes in the properties of the fouling solution and to the changes 

that occur on the fouled surface. 

As noted above, aged solutions are able to foul less efficiently than fresh 

solutions. Thus, after approximately 24-36 hours, further fouling does not occur for the 

most part. Indeed, the particulate materials formed may aid in cleaning the surface by 

abrasion. This would account for the increase in transmittance after about a day. In 

addition, amelioration of the fouled surface results from protein degradation. 

The fouling and photodegradation processes operate against each other. Initially, 

with a fresh solution, fouling occurs more rapidly than photodegradation of the fouled 

layer. However, the photodegradation continues to counteract fouling which, with time, 

becomes less efficient as the solution ages. The changeover point, when the 

photodegradation has the upper hand, occurs at about one to two days. While the 

photodegradation can improve the transmittance by removing proteinaceous material, 



69 

apparently it cannot assist in the removal of iron oxides, in spite of the ability of iron to 

undergo photoreduction to more soluble Fe2
+ species. 26

•
27 

2.5.8. Flow Rate 

The fmal factor examined in these studies was the effect of flow rate on fouling. 

The data in Figure 16 demonstrates that there is a fouling "sweet spot". In the absence of 

flow, and at higher flow rates, the magnitude of fouling is much lower that at 

intermediate flow rates. Since the sequence of fouling has not been explicitly determined 

in these studies, one can only speculate the reasons for this dependence on fouling, 

particularly for soluble foulants. For particulate matter, however, these data suggest at 

high flow rates that particulate/surface collisions are too energetic to favor deposition. By 

contrast, at low flow, the electrostatic repulsion of the surface is sufficient to overcome 

attractive forces. Support for this proposition would require a study of deposition as a 

function of solution ionic strength. 

These studies reveal some of the important factors in controlling the fouling of 

quartz surfaces by wastewater. The interaction of protein with iron, exacerbated by 

calcium, leads to the most profound fouling. Such constituents in a fouling solution 

cannot be avoided in practice. However, the studies suggest that design of treatment 

plants should extend, to the extent practically possible, the lifetime of the solution as 

much as possible before exposure to the quartz: aged solutions foul less . .furthermore, 

careful cleaning of the quartz sleeves is required following any "dark" cycle, as such 

surfaces are expected to be extensively fouled. Finally, reactor design must incorporate 
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considerations of flow to avoid the high fouling domain noted above at intermediate flow 

rates. With the information provided above, the control of fouling moves to surface 

cleaning and modification, which forms the basis of the following paper.28 

2.6. Conclusions 

The examination of the deposition on quartz of four prototypical foulants found in 

wastewater surfaces has shown that the interaction of proteins with multivalent metals, 

particularly iron, is the most significant fouling problem for UV wastewater disinfection 

systems: fouling causes dramatic loss of UV transmission through quartz. The presence 

of UV light during the fouling process reduces the magnitude and changes the nature of 

the fouling layer; the deposition of the foulant is much less coherent in the presence of 

UV. This is attributed to the photodegradation of the protein components of the fouling 

layer, which allow for partial recovery of the transmittance. Other contributing factors to 

the magnitude of fouling were shown to be the flow rate, the dependence of which 

follows a parabolic function, and the age of the fouling solution; older solutions foul 

quartz much less severely. 
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3. The Role of Hydrophobic Coatings on Quartz Sleeves in the 
Mitigation of Fouling by Wastewater Streams 

3.1. Abstract 

Wastewater disinfection using UV light is often compromised by fouling of the 

quartz surface of the UV-lamp. To determine if such fouling could be mitigated by low 

energy surfaces, quartz surfaces were rendered hydrophobic using a series of silanes 

based on alkanes, alkenes, fluoroalkanes, and silicones. The modified surfaces were 

fouled with a model fouling solutions containing individually or as mixtures Fe3
+, Ca2

+, 

human serum albumin and humic acid. The most significant fouling was observed in 

solutions containing iron and protein; calcium exacerbated such fouling. Essentially no 

difference between the quartz and modified-quartz slides with respect to the magnitude of 

the fouling, the physical appearance of the fouled surfaces using optical microscopy, nor 

the elemental composition of the fllms by XPS could be observed. However, there was 

lower adhesion, as expected, between the fouling layer and the underlying surface in the 

case of hydrophobically-modified quartz. Extensive cracking of the fouled layer took 

place only on the modified surfaces, which were also more amenable to cleaning by 

pressurized water. These results suggest that while mitigation of fouling by mechanical or 

chemical cleaning is easier with modified surfaces, a reduction in the magnitude of the 

fouling does not accompany such modifications. 
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3.2. Introduction 

UV radiation has been adopted as a reliable, environmentally safe tool for water 

disinfection.• As noted in the accompanying paper,2 one of the practical problems 

associated with water treatment systems of this type is the occurrence of fouling on the 

external surface of the quartz sleeves that surround the UV lamps. Such fouling reduces 

the transmission of light into the water to be treated and, thus, the efficiency of 

disinfection. 

Many types of fouling3
•
4 are known, including crystallization or precipitation 

fouling,5
•
6 particulate fouling, fouling due to chemical reactions, and corrosion fouling. 

The deposition of iron oxide films, which on quartz sleeves are known to be very opaque 

to UV irradiation at the operating wavelength of 254 nm, fall into one or more of these 

classifications. An important additional fouling mechanism in wastewater reactors is 

biofouling, in which biological materials are deposited or grow on surfaces. 7•
8

•
9 These can 

include biomolecules, such as proteins, or living microorganisms including algae, 

bacteria and fungi (microbial fouling) on surfaces.10 Both bio/organic and inorganic 

fouling are problematic in wastewater disinfection by UV. 

In an attempt to minimize fouling phenomena on surfaces, many different 

chemical modification processes have been examined in detail. especially in the case of 

marine fouling. Traditional methods for the mitigation of fouling include lowering the 

surface energy to lilinimize adhesion (using materials such as silicone, li-Is epoxy and 

Teflon,® 11
•
12

), changing the surface potential, 16 or even grafting the surface with biocides 

or polymer layers that: leach biocides,10 such as copper17 or tributyltin compounds!8 to 
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affect the bacterial activity at the interface, which is believed to have a major role in 

biofouling processes.5•
7

•
8
•
19 Clearly, the leaching of biocidal materials from surfaces is not 

a viable option in applications involving water treatment, particularly the treatment of 

drinking water. However, it was of interest to determine if surface modifications that 

change surface activity on quartz surfaces would: i) mitigate fouling on quartz sleeves in 

UV water disinfection systems, and, ii) survive the intense UV irradiation associated with 

these reactors. 

Any study of surface fouling must begin with a clear defmition of the specific 

fouling system and the mechanism of fouling. Both fouling and biofouling processes are 

very sensitive to the nature of the surface, as well as to the chemical and biological 

composition of the solution2
•
8
•
20 that constitutes the liquid phase at this solid/liquid 

interface. They can further depend upon temperature, flow rate, nature of the surface and 

fmally, any specific chemical, biochemical, or physical interactions with the surface. 

In previous work, we examined the fouling of quartz using an artificial fouling 

system containing Fe3+, Ca2+, human serum albumin (HSA) and/or humic acid. The effect 

of UV light on fouling processes was also established and shown to decrease the 

magnitude of fouling. In those studies, the combination of protein and iron was most 

effective at fouling quartz surfaces. In this paper, we extend these studies to organically­

modified quartz surfaces, using the same fouling mixtures. The objectives <'f the study 

were to determine whether such modifications can help reduce fouling and/or facilitate 

cleaning of the quartz surface. 
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3.3. Experimental section 

3.3.1. Surface modification protocol 

A protocol involving three separate stages was developed to reproducibly modify 

the quartz coupons used in the fouling experiments: cleaning of the slide, application of 

the coupling agent or other surface treatment, and, the removal of any excess physically 

bound materials. 

3.3.1.1. Preparation of the Quartz Slides 

Quartz Slides (PS~ Supplies) of at least 85% UV transmittance at 254 nm were 

utilized. Slides were thoroughly cleaned by soaking in 5M hydrochloric acid solution for 

at least 2 days then rinsed thoroughly with distilled water and acetone, followed by 20 

min oxidative cleaning using an Argon plasma glow discharge system Picotron™ (Park 

Dental Research Corp.) immediately before the launch of the experiment. Contact angles 

(sessile drop, water) were recorded after removal from the plasma cleaning system. 

Measurements of the contact angle were carried out using NRL contact angle goniometer 

(modell00-00, Rame Hart Inc.) using deionized distilled water (milliQ water). The slides 

were removed to a clean glass container and transferred to an oven where they were 

heated for 30 min at 110 °C, before being transferred to the modification apparatus. 

Contact angles measured for the clean slides were in the range of2-3°. 

3.3.1.2. Surface Modification by Coupling Agents 

A novel silane coupling agent 10 was prepared as described elsewhere.21 Silane 

coupling agents were applied in a special apparatus designed to maximize coating 

efficiency. 
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The apparatus (Figure 17) was constructed of Pyrex and designed to 

accommodate a standard microscope slide (upper part), with a magnetic stir bar to permit 

stirring during the surface modification process (lower part, Figure 17). The tube, 

containing the quartz slide and solution, was attached to a condenser and solution of the 

silane coupling agent in acetone (- 4 % by weight) was refluxed at 56 oc for 24 h. The 

slide was removed, rinsed with acetone, and then dried in an oven at 110 oc for 3 h. The 

slide was fmally cleaned by Sohxlet extraction using dried cyclohexane under nitrogen 

for 24 h. In case of multi-step modifications, such as hydrosilylation of a vinylsilane­

modified surface (see next section), an additional Sohxlet step was used at each reaction 

step. Contact angles were measured for all the modified slide-s. 

For the modification by Teflon®, drops of Teflon® AF 1601S (an amorphous 

fluoropolymer based on 2,2-bis(trifluoromethyl-4,5-difluoro-1,3-dioxole) were wiped on 

the clean slide surface, after which the slide was incubated at 100 oc for 20 min and at 

200 oc for a further 20 min. 

3.3.2. Silicones Crosslinked on the Surface 

For multiple-step modifications, the quartz slide was first refluxed in a -4% 

solution of a small functional coupling agent, vinyltriethoxysilane (VTES) or 

vinyltrimethoxysilane (VTMS) in acetone for 24 h at 56 oc followed by Soxhlet 

extraction. In the second step, the surface-bound double bond was hydrosilylated in the 

usual apparatus with 4 wt% of the Si-R-containing silicone and 1-2 drops of Karstedt's 

catalyst (Pt divinyltetramethyl-disiloxane complex, Gelest) in either hexane or pentane, 

previously dried over ,anhydrous MgS04. The solution was stirred overnight under 
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nitrogen, then the slide was rinsed with hexane and cleaned by Sohxlet extraction using 

dried cyclohexane for 24 h. 

Quaotz 
Mic:roloape 

Slide 
Pyr.x 

Container 

stirring bar 

Figure 17: Modification of Quartz Slides 

The coupling agents used to modify the quartz surfaces are listed in Table 2; 

average values of contact angle measured all over each slide (8-10 positions) are 

provided. 

Table 2: Chemical modification of quartz slides surface examined in fouling 
experiments. 

Modifying agent Slide C.A. St. dev. 

Vinyltriethoxysilane 1 1-D 66.8 1.8 

Fe+3 I 1-UV 66.5 1.8 

humic acid 2-(Phenyldimethylsilyl)ethyltriethoxysilane 2-D 74.0 2.2 

2 2-UV 72.7 1.8 

N-Dodecyltrichlorosilane 3 a 3-D 99.6 1.3 

3-UV 97.0 0.5 

Fe+3 /HSA Octadecyltrichlorosilane 4 b 4-D 97.0 1.1 

4-UV 97.6 0.7 
VTES-MHDMS (30-35%, 25-30cSt) sa 5-D 105.2 1.3 

H1~~-rt~'o-Mi1'o~'H 5-UV 106.0 1.1 
MHDMS::t: H 
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Fe+3 /HSN Teflon® 6 6-D 90.3 8.8 

humic acid 6-UV 90.1 9.2 
VTES + PDMS-2H an=== 6 (2-3 eSt.) 

7-D 95.8 2.4 (HSiMe2(0SiMe2)oSiMe2H 7 

I I I 
Si -rsi ,j;Si 7-UV 96.3 3.4 H""/ 'o I 'o n \ 'H 

PDMS-2H= 

Fe+3 / VTES + PDMS-2~ n === 80 (100 eSt.) 8 8-D 97.2 3.4 

ca+2/ 8-UV 103.3 1.6 

HSA VTES + PDMS-2Ha n === 230 (500 eSt.) 9 9-D 97.1 0.9 

9-UV 95.8 1.4 

Hydrosilylated squalene 10 10-D 99.2 0.6 

Fe+3 / 10-UV 98.7 1.1 

ca+2 1 HSA 1 Diphenylmethylchlorosilane 11 a 11-D 69.8 0.8 

humic acid 11-UV 71.1 1.6 
N-Dodecyltriethoxysilane 1~ 12-D 97.6 1.5 

12-UV 97.0 1.7 
Tridecafluoro-1, 1,2,2-tetrahydrooctyl- 13-D 95.2 0.8 
1-triethoxysilane 13 a 13-UV 93.5 1.12 

Bis(trimethylsiloxy)-methyl-(3-triethoxy- 14-D 84.8 3.8 
sily1propyl)silane 14 14-UV 85.9 4.6 

VTES + PDMS-2~ n === 230 (500 eSt.) 9A 9A-D 102.9 2.1 

9A-UV 101.9 1.2 

a Gelest. b Aldrich 

3.3.3. Fouling experiments 

For a complete description of the fouling reactor system, see the accompanying paper in 

this issue? A series of different solutions containing typical foulants found in wastewater 

were used to foul different sets of slides (Table 3). Iri all cases, a modified slide exposed 

to UV light was paired with a partner slide in the same relative position of the reactor, but 

in the dark ("dark" slides). With solutions containing both protein and iron, it was 
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necessary to use lower concentrations; otherwise, rapid, excessive fouling occurred 

making comparisons between experiments impossible. Approximately each 24 hours for 

several days, the slides were removed from the reactor, allowed to drain for 5 min, and 

the transmittances at 254 nm were measured. The results may be found in Figure 19-

Figure 22 (thick lines represent "dark" slides, thin lines, UV-exposed slides). A list of the 

mixtures of foulants applied to each modified surface is given in Table 2. 

Table 3: Chemical composition of fouling solutions in fouling experiments with 
modified slides. 

Fe+3 ca+l Humic acid HSA 
Fouling agents 

mJ,1mL mglmL mglmL mg/mL 

Fe+3 I HSA 10 0 0 100 

Fe+3 I humic acid 10 0 50 0 

Fe+3 I HSA I humic acid 5 0 50 50 

Fe+3 I Ca+2 I HSA 5 100 0 50 

Fe+3 I Ca+2 I HSA I humic acid 5 100 50 50 

3.3.4. Cleaning of Fouled Slides 

Selected slides from the Fe+31HSA experiment were cleaned by abrasion with 

water. This process involved the exposure of half of the slide to a high-speed stream of 

water while the other half was protected from the water so it could act as an internal 

reference for the fouling deposit. The slides were mounted and ftxed on a device to face 

the nozzle of a glasstube connected to a water supply that was adjusted to provide a 

stream of water of= 1.83 m/s velocity. The water stream was directed at an angle to the 

surface of - 45° and the targeted area was exposed for about 4 s to the stream; the 
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exposure was repeated 4 times. The slide was allowed to drain until fluid water was not 

visible on the surface and then measured for UV transmittance as indicated previously. 

3.3.5. Optical Microscopy 

Images of some of the fouled slides were obtained using an optical microscope 

(Carl Zeiss Axiovert 25 CA. Empix Imaging Inc.). After removal from the reactor, 

selected slides were kept in a capped glass container until they were characterized (-3-4 

weeks). Visual inspection showed many had cracked during drying. The microscope 

images were obtained in the polarized inverse (reflected) mode in the dark field, unless 

otherwise specified. The details are provided in the accompanying paper.2 

3.3.6. X-ray Photoelectron Spectroscopy (XPS) of Fouled Surfaces 

Selected fouled surfaces were characterized by XPS (Leybold MAX 200 XPS). 

Slides were broken/cut into pieces less than 1 cm2
• Unmonochromatized AI Ka (15 kV 

and 25 rnA) X-ray radiation was used as the excitation source. Features in the resultant 

low resolution spectra due to excitation from the weaker X-ray satellite lines, which are 

also present in the non-monochromatic source, were subtracted by use of an algorithm 

supplied with the instrument.22 Atomic percentages of the elements present were derived 

from spectra run in a low-resolution mode (pass energy=192 eV), which were normalized 

to unit transmission of the electron spectrometer by means of a routine provided by the 

manufacturer?3 The sensitivity factors used (0 Is = 0. 78, N ls = 0.54, C ls = 0.34, Si 2p 

=0.40) were empirically derived by Leybold for the normalized spectra Binding energies 

and peak areas were obtained by the use of the standard provided with the spectrometer. 
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The energy scale of the spectrometer was calibrated to the Cu 2p312 (932.7 eV) and Cu 3p 

(75.1 eV) peaks, respectively, and the binding energy scale was then shifted to place the 

C Is feature present at 285.0 eV.24 Large-area analysis (2x4 mm or 4x7 mm) was 

performed so that exposure of the samples to the X -ray would be minimized while 

sufficient signal to noise ratios could be obtained for the spectral features. 

3.4. Results 

3.4.1. Surface Modification and Fouling Experiments 

Three classes of hydrophobic surfaces were prepared on the quartz slides: alkyl, 

ary1/alk:yl or alkenylsilanes; fluoroalkylsilanes; and silicones. While all of these are low 

energy surfaces, their behavior, in surfactants for example, is quite distinct. Thus, it was 

of interest to establish if the magnitude of the fouling and, additionally, the ease of 

cleaning the different fouled surfaces were functions of surface properties of the 

modifying materials. 

The application of the coupling agents was performed using standard techniques. 

Deposition of these silane agents was performed in acetone.25 So:xhlet extraction with 

cyclohexane was used to remove ungrafted material following drying in the oven. 

Frequently, different control over surface modification is exhibited when trichloro- rather 

than trialk:oxysilanes are used.Z6 However, the degree of multilayer deposition was not 

determined in these cases. Instead, rapid proof of modification was obtained by contact 

angle goniometry. Two different reactions were used to build up silicone-modified 

surfaces. First. vinyltrialk:oxysilane was grafted onto the quartz surface from acetone. 
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Second, hydrogen-tenninated silicones were linked to the surface using Pt-catalyzed 

hydrosilylation (Scheme 3).27 

Representative examples of the hydrophobic surfaces were exposed to different 

mixtures of foulants in an aqueous stream. The solutions passed over a series of quartz 

slides at about 140 mUmin (3.3xl0-3 m/s linear velocity) over approximately one week.2 

The reactor utilized was split into two streams such that one set of quartz slides was 

exposed to UV light (primarily 254 nm) while an analogous set of slides remained in the 

dark (Figure 7). Approximately each 24 hours, the transmission at 254 nm through each 

slide was monitored in a UV-vis spectrometer. 

In the accompanying paper,2 it was demonstrated that mixtures of protein (human 

serum albumin) and iron (Fe3~ led to the most severe fouling on naked quartz surfaces. 

The addition of Ca2
+ exacerbated the fouling while humic acid had little effect. It was 

important to assess if the fouling patterns exhibited by these different mixtures of 

foulants on hydrophobic surfaces were comparable to the observations on bare quartz. 

Thus, a series of different hydrophobic coatings was challenged with different mixtures 

of the four foulants in both UV -exposed and dark domains to permit comparison of the 

fouling behaviors of these surfaces. 
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Little difference in fouling by Fe3+ and humic acid could be discerned between 

bare quartz and surfaces modified by vinyltriethoxysilane 1 or 2-(phenyldimethylsilyl) 

ethyltriethoxysilane 2 (Figure 19), two compounds of relatively low hydrophilicity. The 

effect of UV light on the fouling efficiency was not very pronounced with this fouling 

mixture. If anything, the hydrophobic surfaces were more severely fouled than quartz 
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alone. This experiment provided the first clue that simple hydrophobic surfaces are not 

sufficient to ameliorate fouling in these systems. 
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Figure 19: Transmittance% versus time for fouling by Fe3+ (10 mg!L), and humic 
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Little difference (Figure 20A) could also be discerned in the fouling behavior by 

Fe3
+ I HSA mixtures on bare quartz, and quartz modified by dodecyltrichlorosilane 3, 

octadecyltrichlorosilane 4, or highly crosslinked silicone 5 (MW about 2000, 
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approximately 10 Si-H groups/chain). The alkyl groups, on perfect surfaces, are known to 

form brushes or complex interlayers that might be expected to form a repellent 

hydrophobic layer.28.29 However, only the 3-D surface showed a significant and improved 

difference in fouling behavior to unmodified quartz. Even Teflon® 6, one of the lowest 

energy surfaces known,30 was fouled (Figure 20B) by Fe+3
/ HSN humic acid to a 

comparable level to the simple alkanes, silicone and unmodified surfaces (Figure 20A). 

A series of silicone elastomers, which differed only in molecular weight, were 

grafted onto quartz slides. After deposition of vinyltriethoxysilane on the surface, 

hydride-terminated silicones of approximate molecular weights of 4507, 6000 8 and 

17000 9, respectively, were bound by platinum-catalyzed hydrosilylation to the surface. 

These materials, which should vary considerably in thickness and "softness", were 

exposed to a fouling solution of Fe+3
, HSA and ea+2 (5 mg/L, 50 mg/L and 100 mg/L, 

respectively). As described above, these slides too were fouled at comparable levels to 

the unmodified quartz surface (Figure 21A). 
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Figure 21: Transmittance% versus time for fouling by Fe3+ (5 mg!L), HSA (50 
mg!L), Ca2

+ (100 mg/L) in the absence and presence of UV (254 om). A: 7-9, quartz; 
B: 10, quartz. 

A novel coupling agent 10 was prepared from squalene (Scheme 4).21 Of 

essentially hydrophobic character, the material possesses residual double bonds that are 

susceptible to oxidation. It displayed a broad UV-absorbance peak in the range 245-200 

nm. Indeed, the reduction in transmittance resulting from the coupling agent layer was 

much greater than for the other coatings (vide infra, down to 65% from the 90% of an 

unmodified quartz slide) such that the normalization procedure generally used was 

compromised in this case. 

This squalene derivative was screened for its antifouling activity against the 

quaternary mixture of Fe3
+, Ca2

+, humic acid and HSA (5 mg/L, 50 mg!L, 50 mg/L and 

100 mg/L, respectively). As shown in Figure 21B, the behavior of this surface completely 

paralleled that of the hydrophilic quartz. As with previous systems, fouling was more 

significant problem in the dark. 
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3.4.1.1. Scheme 4: Hydrosilylation of squalene using Synthesis of 1,1,3,3-
Tetramethyl-1((2-triethoxysilyl)ethyl)disiloxane 

90 

Other representative examples of the coatings described above were exposed to 

the same quaternary fouling mixture. Thus, surfaces modified with the monofunctional 

diphenylmethylchlorosilane 11, dodecyltriethoxysilane 12, ~C(C~)s(CHzhSi(OEt)3 13, 

the small trisiloxane 14 and the high molecular weight silicone elastomer 9A, were 

examined for their ease of fouling. As seen in other systems, there was always more 

fouling in the dark than the UV region. However, different combinations of foulants 

deposited on the quartz and modified surfaces with similar efficacy. If anything, fouling 

of the hydrophobic systems under these conditions was worse, not better, than 

unmodified quartz. 
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Figure 22: Modified slides tested in Fe +3 (5 mg!L) I Ca +Z (100 mg!L) I Humic acid (50 
mg!L) I HSA (50 mg!L) solution. A: 11,12,quartz; B: 9A, 13, 14, quartz. 

3.4.2. Surface Characterization of Fouled Slides 

While it is clear that the fouling reagents contributed to decreased optical 

transmittance to various degrees, the actual nature of the fouling layer cannot be 

established from UV transmittance at 254 nm (nor conclusively from UV -visible 

spectroscopy, which were also recorded, data not shown). Two additional experimental 

techniques, optical microscopy and XPS, were used to shed some light on the nature of 

the fouling layer. 

Using dark field optical microscopy, images of several fouled slides were 

obtained, including both modified and unmodified slides. Starting with unmodified quartz 

slides exposed to UV, it may be seen that iron!HSA solutions form films with transparent 

(dark areas) and translucent areas (Quartz- UV). By contrast, the analogous "dark" slide 

(Quartz) shows a heavy homogeneous deposit (Figure 23); no cracks in the fouling layers 

are seen in either film. Modified slides 3-D, 5-D, 4-D and 5-UV all exhibit cracks in the 
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deposited fouling layer (Figure 24, Figure 25). The cracks circled in images of slide 3-D 

show that these laminae were actually one unit prior to cracking. For a given fouling 

mixture the size of the cracks depends upon the nature of the modifying layer, as seen in 

Figure 25. The data are strongly suggestive that the forces of film shrinkage exceed the 

forces of adhesion between the deposited layer and the modified quartz surface. They 

further suggest that the presence of UV light can change the nature of the fouling layer 

and the magnitude of its adhesion to the surface (Figure 24 versus Figure 25). 

Figure 23: Micrographs of partially dried fouled films (Fe/ HSA) A: Quartz- UV; 
B: Quartz. 

B 

Figure 24: Micrographs of partially dried fouled films (Fe+3
/ HSA) A: 5-UV; B: 5-

UV. 
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A 

Figure 25: Micrographs of partially dried fouled films (Fe+3
/ HSA) A: 3-D; B: 5-D. 

The magnitude of fouling is much less severe in fouling from the Fe+3 (10 mg/L) I 

humic acid (50 mg/L) mixture (Figure 19). The nature of the fouling is also very different 

from the protein!HSA solutions shown above. Here, rather than coherent films, domains 

of small deposited aggregates are seen (Figure 26). While fouling from the UV zone is 

much lighter, the particulate nature of the fouling is readily seen for both UV and dark 

slides. 

A 

Figure 26: A: Slides fouled by Fe3+ and humic acid. A: 2-UV; B: 2-D. 

A partial chemical analysis of the fouling deposits was undertaken using X-ray 

photoelectron spectroscopy (XPS) for slides fouled with the quaternary mixture 
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(iron/protein/humic acid/calcium, Figure 27). These data show clearly a higher silicon 

ratio for the (un)modified slides in the UV zone (Quartz, 10-UV, 11-UV, 13-UV) 

compared to the twins in the dark zone. This high silicon ratio is consistent with low 

deposition levels of foulants on the surface; XPS is directly measuring the quartz. 
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Figure 27: Low resolution XPS data of several slides fouled by Fe3+/Ca2+/lmmic 
acid/HSA. 

In order to obtain a clearer elemental profile of the fouling layer, the contribution 

from SiOz was excluded in each case and the remaining composition normalized to 100% 

(Figure 14). It is apparent that such a normalization introduces an error because there is 

SilO content in the coupling agent and furthermore because the carbon levels are rather 

high for typical biopolymers. However, the similar magnitude of Si and 0 atom% prior to 
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normalization in the group of UV and dark slides, respectively, is indicative that this is a 

relatively minor error. 
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Figure 28: XPS data excluding Si02 (quartz). Calcium values are shown 10 times 
actual value. 

Several trends are now readily apparent. The magnitude and nature of fouling on 

the dark slides are very different than the UV slides: for the remainder of this paper, we 

consider these two groups independently. 

Protein deposition (nitrogen) is approximately 5 times higher in the dark slides. 

The O:N:C atom% contributions in HSA are ca. 21, 12, 67, respectively,31 very close to 

the observed ratio in the dark slides, suggesting most of the fouling is due to protein. By 

contrast, the UV -opaque foulant Fe3
+ is present in much higher quantities in the UV 

slides. Very little protein is present on the surface of the UV slide as shown by the near 
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absence of nitrogen. Instead, oxygenated hydrocarbons are present in C:O atom% ratios 

appropriate for humic acids. Aluminum was also found in a higher ratio in the UV zone 

(a possible source of aluminum is the reactor itself; some parts are fabricated from 

aluminum and aluminum coupons were placed in some of the reactor positions). Calcium 

was found on fouled slides in the dark in higher ratios than on those fouled in the UV 

exposed slides. This is consistent with the incorporation of ca+2 in the fouling deposit as 

an integral part of its structure (see below), rather than acting as individual foulant. 

Moreover, the XPS results clearly show a higher calcium ratio than iron on fouled slides 

in the dark (note: the fouling solution concentration ratio was (Fe3+:Ca2+ 1: 20). 

3.4.3. Cleaning of Fouled Slides 

In an attempt to establish if the fouled layers adhered to a lower degree to 

hydrophobic surfaces, 11 both quartz and modified slides were subjected to cleaning with 

a high pressure stream of water; half of each slide was left unexposed to the water so it 

could act as an internal reference for the fouling deposit. Results of the washing revealed 

that modified slides 3-D, 5-D, 4-D and 5-UV were partially cleaned by this process 

(improved transmittance - 5-10%). None of unmodified slides were improved by the 

same process (Figure 29). These experiments suggest that while the dark slides are more 

heavily fouled, the fouled layers adhere less well to the hydrophobically-modified 

surfaces than to the quartz. The observation that two of the three slides exposed to UV 

light do not yield the fouling layer under these conditions is further indication that the 

entire fouling process is different in the presence of UV light. 
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Figure 29: Effect of the cleaning process on slide transmittance in Fe+3 (10 mg/L) I 
HSA (100 mg/L) 

3.5. Discussion 
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Several factors affect the magnitude and nature of the fouling on the quartz and 

modified quartz slides. These include the mixtures of foulants to which the surfaces were 

exposed, time of exposure, age of solution, presence of UV light and flow rate. 

Surprisingly, the nature of the surface modifying layer affected neither the amount of 

fouling layer formed as a function of the foulants present (Figure 19-Figure 22), its 

elemental composition (Figure 27, Figure 14), nor the type of film formed on the surface 

(Figure 23-Figure 26). Thus, rather than reiterate the previous discussion2 involving these 

factors, we focus instead on the only observed difference between the behaviors of the 

quartz and modified quartz slides; adhesion. 

3.5.1. Temporal Dependence of Fouling: Interfoulant Adhesion 

Both unmodified and modified slides exhibited two different fouling profiles; 

either i) there was a continuous decrease in transmittance to some minimum, after which 

no further fouling was noted, or, ii) following a decrease in transmittance, there was an 
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improvement to a new plateau (e.g., quartz versus 8-UV, Figure 21A). UV slides were 

more likely to show the transmittance recovery process and to a greater extent. Both 

modified and unmodified slides followed the latter proftle to very similar extents after 24-

48 hours, if the foulants included both protein and iron. 

An explanation for the effect of UV light involves the photoablation of organic 

foulants on the surface. This would not only change the hydrophobic/hydrophilic balance 

of the surface, but will break down organic polymers into smaller, soluble fragments and 

disrupt the fouling matrix. The departure of such fragments, with metals complexed in 

some cases, readily explains for the observed temporal dependence of the transmittance 

(Figure 19, Figure 22). In addition, as noted in the accompanying paper,2 this change can 

be ascribed to a change in the properties with the iron in particular over time by visual 

inspection: iron aggregates formed in solution may actually help abrade the surface and 

clean it. 

3.5.2. Cleaning and Drying: Fouling Layer/Surface Adhesion 

Washing slides with a pressurized jet of water (much higher pressure than typical 

reactor flows) led to a minor (-5-10%) improvement in the transmittance of modified 

"dark'' 3-D, 5-D and 4-D slides. Of the complementary UV slides, only 5-UV showed 

improved transmittance (Figure 29). Neither dark nor UV -exposed bare quartz slides 

could be cleaned by the same process. Thus, as expected in the case of hydrophobic 

surfaces, the adhesion of the fouling layer to the surface is less tenacious, although this 

lower adhesion is only noted under fairly vigorous flow conditions. 



99 

Optical microscopy was used to gain some additional information on the behavior 

of fouling layer. The images showed coherent films on quartz both in the UV and the 

dark. The layer on the UV slide was thinner and less well developed, with translucent and 

transparent sectors. On drying, no cracks formed, suggesting the adhesion between the 

fouling layer and the underlying quartz involves comparable or greater force to the 

interfoulant adhesion: a coherent, metal-crosslinked organic polymer layer is formed, 

which binds tenaciously to the quartz even after shrinkage due to drying (Figure 23). 

Images of the hydrophobically-modified slides, after exposure to the same fouling 

mixtures, showed much different features. As already noted, fouling is always lighter in 

the UV -exposed slide. On drying, cracks propagate on both the lightly fouled UV slide 

and the heavily fouled dark slide, (Figure 24, Figure 25). The shrinkage forces that 

accompany the drying of water swollen polymers32.33 (proteins and humic acids) are 

clearly greater than the adhesive forces of the fouling layer to the underlying 

hydrophobically modified surface. The laminae are very defmed (see circles in Figure 

25). 

The process is schematically shown in Figure 30. After the fouling layer builds up 

to some critical thickness (1--73), crack propagation is initiated as the films start to 

shrink, ultimately leading to slides with good overall transmittance (4--76). This process 

does not require exhaustive drying (see experimental) and may proceed to some degree 

even during the fouling process under water. Cracks were always associated with areas of 

thick fouled layers: this is one reason that UV slides crack less; they are less heavily 

< 

fouled than their dark counterparts. 
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3.5.3. Implications of these Studies on Fouling of UV-Reactors 

100 

It was anticipated, based on extensive studies of marine fouling, that low surface 

energy coatings would mitigate the problems of fouling on quartz sleeves of UV lamps 

used for water disinfection. However, the presence of hydrophobic coatings was at best 

only a very minor factor in determining the magnitude and nature of fouling. The most 

profound variable was the presence of UV light, which reduced the level of the fouling 

overall, particularly by proteins. UV did not, however, suppress fouling by iron. Rather, 

the UV slides were more heavily fouled by iron. 

Hydrophobic surface coatings did reduce the degree of adhesion of the fouling 

layer to the underlying quartz. This is an important observation, as it suggests that such 

coatings would facilitate removal of the fouling layer from the external surface of the 

sleeve by mechanical or chemical means. The long-term performance of these coatings, 

however, which will be exposed to intense UV irradiation, need to be assessed. 
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3.6. Conclusions 

A wide variety of different silane agents were used to modify quartz su~aces in 

the expectation that reduced fouling would occur on a low energy surface. As with 

unmodified quartz surfaces, the hydrophobic surfaces generally fouled more severely in 

the dark than when exposed to UV light. However, the magnitude of the fouling of a 

variety of mixtures of different composition containing one or more of Fe3
+, Ca2

+, humic 

acid and HSA was either the same or slightly worse with the hydrophobic surfaces than 

with the unmodified quartz. The major fouling species on dark slides were protein, humic 

acid and iron derivatives; on UV slides, iron complexed to humic acid or other non­

nitrogenous materials were the main constituents found, as shown by XPS. This was the 

same behavior as on unmodified quartz surfaces. Cleaning of the hydrophobic surfaces 

was more facile in most cases than the unmodified quartz, indicating that the silane 

coupling agent did result in reduced adhesion of the fouling layer. This hypothesis was 

further reinforced by the lack of coherence, after drying, of the fouled ftlms on 

hydrophobic surfaces; modified surfaces showed extensive film cracking. Thus, surface 

modification can improve the ability of quartz surface to be cleaned mechanically or 

chemically, extending their utility in UV disinfection systems. Hydrophobic coatings do 

not, however, change the fouling propensity of the quartz surface to typical wastewater 

foulants. 
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4. Conclusions and Future Work 

Fouling is a serious problem that accompanies the process of wastewater 

disinfection by UV light; fouling causes dramatic loss of UV transmission through quartz 

and an attendant decrease in disinfection efficiency. In order to understand the chemistry 

of the quartz surface under fouling conditions. it was necessary to build a model fouling 

system on a laboratory scale to study fouling processes under controlled conditions and to 

examine each individual factor that affects the process. This objective was achieved, as a 

specific reactor was built and and examined with several solution compositions that 

mimic the wastewater treatment UV disinfection system. The role of UV light. fouling 

solution composition. flow rate and age of the fouling solution on fouling were the 

factors of the process studied in this thesis. 

The examination of the fouling layer on quartz of four prototypical foulants found 

in wastewater surfaces indicated that the interaction of proteins with multivalent metals, 

particularly iron. is the most significant fouling problem on quartz in UV wastewater 

disinfection systems. The presence of UV light during the fouling process was shown to 

reduce the magnitude of fouling and, more interestingly. to change the nature of the 

fouling layer; the deposition of the foulant became much less coherent in the presence of 

UV. Flow rate was also proven to be an important factor in fouling. The dependence of 

flow rate on fouling follows a parabolic function, suggesting the importance of avoiding 
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certain, intermediate flow rate values where the process is optimized. Finally, the age of 

the fouling solution was also shown to be important in the efficiency of the fouling 

process. It was demonstrated that older solutions foul quartz much less severely. 

In an attempt to utilize surface modification to mitigate fouling, a wide variety of 

different silane agents were used to modify quartz surfaces with the expectation that 

reduced fouling would occur on a low energy surface. However, as with unmodified 

quartz surfaces, the hydrophobic surfaces generally fouled more severely in the dark than 

when exposed to UV light: there was little change in the fouling pattern as a function of 

surface modification. 

XPS analyses have shown that the constitution of fouling layer on the modified 

slides was similar to that on the unmodified slides: the major fouling species on dark 

slides were protein, humic acid and iron derivatives; on UV slides, iron complexed to 

humic acid or other non-nitrogenous materials were the main constituents found. These 

results indicate that surface modification in a matter of fact did not affect the build up of 

the fouling layer in term of composition. However, it was shown in this work that 

cleaning of the hydrophobic surfaces was more facile in most cases than the unmodified 

quartz, indicating that the silane coupling agent did actually result in reduced adhesion of 

the fouling layer. This indicates that surface modification can improve the ability of 

quartz surfaces to be cleaned mechanically or chemically, and this would extend their 

utility in UV disinfection systems. 

The fmdings in this _work also suggest that by combining surface modification 

with suitable choice of flow rate, fouling mitigation would be more feasible, especially if 
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coupled with aging of the solution. We think that future research should focus on this 

direction, and also on putting new hydrophilic, flexible, responsive groups on the quartz 

surface that have even less adhesion with the fouling layer. 



5. Appendix: Oxidizable Coupling Agents: Introduction of Surface 
Functionality1 

5.1. Abstract 

Alkylalkoxysilanes (RSi(OR')3) are frequently used to convert inorganic, siliceous 

surfaces into organic surfaces, the chemistry of which is dominated by the R group. There 

remains a need for silane coupling agents that are responsive to various types of stimuli, 

following which the hydrophobicity and the functionality of the surface change. In this 

paper, the synthesis and grafting to glass or quartz of silane coupling agents that are 

susceptible/responsive to oxidation is described. Hydrosilylation of the inexpensive 

polyolefm squalene occurred efficiently once or twice with the silane 

HSiMez(CHz)3Si(OEt)3 to give a silane coupling agent possessing several alkene groups 

(the efficiency of the hydrosilylation of squalene with other hydrosilanes was highly 

structure dependent). Once grafted to a silica surface using traditional means, the 

coupling agent was oxidized in two different ways. First, epoxidation using soluble 

peracids led to polyepoxides that could be further modified by standard epoxide 

chemistry. Second, ozonolysis with gaseous 03 led to the ozonides, which could be 

decomposed to give either the aldehyde and ketone, or ketone and carboxylic acid 

groups, bound to the surface. The epoxides and carbonyl groups were characterized by 

the addition and condensation, respectively, of aromatic amines. These studies 
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demonstrate the ready portability of organic chemistry to silica (or related) surfaces using 

judiciously chosen silane coupling agents and the possibility of controlling surface 

adhesion by post-grafting oxidation. 

5.2. Introduction 

Silane coupling agents are widely used to change surface properties and promote the 

adhesion of substances to modified surfaces. For example, one of the major uses of silane 

coupling agents is the surface modification of fibreglass. The glass-resin composites are 

very strong, but the loss in laminate strength following prolonged exposure to moisture is 

problematic2 unless the glass is first siied with silane coupling agents. Such changes lead 

to a reduction in moisture sensitivity and an enhanced adhesion of the resin to the glass 

fibres. 

Generally, the best silane coupling agents in composites are those where the 

organofunctional group on silicon can efficiently react with thermosetting resins during 

curing. 3 In such systems, the coupling agent acts as a bidirectional glue between the 

surface and the matrix. Improved adhesion can result even when the surface is modified 

with agents that have no residual organofunctional groups. 

Coupling agents that are responsive to specific stimuli are rare. The advantages that such 

compounds would give are related to the ability to change, on demand, the surface energy 

of the surface and thus the effective adhesion of materials to the modified surface. Our 

attention was drawn to the work of Puskas, which demonstrated the efficiency of 

epoxidized squalene as a highly functional crosslinkers (Scheme 5A).4 It is apparent that 
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the hydrophobicity of the epoxy compound is very different to that of the starting 

squalene. Furthermore, the squalene could be expected to be readily oxidized using 

ozone5 (Scheme 5B), which provides yet different hydrophobicity and access to new 

functional groups. 

The objective of the work described below was to determine if groups possessing a 

sensitivity to oxidation could be grafted to siliceous surfaces. The approach utilized to 

prepare such oxidation-sensitive materials involved the modification of squalene. Thus, 

the hydrosilylation of squalene by a series of hydrosilanes was examined. The resulting 

coupling agents, and other coupling agents both commercial and synthesized by us, were 

grafted to quartz and glass surfaces. The fouling studies described elsewhere in this thesis 

were used to assess the magnitude in changes of the surface chemistry. In addition, in the 

case of the squalene-derived coupling agent, oxidative studies using ozone and peracids 

were undertaken. The physical and chemical changes that accompany these 

transformations were established. 
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Scheme 5: Oxidation reactions of squalene. 

5.3. Experimental Section 

5.3.1. Materials 

Quartz Slides (PS:r® Supplies) of at least 85% UV transmittance at 254 nm; 

allyltriethoxysilane (Gelest), bis(trimethylsiloxy)methylsilane (Gelest), 

vinyltriethoxysilane (Gelest), vinyltrimethoxysilane (Gelest), 1,1,3,3,-

tetramethyldisiloxane (Gelest), methylhydrogen,dimethylsiloxane copolymer 

!. 1. 1. !I // •,o-£--j''o-lnf-Y•,o-f.;- \' 
( H m = 30-35%, viscosity: 25-30 eSt) (Gelest), 

polymethylhydrosiloxane homopolymer (viscosity: 15-25 eSt.) (Gelest), PDMS-2H 

I I I 
_...Si, [.....ii, ~i, 

H 0"1. o- Jn \ H 
((HSiMe2(0SiMe2)oSiMe2H, I n ::= 6 (2-3 eSt.), n ::= 80 (100 eSt.), n ::= 

230 (500 eSt.), Gelest~, anhydrous magnesium sulphate (BDH), platinumdivinyltetra-
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methyldisiloxane complex (Karstedt's catalyst, Gelest), Teflon® AF 1601S (Dupont), 

cyclohexane (Caledon), pentane (Caledon), and squalene (Aldrich) were used as received. 

5.3.2. Instrumentation 

1H NMR and 13C NMR spectra were recorded on Bruker AC-200 and AV-200 (at 200 

MHz for protons and 50.3 MHz for carbon, respectively) Fourier transform 

spectrometers, respectively. 29Si NMR spectra were recorded on a Bruker AV-300 

spectrometer (at 59.6 MHz for silicon). Chemical shifts are recorded with respect to 

CDCh as an internal standard and set at 7.24 ppm and 77 ppm for 1H NMR and 13C 

NMR, respectively. Coupling constants (for 1H NMR) were recorded in ppm. The 

abbreviation s = single, d = doublet, t = triplet, q = quartet, dd = doublet of doublet, m = 

multiplet, are used to report the spectra. 

Electron impact (EI) and chemical ionization (CI, NH3) mass spectra were recorded at 70 

e V with a source temperature of ca. 200 oc on a Finnigan 4500 Mass Spectrometer. 

Electrospray ionization mass spectroscopy was performed using a Micromass Quattro 

LC. 

Infrared spectra were recorded using BIO RAD FfS-40 Fourier spectrometer and UV 

transmittance was measured using Varian Cary-300 and Cary-50 Spectrophotometers, 

respectively. 

An argon plasma glow discharge system from Picotron™ (Park Dental Research Corp.) 

was used to clean the glass and quartz slides. Static (advanced) contact angles of a sessile 
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drop of deionized distilled water were measured using a NRLCA goniometer (model 100-

00) (Rame-Hart Inc.). 

GC-MS analysis was carried out using a Hewlett-Packard model 5890 series II gas 

chromatograph equipped with DB-17 capillary column (30m x 0.25 mm i.d. x 0.15 ~m 

film) (J&W Scientific). The detection system was a Hewlett -Packard model 5971A mass 

selective detector operated in full scan mode. The temperature gradient was from 50 oc 

to 200 oc with rates of 5 °C/min and injector temperature of200 oc. 

5.3.3. Preparation of Coupling Agents 

5.3.3.1. Synthesis of 2-(Phenyldimethylsilyl)ethyltriethoxysilane 

In a 25 ml round bottomed flask was placed vinyltriethoxysilane (5 .7 g, 030 mol) and 

Karstedt's catalyst (1 drop). The temperature was set to 0 °C before phenyldimethylsilane 

( 4.5 ml, 4.14g, 0.03M) was added; the reaction was left overnight in a dry nitrogen 

environment at room temperature. Pure product was collected through vacuum distillation 

at l25°C/2 mm Hg (yield: 7.53g, 81 %). 

1H NMR (CDCh): 8 = 0.25 (s, 6H, Si (CH3) 2) ; 0.54 (m, 2H, CH2CH2Si(OEt)3); 0.77 (m, 

2H, SizCHzCH2Si(OEt)3); 1.20 (t, 9H, J = 7.0 Hz, CH3CH20); 3.78 (q, 6H,, J = 7.0 Hz, 

CH3CH20); 7.32 (m, 3H, ([2,4,6]-C6H5) ; 7.49 (m, 2H, [3,5]-C6H5) ; 
13C NMR (CDCh): 8 

= -3.7 (SiCH3); 2.6 (SiCH2CH2Si(CH3)zPh); 6.8 (SiCH2CH2Si(CH3)2Ph); 18.2 

(CH3CHzO); 58.4 (CH3CH20); 128.8 ([4]-C~5) ; 133.6 ([2,6]-C6H5) ; 139.1 ([3 , 5]-C~5) . 

29Si NMR: 8 = -46.1 (Si(OCH3CH3)3); -1.8 (Si(CH3)2(Ph); IR: v (cm-1
) 3071 , 3052, 2975, 

2924, 2889, 1428, 1390, 1250, 1167, 1140, 1109, 1081, 957, 839, 813, 780, 727; MS 
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(EI): m/z = 311 (~-CH3 , 67); 249 (M+-Ph, 52); 163 ([Si(OEt)3t, 29); 135 [(CH3)2Si 

Pht, 100). 

5.3.3.2. Synthesis of bis(trimetbylsiloxy)-methyl-(3-trietboxysilylpropyl)silane 

In a 25 ml round bottomed flask bis(trimethylsiloxy)methylsilane (3 g, 135 mol) was 

mixed with allyltriethoxysilane (2.756 g, 0.135mol). The temperature was adjusted to 0 

°C before the addition of Karstedt's catalyst (1 drop). The reaction left stirring for Y2 hat 

0 °C, then left overnight at room temperature with stirring under nitrogen. The crude 

product was vacuum distilled at 100 °C/1mm Hg to give a clear colorless liquid (yield: 

3.9 g, 68%). 

1H NMR (CDCh): l> = -0.03 (s, 3H, CH3) ; 0.06 (s, 18H, 6 CH3) ; 0.58 (m, 2H, 

CH2CH2CH2Si(OEt)3); 0.62 (m, 2H, CH2CH2CH2Si(OEt)3); 1.20 (t, 9H, J = 7.0 Hz, 

CH3CH20), 1.46 (m, 2H, CH2CH2CH2); 3.81 (q, 6H, J = 7.0 Hz, CH3CH20); 13C NMR 

(CDCh): 5 = 0.3 (SiCH3); 1.8 (OSi(CH3)3); 14.4 (CH2CH2G hSi(CH3); 16.6 

(CH2CHzCH2Si(CH3); 18.3 (CH3CH20); 21.8 (SiCH2CH2CH2Si), 58.2 (CH3CH20); 29Si 

NMR: 5 = -46.1 (CH2CHzCH2Si(OEt)3); -22.4 (Si(OSi(CH3)3)z(CH3)); 6.3 (OSi(CH3)3 ); 

IR: v (cm-1
) 2974, 2962, 2929, 1411, 1257, 1168, 1106, 1082, 959, 864, 843, 782, 756.; 

MS (EI): m/z = 411 (~-CH3 , 6); 353 (~- (CH3)3Si, 15); 337 (~- (CH3)3Si0, 9); 233 

([SiCH2CH2CHzSi(OEt)3t , 7); 221 (~- [CH2CH2CH2Si(OEt)3t, 82); 163 [Si(OEt)3t, 

62); 73 [(CH3)3Sit, 100). 
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5.3.3.3. Synthesis of 1,1,3,3-Tetramethyl-1((2-triethoxysilyl)ethyl)disiloxane 

In a 100 mL round bottomed flask 1,1,3,3-tetramethyldisiloxane (10.72 g, 0.08 mol) was 

dissolved in dried pentane (30 mL, dried over anhydrous magnesium sulphate). After 

cooling to 0 oc, Karstedt's catalyst ( -2 drops) was added to the solution and then 

vinyltriethoxysilane (3.8 g, 02 mol) was added dropwise over 'h h under a nitrogen 

atmosphere. After 30 min, the reaction was allowed to warm to room temperature and left 

overnight. The crude mixture was rotary evaporated to remove the solvent and the excess 

of reagent, then the product was collected through vacuum distillation at 75-76 °C/1 mm 

Hg (yield: 5.28 g, 81.5%). 

GC-analysis indicated that the product was actually a mixture of two compounds (25% -

Rt = 16.8 min) and (75%- Rt = 17.448 min). GC-MS indicated that the two compounds 

are isomers. From 1H NMR analysis, the two products were identified as the regioisomers 

15 (75%) and 16 (25%). The distilled mixture was used directly in the subsequent 

reactions. 

+ ~Si(0Et)3 

Scheme 6: Hydrosilylation of vinyltriethoxysilane with 1, 1, 2, 2 tetramethyl­
disiloxane 

75 

25 
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15 

1H NMR (CDCh): () = 0.017 (s, 6H, Si(CH3)2CH2CH2Si(OEt)3); 0.129 (d, 6H, J = 2.8 Hz, 

H(CH3)2SiOSi; 0.528 (s, 4H, Si(CH3)2CH2CH2Si(OEt)3); 1.202 (t, 9H, J = 7.0 Hz, 

O(CH3)2SiCH2CH2Si(OCH2CH3)3); 3.794 (q, 6H, J = 7.0 Hz, SiCH2CH2Si (OCH2CH3)3); 

4.650 (m, 1H, H-Si). 13C NMR (CDCh): () = -0.7 (HSi(CH3)20Si); 0.8 

Si(CH3)2CH2CH2Si(OEt)3); 5.9 Si(CH3)2CH2CH2Si(OEt)3); 9.0 

Si(CH3)2CH2CH2Si(OEt)3); 18.3 (CH3CH20); 58.4 (CH3CH20). 29Si NMR: () = -45.4 

(SiCH2CH2Si(OEt)3); -7.1 (HSi(CH3)20Si); 10.1 Si(CH3)2CH2CH2Si(OEt)3). 

H(CH3)2SiOSi(CH3)2CH(CH3)Si(OEt)3. 

16 

1H NMR (CDCh): () = 0.097 (d, 6H, J = 1.9 Hz, H(CH3)2SiOSi(CH3)2CH(CH3)Si(OEt)3); 

0.154 (s, 6H, OSi(CH3)2CH(CH3)Si(OEt)3); 0.009-0.15 (m, 1H, OSi 

(CH3)2CH(CH3)Si(OEt)3); 1.047 (d, 3H, J = 7.5 Hz, OSi(CH3)2CH(CH3)Si(OEt)3); 1.182 

(t, 9H, J = 7.0 Hz, SiCH(CH3)Si(OCH2CH3)3); 3.787 (q, 6H, J = 7.0 Hz, 

SiCH(CH3)Si(OCH2CH3)3); 13C NMR (CDCh): 3 = -0.7 (HSi(CH3)2Si); -0.2 

(SiCH(CH3)Si); 1.7 (0Si(CH3)2CH(CH3)Si; 7.6 (SiCH(CH3)Si); 18.3 (CH3CH20); 58.4 

(CH3CH20). 29Si NMR: 3 = -46.4 (SiCH2CH2Si(OEt)3); -7.9 (HSi(CH3)20Si); 9.7 

(OSi(CH3)2CH(CH3)Si(OEt)3); IR: v (cm-1
) 2975, 2927, 2888, 2121, 1408, 1390, 1255, 

1167, 1144, 1106, 1082, 958, 912, 840, 813, 785; MS (EI): m/z = 323 (~-1, 10); 309 

(~- CH3, 38); 279 (~- OCH2CH3, 100); 249 (~- H(CH3)2Si0, 48). 
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5.3.3.4. Synthesis of Methyl(2-triethoxysilyl-ethyl)siloxane Homopolymer 

In a 10 ml round bottomed flask, polymethylhydrosiloxane homopolymer (1.0 g, 

viscosity: 15-25 eSt., Mw - 1500-1900, calculated by 1H NMR to have - 28-29 Si-H 

bonds/molecule on average) was mixed with vinyltriethoxysilane (2.91g, 0.015 mol). 

After cooling to 0 °C, Karstedt's catalyst (one drop) dissolved in cyclohexane (1 ml) was 

added. The mixture was brought to room temperature after 10 min and stirred overnight 

under nitrogen at room temperature. The Pt catalyst was removed by adsorption on 

activated charcoal that was added to the solution of the product in dry hexane, followed 

by filtration through Celite. 

1H NMR spectrum revealed that on average- 96% of the Si-H bonds had reacted. The 

spectrum also suggests a major product resulted from anti-Markovnikov addition (78%) 

1H NMR (CDC13): o = 0.060- 0.128 (m, calc.- 6-7H, OSi (CH3)2CH(CH3)Si(OEt)3); 

0.060- 0.128 (s, - 105H, (CH3)Si, (CH3) 3Si), 0.512 (s, - 88H, 0Si(CH3)CH2CH2Si 

(OEt)3); 1.04 (d, calc.-18- 24H, OSi(CH3) 2CH(CH3)Si(OEt)3); 1.176 (t, - 254H, J = 6.9 

Hz, Si(OCH2 CH3) 3); 3.747 (q, - 169H, J= 6.9 Hz, Si(OCH2CH3) 3); 4.669 (m, - 1H, H­

Si). 

5.3.3.5. Synthesis of Methyl(2-triethoxysilyl-ethyl)dimethylsiloxane 

Copolymer (30-35% ): 

In a 25 ml round bottomed flask, 4.0 g of methylhydrogen,dimethylsiloxane copolymer 

(30-35% SiH, viscosity: 25-30 eSt., Mw - 1900-2000, calculated by 1H NMR to have -8 

Si-H bonds/molecule on average) was mixed with vinyltriethoxysilane (3.05 g, 0.016 
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mol). After cooling to 0 oc Karstedt's catalyst (one drop) was added. After 2 h, the 

mixture was brought to room temperature and left overnight under nitrogen. The Pt 

catalyst was removed by adsorption over activated charcoal that was added to the solution 

of the product in dry pentane, followed by filtration through Celite powder. 

1H NMR spectrum revealed that on average ~7 . 5 of 8 of the Si-H bonds had reacted. The 

spectrum also revealed the major product resulted from anti-Markovnikov addition 

(80%). 

1H NMR (CDCh): o = 0.044-0.112 (m, 1H, OSi(CH3)2CH(CH3)Si(OEt)3); 0.044-0.112 

(s, ~150H, (CH3)Si, (CH3)2Si, (CH3)3Si), 0.518 (s, ~24H, OSi(CH3)CH2CH2Si(OEt)3); 

1.190 (t, ~67H, J = 6.9 Hz, Si(OCH2CH3)3); 3.782 (q, ~45H, J= 6.9 Hz, Si(OCH2CH3)3); 

4.669 (m, ~ lH, H-Si ). 

5.3.3.6. Hydrosilylation of Squalene 

5.3.3.6.1. By HMe2SiOSiMe3 

In a 50 ml round bottomed flask squalene ( 13.86 g, 0.00244 mol) was mixed 

pentamethyldisiloxane (5 .0 g, .00244 mol) and Karstedt' s catalyst (2 drops); the oil bath 

temperature was set to 75 °C. The reaction mixture was stirred with heating under 

nitrogen for 4 h, after which 1H NMR indicated complete consumption of Si-H and the 

appearance of a new multiplet CH2 peak (o = 0.86 ppm). The product was transferred to a 

100 ml round bottomed flask and dissolved in dried pentane(~ 25 ml), following which 

activated charcoal ( ~3 g) was added and the mixture was stirred for 3 h to adsorb the Pt 
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catalyst. After the solids were removed by filtration over Celite, the solution was rotary 

evaporated to remove pentane and the oily product was collected. 

The 1H NMR spectrum of the product indicated that, on average, the reaction product 

comprised a 1: 1-adduct of the two starting materials. The integration of the H-C=C peak 

of squalene at o=5.08 ppm had dropped in intensity from 6H to- 5H. Moreover, a new 

CH2 peak at o = 0.86 ppm appeared as a result of the hydrosilylation of the double bond. 

The 1H NMR also revealed the presence of the methylsiloxy groups. Since all 6 double 

bonds are, in principle, capable of reacting with silane compounds, several structural and 

regioisomers are possible constituents of a 1: 1-adduct. Electrospray ionization mass 

spectrometry revealed the formation of mono-, di- and tri-hydrosilylated squalene as well 

as unreacted squalene. 

For 1/3 and 116 ratios of squalene/pentamethyldisiloxane: squalene was mixed with the 

appropriate amount of silane and the same procedure noted above was followed. 

According to the 1 H NMR spectrum of the product, an average of 3 C=C bonds reacted 

with the silane in the case of 1:3 ratio. With the 1/6 ratio, the reaction did not go to 

completion, but indicated over 5.5 C=C bonds had reacted (92% conversion) on average. 

IR: v (cm-1
) 2969, 2925, 1660, 1445, 1386, 1255, 1139, 1106, 1082, 960, 840, 789; MS­

ESI: (AgN03 1x10-5 M in MeCN/ChCH2 (2:1) rn/z = 963.7 (~[854 

Squalene:3xHSiMe20SiMe3] + Ag+[109.5]); 961.7 (~[854] + Ag+[107.5]); 815.6 (~ 

[706 Squalene:2xHSiMe20SiMe3] + Ag+[109.5]); 813.5 (~ [706] + Ag+[107.5]); 667.4 

(~ [558 Squalene: HSiMe20SiMe3] + Ag+[109.5]); 665.4 (~ [558] + Ag+[107.5]); 

519.4 (~ [410 squalene]+ Ag+[109.5]); 517 ~ [410] + Ag+[107.5]). 
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5.3.3.6.2. By HSi(OEt)3 

In 10 ml round bottomed flask squalene (3.0 g, 0.00732 mol) was mixed with 

triethoxysilane (1.2 g, 0.0073 mol) and Karstedt's catalyst (1 drop) was added; the oil 

bath temperature was set to 70 °C. The reaction mixture was stirred with heating under 

nitrogen for 24 h, after which 1H NMR indicated almost complete consumption of Si-H 

without the appearance of the expected multiplet CH2 peak as found in previous 

experiments (<> = 0.86 ppm). The reaction was repeated with higher amounts of catalyst 

without success. 

5.3.3.6.3. By HMe2SiO(CH2) 3Si(OEt)3 17 

To a 5 ml round bottomed flask was added squalene (2.05g, 0.005 mol) and 15/16 (75/25 

mixture, 1.62 g, 0.005 mol). Karstedt's catalyst (one drop) was added and the oil bath 

temperature was set to 85 oc_ The reaction mixture was stirred with heating under 

nitrogen for 4 h, after which 1H NMR indicated a complete consumption of Si-H and the 

appearance of a new CH2 peak (<> = 0.85 ppm). The product was dissolved in dried 

pentane (- 10 ml), following which activated charcoal ( - 1 g) was added and the mixture 

was stirred for 2 h to adsorb the Pt catalyst. After the solids were removed by filtration 

over Celite, the solution was rotary evaporated to remove pentane and the oily product 

was collected (yield: 3.1g, 85%). 

The 1H NMR spectrum of the product indicated that, on average, the reaction product 

comprised a 1: 1-adduct of the two starting materials. The integration of the H-C=C peak 

of squalene at ()=5 .08 ppm has dropped in intensity from - 6H to - 4.8H. Also, a new 

CH2 peak at 8 = 0.85 ppm appeared as a consequence of the hydrosilylation of the double 
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bond. Similarly, the 1 H NMR spectrum revealed the presence of the triethoxysilyl group. 

As all 6 double bonds are, in principle, capable of reacting with silane compounds, 

several structural and regioisomers are possible constituents of a 1: 1-adduct. 

IR: v (cm-1
) 2969, 2925, 1660(weak), 1445, 1386, 1255, 1167, 1139, 1106, 1082, 960, 

840, 789; UV: Armxl = 206, E = 31988 mor1 cm-1 and Amax2 =240, E =10915 mor1 crn.-1 

MS-ESI: (AgN03 in MeCN 5x104 M) m/z = 841.5 (~-15[734] + Ag+[107.5]); 843.5 

(~-15[734] + Ag+[l09.5]); 517,5 (squalene [410] + Ag+[107.5]); 519.5 (squalene [410] 

+ Ag+[109.5]). 

5.3.3.6.4. Oxidation Experiments: Reactions on 18-grafted quartz slides. 

Compound 18 was grafted to quartz slides following the procedure noted below. The 

contact angle shifted from 2° for unmodified quartz to ~99° ; the UV absorbance at 254 

nrn had dropped from 90% to 63% indicating successful grafting of squalene to the 

surface. 

5.3.3.6.4.1. Ozonization 

The grafted slide was put in the vessel used for introduction of the coupling agent and 

ozone gas was applied through a glass hollow tube probed to the lower portion of the 

tube. The reaction was left for 3 h. UV measurements showed an increase in the 

absorbance at 254 nrn from 63% to 88% (Figure 32). 

5.3.3.6.4.2. Reduction and coupling with DNPH: 

In the same reaction vessel, glacial acetic acid (30 ml) was added to dichloromethane 

(30 ml) and zinc metal (1.5 g, 22.9 mmol) was added and the mixture was stirred for 5 



min before the ozonide-containing slide was added to the tube. The reaction was left at 

room temperature for 15 min before the slide was removed, rinsed thoroughly with 

water and acetone then let aside to dry. The ozonized, then reduced slide was directly 

transferred to another tube containing dinitrophenylhydrazine DNPH solution (50 ml 

ethanol, 11 ml water, 5 ml cone. sulfuric acid and 1.4 g DNPH). The reaction was left 

for 30 min before the slide was removed, rinsed with ethanol, acetone and then Soxhlet 

extracted with acetone for 2 days. The UV spectrum showed a decrease of transmittance 

at 365 nm (56%), the typical DNP-hydrazone absorbance (Figure 33), which is similar 

to the absorbance profile ofDNPH. 

5.3.4. Modification of the slides- Application of the coupling agent. 

123 

The quartz slides were thoroughly cleaned before use. The slides were initially soaked in 

a 5M hydrochloric acid solution for at least 2 days then cleaned thoroughly with distilled 

water and acetone, followed by a 20 min cleaning period using an argon plasma, just 

before the launch of the experiment. The slides were then removed from the plasma 

cleaning system, contact angles were recorded, then slides were removed to a clean glass 

container and transferred to an oven where they were heated for 30 minutes at 110 °C, 

before being transferred to the modification apparatus. Contact angles measured for the 

clean slides were in the range of2-3°. 

The modification apparatus was built of Pyrex tube that was specially designed to fit the 

slide in it, with magnetic stirrer bar beneath to permit stirring during the modification 

process. The tube, which contains the quartz slide, was attached to a condenser and a 

solution of the silane coupling agent in acetone (- 4 % in weight) was refluxed at 56 °C 
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for 24 h. The slide was then removed, rinsed with acetone, and put into oven at 110 oc 

for 3 h before it was subjected to Soxhlet extraction using cyclohexane. 

A variety of commercially available and synthesized silane coupling agents were grafted 

to quartz and/or glass surfaces (Table 4). Further details are provided in the 

• 6 7 accompanymg papers. , 

Table 4 Commercial and synthesized silane coupling agents used in quartz and glass 

surface modification. 

Contact 
Angle 

Ex[!.# Modif.ying agent Tl'[!ea Avg. St. dev. 

B is( trimethylsiloxy )-methyl-(3 -triethoxysil yl Q 84.8 3.82 
1 Propyl )silane 

Q 85.9 4.56 

Q 74 2.2 
2 2-(phenyldimethylsilyl)ethyltriethoxysilane 

Q 72.7 1.8 

Q 99.2 0.63 

3 5.3.4.1. hydrosilylated squalene 
Q 98.7 1.06 

methyl(2-triethoxysilyl-ethyl)dimethyl siloxane 
Q 105.2 1.3 

4 
copolymer (30-35%) 

Q 106 1.07 

Q 78.1 2.09 

5 
methyl(2-triethoxysilyl-ethyl)siloxane 
homopolymer Q 78.4 1.67 
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Q 75 3.07 

1) VTES 

Q 75.8 2.31 

6 

Q 95.8 2.38 

2) PDMS-2H (2-3 eSt.) 

Q 96.3 3.37 

Q 76 0.93 

1) VTES 

Q 77.3 1.91 

7 

Q 97.2 3.38 

2) PDMS-2H (100 eSt.) 

Q 103.3 1.58 

Q 79.9 1.97 

1) VTES 

Q 75.8 2.62 

9 

Q 97.1 0.88 

2) PDMS-2H (500 eSt. ) 

Q 95 .8 1.4 

a Q - quartz. 

5.4. Results 

The fouling studies described elsewhere in this thesis required the preparation of a series 

of hydrophobic coupling agents: many possible interesting compounds were simply not 

commercially available. For most of these compounds, the syntheses involved the 

straightforward hydrosilylation of either allyl- or vinyl-triethoxysilane with an 

appropriate hydrosilane. The compounds prepared, with yields, are given in Scheme 7. 
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Scheme 7: Synthesized silane coupling agents. 
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Much more work was involved in the preparation of coupling agents based on squalene: 

these compounds should be sensitive to oxidation. Preliminary studies with the model 

compound, HSiMe20SiMe3 showed that on average, from one up to all six alkenes on the 

squalene could be hydrosilylated (Scheme 8). Not all the yields for these conversions 

were determined. These experiments simply proved that the hydrosilylation of internal 

bonds could be performed (see discussion section). 
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HSi(OEI)
3 

No Reaction 
Karstedt's PI Catalyst 

j ~arstedt's PI Catalyst 
,....Si, ,....SiMe3 

H \ 0 

---

Scheme 8: Hydrosilylation of squalene using pentamethyldisiloxane. 

Pentamethyldisiloxane does not, of course, possess the functional groups necessary for 

binding to a glass/quartz surface. Initial attempts to hydrosilylate squalene with 

HSi(OEt)3 were completely unsuccessful (Scheme 8). There was no evidence for 

formation of any squalene-derived products; starting materials were recovered. 

Therefore, a new coupling agent combining the characteristics of both triethoxysilane and 

pentamethyldisiloxane was prepared. In addition to the normally favoured addition of the 

silyl group to the terminal position 15, significant quantities (ca. 25%) of the internal 

regioisomer 16 were obtained (Scheme 6). The mixture of isomers was used to 

hydrosilylate squalene leading, on average, to the incorporation of one or two silyl groups 

into the chain 18 (Scheme 9, only one isomer shown). Attempts to incorporate more 

groups by pushing the reaction thermally were unsuccessful. The 1H NMR data is 

consistent with hydrosilylation with the regiochemistry shown. Doublets of integration 
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3H accompanied the hydrosilylation (RH(R'3Si)C-CHMe), rather than the alternative 

methyl singlets, which would be expected in the other regioisomer (RH2C-C(SiR'3)Me). 

Karstedt's catalyst 

0 ' I l 
./Si-

-si 

(EtO),Sit__r '-

Scheme 9: Hydrosilylation of squalene using 1,1,3,3-Tetramethyl-1((2-triethoxy­
silyl) ethyl) disiloxane. 

Prior to grafting this new coupling agent 18 to glass or quartz, its oxidative sensitivity 

had to be established. Thus, both squalene and 18 were subjected to oxidation by 

peracetic or m-chloroperbenzoic acid and ozone, respectively. In both cases, oxidation 

efficiently occurred. Formation of the ozonide from either squalene or 18 was highly 

exothermic (the introduction of 0 3 had to be carefully regulated to suppress overheating 

ofthe reaction flask) . 

Once the compounds had been oxidized, proof of their reactivity to nitrogen nucleophiles 

was necessary. The reaction between fluorescent amines and the polyepoxide remains for 
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future work. However, the ozonides underwent workup with zinc and acetic acid, to 

produce mixtures of aldehydes and ketones. These could be detected directly by NMR 

and also by formation of dinitrophenylhydrazones. To date, we have used these data to 

qualitatively prove the formation of carbonyls from the alkenes (Scheme 1 0). In future 

work, we shall quantify the product mixture and further assess the structures of the 

products that, by inference, will allow the determination of the hydrosilylation 

regiochemistry. 
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:::,.1 
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'l 

Me
3
s;--0 

N02 

Scheme 10: Oxidation for introducing new functionality to squalene molecule. 

The formation of the hydrazone can be quantified by UV spectroscopy. Comparison of 

the UV spectra between dinitrophenylhydrazine and the resulting hydrazones from the 
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squalene reduction process just described show the characteristic red shift, indicative of 

formation of the hydrazone (Figure 31). 
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Figure 31: UV spectra of dinitrophenylhydrazine, and squalene after 
ozonization/reduction by Zn/HOAc and dinitrophenylhydrazine. 

Having demonstrated that the oxidation reactions are not suppressed by the presence of 

the silyl groups, 18 was grafted to quartz by methods described elsewhere (Scheme 11).7 

The quartz slides were submitted to the same series of ozonization and condensation 

reactions that had been done in solution. While no quantitation has yet been done, 

qualitatively the reaction occurred efficiently as could be judged by the changes in UV 

transmittance through the quartz slide (Figure 32). Our future objectives include better 

quantitation of the residual aldehyde/ketone groups on the surface and to use these 

functional groups to graft other materials to the surface. 
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Scheme 11: Ownizationlreduction reaction of grafted quartz surface with squalene 
followed by coupling with dinitrophenylhydrazine. 
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Figure 32: UV transmittance through a quartz slide modified with 18, ownized and 
reacted with 2,4-dinitrophenylhydrazine. 

131 



132 

5.5. Discussion 

Hydrosilylations normally occur, with platinum catalysts at least, at the least hindered site 

alkene. This preference was observed, essentially exclusively, for the coupling agents 

shown in Scheme 7. In practical terms, it is normally very difficult to hydrosilylate 

internal double bonds (Scheme 12A). The mechanism of the reaction is such that double 

bond migration can occur along the alkene chain, moving the 1t bond to the terminus, at 

which point hydrosilylation occurs (Scheme 12B).8 

A 

8 

H2SiCI2 

55°C, 12h 

Scheme 12: Internal bond in hydrosilylation. 

USiCI, 

Thus, the efficient hydrosilylation of the internal bonds of squalene was unexpected: it 

should be noted that fairly vigorous conditions were used for the hydrosilylation (the 

temperature has to be increased from ca. 0 oc to 75 °C). It is not clear which of the 

double bonds reacted most efficiently. In addition to hydrosilylation, it is apparent that 

double bond migration was simultaneously occurring. The UV of the hydrosilylated 

mixture showed a new, red-shifted absorbance at 240 nm consistent with a diene (Figure 

33). Thus, in addition to hydrosilylation of the compound, dienyl units are formed 

(Scheme 13). 
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Figure 33: UV spectra of A: squalene and B: 18 showing presence of diene 
fragments in the latter material. 
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Scheme 13: Diene formation in squalene hydrosilylation reaction. 
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The alkoxysilane groups introduced to 18 remained surface active. It was possible using 

standard conditions to graft the coupling agent to the surface. Such compounds could not 

be removed by extraction, and their presence on the surface was confirmed both by 

contact angle and by UV spectroscopy, as noted in Figure 32. The residual double bonds, 

either in solution or once bound to the surface, behaved exactly as expected for such 

compounds. Facile conversion by peracids and 0 3, respectively, to the oligoepoxide or 

oligoozonide occurred as shown by NMR. In the case of the ozonide, further conversion 

to carbonyl groups and then hydrazones occurred unexceptionally. 

It should be noted that liquid and gaseous oxidation reagents were used in these studies; 

solid reagents could also be utilized. This flexibility in the phase of oxidizing agent that 

are acceptable to the reaction could provide advantagous. For instance, composites 

reinforced by silica stabilized by the squalene-derived coupling agent could be 

decomposed by ozonization: 0 3 can permeate through solid organic matrices. Such 

possibilities need to be examined in the future. 

These experiments demonstrate that oxygen-sensitive moieties can be grafted to siliceous 

surfaces. They further show that the hydrophobic nature can be modified both to increase 

surface energy and to provide new synthetic opportunities via the introduction of new 

groups by reaction with epoxides, carbonyl groups or carboxylic acids. Such conversions 

will form part of our future endeavours in this research. 
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5.6. Future Work 

One of the foci of this thesis was the possible utility of modified surfaces to mitigate 

fouling in wastewater reactors. As shown in Chapter 3, like other hydrophobic surfaces, 

the squalene-derived compound . did not improve fouling performance, but aided in 

cleaning. The issue of the photo behaviour of the coupling agent was not addressed. As 

noted, dienyl groups are present in the coupling agent. Further, simple alkenes are known 

to undergo UV-induced photodimerization reactions. However, the ability to 

crosslink/dimerize surface alkenyl and dienyl moitites by exposure the intense UV­

irradiation will form a future experimental direction for this research. 

Although ozonides were shown to be susceptible to conversion to carbonyl groups, which 

could then be functionalized, further synthetic conversions were not attempted with the 

epoxides. Future research will remedy this by flrst demonstrating that ring-opening 

polymerization and ring-opening functionalization by other groups will occur with 

epoxy-squalene derivatives (Scheme 14). These modillcations will flrst be attempted and 

quantified with small molecules and then, for both ozonide and epoxide, with polymeric 

systems. 
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Scheme 14: Amine reaction with an epoxidized squalene-modified surface. 
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Silane coupling agents with many different structures are readily prepared by the 

hydrosilylation of vinyl-substituted organic compounds. Squalene, a natural hexaene, can 

be converted to a coupling agent by hydrosilylating the internal double bonds. 

Accompanying this addition, is the internal rearrangement of double bonds to form 

dienes. Once grafted to the surface, the residual double bonds can be converted by 

oxidation into carbonyl groups, carboxylic acids or epoxides. This not only changes the 

surface activity of the coating, but provides handles for further synthetic modification. 
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