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ABSTRACT 

Ultrapure water is one of the most critical processing fluids used in the 

semiconductor manufacturing industry. To study and develop new methods and processes 

to control microcontamination, an ultrapure water pilot plant is constructed with the 

maximum amount of modular flexibility in the arrangement of system components. This 

study focuses on three aspects of the removal of organic impurities from water: effect 

of components sequence in the purification loop, methods to enhance oxidation and 

removal, methods to predict oxidation and removal. 

The interactions between system components such as ion exchange, UV unit and 

filter on overall purification are examined. The results indicate that the sequencing of 

the UV unit and the filter affects the TOC removal efficiency so that greater TOC 

removal is achieved when filtration precedes UV treatment. Furthermore, a UV unit 

followed by an ion exchange tank is an effective configuration for the removal of some 

impurities, but is undesirable for others particularly the charged macromolecules and 

particles. To further enhance the removal of TOC from the water, the effect of 

combining dissolved ozone with UV light is examined. A synergistic removal, 

significantly greater than the additive effect of ozone and UV treatments, is achieved. 

The degree of synergism depends upon the particular impurity compound. 

To predict the removal of organic impurities from ultrapure water, a system model 

is developed using reaction kinetics and reactor design concepts. This model is used to 

determine the intrinsic and global rate parameters from experimental data. 
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1.0 INTRODUCTION 

Ultrapure water is one of the most critical processing fluids used in semiconductor 

manufacturing. Microcircuits are manufactured through a series of processing steps from 

silicon wafers. Early on in the microelectronics industry, it was recognized that device 

yields and increased lifetime resulted from properly decontaminating the surface of the 

silicon wafer (Lorch, 1981). Therefore, after virtually every process, the wafers are 

rinsed with ultrapure water to rid the wafer of any impurities which many have alighted 

upon its surface. In fact, rather copious quantities of ultrapure water are used in a typical 

microcircuit fabrication facility. Each wafer throughout its processing may see up to 100 

gallons of water. Thus, a plant producing 50,000 wafers per month will require near one 

half million gallons of water in one day (Runyan and Bean, 1990). 

As water is an almost universal solvent, an intrinsic complexity exists concerning 

the use of water in semiconductor manufacturing. Water performs excellently in 

dissolving many substances including ionized species and hydrophilic solids and liquids. 

This property is needed in order to clean the surfaces of the silicon wafers. However, 

because of this property, natural waters contain various dissolved constituents, many of 

which may pose problems to microcircuit manufacturers when present in sufficient 

quantities. As implied, ultrapure water should be devoid of these natural impurities. To 

remedy this, natural water must undergo meticulous purification to attain the ultrapure 

state. 
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Water in an ultrapure state; however, is a dynamic rather than a static quantity. 

The solubility for each particular removed compound have been pushed away from 

equilibrium. The tendency exists to regain the equilibrium conditions. Thus, upon 

contact with ultrapure water, any of the removed quantities will be readily solubilized. 

In the case of living microorganisms, survival is key. Many organisms possess 

mechanisms to overcome the harsh environment that ultrapure water provides. These 

mechanisms will be discussed in further detail in a latter section. 

It is instructive, at this point, to examine the natural impurities found in water and 

the problems caused for silicon wafers by these impurities. The particular constituents 

found in water are, of course, dependent upon the source of the water (i.e. surface water, 

ground water, treated municipal water). The impurities, though, can be classified into 

four general categories: dissolved ions, microorganisms, total organic carbon, and other 

particulates. 

1.1 Impurities Found in Water 

1.1.1 Dissolved Ions 

Some typical dissolved ions found in water are Ca, Mg, K, Fe, HC03, C03, S02, 

CI, and N03 (Kunin, 1976). Dissolved ions find their way into the source water through 

various means. Minerals found naturally in the water bed can leach into the water. 

Furthermore, fertilizer runoff can introduce phosphate, sulfate, and nitrate. Additional 

nitrates and ammonium compounds result from the breakdown of organic nitrogen. 
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Contact with sea water and saline ground water can both introduce additional salinity to 

the source water. 

Surface ionic contamination can be introduced into the silicon matrix due to the 

semiconductor processing steps. The semiconducting properties of materials such as 

silicon can be altered by diffusing or implanting particular impurities into the material. 

This process is called doping and the particular impurity is the dopant. The diffusion 

process is carried out at extreme temperatures in excess of 1000°C in order to achieve 

appreciable motion of the dopant into the silicon structure. For silicon, groups III A and 

VA on the periodic table are normally used for dopants in the semiconductor industry. 

However, unwanted impurities such as Cu, Ni, and Fe possess much larger diffusion 

coefficients than the group IIIA or VA elements. For instance, the diffusion coefficient 

of boron at 1000°C is 7xl0"15 cm2/s while that of iron is 3xl0"7 cm2/s (Runyan and Bean, 

1990). Several orders of magnitude difference exist between them; therefore, if such 

impurities are present during the diffusion process, wafers will possess incorrect 

semiconducting properties. Elements such as Ni, Fe, and Cu are referred to as "deep 

level lifetime killers" as they will kill the proper functioning of semiconductor devices. 

Furthermore, ions such as Na can mobilize quite effectively under an electric current in 

silicon. Such movement will cause the particular device to function improperly. 
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In a simplified example, Yabe et.al. (1989) reveal the level of impurity which 

may cause problems for a wafer surface. Suppose a 1.0 /im x 1.0 fim x 5.0 /*m 

(5xl012 cm3) contact hole on a wafer surface contains 1 ppb residual dried iron left by 

a rinsing step, the amount of iron impurity remaining in the hole would be 5xl0"21 g or 

54 Fe atoms. Dividing by the surface area of the hole (1x10 s cm2) gives 5.4xl09 

atoms/cm2. Considering the fact that controlled dopant levels can be on the same order, 

a 1 ppb level of ionic contamination in ultrapure water must be addressed. The nearly 

linear relationship of ionic contamination in water to ionic surface contamination supports 

the above analysis in suggesting that ionic contamination levels in water be kept below 

1 /zg/1 to keep surface contamination below 1012 ions/cm2 (Craven, 1986). 

1.1.2 Total Organic Carbon (TOO 

This is a rather esoteric category in that any compound found in water which 

contains carbon adds to the TOC pool. One can be enlightened as to the contents of the 

TOC pool by considering the general classes of organic compounds found in water. 

These organic compounds can be distinguished by the types of carbon-carbon bonds they 

possess. 

Organic compounds in which the carbons or other elements (i.e. nitrogen, oxygen) 

form linear chains with or without branching are referred to as the aliphatics. The' 

aliphatics comprise the bulk of compounds formed by living things. Included among 

these compounds are amino acids, proteins, carbohydrates and fats (Koenig, 1987). 
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The general class of compounds in which the carbon chains from ring structures 

are the alicyclic compounds while ring structures containing noncarbon elements are 

referred to as heterocyclic. These compounds are less common in nature, but can be 

found in such substances as bark, nuts, essential oils, pigments, hormones, and vitamins 

(Koenig, 1987). 

Aromatic compounds which possess a stable resonant double bond ring structure 

are less common in nature. Although compounds such as hydroxybenzene, phenol, 

cresol, tannins, lignins, humic acids, fulvic acids, resins, and gums do contain them 

(Koenig, 1987). Many synthetic organic compounds such as pesticides do contain 

aromatic groups. As they are less common, they tend to be rather recalcitrant to 

degradation through biological means. 

Therefore, TOC comprises a wide range of compounds possessing a wide range 

of structures and chemistries. Furthermore, these compounds may be present in water 

in either a dissolved or dispersed colloidal state. These particular factors add to the 

intrinsic complexity involved in ultrapure water purification. Although organics are 

placed into the all encompassing total organic carbon category, removal of TOC will not 

occur with one all encompassing purification technique. This issue will be addressed 

further during the discussion of water purification treatments. 

Connelle, et.al. (1986) were able to correlate high defect densities in gate oxide 

to high levels of TOC in the deionized water rinse. During the processing of 

semiconductors, thin oxide layers are needed to mask off certain areas of the wafer such 
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as in selective impurity diffusion. Uniformity in the thickness of these oxide layers is 

essential in obtaining properly functioning devices. In a developmental CMOS 

(complementary metal oxide semiconductor) process, nonuniform gate oxides were 

discovered. Through an investigation, the culprit was found to be the DI water rinse. 

The level of gate oxide defect densities tracked well with the level of TOC in the water. 

When the system was redesigned to incorporate better TOC removal techniques, gate 

oxide defects fell with the increased TOC removal. 

Connelle presented a proposed pathway for this effect. The organics which 

remain on the wafer surface after rinsing with unacceptable DI water may decompose to 

leave water vapor and residual organics. Oxides grown in a humid environment grow 

faster than for a dry oxidation. Thus, an increased local oxidation will occur at the site 

of the decomposed organic. Increased thicknesses up to 60 A may result. 

Additionally, any organics remaining in the water can serve as an energy source 

for microorganisms. Bacteria in ultrapure water cause their own host of problems which 

are discussed below. Therefore, it is imperative that the organics be removed from the 

water to prevent growth and multiplication of these resilient organisms. 

1.1.3 Particulates 

The term "particulates" also encompasses an extremely broad range of substances 

ranging from micron to submicron sizes. Essentially any substance that is filterable is 

considered to be a particle (Balzas, 1988). Included among the substances are those 

which are naturally found in water such as inorganic colloids of clay, iron or magnesium, 
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and silica (Franks, 1981); organic colloids of globular macromolecules; and 

microorganisms. Additionally, substances from the water system itself can add to the 

particle count. Materials such as activated carbon; broken ion exchange resins; and 

pieces of filters, membranes and piping materials can be at fault (Faylor and Gorski, 

1988). 

As this category includes so many items, it is no surprise that particulates are 

responsible for at least 80 % of yield losses. They type of defects that particles cause my 

be mechanical or chemical (Accomazzo, et.al., 1988). If a particle adheres between or 

on the metal lines of the microcircuit, a short or open circuit in the device may result. 

A rule of thumb for the size of "tolerable" particles is that the particle should be between 

0.10 to 0.33 of the size of the device geometry (Faylor and Gorski, 1988). Thus, in 

1975, when device geometries were on the order of 10 ftm, one to three micron size 

particles were acceptable. However, modern semiconductor technology has reduced 

device geometries to 1 fim sizes. Hence, particles can be no larger than 0.33 /xm. 

Chemical means of contamination may present themselves in the thin films utilized 

on silicon wafers. Particulates may adsorb into the layer, changing the composition of 

the film. The breakdown voltage, the point at which a semiconductor will fail, film is 

highly dependent upon the level of impurities in the film, and decreases with higher 

impurity levels (Runyan and Bean, 1990). 
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1.1.4 Microorganisms 

Microorganisms can be a resilient nemesis for ultrapure water purification. 

Typical classes of microorganisms found in water include bacteria (0.3-30 /xm), fungi (6 

Hm), algae (1-10 /xm), and viruses (0.003-0.05 nm). However, the most abundant 

among them are the bacteria as they are most adaptive to the environmental conditions 

especially the heterotrophic bacteria. These organisms' resilience result from their 

abilities to survive under the most harsh starvation conditions. In fact, some strains of 

bacteria known as oligotrophs prefer living under low nutrient conditions and survive well 

at less than 1 mg/L carbon. 

Microorganisms require C, N, O, P, and additional trace metals for survival. For 

the heterotrophic bacteria, reduced organics such as amino acids, carbohydrates and lipids 

serve as the limiting energy source. In ultrapure water, quantities of these nutrients are 

quite scarce. However, bacteria circumvent these problems by several different means. 

Some organisms are able to substantially reduce their cell volume. Ultramicrobacteria 

smaller than 0.3 /*m in diameter have been identified. Reducing the cell volume 

increases the surface to volume ratio. The higher surface to volume ratio serves to 

increase the concentration of scavenged nutrients to appropriate levels for metabolic 

activity. Organisms can also develop high affinity nutrient uptake systems so that the low 

level of nutrients are taken into the cell more efficiently. These systems can often evolve 

over several microbial generations during prolonged starvation. Under low nutrient 

conditions, immobile cells may be induced to propel themselves to areas of higher 
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nutrient concentration. This process is known as chemotaxis and can be extremely 

important mechanism of survival in a viscous sublayer near a submerged body (Geesey, 

1987). 

Finally, cells may alter their cell morphology or chemical surface properties to 

attach better to surfaces. For instance, the cell surface may become rougher or more 

hydrophobic. Additionally, an exopolymer may be secreted to further promote adhesion. 

Eventually, biofilms of a bacterial consortium can form (Geesey, 1987). The consortium 

enhances the growth of the participating microorganisms as the metabolic by-product of 

one bacteria species may be utilized by another. These survival tactics enhance the 

difficulties in removing them from ultrapure water systems. 

Their role as a nemesis is furthered by the fact that a microorganism can be 

thought of as a small packet filled with the three other categories of impurities: dissolved 

ions (K, Ca, Na, Mg, P, Si), TOC (amino acids, carbohydrates, lipids), and particulates 

(cell wall fragments, globular proteins and macromolecules). One, thus, cannot simply 

kill the bacteria as the contents of the cell will be released into the water. The complete 

cell and its contents must be removed from ultrapure water. 

Furthermore, it is noted that one of the constituents of a microorganism is 

phosphorous at levels up to 1012 atoms/cm2 (Craven, 1986). As phosphorous is used as 

a controlled dopant for silicon wafers, introduction of additional phosphorous can pose 

a particular contamination problem. The level of contamination which a bacterium can 
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introduce can cause up to 0.1 V threshold voltage shifts (Craven, 1986). Thus, the 

necessity for removal of microorganisms from ultrapure water is also evident. 

1.2 Metrology 

1.2.1 Dissolved Ion Measurement 

An online indication of ionic contamination is given by measuring the resistivity 

of the water typically in units of Mil-cm. This follows from the Law of Kohlrasch which 

defines the resistivity of water in terms of the ion concentrations and the individual ion 

conductivity equivalences: 

1 - 10-' CDJCJ) 
P 

If the water were pure and contained only H+ and OH" ions, the resistivity of the water 

would be 18.26 Mfl-cm @25°C. Additional ions tend to lower the resistivity of the ionic 

contamination in the water. The ion conductivities are temperature dependent; however, 

most on-line resistivity monitors correct for temperature and display values for 25°C. 

While resistivity provides a measure of the amount of ionic contamination in the water, 

it cannot distinguish the particular ionic impurities found in the water. Off line methods 

such as ion chromatography or ion coupled plasma spectroscopy must be employed to 

distinguish the individual ions. 



1.2.2 Total Organic Carbon Measurement 

Total organic carbon is measured on line by using an on-line analyzer which 

operates via one of two available methods. On-line sampling of organics in ultrapure 

water is extremely valuable. The measurement is available in real-time, and the sample 

stays within the enclosed system so the introduction of outside organics is prevented. The 

first method exposes a water sample to intense ultraviolet light. The second method 

uses chemical oxidation in the company of ultraviolet light and oxygen at elevated 

temperatures or room temperature. For high purity water samples, two methods of 

quantifying the organic carbon after the sample is oxidized are also available. As the 

organic oxidizes to carbon dioxide and water, the conductivity of the water increases. 

However, only water samples which possess low ion backgrounds will show a detectable 

change (Egozy and Denoncourt, 1986). After the conductivity reaches a stable value 

indicating complete oxidation, the total organic carbon in the sample is calculated from 

the conductivity change. The second method for determining total organic carbon 

concentrations stems from analyzers used to determine the TOC in high organics content 

wastewater. Inorganic carbon is purged prior to oxidation of the sample so that only 

organic carbon remains. Following oxidation of the sample, the resulting carbon dioxide 

is measured using an infrared detector. 



1.2.3 Particle Measurement 

On-line particles operating on the basis of laser light scattering provide real-time 

and continuous monitoring of particles at desired points in the ultrapure water system. 

The counters available at this time typically employ a He-Ne laser and can detect particles 

as small as 0.05 /zm in size. Laser light scattering particle counters are available in two 

basic groups: in-situ counters and volumetric counters. An in-situ counter samples only 

a small portion of the volume which passes through it and measures particles remotely. 

Conversely, a volumetric counter samples the entire volume which passes through it. 

Volumetric sensors require only 100-200 ml/min sampling flow rate while an in-situ 

counter has minimum requirements of 1 L/min or higher (Knollenberg, 1988). Either 

type of counter, though, can only provide a count of the particles and cannot distinguish 

types even whether or not the count is a bubble. Furthermore, inaccurate sizing may 

result if a particle is viewed in profile rather than head-on. Nevertheless, these 

instruments are the fastest and most efficient method for quantifying particle 

contamination in a water system. To determine particle morphology and composition, 

various microscopy methods have been employed. Direct scanning electron microscope 

counts can be made from filter membranes through which a water sample has been 

filtered. The filter membrane pore size should be smaller than the smallest particle to be 

detected, and it is recommended that at least 200 liters of water are sampled for statistical 

accuracy. The filter is removed from its housing in at least a Class 100 clean room or 

hood. The filters are then examined under a scanning electron microscope at 
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magnifications of 4000x-8000x with a minimum of 200 SEM fields of view examined 

(Hango, et.al., 1984). 

Alternate procedures exist for determining particle morphology which use high 

resolution microscopy. Many of the procedures are adapted from the Nomura Method 

developed in Japan (Ackerman and Pecorell, 1990). The basic procedure involves 

filtering samples through a 0.2 jzm (the resolution limit of light microscopy) membrane. 

The membrane is then stained in order to distinguish types of particles, mounted on a 

glass slide, and viewed under an oil immersion lens (2000x magnification). Typically, 

both a cationic and anionic stain are used so that charged particles can be recognized. 

The microscopic methods although labor intensive are truly the only methods available 

to classify particle types. 

1.2.4 Bacterial Counting Techniques 

Standard Plate count methods are used for determining the number of bacteria 

present in water systems. Water is filtered on-line through a 0.2 ^m membrane. The 

membrane is then incubated with culture media to promote the growth of microbial 

colonies usually for 48 hours at 28°C. Once the colonies have grown on the filter, they 

are simply counted. Many drawbacks to this method exist. It is presupposed that the 

bacteria present in the water can grow on the media provided. Furthermore, many 

bacteria have attached themselves to available surfaces and are not moving freely about. 

Often, these plate counts underestimate the actual bacteria count. In addition, turn 

around time for this analysis is two days. 
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Alternate techniques with faster turn around times employ microscopic methods 

similar to methods used to classify particles. The direct SEM count method is carried out 

in the same manner as described for particle counting. Bacteria under SEM magnification 

are distinguishable from other particulates. 

1.3 Water Purification Processes 

In relation to the semiconductor industry, it is quite clear the need to remove all 

dissolved ions, organic carbon, and particles from the ultrapure water that is used for 

rinsing silicon wafers. To assist ultrapure water manufacturers in producing water pure 

enough for semiconductor processing, guidelines have been published. However, the 

purity requirements for UPW have increased proportionately with increased device 

density. Table 1.1 demonstrates this growing stringency in water purity as device 

integration moves from 64 K to 16 M (Faylor and Gorski, 1988). 

Albeit, it is also quite obvious that no one water purification technique will 

accomplish this task. Continually, meticulous attention must be paid to every design 

detail including materials of construction, flow rates, component sequencing, and piping 

arrangement. Usually a five step system design is undertaken in ultrapure water systems: 

pretreatment, makeup, storage and distribution, polishing, and point of use treatment. 

Different purification techniques are typically employed for the different steps. 

Furthermore, the particular purification steps chosen are based upon the quality of the 

incoming source water whether it be municipal drinking water, surface water, or ground 
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Table 1.1: Water Quality Needed for Device Densities 

Items 64K 256K 1M 4M 16M 

Resistance (Mn-cm 
@25 °C) 

>17 >18 >18 >18 >18 

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

Obj. Particulates (m) (0.2) (0.2) (0.2) (0.2) (0.05) 

Bacteria (#1100 ml) <25 <10 <5 <0.5 <0.1 

TOC (C/L) <200 <100 <50 <30 <30 

Silica (Si02/L) <20 <10 <5 <3 <3 

DO (mg O/L) <0.2 <0.1 <0.1 <0.0 
5 

<0.0 
5 

Sodium (Na/L) <1 <1 <1 <0.1 <0.1 

Potassium (K/L) <1 <1 <1 <0.1 <0.0 
5 

Chlorine (Cl/L) <5 <5 <1 <1 <0.1 

Copper (Cu/L) <2 <2 <1 <1 <0.1 

Iron (Fe/L) - - <1 <1 <).l 

Zinc (Zn/L) <5 <2 <1 <1 <0.1 

Chromium (Cr/L) - - <1 <0.1 <0.0 
2 

Manganese (Mn/L) - - <1 <0.5 <0.0 
5 

DI 
water 

ultrapure 
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water. The design of the system must also consider seasonal fluctuations in water quality 

and include steps that ensure a constant level of water purity at the point of use. 

The predominant goal of pretreatment is to protect the reverse 

osmosis membranes in the water system. The particular details of reverse osmosis are 

discussed below. However, pretreatment has always presented a dilemma. Whatever 

chemical agents added to the water at the pretreatment stage may introduce additional 

contaminants to pose problems further down the line. Pretreatment varies greatly and is 

highly dependent upon the source water quality. However, general treatments include: 

coarse filtration for suspended solids, pH adjustment, inhibition of microbial growth, 

water softening to reduce scaling, and degasification. 

After the water comes through pretreatment, it is still fairly raw water in terms 

of purity levels. In the makeup step, the resistivity of the water is brought up to 1-10 

Mn-cm with substantial reductions in bacteria and organics usually through a combination 

of reverse osmosis and deionization. 

Depending upon demands for a particular water system, the storage tank may be 

as small as a few hundred gallons or as large as several hundred gallons. The water, 

though, is not stored in the typical sense. Water that is left stagnant in a large storage 

tank can become quickly recontaminated especially if it is open to the atmosphere. Any 

surviving organisms will recolonize the water, utilizing any remaining carbon in the 

water. Furthermore, gasses such as carbon dioxide can quickly dissolve in open 

atmosphere tanks, setting up an equilibrium with bicarbonate which will cause the 
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resistivity of the water to plummet. To avoid these problems, a nitrogen gas blanket is 

kept over the storage tank, and the water is continuously recirculated through what is 

called the polishing loop. 

The polishing loop uses a variety of purification techniques (filtration, 

deionization, uv sterilization, etc.) to keep the water sterile, free of particulates, and free 

of ionic contamination. It is suggested to keep the water recirculating at a high velocity 

(5-10 ft/sec) (Faylor and Gorski, 1988). In doing so microorganisms are hindered from 

adhering to the walls of the pipes where they may form a biofilm. Due to their steadfast 

nature, bacteria are only reduced-not eliminated from the pipe walls. Within the 

polishing loop the resistivity of the water is brought up to greater than 18 Mfl-cm. 

Before the ultrapure water reaches its point of use, some final measures are taken to 

ensure that the high purity levels are maintained. Another sterilization step may be 

present, but most assuredly, another filtration or ultrafiltration step is included. 

1.3.1 Reverse Osmosi s 

Reverse Osmosis (RO) is a physical separation process. Dissolved material in 

water (or another solvent) is forced under pressure greater than the osmotic pressure 

through a semipermeable membrane. The membrane selectively allows the water to pass 

through while the dissolved material is retained (Purchas, 1981). 

From the work of C.E. Reid (1959), who discovered that cellulose acetate was 

permeable to water and not to dissolved salts, most early RO membranes were composed 

of cellulose acetate (Purchas, 1981). However, modern technology employs polyamide 
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membranes which are not as liable to chemical and biological degradation and pH range 

intolerances (Cross, 1988). Reverse osmosis membranes are typically found in either the 

older technology hollow fiber configuration or the newer spiral wound configuration. 

Spiral wound membranes can operate at lower system pressures, and tend to foul less than 

its hollow fiber counterpart (Cross, 1988). 

Reverse osmosis membranes have the capability to remove microorganisms, 

pyrogens (found in bacterial cell wall fragments), silica, organics, (Faylor and Gorski, 

1988) and 90-95% or the ions (Zoccolante, 1987). Many RO membranes are capable 

of removing 99% of all microorganisms. A sobering point must be made, however. If 

the incoming water contains 104 cfu, 99% removal will still leave 102 cfu. Similarly, if 

an incoming ionic contaminant is 1 ppm, 95% removal will leave 950 ppb of the 

contaminant in the water. Clearly, reverse osmosis aids in impurity removal immensely 

but it is not a cure-all. 

Reverse osmosis is usually applied in the pretreatment stages of ultrapure water 

purification. Some new approaches to RO are being taken to improve the effectiveness 

of the pretreatment step. One such approach is a double pass RO system (Faylor and 

Gorski, 1988; Zoccolante, 1987). The feed is sent through the first RO unit at a pressure 

of 500-600 psig followed by a second RO unit with a pressure of 200-250 psig. With 

this system, greater than 99% ionic removal is achieved with substantial increases in silica 

removal. In addition, RO is being examined as a final filtration unit at the point of use 

(Faylor and Gorski, 1988; Zoccolante, 1987). 
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1.3.2 Deionization 

In the polishing stage, deionization is the only feasible technique for bringing the 

resistivity of the water up to 18.2 Mn-cm. Ion exchange is a chemical process. Resins 

with either positively charged groups (cationic exchangers) or negatively charged groups 

(anionic exchangers). The polymeric resins employed for ultrapure water deionization 

have hydrogen and hydroxyl groups attached as their exchangers. A cationic resin will 

exchange its hydrogen for a cation such a Na or Ca from the water. Similarly, an 

anionic exchanger will release its hydroxyl group to attach to an anion such as sulphate 

or bicarbonate. The reactions below represent the exchange: 

cationic exchange: 

RH* + AT - RM+ + JT 

anionic exchange: 

ROH- * AT » RM~ + OH-

Both cationic and anionic resins show affinity for one ion over another. The resins tend 

to hold the more charged ions more (i.e. trivalent > divalent > monovalent) 

(Applebaum, 1968). The preference is shown also for individual ions of the same charge 

generally due to the ionic size effects. Affinity for the ion decreases with increasing ionic 
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size (Arden, 1968). The general order of affinities are for cationic resins (Applebaum, 

1968): 

Jia2+ > Co1* > Mg2+ > NHl > JT > Na* 

The general order of affinities are for anionic resins: 

NO; > HSO; > ci- > HCO; > sio2 > OH-

The ion exchange resin can be housed in separate vessels for anionic and cationic 

resin or in a mixed bed configuration in a single unit (Cross, 1988). To prevent cross 

contamination between the resins, some single mixed bed units employ a third inert resin 

to serve as an interface between the charged resins within the tank (Zoccolante, 1987). 

Over time, the ion exchange resins will become saturated with captured ions and 

will have to be regenerated. The anionic resin is returned to its hydroxyl form through 

a sodium hydroxide wash while the cationic resin is restored to it hydrogen form through 

a hydrochloric acid rinse. In a typical ultrapure water plant, when the ion exchange tanks 

become saturated, they are removed from the line and taken to a separate regeneration 

station. Some installed systems, though, are able to regenerate themselves in line. 

There are some particular notes to be made concerning deionization. Many 

organic compounds such as pyrogens and humic acids carry a negative charge. These 

compounds will, therefore, be removed from ultrapure water by the anion exchange resin. 

However, if these organics are present in substantial concentrations, they can foul the 

resin and decrease its deionization lifetime (Purchas, 1981). Another concern has been 
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the occurrence of organic leaching from ion exchange resins especially with newly 

installed tanks. Some ultrapure water systems, thus, provide a separate rinse up station 

for new ion exchange tanks so that the main production line does not experience any 

downtime. 

Care must also be taken in contacting the ion exchange resin with any oxidizing 

agents which may be present in the water such as chlorine, hydrogen peroxide, and 

ozone. The cationic exchanger, in particular, can be attacked by the agents, releasing 

contaminants into the ion exchange tank effluent stream. Furthermore, anionic 

exchangers can undergo thermal degradation with subsequent release of amines into the 

water. As such, good control of water temperature must be maintained for continued 

effectiveness. 

Additionally, ion exchange resin due to the fact that TOC can become 

concentrated within the bed provides an excellent energy source for microorganisms. To 

remedy this, it is imperative to keep microbial numbers low for the water passing into 

the DI tank. On occasion, however, ultrapure water systems must be periodically 

sterilized with hydrogen peroxide or ozone (although ozone cannot reach the DI beds as 

it will damage the resin) to control the growth. 

1.3.3 Microporous Filtration 

Microporous filtration is a physical separation process in which water passes 

through the thin polymeric continuous matrix membrane which contains small pores. 

Materials larger than the pores are held up. Typical size ranges for these filters are 0.05-
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10 nm while ultrapure water systems normally employ membranes with 0.22 /zm or less 

pore sizes. Filter membranes are constructed from a wide variety of thermoplastic 

polymers. A few examples of the materials are polyolefing (HPDE, LPDE, PP); vinyl 

polymers, acrylic polymers (PMMA, PMA); fluoropolymers (PTFE, PVDF) and 

condensation polymers (PET, polyamides, polycarbonates, and polysulfones). The filter 

membranes are usually pleated and contained in a cylindrical cartridge for efficient 

surface area availability. Membranes may also be arranged in a plate and frame 

configuration of stacked disks. This arrangement allows the use of different filter types 

within the same grouping (Accomazzo, 1988). 

Although the principal mechanism of capture for filters is mechanical entrapment, 

particles smaller than the pore size of the membrane may become adsorbed to the 

membrane due to electrostatic attraction or Van der Waals forces (Accomazzo, 1988). 

Some filter manufacturers capitalize on the electrostatic forces by placing, typically, a 

positive charge on the polymeric membrane surface to attract negatively charged particles. 

This technique of chemically modifying the charge of the membrane has proven quite 

successful in removing bacterial cell wall fragments from ultrapure water (James, et.al., 

1988). With this charge modification done to some filters, pore size ratings can become 

confusing as charged modified filters are capable of removing particles smaller than their 

absolute pore size rating. 

Once again, another intrinsic complexity in ultrapure water manufacture arises. 

As ultrapure water is such a good solvent, it may leach extractables from the membrane 
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materials. Care, thus, must be taken in selecting inert materials for membranes as well 

as in investigating whether or not the filter manufacturer rinses the filter in ultrapure 

water to reduce leaching once installed. 

1.3.4 Ultrafiltration 

Ultrafiltration, as its name suggests, may be the ultimate in filtration technology 

today. It is considered a combination of filter and molecular sieve and is capable of 

removing suspended solids < 0.005 /zm, colloids, and organic macromolecules (Purchas, 

1981) Its filtration capabilities fall between reverse osmosis and microfiltration. 

Ultrafiltration is pressure driven dues to the small pore sizes of the membranes. 

The membranes can be either hollow fiber or film type (tubular or spiral wound) 

(Purchas, 1981). Spiral wound offers the advantage of avoiding filter bypass due to 

broken hollow fibers (Faylor and Gorski, 1988). The spiral wound flow pattern results 

in increased hold-up time over the hollow fiber, though (Accomazzo, 1988). Membranes 

are constructed from polymer materials particularly polyacrylonitrile, polysulfone, and 

polyvinylidene fluoride. To keep flow rate and pressure drop across the membrane 

reasonable (Gaudet, 1984), the membrane consists of a thin skinned surface with a more 

porous support structure below (Falyor and Gorski, 1988). To prevent concentration 

polarization at the surface of the membrane, which would severely decrease the 

effectiveness of the ultrafilter, the water is passed tangentially over the surface of the 

membrane. Water will pass through the membrane, but the removed solids will continue 

to remain suspended above the membrane surface from the force of the flowing water 
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(shear stress) (Gaudet, 1984). The tangential flow pattern in keeping the solids suspended 

over the membrane, increases the lifetime of the filter. Furthermore, microfilters which 

entraps particles within its structure are usually disposed when spent. On the contrary, 

ultrafilters are reused with the surface of the membrane simply being flushed. 

1.3.5 Ultraviolet Sterilization 

Irradiation of ultrapure water with ultraviolet light is an excellent noncontact 

method for killing microorganisms. No chemical additions are needed. Ultraviolet light 

in the range of 240 to 280 nm penetrates the cell wall of the microbe where the DNA and 

RNA of the organism absorb the radiation. The nucleic acids which are part of the 

backbone of DNA and RNA undergo photochemical dimer bond formation reactions. 

With dimers present, the cell cannot replicate its DNA and therefore, the cell cannot 

propagate itself, leading to death. 

For disinfection, mainly two types of UV lamps are used: low pressure mercury 

(Hg) arc and the high pressure arc. The low pressure lamp emits its highest intensity at 

254 nm while the high pressure possesses a much broader range of emissions from 200-

600 nm (von Sonntag, 1988). As DNA absorbs 254 nm light, the lower pressure lamp 

appears to be the most efficient choice. Economic factors must be considered since the 

intensity of UV light for a high pressure UV lamp are much higher than for a low 

pressure lamp although the light is spread out over a wider range. To compensate for the 

lower intensity of the low pressure lamps, industrial sized UV sterilizers are designed to 
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include tube bundles of the UV lamps. High pressure lamps sterilizer utilize only one 

lamp. 

The UV lamp is sealed inside a quartz sleeve and does not come in contact with 

the water. Usually, the quartz sleeve does not transmit 185 nm wavelength light. 

Systems do exist which utilize a specialized quartz sleeve to allow transmittance of UV 

185 nm (usually 5-7% of the total light). UV radiation at this wavelength has the ability 

to break chemical bonds and therefore, remove organics from the water. Discussion of 

these mechanism will follow in a subsequent chapter. 

1.3.6 Ozone Sterilization 

Ozone is known to be an excellent disinfectant for water systems. Ozone kills 

microorganisms through oxidative means which ruptures the cell membrane. The amount 

of ozone necessary to kill specific organisms is related to the thickness of the cell wall, 

the ozonation time and ozone concentration. For instance, to kill 99% of Eschericia coli 

in water for a 10 minute ozonation, 0.001 mg/L ozone is needed while 0.1 mg/L is 

needed to kill Bascillus megatherium (spores) for the same kill criteria. Ozone can also 

inactivate viruses by the same disruptive process. Viruses can be completely removed 

by concentrations less than 0.5 mg/L within 30 seconds (Nebel and Nebel, 1984). Ozone 

can also react with the residual TOC from the lysed cell. These mechanisms are 

discussed in detail in an upcoming chapter. 

Ozone can be generated through a variety of methods. Generation of ozone can 

be brought about via silent arc electric discharge. Oxygen is sent flowing between two 
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electrodes. In a process in which analogy can be made with an electrical storm, the 

oxygen molecules become exited and break apart. A portion of them form into ozone 

while the remainder reforms into oxygen. Ultraviolet radiation at wavelengths less than 

220 nm can be used to excite oxygen molecules for subsequent formation of ozone 

(Horvath, et.al., 1985). In the UPW systems for the semiconductor industry, ozone is 

not typically used on a continuous basis or throughout the entire system. The storage 

tanks are periodically ozonated to keep microbial contamination down. In the event that 

the system experiences major microbial contamination, the entire system excluding the 

DI tanks may be ozonated for a brief period. Some UPW manufacturers, though, do 

profess the use of a continuous ozonation system to abate microbial contamination (Pittner 

and Bertler, 1988). Ozone is injected throughout the distribution system with ultraviolet 

light destroying the ozone before it reaches the DI beds. 

1.4 Materials of Construction 

Many factors must be considered when choosing the materials of construction for 

an ultrapure water system. The material used throughout the ultrapure water system 

including piping, fittings, and equipment housings must not be attacked or degraded by 

the water, leach residual organics or other chemicals or promote microbial growth. 

Ultrapure water has been shown to be an aggressive solvent even for some plastic 

materials (Burggraaf, 1988). For instance, PVC piping although quite commonly used 

in many water distribution systems can leach organics when installed in ultrapure water 

systems due to the solvent power of the water. Chemically inert fluorocarbon plastics 
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(PTFE, PVDF) are much better choices although the cost for this material is substantially 

greater than PVC. If the system is to use any stainless steel components, 316 SS or 

better should be used to minimize corrosion effects. 

Furthermore, the materials used and equipment configurations must aid in 

controlling bacterial contamination by eliminating areas that are subject to colonization. 

Stainless steel should be electropolished on the interior surface to rid the material of 

inherent pits and roughness. Similarly, the method of joining the piping and other 

equipment (plastic or steel) must be scruntinized. Threaded and solvent welded joints 

result in cracks in which bacteria can settle and grow. Butt welds and flanged-end 

coupled fittings provide smoother alternatives (Burggraaf, 1988). Piping, valves, fittings 

and equipment housings should also not create any dead legs or stagnant zones in the 

fluid flow such as sharp bends or long sample valve tees. These areas serve as excellent 

niches for bacterial colonies to nest. 
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2.0 OXIDATION MECHANISMS FOR THE REMOVAL OF 
TOTAL ORGANIC CARBON 

Each oxidant reacts with organic carbon through different mechanisms and to 

different extents. The mechanisms of each oxidant alone as well as the mechanism of the 

combined UV/Ozone oxidation follow. 

2.1 Ultraviolet Light 

In fairly recent years, the semiconductor industry has turned toward ultraviolet 

radiation as a method to rid the water of organics. Typically, ultraviolet light at 254 nm 

is used as a germicidal wavelength since microbial DNA absorbs in this region. Other 

molecules can also absorb in this region and undergo photochemical reaction. From the 

earlier discussion of ultraviolet sterilizers, it was pointed out that low pressure Hg lamps 

emit wavelengths in two regions, 254 nm and 185 nm. Although the quartz sleeve that 

protects the UV lamp normally filters out the 185 nm light, a specialized quartz sleeve 

can be employed which allows transmittance of up to 1% of the total light at 185 nm. 

The relation, E= he/A, demonstrates that more energy is obtained from the shorter 

wavelengths. A greater amount of energy can affect a wider range of chemical bonds 

and, therefore, promote photochemical reactions. 

To get an idea of the range of chemical bonds which can be affected by UV 185 

light, Table 2.1 lists some chemical bonds energies. It is important to note that 

molecules typically do not undergo indiscriminate fragmentation when there is enough 

energy to overcome the chemical bonding energy. Furthermore, due to energy loss from 



Table 2.1: Selected Chemical Bond Energies 

Bonds Dissociation Energy 
(kcal/mol) 

Maximum Wavelength 
for Dissociation (nm) 

C-C 82.6 346.1 

c=c  145.8 196.1 

C-H 98.7 289.7 

C-N 72.8 392.7 

C-0 85.5 334.4 
o

 
II u
 176.0 162.4 

H-H 104.2 274.4 

N-0 48.0 595.6 

O-H 117.5 243.3 

S-H 83.0 344.5 

N-H 102.2 280.3 
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vibrational energy (in the form of heat), energy greater than the minimum bond energy 

is necessary to break the particular bond. In solution, the bond closest to the absorbing 

site and possessing the lowest energy usually breaks (Arnold, et.al., 1974). 

Ultraviolet light can induce a wide variety of chemical reactions. The types of 

reactions can be broken into two categories: direct photochemical reactions and indirect 

photochemical reactions. In a direct reaction, the molecule absorbs the ultraviolet light 

and, as a consequence of the excitation, reacts. Molecules which are not affected by the 

particular wavelength of light may be attacked indirectly by excited products of direct 

reactions such as free radicals. 

Several different direct reactions can occur upon ultraviolet irradiation. The 

reactions that a particular molecule undergoes is mainly dependent upon the structure of 

the molecule, the chemical bond energies involved, and the intensity and wavelength of 

the ultraviolet light. Among the first-order processes are homolytic dissociation into 

radicals, heterolytic dissociation into ions, photoionization, the dissociation of two bonds 

to form a radical or singlet state species, intermolecular rearrangement, and 

photoisomerization (Arnold, et.al., 1974). With both intermolecular rearrangement and 

photoisomerization, a molecule of the same chemical composition although with an 

altered structure, is obtained. For a molecule to undergo heterolytic dissociation into ions 

a large electronegativity difference must exist between the resulting ions. Furthermore, 

photoionization requires usually between 8-10 eV of energy (Arnold, et.al., 1974). Light 

at 185 nm wavelength is on the edge of this energy threshold. 
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Some direct photochemical processes are second order involving either two of the 

same molecule or two different molecules. Included among these are hydrogen 

abstraction, dimerization, photoaddition, and electron transfer. In hydrogen abstraction 

a photoexcited molecule can abstract a hydrogen from a ground state molecule yielding 

two radicals. The two radicals may couple together or undergo disproportionation. 

Dimerization and photoaddition result in a larger molecule (Arnold, et.al., 1974). 

While the above reactions provide a general description of products, it is 

instructive to identify the effects of these reactions upon specific chemical groups. From 

work that was carried out in the 1930s by Norrish and his coworkers, two reaction 

mechanisms were established to occur for aldehydes and ketones. In a type I reaction, 

bonds joined to the carbonyl group are broken releasing carbon monoxide and radical 

fragments. The radical fragments may recouple or undergo disproportionation. In a type 

II reaction, the C-C bond in the alpha-beta position to the carbonyl group is broken 

(Bamford and Wayne, 1967). From this reaction, no CO is released. Saturated 

hydrocarbons release hydrogen and form an intermediate carbene (Mousseron-Canet and 

Mani, 1972). Carbenes are electrophilic and can further react to hydrate double bonds. 

Unsaturated hydrocarbons can undergo cis-trans isomerization, rearrangement, 

intermolecular addition, and decomposition. Decomposition liberates hydrogen and 

results in radical formation. Aromatic hydrocarbons dimerize or form radicals. 

Halogenated hydrocarbons may eliminate the halogen and form a double bond. The 

reactions of carboxylic acids are similar to aldehydes and ketones as they decompose to 
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evolve CO or C02 with concomitant radical formation. Alcohols and ethers undergo 

radical formation or molecular decomposition (Bamford, 1967). 

As seen many of these photochemical reactions generate radicals. It has been 

found that radicals in solution as opposed to gas phase radicals encounter a phenomenon 

known as the cage effect (Bamford, 1967). In essence, the radicals may collide with one 

another and recombine before they can diffuse from each other. Recombination of 

radicals requires a third body to remove excess energy. The water provides such a third 

body. Therefore, many of the radicals formed may simply recombine with each other. 

It has been determined by Franck and Rabinowitch (1934) that recombination occurs 

within 10"u to 10"9 seconds. At this time scale, the radicals have hardly had time to 

diffuse. An alternate possibility also arises from the solvent in that the water itself may 

react with the radicals or the hydroxyl radicals created by the photolysis of the water. 

As the photochemical reactions for ultrapure water systems take place in aqueous 

solution, water itself provides an excellent source for secondary photooxidants. Water 

absorbs radiation below 2000 A. The main resulting reaction is as below (Bamford, 

1967): 

H20 + hv - H + -OH 2.1 
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Hydroxyl radicals produced from this reaction can go on to oxidize additional molecules 

or simply reform into water again. Other dissolved species found in water can also 

provide secondary oxidation such as C03\ NO, and 02. These molecules are much 

weaker oxidizing agents in comparison with hydroxyl radicals. Furthermore, many 

ultrapure water systems have degassifiers which make the concentrations of these 

additional oxidants quite low. 

By examining the direct reactions of the organic compounds with ultraviolet light, 

one can see that reduction in TOC will come mainly from the decomposition of ketones, 

aldehydes, and carboxylic acids releasing either CO or C02. The remaining reactions of 

nonoxygen containing compounds serve to alter the nature of the compound either by 

isomerization, rearrangement, photoaddition or decomposition. Poirer and Kantor (1987) 

suggest that UV 185 nm technology is not useful as a single-pass technology because the 

unit would be too large to be practical in order to obtain 98% removal for one pass. 

2.2 Ozone 

Ozone is an extremely powerful oxidant. It has been shown to kill 

microorganisms and reduce organics in water. The oxidation potential of ozone has been 

used extensively in Europe and to some extent in America for drinking water and waste 

water purification (Evans, 1972). The semiconductor industry has taken note of this and 

has used ozone in sterilizing the storage tanks in their ultrapure water systems (Krapf and 

Preisser, 1988). 



49 

2.2.1 Ozone Decomposition in Water 

Ozone is generally not a stable molecule; consequently, it will decompose 

spontaneously over time. The mechanism of ozone decomposition has been a point of 

study for many researchers. Numerous mechanisms with overall reaction orders ranging 

from 1 to 1.5 have been proposed. It has become apparent from these investigations that 

the half-life of ozone in aqueous solution is apparently dependent upon the nature of the 

water itself: the pH, the inorganic and organic content. Glaze, et.al. (1987) points out 

that in distilled water the half-life of ozone is 103 seconds while the addition of 

bicarbonate increases the half-life to 104 seconds. The dependence of ozone 

decomposition upon the solute concentration indicates the extent of ozone disappearance 

due to reaction with the solutes contained in the water whereas the dependence upon pH 

tends to indicate interaction of ozone with the water itself. 

Many early researchers have noted the dependence of ozone concentration in water 

upon pH. For instance, Alder and Hill (1950) consider ozone decomposition to result 

from interactions with the water and suggest a mechanism which integrates both the 

hydroxide ion as well as the hydronium ion. 

03 + H20 - HO3 + OH 2.2 
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03 + H03 - OH + 2 02 2.3 

HO; + air - 2#o2 2.4 

OH + H02 - TF20 + 02 2.5 

According to the authors, Equations 2.2 and 2.4 are the rate controlling slow reactions 

where Equation 2.3 is in equilibrium. Combining these reactions gives an ozone 

decomposition rate as: 

For the observations of Stumm, the concentration of ozone in water is solely dependent 

upon the pH of the water. As the alkalinity of the water increases, the decomposition 

rate of ozone will also increase. Along similar lines, Weiss (1935) and Gorbenko-

Germanov and Kozolova (1974) suggested similar initial steps for the decomposition of 

ozone in alkaline solutions. Weiss suggested: 

—^ - -3 JL K°S [HOLF S [OH-]03 [OJ 
dt 

2.6 

Stumm (1954) also proposed a mechanism based upon the pH of the water: 

2.7 
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Oj + OH- - 02" + H02 2.8 

Gorbenko-Germanov and Kozolova, however, put forth as their first step: 

30j + 2OH- - 20; + H20 +202 2.9 

Although the stoichiometry and products of the reactions are different, the hydroxide ion 

appears in both. 

Supporting the hydroxide initiation step is some more recent work by Staehelin 

and HoignS (1982). From their analysis, a possible mechanism for the decomposition of 

ozone in water was elucidated. 

o, + OH- - HO; + o, 2.10 

H2O2 ~ HOI + H* 2.11 

O, + HO; -* OH + O; + 0, 2.12 

O3 + O2 - O3" + 02 2.13 

•O3" + ff20 - OH + Off- + 02 2.14 
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The initiator of these chain reactions appears to be the hydroxide ion. The reported rate 

constant for this decomposition is 70 M'V. 

The mechanisms presented, thus far, do not include the reaction of ozone with the 

inorganic and organic solutes in the water. Staehelin and Hoign6 (1985), however, 

present an amended reaction scheme which incorporates reactions of ozone and ozone 

decomposition products with impurities in the water. The reaction events are similar to 

the sequence described above; however, hydroxyl radicals (OH) formed in the 

decomposition sequence, instead of simply initiating further ozone decomposition, may 

react with organic and inorganic solutes in the water. Some specific reactions and 

reactivities of hydroxyl radicals is presented in Section 2.4. 

Staehelin and Hoign6 (1985) have found that certain organic and inorganic 

substrates are able to promote or inhibit the further decomposition of ozone. A 

promoting reaction results in the formation of the superoxide radical (-O-j) which is quite 

reactive with ozone. The superoxide then decomposes an ozone molecule according to 

Equation 2.13 of the reaction scheme. Reaction with organics, in this manner, may 

promote the decomposition of ozone further. An inhibiting reaction is one in which 

radicals less reactive to ozone are formed. Therefore, additional ozone decomposition 

to hydroxyl radicals is not achieved. 

One may surmise, accordingly, that the half-life of ozone in water is highly 

dependent upon the pH and solute content of the water. One would expect that the half-

life of ozone be shorter for higher pHs since more hydroxide ions would be present to 
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initiate decomposition. Conversely, water with more inhibitors would have a relatively 

extended half-life of ozone. 

Considering this information, the rate of decomposition of ozone in water should 

include the effects of 03 decomposition initiation, promoters, and inhibitors. Summing 

these reactions, Stahelin and Hoign6 (1985) present the rate of ozone decomposition as: 

do, Jt [Af] _ -
- [ kj [Af] ( 1 + + £, (kdi [AfJ) ] 03 2.15 

This is, of course, a rather involved expression in which a complete characterization of 

the water in question is necessary. Furthermore, the rate constants for these reactions 

must be surmised from available data. In examining the above reaction, the solute 

impurities need to remain constant in order for ozone decomposition to remain first-order. 

Based upon this information, the diversity in the reaction orders for ozone decomposition 

in water most aptly result from the degree of water quality which researchers use. 

2.2.2 Reactions of Ozone with Organic Compounds 

One may look at the decomposition of ozone from the reverse side — that is the 

removal of impurities from water through the oxidation effects of ozone. From the above 

discussion on the decomposition of ozone in water, one may surmise that two main 

pathways are respofisible for the removal of impurities from water: 

(1) direct ozonolysis reactions of the dissolved impurity 

(2) oxidation reactions with OH radicals formed from the 
ozone decomposition chain 
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The reactions of the hydroxyl radical are dealt with in Section 2.4. 

Although ozone is an extremely powerful oxidant, it has been found to be quite 

selective in its oxidation reactions. Bailey (1972) reviews several mechanisms for direct 

ozone reactions. According to Bailey, many studies of the ozonation of organic 

molecules have not been carried out in aqueous solution; however, in most cases, no 

discernable differences should be inherent. 

To more fully grasp the reactions in which ozone participates, it is instructive to 

review the structure of ozone. According to work done by Trambarulo, et.al. (1953), 

the ozone molecule is nonparamagnetic with a low dipole moment. Ozone is not a cyclic 

molecule; however, equal bond lengths of 1.278 A exist between the oxygens with an 

obtuse angle of 116 49'. Figure 2.1 demonstrates the resonant hybrid structures in which 

ozone may exist. The sp2 orbitals of the oxygens may be filled with shared or unshared 

electrons. Furthermore, pi molecular orbitals are formed for 4 pi electrons from the 

overlap of p orbitals. This structure then suggests that ozone should behave as a 1,3 

dipole, and electrophile or a nucleophile in the reactions it undergoes (Bailey, 1972). 

The following type of organic groupings may be oxidized by ozone: olefinic and 

acetylenic carbon-carbon double and triple bonds; aromatics, carbocyclic and heterocyclic 

molecules; carbon-nitrogen and similar unsaturated groupings; nucleophilic molecules 

(i.e. amines, sulfides, sulfoxides, phosphines, phosphites, arsines, and selenides); carbon-

hydrogen bonds in alcohols, ethers, aldehydes, amines, hydrocarbons; silicon-hydrogen, 

silicon-silicon, and silicon-carbon bonds; and carbon-metal bonds. In terms of reactivity, 
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Figure 2.1: Structure of the Ozone Molecule 
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Bailey (1972) suggests that C=C bonds are the most reactive followed by nucleophiles 

and C=N. In some cases, the reactivity of C=N may equal or exceed that of C=C. 

The least reactive are C-H and S-H bonds. 

The following discussion is not meant to be exhaustive; however, it is to serve as 

an overview of ozone oxidation mechanisms for a few organic groups of interest. Bailey 

(1972) suggests that for a typical ozonolysis reaction (03 attack of C=C) the Criegee 

(1957) mechanism is the most likely pathway. The expected product in aqueous media 

would be a hydroxy hydroperoxide product. However, Pryde, et.al. (1968) reported 

products of aldehydes and carboxylic acids. His findings are possibly an additional 

intermediate step in the Criegee mechanism. Further ozonation of aldehydes or 

carboxylic acids would be quite slow and difficult. 

According to Bailey (1958), for aromatic compounds, in general, ozone reaction 

involves 1,3 dipolar cycloaddition at C=C as well as electrophilic attack at single 

carbons. The order of reactivity appears to follow the below order: 

olefinic double bond > polycyclic aromatics > benzene 

The usual ozonolysis products are expected. 

One can see that ozone is quite specific in its oxidations in only attacking certain 

bonds. Furthermore, as seen, oxidation is seldom taken to completion (i.e. C02 and 

H20). Additionally, many of these reactions are thermodynamically feasible; 

nevertheless, they may be quite slow kinetically. Taking this in mind for a series of 
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papers, Hoign6 and Bader (1983, 1983a, 1983b) undertook the measurement of kinetic 

rate constants for ozonation of several different substances. 

To determine the kinetic rate constants, Hoign6 and Bader proposed the following 

overall mechanism for the direct ozonation of organic solutes: 

M + o3 
sh? X 2.16 

X * (ti-l)03 
fiT 2A1 

In this model, the compound M is first transformed by a slow step to an intermediate 

product. This intermediate then quickly undergoes several further oxidations to a stable 

oxidized product. In taking the solute M to be in excess, Hoign6 and Bader were able 

to determine pseudo-first order rate constants for batch experiments. An integrated rate 

expression for this reaction taking place in a batch-type reactor may be formulated as: 

— - k0i[Mln
0 2.18 

In an additional paper, Hoign£ and Bader (1983b) included the effects of dissociation of 

the compound in their kinetic expression for substances such as organic bases and acids 

which dissociate. 

In order to determine the extent to which ozone acts directly upon the solute, 

either the pH was lowered or scavengers such as bicarbonate were added to slow down 

the decomposition of ozone by tieing up the hydroxyl radicals. In using this method, 

Hoign6 and Bader found good correlation of their data with the pseudo-first order rate 
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expression. Substituted alkanes such as propylamine, ethanol, and formaldehyde 

exhibited low reaction rate constants, ranging from 0.003 M'V1 for fm-butanol to 8 M" 

V1 for «-octanol. Substituted ethylene compounds such as styrene and trans-

dichloroethylene demonstrated much higher reaction rates with styrene exhibiting a rate 

constant of 3 105 M'V1. The rate constants for substituted benzenes appeared highly 

dependent upon whether the substituent promoted electrophilic attack (alkyl groups) or 

deactivated electrophilic attack (nitro, halogen, sulfonic acid, carbonyl) (Bailey, 1972). 

In a similar fashion, some dissociating species such as carboxylic acids were found 

to have increased activation towards reaction with ozone coinciding with increased 

dissociation of protonated species. This may be caused by an increased nucleophilicity 

of the compound in its nonprotonated state. 

Table 2.2 lists some of the reaction rate constants determined by Hoign6 and 

Bader. Looking at the carboxylic acids such as glyoxylic acid, although the rate constant 

did increase for the protonated species, the reaction rate is still quite low (~ 103 M'V1). 

An apparent exception to this is formic acid. In its deprotonated form, its rate constant 

is fairly high at 100 M'V1. 

These findings agree with Bailey (1972) in that the final oxidation products of 

many ozone oxidations are carboxylic acids. Ozone simply does not react with carbonyl 

compounds to any great extent. In a study done by Powell, et.al. (1977), 2-propanol, 

acetic acid, and oxalic acid were ozonated, and the end products determined. Analysis 

revealed that glyoxylic acid and oxalic acid were detected end products for acetic acid and 



Table 2.2: Pseudo-First Order Rate Constants for Ozone 

Solute Pseudo-First Order Ozone Rate 
Constant ^.^-l) 

tert-butanol 0.003 

n-octanol 8 

styrene 3x10s 

phenol 1300 

benzaldehyde 2.5 

ethanol 0.37 

formaldehyde 0.1 

glucose 0.45 

oxalic acid <0.04 

glyoxylic acid 1.9 

acetaldehyde 1.5 
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2 propanol; however, only oxalic acid was detected for the ozonation of oxalic acid. 

Continually, Watts (1985) identified several end products for the ozonation of humic and 

fulvic acids as short chain di-acids and hydroxyacids. From these reports, one can 

conclude that removal of organics from a wastewater or drinking water stream with 

ozonation may not yield complete removals in a reasonable amount of time. 

2.3 Ozone Combined with Additional Oxidants 

From the above discussion, it is seen that ozone alone may not be as effective in 

removing organic solutes from aqueous solutions as desired. Several researchers have 

turned toward combining ozone with additional oxidants in order to improve the removal 

efficiency of the system. A survey of several papers below provides examples of their 

findings. 

2.3.1 Enhanced TOC Removal from Combined Oxidants 

The effects of ultraviolet light and/or ultrasound (US) in combination with ozone 

upon humic acids and trihalomethane precursors (THMP) was examined by Sierka and 

Amy (1985). The ultraviolet light was to increase radical production in ozone as the 

radicals are considered more reactive than ozone itself (Staehelin and Hoign6, 1982). 

Furthermore, Sierka (1977) proposed that the ultrasound waves with a frequency greater 

than 20 kHz would enhance the mass transfer of ozone in water. In addition possible 

cavitation effects from the ultrasound waves may generate free radicals from the ozone, 

enhancing oxidation. In comparing the humic and THMP removals for UV or US alone 

to US and UV with ozone, better removal was attained with the latter system. 
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A paper by Brunet, et.al. (1984) investigated the effect of combining ozone and 

hydrogen peroxide on the oxidation of aromatic compounds with deactivating groups 

(benzaldehyde, and o-pthalic acid) and compounds possessing acid or diacid aldehyde 

groups. For benzaldehyde and o-pthalic acid, use of the ozone/hydrogen peroxide system 

exhibited no additional oxidation effect. Similarly, no additional removal was observed 

for formic acid. It is to be noted; however, that formic acid is oxidized fairly well be 

ozone alone. Brunet also observed the following oxidation sequence is followed by 

glyoxal: glyoxal -+ glyoxylic acid -+ oxalic acid. 

The final product, oxalic acid is stable to further ozone attack. When ozone is combined 

with hydrogen peroxide, the oxidation process is accelerated and oxalic acid is oxidized 

as well. Similarly, Slater et.al. (1985) utilized a combined H202/03 system and realized 

enhanced removal for aromatic compounds. However, when the system was used in 

waters with high scavenger concentrations or low pH enhanced removal did not occur. 

In the work that was carried out by Powell, et.al. (1977), oxidation of 2-propanol, 

acetic acid, and oxalic acid was performed with ozone and ozone in combination with UV 

light. Increased removal with the UV/ozone combination was seen with all three 

compounds. Oxalic acid, though, did not exhibit as dramatic an increase in removal as 

acetic acid and 2-propanol. Khan, et.al. (1985) also applied an UV/Ozone system to the 

oxidation of 2-chlorophenol. Use of the UV/Ozone was found to be more effective than 

either UV alone of ozone alone. Work by Masten and Butler (1986) also examined the 

effects of UV/Ozone on 1,2 dichloroethane (DCE) and trichloroethane (TCE). Enhanced 
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removal of both DCE and TCE was noted with the use of the combined UV/Ozone 

system. 

The literature is abound with examples of combining ozone with additional 

oxidants. In addition, many attempts have been made to deduce the mechanisms. Within 

these systems many factors must be considered. The individual action of the oxidants 

upon the compound of interest. Furthermore, the relationship between ozone 

decomposition and the additional oxidant must be accounted. For instance, ozone itself 

has an adsorption peak around 254 nm. Mechanistic complexities may arise from the 

interactions of all these factors. The specific focus of this research is on the effect of 

combining UV/Ozone; thus, the mechanisms for this combined system are presented in 

further detail. 

2.3.2 Mechanism for Combined UV/Ozone Oxidation 

Essentially two mechanisms for the reaction of ozone with ultraviolet light have 

been proposed. The first mechanism is based upon the photolysis of ozone in wet air 

(Mousseron-Canet and Mani, 1972). 

03 + hv - 02 + OCD) 2.19 
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a}D) + H20 - OH + OH 2.20 

The exited ozone breaks apart into molecular oxygen and singlet oxygen. Singlet oxygen 

is a highly reactive species which attacks the hydroxyl radicals. The hydroxyl radicals 

can then initiate further reactions in aqueous solution. 

Prengle (1977) uses the above sequence in his speculative mechanism for ozone 

oxidation combined with UV radiation. The UV photons provide additional energy to 

the system to generate more radicals from both ozone and the reactant molecule. The 

organic molecule is assumed to contain sulfur, phosphorous, and a halogen in aqueous 

solution. The overall mechanism is thus: 

03 + hv -» 02 + O* 2.21 

O' + H20 - 2 OH 2.22 

03 + OH - H02 + 02 2.23 

M + hv - AT 2.25 

M* + hv,OtOH,OH2 - R JJI- 2.24 
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However, Taube (1957) has shown that the following photolytic reaction occurs 

in aqueous solution: 

03 + H20 - 202 + H202 2.26 

Taube used dilute solutions of HC1 or HOAc to prevent further reaction of the hydrogen 

peroxide, pointing out that the presence of the HC1 or HOAc did not contribute to the 

above reaction. In a paper done by Peyton et. al. (1982), the mechanism for hydroxyl 

radical formation is described according to the humid air mechanism. In a more recent 

work, though, Peyton and Glaze (1987) deduced from a series of experiments that the 

most likely mechanism for the photolytic decomposition of ozone is by the formation of 

hydrogen peroxide as described by Taube (1957). 

Hydrogen peroxide can be photolytically cleaved to two hydroxyl radicals 

according to the reaction: 

H2Oz + h\ - 2OH 2.27 

However, at 254 nm the extinction coefficient for this reaction is 19.6 M"1 cm"1 

(Baxendale, 1957) while the extinction coefficient for ozone at 254 nm is 3300 M'1 cm"1 

(Glaze, et.al., 1982). Thus, formation of hydrogen peroxide from ozone will be the 

dominant mechanism. With the formation of hydrogen peroxide, one may assume that 

photolytic ozonation may proceed similarly to the reaction of hydrogen peroxide and 

ozone. 
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Staehelin and HoignS (1982) suggest that ozone is decomposed by the ionized 

form of hydrogen peroxide: 

03 + H202 
S^V 03 decomposition 2.28 

03 + HOI decompostion 2.29 

From the pKa value for hydrogen peroxide, it is seen that at low pH values, dissociation 

of hydrogen peroxide is minimal. Staehelin and Hoign6 note that above pH 5, ozone 

decomposition is accelerated. 

Combining the results of their experiments with those of several other 

investigators, Peyton and Glaze (1987) elucidated the following reaction scheme for 

photolytic decomposition of ozone. 

O, * Hfi 02 + H202 2-30 

HO2 + Oj •* O3 + HO'2 

H202 ~ HOI + H* 

2.31 

2.32 
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H02- ~ H* + 02 2.33 

o3 + o2 -> o3 + o2 2.34 

H* + o; - HO3 2.35 

/f03 -> OH + 02 2.36 

The resulting overall reaction from this sequence is, thus: 

302 + H20 + h\ ^ 2 OH + 402 2.37 

The formed hydroxyl radicals can now go on to react with any organic substrates present 

in the water. Peyton and Glaze (1987) have included the sequence presented by Staehelin 

and Hoigne (1982), Equations 2.10-14, for the reaction of the hydrogen peroxide anion 

with ozone. Notice should be given to Equation 2.13 which indicates that ozone can be 

decomposed by the superoxide ion. This reaction implies that the promoting and 

inhibiting reactions described by Staehelin and Hoign6 (1985) will apply for the 

photolytic decomposition of ozone as well. 

In the presence of a promoting type reactions a cyclic reaction mechanism results 

with the reaction of the promoter with the hydroxyl radical accelerating the decomposition 

of ozone. The stoichiometry of the reaction can, therefore, be altered depending upon 

the nature of the solutes in the water. 
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As noted previously, ozone decomposes in water spontaneously by the action of 

hydroxide ions. Staehelin and Hoign6 (1982) report that the rate constant for this 

decomposition is 70 ±7 M'V1 while the rate constant for the decomposition of ozone 

initiated by the H202 anion is (2.8 ±0.5) xlO6 M 's"1- Staehelin and Hoign6 also point 

out that whenever [H2OJ > 10"7, the hydrogen peroxide reaction predominates. 

2.4 Hydroxyl Radical 

The hydroxyl radical is more reactive and less selective than ozone in its reactions 

with organics. The rates for hydroxyl radical reactions with many organics substances 

have been found to be on the order of 108 M'V1 (Adams et.al., 1965a). Hoign6 and 

Bader (1983), however, have determined that the rate constants for ozone with several 

organics have a wide ranging order between 10"3 to 10s M'V1. Such a wide range also 

supports the fact that ozone tends to be quite selective in its oxidations with organics. 

Direct ozonation has been found to stop at aldehydes and ketones (Bailey, 1972). 

Contrarily, hydroxyl radicals exhibit reactivities with carbonyl compounds on the same 

order as with others, 108 M'V1. Adams et.al. (1965a) suggests that the hydroxyl radical 

exhibits the lowest reactivity towards esters and carbonyl compounds; yet, the rate 

constants are substantially greater than for reaction of ozone alone. The order of 

reactivity for the hydroxyl radical has been determined to be aromatics > sulfur groups 

> alcohols > carbonyls > esters. 
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The hydroxyl radical undergoes mainly hydrogen abstraction and OH addition 

reactions with organic molecules (Draganic and Draganic, 1971). The hydrogen 

abstraction reaction creates a radical from the organic substrate. 

Xi 2.38 
RFH + -OH - H20 + RJC-

*2 *2 

The free radical now formed can undergo disproportionation and dimerization. For an 

aromatic such as benzene an addition reaction occurs. 

C6H6 * OH - (OH)C(H6 2 39 

The cyclohexadienyl radical formed may then undergo recombination reactions which are 

influenced by the particular ring substituents. 

In the presence of oxygen, the organic free radicals may react with the oxygen. 

When solutions of ethylene were studied by Clay, Johnson and Weiss (1959), a mixture 

of aldehydes; a polymer; and acetylene were the end products in the absence of oxygen. 

In the presence of oxygen, glycolaldehyde, hydrogen peroxide, and acetaldehyde were 

found. When methane reacts with the hydroxyl radical, water and CH3- are formed. 

With oxygen present, the CH3- goes on to form the organic peroxide, CH3OOH (Allen, 

1961). 
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3.0 RESEARCH OBJECTIVES 

Ultrapure water is an essential component for semiconductor manufacturing. As 

mentioned, the demands upon the purity requirements have increased dramatically with 

the increasing miniaturization of line widths and device geometries. Ultrapure water 

producers and related equipment manufacturers have strived to continue to meet the purity 

demands. However, as line widths are moving towards 1.0 /xm sizes and less, meeting 

the requirements for ultrapure water is becoming difficult with the existing technologies 

today. Innovative techniques are needed to increase the removal of all contaminants in 

the water: particles, bacteria, dissolved ions, and total organic carbon. 

With these goals in mind, the Ultrapure Water Pilot Plant Project was devised. 

The main focus of research for this thesis is on the removal of organics through oxidative 

techniques. The three main areas for which research was desired are below: 

• Effect of filter sequence on ultraviolet light oxidation and removal 
of organics 

• Effect of ion exchange sequence on ultraviolet light oxidation and 
removal of organics 

• Effect of combining ultraviolet light and dissolved ozone on the 
oxidation and removal of organics 

Along with determining the above effects, it is desired to elucidate the reaction 

mechanisms and kinetics parameters involved with the removal of organics for each of 

the above components. The kinetic parameters shall then be used in developing an 
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overall ultrapure water plant system model based upon the existing pilot plant system. 

The model will be used as a tool in predicting the efficiency of organics removal in 

current systems as well as an aide in developing new systems. 
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4.0 EXPERIMENTAL EQUIPMENT AND PROCEDURES 

4.1 Pilot Plant System 

To simulate the operation of an industrial ultrapure water (UPW) system, a pilot 

plant system was constructed incorporating the design features of an industrial scale 

system. The pilot plant system includes pretreatment, makeup, storage and polishing. 

The arrangement of each of the units within the polishing loop is quite flexible, enabling 

experiments to be carried out for many different system configurations. A schematic of 

one arrangement used in the pilot is shown in Figure 4.1. For simplicity, the components 

of the system will be described in the order in which each appears in the schematic. 

4.1.1 Water softener 

Tucson city water, which contains a high calcium concentration, is used as the 

source water for this system. To remove some of the hardness, a water softener has been 

installed for pretreatment. The downflow commercial water softener consists of a 

fiberglass reinforced seamless polyester tank filled with 1 ft3 of strong cation resin in Na 

form. The cation resin exchanges Ca, Mg, and Fe for Na. Both total dissolved solids 

and anionic content remain unchanged. The softener resin undergoes a timed 

regeneration cycle via a brine tank with approximately a 25 kg salt capacity (good for 

four regeneration cycles) to return the cation resin to its Na form. 
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Figure 4.1a: Schematic of UltraPure Water Pilot Plant 
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Components of Ultra-Pure Water Pilot System 

Numbers in the following list refer to the labels on the schematic 
diagram of the system: 

1A: Softener; Ca out < 4ppm 
IB: Brine tank; 
2: Carbon bed; 3 micron filter; CI out < O.lppm J 

3: Reverse osmosis unit; Millipore R015 polyamide thin film composite 
membrane 

4: PVDF Storage tank with level control; 10 gallons' 
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: Filter (two positions) 
10: UV 254 and 185nm; Aquafme SL-1 
11: Ozonated water injection pump; see separate diagram for details 
12: Analyzers 
13: Analyzers 
14: Analyzers 
15: Ultra-pure Nitrogen source and particle filter 
16: Sampling valves; 316L EPSS 
17: PVDF piping; 3/4" OD 
18: Cooling coils 
19: Coolant constant temperature bath 

Analyzers : 
TOC analyzer; Anatel A100 
Resistivity meter; Martek Mark 18 
Dissolved ozone analyzer; Orbisphere 26501 
Particle counter 

* each analyzer can be used at all sampling ports 

Figure 4.1b: Schematic of Ultrapure Water Pilot Plant 
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4.1.2 Activated Carbon 

An 3 fim activated carbon filter follows the softening step. The filter serves as a 

coarse sieve for larger nonionic organic molecules as well as a method for chlorine 

removal. 

4.1.3 Reverse Osmosis 

The stream from the carbon cartridge passes through a Millipore Milli-RO 15 

reverse osmosis unit which provides the means for makeup in the ultrapure water pilot 

plant. This unit is capable of removing 99% of all microorganisms, pyrogens, particles, 

colloids, organics (MW > 300) and 90-95 % of all dissolved inorganics. The RO permeate 

output has been rated at 15 lph. The spiral wound reverse osmosis membrane is 

composed of a polyamide thin film composite (TLC) which operates optimally at 

pressures between 150-200 psi. The polyamide TLC membrane typically lasts 1-2 years 

before cleaning or replacement must be done. The membrane cartridge is housed in a 

nylon bowl. Additionally, %" polyethylene tubing is used throughout. 

4.1.4 Storage and Piping 

The pretreatment is able to substantially reduce the total impurities in the water; 

however, the polishing loop brings the water to the ultrapure level and keeps it there. 

To accomplish this task and avoid recontamination problems by leaching and degradation 

of piping material, chemically inert OD polyvinylidene fluoride (PVDF) tubing is 

used throughout the polishing loop. All tubing connections are made with flanged end 

pieces so that the interior surface remains smooth, preventing microorganisms from 
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proliferating within any crevices. Sharp bends and dead legs are minimized to further 

aid in microbial control. 

The RO permeate feeds into a 10 gallon PVDF storage tank. A level controller 

is connected to the tank at a height corresponding to a volume of 9.2 gallons. Whenever 

the tank level falls below this mark, the RO is turned on by the controller to makeup the 

height. The RO unit, otherwise, remains in the standby mode. The storage tank is 

constructed with an extended lip, allowing a PVDF cover to be sealed with a silicone 

gasket in a flange type configuration. Two port holes in the tank lid at the corner and 

center provide and inlet and outlet, respectively, for a nitrogen gas blanket over the tank 

head space. Dissolution of gasses such as carbon dioxide in the water is thereby 

prevented. The 5 psig incoming nitrogen passes through a 0.22 /zm bacterial filter for 

further contamination control. Perfluoroalcoxy (PFA) tubing and 316 stainless steel (SS) 

fittings are used throughout the nitrogen purge system. 

4.1.5 Heat Exchanger 

Temperature within the polishing loop is maintained at 24°C through the action 

of a 20 foot length of V*" OD 316 SS heat exchanger coils residing in the storage tank. 

The two end pieces of the coils are positioned over the center of the coils and are welded 

to the 4 cm diameter plug which also serves as the nitrogen outlet port. The plug is 

screwed into the underside of the center port hole in the storage tank cover with the entire 

tubing coil submerged in the storage tank. Ethylene glycol is recirculated through the 

tubing via a cooling bath with an inlet temperature of 0°C. 
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4.1.6 Pumping and Flow Control 

The water from the storage tank is continuously recirculated in the polishing loop 

by a 1 hp Penguin pump. The wetted housing of the pump is all PVDF. A PVDF 

pressure gauge with guard, registering 20 psig, follows the pump. Flow is measured by 

a PVDF paddle wheel type digital flow meter while flow is regulated by a PVDF 

diaphragm valve. The maximum flow rate for the system is 7 gpm. 

4.1.7 Ion Exchange 

Ions are removed via a fiberglass deionization tank with 0.45 ft3 of virgin nuclear 

grade mixed bed resin. The bed is approximately 55% Amberlite IRA-400 Type I 

quartenary ammonium anion exchange resin and 45 % Amberlite IR-120 Plus cation 

exchange resin of sulfonated polystyrene in the hydrogen form. The resins are mixed 

together within the unit with approximately 40% void volume. Water flows downward 

through the resin bed followed by flow upward through a center %" OD outlet tube. 

Resistivity downstream of the DI tank registers at 18 Mn-cm. The resin bed has an 

approximate lifetime of three months before resistivity drops off substantially. The spent 

tank is sent back to the supplier for regeneration while a new virgin resin tank is 

installed. Following replacement of a DI tank, the pilot plant system has an approximate 

downtime of 18 hours while the tank rinses up. 
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4.1.8 Ultraviolet Sterilization and TOC Oxidation 

An Aquafine SL-1 ultraviolet sterilization unit generates radiation at both 185 nm 

and 254 nm wavelenths. Approximately 6% of the total radiation is in the 185 nm range. 

The lamp gives a UV dosage greater than 30,000 s/cm2 over a lifetime of 8000 

hours. The 76 cm ultraviolet lamp is housed within a quartz sleeve which allows the 

transmittance of the particular wavelengths mentioned. Water does not contact the lamp 

itself. Surrounding the quartz sleeve in an annular arrangement is the 316 SS water 

chamber. The unit is mounted vertically (upflow) with top and bottom flanges connecting 

the PVDF tubing. The bottom flange riser houses a rotating disk which spins rapidly to 

create a favorable turbulent environment. 

4.1.9 Filtration 

Microfilters in a wide range of pore sizes and a wide range of polymeric materials 

from different manufacturers have been installed in the pilot system depending upon the 

particular experiment. The experiments for this study use a 0.04 /*m Pall Posidyne 

charge modified nylon membrane. The filter catridges are housed within a 10" PVDF 

filter housing. As with most of the system components, the filter can be positioned in 

multiple locations. Figure 4.1 indicates two possible positions for the filter housing, 

before or after the UV sterilization unit. 

4.1.10 Sampling Ports 

To enable on-line analysis of the ultrapure water, six !4" OD 316 EPS sampling 

ports are positioned at key points within the system. The sampling ports can be moved 
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to positions most benefitting the particular experiment. In Figure 4.1, these ports are 

located before and after the ion exchange tank, the UV sterilizer and the filter housing. 

These sample ports are also ultilized for injection of model contaminant solutions into the 

system. The procedures for these experiments are described in more detail later. 

4.1.11 TOC Measurement 

The measurement of Total Organic Carbon within the system is carried out with 

an Anatel A-100 organics analyzer. The analyzer operates on-line by drawing water into 

the sampling chamber using the existing line pressure. The organics in the sample are 

then oxidized by an intense ultraviolet light in the presence of a Ti02 catalyst. As the 

sample is oxidized to C02 and H20, the change in conductivity of the water is related to 

the total oxidizable carbon in the water. The typical oxidation cycle is between 5-8 

minutes. Afterwards, the sample cell is purged with water from the system for a user-

defined purge period (1 minute), and a new sample is taken. Figure 4.2 diagrams the 

TOC analyzing unit. The unit can detect between 1 and 10,000 ppb TOC with the 10-

1000 ppb range giving the greatest accuracy. At a level of 10 ppb, the reliabiltiy of 

readings is ± 1 ppb with a resolution of 0.1 ppb. The materials of construction that 

contact the water are fused silica, nonporous ceramic, 316 SS, titanium, and nonleaching 

fluoropolymers while the tubing leading to and from the unit is V*" OD PFA. The length 

of the PFA tubing leading to the analyzer is kept to the minimum length that is accessible 

to all sampling ports (5 ft). 
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4.1.12 Resistivity 

A Martek XVIII ultrapure water monitor with a flow-thru cell provides the 

resistivity readings of the water. Wetted surfaces within the flow-thru cell are composed 

of either 316 SS or teflon materials. The cell is mounted vertically with V*" OD tubing 

providing the link between the cell and the pilot plant system. The length of the tubing 

here has also been kept to the minimum length required to reach all the sample ports. 

4.2 Ozone Contacting System 

The ozone contacting system is a separate unit from the pilot plant. Water can 

be ozonated and then injected into the pilot plant system. A schematic of the system is 

seen in Figure 4.3. 

4.2.1 Ozone Generator 

Ultrahigh purity oxygen is fed into an OREC 03V5-0 silent arc discharge type 

ozone generator. Residing inside the ozone generator is a dielectric cell consisting of a 

dielectric material sandwiched between two electrodes with oxygen flow between them. 

When sufficient voltage is applied to generate a current through the dielectric and the 

oxygen, molecular oxygen becomes excited and breaks apart with subsequent formation 

of ozone. Operating at 60 Hz, the generator is capable of producing a maximum of 2.8 

L/min oxygen (2% wt/wt ozone). The dielectric cell within the generator is cooled with 

a 25°C recirculating water bath. All tubing used between the ozone generator and contact 

tank is !4" OD 316 SS or !4" OD PFA tubing; both are ozone resistant. 
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4.2.2 Contact Tank 

The 34" x 12" contact tank is constructed of 321 SS. To prevent ozone leakage 

into the atmosphere, the tank is sealed with a flanged top using an ozone resistant Viton™ 

o-ring. Before initial use of the tank, the inside was rinsed with a 3% H202 solution 

made up with UPW from the pilot plant. Following the initial cleaning, the tank was 

sealed and filled with water from the pilot plant via a PVDF metering pump. The initial 

filling and subsequent tank fillings follow the procedure outlined in the Section 4.4.4. 

The water is transported through lA" OD PFA tubing. The tubing enters the contact tank 

through a port hole in the top fitted with lA" NPT feed through fittings. The oxidizing 

and sterilant capabilities of ozone aids in keeping the water clean and sterile between 

ozonation periods. 

The ozonated stream enters the contact tank through 14" OD 316 SS tubing which 

is connected to a 400 /zm ceramic sparger positioned approximately 4" from the bottom 

of the tank. The sparger creates small bubbles of ozonated oxygen which percolate 

through the water column. Ozone that does not dissolve in solution is released in the off 

gas. 

4.2.3 Ozone Neutralization 

As ozone is a toxic gas, the off gas is passed through two 500 ml Pyrex gas 

washing bottles with fritted glass spargers. These bottles are filled with 500 ml of a 20 

g/L KI solution. The ozone reacts with the iodide to form iodine in solution and to 

release oxygen which is vented under a fume hood. 
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Ozonated water can be injected into the pilot plant system via the refilling tubing 

by reversing the metering pump direction following the procedure outlined in Section 

4.4.3. 

4.1.4 Ozone Measurement 

The concentration of dissolved ozone can be measured on-line with the Orbisphere 

2750 series ozone analyzer. The unit employs a 316 SS flow-thru probe with W" OD 

fittings that can be connected to the sample ports in the pilot plant system. Housed 

within the probe is an electrochemical cell with a gold and platinum cathode, a silver 

anode, and aqueous potassium bromide electrolyte solution. The electrochemical cell is 

separated from the water by a gas permeable, water impermeable 25 /xm PFA membrane. 

At the cathode, the following reaction occurs: 

03 + HjO + 2e- - 02 + 2OH' 4.1 

At the anode, the following reaction occurs: 

Ag + KBr - AgBr + K* + e~ 4-2 

Typically, 0.25 volts is applied to the cathode. At this voltage, oxygen will not react 

(oxygen needs -0.7 volts for reactions) and thus, ozone measurement can be done in the 

presence of oxygen. 

In using this unit, it has been found that the membrane needs to be changed 

approximately every three to four weeks. While changing the membrane, the electrodes 

are also cleaned. The cathode is cleaned with a polishing powder provided by Orbisphere 
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while the anode is cleaned by soaking in a 25% (wt/wt) solution of ammonium hydroxide 

for 10 minutes as recommened by Orbisphere. 

After replacing the membrane, the unit needs recalibration which can be 

performed in 100% humid air, achievable by adding a drop of water into the probe cap. 

During the three to four weeks that each membrane is in service, the calibration of the 

unit is checked at the beginning of the week. The membrane is replaced when the unit 

can longer be brought back to its calibration mark. 

As a backup ozone analysis and a comparison for the analyzer unit, the 

colorimetric indigotrisulphonate method as outlined in Bader and Hoign6 (1982). is 

employed for measurement of the pilot plant. As the indigo method is applicable mainly 

to lower concentrations, the ozone contact tank is checked using a direct 

spectrophotometric absorbance reading of ozone in aqueous solution at 258 nm. At this 

wavelength, ozone possesses an extincition coefficient of 2900 mol L/cm3 in accordance 

with the Beer-Lambert Law. 

4.3 Experimental Plan 

To study the effects of the sequence of the components and the TOC removal 

kinetics for each of the components, a controlled amount of a model impurity is injected 

into the system. The TOC concentration at a particular sample port in the system are 

concomitantly observed so that the specific removal characteristics for each model 

impurity can be explicitly determined. A selection of model impurities was made based 

upon common impurities found in water (see Section 1.1.2). Table 4.1 lists the 



Table 4.1: Model Compounds used as Simulated Contamination 

Model Compound Description Molecular Weight 

Alginic Acid 
miroscopic plant cell 

walls 250,000 

Ethanol 
bacterial metabolic 

product, intermediate 
compound 

46 

Glycine 
simple amino acid, 

intermediate compound 75 

Humic Acid 
complex acids formed 
from decaying organic 

matter 
2600-1,000,000 

Lipopolysaccharide bacterial cell wall 
component 

1,000,000 

Methionine simple amino acid, 
intermediate compound 

149 
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impurities choosen for these experiments. The compounds cover the gamut of typical 

impurities. Lippolysaccharides (LPS) are a component of gram postive bacteria cell 

walls, therefore, representing the effect of bacterial contamination in the pilot plant 

system. Similarly, alginic acid is the representation of plant cell wall. The rather large 

structurally ill-defined humic acids compound is a seasonal contaminant that many UPW 

producers have run across as a problematic impurity. Additionally, the low molecular 

weight alcohol, ethanol, is representative of bacterial metabolic products as well as a 

major component of the background TOC found in water as RO is only able to remove 

larger compounds. Finally, methionine and glycine which are two simple amino acids 

(MW 149 and 75, respectively) were chosen to represent typical organic components that 

are released from a cell upon lysis. 

Following are the experimental plans for each of the interaction studies. In these 

experiments, the same general procedures for experimental setup and sample preparation 

are employed and are described in Section 4.4. 

4.3.1 UV/Filter Interactions 

Ultrapure water manufacturers typically employ a system configuration in which 

the microfilter follows the UV sterilization unit. To examine whether or not this 

configuration is truly the optimal configuration with respect to TOC removal, a series of 

experiments was planned using a 0.04 nm Pall Posidyne filter cartridge placed either 

before or after the UV sterilizer. 
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In separate experiments, a 10 ppm solution of model compound is prepared for 

injection into the polishing loop according to the general procedure. In every experiment, 

the individual model compound is injected into the system at the post-DI location (see 

Figure 4.1) in a controlled level using a metering pump with a PVDF housing 

manufactured by Fluid Metering, Inc. An injection flow rate of 45 ml/min is maintained 

for a 20 minute duration. From a mass balance around the point of injection, this results 

in a model compound step injection of 40 ppb for a system flow rate of 3 gpm. The 

effectiveness of TOC removal within the polishing loop for either the UV/Filter or 

Filter/UV configuration is determined by monitoring the TOC concentrations at sample 

ports before and after each unit. The TOC concentration, however, can only be 

monitored at one sample port per run. At least two runs at each sample port are carried 

out to ensure repeatablity of the data. 

4.3.2 UV/DI Interactions 

The UV/DI interactions are examined in a manner similar to the UV/Filter 

interactions. However, for these experiments, the DI tank is located directly after the 

UV unit to avoid any flow effects from the storage tank, and the filter is removed from 

the loop. Model compounds are injected directly before the UV unit to obtain the TOC 

concentration profiles for the UV/DI configuration. Following that set of experiments, 

the model compounds are injected directly before the DI tank to obtain TOC 

concentration profiles for the DI/UV configuration. Again, at least two runs at each 
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sample port (pre-UV, post-UV, pre-DI, post-DI) are carried out to ensure data 

repeatablility. 

4.3.3 UV/Ozone Interactions 

To study UV/Ozone interactions, the ozonated water from the separate ozone 

contacting system is injected into the polishing loop directly before the UV unit. Separate 

runs are performed to monitor the TOC at both the pre-UV and the post-UV location. 

Ozone action alone is studied via a UV bypass which is created by connecting a PFA tube 

with the same residence time as the UV unit directly to the Anatel organics analyzer 

sampling tube. The ozonated ultrapure water can then flow through the sampling tube 

which has the same reaction time as the UV unit. Water samples are drawn for TOC 

analysis from the sample port before the UV unit to avoid the effects of the UV radiation. 

Along with the ozonated water, model compounds are injected into the system according 

to the general procedures to quantify the effects of the combined UV/Ozone action on 

TOC. 

In order to determine the reaction kinetics of the UV/Ozone effect, it is necessary 

to perform several runs at different concentrations of both model compound and dissolved 

ozone. Model compound injection concentrations include 25 ppb, 50 ppb, and 100 ppb 

levels while ozone injection concentrations included 0 ppb, 50 ppb, and 100 ppb levels. 

Both ozone and TOC, respectively are injected before the UV unit in all the UV/Ozone 

experiments. Once again, to ensure repeatability, at least two runs are performed at each 

sample port (pre-UV, post-UV). 



4.4 General Procedures 

4.4.1 Sample Preparation 

All model compound TOC samples are prepared in PFA teflon "bottles (either 1 

L, 3 L, or 5 L volumes). To ensure that the bottles remain clean and sterile, they are 

stored in a 3% H202 solution made up with UPW from the pilot plant. Each bottle 

contains a teflon magnetic stir bar so that it too will remain clean and sterile. The 

following method is used for filling a bottle with UPW from the pilot plant: 

1. Any old solution is drained. 

2. The RO unit is turned off and the water present in the polishing loop is allowed 

to recirculate for approximately 10 minutes. Incoming RO water, since it is 

higher in contamination, tends to create unwanted fluctuations in the TOC 

background count of the water. 

3. The bottle is then filled from a sample port. If the water is to be used for model 

compound solution, the bottle is filled from the sample port into which the 

solution will later be injected. 

4. The bottle is then taken to the Mettler balance. The model compound is weighed 

out on clean weigh papers (stored in a sealed plastic bag) and added to the bottle. 

The solution is then stirred before beginning a run. The amount of model 

compound needed depends upon the particular experiment. 
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4.4.2 Step Infection of Model Compound 

The injection of model compounds consists of the following 

steps: 

1. The prepared sample is allowed to stir for at least IS minutes. 

2. The RO unit is turned off for a stable TOC background. 

3. At least 3 background TOC readings for the particular sample port being 

measured are taken to ensure that the background is stable. If the readings are not 

within ± 0.2 ppb, the system is allowed to stabilize further. 

4. While waiting for a stable background, the PVDF metering pump utilizing PFA 

tubing is cleaned and sterilized by allowing a 3% H202 solution (prepared in a 

1 L PFA bottle) to recirculate through the tubing. The outside ends of the tubing 

also are cleaned and sterilized by immersing the tubing in the 3% H202 solution. 

Parafilm is placed over the opening in the bottle to prevent particulates from 

falling into the solution. 

5. The hydrogen peroxide solution is emptied from the injection tubing. The suction 

end of the tubing is inserted into the model compound solution. Extreme care is 

exercised not to touch the end of the tubing that is to be immersed in solution. 

If this is done, the entire solution is dumped and a fresh one prepared. Once 

again, parafilm is placed over the opening in the bottle. 

6. The metering pump is then turned on and solution is allowed to fill the tubing 

displacing any air. The metering pump is then turned off. 
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7. The injection tubing is placed onto the end of the desired sample port for injection 

and the sample port is opened. 

8. Once a stable background is attained, the run is started by turning on the metering 

pump. Model compound solution is injected into the system through the sample 

port. 

Note: The RO remains off throughout. 

4.4.3 Constant Ozone Injection 

The model compound is prepared as for the general procedure. Before beginning 

a run the contact tank must be fully saturated in order to achieve a constant injection level 

into the pilot system. The following procedure is used for startup: 

1. The ozone generator is turned on according to the manufacturers instructions. 

The UHP oxygen pressure is kept between 5 and 12 psig coming into the 

generator depending upon the status of the UHP oxygen cylinder being used. At 

this pressure, flow through the generator is approximately 2.8 L/min and the 

generator pressure is between 4 and 6 psig. 

2. Steady ozonation continues for approximatley 1.5 hours. At this time, the water 

is now at a constant saturated level of 2.8 ppm. A check is made with the 

Orbisphere ozone analyzer. 
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Fifteen minutes before beginning a run, a stable background TOC count 

with ozone injection is needed. The following procedure is used: 

1. The metering pump for the ozone contacting system is turned on and the ozonated 

water injection line is allowed to purge for at least 1 minute before connecting to 

the ozone injection sample port. 

2. The ozonated water is then injected into the pilot plant for at 10 minutes before 

starting a run in order to start with a stable background count. 

3. During this time ozone is measured with the ozone analyzer connected at the first 

sample port downstream of the ozone injection line. 

4. Once a stable background is achieved, the ozone analyzer is disconnected, and the 

TOC injection line is connected. 

5. Constant injection of ozone continues throughout the duration of the step injection. 

When the TOC step injection is terminated, ozone is injected until the TOC 

returns to its background count (±0.2 ppb). 

4.4.4 Ozone Contact Tank Refill 

The ozone contact tank holds a volume of 14 gallons while the storage tank 

in the pilot plant only holds 9.2 gallons. Furthermore, it is necessary to leave at least 

four gallons of water in the storage tank to enough head for the recirculating pump. 



93 

Hence, the ozone contact tank cannot be completely filled from the volume present in the 

pilot plant storgage tank without make-up water; accordingly, the following procedure 

is used to refill the ozone contact tank: 

1. As the RO permeate is higher in contamination than the water in the polishing 

loop, the RO unit is turned off during filling to keep a stable TOC background 

within the supply. 

2. The ozone generator is left on to continuously ozonate the incoming water. 

3. The PVDF metering pump direction is switched for suction from the pilot plant, 

and UPW from the pilot plant fills the tank. 

4. It is necessary to leave at least four gallons of water in the storage tank to provide 

enough head for the recirculation pump. Therefore, at the four gallon mark the 

metering pump is switched off and the RO unit is turned back on to makeup 

volume in the pilot plant. After the storage tank fills, the RO is shut off again, 

and the refilling procedure is restarted. 



94 

5.0 MATHEMATICAL MODELING 

Currently, models for the removal of total organic carbon from ultrapure water 

systems are not available. However, a model would be useful as an aide in predicting 

the efficiency of current systems as well as an aide in developing new systems. From the 

viewpoint of UPW manufacturers, a model for the prediction of TOC in ultrapure water 

systems should be easily scaled-up with a minimal number of system dependent 

parameters. Therefore, a modular approach is taken in which reaction kinetics and 

straightforward design equations are applied to each system component. 

Although all organic molecules are lumped into the total organic carbon pool, the 

removal characteristics of the individual compounds will differ according to the chemical 

nature of the substance and the nature of the removal process. Hence, it is necessary to 

determine fundamental reaction rate constants for the particular compounds which 

comprise the TOC for each system component responsible for TOC removal. Once the 

fundamental rate constants are determined, the TOC concentration profiles can be 

obtained for each particular compound within the pilot plant system. 

5.1 Ion Exchange Tank Model 

5.1.1 Ion Exchange Rate Expression 

Many organic compounds including the model compounds humic acid, alginic acid 

and lipopolysaccarhides, carry a net negative charge when dissolved in aqueous solution. 

This negative charge allows these compounds to be adsorbed to the anionic resin in the 

DI bed. The following reaction represents the interaction: 
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ROH~ + TOC' - RTOC' + OH~ 5.1 

Although this is a reversible reaction, it is assumed that the reaction rate in the forward 

direction is much greater than that of the reverse. This assumption is justified since a 

caustic wash must be performed on the resin to release the exchanged material from the 

resin. Furthermore, as the OH" is in such great excess due to the quantity of anionic 

resin, the reaction may be assumed to be a first-order reaction in TOC concentration. 

5.1.2 Ion Exchange Design Equation 

The DI tank is a packed resin bed with water entering the tank in a downflow 

configuration. To account for any backmixing which may occur, the dispersed plug flow 

model is applied to the DI tank. With this model, mixing in the radial direction is 

negligible. However, the degree of backmixing and mixing around the resin is 

characterized by the axial dispersion coefficient. The time dependent TOC conservation 

equation including a first order reaction for ion exchange is given below: 

5.2 

The equation may be nondimensionalized in the z direction where z*=z/L: 

dc 
dz* 

+ 5.3 



96 

The dimensionless group D/uL is the dispersion number which measures the degree of 

dispersion within the system. When D/uL approaches zero, an ideal plug flow reactor 

situation occurs whereas when D/uL approaches infinity, continuous stirred tank reactor 

behavior prevails. The reciprocal of the dispersion number is the Peclet number. 

The correlation used to estimate the particle Peclet number for the ion exchange 

resin is as follows (Butt, 1971). 

eNPe - 0.2 + 0.01 K^)048 
5.4 

u 
e 

5.5 

Rearranging, 

5.6 

Substituting into Equation 5.4 gives: 

udp 
0.2 + O.OllCAT^)048 

5.7 

D 

The dispersion number can be found from the following relation: 

D_ _ D dp 

uL udp L 
5.8 
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From the DI tank physical parameters, the Reynolds number based upon the resin particle 

diameter is found to be 5.44. Applying this to Equations 5.7 and 5.8, yields 0.004 as 

the dispersion number. As this value is quite small, the dispersion model is replaced by 

a plug flow model. 

The time dependent equation is, therefore, reduced to the following: 

. i£ * jfc, 5.9 
d z d t  

An analytical solution for this PDE may be obtained using LaPlace transforms for the 

following boundary conditions: 

5.10 

c(0,z) - c.(0) - c0 5.11 

Solving Equation 5.9 for c(t,L) gives the following result: 

5.12 
c(tyL) - cjit-x,0)txp-kx, t>x 

The reaction rate constant is the only parameter which needs to be empirically 

determined. 

5.2 Ultraviolet Light Unit Model 

5.2.1 Ultraviolet Light Rate Expression 

The reactions which ultraviolet light initiates in organic molecules is discussed at 

length in Section 2.1. From that discussion, it is seen that UV radiation at 185 nm is 
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capable of breaking many organic bonds via direct photolysis reaction. Furthermore, 

radicals may be generated which may further react with the organic molecule. These 

reactions can be represented by the simple scheme: 

TOC + h\ - TOC0xid> R' 513 

R- + hv -* TOCoxid 5.14 

The radical reactions occur quite fast as evidenced by the reaction rate constants presented 

in Section 2, and the initial attack of the organic molecules is, thus, considered to be the 

slow step. A first order reaction in TOC and UV intensity results from the scheme 

above. For the purposes of this research, the intensity of UV light and the reaction rate 

constant have been combined in which k,=kl. The rate constants reported here can be 

easily transposed for systems with lamps of the same wavelenght yet different intensities 

5.2.2 Ultraviolet Light Design Equation 

The tubular UV unit may be considered a plug flow reactor. The TOC 

conservation equation with time dependence is described as: 
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5.15 

The form of this equation is the same as for the DI tank. Its solution is expressed as: 

Again, the only parameter which needs empirical determination is the reaction rate 

constant. 

5.3 Ozone Interaction with TOC 

5.3.1 Ozone Oxidation Rate Expression 

The reactions of ozone with organic molecules are also presented at length in 

Section 2.2. From the work compiled by Bailey (1972), it is evident that the reaction of 

ozone includes a direct attack of the ozone upon the molecule which may result in an 

intermediate product before the final oxidized compound is obtained. HoignS and Bader 

(1983) considered this reaction pathway in proposing their reaction scheme, Equations 

2.16-17. Also pointed out in their paper is that the stoichiometric coefficient is typically 

found between 1 and 5. In their experiments, however, the reactant molecule is taken 

in excess so that pseudo-first order rate constants can be determined. 

For the ultrapure water system, a similar reaction scheme for the action of ozone 

is considered. The overall reaction considered is thus: 

c(tyL) - cJ[t-x,0)exp-kz 
5.16 

TOC + 03 -* TOCoxid 5.17 
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The stoichiometric coefficient is taken to be one. Since the global expression may 

encompass several intermediate steps, the reaction orders are not necessarily taken to be 

first order; therefore, the ensuant rate expression is below: 

-r - k2[I0C]a[03]b 5.18 

From the experimentally determined profiles, the reaction rate constant and the reaction 

orders can be determined. 

5.3.2 Ozone Design Equation 

In order to study the action of ozone oxidation on TOC within the pilot plant 

system, a sidestream tubing is used upstream of the UV unit to avoid any additional 

effects from ultraviolet light. The sidestream tubing is considered to be a plug flow 

reactor; consequently, the conservation equation with time dependence including the rate 

expression in Equation 5.18 is written as: 

- i£ + t,c'c„ 5.19 
dz dt ^ 3 

Solution by LaPlace transform of this expression is no longer feasible. To solve this 

PDE, the numerical method of lines with subsequent ODE integration is carried out. The 

method of lines involves converting the time dependent nonlinear PDE into a set of 

nonlinear ODEs by discretizing the spatial variable. The spatial variable is discretized 

through the use of finite differences. The set of finite differences obtained can now be 

integrated with a numerical integration routine. The 4th order Runge-Kutta routine used 
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previously is, unfortunately, not robust enough for this integration. To handle the 

stiffness, the integrator chosen for this set of equations is LSODE-Livermore Solver for 

Ordinary Differential equations authored by Hindmarsh. 

5.4 UV/Ozone Interaction with TOC 

5.4.1 UV/Ozone Rate Expression 

The next step in modeling is the UV/Ozone reactions which take place in the UV 

unit. From Section 2.3, it is seen that the mechanism of the UV/Ozone oxidation 

reactions can result in a rather complex rate expression which depends upon the nature 

of the organic molecule and the water itself. Promoting and inhibiting reaction may 

occur through the interaction of the particular model compound with the hydroxyl 

radicals. Within this system, direct photochemical reaction of the model compound will 

occur if the model compound adsorbs UV light in this region (184 nm and 254 nm). 

Continually, the model compound in question may react with ozone itself. 

Based upon the elucidated mechanisms discussed in Section 2.3, a global rate 

expression for the action of UV/Ozone in ultrapure water is propagated. The factors 

which contribute to TOC reduction within the UV/Ozone system are considered in 

developing an overall global expression. The aim of the global expression is to define 

the interactions of all the reactant species into an expression that uses easily measurable 

quantities. In the case of on-line measurement for ultrapure water systems, the most 

feasible and available measurements are those for TOC and ozone concentration. It 

would be highly impractical in an industrial system to determine hydroxyl radical 
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concentrations. The UV dosage for a particular UV unit can be calculated in a 

straightforward manner using the manufacturer's lamp specifications. 

The reaction scheme that is proposed for the action of UV/Ozone in an ultrapure 

water system is, thus: 

O, * Hfi "J 02 • H202 5.20 

H202 ~ HO2 + H* 5.21 

HO'2 + 03 - - -OH 5.22 

TOC + OH "TOCoxid 5.23 

Equation 5.22 indicates that a series of intermediate steps may occur before attaining the 

hydroxyl radical product. Similarly, the reaction which TOC undergoes with the 

hydroxyl radical may produce intermediate radicals such as the superoxide ion. The 

superoxide ion as Staehelin and Hoign6 pointed out may go on to initiate further hydroxyl 

radical formation. The thrust of this reaction scheme is that the highly reactive hydroxyl 

radicals formed by the interaction of ozone with ultraviolet light are responsible for the 

enhanced TOC oxidation by the hydroxyl radicals. The above sequence can be further 

compressed to yield the following global reaction: 
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TOC + 03 
hl TOCOJdd 5.24 

The reactants involved are all accessible to measurement. 

As noted the combined action of UV/Ozone may also include reaction of uv light 

and ozone alone upon the organic compound. Therefore, a rate expression for the 

reduction of TOC which includes these factors can be written. 

-r - kl[TOC]a[Os\b + kJ[TOC] + k3I[T0C]c[03]d 5.25 

Since the complexities of the reactive ozone species are not all accounted, the global rate 

expression developed from this reaction scheme requires the empirical determination of 

the orders of the reactants. The first grouping considers the direct reaction of ozone with 

the TOC without any ozone decomposition. The second grouping considers reaction of 

the TOC with UV light directly while the third grouping looks at the effects of the 

UV/Ozone interaction upon TOC. 

It is surmised, however, that while as many empirical formulations as there are 

types of drinking and waste waters can be found, the empirical expressions found in the 

UPW pilot plant will hold true in other ultrapure water systems. This reasoning arises 

from the fact that the background level of potential promoters or inhibitors in the water 

are at relatively similar levels in most systems. 
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5.4.2 UV/Ozone Design Equation 

The resulting expression is then incorporated into the TOC conservation equation for 

the UV unit: 

Iz " If + kl* + k^TOC^a[°^b + V [roC]c[03]rf 5 26 

This PDE is also solved by the numerical method of lines with subsequent application of 

the LSODE ordinary differential equation solver as with the expression for ozone alone. 

In order to obtain TOC concentration profiles, seven parameters are needed: k,, k2, k3, 

a, b, c and d. The rate constant for UV action alone can be separately determined for 

the model compounds. Similarly, the rate constant and reaction orders can be determined 

separately for the action of ozone alone. The remaining parameters, k3, c and d, can 

be ascertained by utilizing the previously determined parameters and a best fit against the 

experimentally determined TOC profiles. 

5.5 Storage Tank Model 

The storage tank for the pilot plant system is considered to be a continuous stirred 

tank reactor with no reaction. The conservation equation for this unit is thus: 
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Solution of this nonhomogeneous ordinary differential equation is carried out by 4th order 

Runge-Kutta numerical integration for the initial condition, c(0) = c0. 

5.6 Pipe Flow Model 

Flow through the PVDF tubing connecting each unit is modeled simply as a plug 

flow reactor with now reaction. The resulting equation represents the lag time for the 

water to flow through the tubing: 

c(I) - c.(f-T> 5.28 

5.7 Determination of Reaction Rate Constants 

A best fit approach is taken in determining the constants. Experimental input 

and output profiles are for each of the model compounds. The input function is applied 

to the particular design equation (UV unit, DI tank, or sidestream tubing) over a series 

of estimated reaction rate constant values. The predicted output profiles calculated by the 

model are then plotted along with the experimentally determined output profile. The best 

fit value for each reaction rate constant is then selected. 

If the reaction orders must also be determined, a matrix of estimated reaction 

orders and rate constants is used. Although the method is crude and tedious, it is 

effective. Furthermore, optimization routines for PDEs are not readily available. 
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5.8 Overall System Model 

Once the reaction rate constants for each model compound has been determined, 

the mathematical design equations for each unit including the storage tank and tubing are 

linked together to simulate the configuration of the pilot plant system. For each model 

compound, predicted profiles can be ascertained for any known step or pulse input 

concentration into the system. 
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6.0 RESULTS AND DISCUSSION 

6.1 General Observations of System Performance 

The polishing loop is like a circulating reactor system consisting of several TOC 

removal units. Each unit is able to remove a degree of the TOC contamination with each 

pass through the polishing loop. However, not all of the contamination is removed on 

one complete pass. For the model compound step injections, this is evidenced by 

measuring the TOC just downstream of the injection point. Instead of obtaining a 

straight step input function, a slope in the input profile is obtained. Evidence as to the 

relative overall degree of difficulty in removing the compound from the pilot plant system 

may be attained by comparing the steepness of the slopes for the input profiles of the 

model compounds. For the larger negatively charge compounds such as LPS, sodium 

alginate, and humic acids; the recycle of the compound is slight indicating good overall 

removal of the compound from the system. The smaller uncharged molecules, ethanol, 

exhibits a large slope due to recycle of unremoved compound through the loop. 

6.2 Effect of Filter Location on UV Oxidation of TOC 

The configuration of the system as shown in Figure 4.1 with the filter located in 

the post-uv unit position is the scheme typically employed for industrial UPW systems. 

The UV/filter sequencing studies challenged this configuration in relation to TOC removal 

by the filter and the UV unit. In placing the filter after the UV unit, the performance or 

removal efficiency of the filter may be affected by the action of the UV light upon the 

particular compound. 
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6.2.1 TQC Removal Efficiencies for Filter 

By using a positively charge-modified filter not only are particles removed, but 

molecules with sufficiently high charge to mass ratios are held up by the filter due to 

electrostatic attraction. In this study, it was found that the model compounds retained the 

same order of affinity for the filter regardless of filter location (pre- or post-UV). The 

following general order of affinity for the filter was observed: 

humic acids > LPS > sodium alginate > methionine > glycine 

Humic acids is a general term given to substances formed from the decomposition 

of plant material. Therefore, one single molecular structure cannot be assigned. The 

actual structure of these compounds have only been theorized; however, it has been 

determined that they contain a phenolic core with various amino acids, peptides and 

sugars attached. The resultant structures are complexly linked molecules with the ability 

to absorb water and bind ions and other organic materials (Atlas, 1987). From its 

numerous phenolic and carboxylic groups, humic acids is quite attracted to the positively 

charged-membrane. 

Lipopolysaccharide is a high molecular weight substance consisting of three 

regions: polysaccharide side chains, a core polysaccharide, and a glucosamine backbone 

linked to long chain fatty acids (Luderitz, et.al., 1986). The long chain fatty acids give 

the molecule a net negative charge. Lipopolysaccharides, bacterial cell wall fragments, 

are pyrogenic which necessitates their removal from pharmaceutical grade water. In 
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order to remove LPS, the use of charge-modified filters has been recommended for use 

in water purification systems for pharmaceutical grade water (James, 1988). 

The amino acids, methionine and glycine, possess an amine group on one end of 

the structure and a carboxylic acid group on the other. In neutral solution, these 

compounds are largely in a neutral Zwitterion form in which the amine and carboxylic 

acid group carry a positive and negative charge, respectively. However, the portion that 

is in the acid form will be attracted to the positively charged membrane. 

Alginic acid should also be attracted to the positively charged membrane as the 

molecule is composed of alternating manuronic and galuronic acids. Alginic acid in its 

natural form in seaweeds is typically found bound to a mixture of cations which tend to 

make it insoluble. This is an interesting note since perhaps when injected into the pilot 

plant, the alginic acid may bind to any remaining cations in the water which may reduce 

its affinity for the charged membrane. 

For each of the model compounds used in this study, removal efficiencies were 

calculated for the filter and the overall UV/filter system. The removal efficiencies were 

calculated using the following formula: 

100 
\TOCxdt - \TOCoJt 

6.1 
fTocfl 
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The removal was considered only during the twenty minute model compound step 

injection to ensure no interference from the background TOC. Figure 6.1 presents the 

removal efficiencies obtained. It was found that locating the filter before the UV unit 

generally provided slightly greater TOC removal than locating the filter after the UV unit. 

However, for methionine and glycine the differences in removal were not great. In 

terms of % removal by the filter itself, the greatest removal for both humic acids and 

sodium alginate was obtained for the filter in the pre-UV location while for methionine, 

the filter performed slightly better in the post-UV location. 

The removal efficiency for humic acid did exhibit a substantial increase when the 

filter was placed in the pre-UV location. The overall removal increased from 53% with 

the filter post-UV to 85% with the filter pre-UV. Furthermore, the filter itself is able 

to remove 79% of humic acid TOC in the pre-UV location and only 49% in the post-UV 

location. Apparently, removal of the humic acids by the filter are affected by the 

compound passing through the UV unit before reaching the filter. In the pre-UV 

location, the filter is able to remove a substantially greater amount of humic acid TOC. 

6.2.2 Reaction Rate Constants for TOC Removal by UV Oxidation 

Reaction rate constants for the action of UV light upon the model compounds were 

also determined for the filter in both positions. The rate constants were calculated using 

the first order reaction rate model described in Section 4.2. Figures 6.2 and 6.3 exhibit 

the profiles obtained for methionine. For the filter located in either the pre-UV or the 
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post-UV location, the same reaction rate constant was obtained. This is a desired result 

since the filter is a physical process and should not alter the structure of the compound 

which would affect its UV removal characteristics. Sodium alginate and LPS also 

displayed the same reaction rate constant for the filter in either the pre-UV or post-UV 

location. 

An interesting result was found for humic acids, though. The reaction rate 

constant differed significantly depending upon the filter location. In the post-uv location, 

the rate constant was 0.25 min"1 whereas in the pre-UV location the rate constant 

increased to 0.75 min"1 (Figures 6.4 and 6.5). This result indicates that the filter in the 

pre-UV location removes the humic substances which are more recalcitrant to UV 

photolysis. Thus, the humic substances which pass through the UV unit exhibit a greater 

removal. With the filter in the post-UV location, the more recalcitrant portion of the 

humic acids still pass through the UV unit, reducing the rate constant. 

Lipopolysaccharides possessed the same reaction rate constant, 0.25 min"1, as 

humic acids did when the filter was located post-UV. Both compounds are quite large 

and will most likely undergo both photolysis and photoxidation. Thus, the reduction in 

TOC will be due to the formation of carbon dioxide from photoxidation while the 

photolysis of the compound will serve to reduce it into smaller fragments. 

Of the remaining model compounds, methionine exhibited the highest rate constant 

for removal by the UV unit. Methionine is a relatively small compound in comparison 
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with the other model compounds. It also possesses some highly reactive groups such as 

a sulfur group, amine and carboxylic acid. The reduction in methionine TOC is most 

likely the direct result of the carboxylic acid group breaking away and forming carbon 

dioxide. 

Sodium alginate was the most difficult compound to remove, exhibiting a rate 

constant of only 0.15 min"1. From the structure of the compound, it can be conjectured 

that the main action of the UV light is to break apart the alternating acid structures into 

smaller fragments. Although the compound is now in smaller fragments, essentially the 

same amount of carbon or TOC is present. The small portion that is oxidized to carbon 

dioxide accounts for the reduction in TOC. 

6.3 Effect of UV Oxidation on TOC Removal by Ion Exchange 

Another common configuration for the semiconductor industry UPW systems is 

to locate the ion exchange tank following the UV unit. This is done since the water 

leaving the UV unit possesses a low resistivity due to the production of small charged 

fragments. However, as it was found that the location of the filter affected the overall 

TOC removal in the polishing loop, it was desired to examine the location of the DI tank. 

6.3.1 TOC Removal Efficiencies for Ion Exchange Tank 

While the model compounds showed the same affinity for the filter regardless of 

filter location, this was not the case for the ion exchange tank. Removal efficiencies 

were calculated using Equation 6.1, and the results appear in Figure 6.6. The model 
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compounds when injected directly before the UV unit exhibited the following affinity for 

the ion exchange resin: 

sodium alginate > humic acids > methionine > glycine > LPS > ethanol 

The removal efficiencies for alginic acid, humic acid, and methionine are all within 3% 

of each other. When the model compounds were injected directly before the DI tank, the 

following order of affinity for the ion exchange resin was obtained: 

methionine > humic acid > glycine > LPS > sodium alginate > ethanol 

In this instance, the removal efficiencies of humic acid, glycine, LPS and alginic acid are 

close while methionine stands apart with 91% removal. This change in affinity for the 

resin indicates that UV oxidation is affecting the nature of the compound, making it either 

more or less receptive to ion exchange. 

The polar organic, ethanol, exhibited the lowest removal for both cases. Although 

in certain situations ethanol can be considered to be acidic, its pKa relative to that of 

water is much smaller. Therefore, ethanol is not expected to carry any charge and, 

consequently, no affinity for the ion exchange resin. The compound, therefore, passes 

through the ion exchange tank and recirculates through the polishing loop eventually 

reaching the UV unit. Any removal that the compound does undergo is a direct result 

of UV oxidation. The alcohol group may be oxidized to an aldehyde followed by 

oxidation to a carboxylic acid group which can be readily removed by the DI tank. 

Unconverted impurity passes through the resin bed and recirculates through the water as 
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before. When ethanol is first passed through the UV unit, 29% of the compound was 

subsequently removed by the ion exchange tank. 

While the order of ion exchange affinity for the model compounds changed with 

the sequence of the DI tank, the removal efficiencies generally increased for injection 

directly before the DI tank. The exception to this increase is ethanol. This result, 

again, is a direct effect of UV oxidation. While in the case of ethanol any altering of the 

structure of the uncharged molecule proved to be beneficial, the same was not found for 

the compounds which already carried a charge. Photolysis and photoxidation may result 

in the formation of negatively charge carboxylic acids. Photolysis and photoxidation may 

also result in the formation of aldehydes and ketones. These groups are not removed by 

the ion exchange of the UV/DI tank system. Furthermore, photolysis and photoxidation 

causes molecular decomposition as well as dimerization. These resultant products may 

also have adversely affected ion exchange affinity due to altered charge/mass ratios. 

This situation is particularly evidenced by the dramatic decrease in methionine's removal 

efficiency from 91 % for injection directly before the DI tank to 67% for injection directly 

before the UV unit. 

6.3.2 Reaction Rate Constants for TOC Removal by Ion Exchange 

Following the ion exchange tank model described in Section 4.1, first order 

reaction rate constants were calculated for the ion exchange tank for injection of the 

compounds directly before the UV unit or directly before the DI tank. The rate constants 

of the model compounds for the UV unit remained the same regardless of the injection 
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point of the model compound. However, the rate constants of the model compounds for 

the DI tank were dependent upon the injection point of the model compound. The rate 

constants for the DI tank do not represent a process which physically alters the nature of 

the compound. The rate constants, instead, represent the affinity that a certain compound 

has toward the ion exchange resin. In the case of injection before the UV unit, the 

model compound passes through a process which can alter the chemical structure of the 

compound. In certain cases, as with ethanol, alteration of the compound's chemical 

nature may be beneficial while with others, like methionine, LPS, it may be harmful. 

Figures 6.7 through 6.10 exhibit the change in TOC removal as well as the change in 

reaction rate constants experienced by the model compounds. 

6.4 Performance of Overall System Model 

The rate constants for the model compounds for reaction in the UV unit and the 

DI tank that were determined were taken and applied to an overall system model as 

described in Section 5.0. Table 6.1 list the fundamental reaction rate constants 

determined for the model compounds. In examining the effect that UV oxidation has 

upon TOC removal for the ion exchange tank, it was found that UV oxidation does effect 

the removal of the ion exchange. Hence, a constraint must be placed upon the use of the 

model as the reaction rates for ion exchange were found to differ, depending upon the 

injection site. Therefore, the appropriate rate constants for the ion exchange tank must 

be applied depending upon whether contamination occurs directly before the ion exchange 

tank or before the UV unit. This effect may, however, introduce an unfortunate 
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Table 6.1: Reaction Rate Constants Detennined for Model Compounds 

Model 
Compound 

k} , 
[min ] 

K 
Inject Pre-DI 

[min1] 

K 
Inject Pre-UV 

[min"1] 

Alginic Acid 0.15 6 5 

Ethanol 1 0.025 1.5 

Humic Acids 0.25 6.25 5 

LPS 0.25 5.5 4.5 

Glycine 0.3 6 4.5 

Methionine 0.4 10 4.5 
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inconvenience in using the model for industrial systems. 

To run the overall system model, the only parameters that needed to be entered 

were the respective reaction rate constants of the model compound, the initial 

concentration of the model compound and the system parameters such as flow rate and 

system volumes. After entering the necessary parameters, the model simulated the 

polishing loop based upon the reaction rate constant for each system component. Figures 

6.11 through 6.14 present the predictions that were obtained in using the overall system 

model. 

The model predicts the data rather well, indicating that the concentration profiles 

will be slightly curved. This damped effect arises from modeling the storage tank as a 

continuous stirred tank reactor with no reaction. While the storage tank is not truly an 

ideal CSTR, the CSTR approach does prove to be sufficient for the pilot plant system. 

For the larger industrial systems where the storage tanks are on the order of hundreds of 

gallons, the continuous stirred tank reactor may not be sufficient due to incomplete 

mixing in these rather large tanks. An alternate approach of determining the residence 

time distribution for a particular industrial-sized storage tank may be necessary. 

6.5 Effect of Combined Ozone/UY Oxidation on TOC Removal 

In certain cases, combining the action of two oxidants (i.e. UV/Ozone, 

H202/Ozone) can be capitalized upon to obtain better overall TOC removal. The removal 

may, in fact, be greater than either of the two oxidants acting alone giving rise to a 

synergistic effect between the two oxidants. Section 2.3.1 describes the enhanced 



128 

30-

25-

i I 

o 15-

1 0 -

0 2 4 6 8 10 14 16 18 
Time [min] 

UV input 

* 

Dl output 

-B-
model, UV input 

model, UV output 

Figure 6.11: 40 ppb Humic Acids, Overall System Model, Inject pre-DI 



129 

30-

25- #B • • • E] 

-9  20 -

i i 

1 0 -

0 2 4 6 8 10 12 14 16 18 20 
Time [min] 

UV input 
+ 

UV output 

* 

Dl output 

-B-
model, UV input 

-x-
model, UV output 

—i— 

model, Dl output 

Figure 6.12: 40 ppb Humic Acids, Overall System Model, Inject pre-UV 



130 

25-

20-

D a a 

u 
O 
t-

1 0 -

0 2 4 6 8 10 14 16 
TIME [min] 

UV inpui 

* 

Dl output 

x-
model, UV input 
—j— 

model, Dl output 

Figure 6.13: 40 ppb LPS, Overall System Model, Inject pre-DI 



131 

25-

20-

i—i 
.Q 
11 

* 1 5 -
0 
o 
i-

1 0 -

0 2 4 6 8 10 12 14 16 18 
TIME [min] 

UV input 
+ 

UV output 

* 
Dl output 

-B-
model, UV input 

-x-
model, UV input 

—i— 
model, Dl output 

Figure 6.14: 40 ppb LPS, Overall System Model, Inject pre-UV 



132 

removal that was obtained by several investigators working with drinking and waste 

water. From their work, it would seem probable that enhanced removal of TOC is 

obtainable with ultrapure water as well. Furthermore, since ultraviolet light is routinely 

employed for sterilization and, to an extent for TOC removal, it seems a plausible route 

to inject ozone upstream of the UV unit. 

The work that has been done previously, however, has been directed mainly 

toward waste water and drinking water. The contamination levels in these waters are 

typically in the parts per million TOC range, exceeding the TOC level requirements for 

ultrapure water by at least an order of magnitude. Furthermore, the nature of ultrapure 

water versus drinking water and waste water are quite different in terms of ionic content, 

pH, bacterial content and particles. Because of these factors, it was not desired to 

extrapolate data such as reaction rate constants for use in modeling the ultrapure water 

pilot plant. The research was used as a guideline, although, in determining a suitable rate 

expression. 

Certain considerations have been made in choosing the ozone concentrations to 

inject into the pilot plant system. The ion exchange resin which is downstream is 

susceptible to attack by ozone; therefore, the maximum level of ozone concentration was 

determined by the amount of ozone which the UV unit could destroy. It was found that 

ozone concentrations equal to or greater than 160 ppb ozone injected before the UV unit 

would result in ozone breakthrough. Consequently, the maximum level of ozone was 
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chosen to be 100 ppb. This value is also apparently used by ultrapure water 

manufacturers that use ozone as a periodic sterilizer. 

6.5.1 TOC Removal Efficiencies for Combined UV/Ozone 

Before ascertaining the reaction rate constants for the model compounds in a 

combined UV/Ozone system, the removal efficiencies are calculated for this system and 

compared against the removal efficiencies of both ozone and uv light alone. In this 

manner, the feasibility of the UV/Ozone oxidation system can be examined. The removal 

efficiencies are calculated according to Equation 6.1 in Section 6.1.1. Figures 6.15 and 

6.16 reveals the efficiencies for humic acids and lipopolysaccarhides. For both model 

compounds, greater removal is attained for the combined UV/Ozone system. In 

comparing the removal by ozone alone to the removal by uv light alone, it appears that 

ozone alone for both model compounds is not that effective within the residence time of 

the UV unit. Reaction of 25 ppb humic acids with 50 ppb ozone is only effective in 

removing 2% of the TOC. While the removal for 50 ppb ozone alone for both 50 ppb 

and 100 ppb LPS was only 5%. The experimental observations agree with the findings 

of Hoign£ and Bader in that the reactions of ozone with certain compounds can be quite 

slow. It seems that for ozone to be effective on its own, it should be applied to the 

storage tank or through lengths of piping with residence times greater than that of the UV 

unit (24 second at 3 gpm). 

For humic acids at 25 ppb, adding the effects of ozone alone and uv light alone 

results in a removal of only 12% of the TOC. The experimental results show, however, 
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that 40 % TOC removal ensues when 50 ppb 03 is injected before the UV unit. The 

removal of the combined system is three times greater than if the effect were simply 

additive. Similarly for LPS, the synergistic effect of the combined system removed at 

least double the amount for a purely additive effect. 

From the discussion presented in Section 2.0, it is known that ozone can 

decompose spontaneously in water due to initiation by the hydroxide ion. This 

decomposition can lead to the formation of the highly reactive hydroxyl radicals. 

However, as seen by the removal efficiencies for ozone alone, ozone decomposition with 

subsequent hydroxyl radical formation is not occurring to any great extent. If it were, 

the removal by ozone alone would be more equivalent with the combined UV/Ozone 

removals. Combining ozone and ultraviolet light serves to enhance the decomposition of 

ozone through the formation of hydrogen peroxide by ozone and uv light. The hydrogen 

peroxide anion can then go on to initiate hydroxyl radical formation. In the work done 

by Staehelin and Hoigne, the rate of ozone decomposition by hydroxide ion initiation 

occurred much more slowly than by hydrogen peroxide anion initiation. Therefore, the 

rate of hydroxyl radical production is higher for the peroxide reaction. Hydroxyl radicals 

have been shown to be much more reactive with organic substrates than ozone alone; 

thus, an increased presence of hydroxyl radicals will result in increased removal of the 

contaminant. Systems which promote hydroxyl radical formation such as the UV/Ozone 

process will, consequently, derive greater organics removal. This synergistic effect has 

been clearly seen with both humic acids and LPS. Albeit, from the discussion of 
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inhibitors and promoters one may conclude that the degree of actual synergism observed 

will be highly dependent upon the nature of the solutes present in the water. If the 

particular reactant ties up the hydroxyl radicals so that further ozone decomposition is 

prevented or if the background solutes in the water such as bicarbonate scavenge the 

hydroxyl radicals, synergism may not be evident. 

For both compounds, the general trend indicates that synergism increases with 

increasing ozone concentration and decreasing TOC concentration. For 50 ppb LPS, 

increasing the ozone concentration from 50 ppb to 100 ppb resulted in only a 5 % 

increase in overall removal of the compound. However, in going from 50 ppb ozone to 

100 ppb ozone for 100 ppb LPS, TOC is reduced by 11 % more. Accordingly, for 25 

ppb humic acids, a 10% increase in TOC removal is seen when the ozone concentration 

is doubled while for 50 ppb humic acids doubling the ozone concentration results in 20% 

greater reduction in TOC. It seems that at higher TOC concentrations, using a higher 

ozone concentrations gives more beneficial results than if a higher ozone concentration 

was used for relatively lower TOC concentrations. However, it is also seen that what is 

considered a higher TOC concentration is compound dependent. For LPS this effect was 

seen for 50 ppb versus 100 ppb while for humic acids, it was 25 ppb versus 50 ppb. The 

reason for increasing concentrations not giving as increased removal for lower TOC 

concentrations than for higher TOC concentrations may be molecule cross-section effect. 

Since at lower concentration of TOC a smaller number of molecules are present, the 
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hydroxyl radicals may not "see" as many molecules. Therefore, the radicals may 

recombine with themselves before reacting with TOC. 

6.5.2 Reaction Rate Constants for TOC Removal bv Ozone 

Reaction rate constants for reaction of ozone alone with humic acids and LPS are 

determined using the expression presented in section 5.0 which is rewritten here for 

convenience: 

-r - jyrocnOj]* 6.2 

Using a stoichiometric coefficient of one, it was found that for humic acids, the best fit 

of the data was obtained with the reaction being first order in both TOC and ozone. 

Figure 6.17 presents the model prediction versus the experimental data. The rate constant 

is quite small, 0.006 min^ppb"1. This value is in accordance with the minute removal 

efficiency calculated for this reaction. Similarly, the rate constant for LPS was found to 

be 0.005 min 'ppb"5. For LPS, reaction with ozone is not as dependent upon TOC 

concentration as the order for TOC is 0.5 (Figure 6.18). 

6.5.3 Reaction Rate Constants for TOC Removal by UV/Ozone 

The expression for the reaction of TOC with a combined UV/Ozone process 

described in section 5.0 is presented below: 

-r - k^xoc] + jyroq'tcy* + kj[Toc\c[o^d 6.3 
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The expression contains terms which represent the effects of UV alone, ozone alone, and 

UV/Ozone. After determining the rate constants for ozone alone, it is seen that the 

contribution of the action of ozone alone does not augment the removal of the compound 

from the system. Furthermore, ozone has a rather large absorption coefficient for 254 

nm light, 3300 M'cm"1. This indicates that ozone may not get a chance to react directly 

with the TOC, due to its small rate constant, before it is acted upon by the UV light. 

Therefore, the term representing the action of ozone alone is dropped from the 

expression. If a particular compound is receptive to UV light, it will still react with the 

UV light. Hence, the term concerning the action of UV light alone is retained. The rate 

constants obtained previously for the action of UV alone on the model compounds will 

be used. For both humic acids and LPS, this value was found to be 0.25 min"1. 

The task of determining the order of the UV/Ozone reaction with respect to TOC 

and ozone as well as the UV/Ozone rate constants remains. In order to confirm the 

reaction order and rate constants, the experiments were performed at different levels of 

both ozone and model compound. As the rate constants are being empirically 

determined, some variation in the rate constant from data set to data set for a single 

model compound will occur. If the variation in rate constants between data sets for a 

given compound was greater than 20%, the chosen reaction orders were deemed 

unacceptable. 

As a primary step in modeling the LPS experimental data, reaction orders of one 

for both TOC and ozone were chosen. For this reaction order, rate constants for the data 
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sets varied by at least 50%. This was highly unacceptable. To aide in selecting the next 

set of reaction orders for ozone and LPS, the removal efficiencies were examined. While 

increasing the TOC concentration and ozone concentration increased the removal, the 

increase was less than proportional, indicating reaction orders between 0 and 1 for both 

TOC and ozone. For LPS, it was found that when a reaction order of 0.2 for both ozone 

and TOC was used, a reaction rate constant of 4 +0.8 min"'ppb0"8 for all data sets 

predicted the output of the UV unit well for a given input. Figures 6.19 and 6.20 present 

the model prediction versus the experimental data. 

The same approach was taken in determining the kinetic parameters for humic 

acids. Reaction orders of one for both ozone and TOC with a rate constant of 0.0175 

±0.0035 min 'ppb"1 predicted the output well. Figures 6.21 and 6.22 demonstrate the 

prediction that were attained. From these results, it is apparent that the effect of the 

combined UV/Ozone oxidation is more dependent upon the concentrations of both ozone 

and TOC for humic acids than for LPS. However, in both cases, synergism is seen in 

the ultrapure water system. 
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Figure 6.19: 50 ppb LPS, 50 ppb Ozone/UV 
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Figure 6.20: 25 ppb LPS, 100 ppb Ozone/UV 
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Figure 6.22: 50 ppb Humic Acids, 100 ppb Ozone/UV 
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7.0 CONCLUSIONS AND RECOMMENDATIONS 

1. After examining the sequencing of both the UV/Filter and UV/DI systems, it is 

seen that the interaction among these units and the effect of the sequencing of 

these units are non-trivial. 

2. The interactions discussed depend heavily upon the specific nature of the organic 

contaminant (charge/mass ratio, number of UV oxidizable bonds, etc.). 

3. Regarding the overall system efficiency for the UV/Filter interactions, greater 

removal of the organic impurity was generally attained with the filter located in 

the pre-UV position. 

4. The ion exchange removal efficiency for some organic impurity molecules such 

as LPS and humic acids decreased when these compounds were passed through 

the UV unit before the ion exchange tank. In such a configuration, the model 

compounds experienced the photolytic effects of the UV unit. 

5. The ion exchange removal efficiency for some organic impurities which are not 

typically removed by ion exchange such as ethanol benefitted from passing 

through the UV unit before passing through the ion exchange tank. 

6. For both the UV unit and the ion exchange tank, it is possible to model the TOC 

concentration profiles for each unit as well as to determine the fundamental rate 

constants for each model compound. 
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7. The rate constants for the ion exchange tank are, however, dependent upon the 

injection point of the model contaminant. The reaction rate constant for injection 

of the contaminant before the UV unit will differ from the reaction rate constant 

for injection directly before the ion exchange tank. 

8. The difference in ion exchange rate constants must be accounted for and may 

introduce an inconvenience for scaling-up to industrial systems. 

9. Use of a continuous stirred tank reactor for modeling the pilot plant system 

storage tank is sufficient. However, larger industrial-sized storage tanks may not 

be represented well by this assumption. 

10. The use of a combined UV/Ozone system appears to produce significantly higher 

TOC removal than either UV light or Ozone produces individually. The increase 

in removal greater than an additive effect indicates a synergistic effect. 

11. The amount of increased removal or synergism is dependent upon the nature of 

the model compound. 

12. A global rate expression which is compound dependent can be derived based upon 

the mechanisms of the UV/Ozone interaction. The global mechanism includes the 

effects of UV light and ozone alone as well as the synergistic action of photolytic 

ozonation. The removal of ozone alone is small enough that it can be neglected 

from this expression. 

13. Based upon experimental data, the reaction orders and rate constants for this 

global UV/Ozone rate expression can be determined. For humic acids, the 
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reaction order for both ozone and TOC are first order, and the rate constant for 

the synergistic effect is 0.0175 ±0.0035 min 'ppb"1. For LPS, the reaction order 

for both ozone and TOC are 0.2, and the rate constant for the synergistic effect 

is 4+0.8 min^ppb8. 

The rate constants and effects for selected model compounds have been studied 

solely on the pilot plant. For future work, the model should be applied to industrial 

plants in which the organic content in the water has been well characterized. Reaction 

rate constants should be determined for organic compounds which pose a specific problem 

for an individual ultrapure water system. Furthermore, in applying the model to a system 

which has mixed organic constituents rather than a single model impurity, the interactions 

among organic impurities should be determined. 

The synergistic effect that was found in removing organics from the ultrapure 

water pilot plant warrants investigation in the larger systems. In the pilot plant, ultrapure 

water was ozonated in a separate contacting system since it was desired to inject constant 

ozone levels. This may not be feasible or acceptable due to potential contamination in 

• 

removing and reinjecting water into the system. Therefore, in-situ ozone generators 

should be considered as an alternative to a separate contacting system. 

The implications of this work suggest that the component interactions with 

ultrapure water systems must be taken into account to achieve the most efficient TOC 

removal. Furthermore, a reaction kinetics approach can be taken in developing a model 

to aid design and prediction of TOC profiles in ultrapure water systems. Finally, an 
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intriguing method for enhanced removal of organic impurities lies in combing UV light 

and ozone synergistically. 
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APPENDIX A: Additional Figures 
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Figure A.l: 40 ppb Alginic Acid, Filter pre-UV 
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Figure A.2: 40 ppb Alginic Acid, Filter post-UV 
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Figure A.3: 40 ppb LPS, Filter pre-UV 
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Figure A.6: 40 ppb Methionine, Inject pre-UV ~ 1.5 gpm 
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Figure A.7: 40 ppb Humic Acids, Inject pre-DI 
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Figure A.8: 40 ppb Humic Acids, Inject pre-UV 
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Figure A.9: 50 ppb LPS, 100 ppb Ozone/UV 
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Figure A. 12: 100 ppb LPS, 50 ppb Ozone/UV 
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Figure A. 15: 100 ppb LPS, 50 ppb Ozone Alone 



APPENDIX B: DATA TABLES 



Table B.l: UV/FUter Interactions, Filter Pre-UV 

Time TOC Concentration: 
SPl SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

40 ppb Alginic Acid: • • 
0.00 2.8 
3.00 6.6 
6.00 10.2 

10.00 12.2 
13.00 12.3 
18.00 13.1 
22.00 10.9 
26.00 4.5 
30.00 3.8 
33.00 3.5 

0.00 2.8 
3.00 2.8 

10.00 2.9 
16.00 2.9 
22.00 2.9 
28.00 2.9 

3.00 12.2 
4.00 14.4 

12.00 15.6 
12.00 14.8 
20.50 8.9 
28.00 2.3 
28.00 2.2 
33.00 2.3 

3.00 12.8 
9.00 14.4 

12.00 14.9 
17.00 14.8 
20.00 15.3 



Table B.l: UV/FUter Interactions, Filter Pre-UV 

Time TOC Concentration: 
SP1 SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

25.00 2.7 
28.00 2.7 
31.00 2.3 
36.00 2.3 
39.00 2.4 

3.00 
6.00 13.3 

11.00 13.5 
14.00 14.3 
19.00 14.0 
22.00 2.9 
27.00 2.2 
29.00 1.8 
33.00 1.8 
35.00 1.7 
38.00 1.7 
40.00 1.7 

UV Unit Model, k, = 0.15 min1: 

0.00 13.82 13.02 
4.00 14.10 13.28 
8.00 14.38 13.54 

12.00 14.66 13.81 
16.00 14.94 14.07 
20.00 15.22 14.33 

40 ppb Humic Acids: 
0.00 2.3 
5.50 2.3 

11.58 2.4 



Table B.l: UV/FOter Interactions, Filter Pre-UV 

Time TOC Concentration: 
SPl SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

18.00 2.4 
22.75 2.3 

1.33 3.6 
5.4 4.7 
7.90 6.2 

12.83 5.9 
19.50 6.3 
23.00 6.8 
28.08 3.8 
35.17 3.3 

2.00 15.1 
6.00 20.3 
9.17 21.6 

18.00 22.5 
22.50 2.4 
27.00 2.3 
33.00 2.2 

0.00 2.5 
2.00 3.2 
5.00 3.7 
8.50 4.6 

13.00 4.6 
17.50 5.5 
21.00 4.7 
26.50 3.2 
29.00 2.8 

0.00 1.8 
3.00 2.5 
4.00 2.5 

11.00 3.6 



Table B.l: UV/Filter Interactions, FUter Pre-UV 

Time TOC Concentration: 
SP1 SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

12.00 
19.00 
20.00 
27.00 
28.00 

3.4 
4.3 
3.8 
2.6 
2.1 

UV Unit Model, k, = 0.75 min"1: 

0.00 3.0 2.3 
4.00 3.6 2.7 
8.00 4.2 3.1 

12.00 4.7 3.5 
16.00 5.3 3.9 
20.00 5.9 4.4 

40 ppb LPS: 
5.0 11.2 

14.0 12.7 
25.0 5.5 
31.0 3.7 
33.0 4.2 
37.0 3.2 
40.0 3.9 

0.0 2.7 
6.0 2.8 

13.0 2.9 
19.0 3.0 
26.0 2.9 
33.0 2.7 



Table B.l: UV/Filter Interactions, Filter Pre-UV 

Time TOC Concentration: 
SP1 SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

2.0 17.4 
4.0 18.3 

14.0 19.5 
16.0 19.8 
25.0 3.0 
26.0 2.9 
33.0 2.7 

2.0 
5.0 12.9 

10.0 15.5 
14.0 15.3 
20.0 16.8 
25.0 3.8 
30.0 3.0 
32.0 3.3 
36.0 3.0 
39.0 2.9 

0.0 
4.0 6.7 
9.0 14.8 

13.0 11.5 
18.0 17.0 
22.0 4.1 
28.0 2.5 
29.0 2.4 
34.0 2.3 

UV Unit Model, kl = 0.25 min-1: 

0.0 10.5 9.5 
4.0 11.9 10.8 



Table B.l: UV/Filter Interactions, Filter Pre-UV 

Time TOC Concentration: 
SP1 SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

8.0 13.3 12.1 
12.0 14.7 13.3 
16.0 16.1 14.6 
20.0 17.5 15.9 

40 ppb Methionine: 
4.3 15.8 
5.1 15.9 

11.7 30.3 
12.5 30.7 
19.3 34.1 
20.5 34.7 
23.3 5.1 
27.2 8.1 
28.1 7.4 
35.0 4.6 
39.5 4.2 
41.3 4.2 
42.3 3.9 

1.5 3.9 
6.3 7.0 
8.3 7.8 

13.5 10.7 
14.0 11.0 
21.1 12.2 
21.8 11.9 
28.0 6.8 
28.8 6.1 
33.5 4.9 
35.5 4.6 
40.3 4.2 
42.2 4.0 



Table B.l: UV/Filter Interactions, Filter Rre-UV 

Time TOC Concentration: 
SP1 SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

5.6 39.1 
10.3 49.2 
13.7 48.3 
19.5 50.2 
21.8 11.7 
28.2 6.9 
30.7 5.9 
34.1 4.9 
35.7 4.5 
40.6 4.1 
42.5 4.1 
47.2 3.8 

7.0 41.0 
10.4 39.0 
16.2 45.7 
22.5 10.3 
27.5 6.5 
32.2 5.5 
34.5 4.6 
40.0 4.3 
41.7 4.2 
46.3 4.0 

2.2 25.0 
6.3 34.2 

11.5 35.0 
15.4 38.7 
20.8 15.1 
24.8 5.0 
30.0 4.0 
32.3 3.4 
36.2 3.1 
39.1 3.0 



Table B.l: UV/Filter Interactions, Filter Pre-UV 

Time TOC Concentration: 
SP1 SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

UV Unit Model, kl = 0.4 min-1 

40 ppb Glycine: 
0.0 3.3 
0.0 3.3 
1.0 3.9 
7.3 11.5 
8.2 12.6 

17.0 13.5 
18.8 13.8 
28.3 4.2 
28.7 4.0 
34.5 3.8 
35.3 4.1 
40.8 3.7 

0.0 3.0 
0.1 2.9 
13 3.1 
13.0 3.0 
19.5 3.1 
26.0 3.2 
33.6 3.1 

0.0 2.8 

43.0 2.8 

0.0 
4.0 
8.0 

12.0 
16.0 
20.0 

35.4 30.2 
37.8 32.2 
40.2 34.3 
42.6 36.3 
45.0 38.3 
47.4 40.4 



Table B.l: UV/Filter Interactions, Filter Pre-UV 

Time TOC Concentration: 
SP1 SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

0.0 2.8 
6.7 13.8 
7.5 14.9 

17.0 14.2 
26.7 3.0 
28.3 3.4 
33.3 3.2 
33.7 2.8 

0.0 3.3 
5.7 14.0 
7.0 14.3 

16.0 14.2 
26.5 3.5 
28.7 3.4 

0.0 2.7 
3.0 11.4 
4.5 11.9 

14.0 12.4 
22.8 2.5 
24.5 2.8 
28.6 2.7 
31.7 2.6 



Table B.l: UV/Filter Interactions, Filter Pre-UV 

Time TOC Concentration: 
SPl SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

40 ppb Alginic Acid: 
0.00 3.10 
5.00 11.16 
7.00 12.48 

13.00 14.12 
15.00 14.63 
21.00 13.20 
24.00 8.81 
29.00 4.22 
31.00 4.12 
36.00 3.51 
38.00 3.61 
43.00 3.41 
44.00 3.51 
48.50 3.30 
55.00 3.41 

0.00 2.20 
6.00 2.50 

13.00 2.50 
19.00 2.60 
26.00 2.50 
32.00 2.50 
39.00 2.40 
46.00 2.20 

3.50 14.40 
5.75 14.42 

13.00 15.18 
14.00 14.93 
21.50 2.74 
22.50 2.70 



Table B.2: UV/Filter Interactions, Filter Post-UV 

Time TOC Concentration: 
SP1 SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

28.00 2.41 
29.00 2.40 
33.50 2.41 
35.00 2.40 
39.50 2.41 

1.50 12.71 
5.00 14.13 
9.75 14.25 

13.00 15.42 
18.00 15.46 
22.00 2.90 
26.00 1.93 
28.75 1.82 
32.00 1.60 
34.50 1.60 

0.00 2.50 
1.00 7.35 
6.00 13.42 
8.50 15.02 

14.00 14.04 
17.00 15.53 
22.00 3.96 
25.50 3.51 
29.00 2.92 
32.50 2.90 
36.50 2.71 
39.50 2.50 
44.00 2.50 

UV Unit Model, k, = 0.15 min"1: 



Table B.2: UV/Filter Interactions, Filter Post-UV 

Time TOC Concentration: 
SPl SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

0.00 14.11 13.29 
4.00 14.39 13.55 
8.00 14.67 13.82 

12.00 14.95 14.08 
16.00 15.23 14.34 
20.00 15.51 14.61 

40 ppb Humic Acids: 
0.00 3.4 
1.00 3.7 
6.00 7.6 
7.00 9.7 

12.00 11.5 
15.00 11.7 
21.00 11.7 
23.00 7.4 
30.00 4.4 
31.00 4.3 
37.00 3.9 
37.00 4.0 
43.00 3.6 

0.00 2.3 
5.50 2.5 

12.00 2.8 
19.00 2.8 
25.50 2.5 
32.00 2.4 
38.00 2.3 

5.00 
10.00 
14.00 
19.00 

18.2 
20.1 
19.7 
20.2 



Table B.2: UV/Filter Interactions, Filter Post-UV 

Time TOC Concentration: 
SP1 SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

23.00 2.7 
28.00 2.4 
29.00 2.6 
34.00 

3.00 15.9 
5.00 17.2 

11.00 18.2 
13.00 18.5 
20.00 18.3 
22.00 2.2 
28.75 1.8 
35.00 1.8 

2.00 5.5 
5.00 6.8 
9.00 10.0 

13.50 10.1 
17.00 10.8 
22.00 3.9 
25.00 3.4 
29.00 3.0 
32.00 2.9 

UV Unit Model, kl = 0.25 min-1; 

0.00 18.0 16.3 
4.00 18.5 16.8 
8.00 19.0 17.2 

12.00 19.5 17.7 
16.00 20.0 18.1 
20.00 20.5 18.6 



Table B.2: UV/Filter Interactions, Filter Post-UV 

Time TOC Concentration: 
SP1 SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

40 ppb LPS: 
0.0 3.2 
4.0 9.2 
7.0 10.8 

12.0 13.7 
15.0 14.0 
20.0 14.8 
24.0 5.8 
30.0 4.2 
32.0 3.8 
37.0 3.7 

0.0 
4.0 14.4 
6.0 16.9 

14.0 18.2 
16.0 18.6 
24.0 3.0 
26.0 2.8 
33.0 2.4 
31.0 

0.0 
1.0 13.0 
4.0 14.0 

10.0 15.9 
14.0 17.0 
21.0 2.6 
24.0 2.1 
28.0 2.0 
31.0 1.8 

0.0 
2.0 6.0 



Table B.2: UV/Filter Interactions, Filter Post-UV 

Time TOC Concentration: 
SP1 SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

UV Unit Model, kl = 0.25 min-1: 

40 ppb Methionine: 
4.8 20.7 

12.3 28.7 
14.3 31.7 
19.8 31.3 
22.0 24.0 
27.6 7.5 
29.5 7.2 
34.6 5.1 
36.5 5.2 
40.7 4.4 

9.0 
10.0 
14.0 
19.0 
23.0 
28.0 
30.0 
35.0 

12.7 
13.9 
14.8 
14.0 
3.9 
3.5 
3.0 
3.0 

0.0 
4.0 
8.0 

12.0 
16.0 
20.0 

14.1 12.7 
15.3 13.8 
16.5 14.9 
17.7 16.0 
18.9 17.1 
20.1 18.1 

4.3 
7.0 

5.3 
6.6 



Table B.2: UV/Filter Interactions, Filter Post-UV 

Time TOC Concentration: 
SP1 SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

11.0 10.0 
13.7 10.5 
18.3 11.8 
20.5 12.0 
25.5 7.6 
27.5 6.5 
32.5 5.1 
34.3 4.6 
39.3 4.2 
40.7 4.0 
46.8 4.0 

4.6 38.9 
6.7 41.1 

14.1 42.9 
14.8 45.4 
21.8 11.0 
22.2 9.9 
29.0 5.5 
30.2 5.4 
36.1 4.4 
36.5 4.4 
43.0 4.0 
43.7 3.8 

6.2 34.5 
14.2 38.6 
21.7 9.8 
25.2 5.4 
28.3 5.0 
31.6 3.8 
35.3 3.5 
38.3 3.3 
42.0 3.3 



Table B.2: UV/FUter Interactions, Filter Post-UV 

Time TOC Concentration: 
SP1 SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

45.2 3.0 

6.3 
6.5 

13.8 
14.1 

29.1 
30.9 
32.9 
35.5 

UV Unit Model, kl = 

0.0 
4.0 
8.0 

12.0 
16.0 
20.0 

min-1 

37.1 
39.1 
41.1 
43.0 
45.0 
47.0 

31.3 
33.3 
35.3 
37.3 
39.3 
41.3 

40 ppb Glycine: 
0.0 3.2 
0.0 3.2 
4.5 10.1 
5.6 10.3 

14.5 12.1 
14.6 12.6 
23.5 4.5 
24.5 4.3 
31.0 3.7 
32.5 3.6 

0.0 2.7 
3.0 2.7 
9.5 2.6 

15.6 2.7 
22.2 2.7 



Table B.2: UV/Filter Interactions, Filter Post-UV 

Time TOC Concentration: 
SP1 SP2 SP3 SP4 SP5 SP6 

[min] [ppb] [ppb] [ppb] [ppb] [ppb] [ppb] 

0.0 2.8 
5.0 13.0 
6.0 12.3 

16.5 13.2 
17.0 12.8 
27.8 3.0 
28.2 3.0 
34.0 2.8 

0.0 2.2 
3.0 11.3 
6.1 12.1 

13.6 12.1 
16.2 12.6 
24.8 2.2 
26.5 2.5 
30.8 2.2 

0.0 2.4 
1.0 4.8 
6.0 12.0 

10.0 10.8 
16.0 12.1 
19.0 11.4 



Table B.3: UV/DI Interactions 

Time TOC Concentration: 
SPCdi SPCuv SPEuv SPEdi 

[min] [ppb] [ppb] [ppb] [ppb] 

40 ppb Ethanol: 
2.33 22.4 
2.58 20.6 

10.50 37.5 
11.58 37.1 
20.58 32.7 
21.32 31.2 
28.75 15.2 
29.42 13.8 
35.75 7.0 
37.33 6.6 
44.08 5.8 
44.33 5.4 

1.33 16.1 
5.00 23.1 
9.00 31.5 

13.25 37.0 
18.82 45.9 
21.50 27.5 
27.08 14.0 
31.08 7.6 
35.00 5.4 
38.67 4.0 
42.25 3.7 
45.25 3.5 

5.42 17.0 
5.42 17.5 

13.58 27.7 
14.67 26.7 
22.00 23.2 
23.80 17.5 
29.08 9.8 



Table B.3: UV/DI Interactions 

Time TOC Concentration: 
SPCdi SPCuv SPEuv SPEdi 

[min] [ppb] [ppb] [ppb] [ppb] 

32.00 7.6 
37.75 5.3 
39.42 5.7 
45.25 4.6 
46.00 5.5 
52.75 4.2 

2.25 19.9 
5.00 28.8 

10.58 34.9 
14.50 42.6 
20.42 48.3 
24.17 23.5 
30.25 13.8 
33.33 8.5 
37.17 6.0 
41.00 5.8 
45.17 5.1 
48.67 5.0 
52.00 4.7 

DI Tank Model, Inject Pre-UV, kd = 0.6 min-1 

0.0 16.2 15.3 
4.0 23.4 22.2 
8.0 30.7 29.1 

12.0 38.0 36.0 
16.0 45.3 42.9 
20.0 52.6 49.8 

DI Tank Model, Inject Pre-DI, kd = 0.01 min-1 

0.0 13.8 10.0 
4.0 20.5 14.9 



Table B.3: UV/DI Interactions 

Time TOC Concentration: 
SPCdi SPCuv SPEuv SPEdi 

[min] [ppb] [ppb] [ppb] [ppb] 

8.0 27.3 19.8 
12.0 34.1 24.7 
16.0 40.8 29.7 
20.0 47.6 34.6 

40 ppb LPS: 
0.00 
0.00 
6.55 19.7 
6.83 20.8 

16.17 23.5 
16.30 22.7 
25.55 7.5 
25.83 7.7 
32.90 7.3 
33.68 7.0 

6.52 6.8 
6.75 7.0 

13.93 7.3 
14.58 7.2 
21.50 6.9 
22.25 7.0 
28.17 6.8 
29.17 6.8 

4.23 14.7 
7.02 17.3 

13.63 17.9 
16.43 19.3 
23.40 5.7 
26.18 5.8 
30.87 5.3 



Table B.3: UV/DI Interactions 

Time TOC Concentration: 
SPCdi SPCuv SPEuv SPEdi 

[min] [ppb] [ppb] [ppb] [ppb] 

7.27 6.2 
14.65 6.2 
21.87 6.0 
29.40 6.2 
36.73 5.9 

DI Tank Model, Inject pre-UV, kd = 1.75 min-1 

0.0 18.0 5.4 
4.0 19.3 5.8 
8.0 20.5 6.2 

12.0 21.7 6.5 
16.0 22.9 6.9 
20.0 24.1 7.3 

DI Tank Model, Inject pre-DI, kd = 2.25 min-1 

0.0 13.8 5.4 
4.0 15.1 5.9 
8.0 16.4 6.4 

12.0 17.7 6.9 
16.0 18.9 7.4 
20.0 20.2 7.9 

40 ppb Ethanol, @1.5 gpm: 
6.43 10.6 
7.00 11.1 

15.00 14.6 
16.25 14.9 
24.35 7.7 
25.25 7.0 
32.92 5.0 
34.17 4.4 
40.90 4.2 



Table B.3: UV/DI Interactions 

Time TOC Concentration: 
SPCdi SPCuv SPEuv SPEdi 

[min] [ppb] [ppb] [ppb] [ppb] 

41.67 3.8 

3.30 15.6 
5.25 17.7 

14.00 23.8 
16.67 24.4 
23.33 15.6 
24.45 14.4 
33.00 5.6 
33.58 5.9 
41.33 4.1 
41.92 4.8 
49.00 3.7 

4.35 14.5 
4.67 14.6 

14.42 21.5 
15.90 21.8 
23.80 10.2 
24.68 8.8 
32.68 4.3 
33.42 4.7 
39.50 3.0 
41.42 3.9 
48.62 2.8 

4.00 18.5 
5.53 19.7 

13.93 27.9 
15.53 29.2 
25.47 13.5 
29.37 14.4 
33.20 6.9 
35.07 5.7 



Table B.3: UV/DI Interactions 

Time TOC Concentration: 
SPCdi SPCuv SPEuv SPEdi 

[min] [ppb] [ppb] [ppb] [ppb] 

42.85 4.4 
48.02 4.7 
50.00 4.1 

DI Unit Model, Inject Pre-UV, kd = 0.35 min-1 

0.0 14.6 13.6 
4.0 18.4 17.4 
8.0 22.2 21.2 

12.0 26.0 25.0 
16.0 29.8 28.7 
20.0 33.5 32.5 

DI Unit Model, Inject Pre-DI, kd = 0.1 min-1 

0.0 10.9 7.5 
4.0 13.5 9.3 
8.0 16.2 11.1 

12.0 18.8 13.0 
16.0 21.5 14.8 
20.0 24.2 16.6 

40 ppb Methionine, @1.5 gpm: 
3.08 5.0 
5.55 5.8 

10.88 7.0 
13.25 7.2 
18.93 7.8 
21.30 7.8 
26.92 5.2 
29.50 5.1 



Table B.3: UV/DI Interactions 

Time TOC Concentration: 
SPCdi SPCuv SPEuv SPEdi 

[min] [ppb] [ppb] [ppb] [ppb] 

35.22 4.3 
37.42 4.6 
42.67 4.2 
45.00 4.6 
50.42 4.0 

0.00 4.1 
2.48 4.1 

11.00 4.1 
18.80 4.1 
26.50 4.1 
33.78 4.1 

5.9 31.7 
6.78 30.5 
15.7 34.0 

16.33 33.4 
22.67 7.5 
22.9 7.4 
25.8 6.9 

26.00 6.9 
30.33 5.7 
32.3 5.4 
33.4 5.4 

33.78 5.3 
38.17 5.1 
39.1 4.6 

4.1 18.5 
6.8 18.6 

13.8 21.7 
15.5 21.9 
23.3 5.0 
25.2 4.4 



Table B.3: UV/DI Interactions 

Time TOC Concentration: 
SPCdi SPCuv SPEuv SPEdi 

[min] [ppb] [ppb] [ppb] [ppb] 

31.3 3.6 
32.4 3.3 
39.1 3.1 
40.1 3.0 
46.4 3.0 

DI Tank Model, Inject Pre-UV, kd = 2.0 min-1 

0.0 29.1 3.5 
4.0 30.2 3.6 
8.0 31.3 3.7 

12.0 32.3 3.8 
16.0 33.4 4.0 
20.0 34.4 4.1 

DI Tank Model, Inject Pre-DI, kd = 1.0 min-1 

0.0 16.4 5.6 
4.0 17.7 6.1 
8.0 19.1 6.6 

12.0 20.5 7.0 
16.0 21.8 7.5 
20.0 23.2 8.0 
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Table B.4: UV/Ozone Interactions for LPS 

Time TOC Concentration: 
UV input UV output Model output 

[min] [ppb] [ppb] [ppb] 

100 ppb LPS, 50 ppb Ozone/UV: 

5.6 40.4 
6.3 40.4 

16.8 44.0 
17.9 47.0 

4.5 29.8 
4.5 29.5 

14.2 32.1 
15.0 31.8 

UV/Ozone model, n = 0.2, r = 0.2, kl = 0.25 min-1, k3 = 4 

I.0 27.8 
2.0 28.2 
3.0 28.6 
4.0 29.0 
5.0 29.3 
6.0 29.7 
7.0 30.1 
8.0 30.6 
9.0 31.0 

10.0 31.4 
II.0 31.7 
12.0 32.1 
13.0 32.5 
14.0 33.0 
15.0 33.4 
16.0 33.8 
17.0 34.1 
18.0 34.4 
19.0 34.8 



Table B.4: UV/Ozone Interactions for LPS 

Time TOC Concentration: 
UV input UV output Model output 

[min] [ppb] [ppb] [ppb] 

100 ppb LPS, 100 ppb Ozone/UV: 

5.6 29.8 
6.3 27.9 

16.8 32.5 
17.9 32.2 

5.0 16.7 
14.4 20.7 

UV/Ozone Model, n= 0.2, r = 0.2, kl = 0.25 min-1, k3 

1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 
17.0 
18.0 
19.0 

17.7 
18.0 
18.2 
18.5 
18.7 
18.9 
19.2 
19.5 
19.7 
20.0 
20.2 
20.4 
20.7 
21.0 
21.3 
21.5 
21.7 
22.0 
22.2 
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Table B.4: UV/Ozone Interactions for LPS 

Time TOC Concentration: 
UV input UV output Model output 

[min] [ppb] [ppb] [ppb] 

50 ppb LPS, 50 ppb Ozone/UV: 

3.5 
4.9 

13.0 
14.5 

18.0 
18.0 
20.0 
19.5 

4.3 
12.8 

10.1 
12.0 

UV/Ozone Model, n = 0.2, r = 0.2, kl = 0.25 min-1, k3 = 4: 

I.0 10.3 
2.0 10.4 
3.0 10.6 
4.0 10.7 
5.0 10.8 
6.0 11.0 
7.0 11.1 
8.0 11.3 
9.0 11.4 

10.0 11.6 
II.0 11.7 
12.0 11.8 
13.0 12.0 
14.0 12.1 
15.0 12.3 
16.0 12.4 
17.0 12.6 
18.0 12.7 
19.0 12.8 



Table B.4: UV/Ozone Interactions for LPS 

Time TOC Concentration: 
UV input UV output Model output 

[min] [ppb] [ppb] [ppb] 

25 ppb LPS, 50 ppb Ozone/UV: 

3.8 7.8 
4.5 8.2 

10.8 8.7 
11.6 8.7 
18.3 9.4 
18.4 9.4 

2.2 2.9 
4.0 3.5 
9.0 3.6 

11.2 4.2 
16.2 3.9 
18.6 4.9 

UV/Ozone Model, n = 0.2, r = 0.2, kl = 0.25 min-1, k3 

1.0 3.5 
2.0 3.6 
3.0 3.6 
4.0 3.7 
5.0 3.8 
6.0 3.9 
7.0 3.9 
8.0 4.0 
9.0 4.1 

10.0 4.2 
11.0 4.2 
12.0 4.3 
13.0 4.4 
14.0 4.5 
15.0 4.6 



Table B.4: UV/Ozone Interactions for LPS 

Time TOC Concentration: 
UV input UV ( UV output Model output 

[ppb] [ppb] [min] [ppb] 

16.0 
17.0 
18.0 
19.0 

4.6 
4.7 
4.8 
4.9 

25 ppb LPS, 100 ppb Ozone/UV: 

3.8 9.1 
4.5 9.6 

10.8 10.3 
11.6 10.2 
18.3 11.1 
18.4 11.1 

5.0 3.3 
12.3 3.8 
19.6 4.3 

UV/Ozone Model, n = 0.2, r = 0.2, kl = 0.25 min-1, k3 

1.0 2.8 
2.0 2.9 
3.0 2.9 
4.0 3.0 
5.0 3.1 
6.0 3.2 
7.0 3.3 
8.0 3.4 
9.0 3.5 

10.0 3.6 
11.0 3.7 
12.0 3.8 



Table B.4: UV/Ozone Interactions for LPS 

Time TOC Concentration: 
UV input UV < UV output Model output 

[ppb] [ppb] [min] [ppb] 

13.0 
14.0 
15.0 
16.0 
17.0 
18.0 
19.0 

3.9 
4.0 
4.1 
4.1 
4.2 
4.3 
4.4 

100 ppb LPS, 50 ppb Ozone Alone: 

5.6 40.4 
6.3 40.4 

16.8 44.0 
17.9 47.0 

5.0 38.8 
15.0 41.4 

Ozone Alone Model, n = 1, r = 0.5, k2 = 0.005 min-1 

I.0 36.5 
2.0 37.0 
3.0 37.5 
4.0 37.9 
5.0 38.4 
6.0 38.8 
7.0 39.3 
8.0 39.7 
9.0 40.2 

10.0 40.6 
II.0 41.0 
12.0 41.4 
13.0 41.8 



Table B.4: UV/Ozone Interactions for LPS 

Time TOC Concentration: 
UV input UV output Model output 

[min] [ppb] [ppb] [ppb] 

14.0 
15.0 
16.0 
17.0 
18.0 
19.0 

42.3 
42.9 
43.4 
43.8 
44.1 
44.4 

50 ppb LPS, 50 ppb Ozone Alone: 

3.5 16.7 
4.9 16.7 

13.0 18.5 
14.5 18.1 

5.3 15.9 
14.4 17.8 

Ozone Alone Model, n = 1, r = 0.5, k2 = 0.005: 

I.0 15.3 
2.0 15.5 
3.0 15.7 
4.0 15.8 
5.0 16.0 
6.0 16.1 
7.0 16.3 
8.0 16.4 
9.0 16.6 

10.0 16.7 
II.0 16.9 
12.0 17.0 
13.0 17.2 



Table B.4: UV/Ozone Interactions for LPS 

Time TOC Concentration: 
UV input UV output Model 

[min] [ppb] [ppb] [ppb] 

14.0 17.3 
15.0 17.5 
16.0 17.6 
17.0 17.8 
18.0 17.9 
19.0 18.1 



Table B.5: UV/Ozone Interactions for Humic Acids 

Time TOC Concentration: 
UV input UV output Model 

[min] [ppb] [ppb] [ppb] 

50 ppb Humic Acid, 50 ppb Ozone/UV: 

2.3 15.0 
9.9 18.5 

17.75 20.3 
25.0 21.2 
32.9 21.6 

3.166667 11.9 
10.91667 13.6 
17.91667 13.6 
25.16667 13.6 

32.5 13.7 
39.91667 13.6 

UV/Ozone Model, n=l, r=l, kl=0.25 min-1, k3=0.0175 min-1 ppb-1 

1 8.9 
2 9.31 
3 9.69 
4 10 
5 10.4 
6 10.7 
7 11 
8 11.3 
9 11.5 

10 11.8 
11 12 
12 12.2 
13 12.3 
14 12.5 
15 12.7 
16 12.8 



Table B.5: UV/Ozone Interactions for Humic Acids 

Time TOC Concentration: 
UV input UV output Model 

[min] [ppb] [ppb] [ppb] 

16 12.8 
17 12.9 
18 13 
19 13.1 
20 13.2 
21 13.3 
22 13.4 
23 13.5 
24 13.5 
25 13.6 
26 13.6 
27 13.6 
28 13.7 
29 13.7 
30 13.8 
31 13.8 
32 13.8 
33 13.9 
34 13.9 
35 14 
36 14 
37 14.1 
38 14.1 
39 14.2 

50 ppb Humic Acids, 100 ppb Ozone/UV: 

2.383333 15.04537 
9.916667 18.51072 

17.75 20.31872 
25.08333 21.22272 
32.91667 21.67473 

2.333333 7.1 
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Table B.5: UV/Ozone Interactions for Humic Acids 

Time TOC Concentration: 
UV input UV output Model 

[min] [ppb] [ppb] [ppb] 

9.583333 9.4 
16.16667 10.3 

23.5 10.5 
31.41667 10.6 
38.58333 10.6 

UV/Ozone Model, n=l, r=l, kl=0.25 min-1, k3=0.0175 min-lppb-1: 

1 6.47 
2 6.78 
3 7.06 
4 7.33 
5 7.57 
6 7.81 
7 8.03 
8 8.24 
9 8.42 

10 8.59 
11 8.75 
12 8.9 
13 9.05 
14 9.17 
15 9.28 
16 9.38 
17 9.47 
18 9.56 
19 9.64 
20 9.71 
21 9.75 
22 9.81 
23 9.86 
24 9.92 
25 9.95 
26 9.98 
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Table B.5: UV/Ozone Interactions for Humic Acids 

Time TOC Concentration: 
UV input UV output Model 

[min] [ppb] [ppb] [ppb] 

27 10 
28 10.1 
29 10.1 
30 10.1 
31 10.1 
32 10.2 
33 10.2 
34 10.2 
35 10.3 
36 10.3 
37 10.3 
38 10.4 
39 10.4 

25 ppb Humic Acids, 50 ppb Ozone/UV: 

3.416667 7.9 
11.33333 9.5 
17.91667 10.1 
23.86667 10.5 

29.95 10.7 
35.75 10.9 

1.5 4.3 
8.416667 5.6 
15.91667 5.7 
24.21667 5.6 

35.5 5.7 
40 

UV/Ozone Model, n=l, r=l, kl=0.25 min-1, k3=0.022 min-lppb-1: 

1 4.06 



Table B.5: UY/Ozone Interactions for Humic Acids 

Time TOC Concentration: 
UV input UV output Model 

[min] [ppb] [ppb] [ppb] 

2 4.24 
3 4.4 
4 4.56 
5 4.69 
6 4.83 
7 4.96 
8 5.08 
9 5.19 

10 5.28 
11 5.37 
12 5.45 
13 5.53 
14 5.61 
15 5.67 
16 5.72 
17 5.77 
18 5.82 
19 5.87 
20 5.91 
21 5.94 
22 5.97 
23 5.99 
24 6.02 
25 6.05 
26 6.07 
27 6.09 
28 6.1 
29 6.12 
30 6.14 
31 6.17 
32 6.18 
33 6.2 
34 6.22 
35 6.25 
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Table B.5: UV/Ozone Interactions for Humic Acids 

Time TOC Concentration: 
UV input UV output Model 

[min] [ppb] [ppb] [ppb] 

36 6.27 
37 6.31 
38 6.34 
39 6.37 

25 ppb Humic Acids, 100 ppb Ozone/UV: 

3.416667 7.9 
11.33333 9.5 
17.91667 10.1 
23.86667 10.5 

29.95 10.7 
35.75 10.9 

4.583333 4.3 
11 4.6 

17.58333 4.7 
24 4.8 

30.5 4.8 
37.41667 4.9 

UV/Ozone Model, n=l, r=l, kl=0.25 min-1, k3=0.0175 min-lppb-1: 

1 3.25 
2 3.39 
3 3.52 
4 3.64 
5 3.75 
6 3.86 
7 3.97 
8 4.06 
9 4.14 

10 4.22 
11 4.29 



Table B.5: UV/Ozone Interactions for Humic Acids 

Time TOC Concentration: 
UV input UV output Model 

[min] [ppb] [ppb] [ppb] 

12 4.36 
13 4.43 
14 4.48 
15 4.53 
16 4.57 
17 4.61 
18 4.66 
19 4.7 
20 4.72 
21 4.75 
22 4.77 
23 4.79 
24 4.82 
25 4.84 
26 4.85 
27 4.86 
28 4.88 
29 4.9 
30 4.92 
31 4.93 
32 4.94 
33 4.96 
34 4.98 
35 5 
36 5.02 
37 5.04 
38 5.06 
39 5.09 

25 ppb Humic Acids, 50 ppb Ozone Alone 

0 
3.42 7.3 

11.33 8.6 



Table B.5: UV/Ozone Interactions for Humic Acids 

Time TOC Concentration: 
UV input UV output Model 

[min] [ppb] [ppb] [ppb] 

17.9 9.1 
23.9 9.5 

29.95 9.6 
35.75 9.7 

40 

1.666667 6.4 
5 7.1 

7.8 7.5 
11.66667 7.8 

14 7.9 
18.5 8.4 

20.41667 8.1 
25.25 8.5 
27.5 8.2 

32 8.5 
34.91667 8.1 
38.66667 8.5 

Ozone Alone Model, n=l, r=l, k2 = 0.006 min-1: 

1 5.96 
2 6.16 
3 6.36 
4 6.53 
5 6.72 
6 6.88 
7 7.01 
8 7.18 
9 7.3 

10 7.4 
11 7.54 
12 7.65 
13 7.71 



Table B.5: UV/Ozone Interactions for Humic Acids 

Time TOC Concentration: 
UV input UV output Model 

[min] [ppb] [ppb] [ppb] 

14 7.82 
15 7.92 
16 7.96 
17 8.04 
18 8.12 
19 8.15 
20 8.2 
21 8.27 
22 8.29 
23 8.32 
24 8.38 
25 8.39 
26 8.4 
27 8.46 
28 8.47 
29 8.47 
30 8.52 
31 8.54 
32 8.52 
33 8.56 
34 8.59 
35 8.57 
36 8.61 
37 8.65 
38 8.64 
39 8.67 
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c system with only 1 di tank in line 

INTEGER INJ, WDRAW, RUNNUM,L, SOLN, SDL, N,t 
INTEGER T1 ,T2,T3,T4,T5,T6,T7,T8,TM2,TM1 ,T2A 
REAL V0,VM,taut 
REAL TAUM1 ,TAU 1 ,TAU2 ,TAUM2 ,TAU2A ,TAU3 ,T AU4 ,T AU5 
REAL TAU6,TAU7,TAU8 
REAL XF, D, SD, CTEST,CSTEP(6), RK2, RK4, RK6 
REAL C(0:11,-60:6000),yla,ylb,xl,const 

OPEN(UNIT= 11 ,FILE='ODE2.DAT',STATUS = 'NEW') 

c Get input parameters for particular run 

WRITE(5,*)'KINETIC MODELLING FOR SIMULATED CONTAMINATION' 
WRITE(5,*)'OF THE ULTRAPURE WATER PILOT PLANT' 
WRITE(5,*) 
WRITE(5,*)'l. SOLUTION OF NETWORK WITH PULSE INJECTION' 
WRITE(5,*)'2. SOLUTION OF NETWORK WITH STEP ' 
WRITE(5,*) 
WRITE(5, *)' INPUT CHOICE' 
READ(5,*) SOLN 

write(5, *) 'ENTER RUN NUMBER' 
read(5,*)runnum 

if (soln.eq.2) then 
write(5,*) 'SPECIFY PORT FOR STEP INJECTION' 
read(5,*) INJ 

write(5,*) 'SPECIFY SAMPLE PORT FOR WITHDRAWAL' 
read(5,*) wdraw 

write(5,*)'FLOW RATE OF STEP INJECTION [ml/min]' 
read(5,*)vi 
endif 

write(5,*) 'SYSTEM FLOW RATE' 
read(5,*) vO 
WRITE(5,*) 'VOLUME PRESENT IN STORAGE TANK [GAL]' 
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READ(5,*) VM 

C Calculate residence times of system from known volumes & flow rate 
C volumes = [gal] taus = [min] VO = [gal/min] 

TAU1 = 0.393413 / vO 
TAU2 = .015704 / vO 
TAU2A = 0.034 / vO 
TAU3 = 0.021930 / vO 
TAUM2 = 1.6 / vO 
TAU4 = .006508 / vO 
TAU5 = 0.032399 / vO 
TAU6 = 1.21 / vO 
TAU7 = .015138 / vO 
TAU8 = .078897 / vO 
TAUM1 = VM/ VO 

C Calculate the proper increments for Runge-Kutta 

WRITE(5,*)1 INITIAL TIME = O min' 
WRITE(5,*) 'FINAL TIME OF RUN [min]' 
READ(5,*) XF 

D = 0.01 
L = NINT(XF / D) 

WRITE(5,*) 'INCREMENT IN TIME IS =',D 
WRITE(5,*) 'NUMBER OF INTEGRATION STEPS =',L 

tl = nint(taul/d) 
t2 = nint(tau2/d) 
t3 = nint(tau3/d) 
t2a = nint(tau2a/d) 
tm2 = nint(taum2/d) 
t4 = nint(tau4/d) 
t5 = nint(tau5/d) 
t6 = nint(tau6/d) 
t7 = nint(tau7/d) 
t8 = nint(tau8/d) 
tml = nint(tauml/d) 

if (soln.eq.2) then 
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WRITE(5,*) 'STEP INJECTION DURATION [min]' 
READ(5,*) SD 
SDL = NINT(SD/D) 
endif 

write(5,*) 
WRITE(5,*)'CONCENTRATION OF TEST COMPOUND [ppb]' 
READ(5,*) CTEST 

C Enter rate constants 

WRITE(5,*)'ENTER RATE CONSTANTS [1/min]:' 
WRITE(5,*) 'UV UNIT:' 
READ(5,*) RK6 
WRITE(5,*)'PRE-UV DI:' 
READ(5,*) RK2 

IF (SOLN .EQ. 1) THEN 
yla = CTEST 

ELSE If (SOLN .EQ. 2) THEN 
DO I = 1,6 

CSTEP(I) = 0.0 
CSTEP(INJ) = CTEST 

END DO 
ENDIF 

C CALCULATE TOC FOR 0 < T < XF 

WRITE(11,100) 
100 FORMAT(2X, 'Time' ,tl0, 'SP1' ,T20, 'SP2' ,T30, 'SP3',T40, 

*'SP4',T50,'SP5') 

xl = 0.0 

DO T = 0,1 

c(0,t) = xl 
IF (SOLN.EQ.l .AND. T.EQ.0) goto 10 
IF (soln .eq. 2 .and. T .GE. SDL) THEN 
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CSTEP(INJ) = 0.0 
ENDIF 

C PIPING 
C(11,T) = C(10,T-T8) 

C STORAGE TANK 
CONST = C(ll,t) 
call rungekutta(const,yla,0.,tauml,d) 

10 c(l,t) = yla 
C PIPING 

C(2,T) = C(1,T-T1) + CSTEP(l) 
C(3,T) = C(2,T-T2) 

C DI TANK 
c(4,t) =c(3,t-tm2)*exp(-rk2*taum2) 
XI = xl + d 

C PIPING 
C(5,T) = C(4,T-T2A) 
C(6,T) = C(5,T-T3) + CSTEP(2) 
C(7,T) = C(6,T-T4) + CSTEP(3) 
C(8,T) = C(7,T-T5) + CSTEP(4) 

C UV UNIT 
C(9,T) = C(8,T-T6)* EXP(-rK6*TAU6) + CSTEP(5) 

C PIPING 
C(10,T)= C(9,T-T7) + CSTEP(6) 

C WRITE SP TOC TO FILE 
count = count + 1 
if (count.eq.100 .or. t.eq.O) then 
WRITE(11,110) c(0,t),C(2,T),c(6,t), 

* c(7,t),c(8,t),c(9,t) 
110 FORMAT (2X,f5.2,tl0,F7.3,T20,F7.3,T30,F7.3,T40,F7.3, 

* T50.F7.3) 
count=0 
endif 
ENDDO 
END 

SUBROUTINE RUNGEKUTTA(const,yl,rk,tau,d) 

REAL X,Y,Yl,Xl,Kl,K2,K3,K4,d 
REAL F,const,rk,tau 
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y = yl 
CALL EQN(y,const,rk,tau,f) 

K1 = F * D 
Y = Yl + Kl/2. 
CALL EQN(y,const,rk,tau,f) 

K2 = F * D 
Y = Yl + K2/2. 

CALL EQN(y,const,rk,tau,f) 

K3 = F * D 
Y = Yl + K3 
X = XI + D 

CALL EQN(y,const,rk,tau,f) 

K4 = F * D 
Y = Yl + (K1 + 2. * (K2 + K3) + K4)/6. 
yl = y 

END 

SUBROUTINE EQN(ye,conste,rke,taue,fe) 

real ye,conste,rke,taue,fe 

fe = (conste - (taue*rke + 1 .)*ye)/taue 
RETURN 
END 
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Note: This is only the driver program for the LSODE ordinary differential equation 
solver 

SUBROUTINE F(NEQ,T,Y,YDOT) 
DOUBLE PRECISION Y,T,YDOT,al,a2,a6,tau,uv 
DOUBLE PRECISION Kl,B,00,kuv,n,r,yin,a3,a4 
DIMENSION Y(1()),YDOT(10) 
common/para/tau,uv,kl ,b,Oo,kuv,n,r,al ,a2,a3,a4 

yin = al*t**3+a2*t**2+a3*t+a4 
a6 = -l./(2.*.l*tau) 

YDOT(l) = 
1 -kuv*uv*y( 1 )-k 1 *uv*y( 1 )**r*(00-b*(yin-y( 1))) **n 
1 +A6*(Y(2)-yin) 

do 10 j =2,9 
YDOT(j) = 

1 -kuv*uv*y(j)-kl*uv*y(j)**r*(00-b*(yin-y(j)))**n 
1 +A6*(Y(j + 1)-Y(j-1)) 

10 continue 

YDOT(10)=-kuv*uv*y(10)-kl*uv*y(10)**r*(00-b*(yin-y(10)))**n+ 
1 A6*(3*Y(10)-4*Y(9)+Y(8)) 

RETURN 
END 

PROGRAM 03UV 
EXTERNAL F 
DOUBLE PRECISION tau.ATOL, RWORK, RTOL,T,TOUT,Y,ydot,FACT 
DOUBLE PRECISION Kl,B,00,kuv,a,n,r,al,a2,atoli,yi,uv,a3,a4 
DIMENSION Y(10),ATOL(10),RWORK(212),IWORK(30),ydot(10) 
COMMON/PARA/tau,uv,Kl ,B»00, kuv,n,r,al ,a2,a3,a4 
0PEN(3,FILE='03UV4.OUT',STATUS = 'unknown') 
OPEN(5,FILE='03UV4.DBG',STATUS = 'unknown') 
open(4, file='03UV4 .dat', status='old') 
READ(4,*)tau,uv,Kl ,OO.B,kuv,n,r,al ,a2,a3,a4 
read(4, *)itask, rtol ,atoli, yi 
do 2 i=,1,10 
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atol(i) = atoli 
y(i) = yi 

2 continue 
c write(*,*)itask,rtol,(atol(i),i=1,10),(y(i),i=1,10) 

READ(4, *)TOUT,FACT,MAXIT 
WRITE(5,*)K1,00,B,kuv,n,r 
write(3,*)kl,oo,b,kuv,n,r 

c WRITE(5,*)ITASK,RTOL,(ATOL(I),I=1,10),(Y(I),I=1,10) 
NEQ= 10 
T=0.0D0 
ITOL= 2 
IOPT = 0 
LRW=212 
LIW=30 
MF= 22 
ISTATE=1 

C TOUT=0. DO 
DO 40 IOUT = l.MAXIT 
CALL LSODE(F,NEQ,Y,T,TOUT,ITOL,RTOL,ATOL,ITASK,ISTATE, 

1 IOPT,RWORK,LRW,IWORK,LIW,JAC,MF) 
call f(neq,t,y,ydot) 
WRITE(3,20)T, Y(l),y(2),y(3) 
write(3,23)y(4) ,y(5) ,y(6) 

write(3,23)y(7),y(8),y(9) 
write(3,24)y(10) 

20 FORMATC AT T=',E10.3,' Y= ',1(E10.3,1X)) 
WRITE(*,20)T,Y(10) 
write(5,22)t, ydot( 1), ydot(2), ydot(3) 

write(5,23) ydot(4),ydot(5),ydot(6) 
write(5,23) ydot(7),ydot(8),ydot(9) 
write(5,24)ydot( 10) 

22 format(' AT T=',E10.3,' YDOT-s = ',3(el0.3,lx)) 
23 format(3(el0.3,lx)) 
24 format(l(el0.3,lx)) 

IF(ISTATE.LT.O) GO TO 80 
40 TOUT = TOUT + FACT 

WRITE (3,60)IWORK(1 l),IWORK(12),IWORK(13) 
WRITE (*,60)IWORK(1 l),IWORK(12),IWORK(13) 

60 FORMAT(/' NO. STEPS =\I4,' NO F-s ',14,' NO J-s ',14) 
CLOSE(3,STATUS = 'KEEP') 
CLOSE(4,STATUS = 'KEEP') 
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CLOSE(5,STATUS = 'KEEP') 
STOP 

80 WRITE (3,90)ISTATE 
90 FORMAT(///' ERROR HALT...ISTATE = ',I3) 

CLOSE(3,STATUS = 'KEEP') 
CLOSE(4,STATUS = 'KEEP') 
CLOSE(5 .STATUS = 'KEEP') 
STOP 
END 
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c TOC concentration 

C; input TOC concentration 

c0 TOC concentration at t=0 

dp particle diameter 

D/uL Dispersion Number 

I UV light intensity 

kj TOC rate constant for UV light 

kj TOC rate constant for Ozone alone 

k3 TOC rate constant for UV/Ozone 

kd TOC rate constant for ion exchange 

L reactor length 

NPE Peclet Number 

NRE Reynolds Number 

u velocity 

vc volumetric flow rate 

e porosity of ion exchange tank 

hu UV light 

A ion equivalent 

1/p resitivity 

r residence time of reactor 
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