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(ABSTRACT) 

The use of a two Stage Biological Phosphorus Removal (BPR) system to 

treat a high strength, low pH industrial wastewater was evaluated. A 

laboratory scale BPR system was continuously operated and fed the industrial 

wastewater. Effective utilization or removal of carbonaceous material as 

measured by Chemical Oxygen Demand (COD) was attained, but BPR was not 

achieved. Other advantages of BPR and its anaerobic-aerobic sequencing were 

also monitored. While the loading on the aerobic zone was reduced 10 to 20% 

by the anaerobic zone, there was no noticeable improvement in secondary 

settling or effluent quality. 

Efforts to supplement the industrial wastewater influent with 

phosphorus, nitrogen, potassium and iron did not produce any significant 

improvements. Mixtures of the industrial wastewater, municipal wastewater, 

and supplements were also used as influent to the system. This indicated that 

the laboratory BPR system was capable of BPR when provided with an 

appropriate influent. 

Information characterizing the influent and system operation were 

collected. Loading and operating parmeters were computed with these data. 

When compared with phosphorus removal data, little was revealed and the 

results varied. The information did indicate that pH was an important factor in 

achieving BPR. The industrial wastewater pH of 4.4 to 4.8 resulted in a pH of 

5.5 in the anaerobic zone, and this prevented the establishment of BPR.
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CHAPTER I. INTRODUCTION 

The use of suspended growth Biological Nutrient Removal (BNR) systems 

to treat municipal wastewater is recognized internationally. These mixed 

culture systems have been demonstrated and practically applied at treatment 

facilities of various sizes. Numerous BNR process configurations exist. Each 

one is as unique as the influent wastewater that is treated and the effluent 

discharge limitations that must be attained. These systems oxidize the 

carbonaceous materials in wastewater while also biochemically utilizing and 

removing the various forms of the nutrients, nitrogen and phosphorus. 

Operators, engineers, and researchers have found that BNR systems offer 

other advantages and benefits in addition to phosphorus and nitrogen removal. 

They have shown that BNR has the potential to produce savings in operating 

expenses and improve operational performance. These benefits come in the 

form of reduced chemical and energy costs, improved sludge settleability, and 

decreased sludge production and disposal costs. 

Over the past two decades, world-wide application of BNR has 

progressively increased. This is especially true in South Africa, North America, 

Europe, Japan and other areas where drinking water resources and water 

quality have been affected by the discharge of nitrogen and phosphorus. 

Increasingly, the requirement for nutrient removal is being imposed in 

point source discharge limitations in the United States. Promulgation of the 

Clean Water Act and its reauthorizations has resulted in a wave of 

comprehensive regulations. These regulations focus on_ preventing 

antidegradation, protecting or reestablishing water body beneficial uses, and 

eliminating the discharge of toxins. Convincing evidence has linked the point 

and non-point discharges of nitrogen and phosphorus to the degradation of 

water quality and subsequent loss of beneficial uses of water resources. 

Poor water quality also means higher potable water treatment costs. 

Other beneficial uses such as recreation and commercial fishing also suffer. 

Maintaining in-stream nutrient concentrations at levels which limit the amount



available prevents the proliferation of aquatic vegetation and protects valuable 

natural and drinking water resources. 

With the potential of BNR so attractive and the need to protect water 

quality and resources so crucial, BNR should be considered as a wastewater 

treatment alternative to activated sludge processes, physical-chemical 

treatment, and other advanced pollutant removal systems. Even though 

application of BNR is currently somewhat limited to municipal sewage and lab 

prepared substrates, the possibility of applying it to other, e.g., industrial, 

waste streams should not be overlooked or discredited. 

Promotion of BNR begins with its ability to biologically remove nutrients 

in excess amounts relative to cellular growth requirements. Next, there are the 

potential benefits of less sludge production, reduced dependence on chemical 

additions, and savings in the amount of energy required for microbial oxidation- 

reduction reactions. BNR has also been demonstrated as a selector of favorably 

settling activated sludge. Compared with other pollutant and nutrient removal 

systems, BNR should have a decided economical, operational and environmental 

advantage. 

The selection of a wastewater treatment system Is usually economically 

based. The major items which are evaluated and given consideration are the 

following: 

e Capital costs 

e Annual operation and maintenance expenses 

e Waste and process compatibility 

e Reliable process performance 

e Degree of pollutant removal required 

e Retrofit of existing structures 

BNR systems could rate favorably in all these categories. Properly designed, 

operated, and maintained BNR systems have the capacity to produce a high 

quality effluent at competitive or reduced operating costs. These potential 

savings are significant enough to justify the cost of a study to determine if BNR



may be applicable. Even if nitrogen or phosphorus removal is not required, BNR 

could prove to be a cost effective alternative. 

Realization of these advantages is not guaranteed. BNR systems require 

extensive process control and monitoring. Like other activated sludge 

processes, BNR is susceptible to hydraulic washout and toxic shock loads. 

Ultimately, BNR success depends on the constituents and characteristics of the 

influent wastewater. While provisions may be made to handle some 

unfavorable or uncertain conditions, it is imperative that BNR’s applicability be 

examined and investigated prior to final design and construction. 

The influent waste that was tested in this investigation was a high 

strength industrial wastewater. A laboratory scale BNR system was 

continuously fed the industrial wastewater and the operating conditions were 

varied. The wastewater was seemingly idea for biological phosphorus removal 

because it typically contained about 1000 milligrams/liter (mg/L) of acetic acid 

and more than 30 mg/L of total phosphorus. However, the high acetic acid 

caused a wastewater pH of 4.5 and lower. The testing results were evaluated 

to assess the effect of an anaerobic zone on the activated sludge treatment of 

this industrial wastewater. The high strength wastewater used as influent for 

the laboratory BNR unit was from a cellulose acetate manufacturing plant. Its 

influent characteristics present a unique, less researched situation for BNR. 

The industrial wastewater contained several organic compounds in 

addition to acetic acid and was usually nitrogen deficient for activated sludge 

metabolism. Known organics present other than acetic acid, in order of 

concentration, were isopropyl alcohol, acetone, methyl ethyl ketone, methyl 

cyanide, isopropyl acetate, and traces of benzene and mesityl oxide. The 

nitrogen compounds were probably from wood fibers, but their exact nature 

was unknown. The wastewater also contained low concentrations (< 0.50 

mg/L) of copper, chromium, and nickel. 

The purpose of the investigation was to determine if this wastewater 

could be successfully treated using BPR technology. Subjecting the BPR 

process to different waste characteristics could assist in more fully under-



standing BPR and could foster continued interest in the application of BNR 

processes to wastewaters other than domestic. 

BNR systems have been used to treat municipal and mixtures of 

municipal and industrial wastewaters. BNR may be applicable to a range of 

different wastewaters, but past experience has shown that influent wastewater 

characteristics figure prominently into the performance of BNR. Ample 

amounts of essential micro - and macro - nutrients must be present along with 

a readily biodegradable substrate. 

Experience to date has indicated that the higher the proportion of 

substrate loading to nutrient loading, the better the nutrient removal 

efficiencies. However, high substrate loadings have not been thoroughly 

explored or defined beyond municipal sewage or prepared substrates of similar 

concentrations. Use of this industrial wastewater as influent for a BNR system 

could help determine the limits of BNR. It could also serve as a way to identify 

favorable or detrimental influent organic components for BNR. 

The major objective of this investigation was to determine if BPR could 

be achieved with the industrial wastewater as influent to the laboratory BPR 

system. Consequent objectives were to evaluate the laboratory BPR system for 

the removal of carbonaceous material, the amount of substrate utilization in the 

anaerobic zone, and the effects of an anaerobic selector on sludge settleability. 

In addition, information on the influent and laboratory system operating 

conditions could be compared to system performance. The objective being to 

identify influent characteristics and loading parameters which impacted BPR or 

treatment.



CHAPTER Il. LITERATURE REVIEW 

OVERVIEW 

There are numerous ways to arrange the anaerobic, anoxic and aerobic 

zones of BNR processes. These systems are single-sludge activated sludge 

systems but with the addition of anaerobic and anoxic zones in series with an 

aerobic zone(s). The purpose of these non-aerated, well-mixed zones is to 

create environmental conditions which promote excess biological phosphorus 

and nitrate removal. 

The excess biological phosphorus removal (BPR) process may be 

combined with nitrification and _ denitrification processes in various 

combinations. These processes may function together in the same system to 

remove phosphorus, ammonia and nitrates. It should be noted that these 

reductions in nutrients are greater than the amounts required for the normal 

metabolic requirements of activated sludge systems. 

Depending on the influent waste characteristics and the effluent 

discharge permit limitations, phosphorus removal may be dependent or 

independent of total nitrogen removal. The requirement for nitrification of 

ammonia and the amount of oxidized nitrogen present in the influent and 

recycle sludge streams dictate whether an anoxic zone is necessary. Effective 

denitrification is often directly related to successful BPR. If little or no ammonia 

is present in the influent or there is not an ammonia effluent permit limitation, 

a BPR system may be operated without nitrification, and consequently, without 

denitrification. 

In this investigation, the application of BPR for treatment of a high 

strength industrial wastewater was tested. The wastewater organics were 

readily biodegradable and consisted primarily of acetic acid, the best organic for 

the stimulation of BPR (Abu-ghararah and Randall, 1991}. The microbial culture 

which grew and survived on this waste stream was dependent on the waste’s 

constituents and the environmental conditions to which the culture was 

subjected. However, utilization of the mixed microorganism cultures which are 

unique to BPR processes requires an understanding of the mechanisms



responsible. The current state of knowledge about these microorganisms and 

mechanisms is summarized in the following sections. 

BIOLOGICAL PHOSPHORUS REMOVAL 

It is generally agreed that phosphorus is removed through incorporation 

or removal with the solids which make up the biomass or activated sludge 

under aerobic conditions. As BPR applications increase and research 

progresses, the specific mechanisms which are responsible for BPR are 

becoming more fully understood. There are a number of factors which affect 

the performance of the BPR process. Theses include, 

e Anaerobic conditions 

Metabolic pathways of bacteria 

Role of pH 

Influent characteristics 

Operational parameters 

Understanding the role of these factors in relation to BPR is imperative. 

Information about these can be useful in the operation and evaluation of the 

BPR system as a treatment alternative. 

Anaerobic Conditions 

The presence of a non-aerated, anaerobic zone is a known prerequisite 

for BPR (Barnard, 1975). This zone must be devoid of dissolved oxygen (DO) 

and oxidized nitrogen. In its most basic form (see Figure 1), the system is 

described as two-stage BPR. The anaerobic zone receives influent wastewater 

and the underflow or return activated sludge from the secondary clarifier. 

Generally, it has been found that when the anaerobic environment was 

established, there was a release of phosphate and an uptake of substrate in the 

anaerobic zone. Following this release and uptake, there was a corresponding 

uptake of phosphate in the aerobic zone. While the amount of phosphorus 

which was taken up in the aerobic zone was important and the objective of 

treatment, the key features of BPR were the release of phosphorus and the 

uptake of a carbon source in the anaerobic zone.
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Buchanan et a/. (1984) explained that this stored carbon would supply 

energy for the exclusive use of the microorganisms which would uptake excess 

phosphate in the aerobic zone. They noted that the readily biodegradable 

chemical oxygen demand (RBCOD) was partitioned or stored under anaerobic 

conditions by consuming polyphosphate reserves. Due to its importance to 

BPR, methods were developed (Dold et a/., 1980) to quantify this RBCOD 

fraction. : 

Koch and Oldham (1985) found in their investigations that the 

measurement of oxidation-reduction potential (ORP) was useful in BNR. They 

determined that ORP was a good indicator of the presence of nitrates in the 

anaerobic zone. It was also suggested that there was a relationship between 

phosphate release and ORP. From their efforts, it was shown that ORP levels 

less than -150 millivolts (mV) indicate anaerobic conditions (absence of 

nitrates). This level is not considered absolute since it varies with the different 

BNR processes and measurement methods. Koch and Oldham (1985) found 

through testing that the combination perpheric platinum ring electrodes filled 

with the silver-silver chloride reference gel worked best in anaerobic conditions. 

They utilized these commercially available electrodes to test in-situ conditions. 

The release of phosphate in the anaerobic zone does not necessarily 

assure BPR. Comeau et a/. (1987) have shown that there can be a release of 

phosphorus under anaerobic conditions for other reasons. Adjustment to a high 

pH, addition of a 2,4-dinitrophenol solution, and the bubbling of carbon dioxide 

(CQ,) and hydrogen sulfide (H,S) gas were shown to cause the anaerobic 

release of phosphate. It was further indicated that this release of phosphate 

was not favorable to BPR. There was no accompanying storage of carbon 

substrates which allow subsequent phosphate uptake in the aerobic zone. 

In addition to the non-aerated, anaerobic conditions that must be 

maintained, attention has also been given to the physical characteristics of the 

anaerobic zone. The staging of the anaerobic zone was demonstrated to be 

important to BPR (Daigger et a/., 1987 and Buchan et a/., 1984). Their 

evaluations indicated that subdividing the anaerobic zone into a number of



compartments in series optimizes the operation of this zone. More effective 

adsorption of the RBCOD was observed in a compartmentalized system when 

compared to a single stage system (Buchan et a/., 1984). 

Consideration should also be given to the hydraulic retention time (HRT) 

and the mass fraction of the anaerobic zone. Randall et a/. (1992) 

recommended that when designing this zone the secondary release of 

phosphates should be avoided. Secondary release of phosphate was defined 

as the release of phosphates without a corresponding storage of a substrate for 

energy under subsequent aerobic conditions. They explained that when this 

secondary release dominated, there were not sufficient carbon reserves 

available for the uptake of the released phosphates in the aerobic zone. 

Randall et a/. (1992) recommended that the HRT in the anaerobic zone 

be limited to prevent secondary phosphate release. They noted, however, that 

with stronger or partially fermented waste, longer HRTs could be beneficial 

compared to those used for weaker or completely fermented wastewaters. In 

this instance, they indicated that longer anaerobic retention time could improve 

BPR performance. Randall et a/. (1992) concluded from their communications 

and observations that fermentation in the anaerobic zone should not be relied 

upon for many wastewaters. 

Cases were noted where higher anaerobic mass fractions proved to be 

beneficial. Comeau et¢ a/. (1987) noted that during their pilot operations with 

a three-stage Bardenpho process being fed an acetate substrate, doubling the 

anaerobic mass fraction doubled the phosphorus removal. 

Randall et a/. (1992) stated that while the anaerobic mass fraction has 

an effect on BPR, the anaerobic hydraulic retention time is more important to 

BPR performance. To obtain the desired effluent phosphorus concentration, 

they recommended making the size of the anaerobic zone variable or adjustable. 

When the influent already contains sufficient fermentation products, they noted 

that anaerobic HRT only needs to be long enough for the storage of the carbon 

substrate as poly-B-hydroxybutyrate (PHB) or some similar energy form. As



they later noted, these examples indicate that care should be used in sizing and 

providing for fermentation in the anaerobic zone. 

Wentzel et a/. (1988) found that care must be taken to ensure that the 

bio-P bacteria in the anaerobic zone are not overloaded with acetate. They 

determined that the anaerobic mass fraction must be large enough to prevent 

the leakage of acetate to the aerobic zone. They theorized that this caused the 

bio-P bacteria to lose their competitive advantage in the system. This allowed 

other microorganisms to become dominant. 

Pattarkine (1991) noted in his research that phosphorus removal or 

uptake did not start in the aerobic zone until all of the volatile fatty acids (VFA) 

had been removed from solution. Pilot studies using a municipal sewage have 

also indicated the importance of aerobic HRT (Fukase et al., 1985). Fukase et 

al, (1985) concluded that removal of P improved at shorter aerobic HRTs. This 

was conditioned on the appropriate anaerobic parameters being maintained in 

the anaerobic zone. 

Metabolic Pathways of Bacteria 

Since the phenomenon of excess phosphorus removal was first reported, 

many possible reasons for this removal have been postulated. Fuhs and Chen 

(1975) were able to demonstrate that phosphate was released from intracellular 

polyphosphate granules by the action of certain types of bacteria. Nicholls and 

Osborn (1978) were the first to propose that under anaerobic conditions, 

polyphosphate (poly-P) serves as an energy source to facilitate the storage of 

carbon sources such as acetate. The anaerobic release of phosphates into 

solution accompanies this storage of carbon. The simple carbon compounds 

are stored as PHB inside the bacterial cells. Under subsequent aerobic 

conditions, the PHB is metabolized to provide energy for the uptake of all 

available orthophosphate. 

Marais et a/. (1983) explained in their review that the consumption and 

utilization of poly-P reserves provides energy to partition influent RBCOD for the 

exclusive use of the bacteria which accumulate phosphate in the aerobic zone. 
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Comeau et a/. (1986) referred to the bacteria which are responsible for BPR and 

capable of storing poly-P and carbon substrates as bio-P bacteria. 

Efforts have been made over the last few years to model BPR. Work by 

researchers has led to the formulation of some significant relationships. In their 

investigations into the kinetics of BPR, Wentzel et a/. (1985) determined that 

with municipal sewage: 

e the release of P with respect to RBCOD conformed to a first order type 

of reaction at a relatively slow rate 

e the rate of release of P was governed by the rate of conversion of 

RBCOD to short-chain fatty acids (SCFA) 

e the mass of P released appeared to be proportional to the mass of 

RBCOD converted 

With the addition of acetate in anaerobic batch tests, they found: 

e the release of P with respect to acetate conformed to a zero order 

reaction at a relatively fast rate 

e the total mass of P released was proportional to the mass of acetate 

taken up 

When subjected to aerobic conditions, they established: 

e the mass of P taken up was proportional to the mass of P released in the 

anaerobic reactor 

e The mass of P taken up was not significantly affected by system sludge 

age; therefore, it was concluded that the poly-P organisms have a very 

low endogenous mass loss rate 

In their model for BPR by Acinetobacter, Comeau et a/. (1986) proposed 

that the internal ATP/ADP ratio of the bio-P bacteria and the regulation of the 

pH gradient across their inner membrane could explain phosphorus uptake and 

release. According to their model, poly-P was degraded by the bio-P bacteria 

to provide energy for the transport and storage of simple carbon substrates like 

acetate into the bacterial cells under anaerobic conditions. Within the cell, 

orthophosphate accumulated as poly-P was utilized. The orthophosphate was 

released from the cell into solution with the aid of a pH influenced transporter. 
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They calculated that one proton ion (H*) was discharged across the cell 

membrane for every unit of non-ionic acetic acid which was transferred into the 

membrane. In the aerobic zone, the stored carbon was consumed for the 

uptake of phosphate to produce poly-P. Their theory proposed acetyl-CoA and 

the tricarbolic acid (TCA) cycle as necessary for the synthesis of PHB. 

From Randall et a/. (1992), it was learned that Wentzel et a/. (1987) built 

upon the Comeau et a/. (1986) model. For their modifications, they theorized 

that ATP/ADP and NADH/NAD ratios control poly-P and PHB synthesis and 

degradation. In the anaerobic zone, they concluded that without a terminal 

electron acceptor, the NADH/NAD ratio increases while the ATP/ADP ratio 

decreases. This ensured that under aerobic conditions, the degradation of PHB 

was controlled by a decrease in the NADH/NAD ratio. PHB degradation 

provided the cell with energy and it increased the ATP/ADP ratio which aided 

in the formation of poly-P. This model was based on the TCA and glyoxylic 

cycles being activated by the aerobic NADH/NAD decrease. It was the 

NADH/NAD decrease which led to poly-P synthesis. 

In contrast, Mino et a/. (1987) implicated the Embden-Meyerhof-Parnas 

(EMP) pathway for the generation of NADH, for PHB creation under anaerobic 

conditions. They noted that acetyl-CoA was not oxidized to NADH, under 

anaerobic conditions through the TCA cycle. Thus, the production of PHB 

would be prevented. 

Randall et a/. (1992) added that the presence of nitrates in the anaerobic 

zone could provide some bacteria with a terminal electron acceptor. This 

prevented the RBCOD from being converted to SCFA which were needed for 

the formation of PHB. Past research and operation experience indicated that 

when the concentration of oxidized nitrogen exceeded 0.20 mg NO,/L in the 

RAS to the anaerobic zone, BPR was not successful. As a result, under aerobic 

conditions there was not enough accumulated carbon for the bio-P bacteria to 

use as an energy source to take up phosphates. 

Tracy and Flammino (1987) proposed a three-step biochemical pathway 

for BPR. They, like those previously mentioned, noted the anaerobic transport 
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and storage of organic substrates, and the subsequent aerobic metabolism 

which drove phosphate uptake. They also emphasized the key importance of 

the enzyme, polyphosphate kinase. They believed it catalyzed the anaerobic 

generation of ATP and the aerobic replenishment of the poly-P pool. They also 

added that high aerobic metabolic rates and the generation of sufficient ATP 

were necessary to reverse the reaction catalyzed by this enzyme. Randall et 

al. (1992) summarized Lotter’s explanation of the role of polyphosphate kinase. 

This review indicated a similar role for the enzyme. 

Role of pH 

Most bacteria have an optimum pH at which they function at their best. 

For most it is near neutral, with some being able to survive at a minimum of 5 

and a maximum around 9 (Gaudy and Gaudy, 1988). There does not seem to 

be much literature on the effects of pH on BPR, especially related to non- 

aerated, anaerobic conditions. One would believe that bio-P bacteria and their 

metabolism would be strongly influenced by pH. Gaudy and Gaudy (1988) 

pointed out that in the anaerobic treatment of industrial waste or sewage 

sludge the control of pH is important because of the narrow pH range where 

treatment is effective. They explained that this is even more so for anaerobic 

than for aerobic treatment. 

An anaerobic batch test was conducted to test the effect of lowering the 

pH on BPR (Comeau et a/., 1987). Sludge was taken from the aerobic zone of 

a BNR pilot plant, then subjected to non-aerated conditions for 6.5 hours to 

ensure complete denitrification. The pH was then adjusted to 4.0 with a 0.5 

N hydrochloric acid (HCI) solution. Only a slight increase in phosphate was 

observed over 4 hours of anaerobic conditions in comparison with the control. 

The air was then turned on for 3.5 hours to simulate aerobic conditions. No 

phosphate uptake was observed except in the control reactor. They noted that 

this indicated that the metabolic activity of the biomass in the pH-lowered 

reactor was probably inhibited. 

Testing by Tracy et a/. (1988) showed that the uptake of phosphorus in 

the aerobic zone is strongly influenced by pH. Their results indicated that the 
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maximum uptake rate was obtained over a pH range of about 6.8 to 7.4. The 

uptake rate dropped off significantly below pH 6.0 and it appeared to approach 

zero at a pH of less than 5.4. As Randall et a/. (1992) noted, with the 

mechanisms proposed to be responsible for BPR, more energy will be required 

to take up acetates against a higher proton (H*) concentration in the anaerobic 

zone. Gaudy and Gaudy (1988) explained that the effects of pH on the 

transport of materials across the cell membrane was very important and 

perhaps the determining factor influencing growth. Proton-motive force was 

responsible for this transport of materials into the cell. It was defined as an 

electrochemical gradient across the cell membrane which is caused by the 

translocation of H*. The establishment of this gradient, they explained, 

provided for the conveyance of a variety of ions and organic compounds across 

the membrane. They added that the pH gradient across the membrane was 

affected by the pH of the surrounding aqueous environment which in turn 

influenced the driving force for transport. 

The microorganisms also affected the pH of the surrounding 

environment. Gaudy and Gaudy (1988) pointed out that the internal pH of the 

cell was not determined solely by the environment. They noted that 

microorganisms have some ability to control the entry or exit of ions, like H*, 

into and out of their cells. They found that changes in the pH of the 

surroundings could be brought about by the microorganisms. This was 

accomplished by cells transporting alkaline products into the environment or by 

the cell removing certain ions from the environment. 

Gaudy and Gaudy (1988) also mentioned that pH has other indirect 

effects. Besides altering the actual pH gradient, pH controlled the configuration 

and activity of the cell membrane’s proteins which bind with compounds and 

transport them across the membrane. The external pH also figured into the 

determination of the ionization state of nutrients required by the cells. This 

surrounding pH helped define the ionization state of compounds which may be 

toxic and inhibitory to the cells. Gaudy and Gaudy (1988) pointed out that 

cells were more permeable to nonionized compounds and nutrients than to 
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ionized compounds and nutrients. Therefore, a compound may be toxic or 

inhibitory to the microorganisms’ growth and survival only at a pH at which it 

is not ionized. 

Influent Characteristics 

Since the inception of BNR processes, operators and researchers have 

attempted to quantify components of the influent wastewater which lead to 

successful BNR operation. Through these efforts, it was established that the 

performance of BNR was influenced and even dependent on the composition 

of the influent wastewater. 

In their compilation, Buchan et a/. (1984) detailed municipal wastewater 

characteristics which govern the design of BNR and the effluent quality that 

may be produced. Some of the important influent parameters they used were 

as follows: 

e Total Chemical Oxygen Demand (TCOD) 

e RBCOD fraction 

e Total Kjeldahl Nitrogen (TKN) to TCOD ratio, TKN/TCOD 

e Maximum specific growth rate of nitrifiers @ 20°C 

e Maximum and minimum temperature 

e Total Phosphorus (TP) to TCOD ratio, TP/TCOD 

They stressed that the success of BPR was dependent on the RBCOD 

content of the influent. Another consideration that figured prominently in BPR 

performance was the exclusion of nitrates from the anaerobic zone. They 

suggested that the TP/TCOD ratio should be less than 0.017 to 0.020 to 

achieve effluent phosphorus concentrations down to 0.5 mg TP/L. If nitrogen 

removal was required, they advised that the TKN/TCOD ratio should be less 

than 0.08 for complete denitrification. It should be understood that these 

ratios were developed using municipal wastewaters in South Africa. 

In their work to develop an enhanced culture of bio-P bacteria, Wentzel 

et a/. (1988) found that optimizing BPR required the selection of the appropriate 

influent constituents. They were able to develop enhanced bio-P cultures by 

feeding an influent of mixed substrates and nutrients to the anaerobic zone of 
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BNR systems as depicted in Figure 2. The influent which was fed to these 

systems consisted of 500 mg COD/L of acetate, a mixture of inorganic 

nutrients, and yeast extract. 

It appears that BPR is also influenced by the type of organic compound 

available for bio-P bacteria metabolism. Randall et a/. (1992) pointed out that 

phosphorus removal varied with the amount of stored substrate contained in 

the bio-P bacteria when they enter the aerobic zone. They explained that the 

bio-P bacteria need SCFA to form stored organics like PHB. Abu-ghararah and 

Randall (1991) fed different VFAs and municipal sewage to the anaerobic zone 

of a BPR pilot plant operating at a mean cell residence time (MCRT) of 13 days. 

Their data indicated that the phosphorus removal efficiency varied with the 

specific organic compound being used. Acetic acid was found to be the most 

efficient organic for BPR. With acetic acid, they obtained the following results: 

Acetic Acid - Substrate 

e mg/L P Uptake per mg/L COD utilized = 0.37 

(TP uptake in aerobic zone) 

e mg COD Utilized per mg P Removed = 16.8 

(COD utilized and P removed in total system) 

Randall et a/. (1992) discussed the results of testing conducted by 

Gerber. The batch tests by Gerber consisted of feeding both nitrates and 

various carbon substrates to the activated sludge of a BNR plant under non- 

aerated conditions. When using acetic acid as the substrate, it was found that 

as the nitrates and substrate were being consumed, substrate must have also 

been available for uptake by the bio-P bacteria. This was concluded because 

of the rapid release of phosphates which accompanied the consumption of 

nitrates and acetic acid. When the acetic acid was depleted, a much slower or 

secondary release of phosphate continued. 

Randall et a/. (1992) concluded that BPR must be either phosphorus or 

storable organics limited for all municipal wastewaters. When BPR was 

phosphorus limited, all the readily available organics could not be stored or 

taken up in the anaerobic zone by the bio-P bacteria. They noted that if the 
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�i�n� �a� �n�o�n�-�i�o�n�i�c� �f�o�r�m�.� �I�n� �t�h�i�s� �f�o�r�m� �t�h�e� �s�u�b�s�t�a�n�c�e� �w�o�u�l�d� �n�o�t� �p�a�s�s� �t�h�r�o�u�g�h� �t�h�e� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s �� �c�e�l�l� �m�e�m�b�r�a�n�e� �a�n�d� �g�e�t� �a�s�s�i�m�i�l�a�t�e�d�.� 

�T�h�e� �p�r�e�s�e�n�c�e� �o�f� �c�a�t�i�o�n�s� �i�n� �t�h�e� �i�n�f�l�u�e�n�t� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �i�m�p�l�i�c�a�t�e�d� �a�s� �a�n� 

�i�m�p�o�r�t�a�n�t� �i�n�g�r�e�d�i�e�n�t� �f�o�r� �s�u�c�c�e�s�s�f�u�l� �B�P�R�.� �W�e�n�t�z�e�l� �e�t� �a�/�.� �(�1�9�8�8�)� �f�o�u�n�d� �i�n� �t�h�e�i�r� 

�r�e�s�e�a�r�c�h� �e�f�f�o�r�t�s� �t�o� �d�e�v�e�l�o�p� �a�n� �e�n�h�a�n�c�e�d� �p�o�l�y�p�h�o�s�p�h�a�t�e� �o�r�g�a�n�i�s�m� �c�u�l�t�u�r�e� �t�h�a�t� 

�c�e�r�t�a�i�n� �c�a�t�i�o�n�s� �w�e�r�e� �n�e�e�d�e�d� �i�n� �t�h�e� �i�n�f�l�u�e�n�t�.� �T�h�e�y� �n�o�t�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� 

�m�a�g�n�e�s�i�u�m� �(�M�g�)�,� �c�a�l�c�i�u�m� �(�C�a�)�,� �a�n�d� �p�o�t�a�s�s�i�u�m� �(�K�)� �o�n� �B�P�R�.� �I�m�p�r�o�v�e�m�e�n�t�s� �i�n� 
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�P� �r�e�m�o�v�a�l� �w�e�r�e� �s�e�e�n� �w�i�t�h� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �t�h�e�s�e� �c�a�t�i�o�n�s�.� �C�o�m�e�a�u� �e�t� �a�/�.� �(�1�9�8�7�)� 

�o�b�s�e�r�v�e�d� �t�h�a�t� �M�g�,� �C�a�,� �a�n�d� �p�o�t�a�s�s�i�u�m� �K� �w�e�r�e� �c�o�-�t�r�a�n�s�p�o�r�t�e�d� �w�i�t�h� �p�h�o�s�p�h�a�t�e� 

�d�u�r�i�n�g� �a�n�a�e�r�o�b�i�c� �a�n�d� �a�e�r�o�b�i�c� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �m�e�t�a�l�l�i�c� �c�a�t�i�o�n�s� �M�g� �a�n�d� �K� �w�e�r�e� 

�i�d�e�n�t�i�f�i�e�d� �a�s� �e�s�s�e�n�t�i�a�l� �f�o�r� �b�i�o�-�P� �b�a�c�t�e�r�i�a� �a�n�d� �B�P�R� �b�y� �P�a�t�t�a�r�k�i�n�e� �(�1�9�9�1�)�.� �H�i�s� 

�r�e�s�e�a�r�c�h� �s�h�o�w�e�d� �t�h�a�t� �b�o�t�h� �M�g� �a�n�d� �K� �m�u�s�t� �b�e� �a�v�a�i�l�a�b�l�e� �t�o� �t�h�e� �b�i�o�-�P� �b�a�c�t�e�r�i�a� �f�o�r� 

�p�h�o�s�p�h�a�t�e� �r�e�l�e�a�s�e� �a�n�d� �u�p�t�a�k�e� �t�o� �b�e� �a�c�c�o�m�p�l�i�s�h�e�d�.� �R�a�n�d�a�l�l� �e�t� �a�/�.� �(�1�9�9�2�)� �n�o�t�e�d� 

�t�h�a�t� �t�h�e� �m�i�n�i�m�u�m� �a�m�o�u�n�t�s� �r�e�q�u�i�r�e�d� �f�o�r� �e�a�c�h� �m�o�l�e� �o�f� �P� �r�e�m�o�v�e�d� �i�s� �0�.�2�5� �m�o�l�e�s� 

�o�f� �M�g� �a�n�d� �0�.�2�3� �m�o�l�e�s� �o�f� �K�.� 

�O�p�e�r�a�t�i�o�n�a�l� �P�a�r�a�m�e�t�e�r�s� 

�O�n�c�e� �t�h�e� �B�P�R� �s�y�s�t�e�m� �h�a�s� �b�e�e�n� �d�e�s�i�g�n�e�d� �a�n�d� �c�o�n�s�t�r�u�c�t�e�d�,� �o�p�e�r�a�t�i�o�n� �m�a�y� 

�p�r�o�v�e� �r�e�l�a�t�i�v�e�l�y� �s�i�m�p�l�e�.� �T�h�a�t� �i�s�,� �i�f� �t�h�e� �i�n�f�l�u�e�n�t� �h�a�s� �b�e�e�n� �s�u�f�f�i�c�i�e�n�t�l�y� 

�c�h�a�r�a�c�t�e�r�i�z�e�d� �a�n�d� �s�o�m�e� �f�l�e�x�i�b�i�l�i�t�y� �h�a�s� �b�e�e�n� �p�r�o�v�i�d�e�d� �i�n� �p�r�o�c�e�s�s� �c�o�n�f�i�g�u�r�a�t�i�o�n� 

�a�n�d� �z�o�n�e� �v�o�l�u�m�e�s�.� �E�x�p�e�r�i�e�n�c�e�s� �w�i�t�h� �f�u�l�l� �s�c�a�l�e� �a�n�d� �p�i�l�o�t� �p�l�a�n�t� �o�p�e�r�a�t�i�o�n�s� �h�a�v�e� 

�a�l�l�o�w�e�d� �o�p�e�r�a�t�o�r�s� �a�n�d� �r�e�s�e�a�r�c�h�e�r�s� �t�o� �d�e�f�i�n�e� �o�p�e�r�a�t�i�o�n�a�l� �p�a�r�a�m�e�t�e�r�s� �w�h�i�c�h� 

�a�f�f�e�c�t� �B�P�R� �p�e�r�f�o�r�m�a�n�c�e�.� 

�T�h�e� �r�e�s�e�a�r�c�h�e�r�s� �f�o�r� �A�i�r� �P�r�o�d�u�c�t�s� �a�n�d� �C�h�e�m�i�c�a�l�s�,� �I�n�c�.� �i�n�d�i�c�a�t�e�d� �t�h�a�t� 

�u�n�f�a�v�o�r�a�b�l�e� �s�u�b�s�t�r�a�t�e�,� �a�s� �m�e�a�s�u�r�e�d� �b�y� �b�i�o�c�h�e�m�i�c�a�l� �o�x�y�g�e�n� �d�e�m�a�n�d� �(�B�O�D�)�,� �t�o� 

�p�h�o�s�p�h�o�r�u�s� �l�o�a�d�i�n�g�s� �(�B�O�D�/�P�)� �m�a�y� �b�e� �o�v�e�r�c�o�m�e� �b�y� �h�i�g�h� �s�o�l�u�b�l�e� �s�u�b�s�t�r�a�t�e� �(�f�o�o�d�)� 

�t�o� �b�i�o�m�a�s�s� �(�F�,�/�M�)� �r�a�t�i�o�s� �(�T�r�a�c�y� �e�t� �a�/�.�,� �1�9�8�8�)�.� �T�h�e�y� �u�s�e�d� �t�w�e�l�v�e� �y�e�a�r�s� �o�f� 

�o�p�e�r�a�t�i�n�g� �e�x�p�e�r�i�e�n�c�e� �t�o� �d�e�v�e�l�o�p� �a� �m�o�d�e�l� �w�h�i�c�h� �c�a�n� �u�s�e� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� 

�b�e�t�w�e�e�n� �B�O�D�/�P� �a�n�d� �F�,�/�M� �t�o� �p�r�e�d�i�c�t� �e�f�f�l�u�e�n�t� �p�h�o�s�p�h�o�r�u�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �T�h�e�y� 

�c�l�a�i�m�e�d� �t�h�a�t� �t�h�e�i�r� �m�o�d�e�l� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �a�s� �t�h�e� �i�n�f�l�u�e�n�t� �B�O�D�/�P� �i�n�c�r�e�a�s�e�d�,� �t�h�e� 

�m�i�n�i�m�u�m� �s�y�s�t�e�m� �F�.�/�M� �n�e�e�d�e�d� �t�o� �a�c�h�i�e�v�e� �a� �c�e�r�t�a�i�n� �e�f�f�l�u�e�n�t� �q�u�a�l�i�t�y� �d�e�c�r�e�a�s�e�d�.� 

�T�h�e�y� �c�o�n�t�e�n�d�e�d� �t�h�a�t� �t�h�e� �t�w�o�-�s�t�a�g�e� �B�P�R� �w�h�i�c�h� �t�h�e�y� �h�a�d� �p�a�t�e�n�t�e�d� �a�s� �t�h�e� 

�A�n�a�e�r�o�b�i�c�/�O�x�i�c� �(�A�/�O�°�)� �p�r�o�c�e�s�s� �w�a�s� �f�a�v�o�r�e�d� �b�y� �o�p�e�r�a�t�i�o�n� �a�t� �h�i�g�h� �s�y�s�t�e�m� �F�/�M�.� 

�I�t� �w�a�s� �n�o�t�e�d� �t�h�a�t� �t�h�i�s� �m�o�d�e�l� �w�a�s� �o�n�l�y� �a�p�p�l�i�c�a�b�l�e� �f�o�r� �B�O�D�/�P� �f�r�o�m� �1�0� �t�o� �1�5�,� �a�n�d� 

�F�.�/�M� �r�a�n�g�e� �o�f� �0�.�1�0� �t�o� �0�.�4�0�.� 

�I�n� �o�t�h�e�r� �r�e�s�e�a�r�c�h� �b�y� �A�/�O� �p�r�o�m�o�t�e�r�s�,� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �a�t� �F�/�M� �o�r�g�a�n�i�c� 

�l�o�a�d�i�n�g� �r�a�t�e�s� �o�f� �g�r�e�a�t�e�r� �t�h�a�n� �0�.�5�0� �g� �B�O�D�/�g� �V�S�S�-�d�a�y�,� �t�h�e� �p�h�o�s�p�h�o�r�u�s� �r�e�m�o�v�a�l� 

�d�e�t�e�r�i�o�r�a�t�e�d� �(�T�r�a�c�y� �e�t� �a�/�.�,� �1�9�8�6�)�.� �T�h�e� �p�e�r�c�e�n�t� �p�h�o�s�p�h�a�t�e� �r�e�m�o�v�a�l� �w�e�n�t� �f�r�o�m� 
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�8�0� �t�o� �5�5� �a�n�d� �4�6� �w�h�e�n� �t�h�e� �F�/�M� �w�a�s� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �0�.�4�6� �t�o� �0�.�7�6� �a�n�d� �0�.�9�8�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �f�o�r� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t�:� 

�e� �t�h�r�e�e� �b�a�t�c�h�-�f�i�l�l� �a�n�d� �d�r�a�w� �u�n�i�t�s� �w�e�r�e� �o�p�e�r�a�t�e�d� 

�e� �c�y�c�l�e� �t�i�m�e� �f�o�r� �e�a�c�h� �u�n�i�t� �c�o�n�s�i�s�t�e�d� �o�f� �1� �h�o�u�r� �o�f� �n�o�n�-�a�e�r�a�t�e�d� �m�i�x�i�n�g�,� �5�.�5� 

�h�o�u�r�s� �o�f� �a�e�r�a�t�i�o�n� �a�n�d� �1�.�5� �h�o�u�r�s� �o�f� �s�e�t�t�l�i�n�g�,� �d�e�c�a�n�t�i�n�g�,� �d�e�g�a�s�s�i�n�g� �a�n�d� 

�r�e�c�y�c�l�e� �m�i�x�i�n�g� 

�e� �n�i�t�r�i�f�i�c�a�t�i�o�n� �w�a�s� �i�n�h�i�b�i�t�e�d� �b�y� �a�d�d�i�t�i�o�n� �o�f� �a�l�l�y�l�t�h�i�o�u�r�e�a� 

�e� �t�h�e� �f�e�e�d� �f�o�r� �t�h�e� �h�i�g�h� �l�o�a�d�i�n�g�s� �w�a�s� �a� �m�i�x�t�u�r�e� �o�f� �b�r�e�w�e�r�y� �a�n�d� �c�h�e�e�s�e� �p�l�a�n�t� 

�w�a�s�t�e�w�a�t�e�r� �a�n�d� �m�u�n�i�c�i�p�a�l� �s�e�w�a�g�e� 

�e� �t�h�e� �f�e�e�d� �f�o�r� �t�h�e� �l�o�w�e�r� �l�o�a�d�i�n�g� �w�a�s� �a� �m�o�r�e� �t�y�p�i�c�a�l� �m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r� 

�O�t�h�e�r� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �c�o�n�d�u�c�t�e�d� �s�i�m�i�l�a�r� �r�e�s�e�a�r�c�h� �i�n� �a�n� �e�f�f�o�r�t� �t�o� 

�d�e�t�e�r�m�i�n�e� �f�a�v�o�r�a�b�l�e� �r�a�n�g�e�s� �f�o�r� �o�t�h�e�r� �o�p�e�r�a�t�i�o�n�a�l� �p�a�r�a�m�e�t�e�r�s�.� �I�n� �t�h�e�i�r� �p�i�l�o�t� 

�s�t�u�d�y�,� �F�u�k�a�s�e� �e�t� �a�/�.� �(�1�9�8�5�)� �o�b�t�a�i�n�e�d� �i�n�f�o�r�m�a�t�i�o�n� �w�h�i�c�h� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�e� 

�i�m�p�o�r�t�a�n�c�e� �o�f� �s�e�v�e�r�a�l� �p�a�r�a�m�e�t�e�r�s�.� �I�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e�,� �B�O�D� �l�o�a�d�i�n�g� �r�a�t�e�s� 

�a�n�d� �B�O�D� �t�o� �b�i�o�m�a�s�s� �r�a�t�i�o�s� �w�e�r�e� �c�o�n�c�l�u�d�e�d� �t�o� �h�a�v�e� �a�n� �i�m�p�a�c�t� �o�n� �p�h�o�s�p�h�o�r�u�s� 

�r�e�m�o�v�a�l�.� �I�n� �t�h�e�i�r� �s�t�u�d�y�,� �a� �t�w�o�-�s�t�a�g�e� �B�P�R� �w�a�s� �f�e�d� �a� �m�u�n�i�c�i�p�a�l� �s�e�w�a�g�e�.� �F�r�o�m� 

�t�h�e�i�r� �r�e�s�u�l�t�s�,� �t�h�e�y� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �w�h�e�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e� �B�O�D� �I�c�a�d�i�n�g� �r�a�t�e�s� 

�w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �b�e�l�o�w� �0�.�2�0� �k�g� �B�O�D�/�k�g� �M�L�S�S�-�d�a�y� �a�n�d� �B�O�D� �t�o� �M�L�S�S� �r�a�t�i�o�s� 

�w�e�r�e� �k�e�p�t� �l�e�s�s� �t�h�a�n� �0�.�1�0� �k�g� �B�O�D�/�k�g� �M�L�S�S�,� �t�h�e� �l�o�w�e�s�t� �e�f�f�l�u�e�n�t� �p�h�o�s�p�h�a�t�e� 

�l�e�v�e�l�s� �w�e�r�e� �a�c�h�i�e�v�e�d�.� 

�F�u�k�a�s�e� �e�t� �a�/�.� �(�1�9�8�5�)� �b�e�l�i�e�v�e�d� �t�h�e�s�e� �r�e�s�u�l�t�s� �a�g�r�e�e�d� �w�i�t�h� �s�o�m�e� �g�e�n�e�r�a�l�l�y� 

�a�c�c�e�p�t�e�d� �t�h�e�o�r�i�e�s�.� �O�n�e� �w�a�s� �t�h�a�t� �t�h�e� �s�u�b�s�t�r�a�t�e� �l�o�a�d�i�n�g� �r�a�t�e� �t�o� �t�h�e� �a�n�a�e�r�o�b�i�c� 

�z�o�n�e� �m�u�s�t� �b�e� �l�o�w�e�r� �t�h�a�n� �t�h�e� �B�O�D� �u�p�t�a�k�e� �r�a�t�e� �o�f� �t�h�e� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�.� �T�h�e� 

�o�t�h�e�r� �w�a�s� �t�h�a�t� �t�h�e� �a�m�o�u�n�t� �o�f� �s�u�b�s�t�r�a�t�e� �a�v�a�i�l�a�b�l�e� �s�h�o�u�l�d� �n�o�t� �e�x�c�e�e�d� �t�h�e� 

�m�i�c�r�o�o�r�g�a�n�i�s�m ��s� �c�a�p�a�c�i�t�y� �f�o�r� �B�O�D� �s�t�o�r�a�g�e�.� �I�n� �t�h�e�i�r� �t�e�s�t�i�n�g� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�a�f�f�e�c�t� �o�f� �a�e�r�o�b�i�c� �H�R�T� �o�n� �B�P�R�,� �t�h�e� �a�e�r�o�b�i�c� �z�o�n�e� �H�R�T� �w�a�s� �v�a�r�i�e�d� �o�v�e�r� �a� �r�a�n�g�e� 

�o�f� �3� �t�o� �6� �h�o�u�r�s�.� �T�h�e�i�r� �r�e�s�u�l�t�s� �e�n�a�b�l�e�d� �t�h�e�m� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�a�t� �t�h�e� �s�h�o�r�t�e�r� �H�R�T� 

�p�r�o�d�u�c�e�d� �t�h�e� �g�r�e�a�t�e�s�t� �p�h�o�s�p�h�o�r�u�s� �r�e�m�o�v�a�l�.� �T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �M�C�R�T� �a�n�d� �B�O�D� 

�l�o�a�d�i�n�g� �r�a�t�e�s� �w�e�r�e� �a�l�s�o� �e�x�a�m�i�n�e�d� �d�u�r�i�n�g� �t�h�i�s� �p�a�r�t� �o�f� �t�h�e� �s�t�u�d�y�.� �T�h�e�y� �d�e�d�u�c�e�d� 

�t�h�a�t� �t�h�e�s�e� �p�a�r�a�m�e�t�e�r�s� �w�e�r�e� �n�o�t� �a�s� �i�m�p�o�r�t�a�n�t� �a�s� �H�R�T� �a�n�d� �M�L�S�S� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� 
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�T�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �s�l�u�d�g�e� �a�g�e�,� �s�o�l�i�d�s� �r�e�t�e�n�t�i�o�n� �t�i�m�e� �(�S�R�T�)� �o�r� �M�C�R�T� �o�n� 

�B�P�R� �h�a�s� �a�l�s�o� �b�e�e�n� �d�o�w�n� �p�l�a�y�e�d� �b�y� �o�t�h�e�r� �r�e�s�e�a�r�c�h�e�r�s�.� �R�a�n�d�a�l�l� �e�t� �a�/�.� �(�1�9�9�2�)�,� 

�c�i�t�i�n�g� �c�a�s�e� �s�t�u�d�i�e�s� �r�e�p�o�r�t�e�d� �b�y� �B�a�r�n�a�r�d�,� �n�o�t�e�d� �t�h�a�t� �B�P�R� �s�y�s�t�e�m�s� �a�r�e� �p�r�a�c�t�i�c�a�l�l�y� 

�i�n�d�e�p�e�n�d�e�n�t� �o�f� �S�R�T� �o�v�e�r� �t�h�e� �r�a�n�g�e� �o�f� �t�w�o� �t�o� �f�o�r�t�y� �d�a�y�s�.� �T�h�e�y� �e�x�p�l�a�i�n�e�d� �t�h�a�t� 

�b�e�c�a�u�s�e� �o�f� �h�o�w� �t�h�e� �p�e�r�c�e�n�t� �p�h�o�s�p�h�o�r�u�s� �i�n� �t�h�e� �m�i�x�e�d�-�l�i�q�u�o�r� �v�o�l�a�t�i�l�e� �s�u�s�p�e�n�d�e�d� 

�s�o�l�i�d�s� �(�M�L�V�S�S�)� �v�a�r�i�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �i�n�f�l�u�e�n�t� �C�O�D�:�P� �r�a�t�i�o�,� �B�P�R� �w�a�s� 

�i�n�d�e�p�e�n�d�e�n�t� �o�f� �S�R�T�.� �T�h�e�y� �f�o�u�n�d� �t�h�a�t� �t�h�e� �p�e�r�c�e�n�t� �P� �i�n� �t�h�e� �M�L�V�S�S� �i�n�c�r�e�a�s�e�d� 

�u�p� �t�o� �a� �m�a�x�i�m�u�m� �c�a�p�a�c�i�t�y� �w�i�t�h�o�u�t� �a�f�f�e�c�t�i�n�g� �t�h�e� �P� �r�e�m�o�v�a�l� �w�h�e�n� �t�h�e� �M�C�R�T� 

�w�a�s� �i�n�c�r�e�a�s�e�d�.� 

�T�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �p�e�r�c�e�n�t� �P�,� �R�a�n�d�a�l�l� �e�t� �a�/�.� �(�1�9�9�2�)� �r�e�a�s�o�n�e�d�,� �w�a�s� �d�u�e� 

�t�o� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �f�r�a�c�t�i�o�n� �o�f� �b�i�o�-�P� �b�a�c�t�e�r�i�a� �i�n� �t�h�e� �b�i�o�m�a�s�s�.� �T�h�e�y� �t�h�e�o�r�i�z�e�d� 

�t�h�a�t� �t�h�e� �p�e�r�c�e�n�t� �P� �i�n�c�r�e�a�s�e�d� �u�n�t�i�l� �e�i�t�h�e�r� �a�v�a�i�l�a�b�l�e� �P� �o�r� �a�v�a�i�l�a�b�l�e� �C�O�D� �b�e�c�a�m�e� 

�l�i�m�i�t�i�n�g�.� �U�s�i�n�g� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �f�u�l�l�-�s�c�a�l�e� �d�e�m�o�n�s�t�r�a�t�i�o�n�s� �a�n�d� �p�i�l�o�t� �s�t�u�d�i�e�s� 

�o�f� �B�P�R� �s�y�s�t�e�m�s�,� �t�h�e�y� �c�o�m�p�a�r�e�d� �t�h�e� �i�n�f�l�u�e�n�t� �s�u�b�s�t�r�a�t�e� �t�o� �p�h�o�s�p�h�o�r�u�s� �r�a�t�i�o�s� �t�o� 

�t�h�e� �p�e�r�c�e�n�t� �P� �o�f� �t�h�e� �M�L�V�S�S� �a�n�d� �t�h�e� �e�f�f�l�u�e�n�t� �p�h�o�s�p�h�o�r�u�s� �l�e�v�e�l�s�.� �A�s� �n�o�t�e�d� 

�e�a�r�l�i�e�r�,� �t�h�e�i�r� �g�r�a�p�h�s� �c�o�n�f�i�r�m�e�d� �t�h�a�t� �t�h�e� �i�n�f�l�u�e�n�t� �r�a�t�i�o� �o�f� �C�O�D� �t�o� �P� �i�s� �i�n�v�e�r�s�e�l�y� 

�r�e�l�a�t�e�d� �t�o� �e�f�f�l�u�e�n�t� �P� �a�n�d� �p�e�r�c�e�n�t� �P� �o�f� �t�h�e� �M�L�V�S�S�.� 

�S�E�L�E�C�T�O�R� �T�E�C�H�N�O�L�O�G�Y� 

�I�n� �t�h�e�i�r� �s�t�u�d�y� �o�n� �t�h�e� �c�o�n�t�r�o�!� �o�f� �a�c�t�i�v�a�t�e�d� �s�l�u�d�g�e� �s�e�t�t�l�i�n�g�,� �T�r�a�c�y� �e�t� �a�/�.� 

�(�1�9�8�6�)� �d�e�f�i�n�e�d� �a�n� �a�n�a�e�r�o�b�i�c� �s�e�l�e�c�t�o�r� �a�s� �"�a� �z�o�n�e� �i�n� �w�h�i�c�h� �i�n�f�l�u�e�n�t� �w�a�s�t�e�w�a�t�e�r� 

�a�n�d� �b�i�o�m�a�s�s� �a�r�e� �c�o�n�t�a�c�t�e�d� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �s�u�p�p�l�i�e�d� �o�x�y�g�e�n� �o�r� �o�x�i�d�i�z�e�d� 

�n�i�t�r�o�g�e�n ��.� �T�h�e�y� �l�i�k�e� �s�e�v�e�r�a�l� �o�t�h�e�r�s�,� �h�a�v�e� �a�s�s�o�c�i�a�t�e�d� �i�m�p�r�o�v�e�d� �s�l�u�d�g�e� 

�s�e�t�t�l�e�a�b�i�l�i�t�y� �a�n�d� �p�r�e�v�e�n�t�i�o�n� �o�f� �f�i�l�a�m�e�n�t�o�u�s� �b�u�l�k�i�n�g� �w�i�t�h� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �a�n� 

�a�n�a�e�r�o�b�i�c� �z�o�n�e� �a�h�e�a�d� �o�f� �t�h�e� �a�e�r�o�b�i�c� �o�r� �o�x�i�c� �r�e�a�c�t�o�r� �i�n� �t�h�e� �a�c�t�i�v�a�t�e�d� �s�l�u�d�g�e� 

�p�r�o�c�e�s�s�.� �W�h�e�t�h�e�r� �i�t� �w�a�s� �t�h�e� �e�l�i�m�i�n�a�t�i�o�n� �o�f� �f�i�l�a�m�e�n�t�o�u�s� �o�r�g�a�n�i�s�m�s�,� �t�h�e� 

�a�n�a�e�r�o�b�i�c� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �a�v�a�i�l�a�b�l�e� �s�u�b�s�t�r�a�t�e�,� �o�r� �t�h�e� �c�r�e�a�t�i�o�n� �o�f� �a� �s�u�b�s�t�r�a�t�e� 

�g�r�a�d�i�e�n�t�,� �i�t� �h�a�s� �b�e�e�n� �s�e�e�n� �t�h�a�t� �a�n�a�e�r�o�b�i�c� �s�e�l�e�c�t�o�r�s� �i�m�p�r�o�v�e� �s�l�u�d�g�e� �s�e�t�t�l�i�n�g�.� 

�E�a�r�l�i�e�r� �r�e�p�o�r�t�s� �a�n�d� �o�b�s�e�r�v�a�t�i�o�n�s� �o�f� �t�h�e� �a�d�v�a�n�t�a�g�e�s� �o�f� �t�h�e� �t�w�o�-�s�t�a�g�e� �B�P�R� 

�p�r�o�c�e�s�s� �c�u�l�m�i�n�a�t�e�d� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �b�y� �W�a�n�n�e�r� �e�t� �a�/�.� �(�1�9�8�7�)� �a�n�d� �T�r�a�c�y� �e�t� �a�/�.� 

�(�1�9�8�6�)�.� �T�h�e�y� �r�e�c�o�g�n�i�z�e�d� �t�h�a�t� �g�o�o�d� �s�l�u�d�g�e� �s�e�t�t�l�i�n�g� �a�n�d� �t�h�e� �e�l�i�m�i�n�a�t�i�o�n� �o�f� 

�f�i�l�a�m�e�n�t�o�u�s� �b�u�l�k�i�n�g� �c�o�u�l�d� �b�e� �l�i�n�k�e�d� �t�o� �t�h�e� �u�s�e� �o�f� �a�n� �a�n�a�e�r�o�b�i�c� �s�e�l�e�c�t�o�r�.� �P�i�t�t� 
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�a�n�d� �J�e�n�k�i�n�s� �(�1�9�8�8�)� �e�v�e�n� �a�t�t�r�i�b�u�t�e�d� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �N�o�c�a�r�d�i�a� �f�o�a�m�i�n�g� �t�o� �t�h�e� 

�u�s�e� �o�f� �a�n� �a�n�a�e�r�o�b�i�c� �s�e�l�e�c�t�o�r�.� �S�o�m�e� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e�r�e� �i�s� 

�a� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �f�a�v�o�r�a�b�l�e� �s�e�t�t�l�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�n�d� �t�h�e� �a�n�a�e�r�o�b�i�c� 

�u�t�i�l�i�z�a�t�i�o�n� �o�r� �u�p�t�a�k�e� �o�f� �s�u�b�s�t�r�a�t�e� �(�W�a�n�n�e�r� �e�t� �a�/�.�,� �1�9�8�7�)�.� 

�W�h�i�l�e� �R�a�n�d�a�l�l� �e�t� �a�/�.� �(�1�9�9�2�)� �c�a�u�t�i�o�n�e�d� �a�g�a�i�n�s�t� �t�h�e� �u�s�e� �o�f� �s�l�u�d�g�e� �v�o�l�u�m�e� 

�i�n�d�e�x� �(�S�V�I�)� �a�s� �a� �m�e�a�s�u�r�e� �o�f� �s�l�u�d�g�e� �s�e�t�t�l�e�a�b�i�l�i�t�y�,� �i�t� �i�s� �g�e�n�e�r�a�l�l�y� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� 

�t�h�e� �m�o�s�t� �p�r�a�c�t�i�c�a�l� �a�n�d� �w�i�d�e�l�y� �u�s�e�d� �m�e�t�h�o�d�.� �A�s� �t�h�e�y� �n�o�t�e�d�,� �i�n� �c�a�s�e�s� �w�h�e�r�e� �t�h�e� 

�a�e�r�o�b�i�c� �m�i�x�e�d�-�l�i�q�u�o�r� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �(�M�L�S�S�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�r�e� �g�r�e�a�t�e�r� �t�h�a�n� 

�3�5�0�0� �t�o� �4�0�0�0� �m�g�/�L�,� �S�V�I� �v�a�l�u�e�s� �a�r�e� �n�o�t� �a� �g�o�o�d� �i�n�d�i�c�a�t�i�o�n� �o�f� �s�l�u�d�g�e� �s�e�t�t�l�i�n�g�.� 

�T�h�i�s� �i�s� �t�h�e� �M�L�S�S� �r�a�n�g�e� �o�f� �m�o�s�t� �B�N�R� �s�y�s�t�e�m�s�,� �e�s�p�e�c�i�a�l�l�y� �t�h�o�s�e� �t�h�a�t� �n�i�t�r�i�f�y�.� �I�n� 

�l�i�e�u� �o�f� �a�n�y� �o�t�h�e�r� �c�o�m�m�o�n� �m�e�t�h�o�d�s� �o�f� �g�a�u�g�i�n�g� �s�l�u�d�g�e� �s�e�t�t�l�i�n�g�,� �S�V�!� �h�a�s� �b�e�e�n� 

�u�s�e�d� �p�r�e�d�o�m�i�n�a�t�e�l�y� �i�n� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �a�n�d� �r�e�s�e�a�r�c�h�.� 

�M�i�c�r�o�s�c�o�p�i�c� �e�x�a�m�i�n�a�t�i�o�n�s� �a�n�d� �N�e�i�s�s�e�r� �s�t�a�i�n�i�n�g� �w�e�r�e� �u�t�i�l�i�z�e�d� �b�y� �W�a�n�n�e�r� 

�e�t�a�l�,� �(�1�9�8�7�)� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �b�i�o�m�a�s�s� �f�l�o�c�,� �i�d�e�n�t�i�f�y� �f�i�l�a�m�e�n�t�o�u�s� �b�a�c�t�e�r�i�a�,� �a�n�d� 

�l�o�c�a�t�e� �p�o�l�y�p�h�o�s�p�h�a�t�e� �g�r�a�n�u�l�e�s�.� �T�h�e�s�e� �c�o�m�b�i�n�e�d� �w�i�t�h� �S�V�i� �d�e�t�e�r�m�i�n�a�t�i�o�n�s� 

�d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �a�n�a�e�r�o�b�i�c� �c�o�n�d�i�t�i�o�n�s� �h�a�v�e� �p�o�s�i�t�i�v�e� �e�f�f�e�c�t�s� �o�n� �s�l�u�d�g�e� �s�e�t�t�l�i�n�g�.� 

�T�h�e�i�r� �o�b�s�e�r�v�a�t�i�o�n�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �f�i�l�a�m�e�n�t�o�u�s� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �w�e�r�e� �n�o�t� �a�s� 

�c�o�m�m�o�n� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �s�e�l�e�c�t�o�r� �s�y�s�t�e�m�s� �a�s� �i�n� �t�h�e� �a�e�r�o�b�i�c� �c�o�n�t�r�o�l� �u�n�i�t�.� �T�h�e� 

�b�u�l�k�i�n�g� �w�a�s� �r�e�p�r�e�s�s�e�d� �b�e�c�a�u�s�e� �o�f� �m�e�t�a�b�o�l�i�c� �p�r�i�n�c�i�p�l�e�s�,� �t�h�e�y� �r�e�a�s�o�n�e�d�.� �|�t� �w�a�s� 

�c�o�n�c�l�u�d�e�d� �t�h�a�t� �h�e�t�e�r�o�t�r�o�p�h�i�c� �f�i�l�a�m�e�n�t�o�u�s� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �d�o� �n�o�t� �h�a�v�e� �s�u�f�f�i�c�i�e�n�t� 

�s�u�b�s�t�r�a�t�e� �a�v�a�i�l�a�b�l�e� �f�o�r� �t�h�e�i�r� �s�u�r�v�i�v�a�l� �i�n� �t�h�e� �s�u�b�s�e�q�u�e�n�t� �a�e�r�o�b�i�c� �z�o�n�e�.� 

�W�a�n�n�e�r� �e�t� �a�/�.� �(�1�9�8�7�)� �f�o�u�n�d� �t�h�a�t� �e�f�f�e�c�t�i�v�e� �s�e�l�e�c�t�i�o�n� �o�f� �f�a�v�o�r�a�b�l�y� �s�e�t�t�l�i�n�g� 

�b�a�c�t�e�r�i�a� �o�c�c�u�r�r�e�d� �w�h�e�n� �m�o�s�t� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e� �a�v�a�i�l�a�b�l�e� �w�a�s� �u�t�i�l�i�z�e�d� �i�n� �t�h�e� 

�a�n�a�e�r�o�b�i�c� �z�o�n�e�.� �T�r�a�c�y� �e�t� �a�/�.� �(�1�9�8�6�)� �c�i�t�e�d� �E�i�k�e�l�b�o�o�m� �a�s� �c�o�n�f�i�r�m�i�n�g� �t�h�a�t� �a� 

�s�e�l�e�c�t�o�r� �i�s� �e�f�f�e�c�t�i�v�e� �o�n�l�y� �i�f� �5�0� �t�o� �7�0� �p�e�r�c�e�n�t� �o�f� �t�h�e� �i�n�f�l�u�e�n�t� �C�O�D� �i�s� �t�a�k�e�n� �u�p� �i�n� 

�t�h�e� �i�n�i�t�i�a�l� �z�o�n�e�.� �T�h�e�y� �a�d�d�e�d� �t�h�a�t� �w�h�i�l�e� �a� �h�i�g�h� �s�u�b�s�t�r�a�t�e� �g�r�a�d�i�e�n�t� �a�n�d� �t�h�e� 

�s�t�a�g�i�n�g� �o�f� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e� �w�a�s� �a�d�v�a�n�t�a�g�e�o�u�s� �t�o� �p�h�o�s�p�h�o�r�u�s� �r�e�m�o�v�a�l�,� �i�t� �w�a�s� 

�n�o�t� �r�e�q�u�i�r�e�d� �f�o�r� �e�l�i�m�i�n�a�t�i�n�g� �f�i�l�a�m�e�n�t�o�u�s� �b�u�l�k�i�n�g�.� �T�h�e�y� �f�u�r�t�h�e�r� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� 

�t�h�e� �c�o�n�f�i�g�u�r�a�t�i�o�n� �o�f� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e� �w�a�s� �n�o�t� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �s�u�p�p�r�e�s�s�i�n�g� �t�h�e� 

�g�r�o�w�t�h� �o�f� �f�i�l�a�m�e�n�t�o�u�s� �b�a�c�t�e�r�i�a�.� �T�h�e�i�r� �w�o�r�k� �p�r�o�v�e�d�,� �t�h�e�y� �c�o�n�t�e�n�d�e�d�,� �t�h�a�t� �t�h�e� 
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�s�e�l�e�c�t�i�o�n� �p�r�e�s�s�u�r�e� �i�n� �a�n� �a�n�a�e�r�o�b�i�c� �z�o�n�e� �i�s� �b�a�s�e�d� �o�n� �a� �m�e�t�a�b�o�l�i�c� �d�i�f�f�e�r�e�n�c�e� 

�b�e�t�w�e�e�n� �m�o�s�t� �f�i�l�a�m�e�n�t�o�u�s� �a�n�d� �n�o�n�-�f�i�l�a�m�e�n�t�o�u�s� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�.� 

�O�t�h�e�r�s� �h�a�v�e� �c�l�a�i�m�e�d� �t�h�a�t� �a�n� �i�n�i�t�i�a�l� �c�o�n�t�a�c�t� �z�o�n�e� �w�i�t�h� �a� �h�i�g�h� �s�u�b�s�t�r�a�t�e� 

�g�r�a�d�i�e�n�t� �a�n�d� �n�o�n�l�i�m�i�t�i�n�g� �D�O� �p�r�e�v�e�n�t� �t�h�e� �w�i�d�e�s�p�r�e�a�d� �g�r�o�w�t�h� �o�f� �f�i�l�a�m�e�n�t�o�u�s� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s� �(�C�h�u�d�o�b�a� �e�t� �a�/�.�,� �1�9�7�3�)�.� �E�x�p�e�r�i�m�e�n�t�s� �b�y� �T�r�a�c�y� �e�t� �a�/�.� �(�1�9�8�6�)� 

�u�s�i�n�g� �b�a�t�c�h�-�f�i�l�l�-�a�n�d�-�d�r�a�w� �u�n�i�t�s� �s�h�o�w�e�d� �t�h�a�t� �i�n�i�t�i�a�l� �l�o�w� �D�O� �c�o�n�d�i�t�i�o�n�s� �p�r�o�v�i�d�e�d� 

�f�o�r� �b�o�t�h� �B�P�R� �a�n�d� �t�h�e� �g�r�o�w�t�h� �o�f� �f�i�l�a�m�e�n�t�o�u�s� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�.� �T�h�e�y� �f�o�u�n�d� �t�h�a�t� 

�a�n� �i�n�i�t�i�a�l� �D�O� �l�e�v�e�l� �o�f� �a�t� �l�e�a�s�t� �1�.�0� �m�g�/�L� �w�a�s� �n�e�e�d�e�d� �t�o� �p�r�o�d�u�c�e� �a� �g�o�o�d� �s�e�t�t�l�i�n�g�,� 

�n�o�n�-�f�i�l�a�m�e�n�t�o�u�s� �s�l�u�d�g�e�.� �T�h�e�i�r� �w�o�r�k� �a�l�s�o� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �a�n� �a�n�a�e�r�o�b�i�c� �s�e�l�e�c�t�o�r� 

�p�r�o�c�e�s�s� �i�m�p�r�o�v�e�d� �s�l�u�d�g�e� �s�e�t�t�l�i�n�g�.� �T�h�e�y� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �a�n�a�e�r�o�b�i�c� �s�e�l�e�c�t�o�r� 

�p�r�o�c�e�s�s� �c�o�u�l�d� �h�a�n�d�l�e� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �h�i�g�h� �o�r�g�a�n�i�c� �l�o�a�d�i�n�g�s� �a�n�d� �s�t�i�l�l� �p�r�o�d�u�c�e� �a� 

�s�l�u�d�g�e� �w�i�t�h� �g�o�o�d� �s�e�t�t�l�i�n�g� �p�r�o�p�e�r�t�i�e�s�.� �A�s� �n�o�t�e�d� �e�a�r�l�i�e�r�,� �B�P�R� �w�a�s� �n�o�t� �s�u�s�t�a�i�n�e�d� 

�u�n�d�e�r� �t�h�e�s�e� �h�i�g�h� �l�o�a�d�i�n�g�s�.� �B�i�o�l�o�g�i�c�a�l� �p�h�o�s�p�h�o�r�u�s� �r�e�m�o�v�a�l� �r�e�s�u�m�e�d� �w�h�e�n� �t�h�e� 

�l�o�w�e�r� �l�o�a�d�i�n�g� �t�o� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e� �w�a�s� �r�e�-�e�s�t�a�b�l�i�s�h�e�d�.� �T�h�i�s�,� �t�h�e�y� �f�e�l�t�,� �i�m�p�l�i�e�d� 

�t�h�a�t� �t�h�e� �p�o�l�y�-�P� �s�u�r�v�i�v�a�l� �m�e�c�h�a�n�i�s�m� �c�o�u�l�d� �p�e�r�s�i�s�t� �a�n�d� �t�h�e� �p�o�l�y�-�P� �b�a�c�t�e�r�i�a� �h�a�d� �a� 

�c�o�m�p�e�t�i�t�i�v�e� �a�d�v�a�n�t�a�g�e� �d�u�r�i�n�g� �t�h�e� �h�i�g�h�e�r� �l�o�a�d�i�n�g�s�.� 

�T�h�e� �w�o�r�k� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�i�s� �s�e�c�t�i�o�n� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �a� �t�w�o�-�s�t�a�g�e� �B�P�R� 

�p�r�o�c�e�s�s� �m�a�y� �i�m�p�r�o�v�e� �p�r�o�c�e�s�s� �p�e�r�f�o�r�m�a�n�c�e�.� �T�h�e� �b�e�n�e�f�i�t�s� �w�h�i�c�h� �w�e�r�e� �n�o�t�e�d� 

�i�n�c�l�u�d�e�d� �l�o�w�e�r� �S�V�I� �v�a�l�u�e�s�,� �r�e�d�u�c�e�d� �e�f�f�l�u�e�n�t� �T�S�S� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�,� �a�n�d� �l�e�s�s� 

�s�u�s�c�e�p�t�i�b�i�l�i�t�y� �t�o� �s�l�u�d�g�e� �b�u�l�k�i�n�g�.� �F�r�o�m� �p�r�e�v�i�o�u�s� �i�n�v�e�s�t�i�g�a�t�i�o�n�s�,� �i�t� �a�l�s�o� �a�p�p�e�a�r�s� 

�t�h�a�t� �t�h�e�r�e� �a�r�e� �u�n�f�a�v�o�r�a�b�l�e� �c�o�n�d�i�t�i�o�n�s� �f�o�r� �a�n�a�e�r�o�b�i�c� �s�e�l�e�c�t�o�r�s�.� �A�t� �h�i�g�h� �o�r�g�a�n�i�c� 

�l�o�a�d�i�n�g�s�,� �W�e�n�t�z�e�l� �e�t� �a�/�.� �(�1�9�8�8�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �s�l�u�d�g�e� �s�e�t�t�l�e�a�b�i�l�i�t�y� �d�e�t�e�r�i�o�r�a�t�e�d�.� 

�W�h�i�l�e� �t�h�e�y� �a�t�t�r�i�b�u�t�e�d� �t�h�i�s� �b�u�l�k�i�n�g� �t�o� �t�h�e� �l�a�c�k� �o�f� �s�o�m�e� �e�s�s�e�n�t�i�a�l� �n�u�t�r�i�e�n�t�,� �t�h�e� 

�h�i�g�h� �o�r�g�a�n�i�c� �l�o�a�d�i�n�g� �c�o�u�l�d� �h�a�v�e� �c�o�n�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �d�e�c�l�i�n�e� �i�n� �s�l�u�d�g�e� �s�e�t�t�l�i�n�g�.� 

�B�e�c�a�u�s�e� �t�h�e� �m�o�s�t� �c�r�i�t�i�c�a�l� �p�a�r�t� �o�f� �a�l�l� �a�c�t�i�v�a�t�e�d� �s�l�u�d�g�e� �s�y�s�t�e�m�s� �i�s� �t�h�e� �s�o�l�i�d�-� 

�l�i�q�u�i�d� �s�e�p�a�r�a�t�i�o�n� �o�r� �s�e�c�o�n�d�a�r�y� �c�l�a�r�i�f�i�c�a�t�i�o�n� �s�t�e�p�,� �t�h�e� �u�s�e� �o�f� �a� �p�r�o�c�e�s�s� �w�h�i�c�h� 

�u�t�i�l�i�z�e�s� �a�n� �a�n�a�e�r�o�b�i�c� �s�e�l�e�c�t�o�r� �s�h�o�u�l�d� �b�e� �c�o�n�s�i�d�e�r�e�d�.� �T�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e� �h�a�s� 

�b�e�e�n� �s�h�o�w�n� �t�o� �s�t�a�b�i�l�i�z�e� �s�l�u�d�g�e� �s�e�t�t�l�i�n�g� �a�n�d� �h�e�l�p� �p�r�e�v�e�n�t� �f�i�l�a�m�e�n�t�o�u�s� �b�u�l�k�i�n�g�.� 
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�C�H�A�P�T�E�R� �I�!�l�.� �M�E�T�H�O�D�S� �A�N�D� �M�A�T�E�R�I�A�L�S� 

�O�V�E�R�V�I�E�W� 

�D�u�r�i�n�g� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n� �a� �l�a�b�o�r�a�t�o�r�y� �s�c�a�l�e� �B�P�R� �s�y�s�t�e�m� �w�a�s� �c�o�n�t�i�n�u�o�u�s�l�y� 

�f�e�d� �t�h�e� �h�i�g�h� �s�t�r�e�n�g�t�h� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�w�a�t�e�r�.� �T�h�i�s� �c�h�a�p�t�e�r� �d�e�s�c�r�i�b�e�s� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t�a�l� �s�y�s�t�e�m�s� �u�s�e�d� �t�o� �s�i�m�u�l�a�t�e� �t�h�e� �B�P�R� �p�r�o�c�e�s�s�.� �I�t� �a�l�s�o� �s�p�e�c�i�f�i�e�s� �t�h�e� 

�e�q�u�i�p�m�e�n�t� �a�n�d� �a�n�a�l�y�t�i�c�a�l� �m�e�t�h�o�d�s� �u�s�e�d� �t�o� �e�v�a�l�u�a�t�e� �s�y�s�t�e�m� �p�e�r�f�o�r�m�a�n�c�e�.� 

�I�n�f�o�r�m�a�t�i�o�n� �d�e�s�c�r�i�b�i�n�g� �t�h�e� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m�,� �t�e�s�t�i�n�g�,� �a�n�d� �s�a�m�p�l�i�n�g� �w�i�l�l� �b�e� 

�p�r�e�s�e�n�t�e�d�.� 

�E�X�P�E�R�I�M�E�N�T�A�L� �D�E�S�I�G�N� 

�T�h�e� �m�o�s�t� �e�f�f�e�c�t�i�v�e� �w�a�y� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� �a� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� �c�a�n� �a�c�h�i�e�v�e� 

�t�h�e� �d�e�s�i�r�e�d� �o�b�j�e�c�t�i�v�e�s� �i�s� �b�y� �a�p�p�l�i�c�a�t�i�o�n�.� �F�u�l�l� �s�c�a�l�e� �o�p�e�r�a�t�i�o�n� �w�o�u�l�d� �b�e� �i�d�e�a�l�,� �b�u�t� 

�i�t� �m�a�y� �b�e� �i�m�p�r�a�c�t�i�c�a�l� �a�n�d� �t�o�o� �e�x�p�e�n�s�i�v�e�.� �T�h�i�s� �i�s� �e�s�p�e�c�i�a�l�l�y� �t�r�u�e� �f�o�r� �e�x�i�s�t�i�n�g� 

�p�l�a�n�t�s� �t�h�a�t� �c�a�n�n�o�t� �b�e� �e�a�s�i�l�y� �r�e�t�r�o�f�i�t�t�e�d� �o�r� �h�a�v�e� �o�t�h�e�r� �p�h�y�s�i�c�a�l� �c�o�n�s�t�r�i�c�t�i�o�n�s�.� 

�P�i�l�o�t� �t�e�s�t�i�n�g� �o�f� �t�h�e� �t�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s� �i�s� �a�n�o�t�h�e�r� �a�l�t�e�r�n�a�t�i�v�e�,� �b�u�t� �i�t� �c�a�n� �a�l�s�o� �b�e� 

�e�x�p�e�n�s�i�v�e�.� �U�s�e� �o�f� �a� �s�m�a�l�l�,� �l�a�b� �s�c�a�l�e�,� �c�o�n�t�i�n�u�o�u�s�l�y� �f�e�d� �u�n�i�t� �i�s� �m�o�r�e� �p�r�a�c�t�i�c�a�l�.� 

�B�y� �s�i�m�u�l�a�t�i�n�g� �t�h�e� �d�i�f�f�e�r�e�n�t� �c�o�n�d�i�t�i�o�n�s� �o�n� �a� �s�m�a�l�l� �s�c�a�l�e�,� �t�h�e� �B�P�R� �p�r�o�c�e�s�s� �c�o�u�l�d� 

�b�e� �e�v�a�l�u�a�t�e�d�.� �T�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �h�e�l�p�e�d� �d�e�t�e�r�m�i�n�e� �i�f� 

�t�h�e� �w�a�s�t�e� �w�a�s� �t�r�e�a�t�a�b�l�e� �b�y� �B�P�R� �a�n�d� �i�f� �t�h�e� �p�r�o�p�o�s�e�d� �b�e�n�e�f�i�t�s� �o�f� �B�P�R� �c�o�u�l�d� �b�e� 

�r�e�a�l�i�z�e�d�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �e�x�p�e�r�i�e�n�c�e� �o�p�e�r�a�t�i�n�g� �t�h�e� �l�a�b� �s�c�a�l�e� �u�n�i�t� �p�r�o�v�i�d�e�d� 

�i�n�f�o�r�m�a�t�i�o�n� �t�h�a�t� �w�o�u�l�d� �b�e� �h�e�l�p�f�u�l� �f�o�r� �f�u�l�l� �s�c�a�l�e� �o�p�e�r�a�t�i�o�n� �a�n�d� �d�e�s�i�g�n�.� 

�T�h�e� �l�a�b� �s�c�a�l�e� �u�n�i�t� �s�i�m�u�l�a�t�e�d� �t�h�e� �v�a�r�i�o�u�s� �z�o�n�e� �c�o�n�d�i�t�i�o�n�s� �o�f� �B�P�R�.� 

�S�e�l�e�c�t�i�o�n� �o�f� �t�h�e� �u�n�i�t ��s� �z�o�n�e� �v�o�l�u�m�e�s�,� �f�e�e�d� �a�n�d� �r�e�c�y�c�l�e� �p�u�m�p� �r�a�t�e�s�,� �a�n�d� �M�C�R�T� 

�w�a�s� �b�a�s�e�d� �o�n� �p�r�e�v�i�o�u�s� �e�x�p�e�r�i�e�n�c�e�s� �w�i�t�h� �B�P�R� �o�p�e�r�a�t�i�o�n�.� �U�t�i�l�i�z�i�n�g� �s�y�s�t�e�m� �s�e�t� 

�u�p�s� �a�n�d� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �f�r�o�m� �s�u�c�c�e�s�s�f�u�l� �B�P�R� �a�p�p�l�i�c�a�t�i�o�n�s�,� �t�h�e� �l�a�b� �u�n�i�t� �w�a�s� 

�d�e�v�e�l�o�p�e�d�.� �M�o�n�i�t�o�r�i�n�g� �a�n�d� �o�p�e�r�a�t�i�n�g� �t�h�e� �l�a�b� �s�c�a�l�e� �B�P�R� �s�y�s�t�e�m� �p�r�o�v�i�d�e�d� 

�i�n�f�o�r�m�a�t�i�o�n� �w�h�i�c�h� �i�n�d�i�c�a�t�e�d� �w�h�e�t�h�e�r� �t�h�e� �d�e�s�i�r�e�d� �c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �b�e�i�n�g� 

�a�t�t�a�i�n�e�d�.� 

�T�h�e� �s�m�a�l�l� �s�c�a�l�e� �o�f� �t�h�e� �l�a�b� �u�n�i�t� �a�l�l�o�w�e�d� �t�h�i�s� �s�y�s�t�e�m� �t�o� �b�e� �f�l�e�x�i�b�l�e�.� 

�A�d�j�u�s�t�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �t�o� �t�h�e� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �b�y� �p�h�y�s�i�c�a�l�l�y� �m�o�d�i�f�y�i�n�g� 

�e�q�u�i�p�m�e�n�t� �o�r� �c�h�a�n�g�i�n�g� �a� �p�r�o�c�e�s�s� �p�a�r�a�m�e�t�e�r�.� �T�h�e� �z�o�n�e� �r�e�a�c�t�o�r� �v�o�l�u�m�e�s�,� �f�e�e�d� 

�a�n�d� �r�e�c�y�c�l�e� �p�u�m�p� �r�a�t�e�s�,� �r�a�t�e� �o�f� �a�e�r�a�t�i�o�n� �o�r� �D�O� �l�e�v�e�l�,� �a�n�d� �d�e�g�r�e�e� �o�f� �m�i�x�i�n�g� 
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�c�o�u�l�d� �b�e� �r�e�g�u�l�a�t�e�d� �o�v�e�r� �a� �l�i�m�i�t�e�d� �r�a�n�g�e�.� �T�h�e�s�e� �c�o�u�l�d� �b�e� �i�n�c�r�e�a�s�e�d� �o�r� �d�e�c�r�e�a�s�e�d� 

�t�o� �c�h�a�n�g�e� �t�h�e� �u�n�i�t ��s� �H�R�T�,� �M�C�R�T�,� �a�n�d� �a�e�r�o�b�i�c� �z�o�n�e� �D�O�,� �a�n�d� �p�r�o�c�e�s�s� 

�c�o�n�f�i�g�u�r�a�t�i�o�n�.� �B�y� �b�e�i�n�g� �f�l�e�x�i�b�l�e�,� �t�h�e� �l�a�b� �s�y�s�t�e�m� �c�o�u�l�d� �m�a�i�n�t�a�i�n� �B�P�R� �o�p�e�r�a�t�i�o�n� 

�o�v�e�r� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �a�n�d� �i�n�f�l�u�e�n�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� 

�L�A�B�O�R�A�T�O�R�Y� �S�Y�S�T�E�M� �D�E�S�C�R�I�P�T�I�O�N� 

�C�o�n�f�i�g�u�r�a�t�i�o�n� 

�T�h�e� �l�a�b�o�r�a�t�o�r�y� �s�c�a�l�e� �B�P�R� �s�y�s�t�e�m� �c�o�n�s�i�s�t�e�d� �o�f� �a�n�a�e�r�o�b�i�c�,� �a�n�o�x�i�c�,� �a�n�d� 

�a�e�r�o�b�i�c� �r�e�a�c�t�o�r�s� �i�n� �s�e�r�i�e�s�.� �T�h�e� �m�i�x�i�n�g� �r�e�g�i�m�e� �o�f� �e�a�c�h� �r�e�a�c�t�o�r� �w�a�s� �i�n�t�e�n�d�e�d� �t�o� 

�s�i�m�u�l�a�t�e� �a� �c�o�m�p�l�e�t�e�l�y� �m�i�x�e�d� �c�o�n�t�i�n�u�o�u�s�-�f�l�o�w� �r�e�a�c�t�o�r�.� �F�i�g�u�r�e� �3� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� 

�i�n�i�t�i�a�l� �s�y�s�t�e�m� �c�o�n�f�i�g�u�r�a�t�i�o�n� �o�f� �t�h�e� �l�a�b� �s�c�a�l�e� �u�n�i�t�.� �T�h�i�s� �u�n�i�t� �i�s� �d�e�s�c�r�i�b�e�d� �a�s� �a� 

�t�w�o�-�s�t�a�g�e� �B�P�R� �p�r�o�c�e�s�s�.� �I�t� �c�o�n�s�i�s�t�e�d� �o�f� �a�n�a�e�r�o�b�i�c� �a�n�d� �a�e�r�o�b�i�c� �r�e�a�c�t�o�r�s�.� �L�a�t�e�r� 

�i�n� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�,� �t�h�e� �a�n�o�x�i�c� �r�e�a�c�t�o�r� �w�a�s� �a�d�d�e�d� �t�o� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� �c�h�a�n�g�e� 

�o�f� �i�n�f�l�u�e�n�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �T�h�i�s� �t�h�r�e�e�-�s�t�a�g�e� �B�P�R� �p�r�o�c�e�s�s� �i�s� �d�e�p�i�c�t�e�d� �i�n� �F�i�g�u�r�e� 

�4�.� 

�T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�a�c�t�o�r�s� �w�e�r�e� �s�i�z�e�d� �t�o� �p�r�o�v�i�d�e� �g�r�e�a�t�e�r� �d�e�t�e�n�t�i�o�n� �t�i�m�e�s� 

�t�h�a�n� �a�r�e� �g�e�n�e�r�a�l�l�y� �u�s�e�d� �f�o�r� �m�u�n�i�c�i�p�a�l� �B�N�R� �s�y�s�t�e�m�s�.� �S�i�n�c�e� �t�h�e� �s�y�s�t�e�m� �w�a�s� 

�t�r�e�a�t�i�n�g� �a� �h�i�g�h� �s�t�r�e�n�g�t�h� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�w�a�t�e�r�,� �s�i�z�i�n�g� �o�f� �t�h�e� �r�e�a�c�t�o�r�s� �w�a�s� 

�c�o�n�s�e�r�v�a�t�i�v�e�.� �T�h�e� �t�a�r�g�e�t� �H�R�T� �o�f� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e� �w�a�s� �i�n�i�t�i�a�l�l�y� �s�e�l�e�c�t�e�d� �t�o� �b�e� 

�6� �h�o�u�r�s� �w�i�t�h� �a�n� �a�e�r�o�b�i�c� �z�o�n�e� �H�R�T� �o�f� �4�2� �h�o�u�r�s�.� �T�h�e� �t�o�t�a�l� �H�R�T� �f�o�r� �t�h�e� �B�P�R� 

�s�y�s�t�e�m� �w�a�s� �2� �d�a�y�s� �o�r� �4�8� �h�o�u�r�s�.� �L�a�t�e�r�,� �t�h�e� �t�a�r�g�e�t� �a�n�a�e�r�o�b�i�c� �d�e�t�e�n�t�i�o�n� �t�i�m�e� 

�w�a�s� �i�n�c�r�e�a�s�e�d� �t�o� �a�l�m�o�s�t� �9� �%� �h�o�u�r�s� �w�i�t�h� �t�h�e� �t�o�t�a�l� �s�y�s�t�e�m� �H�R�T� �r�e�m�a�i�n�i�n�g� �a�t� �4�8� 

�h�o�u�r�s�.� �W�h�e�n� �t�h�e� �a�n�o�x�i�c� �z�o�n�e� �w�a�s� �c�r�e�a�t�e�d�,� �t�h�e� �n�o�n�-�a�e�r�a�t�e�d� �H�R�T� �w�a�s� �d�o�u�b�l�e�d� 

�t�o� �1�9� �h�o�u�r�s�.� �T�h�e� �a�e�r�o�b�i�c� �H�R�T� �w�a�s� �d�e�c�r�e�a�s�e�d� �t�o� �2�9� �h�o�u�r�s�.� �T�h�e� �r�e�a�c�t�o�r�s� 

�p�r�o�v�i�d�e�d� �a� �t�o�t�a�l� �H�R�T� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �u�s�e�d� �b�y� �t�h�e� �c�e�l�l�u�l�o�s�e� �a�c�e�t�a�t�e� �m�a�n�u�f�a�c�t�u�r�e�r� 

�f�o�r� �f�u�l�l�-�s�c�a�l�e� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�.� 

�T�o� �l�i�m�i�t� �n�i�t�r�i�f�i�c�a�t�i�o�n� �a�n�d� �t�h�e� �r�e�c�y�c�l�e� �o�f� �o�x�i�d�i�z�e�d� �n�i�t�r�o�g�e�n� �t�o� �t�h�e� �a�n�a�e�r�o�b�i�c� 

�z�o�n�e�,� �a� �t�a�r�g�e�t� �M�C�R�T� �o�f� �8� �d�a�y�s� �w�a�s� �s�e�l�e�c�t�e�d�.� �T�h�i�s� �i�n�s�u�r�e�d� �t�h�a�t� �t�h�e� �i�n�d�u�s�t�r�i�a�l� 

�w�a�s�t�e�w�a�t�e�r� �w�a�s� �c�o�n�t�a�c�t�e�d� �w�i�t�h� �a�n� �a�d�e�q�u�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �a�c�t�i�v�e� �b�i�o�m�a�s�s�.� 

�T�h�e� �l�a�b� �u�n�i�t� �w�a�s� �o�p�e�r�a�t�e�d� �w�i�t�h� �t�h�e� �r�o�o�m� �e�n�v�i�r�o�n�m�e�n�t� �m�a�i�n�t�a�i�n�e�d� �a�t� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �2�0�°� �C�.� �W�h�i�l�e� �n�i�t�r�i�f�i�c�a�t�i�o�n� �c�a�n� �b�e� �a�c�c�o�m�p�l�i�s�h�e�d� �a�t� �t�h�i�s� 

�t�e�m�p�e�r�a�t�u�r�e�,� �t�h�e� �l�o�w� �M�C�R�T� �w�a�s� �e�x�p�e�c�t�e�d� �t�o� �p�r�e�v�e�n�t� �s�i�g�n�i�f�i�c�a�n�t� �n�i�t�r�i�f�i�c�a�t�i�o�n� 
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�g�i�v�e�n� �t�h�e� �h�i�g�h� �o�r�g�a�n�i�c� �s�t�r�e�n�g�t�h�.� �T�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e� �c�o�n�t�a�i�n�e�d� �a�m�m�o�n�i�a�-� 

�n�i�t�r�o�g�e�n�,� �b�u�t� �i�t� �w�a�s� �u�s�u�a�l�l�y� �l�o�w� �a�n�d� �v�a�r�i�a�b�l�e� �i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� 

�T�h�e� �f�e�e�d� �a�n�d� �r�e�t�u�r�n� �a�c�t�i�v�a�t�e�d� �s�l�u�d�g�e� �(�R�A�S�)� �r�e�c�y�c�l�e� �p�u�m�p� �r�a�t�e�s� �w�e�r�e� 

�m�a�i�n�t�a�i�n�e�d� �a�t� �a� �c�o�n�s�t�a�n�t� �r�a�t�e� �a�n�d� �a�t� �a� �1�:�1� �r�a�t�i�o�.� �W�h�e�n� �t�h�e� �a�n�o�x�i�c� �z�o�n�e� �w�a�s� 

�u�s�e�d�,� �t�h�e�r�e� �w�a�s� �a� �n�i�t�r�i�f�i�e�d� �r�e�c�y�c�l�e� �w�h�i�c�h� �p�u�m�p�e�d� �2� �t�o� �3� �t�i�m�e�s� �t�h�e� �f�e�e�d� �a�n�d� 

�R�A�S� �r�a�t�e�.� �T�h�e� �g�o�a�l� �w�a�s� �t�o� �a�p�p�r�o�a�c�h� �s�t�e�a�d�y� �s�t�a�t�e� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �a�n�d� 

�a�l�l�o�w� �f�o�r� �t�h�e� �c�o�n�t�a�c�t� �o�f� �a� �s�u�f�f�i�c�i�e�n�t� �a�m�o�u�n�t� �o�f� �b�i�o�m�a�s�s� �w�i�t�h� �t�h�e� �i�n�f�l�u�e�n�t�.� �W�h�i�l�e� 

�t�h�i�s� �d�i�d� �n�o�t� �s�i�m�u�l�a�t�e� �t�h�e� �d�y�n�a�m�i�c� �n�a�t�u�r�e� �o�f� �f�u�l�l� �s�c�a�l�e� �B�P�R�,� �i�t� �p�e�r�m�i�t�t�e�d� 

�e�v�a�l�u�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�c�e�s�s� �a�s� �a� �t�r�e�a�t�m�e�n�t� �a�l�t�e�r�n�a�t�i�v�e�.� �O�n�c�e� �i�t� �c�o�u�l�d� �b�e� �s�h�o�w�n� 

�t�h�a�t� �B�P�R� �c�o�u�l�d� �b�e� �a�c�h�i�e�v�e�d�,� �a�d�d�i�t�i�o�n�a�l� �i�n�v�e�s�t�i�g�a�t�i�o�n� �c�o�u�l�d� �t�e�s�t� �t�h�e� �e�f�f�e�c�t�s� �o�f� 

�d�i�f�f�e�r�e�n�t� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s�.� 

�E�q�u�i�p�m�e�n�t� 

�R�e�a�c�t�o�r�s�.� �T�h�e� �l�a�b� �u�n�i�t� �c�o�n�s�i�s�t�e�d� �o�f� �s�e�p�a�r�a�t�e� �c�o�m�p�a�r�t�m�e�n�t�s� �w�h�i�c�h� �s�e�r�v�e�d� �a�s� 

�t�h�e� �a�n�a�e�r�o�b�i�c�,� �a�n�o�x�i�c� �a�n�d� �a�e�r�o�b�i�c� �z�o�n�e�s�.� �T�h�e�s�e� �z�o�n�e�s� �w�e�r�e� �i�n�t�e�r�c�o�n�n�e�c�t�e�d� �b�y� 

�p�o�l�y�e�t�h�y�l�e�n�e� �t�u�b�i�n�g�.� �T�o�g�e�t�h�e�r� �t�h�e�s�e� �f�o�r�m�e�d� �a� �c�o�n�t�i�n�u�o�u�s� �f�l�o�w� �s�y�s�t�e�m�.� 

�A� �c�i�r�c�u�l�a�r�,� �2�.�0�5� �l�i�t�e�r� �(�L�)�,� �h�i�g�h� �d�e�n�s�i�t�y� �p�o�l�y�e�t�h�y�l�e�n�e� �(�H�D�P�E�)� �c�o�n�t�a�i�n�e�r� �w�i�t�h� 

�s�c�r�e�w�-�o�n� �t�o�p� �s�e�r�v�e�d� �a�s� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e�.� �I�t� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0� 

�c�e�n�t�i�m�e�t�e�r�s� �(�c�m�)� �i�n� �d�i�a�m�e�t�e�r� �a�n�d� �2�5�.�5� �c�m� �t�a�l�l�.� �T�h�e� �p�u�m�p�e�d� �i�n�f�l�u�e�n�t� �a�n�d� 

�r�e�c�y�c�l�e� �s�t�r�e�a�m�s� �m�e�r�g�e�d� �a�t� �a� �w�y�e� �f�i�t�t�i�n�g� �b�e�f�o�r�e� �e�n�t�e�r�i�n�g� �t�h�e� �t�o�p� �o�f� �t�h�e� �r�e�a�c�t�o�r� 

�4� �c�m� �b�e�l�o�w� �t�h�e� �w�a�t�e�r� �s�u�r�f�a�c�e�.� �T�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e� �e�f�f�l�u�e�n�t� �e�x�i�t�e�d� �4� �c�m� �f�r�o�m� 

�t�h�e� �b�o�t�t�o�m� �t�o� �l�i�m�i�t� �s�h�o�r�t� �c�i�r�c�u�i�t�i�n�g�.� �W�h�e�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �H�R�T� �w�a�s� �i�n�c�r�e�a�s�e�d�,� 

�a� �s�t�a�g�i�n�g� �e�f�f�e�c�t� �w�a�s� �c�r�e�a�t�e�d� �b�y� �a�d�d�i�n�g� �a�n�o�t�h�e�r� �c�o�n�t�a�i�n�e�r� �o�f� �t�h�e� �s�a�m�e� 

�d�e�s�c�r�i�p�t�i�o�n�.� �I�t�s� �f�l�o�w� �p�a�t�t�e�r�n� �w�a�s� �t�h�e� �o�p�p�o�s�i�t�e� �o�f� �t�h�e� �f�i�r�s�t� �r�e�a�c�t�o�r� �w�i�t�h� �i�t�s� 

�e�f�f�l�u�e�n�t� �o�v�e�r�f�l�o�w�i�n�g� �i�n�t�o� �t�h�e� �a�e�r�o�b�i�c� �z�o�n�e�.� 

�T�h�e� �c�o�n�t�e�n�t�s� �o�f� �t�h�e�s�e� �r�e�a�c�t�o�r�s� �w�e�r�e� �t�h�o�r�o�u�g�h�l�y� �a�g�i�t�a�t�e�d� �b�y� �a� �f�l�a�t�,� �t�w�o�-� 

�b�l�a�d�e� �p�a�d�d�l�e�.� �T�h�e� �p�a�d�d�l�e� �w�a�s� �s�u�s�p�e�n�d�e�d� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �r�e�a�c�t�o�r� �a�n�d� �I�t� 

�w�a�s� �r�o�t�a�t�e�d� �b�y� �a�n� �e�l�e�c�t�r�i�c� �m�o�t�o�r� �w�i�t�h� �a�n� �o�u�t�p�u�t� �o�f� �5�0� �r�e�v�o�l�u�t�i�o�n�s� �p�e�r� �m�i�n�u�t�e� 

�(�R�P�M�)�.� 

�L�a�t�e�r�,� �o�t�h�e�r� �m�i�x�i�n�g� �e�q�u�i�p�m�e�n�t� �w�i�t�h� �v�a�r�i�a�b�l�e� �s�p�e�e�d� �c�o�n�t�r�o�l� �b�e�c�a�m�e� 

�a�v�a�i�l�a�b�l�e� �a�n�d� �w�a�s� �u�t�i�l�i�z�e�d�.� �T�h�e� �o�u�t�p�u�t� �R�P�M� �r�a�n�g�e� �o�f� �t�h�e�s�e� �m�i�x�e�r�s� �w�a�s� �0� �-� �1�0�0�.� 

�T�h�e� �m�i�x�e�r� �R�P�M� �w�a�s� �s�e�t� �t�o� �i�n�s�u�r�e� �w�e�l�l�-�m�i�x�e�d� �c�o�n�d�i�t�i�o�n�s�.� �C�a�r�e� �w�a�s� �t�a�k�e�n� �t�o� 
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�p�r�e�v�e�n�t� �a�i�r� �e�n�t�r�a�i�n�m�e�n�t�.� 

�T�h�e� �a�e�r�o�b�i�c� �z�o�n�e� �w�a�s� �a� �r�e�c�t�a�n�g�u�l�a�r� �t�a�n�k� �m�a�d�e� �f�r�o�m� �5� �m�m� �t�h�i�c�k� �a�c�r�y�l�i�c�.� 

�T�h�e� �a�e�r�o�b�i�c� �z�o�n�e� �v�o�l�u�m�e� �v�a�r�i�e�d� �f�r�o�m� �1�2�.�5� �t�o� �1�6�.�5� �L� �d�u�r�i�n�g� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� 

�P�o�r�o�u�s� �d�i�f�f�u�s�e�r� �s�t�o�n�e�s� �a�t�t�a�c�h�e�d� �t�o� �r�i�g�i�d� �g�l�a�s�s� �t�u�b�i�n�g� �w�e�r�e� �p�l�a�c�e�d� �o�n� �t�h�e� �t�a�n�k� 

�b�o�t�t�o�m�.� �F�l�e�x�i�b�l�e� �t�u�b�i�n�g� �t�h�e�n� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �c�o�m�p�r�e�s�s�e�d� �a�i�r� 

�s�y�s�t�e�m�.� �F�l�o�w� �w�a�s� �r�e�g�u�l�a�t�e�d� �w�i�t�h� �a� �s�t�o�p� �v�a�l�v�e�.� �T�h�i�s� �p�r�o�v�i�d�e�d� �o�x�y�g�e�n� �a�n�d� 

�m�i�x�i�n�g� �t�o� �s�i�m�u�l�a�t�e� �a�e�r�o�b�i�c� �c�o�n�d�i�t�i�o�n�s�.� 

�T�w�o� �d�i�f�f�u�s�e�r�s� �w�e�r�e� �p�l�a�c�e�d� �o�n� �t�h�e� �t�a�n�k� �b�o�t�t�o�m�.� �T�h�i�s� �c�o�a�r�s�e� �b�u�b�b�l�e� 

�s�y�s�t�e�m� �p�r�o�v�i�d�e�d� �f�o�r� �t�h�o�r�o�u�g�h� �m�i�x�i�n�g� �o�f� �t�h�e� �r�e�a�c�t�o�r� �c�o�n�t�e�n�t�s�.� �A� �t�h�r�o�t�t�l�i�n�g� �v�a�l�v�e� 

�o�n� �t�h�e� �a�i�r� �s�u�p�p�l�y� �p�i�p�i�n�g� �w�a�s� �u�t�i�l�i�z�e�d� �t�o� �c�o�n�t�r�o�l� �t�h�e� �a�i�r� �f�l�o�w� �r�a�t�e� �a�n�d� �t�h�u�s�,� �t�h�e� 

�D�O� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �a�e�r�o�b�i�c� �z�o�n�e�.� �.� 

�T�h�e� �a�n�o�x�i�c� �z�o�n�e� �w�a�s� �c�r�e�a�t�e�d� �b�y� �p�a�r�t�i�t�i�o�n�i�n�g� �a�p�p�r�o�x�i�m�a�t�e�l�y� �o�n�e�-�q�u�a�r�t�e�r� 

�o�f� �t�h�e� �a�e�r�o�b�i�c� �r�e�a�c�t�o�r� �w�i�t�h� �a� �v�e�r�t�i�c�a�l� �b�a�f�f�l�e�.� �T�h�e� �s�l�u�d�g�e� �p�a�s�s�e�d� �a�r�o�u�n�d� �t�h�e� 

�s�u�b�m�e�r�g�e�d� �b�a�f�f�l�e� �e�d�g�e�s�.� �T�h�i�s� �4� �L� �z�o�n�e� �a�p�p�r�o�a�c�h�e�d� �c�o�m�p�l�e�t�e�l�y�-�m�i�x�e�d� 

�c�o�n�d�i�t�i�o�n�s� �w�i�t�h� �t�h�e� �s�a�m�e� �m�i�x�i�n�g� �e�q�u�i�p�m�e�n�t� �a�s� �u�s�e�d� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �r�e�a�c�t�o�r�s�.� 

�T�h�e� �t�o�p� �o�f� �t�h�i�s� �z�o�n�e� �w�a�s� �u�n�c�o�v�e�r�e�d�.� 

�T�h�e� �a�e�r�o�b�i�c� �t�a�n�k� �e�f�f�l�u�e�n�t� �o�v�e�r�f�l�o�w�e�d� �i�n�t�o� �t�h�e� �s�e�c�o�n�d�a�r�y� �c�l�a�r�i�f�i�e�r�.� �S�o�l�i�d�s�-� 

�l�i�q�u�i�d� �s�e�p�a�r�a�t�i�o�n� �w�a�s� �p�r�o�v�i�d�e�d� �b�y� �a� �c�i�r�c�u�l�a�r� �g�l�a�s�s� �c�l�a�r�i�f�i�e�r� �w�i�t�h� �a� �c�o�n�i�c�a�l� �b�o�t�t�o�m�.� 

�I�t� �c�o�n�s�i�s�t�e�d� �o�f� �a� �c�e�n�t�e�r� �f�e�e�d� �t�o� �m�i�d�-�d�e�p�t�h�,� �a� �c�o�n�t�i�n�u�o�u�s�l�y� �s�c�r�a�p�e�d� �b�o�t�t�o�m� �c�o�n�e�,� 

�R�A�S� �u�n�d�e�r�f�l�o�w� �f�r�o�m� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �b�o�t�t�o�m�,� �a�n�d� �e�f�f�l�u�e�n�t� �o�v�e�r�f�l�o�w� �f�r�o�m� �a� 

�s�i�n�g�l�e� �1�5� �m�i�l�l�i�m�e�t�e�r� �(�m�m�)� �o�p�e�n�i�n�g� �o�n� �t�h�e� �s�i�d�e�.� �T�h�i�s� �2�.�4� �L�,� �1�5�.�2�5� �c�m� �d�i�a�m�e�t�e�r� 

�s�e�t�t�l�i�n�g� �t�a�n�k� �h�a�d� �a� �l�e�n�g�t�h� �t�o� �w�i�d�t�h� �r�a�t�i�o� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �o�n�e�,� �a�n�d� �a�n� �H�R�T� 

�w�h�i�c�h� �v�a�r�i�e�d� �f�r�o�m� �5�.�6� �t�o� �6�.�2� �h�o�u�r�s�.� 

�P�u�m�p�i�n�g�.� �T�h�e� �f�e�e�d� �a�n�d� �r�e�c�y�c�l�e� �p�u�m�p�i�n�g� �w�e�r�e� �p�r�o�v�i�d�e�d� �b�y� �M�a�s�t�e�r�f�l�e�x �� 

�p�e�r�i�s�t�a�l�t�i�c� �p�u�m�p�s�.� �T�h�e�s�e� �p�u�m�p�s� �w�e�r�e� �m�a�n�u�f�a�c�t�u�r�e�d� �b�y� �C�o�l�e�-�P�a�r�m�e�r� �I�n�s�t�r�u�m�e�n�t� 

�C�o�m�p�a�n�y�,� �C�h�i�c�a�g�o�,� �l�i�l�i�n�o�i�s�.� �T�h�e�y� �c�o�n�s�i�s�t�e�d� �o�f� �a� �p�u�m�p� �h�e�a�d� �a�n�d� �a�n� �e�l�e�c�t�r�i�c�a�l�l�y� 

�p�o�w�e�r�e�d� �d�r�i�v�e� �w�i�t�h� �s�o�l�i�d� �s�t�a�t�e� �s�p�e�e�d� �c�o�n�t�r�o�l�.� �T�h�e� �R�A�S� �a�n�d� �f�e�e�d� �p�u�m�p� �h�e�a�d�s� 

�w�e�r�e� �a�b�l�e� �t�o� �s�h�a�r�e� �a� �d�r�i�v�e� �s�i�n�c�e� �t�h�e�i�r� �f�l�o�w� �r�a�t�e�s� �w�e�r�e� �e�q�u�a�l�.� �T�h�e�s�e� �h�e�a�d�s� �w�e�r�e� 

�m�o�d�e�l� �n�u�m�b�e�r� �7�0�1�4�-�2�0�.� �T�h�e� �d�r�i�v�e� �u�s�e�d� �1�1�5� �v�o�l�t�a�g�e� �a�l�t�e�r�n�a�t�i�n�g� �c�u�r�r�e�n�t� �(�V�A�C�)�,� 

�h�a�d� �a�n� �a�d�j�u�s�t�a�b�l�e� �r�a�n�g�e� �o�f� �O� �-� �1�0�0� �%�,� �a�n�d� �i�t� �w�a�s� �m�o�d�e�l� �n�u�m�b�e�r� �7�5�5�3�-�3�0�.� 

�W�h�e�n� �t�h�e� �s�y�s�t�e�m� �w�a�s� �n�i�t�r�i�f�y�i�n�g�,� �t�h�e� �n�i�t�r�i�f�i�e�d� �r�e�c�y�c�l�e� �w�a�s� �2� �t�o� �3� �t�i�m�e�s� �t�h�e� 

�2�9



�i�n�f�l�u�e�n�t� �f�e�e�d� �r�a�t�e�.� �I�t� �w�a�s� �d�r�i�v�e�n� �b�y� �a� �s�e�p�a�r�a�t�e� �d�r�i�v�e�,� �b�u�t� �u�t�i�l�i�z�e�d� �t�h�e� �s�a�m�e� 

�m�o�d�e�l� �n�u�m�b�e�r� �p�u�m�p� �h�e�a�d�.� �T�h�e� �d�r�i�v�e� �w�a�s� �p�o�w�e�r�e�d� �l�i�k�e� �t�h�e� �o�t�h�e�r� �p�u�m�p�s �� �d�r�i�v�e�,� 

�b�u�t� �i�t�s� �m�o�d�e�l� �n�u�m�b�e�r� �w�a�s� �7�5�5�3�-�5�0�.� 

�T�r�a�n�s�p�o�r�t� �o�f� �t�h�e� �i�n�f�l�u�e�n�t� �a�n�d� �r�e�c�y�c�l�e� �f�l�o�w�s� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �t�h�r�o�u�g�h� 

�p�o�l�y�e�t�h�y�l�e�n�e� �t�u�b�i�n�g�.� �T�h�e� �i�n�s�i�d�e� �d�i�a�m�e�t�e�r� �o�f� �t�h�i�s� �t�u�b�i�n�g� �w�a�s� �1�.�5� �m�m�.� �G�l�a�s�s� 

�f�i�t�t�i�n�g�s� �a�n�d� �H�D�P�E� �w�e�r�e� �u�s�e�d� �a�t� �t�h�e� �c�o�n�n�e�c�t�i�o�n�s� �a�n�d� �i�n�t�e�r�s�e�c�t�i�o�n�s� �o�f� �t�h�e� �t�u�b�i�n�g� 

�a�n�d� �t�h�e� �r�e�a�c�t�o�r�s�.� �T�h�e� �i�n�t�e�r�-�c�o�n�n�e�c�t�i�o�n�s� �b�e�t�w�e�e�n� �t�h�e� �r�e�a�c�t�o�r�s� �a�n�d� �t�h�e� �c�l�a�r�i�f�i�e�r� 

�w�e�r�e� �m�a�d�e� �w�i�t�h� �t�h�e� �s�a�m�e� �t�y�p�e� �t�u�b�i�n�g�,� �b�u�t� �a� �l�a�r�g�e�r� �d�i�a�m�e�t�e�r�.� �T�h�e� �f�l�o�w� �t�h�r�o�u�g�h� 

�t�h�e�s�e� �c�o�n�n�e�c�t�i�o�n�s� �w�a�s� �e�i�t�h�e�r� �g�r�a�v�i�t�y� �f�l�o�w� �o�r� �t�h�e� �r�e�s�u�l�t� �o�f� �h�e�a�d� �p�r�e�s�s�u�r�e�.� �T�h�e� 

�l�a�r�g�e�r� �d�i�a�m�e�t�e�r� �t�u�b�i�n�g� �h�e�l�p�e�d� �p�r�e�v�e�n�t� �c�l�o�g�g�i�n�g� �a�n�d� �p�e�r�m�i�t�t�e�d� �c�l�e�a�n�i�n�g�.� 

�I�n�f�l�u�e�n�t� 

�T�h�e� �i�n�f�l�u�e�n�t� �f�e�e�d� �f�o�r� �t�h�e� �l�a�b� �s�c�a�l�e� �u�n�i�t� �w�a�s� �c�o�l�l�e�c�t�e�d� �a�t� �t�h�e� 

�m�a�n�u�f�a�c�t�u�r�i�n�g� �f�a�c�i�l�i�t�y� �a�n�d� �t�r�a�n�s�p�o�r�t�e�d� �b�a�c�k� �t�o� �t�h�e� �V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� 

�a�n�d� �S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y� �(�V�P�I� �&� �S�U�)�,� �E�n�v�i�r�o�n�m�e�n�t�a�l� �E�n�g�i�n�e�e�r�i�n�g� �a�n�d� �S�c�i�e�n�c�e�s� 

�l�a�b�o�r�a�t�o�r�i�e�s� �i�n� �B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�.� �R�o�u�n�d� �t�r�i�p� �t�i�m�e� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�w�o� 

�h�o�u�r�s�.� �T�h�e� �f�e�e�d� �w�a�s� �c�o�l�l�e�c�t�e�d� �i�n� �2�4� �L� �c�a�r�b�o�y�s� �f�r�o�m� �t�h�e� �e�f�f�l�u�e�n�t� �d�i�s�c�h�a�r�g�e� �o�f� 

�t�h�e� �e�q�u�a�l�i�z�a�t�i�o�n� �b�a�s�i�n� �a�t� �t�h�e� �w�a�s�t�e� �t�r�e�a�t�m�e�n�t� �p�l�a�n�t�.� �O�n� �m�o�s�t� �o�c�c�a�s�i�o�n�s�,� �t�h�e�r�e� 

�w�a�s� �a� �s�m�a�l�l� �s�a�m�p�l�e� �p�u�m�p� �a�v�a�i�l�a�b�l�e� �t�o� �f�i�l�l� �t�h�e� �c�a�r�b�o�y�s�.� �A�f�t�e�r� �a� �p�i�p�i�n�g� �f�a�i�l�u�r�e�,� 

�t�h�e� �f�e�e�d� �h�a�d� �t�o� �b�e� �c�o�l�l�e�c�t�e�d� �b�y� �l�o�w�e�r�i�n�g� �a� �b�u�c�k�e�t� �i�n�t�o� �t�h�e� �e�q�u�a�l�i�z�a�t�i�o�n� �b�a�s�i�n� 

�e�f�f�l�u�e�n�t� �w�e�l�l�.� �T�h�i�s� �r�e�p�e�t�i�t�i�v�e� �d�i�p�p�i�n�g� �t�e�n�d�e�d� �t�o� �p�i�c�k� �u�p� �m�o�r�e� �f�l�o�a�t�a�b�l�e�s� �t�h�a�n� �t�h�e� 

�p�u�m�p�.� 

�F�e�e�d� �c�o�l�l�e�c�t�i�o�n� �u�s�u�a�l�l�y� �a�v�e�r�a�g�e�d� �a�b�o�u�t� �o�n�c�e� �p�e�r� �w�e�e�k�.� �T�h�e� �c�a�r�b�o�y�s� 

�w�e�r�e� �s�t�o�r�e�d� �i�n� �a� �r�e�f�r�i�g�e�r�a�t�o�r� �i�n� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �u�n�t�i�l� �t�h�e�y� �w�e�r�e� �n�e�e�d�e�d�.� �T�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �d�u�r�i�n�g� �s�t�o�r�a�g�e� �w�a�s� �g�e�n�e�r�a�l�l�y� �a�r�o�u�n�d� �0�°� �-� �4�°� �C�.� �W�h�e�n� �b�e�i�n�g� �f�e�d�,� 

�t�h�e� �i�n�f�l�u�e�n�t� �w�a�s� �a�t� �t�h�e� �a�m�b�i�e�n�t� �r�o�o�m� �c�o�n�d�i�t�i�o�n�s� �n�o�t�e�d� �e�a�r�l�i�e�r�.� �N�o� �b�i�o�l�o�g�i�c�a�l� 

�a�c�t�i�v�i�t�y� �w�a�s� �e�x�p�e�c�t�e�d� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �w�a�s�t�e ��s� �c�o�n�s�t�i�t�u�e�n�t�s�,� �t�h�e� �s�t�o�r�a�g�e� �t�i�m�e� 

�a�n�d� �t�h�e� �s�a�m�p�l�e� �p�r�e�s�e�r�v�a�t�i�o�n�.� 

�D�u�r�i�n�g� �p�a�r�t� �o�f� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�,� �a� �m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �u�s�e�d� �a�s� 

�f�e�e�d� �f�o�r� �t�h�e� �B�P�R�.� �T�h�i�s� �f�e�e�d� �w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �a� �s�a�n�i�t�a�r�y� �m�a�n�h�o�l�e� �o�n� �t�h�e� �V�P�I� 

�&� �S�U� �c�a�m�p�u�s�.� �T�h�e� �m�a�n�h�o�l�e� �w�a�s� �l�o�c�a�t�e�d� �o�n� �a� �l�a�r�g�e� �d�i�a�m�e�t�e�r� �i�n�t�e�r�c�e�p�t�o�r� �s�e�w�e�r� 

�o�n� �t�h�e� �d�o�w�n�s�t�r�e�a�m� �s�i�d�e� �o�f� �t�h�e� �c�a�m�p�u�s�.� �A� �s�u�m�p� �p�u�m�p� �w�a�s� �p�l�a�c�e�d� �i�n� �t�h�e� �p�i�p�e� 

�3�0



�i�n�v�e�r�t�.� �I�t� �w�a�s� �u�s�e�d� �t�o� �p�u�m�p� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �i�n�t�o� �t�h�e� �c�a�r�b�o�y�.� �A� �n�e�w� �c�a�r�b�o�y� 

�w�a�s� �c�o�l�l�e�c�t�e�d� �e�v�e�r�y� �o�t�h�e�r� �d�a�y�.� �T�h�e� �t�i�m�e� �o�f� �c�o�l�l�e�c�t�i�o�n� �v�a�r�i�e�d� �f�r�o�m� �m�i�d�-�m�o�r�n�i�n�g� 

�t�o� �e�a�r�l�y� �e�v�e�n�i�n�g�.� 

�W�i�t�h� �t�h�e� �i�n�f�l�u�e�n�t� �f�l�o�w� �r�a�t�e�s� �w�h�i�c�h� �w�e�r�e� �u�s�e�d�,� �o�n�e� �c�a�r�b�o�y� �l�a�s�t�e�d� �4�8� 

�h�o�u�r�s�.� �P�r�i�o�r� �t�o� �b�e�i�n�g� �f�e�d� �t�o� �t�h�e� �l�a�b� �u�n�i�t�,� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�w�a�t�e�r� �w�a�s� 

�s�u�p�p�l�e�m�e�n�t�e�d� �w�i�t�h� �e�s�s�e�n�t�i�a�l� �n�u�t�r�i�e�n�t�s�.� �T�h�i�s� �w�a�s� �a�l�s�o� �t�r�u�e� �f�o�r� �t�h�e� �m�i�x�t�u�r�e�s� �o�f� 

�m�u�n�i�c�i�p�a�l� �a�n�d� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�w�a�t�e�r�.� 

�C�r�y�s�t�a�l�l�i�n�e� �f�o�r�m�s� �o�f� �e�s�s�e�n�t�i�a�l� �m�a�c�r�o� �n�u�t�r�i�e�n�t�s� �w�e�r�e� �d�i�s�s�o�l�v�e�d� �i�n� �t�h�e� �f�e�e�d� 

�c�a�r�b�o�y�.� �T�h�e�s�e� �n�u�t�r�i�e�n�t�s� �w�e�r�e� �r�e�q�u�i�r�e�d� �f�o�r� �b�a�c�t�e�r�i�a� �g�r�o�w�t�h� �a�n�d� �s�u�r�v�i�v�a�l�.� �B�y� 

�c�a�l�c�u�l�a�t�i�n�g� �t�h�e� �m�a�s�s� �o�f� �b�i�o�m�a�s�s� �p�r�o�d�u�c�e�d� �p�e�r� �d�a�y� �a�n�d� �t�h�e� �o�b�s�e�r�v�e�d� �y�i�e�l�d� �o�f� �t�h�e� 

�s�y�s�t�e�m�,� �t�h�e� �r�e�q�u�i�r�e�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �n�i�t�r�o�g�e�n�,� �p�h�o�s�p�h�o�r�u�s�,� �p�o�t�a�s�s�i�u�m� �a�n�d� 

�i�r�o�n� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� �B�e�n�e�f�i�e�l�d� �a�n�d� �R�a�n�d�a�l�l� 

�(�1�9�8�0�)� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �a�m�o�u�n�t� �o�f� �m�a�c�r�o� �n�u�t�r�i�e�n�t�s� �n�e�e�d�e�d�.� 

�Y�o�r�s� �=� �(�M�a�s�s� �o�f� �B�i�o�m�a�s�s� �P�r�o�d�u�c�e�d� �p�e�r� �d�a�y�)�/�(�M�a�s�s� �o�f� �C�O�D� �U�t�i�l�i�z�e�d� �p�e�r� �d�a�y�)� 

�Y�o�s�s� �=� �(�Q�w�x�M�L�V�S�S�}� �+� �(�(�Q�-�-�Q�w�)�x�V�S�S� �c�e�e�}� �/�(�(�T�C� �O�D� �y�p�-�S�C�O�D� �e�p�e�)�x�Q�-�)� 

�A�X� �=� �M�a�s�s� �o�f� �B�i�o�m�a�s�s� �P�r�o�d�u�c�e�d� �p�e�r� �d�a�y� 

�A�X� �=� �Y� �o�p�s�X�O�-�x�(�T�C�O�D� �y�e�-�S�C�O�D�e�-�-�)� 

�N�a�c�a ��n� �=� �(�.�1�2�2� �x� �a�X�}�/�Q�;�;� �N�i�t�r�o�g�e�n� �1�2�.�2�%� �o�f� �m�i�c�r�o�b�i�a�l� �c�o�m�p�o�s�i�t�i�o�n� 

�P�r�e�a�'�y�p� �=� �{�.�0�2�3� �x� �a�X�}�/�O�Q�;�;� �P�h�o�s�p�h�o�r�u�s� �2�.�3�%� �o�f� �m�i�c�r�o�b�i�a�l� �c�o�m�p�o�s�i�t�i�o�n� 

�K�e�a�y� �=� �(�1�/�1�4� �x� �N�e�c�o�)� 

�F�e�g�a�n� �=� �(�.�2�0�/�1�4�)� �x� �N�e�e�a�p�)� 

�T�a�k�i�n�g� �t�h�e� �s�u�p�p�l�e�m�e�n�t�s �� �o�t�h�e�r� �c�o�n�s�t�i�t�u�e�n�t�s� �i�n�t�o� �c�o�n�s�i�d�e�r�a�t�i�o�n�,� �t�h�e� 

�w�e�i�g�h�t� �o�f� �t�h�e� �n�u�t�r�i�e�n�t� �c�o�n�t�a�i�n�i�n�g� �c�o�m�p�o�u�n�d� �w�a�s� �c�a�l�c�u�l�a�t�e�d�.� �W�i�t�h� �t�h�e� �k�n�o�w�n� 

�f�e�e�d� �s�t�a�r�t� �v�o�l�u�m�e�,� �t�h�e� �r�e�q�u�i�r�e�d� �n�u�t�r�i�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �c�o�u�l�d� �b�e� �p�r�e�p�a�r�e�d�.� 

�W�h�e�n� �t�h�e� �m�a�c�r�o�-�n�u�t�r�i�e�n�t�s� �w�e�r�e� �a�d�d�e�d�,� �t�h�e� �f�o�l�l�o�w�i�n�g� �l�a�b�o�r�a�t�o�r�y� �g�r�a�d�e� 

�c�h�e�m�i�c�a�l�s� �w�e�r�e� �u�s�e�d�.� 

�e� �N�i�t�r�o�g�e�n� �-� �U�r�e�a�,� �N�H�,�C�O�N�H�,� �(�F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c�;� �C�A�S� �N�u�m�b�e�r� �5�7�-�1�3�-�6�)� 

�e� �P�h�o�s�p�h�o�r�u�s�-� �P�o�t�a�s�s�i�u�m� �p�h�o�s�p�h�a�t�e� �m�o�n�o�b�a�s�i�c�,� �K�H�,�P�O�,� �(�F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c�;� 

�C�A�S� �N�u�m�b�e�r� �7�7�7�8�-�7�7�-�0�)� 

�e� �P�o�t�a�s�s�i�u�m� �-� �P�o�t�a�s�s�i�u�m� �H�y�d�r�o�x�i�d�e�,� �K�O�H� �(�F�i�s�c�h�e�r� �S�c�i�e�n�t�i�f�i�c�;� �C�A�S� �N�u�m�b�e�r� 

�1�3�1�0�-�5�8�-�3�)� �|� 
�e� �l�r�o�n� �-� �F�e�r�r�i�c� �C�h�l�o�r�i�d�e�,� �F�e�C�l�,� �(�F�i�s�c�h�e�r� �S�c�i�e�n�t�i�f�i�c�;� �C�A�S� �N�u�m�b�e�r� �1�0�0�2�5�-�7�7�-�1�)� 
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�S�o�m�e� �o�f� �t�h�e� �m�a�c�r�o�-�n�u�t�r�i�e�n�t�s� �w�e�r�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e� �i�n� �t�h�e� 

�f�o�r�m� �o�f� �v�a�r�i�o�u�s� �c�o�m�p�o�u�n�d�s�.� �I�t� �w�a�s� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�e�s�e� 

�c�o�m�p�o�u�n�d�s� �w�e�r�e� �n�o�t� �r�e�a�d�i�l�y� �a�v�a�i�l�a�b�l�e� �f�o�r� �u�s�e� �b�y� �t�h�e� �b�a�c�t�e�r�i�a�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e�r�e� 

�w�e�r�e� �n�o�t� �s�u�f�f�i�c�i�e�n�t� �q�u�a�n�t�i�t�i�e�s� �t�o� �p�r�o�v�i�d�e� �f�o�r� �c�o�m�p�l�e�t�e� �b�a�c�t�e�r�i�a�l� �s�y�n�t�h�e�s�i�s� �a�n�d� 

�g�r�o�w�t�h� �f�u�n�c�t�i�o�n�s�.� �T�o� �p�r�e�v�e�n�t� �t�h�i�s� �d�e�f�i�c�i�e�n�c�y� �f�r�o�m� �b�e�i�n�g� �l�i�m�i�t�i�n�g� �t�o� �t�h�e� �s�u�c�c�e�s�s� 

�o�f� �B�P�R�,� �t�h�e� �n�u�t�r�i�e�n�t�s� �w�e�r�e� �s�u�p�p�l�e�m�e�n�t�e�d�.� 

�T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �p�h�o�s�p�h�o�r�u�s� �w�a�s� �p�u�r�p�o�s�e�l�y� �s�e�l�e�c�t�e�d� �t�o� �b�e� �h�i�g�h�e�r� 

�t�h�a�n� �w�h�a�t� �w�a�s� �r�e�q�u�i�r�e�d�.� �T�h�i�s� �s�e�r�v�e�d� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �P� �r�e�m�o�v�a�l� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� 

�s�y�s�t�e�m�.� �P�o�t�a�s�s�i�u�m� �w�a�s� �a�l�s�o� �s�u�p�p�l�e�m�e�n�t�e�d� �i�n� �e�x�c�e�s�s�i�v�e� �a�m�o�u�n�t�s�.� �I�n�i�t�i�a�l�l�y�,� �i�t� 

�w�a�s� �d�e�c�i�d�e�d� �t�o� �h�a�v�e� �p�o�t�a�s�s�i�u�m� �i�n� �t�h�e� �i�n�f�l�u�e�n�t� �a�t� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �2�5� �m�g�/�L� 

�t�o� �i�n�s�u�r�e� �i�t� �w�a�s� �n�o�t� �l�i�m�i�t�i�n�g�.� �B�a�s�e�d� �o�n� �t�h�e� �a�b�o�v�e� �n�o�t�e�d� �c�a�l�c�u�l�a�t�i�o�n�s�,� �t�h�i�s� �w�a�s� 

�m�o�r�e� �t�h�a�n� �e�n�o�u�g�h� �p�o�t�a�s�s�i�u�m�.� �L�a�t�e�r�,� �w�h�e�n� �K�H�,�P�O�,� �w�a�s� �u�s�e�d� �t�o� �s�u�p�p�l�e�m�e�n�t� 

�p�h�o�s�p�h�o�r�u�s�,� �t�h�e� �K�O�H� �w�a�s� �n�o�t� �n�e�e�d�e�d�.� 

�D�u�r�i�n�g� �t�h�e� �l�a�t�e�r� �p�a�r�t� �o�f� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�,� �t�h�e� �i�n�f�l�u�e�n�t� �w�a�s� �s�u�p�p�l�e�m�e�n�t�e�d� 

�w�i�t�h� �s�o�d�i�u�m� �a�c�e�t�a�t�e�.� �T�h�i�s� �s�o�l�u�t�i�o�n� �w�a�s� �o�b�t�a�i�n�e�d� �b�y� �t�a�k�i�n�g� �g�l�a�c�i�a�l� �a�c�e�t�i�c� �a�c�i�d�,� 

�(�C�H�,�C�O�O�H�,� �F�i�s�c�h�e�r� �S�c�i�e�n�t�i�f�i�c�;� �C�A�S� �6�4�-�1�9�-�7�)� �a�n�d� �n�e�u�t�r�a�l�i�z�i�n�g� �i�t� �w�i�t�h� �a� �s�t�o�c�k� 

�s�o�l�u�t�i�o�n� �o�f� �1� �N� �s�o�d�i�u�m� �h�y�d�r�o�x�i�d�e� �(�N�a�O�H�)� �t�o� �a� �p�H� �o�f� �n�e�a�r� �7�.� �I�t� �w�a�s� �a�d�d�e�d� �t�o� 

�t�h�e� �i�n�f�l�u�e�n�t� �c�a�r�b�o�y� �t�o� �i�n�s�u�r�e� �t�h�e�r�e� �w�a�s� �s�u�f�f�i�c�i�e�n�t� �s�u�b�s�t�r�a�t�e� �a�v�a�i�l�a�b�l�e� �f�o�r� �t�h�e� 

�b�a�c�t�e�r�i�a� �t�o� �a�c�c�o�m�p�l�i�s�h� �B�P�R�.� 

�O�P�E�R�A�T�I�O�N� �O�F� �L�A�B�O�R�A�T�O�R�Y� �B�P�R� �S�Y�S�T�E�M� 

�T�h�e� �l�a�b� �s�c�a�l�e� �B�P�R� �s�y�s�t�e�m� �w�a�s� �s�e�t� �u�p� �a�n�d� �o�p�e�r�a�t�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� �B�P�R� 

�t�r�e�a�t�m�e�n�t� �o�b�j�e�c�t�i�v�e�s� �a�n�d� �b�e�n�e�f�i�t�s� �c�o�u�l�d� �b�e� �a�c�h�i�e�v�e�d�.� �W�h�e�n� �e�v�a�l�u�a�t�i�o�n� �a�n�d� 

�m�o�n�i�t�o�r�i�n�g� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �B�P�R� �w�a�s� �n�o�t� �b�e�i�n�g� �a�t�t�a�i�n�e�d�,� �t�h�e� �i�n�f�l�u�e�n�t� �c�o�m�p�o�s�i�t�i�o�n�,� 

�t�h�e� �p�r�o�c�e�s�s� �c�o�n�f�i�g�u�r�a�t�i�o�n� �a�n�d� �t�h�e� �o�p�e�r�a�t�i�n�g� �p�a�r�a�m�e�t�e�r�s� �w�e�r�e� �a�l�t�e�r�e�d�.� �B�a�s�e�d� 

�o�n� �o�b�s�e�r�v�a�t�i�o�n�s� �a�n�d� �t�e�s�t� �r�e�s�u�l�t�s�,� �t�h�e� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �o�f� �t�h�e� �s�y�s�t�e�m� �w�e�r�e� 

�c�h�a�n�g�e�d�.� �T�h�e�s�e� �e�f�f�o�r�t�s� �c�o�n�c�e�n�t�r�a�t�e�d� �o�n� �c�r�e�a�t�i�n�g� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �r�e�q�u�i�r�e�d� �f�o�r� 

�B�P�R� �a�n�d� �e�l�i�m�i�n�a�t�i�n�g� �p�h�y�s�i�c�a�l� �r�e�s�t�r�i�c�t�i�o�n�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m�.� 

�T�a�b�l�e� �1� �d�e�s�c�r�i�b�e�s� �t�h�e� �o�p�e�r�a�t�i�o�n� �o�f� �t�h�e� �B�P�R� �s�y�s�t�e�m� �d�u�r�i�n�g� �t�h�e� �c�o�u�r�s�e� �o�f� �t�h�e� 

�i�n�v�e�s�t�i�g�a�t�i�o�n�.� �T�h�e� �c�h�a�n�g�e�s� �t�o� �t�h�e� �i�n�f�l�u�e�n�t� �a�n�d� �p�r�o�c�e�s�s� �c�o�n�f�i�g�u�r�a�t�i�o�n� �a�r�e� �n�o�t�e�d�.� 

�E�f�f�o�r�t�s� �w�e�r�e� �i�n�i�t�i�a�l�l�y� �f�o�c�u�s�e�d� �o�n� �a�d�j�u�s�t�i�n�g� �s�o�m�e� �o�f� �t�h�e� �o�p�e�r�a�t�i�n�g� 

�c�o�n�d�i�t�i�o�n�s� �o�f� �t�h�e� �t�w�o� �s�t�a�g�e� �B�P�R� �s�y�s�t�e�m� �a�n�d� �a�d�d�i�n�g� �e�s�s�e�n�t�i�a�l� �n�u�t�r�i�e�n�t�s� �t�o� �t�h�e� 
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�T�a�b�l�e� �1�.� 
�t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� 
�D�e�s�c�r�i�p�t�i�o�n� �o�f� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m� �o�p�e�r�a�t�i�o�n� �f�o�r� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t� �o�f� 

� � 

�I�N�F�L�U�E�N�T� �S�Y�S�T�E�M� �C�O�N�F�I�G�U�R�A�T�I�O�N� 

� � 

�E�X�P� �D�A�Y�S� �O�F� 
�E�X�P�E�R�I�M�E�N�T� 

�1� �1� �-� �6�2� 

�2� �6�3� �-� �9�7� 

�3� �9�8� �-� �1�3�5� 

�4� �1�3�6� �-� �1�5�1� 

�5� �1�5�2� �-� �1�6�1� 

�6� �1�6�2� �-� �1�6�7� 

�7� �1�6�8� �-� �1�8�5� 

�1�0�0�%� �I�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�;� 
�N�H�,�C�O�N�H�.�,�,� �K�O�H� �(�D�a�y� �1� �-� 
�D�a�y� �4�7�)�,�K�H�,�P�O�,� �(�D�a�y� �4�8� �-� 

�D�a�y� �6�2�)� �&� �F�e�C�l�,� 
�s�u�p�p�l�e�m�e�n�t�e�d� 

�1�0�0�%� �I�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�;� 
�N�H�,�C�O�N�H�,�,� �K�H�,�P�O�,� �&� 

�F�e�C�l�,� �s�u�p�p�l�e�m�e�n�t�e�d� 

�5�0�%� �I�n�d�u�s�t�r�i�a�l� �w�a�s�t�e� �&� 
�5�0�%� �M�u�n�i�c�i�p�a�l� �s�e�w�a�g�e�;� 
�N�H�,�C�O�N�H�,�,� �K�H�,�P�O�,�,� �&� 

�F�e�C�l�,� �s�u�p�p�l�e�m�e�n�t�e�d� 

�1�0�0�%� �M�u�n�i�c�i�p�a�l� �s�e�w�a�g�e�;� 
�K�H�,�P�O�,� �s�u�p�p�l�e�m�e�n�t�e�d� 

�1�0�0�%� �M�u�n�i�c�i�p�a�l� �s�e�w�a�g�e�;� 
�S�o�d�i�u�m� �A�c�e�t�a�t�e� �&� �K�H�,�P�O�,� 

�s�u�p�p�l�e�m�e�n�t�e�d� 

�M�u�n�c�i�p�a�l� �s�e�w�a�g�e� �w�i�t�h� �5�0�0� 
�m�g�/�L� �a�s� �C�O�D� �o�f� �I�n�d�u�s�t�r�i�a�l� 

�w�a�s�t�e�;� �K�H�,�P�O�,� 
�s�u�p�p�l�e�m�e�n�t�e�d� 

�1�0�0�%� �I�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�;� 
�N�H�,�C�O�N�H�,� �&� �K�H�,�P�O�,� 

�s�u�p�p�l�e�m�e�n�t�e�d� 

�3�3� 

�T�w�o�-�s�t�a�g�e� �B�P�R� 
�s�y�s�t�e�m� 

�T�w�o�-�s�t�a�g�e� �B�P�R� 
�s�y�s�t�e�m�,� �A�n�a�e�r�o�b�i�c� 

�H�R�T� �d�o�u�b�l�e�d� �&� �s�t�a�g�e�d� 
�i�n�t�o� �t�w�o� 

�c�o�m�p�a�r�t�m�e�n�t�s� 

�T�w�o�-�s�t�a�g�e� �B�P�R� 
�s�y�s�t�e�m�,� �s�a�m�e� �a�s� �i�n� 

�P�h�a�s�e� �I�l� 

�T�h�r�e�e�-�s�t�a�g�e� �B�N�R� 
�s�y�s�t�e�m�,� �A�n�o�x�i�c� �z�o�n�e� 

�&� �n�i�t�r�i�f�i�e�d� �r�e�c�y�c�l�e� 
�a�d�d�e�d�,� �2�-�3�0� 

�T�h�r�e�e�-�s�t�a�g�e� �B�N�R� 
�s�y�s�t�e�m�,� �s�a�m�e� �a�s� �I�n� 

�P�h�a�s�e� �I�V� 

�T�h�r�e�e�-�s�t�a�g�e� �B�N�R� 
�s�y�s�t�e�m�,� �s�a�m�e� �a�s� �i�n� 

�P�h�a�s�e�s� �I�V� �&� �V� 

�T�h�r�e�e�-�s�t�a�g�e� �B�N�R� 
�s�y�s�t�e�m�,� �s�a�m�e� �a�s� �I�n� 
�P�h�a�s�e�s� �I�V�,� �V� �&� �V�I



�i�n�f�l�u�e�n�t�.� �T�h�e� �l�a�b�-�s�c�a�l�e� �B�P�R� �u�n�i�t� �d�i�d� �n�o�t� �r�e�s�p�o�n�d� �a�s� �d�e�s�i�r�e�d� �t�o� �t�h�e�s�e� 

�a�d�j�u�s�t�m�e�n�t�s�.� �A�t�t�e�n�t�i�o�n� �w�a�s� �t�h�e�n� �d�i�r�e�c�t�e�d� �t�o� �t�h�e� �p�h�y�s�i�c�a�l� �c�o�n�f�i�g�u�r�a�t�i�o�n� �o�f� �t�h�e� 

�s�y�s�t�e�m�.� �I�t� �n�e�e�d�e�d� �t�o� �b�e� �s�h�o�w�n� �t�h�a�t� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m� �c�o�u�l�d� �a�c�h�i�e�v�e� �t�h�e� 

�t�r�e�a�t�m�e�n�t� �r�e�s�u�l�t�s� �e�x�p�e�c�t�e�d� �f�r�o�m� �a� �B�P�R� �s�y�s�t�e�m�.� 

�T�h�e� �i�n�f�l�u�e�n�t� �c�o�m�p�o�s�i�t�i�o�n� �w�a�s� �a�l�t�e�r�e�d�,� �a�n�d� �t�h�e�n� �t�h�e� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� 

�c�o�n�f�i�g�u�r�a�t�i�o�n� �w�a�s� �m�o�d�i�f�i�e�d� �t�o� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� �d�i�f�f�e�r�e�n�t� �i�n�f�l�u�e�n�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� 

�B�P�R� �h�a�s� �b�e�e�n� �p�r�o�v�e�n� �w�i�t�h� �t�h�i�s� �t�y�p�e� �o�f� �s�y�s�t�e�m� �c�o�n�f�i�g�u�r�a�t�i�o�n� �a�n�d� �m�u�n�i�c�i�p�a�l� 

�s�e�w�a�g�e� �o�f� �s�i�m�i�l�a�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �U�s�i�n�g� �t�h�i�s� �s�e�t�-�u�p� �e�l�i�m�i�n�a�t�e�d� �t�h�e� �i�n�f�l�u�e�n�t� �f�e�e�d� 

�a�s� �a� �l�i�m�i�t�a�t�i�o�n� �t�o� �B�P�R� �a�n�d� �a�l�l�o�w�e�d� �t�h�e� �a�s�s�e�s�s�m�e�n�t� �o�f� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m�.� 

�A�f�t�e�r� �t�h�e� �b�i�o�-�P� �b�a�c�t�e�r�i�a� �w�e�r�e� �e�s�t�a�b�l�i�s�h�e�d� �w�i�t�h� �t�h�i�s� �a�r�r�a�n�g�e�m�e�n�t� �a�n�d� �t�h�e� �a�d�d�i�t�i�o�n� 

�o�f� �s�o�d�i�u�m� �a�c�e�t�a�t�e�,� �t�h�e� �a�m�o�u�n�t� �o�f� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e� �i�n� �t�h�e� �i�n�f�l�u�e�n�t� �w�a�s� 

�i�n�c�r�e�a�s�e�d�.� 

�P�r�o�c�e�s�s� �C�o�n�t�r�o�l� 

�T�h�e� �l�a�b�o�r�a�t�o�r�y� �B�P�R� �s�y�s�t�e�m� �w�a�s� �o�p�e�r�a�t�e�d� �t�o� �m�a�i�n�t�a�i�n� �s�t�e�a�d�y� �s�t�a�t�e� 

�c�o�n�d�i�t�i�o�n�s�.� �U�n�d�e�r� �t�h�e�s�e� �c�o�n�d�i�t�i�o�n�s�,� �B�P�R� �w�a�s� �m�o�s�t� �l�i�k�e�l�y� �t�o� �o�c�c�u�r�.� �W�h�i�l�e� �t�r�u�e� 

�s�t�e�a�d�y� �s�t�a�t�e� �c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �d�i�f�f�i�c�u�l�t� �t�o� �a�c�h�i�e�v�e� �a�n�d� �s�u�s�t�a�i�n�,� �o�p�e�r�a�t�i�n�g� 

�c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �k�e�p�t� �a�s� �u�n�i�f�o�r�m� �a�n�d� �c�o�n�s�t�a�n�t� �a�s� �p�o�s�s�i�b�l�e�.� �P�r�o�c�e�s�s� �c�o�n�t�r�o�l� �w�a�s� 

�c�r�i�t�i�c�a�l� �t�o� �o�p�e�r�a�t�i�o�n� �a�t� �s�t�e�a�d�y� �s�t�a�t�e�.� �F�o�r� �t�h�e� �l�a�b� �s�c�a�l�e� �B�P�R� �u�n�i�t�,� �p�r�o�c�e�s�s� �c�o�n�t�r�o�l� 

�w�a�s� �l�i�m�i�t�e�d� �t�o� �t�h�e� �f�e�e�d�:�R�A�S� �r�a�t�i�o�,� �t�h�e� �p�u�m�p� �f�l�o�w� �r�a�t�e�s�,� �t�h�e� �M�C�R�T�,� �a�n�d� �t�h�e� 

�a�e�r�o�b�i�c� �z�o�n�e� �D�O� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �T�a�r�g�e�t� �v�a�l�u�e�s� �f�o�r� �t�h�e�s�e� �p�a�r�a�m�e�t�e�r�s� �w�e�r�e� 

�s�e�l�e�c�t�e�d�.� �T�h�e�y� �w�e�r�e� �a�t�t�a�i�n�e�d� �e�x�c�e�p�t� �f�o�r� �s�o�m�e� �m�i�n�o�r� �v�a�r�i�a�t�i�o�n�s�.� �T�h�i�s� �p�e�r�m�i�t�t�e�d� 

�t�h�e� �l�a�b�o�r�a�t�o�r�y� �B�P�R� �s�y�s�t�e�m� �t�o� �b�e� �e�v�a�l�u�a�t�e�d� �a�s� �a� �t�r�e�a�t�m�e�n�t� �a�l�t�e�r�n�a�t�i�v�e�.� 

�S�t�a�r�t� �U�p� 

�T�o� �p�r�e�v�e�n�t� �h�a�v�i�n�g� �t�o� �d�e�v�e�l�o�p� �o�r� �a�c�c�l�i�m�a�t�e� �a�n� �a�c�t�i�v�a�t�e�d� �s�l�u�d�g�e� �c�u�l�t�u�r�e� �t�o� 

�t�r�e�a�t� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�,� �t�h�e� �a�c�t�i�v�a�t�e�d� �s�l�u�d�g�e� �f�r�o�m� �t�h�e� �e�x�i�s�t�i�n�g� �f�u�l�l� �s�c�a�l�e� 

�t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� �w�a�s� �u�t�i�l�i�z�e�d�.� �T�h�e� �R�A�S� �o�f� �t�h�i�s� �e�x�t�e�n�d�e�d� �a�e�r�a�t�i�o�n� �s�y�s�t�e�m� �w�a�s� 

�c�o�l�l�e�c�t�e�d� �i�n� �a� �2�4� �L� �c�a�r�b�o�y� �o�n� �t�h�e� �i�n�i�t�i�a�l� �t�r�i�p� �t�o� �c�o�l�l�e�c�t� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�.� �T�h�e� 

�s�e�e�d� �s�l�u�d�g�e� �w�a�s� �t�a�k�e�n� �f�r�o�m� �t�h�e� �i�n�f�l�u�e�n�t� �e�n�d� �o�f� �t�h�e� �a�e�r�a�t�i�o�n� �b�a�s�i�n� �j�u�s�t� �b�e�f�o�r�e� 

�t�h�e� �R�A�S� �e�n�t�e�r�e�d� �t�h�e� �b�a�s�i�n�.� 

�T�h�e� �a�n�a�e�r�o�b�i�c� �a�n�d� �a�e�r�o�b�i�c� �r�e�a�c�t�o�r�s� �o�f� �t�h�e� �l�a�b� �B�P�R� �u�n�i�t�s� �w�e�r�e� �f�i�l�l�e�d� �t�o� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �8�0�%� �w�i�t�h� �m�i�x�e�d� �l�i�q�u�o�r�.� �T�h�e� �b�a�l�a�n�c�e� �o�f� �t�h�e� �r�e�a�c�t�o�r� �v�o�l�u�m�e�s� �w�a�s� 

�3�4



�m�a�d�e� �u�p� �w�i�t�h� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�.� �M�i�x�i�n�g� �a�n�d� �a�e�r�a�t�i�o�n� �w�e�r�e� �t�h�e�n� �i�n�i�t�i�a�t�e�d�.� 

�T�h�e� �f�e�e�d� �a�n�d� �R�A�S� �p�u�m�p�s� �w�e�r�e� �t�h�e�n� �s�t�a�r�t�e�d� �a�n�d� �s�e�t� �t�o� �a�c�h�i�e�v�e� �t�h�e� �t�a�r�g�e�t� �H�R�T�.� 

�A�t� �c�e�r�t�a�i�n� �j�u�n�c�t�u�r�e�s� �o�f� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n�,� �w�a�s�t�e� �a�c�t�i�v�a�t�e�d� �s�l�u�d�g�e� �(�W�A�S�)� �w�a�s� 

�t�a�k�e�n� �f�r�o�m� �o�t�h�e�r� �B�N�R� �s�y�s�t�e�m�s� �a�n�d� �s�u�b�s�t�i�t�u�t�e�d� �i�n�t�o� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �B�P�R� �s�y�s�t�e�m�.� 

�T�h�i�s� �w�a�s� �a�n� �a�t�t�e�m�p�t� �t�o� �i�n�o�c�u�l�a�t�e� �t�h�e� �m�i�c�r�o�b�i�a�l� �c�u�l�t�u�r�e� �w�i�t�h� �b�i�o�-�P� �b�a�c�t�e�r�i�a�.� �T�h�e� 

�l�a�b� �a�n�d� �p�i�l�o�t� �s�c�a�l�e� �s�y�s�t�e�m�s� �w�h�i�c�h� �s�u�p�p�l�i�e�d� �t�h�e� �W�A�S� �w�e�r�e� �r�e�m�o�v�i�n�g� �p�h�o�s�p�h�o�r�u�s� 

�b�i�o�l�o�g�i�c�a�l�l�y� �i�n� �e�x�c�e�s�s�i�v�e� �a�m�o�u�n�t�s�.� �B�i�o�-�P� �b�a�c�t�e�r�i�a� �w�e�r�e� �k�n�o�w�n� �t�o� �e�x�i�s�t� �i�n� �t�h�e�i�r� 

�s�l�u�d�g�e�.� 

�T�h�e� �i�n�f�l�u�e�n�t� �b�e�i�n�g� �f�e�d� �t�o� �t�h�e�s�e� �d�o�n�o�r� �B�N�R� �s�y�s�t�e�m�s� �w�a�s� �c�o�n�s�i�d�e�r�a�b�l�y� 

�d�i�f�f�e�r�e�n�t�.� �T�h�e� �a�m�o�u�n�t� �o�f� �i�n�f�l�u�e�n�t� �s�u�b�s�t�r�a�t�e� �a�s� �m�e�a�s�u�r�e�d� �b�y� �C�O�D� �w�a�s� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �o�n�e�-�q�u�a�r�t�e�r� �o�f� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �i�n�f�l�u�e�n�t� �p�H� 

�f�o�r� �t�h�e�s�e� �s�y�s�t�e�m�s� �w�a�s� �n�e�a�r� �n�e�u�t�r�a�l�i�t�y�.� �I�n�o�c�u�l�a�t�i�o�n� �w�i�t�h� �B�N�R� �W�A�S� �w�a�s� �l�i�m�i�t�e�d�.� 

�I�t� �w�a�s� �d�o�n�e� �o�n� �t�h�r�e�e� �o�c�c�a�s�i�o�n�s�.� �N�o� �m�o�r�e� �t�h�a�n� �2�.�5� �L� �w�a�s� �u�s�e�d� �e�a�c�h� �t�i�m�e� �t�o� 

�p�r�e�v�e�n�t� �s�h�o�c�k�i�n�g� �t�h�e� �B�P�R� �s�y�s�t�e�m�.� �T�h�e�r�e� �w�a�s� �n�o� �n�e�t� �l�o�s�s� �o�f� �b�i�o�m�a�s�s� �v�o�l�u�m�e�.� 

�T�h�e� �b�i�o�m�a�s�s� �w�a�s� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m� �a�e�r�o�b�i�c� �z�o�n�e�.� �T�h�e� �s�e�e�d� 

�W�A�S� �w�a�s� �t�a�k�e�n� �o�u�t� �o�f� �t�h�e� �a�e�r�o�b�i�c� �z�o�n�e�s� �o�f� �t�h�e� �d�o�n�o�r� �B�N�R� �s�y�s�t�e�m�s�.� 

�S�l�u�d�g�e� �W�a�s�t�i�n�g� 

�C�o�n�s�i�s�t�e�n�t� �a�c�h�i�e�v�e�m�e�n�t� �o�f� �t�h�e� �t�a�r�g�e�t� �M�C�R�I� �m�e�a�n�t� �a�n� �u�n�i�q�u�e� 

�m�i�c�r�o�o�r�g�a�n�i�s�m� �p�o�p�u�l�a�t�i�o�n� �w�o�u�l�d� �b�e� �d�e�v�e�l�o�p�e�d�.� �T�h�e� �M�C�R�T� �d�i�r�e�c�t�l�y� �i�n�f�l�u�e�n�c�e�d� 

�t�h�e� �v�i�a�b�i�l�i�t�y� �o�f� �t�h�e� �b�i�o�m�a�s�s�.� �T�h�i�s� �o�p�e�r�a�t�i�o�n�a�l� �p�a�r�a�m�e�t�e�r� �w�a�s� �u�s�e�d� �t�o� �d�e�s�c�r�i�b�e� 

�a�n�d� �q�u�a�n�t�i�f�y� �t�h�e� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� �b�i�o�m�a�s�s�.� 

�M�C�R�T� �w�a�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �a�v�e�r�a�g�e� �t�i�m�e� �a� �u�n�i�t� �o�f� �b�i�o�m�a�s�s� �s�p�e�n�d�s� �i�n� �t�h�e� 

�a�c�t�i�v�a�t�e�d� �s�l�u�d�g�e� �r�e�a�c�t�o�r�s� �o�f� �t�h�e� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m�.� �A�t� �s�t�e�a�d�y� �s�t�a�t�e�,� �t�h�e� �r�a�t�e� 

�a�t� �w�h�i�c�h� �b�i�o�m�a�s�s� �t�s� �p�r�o�d�u�c�e�d� �i�n� �t�h�e� �s�y�s�t�e�m� �e�q�u�a�l�s� �t�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� �b�i�o�m�a�s�s� 

�i�s� �w�a�s�t�e�d� �f�r�o�m� �t�h�e� �s�y�s�t�e�m� �(�B�e�n�e�f�i�e�l�d� �a�n�d� �R�a�n�d�a�l�l�,� �1�9�8�0�)�.� �B�y� �c�a�l�c�u�l�a�t�i�n�g� �t�h�e� 

�m�a�s�s� �o�f� �a�c�t�i�v�e� �b�i�o�m�a�s�s� �i�n� �t�h�e� �r�e�a�c�t�o�r�s� �a�n�d� �d�i�v�i�d�i�n�g� �b�y� �t�h�e� �m�a�s�s� �o�f� �a�c�t�i�v�e� 

�b�i�o�m�a�s�s� �w�i�t�h�d�r�a�w�n� �d�a�i�l�y� �f�r�o�m� �t�h�e� �s�y�s�t�e�m�,� �t�h�e� �M�C�R�T� �w�a�s� �d�e�t�e�r�m�i�n�e�d�.� �T�h�e� 

�f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n� �w�a�s� �u�s�e�d�:� 

�M�C�R�T� �=� �(�M�L�V�S�S� �x�X� �V�a�e�a�)�/�(�(�Q�w� �x� �M�L�V�S�S�)� �+� �(�(�Q�,� �-� �Q�y�w�)� �x� �V�S�S�e�r�-�)�)� 

�T�h�e� �M�C�R�T� �w�a�s� �s�e�l�e�c�t�e�d�,� �t�h�e� �z�o�n�e� �v�o�l�u�m�e�s� �w�e�r�e� �k�n�o�w�n� �a�n�d� �t�h�e� �f�e�e�d� �f�l�o�w� �r�a�t�e� 

�a�n�d� �s�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �m�o�n�i�t�o�r�i�n�g� �a�n�d� �t�e�s�t�i�n�g�.� 
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�S�u�b�s�t�i�t�u�t�i�n�g� �a�n�d� �r�e�a�r�r�a�n�g�i�n�g� �t�h�e� �e�q�u�a�t�i�o�n� �a�l�l�o�w�e�d� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �a�m�o�u�n�t� �o�f� 

�s�o�l�i�d�s� �t�o� �b�e� �w�a�s�t�e�d� �d�a�i�l�y�.� 

�P�r�o�c�e�d�u�r�e�s� 

�T�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m ��s� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �c�h�e�c�k�e�d� �d�a�i�l�y�.� 

�S�e�v�e�r�a�l� �t�a�s�k�s� �w�e�r�e� �d�o�n�e� �o�n� �a� �r�o�u�t�i�n�e� �b�a�s�i�s� �t�o� �c�o�n�f�i�r�m� �t�h�a�t� �t�h�e� �o�p�e�r�a�t�i�o�n�a�l� 

�o�b�j�e�c�t�i�v�e�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d�.� �V�e�r�i�f�i�c�a�t�i�o�n� �a�n�d� �s�u�p�p�o�r�t� �o�f� �o�p�e�r�a�t�i�o�n�s� �c�o�n�s�i�s�t�e�d� 

�o�f�;� 

�e� �P�r�e�p�a�r�i�n�g� �t�h�e� �i�n�f�l�u�e�n�t� �w�a�s�t�e� �f�o�r� �f�e�e�d�i�n�g� 

�e� �C�h�e�c�k�i�n�g� �p�u�m�p� �r�a�t�e�s� 

�e� �W�a�s�t�i�n�g� �s�l�u�d�g�e� �o�r� �b�i�o�m�a�s�s� 

�e� �M�o�n�i�t�o�r�i�n�g� �m�i�x�i�n�g� �a�n�d� �D�O� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �s�y�s�t�e�m� �z�o�n�e�s� 

�A�f�t�e�r� �t�h�e� �i�n�f�l�u�e�n�t� �w�a�s� �c�o�l�l�e�c�t�e�d� �a�n�d� �s�t�o�r�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r�,� �a� �n�e�w� 

�b�a�t�c�h� �o�f� �i�n�f�l�u�e�n�t� �w�a�s� �p�r�e�p�a�r�e�d�.� �F�i�r�s�t�,� �t�h�e� �i�n�f�l�u�e�n�t� �f�e�e�d� �c�a�r�b�o�y� �w�a�s� �t�a�k�e�n� �o�u�t� 

�o�f� �s�e�r�v�i�c�e�.� �T�h�e� �i�n�f�l�u�e�n�t� �p�u�m�p ��s� �s�u�c�t�i�o�n� �t�u�b�i�n�g� �w�a�s� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �c�a�r�b�o�y� 

�a�n�d� �i�n�s�e�r�t�e�d� �i�n�t�o� �a� �s�m�a�l�l� �c�o�n�t�a�i�n�e�r� �o�f� �i�n�f�l�u�e�n�t� �w�h�i�l�e� �t�h�e� �n�e�w� �b�a�t�c�h� �o�f� �f�e�e�d� �w�a�s� 

�p�r�e�p�a�r�e�d�.� �T�h�e� �t�i�m�e� �t�h�e� �s�w�i�t�c�h� �w�a�s� �m�a�d�e� �w�a�s� �r�e�c�o�r�d�e�d�.� �T�h�e� �i�n�f�l�u�e�n�t� 

�r�e�m�a�i�n�i�n�g� �i�n� �t�h�e� �c�a�r�b�o�y� �w�h�i�c�h� �w�a�s� �t�a�k�e�n� �o�u�t� �o�f� �s�e�r�v�i�c�e� �w�a�s� �t�h�e�n� �m�e�a�s�u�r�e�d� �a�n�d� 

�r�e�c�o�r�d�e�d�.� �T�h�i�s� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �t�h�e� �t�i�m�e� �i�n� �u�s�e� �a�n�d� �v�o�l�u�m�e� �f�e�d� �p�e�r�m�i�t�t�e�d� �t�h�e� 

�c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �f�e�e�d� �r�a�t�e� �a�n�d� �s�u�b�s�e�q�u�e�n�t�l�y�,� �t�h�e� �a�v�e�r�a�g�e� �H�R�T�.� �U�s�u�a�l�l�y� �t�h�e� 

�s�w�i�t�c�h� �w�a�s� �m�a�d�e� �i�n� �t�h�e� �m�o�r�n�i�n�g�,� �a�n�y�w�h�e�r�e� �f�r�o�m� �7� �a�.�m�.� �t�o� �1�2� �N�o�o�n�,� �e�v�e�r�y� 

�o�t�h�e�r� �d�a�y�.� 

�A� �k�n�o�w�n� �v�o�l�u�m�e� �o�f� �i�n�f�l�u�e�n�t� �w�a�s� �p�o�u�r�e�d� �i�n�t�o� �t�h�e� �f�e�e�d� �c�a�r�b�o�y�.� �T�h�e� �s�i�d�e� 

�o�f� �t�h�e� �c�a�r�b�o�y� �h�a�d� �b�e�e�n� �m�a�r�k�e�d� �t�o� �s�h�o�w� �w�h�e�r�e� �t�h�i�s� �l�e�v�e�l� �w�a�s�.� �A�f�t�e�r� �t�h�e� 

�s�u�p�p�l�e�m�e�n�t�s� �w�e�r�e� �a�d�d�e�d�,� �t�h�e� �c�a�r�b�o�y� �w�a�s� �p�l�a�c�e�d� �b�a�c�k� �i�n�t�o� �s�e�r�v�i�c�e�.� �T�h�i�s� 

�p�r�o�c�e�s�s� �t�o�o�k� �a�b�o�u�t� �1�5� �m�i�n�u�t�e�s�.� �D�u�r�i�n�g� �a� �p�o�r�t�i�o�n� �o�f� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�,� �t�h�e� 

�i�n�f�l�u�e�n�t� �w�a�s� �p�u�r�g�e�d� �w�i�t�h� �c�o�m�p�r�e�s�s�e�d�,� �i�n�d�u�s�t�r�i�a�l� �g�r�a�d�e� �n�i�t�r�o�g�e�n� �g�a�s� �f�o�r� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �5� �-� �1�0� �m�i�n�u�t�e�s�.� �T�h�i�s� �w�a�s� �a�n� �a�t�t�e�m�p�t� �t�o� �s�t�r�i�p� �D�O� �a�n�d� �o�x�i�d�i�z�e�d� 

�n�i�t�r�o�g�e�n� �f�r�o�m� �t�h�e� �i�n�f�l�u�e�n�t� �f�e�e�d�.� �I�t� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �u�s�i�n�g� �a� �9�"� �x� �5�5�"� 

�c�y�l�i�n�d�e�r�,� �a� �s�i�n�g�l�e�-�s�t�a�g�e� �r�e�g�u�l�a�t�o�r�,� �p�o�l�y�e�t�h�y�l�e�n�e� �a�n�d� �g�l�a�s�s� �t�u�b�i�n�g�,� �a�n�d� �a� �d�i�f�f�u�s�e�r� 

�s�t�o�n�e�.� 

�W�i�t�h� �t�h�e� �p�u�m�p�s� �o�p�e�r�a�t�i�n�g� �a�n�d� �t�h�e� �n�e�w� �i�n�f�l�u�e�n�t� �c�a�r�b�o�y� �i�n�-�s�e�r�v�i�c�e�,� �a� 
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�c�h�e�c�k� �o�f� �t�h�e� �p�u�m�p� �f�l�o�w� �r�a�t�e�s� �w�a�s� �c�o�n�d�u�c�t�e�d�.� �T�h�i�s� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� 

�r�e�m�o�v�i�n�g� �t�h�e� �p�u�m�p ��s� �d�i�s�c�h�a�r�g�e� �t�u�b�i�n�g� �a�t� �i�t�s� �d�e�s�t�i�n�a�t�i�o�n� �a�n�d� �h�a�v�i�n�g� �i�t� �d�i�s�c�h�a�r�g�e� 

�i�n�t�o� �a� �5�0� �m�L� �g�r�a�d�u�a�t�e�d� �c�y�l�i�n�d�e�r�.� �T�h�e� �g�r�a�d�u�a�t�e�d� �c�y�l�i�n�d�e�r� �w�a�s� �p�l�a�c�e�d� �n�e�a�r� �t�h�e� 

�i�n�t�e�n�d�e�d� �d�i�s�c�h�a�r�g�e� �p�o�i�n�t� �t�o� �m�a�i�n�t�a�i�n� �s�i�m�i�l�a�r� �p�u�m�p� �h�e�a�d� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �p�u�m�p� 

�d�i�s�c�h�a�r�g�e�d� �i�n�t�o� �t�h�e� �c�y�l�i�n�d�e�r� �f�o�r� �a� �k�n�o�w�n� �p�e�r�i�o�d� �o�f� �t�i�m�e� �i�n� �t�h�e� �3� �-� �5� �m�i�n�u�t�e� 

�r�a�n�g�e�.� �C�o�n�v�e�r�t�i�n�g� �t�o� �m�L� �p�e�r� �m�i�n�u�t�e�,� �t�h�e� �t�a�r�g�e�t� �a�n�d� �a�c�t�u�a�l� �f�l�o�w� �r�a�t�e�s� �w�e�r�e� 

�c�o�m�p�a�r�e�d�.� �A�d�j�u�s�t�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �a�c�c�o�r�d�i�n�g�l�y�,� �a�n�d� �t�h�e� �f�l�o�w� �r�a�t�e�s� �r�e�c�h�e�c�k�e�d� 

�u�n�t�i�l� �w�i�t�h�i�n� �0�.�5� �m�L� �o�f� �e�a�c�h� �o�t�h�e�r�.� �T�h�e� �c�o�n�t�e�n�t�s� �o�f� �t�h�e� �c�y�l�i�n�d�e�r�,� �w�h�e�t�h�e�r� 

�i�n�f�l�u�e�n�t� �o�r� �b�i�o�m�a�s�s�,� �w�e�r�e� �d�u�m�p�e�d� �i�n�t�o� �t�h�e� �a�e�r�o�b�i�c� �z�o�n�e�.� 

�T�h�e� �a�m�o�u�n�t� �o�f� �b�i�o�m�a�s�s� �t�o� �b�e� �r�e�m�o�v�e�d� �d�a�i�l�y� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �a�s� �n�o�t�e�d� 

�e�a�r�l�i�e�r�.� �W�i�t�h� �a� �s�m�a�l�l� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m� �l�i�k�e� �t�h�i�s�,� �t�h�e� �f�u�n�c�t�i�o�n�s� �o�f� �t�h�e� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s� �w�e�r�e� �v�e�r�y� �s�e�n�s�i�t�i�v�e� �t�o� �s�l�u�d�g�e� �w�a�s�t�i�n�g�.� �B�i�o�m�a�s�s� �w�a�s� �r�e�m�o�v�e�d� 

�t�o� �p�r�e�v�e�n�t� �u�p�s�e�t� �a�n�d� �d�e�c�r�e�a�s�e� �t�h�e� �e�f�f�e�c�t�s� �o�n� �p�e�r�f�o�r�m�a�n�c�e�.� �D�e�p�e�n�d�i�n�g� �o�n� �h�o�w� 

�m�u�c�h� �n�e�e�d�e�d� �t�o� �b�e� �w�a�s�t�e�d�,� �t�h�e� �b�i�o�m�a�s�s� �w�a�s� �r�e�m�o�v�e�d� �i�n� �b�a�t�c�h�e�s�.� �A�c�c�o�u�n�t�i�n�g� 

�f�o�r� �t�h�a�t� �r�e�m�o�v�e�d� �f�o�r� �t�e�s�t� �s�a�m�p�l�e�s�,� �m�e�a�s�u�r�e�d� �v�o�l�u�m�e�s� �o�f� �b�i�o�m�a�s�s� �w�e�r�e� �t�a�k�e�n� 

�f�r�o�m� �t�h�e� �a�e�r�o�b�i�c� �z�o�n�e�.� �W�a�s�t�i�n�g� �w�a�s� �d�o�n�e� �a�n�y�t�i�m�e� �f�r�o�m� �n�o�o�n� �t�o� �m�i�d�n�i�g�h�t�.� 

�U�s�u�a�l�l�y�,� �w�h�e�n� �t�h�e� �v�o�l�u�m�e� �w�a�s� �l�e�s�s� �t�h�a�n� �o�n�e� �l�i�t�e�r�,� �t�h�e� �W�A�S� �w�a�s� �w�i�t�h�d�r�a�w�n� �i�n� 

�o�n�e� �b�a�t�c�h�.� �T�h�e� �v�o�l�u�m�e� �o�f� �W�A�S� �w�a�s� �m�e�a�s�u�r�e�d� �w�i�t�h� �a� �o�n�e� �l�i�t�e�r� �g�r�a�d�u�a�t�e�d� 

�c�y�l�i�n�d�e�r�.� 

�T�h�e� �d�e�g�r�e�e� �o�f� �m�i�x�i�n�g� �a�n�d� �t�h�e� �D�O� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �t�h�e� �z�o�n�e�s� �o�f� �t�h�e� 

�l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m� �w�e�r�e� �r�e�g�u�l�a�t�e�d� �t�o� �p�r�o�v�i�d�e�;� 

�e� �H�o�m�o�g�e�n�e�o�u�s�,� �w�e�l�l�-�m�i�x�e�d� �c�o�n�d�i�t�i�o�n�s� �i�n� �e�a�c�h� �r�e�a�c�t�o�r� 

�e� �A�n� �a�n�a�e�r�o�b�i�c� �D�O� �o�f� �l�e�s�s� �t�h�a�n� �0�.�1�0� �m�g�/�L� 

�e� �A�n� �a�e�r�o�b�i�c� �D�O� �o�f� �g�r�e�a�t�e�r� �t�h�a�n� �2�.�0� �m�g�/�L� 

�W�h�i�l�e� �t�h�e�s�e� �o�b�j�e�c�t�i�v�e�s� �s�o�m�e�t�i�m�e�s� �c�o�n�f�l�i�c�t�e�d�,� �a� �b�a�l�a�n�c�e� �w�a�s� �s�o�u�g�h�t� �w�h�e�r�e� �e�a�c�h� 

�w�a�s� �a�c�h�i�e�v�e�d�.� �T�h�e� �p�r�o�g�r�a�m� �d�e�v�e�l�o�p�e�d� �f�o�r� �t�h�e� �o�p�e�r�a�t�i�o�n� �o�f� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �u�n�i�t� 

�a�t�t�e�m�p�t�e�d� �t�o� �c�o�n�f�i�r�m� �t�h�a�t� �t�h�e�s�e� �c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �b�e�i�n�g� �c�o�n�s�i�s�t�e�n�t�l�y� �m�a�i�n�t�a�i�n�e�d�.� 

�D�a�i�l�y� �v�i�s�u�a�l� �o�b�s�e�r�v�a�t�i�o�n�s� �c�o�u�p�l�e�d� �w�i�t�h� �i�n�-�s�i�t�u� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �t�h�e� �r�e�a�c�t�o�r�s �� 

�D�O� �p�r�o�v�i�d�e�d� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �w�h�e�t�h�e�r� �a�d�j�u�s�t�m�e�n�t� �w�a�s� �n�e�e�d�e�d�.� �A�d�j�u�s�t�m�e�n�t� �w�a�s� 

�l�i�m�i�t�e�d� �t�o� �r�e�g�u�l�a�t�i�o�n� �o�f� �t�h�e� �a�i�r� �f�l�o�w� �r�a�t�e� �t�o� �t�h�e� �a�e�r�o�b�i�c� �z�o�n�e� �a�n�d� �t�h�e� �m�i�x�e�r� �m�o�t�o�r� 

�o�u�t�p�u�t� �R�P�M�.� 
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�M�a�i�n�t�e�n�a�n�c�e� 

�G�e�n�e�r�a�l� �u�p�k�e�e�p� �w�o�r�k� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m� �d�a�i�l�y�.� 

�B�e�s�i�d�e�s� �t�h�e� �d�a�i�l�y� �o�b�s�e�r�v�a�t�i�o�n�s� �t�o� �v�e�r�i�f�y� �u�n�i�m�p�a�i�r�e�d� �s�y�s�t�e�m� �f�u�n�c�t�i�o�n� �a�n�d� 

�i�n�t�a�c�t�n�e�s�s�,� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �u�n�i�t� �w�a�s� �s�u�b�j�e�c�t�e�d� �t�o� �r�o�u�t�i�n�e� �c�l�e�a�n�i�n�g� �a�n�d� �e�q�u�i�p�m�e�n�t� 

�m�a�i�n�t�e�n�a�n�c�e�.� �T�h�i�s� �p�r�o�g�r�a�m� �h�e�l�p�e�d� �p�r�e�v�e�n�t� �e�q�u�i�p�m�e�n�t� �f�a�i�l�u�r�e�s� �a�n�d� �p�u�m�p� �t�u�b�i�n�g� 

�l�e�a�k�s�.� �I�t� �a�l�s�o� �r�e�d�u�c�e�d� �t�h�e� �g�r�o�w�t�h� �a�n�d� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �s�l�i�m�e� �a�n�d� �o�t�h�e�r� �a�t�t�a�c�h�e�d� 

�g�r�o�w�t�h� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �i�n� �t�h�e� �s�y�s�t�e�m�.� �I�n� �a�l�l�,� �m�o�r�e� �c�o�n�s�i�s�t�e�n�t� �o�p�e�r�a�t�i�o�n� �w�a�s� 

�p�r�o�v�i�d�e�d�.� 

�U�s�i�n�g� �a� �m�i�x�e�r� �s�h�a�f�t� �w�i�t�h� �f�l�a�t� �p�a�d�d�l�e� �b�l�a�d�e�,� �t�h�e� �i�n�s�i�d�e�s� �o�f� �t�h�e� �a�e�r�o�b�i�c� �z�o�n�e� 

�w�e�r�e� �s�c�r�a�p�e�d� �d�a�i�l�y�.� �A� �s�m�a�l�l� �t�e�s�t� �t�u�b�e� �b�r�u�s�h� �w�a�s� �u�s�e�d� �t�o� �c�l�e�a�n� �t�h�e� �i�n�t�e�r�i�o�r�,� 

�w�e�t�t�e�d� �s�u�r�f�a�c�e�s� �o�f� �t�h�e� �a�n�a�e�r�o�b�i�c� �r�e�a�c�t�o�r� �a�n�d� �t�h�e� �c�l�a�r�i�f�i�e�r�.� �T�h�e� �d�i�f�f�u�s�e�r� �s�t�o�n�e�s� 

�i�n� �t�h�e� �a�e�r�o�b�i�c� �r�e�a�c�t�o�r� �w�e�r�e� �a�l�s�o� �c�l�e�a�n�e�d� �w�i�t�h� �t�h�e� �b�r�u�s�h�.� �D�u�e� �t�o� �t�h�e� �d�i�s�r�u�p�t�i�o�n� 

�i�n� �o�p�e�r�a�t�i�o�n�,� �t�h�e�s�e� �s�y�s�t�e�m� �c�o�m�p�o�n�e�n�t�s� �w�e�r�e� �c�l�e�a�n�e�d� �w�e�e�k�l�y�.� �N�o� �m�a�t�e�r�i�a�l� �o�r� 

�g�r�o�w�t�h� �w�a�s� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �u�n�i�t� �d�u�r�i�n�g� �t�h�e�s�e� �o�p�e�r�a�t�i�o�n�s� �e�x�c�e�p�t� �f�o�r� �t�h�e� 

�a�n�a�e�r�o�b�i�c� �r�e�a�c�t�o�r�.� �A� �t�h�i�n� �l�a�y�e�r� �o�f� �w�h�i�t�e� �m�a�t�e�r�i�a�l� �w�h�i�c�h� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� �l�a�t�e�r� 

�w�a�s� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �r�e�a�c�t�o�r� �w�a�t�e�r� �s�u�r�f�a�c�e� �p�e�r�i�o�d�i�c�a�l�l�y�.� 

�T�o� �p�r�e�v�e�n�t� �t�h�e� �b�u�i�l�d� �u�p� �o�f� �m�a�t�e�r�i�a�l� �o�n� �t�h�e� �i�n�s�i�d�e� �o�f� �t�h�e� �i�n�f�l�u�e�n�t� �a�n�d� �R�A�S� 

�t�u�b�i�n�g�,� �t�h�e� �s�u�c�t�i�o�n� �a�n�d� �d�i�s�c�h�a�r�g�e� �s�e�c�t�i�o�n�s� �w�e�r�e� �f�l�u�s�h�e�d� �a�n�d� �b�l�e�a�c�h�e�d� 

�p�e�r�i�o�d�i�c�a�l�l�y�.� �T�h�i�s� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �s�t�o�p�p�i�n�g� �s�y�s�t�e�m� �o�p�e�r�a�t�i�o�n�s�,� 

�d�i�s�c�o�n�n�e�c�t�i�n�g� �t�h�e� �t�u�b�i�n�g�,� �a�n�d� �i�s�o�l�a�t�i�n�g� �w�h�e�r�e� �t�h�e� �t�u�b�i�n�g� �w�a�s� �a�t�t�a�c�h�e�d�.� �T�h�e� 

�s�u�c�t�i�o�n� �e�n�d� �w�a�s� �p�l�a�c�e�d� �i�n�t�o� �c�o�n�t�a�i�n�e�r�s�.� �T�h�e� �i�n�f�l�u�e�n�t� �t�u�b�i�n�g� �w�a�s� �p�l�a�c�e�d� �i�n�t�o� �a� 

�m�i�l�d� �b�l�e�a�c�h� �s�o�l�u�t�i�o�n�.� �F�o�r� �t�h�e� �R�A�S� �t�u�b�i�n�g�,� �h�o�t� �w�a�t�e�r� �w�a�s� �u�s�e�d� �t�o� �p�r�e�v�e�n�t� 

�s�h�o�c�k�i�n�g� �t�h�e� �b�i�o�m�a�s�s� �w�i�t�h� �b�l�e�a�c�h�.� �T�h�e� �d�i�s�c�h�a�r�g�e� �e�n�d�s� �o�f� �t�h�e� �t�u�b�i�n�g� �w�e�r�e� 

�p�l�a�c�e�d� �i�n�t�o� �a�n�o�t�h�e�r� �c�o�n�t�a�i�n�e�r� �t�o� �c�o�l�l�e�c�t� �t�h�e� �w�a�t�e�r� �a�n�d� �b�l�e�a�c�h�.� �W�i�t�h� �t�h�e� �p�u�m�p�s� 

�r�u�n�n�i�n�g�,� �t�h�e� �t�u�b�i�n�g� �w�a�s� �f�l�u�s�h�e�d�.� �A�f�t�e�r� �t�h�e� �i�n�f�l�u�e�n�t� �t�u�b�i�n�g� �w�a�s� �b�l�e�a�c�h�e�d�,� �i�t� �w�a�s� 

�f�l�u�s�h�e�d� �a�g�a�i�n� �w�i�t�h� �p�o�t�a�b�l�e� �w�a�t�e�r� �t�o� �p�r�e�v�e�n�t� �s�h�o�c�k�i�n�g� �t�h�e� �b�i�o�m�a�s�s�.� �O�p�e�r�a�t�i�o�n� 

�w�a�s� �s�t�o�p�p�e�d� �3�0� �m�i�n�u�t�e�s� �f�o�r� �t�h�i�s� �p�r�o�c�e�s�s�.� 

�E�q�u�i�p�m�e�n�t� �m�a�i�n�t�e�n�a�n�c�e� �c�o�n�s�i�s�t�e�d� �o�f� �r�e�p�l�a�c�i�n�g� �t�h�e� �p�u�m�p� �t�u�b�i�n�g�,� �c�l�e�a�n�i�n�g� 

�t�h�e� �m�i�x�e�r�s� �a�n�d� �t�h�e� �p�u�m�p�s�,� �a�n�d� �l�u�b�r�i�c�a�t�i�n�g� �t�h�e� �p�u�m�p�s�.� �T�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m� 

�w�a�s� �t�e�m�p�o�r�a�r�i�l�y� �s�h�u�t� �d�o�w�n� �f�o�r� �t�h�e�s�e� �t�a�s�k�s�.� �A�e�r�a�t�i�o�n� �w�a�s� �l�e�f�t� �o�n� �w�h�e�n� 

�p�o�s�s�i�b�l�e�.� �I�t� �u�s�u�a�l�l�y� �t�o�o�k� �l�e�s�s� �t�h�a�n� �3�0� �m�i�n�u�t�e�s� �t�o� �d�o� �t�h�i�s� �w�o�r�k�.� �T�h�e� �p�u�m�p� 
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�t�u�b�i�n�g� �w�a�s� �r�e�p�l�a�c�e�d� �o�n� �a� �b�i�w�e�e�k�l�y� �r�o�t�a�t�i�o�n�.� �C�l�e�a�n�i�n�g� �a�n�d� �l�u�b�r�i�c�a�t�i�o�n� �o�f� �t�h�e� 

�m�i�x�e�r�s� �a�n�d� �p�u�m�p�s� �w�a�s� �i�n�s�t�i�g�a�t�e�d� �b�y� �m�a�l�f�u�n�c�t�i�o�n�s�.� �A�s� �p�a�r�t� �o�f� �t�h�e� �r�e�p�a�i�r�,� �t�h�e� 

�e�q�u�i�p�m�e�n�t� �w�a�s� �c�h�e�c�k�e�d�,� �c�l�e�a�n�e�d� �a�n�d� �l�u�b�r�i�c�a�t�e�d� �w�i�t�h� �a�n� �a�p�p�r�o�p�r�i�a�t�e� �l�u�b�r�i�c�a�n�t�.� 

�S�A�M�P�L�E� �C�O�L�L�E�C�T�I�O�N� �A�N�D� �A�N�A�L�Y�S�I�S� 

�O�v�e�r�v�i�e�w� 

�T�o� �e�v�a�l�u�a�t�e� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �B�P�R� �s�y�s�t�e�m�'�s� �p�e�r�f�o�r�m�a�n�c�e�,� �a� �t�e�s�t�i�n�g� �p�r�o�g�r�a�m� 

�w�a�s� �d�e�v�e�l�o�p�e�d�.� �T�h�e�s�e� �q�u�a�n�t�i�t�a�t�i�v�e� �a�n�d� �q�u�a�l�i�t�a�t�i�v�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �t�h�e� 

�i�n�f�l�u�e�n�t�,� �r�e�a�c�t�o�r� �c�o�n�t�e�n�t�s� �a�n�d� �e�f�f�l�u�e�n�t� �p�r�o�v�i�d�e�d� �t�h�e� �i�n�f�o�r�m�a�t�i�o�n� �n�e�e�d�e�d� �f�o�r� �t�h�i�s� 

�i�n�v�e�s�t�i�g�a�t�i�o�n�.� �T�h�e� �t�e�s�t�i�n�g� �w�a�s� �a�l�s�o� �i�m�p�o�r�t�a�n�t� �t�o� �t�h�e� �u�n�i�t ��s� �o�p�e�r�a�t�i�o�n� �a�n�d� 

�p�r�o�c�e�s�s� �c�o�n�t�r�o�l�.� �A�c�c�e�p�t�e�d� �p�r�a�c�t�i�c�e�s� �a�n�d� �p�r�o�c�e�d�u�r�e�s� �w�e�r�e� �u�t�i�l�i�z�e�d� �f�o�r� �a�l�l� �t�e�s�t� 

�m�e�t�h�o�d�s�.� �A�f�t�e�r� �t�h�e� �v�a�r�i�o�u�s� �t�e�s�t�s� �w�e�r�e� �c�o�m�p�l�e�t�e�d�,� �t�h�e� �r�e�s�u�l�t�s� �w�e�r�e� �c�h�e�c�k�e�d�.� 

�T�h�e� �q�u�a�l�i�t�y� �c�o�n�t�r�o�l�/�q�u�a�l�i�t�y� �a�s�s�u�r�a�n�c�e� �(�Q�C�/�Q�A�)� �p�r�o�g�r�a�m� �w�a�s� �l�i�m�i�t�e�d�,� �b�u�t� 

�a�d�e�q�u�a�t�e� �f�o�r� �t�h�e� �p�u�r�p�o�s�e�s� �o�f� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� 

�T�h�e� �a�m�o�u�n�t� �o�f� �t�e�s�t�i�n�g� �i�n�c�r�e�a�s�e�d� �a�s� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �p�r�o�g�r�e�s�s�e�d�.� �I�t� �w�a�s� 

�f�o�u�n�d� �t�h�a�t� �a�d�d�i�t�i�o�n�a�l� �d�a�t�a� �w�e�r�e� �n�e�e�d�e�d� �f�o�r� �s�y�s�t�e�m� �e�v�a�l�u�a�t�i�o�n�.� �T�h�e� �n�u�m�b�e�r� �o�f� 

�s�a�m�p�l�e� �p�o�i�n�t�s� �a�n�d� �t�e�s�t�s� �w�e�r�e� �i�n�c�r�e�a�s�e�d� �t�o� �b�e�t�t�e�r� �d�e�f�i�n�e� �s�y�s�t�e�m� �p�e�r�f�o�r�m�a�n�c�e� 

�a�n�d� �i�t�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� 

�S�a�m�p�l�e�s� �a�n�d� �A�n�a�l�y�s�e�s� 

�T�h�e� �s�a�m�p�l�e� �p�o�i�n�t�s� �w�e�r�e� �s�e�l�e�c�t�e�d� �t�o� �p�r�o�v�i�d�e� �r�e�s�u�l�t�s� �w�h�i�c�h� �i�n�d�i�c�a�t�e�d� 

�w�h�e�t�h�e�r� �p�h�o�s�p�h�o�r�u�s� �r�e�m�o�v�a�l� �a�n�d� �g�o�o�d� �s�e�t�t�l�i�n�g� �w�e�r�e� �a�t�t�a�i�n�e�d�.� �C�o�l�l�e�c�t�i�o�n� �a�n�d� 

�p�r�e�p�a�r�a�t�i�o�n� �o�f� �t�h�e� �v�a�r�i�o�u�s� �s�a�m�p�l�e�s� �w�e�r�e� �t�h�e� �n�e�x�t� �s�t�e�p�s� �i�n� �p�r�o�d�u�c�i�n�g� �d�a�t�a�.� �T�h�e� 

�p�o�i�n�t�s� �w�h�e�r�e� �t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �a�r�e� �s�h�o�w�n� �a�n�d� �d�e�s�c�r�i�b�e�d� �i�n� �F�i�g�u�r�e� �5�.� 

�T�h�e� �d�i�f�f�e�r�e�n�t� �s�a�m�p�l�e�s� �w�e�r�e� �g�a�t�h�e�r�e�d� �a�n�d� �h�a�n�d�l�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �t�e�s�t�s� �w�h�i�c�h� 

�n�e�e�d�e�d� �t�o� �b�e� �p�e�r�f�o�r�m�e�d�.� �U�s�i�n�g� �t�h�e� �d�e�s�c�r�i�p�t�i�o�n�s� �i�n� �F�i�g�u�r�e� �5�,� �t�h�e� �f�o�l�l�o�w�i�n�g� �l�i�s�t�s� 

�t�h�e� �t�e�s�t�s� �w�h�i�c�h� �w�e�r�e� �b�e�i�n�g� �p�e�r�f�o�r�m�e�d� �o�n� �e�a�c�h� �o�f� �t�h�e� �s�a�m�p�l�e�s� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� 

�i�n�v�e�s�t�i�g�a�t�i�o�n�.� 

�L�i�s�t�_�o�f� �S�a�m�p�l�e� �T�e�s�t�s� 

�1�.� �I�n�f�l�u�e�n�t� �-� �p�H�,� �D�O�,� �O�R�P�,� �S�C�O�D�,� �T�C�O�D�,� �T�O�C�,� �T�S�S�,� �V�S�S�,� �P�O�,�-�P�,� �N�O�,�-�N�,� 

�N�O�,�-�N�,� �S�O�,�-�S�,� �T�P�,� �S�T�P�,� �T�K�N� 

�2�.� �F�i�r�s�t� �s�t�a�g�e� �a�n�a�e�r�o�b�i�c� �r�e�a�c�t�o�r� �-� �p�H�,� �D�O�,� �O�R�P�,� �S�C�O�D�,� �T�S�S�,� �V�S�S�,� �P�O�4�-�P�,� 

�N�O�,�-�N�,� �N�O�,�-�N�,� �S�O�,�-�S� 
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�3�.� �S�e�c�o�n�d� �s�t�a�g�e� �a�n�a�e�r�o�b�i�c� �r�e�a�c�t�o�r� �-� �p�H�,� �D�O�,� �O�R�P�,� �S�C�O�D�,� �T�S�S�,� �V�S�S�,� �P�O�,�-�P�,� 

�N�O�.�-�N�,� �N�O�.�-�N�,� �S�O�,�-�S� 

�4�.� �A�n�o�x�i�c� �r�e�a�c�t�o�r� �-� �p�H�,� �D�O�,� �O�R�P�,� �S�C�O�D�,� �T�S�S�,� �V�S�S�,� �P�O�,�-�P�,� �N�O�,�-�N�,� �N�O�.�-�N�,� 

�S�O�,�-�S� 

�5�.� �A�e�r�o�b�i�c� �r�e�a�c�t�o�r� �-� �p�H�,� �D�O�,� �O�R�P�,� �S�C�O�D�,� �T�S�S�,� �V�S�S�,� �P�O�,�-�P�,� �N�O�,�-�N�,� �N�O�,�-�N�,� 

�S�O�,�-�S�,� �T�P�,� �S�T�P�,� �T�K�N�,� �S�T�K�N�,� �O�U�R�,� �S�V�I�,� �Z�S�V� 

�S�e�c�o�n�d�a�r�y� �S�e�t�t�l�i�n�g� �-� �D�O� 
�F�i�n�a�l� �E�f�f�l�u�e�n�t� �-� �p�H�,� �S�C�O�D�,� �T�C�O�D�,� �S�T�O�C�,� �T�S�S�,� �V�S�S�,� �P�O�,�-�P�,� �N�O�,�-�N�,� �N�O�,�-� 

�N�,� �S�O�,�-�S�,� �T�P�,� �S�T�P�,� �S�T�K�N� 

�8�.� �R�e�t�u�r�n� �A�c�t�i�v�a�t�e�d� �S�l�u�d�g�e� �-� �D�O�,� �S�C�O�D�,� �T�S�S�,� �V�S�S�,� �P�O�4�-�P�,� �N�O�,�-�N�,� �N�O�,�-�N�,� 

�S�O�,�-�S� 

�G�r�a�b� �t�y�p�e� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�o�r� �a�l�l� �t�e�s�t�i�n�g�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� 

�c�o�l�l�e�c�t�e�d� �f�i�r�s�t� �t�h�i�n�g� �i�n� �t�h�e� �m�o�r�n�i�n�g� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �a�f�f�e�c�t�s� �o�f� �t�h�e� �p�r�e�v�i�o�u�s� �d�a�y ��s� 

�s�l�u�d�g�e� �w�a�s�t�i�n�g�.� �T�h�e� �g�r�a�b� �s�a�m�p�l�e�s� �w�e�r�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�f� �t�h�e� �s�y�s�t�e�m ��s� 

�t�r�e�a�t�m�e�n�t� �p�e�r�f�o�r�m�a�n�c�e� �a�n�d� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� 

�T�h�e� �e�f�f�l�u�e�n�t� �s�a�m�p�l�e� �w�a�s� �o�b�t�a�i�n�e�d� �f�i�r�s�t�.� �T�h�e� �t�u�b�e� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �c�l�a�r�i�f�i�e�r� 

�o�v�e�r�f�l�o�w� �p�o�r�t� �w�a�s� �r�e�m�o�v�e�d�.� �A� �p�o�l�y�e�t�h�y�l�e�n�e� �c�o�n�t�a�i�n�e�r� �w�a�s� �p�l�a�c�e�d� �u�n�d�e�r� �t�h�e� 

�o�p�e�n�i�n�g� �t�o� �c�a�t�c�h� �t�h�e� �e�f�f�l�u�e�n�t� �a�s� �i�t� �f�l�o�w�e�d� �o�u�t�.� �A�b�o�u�t� �5�0�0� �m�L� �o�f� �e�f�f�l�u�e�n�t� �w�a�s� 

�c�o�l�l�e�c�t�e�d�.� �T�h�e� �i�n�f�l�u�e�n�t� �s�a�m�p�l�e� �w�a�s� �o�b�t�a�i�n�e�d� �b�y� �p�o�u�r�i�n�g� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5�0�0� �m�L� 

�o�u�t� �o�f� �t�h�e� �f�e�e�d� �c�a�r�b�o�y� �i�n�t�o� �a� �p�o�l�y�e�t�h�y�l�e�n�e� �c�o�n�t�a�i�n�e�r�.� �T�h�e� �c�a�r�b�o�y� �w�a�s� �s�h�a�k�e�n� 

�p�r�i�o�r� �t�o� �s�a�m�p�l�i�n�g� �t�o� �g�e�t� �a� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �s�a�m�p�l�e�.� 

�S�a�m�p�l�e�s� �f�r�o�m� �t�h�e� �d�i�f�f�e�r�e�n�t� �r�e�a�c�t�o�r� �c�o�n�t�e�n�t�s� �w�e�r�e� �a�l�s�o� �p�l�a�c�e�d� �i�n� 

�p�o�l�y�e�t�h�y�l�e�n�e� �c�o�n�t�a�i�n�e�r�s�.� �S�a�m�p�l�e�s� �f�o�r� �t�h�e�s�e� �w�e�r�e� �g�a�t�h�e�r�e�d� �u�s�i�n�g� �1�0� �m�L� �w�i�d�e�-� 

�m�o�u�t�h�e�d� �p�i�p�e�t�s�.� �T�h�e� �p�i�p�e�t� �w�a�s� �d�i�p�p�e�d� �r�e�p�e�t�i�t�i�v�e�l�y� �u�n�t�i�l� �5�0� �-� �1�0�0� �m�L� �w�e�r�e� 

�c�o�l�l�e�c�t�e�d�.� �A� �d�i�f�f�e�r�e�n�t� �p�i�p�e�t� �w�a�s� �u�s�e�d� �f�o�r� �e�a�c�h� �r�e�a�c�t�o�r� �t�o� �p�r�e�v�e�n�t� �a�n�y� �s�a�m�p�l�e� 

�c�o�n�t�a�m�i�n�a�t�i�o�n�.� �T�h�e� �R�A�S� �s�a�m�p�l�e� �w�a�s� �c�o�l�l�e�c�t�e�d� �b�y� �p�l�a�c�i�n�g� �t�h�e� �R�A�S� �p�u�m�p� 

�d�i�s�c�h�a�r�g�e� �i�n� �a� �p�o�l�y�e�t�h�y�l�e�n�e� �c�o�n�t�a�i�n�e�r�.� �A�b�o�u�t� �2�0� �-� �3�0� �m�L� �w�e�r�e� �p�u�m�p�e�d� �b�e�f�o�r�e� 

�t�h�e� �t�u�b�i�n�g� �w�a�s� �r�e�t�u�r�n�e�d� �t�o� �i�t�s� �c�o�n�n�e�c�t�i�o�n�.� 

�A�l�l� �s�a�m�p�l�e� �c�o�n�t�a�i�n�e�r�s� �w�e�r�e� �a�c�i�d�-�w�a�s�h�e�d� �i�n� �a� �1�5� �%� �H�C�I� �b�a�t�h� �a�n�d� �r�i�n�s�e�d� 

�w�i�t�h� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �p�r�i�o�r� �t�o� �s�a�m�p�l�i�n�g�.� �A�n�a�l�y�s�e�s� �w�e�r�e� �i�n�i�t�i�a�t�e�d� �r�i�g�h�t� �a�f�t�e�r� �t�h�e� 

�s�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d�.� �N�o� �s�a�m�p�l�e� �p�r�e�s�e�r�v�a�t�i�o�n� �w�a�s� �u�s�u�a�l�l�y� �n�e�e�d�e�d�.� 

�4�1



�S�o�m�e�t�i�m�e�s� �d�u�e� �t�o� �t�e�s�t� �e�q�u�i�p�m�e�n�t� �a�v�a�i�l�a�b�i�l�i�t�y�,� �s�a�m�p�l�e�s� �w�e�r�e� �r�e�f�r�i�g�e�r�a�t�e�d� �a�t� �O�°� �-� 

�4�°�C�.� �T�h�e�s�e� �s�a�m�p�l�e�s� �w�e�r�e� �s�t�o�r�e�d� �f�o�r� �n�o� �m�o�r�e� �t�h�a�n� �6� �h�o�u�r�s� �b�e�f�o�r�e� �a�n�a�l�y�s�i�s�.� 

�A�n�a�l�y�t�i�c�a�l� �a�n�d� �T�e�s�t�i�n�g� �P�r�o�c�e�d�u�r�e�s� 

�T�h�e� �s�a�m�p�l�e�s� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �B�P�R� �s�y�s�t�e�m� �w�e�r�e� �a�n�a�l�y�z�e�d� �i�n� 

�t�h�e� �V�P�I� �&� �S�U�,� �E�n�v�i�r�o�n�m�e�n�t�a�l� �E�n�g�i�n�e�e�r�i�n�g� �a�n�d� �S�c�i�e�n�c�e�s� �l�a�b�o�r�a�t�o�r�y� �f�a�c�i�l�i�t�i�e�s� �i�n� 

�B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�.� �A�u�t�o�m�a�t�e�d� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �a�n�d� �e�l�e�c�t�r�o�n�i�c� �e�q�u�i�p�m�e�n�t� 

�w�e�r�e� �u�t�i�l�i�z�e�d� �t�o� �p�e�r�f�o�r�m� �t�h�e� �a�n�a�l�y�s�e�s� �a�n�d� �m�e�a�s�u�r�e�m�e�n�t�s� �n�o�t�e�d� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� 

�s�e�c�t�i�o�n�.� 

�A�f�t�e�r� �t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �a�s�s�e�m�b�l�e�d�,� �t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �t�e�s�t�e�d� �t�o� �d�e�t�e�r�m�i�n�e� 

�T�S�S� �a�n�d� �V�S�S�.� �T�h�e�s�e� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �i�n� �a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �S�e�c�t�i�o�n� �2�5�4�0� �D�.�,� 

�T�o�t�a�l� �S�u�s�p�e�n�d�e�d� �S�o�l�i�d�s� �D�r�i�e�d� �a�t� �1�0�3� �-� �1�0�5�°�C� �a�n�d� �S�e�c�t�i�o�n� �2�5�4�0� �E�.�,� �F�i�x�e�d� �a�n�d� 

�V�o�l�a�t�i�l�e� �S�o�l�i�d�s� �I�g�n�i�t�e�d� �a�t� �5�5�0�°�C�,� �S�t�a�n�d�a�r�d� �M�e�t�h�o�d�s� �f�o�r� �t�h�e� �E�x�a�m�i�n�a�t�i�o�n� �o�f� 

�W�a�t�e�r� �a�n�d� �W�a�s�t�e�w�a�t�e�r� �(�1�9�8�9�)�.� �T�h�e� �f�i�l�t�r�a�t�e� �p�r�o�d�u�c�e�d� �w�a�s� �f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �a� 

�0�.�4�5� �m�i�c�r�o�n� �(�u�m�)� �m�e�m�b�r�a�n�e� �f�i�l�t�e�r�.� �T�h�i�s� �p�a�r�t�i�t�i�o�n�e�d� �t�h�e� �d�i�s�s�o�l�v�e�d� �o�r� �s�o�l�u�b�l�e� 

�f�r�a�c�t�i�o�n� �o�f� �t�h�e� �s�a�m�p�l�e� �f�o�r� �a�n�a�l�y�s�e�s� �o�f� �s�o�l�u�b�l�e� �c�h�e�m�i�c�a�l� �o�x�y�g�e�n� �d�e�m�a�n�d� �(�S�C�O�D�)�,� 

�_� �t�o�t�a�l� �o�r�g�a�n�i�c� �c�a�r�b�o�n� �(�T�O�C�)�,� �p�h�o�s�p�h�a�t�e� �(�P�O�,�)�,� �n�i�t�r�i�t�e� �(�N�O�.�)�,� �n�i�t�r�a�t�e� �(�N�O�,�)�,� �s�u�l�f�a�t�e� 

�(�S�O�,�)�,� �s�o�l�u�b�l�e� �t�o�t�a�l� �p�h�o�s�p�h�o�r�u�s� �(�S�T�P�)�,� �a�n�d� �s�o�l�u�b�l�e� �t�o�t�a�l� �K�j�e�l�d�a�h�l� �n�i�t�r�o�g�e�n� 

�(�S�T�K�N�)�.� �T�h�e� �C�O�D� �t�e�s�t�s� �w�e�r�e� �t�h�e�n� �s�e�t� �u�p� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �5�2�2�0� �C�.�,� 

�C�l�o�s�e�d� �R�e�f�l�u�x�,� �T�i�t�r�i�m�e�t�r�i�c� �M�e�t�h�o�d�,� �S�t�a�n�d�a�r�d� �M�e�t�h�o�d�s� �f�o�r� �t�h�e� �E�x�a�m�i�n�a�t�i�o�n� �o�f� 

�W�a�t�e�r� �a�n�d� �W�a�s�t�e�w�a�t�e�r� �(�1�9�8�9�)�.� 

�T�h�e� �s�o�l�u�b�l�e� �s�a�m�p�l�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �u�s�i�n�g� �a� �D�i�o�n�e�x� �l�o�n� �C�h�r�o�m�a�t�o�g�r�a�p�h� 

�(�D�i�o�n�e�x� �C�o�r�p�o�r�a�t�i�o�n�;� �S�u�n�n�y�v�a�l�e�,� �C�A�)�,� �M�o�d�e�l� �2�0�1�0�i�,� �w�i�t�h� �a�n� �A�S�Q�Y� �c�o�l�u�m�n�,� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �N�O�,�-�N�,� �N�O�.�,�-�N�,� �P�O�,�-�P�,� �a�n�d� �S�O�,�-�S�.� �D�u�e� �t�o� �t�h�e� 

�h�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �S�O�,� �i�n� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�,� �t�h�e� �s�a�m�p�l�e�s� �h�a�d� �t�o� �b�e� �d�i�l�u�t�e�d� 

�1�0�:�1� �a�n�d� �t�h�e� �o�u�t�p�u�t� �r�a�n�g�e� �o�f� �t�h�e� �c�h�r�o�m�a�t�o�g�r�a�p�h� �m�a�x�i�m�i�z�e�d� �t�o� �3�0�0�.� �T�h�e� 

�d�i�l�u�t�i�o�n� �r�e�q�u�i�r�e�d� �d�e�c�r�e�a�s�e�d� �a�s� �t�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e� �i�n� �t�h�e� 

�i�n�f�l�u�e�n�t� �d�e�c�r�e�a�s�e�d�.� �W�h�e�n� �t�h�e� �i�n�f�l�u�e�n�t� �w�a�s� �1�0�0�%� �m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r�,� �n�o� 

�d�i�l�u�t�i�o�n� �w�a�s� �n�e�e�d�e�d� �a�n�d� �t�h�e� �o�u�t�p�u�t� �r�a�n�g�e� �w�a�s� �1�0�0�.� 

�D�i�g�e�s�t�i�o�n� �a�n�d� �c�o�l�o�r�i�m�e�t�r�i�c� �a�n�a�l�y�s�i�s� �a�s� �o�u�t�l�i�n�e�d� �i�n� �S�e�c�t�i�o�n� �4�5�0�0�-�P� �E�.�,� 

�A�s�c�o�r�b�i�c� �A�c�i�d� �M�e�t�h�o�d�,� �S�t�a�n�d�a�r�d� �M�e�t�h�o�d�s� �f�o�r� �t�h�e� �E�x�a�m�i�n�a�t�i�o�n� �o�f� �W�a�t�e�r� �a�n�d� 

�W�a�s�t�e�w�a�t�e�r� �(�1�9�8�9�)� �w�e�r�e� �d�o�n�e� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �T�P� �a�n�d� �S�T�P� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� 
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�t�h�e� �s�e�l�e�c�t�e�d� �s�a�m�p�l�e�s�.� �A� �B�e�c�k�m�a�n� �D�U�-�6� �S�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �w�a�s� �u�s�e�d�.� �U�s�i�n�g� 

�t�h�e� �a�b�s�o�r�b�a�n�c�e� �p�r�o�d�u�c�e�d� �w�i�t�h� �s�t�a�n�d�a�r�d�s� �o�f� �0�,� �0�.�2�5�,� �0�.�5�0�,� �0�.�7�5�,� �a�n�d� �1�.�0�0� �m�g� 

�o�r�t�h�o�-�P�O�,�/�L�,� �a� �l�i�n�e�a�r� �r�e�g�r�e�s�s�i�o�n� �w�a�s� �p�e�r�f�o�r�m�e�d�.� �T�h�e� �y�-�i�n�t�e�r�c�e�p�t� �w�a�s� �m�a�d�e� �t�o� 

�e�q�u�a�l� �z�e�r�o�.� �T�h�i�s� �p�r�o�d�u�c�e�d� �t�h�e� �e�q�u�a�t�i�o�n� �o�f� �t�h�e� �b�e�s�t� �f�i�t� �l�i�n�e� �f�o�r� �t�h�e� �d�a�t�a�.� �T�h�e� 

�a�b�s�o�r�b�a�n�c�e� �w�a�s� �t�h�e� �d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e� �a�n�d� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �t�h�e� 

�i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�.� �A�f�t�e�r� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �s�a�m�p�l�e� �a�b�s�o�r�b�a�n�c�e�,� �t�h�e� �s�a�m�p�l�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �c�o�m�p�u�t�e�d� �w�i�t�h� �t�h�i�s� �e�q�u�a�t�i�o�n�.� �A� �s�t�a�n�d�a�r�d� �e�q�u�a�t�i�o�n� �w�a�s� 

�d�e�v�e�l�o�p�e�d� �f�o�r� �e�a�c�h� �s�a�m�p�l�e� �e�v�e�n�t�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �d�i�l�u�t�e�d� �s�o� �t�h�a�t� �t�h�e�i�r� 

�a�b�s�o�r�b�a�n�c�e� �w�e�r�e� �w�i�t�h�i�n� �c�u�r�v�e� �r�a�n�g�e� �(�0� �-� �1�.�0� �m�g�/�L�)� 

�I�n� �t�h�e� �l�a�t�t�e�r� �p�a�r�t� �o�f� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�,� �s�a�m�p�l�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �f�o�r� �T�K�N� �a�n�d� 

�S�T�K�N�.� �T�h�i�s� �w�a�s� �a�n� �e�f�f�o�r�t� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �a�m�o�u�n�t� �o�f� �n�i�t�r�o�g�e�n� �i�n� �t�h�e� �i�n�f�l�u�e�n�t� 

�a�n�d� �i�f� �t�h�e�r�e� �w�a�s� �a�n�y� �n�i�t�r�i�f�i�c�a�t�i�o�n� �o�c�c�u�r�r�i�n�g�.� �T�h�e�s�e� �t�e�s�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �i�n� 

�a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �S�e�c�t�i�o�n� �4�5�0�0�-�N�,�,�,� �C�.�,� �S�e�m�i�-�M�i�c�r�o�-�K�j�e�l�d�a�h�l� �M�e�t�h�o�d�,� �S�t�a�n�d�a�r�d� 

�M�e�t�h�o�d�s� �f�o�r� �t�h�e� �E�x�a�m�i�n�a�t�i�o�n� �o�f� �W�a�t�e�r� �a�n�d� �W�a�s�t�e�w�a�t�e�r� �(�1�9�8�9�)�.� 

�T�h�e� �B�P�R� �s�y�s�t�e�m�'�s� �a�e�r�o�b�i�c� �o�x�y�g�e�n� �u�t�i�l�i�z�a�t�i�o�n� �r�a�t�e� �(�O�U�R�)� �w�a�s� �c�a�l�c�u�l�a�t�e�d� 

�f�r�o�m� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �o�n� �t�h�e� �b�i�o�m�a�s�s ��s� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �D�O�.� �T�h�i�s� �t�e�s�t�i�n�g� �w�a�s� 

�p�e�r�f�o�r�m�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �2�7�1�0� �B�.�,� �O�x�y�g�e�n�-�C�o�n�s�u�m�p�t�i�o�n� �R�a�t�e�,� 

�S�t�a�n�d�a�r�d� �M�e�t�h�o�d�s� �f�o�r� �t�h�e� �E�x�a�m�i�n�a�t�i�o�n� �o�f� �W�a�t�e�r� �a�n�d� �W�a�s�t�e�w�a�t�e�r� �(�1�9�8�9�)�.� �T�h�e� 

�O�U�R� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �a�n� �x�-�y� �p�l�o�t� �o�f� �D�O� �o�v�e�r� �t�i�m�e�.� �A� �s�t�r�a�i�g�h�t� �l�i�n�e� �p�o�r�t�i�o�n� 

�o�f� �t�h�e� �p�l�o�t� �w�a�s� �s�e�l�e�c�t�e�d� �a�n�d� �a�n� �e�q�u�a�t�i�o�n� �f�o�r� �t�h�i�s� �l�i�n�e� �w�a�s� �d�e�t�e�r�m�i�n�e�d�.� �T�h�e� 

�s�l�o�p�e� �o�f� �t�h�i�s� �l�i�n�e� �w�a�s� �t�h�e� �O�U�R�.� �T�h�i�s� �p�r�o�v�i�d�e�d� �a� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �t�h�e� �D�O� 

�c�o�n�s�u�m�p�t�i�o�n� �b�y� �t�h�e� �b�i�o�m�a�s�s�.� �T�h�i�s� �a�l�o�n�g� �w�i�t�h� �t�h�e� �M�L�S�S� �o�f� �t�h�e� �a�e�r�o�b�i�c� �r�e�a�c�t�o�r� 

�w�e�r�e� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �s�p�e�c�i�f�i�c� �o�x�y�g�e�n� �u�t�i�l�i�z�a�t�i�o�n� �r�a�t�e� �(�S�O�U�R�)�.� 

�T�h�e� �s�l�u�d�g�e� �s�e�t�t�l�i�n�g� �o�f� �t�h�e� �B�P�R� �s�y�s�t�e�m� �w�a�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �u�s�i�n�g� �t�h�e� 

�p�a�r�a�m�e�t�e�r�s� �s�l�u�d�g�e� �v�o�l�u�m�e� �i�n�d�e�x� �(�S�V�I�)� �a�n�d� �z�o�n�e� �s�e�t�t�l�i�n�g� �v�e�l�o�c�i�t�y� �(�Z�S�V�)�.� �W�h�i�l�e� 

�t�h�e�s�e� �m�e�a�s�u�r�e�m�e�n�t�s� �h�a�v�e� �t�h�e�i�r� �d�e�f�i�c�i�e�n�c�i�e�s�,� �t�h�e�y� �p�r�o�v�i�d�e�d� �m�e�t�h�o�d�s� �t�o� �g�a�u�g�e� 

�i�f� �s�l�u�d�g�e� �s�e�t�t�l�i�n�g� �w�a�s� �c�h�a�n�g�i�n�g�.� �T�h�e� �p�r�o�c�e�d�u�r�e� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �S�V�I� �w�a�s� 

�S�e�c�t�i�o�n� �2�7�1�0� �D�.�,� �S�l�u�d�g�e� �V�o�l�u�m�e� �I�n�d�e�x�,� �S�t�a�n�d�a�r�d� �M�e�t�h�o�d�s� �f�o�r� �t�h�e� �E�x�a�m�i�n�a�t�i�o�n� 

�o�f� �W�a�t�e�r� �a�n�d� �W�a�s�t�e�w�a�t�e�r� �(�1�9�8�9�)�.� �T�h�e� �Z�S�V� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�a�k�i�n�g� �t�h�e� 

�i�n�i�t�i�a�l� �s�l�u�d�g�e� �b�l�a�n�k�e�t� �h�e�i�g�h�t� �a�n�d� �s�u�b�t�r�a�c�t�i�n�g� �t�h�e� �h�e�i�g�h�t� �a�f�t�e�r� �3�0� �m�i�n�u�t�e�s�.� �T�h�i�s� 

�d�i�s�t�a�n�c�e� �w�a�s� �d�i�v�i�d�e�d� �b�y� �3�0� �m�i�n�u�t�e�s� �t�o� �p�r�o�d�u�c�e� �t�h�e� �s�e�t�t�l�i�n�g� �r�a�t�e�,� �l�e�n�g�t�h� �o�v�e�r� 
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�t�i�m�e�.� 

�O�n� �s�e�v�e�r�a�l� �o�c�c�a�s�i�o�n�s�,� �d�u�r�i�n�g� �t�h�e� �m�i�d�d�l�e� �o�f� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�,� �m�e�t�a�l�s� 

�a�n�a�l�y�s�e�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e� �a�n�d� �t�h�e� �b�e�n�c�h�-�s�c�a�l�e� �B�P�R� �u�n�i�t� 

�e�f�f�l�u�e�n�t�.� �T�h�e� �T�o�t�a�l� �R�e�c�o�v�e�r�a�b�l�e� �M�e�t�a�l�s�;� �M�g� �a�n�d� �K� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �E�P�A� 

�6�0�0�/�4�-�7�9�-�0�2�0�,� �M�e�t�h�o�d�s� �f�o�r� �C�h�e�m�i�c�a�l� �A�n�a�l�y�s�i�s� �o�f� �W�a�t�e�r� �a�n�d� �W�a�s�t�e�s�.� �T�h�i�s� �w�a�s� 

�d�o�n�e� �t�o� �v�e�r�i�f�y� �t�h�a�t� �t�h�e�s�e� �m�i�c�r�o�n�u�t�r�i�e�n�t�s� �w�e�r�e� �p�r�e�s�e�n�t� �i�n� �s�u�f�f�i�c�i�e�n�t� �q�u�a�n�t�i�t�i�e�s� 

�a�n�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �a�m�o�u�n�t� �b�e�i�n�g� �u�t�i�l�i�z�e�d�.� �D�u�e� �t�o� �h�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� 

�t�h�e�s�e� �m�e�t�a�l�s�,� �s�e�r�i�a�l� �d�i�l�u�t�i�o�n�s� �w�e�r�e� �m�a�d�e�.� �T�h�e� �M�g� �s�a�m�p�l�e�s� �h�a�d� �t�o� �b�e� �d�i�l�u�t�e�d� �t�o� 

�1�:�1�1�0�0� �a�n�d� �t�h�e� �K� �s�a�m�p�l�e�s� �t�o� �1�:�2�0�0�.� 

�T�h�e� �P�e�r�k�i�n� �E�l�m�e�r� �(�N�o�r�w�a�l�k�,� �C�T�)� �F�l�a�m�e� �A�t�o�m�i�c� �A�b�s�o�r�p�t�i�o�n� �(�F�A�A�)� 

�S�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �M�o�d�e�l� �7�0�3� �w�a�s� �u�s�e�d� �t�o� �q�u�a�n�t�i�f�y� �t�h�e� �m�e�t�a�l�s�,� �K� �a�n�d� �M�g�.� �T�o� 

�p�r�e�v�e�n�t� �i�n�t�e�r�f�e�r�e�n�c�e�s� �b�y� �o�t�h�e�r� �s�a�m�p�l�e� �c�o�n�s�t�i�t�u�e�n�t�s�,� �l�a�n�t�h�a�n�u�m� �(�L�a�)� �a�n�d� �c�e�s�i�u�m� 

�(�C�s�)� �w�e�r�e� �a�d�d�e�d� �w�h�e�n� �a�n�a�l�y�z�i�n�g� �f�o�r� �M�g� �a�n�d� �K�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�I�n�-�s�i�t�u� �T�e�s�t�i�n�g� 

�S�o�m�e� �s�a�m�p�l�e� �l�o�c�a�t�i�o�n�s� �o�f� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �B�P�R� �s�y�s�t�e�m� �w�e�r�e� �a�l�s�o� 

�m�o�n�i�t�o�r�e�d� �f�o�r� �p�H�,� �D�O� �a�n�d� �O�R�P�.� �T�h�i�s� �t�e�s�t�i�n�g� �p�r�o�v�i�d�e�d� �a�d�d�i�t�i�o�n�a�l� �d�a�t�a� �t�o� �h�e�l�p� 

�c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �s�y�s�t�e�m� �a�n�d� �i�t�s� �o�p�e�r�a�t�i�o�n�.� �T�h�e�s�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e� 

�w�i�t�h�o�u�t� �r�e�m�o�v�i�n�g� �s�a�m�p�l�e�s�.� �T�h�e� �d�i�f�f�e�r�e�n�t� �p�r�o�b�e�s� �u�t�i�l�i�z�e�d� �w�e�r�e� �p�l�a�c�e�d� �i�n� �t�h�e� 

�r�e�a�c�t�o�r�s� �o�r� �l�o�c�a�t�i�o�n�s� �a�s� �t�h�e� �u�n�i�t� �o�p�e�r�a�t�e�d�.� �S�u�f�f�i�c�i�e�n�t� �t�i�m�e� �w�a�s� �p�r�o�v�i�d�e�d� �a�t� �t�h�e� 

�s�a�m�p�l�e� �p�o�i�n�t�s� �t�o� �a�l�l�o�w� �t�h�e� �p�r�o�b�e�s� �t�o� �e�q�u�i�l�i�b�r�a�t�e�.� �P�l�a�c�e�m�e�n�t� �o�f� �t�h�e� �p�r�o�b�e� �w�a�s� 

�s�e�l�e�c�t�e�d� �t�o� �b�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�f� �r�e�a�c�t�o�r� �c�o�n�t�e�n�t�s�.� �T�h�i�s� �w�a�s� �v�e�r�i�f�i�e�d� �b�y� �i�n�i�t�i�a�l�l�y� 

�m�o�v�i�n�g� �t�h�e� �p�r�o�b�e�s� �a�r�o�u�n�d� �t�o� �d�i�f�f�e�r�e�n�t� �a�r�e�a�s� �i�n� �t�h�e� �r�e�a�c�t�o�r�s�.� �A�l�l� �m�e�a�s�u�r�e�m�e�n�t�s� 

�w�e�r�e� �m�a�d�e� �i�n� �a� �s�e�q�u�e�n�t�i�a�l� �o�r�d�e�r�,� �s�t�a�r�t�i�n�g� �w�i�t�h� �t�h�e� �e�f�f�l�u�e�n�t� �a�n�d� �e�n�d�i�n�g� �w�i�t�h� �t�h�e� 

�i�n�f�l�u�e�n�t�.� 

�T�h�e� �p�H� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �w�i�t�h� �a� �F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c� �(�S�p�r�i�n�g�f�i�e�l�d�,� 

�N�J�)� �A�c�c�u�m�e�t �� �p�H� �m�e�t�e�r�.� �T�h�i�s� �c�o�m�b�i�n�a�t�i�o�n� �m�e�t�e�r� �w�i�t�h� �a�n� �i�o�n�-�c�o�m�b�i�n�a�t�i�o�n� �p�r�o�b�e� 

�w�a�s� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �s�o�l�u�t�i�o�n� �p�H�.� �P�r�i�o�r� �t�o� �u�s�e�,� �t�h�e� �i�n�s�t�r�u�m�e�n�t� �a�n�d� �p�r�o�b�e� �w�e�r�e� 

�c�a�l�i�b�r�a�t�e�d� �u�s�i�n�g� �s�t�a�n�d�a�r�d� �b�u�f�f�e�r� �s�o�l�u�t�i�o�n�s� �o�f� �k�n�o�w�n� �p�H�.� 

�D�O� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �w�i�t�h� �a�n� �a�n�a�l�o�g� �t�y�p�e� �m�e�t�e�r� �a�n�d� �p�r�o�b�e� �f�r�o�m� 

�Y�e�l�l�o�w� �S�p�r�i�n�g�s� �I�n�s�t�r�u�m�e�n�t� �C�o�m�p�a�n�y� �(�Y�e�l�l�o�w� �S�p�r�i�n�g�s�,� �O�h�i�o�)�.� �T�h�e� �p�r�o�b�e�,� �M�o�d�e�l� 

�5�7�5�0�,� �a�n�d� �m�e�t�e�r�,� �M�o�d�e�l� �5�4�0�0�,� �w�e�r�e� �c�a�l�i�b�r�a�t�e�d� �a�n�d� �m�a�i�n�t�a�i�n�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� 

�4�4



�m�a�n�u�f�a�c�t�u�r�e�r ��s� �i�n�s�t�r�u�c�t�i�o�n�s�.� �T�h�e� �m�e�m�b�r�a�n�e� �o�n� �t�h�e� �p�r�o�b�e� �w�a�s� �t�h�e� �r�e�g�u�l�a�r� �t�y�p�e�.� 

�I�t� �w�a�s� �r�e�p�l�a�c�e�d� �w�e�e�k�l�y�.� �D�O� �l�e�v�e�l�s� �e�x�p�e�c�t�e�d� �i�n� �t�h�e� �n�o�n�a�e�r�a�t�e�d� �z�o�n�e�s� �w�e�r�e� 

�b�e�l�o�w� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �t�h�e� �i�n�s�t�r�u�m�e�n�t� �a�n�d� �p�r�o�b�e�,� �b�u�t� �i�t� �h�e�l�p�e�d� �i�n�d�i�c�a�t�e� �i�f� �D�O� 

�w�a�s� �p�r�e�s�e�n�t�.� 

�T�h�e� �O�R�P� �w�a�s� �m�e�a�s�u�r�e�d� �i�n� �m�V�.� �T�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �O�R�P� �w�e�r�e� �m�a�d�e� 

�w�i�t�h� �t�h�e� �a�b�o�v�e� �n�o�t�e�d� �p�H� �m�e�t�e�r� �s�e�t� �t�o� �m�V� �a�n�d� �a� �p�r�o�b�e� �o�u�t�f�i�t�t�e�d� �w�i�t�h� �r�e�f�e�r�e�n�c�e� 

�a�n�d� �o�x�i�d�a�t�i�o�n�-�r�e�d�u�c�t�i�o�n� �e�l�e�c�t�r�o�d�e�s�.� �T�h�e� �e�l�e�c�t�r�o�m�o�t�i�v�e� �f�o�r�c�e� �b�e�t�w�e�e�n� �a� �s�i�l�v�e�r�-� 

�s�i�l�v�e�r� �c�h�l�o�r�i�d�e� �r�e�f�e�r�e�n�c�e� �e�l�e�c�t�r�o�d�e� �a�n�d� �a� �p�l�a�t�i�n�u�m� �o�x�i�d�a�t�i�o�n�-�r�e�d�u�c�t�i�o�n� �e�l�e�c�t�r�o�d�e� 

�w�a�s� �m�e�a�s�u�r�e�d� �w�h�e�n� �i�m�m�e�r�s�e�d� �i�n� �s�o�l�u�t�i�o�n�.� �C�a�l�i�b�r�a�t�i�o�n� �c�o�n�s�i�s�t�e�d� �o�f� �p�l�a�c�e�m�e�n�t� 

�o�f� �e�l�e�c�t�r�o�d�e�s� �i�n�t�o� �a� �F�e�r�r�o�u�s�-�F�e�r�r�i�c� �r�e�f�e�r�e�n�c�e� �s�o�l�u�t�i�o�n� �a�n�d� �a�d�j�u�s�t�m�e�n�t� �o�f� �m�e�t�e�r� 

�m�V� �p�o�t�e�n�t�i�a�l� �t�o� �t�h�e� �k�n�o�w�n� �r�e�f�e�r�e�n�c�e� �s�o�l�u�t�i�o�n� �p�o�t�e�n�t�i�a�l�.� �M�e�a�s�u�r�e�m�e�n�t� �a�n�d� 

�c�a�l�i�b�r�a�t�i�o�n� �w�e�r�e� �d�o�n�e� �i�n� �a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �D� �1�4�9�8� �-� �7�6�,� �S�t�a�n�d�a�r�d� �P�r�a�c�t�i�c�e� �f�o�r� 

�O�x�i�d�a�t�i�o�n�-�R�e�d�u�c�t�i�o�n� �P�o�t�e�n�t�i�a�l� �o�f� �W�a�t�e�r�,� �A�n�n�u�a�/� �B�o�o�k� �o�f� �A�m�e�r�i�c�a�n� �S�o�c�i�e�t�y� �o�f� 

�T�e�s�t�i�n�g� �a�n�d� �M�a�t�e�r�i�a�l�s� �S�t�a�n�d�a�r�d�s�,� �V�o�l�u�m�e� �1�1�.�0�1�,� �1�9�8�1�.� 
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�C�H�A�P�T�E�R� �I�V�.� �R�E�S�U�L�T�S� 

�O�V�E�R�V�I�E�W� 

�T�h�e� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �t�h�e� �c�o�u�r�s�e� �o�f� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n� �a�r�e� �p�r�e�s�e�n�t�e�d� 

�i�n� �t�h�i�s� �c�h�a�p�t�e�r�.� �I�n�i�t�i�a�l�l�y�,� �e�f�f�o�r�t�s� �f�o�c�u�s�e�d� �o�n� �d�e�t�e�r�m�i�n�i�n�g� �w�h�e�t�h�e�r� �o�r� �n�o�t� �B�P�R� 

�c�o�u�l�d� �b�e� �a�t�t�a�i�n�e�d� �d�u�r�i�n�g� �t�r�e�a�t�m�e�n�t� �o�f� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�w�a�t�e�r�.� �L�a�t�e�r�,� �t�h�e� 

�i�n�v�e�s�t�i�g�a�t�i�o�n� �c�o�n�c�e�n�t�r�a�t�e�d� �o�n� �w�h�e�t�h�e�r� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m� �w�a�s� �c�a�p�a�b�l�e� �o�f� 

�B�N�R� �(�B�P�R� �p�l�u�s� �b�i�o�l�o�g�i�c�a�l� �n�i�t�r�o�g�e�n� �r�e�m�o�v�a�l�)�.� 

�E�v�a�l�u�a�t�i�o�n� �o�f� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m� �w�a�s� �m�a�d�e� �u�s�i�n�g� 

�t�e�s�t� �r�e�s�u�l�t�s� �a�n�d� �d�a�t�a� �w�h�i�c�h� �d�e�s�c�r�i�b�e�d� �t�h�e� �o�p�e�r�a�t�i�o�n� �o�f� �t�h�e� �s�y�s�t�e�m�.� 

�P�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�i�s� �i�n�f�o�r�m�a�t�i�o�n� �w�a�s� �o�r�i�e�n�t�e�d� �a�r�o�u�n�d� �t�r�a�c�k�i�n�g� �s�y�s�t�e�m� 

�p�e�r�f�o�r�m�a�n�c�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �B�P�R�,� �s�u�b�s�t�r�a�t�e� �o�r� �C�O�D� �r�e�m�o�v�a�l�,� �a�n�d� �e�f�f�l�u�e�n�t� 

�s�e�t�t�l�e�a�b�i�l�i�t�y�.� �I�n�f�l�u�e�n�t� �d�a�t�a� �w�e�r�e� �a�l�s�o� �u�t�i�l�i�z�e�d� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �i�n�f�l�u�e�n�t� �a�n�d� �i�t�s� 

�e�f�f�e�c�t�s� �o�n� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m�.� 

�T�h�e� �i�n�f�l�u�e�n�t� �w�a�s� �c�h�a�n�g�e�d� �d�u�r�i�n�g� �t�h�e� �c�o�u�r�s�e� �o�f� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �i�n� �a�n� 

�e�f�f�o�r�t� �t�o� �a�c�h�i�e�v�e� �B�P�R� �w�i�t�h� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m�.� �A�s� �n�o�t�e�d� �p�r�e�v�i�o�u�s�l�y�,� �t�h�e� 

�i�n�v�e�s�t�i�g�a�t�i�o�n� �w�a�s� �d�i�v�i�d�e�d� �i�n�t�o� �e�x�p�e�r�i�m�e�n�t�s� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d�e�d� �w�i�t�h� �t�h�e� 

�i�n�f�l�u�e�n�t� �c�h�a�n�g�e�s�.� 

�I�n�i�t�i�a�l�l�y�,� �t�h�e� �i�n�f�l�u�e�n�t� �w�a�s� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�w�a�t�e�r�.� �W�h�e�n� �B�P�R� �w�a�s� �n�o�t� 

�a�c�c�o�m�p�l�i�s�h�e�d�,� �m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �a�d�d�e�d�.� �S�t�i�l�l� �u�n�s�u�c�c�e�s�s�f�u�l�,� �t�h�e� 

�i�n�f�l�u�e�n�t� �w�a�s� �c�h�a�n�g�e�d� �t�o� �1�0�0�%� �m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r�.� �F�i�n�a�l�l�y�,� �t�o� �o�b�t�a�i�n� 

�e�f�f�i�c�i�e�n�t� �B�P�R�,� �s�o�d�i�u�m� �a�c�e�t�a�t�e� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r� �i�n�f�l�u�e�n�t�.� 

�W�i�t�h� �t�h�e� �s�y�s�t�e�m� �a�c�h�i�e�v�i�n�g� �B�P�R�,� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �s�u�b�s�t�i�t�u�t�e�d� �f�o�r� 

�t�h�e� �s�o�d�i�u�m� �a�c�e�t�a�t�e�.� �T�h�e� �s�y�s�t�e�m� �c�o�n�t�i�n�u�e�d� �t�o� �r�e�a�l�i�z�e� �B�P�R� �u�n�t�i�l� �t�h�e� �i�n�f�l�u�e�n�t� �w�a�s� 

�c�h�a�n�g�e�d� �b�a�c�k� �t�o� �1�0�0�%� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�w�a�t�e�r�.� �T�h�e� �i�n�f�l�u�e�n�t� �c�o�m�p�o�s�i�t�i�o�n�s� �a�n�d� 

�t�h�e� �a�v�e�r�a�g�e� �i�n�f�l�u�e�n�t� �C�O�D� �l�o�a�d�i�n�g�s� �f�o�r� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �a�r�e� �p�r�o�v�i�d�e�d� �i�n� �T�a�b�l�e� �2�.� 

�L�A�B�O�R�A�T�O�R�Y� �B�P�R� �T�R�E�A�T�M�E�N�T� �S�Y�S�T�E�M� �P�E�R�F�O�R�M�A�N�C�E� 

�P�r�o�c�e�s�s� �C�o�n�t�r�o�l� 

�T�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m� �w�a�s� �o�p�e�r�a�t�e�d� �t�o� �m�a�i�n�t�a�i�n� �a� �t�a�r�g�e�t� �M�C�R�T� �o�f� �e�i�g�h�t� 

�d�a�y�s� �f�o�r� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t� �o�f� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� �B�a�s�e�d� �o�n� �t�h�e� �M�C�R�T� �a�n�d� �H�R�T� 

�v�a�l�u�e�s� �d�i�s�p�l�a�y�e�d� �i�n� �F�i�g�u�r�e� �6�,� �f�a�i�r�l�y� �c�o�n�s�i�s�t�e�n�t� �p�r�o�c�e�s�s� �c�o�n�t�r�o�l� �a�n�d� �o�p�e�r�a�t�i�o�n� 

�w�e�r�e� �a�c�c�o�m�p�l�i�s�h�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� �T�h�e� �m�e�t�h�o�d�s� �u�s�e�d� �t�o� 
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�c�a�l�c�u�l�a�t�e� �M�C�R�T� �a�n�d� �r�e�g�u�l�a�t�e� �H�R�T� �p�r�o�v�i�d�e�d� �r�e�i�n�f�o�r�c�e�m�e�n�t� �t�h�a�t� �s�y�s�t�e�m� �o�p�e�r�a�t�i�n�g� 

�c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d�.� 

�T�h�e� �a�v�e�r�a�g�e�,� �v�a�r�i�a�n�c�e� �a�n�d� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �o�f� �M�C�R�T� �a�n�d� �H�R�T� �f�o�r� �a�l�l� 

�t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �a�r�e� �i�n�c�l�u�d�e�d� �i�n� �T�a�b�l�e� �3�.� �T�h�e�s�e� �f�u�r�t�h�e�r� �s�u�p�p�o�r�t� �t�h�a�t� �p�r�o�c�e�s�s� 

�c�o�n�t�r�o�l� �w�a�s� �a�d�e�q�u�a�t�e�.� �B�e�s�i�d�e�s� �a� �f�e�w� �e�x�c�e�p�t�i�o�n�s�,� �t�h�e�r�e� �w�e�r�e� �n�o� �l�a�r�g�e� �v�a�r�i�a�t�i�o�n�s� 

�f�r�o�m� �t�h�e� �t�a�r�g�e�t� �M�C�R�T� �a�n�d� �H�R�T�.� �L�o�w� �M�C�R�T�s� �(�5� �-� �7� �d�a�y�s�)� �w�e�r�e� �e�x�p�e�r�i�e�n�c�e�d� �i�n� 

�t�h�e� �f�i�r�s�t� �t�w�e�n�t�y� �d�a�y�s� �o�f� �e�x�p�e�r�i�m�e�n�t� �o�n�e�.� �T�h�e�s�e� �w�e�r�e� �d�u�e� �t�o� �t�h�e� �h�i�g�h� �e�f�f�l�u�e�n�t� 

�s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �o�f� �t�h�e� �s�y�s�t�e�m� �a�t� �t�h�e� �t�i�m�e� �o�f� �g�r�a�b� �s�a�m�p�l�i�n�g�.� 

�S�u�b�s�t�r�a�t�e� �U�t�i�l�i�z�a�t�i�o�n� 

�T�r�e�a�t�m�e�n�t� �p�e�r�f�o�r�m�a�n�c�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �r�e�m�o�v�a�l� �o�f� �o�r�g�a�n�i�c�s� �w�a�s� 

�a�s�s�e�s�s�e�d� �b�a�s�e�d� �o�n� �m�g� �o�f� �C�O�D� �u�t�i�l�i�z�e�d� �o�r� �r�e�m�o�v�e�d� �p�e�r� �d�a�y�,� �e�f�f�l�u�e�n�t� �C�O�D� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �p�e�r�c�e�n�t� �C�O�D� �r�e�m�o�v�a�l�.� �T�h�e� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� 

�l�a�b�o�r�a�t�o�r�y� �B�P�R� �s�y�s�t�e�m� �p�r�o�v�i�d�e�d� �e�f�f�e�c�t�i�v�e� �C�O�D� �r�e�m�o�v�a�l�.� �T�h�e� �s�y�s�t�e�m� �w�a�s� 

�o�p�e�r�a�t�e�d� �a�t� �s�u�f�f�i�c�i�e�n�t� �M�C�R�T� �a�n�d� �H�R�T� �f�o�r� �C�O�D� �r�e�m�o�v�a�i�.� 

�F�i�g�u�r�e� �7� �t�r�a�c�k�s� �t�h�e� �m�a�s�s� �o�f� �C�O�D� �r�e�m�o�v�e�d� �p�e�r� �d�a�y� �b�y� �t�h�e� �s�y�s�t�e�m� �o�v�e�r� 

�t�h�e� �c�o�u�r�s�e� �o�f� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� �A�s� �e�x�p�e�c�t�e�d�,� �t�h�e� �s�y�s�t�e�m� �r�e�m�o�v�e�d� �f�o�u�r� �t�o� �f�i�v�e� 

�t�i�m�e�s� �m�o�r�e� �C�O�D� �p�e�r� �d�a�y� �w�h�e�n� �f�e�d� �t�h�e� �h�i�g�h�e�r� �C�O�D� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�w�a�t�e�r�.� �O�n� 

�a� �m�a�s�s� �b�a�s�i�s�,� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m� �r�e�m�o�v�e�d� �r�o�u�g�h�l�y� �2�2�,�0�0�0� �m�g� �p�e�r� �d�a�y� �o�f� 

�C�O�D� �w�h�e�n� �f�e�d� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�w�a�t�e�r� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �#�1�,� �#�2� �a�n�d� �#�7�.� �T�h�i�s� 

�a�m�o�u�n�t� �o�f� �C�O�D� �s�h�o�u�l�d� �h�a�v�e� �b�e�e�n� �m�o�r�e� �t�h�a�n� �a�d�e�q�u�a�t�e� �t�o� �s�u�p�p�o�r�t� �t�h�e� �s�u�b�s�t�r�a�t�e� 

�r�e�q�u�i�r�e�m�e�n�t�s� �o�f� �B�P�R�.� 

�T�h�e� �s�y�s�t�e�m� �f�o�o�d� �t�o� �m�a�s�s� �(�F�:�M�)� �r�a�t�i�o� �a�n�d� �t�h�e� �s�p�e�c�i�f�i�c� �r�a�t�e� �o�f� �C�O�D� 

�r�e�m�o�v�a�l� �p�e�r� �u�n�i�t� �M�L�V�S�S� �(�S�S�U�R�)� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �a�n�d� �a�v�e�r�a�g�e�d� �f�o�r� �e�a�c�h� 

�e�x�p�e�r�i�m�e�n�t�.� �A�s� �s�e�e�n� �i�n� �T�a�b�l�e� �4�,� �t�h�e� �a�v�e�r�a�g�e�s� �f�o�r� �e�x�p�e�r�i�m�e�n�t�s� �#�1� �-� �#�3�,� �#�5� �a�n�d� 

�#�6� �v�a�r�i�e�d� �l�i�t�t�l�e�.� �T�h�e� �r�a�t�i�o�s� �a�n�d� �r�a�t�e�s� �f�o�r� �e�x�p�e�r�i�m�e�n�t�s� �#�4� �a�n�d� �#�7� �w�e�r�e� 

�i�n�f�l�u�e�n�c�e�d� �b�y� �t�h�e� �l�a�r�g�e� �c�h�a�n�g�e�s� �i�n� �i�n�f�l�u�e�n�t� �C�O�D�.� �T�h�e� �s�y�s�t�e�m� �w�a�s� �a�d�j�u�s�t�i�n�g� �t�o� 

�t�h�e� �c�h�a�n�g�e�s� �d�u�r�i�n�g� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s�,� �b�u�t� �t�h�e� �s�u�b�s�t�r�a�t�e� �r�e�m�o�v�a�l� �r�a�t�e� �c�l�o�s�e�l�y� 

�p�a�r�a�l�l�e�l�l�e�d� �t�h�e� �l�o�a�d�i�n�g� �r�a�t�e�.� �A�l�l� �t�h�e� �r�a�t�i�o�s� �a�n�d� �r�a�t�e�s� �w�h�i�c�h� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �a�r�e� 
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�#�3�,� �t�h�e� �S�C�O�D�,�,�-�,� �w�a�s� �o�n�l�y� �2�0� �-� �3�0� �m�g� �C�O�D�/�L� �g�r�e�a�t�e�r� �t�h�a�n� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �#�4� �-� 

�#�6�.� 

�I�n� �e�x�p�e�r�i�m�e�n�t�s� �#�3� �t�h�r�o�u�g�h� �#�6�,� �t�h�e� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �i�n�f�l�u�e�n�t� �w�a�s� �v�a�r�i�e�d� 

�t�o� �d�e�t�e�r�m�i�n�e� �i�f� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m� �w�a�s� �c�a�p�a�b�l�e� �o�f� �B�P�R�.� �T�h�e� �i�n�f�l�u�e�n�t� �w�a�s� 

�a�l�t�e�r�e�d� �t�o� �w�a�s�t�e�w�a�t�e�r�s� �w�h�i�c�h� �h�a�v�e� �b�e�e�n� �s�u�c�c�e�s�s�f�u�l�l�y� �u�s�e�d� �b�y� �o�t�h�e�r�s� �f�o�r� �B�P�R�.� 

�T�h�u�s�,� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �t�h�a�t� �B�P�R� �w�a�s� �n�o�t� �a�t�t�a�i�n�e�d� �d�u�e� �t�o� �l�i�m�i�t�a�t�i�o�n�s� �o�f� �t�h�e� 

�l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m� �w�e�r�e� �e�l�i�m�i�n�a�t�e�d�.� 

�T�h�e� �s�y�s�t�e�m� �s�p�e�c�i�f�i�c� �g�r�o�w�t�h� �r�a�t�e� �(�S�G�R�)�,� �d�a�y ��,� �a�n�d� �t�h�e� �S�C�O�D�,�,�,� �t�o� 

�T�C�O�D�y�,�,�-� �r�a�t�i�o� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d�.� �A� �t�a�b�u�l�a�t�i�o�n� �o�f� �e�x�p�e�r�i�m�e�n�t� �a�v�e�r�a�g�e�s� �o�f� �t�h�e�s�e� 

�a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �A�-�1� �o�f� �t�h�e� �a�p�p�e�n�d�i�x�.� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �T�O�C� �a�n�a�l�y�s�e�s� �w�e�r�e� �a�l�s�o� �e�v�a�l�u�a�t�e�d�.� �I�n�f�l�u�e�n�t� �a�n�d� �e�f�f�l�u�e�n�t� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �T�O�C� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �A�-�1�.� �T�h�e� �i�n�f�l�u�e�n�t� �a�n�d� �e�f�f�l�u�e�n�t� 

�C�O�D�:�T�O�C� �r�a�t�i�o�s� �f�o�r� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �w�e�r�e� �a�l�s�o� �c�a�l�c�u�l�a�t�e�d� �a�n�d� �p�l�o�t�t�e�d� �i�n� �F�i�g�u�r�e� 

�A�-�2�.� �T�h�e�s�e� �i�n�f�l�u�e�n�t� �a�n�d� �e�f�f�l�u�e�n�t� �r�a�t�i�o�s� �g�i�v�e� �a� �r�o�u�g�h� �i�n�d�i�c�a�t�i�o�n� �o�f� �t�h�e� �o�x�i�d�a�t�i�v�e� 

�s�t�a�t�e� �o�f� �t�h�e� �o�r�g�a�n�i�c� �m�a�t�t�e�r�.� �A�s� �G�a�u�d�y� �a�n�d� �G�a�u�d�y� �(�1�9�8�8�)� �g�e�n�e�r�a�l�i�z�e�d�,� �t�h�e� 

�h�i�g�h�e�r� �t�h�e� �r�a�t�i�o�,� �t�h�e� �l�e�s�s� �o�x�i�d�i�z�e�d� �t�h�e� �m�a�t�e�r�i�a�l�.� �T�h�e� �a�v�e�r�a�g�e�s� �o�f� �t�h�e� �T�O�C� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�n�d� �r�a�t�i�o�s� �f�o�r� �e�a�c�h� �p�e�r�i�o�d� �a�r�e� �f�o�u�n�d� �i�n� �T�a�b�l�e� �A�-�2�.� 

�F�r�o�m� �t�h�e� �d�a�t�a� �o�n� �t�h�e� �i�n�f�l�u�e�n�t� �a�n�d� �e�f�f�l�u�e�n�t� �r�a�t�i�o�s� �i�t� �i�s� �c�l�e�a�r� �t�h�a�t� �o�x�i�d�a�t�i�o�n� 

�o�c�c�u�r�r�e�d� �i�n� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m� �f�o�r� �t�h�e� �d�i�f�f�e�r�e�n�t� �i�n�f�l�u�e�n�t� �w�a�s�t�e�w�a�t�e�r�s�.� �T�h�e� 

�i�n�f�l�u�e�n�t� �C�O�D�:�T�O�C� �r�a�t�i�o� �i�s� �h�i�g�h�e�r�,� �o�r� �l�e�s�s� �o�x�i�d�i�z�e�d� �t�h�a�n� �t�h�e� �e�f�f�l�u�e�n�t� �r�a�t�i�o� �f�o�r� �a�l�l� 

�e�x�p�e�r�i�m�e�n�t�s�.� 

�T�h�e� �u�s�e� �o�f� �T�O�C� �a�s� �a� �s�u�b�s�t�i�t�u�t�e� �f�o�r� �C�O�D� �a�s� �a� �m�e�a�s�u�r�e� �o�f� �s�a�m�p�l�e� �o�r�g�a�n�i�c� 

�m�a�t�t�e�r� �w�a�s� �a�l�s�o� �c�o�n�s�i�d�e�r�e�d�.� �l�f� �a� �c�o�n�s�i�s�t�e�n�t� �c�o�r�r�e�l�a�t�i�o�n� �c�o�u�l�d� �b�e� �e�s�t�a�b�l�i�s�h�e�d�,� 

�T�O�C� �a�n�a�l�y�s�i�s� �c�o�u�l�d� �b�e� �u�s�e�d� �i�n�s�t�e�a�d� �o�f� �C�O�D�.� �H�o�w�e�v�e�r�,� �t�h�e� �v�a�r�i�a�b�i�l�i�t�y� �o�f� �t�h�e�s�e� 

�r�a�t�i�o�s� �d�i�d� �n�o�t� �p�e�r�m�i�t� �u�s�e� �o�f� �T�O�C� �i�n� �p�l�a�c�e� �o�f� �C�O�D�.� 

�A�n�a�e�r�o�b�i�c� �S�u�b�s�t�r�a�t�e� �R�e�m�o�v�a�l� 

�E�f�f�o�r�t�s� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� �t�h�e�r�e� �w�o�u�l�d� �b�e� �a�n�y� �t�r�e�a�t�m�e�n�t� �b�e�n�e�f�i�t�s� �o�r� �e�n�e�r�g�y� 

�s�a�v�i�n�g�s� �p�r�o�d�u�c�e�d� �b�y� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e� �w�e�r�e� �l�i�m�i�t�e�d�.� �T�h�e� 

�r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �C�O�D� �l�o�a�d�i�n�g� �t�o� �t�h�e� �a�e�r�o�b�i�c� �z�o�n�e� �c�o�u�l�d� �b�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� 

�5�5



�r�e�d�u�c�e�d� �u�s�i�n�g� �a�n� �a�n�a�e�r�o�b�i�c� �r�e�a�c�t�o�r� �w�i�t�h� �a� �H�R�T� �b�e�t�w�e�e�n� �6� �a�n�d� �9� �h�o�u�r�s� �a�n�d� �a�n� 

�a�n�a�e�r�o�b�i�c� �m�a�s�s� �f�r�a�c�t�i�o�n� �(�A�M�F�)� �o�f� �1�1�%� �t�o� �1�9�%�.� 

�S�t�a�r�t�i�n�g� �i�n� �e�x�p�e�r�i�m�e�n�t� �#�2�,� �d�a�t�a� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �a�m�o�u�n�t� 

�o�f� �C�O�D� �r�e�m�o�v�e�d� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e�.� �T�h�e�s�e� �w�e�r�e� �u�s�e�d� �t�o� �q�u�a�n�t�i�f�y� �s�u�b�s�t�r�a�t�e� 

�u�p�t�a�k�e� �o�r� �r�e�m�o�v�a�l� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t� �a�v�e�r�a�g�e�s� �o�f� 

�S�C�O�D�,�n�,�,� �p�e�r�c�e�n�t� �C�O�D� �r�e�m�o�v�e�d� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e� �a�n�d� �m�a�s�s� �o�f� �C�O�D� 

�r�e�m�o�v�e�d� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �5�.� �B�e�t�w�e�e�n� �1�0� �t�o� �2�0�%� �o�f� �t�h�e� 

�C�O�D� �w�a�s� �r�e�m�o�v�e�d� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e� �w�h�e�n� �t�h�e� �i�n�f�l�u�e�n�t� �w�a�s� �1�0�0�%� 

�i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e� �o�r� �a� �5�0�/�5�0� �m�i�x� �o�f� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �a�n�d� �m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r�s� �i�n� 

�e�x�p�e�r�i�m�e�n�t�s� �#�2� �a�n�d� �#�3�.� �B�e�t�w�e�e�n� �4�0� �t�o� �5�0�%� �o�f� �t�h�e� �i�n�f�l�u�e�n�t� �C�O�D� �w�a�s� �r�e�m�o�v�e�d� 

�f�r�o�m� �s�o�l�u�t�i�o�n� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �#�5� �a�n�d� �#�6�.� �W�h�e�n� �t�h�e� 

�i�n�f�l�u�e�n�t� �c�o�n�s�i�s�t�e�d� �o�f� �1�0�0�%� �m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r� �i�n� �e�x�p�e�r�i�m�e�n�t� �#�4�,� �o�v�e�r� �7�0�%� 

�o�f� �t�h�e� �C�O�D� �w�a�s� �r�e�m�o�v�e�d� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e�.� 

�T�h�e� �m�a�s�s� �o�f� �C�O�D� �r�e�m�o�v�e�d� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e� �w�a�s� �d�i�v�i�d�e�d� �b�y� �t�h�e� 

�M�L�V�S�S�,�y�,� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �C�O�D� �u�p�t�a�k�e� �r�a�t�e� �o�f� �t�h�e� �b�i�o�m�a�s�s� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� 

�r�e�a�c�t�o�r�.� �T�h�e� �p�l�o�t� �o�f� �t�h�e�s�e� �r�e�s�u�l�t�s� �i�n� �F�i�g�u�r�e� �1�0� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �C�O�D� �u�p�t�a�k�e� 

�r�a�t�e� �v�a�r�i�e�d� �w�i�t�h� �t�h�e� �i�n�f�l�u�e�n�t� �c�h�a�n�g�e�s�.� �T�h�e� �h�i�g�h�e�s�t� �u�p�t�a�k�e�s� �w�e�r�e� �s�e�e�n� �i�n� 

�e�x�p�e�r�i�m�e�n�t�s� �#�5� �a�n�d� �#�6�,� �b�u�t� �t�h�e�y� �w�e�r�e� �o�n�l�y� �s�l�i�g�h�t�l�y� �l�a�r�g�e�r� �t�h�a�n� �i�n� �e�x�p�e�r�i�m�e�n�t�s� 

�#�2� �a�n� �#�3�.� �T�h�e� �l�o�w�e�s�t� �r�a�t�e�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �i�n� �e�x�p�e�r�i�m�e�n�t� �#�4� �w�h�e�n� �t�h�e� �i�n�f�l�u�e�n�t� 

�w�a�s� �t�h�e� �m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r�,� �i�.�e�.�,� �w�h�e�n� �t�h�e� �C�O�D� �l�o�a�d�i�n�g� �w�a�s� �l�e�s�s�.� 

�A�s� �a� �c�h�e�c�k� �o�f� �t�h�e� �C�O�D� �d�a�t�a�,� �t�h�e� �C�O�D� �r�e�m�o�v�e�d� �b�y� �t�h�e� �s�y�s�t�e�m� �w�a�s� 

�c�o�m�p�a�r�e�d� �t�o� �t�h�e� �s�u�m� �o�f� �t�h�e� �o�b�s�e�r�v�e�d� �r�e�m�o�v�a�l�s� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �a�n�d� �a�e�r�o�b�i�c� 

�z�o�n�e�s�.� �T�h�e� �s�u�m�-�o�f� �t�h�e� �a�n�a�e�r�o�b�i�c� �a�n�d� �a�e�r�o�b�i�c� �r�e�m�o�v�a�l�s� �i�s� �p�l�o�t�t�e�d� �v�e�r�s�u�s� �t�h�e� 

�s�y�s�t�e�m� �r�e�m�o�v�a�l� �i�n� �F�i�g�u�r�e� �1�1�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �l�i�n�e�a�r� �r�e�g�r�e�s�s�i�o�n� �o�f� �t�h�e�s�e� �d�a�t�a� 

�a�r�e� �p�r�o�v�i�d�e�d� �o�n� �t�h�e� �f�i�g�u�r�e�.� �T�h�e� �r�e�m�o�v�a�l� �a�v�e�r�a�g�e�s� �f�o�r� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t� �a�r�e� 

�p�r�o�v�i�d�e�d� �i�n� �T�a�b�l�e� �6�.� �T�h�e� �a�v�e�r�a�g�e�s� �a�n�d� �t�h�e� �f�i�g�u�r�e� �s�h�o�w� �t�h�a�t� �t�h�e� �C�O�D� �d�a�t�a� �w�a�s� 

�f�a�i�r�l�y� �a�c�c�u�r�a�t�e� �a�n�d� �u�s�e�a�b�l�e�.� 

�T�h�e� �C�O�D� �o�f� �t�h�e� �M�L�V�S�S�,�,�-�,� �(�C�O�D�,�,�)� �a�n�d� �t�h�e� �t�o�t�a�l� �o�x�y�g�e�n� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �t�h�e� 

�s�y�s�t�e�m� �(�T�O�R�)� �w�e�r�e� �u�s�e�d� �w�i�t�h� �o�t�h�e�r� �s�y�s�t�e�m� �d�a�t�a� �t�o� �e�s�t�i�m�a�t�e� �a�e�r�o�b�i�c� �C�O�D� 
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�T�C�O�D�,�,�-� �w�a�s� �c�o�n�s�i�d�e�r�a�b�l�y� �l�e�s�s� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �#�4�,� �#�5� �a�n�d� �#�6�,� �t�h�e� �a�e�r�o�b�i�c� �C�O�D� 

�u�t�i�l�i�z�a�t�i�o�n� �w�a�s� �r�o�u�g�h�l�y� �t�w�i�c�e� �t�h�e� �a�e�r�o�b�i�c� �C�O�D� �r�e�m�o�v�a�l�.� 

�O�t�h�e�r� �e�f�f�o�r�t�s� �w�e�r�e� �m�a�d�e� �t�o� �e�s�t�i�m�a�t�e� �a�n�y� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �a�n�a�e�r�o�b�i�c� 

�s�t�a�b�i�l�i�z�a�t�i�o�n� �(�A�n�S�)� �i�n� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m�.� �F�o�r� �e�x�p�e�r�i�m�e�n�t�s� �#�1� �-� �#�3�,� �i�t� �w�a�s� 

�a�s�s�u�m�e�d� �t�h�a�t� �t�h�e�r�e� �w�a�s� �n�o� �n�i�t�r�o�g�e�n�o�u�s� �o�x�y�g�e�n� �d�e�m�a�n�d� �(�N�O�D�)�,� �i�.�e�.�,� 

�s�t�a�b�i�l�i�z�a�t�i�o�n� �o�f� �C�O�D� �i�n� �a�n� �a�n�o�x�i�c� �z�o�n�e� �b�e�c�a�u�s�e� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �t�h�o�u�g�h�t� �t�o� 

�b�e� �n�i�t�r�o�g�e�n� �d�e�f�i�c�i�e�n�t�.� �T�h�e� �a�n�a�e�r�o�b�i�c� �s�t�a�b�i�l�i�z�a�t�i�o�n� �(�A�n�S�)� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �b�y� 

�s�u�b�t�r�a�c�t�i�n�g� �t�h�e� �a�e�r�o�b�i�c� �C�O�D� �u�t�i�l�i�z�a�t�i�o�n� �f�r�o�m� �t�h�e� �s�y�s�t�e�m� �C�O�D� �r�e�m�o�v�a�l�.� �I�n� 

�e�x�p�e�r�i�m�e�n�t� �#�1�,� �t�h�e�r�e� �w�a�s� �r�o�u�g�h�l�y� �8�,�1�0�0� �m�g�/�d�a�y� �o�f� �C�O�D� �a�n�a�e�r�o�b�i�c�a�l�l�y� 

�s�t�a�b�i�l�i�z�e�d�.� �I�n� �e�x�p�e�r�i�m�e�n�t�s� �#�2� �a�n�d� �#�3�,� �t�h�i�s� �d�e�c�r�e�a�s�e�d� �t�o� �a�b�o�u�t� �3�,�6�0�0� �a�n�d� �2�,�1�0�0� 

�m�g� �C�O�D�/�d�a�y�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�h�e� �N�O�D� �w�a�s� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �A�n�S� �f�o�r� �e�x�p�e�r�i�m�e�n�t�s� �#�4� �-� �#�6�.� 

�T�h�e� �a�d�d�i�t�i�o�n�a�l� �o�x�y�g�e�n� �d�e�m�a�n�d� �w�a�s� �r�e�q�u�i�r�e�d� �f�o�r� �n�i�t�r�i�f�i�c�a�t�i�o�n�.� �L�i�m�i�t�e�d� �T�K�N� �a�n�d� 

�N�O�,� �d�a�t�a� �c�o�n�f�i�r�m�e�d� �n�i�t�r�i�f�i�c�a�t�i�o�n� �w�a�s� �o�c�c�u�r�r�i�n�g�,� �b�u�t� �d�i�d� �n�o�t� �a�l�l�o�w� �a�c�c�u�r�a�t�e� 

�q�u�a�n�t�i�f�i�c�a�t�i�o�n� �o�f� �i�t�s� �o�x�y�g�e�n� �r�e�q�u�i�r�e�m�e�n�t�.� �D�e�s�p�i�t�e� �t�h�i�s�,� �t�h�e� �T�K�N� �a�n�d� �N�O�,� �d�a�t�a� 

�w�e�r�e� �u�s�e�d� �t�o� �e�s�t�i�m�a�t�e� �n�i�t�r�o�g�e�n�o�u�s� �o�x�y�g�e�n� �d�e�m�a�n�d� �(�N�O�D�)�.� �T�h�e� �N�O�D� �v�a�l�u�e�s� 

�c�a�l�c�u�l�a�t�e�d� �w�i�t�h� �t�h�e� �T�K�N� �d�a�t�a� �w�e�r�e� �a�d�d�e�d� �t�o� �s�y�s�t�e�m� �C�O�D� �r�e�m�o�v�a�l�s�.� �T�h�e� �T�K�N� 

�N�O�D� �w�a�s� �u�s�e�d� �b�e�c�a�u�s�e� �i�t� �p�r�o�v�i�d�e�d� �a� �b�e�t�t�e�r� �e�s�t�i�m�a�t�e�.� �T�h�e�r�e� �w�a�s� �s�t�i�l�l� �l�i�t�t�l�e� �o�r� 

�n�o� �A�n�S� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �e�x�p�e�r�i�m�e�n�t�s� �#�4� �-� �#�6�.� �T�h�e� �a�v�e�r�a�g�e�s� �o�b�t�a�i�n�e�d� �f�o�r� �e�a�c�h� 

�e�x�p�e�r�i�m�e�n�t� �a�r�e� �d�i�s�p�l�a�y�e�d� �i�n� �T�a�b�l�e� �7�.� 

�I�n� �e�x�p�e�r�i�m�e�n�t�s� �#�1� �a�n�d� �#�2�,� �t�h�e�r�e� �w�e�r�e� �g�r�o�w�t�h�s� �o�b�s�e�r�v�e�d� �o�n� �t�h�e� �w�a�t�e�r� 

�s�u�r�f�a�c�e� �o�f� �t�h�e� �a�n�a�e�r�o�b�i�c� �r�e�a�c�t�o�r�s�.� �T�h�e�s�e� �t�h�i�n�,� �p�r�e�d�o�m�i�n�a�t�e�l�y� �w�h�i�t�e� �c�u�l�t�u�r�e�s� 

�w�e�r�e� �g�e�n�e�r�a�l�l�y� �i�d�e�n�t�i�f�i�e�d� �a�s� �s�o�m�e� �t�y�p�e� �o�f� �m�o�l�d� �o�r� �f�u�n�g�i�.� �T�h�e� �p�H� �o�f� �t�h�e�s�e� 

�r�e�a�c�t�o�r�s� �a�n�d� �t�h�e� �f�a�c�t� �t�h�a�t� �f�u�n�g�i� �p�r�e�f�e�r� �a�n� �a�c�i�d� �e�n�v�i�r�o�n�m�e�n�t�,� �s�u�p�p�o�r�t� �t�h�e� 

�a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �t�h�e� �g�r�o�w�t�h�s� �w�e�r�e� �s�o�m�e� �t�y�p�e� �o�f� �f�u�n�g�i�.� �T�h�e�s�e� �g�r�o�w�t�h�s� �w�e�r�e� 

�r�e�m�o�v�e�d� �d�u�r�i�n�g� �t�h�e� �r�o�u�t�i�n�e� �c�l�e�a�n�i�n�g� �o�f� �t�h�e� �s�y�s�t�e�m�.� 
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�P�h�o�s�p�h�o�r�u�s� �R�e�m�o�v�a�l� 

�D�a�t�a� �w�h�i�c�h� �d�e�s�c�r�i�b�e� �B�P�R� �a�n�d� �w�o�u�l�d� �h�e�l�p� �a�s�s�e�s�s� �w�h�e�t�h�e�r� �i�t� �h�a�d� �b�e�e�n� 

�a�t�t�a�i�n�e�d� �w�e�r�e� �c�o�l�l�e�c�t�e�d�.� �T�h�e� �a�v�e�r�a�g�e�s� �o�f� �i�n�f�l�u�e�n�t� �a�n�d� �e�f�f�l�u�e�n�t� �T�P�,� �%�T�P� �o�f� �t�h�e� 

�a�e�r�o�b�i�c� �b�i�o�m�a�s�s�,� �a�n�d� �t�h�e� �p�e�r�c�e�n�t� �a�n�d� �m�a�s�s� �o�f� �T�P� �r�e�m�o�v�e�d� �b�y� �t�h�e� �s�y�s�t�e�m� �f�o�r� 

�e�a�c�h� �e�x�p�e�r�i�m�e�n�t� �o�f� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �8�.� �T�h�e� �i�n�f�l�u�e�n�t� �a�n�d� 

�e�f�f�l�u�e�n�t� �T�P� �a�n�d� �T�S�P� �d�a�t�a� �f�o�r� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�2�.� �T�h�e� �%�P� 

�o�f� �b�i�o�m�a�s�s� �w�h�i�c�h� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �a�e�r�o�b�i�c� �z�o�n�e� �T�P� �a�n�d� �M�L�V�S�S� �d�a�t�a� �i�s� 

�t�r�a�c�k�e�d� �f�o�r� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �i�n� �F�i�g�u�r�e� �1�3�.� �F�i�g�u�r�e�s� �A�-�3� �a�n�d� �A�-�4� �a�r�e� �p�l�o�t�s� �o�f� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �T�P� �r�e�m�o�v�e�d� �b�y� �t�h�e� �s�y�s�t�e�m� �a�n�d� �t�h�e� �%�T�P� �r�e�m�o�v�a�l� �b�y� �t�h�e� 

�s�y�s�t�e�m�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �d�u�r�i�n�g� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� 

�T�h�e� �a�m�o�u�n�t� �o�f� �P� �r�e�q�u�i�r�e�d� �f�o�r� �c�e�l�l�u�l�a�r� �g�r�o�w�t�h� �r�e�q�u�i�r�e�m�e�n�t�s� �w�a�s� �c�a�l�c�u�l�a�t�e�d� 
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�t�h�e� �i�n�f�l�u�e�n�t�.� �A�n�o�t�h�e�r� �c�o�n�t�r�i�b�u�t�o�r� �w�a�s� �t�h�e� �P� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �i�n�d�u�s�t�r�i�a�l� 

�w�a�s�t�e�w�a�t�e�r� �a�s� �o�p�p�o�s�e�d� �t�o� �t�h�e� �m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r�.� �W�h�i�l�e� �t�h�e� �m�u�n�i�c�i�p�a�l� 

�w�a�s�t�e�w�a�t�e�r� �h�a�d� �a� �r�a�n�g�e� �o�f� �4� �-� �8� �m�g� �P�/�L�,� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�w�a�t�e�r� �T�P� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �v�a�r�i�e�d� �c�o�n�s�i�d�e�r�a�b�l�y�.� �|�t� �r�a�n�g�e�d� �f�r�o�m� �1� �t�o� �2�1� �m�g�/�L�.� �D�a�t�a� 

�p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �A�-�3� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �i�n�d�u�s�t�r�y�.� �I�t� �w�a�s� �u�s�e�d� �t�o� �h�e�l�p� 

�c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e� �p�r�i�o�r� �t�o� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �s�u�p�p�l�e�m�e�n�t�s�.� 

�A�s� �a�n� �o�v�e�r�a�l�l� �c�h�e�c�k� �o�f� �t�h�e� �T�P� �d�a�t�a� �a�c�c�u�r�a�c�y�,� �t�h�e� �m�a�s�s�e�s� �o�f� �T�P� �e�n�t�e�r�i�n�g� 

�a�n�d� �l�e�a�v�i�n�g� �t�h�e� �b�e�n�c�h� �s�c�a�l�e� �u�n�i�t� �w�e�r�e� �u�s�e�d�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �T�P� �a�n�a�l�y�s�e�s� �a�n�d� 

�o�p�e�r�a�t�i�o�n�s� �d�a�t�a� �w�e�r�e� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �m�a�s�s�e�s� �o�f� �T�P� �i�n� �t�h�e� �i�n�f�l�u�e�n�t�,� 

�e�f�f�l�u�e�n�t� �a�n�d� �W�A�S�.� �T�h�e� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �m�a�s�s�e�s� �o�f� �T�P� �i�n� �a�n�d� �o�u�t� �o�f� �t�h�e� 

�s�y�s�t�e�m� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�6�.� �A� �s�i�m�p�l�e� �l�i�n�e�a�r� �r�e�g�r�e�s�s�i�o�n� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� 

�d�a�t�a� �u�s�e�d� �f�o�r� �t�h�e� �f�i�g�u�r�e� �a�n�d� �t�h�e� �r�e�s�u�l�t�s� �a�r�e� �p�r�o�v�i�d�e�d� �o�n� �t�h�e� �f�i�g�u�r�e�.� �I�d�e�a�l�l�y�,� �t�h�e� 

�m�a�s�s� �o�f� �i�n�f�l�u�e�n�t� �T�P� �s�h�o�u�l�d� �e�q�u�a�l� �t�h�e� �s�u�m� �o�f� �t�h�e� �m�a�s�s�e�s� �o�f� �e�f�f�l�u�e�n�t� �a�n�d� �W�A�S� 

�T�P�.� 

�F�i�g�u�r�e� �1�6� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �T�P� �r�e�s�u�l�t�s� �w�e�r�e� �r�e�a�s�o�n�a�b�l�y� �a�c�c�u�r�a�t�e� �a�n�d� 

�a�c�c�e�p�t�a�b�l�e� �f�o�r� �t�h�e� �p�u�r�p�o�s�e�s� �o�f� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� �A�s� �s�e�e�n� �o�n� �t�h�e� �f�i�g�u�r�e�,� �t�h�e�r�e� 

�a�r�e� �a� �f�e�w� �d�a�t�a� �p�o�i�n�t�s� �w�h�i�c�h� �a�r�e� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �d�e�s�i�r�e�d� 

�r�e�s�p�o�n�s�e�.� �N�o�n�e�t�h�e�l�e�s�s�,� �t�h�e� �R�*� �v�a�l�u�e� �w�a�s� �f�a�i�r�l�y� �c�l�o�s�e� �t�o� �o�n�e� �a�n�d� �t�h�e� �d�a�t�a� 

�p�r�o�d�u�c�e�d� �a� �s�l�o�p�e� �o�r� �x� �c�o�e�f�f�i�c�i�e�n�t� �w�h�i�c�h� �w�a�s� �c�l�o�s�e� �t�o� �o�n�e�.� 

�O�n�e� �o�f� �t�h�e� �f�e�e�d� �s�u�p�p�l�e�m�e�n�t�s�,� �F�e�C�l�,�,� �i�s� �k�n�o�w�n� �a�n�d� �u�s�e�d� �t�o� �p�r�e�c�i�p�i�t�a�t�e� 

�p�h�o�s�p�h�o�r�u�s�.� �D�u�e� �t�o� �t�h�i�s� �p�o�s�s�i�b�i�l�i�t�y�,� �t�h�e� �a�m�o�u�n�t� �o�f� �F�e�C�l�,� �a�d�d�e�d� �i�n� �t�h�e� �f�e�e�d� �w�a�s� 

�a�d�j�u�s�t�e�d� �s�e�v�e�r�a�l� �t�i�m�e�s� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �t�h�r�e�e� �e�x�p�e�r�i�m�e�n�t�s�,� �t�h�e�n� �e�l�i�m�i�n�a�t�e�d� �a�f�t�e�r� 

�t�h�e� �f�i�r�s�t� �d�a�y� �o�f� �e�x�p�e�r�i�m�e�n�t� �#�4�.� �T�h�e� �d�o�s�e� �o�f� �F�e�C�l�,� �r�a�n�g�e�d� �f�r�o�m� �0�.�9�0� �t�o� �0�.�5�0� 

�m�g�/�L� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �#�1�,� �#�2� �a�n�d� �#�3�.� 

�T�h�e� �F�e�C�l�,� �h�a�d� �l�i�t�t�l�e� �i�m�p�a�c�t� �o�n� �t�h�e� �m�a�s�s� �o�f� �T�P� �r�e�m�o�v�e�d�.� �U�s�i�n�g� �t�h�e� 

�s�t�o�i�c�h�i�o�m�e�t�r�i�c� �r�a�t�i�o� �o�f� �5�.�2� �g�r�a�m�s� �o�f� �F�e�C�l�,� �r�e�q�u�i�r�e�d� �p�e�r� �g�r�a�m� �o�f� �P� �r�e�m�o�v�e�d� 

�(�S�e�d�l�a�k� �e�t� �a�/�.�,� �1�9�9�1�)�,� �t�h�e� �a�m�o�u�n�t� �o�f� �P� �w�h�i�c�h� �t�h�e�o�r�e�t�i�c�a�l�l�y� �w�o�u�l�d� �h�a�v�e� �b�e�e�n� 

�p�r�e�c�i�p�i�t�a�t�e�d� �w�a�s� �c�a�l�c�u�l�a�t�e�d�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e�s�e� �c�a�l�c�u�l�a�t�i�o�n�s� �w�e�r�e� �a�v�e�r�a�g�e�d� 

�a�n�d� �t�h�e�s�e� �a�r�e� �p�r�o�v�i�d�e�d� �i�n� �T�a�b�l�e� �9�.� �A�s� �i�n�d�i�c�a�t�e�d�,� �t�h�e� �a�m�o�u�n�t� �o�f� �P� �r�e�m�o�v�e�d� �b�y� 

�F�e�C�l�,� �w�a�s� �n�e�g�l�i�g�i�b�l�e�.� 
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�T�a�b�l�e� �9�.� �A�v�e�r�a�g�e�s� �o�f� �f�e�r�r�i�c� �c�h�l�o�r�i�d�e� �(�F�e�C�l�,�)� �d�o�s�a�g�e� �a�n�d� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �m�a�s�s� �o�f� �P� 
�p�r�e�c�i�p�i�t�a�t�e�d� �a�t� �t�h�a�t� �d�o�s�a�g�e� �f�o�r� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t� �o�f� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� 
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� � 

� � 

�E�x�p�e�r�i�m�e�n�t� �F�e�C�l�,� �D�o�s�a�g�e� �M�a�s�s� �o�f� �P� 
�m�g� �F�e�C�l�,�/�L� �P�r�e�c�i�p�i�t�a�t�e�d� 

�m�g� �P�/�d�a�y� 

�1� �0�.�8�7� �1�.�5� 

�2� �0�.�5�0� �1�.�0� 

�3� �0�.�5�0� �1�.�0� 

�4� �*� �0�.�5�0�"� �1�.�0� 
�5� �0� �0� 

�6� �0� �0� 

�7� �0� 

�*� �F�e�C�l�,� �a�d�d�e�d� �o�n� �f�i�r�s�t� �d�a�y� �o�f� �e�x�p�e�r�i�m�e�n�t� �o�n�l�y� 
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�T�h�e� �r�e�l�e�a�s�e� �o�f� �P�O�,� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e� �a�n�d� �t�h�e� �s�u�b�s�e�q�u�e�n�t� �a�e�r�o�b�i�c� 

�u�p�t�a�k�e� �o�f� �P�O�,� �a�r�e� �k�n�o�w�n� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�n�d� �i�n�d�i�c�a�t�o�r�s� �o�f� �B�P�R�.� �T�h�e� �P�O�,� �d�a�t�a� 

�w�h�i�c�h� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �w�e�r�e� �a�n�a�l�y�z�e�d� �f�o�r� �t�h�e�s�e� �t�r�a�i�t�s�.� �T�a�b�l�e� �1�0� �l�i�s�t�s� �t�h�e� �a�v�e�r�a�g�e� 

�P�O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �t�h�e� �d�i�f�f�e�r�e�n�t� �s�a�m�p�l�e�s� �w�h�i�c�h� �w�e�r�e� �a�n�a�l�y�z�e�d� �f�o�r� �e�a�c�h� 

�e�x�p�e�r�i�m�e�n�t�.� �T�h�e� �P�O�,� �d�a�t�a� �f�o�r� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �a�r�e� �p�l�o�t�t�e�d� �i�n� �F�i�g�u�r�e� �1�7�.� 

�S�i�n�c�e� �t�h�e� �i�n�s�t�r�u�m�e�n�t� �o�u�t�p�u�t� �r�a�n�g�e� �(�3�0�0�)� �w�a�s� �h�i�g�h� �a�n�d� �t�h�e� �p�e�a�k�s� �w�e�r�e� 

�s�m�a�l�l�,� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �i�o�n� �c�h�r�o�m�a�t�o�g�r�a�p�h� �w�e�r�e� �c�h�e�c�k�e�d�.� �L�i�m�i�t�e�d� �c�o�l�o�r�i�m�e�t�r�i�c� 

�p�h�o�s�p�h�a�t�e� �a�n�a�l�y�s�e�s� �w�e�r�e� �d�o�n�e�.� �T�h�i�s� �m�e�t�h�o�d� �a�l�s�o� �r�e�q�u�i�r�e�d� �a� �1�0�:�1� �d�i�l�u�t�i�o�n�.� �A�s� 

�s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �1�8� �a�n�d� �1�9�,� �t�h�e� �c�o�l�o�r�i�m�e�t�r�i�c� �m�e�t�h�o�d� �c�o�n�s�i�s�t�e�n�t�l�y� �p�r�o�d�u�c�e�d� 

�h�i�g�h�e�r� �i�n�f�l�u�e�n�t� �a�n�d� �e�f�f�l�u�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �t�h�a�n� �t�h�e� �i�o�n� �c�h�r�o�m�a�t�o�g�r�a�p�h�.� �T�h�e� 

�d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �d�e�c�r�e�a�s�e�d� �f�r�o�m� �t�h�e� �e�n�d� �o�f� �e�x�p�e�r�i�m�e�n�t� �#�1� �(�d�a�y� �4�7�)� 

�t�o� �e�x�p�e�r�i�m�e�n�t� �#�4� �w�h�e�n� �t�h�e� �l�a�s�t� �c�o�l�o�r�i�m�e�t�r�i�c� �a�n�a�l�y�s�i�s� �w�a�s� �d�o�n�e�.� 

�I�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�i�c�h� �p�h�o�s�p�h�a�t�e� �r�e�s�u�l�t�s� �m�o�r�e� �c�l�o�s�e�l�y� �p�r�e�d�i�c�t�e�d� 

�t�h�e� �a�c�t�u�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�n�d� �w�e�r�e� �r�e�l�i�a�b�l�e�.� �S�i�n�c�e� �t�h�e�r�e� �w�e�r�e� �m�o�r�e� �r�e�s�u�l�t�s� 

�p�r�o�d�u�c�e�d� �w�i�t�h� �t�h�e� �c�h�r�o�m�a�t�o�g�r�a�p�h� �o�v�e�r� �t�h�e� �c�o�u�r�s�e� �o�f� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�,� �i�t� �w�a�s� 

�u�s�e�d� �i�n� �e�v�a�l�u�a�t�i�o�n� �o�f� �B�P�R�.� 

�B�i�o�m�a�s�s� �P�r�o�d�u�c�t�i�o�n� �a�n�d� �C�o�n�c�e�n�t�r�a�t�i�o�n�s� 

�B�i�o�m�a�s�s� �p�r�o�d�u�c�t�i�o�n�,� �A�X�,� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �s�y�s�t�e�m� �b�i�o�m�a�s�s� 

�a�c�t�i�v�i�t�y�.� �A�s� �e�x�p�e�c�t�e�d�,� �A�X� �w�a�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �a�m�o�u�n�t� �o�f� �T�C�O�D�y�,�-�.� 

�C�a�l�c�u�l�a�t�e�d� �A�X� �v�a�l�u�e�s� �a�n�d� �T�C�O�D�,�,�-� �r�e�s�u�l�t�s� �f�o�r� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �a�r�e� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �2�0�.� �T�h�i�s� �f�i�g�u�r�e� �s�h�o�w�s� �t�h�a�t� �b�i�o�m�a�s�s� �p�r�o�d�u�c�t�i�o�n� �r�o�u�g�h�l�y� �t�r�a�c�k�e�d� �T�C�O�D�,�;�-� 

�f�o�r� �a�l�l� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s�.� �T�h�e�r�e� �w�e�r�e� �s�o�m�e� �t�u�b�i�n�g� �a�n�d� �m�e�c�h�a�n�i�c�a�l� �f�a�i�l�u�r�e�s�,� �b�u�t� 

�t�h�e�y� �d�i�d� �n�o�t� �a�d�v�e�r�s�e�l�y� �i�m�p�a�c�t� �t�h�e� �a�m�o�u�n�t� �o�f� �b�i�o�m�a�s�s�.� 

�T�h�e� �a�m�o�u�n�t� �o�f� �A�X� �p�e�r� �m�a�s�s� �o�f� �T�C�O�D�,�-� �r�e�m�o�v�e�d� �b�y� �t�h�e� �l�a�b�o�r�a�t�o�r�y� 

�s�y�s�t�e�m�,� �o�r� �Y�o�u�s�,� �w�a�s� �c�a�l�c�u�l�a�t�e�d�.� �T�h�i�s� �w�a�s� �t�h�e� �m�e�a�s�u�r�e�d� �y�i�e�l�d� �o�f� �t�h�e� �s�y�s�t�e�m�.� 

�F�i�g�u�r�e� �2�1� �i�s� �a� �p�l�o�t� �o�f� �t�h�e�s�e� �r�e�s�u�l�t�s�.� �T�h�e�s�e� �s�e�e�m� �t�o� �s�h�o�w� �t�h�a�t� �t�h�e� �Y�o�g�s� �o�f� �t�h�e� 

�s�y�s�t�e�m� �w�a�s� �f�a�i�r�l�y� �c�o�n�s�i�s�t�e�n�t� �f�o�r� �m�o�s�t� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s�.� �T�h�e� �h�i�g�h� �v�a�l�u�e�s� 

�s�e�e�n� �i�n� �e�x�p�e�r�i�m�e�n�t� �#�4� �w�e�r�e� �c�a�u�s�e�d� �b�y� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� �T�C�O�D�y�,�,�-�.� �T�h�e� 

�e�x�p�e�r�i�m�e�n�t� �a�v�e�r�a�g�e�s� �f�o�r� �Y�o�g�,� �a�n�d� �A�X� �a�r�e� �p�r�o�v�i�d�e�d� �i�n� �T�a�b�l�e� �1�1�.� 

�T�h�e� �p�r�o�c�e�s�s� �z�o�n�e� �M�L�S�S� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �d�u�r�i�n�g� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �a�r�e� 

�p�l�o�t�t�e�d� �i�n� �F�i�g�u�r�e� �2�2�.� �.� �A�s� �w�i�t�h� �A�X�,� �t�h�e� �M�L�S�S�,�e�,�;� �a�n�d� �M�L�S�S�,�y�,�q� �v�a�r�i�e�d� �i�n� 
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�T�a�b�l�e� �1�0�.� �A�v�e�r�a�g�e� �p�h�o�s�p�h�a�t�e� �(�P�O�,�-�P�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �f�r�o�m� �d�i�f�f�e�r�e�n�t� �p�o�i�n�t�s� 
�a�n�d� �z�o�n�e�s� �o�f� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m� �f�o�r� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t� �o�f� �t�h�e� 
�i�n�v�e�s�t�i�g�a�t�i�o�n�.� 

� � 

� � 

� � 

�E�x�p� �C�o�n�c�e�n�t�r�a�t�i�o�n�,� �m�g� �P�O�Q�,�-�P�/�L� 

�I�N�F� �A�N�A� �2�A�N�A �� �A�N�X� �A�E�R� �E�F�F� �R�A�S� 

�1� �5�.�8� �6�.�4� �*� �*� �4�.�3� �4�.�4� �#� 

�2� �2�7�.�9� �#� �3�0�.�6� �*� �2�4�.�4� �2�5�.�2� �#� 

�3� �2�8�.�3� �#� �3�2�.�1� �*� �3�8�.�2� �3�0�.�9� �#� 

�4� �2�3�.�3� �2�9�.�1� �3�1�.�8� �2�6�.�1� �2�2�.�1� �2�3�.�5� �2�2�.�9� 

�5� �2�3�.�8� �2�7�.�4� �2�8�.�5� �2�5�.�7� �1�3�.�0� �1�3�.�8� �1�3�.�5� 

�6� �2�0�.�0� �3�3�.�8� �3�7�.�6� �3�2�.�9� �5�.�0� �6�.�0� �5�.�3� 

�7� �1�8�.�4� �2�4�.�6� �2�6�.�6� �2�6�.�7� �2�5�.�0� �2�3�.�0� �2�8�.�0� 
� � 
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 ��V�S�S� �b�u�n�  ��s�p�i�y�j�o�s� �p�a�p�u�a�d�s�n�g� �f�e�o�,



�e�x�p�e�r�i�m�e�n�t�s� �#�1� �a�n�d� �#�2�,� �a�n�d� �t�r�a�c�k�e�d� �w�i�t�h� �T�C�O�D�,�,�-� �w�h�e�n� �i�t� �d�e�c�r�e�a�s�e�d� �i�n� 

�e�x�p�e�r�i�m�e�n�t�s� �#�3� �a�n�d� �#�4� �a�n�d� �i�n�c�r�e�a�s�e�d� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �#�5� �-� �#�7�.� �T�a�b�l�e� �1�2� 

�c�o�n�t�a�i�n�s� �t�h�e� �a�v�e�r�a�g�e� �M�L�S�S� �f�o�r� �e�a�c�h� �r�e�a�c�t�o�r� �f�o�r� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t�.� �T�h�i�s� �t�a�b�l�e� 

�r�e�v�e�a�l�s� �t�h�a�t� �M�L�S�S�,�,�,� �w�a�s� �s�l�i�g�h�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �i�n� �t�h�e� �o�t�h�e�r� �z�o�n�e�s�.� �T�h�e� �%�V�S�S� 

�w�a�s� �8�0�%� �-� �8�5�%� �o�f� �t�h�e� �M�L�S�S�,�,�-�,� �f�o�r� �a�l�l� �e�x�p�e�r�i�m�e�n�t�s� �e�x�c�e�p�t� �#�6� �w�h�i�c�h� �h�a�d� �a�n� 

�a�v�e�r�a�g�e� �o�f� �7�5�%�.� 

�T�h�e� �m�e�a�s�u�r�e�d� �C�O�D� �v�a�l�u�e�s� �o�f� �t�h�e� �a�e�r�o�b�i�c� �b�i�o�m�a�s�s� �d�u�r�i�n�g� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� 

�a�r�e� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �2�3�.� �I�t� �s�h�o�w�s� �t�h�a�t� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e� �h�a�d� �s�o�m�e� �e�f�f�e�c�t� 

�o�n� �t�h�e� �C�O�D� �o�f� �t�h�e� �b�i�o�m�a�s�s�.� �T�h�e� �b�i�o�m�a�s�s� �C�O�D� �w�a�s� �1�.�1� �t�o� �1�.�2� �f�o�r� �t�h�e� 

�i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e� �a�n�d� �1�.�3� �t�o� �1�.�4� �f�o�r� �t�h�e� �m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r�.� �O�t�h�e�r� 

�r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �f�o�u�n�d� �t�h�a�t� �t�h�i�s� �r�a�t�i�o� �w�a�s� �i�n� �r�a�n�g�e� �o�f� �1�.�3� �-� �1�.�5� �m�g� �C�O�D� �p�e�r� 

�m�g� �V�S�S� �f�o�r� �b�i�o�m�a�s�s� �u�n�d�e�r� �v�a�r�i�o�u�s� �c�o�n�d�i�t�i�o�n�s� �(�G�a�u�d�y� �a�n�d� �G�a�u�d�y�,� �1�9�8�8�)�.� 

�S�e�t�t�l�e�a�b�i�l�i�t�y� 

�C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �b�i�o�m�a�s�s� �s�o�l�i�d�-�l�i�q�u�i�d� �s�e�p�a�r�a�t�i�o�n� �i�n� �s�e�c�o�n�d�a�r�y� 

�c�l�a�r�i�f�i�c�a�t�i�o�n� �w�a�s� �m�a�d�e� �u�s�i�n�g� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �T�S�S�,�,�,�,� �Z�S�V� �a�n�d� �S�V�I�.� �T�h�e� �t�e�s�t� 

�r�e�s�u�l�t�s� �w�e�r�e� �u�s�e�d� �t�o� �g�a�u�g�e� �b�i�o�m�a�s�s� �s�e�t�t�l�i�n�g�.� �T�h�e� �u�s�e� �o�f� �t�h�e� �B�P�R� �c�o�n�f�i�g�u�r�a�t�i�o�n� 

�d�i�d� �n�o�t� �p�r�o�d�u�c�e� �a�n�y� �n�o�t�i�c�e�a�b�l�e� �i�m�p�r�o�v�e�m�e�n�t�s� �i�n� �s�l�u�d�g�e� �s�e�t�t�l�i�n�g�.� �M�a�r�g�i�n�a�l� �t�o� 

�p�o�o�r� �s�e�t�t�l�i�n�g� �w�a�s� �d�e�m�o�n�s�t�r�a�t�e�d�.� �G�o�o�d� �s�e�t�t�l�i�n�g�,� �a�s� �m�e�a�s�u�r�e�d� �b�y� �e�f�f�l�u�e�n�t� �T�S�S� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s�,� �w�a�s� �s�e�e�n� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �#�4�,� �#�5�,� �a�n�d� �#�6�.� 

�T�h�e� �a�v�e�r�a�g�e� �T�S�S�,�,�,� �f�o�r� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t� �i�s� �s�h�o�w�n� �a�s� �a� �b�a�r� �c�h�a�r�t� �i�n� �F�i�g�u�r�e� 

�2�4�.� �T�h�i�s� �f�i�g�u�r�e� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �a�v�e�r�a�g�e� �T�S�S�,�,�,� �w�a�s� �l�e�s�s� �t�h�a�n� �1�0� �i�n� 

�e�x�p�e�r�i�m�e�n�t�s� �#�4�,� �#�5� �a�n�d� �#�6�.� �D�u�r�i�n�g� �t�h�e� �o�t�h�e�r� �e�x�p�e�r�i�m�e�n�t�s� �t�h�e� �a�v�e�r�a�g�e� �T�S�S�¢�c�-� 

�r�a�n�g�e�d� �f�r�o�m� �3�9� �t�o� �1�8�5�.� �T�h�e� �T�S�S�,�,�,� �d�a�t�a� �d�u�r�i�n�g� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �a�r�e� �t�r�a�c�k�e�d� 

�i�n� �F�i�g�u�r�e� �2�5�.� �I�n�i�t�i�a�l�l�y�,� �d�u�r�i�n�g� �e�x�p�e�r�i�m�e�n�t�s� �#�1�,� �#�2� �a�n�d� �#�3�,� �T�S�S�,�,�,�-� �r�e�s�u�l�t�s� �w�e�r�e� 

�e�r�r�a�t�i�c� �a�n�d� �p�o�o�r� �w�i�t�h� �a� �r�a�n�g�e� �o�f� �2�0� �-� �5�0�0� �m�g� �T�S�S�/�L�.� 

�T�h�e� �T�S�S�.�-�-� �i�m�p�r�o�v�e�d� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �#�4�,� �#�5�,� �a�n�d� �#�6� �a�n�d� �t�h�i�s� �w�a�s� 

�a�c�c�o�m�p�a�n�i�e�d� �b�y� �a� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �s�o�l�i�d�s� �l�o�a�d�i�n�g� �o�n� �t�h�e� �c�l�a�r�i�f�i�e�r�.� �I�n� �e�x�p�e�r�i�m�e�n�t�s� 

�#�4�,� �#�5� �a�n�d� �#�6�,� �t�h�e� �s�o�l�i�d�s� �l�o�a�d�i�n�g� �r�a�t�e� �(�S�L�R�)� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �o�n�e�-�t�h�i�r�d� �o�f� �t�h�e� 

�S�L�R� �i�n� �p�e�r�i�o�d�s� �#�1� �a�n�d� �#�2�.� �T�h�e� �S�L�R�s� �w�h�i�c�h� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �d�u�r�i�n�g� �t�e�s�t�i�n�g� �a�r�e� 

�g�r�a�p�h�e�d� �i�n� �F�i�g�u�r�e� �2�6�.� 
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�M�L�V�S�S�,�-�,� �w�e�r�e� �h�i�g�h� �a�n�d� �i�n� �t�h�e� �r�a�n�g�e� �w�h�e�r�e� �t�h�e�y� �s�t�r�o�n�g�l�y� �l�i�m�i�t� �S�V�I� �v�a�l�u�e�s�.� 

�O�b�s�e�r�v�a�t�i�o�n�s� �a�l�s�o� �r�e�v�e�a�l�e�d� �t�h�a�t� �s�t�r�a�g�g�l�e�r� �f�l�o�c� �w�a�s� �l�e�f�t� �i�n� �t�h�e� �c�l�e�a�r� �z�o�n�e� �a�f�t�e�r� 

�r�a�p�i�d� �s�e�t�t�l�i�n�g�.� 

�S�e�e�d�i�n�g� �w�i�t�h� �o�t�h�e�r� �l�a�b�o�r�a�t�o�r�y� �a�n�d� �p�i�l�o�t� �B�P�R� �b�i�o�m�a�s�s�e�s� �s�e�e�m�e�d� �t�o� 

�i�m�p�r�o�v�e� �s�e�t�t�l�i�n�g� �o�n�l�y� �m�o�m�e�n�t�a�r�i�l�y� �i�n� �m�o�s�t� �c�a�s�e�s�.� �T�h�e�s�e� �s�y�s�t�e�m�s �� �s�e�t�t�l�i�n�g� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �w�e�r�e� �n�e�i�t�h�e�r� �m�a�i�n�t�a�i�n�e�d� �n�o�r� �i�m�p�r�o�v�e�d� �i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� 

�l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m�.� �W�h�e�n� �t�h�e� �m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �a�d�d�e�d� �i�n� �e�x�p�e�r�i�m�e�n�t� 

�#�3� �a�n�d� �a� �m�u�n�i�c�i�p�a�l� �p�i�l�o�t� �p�l�a�n�t� �s�e�e�d� �s�l�u�d�g�e� �w�a�s� �u�s�e�d�,� �s�e�t�t�l�i�n�g� �i�m�p�r�o�v�e�d�.� �T�h�i�s� 

�w�a�s� �s�u�s�t�a�i�n�e�d� �f�o�r� �o�v�e�r� �t�h�i�r�t�y� �d�a�y�s�.� 

�S�l�u�d�g�e� �b�u�l�k�i�n�g� �p�r�o�b�l�e�m�s� �b�e�c�a�m�e� �e�v�i�d�e�n�t� �i�n� �e�x�p�e�r�i�m�e�n�t� �#�7�.� �T�h�e� �s�l�u�d�g�e� 

�b�l�a�n�k�e�t� �i�n� �t�h�e� �c�l�a�r�i�f�i�e�r� �w�a�s� �a�t� �t�h�e� �w�a�t�e�r� �s�u�r�f�a�c�e�.� �T�h�e� �p�r�e�s�e�n�c�e� �o�f� �l�a�r�g�e� 

�f�i�l�a�m�e�n�t�s� �w�a�s� �c�o�n�f�i�r�m�e�d� �m�i�c�r�o�s�c�o�p�i�c�a�l�l�y�.� �T�h�i�s� �p�r�o�b�l�e�m� �w�a�s� �t�r�e�a�t�e�d� �b�y� �d�o�s�i�n�g� 

�t�h�e� �a�e�r�o�b�i�c� �z�o�n�e� �e�f�f�l�u�e�n�t� �l�i�n�e� �w�i�t�h� �h�o�u�s�e�h�o�l�d� �b�l�e�a�c�h� �(�4�-� �6�%� �N�a�O�C�l�)�.� �T�h�i�s� �w�a�s� 

�d�o�n�e� �t�w�i�c�e�.� �T�h�e� �a�l�i�q�u�o�t�s� �o�f� �b�l�e�a�c�h� �u�s�e�d� �w�e�r�e� �5�0� �a�n�d� �1�0�0� �m�L�.� 

�W�h�i�l�e� �f�i�l�a�m�e�n�t�o�u�s� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �w�e�r�e� �p�r�o�b�a�b�l�y� �p�r�e�s�e�n�t� �t�o� �s�o�m�e� �d�e�g�r�e�e� 

�t�h�r�o�u�g�h�o�u�t� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�,� �t�h�e�i�r� �p�o�p�u�l�a�t�i�o�n� �p�r�o�b�a�b�l�y� �b�e�g�i�n� �t�o� �i�n�c�r�e�a�s�e� �w�i�t�h� 

�c�h�a�n�g�e�s� �i�n� �T�C�O�D�,�,�-� �b�e�g�i�n�n�i�n�g� �i�n� �e�x�p�e�r�i�m�e�n�t� �#�3� �a�n�d� �e�n�d�i�n�g� �w�i�t�h� �t�h�e� �d�r�a�s�t�i�c� 

�i�n�c�r�e�a�s�e� �o�f� �T�C�O�D�,�,�,� �i�n� �e�x�p�e�r�i�m�e�n�t� �#�7�.� 
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 ��w�B�/�l�u�s�  ��I�A�S�  ��x�a�p�u�j� �a�l�u�n�j�o�a� �a�b�p�n�i�g



�L�A�B�O�R�A�T�O�R�Y� �B�P�R� �T�R�E�A�T�M�E�N�T� �S�Y�S�T�E�M� �O�P�E�R�A�T�I�N�G� �C�O�N�D�I�T�I�O�N�S� 

�D�i�s�s�o�l�v�e�d� �O�x�y�g�e�n� �C�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�n�d� �U�t�i�l�i�z�a�t�i�o�n�s� �a�n�d� �O�x�i�d�a�t�i�o�n� �R�e�d�u�c�t�i�o�n� 

�P�o�t�e�n�t�i�a�l�s� 

�T�h�e� �D�O� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �t�h�e� �r�e�a�c�t�o�r�s� �a�n�d� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �B�P�R� 

�s�y�s�t�e�m� �w�e�r�e� �m�o�n�i�t�o�r�e�d�.� �T�h�e� �r�e�a�d�i�n�g�s� �t�h�a�t� �w�e�r�e� �o�b�t�a�i�n�e�d� �i�n� �t�h�e� �d�i�f�f�e�r�e�n�t� �z�o�n�e�s� 

�a�r�e� �a�v�e�r�a�g�e�d� �f�o�r� �e�a�c�h� �p�e�r�i�o�d� �i�n� �T�a�b�l�e� �1�3�.� �U�s�i�n�g� �t�h�e� �t�a�b�u�l�a�t�i�o�n� �a�n�d� �t�h�e� �p�l�o�t� �o�f� 

�a�l�l� �t�h�e� �D�O� �d�a�t�a� �i�n� �F�i�g�u�r�e� �2�9�,� �s�e�v�e�r�a�l� �o�b�s�e�r�v�a�t�i�o�n�s� �w�e�r�e� �m�a�d�e�.� 

�F�i�r�s�t�,� �t�h�e�r�e� �w�a�s� �s�u�f�f�i�c�i�e�n�t� �D�O� �i�n� �t�h�e� �a�e�r�o�b�i�c� �z�o�n�e� �f�o�r� �t�h�e� �u�p�t�a�k�e� �o�f� �P� �a�n�d� 

�u�t�i�l�i�z�a�t�i�o�n� �o�f� �C�O�D� �i�n� �a�l�l� �p�e�r�i�o�d�s�.� �T�h�e� �a�v�e�r�a�g�e� �D�O�,�,�,� �w�a�s� �g�r�e�a�t�e�r� �t�h�a�n� �3�.�0� �m�g� 

�D�O�/�L� �d�u�r�i�n�g� �t�e�s�t�i�n�g�.� �A�s� �i�m�p�a�i�r�m�e�n�t�s� �t�o� �B�P�R�,� �t�h�e� �i�n�f�l�u�e�n�t� �a�n�d� �R�A�S� �r�e�c�y�c�l�e� 

�c�o�n�t�r�i�b�u�t�e�d� �o�x�y�g�e�n� �l�o�a�d�i�n�g�s� �t�o� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e�.� �T�h�e� �a�v�e�r�a�g�e� �D�O�,�,�,� �w�a�s� 

�g�r�e�a�t�e�r� �t�h�a�n� �0�.�2�0� �m�g� �D�O�/�L� �(�0�.�5�0�)� �i�n� �p�e�r�i�o�d�s� �#�1� �a�n�d� �#�3�.� �W�i�t�h� �n�e�a�r�l�y� �t�h�e� �s�a�m�e� 
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�T�a�b�l�e� �1�4�.� �A�v�e�r�a�g�e�s� �o�f� �o�x�y�g�e�n� �u�t�i�l�i�z�a�t�i�o�n� �r�a�t�e� �(�O�U�R�)� �a�n�d� �s�p�e�c�i�f�i�c� �o�x�y�g�e�n� 
�u�t�i�l�i�z�a�t�i�o�n� �r�a�t�e� �(�S�O�U�R�)� �f�o�r� �t�h�e� �a�e�r�o�b�i�c� �b�i�o�m�a�s�s� �f�r�o�m� �t�h�e� �l�a�b�o�r�a�t�o�r�y� 
�s�y�s�t�e�m� �f�o�r� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t� �o�f� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� 

� � 

� � 

� � 

�E�x�p�e�r�i�m�e�n�t� �D�i�s�s�o�l�v�e�d� �O�x�y�g�e�n� �c�o�n�s�u�m�p�t�i�o�n� 
�b�y� �t�h�e� �s�y�s�t�e�m� �b�i�o�m�a�s�s� 

�O�U�R�,� �m�g� �D�O�/�L�-�h�r� �S�O�U�R�,� �m�g� �D�O�/�g� �V�S�S�-�h�r� 

�1� �1�9�.�2� �0�.�1�9� 

�2� �3�1�.�3� �0�.�3�1� 

�3� �1�5�.�7� �0�.�3�0� 

�4� �7�.�6� �0�.�3�6� 

�5� �1�1�.�3� �0�.�4�4� 

�6� �1�1�.�7� �0�.�3�4� 

�7� �3�4�.�8� �0�.�5�3� 
� � 
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�T�a�b�l�e� �1�5�.� �A�v�e�r�a�g�e�s� �o�f� �o�x�i�d�a�t�i�o�n� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l� �(�O�R�P�)� �i�n� �d�i�f�f�e�r�e�n�t� �z�o�n�e�s� 
�o�f� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m� �f�o�r� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t� �o�f� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� 

� � 

� � 

� � 

� � 

�E�x�p�e�r�i�m�e�n�t� �O�x�i�d�a�t�i�o�n� �R�e�d�u�c�t�i�o�n� �P�o�t�e�n�t�i�a�l�,� �m�i�l�l�i�v�o�l�t�s�,� �m�V� 

�1�%� �A�N�A� �2�7� �A�N�A� �A�N�X� �A�E�R� 

�1� �*� �*� �*� �x� 

�2� �-�2�3�6� �-�-� �-�2�7�3� �.� �#� �1�8�2� 

�3� �-�1�2�7� �-�1�5�2� �#� �1�2�5� 

�4� �-�1�6�1� �-�1�5�2� �5� �2�7�8� 

�5� �-�3�0�5� �-�2�8�3� �-�2�0�2� �2�3�3� 

�6� �-�2�4�2� �-�2�6�1� �-�9�9� �2�3�9� 

�7� �3�0� �5�8� �2�3� �1�2�9� 

�*� �O�R�P� �w�a�s� �n�o�t� �m�o�n�i�t�o�r�e�d� 
�#� �T�h�i�s� �r�e�a�c�t�o�r� �o�r� �z�o�n�e� �w�a�s� �n�o�t� �i�n� �t�h�e� �B�P�R� �s�y�t�e�m



�T�a�b�l�e� �1�6�.� �A�v�e�r�a�g�e�s� �o�f� �p�H� �f�o�r� �t�h�e� �i�n�f�l�u�e�n�t�,� �a�n�a�e�r�o�b�i�c� �z�o�n�e�s�,� �a�n�o�x�i�c� �z�o�n�e�,� 
�a�e�r�o�b�i�c� �z�o�n�e� �a�n�d� �e�f�f�l�u�e�n�t� �f�o�r� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t� �o�f� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� 

� � 

� � 

� � 

�E�x�p�.� �p�H� 

�I�N�F� �1�*�A�N�A� �=� �2!"�A�N�A� �A�N�X� �A�E�R� �E�F�F� 

�1� �4�.�4�3� �5�.�4�7� �*� �*� �8�.�0�3� �8�.�0�4� 

�2� �4�.�4�2� �5�.�4�4� �5�.�4�5� �*� �8�.�0�5� �8�.�0�8� 

�3� �4�.�5�7� �5�.�5�4� �5�.�5�7� �*� �7�.�6�3� �7�.�7�6� 

�4� �6�.�5�4� �6�.�8�3� �6�.�8�3� �7�.�0�4� �7�.�1�5� �7�.�2�6� 

�5� �6�.�6�0� �7�.�1�3� �7�.�1�0� �7�.�5�4� �8�.�0�1� �8�.�1�5� 

�6� �5�.�2�7� �6�.�4�2� �6�.�4�6� �6�.�9�6� �7�.�6�6� �7�.�9�2� 

�7� �4�.�3�5� �5�.�3�3� �5�.�3�5� �6�.�2�3� �7�.�5�9� �7�.�8�2� 
� � 

�T�h�e� �z�o�n�e� �d�i�d� �n�o�t� �e�x�i�s�t� �i�n� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �B�P�R� �s�y�s�t�e�m� 
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�i�n�f�l�u�e�n�t� �p�H� �w�a�s� �o�n�e� �t�o� �t�w�o� �o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e� �l�e�s�s� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �#�1�,� �#�2� �a�n�d� 

�#�3�,� �t�h�a�n� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �#�4�,� �#�5� �a�n�d� �#�6�.� �T�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�w�a�t�e�r� �u�s�e�d� �a�s� 

�i�n�f�l�u�e�n�t� �f�o�r� �e�x�p�e�r�i�m�e�n�t�s� �#�1�,� �#�2�,� �a�n�d� �#�7� �w�a�s� �a�c�i�d�i�c� �(�p�H� �4�.�5�)�.� �W�h�e�n� �t�h�e� �i�n�f�l�u�e�n�t� 

�w�a�s� �t�h�e� �5�0�/�5�0� �m�i�x� �i�n� �e�x�p�e�r�i�m�e�n�t� �#�4�,� �t�h�e� �i�n�f�l�u�e�n�t� �w�a�s� �o�n�l�y� �s�l�i�g�h�t�l�y� �h�i�g�h�e�r� �(�p�H� 

�4�.�6�)�.� �T�h�e� �i�n�f�l�u�e�n�t� �w�a�s� �c�l�o�s�e� �t�o� �n�e�u�t�r�a�l�i�t�y� �(�p�H� �6�.�5� �)� �f�o�r� �e�x�p�e�r�i�m�e�n�t�s� �#�4� �a�n�d� 

�#�5�.� �I�n� �e�x�p�e�r�i�m�e�n�t� �#�6�,� �t�h�e� �a�v�e�r�a�g�e� �i�n�f�l�u�e�n�t� �p�H� �w�a�s� �r�o�u�g�h�l�y� �5�.�3�.� �T�h�e� �i�n�f�l�u�e�n�t� 

�w�a�s� �m�o�s�t�l�y� �m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r� �f�o�r� �e�x�p�e�r�i�m�e�n�t�s� �#�4�,� �#�5� �a�n�d� �#�6�.� �A�l�l� �t�h�e� �p�H� 

�d�a�t�a� �f�o�r� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t� �o�f� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� �3�1�.� 

�T�h�e� �l�a�r�g�e� �d�i�f�f�e�r�e�n�c�e� �f�r�o�m� �t�h�e� �i�n�f�l�u�e�n�t� �t�o� �e�f�f�l�u�e�n�t� �p�H� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �#�1�,� 

�#�2�,� �a�n�d� �#�3� �w�a�s� �a�l�s�o� �n�o�t�e�d�.� �T�h�e� �p�H� �i�n�c�r�e�a�s�e�d� �t�h�r�e�e� �o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e� �f�r�o�m� 

�t�h�e� �i�n�f�l�u�e�n�t� �t�o� �t�h�e� �e�f�f�l�u�e�n�t� �o�f� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �s�y�s�t�e�m�.� �I�n� �e�x�p�e�r�i�m�e�n�t�s� �#�4� �a�n�d� 

�#�5�,� �t�h�e� �p�H� �o�n�l�y� �i�n�c�r�e�a�s�e�d� �o�n�e� �t�o� �t�w�o� �o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e�.� �I�n� �e�x�p�e�r�i�m�e�n�t� �#�6� 

�t�h�e� �i�n�c�r�e�a�s�e� �w�a�s� �t�w�o� �t�o� �t�h�r�e�e� �o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e�,� �b�u�t� �t�h�e� �a�v�e�r�a�g�e� �a�n�a�e�r�o�b�i�c� 

�p�H� �w�a�s� �n�e�a�r� �6�.�4� �a�s� �o�p�p�o�s�e�d� �t�o� �a� �p�H� �o�f� �l�e�s�s� �t�h�a�n� �5�.�6� �f�o�r� �e�x�p�e�r�i�m�e�n�t�s� �#�1�,� �#�2�,� 

�a�n�d� �#�3�.� �T�h�e� �a�v�e�r�a�g�e� �p�H� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e� �w�a�s� �j�u�s�t� �g�r�e�a�t�e�r� �t�h�a�n� �6�.�8� �f�o�r� 

�e�x�p�e�r�i�m�e�n�t�s� �#�4� �a�n�d� �#�5�.� 

�N�i�t�r�o�g�e�n� �C�o�m�p�o�u�n�d�s� 

�N�i�t�r�o�g�e�n� �a�n�d� �n�i�t�r�o�g�e�n� �c�o�n�t�a�i�n�i�n�g� �c�o�m�p�o�u�n�d�s� �w�e�r�e� �i�m�p�o�r�t�a�n�t� �i�n� �t�w�o� 

�r�e�s�p�e�c�t�s�.� �F�i�r�s�t�,� �n�i�t�r�o�g�e�n� �i�n� �a� �r�e�a�d�i�l�y� �a�v�a�i�l�a�b�l�e� �f�o�r�m� �i�s� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �g�r�o�w�t�h� 

�a�n�d� �s�y�n�t�h�e�s�i�s� �o�f� �B�P�R� �b�i�o�m�a�s�s�.� �I�t�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �f�e�e�d� �n�e�e�d�e�d� �t�o� �a�t� �l�e�a�s�t� 

�m�a�t�c�h� �t�h�e� �n�u�t�r�i�t�i�o�n�a�l� �r�e�q�u�i�r�e�m�e�n�t�s� �o�f� �t�h�e� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�.� �O�x�i�d�i�z�e�d� �n�i�t�r�o�g�e�n� 

�c�o�m�p�o�u�n�d�s� �l�i�k�e� �N�O�,� �a�n�d� �N�O�,� �a�r�e� �d�e�t�r�i�m�e�n�t�a�l� �t�o� �B�P�R� �i�f� �p�r�e�s�e�n�t� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� 

�z�o�n�e�.� �T�h�e�i�r� �p�r�e�s�e�n�c�e� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �z�o�n�e� �r�e�d�u�c�e�s� �t�h�e� �a�m�o�u�n�t� �o�f� �s�u�b�s�t�r�a�t�e� 

�s�t�o�r�e�d� �f�o�r� �s�u�b�s�e�q�u�e�n�t� �u�p�t�a�k�e� �i�n� �t�h�e� �a�e�r�o�b�i�c� �z�o�n�e�.� 

�N�i�t�r�o�g�e�n� �i�n� �t�h�e� �f�o�r�m� �o�f� �u�r�e�a� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �i�n�f�l�u�e�n�t�s� �i�n� �a�l�l� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t�s� �e�x�c�e�p�t� �#�4� �a�n�d� �#�5�.� �T�h�e� �a�m�o�u�n�t� �o�f� �n�i�t�r�o�g�e�n� �a�d�d�e�d� �p�l�u�s� �t�h�e� �a�m�o�u�n�t� 

�e�s�t�i�m�a�t�e�d� �t�o� �b�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �i�n�f�l�u�e�n�t� �a�r�e� �c�o�m�p�a�r�e�d� �t�o� �b�i�o�m�a�s�s� �r�e�q�u�i�r�e�m�e�n�t� 

�i�n� �F�i�g�u�r�e� �3�2�.� �E�x�c�e�p�t� �f�o�r� �p�o�r�t�i�o�n�s� �o�f� �e�x�p�e�r�i�m�e�n�t� �#�1�,� �t�h�e� �n�i�t�r�o�g�e�n� �r�e�q�u�i�r�e�m�e�n�t�s� 

�w�e�r�e� �m�e�t� �d�u�r�i�n�g� �a�l�l� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s�.� 

�F�r�o�m� �t�h�e� �d�a�t�a� �c�h�a�r�a�c�t�e�r�i�z�i�n�g� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�w�a�t�e�r� �i�n� �T�a�b�l�e� �A�-�3�,� �i�t� 

�s�e�e�m�s� �t�h�a�t� �o�n� �a�n� �a�v�e�r�a�g�e� �8�5�%� �o�f� �t�h�e� �T�K�N� �i�n� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e� �w�a�s� �i�n� �a�n� 
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�B�e�s�i�d�e�s� �p�r�e�v�e�n�t�i�n�g� �t�h�e� �e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �a�n�a�e�r�o�b�i�c� �o�r� �r�e�d�u�c�e�d� �c�o�n�d�i�t�i�o�n�s�,� 

�N�O�,� �i�s� �k�n�o�w�n� �t�o� �c�o�n�s�u�m�e� �C�O�D� �w�h�e�n� �i�t� �i�s� �d�e�n�i�t�r�i�f�i�e�d�.� �T�h�i�s� �e�f�f�e�c�t� �w�a�s� 

�e�x�a�m�i�n�e�d� �b�y� �t�a�k�i�n�g� �t�h�e� �a�v�e�r�a�g�e�s� �o�f� �i�n�f�l�u�e�n�t� �a�n�d� �R�A�S� �N�O�,� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �#�1�,� 

�#�2� �a�n�d� �#�3� �a�n�d� �c�a�l�c�u�l�a�t�i�n�g� �t�h�e� �m�a�s�s� �o�f� �C�O�D� �w�h�i�c�h� �w�o�u�l�d� �b�e� �c�o�n�s�u�m�e�d� �f�o�r� 

�d�e�n�i�t�r�i�f�i�c�a�t�i�o�n�.� �F�o�r� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n�,� �3�.�7� �m�g� �o�f� �C�O�D� �a�r�e� �n�e�e�d�e�d� �p�e�r� �m�g� �o�f� �N�O�,� 

�d�e�n�i�t�r�i�f�i�e�d� �(�S�e�d�l�a�k� �e�t� �a�/�.�,� �1�9�9�1�)�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �c�a�l�c�u�l�a�t�i�o�n� �w�a�s� �u�s�e�d� �t�o� 

�e�s�t�i�m�a�t�e� �t�h�e� �a�m�o�u�n�t� �o�f� �C�O�D� �t�h�a�t� �m�a�y� �b�e� �c�o�n�s�u�m�e�d�:� 

�C�O�D�,� �m�g�/�d�a�y� �=� �(�N�O�X�,�e� �+� �N�O�X�a�z�g�a�s�)� �x�X� �O�y�e�g� �X� �3�-�7� 

�T�h�e� �r�e�s�u�l�t�s� �r�e�v�e�a�l� �t�h�a�t� �2�6�0�,� �3�2�5� �a�n�d� �2�3�0� �m�g� �o�f� �C�O�D�/�d�a�y� �w�o�u�l�d� �b�e� �r�e�q�u�i�r�e�d� 

�f�o�r� �t�h�e� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �o�f� �N�O�,� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �#�1�,� �#�2� �a�n�d� �#�3�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�O�t�h�e�r� �I�n�h�i�b�i�t�o�r�s� �a�n�d� �S�u�p�p�l�e�m�e�n�t�s� 

�I�t� �w�a�s� �k�n�o�w�n� �t�h�a�t� �t�h�e� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e� �c�o�n�t�a�i�n�e�d� �o�t�h�e�r� �s�u�b�s�t�a�n�c�e�s� �w�h�i�c�h� 

�c�a�n� �a�f�f�e�c�t� �B�P�R� �p�e�r�f�o�r�m�a�n�c�e�.� �H�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �S�O�,� �a�n�d� �e�l�e�m�e�n�t�a�l� �M�g� 

�w�e�r�e� �m�e�a�s�u�r�e�d� �i�n� �t�h�e� �i�n�f�l�u�e�n�t� �f�e�e�d�.� �O�t�h�e�r� �e�l�e�m�e�n�t�s�,� �F�e� �a�n�d� �K� �w�e�r�e� �a�l�s�o� 

�m�o�n�i�t�o�r�e�d�.� �T�h�e� �M�g�,� �F�e�,� �K�,� �a�n�d� �t�h�e� �n�u�t�r�i�e�n�t�s� �N� �a�n�d� �P� �a�r�e� �e�s�s�e�n�t�i�a�l� �f�o�r� �b�i�o�m�a�s�s� 

�c�e�l�l�u�l�a�r� �g�r�o�w�t�h�.� �A�l�l� �b�u�t� �F�e� �h�a�v�e� �b�e�e�n� �i�d�e�n�t�i�f�i�e�d� �a�s� �e�s�s�e�n�t�i�a�l� �n�u�t�r�i�e�n�t�s� �n�e�e�d�e�d� 

�f�o�r� �B�P�R� �(�P�a�t�t�a�r�k�i�n�e�,� �1�9�9�1�)�.� 

�A�s� �s�e�e�n� �i�n� �T�a�b�l�e� �1�9�,� �t�h�e�r�e� �w�e�r�e� �s�u�b�s�t�a�n�t�i�a�l� �a�m�o�u�n�t�s� �o�f� �S�O�,� �p�r�e�s�e�n�t� �i�n� 

�t�h�e� �s�y�s�t�e�m� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �#�1�,� �#�2�,� �#�3� �a�n�d� �#�7�.� �T�h�e� �e�f�f�l�u�e�n�t� �r�e�s�u�l�t�s� �w�e�r�e� �h�i�g�h�e�r� 

�t�h�a�n� �t�h�e� �i�n�f�l�u�e�n�t� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �#�1�,� �#�2� �a�n�d� �#�3�.� �I�f� �a�n�y�t�h�i�n�g�,� �i�t� �a�p�p�e�a�r�s� �t�h�a�t� �t�h�e� 

�B�P�R� �s�y�s�t�e�m� �g�e�n�e�r�a�t�e�d� �s�o�m�e� �S�O�,� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �t�h�r�e�e� �p�e�r�i�o�d�s�.� �I�n�o�r�g�a�n�i�c� 

�s�o�u�r�c�e�s� �o�f� �s�u�l�f�u�r� �c�o�u�l�d� �h�a�v�e� �b�e�e�n� �f�o�r�m�e�d� �f�r�o�m� �o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s� �a�n�d� �t�h�e�n� 

�o�x�i�d�i�z�e�d� �t�o� �S�O�,� �u�n�d�e�r� �a�e�r�o�b�i�c� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �s�u�l�f�a�t�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �i�n�f�l�u�e�n�t� 

�c�o�u�l�d� �a�l�s�o� �s�e�r�v�e� �a�s� �a�n� �e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r� �f�o�r� �s�o�m�e� �b�a�c�t�e�r�i�a� �(�G�a�u�d�y� �a�n�d� �G�a�u�d�y�,� 

�1�9�8�8�)�,� �b�u�t� �t�h�e� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e� �t�h�i�s� �w�a�s� �i�n�s�i�g�n�i�f�i�c�a�n�t� �i�n� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s�.� 

�T�h�e� �i�n�f�l�u�e�n�t� �a�n�d� �e�f�f�l�u�e�n�t� �M�g� �r�e�s�u�l�t�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �2�0�.� �T�h�e� 

�i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e� �h�a�d� �a�n� �a�v�e�r�a�g�e� �i�n�f�l�u�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �#�1� �a�n�d� 

�#�2� �o�f� �1�,�0�6�8� �a�n�d� �8�5�2� �m�g� �M�g�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�i�s� �t�r�a�c�e� �e�l�e�m�e�n�t� �i�s� �n�e�e�d�e�d� �i�n� 

�v�e�r�y� �s�m�a�l�l� �a�m�o�u�n�t�s� �f�o�r� �b�a�c�t�e�r�i�a� �g�r�o�w�t�h�.� �I�t� �i�s� �a�l�s�o� �c�o�-�t�r�a�n�s�p�o�r�t�e�d� �(�r�e�l�e�a�s�e� �a�n�d� 

�u�p�t�a�k�e�)� �w�i�t�h� �P� �i�n� �B�P�R�.� �C�o�m�e�a�u� �e�t� �a�/�.� �(�1�9�8�6�)� �s�u�m�m�a�r�i�z�e�d� �r�e�p�o�r�t�e�d� �m�o�l�a�r� �r�a�t�i�o�s� 

�o�f� �c�a�t�i�o�n�s� �c�o�-�t�r�a�n�s�p�o�r�t�e�d� �w�i�t�h� �P� �f�r�o�m� �d�i�f�f�e�r�e�n�t� �r�e�f�e�r�e�n�c�e�s�.� �T�h�e� �m�o�l�a�r� �r�a�t�i�o�s� �o�f� 

�1�0�4


