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ABSTRACT 

In semiconductor manufacturing, silicon wafers are repeatedly cleaned with ultrapure 

water. As the wafer size increases and the line width shrinks, the ultrapure water consumption 

continues to increase. More stringent requirements are placed on the rinse water specification. 

Improvements in water purification must be brought forth to meet the needs. 

The total concentration of all inorganic ions subject to measurement in ultrapure water 

is often below 1 ppb. By comparison, the concentration of organic contaminants is often an 

order of magnitude higher. Organic contaminants in rinse water cause defects and decrease 

device yield. Removing organic contaminants is therefore very important. 

The present study focuses on the mechanisms and kinetics of various organic impurity 

removal processes, particularly, of chemical oxidation processes. 

A novel photocatalytic filter is developed that incorporates the feature of filtration and 

chemical oxidation. Organic contaminants are separated through entrapment and adsorption. 

They are destroyed through photocatalytic oxidation. 

The oxidation of organic contaminants using UV irradiation, ozone or a combination of 

UV and ozone is studied. For most model contaminants, UV oxidation is not a first order 

reaction in terms of the contaminant concentration. UV/ozone oxidation removes organic 

contaminants synergistically. 

The removal of dissolved gases and VOCs using a unique membrane degasification 

technology is also investigated. 

Another important aspect is the qualitative and quantitative analysis of impurities. In 

this work, organic impurities are measured using a combination of a total oxidizable organic 

monitor and a non-volatile residue monitor. A new method is studied using an attenuated total 
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reflection - Fourier transform infrared spectrometer. It has the advantage of detecting the most 

harmful organic contaminants which adsorb on a silicon wafer. 

Based on the fundamental information obtained on each process unit, an overall 

process simulator is developed. Modeling an ultrapure water system will reveal its response 

characteristics to a possible contamination challenge. This makes it possible to optimize the 

system configuration and operation. The feasibility of rinse water recycling/reclamation is also 

studied. 
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CEIAPTERl 

INTRODUCTION 

1.1 ULTRAPURE WATER 

1.1.1 Origins and Applications 

Water occurs naturally in three forms - solid as ice and snow, liquid as water and 

gaseous as steam or vapor. As "a matrix of life", water is one of the three essential substances 

on which our lives depend. It is a necessary part of all animal and vegetable cells and of the 

crystal of many minerals. Water is also important for industries. A huge amount of water is 

used daily and more and more requirements have been put on the water quality. 

Water existed on this planet long before life first evolved. Due to its chemical stability, 

water in today's world was here when the earth was bom. The water has remained unchanged 

in quantity throughout the four or five billion years of the earth's existence. Water is circulating 

through the hydrologic cycle, that is, it is continuously circulated by evaporation fi-om the 

hydrosphere to the atmosphere and the subsequent precipitation back to the hydrosphere. 

The total amount of water on this planet is estimated to be 326 million cubic miles. 

Most of it is sea water and only 2.5% of it is fi^esh water of which 87.3% is locked in the polar 

ice caps and glaciers. This leaves only one million cubic miles of fi"esh water in surface, 

atmosphere and underground water [Sauve, 1975], 

Natural water is far fi^om pure. Due to contaa with its surroundings, it contains 

various minerals and salts fi^om the components of the earth and rocks it has encountered. So 

the chemical and physical makeup of natural water tends to be very site specific. It reflects the 

local geometry and/or topography as modified by man-made activities such as housing, 

agriculture, and industry. Falling as rain, it has scrubbed various gases fi'om the atmosphere. 
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As mn-off or streams it has picked up and carried a wide variety of impurities such as organic 

materials, salts, colloids, and other soil constituents, into lakes, ponds, aquifers. Natural water 

serves also to nurture organisms such as bacteria, virus, algae and diatoms. Therefore natural 

water must be treated and purified before it is used. 

Various water purification technologies have been developed and applied, such as 

filtration, coagulation/flocculation/settlement, chlorinating/disinfection, distillation, ion 

exchange, reverse osmosis, ultraviolet and advanced chemical disinfection/oxidation using 

ozone and hydrogen peroxide. 

Ultrapure water (UPW) is water with an extremely low impurity concentration. It has 

found applications mainly in three areas: in power generation as boiler make up water, in the 

pharmaceutical industry as the water for injection and in the semiconductor manufacturing as 

the silicon wafer rinse water [Meltzer, 1994]. 

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

manufacturing. As the wafer size increases, the ultrapure water consumption continues to 

increase despite predictions in the 80's that the reduction in wet processing stages would cause 

a decrease in the water utilized. Throughout its processing a typical 8" wafer for 4M dynamic 

random access memory (DRAM) is washed 50 to 70 times with about 1000 gallons of 

ultrapure water [Blackford, et al., 1994]. A 12" wafer will use up to 6000 gallons of ultrapure 

water [Lancaster, 1996]. Thus a fab producing 5,000 12" wafers per month will use over one 

million gallons of water per day. 

As the line width characterizing an integrated circuit shrinks to 0.25 |iin or even finer, 

more stringent requirements have been set on the rinse water. Table l .I lists the quality 

requirements on the ultrapure water for varies degree of integration. [Omid and Nitta, 1986; 

ANSI D19] 
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Table 1.1 Rinse water specifications for semiconductor devices 

Unit 64K 256K IM 4M 16M 1 

Resistivity MQ-cm 
25°C 

>1S >17 >18 >18 >18 

Particle ps/ml 
|im 

100-200 
0.2 

<50 <100 
0.2 O.I 0

 A
 

• 
NJ

 
0
 

<1 
0.08 

<0.5 
0.06 

Bacterium ps/ml <1 <0.1 <0.05 <0.01 <0.005 

TOC Mg/l <500 <100 <50 <20 <10 

SiOj l^g/l - <10 <10 <5 <5 

Dissolved 
Oxygen 

Mg/1 - <100 <100 <50 <50 

Na <1 <1 <1 <0.1 <0.1 

K pig/1 <1 <I <I <0.1 <0.05 

CI ^Ag/I <5 <5 <1 <1 <0.1 

Cu <2 <2 <1 <1 <0.1 

Fe ^Ag/l - - <1 <1 <0.1 

Zn <5 <2 <1 <1 <0.1 

Cr ^Ag/l - - <1 <0.1 <0.02 

Mn ^g/1 - - <1 <0.5 <0.05 

1.1.2 Structure and Properties 

(1) Structure of water molecules 

Water is a singular chemical compound with the formula H2O. One mole of water is 

formed fi"om the reaction between one mole of hydrogen and half mole of oxygen. 

The water molecule consists of a Is electron on the K shell of a hydrogen atom bonded 

with the sp^ composite orbit formed by the 2s2px2py2p2 orbit on the L shell of the oxygen 

atom. In the water molecule, oxygen has eight electrons on the outermost shell and hydrogen 

has two. This forms a closed shell structure for both oxygen and hydrogen, stabilizing the 



21 

molecule. The bonding angle between oxygen and hydrogen atoms is 104.52°. It is close to 

the angle of a regular tetrahedron, 109.5°. The distance between oxygen atom and hydrogen 

atom is 1.957 A. The gravity center of the bonded electrons nears the oxygen atom slightly as 

electrical negativity increases. This makes water a polar molecule. Moreover, since the center 

of gravity of the positive electrical charge does not match that of the negative electrical charge, 

the water molecule has a dipole moment. Each water molecule forms hydrogen bonds, an 

association that can be loosely represented as (H20)n. 

( 2 )  Properties 

The electrical structure of water molecules is responsible for the unique properties of 

the liquid water, as judged by the usual chemical and physical standards. 

Chemical stability: When liquid water is formed from its elements 286 kJ/mol of heat 

energy is released. This large energy release on formation means that water is a stable material 

and there is little tendency for it to dissociate back to its elements at ordinary temjjeratures. 

However, at ordinary temperatures, it does dissociate very weakly into hydrogen and hydroxyl 

ions and the bare proton is firmly associated with water molecules. 

2H2O = + OH-

At 25 °C, the conductivity of pure water is 0.055 |iS/cm, corresponding to 10'^ moI/1 

concentration of the two ions. The ionic product, [H30*][0H^, or dissociation constant K„, 

has the value of lO"*'' mol/1 at 25 °C, corresponding to 0.055 |iS/cm of the conductivity of pure 

water. As temperature rises, Kw increases and the conductivity decreases. 

Solvent properties due to polarity: The polarity of water molecules means that they 

readily orient around an electrically charged ion so as to reduce the electrical field of the ion. 

Water is therefore a particularly good solvent for ionized substances. Water dissolves all salts, 

acids, and bases to some extent. All gases have some solubility in water, which is proportional 
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to the partial pressure of the gas in equilibrium with the water. The solubility decreases as 

temperature increases. The solubility of liquids in water is very much a function of polarity. 

Liquids which produce ions in water such as sulfuric acid react with evolution of heat. Liquids 

which contains polar groups such as alcohols and amines are soluble whereas liquids which are 

non-polar such as hydrocarbons are only sparingly soluble in water. Similar considerations 

apply to the solubility of solids in water. 

Since water is almost a universal solvent, an intrinsic complexity exists in the 

application of ultrapure water in semiconductor manufacturing. The excellent solubility of 

water is needed in cleaning the wafer surface. However, because of this property, ultrapure 

water is extremely vulnerable to re-contamination. Extra eflfort is needed to keep water in 

ultrapure water state. 

Unique physical properties: Mainly due to the hydrogen bonds, which increase the 

size of the molecules, water has some unique physical properties, such as relatively high 

melting and boiling temperature, large heat of melting and heat of evaporation, high surface 

tension, large molar heat capacity, high viscosity, maximum density at 4 °C, etc. 

L1.3 Contaminants in Ultrapure Water 

(1) Ionic contamination 

These contaminants are ionic in nature, such as sodium, calcium, potassium, chloride, 

bicarbonate, sulfate. Dissolved in water, they may adversely affect the semiconductor's 

performance and result in its failure [Yabe, et al., 1989; Craven, I986j. The traditional 

measurement of ionic contaminants is electric resistivity. The unit is megaohm-cm at a 

reference temperature of 25 °C. A reference must be specified because the resistivity is 

temperature dependent. The theoretical resistivity of pure water is 18.27 MH-cm at 25 °C. 

This measurement of resistivity has been thought to be suflBciently sensitive to contamination 
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by common mobile ions. Ionic contaminants can be removed eflficiently through reverse 

osmosis and ion exchange. 

( 2 )  Particulate 

Particles can be organic or inorganic. The general morphology of particles with 

diameters of greater than 0.2 ^m can be gathered into the following groups, black particles, 

crystals, fibers, colloids, smears, and whole and Segmented bacterial cells [Lorch, 1987]. 

Particles can cause fouling or physical damage to water treatment equipment (such as 

RO units). Even colloidal substances, having diameters in the range 0.005 to 0.2 |im and lying 

at the interface between particles and dissolved species, need to be removed to protect RO 

membranes against rapid fouling. Particles in rinse water cause pattern defects in the 

lithography and etching process and may become the origin of impurities on the wafer surface 

during heat treatment. Particles whose size exceeds one-tenth of the design rule must be 

removed fi-om ultrapure water [Faylor and Gorski, 1988]. Coarse particles can be removed by 

metal screens. Finer suspended matter can be filtered or aUowed to settle out in sedimentation 

plants but the very finest particles and colloids often need to be initially chemically treated to 

coagulate them into larger particles which will settle relatively quickly and/or will be filtered 

eflBciently. Along with reduction in the design rule, the size of the particles to be removed has 

become increasingly microscopic, and technology for particle measurement has also been 

fiirther developed. 

(3) Microorganisms 

There are mainly four types of living organisms in water; bacteria, virus, fiingj and 

algae. Bacteria predominate in most water systems, because they are most adaptable. Other 

microorganisms require what bacteria fix. 

Live and reproducing bacteria represent one of the most insidious contamination 
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problems in a pure water system [Governal, Bonner and Shadman, 1991]. With great 

adaptability, they tend to form biofilms on equipment walls. In the biofilm bacteria live within a 

continuous matrix of exopolysaccharide made by themselves and by their algae symbionts. The 

biofilm is an excellent environment protecting its members fi-om outside sterilization. Installed 

pure water systems are very susceptible to the problem of baaeria, since normal sanitizing 

agents found in municipal water systems (e.g. chlorine) have been removed. 

The presence of excessive bacteria in a pure water system has been shown to be 

responsible for numerous yield problems. Bacteria cause local oxidation defects and pinholes 

in both oxides and oxide/nitride sandwiches. Also, bacteria and bacterial fi"agments usually 

contain phosphorus at a level of about lO'^ atoms [Craven, 1986]. This amount of n-type 

dopant on the surface of silicon will be driven in during subsequent oxidation cycles and can be 

responsible for threshold-voltage shifts of as much as 0.1 V, particularly in undoped transistors. 

Bacterial precipitates have been shown to be responsible for polysilicon defects and blisters 

later in the process. High concentration of bacteria has even been responsible for the failure of 

back-side metallization adhesion. 

Bacteria are ubiquitous, some forms being able to exist with very little food in either 

aerobic (with oxygen) or anaerobic (without oxygen) conditions. They can mutate under 

undesirable conditions to form resistant strains. The ion exchange resin used in ultrapure water 

plants provides an ideal host environment for them to grow and thrive and those chemicals 

which will kill the bacteria will also render the resin useless. Additionally, disinfectants cannot 

be added to the final quality water because they are contaminants. The only techniques 

commercially available are irradiation of a particular wavelength followed by sub-micron 

filtration. Bacteria existing ultrapure water are usually of the Gram-negative type, e.g. 

Pseudomonas spp and Serratia marcescens. An appropriate UV wavelength is 253.7 nm, at 

which the percentage kill is better than 99.97% [Whyte, 1991], A contaminant baaerium 
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might be initially classed as a non-ionic contaminant but once killed by ultraviolet, it is broken 

up into ionic constituents and becomes an ionic contaminant. A major problem is that if the 

baaerium reaches the wafer in a live state, it may die and break up, discharging its cargo of 

harmful ions onto the wafer. 

(4) Total oxidizable carbon (TOO 

The TOC content is a measurement of the dissolved organic contaminants in water. 

The five major sources of this problem are raw water; airborne organics that come in contact 

with water prior to its delivery to the cleaning station; bacterial waste fi"om colonies growing 

within the distribution system; leachate fi-om the piping network as well as process generated or 

added compounds in recycling water. 

The organic matter in raw water (soft surface water reservoir) is a complex of humic, 

fiilvic and other organic acids of indeterminate chemical composition created principally fi"om 

the decomposition of decaying vegetable matter 

The importance of organic contaminant removal fi-om semiconductor rinse water is 

profound. Most contamination problems afieaing semiconductor device yields are caused by 

organic contaminants. The VLSI defect density was found to be linearly dependent on the 

TOC concentration in rinse water [McConnelee, et al., 1986]. The presence of such entities 

may result in line defects or device-interface problems. Thus, in the case of 250 to 1,000 

angstrom gates, a 20 to 50 angstrom interface problem can be very serious. High-viscosity, 

high molecular-weight hydrocarbons are among the major contaminants. 

The impact of TOC on semiconductor device production has been documented by 

several different techniques. The most direct method of analysis involves looking at the 

difference between a clean silicon wafer that has come directly fi^om the vender and a wafer 

that has been washed and spun dry with water of questionable TOC content. While the control 

wafer should have no visible haze, a wafer washed with water containing a high degree of TOC 
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(e.g. 150 ^ig/I) can have an extensive smear of blue-gray haze. Such organic films have been 

found to double the rate of initial oxidation, and they can also lead to an increase of 50-80% in 

thin oxide thickness (e.g. fi^om 25 nm to 40 nm). 

r5) Silica 

Silica in ultrapure rinse water may cause defects on IC devices and therefore it is a 

critical impurity that must be controlled and monitored on a routine basis [Pate, 1992], Silica 

exists in water in both dissolved and colloidal fonns. Dissolved silica is usually monomeric, 

generally formulated as Si(0H)4. It reacts with molybdate 3 reagent (Ammonium molybdate in 

acidic medium). Dissolved silica is the first ionic contaminant to be released when the ion 

exchange resin is exhausted. Unlike dissolved silica, colloidal silica does not react with 

molybdate 3 reagent. Colloidal silica is weakly charged and is therefore difficult to remove. 

f6) Dissolved gases 

On contact with air, various gases are dissolved in water. Some of them such as 

nitrogen, argon and other noble gases are harmless to the semiconductor manufacturing. But 

gases like oxygen and carbon dioxide trigger the oxidation of bare silicon and increase 

corrosion of system materials. They should be removed fi'om water [Harfst, 1993]. Usually 

this is done through deaeration process. 

1,2 ULTRAPURE WATER PRODUCTION SYSTEMS 

1.2.1 Introduction 

Natural water to be processed to ultrapure water contains various impurities that can 

not be completely removed by any single method. To remove these impurities effectively, 

various processing technologies are combined to build an ultrapure water production system. 

This system is composed of a pretreatment system, a primary treatment system, an ultrapure 
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water system and a product water storage and delivery system. 

The main purpose of the pretreatment is to render the principal purification process 

practical/economic. It ensures realistic service life and performance of the principal purification 

units. Otherwise the achievements of ion exchangers may be lessened by prematurely 

abbreviated service life. RO units may operate substandardly at excessive cost. The 

pretreatment process depends on the type of principle treatment system that follows it. The 

most appropriate choice of pretreatment process is based on a study of raw water quality. 

Major processes are; coagulation/settling/filtration, microfloc/filtration, softening, silica 

removal, iron and manganese removal, active carbon filtration. 

The primary pure water system is mainly composed of a reverse osmosis unit, a 

deaerator, and an ion exchange unit. The functions of the reverse osmosis membrane are 

critical. The improvements in reverse osmosis membranes have contributed remarkably to 

progress in ultrapure water production systems. The ion exchange unit is also vital to 

removing inorganic ions economically. 

Several treatment processes can be applied in a primary treatment system, depjending 

on quality of the raw water and the process characteristics. There are two popular types of 

process: 

In the RO + EX process a reverse osmosis unit (RO) is placed upstream of an ion 

exchange unit (IX). The pretreated water is directly fed to the reverse osmosis unit, much 

attention should be paid to pretreatment to avoid fouling the RO unit. This process is widely 

used because it saves cost, space, and energy. Waste water is reduced by making the best use 

of the demineralization function of reverse osmosis. 

In the IX + RO process a RO unit is placed downstream of an EX unit. Effective and 

stable reverse osmosis operation can be expected because the ion exchange unit removes 

suspended matter and dissolved salts. While being left in water, these contaminants cause 
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scaling and fouling of the reverse osmosis unit. The IX unit also reduces coagulation and 

adhesion in the membrane module by lowering the interface potential. Feed water quality 

requirements of the primary processes are [Ohmi, 1993]. 

RO+DC EX+RO 

<0.5 <2.0 

<3-5 

<0.05 <0.3 

<100 (RO brine) 

0 or <1.0 <0.2 

4.5-7.5 (for scale control) 

Turbidity(unit) 

SDI(15 min.) 

Iron(mg/l) 

Silica(mg/1) 

Residual chlorine(mg/l) 

PH 

TDS (mg/l) <500 

An ultrapure water system is mainly composed of an ultraviolet sterilization unit, an 

oxidation unit, an ion-exchange unit, and an ultrafiltration unit. The ultrafiltration unit plays an 

important role as the final filter for removing trace particles and bacteria. 

A storage and delivery system is required to store and distribute the product ultrapure 

water to points-of-use (POUs) without degrading the water quality. Specific technologies have 

been developed for piping and tank material, construction/febrication, piping network design, 

installation, cleaning, and sterilization. 

1.2.2 Active Carbon Bed 

For the feed water containing a high loading of organic substances, it is not desirable to 

remove this large amount of organic impurities by RO units or ion exchange units because the 

organic contaminants tend to foul the membranes or resin particles and therdjy reduce their 

efficiency, although there are special kinds of ion exchange resins with macroporous 

characteristics designed primarily as organic scavengers. When city water is used, as many 
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cities chlorinate their water, chloride residues must be stripped out to sub-part per million 

(mg/1) levels. Otherwise downstream components may be attacked by the chlorides. This can 

be done in an activated carbon bed. 

Activated carbon has a vast network of micro and macro pores in carbon granules. 

The macro pores are large capillaries with diameters greater than 500 A that extend all through 

a particle. The micro pores, 10 A diameter upwards, generally branch oflf the macro pores and 

contribute a major part of the internal surface area of the activated carbon. The surface area 

can reach 1000 m^/g and it is crucial for conferring a high capacity for adsorption of the 

organic contaminants as water percolates through the carbon bed. 

Activated carbon can remove a broad spectrum of organic compounds [Smith, 1988]. 

It is eflfective in stripping low molecular weight organic compounds. High molecular weight 

compounds tend to be pooriy adsorbed. Chlorine is also effectively removed by activated 

carbon. In use, activated carbon gradually loses its adsorptive capacity and eventually has to be 

either replaced or rejuvenated to remove the adsorbed substances. 

1.2 J Membrane Filtration 

Membrane filtration is a separation process widely used for the removal of particles 

fi-om water. Membrane filters are thin, with relatively narrow pore size distribution. According 

to the pore size, membrane filters can be divided into microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF) and reverse osmosis (RO) which has the finest pore size. 

The quality of a permeate is a function of the membrane type. The highest quality will 

come fi"om RO membranes followed by NF, UF and MF. The amount of required process 

energy will be the highest for RO and deaease in the same order: NF, UF and MF. MF 

membranes are eflBcient in removing micron and sub-micron particulate. Ultrafiltration and 

nanofiltration filters are usually used as point of use filters. 



30 

Membranes are derived from organic polymers. In terms of their chemistry, 

membranes are characterized by five general types. cellulose acetates, polyureas, 

polypiperazineamides, polyvinyl alcohols, and sulfonated polysilfones. Membranes are 

configured into modules designated as spiral wound, hollow fiber, tubular and plate/frame. 

Spiral wound and hollow fiber are widely applied in ultrapure water treatment. Membranes are 

asymmetric or thin film composites (TFC) in structure. Asymmetric membranes are made from 

a single polymeric material with pore size increasing from the solute rejection side. Generally 

UF and MF membranes are made with an asymmetric geometry. TFCs are made with two 

different polymers with one upon the other. 

Process Pore size Operating pressure 

(Kpa) 

140-5000 Microfiltration 

Ultrafiltration 

Nanofiltration 

0.05-2.0 |jjn 

0.001-0.1 ^im 

MWCO(Daltons): 

1000-500,000 

8-80 A 

MWCO(Daltons): 

180-10,000 

1-15 A 

200-1000 

Productivity 

(1/cm^/day) 

90-100% recovery 

1-5 

550-1380 1-6 

1380-6890 0.1-2.3 Reverse Osmosis 

1.2.4 Reverse Osmosis 

Reverse Osmosis (RO) is a valuable membrane process. The phenomenon of osmosis 

was discovered by Abbe NoUet more than 200 years ago [Lonsdale, 1982]. Modem reverse 

osmosis processes are an outgrowth of research with cellulose acetate (CA) membranes in the 

late 1950s at the University of Florida [Reid and Breton, 1959] and at the University of 
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California, Los Angeles [Loeb and Sourirajan, 1963], Loeb and Sourirajan are credited for 

making the first high performance membrane by creating an asymmetric cellulose acetate 

structure with improved salt rejection and water flux. 

RO membranes were originally developed and used for desalination of sea water. Now 

it has become an elementary technology indispensable for the production of ultrapure water. A 

distinct feature is the simultaneous removal of most of the impurities in feed water [Rajendran 

and Flynn, 1989], RO is a separation technology using a semipermeable membrane which is 

not permeable to the solutes (such as ion and organic substance) in a solution but transmits 

only the solvent (water). 

A reverse osmosis membrane aas as a molecular filter to remove up to 99% of all 

dissolved minerals, up to 97% of most dissolved organics, and more than 98% of biological 

and colloidal matter fi^om water [Zoccolante, 1987; Purchas, 1981]. The contaminant 

concentration can range fi-om a low of 50 ppm to a high of60,000 ppm. 

When a solution of a non-volatile solute (such as sodium chloride) is separated either 

from a sample of pure solvent (such as water) or from a more dilute solution by a 

semipermeable membrane, there will be a tendency for spontaneous passage of solvent through 

the membrane into the more concentrated solution under a driving force known as osmotic 

pressure. This transport of water molecules, diluting an aqueous solution, will continue until 

the excess pressure produced by this inflow on the concentrated solution side has built up to a 

magnitude equal to the osmotic pressure at which point the flow ceases due to the 

establishment of thermodynamic equilibrium across the membrane. Desalination can be 

accomplished by reversing the naturally occurring osmotic process. Thus, by applying an 

external pressure greater than the osmotic pressure on the concentrated solution side, the flow 

of solvent will be reversed producing a purer water product. This is the basis of reverse 

osmosis. 
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The value of the osmotic pressure of any solution is directly proportional to the 

concentration of the solute in the solvent, that is, to the TDS of an aqueous solution. 

7C = miCiRT 

where m; = number of i ions per molecule if the solute dissociates 

Ci = concentration of i ion 

For more concentrated solutions, this equation is multiplied by an osmotic coeflBcient 

that is estimated from vapor pressure data or from freezing point depression of the solution 

involved. 

While the osmotic pressure represents the minimum required pressure to carry out 

reverse osmosis, commercial units require the operational pressure significantly in excess of the 

osmotic pressure because the water flux obtained is directly proportional to the magnitude by 

which the operational pressure exceeds the osmotic pressure: 

Q„ = K„(AP-A7t)/t 

where Q„ = water flux through the membrane mV(min m^) 

Kw = membrane permeability coefficient for water 

AP = hydraulic pressure differential across membrane 

An = osmotic pressure differential across membrane 

t = membrane thickness 

Another important requirement of a RO unit is the attainment of a high salt rejection by 

minimizing the salt flux across the membrane. Since the membrane is impermeable to the salts, 

the salts pass across the membrane through diflusion. So the salt flux is proportional to the 

concentration or chemical potential difference across the membrane: 

Q, = K,(AC)/t 
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where K, = membrane permeability coeflBcient for salt 

The performance of a RO membrane is expressed by two parameters: salt rejection, 

which is the percentage of salt held back by the membrane, and the permeate flux which 

indicates a permeate water volume through a unit area of membrane under a certain pressure. 

Cellulose acetate (CA) membranes are cast from cellulose diacetate, cellulose triacetate 

formulations or blends of the two. CA membranes have poor chemical stability and tend to 

hydrolyze over time at a rate dependent on a combination of temperature and PH condition. 

They can operate continuously at temperatures in the range of 0 °C to 30 °C and with PHs in 

the range of 4.0 to 6.5. They are also subject to biological attack, but this can be oflfset by their 

ability to withstand continuous exposure to low levels of chlorine [Amjad, 1993]. 

Asymmetric aromatic polyamide (Aramid) membranes were pioneered by Du Pont in 

hoUow fiber form [Richer and Hoehn, 1971], Aramid membranes are characterized by 

excellent chemical stability, as compared with CA membranes. They can operate continuously 

at temperatures in the range of 0 °C to 35 °C and PHs in the range of 4 to 11. They are not 

susceptible to biological attack. Aramids are, however, susceptible to chlorine attack if 

continuously exposed. 

Thin film composite membranes were introduced in the mid-1970s [Riey, et al., 1976]. 

In these structures, an ultrathin membrane barrier layer (e.g., 0.2 fom) is formed on the surface 

of a microporous polysulfone that has been cast onto a porous fabric supporting layer. The 

barrier layer on the polysulfone is created by "in situ" interfacial polymerization techniques with 

polyamides or polyureas. Generally speaking, the thin film composites have greater chemical 

stability and the ability to deliver high flux and high salt rejection at moderate pressures and to 

provide resistance to biological attack. They can operate continuously at temperatures in the 

range of 0 °C to 40 °C and PHs in the range of 2 to 12. Like the aramids, these materials have 
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low resistance to chlorine and other oxidants [Maltais and Stem, 1990], 

Reverse osmosis plants are normally built on a modular basis. There are four basic 

module designs; plate/frame, tubular, spiral wound and hollow fiber of which the latter two are 

predominant in water purification applications [Amjad, 1993], 

Spiral wound systems utilize membranes in a convenient flat form. The membrane is 

cast onto a fabric support and then two of these fabric supported membranes are glued 

together with a porous material between them. This porous material supplies the subsequent 

route for the product water after its passage through the membrane. The resulting sandwich is 

then glued together on three of its edges with its fourth edge being glued to a central tube 

which, containing appropriately spaced holes in its wall, acts as a collector for the product 

water. A flexible spacing mesh is then laid on top of the sealed membrane sandwich and the 

whole lot rolled up around the product collection pipe to form a spiral wound membrane unit. 

The unit is then mounted in a glass fibber cylindrical pressure vessel. The feed flows axially 

along the spacing mesh and the permeate water flows via the porous backing material to the 

central collector. All kinds of membranes have been used m the spiral wound configuration, 

such as cellulose acetate, polyamide and other composite types. 

Hollow fiber systems utilize a large number of fine tubes having outside diameters of 

about 80-200 microns and bores about a half of the outside diameter. This approach enables 

high membrane packing densities to be attained and has the added advantage that, at such small 

diameter the hoop stresses incurred by the high operating pressures are small enough for the 

membrane material to withstand without any mechanical support. The membrane units, which 

are commonly called fiber bundles, are made up by winding a continuous fiber around a piece 

of backing cloth that is as wide as the fiber bundle. The backing cloth is then rolled up around 

a feed water distribution pipe with fibers paralleled to the pipe axis and the two ends of the 

fiber bundle so formed are set into epoxy resin blocks. One of the blocks is then cut away to 



expose the open ends of the fibers to allow the product water to emerge via the bores of the 

hollow fibers. This open end tube sheet is supported by a porous block and a spacer against 

the product end plate of the vessel. At the other end of the pressure vessel, into which the fiber 

bundle is located, the feed is introduced along the central pipe and the concentrate is extraaed 

through an off center port in the end cap. The high pressure feed is made to flow radially 

outwards across the fibers in the bundle. The permeate then passes through the fiber walls into 

the bores and flows along the bores and out at the open end. 

The fluxes obtained (as low as 0.01 mVmVday) using hollow fiber membranes are two 

orders of magnitude lower than those of spiral wound systems. Additionally, the operating 

pressure have to be kept lower because of the unsupported nature of the hollow fiber 

membranes. However the low fluxes are compensated for by the very high packing densities 

(around 30,000 m^W) obtained when using hoilow fibers, compared the membrane packing 

densities of about 600 mVm^ in spiral wound systems. A major disadvantage with the hollow 

fiber configuration is that the concentrate passages through the fiber bundle are very narrow 

and may very easily become blocked by suspended solids in the feed. It is therefore necessary 

to have very fine filtration in the RO pretreatment system. 

Indeed, it is crucially important for any RO system to guard against fouling of the 

membranes with various species, suspended solids and colloids, scales, oxides, biological 

species, derived fi'om the feed water. Otherwise the performance of the plant will gradually 

decline and finally result in the necessity for complete replacement of the membranes. 

1.2.5 Ion Exchange 

Ion exchange is a process by which one type of ion contained in water is adsorbed mto 

an insoluble solid material and replaced by an equivalent quantity of another ion of the same 

charge. Ion exchange resin was first synthesized by Adam and Holmes in 1934 [Adam and 
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Holmes, 1934], Since then it has been applied to various fields including water treatment, such 

as the makeup water to the boiler, the food industry, the pharmaceutical industry. 

The best known case is that of water softening, in which calcium and magnesium ions 

are removed by means of a cation exchange resin and replaced by sodium ions. If a cation resin 

is used in hydrogen form, rather than sodium form, metallic salts are converted to the 

corresponding acids, which can then be adsorbed by an anion exchange resin in hydroxide 

form, resulting in a complete removal of salts from solution. This process is known as 

deionization, which can produce water approaching maximum calculated purity. Ion exchange 

processes are reversible: when the resin has reached saturation (exhaustion), it is made 

operative again by regeneration. The regeneration agent used in softening is common salt. For 

cation regeneration in hydrogen form, hydrochloric or sulfuric acid is used and the anion resin 

is generaUy reactivated with caustic soda. The ion exchange is a batch process consisting of 

two distinct phases: the service cycle and regeneration cycle. 

Ion exchange resins can be categorized into cation exchange resins and anion exchange 

resins. They can also be divided by fiinctional groups into strong acid cation exchange resins 

containing a sulfonic acid group, weak acid cation exchange resins containing a carboxylic acid 

group, strong base anion exchange resins containing a quaternary ammoniiun group and weak 

anion exchange resins containing a primary, a secondary or a tertiary amine [Helfferich, 1962]. 

Ion exchange resins are polymeric structures containing active groups locked into the 

organic network. The most commonly used base material is the cross-linked copolymer of 

styrene and divinylbenzene (DVB). The DVB causes cross-linking and provides insoluble ion 

exchange products. The ion exchange products available today contain 2-16% (w/w) DVB. 

Ion exchange resins are manufactured in bead form from droplets of liquid monomers 

suspended in water. 
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The ion exchange reactions are: 

M" + RC'PT = Rc'Nr + FT (cation resin) 

M" + Ra'^OH' = Ra'AT + OH" (anion resin) 

where M is the ionic contaminant, R is the polymeric resin base, RM is the 

contaminant and base product. 

Like all other chemical reactions, the above ion exchange reactions are reversible. At 

equilibrium; 

Kc = [ * CH- ] / [ Crc-H- * CM+ ] 

Ka = [ CRa^M- * CoH- ] / [ CgaOH- * Cm- ] 

where Kc, K, = selectivity coefficients 

The above equilibrium expressions are dependent upon the actual ionic species 

involved in the ion exchange process. That is, for a given resin the values of Kc and K, will 

vary from ion to ion. This in turn demonstrates that a particular resin will have different 

aflSnities for different ions in solution. The number of charges on a particular ionic species is a 

major factor in determining the selectivity. In general, ion exchange resins have greater affinity 

for higher valence ions than for lower valence ions. A more extensive comparison of the 

relative selectivity of both a typical strong acid and a strong base ion exchange resin is 

presented as follows [Applebaum, 1968]. 

Ba'^ > Ca^^ > Mg^^» (NH^T > K^ > Na* > FT 

(S04)^"» (NOs)' > (HS04)' > Cr > (HCOj)' > (HSiOj)* > (OH)-

Ion exchange process is conducted in a fixed bed unit where the ion exchange resin 

layer in the tower is fixed during the service and the regeneration steps. After a certain time of 

service, the resin becomes gradually exhausted, starting first at the entry to the column with the 

exhaustion zone gradually moving down the column. Eventually it is necessary to take the 

column out of service in order to be regenerated Depending on the resin types, strong acid or 
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base or other chemicals are used for resin regeneration. After the resin is regenerated, chemical 

residuals can remain in the ion exchange column. Since these residuals are contaminants, the 

resin needs to be rinsed up for a while before the unit can be put back on line. 

The quantity of a given ion with which the resin can react is the ion exchange capacity 

and it is expressed as a chemical equivalent of ions per unit volume of resin. The ion exchange 

resin capacity of a particular resin is a measure of the amount of loosely bound ions available 

for ion exchange purpose and, hence, of the quantity of a given ion in the water with which the 

resin can react. 

The process of deionization involves reversible reactions. The neutralization reactions 

tend to be only slightly reversible as water is ionized to a small degree. Although the 

combination of one anionic ion exchange unit and one cationic resin unit should be capable of 

producing theoretically pure water, in practice this is not the case. A residue of up to 5 ppm 

dissolved solids remains in the treated water [Lorch, 1993]. The fundamental reason for this 

minute leakage of unwanted ions is the fact that the salt splitting reactions are completely 

reversible and some salt must leak through the cation resin without being converted into the 

corresponding acid. However, when the cation and anion exchangers are mixed intimately in a 

single column (mixed bed), the acid formed by contact of salt with a cation bead is immediately 

neutralized by the neighboring anion bead. This mixed bed system is capable of producing very 

high purity water. 

1.2.6 UV Sterilization and Photolysis 

Like visible and infrared radiation, ultraviolet radiation is an optical elearomagnetic 

wave. It is mainly characterized by the frequency v = number of oscillations per second 

(Hertz) and the wavelength 1 which is expressed with respect to the velocity of light in a 

vacuum Co. I = Co/v. The wavelength of optical radiation ranges from 100 nm to 1 |am. 



Ultraviolet radiation bridges the gap between the shortest wavelength of visible (violet) 

radiation and the longest wavelength of X-ray. Three UV spectral regions have been 

distinguished for practical reasons ; UV-A, with wavelengths between 315 nm and 400 nm; 

UV-B, with wavelengths between 280 nm and 315 nm; UV-C, with wavelengths below 280 

nm. The short UV-C is of the most practical interest for water treatment. 

Short wavelength UV (mainly 254 nm radiation from low pressure mercury lamps) has 

long been used for the disinfection of water [Paulus, 1942]. The eflfea on microorganisms is a 

result of direct photochemical action by UV. The action spectrum for bactericidal effect 

follows the absorption curve for DNA. Active wavelengths are below 300 nm, with a peak at 

about 260 nm [Koller,I965]. TTie effect follows the Bunsen-Roscoe reciprocity law 

[Luckisesh, et al., 1949]. UV radiation damages nucleic acids and prevents replication. 

Bacteria vary greatly in their susceptibility to UV radiation [Russell, 1982], They may be killed 

permanently by a lethal dose, or may be merely deactivated by a sub-lethal dose. 

Short wavelength UV has also been widely used to effectively remove organic 

contaminants from ultrapure water. Short wavelength (e.g., 185 nm from a low pressure 

mercury vapor lamp) UV decomposes organic substances and oxidizes them partially or 

completely. The UV technology is a clean process and it is especially suitable for the treatment 

of ultrapure water. 

Ultraviolet radiation can display bactericidal or TOC removal effect only if it is 

absorbed [Phillips, 1983]. According to Planck-Einstein this happens in the form of discrete 

energy particles of the size hv, where h is Planck's constant, h = 6.624-10"'^ Jsec. The massless 

atoms of optical radiation, referred to as photons, react with substrates in the absorption 

processes. 

The absorption of optical radiation is described by the Bouguer-Lamber-Beer law. 
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When a parallel beam of monochromatic radiation passes through a non-difiiising absorbing 

medium a constant fraction of the radiation is absorbed in each unit distance of the medium 

traversed. Thus the irradiance I in the medium falls off with increasing thickness according to 

an exponential relation; 

Id = 10"^ • lo 

where lo = irradiance incident into the medium 

Id = irradiance after traversing a distance d through the medium 

d = the thickness of the medium traversed 

a = absorption coeflScient 

a = e-C where e is the molar absorptivity as a molecular property of the absorbing 

species and C is the molar concentration of each species. 

The absorption coeflBcient is a wavelength dependent probability constant for the 

absorption of the photons passing the medium. The absorption coeflScient is a characteristic of 

the medium only. 

The photochemical reaction is initiated by the absorption of a photon by a molecule 

(M) or a similar partial molecular structure. This reaction between M and a photon occurs in 

the extremely short time: 

M + hv = M* 

M* = M + heat 

or M* = M + hv' 

or M* = Products 

Numerous individual reactions may follow after this initial process of the 

transformation of the optical radiation into chemical energy in the absorbing system. M is now 

in electronically excited state M*. They may either lead to the regeneration of M under the 
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liberation of heat or to the emission of a photon, or to a permanent photochemical change. 

There are two mechanisms of removing organic substance by photochemical reaction. 

One is the direct photolysis of the organic molecules which absorb photons directly and 

dissociate into product molecules. The other is the indirect photochemical reaction in which 

the organic molecules are attacked indirectly by the excited products such as free radicals 

generated upon the absorption of photons by water molecules. 

UV lamps based on mercury/argon mixtures exhibit the highest efficiencies. They are 

easy to handle thus are widely used in water purification. Mercury lamps are generally 

designated as high or low pressure. A low pressure lamp emits its highest output at 254 nm 

with relatively low total energy intensity. A high pressure lamp has a broader range of 

emissions from 200 nm to 600 nm with much higher total energy output. Generally, a UV 

lamp is sealed inside a quartz sleeve and does not come in contact with water. The trace 

amount of iron and magnesium in the quartz sleeve absorbs the short 185 nm wavelength UV 

light. Systems are available which use special high purity synthetic quartz sleeves to allow 

transmission of UV 185 nm (usually 5-7% of the total output). Besides 254 nm and 185 nm 

wavelengths, a mercury lamp outputs other UV wavelengths, such as 365 nm and visible light. 

Table 1.2 [Ohmi, 1993] compares the UV energy at 185 nm and 254 nm wavelength 

and the energy required to dissociate the interatomic bonds of organic substances. Based on 

this comparison, the possibilities for dissociating organic bonds by UV with both wavelengths 

are shown. It is indicated that 185 nm UV can dissociate C-C bonds, but not C=C or C=C 

bonds. 185 nm UV has enough energy to dissociate even water. As the result, hydroxyl radical 

(OH') is generated. The hydroxyl radical is a strong oxidizing agent [Legan, R.W., 1982; 

Yabe, et al., 1989]. It will attack and oxidize most organic substances in water. 
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Table 1.2 Dissociation of chemical bonds with 185 nm UV and 254 nm UV 

Bond Disso. Energy 
(Kcal/mol) 

Max. Wavelength 
for Disso. (nm) 

Possibility of 
Disso. w/185nm 

Possibility of 
Disso.w/254nm 

C-C 82.6 346.1 yes yes 

c=c 145.8 196.1 yes no 

c>c 199.6 143.2 no no 

C-Cl 81.0 353.0 yes yes 

C-F 116.0 246.5 yes no 

C-H 98.7 289.7 yes yes 

C-N 72.8 392.7 yes yes 

C=N 147.0 194.5 yes no 

ON 212.6 134.5 no no 

C-0 85.5 334.4 yes yes 

C=0 (aldehydes) 176.0 162.4 no no 

C=0 (ketones) 179.0 159.7 no no 

C-S 65.0 439.9 yes yes 

H-H 104.2 274.4 yes yes 

N-N 52.0 549.8 yes yes 

N=N 60.0 476.5 yes yes 

N=N 226.0 126.6 no no 

N-N(NH) 85.0 330.4 yes yes 

N-N (NH3) 102.2 280.3 yes yes 

N-0 48.0 595.6 yes yes 

0-0(02) 119.1 240.1 yes no 

-0-0- 47.0 608.3 yes yes 

0-H (H2O) 117.5 243.3 yes no 

S-H 83.0 344.5 yes yes 

S-N 115.2 248.6 yes no 

S-0 119.0 240.3 yes no 
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When organic substances are partially oxidized through UV irradiation, more ionic 

products such as carboxyl acids are formed [Naruto and Ono], Taking advantage of this 

reaction, it is possible to remove organic substances effectively by combination of a UV unit 

followed by an ion exchange unit. 

1.2.7 Ozonation 

Ozone has been known for over a century as a strong oxidant and a powerflil 

disinfectant [Horvath, et al., 1985; Hoigne, et al., 1976; Renner, et al., 1988], The first 

application of ozone in drinking water treatment was made in France at the end of nineteenth 

century. Potable water treatment has been the most important application of ozone ever since. 

However, the application of ozone to high purity water shows an inexorable advance. Being 

one of the strongest oxidants, it not only works as an excellent germicidal agent, but can 

oxidize many organic substances and remove TOC fi"om ultrapure water [Pittner and Bertler, 

1988]. It can also oxidize some metallic impurities such as iron and manganese and precipitate 

them. Unlike chlorine, ozone does not produce haimflil reaction produas such as 

trihalomethanes. Excess ozone can easily be decomposed into oxygen. 

Properties of ozone: One ozone molecule is formed by three oxygen atoms in an 

angular configuration. It is unstable. It spontaneously dissociates into oxygen molecules. In a 

gaseous phase, the homogeneous thermal reaction can be described as [Horvath, et al., 1985]; 

M + 03 = 02 + 0* + M AH = -103Umol"' 

O* + O3 = 2O2 AH = +389 kJmor' 

where M denotes gases present (including ozone), but not involved in the reaction. 

At high temperatures and low ozone concentrations, the reaction is second order with 

respect of ozone concentration, and inversely proportional to the concentration of oxygen. 

The reaction rate is expressed as . 
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dCo3/dt = - kCo3'/Co2 

In an aqueous solution, the rate of ozone decomposition depends on solution PH, 

temperature, and a number of parameters which are diflScult to control, such as traces of 

reducing species in water and the catalytic effects of wall. This is the reason why the rate 

constant data reported in the literature by various authors have shown a considerable scatter. 

From an analysis of previous work and their own experiments, Sullivan and Roth [Sullivan and 

Roth, 1979] ended up with a first order rate expression which takes into account the influence 

of temperature (T) and PH (OH): 

dCo3/dt = - k exp(-5606A')CoH° '^Co3 

Ozone is a very strong oxidant. Its oxidation potential is exceeded only by elemental 

fluorine and some short lived radicals like OH . Table 1.3 lists the redox potentials of some 

oxidants. 

Table 1.3 Redox potentials of some oxidation reactions 

Reaction Potential (V) 

F2 + 2e = 2F 2.65 

OH + H* + e = HjO 2.80 

O3 + 2H^ + 2e = O2 + H2O 2.07 

Mn04' + 4H' + 3e = MnOj + 2H2O 1.69 

CI2 + 2e = 2Cr 1.36 

O2 + 4H* + 4e = 2H2O 1.23 

Br2 + 2e = 2Br' 1.06 

I2 + 2e = 2r 0.54 

The solubility of ozone in water can be described by Henry's law, which states that the 

ozone concentration in water is linearly related to the partial pressure in the gas phase. At 

room temperature, the solubility of ozone in water exceeds the solubility of oxygen by an order 
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of magnitude. But since aqueous solution of ozone is not stable, much lower ozone 

concentration is obtained. 

Effect of ozone on microorganisms: Due to its high redox potential the impact of 

ozone on microorganisms is much stronger than that of any other chemical disinfectant 

currently in use. The action of ozone on living cells is believed to be primarily in the form of an 

oxidative attack on the cell wall which eventually causes the cell to lyse, i.e., to release its 

contents. 

Ozone generation: Ozone can be produced through two processes [Hovath, et al., 

1985]; In the thermal process, ozone is generated through the endothermic dissociation and 

rearrangement of oxygen molecules : 

3O2 = 2O3 

This reaction needs to be carried out at a very high temperature and the product must 

be quenched to avoid the rapid thermal dissociation of ozone. Ozone can also be produced at 

room temperature or, for even better results, at low temperature through the formation of 

atomic oxygen. The following combination of such a nascent oxygen atom with an oxygen 

molecule forms an ozone molecule. This reaction has a fairly high equilibrium constant at low 

and medium temperatures. 

02 + 0" = O3 or, 

02 + 0*+M = 03 + M 

The atomic oxygen can be formed by several methods, such as photochemical 

methods, electric discharge, electrolysis, chemical, radiochemical or chemonuclear method. 

Due to economic considerations, only the method working with electric discharge has found 

wide application in industrial ozone production. 

TOC oxidation with ozone: Ozone can react with organic compounds in three 
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different ways, i.e., a common oxidation reaction takes place; peroxide compounds are formed; 

or addition to double or triple bonds is brought about, with the formation of ozonides, in many 

cases only as intermediates. 

Oxidation, particulariy at high ozone concentrations, can go as far as to the formation 

of CO2 and H2O. Usual ozone concentrations, however, cause the formation of substances 

containing more oxygen or less hydrogen from the original molecule [Hoigne and Bader, 

1983]. Oxidation of the trace organic impurities with ozone can lead to carboxylic acids with 

higher rejection by RO membranes [Nebel and Nezgod, 1984], The rate of the oxidation 

reaction with organic molecules in water is in many cases very low [Hoigne and Bader, 1983]. 

1.2.8 Deaeration 

On contact with air, various gases are dissolved in water. The dissolved oxygen and 

carbon dioxide can degrade the ion exchange resin and shorten its lifetime [Harfst, 1993]. 

Dissolved oxygen is also regarded as the major cause of corrosion of metal materials. In 

addition, the growth of bacteria in pipes and equipment is accelerated by dissolved oxygen. It 

is recently pointed out that the performance of semiconductor devices is affeaed by the 

dissolved oxygen in the rinse water [Morita, et al., 1989]. For these reasons, deaeration is 

necessary. 

When water comes in contact with air, a certain amount of gas is dissolved into water. 

The amount of gas dissolved depends on the pressure and the temperature. For a dilute 

solution, Henry's law describes the characteristic of the dissolution of gas, which states that; 

Pi = Yi • P = Hi(T) • Xi 

The gas dissolution into solution is in proportion to the partial pressure of the gas and 

in inverse proportion to the temperature. 

The removal of gas from solution by aeration is a very simple method based on Henry's 
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law. High purity nitrogen is used as the sweeping gas. Since the oxygen or carbon dioxide 

concentration in the sweeping gas is low enough, the dissolved oxygen or carbon dioxide in 

water evaporates and is carried away by the sweeping nitrogen. This is usually done in a 

nitrogen gas bubbling tower. 

Dissolved gases can also be removed through two kinds of mechanical deaeration: the 

deaeration heater and the vacuum deaerator. A deaeration heater applies the principle that the 

solubility of a gas is zero at the boiling point of water. Vacuum deaeration removes dissolved 

gases from a solution into the gas phase under low partial pressure and vacuum. Because this 

stripping of oxygen is carried out in a closed system that has no contact with the outside, the 

possibility of water being contaminated is low. This method has been widely used as an 

efficient way of removing dissolved oxygen from ultrapure water. 

A new vacuum deaerator method using a gas separation membrane has been developed 

[Ohmi, 1993]. In this method, the dissolved oxygen is removed by passing the water through a 

hydrophobic polymeric membrane through which the water molecules cannot pass but the 

gases can. A vacuum pump is employed on the permeated side. 

The chemical deaeration method chemically reduces the dissolved oxygen with 

deoxidizers, such as sodium sulfite (Na2S03) and hydra2ine(N2H4). 

1.2.9 Hot DI Water 

As the patterns used in ultra-large-scale integration (ULSI) become further complex 

and finer, the wet process plays a more important role in the production lines. Hot water (80 

°C) usage in semiconductor manufacturing has inaeased dramatically, particularly since 1987 

as heaters with qualities important for the industry have become available. Compared to the 

ultrapure water at room temperature, hot DI water permits semiconduaor products to be 

exposed to less water, which lowers the likelihood that water-borne contaminants may cause 



48 

defective devices [Henley, 1993], The reduced surface tension and lower viscosity of hot DI 

water oflfers significantiy faster rinses and the ability to better clean down in a trench that is 

often less than one micron wide and three microns deep. 

The most important issue in hot ultrapure water production is to suppress elution from 

system materials as much as possible. At present, PEEK and titanium are used as construction 

materials. 

1.2.10 Water Recycling and Reclaim 

The recovery and reuse of waste water by industry is fast becoming an integral part of 

plant design and economics. This is especially true in semiconductor industry which uses large 

amounts of ultrapure water in wafer production. The discharge of the used water causes 

serious environmental problems and public concerns. In western states, due to the limited 

underground water resources, the need for recycling of the used water in semiconductor 

industry becomes extremely urgent. 

Recycling can cut the cost of supply water. In Japan, when city water is used to 

produce ultrapure water, it costs more than 150-200 ¥/m^. The cost of industrial water 

exceeds 100 ¥/m^ in some cases. On the other hand, the cost of recycling waste rinse water 

(water less contaminated) is only 50-70 ¥/m'. Even when the waste rinse water is treated by 

ultraviolet (UV) oxidation to decompose organic contaminants, the cost remains at the 150-

200 ¥/m^ level. Considering an extra waste water discharge cost of 150-200 ¥/m^, the 

recycling of waste water is very economically attractive [Ohmi, 1993], 

However, several problems limit the wide application of waste water recycling. Firstly, 

the waste water recycling system is vulnerable to contamination. Even a small amount of high 

concentration waste water mixing will cause a dramatic increase in the overall contamination 

level. When some recalcitrant contaminants such as low molecular weight solvents, like 
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ethanol, IP A, TCA, etc. are introduced into the water system, it will cause a disaster. This 

gives a serious problem of the system safety. Secondly, precise waste water partition systems 

have to be installed in the existing water plants. This adds an extra capital cost requirement. In 

some cases, there may not be enough space for the partition system. 

1.2.11 Storage, Distribution and Heating Equipment 

Ultrapure water is an excellent solvent. Therefore it is very aggressive. In addition, it 

is an ideal medium for biological growth. The inevitable result of these characteristics is the 

degeneration of purified water quality in accord with the environmental conditions within 

which it exists. 

Where conveyance and storage is essential, ultrapure water must be protected fi^om 

pollution by the materials of contact and fi-om airborne contamination by the atmosphere. A 

correct choice of materials for every part of storage and distribution, minimizing contact area 

and time, and the exclusion of airborne particles are the basis for a successful system of water 

transport and storage. The aim is to make quantities of purified water available where and 

when needed and at a predetemiined quality. 

It is required that the purity of water be maintained in the piping system between the 

ultrapure water production unit and the use points. Ultrapure water is produced in the utility 

area and is sent to a clean room through the main pipe, which is usually a few hundreds meters 

long. In the clean room, the main pipe divides into branch pipes. Ultrapure water is ultimately 

supplied to tens of use points. Because the piping system is so long and complicated, the water 

purity is lowered, mainly as the result of elution and desorption of impurities fi"om pipe 

materials, the propagation of bacteria in piping system, and the penetration of air and gases into 

piping. An extra attention should be paid to the structure and the installation of the piping 

system. During operation, ultrapure water should circulate continuously in the system, to 
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eliminate the entrapment of water. 

There is a large selection of commercial materials available for distributing and storing 

purified water. Two basic materials of construction are metal and plastics. The latter is by far 

the most common material in semiconductor ultrapure water systems. 

Before the late 1980's, PVC (Polyvinyl chloride) was frequently used for the pipes that 

carry ultrapure water. PVC is excellent in terms of mechanical strength, chemical stability, and 

cost. However, PVC piping pits and leaches organics under the influence of ultrapure water 

[Couture and Capaccio, 1984]. Pitting results in crevices that allows microorganisms to escape 

fi-om the mixing of turbulent core, to settle down, and finally to establish a biofilm. Some 

microbes are capable of metabolizing the piping, thus complicated the problem. The leachables 

include chlorinated organics, which are doubly harmful to semiconductor devices. Therefore, 

PVC has been gradually replaced by polyether-ether-ketone (PEEK), and fluorinated polymers 

such as polyvinylidene fluoride (PVDF), polytetrafluoroethylene (PTFB), polyfluoroacetate 

(PFA), and fluorinated ethylene propylene (FEP) [Burggraaf, 1988]. Fluorinated polymers 

have the advantage in that they are orders of magnitude more resistant to ozone and hot DI 

water than chlorinated and/or hydrogenated polymers [Burggraaf, 1988; Zoccolante, 1987]. 

But the main limitation of polymers is their mechanical weakness. So metal is used in 

some cases, such as UV units, pumps or heat exchangers. Titanium is one of the best metals 

for ultrapure water system. But it is expensive and difiBcult to work on. It is used in critical 

situations, such as in heat exchangers. Stainless steel is also in common use for transporting 

and storing purified water. The best suited specification is 316 stainless steel and 316L 

stainless steel. Stainless steel resists corrosion and has good strength. Furthermore, it is easy 

to work on. But since it leaches out iron, nickel and manganese and other ionic contaminants, 

it is used mainly in less critical applications or some special cases like UV units. 



To avoid microbes or particles to settle down in pipe, it is critical to keep a relatively 

high flow speed, although this will lead to a high pressure drop and a high operating cost. The 

flow rate of pure water must not be lower than 3 ft/s and should not exceed 10 ft/s. Usually a 

flow rate of 5 ft/s is recommended. In an one inch piping, the corresponding Reynolds' number 

is in order of40,000 and this ensures a turbulent flow. In designing the piping system, stagnant 

sections should be avoided. The flow from the supply should be connected to the return line. 

Joining pipes and making connections between various fittings, valves, and equipment 

must be done with great care. For optimum performance fiision welding is preferred for 

joining PVDF and polypropylene pipes. Fusion welding yields a smooth internal surface free 

from ridges and grooves. Piping system particularly the polymer piping should be supported 

properly. 

To keep ultrapure water from being recontaminated, the storage capacity should be 

kept low. A storage tank should have following characteristics. The first essential is the 

exclusion of atmospheric contamination. Airborne particles such as microorganisms, spores, 

and a multitude of inorganic substances will quickly reduce water quality. For this reason it is 

needed to be purged with an inert gas such as nitrogen. The water inside tank should be 

always in motion. A cylindrical tank is preferred to a rectangular one since it provides large 

volume with small contact surface. Furthermore, by arranging all incoming water flow into the 

tank tangentially, the mass of water will be induced to rotate. The materials for a tank should 

have similar characteristics and requirements as those for pipes. For large tanks polymer lining 

is invariably used as the contact materials. Quite often the outer casing is glass fiber-reinforced 

plastic. 

A pump is the force behind the distribution system. It provides the power by which 

water will move. For ultrapure water, the most commonly used pump is centrifiagal pump 

because of its simplicity of concept and design, with few working parts and high reliability. 



52 

Pumps are normally installed in front of the polishing loops and filters so that any 

contaminating effects can be removed. Pumps can be particle generators if there are close 

moving parts or rubbing surfaces. The materials of construction are limited by their mechanical 

duty. A stainless steel pump is the preferred type. Provided it is installed in front of the 

purifiers and any impurities introduced by the pump are easily removed. It is also possible to 

obtain pumps with inert linings which are adequate for these applications and elude less ionic 

contamination. Full polymer pumps, such as PVDF pumps are also available for low pressure 

systems. 
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CHAPTER 2 

RESEARCH OBJECTIVES 

The first objective of this research is to investigate the mechanisms and the kinetics of 

various organic contaminant removal processes especially chemical oxidation, which includes 

UV photolysis and oxidation through ozone and through UV/Ozone. The photocatalytic 

oxidation of TOG is a promising technology and thus is to be studied intensely Membrane 

degasification is to be studied to develop a unique way of VOC removal. 

The most important objective of this research is to develop an innovative photocatalytic 

filter which will incorporate features of filtration and chemical oxidation. Organic contaminants 

will be separated fi^om water through entrapment and adsorption. They will be finally 

destroyed through photocatalytic oxidation. 

The quality of ultrapure water depends not only on the purification process, but also on 

the sensitivity of measuring devices. New methods to approach the quantification of impurities 

need to be implemented constantly. As the third objective, organic contamination metrology is 

to be studied with the combination of a total oxidizable organic monitor and a non-volatile 

residue monitor. Furthermore, a novel metrology is to be studied with ATR-FTIR which will 

measure the organic contaminants adsorbed on a silicon wafer. This method will have the 

advantage of detecting the most harmfiil organic contaminants which adsorb on a silicon wafer 

and cause problems. 

Based on the fiandamental information of each equipment, modeling a whole ultrapure 

water system will reveal the system response to a possible contamination challenge. This will 

make it possible to optimize the system configuration and the operation parameters. Finally the 

feasibility of waste water recycling/reclamation is to be studied. 
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CHAPTERS 

EXPERIMENTAL SETUP AND GENERAL PROCEDURES 

The experimental setup and procedures were designed to simulate large scale ultrapure 

water facilities found in semiconductor fabs, and their limitations. These are accomplished 

through construction of a pilot scale ultrapure water system, monitoring background 

contamination levels, and through challenging the pilot system with injection of contaminants 

typically present in the large scale systems. 

The application of novel methods of TOG and organic particles measurement can act 

to further compliment the characterization of contamination in the polishing loop. It is feU that 

enhanced removal of contamination, when claimed, should be based on several measurement 

techniques to be eflfective. 

3.1 EXPERIMENTAL SETUP 

3.1.1 Pilot Ultrapure Water Plant 

To simulate the operation of an industrial ultrapure water system, a pilot system was 

constructed at the University of Arizona, incorporating the design features of an industrial scale 

system. The pilot plant included a primary treatment system and a polishing loop. The 

arrangement of each unit within the polishing loop was quite flexible, enabling experiments to 

be carried out for many different system configurations. A schematic arrangement of the pilot 

system is shown in Figure 3 .1. The water samples collected at post DI positions contained 1.5-

2.0 ppb TOG (Anatel AlOO organic analyzer, Anatel Instrument Corporation), 1.5-2.0 ppb 

non-volatile residue (TSI 7760 Liquitrack nonvolatile residue monitor, TSI, Inc.), with electric 

resistivity measured at 17.5-18.0 MH-cm. This water was used as the source water for all 
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COMPONENTS OF THE ULTRA-PURE WATER PILOT SYSTEM 

I A; Softener: Caout<4ppni 

IB: Brine tank 

2: Carbon bed; 3 micron filter, C! out < 0.1 ppm 

3: Reverse osmosis unit: Millipore ROl5, polyamide thin film composite membrane 

4: PVDF Storage tank with level control: 10 gallons 

5: PVDF Circulation pump: FMIQD402-2, 20 psig delivery at 7 gpm 

6: PVDF Flowmeter 

7: Filter 

8: 254 nm or 185 nm UV Unit: Aquafine SL-1 

8A: 254 nm UV monitor 

9: Filter 

10: Polishing mixed-bed ion exchange tank 

11: Coolant constant temperature bath 

12: Filter 

13: Ultra high purity nitrogen source 

14: Analyzers 

15: PVDF Flow control valve: 0-7 gpm 

16: Sampling valves: 316LEPSS 

Analyzers: 

TOC analyzers: Anatel A100, Anatel AlOO-SE 

Dissolved ozone analyzer: Orbisphere 26501 

Dissolved oxygen analyzer: Orbisphere 3600 

Particle counter: PMS HSLIS-M50 
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studies. For simplicity, the system components will be described in the order in which each 

appears in the schematic. 

en Softener 

Tucson city water was used as the feed water. The first step of treatment was to soften, 

or reduce the calcium, manganese and other hard content in water. Calcium compounds are 

well known for scaling the following RO membrane and they need to be removed. The water 

softener (Model 4-G, Erie Manufacturing Company) consisted of a fiberglass reinforced 

seamless polyester tank filled with 1.0 ft' of strong cation resin in sodium form. The cation 

resin exchanged Ca^*, Mg^\ and Fe^'^/Fe^* for Na*. Both total dissolved solids and anionic 

content remained unchanged. For the feed water containing 130 ppm Ca^*, the treated water 

leaving the water softener contained less than 4 ppm calcium. The resins were regenerated to 

return the cation resin to its sodium form automatically using a brine solution every twelve days 

as recommended by the manufacture. 

(2) Activated carbon bed 

The second unit was a 3 jim activated carbon filter (MUipore). This unit served as a 

coarse sieve for large nonionic organic molecules as well as a method for chlorine removal. 

This was essential for the following reverse osmosis operation. Because organic contaminants 

would cause fouling of the RO membrane and chlorine could degrade the RO membrane. The 

chlorine concentration at the carbon cartridge inlet was 16 ppm and the outlet chlorine 

concentration was 0.1 ppm. The filter was replaced every four months as per the 

manufacturer. 

(3) Reverse osmosis 

The water left the activated carbon cartridge and passed through a reverse osmosis unit 

(RO-15, Millipore) which provided the means for makeup in the polishing loop. This RO unit 



was capable of removing 99% of all microorganisms, pyrogens, particles, colloids, organics 

(MW > 300) and 90-95% of all dissolved inorganics. The RO permeate output was rated at 15 

liters per hour. The spiral wound reverse osmosis membrane was composed of a polyamide 

thin film composite (TFC) which operated optimally at pressures between 150-200 psi. The 

polyamide TFC membrane typically lasted 1-2 years before cleaning or replacement. The 

membrane cartridge was housed in a nylon bowl. The primary treatment ended as the piping 

was changed from PVC and 304 stainless steel to Teflon PFA (Cole Parmer). The water then 

flowed into a nitrogen blanked PVDF storage tank (Cole Parmer). 

(4) Storage tank and water distribution 

The polishing loop smarted and ended with a PVDF water storage tank. Water was 

further purified and kept circulating in the polishing loop. To minimize recontamination by 

leaching and degradation of the tank and the piping, chemically inert polyvinylidene fluoride 

(PVDF) was used as the construction material. 

A level controller was connected to the tank at a height corresponding to a volume of 

10 gallons. Whenever the tank level fell below this point, the RO unit was turned on 

automatically by the level controller. The RO unit, otherwise, remained in the standby mode. 

The storage tank was constmcted with an extended lip, allowing the PVDF cover to be sealed 

with a silicone gasket in a flange type configuration. Two port holes in the tank lip provided 

the inlet and the outlet, respectively, for a nitrogen gas blanket over the tank head space. 

Dissolution of gasses such as carbon dioxide in the water was prevented. The 5 psig nitrogen 

passed through a 0.22 |im bacterial filter for particle removal. Perfiuoroalcoxy (PFA) tubing 

and 316 stainless steel fittings were used throughout the nitrogen purging system. 

The temperature within the polishing loop was maintained at 25 °C through the action 

of a 20 foot length of 1/4" OD 316L electropolished stainless steel heat exchange coil residing 
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in the storage tank. A 50% (vol) mixture of polyethylene glycol in water was circulated 

through the tube. The mixture was cooled with a constant cooling bath (Model 2095 Bath, 

Forma Scientific). 

Water fi-om the storage tank was continuously circulated in the polishing loop by a 

PVDF centrifugal pump (Model P-IC, Penguin Pumps, Inc.). The wetted housing of the pump 

was made of PVDF. A PVDF pressure gauge with guard (Sani-Tech), registering 20 psig, was 

installed downstream of the pump. Water flow rate was monitored by a PVDF paddle wheel 

type digital flow meter (MK-577, George Fischer). And the flow rate was regulated by a 

PVDF diaphragm valve (Sani-Tech). The maximum flow rate for the system was 7-8 gallon 

per minute. 

From the outlet of the centrifugal pump to the inlet of the storage tank, 3/4" OD PVDF 

tubing was used. Sani-Tech tube connections were adopted for the flexibility and the relative 

interior surface smoothness, preventing microorganisms from proliferating within any crevice. 

Sharp bends and dead legs were minimized to improve microbial control. The pipe between 

the tank outlet and the pump inlet was 1 'A" OD PVDF piping with thread connections. 

To enable on-line analysis of the ultrapure water, six 1/4" OD 316 EPS sampling valves 

were positioned at key points within the polishing loop. The sampling valves could be moved 

to positions most benefiting a particular experiment. These sampling valves were also utilized 

for injection of model contamination solution as well as ozonated water into the system. 

(5) Ultraviolet sterilization/photolysis unit 

The water coming out fi^om the pump first passed through an ultraviolet water sterilizer 

(SL-I, Aquafine Corporation). It was capable of generating a 254 nm UV dosage greater than 

30,000 iJ.W s/cm^ for a flow of 12 gpm ultrapure water. The 76 cm ultraviolet lamp was 

housed within a quartz sleeve which shielded the UV lamp fi^om water. The quartz sleeve was 
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installed in an elearopolished 316L stainless steel chamber. The unit was mounted vertically 

(upflow). The quartz sleeve allowed the water to encounter not only the 254 nm wavelength, 

but the high energy UV 185 nm wavelength which made up approximately 6-8% of the total 

output. This unit was used to oxidize and remove organic contamination. Background TOC 

concentration at the inlet and outlet of the UV unit were approximately 3 .5 ppb and 2.5 ppb 

respectively. The output of the UV sterilizer was monitored over time as a percent output of 

maximum, and was displayed by an Aquafine 254 nm optical sensor. Maintenance of the lamp 

included annual cleaning of the quartz sleeve, as well as replacement of the lamp every 8000 

hours as per the manufacturer. Proper care of the sleeve was essential. A fouled sleeve would 

cause a reduction in the amount of energy reaching water. 

(6) Mixed bed ion exchange tank 

The flow continued to the mixed bed ion exchange tank (Virgin nuclear grade mixed 

resins, Millipore), which brought the water resistivity up to 18 MH-cm. The resins, being 

mixed, contained about 55% Amberlite IRA-400 Type I quaternary ammonium anionic resin 

and 45% Amberlite IR-120 Plus cationic resin of sulfonated polystyrene in the hydrogen form. 

The tank had a volume of 0.45 ft^ with approximately 40% void volume. The resins were 

regenerated every three months, or when a drop in resistivity occurred, whichever came first. 

The life of the resins depended on the demands from the experiments. Typically, the resistivity 

of the flow coming in was on the order of 12 MH-cm at 25 °C. Following replacement of a DI 

tank, the pilot plant system had an approximately downtime of 24 hours while the tank was 

rinsed up. 

r?) Sub-micro filtration 

Microfilters in a wide range of pore size and a wide range of polymeric materials fi"om 

different manufacturers have been installed in the polishing loop depending upon the particular 
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experiment. The filter cartridges were housed within a 10" PVDF filter housing. As with most 

of the system components, the filter could be positioned in multiple locations. Usually, it was 

mounted before or after the UV sterilizer. This unit was designed to remove bacteria, and 

baaeria fi-agments. 

3.1.2 Ozone System 

A further treatment in this system was the injection of ozonated water. Ozone was 

generated in a separated system. Ultrapure water was taken fi-om the polishing loop, saturated 

with ozone and then it was injected into the pilot plant system, as shown schematically in 

Figure 3.2. 

Ultrahigh purity oxygen was fed into a silent arc discharge type ozone generator 

(Model 03 V5-0, OREC). Residing inside the ozone generator was a dielectric cell consisting 

of dielectric material sandwiched between two electrodes. With electric discharge, molecular 

oxygen became excited and broke apart with subsequent fomiation of ozone. The generator 

had a capacity of 2.81/min (containing 2% (w/w) ozone). The dielectric cell was cooled with a 

25 °C circulating water bath (Model 2095 Bath, Forma Scientific). The ozonated gas stream 

was fed into a (J)12"x34" 321 stainless steel contact tank through a ceramic sparger. Ozone 

dissolved in the DI water. To prevent the ozone leakage into the atmosphere, the tank was 

sealed with a flanged top using an ozone resistant Viton O-ring. 321 stainless steel was used 

for better corrosion resistance. The sparger was designed to generate 400 |im diameter 

bubbles which percolate through the water column, and enhance the mass transfer of ozone to 

the water. All tubing used between the ozone generator and the contact tank was 1/4" OD 316 

stainless steel or 1/4" OD PFA tubing. Both were ozone resistant. Ozone kept the water clean 

and sterile between ozonation periods. 
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Ozone that did not dissolve in solution was carried out in the off gas. Since ozone was 

a toxic gas, the ozone off gas was nwitralized. This was accomplished by passing the off gas 

throu^ a series of two 500 ml Pyrex gas washing bottles (VWR Scientific) filled with 

potassium iodide solution. The off gas was dispersed through a ceramic sparger. Ozone 

reacted with potassium iodide to form aqueous iodine and oxygen gas. As the iodine was 

formed, the once clear solution daricened. The reaction was complete, as viewed by the lack of 

noticeable color change in the last bottle. The iodine was finally oxidized to form colorless 

K2IO3 before being disposed. The off gas was vented to the atmosphere via a fume hood. 

The ozonated water was then injected at a pre-set flow rate into the polishing loop 

through a metering pump (Model Q402-2, Fluid metering. Inc.). It was injected at pre-UV 

positions to prevent the contact of ozone with the ion exchange resin. 

The dissolved ozone concentration was measured by an Orbisphere 26501 ozone 

analyzer (Orbisphere Laboratories). The ozone concentration was influenced by many factors, 

such as the O3 concentration in the feeding gas, impurities in the water, temperature, etc.. The 

highest dissolved ozone concentration was 8 -9 ppm. 

3.13 Instruments 

(DTOC 

The measurement of total oxidizable carbon was carried out with an Anatel A-100 

TOC analyzer. The analyzer operated on-line by feeding water sample into a sampling 

chamber utilizing external pressure. The organic contaminants in the water sample were then 

oxidized by a bean of intense ultraviolet light in the presence of Ti02 catalyst. When the TOC 

oxidation finished, the change in the electric conductivity was related to the total oxidizable 

carbon in the water. The typical oxidation cycle was between 5-8 minutes. The sampling 

chamber was purged with water before a new sample was taken. Figure 3 .3 is a schematic 
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diagram of the TOC analyzer. The unit detection range was I to 10,000 ppb TOC with the 10-

1000 ppb range giving the greatest accuracy. At a level of 10 ppb, the reliability of readings 

was ±1 ppb with a resolution of 0.1 ppb. The material of construction that contacted water 

were fused silica, nonporous ceramic, 316 stainless steel, titanium, and nonleaching 

fluoropolymers. The tubing connecting the TOC analyzer with the ultrapure water system was 

1/4" OD PFA tubing. The PFA tubing connecting the TOC analyzer and the sampling ports 

was kept to the minimum (about 5 ft). 

(2)  Ozone 

The concentration of dissolved ozone was measured on-line with an Orbisphere 26501 

ozone analyzer. The unit employed a 316 stainless steel flow-thru probe with 1/4" OD fittings 

that could be connected to a sampling valve in the polishing loop. Housed within the probe 

was an electrochemical cell with a gold cathode, a silver anode, and potassium bromide 

electrolyte solution. The electrochemical cell was separated fi^om water sample by a gas 

permeable, water impermeable 25 |am PFA membrane. The following reaction occurred; 

O3 + H2O + 2e' = O2 + 20H" (on cathode) 

Ag + KBr = AgBr + K* + e' (on anode) 

Typically, 0.25 volts was applied to the cathode. At this voltage, oxygen would not 

react (oxygen needed -0.7 volts for reaction) and thus, ozone measurement could be done in 

the presence of oxygen. 

The membrane needed to be replaced every three to four weeks. The electrodes were 

also cleaned during this process. The cathode was cleaned with a polishing powder provided 

by the manufacturer. The anode was cleaned in a 25% (w/w) solution of ammonium hydroxide 

for 10 minutes as recommended by the manufacturer. The calibration of the unit must be done 

after replacing the membrane. And the unit calibration needed be checked frequently. When 
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the unit could no longer be brought back to its calibration point, the membrane was replaced. 

(3) Dissolved silica 

Dissolved silica concentration was measured through a CFA-1030 silica analyzer 

(Scientific Instruments). Reactive silica reacted with ammonium molybdate in acid medium 

and formed a yellow molybdate complex. This yellow molybdate complex was then measured 

in the colorimeter. Phosphate also reacted with molybdate in acid medium and formed a 

yellow complex, but this interference was eliminated by its reaction with citric or oxalic acid. 

Low levels of reactive silica, less than 2 mg/1, was measured by the reaction of silica with 

molybdate and the subsequent reduction of the yellow molybdate complex with amino or 

ascorbic acid to form a more intense heteropoly blue color. The blue color was directly 

proportional to the amount of silica in the water sample. 

(4) Nonvolatile residue 

Nonvolatile residue concentration was monitored by a TSI 7700 LIQDllKACK 

nonvolatile residue monitor. The instrument measured the non-volatile residue continuously by 

atomizing a constant flow rate of water sample, drying the aerosols and detecting the residue 

particles in a condensation particle counter where the very fine particles grew in a saturated n-

butanol vapor. 

(5) Dissolved oxygen 

Dissolved oxygen concentration was monitored by an Orbisphere 3600 dissolved 

oxygen monitor (Orbisphere Laboratories). Similar to the ozone monitor, the sensor employed 

a 316 SS flow-thru probe with 1/4" OD fittings that could be connected to a sampling valve in 

the pilot plant system. Housed within the probe was an elearochemical cell with a gold 

cathode, a silver anode, and potassium bromide elearolyte solution. The electrochemical cell 

was separated fi-om water sample by a gas permeable, water impermeable 25 |im PFA 
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membrane. On the cathode, the following reaction occurred: 

02 + 2H20 + 4e" = 40^ (on cathode) 

Ag + KBr = AgBr + K" + e' (on anode) 

When proper voltage was applied between the cathode and the anode, the dissolved 

oxygen concentration was proportional to the electrical current. The dissolved oxygen monitor 

needed to be serviced and calibrated regularly. 

3.2 GENERAL PROCEDURES 

Matrices of experiments were designed to fulfill the research objectives, that is, 

identification and metrology of TOC, understanding the fundamental properties of the 

processes, and the development of new technologies to remove TOC fi-om ultrapure water. 

First of all, representative TOC model compounds were selected. They are listed in 

Table 3.1. 

The model compounds are divided into two categories; the organic substances 

originated from source water or its treatment; the process generated contaminants such as 

solvent, surfactant and other chemicals. 
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Table 3.1 A list of the TOC model compounds tested 

Model Compound Description Molecular Formula Molecular Weight 

sodium salt, humic 
acid 

complex acids formed 
from decaying organic 
matter 

2,600-1,000,000 

alginic acid microscopic plant cell 
walls 

250,000 

lipopolysaccharide bacteria cell wall 
component 

1,000,000 

glycine simple amino acid, 
intermediate 
compound 

C2H5O2N 75 

methionine simple amino acid, 
intermediate 
compound 

CsH.ASN 149 

ethanol baaerial metabolic 
product, intermediate 
compound 

C2H5OH 46 

IPA solvent CjHgO 60 

M,1-TCA solvent CCI3CH3 133 

chloroform solvent CHCI3 119 

TCE solvent C2HCI3 131 

Triton XI00 nonionic surfactant ocytylphenol 
polyethylene ether 

FC-99 anionic surfectant mixture 

FC-170C nonionic surfactant mixture 

OHS surfactant mixture 

choline hydroxide developer CsH.sOzN 121 

TMAH developer (CH3)4N0H 91 

The first group includes humic acids, alginic acids, lipopolysaccharides, methionine, 

glycine and ethanol. Humic acids (HI675-2, Aldrich Chemical Co.) are complex acids formed 

from the decay of organic matter. They are negatively charged in water and have a molecular 



weight of 2,600 to 1,000,000. Alginic acids (A2158, Sigma Chemical Co.) are cell wall 

fragments of kelp. Th^ have a molecular weight of approximately 250,000. They are the 

representation of plant cell wall. Bacterial lipopolysaccharides (L2880, Sigma Chemical Co.) 

are components of gram positive bacterial cell wall. Therefore, they represent the eflfect of 

bacterial contamination in water. They typically have a negative charge in water and have a 

molecular weight of approximately 1,000,000. Methionine (M-9625, Sigma Chemical Co.) is 

an amino acid with a sulfurous side chain and it has a molecular weight of 149. Methionine 

exists in bacterial fragments and it represents the effect of sulfur in ultrapure water systems. 

Glycine (G-7126, Sigma Chemical Co.) is a simple amino acid with a molecular weight of 75. 

It is another compound that represents the release of bacterial fragments upon cell lysis. 

Ethanol is a bacterial metabolic product with a molecular weight of 46. 

The process generated contaminants include solvent, surfactant and other chemicals. 

Isopropyl alcohol (IPA, 99.9%, A.C.S HPLC grade, Sigma Chemical Co.) is widely used in 

post-rinse wafer IPA vapor drying. Chlorinated hydrocarbons are also used as solvent. The 

tested model compounds are 1,1,1-TCA (99+%, anhydrous, Aldrich Chemical Co.), 

chloroform (99.9%, A.C.S HPLC grade, Sigma Chemical Co.) and TCE (99+%, 

Spectrophotometric grade, Aldrich Chemical Co.). These chlorinated hydrocarbons may also 

originate from the chlorination treatment of source water. The surfaaants tested include 

FC99, FC170C, TritonXlOO and OHS. FC99 is a 25% active solution of amine perfluoroalkyl 

sulfonates in water. This anionic surfactant has an outstanding surface activity in acidic and 

oxidizing systems. It is chemically stable with excellent water solubility. FC170C is an 

aqueous solution of 81% fluoroaliphatic oxyethylene adduct and 12% lower polyoxyethylene 

glycols. This nonionic surfactant has an excellent activity in neutral and acid solutions. Triton 

XI00 (ocytylphenol polyethylene ether) is a nonionic surfactant. OHS (Olin Electronic 

Materials) is an aqueous solution of 45-55% p-isononylyphenoxypoly (glycidol) and 0.5-1.5% 



potassium bicarbonate. It is a nonionic hydrocarbon based surfactant that reduces the 

interfacial tension at the surface of the solid to be etched. Some other chemicals were also 

tested, such as TMAH(99+%, Aldrich Chemical Co.) which is a developer and choline 

hydroxide(99+%, Aldrich Chemical Co.) which is used as a cleaning agent. 
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CHAPTER 4 

TOC METROLOGY 

4.1 INTRODUCTION 

The first and the most important problem an ultrapure water researcher should solve is 

the metrology of organic contamination. At low ppb level it is extremely diflBcult to obtain 

quantitative data for each organic contaminant. As a result, the concept of total organic carbon 

(TOC) concentration has been adopted. By oxidizing organic contaminants and detecting the 

carbon dioxide generated, TOC concentration is calculated. Because no oxidation technology 

gives complete oxidation of organic contaminants, the TOC concentration measured in this 

way is the total oxidizable carbon concentration which is usually lower than the total organic 

carbon concentration. There are several methods of organic compound oxidation, including 

dry oxidation (the combustion method) and wet oxidation (UV oxidation, high-temperature 

pressurized wet oxidation, and heating oxidation). There are different carbon dioxide detection 

methods, such as detecting the change in the electrical conductivity of water sample or 

detecting the carbon dioxide generated through nondispersive infrared (NDIR) gas analysis. 

The most popular single TOC analyzing instrument in semiconductor industry is the 

Anatel A100 organic analyzer. This is a convenient on-line TOC analyzer with high reliability. 

It has been used worldwide. It employs UV to oxidize organic compounds in water sample 

and detects the change in electrical conductivity. The TOC level is calculated assuming that the 

conductivity change is caused solely by the oxidation product, i.e., carbon dioxide. To simplify 

the operation, it does not use any carrier gas or chemical agent for oxidation. Frequent 

calibration is not necessary. 

However, there are two problems related to the instrument design philosophy. First it 
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is assumed that organic compound molecules are comprised only of the elements carbon, 

hydrogen and oxygen. In reality, this is not true. Elements other than the above ones, such as 

chlorine, sulfiir and nitrogen are frequently present in organic materials. Some of them are 

released from the molecule during oxidation and change the water conductivity. On the other 

hand, some recalcitrant organic compounds may undergo only partial oxidation in the TCX! 

analyzer chamber. 

Another instrument which can be used as a supplement of TOC measurement is TSI 

7700 nonvolatile residue monitor (NRM). It measures the non-volatile residue continuously by 

atomizing a constant flow rate of water sample, drying the aerosols and detecting them in a 

condensation particle counter where the very fine residue particles grow in saturated n-butanol 

vapor. NRM is an on-line instrument but its measurement is non-specific. It can not 

differentiate the organic compounds from non-organic compounds. 

Fourier Transform Infixed Attenuated Total Reflection Spectroscopy (ATR-KllR) 

can also be used for TOC analysis. Its use for quantitative IR analysis of diflBcult proteinaceous, 

aqueousand assorted painted-on samples has become widespread [Sperline, 1991], It wUl 

reveal the information on specific organic species which other TOC analyzers could not 

provide. Most importantly, the adsorption/desorption of organic contaminants on silicon 

wafers could be studied. 

The research objective is to study the TOC metrology by using Anatel AlOO TOC 

analyzers and TSI nonvolatile residue monitors. Another objective is to investigate the 

feasibility of applying ATR-FTIR in TOC analysis as well as in TOC adsorption/desorption 

studies. 



4.2 TOC AND IWR 

DiflFerent model compounds were tested in this work. The calibration curves of the 

TOC model compounds were obtained and the results were analyzed. 

The calculated amounts of solid model compounds were weighed (or measured for 

volume of liquid samples) and then diluted in a bottle of 5 liter ultrapure water taken from the 

UPW system. The solution was mixed well on a magnetic stirrer for about one hour. If the 

model compound was non-recalcitrant such as humic acid, FC99, TMAH, etc., the sample 

solution was pumped at a constant flow rate into the UPW system to prepare a solution of 

known concentration of the model compound. TOC or NVR were measured at a downstream 

position that allowed enough mixing of the model compound solution and the ultrapure water. 

If the model compound was recalcitrant, the sample solution was pumped into a side line 

where ultrapure water was drawn from the UPW system and a dilute solution was prepared. 

TOC and NVR concentration was then measured. 

The results of TOC measurement were shown on Figure 4.1. Basically, the TOC 

analyzer readings were linear with the molecular concentrations except for TMAH, which 

could not be measured by the TOC analyzer at all. At the concentration of 119 ppb, 

methionine had an abnormal high TOC reading of 454 ppb. This indicated that 119 ppb was 

out of the linear range of the TOC analyzer for methionine. For the model compounds with 

known molecular structure, the TOC analyzer readings were plotted against their true TOC 

concentrations as shown in Figure 4.2. The TOC analyzer gave accurate measurements for 

glycine, TritonXIOO, choline hydroxide and IP A The readings of the chlorinated compounds 

as well as methionine were far higher than the true values, though they were generally linear 

with the true TOC concentrations. As chlorinated compounds were oxidized in the TOC 

analyzer chamber, hydrogen chloride was generated and it reduced the resistivity of the water 
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sample. This was miscalculated as TOC by the instrument. Methionine contained sulfur which 

could be oxidized to sulfur dioxide and contribute the higher TOC reading. For TMAH, the 

TOC analyzer gave readings even lower that the background concentration. Since TMAH did 

oxidize under IJV185 as shown later, the reason for this could be the high degree of ionization 

of TMAH in water sample and the corresponding low resistivity. As oxidation occurred, 

carbon dioxide was generated as expected and was neutralized by TMAH. Therefore, the 

water sample resistivity did not drop. Instead, it rose and caused misleading results. 

The results of the NVR monitor measurement were shown on Figure 4.3. Only these 

non-volatile model compounds were detected effectively by the instrument. The NVR analyzer 

readings were linear to the true molecular concentrations of the model compounds. The NVR 

readings for TMAH had very good linearity to the true concentrations. This indicated that the 

NVR analyzer was a good supplement instrument for water quality monitoring. One major 

disadvantage of the NVR analyzer was that each model compound had its specific calibration 

curve. 

4 J ADSORPTION OF TOC ON SILICON WAFER 

The objectives of this set of experiments are double-folded. First, it is desired to study 

the ATR-FTIR as an effective method to identify and measure organic species specifically. 

Second, with the help of FTIR, it is desired to investigate the adsorption/desorption 

characteristics of organic contaminants on a silicon wafer. This latter part has extreme 

significance in the semiconductor manufacturing since it will reveal important information on 

silicon wafer cleaning/contamination. 

TOC model compounds were first analyzed through the wet on-line measurement. 

The fi"esh ultrapure water stream continuously flowed through the IRE cell in which a 2 mm 
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thick silicon IRE was installed. The cell was pre-cleaned with the conventional SCI and SC2 

cleaning as well as oxygen plasma cleaning. The whole compartment was purged with 

nitrogen to remove moisture, carbon dioxide, etc.. The working mfrared beam penetrated 

through the very thin layer of the solid/liquid boundary layer and the background energy 

spectrum was obtained. 

Figure 4.4 shows the background energy spectrum of the IR beam after passing 

through ultrapure water sample. Liquid water had very strong absorption peaks at 3400 cm"' 

(OH stretch), 1650 cm'* (OH bend) and 2100 cm"'. Since it was very difficult to remove 

completely the carbon dioxide and the moisture from the compartment, the characteristic peak 

of carbon dioxide was found at 2380 cm"' while moisture (H2O vapor) gave two groups of the 

needle shape peaks at 2000 cm"' and 3800 m"' area. Below 1450 cm"', silicon and silicon 

dioxide had strong absorption peaks. 

TOC model compound was then mixed with the ultrapure water stream and passed 

through the IRE cell. As the infrared beam penetrated the very thin layer of the solid/liquid 

boundary layer, it was absorbed in certain wavelength. By subtraction of the background 

energy spectrum, the transmission energy spectrum was recorded. 

Figure 4.5 shows the transmission spectrum of 15 ppm humic acid solution. Peaks 

were observed at 1450 cm"', 1350 cm"' and 1280 cm"'. With humic acid concentration lowered 

to 1 ppm, nearly the same peaks were identified on Figure 4.6. The peak height was not 

proportional to the humic acid concentration. This indicated that the humic acid concentration 

in the surface layer was not linear with the bulk concentration. 

Since liquid water had strong absorption peaks and thus affected the TOC sample 

absorbance, humic acid was analyzed with the off-line dry method. The 25 ppb humic acid 

solution was filled into the cell and it contacted the silicon IRE for 12 hours. The cell was then 
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drained and dried with ultrahigh pure nitrogen before being tested. No interference from liquid 

water was found on Figure 4.7 and the same peaks were found. This indicated that humic acid 

adsorbed on silicon and was detected through ATR-FTIR. 

A nitrate digestion bacterium was tested with the wet on-line method. The results 

were shown in Figure 4.8 to Figure 4.17. Transmission spectra were taken at different times to 

study their adsorption onto the silicon wafer. In half an hour, the adsorption was very small and 

the peaks changed very fast. After 20 hours the adsorption reached the equilibrium and no 

further peak change was observed. 

4.4 CONCLUSIONS 

The Anatel AlOO TOC analyzer is a convenient, non-specific organic measurement 

instrument. It gives good measurements of the model compounds that contain only the 

elements carbon, hydrogen and oxygen. However, chlorine and sulfur affect its performance 

and cause high readings. The TOC analyzer gave misleading readings on the model 

compounds that have high resistivity after oxidation, like TMAH. 

The nonvolatile residue monitor is an on-line NVR measurement instrument. It can be 

used to supplement nonvolatile TOC measurement. But its measurement is non-specific. Its 

measurement is proportional to the TOC concentration but each model compound has its 

specific calibration curve. Employing both TOC analyzer and NVM will give a quicker organic 

contaminant analysis and will reveal more information which could not be achieved through a 

single instrument. 

ATR-FTIR is a promising method for identification of specific organic contaminants. 

It also provides important information of TOC adsorption/desorption on silicon wafers. 
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Figure 4.9 FTIR transmission spectrum, the bacterium, dry detection, 10 mins 



Figure 4.10 FTER transmission spectrum, the bacterium, dry detection, 18 mins 

Figure 4.11 FTER transmission spectrum, the bacterium, dry detection, 31 mins 
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Figure 4.12 FTIR transmission spectrum, the bacterium, dry detection, 19.8 hrs 
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Figure 4.13 FTIR transmission spectrum, the bacterium, dry detection, 21.2 hrs 



Figure 4.14 FTIR transmission spectrum, the bacterium, dry detection, 29.0 hrs 

Figure 4.15 FTIR transmission spectrum, the bacterium, dry detection, 43.5 hrs 
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Figure 4.16 FTIR transmission spectrum, the bacterium, dry detection, 50.3 hrs 
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Figure 4.17 FTIR transmission spectrum, the bacterium, dry detection, 72.3 hrs 
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CHAPTERS 

TOC REMOVAL THROUGH UV AND OZONE 

S.1 INTRODUCTION 

Two methods have been used to remove organic contaminants in ultrapure water 

systems; separation and chemical oxidation. Separation technology includes filtration, reverse 

osmosis and ion exchange. Organic contaminants are separated and/or accumulated. Under 

certain conditions, they may be released and cause the contamination of water. For example, 

when the system pressure fluctuates, particles are released fi-om filters. As a comparison, 

chemical oxidation technology oxidizes the organic contaminants partially or completely, and 

mineralizes them to produce carbon dioxide, water, hydrogen chloride or other simple 

produas. Since some organic compounds are easily oxidized and others are not, the efl5ciency 

of the oxidation technology varies with the contaminant species. Organic contaminants which 

are recalcitrant to oxidation and other separation technology would be most likely to cause 

problems in the process. So it is very important to identify these recalcitrant species. 

Short wavelength ultraviolet and ozone are two principal TOC oxidation technologies 

adopted in the industry. Although the actions of individual components have been studied 

extensively in removing organic contaminants fi^om water at high concentration range, it is of 

practical significance to study their fundamental kinetics and the interaction between them in 

the low concentration range met in ultrapure water systems. The result of this kinetics study 

will help UPW system design and optimization of operation parameters. 
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5.2 EXPERIMENTAL SETUP AND PROCEDURES 

Two groups of experiments were designed and conducted. The first one was designed 

to compare the recalcitrant characteristics of different model contaminants. Model compounds 

were weighed or measured, diluted into five liters solution and well mixed. At the beginning of 

each experiment, the solution was pumped into the UPW system through a sampling valve 

upstream the UV unit. In this way, a step injection of the model compound was applied to the 

ultrapure water system. 

TOC concentration was measured continuously at a position downstream the injection 

point. It was plotted against the sampling time to show the system response profile If the 

model compound was easily oxidized or removed through the UV unit and the mixed bed ion 

exchange bed, no contaminant would be accumulated in the system and thus a flat response 

curve would be obtained. If the model compound was hard to remove, it would accumulate in 

the system and its concentration would increase and a ramped response curve would be 

observed. 

Another set of experiments was designed to study the organic contaminant oxidation 

kinetics. As stated previously, TOC oxidation through UV and oxidants such as ozone was 

among the most important TOC removal technologies adopted in UPW manufacturing. 

Therefore, it is important to find out the fiandamental reaction kinetics and interaction between 

oxidants. Again an organic model compound was diluted twice to prepare its solution at ppb 

level concentrations. First, a certain amount of the model compound was weighed or 

measured and diluted into five liters of solution After mixing on a magnetic agitator for one 

hour, the solution was pumped into the UPW system through a sampling valve upstream the 

UV unit. To get the data under UV alone, the TOC concentration was taken at the inlet and 

outlet of the UV unit simultaneously. To study the effect of ozone on TOC oxidation, ozone 
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was generated in-situ from ultra high purity oxygen and ozonated water was produced by 

dissolving the gaseous ozone in a tank of ultrapure water. The ozonated water was then 

pumped into the ultrapure water system at a controlled flow rate to make a solution of certain 

ozone concentration. A twenty inch long 1/4" OD Teflon PFA tubing (G-06375-02, Cole 

Parmer Instrument Company) was connected to the sample valve immediately downstream of 

the injection port. The water flow rate through the tubing was set so that the water sample had 

the same residence time as that in the SL-1 UV unit. In this way, TOC was oxidized through 

ozone alone. The TOC was measured simultaneously at the inlet and outlet of the Teflon 

tubing. The TOC concentration was also measured at both ends of the SL-1 UV unit while 

ozonated water was injected. In this case, TOC was removed through the combination of UV 

and ozone. 

The TOC removal through UV alone, ozone alone and UV/ozone combination was 

measured on different TOC model compounds, including: humic acid, methionine, 

lipopolysaccharide, alginic acid, IP A, ethanol, chloroform and TritonXlOO. 

53 RESULTS AND DISCUSSIONS 

5.3.1 UPW System Response to TOC Challenge 

Figure 5.1 shows the system response to a step injection of some non-recalcitrant 

model compounds including humic acid, alginic acid, lipopolysaccharide, methionine, TCE, 

choline hydroxide and TritonXlOO. The flat TOC profiles indicate that these model 

compounds were removed eflfectively through the combination of the UV unit and the mixed-

bed ion exchange. No TOC was accumulated in the UPW system. Since lipopolysaccharide, 

methionine, TCE and TritonXlOO were nonionic, the results indicated that they were oxidized 

through UV185 eflfectively. The step injection concentration was 50 ppb (w/w) for all the 
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Figure 5.1 UPW system response to TOC challenge (1) 



model compounds. Since each model compound had a specific carbon content, the TOC 

analyzer had different responses for different model compounds, the TOC concentration 

measured varied among model compounds. Alginic acid had the lowest TOC reading (12 ppb) 

and TCE had the highest (60 ppb). 

Figure 5.2 shows the system response to a step injection of some recalcitrant model 

compounds including IP A, ethanol, 1,1,1-TCA as well as chloroform. TOC concentration 

kept rising as time increased. The saturated chlorinated alkanes were the most recalcitrant and 

alcohol followed them. 

This was a qualitative method which only revealed the relative removability of model 

contaminants. If TOC concentration changed, the shape of the profile would change 

correspondingly. 

5.3.2 TOC Oxidation through UV, O3 and UV/O3 

Figure 5.3 shows the result of humic acid. Temporal TOC profiles were recorded with 

UV185, ozone and the UV/ozone combination. Since humic acid was removed effectively in 

the polishing loop and no residue was accumulated, flat profiles were observed. The circles 

represent the input function, the triangles represent the action of the UV185 alone on the 

contaminant, the squares represent the action of 35 ppb ozone, and the filled circles represent 

the action of the UV/ozone combination. As a result of the oxidation on each component, 

TOC was lowered. The UV/ozone combination was found to be more effective than 

employing both actions individually. When applied together, UV185 and ozone acted 

synergjstically to remove TOC fi"om ultrapure water. 

Figure 5.4 to Figure 5.6 show the results of three other non-recalcitrant model 

compounds: alginic acid, lipopolysaccharide and methionine. Again the UV/ozone 

combination was more effective in removing contaminants than UV, ozone, or the linear sum 
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Figure 5.2 UPW system response to TOC challenge (2) 
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Figure 5.3 TOC removal through UV, O3 and UV/O3, 

model compound: humic acid 
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Figure 5.4 TOC removal through UV, O3 and UV/O3, 

model compound: alginic acid 
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Figure 5.5 TOC removal through UV, O3 and UV/O3, 

model compound: LPS 
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of the individual action. But the extent of such UV/ozone synergistic effect varied among 

different model compounds. 

The results on recalcitrant IP A, ethanol and chloroform are shown on Figure 5.7 to 

Figure 5.9. Since the polishing loop could not remove the injected model compound 

completely, part of the model compound and the oxidation products were accumulated in the 

polishing loop. As a result, a ramped step injection profile was observed. With 35 ppb ozone 

injected together with the model compound, less TOC residue was left in the system and a less 

steep input profile was obtained. Ozone alone removed little TOC with the same residence 

time. The reaction rate of TOC with low ppb levels of ozone was low. This indicates that it is 

not practical to remove TOC through ozone at low ppb concentration ranges. Significant 

synergistic effect was also observed for these recalcitrant model compounds. 

To study the UV/ozone synergistic effea quantitatively, the average TOC removal 

eflSciency was calculated for UV185 alone, ozone alone and UV/ozone combination. The sum 

of the TOC removal efficiency through UV185 and ozone was also obtained and plotted 

against the TOC removal efficiency of the UV/ozone combination. In this way the UV/ozone 

synergism is clearly illustrated in Figure 5.10. 

Such synergistic effea varied with different model compounds and it followed the 

order below. 

alginic acid > EPA > ethanol > humic acid > chloroform > methionine. 

The mechanism of UV/ozone synergism is closely related to hydroxyl radical and other 

radicals [Govemal, Bonner and Shadman, 1991], The hydroxyl radical is a very strong 

oxidizing agent. It has a redox voltage of 2.87 V, compared with 2.07 V for ozone [Legan, 

1982], In a UV unit without ozone, TOC is oxidized through direct photolysis and indirea 

oxidation by the hydroxyl radical and other radicals generated fi"om water by UV irradiation. 

The latter reaction route is important since hydroxyl radicals oxidize TOC effectively. 



120 

100 

40 !- Input, w/o O3 
UVI85 alone 
Input, w/ O3 
O3 alone 
UV 185/0, 

0 10 30 40 50 20 60 70 

Time (min) 

Figure 5.7 TOC removal through UV, O3 and UV/O3, 

model compound; IP A 
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Figure 5.8 TOC removal through UV, O3 and UV/O3, 

model compound; ethanol 
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Similarly, TOC is oxidized by ozone directly and indirectly. In the former route, TOC is 

attacked directiy by ozone and in the latter route, TOC is oxidized by hydroxyl radicals 

generated from the dissociation of ozone in water. The hydroxyl radical concentration is low 

with UV alone or ozone alone. When ozone is exposed to UV irradiation, ozone undergoes 

fast dissociation and high concentrations of hydroxyl radicals are generated. Depending on the 

kinetics of the reaction between individual TOC species and the hydroxyl radical, a specific 

level of synergism is obtained. 

The UV/ozone synergism has a practical significance. Ozone is widely used for 

disinfection of UPW storage tanks, piping, filters and other elements. Short UV185 is mainly 

used to lower the TOC level in UPW. But the TOC removal eflBciency through UV alone is 

low as shown in the above data. By adding low ppb levels of ozone into the UPW system, 

continuous disinfection of the system is achieved while the TOC removal through UV is 

significantly enhanced. The ozone is destroyed in the UV unit and the downstream ion 

exchange resin is proteaed from the ozone attack 

The TOC removal through the UV unit was not linear with the TOC concentration, 

though it increased as the TOC concentration increased Since the 185 nm UV has a very 

short penetration depth in water, the oxidizing OH radical is highly concentrated on the quartz 

sleeve wall. This may present a problem for the rinse water recycling system where the TOC 

concentration is higher, usually at low ppm levels, depending on the process used. The UV 

unit will have a low eflBciency in removing TOC since the oxidation under UV185 is not a first 

order reaction. 

5.4 CONCLUSIONS 

A method was developed to study the recalcitrance properties of model contaminants. 
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Experimental dada show that humic acid, alginic acid, lipopolysaccharide, methionine, TCE, 

choline hydroxide and TritonXlOO were non-recalcitrant. Ethanol, IP A, chloroform and 1,1,1-

TCA were recalcitrant to UV oxidation. 

Under UV185 alone, the oxidation rate was not linear with the TOC concentration. 

Significant UV/O3 synergistic effect was observed. This indicated that by applying ozone into a 

UV unit, effective TOC oxidation could be obtained. 
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CHAPTER 6 

PHOTOCATALYTIC FILTER 

6.1 INTRODUCTION 

As the result of searching for alternative energy sources, photoelectrochemical studies 

flourished in mid-1970s after Fujishima and Honda discovered that the photosplitting of water 

could be achieved in a light irradiated semiconductor cell [Fujishima and Honda, 1972]. In 

recent years, lots of efforts have been shifted to the field of environmental chemistry and 

pollution control. Almost every major class of organic water contaminant has now been 

examined for the possible degradation and removal fi^om the liquid phase [Serpone and 

Pelizzetti, 1989], 

Heterogeneous photocatalytic oxidation is a promising improvement over the 

conventional chemical oxidation process in removing trace organic contaminants from the 

ultrapure water. It introduces no chemical into the ultrapure water system and thus the 

potential contamination is reduced. Highly reactive hydroxy! radical and perhydroxyl radical 

are produced on the catalyst surface when ultraviolet radiation is applied [Boehm, 1971; 

Ceresa, et al., 1983; Jeager and Bard, 1979; Gonzalez-Elipe, et al., 1979]. These radicals react 

readily with the organic contaminants, partially or completely oxidize them to produce CO2, 

H2O, HCl, etc. [Rurchi and Ollis, 1990; Matthews, 1987; Matthews, 1990]. These final 

mineralized compounds are either harmless or easily removable. Compared to the original 

organic contaminants, the partly oxidized products are more ionic and are better separated 

through the downstream ion exchange resin [Glaze, et al., 1993; Ohmi, 1993], One specific 

benefit of this photocatalytic oxidation is that it utilizes the 254 nm or even 365 nm UV light 

for TOC removal. These wavelengths of UV are major outputs of low pressure or medium 
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pressure mercury vapor UV lamps. Without the presence of the photocatalyst, they have only 

germicidal effects. 

Among the various semiconductors investigated as a photocatalyst, Ti02 is the most 

active one and thus has been studied extensively. Ti02 exists in nature in two tetragonal forms, 

rutile and anatase. Of the two phases anatase is the more active one. This is probably due to 

the differences in the extent and nature of the adsorbed surface hydroxyl groups. Furthermore, 

the photoactivity enhancement can be related to the higher Fermi level of anatase [Maruska and 

Gosh, 1978]. 

Till present, most of the researchers have studied the photocatalytic oxidation of 

organic contaminants with a suspension slurry of Ti02 [Serpone and Pelizzetti, 1989], 

Obviously, it is not practical to use a TiOa slurry in an ultrapure water system. Therefore, we 

combined this technology with a filter and thus yielded an innovative concept of photocatalytic 

filter. This novel catalytic filter will separate organic contaminants and oxidize them through 

the photocatalytic oxidation [Chen and Shadman, 1996]. 

A photocatalytic filter is a filter covered with a thin uniform surface layer of 

photocatalyst. It is critical to select the right material of the substrate filter which is compatible 

with the ultrapure water system. Also suitable photocatalyst forming/depositing processes 

need to be developed to produce a clean catalyst in the desirable crystal form. 

In this work, three TiOz deposition/growing processes were developed, i.e., TiCU 

hydrolysis process, titanium oxidation process and chemical vapor deposition process. 

Different substrate filters were employed, including a fretted quartz disc, a sintered 316L SS 

filter and a sintered titanium filter. The Ti02 surface layer was characterized with SEM, AEM, 

X-ray diffraction (XRD). The compatibility of the catalytic filter with ultrapure water was 

tested. The oxidation and removal of TOC model compounds through the catalytic filter were 

tested. Factors such as UV wavelength, ozone injection were studied for their effect on the 
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catalytic filter performance. The development of each process as well as the experimental 

results are described as follows. 

6.2 TiCl, HYDROLYSIS PROCESS 

6.2.1 Filter Development and Characterization 

Titanium dioxide in anatase form was generated when titanium tetrachloride was 

exposed to water with the presence of sulfiiric acid [Pamfilov and Ivancheva, 1939]. Sintered 

quartz filter substrate was selected because of its transparency to UV light (depending on the 

purity of quartz and the wavelength of UV). 

A coarse fi-etted quartz disc (average pore size = 40-60 jim, GM Associates Inc.) was 

cleaned with acetone and dOute HCl solution separately. It was then rinsed with DI water 

(fi-om the pilot ultrapure water plant. Resistivity = 18 Mfi-cm, TOG = 2-3 ppb) and dried 

overnight in an oven at 150 °C. 

A 5% sulfuric acid solution was prepared by dropping 1.5 ml sulfuric acid (98.5% 

H2SO4 ,Reagent A.C.S, MCB Reagents) into 50 ml DI water. 5.0 ml titanium tetrachloride 

(99.9% TiCU, Aldrich Chemical Company, Inc.) was then slowly added drop wise into the 

sulfiiric acid solution under vigorous stirring. Hydrolysis of titanium tetrachloride took place. 

In such a dilute solution of sulfuric acid, the hydrolysis of titanium tetrachloride yielded the 

titanium dioxide in anatase form [Pamfilov and Ivancheva, 1939], The product solution was a 

translucent suspension solution of colloid Ti02. It was left on a hot plate with the filter sitting 

in it for about 30 minutes. The solution became clear. The filter was then taken out and baked 

in an oxygen atmosphere at 450 °C for 3 hours. The filter was rinsed and soaked in DI water 

for 72 hours before being dried in an oven at 150 °C overnight. The Ti02 slurry was dried and 

analyzed using X-ray diflfraction to find out the crystal form of the titanium dioxide. Figure 6.1 
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shows that anatase was dominant and veiy little nitile was present. 

The filter samples were studied under SEM. It was found that the TiOj layer was thin 

and uniform though some cracking was observed at a magnification of x 100 as shown in Figure 

6.2. No pore was clogged and the average pore size was not lowered since the Ti02 film was 

thin. The TiCb deposition was also checked with energy dispersive X-ray (EDX), and the 

titanium distribution mapping showed that the deposition was basically uniform though some 

chunks of TiC)2 existed (Figure 6.3). 

The compatibility of the photocatalytic filter with the ultrapure water system was 

investigated both off-line and on-line. The off-line test measured ionic leaching fi^om the 

photocatalytic filter samples. Water samples were prepared by leaving a treated filter sample in 

100 ml ultrapure water and another one in 100 ml ozonated ultrapure water for two weeks. 

The initial ozone concentration was 6 ppm. Titanium concentration of the water sample was 

analyzed through atomic absorption spectrophotometer (Perkin-Elmer 2380). With the low 

detection limit of 0.05 |ig/ml on titanium, no titanium was found. The results are listed in 

Table 6.1. The water samples were fiorther analyzed through inductively coupled plasma mass 

spectrometer (ICP-MS). No titanium and other metallic elements such as Fe, Mo, Cr, Ni were 

detected with the low ppb detection limit. Figure 6.4 to Figure 6.5 show the output of the 

ICP-MS. 

The filter was fiirther mounted in the pilot ultrapure water plant. TOC, resistivity, 

nonvolatile residue and particle counts were measured on-line at pre-filter and post-filter 

positions. As shown in Table 6.2, no difference was observed between the data measured at 

the pre-filter point and the data measured at post-filter point. 
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Figure 6.1 XRD test of the TiOj crystal, TiCU hydrolysis process 
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The sintered quartz filter substrate 

The sintered quartz filter with Ti02 deposition 

Figure 6.2 SEM micrograph of the photocatalytic filter, TiCU hydrolysis process 
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Figure 6.3 EDX scan for elemental titanium, TiCU hydrolysis process 
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Table 6.1 Titanium concentration measured through AA (1) 

(unit: |ig/ml) 

#1 #2 #3 #4 Average 

DI water 0.0 0.0 0.0 0.0 0.0 

Filter in DI water 0.0 0.0 1.0 0 0.3 

Ozonated water 0.0 0.0 0.0 0.0 0.0 

Filter in ozonated 
water 

0.0 0.0 0.0 0.0 0.0 

Table 6.2 On-line compatibility test results (1) 

Pre-filter Post-filter 

m #2 #3 #4 Ave #1 #2 #3 #4 Ave 

TOC 
(ppb) 

2.6 2.4 2.7 2.5 2.6 2.5 2.6 2.5 2.4 2.5 

Resis. 
(MH-cm) 

14.3 14.7 14.3 14.4 14.4 14.9 14.4 14.4 14.2 14.5 

NVR 
(ppb) 

2.72 2.86 2.65 2.54 2.69 2.55 2.87 2.76 2.41 2.65 

Particle, 
O.lSpun 
(#/mI) 

4.8 9.6 9.6 4.8 7.2 4.8 14.5 9.6 0 7.2 

6.2.2 TOC Removal through the Filter 

(I)  Experimental  setup and procedures 

The results above show that the photocatalytic filter prepared was clean and 

compatible with ultrapure water. The most important work left was to test its performance on 

TOC removing. As shown in Figure 6.6, the model compound solution was pumped into the 

pilot ultrapure water plant to make a dilute solution of the model compound. 
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The dilute solution was then fed into two cylindrical quartz reactors which were 

exposed to an ultraviolet light source. Photo-oxidation took place inside the reactors. With 

two Anatel A-100 TOC analyzers, the total oxidizable carbon (TOC) was monitored 

simultaneously at the inlet and outlet points of the reactors. 

The cylindrical quartz reactor was geometrically identical to each other, 45 mm in 

diameter and 50 mm long. Both had a fiised-in fretted disc which divided the reactor into two 

reaction zones. Water sample was fed into the reactor at a flow rate of 130 ml/min. One 

reactor had a non-catalytic sintered quartz substrate filter. The other reactor had an identical 

quartz substrate filter. But this filter was coated with a thin layer of TiCb- When it was 

exposed to UV light, photocatalytic oxidation (if any) of the model compound occurred 

heterogeneously on the catalyst surface in addition to the homogeneous photolysis. Therefore, 

the TOC removal difference between the two reactors represented the net effect of the 

photocatalyst. 

1,1,1-TCA, chloroform and TCE were tested as the model chlorinated compounds. 

Other model compounds tested were humic acid, alginic acid, lipopolysaccharide, methionine 

and choline hydroxide. Two kinds of low mercury vapor UV lamps were tested, i.e., UV254 

(G287L UV lamp. Ideal Horizon, UV254 watts = 4.6 W, arc length = 8 1", spectra output: 

85% 253.7 nm, the rest is other wavelength, including 313 nm, 436 nm, 546 nm, etc.) and 

UV185 (G287VH UV lamp. Ideal Horizon, total output watts = 4.6 W, arc length = 8.1", 

spectra output; 85% 254 nm, 7% 185 nm, the rest is other wavelength). A 254 nm UV dosage 

of about 300,000 ^W.Sec/cm^ was used for both quartz reactors. 35 ppb ozone was also 

injected with the model compound to examine the effect of ozone on the photocatalytic filter 

performance. 

iT) Experimental results and discussions 
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Photo-oxidation of the TOC model compounds under the UVI85: Fig^re 6 .7 and 

Figure 6.8 show the TOC concentration profiles as functions of time when UV185 was 

employed. Figure 6.7 shows the results of three chlorinated compounds, 1,1,1-TCA, 

chloroform and TCE. Three profiles were obtained for each model compound. The first line, 

represented by the hollow circles was the input TOC concentration. This was the TOC level 

the reactors acted on. The second line, represented by the filled circles, was the TOC profile 

measured at the substrate reactor outlet. The TOC drop fi-om the inlet indicated the sole aaion 

of the UV185 on the model compound. The third line, represented by the filled squares, was 

the TOC profile at the catalytic reactor outlet. Here, the drop fi-om the inlet indicated the 

combination eflfects of the UV185 and the photocatalyst. The difference between the second 

line and the third line was the net effect of the photocatalytic oxidation. 

Under the UV185, the photolysis of 1,1,1-TCA occurred in the substrate reactor and 

part of the contaminant was removed and the outlet TOC was lower than the inlet TOC level. 

In the catalytic reaaor, 1,1,1-TCA underwent the same UV photolysis. In addition to it, the 

photocatalytic oxidation took place on the filter surface. Therefore, 1,1,1-TCA was fiirther 

removed and a fiirther drop in the outlet TOC level was observed. Here, the photocatalytic 

effect was significant. Note that the inlet TOC profile of this chlorinated hydrocarbon was not 

a flat line. This indicated that as it was injected into the polishing loop, it was not completely 

removed through the SL-1 UV unit and the mixed bed ion exchange tank. It was accumulated 

in the system. Therefore, the typical step function turned into a ramp function. Such 

recalcitrant contaminant deserves special concerns since if it enters the ultrapure water system 

somehow, part of it will survive most of the process steps and will be seen finally by the silicon 

wafers. The photocatalytic filter is extremely suitable for removing this class of contaminants 

since further degree of oxidation will not only enhance the one pass TOC removal efficiency 
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Figure 6.7 Photolysis and photocatalytic oxidation with IJV185, 
model compounds; 1,1,1-TCA, chloroform, TCE 



118 

Alginic acid 

-OO x> CL 
a. LPS 
u 
o 
H 

O Input 
• Output, noncat. filter 
• Output, cat. filter 

0 20 10 30 40 50 

Time (min) 
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but also result in more ionized oxidation products which are better adsorbed by the 

downstream ion exchanger. 

Similar results were obtained for chloroform. UV185 oxidized it in the substrate 

reactor to a certain extent and further oxidation took place at the presence of the photocatalyst 

in the other reactor and thus an extra TOC drop was observed. Note that this compound was 

also a recalcitrant contaminant. 

In contradiction to the above model compounds, TCE was eflfectively oxidized under 

UV185. A TOC removal as high as 84% was observed for this nonsaturated halo-alkene. 

Also note that the input TOC profile leveled off immediately. This indicated that neither TCE 

nor its oxidation produrts were accumulated in the system. The photocatalyst was effective for 

an extra TCE removal. 

Figure 6.8 shows the results of algjnic acid and lipopolysaccharide. UVI85 alone 

removed these non-recalcitrant model compounds effectively. Significant photocatalytic effect 

was observed. 

Photo-oxidation of the TOC model compounds wider the UV254: The oxidation and 

removal of the three chlorinated compounds under the UV254 is shown in Figure 6.9. Similar 

photocatalytic effect was recorded. The catalyst enhanced the oxidation of all the three model 

compounds. This indicates that the UV254 was also effective in activating the photocatalyst 

and the photocatalytic activity was similar to that under the UV185. This result corresponds 

with the fact that anatase has an energy band gap of 3.2 eV and can be activated by UV 

illumination with a wavelength up to 388 nm. Again, 1,1,1-TCA was found to be the most 

recalcitrant model compound. Note also that the UV254 alone was very inefficient in 

removing chloroform and 1,1,1-TCA. But it removed TCE effectively. An average removal 

efficiency of 22% was obtained in the same environment. 



120 

250 
TCA Input 

Output, noncat. filter 
Output, cat. filter 

200 

Chloroform 
CJ 
o 
H 

100 

TCE 

10 20 30 40 50 0 60 70 

Time (min) 

Figure 6.9 Photolysis and photocatalytic oxidation with UV254, 
model compounds: 1,1,1-TCA, chloroform, TCE 
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Figure 6.10 shows the UV photolysis results on alginic acid and lipopolysaccharide. 

Similar photocatalytic effect was observed as that under UV185. 

Photo-oxidation of the TOC model compounds under the UV185 plus 35 ppb ozone: 

The effect of injecting ozone as an oxidant is shown in Figure 6.11 to Figure 6 12. With 35 

ppb O3 dissolved in the water, the overall TOC removal eflBciency was enhanced and the input 

profiles leveled off This means that less TOC was accumulated in the system. 

6.2.3 Process Analysis 

As shown above, the net photocatalytic effect was significant for all the model 

compounds except for methionine. To get a clear picture of the process, it is necessary to 

analyze the experimental process and get the intrinsic reaction kinetics data. These kinetics 

data are very useful for the enhancement or scaling up of the photocatalytic effect. 

UV Photolysis of TOC in the substrate reactor: The UV interaction with organic 

contaminants in water environment has been extensively studied and two pathways have been 

recommended, i.e., the direct photolysis through the attack of UV photons on organic 

molecules and the oxidation by the radicals generated fi"om illumination of water [Yabe, et al., 

1989; Matsuura and Smith, 1970], In the former pathway, organic contaminant molecules 

absorb UV light photons and dissociate to produce smaller organic molecules or even to CO2, 

H2O, etc. under proper conditions. In the latter pathway, UV energy first split water molecules 

into hydrogen radicals and hydroxyl radicals. 

H2O + hv H* + OH* 

These radicals then oxidize organic molecules as follows; 

TOC + H* -> TOC- + Hj 

TOC + OH' TOC + H2O 
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Figure 6.10 Photolysis and photocatalytic oxidation with UV254, 
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Figure 6.12 Photolysis and photocatalytic oxidation with UVl 85/O3, 
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TOC + (H-, OH*) ^ TOC„, + (H2, H2O) 

As shown above, the reaction rate was not linear with the TOC concentration because 

the radicals were concentrated on the surface. The reaction rate can be expressed as follows; 

dC/dt = -k„C/(l+KuC) 

where ku is the photolysis rate coeflScient and Ku represents mechanisms aflfecting the 

reaction order. Water flowed into the quartz cell from the side inlet at about 0.6 ft/sec. It 

agitated the water inside the small cell. Therefore, the reactor could be treated as a CSTR. 

This gives: 

r' n - Cuvout //: T I \ 
^uvm ~ Layout  ~Tu v  n  

I /C II C- UVout 

where Tu is the residence time of the UV unit. By fitting the experimental data with 

Equation 6.2.1, the reaction rate coeflScient k„s and BCuS were obtained. 

TJte photo-oxidation of TOC in the photocatalytic reactor: It is widely reported that the band 

gap illumination of TiOa produces photoelectrons in the conduction band and positive holes in 

the valance band [Pelizzetti and Minero, 1993; Wold, 1993], 

Ti02 + hv e+p' 

These two species may recombine in the bulk lattice and give out heat. Or they may 

emit photons in new wavelength or migrate to the surface where they can react with various 

adsorbates such as OH" and H2O groups when Ti02 is in contact with water. As a result, 

various radicals such as hydroxyl radicals are produced. The hydroxyl radical is a powerful 

oxidant which has an oxidizing potential relative to hydrogen of 2.87 V, compared with 2.07 V 

for ozone. These radicals react readily with the organic molecules adsorbing on the Ti02 
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surface and the diffusion of the hydroxy! radical into the bulk solution is thought to be limited 

even for very low concentration of the oxidizable reactants [Fujishima and Honda, 1972; 

Boehm, 1971], Therefore the reaction is basically a heterogeneous surfece reaction expressed 

as follows; 

OH" + hv -> OH* 

H2O + hv OH* + H* 

O2 + e —> O2 

02*" + H* -> HO2* 

2H02* H2O2 + O2 

H202 + e' OH'+OH 

OH*, HO2, H2O2... + TOC TOCox + H2O +.. 

These reactions take place on the surface of Ti02 and the Langmuir-Hinshellwood 

model applies, i.e., the reaction rate per unit surface area is proportional to the fraction of the 

surface covered. 

r" = kc'K.CV(l+KcC,) 

where kc' is the reaction rate coeflBcient, Kc is the adsorption constant and C, is the 

TOC concentration in the very vicinity of the catalyst surface. On the microporous filter as in 

this research, the mass transfer resistance between the bulk solution and the surface was very 

small and it could be ignored. So the reaction rate per unit reactor volume is: 

akcCb/(I+KcCb) 

where Kc is the TOC adsorption constant and kc is the product of the photocatalytic 

oxidation rate coefficient and the TOC adsorption constant. A big kc means strong 

photocatalytic eflfect. On the filter, 
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EdC/dt = -akcC/(l+KcC) 

where a is the surface area per unit volume, that is, 4e/dp. dp is the filter average pore 

size. As described previously, the photocatalytic filter could also be represented by a CSTR. 

This gives: 

0„„. - C«.™„ -
C filterout) 

where tc is the residence time of the filter. By fitting the experimental data with 

Equation 6.2.2, kuS, KuS, kcS and KcS were obtained and they are listed in Table 6.3. 

Among the model compounds tested, TCE was the least recalcitrant. It was even 

significantly oxidized and removed through the UV254. Alginc acid and lipopolysaccharide 

followed it. 1,1,1-TCA and chloroform were the most recalcitrant. 

Under the UV254, the UV photolysis was a first order reaction for all the model 

compounds, though the reaction was very slow for all the model compounds except for TCE. 

Because ultrapure water had very little absorption of the 254 nm UV, the UV intensity was 

uniform all over the reactor. Therefore the oxidation of the model compounds was a 

homogeneous first order reaction. 

With UV185 employed, ultrapure water absorbed the effective 185 nm UV and the 

reaction was concentrated on the interface. There was distribution of UV energy and model 

compound concentration in the reactor. The reaction rate was not linear with the TOC 

concentration. The two exceptions were TCE and LPS which still showed first order reaction 

kinetics. 
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Table 6.3 UV photolysis and photocatalytic oxidation kinetic parameters (1) 

Model 
Compound 

ku 
(10-^ l/sec) 

Ku 
(lO'cm^/g) 

kc 
(W cm/sec) 

Ko 
(lO'cm^/g) 

1,I,I-TCA 

UV254 0.10 0 0.65 3e-10 

1,I,I-TCA UVI85 0.86 0.005 1.51 9e-Il 1,I,I-TCA 

UV185/35ppb03 2.05 0.009 1.55 6e-ll 

Chloroform 

UV254 0.03 0 1.61 5.9e-8 

Chloroform UV185 3.06 0.030 1.55 8e-ll Chloroform 

UV185/35ppb03 2.05 0.013 1.92 6e-l I 

TCE 

UV254 1.26 0 1.19 2e-22 

TCE UV185 24.48 0 3.10 le-21 TCE 

UV185/35ppb03 53.07 0 8.84 3e-21 

Alginic Acid 

UV254 0.22 0 1.06 6e-10 

Alginic Acid UV185 55.98 2.100 1.11 8e-ll Alginic Acid 

UVI85/35ppb03 7.86 0.025 3.22 8e-ll 

LPS 

UV254 0.26 0 1.91 le-10 

LPS UV185 0.99 0 1.44 2e-9 LPS 

UV185/35ppb03 2.42 0 4.58 5e-10 

The adsorption constant was very small for all the model compounds. Therefore the 

photocatalytic oxidation was virtually a first order reaction. The reaction-adsorption 

coeflBcient kcS were the same order for all the model compounds. When the UV254 replaced 

the UV185, the kcS nearly kept the same. This means that the photocatalyst was capable of 

utilizing the abundant UV254 which had only germicidal effect in the conventional UV unit 

(except for TCE). And this is a most significant advantage of this photocatalytic filter. When 

ozone was added into the system, kcS increased for some model compounds, like TCE, alginic 

acid and LPS. It seems that the less recalcitrant compound had more dependence on it. 
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The photocatalytic oxidation kinetics of all the model compounds was slow and 

therefore, the mass transfer did not affect the process much. For example, the mass transfer 

resistance contributed only 6.2% of the total resistance even for the oxidation of TCE under 

the UVI85 plus O3. This means that it is possible to lower the water flow rate to increase the 

photocatalytic effect, although the total output of the filter is lowered. On the other hand, 

decreasing the filter pore size while keeping the same porosity is a practical method to enhance 

the photocatalytic filter performance. As the pore size is lowered, the surface area increases, 

the mass transfer resistance decreases and the fiJter entraps more fine organic particles which 

will be finally oxidized. 

With the kuS and K^s obtained, the contaminant removal eflSciency through such a 

device of a UV unit plus a photocatalytic filter with varied filter pore size can be calculated as 

follows: 

Rem% = (Cuvin-Cfilien)ut)/Cuvm "100% 

^K'fukuCuvoul/Cl + KuCuVout) + TfakuCfiitenut/e/( 1 + KcCfilieroot)) / Cuvin '100% 

The results are plotted in Figure 6.13. 

6.2.4 Conclusions 

Ti02 was deposited onto sintered quartz filter substrates through the TiCU hydrolysis 

process. No leaching fi'om the product fiJter was detected. SEM photo showed that the TiOj 

film was basically uniform and the filter pore size was not lowered significantly. But cracking 

and non-uniformity of the catalyst deposition was found . 

Significant photocatalytic effect was observed for all the model compounds except for 

methionine under UV185. The reaction-adsorption constants are in the same order for all the 

three chlorinated model compounds. They were weakly dependent on the recalcitrance of the 

model compound. 
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Figure 6.13 Effect of photocatalytic filter pore size on TOC removal, 
inlet TOC concentration: 100 ppb 
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Changing the UV wavelength from UV185 to UV254 lowered the overall TOC 

removal efficiency. But the photocatalytic effect was hardly changed. 

Ozone injection increased the overall TOC removal efficiency. However, the 

enhancement of the photocatalytic effect was small. 

Reducing the pore size of the photocatalytic filter is a practical method to enhance the 

photocatalytic effect. 

6.3. TITANIUM OXIDATION PROCESS 

6.3.1 Filter Development and Characterization 

A sintered titanium filter was chosen as the substrate filter. A thin titanium dioxide 

layer grew as the surface titanium was oxidized under an oxidation environment of HF/HNO3. 

Another advantage of using titanium as the filter substrate material is that titanium has good 

mechanic strength, low leaching level even at elevated temperature. Because of these excellent 

properties, titanium is frequently used as the construction material of heat exchangers in hot 

ultrapure water systems. 

The sintered titanium filter were 33 mm in diameter and 1.0 mm thick. They were 

manufactured and specially donated by Pall Ultrafiltration Company. It was first cleaned in 

acetone at room temperature. Then it was cleaned in an alkaline cleaner, Oakite HD126 for 10 

minutes at 80 °C followed by rinsing in DI water and drying. After cleaning, it was immersed 

in a pickling solution (1.8% HF, 35% HNO3, 2% Na2S04 and rest was DI water) for two 

minutes at room temperature followed by rinsing with DI water at room temperature. The 

filter was then treated in an aqueous solution of 2% HF, 5.1% Na3P04 and 2.1% KF for two 

minutes at room temperature to form a uniform thin oxide surface layer. The filter was rinsed 

and left in DI water for fifteen minutes at 65 °C. Finally it was dried up. The treated filter had 
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a porosity of 42.9% and an average pore size of 50 ^m. 

The compatibility of the photocatalytic filter with the ultrapure water system was 

investigated off-line and on-line. The oflT-line test measured ionic leaching fi-om the 

photocatalytic filter samples. Water samples were prepared by leaving a treated filter sample in 

100 ml ultrapure water and another one in 100 ml ozonated ultrapure water for two weeks. 

The initial ozone concentration was 6 ppm. Titanium concentration of the water sample was 

analyzed through atomic absorption spectrophotometer. With the low detection limit of 0.05 

|ig/ml, no titanium was found. The resuhs are listed in Table 6.4. 

Table 6.4 Titanium concentration measured through AA (2) 

(unit; |ig/ml) 

m #2 #3 #4 Average 

DI water 0.0 0.0 0.0 0.0 0.0 

Filter in DI water 0.0 1.0 0.0 0.0 0.3 

Ozonated water 1.0 1.0 0.0 1.0 0.8 

Filter in ozonated 
water 

0.0 1.0 0.0 1.0 0.5 

The filter was fixrther mounted in the pilot ultrapure water plant and TOC, resistivity, 

nonvolatile residue and particle counts were measured on-line at pre-filter and post-filter 

positions. As shown in Table 6.5, no difference was observed between the pre-filter data and 

post-filter data. 
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Table 6.5 On-Une compatibiUty test results (2) 

Pre-filter Post-filter 1 

#1 #2 #3 #4 Ave #1 #2 #3 #4 Ave 

TOC 
(ppb) 

2.24 2.18 2.16 2.31 2.22 2.11 2.02 2.74 2.22 2.27 

1 Resis. 
j (MQ-cm) 

16.3 16.4 16.3 16.4 16.4 16.0 16.1 16.8 16.8 16.4 

NVR 
(ppb) 

2.09 2.34 2.17 2.20 2.20 2.35 2.46 2.05 1.98 2.21 

Particle 
0.1 Smm, 
(#/ml) 

9.6 14.5 9.6 4.8 9.6 0.0 4.8 9.6 14.5 7.2 

63.2 TOC Removal through the Filter 

(1) Experimental setup and procedures 

The catalytic filter was installed on the pilot ultrapure water system and was tested with 

TOC model compounds. As shown in Figure 6.14, the filter was installed at the outlet of the 

SL-1 UV unit in the polishing loop. Model compound concentration was monitored at the 

inlet of the UV unit. As the comparison, in another matrix of experiments, the same but 

untreated titanium filter substrate was mounted downstream where no direct UV light was seen 

to prevent the possible photocatalytic effect by the native TiOi layer on the filter surface. 

Since the UV oxidation lowered the water sample resistivity, the conventional TOC 

analyzer did not work. Therefore, the concentration of the model compounds was monitored 

by a TSI 7700 nonvolatile residue monitor. It measured the non-volatile residue concentration 

continuously by atomizing a constant flow rate of water sample, drying the aerosols and 

detecting them in a condensation particle counter where the very fine residue particles grew in 

a saturated n-butanol vapor. The NRMs readings were calibrated separately with each model 

compound in the concentration range of 25 ppb to 120 ppb 
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Before an experiment began, the mixed bed ion exchange tank was conneaed in the 

ultrapure water system and a full tank of clean water was obtained. A background nonvolatile 

residue concentration of 1.5 ppb to 2.0 ppb was observed. Then the UV lamp was turned off 

and the ion exchange tank was bypassed. A defined amount of model compound was injeaed 

into the system. After about 15 minutes, the NVR readings stabilized and the UV light was 

turned on with the catalytic filter installed in the system or with the substrate filter installed in 

the system. In the former case, the organic model compound might undergo the photolysis (if 

any) plus the possible photocatalytic oxidation and in the latter case only the photolysis (if any) 

would occur. Two temporal NVR concentration profiles were recorded. The difference 

between them was the net effect of the photocatalytic oxidation. 

Because the filter volume was very small compared to that of the SL-1 UV unit and 

also because the filter was installed outside the UV unit, the photo-oxidation of model 

compounds in the UV unit was not affected by the filter. The photocatalytic filter could be 

taken as a separate reactor in series with the UV unit. At the flow rate of 3.0 gpm, the 

Raynolds' number was about 10,000 in the filter Therefore it was treated as a plug flow 

reaaor. 

The TOC model compounds tested were humic acid, choline hydroxide, TMAH, and 

three surfactants commonly used in semiconductor industry. 1. FC-99 was a 25% active 

solution of amine perfluoroalkyl sulfonates in water. This anionic surfaaant had an 

outstanding surface activity in acidic and oxidizing systems. It was chemically stable with 

excellent water solubility. 2. FC-170C was an aqueous solution of 81% fluoroaliphatic 

oxyethylene adduct and 12% lower polyoxyethylene glycols. This nonionic surfactant had an 

excellent activity in neutral and acid solutions. 3. TritonXlOO was octylphenol polyethyl ether. 

This nonionic surfactant was used extensively as a pre-dep to etch baths. 
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(2) Experimental Results and Discussions 

FC170C: Figure 6.15 and Figure 6.16 show FCI70Cs temporal concentration 

profiles. Significant photolysis and photocatalytic eflfects were observed under the UV185 as 

well as the UV2S4. Photocatalytic oxidation promoted the removal of the surfactant in both 

increasing the reaction rate and lowering the concentration of the unreacted residual products. 

As shown on Figure 6.15, FCl70C's concentration decreased fi^om 52 ppb to about 23 

ppb under the UV254 in about 3 hours. One interesting result was that this surfactant was not 

completely oxidized. Some residue was left. The photocatalyst increased the oxidation rate 

and also enhanced the reaction extend by lowering the residual concentration. This is a very 

important observation because it indicates that the hydroxyl radicals and other radicals 

generated on the photocatalyst surface might change the reaction pathways and resulted in a 

more completed oxidation level. Figure 6.16 shows the FC170C's temporal concentration 

profiles under the UV185. It had a much more quick photolysis compared with that under the 

UV254. FCnOC's concentration dropped to its residual level in about 18 minutes. But it left 

nearly the same level of residual as that under the UV254. Again, the photocatalysis enhanced 

the oxidation in both increasing the reaction rate and lowering the residual level. Compared 

with the data under the IJV254, a higher photocatalytic effect was observed. 

FC99: Figure 6.17 and Figure 6.18 show FC99's temporal concentration profiles. 

Different fi^om those of FCI70C, no photolysis was observed under either the UV185 or under 

the IJV254. However, significant photocatalytic effea was observed under the UV185 and 

under the UV254. As shown on Figure 6.17, FC99 did not undergo any photolysis under the 

UV254 while oxidation took place and the concentration drop when photocatalytic filter was 

installed in the system. Though the removal efficiency was low, only 10% to 12% of the initial 

surfactant was removed after two hours, the reaction could still be regarded as significant 
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Figure 6.15 Photolysis and photocatalytic oxidation with UV254, 
model compound: FC170C 
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Figure 6.16 Photolysis and photocatalytic oxidation with UV 185, 
model compound: FC170C 
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Figure 6.17 Photolysis and photocatalytic oxidation with UV254, 
model compound: FC99 
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Figure 6.18 Photolysis and photocatalytic oxidation with UV185, 
model compound; FC99 
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because a very low residence time and a very open structure of the filter was adopted in this 

experiment. Figure 6.18 shows the FC99's temporal concentration profiles when the UVl 85 

was employed. Again it was found that FC99 did not undergo any photolysis even in the short 

UV185. This means either FC99 absorbed no UV in the range fi'om 185 nm to 254 nm or it 

was not broken with this UV energy. Therefore, it was very recalcitrant to the UV photolysis 

by low vapor pressure mercury UV lamps. The photocatalytic effect similar to that under the 

UV254 can be explained by the low activation energy of anatase; UV with a wavelength up to 

388 nm might be effective. 

Like FC170C, the photocatalytic oxidation of FC99 might leave some unreacted 

residue product after a long enough reaction time and the profile would flatten and stabilize at a 

certain level. But it was not observed in this experiment due to the short experiment time. 

TritonXlOO: Figure 6.19 and Figure 6.20 show TritonXlOO's temporal concentration 

profiles. This model compound was photo-oxidized under either the UVl85 or under the 

UV254. Significant photocatalytic effect was observed in both cases. 

As shown on Figure 6.19, the photolysis of TritonXlOO occurred and the NVR 

concentration decreased under the UV254. The photocatalytic oxidation took place in addition 

to the photolysis and the concentration drop faster when photocatalytic filter was installed in 

the system. Figure 6.20 shows TritonXlOO's temporal concentration profiles when the UV185 

was employed. Not surprisingly, this surfactant was oxidized and removed under the short 

UVl 85. The interesting thing was that near the same residue was left as that in the case of the 

UV254. This indicates that the direct photolysis through 254 nm was dominant and the 185 

nm did not contribute much fiirther residue removal. 

Figure 6.21 to Figure 6.26 show the results on choline hydroxide, TMAH and humic 

acid. Choline hydroxide was oxidized under the UV254. TMAH and humic acid were 
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Figure 6.19 Photolysis and photocatalytic oxidation with UV254, 
model compound: Triton XI00 
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Figure 6.20 Photolysis and photocatalytic oxidation with UV185, 
model compound: TritonXlOO 
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Figure 6.21 Photolysis and photocatalytic oxidation with UV254, 
model compound: choline hydroxide 
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Figure 6.22 Photolysis and photocatalytic oxidation with UV185, 
model compound; choline hydroxide 
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Figure 6.23 Photolysis and photocatalytic oxidation with UV254, 
model compound; TMAH 
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Figure 6.24 Photolysis and photocatalytic oxidation with UV 185, 
model compound: TMAH 
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Figure 6.25 Photolysis and photocatalytic oxidation with UV254, 
model compound; humic acid 
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Figure 6.26 Photolysis and photocatalytic oxidation with UV185, 
model compound; humic acid 
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recalcitrant to the UV254 photolysis but both were removed under the UVl 85. Photocatalytic 

effect was observed for all these model compounds but its value varied. The process is 

analyzed and discussed as follows. 

6.3.3 Process Analysis 

To study the possible methods of the photocatalytic effect enhancement, it is necessary 

to analyze and model the whole process and figure out the intrinsic reaction kinetics 

parameters. 

Photolysis of the model compound in the UV unit alone: As stated above, there are two 

pathways of photolysis, direct photolysis and indirect oxidation by the radicals generated fi-om 

the illumination of water. In the former pathway, organic contaminant molecules absorb UV 

light photons and dissociate to produce smaller organic molecules or produce CO2, H2O, etc. 

under proper conditions. In the latter pathway, UV energy first split water molecules into 

hydrogen radicals and hydroxy 1 radicals: 

H2O + hv -s. OH-

These radicals then oxidize organic molecules as follows: 

TOC + H' -» T0C* + H 2  

TOC + OH* TOC* + H2O 

TOC* + (H*, OH*) TOCox + (H2, H2O) 

The reaction rate was not linear with the TOC concentration because the radicals were 

concentrated on the surface. The reaction rate can be expressed as follows: 

dC/dt = -kuC/(l+K„C) 

Again ku is the photolysis rate coeflBcient and K„ represents mechanisms affecting the 

reaction order. As described previously, an Aquafine SL-1 annular UV unit was used and it 

could be represented by a plug flow reaaor Also since the one-pass concentration drop 
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through the UV unit was small and the outlet concentration could be used in reaction rate 

expression. This gives: 

CuVout CuVin ~ ^ukuCuvin/Cl'^^^^UVin) 

where Xu is the residence time of the UV unit. Plug this in the modeling of the 

polishing loop which was made up of the UV unit and a continuously stirred water stor^e 

tank with no reaction, the temporal concentration profile can be obtained by making the mass 

balance of the tank as follows: 

VTukuCLiVin/( 1 •'•KuCuVtn)dt = -VdCuvin 

at time zero, Cuvin = Co 

where v is the flow rate and V is the volume of the storage tank. Solving the first 

order ODE, it is obtained. 

ln(C/Co) + K„(C-Co) = -(k„ TA)t (6.3.1) 

where Ti = residence time of the storage tank. By fitting the experimental data with 

Equation 6.3.1, the reaction coefl5cient k^s and KuS were obtained and listed in Table 6.6. 

Oxidation of the model compound in the UV-Photocatalytic filter unit: The photocatalytic 

oxidation was a heterogeneous surface reaction and the Langmuir-Hinshellwood model could 

be applied, i.e., the reaction rate per unit surface area is proportional to the fi-action of the 

surface covered, 

X" = kcTCcCVCl+KcC,) 

where kc' is the reaction rate coeflBcient, Kc is the adsorption constant and C, is the 

surfactant concentration in the very vicinity of the catalyst surface. On the microporous filter 

which was used in this research, the mass transfer resistance between the bulk solution and the 

surface was small and it could be ignored. This gives: 
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r « akcCb/(l+KcCb) 

where Kc is the TOC adsorption constant and kc is the product of the photocatalytic 

oxidation rate coefficient and the TOC adsorption constant. A big kc means larger 

photocatalytic effect. Put this in the modeling of the polishing loop which was made up of the 

UV unit, the photocatalytic filter as a plug flow reactor and a continuously stirred water 

storage tank with no reaction, the temporal concentration profile could be obtained by making 

the mass balance of the tank as follows . 

v(Tjc„C/(l+K„C) + tfkcCa/e/(l+KcC))dt = -VdC 

at time zero, C = Co 

By fitting the experimental data with this first order ODE, kcS and KcS were obtained 

and listed in Table 6.6. 

It is noted that only the data at the early reaction stage were used for the modeling. 

Because at the later reaction stage, the reaction mechanisms were complicated due to the 

interaction of the partially oxidized products. 

Table 6.6 UV photolysis and photocatalytic oxidation kinetic parameters (2) 

Model 
compound 

UV185 UV254 Model 
compound 

(1/sec) (cmVg) 
KC*10^ 

(on/sec) (cm'/g) 
KU'icy 
(1/sec) (cmVg) 

KC»IO^ 
(cm/sec) 

KC^LO"' 
(cmVg) 

FC99 0 0 2.19 le-9 0 0 2.10 3e-9 

FC170C 5.14 le-5 24.53 le-9 1.56 0.05 2.14 le-9 

TritonXlOO 1.68 4e-10 3.25 2e-9 0.96 le-10 2.53 4e-10 

TMAH 1.02 3e-3 9.09 0.07 0 0 0.76 2e-9 

Choline 15.59 0.01 8.30 0.01 0.42 0.01 1.32 0,01 

Humic Acid 1.83 4e-ll 1.47 0,03 0 0 14.46 0.03 
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Compared to the UV254, the UV185 had a shorter wavelength and a higher energy 

level. Therefore kuus was greater than Icu2j4 for all the model compounds except for FC99. 

FC99 did not react under either UV wavelength. However, FC99 did undergo the 

photocatalytic oxidation even under the UV254 and the kc was nearly the same as that under 

the UV185. This shows the diflference in the reaction mechanisms between the UV photolysis 

and the photocatalytic oxidation. Homogeneous but low concentration of OH* was generated 

in the photolysis process. But in the photocatalytic oxidation, high concentration of OH' and 

other radicals were generated on the Ti02 surface which could oxidize the most recalcitrant 

organic compound if it was transferred onto the surface. In this way the photocatalyst utilized 

the abundant 254 nm UV which had only germicidal eflfect in the non-catalytic UV unit. For 

less recalcitrant FC170C, kciss was larger than kc254. That is, for FC170C, the UV185 had a 

higher photocatalytic activation eflBcient than that under the UV254. The kcS were dependent 

on the wavelength and this dependence varied among the model compounds. The more 

recalcitrant was the model compound, the weaker this dependence was. This trend could also 

be applied to the photolysis reaction constant ku. Following measurements may be considered 

to enhance the photocatalytic eflfect; 

Increasing the residence time of the catalytic filter by either lowering the water flow 

rate or making the filter thicker. The former will lower the filter capacity and also decrease the 

mass transfer coeflficient, the latter wiU lower the UV transmission unless a UV transparent 

material such as synthetic quartz is used for the filter substrate; 

Increasing UV intensity. This will work but it will also increase the operation cost; 

Lowering the filter pore size while keeping the porosity unchanged. This is a practical 

method to increase the surface area. It also increases the mass transfer coeflScient and thus 

increases the contaminant removal eflBciency. 
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6.3.4 Conclusions 

A clean photocatalytic filter was manufactured through the titanium oxidation process. 

Neither metallic nor organic leaching was detected. 

Removal of FC99, F170C, TritonXlOO, humic acid, choline hydroxide and TMAH 

were tested on this photocatalytic filter. 

Compared with the untreated filter substrate, the photocatalytic filter was efiective in 

removing an extra amount of the model compound tested. Significant photolysis of FC170C 

was observed under the UV185 and the UV254. The reaction rate was much faster under the 

UV185. However, nearly the same residual was left. Photocatalyst helped the oxidation of 

FC170C in both ways, i.e., increasing the reaction rate and lowering the residual level. Under 

the UVl 85, larger photocatalytic eflfects were observed than that under the UV254. FC99 was 

very recalcitrant to UV photolysis. It underwent similar photocatalytic oxidation under the 

UVl85 ortheUV254. 

6.4 CVD PROCESS 

Chemical vapor deposition (CVD) process is a common technology for surface layers 

deposition in semiconductor manufacturing. The source materials are furnished in gas phase 

and the chemical reaction converts them into the desired product which deposits on the 

substrate surface. CVD process was employed in this research to deposit a surface layer of 

titanium dioxide on substrate filters. In this way we deposited a uniform layer of Ti02 on a 

filter surface with good adherence. By gradually and uniformly shrinking the substrate filter 

pores, it is possible to precisely control the filter pore size. 
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6.4.1 Filter Development and Characterization 

As shown in Figure 6.27, the cleaned filter sample was first loaded in the reaction 

chamber and baked at 400 "C. The reaction chamber was purged with UHP nitrogen. 

Moisture and most other impurities on the filter surface and the reactor wall were removed. 

After baking, the valve connecting the moisture source was opened and moisture was 

mixed with the nitrogen. The moisture began adsorbing on the filter surfece and the tubing 

wall. As the adsorption reached equilibrium, Ti(OC3H7)4 vapor was introduced. Ti(OC3H7)4 

reacted with the moisture as follows: 

Ti(OC3H7)4 + H2O = Ti(0H)4 + C3H7OH 

CjHtOH evaporated at 300 °C and Ti(0H)4 dehydrated and formed TiOj: 

Ti(0H) 4  =  Ti02 +  H2O 

Since only small amount of water adsorbed on the filter surface in mono-molecular 

layers or multi-molecular layers, the amount of TiOi deposited through one step was small. 

The above procedures were repeated to give more TiOj deposition. 

The substrate filters tested in this research were: a (|)1 "*0.125" sintered 316L SS filter 

with an average pore size of 100 |im (Pall Ultrafiltration Company); a (J) 25 mm sintered quartz 

filter with an average pore size of 10-15 ^m (GM Associates); a sintered titanium filter (Pall 

Ultrafiltration Company). Another substrate tested was the fused quartz granule (-4+16 mesh, 

99.9%, 34,283-1, Aldrich Chemical Company, Inc.). The treated quartz granule was filled into 

a packed bed and the photocatalytic oxidation of model compounds were tested. 

The filter samples were studied with SEM. The Ti02 layer was thin and uniform. 

Figure 6.28 shows 316L stainless steel filter samples with and without Ti02 deposition. And 

Figure 6.29 shows the sintered quartz filter samples before and after Ti02 deposition. For both 

filters, no chunk of Ti02 was found and the filter pores were not blocked. The Ti02 deposition 
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The sintered 316L stainless steel filter substrate 

The sintered 316L stainless steel filter with TiOj deposition 

Figure 6.28 SEM micrograph of the photocatalytic filter, CVD process, 316L SS 
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The sintered quartz filter substrate 

The sintered quartz filter with TiOj deposition 

Figure 6.29 SEM micrograph of the photocatalytic filter, CVD process, quartz 
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was also checked with energy dispersive x-ray analysis (EDX). The following titanium 

distribution mapping data (Table 6.7 and Table 6.8) show that the deposition was uniform. 

Table 6.7 Auger surface analysis of the photocatalytic filter, 316LSS (3) 

Point Ti (wt%) 

Filter substrate Catalytic Filter 

#1 0.00 1.39 

#2 0.00 1.97 

#3 0.42 2.14 

#4 0.32 4.32 

#5 - 1.51 

m - 1.94 

Average 0.19 2.21 

Table 6.8 Auger surface analysis of the photocatalytic filter, quartz (3) 

Point Ti (wt%) Point 

Filter substrate Catalytic Filter 

#1 0.08 0.27 

#2 0.00 0.18 

#3 0.13 0.16 

#4 0.00 0.19 

#5 - 0.50 

Average 0.05 0.26 

To determine best process parameters of the photocatalytic filter preparation, the filter 

surface deposition layer was further analyzed through scanning Auger microscope (SAM) (Phi-

600, Perkin Elmer). Table 6.9 shows that baking at 400 °C for four hours gave the highest 
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surfece titanium concentration. Baking at lower temperature made the TiQj less tightly bonded 

to the filter substrate. It was rinsed away after the baking treatment. 

Table 6.9 Surface titanium concentration (%) of the filter samples 

prepared under different conditions (3) 

#1 #2 #3 #4 Average 

316L SS substrate 0.2 0 0 0.1 0.1 

200°C, 4 hours 6.2 5.7 6.3 5.7 6.0 

300°C, 4 hours 12.6 10.3 11.3 11.8 11.5 

400°C, 4 hours 22.5 24.3 22.7 20.5 22.5 

The depth profile of titanium concentration was obtained by repeating the surface 

element analysis after sputtering a surface layer. The result was shown in Figure 6.30. 

The compatibility of the photocatalytic filter with the ultrapure water system was 

investigated off-line and on-line. The off-line test measured ionic leaching fi-om the 

photocatalytic filter samples. Water samples were prepared by leaving a treated filter sample in 

100 ml ultrapure water and another one in 100 ml ozonated ultrapure water for two weeks. 

The initial ozone concentration was 6 ppm. Titanium concentration of the water sample was 

analyzed through an inductively coupled plasma mass spectrometer (ICP-MS). No titanium 

and other metallic elements such as Fe, Mo, Cr, Ni was detected with the low ppb detection 

limit. Figure 6.31 and Figure 6.32 show the output of the ICP-MS. 

The filter was further mounted in the pilot ultrapure water plant and TOC, resistivity, 

nonvolatile residue and particle counts were measured on-line at pre-filter and post-fiilter 

positions. As shown in Table 6.10, no difference between the pre-filter data and the post-filter 

data was measured. 



Figure 6.30 Elemental titanium depth profile, 
CVD process, 316L SS 
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ICP-MS, CVD process 



163 

! { 

m 
Mass 40 44 48 52 56 60 64 

Scale 
Plot type 
De tector 

l.OE+5 cps 
Linear 
riul tip 1 ier 

DMelltime per channel : 16 ms 
Channels per AMU : 16 
Number of passes : 4 

Ozonated ultrapure water background 

nass 40 

Scale : l.OE+5 cps 
Plot type : Linear 
Detector : Multiplier 

Dwelltime per channel : 16 ms 
Channels per AMU ; 16 
Mumber of passes : 4 

Ozonated ultrapure water with the photocatalytic filter 

Figure 6.32 Compatibility of the photocatalytic fiher with ozonated UPW, 
ICP-MS, CVD process 



164 

Table 6.10 On-line compatibility test results (3) 

Pre-filter Post-filter 

#1 #2 #3 #4 Ave #1 #2 #3 #4 Ave 

TOC(ppb) 2.33 2.56 2.47 2.44 2.45 2.30 2.46 2.55 2.43 2.44 
Resistivity 

(MH-cm) 
15.9 15.5 15.5 15.6 15.6 15.6 15.5 15.6 15.4 15.5 

NVR(ppb) 2.62 2.54 2.58 2.50 2.56 2.71 2.79 2.74 2.68 2.73 

Particle 
0.15mm, 
(#/ml) 

9.6 4.8 9.6 0.0 6.0 0.0 4.8 9.6 4.8 4.8 

6.4.2 TOC Removal through the Filter 

(1) Experimental setup and procedures 

A sintered titanium photocatalytic filter was installed in the pilot UPW polishing loop 

and its photocatalytic activity was tested with FC99 and FC170C. The results showed that its 

performance was a little superior to that of the catalytic filter treated with titanium oxidation 

process. This might be contributed to the different crystal form of the titanium dioxide formed 

in the CVD process. Photocatalytic oxidation of model compounds was also tested in a 

packed bed reactor. As shown in Figure 6.33, the fiised quartz granules with Ti02 deposition 

were packed in a 1" quartz tubing (Ideal Horizon) and the filled quartz tubing was mounted in 

parallel to a UV lamp. DI water was taken fi-om the pilot ultrapure water plant and it flowed 

through the reactor. TOC model compound solution was prepared and pumped into the side 

tube. It was mixed well with the fi-esh ultrapure water before flowing into the reactor, TOC 

was measured continuously at the inlet and the outlet of the reactor. In this way, the TOC 

removal through an UV/catalytic reactor was recorded. As a comparison, another quartz tube 

was filled with the untreated quartz granules and the above procedures were repeated. In this 
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case, the TOC removal through an UV reactor was recorded. The difference in the TOC 

removal was the net effect of the photocatalytic oxidation. The dependence of the TOC 

removal on the inlet TOC concentration was studied. The TOC model compound tested were 

humic acid, TCE, IPA and TritonXlOO. 

(2) Results and discussions 

As shown on Figure 6.34, with the non-catalytic quartz packed bed, TOC (humic acid) 

dropped from an average 32.6 ppb at the reactor inlet to the average value of 29.9 ppb at the 

reactor outlet when UV was on. When the quartz granules with Ti02 deposition were 

employed, TOC dropped from 32.3 ppb to 22.8 ppb. With the inlet TOC concentration varied, 

different TOC removal was observed with and without the photocatalyst deposition. Figure 

6.34 plots the TOC removal through the reactor as fimctions of inlet TOC concentration. The 

model compound was humic acid. The empty circles represented the data with the non-

catalytic packing and the filled circles represented the data with the catalytic packing. As the 

feed TOC concentration increased, the TOC removal through the reactor rose under UV alone. 

But the relation was not linear. The slope decreased. This result indicates that for humic acid, 

the UV photolysis was not a first order reaction. Humic acid may cause problem when its 

concentration is high. The non-catalytic UV unit will not work effectively at high TOC 

concentration. With the help of the photocatalyst, the situation was improved. The TOC 

removed through the photocatalytic reaaor increased steadily as the inlet TOC concentration 

increased. 

As shown in Figure 6.35, TCE was easily oxidized and removed through the 

noncatalytic UV. The reaction was virtually a first order reaction and the TOC removal 

through the UV unit was linear with the inlet concentration. The photocatalyst enhanced the 

oxidation and more TOC removal was observed compared to that under UV alone. 
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Figure 6 .34 Photolysis and photocatalytic oxidation with UV185, 
model compound: humic acid 
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Figure 6.35 Photolysis and photocatalytic oxidation with UV 185, 
model compound; TCE 
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As shown in Figure 6.36 and Figure 6.37, DPA and TritonXlOO had similar results as 

that of humic acid. They were recalcitrant to the noncatalytic UV oxidation. As the inlet 

concentration increased, the TOC removal did not increase linearly. With the photocatalyst, 

higher TOC removal was observed and the dependence of the TOC removal on the inlet TOC 

concentration was closer to a linear relationship. 

6.4^ Process Analysis 

This matrix of experiments were carried out in an one-path packed bed reactor. The 

process was simple and straight forward. Basically, the mechanism of the UV photolysis and 

the photocatalytic oxidation was the same as that in the previous experiments, that is, 

direct/indirect UV photolysis and the heterogeneous photocatalytic oxidation on the 

photocatalyst surface. The packed bed could be treated as a plug flow reactor. 

UVphotolysis in the non-catalytic packed bed reactor under UV185: For all the model 

compounds except for TCE, the UV photolysis rate could be expressed as: 

K" = kuC/(l+KuC) 

where ku is the photolysis reaction rate coeflBcient. K„ represents the mass transfer 

resistance between the bulk solution and the boundary layer where the reaction took place. As 

Ku increases from zero to infinity, reaction order changes from one to zero. In the plug flow 

reactor, this gives: 

dC/dt = -kuC/(l+K„C) 

By fitting it with the experimental data, kuS and K^s could be obtained for all the model 

compounds under the UV 185. 

For TCE, the oxidation was a first order reaaion. The reaction rate was linear with the 

TCE concentration. TCE was oxidized through the 254 nm UV wavelength which made up 

about 90% of the output of the UV185 lamp. Since water had little absorption of the 254 nm 
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Figure 6.36 Photolysis and photocatalytic oxidation with UV185, 
model compound: IP A 
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UV, the process was virtually a homogenous first order reaction. This made the data analysis 

very simple. That is, 

r = -kuC 

The data fitted was listed in Table 6.11. 

Photocatalytic oxidation. Besides the UV photolysis stated above, the heterogeneous 

photocatalytic oxidation took place on the packing surface. Ignoring the mass transfer 

resistance, the reaction rate could be expressed as; 

t" = kcC/(l+KcC) 

where kc = product of reaction rate coeflBcient and adsorption constant 

Kc = adsorption constant 

The overall reaction was the combination of UV photolysis and the photocatalytic 

oxidation; 

r = k„C/(l+K„C) + cdCcC/e/(l+KcC) 

where a is the surface area / volume of reactor. With the UV photolysis kinetics data 

fitted out previously, kcS and KcS could be fitted out. The results are listed in Table 6.11 

Table 6.11 UV photolysis and photocatalytic oxidation kinetic parameters (3) 

ku 
(10-^1/sec) 

K„ 
(lO'cmVg) 

kc 
(10"^ cm/sec) 

Kc 
(lO'cmVg) 

IPA 2.10 0.07 2.70 0.03 

TCE 16.98 le-11 4.33 0 

TritonXlOO 4.65 0.13 1.73 0.01 

Humic Acid 2.95 0.05 9.91 0.02 
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6.4.4 Conclusions 

Three processes have been developed to form/deposit TiOj onto a filter substrate. 

There was cracking on the deposition through the TiCU hydrolysis process. A thin uniform 

surface layer of Ti02 was produced through the titanium oxidation process and the CVD 

process. 

The photocatalytic filter samples were examined to find out the TiCh crystal forms and 

their compatibility with ultrapure water. The TiCU process produced the TiOa deposition 

mainly in anatase. The treated filters were clean and neither metallic nor organic leaching was 

observed. The filter generated no particles. 

Three matrix of experiments were carried out to test the photocatalytic activity of the 

treated filter samples on different model compounds. All but one of the model compounds 

tested showed significant photocatalytic oxidation effect. Different model compound had 

different photocatalytic activity. UV wavelength had a limited effect. Ozone injection had no 

effect although the overall TOC removal efficiency was enhanced. 

Such a photocatalytic filter will be a very powerful tool for TOC removal in the fixture 

ultrapure water treatment systems. With a finer pore sized, it will remove organic 

contaminants very eflHciently, especially in the rinse water reclaim system where the organic 

contaminant concentration is high at ppm level. The non-catalytic UV unit will not effectively 

remove organic contaminants at such high concentration level due to the non-linearity 

characteristics of the UV photolysis. 
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CHAPTER? 

MEMBRANE DEGASIFICATION 

7.1 INTRODUCTION 

The gaseous oxygen dissolved in ultrapure water has adverse affects on the corrosion 

rate of construction materials and ion exchange resins [Harfst, 1993]. It also initiates the 

oxidation of silicon wafers. To suppress the occurrence of the native oxide layer, the dissolved 

oxygen level in the ultrapure water must be kept very low, less than 50 ppb is required in some 

applications [Ohmi, 1993]. 

Several methods for the removal of dissolved oxygen from ultrapure water are 

currently used. A conventional one is vacuum deaeration which has inherent drawbacks in 

terms of both operating costs and bulk construaions 

Membrane deaeration is a newly developed method for gas separation. The dissolved 

gases on the water side evaporate into the vacuum or the pure nitrogen side through the 

hydrophobic membrane while water is kept on its side. So far, in ultrapure water production, 

membrane modules have only been employed as vacuum degassing unit. 

The objective of this study is to apply this membrane deaeration technology with the 

combination of vacuum and nitrogen purging for dissolved oxygen removal. It is also desired 

to study the feasibility of removing BP A, Chloroform and other VOCs through this membrane 

separation technology. 

7.2 EXPERIMENTAL SETUP AND PROCEDURES 

In this work, a Liqui-Cel Extra-Flow 4"x28" membrane contactor was tested to 

remove dissolved oxygen as well as VOCs including chloroform and EPA. 
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The Liqui-Cel membrane contactor had a tube-shell structure. It was manufactured 

and donated by Hoechst Celanese Corporation. The hollow fiber membranes were made of 

microporous polypropylene. The fiber had an internal diameter of 240 ^un and its wall 

thickness was 30 (im. The pores, 0.05 ^un in diameter, covered 30% of the hollow fiber 

surface. The whole cartridge was 28 inches long with an eflfective surface area of208 ft^. 

As shown in Figure 7.1, the Liqui-Cel Extra-Flow 4"x28" membrane contactor was 

installed in the pilot ultrapure water system as a system component. Ultrapure water flowed in 

shell side, radially crossed the hollow fiber bundle. Nitrogen flowed in the tube side. Vacuum 

(15" Hg) was applied at the outlet of the gas side. 

Since the contactor was made of polypropylene with epoxy as fiber potting material, its 

compatibility with ultrapure water was tested by measuring TOC, resistivity changes caused by 

the contactor. 

Dissolved oxygen removal test was done by measuring the DO concentration at the 

inlet and outlet of the contactor. The DO concentration was measured through an Orbisphere 

3600 dissolved oxygen analyzer. By purging the water reservoir tank head space with nitrogen 

or oxygen at varied flow rate, different dissolved oxygen concentrations were achieved. The 

effect of nitrogen flow rate was also studied. 

The removal of VOCs through the membrane contactor was tested. A challenge VOC 

contaminant solution was injected continuously through the metering pump into the ultrapure 

water system. To get rid of the interference of other equipment, the SL-1 UV unit was turned 

off and the DI tank was bypassed. TOC was measured continuously at the outlet of the 

membrane contactor. 
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7 J RESULTS AND DISCUSSIONS 

7^.1 Compatibility with UPW 

As shown on Figure 7.2, ultrapure water contained 1.3 ppb TOG before passing 

through the membrane contactor. The TOG concentration was the same at the outlet of the 

contactor. The resistivity decreased a little from 17.50 MQ-cm to 17.38 MQ-cm. This 

indicated that there might be some minor ionic leaching from the contactor. 

7.3.2 Dissolved Oxygen Removal 

As shown in Figure 7.3, the outlet dissolved oxygen concentration increased linearly as 

the inlet dissolved oxygen concentration increased. In the experiment, the water flow rate was 

maintained at 3.0 gpm, the nitrogen flow rate was maintained at 1.0 1pm and other operating 

conditions were kept unchanged. The DO removal eflBciency did not change with the DO 

concentration (64% to 70%), except for the low limit of the DO concentration when the inlet 

DO concentration was 130-150 ppb and the outlet DO concentration was 80-100 ppb. The 

DO removal eflSciency dropped to 36% at this low concentration limit. 

As shov^ in Figure 7.4, the increase in nitrogen flow rate from 0.5 l/min to 2.0 1/min 

did not affect the membrane contactor performance. This was due to the fact that the oxygen 

transfer rate in the liquid phase was much smaller than that in the gas phase [Yang and Cussler, 

1986; Costello, et al., 1993; Ahmed and Semmens, 1992]. Therefore the mass transfer 

resistance in the gas phase could be ignored. 

For countercurrent flow as employed in this work, the overall mass transfer coefiScient 

(KL) could be calculated as follows [Sirka and Ho, 1992]; 
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For all the data except for the low concentration limit, Kl was calculated as 1.01 • 10"' to 

1.1610'' m/sec and 0.43 -10'^ m/sec was obtained at low concentration limit. 

7.3.3 VOC Removal 

The result on chloroform is shown in Figure 7.5. The TOC concentration measured at 

the contactor outlet increased as the result of the step injection of the VOC model compound. 

When the injection was stopped, TOC decreased rapidly even when no nitrogen/vacuum was 

applied through the membrane contactor. This indicates that chloroform was removed through 

some other mechanisms like the evaporation in the water tank head space. With the membrane 

contactor connected in the system, TOC dropped a little faster. The membrane contactor had 

some eflfect in removing chloroform at ppb level. But it was not even as big as the evaporation 

in the tank head space. 

Figure 7.6 shows the result on the less volatile IPA. At ppb level concentration, the 

membrane contactor removed no EPA at all from ultrapure water. Since IPA did not evaporate 

fast, the TOC concentration did not drop after the step injection was stopped. Instead, it 

increased a little because the leaching from some system parts. 

7.4. CONCLUSIONS 

The membrane contactor was clean and compatible with ultrapure water. It was 

effective in removing dissolved oxygen from ultrapure water. With nitrogen purging plus the 

application of vacuum at the contaaor outlet, the operation was stable and efficient. In this 

work, the lowest DO concentration achieved was about 80 ppb. 

The membrane contactor tested in this work failed to remove significant amount of 

IPA but it did enhance the removal of chloroform which was more volatile. To apply it 
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practically in VOC removal, either the membrane itself or the operating conditions need to be 

improved. Larger efifeaive surfece area, thinner fiber membrane, higher nitrogen and vacuum 

level may be helpful. The result also depends on the evaporation equilibrium data of the VOC 

model compounds. 
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CHAPTERS 

PROCESS SIMULATOR FOR WATER RECLAIM 

8.1. INTRODUCTION 

Large amounts of ultrapure water are used in the semiconductor industry. The 

discharge of the used water causes serious environmental problems and public concerns. 

Reclaim can also cut the costs of supply water. But regardless of the above advantages, waste 

rinse water reuse has not been well accepted in the United States. The major problem is the 

low system operation safety. With the used rinse water being recycled back to the 

semiconductor manufacturing line, the ultrapure water system is extremely vulnerable to 

unexpected chemical dumping, even in a small amount. There have been cases telling that a 

good reclaim practice was ruined by even a single contamination. The other problem is the 

extra capital cost needed for the system revamp. 

Extensive studies on the process development as well as on the economic feasibility are 

needed. There is a need for further understanding of the entire water system including the 

mechanism of each individual equipment as well as the integral characteristics of the whole 

system. In this research, some work has been done on individual units especially on the 

oxidation technology. A comprehensive UPW system mathematical model will be developed 

below. It will give a clear picture of the whole UPW system. 

It is necessary to develop a suitable waste water treatment processes with enough 

operation safety margin but also with good economic features. This needs careful engineering 

in the process development, as well as new high efficiency equipment especially that for the 

organic contaminant removal. 
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8.2 PROCESS DEVELOPMENT 

8.2.1 Design Philosophy 

The quality requirement and the application of the treated recycling water have to be 

determined first. The contamination level and its variation in the waste water should be 

investigated extensively. Following are several waste water reclaim/reuse plans: 

Plan 1. The low conductivity waste water is to be treated and reused in the utility 

facilities such as the cooling tower. The high conductivity waste water is to be treated for 

discharge. 

Plan 2. The low conductivity waste water is to be treated and recycled back in the 

ultrapure water production plant. The rest high conductivity waste water is to be treated for 

discharge. 

Plan 3. The high quality secondary rinse water (about 55% of the total water 

consumption) is to be treated slightly and fed back to the ultrapure water plant. The primary 

rinse water (about 40% of the total water consumption) is to be treated for use in the utility 

facility. The rest (5%) high conductivity waste water is to be treated for discharge. This plan 

has the highest degree of water recycling. But very precise and secure water partitioning will 

be needed. 

8.2.2. Rinse Water Treatment System 

In the third plan, the rinse water is separated precisely and each water stream is treated 

individually for different use. Two waste water recovery systems are employed. The first 

system treats the secondary rinse water for feeding back into the ultrapure water plant. It is 

discussed in details as follows. 

Enough design safety margin should be allowed for this system. Secondary rinse water 

is the waste water drained fi-om the latter half of the rinsing stage in the first rinsing bath of the 
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wet etching process plus waste water from the second bath of the wet etching process. It is 

virtually deionized, containing little chemical. Typically, when the recovery ratio of ultrapure 

water used in the wet etching process is kept below 50%, the secondary rinse waste water has 

an electrical conductivity of 10 (j.S/cm or less and a TOC of 0.1 ppm or less [Ohmi, 1993]. 

Trace impurities include: inorganic acids (HF, HNO3, H2SO4, etc.), alkalis (NaOH, TMAH, 

choline, etc.), organic solvents (IPA, TCA, TCE, etc.), oxidizing agents (O3, H2O2), surfactants 

and photoresists. The ionic impurities are easily removed through ion exchange, big organic 

molecules are removed through RO effectively. The rest low molecular weight organic 

materials may cause problems. These impurities are usually recalcitrant to UV oxidation. 

It is important to develop an efficient recovery process for this application. A 

commonly used configuration is carbon filter - ion exchange - UV oxidation. It will work for 

most impurities except for low molecular weight organics which may pass carbon filter 

somehow and the ion exchange is not efficient for removing them due to their nonionic 

properties. Some of them are also recalcitrant to UV oxidation. 

A new configuration is recommended and stated below. The waste water is first 

treated in a big comprehensive UV/Photocatalytic filter tank reactor. Here, the tank serves 

several fiinctions; (a). The tank buffers the fluctuation in the impurity concentration, (b). The 

oxidation of TOC takes place. TOC is partially oxidized to more ionic forms or completely 

mineralized to CO2, HCl, etc.. Oxidation agents such as H2O2 and O3 may be introduced. 

Photocatalytic filters are incorporated here to enhance the oxidation rate. Porous catalyst with 

large surface area can also be packed in the tank to adsorb and oxidize organic impurities. The 

tank should be large enough to give an efficient TOC oxidation, (c). The oxidants like H2O2 

coming with the waste water are dissociated in this tank. (d). Microbes are killed here and thus 

improves the operation conditions of the downstream equipment. 



188 

The water is then fed into a deaeration unit in which dissolved gasses such as Oz, CO2, 

etc. are removed. Some VOCs which survived in the upstream UV oxidation tank are also 

stripped. The next equipment is an ion exchange unit which removes ionic impurities including 

the partially oxidized carboxylic acids. Finally, the water passes through a RO unit which 

works as the final guard before the water is fed into the ultrapure water system. 

More experiments are needed to verify this process. A proposed experimental setup is 

shown in the following diagram (Figure 8.1). 

Optimization of the system configuration could be done after a comprehensive test on a 

pilot plant. Focus should be on the comprehensive UV oxidation tank since it is the key 

process to eliminate the recalcitrant impurities. Possible study projeas are; What is the effect 

of HF and metallic contamination on the oxidation of the TOC oxidation rate? What is the 

competition mechanism for the oxidant radicals such as hydroxyl radical between the TOC 

species? Here the partial oxidation of the TOC which produces ionic products should be 

counted since the partially oxidized products are removed through the ion exchange. What is 

the effect of PH values on the TOC oxidation rate'' What is the effect of system configuration? 

8.3 UPW System Modeling 

A whole water system modeling is needed to predict the system response 

characteristics to the contamination challenge. It is also useful to predict the steady state point 

of use water quality at normal operation conditions. And it is one of the most useful tools for 

process development and system design optimization. 

Figure 8.2 shows a typical ultrapure water system with two separate rinse water 

recovery systems. City water is used as the feed water. It is treated in a pretreatment system, a 

primary treatment system, followed by a polishing loop before being used as the point of use 
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product water. The waste rinse water is partitioned into two streams, the relative dirty first 

rinse water and the cleaner second rinse water. Under normal operation conditions, part of the 

first rinse water is treated before being fed to the beginning of the pretreatment system. 

Another stream of the first rinse water is treated and fed to the beginning of the primary 

treatment system. Part of the second rinse water is treated and fed into the beginning of the 

polishing loop. 

One reservoir tank is provided in the beginning of each sub-system. Common water 

treatment equipment, such as sub-micron filter, reverse osmosis, UV sterilizer, ion exchange, 

membrane degasifier can be integrated into each sub-system. As shown in the figure, the reject 

stream of RO unit can be recycled back to the upstream of the system or simply disposed. The 

circulation ratio of the polishing loop, the ratio between two rinse water streams, the 

reclamation ratio of each reclamation line, the contamination load of the wet bench can be 

adjusted depending on the operation conditions. 

When the configuration of this UPW system is determined and all the operation 

parameters such as feed water analysis, flow rates, temperatures, etc. are given, the 

mathematical model should be able to predict the POU water quality under stable operation 

conditions, and predict the contaminant concentration distribution in the whole system. It 

should also be able to calculate the response characteristics of this UPW system to an abnormal 

contamination challenge. The model works with each contaminant species separately, such as 

TOC, silica, particle, etc.. 

To solve the above complicated problems, the mass balance of water in the whole 

system needs to be done first. Provided water itself does not take any chemical reaction fi"om 

the beginning to the end of the process line, and the contamination concentration is very low at 

ppm or sub-ppm level, the flow rate through an individual equipment dose not change except 

for reverse osmosis or nano-filtration which rejects part of the water. 
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As shown in Figure 8.2, it is assumed that the POU uses 1.0 gpm water. P represents 

the circulate ratio in the polishing loop. A represents the amount of first rinse water. R 

represents the reclamation ratio of the first rinse water treatment system. The rest first rinse 

water is to be disposed. The second rinse water (1-A) is split to two streams. Parts of them 

are to be treated and the rests are to be disposed. In each sub-system, part of the water is 

drained as the reject streams of RO unit or nano-filtration. So T/a^ T/yjr, ^RRjf, iRnf 

represent the total water recovery percentage of each sub-system. 

As a result, to get a POU capacity of 1.0 gpm product water, the pretreatment system 

needs to be sized with a capacity of ((l+P)/T/?/^-P-ARTRft.)/Tfi;5fB RfTRR^gpm. The feed 

water demand is (((l+P)/T/y^-P-A R T«ft.)/T/«^B-Rf-T/a?^)/TRRflf - (l-A-B)-R^T/yj^gpm 

The primary treatment system needs to be sized with a capacity of ((I+P)/T/y^-P-

A-R-T«ft-)/T/yygpm. The water reclaim systems reclaim A-RTrrt gpm, B Rf-Tftftf and (I-A-

B) Rflc-T/y?^gpm water separately. 

Each tank is treated as a CSTR with no reaction and therefore the mass balance of a 

specific contaminant, say, TOC, is written as follows; 

Pretreatment tank: 

((((l+P)/T/y^-P-A-R-TRft.)/Tfi/^B-RrTftft/)/T/y^ - (l-A-B)-Rf7rTRft;^)-CFrF + ((1-A-

B)-RfrTfi/j;j7)-CRFFR - (((l+P)/'T/y^-P-A-RT/jft.)/T/?/y)-CFFi = Vo-dCiri/dt 

Tank one; 

(((l+P)/T/y^-P-AR-Tfift.)/T/y^B-Rf-T/jft^)CFF (B-R^-T/y?;/-)CRf - (((1+P)/T;y^-P-

A-RT/?/?r)/T/?/^)-CFi = Vi-dCpi/dt 

Tank two: 

(A-RT/e«.)-CR + ((L+P)AR«/^-P-AR-T;«,)-CFP + P-Cp - ((L+P)ARFT;̂ )-Cp, = VrdCp,/dt 



Tank three; 

A-R-Cfr - A-R-CRI = Vs-dCRi/dt 

Tank four: 

(B-R/r)-CFRF - (B-R/r)-CRFl = V4 dCRKl/dt 

Tank five; 

((l-A-B)-R/7r)-CFRPF - ((1-A-B)-R/T-) CRFF1 = Vj-dCRFFl/dt 

The specific contaminant species such as TOC is removed through physical processes, 

such as filtration, reverse osmosis, evaporation, etc.. Or it is removed through chemical 

reaction such as the photo-oxidation in a UV unit. These processes are discussed as follows; 

(1) Reverse osmosis 

7C = ViCjRT 

Qw = Kw(AP-A7c)A/t 

Q, = K,(AC)A/t 

Qy(Qw+Q.) = Cp 

AQ^ » Q. 

.-.Cp « Q;Qw = K^c/(K«(AP-A7t)) 

Generally, the RO unit is operated at the conditions that 

AP» An 

Cp « K,(CrCp)/(K.AP) 

This leads to; Cp = (l/(l-KK^)AP))Cf 

The removal of this specific contaminant is 

Percentage Removal = 100(CrCp)/Cf 

= 100(K«/K.)AP/(1+(K«/K,)AP) 
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At a constant operation temperature and pressure, the removal eflSciency through RO 

is a constant and this corresponds to a first order reaction kinetics in terms of the contaminant 

concentration. 

(2) Ion exchange unit 

Assume the adsorption of the negatively charged organic contaminant onto the resin is 

a reversible reaction, 

ki 
TOCTT + R OH- == R'TOC + H2O 

k-i 

reaction rate = -d(TOC)/dt = k,(TOC)(R^OK) - L, (R*T0C')(H20) 

Usually the TOC" concentration is very low so the adsorption of the TOC onto the 

resin does not lower the (R'OIT) concentration significantly. The concentration of water can 

also be treated as a constant. This gives the reaction rate as; 

r = k,(TOC) - k.,(RTOC-) 

This is a first order reversible reaction, and the rate can also expressed as; 

r = (k,+k.,)((TOC)-(TOC).0 

where (TOC)eq is the TOC concentration at equilibrium. In the ion exchange unit, the 

dispersed plug flow model applies, the governing equation is; 

-udC/dz + Dd^C/dz^ = dC/dt + k(C-Ce) 

The time scale of the equipment is usually small. Assuming the steady state and 

ignoring the time term, it is obtained; 

-udC/dz + Dd^C/dz^ = k(C-Cc) 

Non-dimensionalizing z, let 2* = z/L 

(D/(uL))d'C/dz*' - dC/dz* - kx(C-Cc) = 0 

where x = L/u. D/uL is the dispersion number which measures the dispersion degree. 
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BCs: at the inlet of the unit, z*=0, C=Co 

at the outlet of the unit, z*=l, dc/d2*=0 

Solving the problem, we get; 

C(z*) = (Co-Cc)[Ae''e®^-Be®e'^*]/(Ae^-Be®) + Cc 

where A = (1 +(1 +4kTD/(uL))''^)/(2D/(uL)) 

B = (l-(l+4kTD/(uL))''^)/(2D/(uL)) 

r3)UVunit 

In the UV unit TOC is oxidized through the UV photolysis: 

hv 
TOC == TOC" or CO2, H2O, etc 

Based on the experimental data, the reaction has a first order kinetics when the 

concentration is low and the reaction reaches a zero order when concentration increases, 

therefore, the rate can be expressed as. 

r = k„C/(l+K„C) 

Assuming a plug flow reactor model: 

dC/dt = -k„C/(l+K„C) 

The TOC drop through the reactor can be obtained by solving the ODE 

(4) Membrane Degasifier 

The operation of a gas purged, counter-current flow, hollow fiber membrane degasifier 

can be expressed as follows: 
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where QG = gas flow rate (mVsec) 

QL = liquid flow rate (mVsec) 

H = Henry's law constant 

A = effective mass transfer area (m^) 

KL = overall mass transfer coeflBcient (m/s) 

For sparingly soluble gases, H is small and the overall mass transfer coeflBcient is 

controlled by the liquid film resistance only. Therefore, 

Kt ^ kL 

Sh = kLd/D = 1.62 Pe"^^ 

KL = 1.62(D/d)(dU/D)''-'^ 

Putting all these results of each element into the mass balance equations of tanks, and 

solving them simultaneously, the concentration profiles as fiinctions of time are obtained at all 

the points in the system. The asymptotic solutions represent the system normal operating 

conditions. The response characteristics of the system to a challenge contamination can also be 

predicted by introducing the challenge to the system at time zero and solving the equations as 

stated above. 

Following are some sample simulation results showing how an ultrapure water system 

responses to organic contamination challenges. Based on some common TOC removal 

kinetics obtained in our experiment, the point-of-use TOC temporal concentration profiles 

were calculated with varied conditions such as different UV dosage, different ion exchange 

residence time and so on. The effea of these conditions are discussed as follows. 

Effect of tank size: In an ultrapure water system, a storage tank provides the buffering 

capacity for the produa water. It also buffers the challenging contaminant. This means that 

the tank holds the contaminant temporarily and releases it gradually. The bigger the tank is, the 
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bigger is this buffering capacity. The output of the system model shows this characteristics 

clearly in Figure 8.3. As tank residence time increased from 5 minutes to 40 minutes for all the 

four tanks, the point-of-use sees longer but lower contaminant concentration. This indicates 

that under proper engineering tanks can be used to buffer small challenging contamination 

provided the increase in POU concentration is acceptable by the manufacturing process. 

Effect of challenging time: As stated above, small challenging contamination can be 

buffered through the storage tanks. But as the challenging contamination dose increases, the 

tanks lose their buffering capacity and the end user will finally suffer high contamination 

concentration. As shown in Figure 8.4, for 5 minutes of contamination challenge, the highest 

POU concentration is about 20 ppb. When the challenge lasts 200 minutes, the TOC 

concentration at point-of-use will reach about 170 ppb TOC before it drops. In a 

manufacturing line, this means a temporary shut down of the water supply. Depending upon 

the total shut down time, this may be very costly for the semiconductor manufacturing fab. 

Effect of Recycling ratio: The output of the system model on the effect of recycling 

ratio will help to determine how much rinse water could be reused. As shown in Figure 8.5, 

when the product water requirements are given, a proper recycling ratio could be determined. 

Effect of UVdosage: It is clear that a high UV dosage will enhance the TOC removal. 

But it is a trade off between the production capacity and the cost, both capital and operating 

cost. Figure 8.6 shows the relation between the UV dosage and the POU TOC concentration. 

It should be noted that the modeling for other contaminants such as silica and particles 

can also be achieved by feeding the system model with proper kinetics parameters. 
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Figure 8.3 Effect of tank size on POU concentration 



199 

O 5 mins 
• 10 mins 
A 25 mins 
"v 50 mins 
O 100 mins 
O 200 mins 

Figure 8.4 Effect of challenge time on POU concentration 



200 

R1=0, R2=0 
Rl=0.25, R2=0.25 
Rl=0.5, R2=0.5 
Rl=0.75, R2=0.75 
Rl=1.0, R2=1.0 

-50 0 50 100 150 

Time (min) 

Figure 8.5 Effect of recycle ratio on POU concentration 
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Figure 8 .6 Effect of UV dosage on POU concentration 



APPENDIX A 

FORTRAN CODES FOR CHAPTER 8 

—FILE NAME; UPWFINAL.FOR 

—TfflS IS THE PROGRAM FOR UPW SYSTEM MODELING 

REAL Df(l:10), Dp(l:10), Dr(l;10), Drf(l:10) 
REAL Cef(I:IO), Cep(I:10). Cer(l;10), Cerf^MO) 
REAL LftLlO), Lp(l:10), Lr(I.iO), LrfdMO), AA,BB 
INTEGER NNf,NNp,NNr,NNrf 
INTEGER TTf( 1:10), TTp( 1:10), TTr( 1:10), TTrf( 1:10) 

REAL kfl(l;10), kpl(l:10), lcrl(l:10), krfl(l:10) 

REAL RRftMO), RRp(l:10), RRr(l:10), RRrftLiO) 
REAL TRRf, TRRp, TRRr, TRRrf 

REAL CfD, CpO, CrO, CrfD 

REAL Cf(I;IO), Cp(l:10), Cr(l;10), Crf{l 10) 
REAL kfl:i;10), kp(l;IO), kr(l:10), kri^MO) 
REAL taf( 1:10), tap( 1:10), tar( 1:10), tarfll: 10) 
REAL Tf( 1:2000), Tp( 1:2000), Tr(l :2000), Trf^ 1:2000) 

REAL DCf( 1:10), DCp( 1:10), DCr( 1:10), DCrfl; 1:10) 
REALDTf(l:10), DTp(l:10), DTr(l:10), DTrfi:i:10) 

RE.AL TGASfi: 1:10), TGASp( 1:10), TGASr( 1:10), TGASrft 1:10) 
REAL KLAf( 1:10), KLAp( 1:10), KLAr( 110), KLArf( 1:10) 
REAL Vf(l:10), Vp(l:10), Vr(l:10), Vrf^LlO) 
REAL HENf( 1:10), HENp( 1:10), HENr( 1:10), HENrf( 1:10) 
REAL DIFFfi: 1:10), DIFFp( 1:10), DIFFr( 1:10), DIFFrft 1:10) 
REAL AREAf(l:10), AREAp(l:10), AREAr(l:10), AREArf(l:10) 

INTEGER N,IFF,I,J,K 

REAL A,R,RF,P,Cff,ddcr,ddcrf,t 1 ,t2,t3,t4,TIME0,TIME 1 ,Tcr,Tcrf 

REAL Cfr,Cfif 
REAL Cn, Cpl, Crl, Crfl 
REAL T,DT 
—input of primary treatment 
WRITE(',*)'PRIMARY TREATMENT!'! !' 
WRITE(*,»)'INPUT THE FEED WATER PURITY, Cff(ppb)=?' 
READ(*,»)CfF 
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WRITE(*,*)'INPUT THE TANK RESIDENCE TIME, tl(min)=?' 
READ(»,*)tl 

WRITE(»/)TYPE THE AMOUNT OF EQUIPMENT IN PRIMARY 
TREATMENT' 
WRITE(*,*)'NNf=?' 
READ (*,*) NNf 

DO 1 1=1, NNf 
WRITE(*,*) 'Equipment #=',! 
WRJTE(*,») 'TYPE THE EQUIPMENT CODES (l=RO,2=IX,3=UV)' 
WRITE(*,*)'TT5=?' 
READ TTf(I) 

IF(TTf(I) EQ. 1)THEN 
WRITE('*,*)'You picked RO for equipment I 
WRITE(*,'^) 'THEN, RECOVERY RATIO RRf^?' 
READ (*,*) RRf(I) 
WRITE(*,*) 'THEN, RESIDENCE TIME taf(min)=?' 
READ (•,*)taf(I) 
WRITE(*,»)' 
READ (*,*) kf(I) 
WRITE(*,*)'End of equipment I 
END IF 

IF (TTf(I) EQ. 2) THEN 
WRITE(*,*)'You picked IX for equipment I 
WRITEC*,-^) 'THEN, RESIDENCE TIME taf(min)=?' 
READ (•,•) taf(I) 
WRITE(*,*) 'k^r 
READ (*,*) kf(I) 
WRITE(*,*) •Df=?' 
READ (**) Df(I) 
WRITE(*,*) 'Lf^?' 
READ (*,*) Lf(I) 
WRITE(*,*) 'Cef^?' 
READ (**) Cef(I) 
WRITE(*,*yEnd of equipment I 
END IF 

IF (TTf(I) EQ. 3) THEN 
WRITE(*,*)'You picked UV for equipment I 
WRITE(*,*) 'THEN, RESIDENCE TIME taf(min)=?' 
READ taf(I) 
WRITE(*,*) 'kf=?' 
READ (*,*) kftl) 
WRITER,*) •kfl=?' 
READ r,*)kfl(I) 
WRITE(*,*)'End of equipment I 
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ENDEF 

IF (TTftI) EQ. 4) THEN 
WRITE(*,*)'You picked Membrane degasifier for equipment I 
WRITE(*,*) 'THEN, RESIDENCE TIME of liquid taf(min)=?' 
READ (*,*) tafri) 
WRITE(*,*) -RESIDENCE TIME of sweeping gas TGASf(min)=?' 
READ (**) TGASf(I) 
WRITE(*,*) 'AREAf^r 
READ (•,•) AREAfri) 
WRITE(*,*) TffiNf^?' 
READ (**) HENf(I) 
WRITE(*,*) T)IFFf=?' 
READ (^•) DIFFf(I) 
WRITE(*,*)'End of equipment I 
END IF 

1 CONTINUE 

c input of polishing loop 
WRITE(*,*)'POLISHING LOOP!!!!' 
WRITE(»,*)'INPUT THE POLISHING CIRCULATION RATIO, P='^' 
READ(*,»)P 

WRITE(*,*)'INPUT THE TANK RESIDENCE TIME, t2(min)=''' 
READ(*,*)t2 

WRITE(*,*)'TYPE THE AMOUNT OF THE EQUIPMENT IN POLISHING 
LOOP' 
WRITE(*,*)'NNp='>' 
READ (•,•) NNp 

DO 2 1=1. NNp 
WRITEC^,*) "Equipment #=',! 
WRITE(*,*) 'TYPE THE EQUIPMENT CODES (l=RO,2=DC,3=UV)' 
WRiTE(*,*)'TTp=?' 
READ (•,•) TTp(I) 

IF(TTp(I) .EQ.I)THEN 
WRITE(*,*)'You picked RO for equipment I 
WRITE(»,*) 'THEN, RECOVERY RATIO RRp=?' 
READ (•,•) RRp(I) 
WRITEC*,-^) 'THEN, RESIDENCE TIME tapCmin^' 
READ (»,») tap(I) 
WRITE(»,*) 'kp=?' 
READ {**) kp(I) 
WRITE(*,'*)'End of equipment I 
END IF 

IF (TTp(I) EQ. 2) THEN 
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WRITE(*,*)'You picked IX for equipment I 
WRITE(*,*) THEN, RESIDENCE TIME tap(min)=?' 
READ (*,*) tap(I) 
WRITE(*,*) •kp=r 
READ (**) kp(I) 
WRITE(*,*) T)p=r 
READ (•,•) Dp(I) 
WRITE(*,*) •Lp=?' 
READ r ,*)Lp(I) 
WRITE(*,*) •Cep=?' 
READ (•,•) Cep(I) 
WRITE(»,*)'End of equipment I 
END IF 

IF (TTp(I) EQ. 3) THEN 
WWTE(*,*)'You picked UV for equipment I 
WRITE(*,*) 'THEN, RESIDENCE TIME tap(min)=?' 
READ (*,*) tap(I) 
WRITE(*,») •kp=r 
READ (*,*) kp(I) 
WRITE(*,*) 'kpH?' 
READ (*,*) kpl(I) 
WRITE(*,*)'End of equipment I 
END IF 

IF (TTp(I) EQ. 4) THEN 
WRITE(*,*)'You picked Membrane degasifier for equipment I 
WRITE(*,*) 'THEN, RESIDENCE TIME of liquid tap(min)=?' 
READ (»,•) tap(I) 
WRITE(*,*) "RESIDENCE TIME of sweeping gas TGASp(min)=?' 
READ (*,*) TGASp(I) 
WRITE(»,») •AREAp=r 
READ (*,*) AREAp(I) 
WRITE(*,*) •HENp=?' 
READ (*,*) HENp(I) 
WRITE(*,*) T)IFFp=?' 
READ (*,•) DIFFp(I) 
WRITE(*,*)'End of equipment #', I 
END IF 

2 CONTINUE 

c input of reclamation I: back to polishing loop 
WRITE(»,»)'RECLAMATION 1: BACK TO POLISHING LOOP!!!!' 

WRITE(*,*)'INPUT THE H20 DISTRIBUTION RATIO TO RECLAMATION 1' 
WRITE(*,*)'A=?' 
READ ( * , * )  A  

WRITE(*,*)'INPUT THE RECLAMATION RATIO, R' 
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WRITE(*,*)'IF THERE IS NO RECLAMATION 1, THEN R=0' 
WRITE(*,*) 'R=?' 
READ r/)R 

WRITE(*,*)'INPUT THE TANK RESIDENCE TIME, t3=?' 
READ (•,*) t3 

WRITE(»,*)'INPUT THE CHALLENGE CONCENTRATION TO 
RECLAMATION 1' 
WRITE(»,*) 'ddcr=r 
READ ddcr 

WRITE(*,*)"INPUT THE CHALLENGE DURATION TO RECLAMATION 1' 
WRITE(*,») 'Tci-?' 
READ (*,•) Tcr 

WRITE(*,»)TYPE THE AMOUNT OF EQUIPMENT IN RECLAMATION 
ONE, NNr' 
\VRITE(»,*)'NNr=?' 
READ (•,•) NNr 

DO 3 1=1, NNr 
WRITE(*,*) "Equipment #=',I 
WRITE(*,») TYPE THE EQUIPMENT CODES (l=RO,2=IX,3=UV)' 
WRITE(*,*)TTr=?' 
READ (•,•) TTr(I) 

IF(TTr(I) .EQ.1)THEN 
WRITE(*,*)'You picked RO for equipment I 
WRITE(*,*) -THEN, RECOVERY RATIO RRr=?' 
READ (*,*) RRr(I) 
WRITE(*,*) 'THEN, RESIDENCE TIME tar(min)=?' 
READ (*,*) tar(I) 
WRITE(*,*) 'kr^?' 
READ (*,*) kr(I) 
WRITE(*,*)'End of equipment I 
END IF 

IF (TTr(I) EQ. 2) THEN 
WRITE(*,*)'You picked IX for equipment I 
WRITE(*.*) 'THEN, RESIDENCE TIME tar(min)=?' 
READ (**) tar(I) 
WRITE(*,*) •kr=''' 
READ (•,•) kr(I) 
WRITE(*,*) T)r=?' 
READ (*,*) Dr(I) 
WRITE(*,») 'Lr=''' 
READ (*,•) Lr(I) 
WRITE(*,*) •Cer=''' 



READ (»,•) Cer(I) 
WRITE(»,»)'End of equipment #\ I 
END IF 

IF (TTr(I) EQ. 3) THEN 
WRITE(*,*)'You picked UV for equipment I 
WRITE(*,*) 'THEN, RESIDENCE TIME tar(min)=?' 
READ (**) tar(I) 
WRITE(*,*) •kr=?' 
READ (»,*) kr(I) 
WRITE(»,*) 'krl=?' 
READ (»,*)krl(I) 
WRITE(*,*)'End of equipment I 
END IF 

IF (TTr(I) EQ. 4) THEN 
WRITE(*,*)'You picked Membrane degasifier for equipment #', I 
WRITE(*,*) THEN, RESIDENCE TIME of liquid tar(min)=?' 
READ (•,•) tar(I) 
WRITE(*,*) 'RESIDENCE TIME of sweeping gas TGASr(min)=?' 
READ (•,•) TGASr(I) 
WRITE(*,*) 'AREAr=?' 
READ (**) AREAr(I) 
WRITE(*,*) 'HENr=?' 
READ (»,•) HENr(I) 
WRITE(»,*) T)IFFr=?' 
READ (*,») DIFFr(I) 
WRITE(*,*)'End of equipment #\ I 
END IF 
CONTINUE 

—input of reclamation 2; back to primary treatment 
WRITE(*,»)'RECLAMATION 2; BACK TO PRIMARY TREATMENT!! 

WRITE(*,*)'THE H20 DISTRIBUTION RATIO TO RECLAMATION 2 
WRITE(*,»)'l-A' 

WRITE(*,»)'INPUT THE RECLAMATION RATIO, RF' 
WRITE(*,*yiF THERE IS NO RECLAMATION 2, THEN RF=0' 
WRITE(*,*) •RF=?' 
READ (*,*) RF 

WRITE(*,»)'INPUT THE TANK RESIDENCE TIME, t4=?' 
READ (•,•) t4 

WRITE(*,»)'INPUT THE CHALLENGE CONCENTRATION TO 
RECLAMATION 2' 
WRITE(*,*) •ddcrf=?' 
READ (*,») ddcrf 
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WRITE(*,*)'INPUT THE CHALLENGE DURATION TO RECLAMATION 2' 
WRITE(*,*) Tcrf^?' 
READ (•,*) Tcrf 

WRITE(*,*)TYPE THE AMOUNT OF EQUIPMENT IN RECLAMATION 
TWO,NNrf 
WRITE(*,*)TSINrf^r 
READ (•,*)NNrf 

D0 4I=l,NNrf 
WRITE(*,*) 'Equipment #=',I 
WRITE(*,*) 'TYPE THE EQUIPMENT CODES (l=RO,2=IX,3=UV)' 
WRITE(*,«)'TTrf=?' 
READ (*,») TTrf(I) 

IF(TTrf{I) .EQ.1)THEN 
WRITE('*,*)'You picked RO for equipment #\ I 
WRITE(*,*) 'THEN, RECOVERY RATIO RRr^?' 
READ (*,*) RRrf(I) 
WRITE(*,*) 'THEN, RESIDENCE TIME tarf(min)=?' 
READ (*,•) tarf(I) 
WRITE(*/) 'krf^?' 
READ (*,») krfti) 
WRJTE(*,*)'End of equipment I 
END IF 

IF (TTrf(I) .EQ. 2) THEN 
WWTE(*,*)'You picked IX for equipment I 
WRITE(»,*) 'THEN, RESIDENCE TIME tarf(min)=?' 
READ (*,*) tarf(I) 
WRITE(*,») 'krf^?' 
READ (**) krf(I) 
WRITE(*,*) T)rf=?' 
READ {**) Drf(I) 
WRITE(*,*) •Lrf=?' 
READ (*,*) Lrfi:i) 
WRITE(*,*) 'Cerf^r 
READ (»,*) Cerf(I) 
WRITE(*,*)'End of equipment I 
END IF 

IF (TTrf(I) EQ. 3) THEN 
WRITE('*,*)'You picked UV for equipment I 
WRITE(*,*) 'THEN, RESIDENCE TIME tarf(min)=?' 
READ (•/) tarf(I) 
WRITE(*,*) 'krf^?' 
READ (*,*) krf(I) 
WRITE(*,*)'krn=?' 
READ(*,*)krn(I) 



WRITE(*,*)'End of equipment #\ I 
END IF 

IF (TTrf(I) EQ. 4) THEN 
WRITE(*,*)'You picked Membrane degasifier for equipment I 
WRITE(*,*) 'THEN, RESIDENCE TIME of liquid tarftmin)=?' 
READ (*,•) tarfl:i) 
WRITE(«,*) -RESIDENCE TIME of sweeping gas TGASrf(min)= 
READ (•,•) TGASrf(I) 
WRITE(*,*) 'AREAri^?' 
READ {*,*) AREArf(I) 
WRITE(*,*) 'HENrf=?' 
READ (**) HENrf(I) 
WRITE(*,*) 'DIFFrf^r 
READ {**) DIFFrfl:i) 
WRITE(*,»)'End of equipment 1 
END IF 
CONTINUE 

WRITE(*,*)' INITIAL VALUE OF TIME TIME0=0 ' 

WRITE(*,») TYPE FINAL VALUE OF TIME TIME1=? ' 
READ (»,*)TIME1 

WRITE(*,*) TYPE INITIAL VALUE OF Cfl;!), Cf(l)=?' 
READ(*,*)Cfi:i) 

WRITE(*,*) TYPE INITIAL VALUE OF Cp(l), Cp(l)=? ' 
READ(*,*)Cp(l) 

WRITE(»/) type INITIAL VALUE OF Cr(l), Cr(l)=? ' 
R E A D  r , * ) C r ( l )  
WRITE(*,*) TYPE INITIAL VALUE OF Crfll), Crf(I)=? ' 
READ(*,*)Crf(l) 

WRJTE(*,*) TYPE # OF POINTS FOR CALCULATIONS N=' 
READ (**) N 

"OPEN FILE 
OPEN( 11 ,FILE='MODEL TXT', ST ATUS='UNKNOWN') 

REWIND(ll) 

TIME0=0. 
T=0. 
DT=TIME1/N 

WRITE(»,*)' MODEL OUTPUT ' 



WRITE(*,*)Time/Cp' 

DO 200 1=0, N 

—THE PRIMARY TREATMENT SYSTEM 
Cfl=Cf(l) 
TRRf=1.0 
D0 30J=l,NNf 

IF(TTf(J).EQ.l)THEN 
TRRf^TRRf*RRf(J) 
ENDEF 

IF (TTf(J).EQ.2) THEN 
CfO=Cf(J) 
END IF 

Tfl[0)=0. 
DTftJ)=taf(J)/100. 

DO 10K=0, 99 

—1=R0 
IF(TTf(J).EQ.l)THEN 
DCfi:J)=-lcfi:J)*Cf(J)»DTf(J) 
ENDEF 

2=IX 
IF (TTfl:J).EQ.2) THEN 

IF (Df(J)*taf(J)/Lfi:J)*«2 .LT. O.OI) THEN 
DCf(J)=-kf(J)*(Cfl:J)-Cef(J))»DTf(J) 
END IF 

AA=( I +SQRT( 1 +4*kf(J)»taf(J)**2*Df(J) 
c /Lf(J)**2))/(2*Dfi:J)*taf]:J)/Lf(J)**2) 
BB=( 1 -SQRT( I +4*l^J)*taf(J)* •2*Df(J) 

c /Lfi:J)*»2))/(2»Dfi:J)*taf(J)/Lf(J)**2) 

DCfi:J)=-2*kf(J)»(CfD-Cefl:J))* 
C (EXP(AA+BB •Tf(K)/taf(J))-EXP(BB+AA*Tf(K)/taf(J))) 
C /((I+SQRT(I+4»kfi:j)*taf(J)**2*Df(J)/Lf(J)**2))*EXP(AA)-
C (I-SQRT(l+4*lcf(J)*taf(J)**2*Df(J)/Lf(J)**2))*EXP(BB))*DTf(J) 

END IF 

--3=UV 
IF (TTf(J).EQ.3) THEN 
DCfi:J)=-kfi:j)*Cfl:J)/( 1 +kfl (J)*Cf(;))*DTfl[J) 
END IF 
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c 4=Menibrane 
c d=240micron, L=0.63m 

IF (TTf(J).EQ.4) THEN 
Vf{J)=.25*240e-6*AREAf(J) 
KLAf(J)=l .62*(DIFFf(J)/240E-6)» 

C (240e-6».63/taftJ)/DIFFf(J))**.33»AREAfl[J) 

DCf(J)=ALOG((TGASf(J)/(taf{J)*HENf(J))-1 )/(TGASf(J)/ 
C (taf(J)*HENfl:J))*exp(KLAf(J)/(taf(J)»Vf(J))-KLAf(J)* 
C HENf(J)/(TGASf(J)* Vf(J)))-1 ))*DTf(J)/taf(J) 

END IF 

Tfi:K+l)=Tf(K)+DTf(J) 
Cf(J)=Cf(J)+DCf(J) 

10 CONTINUE 
Cf(J+l)=Cfl:J) 

30 CONTINUE 
Cf(l)=Cn 

c POLISHING LOOP TREATMENT SYSTEM 
CpI=Cp(l) 
TRRp=1.0 
DO 60 J=l,NNp 

IF(TTp(J).EQ.l)THEN 
TRRp=TRRp»RRp(J) 
END IF 

IF (TTp(J).EQ.2) THEN 
Cp0=Cp(J) 
END IF 

Tp(0)=0. 
DTp(J)=tap(J)/100. 

DO 40 K=0, 99 

c 1=R0 
IF(TTp(J).EQ.l)THEN 
DCp(J)=-kp(J)»Cp(J)»DTp(J) 
END IF 

c 2=IX 
IF (TTp(J).EQ.2) THEN 

IF (Dp(J)*tap(J)/Lp(J)*»2 LT. 0.01) THEN 
DCp(J)=-kp(J)*(Cp(J)-Cep(J))*DTp(J) 
END IF 

AA=( 1 +SQRT( 1 +4*kp(J)*tap(J)**2*Dp(J) 



c/Lp(J)* •2))/(2»Dp(J)*tap(J)/Lp(J)* *2) 
BB=( 1 -SQRT( 1 +4*kp(J)»tap(J)* »2*Dp(J) 

c/Lp(J)**2))/(2*Dp(J)*tap(J)/Lp(J)»*2) 

DCp(J)=-2*kp(J)*(CpO-Cep(J))» 
C (EXP(AA+BB*Tp(K)/tap(J))-EXP(BB+AA*Tp(K)/tap(J))) 
C /((1 +SQRT( 1 +4»kp(J)*tap(J)**2*Dp(J)/Lp(J)*•2))«EXP(AA)-
C (l-SQRT(I+4»kp(J)«tap(J)**2*Dp(J)/Lp(J)»»2))*EXPCBB))*DTp(J) 

END IF 

™3=UV 
IF (TTp(J).EQ.3) THEN 
DCp(J)=-kp(J)*Cp(J)/( I+kp 1 (J)*Cp(J))*DTp(J) 
END IF 

—4=Membrane 
—d=240micron, L=0.63m 

IF (TTp(J).EQ.4) THEN 
Vp(J)=.25*240e-6»AREAp(J) 
KLAp(J)=l .62*(DIFFp(J)/240E-6)* 

C (240e-6*.63/tap(J)/DIFFp(J))*».33*AREAp(J) 

DCp(J)=ALOG((TGASp(J)/(tap(J)»HENp(J))-1 )/(TGASp(J)/ 
C (tap(J)»HENp(J))*exp(KLAp(J)/(tap(J)»Vp(J))-KLAp(J)* 
C HENp(J)/(TGASp(J)* Vp(J))). 1 ))»DTp(J)/tap(J) 

END IF 

Tp(K+I)=Tp(K)+DTp(J) 
Cp(J)=Cp(J)+DCp(J) 
CONTINUE 

Cp(J+l)=Cp(J) 
CONTINUE 

Cp(l)=CpI 

-WASTE WATER RECLAMATION PART 1 ; RECYCLED BACK TO THE 
POLISHING LOOP 
Crl=Cr(l) 
TRRr=1.0 
DO 90J=l,NNr 

IF(TTr(J).EQ.l)THEN 
TRRr=TRRr*RRr(J) 
END IF 

IF (TTr(J).EQ.2) THEN 
CrO=Cr(J) 
ENDEF 

Tr(0)=0. 
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DTr(J)=tar(J)/100. 
DO 70 K=0, 99 

c l=RO 
IF(TTr(J).EQ.l)THEN 
DCr(J)=-kr(J)»Cr(J)»DTr(J) 
END IF 

c 2=IX 
IF (TTr(J).EQ.2) THEN 

IF (Dr(J)»tar(J)/Lr(J)**2 ,LT. 0.01) THEN 
DCr(J)=-kr(J)*(Cr(J)-Cer(J))*DTr(J) 
END IF 

AA=( 1 +SQRT( 1 +4*kr(;)*tar(J)» •2»Dr( J) 
c/Lr(J)*»2))/(2*Dr(J)*tar(J)/Lr(J)**2) 
BB=( I -SQRT( I +4*lcr(J)*tar(J)**2*Dr(J) 

c/Lr(J)« •2))/(2*Dr( J)*tar(J)/Lr(J)* *2) 

DCr(J)=-2*kr(J)*(CrO-Cer(J))* 
C (EXP(AA+BB^Tr(K)/tar(J))-EXP(BB+AA*Tr(K)/tar(J))) 
C /((1 +SQRT( 1 +4*lcr(J)«tar(J)»*2*Dr(J)/Lr(J)**2))»EXP(AA)-
C (1 -SQRT( 1 +4*kr(J)*tar(J)*»2*Dr(J)/Lr(J)**2))»EXPCBB))'^DTr(J) 

END IF 

c 3=UV 
IF (TTr(J).EQ.3) THEN 
DCr( J)=-kr(J)*Cr(J)/( 1 +kr I (J)*Cr(J))*DTr(J) 
END IF 

c 4=Membrane 
c d=240micron, L=0.63m 

IF (TTr(J).EQ.4) THEN 
Vr(J)=.25 •240e-6« AREAr(J) 
KLAr(J)=l .62*(DIFFr(J)/240E-6)* 

C (240e-6*.63/tar(J)/DIFFr(J))**.33»AREAr(J) 

DCr(J)=ALOG((TGASr(;)/(tar(J)*HENr(J))-1 )/(TGASr(J)/ 
C (tar(J)*HENr(J))»exp(KLAr(J)/(tar(J)*Vr(J))-KLAr(J)* 
C HENr(J)/(TGASr(J)* Vr(J)))-1 ))*DTr(J)/tar(;) 

END IF 

Tr(K+l)=Tr(K)+DTr(J) 
Cr(J)=Cr(J)+DCr(J) 

70 CONTINUE 
Cr(J+l)=Cr(J) 

90 CONTINUE 
Cr(l)=Crl 
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c WASTE WATER RECLAMATION PART 2 : RECYCLED BACK TO THE 
PRIMARY TREATMENT 
Crfl=Crf(l) 
TRRrf^LO 
DO 120J=l,NNrf 

IF(TTrf(J).EQ.l)THEN 
TRRrf=TRRrf*RRrf(J) 
END IF 

IF (TTrf(J).EQ.2) THEN 
CrfO=Crf(J) 
END IF 

Trf(0)=0. 
DTrftJ)=tarftJ)/100. 

DO 100 K=0, 99 

c l=RO 
IF(TTrf{J).EQ.l)THEN 
DCrf(J)=-krf(J)*Crf(J)»DTrf(J) 
END IF 

c 2=IX 
IF (TTrf(J).EQ.2) THEN 

IF (Drfl:j)*tarfi:j)/Lrf(j)**2 XT. 0.01) THEN 
DCrf(J)=-krfl:J)*(Crf(J)-Cerf(J))»DTrf(J) 
END IF 

AA=( 1+SQRT( 1+4*lcrf(J)*tarf(J)**2»Drf(J) 
c /Lrf(J)»»2))/(2»Drf(J)*tarfl:J)/Lrf(J)*»2) 
BB=( 1 -SQRT( 1 +4*krf(J)»tarf(J)* •2»Drf(J) 

c /Lrf(J)**2))/(2*Drf(J)*tarf(J)/Lrf(J)»»2) 

DCrfl:J)=-2*krf(J)»(CrfO-Cerf(J))* 
C(EXP(AA+BB*Trf(K)/tarfi:J))-EXP(BB+AA»Trf(K)/tarfi:J))) 
C/(( 1 +SQRT( 1 +4*krf(J)»tarf(J)» *2*Drfi:J)/Lrf(J)* »2))*EXP(AA)-
C( 1-SQRT( 1+4*krf(J)*tarf(J)* *2*Drfl[J)/Lrf(J)» •2))*EXP(BB))*DTrfl[ J) 

END IF 

c 3=UV 
IF (TTrftJ).EQ.3) THEN 
DCrfl:J)=-lcrftJ)*Crf(J)/( I +krfl (J)*Crfi:J))*DTrf(J) 
END IF 

c 4=Membrane 
c d=240micron, L=0.63m 
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IF (TTrf(J) EQ.4) THEN 
Vrf(J)=.25 *240e-6* AREArf(J) 
KLAi^J)= 1.62»(DIFFrfi:J)/240E-6)» 

C (240e-6*.63/tarfl[J)/DIFFrf(J))**.33*AREArf(J) 

DCrf(J)=ALOG((TGASrf(J)/(tarf(J)*HENrf(J))-1 )/(TGASrf(J)/ 
C (tarf(J)*HENrf(J))«exp(KLArfi:J)/(tarf(;)*Vrf(J))-BCLArf(J) 
C *HENrf(J)/(TGASrf(J)* VrftJ)))-1 ))*DTrf(J)/tarf(J) 

END IF 

Trf(K+1 )=Trf(K)+DTrf( J) 
Crf(J)=Crf(J)+DCrf(J) 

100 CONTINUE 
Crf(J+l)=Crfi:J) 

120 CONTINUE 
Crf(l)=Crfl 

c WET BENCH 1 : WHEN CHALLENGE CONTAMINANTS IS NOT 
INTRODUCED 

IF (T LT. 50) THEN 
Cfr=Cp(NNp+1 )+ddcr/l 0. 
END IF 

c WET BENCH 1 ; WHEN CHALLENGE CONTAMINANTS IS INTRODUCED 
IF (T LT. 50+Tcr AND. T.GE. 50) THEN 
Cfr=CpCNNp+1 )+ddcr 
END IF 

c WET BENCH 1 : CHALLENGE CONTAMINANTS NO LONGER EXISTS 
IF (T GE. 50+Tcr) THEN 
Cfr=CpCNN p+1 )+ddcr/10. 
END IF 

c WET BENCH 2 : WHEN CHALLENGE CONTAMINANTS IS NOT 
INTRODUCED 

IF (T .LT. 50) THEN 
CfTf=Cp(NNp+1 )+ddcrfi'l 0. 
END IF 

c WET BENCH 2 : WHEN CHALLENGE CONTAMINANTS IS INTRODUCED 
IF (T .LT. 50+Tcrf AND. T GE. 50) THEN 
CfH=Cp(NNp+1 )+ddcrf 
END IF 

c WET BENCH 2 : CHALLENGE CONTAMINANTS NO LONGER EXISTS 
IF (T GE. Tcrf+50) THEN 
Cfrf=Cp(NNp+1 )+ddcrfi' 10. 
END IF 

WRITE( 11 ,'(T 1,8F8.1 )')T,Cp(NNp+1 ),Cfr, 
c Cr(NNr+I), Cfif, Crf(NNrf+l), CfF, Cf(NNf+l) 
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c TANK 1 ; LOCATED IN THE BEGINNING OF THE PRIMARY TREATMENT 
SYSTEM 

IF(A»R .EQ. L)THEN 
GOTO 150 
END IF 

DCf( I )=(((( 1 +P)/TRRp-P-A*R*TRRr)/TRRf-( IA)*RF* 
C TRRrf)*Cff+(L-A)*RF*TRRrPCrfl:NNrf)-
C (((1 +P)nrRRp-P-A*R«TRRr)/TRRf)*Cfl[ 1))/ 
C (tI*(((l+P)/TRRp-P-A*R»TRRr)/TRRf))*DT 
Cf(l)=Cf(l)+DCf(l) 

c TANK 2 : LOCATED IN THE BEGINNING OF THE POLISHING LOOP 
SYSTEM 

150 DCp( 1 )=((A*R*TRRr*Cr(NNr+1)+(((1 +P)/TRRp-P-A»R*TRRr) 
C  A r R R f ) » C f ( N N f + l ) + P * C p ( N N p + l )  
c -((1 +P)/TRRp)*Cp( 1 ))/(t2*(( 1 +P)/TRRp)))*DT 
Cp(l)=Cp(l)+DCp(l) 

c TANK 3 . LOCATED IN THE BEGINNING OF THE RECLAMATION 
SYSTEM I 

DCr( 1 )=((Cfr-Cr( 1 ))/t3)»DT 
Cr(l)=Cr(l)+DCr(l) 

c TANK 4 ; LOCATED IN THE BEGINNING OF THE RECLAMATION 
SYSTEM 2 

DCrf( 1 )=((Cfif-Crf( I ))/t4)*DT 
Crfi:i)=Crf(l)+DCrf(l) 

c ADVANCE TO A NEW TIME 
T=T+DT 

200 CONTINUE 

WRITE (*,») 'IF YOU WANT TO CHANGE THE # OF POINTS, TYPE 1,' 
WRITE (*,») 'IF NOT, PLEASE TYPE 2, CHOICE=?' 
READ (»,•) IFF 
IF(IFF.EQ.l) GO TO 5 

c CLOSE FILE 
CLOSE (11,STATUS='KEEP') 

STOP 
END 
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APPENDIX B 

NOMENCXATURE 

a Absorption coeflBcient 

C Concentration [ng/ml] 

dp Pore size [m] 

h Plank's constant, 6.624 x lO'^"* J sec 

H Henry's law constant [Pa] 

AH Enthalpy change of a reaction [J/gmol] 

k First reaction constant [I/sec] 

kc First reaction constant for photocatalytic oxidation [ 1/sec] 

ku First reaction constant for UV photolysis [1/sec] 

K Second reaction constant [ml/mg] 

or. Adsorption constant [ml/mg] 

Kc Adsorption constant of TOC on photocatalyst [ml/mg] 

Ku Second reaction constant for UV photolysis [ml/mg] 

P Pressure [Pa] 

Qs Salt flux through a membrane [m^/min-m^] 

Q„ Water flux through a membrane [mVmin m^] 

R Universal gas constant, 8.314 J/gmol K 

Re Reynolds' number 

Sc Schmidt number 

t Time [sec] 

T Temperature [K] 
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u Fluid velocity [m/sec] 

V Volumetric flow rate [mVsec] 

V Volume [m^] 

Xi Mole fraction of i species in liquid phase 

Yi Mole fraction of i species in gas phase 

Greek Letters; 

a Specific surface area [mVm^] 

K Osmotic pressure [Pa] 

U Frequency of radiation [hertz] 

k Wavelength of radiation [m] 

X Residence time [sec] 

Fluid viscosity [kg/m-sec] 

e Porosity [m^ void/m^ filter] 

Abbreviations: 

DI Deionized, Deionization 

FTIR Fourier transform infrared 

ICP-MS Inductively coupled plasma mass spectrometer 

IX Ion exchange 

NVR Non-volatile residue 

POU Point of use 

PVC Polyvinyl chloride 



PVDF Polyvinylidene fluoride 

RO Reverse osmosis 

ss Stainless steel 

TOC Total oxidizable carbon. Total organic carbon 

UHP Ultra high purity 

ULSI Ultra large scale integration 

UPW Ultrapure water 

VOC Volatile organic carbon 
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