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ABSTRACT 

Because of the nature of their processes, semiconductor fabrication facilities use a 

large amount of water for the processing of microchips. This also means that a large 

amount of wastewater is discharged from semiconductor facilities. Because of this, there 

is a drive in the industry towards decreasing water consumption and wastewater 

discharge by optimizing processes and minimizing water usage, as well as by recycling 

and reusing wastewaters. The majority of aqueous wastewaters in semiconductor 

manufacturing come from rinse processes used after chemical baths during cleaning and 

also from chemical and mechanical planarization processes. This work focuses on the use 

of biological treatment as a chemical and energy efficient alternative for treating waste 

streams containing isopropyl alcohol (IP A) and copper. A consortium of bacteria capable 

of degrading IPA was selected and acclimated. This consortium was immobilized on 

activated carbon and used as packing for a fluidized-bed reactor. The bioreactor was able 

to degrade more than 95 % of the IPA in the feed stream. In addition, the behavior of the 

bioreactor system was studied under transient feed conditions by introducing a series of 

pH and IPA shocks after the reactor had reached steady state. A 5X (500 ppm) step 

change of IPA in the feed caused the effluent IPA concentration in the reactor to increase 

-12%. After the step change was finished, the reactor quickly recovered to its steady state 

level. Similarly, a step change decrease in pH of the feed from 7 to 4 caused an ~11% 

increase in effluent IPA concentration. A mathematical model based on diffusion and 

biodegradation of IPA through the biofilm as well as adsorption of IPA on the activated 

carbon was developed and tested. The model was able to predict the transient changes in 
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IPA feed concentration very well. Finally, building upon the results of previous research 

studying the biosorption of copper on immobilized cells, a system for the simultaneous 

removal of IPA and copper was tested experimentally; After acclimation, the system was 

able to treat effectively a model wastewater containing 100 ppm of IPA and 50 ppni of 

copper. 



1. INTRODUCTION 

The electronics industry Has been growing at a fast pace in the last several 

decades and has become an important sector in every industrialized nation. With the 

advent of globalized trading and the global increase in access to electronic applications, 

particularly those involved with the use of the internet, there has been and unprecedented 

global increase in demand for electronics. Since semiconductors, or integrated circuits, 

are a critical component of electronic products, the increase in demand for electronics has 

also meant an increase in demand for semiconductors. Due to this increase in demand, the 

semiconductor industry has been growing at double-digit rate and this growth is expected 

to continue in the future (Winters, 2002). 

As the semiconductor industry expands to meet the increasing demands for its 

products in terms of quantity, it also is moving towards meeting the demands in terms of 

quality. This means that semiconductor companies are driven to constantly exceed the 

demands for capacity, speed and size; and make faster, smaller, and more powerful 

integrated circuits or chips. In practice, this means that more and smaller transistors are 

packed into increasingly more complex device architectures, which require more 

processing steps (Chen, 1997). Semiconductor manufacturing is also moving towards 

larger silicon wafers in order to increase the amount of chips per wafer and decrease the 

cost per chip. In addition, in order to keep up with this growth pace, there has been an 
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increase in the amount of new chemicals and new technologies being used in the 

manufacturing of semiconductors. 

These upward trends in the processing of semiconductors translate into higher 

surface areas for processing, larger number of processing and cleaning steps, and a higher 

purity of chemicals and ultra pure water (UPW), which indicates that a larger amount of 

water and chemicals will be used (English, 1996). The industry estimates that the amount 

of ultra pure water that current and future semiconductor fabrication facilities (fabs) will 

use is in the order of one to three million gallons of UPW per day (Degenova and 

Shadman, 1997). As the amount of UPW and chemicals used increases, the amount of 

wastewater discharged to the environment will also increase. Hence, the increase in 

growth and technological advances in the semiconductor industry will most likely tend to 

increase the strain that semiconductor manufacturing puts on the environment both by 

increasing the amount of water consumed (running the risk of overexerting natural 

resources) and by increasing the amount of wastewater being discharged. 

This problem also has an economic dimension. Costs of water consumption have 

risen due to the growing demand for it and the scarcity of resources in some areas. 

Similarly, costs to process wastewater to current drinking water standards have increased 

due to increasing energy requirements and chemical consumables used for treatment 

(Chasey and Striffler, 2002), not to mention the stricter guidelines for the discharge of 

pollutants as well as the increased threat of environmental lawsuits and environment-

related court precedents (Fairley, 1997). 
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.These issues axe important and have been continuously addressed by the 

semiconductor industry. The International Technology Roadmap for Semiconductors 

(ITRS) is an assessment of the semiconductor technology requirements that need to be 

met in order to ensure continued advances in semiconductor technology and performance. 

This report is a cooperative study done by the semiconductor industry, government 

organizations and academia (worldwide). In the 2002 edition, the ITRS identified 

conservation of water, reduction in chemical consumption and waste discharge as key 

drivers for the sustainable growth of the industry. It sets a target for a decrease of 

approximately 40% in net water used by the year 2005 and for 70 % of the total 

wastewater to be recycled or reused by the same year. The ITRS identifies that in order to 

meet these targets, there is going to be a need to develop new and innovative recycle and 

reuse technologies, as well as strategies and technologies for optimization of UPW use 

(ITRS, 2002). 

Current efforts and studies in water conservation have been geared towards all three 

areas of focus: reuse, recycle and reduction. In following with these efforts, studies have 

addressed the need to optimize current UPW usage at tool point-of-use as well as water 

usage in other parts of the fab (Chiarello et al., 1998; Klusewits and Mc Veigh, 2002; 

Small et at., 2001). In addition, fundamental studies that address the need to increase the 

understanding of how UPW is being used during rinse processes have also been done 

(Shadman et al., 2001; Tardif et al., 2001). In the case of spent rinse wastewater, studies 

evaluating recycle and reuse advantages have been published (Degenova and Shadman, 

1997, Veltri et al., 2000). Several practical case studies where reuse and recycle strategies 
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have been implemented successfully have been done (Peters, 1998; Shah and Pioeser, 

1999; Weber et ai., 1999; You et ai., 2001). In addition, an increasing number of studies 

addressing new methods and strategies for the treatment and reclaim of wastewater from 

semiconductor manufacturing are found in the literature (Chasey and Striffler, 2002; 

Chuang et al., 2002;Lin and liu, 2003). 

Biotreatment is part of the new technologies and strategies being studied and 

implemented recently in semiconductor manufacturing. Its practical application is 

relatively new to the industry and several studies have been done that investigate ways of 

using biotreatment to degrade organics in high-concentration wastewaters (Tokuyasi et 

al., 1997; Hashimoto and Sumino, 1997). In addition, biotreatment has been applied to 

low concentration organic-containing wastewaters (Ruiz and Ogden, 2003), as well as 

nitrogen-, DMSO, and copper containing wastewaters (Collins et al., 1991; Murakami-

Nitta et al., 2002; Ogden et al., 2001). Other studies have obtained successful results in 

treating semiconductor wastewaters by combining biotreatment with more conventional 

chemical and physical treatment methods (Den et al., 2002; Lin and Kiang, 2003). 

1.1 Research objective 

This research focuses primarily on studying the viability of using biotreatment as 

a technique for managing wastewater from semiconductor manufacturing. Due to the 

complexity of semiconductor wastewater, this study was done initially using isopropyl 

alcohol (IP A) as a model compound. IP A was chosen because of its presence in 

semiconductor wastewater as well as because it is more difficult to biodegrade than other 
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small organic compounds also present in semiconductor wastewater (Niemi, 1987). In 

addition, studies have shown that removal of IPA by other conventional methods, like 

activated carbon filtration, is very inefficient (Schmotzer et al, 2002). The overall goal of 

this study is to advance the understanding of biotreatment as a technique for treating 

potentially recyclable and reusable waste streams. 

In order to carry out this objective, a bioreactor set up was developed and its 

behavior and performance were tested experimentally. In addition, a mathematical model 

describing the underlying physical and biological phenomena occurring in this bioreactor 

was developed and tested by comparing simulation results with the experimental 

findings. 

A secondary focus of this study was to unify this project with a separate 

biotreatment project examining the biosorption of copper from semiconductor 

manufacturing and to address the possibility of using both approaches simultaneously to 

treat waste streams containing copper and IPA. 



2. BACKGROUND 

This chapter is organized into two broad areas; semiconductor manufacturing and 

waste, and biological treatment techniques. And the intention is to provide sufficient 

background on these areas in order to provide a framework for this work. The first area 

includes a brief description of semiconductor manufacturing processes and the waste 

produced by them as well as a description of the type of wastes that are the focus of this 

study. The second area describes the techniques and concepts behind biotreatment: How 

bacteria are used to treat wastewaters and what types of processes are available, touching 

briefly on the concepts of bacterial growth and nutritional requirements. 

2.1 Semiconductor Manufacturing 

The term semiconductor refers, strictly, to the conductive properties exhibited by 

some materials, which places them between conductors and insulators, and allows them 

to have a limited conduction of electrons. However, the term is also used to describe a 

microchip or integrated circuit or the integrated circuit manufacturing industry. This is 

because integrated circuits rely on the limited or controlled conduction of electrons 

between different parts of the circuit, and this control is generally engineered by 

increasing or decreasing the conduction characteristics of the materials used in their 

manufacturing (Middleman and Hochberg, 1993). 
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Thus, semiconductors refer usuaiiy to electrical devices that perform a variety of 

operations like processing of information, processing of images, power handling, etc. The 

production or manufacturing of semiconductors is a very complex series of processes that 

usually involves as many as 100 different proprietary materials and solutions and as 

many as 200 generic materials in order to reach the final commercial product. The 

products in this industry are usually used in computers, communications, electrical 

controls, scientific equipment, and numerous other products that are encountered in daily 

life (Gilles and Loehr, 1994). 

As it has been mentioned before, the manufacturing of semiconductors is a 

complex series of chemical and physical processes that build the different layers, that 

later become the interconnected circuits, on a silicon wafer. Figure 2.1 is a simplified 

schematic showing the process flow for the manufacture of semiconductors. Only the 

most common steps are shown for brevity, and the recycle loop indicates that steps 2-8 

are repeated numerous times. Figure 2.1 also lists the more common chemicals used that 

make up the waste stream from each process. Step 1 represents the actual making of the 

silicon wafer that serves as a substrate. Steps 2-8 represent wafer manufacturing that has 

a microchip as an end product. Steps 9-11 represent the assembly of the individual 

microchips into the encapsulation and packing that allows them to be used in electronic 

devices. This part of the processing is usually done at a separate facility (Gilles and 

Loehr, 1994). Here, the focus is on waste generated by steps 2-8. 

After single crystal silicon is formed into an ingot (cylindrical rod) and sliced into 

individual wafers (disks) in step one, wafers undergo a series of oxidation, photo 
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Semiconductor 
Manufacturing 

1. 

2. 

3. 

Crystal Production 

Cleaning 

Oxidation 

4. Iphotolithography 

5. Etching 

6. 

9. 

10. 

stripping 

Dicing 

Attach leads 

^ ^ • [ Encapsulate 

Do| »ing 
. 

Oxidize / Metallize 

Waste 
Produced 

1. Acids, neutralized water-acid 

2. Solvents, neutralized water-acid 

3. Acids, solvents, SiOj, HF 

8. Metals, solvents. As, oils 

4. Solvents, HMDS, Xylene 

5. Metals, HjSO^, HF, HCI, H3PO4 and HNO3 

6. Acids, Metals, Solvents 

9. Metals, acids 

10. Metals 

11. Solvents 

Figure 2.1 Schematic of simplified process flow for the manufacturing 
of semiconductors. Most common chemicals present in 
each process wastewater are also listed (from Giles and 
Loehr, 1994). 

lithography, etching, doping and metallization steps that add layers of electronic devices 

(transistors, diodes, etc.) to form the interconnected circuitry that functions as a 

microchip. One of the key aspects in these series of processes is the contamination of the 
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surface of the wafer. Each process' chemistry is sensitive to contamination or residues on 

the surface of the wafer. Because of this, clean wafers are essential at all stages of the 

fabrication process. It is considered by some that the evolution of semiconductor 

technology is in many aspects related to the ability of the industry to develop cleaning 

technology to keep up with the increasing need for minimizing contamination on the 

wafers. This is because the effect of contaminants on wafer surfaces is to decrease the 

number of chips that each wafer will yield, and yield loss is one of the most significant 

economic and process factors in semiconductor manufacturing (Middleman and 

Hochberg, 1993; Zant, 2000). 

It is because of this need to eliminate all types of contamination from wafers that 

the industry drives towards the use of more pure chemicals and water. It is also the reason 

behind the large amounts of discharged wastewater and the needs for very effective and 

reliable recycle and reuse technologies. 

2.1.1 Waste characteristics 

There have been several major studies done by the Semiconductor Industry 

Association (SIA) related to the generation and disposal of hazardous waste by 

semiconductor manufacturing companies in the US (Draft, 1992). One particular study 

indicates that more than 98 % of the waste generated could categorized into one of the 

following waste streams: dilute acid waste, HF waste acid, nonhalogenated solvents, 

halogenated solvents, metal bearing liquid, and photo resist waste. 
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Not ali waste streams are readily recyclable and not all waste streams are 

amenable to biotreatment. Some waste streams do not need to be degraded, but separated 

and purified so that they can be used again; this is the case with solvent wastes. In the 

case of water-based wastes, there are large quantities of water from rinse tanks that only 

contain residual amounts (in the high ppb - low ppb range) of chemicals that have been 

carried into the rinse tanks. So, typically, ultra pure water rinse tanks contaminated with 

acid/base chemistries can be readily recyclable since the contaminants can be removed by 

standard separation techniques (Weber et al., 1999). 

There are other instances in which waste streams that carry acid/base chemistries 

are contaminated with other types of compounds that cannot be reliably separated using 

standard techniques. For example, rinse water from strip hoods and rinse water that 

follows organic chemical baths may contain surfactants or other organic solvents that are 

more difficult to separate using standard techniques. It has been found that most 

inorganic contaminants occur in low concentrations and are thus, easier to remove than 

organic compounds, which prove critical to the design of a reliable recycle system 

(Weber et al., 1999; DeGenova and Shadman, 1997). Tables 2.1 and 2.2 list the most 

typical organic and inorganic compounds used (Moellmann and Kiefer, 1998). From this 

list, small organic molecules are expected to pose the greater difficulty in being removed 

by conventional methods such as reverse osmosis and activated carbon filtration. 

Finally, it is important to discuss metal bearing waste streams. In particular, waste 

streams containing copper. With copper metallization replacing previous technology 

(aluminum and tungsten) in new semiconductor processes, most semiconductor 



Acids Hydrofluoric Acid 

Hydrochloric Acid 

Nitric Acid 

Sulfuric Acid 

Phosphoric Acid 

Bases Ammonium Hydroxide 

Potassium Hydroxide 

Sodium Hydroxide 

Salts Ammonium Fluoride 

Sodium Phophate 

Oxidizers Hydrogen Peroxide 

Ammonium Persulfate 

Table 2.1 Common inorganic compounds found 
in semiconductor wastewater (from 
Weber et al, 1999). 
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Acetic acid 

Organic 
Bases 

T etramethyl 
Ammonium Hydroxide 

Organic 
Bases 

Choline 

Alcohols liaoo 1 Alcohols 

Ethane 1 

Alcohols 

I so pro panel (IP A) . 

Organic 
Solvents 

Acetone Organic 
Solvents 

Methyl Ethyl Ketone 

Organic 
Solvents 

Ethyl and Butyl 
Acetates 

Organic 
Solvents 

Xylene 

Organic 
Solvents 

Trichloroethylene 

Surfactants Ionic and non-ionic 

Table 2.2 Common organic compounds found 
in semiconductor wastewater (from 
Weber et al, 1999). 
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manufacturers are preparing for wastes containing higher copper concentrations and/or a 

higher total copper load than currently discharged. These higher concentrations or 

loading rates might exceed the limits set by environmental authorities. The metal 

planarization (CMP) step after metallization has been identified as contributing more than 

80 % of the copper to the wastewater stream (Mendecino and Brown, 1998). It is for this 

reason that the effluent from this process step (Copper-CMP) continues to be a focus for 

new treatment technologies. 

2.2 Biotreatment 

The treatment of wastewaters by biological means is used as a way of treating all 

kinds of wastes. The more common applications include municipal wastewater treatment 

plants but they are used in many types of industrial wastewater applications (Benjes, 

1980). There are some requirements for the waste to be able to be treated biologically. 

First, the microorganism (usually bacteria, but algae, virus, yeast and others are also 

used) needs to be able to obtain something from the compounds it is going to treat. 

Microorganisms can use compoxmds in wastewaters as energy sources, electron donors or 

acceptors, or they can just adsorb them and incorporate them into their structure (Brock, 

1988). 

2.2.1 Bacterial nutrition 

Bacterial cells are small organisms capable of replicating themselves. This 

process of replication or growth usually involves thousands of biochemical reactions of 
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very different types and energy requirements. Some of these reactions involve energy 

transformations, while others involve biosynthesis of the different molecules the cell 

needs to live and replicate. 

Like any living organism, bacteria can make or synthesize some molecules 

internally while others need to be obtained externally from the environment. Table 2.3 

lists some of the most important nutrients a bacteria cell needs to get from the 

environment and the form in which they are usually found. These are known as 

macronutrients because the cell usually needs them in higher quantities (Bailey and Ollis, 

1986; Brock, 1988; Pirt, 1975). The major elements are usually found in organic 

compounds (C, H, N, O, S, etc.). It is for this reason that bacteria can degrade certain 

organic compounds and extract useful energy from them. 

In order for bacteria to be able to degrade an organic compound, it needs to have 

the required enzymes to uptake and break apart the compound. If the bacteria do not have 

the required enzymes, it will not be able to extract energy from the specific organic 

compound and thus, it will not be able to grow in its presence. 

2.2.2 Bacterial Growth 

Bacterial growth is said to happen when an increase in bacterial cell population is 

observed. This is usually accomplished by providing all the required nutrients for growth. 

Other times, the supplied nutrients are kept at a minimum in order to evaluate the 

capacity of a bacterial strain to grow under adverse conditions, and determine its 

degradation capability. 
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Element Usual form found in 
environment 

C Carbon dioxide 
Organic compounds 

H Water 
Organic compounds 

O Water 
Oxygen gas 

N Ammonia 
Nitrate 
Organic compounds 

P Phosphate 
S Hydrogen sulfide 

Sulfate 
Organic compounds 

K r 
Mg Mg-^^ 
Ca 
Na Na^ 
Fe Fe'^ 

Organic Iron complexes 

Table 2.3 Common forms of the major nutrients needed by 
bacteria for growth (from Brock, 1988). 

Bacterial growth is observed by measuring the cell population or the cell mass at 

different times. This is called a growth curve. The growth curve for a specific strain is 

divided into several characteristic phases: lag phase, exponential phase, stationary phase, 

and death phase. The lag phase occurs when growth on a specific medium is started. 

Observable growth does not usually start immediately; it takes a period of time for 

growth to start. The exponential phase occurs when bacterial cells are growing at their 
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fastest rate, an exponential rate. The stationary phase occurs after the exponential phase 

ends and the nutrients start to decrease; it is chaiacterized by having equai rates of cell 

growth and cell death. Finally, the death phase occurs when rates of cell death are greater 

than the rates of cell growth; a decrease in cell population is observ ed (Bailey and Ollis, 

1986; Brock, 1988; Pirt, 1975). 

2.2.3 Effects of environmental conditions on bacterial growth 

Bacterial growth is very sensitive to the chemical and physical conditions of the 

envirorunent. Understanding how different strains react to changes in their environment is 

important in order to determine the limits and the sensitivity the strain has to the 

particular conditions. The environmental factors more commonly influencing bacterial 

strains used in wastewater treatment are: substrate concentration, pH, and oxygen 

content. Other environmental factors like temperature are usually not important in 

wastewater treatment application where processes occur at ambient temperature. 

The concentration of the substrate is important in determining the growth of a 

bacterial strain. Low concentrations of substrate usually produce low growth rates. In 

contrast, increasing the substrate concentration does not always cause an increasing effect 

in growth rates; most bacterial strains exhibit zero order kinetics at high substrate 

concentrations. The concentration of a substrate also affects growth when the substrate 

acts as an inhibitor of growth. In this case, the higher the concentration, the larger the 

effect of the inhibitor on growth will be (Brock, 1988). 
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Bacterial strains usually have pH range in which they can grow. Furthermore, 

they usually have a well-defined optimum value of the pH at which the growth rates are 

higher. pH can affect growth indirectly by changing the conformation of the substrate 

molecules and other nutrients, making it more difficult for the cell to uptake and use 

them. Similarly, pH changes in the environment can cause an increase in cell membrane 

permeability (or affect other cell functions) making it easier for toxic substances to 

permeate into the cell (Pirt, 1975). 

Another important process parameter is oxygen. Not all bacterial strains need 

oxygen for growth. Those that do are called aerobic bacteria. Oxygen is very poorly 

dissolved in aqueous media. Hence, for aerobic bacteria, lack of oxygen can limit growth. 

On the other hand, some anaerobic bacteria will only grow in completely anoxic 

conditions making even a small quantity of oxygen toxic. 

2.2.4 Suspended cell growth 

Growth of cells suspended in liquid medium is very common in the environment 

and in certain type of reactors. Suspended cell growth is a very convenient way of 

growing cells in order to characterize them. It has the advantage of allowing for easy 

monitoring and measuring of cell concentration as well as providing for a convenient way 

of harvesting them. Usually, suspended cells are grown in batch or continuously operated 

reactors in order to determine growth rates of a specific population or mixture of 

populations (consortia) as well as to determine the cultures dependence on different 

medium conditions, such as substrate concentration, pH, temperature, etc. 
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Suspended ceil reactors are also used practically to treat wastewater. However, 

they have several operational disadvantages. High ceil concentrations are difficult to 

attain without incurring hydrodynamic difficulties (Grady et al, 1999). Cells are 

vulnerable to the changing conditions of the liquid medium, and sensitive to small 

changes in this medium (Moody and Baker, 1987). Another disadvantage is that 

suspended cell reactors are restricted to operating in a small residence time range 

dependent on the growth rate of the suspended cells (Bryers and Characklis, 1990). For 

these reasons, other methods of employing cells to treat wastewaters, which are based on 

cell immobilization, have been developed. 

2.2.5 Biofilm formation. 

Biofilms grow naturally in the environment due to the tendency of bacteria to 

aggregate in colonies. This colony or biofilm formation offers bacterial cells several 

advantages over suspended growth. By aggregating and embedding themselves in extra

cellular polysaccharide, bacterial cells are able to better withstand environmental stresses. 

These stresses can be in the form of shear forces caused by fluid flow, increases in pH or 

ionic strength in the medium around them, or the presence of toxic substrates. In addition, 

biofilm formation can help a bacterial colony withstand shortages of nutrients or 

substrates (Cooksey, 1992; Oliveira, 1992; Christensen, 1990). 

Bacteria that are attached to surfaces sometimes appear to exhibit different 

characteristics than the same bacterial strains in suspension. This is because the physical 

and chemical conditions at the surface-fluid interface are usually not the same as those in 
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the bulk. In addition, the close proximity of bacteria cells in biofilms may cause 

synergistic, competitive or mutualistic interactions among the bacteria in the biofilm 

(Fletcher, 1992). 

2.2.6 Biofilm Reactors 

Operating biofilm (or immobilized-cell) bioreactors provides all the advantages 

outlined in the previous section. It provides for more robust wastewater treatment 

processes, it allows for the use of high concentrations of attached cells and also allows for 

operating the reactor at low residence times. Since the cells are attached in the form of a 

biofilm, there is no risk of washing out most of the biomass. 

Biofilm reactors are operated in many configurations. Trickling filters, rotating 

biological contactors, packed bed or fluidized bed, are some of the most common reactor 

configurations used in wastewater treatment (Mendez and Lema, 1992). For this work, 

the fluidized bed reactor is used. 

These bioreactors consist of a reactor packed with a solid material. This material 

acts as a support for the immobilization of the bacterial cells. The fluid phase is passed 

through at a high flow rate in order to achieve fluidization of the support material. 

Fluidized bed bioreactors have recently received a lot of attention due the number of 

advantages associated with their operation (Godia and Sola, 1995). Some of the include a 

large surface area for biomass immobilization and growth, good mixing of biomass and 

substrate, high mass transfer and substrate utilization rates, and a low pressure drop 

across the column when compared to other packed reactors (Nicolella et al., 1997). In 
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addition, if the bioreactor will be working with aerobic cells, fluidized beds provide 

higher oxygen transfer and better mixing. This minimizes stratification of biomass and 

prevents parts of the bioreactor from becoming anaerobic (Flanagan, 1998). 

2.2.7 Biosorption of metals 

Another type of bioreactor uses what is called artificial immobilization. In this 

case, bacterial cells are captured or bound to a support by physical or chemical means. 

Another important difference is that growth and replication of the immobilized cells is 

not necessary or even undesirable (Bryers and Characklis, 1990). 

One example of this type of process is the biosorption of metals. In biosorption, 

the surface properties of the cells are used to bind certain metals from metal-containing 

wastewater. Different microorganisms have various cellular structures on their surface 

that might act as chelators for metals. This usually occurs when negatively charged 

groups on the surface of the cell interact with positively charged metal ions (Wase and 

Forster, 1997). 

Adsorption of metals to the cell surface is usually a reversible process. The 

mechanisms by which metal ions bind onto the cell surface include van der Waals forces, 

covalent bonding, redox interactions, extracellular precipitation, or some combination of 

these (Blanco et al., 2000). This means that the cells act as ion exchange resins, 

temporarily adsorbing metals from solution, and then releasing them when the pH is 

changed, thus allowing for metal recovery. 
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3. MODEL THEORY 

The objective of this chapter is to describe the mathematical and physical 

concepts behind the different models used in this work. Where possible, the experimental 

results obtained in this work are explained in terms of the physical or biological concepts 

that are developed in the literature. In this work both batch and continuous experiments 

were performed and the data collected was analyzed using the appropriate mathematical 

model. 

3.1 Monod kinetics 

The dependence of bacterial growth on substrate concentration is described in 

very different ways. The most common model was developed by Monod, who 

empirically observed that the growth dependence of bacterial cells on the amount of 

substrate concentration is described as having a linear relationship for low concentrations. 

Similarly, at high concentrations most bacterial growth is independent of subsequent 

increases in substrate concentration (as long as there is no inhibition by the substrate). 

Monod proposed the following empirical relationship: 

• _Bn̂  3 1 
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where, 

// = specific growth rate, h'' 

/imax = maximum specific growth rate, h'^ 

C = substrate concentration, mg/cm^ 

Ks - half-saturation constant, mg/cm^ 

It is important to note that Monod's equation does not come from fundamental principles, 

but is an empirical relationship. As such, it greatly oversimplifies the phenomena 

involved in bacterial growth. On the other hand, it is a simple relationship that seems to 

provide a good description for a wide variety of bacterial populations (Bailey and Oliis, 

1986). 

3.2 Adsorption isotherms 

The adsorption of IPA on activated carbon is a complex process that involves the 

interaction of IPA molecules with the different types of functional groups that are present 

at the surface of the activated carbon. In this work, the time scale for IPA adsorption on 

GAC was assumed to be much faster than the time frame for the biodegradation of IPA 

by the biofilm. Thus, equilibrium has been assumed to be reached between the adsorbed 

phase and the fluid phase (pore). Adsorption isotherms are plots relating the equilibrium 

concentration of the adsorbed species to the different concentrations in the fluid phase. In 

this work, the adsorption isotherms were analyzed using Langmuir's model: 
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q^axKC 
q = l2S 32 
^ 1 + KC 

where, 

q - concentration in the adsorbed phase, mg adsorbate/mg adsorbent 

qmax - maximum adsorption capacity, mg adsorbate/mg adsorbent 

K = Langmuir's constant, mg adsorbent/mg adsorbate 

In contrast to Monod's equation, Langmuir developed this relationship from fundamental • 

principles, which assume first order adsorption kinetics with respect to the adsorbate 

concentration (second order overall). It also assumes first order desorption kinetics with 

respect to the number of adsorbing sites, and that the adsorbate does not form more than 

one monolayer on the adsorbent (Cooney, 1999). 

3.3 Bioreactor model development 

The fluidized-bed bioreactor system in this study consists of two main phases: the 

bulk phase and the bioparticle phase (figure 3.1). The bulk phase involves the entrance of 

IPA in the feed to the bioreactor and the transfer of this IPA into the bioparticles. 

Because the recycle ratio in the system is high (>350) the concentration of IPA, pH, and 

oxygen content are assumed to be homogeneous throughout the bioreactor. Thus, the 

behavior of the bioreactor is approximated by that of a continuously stirred-tank reactor 

(CSTR) which simplifies the analysis (Tien and Andrews, 1981). The conservation 

equation for IPA in the bulk phase is given by equation 3.3 where the rate of change of 
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OO 

L(t) x = ® 

c 

Figure 3.1 Schematic showing the two main phases in the reactor. The 
diagram to the left represents a portion of the reactor's 
bulk phase, while the diagram to the right represents a 
blow up of a bioparticle close to the biofilm-bulk phase 
interface. 

IPA in the reactor depends on the dilution factor of incoming IPA in the reactor 

and the flow of IPA into the bioparticles. 

3.3 
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where, 

Cb = concentration of IPA in the fluid phase, mg IPA/cm^ 

Cf = concentration of IPA in the feed, mglPA/cm^ 

F= reactor fluid volume, cm^ 

V = volume of the GAC packing, cm^ 

F = inlet flow to the reactor, cm^/h 

Nipa = total mass transfer of IPA into the bioparticles, mglPA/cm^ h 

At the beginning of operation, there is no IPA present in the fluid phase, which is given 

by the initial condition: 

Cfl=0 at r = 0 3.4 

The total mass of IPA into the bioparticle, Nipa, is obtained by solving the 

conservation equations for the bioparticle phase. These equations are based on the 

following assumptions: 

- The GAC particles are spherical and of a uniform diameter. However, the biofilm 

thickness is small enough compared to the diameter of the particle so as to assume 

Cartesian geometry applies. 
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- The biofilm grows as a homogeneous medium around the GAC particle, that is, 

its density does not vary and the substrate diffiisivity in the biofilm is constant, 

which is realistic for this case in which a very thin biofilm is formed. 

- IP A is the limiting substrate and all other substrates are supplied in excess. 

- The microbial culture forming the biofilm is treated as a single species and the 

kinetic parameters of the biofilm are approximated by the parameters determined 

in batch suspended cell culture, 

- Even though the thickness of the biofilm is growing with time, it does so slowly 

enough to allow for a steady-state profile to be reached inside the biofilm. 

- The kinetics of bacterial growth is described by the Monod equation and the 

equilibrium adsorption of IPA into the GAC is described by Langmuir's equation. 

The IPA conservation equation in the bioparticle phase describes the transfer of IPA 

through the biofilm by diffusion and the bacterial consumption of IPA in the biofilm 

following Monod kinetics as well as the adsorption of IPA on the GAC. This expression 

is written as: 

=0 3-S 
Y K , + C „  

DiPA 

Cbf 

"J 
- effective diffusion coefficient of IPA in the biofilm, cm /h 

= concentration of IPA in the biofilm, mg IPA/cm^ 
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fimax - maximum specific growth rate and, h"' 

Ks - half rate constant for IP A, mg IPA/cm^ 

Before the IPA in the bulk phase is transported into the bioparticle phase, it has to 

overcome the external mass transfer resistance associated with the bioparticle. There is 

evidence in the literature that mass transfer resistance is negligible in most cases (Grady, 

1983; Wang and Chi, 1984) and according to Bailey and Ollis (1986) having a Biot 

number on the order of 100 or greater justifies assuming that the external mass transfer 

resistance is negligible. For this system, an estimate of the external mass transfer 

coefficient was obtained using a correlation developed by Wilson and Geankoplis 

(Wilson, 1966). The Biot numbers for this system were consistently above 250. 

Consequently, mass transfer resistance is considered insignificant in this model, thus the 

boundary condition at the biofilm-bulk fluid interface is given by: 

C^f = Cfl at X = L(t) 3.6 

Where the thickness, L, of the biofilm is considered as growing with time. Similarly, 

since there is adsorption of IPA in the GAC particle, the boundary condition at the GAC 

particle-biofilm interface is given by: 

Cbf = Q at x = 0 3.6a 
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where. 

Ce = interface concentration in equilibrium with adsorbed phase, mglPA/cm^ 

The value of Q is obtained by taking into account the balance at the interface of the 

biofilm and the activated carbon particle: 

where, 

kc,AC - solid film mass transfer coefficient, h'' 

q* = equilibrium adsorbed concentration, mg IPA/mg GAC 

q - adsorbed phase concentration, mg IPA/mg GAC 

In equation 3.7, the fluid concentration Ce is related to the equilibrium adsorbed 

concentration q* as described by the Langmuir relation (equation 3.2). 

By solving equations 3.5-3.7 numerically, the profile of the concentration of IP A 

inside the biofilm is obtained. From this profile, total flow of IP A into the bioparticle, 

Nipa, is evaluated: 

^gacA'JAC 

3.7 

dC„ 
3.8 
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where a is the surface/volume ratio. Simiiaxly, the flow of IPA from the biofilm into the 

activated carbon particle is evaluated: 

^ ADS ~ IPA 

dC bf 

dx 
3.9 

x=0 

Since the biofilm thickness is dependent on time, a conservation equation that 

describes the growth of the biofilm with time is integral to the model. This growth is 

dependent on the transfer of IPA into each particle and the tranfer of IPA into the 

activated carbon particle, thus the biofilm thickness equation is written as: 

3.10 
dt p^a 

where, 

L = thickness of the biofilm, cm 

Y = bacterial yield coefficient, mg cell produced/mg IPA consumed 

a= surface/volume ratio, cm"' 

Ph = biofilm density, mg cell/cm^ 

Nipa ~ total mass transfer of IPA into the bioparticles, mglPA/cm^ h 

Nads ~ total mass transfer of IPA into the GAC particles, mglPA/cm^ h 
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It is assumed that at the beginning of operation, the thickness of the biofilm is very small 

compared to the size of the GAC particles and this parameter is fit based on continuous 

flow experimental data. The initial condition for equation 3.10 is given by; 

L = l^ at / = 0 3.11 

Since the IPA that does not get degraded in the biofilm is adsorbed in the 

activated carbon, an adsorbed species balance is also needed. This is given by the 

following relation, which states that the rate of adsorption to the GAC is proportional to 

the transfer of IPA into the GAC particle: 

dq _ 

PGAC 
N^s 3.12 

where, 

q = concentration of adsorbed IPA, mg IPA/mg GAC 

-3 
^AC ~ void fraction in GAC, cm pore/cm GAC 

PGAC = density of GAC, mg GAC/cm^ GAC 

At the beginning of operation, the GAC is fresh and IPA has not yet adsorbed, so the 

initial condition for equation 3.12 is given by: 

q = 0 at t = 0 3.13 
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The terms accounting for the transfer of IPA, Nipa and Nads, which appear in 

Equations 3.3, 3.10 and 3.12 are unknown and must be obtained by solving equations 3.5 

- 3.9 numerically. So for each time step iteration of equations 3.3, 3.10 and 3.12, the 

system described by equations 3.5-3.9 must be solved. It should be noted that equation 

3.5 is a nonlinear equation and cannot be solved analytically. If, however, the average 

IP A concentration in the biofilm is assumed to fall in the linear range of Monod's 

relationship, then equation 3.5 simplifies significantly and can be solved analytically. In 

this model, both the linear and non-linear forms of the Monod equation were used with 

similar results. 

It is important to note that even though the biofilm thickness is changing with 

time, the bioparticle phase equations do not have a transient element (equation 3.5). The 

assumption is that the characteristic time for biofilm thickness growth is much smaller 

than the characteristic time for IPA diffusion and consumption in the biofilm. The use of 

steady state models for approximating biofilm behavior even when biofilm thickness 

changes with time have been justified in the literature (Skowlund, 1990). 

3.4 Biosorption model 

In order to describe the biosorption of copper on a fixed bed of alginate-cells 

beads, the following mass transport processes can be considered to occur: there is first 

the mass transfer occurring due to axial dispersion in the intraparticle fluid phase, there is 

also mass transfer between the fluid and the alginate particle. Copper then diffuses into 
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the particle and adsorbs reversibly on the sites located inside the particle. These processes 

can be described mathematically by equation 3.12 

3.12 
dz dz ^ dt 

where, 

Ez = axial dispersion coefficient 

Ccu = Concentration of copper in bulk phase 

u = interstitial fluid velocity 

8 = void fraction in the bed 

No = mass flux of copper from the fluid to the particle 

The mass flux of copper from the fluid to the particle, No, maybe described in terms of 

the fluid-particle mass transfer coefficient: 

N „ - k , ( C - C 3 )  3 . 1 3  

A Two-phase exchange model has been proposed in the literature (Belter, 1988; 

SuzuM, 1990) by taking the axial dispersion term in 3.12 to be negligible and by 

considering local equilibrium to occur. By solving equation 3.12-3.13 assuming a large 

peclet number (>40), the solution can be simplified further to obtain equation 3.14. 
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/ 

C 1 
-^ = - 1 + erf 
Cfeed 2 ^ V2ato 

3.14 

where, 

C'cu = the concentration of free copper ions in solution at time t, ppm 

Cfeed - the initial concentration of free copper ions in solution ppm 

t = time, h 

to = characteristic time, h 

crto = a measure of the slope of the breakthrough curve representing 

a standard deviation 

This model relates the copper ion concentration in the effluent to column 

residence time through two parameters, a and to. The parameter to is related to the 

adsorption capacity of the column, the length of the packed column and the interstitial 

fluid velocity. The parameter a is related to the fluid-particle mass transfer coefficient, 

the length of the column and the interstitial fluid velocity. Thus by rurming experiments 

at different fluid velocities for a specific packed column length, a relationship between to 

and CT as a function of velocity can be obtained. This can be used to predict behavior of 

the biosorption column at different operating conditions. This approach was used in 

section 7.5 to compare this model to the experimental data obtained in this work. 
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4. EXPERIMENTAL PROCEDURES AND SETUP 

The approach taken in this study was to develop an understanding of the 

biotreatment of IP A and copper through experimentation and analysis of the results. 

Experimental studies in bioreactors are challenging due because living organisms are an 

integral part, and as such, the interactions that are possible are difficult to observe and 

measure as a whole. In this work, the characterization of the bacterial strains and the 

evaluation of bacterial parameters were done in batch mode where conditions were easily 

controlled. These results were later applied to the continuous bioreactor operations. In 

this chapter, the methods and techniques used in this study are discussed in detail. 

4.1 Bacteria selection and acclimation. 

As it has already been mentioned, the ultimate objective of this project is to be 

able to treat biologically streams of semiconductor waste that contain organic compounds 

and copper. These streams are usually a complex mixture of different types of organic 

and inorganic compounds as well as particles (Mendecino, 1999). The initial approach 

consisted of choosing a model organic compound (in this case IP A) and copper to start 

testing the bioreactor systems. The selection of bacteria to be used was based primarily 

on finding the individual strains or communities of strains that were capable of degrading 

IP A efficiently and provided the best adsorption of copper. Initially this project was 
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divided on two focus areas, one centering in IPA degradation and one on copper 

adsorption. 

Degradation of IPA was approached by taking samples of activated sludge from 

local wastewater treatment facilities. These samples were allowed to grow in batch shake 

flasks containing AMI growth medium, which consists only of nitrate and sulfate salts 

(see Appendix A for details), and adding 5000 ppm of IPA as a source of carbon. Cells 

were then grown in a BIOFLO lie (New Brunswick Scientific, Edison, NJ) with a culture 

volume of 1.25 L. This bioreactor was supplied with excess oxygen at a controlled pH of 

7.0. This enriched several times to ensure the selection of the IPA-degrading bacterial 

strains from the activated sludge sample. This community of bacteria was subsequently 

grown in modified versions of AMI growth media containing fewer amounts of salts (see 

Appendix A for details). In addition, the culture was gradually acclimated to lower 

concentrations of IPA until obtaining a community of bacteria capable of growing at 100 

ppm of IPA. The resulting mixed culture of bacteria strains was used throughout this 

project to degrade IPA. 

For the adsorption of copper, the approach taken was similar to the one described 

for IPA, only that several soil and wastewater samples known to contain copper were 

used to select copper adsorbing bacteria. Different strains were identified and isolated to 

subsequently test their copper adsorption capacity. Of the strains isolated, the strain 

identified as Soil 5Y exhibited the highest copper binding capacity. This strain was 

selected for the copper adsorption experiments in this work. The work on copper 

adsorption was originally carried out by Leah Stanley and is previously described in 
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detail (Stanley, 2000). The techniques and findings from that work are applied to some 

parts of this study. 

4.2 Bacterial growth 

In order to gain a broader understanding of the bacterial strains selected for IP A 

degradation, the characteristics of the mixed culture were studied. The individual strains 

from the mixed culture were isolated with the help of Dr. Morven McAllister, and 

subsequently sent to a microbiology lab were they were identified with the help of Dr. 

Leonid Kulakov. 

The growth curve for the mixed culture, which characterizes its growth behavior 

under set conditions, was then obtained by monitoring the change in the cell 

concentration over time. These experiments were carried out in 1-L Erlenmeyer flasks 

capped with a foam top to allow for oxygen diffusion into the flask. 250 ml of growth 

medium with a concentration of 1000 ppm of IP A was used in every experiment and 

subsequently inoculated with 5-10 ml of mixed culture. The flasks were then placed in a 

flask shaker at 150 rpm. The amount of cells in the flask was monitored over time by 

measuring the optical density (OD) of the culture. OD was determined by analyzing 0.5-

ml samples of the culturc in a Spectronic® Genesys5 UV-Visible Spectrophotometer at 

600 nm. The experiments were performed in triplicate to determine an average growth 

rate for the mixed culture. The runs were monitored until the stationary growth phase was 

reached. 



57 

4.3 Determination of Monod parameters and yield coefficient 

The parameters used in the Monod kinetics expression were determined by 

carrying batch shake-flask experiments with a suspended mixed culture at different 

starting IP A concentrations. The procedure used for determining growth curves described 

in the previous section was also used to determine the Monod parameters. In this case, 

the growth curves were only monitored until the early part of the logarithmic growth 

phase was reached, in order to determine the initial growth rate. The concentration of IP A 

in each run was varied to determine the dependence of initial growth rate with IPA 

concentration. The cell concentration was initially kept low in order to minimize changes 

in IPA concentration during the lag phase. To study the dependence of the Monod 

parameters on the pH of the solution, AMI growth media was prepared at different pH 

values, and the procedure described in this section was followed for each different pH. 

The determination of the yield coefficient for this study was carried out by 

analysing the increments of biomass and monitoring the change in IPA concentration in a 

batch flask over time. These experiments were done with suspended cells. The change in 

biomass weight was determined by taking 0.5 ml samples from the culture at different 

times, allowing them to dry in a desiccator, and weighing them until constant weight was 

achieved. The change in weight was then correlated with the change in IPA 

concentration. To study the dependence of the yield coefficient on the pH of the solution, 

AMI growth media was prepared at different values of the pH, and the procedure 

described in this section was followed for each different pH. 
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4.4 Sterilization procedures 

Ail the glassware and solutions used in the previous sections to culture, isolate, 

and study the bacterial cultures used were sterilized to prevent contamination from 

unknown microorganisms. This was accomplished by autoclaving glassware, solutions, 

and equipment at 121 °C and 0.115 MPa before its use in an experiment. The length of 

the sterilization procedure depended on the presence of liquids. When autoclaving dry 

glassware or equipment, the sterilization cycle lasted 30 minutes. If autoclaving 

solutions or other liquids, the sterilization cycle lasted 60 minutes. Other products used in 

the experiments such as serological pipettes, micropipette tips, and vials were either 

prepackaged sterile or autoclaved as described above used only once. When transferring 

sterile solutions, standard aseptic transfer techniques were used (Madigan, 2000). 

4.5 Adsorption Isotherms 

Equilibrium adsorption isotherms were obtained for the adsorption of IP A on 

granular activated carbon (GAC) by performing batch experiments. A sample of 0.15 g of 

autoclaved GAC (Calgon, PCB 12x30) was mixed in a vial with 20 ml of a solution 

containing a known concentration of IP A. The IPA solutions were adjusted for a specific 

IPA concentration and a specific pH. The vials were left in a rotating shaker for 24 hours. 

Samples of the IPA solution were obtained prior to mixing with GAC and after 24 hours. 

The IPA samples were analyzed to determine the IPA concentration. The amount of 

adsorbed IPA was indirectly obtained based on the amounts of IPA in solution before and 

after contact with GAC. 



59 

4.6 Fluidized-bed bioreactor for IP A biodegradation 

The continuous flow experiments for IPA degradation were carried out in a 

fluidized-bed bioreactor. The IPA-degrading mixed culture was immobilized onto a 

support previously packed into the bioreactor. The support selected for cell 

immobilization was Galgon PCB 12x30 granular activated carbon (Calgon Carbon Corp., 

Pittsburgh, Pennsylvania), which has an average particle diameter of 0.75 and an 

sphericity of 0.75. Granular activated carbon (GAC) is widely used throughout the water 

purification and waste water treatment industries, and this type is regarded as a industry 

standard in the production of ultrapure water (UPW) as well as in the treatment of recycle 

streams in semiconductor manufacturing (Schmotzer, 2002). Use of GAC also provides a 

safety factor in an industrial system in case bacterial activity is low or a spike of IPA 

occurs in the system; the GAC then would serve as an adsorbent. 

4.6.1 Fluidized-bed bioreactor setup 

The reactor setup (figure 4.1) consisted of a 250-mi PVDF column (3.4 cm ID x 

25 cm) that is connected to a 750-ml reservoir resulting in a total reactor volume of 1000 

ml. The column is packed with 50 g of granular activated carbon that was previously 

autoclaved at 121 °C for 1 hour. The carbon bed was washed prior to reactor startup by 

passing 10 L of autoclaved deionized water through the column to remove carbon fines. 

The contents of the reservoir are circulated through the column at a flow rate of 300-310 

ml/min using a peristaltic pump. This circulation flow rate allows a bed expansion of 
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approximately 15 %. The wet-bed height of the column is 16 cm. The operating 

conditions of the reactor are controlled in the reservoir vessel, pH is maintained at 7.0 by 

automatic addition of 0.1 M NaOH and 0.1 M H2SO4, agitation is maintained at 200 rpm, 

and air is continuously bubbled to maintain an excess level of dissolved oxygen. The feed 

solution was delivered to the reservoir vessel by a peristaltic pump. The column is 

equipped with fittings that allow for easy and leak-free connection to flexible tubing for 

its use in peristaltic pumps. The column is also fitted with interchangeable side ports that 

allow for sampling at different column lengths either with a syringe or by flow out of the 

port. 

Fluidized 

Column 

Waste Inlet 

Waste Outlet 

Peristaltic 

Pump 

Reservoir 

Figure 4.1 Schematic diagram of the flaidized-bed bioreactor for BPA degradation 
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4.6.2 Bioreactor operation 

At the beginning of operation, the bioreactor is run in'a batch mode, with the 

contents of the reservoir circulating through the fluidized bed. At this point, the 

bioreactor contains only modified AMI media without IPA. The bioreactor is then 

inoculated with concentrated mixed-culture cells, which act as a seed for the bioreactor. 

After inoculation, the reactor is run in batch mode for 5-7 days to allow the cells to 

become attached to the support and form the seed for future biofilm growth. 

After the attachment phase, the bioreactor is switched to its continuous mode by 

starting the feed into the reactor. The feed consists of modified AMI media with IPA. 

The concentration of IPA in the feed varied in the experiments conducted. An initial feed 

flow rate of 100 ml/hr was used to maintain a residence time of approximately 20 hrs. 

The feed flow rate and the residence time changed depending on the experimental run. 

From this moment and throughout the rest of the experiment, the IPA concentration in the 

effluent from the reactor was monitored. 

4.63 IPA and pH spike experiments 

Once the bioreactor was started, it was allowed to reach a steady state, which was 

defined when the IPA concentration in the effluent reached a constant value. Once at 

steady state, the bioreactor was subjected to sudden changes in inlet IPA concentration 

and sudden changes to inlet pH. The IPA spikes, or step inputs, were carried out by 

suddenly changing the IPA concentration in the inlet to a higher value. This step in IPA 
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coacentration was kept for a specific amount of time (typically 5-10 hours) and then the 

feed was switched back to the original IPA concentration. In the case of the pH spikes a 

similar procedure was followed, the step was introduced by suddenly changing the value 

of the pH, which is being controlled automatically, to a lower value. The step in pH was 

kept for a specific amount of time and then the pH was switched back to the original 

value. In both cases, the IPA concentration in the effluent was monitored before, during, 

and after the spike. In both cases the IPA concentration in the effluent was allowed to 

return to the steady state level before starting a new experiment. 

4.7 Packed-bed bioreactor for copper adsorption 

The continuous flow experiments for copper adsorption were carried out in a 

packed-bed bioreactor. The Soil 5Y strain selected for the adsorption experiments was 

immobilized in a support and packed into the bioreactor. The bioreactor set-up for copper 

adsorption (fig 4.2) consisted of a 50-ml Kontes Flex-Column (Vineland, New Jersey) 

connected to a low flow peristaltic pump. The feed copper solution was kept in a 

reservoir from which it was pumped through the column. The column has an internal 

diameter of 2,5 cm and a length of 10 cm, and it is equipped with a 20 mm polyethylene 

disc that serves as support for the packing media. The column is also equipped with 

polypropylene Luer-lock fittings that allow for easy connection to the tubing. The 

peristaltic pumps used were part of a BIOFLO 3000 (New Brunswick Scientific, Edison, 

NJ) system, and were used for their low flow rating. 



63 

Waste 
outlet 

Packed Bed with 
Y5/Alginate beads 

Waste 

Figure 4.2 Schematic diagram of the Packed-bed bioreactor for Cu adsorption. 

4.7.1 Growth, harvest and immobilization of Soil SY strain 

The method of immobilization chosen for the Soil 5Y cells used for copper 

adsorption involved the encapsulation of the cells in a polymer matrix. In this case, 

alginate was selected to serve as polymer. 

Soil 5Ycells were initially grown in R2A medium (see Appendix A for details) 

using a 2-liter VirTis® Omni-Culture bioreactor with an agitation rate of 200 rpm and 
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with an excess supply of oxygen. The cells were grown to an optical density of ~1.0 and 

then harvested. The harvested broth was placed in centrifuge bottles and was centrifuged 

for 15 min at 7500 rpm. After centrifuging, the supernatant was discarded and the cells 

were re-suspended in 100 mM phosphate buffer (see Appendix A for details) to maintain 

osmotic pressure and keep the cells from lysing. The cell solution was centrifuged and 

washed in 100 mM phosphate buffer two more times to eliminate any excess R2A. After 

the third wash, the cells were re-suspended in 15 ml of deionized water. From the 15 ml 

concentrated cell solution, three 0.5 ml samples were placed in a pre-weighed boat and 

dessicated to determine the dry-cell concentration in the concentrated cell solution. From 

the remaining solution, 10 ml were used in the immobilization procedure and the 

remaining solution was used to make freezer stocks (see Appendix A for details) for 

future use. 

For the immobilization of Soil 5V cells, the 10-ml concentrated cell solution was 

mixed with 2% weight to volume ratio of alginic acid sodium salt solution (see Appendix 

A for details) until the mixture was homogeneous. The cell-alginate solution was then 

passed through a peristaltic pump with an attached 16G VA in. needle and dropped into a 

stirred beaker with 0.1 M calcium chloride solution (see Appendix A for details). Upon 

contact with the calcium chloride, the cell-alginate drops formed insoluble gel beads 

approximately 2 mm in diameter. After the beads were made, they were left stirring for 

24 hours to enhance their mechanical stability. 
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4.7.2 Packed-bed reactor operation 

Once the beads were ready, they were packed into the column and washed with 

10 volumes of deionized water to remove any excess calcium chloride. Operation was 

then started by pumping a solution of copper (typically 50 ppm). In some experiments, a 

mixed solution of copper and IP A was used to study the effects of IP A on copper 

adsorption. The effluent from the column was analyzed for copper and IPA content 

periodically. The experiments were followed until a complete breakthrough curve was 

obtained, which happened when the concentration of copper in the effluent was equal to 

the concentration of copper in the feed. In addition, column breakthrough experiments 

were performed using beads without cells. These experiments were done to assess the 

amount of copper that could be bound to the alginate matrix. 

After each experiment, copper was recovered from the beads before discarding 

them. This was accomplished by eluting the bound copper with a 0.1 M HCl solution. 

After the copper was eluted, the beads were autoclaved, to make sure the cells were no 

longer viable, and then discarded. All experiments were started with newly made beads. 

4.8 Simultaneous adsorption of copper and biodegradation of IPA 

Experiments involving the simultaneous adsorption of copper and biodegradation 

of IPA were performed by following two main approaches: using a one-bioreactor system 

and using a two-bioreactor system. 

When using a one-bioreactor system, the set up was identical to the one used for 

the adsorption of copper experiments (fig 4.2). The difference between the two came 
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when selecting the microorganism to be immobiiized in the packed-bed reactor. For the 

case of the simultaneous removal of IPA and copper the goal was to degrade IPA while 

adsorbing copper. The bacterial strain selected was chosen from the many strains 

composing the IPA mixed culture. A strain, IPA4, was selected because it provided with 

the highest IPA degradation rates while still being able to adsorb copper, IPA4 was thus 

immobilized in an alginate matrix as described in section 4.6.1. The experiments were 

then carried out as described in section 4.6.2, only that the feed included both IPA and 

copper. In addition, the concentrations of both IPA and copper in the effluent were 

monitored over time. 

Effluent 
IPA 
Degradation 
Fluidized Bed 

Recycle 
loop 

Cu adsorption 
Packed Bed 

Sampling 
ports 

AMI feed 
Reservoir 

pump 
Cu + IPA 
Feed pump 

Figure 4.3 Schematic diagram of system used for simultaneous removal of 
copper and IPA. 



67 

When using a two-bioreactor system, the set up (fig 4.3) was obtained by hooking 

up the packed-bed system for copper adsorption in series with the fluidized-bed system 

used for IP A degradation. The IP A mixed culture was immobilized onto the granular 

activated carbon in the fluidized-bed as described in section 4.5. The operation of the 

fluidized bed column followed the procedure described in section 4.5.1 and the system 

was allowed to go through the attachment and start up phases and, finally, reach steady 

state. Only after the fluidized-bed system reached steady state, were the two systems 

(fluidized-bed and packed-bed) ran in series, with the copper adsorbing reactor coming 

first, followed by the IPA-degrading reactor 

In the case of the packed-bed system, the same procedures as those described in 

section 4.6 were used. Soil 5Y cells were immobilized into the alginate matrix as before. • 

Once the two systems were connected in series, the simultaneous removal of IP A and 

copper began by feeding a copper and IP A solution to the two-reactor system. A separate 

feed line provided AMI media directly to the IPA-degrading reactor. Copper 

concentration was monitored in the effluent from the packed-bed column only while 

changes in IP A concentration were monitored in the effluent of the fluidized-bed only. 

4.9 IPA and copper analysis 

IPA in the fluidized bed reactor was monitored by withdrawing liquid samples (~ 

0.5 ml) from the reservoir vessel and placing them in 0.2 \m. Spin-X centrifuge tube 

filters (Coming Inc., Coming, NY). The samples were centrifuged at 13,000 rpm for 2 

minutes. The filtrate liquid was analyzed in a Hewlett-Packard 5790 Gas 
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Chromatography (GC) system equipped with a flame ionization detector and a 30 m x 

0.53 mm ID DB-WaxETR capillary column (Hewlett-Packard, Wilmington, DE), The 

samples were analyzed at an oven temperature of 50-80 °C, a detector temperature of 275 

°C, an injector temperature of 130 °C, and with a column pressure of 15 psig. The 

detection limit for IPA was found to be 5-7 ppm. Each sample was run a minimum of 

three times through the GC and the average of the runs was used. The error bars in the 

results represent the 95% confidence intervals around the average value. The actual IPA 

concentration (in ppm) was calculated by obtaining first a relationship between the IPA 

peak areas given by the GC and IPA concentration in ppm. This relationship was 

obtained by performing a calibration curve with IPA samples of known concentration. 

The calibration curve (fig 4.4) obtained was then used to back-calculate IPA 

concentration in the unknown samples. 

In order to determine total copper present in our copper adsorption experiments, 

samples of 2-5 ml were collected and run through a Perkin-Elmer 2380 Flame Atomic 

Adsorption Spectrophotometer (AAS) with an air/acetylene flame. The AAS was 

calibrated by using two copper standards with concentrations of 10 mg Cu/1 and 30 mg 

Cu/1 respectively. The standards were prepared using a 1000 mg Cu/1 Weiss Research 

Copper Nitrate Standard. The AAS took ten different readings of each sample and 

calculated an average of the ten readings and a standard deviation. The data is reported as 

the average of those ten samples and the error bars represent the 95 % confidence 

intervals around the average value. 
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Figure 4.4 Calibration curve for IPA in gas chromatography. Diamonds 
represent experimental data points; solid line represents 
regression line (equation shown) for calibration curve. Inset grap 
shown represents the calibration curve extended to 1000 ppm. 



5. TRANSIENT BEHAVIOR OF FLUIDIZED-BED REACTOR: 

CHANGES IN IPA FEED CONCENTRATION 

The experiments conducted in this chapter were performed to study the 

fundamentals of the biodegradation of isopropyl alcohol (IPA) as well as its application 

to the treatment of wastewaters produced during the manufacture of semiconductor 

devices. As it has already been mentioned, the focus of this study is in treating 

wastewaters containing organic compounds in the low ppm - ppb range. Even though 

real wastewater will be a mixture of several organic and inorganic compounds (Weber et 

al, 1999), a single model compound was initially used. IPA was selected as a model 

compound because of the difficulty that its removal (at low concentrations) poses for 

treatment systems. In addition, organic compounds containing the isopropyl group were 

identified as being more difficult to biodegrade (Niemi, 1987) suggesting that IPA in 

waste streams may be more problematic for biotreatment than other alcohols. 

In the case of the biodegradation of IPA, a bacterial consortium was isolated that 

proved capable of degrading IPA. A bioreactor was then developed, immobilizing the 

bacterial consortium in its packing, and its behavior characterized. Based on data 

collected from batch experimental studies conducted with the consortium, a mathematical 

model describing the diffusion-biodegradation-adsorption of the IPA was developed, 

tested and compared with experimental data. 
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5.1 Selection of bacterial consortium 

The initial task of this study was to obtain microorganisms capable of degrading 

the model organic compound used for this study, IP A. The approach selected consisted of 

taking activated sludge samples from a local wastewater treatment plant to look for 

microorganisms that matched our criteria: being able to degrade IP A in the concentration 

range of 1-1000 ppm in a mineral salts growth media (as described in 4.1). The bacterial 

consortium obtained was continuously grown and acclimated until it was able to grow in 

100 ppm of IP A and a modified version of the growth media that contained a lower 

concentration of mineral salts (Appendix A). This bacterial consortium was subsequently 

used in all immobilization experiments and batch kinetic studies. 

With the help of Dr Morven McAllister and Dr. Leonid Kulakov, the individual 

bacteria strains present in the consortium were isolated and identified using 16SRNA 

identification methods (Kulakov et al,, 2002). Table 5.1 is a list of the different strains 

present in the consortium, aiid the percent homology with each known strain. 

5.2 Bacterial growth curves 

As part of the study and characterization of the bacterial consortium, the growth 

curves associated with the growth of the consortium under specific conditions were 

obtained. The growth of a bacterial strain or consortium is the increase in number of 

cells or in bacterial mass. In this case, the growth curve tracks the growth or increase in 

number of cells of the consortium as time passes. This is an important characterization 

method because it indicates how fast bacterial cells grow in the specific medium and 
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Strain Highest Scoring Strain Homology (%) 

1 Caulobacter 99 

2 Microbacterium terrae 98 

3 Pseudomonas syzygii 99 

4 Variovorax paradoxus 97 

5 Rhizobium sp. 99 

6 R. meditarraneum 99 

7 Stenotrophomonas 
maltophilia 

98 

Table 5.1 List of bacterial strains present in bacterial 
consortium used in this study. Included is 
also the % homology of each strain in the 
consortium with its respective known strain. 

using a specific organic as energy source, in this case IPA. Furthermore, it indicates how 

fast IPA is consumed and is a way of comparing the degradation capacities of different 

bacterial strains. Figure 5.1 shows a plot of the absorbance of the sample at a wavelength 

600 nm (all subsequent absorbance readings reported will be at a wavelength of 600 nm) 

versus time for a batch experiment. The concentration of IPA is 1000 ppm and modified 

AMI growth medium is used. From the figure, it is observed that the growth in cell 

population seems stagnant at the beginning (lag phase) and it remains so for about 30-40 
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hours. Immediately after, a quick growth of ceils is observed and lasts for about 50-60 

hours. After this period of rapid growth is the stationary phase in which there is almost no 

increase in cell population, followed by the death phase in which cells start dying at a 

greater rate than they are growing. For the data in figure 5.1, the experiment was 

completed when the death phase was observed. 

s 
s 
© 
o 
\o 

8 
a 
« 
A h 
s 

< 

20 40 60 80 

Time (h) 

100 120 140 

Figure 5.1 Experimental growth curve for bacterial consortium. IP A 
concentration Is 1000 ppm. Error bars denote 95 % 
confidence intervals. 

In order to better determine when each phase starts and ends, it is more useful to 

plot the natural logarithm of the absorbance readings versus time. This is shown in Fig. 

5.2. In this figure, a more drastic transition between lag phase and exponential phase is 

seen, where the exponential phase will be represented by the linear portion of the graph. 
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In the same way, it is also evident that there is a transition between the exponential phase 

and the stationary phase in which the plot is not linear. This distinction is important to 

make since the growth rate of the consortium at this conditions of substrate concentration 

and growth medium is equal to the slope of the linear portion of the growth curve when 

plotted as natural log of absorbance versus time. Hence, taking more points than 

appropriate in the calculation of the slope could give us an underestimate of the actual 

growth rate, as the growth rate decreases as the curve moves towards the stationary 

phase. In figure 5.3, the linear portion of the growth curve shown in figure 5.2 has been 

plotted as the natural log of absorbance versus time. From these data points, the slope of 

this linear portion and thus the growth rate of the consortium at these growth conditions 

is obtained. As shown in figure 5.3, the growth rate of the consortium is 0.056 ± 0.007 h" 

where the error reported corresponds to the 95 % confidence interval. This growth rate 

means that the cells in the consortium will duplicate approximately every 12 hours. There 

has not been extensive literature dealing with the biodegradation of IP A, although several 

authors have worked with other types of alcohols like phenol and p-nitrophenol (Tang 

and Fan, 1987; Edwards et al., 1994; Hecht et al, 2000). However, the aromatic nature of 

the compounds used does not invite a direct comparison with IPA, which is a smaller, 

more polar and a less toxic molecule. Other authors have looked at the treatment of IPA 

in wastewater and have developed biofilm reactors for it, but have not reported results of 

fiiadamental kinetic studies of IPA biodegradation, and have reported biodegradation 

rates of the immobilized cells (Hwang et al., 1994; Whaley et al., 1998). Furthermore, 

Bustard et al. (2002,2001a, 2001b, 2000) did a series of studies looking at the 
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biodegradation of propanol and IPA in high concentration vapor streams as well as in 

aqueous streams. These studies have been with both pure strains and with bacterial 

consortia. Bustard et al, report growth rates of 0.025 -0.053 h"' (depending on the 

concentration of IPA) when using a consortium of bacteria strains to degrade IPA. This 

result is in the order of the result that was obtained in this work, even though the 

concentrations used by Bustard et al. are 1-2 orders of magnitude greater. 
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Figure 5.2 Experimental Ln growth curve for bacterial consortium 
IPA concentration is 1000 ppm. 

Additional batch experiments were carried out to confirm the previous result. The 

growth rates obtained in the additional experiments were close to the growth rate reported 
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here and the values were within the 95 % confidence interval. The plots with these 

additional experiments are in Appendix B. 
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Figure 5.3 Linear portion of experimental Ln growth curve for 
bacterial consortium. IPA concentration is 1000 ppm. 
Error denotes 95 % confidence intervals. 

5.3 Growth rate dependence on IPA concentration: Monod Parameters and Yield 

Coefficient 

Substrate concentration affects the growth rate at which an individual strain or a 

consortium of strains grows. To study this dependence of growth rates on the 

concentration of IPA, initial growth rates (at the beginning of exponential growth phase) 

for different IPA concentrations were obtained by monitoring absorbance of the culture 
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versus time. The culture was monitored long enough to have enough data points in the 

exponential growth phase, but short enough to make the drop ia IPA concentration 

negligible. The growth rate of the consortium at each concentration was obtained three 

times and the average of the three was used in subsequent calculations. 

Figure 5.4 shows a plot of the average growth rate (h"') as a function of the IPA 

concentration (ppm) in each culture (pH was maintained at 7.0 for all batch cultures). 

Figure 5.4 shows that the growth rate dependence follows the behavior proposed by 

Monod. The kinetic model proposed by Monod for the growth rate of a bacterial strain is 

characterized by being of first order with respect to IPA concentration at low 

concentration of IPA, and zero order with respect to IPA concentration at higher 

concentrations of IPA. Since Monod's model is a two-parameter model (equation 3.1) 

that allows for the determination of growth rates as a function of IPA concentration, it is 

useful to determine the two parameters that characterize each culture at a specific 

condition. In this case, the Monod parameters were obtained for the bacterial consortium, 

at a pH of 7.0, by fitting the Monod equation to the data points in figure 5.4 Monod's 

equation was linearized, and a linear least-squares fit was performed on the data. The 

results are shown in figure 5.5, which shows the specific growth rate as a function of IPA 

concentration with both the experimental data points and the best-fit curve to those data 

points. The maximum growth rate is 0.057 ± 0.005 h"' and the half-saturation constant, 

Ks, is 28 ± 6 ppm. The error reported represent 95 % confidence intervals. The maximum 

growth rate obtained is in agreement with maximum growth rates found in the literature. 

Bustard et al. (2002) report maximum growth rates of 0.053 h"' at 20 degrees Celsius and 
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~ 0.048 h'^ at approximately'30 degrees Celsius. Values of the half saturation constant for 

Monod kinetics were not found reported in the literature. 

Yield coefficient results obtained show average yield coefficients of 0.27 ± 0.04 

mg of cells produced per mg of IP A degraded. Yield coefficients for IP A were not found 

reported in the literature, but values of Y = 0.45-0.85 have been reported for mixed 

cultures degrading alcohols (Hill and Robinson, 1975; Pawlowsky and Howell, 1973). In 

addition, IPA biodegradation rates of O.Ol g L"' h"' were found in this study, which fall in 

the range of 0.005 - 0.05 g L'^ h"' reported by Bustard et al. (2002). 
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Figure 5.4 Specific growth rate of mixed culture as a function of 
isopropyl alcohol concentration. Experiments were 
done in batch mode at a pH of 7. 
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Figure 5.5 Specific growth rate of mixed culture as a function of 
isopropyl alcohol concentration. Experiments were 
done in batch mode at a pH of 7. Circles represent 
the experimental data while the solid line represents 
the best fit of Monod's equation with Umax- 0.057 ± 
0.005 h"' and Ks - 27.8 ± 5.6 ppm. Error bars denote 
95 % confidence interval. 

5.4 Adsorption of IPA on activated carbon 

Activated carbon has the capacity to adsorb some organic compounds. This 

capacity to adsorb organic compounds makes activated carbon useful for many 

wastewater treatment and water purification applications. In this study, activated carbon 
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is being used as a support for the immobilization of a consortium of bacteria. The main 

reason for selecting granular activated carbon (GAC) is that its adsorption capacity 

allows it to act as a cushion for the consortium of bacteria in times when the amount of 

IP A is greater than the consortium's degradation capacity. 

In order to accurately describe the behavior of the bioreactor, it is important to 

quantify the amount of IPA that the GAC support adsorbs. One way to do this is to obtain 

an isotherm by performing batch adsorption experiments. In this case, a Langmuir-type 

isotherm was assumed. The general form of the Langmuir model is described by equation 

3.2. By plotting a linearized form of the Langmuir equation (1/qeq versus l/Ceq), the 

Langmuir parameters, K and qmax, are easily obtained. The linear least-squares fitting 

procedure is used to predict the best-fit line to these data points. From the slope and y-

intercept values of the linearized Langmuir's equation (figure 5.6), the parameters qmax -

0.032 ± .013 mg IPA / mg GAC and K = 3.7 ± 0.77 cmVmg IPA are obtained. Figure 5.7 

is a plot of the concentration of IPA in the fluid phase versus the equilibrium 

concentration of IPA adsorbed on the GAC. The data points indicate the experimentally 

obtained values (error bars represent 95 % confidence intervals), while the continuous 

line represents the Langmuir isotherm that best fits the experimental data. Figure 5.7 

shows that Langmuir's model accurately estimates adsorption behavior for this work. 

This experiment was done at a pH of 7. 
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Figure 5.6 Adsorption Isotherm for IP A on GAC. Diamonds 
indicate experimental data. Continuous line indicates 
best fit of linearized Langmuir model Experiments 
were done in batch mode at a pH of 7. 
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Figure 5.7 Adsorption Isotherm for IPA on GAC. Diamonds 
indicate experimental data. Continuous line indicates 
best fit of Langmuir model using the parameters 
shown. Experiments were done in batch mode at a pH 
of 7. Error bars denote 95 % confidence interval. 
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5.5 Fluidized-bed bioreactor operation: start up phase 

The bioreactor was started in a batch mode with no IPA present and left for 3 days 

to allow the bacteria to attach to the support. After this phase, continuous operation was 

started using growth medium 25 % with IPA as feed. As the continuous operation started, 

the concentration of IPA in the reactor was monitored. Figure 5.8 shows the results of 

two runs, with feed concentrations of IPA of 5000 ppm and 100 ppm respectively. The 

data are plotted as concentration of IPA in the bulk normalized over the feed IPA 

concentration (CB/CF) VS. time. 

These plots of dimensionless IPA concentration show an increase of IPA 

concentration at the beginning of the experiment, when the biofilm thickness was small 

and consisted only of the cells attached to the support during the attachment phase. As the 

biofilm grows, the amount of IPA that was consumed by the biofilm increased and the 

IPA concentration reached a maximum. Upon farther biofilm growth, the IPA 

concentration decreased until it is no longer detectable. Similar behavior of effluent 

concentration in fluidized bed reactors packed with activated carbon as a support has 

been reported by Tien et al. (1981). 

5.6 Effect of IPA shocks on the bioreactor system 

Experiments were done to examine the behavior of the system under the influence 

of sudden changes in the concentration of IPA in the feed. This set of experiments were 

done to study the potential use of the bioreactor system in treating widely changing waste 

streams. These changes were introduced after the system had reached steady state and 
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Figure 5.8 Concentration of IPA in the efRuent as a function of 
time for the start up phase of the bioreactor. Runs 
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represent 95 % confidence intervals. 
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were in the form of step changes in IPA concentration. The duration and the magnitude of 

the step change were varied from experiment to experiment. 

Figures 5.9 and 5.10 contain two plots of transient or shock behavior. Figure 5.9 

shows the behavior of the system after a lOX step change of IPA concentration was 

introduced into a system previously at steady state. The concentration of the feed was 

changed from 100 ppm of IPA to 1000 ppm of IPA for a duration of 10 hours. The 

concentration of IPA in the effluent increased to a maximum value of 42 ppm (C&'Cf = 

0.42) during the step change, which is fairly low considering that the IPA concentration 

step change was 1000 ppm. For analysis purposes, the value of Cf used to graph 

normalized data was kept constant at 100 ppm. Once the step change was finished the 

system returned to its steady-state level in 6 hours. 

Similarly, in Figure 5.10, the concentration was changed from 100 ppm to 500 

ppm for a duration of 5 hours. The concentration of IPA in the effluent increased to a 

Tnaxtmum value of 12 ppm during the step change and once the step change was finished 

it returned to its steady-state level in 4 hours. Table 5.2 shows the different step change 

experiments performed and the observed results of each experiment concerning the 

magnitude of the change in the effluent IPA concentration and the duration of recovery 

(for additional graphs of results see Appendix C). Table 5.2 shows that for a step change 

of 300 ppm feed IPA for a duration of 5 hours, the system did not show any detectable 

change in effluent concentration. This is important to consider when dealing with waste 

treatment of potentially recyclable streams in which the transient nature of the waste 

stream can have a direct effect on the quality of the recycled water. 
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Figure 5.9 Response of bioreactor to a lOX step change in feed 
concentration. The doted line represents the 
concentration in the feed (right axis). Experimental 
values are represented by diamonds. Error bars 
represent 95 % confidence intervals 
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Figure 5.10 Response of bioreactor to a 5X step change in feed 
concentration. The doted line represents the 
concentration in the feed (right axis). Experimental 
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Step Duration Increase in Recovery 
Change (fe) Concentration Time 
(ppm) (%) (h) 

1000 10 42 6 
500 5 12 4 
400 5 5 1 
350 5 4 During step 

300 5 No effect No effect 

Table 5.2 Summary of step change experiments. All step 
changes were started from liO ppm and 
increased to the value indicated in the step 
change column. 

5.7 Estimation of diffusivity of IPA in biofllm and biofilm density 

The effective diffosivities of substrates in the biofilm and the biofilm density are 

very important parameters for processes that use biofilms and particles. These parameters 

have been experimentally measured and reported in the literature. In the case of substrate 

diffusivity, a very wide range of values, from 2- 90 %, of the diffusivities in pure water 

have been reported (Tang and Fan, 1987; Bhamidimarri, 1988). Since diffusivity is a 

parameter that depends on the characteristics of the biofilm, which in turn changes as the 

operating conditions are changed, it is difficult to determine this parameter for every 

different operating condition. Because of this, the approach selected in this study is based 

on letting the diffusivity of IPA vary in our model to best fit the experimental data. The 

same approach is chosen in the case of the biofilm density. The concentrations of IPA 
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and loading rates used in this study are low enough to ensure a thin biofilm. This made 

determination of biofilm thickness by microscopy very difficult and inaccurate. Thus, this 

model contains as adjustable parameters the IPA diffiisivity in the biofilm, the biofilm 

density, and the initial biofilm thickness. 

5.8 Comparison of model and experiment 

The theoretical model proposed for this fluidized-bed system was evaluated using 

the parameters shown in Table 5.3. A comparison between the experimental data and the 

model prediction is shown in Figure 5.11 for the startup phase, in which the model agrees 

fairly well with the experimental data. The main behavior of this phase is captured by the 

model: the initial increase in IPA when biofilm is thin, and the decrease to a steady state 

value once the biofilm is growing. Notably, the model predicts a slightly higher 

maximum IPA concentration and also a faster fall to the steady state value than what the 

experimental data show. This is most likely because the experimentally obtained 

parameters used in this model were obtained from batch experiments with suspended 

cells. The actual yield and Monod parameters in the fluidized-bed colunm might be lower 

than the values obtained from the batch experiments. Still, the model shows that in this 

case the parameters obtained from batch experiments can be used to accurately predict 

reactor behavior. Figure 5.11 also shows that as the reactor reaches steady state, the 

model predicts a higher steady state level than the results obtained experimentally. The 

model predicts a steady state level of 4-5 ppm, which is right at the edge of the IPA 

detection limit observed experimentally. Thus, the difference observed in the steady state 
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levels might be due to the concentration of the samples being beiow the detection limit 

not necessarily zero as shown in the Figure 5.11. 

Parameters Value Units 

MIIIAX 0.057 h-' 

Ks 27.7 ppm 
DIPA 0.03 cm^/h 

FP 0.075 cm 

^X/IPA 0.27 mg cells/mg IPA 

PB 20 nog cells/cm^ 

ho 1.0x10' cm 

Table 5.3 Measured and fit parameters used for 
modeling the fluidized-bed bioreactor 
system. Values of parameters in bold 
were fit to experimental data. 

The model was also compared to the experimental data from the runs subjected to 

IP A shocks. Figures 5.12 and 5.13 show this comparison for the two IP A feed 

concentration step changes that are presented. The agreement between the model and the 

experimental data is very good. In both cases, the model predicts the experimentally 

observed behavior. Figure 5.12 shows the run corresponding to a 1 OX increase in IP A 

feed concentration. Even though the model under predicts the maximum IPA 

concentration and a slightly slower return to its steady state value, it otherwise provides a 

good prediction of the behavior of the system. A similar result is shown in the case of a 
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5X increase in IPA feed concentration (figure 5.13) only this time the model predicts a 

slightly faster return to the steady state value. 

The same values of the adjustable parameters (biofilm density, IPA effective 

diffusivity, and initial biofilm thickness) that were obtained from fitting the model to the 

start up phase data were used in comparing the model to the IPA shock experimental 

data. Table 5.3 shows that a value of the biofilm density of 20 mg dry cells cm'^ was 

obtained from fitting the model. Values of biofilm density for systems using IPA as a 

carbon source were not found in the literature. However, values reported using other 

alcohols as carbon source range from 27 - 152 mg dry cells cm"^ (Tang et al., 1987), and 

20 - 200 mg dry cells cm'^ (Fan et al., 1987). 

Table 5.3 also shows that the value of the IPA effective diffusivity obtained was 

of 0.03 cm^ h"', which is about 85 % of the value of the IPA diffusivity in water estimated 

using the Wilke-Chang equation (Wilke, 1955). According to studies done by Libicki et 

al. (1988) and Fan et al. (1990) biofilm density seems to be what most influences 

substrate effective diffusivity in biofilms. As the fraction of cells in the biofilm increases, 

the effective diffusivity can decrease down to 10-30 % of the substrate diffusivity in 

water. The values obtained in this study are in agreement with these trends since the 

biofilm density found lies in the low end of the ranges reported in the literature making 

the IPA effective diffusivity fall close to the value of IPA diffusivity in water. 
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Figure 5.11 Concentration of IP A in tie effluent as a function of 
time for the start up phase of the bioreactor. Runs 
with feed concentrations of 5000 ppm (diamonds) 
and 100 ppm (open circles) are shown. The 
continuous line represents the effluent concentration 
of IPA as predicted by the model. Error bars denote 
95 % confidence intervals 
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Figure 5.12 Response of bioreactor to a lOX step change in feed 
concentration. The doted line represents the concentration 
in the feed (right axis). Experimental values are represented 
by diamonds and the continuous line represents the effluent 
concentration of IP A according to the model (left axis). 
Error bars represent 95 % confidence intervals. 
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Figure 5.13 Response of bioreactor to a 5X step change in feed 
concentration. The doted line represents the 
concentration in the feed (right axis). Experimental 
values are represented by diamonds and continuous 
line represents the effluent concentration of IP A 
according to the model (left axis). Error bars 
represent 95 % confidence intervals. 
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5 J Smnmary 

A consortium of bacteria strains able to degrade IP A was selected from samples 

of activated sludge. This consortium was acclimated for treatment of IPA in low ppm 

levels. The consortium was characterized by determining its characteristic growth curve, 

specific growth rate, and IPA concentration dependence of growth (described by 

Monod's equation). A maximum specific growth rate of 0.078 h'' at a pH of 6 was 

observed. 

After characterization, the bacterial consortium was successfully immobilized on 

activated carbon. This served as packing for a fluidized bed bioreactor. After a transient 

start up period, the bioreactor reached steady state and was able to degrade IPA to levels 

below the detection limit which corresponds to a >95 % degradation of the IPA in the 

feed. In order to study the transient behavior of the system, the bioreactor system was 

subjected to sudden step changes in feed IPA concentration of various magnitudes. The 

results show that even though changes initially affect the effluent IPA concentration, 

these changes are of a small magnitude compared to the size of the step changes. A quick 

and full recovery was observed. 

A mathematical model for the bioreactor system based on IPA diffusion and 

biodegradation was developed and tested. Comparison between experiment and model 

showed a good agreement during both the transient phases and the steady state phases. 

The model also captured the behavior of the system during the IPA step changes. 



6. EFFECT OF FEED PH CHANGES IN FLUIDIZED-BED 

IIOREACTOR BEHA¥IOR 

An important characteristic of semiconductor wastewater is that it can contain a 

mixture of organic compounds, inorganic compounds, metals, and particles. In chapter 5, 

the focus was on the effect the concentration of organic compounds (specifically IP A) 

had on the bioreactor behavior. In this chapter, the effect of some inorganic compounds, 

specifically acids, have on the behavior of the biotreatment system is studied. This study 

was approached by considering what changes the pH of the inlet feed to the reactor cause. 

Because of the transient nature of semiconductor wastewaters, this study focuses on 

sudden, short changes in the pH of the wastewater, which can be caused by a large 

amount of waste from manufacturing processes entering the waste treatment system for 

brief periods of time. This scenario is feasible since all of the semiconductor 

manufacturing processes are batch processes producing batches of waste. 

Furthermore, the applicability of the mathematical model to these changes was 

tested. In order to do this, the dependence of the model's parameters on pH was studied. 

This is important since part of the incentive of using the biotreatment approach to treat 

wastewaters, is to be able to apply it to the treatment of wastewaters intended for recycle 

and reuse. Recycling wastewaters in semiconductor manufacturing is not a prevalent 

practice at this point (Veltri et al., 2000), and part of the reason is that there is still the 

need to be able to predict accurately the behavior of the recycle system to the changes in 
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wastewater characteristics. This requirement is stricter for new technologies for 

semiconductor manufacturing, like biotreatment. 

6.1 Bacterial growth dependence on pH 

It has been mentioned, section 5.3, that bacterial growth of the consortium is 

characterized by the specific growth rate and yield coefficient parameters. Further 

characterization is performed by obtaining the IPA dependence of the specific growth 

rate, which is given by Monod's equation and its parameters (n^ax and Ks). Another 

factor that impacts bacterial grow is the pH of the culture medium or of the wastewater in 

this case. 

Each organism has a pH range within which growth is possible, and most of the 

time there is a defined optimum point in this pH range. Most natural environments have 

pH values between 4 and 9, so it is safe to say that most organisms will have their 

optimum growth conditions in this range (Madigan, 2000). In order to further 

characterize the bacterial consortium, experiments to obtain Monod parameters and yield 

coefficients were performed. 

6.1.1 Monod parameters 

Following the methods outlined in section 4.3, batch experiments were performed 

to obtain the initial growth rates for different initial IPA concentrations. As with previous 

experiments, the culture was monitored long enough to have enough data points in the 

exponential growth phase, but short enough to make the drop in IPA concentration 
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negligible. The growth rate of the consortium at each concentration was obtained three 

times and the average of the three was used in subsequent calculations. The culture 

medium for this experiments varied in pH from 4 to 8. 

Figure 6.1 shows one of the results from these experiments. This figure is a plot 

of the specific growth rate {h"') as a function of IP A concentration (ppm) for a culture 

medium with apH of 5. As with previous experiments, this curve follows the behavior 

proposed by Monod and the parameters in Monod's model were obtained for this 

experiment. The data points in figure 6.1 represent the experimental growth rates while 

the continuous line represent the growth rates predicted by Monod's model with }imax = 

0.035 ± 0.004 h"' and Ks = 16 ± 6 ppm. As it can be observed the agreement between the 

data and Monod's model is good. The error bars in figure 6.1 represent 95 % confidence 

intervals. The maximum specific growth rate obtained in this experiment at pH 5 was 

significantly less than the result obtained for pH 7 (Section 5.3) showing that the bacterial 

consortium is sensitive to the change in pH. Similar experiments were performed for 

other pH values in the range of 4 to 8. The detailed results of all Monod experiments at 

different pH values are given in Appendix D. Figure 6.2 is shows a compilation of the 

Monod curves obtained for these experiments. It can be observed that, as expected, 

Monod curves at the low ends of the pH range (pH = 4-5) predict lower specific growth 

rates than Monod curves at higher pH values. The optimum however, does not occur at 

neutral pH but at a pH of 6. 
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Figure 6.1 Specific growth rate of mixed culture as a function of 
isopropyl alcohol concentration. Experiments were 
done in batch mode at a pH of 5. Squares represent 
the experimental data while the solid line represents 
the best fit of Monod's equation with //««*= 0.035 ± 
0.004 h"' and ^5= 16 ± 7 ppm. Error bars denote 
95 % confidence interval 



100 

a 0.06 

^ 0.04 

C 0.02 

100 200 300 400 

IP A Concentration (ppm) 

500 

Figure 6.2 Monod curves for mixed culture: specific growth rate as 
a function of IP A concentration. Different Monod 
curves show dependence of specific growth rate with 
pH. 

This dependence can be observed more readily by plotting the maximum specific 

growth rates, Umax, as a function of pH (Figure 6.3). In this figure, it is clear that the 

consortium has an optimum growth rate around a pH value of 6 and decreases for lower 

and higher values of pH. Table 6.1, which lists the values for the Monod's parameters at 
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Figure 6.3 Plot of the dependence of the maximum specific growth 
rate, jiniax, with pH. Error bars represent 95% 
confidence intervals 

different pH, captures the specific details of these experiments. In contrast to the values 

of the maximum specific growth rate, the half-saturation constant Ks does not seem to 

follow any pattern in this pH range. The dependence of Monod parameters with pH has 

not been found reported in the literature for bacterial strains or consortia degrading IP A 

or similar organic compounds. 



pH lAmax (h *) Ks (ppm) 

4 0.031 ±0.005 3 0 ±  1 3  

5 0.035 ± 0.004 1 6 ± 7  

6 0.078 ±0.010 48 ± 10 

7 0.057 ± 0.005 26 ± 6 

8 0.047 ± 0.004 16 ± 4 

Table 6.1 Summary of results of Monod 
parameters at different pH. 
Error represents 95% 
confidence intervals. 



103 

6.1.2 Yield coefficient 

Yield coefficient results showed significantly less sensitivity to the pH of the 

medium than growth rate. These results are shown in figure 6.4, where the yield 

coefficients are plotted versus the pH of the medium. The actual value of the yield 

coefficients is tabulated in Table 6.2. The yield coefficients fall in a narrow range 

between 0.22 and 0.27 mg dry biomass produced / mg IP A consumed. Furthermore, all of 

these values fall within the 95% confidence interval around an average. Thus, it is 

concluded that there is no appreciable change in the yield coefficient as pH changes. This 

does not contradict the results of section 6.1.1, in which a significant change in growth 

rates with pH were reported, because even though the consortium may be growing at a 

lower rate (for low pH) and thus, produce less biomass in a specific period of time, the 

IPA consumption is also lower, and it is the ratio of these last two quantities that defines 

the yield coefficient. Yield dependence of pH has not been found in the literature for 

bacterial strains or consortia degrading IPA or other similar organic compounds. 

6.2 IPA adsorption dependence on pH 

IPA adsorption on granular activated carbon (GAC) support occurs when there is 

more IPA present than what the biofilm is capable of degrading. Similarly, when IPA 

levels fall below the biofilm's degradation capacity, IPA is desorbed from the GAC and 

enters the biofilm to be degraded. Because adsorption is happening in conjunction with 

IPA degradation, it is of interest to study how the pH of the solution affects the 

adsorption characteristics of the GAC. 



pH Yield 
Coefficient 

4 0.22 ± 0.04 

5 0.22 ± 0.05 

6 0.27 ± 0.05 

7 0.27 ±0.11 

8 0.26 ± 0.07 

Table 6.2 Summary of results of yield 
coefficient at different pH. 
Error represents 95% 
confidence intervals 
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Figure 6.4 Plot of the dependence of the yield coefficient, Y, with 
pH. Error bars represent 95% confidence intervals 
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GAC exhibits a wide array of fimctional groups on its surface. The interaction of 

these functional groups with the adsorbing species is what characterizes the adsorption 

capacity of the GAC with respect to a particular adsorbing species (Cooney, 1999: Yang, 

2003). Since pH changes introduce charged species into solution, then a change in pH 

changes the charge on different functional groups. It is expected that changes in the 

charge of surface groups in the GAC as well as changes in the charge of adsorbing 

species will have an effect on the adsorption characteristics. 

In order to characterize the changes in the adsorption characteristics of IP A on 

GAC with changes in pH, batch experiments to determine the Langmuir isotherm 

parameters were performed in a pH range of 4-8. As an example, the results for a pH of 

5 are discussed. Figure 6.5 shows a plot of the adsorption isotherm for the linearized form 

of the Langmuir equation (C/q vs. C) and the corresponding straight line that best fits the 

data. From the linear regression performed on this data, the Langmuir isotherms 

coefficients are qmax = 0.016 ± 0.004 mglPA/mg GAC and K = 14.5 ± 0.3 cm^/mglPA. 

Figure 6.6 (a plot of C vs. q) shows a comparison of the experimental data with the 

Langmuir model prediction. The Langmuir model isotherm describes the experimental 

data well. Detailed isotherm results from all the experiments performed in the pH range 

of 4-8 are included in Appendix E. From these results, the characteristics of IP A 

adsorption on GAC with changing pH are observed. Figure 6.7 is a plot of the maximum 

adsorption capacity as a function of pH. As expected, the maximum adsorption capacity 

has its highest value at a neutral pH where there is no overall charge on the solution. This 

minimizes the effect of charge on the surface of the GAC as well as on the IP A molecule. 
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Figure 6.5 Adsorption Isotherm for IPA on GAC. Diamonds 
indicate experimental data. Continuous line indicates 
best fit of linearized Langmuir model. Experiments 
were done in batch mode at a pH of 5. 
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Figure 6.6 Adsorption Isotherm for IPA on GAC. Diamonds 
indicate experimental data. Continuous line indicates 
best fit of Langmuir model using the parameters 
shown. Experiments were done in batch mode at a pH 
of 5. Error bars denote 95 % confidence interval. 

increasing the adsorption (Rice and Robson, 1982). In figure 6.7, the decrease in 

adsorption capacity seems to be more pronounced as the pH increases, than when it 

decreases from pH 7. Table 6.3 lists the maximum capacities, qmax, and Langmuir 

constants, K, for the different pH values. The maximum capacity decreases almost the 

same amount for a two order of magnitude increase in the hydrogen ion concentration 
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(pH unit) as it does for a one order of magnitude increase in hydroxyl ion concentration. 

Even though pH dependence of adsorption on GAC has been studied for a large number 

of organic compounds, no reference to IPA was found in the literature (Grady et al., 

1999; Rice and Robson, 1982;Yang, 2003). 

pH Qmax 
(mglPA/mg 

GAC) 

K 
(cm^/mglPA) 

4 0.013 ±0.006 5.3 ±0.9 

5 0.016 ± 0.004 14.5 ±0.3 

6 0.024 ± 0.008 5.1 ±0.5 

7 0.032 ±0.013 3.7 ±0.8 

8 0.017 ±0.008 6.8 ±0.8 

Table 6.3 Summary of results of Langmuir 
parameters at different pH. Error 
represents 95% confidence intervals 
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Figure 6.7 Plot of the dependence of the IP A maximum adsorption 
capacity, qmax, with pH. Error bars represent 95% 
confidence intervals. 

6.3 Effect of pH shocks on bioreactor system 

Experiments were performed to study the behavior of the bioreactor system when 

subjected to sudden shocks or step changes in iniet feed pH. This was done to study the 

potential of using the bioreactor system to treat waste streams with varying amounts of 

acids. These step changes were introduced after the bioreactor had reached steady-state. 
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At this time, a sufficient amount of acid solution was continuously introduced to the 

reactor reservoir in order to maintain a specific pH value for a specific period of time. For 

these experiments, the IPA concentration in the feed was kept at 100 ppm. 

Figures 6.8 and 6.9 contain plots showing the results of these shock experiments. 

Figure 6.8 shows the behavior of the system after a five-hour step change from pH 7 to 

pH 5 in the reservoir was introduced. This figure is a plot of normalized IPA 

concentration in the effluent (CB/CF) VS. time. The degradation of IPA in the bioreactor is 

not affected by the step change in pH; the amount of IPA in the effluent remained at the 

steady state level. The same behavior is observed after the step change is ended, and the 

system is returned to pH 7. 

Figure 6.9 shows the behavior of the system after a five-hour step change from 

pH 7 to pH 4 in the reservoir was introduced. This step change does have an effect on the 

system. After introducing the pH change, the IPA level in the bioreactor starts to increase 

up to a value of approximately 12 ppm. However, after 3 hours have passed the reactor 

acclimates to the change in pH and the effluent IPA concentration returns to the steady 

state level before the pH step change ends. 

These results show that introducing pH changes into the bioreactor does not have 

a big effect in its performance. Even when the pH change does affect the IPA level, the 

bioreactor is able to recover quickly. 
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Figure 6.8 Response of bioreactor to a step change in feed 
pH from 7 to 5. The doted line represents the pH in 
the feed (right axis). Experimental values are 
represented by diamonds. Error bars represent 
95% confidence intervals. 
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Figure 6.9 Response of bioreactor to a step change in feed 
pH from 7 to 5. The doted line represents the pH in 
the feed (right axis). Experimental values are 
represented by diamonds. Error bars represent 
95% confidence intervals. 
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6.4 Comparison of model to experiment 

The model deveioped in Chapter 3 and tested in section 5.8 was compared to the 

experimental data from the runs subjected to pH shocks. Figure 6.10 shows this 

comparison for the case of a pH 4 step change. The agreement between the model and the 

experimental data is not very good. The model fails to predict the experimentally 

observed behavior. Experimental data show that the bioreactor system increases its 

effluent concentration of IPA to approximately 11 % when subjected to the 5-hour pH 4 

step change. In contrast the model predicts a very slight increase in IPA concentration of 

about 1-2 %. The concepts behind the development of the model were able to capture the 

behavior when IPA changes in the feed are introduced, but are not able to capture the 

same behavior when pH changes are introduced. 

Even though pH changes do affect the growth of bacteria in the reactor, they do 

have a smaller effect on bacteria attached in a mature biofilm. As mentioned before, the 

biofilm is able to shield the individual bacterial cells from environmental changes that 

could have disrupted a bioreactor with suspended cells only. It is thus possible that the 

assumptions of equilibrium adsorption applied in the model do not hold for transient 

changes of this nature, and that the adsorption of IPA into the activated carbon is affected 

more readily by the change in pH causing the observed behavior in the bioreactor. The 

model would need to be adjusted so that the adsorption of IPA on the GAC is described 

by a non-equilibrium expression and tested to verify that the model is predicting the 

behavior observed experimentally. It is also possible that interactions of the inorganic 

species used for the pH experiment (sulfuric acid) and the activated carbon are occurring 
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and are decreasing adsorption sites, thus competing with IPA. It has been shown that 

adsorption of background inorganic compounds, like sulfate, present in wastewater can 

have unfavorable effects on the adsorption of dissolved organic substances (Chaudhary et 

al, 2003). 
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Figure 6.10 Response of bioreactor to a step change in feed 
pH from 7 to 5. The doted line represents the pH in 
the feed (right axis). Experimental values are 
represented by diamonds. Continuous line represents 
model predicton. Error bars represent 95% 
confidence intervals. 
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6.5 Snminary 

In this chapter, the effects of changes in pH on the bioreactor system were 

investigated. First, the bacterial consortium used for these experiments was characterized 

at different pH values. Monod kinetics was used to describe the growth dependence on 

IPA concentration and the parameters of Monod's equation were determined for different 

pH values. Similarly, the dependence of yield coefficient and of Langmuir's adsorption 

parameters was obtained for different pH values. 

The bioreactor system was subjected to sudden step changes in feed pH of various 

magnitudes. Small changes in effluent IPA concentration were observed only for pH 4 

changes, and these were followed by a quick and full recovery after the step change 

ended. However, the mathematical model was not able to capture the behavior of the 

bioreactor system when subjected to step changes in feed pH. 
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7. SIMULTANEOUS BIOSORPTION OF COPPER 

AND BIODEGRADATION OF IPA 

In the two previous chapters, the focus of the work was exclusively in the study of 

the fundamentals of IPA biodegradation using a fluidized-bed bioreactor, and how the 

transient behavior is affected by the sudden changes in feed IPA concentration or pH. In 

this chapter, the focus is still on the biotreatment of waste streams from semiconductor 

manufacturing; however, the focus is on a specific type of wastewater, which comes from 

chemical and mechanical planarization (CMP) processes. 

Of the different CMP processes, copper CMP is rapidly becoming the most 

prevalent in most of the semiconductor manufacturing industry. CMP and post-CMP 

cleaning processes are projected to account for 30-40% of the water consumed by IC 

manufacturers in 2003. CMP wastewater is expected to contain increasing amounts of 

copper as the industry switches from Al-CMP to Cu-CMP causing some IC 

manufacturers to run the risk of violating discharge regulations (Stanley, 2003). In 

addition to copper, CMP and post-CMP wastewaters are likely to contain other inorganic 

compounds, abrasives and organic compounds (complexing agents, surfactants, etc.) that 

make the waste more difficult to treat due to possible interferences between the 

components of the waste (Van Hoeymissen, 2000). 

In order to expand the applicability of the biotreatment techniques that have been 

described so far, this chapter focuses in the feasibility of using biotreatment to treat 
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wastewaters that contain both copper and isopropyl alcohol as a model of organic 

compounds. Previous work on the biosorption of copper (Stanley, 2000) is combined 

with the work described in previous chapters. 

7.1 Copper biosorption: IPA Effect. 

The original work on biosorption of copper using the Soil 5Y strain was done by 

Stanley (2000). In order to apply that work to the current goal of treating IPA and copper 

containing wastewater, experiments using the biosorption setup were performed first to 

observe the effect that the presence of IPA in copper wastewater would have on the 

biosorption of copper. 

Two separate packed-bed bioreactors immobilized with Soil5Y were run. The first 

bioreactor was fed a 50 ppm copper solution adjusted to a pH of 6.5. The second 

bioreactor was fed a 50 ppm copper + 100 ppm IPA solution also adjusted to a pH of 6.5. 

It is important to note that no biodegradation of IPA was expected since the immobilized 

strain does not have the capacity to degrade IPA. 

The results of these experiments are shown in Figure 7.1. This figure is a plot of 

the normalized concentration of copper in the effluent from the bioreactor (Ccu/Cfeed) . 

versus time. Two different sets of data are plotted, one for each of the bioreactors run. 

Figure 7.1 shows that there is almost no difference in the breakthrough profiles of the two 

runs, suggesting that the presence of IPA does not affect the mechanisms of copper 

adsorption to the immobilized cells or to the alginate matrix. The error bars for 95 % 
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confidence intervals are the same order as the size of the symbols and are therefore not 

included on the graph. 
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Figure 7.1 Breakthrough curves for copper adsorption on a 
packed-bed bioreactor. Data represented by squares 
indicate a 50 ppm copper solution as feed. Circles 
indicate run with a 50 ppm copper +100 ppm IPA 
solution as feed. Both feed were adjusted to pH 6.5. 
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7.2 Two approaches for the simultaneous biotreatment of IPA and copper 

For simultaneous biotreatment of IPA and copper, two different strategies were 

identified. The first one, required the use of one bioreactor. This approach consisted of 

immobilizing a different strain, IPA4, that displayed both the capacity for IPA 

degradation and for copper biosorption. Thus, one bioreactor immobilized with this strain 

would be capable of providing treatment for the combined waste. The second approach 

consisted of separating the biosorption of copper from the biodegradation of IPA. In this 

approach, a packed-bed bioreactor immobilized with Soil 57 cells would be used for 

adsorbing the copper followed by a fluidized-bed bioreactor immobilized with the IPA 

bacterial consortium. 

The two approaches have their advantages and disadvantages. Table 7.1 is a brief 

list of the most important ones. The single reactor approach's main advantage is its 

simplicity and convenience while its main disadvantage is the use of single strain for 

biodegradation (as opposed to using a consortium of bacteria). Using one strain makes 

the reactor less robust to process changes and to the presence of other organic 

compounds. On the other hand, the two-reactor approach has the disadvantage of being 

more complex and having a larger footprint, two important considerations for 

semiconductor manufacturing. Its main advantage is the flexibility it affords to customize 

each biotreatment process for best results. The two approaches were tried and 

experimental runs were performed with each reactor configuration in order to determine 

which was better suited for this application. 
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Single Reactor Apporach Two-reactor approach 

Advantages Disadvantages Advantages Disadvantages 

Simpler setup, less Not best degradation Bacterial consortium Set up requires 
equipment foot print results more robust to larger footprint 

process changes 

One process to Not best bio sorption Contamination not Process more 
monitor results an issue complicated 

More attractive Single strain, less Can optimize each Two different 
when compared to robust to process reactor's strains to biotreatment 
alternative changes and deliver best results approaches. 
technologies contamination 

Table 7.1 List of advantages and disadvantages considered for the selection of a 
reactor configuration 

73 Biotreatment using single bioreactor approach 

For the single reactor system, a single strain capable of degrading IPA and 

adsorbing copper was used. The strain IP A 4 was identified as being able to degrade IPA 

and adsorb copper and was thus selected for this experiment. Following the methods 

outlined in section 4.7, IPA4 was grown, harvested and immobilized on an alginate 

matrix. The cells-alginate beads were then used as packing for the packed-bed bioreactor. 

Some of the salts present in the AMI medium used for the biodegradation of IPA 

were found to have compatibility issues with the alginate matrix. To prevent degradation 

of the matrix, the AMI medium was modified to contain only the ammonium and 
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phosphate salts (see Appendix A for AMI media recipe). Furthermore, since IPA4 is an 

• aerobic strain, air was bubbled into the feed container to saturate it with oxygen, this way 

immobilized cells would have access to oxygen for the biodegradation of IPA. 

Figure 7.2 shows the results of an experimental run. This figure is a plot of the 

normalized concentrations of IPA and copper (CiPA/Cpeed and Ccu/Cpeed respectively) 

versus time. The profile for the adsorption of copper shows the characteristics of previous 

biosorption results (section 7.1). However, the biodegradation of IPA does not proceed as 

in previous experimental results. Figure 7.2 shows that the concentration of IPA initially 

increases to -90 ppm and drops suddenly to about 60 ppm before slowly increasing and 

decreasing about the 80 ppm level suggesting there is no biodegradation occurring and 

that the change in effluent concentration may be due to other processes occurring. The 

drops in IPA observed may be due to IPA lost due to the bubbling of air occurring in the 

feed container, and the sudden increases may coincide with when feed is replenished in 

the feed container. 

Some of the reasons IPA degradation is not being observed are that AMI medium 

used has been modified creating a possible shortage of some of the nutrients needed for 

biodegradation and also a possible lack of adequate oxygen supply to the whole column. 

In addition, the single pass reactor used is suitable for the rapid rates of biosorption, but it 

is not suitable for the much slower rates of degradation of IPA, that is, the timescales on 

which the two processes occur are very different. From batch adsorption experiments, it 

was found that biosorption occurs on a time scale on the order of seconds to minutes 
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(Stanley, 2000) while IPA biodegradation in batch cultures was observed to occur on a 

time scale on the order of hours. 
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Figure 7.2 Results for the simultaneous adsorption of copper and 
• biodegradation of IPA using a single reactor approach. 

Bacteria strain used is IPA4 immobilized on alginate 
support. Feed consisted of a lOOppm IPA + SOppm 
Copper solution adjusted to pH 6.5. 
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7.4 Biotreatment using two-reactor approach 

The second approach was to use two bioreactors in series. The first reactor was 

the packed-bed bioreactor used for the copper biosorption experiments. This was 

followed by the fluidized-bed system used for the IP A biodegradation experiments. 

Before starting the operation on these bioreactors, the issue of process timescales 

(biosorption vs. biodegradation) had to be addressed. Furthermore, the operation of the 

two bioreactors also posed a problem since the biosorption bioreactor was operated as a 

single-pass packed bed while the biodegradation reactor was operated as a multiple-pass 

fluidized bed. The strategy followed to address these two important issues was to start the 

fluidized-bed bioreactor by itself and allow it to acclimate to operating conditions more 

favorable for its use in conjunction with the packed-bed bioreactor. 

7.4.1 Acclimation of Fluidized-Bed Bioreactor. 

Prior to the simultaneous operation of the two bioreactors, the fluidized-bed 

system was subjected to an acclimation phase. This was because, as mentioned earlier, 

adsorption of copper and biodegradation of IP A by immobilized cells occur at very 

different time scales. In addition, copper biosorption occurs rapidly on a support 

previously saturated with bacteria and ready to adsorb, but IP A degradation requires a 

start up time in which the bacteria initially "seeded" on the support slowly form a robust 

biofilm that will later be able to degrade the incoming IPA at much higher rates. For this 

reason, the acclimation phase for the fluidized column is started at a high inlet IPA 
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concentration (1000 ppm) and the system is operated at high residence times (20 h), to 

allow for rapid growth of biofilm. 

Figure 7.3 shows effluent IP A concentration from the bioreactor normalized to the 

feed concentration plotted vs. time. The plot shows an initial increase in IP A 

concentration that implies biofilm is in its early stages and still forming. IP A 

concentration eventually decreases to below detection levels (~5 ppm) indicating that the 

biofilm is formed well enough to degrade most of the IPA being fed. After sufficient time 

has passed and the system is at steady state, the feed IPA concentration is then reduced to 

100 ppm and the residence time is gradually decreased allowing the system to reach the 

baseline level (or steady state) after each change. Figure 7.3 shows the changes in feed 

conditions throughout the acclimation period. As the data indicate, the system is not 

initially affected by the changes in feed conditions (amount of substrate or increased flow 

rates). However, the last two changes in residence time cause small spikes in the effluent 

IPA concentration. When reducing the residence time to 2.1 hours, a spike of around 10 

ppm IPA was observed; and a spike of 35 ppm IPA was observed when the residence 

time was reduced to 1.8 hours. These two spikes decrease very rapidly and the IPA 

concentration returns to the baseline level within several hours. This behavior is observed 

more clearly in figure 7.4, which shows only the last 200 hours of the acclimation period. 

At the end of the acclimation period, the residence time was decreased firom 20hto 1.8 

his and is low enough for the IPA fluidized-bed and the copper packed-bed bioreactors to 

treat waste simultaneously. 



126 

0.9 

0.8 

0.7 

0.6 

J 0.4 

0.3 

0.2 

0.1 

0 

Feed lOOOppm 

Feed lOOppm 

I rn^ 

-«— 

100 200 300 

Time (h) 
400 500 

20 

15 

10 

a 
<u 
u 
s <u 
T3 

"i 

Figure 7.3 Concentration of IP A in the effluent as a function of 
time for the acclimation of the fluidized-bed bioreactor. 
IP A concentration is denoted by diamonds, continuous 
line denotes system residence time. Feed starts with 
lOOOppm of IP A and its changed to lOOppm. Error bars 
represent 95 % confidence intervals. 
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Figure 7.4 Blow up of Figure 7.3: Concentration of IPA in the 
effluent as a function of time for the acclimation of the 
fluidized-bed bioreactor. IPA concentration is denoted 
by diamonds, continuous line denotes system residence 
time. Feed is lOOppm of IPA. Error bars represent 95 % 
confidence intervals. 
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7.4.2 Results of two-bioreactor operation 

After the fluidized-bed bioreactor was acclimated, the two bioreactors are used to 

simultaneously treat waste containing copper and IP A. A feed containing 100 ppm of IPA 

and approximately 35 ppm of copper in solution is fed to the Cu-adsorbing bioreactor, 

which is operated with a residence time of 30 minutes. As shown in figure 4.3, the 

effluent from this column serves as inlet to the IPA-degrading bioreactor. This bioreactor 

is also separately fed a stream of modified AMI medium making the residence time in 

this bioreactor approximately 5 hours. 

Results are shown in figure 7.5, where the output from the IPA-degrading 

bioreactor is maintained at the previous baseline level of zero (below detection limits). 

This baseline is maintained throughout the experiment and a subsequent increase in 

copper present in solution due to the gradual saturation of the Cu-adsorbing bioreactor 

does not seem to affect the performance of the fluidized-bed system. 

Figure 7.5 also shows a complete breakthrough curve for the Cu-adsorbing 

bioreactor that is typical of its behavior. This bioreactor behavior agrees with results 

obtained in previous work (Ogden et al., 2001; Stanley et al., 2003). The experiment was 

run until the copper column was fully saturated. However, it is important to note that in a 

real application the feed would be switched to a fresh copper adsorbing bioreactor before 

reaching a specified outlet concentration in order to minimize the amount of copper that 

is not adsorbed by the system. The copper column would then be regenerated for reuse by 

concentrating the copper in a small volume of IN HCl. One interesting observation is that 

the IPA biodegradation is not adversely affected by the presence of copper up to the 
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ire 7.5 Normalized concentration or copper and IP A as a 
function of time for the simultaneous treatment of waste 
containing copper and IP A. Squares denote IPA 
concentration; circles denote copper concentration. 
Feed is a lOOppm IPA + SOppm Cu solution pH 
adjusted to 6.5. Error bars indicate 95% confidence 
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concentration of 50 ppm. Spikes in IPA concentration were not observed even after 

breakthrough of the copper ions from the copper column. 

Figure 7.6 shows another experimental run. In-this experiment, the IPA-degrading 

bioreactor is not allowed to completely acclimate before starting the simultaneous 

removal of copper and IPA. Figure 7.6 shows a plot of a copper adsorption breakthrough 

curve, which shows the same characteristics of previous breakthrough curves. This figure 

also shows the IPA concentration in the effluent from the fluidized bed bioreactor. It is 

evident that the IPA level is decreasing; however the rate at which it decreases is very 

slow compared to previous experiments. This is because, the bacteria did no acclimate to 

a high IPA loading, thus the biofilm is not fully developed and it is not capable of 

degrading all the IPA that is passed through the bioreactor. This graph shows the 

importance of having an initial acclimation period for the fluidized-bed that allows the 

biofilm to develop fully. 

7.5 Comparison of model and experiment. 

In order to compare the model developed for IPA degradation and the empirical 

model previously used for Cu-adsorption (Ruiz and Ogden, 2003; Ogden et al., 2001) the 

experiment in figure 7.6 was used. As mentioned before, in this experiment the fluidized-

bed system was not allowed to acclimate in order to capture some of the transient 

behavior observed during the initial start up phase. 
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Figure 7.6 Normalized concentration or copper and IPA as a 
function of time for the simultaneous treatment of waste 
containing copper and IPA. Squares denote IPA 
concentration; circles denote copper concentration. 
Feed is a lOOppm IPA + SOppm Cu solution pH 
adjusted to 6.5. Error bars indicate 95% confidence 
level 
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Figure 7.7 shows a plot of effluent concentration from each of the two parts of the 

bioreactor system vs. time. In both cases, the concentration has been normalized over the 

feed concentration of IPA and copper respectively. In addition, each set of experimental 

data is accompanied by the profile predicted using the appropriate model. 

In the case of the fluidized-bed reactor for the degradation of IPA, it is evident 

that the model does not completely predict the initial profile. The model predicts a slight 

increase in IPA concentration followed by a gradual decrease of IPA concentration while 

the experimental data does not exhibit this small maximum. However, there seems to be a 

lack of experimental data points at the time the maximum occurs. This suggests that the 

maximum was not captured by the intervals in the experimental data. On the other hand, 

the model predicts the subsequent reactor behavior reasonably well and it is important to 

note that the parameters used in the model were obtained by performing batch 

experiments with suspended cells. 

In the case of the packed bed bioreactor for adsorption of copper, figure 7.7 shows 

that there is very good agreement between model and experimental data. In this case the 

two parameters in the model were determined to be to = 41 h and g = 0.45. While these 

parameters fit the experimental data very well, they do not agree with the values obtained 

in previous work (Stanley and Ogden, 2003) for which values of to = 68 h and a = 0.37 

were obtained under similar operating conditions. The reason for the discrepancy is that 

in the previous work, the biomass densities were approximately 0.05 g dry biomass I ml 

while the densities used in this work were in the 0.01-0.02 g dry biomass / ml range. The 



parameters % and o- are a function of adsorption capacity of the cells. Thus, the 

parameters must be determined for every dry biomass concentration. 
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Figure 7.7 Normalized concentration or copper and IPA as a 
function of time for the simultaneous treatment of waste 
containing copper and IPA. Squares denote IPA 
concentration; circles denote copper concentration. 
Continuous lines represent IPA and copper concentrations 
as predicted by models. Feed is a lOOppm IPA + SOppm 
Cu solution pH adjusted to 6.5. Error bars indicate 95% 
confidence 
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7.6 Smninary 

In this chapter, the simultaneous removal of copper and IP A was investigated. 

The presence of IP A did not have an effect on the adsorption of copper by immobilized 

Soil 5Y cells. The simultaneous removal of copper and IP A was studied using two reactor 

configurations: single reactor packed bed and two-reactor packed bed-fluidized bed in 

series. 

The single reactor system was not suitable for the simultaneous removal of copper 

and IPA. A different strain, IPA4, capable of both IPA degradation and copper adsorption 

was used. Although copper was removed efficiently, but due to the different 

characteristic time scales of the two processes the reactor was not able to degrade IPA. 

In the two-reactor system approach, the copper adsorption reactor was 

immobilized with Soil 5Y cells, while the IPA degradation reactor was immobilized with 

the IPA consortium. This reactor configuration was able to remove copper and IPA 

simultaneously after the IPA degradation reactor went through a period of acclimation. 

Furthermore, the mathematical models used in the individual treatment cases were able to 

predict the behavior of the combined system well. 
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8. CONCLUSIONS AND FUTURE WORK 

Treatment of wastewaters from semiconductor manufacturing has become an 

important environmental and economic issue for the industry. It allows for increases in 

production and implementation of technological advances by meeting the discharge 

requirements of fabs constantly striving for higher production and constantly introducing 

new materials and technologies into their processes. The recycle and reuse of waste 

streams has also become an important tool in decreasing the consumption of water and 

limiting the discharge of wastewater. 

This industry is constantly looking for new technologies and new applications in 

order to develop more efficient and less expensive treatment processes. In this work, the 

use of biotreatment to treat waste streams containing isopropyl alcohol and copper was 

addressed. Two separate biotreatment processes were studied; biodegradation for the 

treatment of wastes containing organic compounds, and biosorption for the treatment of 

wastes containing copper. This study was an introductory investigation into the feasibility 

of using these options for the semiconductor industry. Further study of several important 

issues remains and will most likely be addressed in future work. 

8.1 Conclusions 

• A consortium of bacteria strains able to degrade IP A was selected from samples 

of activated sludge. This consortium was acclimated for treatment of IPA in 
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iow ppm levels. The consortium was characterized and a maximum specific 

growth rate of 0.078 h"' at a pH of 6 was observed. 

® The bacterial consortium was successfully immobilized onto activated carbon. 

The bioreactor was operated as a fluidized-bed and, after a transient start up 

period, was able to degrade IP A to levels below the detection limit. 

• The bioreactor system was subjected to sudden step changes in feed IP A 

concentration of various magnitudes. Even though changes initially affect the 

effluent IP A concentration, these changes are of a small magnitude compared to 

the size of the step changes. A quick and full recovery was observed. 

• The bioreactor system was subjected to sudden step changes in feed pH of 

various magnitudes. Small changes in effluent IP A concentration were 

observed only for pH 4 changes, and these were followed by a quick and full 

recovery after the step change ended. 

• The bacterial consortium growth dependence on IP A concentration and in 

medium pH was obtained. Optimum pH levels for growth were found to be 

around a pH of 6. Consortium was able to grow in the full range of pH tested 

(from pH 4 to pH 8). 

• A mathematical model for the bioreactor system based on IP A diffusion and 

biodegradation was developed and tested. Comparison between experiment and 

model showed a good agreement during both the transient phases and the 

steady state phases. Behavior of the system during IPA step changes was also 

captured by the model. 
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• The mathematical model was not able to capture the behavior of the bioreactor 

system when subjected to step changes in feed pH. This may be due to model 

assumption of equilibrium adsorption. 

• Bioreactor was able to treat IPA wastewater at increasingly higher loading 

rates. This was accomplished by a long period of acclimation and gradual 

increases in IPA loading rates. 

• A biosorption reactor was setup, based on research done previously within the 

group. The biosorption reactor was set up in series with the biodegradation 

reactor and simultaneous treatment of copper and IPA in wastewater was 

achieved. 

• Mathematical model developed separately for each individual reactor were 

tested with experimental data obtained from the simultaneous removal 

experiments. Models agreed well with each of the reactors behavior during the 

combined operation. 

8.2 Future Work 

® The consortium was shown to degrade IPA efficiently. It is necessary to test the 

degradation capacity of the consortium when other organic compounds are 

present. Determine which of the compounds found in semiconductor 

wastewater are amenable to biodegradation. Potentially increase the number of 

strains in the consortium to include strains capable of degrading other 

compounds present in semiconductor manufacturing. 
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® The ultimate goal of the project is to be able to treat actual waste from 

semiconductor maimfacturing. Subject bioreactor system to different real 

wastes from different processes. Find the range of applicability of bioreactor 

system. 

• - In this work, the fluidized-bed setup has proved to be a very convenient 

configuration. However, one of the disadvantages of fluidized beds is the 

production of fines and particles due to the attrition of activated carbon. Other 

reactor configurations should be evaluated to determine their efficiency in terms 

of transfer rates compared to fluidized beds. 

• Increase scope of mathematical model to include other organic compounds and 

mixtures of organic compounds. Address mathematical model's issues with 

behavior during changes in feed pH. 

• Continue to explore simultaneous removal of copper and organic compounds 

by increasing waste complexity in order to include other compounds and 

contaminants present in wastewater. Ultimately, test simultaneous removal set 

up with real semiconductor waste. Find the ranges of applicability of the 

system. 
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APPENDIX A 

Experimental Solutions 

Stock A Solution. 

Dissolve the following salts in less than 1 liter of deionized water: 

2.0 g (NH4)2S04 (ammonium sulfate) 

16.0 g NH4CI (ammonium chloride) 

27.2 g KH2PO4 (potassium phosphate, monobasic) 

56.6 g Na2HP04 7H2O (Sodium phosphate, dibasic, heptahydrate) 

Add enough water until 1 L of solution is reached. 

Stock B Solution. 

Dissolve 48.8 g MgS04 (magnesium sulfate) in less than 500 ml of deionized water. 

Add enough water until 500 ml of solution are reached. 

Iron Stock Solution. 

Dissolve 1.352 g FeCis 6H2O (iron chloride, hexahydrate) in less than 10 ml of deionized 

water. Add enough water until 10 ml of solution are reached. 

AMI Growth Medium (full strength). 

Step 1: Add the following to a 1 L bottle: 

50 ml of Stock A solution 
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APPENDIX A - Continued 

750 ml of Deioaized water 

Step 2: Add the following to a 100 ml bottle: 

1 ml of Stock B solution 

99 ml of deionized water 

Step 3: Add the following to a 100 ml bottle; 

40 p,l of Iron stock solution 

100 ml of deionized water 

Autoclave the three bottles at 121 degrees Celsius for 1 hour. After autoclaving, use 

sterile transfer techniques to pour bottles from steps 2 and 3 into bottle from step 1. The 

three bottles must be autoclaved before mixing, otherwise precipitation will occur. 

AMI growth medium (modified). 

Step 1; Add the following to a 1 L bottle: 

25 ml of Stock A solution 

775 ml of Deionized water 

Step 2: Add the following to a 100 ml bottle: 

1 ml of Stock B solution 

99 ml of deionized water 

Step 3: Add the following to a 100 ml bottle: 

20 jxl of Iron stock solution 
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APPENDIX A - Continued 

100 ml of deionized water 

Autoclave the three bottles at 121 degrees Celsius for 1 hour. After autoclaving, use 

sterile transfer techniques to pour bottles from steps 2 and 3 into bottle from step 1. The 

three bottles must be autoclaved before mixing, otherwise precipitation will occur. 

R2A Growth Medium. 

Dissolve the following in less than 1 liter of deionized water 

0.5 g yeast extract 

0.5 g protease peptone no. 3 

0.5 g casamino acids 

0.5 g glucose (dextrose) 

0.5 g soluble starch 

0.3 g K2HPO4 (potassium phosphate, dibasic) 

0.05 g MgS04 • 7H2O (magnesium sulfate heptahydrate) 

0.3 g sodium pyruvate 

Add enough water until 1 L of solution is reached. Autoclave for 1 hour at 121 degrees 

Celsius. 

R2A Solution for Freezer Stocks. 
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APPENDIX A - Continued 

Make R2A liquid medium. Prepare a 30% glycerol/R2A solution by combining 30 ml 

glycerol (C3H5(OH)3) with 70 ml R2A. Autoclave at 121 degrees celsius for 1 hour. 

100 mM Sodium Phosphate Buffer. 

Dissolve the following in less than 1 liter of deionized water 

6.96 g Na2HP04 (Sodium phosphate, dibasic) 

6.12 g NaH2P04 (Sodium phosphate, monobasic) 

Add enough water until 1 L of solution is reached. Autoclave for 1 hour at 121 degrees 

Celsius. 

1000 ppm Copper Nitrate Stock Solution. 

Dissolve 3.66 g Cu(N03)2 2.5H2O (copper nitrate, 2.5 hydrate) in less than 1 liter of 

deionized water. Add enough water until 1 L of solution is reached. 

lOOmM Calcium Chloride Solution. 

Dissolve 14.70 g CaCb 2H2O (Calcium chloride, dihydrate) in less than 1 liter of 

deionized water. Add enough water until 1 L of solution is reached. 
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APPENDIX A - Continued 

2% Sodium Alginate Solution. 

Pour 4 g Sigma® low viscosity from Macrocystic pyrifera (kelp) alginic acid in 200 ml of 

deionized water. Autoclave at 121 degrees Celsius for 10 minutes. Do not attempt to mix 

this solution at room temperature. 
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APPENDIX B 

Additional Growth Curve Results 

Second trial: determination of growth curve for the bacterial consortium 
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Figure B.l Experimental growth curve for bacterial consortium. IP A 
concentration is 1000 ppm. Error bars denote 95 % confidence 
intervab. Second run. 
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APPENDIX B - Continued 
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Figure B.2 Experimental Ln growth curve for bacterial consortium. IPA 
concentration is 1000 ppm. Error bars denote 95 % confidence 
intervals. Second run. 
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APPENDIX B - Continued 

Growth rate = 0.062 h 

Time (h) 

Figure B.3 Linear portion of experimental Ln growth curve for bacterial 
consortium. IPA concentration is 1000 ppm. Error bars denote 95 
% confidence intervals. Second run. 
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APPENDIX B - Continued 

Third trial: Determination of growth curve for the bacterial consortium 

20 . 40 60 80 100 120 140 
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Figure B.4 Experimental growth curve for bacterial consortium. IPA 
concentration is 1000 ppm. Error bars denote 95 % confidence 
intervals. Third run. 
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Figure B.5 Experimental Ln growth curve for bacterial consortium. IPA 
concentration Is 1000 ppm. Error bars denote 95 % confidence 
intervals. Third run. 
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APPENDIX B - Continued 

Growth rate = 0.055 h 

Figure B.6 Linear portion of experimental Ln growth curve for bacterial 
consortium. IPA concentration is 1000 ppm. Error bars denote 95 
% confidence intervals. Third run. 
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Additional IP A Shock runs 

Bioreactor IPA shock run: 400 ppm 
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Figure C.l Response of bioreactor to a 4X step change in feed 
concentration. The doted line represents the concentration in the 
feed (right axis). Experimental values are represented by 
diamonds. Error bars represent 95 % confidence intervals. 
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Bioreactor IPA shock run: 350 ppm 
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Figure C.2 Response of bioreactor to a 3.5X step change in feed 
concentration. The doted line represents the concentration in the 
feed (right axis). Experimental values are represented by 
diamonds. Error bars represent 95 % confidence intervals. 
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APPENDIX C - Continued 

Bioreactor IPA shock run: 300 ppm 

u 

0.25 

0.2 

0.15 

0.1 

0.05 

0 

300 S 

100 U 

 ̂ 'ly y 

Time (h) 

Figure C.3 Response of bioreactor to a 3X step change in feed 
concentration. The doted line represents the concentration in the 
feed (right axis). Experimental values are represented by 

, diamonds. 



APPENDIX D 

Experimental data and Monod curves for different values of pH 

Monod curve for pH 4 
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Figure D.l Specific growth rate of mixed culture as a function of 
isopropyl alcohol concentration. Experiments were 
done in batch mode at a pH of 4. Squares represent 
the experimental data while the solid line represents 
the best fit of Monod's equation with fimax- 0.031 ± 
0.005 h ' and Ks = 29.2 ± 12.7 ppm. Error bars denote 
95 % confidence interval 
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Monod curve for pH 5 

0.06 

e 0-05 

2 0.04 

i 0.03 
0 u 
M 
« 0.02 

1 
S. 0.01 
m 

0 

0 100 200 300 400 500 

IPA Concentration (ppm) 

Figure D.2 Specific growth rate of mixed culture as a function of 
isopropyl alcohol concentration. Experiments were 
done in batch mode at a pH of 5. Squares represent 
the experimental data while the solid line represents 
the best fit of Monod's equation with /w= 0.035 ± 

. 0.004 h'^ and Ks = 15.6 ± 6.6 ppm. Error bars denote 
95 % confidence interval 
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jimax = 0.035 ± 0.004 h"^ 
Ks = 15.6 ± 6.6 ppm 
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Monod curve for pH 6.0 
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Figure D.3 Specific growth rate of mixed culture as a function of 
isopropyl alcohol concentration. Experiments were 
done in batch mode at a pH of 6. Squares represent 
the experimental data while the solid line represents 
the best fit of Monod's equation with fimax-0.078 ± 
0.010 h ' and Ks = 48.1 ± 10.0 ppm. Error bars denote 
95 % confidence interval 
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Monod curve for pH 7.0 
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Figure D.4 Specific growth rate of mixed culture as a function of 
isopropyl alcohol concentration. Experiments were 
done in batch mode at a pH of 7. Squares represent 
the experimental data while the solid line represents 
the best fit of Monod's equation with jUmax- 0.057 ± 
0.005 h"' and Ks = 26.2 ± 5.6 ppm. Error bars denote 
95 % confidence interval 



APPENDIX D - Continued 

Monod curve for pH 8.0 
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Figure D.5 Specific growth rate of mixed culture as a function of 
isopropyl alcohol concentration. Experiments were 
done in batch mode at a pH of 8. Squares represent 
the experimental data while the solid line represents 
the best fit of Monod's equation with /w= 0.047 ± 
0.004 h ' and Kg = 15.9 ± 4.4 ppm. Error bars denote 
95 % confidence interval 
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Monod curve for pH 7.0 
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Figure D.4 Specific growth rate of mixed culture as a function of 
isopropyl alcohol concentration. Experiments were 
done in batch mode at a pH of 7. Squares represent 
the experimental data while the solid line represents 
the best fit of Monod s equation with //««= 0.057 ± 
0.005 h"' and Ks = 26.2 ± 5.6 ppm. Error bars denote 
95 % confidence interval 
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Monod curve for pH 8.0 
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Figure D.S Specific growth rate of mixed culture as a function of 
isopropyi alcohol concentration. Experiments were 
done in batch mode at a pH of 8. Squares represent 
the experimental data while the solid line represents 
the best fit of Monod's equation with /4,„= 0.047 ± 
0.004 h"' and Ks -15.9 ± 4.4 ppm. Error bars denote 
95 % confidence interval 
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Experimental data and Langmuir isotherms for different values of pH 

Curves for pH 4 

74.6 • C +14.1 

50 100 150 200 250 300 

Concentration of IP A (ppm) 

Figure E.l Adsorption Isotherm for IP A on GAC. Diamonds 
indicate experimental data. Continuous line indicates 
best fit of linearized Langmuir model. Experiments 
were done in batch mode at a pH of 4. 
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APPENDIX E - Continued 
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Figure £.2 Adsorption Isotherm for IPA on GAC. Diamonds 
indicate experimental data. Continuous line indicates 
best fit of Langmuir model using the parameters 
shown. Experiments were done in batch mode at a pH 
of 4. Error bars denote 95 % confidence interval. 
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Curves for pH 5 
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Figure E.3 Adsorption Isotherm for IPA on GAC. Diamonds 
indicate experimental data. Continuous line indicates 
best fit of linearized Langmuir model. Experiments 
were done in batch mode at a pH of 5. 
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Figure E.4 Adsorption Isotherm for IPA on GAC. Diamonds 
indicate experimental data. Continuous line indicates 
best fit of Langmuir model using the parameters 
shown. Experiments were done in batch mode at a pH 
of 5. Error bars denote 95 % confidence interval. 
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Curves for pH 6 

's 

u 
< 
0 

OJD 
s§ 

1 

& 
g" 

u 

3 

= 41.1 C +8.0 

50 100 150 200 250 300 

Concentration of IPA (ppm) 

Figure E.5 Adsorption Isotherm for IPA on GAC. Diamonds 
indicate experimental data. Continuous line indicates 
best fit of linearized Langmuir model. Experiments 
were done in batch mode at a pH of 6. 
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Figure E,6 Adsorption Isotherm for IPA on GAC. Diamonds 
indicate experimental data. Continuous line indicates 
best fit of Langmuir model using the parameters 
shown. Experiments were done in batch mode at a pH 
of 6. Error bars denote 95 % confidence interval. 
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Figure E.7 Adsorption Isotherm for IPA on GAC. Diamonds 
indicate experimental data. Continuous line indicates 
best fit of linearized Langmuir model. Experiments 
were done in batch mode at a pH of 7. 
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Figure E.8 Adsorption Isotherm for IPA on GAC. Diamonds 
indicate experimental data. Continuous line indicates 
best fit of Langmuir model using the parameters 
shown. Experiments were done in batch mode at a pH 
of 7. Error bars denote 95 % confidence interval. 
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Curves for pH 8 
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Figure E.9 Adsorption Isotherm for IPA on GAC. Diamonds 
indicate experimental data. Continuous line indicates 
best fit of linearized Langmuir model. Experiments 
were done in batch mode at a pH of 8. 
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Figure E.IO Adsorption Isotherm for IPA on GAC. Diamonds 
indicate experimental data. Continuous line indicates 
best fit of Langmuir model using the parameters 
shown. Experiments were done in batch mode at a pH 
of 8. Error bars denote 95 % confidence interval. 
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