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ABSTRACT 

Ultrapure water is becoming increasingly important to the semiconductor, 

pharmaceutical and power industries. Stricter industrial requirements concerning 

water purity can be realized from pilot scale research. Such a system was designed 

and operated to determine improved methods to characterize and remove organic 

contaminants in industrial scale ultrapure water systems. 

Theoretical modelling of the polishing loop was performed for variable order 

kinetics; intrinsic reaction parameters were developed, and are potentially scaleable 

to larger systems. Application of the population balance to the actions of process 

components on organic particle distributions generated novel oxidation and 

fragmentation parameters that are scaleable to larger systems. Optimization of 

bacterial growth media resulted in the increased detection of viable bacterial 

concentrations. A significant fraction of TOe in the polishing loop was found to 

exist as assimilable organic carbon; the action of process components, thought to 

remove contaminants, can generate bacterial nutrients from more complex organics. 

The situating of a polymeric filter before a UV unit resulted in increased 

removal of organic contaminants. The placement of a mixed bed ion-exchange tank 

before a UV unit enhanced the removal of large molecular weight and high charge 

to mass ratio contaminants; reversing the sequence enhanced the removal of low 

molecular weight and low charge to mass ratio compounds. The combination of UV-
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185 and dissolved ozone resulted in synergistic removal of organic contaminants from 

ultrapure water. The invention of a novel catalytic filter designed to physically 

separate and then oxidize contaminants resulted in enhanced removal of organics 

from ultrapure water. A study of viruses in ultrapure water showed that UV -185 and 

ozone effectively removed viruses, yet ion exchange gave only two orders of 

magnitude removal in viable counts. 

This research may be used to augment present systems and/or design new 

systems. Continued research along the lines specified in this document will generate 

further understanding of ultrapure water and ultrapure water systems. 
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1.0 OVERVIEW OF THE CONCEPT OF ULTRAPURE WATER 

It may first have been the ancient Greeks who believed that all matter was 

derived of four basic elements. These elements were earth, air, fire, and water. All 

forms of matter were supposed to have been derived from combinations of each of 

these fundamental four elements. It is"ironic that, better than two thousand years 

later, the concept of pure water has prevailed. 

In point of fact, the concept is becoming more essential to pharmaceutical and 

semiconductor processing with each passing year. In recent years, direct correlations 

have been proposed for reduction in semiconductor device yields with an increase in 

device surface contamination levels (Lorch, 1981). 

As semiconductor devices break through the megabit level, and approach the 

gigabit level, processing steps will become greater in number and complexity. The 

potential for introduction of contamination by processing stages can increase with 

increasing numbers of processing stages. This can lead to reduction in device yields 

(Mumaw, 1988), or a reduction in the percentage of useable chips per batch 

manufactured. The reduction in yields can lead to increase manufacturing costs, and 

reduced profit. If a competitor provides greater yields, it can sell devices for less, 

and maintain a comparable profit margin. Since users prefer to buy similar items for 

a lower cost, this could result in the sale of more units, and therefore increase the 

relative amount of sales, or market share. For these reasons, a reduction in the 
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amount of contamination on the wafer surface can lead to an increase in present and 

future device yields. The overall result may be an increase in market share; this will 

make our country more competitive in world markets. 

The manufacture of semiconductor devices involves many process steps 

including diffusions, oxidations, etches, lithographies, and metalizations. There are 

many steps a device has to make from a raw silicon wafer, to packaged device; 

although it may see only a few of each of these process steps, wafer cleaning and 

rinsing steps are repeated many times throughout the manufacturing process. It 

becomes axiomatic that if the rinse water is contaminated, the device will be exposed 

to the contamination more frequently than the contamination seen in any other single 

aspect of wafer processing. As an example, a semiconductor plant that produces 

1600 wafers per day can require nearly 500,000 gallons of water for the same time 

frame (Runyan and Bean, 1990). 

Since water is the second most used chemical in the semiconductor industry, 

next to siiicon, it may be a logical source of contamination of the devices. If the 

water can be made more pure, the contamination of the wafer may decrease, the 

device yield may therefore increase. 

Ultrapure water is a concept that changes with each new device produced. 

Table 1.1 (Osburn, 1991, Yabe, et. aI, 1989, Faylor and Gorski, 1988) shows the 

evolution of ultrapure water with increasing device densities. Contamination in 

ultrapure water can be expressed as any specie that is not H20, H + , nor OH-; as one 
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Table 1.1: Water Purity Requirements for Semiconductor Devices 

Contaminant 64K 256K 1M 4M 16M 

Resistivity (MQ-cm) >17 >18 >18 >18 >18 

TOC (/-lg/l) <200 <100 <50 <30 <30 

Bacteria (# /liter) <250 <100 <50 <5 <1 

Particulates (# /ml) <50 <20 <10 <1 <1 

Critical Size (/-lm) 0.2 0.2 0.2 0.2 0.05 

Silica (/-lg/l) <20 <10 <5 <3 <3 

Dissolved Oxygen (pg/l) <200 <100 <100 <50 <50 

Sodium (/-lg/l) <1 <1 <1 <0.1 <0.1 

Potassium (/-lg/l) <1 <1 <1 <0.1 <0.05 

Chlorine (pg/l) <5 <5 <1 <1 <0.1 

Copper (/-lg/l) <2 <2 <1 <1 <0.1 

Iron (pg/l) - - <1 <1 <0.1 

Zinc (pg/l) <5 <2 <1 <1 <0.1 

Chromium (/-lg/l) - - <1 <0.1 <0.02 

Manganese (/-lg/l) - - <1 <0.5 <0.05 
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might imagine this results in contamination being defined as virtually any element or 

combination of elements in any non-zero concentration on the periodic table. 

With that thought in mind, the concept of water containing absolutely zero 

contamination is not a realistic goal; the engineer must, however, endeavor to make 

the water as pure as possible. The first step is to define classes of contamination that 

are in the highest concentrations; elements such as polonium and uranium, although 

contaminants, will probably not appear in as high a concentration as bacterial carbon. 

For this reason, water purity can ~e qualified by terms such as total oxidizable 

carbon (TOe), resistivity, particulate contamination, bacteria, and silica. This work 

focuses on organic contamination since bacteria, as well as most surfaces exposed to 

ultrapure water exist as organic compounds. 

Organic contamination in ultrapure water can be classified into several 

categories. The first is dissolved organic mass, or total oxidizable carbon; this is 

expressed as a concentration. Next is colloidal or particulate mass; although this is 

also expressed as a concentration, it depends on the size of the particle being viewed. 

Since organics can exist in an ionic form, the level of ionic contamination or decrease 

in resistivity can be monitored. Bacteria as a concentration can also be measured in 

these systems. The first chapter of this document details each of these categories. 
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1.1 Total Oxidizable Carbon 

Perhaps the most important indication of the level of organic contamination 

in an ultrapure water system is the measure of total oxidizable carbon (TOC) (Yabe, 

et. aI., 1989). TOC is sometimes referred to as total organic carbon. It is important 

for the reader to understand that total organic carbon is the measure of all carbon 

containing compounds in water excluding carbon dioxide and bicarbonates (Burkman, 

et. aI., 1988); this can require several methods to determine completely. A total 

oxidizable carbon analyzer can measure only those carbon containing compounds that 

are reacted by the oxidizing agent. In the case of analyzers that use UV-185 

radiation to measure TOC, several carbon containing bonds are not susceptible to 

this wavelength of radiation including C=S, C=O, CaN, and C=C (Yabe, et aI., 

1989). Although the terms are used interchangeably, the reader should take notice 

that the terms are quite different, and only the oxidizable carbon can presently be 

measured using on-line monitors. 

Organic contamination as TOC can exist not only as acids, aliphatics, 

aromatics, aldehydes, carbohydrates, and lipids, but as compounds that are intimately 

combined with non-carbon elements. Examples of these compounds include amino 

acids, proteins, DNA, RNA, and many other biomolecules (Stryer, 1981). These 

biomolecules can exist in a dissolved or particulate state. Sources of organics include 

microorganisms, solvents, materials of construction, organic acids, and contamination 
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by humans. Organics can exist freely or react with each other, and can be used as 

sources of food or be excreted as wastes by bacteria (Atlas, 1984). Since organics 

can exist in a variety of forms, and be generated within the ultrapure water system, 

control of TOC is paramount in the ultrapurification of water. 

In the semiconductor industry, processing of devices usually includes the 

deposition of material layers including metals, oxides, and dopants onto the wafer 

surface (Jaeger, 1988, Maly, 1987). Although carbon is not one of the process 

materials typically used, it is quite possible to find it contaminating the wafer surface. 

From an electrical standpoint, carbon has properties that are dissimilar to boron, 

arsenic, and silicon; a change in chemical nature of a fixed device can result in the 

formation of voltage and current gradients, and generation of a defect (Wilkins and 

McConnelee, 1988). Considering the volume used and the potential for 

contamination, rinsings in contaminated ultrapure water can be the cause of the 

carbon deposition. 

As the reader will come to learn, it is not possible to remove all carbon 

compounds from the ultrapure water environment; the result is that the engineer will 

look towards an optimum with available technologies; present attainable levels in 

large scale facilities are generally in the part per billion or p.g/l range. It is therefore 

important to improve the technologies available to improve the quality of the water. 
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1.2 Resistivity 

Resistivity is a measure of the ionic potential of water; it usually expressed in 

Megohm centimeters (Mn-cm) at a specific temperature, and assigned the Greek 

letter "p". For ultrapure water, the resistivity is derived from the Law of Kohlrasch; 

it is the sum of the products of the specific ionic conductance and the concentration 

of the ith ion, multiplied by 1000, then reciprocated, or: 

p = {1000* ~ Ai[I]}-l 

where 'Ai' is the specific ionic conductivity of the ith ion (siemen/ cm-mole 

equivalents), and '[1]' is the concentration of the ith ion in (mole equivalents/liter). 

Note that {1 microsiemen/cmr1 is 1 Mn-cm. A table of specific ionic conductivities 

and concentrations are fed into a microprocessor; a probe samples the water, and the 

resistivity is displayed. As shown in Table 1.2 (Thornton and Light, 1989) for pure 

water, the specific ionic conductivities of water will change with temperature; 

therefore the temperature of water must be specified with the resistivity. Most 

resistivity meters automatically correct the readings for temperature and display the 

result for 25°C. For calculation purposes, the slope of the resistivity vs. temperature 

line is about 1 Mn-cm/oC for water at 25°C. One problem with the on-line meters, 

is that they may not be able to distinguish one ion from another, therefore on-line 
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resistivity measurements are made on a relative basis. Detailed methods to 

characterize ionic contaminants include off-line methods such as ion chromatography 

and ion coupled plasma mass spectroscopy (ICPMS). 

Table 1.2 also shows the Kw for water; this term is known as the ion product 

of water, and is the concentration of the product of 'H+' and 'OH-' ions. To obtain 

the concentrations of each of these ions, simply take the square root of the Kw The 

accepted value for the resistivity of pure water at 25°C is 18.26 Mo-cm. Appendix 

A shows how the law is applied and gives some examples of N aCI contamination; 

compare the resistivity requirements of the 16 Mbit device with the example 

resistivities. You will find that only a few parts per billion of ionic contamination can 

interfere with water quality. 

1.3 Organic Particles 

In an ultrapure water system, contaminating mass can exist not only in a 

dissolved state, but as a colloidal or particulate state. Particles can be organic or 

inorganic, ionic or non-ionic in nature. A particle is defined here as any 

conglomeration of non-H20 species; the species mayor may not have the same index 

of refraction of water, and thus mayor may not be detectable. Detection of particles 

is essential in ultrapure water systems since particles of one-tenth the minimum 

feature size of a device can impact yields (Yang, 1989, Yang and Tolliver, 1989). 
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Table 1.2: Properties of Water from OOC to 50°C 

Temp (oC) AH+ AOH- ANa+ ACI_ -log(~) 

0 225.04 117.8 26.0 41.0 14.9 

5 250.27 133.6 30.3 47.5 14.7 

10 275.38 149.6 34.9 54.3 14.5 

15 300.29 165.9 39.7 61.4 14.3 

20 324.92 182.5 44.8 68.8 14.2 

25 349.19 199.2 50.15 76.35 14.0 

30 373.03 216.1 55.7 84.2 13.8 

35 396.38 233.0 61.5 92.2 13.7 

40 419.18 250.1 67.6 100.5 13.5 

45 441.39 267.2 73.8 108.9 13.4 

50 462.98 284.3 80.2 117.6 13.3 
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Particles can be detected on-line by a light scattering particle counter. This 

piece of equipment allows a sample of water to pass though a laser beam. The path 

of the beam is altered by any substance with a different index of refraction than 

water, and the extent of deflection of the beam is converted to one count at the 

particular particle size via a microprocessor. Particle counters used in this work can 

sample about 0.3 ml/min of a 100 ml/min flow of water, and are able to detect 

0.05J,Lm particles at 50% efficiency. Counts are typically reported per volume of 

water. 

There are, however, problems with this approach. Particles are assumed to 

be spherical using this method. If a particle is a piping fragment or a fiber, they 

would tend not to be shaped as spheres, and the path of entry, or conformation will 

determine the effective particle size. Index of refraction of a particle is not taken 

into account; an opaque biomolecule, or an ion exchange resin fragment can have 

different indices of refraction than stainless steel or polyvinylidene fluoride piping 

fragments. Changes in the index of refraction will cause a shift in the path of the 

laser beam, and can cause erroneous readings. The windows of particle counters 

used in this study are situated such that the turbulent core or 0.3% of the actual flow 

is viewed. Although the fluid and thus the particles will have the greatest velocities 

in this region, it accounts for only a small fraction of the potential for particle 

viewing. 

Qualification of ultrapure water is a special problem for on-line particle 
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counters. Background counts of ultrapure water systems can approach '0' or '1' count 

per ml at the 0.05 J,£m size; from a statistical point of view, it becomes difficult to 

determine true vs. erroneous events as the limit of the analyzer is reached (Cooper, 

1991, Cooper, et. aI., 1991). 

It is therefore possible to supplement on-line particulate contamination 

detection methods using off-line methods. Chief among these approaches involved 

the filtering of a volume of water (50 liters) and viewing multiple fields of the filter 

under a high-powered microscope (Balazs, 1988). As particle detection requirements 

evolved into the submicron sizes, shape alone was no longer an acceptable means of 

particle identification. Recently, methods such as Scanning Electron Microscopy 

(SEM) (Goldstein, et. aI., 1981) and Epifluorescence (EPI) (Ackermann and 

Pecorella, 1990, Carpenter, et. aI., 1990), have been used to detect bacteria and small 

particles. Membrane staining became essential to further classify particles. 

The MEMC Electronic Materials Company has a method (Ackermann and 

Pecorella, 1990), adapted from the Nomura Microscience method, that classifies 

particle contaminants retained on a 0.2 J,£m polymeric membrane by their stained

color groups and morphologies when viewed under 2000x microscopic magnification. 

There are 7 basic particulate classifications for the method: bacteria, yellow crystals, 

black crystals, black particles, pink colloids, purple colloids, and others. 

The first classification is for bacteria. Bacteria are defined as rod or spherical 

shapes that are typically pink in color; the pink color is primarily to the negative 
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charges maintained on the bacteria surface. Proper staining can reveal internal 

features of the bacteria (organelles, nucleus, etc.) to further aid in the ease of 

classification. Bacteria can range in length from 0.2 #Lm to greater than 2 #Lm. 

The second category is for yellow crystals. Crystals are either yellow, orange, 

or orange particles that have sharp edges. Examples of crystals include ion exchange 

fragments; although ion exchange resins are amorphous polymeric materials, they can 

appear as crystals as a result of the staining. Experience shows that the color of the 

fragment is a direct measure of the remaining ionic potential of the resin fragment. 

A yellowish hue indicates that the resin is relatively fresh, an orange color indicates 

that the resin fragment is near exhaustion. A black crystal indicates that the resin 

fragment is exhausted. 

Black or deeply opaque particles are those that are naturally colored black, 

or are so great in charge densjty. that they take up excessive amounts of stain. 

Examples of these types of particles include polyvinyl chloride (PVC) piping 

fragments, as well as elastomer fragments. These particles are irregular in shape and 

are not to be confused with the sharp edged pattern typically seen for black crystals; 

experience shows that it may be difficult to distinguish between the two. Generally, 

one would observe other fields of view to determine if several resin fragments are 

present to justify classification of the particle as a crystal. Particle sizes can range 

from 0.2 #Lm to many microns in size. No discernable pattern or morphology is 

required for this classification. 
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Anionic particles are irregularly shaped pink colloids. The pink color results 

from negative charges dominating on the surface of the particle. Since this category 

is reserved for irregularly shaped particles, they are separate from bacteria. In point 

of fact, the colloids may be bacterial fragments that have resulted from the lysing or 

partial destruction of a biological cell. 

Cationic particles are irregularly shaped purple or blue colloids. The purple 

hue results from an excess of positive charges on the surface of the particle. 

Examples of positively charges particles are less frequent in ultrapure water systems; 

they can include biomolecules as well as metallic piping fragments. 

Particles classified as 'others' indicate that the particle does not fall into any 

of the previous six categories. Particles that appear as transparent have taken up 

little stain; this is indicative of inert molecules. Examples of these inert molecules 

include Teflon PF A, Teflon FEP, and polyvinylidene fluoride (PVDF). Sizes can 

range from 0.2 /.Lm to several microns in diameter. Fibers are typically long 

cylinders, or are seen as having high length to radius ratios. Lengths range from 1 

to greater than 10 /.Lm; fibers can be traced to clean room gowns, as well as 

fragments of certain types of ultrapure water filters. Colors can range from pink to 

blue; the color may depend on the relative amount of charges available on the 

surface of the fiber. A bluish color indicates that positive charges exist on the 

surface; this may be indicative of the quaternary ammonium charges on a modified 

filter surface. A pinkish color indicates that negative charges prevail; the fiber may 
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have had countercharges placed on it by adsorption of negatively charged 

contaminants. If the fiber is segmented in morphology, it may be indicative of an 

algae or a mold. Such filamentous organisms are well documented for having fibrils 

or tubular shaped protrusions on their surfaces (Atlas and Bartha, 1987, Atlas, 1984). 

A comprehensive list of particles seen in ultrapure water systems can include 

contributions from microorganisms, pipes, valves, ion exchange resins, filters, humans, 

and contact with wafers during rinsing. Since gate oxide dimensions are presently on 

the order of 0.02 JLm, particles of this size and larger can potentially cause device 

killing defects upon deposition, and must be removed from the ultrapure water. 

1.4 Life in the Ultrapure Water Environment 

Although the water in question can contain less than 10 JLg/1 of oxidizable 

carbon, and less than 1 JLg/1 of ionic minerals, microbial life can still exist in this 

environment (Atlas, 1984). This is important to the manufacturing of semiconductor 

devices, as detailed in Table 1.3 (Yabe, et. aI., 1989), since microbes are typically 

made up of ionic and organic contaminants; note that the major constituent of the 

bacteria is carbon. 

Life in the ultrapure water system can be divided into different classes of 

organisms including bacteria, fungi, algae, and viruses. Species of bacteria including 
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Achromobacter, Aeromonas, Bacillus, Corynebacterium, Flavobacterium, 

Micrococcus, and Pseudomonas (Tsuchizaki, 1988, Mittleman and Geesey, 1987) have 

been isolated from ultrapure water systems. Species of Fungi isolated include 

Alternaria, Aspergillus, Cepharosp-orium, Cladosporium, Fusarium, Nigrospora, and 

Trichoderma. In addition to these forms, Actinomycetes, yeasts, and algae (green 

algae, blue algae, diatoms) have also been isolated. 

Microorganisms are dangerous to ultrapure water systems since they enter 

with the feed water, they can survive various treatments, move upstream in the most 

turbulent of flow systems (Bryers and Characklis, 1982), and infect many parts of the 

system. Infection of a system is observed when a biofilm or microcolony has formed. 

A biofilm is the accumulation of microorganisms on a surface such that the 

microorganisms act to generate a complete layer between the surface, and the fluid 

medium. 

Biofilm formation is important to many systems including prosthetic devices 

(Jacques et. al. 1987), the oral cavity (Absolom, 1988), human infection (Robrish, 

1986), and process components for water purification (Glaze, 1987, James, et. al., 

1988, and Marquardt, 1988). 

Bryers and Characklis (1982) suggest that infection or biofilm formation 

occurs through a five stage mechanism. This mechanism includes adsorption of 

dissolved organics to the wetted surface; this factor can depend on the type of piping 

surface available (Burggraaf, 1988). Transport of microbial particles to the surface 
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Table 1.3 Elemental Composition of a Typical 1 JLm3 Bacteria 

ELEMENT % CONTENT WEIGHT (grams x 10-16) 

C 50 790 

0 20 310 

N 14 220 

H 8 130 

P 3 47 

S 1 16 

K 1 16 

Na 1 16 

Ca 0.5 8 

Mg 0.5 8 

CI 0.5 8 

Fe 0.2 3 

Others :::: 0.3 5 
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by molecular diffusion, turbulent eddy transport, sedimentation and/ or 

thermophore sis is then possible; this can be influenced by hydrodynamic factors 

(Bailey and Ollis, 1977) such as: flow rate, piping diameter, length of piping between 

process components, qnd amount of surface available for colonization. 

Microorganisms then begin a two stage adhesion to the surface; a reversible followed 

by an irreversible adhesion can develop. Biofilm production can then proceed; 

growth kinetics for the growth of Pseudomonas fluorescens (Caldwell and Lawrence, 

1986) in microenvironments, of bacteria on dissolved organic carbon in blackwater 

rivers (Meyer, et. aI., 1987), and growth of bacteria on marine sediment (Davidson 

and Fry, 1987) have been proposed. The bacteria within the biofilm are actually held 

together by bacterially produced endotoxins (Beveridge, 1988). The glycocalyx, or 

lipopolysaccharide slime layer, is specific to the individual species of bacteria 

(Whitfield, 1988). Benedi, et. ai. (1988) actually determined the constituents of the 

lipopolysaccharide for Klebsiella pneumoniae; this may be one species of bacteria in 

the ultrapure water environment. Biofilm detachment can then take place; a special 

problem with endotoxins is that they can leave a biofilm, enter the water stream, and 

potentially contaminate the point of use. 

Lawrence et. ai. (1987) in two papers showed that bacterial stream populations 

within the hydrodynamic boundary layer of surface microenvironments adhered not 

in one step, but in four stages. The first stage was a formation of a monolayer of 

cells. The cells then physically spread out to facilitate diffusion of substrates and 



43 

wastes through the laminar boundary layer. Shedding, or the detaching of a cell from 

the surface then occurred; Pseudomonas fluorescens was found to have the ability to 

swim upstream of a turbulent flow system within the laminar boundary layer. The 

cells then performed a rolling mechanism; the cells reversibly attached to the surface 

by their flagella, and divided. 

In an ultrapure water system, bacteria are not the only form of life that needs 

to be removed; viruses can exist in these systems as well. Viruses isolated in feed 

water can include (Fuhs, et. aI., 1985, Payment, et. aI., 1988, and Rao and Melnick, 

1986): Enteroviruses (human viruses) including Coxsackieviruses, Echoviruses, 

Hepatitis, Norwalk and Rotaviruses, as well as porcine viruses such as Picornaviruses, 

Polioviruses, and Reoviruses. 

Viruses have their own activity in water. A virus unit can exist as a strand or 

strands of nucleic acids within a protein capsid; this capsid can have tail fibers used 

for specific adhesion to a bacterial surface. A virus is simply a set of instructions that 

commands a bacteria to replicate this same set of instructions in a highly repetitive 

fashion (Atlas, 1984). Viruses can come in many shapes and sizes; they can typically 

are hexagonally shaped, and 50 nanometer sized. They do not require constant 

sources of nutrition; therefore, they can not be killed by starvation. Their protective 

capsids prevent osmotic shocking, and nucleic acid destruction by oxidizing agents. 

Viruses act by adhering to a bacterial surface, injecting the nucleic acids into 

the host bacteria, situating the nucleic acids into the bacterial nucleic acids, and 
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forcing the bacteria to read the set of nucleic acid instructions and construct new 

virus units at a highly accelerated rate. When the bacteria is overloaded by viral 

units, it will explode into the environment (lysing), and can release up to 10,000 

viruses from the original viral infection. The lysing of the cell causes the viruses and 

the bacterial remains to mix with the water in the system. As the reader will see 

later, although it is possible to remove bacteria sized particles from an ultrapure 

water system, viruses and bacterial fragments are more difficult to remove. Viruses, 

therefore, can constitute a serious problem in the manufacture of ultrapure water and 

semiconductor devices. 

It is also important to note that the bulk of the work cited in this discussion 

of life in the ultrapure water environment was performed in high contamination 

environments; these environments include drinking, waste, and river water. The 

ultrapure water or part per billion organic contaminant environment, as the reader 

will come to know, can be far removed from the part per thousand and part per 

million organic contaminant level water environments. 

Detection of bacteria is primarily performed through two off-line methods. 

The first, known as viable cell count, involves the sampling of a known volume of 

water through a sub-micron polymeric filter. The filter is then placed in a nutrient 

growth media, and the bacteria are allowed to grow to form colonies. These colonies 

are visible to the eye after about 24 hours; it is generally assumed that one colony 

evolved from one viable cell. The count is therefore given in viable counts per unit 
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volume. The second method is to use a stained filter, or a direct visual count 

method previously discussed for the detection of particles. 

It should be noted that viruses are not generally counted in an ultrapure water 

system. Counts are possible through the use of direct particle count methods such 

as SEM or EPI, as discussed in the sections concerning organic particles. 
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2.0 THE ULTRAPURE WATER SYSTEM 

The ultrapure water system is a complex series of components designed to 

remove orders of magnitude of contamination from the inlet water and deliver it to 

the point of use in near pristine condition. Since the composition of raw water varies 

from place to place as well as from season to season, each ultrapure water system 

will therefore present unique and complex problems. The components used to 

ultrapurify water can compete to selectively purify or contaminate water. The result 

is that the final design of an ultrapure water system may not be a solution to the 

problems, but may become a compromise towards the minimization of problems. 

The system itself consists of many components and treatment strategies to accomplish 

this goal. Each component in a modern ultrapure water system will therefore be 

addressed in this document. 

The ultrapure water can then be thought of as the life blood of the 

semiconductor fabrication plant. In fact, since the pharmaceutical industry is now 

recognizing the need for ultrapure water in manufacturing processes, some analogies 

to the human body will be incorporated in the presentation of the descriptions, 

functions, and limitations of the components in the ultrapure water system. 

Since ultrapure water can be used by many industries, the goal of this work 

is to help bridge the perceived gap between an engineer and pharmaceutically or 

medically oriented reader; this will make for a more meaningful and productive 
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dissertation. 

The ultrapure water system can consist of filters, ultraviolet sterilizers, reverse 

osmosis membranes, carbon beds, ozone injection, ion exchange beds, storage tanks, 

pumps, valves, heat exchangers, and hundreds of feet of piping and tubing. 

The strategy behind ultrapurification of water is to send the water through a 

primary treatment, and then follow with a final polishing. The primary treatment of 

city, river or ground water usually consists of multimedia filtration, temperature 

control via a heat exchanger, carbon filtration, chemical treatment for pH and solids 

removal, reverse osmosis, UV -sterilization, ion-exchange treatment, sub-micron 

filtration, and finally storage in a vessel blanketed with nitrogen. At this stage, the 

water has been purified so that the TOe is less than 100 IJ.g/I, the resistivity is better 

than 16 Mn-cm @ 25°C, silica has been reduced to the part per billion (JLg/I) level, 

and bacteria has been reduced to less than 1 cfu/ml. As discussed in Chapter 1, the 

requirements for water purity is far stricter than the specifications presented above; 

therefore, the treatment continues with a polishing loop. The polishing loop consists 

of ozonation, UV sterilization, ion-exchange, and sub-micron filtration; the loop 

constantly recirculates since stagnant water allows for increased biofilm formation. 

Branches from the ultrapure water polishing loop carry the water to the point of use 

rather like capillaries branching off from an arteriole. The water enters the tool, 

contacts the device, where the water is recontmainated, and is then discarded. The 

water in the recirculation loop can be treated again, and fed back into the storage 
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tank. This allows for greater water conservation, and greater cost effectiveness. 

2.1 Multimedia and Carbon Filtration 

The first stage of river and/or ground water treatment involves a rough 

filtration, and is designed to remove particles greater than 5J.1.m. This prevents 

downstream components from becoming clogged, or damaged by large debris. City 

water is usually pre-treated, and does not require multimedia filtration; city water is, 

however, more expensive than river water. The engineer, in conjunction with the 

municipality, needs to determine which water should be used for source water; this 

is usually an economic decision. 

Multimedia filters are made of sand, gravel, and earth. Table 2.1 (Atlas, 1984, 

Atlas and Bartha, 1987) shows example terminologies for the various combinations 

of the sand, silt and clay. Generally, these filters are designed based on the type of 

contamination that predominates in the source water. For example, if the source is 

a river, one might consider designing a multimedia filter to emphasize gravel and 

sand to increase filter strength and decrease soluble materials such as clay and silt. 

Ground water, by nature, should have less bulk debris; emphasis on silt and clay can 

increase small particulate removal efficiencies. Multimedia filters generally require 

little maintenance; they are cleaned only by backwashing. Occasional visual 

inspection can insure that the filters are performing optimally. 
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Table 2.1 Nomenclature for Various Soil Compositions 

Soil Type % Sand % Clay % Silt 

Sand 85 - 100 0- 10 0- 15 

Loamy Sand 70 - 90 o - 15 0- 30 

Sandy Loam 41 - 85 o - 27 0- 30 

Sandy Clay Loam 45 - 80 20 - 35 0- 25 

Sandy Clay 45 - 65 35 - 55 0- 20 

Clay 0- 45 41 - 100 0- 40 

Clay Loam 20 - 50 27 - 41 15 - 55 

Loam 22 - 52 8 - 25 25 - 50 

Silty Clay 0- 20 41 - 60 40 - 60 

Silty Clay Loam 0- 20 27 - 41 40 - 72 

Silty Loam 0- 50 0- 27 50 - 88 

Silt 0- 20 0- 12 80 - 100 
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The next stage of treatment can be activated carbon filtration (cases where 

excessive calcium levels or 'hard water' exist must first be chemically treated; this will 

be addressed in section 2.2). This stage of filtration is important when city water is 

used, as many cities chlorinate their water; chloride residuals must be stripped out 

to sub-part per million (mg/l) levels, or downstream components may be attacked 

by the chlorides. The carbon bed can also act as another rough filter, removing 

particles of 1 to 5 J.Lm, as well as reducing TOe down to 1 ppm (Smith, 1988). 

Maintenance of these units can include backwashing and sanitization with hot (40-

50°C) DI water. 

Problems with multimedia and carbon filtration include accumulation and 

overgrowth of bacteria on filter surfaces, carryover and leaching of filter fragments 

into the next stages of processing, and deactivation of carbon surfaces through 

accumulation of ions. Properly scheduled maintenance can improve filter efficiencies 

and reduce the number of shutdowns. 

2.2 Chemical Treatment 

After the initial filtrations, the water is chemically treated. This is done to 

neutralize pH, convert carbonates and bicarbonates into CO2, and soften the hard 

water. For high pH water, chemical treatment involves adding acids such as HCI, 

and H 2S04, and/or chlorides; low pH water can be treated with a base such as 
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NaOH. As a result of chemical treatments, gases such as CO2, H2, and 02 can be 

formed. Selection of chemicals is based on the sensitivity of downstream components 

to attack, and will be discussed later. 

In the case of hard water, or water that has excessive concentrations of 

calcium compounds, an additional treatment stage is added before carbon filtration. 

This stage known as water softening (Smith, 1989) is designed to replace calcium and 

magnesium ions with sodium ions. This is done to prevent scaling, or building of 

insoluble salts on filters and other process components. 

As straightforward as this treatment stage may appear, there are, however, 

problems. Water softening can introduce organics into the system that can cause 

foaming of the water (Smith, 1989), as well as introducing sodium and chloride ions 

into the water. Tne addition of chemicals into the water system is the exact opposite 

of a purification process; these chemicals must now be removed from the system. In 

addition to the chemicals, the cost, and purity of the additives must be taken into 

account; contamination of chemicals by minerals and metals will recontaminate the 

water, and must be minimized. 

2.3 Reverse Osmosis 

Reverse osmosis is used to physically separate orders of magnitude of 

contamination from the feed water. The ionic rejection, or fraction of ions sent to 
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a reject stream divided by the number of ions in the feed water, is generally rated 

in the 98% range or greater (Zoccolante, 1987). In addition to removing ions, RO 

membranes can generally remove 2 orders of magnitude of bacteria, viruses, and 

submicron colloids. The permeate, or product water, will then depend on the quality 

of the incoming water. The permeate is then sent to the next treatment. 

The principle of reverse osmosis may be best explained by first mentioning the 

concepts of diffusion and osmosis. Diffusion, as postulated from the second law of 

thermodynamics, states that molecules will move from regions of high concentration 

to regions of low concentration, thus increasing the entropy of the system (Atlas, 

1984). Osmosis is defined as the movement of solute molecules to equalize a 

difference in concentration across a membrane placed between regions of high and 

low concentrations (Atlas, 1984). Generally, in the case of membranes with small 

pore sizes, the solute molecules may not be able to cross the membrane; in this case, 

the water molecules will diffuse across the membrane to dilute the high solute 

concentration region, and establish an equilibrium. Since the amount of material on 

one side of the membrane is greater than the other, an osmotic pressure can develop. 

In a reverse osmosis system, solvent (water) is pumped back across the membrane, 

thus resulting in the establishment of a concentration gradient. Since reverse osmosis 

is in the opposite direction from equilibrium, work must be supplied to the system 

to maintain the concentration gradient. The work supplied must maintain flow of 

material, and overcome the natural osmotic pressure of the system. 
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A reverse osmosis system therefore requires both membranes and pumps. In 

addition to this, a reject, or concentrated waste stream is generated on the upstream 

side of the membrane to increase membrane life. 

The membranes are generally of two types, and choice is based on inlet water 

quality and cost. The cellulose acetate (CA) membranes are generally more durable, 

but have low rejection rates (Rajendran and Flynn, 1989). The thin film polyamide 

or composite membranes (TFC) have higher rejection rates, but are more sensitive 

to chemical attack (Zoccolante, 19~7). 

The questions of durability and chemical compatibility are generally centered 

around the dissolved gases, and the cleaning or sterilizing agents. Bleaches and 

chlorides can kill bacteria, and oxidize extracellular fragments; TFC membranes, 

however, can degrade under exposure to chlorides, and/or bleaches (Maltais and 

Stern, 1990). Formaldehyde is the chemical of choice for sanitizing TFC membranes 

(Maltais and Stern, 1990). 

Formaldehyde, however, is toxic, and presents environmental hazards; further, 

although formaldehyde can kill bacteria, it cannot remove the extracellular fragments 

associated with bacteria (Maltais and Stern, 1991). This can result in a rapid 

recontamination of an RO system. In addition, formaldehyde itself is a DI water 

contaminant, and concentrations in the system must be minimized. It is important 

to note that if an RO membrane cannot be cleaned, it must then be replaced. 

Employing CA membranes allows the use of chlorides in the system. Use of 
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chlorides to oxidize organic contaminants such as humic acids, however, can result 

in the formation of a class of compounds known as trihalomethanes (lHM); 

examples of these compounds can include trichloromethane (chloroform), 

bromodichloromethane, and dibromochloromethane. The levels of these compounds 

formed depend on the feed water, and the type of chemical treatment used on the 

water (Chu, 1989). These compounds are important contaminants in water since 

data presented (Chu, 1989) indicated that an RO unit did not remove any lHMs. 

If the process components cannot effectively remove the contaminants from water, 

the contaminants may then be found at the point of use. 

2.4 Decarbonation or Vacuum Degasification 

Decarbonation and gas removal are necessary since dissolved gases, including 

CO2, can greatly reduce the lifetime of ion-exchange resins (Couture and Capaccio, 

1984). Decarbonation, and gas removal are usually accomplished with a vacuum 

degasifier. By placing the water in a chamber that is subjected to vacuum, the 

dissolved gases can be stripped out (Sinha, 1991). The vapor stream is then pumped 

to atmosphere, and the water is allowed to proceed to the next stage of processing. 

Vacuum degasification is important, in that it reduces the load on ion exchange beds. 

The principle of stripping out dissolved gases from a liquid solvent is based on 

Henry's Law for dilute mixtures (Felder and Rousseau, 1978), which states that: 
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or that the mole fraction of the contaminant gas 'A' in the liquid phase, xa' is equal 

to the products of the mole fraction of the contaminant gas in the vapor phase, Ya' 

the total system pressure, 'P', and the Henry's law constant, 'Ha'. Assuming no 

changes in system temperature, or vapor phase mole fraction, a drop in system 

pressure will cause a proportional drop in contaminant gas mole fraction in the 

liquid. For water, the concentrations of contaminant gases are generally in the 

milligram per liter or part per million range; this is well represented by Henry's law 

Vacuum degasifiers may also need to be designed to resist trace amounts of 

corrosive gases such as HCI and C12; the limiting factor in the design of these systems 

is generally cost (Sinha, 1991, Couture and Capaccio, 1984). 

2.5 Ion Exchange 

Ion exchange units are used to replace contaminating ions with fundamental 

ultrapure water building blocks; this will increase the resistivity of the water. Typical 

operation of ion exchange resins can result in resistivities in excess of 16 Mn-cm in 

the primary system, and 18 Mn-cm in the polishing loop. 

Ergorov and Novikov (1967) defined ion exchange resins as insoluble 

polymerized or polycondensed high molecular compounds, containing functional 
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groups capable of acting as exchangeable ions. The molecules consist of a stable 

base, such as a polystyrene, with functional groups attached. The nature of these 

groups will determine whether the materials will exchange H+, or OH- ions for 

similarly charged contaminants. 

Ion exchange materials can be classified into three categories: cation 

exchangers, anion exchangers, or amphoteric exchangers. Cation exchangers are 

materials that will absorb positive charges from the water environment, and replace 

them with H + ions. The functional groups can include sulfones, carboxyls, phenols, 

sulfhydryls, arsonic, and phosphonic acid groups. Anion exchangers are materials 

that will absorb negative charges from the water environment, and replace them with 

OH- ions. The functional groups can include primary, secondary, tertiary, and 

quaternary amino groups, and quaternary ammonium compounds. Amphoteric 

materials contain both of these types of functional groups on the base; they can 

therefore exchange both H+ and OH- ions for their equivalently charged 

contaminating counterparts. 

The ion exchange reactions are therefore: 

M+ + R-H => R-M + H+ 

and 
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M- + R-OH - R-M + OH-

where 'M' is the ionic contaminant, 'R' is the polymeric resin base, 'R-M' is the 

contaminant and base product, and 'H+' and 'OH-' are the hydronium and hydroxyl 

ions. 

Ion exchange materials are further classified into strong and weak exchangers; 

this classification depends on the functional groups' abilities to disassociate. Titration 

and pH testing of various compounds by Ergorov and Novikov (1967) indicated that 

sulfonic and phosphoric groups as well as quaternary ammonium groups can 

disassociate easily (strong), while phenolic and primary amino groups do not 

disassociate easily (weak). Having strong functional groups allows for high ionic 

removal efficiencies. 

Since electrostatic forces drive the ion exchange reactions, it is possible to 

determine the ability of an ion to be absorbed onto a surface. The reactions, can 

therefore proceed as functions of ionic valency, radii, and atomic number, or 

(Ergorovand Novikov, 1967): 

Li + < N a + < K + < Rb + < Cs + 

Na + < Ca2+ < Al3+ < Th4+ 

F < cr < Br- < r 
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When these resins are placed in the ultrapure water environment, however, 

they may not see such simplistic examples of ionic contamination. Particulate and/or 

dissolved mass can have multiple charges, or no charge at all (Chu, 1989). It is 

axiomatic that the less charge a material has, its affinity for an ion exchange resin 

material will decrease. 

Problems with ion exchange units can include an eventual saturation of the 

resin with contaminants. A physical separation will eventually result in a finite 

absorption capability. When the resistivity of the water decreases below a preset 

alarm, the resin tanks are taken off-line and regenerated; cation and anion 

exchangers are regenerated by passing concentrated acids or bases into the tanks. 

This requires either on-site storage and management of hazardous compounds, or 

sending the tanks off-site to be regenerated by a vendor. 

The lifetime of resins depends on the type of resin, the capacity or amount of 

resin in the tank, and load or the amount of ionic contamination the unit is expected 

to remove per unit time. Typical polishing loop ion exchange tanks can last for 

several months, while large polishing tanks on primary treatment systems can last for 

a year. 

After the tank is regenerated, chemical residuals can remain in the tank 

(Ammerer, 1989). Since these residuals are contaminants, this forces the operator 

to allow a rinse up time before the unit can be put back on-line. Contamination can 

exist, as indicated before, as bacteria, and viruses; since these particles have multiple 
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charges (Atlas and Bartha, 1987), they can have high affinities for ion exchange 

resins. The resins can therefore concentrate bacteria and bacterial nutrients on their 

surfaces; this can result in overgrowth, and leaching or organics into the water. 

Analyzers can be placed before and after ion exchange units to observe the increase 

in both resistivity and TOe. 

2.6 Ultraviolet Light 

Ultraviolet light (UV) sterilizers are used primarily for removal of 

microorganisms, microorganism fragments, and other organics. Successful treatment 

by UV light will yield a decrease in measurable parameters including TOe and 

viable bacterial counts. Operation of UV units in the polishing loop can result in low 

part per billion TOe levels, as well as less than 1 viable bacteria per 100 ml of 

sample water. 

Within the spectrum of radiation, the energy of a specific photon with zero 

mass and zero charge is given by: 

where 'Ep' is the total energy of the photon in ergs, 'h' is Planck's constant which is 

6.624 x 10-27 erg seconds, 'el ' is the speed of light which has the value of 2.9979 x 
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1017 nanometers per second, and'N is the wavelength of the particle in nanometers. 

Since the speed of light and Planck's constant are fixed for this discussion, the energy 

of the photon is inversely affected by the wavelength of the photon; a short 

wavelength indicates a high energy. Bird, et. aI. (1960) present the classes of 

radiation by wavelength and is summarized in Table 2.2. The ultraviolet radiation 

is on the more energetic side of visible radiation, yet less energetic than X-rays. 

UV energy emitted from low pressure mercury arc lamps is used as a natural 

oxidizing agent in the ultrapure water environment. The 254 nanometer wavelength 

is the chief wavelength emitted upon stimulation of mercury. It is used as an effective 

germicide, since microbial nucleic acids were found to absorb radiation near this 

wavelength (Nieuwstad, et aI., 1991, Qualls, et aI., 1989, Meulmans, 1987, Chang, et 

aI., 1985). In the semiconductor industry however, the deactivation of bacteria is not 

sufficient; dead bacteria can lyse and release endotoxins, nucleic acids, and enzymes 

into the water. These bacteria fragments may then be found at the point of use, and 

can cause device defects. 

Meyers (1987) indicates that the effectiveness of UV radiation on organic 

matter can be expressed as functions of absorbance and dosage. The absorbance of 

a compound is: 



61 

Table 2.2 The spectrum of Electromagnetic Radiation 

Type of Radiation Log [Wavelength (nm)] Energy (ergs) 

Radio Waves 5 => 16 10-14 => 10-25 

Far Infrared 4 -5 10.13 _ 10-14 

Near Infrared 3 -4 10-12 _ 10-13 

Visible 2.7 -3 10-12 

Ultraviolet 1.2 - 2.7 10-11 

X-Rays -1.7 - 1.6 10.9 => 10-11 

Gamma Rays -4 --1 10-6 
=$ 10-9 
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where' AB' is the absorbance of the material, 'ai' is the absorbance coefficient of the 

material (m3/mole*meter), 'a2' is the path length in meters, 'a3' is the weight percent 

of the contaminant in the liquid phase, 'a4' is the density of the liquid phase in 

kilograms per cubic meter, and 'MW' is the molecular weight of the contaminant in 

kilograms per mole. The dosage of radiation can be described from the following 

equation: 

Dr = t * I * Ei * E2 * F * lO-aia2 / AS 

where 'Dr' is the dosage in microwatts, 't' is the exposure time in seconds, 'Ei' is the 

percent of light output transmitted, and depends on the age of the lamp, 'E2' is the 

percent of light actually broadcast at the specified wavelength, and depends on the 

age of the lamp, 'F' is the percent transmittance of the quartz sleeve, 'ai' is the 

absorption coefficient of the material in cubic meters per mole*centimeter, 'ai is the 

path length in meters, and 'AS' is the surface area of the light source in square 

meters. For the ultrapure water environment at 1000 hours lamp life, and a flow rate 

of 3 gpm, a typical dosage is on the order of 200 microwatts. One generally 

measures UV output with an optical sensor that measures UV intensity and displays 

it as a percentage. UV lamps and quartz sleeves are generally changed or cleaned 

annually. 

In recent years, modification of the quartz sleeve of a mercury lamp, as well 
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as use of a xenon lamp, has resulted in the release of the higher energy 185 nm 

wavelength into the water environment. From Table 2.2, it can be seen that the 

shorter wavelength has a higher energy, and therefore, is a more powerful oxidizing 

agent. 

The reactions involving UV radiation can involve two mechanisms (Governal, 

et aI., 1990, Yabe, et aI., 1989). The mechanisms of UV action on organic 

contamination is direct oxidation of the compound by the UV radiation: 

M + hv - B + C 

and/or 

M + hv - M* 

M* + M - B + C 

where 'M' is the organic contaminant, 'v' is the frequency of the radiation (l/A), 'B' 

and 'C' are the lower molecular weight organic products, 'M*' is an intermediate 

generated in the oxidation pathway, and 'a' and 'B', are stoichiometric coefficients 

(Yabe, et. aI., 1989, Ergorov and Novikov, 1967). The reaction products depend on 

the number and type of bonds in the initial organic contaminant. The ultimate goal 



64 

of the unit is to oxidize organic compounds down to CO2, 

In the mercury arc lamp, the 185 nm wavelength accounts for about 7% of the 

total lamp output, and decreases over time; the quartz sleeve becomes opaque, and 

the transmittance of the radiation through the sleeve decreases. The result is a 

decrease in the amount of UV -185 radiation that contacts the media, and a reduction 

in the dose. This can cause a decrease in reaction efficiencies. 

Since a UV sterilizer acts to generate ions in water, the resistivity ofthe water 

will be decreased; generally, ion exchange tanks will be placed before the UV unit 

in a polishing loop to bring the resistivity back to 18 l\1n-cm or better. Another 

problem associated with the operation of UV units is the efficiency of the reaction; 

the reader will learn in later chapters that the UV induced reactions are nowhere 

near 100% efficiency. The result is that TOC will leave these units, and proceed into 

the next process component. In addition to this, there are certain organic and 

inorganic bonds that may not dissociate by 185 nm radiation; examples of these 

bonds are shown in Table 2.3 (Yabe, et aI., 1989). Compounds that will not be 

oxidized by the 254, nor by the 185 nm wavelengths will continue to the next stage 

of processing. Other shortcomings with a UV unit is that both the radiation and the 

intermediate oxidation products are not confined to the UV sterilizer housing; 

radiation will continue along the piping, until it is eventually absorbed. This can lead 

to chemical breakdown of the piping (Ergorov and Novikov, 1967). Since the piping 

may not withstand this type of bombardment, it is difficult to conceive shortening the 
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Table 2.3 Examples of Chemical Bonds Found in Ultrapure Water Systems 

Bond Type Dissociation Energy Maximum Possibility of 

(kca1/mole) Wavelength Dissociation with 

for Dissociation (nm) 184.9 nm UV 

(154 kca1) 

C-C 82.6 346.1 yes 

C=C 145.8 196.1 yes 

C=C 199.6 143.2 no 

C-CI 81.0 353.0 yes 

C-H 98.7 289.7 yes 

C=N 212.6 134.5 no 

C=O 176.0 162.4 no 

N-O 162.0 176.5 no 

0-0 119.1 240.1 yes 

O-H 117.5 243.3 yes 
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radiation's wavelength; further, these non-specific oxidizing agents may attack the 

piping as efficiently as the TOe with increased radiative energy. The chemistry of 

the oxidation reactions will be discussed later. In addition to the list of materials 

that can come in contact with UV radiation, human eye tissue is extremely sensitive 

to UV radiation; care should be taken to never look directly into a UV lamp without 

protection. Designers of UV lamps typically install view ports or sight glasses so that 

the operator can safely view the operation of the UV unit. 

2.7 Ozone 

The use of ozone to purify and to combat microorganisms in waste water and 

drinking water has a long established history (Renner, et aI., 1988, Nebel and Nebel, 

1984, Staehelin and Hoigne, 1982, Hoigne and Bader, 1976, Peleg, 1976), yet only 

recently has the use of ozone been employed to purify water in a semiconductor fab 

(Pittner, 1988). Since ozone is an oxidizing agent, it will act to remove TOe from 

water. Ozone, acting to generate ions as does UV radiation, will also lower water 

resistivity. Since ozone is non-specific it can also attack piping and ion exchange 

materials (Yarnell, et aI., 1989). 

Ozone is one of nature's most powerful oxidizing agents. The ozone molecule 

is itself unstable, and can spontaneously dissociate in the upper atmosphere into 

oxygen molecules according to the reactions (Atlas and Bartha, 1987): 
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° + ° - °2 

In an impure gaseous environment, Peleg (1976) proposed the spontaneous 

decomposition of ozone in this manner: 

where 'M' represents all substances in the gaseous phase including °3,°2, N2, CO2, 

Ne, or any other gas. For dilute solutions of ozone in oxygen, Peleg (1976) found 

that the reaction was second order with respect to ozone, and inversely proportional 

to the concentration of oxygen. 

In the theoretically pure water environment, however, a multitude of reaction 

mechanisms have been proposed. Staehelin and Hoigne (1982) proposed 

mechanisms whereby: 
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exists with pKa of the first reaction of 4.8 and, 

exists with pKa of the first reaction of 11.6. It was noted that carbonates, 

bicarbonates and phosphates competed for reaction with the hydroxyl radical. Peleg 

(1976) proposes the mechanism for low pHs as: 
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yet for high pHs, the first reaction or initiation step may become: 

With these reaction mechanisms, both agree that the decomposition of ozone in 

water involves pH and ozone concentration dependencies as well as formation of 

hydroxide ions. 

It should be noted that although the oxidation potential of ozone is 2.07 volts 

in acidic solutions, the hydroxyl radical has an oxidation potential of 2.8 volts (Peleg 
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1976). Since the hydroxyl radical has a greater oxidation potential than ozone, it is 

therefore more reactive than ozone. 

The decomposition of ozone in the water environment with trace or 

substantial contaminant levels is the real world situation. In this environment, ozone 

can show competing mechanisms for self disassociation and reaction with 

contaminants (Hoigne and Bader, 1976, Peleg, 1976). The formation of hydroxide 

ions from ozone and the decomposition of ozone based on the addition of trace 

contaminants to the water environment will be the subject of discussion in the ozone 

modelling section (Chapter 5). 

Ozone can be injected into the water stream at any point, and is a two stage 

process. The ozone can be first generated from either air or oxygen by a static arc 

discharge generator (Pittner, 1988); pilot scale work indicates that 2-6% of the 

oxygen stream can be converted into ozone (Governal, et al., 1991). The ozonated 

gas stream can then be injected into the water stream; static mixers can aid in the 

contacting of ozone and water. The ozonated water can also be injected into the 

storage tank through spargers (Governal, et al., 1991); spargers can create small 

bubbles with high surface area to volume ratios, and increase ozone mass transfer 

rates. 

Ozone, like chlorine, has a residual that can be present as far along the system 

as desired. The concentration of ozone can be measured by two methods. The first 

is an off-line chemical/spectrophotometric method using potassium indigo 
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trisulphonate (Bader and Hoigne, 1982). In this method, a solution of the 

photosensitive compound is formulated based on an order of magnitude estimate of 

the expected concentration, and exposed to the ozonated water. This and a blank 

sample are taken to a spectrophotometer, where the absorbance of the liquid is 

measured at a specific wavelength. Knowing the difference in absorbance between 

the blank and the sample (AAB), the concentration of ozone will be: 

where 'f is an empirical sensitivity factor of 0.42, 'a2' is the path length of the cuvette 

in centimeters, and 'V' is the volume of the sample added to the blank solution in 

milliliters. The detection limit using this method was 2 parts per billion (JLg/I) 

dissolved ozone in water when using a digital-readout spectrophotometer. The 

second method to detect ozone in water is by an on-line ozone analyzer. As taken 

from the OrbispherelM Laboratories operations manual for the series 2750 ozone 

analyzer, the theory behind the measurement device is electrochemical in nature. At 

the gold cathode, and at the silver anode the overall reactions are respectively: 

Ag + KBr => AgBr + K+ + e-



72 

In practice, the cathodic reaction is + 0.25 volts compared with the Ag/ AgBr 

electrode. By measuring the voltage or the current generated from the ozonated 

sample, is is therefore possible to calculate the concentration of ozone in the original 

water sample (Uhlig and Revie, 1985). 

Ozone has the advantage over the use of chloride ions in that ozone can be 

destroyed effectively by a UV unit (Pittner, 1988), and will not form THMs; this is 

necessary as oxidizing agents can attack resins and wafer surfaces as well as organic 

contaminants in water. Ozone can be generated and disposed of on-site, and unlike 

vendor obtained chloride containing chemicals, the quality of the ozone can be 

controlled. 

Ozone is, however, a hazardous gas. Being a non-specific oxidizing agent, it 

does not distinguish between prokaryotic (bacterial) and eukaryotic (human) cells. 

Since ozone has a distinctive odor, it is possible to immediately determine whether 

a health hazard exists; however, any exposure can be potentially harmful. Proper 

ventilation and maintenance is essential for safe operation of an ozone generator. 

Ozone generating systems can require annual or semiannual maintenance, as well as 

requirements for the moisture level of the feed gas. For example, a manufacturer 

may suggest that compressed feed air be dried to -60°F. Water, when built up on the 

surface of the dielectric plates in an ozone generator, can create a short, and destroy 

the power supply. 

Unfortunately, there are problems with the use of ozone in water. Ozone will 
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not oxidize all compounds to CO2, There are many compounds that will react with 

ozone until a stable refractory compound is formed (Hoigne and Bader, 1983). An 

example mechanism is: 

x + (a - 1)03 - Moxid 

where 'M' is the starting organic contaminant, 'a' is the stoichiometric coefficient for 

reaction, 'X' is an intermediate product, 'Moxil is the final oxidation product, and '<29' 

is a symbol indicating that no reaction will take place. 

The physical application of using ozone is also a problem. The mass transfer 

between the ozone gas and the water is also a problem. Considering a cylindrical 

storage tank of radius 'r' and height 'z', writing the ozone mass flux in a stagnant 

liquid phase 'b' (storage tank) in the 'z' direction yields: 

where 'Naz' is the molar flux of the ozone in the liquid phase, the products of the 

molar density of the solution 'c', the diffusion coefficient of ozone in water 'Dab" the 
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change in mole fraction of ozone as a function of vertical distance 'dxa/dz' accounts 

for the diffusive contribution, and the sum of the molar fluxes of ozone and water 

'N az + Nbz' multiplied by the mole fraction of ozone 'xa' accounts for the convective 

or bulk flow contribution. Since the gas bubbles are assumed to be rising at their 

terminal velocity 'vz' which is orders of magnitude greater than their radial velocity 

indicating that a convective flux controls. The flux in the 'r' direction is therefore: 

indicating that a diffusive flux is controlling. Since a mass balance on the system 

yields: 

The resulting equation becomes: 



75 

with boundary conditions: 

at z = 0 c = 0 
' a 

this has been solved for short contact times by Bird, et al. (1960): 

where 'ca
0

' is the solubility of gas 'A' in liquid 'B'; this shows that the average rate 

of mass transfer is proportional to the square root of the diffusion coefficient and 

inversely proportional to the square root of the bubble radius. Assuming that the 

terminal velocity, the diffusion coefficient, and the · solubility of ozone in water are 

fixed (constant temperature), decreasing bubble diameter is the easiest method to 

increase the mass transfer rate. This can be done by changing the pore size on the 

sparger. The limiting factor of radial velocity being negligible compared with axial 

velocity will be violated when the bubbles are small enough to be affected by eddies 

in the tank. 

2.8 Sub-Micron Filtration 

Sub-micron filtration is designed to remove TOC and small particles from the 
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ultrapure water environment. These membranes are generally made of nylon, teflon, 

or polyvinylidene fluoride polymers (PVDF) with polypropylene, polyester, and 

polysulfone supports (Pate, 1990). Two major factors used to describe filters and 

their performance are the molecular weight cutoff (MWC) and the filtration 

efficiency (FE); filters not only have to remove small particles from water, but must 

also retain as many of these small particles as possible. 

Table 2.4 (Schmitt and Snijders, 1990) shows three classes of filters, and how 

they are rated. Note that the ultrafilters have the highest removal efficiencies, yet 

their molecular weight cutoffs are much higher than reverse osmosis. The reverse 

osmosis membranes have lower MWCs, but their efficiencies are lower than the 

ultrafilters. In addition to this weakness, reverse osmosis units have reject streams; 

this decreases the amount of ultrapure water that will reach the point of use. High 

differential pressures across the RO membranes can also require additional pumping 

horsepower to generate permeate compared with ultrafilters. 

The effectiveness of the filter can be further enhanced by charge modifying 

the membrane; this involves bonding quaternary ammonium ions (positive charges) 

to the polymer base. The addition of positive charges helps to improve the removal 

efficiencies for negatively charged ions; this is important, since bacterial fragments 

have negative charges in the ultrapure water environment (Gerba and Hou, 1985). 

Attempts have been made to extend the life of these filters from 6 months of 

operation to 2 years by low-level ozonation (Pate, 1990). Ozone compatible filters 
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Table 2.4 Filter Molecular Weight Cutoffs and Efficiencies 

Type of Filter MWC (Daltons) FE (-log c/ co) 

Microfiltration > 500,000 1-2 

UI trafiltration 6000 - 100,000 10 - 12 

Reverse Osmosis 100 - 200 2-3 
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have several benefits including being inert in the ultrapure water environment, 

decreasing particle accumulation on the filter surface, and reducing the frequency of 

disturbing the DI water system for filter changes. Pate (1990) estimated that an 

ozone compatible filter would save a 500 gpm DI water system approximately 

$50,000; Pate (1990) also presented data indicating that a teflon filter system showed 

superior ozone resistance compared with PVDF, nylon and polysulfone. 

Although the physical separation of contaminants by filtration is an accepted 

practice, problems can exist with this approach. Particles including bacteria and 

bacterial nutrients can become concentrated on the filter surface. The result can be 

bacterial overgrowth, as well as leaching of contaminants from the filter. This can 

cause contamination of the water system with TOe and particles. 

2.9 Piping and Storage Vessels 

In the previous sections, each of the process components have been presented 

as stages where contamination can be removed; it should be noted that the efforts 

of these components are completely in vain if the transport and storage vessels 

recontaminate the water. One of the major problems in ultrapure water systems is 

that although removal of contamination is possible in the polishing loop, the quality 

is not always maintained at the point of use. Frith (1991) showed that TOe and 

resistivity in a rinse tank were at least an order of magnitude more contaminated 
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than the levels found in the water flowing into the tank. 

In the late 1980's, there was a movement away from chlorinated polymers like 

polyvinyl chloride (PVC) towards polyether-ether-ketone (PEEK), as well as 

fluorinated polymers such as polyvinylidene fluoride (PVDF), polyfluoroacetate 

(PF A), polytetrafluoroethylene (PTFE), and fluorinated ethylene propylene (FEP) 

(Burggraaf, 1988). Studies showed that the PVC piping, under the influence of the 

aggressive solvent that was ultrapure water, would pit and leach organics into the 

water (Couture and Capaccio, 1984). Pitting resulted in crevices that allowed 

microorganisms to escape the mixing of the turbulent core, settle, and establish a 

biofilm; some microbes were capable of metabolizing the piping, thus complicating 

the problem. The leachables included chlorinated organics, which are doubly 

harmful to devices. Fluorinated polymers have the further advantage in that they are 

orders of magnitude more resistant to ozone and hot DI water than chlorinated 

and/or hydrogenated polymers (Burggraaf, 1988, Zoccolante, 1987). 

In addition to the concept of materials of construction, the method of 

construction must also be considered. Threaded and solvent welded PVC valves and 

fittings can leave cracks and crevices; this invites bacterial colonization of the surface 

and biofilm formation (Burggraaf, 1987, Zoccolante, 1987). Butt fusion of 

fluorinated polymeric tubing (Burggraaf, 1987) appears to be superior in eliminating 

crevice formation. 

Polymers may not always be the material of choice. Considering the case of 
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a UV sterilizer, the intense radiation has been documented to cause oxidation, gas 

evolution, scission of bonds, and cross-linking of high polymers (Ergorov and 

Novikov, 1967). In cases like this, electropolished stainless steel of 316L or 321 

grades may be used. The 316L grade is superior to 316 and 304 stainless steels in 

that the 316L grade has approximately 0.03% carbon by weight; the 316 and 304 

grades have 0.08% carbon by weight (O'Hanlon, 1989). A decrease in the carbon 

content reduces carbide precipitation (intergranular corrosion) of the stainless steel 

(Uhlig and Revie, 1985). The 321 stainless steel, although having 0.08% carbon, 

contains approximately 0.4% titanium; the titanium is a very stable material, and can 

prevent carbide precipitation (O'Hanlon, 1989). The drawback to 321 stainless steel, 

however, is that it is more expensive than 316L stainless steel. Cost, once again, 

becomes a factor for the design of the system. 

Assuming that the materials of construction are now optimized, the problem 

of flow velocity remains. A rule of thumb is to allow for a velocity of 5 feet per 

second in the tube. The idea is to maximize the amount of mixing or minimize the 

laminar boundary layer in the tube. The ratio of inertial forces to viscous forces, or 

the likelihood of development of turbulence is known as the Reynolds number 

(Bennett and Meyers, 1982); it is a dimensionless correlation, and given the symbol 

'Re': 

Re = D*u*pr/J.L = D*u/vv 
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where'D' is the tube diameter, 'u' is the fluid velocity, , Pr' is the fluid density, , J1.' is 

the fluid viscosity, and 'vv' is the kinematic viscosity. 

Assuming a 3" inside diameter pipe, a flow velocity of 5 feet per second, and 

a kinematic viscosity of 1.083xl0-5 feet per second for water at 20°C (Pitts and 

Sissom, 1977), the Reynolds number works out to be approximately 1.15xl05 which 

is well above the Re = 2100 maximum for laminar flow in pipes (Bennet and 

Meyers, 1982). The boundary layer thickness, or the region at which the fluid 

velocity is 0.99 times the bulk velocity is given by (Bennett and Meyers, 1982): 

o = 5 (vv * z / u)O.5 

where' 6' is the boundary layer thickness, and 'z' is the distance along the pipe. For 

the previous numbers, and allowing 'z' to equal 10 feet, the boundary layer is 

approximately 0.116 feet, or about 35460 microns; since a bacteria is about 1 micron 

in size, it may not realize that the outer flow is turbulent. Recalling that bacteria 

have the ability to propel themselves by the use of flagella (Chapter 1, Section 4), it 

is conceivable that they can work themselves inexorably around the ultrapure water 

system. When one considers that rocks, when constantly bombarded by the flow 

from a waterfall, show a thriving ecosystem on their surfaces, the belief in a rule of 

thumb velocity becomes dubious. 

A rule of thumb velocity is not possible in a storage vessel. Thousands of 
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gallons of ultrapure water can sit as a relatively stagnant pool. Through ozonation 

of the storage tank both bacterial growth and organic contaminant levels can be 

minimized (Pittner, 1988). Care must be taken to use ozone resistant materials in 

this case. 
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3.0 RESEARCH OBJECTIVES 

The objectives of this research are two fold. This work first presents novel 

methods of characterization of organic contamination in the polishing loop of an 

ultrapure water system; this is followed by a study of the fundamental interactions 

among existing and future components in the polishing loop towards optimization of 

the removal of organic contamination from the polishing loop of an ultrapure water 

system. 

Since the quality of the ultrapure water depends not only of the purification 

process, but on the sensitivity of the measuring devices, novel methods to approach 

the quantification of impurities need to constantly be implemented. An example of 

an unreasonable claim would be the claiming of 1 part per trillion organic 

contamination in ultrapure water when the measuring device is sensitive to 1 part per 

billion. In addition to the sensitivity of the unit, the ability to reproduce data is 

essential. A particle counter that samples a small fraction of the fluid flow, and 

assumes a fixed particle dimension may not consistently represent the events 

occurring within the entire system. Examples of methods to further characterize 

organic contamination include: 

* Theoretical modelling of the process components of the polishing loop 

* Evaluation of microbial nutrient media for oligotrophic cells 



* Assimilable organic carbon (AOC) testing of ultrapure water 

* Characterization and removal of viruses from ultrapure water 
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When the organic contamination has been successfully characterized, 

optimization of the ultrapure water system components may further reduce 

contamination levels. Optimization of a system is possible when the fundamentals 

of the system, the system components, and their interactions have been thoroughly 

studied. This study of the polishing loop components includes: 

* UV /polymeric filter sequencing for TOC removal in the primary feed 

and polishing loop 

* UV /rnixed bed ion exchange interactions for TOC and particle 

removal in early and advanced ages of the components 

* UV / ozone interactions for TOC and particle removal 

* Invention of a novel catalytic filter to enhance removal of organic 

contamination from the ultrapure water system 

Through advanced methods of characterization and removal of organic 

contamination from one of the most commonly used chemicals (water) in the 

semiconductor industry, the potential to significantly increase device yields may be 

realized. The pharmaceutical, medical, and power industries can also benefit from 
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pyrogen free water. 

This document, therefore, may be beneficial to anyone who desires to better 

understand, work with, and/or improve the science of ultrapure water. 
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4.0 EXPERIMENTAL EQUIPMENT AND PROCEDURES 

The experimental equipment and procedures are designed to simulate the 

large scale ultrapure water facilities found in semiconductor fabrication plants, as 

well as their their limitations. The goals are achieved through construction of a pilot 

scale ultrapure water system, the monitoring of background contaminant levels, and 

the challenging of the pilot system with injection of contaminants typically present 

in the large scale systems. 

The application of novel methods of TOe and organic particle measurement 

can act to further compliment the characterization of contamination in the polishing 

loop. It is felt that enhanced removal of contamination, when claimed, should be 

based on several measurement techniques to be effective. 

The procedures for the interaction studies as well as advanced methods of 

particle characterization generally involve the implementation of an experimental 

matrix; this matrix can include controlled injection of model contaminants. The 

measuring of contamin~nt levels before and after a process component, or before and 

after a series of process components is then performed; the result is a quantification 

of the effects of the component or components towards contaminant removal. 

Advanced TOe characterization involves the monitoring of background levels 

of organic contamination with novel methods, and comparing the results with existing 

methods. Only those methods which are considered reliable and scaleable to larger 
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systems are presented in this document. 

4.1 Pilot Plant System 

The ultrapure water pilot plant built at the University of Arizona was designed 

to simulate many of the possible combinations and scenarios involved. in the 

ultrapurification of water. In order to discuss the pilot plant, a discussion of a large 

scale system is in order. 

The design of an industrial scale ultrapure water system usually centers around 

a primary purification followed by a polishing loop. A primary feed system is 

designed to start with raw, ground, and/or city water; the choice of water is usually 

based on economics and/or on-site water availability. The primary system can 

consist of multimedia filtration, carbon filtration, heat exchangers, degasification, 

chemical treatment, reverse osmosis, ion exchange, and ultraviolet sterilization; the 

result of this treatment can then be sent to a storage tank. 

There exists some controversy over the choice of components for the primary 

feed. Although there is widespread agreement concerning the use of multimedia 

filtration as well as carbon filtration, the location of a degasification stage is in 

question. Balazs (1988), Burggraaf (1987), and Couture and Capaccio (1984) favor 

degasification before the reverse osmosis stage to reduce the amount of free chlorine 

that can enter the reverse osmosis unit. Pittner (1988) presented a system where the 
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degasifier was located after reverse osmosis treatment. This was presumed based on 

the generation of high concentrations of gases after the water permeated through the 

membrane; the corresponding drop in system pressure may have caused bubble 

formation, and thus require degasification. Although ion exchange is generally 

accepted in a primary feed system, a UV sterilizer is not. At the time of this 

document, Couture and Capaccio (1984) address the inclusion of a UV sterilizer in 

the primary treatment stage; RO water from a storage tank is treated in this manner 

to achieve 99.9 % removal of bacteria from ultrapure water. 

The polishing loop is only slightly more standardized. Within the storage tank 

containing water from the primary feed, the water mayor may not be ozonated. 

Zoccolante (1987) presents a system where ozone is employed as an effective agent 

to destroy organic contaminants, but notes that the ozone is corrosive; an ozone 

destroying UV unit must therefore be designed remove the oxidant before the ozone 

containing water reaches sensitive process components. The water, upon entering the 

polishing loop, will contact ion exchange beds, filters, and UV units. Ozone may be 

injected into the polishing loop after the final filter as per Pittner (1988), and 

Burggraaf (1987). Branches from the system take water from the polishing loop and 

inject it into the various points of use in a fab in a manner similar to capillaries and 

arterioles branching from the aorta and arteries. 

The goal of the treatments and approaches to ultrapurify water must be 

attained at the point of use. The point of use consists of contacting wafers with 
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water in a rinse tank. The rinsing steps can potentially be found before and after 

etching, chemical vapor deposition, oxidation, lithography and metallization steps in 

the manufacture of semiconductor devices; for every wafer fabrication step, there 

may exist two wafer rinses. If the water is contaminated, the possibility exists 

whereby the contamination is introduced to the device surface at a factor several 

times greater than any single processing stage. It is important to note that the water, 

after contacting the wafers, usually is not recycled; it is sent into the city's sewer 

system. 

The lack of recycle from the point of use can heavily tax the supply from a polishing 

loop. 

The water that does not directly go to the point of use is recycled back to the 

storage tank. Balazs (1988) recommended treatment of the recycled water with UV 

sterilization and sub-micron filtration before the water returned to the tank. It may 

also be possible to ozonate the recycled water; this can maintain an oxidizing residual 

in the water. 

Although the concept of contamination removal is consistent from author to 

author, it is important to note that there are no standard designs for the primary 

feed, the polishing loop, nor the complete ultrapure water system. In point of fact, 

standard designs may not be possible. The designs were submitted based on the feed 

water, and economic limitations. Since the quality of the water changes between 

locations and seasons, the designs must accommodate to the unique attributes of the 



90 

input water. Examples of types of water include river water, city water, and ground 

water. Each type of water has its own problems. City water generally is the cleanest 

and the most expensive to use as the feed water. Table 4.1 (Tucson Water) shows 

the quality and the variance of Tucson water. At the time of the writing of this 

dissertation, Central Arizona Project (CAP) water has not yet come on-line; however, 

a change in source water is a possibility the engineer may have to face. As seen 

from Table 4.1, the most important change in feed parameters from Tucson to CAP 

water include hardness, Total Dissolved Solids (IDS), ionic materials and silica. 

Note that in general, the CAP water is about twice as contaminated as the Tucson 

feed water. For 60 wafer rinsing steps, one has to wonder what the effect of 

doubling the concentration of contaminating ions at the point of use can have on 

device yields. 

Bearing these concepts in mind, this project needed to build a pilot plant that 

can simulate many existing designs, support new designs, and deliver ultrapure water 

based not only on the Tucson city water, but essentially from any potential water 

source. This also had the limitations of laboratory space as well as a budget. 

Figures 4.1.1, 4.1.2 and Table 4.2 show the ultrapure water pilot plant built at 

the University of Arizona. With Tucson city water being used as the source, the first 

step is to soften, or reduce the calcium content of the water. Calcium compounds 

are well known for scaling process equipment (Zoccolante, 1987). The water 

softener (Model 4-G, Erie Manufacturing Company, Milwaukee, WI) operates by 
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Table 4.1 Compositions of Tucson City Water 

Constituent CAP CAP Tucson Tucson 

Typical Expected Typical Expected 

pH 8.3 6-8 7.6 7.1-8.8 

Temperature (OC) 24 10-30 24 10-40 

Hardness (mg/l CaC03) 330 300-400 130 40-300 

Total Dissolved Solids (mg/l) 700 600-900 280 60-700 

Turbidity (NTU) >1.0 0.1-3.0 <1 <1 

Calcium (mg/I) 83 75-120 37 10-110 

Magnesium (mg/I) 30 25-40 4.7 1-18 

Sodium (mg/I) 110 90-120 38 7-107 

Potassium (mg/I) 5 4-7 2 1-5 

Manganese (mg/l) 0.02 0-0.04 <0.05 <0.05 

Silica (mg/l Si02) 9 5-100 N/A N/A 

NjA - Not Applicable 
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Table 4.1 Compositions of Tucson City Water (cont.) 

Constituent CAP CAP Tucson Tucson 

Typical Expected Typical Expected 

Chloride (mg/I) 95 75-140 16 4-130 

Sulfate (mg/I) 297 240-380 48 <5-190 

Fluoride (mg/I) 0.4 0.1-0.5 0.4 <0.1-1.0 

Nitrate (mg/I) <1.0 0-0.4 2.0 0.4-6.5 

Trihalomethanes (mg/I) <0.006 <0.006 <0.005 <0.001-0.36 

Conductivity (micromhos) 1100 750-1750 390 10-1100 

Lead (mg/I) 0.001 0-<0.005 <0.005 < 0.002-0.01 

Iron (mg/I) 0.05 0-0.15 <0.1 < 0.002-0.25 

Copper (mg/I) 0.004 0-0.03 <0.1 <0.1-0.35 

Zinc (mg/I) 0.02 0-0.31 <0.03 <0.02-0.1 

Foaming agents (mg/I) <0.1 <0.02-<0.1 N/A N/A 

Nj A - Not Applicable 
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exchanging calcium ions with sodium ions; the exchange takes place on a polymeric 

resin. The concentrations of calcium as Ca + 2 across the water softener are 130 and 

less than 4 ppm, respectively. The resins are regenerated using a brine solution every 

12 days as recommended by the manufacturer. If CAP water becomes the source 

water, increasing the regeneration frequency may effectively combat the increase in 

hardness; the drawback to this is the added frequency of salt addition to the brine 

tank. Although for the pilot plant, the cost may increase by about $10 per month, 

the scale up factor must be considered. If the pilot system uses 16 gallons per hour 

of feed water, and an industrial scale water plant uses 28800 gallons per hour, then 

a linear scale up factor of 1800 would result in an annual increase in cost of $18000. 

The second unit is the carbon filter (Millipore, Bedford, MA). This unit is designed 

to remove the chloride ions, and organics from water. The inlet and outlet 

concentrations of chloride ions are 16 and 0.1 ppm, respectively. The filter is 

replaced every 4 months as per the manufacturer. Both of these treatments are 

essential to preserve the thin film polyamide membrane used in the reverse osmosis 

unit (RO-15, Millipore, Bedford, MA). This unit is rated at 15 liters per hour of 

permeate with removal efficiencies of 99% of bacteria, pyrogens and mono- and di

valent ions. The primary treatment ends as the piping in the system is changed from 

PVC and 304 stainless steel to Teflon PFA (Cole Parmer, Chicago, IL); the water 

then flows into the nitrogen blanketed PVDF storage tank (Cole Parmer, Chicago, 

IL). 
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The polishing loop starts and ends with the PVOF storage tank. The 

temperature is maintained at 25°C via 316L electropolished stainless steel (EPSS) 

coils containing a 50% by volume mixture of polyethylene glycol in water; the 

mixture is cooled with a constant cooling bath (Model 2095 Bath, Forma Scientific, 

Marietta, Ohio). The tubing, fittings (number 17), and valves (number 16) in this 

system are made of PVDF (Sani-Tech, Andover, NJ) or 316L electropolished 

stainless steel (Sanitary Sampling Valve, Millipore, Bedford, MA). The water is 

propelled into the polishing loop by a PVDF centrifugal pump (Model P-1 C, Penguin 

Pumps, Inc., Sun Valley, CA) at a pressure of 20 psig; the gauge is 316L EPSS gauge 

with a PVDF gauge guard (Sani-Tech, Andover, NJ). The water now contacts the 

various treatment stages including mixed bed ion exchange, UV sterilization, sub

micron filtration, and dissolved ozone. Since the PVDF connections are flanged and 

connected with 1/2" unions (Sani-Tech), and not welded, the system is very modular. 

Any arrangement or combination of process components can quickly be configured 

with a minimum of down time. The details concerning the exact configurations used 

for experimentation will be presented in each of the 'general procedures' section. 

The flow of water is controlled by a manually operated PVDF diaphragm valve 

(Sani-Tech, Andover, NJ); the volumetric flow is then determined by a paddle wheel 

PVDF flowmeter (MK-577, George Fischer, Tustin, CA) and digitally displayed from 

0.00 to 7.00 gallons per minute (gpm). The flow continues to the mixed bed ion 

exchange tank (Nuclear Grade Mixed Resin, Millipore, Bedford, MA), which brings 
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the resistivity of the water up to the 18 Mn-cm range at 25°C; the resins, being 

mixed, contain about 55% anionic and 45% cationic resins in a 0.45 cubic foot tank. 

The resins are regenerated every 3 months, or when a drop in resistivity occurs 

(whichever comes first); the life of the resins depends on the demands from the 

experiments. Typically, the resistivity of the flow into the ion exchange tank is on the 

order of 12 Mn-cm at 25°C. Continuing into the polishing loop, the water now 

encounters sub-micron filtration; although there is a large stockpile of membranes, 

and unless otherwise specified, the 0.04 J.l.m Posidyne (Pall, East Hills, NY) 

membrane was used. Other membranes used include the Zetapore (Cuno, Meriden, 

CT) membrane, the Nylux (Meissner, Oxnard, CA), as well as the Durapore 

(Millipore, Bedford, MA). This process component is designed to physically separate 

and remove both bacteria and bacterial fragments. Notice that the membrane can 

be situated before or after the ultraviolet-sterilizer (number 10); this is an example 

of the modular nature of the system, and represents one example of process 

component sequencing. The ultraviolet sterilizer (UV) is an Aquafine SL-l-TOC 

(Valencia, CA); it is capable of generating better than 40,000 f..£W /cm2 for a flow of 

12 gpm ultrapure water. The quartz sleeve allows the water to encounter not only 

the 254 nm wavelength, but the higher energy 185 nm wavelength. This unit is used 

to oxidize and remove the organic contamination. Background TOe values at the 

inlet and outlet of this component are approximately 3.5 and 2.5 ppb respectively. 

The output of the UV sterilizer can be monitored over time as a percent output of 
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maximum, and is displayed by the Aquafine 254 run optical sensor (listed as 

component lOA). Maintenance of the lamp includes annual cleaning of the quartz 

sleeve, as well as replacement of the lamp every 8000 hours as per the manufacturer. 

Proper care of the sleeve is essential since experience shows that the sleeve will 

become opaque from excessive exposure to the 185 nm radiation; a fouled sleeve will 

cause a reduction in the amount of energy that will reach the water. Water quality 

analyzers include the Anatel A-lOO organics analyzer (Anatel, Boulder, CO), which 

is sensitive to 1 ppb TOC in water, and the Martek Mark 18 resistivity meter 

(Martek Instruments, Inc., Irvine, CA). Use of the HSLIS-M50 and j..£LPS-16 particle 

counters were donated by the Particle Measuring Systems (Boulder, CO) through 

Summit Technologies (Tempe, AZ). Use of the Horiba 311 particle was donated by 

the Horiba Company (Irvine, CA). Sensitivities of the particle counters are below 

0.1 J,£m diameter particles. The water is then recirculated back into the storage tank. 

A further treatment in this system, as indicated as number 11, is injection of 

dissolved ozone. The generation and injection of ozone is a complicated process, and 

is detailed in Figure 4.1.2. Oxygen from a tank of ultrahigh purity oxygen is sent to 

an ozone generator (Model 03V5-0, OREC, Phoenix, AZ). A 5000 volt potential 

is generated across two capacitive plates; the voltage combines oxygen into ozone. 

This system can generate up to 6% ozone from the incoming oxygen stream. The 

ozone generator is water cooled, and kept at room temperature by a circulating bath 

(Model 2095 Bath, Forma Scientific, Marietta, Ohio). The ozonated gas stream is 
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Figure 4.1.1: Schematic Diagram of the Ultrapure Water System 



Table 4.2 List of Components in the Ultrapure Water Pilot System 

lA: Softener; Ca + out < 4ppm 
IB: Brine tank 
2: Carbon bed; 3 micron filter; ctout < 0.1 ppm 
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3: Reverse osmosis unit; Millipore R015 with polyamide thin film composite 
membrane 

4: PVDF Storage tank with level control; 10 gallon capacity 
5: PVDF Circulation pump; 20 psig delivery at 7 gpm 
6: PVDF flow control valve; 0-7 gpm 
7: PVDF Flowmeter 
8: Polishing mixed-bed ion exchange tank 
9: Sub-micron polymeric filter (two positions) 

10: UV-254 and 185 nm; Aquafine SL-l 
11: Ozonated water injection system 
12: Analyzers 
13: Analyzers 
14: Analyzers 
15: Nitrogen Source and particle filter 
16: Sampling valves; 316L EPSS 
17: PVDF tubing; 3/4" OD 
18: 316 L EPSS Cooling Coils 
19: Heat exchanger 

Analyzers * : 
TOC Analyzer; Anatel A-IOO 
Resistivity meter; Martek Mark 18 
Dissolved ozone analyzer; Orbisphere 26501 
Particle counter; PMS HSLIS-M50 

* - Each analyzer can be used at all sampling ports 
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fed into a DI-water filled 321 stainless steel contact tank through a ceramic sparger; 

321 stainless steel is used for better corrosion resistance (O'Hanlon, 1989). The 

sparger is designed to generate 400 JLm diameter bubbles, and enhance the surface 

area to volume ratio of the gas bubbles. This will enhance the mass transfer of 

ozone to the water. Since the contact is not efficient, the ozone off gas must be 

neutralized. This is accomplished by sending the waste gas to a series of gas washing 

bottles (VWR Scientific, Tempe, AZ) filled with a 40 gram per liter potassium iodide 

solution; the ozone reacts with the potassium iodide to form aqueous iodine and 

oxygen gas. As the iodine forms, the once clear solution begins to darken; the 

conversion of ozone to oxygen is near complete, as viewed by the lack of noticeable 

color change in the last bottle. The oxygen off gas is then vented to the atmosphere 

via a fume hood. The ozone level in the water can approach 2 parts per million as 

measured by an Orbisphere model 27501 ozone analyzer system (Orbisphere, 

Emerson, NJ). The ozonated water is then injected into the polishing loop at the 

pre-UV sterilizer location through Teflon PFA tubing (Cole Parmer, Chicago, IL), 

and fine tuned via changing the stroke setting of a Teflon constructed metering pump 

(Model QD-1-SAN, Fluid metering, Inc., Oyster Bay, NY) until the desired 

concentration of ozone is reached. 

With the pilot plant in its present form, it is now possible to formulate 

experimental procedures to determine the fundamental interactions between UV 

units, filters, ion exchange tanks, ozone, as well as TOC characterization studies 
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including bacterial growth media testing, Assimilable organic carbon (AOC) testing, 

and determination of viruses in ultrapure water. 

4.2 General Procedures 

The general procedures detail the experimental matrices and methods used 

to accomplish the characterization and removal of organic contaminants from 

ultrapure water. 

Sections 4.2.1-4.2.3 concern the fundamental interactions among the system 

components; these interactions include the sequencing of the ultraviolet sterilizer 

with a polymeric filter, a mixed bed ion exchange unit, and with injections of 

dissolved ozone. In addition to determining the effects of these components and 

their interactions on background TOC, injections of well defined model compounds 

were used. Compounds were selected that are documented examples of 

contaminants of ultrapure water systems. The list of compounds includes bacterial 

lipopolysaccharides, alginic acid, humic acids, glycine, methionine, and ethanol. 

Bacterial lipopolysaccharides (L2880, Sigma Chemical Co., St. Louis, Mo) are 

bacterial cell wall fragments; they typically have a negative charge in water and have 

a molecular weight of approximately 1 million. Alginic acids (A2158, Sigma 

Chemical Co., St. Louis, Mo) are the cell wall fragments of kelp; they are the plant 

analog to bacterial lipopolysaccharides, and have a molecular weight of 
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approximately 250,000. Humic acids (H1675-2, Aldrich Chemical Co., Milwaukee, 

WI) are complex acids formed from the decay of organic matter; they are negatively 

charged in water and have a molecular weight of 2600 to 1 million. Glycine (G-7126, 

Sigma Chemical Co., St. Louis, Mo) is a simple amino acid with a molecular weight 

of 75; Glycine is one compound that can represent the release of bacterial fragments 

upon cell lysis. Methionine (M-9625, Sigma Chemical Co., St. Louis, Mo) is an 

amino acid with a sulfurous side chain and a molecular weight of 149; this compound 

can represent the release of bacterial fragments upon lysis, and dictate the effect of 

sulfur in the polishing loop. Ethanol (Midwest Grain Products Co., Weston, MI) is 

a bacterial metabolic product with a molecular weight of 46; this compound can 

represent a recalcitrant intermediate in the oxidation pathway. 

Sections 4.2.4-4.2.6 involve characterization and removal of microorganisms 

from ultrapure water. Through the testing of novel methods to determine the 

effectiveness of the system components in removing microorganisms, and the 

comparison of these novel methods with present testing methods, enhanced removal 

of microorganisms may be possible. The bacterial work, as will be shown in sections 

4.2.4 and 4.2.5 were performed at the background levels of bacteria; these levels are 

representative of a large scale ultrapure water environment. The virus work, as will 

be shown in section 4.2.6, was performed at background levels as well as injection of 

well defined viruses. The injection is necessary since a literature search revealed 

little work performed on viral characteristics of ultrapure water. 
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Section 4.2.7 presents the invention of a novel reactive or catalytic filter. This 

filter, as compared with polymeric filters, is designed to physically separate 

contaminants; the catalytic filter, however, has the capability of oxidizing the 

concentrated contaminants and removing them from the ultrapure water 

environment. The concepts of reaction engineering may be applied similarly to 

generate reactive piping and storage tanks; the piping and tanks may prevent biofilm 

formation. 

4.2.1 Sequencing of Filter and UV 

The first matrix of experiments was designed to determine the fundamental 

interactions between the submicron polymeric filter and the ultraviolet sterilizer on 

mixed and well defined organic contamination, and to determine the best 

arrangement of the components. For this set of testing, the ion exchange unit was 

situated after the UV lfilter combination, and ozone was not injected into the 

polishing loop. 

Since there are two components, two configurations are possible. The first is 

the configuration used in industry, or locating the filter after the UV unit. This is 

given the designation 'UV lfilter' for subsequent discussions. The second possibility 

is to situate the filter before the UV unit. This is given the designation 'filter IUV'. 

The first set of experiments involved the sequencing of the UV sterilizer with 
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an uncharged 0.2 micron filter, a 0.04 micron charged filter, and a case where no 

filter existed. TOe was measured before and after the system of components at 

polishing loop recirculation rates of 4 and 5 gpm. 

The second set of experiments were carried out with a stable TOe 

background, and injection of solutions of each of the model compounds for 20 
~ 

minutes. The ion exchange tank was. situated before the UV lfilter system; the 

contaminant was injected just after the ion exchange tank, but before the 

UV Icharged filter combination. TOe was then measured before and after the 

system of the UV and charged filter at a polishing loop recirculation rate of 3 gpm. 

Background particle data was taken for the case when the UV was sequenced with 

the charge modified membrane using a Particle Measuring Systems J..£LPS-16 particle 

counter which generated particle size data from 0.1 J..£m to 0.8 J..£m. 

4.2.2 Sequencing of the Ion Exchange and UV 

This matrix of experiments was designed to determine the fundamental 

interactions between the mixed ion exchange tank and the ultraviolet sterilizer on 

well defined organic contamination, and to determine the best arrangement of the 

components. For this set of testing, the ion exchange unit was situated before or 

after the UV; the filter was removed, and ozone was not injected into the polishing 

loop. 



105 

The first of the two possible configurations is the locating of the ion exchange 

tank after the UV unit. This is given the designation 'UV /Dr for subsequent 

discussions. Ine second possibility is to situate the ion exchange tank before the UV 

unit. This is given the designation 'DI/UV'. Both configurations have been shown 

in industry. 

The experiments were carried out with a stable TOe background, and 

injection of solutions of each of the model compounds for 20 minutes. The 

contaminant was injected just before the ion exchange tank/UV system, and directly 

into the post-UV located ion exchange tank. TOe was then measured before and 

after the system of the UV and ion exchange unit at polishing loop recirculation rates 

of 1.5 and 3 gpm. 

4.2.3 Sequencing of Ozone and UV 

This matrix of experiments was designed to determine the fundamental 

interactions between the injection of trace amounts of dissolved ozone and the 

ultraviolet sterilizer on well defined organic contamination, and to determine the best 

arrangement of the components. For this set of testing, the ion exchange unit was 

situated after the UV, and the filter was removed from the polishing loop. 

The action of the UV alone was accomplished through the monitoring of the 

background TOe, as well as injection of the model compounds into the UV; 
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measurement of TOe upstream and downstream of the UV unit was then performed. 

Measurement of particles upstream and downstream of the UV unit was performed 

for concentrations of LPS and humic acids only. The action of ozone alone was 

determined through the addition of a 1/4" OD Teflon PFA tube to a sample port 

directly downstream of the ozone injection, but upstream of any UV effects. The 

tubing was measured out to insure that the residence time for reaction was the same 

as that of the UV unit. Injections and measurements were carried out as in the case 

of the UV unit; 50 ppb ozone was used in the TOe experiments, and 30 ppb ozone 

was used in the particle experiments. The action of the UV / ozone combination was 

determined through the injection of ozone into the UV unit to yield a single reactor. 

TOe and particle injections and measurements were carried out as before. The 

system flow rate was 3 gpm. 

4.2.4 Testing of Microbial Nutrient Media 

The purpose of this study was to determine the need for using non-selective 

media with respect to the numbers of injured and viable heterotrophic and 

oligotrophic cells, and to consider the interactions among the system components of 

the ultrapure water system with respect to the removal or recovery of bacteria. 

The configuration of the polishing loop consisted of the storage tank, the 

mixed bed ion exchange unit, the UV sterilizer, and then the sub-micron polymeric 
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filter; the water then recirculated back into the tank. Two one liter samples were 

obtained from the pilot plant using high density polyethylene (HDPE) bottles (Cole

Parmer, Chicago, IL) at the feed water, post-reverse osmosis treatment, post-mixed 

ion exchange bed, post-ultraviolet sterilizer, and post-sub-micron final filter over a 

one month period. Sample"s taken over the second month were taken from the post

ion exchange location of the polishing loop both with and without post-ion exchange 

ozone treatment of 50 ppb. The 321 SS ozone contact tank was also sampled for 

bacterial growth. 

Each sample was filtered through a 0.2 J-Lm pore-size membrane (Gelman 

Scientific, Ann Arbor, MI). The filters were then transferred to Tryptic Soy Agar 

(TSA, Difco, Detroit, MI), or R2A agar (Difco, Detroit, MI) plates and incubated 

for 72 hours at room temperature (23°C). Sample volumes ranged from 10 ml to 1 

liter based on suspected levels of bacteria. 

All data were converted to counts or colony forming units per liter (cfujl); the 

Student t-test (Green, 1984, Hoerl et. aI., 1984), was used to determine statistical 

variation and confidence limits of plate counts. 

4.2.5 Assimilable Organic Carbon Testing Procedure 

The purpose of this study was to determine the applicability of the Assimilable 

Organic Carbon (AOC) test from drinking quality water to ultrapure water, and to 
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consider the interactions among the system components of the ultrapure water system 

with respect to the removal or generation of AOC. If successful, the AOe test can 

supplement on-line TOC measurement, and further characterize organic 

contamination in ultrapure water. 

Accurate AOe determinations require that all contaminating carbon be 

removed from glassware (Van der Kooij, et. aI., 1982). This is accomplished by first 

rinsing the glassware in ultrapure water from the post-UV location of the polishing 

loop, soaking the glassware overnight in 12.5% nitric acid, again rinsing the glassware 

in ultrapure water from the post-UV location of the polishing loop, and baking 

overnight at 3500 e to oxidize and remove the residual organic contaminants (Van 

der Kooij, et. aI., 1982). 

Water samples (500ml) were obtained from the pilot plant at the post-reverse 

osmosis, pre-UV sterilizer, post-UV sterilizer, and post-mixed bed ion exchange tank 

sample ports; the polymeric filter was removed from the polishing loop, and ozone 

was not injected during these experiments. The samples were immediately filtered 

through a 0.2 p.m pore size nylon membrane filter (Gelman Scientific, Ann Arbor, 

MI). 

The filtered samples were then inoculated from stock culture (loS cells/ml) 

of Pseudomonas fluorescens strain P17 and Spirillum sp. strain NOX to yield final 

cell concentrations of 50-500 colony forming units per milliliter (cfu/ml) of each 

organism. Water samples were taken daily from the pilot plant over a period of 7 
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days. Before assay, the samples were diluted in standard methods phosphate buffer 

of pH 7.2 (American Public Health Association, 1989). Appropriate dilutions of the 

sample were plated in duplicate on R2A medium and incubated at room temperature 

for 3 to 4 days. Colonies were then enumerated and the numbers of bacteria were 

calculated as colony forming units per liter (cfu/l). 

AOe values (lJ.g/I) were calculated by determining maximum growth rates for 

the bacteria over a 7 day period as per Van der Kooij, et. a1. for drinking quality 

water (1982). 

Modification of past AOC procedures (Kemmy, et. at, 1989, Adam and Kott, 

1988) includes the determining of yield coefficients for the ultrapure water 

environment. The resistivity of water at the post-ion exchange location was 

compared with the resistivity of water based on injections of sodium acetate and 

sodium oxalate solutions of 1, 2, 5, 10, 25, and 100 ppb. Yield coefficients for the 

ultrapure water environment were then determined. AOe values in parts per billion 

were then determined as in past procedures (Van der Kooij, et. at, 1982). 

4.2.6 Procedure for Virus Removal 

The purpose of this study was to determine a method to determine the 

concentrations and survivability of viruses in ultrapure water polishing loops, and to 

consider the interactions among the system components of the ultrapure water system 
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with respect to virus removal. The ultrapure water polishing loop consisted of the 

UV sterilizer, the mixed bed ion exchange unit, and injection of dissolved ozone; the 

sub-micron filter was removed for this testing. 

The first testing matrix involved injecting controlled amounts of a known virus 

into the ultrapure water system, and evaluating the effect of the process components 

on the removal of the viruses. The MS;.2 (E. Coli phage) and PRD .. 1 (Salmonella 

phage) viruses were chosen for their UV resistance, and to generate removal data 

that can be compared to background counts. 

The procedure involves the dilution of virus stock cultures to 105 cells/ml in 

a one liter Teflon PFA container; the viruses are then injected into the system at a 

sample port upstream of the chosen process component at a concentration on the 

order of lOS cells/liter for 10 minutes. Three 10 milliliter water samples are taken 

before and after the process component during the injection period, as well as an 

initial water sample and two successive samples after shut down of the injection. The 

viruses are then cultured from a dilution series onto the host organism; colonies are 

counted, and the results are reported in plaque forming units per liter (pfu/l). 

The second matrix involves the survivability of viruses in the polishing loop. 

Ultrapure water, sampled from the Pre-UV location of the polishing loop, was placed 

in 50 ml sterile polypropylene centrifuge tubes which were washed 4 times with 50 

ml of ultrapure water. The viruses MS-2 and PRD-1 were then added to the 

centrifuge tubes resulting in final concentrations of lOS pfu/ml. The tubes were then 
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placed at room temperature, and assayed for viruses after 0,1,2,3,4,5 and 10 days. 

4.2.7 Catalytic Filter 

This matrix involved the testing of a novel catalytic filter used to both separate 

and oxidize organic contamination from the polishing loop. This testing consisted of 

situating the catalytic filter in the pre- or post-UV location, both with and without 

injection of dissolved ozone. In addition to background testing, injections of LPS and 

humic acids were performed at previously indicated levels. TOe was then measured 

before and after the treatment systems. 

The catalytic filter was manufactured by depositing titanium onto a 316L 

stainless steel substrate. The untreated stainless steel filter was placed in a beaker 

containing a dilute solution containing a titanium-organic compound and acetic acid; 

this was followed with a solution of water in butanol to enhance the polymerization 

of the organic, and binding of the titanium compound to the filter surface. Results 

were obtained with a solution composed of 59.84% butanol, 27.2% titanium (IV) 

butoxide, 7.2% acetic acid, and 5.76% water by mass. The filter was then placed in 

a furnace with an oxygen-containing atmosphere. A soft bake was performed to 

remove the organic part of the molecule at 200°C for 30 minutes. The temperature 

was ramped to 1000oe, and maintained for one hour. Exposure of the filter to these 

process conditions resulted in the oxidation and removal of the organic fraction of 
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the titanium compound. The resulting surface then became activated through the 

deposition of titanium ions on the base. The filter was removed from the furnace, 

allowed to cool to room temperature, and then placed in a beaker containing a 3% 

hydrogen peroxide solution for cleaning. 

The filter, once clean, was then placed into a 316L SS and PVDF housing, and 

situated in the pilot plant in either the pre- or post-UV locations. Testing of the 

membrane with and without dissolved ozone injection was performed to determine 

the interactions between UV, ozone, and the catalytic filter during the removal of 25 

J.£g/l concentrations of LPS and humic acids. Additional matrices of experiments 

were performed with untreated filters of 105, 75, and 45 /.Lm to determine the effect 

of deposition on filter pore size, and to determine the extent of catalytic behavior of 

the treated filter. 

Characterization of the filters were performed through SEM and EDX 

analyses on the JEOL Scanning Microprobe at the Arizona Materials Laboratory. 

Unless otherwise indicated, all scanning was performed at 15 keY with 100x 

magnification and 40 degrees of tilt. The pore sizes of the treated and untreated 

filters were determined by contrasted image scans of the filters. This was done by 

adjusting the contrast so that an image was generated solely by the mesh, or any 

deposition onto the mesh. Photographs of 1 mrn2 of the filters were taken with 

appropriate size bars included in the photos. The percent open areas were visually 

displayed on the JEOL for untreated and treated filters. Since the ratio of open 
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areas is directly proportional to the ratio of the pore sizes, and since the pore size 

of the initial filter is known, the pore size of the treated filter can then be 

determined. EDX mapping of the same areas selected for pore size comparison 

determined the elemental compositions of the surfaces of the filters, and was 

performed using the same JOEL microprobe setup. Elements scanned included 

Titanium, Chromium, Nickel, Iron, and Silicon. Analysis of the resulting counts was 

performed using ZAF corrections as per Goldstein, et al. (1981). The results were 

therefore reported in weight % on the surface of the scan areas. 

In passing it should be noted that similar experimental equipment and 

procedures may be applicable specifically towards the pharmaceutical, medical and 

power industries. Ultrapure water may therefore become an essential and integral 

part in the creation of more pristine systems and products. Ultrapure water research 

can therefore impact the near and distant futures of any industry that presently uses 

treated water. 
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5.0 CHARACTERIZATION OF ORGANIC CONTAMINATION 

Since, as previously discussed, organic contamination is chief among the 

compounds potentially found to reduce the quality of water, the theoretical and 

experimental approaches taken in this work are designed to supplement existing 

methods to characterize organic contamination. This is necessary, as the removal of 

organic contamination is only as effective as the available measurement techniques 

allow. 

The first section presents mathematical modelling of various components of 

the pilot scale ultrapure water system. Through the discussion of the component's 

flow and reaction parameters, characterization of the effects on organic contaminants 

is therefore possible. Since the discussion is based on intrinsic parameters (e.g., flow 

rate, pipe diameter, etc.), scale-up of the results to larger systems may therefore be 

possible. 

The second section presents work that has not, until recently, been presented 

as a serious concern for ultrapure water system. One of the criteria for water purity 

is the measure of bacteria. When a viable ceil count method is used, it is generally 

assumed that the bacterial growth medium is the optimum choice. Results are shown 

that indicate that the number of cells grown from ultrapure water is media

dependent. A medium specifically designed for the types of bacteria typically found 

in ultrapure water systems is presented. 
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The final section presents a method that can be used to supplement on-line 

TOe measurement to further characterize organic contamination from ultrapure 

water systems. By growing nutrient-specific bacteria on ultrapure water, the number 

of cells generated can be related to the amount of nutrient or assimilable organic 

carbon found in the water. The AOC method can determine the fraction of TOe 

that can be used by bacteria to repair themselves and/or grow in ultrapure water 

systems. 

5.1 Mathematical Modelling of Process Components 

The goal of pilot scale work is to determine the most effective way to operate 

a process, while minimizing cost. Pilot plants must therefore present correlations 

that can allow the results to be scaled to larger systems. By defining and 

manipulating fundamental and intrinsic parameters that all process components can 

have in common, it is possible to predict the functionality of a large system. This is 

accomplished in this work through the combination of data generated on a smaller 

scale, and with the aid of theoretical modelling. 

This section presents theoretical equations to describe the flow and 

contamination removal characteristics of piping, storage tanks, ultraviolet radiation, 

ion exchange tanks, and ozone. 
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5.1.1 Piping and Storage Tank 

In order to store and then transfer the ultrapure water to the point of use, and 

throughout the polishing loop, chemically resistant vessels and piping must be used. 

As previously mentioned, various resistant materials including 316L EPSS and PVDF 

can be used. Resistant materials should be used, as the ultrapure water can attack 

and degrade fluid transferring units (Burggaraaf, 1987). 

Piping and storage tanks can be characterized by their flow parameters or 

their residence time distributions (RID). These intrinsic parameters can be reduced 

to dimensionless correlations; one of these correlations includes the Reynolds 

number (Re). 

The Reynolds number dictates the relationship between inertial and viscous 

forces, and can be written as (Bennett and Myers, 1982): 

The Reynolds number dictates the extent of macroscopic mixing in the fluid (Bennett 

and Myers, 1982). In pipe flow with very smooth walls, a Reynolds number less than 

2100 indicates that the flow is laminar, the macroscopic mixing is minimized, and the 

fully developed velocity profile of the flowing fluid is parabolic. 

When the Reynolds number is greater than 2100 in pipe flow, radial mixing 
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will occur, and several flow regimes can result. The laminar sublayer is closest to the 

wall, followed by a buffer or transition layer, and finally a turbulent core; the 

turbulent core generally will have a flat velocity profile. In the pilot scale ultrapure 

water system, Reynolds numbers are typically on the order of 16,000, and turbulent 

flow results. A flat velocity profile allows the representation of piping in the 

ultrapure water system to behave as plug flow (Bennett and Myers, 1982). 

Levenspiel (1972) defines plug flow as fluid flowing through a reactor in an orderly 

fashion, where no flow element shall overtake any other element of fluid; there must 

therefore be no mixing along the flow path. 

Plug flow and the piping in the ultrapure water pilot plant can be then 

represented by the equation: 

This relation assumes that there is neither significant accumulation nor depletion of 

TOe in the piping. 

Another ideal flow reactor is a continuous stirred tank reactor or CSTR 

(Levenspiel, 1972). The reactor's contents are uniform, and the outlet stream has the 

same contents as the reactor. If the storage tank satisfies this criteria, and we further 

define a step function of contamination where 'Toqn' is the step function as: 
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Toe = 0 for t < 0 and Toe = TOCin for t ~ 0 

then the storage tank can be represented with a CSTR equation: 

The larger tanks, however, usually have regions of well mixed flow and regions of 

plug flow within them. A rough estimate of the outlet concentration profile may be 

obtained by visually estimating the volumes of well mixed flow, and plug flow in the 

tank. The outlet concentration profile can then be determined as a mixed vessel of 

volume V 1 followed by a plug flow vessel of volume V 2' or: 

It is important to note that although the result of the equation is system specific, the 

application of the fundamental equation is not. 

An example of this is an application to a cylindrical pilot scale storage tank. 

Assuming that a system with a 3 gpm recirculation rate and a 10 gallon storage tank 

that is 40% mixed flow, the outlet function for a constant injection of 2 /J.g/I TOC 

at any time '1' in minutes would be: 
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where TOCout is in ILg/l. Again, this assumes that there is no reaction nor 

accumulation of TOC within the tank. 

The application ofthe residence time distributions to non-reactive systems can 

aid the engineer in determining the sources of contamination, as well as determining 

the result of contaminating injections into the ultrapure water system. 

5.1.2 Ultraviolet Radiation 

As discussed previously, the UV sterilizer is used to oxidize organic matter 

and remove organic contaminants from ultrapure water systems. The UV unit used 

in this pilot plant emits radiation primarily at the 254 and 185 nm wavelengths. 

Modelling of a UV sterilizer is achieved through the use of dimensionless relations 

including the Reynolds number, as well as reactor kinetics. 

The Reynolds number for annular flow is defined as (Bennett and Myers, 

1982): 

where 'D2' is the outer diameter in meters, 'Dl' is the inner diameter in meters. 

The Reynolds number for the Aquafine SL-l UV sterilizer with a 3 gallon per 
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minute flow rate is on the order of 3000; this indicates turbulent flow. Since the UV 

unit is essentially a reactive tube, it can also be represented by a plug flow reactor. 

Knowledge of both flow and reaction parameters is essential in the 

characterization of the reactor and the nature of removing TOe. The reaction 

parameters or kinetics for UV interactions with TOe have been defined by Ergorov 

and Novikov (1967). They state that in the water environment, UV will first react 

with water to yield hydrogen and hydroxyl radicals: 

these radicals can then react quickly with organic contaminants in the following 

manners: 

Toe + H =* Toe· + H2 

Toe + OH =* Toe· + H 20 

These reactions were found to be first order in concentration of organic contaminant 
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(Ergorov and Novikov, 1967), or: 

d[TOC]/dt = -~v*[TOC] 

where 'k' is the first order reaction rate constant in minutes-l, and 'T' is the residence 

time in minutes. 

Knowing the flow and reaction parameters, the resulting equation for the 

outlet concentration of TOC due to the action of UV sterilization is: 

[TOC(t)] = [TOCo(t-T)]*e-kT 

Based on the metrology of the experiments listed in chapter 4, the only 

unknown in the equation is the rate constant 'k'. This rate constant is a complicated 

function of UV intensity (lamp life), transmittance and amount of oxidizers in water, 

and temperature (Meyers, 1987) as detailed in Chapter 2. All of these parameters 

are lumped together into the UV reaction rate constant. Examples of UV reaction 

rate constants based on data generated in the pilot plant are shown in Figures 5.1.1 

through 5.1.4 for model compounds. 

Figure 5.1.1 shows TOC data and UV reaction rate constants for the model 
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compound LPS at 25°e. In the plot of TOe against time, the hollow circles 

represent the input function to the UV reactor, and the filled circles represent the 

TOe outlet from the reactor. Error bars have been included as plus and minus 1 

ppb of the TOe, as per the Anatel manual. The hollow triangles, filled triangles, and 

hollow squares represent simulated outlet TOe profiles based on reaction rate 

constants of 0.1, 0.2 and 0.3 minutes-1, respectively. The values of fittable rate 

constants ranged from 0.13 min-1 to 0.3 min-1. A least squares comparison of the 

action of the effective first order rate constant achieved 0.23 minutes-1 for this 

injection. Figures 5.1.2 through 5.1.4, B.1 and B.2 show similar data and profiles for 

injections of the model compounds humic acids, methionine, and ethanol, alginic 

acids, and glycine at 25°C, respectiveiy. Deviations between the theoretical outputs 

and the experimental output may be explained as the reaction not being exactly first 

order, not the reactor existing as ideal plug flow; a discussion on treatment of the 

equations in this case is forthcoming. 

Table 5.1 shows a list of the least square fit effective UV reaction rate 

constants for various injections of organic contaminants at different temperatures. 

As seen from the Table and as expected, the reaction rates increase with 

temperature; the rate constants change from an average value of 0.33 minutes-1 at 

23°e to 0.60 minutes-1 at 43°C. 

If the reaction and the reactor were truly first order and ideal plug flow, 

however, the rate constant should have been independent of TOe concentration. 
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The data indicates that the TOC/UV reactor interaction may be a more complex 

function involving the specific dosage received by the contaminant. The relation is 

further complicated by the fact that an increase in contaminant level resulted in an 

increase in reaction rate constant. One explanation for an increase in rate constant 

with increasing contaminant level may sterr... from the nature of the oxidation 

pathway. If highly reactive radicals are generated in the oxidation pathway, then an 

increase in the concentration of these radicals may accelerate the TOC reaction, thus 

giving the appearance of an increased order of reaction. Conversely, an increase in 

concentration of contaminant will decrease the overall dose of radiation received; a 

decrease in dose may slow the reaction, and leads to a lower apparent reaction rate 

constant. Since both of these explanations are plausible, the resulting effect seen 

may be due to some combination of these two mechanisms. Another explanation for 

any discrepancies stem from the choice of reactor. Although the previous 

calculations indicated that the UV reactor was ideal plug flow, effects including 

entrance, exit, and dispersion may not necessarily be negligible. Further research 

along these lines of thinking is currently underway, and may provide illumination 

towards the true mechanisms of compound removal by UV radiation. 

The effective first order rate constants can be further described by the 

Arrhenius expression: 

= k *e-E/ RcT 
o 
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where 'ko' is intrinsic organic contaminant specific frequency factor in minutes-I, 'E' 

is the activation energy for the specific organic contaminant in kilojoules per mole 

of reactant, 'Re' is a thermodynamic constant, and has the value of 8.314 Joules per 

mole per degree Kelvin, and 'T' is the temperature at which the reaction takes place 

in degrees Kelvin. 

Using the above equation for two temperatures, the activation energies can 

then be calculated from the following relationship: 

where the subscripts '1' and '2' indicate the lower and higher temperature, 

respectively. Table 5.1 shows the calculated activation energies as weli as the 

frequency factors for four of the model compounds tested. High activation energy 

indicates that the reaction has a significant temperature dependency. Compounds 

like lipopolysaccharides and ethanol, therefore, may be more effectively removed 

from a water environment by UV radiation at increased temperatures. Compounds 

having the characteristics of humic and alginic acids would appear to be less 

temperature sensitive, but are removed faster when the temperature is increased. 

A practical example of the model is as follows: for a typical inlet TOe 

concentration of 25 J.Lg/I, a residence time of 0.41 minutes, and a reaction rate 

coefficient of 1 minute-1, the resulting outlet TOe concentration will be 16.6 J.Lg/l. 
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This indicates that one pass through the UV may not be sufficient to remove organic 

contamination from the polishing loop. 

It is not necessary, however, to limit the model to first order kinetics. It may 

be possible to fit the data to nth order kinetics as per Levenspiel (1972). For nth 

order kinetics: 

d[TOC]/dt = -kuv * [TOC]n' 

The result is that the equation now has rate order "n'" and rate constant 'k' as 

unknowns. One experimental approach to determine the values of the constants is 

to inject several levels of contaminants into the system, and solve a system of 

equations with constant rate order. In this case, the resulting rate constant 'k' will 

have the units of (concentrationrn*time-1• Solving for the rate constant will result 

in: 

Work is presently underway to determine the optimum reaction rate orders and rate 

constants for the UV-185 sterilizer. Once these parameters are identified, scale up 



Table 5.1 List of UV Reaction Parameters 

Compound kuv 
a 

kuv
b 

kuv
c 

Lipopolysaccharide 0.23 0.8 0.7 

Alginic Acid 0.07 0.41 0.17 

Humic Acid 0.5 0.6 0.6 

Glycine 0.05 0.3 N/A 

Methionine 0.7 0.8 N/A 

Ethanol 0.38 1.0 1.0 

a - Inlet water temperature 23°C, [TOC]o = 50 Jl.g/I 

b - Inlet water temperature 23°C, [TOC]o = 100 Jl.g/I 

c - Inlet water temperature 43°C, [TOC]o = 50 Jl.g/I 

units on E act are kJ /mole OK 

units on ko are min-1 

N/A - No data available 

Eact 

43.27 

34.50 

21.54 

N/A 

N/A 

20.87 
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ko 

9.95 x 106 

2.90 x 108 

3164 

N/A 

N/A 

1.832 
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to larger systems may be possible. 

5.1.3 Ion Exchange Tank 

As discussed previously, an ion exchange tank is used to remove ionic 

contaminants from ultrapure water systems, and increase the resistivity of the water. 

The ion exchange tank used in this pilot plant is nuclear-grade mixed resin with 

typical resin mixtures being 55% ani?nic and 45% cationic by volume. The simulated 

structure of the tank includes the resin bed, followed by an outlet tube. Modelling 

of the ion exchange tank is achieved through the use of dimensionless relations 

including the Reynolds number, the Schmidt number, and the Peclet number 

(dispersion number) based on both the resin particles, the containment tank, and the 

outlet tube. 

The Reynolds number for a fixed bed reactor is defined as (Bennett and 

Myers, 1982): 

where 'rh' is the hydraulic radius, and is the ratio of the void volume of the bed to 

the surface area of packing. Using the physical characteristics of the mixed bed ion 

exchange tank in the pilot plant, the Reynolds number works out to be about 70. 
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This indicates laminar flow. 

The Schmidt number is given as: 

The diffusion coefficient has the units of length squared per time. A typical Schmidt 

number for ultrapure water is about 1000 (Bennett and Myers, 1982, Hoffman et aI., 

1989). 

The product of the Schmidt and Reynolds numbers is the Peelet number, or: 

and determines the extent of mixing in the system. The dispersion number is the 

reciprocal of the Peelet number. Plug flow will result when the dispersion number 

approaches zero, and mixed flow will predominate when the dispersion number 

approaches infinity. 

For the system of the mixed bed ion exchange unit in the pilot plant with a 

Reynolds number of about 70, and a Schmidt number equalling 1000, the dispersion 

number becomes approximately 10.5 (dispersion numbers for the piping and the UV 

reactor are on the order of 10-8 and 10-7, respectively). This indicates that plug flow 

is a reasonable assumption for the flow characteristics of the ion exchange tank. 
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The reaction kinetics must follow to characterize the reactor and thus the 

organic contamination. Studies have shown (Ergorov and Novikov, 1967, Hoffman, 

et al., 1989, Yabe, et aI., 1989) that the reactions between the ion exchange resins 

and ionic contaminants can be represented by: 

ROH + M- => RM + OH-

where 'RH' and 'ROH' are the fresh resins, 'M+' and 'M-' are the charged organic 

contaminants, and 'RM' represents the resin-organic complex. Since it is generally 

agreed that the reactions will proceed far to the right, and since the concentrations 

of H+ and OH- ions are in excess in solution with respect to the number of these 

ions formed, the reaction will be first order with respect to organic contaminant 'M'. 

Since the reactor characteristics are defined both with plug flow and first 

order reaction with respect to the resin, and plug flow with no reaction with respect 

to the outlet tube for the tank, the equation that relates the outlet TOe profile to 

the inlet TOe profile becomes: 
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where 'TOCout' and 'TOCin' are the total injection amounts of model compound into 

the ion exchange tank, ''( l' is the residence time of the ion exchange tank, and ''( 2' 

is the residence time of the exit tube. Based on the metrology of the experiments, 

the only unknown is the ion exchange adsorption constant 'kdi'. 

An example of the model is shown in Figure 5.1.5 for the action of the ion 

exchange resins on the removal of injections of LPS from the polishing loop. The 

hollow circles indicate the input function to the ion exchange bed, and the filled 

circles indicate the TOC output from the bed. Error bars have been included as plus 

and minus 1 ppb of the TOC, as per the Anatel manual. The outlet curve is less 

than the inlet curve; this indicates that the contaminant is being absorbed onto the 

resin surface. The model predictions are shown at the hollow triangles, the filled 

triangles, and the hollow squares for rate constants of 1, 3, and 5 minutes-I, 

respectively. Note that there is some discrepancy between the actual and the 

theoretically predicted outputs. As stated in the previous section, this may indicate 

that the reaction may not necessarily proceed as first order, and that dispersion may 

not necessarily be negligible. Again, a least squares fit is applied to the model; this 

results in a rate constant of 3.4 minutes-I. Note that this rate constant is an order 

of magnitude greater than the rate constant from the UV unit (Table 5.1). Figures 

5.1.6 through 5.1.8, B.3, and B.4 show simulations of the ion exchange tank removing 

humic acids, methionine, ethanol, alginic acid, and glycine respectively. 

Table 5.2.lists ion exchange reaction rate constants for injections of various 
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model compounds directly into the ion exchange bed. With the exception of ethanol, 

the model predicts that the rate constant for each model compound is an order of 

magnitude greater than those based on UV action. The ramifications of the 

difference of the rate constant values will be discussed in Chapter 6. 

Past research (Hoffman, et aI., 1989) has been performed concerning the 

modelling of a single resin particle. The rate of adsorption of contaminant onto one 

resin particle surface was assumed to be limited not by the actual contact of the 

contaminant with the resin, but by the transfer of contaminant through the liquid 

phase to the resin surface (Hoffman, et aI., 1989). Research in this study may show 

that the environment of one particle may not necessarily approximate the physical 

system of the packed bed reactor. Since water temperature is a key variable in mass 

transfer, the following proof is offered to determine the temperature effect on the 

mass transfer coefficient. The system can be formulated by assuming forced 

convection of solute around a spherical resin particle or (Bird, et aI., 1960): 

where 'lson' is the mass transfer of dissolved solid in the liquid phase through the 

stagnant layer surrounding the resin particle in moles of solute per square meter per 

second, 'cr is the concentration of solute in moles per cubic centimeter, 'Dab' is the 

diffusion coefficient for solute in the liquid phase in square meters per second, 'D s' 
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is the resin sphere diameter in meters, 'Re' is the dimensionless Reynolds number, 

and'Sc' is the dimensionless number. Since the part of the equation containing the 

dimensionless relations has a value of approximately '50' for typical values in the 

pilot plant, that term dominates over the value of '2.0'. The result is that the mass 

transfer coefficient is now temperature dependent in the following manner: 

since 'Dab' is proportional to 'T / IJ.' (Bird, et aI., 1960), and 'IJ.' has a temperature 

dependency of e-1/ T (Bird, et aI., 1960), then the temperature dependency of the 

mass transfer coefficient is: 

For a change in temperature of 10 degrees from 298 K to 308 K: 

the result for the ratio of mass transfer coefficients is approximately 1.0. The warmer 

temperature, theoretically speaking, should not significantly affect the mass transfer 

coefficient, and and should not reduce the transfer rate of compound to the resin 
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surface. 

As shown in Table 5.2, the removal of contaminant by ion exchange is quite 

complicated. Although the rate constant was not affected by temperature for humic 

acids and ethanol, the rate constant decreased for LPS and alginic acid with 

increasing temperature. The increase or decrease of the rate constants may arise 

from the competing mechanisms of increasing reaction due to increases in the 

equilibrium constant for water (this should increase the number of available H+ and 

OH- ions available for reaction), and decreasing adsorption capability of the resin 

due to change in the chemical nature of the reaction product (Ergorov and Novikov, 

1968). Again, further research is indicated to determine the dominant effects, and 

to enhance the removal of these contaminants. 

Another approach to model the ion exchange reaction is to model a single 

particle. The approach of Hoffman, et al. (1989) viewed the particle as a solid bead 

surrounded by a stagnant film; the bulk liquid flowed around the film, and the 

contamination transferred into the film layer. Since the surface reaction was fast, the 

rate limiting step was the transport of ions through the film, to the resin surface. 

Since the mass transfer coefficient was defined as: 

where 'Dab' was the diffusion coefficient, and '1' was the film thickness in 
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Table 5.2 List of Ion Exchange Adsorption Rate Constants 

Compound k a( . -1) di mm 

Lipopolysaccharide 3.4 

Alginic Acid 3.8 

Humic Acid 3.7 

Glycine 3.5 

Methionine 3.9 

Ethanol 0.1 

a - [TOC]o = 50 J.Lg/l, Temperature = 23°C, Fresh Resin 

b - [TOC]o = 50 JJ.g/I, Temperature = 43°C, Fresh Resin 

N/ A - No data available 

k b( . -1) di mm 

2.9 

3.2 

3.7 

N/A 

N/A 

0.1 

142 
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centimeters, Hoffman et al. (1989) reported surface area mass transfer coefficients 

on the order of 2 x 10-2 em/sec for strong ions. Assuming a 1 millimeter diameter 

spherical bead with a surface area to volume ratio of 0.05, this would result in a first 

order rate constant of 24 min-I; this is an order of magnitude greater than the rate 

constants shown in Table 6.2, thus indicating that a reaction mechanism may control 

for the porous bed. A decrease in the value of the coefficient was found with 

increased use of the resin. 

Through the presentation and application of both theoretical approaches to 

the pilot plant, characterization of the ion exchange bed results. For a typical inlet 

TOe concentration of 25 J.Lg/I, a residence time of 0.39 minutes, and a reaction rate 

coefficient of 3 minutes-I, the resulting outlet TOe concentration will be 7.8 J.Lg/l. 

This indicates that one pass through the ion-exchange bed may not be sufficient to 

remove organic contamination from the polishing loop. 

5.1.4 Ozone 

The injection of dissolved ozone into the water environment is used to remove 

organic contaminants from ultrapure water systems, thus decreasing the TOe of the 

water. Modelling of the interaction between dissolved ozone and organic mass is 

achieved through the use of dimensionless relations including the Reynolds number, 

the Schmidt number, and the Peelet number. The dissolved ozone is injected into the 
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pilot plant tubing, and results in plug flow. The details of the plug flow parameters 

have already been presented in section 5.1.1. 

The ozone/TOC interaction has been discussed for drinking quality water 

(Masten, et aI., 1986, Benoit-Guyod et aI., 1986, Staehlin and Hoigne, 1982) in which 

the reaction in plug flow was found to be second order overall: 

d[TOC]/dt = -k2 * [TOC] * [03] 

where 'd[TOC]/dt' is the time rate of change of the TOe level in J.Lg/I, 'k2' is the 

rate constant for reaction in liters per mole per second, '[TOC]' is the concentration 

of organic contaminant in J.Lg/I, and '[031' is the concentration of ozone in J.Lg/l. The 

experiments were performed in so that the change in ozone level was small compared 

with the change in organic contaminant level (short residence time). Since the ozone 

concentration was approximately constant, it can be incorporated into the rate 

constant to result in the following relation: 

d[TOC]/dt = -k * [TOC] 

The equation can then be integrated with respect to the organic contamination level 

to yield: 
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TOC(t) = TOeo(t) * e-k[03]'l" 

By measuring the TOC levels at the inlet and outlet of the reactor as a function of 

time, measuring the ozone concentration, and knowing the residence time, the only 

unknown in the equation becomes the rate constant 'k'. 

Figure 5.1.9 represents the modelling of the ozone effect on TOC with 

injections of the model compound LPS. On the plot of TOe vs. time, the hollow 

circles represent the inlet function, and the filled circles represent the outlet 

concentration from the reactor. Error bars have been included as plus and minus 1 

ppb of the TOe, as per the Anatel manual. The hollow triangles, filled triangles, and 

hollow squares represent rate constants of 0.001, 0.003 and 0.005 liter per mole per 

minute, respectively. Again, a range of rate constants are achievable using this 

approach. This would indicate that the choice of reactor order and/or reactor 

dynamics may not be optimum. A least squares fit is applied to the curve for the 

action of ozone on LPS, resulting in a rate constant of 0.0028 liters per mole per 

minute. 

Figures 5.1.10 through 5.1.12 represent the modelling of the ozone effect on 

TOe for injections of humic acids, methionine, and ethanol, respectively. In all 

cases, the rate constants were found to exist in the range from 0.001 liters per mole 

per minute to 0.01 liters per mole minute. Since the change in ozone concentration 

is small compared to the level of ozone injected into the system, the ozone 
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concentration may be taken as constant. 

Table 5.3 presents the ozone rate constants as based on pseudo-first order 

reactions with the model compounds, and a constant ozone concentration of 50 tJ.g/1. 

Since the reaction is assumed to be pseudo-first order, the rate constants generated 

from the action of ozone can be compared to the rate constants generated from the 

actions of UV and ion exchange resins. The result is that the ozone and UV 

reactions, at 50 tJ.g/I dissolved ozone level and with the same residence times as the 

previous reactors, can remove contaminants at nearly the same rate. It is important 

to note that if the ozone concentration changes over the course of the reaction, the 

result will be a second order dependency. In this case, the ozone concentration may 

not be incorporated into the rate constant. 

5.1.5 Organic Particles in Ultrapure Water 

Organic contamination in ultrapure water systems can consist of both dissolved 

and particulate mass (Governal and Shadman, 1992). Past work has shown 

(Governal and Shadman, 1991, 1992) that during the removal of particulate mass, 

steps in this pathway include conversion of the particulate mass into dissolved mass 

before complete removal. It is possible, through the concept of the population 

balance, to determine the relationships between the action of the system components 

in the polishing loop, and the resulting particle distributions. This section, therefore, 
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Table 5.3 List of Ozone Reaction Parameters 

Model Compound 2nd order 1st order 

kozone kozone 

(l/mole/min) (min-I) 

Lipopolysaccharides 0.0029 0.15 

Humic Acids 0.0080 0.40 

Methionine 0.0019 0.10 

Ethanol 0.0034 0.17 
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details the modelling effort to determining the individual effects of UV and ozone 

on particle distributions. 

The approach is to conserve the numbers of particles within the ultrapure 

water system. The macroscopic particle number continuity equation (Randolph and 

Larson, 1988) determines the particle relationships as functions of time, reactor 

position, particle size, as well as motion through these dimensions. The macroscopic 

population balance is written as (adapted from Randolph and Larson, 1988): 

where 'llx' is the average particle velocity in the reactor in meters per second, 'n' is 

the density function of the particles in number of particles per cubic centimeter per 

micron, 'x' is the reactor dimension in meters, 'G' is the growth or oxidation function 

in microns per second, 'L' is the particle size dimension in microns, 'Dr' and 'Bi are, 

respectively, the death and birth functions or fluxes of particles into or out of a given 

particle size window, and have the units of number of particles per cubic meter per 

second, 'V' is the volume of the reactor in cubic meters, 't' is the time dimension in 

seconds, and 'Ok' is the flow rate of particle stream 'k' into or out of the system in 

cubic meters per minute. The solving of this equation in multi-dimensional space 

will generate relations for the change in particle distributions based on action of the 

system components. 
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The solution of this partial differential equation for the particle distributions 

at the outlet of the reactors is not trivial; simplification of the equation is therefore 

necessary for ease of solution. Since the volume is constant within the reactor, the 

last two terms from the equation can therefore be neglected. The macroscopic 

particle velocities and growth rates can also be assumed to be constant (Randolph 

and Larson, 1988). The equation therefore reduces to: 

In order to solve the equation, the birth and death functions must also be defined. 

The work of Glatz, et al. (1986) showed that the birth and death terms may be 

approximated with power law functions, resulting in the following equation: 

where 'bl ', 'b2', 'a' and 'B' are adjustable parameters. Boundary conditions for 

solution of this partial differential equation result from the procedure described in 

Chapter 4 are as follows: 

n(O,L) = I1j(L) , n(x,O) = no 
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where 'l\(L)' is the known inlet particle distribution to the reactor, and 'no' is the 

number of particles at zero size in the reactor, and is also known. This system can 

then be viewed under three conditions of solution. The two mechanisms are herein 

defined as when particle oxidation mechanism dominates, or the particle 

fragmentation mechanism dominates, as well as the case when both mechanisms are 

on the same order of magnitude. By showing that the model will work for the two 

extreme cases, a solution for the most complicated case of competing mechanisms 

should therefore exist. 

This first extreme case results when the oxidation term 'G*iJnlaL' is 

negligible. The equation will then reduce to an ordinary differential equation: 

with one boundary condition: 

n(O) = l\(L) 

this is solvable, and becomes: 
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where 'n(L)' is the particle distribution found at the outlet of the reactor. From the 

procedure listed in Chapter 4, the inlet and outlet distributions are known for 

injections of humic acids into the UV or ozone plug flow reactors; this generates a 

solution where the unknowns are the parameters within the exponential. 

Figure 5.1.13 shows a plot of particle density against particle size for injections 

of 4 JJg/1 humic acids into the UV reactor. The hollow circles indicate the input 

function, the hollow squares indicate the output function, or the action of the UV 

unit alone, and the hollow triangles .show the model prediction based on the limiting 

case of a fragmentation mechanism dominating. A fit was achieved when the 

constants bl , a, b2, and B were 0.2, 0, 1.4, and 0.85 respectively. 

Figures 5.1.14 through 5.1.18 show examples of the model fitting data 

generated for injections of 4, 10 and 40 J1.g/1 humic acids into either a UV or an 

ozone reactor. The summary of values found for the four constants is shown in 

Table 5.4. It is interesting to note that although the model will continue to fit the 

data at the extreme cases, the b l and b2 coefficients of the birth and death terms 

change sign; the b l and b2 are positive and negative for UV action, yet negative and 

positive for ozone action, respectively. This indicates that, from a physical 

standpoint, the extreme case may not be valid for one of these units. The work in 

Chapter 6 will detail which of these cases might be unreasonable, and why. 

The second limiting case exists when particle fragmentation, or when the 

'bI La + b2LB' term can be neglected. In this scenario, the particle oxidation 
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Table 5.4 Parameters for Particle Fragmentation Mechanism 

Humic Acids b i a b2 B 

UV/4ppb 0.2 0 1.4 0.85 

UV/1Oppb 0.42 0 3 0.85 

UV/4Oppb 0.75 0 11.3 1.23 

Ozone/4ppb -0.178 0 -1 0.7 

Ozone/1Oppb -0.14 0 -1 0.7 

Ozone/4Oppb -0.14 0 -1 0.8 
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mechanism will dominate, and the resulting equation becomes: 

llx*em./ax + G*an/aL = 0 

with boundary conditions: 

n(O,L) = ni(L) , n(x,O) = no 

This partial differential equation can be solved analytically using the method of 

characteristics (Kramer, et aI., 1990), and results in two regions of solution. The first 

region of solution occurs when the ratio of reactor and the average particle velocity 

(x/llx) is greater than the ratio of the particle size and the growth rate (L/G). When 

this condition is satisfied, the resulting equation becomes: 

n(x,L) = ~(x-1l,cL/G) 

The second region of solution occurs when the ratio of particle size and the growth 

rate (L/G) is greater than the ratio of the reactor length and the average particle 

velocity (x/u,). When this condition is satisfied, the resulting equation becomes: 

n(x,L) = no 
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The equations predict a shifting of the particle size distribution towards smaller sizes 

for negative growth rates (a negative growth rate is the equivalent of an oxidation 

rate). 

Figures 5.1.19 through 5.1.24 show examples of the model predictions for the 

particle distributions at the outlet of either a UV or ozone reactor based on 

injections of 4, 10 and 40 /.Lg/I humic' acids, respectively, assuming an oxidation 

mechanism dominated. This extreme case of the model appeared to fit the data as 

well. In all samples observed from 0.05 /.Lm through the 0.2 /.Lm size ranges, the rate 

of particle oxidation appeared to be less than 0.05 /.Lm/minute, and appeared to be 

independent of particle radius. Action of the pilot scale UV unit was more effective 

in the oxidizing of humic acids particles when compared with the action of 30 /.Lg/I 

ozone. The most noticeable difference between the actions of ozone and UV 

occurred at the lowest concentration of contaminant. This may have been due to the 

inability of ozone to locate the compound in its dilute state. UV, however, appeared 

to be more effective as the contaminant level decreased. 

Since the extreme cases were potentially fittable by the modeJ, and since both 

extreme cases did not fully explain the observed particle distributions, it may be 

concluded that the actual effect of the individual reactors on humic acid particles 

may be described as a competition between the two mechanisms. Solving the 

equation derived for the more general case of particle removal: 
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with boundary conditions: 

n(O,L) = ni(L) , n(x,O) = no 

using the method of characteristics results in two regions. As before, the first region 

of solution occurs when the ratio of reactor and the average particle velocity (x/ux) 

is greater than the ratio of the particle size and the growth rate (L/G); the second 

region occurs when the ratio of particle size and the growth rate (L/G) is greater 

than the ratio of the reactor length and the average particle velocity (x/uJ. The 

resulting equations are therefore: 

for x/ux > L/G, and: 

for L/G > x/ux' These solutions contain five adjustable parameters; solving for the 

optimum parameters is, at this time, beyond the scope of the present data. Further 
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research will need to be performed to obtain realistic oxidation and fragmentation 

rates. 

A relationship may exist between the removal of organic particles and organic 

mass in the ultrapure water environment. Future research can also include the 

coupling of the population balance with a mass balance. By conserving both particle 

numbers and dissolved mass, the fundamental mechanisms of UV, ozone, and their 

combination action on organic contaminants may be more fully defined. Once 

defined, these mechanisms can be utilized by industry to optimize the removal of 

organic contaminants from the ultrapure water environment. 

5.2 Selection of Bacterial Growth Media 

It has been previously established (Yabe, et aI., 1989) that the most common 

contributors of organic contamination in ultrapure water systems are microorganisms. 

Although classes of microorganisms found in water can include fungi, protozoa, and 

algae (Atlas, 1987), bacteria have been found to be the most numerous (Mittleman 

and Geesey, 1988); standards for ultrapure water, therefore, currently mention 

bacteria in water quality limits (Yabe, et aI., 1989). This section, therefore, will 

present an improved indirect method to detect the numbers and types of bacteria in 

the ultrapure water environment. 

Indirect methods currently available to detect bacteria include filtration of a 
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water sample, then regrowth of bacteria on nutrient medium. Although this is a time 

honored method for drinking-quality water (Atlas and Bartha, 1989), mention should 

be made concerning the choice of medium. Bacteria can have specific nutritional 

requirements; failure to adhere to these requirements can result in poor cell growth 

characteristics or cell death (Reasoner and Geldreich, 1985). Deviation from 

optimum growth conditions will almost certainly result in an underestimation of 

bacterial numbers. 

In terms of bacterial energy qr carbon requirements, two major classifications 

are used (Atlas and Bartha, 1987). Copiotrophic cells are those which require high 

nutrient concentrations (typically 10 ppm Carbon) to grow; while oligotrophic cells 

require low nutrient concentrations (less than 10 ppm Carbon) to grow. Oligotrophs 

such as Caulobacter have evolved unique shapes to assist in mass transfer across the 

cell membrane. Physical appearances of oligotrophic cells include small spheres, 

and/ or generation of stalks that increase the surface area to volume ratio of the cell; 

a higher surface area to volume ratio will facilitate the transfer of nutrients and 

wastes into and out from the cell (Atlas, 1987). 

With respect to the ultrapure water system, the quality of the feed water up 

through initial reverse osmosis treatment can generally provide environments that 

encourage growth of copiotrophic cells, while maintaining a stable environment for 

copiotrophic cells such as Caulobacter (Atlas, 1987). After initial RO treatment, the 

free stream TOC levels can drop below 10 ppm, and thus provide an environment 



174 

conducive towards the growth of oligotrophic bacteria. 

As previously mentioned, the TOC levels within the hydrodynamic boundary 

layer of the flow system can be several orders of magnitudes greater than free stream 

TOC concentrations in a polishing loop (Bryers and Characklis, 1982, Yabe et al., 

1989). Although this can sustain copiotrophic cells, migration of the cells through an 

oligotrophic free stream environment can cause cellular injury or starvation (Atlas 

and Bartha, 1987). The cells that should exist in the measurable free stream flow 

could therefore contain both oligotrophic and injured (starved) copiotrophic bacteria. 

The problem exists that the semiconductor industry is in many cases using 

selective media to grow bacteria. If the media used are TSA or Mendo agars, they 

can select out and grow bacteria found in drinking quality water; these bacteria are 

typically copiotrophic in nature. By unknowingly using media designed for the 

growing of copiotrophs, a significant number of oligotrophic ultrapure water bacteria 

may not be seen; the result may be an underestimation of cells. This is critical to the 

semiconductor industry; a water system may appear to be within specifications, when 

it may contains unreadable or ungrowable bacteria; the system can potentially 

operate out of specifications, and a problem would never be perceived. 

One solution to this problem is to find a medium that is non-specific, or one 

can grow several types of organisms. Examples of this type of medium may include 

R2A, mHPC, or a derivation of Allen's medium; dilute TSA and R2A may also be 

acceptable, although they were not tested as such. As mentioned in Chapter 4, full 
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strength TSA and R2A media were compared side by side for generation of bacterial 

numbers from various locations in the ultrapure water pilot plant. 

Figure 5.2.1 shows a plot of the bacterial numbers per liter seen at various 

locations within the ultrapure water pilot plant based on use of the two media. Note 

that in all cases, the numbers of bacteria observed based on the use of full strength 

R2A medium were significantly greater than the numbers of bacteria observed based 

on the use of full strength TSA medium. As expected, the numbers of bacteria seen 

in the polishing loop decreased in the following order: 

city water> RO permeate> ion-exchange> UV > ozone treatment 

with the lowest concentrations of bacteria in the polishing loop were found to be 5.3 

± 0.1 cfu/100ml using TSA medium, and 10.2 ± 0.3 cfu/100ml using R2A medium. 

A more important comparison of the two media may be the direct comparison 

of the bacterial numbers generated at the inlet and outlet of a specific process 

component. This can be termed as a population value 'P', in cfu/l, and described by 

the following equation: 

where 'Ni' is the number of viable bacteria per liter observed based on each type of 
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media at location 'i' of the process component. 

The greater the deviation of the population number from zero indicated a 

greater difference in the numbers of bacteria detected by the media. Since the 

number of viable bacteria per liter observed were always greater when the R2A 

medium was used, the population number can have two interpretations. A negative 

population number indicates that greater numbers of TSA incapable bacteria were 

found in the feed stream to the process component, while a positive population 

number indicates that greater numbers of TSA incapable bacteria were found in the 

outlet stream from the process component. Figure 5.2.2 shows the population 

numbers in cfu/lOOml for the ion exchange, UV-185, and ion exchange with ozone 

treated UHPH20. The results showed that the both the UV unit and ozone 

treatments generated TSA incapable bacteria, while the ion exchange unit generated 

TSA capable bacteria. The differences also indicated that selective media such as 

full strength TSA may not be optimum choices to grow bacteria typically found in the 

ultrapure water environment. 

5.3 Assimilable Organic Carbon 

Since bacteria have been found in measurable levels in ultrapure water 

systems, an engineer is forced to determine the sources of nutrients for these 

bacteria. Once the sources of nutrients are eliminated, the numbers of bacteria, and 



177 

5 

.--.. 
/-..t 4 OJ 

+-' 
• r-! 

~ 
~ 

if2 
/-..t 
OJ 3 ..D 
S 
~ z 
OJ 2 Q() 
ro 
H 
OJ 
:> 

<r: 
"--" 1 

Q() 
0 
~ 

0 
::>, rJJ OJ >- Q)Q)' ~ .r-! 

+-' '(f) Q() ;::J Q() ~ ~ • r-1 0 ~ ~ 0 ro u 
E cO CC5 N ~ 
rJJ ...c1 ...c1 0 

~ ·0 () 
() ...c: 

~ ~ -+-' 0 
j:iJ ..... • r-! 

OJ ~ ~ +-' 
if) 

C t/) 
cO 

H ~ ~ ~ OJ 0 0 ;:l 0 :> t--t 
t--t 

~ N Q) 
""-" 0 ~ 

Figure 5.2.1: Bacterial Numbers Per Liter at the 
Outlet of System Components 

DIITIlll TSA Medium ~R2A Medium 



20 

..----.. 
~ 

S 10 
0 
0 
~ 

~ 
0 ;:j 

"+-i 
U 

'--" 

~ 
Q) -10 ,..0 

S 
;::1 
z 
~ 

-20 
0 

• ..-f 
-j..J 

cu 
~ 

-30 ;::1 
~ 
0 

0-. 

-40 
Q) :> (j)'? 
Q1) Q.() ~ 

::::> ~ 0 !=: N 

C'U cD 0 

...c::: ..c: ~ 
u () ......., 

:x: ..... 
:x: ~ 
~ ~ 

rIl 

~ 
~ 

~ ;::l 

0 0 ~ 
t--I '--' 

~ 

Figure 5.2.2: Population Number vs. System Component 

in Ultrapure Water Pilot Plant 

for R2A vs. TSA Media 

178 



179 

the amount of organic contamination in the ultrapure water systems may be further 

reduced. This section examines a procedure to determine the availability of nutrients 

for bacterial growth and maintenance; this procedure is referred to as a modified 

Assimilable Organic Carbon (AOC) procedure. 

On-line TOC analyzers typically display TOC concentrations in parts per 

billion; however, there is no standard method to determine the chemical composition 

of the TOe. Since the TOC can potentially contain organic acids, sugars, proteins, 

lipids, etc., a method needs to be f?rmulated that will determine whether bacteria 

can or cannot utilize the organic contaminants for cell growth and maintenance. By 

sampling a known volume of ultrapure water, and inoculating it with bacteria with 

specific nutrient requirements, it may be possible to determine the concentration of 

the specific nutrient, or how assimilable the organic carbon sources are in the 

ultrapure water polishing loop. By increasing the number of nutrient specific 

bacteria used for testing, the ultrapure water can have increased characterization. 

Past work (van der Kooij, et aI, 1982) has shown that although bacteria may 

grow on several types of organic compounds, the ratio of the maximum number of 

bacteria grown to the amount of one specific organic compound added to drinking 

quality water, or yield factor, was constant. Pseudomonas P17 and Spirillum NOX, 

known to require acetates and oxalates as primary nutrient sources (van der Kooij, 

et. aI, 1982). were used in this study in an attempt to determine not only the 

fractional compositions of background ultrapure water TOC as AOC, but the effect 
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of system components on the fractions of TOe as AOe. 

Figures 5.3.1 and 5.3.2 show the growth curves of Spirillum NOX and 

Pseudomonas P17 using ultrapure water taken from the post-RO, pre-UV, post-UV, 

and post-DI locations of the polishing loop as the logarithm of bacterial numbers per 

liter against time over a 7-day period. Note that the maximum concentrations of 

bacteria were obtained before the seventh day of exposure to ultrapure water, and 

the maximum and minimum concentrations of bacteria were consistently found at the 

post-RO and post-UV locations, respectively. Since bacterial yield coefficients were 

previously determined for Pseudomonas P17 and Spirillum NOX (van der Kooij, 

1982) as 4.1xl06 cful J.£g acetates and 2.9xl06 cful J.£g oxalates in drinking quality 

water, the AOe acetate and oxalate values can be determined from the following 

equations: 

[acetate] = (Nmax(P17)/Yp17) 

[oxalate] = (Nmax(NOX/YNOX) 

where the concentration of organic contaminant is in micrograms per liter (ppb), 

'Nmax' is given in cfu/l, and the yield value 'Y' is given in cful J.£g of contaminant. 

The total AOe concentration is therefore the sum of the AOe acetate and AOe 

oxalate values. 

Table 5.5 lists the AOe and TOe concentrations observed at the post-RO, 
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pre-UV, post-UV and post-DI locations based on these yield coefficients. Since the 

AOe values were greater than the TOe values at the respective sampling ports, use 

of the previously determined yield coefficients resulted in an overprediction of the 

AOe values. This result was unexpected, as the AOe values were expected to be 

less than the TOe values; the bacteria can grow on only a fraction of the organic 

compounds that the TOe analyzer is capable of detecting (Balazs, 1988). 

A rethinking of the experimental procedure resulted. Reclassifying the water 

system into regions of purity that included a 'high' range for the pre-RO treatment 

stage (TOe > 100 ppb), an 'intermediate range' for post-RO treatment (5 ppb < 

TOe < 100 ppb), and a 'low' range for the polishing loop (TOe < 5 ppb), it was 

concluded that since the ultrapure water environment is physically different from the 

drinking water environment, the differences may extend into the realm of yield 

coefficients. 

This conclusion prompted the generation of new yield coefficients; these 

coefficients would be based on ultrapure water, rather than drinking quality water. 

Calibration curves were then generated based on injections of acetate and oxalate 

compounds into the ultrapure water system, and plotting the resulting resistivities 

against contaminant concentration (Figure 5.3.3). Knowing the drop in water 

resistivity based on contaminant injection, the background resistivity of the system, 

assuming that no cells will grow if the water is theoretically pure, and assuming that 

the growth curve remains linear in the ultrapure water regime as it does in the 
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drinking water regime (van der Kooij, 1982), new yield coefficients were generated. 

These improved yield coefficients for Pseudomonas P17 and Spirillum NOX for the 

ultrapure water environment were found to be 4.5xl06 cfu/lJ.g acetates and 5.8x107 

cfu/ IJ.g oxalates. 

The yield coefficients were divided into the maximum numbers of bacteria 

grown at the previous points used in the ultrapure water pilot plant, as shown in the 

previous equations. The results are shown in Table 5.6 for the two species of 

bacteria. Note that the AOe values in the pilot plant are now less than the 

corresponding TOe values. Note also that the new yield values generate a poorer 

prediction for the post-RO treatment; this may confirm that the ultrapure water 

environment is chemically different than drinking quality water. 

Figure 5.3.4 shows the fractional composition of TOe as AOe at various 

testing sites in the ultrapure water system based on the yield coefficients from the 

pilot plant. Note that the fraction of TOe as AOe is highest at the post-UV 

location. The UV-185 unit has been well established to oxidize complex organic 

contaminants into simpler organic contaminants and dissolved carbon dioxide (Yabe, 

et al., 1989); however, in the case of incomplete oxidation, the major end products 

of UV reaction include oxalic and acetic acids (Ergorov and Novikov, 1967). The 

oxidation is incomplete, since the TOe analyzer reads a non-zero value. Incomplete 

UV oxidation, therefore, can result in generation of assimilable organic carbon from 

non-useable organic compounds; in other words, incomplete oxidation of organic 
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Table 5.5 AOC and TOe Concentrations (Ppb) in the Ultrapure Water System 

I I 
Post-RO 

I 
Pre-UV I Post-UV I Post-DI 

Oxalatea 31.7 15.1 35.5 26.9 

Acetatea 10.8 0.1 0.3 0.6 

AOCa 42.5 15.2 35.7 27.5 

TOCb 100 4.5 2.5 3.5 

a: equivalent values calculated based on yield coefficients from van der Kooij, et al. (1982). 

b: TOe values measured on-line by an Anatel A-1oo (Boulder, CO). 

I 
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contaminants by an oxidizing agent can potentially generate food for microorganisms. 

Although the fraction of AOC decreases across the ion exchange bed, it is believed 

that this is due to an increase in the denominator (TOC) by resin leaching rather 

than an actual decrease in measured AOC. 

The operational requirements for this modified AOC procedure can be met 

with one technician obtaining, filtering, culturing, and reading samples over a 2 week 

period. Although the procedure requires time for the bacteria to reach a maximum 

concentration, it can be used period~cally to supplement and characterize the on-line 

TOC readings. AOC may potentially be correlated with bacterial growth, and yield 

loss. Experiments on larger scale water systems may determine the correlations 

between AOC and wafer yield. 
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Table 5.6: AOC and TOC Concentrations (ppb) in the Ultrapure Water System 

I I 
Post-RO 

I 
Pre-UV 

I 
Post-UV 

I 
Post-DI 

Oxalatea 1.6 0.6 1.7 1.4 

Acetatea 9.9 0.2 0.3 0.7 

AOCa 11.5 0.8 2.0 2.0 

TOCb 100 4.5 2.5 3.5 

a: equivalent values calculated based on yield coefficients from the Ultrapure water pilot plant. 

b: TOe values measured on-line by an Anatel A-100 (Boulder, eO). 

I 
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6.0 REMOVAL OF ORGANIC CONTAMINATION 

Since semiconductor device manufacturing must keep pace with device design, 

yields must be increased for present and future technologies. Ultrahigh purity water, 

being a key process fluid, must clean the device without depositing extraneous 

particulate or dissolved yield reducing matter. Based on the advanced methods to 

characterize organic contaminants presented in the previous chapter, advanced 

methods to remove organic contaminants may now be developed. This chapter, 

therefore, presents detailed and fundamental mechanisms designed specifically to 

remove organic contaminants from ultrapure water systems. 

The first section presents a summary of the experiments performed during the 

initial start-up of the ultrapure water pilot plant. Since TOe levels from this work 

are orders of magnitude higher than levels found in typical polishing loops, this "Nork 

is designed to be used in primary treatment stages of large scale systems. It should 

be noted that primary treatment is critical in ultrapurification of water. The 

polishing loop is aptly named; it is designed to polish, or remove a certain amount 

of contamination from the water. By optimizing the primary treatment, the water 

entering the polishing loop will be cleaner, and the polishing loop may work more 

efficiently. 

The next three sections present fundamental polishing loop component 

interaction studies. The studies present the results of exposing organic contaminants 
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to individual and combinations of process components including UV -185, mixed bed 

ion exchange, polymeric filtration, and dissolved ozone. The emphases of the work 

is directed towards the interactions among the components. Strategies are presented 

to enhance the removal of organic contaminants through optimizing polishing loop 

configurations. Example pitfalls are also presented to show the range of possible 

applications of system components towards removal or generation of contaminants 

in the ultrapure water environment. 

Section Five of this chapter presents a novel and patentable technology to 

enhance the removal of contaminants from ultrapure water systems. The work 

presented involves the replacing of a polymeric filter with an inorganic and catalytic 

filter. The goal is to not only separate the contaminants out from the water system, 

as would existing polymeric filters, but to oxidize the contaminants to completion at 

the site of separation; this can prevent both accumulation of contaminants on a filter 

surface, and microbial regrowth. Cleaner water, and longer filter lifetimes can result 

from this type of application. 

The final section discusses the removal of bacteria, bacterial nutrients, and 

viruses from ultrapure water systems. The removal of these elements is essential in 

the quest for minimization of contamination in ultrapure water systems; life in the 

ultrapure water environment can generate a significant fraction of the contaminants 

in ultrapure water, and hence a significant fraction of matter that can deposit on the 

device and potentially reduce device yields. 
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6.1 System Performance During Start-Up 

This section discusses the earliest work performed using the ultrapure water 

pilot plant. It is important to note that the system was initially run only when 

personnel were available to physically monitor the data; therefore, the system 

operated for only eight to ten hours per day. The water in the loop sat stagnant for 

the remainder of the day. TOe levels, as a result, were appreciably higher than 

those typically found in a polishing loop. Through the analysis of removal 

mechanisms of high levels of Toe, fundamental parameters of primary treatment can 

then be established. This series of experiments involved the sequencing of the UV-

185 unit with several types of polymeric filters, to determine the fundamental 

interactions between these components in removing TOe from primary treatment 

systems. 

Figure 6.1.1 shows the action of the UV unit in removing high levels of TOe 

for system flow rates of 4 and 7 gpm. The hollow circles show the removal of TOe 

based on a system flow rate of 4 gpm, while the filled circles show the removal of 

TOe based on a system flow rate of 7 gpm. Note that the greatest TOe removal 

from an initial concentration of 400 J..Lg/1 occurred within the first 5 residence times 

(30 minutes), then a leveling out of the TOe resulted. This indicated that the action 

of UV was to remove TOe, and confirmed that products from initial reactions were 

more difficult to remove as the reactions progressed (Ergorov and Novikov, 1967). 
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Figure 6.1.2 shows the sequencing of the UV unit with an uncharged 

submicron polymeric filter in removing high levels of TOC from a polishing loop. 

This was the first of the interaction studies. The hollow circles indicate the temporal 

TOC profile for the system configured with the UV before the filter; this is a typical 

configuration used in industrial water systems (Burggraaf, 1987). The filled circles 

indicate the temporal profile for the system configured with the UV after the filter, 

which is the other industrial configuration (Wilkins and McConnelee, 1988). Note 

that the removal of TOC based on the system of the UV after the polymeric filter 

was enhanced. This indicated that there was an interaction between a UV unit and 

a polymeric filter in removing TOC, and that their sequencing affected the TOC 

removal profile. 

Figure 6.1.3 showed the case of the UV interacting with a charged submicron 

polymeric filter in removing TOe. The hollow circles indicated the action of the 

system of the UV situated before the charged filter; the filled circles indicated the 

action of the UV situated after the charged filter. The system of the UV after the 

charged filter showed enhanced removal of the TOC compared with the 

configuration of the UV before the charged filter. This showed that there was an 

interaction among the system components, and their sequencing affected the TOC 

removal profile. 

This experiment was repeated with an increase in the polishing loop 

recirculation rate from 4 to 5 gpm. As shown in Figure 6.1.4, with the hollow circles 
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representing the system of the UV before the charged membrane, and the filled 

circles representing the system of the UV after the charged membrane, the system 

with the UV after the charged membrane again resulted in enhanced TOe removal 

from the polishing loop. 

Another way to view the data is with the concept of a TOe half-life. As the 

reader might surmise, a TOe half-life is defined as the time taken for the TOe 

concentration to reach one-half of its original value. The half-life can show the 

effectiveness of a configuration in removing TOe from the system; a shorter TOe 

half life indicates a more effective configuration. Figure 6.1.5 shows the half-lives of 

TOe based on the configurations listed above for both 4 and 5 gpm. It is interesting 

to note that UV Ifilter combinations exist that are less effective in removing TOe 

than a UV alone case. The shortest half-life, and hence the most effective UV lfilter 

system to remove high TOe levels from a water system occurred when a charged 

filter was situated before the UV unit at an increased flow rate. 

Interaction studies on primary water can generate fundamental parameters to 

optimize industrial systems; configurations were found that enhanced or diminished 

the TOe removal capabilities relative to the action of a UV unit. Enhanced TOe 

removal was found to occur in a filter IUV combination typically used less frequently 

in industry, while the more commonly used filter IUV combination resulted in 

diminished TOe removal from the primary water system. Due to time constraints, 

the UV lfilter interaction was the only combination of process components tested in 
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the primary treatment system. Other combinations can include UV with ion-

exchange, and ion-exchange with filtration. 

6.2 Effect of Polymeric Filter and UV Sequencing 

This section details the results of the interaction study between the UV -185 

unit and a charged polymeric membrane in the low TOe realm of a polishing loop. 

The charged polymeric membrane was chosen since, from the previous section, this 

membrane was found to remove the most contamination from the primary treatment 

stage when sequenced with the UV unit. Since two components were used in this 

study, the interactions consisted of determining the effect of sequencing the 

components towards removal of low levels of TOe. As dictated in Chapter 4, the 

TOe was generated through controlled injections of well defined model impurity 

compounds; the compounds used in this study included LPS, Humic acids, Alginic 

Acid, Glycine, and Methionine. Through the analysis of removal mechanisms of 

diverse types of low concentrations of TOe, fundamental parameters for polishing 

loops can then be established. 

The effect of filterjUV sequencing on the removal of LPS is shown in Figure 

6.2.1. In this plot of TOe (ppb) against time, the circles indicate the input function, 

or the time dependent level of contaminant that the system of components saw. The 

squares show the resulting TOe temporal profile based on the action of the UV 
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followed by the charged filter; this configuration, as presented in the previous section, 

is the more cornmon of the two sequences used in industry. The triangles show the 

resulting TOC temporal profile based on the action of the charged filter followed by 

the UV unit. As shown in the Figure, both configurations act to remove ~ontaminant 

from the polishing loop; however, the system configuration based on the charged 

filter situated before the UV unit, the lesser used configuration in industry, resulted 

in enhanced removal of TOC from the polishing loop. 

These sequencing experiments were repeated for injections of Humic acids, 

Alginic acid, Glycine and Methionine, as shown in Figures 6.2.2 through 6.2.5, 

respectively. In all cases, the removal was enhanced when the charged filter was 

situated before the UV unit. This configuration is not necessarily standard practice 

in industry, and deviation from this configuration may potentially result in increased 

TOC levels in the polishing loop. 

Another way to view the data is to determine the total amount of contaminant 

removed over the 20 minute injection scheme. This is known as a removal efficiency 

or a percent removal, and can be found as the difference between the areas under 

the inlet and outlet TOC vs. time curves divided by the area under the inlet TOC vs. 

time curve, or: 

% removal = (ITOC(t)indt - ITOC(t)outdt) / ITOC(t)indt 
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Figure 6.2.6 shows the removal efficiencies of the model compounds based on the 

two system configurations. In all cases, the removal of TOC from the polishing loop 

was significantly enhanced with the filter situated before the UV unit. 

A qualitative explanation for this effect can be derived based on the individual 

actions of the system components as shown in Figure 6.2.7. For graphs of theoretical 

organic contaminant level against increasing particle size, curve "A" shows a typical 

inlet distribution. This shows an assumed distribution whereby the level of organic 

contaminant decreases with increasing particle size. When distribution "A" enters the 

polishing loop, and first contacts a charged filter, particles of an arbitrary size "x" and 

larger will be removed. The cut off size, "x" would depend on the rating or pore size 

of the filter. The remains of the particle size distribution, shown as the clear area 

of distribution "B" now travels along the polishing loop and encounters the UV unit. 

UV sterilizers are well known to oxidize particle mass to dissolved mass, thus 

resulting in the reduction of both mean particle size and total particle numbers; a 

magnitude of the reduction can be shown as distribution "C" which will leave the UV 

unit, and continue on in the polishing loop. Note, however, the result when the UV 

is situated before the charged filter. Once again, distribution "A" enters the polishing 

loop, but now it first contacts the UV unit; the UV unit can oxidize large particles 

into smaller particles, and potentially change the particle size distribution. 

Distribution "D" shows a case whereby small particles are generated from larger 

particles; the mean particle size thus decreases, and the total particle count may 
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actually increase. This distribution now exits the UV unit and encounters the 

charged filter. Assuming that the same filter with the same pore size, "x" is used, the 

result is that the small particles generated by the UV may be too small to be filtered. 

The clear area under the curve of distribution "E" when compared to the area under 

the curve of distribution "C" shows an increase in the number of small particles, and 

possibly dissolved mass, that remains in the water, and can potentially end up on the 

device surface. 

Another disadvantage in locating a polymeric filter after a UV unit involves 

the formation of reactive radicals during UV treatment. UV radiation can form 

highly unstable and reactive radicals during oxidation of organic matter (Ergorov and 

Novikov, 1967); these radicals can then be carried downstream into a filter, where 

the radicals can potentially react with the filter substrate. Ergorov and Novikov 

(1967) noted that reaction ionizing radiation with high polymers can result in cross

linking of polymer chains, degradation, gas evolution, oxidation (in the presence of 

oxygen and/or water), and change in concentration and nature of double bonds. 

Alteration of the filter structure can result in the degeneration of the filter, and can 

further result in subsequent leaching of TOC and particles into the water. 

The interaction between a UV unit and a polymeric filter is by no means 

trivial. Although the actions of the individual components is understood, the 

interaction between them may not be. This study showed that the sequencing of a 

UV unit and a polymeric filter in a non-standard configuration can enhance the 
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removal of TOe, and further purify water. 

6.3 Effect of Ion Exchange and UV Interactions 

The second study performed using polishing loop components involved the 

interactions between a mixed bed ion exchange tank and the UV-185 sterilizer. The 

mixed resin was chosen to simultaneously simulate the combined effects of both 

anionic and cationic resins in removing ionic contaminants from the polishing loop; 

the UV unit was again chosen for its oxidative properties. Although the actions of 

the individual components are well known, the extent of the effect of component 

interactions is not well known. 

Since two components were used in this study, the interactions consisted of 

determining the effect of the sequence involving the UV followed by the ion 

exchange tank, against the ion exchange tank alone towards removal of low levels of 

TOe. As dictated in Chapter 4, the TOe was generated through controlled 

injections of well defined model impurity compounds; the compounds used in this 

study included LPS, Humic acids, Alginic Acid, Glycine, Methionine, and Ethanol. 

Through the analysis of removal mechanisms of diverse types of low concentrations 

of TOe, fundamental parameters for polishing loops can then be established. 

The results for LPS are shown in a TOe vs. time plot designated as Figure 

6.3.1. In this Figure, the triangles indicate the input function, the squares indicate 
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the action of the ion exchange with UV pretreatment of contaminant, and the circles 

indicate the action of the ion exchange alone. As shown in the Figure, the action of 

the UV followed by ion exchange was less effective in removing contaminants than 

the action of the ion exchange alone. 

These experiments were repeated using the model compounds Humic Acids, 

Alginic acid, Glycine, and Methionine as shown in Figures 6.3.2 through 6.3.5, 

respectively. Note that in all cases, the system of UV pretreatment of organic 

contaminants followed by ion exchange decreased was less effective in removing 

organic contaminants than the system of the ion exchange alone. 

These results were not necessarily expected. The action of the UV unit has 

been established in the decreasing of the. average molecular weight of the organic 

contaminants in question (Ergorov and Novikov, 1967). It has been shown (Hoffman 

et aI, 1989) that mass transfer of the contaminant to the resin surface is limited by 

liquid film transfer resistances including the diffusion coefficient. The coefficient is 

inversely proportional to molecular weight (Bird, et ai, 1960), therefore a decrease 

in average molecular weight of compound should lead to an increased diffusion 

coefficient, an increased rate of transfer of contaminant to the resin surface, and thus 

increased removal of organic contaminant by the system of the UV and ion exchange. 

Since this was not the case for the high charge to mass ratio, high molecular weight 

contaminants tested, the resulting mechanism for removal of organic contaminants 

in the polishing loop, therefore, may depend more heavily on the concentration of 
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charges and the charge to mass ratio of the organic contaminants than their actual 

sizes and I or molecular weights. 

Reversal of the trend should therefore be possible when a low charge to mass 

ratio, low molecular weight organic contaminant is given UV pretreatment. The 

model compound Ethanol was therefore selected to be used as the test compound. 

Figure 6.3.6 shows the temporal profile of TOe with the triangles indicating the input 

function, the squares indicating the action of the ion exchange with UV pretreatment 

of contaminant, and the circles indicating the action of the ion exchange alone. The 

affinity of ethanol for the ion exchange resin is quite poor, as indicated by the small 

difference between the input and action of ion exchange alone lines. UV 

pretreatment of the compound, however, may have formed chemical radicals, and 

increased the charge to mass ratio of the low molecular weight, low charge to mass 

ratio Ethanol. The increased charge to mass ratio should lead to an increased 

affinity of contaminant toward the resins, and account for enhanced removal by the 

UV lion exchange combination. The comparison of the UV followed by ion exchange 

TOe vs. time line against the ion exchange alone line showed that enhanced removal 

of low molecular weight and low charge to mass ratio organic contaminants as TOe 

was therefore possible through UV pretreatment of the contaminant. 

The effectiveness of the polishing loop system can be measured based on the 

removal efficiency metrology given in the previous section. Figure 6.3.7 shows the 

TOe Removal Efficiency as a percent against the model compounds for each of the 
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two configurations for a polishing loop recirculation rate of 3 gpm. For the high 

molecular weight and high charge to mass ratio compounds, pretreatment of organic 

contaminant by UV radiation resulted in a drop in the removal efficiency; 

Methionine showed the greatest difference of approximately 15% increase in 

resulting Toe levels. Ethanol, or the low molecular weight low charge to mass ratio 

contaminant, showed poor removal efficiencies regardless of configuration. Even 

with the UV pretreatment, the increase in removal efficiency was about 33% to 

about 38% removal. Since this compound was not removed effectively, this may 

further imply that low charge to mass and low molecular weight organic contaminants 

may exist in the ever-present background TOe in the polishing loop. 

These tests were also conducted at one half of the original polishing loop flow 

rate. The residence time was increased by decreasing the flow rate, and should have 

therefore resulted in increased removal efficiencies. As shown in Figure 6.3.8, the 

TOe removal efficiencies did in fact increase for both treatment configurations. The 

most significant increase was for the recalcitrant, or hard to remove, Ethanol. 

Doubling the residence time increased the removal efficiencies by better than ten 

percent for both configurations. This is an interesting development, as large systems 

have a rule of thumb fluid velocity requirement of five feet per second to minimize 

the boundary layer in pipes. It may, therefore, necessary to include the residence 

time of water in a process component as an essential variable towards removal of 

organic contaminants from ultrapure water. 
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6.4 Effect of Ozone and UV Interactions 

As indicated previously, ozone is one of the most powerful oxidants in nature. 

Since ozone has recently been included in semiconductor ultrapure water systems as 

an oxidative method to remove TOe and bacteria, this study using polishing loop 

components would be incomplete without a treatise on the interactions between 

dissolved ozone and the UV-185 sterilizer. Although the actions of the individual 

components are well known in remoying organic contaminants from water, the extent 

of the effect of component interactions is not well known. 

Since two components were used in this study, the interactions consisted of 

determining the effect of the UV alone, ozone alone, and the UV / ozone 

combination on the removal of low levels of TOe. As dictated in Chclpter 4, the 

TOC was generated through controlled injections of well defined model impurity 

compounds; the compounds used in this study included LPS, Humic acids, 

Methionine, and Ethanol. Through the analysis of removal mechanisms of diverse 

types of low concentrations of TOe, fundamental parameters for the actions of ozone 

and UV -185 can then be established for industrial polishing loops. 

Figure 6.4.1 shows a typical TOCvs. time profile for the actions ofUV, ozone 

and the UV /ozone combination towards the removal of an injection of LPS into the 

pilot plant. The circles indicate the input function, the triangles indicate the action 

of 50 ppb dissolved ozone alone on the contaminant, the squares indicate the action 
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of the UV -185 alone on the contaminant, and the filled circles indicate the action of 

the UV /ozone combination in a single reactor. The actions of the oxidizing agents 

is, as shown in the Figure, reduced the levels of TOe in the polishing loop. The 

UV / ozone combination was more effective than UV alone, and ozone alone. 

In addition to the linear interpretation, the UV / ozone combination was found 

to be more effective than the sum of the actions of the individual oxidizing agents. 

The average differences between the input and ozone action curves summed with 

that of the input and UV action curves is less than the average difference between 

the input and the UV / ozone combination curve; whenever the sum of the actions of 

the individual components is less than the action of the combination of the 

components, this is referred to as synergism. The combination ofUV-185 and ozone, 

therefore, acted to synergistically remove TOe from the polishing loop. 

These experiments were repeated using Humic Acids, Methionine and 

Ethanol, as shown in Figures 6.4.2 through 6.4.4, respectively. In all cases, the 

actions of the oxidizing agents removed organic contaminants from the polishing 

loop. The UV / ozone combination was more effective in removing organic 

contaminants than UV, ozone, or the linear sum of the individual actions. 

Perhaps the most effective method to display the true benefit of synergistic 

removal of TOe, is through the concept of the removal efficiency. Figure 6.4.5 

shows bar graphs of TOe removal efficiency as a percent against each of the model 

compounds tested. The four bars indicate the percent removals based on the actions 
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of ozone alone, UV-185 alone, the theoretical or linear sum of ozone and UV-185, 

and the percent removal based on the experimental combination of ozone and UV 

in a single reactor. Note in all cases that the percent removal based on the 

experimental combination of the oxidizing agents in a single reactor was greater than 

the linear sum of the individual agents; this indicates that UV -185 and ozone, when 

combined in a single reactor, can synergistically remove TOe from ultrapure water 

systems. 

An added dimension to this testing was performed to determine the 

relationship between contaminant level and degree of synergism. Figures 6.4.6 and 

6.4.7 show bar graphs of TOe percent removal against levels of 25, 50 and 100 ppb 

TOe as LPS and Methionine, respectively. The four bars shown at each contaminant 

level again show the percent removal of TOe based on the actions of ozone alone, 

UV-185 alone, the linear sum of the actions of ozone and UV-185, and the 

experimental combination of the oxidizing agents in a single reactor. Again, 

synergism was seen in all cases with an increase in synergistic effect with decreasing 

contaminant concentration. The percent removal of TOe by the individual agents 

decreased as TOe level increased, and appeared to stabilize in the TOe regions 

approximating those of a primary treatment stage. Since synergism appeared to 

increase with decreasing organic contaminant concentration, the combination of UV-

185 and ozone in the polishing loop may become more effective as organic 

contaminant levels decrease into the realms of part per trillion, part per quadrillion, 
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and beyond. 

A qualitative explanation for the mechanism of synergism is presented using 

Figure 6.4.8. As shown in an oxidation pathway of organic impurities, ozone can 

react directly with an organic impurity, "R", to form products; these products do not 

necessarily have to be carbon dioxide. UV energy, shown as "hu", can also react with 

an organic impurity to form products. Mechanisms exist (Peleg, 1976, Staehelin and 

Hoigne, 1982, Peyton, et aI, 1982, Prengle, 1983) whereby ozone can first react with 

water molecules to form highly reactive radicals including hydroxyl and superoxyl 

forms; these radicals can then react with organic impurities to form products. 

Mechanisms also exist (Ergorov and Novikov, 1967, Paillard, et aI, 1987) whereby 

UV radiation can also react with water molecules to form highly reactive radicals; 

these radicals can also react with organic impurities to form products. The 

synergistic mechanism is proposed whereby ozone and UV first react with each other, 

then react with water molecules to enhance the rate of formation of these radicals 

and therefore enhance the rate of reaction with organic contaminants to form 

products. It is this enhancement of the rate of formation that will shift the 

contaminant reactions towards products, and hence lead to synergism. This 

UV /ozone synergism can be utilized in both the primary and polishing stages of the 

ultrapure water system to remove organic contaminants and further purify the water. 

Since, as mentioned in Chapter 5, organic contaminants exist as both 

particulate as well as dissolved mass, experiments were performed to determine the 
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extent of synergism in removing particulate contaminants as Humic Acids and LPS. 

TOe levels of 40, 10 and 4 ppb Humic Acids as well as 20, 8 and 4 ppb LPS were 

each injected into the polishing loop, and exposed to UV-185, 30 ppb ozone, and the 

UV\ozone combination in the single reactor. It is important to note that, in this 

testing, the ozone concentration was decreased from 50 to 30 ppb; this was done to 

challenge the system in generating a synergistic reaction. As indicated in Chapter 4, 

particle concentrations were measured at the 0.05, 0.1, 0.15, and 0.2 J.Lm windows of 

a PMS HSLIS-M50. 

Figure 6.4.9 shows a temporal profile of particle concentration at the 0.2 J.Lm 

channel for an injection of 40 ppb Humic Acids. The circles indicate the input 

function, the filled circles indicate the action of 30 ppb dissolved ozone alone on the 

contaminant, the squares indicate the action of the UV -185 alone on the 

contaminant, and the triangles indicate the action of the UV / ozone combination in 

a single reactor. Note that the oxidizing agents acted to reduce the 0.2 J.Lm particle 

counts; the UV alone, and the UV /ozone combination in a single reactor showed 

greater removal of particles than the action of ozone alone. 

Figures 6.4.10 and 6.4.11 show the actions of the oxidizing agents on 0.2 J.Lm 

particle based on the lower concentration injections of 10 and 4 ppb Humic Acids, 

respectively. In these cases, ozone appeared to increase the concentration of 

particles, while UV and the UV / ozone combination decreased particle counts. As 

contaminant level decreased, ozone appeared to become less effective in removing 
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0.2 fJ.m particles of Humic Acids. 

Turning to the 0.05 fJ.m channel at the 40 ppb concentration of Humic Acids, 

as shown in Figure 6.4.12, ozone acted to decrease the 0.05 fJ.m particle counts, while 

UV-185 action and the UV-185/ozone combination acted to increase the particle 

count. At the 40 ppb level, this indicated that a shifting in the particle size 

distribution occurred; larger particles were removed, yet smaller particles were 

generated. As previously discussed in the UV /filter interaction section (Section 6.1) 

this can be potentially dangerous in a water system, as smaller particles are 

inherently more difficult to remove than larger particles with a filter situated after 

a UV sterilizer; increasing the number of smaller particles can potentially augment 

the problem. 

Reducing the concentration of Humic Acids to 10 and 4 ppb, as shown in 

Figures 6.4.13 and 6.4.14, respectively, resulted in the removal of 0.05 fJ.m particles 

from the ultrapure water environment by the action of UV alone, as well as by the 

action of the UV -185 / ozone combination. The UV / ozone combination was the most 

effective of the three combinations tested in removing Humic Acid particles at these 

sizes and concentrations. Ozone, however, was found to decrease 0.05 fJ.m particle 

counts at the 10 ppb concentration of humic acids, but increase 0.05 fJ.m particle 

counts at the 4 ppb humic acid concentration. These results indicate that the particle 

size distribution was not necessarily altered, but acted on uniformly by the oxidizing 

agents. 
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Perhaps the most effective method to observe the effect of the oxidizing 

agents on the removal of organic particles, is to determine the effectiveness of the 

agents in removing the total amount of particle mass generated from injection; this 

removal efficiency is therefore based on the sum of the numbers of particles 

multiplied by their spherical volumes and the approximate density of solution. For 

this study, the density of water with 40 ppb Humic Acids and less will be assumed 

to be the density of theoretically pure water, or 62.4 Ibm/ft3 (Felder and Rousseau, 

1978). Figure 6.4.15 shows the particle removal efficiency based on Humic Acid 

injections of 40, 10 and 4 ppb for the actions of 30 ppb ozone alone, UV-185 alone, 

the theoretical or linear sum of ozone and UV-185, and the experimental 

combination of ozone and UV-185 in a single reactor. As Humic Acid levels 

decreased, ozone became less effective in removing particle mass from the system, 

yet both the UV efficiency, and the UV /ozone combination efficiency increased. 

This resulted in a synergistic removal of particles at the 4 ppb Humic Acid level; this 

is important to the semiconductor industry, since 40 and 4 ppb may be representative 

of sample locations in the primary and polishing systems of an ultrapure water 

system. The UV /ozone combination was therefore most effective in removing 

particles of humic acids in the concentrations of contaminant representative of 

industrial polishing loops. 

These experiments were repeated with the model impurity LPS; this 

compound represents bacterial fragments in ultrapure water systems. The temporal 
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plots for injections of 20, 8, and 4 ppb LPS with monitoring at the 0.2 and 0.05 J.l.m 

windows are presented in Appendix B, and are labeled as Figures B.19 through B.24. 

To summarize the results for the action of the agents on 0.2 J.l.m particles, UV and 

the UV /ozone combination were found to reduce particle counts at all 

concentrations, while ozone increased 0.2 J.l.m particle counts at the 8 and 4 ppb LPS 

levels. This resulted in the UV /ozone combination being the most effective in 

removing 0.2 J.l.m particles at the concentrations of LPS representative of industrial 

polishing loops. The actions of the agents on 0.05 J.l.m particles were to reduce 

particle counts at all concentrations of LPS injected into the polishing loop; the 

UV /ozone combination reduced particle counts at a rate significantly greater than 

the actions of the individual agents. 

The particle removal effectiveness were plotted as a percent against TOe 

concentration as LPS in Figure 6.4.16. UV /ozone synergism was observed at all 

contaminant levels tested, with the degree of synergism remaining constant at the 20 

and 4 ppb TOe concentrations. The action of UV was found to decrease with 

decreasing contaminant level, while the action of ozone generally increased from the 

20 to the 4 ppb level. Since synergism was seen at the 4 ppb level, the UV / ozone 

combination may therefore be employed to remove bacterial fragments more 

effectively than UV and/or ozone alone from a polishing loop environment. 

Through a comparison of Figures 6.4.15 and 6.4.16 (% removals) it can be 

concluded that the fate of particles when exposed to the oxidizing agents is quite 
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complex. Based on the work in Chapter 5, the action of the oxidizing agents may be 

explained as two competing mechanisms. Oxidation, or the surface area dependent 

reaction of a particle from a larger to a smaller hydraulic radius, may dominate at 

the smaller sized particles, since the surface area to volume ratio increases as the 

particle size decreases. Fragmentation, or the probability of irregular breakage of 

particles may dominate at the larger sizes, where particles have relatively poor 

surface area to volume ratios. The result can include a reduction in total particle 

numbers, and/or a shifting of the particle size distribution towards a smaller mean 

size. Since these mechanisms compete, incomplete oxidation of particles can exist, 

and result in the generation of small particles; these smaller sized particles may be 

recalcitrant in the polishing loop, and can potentially deposit on the device surface. 

Future research can include methods to improve the fundamental 

understanding of particulate and dissolved mass removal mechanisms. Once these 

mechanisms are understood, regions of dominance may be determined and harnessed 

to remove contaminating mass more effectively from ultrapure water systems. By 

preventing the contaminants from depositing on the device, yields may be increased. 

6.5 Catalytic Filter 

One of the most insidious problems in water ultrapurification technology is 
, 

the recontamination of the water by the action of process components. A case in 
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point is the action of physical separation and then accumulation of colloidal particles 

on polymeric filter surfaces. The contaminated surfaces can then act to reduce the 

polishing loop system performance and can recontaminate the water. One solution 

to this problem is to activate the filter through the deposition of a photoreactive 

metal onto the filter surface. The filter will now have the physical separation 

properties of the untreated membrane, and its activation will oxidize the separated 

matter to simpler compounds. The result is a catalytic filter that will physically 

separate out contaminants, yet may not accumulate contaminants onto the surface 

since the filter is now a site of oxidation. 

Polymeric filters are well established in ultrapure water systems (Couture and 

Capaccio, 1984, Burggraaf, 1987) to remove contaminants through physical 

separation. The filters are usually rated with a certain pore size; particles of 

diameters greater than this pore size can be retained by the filter, and prevented 

from reaching the point of use. Advancements in sub-micron filtration technology 

includes charge modification of the hydrophilic base polymer through addition of 

quaternary ammonium groups (James, et aI., 1988). The resulting positive charges 

on the filters increase the affinity of negatively charged organic contaminants 

including bacterial endotoxins for the filter (Gerba and Hou, 1985). 

Filters are typically located both in the primary and polishing sections of water 

plants, with the submicron or polishing filters situated as the last stage of treatment 

before the point of use (Couture and Capaccio, 1984). Since the filters are the last 
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stage of treatment, failure in this stage can result in contamination of the point of 

use, and potentially loss of product yield. Failures can result from accumulation of 

bacteria and bacterial nutrients onto the filter surface. Bacteria, now in the presence 

of nutrients, can grow and form colonies on the filter; this can result in the bacteria 

forcing themselves through pores, and proceeding on to the point of use. If this 

phenomena is left unchecked, an eventual increase in pressure drop across the 

process component can be observed. At this point, however, the concept of part per 

billion organic contamination may not be achievable; the point of use may then be 

contaminated by biofilm forming bacteria. 

A methodology to prevent the overgrowth of bacteria scenario is to oxidize 

the bacteria and the bacterial nutrients on the site of separation. Through the 

oxidation of particulate mass to dissolved mass and dissolved gases, the purity of the 

water can be maintained or improved. In order to accomplish this task, the catalytic 

filter needed to be compatible with the ultrapure water environment. It was decided 

to use 316L stainless steel as the base or support, as this grade of metal is currently 

used in industrial scale water systems. The use of 321 SS, 347 SS, or other more 

expensive metals was considered, but the issue of scale up had to be considered. 

Having chosen the support, the next steps were to determine a reactive agent, 

and deposit it onto the filter. Although there were many choices (Lin, et aI., 1984), 

the compatibility of the reactive agent with ultrapure water, and fundamental 

economics had to be satisfied. The result was the selection of titanium dioxide as the 
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catalyst. As mentioned in Chapter 4, the procedure involved the contacting of the 

stainless steel support with a titanium alkoxide, chemically treating the compound to 

produce a gel (Doeuff, et aI., 1987), and the cracking of the organic from the 

titanium to produce titanium dioxide surfaces (Y oldas, 1982). 

Quantification of the deposition can be summarized in Figures 6.5.1 through 

6.5.4, and Table 6.1. Figure 6.5.1 shows an SEM micrograph of an untreated 105 J,Lm 

pore size rated stainless steel filter. Note the regular and patterned spacing of the 

mesh; non-deformable particles with diameters greater than 105 J,Lm will probably be 

retained by this filter. Figure 6.5.2 shows an energy dispersive x-ray (EDX) picture 

of the membrane while scanning specifically for the element titanium. One would 

normally not expect to see any titanium on a 316L surface, however, there may 

always exist some interference from physical pheriomena such as elastic collisions 

(Goldstein, et aI., 1981) that will result in a simulation of the element in question. 

This picture will therefore represent the background level of titanium in the system, 

and will represent the level of titanium before deposition. Figure 6.5.3 shows an 

SEM micrograph of the 105 J,Lm pore size rated membrane after the deposition of 

metal. Note that the present deposition conditions result in fairly even layers of 

metal deposited on the mesh; no pores appeared to be blocked or critically reduced 

in size as a result of the deposition. In point of fact, the average pore size of the 

treated filter was found to be 92 J.Lm by comparing the percent open areas of both 

the treated and untreated filters. An EDX scan for titanium on the treated filter is 
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shown in Figure 6.5.4. Note that the incidence of titanium has increased dramatically 

compared with the EDX scan of the untreated filter. A comparison of the weight 

percents of chromium, iron, nickel, silicon and titanium in the untreated and treated 

filters are shown in Table 6.1. Note that for the untreated filter, there exists no 

measurable titanium; the chromium; iron and nickel contents are reasonable for 316L 

stainless steel. For the treated filter, the surface analysis showed that the major 

element observed, previously iron, was now titanium; better than two-thirds of the 

treated surface tested as elemental titanium. This indicated that this procedure of 

the gelling and cracking of a titanium alkoxide can result in the deposition of 

elemental titanium onto a support. 

The true test of the effectiveness of a filter is to place it in the test 

environment, and to determine how well it will remove contaminants. The metrology 

of this testing was to situate untreated filters of 105, 75 and 45 /-Lm pore sizes into the 

polishing loop at the pre-UV location, and determine the effectiveness of each in 

removing controlled injections of LPS and humic acids. Once these curves were 

generated, the test was repeated using the 92 /-Lm pore sized treated membrane. A 

catalytic effect will be observed if the removal of compound by the treated filter 

exceeds the removal by an untreated filter of an equivalent pore size. This method 

of surface treatment, when effective, can be expanded to included piping, storage 

tanks, and ion exchange resins. A site of biofilm formation can potentially become 

a site of oxidation. This methodology can further be used not only for ultrapure 
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Figure 6 .5 . 1: SEM Micrograph of Untreated Filter 
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Figure 6 .5 .2 : EDX Scan of Untreated Filler for Elemental Titanium 
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Figure 6 .5 .3 : SEM Micrograph of Catalytic Filter 
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Figure 6 .5 .4 : EDX Scan of Catalytic Filter for Elemental Titanium 
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Table 6.1: Elemental Compositions of Untreated and Catalytic Filters 

Element Untreated Filter Catalytic Filter 

Weight % Weight % 

Cr 20.00 7.69 

Fe 69.08 25.90 

Ni 9.76 0.00 

Si 1.17 0.00 

Ti 00.00 66.41 
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water systems, but in drinking quality water systems to combat microbes. 

The effect of the filters on injections of LPS is shown in Figure 6.5.5. In this 

plot of TOe vs. time, the circles indicate the input function, the inverted triangles, 

the squares and the triangles show the TOe profiles resulting from action of the 105, 

75 and 45 J,Lm untreated filters, and the filled circles indicate the TOe profile based 

on the action of the treated filter. As expected, the TOe level decreased as the 

untreated filters' pore sizes decreased. The action of the treated filter, although 

having an effective pore size of 92 microns, indicated that the actual treatment was 

equivalent to a filter whose pore size was on the order of 60 microns. This indicated 

that the superior performance was due to the oxidizing action of the treated filter 

towards the bacterial fragments. 

This series of tests was repeated using the model compound Humic Acids as 

shown in Figure 6.5.6. In this Figure, the effect of the 105 and 75 J,Lm filters was 

nearly identical; this indicates that the removal of organic contaminant by filtration 

is compound dependent. Humic Acids, therefore, may exist in the ultrapure water 

environment in a less colloidal state than do bacterial fragments. Note that the 

reactive filter removed more contaminant than its physical pore size rating of 92 /-LIDS. 

From the Figure, the data indicated that the effective pore size rating was on the 

order of 65 microns. The filter, therefore showed a superior capability to remove 

Humic Acids, than an equivalently porous untreated filter. 

The catalytic effect of the treated filter can also be shown based on the TOe 
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removal efficiency plotted as percent removal for each filter and model compound 

as shown in Figure 6.5.7. The four bars represent the percent removal of humic 

acids and LPS for the untreated 105, 75, 45 and the catalytic 92 micron filters, 

respectively. Although the removal efficiencies were decidedly non-linear, and 

compound dependent, they consistently improved as pore size decreased. Note that 

the 92 micron catalytic filter showed percent removals that were far greater than the 

removal efficiency based on an untreated 92 micron filter; this generated direct 

evidence that the filter is catalytic. 

A quantitative explanation for this phenomena concerns the nature of the 

deposited material, and the effect of UV-185 on the material in the ultrapure water 

environment. Based on the work of Yoldas (1984), and Doeuff, et al. (1987), the 

actual complex deposited onto the substrate is a 'Ti-O' group. This group, in the 

presence of UV radiation, can act to spontaneously decompose water molecules: 

UV - o + OR 

These radicals can then oxidize organic contaminants in the following reaction: 

M + O,OH - Moxid 
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Since the UV was shown to spontaneously induce the breakdown of water into 

radicals earlier in this work, the presence of molecular ozone or oxygen in this system 

may induce a further synergism. Research along these lines can be continued to 

determine if a UV /ozone/catalytic filter sequence can synergistically remove TOe 

from water systems, and to determine the optimum sequencing of these process 

components. 

6.6 Removal of Microbes and Microbial Nutrients 

Since, as discussed in Chapter 5, microorganisms are the most common 

contributors of organic contamination in ultrapure water systems, removal of these 

microorganisms are essential to maintain water pudty. Although the classification 

of microorganisms can include algae, fungi, protozoa, bacteria, and viruses, the 

mechanisms of removal of these life forms by the actions of the process components 

are similar. For this reason, bacteria, the most common microbe found in ultrapure 

water polishing loops (Mittleman and Geesey, 1988), and viruses, the least studied 

microbe in ultrapure water systems to date were selected as the test microbes. This 

section, therefore, will detail not only the effect of the process components on the 

removal of bacteria and viruses, but the effect of the microbial growth media used 

to detect the removal of bacteria and bacterial nutrients. 

As indicated from Chapter 5, the choice of microbial growth medium is 
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critical in determining the amount of viable cells in ultrapure water systems. It 

follows that the degree or efficiency of bacterial removal should also be media 

dependent. Figure 6.6.1 shows a bar graph of bacterial removal efficiency for various 

components in the ultrapure water system. The two sets of bars indicate the removal 

of bacteria by the process component as measured by TSA and R2A media, 

respectively. Note that the greatest discrepancies occur in the polishing loop with the 

ion exchange tank and the UV-185 sterilizer. In the case of the ion exchange tank, 

as shown previously in Figure 5.2.1, the viable counts seen at the outlet of the ion 

exchange tank were virtually the same using both TSA and R2A media. Since the 

use of TSA showed far fewer viable cells than shown with the use of R2A medium 

at the inlet of the ion exchange tank, the use of TSA medium, therefore, resulted in 

a smaller delta and therefore a lesser removal efficiency than when R2A was used. 

In the case of the UV unit, the use of TSA medium resulted in fewer cells both at 

the inlet and outlet of the UV unit; since there was a greater difference at the outlet 

of the UV unit, the UV unit appeared to show a greater bacterial removal efficiency 

when TSA medium was used. The bacterial removal efficiencies of the process 

components are based on the relative values of the inlet and outlet viable cell counts; 

the use of a medium that underestimated these counts can lead to underestimation 

or overestimation of these removal efficiencies. 

Another way to view the results is to determine the differences in removal 

efficiencies for the process components based on the two media. This can quantify 
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the error involved in overestimation or underestimation of counts in the ultrapure 

water system. As shown in Figure 6.6.2, the greatest differences in removal 

efficiencies were observed in the polishing loop, with deviations of half an order of 

magnitude. The engineer should therefore realize that the removal of organic 

contaminants are therefore· only as efficient as are the methods available to measure 

the contaminants. Further research is necessary to develop standard tests for the 

quantification of organic contamination in ultrapure water systems. 

The second set of microbes .chosen in this removal study were viruses. A 

literature search on the subject yielded very little material concerning the removal 

of viruses from ultrapure water systems. Most of the work on this subject has been 

performed in drinking quality water. A paper by Havelaar, et al. (1990) showed that 

the E. coli bacteriophage designated 'MS2' was inactivated by 254 nrn UV radiation 

from a medium pressure UV lamp with a first order rate constant of 0.01 m2/J, or, 

assuming 40,000 p,W /cm2 lamp, 240 min-i. For a starting concentration of 106 

plaque forming units per milliliter (pfu/rnl), an exposure for 24.4 seconds would 

result in a final cell concentration on the order of 10-37 pfu/rnl. Since Havelaar, et 

al. saw inactivation on the order of 3 log units within 20 seconds, the comparison of 

drinking quality water to ultrapure water may not be possible. This testing was 

therefore designed to determine the extent of virus removal from ultrapure water 

systems using pilot scale process components. 

In order to determine the true effect of the process components on the 
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removal of viruses, the question of the virus survival in ultrapure water had to be 

addressed. Although viruses do not require nutrients to survive, as do other microbes 

(Atlas and Bartha, 1987), they may require trace ionic materials to maintain their 

structural integrities. A sample of ultrapure water was therefore taken from the 

polishing loop, and inoculated with MS2 and the Salmonella phage PRD-l. The MS2 

phage was chosen since it is well known as an indicator of E. coli (Atlas and Bartha) 

virus. Figure 6.6.3 shows the effect of the ultrapure water environment on the two 

viruses. PRD-1, as indicated by the triangles, was only sightly decreased in 1987), 

and the PRD-1 virus was chosen since very little data exists concerning this 

concentration by immersion in ultrapure water. The MS-2 virus concentration, 

however, appeared to drop by an order of magnitude within the first hour of 

exposure; the decrease in concentration levelled off with time up to the four hour 

sample time. This is critical to the semiconductor and pharmaceutical industries, 

since not only can the surviving viruses approach the point of use, but live viruses 

may deposit on the desired product; in addition to this, virus fragments potentially 

may form a colloidal suspension that can damage the desired product. Since the 

viruses in question are on the order of 0.02 microns (Atlas and Bartha, 1987), they 

will affect future generations of semiconductor technology. If the semiconductor 

industry follow its current trends, then viruses, their effect on yields, and their 

removal may have to be addressed in large scale ultrapure water systems within the 

next few years. 
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As previously discussed in Chapter 4, the viruses were injected into the pilot 

plant before a process component, and the virus concentrations were then measured 

before and after the component. Table 6.2 shown the effect of the UV -185 sterilizer, 

the effect of 50 ppb dissolved ozone, and the effect of the mixed bed ion exchange 

tank on the removal of MS2 and PRD-l viruses from the ultrapure water pilot plant. 

A study by Rao and Melnick (1986) indicated that virus concentrations in drinking 

water averaged between 1 and 20 pfu/ml. Although virus background concentrations 

in the ultrapure water system are currently being evaluated (not reported at this 

time), the injection concentrations were chosen on the order of 105 pfu/ml to 106 

pfu/ml. It was felt that excessive challenging of the process components would yield 

information concerning the behavior of pulses of viruses, or the result of viral 

infection of biofilm, in ultrapure water systems. As shown in Table 6.2, exposure to 

UV-185 alone and ozone alone resulted in better than five orders of magnitude 

reduction in both MS2 and PRD-l levels (outlet concentrations are reported as less 

than 10 pfu/ml). This indicated that the viruses were effectively removed by the 

oxidizing agents in the ultrapure water system. Exposure to the mixed bed ion 

exchange tank, however, resulted in less than 98% removal from 106 pfu/ml to 104 

pfu/ml. This indicated that viruses can be removed by the ion exchange bed, 

however, a measurable amount of viruses remained in the system, and continued on 

to the point of use. A hypothetical situation can occur where an infected bacteria 

may house a virus, and carry it through UV and ozone treatment; the bacteria may 
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be killed, but the virus may remain intact. If this happens, the virus is then free to 

leave the host, and search for other bacteria. These bacteria may exist on a filter 

surface, an ion exchange resin, and/or surface biofilm. 

The dangers of viruses are that once the virus infects the bacteria, it will 

replicate until the cell lyses. This can resuit in the fragmentation of a 1 micron 

bacterium into 1000 virus-sized particles. The probability of a contamination event 

on a product surface can therefore increase as a result of viral infection of an 

ultrapure water system. If the product is a pharmaceutical drug, the virus may 

potentially reduce the effectiveness of the product. 

In addition to removing life in the ultrapure water environment through direct 

component action, the removal of microbial nutrients is also essential. One example 

of the bacterial nutrients involves assimilable organic carbon (AOC). As discussed 

in Chapter 5, the action of the UV unit was found to decrease TOe, yet increase the 

concentration of bacterial nutrients as oxalates and acetates. Ion exchange was found 

to have little net effect on the low molecular weight organics classified as AOe. 

Figure 6.6.4 shows the percent change in contaminant level as a function of the 

system components in the polishing loop of the ultrapure water pilot plant. As a 

relative measure, the gap between TOC and AOC as a result of UV treatment is on 

the order of 200%, while the gap between AOC and TOC as a result of ion exchange 

treatment is on the order of 30%. This indicates that bacterial nutrients are present 

in the ultrapure water system, and their concentrations can be enhanced by process 



Table 6.2: Effect of Ultrapure Water System Process Components 

on Virus Concentration 

Process Log [MS2in] Log [MS2out] Log [PRD-lin] Log [PRD-lout] 

Component (pfu/ml) (pfu/ml) (pfu/ml) (pfu/ml) 

UV-185a 6.3802 < 1 5.6021 < 1 

Ozoneb 5.3010 < 1 6.4200 < 1 

Ion ExchangeC 6.0682 4.4624 6.4914 4.9031 

a: UV-185 exposure of greater than 40,000 J.LW /cm2 for 24.4 seconds 

b: Ozone exposure of 50 J.Lg/l of Dl water for 24.4 seconds 

c: Mixed bed ion exchange resin tank with residence time of 24 seconds 
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components; these are the same process components that are designed to remove 

contaminants from the ultrapure water environment. The result of incomplete 

oxidation by a process component, therefore, can generate nutrients for bacteria. 
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7.0 CONCLUSIONS AND RECOMMENDATIONS 

As the semiconductor, pharmaceutical and power industries move into the 

twenty first century, their demands for ultrapure water will increase. It will be the 

job of the engineer to design, build, and validate the ultrapure water systems of 

tomorrow. This document was designed to lay the fundamental building blocks, and 

to show specific views towards the entity that is ultrapure water. From this work it 

can be concluded that: 

1) Mathematical modeling of the pilot scale polishing loop, although complex, 

is possible, and may be used to simulate industrial scale water systems. 

2) Piping and storage tanks can be theoretically modelled as plug flow and a 

combination of mixed and plug flow, respectively. 

3) UV sterilizers, mixed bed ion exchange tanks and dissolved ozone in tubes 

can be theoretically modelled as first order plug flow reactors; further 

research should be performed to improve the model to nth order kinetics and 

include dispersion effects. 

4) The population balance can be used to theoretically model the action of the 
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process components on organic particles as LPS and humic acids. This novel 

approach, when coupled with a mass balance, may generate information on 

the conversion of particle mass to dissolved mass in an ultrapure water 

system. 

5) The selection of bacterial growth media is critical in the detecting of viable 

bacteria in an ultrapure water system. Incorrect choosing of media can result 

in an underestimation of viable cells. R2A medium was found to grow more 

bacteria from ultrapure water than TSA medium. 

6) Organic contaminants may be characterized as TOe and AOe. AOe can 

show the ability of bacteria to use the organic contaminants in their 

environment to repair and reproduce. 

7) In the primary treatment system and in the polishing loop, it was found that 

the sequence of a charged polymeric filter situated before a UV unit yielded 

the greatest degree of removal of TOe of any combination or sequence tested 

for polymeric filters and UV. 

8) The effect of ion exchange and UV was complex. Ion exchange was found to 

absorb high molecular weight and high charge to mass ratio contaminants. 
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The affinity of these compounds, however, decreased upon UV treatment; UV 

treatment of high molecular weight organic contaminants resulted in increased 

contaminant levels in the polishing loop. Conversely, UV treatment of low 

molecular weight, and uncharged compounds increased the removal capability 

of the ion exchange unit. It it therefore essential to determine the chemical 

natures of contaminants that exist in the polishing loop so that the most 

effective treatment metrology can be used. 

9) The combination of ozone and UV was found to synergistically remove TOC 

from the polishing loop for all model compounds tested. 

10) A novel catalytic filter has been invented to accelerate the removal of organic 

contaminants from ultrapure water. The deposition of a photoreactive metal 

onto an ultrapure water compatible filter produced a system whereby 

contaminants can be physically separated from the water, then oxidized and 

removed. This can reduce the accumulation of matter on the filter, reduce 

the degree of microbial repair and regrowth, and increase filter lifetimes. The 

goal was to turn a disadvantage into an advantage by changing a site of 

accumulation into a site of oxidation. 

11) The removal of microbes and microbial nutrients from ultrapure water is a 
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complicated phenomena. UV -185 can remove microbes, yet it can convert 

complicated organic matter into bacterial nutrients; bacteria that exist 

downstream of the UV unit can therefore benefit from upstream UV 

treatment. Since ozone was found to remove bacteria and viruses from 

ultrapure water, and since it too is an oxidizing agent, it is speculated that it 

too may produce microbial nutrients from complex organic contaminants in 

ultrapure water. A mixed bed ion exchange unit was found to physically 

remove bacteria and viruses from ultrapure water, yet they have the potential 

to reproduce within the tank; this can lead to increased microbial counts at 

the outlet of the system component. Mixed bed ion exchange was found to 

have very little net effect on the removing of bacterial nutrients as Aoe from 

the ultrapure water environment. 

It is recommended that further research along the lines mentioned in this 

document be pursued. Increased removal of contaminants from ultrapure water may 

be achieved through the generation of improved and more sensitive methods to 

characterize the organic contaminants in the ultrapure water environment. Although 

the concept of zero contamination is not necessarily achievable, the limits can be 

pushed into the sub-ppb regimes. 

There are many industries that are currently using purified water. The 

productivity and profitability of these industries may be able increased by 
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implementing or considering ultrapure water technology as a supplement to or 

replacement of pre-existing systems. As ultrapure water research continues, advances 

in the technology will soon follow; this will continue to benefit industry. 
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APPENDIX A: SAMPLE RESISTMTY CALCULATIONS 

The following calculations are designed to aid the reader in determining 

resistivities of ultrapure water for various temperatures as well as levels of 

contaminants as sodium and chloride ions as per Section 1.2. 

Example A.1: Calculate the Resistivity of Pure Water at 20°C. 

from Table 1.2: Kw = 14.2, therefore [R+] = [OR-] = 7.94 x 10-8 moles/liter. 

since from the Law of Kohlrasch: 

p = {lOOO * P.'H+[H+] * "'oHJOH-]} rl 
and since 

"'H+ = 324.92 tJ.siemens/cm*mole, "'OR- = 182.5 JLsiemens/cm*mole 

then 

p = {1000 * {(324.92)*(7.94x10-8) + (182.5) * (7.94xlO-8)} rl 

p = 24.81 Mn-cm 
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Example A.2: Calculate the Resistivity of Pure Water at 25°C. 

from Table 1.2: ~ = 14.0, therefore [H+] = [OH-] = 1.0 x 10-7 moles/liter. 

and since: AH+ = 349.19 J,£siemens/cm*mole, AOH_ = 199.2 JLsiemens/cm*mole 

then 

p = {lOOO * {(349.19)*(1.Ox10-7)+(199.2)*(1.Ox10-7nr1 

p = 18.23 Mn-cm 

Example A.3: Calculate the Resistivity of Pure Water at 30°C. 

from Table 1.2: ~ = 13.8, therefore [H+] = [OH-] = 1.26 x 10-7 moles/liter. 

and since: AH+ = 349.19 J,£siemens/cm"'mole, AOH_ = 199.2 J,£siemens/cm*mole 

then 

p = {1000 * {(373.03)*(1.26xlO-7)+(216.1)*(1.26x10-7)}}-1 

o = 13.48 Mn-cm 
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Example A.4: Calculate the Resistivity of Water at 25°C with 10 ppb NaCl. 

from Table 1.2: ~ = 14.0, therefore [H+] = [OH-] = 1.0 x 10-7 moles/liter. 

now 1 ppb NaCI disassociates into 10 ppb Na + and 10 ppb cr; this will be converted 

into a molar concentration as follows (basis 19 H20, MW Na+ = 22.9 g/mole, MW 

cr = 35.5 g/mole): 

10 ppb Na + = 10-5 g Na + /liter H20 

10 ppb cr = 10-5 g cr /liter H20 

therefore convert grams to moles: 

(10-5 g Na+ /liter H 20) * (1 mole Na+ /22.99 g Na+) = 4.35x10-7 moles Na+ /lit.er 

(10-5 g Cr/liter H 20) * (1 mole cr / 35.5 g Cn = 2.82x10-7 moles CI- /liter 

and since: 

i..H + = 349.19 ILsiemens/cm*mole, i..OH_ = 199.2 J,Lsiemens/cm"'mole, 

i..Na+ = 50.15 ILsiemens/cm*mole, i..C1- = 76.35 J,Lsiemens/cm*mole, 



then: 

p = {1000 * {(349.19)*(1.Ox10-7)+ (199.2)*(1.Ox10-7) + 

(SO.1S)*( 4.3Sx10-7) + (76.3S)*(2.82x10-7n }-1 

o = 10.18 Mo-cm 

Example A.5: Calculate the Resistivity of Water at 2SoC with 100 ppb NaCl. 

from Table 1.2: Kw = 14.0, therefore [H+] = [OH-] = 1.0 x 10-7 moles/liter. 
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now 100 ppb NaCI disassociates into 100 ppb Na + and 100 ppb cr; this will be 

converted into a molar concentration as follows (basis 19 H 20, MW Na + = 22.9 

g/mole, MW cr = 35.5 g/mole): 

100 ppb Na+ = 10-4 g Na+ /liter H 20 

100 ppb Ct = 10-4 get/liter H20 

therefore convert grams to moles: 

(10-4 g Na+ /liter H 20) '* (1 mole Na+ /22.99 g Na+) = 4.3SxlO-6 moles Na+ lliter 



(10-4 g Cr/liter H20) * (1 mole cr /35.5 g Cr) = 2.82x10-6 moles Cl-/liter 

and since: 

then: 

AH+ = 349.19 JLsiemens/cm*mole, AOH- = 199.2 JLsiemens/cm*mole, 

ANa+ = 50.15 JLsiemens/cm*mole, ACl- = 76.35 JLsiemens/cm*mole, 

p = {1000 * ((349.19)*(1.OX10-7)+(199.2)*(1.OX10-7)+ 

(50.15)*( 4.35xlO-6) + (76.35)* (2.82xlO-6)} }-1 

p = 2.05 Mo-cm 

Example A.6: Calculate the Resistivity of Water at 25°C with 1000 ppb NaCl. 

from Table 1.2: ~ = 14.0, therefore [H+] = [OH-] = 1.0 x 10-7 moles/liter. 

283 

now 1000 ppb NaCI disassociates into 1000 ppb Na+ and 1000 ppb cr; this will be 

converted into a molar concentration as follows (basis 19 H20, MW Na+ = 22.9 

g/mole, MW cr = 35.5 g/mole): 



1000 ppb Na + = 10-3 g Na + /liter H 20 

1000 ppb er = 10-3 g cr /liter H 20 

therefore convert grams to moles: 
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(10-3 g Na + /liter H20) * (1 mole Na + /22.99 g Na +) = 4.35x10-5 moles Na + /liter 

(10-3 g cr /liter H 20) * (1 mole cr / 35.5 g en = 2.82x10-5 moles CI- !liter 

and since: 

then: 

AH+ = 349.19 J,£siemens/cm*mole, AOH- = 199.2 J,£siemens/cm*mole, 

ANa+ = 50.15 J,£siemens/cm*mole, J..CI- = 76.35 J,£siemens/cm*mole, 

p = {1000 * {(349.19)*(1.OxlO-7) + (199.2)* (1.Ox10-7) + 

(50.15)*( 4.35x10-5)+ (76.35) * (2.82x10-5)} }-1 

Q = 0.23 Mn-cm 



Example A.7: Calculate the Resistivity of Water at 25°C with 100 ppm NaC!. 

This is an approximation for the Tucson city water. 

from Table 1.2: Kw = 14.0, therefore [H+] = [OH-] = 1.0 x 10-7 moles/liter. 

285 

now 100 ppm NaCI disassociates into 100 ppm Na+ and 100 ppm cr; this will be 

converted into a molar concentration as follows (basis 19 H20, MW Na + = 22.9 

g/mole, MW cr = 35.5 g/mole): 

100 ppm Na+ = 0.1 g Na+ /liter H 20 

100 ppm cr = 0.1 g cr /liter H20 

therefore convert grams to moles: 

(0.1 g Na+ /liter H20) * (1 mole Na+ /22.99 g Na+) = 4.35xlO-3 moles Na+ !liter 

(0.1 g Cr/liter H20) * (1 mole cr / 35.5 g Cn = 2.82x10-3 moles cr Iliter 

and since: 

J..H+ = 349.19 JLsiemens/cm*mole, J..OH- = 199.2 JLsiemens/cm*mole, 

J..Na+ = 50.15 ILsiemens/cm*mole, J..el- = 76.35 ILsiemens/cm*mole, 



then: 

p = {lOOO * ((349.19)*(1.Ox10-7)+(199.2)*(1.0x1O-7)+ 

(50.15)*( 4.35xlO-3) + (76.35)* (2.82x10-3)} }-1 

p = 0.00023 Mil-em, Conductivity = 4335 micromohs 
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-- k = 0.01 k = 0.05 .----- k = 0.1 
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-- k = 0.1 k = 0.5 .----- k = 1.0 
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-- k = 0.1 k = 0.3 k = 0.5 
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-- k = 0.1 k = 0.3 k = 0.5 
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Figure B.6 Modelling of UV Effect on TOC 
Model Compound: 50 ppb Glycine 
Temperature: 43 deg C 
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Figure B.7 Modelling of UV Effect on TOC 
Model Compound: 50 ppb Methionine 
Temperature: 43 deg C 

o Inlet 
• Outlet from UV 

-1 
Model Predictions: Rate Constant in min 

294 

-- k = 0.1 k = 0.5 .----- k = 1.0 
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Figure B.8 Modelling of UV Effect on TOC 
Model Compound: 50 ppb Ethanol 
Temperature: 43 deg C 

o Inlet 
• Outlet from UV 
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-- k = 0.1 k = 0.3 .----- k = 0.5 
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Figure B.9 Modelling of UV Effect on TOC 
Model Compound: 100 ppb LPS 
Temperature: 23 deg C 

o Inlet 
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-- k = 0.1 k = 0.5 k = 1.0 
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Figure B.10 Modelling of UV Effect on TOC 
Model Compound: 100 ppb Alginic Acid 
Temperature: 23 deg C 

o Inlet 
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-- k = 0.1 k = 0.3 k = 0.5 
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Figure B.ll Modelling of UV Effect on TOC 
Model Compound: 100 ppb Humic Acids 
Temperature: 23 deg C 

o Inlet 
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-- k = 0.1 k = 0.5 k = 1.0 



---.. 
,.c 
P-c 
At --
~ 
0 
.~ 

~ 
Cd 
~ 
~ 

~ 
Cl) 
C) 

~ 
0 
u 
u 
0 
E--i 

32 

28 

24 

20 

16 

/ 

., ~ ," / " 

~ ~ ~ ~ ~ , --------- -,,-tf ~ --,'-----

/ 

, , 

12 
o 5 10 

Time (min) 

15 20 

Figure B.12 Modelling of UV Effect on TOC 
Model Compound: 100 ppb Ethanol 
Temperature: 23 deg C 

o Inlet 
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-- k = 0.1 k = 0.5 k = 1.0 
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Figure B.14: Modelling of Ion Exchange Resin 
Effect on TOC 

Model Compound: 50 ppb Glycine 

Temperature: 43 deg C 

o Inlet 

• Outlet for Ion Exchange Alone 
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Figure B.16: Modelling of Ion Exchange Resin 

Effect on TOC 

Model Compound: 50 ppb Alginic Acid 

Temperature: 43 deg C 

o Inlet 
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Figure B.18: Modelling of Ion Exchange Resin 
Effect on TOC 
Model Compound: 50 ppb Ethanol 

Temperature: 43 deg C 

o Inlet 
• Outlet for Ion Exchange Alone 

-1 
Model Predictions: Rate Constant in min 

-- k = 0.5 - - - k = 1.0 .---- k = 2.0 

305 

o 

20 



1.2 

r---.,. 

UJ 

] 1.0 
cO 
UJ 
~ 
o 0.8 

...c: 
-+--.:> 

H 
Cl) 

0.6 

~ 0.4 

0.2 

0.0 

306 

o 5 10 15 20 25 30 

Time (min) 

Figure B.19: Effect of UV /Ozone Interaction on the Removal of 

0.2 Micron Particles. Model Compound: 20 ppb LPS 
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Figure B.20: Effect of UV/Ozone Interaction on the Removal of 

0.2 Micron Particles. Model Compound: 8 ppb LPS 
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Figure B.21: Effect of UV /Ozone Interaction on the Removal of 

0.2 Micron Particles. Model Compound: 4 ppb LPS 
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Figure B.22: Effect on UV /Ozone Interaction on the Removal of 

0.05 Micron Particles. Model Compound: 20 ppb LPS 

o Inlet 
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Figure B.23: Effect of UV /Ozone Interaction on the Removal of 

0.05 Micron Particles. Model Compound: 8 ppb LPS 

o Inlet 
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V Outlet for UV + 30 ppb Ozone 
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APPENDIX C: DATA TABLES 

Table C.1: Data for Figure 5.1.1 

Time TOCin TOCpost-uv Model Model Model 
(min) (ppb) (ppb) k=O.l minot k=0.2 minot k=0.3 minot 

0 2.8 2 17.4 16.7 16.0 

0.1 18.1 16 _. .- --
I -- -- 17.6 16.9 16.2 

2 _. .- 17.9 17.1 16.4 

3 -- 16.8 18.0 17.3 16.6 

4 18.8 .- 18.2 17.5 16.8 

5 19 17.3 18.5 17.7 17.0 

6 .. .. 18.7 17.9 17.2 

7 .. .. 18.9 18.1 17.4 

8 .. -- 19.1 18.3 17.6 

9 _. '- 19.3 18.5 17.8 

10 .- .- 19.5 18.7 18.0 

11 .- .- 19.7 18.9 18.2 

12 -- 19.4 19.9 19.2 18.4 

13 21 .- 20.2 19.4 18.6 

14 .. 19.5 20.2 19.4 18.6 

15 21.1 .- 20.2 19.4 18.6 

16 .. -. 20.2 19.4 18.6 

17 .- .- 20.2 19.4 18.6 

18 .- -. 20.2 19.4 18.6 

19 . - -. 20.2 19.4 18.6 

20 21 19.7 20.2 19.4 18.6 
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Table C.2: Data for Figure 5.1.2 

Time TOqn TOCpost_uv Model Model Model 
(min) (ppb) (ppb) k=O.l min-1 k=O.5 min-1 k=1.0 min-1 

0 4.2 3.1 10.9 9.2 7.5 

1 11.3 8.2 11.0 9.4 7.6 

2 -- -- 11.2 9.5 7.7 

3 -- 10 11.3 9.6 7.9 

4 12 -- 11.5 9.8 8.0 

5 -- -- 11.7 9.9 8.1 

6 -- -- 11.8 10.0 8.2 

7 -- -- 12.0 10.2 8.3 

8 -- -- 12.1 10.3 8.4 

9 13 11.2 12.3 10.5 8.5 

10 -- 11.6 12.5 10.6 8.6 

11 13.2 -- 12.6 10.7 8.8 

12 -- -- 12.8 10.9 8.9 

13 -- -- 12.9 11.0 9.0 

14 -- -- 13.1 11.1 9.1 

15 -- -- 13.3 11.3 9.2 

16 -- 12.2 13.4 11.4 9.3 

17 14.5 -- 13.6 11.6 9.4 

18 -- 12.2 13.8 11.7 9.5 

19 14.9 -- 13.9 11.8 9.6 

20 -- -- 14.1 12.0 9.8 

21 -- 12.1 14.2 12.1 9.9 

22 -- -- 14.4 12.2 10.0 

23 -- -- 14.6 12.4 10.1 
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Table C.2: Data for Figure 5.1.2 (cont.) 

Time TOCin TOCpost_uv Model Model Model 
(min) (ppb) (ppb) k=O.l minot k=O.5 minot k=1.0 min-1 

. 
24 15.5 -- 14.7 12.5 10.2 

25 -- 12.1 15.0 12.7 10.4 

26 -- -- 15.0 12.7 10.4 

27 -- -- 15.0 12.7 10.4 

28 -- -- 15.0 12.7 10.4 

29 15.6 -- 15.0 12.7 10.4 

30 15.6 12.1 15.0 12.7 10.4 

31 -- -- 15.0 12.7 10.4 

32 -- -- 15.0 12.7 10.4 

33 -- -- 15.0 12.7 10.4 

34 -- -- 15.0 12.7 10.4 

35 -- -- 15.0 12.7 10.4 

36 15.6 -- 15.0 12.7 10.4 

37 -- 12.0 15.0 12.7 10.4 

38 -- -- 15.0 12.7 10.4 

39 -- 11.8 15.0 12.7 10.4 

40 15.6 11.8 15.0 12.7 10.4 
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Table C.3: Data fOT Figure 5.1.3 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=O.l min-1 k=0.5 min-l k=1.0 min-l 

0 4 3 28.8 24.5 20.0 

0.1 30 18 -- -- --
I -- -- 30.5 25.9 21.1 

2 -- 23 32.2 27.3 22.3 

3 -- -- 33.8 28.8 23.5 

4 -- -- 35.5 30.2 24.6 

5 40 -- 37.2 31.6 25.8 

6 -- -- 38.9 33.0 27.0 

7 -- -- 40.6 34.5 28.1 

8 -- -- .. 42.2 35.9 29.3 

9 -- -- 43.9 37.3 30.5 

10 48 -- 45.6 38.8 31.6 

11 -- -- 47.3 40.2 32.8 

12 -- -- 49.0 41.6 34.0 

13 -- 41 50.6 43.0 35.1 

14 -- -- 52.3 44.5 36.3 

15 57 -- 54.0 45.9 37.5 

16 -- -- 55.7 47.3 38.6 

17 -- -- 57.4 48.8 39.8 

18 -- -- 59.0 50.2 41.0 

19 65 -- 60.7 51.6 42.1 

20 66 53 63.4 53.9 43.9 
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Table C.4: Data for Figure 5.1.4 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=1.0 min-l k=3.0 min-l k=5.0 min-l 

0 3 2 23.0 21.2 19.6 

0.1 24 -- -- -- --
1 -- 22 24.4 22.5 21J.7 

2 -- -- 25.8 23.8 21.9 

3 -- -- 27.1 25.0 23.1 

4 -- 26 28.5 26.3 24.2 

5 -- -- 29.9 27.6 25.4 

6 34.5 -- 31.3 28.8 26.6 

7 -- -- 32.6 30.1 27.7 

8 -- -- 34.0 31.3 28.9 

9 -- -- 35.4 32.6 30.0 

10 -- -- 36.7 33.9 31.2 

11 -- -- 38.1 35.1 32.4 

12 -- 36 39.5 36.4 33.5 

13 -- -- 40.8 37.6 34.7 

14 45 -- 42.2 38.9 35.9 

15 -- -- 43.6 40.2 37.0 

16 -- -- 44.9 41.4 38.2 

17 -- -- 46.3 42.7 39.4 

18 -- -- 47.7 43.9 40.5 

19 -- -- 49.0 45.2 41.7 

20 52.5 43.5 50.4 46.5 42.8 

21 32.5 28 -- -- --
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Table C.5: Data for Figure 5.1.5 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=1.0 min-1 k=3.0 min-1 k=5.0 min-1 

0 19 5.9 12.9 5.9 2.7 

1 -- -- 13.1 6.0 2.7 

2 -- -- 13.3 6.1 2.8 

3 -- -- 13.5 6.2 2.8 

4 -- -- 13.7 6.3 2.9 

5 -- -- 13.9 6.4 2.9 

6 -- -- 14.1 6.5 3.0 

6.8 21.2 -- -- -- --
7 -- -- 14.3 6.5 3.0 

7.27 -- 6.2 -- -- --

8 -- -- 14.5 6.6 3.0 

9 -- -- 14.7 6.7 3.1 

10 -- -- 14.9 6.8 3.1 

11 -- -- 15.1 6.9 3.2 

12 -- -- 15.3 7.0 3.2 

13 -- -- 15.5 7.1 3.3 

14 -- -- 15.7 7.2 3.3 

14.65 -- 6.2 -- -- --
15 -- -- 15.9 7.3 3.3 

16 -- -- 16.1 7.4 3.4 

16.17 23.9 23.9 -- -- --
17 -- -- 16.3 7.5 3.4 

18 -- -- 16.5 7.6 3.5 

19 -- -- 16.7 7.7 3.5 

20 25 6 16.9 7.8 3.6 
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Table C.6: Data for Figure 5.1.6 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=1.0 min-i k=3.0 min-! k=5.0 min-! 

0 21 6 14.2 6.5 3.0 

1 -- -- 14.5 6.6 3.0 

2 -- -- 14.7 6.8 3.1 

3 -- -- 15.0 6.9 3.1 

4 -- -- 15.2 7.0 3.2 

5 -- -- 15.5 7.1 3.3 

6 -- -- 15.7 7.2 3.3 

7 24 6.1 16.0 7.3 3.4 

8 -- -- 16.2 7.4 3.4 

9 -- -- 16.5 7.6 3.5 

10 -- -- 16.8 7.7 3.5 

11 -- -- 17.0 7.8 3.6 

12 -- -- 17.3 7.9 3.6 

13 -- -- 17.5 8.0 3.7 

14 -- 6.3 17.8 8.1 3.7 

15 -- -- 18.0 8.3 3.8 

16 27 6.3 18.3 8.4 3.8 

17 -- -- 18.5 8.5 3.9 

18 -- -- 18.8 8.6 3.9 

19 -- -- 19.0 8.7 4.0 

20 28.5 6 19.3 8.8 4.1 
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Table C.7: Data for Figure 5.1.7 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=3.0 min-l k=5.0 min-l k=7.0 min-l 

0 25 4 9.5 4.4 2.0 

1 -- -- 9.9 4.5 2.1 

2 -- -- 10.2 4.7 2.1 

3 -- -- 10.5 4.8 2.2 

3.58 30.7 -- -- -- --
4 -- -- 10.8 5.0 2.3 

5 -- -- 11.2 5.1 2.3 

6 -- -- 11.5 5.3 2.4 

7 -- -- 11.8 5.4 2.5 

8 -- -- 12.1 5.6 2.6 

8.67 -- 4.3 -- -- --
9 -- -- 12.5 5.7 2.6 

10 -- -- 12.8 5.9 2.7 

11 -- -- 13.1 6.0 2.8 

11.25 42 -- -- -- --
12 -- -- 13.5 6.1 2.8 

13 -- -- 13.8 6.3 2.9 

14 -- -- 14.1 6.5 3.0 

15 -- -- 14.4 6.6 3.0 

15.67 -- 4.4 -- -- --
16 -- -- 14.8 6.8 3.1 

17 -- -- 15.1 6.9 3.2 

18 -- -- 15.4 7.1 3.2 

19 -- -- 15.8 7.2 3.3 

20 51.8 4.3 16.1 7.4 3.4 



320 

Table e.8: Data for Figure 5.1.8 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=O.l minot k=0.3 minot k=O.5 minot 

0 16 4.5 15.4 14.2 13.2 

1 -- -- 17.1 15.8 14.6 

2 -- -- 18.8 17.3 16.0 

2.58 20.6 -- -- -- --
3 -- -- 20.4 18.9 17.5 

4 -- -- 22.1 20.5 18.9 

5 -- 25.5 23.8 22.0 20.4 

6 -- -- 25.5 23.6 21.8 

7 -- -- 27.2 25.1 23.2 

8 -- -- 28.9 26.7 24.7 

9 -- -- 30.5 28.2 26.1 

10 -- -- 32.2 29.8 27.6 

10.58 -- 33.5 -- -- --
11 -- -- 33.9 31.4 29.0 

11.58 37.1 -- -- -- --
12 -- -- 35.6 32.9 30.4 

13 -- -- 37.3 34.5 31.9 

14 -- -- 39.0 36.0 33.3 

14.5 -- 40.7 -- -- --
IS -- -- 40.6 37.6 34.8 

16 -- -- 42.3 39.1 36.2 

17 -- -- 44.0 40.7 37.6 

18 -- -- 45.7 42.3 39.1 

19 -- -- 47.4 43.8 40.5 

20 50 -- 49.0 45.4 42.0 
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Table C.9: Data for Figure 5.1.9 

Time TOCiD TOCout Model Model Model 
(min) (ppb) (ppb) k=O.OOl k=0.OO3 k=0.OO5 

l/mole/min l/mole/min l/mole/min 

0 2.8 2.2 17.7 17.0 16.4 

0.1 18.1 17.0 -- -- --
I -- -- 18.0 17.2 16.6 

2 -- -- 18.2 17.4 16.8 

3 -- -- 18.4 17.7 17.0 

4 18.8 17.7 18.6 17.9 17.2 

5 19 18.3 18.8 18.1 17.4 

6 -- -- 19.0 18.3 17.6 

7 -- -- 19.3 18.5 17.8 

8 -- -- 19.5 18.7 18.0 

9 -- -- 19.7 18.9 18.2 

10 -- -- 19.9 19.1 18.4 

11 -- -- 20.1 19.3 18.6 

12 -- -- 20.4 19.5 18.8 

13 21 20 20.6 19.8 19.0 

14 -- 20.2 20.6 19.8 19.0 

15 21.1 -- 20.6 19.8 19.0 

16 -- -- 20.6 19.8 19.0 

17 -- -- 20.6 19.8 19.0 

18 -- -- 20.6 19.8 19.0 

19 -- -- 20.6 19.8 19.0 

20 21 21 20.6 19.8 19.0 
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Table C.10: Data for Figure 5.1.10 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=0.OO5 k=0.OO75 k=0.OO10 

l/mole/min l/mole/min ljmole/min 

0 4.2 3.9 10.2 9.7 9.1 

1 11.3 -- 10.4 9.8 9.2 

2 -- 9.2 10.5 10.0 9.4 

3 -- -- 10.7 10.1 9.5 

4 12 -- 10.8 10.3 9.6 

5 -- 10.1 11.0 10.4 9.8 

6 -- -- 11.1 10.6 9.9 

7 -- -- 11.3 10.7 10.0 

8 -- 11.5 11.4 10.9 10.2 

9 13 -- 11.6 11.0 10.3 

10 -- -- 11.7 11.1 10.5 

11 13.2 -- 11.9 11.3 10.6 

12 -- 11.5 12.0 11.4 10.7 

13 -- -- 12.2 11.6 10.9 

14 -- 12.3 12.3 11.7 11.0 

15 -- -- 12.5 11.9 11.1 

16 -- -- 12.6 12.0 11.3 

17 14.5 -- 12.8 12.2 11.4 

18 -- 12.5 12.9 12.3 11.6 

19 14.9 -- 13.1 12.4 11.7 

20 -- 12.7 13.2 12.6 11.8 
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Table C.10: Data for Figure 5.1.10 (cont.) 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=0.OO5 k=0.OO75 k=O.010 

l/mole/min lfmole/min lfmole/min 

21 -- -- 13.4 12.7 12.0 

22 -- 12.7 13.5 12.9 12.1 

23 -- -- 13.7 13.0 12.2 

24 15.5 -- 13.9 13.2 12.4 

25 -- -- 14.0 13.4 12.5 

26 -- -- 14.1 13.4 12.7 

27 -- 12.9 14.1 13.4 12.7 

28 -- -- 14.1 13.4 12.7 

29 15.6 13 14.1 13.4 12.7 

30 15.6 -- 14.1 13.4 12.7 

31 -- -- 14.1 13.4 12.7 

32 -- -- 14.1 13.4 12.7 

33 -- 12.9 14.1 13.4 12.7 

34 -- -- 14.1 13.4 12.7 

35 -- -- 14.1 13.4 12.7 

36 15.6 12.7 14.1 13.4 12.7 

37 -- -- 14.1 13.4 12.7 

38 -- -- 14.1 13.4 12.7 

39 -- -- 14.1 13.4 12.7 

40 15.6 12.7 14.1 13.4 12.7 



324 

Table C.11: Data for Figure 5.1.11 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=0.OO1 k=O.OO25 k=0.OO5 

lfmole/min lfmole/min lfmole/min 

0 4 3 29.4 28.5 27.1 

0.1 30 28 -- -- --
1 -- -- 31.1 30.2 28.7 

2 -- -- 32.2 31.8 30.3 

3 -- -- 34.5 33.5 31.8 

4 -- 36 36.3 35.2 33.4 

5 40 38 38.0 36.8 35.0 

6 -- -- 39.7 38.5 36.6 

7 -- -- 41.4 40.2 38.2 

8 -- -- 43.1 41.8 39.7 

9 -- -- 44.8 43.5 41.3 

10 48 -- 46.5 45.1 42.9 

11 -- 48 48.3 46.8 44.5 

12 -- -- 50.0 48.5 46.1 

13 -- -- 51.7 50.1 47.7 

14 -- 52 53.4 51.8 49.2 

15 57 -- 55.1 53.5 50.8 

16 -- -- 56.8 55.1 52.4 

17 -- -- 58.5 56.8 54.0 

18 -- -- 60.3 58.5 55.6 

19 65 -- 62.0 60.1 57.1 

20 66 64 64.7 62.7 59.6 
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Table C.12: Data for Figure 5.1.12 . 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=O.OOl k=0.OO3 k=0.OO5 

ljmole/min ljmole/min ljmole/min 

0 3 3. 23.5 22.6 21.7 

0.1 24 22.6 -- -- --
1 -- -- 25.2 24.2 23.3 ~ 

2 -- -- 26.9 25.9 24.8 

3 -- -- 28.7 27.5 26.4 

4 -- -- 30.4 29.2 28.0 

5 -- -- 32.1 30.8 29.6 

6 34.5 -- 33.8 32.5 31.2 

7 -- -- 35.1 33.7 32.3 

8 -- -- 36.3 34.9 33.5 

9 -- -- 37.6 36.1 34.6 

10 -- 37.5 38.8 37.3 35.8 

11 -- -- 40.1 38.5 37.0 

12 -- -- 41.4 39.7 38.1 

13 -- -- 42.6 40.9 39.3 

14 45 -- 43.9 42.1 40.5 

15 -- -- 45.1 43.3 41.6 

16 -- -- 46.4 44.6 42.8 

17 -- -- 47.7 45.8 43.9 

18 -- -- 48.9 47.0 45.1 

19 -- -- 50.2 48.1 46.3 

20 52.5 50 -- -- --
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Table C.13: Data for Figure 5.1.13 

Particle Particlesin Particlesout Model Prediction 
Size (pm) (#/cc*pm) (#/cc*pm) (#/cc*pm) 

n=noexp(0.2-1.4L "0.85) 

0 1. 18x109 1.26x109 1.44x109 

0.01 1.93x1Q9 2.lOx109 2.28x109 

0.02 2.97x1Q9 3.25x109 I 3.4lxl09 

0.03 4.27x1Q9 4.7Ox109 4.8Ox109 

0.04 5.77xl09 6.35x109 6.34xlO9 

0.05 7.3lx109 8.00x109 7.86x109 

0.06 8.68xl09 9.39x109 9.15xl09 

0.07 9.67x1Q9 1.03x1010 1.00xl01O 

0.08 1.0lxl01O 1.05xl01O 1.02xl01O 

0.09 9.89x109 1.00x1010 9.85xl09 

0.10 9.09xl09 8.9lx109 8.89xlO9 

0.11 7.83xl09 7.39x109 7.53x109 

0.12 6.33x109 5.7lx109 5.98xl09 

0.13 4.79xl09 4.l2x109 4.45x109 

0.14 3.4Oxl09 2.77xl09 3.llx109 

0.15 2.27x109 1.74xl09 2.04xl09 
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Table C.13: Data for Figure 5.1.13 (cant.) 

Particle Particlesin Particles out Model Prediction 
Size (/Jm) (#/cc*J.lm) (#/cc*J.lm) (#/cc*J.lm) 

n=noexp(0.2-1.4L "0.85) 

0.16 1.42x109 1.02x109 1.25x109 

0.17 8.3lx108 5.57x108 7.22x108 

0.18 4.56x108 2.84x108 3.9lx108 

0.19 2.35x108 1.35x108 1.98x108 

0.20 1.14x108 5.97x107 9.44x107 

0.21 5.15x107 2.47x107 4.2lx107 

0.22 2. 19x107 9.52x106 1.76x107 

0.23 8.73x106 3.42x106 6.92x106 

0.24 3.26x106 1.15x106 2.55x106 

0.25 1. 14x106 3.59x105 8.8Ox10S 
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Table C.14: Data for Figure 5.1.14 

Particle Particlesin Particlesout Model Prediction 
Size (~m) (#/cc*~m) (#/cc*/Jm) (#/cc*~m) 

D = Doexp(0.42-3L "0.85) 

0 9.17x108 1.11x109 1.4Oxl09 

0.01 1.5Ox109 1.83x109 2.15x109 

0.02 2.31xl09 2.83xlO9 3. 16xl09 

0.03 3.36xl09 4.1OxlO9 4.4Oxl09 

0.04 4.63xl09 5.58xl09 5.8Ox109 

0.05 6.00x109 7.13xlO9 7.22xl09 

0.06 7.36x109 8.53xlO9 8.51x109 

0.07 8.51xl09 9.56xlO9 9.47xl09 

0.08 9.29x109 1.01xlOIO 9.96xl09 

0.09 9.57x109 9.95x109 9.89xI09 

0.10 9.32xl09 9.21xlO9 9.28xl09 

0.11 8.56xl09 8.00xl09 8.23xl09 

0.12 7.42xl09 6.51x109 6.89xl09 

0.13 6.08xl09 4.97x109 5.44x109 

0.14 4.69xl09 3.56xlO9 4.06x109 

0.15 3.43xl09 2.39xl09 2.86xl09 
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Table C.14: Data for Figure 5.1.14 (cont.) 

Particle Particlesin Particlesout Model Prediction 
Size (pm) (#/cc*lJm) (#/cc*pm) (#/cc*lJm) 

n = noexp(0.42-3L "'0.85) 

0.16 2.36xl09 1.5lxl09 1.9lx109 

0.17 1.53xl09 8.90x108 1.2Oxl09 

0.18 9.4lx108 4.93x108 7. 13x108 

0.19 5.45x108 2.56xl08 3.99x108 

0.20 2.98x108 1.25xl08 2. 12x108 

0.21 1.54xl08 5.7Oxl07 1.06x108 

0.22 7.5lx107 2.44x107 4.99x107 

0.23 3.45x107 9.8lx106 2.22x107 

0.24 1.5Ox107 3.7Oxl06 9.36xl06 

0.25 6. 15x106 1.3lxl06 3.72xl06 
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Table C.l5: Data for Figure 5.1.15 

Particle Particlesin Particles out Model Prediction 
Size (pm) (#/cc*J.lm) (#/cc*pm) (#/cc*J.lm) 

n= no~xp(0.75-11.3L "'1.23) 

0 3.54x108 7.03x108 7.49x108 

0.01 6.07xl08 1.16xl09 1.24x109 

0.02 9.9lx108 1.8lxl09 1.91x109 

0.03 1.54x109 2.67xl09 2.8Ox109 

0.04 2.28x109 3.75x109 3.89xl09 

0.05 3.2lx109 4.98xl09 5.12xl09 

0.06 4.3Ox109 6.27xl09 6.38x109 

0.07 5.48xl09 7.49x109 7.56x1Q9 

0.08 6.65xl09 8.47xl09 8.49x1Q9 

0.09 7.68xl09 9.08x109 9.07x1Q9 

0.10 8.45x109 9.23xl09 9.19x1Q9 

0.11 8.84x109 8.89xl09 8.85x1Q9 

0.12 8.8Ox109 8.1lxl09 8.1Ox1Q9 

0.13 8.34xl09 7.02xl09 7.04x1Q9 

0.14 7.52xl09 5.76xl09 5.82x1Q9 

0.15 6.45x109 4.47xl09 4.57x1Q9 
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Table C.15: Data for Figure 5.1.15 (coot.) 

Particle Particlesin Particlesout Model Prediction 
Size (~m) (#/cc*~m) (#/cc*~m) (#/cc*~m) 

n=noexp(0.75-11.3L"1.23) 
.' 

0.16 5.27x109 3.29x109 3.41x109 

0.17 4.1Ox109 2.3Ox109 2.42x109 

0.18 3.03xl09 1.52xl09 1.63xl09 

0.19 2.14x109 9.54xl08 1.04x109 

0.20 1.43x109 5.67xl08 6.36x108 

0.21 9. 13x108 3. 19x108 3.68x108 

0.22 5.54x108 1.7Ox108 2.03xl08 

0.23 3.2Ox108 8.62xl0' 1.06xl08 

0.24 1.76x108 4.13x10' 5.28xl0' 

0.25 9.21xlO' l.88xlO' 2.5Ox10' 



332 

Table C.16: Data for Figure 5.1.16 

Particle Particlesin Particlesout Model Prediction 
Size (/-1m) (#/cc*f.lm) (#/cc*f.lm) (#/cc*f.lm) 

n=noexp(-0.178+L "0.7) 

0 1.18x109 1.07x109 9.88x108 

0.Q1 1.93x109 1.76x109 1.68x109 

0.02 2.97x109 2.72x.109 2.65x109 

0.03 4.27x109 3.95x109 3.9Ox109 

0.04 5.77x109 5.39xl09 5.37x109 

0.05 7.3lx109 6.9Ox109 6.92x.109 

0.06 8.68x109 8.3Ox109 8.35x109 

0.07 9.67x109 9.37x109 9.45x109 

0.08 1.0lx1010 9.94x109 1.00x1010 

0.09 9.89x109 9.9Ox109 9.97x109 

0.10 9.09x109 9.26x109 9.29x109 

0.11 7.83x109 8.13xl09 8.1lxl09 

0.12 6.33x109 6.7lx109 6.64x109 

0.13 4.79x109 5.2Ox109 5.1Oxl09 

0.14 3.4Ox109 3.78x109 3.67x109 

0.15 2.27x109 2.58xlO9 2.47xl09 
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Table C.16: Data for Figure 5.1.16 (cont.) 

Particle Particlesin Particlesout Model Prediction 
Size (!-1m) (#/cc*/Jm) (#/cc*/Jm) (#/cc*/Jm) 

n=noexp(-0.178+ L "0.7) 

0.16 1.42xl08 1.66xl09 1.57xl09 

0.17 8.3lxl07 9.97xl08 9.28x108 

0.18 4.56xl07 5.64xl08 5.16xl08 

0.19 2.35xl07 3.00xl08 2.69xl08 

0.20 1.14xl07 I.5Oxl08 1.32xl08 

0.21 5.15xl06 7.0lxl07 6.03xl07 

0.22 2. 19x106 3.08xl07 2.59x107 

0.23 8.73xl06 1.27x107 1.04xl07 
., 

0.24 3.26xl06 4.94x106 3.95x106 

0.25 1.14xl06 1.8Oxl06 1.4Oxl06 
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Table C.17: Data for Figure 5.1.17 

Particle Particlesin Particles out Model Prediction 
Size (J.lm) (#/cc*J.l.m) (#/cc*J.l.m) (#/cc*J.l.m) 

n=noexp(-0.14+ L "0.7) 

0 9.17x108 8.82x108 7.97xl08 

0.01 1.5Ox109 1.43x109 1.33xl09 

I 
2.31x109 2. 18x109 2.08xl09 0.02 

0.03 3.36xl09 3.16x109 3.07xl09 

0.04 4.63x109 4.33x109 4.27xl09 

0.05 6.00x109 5.62x109 5.61xl09 

0.06 7.36x109 6.92x109 6.96xl09 

0.07 8.51x109 8.06xl09 8. 14xl09 

0.08 9.29x109 8.89x109 8.98xl09 

0.09 9.57x109 9.29x109 9.35xl09 

0.10 9.32x109 9. 19x109 9. 19x109 

0.11 8.56x109 8.61xl09 8.53xl09 

0.12 7.42x109 7.64xl09 7.47xl09 

0.13 6.08x109 6.42x109 6.18xl09 

0.14 4.69x109 5.1Ox109 4.81xl09 

0.15 3.43xl09 3.85x109 3.54xl09 
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Table C.17: Data for Figure 5.1.17 (cant.) 

Particle Particlesin Particlesout Model Prediction 
Size (~m) (#/cc*p.m) (#/cc*p.m) (#/cc*p.m) 

n=noexp(-0.14+ L "0.7) 

0.16 2.36xlO9 2.74xlO9 2,47xl09 

0.17 1.53xlO9 1.85xlO9 1.62xl09 

0.18 9.4lxlO8 l.l9xlO9 1.00xl09 

0.19 5.45xl08 7.l9xl08 5.86xl08 

0.20 2.98xl08 4.13x108 3.23xl08 

0.21 1.54xl08 2.24xlOS 1.68xl0S 

0.22 7.5lxl07 l.l5xl08 8.28x107 

0.23 3.45xl07 5.62xl07 3.84xl07 

0.24 I.5Oxl07 2.59xl07 1.68xl07 

0.25 6.15xl06 1.13x107 6.97xl06 
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Table C.18: Data for Figure 5.1.18 

Particle Particlesin Particles out Model Prediction 
Size (~m) (#/cc*#Jm) (#/cc*#Jm) (#/cc*#Jm) 

n=noexp(-0.14+L "'0.8) 

0 3.54x108 3.49x108 3.65x108 

0.01 6.07x108 6.04x108 6.22x108 

0.02 9.9lx108 9.92x108 1.0lx109 

0.03 1.54x109 1.55x109 1.57x109 

0.04 2.28xl09 2.3Ox109 2.32x109 

0.05 3.2lxl09 3.25x109 3.25x109 

0.06 4.3Ox109 4.36x109 4.35x109 

0.07 5.48x109 5.57x109 5.54x109 

0.08 6.65x109 6.76x109 6.7lx109 

0.09 7.68x109 7.8Ox109 7.73x109 

0.10 8.45x109 8.56x109 8.49x109 

0.11 8.84x109 8.93xl09 8.87x109 

0.12 8.8Ox109 8.86xl09 8.82x109 

0.13 8.34x109 8.36x109 8.34x109 

0.14 7.52x109 7.5Ox109 7.5lx109 

0.15 6.45x109 6.39x109 6.44x109 
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Table C.18: Data for Figure 5.1.18 (cont.) 

Particle Particlesin Particlesout Model Prediction 
Size (pm) (#/cc*J.l.m) (#/cc*J.l.m) (#/cc*J.l.m) 

n = Doexp( -0.14+ L "0.8) 

0.16 5.27x109 5.19xl09 5.25xl09 

0.17 4.1Oxl09 4.00x109 4.08x109 

0.18 3.03xl09 2.93xl09 3.0lx109 

0.19 2. 13xl09 2.04xl09 2. 12x109 

0.20 1.43x109 1.35x109 1.42x109 

0.21 9.13x108 8.53xl08 9.04xl08 

0.22 5.54x108 5.1lxl08 5.48x108 

0.23 3.2Oxl08 2.9lxl08 3. 16xl08 

0.24 1.76xl08 1.58x108 1.74xl08 

0.25 9.2lx107 8.12x107 9.08xl07 
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Table C.19: Data for Figure 5.1.19 

Particle Particlesin Particlesout Model R=O.l Model Model 
Size (IJm) (#/cc*lJm) (#/cc*lJm) IJm/min R=0.05 R=O.Ol 

IJm/min IJm/min 

0 1.18x109 1.26x109 9.5lx109 4.86x109 1.66x109 

0.01 1.93x109 2.1Ox109 1.Olx101O 6.39x109 2.6lxl09 

0.02 2.97x109 3.25x109 9.99xl09 7.89xl09 3.83x109 

0.03 4.27x109 4.7Ox109 9.29x109 9.13x109 5.28x109 

0.04 5.77xl09 6.35x109 8.1lx109 9.92x109 6.82x109 

0.05 7.3lxl09 8.00x109 6.63x109 1.0lx1010 8.27x109 

0.06 8.68x109 9.39x109 5.09x109 9.64x109 9.4lxl09 

0.07 9.67x109 1.03xl010 3.66x109 8.63x109 1.00x1010 

0.08 1.0lxl01O 1.05xl010 2.47xl09 7.24xl09 1.00x1010 

0.09 9.89xl09 1.00xl010 1.57x109 5.7Ox109 9.4Oxl09 

0.10 9.09xl09 8.9lx109 9.29xl08 4.2lx109 8.27xl09 

0.11 7.83x109 7.39xl09 5.17xl08 2.92x109 6.82xl09 

0.12 6.33xl09 5.7lxl09 2.7Oxl08 1.89xl09 5.27xl09 

0.13 4.79xl09 4.12x109 1.32xl08 1.15x109 3.82x109 

0.14 3.4Oxl09 2.77xl09 6.07xl07 6.59xl08 2.6Oxl09 

0.15 2.27x109 1.74xl09 2.6lxl07 3.53xl08 1.66xl09 
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Table C.19: Data for Figure 5.1.19 (cont.) 

Particle Particlesin Particles out Model R=0.1 Model Model 
Size (/-lm) (#/cc*/-lm) (#/cc*/-lm) /-lm/min R=0.05 R=O.01 

pm/min /-lm/min 

0.16 1.42xl09 1.02xl09 1.05xl0' 1.77xl08 9.92xl08 

0.17 8.31x108 5.57x108 3.99x106 8.35xl0' 5.56xl08 

0.18 4.56xl08 2.84x108 1.42x106 3.69xl0' 2.93xl08 

0.19 2.35x108 1.35x108 4.72xl05 1.53xl0' 1.44x108 

0.20 1.14x108 5.97x10' 1.47xl0S 5.93x106 6.68xlO' 

0.21 5.15xl0' 2.47xl0' 4.32xl04 2. 16xl06 2.9Oxl0' 

0.22 2.19xlO' 9.52xl06 1. 19x104 7.39xl05 1.18xl0' 

0.23 8.73x106 3.42xl06 3.05xl03 2.37xl05 4.5Oxl06 

0.24 3.26xl06 1.15x106 737 7.11x104 1.61xl06 

0.25 1. 14xl06 3.59x105 167 2.00x104 5.4Oxl05 
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Table C.20: Data for Figure 5.1.20 

Particle Particlesin Particlesout Model R=O.l Model Model 
Size (~m) (#/cc*/-lm) (#/cc*/-lm) ~m/min R=0.05 R=O.Ol 

~m/min ~m/min 

0 9. 17x108 1.1lxl09 8.3Ox109 3.85x109 1.29x109 

0.01 1.5Ox109 1.83x109 9.17x109 5.17xl09 2.02xl09 

0.02 2.3lx109 2.83xl09 9.56xl09 6.56xl09 3'(X)X109 

0.03 3.36x109 4.lOxl09 9.4lx109 7.85xl09 4.2Oxl09 

0.04 4.63x109 5.58x109 8.75xl09 8.87xl09 5.56x109 

0.05 6.00x109 7. 13xl09 7.67xl09 9.47xl09 6.94x109 

0.06 7.36x109 8.53xl09 6.35x109 9.54A109 8.17xl09 

0.07 8.5lx109 9.58xl09 4.97xl09 9.07x109 9.09xl09 

0.08 9.29x109 1.0lx1010 3.66xl09 8.14xl09 9.54x109 

0.09 9.57x109 9.95xl09 2.55xl09 6.9Oxl09 9.46x109 

0.10 9.32x109 9.2lxl09 1.68x109 5.52x109 8.85xl09 

0.11 8.56x109 8.00x109 1.04x109 4.17x109 7.82xl09 

0.12 7.42x109 6.5lxl09 6.1lxl08 2.97x109 6.52xl09 

0.13 6.08xlO9 4.97xl09 3.38x108 2.00x109 5. 13x109 

0.14 4.69x109 3.56xl09 1.77xl08 1.27x109 3.8lx109 

0.15 3.43x109 2.39xlO9 8.7Oxl07 7.6lx108 2.67x109 
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Table Co20: Data for Figure 501020 (cont.) 

P~rtic1e Partic1esin Partic1esout Model R=Ool Model Model 
SlZe (,urn) (#/cc*pm) (#/cc*pm) pm/min R=0005 R=Oo01 

pm/min pm/min 

0016 2036x109 1.51x109 4005xlO' 4.31xl08 2067xI08 

0017 1.53x109 809Oxl08 1078xlO' 2031xl08 1.1lxl08 

0018 9.41xl08 4093x108 7039x106 1.16x108 6.53xl08 

0019 5.45xl08 2.56xl08 2089xl06 5.54xlO' 3064xI08 

0020 2098xI08 1025xI08 1.07x106 2.49xlO' 1091xl08 

0021 1.54xl08 507OxlO' 3073xl05 l.06xlO' 905lxlO' 

0022 7.51xlO' 2044xlO' l.23xl05 4024x106 4046xlO' 

0023 3045xI07 9081xl06 3082x104 1.6Oxl06 1097xlO' 

0024 1.5OxlO' 307Oxl06 1.12xl04 5073xl<f 8023xI06 

0.25 6015x106 1031xl06 301lxl03 1.93x105 3025x106 
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Table C.21: Data for Figure 5.1.21 

Particle Particlesin Particlesout Model R=0.1 Model Model 
Size (I-lm) (#/cc*l-lm) (#/cc*l-lm) I-lm/min R=0.05 R=0.01 

~m/min I-lm/min 

0 3.54x108 7.03x108 5.24x109 1.81x109 5. 14x108 

0.01 6.07x108 1.16x109 6.42x109 2.63x109 8.52x109 

0.02 9.91x108 1.81x109 7.5Ox109 3.63x109 1.35x109 

0.03 1.54x109 2.67x109 8.32x109 4.77x109 2.02x109 

0.04 2.28x109 3.75x109 8.79x109 5.96x109 2.89x109 

0.05 3.21x109 4.98x109 8.84x109 7.09x109 3.94x109 

0.06 4.3Ox109 6.27x109 8.46x109 8.03x109 5.1Ox109 

0.07 5.48x109 7.49x109 7.71x109 8.65x109 6.29x109 

0.08 6.65x109 8.47x109 6.68x109 8.87x109 7.38x109 

0.09 7.68x109 9.08x109 5.51x109 8.66x109 8.24x109 

0.10 8.45x109 9.23x109 4.33x109 8.05x109 8.76x109 

0.11 8.84x109 8.89x109 3.23x109 7.12x109 8.86x109 

0.12 8.8Ox109 8.11x109 2,3Ox109 5.99x109 8.53x109 

0.13 8.34x109 7.02x109 1.56x109 4.8Ox109 7.81x109 

0.14 7.52x109 5.76x109 1.00x1Q9 3.6Sxl09 6.81xl09 

0.15 6.45x109 4.47x109 6.15x108 2.65x109 5.65x1Q9 
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Table C.21: Data for Figure 5.1.21 (cont.) 

Particle Particlesin Particlesout Model R=O.l Model Model 
Size (pm) (#/cc*pm) (#/cc*pm) pm/min R=0.05 R=O.01 

pm/min pm/min 

0.16 5.27xl09 3.29x109 3.59xl08 1.83x109 4.47xl09 

0.17 4.1Oxl09 2.3Ox1Q9 1.99x108 1.2Ox109 3.36xl09 

0.18 3.03xl09 1.52xl09 1.05xl08 7.52xl08 2.4Oxl09 

0.19 2.14x109 9.54xl08 5.29x1Q7 4.47x1Q8 1.64xl09 

0.20 1.43x1Q9 5.67x1Q8 2.53x1Q7 2.53x108 1.06xl09 

0.21 9.13x108 3.19xl08 1.15x107 1.37x108 6.53xl08 

0.22 5.54x108 1.7Ox108 5.00x106 7.0lx107 3.84xl08 

0.23 3.2Ox108 8.62x107 2.07x106 3.42x107 2.14x108 

0.24 1.76xl08 4.13x107 8.1lxl05 1.59x107 1.14xl08 

0.25 9.21x107 1.88x107 3.03x105 7.03x106 5.76x107 
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Table C.22: Data for Figure 5.1.22 

Particle Particlesin Particlesout Model R=O.l Model Model 
Size (pm) (#/cc*pm) (#/cc*IJm) pm/min R=0.05 R=O.Ol 

pm/min pm/min 

0 1.18xl09 1.07x109 9.51xl09 4.86xl09 1.66x109 

0.01 1.93xl09 1.76x109 1.01xl010 6.39xl09 2.6Ox109 

0.02 2.97xl09 2.72xl09 9.99xl09 7.89xl09 3.83x109 

0.03 4.27xl09 3.95x109 9.29xl09 9. 13xl09 5.28x109 

0.04 5.77xl09 5.39xl09 8.11xl09 9.92xl09 6.82x109 

0.05 7.31xl09 6.9Oxl09 6.63xl09 1.01x1010 8.27x109 

0.06 8.68xl09 9.37x109 5.09x109 9.64xl09 9.4lx109 

0.07 9.67x109 9.94xl09 3.66x109 8.63xl09 1.00x1010 

0.08 1.01xl01O 9.9Ox109 2.47x109 7.24x109 1.00xl010 

0.09 9.89xl09 9.26x109 1.57x109 5.7Oxl09 9.4Ox109 

0.10 7.82xl09 8.13x109 9.29xl08 4.2lx109 8.27x109 

0.11 6.33xl09 6.71x109 5. 17xl08 2.92xl09 6.82x109 

0.12 4.79x109 5.2Oxl09 2.7Oxl08 1.89xl09 5.27x109 

0.13 3.4Oxl09 3.78xl09 1.32xl08 1.15xl09 3.82x109 

0.14 2.27xl09 2.58xl09 6.07x107 6.59xl08 2.6Ox109 

0.15 1.42x1Q9 1.66xl09 2.61xl07 3.52x108 1.66x109 
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Table C.22: Data for Figure 5.1.22 (cont.) 

Particle ParticIesin Particlesout Model R=O.l Model Model 
Size (J.lm) (#/cc*lJm) (#/cc'fI.J.lm) J.lm/min R=0.05 R=O.Ol 

J.lm/min J.lm/min 

0.16 1.42xl09 1.66xl09 1.05x107 1.77xl08 9.92x108 

0.17 8.31xl08 9.97x108 3.99x106 8.35xl07 5.57xl08 

0.18 4.56x108 5.64x108 1.42x106 3.69xl07 2.93x108 

0.19 2.35xl08 3.00xl08 4.72xloS 1.53x107 1.44xl08 

0.20 1.14xl08 1.5Ox108 1.47xlOS 5.93x106 6.68xl07 

0.21 5.15xl07 7.01x107 4.32x104 2.16xl06 2.9Oxl07 

0.22 2.19x107 3.08x107 1.19x104 7.39xloS 1.18x107 

0.23 8.73x106 1.27xl07 3.05xl03 2.37xl05 4.5Ox106 

0.24 3.26x106 4.94x106 737 7. 1 1x104 1.61xl06 

0.25 1.l4x106 1.81x106 167 2.00xl04 5.41xloS 
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Table C.23: Data for Figure S.1.23 

Particle ParticlesiD Particles out Model R=O.l Model Model 
Size (pm) (#/cc*pm) (#/cc*pm). pm/min R=O.OS R=O.Ol 

pm/min pm/min 

0 9. 17xl08 8.82x108 8.3Oxl09 3.85xl09 1.29xl09 

0.01 1.5Ox109 1.43x109 9.17x109 5.17x109 2.02x109 

0.02 2.3lx109 2.18x109 9.56x109 6.56x109 3.00xl09 

0.03 3.36x109 3.16xl09 9.4lxl09 7.85xl09 4.2Ox109 

0.04 4.63xl09 4.33x109 8.74x109 8.87x109 5.56xl09 

0.05 6.00xl09 5.62x109 7.67xl09 9.47x109 6.94x109 

0.06 7.36x109 6.92x109 6.35x109 9.54x109 8.17xl09 

0.07 8.5lx109 8.06x109 4.97x1Q9 9.07x109 9.09xl09 

0.08 9.29xl09 8.89x109 3.66xl09 8.14x109 9.54x109 

0.09 9.57x109 9.29x109 2.55x109 6.9Oxl09 9.46x109 

0.10 9.32x109 9.19x109 1.68x109 5.52xl09 8.85x109 

0.11 8.56x109 8.6lx109 1.04x109 4.17x109 7.82x109 

0.12 7.42x109 7.64x109 6.1lx108 2.97x109 6.52x109 

0.13 6.08xl09 6.42x109 3.38x108 2.00x109 5.15xl09 

0.14 4.69x109 5.1Ox109 1.77x108 1.27x109 3.8lx109 

0.15 3.43x109 3.85x109 8.7lx107 7.62x108 2.67x109 
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Table C.23: Data for Figure 5.1.23 (cont.) 

Particle Particlesin Partic1esout Model R=0.1 Model Model 
Size (1-/00) (#/cc*l-/m) (#/cc*l-/m) I-/oo/min R=0.05 R=O.Q1 

I-/m/min I-/m/min 

0.16 2.36x109 2.74x109 4.05xlO' 4.3lx108 1.77x109 

0.17 1.53x109 1.85x109 1.78x107 2.3lx108 1. 1lx109 

0.18 9.4lx108 1. 19x109 7.39x106 1.16x108 6.53xl08 

0.19 5.45x108 7.19x108 2.89x106 5.54x107 3.64xl08 

0.20 2.98x108 4. 13x108 1.07x106 2.49x107 1.9lxl08 

0.21 1.54x108 2.24x108 3.73x1oS 1.06x107 9.5lxl07 

0.22 7.5lx107 1.15x108 1.22x1oS 4.24x106 4.46xl07 

0.23 3.45x107 5.62xlO' 3.82x104 1.6Ox106 1.97xl07 

0.24 1.5Ox107 2.59x107 1.12x104 5.73x1oS 8.23x106 

0.25 6. 15x106 1.13x10' 3.1lx103 1.93x1oS 3.25xl06 
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Table C.24: Data for Figure 5.1.24 

Particle Particlesin Particlesout Model R=O.l Model Model 
Size (/-lm) (#/cc*Jlm) (#/cc*/-lm) /-lm/min R=0.05 R=O.Ol 

/-lm/min /-lm/min 

0 3.54x108 3.49x108 5.24xl09 1.8lxl09 5.14xl08 

0.01 6.07xl08 6.04x108 6.43x109 2.63xl09 8.52x108 

0.02 9.9lx108 9.92xl08 7.5Ox109 3.63xl09 1.35xl09 

0.03 3.2lxlO9 1.55x109 8.32xl09 4.77xl09 2.02x109 

0.04 1.54x109 2.3Ox109 8.79x109 5.96xl09 2.89x109 

0.05 2.28x109 3.25x109 8.84x109 7.09xl09 3.94x109 

0.06 4.3Oxl09 4.36x109 8.46xl09 8.03xl09 5.1Ox109 

0.07 5.48x109 5.57x109 7.'7lx109 8.65xl09 6.29xlO9 

0.08 6.65x109 6.76x109 6.68x109 8.87xl09 7.38x109 

0.09 7.68x109 7.8Ox109 5.5lx109 8.66xl09 8.24x109 

0.10 8.44x109 8.56x109 4.33xl09 8.05xl09 8.76x109 

0.11 8.84x109 8.93x109 3.23xl09 7.12xl09 8.86x109 

0.12 8.8Ox109 8.86x109 2.3Ox109 5.99x109 8.53x109 

0.13 8.34x109 8.36x109 1.56xl09 4.8Ox109 7.8lx109 

0.14 7.52xl09 7.5Ox109 1.00x109 3.65xl09 6.8lx109 

0.15 6.45xlO9 6.39x109 6.15xl08 2.65x109 5.65x109 
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Table C.24: Data for Figure 5.1.24 (cont.) 

Particle Particlesin Particlesout Model R=O.l Model Model 
Size (pm) (#/cc*pm) (#/cc~pm) pm/min R=0.05 R=0.01 

pm/min pm/min 

0.16 5.27x1Q9 5.19x109 3.59x108 1.83x109 4.47x109 

0.17 4.1Oxl09 4.00x109 1.99x108 1.2Ox109 3.36x109 

0.18 3.03x1Q9 2.93x109 1.05x108 7.52x108 2.4Ox109 

0.19 2. 13xl09 2.04x109 5.29x107 4.47x108 1.64x109 

0.20 1.43xl09 1.35x109 2.53x107 2.53x108 1.06xl09 

0.21 9.13x108 8.53x108 1.15x107 1.37x108 6.53x108 

0.22 5.54xl08 5.1lx108 5.00x106 7.0lx107 3.83x108 

0.23 3.2Oxl08 2.9lx108 2.07x106 3.42x107 2.14x108 

0.24 1.76xl08 1.58x108 8.1lx105 1.59x107 1.14x108 

0.25 9.21xl07 8.12x107 3.03x105 7.03x106 5.76x107 
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Table C.25: Data for Figure 5.2.1 

Process Component Log (Bacteria/Liter) Log (Bacteria/Liter) 
Using TSA Medium Using R2A Medium 

City Water 3.76 4.49 

Reverse Osmosis 2.02 2.70 

Ion Exchange 2.01 2.04 

UV 1.45 1.84 

Ion Exchange 0.69 1.00 
(Running with Ozone) 

Ozone Tank 0.03 0.03 

Table C.26: Data for Figure 5.2.2 

Process Component Population Number (cfu/1ooml) 

Ion Exchange -34.9 

UV 3.6 

Ion Exchange 16.1 
(Running with Ozone) 
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Table C.27: Data for Figure 5.3.1 

Time (days) Log( efu/liter) Log( efu/liter) Log( efu/liter) Log( efu/liter) 
Post-RO Pre-UV Post-UV Post-DI 

0 5.3 5.2 4.9 4.8 

1 4.9 5.5 4.0 5.1 

2 6.6 5.3 7.0 7.0 

3 7.6 7.0 7.9 7.7 

4 7.9 7.5 8.0 7.9 

5 7.9 7.4 7.4 7.4 

6 7.8 7.6 7.4 7.9 

Table C.28: Data for Figure 5.3.2 

Time Log( efu /liter) Log( efu/liter) Log( cfu /liter) Log( cfu/liter) 
(days) Post-RO Pre-UV Post-UV Post-DI 

0 5.8 5.7 5.4 5.7 

1 6.1 5.8 5.5 5.7 

2 6.9 5.5 5.0 5.1 

3 6.7 5.3 6.1 6.4 

4 7.5 4.8 5.3 5.8 

5 7.6 6.0 4.9 5.8 

6 7.7 5.8 4.9 5.0 
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Table C.29: Data for Figure 5.3.3 

Impurity Resistivity for Sodium Resistivity for Sodium Resistivity for HCI 
Concentration Oxalate Acetate (MQ-cm) 

(ppb) (MQ-cm) (MQ-cm) 

0 18.2 18.2 18.2 

0.7 17.5 -- --
1 -- 16.3 16.3 

2 -- -- 14.1 

7.2 12.5 -- --
5 -- -- 9.4 

10 -- 9.6 6.3 

17.7 7.2 -- --
25 -- 6.5 4.5 

35.5 5.4 -- --
50 -- 4.85 3.3 

100 -- 3.86 2.65 

Table C.30: Data for Figure 5.3.4 

Contaminant %TOC %TOC % TOe % Toe 
Post-RO Pre-UV Post-UV Post-DI 

Oxalate 1.58 13.33 11.49 38.9 

Acetate 9.91 4.89 18.22 18.9 

AOC 11.49 11.82 80.00 57.1 
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Table C.31: Data for Figure 6.1.1 

Time (minutes) TOe (ppb) for system TOe (ppb) for system 
flow rate of 4 gpm flow rate of 7 gpm 

0 310 350 

16 170 --
17 -- 210 

24 89 --
26 -- 84 

32 70 --
35 -- 62 

41 50 --
43 -- 44 

48 47 --
52 -- 38 

55 45 --
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Table C.32: Data for Figure 6.1.2 

Time (minutes) TOC (ppb) for UV before TOC (ppb) for UV 
polymeric fIlter after polymeric fIlter 

0 390 400 

17 -- 260 

22 330 --
35 205 145 

43 -- 85 

48 155 --
53 -- 80 

59 90 --
60 -- 75 

Table C.33: Data for Figure 6.1.3 

Time (minutes) TOe (ppb) for UV TOC (ppb) for UV 
before charged fllter after cbarged fIlter 

0 390 380 

13 -- 90 

17 260 --
22 -- 50 

28 100 --
31 -- 40 

37 70 --
40 -- 35 

46 55 --
49 -- 25 

55 45 --
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Table C.34: Data for Figure 6.1.4 

Time (minutes) TOC (ppb) for UV TOe (ppb) fOT UV 
before charged fLIter after charged fLIter 

0 400 400 

8 -- 90 

14 125 --
17 -- 55 

23 60 --
25 -- 45 

32 47 .. -
33 -- 40 

40 36 --
41 -- 35 

49 30 30 

Table C.35: Data for Figure 6.1.5 

System Configuration and Flow Rate Half-Life (min) 

No Filter, 4 gpm 18 

Uncharged Filter to UV, 4 gpm 28.5 

UV to Uncharged Filter, 4 gpm 36.67 

Charged Filter to UV, 4 gpm 9 

UV to Charged Filter, 4 gpm 23 

Charged Filter to UV, 5 gpm 4 

UV to Charged Filter, 5 gpm 12 
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Table C.36: Data for Figure 6.2.1 

Time (min) TOCin (ppb) TOCOih (ppb) TOCout (ppb) 
UV ilter FilterJUV 

configuration Configuration 

-8 2.7 2.7 2.3 

0 2.7 2.7 2.3 

0 16.5 8.8 4.5 

2 17.4 -- --
4 18.3 -- 6.6 

9 -- 12.7 --
10 -- 13.8 --
13 -- -- 11.4 

14 19.5 14.9 --
16 19.8 -- --
18 -- -- --
19 -- 13.9 12.5 

20 20.4 14.0 12.7 

20 3.3 4.4 4.7 

22 -- -- 4.0 

23 -- 4.0 --
25 3.0 -- -- I 

26 2.9 -- --
28 -- 3.4 2.6 
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Table C 37· Data for Figyre 6 2 2 .. 

Time (min) TOCin (ppb) Tocoih (ppb) 
UV ilter 

TOCout (ppb) 
Filter/UV 

configuration Configuration 

-8 3.4 2.5 1.8 

0 3.4 2.5 1.8 

0 17.9 4.6 2.5 

2 -- 5.5 --
3 -- -- 2.5 

4 -- -- 2.5 

5 -- 6.8 --
6 20.4 -- --
7 21.6 -- --
9 -- 10.0 --
11 -- -- 3.6 

12 -- -- 3.4 

13.5 -- 10.1 --
14 20.4 -- --
17 -- 11.3 --
18 22.5 -- --
19 -- -- 4.3 

20 23.7 12.3 4.4 

20 3.6 6.8 4.4 

22 -- 3.9 --
22.5 3.6 -- --
25.5 -- 3.4 --
27 -- -- 2.6 

29 3.5 -- 2.1 
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Table C.38: Data for Figure 6.2.3 

Time (min) TOCin (ppb) TOCOi~ (ppb) TOCout (ppb) 
UV iIter Filter/UV 

configuration Configuration 

-8 2.2 2.5 1.8 

0 2.2 2.5 1.8 

0 14.4 13.1 13.4 

3 14.4 -- --
6 -- 13.6 13.4 

8.5 -- 14.9 --
11 -- -- 13.5 

12 15.5 14.2 14.4 

14 -- 15.4 --
17 -- -- --
19 -- -- 14.1 

20 16.5 16.5 14.2 

20 9.3 8.1 3.3 

20.5 8.9 -- --
22 -- 4.2 3.0 

27 -- -- 2.3 

28 2.3 -- --
29 -- 3.1 --
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Table C.39: Data for Figure 6.2.4 

Time (min) TOCin (ppb) TOCo/~ (ppb) TOCout (ppb) 
UV i1ter Filter/UV 

configuration Configuration 

-8 2.8 2.3 2.7 

0 2.8 2.3 2.7 

0 13.5 11.6 10.6 

3 -- -- 11.3 

4.5 -- -- 11.9 

6.7 13.8 12 --
7.5 14.8 -- --
14 -- -- 12.4 

16 -- 12.8 --
17 14.2 -- --
20 14.3 13.1 12.7 

20 3.4 2.7 2.7 

22.8 -- -- 2.7 

24.5 3.0 -- --
26.7 2.8 2.4 --
28.3 -- 2.3 --
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Table CAO: Data for Figure 6.2.5 

Time (min) TOCin (ppb) TOCOjh (ppb) TOCout (ppb) 
UV ilter Filter/UV 

configuration Configuration 

-8 3.5 3.3 2.6 

0 3.5 3.3 2.6 

0 39.1 32.8 23.0 

2 -- 33.1 25.1 

5.6 39.1 -- -- -. 

6.3 -- -- --
10.3 49.3 -- --
11.5 -- -- 35.1 

13.7 48.2 -- --
15.4 -- 35.4 --
19.5 50.3 -- --

20 50.5 36.2 35.5 

20 12.9 13.0 --
21.8 11.6 -- --
24.8 -- 11.6 4.9 

28.2 7.0 -- --
30 -- 5.1 3.9 
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Table C.41: Data for Figure 6.2.6 

Model Contaminant % Removal % Removal 
UV/fllter Filter/UV 

LPS 25.8 34.4 

Humic Acids· 59.4 83.4 

Alginic Acid 4.2 10.7 

Glycine 11.2 16.2 

Methionine 22.8 32.2 
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Table C.42: Data for Figure 6.3.1 

Time (min) TOqn (ppb) TOCout (ppb) TOCout (ppb) 
UV + ion-exchange ion-exchange alone 

-7 6.0 5.9 5.9 

0 6.1 5.9 5.9 

0 19.0 6.3 5.9 

6.5 -- 6.8 --
6.75 -- 7.0 --
6.8 21.2 -- --
7.27 -- -- 6.2 

13.93 -- 7.3 --
14.58 -- 7.2 --
14.65 -- -- 6.2 

16.17 23.9 -- --
20 25.0 --- --
20 6.0 -- --

21.5 -- 6.9 --
21.87 -- -- 6.0 

22.25 -- 7.0 --
28.17 -- 6.8 --
29.17 -- 6.8 --
29.4 -- -- --
32.83 -- 6.7 --
36.73 6.0 -- 5.9 
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Table C.43: Data for Figure 6.3.2 

Time (min) TOCiD (ppb) TOCout (ppb) TOCout (ppb) 
UV + ion-exchange ion-exchange alone 

-7 6.0 6.0 6.0 

0 6.0 6.0 6.0 

0 21.0 6.0 6.0 

7 24.0 7.0 6.1 

14 -- 6.9 6.3 

16 27.0 -- 6.3 

20 28.5 6.8 --
20 6.1 -- --

21.5 -- 6.5 --
31 -- -- 6.0 

36 -- 6.0 --
38 6.0 -- --
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Table C.44: Data for Figure 6.3.3 

Time (min) TOqn (ppb) TOCout (ppb) TOCout (ppb) 
UV + ion-exchange ion-exchange alone 

-10 5.0 5.0 3.6 

0 5.0 5.0 3.6 

0 15.0 -- --
4.3 -- 5.5 --
8.6 16.7 -- 4.3 

11 -- -- --
12 -- 5.9 --
17 18.5 -- 4.3 

19 -- -- --
20 19.2 -- --
20 5.1 5.4 4.1 

24 5.0 5.0 3.6 
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Table C.45: Data for Figure 6.3.4 

Time (min) TOCin (ppb) TOCout (ppb) 
UV + ion-exchange 

TOCout (ppb) 
ion-exchange alone 

-10 3.5 3.5 3.5 

0 3.5 3.5 --
0 10.0 -- --
6 -- 4.3 3.5 

6.5 12.0 -- --

12 -- -- 3.5 

13 -- 4.2 --
15 14.6 -- --
19 -- -- 3.6 

20 15.8 4.0 --
20 3.6 -- --
26 -- -- --
28 -- -- --
29 3.5 3.5 3.5 
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Table C.46: Data for Figure 6.3.5 

Time (min) TOCin (ppb) TOCout (ppb) TOCout (ppb) 
UV + ion-exchange ion-exchange alone 

-7 4.0 4.0 4.0 

0 4.0 4.0 4.0 

0 25.0 -- --
2 -- 6.2 --

3.58 30.7 -- --
5.67 -- -- --
8.67 -- 9.1 4.3 

10.5 -- 10.7 --
11.25 42.0 -- --
15.67 -- -- 4.4 

16.83 -- 13.1 --
19.83 -- -- --

20 51.8 14.2 4.3 

20 4.3 14.2 --
23.33 -- -- 4.2 

23.5 -- -- --
27.5 -- 8.0 --
30 4.3 6.8 4.0 

30.67 -- -- --
34.42 -- 5.7 --
37.67 -- -- --
41.5 -- 5.2 4.0 

43.32 4.1 4.8 --
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Table C.47: Data for Figure 6.3.6 

Time (min) TOCin (ppb) TOCout (ppb) TOCout (ppb) 
UV + ion-exchange ion-exchange alone 

-7 4.5 4.5 4.5 

0 4.5 4.5 4.5 

0 16.0 -- 4.5 

2.25 -- 20.0 --
2.58 20.6 -- --

5 -- 27.5 --
5.42 -- -- 17.0 

10.58 -- 36.5 --

11.58 37.1 -- --

13.58 -- -- 27.7 

14.5 -- 42.7 --
14.67 -- -- 26.7 

20 50.0 -- --
20 4.5 -- --

20.42 -- 48.4 --
22 -- -- 23.2 

23.8 -- -- 17.5 

24.17 -- 23.6 --
29.08 -- -- 9.8 

30.25 -- 13.9 --
32 -- -- 7.6 

33.33 4.5 -- --
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Table C.47: Data for Figure 6.3.6 (cont.) 

Time (min) TOCin (ppb) TOCout (ppb) 
UV + ion-exchange 

TOCout (ppb) 
ion-exchange alone 

37.17 -- 6.1 --
37.75 -- -- 5.3 --
39.42 -- -. 5.7 

41 -- 5.9 --
45.17 -- 5.2 --
45.25 -- -- 4.6 

48.67 -- 5.1 --
52 -- 4.8 --

52.75 -- -- 4.2 

55.42 -- 4.9 --
58.75 -- 4.8 --
59.5 4.6 4.7 4.1 
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Table C.4S: Data for Figure 6.3.7 

Model Contaminant TOC % removal TOC % removal 
ion-exchange alone UV + ion-exchange 

LPS 97.2 94.6 

Humic Acids 99.2 94.6 

Alginic Acid 98.4 97.1 

Glycine 99.9 96.9 

Methionine 99.8 85.5 

Ethanol 4.2 37.1 

Table C.49: Data for Figure 6.3.8 

Model Contaminant TOC % removal TOC % removal 
ion-exchange alone UV + ion-exchange 

LPS 99.99 95.9 

Humic Acids 99.99 97.1 

Alginic Acid 99.99 97.1 

Glycine 99.99 97.3 

Methionine 99.99 88.9 

Ethanol 18 50 
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Table C.50: Data for Figure 6.4.1 

Time TOCiD TOCout (ppb) TOCout (ppb) TOC ut (ppb) 
(min) (ppb) Action ofUV Action of Ozone Action or Ozone + UV 

-5 2.8 2.0 2.2 1.3 

0 2.8 2.0 2.2 1.3 

0.1 18.1 -- -- 9.5 

1 -- -- 17.7 --
3 -- 16.8 18.3 --
4 18.8 -- -- 10.7 

5 19.0 17.3 -- 11.9 

12 -- 19.4 -- --
13 21.0 -- -- 12.8 

14 -- 19.5 2;).0 13.1 

15 21.1 -- 20.2 --
20 21.0 19.7 21.0 13.1 

20 4.2 3.5 2.9 1.8 

26 -- 2.9 -- 1.6 

29 -- 2.4 2.2 1.3 

30 3.5 -- -- --
35 -- -- -- 1.3 

36 -- 2.1 -- --
37 3.1 -- -- --
39 2.8 -- -- --
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Table C.51: Data for Figure 6.4.2 

Time TOqn TOCout (ppb) 
(min) (ppb) Action ofUV 

TOCout (ppb) 
Action of Ozone 

TOC ut (ppb) 
Action or Ozone + UV 

-5 4.2 3.1 3.9 2.4 

0 4.2 3.1 3.9 2.4 

1 -- 8.2 -- --
2 -- -- 9.2 5.6 

3 -- 10.0 -- --
4 12.0 -- -- --
5 -- -- 10.1 6.1 

8 -- -- 11.5 --
9 13.0 11.2 -- 7.4 

10 -- 11.6 -- --
11 13.2 -- -- --
12 -- -- 11.5 7.9 

14 -- -- 11.5 --
16 -- 12.2 -- 8.0 

17 14.5 -- -- 8.0 

18 -- 12.2 12.5 --
19 14.9 -- -- --
20 -- -- 12.7 --
21 -- 12.1 -- --
22 -- -- 12.7 --
24 15.5 -- -- 7.9 

25 -- 12.1 -- --
27 -- -- 12.7 --
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Table C.51: Data for Table 6.4.2 (cont.) 

Time TOCin TOCout (ppb) TOCout (ppb) TOe ut (ppb) 
(min) (ppb) Action of UV Action of Ozone Action of Ozone + UV 

29 15.6 -- 13.0 --
30 15.6 12.1 -- --
31 -- -- -- 8.3 

33 -- -- 12.9 --
36 15.6 -- 12.7 8.3 

37 -- 12.0 -- --
39 -- 11.8 -- 8.3 

39.9 15.6 11.8 12.9 3.9 

40.01 5.5 4.2 12.9 --
41 5.5 -- 4.3 3.9 

42 5.4 -- -- --
43 -- -- 4.3 --
44 -- -- -- 2.7 

46 -- 3.8 -- 2.7 

47 5.3 -- -- --
55 -- 3.3 3.9 2.7 

58 4.5 3.3 -- --
59 -- -- 3.9 --



373 

Table C 52' Data for Figyre 6 4 3 .. 

Time TOCiD TOCout (ppb) TOCout (ppb) TOC ut (ppb) 
(min) (ppb) Action ofUV Action of Ozone Action or Ozone + UV 

-5 4.0 3.0 3.0 2.0 

0 4.0 3.0 3.0 2.0 

0.1 30.0 18.0 28.0 2.0 

1 -- -- -- 11.0 

2 -- 23.0 -- 14.0 

3 -- -- -- --
4 -- -- 36.0 --
5 40.0 -- 38.0 19.0 

10 48.0 -- -- --
11 -- -- 48.0 30.0 

12 -- -- -- --
13 -- 41.0 -- --
14 -- -- 52.0 --
IS 57.0 -- -- 37.0 

19 65.0 -- -- 45.0 

20 66.0 53.0 64.0 46.0 

21 11.0 13.0 4.0 3.5 

22 -- 12.0 -- --
24 8.0 -- -- --
25 -- -- 3.0 3.0 

27 6.0 -- -- --
28 -- 4.0 -- 2.0 

32 6.0 -- -- --
34 -- 3.0 -- --
36 -- -- 3.0 --
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Table C 53' Data for Fil!Ure 64 4 .. 

Time TOCin TOCout (ppb) TOCout (ppb) TOC ut (ppb) 
(min) (ppb) Action ofUV Action of Ozone Action of Ozone + UV 

-5 3.0 2.0 3.0 1.0 

0 3.0 2.0 3.0 2.0 

0.1 24.0 -- 22.6 --
0.3 -- 22.0 -- 11.0 

3 -- -- -- 12.0 

4 -- 26.0 -- --
6 34.5 -- -- 13.0 

10 -- -- 37.5 --
11 -- -- -- 15.0 

12 -- 36.0 -- --
14 45.0 -- -- 16.0 

19 -- -- -- 17.0 

20 52.5 43.5 50.0 17.6 

21 32.5 28.0 30.0 3.0 

26 -- -- -- 2.5 

28 -- 9.0 -- --

30 -- -- 12.0 --
32 10.0 -- 9.5 --
33 -- -- -- 2.0 

37 -- 4.0 -- --
38 -- -- 5.0 --
39 5.0 -- -- --
42 4.0 -- -- --
43 -- -- 3.8 --
44 -- 2.5 -- --
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Table C.54: Data for Figure 6.4.5 

Model % Removal % Removal % Removal % Removal 
Compound Ozone Alone UV Alone Linear Sum Ozone+UV 

Experiment 

LPS 6.3 12.1 18.4 44.0 

Humic Acid 11.5 16.0 27.5 47.0 

Methionine 3.1 28.0 31.1 43.0 

Ethanol 7.6 18.0 25.6 65.0 

Table C.55: Data for Figure 6.4.6 

Model % Removal % Removal % Removal % Removal 
Compound Ozone Alone UV Alone Linear Sum Ozone+UV 

Experiment 

LPS: 25 ppb 9.4 19.7 29.1 64.0 

LPS: 50 ppb 6.3 12.1 18.4 43.7 

LPS:l00 ppb 5.9 12.4 18.3 28.8 

Table C.56: Dat" for Figure 6.4.7 

Model Compound % Removal % Removal % Removal % Removal 
Ozone Alone UV Alone Linear Sum Ozone+UV 

Experiment 

Met: 25 ppb 8.0 32.6 40.6 48.4 

Met: SO ppb 3.1 27.8 31.0 43.3 

Met:100 ppb 14.0 13.1 27.1 37.S 
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Table C.57: Data for Figure 6.4.9 

Time Particlesin . Particlesout/ml Particlesout/ml Particlesout/ml 
(min) per ml UV Alone Ozone Alone UV + Ozone 

0 0 0 220 59 

1 21400 6942 17240 8000 

3 21475 -- 17240 8073 

5 -- 8768 -- --
7 21606 -- 17589 7940 

9 -- 8503 -- --
10 -- -- 16890 --
11 21828 -- -- 7699 

13 -- 8378 -- --
14 -- -- -- --
IS 21729 -- 17697 8125 

19 21298 8261 17099 8080 

21 -- 1318 -- --
22 -- -- 255 --
23 4 -- -- 171 

25 -- 4 -- --
26 -- -- 14 --
27 -- -- -- 168 
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Table C.58: Data for Figure 6.4.10 

Time Particlesin particl~ut/ml Particlesout/ml Particlesout/ml 
(min) per ml UV one Ozone Alone UV + Ozone 

0 0 46 226 170 

3 5086 2382 5331 2523 

7 5049 2397 5283 2593 

11 5155 2467 5205 2677 

15 5181 2453 5250 2553 

19 4946 2550 5299 2537 

20 4946 2550 5299 2537 

23 18 200 200 194 

27 4 0 0 0 

Table C.59: Data for Figure 6.4.11 

Time Particlesin Particl~ut/ml Particlesoutlml Particlesout/ml 
(min) per ml UV one Ozone Alone UV + Ozone 

0 0 0 0 0 

2 1810 1025 2475 1026 

6 1990 1096 2518 1020 

10 2257 1096 2413 1044 

13 2323 1080 2489 1148 

18 2473 1080 2489 1148 

20 2473 1080 2489 1148 

22 0 2% 13 0 

26 0 0 0 0 
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Table C.6O: Data for Figure 6.4.12 

Time Particlesin Particl~ut/ml Particiesout/ml Particlesout/ml 
(min) per ml UV one Ozone Alone UV + Ozone 

0 29 8 30 30 

1 30000 37000 26452 35457 

3 30578 -- -- --
5 -- 37575 -- --
6 -- -- 26591 35070 

7 31026 -- -- --
9 -- 38019 -- --
10 -- -- 26489 35439 

11 30455 -- -- --
13 -- 38022 -- --
14 -- -- 25026 35160 

15 31257 -- -- --
17 -- 38382 -- --
19 31006 -- 26074 35499 

20 -- 38400 -- --
21 -- 13492 -- --
22 -- -- 9991 7682 

23 33 -- -- --
25 -- 44 -- --
26 -- -- 87 76 

27 21 -- -- --
29 -- 4 -- 75 
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Table C.61: Data for Figure 6.4.13 

Time Particlesin particl~ut/ml Particlesout/ml Particlesout/mi 
(min) per ml UV one Ozone Alone UV + Ozone 

0 18 92 71 0 

1 37756 30974 34383 27980 

3 38419 30899 34315 29673 

7 38522 30559 34241 29313 

11 38056 30064 34519 30109 

15 38287 30957 34350 29724 

20 38287 30957 34350 29724 

23 341 760 733 549 

27 26 0 0 0 
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Table C.62: Data for Figure 6.4.14 

Time Particlesin particl~ut/ml Particlesout/ml Partic1esout/ml 
(min) per rol UV one Ozone Alone UV + Ozone 

0 20 22 22 22 

1 26000 18000 29572 17700 

4 25613 -- -- 17587 

5 -- 18827 -- --
6 -- -- 28955 --
8 26990 -- -- --
9 -- -- -- 18022 

10 -- -- 28745 --
11 -- 18736 -- --
12 28857 -- -- 18368 

14 -- -- 29136 --
15 -- 19058 -- --
16 30060 -- -- 18004 

19 -- -- 29346 --
20 30060 18508 -- 18000 

21 -- -- 3444 --
22 -- -- -- 2362 

23 -- -- 35 --
24 7 13 -- --
25 -- -- 6 --
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Table C.63: Data for Figure 6.4.15 

TOC (ppb) % Removal % Removal % Removal % Removal 
Humic Acids Ozone Alone UV Linear Sum Experimental Sum 

Alone UV+Ozone UV + Ozone 

40 18.8 13.7 32.5 18.9 

10 8.5 23.44 32.9 25.5 

4 -7.6 41.1 33.5 42.8 

Table C.64: Data for Figure 6.4.16 

TOC (ppb) % Removal % Removal % Removal % Removal 
LPS Ozone Alone UV Linear Sum Experimental Sum 

Alone UV + Ozone UV + Ozone 

20 8.6 55.5 49.3 67.58 

8 1.2 34.8 36.0 52.5 

4 20.5 28.8 64.1 53.0 
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Table C.65: Data for Figure 6.5.5 

Time TOCin (ppb) Action of Action of 75 Action of Action of 
(min) 105 pm Pore pm 45 pm Catalytic 

Size Filter Pore Size Pore Size Filter 
TOCout (ppb) Filter TOCout Filter 92 pm 

(ppb) TOCout (ppb) Pore Size 
TOCout 

(Ppb) 

0 2.2 2.2 2.1 1.9 2.1 

0.1 21.1 11 9.5 8.1 8.6 

1 -- 11 -- -- --
2 -- -- 9.5 -- --
3 21.1 -- -- -- 8.6 

4 -- -- -- 8.1 8.7 

5 -- -- 10.0 -- --
6 -- -- -- 8.0 --
10 21.4 11 9.9 -- --
12 21.3 11.2 -- -- 8.8 

13 -- -- 9.8 -- 9.1 

14 -- -- -- 8.2 --
18 -- 11.1 10.1 -- --
19 -- 11.2 -- -- --
20 -- -- -- -- 8.9 

21 21.1 -- 10.0 -- 8.8 

22 -- -- -- 8.2 --
25 -- -- 10.2 -- --
26 -- 11.1 -- -- --
27 -- 10.9 -- -- --
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Table C.65: Data for Figure 6.5.5 (cont.) 

Time (min) TOqn (ppb) Action of Action of 75 Action of Action of 
105 f-lm Pore f-lm 45f-lm Catalytic 

Size Filter Pore Size Pore Size Filter 
TOCout Filter Filter 92 f-lm Pore 

(ppb) TOCout TOCout Size 
(ppb) (ppb) TOCout 

(ppb) 

28 20.9 -- -- -- 8.9 

29 -- -- 10.0 -- 8.9 

30 -- -- -- 8.2 --
34 -- 11.3 -- -- --
35 -- 11.0 10.4 -- --
36 -- -- -- -- 9.0 

37 21.1 -- 10.1 -- 9.2 

39 -- -- -- 8.2 --
40 21.1 11.3 10.1 8.2 9.0 

40 21.1 2.4 2.4 2.1 2.2 

42 -- 2.4 -- -- --
43 -- 2.2 2.4 -- --
45 -- -- 2.3 -- 2.2 

46 2.3 -- -- -- 2.3 

47 -- -- -- 2.0 --
48 -- 2.2 2.2 -- --
49 -- 2.2 -- -- --
51 2.2 -- 2.3 -- 2.1 

52 -- -- -- 1.9 --
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Table C.66: Data for Figure 6.5.6 

Time (min) TOCin (ppb) Action of Action of 75 Action of Action of 
105 f-lm Pore f-lm 45f-lm Catalytic 

Size Filter Pore Size Pore Size Filter 
TOCout Filter Filter 92 f-lm Pore 

(ppb) TOCout TOCout Size 
(ppb) (ppb) TOCout 

(ppb) 

0 2.1 2.2 2.1 1.9 2.2 

0.1 16.9 9.8 9.6 9.0 9.4 

1 -- -- -- 9.0 --
2 16.9 -- 9.6 -- --
3 -- 9.8 -- 9.6 9.6 

5 ._- -- 9.8 -- 9.4 

9 -- 10.0 10.1 9.3 --
10 -- 10.2 -- -- 9.7 

11 16.9 -- -- -- --

12 -- -- 10.1 -- 9.6 

15 -- -- 10.1 -- --
16 17.1 10.2 -- 9.1 --
17 -- 10.2 -- -- 9.8 

19 -- -- 10.2 -- 9.9 

22 -- -- 10.2 -- --
23 17.2 10.2 -- 9.1 9.8 

24 -- 10.4 -- 9.3 --
25 17.7 -- -- -- 9.6 

26 -- -- 10.2 -- --
29 -- 10.4 10.2 -- --
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Table C.66: Data for Figure 6.5.6 (cont.) 

Time (min) TOCin (ppb) Action of Action of 75 Action of Action of 
105 J.lm Pore J.lm 45J.lm Catalytic 

Size Filter Pore Size Pore Size Filter 
TOCout Filter Filter 92 J.lm Pore 

(ppb) TOCout TOCout Size 
(ppb) (ppb) TOCout 

(ppb) 

30 -- -- -- 9.3 --
31 -- -- -- 9.3 10.0 

32 17.6 10.4 -- -- --
33 -- -- 10.2 -- 9.8 

36 -- 10.6 10.2 -- --
38 -- -- -- 9.1 9.8 

39 -- 10.4 -- -- --
40 17.2 10.4 10.2 9.1 9.7 

40 2.4 2.4 2.3 2.1 2.3 

41 -- -- 2.3 -- --

43 -- 2.2 2.3 -- --
45 -- -- -- -- 2.3 

46 -- 2.4 2.0 2.1 --
47 2.4 -- -- -- 2.3 

48 -- -- 2.3 -- --
49 -- 2.0 -- -- --
50 -- -- -- -- 2.3 

51 -- 2.3 -- -- 1.9 

52 -- -- -- -- 2.2 

53 2.2 -- -- -- --
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Table C.67: Data for Figure 6.5.7 

Model TOC% TOC% TOC% TOC% 
Compound Removal for 105 Removal for 75 Removal for 45 Removal for 92 

pm Filter pm Filter pm Filter pm Catalytic 
FIlter 

Humic Acids 40.5 41.5 46.7 44.0 

LPS 47.6 52.4 61.1 58.3 

Table C.68: Data for Figure 6.6.1 

Process Component % Removal Based on TSA I % Removal Based on R2A II 
Medium Medium 

Reverse Osmosis 97.4 98.4 

Ion Exchange 
with Ozone 94.1 89.0 

Ion Exchange Alone 31.1 78.4 

UV-185 72.8 35.8 

Table C.69: Data for Figure 6.6.2 

Reverse Osmosis Ion Exchange Ion Exchange UV-185 
with Ozone Alone 

Difference in 
Bacteria -1.0 5.1 -47.1 37.0 
Removal 

Effectiveness 
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Table C.70: Data for Figure 6.6.3 

Time (hours) Log [MS2] in pfu/ml Log [PRD-l] in pfu/ml 

0 3.2480 5.2988 

1 2.0334 5.2355 

2 1.8195 5.1303 

3 1.8062 5.1106 

4 1.5563 5.0899 

Table C.71: Data for Figure 6.6.4 

Organic Contaminant % Removal Using % Removal Using 
UV-185 Ion Exchange 

Oxalate 185 -20.5 

Acetate 31.8 128 

AOC 144 1 

TOe -80 28.6 
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Table C 72· Data for Table B 1 

Time( TOCin TOCout Model Model Model 
min) (ppb) (ppb) k=O.OI min-1 k=O.OS min-1 k=0.10 min-1 

0 14.4 14.1 14.3 14.1 13.8 

1 -- -- 143 14.1 13.8 

2 -- -- 14.3 14.1 13.8 

3 -- -- 14.3 14.1 13.8 

3.5 14.4 -- -- -- --
4 -- -- 14.3 14.1 13.8 

S -- 14.1 14.3 14.1 13.8 

S.8 14.4 -- -- -- --
6 -- -- 14.3 14.1 13.8 

7 -- -- 14.3 14.2 13.9 

8 -- -- 14.3 14.3 14.0 

9 -- -- 14.6 14.4 14.0 

9.8 -- 14.3 -- -- --
10 -- -- 14.6 14.4 14.1 

11 -- -- 14.7 14.5 14.2 

12 -- -- 14.8 14.5 14.2 

13 -- 14.3 14.8 14.6 14.3 

14 14.4 -- 14.9 14.7 14.4 

15 -- -- 14.9 14.6 14.3 

16 -- -- 14.9 14.7 14.4 

17 -- -- 14.9 14.7 14.4 

18 -- 14.5 lS.0 14.7 14.4 

19 -- -- lS.0 14.8 14.S 

20 15.1 14.5 15.0 14.8 14.S 
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Table C 73· Data for Figyre B 2 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=0.10 minot k=O.20 minot k =0.30 minot 

0 13 12.3 12.5 12.0 11.5 

1 -- -- 12.5 12.0 11.5 

2 -- -- 12.5 12.0 11.5 

3 -- -- 12.5 12.0 11.5 

4 -- -- 12.5 12.0 11.5 

5 13 -- 12.5 12.0 11.5 

6 -- -- 12.5 12.0 11.6 

6.1 -- 12.3 -- -- --
7 -- -- 12.5 12.0 11.6 

8 -- -- 12.5 12.0 11.6 

9 -- -- 12.6 12.1 11.6 

10 -- -- 12.6 12.1 11.6 

11 -- -- 12.6 12.1 11.6 

12 -- -- 12.6 12.1 11.6 

13 -- -- 12.6 12.1 11.6 

13.6 -- 12.5 -- -- --
14 -- -- 12.6 12.1 11.6 

15 -- -- 12.6 12.1 11.6 

16 -- -- 12.6 12.1 11.6 

16.5 13.2 12.8 -- -- --
17 -- -- 12.7 12.2 11.7 

18 -- -- 12.7 12.2 11.7 

19 -- -- 12.7 12.2 11.7 

20 13.2 12.8 12.7 12.2 11.7 
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Table C.74: Data for Figure B.3 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=O.10 min-! k=0.50 min-! k=I.00 min-i 

0 21.2 14.6 20.4 17.3 14.1 

1 -- -- 20.4 17.3 14.1 

2 -- -- 20.4 17.3 14.1 

3 -- -- 20.4 17.3 14.1 

4 -- 14.6 20.4 17.3 14.1 

5 21.2 -- 20.4 17.3 14.1 

6 -- -- 20.4 17.3 14.1 

7 21.2 17.2 20.4 17.3 14.1 
, 

8 -- -- 20.7 17.6 14.3 

9 -- -- 21.0 17.9 14.6 

10 -- -- 21.3 18.1 14.8 

11 -- -- 21.7 18.4 15.0 

12 -- -- 22.0 18.7 15.2 

13 -- -- 22.3 19.0 15.5 

14 -- 17.9 22.9 19.2 15.7 

15 23.9 -- 22.9 19.5 15.9 

16 23.9 19.3 22.9 19.5 15.9 

17 -- -- 22.9 19.5 15.9 

18 -- -- 22.9 19.5 15.9 

19 -- -- 22.9 19.5 15.9 

20 23.9 19.3 22.9 19.5 15.9 
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Table C.75: Data for Figure B.4 

Time TOCin TOCoul Model Model Model 
(min) (ppb) (ppb) k=O.lO min-1 k=O.30 min-1 k=0.50 min-1 

0 14.5 12.4 13.9 12.8 11.8 

1 -- -- 14.1 13.0 12.0 

2 14.8 -- 14.2 13.1 12.1 

3 -- -- 14.2 13.1 12.1 

4 -- 13 14.5 13.4 12.3 

5 15.4 -- 14.8 13.6 12.6 

6 -- 13.6 15.1 13.9 12.9 

7 -- -- 15.5 14.3 13.1 

8 -- -- 15.8 14.6 13.4 

9 16.8 -- 16.1 14.9 13.7 

10 -- -- 16.3 15.0 13.9 

11 -- -- 16.5 15.2 14.0 

12 -- -- 16.7 15.4 14.2 

13 17.8 -- 17.1 15.8 14.5 

14 -- 15.1 17.3 16.0 14.7 

15 -- -- 17.5 16.2 14.9 

16 -- -- 17.8 16.4 15.1 

17 18.5 -- 17.9 16.5 15.2 

18 -- -- 18.1 16.7 15.4 

19 -- -- 18.2 16.8 15.5 

20 19 16.3 18.4 17.0 15.6 
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Table C.76: Data for Figure B.5 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=O.lO min-1 k=O.30 min-1 k=0.50 min-1 

0 21.4 19.9 20.5 17.5 14.3 

1 -- -- 20.8 17.7 14.4 

2 -- 20.1 21.1 18.0 14.6 

3 -- -- 21.4 18.2 14.8 

4 -- -- 21.7 18.4 15.0 

5 -- -- 22.0 18.7 15.2 

6 23.2 20.6 22.3 18.9 15.4 

7 23.5 -- 22.6 19.2 15.6 

8 -- -- 22.8 19.4 15.8 

9 -- -- 23.0 19.5 15.9 

10 -- -- 23.2 19.7 16.1 

11 -- 21.1 23.4 19.9 16.2 

12 -- -- 23.6 20.1 16.4 

13 -- -- 23.9 20.3 16.5 

14 -- -- 24.1 20.5 16.7 

15 25.3 21.9 24.3 20.6 16.8 

16 -- -- 25.8 22.0 17.9 

17 -- -- 25.8 22.0 17.9 

18 -- -- 25.8 22.0 17.9 

19 -- -- 25.8 22.0 17.9 

20 26.9 22.9 25.8 22.0 17.9 
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Table C.77: Data for Figure B.6 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=0.10 minot k=0.50 minot k=l.00 minot 

0 10.1 7.4 9.7 8.2 6.7 

1 -- -- 10.0 8.5 6.9 

2 -- -- 10.3 8.8 7.2 

3 -- -- 10.6 9.0 7.4 

4 -- -- 10.9 9.3 7.6 

5 11.7 9.9 11.2 9.5 7.8 

6 12.1 10.4 11.6 9.9 8.1 

7 -- -- 11.9 10.0 8.2 

8 -- -- 12.1 10.3 8.4 

9 -- -- 12.4 10.5 8.6 

10 -- -- 12.6 10.7 8.8 

11 -- -- 12.9 11.0 8.9 

12 -- -- 13.2 11.2 9.1 

13 -- -- 13.4 11.4 9.3 

14 -- 12.6 13.7 11.6 9.5 

15 14.5 12.8 13.9 11.8 9.7 

16 14.5 -- 13.9 11.8 9.7 

17 -- -- 13.9 11.8 9.7 

18 -- -- 13.9 11.8 9.7 

19 -- -- 13.9 11.8 9.7 

20 14.5 12.8 13.9 11.8 9.7 
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Table C.78: Data for Figure B.7 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=0.10 min-I k=0.50 min-l k=l.00 min-I 

0 24.5 19.3 23.5 20.0 16.3 

1 -- -- 25.0 21.2 17.3 

2 -- -- 26.4 22.4 18.3 

3 -- -- 27.8 23.7 19.3 

4 30.5 -- 29.3 24.9 20.3 

5 .- 25.8 30.7 26.1 21.3 

6 33.5 26.3 32.2 27.3 22.3 

7 -- -- 33.4 28.4 23.2 

8 -- -- 34.7 29.5 24.1 

9 -- -- 36.0 30.6 24.9 

10 -- -. 37.2 31.6 25.8 

11 41.4 .. 39.8 33.8 27.6 

12 -- -- 41.4 35.1 28.7 

13 -. 35.5 43.0 36.5 29.8 

14 46.4 36 44.5 37.9 30.9 

15 -. -. 46.2 39.2 32.0 

16 -. .. 47.8 40.6 33.1 

17 -- -- 49.4 41.9 34.2 

18 -- -- 51.0 43.3 35.3 

19 -- -- 52.6 44.7 36.4 

20 15.7 44 54.2 46.0 37.6 
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Table C.79: Data for Figure B.8 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=0.10 min-1 k=O.3O min-1 k=0.50 min-1 

0 17 14.3 16.3 15.0 13.9 

1 -- 16.1 18.1 16.6 15.3 

2 20.6 -- 19.8 18.2 16.8 

3 22.4 -- 19.8 18.2 16.8 

4 -- -- 21.5 19.9 18.3 

5 -- 23.2 23.3 21.5 19.8 

6 -- -- 25.1 23.1 21.3 

7 -- -- 26.8 24.7 22.8 

8 -- -- 28.6 26.3 24.3 

9 -- 31.5 30.3 28.0 25.8 

10 -- -- 32.2 29.6 27.3 

11 37.1 -- 35.6 32.8 30.3 

12 37.5 -- 36.9 33.2 30.6 

13 -- 37.1 36.4 33.5 30.9 

14 -- -- 36.8 33.9 31.3 

15 -- -- 37.2 34.3 31.6 

16 -- -- 37.5 34.6 31.9 

17 -- -- 37.9 35.0 32.2 

18 -- -- 38.3 35.3 32.6 

19 -- -- 38.7 35.7 32.9 

20 31.2 39.9 39.1 36.0 33.2 
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Table C.80: Data for Figure B.9 

Time TOqn TOCout Model Model Model 
(min) (ppb) (ppb) k=O.lO min-! k=0.50 min-1 k=1.00 min-1 

0 42.2 32.2 40.7 34.6 28.2 

1 -- -- 41.3 35.1 28.6 

2 -- -- 41.8 35.5 29.0 

3 -- -- 42.4 36.0 29.4 

4 44.7 -- 42.9 36.5 29.8 

5 -- -- 43.4 36.9 30.1 

6 -- -- 44.0 37.4 30.5 

7 -- -- 44.5 37.9 30.9 

8 -- -- 45.1 38.3 31.3 

9 -- -- 45.6 38.8 31.6 

10 -- 36.2 46.2 39.3 32.0 

11 -- -- 46.7 39.7 32.4 

12 -- -- 47.3 40.2 32.8 

13 -- -- 47.8 40.6 33.2 

14 50.4 -- 48.4 41.1 33.5 

15 -- -- 48.9 41.6 33.9 

16 -- -- 49.5 42.0 34.3 

17 -- -- 50.0 42.5 34.7 

18 -- 39.4 50.6 43.0 35.1 

19 -- -- 51.1 43.4 35.4 

20 53.8 40.2 51.7 43.9 35.8 



397 

Table CS1: Data for Figure B.1O 

Time TOqn TOCout Model Model Model 
(min) (ppb) (ppb) k=0.10 min-! k=O.30 min-! k=0.50 min-l 

0 40.5 36.6 38.9 35.8 33.0 

1 -- -- 39.2 36.1 33.3 

2 -- -- 39.5 36.4 33.5 

3 -- -- 39.8 36.6 33.8 

4 -- -- 40.0 36.9 34.0 

5 -- -- 40.3 37.1 34.3 

6 -- -- 40.6 37.4 34.5 
0. 

7 -- -- 40.9 37.7 34.7 

8 42.9 39.9 41.2 38.0 35.0 

9 -- -- 41.5 38.2 35.3 

10 -- -- 41.8 38.5 35.5 

11 -- -- 42.1 38.8 35.7 

12 -- -- 42.3 39.0 36.0 

13 -- -- 42.6 39.3 36.2 

14 -- -- 42.9 39.6 36.5 

15 -- -- 43.2 39.8 36.7 

16 -- -- 43.5 40.1 37.0 

17 -- -- 43.8 40.4 37.2 

18 -- 44.0 44.1 40.6 37.5 

19 46.2 -- 44.4 40.9 37.7 

20 46.5 44.8 44.6 41.2 37.9 
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Table C.82: Data for Figure B.ll 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=0.10 min-1 k=0.50 min-1 k=1.00 min-1 

0 22.3 15.2 21.4 18.2 14.8 

1 22.6 15.5 21.7 18.4 15.0 

2 -- -- 22.0 18.7 15.2 

3 -- -- 22.2 18.9 15.4 

4 -- -- 22.5 19.1 15.6 

5 -- -- 22.8 19.4 15.8 

6 -- -- 23.1 19.6 16.0 

7 -- -- 23.4 19.0 16.2 

8 -- -- 23.7 20.1 16.4 -
9 -- 18.1 23.9 20.3 16.6 

10 25.2 -- 24.2 20.6 16.8 

11 -- -- 24.4 20.7 16.9 

12 -- -- 24.5 20.8 17.0 

13 -- -- 24.7 21.0 17.1 

14 -- -- 24.8 21.1 17.2 

15 -- -- 25.0 21.3 17.3 

16 26.2 18.3 25.2 21.4 17.5 

17 -- -- 25.3 21.5 17.6 

18 -- -- 25.5 21.7 17.7 

19 -- -- 25.7 21.8 17.8 

20 26.9 18.4 25.8 22.0 17.9 
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Table C.83: Data for Figure B.12 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=O.10 min"1 k=O.50 min"1 k= 1.00 min"1 

0 19.2 15.2 18.4 15.7 12.8 

1 19.7 15.5 18.9 16.1 13.1 

2 -- -- 19.4 16.5 13.5 

3 -- -- 19.9 16.9 13.8 

4 -- -- 20.4 17.4 14.2 

5 -- -- 20.9 17.8 14.5 

6 -- -- 21.4 18.2 14.9 

7 -- -- 21.9 18.6 15.2 
r--" 

8 -- -- 22.4 19.1 15.6 

9 23.9 18.1 22.9 19.5 15.9 

10 25.2 -- 23.5 19.9 16.3 

11 -- -- 24.4 20.7 16.9 

12 -- -- 24.5 20.8 17.0 

13 -- -- 24.7 21.0 17.1 

14 -- -- 24.8 21.1 17.2 

15 -- -- 25.0 21.2 17.3 
-

16 26.2 18.3 25.2 21.4 1.7.4 

17 -- -- 25.3 21.5 17.6 

18 -- -- 26.1 22.2 18.1 

19 -- -- 27.1 23.0 18.8 

20 30.2 22.4 28.0 23.8 19.4 
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Table C.B4: Data for Figure B.13 

Time TOqn TOCoul Model Model Model 
(min) (ppb) (ppb) k=l.00 min-! k=3.00 min-! k=5.00 min-! 

0 15 3.6 10.2 4.7 2.1 

1 -- -- 10.3 4.7 2.2 

2 -- -- 10.4 4.8 2.2 

3 -- -- 10.6 4.9 2.2 

4 -- -- 10.7 4.9 2.3 

5 -- -- 10.9 5.0 2.3 

6 -- -- 11.0 5.0 2.3 

7 -- -- 11.2 5.1 2.3 

8 -- -- 11.3 5.2 2.4 

8.6 16.7 4.3 -- -- --
9 -- -- 11.4 5.2 2.4 

10 -- -- 11.6 5.3 2.4 

11 -- -- 11.7 5.4 2.5 

12 -- -- 11.9 5.4 2.5 

13 -- -- 12.0 5.5 2.5 

14 -- -- 12.1 5.6 2.6 

15 -- -- 12.3 5.6 2.6 

16 -- -- 12.4 5.7 2.6 

17 18.5 4.3 12.6 5.8 2.6 

18 -- -- 12.7 5.8 2.7 

19 -- -- 12.9 5.9 2.7 

20 19.2 4.3 13.0 6.0 2.7 
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Table C.8S: Data for Figure B.14 

Time TOqn TOCout Model Model Model 
(min) (ppb) (ppb) k=l.00 minot k=3.00 min"l k=S.OO min"l 

0 10 3.5 6.8 3.1 1.4 

1 -- -- 7.0 3.2 1.5 

2 -- -- 7.2 3.3 1.5 

3 -- -- 7.4 3.4 1.5 

4 -- -- 7.6 3.5 1.6 

5 -- -- 7.8 3.6 1.6 

6 -- 3.5 7.9 3.6 1.7 

6.5 12 -- -- -- --
7 -- -- 8.1 3.7 1.7 

8 -- -- 8.3 3.8 1.8 

9 -- -- 8.5 3.9 1.8 

10 -- -- 8.7 4.0 1.8 

11 -- -- 8.9 4.1 1.9 

12 -- 3.5 9.1 4.2 1.9 

13 -- -- 9.3 4.3 2.0 

14 -- -- 9.5 4.4 2.0 

15 14.6 -- 9.7 4.5 2.0 

16 -- -- 9.9 4.5 2.1 

17 -- -- 10.1 4.6 2.1 

18 -- -- 10.3 4.7 2.2 

19 -- 3.6 10.5 4.8 2.2 

20 15.8 3.6 10.7 4.9 2.2 



402 

Table C.86: Data for Figure B.15 

Time TOCin TOCout Model Model Model 
(min) (Ppb) (ppb) k=l.00 min-! k=3.00 min-! k=5.00 min-! 

0 12.3 4.6 8.2 4.3 1.9 

1 -- -- 8.4 4.3 1.9 

2 -- -- 8.5 4.3 1.9 

3 -- -- 8.7 4.3 1.9 

4 -- 4.6 8.8 4.3 1.9 

5 -- -- 8.9 4.3 1.9 

6 -- -- 9.1 4.3 1.9 
-

7 -- -- 9.2 4.4 1.9 

8 -- -- 9.3 4.4 1.9 

9 -- -- 9.5 4.4 1.9 

10 -- -- 9.6 4.4 1.9 

11 14.5 4.9 9.7 4.4 1.9 

12 -- -- 9.9 4.4 1.9 

13 -- -- 10.0 4.4 1.9 

14 -- -- 10.2 4.4 1.9 

15 -- -- 10.3 4.4 1.9 

16 -- -- lOA 4.4 1.9 

17 -- 5.1 10.6 4.4 1.9 

18 -- -- 10.7 4.5 1.9 

19 16.1 -- 10.8 4.5 1.9 

20 16.3 5.1 11.0 4.5 1.9 
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Table C.87: Data for Figure B.16 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=1.00 min-l k=3.00 min-l k=5.00 min-l 

0 14 4.3 9.5 4.8 2.1 

1 -- -- 9.6 4.8 2.1 

2 -- -- 9.7 4.8 2.1 

3 -- -- 9.8 4.8 2.1 

4 -- -- 9.9 4.8 2.1 

5 -- -- 10.0 4.8 2.1 

6 -- -- 10.0 4.8 2.1 

7 -- 4.3 10.1 4.8 2.1 

8 -- -- 10.2 4.8 2.1 

9 -- -- 10.3 4.8 2.1 

10 -- -- 10.4 4.8 2.1 

11 -- -- 10.5 4.8 2.1 

12 15.7 -- 10.6 4.8 2.1 

13 -- -- 10.7 4.8 2.1 

14 -- 4.5 10.8 4.8 2.1 

15 -- -- 10.9 4.8 2.1 

16 -- -- 11.0 4.8 2.1 

17 -- -- 11.1 4.8 2.1 

18 -- -- 11.2 4.8 2.1 

19 16.7 -- 11.3 4.8 2.1 

20 16.8 4.5 11.4 4.8 2.1 
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Table C.88: Data for Figure B.17 

Time TOCiD TOCout Model Model Model 
(min) (ppb) (ppb) k= 1.00 min-1 k=3.00 min-1 k=5.00 min-1 

0 18.7 4.6 12.7 6.3 2.8 

1 -- 4.6 12.7 6.3 2;8 

2 -- -- 12.8 6.3 2.8 

3 -- -- 12.9 6.3 2.8 

4 -- -- 13.0 6.3 2.8 

5 19.3 -- 13.1 6.3 2.8 

6 -- -- 13.2 6.3 2.8 

7 -- 5.1 13.2 6.3 2.8 

8 -- 5.1 13.3 6.3 2.8 

9 19.8 -- 13.4 6.3 2.8 

10 -- -- 13.4 6.1 2.8 

11 -- -- 13.7 6.3 2.9 

12 -- -- 14.0 6.4 2.9 

13 -- -- 14.3 6.5 3.0 

14 -- 5.3 14.5 6.7 3.1 

15 22.3 -- 14.8 6.8 3.1 

16 21.9 -- 14.8 6.8 3.1 

17 -- -- 15.6 7.1 3.3 

18 -- -- 15.8 7.2 3.3 

19 -- -- 16.0 7.3 3.4 

20 24 5.4 16.2 7.4 3.4 
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Table C.89: Data for Figure B.18 

Time TOCin TOCout Model Model Model 
(min) (ppb) (ppb) k=0.50 min-I k=I.00 min-I k=2.00 minot 

0 16.5 6.4 13.6 11.2 7.6 

I 
1 -- -- 21.7 17.8 12.1 

2 36.6 14.6 29.7 24.5 16.6 

3 -- -- 37.8 31.1 21.1 

4 55.8 -- 45.9 37.8 25.6 

5 -- -- 48.7 40.0 27.1 

6 -- -- 51.3 42.3 28.6 

7 -- .. - 54.1 44.5 30.2 

8 -- -- 56.9 46.8 31.7 

9 -- 43.3 60.0 49.0 33.2 

10 -. -- 62.3 51.3 34.7 

11 -- -- 65.1 53.5 36.2 

12 82.0 -- 67.8 55.8 37.8 

13 -- -- 70.5 58.0 39.2 

14 -- -- 73.3 60.3 40.8 

15 -- -- 76.0 62.5 42.3 

16 -- -- 78.7 64.8 43.9 

17 -- 53.2 81.5 67.0 45.3 

18 -- -- 84.2 69.3 46.9 

19 -- -- 87.0 71.5 48.4 

20 109 56.9 89.7 73.8 50.0 
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Table C.90: Data for Figure B.19 

Time Particlesin Partic1~ut/ml Particlesout/ml Particlesoutl ml 
(min) per ml UV one Ozone Alone UV + Ozone 

0 10 0 16 13 

4 1046 454 994 437 

8 1072 443 948 434 

12 1119 475 1008 491 

16 1149 510 1000 503 

20 1135 548 906 471 

24 3 14 12 9 

28 0 0 17 0 

Table C.91: Data for Figure B.2O 

Time Particlesin Particlesout/ml Partic1esout/ml Particlesout/ml 
(min) per ml UV Alone Ozone Alone UV + Ozone 

0 0 0 0 0 

4 379 177 516 211 

8 392 169 455 194 

12 389 169 481 150 

16 409 147 525 182 

20 457 180 525 117 

24 0 0 0 0 

28 0 0 0 0 
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Table C.92: Data for Figure B.21 

Time Particlesin particl~ut/ml ParticleS~t/ml Particlesout/ ml 
(min) per ml UV one Ozone one UV + Ozone 

0 0 0 0 0 

3 158 78 243 90 

7 193 66 231 124 

11 236 88 306 91 

15 232 56 263 73 

19 224 72 286 63 

20 224 72 286 63 

23 0 0 0 0 

28 0 0 0 0 

Table C.93: Data for Figure B.22 

Time Partic1esin Particlesout/ml Particlesout/ml Particlesout/ml 
(min) per ml UV Alone Ozone Alone UV + Ozone 

0 30 17 24 17 

4 39124 27830 31151 18383 

8 38555 28202 30895 18072 

12 39780 28203 30969 18454 

16 39114 28136 30686 18369 

20 38045 28217 30549 18391 

24 43 18 17 17 

28 0 0 0 0 
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Table C.94: Data for Figure B.23 

Time Partic1esin per ParticJ~ut/ml particles~t/ml ParticJesout/ml 
(min) ml UV one Ozone one UV + Ozone 

0 0 0 0 0 

4 25240 13831 21134 12422 

8 25497 14140 23912 11935 

12 24800 14140 25279 12069 

16 24752 14203 25379 11996 

20 24746 15506 22901 12690 

24 44 15 0 0 

28 0 0 0 0 

Table C.95: Data for Figure B.24 

Time Partic1esin particJes~ut/ml Partidesout/ml Partic1esout/ml 
(min) per ml UV A one Ozone Alone UV + Ozone 

0 12 0 0 0 

3 13525 5587 12502 4628 

7 15121 5494 12680 4658 

11 14839 5421 12535 4467 

15 14889 5718 12487 4559 

19 14580 5581 12698 4335 

20 14580 5581 12698 4335 

23 0 12 37 61 

27 0 3 0 0 



APPENDIX D: NOMENCLATURE 

AB: Absorbance 

AS: Surface area of a light source (m2) 

c: 

cr: 

C: 

Ct : 

D: 

Dab: 

Dr: 

Dr: 

Ds: 

D 1: 

D2: 

Ep: 

Absorbance coefficient (m3/mole*m) 

Path length (m) 

Weight percent of the contaminant in the liquid phase 

Density of the liquid phase (kgim3) 

Dimensionless parameter 

Dimensionless parameter 

Low molecular weight organic product 

Particle birth function (# /m3 /Ilm/sec) 

The products of the molar densities of the solution 

Solubility of gas 'A' in liquid 'B' (kg solute/kg solvent) 

Solute concentration (kg/m3) 

Low molecular weight organic product 

Speed of light (2.9979 x 1017 nanometers per second) 

Tube diameter (m) 

Diffusion coefficient of ozone in water (m2/sec) 

Particle death function (#/m3/llm/sec) 

Radiation dosage (microwatts) 

Resin sphere diameter (cm) 

Inner diameter (m) 

Outer diameter (m) 

Total photon energy (ergs) 
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E, Eact: 

E1: 

E2: 

f: 

F: 

G: 

h: 

[I]: 

k: 

kdi: 

ko: 

kozone: 

kuv: 

k,an: 

~: 

I: 

L: 

M: 

Activation energy for the specific organic contaminant (kJ /mole of reactant) 

Percent of light output transmitted 

Percent of light actually broadcast at a specified wavelength 

Empirical sensitivity factor of 0.42 

Percent transmittance of a quartz sleeve 

Particle growth function (pm/sec) 

Planck's constant (6.624 x 10-27 erg seconds) 

Henry's law constant (Pa) 

Hydronium ion 

Concentration of the ith ion (mole equivalents/m3). 

First order reaction rate constant (min-t ) 

Kinetic rate constant for ion exchange reaction 

Intrinsic organic contaminant specific frequency factor (min-I) 

Kinetic rate constant for ozone reaction 

Kinetic rate constant for UV reaction 

Mass transfer coefficient (moles/m2/sec) 

Ionic product of water 

Film thickness (m) 

Particle size dimension (pm) 

Ionic and/or organic contaminant 

Final oxidation product 

Molecular weight (kg/mole) 

Positively charged organic contaminant 

Negatively charged organic contaminant 
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n: 

n': 

ni: 

no: 

Naz: 

Ni: 

Nmax 

OH-: 

P: 

Ph: 

PE: 

Ok: 

r: 

RH: 

R-M: 

Sc: 

t: 

Intermediate generated in the oxidation pathway 

Particle density (#/m3/JJm) 

Kinetic reaction order 

Inlet particle distribution (# /m3 / JJm) 

Number of particles at size zero (#/m3/JJm) 

Molar flux of component 'a' in phase 'z' (moles/m2/sec) 

Number of viable bacteria per liter (cfu/m3) 

Maximum number of bacteria grown (cfu/m3) 

Hydroxyl ion 

Tota] system pressure (Pa) 

Population number (cfu/m3) 

Dimensionless Peclet number 

Volumetric flow rate of stream 'k' (m3/min) 

Radius (m) 

Hydraulic radius (m) 

Polymeric resin base 

Thermodynamic constant (8.314 J /moleoK) 

Dimensionless Reynolds number 

Unreacted cationic resin 

Contaminant and base product 

Outer radius (m) 

Unreacted anionic resin 

Dimensionless Schmidt number 

Exposure time (sec) 
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T: 

TOCin: 

TOCout 

u: 

1Ix: 

V: 

"a: 

X: 

Ya: 

Y: 

z: 

Greek Letters: 

a: 

13: 

5: 

~: 

A: 

Temperature (deg K) 

Time dependent contaminant proflle at the inlet of a pipe (l1g/m3) 

Time dependent contaminant proflle at the outlet of the pipe (lJ.g/m3) 

Fluid velocity (m/sec) 

Interstitial velocity (m/sec) 

Average particle velocity (m/sec) 

Radial velocity (m/sec) 

Terminal velocity (m/sec) 

Volume (m3) 

Mole fraction of the contaminant gas 'A' in the liquid phase 

Intermediate product 

Mole fraction of the contaminant gas 'A' in the vapor phase 

Yield coefficient (cfu/l1g of nutrient) 

Height (m) 

Dimensionless parameter 

Dimensionless parameter 

Boundary layer thickness (m) 

Difference between an fmal and initial state 

Particle wavelength (nm) 

Specific ionic conductivity of the ith ion (siemen/cm-mole equivalents) 

Fluid viscosity (kg/m/sec) 
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v: 

p: 

Pr: 

'1"1: 

'1"2 

Symbol: 

®: 

Frequency of the radiation (1/A) 

Kinematic viscosity (m2/sec) 

Resistivity at a specified temperature (Mn-cm @ 2S°C) 

Fluid density (kg/m3) 

Residence time (min) 

Residence time based on the volume of the mixed flow vessel (min) 

Residence time based on the volume of the plug flow vessel (min) 

Symbol indicating that no reaction will take place 
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