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(ABSTRACT) 

Crab cooker wastewater contains high concentrations of chemical oxygen demand 

(COD), total suspended solids (TSS), and total Kjeldahl nitrogen (TKN). Biological treatment of 

the wastewater releases high concentrations of ammonia. In this study, UASB treatment of crab 

cooker wastewater was evaluated, in terms of COD and TSS reduction, and compared with 

previous anaerobic treatment efforts. Additionally, UASB and UBF treatment of crab cooker 

wastewater was demonstrated with pilot-scale treatment units. The potential for air stripping to 

remove ammonia from biologically treated wastewater was evaluated. 

When treating unamended crab cooker wastewater, UASB performance appeared 

similar to UPF and UBF reactor performances reported by Diz and Boardman (1994). When 

treating unamended wastewater at a 0.25 day’ F/M ratio, a UASB reactor’s effluent soluble COD 

fluctuated and increased to above 6,000 mg/L. 

Batch toxicity assays indicated that unionized ammonia limited anaerobic treatment 

performance. Unionized ammonia concentrations of 41 and 120 mg/L (as nitrogen) caused 50 

and 80 percent inhibition, respectively, of acetate utilizing methanogens. 

Acidification of the feed wastewater greatly enhanced UASB treatment performance by 

reducing reactor pH and wastewater feed suspended solids concentrations. When fed acidified 

wastewater at a 0.3 day” F/M ratio, a UASB reactor’s effluent soluble COD was 1,220 mg/L.



The wastewater feed TSS was reduced from 910 mg/L, prior to acidification, to 249 mg/L in the 

reactor’s effluent. 

An air stripping tower’s ammonia removal efficiency increased from 50 to 72 percent as 

the air flowrate increased from 9 to 21 m°/min. The average liquid loading rate and liquid 

temperature were 25 L/m*/min and 14° C, respectively.
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CHAPTER I. INTRODUCTION 

The Chesapeake Bay, the nation’s largest estuary, supports over 290 fish species and 

2,700 plant species. Thirteen million people reside in the bay’s 64,000 square mile watershed 

area (Hudson, 1995). 

Concerns regarding the bay’s declining water quality have prompted the increased 

regulation of regional wastewater discharges. Pollutants of concern have included: nutrients, 

such as nitrogen and phosphorus; organic compounds, as measured by the 5-day biochemical 

oxygen demand test (BOD,); and total suspended solids (TSS). For industries that have 

historically discharged processing effiuents directly into the bay without treatment, installing a 

wastewater treatment plant or paying a publicly owned treatment works (POTW) to accept 

wastewater can impose a large financial burden. 

The Virginia blue crab (Ca/linectes sapidus) processing industry is comprised of 

approximately 60 small processing plants. The Environmental Protection Agency (EPA) has 

established effluent quality guidelines for the industry; however, the Virginia Department of 

Environmental Quality (DEQ), which regulates wastewater discharge, is empowered to set more 

stringent limits. Table 1 contains the EPA’s best conventional pollutant control technology 

currently available (BCT) federal effluent guidelines for the crab processing industry. 

The Virginia DEQ is formulating a new general permit for the seafood industry. Although 

specific contaminant limits have not been set, the BOD, and TSS limits under consideration for 

the blue crab processing industry are similar to the BCT limits. While ammonia limits of 1 and 2 

mg/L have been considered, the general permit may not regulate ammonia. 

The severity of the new general permit will determine the blue crab processing industry's 

treatment needs. For new sources of wastewater discharge, wastewater discharge into the bay 

without prior treatment would not be a wastewater disposal option. If ammonia limits are



imposed, new and existing sources of wastewater discharge would require an alternative means 

of wastewater disposal. 

Table 1. Federal Effluent Guidelines. Conventional and Mechanized Blue Crab Processing Category. 
Average of Daily Values for 30 Consecutive Days’. (Adapted from 40 CFR 408 - Subparts B & C) 
  

  

Conventionait Mechanized* 

Parameter” Existing Source New Source Existing Source New Source 

BOD, no limit 0.15 no limit 2.5 

TSS 0.74 0.45 12.0 6.3 

Oil & Grease 0.20 0.065 4.2 1.3 

pH 6.0 - 9.0 6.0 - 9.0 ; 6.0 - 9.0 6.0 - 9.0 
  

(*) Federal effluent guidelines also limit one day maximum values 
(t) Applies to existing facilities manually processing more than 3,000 Ibs of raw seafood on any day during the 

calendar year 

(#) Applies to all facilities in which mechanical picking or separation of crab meat from shell is utilized 
(**) All units, except pH, Ib/1,000 Ib raw seafood processed 

Blue crab processing plants that require an alternative means of wastewater disposal 

would have several options: on-site treatment and direct discharge, on-site treatment and 

discharge to a POTW, discharge to a POTW without treatment, or treatment of wastewaters 

combined from several facilities at one site. Processing plants that discharge to a POTW would 

incur surcharges based on total Kjeldahl nitrogen (TKN), BOD,, and TSS. Some processing 

plants would not have access to sewer lines. 

The ideal on-site wastewater treatment technology for the crab processing industry 

would have the following characteristics: low capital and operating costs, flexibility in adapting to 

seasonal fluctuations and interruptions in wastewater flow, and limited supervision requirements. 

Two potential treatment technologies are anaerobic biological wastewater treatment and air 

stripping. 

Anaerobic biological wastewater treatment would reduce wastewater BOD, and TSS 

levels prior to discharge to a POTW. By treating wastewater anaerobically, the high cost of 

supplying oxygen to aerobic treatment units would be eliminated. Anaerobic treatment requires



temperatures of about 30 to 35° C; however, the high retort effluent temperatures would lessen 

required heating costs. The utilization of methane generated during anaerobic treatment would 

further offset operating costs. 

Several high rate anaerobic treatment systems are available that allow large volumes of 

wastewater to be treated with relatively small reactor volumes. Upflow Anaerobic Sludge Blanket 

(UASB) technology has effectively treated a number of high strength wastewaters. The UASB 

adapts well to seasonal changes and interruptions in wastewater flow, especially when 

compared to aerobic treatment systems (Souza, 1986). 

Air stripping is a potential treatment technology for the removal of ammonia from crab 

processing effluents. Air stripping offers several advantages over other ammonia removal 

treatment processes, including simplicity of operation and accommodation of different 

wastewater flows. 

The research goals of this investigation were as follows: 

° Evaluate UASB treatment of blue crab processing wastewater with lab-scale 

reactors. 

. Compare UASB treatment, in terms of BOD, and TSS reduction, with the 

performance of other systems used to treat crab processing wastewaters. 

e Demonstrate UASB treatment of blue crab processing wastewater on a pilot- 

scale. 

e Research operational alternatives to improve UASB treatment of blue crab 

processing wastewater. 

° Supplement previous studies on air stripping of blue crab processing 

wastewater. Determine if operational or structural modifications to the air 

stripping tower would improve tower performance.



CHAPTER Il. LITERATURE REVIEW 

BLUE CRAB PROCESSING AND WASTE STREAM IDENTIFICATION 

In this section, blue crab processing operations and liquid waste generation are 

described briefly as outlined by Boardman et a/. (1993) and Harrison (1993). Figure 1 illustrates 

mechanized and conventional blue crab processing. 

Blue crabs are delivered to processing facilities by truck or boat. During the dredging 

season, crabs are washed to remove sand and grit. The crabs are then cooked in retorts at 

high temperature and pressure. The cooking process generates a concentrated wastewater 

referred to as ‘retort effluent’ or ‘crab cooker wastewater’. 

Crabs are removed from the retort and allowed to cool. The meat is then separated 

from the crab. In conventional processing plants, a single ‘picker’ removes all the crab meat by 

hand. Mechanized plants may use a Harris Claw machine, a Quik Pik machine, or both 

machines to supplement the hand picking. After the meat picking is completed, remaining shell 

pieces are removed from the product by hand. 

The Quik Pik machine separates body meat from the crab by vibration. The process 

may include a bobber which "mechanically cuts off the legs, removes the carapace, and then 

removes the viscera from the remaining core using spray jets and brushes” (Harrison, 1999). 

The bobber creates a concentrated waste stream referred to as the ’Quik-Pik bobber effluent’. 

The Harris Claw machine uses a brine bath to separate crab meat from the crab claws. 

Claws are pulverized and directed into the bath where crab meat floats while shell fragments 

sink. The process generates several waste streams. The initial washing of the claws generates 

the ’claw wash reel effluent’. Crab claw shell pieces are withdrawn from the bath along with a
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Figure 1. The Mechanized and Conventional Processing of Blue Crabs. Product and 
Waste Flows. (After Boardman et a/., 1993 and Harrison, 1993)



large quantity of brine bath liquid producing the ‘shell waste effluent’. Meat is withdrawn from 

the bath on a conveyor and washed producing the ‘claw meat conveyor wash’ waste stream. 

The brine bath is filled one or two times daily. The dumping of this bath produces the ‘Harris 

Claw brine bath’ waste stream. 

Clean-up operations generate the final two waste streams: the ‘claw room clean-up’ 

effluent and the ’hand pick/pack room cleanup’ effluent. 

BLUE CRAB PROCESSING WASTEWATER CHARACTERISTICS 

Harrison et a/. (1991) surveyed three blue crab processing plants in Virginia and 

characterized processing effluents with respect to chemical oxygen demand (COD), BOD,, TSS, 

TKN, and various other parameters. Table 2 shows selected typical daily waste stream 

characteristics from one of the three blue crab processing plants surveyed. 

Table 2. Blue Crab Processing Waste Stream Characterizations. Average Daily Values Determined Over One, 
Two, or Three Days at a Virginia Crab Processing Plant. (Adapted from Harrison et a/., 1991, plant #2) 
  

  

Wastewater coD BOD, TSS TKN | 
Process Volume (L) (mg/L) (mg/L) (mg/L) (mg/L) 

Harris Claw Reel Wash" 2,000 9,200 8,700 5,400 1,400 
Shell Waste Effluent 1,600 23,000 15,000 24,000 2,800 

Harris Claw Brine Bath 830 17,000 11,000 14,000 2,100 

Claw Meat Conveyor Wash 8,600 2,300 1,600 900 380 

Claw Room Cleanup 910 550 420 590 160 

Quik-Pik Bobber Effluent 2,300 19,000 12,000 7,500 1,500 

Retort Effluent® 190 25,000 23,000 1,200 2,200 
Hand Pick/Pack Room Cleanup 950 3,680 2,480 1,200 25 
  

(*) Milligrams/liter (mg/L) as nitrogen (N) 

(t) BOD, value calculated from COD/BOD, ratio and average COD value 
(4) Wastewater volume = volume per cook



ANAEROBIC MICROBIOLOGY, CHEMISTRY, AND KINETICS 

The following sections describe the microbiology, chemistry, and kinetics of anaerobic 

wastewater treatment. The first section contains an overview of the anaerobic digestion process. 

Anaerobic microbiology, chemistry, and kinetics are discussed in the following sections. 

Overview of Anaerobic Digestion 

Anaerobic digestion refers to the biological conversion of organic compounds into 

methane, carbon dioxide, and other end products under conditions that exclude oxygen. The 

first application of anaerobic treatment was the treatment of solids removed from municipal 

wastewater in 1881 (McCarty, 1982). 

Anaerobic digestion proceeds in stages. Each stage is mediated by different 

microorganisms. Henze and Harremoés (1983) described the process in three stages as 

follows: 

Stage 1. Hydrolysis of complex organic compounds to smail soluble organic 

molecules. 

Stage 2. Conversion of small soluble organic molecules to intermediates, 

including volatile fatty acids. Conversion of intermediates to 

acetic acid, hydrogen, and carbon dioxide. 

Stage 3. Conversion of acetic acid, carbon dioxide, and hydrogen to 

methane. 

Each of the stages is comprised of several pathways. Figure 2 illustrates the pathways 

of anaerobic digestion (Stronach et a/., 1986).
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Figure 2. Pathways of Anaerobic Digestion. (After Stronach et a/., 1986)



Anaerobic Microbiology 

In the first stage of anaerobic digestion, insoluble polymers such as lipids, proteins, and 

carbohydrates are converted to soluble organic compounds. The conversion is performed by 

hydrolytic extracellular enzymes such as lipases, proteases, and cellulases (Stronach et a/., 

1986). The products of hydrolysis include sugars, amino acids, higher fatty acids, and alcohols. 

The relative quantities of the hydrolysis products vary with waste composition. 

In the second stage of anaerobic digestion, the products of the first stage undergo 

further transformation. Acid forming bacteria (acidogens) convert amino acids, sugars, higher 

fatty acids, and alcohols into intermediate products, such as propionic acid and butyric acid, by 

fermentation or anaerobic oxidation (Gujer and Zehnder, 1983). The intermediate products are 

converted to acetic acid by the acetic acid forming bacteria (acetogens). 

Methane is produced in anaerobic systems from a limited number of substrates. While 

most methanogenic species can produce methane from hydrogen and carbon dioxide, very few 

species utilize acetic acid (Archer and Kirsop, 1990). The acetic acid (or acetate) utilizing 

species are critical to the anaerobic treatment process since about 70 percent of the methane 

produced from the anaerobic digestion of complex wastes is produced from acetic acid 

(McCarty, 1964a). 

The morphology of methanogens is usually described as: rods, sarcinae, or cocci (Pine, 

1971). Two methanogenic species that utilize acetate are: Methanosarcina and Methanothrix. 

Methanothrix are "sheathed rods, sometimes growing as long filaments" while Methanosarcina 

are "coccoid bacteria that grow together in discrete clumps" (McCarty, 1991).



Anaerobic Chemistry 

The maintenance of a near neutral pH during anaerobic treatment is of critical 

importance. The optimum pH range for methanogenic growth is 7.0 to 7.2; however, the 

microorganisms operate satisfactorily in the range from pH 6.6 to 7.6. As the pH decreases 

below 6.2, methanogenic activity decreases significantly (McCarty, 1964b). 

Volatile fatty acid accumulation within an anaerobic reactor decreases the pH. The 

negative log of the dissociation constant (pK,) for acetic acid is 4.7 (Snoeyink and Jenkins, 

1980), and the pK, values for the other volatile fatty acids are similar (McCarty, 1991). Since the 

volatile fatty acids are completely dissociated at near neutral pH, the preservation of a neutral 

pH requires the balance of volatile fatty acid production and utilization. 

The acidogenic and acetogenic bacteria are not as sensitive to low pH conditions as the 

methanogens. Therefore, when the pH decreases, methanogenic activity can decrease rapidly 

while volatile fatty acids continue to accumulate. When enough volatile fatty acids accumulate, 

the pH decreases sufficiently to almost completely stop methanogenic activity. This condition is 

referred to as a ’stuck’ or ‘upset’ digester. The very low pH conditions of an ‘upset’ digester are 

toxic to the methanogens. Because of the slow growth rate of methanogens, the rejuvenation of 

a ‘upset’ system can require weeks (Kugelman and Chin, 1971). 

At pH levels common to anaerobic treatment, anaerobic reactors are buffered by the 

bicarbonate buffering system (McCarty, 1991). Equation 1 shows the dissociation of aqueous 

carbon dioxide (H,CO,) to bicarbonate (HCO,). 

{H*} = K,{H2CO3}/{HCO,} (1) 

where: 

pK, = 6.3 at 25° C (Snoeyink and Jenkins, 1980) 
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in a poorly buffered anaerobic system, even a small accumulation of volatile fatty acids 

may cause process upset. Conversely, a well buffered reactor may withstand very high levels of 

volatile fatty acids. 

The best strategy to prevent a reactor from becoming ‘upset’ is early detection of 

unbalanced conditions. Indicators of reactor unbalance include (McCarty, 1964b). 

e Increase in volatile fatty acid concentrations 

° Increase in the carbon dioxide (CO,) fraction of the biogas 

e Decrease in pH 

° Decrease in total biogas production 

e Decrease in treatment performance. 

Equation 2 illustrates methane production from acetate. Equation 3 illustrates methane 

production from hydrogen and carbon dioxide. 

CH,COOH ~ CH, + CO, (2) 

4H, + CO, ~ CH, + HO (3) 

From equation 2, one mole of methane and one mole of carbon dioxide are produced 

for every mole (64 g COD, see Appendix A) of acetic acid utilized. The corresponding volume of 

methane at 37° C can be calculated from the universal gas law as 400 mililiters (mL) per gram 

of COD. 

Other reactions are important within the anaerobic environment. The release of 

ammonia during the degradation of amino acids is called deamination. Equation 4 illustrates a 

reductive deamination (Stronach et ai/., 1986). 
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R—CH,—CH-COOH + R—CH—-CH—COOH + NH, (4) 
| 
NH, 

The released ammonia is distributed between the ionized (NH,") and unionized (NH,) 

forms according to equation 5. 

{H*} = K,{NH,*}/{NH,} (5) 

where: 

pK, = 9.3 at 25° C (Snoeyink and Jenkins, 1980) 

Anaerobic Kinetics 

The overall rate of anaerobic degradation is determined by the slowest stage. First 

order kinetics are usually used to describe the hydrolysis stage while monod kinetics are used to 

describe the other stages (McCarty, 1991). Equation 6 shows substrate utilization according to 

monod kinetics. 

dS -k-X-S os = “A (6) 
dt (K, + S) 

where: 

$s = substrate concentration at time (t) 
k = maximum specific rate of substrate utilization (mass/volume/time) 
dS/dt = rate of substrate utilization (time”') 
X = concentration of microorganisms (mass/volume) 
K, = half-velocity constant, substrate concentration where the growth rate is 

one-half the maximum rate (mass/volume) 

Methanogens grow slowly, especially when compared to aerobic organisms (McCarty, 

1964b). For soluble wastes, methanogenesis is usually the rate limiting step. Lawrence and 

McCarty (1969) investigated the kinetics of acetic acid, propionic acid, and butyric 
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acid utilization. Acetic acid utilization was slower than propionic acid and butyric acid utilization 

at temperatures between 25 and 35° C. 

The analysis of anaerobic kinetics is complicated by differences between methanogenic 

species. Figure 3 shows the variation of Methanothrix and Methanosarcina growth rates with 

acetate concentration (Gujer and Zehnder, 1983). Figure 3 shows that Methanothrix will 

predominate in an environment with low acetate concentrations while Methanosarcina will 

predominate in an environment with high acetate concentrations. 

Reaction rates generally increase with temperature; however, two optimum temperature 

ranges exist: mesophilic and thermophilic. The mesophilic range includes temperatures from 29 

to 38° C (85 to 100° F) . The thermophilic range includes temperatures from 49 to 57° C (120 

to 135° F) (McCarty, 1964b). Figure 4 shows the variation of methanogenic activity with 

temperature for several methanogenic species (Zehnder et a/., 1982). Generally, the cost of 

heating waste produced at mesophilic temperatures to thermophilic temperatures outweighs the 

benefit of higher reaction rates (Souza, 1986). 

Nutrient Requirements 

Anaerobic bacteria’s nitrogen and phosphorus requirements are lower than aerobic 

bacteria’s requirements because of the anaerobic bacteria’s lower relative growth yields. In 

addition to nitrogen and phosphorus, several micronutrients have been found to affect the 

growth of methanogens. 

Goodwin et a/. (1990) investigated the effects of nutrient addition on Upflow Anaerobic 

Sludge Blanket (UASB) performance. The authors found that supplementation of phosphate, 

magnesium, calcium, and one of nine trace metals was necessary to maintain satisfactory 
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granulation and overall reactor performance. The effect of individual trace metals was not 

determined. 

Murray and van den Berg (1981) investigated the effect of trace metals addition on 

methanogens with 1.4 and 35 L fixed-film reactors. The reactors treated food processing 

wastewater. The addition of 50 nanomoles/L (nm/L) of nickel, cobalt, and molybdenum 

stimulated biogas production. The additional of all three metals increased biogas production 42 

percent. Nickel and cobalt had the greatest effect on biogas production. The addition of 

molybdenum to a reactor already receiving nickel and cobalt increased biogas production only 

slightly. 

Bryant et a/. (1971) studied the nitrogen requirements of hydrogen utilizing 

methanogens. The authors determined that the methanogens could utilize ammonia but not 

other organic nitrogen sources. 

ANAEROBIC TREATMENT PROCESS CONFIGURATIONS 

Anaerobic treatment processes are classified as either high or low-rate systems. The 

most common low-rate system is the anaerobic lagoon which is usually an unmixed, unheated 

pond. Anaerobic lagoons have been used successfully to treat high strength wastewaters with 

high concentrations of suspended solids and have been constructed up to 30 feet in depth 

(Tchobanoglous and Burton, 1991). 

By maintaining large biomass populations, high-rate treatment systems can treat large 

quantities of wastewater with small reactor volumes. Figure 5 shows several high-rate treatment 

processes (Tchobanoglous and Burton, 1991). Iza et a/. (1991) reported that all high-rate 

anaerobic treatment systems currently have full-scale applications. The following sections briefly 

describe and compare the high-rate anaerobic treatment processes. 
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�A�n�a�e�r�o�b�i�c� �C�o�n�t�a�c�t� �P�r�o�c�e�s�s� 

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

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

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

�p�e�r�f�o�r�m�a�n�c�e�.� 

�A�n�a�e�r�o�b�i�c� �F�i�l�t�e�r� �(�A�F�)� �/� �H�y�b�r�i�d� �D�e�s�i�g�n�s� 

�T�h�e� �a�n�a�e�r�o�b�i�c� �f�i�l�t�e�r�,� �d�e�s�c�r�i�b�e�d� �b�y� �Y�o�u�n�g� �a�n�d� �M�c�C�a�r�t�y� �(�1�9�6�9�)�,� �u�t�i�l�i�z�e�s� �p�a�c�k�i�n�g� �w�i�t�h�i�n� �t�h�e� 

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

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

�a�d�v�a�n�t�a�g�e�s� �i�n�c�l�u�d�i�n�g� �t�h�e� �e�x�c�e�l�l�e�n�t� �r�e�m�o�v�a�l� �o�f� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �(�L�e�t�t�i�n�g�a� �e�t� �a�/�.�,� �1�9�8�3�)�.� 

�S�e�v�e�r�a�l� �v�a�r�i�a�t�i�o�n�s� �o�f� �t�h�e� �a�n�a�e�r�o�b�i�c� �f�i�l�t�e�r� �h�a�v�e� �b�e�e�n� �p�r�o�p�o�s�e�d�.� �T�h�e� �U�p�f�l�o�w� �B�e�d� �F�i�l�t�e�r� 

�(�U�B�F�)�,� �w�h�i�c�h� �w�a�s� �p�r�o�p�o�s�e�d� �a�s� �a� �c�o�m�p�r�o�m�i�s�e� �b�e�t�w�e�e�n� �t�h�e� �U�A�S�B� �a�n�d� �A�F�,� �c�o�n�t�a�i�n�s� �p�a�c�k�i�n�g� �o�n�l�y� 

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

�s�i�m�i�l�a�r� �h�y�b�r�i�d� �s�t�y�l�e� �r�e�a�c�t�o�r� �w�a�s� �u�s�e�d� �b�y� �O�z�t�i�i�r�k� �e�t� �a�/�.� �(�1�9�9�3�)� �t�o� �s�u�c�c�e�s�s�f�u�l�l�y� �t�r�e�a�t� �d�a�i�r�y� �w�a�s�t�e�s�.� 

�U�p�f�l�o�w� �A�n�a�e�r�o�b�i�c� �S�l�u�d�g�e� �B�l�a�n�k�e�t� �(�U�A�S�B�)� 

�T�h�e� �U�p�f�i�o�w� �A�n�a�e�r�o�b�i�c� �S�l�u�d�g�e� �B�l�a�n�k�e�t� �(�U�A�S�B�)� �r�e�a�c�t�o�r�,� �d�e�s�c�r�i�b�e�d� �b�y� �L�e�t�t�i�n�g�a� �e�t� �a�l�.� 

�(�1�9�8�0�)�,� �u�t�i�l�i�z�e�s� �a� �g�a�s�-�l�i�q�u�i�d�-�s�o�l�i�d� �s�e�p�a�r�a�t�o�r� �t�o� �r�e�t�a�i�n� �g�r�a�n�u�l�a�r� �s�l�u�d�g�e� �a�t� �h�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�i�t�h�i�n� 

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

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

�c�o�n�t�a�i�n�i�n�g� �e�n�t�r�a�p�p�e�d� �b�i�o�g�a�s� �f�r�o�m� �f�l�o�a�t�i�n�g� �o�u�t� �w�i�t�h� �t�h�e� �e�f�f�l�u�e�n�t�.� 
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�F�l�u�i�d�i�z�e�d� �B�e�d� �(�F�B�)� �R�e�a�c�t�o�r� 

�T�h�e� �f�l�u�i�d�i�z�e�d� �b�e�d� �r�e�a�c�t�o�r� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �U�A�S�B� �e�x�c�e�p�t� �t�h�a�t� �s�u�f�f�i�c�i�e�n�t� �e�f�f�l�u�e�n�t� �i�s� �r�e�c�y�c�l�e�d� 

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

�p�o�w�e�r� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �e�f�f�l�u�e�n�t� �r�e�c�y�c�l�e�.� �A�c�c�o�r�d�i�n�g� �t�o� �I�z�a� �e�t� �a�/�.� �(�1�9�9�1�)�,� �t�h�e� �f�l�u�i�d�i�z�e�d� �b�e�d� �r�e�a�c�t�o�r� 

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

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

�t�h�r�o�u�g�h� �t�h�e� �r�e�a�c�t�o�r� �u�n�t�r�e�a�t�e�d�.� 

�G�u�i�o�t� �e�t� �a�/�.� �(�1�9�9�2�)� �e�v�a�l�u�a�t�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �s�u�s�p�e�n�s�i�o�n� �o�n� �m�e�t�h�a�n�o�g�e�n�i�c� �a�c�t�i�v�i�t�y�.� �S�e�v�e�r�a�l� 

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

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

�C�o�m�p�a�r�i�s�o�n� �o�f� �H�i�g�h�-�R�a�t�e� �A�n�a�e�r�o�b�i�c� �T�r�e�a�t�m�e�n�t� �S�y�s�t�e�m�s� 

�T�a�b�l�e� �3� �c�o�m�p�a�r�e�s� �t�h�r�e�e� �h�i�g�h� �r�a�t�e� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m�s� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �v�a�r�i�o�u�s� �o�p�e�r�a�t�i�o�n�a�l� 

�c�o�n�s�i�d�e�r�a�t�i�o�n�s� �(�W�e�i�l�a�n�d� �a�n�d� �R�o�z�z�i�,� �1�9�9�1�)�.� 

�T�a�b�l�e� �3�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �H�i�g�h�-�R�a�t�e� �A�n�a�e�r�o�b�i�c� �T�r�e�a�t�m�e�n�t� �P�r�o�c�e�s�s�e�s�.� �(�A�d�a�p�t�e�d� �f�r�o�m� �W�e�i�l�a�n�d� �a�n�d� �R�o�z�z�i�,� �1�9�9�1�)� 
� � 

� � 

�O�p�e�r�a�t�i�o�n� �U�A�S�B� �A�F� �F�B� 
�R�e�a�c�t�o�r� �S�t�a�r�t�-�U�p� �-� �-� �-� 

�B�i�o�m�a�s�s� �A�c�c�u�m�u�l�a�t�i�o�n� �+�+� �+� �+�+� 

�L�i�q�u�i�d�-�P�h�a�s�e� �M�i�x�i�n�g� �-� �+� �+�+� 

�R�e�s�p�o�n�s�e� �t�o� �O�r�g�a�n�i�c� �S�h�o�c�k� �L�o�a�d�i�n�g� �+� �+� �+� 

�H�a�n�d�l�i�n�g� �o�f� �W�a�s�t�e�s� �W�i�t�h� �H�i�g�h� �S�u�s�p�e�n�d�e�d� �S�o�l�i�d�s� �-� �+� �+�+� 
�C�o�n�c�e�n�t�r�a�t�i�o�n�s� 

�R�e�s�i�s�t�a�n�c�e� �t�o� �C�l�o�g�g�i�n�g� �+�+� �-� �+�+� 

�D�e�m�a�n�d� �f�o�r� �R�e�a�c�t�o�r� �C�o�n�t�r�o�l� �+� �+� �,� �-� 
� � 

�(�-�)� �u�n�f�a�v�o�r�a�b�l�e� 
�(�+�)� �f�a�v�o�r�a�b�l�e� 
�(�+� �+�)� �v�e�r�y� �f�a�v�o�r�a�b�l�e� 

�1�9



�L�e�t�t�i�n�g�a� �e�t� �a�/�.� �(�1�9�8�3�)� �c�o�m�p�a�r�e�d� �t�h�e� �t�r�e�a�t�m�e�n�t� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �a� �l�a�b�-�s�c�a�l�e� �a�n�a�e�r�o�b�i�c� �f�i�l�t�e�r� 

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

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

�s�t�a�r�t�-�u�p�,� �t�h�e� �U�A�S�B� �e�v�e�n�t�u�a�l�l�y� �t�r�e�a�t�e�d� �a� �h�i�g�h�e�r� �v�o�l�u�m�e� �o�f� �w�a�s�t�e� �w�i�t�h� �g�r�e�a�t�e�r� �e�f�f�i�c�i�e�n�c�y�.� �T�h�e� 

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

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

�K�e�n�n�e�d�y� �a�n�d� �G�u�i�o�t� �(�1�9�8�6�)� �c�o�m�p�a�r�e�d� �a� �l�a�b�-�s�c�a�l�e� �U�A�S�B� �t�o� �a� �l�a�b�-�s�c�a�l�e� �U�p�f�l�o�w� �B�e�d� �F�i�l�t�e�r� 

�(�U�B�F�)�.� �T�h�e� �r�e�a�c�t�o�r�s� �w�e�r�e� �o�p�e�r�a�t�e�d� �o�v�e�r� �t�h�r�e�e� �p�h�a�s�e�s� �u�n�d�e�r� �i�d�e�n�t�i�c�a�l� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e� 

�s�o�l�u�b�l�e� �C�O�D� �r�e�m�o�v�a�l� �o�f� �t�h�e� �U�B�F� �w�a�s� �s�u�p�e�r�i�o�r� �t�o� �t�h�e� �U�A�S�B� �d�u�r�i�n�g� �t�w�o� �o�f� �t�h�e� �t�h�r�e�e� �p�h�a�s�e�s�.� �T�h�e� 

�a�u�t�h�o�r�s� �a�t�t�r�i�b�u�t�e�d� �t�h�e� �s�u�p�e�r�i�o�r� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �U�B�F� �t�o� �b�e�t�t�e�r� �b�i�o�m�a�s�s� �r�e�t�e�n�t�i�o�n�.� �T�h�e� 

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

�U�P�F�L�O�W� �A�N�A�E�R�O�B�I�C� �S�L�U�D�G�E� �B�L�A�N�K�E�T� �(�U�A�S�B�)� �T�E�C�H�N�O�L�O�G�Y� 

�A�s� �o�f� �S�e�p�t�e�m�b�e�r� �1�9�9�1�,� �m�o�r�e� �t�h�a�n� �2�0�0� �f�u�l�l�-�s�c�a�l�e� �U�A�S�B� �r�e�a�c�t�o�r�s� �h�a�d� �b�e�e�n� �c�o�n�s�t�r�u�c�t�e�d� 

�w�o�r�l�d�-�w�i�d�e� �(�2�4�0� �t�o� �6�0�,�6�0�0� �m�®� �r�e�a�c�t�o�r� �v�o�l�u�m�e�s�)� �t�r�e�a�t�i�n�g� �w�a�s�t�e�w�a�t�e�r�s� �p�r�o�d�u�c�e�d� �b�y� �a�t� �l�e�a�s�t� �2�8� 

�d�i�f�f�e�r�e�n�t� �i�n�d�u�s�t�r�i�a�l� �s�o�u�r�c�e�s� �(�L�e�t�t�i�n�g�a� �a�n�d� �H�u�l�s�h�o�f�f� �P�o�l�,� �1�9�9�1�)�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n�s� �d�e�s�c�r�i�b�e� 

�v�a�r�i�o�u�s� �a�s�p�e�c�t�s� �o�f� �U�A�S�B� �o�p�e�r�a�t�i�o�n�.� 

�G�r�a�n�u�l�a�t�i�o�n� �i�n� �U�A�S�B� �R�e�a�c�t�o�r�s� 

�T�h�e� �s�u�c�c�e�s�s� �o�f� �U�A�S�B� �t�r�e�a�t�m�e�n�t� �r�e�l�i�e�s� �o�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �a�n�d� �m�a�i�n�t�e�n�a�n�c�e� �o�f� �g�r�a�n�u�i�a�r� 

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

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

�2�0



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

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �(�H�u�l�s�h�o�f�f� �P�o�l� �e�t� �a�/�.�,� �1�9�8�2�)�.� 

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

�H�u�l�s�h�o�f�f� �P�o�l� �e�t� �a�/�.� �(�1�9�8�3�)� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �a�m�m�o�n�i�a� �o�n� �s�l�u�d�g�e� �g�r�a�n�u�l�a�t�i�o�n�.� �G�r�a�n�u�l�a�t�i�o�n� �o�f� 

�d�i�g�e�s�t�e�d� �s�e�w�a�g�e� �s�l�u�d�g�e� �w�a�s� �p�o�s�s�i�b�l�e� �w�i�t�h� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �f�r�o�m� �4�0� �t�o� �4�0�0� �m�g�/�L� �(�a�s� �N�)�.� 

�G�r�a�n�u�l�a�t�i�o�n� �d�i�d� �n�o�t� �o�c�c�u�r� �a�t� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �1�,�0�0�0� �m�g�/�L� �(�a�s� �N�)�.� 

�A�l�i�b�h�a�i� �a�n�d� �F�o�r�s�t�e�r� �(�1�9�8�6�)� �s�t�u�d�i�e�d� �g�r�a�n�u�l�a�t�i�o�n� �u�s�i�n�g� �d�i�l�u�t�e�d� �f�e�r�m�e�n�t�a�t�i�o�n� �l�i�q�u�o�r� �a�s� 

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

�w�a�s�t�e�w�a�t�e�r� �s�u�p�p�l�e�m�e�n�t�e�d� �w�i�t�h� �8�0� �m�g�/�L� �o�f� �p�h�o�s�p�h�a�t�e� �a�n�d� �1�9�2� �m�g�/�L� �o�f� �c�a�l�c�i�u�m�.� �A�n�o�t�h�e�r� 

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

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

�g�r�a�n�u�l�a�r� �s�l�u�d�g�e� �a�f�t�e�r� �a�b�o�u�t� �4�7� �d�a�y�s� �w�h�i�l�e� �t�h�e� �c�o�n�t�r�o�!� �d�i�d� �n�o�t� �f�o�r�m� �g�r�a�n�u�l�e�s� �a�f�t�e�r� �7�5� �d�a�y�s�.� 

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

�a�d�d�i�t�i�o�n� �f�o�r� �g�r�a�n�u�l�a�t�i�o�n�.� 

�S�a�m� �S�o�o�n� �e�t� �a�/�.� �(�1�9�9�0�)� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �n�i�t�r�o�g�e�n� �l�i�m�i�t�a�t�i�o�n� �o�n� �g�r�a�n�u�l�a�t�i�o�n�.� �T�h�e� 

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

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

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

�L�e�t�t�i�n�g�a� �e�t� �a�/�.� �(�1�9�8�4�)� �o�u�t�l�i�n�e�d� �U�A�S�B� �s�t�a�r�t�-�u�p� �u�s�i�n�g� �d�i�g�e�s�t�e�d� �s�e�w�a�g�e� �a�s� �f�o�l�l�o�w�s�:� 

�°� �I�n�o�c�u�l�u�m� �Q�u�a�n�t�i�t�y� �(�g� �V�S�S�/�L� �R�e�a�c�t�o�r� �V�o�l�u�m�e�)�:� �1�0� �-� �1�5� 

�e� �I�n�i�t�i�a�l� �O�r�g�a�n�i�c� �L�o�a�d�i�n�g� �R�a�t�e� �(�g� �C�O�D�/�g� �V�S�S�/�d�a�y�)�:� �0�.�0�5� �-� �0�.�1� 

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

�2�1



�G�a�s�-�S�o�l�i�d�-�L�i�q�u�i�d� �S�e�p�a�r�a�t�o�r� �(�G�S�L�)� 

�T�h�e� �G�S�L� �f�u�n�c�t�i�o�n�s� �t�o� �r�e�t�a�i�n� �g�r�a�n�u�l�a�r� �s�l�u�d�g�e� �w�i�t�h�i�n� �t�h�e� �r�e�a�c�t�o�r�.� �M�e�t�h�a�n�e� �a�n�d� �c�a�r�b�o�n� 

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

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

�z�o�n�e� �(�g�a�s� �f�r�e�e� �z�o�n�e�)� �f�o�r� �s�l�u�d�g�e� �s�e�t�t�l�i�n�g�.� 

�T�h�e� �d�e�s�i�g�n� �o�f� �a� �g�a�s�-�s�o�l�i�d�-�l�i�q�u�i�d� �s�e�t�t�l�e�r� �h�a�s� �b�e�e�n� �o�u�t�l�i�n�e�d� �b�y� �L�e�t�t�i�n�g�a� �e�t� �a�/�.� �(�1�9�8�0�)�.� 

�e� �S�e�t�t�l�e�r� �w�a�l�l ��s� �a�n�g�l�e� �o�f� �i�n�c�l�i�n�e�:� �5�0�°�,� �t�o� �f�a�c�i�l�i�t�a�t�e� �t�h�e� �r�e�t�u�r�n� �o�f� �s�l�u�d�g�e� �f�r�o�m� �t�h�e� 

�s�e�t�t�l�e�r� �t�o� �t�h�e� �r�e�a�c�t�o�r� 

�e� �U�p�f�l�o�w� �v�e�l�o�c�i�t�y� �w�i�t�h�i�n� �t�h�e� �s�e�t�t�l�e�r�:� �L�e�s�s� �t�h�a�n� �0�.�7� �m�/�h�o�u�r�,� �t�o� �p�r�e�v�e�n�t� �a�c�c�i�d�e�n�t�a�l� 

�s�l�u�d�g�e� �w�a�s�h�o�u�t�.� 

�S�t�a�r�t�-�u�p� �o�f� �U�A�S�B� �R�e�a�c�t�o�r�s� 

�R�e�a�c�t�o�r� �i�n�o�c�u�l�a�t�i�o�n� �w�i�t�h� �b�i�o�m�a�s�s� �i�s� �t�h�e� �f�i�r�s�t� �s�t�e�p� �i�n� �t�h�e� �U�A�S�B� �s�t�a�r�t�-�u�p� �p�r�o�c�e�s�s�.� �R�e�a�c�t�o�r� 

�s�t�a�r�t�-�u�p� �u�s�i�n�g� �d�i�g�e�s�t�e�d� �s�e�w�a�g�e� �s�l�u�d�g�e� �h�a�s� �b�e�e�n� �d�e�s�c�r�i�b�e�d� �p�r�e�v�i�o�u�s�l�y�.� �S�o�u�z�a� �(�1�9�8�6�)� �d�e�s�c�r�i�b�e�d� 

�t�h�e� �p�r�o�p�e�r� �s�t�a�r�t�-�u�p� �o�f� �a� �U�A�S�B� �r�e�a�c�t�o�r� �u�s�i�n�g� �g�r�a�n�u�l�a�r� �s�l�u�d�g�e� �a�s� �f�o�l�l�o�w�s�:� 

�°� �G�r�a�n�u�l�a�r� �s�l�u�d�g�e� �v�o�l�u�m�e�:� �1�0� �t�o� �1�5� �p�e�r�c�e�n�t� �o�f� �t�h�e� �r�e�a�c�t�o�r� �v�o�l�u�m�e� 

�e� �S�t�a�r�t�-�u�p� �l�o�a�d�i�n�g�:� �0�.�5� �g� �C�O�D�/�L�/�d�a�y�,� �o�r� �0�.�0�5� �t�o� �0�.�1� �g� �C�O�D�/�g� �V�S�S�/�d�a�y� 

�e� �I�n�c�r�e�a�s�e� �C�O�D� �l�o�a�d�i�n�g�:� �w�h�e�n� �g�a�s� �p�r�o�d�u�c�t�i�o�n� �s�t�a�b�i�l�i�z�e�s� �a�n�d� �v�o�l�a�t�i�l�e� �f�a�t�t�y� �a�c�i�d� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �d�e�c�r�e�a�s�e� �b�e�l�o�w� �5�0�0� �m�g�/�L� �a�s� �a�c�e�t�i�c� �a�c�i�d�.� 
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�S�u�p�e�r�f�i�c�i�a�l� �U�p�f�l�o�w� �V�e�l�o�c�i�t�y� �a�n�d� �E�f�f�l�u�e�n�t� �R�e�c�y�c�l�e� 

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

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

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

�R�e�c�o�m�m�e�n�d�e�d� �m�a�x�i�m�u�m� �d�e�s�i�g�n� �v�a�l�u�e�s� �f�o�r� �t�h�e� �s�u�p�e�r�f�i�c�i�a�l� �u�p�f�l�o�w� �v�e�l�o�c�i�t�y� �a�r�e� �1�.�2� �t�o� �1�.�5� 

�m�/�h�o�u�r� �f�o�r� �p�e�a�k� �d�a�i�l�y� �w�a�s�t�e�w�a�t�e�r� �f�l�o�w� �(�S�o�u�z�a�,� �1�9�8�6�)�.� �F�o�r� �a� �g�i�v�e�n� �r�e�a�c�t�o�r� �v�o�l�u�m�e� �a�n�d� 

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

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

�r�e�c�o�m�m�e�n�d�e�d� �m�a�x�i�m�u�m� �h�e�i�g�h�t� �i�s� �6� �m�e�t�e�r�s� �(�S�o�u�z�a�,� �1�9�8�6�)�.� 

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

�v�e�l�o�c�i�t�y�.� �S�i�k� �S�h�i�n� �a�n�d� �C�h�e�o�n� �P�a�i�k� �(�1�9�9�0�)� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �r�e�c�y�c�l�e� �w�i�t�h� �2�.�5� �L� �l�a�b�-�s�c�a�l�e� �U�A�S�B� 

�r�e�a�c�t�o�r�s� �a�n�d� �d�i�l�u�t�e�d� �m�i�l�k� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �(�1�0�,�0�0�0� �m�g�/�L� �C�O�D�)�.� �T�h�e� �a�u�t�h�o�r�s� �f�o�u�n�d� �t�h�a�t� �e�f�f�l�u�e�n�t� 

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

�T�h�e� �e�f�f�l�u�e�n�t� �r�e�c�y�c�l�e� �i�n�c�r�e�a�s�e�d� �t�h�e� �u�p�f�l�o�w� �v�e�l�o�c�i�t�y� �t�o� �a�b�o�u�t� �0�.�2� �m�/�h�o�u�r�.� 

�S�a�m�-�S�o�o�n� �e�t� �a�/�.� �(�1�9�9�1�)� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �e�f�f�l�u�e�n�t� �r�e�c�y�c�l�e� �o�n� �r�e�a�c�t�o�r� �a�l�k�a�l�i�n�i�t�y�.� �T�h�e� 

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

�f�e�e�d� �a�l�k�a�l�i�n�i�t�y�.� 

�W�a�s�t�e�w�a�t�e�r� �C�o�m�p�o�s�i�t�i�o�n� 

�W�a�s�t�e�w�a�t�e�r� �c�o�m�p�o�s�i�t�i�o�n� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �e�f�f�e�c�t� �U�A�S�B� �p�e�r�f�o�r�m�a�n�c�e�.� �T�h�e� �p�r�e�s�e�n�c�e� �o�f� 

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

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

�n�o�z�z�l�e�s�,� �o�r� �t�h�e� �i�n�s�t�a�l�l�a�t�i�o�n� �o�f� �a� �s�k�i�m�m�e�r� �(�L�e�t�t�i�n�g�a� �a�n�d� �H�u�l�s�h�o�f�f� �P�o�l�,� �1�9�9�1�)�.� 
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�T�h�e� �U�A�S�B� �c�a�n� �t�r�e�a�t� �w�a�s�t�e�w�a�t�e�r�s� �w�i�t�h� �h�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s�;� 

�h�o�w�e�v�e�r�,� �t�h�e� �U�A�S�B� �c�a�n� �t�r�e�a�t� �s�o�l�u�b�l�e� �w�a�s�t�e�s� �a�t� �h�i�g�h�e�r� �r�e�l�a�t�i�v�e� �o�r�g�a�n�i�c� �l�o�a�d�i�n�g� �r�a�t�e�s�.� �(�L�e�t�t�i�n�g�a� �e�t� 

�a�l�.�,� �1�9�8�4�)�.� 

�E�x�c�e�s�s� �S�l�u�d�g�e� �P�r�o�d�u�c�t�i�o�n� 

�G�r�a�n�u�l�a�r� �s�l�u�d�g�e� �i�s� �"�r�e�l�a�t�i�v�e�l�y� �s�t�a�b�l�e� �a�n�d� �h�a�s� �s�u�p�e�r�i�o�r� �d�e�w�a�t�e�r�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�"� �(�S�o�u�z�a�,� 

�1�9�8�6�)�.� �H�e�n�z�e� �a�n�d� �H�a�r�r�e�m�o�é�s� �(�1�9�8�3�)� �r�e�p�o�r�t�e�d� �y�i�e�l�d� �c�o�e�f�f�i�c�i�e�n�t�s� �f�r�o�m� �a� �n�u�m�b�e�r� �o�f� �a�n�a�e�r�o�b�i�c� 

�s�t�u�d�i�e�s�.� �T�h�e� �a�u�t�h�o�r�s� �r�e�p�o�r�t�e�d� �a�n� �a�v�e�r�a�g�e� �m�a�x�i�m�u�m� �y�i�e�l�d� �o�f� �0�.�1�8� �g� �V�S�S�/�g� �C�O�D� �u�t�i�l�i�z�e�d�.� �T�h�e� 

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

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

�T�O�X�I�C�I�T�Y� �I�N� �A�N�A�E�R�O�B�I�C� �T�R�E�A�T�M�E�N�T� �S�Y�S�T�E�M�S� 

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

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

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

�O�v�e�r�v�i�e�w� �o�f� �A�n�a�e�r�o�b�i�c� �T�o�x�i�c�i�t�y� 

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

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

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

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

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

�r�a�t�h�e�r� �t�h�a�n� �t�h�e� �a�n�i�o�n� �(�M�c�C�a�r�t�y�,� �1�9�6�4�c�)�.� �C�a�t�i�o�n� �t�o�x�i�c�i�t�y� �t�e�s�t�i�n�g� �i�s� �c�o�m�p�l�i�c�a�t�e�d� �b�y� �s�t�i�m�u�l�a�t�o�r�y�,� 

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

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

�m�e�t�a�l�s�,� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� �s�t�i�m�u�l�a�t�e� �m�e�t�h�a�n�o�g�e�n�s� �a�t� �v�e�r�y� �l�o�w� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �(�l�e�s�s� �t�h�a�n� �1� 

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

�a�t� �h�i�g�h�e�r� �l�e�v�e�l�s� �(�o�v�e�r� �1�0�0� �m�g�/�L�)� �(�M�c�C�a�r�t�y�,� �1�9�6�4�b�)�.� 

�K�u�g�e�l�m�a�n� �a�n�d� �M�c�C�a�r�t�y� �(�1�9�6�5�)� �s�t�u�d�i�e�d� �a�n�t�a�g�o�n�i�s�m� �a�n�d� �s�y�n�e�r�g�i�s�m� �i�n� �m�u�l�t�i�-�c�a�t�i�o�n� 

�s�y�s�t�e�m�s�.� �F�i�g�u�r�e� �6� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �a�n�t�a�g�o�n�i�s�m� �a�n�d� �s�y�n�e�r�g�i�s�m� �i�n� �a� �t�w�o� 

�c�o�m�p�o�u�n�d� �s�y�s�t�e�m� �(�K�u�g�e�l�m�a�n� �a�n�d� �M�c�C�a�r�t�y�,� �1�9�6�5�)�.� �A�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �6�,� �a� �c�o�m�p�o�u�n�d� �c�a�n�n�o�t� 

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

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

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

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

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

�T�o�x�i�c�i�t�y� �t�e�s�t�i�n�g� �i�s� �f�u�r�t�h�e�r� �c�o�m�p�l�i�c�a�t�e�d� �b�y� �m�i�c�r�o�b�i�a�l� �a�d�a�p�t�i�o�n�.� �P�a�r�k�i�n� �e�t� �a�/�.� �(�1�9�8�3�)� �s�t�u�d�i�e�d� 

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

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

�P�a�r�k�i�n� �a�n�d� �S�p�e�e�c�e� �(�1�9�8�3�)� �c�o�m�p�a�r�e�d� �a� �p�l�u�g�-�f�l�o�w� �a�t�t�a�c�h�e�d� �g�r�o�w�t�h� �a�n�a�e�r�o�b�i�c� �r�e�a�c�t�o�r� �t�o� �a� 

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

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

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

�2�5



� � 

�A�N�T�A�G�O�N�I�S�T�I�C� �E�F�F�E�C�T� � � � 

� � � �C�R�O�S�S� �O�V�E�R� 
�C�O�N�C�E�N�T�R�A�T�I�O�N� 

� � � � 

�R�E�A�C�T�I�O�N� �R�A�T�E� �W�I�T�H� �O�N�L�Y� 
�A� �P�R�E�S�E�N�T� � � � � � 

� � � 
� � � � �e�e� 

�S�Y�N�E�R�G�I�S�T�I�C� 
�E�F�F�E�C�T� 

�R
�E

�A
�C

�T
�I�

O
�N

� 
�R

�A
�T

�E
� �P

�E
�R

�C
�E

�N
�T

� 
�O

�F
� 

�C
�O

�N
�T

�R
�O

�L
� 

� � � � � � 

�C�O�N�C�E�N�T�R�A�T�I�O�N� �O�F� �B�  ��>� 

�F�i�g�u�r�e� �6�.� �A�n�t�a�g�o�n�i�s�m� �a�n�d� �S�y�n�e�r�g�i�s�m� �o�f� �T�o�x�i�c�i�t�y�.� �T�o�x�i�c� �C�o�m�p�o�u�n�d� �=� �A�;� �S�y�n�e�r�g�i�s�t�i�c� �o�r� 
�A�n�t�a�g�o�n�i�s�t�i�c� �C�o�m�p�o�u�n�d� �=� �B�.� �(�A�f�t�e�r� �K�u�g�e�l�m�a�n� �a�n�d� �M�c�C�a�r�t�y�,� �1�9�6�5�)� 
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�S�o�d�i�u�m� �I�n�h�i�b�i�t�i�o�n� 

�K�u�g�e�l�m�a�n� �a�n�d� �M�c�C�a�r�t�y� �(�1�9�6�5�)� �s�t�u�d�i�e�d� �s�o�d�i�u�m� �t�o�x�i�c�i�t�y� �w�i�t�h� �c�o�n�t�i�n�u�o�u�s�l�y� �f�e�d� �r�e�a�c�t�o�r�s� �a�t� 

�3�5�°�C�.� �A�n� �a�c�e�t�i�c� �a�c�i�d� �c�o�n�t�a�i�n�i�n�g� �s�o�l�u�t�i�o�n� �w�a�s� �u�s�e�d� �a�s� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d�.� �T�h�e� �r�e�p�o�r�t�e�d� �s�o�d�i�u�m� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �l�e�a�d�i�n�g� �t�o� �5�0� �p�e�r�c�e�n�t� �i�n�h�i�b�i�t�i�o�n� �w�a�s� �7�,�4�0�0� �m�g�/�L�.� �T�a�b�l�e� �4� �s�u�m�m�a�r�i�z�e�s� �t�h�e� 

�a�n�t�a�g�o�n�i�s�t�i�c� �e�f�f�e�c�t� �o�f� �p�o�t�a�s�s�i�u�m� �o�n� �s�o�d�i�u�m� �t�o�x�i�c�i�t�y�.� 

�T�a�b�l�e� �4�.� �A�n�t�a�g�o�n�i�s�t�i�c� �E�f�f�e�c�t� �o�f� �P�o�t�a�s�s�i�u�m� �o�n� �S�o�d�i�u�m� �T�o�x�i�c�i�t�y� �i�n� �C�o�n�t�i�n�u�o�u�s�l�y� �F�e�d� �D�i�g�e�s�t�e�r�s� 
�a�t� �p�H� �7�.�0� �a�n�d� �3�5�°� �C�.� �(�A�d�a�p�t�e�d� �f�r�o�m� �K�u�g�e�l�m�a�n� �a�n�d� �M�c�C�a�r�t�y�,� �1�9�6�5�)� 
� � 

� � 

�S�o�d�i�u�m� �A�n�t�a�g�o�n�i�s�t�i�c� �R�a�n�g�e� �o�f� �P�e�a�k� �A�n�t�a�g�o�n�i�s�m� 
�C�o�n�c�e�n�t�r�a�t�i�o�n� �(�m�g�/�L�)� �C�a�t�i�o�n� �(�m�g�/�L�)� 

�6�,�9�0�0� �P�o�t�a�s�s�i�u�m� �7�8� �-� �2�,�3�0�0� 

�9�,�2�0�0� �P�o�t�a�s�s�i�u�m� �2�0�0� �-� �1�,�2�0�0� 
� � 

�K�u�g�e�l�m�a�n� �a�n�d� �M�c�C�a�r�t�y� �(�1�9�6�5�)� �f�o�u�n�d� �c�a�l�c�i�u�m�,� �m�a�g�n�e�s�i�u�m�,� �a�n�d� �a�m�m�o�n�i�a� �t�o� �b�e� 

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

�T�a�b�i�e� �5�.� �S�y�n�e�r�g�i�s�t�i�c� �E�f�f�e�c�t�s� �o�f� �V�a�r�i�o�u�s� �C�a�t�i�o�n�s� �o�n� �S�o�d�i�u�m� �T�o�x�i�c�i�t�y� �i�n� �C�o�n�t�i�n�u�o�u�s�l�y� �F�e�d� �D�i�g�e�s�t�e�r�s� 
�a�t� �p�H� �7�.�0� �a�n�d� �3�5�°� �C�.� �(�A�d�a�p�t�e�d� �f�r�o�m� �K�u�g�e�l�m�a�n� �a�n�d� �M�c�C�a�r�t�y�,� �1�9�6�5�)� 
� � 

� � 

�S�o�d�i�u�m� �C�o�n�c�e�n�t�r�a�t�i�o�n� �S�y�n�e�r�g�i�s�t�i�c� �C�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �S�y�n�e�r�g�i�s�t� �W�h�e�r�e� 
�(�m�g�/�L�)� �C�a�t�i�o�n� �S�y�n�e�r�g�i�s�m� �B�e�g�i�n�s� �(�m�g�/�L�)� 

�6�,�9�0�0� �A�m�m�o�n�i�u�m� �3�5�0�°� 
�9�,�2�0�0� �A�m�m�o�n�i�u�m� �1�4�0�°� 
�6�,�9�0�0� �C�a�l�c�i�u�m� �4�0�0� 

�9�,�2�0�0� �C�a�l�c�i�u�m� �2�0�0� 

�6�,�9�0�0� �M�a�g�n�e�s�i�u�m� �2�4�0� 

�9�,�2�0�0� �M�a�g�n�e�s�i�u�m� �1�,�2�0�0� 
� � 

�(�*�)� �m�g�/�L� �a�s� �n�i�t�r�o�g�e�n� 

�R�i�n�z�e�m�a� �e�t� �a�/�.� �(�1�9�8�7�)� �r�e�v�i�e�w�e�d� �b�a�t�c�h� �a�n�d� �c�o�n�t�i�n�u�o�u�s� �f�l�o�w� �s�t�u�d�i�e�s� �o�f� �s�o�d�i�u�m� �t�o�x�i�c�i�t�y�.� 

�T�h�e� �s�o�d�i�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n� �l�e�a�d�i�n�g� �t�o� �1�0� �p�e�r�c�e�n�t� �i�n�h�i�b�i�t�i�o�n� �g�e�n�e�r�a�l�l�y� �v�a�r�i�e�d� �b�e�t�w�e�e�n� �3�,�0�0�0� �a�n�d� 

�7�,�0�0�0� �m�g�/�L�;� �h�o�w�e�v�e�r�,� �s�e�v�e�r�a�l� �v�e�r�y� �h�i�g�h� �t�o�l�e�r�a�n�c�e�s� �w�e�r�e� �n�o�t�e�d� �(�u�p� �t�o� �2�6�,�0�0�0� �m�g�/�L�)� �i�n� 

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

�2�7



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

�q�u�i�t�e� �i�m�p�o�r�t�a�n�t� �-� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �t�e�s�t� �m�e�t�h�o�d�.�"� 

�R�i�n�z�e�m�a� �e�t� �a�/�.� �(�1�9�8�7�)� �a�l�s�o� �c�o�n�d�u�c�t�e�d� �s�h�o�r�t� �t�e�r�m� �b�a�t�c�h� �a�c�t�i�v�i�t�y� �t�e�s�t�s� �(�a�c�e�t�a�t�e� �f�e�e�d�,� �3�0�°� 

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

�r�e�p�o�r�t�e�d� �m�o�r�e� �i�n�h�i�b�i�t�o�r�y� �a�t� �p�H� �8� �t�h�a�n� �a�t� �l�o�w�e�r� �p�H� �l�e�v�e�l�s� �(�6�.�5� �t�o� �7�.�2�)�.� �S�o�d�i�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� 

�5�,� �1�0�,� �a�n�d� �1�4� �g�/�L� �c�a�u�s�e�d� �1�0�,� �5�0�,� �a�n�d� �1�0�0�%� �i�n�h�i�b�i�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �a�t� �n�e�a�r� �n�e�u�t�r�a�l� �p�H�.� �N�o� 

�a�d�a�p�t�a�t�i�o�n� �o�f� �b�a�c�t�e�r�i�a� �t�o� �s�o�d�i�u�m� �c�o�u�l�d� �b�e� �o�b�s�e�r�v�e�d� �a�f�t�e�r� �1�2� �w�e�e�k�s�.� �M�e�t�h�a�n�o�t�h�r�i�x� �w�a�s� �a�s�s�u�m�e�d� 

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

�B�o�a�r�d�m�a�n� �e�t� �a�/�.� �(�1�9�9�5�)� �i�n�v�e�s�t�i�g�a�t�e�d� �s�o�d�i�u�m� �t�o�x�i�c�i�t�y� �u�s�i�n�g� �a� �c�l�a�m� �p�r�o�c�e�s�s�i�n�g� �w�a�s�t�e�w�a�t�e�r� 

�a�s� �t�h�e� �a�s�s�a�y� �m�e�d�i�u�m�.� �S�o�d�i�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �5�.�3�,� �6�.�3�,� �8�.�4�,� �a�n�d� �1�2�.�6� �g�/�L� �r�e�d�u�c�e�d� �t�h�e� �s�p�e�c�i�f�i�c� 

�m�e�t�h�a�n�o�g�e�n�i�c� �a�c�t�i�v�i�t�y� �o�f� �g�r�a�n�u�l�a�r� �s�l�u�d�g�e� �4�0�,� �5�5�,� �8�5�,� �a�n�d� �9�0� �p�e�r�c�e�n�t�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �s�o�d�i�u�m� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �c�o�n�t�r�o�l� �w�a�s� �4�,�2�0�0� �m�g�/�L�.� 

�S�o�t�o� �e�t� �a�/�.� �(�1�9�9�3�)� �t�r�e�a�t�e�d� �m�u�s�s�e�l� �p�r�o�c�e�s�s�i�n�g� �w�a�s�t�e�w�a�t�e�r� �w�i�t�h� �a�n� �a�n�a�e�r�o�b�i�c� �f�i�l�t�e�r� �a�t� �a� �p�H� 

�o�f� �6�.�9� �a�n�d� �a� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �3�7�°� �C�.� �T�h�e� �a�n�a�e�r�o�b�i�c� �f�i�l�t�e�r�s� �w�e�r�e� �o�p�e�r�a�t�e�d� �a�t� �h�i�g�h� �e�f�f�l�u�e�n�t� �v�o�l�a�t�i�l�e� 

�f�a�t�t�y� �a�c�i�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �t�o� �a�v�o�i�d� �s�u�b�s�t�r�a�t�e� �d�i�f�f�u�s�i�o�n� �l�i�m�i�t�a�t�i�o�n�s�.� �S�o�d�i�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �5� �t�o� 

�1�2� �g�/�L� �d�i�d� �n�o�t� �a�f�f�e�c�t� �m�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n� �s�i�g�n�i�f�i�c�a�n�t�l�y�.� �B�a�t�c�h� �a�c�t�i�v�i�t�y� �t�e�s�t�s� �c�o�n�f�i�r�m�e�d� �t�h�e� �h�i�g�h� 

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

�A�m�m�o�n�i�a�/�A�m�m�o�n�i�u�m� 

�K�u�g�e�l�m�a�n� �a�n�d� �M�c�C�a�r�t�y� �(�1�9�6�5�)� �i�n�v�e�s�t�i�g�a�t�e�d� �a�m�m�o�n�i�u�m� �t�o�x�i�c�i�t�y� �a�t� �p�H� �7�.�0� �w�i�t�h� �a�c�e�t�a�t�e� 

�f�e�d� �r�e�a�c�t�o�r�s� �m�a�i�n�t�a�i�n�e�d� �a�t� �3�5�°� �C�.� �A�n� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �3�,�5�0�0� �m�g�/�L� �(�a�s� �N�)� �c�a�u�s�e�d� �5�0� 

�p�e�r�c�e�n�t� �i�n�h�i�b�i�t�i�o�n�.� �T�a�b�l�e� �6� �s�u�m�m�a�r�i�z�e�s� �t�h�e� �a�n�t�a�g�o�n�i�s�t�i�c� �e�f�f�e�c�t� �o�f� �s�o�d�i�u�m� �o�n� �a�m�m�o�n�i�a� �t�o�x�i�c�i�t�y�.� 

�T�a�b�l�e� �7� �s�h�o�w�s� �t�h�e� �s�y�n�e�r�g�i�s�t�i�c� �e�f�f�e�c�t�s� �o�f� �v�a�r�i�o�u�s� �c�a�t�i�o�n�s� �o�n� �a�m�m�o�n�i�a� �t�o�x�i�c�i�t�y�.� 
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�T�a�b�l�e� �6�.� �A�n�t�a�g�o�n�i�s�t�i�c� �E�f�f�e�c�t� �o�f� �S�o�d�i�u�m� �o�n� �A�m�m�o�n�i�a� �T�o�x�i�c�i�t�y� �i�n� �C�o�n�t�i�n�u�o�u�s�l�y� �F�e�d� �D�i�g�e�s�t�e�r�s� 
�a�t� �p�H� �7�.�0� �a�n�d� �3�5�°� �C�.� �(�A�d�a�p�t�e�d� �f�r�o�m� �K�u�g�e�l�m�a�n� �a�n�d� �M�c�C�a�r�t�y�,� �1�9�6�5�)� 
� � 

� � 

�A�m�m�o�n�i�a� �.� �A�n�t�a�g�o�n�i�s�t�i�c� �R�a�n�g�e� �o�f� �P�e�a�k� �A�n�t�a�g�o�n�i�s�m� 
�C�o�n�c�e�n�t�r�a�t�i�o�n� �(�m�g�/�L�)� �C�a�t�i�o�n� �(�m�g�/�L�)� 

�2�,�1�0�0�*� �S�o�d�i�u�m� �6�0� �-� �1�,�1�0�0� 
�3�,�5�0�0�*� �S�o�d�i�u�m� �1�1�0� �-� �5�7�0� 
� � 

�(�*�)� �m�g�/�L� �a�s� �n�i�t�r�o�g�e�n� 
�(�t�)� �5�.�2� �m�g�/�L� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �a�s� �n�i�t�r�o�g�e�n� 
�(�t�)� �8�.�7� �m�g�/�L� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �a�s� �n�i�t�r�o�g�e�n� 

�T�a�b�l�e� �7�.� �S�y�n�e�r�g�i�s�t�i�c� �E�f�f�e�c�t�s� �o�f� �V�a�r�i�o�u�s� �C�a�t�i�o�n�s� �o�n� �A�m�m�o�n�i�a� �T�o�x�i�c�i�t�y� �i�n� �C�o�n�t�i�n�u�o�u�s�l�y� �F�e�d� �D�i�g�e�s�t�e�r�s� 
�a�t� �p�H� �7�.�0� �a�n�d� �3�5�°� �C�.� �(�A�d�a�p�t�e�d� �f�r�o�m� �K�u�g�e�l�m�a�n� �a�n�d� �M�c�C�a�r�t�y�,� �1�9�6�5�)� 
� � 

� � 

�A�m�m�o�n�i�a� �C�o�n�c�e�n�t�r�a�t�i�o�n� �S�y�n�e�r�g�i�s�t�i�c� �C�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �S�y�n�e�r�g�i�s�t� �W�h�e�r�e� 
�(�m�g�/�L�)� �C�a�t�i�o�n� �S�y�n�e�r�g�i�s�m� �B�e�g�i�n�s� �(�m�g�/�L�)� 

�2�,�1�0�0�*� �P�o�t�a�s�s�i�u�m� �9�8�0� 
�3�,�5�0�0�*� �P�o�t�a�s�s�i�u�m� �9�8�0� 
�2�,�1�0�0� �C�a�l�c�i�u�m� �8�0�0� 

�3�,�5�0�0�*� �C�a�l�c�i�u�m� �4�0�0� 
�2�,�1�0�0�°� �M�a�g�n�e�s�i�u�m� �2�4�0� 

�3�,�5�0�0�*� �M�a�g�n�e�s�i�u�m� �1�2�0� 
� � 

�(�*�)� �m�g�/�L� �a�s� �n�i�t�r�o�g�e�n� 
�(�t�)� �5�.�2� �m�g�/�L� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �a�s� �n�i�t�r�o�g�e�n� 
�(�B�)� �8�.�7� �m�g�/�L� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �a�s� �n�i�t�r�o�g�e�n� 

�K�o�s�t�e�r� �a�n�d� �L�e�t�t�i�n�g�a� �(�1�9�8�4�)� �s�t�u�d�i�e�d� �a�m�m�o�n�i�a� �t�o�x�i�c�i�t�y� �w�i�t�h� �g�r�a�n�u�l�a�r� �s�l�u�d�g�e� �i�n� �b�a�t�c�h� 

�a�s�s�a�y�s� �a�n�d� �c�o�n�t�i�n�u�o�u�s� �f�l�o�w� �e�x�p�e�r�i�m�e�n�t�s� �a�t� �3�0�°� �C�.� �A� �m�i�x�e�d� �v�o�l�a�t�i�l�e� �f�a�t�t�y� �a�c�i�d� �(�a�c�e�t�i�c�,� �p�r�o�p�i�o�n�i�c�,� 

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

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

�r�a�t�e� �d�e�c�r�e�a�s�e�d� �f�r�o�m� �7�5� �t�o� �7�.�7� �p�e�r�c�e�n�t� �o�f� �t�h�e� �c�o�n�t�r�o�l� �(�6�8�0� �m�g�/�L� �a�s� �N�)� �a�s� �t�h�e� �a�m�m�o�n�i�a� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �7�5�9� �t�o� �2�,�6�0�0� �m�g�/�L� �(�a�s� �N�)�.� �T�h�e� �p�H� �d�u�r�i�n�g� �t�h�e� �b�a�t�c�h� �s�t�u�d�i�e�s� 

�w�a�s� �r�e�p�o�r�t�e�d� �a�s� �7�.�6� �t�o� �8�.�0�.� �I�n� �t�h�e� �c�o�n�t�i�n�u�o�u�s� �f�l�o�w� �e�x�p�e�r�i�m�e�n�t�s�,� �t�h�e� �a�u�t�h�o�r�s� �u�s�e�d� �d�i�f�f�e�r�e�n�t� 

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

�a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �p�r�o�p�i�o�n�i�c� �a�c�i�d� �i�n� �t�h�e� �r�e�a�c�t�o�r� �w�h�e�n� �t�h�e� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �a�b�o�u�t� �1�,�5�0�0� 

�m�g�/�L� �(�a�s� �N�)� �a�t� �p�H� �7�.�5�.� �T�h�e� �a�u�t�h�o�r�s� �s�p�e�c�u�l�a�t�e�d� �t�h�a�t� �a�m�m�o�n�i�a� �i�n�h�i�b�i�t�e�d� �t�h�e� �h�y�d�r�o�g�e�n� �u�t�i�l�i�z�i�n�g� 

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

�b�r�e�a�k�d�o�w�n�.� 
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�W�i�e�g�a�n�t� �a�n�d� �Z�e�e�m�a�n� �(�1�9�8�6�)� �s�t�u�d�i�e�d� �a�m�m�o�n�i�a� �i�n�h�i�b�i�t�i�o�n� �o�f� �t�h�e� �t�h�e�r�m�o�p�h�i�l�i�c� �d�i�g�e�s�t�i�o�n� �o�f� 

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

�a�n�d� �K�o�s�t�e�r� �(�1�9�8�4�)�.� 

�S�o�t�o� �e�t� �a�l�.� �(�1�9�9�1�)� �s�t�u�d�i�e�d� �a�m�m�o�n�i�a� �t�o�x�i�c�i�t�y� �w�i�t�h� �a�c�e�t�a�t�e� �f�e�d� �b�a�t�c�h� �r�e�a�c�t�o�r�s� �a�t� �3�7�°�C�.� 

�G�r�a�n�u�l�a�r� �s�l�u�d�g�e� �t�h�a�t� �h�a�d� �b�e�e�n� �a�c�c�l�i�m�a�t�e�d� �t�o� �a�b�o�u�t� �1�.�1� �g�/�L� �(�a�s� �N�)� �o�f� �a�m�m�o�n�i�a� �w�a�s� �u�s�e�d� �i�n� �t�h�e� 

�s�t�u�d�i�e�s�.� �A�n� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �2�.�8� �g�/�L� �(�a�s� �N�)� �i�n�h�i�b�i�t�e�d� �m�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n� �b�y� �5�0� 

�p�e�r�c�e�n�t� �a�t� �p�H� �7�.�4�.� �A�n� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �4�.�4� �g�/�L� �(�a�s� �N�)� �i�n�h�i�b�i�t�e�d� �m�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n� 

�8�0� �p�e�r�c�e�n�t� �a�t� �p�H� �7�.�4�.� 

�P�o�t�a�s�s�i�u�m�,� �C�a�l�c�i�u�m�,� �a�n�d� �M�a�g�n�e�s�i�u�m� 

�K�u�g�e�l�m�a�n� �a�n�d� �M�c�C�a�r�t�y� �(�1�9�6�5�)� �s�t�u�d�i�e�d� �p�o�t�a�s�s�i�u�m�,� �c�a�l�c�i�u�m�,� �a�n�d� �m�a�g�n�e�s�i�u�m� �t�o�x�i�c�i�t�y� 

�u�n�d�e�r� �c�o�n�d�i�t�i�o�n�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �s�o�d�i�u�m� �a�n�d� �a�m�m�o�n�i�a� �s�t�u�d�i�e�s�.� �T�a�b�l�e� �8� �s�u�m�m�a�r�i�z�e�s� �t�h�e� �c�a�t�i�o�n� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �c�a�u�s�i�n�g� �5�0� �p�e�r�c�e�n�t� �i�n�h�i�b�i�t�i�o�n� �o�f� �m�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n�.� 

�T�a�b�l�e� �8�.� �C�a�t�i�o�n� �C�o�n�c�e�n�t�r�a�t�i�o�n�s� �C�a�u�s�i�n�g� �5�0� �P�e�r�c�e�n�t� �I�n�h�i�b�i�t�i�o�n� �o�f� �A�c�e�t�a�t�e� �U�t�i�l�i�z�i�n�g� �M�e�t�h�a�n�o�g�e�n�s� �i�n� 
�C�o�n�t�i�n�u�o�u�s�l�y� �F�e�d� �D�i�g�e�s�t�e�r�s� �a�t� �p�H� �7�.�0� �a�n�d� �3�5�°� �C�.� �(�A�d�a�p�t�e�d� �f�r�o�m� �K�u�g�e�l�m�a�n� �a�n�d� �M�c�C�a�r�t�y�,� �1�9�6�5�)� 
� � 

� � 

�C�a�t�i�o�n� �C�o�n�c�e�n�t�r�a�t�i�o�n� �C�a�u�s�i�n�g� �5�0� �P�e�r�c�e�n�t� �I�n�h�i�b�i�t�i�o�n� 
�(�m�g�/�L�)� 

�P�o�t�a�s�s�i�u�m� �5�,�9�0�0� 

�C�a�l�c�i�u�m� �4�,�4�0�0� 

�M�a�g�n�e�s�i�u�m� �1�,�9�0�0� 
� � 

�S�u�l�f�i�d�e� �I�n�h�i�b�i�t�i�o�n� 

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

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

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

�3�0



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

�h�y�d�r�o�g�e�n� �s�u�l�f�i�d�e� �(�H�,�S�)� �o�r� �b�i�s�u�l�f�i�d�e� �(�H�S�)�.� �T�h�e� �p�K�,� �f�o�r� �t�h�e� �d�i�s�s�o�c�i�a�t�i�o�n� �o�f� �H�,�S� �t�o� �H�S� �i�s� �7�.�1� �a�t� 

�2�5�°� �C� �(�S�n�o�e�y�i�n�k� �a�n�d� �J�e�n�k�i�n�s�,� �1�9�8�0�)�.� 

�A�n�d�e�r�s�o�n� �e�t� �a�/�.� �(�1�9�8�2�)� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �s�u�l�f�i�d�e� �i�s� �t�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �t�o�x�i�c�a�n�t� �t�o� �a�n�a�e�r�o�b�i�c� 

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

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

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

�c�o�n�c�e�n�t�r�a�t�i�o�n�.� 

�K�o�s�t�e�r� �e�t� �a�/�.� �(�1�9�8�6�)� �i�n�v�e�s�t�i�g�a�t�e�d� �s�u�l�f�i�d�e� �t�o�x�i�c�i�t�y� �a�t� �d�i�f�f�e�r�e�n�t� �p�H� �l�e�v�e�l�s� �u�s�i�n�g� �s�h�o�r�t� �t�e�r�m� 

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

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

�c�o�n�c�e�n�t�r�a�t�i�o�n� �b�e�t�w�e�e�n� �p�H� �6�.�4� �a�n�d� �7�.�2�.� �T�h�e� �H�S� �c�o�n�c�e�n�t�r�a�t�i�o�n� �c�a�u�s�i�n�g� �5�0� �p�e�r�c�e�n�t� �i�n�h�i�b�i�t�i�o�n� �o�f� 

�m�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n� �w�a�s� �2�5�0� �m�g�/�L� �(�a�s� �s�u�l�f�i�d�e�)�.� �I�n� �t�h�e� �p�H� �r�a�n�g�e� �o�f� �7�.�8� �t�o� �8�.�0�,� �t�h�e� �H�,�S� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �c�a�u�s�i�n�g� �5�0� �p�e�r�c�e�n�t� �i�n�h�i�b�i�t�i�o�n� �w�a�s� �9�0� �m�g�/�L� �(�a�s� �s�u�l�f�i�d�e�)�.� 

�C�h�o�i� �a�n�d� �R�i�m� �(�1�9�9�1�)� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �c�o�m�p�e�t�i�t�i�o�n� �b�e�t�w�e�e�n� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�n�d� �m�e�t�h�a�n�e� 

�p�r�o�d�u�c�e�r�s� �w�i�t�h� �a�c�e�t�a�t�e� �f�e�d� �l�a�b�-�s�c�a�l�e� �a�n�a�e�r�o�b�i�c� �c�o�n�t�a�c�t� �u�n�i�t�s� �m�a�i�n�t�a�i�n�e�d� �a�t� �3�5�°� �C� �a�n�d� �p�H� �7�.�0�.� 

�T�h�e� �u�n�i�t�s� �w�e�r�e� �s�e�e�d�e�d� �w�i�t�h� �p�o�l�l�u�t�e�d� �m�a�r�i�n�e� �s�e�d�i�m�e�n�t�.� �A�s� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �C�O�D�/�S�O�,� �r�a�t�i�o� 

�w�a�s� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �2�.�7� �t�o� �1�5�,� �r�e�l�a�t�i�v�e� �m�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n� �(�L� �C�H�,�/�g� �C�O�D�)� �i�n�c�r�e�a�s�e�d� �a�n�d� �s�u�l�f�a�t�e� 

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

�s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�t� �C�O�D�/�S�O�,� �r�a�t�i�o�s� �g�r�e�a�t�e�r� �t�h�a�n� �2�.�7�.� �A�s� �t�h�e� �C�O�D�/�S�O�,� �r�a�t�i�o� �w�a�s� �i�n�c�r�e�a�s�e�d� �f�r�o�m� 

�0�.�4� �t�o� �1�.�7�,� �C�O�D� �r�e�m�o�v�a�l� �e�f�f�i�c�i�e�n�c�y� �w�a�s� �f�a�i�r�l�y� �c�o�n�s�t�a�n�t� �w�h�i�l�e� �s�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� 

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

�t�h�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �C�O�D�/�S�O�,� �r�a�t�i�o� �w�a�s� �l�e�s�s� �t�h�a�n� �1�.�7�.� �T�h�e� �a�c�t�u�a�l� �C�O�D� �a�n�d� �S�O�,� �r�e�d�u�c�t�i�o�n� 

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

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

�M�c�C�a�r�t�y� �(�1�9�6�5�)� �s�t�u�d�i�e�d� �t�o�x�i�c�i�t�y� �d�u�e� �t�o� �z�i�n�c�,� �c�o�p�p�e�r�,� �a�n�d� �n�i�c�k�e�l�.� �T�h�e� �a�u�t�h�o�r�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� 

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

�p�r�e�c�i�p�i�t�a�t�i�o�n�.� �T�h�e� �a�u�t�h�o�r�s� �a�l�s�o� �s�t�u�d�i�e�d� �t�o�x�i�c�i�t�y� �f�r�o�m� �i�r�o�n�.� �A�n� �i�r�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �7�0�0� �m�g�/�L� 

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

�K�u�g�e�l�m�a�n� �a�n�d� �C�h�i�n� �(�1�9�7�1�)� �r�e�v�i�e�w�e�d� �t�o�x�i�c�i�t�y� �d�u�e� �t�o� �c�o�p�p�e�r�,� �n�i�c�k�e�l�,� �z�i�n�c�,� �a�n�d� �c�h�r�o�m�i�u�m�.� 

�T�a�b�l�e� �9� �s�h�o�w�s� �t�h�e� �r�a�n�g�e� �o�f� �t�o�x�i�c� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �r�e�p�o�r�t�e�d� �b�y� �t�h�e� �a�u�t�h�o�r�s�.� �T�h�e� �h�i�g�h� �v�a�l�u�e�s� �a�n�d� 

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

�T�a�b�l�e� �9�.� �H�e�a�v�y� �M�e�t�a�l� �C�o�n�c�e�n�t�r�a�t�i�o�n�s� �R�e�p�o�r�t�e�d� �T�o�x�i�c� �i�n� �A�n�a�e�r�o�b�i�c� �W�a�s�t�e�w�a�t�e�r� �T�r�e�a�t�m�e�n�t� 
�(�C�o�m�p�i�l�e�d� �f�r�o�m� �s�e�v�e�r�a�l� �s�o�u�r�c�e�s� �b�y� �K�u�g�e�l�m�a�n� �a�n�d� �C�h�i�n�,� �1�9�7�1�)� 
� � 

� � 

�M�e�t�a�l� �R�e�p�o�r�t�e�d� �T�o�x�i�c� �C�o�n�c�e�n�t�r�a�t�i�o�n�s� �(�m�g�/�L�)� 

�C�o�p�p�e�r� �1�5�0� �-� �2�5�0�,� �5�0�0�,� �1�0�0�0� 

�N�i�c�k�e�l� �2�0�0�,� �1�0�0�0� 

�Z�i�n�e� �1�0�0�0�,� �3�5�0� 

�C�h�r�o�m�i�u�m� �2�0�0�0�,� �2�0�0� 
� � 

�V�o�l�a�t�i�l�e� �F�a�t�t�y� �A�c�i�d�s� 

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

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

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

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

�v�o�l�a�t�i�l�e� �f�a�t�t�y� �a�c�i�d�s� �i�s� �a� �m�o�r�e� �a�c�c�e�p�t�e�d� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� �t�h�e�s�e� �o�b�s�e�r�v�a�t�i�o�n�s� �(�A�n�d�e�r�s�o�n� �e�t� �a�l�/�.�,� �1�9�8�2�;� 

�K�u�g�e�l�m�a�n� �a�n�d� �C�h�i�n�,� �1�9�7�1�)�.� �T�h�e� �a�d�d�i�t�i�o�n� �o�f� �s�a�l�t�s� �i�s� �n�e�c�e�s�s�a�r�y� �b�e�c�a�u�s�e� �t�h�e� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� 

�v�o�l�a�t�i�l�e� �f�a�t�t�y� �a�c�i�d�s� �d�e�c�r�e�a�s�e�s� �t�h�e� �r�e�a�c�t�o�r� �p�H�.� 
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�A�c�c�o�r�d�i�n�g� �t�o� �M�c�C�a�r�t�y� �a�n�d� �M�c�K�i�n�n�e�y� �(�1�9�6�1�)�,� �v�o�l�a�t�i�l�e� �a�c�i�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �1�0�,�0�0�0� �m�g�/�L� 

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

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

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

�O�x�y�g�e�n� 

�K�a�t�o� �e�t� �a�/�.� �(�1�9�9�3�)� �s�t�u�d�i�e�d� �t�h�e� �t�o�l�e�r�a�n�c�e� �o�f� �f�i�v�e� �d�i�f�f�e�r�e�n�t� �g�r�a�n�u�l�a�r� �s�l�u�d�g�e�s� �t�o� �o�x�y�g�e�n� �i�n� 

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

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

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

�5�0� �p�e�r�c�e�n�t� �i�n�h�i�b�i�t�i�o�n� �r�a�n�g�e�d� �f�r�o�m� �7� �t�o� �4�1� �p�e�r�c�e�n�t�.� �T�h�e� �a�u�t�h�o�r�s� �a�t�t�r�i�b�u�t�e�d� �t�h�e� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� 

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

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

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

�g�r�a�n�u�l�e�s�.� 

�A�I�R� �S�T�R�I�P�P�I�N�G� �T�H�E�O�R�Y� �A�N�D� �D�E�S�I�G�N� �C�O�N�S�I�D�E�R�A�T�I�O�N�S� 

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

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

�s�t�r�i�p�p�i�n�g� �d�e�s�i�g�n� �e�q�u�a�t�i�o�n�s�,� �a�n�d� �o�t�h�e�r� �d�e�s�i�g�n� �c�o�n�s�i�d�e�r�a�t�i�o�n�s�.� 
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�A�i�r� �S�t�r�i�p�p�i�n�g� �T�o�w�e�r� �C�o�n�f�i�g�u�r�a�t�i�o�n�s� 

�A�i�r� �s�t�r�i�p�p�i�n�g� �t�o�w�e�r�s� �c�a�n� �b�e� �c�o�n�s�i�d�e�r�e�d� �o�f� �t�w�o� �t�y�p�e�s�:� �c�o�u�n�t�e�r�c�u�r�r�e�n�t� �a�n�d� �c�r�o�s�s�c�u�r�r�e�n�t�.� 

�B�o�t�h� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �r�e�l�y� �o�n� �p�a�c�k�i�n�g� �t�o� �p�r�o�v�i�d�e� �s�u�r�f�a�c�e� �a�r�e�a� �f�o�r� �a�i�r�-�l�i�q�u�i�d� �c�o�n�t�a�c�t�.� �L�i�q�u�i�d� �f�l�o�w�s� 

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

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

�M�a�s�s�-�T�r�a�n�s�f�e�r� �T�h�e�o�r�y� 

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

�l�i�q�u�i�d� �p�h�a�s�e�s� �i�s� �g�o�v�e�r�n�e�d� �b�y� �H�e�n�r�y ��s� �L�a�w� �a�s� �s�h�o�w�n� �i�n� �e�q�u�a�t�i�o�n� �7�.� �T�h�e� �H�e�n�r�y ��s� �c�o�n�s�t�a�n�t� 

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

�s�p�e�c�i�f�i�c�.� �E�q�u�a�t�i�o�n� �8� �e�x�p�r�e�s�s�e�s� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�y� �o�f� �t�h�e� �H�e�n�r�y ��s� �L�a�w� �c�o�n�s�t�a�n�t� 

�(�S�e�l�l�e�c�k� �e�t� �a�/�.�,� �1�9�8�8�)�.� 

�y�=�m�-�:�c� �(�7�)� 

�m� �«� �(�1�/�T�)�1�0� �8� �(�8�)� 

�w�h�e�r�e�:� 

�y� �=� �m�o�l�a�r� �g�a�s� �p�h�a�s�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�m� �=� �d�i�m�e�n�s�i�o�n�l�e�s�s� �H�e�n�r�y ��s� �c�o�n�s�t�a�n�t� 

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

�J� �=� �t�e�m�p�e�r�a�t�u�r�e� �c�o�r�r�e�c�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �(�°�K�)� 

�T� �=� �l�i�q�u�i�d� �t�e�m�p�e�r�a�t�u�r�e� �(�°�K�)� 

�T�a�b�l�e� �1�0� �c�o�n�t�a�i�n�s� �H�e�n�r�y ��s� �c�o�n�s�t�a�n�t� �v�a�l�u�e�s� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�i�e�s� �f�o�r� �s�e�v�e�r�a�l� 

�c�o�m�p�o�u�n�d�s� �o�f� �e�n�v�i�r�o�n�m�e�n�t�a�l� �i�n�t�e�r�e�s�t� �(�S�e�l�l�e�c�k� �e�t� �a�/�.�,� �1�9�8�8�)�.� 
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�T�a�b�l�e� �1�0�.� �D�i�m�e�n�s�i�o�n�l�e�s�s� �H�e�n�r�y�'�s� �C�o�n�s�t�a�n�t�s� �a�n�d� �T�e�m�p�e�r�a�t�u�r�e� �D�e�p�e�n�d�e�n�c�i�e�s� �f�o�r� �S�e�v�e�r�a�l� �C�o�m�p�o�u�n�d�s�.� 
�(�A�d�a�p�t�e�d� �F�r�o�m� �S�e�l�l�e�c�k� �e�t� �a�/�.�,� �1�9�8�8�)� 
� � 

� � 

�C�o�m�p�o�u�n�d� �H�e�n�r�y�'�s� �C�o�n�s�t�a�n�t�,� �m�*� �T�e�m�p�.� �C�o�r�r�e�c�t�i�o�n� �C�o�e�f�f�i�c�i�e�n�t�,� �J�?� �(�°�K�)� 

�1�,�1�,�1�-�T�r�i�c�h�l�o�r�o�e�t�h�a�n�e� �0�.�5�7� �1�,�7�7�0� 

�T�r�i�c�h�l�o�r�o�e�t�h�y�l�e�n�e� �0�.�3�2� �1�,�9�6�0� 

�C�h�l�o�r�o�f�o�r�m� �0�.�1�2� �1�,�9�3�0� 

�B�r�o�m�o�f�o�r�m� �0�.�0�1�7� �2�,�1�7�0� 

�A�m�m�o�n�i�a� �0�.�0�0�0�5�5� �1�,�8�9�0� 
� � 

�(�*�)� �D�i�m�e�n�s�i�o�n�l�e�s�s� 
�(�4�)�m� �«�(�1�/�T�)�1�0�%�,� �T� �=� �T�e�m�p�e�r�a�t�u�r�e�,� �°�K� 

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

�e�q�u�i�l�i�b�r�i�u�m� �a�c�c�o�r�d�i�n�g� �t�o� �H�e�n�r�y ��s� �c�o�n�s�t�a�n�t�.� �T�h�e� �r�a�t�e� �o�f� �m�a�s�s�-�t�r�a�n�s�f�e�r� �(�o�r� �f�l�u�x�)� �o�f� �a� �c�o�m�p�o�u�n�d� 

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

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

�9� �(�T�r�e�y�b�a�l�,� �1�9�8�0�)�.� 

�J� �=� �K�,�-�a�(�c �� �-�c�)� �(�9�)� 

�w�h�e�r�e�:� 

�J� �=� �r�a�t�e� �o�f� �m�a�s�s�-�t�r�a�n�s�f�e�r� �(�m�o�l�e�/�L�/�m�i�n�)� 

�K�,� �=� �o�v�e�r�a�l�l� �m�a�s�s�-�t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �(�m�/�m�i�n ��'�)� 

�a� �=� �s�p�e�c�i�f�i�c� �i�n�t�e�r�f�a�c�i�a�l� �a�r�e�a� �(�m�?�/�m�°�)� 

�c� �=� �c�o�m�p�o�u�n�d� �e�q�u�i�l�i�b�r�i�u�m� �l�i�q�u�i�d� �p�h�a�s�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �g�i�v�e�n� �b�y� �H�e�n�r�y ��s� �c�o�n�s�t�a�n�t� �(�m�o�l�e�/�L�)� 

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

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

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

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

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

�1�0� �s�h�o�w�s� �t�h�e� �o�v�e�r�a�l�l� �m�a�s�s�-�t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �f�o�r� �t�h�e� �t�r�a�n�s�f�e�r� �o�f� �a� �c�o�m�p�o�u�n�d� �f�r�o�m� �t�h�e� �l�i�q�u�i�d� �t�o� 

�t�h�e� �a�i�r� �(�T�r�e�y�b�a�l�,� �1�9�8�0�)�.� 
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 �1� 
�_� �=� �_� �+� �_� �(�1�0�)� 

�K�y� �k�L� �k�g�m� 

�w�h�e�r�e�:� 

�k�e� �=� �l�o�c�a�l� �l�i�q�u�i�d� �p�h�a�s�e� �m�a�s�s�-�t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �(�m� �/�m�i�n�"�'�)� 

�k�e� �=� �l�o�c�a�l� �g�a�s� �p�h�a�s�e� �m�a�s�s�-�t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t�s� �(�m�/�m�i�n�"�'�)� 

�E�q�u�a�t�i�o�n� �1�0� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �H�e�n�r�y ��s� �c�o�n�s�t�a�n�t� �d�e�t�e�r�m�i�n�e�s� �w�h�e�t�h�e�r� �g�a�s� �o�r� �l�i�q�u�i�d� �p�h�a�s�e� 

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

�r�e�s�i�s�t�a�n�c�e�,� �e�x�p�r�e�s�s�e�d� �i�n� �e�q�u�a�t�i�o�n� �1�0� �a�s� �1�/�(�k�,�-�m�)�,� �w�i�l�l� �b�e� �r�e�l�a�t�i�v�e�l�y� �s�m�a�l�l� �a�n�d� �l�i�q�u�i�d� �p�h�a�s�e� 

�r�e�s�i�s�t�a�n�c�e� �w�i�l�l� �c�o�n�t�r�o�l� �t�h�e� �o�v�e�r�a�l�l� �m�a�s�s�-�t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t�.� �S�i�m�i�l�a�r�l�y�,� �i�f� �t�h�e� �H�e�n�r�y ��s� �c�o�n�s�t�a�n�t� �i�s� 

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

�o�v�e�r�a�l�l� �m�a�s�s�-�t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t�.� 

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

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

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

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

�m�a�s�s�-�t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �a�i�r� �f�l�o�w�r�a�t�e� �(�K�a�v�a�n�a�u�g�h� �a�n�d� �T�r�u�s�s�e�l�l�,� �1�9�8�0�)�.� 

�A�c�c�o�r�d�i�n�g� �t�o� �e�q�u�a�t�i�o�n� �9�,� �t�h�e� �m�a�s�s�-�t�r�a�n�s�f�e�r� �r�a�t�e�s� �p�e�r� �u�n�i�t� �p�a�c�k�i�n�g� �v�o�l�u�m�e� �c�a�n� �a�l�w�a�y�s� �b�e� 

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

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

�c�o�n�t�r�o�l�s� �m�o�s�t� �c�o�m�p�o�u�n�d�s� �o�f� �c�o�n�c�e�r�n� �i�n� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �(�A�W�W�A�,� �1�9�9�0�)�.� 
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�A�i�r� �S�t�r�i�p�p�i�n�g� �D�e�s�i�g�n� �E�q�u�a�t�i�o�n�s� 

�T�h�e� �r�e�q�u�i�r�e�d� �t�o�w�e�r� �h�e�i�g�h�t� �f�o�r� �a�n� �a�i�r� �s�t�r�i�p�p�i�n�g� �t�o�w�e�r� �d�e�p�e�n�d�s� �o�n� �t�h�e� �r�e�q�u�i�r�e�d� �n�u�m�b�e�r� �o�f� 

�t�r�a�n�s�f�e�r� �u�n�i�t�s� �(�N�T�U�)� �a�n�d� �t�h�e� �h�e�i�g�h�t� �o�f� �a� �t�r�a�n�s�f�e�r� �u�n�i�t� �(�H�T�U�)� �a�s� �s�h�o�w�n� �i�n� �e�q�u�a�t�i�o�n� �1�1�.� �T�h�e� �N�T�U� 

�d�e�p�e�n�d�s� �o�n� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�i�p�p�i�n�g� �f�a�c�t�o�r� �a�n�d� �r�e�q�u�i�r�e�d� �d�e�g�r�e�e� �o�f� �r�e�m�o�v�a�l�.� �E�q�u�a�t�i�o�n� �1�2� �d�e�f�i�n�e�s� 

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

�1�3� �d�e�f�i�n�e�s� �t�h�e� �s�t�r�i�p�p�i�n�g� �f�a�c�t�o�r� �w�h�i�c�h� �d�e�p�e�n�d�s� �o�n� �t�h�e� �c�o�m�p�o�u�n�d�s� �H�e�n�r�y�'�s� �c�o�n�s�t�a�n�t� �a�n�d� �t�h�e� 

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

�t�h�e� �a�p�p�l�i�e�d� �l�i�q�u�i�d� �l�o�a�d�i�n�g� �r�a�t�e�,� �a�n�d� �t�h�e� �s�p�e�c�i�f�i�c� �i�n�t�e�r�f�a�c�i�a�l� �a�r�e�a� �a�c�c�o�r�d�i�n�g� �t�o� �e�q�u�a�t�i�o�n� �1�4�.� 

�N�T�U� 

�H�T�U� 

�w�h�e�r�e�:� 

�N�T�U� 

�H�T�U� 

�N�T�U� �-� �H�T�U� �(�1�1�)� 

�R� �C�/�C�,�,� �(�R�-�1�)� �+�1� 
�e�i�n� �|� �|� �(�1�2�)� 

�(�R�-�1�)� �R� 

�H�-�G�/�L� �(�1�3�)� 

�L�/�K�-�a� �(�1�4�)� 

�t�o�t�a�l� �t�o�w�e�r� �h�e�i�g�h�t� �(�m�)� 

�n�u�m�b�e�r� �o�f� �t�r�a�n�s�f�e�r� �u�n�i�t�s� 

�h�e�i�g�h�t� �o�f� �a� �t�r�a�n�s�f�e�r� �u�n�i�t� �(�m�)� 

�i�n�f�l�u�e�n�t� �c�o�n�t�a�m�i�n�a�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �l�i�q�u�i�d� �p�h�a�s�e� �(�m�g�/�L�)� 

�e�f�f�l�u�e�n�t� �c�o�n�t�a�m�i�n�a�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �l�i�q�u�i�d� �p�h�a�s�e� �(�m�g�/�L�)� 

�s�t�r�i�p�p�i�n�g� �f�a�c�t�o�r� 

�l�i�q�u�i�d� �l�o�a�d�i�n�g� �r�a�t�e� �(�m�°�/�m�?�-� �m�i�n�)� 

�g�a�s� �f�l�o�w� �r�a�t�e� �(�m�*�/�m�?�-� �m�i�n�)� 
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�B�y� �m�a�n�i�p�u�l�a�t�i�o�n� �o�f� �e�q�u�a�t�i�o�n�s� �1�1�,� �1�2�,� �a�n�d� �1�4�,� �t�h�e� �p�r�o�d�u�c�t� �o�f� �t�h�e� �m�a�s�s�-�t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� 

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

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

�(�O�n�d�a�,� �e�t� �a�/�.�,� �1�9�6�8�)�,� �f�o�r� �e�x�a�m�p�l�e�,� �t�a�k�e�s� �i�n�t�o� �a�c�c�o�u�n�t� �r�e�s�i�s�t�a�n�c�e� �t�o� �m�a�s�s�-�t�r�a�n�s�f�e�r� �i�n� �b�o�t�h� �p�h�a�s�e�s�.� 

�O�t�h�e�r� �D�e�s�i�g�n� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� 

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

�c�o�n�s�i�d�e�r�a�t�i�o�n�.� �T�r�e�y�b�a�l� �(�1�9�8�0�)� �m�a�d�e� �t�h�e� �f�o�l�l�o�w�i�n�g� �o�b�s�e�r�v�a�t�i�o�n�s� �r�e�g�a�r�d�i�n�g� �p�r�e�s�s�u�r�e� �d�r�o�p� �a�n�d� 

�p�a�c�k�i�n�g� �s�i�z�e�.� 

�°� �A�i�r� �s�t�r�i�p�p�i�n�g� �t�o�w�e�r�s� �a�r�e� �t�y�p�i�c�a�l�l�y� �d�e�s�i�g�n�e�d� �w�i�t�h� �p�r�e�s�s�u�r�e� �d�r�o�p�s� �f�r�o�m� �0�.�2�5� �t�o� �0�.�5� 

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

�e� �T�h�e� �r�a�t�i�o� �o�f� �p�a�c�k�i�n�g� �s�i�z�e� �t�o� �t�h�e� �t�o�w�e�r� �d�i�a�m�e�t�e�r� �s�h�o�u�l�d� �b�e� �a�t� �l�e�a�s�t� �1�:�8� �a�n�d� 

�p�r�e�f�e�r�a�b�l�y� �1�:�1�5� 

�e� �F�o�r� �a� �g�i�v�e�n� �p�a�c�k�i�n�g� �v�o�l�u�m�e�,� �s�m�a�l�l�e�r� �p�a�c�k�i�n�g�s� �p�r�o�v�i�d�e� �m�o�r�e� �s�u�r�f�a�c�e� �a�r�e�a� �f�o�r� 

�a�i�r�/�l�i�q�u�i�d� �c�o�n�t�a�c�t�,� �b�u�t� �a�l�s�o� �c�r�e�a�t�e� �m�o�r�e� �r�e�s�i�s�t�a�n�c�e� �t�o� �a�i�r� �f�l�o�w�.� �L�a�r�g�e�r� �p�a�c�k�i�n�g�s� 

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

�T�R�E�A�T�M�E�N�T� �O�F� �B�L�U�E� �C�R�A�B� �P�R�O�C�E�S�S�I�N�G� �W�A�S�T�E�W�A�T�E�R�S� 

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

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



�t�a�n�k� �r�e�a�c�t�o�r�s�,� �a�n�a�e�r�o�b�i�c� �b�i�o�l�o�g�i�c�a�l� �t�r�e�a�t�m�e�n�t� �i�n� �U�p�f�l�o�w� �B�e�d� �F�i�l�t�e�r�s� �(�U�B�F�)� �a�n�d� �U�p�f�l�o�w� �P�a�c�k�e�d� 

�B�e�d� �F�i�l�t�e�r�s� �(�U�P�F�)�,� �a�e�r�o�b�i�c� �b�i�o�l�o�g�i�c�a�l� �t�r�e�a�t�m�e�n�t�,� �c�o�a�g�u�l�a�t�i�o�n� �b�y� �p�H� �a�d�j�u�s�t�m�e�n�t�,� �a�n�d� �a�i�r� �s�t�r�i�p�p�i�n�g�.� 

�A�n�a�e�r�o�b�i�c� �B�i�o�l�o�g�i�c�a�l� �T�r�e�a�t�m�e�n�t� �i�n� �C�o�m�p�l�e�t�e�l�y� �M�i�x�e�d� �S�t�i�r�r�e�d� �T�a�n�k� �R�e�a�c�t�o�r�s� 

�H�a�r�r�i�s�o�n� �e�t� �a�/�.� �(�1�9�9�2�)� �o�p�e�r�a�t�e�d� �t�w�o� �c�o�m�p�l�e�t�e�l�y� �m�i�x�e�d� �s�t�i�r�r�e�d� �t�a�n�k� �r�e�a�c�t�o�r�s� �(�2� �L� �v�o�l�u�m�e�)� 

�a�t� �3�5�°� �C�.� �R�e�a�c�t�o�r� �A� �t�r�e�a�t�e�d� �r�e�t�o�r�t� �e�f�f�l�u�e�n�t� �w�h�i�l�e� �R�e�a�c�t�o�r� �C� �t�r�e�a�t�e�d� �a� �t�h�e�o�r�e�t�i�c�a�l� �c�o�m�b�i�n�e�d� 

�w�a�s�t�e�w�a�t�e�r�.� �T�h�e� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �c�o�m�b�i�n�e�d� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �1�:�1�:�1�:�3� �o�f� �r�e�t�o�r�t� �e�f�f�l�u�e�n�t�,� �H�a�r�r�i�s� 

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

�s�t�u�d�y� �p�e�r�i�o�d� �l�a�s�t�e�d� �5�5� �d�a�y�s�.� 

�R�e�a�c�t�o�r� �A� �w�a�s� �o�p�e�r�a�t�e�d� �a�t� �a� �f�o�o�d� �t�o� �m�i�c�r�o�o�r�g�a�n�i�s�m� �r�a�t�i�o� �(�F�/�M�)� �o�f� �0�.�2�5� �d�a�y �� �f�r�o�m� �d�a�y� 

�3�1� �t�o� �d�a�y� �5�5�.� �D�u�r�i�n�g� �t�h�i�s� �p�e�r�i�o�d�,� �R�e�a�c�t�o�r� �A ��s� �e�f�f�l�u�e�n�t� �s�o�l�u�b�l�e� �C�O�D� �(�S�C�O�D�)� �v�a�r�i�e�d� �f�r�o�m� �6�2�0� �t�o� 

�8�0�5� �m�g�/�L�.� �T�h�e� �T�K�N� �o�f� �t�h�e� �r�e�a�c�t�o�r�s �� �e�f�f�i�u�e�n�t� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �8�0�0� �m�g�/�L� �o�n� �d�a�y� �2�1� �t�o� �1�,�2�0�0� �m�g�/�L� 

�o�n� �d�a�y� �5�5�.� �R�e�a�c�t�o�r� �B� �w�a�s� �o�p�e�r�a�t�e�d� �a�t� �a� �F�/�M� �r�a�t�i�o� �o�f� �0�.�0�5� �d�a�y �� �f�r�o�m� �d�a�y� �1�1� �t�o� �d�a�y� �5�5�.� �F�r�o�m� 

�d�a�y� �1�1� �t�o� �d�a�y� �5�5�,� �R�e�a�c�t�o�r� �B ��s� �e�f�f�l�u�e�n�t� �S�C�O�D� �v�a�r�i�e�d� �f�r�o�m� �3�6�0� �t�o� �8�9�5� �m�g�/�L�.� �H�a�r�r�i�s�o�n� �e�f� �a�i�l�.� 

�(�1�9�9�2�)� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �o�p�e�r�a�t�e�d� �t�w�o� �a�d�d�i�t�i�o�n�a�l� �R�e�a�c�t�o�r�s� �B� �a�n�d� �D� �t�h�a�t� �t�r�e�a�t�e�d� �r�e�t�o�r�t� �e�f�f�l�u�e�n�t� �a�n�d� 

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

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

�a�n�d� �D� �o�v�e�r� �t�h�e� �s�t�u�d�y� �p�e�r�i�o�d�.� 

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

�1�9�9�3�;� �W�o�l�f�e�,� �1�9�9�3�)�.� �R�e�a�c�t�o�r�s� �A� �a�n�d� �B� �t�r�e�a�t�e�d� �r�e�t�o�r�t� �e�f�f�l�u�e�n�t� �a�t� �F�/�M� �r�a�t�i�o�s� �o�f� �0�.�3�5� �a�n�d� �0�.�2�5� �d�a�y�"�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �O�v�e�r� �a� �1�3�1� �d�a�y� �p�e�r�i�o�d�,� �R�e�a�c�t�o�r� �A� �r�e�m�o�v�e�d� �8�7� �p�e�r�c�e�n�t� �o�f� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �C�O�D�.� 

�O�v�e�r� �a� �4�1� �d�a�y� �p�e�r�i�o�d�,� �R�e�a�c�t�o�r� �B� �r�e�m�o�v�e�d� �9�1� �p�e�r�c�e�n�t� �o�f� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �C�O�D�.� �T�h�e� �r�e�a�c�t�o�r�s� 

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

�r�e�a�c�t�o�r�s� �w�h�e�n� �t�r�e�a�t�m�e�n�t� �e�f�f�i�c�i�e�n�c�y� �d�e�c�r�e�a�s�e�d� �w�a�s� �s�u�m�m�a�r�i�z�e�d� �a�s� �f�o�l�l�o�w�s�:� 
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�e� �A�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �p�e�a�k�e�d� �a�t� �1�7�5�0� �m�g�/�L� �a�n�d� �1�,�5�0�0� �m�g�/�L� �(�a�s� �N�)� �i�n� 

�R�e�a�c�t�o�r�s� �A� �a�n�d� �B�,� �r�e�s�p�e�c�t�i�v�e�l�y� 

�e� �S�o�d�i�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �a�b�o�u�t� �4�,�0�0�0� �m�g�/�L� �i�n� �b�o�t�h� �r�e�a�c�t�o�r�s� 

�e� �R�e�a�c�t�o�r� �A� �p�H� �w�a�s� �7�.�5�;� �R�e�a�c�t�o�r� �B� �p�H� �w�a�s� �a�b�o�u�t� �7�.�7�.� 

�R�e�a�c�t�o�r�s� �C� �a�n�d� �D� �t�r�e�a�t�e�d� �u�n�a�m�e�n�d�e�d� �c�o�m�b�i�n�e�d� �e�f�f�l�u�e�n�t� �w�a�s�t�e�w�a�t�e�r� �a�t� �F�/�M� �r�a�t�i�o�s� �o�f� �0�.�1� 

�a�n�d� �0�.�0�7� �d�a�y ��,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �B�O�D�,� �r�e�m�o�v�a�l�s� �i�n� �R�e�a�c�t�o�r�s� �C� �a�n�d� �D� �w�e�r�e� �7�9� �p�e�r�c�e�n�t� �a�n�d� �8�3� 

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

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

�f�o�l�l�o�w�s�:� 

�e� �A�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �p�e�a�k�e�d� �f�o�r� �R�e�a�c�t�o�r�s� �C� �a�n�d� �D� �n�e�a�r� �1�,�0�0�0� �m�g�/�L� 

�a�n�d� �8�0�0� �m�g�/�L� �(�a�s� �N�)�,� �r�e�s�p�e�c�t�i�v�e�l�y� 

�e� �S�o�d�i�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �b�e�t�w�e�e�n� �2�4�,�0�0�0� �a�n�d� �2�7�,�0�0�0� �m�g�/�L� �i�n� �b�o�t�h� 

�r�e�a�c�t�o�r�s� 

�e� �B�o�t�h� �r�e�a�c�t�o�r�s �� �p�H� �w�e�r�e� �a�b�o�u�t� �7�.�6�.� 

�U�p�f�l�o�w� �A�n�a�e�r�o�b�i�c� �B�e�d� �F�i�l�t�e�r� �a�n�d� �U�p�f�l�o�w� �A�n�a�e�r�o�b�i�c� �P�a�c�k�e�d� �F�i�l�t�e�r� 

�D�i�z� �a�n�d� �B�o�a�r�d�m�a�n� �(�1�9�9�4�)� �t�r�e�a�t�e�d� �r�e�t�o�r�t� �e�f�f�l�u�e�n�t� �u�s�i�n�g� �a�n�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� �f�o�l�l�o�w�e�d� �b�y� 

�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t�.� �S�y�s�t�e�m� �A� �i�n�c�l�u�d�e�d� �a� �4� �L� �U�p�f�l�o�w� �A�n�a�e�r�o�b�i�c� �B�e�d� �F�i�l�t�e�r� �(�U�B�F�)�,� �a� �4� �L� �a�n�a�e�r�o�b�i�c� 

�c�l�a�r�i�f�i�e�r�,� �a�n�d� �a�n� �8� �L� �a�c�t�i�v�a�t�e�d� �s�l�u�d�g�e� �t�a�n�k�.� �S�y�s�t�e�m� �B� �i�n�c�l�u�d�e�d� �a�n� �4�.�L� �U�p�f�l�o�w� �A�n�a�e�r�o�b�i�c� �P�a�c�k�e�d� 

�F�i�l�t�e�r� �(�U�P�F�)�,� �a� �4� �L� �a�n�a�e�r�o�b�i�c� �c�l�a�r�i�f�i�e�r�,� �a�n�d� �a�n� �8� �L� �a�c�t�i�v�a�t�e�d� �s�l�u�d�g�e� �t�a�n�k�.� �T�h�e� �s�t�u�d�y� �i�n�c�l�u�d�e�d� �f�o�u�r� 

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



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

�p�e�r�i�o�d�.� �T�a�b�l�e� �1�2� �s�u�m�m�a�r�i�z�e�s� �a�v�e�r�a�g�e� �v�a�l�u�e�s� �o�b�t�a�i�n�e�d� �f�o�r� �e�f�f�l�u�e�n�t� �B�O�D�,� �a�n�d� �C�O�D� �o�v�e�r� �a� �2�1� �d�a�y� 

�p�e�r�i�o�d� �d�u�r�i�n�g� �p�h�a�s�e� �4� �f�o�r� �S�y�s�t�e�m� �B�.� 

�T�a�b�l�e� �1�1�.� �T�r�e�a�t�m�e�n�t� �P�e�r�f�o�r�m�a�n�c�e� �o�f� �U�B�F� �(�S�y�s�t�e�m� �A�)� �a�n�d� �U�P�F� �(�S�y�s�t�e�m� �B�)� �R�e�a�c�t�o�r�s� �a�t� �D�i�f�f�e�r�e�n�t� �O�r�g�a�n�i�c� 
�L�o�a�d�i�n�g� �R�a�t�e�s�.� �(�A�d�a�p�t�e�d� �f�r�o�m� �D�i�z� �a�n�d� �B�o�a�r�d�m�a�n�,� �1�9�9�4�)� 
� � 

� � 

�U�B�F� �(�S�y�s�t�e�m� �A�)� �U�P�F� �(�S�y�s�t�e�m� �B�)� 

�P�h�a�s�e� �F�/�M� �(�d�a�y�)� �E�f�f�l�u�e�n�t� �C�O�D� �(�m�g�/�L�)�"� �F�/�M� �(�d�a�y�)� �E�f�f�l�u�e�n�t� �C�O�D� �(�m�g�/�L�) �� 
�1�.� �3�3� �D�a�y�s� �1�.�0� �3�,�1�0�0� �0�.�4� �2�,�4�0�0� 
�2�.� �3�0� �D�a�y�s� �1�.�4� �1�1�,�4�0�0� �0�.�5� �9�,�2�0�0� 
�3�.� �4�7� �D�a�y�s� �0�.�4� �6�,�5�0�0� �0�.�2� �6�,�0�0�0� 

�4�.� �3�4� �D�a�y�s� �0�.�5� �8�,�5�0�0� �0�.�2� �7�,�2�0�0� 
� � 

�(�*�)� �S�o�l�u�b�l�e� �C�O�D� 

�T�a�b�l�e� �1�2�.� �W�a�s�t�e�w�a�t�e�r� �F�e�e�d� �a�n�d� �S�o�l�u�b�l�e� �E�f�f�l�u�e�n�t� �B�O�D�,� �a�n�d� �C�O�D� �V�a�l�u�e�s� �f�o�r� �S�y�s�t�e�m� �B�.� �S�a�m�p�l�e�s� �F�r�o�m� 
�a� �2�1� �D�a�y� �P�e�r�i�o�d� �D�u�r�i�n�g� �P�h�a�s�e� �4�.� �(�A�d�a�p�t�e�d� �f�r�o�m� �D�i�z� �a�n�d� �B�o�a�r�d�m�a�n�,� �1�9�9�4�)� 
� � 

� � 

�.� �A�n�a�e�r�o�b�i�c� �A�c�t�i�v�a�t�e�d� 

�P�a�r�a�m�e�t�e�r� �W�a�s�t�e�w�a�t�e�r� �F�e�e�d� �U�P�F� �C�l�a�r�i�f�i�e�r� �S�l�u�d�g�e� �T�a�n�k� 

�C�O�D� �(�m�g�/�L�)�t� �1�9�,�6�0�0� �7�,�3�0�0� �7�,�6�0�0� �2�,�4�0�0� 
�B�O�D�,� �(�m�g�/�L�)�*� �1�4�,�0�0�0� �4�,�1�0�0� �3�,�9�0�0� �1�1�0� 
�C�O�D�/�B�O�D�,� �R�a�t�i�o� �1�.�4� �1�.�8� �2�.�0� �2�0� 
� � 

�(�*�)� �U�p�f�l�o�w� �P�a�c�k�e�d� �F�i�l�t�e�r� 

�(�t�)� �U�n�f�i�l�t�e�r�e�d� �W�a�s�t�e�w�a�t�e�r� �F�e�e�d� �V�a�l�u�e�,� �S�o�l�u�b�l�e� �E�f�f�l�u�e�n�t� �V�a�l�u�e� 

�I�n� �a�n� �a�n�a�e�r�o�b�i�c� �s�e�m�i�-�c�o�n�t�i�n�u�o�u�s� �b�a�t�c�h� �s�t�u�d�y� �c�o�n�d�u�c�t�e�d� �b�y� �D�i�z� �(�1�9�9�4�)�,� �m�i�c�r�o�n�u�t�r�i�e�n�t� 

�s�u�p�p�l�e�m�e�n�t�a�t�i�o�n� �d�i�d� �n�o�t� �a�p�p�e�a�r� �t�o� �i�m�p�r�o�v�e� �a�n�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t�.� �M�i�c�r�o�-�n�u�t�r�i�e�n�t�s� �w�e�r�e� �a�d�d�e�d� �t�o� 

�t�h�e� �f�e�e�d� �w�a�s�t�e�w�a�t�e�r� �(�c�r�a�b� �c�o�o�k�e�r� �w�a�s�t�e�w�a�t�e�r�)� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�:� �1�0� �m�g�/�L� �i�r�o�n�,� �1� 

�u�M� �(�m�i�c�r�o�-�m�o�l�a�r�)� �c�o�b�a�l�t�,� �1� �u�M� �m�o�l�y�b�e�d�e�n�u�m�,� �a�n�d� �1� �u�M� �n�i�c�k�e�l�.� 

�A�e�r�o�b�i�c� �T�r�e�a�t�m�e�n�t� 

�W�h�e�a�t�o�n� �e�t� �a�/�.� �(�1�9�8�4�)� �o�p�e�r�a�t�e�d� �a� �w�a�s�t�e� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� �f�o�r� �o�n�e� �y�e�a�r� �a�t� �a� �b�l�u�e� �c�r�a�b� 

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

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

�4�1



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

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

�A�c�h�i�e�v�a�b�l�e� �(�B�A�T�)� �l�i�m�i�t�s� �f�o�r� �T�S�S� �a�n�d� �B�O�D�,�.� �T�h�e� �p�l�a�n�t� �w�a�s�t�e�w�a�t�e�r�s� �t�r�e�a�t�e�d� �i�n�c�l�u�d�e�d� �r�e�t�o�r�t�,� 

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

�C�o�a�g�u�l�a�t�i�o�n� �b�y� �p�H� �A�d�j�u�s�t�m�e�n�t� 

�B�o�a�r�d�m�a�n� �e�t� �a�/�.� �(�1�9�9�3�)� �a�n�d� �H�a�r�r�i�s�o�n� �(�1�9�9�3�)� �r�e�p�o�r�t�e�d� �t�h�e� �e�f�f�i�c�a�c�y� �o�f� �p�H� �a�d�j�u�s�t�m�e�n�t� �f�o�r� 

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

�o�n� �s�e�v�e�r�a�l� �c�r�a�b� �p�r�o�c�e�s�s�i�n�g� �e�f�f�l�u�e�n�t�s� �a�f�t�e�r� �t�h�e� �w�a�s�t�e�w�a�t�e�r�s� �w�e�r�e� �a�d�j�u�s�t�e�d� �t�o� �p�H� �6�,� �5�,� �4�,� �3�,� �o�r� �2�.� 

�T�a�b�l�e� �1�3� �s�u�m�m�a�r�i�z�e�s� �t�h�e� �r�e�m�o�v�a�l� �o�f� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �f�r�o�m� �t�h�e� �r�e�t�o�r�t� �e�f�f�l�u�e�n�t�.� 

�T�a�b�l�e� �1�3�.� �T�o�t�a�l� �S�u�s�p�e�n�d�e�d� �S�o�l�i�d�s� �(�T�S�S�)� �a�n�d� �V�o�l�a�t�i�l�e� �S�u�s�p�e�n�d�e�d� �S�o�l�i�d�s� �(�V�S�S�)� �R�e�m�o�v�a�l� �T�h�r�o�u�g�h� �C�o�a�g�u�l�a�t�i�o�n� �b�y� �p�H� 
�A�d�j�u�s�t�m�e�n�t� �W�i�t�h� �C�o�n�c�e�n�t�r�a�t�e�d� �S�u�l�f�u�r�i�c� �A�c�i�d�.� �R�e�t�o�r�t� �E�f�f�l�u�e�n�t�.� �(�A�d�a�p�t�e�d� �f�r�o�m� �H�a�r�r�i�s�o�n�,� �1�9�9�3�)� 
� � 

� � 

�p�H� �T�S�S� �(�m�g�/�L�)� �V�S�S� �(�m�g�/�L�)� 
�8�.�2� �(�C�o�n�t�r�o�l�)� �1�,�1�2�0� �9�7�4� 
�6�.�0� �1�,�0�4�0� �9�2�6� 
�5�.�0� �2�4�1� �2�1�2� 
�4�.�0� �2�6�6� �2�3�5� 
�3�.�0� �1�,�5�6�0� �1�,�4�4�0� 
�2�.�0� �3�3�8� �2�9�5� 
� � 

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

�r�e�d�u�c�t�i�o�n�s�,� �f�o�r� �a�l�l� �e�f�f�l�u�e�n�t�s�,� �r�a�n�g�e�d� �f�r�o�m� �1�2� �t�o� �3�7� �p�e�r�c�e�n�t� �a�n�d� �6� �t�o� �3�0� �p�e�r�c�e�n�t�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�A�i�r� �S�t�r�i�p�p�i�n�g� 

�W�o�l�f�e� �(�W�o�l�f�e�,� �1�9�9�3�;� �B�o�a�r�d�m�a�n� �e�t� �a�/�.�,� �1�9�9�3�)� �i�n�v�e�s�t�i�g�a�t�e�d� �a�i�r� �s�t�r�i�p�p�i�n�g� �f�o�r� �a�m�m�o�n�i�a� 

�r�e�m�o�v�a�l� �f�r�o�m� �r�e�t�o�r�t� �e�f�f�l�u�e�n�t�.� �A� �4�6� �c�e�n�t�i�m�e�t�e�r� �(�c�m�)� �d�i�a�m�e�t�e�r� �t�o�w�e�r� �w�a�s� �f�i�l�l�e�d� �w�i�t�h� �5�.�8� �c�m� �L�a�n�P�a�c� 

�p�a�c�k�i�n�g�.� �T�h�e� �u�s�e�f�u�l� �t�o�w�e�r� �h�e�i�g�h�t� �(�p�a�c�k�i�n�g� �d�e�p�t�h�)� �w�a�s� �1�.�8� �m�.� �T�h�e� �a�u�t�h�o�r� �r�e�p�o�r�t�e�d� �a�n� �a�m�m�o�n�i�a� 

�4�2



�r�e�d�u�c�t�i�o�n� �o�f� �7�1� �p�e�r�c�e�n�t� �u�s�i�n�g� �a�n� �a�i�r� �t�o� �w�a�t�e�r� �r�a�t�i�o� �o�f� �6�,�2�0�0� �(�L�/�L�)�,� �a� �p�H� �o�f� �1�2�.�2�,� �a�n�d� �a� �w�a�s�t�e�w�a�t�e�r� 

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �5�8�°� �C�.� �T�h�e� �a�u�t�h�o�r� �r�e�p�o�r�t�e�d� �a�n� �a�m�m�o�n�i�a� �r�e�d�u�c�t�i�o�n� �o�f� �6�7� �p�e�r�c�e�n�t� �u�s�i�n�g� �a�n� �a�i�r� �t�o� 

�w�a�t�e�r� �r�a�t�i�o� �o�f� �3�,�1�0�0� �(�L�/�L�)�,� �a� �p�H� �o�f� �1�1�.�0�,� �a�n�d� �a� �w�a�s�t�e�w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �6�5�°� �C�.� �L�i�q�u�i�d� 

�f�l�o�w�r�a�t�e�s� �o�f� �2�.�3� �a�n�d� �4�.�5� �L�/�m�i�n� �w�e�r�e� �u�t�i�l�i�z�e�d� �i�n� �t�h�e� �s�t�u�d�y�.� 

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

�a�m�b�i�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�s�.� �A�n� �a�m�m�o�n�i�a� �r�e�d�u�c�t�i�o�n� �o�f� �3�2� �p�e�r�c�e�n�t� �w�a�s� �r�e�p�o�r�t�e�d� �u�s�i�n�g� �a�n� �a�i�r� �t�o� �w�a�t�e�r� 

�r�a�t�i�o� �o�f� �6�,�2�0�0� �(�L�/�L�)�,� �a� �p�H� �o�f� �1�1�.�0�,� �a�n�d� �a� �w�a�s�t�e�w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�0� �°�C�.� �A�n� �a�m�m�o�n�i�a� 

�r�e�d�u�c�t�i�o�n� �o�f� �5�0� �p�e�r�c�e�n�t� �w�a�s� �r�e�p�o�r�t�e�d� �u�s�i�n�g� �a�n� �a�i�r� �t�o� �w�a�t�e�r� �r�a�t�i�o� �o�f� �3�,�1�0�0� �(�L�/�L�)�,� �a� �p�H� �o�f� �1�2�.�2�,� �a�n�d� 

�a� �w�a�s�t�e�w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�0�°� �C�.� 

�T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �l�e�a�v�i�n�g� �t�h�e� �t�o�w�e�r� �w�a�s� �b�e�t�w�e�e�n� �1�3� �a�n�d� �2�0� �°�C� �f�o�r� �a�i�l� 

�a�i�r� �s�t�r�i�p�p�i�n�g� �t�r�i�a�l�s�.� 

�A�I�R� �S�T�R�I�P�P�I�N�G� �L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� 

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

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

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

�A�m�m�o�n�i�a� �R�e�m�o�v�a�l� �B�y� �A�i�r� �S�t�r�i�p�p�i�n�g� 

�T�r�u�l�s�s�o�n� �(�1�9�7�9�)� �i�n�v�e�s�t�i�g�a�t�e�d� �a�m�m�o�n�i�a� �s�t�r�i�p�p�i�n�g� �w�i�t�h� �a� �2�.�4� �m�e�t�e�r� �h�i�g�h�,� �0�.�3� �m� �i�n�s�i�d�e� 

�d�i�a�m�e�t�e�r� �t�o�w�e�r�.� �T�h�e� �t�o�w�e�r� �f�e�e�d� �w�a�s� �t�a�p� �w�a�t�e�r� �s�p�i�k�e�d� �w�i�t�h� �a�m�m�o�n�i�a�,� �a�d�j�u�s�t�e�d� �t�o� �p�H� �1�1�.�2�,� �a�n�d� 

�h�e�a�t�e�d� �t�o� �3�5�°� �C�.� �T�h�e� �a�u�t�h�o�r� �r�e�p�o�r�t�e�d� �a�n� �a�m�m�o�n�i�a� �r�e�d�u�c�t�i�o�n� �o�f� �9�5� �p�e�r�c�e�n�t� �u�s�i�n�g� �a� �g�a�s� �l�o�a�d�i�n�g� 

�r�a�t�e� �o�f� �3�5� �k�g�/�m�*�/�s�e�c� �a�n�d� �a� �l�i�q�u�i�d� �l�o�a�d�i�n�g� �r�a�t�e� �o�f� �1�.�5� �k�g�/�m�*�/�s�e�c�.� �T�h�e� �a�u�t�h�o�r� �r�e�p�o�r�t�e�d� �a�n� 

�a�m�m�o�n�i�a� �r�e�d�u�c�t�i�o�n� �o�f� �5�0� �p�e�r�c�e�n�t� �u�s�i�n�g� �a� �g�a�s� �l�o�a�d�i�n�g� �r�a�t�e� �o�f� �3�5� �k�g�/�m�*�/�s�e�c� �a�n�d� �a� �l�i�q�u�i�d� �l�o�a�d�i�n�g



�r�a�t�e� �o�f� �5� �k�g�/�m�*�/�s�e�c�.� �T�h�e� �a�u�t�h�o�r�s� �a�d�v�i�s�e�d� �t�h�e� �u�s�e� �o�f� �v�e�r�y� �l�o�w� �l�i�q�u�i�d� �l�o�a�d�i�n�g� �r�a�t�e�s� �f�o�r� �a�m�m�o�n�i�a� 

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

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

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

�O ��F�a�r�r�e�l�l� �e�t� �a�/�.� �(�1�9�7�2�)� �u�t�i�l�i�z�e�d� �f�i�v�e� �c�r�o�s�s�f�l�o�w� �t�o�w�e�r�s� �i�n� �s�e�r�i�e�s� �f�o�r� �a�m�m�o�n�i�a� �s�t�r�i�p�p�i�n�g�.� 

�E�a�c�h� �t�o�w�e�r� �w�a�s� �3� �m� �h�i�g�h�,� �1�.�5� �m� �l�o�n�g�,� �1�.�2� �m� �w�i�d�e�,� �a�n�d� �p�a�c�k�e�d� �w�i�t�h� �p�o�l�y�p�r�o�p�y�l�e�n�e� �g�r�i�d�s�.� �T�h�e� 

�l�i�q�u�i�d� �l�o�a�d�i�n�g� �r�a�t�e� �w�a�s� �v�a�r�i�e�d� �b�e�t�w�e�e�n� �4�0�.�7� �a�n�d� �1�0�0� �L�/�m�?�/�m�i�n� �w�h�i�l�e� �t�h�e� �a�i�r� �t�o� �w�a�t�e�r� �r�a�t�i�o� �v�a�r�i�e�d� 

�f�r�o�m� �7�5�0� �t�o� �5�6�0�0� �L�/�L�.� �T�h�e� �a�u�t�h�o�r�s� �r�e�p�o�r�t�e�d� �i�n�c�r�e�a�s�i�n�g� �s�t�r�i�p�p�i�n�g� �p�e�r�f�o�r�m�a�n�c�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� 

�p�H� �t�o� �p�H� �1�0�.�5�.� �T�h�e� �a�d�d�i�t�i�o�n�a�l� �i�n�c�r�e�a�s�e� �o�f� �t�h�e� �p�H� �t�o� �1�1�.�7� �o�n�l�y� �i�n�c�r�e�a�s�e�d� �s�t�r�i�p�p�i�n�g� �p�e�r�f�o�r�m�a�n�c�e� �6� 

�p�e�r�c�e�n�t�.� �W�h�e�n� �t�h�e� �a�i�r� �a�n�d� �i�n�f�l�u�e�n�t� �w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �a�b�o�u�t� �2�7�°� �C�,� �a�m�m�o�n�i�a� �r�e�d�u�c�t�i�o�n�s� 

�o�f� �u�p� �t�o� �9�0� �p�e�r�c�e�n�t� �w�e�r�e� �a�c�h�i�e�v�e�d�.� �W�h�e�n� �t�h�e� �a�i�r� �t�e�m�p� �d�r�o�p�p�e�d� �t�o� �5�.�5�°� �C�,� �a�m�m�o�n�i�a� �r�e�d�u�c�t�i�o�n�s� 

�d�e�c�r�e�a�s�e�d� �3�0� �p�e�r�c�e�n�t�.� �S�c�a�l�e� �a�c�c�u�m�u�l�a�t�i�o�n� �w�a�s� �a�l�s�o� �s�t�u�d�i�e�d�.� �O�v�e�r� �a� �7�5� �d�a�y� �p�e�r�i�o�d�,� �a�m�m�o�n�i�a� 

�r�e�d�u�c�t�i�o�n�s� �d�e�c�r�e�a�s�e�d� �f�r�o�m� �8�0� �t�o� �5�5� �p�e�r�c�e�n�t� �b�e�c�a�u�s�e� �o�f� �s�c�a�l�e� �a�c�c�u�m�u�l�a�t�i�o�n� �t�h�a�t� �r�e�d�u�c�e�d� �a�i�r� 

�f�l�o�w�.� 

�M�i�n�o�c�h�a� �a�n�d� �P�r�a�b�h�a�k�a�r� �R�a�o� �(�1�9�8�8�)� �u�s�e�d� �a� �1�.�4� �m� �h�i�g�h� �t�o�w�e�r� �c�o�n�t�a�i�n�i�n�g� �r�a�s�h�i�g� �r�i�n�g�s� �t�o� 

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

�c�o�n�d�u�c�t�e�d� �a�t� �a�i�r� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �a�b�o�u�t� �2�6�°� �C�.� �L�i�q�u�i�d� �f�l�o�w�r�a�t�e�s� �b�e�t�w�e�e�n� �0�.�2� �a�n�d� �0�.�8� 

�m�°�/�m�?�/�h�o�u�r� �w�e�r�e� �e�x�a�m�i�n�e�d�.� �T�h�e� �a�u�t�h�o�r� �r�e�p�o�r�t�e�d� �a�m�m�o�n�i�a� �r�e�d�u�c�t�i�o�n�s� �o�f� �8�1�,� �9�1�,� �a�n�d� �9�9� �p�e�r�c�e�n�t� 

�u�s�i�n�g� �a�i�r� �f�l�o�w� �r�a�t�e�s� �o�f� �1�8�0�,� �3�0�0� �a�n�d� �4�2�0� �m�°�/�m�?�/�h�o�u�r�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �a�u�t�h�o�r�s� �a�l�s�o� �i�n�v�e�s�t�i�g�a�t�e�d� 

�a�m�m�o�n�i�a� �r�e�c�o�v�e�r�y�.� �B�y� �a�s�s�u�m�i�n�g� �a� �9�0� �p�e�r�c�e�n�t� �a�m�m�o�n�i�a� �r�e�m�o�v�a�l� �e�f�f�i�c�i�e�n�c�y�,� �t�h�e� �a�u�t�h�o�r�s� 

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

�s�t�r�i�p�p�e�d� �f�r�o�m� �m�o�r�e� �t�h�a�n� �2�7�5� �l�i�t�e�r�s� �o�f� �w�a�s�t�e�w�a�t�e�r� �h�a�v�i�n�g� �a�n� �i�n�f�l�u�e�n�t� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� 

�2�,�0�0�0� �m�g�/�L�.



�E�x�p�e�r�i�e�n�c�e�s� �W�i�t�h� �G�a�s� �P�h�a�s�e� �R�e�s�i�s�t�a�n�c�e� �i�n� �A�i�r� �S�t�r�i�p�p�i�n�g� �S�t�u�d�i�e�s� 

�R�o�b�e�r�t�s� �e�t� �a�/�.� �(�1�9�8�5�)� �e�v�a�l�u�a�t�e�d� �s�e�v�e�r�a�l� �m�a�s�s�-�t�r�a�n�s�f�e�r� �m�o�d�e�l�s� �a�n�d� �f�o�u�n�d� �t�h�e� �O�n�d�a� �m�o�d�e�l� 

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

�o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s� �a�n�d� �o�x�y�g�e�n� �w�i�t�h� �a� �0�.�2�2� �m� �i�n�s�i�d�e� �d�i�a�m�e�t�e�r� �t�o�w�e�r� �u�s�i�n�g� �n�i�t�r�o�g�e�n� �a�s� �t�h�e� 

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

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

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

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

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

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

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

�R�o�b�e�r�t�s� �e�t� �a�/�.� �(�1�9�8�5�)� �a�l�s�o� �p�e�r�f�o�r�m�e�d� �e�x�p�e�r�i�m�e�n�t�s� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �n�i�t�r�o�g�e�n� �f�l�o�w�r�a�t�e�s� �a�t� 

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

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

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

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

�w�a�s� �c�h�l�o�r�o�f�o�r�m�.� �T�h�e� �o�v�e�r�a�l�l� �m�a�s�s�-�t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �f�o�r� �c�h�l�o�r�o�f�o�r�m� �i�n�c�r�e�a�s�e�d� �7�9� �p�e�r�c�e�n�t� �a�s� �t�h�e� 

�r�e�s�u�l�t� �o�f� �a� �3�0�0� �p�e�r�c�e�n�t� �i�n�c�r�e�a�s�e� �i�n� �a�i�r� �f�l�o�w�r�a�t�e�.� 

�B�a�l�l� �e�t� �a�/�.� �(�1�9�8�4�)� �i�n�v�e�s�t�i�g�a�t�e�d� �m�a�s�s�-�t�r�a�n�s�f�e�r� �r�e�l�a�t�i�o�n�s�h�i�p�s� �w�i�t�h� �a� �p�i�l�o�t�-�s�c�a�l�e� �t�o�w�e�r� �t�h�a�t� 

�t�r�e�a�t�e�d� �2�0� �t�o� �3�8�0� �m�°�/�d�a�y� �o�f� �t�i�d�a�l� �e�s�t�u�a�r�y� �w�a�t�e�r� �c�o�m�b�i�n�e�d� �w�i�t�h� �s�e�c�o�n�d�a�r�y� �w�a�s�t�e�w�a�t�e�r� �e�f�f�l�u�e�n�t�.� 

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

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

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

�u�t�i�l�i�z�e�d� �i�n� �t�h�e� �s�t�u�d�y�.



�C�H�A�P�T�E�R� �I�l�l�.� �M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

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

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

�d�e�s�c�r�i�b�e�d� �s�e�p�a�r�a�t�e�l�y� �f�o�r� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�t�u�d�i�e�s�:� �l�a�b�-�s�c�a�l�e� �U�p�f�l�o�w� �A�n�a�e�r�o�b�i�c� �S�l�u�d�g�e� �B�l�a�n�k�e�t� 

�(�U�A�S�B�)� �r�e�a�c�t�o�r�s�,� �p�i�l�o�t�-�s�c�a�l�e� �U�p�f�l�o�w� �A�n�a�e�r�o�b�i�c� �S�l�u�d�g�e� �B�l�a�n�k�e�t� �(�U�A�S�B�)� �r�e�a�c�t�o�r�,� �p�i�l�o�t�-�s�c�a�l�e� �U�p�f�l�o�w� 

�A�n�a�e�r�o�b�i�c� �B�e�d� �F�i�l�t�e�r� �(�U�B�F�)�,� �b�a�t�c�h� �a�n�a�e�r�o�b�i�c� �t�o�x�i�c�i�t�y� �a�s�s�a�y�s�,� �a�n�d� �p�i�l�o�t�-�s�c�a�l�e� �a�i�r� �s�t�r�i�p�p�i�n�g� �c�o�l�u�m�n�.� 

�L�A�B�-�S�C�A�L�E� �U�P�F�L�O�W� �A�N�A�E�R�O�B�I�C� �S�L�U�D�G�E� �B�L�A�N�K�E�T� �(�U�A�S�B�)� �R�E�A�C�T�O�R�S� 

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

�c�r�a�b� �(�C�a�l�l�i�n�e�c�t�e�s� �s�a�p�i�d�u�s�)� �c�o�o�k�e�r� �w�a�s�t�e�w�a�t�e�r� �w�i�t�h� �U�A�S�B� �t�e�c�h�n�o�l�o�g�y�.� �T�h�e� �r�e�a�c�t�o�r�s� �w�e�r�e� �l�o�c�a�t�e�d� 

�a�t� �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�)� �P�r�i�c�e ��s� �F�o�r�k� �R�e�s�e�a�r�c�h� �C�e�n�t�e�r� 

�i�n� �B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�.� 

�W�a�s�t�e�w�a�t�e�r� �F�e�e�d� �&� �G�r�a�n�u�l�a�r� �S�l�u�d�g�e� �I�n�o�c�u�l�u�m� 

�W�a�s�t�e�w�a�t�e�r� �f�e�e�d� �w�a�s� �c�o�l�l�e�c�t�e�d� �i�n� �2�0� �L� �c�a�r�b�o�y�s� �f�r�o�m� �t�h�e� �c�r�a�b� �c�o�o�k�e�r� �a�t� �G�r�a�h�a�m� �&� 

�R�o�l�l�i�n�s�,� �I�n�c�.� �i�n� �H�a�m�p�t�o�n�,� �V�i�r�g�i�n�i�a�.� �T�h�e� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �t�r�a�n�s�p�o�r�t�e�d� �t�o� �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� �l�a�b�o�r�a�t�o�r�y� �i�n� �B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a� �w�h�e�r�e� �i�t� �w�a�s� �r�e�f�r�i�g�e�r�a�t�e�d� �a�t� �4�°� �C�.� 

�G�r�a�n�u�l�a�r� �s�l�u�d�g�e� �i�n�o�c�u�l�u�m� �w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �f�u�l�l�-�s�c�a�l�e� �U�A�S�B� �l�o�c�a�t�e�d� �a�t� �F�l�e�i�s�c�h�m�a�n�n ��s� �Y�e�a�s�t� 

�I�n�c�.� �i�n� �G�a�s�t�o�n�i�a�,� �N�o�r�t�h� �C�a�r�o�l�i�n�a�.� �T�h�e� �g�r�a�n�u�l�a�r� �s�l�u�d�g�e� �w�a�s� �o�b�t�a�i�n�e�d� �J�u�l�y� �2�0�,� �1�9�9�4� �a�n�d� �s�t�o�r�e�d� �a�t� 

�4�°� �C� �p�r�i�o�r� �t�o� �u�s�e�.� 
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�L�a�b�-�S�c�a�l�e� �U�A�S�B� �R�e�a�c�t�o�r� �D�e�s�i�g�n� 

�F�i�g�u�r�e� �7� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �l�a�b�-�s�c�a�l�e� �U�A�S�B� �d�e�s�i�g�n�.� �T�h�e� �d�e�s�i�g�n� �w�a�s� �a�d�a�p�t�e�d� �f�r�o�m� �t�h�e� �l�a�b�-� 

�s�c�a�l�e� �U�A�S�B� �d�e�s�i�g�n� �u�s�e�d� �b�y� �T�i�s�i�n�g�e�r� �(�1�9�9�1�)�.� �E�a�c�h� �r�e�a�c�t�o�r� �c�o�n�s�i�s�t�e�d� �o�f� �a� �r�e�a�c�t�o�r� �v�e�s�s�e�l� �a�n�d� �a� 

�g�a�s�-�l�i�q�u�i�d�-�s�o�l�i�d� �s�e�p�a�r�a�t�o�r� �(�G�L�S�)�.� �T�h�e� �r�e�a�c�t�o�r� �v�e�s�s�e�l� �w�a�s� �a� �p�l�e�x�i�g�l�a�s� �c�y�l�i�n�d�e�r� �w�i�t�h� �a�n� �i�n�s�i�d�e� 

�d�i�a�m�e�t�e�r� �o�f� �7�.�0� �c�e�n�t�i�m�e�t�e�r�s� �(�c�m�)� �a�n�d� �a� �h�e�i�g�h�t� �o�f� �0�.�6� �m�e�t�e�r�s� �(�m�)�.� �A�t� �r�e�a�c�t�o�r� �b�a�s�e�,� �t�h�e� �r�e�a�c�t�o�r� 

�v�e�s�s�e�l ��s� �i�n�s�i�d�e� �d�i�a�m�e�t�e�r� �t�a�p�e�r�e�d� �f�r�o�m� �7�.�0� �c�m� �t�o� �1�.�3� �c�m�.� �T�h�e� �r�e�a�c�t�o�r� �v�e�s�s�e�l� �w�a�s� �c�a�p�p�e�d� �w�i�t�h� �a� 

�s�i�l�i�c�o�n�e� �s�t�o�p�p�e�r�.� �T�h�e� �l�i�q�u�i�d� �a�n�d� �h�e�a�d�s�p�a�c�e� �v�o�l�u�m�e�s� �w�e�r�e� �2� �L� �a�n�d� �2�0�0� �m�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�h�e� �0�.�5� �L� �G�L�S� �w�a�s� �a� �p�o�l�y�e�t�h�y�l�e�n�e� �f�u�n�n�e�l�.� �A� �p�i�e�c�e� �o�f� �p�l�a�s�t�i�c� �c�o�v�e�r�e�d� �t�h�e� �f�u�n�n�e�l� �t�o� �k�e�e�p� 

�o�u�t� �a�i�r�.� �A� �%� �i�n�c�h� �p�o�l�y�v�i�n�y�l� �c�h�l�o�r�i�d�e� �(�P�V�C�)� �p�i�p�e� �c�o�n�n�e�c�t�e�d� �t�h�e� �G�L�S� �w�i�t�h� �t�h�e� �r�e�a�c�t�o�r� �v�e�s�s�e�l�.� �T�h�e� 

�P�V�C� �p�i�p�e� �p�e�n�e�t�r�a�t�e�d� �t�h�e� �s�i�l�i�c�o�n�e� �s�t�o�p�p�e�r� �a�n�d� �w�a�s� �c�a�p�p�e�d� �3� �c�e�n�t�i�m�e�t�e�r�s� �b�e�l�o�w� �t�h�e� �r�e�a�c�t�o�r ��s� 

�l�i�q�u�i�d� �s�u�r�f�a�c�e�.� �L�i�q�u�i�d� �e�n�t�e�r�e�d� �t�h�e� �p�i�p�e� �t�h�r�o�u�g�h� �s�e�v�e�r�a�l� �0�.�7� �c�m� �h�o�r�i�z�o�n�t�a�l� �h�o�l�e�s�.� 

�A� �p�e�r�i�s�t�a�l�t�i�c� �p�u�m�p� �d�e�l�i�v�e�r�e�d� �w�a�s�t�e�w�a�t�e�r� �f�r�o�m� �a� �r�e�f�r�i�g�e�r�a�t�o�r� �(�4�°� �C�)� �i�n�t�o� �t�h�e� �r�e�a�c�t�o�r� �b�a�s�e�.� 

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

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

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

�f�l�o�w� �f�r�o�m� �t�h�e� �G�L�S� �t�o� �t�h�e� �r�e�a�c�t�o�r� �b�a�s�e�.� �A�n� �e�f�f�l�u�e�n�t� �r�e�c�y�c�l�e� �o�f� �2�0� �m�L�/�m�i�n� �w�a�s� �m�a�i�n�t�a�i�n�e�d� 

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

�o�f� �0�.�3� �m�/�h�o�u�r� �w�i�t�h�i�n� �t�h�e� �r�e�a�c�t�o�r�.� 

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

�b�a�g�.� �T�e�n� �a�n�d� �4�0� �L� �v�o�l�u�m�e� �b�a�g�s� �w�e�r�e� �u�t�i�l�i�z�e�d�.� �B�i�o�g�a�s� �p�r�o�d�u�c�t�i�o�n� �w�a�s� �q�u�a�n�t�i�f�i�e�d� �b�y� 

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

�c�o�l�l�e�c�t�e�d� �v�o�l�u�m�e� �w�a�s� �m�e�a�s�u�r�e�d� �b�y� �l�i�q�u�i�d� �d�i�s�p�l�a�c�e�m�e�n�t� �u�s�i�n�g� �a� �g�r�a�d�u�a�t�e�d� �p�l�e�x�i�g�l�a�s� �c�y�l�i�n�d�e�r� �(�6�0� 

�L� �v�o�l�u�m�e�)�.� �T�h�e� �g�a�s� �c�o�l�l�e�c�t�i�o�n� �b�a�g� �w�a�s� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �1�2� �m�m� �s�e�p�t�u�m�.
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�T�e�m�p�e�r�a�t�u�r�e� �C�o�n�t�r�o�l� 

�E�a�c�h� �r�e�a�c�t�o�r� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �a�t� �3�7�°� �C� �(�+� �2�°�C�)�.� �A� �p�e�r�i�s�t�a�l�t�i�c� �p�u�m�p� �c�i�r�c�u�l�a�t�e�d� �h�o�t� �w�a�t�e�r� 

�t�h�r�o�u�g�h� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�.�5� �m�e�t�e�r�s� �o�f� �%� �i�n�c�h� �v�i�n�y�l� �t�u�b�i�n�g� �w�h�i�c�h� �w�a�s� �w�r�a�p�p�e�d� �a�r�o�u�n�d� �e�a�c�h� 

�r�e�a�c�t�o�r�.� �A� �p�o�i�n�t�-�o�f�-�u�s�e� �h�o�t� �w�a�t�e�r� �h�e�a�t�e�r� �(�1�5� �L� �c�a�p�a�c�i�t�y�)� �h�e�a�t�e�d� �t�h�e� �c�i�r�c�u�l�a�t�e�d� �w�a�t�e�r�.� �E�a�c�h� 

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

�o�n�l�y� �t�h�e� �b�o�d�y� �o�f� �t�h�e� �p�l�e�x�i�g�l�a�s� �c�y�l�i�n�d�e�r� �a�n�d� �n�o�t� �t�h�e� �G�L�S�.� 

�S�a�m�p�l�i�n�g� 

�E�f�f�l�u�e�n�t� �s�a�m�p�l�e�s� �w�e�r�e� �w�i�t�h�d�r�a�w�n� �f�r�o�m� �t�h�e� �G�L�S�.� �G�r�a�n�u�l�a�r� �s�l�u�d�g�e� �s�a�m�p�l�e�s� �w�e�r�e� 

�w�i�t�h�d�r�a�w�n� �f�r�o�m� �a� �s�a�m�p�l�e� �p�o�r�t� �l�o�c�a�t�e�d� �8� �c�m� �a�b�o�v�e� �t�h�e� �r�e�a�c�t�o�r� �b�a�s�e�.� 

�F�i�r�s�t� �S�t�u�d�y� �P�e�r�i�o�d� 

�D�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �s�t�u�d�y� �p�e�r�i�o�d�,� �t�h�e� �l�a�b�-�s�c�a�l�e� �U�A�S�B� �r�e�a�c�t�o�r�s� �t�r�e�a�t�e�d� �u�n�a�m�e�n�d�e�d� �c�r�a�b� 

�p�r�o�c�e�s�s�i�n�g� �w�a�s�t�e�w�a�t�e�r�.� �R�e�a�c�t�o�r� �A� �w�a�s� �i�n�o�c�u�l�a�t�e�d� �w�i�t�h� �2�4� �g� �o�f� �V�o�l�a�t�i�l�e� �S�u�s�p�e�n�d�e�d� �S�o�l�i�d�s� �(�V�S�S�)�.� 

�R�e�a�c�t�o�r� �B� �w�a�s� �i�n�o�c�u�l�a�t�e�d� �w�i�t�h� �1�7� �g� �o�f� �V�S�S�.� �T�h�e� �r�e�a�c�t�o�r�s� �w�e�r�e� �o�p�e�r�a�t�e�d� �f�o�r� �7�5� �d�a�y�s�.� 

�W�a�s�t�e�w�a�t�e�r� �f�e�e�d� �w�a�s� �d�i�l�u�t�e�d� �1�:�5� �w�i�t�h� �t�a�p� �w�a�t�e�r� �u�n�t�i�l� �d�a�y� �3�0�.� �T�a�b�l�e� �1�4� �s�h�o�w�s� �t�h�e� �o�r�g�a�n�i�c� 

�l�o�a�d�i�n�g� �r�a�t�e�s� �(�O�L�R�,� �g� �C�O�D�/�L� �r�e�a�c�t�o�r� �v�o�l�u�m�e�/�d�a�y�)� �p�l�a�c�e�d� �o�n� �t�h�e� �r�e�a�c�t�o�r�s�.� 

�T�a�b�l�e� �1�4�.� �O�r�g�a�n�i�c� �L�o�a�d�i�n�g� �R�a�t�e�s� �(�O�L�R�)� �f�o�r� �L�a�b�-�S�c�a�l�e� �U�A�S�B� �R�e�a�c�t�o�r�s� �D�u�r�i�n�g� �F�i�r�s�t� �S�t�u�d�y� �P�e�r�i�o�d�.� 

�O�L�R� �(�g� �C�O�D�/�L�/�d�a�y�)� 
� � 

� � 

�T�i�m�e� �(�d�a�y�s�)� �R�e�a�c�t�o�r� �A� �R�e�a�c�t�o�r� �B� �C�o�m�m�e�n�t� 

�1�-�3�0� �0�.�5� �0�.�5� �F�e�e�d� �w�a�s�t�e�w�a�t�e�r� �d�i�l�u�t�e�d� �5�:�1� 

�3�0� �-� �4�4� �1�.�0� �1�.�0� �F�u�l�l�-�s�t�r�e�n�g�t�h� �w�a�s�t�e�w�a�t�e�r� 

�4�4�-�5�5� �3�.�0� �3�.�5� �D�a�y� �5�5�:� �r�e�a�c�t�o�r� �B� �f�e�e�d� �r�a�t�e� �i�n�c�r�e�a�s�e�d� 

�5�5� �-� �7�5� �3�.�0� �5�.�7� �D�a�y� �7�5�:� �e�n�d� �s�t�u�d�y� �p�e�r�i�o�d� 
� � 

�5�0



�S�e�c�o�n�d� �S�t�u�d�y� �P�e�r�i�o�d� 

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

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

�p�e�r�f�o�r�m�a�n�c�e� �a�n�d� �m�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n� �h�a�d� �d�e�c�l�i�n�e�d� �s�e�v�e�r�e�l�y� �i�n� �t�h�e� �2�1� �d�a�y�s� �p�r�e�v�i�o�u�s� �t�o� �t�h�e� 

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

�O�n� �d�a�y� �1� �o�f� �t�h�e� �s�e�c�o�n�d� �s�t�u�d�y� �p�e�r�i�o�d�,� �r�e�a�c�t�o�r� �A� �c�o�n�t�a�i�n�e�d� �2�4� �g� �o�f� �V�S�S�.� �R�e�a�c�t�o�r� �B� �w�a�s� 

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

�c�o�n�t�a�i�n�e�d� �1�7� �g� �o�f� �V�o�l�a�t�i�l�e� �S�u�s�p�e�n�d�e�d� �S�o�l�i�d�s� �(�V�S�S�)� �a�f�t�e�r� �i�n�o�c�u�l�a�t�i�o�n�.� 

�H�y�d�r�o�c�h�l�o�r�i�c� �a�c�i�d� �(�G�N� �H�C�l�)� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �f�e�e�d� �w�a�s�t�e�w�a�t�e�r� �t�o� �d�e�c�r�e�a�s�e� �t�h�e� �r�e�a�c�t�o�r�s �� 

�p�H�.� �T�h�e� �t�a�r�g�e�t� �r�e�a�c�t�o�r� �p�H� �w�a�s� �7�.�0� �u�n�t�i�l� �d�a�y� �9�7� �w�h�e�n� �t�h�e� �t�a�r�g�e�t� �r�e�a�c�t�o�r� �p�H� �w�a�s� �c�h�a�n�g�e�d� �t�o� �7�.�3�.� 

�T�h�e� �r�e�a�c�t�o�r�s� �w�e�r�e� �o�p�e�r�a�t�e�d� �f�o�r� �1�5�1� �d�a�y�s�.� �W�a�s�t�e�w�a�t�e�r� �f�e�e�d� �w�a�s� �d�i�l�u�t�e�d� �1�:�5� �w�i�t�h� �t�a�p� �w�a�t�e�r� �u�n�t�i�l� 

�d�a�y� �3�0�.� �T�a�b�l�e� �1�5� �s�h�o�w�s� �t�h�e� �O�L�R�s� �p�l�a�c�e�d� �o�n� �t�h�e� �r�e�a�c�t�o�r�s�.� 

�T�a�b�l�e� �1�5�.� �O�r�g�a�n�i�c� �L�o�a�d�i�n�g� �R�a�t�e�s� �(�O�L�R�)� �f�o�r� �L�a�b�-�S�c�a�l�e� �U�A�S�B� �R�e�a�c�t�o�r�s� �D�u�r�i�n�g� �S�e�c�o�n�d� �S�t�u�d�y� �P�e�r�i�o�d�.� 
� � 

� � 

�T�i�m�e �� �O�L�R� �(�g� �C�O�D�/�L�/�d�a�y�)� 

�(�d�a�y�s�)� �R�e�a�c�t�o�r� �A� �R�e�a�c�t�o�r� �B� �C�o�m�m�e�n�t� 

�1�-�1�1� �0�.�5� �0�.�5� �F�e�e�d� �w�a�s�t�e�w�a�t�e�r� �d�i�l�u�t�e�d� �1�:�5� 

�1�1�-�2�0� �0�.�5� �1�.�0� �-� 

�2�0� �-� �3�0� �0�.�8� �1�.�6� 

�3�0� �-� �4�5� �1�.�6� �1�.�3� �F�u�l�l�-�s�t�r�e�n�g�t�h� �w�a�s�t�e�w�a�t�e�r� 

�5�0� �-� �6�3� �7�.�6� �5�.�3� �-� 

�6�3� �-� �9�7� �§�.�7� �2�.�5� �-� 

�9�7� �-� �1�5�1� �6�.�4� �2�.�8� �R�e�a�c�t�o�r� �p�H� �i�n�c�r�e�a�s�e�d� �t�o� �7�.�3� 
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�P�I�L�O�T�-�S�C�A�L�E� �U�P�F�L�O�W� �A�N�A�E�R�O�B�I�C� �S�L�U�D�G�E� �B�L�A�N�K�E�T� �(�U�A�S�B�)� �R�E�A�C�T�O�R� 

�T�h�e� �p�i�l�o�t�-�s�c�a�l�e� �U�A�S�B� �r�e�a�c�t�o�r� �w�a�s� �a�s�s�e�m�b�l�e�d� �a�t� �t�h�e� �V�i�r�g�i�n�i�a� �T�e�c�h� �S�e�a�f�o�o�d� �R�e�s�e�a�r�c�h� �a�n�d� 

�E�x�t�e�n�s�i�o�n� �C�e�n�t�e�r� �i�n� �H�a�m�p�t�o�n�,� �V�i�r�g�i�n�i�a�.� 

�W�a�s�t�e�w�a�t�e�r� �F�e�e�d� �&� �G�r�a�n�u�l�a�r� �S�l�u�d�g�e� �I�n�o�c�u�l�u�m� 

�B�l�u�e� �c�r�a�b� �c�o�o�k�e�r� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �p�u�m�p�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�0� �m� �f�r�o�m� �t�h�e� �c�r�a�b� �c�o�o�k�e�r� �a�t� 

�G�r�a�h�a�m� �&� �R�o�l�l�i�n�s�,� �I�n�c�.�,� �i�n� �H�a�m�p�t�o�n�,� �V�i�r�g�i�n�i�a� �t�o� �a� �6�5� �L� �h�o�l�d�i�n�g� �t�a�n�k� �l�o�c�a�t�e�d� �a�t� �t�h�e� �H�a�m�p�t�o�n� 

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

�(�1�9�9�4�)�.� �G�r�a�n�u�l�a�r� �s�l�u�d�g�e� �w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �F�l�e�i�s�c�h�m�a�n�n ��s� �Y�e�a�s�t� �i�n� �G�a�s�t�o�n�i�a�,� �N�o�r�t�h� �C�a�r�o�l�i�n�a� �o�n� 

�N�o�v�e�m�b�e�r� �2�,� �1�9�9�4�.� �T�h�e� �s�l�u�d�g�e� �w�a�s� �s�t�o�r�e�d� �a�t� �a�m�b�i�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�s� �f�o�r� �s�e�v�e�r�a�l� �d�a�y�s� �p�r�i�o�r� �t�o� 

�u�s�e�.� 

�R�e�a�c�t�o�r� �D�e�s�i�g�n� 

�F�i�g�u�r�e� �8� �s�h�o�w�s� �t�h�e� �p�i�l�o�t�-�s�c�a�l�e� �U�A�S�B� �d�e�s�i�g�n�.� �T�h�e� �r�e�a�c�t�o�r� �v�e�s�s�e�l� �w�a�s� �a� �S�o�l�a�r� 

�C�o�m�p�o�n�e�n�t�s� �(�M�a�n�c�h�e�s�t�e�r�,� �N�e�w� �H�a�m�p�s�h�i�r�e�)� �r�e�i�n�f�o�r�c�e�d� �f�i�b�e�r�g�l�a�s�s� �c�y�l�i�n�d�r�i�c�a�l� �t�a�n�k� �(�4�6� �c�m� 

�d�i�a�m�e�t�e�r�,� �1�.�5� �m� �h�e�i�g�h�t�)� �w�i�t�h� �a� �c�o�n�i�c�a�l� �c�o�v�e�r� �a�n�d� �b�a�s�e�.� �A�n� �a�d�d�i�t�i�o�n�a�l� �c�o�n�i�c�a�l� �c�o�v�e�r� �w�a�s� �u�s�e�d� �a�s� 

�a� �g�a�s�-�l�i�q�u�i�d�-�s�o�l�i�d� �s�e�p�a�r�a�t�o�r� �(�G�L�S�)�.� �T�h�e� �a�n�g�l�e� �o�f� �i�n�c�l�i�n�e� �o�f� �t�h�e� �G�L�S ��s� �s�l�o�p�e�d� �s�u�r�f�a�c�e� �w�a�s� �5�0� 

�d�e�g�r�e�e�s�;� �t�h�e� �G�L�S ��s� �d�i�a�m�e�t�e�r� �e�x�p�a�n�d�e�d� �t�o� �3�6� �c�m� �a�t� �t�h�e� �o�p�e�n� �f�a�c�e�.� �A� �+� �i�n�c�h� �c�p�v�c� �p�i�p�e� 

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

�c�r�e�a�t�e�d� �a� �q�u�i�e�s�c�e�n�t� �z�o�n�e� �a�b�o�v�e� �t�h�e� �G�L�S ��s� �o�u�t�e�r� �s�u�r�f�a�c�e�.� 

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

�U�A�S�B�.� �T�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �f�l�o�w� �w�a�s� �u�p� �t�h�r�o�u�g�h� �t�h�e� �r�e�a�c�t�o�r� �v�e�s�s�e�l� �a�n�d� �i�n�t�o� �t�h�e� �q�u�i�e�s�c�e�n�t� �z�o�n�e�.� 
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�E�f�f�l�u�e�n�t� �f�l�o�w�e�d� �b�y� �g�r�a�v�i�t�y� �f�r�o�m� �t�h�e� �q�u�i�e�s�c�e�n�t� �z�o�n�e� �i�n�t�o� �a� �%� �i�n�c�h� �P�V�C� �p�i�p�e� �t�h�a�t� �e�m�p�t�i�e�d� �i�n�t�o� �t�h�e� 

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

�w�a�s� �p�u�m�p�e�d� �t�h�r�o�u�g�h� �a� �%� �i�n�c�h� �c�h�l�o�r�i�n�a�t�e�d� �p�o�l�y�v�i�n�y�l� �c�h�l�o�r�i�d�e� �(�C�P�V�C�)� �p�i�p�e� �a�n�d� �i�n�t�o� �t�h�e� �r�e�a�c�t�o�r� 

�b�a�s�e�.� �A�n� �e�f�f�l�u�e�n�t� �r�e�c�y�c�l�e� �o�f� �3�0�0� �m�L�/�m�i�n� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�t�u�d�y�.� �T�h�i�s� �f�l�o�w� �r�a�t�e� 

�c�r�e�a�t�e�d� �a� �s�u�p�e�r�f�i�c�i�a�l� �u�p�f�i�o�w� �v�e�l�o�c�i�t�y� �o�f� �0�.�1� �m�/�h�o�u�r� �w�i�t�h�i�n� �t�h�e� �r�e�a�c�t�o�r�.� 

�T�h�e� �C�P�V�C� �p�i�p�e� �t�h�a�t� �s�u�p�p�o�r�t�e�d� �t�h�e� �G�L�S� �a�l�s�o� �c�a�r�r�i�e�d� �b�i�o�g�a�s� �o�u�t� �o�f� �t�h�e� �r�e�a�c�t�o�r�.� �T�h�e� 

�C�P�V�C� �p�i�p�e� �c�o�n�n�e�c�t�e�d� �t�o� �a� �4�s� �i�n�c�h� �P�V�C� �p�i�p�e� �w�h�i�c�h� �l�e�d� �t�o� �a� �v�e�n�t� �a�b�o�v�e� �t�h�e� �b�u�i�l�d�i�n�g�.� �S�e�v�e�r�a�l� �0�.�5� 

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

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

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

�b�e�t�w�e�e�n� �t�h�e� �w�o�o�d�e�n� �b�e�a�m�s� �o�f� �t�h�e� �f�r�a�m�e�.� 

�T�e�m�p�e�r�a�t�u�r�e� �C�o�n�t�r�o�l� 

�T�h�e� �U�A�S�B� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �a�t� �3�5�°� �C� �(�+� �2�°� �C�)�.� �H�o�t� �w�a�t�e�r� �w�a�s� �c�i�r�c�u�l�a�t�e�d� �t�h�r�o�u�g�h� �2�0� 

�m�e�t�e�r�s� �o�f� �3�/�8� �i�n�c�h� �v�i�n�y�l� �t�u�b�i�n�g� �t�h�a�t� �w�a�s� �w�r�a�p�p�e�d� �a�r�o�u�n�d� �t�h�e� �r�e�a�c�t�o�r�.� �T�h�e� �w�a�t�e�r� �w�a�s� �h�e�a�t�e�d� �b�y� 

�a� �1�5� �L� �c�a�p�a�c�i�t�y� �p�o�i�n�t�-�o�f�-�u�s�e� �h�o�t� �w�a�t�e�r� �h�e�a�t�e�r�.� �A� �l�a�y�e�r� �o�f� �f�i�b�e�r�g�l�a�s�s� �i�n�s�u�l�a�t�i�o�n� �w�a�s� �w�r�a�p�p�e�d� �o�v�e�r� 

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

�S�a�m�p�l�i�n�g� 

�E�f�f�l�u�e�n�t� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� �t�h�e� �q�u�i�e�s�c�e�n�t� �z�o�n�e� �o�f� �t�h�e� �G�L�S�.� �S�l�u�d�g�e� �s�a�m�p�l�e�s� �w�e�r�e� 

�t�a�k�e�n� �f�r�o�m� �a� �x� �i�n�c�h� �d�r�a�i�n� �v�a�l�v�e� �l�o�c�a�t�e�d� �8� �c�m� �a�b�o�v�e� �t�h�e� �c�o�n�i�c�a�l� �b�o�t�t�o�m�.� 
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�R�e�a�c�t�o�r� �O�p�e�r�a�t�i�o�n� 

�T�h�e� �p�i�l�o�t�-�s�c�a�l�e� �U�A�S�B� �r�e�a�c�t�o�r� �w�a�s� �i�n�o�c�u�l�a�t�e�d� �w�i�t�h� �4�.�7� �k�g� �o�f� �V�S�S� �o�n� �N�o�v�e�m�b�e�r� �5�,� �1�9�9�4� 

�(�d�a�y� �1� �o�f� �t�h�e� �s�t�u�d�y�)�.� �T�h�e� �f�e�e�d� �f�l�o�w�r�a�t�e� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �a�t� �7�.�5� �L�/�d�a�y� �f�r�o�m� �N�o�v�e�m�b�e�r� �5� �u�n�t�i�l� 

�F�e�b�r�u�a�r�y� �1�1�,� �1�9�9�5�.� �T�h�i�s� �p�e�r�i�o�d� �s�e�r�v�e�d� �t�o� �a�c�c�l�i�m�a�t�e� �t�h�e� �g�r�a�n�u�l�a�r� �s�l�u�d�g�e� �i�n�o�c�u�l�u�m� �t�o� �t�h�e� �c�r�a�b� 

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

�w�i�t�h� �t�h�e� �r�e�a�c�t�o�r�.� 

�W�a�s�t�e�w�a�t�e�r� �f�e�e�d� �w�a�s� �n�o�t� �a�v�a�i�l�a�b�l�e� �f�r�o�m� �F�e�b�r�u�a�r�y� �1�1�,� �1�9�9�5� �t�o� �A�p�r�i�l� �1�,� �1�9�9�5�.� �F�r�o�m� �A�p�r�i�l� 

�1�,� �1�9�9�5� �t�o� �M�a�y� �2�5�,� �1�9�9�5� �t�h�e� �f�e�e�d� �f�l�o�w� �r�a�t�e� �w�a�s� �2�4� �L�/�d�a�y�.� �T�a�b�l�e� �1�6� �s�h�o�w�s� �O�L�R�s� �a�n�d� �F�/�M� �r�a�t�i�o�s� 

�f�o�r� �t�h�e� �r�e�a�c�t�o�r�.� 

�T�a�b�l�e� �1�6�.� �O�r�g�a�n�i�c� �L�o�a�d�i�n�g� �R�a�t�e�s� �(�O�L�R�)� �a�n�d� �F�o�o�d� �t�o� �M�i�c�r�o�o�r�g�a�n�i�s�m� �(�F�/�M�)� �R�a�t�i�o�s� �f�o�r� �t�h�e� �P�i�l�o�t�-�S�c�a�l�e� �U�A�S�B� �R�e�a�c�t�o�r�.� 

�O�L�R� �F�/�M� �R�a�t�i�o� 
� � 

� � 

�D�a�t�e�"� �(�g� �C�O�D�/�L�/�d�a�y�)�t� �(�1�/�d�a�y�s�)�*� �C�o�m�m�e�n�t� 

�1�-�9�5� �0�.�7� �0�.�0�3� �S�t�a�r�t�-�u�p� �p�r�o�l�o�n�g�e�d� �d�u�e� �t�o� �m�e�c�h�a�n�i�c�a�l� �d�i�f�f�i�c�u�l�t�i�e�s� 

�9�5� �-� �1�4�2� �-� �-� �F�e�e�d� �i�n�t�e�r�r�u�p�t�e�d� �d�u�e� �t�o� �w�a�s�t�e�w�a�t�e�r� �s�h�o�r�t�a�g�e� 

�1�4�2� �-� �1�9�9� �2�.�7� �0�.�1�2� �C�o�n�s�t�a�n�t� �f�e�e�d� �r�a�t�e� �m�a�i�n�t�a�i�n�e�d� 
� � 

�{�*�)� �R�e�a�c�t�o�r� �i�n�o�c�u�l�a�t�e�d� �o�n� �D�a�y� �1� �(�N�o�v�e�m�b�e�r� �5�,� �1�9�9�4�)� 
�(�t�)� �B�a�s�e�d� �o�n� �2�0�0� �L� �r�e�a�c�t�o�r� �v�o�l�u�m�e� 
�(�t�)� �B�a�s�e�d� �o�n� �4�.�7� �k�g� �o�f� �V�S�S� 

�P�I�L�O�T�-�S�C�A�L�E� �U�P�F�L�O�W� �A�N�A�E�R�O�B�I�C� �B�E�D� �F�I�L�T�E�R� �(�U�B�F�)� 

�T�h�e� �U�B�F� �p�i�l�o�t�-�p�l�a�n�t� �w�a�s� �d�e�s�i�g�n�e�d�,� �a�s�s�e�m�b�l�e�d�,� �i�n�o�c�u�l�a�t�e�d�,� �a�n�d� �o�p�e�r�a�t�e�d� �(�u�n�t�i�l� �6�/�9�4�)� �b�y� 

�D�i�z� �(�1�9�9�4�)�.� �T�h�e� �U�B�F� �r�e�a�c�t�o�r� �w�a�s� �p�a�r�t� �o�f� �a�n� �a�n�a�e�r�o�b�i�c�/�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� �f�a�c�i�l�i�t�y� �w�h�i�c�h� �i�n�c�l�u�d�e�d�:� 

�t�h�e� �U�B�F� �r�e�a�c�t�o�r�,� �a�n� �a�n�a�e�r�o�b�i�c� �c�l�a�r�i�f�i�e�r�,� �a�n� �a�e�r�a�t�e�d� �d�r�u�m�,� �a�n�d� �a�n� �a�c�t�i�v�a�t�e�d� �s�l�u�d�g�e� �t�a�n�k�.� �T�a�n�k� 

�s�i�z�e�s� �a�n�d� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �h�a�v�e� �b�e�e�n� �d�e�s�c�r�i�b�e�d� �b�y� �D�i�z� �(�1�9�9�4�)�.� 

�T�h�e� �t�r�e�a�t�m�e�n�t� �f�a�c�i�l�i�t�y� �w�a�s� �l�o�c�a�t�e�d� �a�t� �t�h�e� �V�i�r�g�i�n�i�a� �T�e�c�h� �S�e�a�f�o�o�d� �R�e�s�e�a�r�c�h� �a�n�d� �E�x�t�e�n�s�i�o�n� 

�C�e�n�t�e�r� �i�n� �H�a�m�p�t�o�n�,� �V�i�r�g�i�n�i�a�.� �T�h�e� �f�a�c�i�l�i�t�y� �t�r�e�a�t�e�d� �b�l�u�e� �c�r�a�b� �c�o�o�k�e�r� �w�a�s�t�e�w�a�t�e�r� �p�r�o�d�u�c�e�d� �a�t� 
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�G�r�a�h�a�m� �a�n�d� �R�o�l�l�i�n�s�,� �I�n�c�.�,� �i�n� �H�a�m�p�t�o�n� �V�i�r�g�i�n�i�a�.� �T�h�e� �r�e�a�c�t�o�r� �w�a�s� �f�e�d� �w�a�s�t�e�w�a�t�e�r� �f�r�o�m� �t�h�e� �s�a�m�e� 

�h�o�l�d�i�n�g� �t�a�n�k� �t�h�a�t� �w�a�s� �u�s�e�d� �t�o� �f�e�e�d� �t�h�e� �p�i�l�o�t�-�s�c�a�l�e� �U�A�S�B�.� �D�u�r�i�n�g� �t�h�e� �c�o�u�r�s�e� �o�f� �t�h�i�s� �s�t�u�d�y�,� 

�R�o�d�e�n�h�i�z�e�r� �(�1�9�9�5�)� �m�a�i�n�t�a�i�n�e�d� �t�h�e� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� �a�n�d� �o�p�e�r�a�t�e�d� �a� �b�i�o�g�a�s� �c�o�l�l�e�c�t�i�o�n�/�u�t�i�l�i�z�a�t�i�o�n� 

�f�a�c�i�l�i�t�y� �w�i�t�h� �b�i�o�g�a�s� �f�r�o�m� �t�h�e� �U�B�F�.� 

�T�h�e� �f�e�e�d� �f�l�o�w� �r�a�t�e� �w�a�s� �4�0� �L�/�d�a�y� �f�r�o�m� �J�u�l�y� �9�,� �1�9�9�4� �t�o� �J�u�l�y� �2�9�,� �1�9�9�4�.� �T�h�e� �f�l�o�w� �r�a�t�e� �w�a�s� 

�i�n�c�r�e�a�s�e�d� �t�o� �1�1�0� �L�/�d�a�y� �o�n� �J�u�l�y� �2�9� �a�n�d� �m�a�i�n�t�a�i�n�e�d� �u�n�t�i�l� �N�o�v�e�m�b�e�r� �2�3�,� �1�9�9�4�.� �T�h�e� �f�l�o�w� �r�a�t�e� �w�a�s� 

�4�0� �L�/�d�a�y� �f�r�o�m� �N�o�v�e�m�b�e�r� �2�3� �a�n�d� �F�e�b�r�u�a�r�y� �1�1�,� �1�9�9�5� �d�u�e� �t�o� �w�a�s�t�e�w�a�t�e�r� �s�h�o�r�t�a�g�e�s�.� �W�a�s�t�e�w�a�t�e�r� 

�w�a�s� �n�o�t� �a�v�a�i�l�a�b�l�e� �f�r�o�m� �F�e�b�r�u�a�r�y� �1�1� �t�o� �A�p�r�i�l� �1�,� �1�9�9�5�.� �T�h�e� �f�l�o�w� �r�a�t�e� �w�a�s� �6�0� �L�/�d�a�y� �f�r�o�m� �A�p�r�i�l� �1�,� 

�1�9�9�5� �t�o� �M�a�y� �2�5�,� �1�9�9�5�.� �T�a�b�l�e� �1�7� �s�h�o�w�s� �t�h�e� �o�r�g�a�n�i�c� �l�o�a�d�i�n�g� �r�a�t�e�s� �p�l�a�c�e�d� �o�n� �t�h�e� �r�e�a�c�t�o�r�.� 

�T�a�b�l�e� �1�7�.� �O�r�g�a�n�i�c� �L�o�a�d�i�n�g� �R�a�t�e�s� �(�O�L�R�)� �f�o�r� �P�i�l�o�t�-�S�c�a�l�e� �U�B�F� �R�e�a�c�t�o�r� 
� � 

� � 

�T�i�m�e� �O�L�R� 
�(�D�a�y�s�)� �(�g� �C�O�D�/�L�/�d�a�y�)�t� �C�o�m�m�e�n�t� 

�1�-�2�0� �1�.�4� �S�t�a�r�t�-�u�p� �l�o�a�d�i�n�g� 

�2�0� �-� �1�1�9� �3�.�5� �C�o�n�s�t�a�n�t� �f�e�e�d� �r�a�t�e� �m�a�i�n�t�a�i�n�e�d� 

�1�1�9� �-� �2�0�0� �1�.�2� �F�e�e�d� �r�a�t�e� �r�e�d�u�c�e�d� �d�u�e� �t�o� �w�a�s�t�e�w�a�t�e�r� �s�h�o�r�t�a�g�e� 

�2�0�0� �-� �2�4�7� �N�o� �f�e�e�d� �F�e�e�d� �i�n�t�e�r�r�u�p�t�e�d� �d�u�e� �t�o� �w�a�s�t�e�w�a�t�e�r� �s�h�o�r�t�a�g�e� 

�2�4�7� �-� �3�0�4� �2�.�3� �C�o�n�s�t�a�n�t� �f�e�e�d� �r�a�t�e� �m�a�i�n�t�a�i�n�e�d� 
� � 

�(�*�}� �S�t�u�d�y� �p�e�r�i�o�d� �b�e�g�a�n� �o�n� �J�u�l�y� �2�9�,� �1�9�9�4� �(�d�a�y� �1�)� 
�(�t�)� �B�a�s�e�d� �o�n� �6�0�0� �L� �r�e�a�c�t�o�r� �v�o�l�u�m�e� 

�B�A�T�C�H� �A�N�A�E�R�O�B�I�C� �T�O�X�I�C�I�T�Y� �A�S�S�A�Y�S� 

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

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

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

�c�o�n�d�i�t�i�o�n�s� �(�v�e�r�y� �h�i�g�h� �a�c�e�t�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�)� �w�a�s� �m�e�a�s�u�r�e�d� �a�n�d� �u�s�e�d� �t�o� �e�v�a�l�u�a�t�e� �i�n�h�i�b�i�t�i�o�n�.� 
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�A�p�p�a�r�a�t�u�s� �D�e�s�i�g�n� 

�F�i�g�u�r�e� �9� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �a�p�p�a�r�a�t�u�s�.� �I�n� �t�h�e� �b�a�t�c�h� �a�s�s�a�y�s�,� �3�7�0� �m�L� �s�e�r�u�m� 

�b�o�t�t�l�e�s� �w�i�t�h� �p�l�a�s�t�i�c� �s�c�r�e�w� �c�a�p�s� �a�n�d� �2�3� �m�m� �t�e�f�l�o�n� �s�e�p�t�a� �w�e�r�e� �u�t�i�l�i�z�e�d�.� �A� �h�y�p�o�d�e�r�m�i�c� �s�y�r�i�n�g�e� �w�a�s� 

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

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

�b�y� �d�i�s�p�l�a�c�e�m�e�n�t� �o�f� �a� �c�o�l�o�r�e�d� �s�a�l�t� �s�a�t�u�r�a�t�e�d� �s�o�l�u�t�i�o�n� �o�f� �5�%� �s�u�l�f�u�r�i�c� �a�c�i�d� �(�H�,�S�O�,�)�.� 

�T�h�e� �s�e�r�u�m� �b�o�t�t�l�e�s� �w�e�r�e� �s�u�b�m�e�r�g�e�d� �i�n� �a� �3�5�°� �C� �(�+� �0�.�2�°� �C�)� �w�a�t�e�r� �b�a�t�h�.� �A� �L�a�u�d�a� �K�-�2�/�R�D� 

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

�c�o�n�t�a�i�n�e�d� �m�a�g�n�e�t�i�c� �s�t�i�r�r�i�n�g� �b�a�r�s�.� �M�a�g�n�e�t�i�c� �s�t�i�r�r�e�r�s�,� �l�o�c�a�t�e�d� �b�e�n�e�a�t�h� �t�h�e� �w�a�t�e�r� �b�a�t�h�,� �m�i�x�e�d� �t�h�e� 

�b�o�t�t�l�e�s�.� 

�G�r�a�n�u�l�a�r� �S�l�u�d�g�e� �S�o�u�r�c�e� �a�n�d� �H�a�n�d�l�i�n�g� 

�G�r�a�n�u�l�a�r� �s�l�u�d�g�e� �i�n�o�c�u�l�u�m� �w�a�s� �w�i�t�h�d�r�a�w�n� �f�r�o�m� �l�a�b�-�s�c�a�l�e� �U�A�S�B� �R�e�a�c�t�o�r� �A�.� �T�a�b�l�e� �1�8� 

�s�u�m�m�a�r�i�z�e�s� �t�h�e� �s�t�e�a�d�y�-�s�t�a�t�e� �c�o�n�d�i�t�i�o�n�s� �o�f� �t�h�e� �U�A�S�B� �w�h�e�n� �t�h�e� �s�l�u�d�g�e� �w�a�s� �w�i�t�h�d�r�a�w�n�.� 

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

�b�a�t�c�h� �r�e�a�c�t�o�r�s� �(�1� �L� �v�o�l�u�m�e�,� �3�5�°� �C�)�.� �T�h�e� �b�a�t�c�h� �r�e�a�c�t�o�r�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �a�t� �p�H� �7�.�4� �a�n�d� �p�H� �7�.�8�.� 

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

�d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �n�e�x�t� �s�e�c�t�i�o�n�.� 
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�T�a�b�l�e� �1�8�.� �O�p�e�r�a�t�i�n�g� �C�o�n�d�i�t�i�o�n�s� �o�f� �L�a�b�-�S�c�a�l�e� �U�A�S�B� �R�e�a�c�t�o�r� �A� �W�h�e�n� �I�n�o�c�u�l�u�m� �S�i�u�d�g�e� �w�a�s� �W�i�t�h�d�r�a�w�n� �F�o�r� �T�o�x�i�c�i�t�y� 

� � 

� � 

�A�s�s�a�y�s�.� 

�P�a�r�a�m�e�t�e�r� �V�a�l�u�e� 

�F�/�M� �R�a�t�i�o� �0�.�3� �m�g� �C�O�D�/�m�g� �V�S�S�/�d�a�y� 

�S�o�l�u�b�l�e� �C�O�D� �R�e�d�u�c�t�i�o�n� �9�5� �p�e�r�c�e�n�t� 

�A�m�m�o�n�i�a� �C�o�n�c�e�n�t�r�a�t�i�o�n� �2�,�4�8�0� �m�g�/�L� �N�H�,�-�N� 

�S�o�d�i�u�m� �C�o�n�c�e�n�t�r�a�t�i�o�n� �4�,�3�7�0� �m�g�/�L� 

�p�H� �7�.�3� 

�T�e�m�p�e�r�a�t�u�r�e� �3�7�°� �C� 

�D�a�y�s� �a�t� �S�t�e�a�d�y�-�S�t�a�t�e� �4�0� 
� � 

�M�a�c�r�o� �a�n�d� �M�i�c�r�o� �N�u�t�r�i�e�n�t� �S�o�l�u�t�i�o�n�s� 

�T�a�b�l�e� �1�9� �s�u�m�m�a�r�i�z�e�s� �t�h�e� �m�a�c�r�o�-�n�u�t�r�i�e�n�t� �b�u�f�f�e�r� �s�o�l�u�t�i�o�n� �c�o�m�p�o�s�i�t�i�o�n�.� �T�h�e� �t�a�b�l�e� �a�l�s�o� 

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

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

�c�o�o�k�e�r� �w�a�s�t�e�w�a�t�e�r�.� �O�n�e� �m�L� �o�f� �a� �c�o�n�c�e�n�t�r�a�t�e�d� �m�i�c�r�o�-�n�u�t�r�i�e�n�t� �s�o�l�u�t�i�o�n� �w�a�s� �a�d�d�e�d� �p�e�r� �l�i�t�e�r� �o�f� 

�b�u�f�f�e�r� �s�o�l�u�t�i�o�n� �u�s�e�d� �i�n� �t�h�e� �t�o�x�i�c�i�t�y� �a�s�s�a�y�.� �T�a�b�l�e� �2�0� �s�u�m�m�a�r�i�z�e�s� �t�h�e� �c�o�n�c�e�n�t�r�a�t�e�d� �m�i�c�r�o�-�n�u�t�r�i�e�n�t� 

�s�o�l�u�t�i�o�n� �c�o�m�p�o�s�i�t�i�o�n�.� 

�T�a�b�l�e� �1�9�.� �M�a�c�r�o�-�N�u�t�r�i�e�n�t� �B�u�f�f�e�r� �S�o�l�u�t�i�o�n� �C�o�m�p�o�s�i�t�i�o�n�.� 
� � 

� � 

�C�o�m�p�o�u�n�d� �C�o�n�c�e�n�t�r�a�t�i�o�n� �(�m�g�/�L�)� �C�a�t�i�o�n� �C�o�n�c�e�n�t�r�a�t�i�o�n� �(�m�g�/�L�)� 

�N�a�H�C�O�,� �4�,�0�0�0� �1�,�1�0�0� 

�N�H�,�C�l� �5�0�0� �1�3�0�°� 
�K�,�H�P�O�,� �2�5�0� �1�1�0� 
�M�g�C�l�,�-�6�H�,�O� �1�,�1�0�0� �1�3�0� 
�M�g�S�O�,�°�7�H�,�O� �1�0�0� �1�0� 
�C�a�C�l�,� �-�2�H�,�O�0� �1�,�4�0�0� �3�8�0� 

�K�C�I� �1�,�1�5�0� �6�0�0� 
� � 

�(�*�)� �m�g�/�L� �N�H�,�-�N� 
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�T�a�b�l�e� �2�0�.� �C�o�n�c�e�n�t�r�a�t�e�d� �M�i�c�r�o� �N�u�t�r�i�e�n�t� �S�o�l�u�t�i�o�n� �C�o�m�p�o�s�i�t�i�o�n�.� 
� � 

� � 

�C�o�m�p�o�u�n�d� �C�o�n�c�e�n�t�r�a�t�i�o�n� �(�m�g�/�L�)� 

�F�e�S�O�,� �-�7�H�,�0� �2�,�8�0�0� 

�H�,�B�O�.�,� �5�0� 

�Z�n�C�l�,� �5�0� 

�C�u�C�l�,� �-�2�H�,�O� �3�0� 

�M�n�C�l�,� �4�H�,�O� �5�0�0� 

�{�N�H�,�)�,�M�o�,�0�,�,�°�4�H�,�O� �5�0� 

�A�I�C�I�,�-�6�H�,�O� �9�0� 

�C�o�C�l�,�:�6�H�,�0� �2�0�0� 

�N�i�C�l�,�-�6�H�,�0� �5�0� 

�H�C�l�,� �3�6�%� �1� �m�L�/�L� 
� � 

�E�x�p�e�r�i�m�e�n�t�a�l� �P�r�o�c�e�d�u�r�e� 

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

�h�a�n�d�l�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �b�e�l�o�w�.� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �a�d�d�i�t�i�o�n�s� �w�e�r�e� �m�a�d�e� �t�o� �a� �b�o�t�t�l�e�:� �3�3�0� �m�L� �o�f� �m�a�c�r�o�-�n�u�t�r�i�e�n�t� �b�u�f�f�e�r� �s�o�l�u�t�i�o�n�,� 

�0�.�3�3� �m�L� �o�f� �c�o�n�c�e�n�t�r�a�t�e�d� �m�i�c�r�o�-�n�u�t�r�i�e�n�t� �s�o�l�u�t�i�o�n�,� �1�.�0� �m�L� �o�f� �g�l�a�c�i�a�l� �a�c�e�t�i�c� �a�c�i�d�,� �q�u�a�n�t�i�t�i�e�s� �o�f� �N�a�C�l� 

�a�n�d� �N�H�,�C�l� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �d�e�s�i�r�e�d� �s�o�d�i�u�m� �a�n�d� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�,� �a�n�d� �3� �m�L� �o�f� �6�N� 

�N�a�O�H�.� �T�h�e� �b�o�t�t�l�e ��s� �l�i�q�u�i�d� �p�h�a�s�e� �w�a�s� �f�l�u�s�h�e�d� �w�i�t�h� �n�i�t�r�o�g�e�n� �g�a�s� �f�o�r� �4� �m�i�n�u�t�e�s� �t�o� �r�e�m�o�v�e� �a�n�y� 

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

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

�b�a�t�h�.� 

�O�n�c�e� �t�h�e� �b�o�t�t�l�e� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �3�5�°� �C�,� �t�h�e� �b�o�t�t�l�e� �w�a�s� �i�n�o�c�u�l�a�t�e�d� �w�i�t�h� �s�l�u�d�g�e� �f�r�o�m� �o�n�e� 

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

�a�n�t�i�c�i�p�a�t�e�d�.� �B�e�t�w�e�e�n� �1�3�4� �a�n�d� �3�7�7� �m�g� �o�f� �V�S�S� �w�a�s� �a�d�d�e�d� �p�e�r� �b�o�t�t�l�e�.� �T�h�e� �p�H� �w�a�s� �t�h�e�n� �a�d�j�u�s�t�e�d� 

�w�i�t�h� �c�o�n�c�e�n�t�r�a�t�e�d� �h�y�d�r�o�c�h�l�o�r�i�c� �a�c�i�d� �(�H�C�I�)�,� �a�n�d� �t�h�e� �b�o�t�t�l�e ��s� �g�a�s� �p�h�a�s�e� �w�a�s� �f�l�u�s�h�e�d� �w�i�t�h� �n�i�t�r�o�g�e�n� 

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

�s�t�i�r�r�e�d� �i�n�t�e�r�m�i�t�t�e�n�t�l�y�.� �T�h�e� �s�p�e�c�i�f�i�c� �m�e�t�h�a�n�o�g�e�n�i�c� �a�c�t�i�v�i�t�y� �w�a�s� �m�e�a�s�u�r�e�d� �o�n� �t�h�e� �n�e�x�t� �d�a�y�.� 
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�A�f�t�e�r� �2�4� �h�o�u�r�s�,� �t�h�e� �b�o�t�t�l�e� �p�H� �w�a�s� �r�e�a�d�j�u�s�t�e�d� �w�i�t�h� �c�o�n�c�e�n�t�r�a�t�e�d� �H�C�l�,� �i�f� �n�e�c�e�s�s�a�r�y�.� �T�h�e� 

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

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

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

�G�a�s� �c�o�m�p�o�s�i�t�i�o�n� �w�a�s� �s�a�m�p�l�e�d� �h�o�u�r�l�y� �f�r�o�m� �t�h�e� �b�o�t�t�l�e� �h�e�a�d�s�p�a�c�e�.� �C�a�r�b�o�n� �d�i�o�x�i�d�e� �(�C�O�,�)� 

�a�n�d� �m�e�t�h�a�n�e� �(�C�H�,�)� �w�e�r�e� �b�o�t�h� �q�u�a�n�t�i�f�i�e�d�.� �G�a�s� �v�o�l�u�m�e� �w�a�s� �m�e�a�s�u�r�e�d� �h�o�u�r�l�y� �f�r�o�m� �t�h�e� �c�h�a�n�g�e� �i�n� 

�t�h�e� �l�e�v�e�l� �o�f� �t�h�e� �c�o�l�o�r�e�d� �a�c�i�d�i�c� �s�o�l�u�t�i�o�n�.� �T�h�e� �a�c�t�i�v�i�t�y� �d�e�t�e�r�m�i�n�a�t�i�o�n� �l�a�s�t�e�d� �8� �h�o�u�r�s�.� 

�A�f�t�e�r� �8� �h�o�u�r�s�,� �p�H� �w�a�s� �m�e�a�s�u�r�e�d� �i�m�m�e�d�i�a�t�e�l�y�.� �S�a�m�p�l�e�s� �f�o�r� �a�c�e�t�i�c� �a�c�i�d� �a�n�d� �a�m�m�o�n�i�a� 

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

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

�d�e�t�e�r�m�i�n�e�d�.� 

�C�a�l�c�u�l�a�t�i�o�n� �o�f� �S�p�e�c�i�f�i�c� �M�e�t�h�a�n�o�g�e�n�i�c� �A�c�t�i�v�i�t�y� 

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

�e�x�p�e�l�l�e�d� �f�r�o�m� �t�h�e� �h�e�a�d�s�p�a�c�e� �(�s�e�e� �A�p�p�e�n�d�i�x� �B�)�.� �T�h�e� �a�v�e�r�a�g�e� �m�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n� �r�a�t�e� �w�a�s� 

�c�a�l�c�u�l�a�t�e�d� �b�e�t�w�e�e�n� �h�o�u�r�s� �2� �a�n�d� �8�.� �T�h�e� �m�a�x�i�m�u�m� �s�p�e�c�i�f�i�c� �m�e�t�h�a�n�o�g�e�n�i�c� �a�c�t�i�v�i�t�y� �w�a�s� �c�a�l�c�u�l�a�t�e�d� 

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

�E�x�p�e�r�i�m�e�n�t�a�l� �V�a�r�i�a�b�l�e�s� 

�A� �t�o�t�a�l� �o�f� �s�i�x�t�e�e�n� �s�p�e�c�i�f�i�c� �m�e�t�h�a�n�o�g�e�n�i�c� �a�c�t�i�v�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e�.� �T�a�b�l�e� �2�1� 

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

�6�1



�T�a�b�l�e� �2�1�.� �D�e�s�c�r�i�p�t�i�o�n� �o�f� �B�a�t�c�h� �T�o�x�i�c�i�t�y� �A�s�s�a�y� �E�x�p�e�r�i�m�e�n�t�s�.� 
� � 

� � 

�T�r�i�a�l� �p�H� �S�o�d�i�u�m� �C�o�n�c�.� �(�m�g�/�L�)� �A�m�m�o�n�i�a� �C�o�n�c�.� �(�m�g�/�L� �N�H�,�-�N�)� 

�1� �7�.�4� �2�,�5�0�0� �1�3�0� 

�2� �7�.�4� �2�,�5�0�0� �1�,�6�0�0� 

�3� �7�.�4� �2�,�5�0�0� �2�,�4�0�0� 

�4� �7�.�4� �2�,�5�0�0� �3�,�2�0�0� 

�5� �7�.�4� �2�,�5�0�0� �1�3�0� 

�6� �7�.�4� �2�,�5�0�0� �1�,�6�0�0� 

�7� �7�.�4� �2�,�5�0�0� �2�,�4�0�0� 

�8� �7�.�4� �2�,�5�0�0� �3�,�2�0�0� 

�9� �7�.�8� �5�,�0�0�0� �1�3�0� 

�1�0� �7�.�8� �5�,�0�0�0� �8�0�0� 

�1�1� �7�.�8� �5�,�0�0�0� �1�,�6�0�0� 

�1�2� �7�.�8� �5�,�0�0�0� �2�,�4�0�0� 

�1�3� �7�.�8� �5�,�0�0�0� �1�3�0� 

�1�4� �7�8� �5�,�0�0�0� �8�0�0� 

�1�5� �7�.�8� �5�,�0�0�0� �1�,�6�0�0� 

�1�6� �7�.�8� �5�,�0�0�0� �2�,�4�0�0� 
� � 

�P�I�L�O�T�-�S�C�A�L�E� �A�I�R� �S�T�R�I�P�P�I�N�G� �C�O�L�U�M�N� 

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

�T�h�e� �s�t�r�i�p�p�i�n�g� �t�o�w�e�r� �w�a�s� �o�r�i�g�i�n�a�l�l�y� �d�e�s�i�g�n�e�d�,� �c�o�n�s�t�r�u�c�t�e�d�,� �a�n�d� �o�p�e�r�a�t�e�d� �b�y� �W�o�l�f�e� �(�1�9�9�3�)�.� �D�u�r�i�n�g� 

�t�h�e� �c�o�u�r�s�e� �o�f� �t�h�i�s� �s�t�u�d�y�,� �t�h�e� �t�o�w�e�r� �w�a�s� �o�p�e�r�a�t�e�d� �a�t� �t�h�e� �V�i�r�g�i�n�i�a� �T�e�c�h� �S�e�a�f�o�o�d� �R�e�s�e�a�r�c�h� �a�n�d� 

�E�x�t�e�n�s�i�o�n� �C�e�n�t�e�r� �i�n� �H�a�m�p�t�o�n�,� �V�i�r�g�i�n�i�a�.� 

�S�t�r�i�p�p�i�n�g� �T�o�w�e�r� �L�i�q�u�i�d� �F�e�e�d� 

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

�U�B�F� �p�i�l�o�t�-�p�l�a�n�t�;� �h�o�w�e�v�e�r�,� �l�a�c�k� �o�f� �w�a�s�t�e�w�a�t�e�r� �p�r�o�d�u�c�t�i�o�n� �b�y� �G�r�a�h�a�m� �&� �R�o�l�l�i�n�s�,� �I�n�c�.� �(�t�h�e� 

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

�s�t�u�d�y�,� �p�i�l�o�t�-�p�l�a�n�t� �e�f�f�l�u�e�n�t� �w�a�s� �d�i�l�u�t�e�d� �1�5�:�1�.� �O�n�e� �t�r�i�a�l� �t�h�a�t� �w�a�s� �o�r�i�g�i�n�a�l�l�y� �p�e�r�f�o�r�m�e�d� �w�i�t�h� �d�i�l�u�t�e�d� 

�6�2



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

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

�M�o�d�i�f�i�e�d� �T�o�w�e�r� �D�e�s�i�g�n� 

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

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

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

�c�o�n�s�t�r�u�c�t�e�d�,� �a�n�d� �a� �2� �i�n�c�h� �d�i�a�m�e�t�e�r� �d�r�a�i�n� �w�a�s� �i�n�s�t�a�l�l�e�d� �i�n� �t�h�e� �t�o�w�e�r� �b�a�s�e�.� 

�F�i�g�u�r�e� �1�0� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �m�o�d�i�f�i�e�d� �s�t�r�i�p�p�i�n�g� �t�o�w�e�r� �d�e�s�i�g�n�.� �T�h�e� �m�a�i�n� �t�o�w�e�r� �s�e�c�t�i�o�n� �w�a�s� �a�n� 

�1�8� �i�n�c�h� �i�n�s�i�d�e� �d�i�a�m�e�t�e�r� �P�V�C� �p�i�p�e� �t�h�a�t� �c�o�n�t�a�i�n�e�d� �1�.�8� �m�e�t�e�r�s� �o�f� �5�.�8� �c�m� �(�2�.�3� �i�n�c�h�)� �L�A�N�P�A�C�®� 

�p�a�c�k�i�n�g�.� �T�h�e� �o�r�i�g�i�n�a�l� �t�o�w�e�r� �s�p�e�c�i�f�i�c�a�t�i�o�n�s� �a�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �d�e�t�a�i�l� �b�y� �W�o�l�f�e� �(�1�9�9�3�)�.� 

�A� �D�a�y�t�o�n� �(�C�h�i�c�a�g�o�,� �I�l�l�i�n�o�i�s�)� �b�a�c�k�w�a�r�d� �i�n�c�l�i�n�e� �b�l�o�w�e�r� �(�2� �h�o�r�s�e�p�o�w�e�r� �m�o�t�o�r�,� �1�2�%� �i�n�c�h� 

�w�h�e�e�l� �d�i�a�m�e�t�e�r�)� �w�a�s� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �s�t�r�i�p�p�i�n�g� �t�o�w�e�r� �w�i�t�h� �g�a�l�v�a�n�i�z�e�d� �s�t�e�e�l� �d�u�c�t� �(�1�0� �i�n�c�h� �i�n�s�i�d�e� 

�d�i�a�m�e�t�e�r�)�.� �A� �t�-�s�e�c�t�i�o�n� �c�o�n�n�e�c�t�e�d� �t�h�e� �b�l�o�w�e�r� �t�o� �a� �3� �m�e�t�e�r� �s�e�c�t�i�o�n� �o�f� �s�t�r�a�i�g�h�t� �d�u�c�t�.� �T�h�e� �s�t�r�a�i�g�h�t� 

�s�e�c�t�i�o�n� �w�a�s� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �t�o�w�e�r�.� �A� �9�0�°� �e�l�b�o�w� �d�i�r�e�c�t�e�d� �a�i�r� �u�p�w�a�r�d�s� �w�i�t�h�i�n� �t�h�e� �t�o�w�e�r�.� �S�m�a�l�l� 

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

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

�A�n� �o�b�s�t�r�u�c�t�i�o�n� �w�a�s� �p�l�a�c�e�d� �w�i�t�h�i�n� �t�h�e� �t�-�s�e�c�t�i�o�n� �t�o� �a�c�h�i�e�v�e� �t�h�e� �l�e�s�s�e�r� �a�i�r� �f�l�o�w� �r�a�t�e�s� �(�1�2� �a�n�d� �9� 

�m�3�/�m�i�n�)�.� �A�i�r� �f�l�o�w� �r�a�t�e�s� �w�e�r�e� �q�u�a�n�t�i�f�i�e�d� �b�y� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �a�v�e�r�a�g�e� �a�i�r� �v�e�l�o�c�i�t�y� �w�i�t�h�i�n� �t�h�e� 

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

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

�P�V�C� �p�i�p�e� �(�s�e�e� �A�p�p�e�n�d�i�x� �C�)�.� �L�i�q�u�i�d� �f�l�o�w�r�a�t�e� �w�a�s� �m�o�n�i�t�o�r�e�d� �u�s�i�n�g� �a� �s�t�a�n�d�-�p�i�p�e� �t�h�a�t� �w�a�s� 

�c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �s�t�o�r�a�g�e� �t�a�n�k�.� �T�h�e� �s�t�a�n�d�-�p�i�p�e� �w�a�s� �g�r�a�d�u�a�t�e�d� �e�v�e�r�y� �1�8�.�9� �l�i�t�e�r�s� �(�f�i�v�e� �g�a�l�l�o�n�s�)�.
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�A�i�r� �F�l�o�w� �M�e�a�s�u�r�e�m�e�n�t� 

�A�i�r� �v�e�l�o�c�i�t�y� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �a� �D�w�y�e�r� �(�M�i�c�h�i�g�a�n� �C�i�t�y�,� �I�n�d�i�a�n�a�)� �p�i�t�o�t�-�t�u�b�e� �(�m�o�d�e�l� 

�1�6�7�-�7�,� �6� �i�n�c�h� �i�n�s�e�r�t�i�o�n� �l�e�n�g�t�h�,� �1�/�8� �i�n�c�h� �d�i�a�m�e�t�e�r�)� �a�n�d� �U�-�i�n�c�l�i�n�e�d� �m�a�n�o�m�e�t�e�r� �(�D�w�y�e�r� �m�o�d�e�l� �1�2�2�7�,� 

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

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

�a�t�m�o�s�p�h�e�r�i�c� �c�o�n�d�i�t�i�o�n�s� �(�s�e�e� �A�p�p�e�n�d�i�x� �D�)�.� 

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

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

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

�s�i�x�t�e�e�n� �e�q�u�a�l� �a�r�e�a� �d�i�v�i�s�i�o�n�s� �o�f� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n� �(�s�e�e� �A�p�p�e�n�d�i�x� �E�)�.� �B�y� �c�o�m�p�a�r�i�n�g� �t�h�e� �d�u�c�t ��s� 

�a�v�e�r�a�g�e� �a�i�r� �v�e�l�o�c�i�t�y� �t�o� �t�h�e� �d�u�c�t�'�s� �c�e�n�t�e�r�l�i�n�e� �a�i�r� �v�e�l�o�c�i�t�y� �a�t� �s�e�v�e�r�a�l� �a�i�r� �f�l�o�w� �r�a�t�e�s�,� �t�h�e� �a�u�t�h�o�r� 

�d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�h�e� �a�v�e�r�a�g�e� �a�i�r� �v�e�l�o�c�i�t�y� �w�a�s� �c�o�n�s�i�s�t�e�n�t�l�y� �9�5�%� �o�f� �t�h�e� �c�e�n�t�e�r�l�i�n�e� �v�e�l�o�c�i�t�y�.� 

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

�P�r�e�s�s�u�r�e� �D�r�o�p� �M�e�a�s�u�r�e�m�e�n�t� 

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

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

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

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

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

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



�E�x�p�e�r�i�m�e�n�t�a�l� �P�r�o�c�e�d�u�r�e� 

�E�f�f�l�u�e�n�t� �f�r�o�m� �t�h�e� �U�B�F� �p�i�l�o�t� �p�l�a�n�t� �w�a�s� �c�o�l�l�e�c�t�e�d�,� �d�i�l�u�t�e�d�,� �a�n�d� �p�u�m�p�e�d� �i�n�t�o� �t�h�e� �p�H� 

�a�d�j�u�s�t�m�e�n�t� �t�a�n�k� �(�1�9� �L� �v�o�l�u�m�e�)�.� �A� �p�H� �a�d�j�u�s�t�m�e�n�t� �d�e�v�i�c�e� �m�a�i�n�t�a�i�n�e�d� �t�h�e� �t�a�n�k ��s� �p�H� �a�t� �1�2� �w�i�t�h� �6�N� 

�S�o�d�i�u�m� �H�y�d�r�o�x�i�d�e� �(�N�a�O�H�)�.� �E�f�f�l�u�e�n�t� �f�l�o�w�e�d� �b�y� �g�r�a�v�i�t�y� �f�r�o�m� �t�h�e� �p�H� �a�d�j�u�s�t�m�e�n�t� �t�a�n�k� �t�o� �t�h�e� �2�1�0� �L� 

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

�i�n�i�t�i�a�t�e�d�.� �A� �t�y�p�i�c�a�l� �a�i�r� �s�t�r�i�p�p�i�n�g� �e�x�p�e�r�i�m�e�n�t� �l�a�s�t�e�d� �2�5� �m�i�n�u�t�e�s�.� �A�f�t�e�r� �t�h�e� �a�i�r� �f�l�o�w�r�a�t�e� �w�a�s� �a�d�j�u�s�t�e�d� 

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

�b�e�g�i�n�n�i�n�g� �t�h�e� �e�x�p�e�r�i�m�e�n�t�.� �E�f�f�l�u�e�n�t� �s�a�m�p�l�e�s� �w�e�r�e� �t�y�p�i�c�a�l�l�y� �t�a�k�e�n� �a�t� �7�,� �1�6�,� �a�n�d� �2�5� �m�i�n�u�t�e�s�.� 

�I�n�f�l�u�e�n�t� �s�a�m�p�l�e�s� �w�e�r�e� �t�y�p�i�c�a�l�l�y� �t�a�k�e�n� �a�t� �1�1� �a�n�d� �2�1� �m�i�n�u�t�e�s�.� �S�e�v�e�r�a�l� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �a�i�r� 

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

�r�e�a�c�h�i�n�g� �e�a�c�h� �1�8�.�9� �L� �(�5� �g�a�l�l�o�n�)� �g�r�a�d�u�a�t�i�o�n� �o�n� �t�h�e� �s�t�a�n�d� �p�i�p�e� �w�a�s� �r�e�c�o�r�d�e�d�.� 

�D�e�s�c�r�i�p�t�i�o�n� �o�f� �E�x�p�e�r�i�m�e�n�t�s� 

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

�T�a�b�l�e� �2�2�.� �N�o�m�i�n�a�!� �L�i�q�u�i�d� �a�n�d� �A�i�r� �F�i�o�w�r�a�t�e�s� �U�t�i�l�i�z�e�d� �f�o�r� �A�i�r� �S�t�r�i�p�p�i�n�g� �E�x�p�e�r�i�m�e�n�t�s�.� 
� � 

�A�i�r� �F�l�o�w�r�a�t�e� �(�m�/�m�i�n�)� 

� � 

�L�i�q�u�i�d� �F�l�o�w�r�a�t�e� �(�L�/�m�?�/�m�i�n�)�*� �9� �1�2� �1�5� �2�4� 

�2�0� �x� �;� �:� 

�2�5� �x� �x� �x� �;� 

�3�3� �x� �.� �;� 

�4�1� 
�x� �x� 

� � 

�(�*�)� �l�i�t�e�r�s� �p�e�r� �s�q�u�a�r�e� �m�e�t�e�r� �o�f� �t�o�w�e�r� �a�r�e�a� 
�(�x�}� �e�x�p�e�r�i�m�e�n�t� �p�e�r�f�o�r�m�e�d



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

�S�a�m�p�l�e�s� �f�r�o�m� �t�h�e� �p�i�l�o�t�-�s�c�a�l�e� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m�s� �i�n� �H�a�m�p�t�o�n�,� �V�i�r�g�i�n�i�a� �w�e�r�e� �p�r�e�s�e�r�v�e�d�,� �i�f� 

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

�f�r�o�m� �t�h�e� �l�a�b�-�s�c�a�l�e� �U�A�S�B� �r�e�a�c�t�o�r�s�,� �l�o�c�a�t�e�d� �a�t� �t�h�e� �V�P�I� �&� �S�U� �P�r�i�c�e ��s� �F�o�r�k� �R�e�s�e�a�r�c�h� �C�e�n�t�e�r� �w�e�r�e� 

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

�L�A�B�O�R�A�T�O�R�Y� �M�E�T�H�O�D�S� 

�A�l�l� �a�n�a�l�y�s�i�s�,� �e�x�c�e�p�t� �p�H� �m�e�a�s�u�r�e�m�e�n�t�,� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �a�t� �t�h�e� �V�P�!� �&� �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� �l�a�b�o�r�a�t�o�r�y�.� �M�e�a�s�u�r�e�m�e�n�t�s� �o�f� �p�H� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �i�m�m�e�d�i�a�t�e�l�y� �a�f�t�e�r� �s�a�m�p�l�i�n�g� �t�o� 

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

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

�l�a�b�o�r�a�t�o�r�y� �a�t� �4�°� �C�.� �S�a�m�p�l�e�s� �w�e�r�e� �d�i�l�u�t�e�d� �w�h�e�n� �n�e�c�e�s�s�a�r�y� �f�o�r� �a�n� �a�n�a�l�y�s�i�s�.� 

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

�a�n�d� �W�a�s�t�e�w�a�t�e�r� �(�1�9�9�2�)�,� �i�f� �t�h�e�r�e� �w�a�s� �a� �m�e�t�h�o�d� �a�v�a�i�l�a�b�l�e�.� 

�C�h�e�m�i�c�a�l� �O�x�y�g�e�n� �D�e�m�a�n�d� �(�C�O�D�)� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �M�e�t�h�o�d� �5�2�2�0� �C�,� �t�h�e� �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�a�m�p�l�e�s� �w�e�r�e� �d�i�g�e�s�t�e�d� �f�o�r� �t�w�o� �h�o�u�r�s� �a�t� �1�5�0�°� �C� �a�n�d� �t�h�e�n� �t�i�t�r�a�t�e�d� �w�i�t�h� �0�.�0�5� 

�N� �f�e�r�r�o�u�s� �a�m�m�o�n�i�u�m� �s�u�l�f�a�t�e�.� �S�o�l�u�b�l�e� �C�O�D� �s�a�m�p�l�e�s� �w�e�r�e� �f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �W�h�a�t�m�a�n� �9�3�4�-�A�H� 

�g�l�a�s�s� �f�i�b�e�r� �f�i�l�t�e�r�s�.� �S�a�m�p�l�e�s� �w�e�r�e� �p�r�e�s�e�r�v�e�d� �b�y� �a�c�i�d�i�f�i�c�a�t�i�o�n� �t�o� �b�e�l�o�w� �p�H� �2� �w�i�t�h� �c�o�n�c�e�n�t�r�a�t�e�d� 

�s�u�l�f�u�r�i�c� �a�c�i�d� �(�H�,�S�O�,�)�,� �w�h�e�n� �n�e�c�e�s�s�a�r�y�.� 

�A�l�k�a�l�i�n�i�t�y� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �M�e�t�h�o�d� �2�3�2�0� �B�.� �T�h�e� �t�i�t�r�a�t�i�o�n� �w�a�s� �p�e�r�f�o�r�m�e�d� �t�o� �p�H� �4�.�5� �w�i�t�h� 

�0�.�1� �N� �s�u�l�f�u�r�i�c� �a�c�i�d� �(�H�,�S�O�,�)�.� �A� �C�o�l�e� �P�a�r�m�e�r� �(�N�i�l�e�s�,� �I�l�l�i�n�o�i�s�)� �h�a�n�d�-�h�e�l�d� �p�H� �m�e�t�e�r� �w�i�t�h� �a� �s�e�a�l�e�d� 

�e�l�e�c�t�r�o�d�e� �w�a�s� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �p�H�.� 

�6�7



�A�m�m�o�n�i�a� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �d�i�s�t�i�l�l�a�t�i�o�n� �i�n�t�o� �b�o�r�i�c� �a�c�i�d� �a�c�c�o�r�d�i�n�g� �t�o� �M�e�t�h�o�d� �4�5�0�0�-�N�H�,� 

�B�,� �f�o�l�l�o�w�e�d� �b�y� �t�i�t�r�a�t�i�o�n� �o�f� �t�h�e� �b�o�r�i�c� �a�c�i�d� �s�o�l�u�t�i�o�n� �w�i�t�h� �0�.�0�2� �N� �H�,�S�O�,� �a�c�c�o�r�d�i�n�g� �t�o� �M�e�t�h�o�d� �4�5�0�0�-� 

�N�H�,� �E�.� �S�a�m�p�l�e�s� �w�e�r�e� �p�r�e�s�e�r�v�e�d� �b�y� �a�c�i�d�i�f�i�c�a�t�i�o�n� �t�o� �b�e�l�o�w� �p�H� �2� �w�i�t�h� �c�o�n�c�e�n�t�r�a�t�e�d� �H�,�S�O�,�,� �w�h�e�n� 

�n�e�c�e�s�s�a�r�y�.� 

�T�o�t�a�l� �K�j�e�l�d�a�h� �N�i�t�r�o�g�e�n� �(�T�K�N�)� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �M�e�t�h�o�d� �4�5�0�0�-�N�,�,�,� �©�,� �t�h�e� �S�e�m�i�-�M�i�c�r�o�-� 

�K�j�e�l�d�a�h�l� �M�e�t�h�o�d�.� �T�h�e� �p�r�o�c�e�d�u�r�e� �i�n�c�l�u�d�e�d� �a� �3�0� �m�i�n�u�t�e� �d�i�g�e�s�t�i�o�n� �f�o�l�t�o�w�e�d� �b�y� �d�i�s�t�i�l�l�a�t�i�o�n� �i�n�t�o� 

�b�o�r�i�c� �a�c�i�d�.� �T�h�e� �b�o�r�i�c� �a�c�i�d� �s�o�l�u�t�i�o�n� �w�a�s� �t�i�t�r�a�t�e�d� �w�i�t�h� �0�.�0�2� �N� �H�,�S�O�,�.� �S�a�m�p�l�e�s� �w�e�r�e� �n�o�t� �f�i�l�t�e�r�e�d�.� 

�S�a�m�p�l�e�s� �w�e�r�e� �p�r�e�s�e�r�v�e�d� �b�y� �a�c�i�d�i�f�i�c�a�t�i�o�n� �t�o� �b�e�l�o�w� �p�H� �2� �w�i�t�h� �c�o�n�c�e�n�t�r�a�t�e�d� �H�,�S�O�,�,� �w�h�e�n� 

�n�e�c�e�s�s�a�r�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�)� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �M�e�t�h�o�d� �5�2�1�0� �B�.� �H�A�C�H� �(�A�m�e�s�,� 

�l�o�w�a�)� �n�i�t�r�i�f�i�c�a�t�i�o�n� �i�n�h�i�b�i�t�o�r�,� �2�-�c�h�l�o�r�o�-�6�-�(�t�r�i�c�h�l�o�r�o�m�e�t�h�y�l�)� �p�y�r�i�d�i�n�e�,� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �d�i�l�u�t�i�o�n� �w�a�t�e�r�.� 

�S�o�l�u�b�l�e� �B�O�D� �s�a�m�p�l�e�s� �w�e�r�e� �f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �W�h�a�t�m�a�n� �9�3�4�-�A�H� �f�i�l�t�e�r�s�.� �T�o� �d�e�t�e�r�m�i�n�e� �B�O�D�,� 

�(�u�l�t�i�m�a�t�e� �B�O�D�)�,� �t�h�e� �B�O�D� �w�a�s� �m�e�a�s�u�r�e�d� �e�v�e�r�y� �f�i�f�t�h� �d�a�y� �o�v�e�r� �2�5� �d�a�y�s�.� �I�f� �t�h�e� �r�e�s�u�l�t�i�n�g� �o�x�y�g�e�n� 

�d�e�m�a�n�d� �c�u�r�v�e� �a�p�p�e�a�r�e�d� �t�o� �r�e�a�c�h� �a� �p�l�a�t�e�a�u�,� �t�h�e� �B�O�D�,� �w�a�s� �e�q�u�a�l� �t�o� �t�h�e� �2�5� �d�a�y� �B�O�D�.� �O�n� �o�n�e� 

�o�c�c�a�s�i�o�n�,� �t�h�e� �B�O�D�,� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �m�e�a�s�u�r�i�n�g� �B�O�D� �o�v�e�r� �2�0� �d�a�y�s� �i�n�s�t�e�a�d� �o�f� �2�5� �d�a�y�s�.� 

�T�o�t�a�l� �S�u�s�p�e�n�d�e�d� �S�o�l�i�d�s� �(�T�S�S�)� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �M�e�t�h�o�d� �2�5�4�0� �D� �u�s�i�n�g� �a� �1�0�3�°� �C� �o�v�e�n� 

�t�e�m�p�e�r�a�t�u�r�e�.� �V�o�l�a�t�i�l�e� �S�u�s�p�e�n�d�e�d� �S�o�l�i�d�s� �(�V�S�S�)� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �M�e�t�h�o�d� �2�5�4�0� �E� �u�s�i�n�g� �a� �5�5�0�°� 

�C� �o�v�e�n� �t�e�m�p�e�r�a�t�u�r�e�.� 

�S�o�d�i�u�m�,� �p�o�t�a�s�s�i�u�m�,� �m�a�g�n�e�s�i�u�m�,� �a�n�d� �c�a�l�c�i�u�m� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �M�e�t�h�o�d� �3�1�1�1� �B�,� �t�h�e� 

�D�i�r�e�c�t� �A�i�r�-�A�c�e�t�y�i�e�n�e� �F�l�a�m�e� �M�e�t�h�o�d�,� �w�i�t�h� �a� �P�e�r�k�i�n�-�E�l�m�e�r� �(�N�o�r�w�a�l�k�,� �C�o�n�n�e�c�t�i�c�u�t�)�,� �M�o�d�e�l� �7�0�3�,� 

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

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

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

�V�o�l�a�t�i�l�e� �F�a�t�t�y� �A�c�i�d�s� �(�V�F�A�)� �w�e�r�e� �m�e�a�s�u�r�e�d� �b�y� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �u�s�i�n�g� �a� �T�r�a�c�o�r� 

�(�A�u�s�t�i�n�,� �T�e�x�a�s�)�,� �M�o�d�e�l� �5�6�0�,� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�.� �A� �f�l�a�m�e� �i�o�n�i�z�a�t�i�o�n� �d�e�t�e�c�t�o�r� �w�a�s� �u�s�e�d� �a�t� �2�0�0�°



�C� �w�i�t�h� �a� �h�e�l�i�u�m� �f�l�o�w� �r�a�t�e� �o�f� �3�0� �m�L�/�m�i�n� �a�n�d� �a�n� �a�i�r� �f�l�o�w� �r�a�t�e� �o�f� �3�0�0� �m�l�/�m�i�n�.� �A� �3�0�"� �x� �4�m�m� �I�D� 

�g�l�a�s�s� �c�o�l�u�m�n� �c�o�n�t�a�i�n�i�n�g� �6�0�/�8�0� �C�a�r�b�o�p�a�c�k� �C�/� �0�.�3�%� �C�a�r�b�o�w�a�x� �2�0�M�/� �0�.�1�%� �H�,�P�O�,� �w�a�s� �u�t�i�l�i�z�e�d� 

�w�i�t�h� �a� �n�i�t�r�o�g�e�n� �f�l�o�w� �r�a�t�e� �o�f� �4� �m�L�/�m�i�n�.� �T�h�e� �c�o�l�u�m�n� �a�n�d� �i�n�j�e�c�t�o�r� �t�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �1�2�0�°� �C� �a�n�d� 

�2�0�0�°� �C�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �S�a�m�p�l�e�s� �w�e�r�e� �a�c�i�d�i�f�i�e�d� �w�i�t�h� �e�i�t�h�e�r� �1�%� �o�r� �2�%� �f�o�r�m�i�c� �a�c�i�d� �p�r�i�o�r� �t�o� �a�n�a�l�y�s�i�s�.� 

�S�a�m�p�l�e� �i�n�j�e�c�t�i�o�n� �v�o�l�u�m�e�s� �o�f� �1� �w�L� �w�e�r�e� �u�t�i�l�i�z�e�d�.� �A�c�e�t�i�c� �a�c�i�d�,� �p�r�o�p�i�o�n�i�c� �a�c�i�d�,� �i�s�o�-�b�u�t�y�r�i�c� �a�c�i�d�,� 

�a�n�d� �n�-�b�u�t�y�r�i�c� �a�c�i�d� �w�e�r�e� �a�l�l� �q�u�a�n�t�i�f�i�e�d� �w�h�e�n� �p�r�e�s�e�n�t� �i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �e�x�c�e�e�d�i�n�g� �1�0� �m�g�/�L�.� 

�T�o�t�a�l� �O�r�g�a�n�i�c� �C�a�r�b�o�n� �(�T�O�C�)� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �M�e�t�h�o�d� �5�3�1�0� �B� �u�s�i�n�g� �a� �D�o�h�r�m�a�n�n� 

�(�S�a�n�t�a� �C�l�a�r�a�,� �C�a�l�i�f�o�r�n�i�a�}�,� �T�o�t�a�l� �O�r�g�a�n�i�c� �C�a�r�b�o�n� �A�n�a�l�y�z�e�r�.� �P�r�i�o�r� �t�o� �t�h�e� �a�n�a�l�y�s�i�s�,� �s�a�m�p�l�e�s� �w�e�r�e� 

�a�c�i�d�i�f�i�e�d� �t�o� �b�e�l�o�w� �p�H� �2� �w�i�t�h� �8�5�%� �p�h�o�s�p�h�o�r�i�c� �a�c�i�d� �(�H�,�P�O�,�)� �a�n�d� �p�u�r�g�e�d� �o�f� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �w�i�t�h� 

�o�x�y�g�e�n� �g�a�s� �f�o�r� �1�0� �m�i�n�u�t�e�s�.� �T�h�e� �r�e�s�u�l�t�s� �r�e�p�o�r�t�e�d� �a�s� �T�O�C� �a�r�e� �t�h�e�r�e�f�o�r�e� �a�c�t�u�a�l�l�y� �N�o�n�-�P�u�r�g�e�a�b�l�e� 

�O�r�g�a�n�i�c� �C�a�r�b�o�n� �(�N�P�O�C�)�.� �S�o�l�u�b�l�e� �T�O�C� �s�a�m�p�l�e�s� �w�e�r�e� �f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �W�h�a�t�m�a�n� �9�3�4�-�A�H� �g�l�a�s�s� 

�f�i�b�e�r� �f�i�l�t�e�r�s�.� 

�T�h�e� �a�n�i�o�n�s�,� �c�h�l�o�r�i�d�e�,� �n�i�t�r�a�t�e�,� �p�h�o�s�p�h�a�t�e�,� �a�n�d� �s�u�l�f�a�t�e� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �M�e�t�h�o�d� �4�1�1�0� �B�,� 

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

�C�a�l�i�f�o�r�n�i�a�)� �l�o�n� �C�h�r�o�m�a�t�o�g�r�a�p�h�.� �T�h�e� �e�l�u�e�n�t� �c�o�m�p�o�s�i�t�i�o�n� �w�a�s� �1�.�8� �m�i�l�l�i�m�o�l�e�/�L� �(�m�M�)� �s�o�d�i�u�m� 

�c�a�r�b�o�n�a�t�e� �a�n�d� �1�.�7� �m�M� �s�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e�.� �A�n� �e�l�u�e�n�t� �f�l�o�w� �r�a�t�e� �o�f� �2�.�0� �m�L�/�m�i�n� �w�a�s� �u�t�i�l�i�z�e�d�.� 

�G�a�s� �c�o�m�p�o�s�i�t�i�o�n� �w�a�s� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �G�o�w�-�M�a�c� �(�B�r�i�d�g�e�w�a�t�e�r�,� �N�e�w� �J�e�r�s�e�y�)�,� �S�e�r�i�e�s� 

�5�5�0�,� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �t�h�e�r�m�a�l� �c�o�n�d�u�c�t�i�v�i�t�y� �d�e�t�e�c�t�o�r�.� �A� �8�0�/�1�0�0� �P�o�r�a�p�a�k� �Q� 

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

�w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �a�t� �3�5�°� �C�.� �T�h�e� �d�e�t�e�c�t�o�r� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �6�0�°� �C�.� �C�a�r�b�o�n� �d�i�o�x�i�d�e� �a�n�d� �m�e�t�h�a�n�e� 

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



�C�H�A�P�T�E�R� �I�V�.� �R�E�S�U�L�T�S� 

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

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

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

�r�e�a�c�h� �a� �p�e�r�i�o�d� �o�f� �c�o�n�s�t�a�n�t� �p�e�r�f�o�r�m�a�n�c�e� �o�r�  ��s�t�e�a�d�y�-�s�t�a�t�e ��;� �h�o�w�e�v�e�r�,� �a� �s�t�e�a�d�y�-�s�t�a�t�e� �w�a�s� �o�f�t�e�n� �n�o�t� 

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

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

�L�A�B�-�S�C�A�L�E� �U�P�F�L�O�W� �A�N�A�E�R�O�B�I�C� �S�L�U�D�G�E� �B�L�A�N�K�E�T� �(�U�A�S�B�)� �R�E�A�C�T�O�R�S� 

�R�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �l�a�b�-�s�c�a�l�e� �U�A�S�B� �s�t�u�d�y� �a�r�e� �d�i�v�i�d�e�d� �i�n�t�o� �t�w�o� �s�e�c�t�i�o�n�s�:� �f�i�r�s�t� �s�t�u�d�y� �p�e�r�i�o�d�,� 

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

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

�F�i�r�s�t� �S�t�u�d�y� �P�e�r�i�o�d� 

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

�T�h�e� �r�e�a�c�t�o�r�s� �w�e�r�e� �a�c�c�l�i�m�a�t�e�d� �f�o�r� �3�0� �d�a�y�s� �w�i�t�h� �w�a�s�t�e�w�a�t�e�r� �d�i�l�u�t�e�d� �1�:�5� �w�i�t�h� �t�a�p� �w�a�t�e�r�.� �T�h�i�s� 

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

�F�i�g�u�r�e� �1�1� �s�h�o�w�s� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �e�f�f�l�u�e�n�t� �s�o�l�u�b�l�e� �C�O�D� �a�n�d� �o�r�g�a�n�i�c� �l�o�a�d�i�n�g� �r�a�t�e� �(�O�L�R�)� �f�o�r� 

�R�e�a�c�t�o�r� �A� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �s�t�u�d�y� �p�e�r�i�o�d�.� �T�h�e� �r�e�a�c�t�o�r� �w�a�s� �f�e�d� �w�a�s�t�e�w�a�t�e�r� �f�o�r� �1�4� �d�a�y�s� �a�t� �a�n� �O�L�R� 

�o�f� �1� �g� �C�O�D�/�L�/�d�a�y�.� �T�h�e� �r�e�a�c�t�o�r ��s� �O�L�R� �w�a�s� �t�h�e�n� �i�n�c�r�e�a�s�e�d� �a�n�d� �m�a�i�n�t�a�i�n�e�d� �a�t� �3� �g� �C�O�D�/�L�/�d�a�y� 

�f�o�r� �t�h�e� �n�e�x�t� �3�1� �d�a�y�s�.� �A�f�t�e�r� �t�h�e� �O�L�R� �w�a�s� �i�n�c�r�e�a�s�e�d�,� �t�h�e� �e�f�f�l�u�e�n�t� �C�O�D� �i�n�c�r�e�a�s�e�d� �a�n�d� �f�l�u�c�t�u�a�t�e�d� 
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�T�i�m�e� �(�d�a�y�s�)� 

�F�i�g�u�r�e� �1�1�.� �V�a�r�i�a�t�i�o�n� �o�f� �E�f�f�l�u�e�n�t� �S�o�l�u�b�l�e� �C�O�D� �a�n�d� �O�r�g�a�n�i�c� �L�o�a�d�i�n�g� �R�a�t�e� �O�v�e�r� �T�i�m�e� �f�o�r� �R�e�a�c�t�o�r� �A�,� 
�F�i�r�s�t� �S�t�u�d�y� �P�e�r�i�o�d�.� 
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�d�u�r�i�n�g� �t�h�e� �n�e�x�t� �3�1� �d�a�y�s�.� �A� �p�e�r�i�o�d� �o�f� �s�t�e�a�d�y�-�s�t�a�t�e� �o�p�e�r�a�t�i�o�n� �w�a�s� �n�o�t� �a�t�t�a�i�n�e�d�.� �T�h�e� �s�t�u�d�y� �p�e�r�i�o�d� 

�w�a�s� �t�e�r�m�i�n�a�t�e�d� �w�h�e�n� �t�h�e� �e�f�f�l�u�e�n�t� �C�O�D� �i�n�c�r�e�a�s�e�d� �t�o� �g�r�e�a�t�e�r� �t�h�a�n� �6�,�0�0�0� �m�g�/�L�.� 

�F�i�g�u�r�e� �1�2� �d�i�s�p�l�a�y�s� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �e�f�f�l�u�e�n�t� �s�o�l�u�b�l�e� �C�O�D� �a�n�d� �O�L�R� �f�o�r� �R�e�a�c�t�o�r� �B� �d�u�r�i�n�g� 

�t�h�e� �f�i�r�s�t� �s�t�u�d�y� �p�e�r�i�o�d�.� �T�h�e� �r�e�a�c�t�o�r� �w�a�s� �f�e�d� �w�a�s�t�e�w�a�t�e�r� �a�t� �a�n� �O�L�R� �o�f� �1� �g� �C�O�D�/�L�/�d�a�y� �f�o�r� �1�4� 

�d�a�y�s�.� �T�h�e� �l�o�a�d�i�n�g� �r�a�t�e� �w�a�s� �t�h�e�n� �i�n�c�r�e�a�s�e�d� �a�n�d� �m�a�i�n�t�a�i�n�e�d� �a�t� �3�.�5� �g� �C�O�D�/�L�/�d�a�y� �f�o�r� �1�1� �d�a�y�s�.� 

�O�n� �d�a�y� �5�5�,� �t�h�e� �O�L�R� �w�a�s� �i�n�c�r�e�a�s�e�d� �t�o� �5�.�7� �g� �C�O�D�/�L�/�d�a�y�.� �T�h�i�s� �O�L�R� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �f�o�r� �2�0� �d�a�y�s�.� 

�T�h�e� �e�f�f�l�u�e�n�t� �C�O�D� �i�n�c�r�e�a�s�e�d� �a�f�t�e�r� �t�h�e� �i�n�i�t�i�a�l� �i�n�c�r�e�a�s�e� �i�n� �o�r�g�a�n�i�c� �l�o�a�d�i�n�g�.� �A�f�t�e�r� �t�h�e� �a�d�d�i�t�i�o�n�a�l� 

�i�n�c�r�e�a�s�e� �i�n� �o�r�g�a�n�i�c� �l�o�a�d�i�n�g�,� �t�h�e� �e�f�f�l�u�e�n�t� �C�O�D� �i�n�c�r�e�a�s�e�d� �f�u�r�t�h�e�r� �(�a�b�o�v�e� �8�,�0�0�0� �m�g�/�L�)�.� �T�h�e� 

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

�o�n� �d�a�y� �7�2�.� 

�S�e�c�o�n�d� �S�t�u�d�y� �P�e�r�i�o�d� 

�D�u�r�i�n�g� �t�h�e� �s�e�c�o�n�d� �s�t�u�d�y� �p�e�r�i�o�d�,� �h�y�d�r�o�c�h�l�o�r�i�c� �a�c�i�d� �(�H�C�I�,� �6�N�)� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� 

�w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �t�o� �m�a�i�n�t�a�i�n� �t�h�e� �r�e�a�c�t�o�r ��s� �p�H� �n�e�a�r� �n�e�u�t�r�a�l�.� �D�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �4�5� �d�a�y�s�,� �t�w�o� �r�e�a�c�t�o�r� 

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

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

�T�h�e� �f�i�r�s�t� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d� �(�s�t�e�a�d�y�-�s�t�a�t�e� �#�1�)� �w�a�s� �r�e�a�c�h�e�d� �u�s�i�n�g� �w�a�s�t�e�w�a�t�e�r� �w�i�t�h� �f�a�i�r�l�y� 

�l�o�w� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �T�K�N� �(�9�9�3� �m�g�/�L� �a�s� �n�i�t�r�o�g�e�n�)�,� �s�o�d�i�u�m� �(�1�,�8�9�0� �m�g�/�L�)�,� �a�n�d� �C�O�D� �(�8�,�3�2�0� �m�g�/�I�,� 

�u�n�f�i�l�t�e�r�e�d�)�.� �T�h�e� �s�e�c�o�n�d� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d� �(�s�t�e�a�d�y�-�s�t�a�t�e� �#�2�)� �w�a�s� �r�e�a�c�h�e�d� �u�s�i�n�g� �w�a�s�t�e�w�a�t�e�r� 

�w�i�t�h� �f�a�i�r�l�y� �h�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �T�K�N� �(�2�,�7�6�0� �m�g�/�L� �a�s� �n�i�t�r�o�g�e�n�)�,� �s�o�d�i�u�m� �(�4�,�5�1�0� �m�g�/�L�)�,� �a�n�d� �C�O�D� 

�(�2�4�,�1�0�0� �m�g�/�L�,� �u�n�f�i�l�t�e�r�e�d�)�.� �F�o�r� �c�l�a�r�i�t�y�,� �d�a�t�a� �f�r�o�m� �t�h�e� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d�s� �a�r�e� �p�r�e�s�e�n�t�e�d� 

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

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

�n�o�t�e�d�.� 
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�3�0� �3�5� �4�0� �4�5� �S�O� �5�5� �6�0� �6�5� �7�0� �7�5� 
�T�i�m�e� �(�d�a�y�s�)� 

�F�i�g�u�r�e� �1�2�.� �V�a�r�i�a�t�i�o�n� �o�f� �E�f�f�l�u�e�n�t� �S�o�l�u�b�l�e� �C�O�D� �a�n�d� �O�r�g�a�n�i�c� �L�o�a�d�i�n�g� �R�a�t�e� �O�v�e�r� �T�i�m�e� �f�o�r� �R�e�a�c�t�o�r� �B�,� 
�F�i�r�s�t� �S�t�u�d�y� �P�e�r�i�o�d�.� 
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�A�d�d�i�t�i�o�n�a�l� �g�r�a�n�u�l�a�r� �s�l�u�d�g�e� �w�a�s� �a�d�d�e�d� �t�o� �R�e�a�c�t�o�r� �A� �a�f�t�e�r� �t�h�e� �f�i�r�s�t� �s�t�u�d�y� �p�e�r�i�o�d�;� �h�o�w�e�v�e�r�,� 

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

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

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

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

�f�e�d� �d�i�l�u�t�e�d� �w�a�s�t�e�w�a�t�e�r� �(�1�:�5� �d�i�l�u�t�i�o�n� �w�i�t�h� �t�a�p� �w�a�t�e�r�)� �a�t� �a�n� �O�L�R� �o�f� �0�.�5� �g� �C�O�D�/�L�/�d�a�y�.� 

�R�e�a�c�t�o�r� �B ��s� �O�L�R� �w�a�s� �i�n�c�r�e�a�s�e�d� �t�o� �1�.�0� �g� �C�O�D�/�L�/�d�a�y� �o�n� �d�a�y� �1�1� �a�n�d� �t�o� �1�.�6� �g� 

�C�O�D�/�L�/�d�a�y� �o�n� �d�a�y� �2�0�.� �R�e�a�c�t�o�r� �A ��s� �O�L�R� �w�a�s� �n�o�t� �i�n�c�r�e�a�s�e�d� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �3�0� �d�a�y�s�.� �A�f�t�e�r� �d�a�y� 

�3�0�,� �f�u�l�l�-�s�t�r�e�n�g�t�h� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �f�e�d� �t�o� �R�e�a�c�t�o�r�s� �A� �a�n�d� �B� �a�t� �1�.�6� �a�n�d� �1�.�3� �g� �C�O�D�/�L�/�d�a�y�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �F�i�g�u�r�e� �1�3� �s�h�o�w�s� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� �r�e�a�c�t�o�r�s �� �e�f�f�l�u�e�n�t� �s�o�l�u�b�l�e� �C�O�D� �d�u�r�i�n�g� �t�h�e� �s�t�a�r�t�-� 

�u�p� �p�e�r�i�o�d�.� �F�i�g�u�r�e� �1�4� �s�h�o�w�s� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� �r�e�a�c�t�o�r�s �� �b�i�o�g�a�s� �p�r�o�d�u�c�t�i�o�n� �d�u�r�i�n�g� �t�h�e� �s�t�a�r�t�-�u�p� 

�p�e�r�i�o�d�.� 

�A�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �1�3�,� �R�e�a�c�t�o�r� �A ��s� �e�f�f�l�u�e�n�t� �C�O�D� �w�a�s� �h�i�g�h�e�r� �t�h�a�n� �R�e�a�c�t�o�r� �B ��s� �e�f�f�l�u�e�n�t� 

�C�O�D� �u�n�t�i�l� �d�a�y� �2�4�.� �A�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �1�4�,� �R�e�a�c�t�o�r� �A� �g�e�n�e�r�a�t�e�d� �l�e�s�s� �b�i�o�g�a�s� �(�p�e�r� �g�r�a�m� �o�f� �C�O�D� �i�n� 

�w�a�s�t�e�w�a�t�e�r� �f�e�e�d�)� �t�h�a�n� �R�e�a�c�t�o�r� �B� �u�n�t�i�l� �d�a�y� �4�0�.� �B�y� �t�h�e� �e�n�d� �o�f� �t�h�e� �4�5� �d�a�y� �s�t�a�r�t�-�u�p� �p�e�r�i�o�d�,� �t�h�e� 

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

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

�5�0�0� �m�L�/�g� �C�O�D� �a�n�d� �1�,�0�0�0� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�F�i�g�u�r�e� �1�5� �d�i�s�p�l�a�y�s� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �R�e�a�c�t�o�r� �A ��s� �e�f�f�l�u�e�n�t� �s�o�l�u�b�l�e� �C�O�D� �a�n�d� �O�L�R� �f�r�o�m� �d�a�y� 

�4�5� �t�o� �d�a�y� �1�5�1� �(�e�n�d� �o�f� �s�e�c�o�n�d� �s�t�u�d�y� �p�e�r�i�o�d�)�.� �F�i�g�u�r�e� �1�6� �s�h�o�w�s� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �R�e�a�c�t�o�r� �B ��s� 

�e�f�f�l�u�e�n�t� �s�o�l�u�b�l�e� �C�O�D� �a�n�d� �O�L�R� �f�r�o�m� �d�a�y� �4�5� �t�o� �d�a�y� �1�5�1�.� �A�f�t�e�r� �t�h�e� �s�t�a�r�t�-�u�p� �p�e�r�i�o�d�,� �R�e�a�c�t�o�r� �A ��s� 

�O�L�R� �w�a�s� �i�n�c�r�e�a�s�e�d� �t�o� �7�.�6� �g� �C�O�D�/�L�/�d�a�y� �a�n�d� �R�e�a�c�t�o�r� �B ��s� �O�L�R� �w�a�s� �i�n�c�r�e�a�s�e�d� �t�o� �5�.�3� �g� 

�C�O�D�/�L�/�d�a�y�.� �T�h�e� �r�e�a�c�t�o�r�s �� �O�L�R� �w�a�s� �d�e�c�r�e�a�s�e�d� �o�n� �d�a�y� �6�3� �w�h�e�n� �b�o�t�h� �r�e�a�c�t�o�r�s �� �p�e�r�f�o�r�m�a�n�c�e� 

�d�e�c�l�i�n�e�d�.� 
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�F�i�g�u�r�e� �1�4�.� �V�a�r�i�a�t�i�o�n� �o�f� �B�i�o�g�a�s� �P�r�o�d�u�c�t�i�o�n� �O�v�e�r� �T�i�m�e�,� �D�u�r�i�n�g� �t�h�e� �S�t�a�r�t�-�U�p� �o�f� 
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�@�®� �1�5�0�0� �+�-�-�-�-�-�-�-�-�-�-�-�-�-�-� �F�a� �r�r�r� �r�r�r� �t�e�n�o�n� �p�e�c� �c�e�c�e� �c�c�c� �c�c�c� �c�e� �e�e�e� �e�e�e� �e� �c�e�e� �e�c�e�e�e�e� �- ��-� �3� 

�=� �a� �.� �=� �2� �a�"� 

�f�a� �=� �g�f� �=� �=� �"�e�s� �n�2�"!"�a�e� �5� 
�1�0�0�0� �T� �e�r�e�c�t� �c�r� �r�e�r� �r�c� �e�e�e�e� �g�a� �M�b� �o�r�e� �e� �e�r�r�r� �e�e� �w�o�v�e� �+� �2� 

�=� �g�a� 

�5�0�0� �+� �~�~� �~�~� �o�r�n� �r�r�r� �f�n� �n�n�n� �n�n� �n�n�n� �n�e�n� �n�n� �n�n� �p�e�e� �r�e�n�e� �n�e� �n�e� �c�n�r� �e�e�e� �n�e� �e�e�n� �e�e� �e�e� �o�f� �+� �1� 

�0�+� �1� �- ��+ ��+�4� �|� �[ ��+ ��_ ��_�+ ��_� �+�-�-�+�"� �4� �0� 

�4�0� �5�0� �6�0� �7�0� �8�0� �9�0� �1�0�0� �1�1�0� �1�2�0� �1�3�0� �1�4�0� �£�1�5�0� 
�T�i�m�e� �(�d�a�y�s�)� 

�F�i�g�u�r�e� �1�5�.� �V�a�r�i�a�t�i�o�n� �o�f� �E�f�f�l�u�e�n�t� �S�o�l�u�b�l�e� �C�O�D� �a�n�d� �O�r�g�a�n�i�c� �L�o�a�d�i�n�g� �R�a�t�e� �O�v�e�r� 
�T�i�m�e� �f�o�r� �R�e�a�c�t�o�r� �A�,� �S�e�c�o�n�d� �S�t�u�d�y� �P�e�r�i�o�d�:� �D�a�y�s� �4�5�-�1�5�1�.� 

�5�5�0�0� �T� �5�5� 

�5�0�0�0� �j�e� �-�-�-�-�-�e�e�e� �e�e� �c�e�c�e� �}�e�c�e�e�c�e�c�e�e�c�e�c�e�e�e�e�  �� �O�r�g�a�n�i�c� �L�o�a�d�i�n�g� !"� �E�f�f�l�u�e�n�t� �C�O�D� �5� 

�4�5�0�0� �s�o�n� �r�r�r� �e�r� �b�e�r� �c�r�c� �c�r�e� �r�r�r� �n�e� �c�c� �c�e�n� �n�e� �c�e�t� �n� �t�e�r� �e�n�c�e� �e�n�n� �c�r�e�e�r� �e�n�e� �r� �4�.�5� 

�4�0�0�0� �P�o�r�r�o� �e�r�a�n� �n�c�n� �c�n�n� �c�a�s�a�s� �c�c�s� �s�c� �c�c�s� �s�c� �s�c� �s�a�s�s� �s�e�s�s� �s�e�s�s� �5�5�5�2� �+�4� 
�&� �L� �J� 

�B�5�O�O� �o�o� �n�n�n� �r�r�r� �b�r� �r�r�r� �r�r�r� �t�r�e�n� �n�c� �c�n� �c�e� �t�r�e� �e�c� �e�n�e� �e�e�n� �c� �n�n�e�r� �c�n� �e�e�n�s� �+�3�5� 
�a� �4� 
�©� �3�0�0�0� �P�o�r� �r�r�r� �r�t�e� �r�t�e� �c�r�e�e� �c�c�c� �c�c�e� �c�c�c� �n�e�s�c�e�n�c�e� �r�e�e�c�e� �c�c�c� �c� �r�e�e�c�e� �e�e�n� �e� �r�e�n�e�e� �e�e�n�s� �c� �c�e�r�n� �e�e�e� �s�e�n�s�e� �3� 
�&� �t� �J� 
�2� 
�w�e� �D�5�0�0� �r�n� �n�n�n� �n�n�n� �r�r�r� �r�t� �r�r� �r�r�r� �n�r� �r�e�n�n�e�r� �e�r�r�r� �c�n�t� �s�e�r�e�n�e� �7�2�.�5� 
�a� �|� �=� �J� 

�2�0�0�0� �g�e� 
�3� �S�t�e�a�d�y�-�S�t�a�t�e� �#�1� �S�t�e�a�d�y�-�S�t�a�t�e� �#�2� �1� 
�$�1�9�0�0� �-�-�2�-�-�2�-�o�n�e�c�c�n�e�c�e�e�p�e�n�n�r�e�c�e� �c�e�e� �e�e�e�t�e�n�e�t�e�c�e�e�b�e�d�e�n�n�n�t�e�c�s�e�c�n�a�t�e�t�t�e�n�e�s�n�e�n�s�e�c�s�e�c�c�s�c�n�s� �1�.�5� 

�|�|� �4� 

�1�0�0�0� �+�-�-�-�-�-�-�-�-�-�2�-�-�r�e�n� �e�e� �f�e�-� �a�r�e�  ��=�~� �-�-�-�-� �c�o�t�e�n� �-� �a�n�g� �+� �1� 

�a� �a� �=� �a�i�a�  �� 
�B�S� 

�B�O�O� �s�m� �n�n� �r�n� �r�r�r� �r�r�r� �n�p�n� �n�n� �r�e�n�n�e�r� �t�e�n� �p�d�a� �n�n�n� �c�e� �c�c�c� �r�e�c� �n�e�c� �n� �e�n�e�r� �n�e�c� �c�c�c�n�e�e�e�e� �0�.�5� 

�t�t�t� �h�t� �t�t� �t�a� �t�t� �t�S� �S�t� �0� 

�4�0� �5�0� �6�0� �7�0� �g�0� �9�0� �1�0�0� �1�1�0� �1�2�0� �1�3�0� �1�4�0� �1�5�0� 
�T�i�m�e� �(�d�a�y�s�)� 

�F�i�g�u�r�e� �1�6�.� �V�a�r�i�a�t�i�o�n� �o�f� �E�f�f�l�u�e�n�t� �S�o�l�u�b�l�e� �C�O�D� �a�n�d� �O�r�g�a�n�i�c� �L�o�a�d�i�n�g� �R�a�t�e� �O�v�e�r� 
�T�i�m�e� �f�o�r� �R�e�a�c�t�o�r� �B�,� �S�e�c�o�n�d� �S�t�u�d�y� �P�e�r�i�o�d�:� �D�a�y�s� �4�5�-�1�5�1�.� 
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�E�a�c�h� �r�e�a�c�t�o�r� �t�r�e�a�t�e�d� �w�a�s�t�e�w�a�t�e�r� �o�f� �f�a�i�r�l�y� �c�o�n�s�t�a�n�t� �c�o�m�p�o�s�i�t�i�o�n� �a�t� �a� �c�o�n�s�t�a�n�t� �O�L�R� 

�b�e�t�w�e�e�n� �d�a�y�s� �6�3� �a�n�d� �9�7�.� �F�r�o�m� �d�a�y� �6�3� �t�o� �9�7�,� �R�e�a�c�t�o�r� �A ��s� �a�v�e�r�a�g�e� �O�L�R� �a�n�d� �h�y�d�r�a�u�l�i�c� �r�e�t�e�n�t�i�o�n� 

�t�i�m�e� �(�H�R�T�)� �w�e�r�e� �5�.�7� �g� �C�O�D�/�L�/�d�a�y� �a�n�d� �1�.�5� �d�a�y�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �R�e�a�c�t�o�r� �B ��s� �a�v�e�r�a�g�e� �O�L�R� �a�n�d� 

�H�R�T� �w�e�r�e� �2�.�5� �g� �C�O�D�/�L�/�d�a�y� �a�n�d� �3�.�4� �d�a�y�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�B�o�t�h� �r�e�a�c�t�o�r�s� �m�a�i�n�t�a�i�n�e�d� �a� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d� �o�f� �o�p�e�r�a�t�i�o�n� �f�r�o�m� �d�a�y� �6�8� �t�o� �d�a�y� �9�7�.� 

�T�a�b�l�e� �2�3� �s�h�o�w�s� �w�a�s�t�e�w�a�t�e�r� �a�n�d� �r�e�a�c�t�o�r� �e�f�f�l�u�e�n�t� �C�O�D�,� �B�O�D�.�,� �a�n�d� �t�o�t�a�l� �o�r�g�a�n�i�c� �c�a�r�b�o�n� �(�T�O�C�)� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d�.� �A�v�e�r�a�g�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �u�n�f�i�l�t�e�r�e�d� �C�O�D�,� 

�B�O�D�,�,� �a�n�d� �T�O�C� �w�e�r�e� �8�,�3�2�0�,� �6�,�0�7�0�,� �a�n�d� �3�,�1�2�0�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �R�e�a�c�t�o�r� �A ��s� �e�f�f�l�u�e�n�t� �s�o�l�u�b�l�e� �C�O�D�,� 

�B�O�D�,�,� �a�n�d� �T�O�C� �w�e�r�e� �9�6�2�,� �2�0�3�,� �a�n�d� �2�8�7� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �R�e�a�c�t�o�r� �B ��s� �e�f�f�l�u�e�n�t� �s�o�l�u�b�l�e� �C�O�D�,� 

�B�O�D�,�,� �a�n�d� �T�O�C� �w�e�r�e� �8�3�0�,� �1�4�5�,� �a�n�d� �2�1�5� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�a�b�l�e� �2�3�.� �C�h�e�m�i�c�a�l� �O�x�y�g�e�n� �D�e�m�a�n�d� �(�C�O�D�)�,� �5�-�D�a�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�,�)�,� �a�n�d� �T�o�t�a�l� �O�r�g�a�n�i�c� �C�a�r�b�o�n� 
�(�T�O�C�)� �R�e�d�u�c�t�i�o�n�s� �f�o�r� �R�e�a�c�t�o�r�s� �A� �&� �B� �D�u�r�i�n�g� �t�h�e� �S�e�c�o�n�d� �S�t�u�d�y� �P�e�r�i�o�d�,� �S�t�e�a�d�y�-�S�t�a�t�e� �P�e�r�i�o�d� �#�1�.� 
�A�v�e�r�a�g�e� �V�a�l�u�e�s�.� 
� � 

� � 

�W�a�s�t�e�w�a�t�e�r� �F�e�e�d� �R�e�a�c�t�o�r� �A� �R�e�a�c�t�o�r� �B� 

�P�a�r�a�m�e�t�e�r� �(�m�g�/�L�)� �(�m�g�/�L�)� �(�%� �r�e�d�u�c�t�i�o�n�)� �(�m�g�/�L�)� �(�%� �r�e�d�u�c�t�i�o�n�)� 

�S�o�l�u�b�l�e� �C�O�D� �8�,�1�6�0� �9�6�2� �8�8�.�2� �8�3�0� �8�9�.�8� 

�T�o�t�a�l� �C�O�D� �8�,�3�2�0� �1�,�1�4�0� �8�6�.�3� �1�,�0�4�0� �8�7�.�5� 

�B�O�D�,� �6�,�0�7�0�"� �2�0�3� �9�6�.�7� �1�4�5� �9�7�.�6� 
�T�O�C� �3�,�1�2�0�°� �2�8�7�?� �9�0�.�8� �2�1�s�t� �9�3�.�1� 
� � 

�(�*�)� �T�o�t�a�l� �p�a�r�a�m�e�t�e�r� �v�a�l�u�e� �(�n�o�t� �f�i�l�t�e�r�e�d�)� 
�(�t�)� �S�o�l�u�b�l�e� �p�a�r�a�m�e�t�e�r� �v�a�l�u�e� �(�f�i�l�t�e�r�e�d�)� 

�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�e�s�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �f�o�r� �5�,� �1�0�,� �1�5�,� �2�0�,� �a�n�d� �2�5� �d�a�y� 

�d�u�r�a�t�i�o�n�s� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �u�l�t�i�m�a�t�e� �B�O�D� �(�B�O�D�,�,�)� �o�f� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �a�n�d� �r�e�a�c�t�o�r� �e�f�f�l�u�e�n�t�s�.� 

�F�i�g�u�r�e� �1�7� �s�h�o�w�s� �t�h�e� �e�x�e�r�t�i�o�n� �o�f� �B�O�D� �o�v�e�r� �t�i�m�e� �f�o�r� �s�a�m�p�l�e�s� �t�a�k�e�n� �o�n� �d�a�y� �8�6� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� 

�s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d�.� �A�s� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �1�7�,� �t�h�e� �u�l�t�i�m�a�t�e� �s�o�l�u�b�l�e� �B�O�D� �w�a�s� �3�4�8� �a�n�d� �2�4�5� �m�g�/�L� �f�o�r� 

�R�e�a�c�t�o�r� �A� �a�n�d� �B� �e�f�f�l�u�e�n�t�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �r�e�a�c�t�o�r� �e�f�f�l�u�e�n�t�s �� �s�o�l�u�b�l�e� �C�O�D� �w�a�s� �a�l�s�o� �m�e�a�s�u�r�e�d� 

�o�n� �d�a�y� �8�6�.� �T�h�e� �e�s�t�i�m�a�t�e�d� �n�o�n�-�d�e�g�r�a�d�a�b�l�e� �s�o�l�u�b�l�e� �C�O�D�,� �w�h�i�c�h� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� 
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�5�5�0� �+� �7�5�0�0� 
�|� �m� �R�e�a�c�t�o�r�A� �©� �R�e�a�c�t�o�r�B� �+� �F�e�e�d� 

�A�Q�G� �[�~�~� �-�-�-�-� �2�2�-�2� �o�n�e� �n�e�n� �e� �e�n�c�e� �c� �c�e�c�e� �e�n�e� �c� �e�n�c�e� �s�c�e�n�e� �c�a�e� �e�n�n� �n� �n�e�n� �n�e�r�r�t�n�e�n�n�n�e�n�n�n�s�e�s�e�c�c�c�c�o�c�e�e�s�e�r�e�e�r�e�s�s� �+� �6�7�5�0� 

�~�4�4�0� �I� �w�a�r�t� �t� �r�n�s� �t� �e�n�t�e�r� �e� �t�e�r�n�s� �n�e�n� �c�e�e� �c�n�n� �t�e�n�e�r� �c�n�r� �e�n�c�e� �s�c�r� �n� �t�e�n�e�r� �r�e�s�e�r� �r� �c�e�r�t� �s�e�t�t�e�e� �e�s�  ��+�-� �6�0�0�0� 
�3� �B�O�D�u� �=� �5�,�3�0�0� �m�g�/�L� �4� 

�B�3�g�5� �4� �.�.�-�-�-�-�-�-�-�2�-�-�e�e�e�e�e� �c�e�c�e� �e�e�c�t� �=� �e�e� �S�E�S�E� �E�E�S� �5�2�5�0� 
�a� �4� 

�a� �*� �4�5�0�0� �B�B�O� �f�e� �-�-�-� �2� �o�o� �E�e� �e�t�e� �e�a� �n�n�n� �n�e� �e�e�r� �n� �t�e�e�t�e�r� �e�e�e� �+� 
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�F�i�g�u�r�e� �1�7�.� �E�x�e�r�t�i�o�n� �o�f� �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�)� �O�v�e�r� �T�i�m�e� �f�o�r� �R�e�a�c�t�o�r� �E�f�f�l�u�e�n�t�s� �a�n�d� 
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�d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �s�o�l�u�b�l�e� �C�O�D� �a�n�d� �B�O�D�,�,� �w�a�s� �2�6�4� �a�n�d� �3�3�5� �m�g�/�L� �f�o�r� �R�e�a�c�t�o�r�s� �A� �a�n�d� �B�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�a�b�l�e� �2�4� �d�i�s�p�l�a�y�s� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �a�n�d� �r�e�a�c�t�o�r� �e�f�f�l�u�e�n�t� �t�o�t�a�l� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �(�T�S�S�)� �a�n�d� 

�v�o�l�a�t�i�l�e� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �(�V�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� �f�i�r�s�t� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d�.� �T�h�e� 

�w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �c�o�n�t�a�i�n�e�d� �2�2�8� �a�n�d� �2�1�1� �m�g�/�L� �o�f� �T�S�S� �a�n�d� �V�S�S�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �R�e�a�c�t�o�r� �A� 

�e�f�f�l�u�e�n�t� �c�o�n�t�a�i�n�e�d� �1�0�7� �a�n�d� �7�0� �m�g�/�L� �o�f� �T�S�S� �a�n�d� �V�S�S�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �R�e�a�c�t�o�r� �B� �e�f�f�l�u�e�n�t� 

�c�o�n�t�a�i�n�e�d� �1�0�2� �a�n�d� �5�4� �m�g�/�L� �o�f� �T�S�S� �a�n�d� �V�S�S�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�a�b�i�e� �2�4�.� �T�o�t�a�l� �S�u�s�p�e�n�d�e�d� �S�o�l�i�d�s� �(�T�S�S�)� �a�n�d� �V�o�l�a�t�i�l�e� �S�u�s�p�e�n�d�e�d� �S�o�l�i�d�s� �(�V�S�S�)� �R�e�d�u�c�t�i�o�n�s� �f�o�r� �R�e�a�c�t�o�r�s� 
�A� �&� �B� �D�u�r�i�n�g� �t�h�e� �S�e�c�o�n�d� �S�t�u�d�y� �P�e�r�i�o�d�,� �S�t�e�a�d�y�-�S�t�a�t�e� �P�e�r�i�o�d� �#�1�.� �A�v�e�r�a�g�e� �V�a�l�u�e�s�.� 
� � 

� � 

�P�a�r�a�m�e�t�e�r� �W�a�s�t�e�w�a�t�e�r� �F�e�e�d� �R�e�a�c�t�o�r� �A� �R�e�a�c�t�o�r� �B� 

�T�S�S� �(�m�g�/�L�)� �2�2�8� �1�0�7� �1�0�2� 

�T�S�S� �(�%� �r�e�d�u�c�t�i�o�n�)� �n�/�a� �5�3�.�1� �5�5�.�3� 

�V�S�S� �(�m�g�/�L�)� �2�1�1� �7�0� �5�4� 

�V�S�S� �(�%� �r�e�d�u�c�t�i�o�n�)� �n�/�a� �6�6�.�8� �7�4�.�4� 
� � 

�(�n�/�a�)� �N�o�t� �a�p�p�l�i�c�a�b�l�e� 

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

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

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

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

�T�a�b�l�e� �2�5� �c�o�n�t�a�i�n�s� �a�v�e�r�a�g�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �a�n�d� �r�e�a�c�t�o�r� �e�f�f�l�u�e�n�t� �a�m�m�o�n�i�a�,� �T�K�N�,� �a�n�i�o�n�,� 

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

�i�n�c�r�e�a�s�e�d� �f�r�o�m� �1�0�2� �m�g�/�L� �(�a�s� �N�)� �i�n� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �t�o� �8�4�3� �a�n�d� �9�6�2� �m�g�/�L� �(�a�s� �N�)� �i�n� �t�h�e� 

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

�e�f�f�l�u�e�n�t� �T�K�N� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �9�9�3�,� �9�2�0�,� �a�n�d� �1�,�0�2�0� �m�g�/�L� �(�a�s� �N�)�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�h�e� �s�u�l�f�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�c�r�e�a�s�e�d� �f�r�o�m� �2�5�0� �m�g�/�L� �i�n� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �t�o� �4�3� �a�n�d� �3�9� 

�m�g�/�L� �i�n� �t�h�e� �R�e�a�c�t�o�r� �A� �a�n�d� �B� �e�f�f�l�u�e�n�t�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �p�h�o�s�p�h�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n�c�r�e�a�s�e�d� 
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�f�r�o�m� �8�5� �m�g�/�L� �i�n� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �t�o� �1�3�6� �a�n�d� �1�5�4� �m�g�/�L� �i�n� �t�h�e� �R�e�a�c�t�o�r� �A� �a�n�d� �B� �e�f�f�l�u�e�n�t�s�,� 

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

�s�o�d�i�u�m�,� �p�o�t�a�s�s�i�u�m�,� �c�a�l�c�i�u�m�,� �m�a�g�n�e�s�i�u�m�,� �a�n�d� �c�h�l�o�r�i�d�e�.� �T�h�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �c�o�n�t�a�i�n�e�d� �1�,�8�9�0�,� 

�1�3�1�,� �1�6�8�,� �a�n�d� �8�4� �m�g�/�L� �o�f� �s�o�d�i�u�m�,� �p�o�t�a�s�s�i�u�m�,� �c�a�l�c�i�u�m�,� �a�n�d� �m�a�g�n�e�s�i�u�m�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� 

�w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �c�o�n�t�a�i�n�e�d� �1�,�8�9�0� �m�g�/�L� �o�f� �c�h�l�o�r�i�d�e�.� 

�T�a�b�l�e� �2�5�.� �W�a�s�t�e�w�a�t�e�r� �F�e�e�d� �a�n�d� �R�e�a�c�t�o�r� �E�f�f�l�u�e�n�t� �A�m�m�o�n�i�a�,� �T�o�t�a�l� �K�j�e�l�d�a�h�!� �N�i�t�r�o�g�e�n� �(�T�K�N�)�,� �A�n�i�o�n�,� �a�n�d� �C�a�t�i�o�n� 
�C�o�n�c�e�n�t�r�a�t�i�o�n�s� �D�u�r�i�n�g� �t�h�e� �S�e�c�o�n�d� �S�t�u�d�y� �P�e�r�i�o�d�,� �S�t�e�a�d�y�-�S�t�a�t�e� �P�e�r�i�o�d� �#�1�.� �A�v�e�r�a�g�e� �V�a�l�u�e�s�.� 
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�C�o�n�c�e�n�t�r�a�t�i�o�n� �(�m�g�/�L�)� 

� � 

�P�a�r�a�m�e�t�e�r� �W�a�s�t�e�w�a�t�e�r� �F�e�e�d� �R�e�a�c�t�o�r� �A� �R�e�a�c�t�o�r� �B� 

�A�m�m�o�n�i�a� �(�N�H�,�-�N�)�"� �1�0�2� �8�4�3� �9�6�2� 
�T�K�N �� �9�9�3� �9�2�0� �1�,�0�2�0� 
�S�o�d�i�u�m� �(�N�a�*�)� �1�,�8�9�0� �2�,�3�1�0� �2�,�1�8�0� 

�P�o�t�a�s�s�i�u�m� �(�K�*�)� �1�3�1� �2�8�6� �1�7�2� 
�C�a�l�c�i�u�m� �(�C�a�*�?�)� �1�6�8� �2�0�9� �1�7�1� 
�M�a�g�n�e�s�i�u�m� �(�M�g� �*�°�)� �8�4� �1�1�6� �1�1�2� 
�C�h�l�o�r�i�d�e� �(�C�I�)� �3�,�9�6�0� �3�,�5�0�0� �3�,�5�7�0� 
�P�h�o�s�p�h�a�t�e� �(�P�O�,�;�°�)� �8�5� �1�3�6� �1�5�4� 
�S�u�l�f�a�t�e� �(�S�O�,�?�)� �2�5�0� �4�3� �3�9� 
� � 

�(�*�)� �m�g�/�L� �a�s� �n�i�t�r�o�g�e�n� 

�T�a�b�l�e� �2�6� �s�u�m�m�a�r�i�z�e�s� �t�h�e� �r�e�a�c�t�o�r�s �� �b�i�o�g�a�s� �p�r�o�d�u�c�t�i�o�n� �a�n�d� �b�i�o�g�a�s� �c�o�m�p�o�s�i�t�i�o�n� �d�u�r�i�n�g� 

�t�h�e� �f�i�r�s�t� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d�.� �R�e�a�c�t�o�r� �A ��s� �r�e�l�a�t�i�v�e� �m�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n� �w�a�s� �2�8�0� �m�L�/�g� �C�O�D� �(�m�L� 

�C�H�,�/�g� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �C�O�D�)� �w�h�i�l�e� �R�e�a�c�t�o�r� �B ��s� �r�e�l�a�t�i�v�e� �m�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n� �w�a�s� �3�0�0� �m�L�/�g� 

�C�O�D�.� 

�T�a�b�l�e� �2�6�.� �B�i�o�g�a�s� �P�r�o�d�u�c�t�i�o�n� �a�n�d� �C�o�m�p�o�s�i�t�i�o�n� �f�o�r� �R�e�a�c�t�o�r�s� �A� �a�n�d� �B� �D�u�r�i�n�g� �t�h�e� �S�e�c�o�n�d� �S�t�u�d�y� �P�e�r�i�o�d�,� 
�S�t�e�a�d�y�-�S�t�a�t�e� �P�e�r�i�o�d� �#�1�.� �A�v�e�r�a�g�e� �V�a�l�u�e�s�.� 
� � 

� � 

�P�a�r�a�m�e�t�e�r� �R�e�a�c�t�o�r� �A� �R�e�a�c�t�o�r� �B� 

�B�i�o�g�a�s� �P�r�o�d�u�c�t�i�o�n� �(�L�/�d�a�y�)� �5�.�1� �2�.�2� 

�B�i�o�g�a�s� �P�r�e�d�u�c�t�i�o�n� �(�m�L�/�g� �C�O�D�)� �4�5�0� �4�4�0� 

�P�e�r�c�e�n�t� �M�e�t�h�a�n�e �� �6�3� �6�7� 
�M�e�t�h�a�n�e� �P�r�o�d�u�c�t�i�o�n� �(�m�L�/�g� �C�O�D�)� �2�8�0� �3�0�0� 
� � 

�(�*�)� �O�n�e� �m�e�a�s�u�r�e�m�e�n�t� �o�n� �d�a�y� �7�5�.



�T�h�e� �a�v�e�r�a�g�e� �p�H� �i�n� �b�o�t�h� �r�e�a�c�t�o�r�s� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d� �w�a�s� �7�.�0�.� �R�e�a�c�t�o�r�s� �A� 

�a�n�d� �B� �c�o�n�t�a�i�n�e�d� �2�,�9�7�0� �a�n�d� �3�,�1�7�0� �m�g�/�L� �(�a�s� �c�a�l�c�i�u�m� �c�a�r�b�o�n�a�t�e�,� �C�a�C�O�,�)� �o�f� �a�l�k�a�l�i�n�i�t�y�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�A�v�e�r�a�g�e� �e�f�f�l�u�e�n�t� �v�o�l�a�t�i�l�e� �f�a�t�t�y� �a�c�i�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �3�3� �a�n�d� �2�0� �m�g�/�L� �(�a�s� �a�c�e�t�i�c� �a�c�i�d�)� �f�o�r� 

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

�1�4�,�8�0�0� �a�n�d� �1�0�,�3�0�0� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �a�v�e�r�a�g�e� �r�e�a�c�t�o�r� �V�S�S� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� 

�d�e�s�c�r�i�b�e�d� �i�n� �A�p�p�e�n�d�i�x� �F�.� 

�E�a�c�h� �r�e�a�c�t�o�r� �t�r�e�a�t�e�d� �a� �w�a�s�t�e�w�a�t�e�r� �o�f� �f�a�i�r�l�y� �c�o�n�s�t�a�n�t� �c�o�m�p�o�s�i�t�i�o�n� �a�t� �a� �c�o�n�s�t�a�n�t� �O�L�R� 

�b�e�t�w�e�e�n� �d�a�y�s� �9�7� �a�n�d� �1�5�1�.� �F�r�o�m� �d�a�y� �6�3� �t�o� �9�7�,� �R�e�a�c�t�o�r� �A ��s� �a�v�e�r�a�g�e� �O�L�R� �a�n�d� �H�R�T� �w�e�r�e� �6�.�4� �g� 

�C�O�D�/�L�/�d�a�y� �a�n�d� �3�.�8� �d�a�y�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �R�e�a�c�t�o�r� �B ��s� �a�v�e�r�a�g�e� �O�L�R� �a�n�d� �H�R�T� �w�e�r�e� �2�.�8� �g� 

�C�O�D�/�L�/�d�a�y� �a�n�d� �8�.�7� �d�a�y�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�E�a�c�h� �r�e�a�c�t�o�r� �m�a�i�n�t�a�i�n�e�d� �a� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d� �o�f� �o�p�e�r�a�t�i�o�n� �(�s�t�e�a�d�y�-�s�t�a�t�e� �#�2�)� �f�r�o�m� �d�a�y� 

�1�0�5� �t�o� �d�a�y� �1�5�1�.� �T�a�b�l�e� �2�7� �d�i�s�p�l�a�y�s� �t�h�e� �a�v�e�r�a�g�e� �w�a�s�t�e�w�a�t�e�r� �a�n�d� �r�e�a�c�t�o�r� �e�f�f�l�u�e�n�t� �C�O�D�,� �B�O�D�,�,� �a�n�d� 

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

�C�O�D�,� �B�O�D�,�,� �a�n�d� �T�O�C� �w�e�r�e� �2�4�,�1�0�0�,� �1�6�,�7�0�0�,� �a�n�d� �1�0�,�6�0�0� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �R�e�a�c�t�o�r� �A ��s� �e�f�f�l�u�e�n�t� 

�s�o�l�u�b�l�e� �C�O�D�,� �B�O�D�,�,� �a�n�d� �T�O�C� �w�e�r�e� �1�,�2�2�0�,� �2�9�8�,� �a�n�d� �3�2�4� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �R�e�a�c�t�o�r� �B ��s� �e�f�f�l�u�e�n�t� 

�s�o�l�u�b�l�e� �C�O�D�,� �B�O�D�,�,� �a�n�d� �T�O�C� �w�e�r�e� �1�,�0�4�0�,� �1�6�5�,� �a�n�d� �2�4�5� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�a�b�l�e� �2�7�.� �C�h�e�m�i�c�a�l� �O�x�y�g�e�n� �D�e�m�a�n�d� �(�C�O�D�)�,� �5�-�D�a�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�,�)�,� �a�n�d� �T�o�t�a�l� �O�r�g�a�n�i�c� �C�a�r�b�o�n� 
�(�T�O�C�)� �R�e�d�u�c�t�i�o�n� �f�o�r� �L�a�b�-�S�c�a�l�e� �R�e�a�c�t�o�r�s� �A� �&� �B� �D�u�r�i�n�g� �t�h�e� �S�e�c�o�n�d� �S�t�u�d�y� �P�e�r�i�o�d�,� �S�t�e�a�d�y�-�S�t�a�t�e� �P�e�r�i�o�d� �#�2�.� 
�A�v�e�r�a�g�e� �V�a�l�u�e�s�.� 
� � 

� � 

�W�a�s�t�e�w�a�t�e�r� �F�e�e�d� �R�e�a�c�t�o�r� �A� �R�e�a�c�t�o�r� �B� 

�P�a�r�a�m�e�t�e�r� �(�m�g�/�L�)� �(�m�g�/�L�)� �(�%� �r�e�d�u�c�t�i�o�n�)� �(�m�g�/�L�)� �{�%� �r�e�d�u�c�t�i�o�n�)� 

�S�o�l�u�b�l�e� �C�O�D� �2�2�,�9�0�0� �1�,�2�2�0� �9�4�.�7� �1�,�0�4�0� �9�5�.�5� 

�T�o�t�a�l� �C�O�D� �2�4�,�1�0�0� �1�,�7�9�0� �9�2�.�6� �1�,�4�4�0� �9�4�.�0� 

�B�O�D�,� �1�6�,�7�0�0�"� �2�9�8�t� �9�8�.�2� �1�6�5�°� �9�9�.�0� 
�T�O�C� �1�0�,�6�0�0�"� �3�2�4�t� �9�6�.�9� �2�4�5�t� �9�7�.�7� 
� � 

�(�*�)� �T�o�t�a�l� �p�a�r�a�m�e�t�e�r� �v�a�l�u�e� �(�n�o�t� �f�i�l�t�e�r�e�d�)� 
�(�t�)� �S�o�l�u�b�l�e� �p�a�r�a�m�e�t�e�r� �v�a�l�u�e� �(�f�i�l�t�e�r�e�d�)� 

�8�1



�A� �B�O�D�,� �t�e�s�t� �w�a�s� �p�e�r�f�o�r�m�e�d� �d�u�r�i�n�g� �t�h�e� �s�e�c�o�n�d� �s�t�e�a�d�y� �s�t�a�t�e� �p�e�r�i�o�d�.� �F�i�g�u�r�e� �1�8� �s�h�o�w�s� �t�h�e� 

�e�x�e�r�t�i�o�n� �o�f� �B�O�D� �o�v�e�r� �t�i�m�e� �f�o�r� �a� �R�e�a�c�t�o�r� �B� �e�f�f�l�u�e�n�t� �s�a�m�p�l�e� �w�i�t�h�d�r�a�w�n� �o�n� �d�a�y� �1�3�6�.� �A�s� �s�h�o�w�n� �i�n� 

�f�i�g�u�r�e� �1�8�,� �t�h�e� �B�O�D�,� �o�f� �t�h�e� �R�e�a�c�t�o�r� �B� �e�f�f�l�u�e�n�t� �s�a�m�p�l�e� �w�a�s� �3�5�3� �m�g�/�L�.� �T�h�e� �e�s�t�i�m�a�t�e�d� �n�o�n�-� 

�d�e�g�r�a�d�a�b�l�e� �C�O�D� �i�n� �t�h�e� �r�e�a�c�t�o�r� �e�f�f�l�u�e�n�t� �w�a�s� �8�8�7� �m�g�/�L�.� 

�T�a�b�l�e� �2�8� �s�h�o�w�s� �a�v�e�r�a�g�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �a�n�d� �r�e�a�c�t�o�r� �e�f�f�l�u�e�n�t� �T�S�S� �a�n�d� �V�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� �s�e�c�o�n�d� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d�.� �W�a�s�t�e�w�a�t�e�r� �f�e�e�d� �T�S�S� �a�n�d� �V�S�S� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �2�1�7� �a�n�d� �1�9�1� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �R�e�a�c�t�o�r� �A ��s� �e�f�f�l�u�e�n�t� �T�S�S� �a�n�d� �V�S�S� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �2�4�9� �a�n�d� �1�5�0� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �R�e�a�c�t�o�r� �B ��s� �e�f�f�l�u�e�n�t� �T�S�S� �a�n�d� �V�S�S� �w�e�r�e� 

�1�7�2� �a�n�d� �7�5� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�a�b�l�e� �2�8�.� �T�o�t�a�l� �S�u�s�p�e�n�d�e�d� �S�o�l�i�d�s� �(�T�S�S�)� �a�n�d� �V�o�l�a�t�i�l�e� �S�u�s�p�e�n�d�e�d� �S�o�l�i�d�s� �(�V�S�S�)� �R�e�d�u�c�t�i�o�n�s� �f�o�r� �R�e�a�c�t�o�r�s� 
�A� �&� �B� �D�u�r�i�n�g� �t�h�e� �S�e�c�o�n�d� �S�t�u�d�y� �P�e�r�i�o�d�,� �S�t�e�a�d�y�-�S�t�a�t�e� �P�e�r�i�o�d� �#�2�.� �A�v�e�r�a�g�e� �V�a�l�u�e�s�.� 
� � 

� � 

�P�a�r�a�m�e�t�e�r� �W�a�s�t�e�w�a�t�e�r� �F�e�e�d� �R�e�a�c�t�o�r� �A� �R�e�a�c�t�o�r� �B� 

�T�S�S� �(�m�g�/�L�)� �2�1�7� �2�4�9� �1�7�2� 

�T�S�S� �(�%� �r�e�d�u�c�t�i�o�n�)� �n�/�a� �-�1�4�.�7�°� �2�0�.�7� 
�V�S�S� �(�m�g�/�L�)� �1�9�1� �1�5�0� �7�5� 

�V�S�S� �(�%� �r�e�d�u�c�t�i�o�n�)� �n�/�a� �2�1�.�4� �6�0�.�7� 
� � 

�(�*�)� �T�S�S� �i�n�c�r�e�a�s�e�d� 
�(�n�/�a�)� �N�o�t� �a�p�p�l�i�c�a�b�l�e� 

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

�t�h�e� �r�e�a�c�t�o�r� �f�e�e�d� �l�i�n�e�s�.� �T�h�e� �T�S�S� �a�n�d� �V�S�S� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �t�h�e� �f�e�e�d�,� �p�r�i�o�r� �t�o� �a�c�i�d�i�f�i�c�a�t�i�o�n�,� �w�e�r�e� 

�9�1�0� �a�n�d� �8�1�9� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�u�s�,� �t�h�e� �t�o�t�a�l� �T�S�S� �r�e�d�u�c�t�i�o�n� �f�o�r� �R�e�a�c�t�o�r�s� �A� �a�n�d� �B� �c�a�n� �b�e� 

�c�o�n�s�i�d�e�r�e�d� �7�3� �a�n�d� �8�1� �p�e�r�c�e�n�t�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �t�o�t�a�l� �V�S�S� �r�e�d�u�c�t�i�o�n� �f�o�r� �R�e�a�c�t�o�r�s� �A� �a�n�d� �B� �c�a�n� 

�b�e� �c�o�n�s�i�d�e�r�e�d� �8�2� �a�n�d� �9�1� �p�e�r�c�e�n�t�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�a�b�l�e� �2�9� �s�h�o�w�s� �a�v�e�r�a�g�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �a�n�d� �r�e�a�c�t�o�r� �e�f�f�l�u�e�n�t� �a�m�m�o�n�i�a�,� �T�K�N�,� �a�n�i�o�n�,� �a�n�d� 

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

�i�n�c�r�e�a�s�e�d� �f�r�o�m� �5�1�2� �m�g�/�L� �(�a�s� �N�)� �i�n� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �t�o� �2�,�4�8�0� �a�n�d� �2�,�3�0�0� �m�g�/�L� �(�a�s� �N�)� �i�n� �t�h�e� 

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

�8�2



�S� 

� � 

�R
�e

�a
�c

�t�
o�

r� �B
� �

E�
f�f

�l�
u�

e�
n�

t� �S
�o

�l�
u�

b�
l�e

� �B
�O

�D
� �(�
m

�g
�/�

L�
)� 

�2� 
�8� 

�#�8� 
�B� 

�B� 
�8� 

�S� 
�3� 

�8� 

� � � � 
�T�i�m�e� �(�d�a�y�s�)� 

�F�i�g�u�r�e� �1�8�.� �E�x�e�r�t�i�o�n� �o�f� �E�f�f�l�u�e�n�t� �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�)� �O�v�e�r� �T�i�m�e�.� �R�e�a�c�t�o�r� �B� �S�a�m�p�l�e� 
�F�r�o�m� �D�a�y� �1�3�6�,� �D�u�r�i�n�g� �S�t�e�a�d�y�-�S�t�a�t�e� �#�2�.� �B�O�D�u� �=� �S�o�l�u�b�l�e� �B�O�D� �U�l�t�i�m�a�t�e�.



�e�f�f�l�u�e�n�t� �T�K�N� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �2�,�7�6�0�,� �2�,�6�2�0�,� �a�n�d� �2�,�4�0�0� �m�g�/�L� �(�a�s� �N�)�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�h�e� �s�u�l�f�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�c�r�e�a�s�e�d� �f�r�o�m� �5�3�7� �m�g�/�L� �i�n� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �t�o� �1�2�7� �a�n�d� 

�1�7�4� �m�g�/�L� �i�n� �t�h�e� �R�e�a�c�t�o�r� �A� �a�n�d� �B� �e�f�f�l�u�e�n�t�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �p�h�o�s�p�h�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�i�n�c�r�e�a�s�e�d� �f�r�o�m� �1�3�7� �m�g�/�L� �i�n� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �t�o� �1�1�1� �a�n�d� �1�1�0� �m�g�/�L� �i�n� �t�h�e� �R�e�a�c�t�o�r� �A� �a�n�d� �B� 

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

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

�c�o�n�t�a�i�n�e�d� �4�,�5�1�0�,� �7�9�3�,� �4�0�3�,� �a�n�d� �1�8�4� �m�g�/�L� �o�f� �s�o�d�i�u�m�,� �p�o�t�a�s�s�i�u�m�,� �c�a�l�c�i�u�m�,� �a�n�d� �m�a�g�n�e�s�i�u�m�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �c�o�n�t�a�i�n�e�d� �9�,�5�3�0� �m�g�/�L� �o�f� �c�h�l�o�r�i�d�e�.� 

�T�a�b�l�e� �2�9�.� �W�a�s�t�e�w�a�t�e�r� �F�e�e�d� �a�n�d� �R�e�a�c�t�o�r� �E�f�f�l�u�e�n�t� �A�m�m�o�n�i�a�,� �T�o�t�a�l� �K�j�e�l�d�a�h�l� �N�i�t�r�o�g�e�n� �(�T�K�N�)�,� �A�n�i�o�n�,� �a�n�d� �C�a�t�i�o�n� 
�C�o�n�c�e�n�t�r�a�t�i�o�n�s� �D�u�r�i�n�g� �t�h�e� �S�e�c�o�n�d� �S�t�u�d�y� �P�e�r�i�o�d�,� �S�t�e�a�d�y�-�S�t�a�t�e� �P�e�r�i�o�d� �#�2�.� �A�v�e�r�a�g�e� �V�a�l�u�e�s�.� 

�P�a�r�a�m�e�t�e�r� �C�o�n�c�e�n�t�r�a�t�i�o�n� �(�m�g�/�L�)� 

� � 

�P�a�r�a�m�e�t�e�r� �W�a�s�t�e�w�a�t�e�r� �F�e�e�d� �R�e�a�c�t�o�r� �A� �R�e�a�c�t�o�r� �B� 

�A�m�m�o�n�i�a� �(�N�H�,�-�N�)�°�"� �5�1�2� �2�,�4�8�0� �2�,�3�0�0� 
�T�K�N�"� �2�,�7�6�0� �2�,�6�2�0� �2�,�4�0�0� 
�S�o�d�i�u�m� �(�N�a�*�)� �4�,�5�1�0� �4�,�3�7�0� �4�,�0�1�0� 
�P�o�t�a�s�s�i�u�m� �(�K�*�)� �7�9�3� �6�7�4� �6�1�4� 
�C�a�l�c�i�u�m� �(�C�a�*�?�)� �4�0�3� �3�9�5� �3�9�7� 
�M�a�g�n�e�s�i�u�m� �(�M�g�*�?�)� �1�8�4� �1�4�4� �1�3�6� 
�C�h�l�o�r�i�d�e� �(�C�r�)� �9�,�5�3�0� �1�0�,�3�0�0� �9�,�8�1�0� 

�P�h�o�s�p�h�a�t�e� �(�P�O�,�°�)� �1�3�7� �1�1�1� �1�1�0� 
�S�u�l�f�a�t�e� �(�S�O�,� �*�)� �5�3�7� �1�2�7� �1�7�4� 
� � 

�(�*�)� �m�g�/�L� �a�s� �n�i�t�r�o�g�e�n� 

�T�a�b�l�e� �3�0� �s�u�m�m�a�r�i�z�e�s� �t�h�e� �a�v�e�r�a�g�e� �b�i�o�g�a�s� �p�r�o�d�u�c�t�i�o�n� �a�n�d� �b�i�o�g�a�s� �c�o�m�p�o�s�i�t�i�o�n� �f�o�r� �t�h�e� 

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

�3�4�0� �m�L�/�g� �C�O�D� �w�h�i�l�e� �R�e�a�c�t�o�r� �B ��s� �r�e�l�a�t�i�v�e� �m�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n� �w�a�s� �3�7�0� �m�L�/�g� �C�O�D�.� 

�T�h�e� �a�v�e�r�a�g�e� �p�H� �i�n� �b�o�t�h� �r�e�a�c�t�o�r�s� �d�u�r�i�n�g� �t�h�e� �s�e�c�o�n�d� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d� �w�a�s� �7�.�3�.� 

�R�e�a�c�t�o�r�s� �A� �a�n�d� �B� �c�o�n�t�a�i�n�e�d� �6�,�5�1�0� �a�n�d� �6�,�0�2�0� �m�g�/�L� �(�a�s� �C�a�C�O�.�)� �o�f� �a�l�k�a�l�i�n�i�t�y�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�A�v�e�r�a�g�e� �e�f�f�l�u�e�n�t� �v�o�l�a�t�i�l�e� �f�a�t�t�y� �a�c�i�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �2�5� �a�n�d� �1�8� �m�g�/�L� �(�a�s� �a�c�e�t�i�c� �a�c�i�d�)� �f�o�r



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

�1�8�,�9�0�0� �a�n�d� �1�3�,�4�0�0� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�a�b�l�e� �3�0�.� �B�i�o�g�a�s� �P�r�o�d�u�c�t�i�o�n� �a�n�d� �C�o�m�p�o�s�i�t�i�o�n� �f�o�r� �R�e�a�c�t�o�r�s� �A� �a�n�d� �B�,� �D�u�r�i�n�g� �t�h�e� �S�e�c�o�n�d� �S�t�u�d�y� �P�e�r�i�o�d�,� 
�S�t�e�a�d�y�-�S�t�a�t�e� �P�e�r�i�o�d� �#�2�.� �A�v�e�r�a�g�e� �V�a�l�u�e�s�.� 
� � 

� � 

�P�a�r�a�m�e�t�e�r� �R�e�a�c�t�o�r� �A� �R�e�a�c�t�o�r� �B� 

�B�i�o�g�a�s� �P�r�o�d�u�c�t�i�o�n� �(�L�/�d�a�y�)� �7�.�5� �3�.�4� 

�B�i�o�g�a�s� �P�r�o�d�u�c�t�i�o�n� �(�m�L�/�g� �C�O�D�)� �5�9�0� �6�1�0� 

�P�e�r�c�e�n�t� �M�e�t�h�a�n�e�"� �5�7� �6�0� 
�M�e�t�h�a�n�e� �P�r�o�d�u�c�t�i�o�n� �(�m�L�/�g� �C�O�D�)� �3�4�0� �3�7�0� 
� � 

�P�I�L�O�T�-�S�C�A�L�E� �U�P�F�L�O�W� �A�N�A�E�R�O�B�I�C� �S�L�U�D�G�E� �B�L�A�N�K�E�T� �(�U�A�S�B�)� �R�E�A�C�T�O�R� 

�F�i�g�u�r�e� �1�9� �d�i�s�p�l�a�y�s� �v�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� �r�e�a�c�t�o�r ��s� �e�f�f�l�u�e�n�t� �C�O�D� �a�n�d� �o�r�g�a�n�i�c� �l�o�a�d�i�n�g� �o�v�e�r� �t�h�e� 

�s�t�u�d�y� �p�e�r�i�o�d�.� �F�i�g�u�r�e� �2�0� �s�h�o�w�s� �v�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� �r�e�a�c�t�o�r ��s� �p�H� �a�n�d� �e�f�f�l�u�e�n�t� �v�o�l�a�t�i�l�e� �f�a�t�t�y� �a�c�i�d�s� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �(�e�x�p�r�e�s�s�e�d� �a�s� �a� �C�O�D� �e�q�u�i�v�a�l�e�n�t�,� �V�F�A�-�C�O�D�)�.� �T�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �V�F�A�-�C�O�D� �i�s� 

�d�i�s�c�u�s�s�e�d� �i�n� �A�p�p�e�n�d�i�x� �A�.� �N�o�t�e� �f�r�o�m� �f�i�g�u�r�e�s� �1�9� �a�n�d� �2�0� �t�h�e� �c�o�n�c�u�r�r�e�n�c�e� �o�f� �h�i�g�h� �r�e�a�c�t�o�r� �p�H� �w�i�t�h� 

�l�o�w� �e�f�f�l�u�e�n�t� �C�O�D� �a�n�d� �V�F�A� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�,� �a�n�d� �t�h�e� �c�o�n�c�u�r�r�e�n�c�e� �o�f� �l�o�w� �r�e�a�c�t�o�r� �p�H� �w�i�t�h� �h�i�g�h� 

�e�f�f�i�u�e�n�t� �C�O�D� �a�n�d� �V�F�A� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 

�T�h�e� �a�v�e�r�a�g�e� �u�n�f�i�l�t�e�r�e�d� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �C�O�D� �w�a�s� �1�9�,�6�0�0� �m�g�/�L� �d�u�r�i�n�g� �t�h�e� �s�t�u�d�y� �p�e�r�i�o�d�.� 

�F�r�o�m� �d�a�y� �1�4�0� �t�o� �d�a�y� �1�9�9�,� �t�h�e� �a�v�e�r�a�g�e� �O�L�R� �a�n�d� �e�f�f�l�u�e�n�t� �s�o�l�u�b�l�e� �C�O�D� �w�e�r�e� �2�.�7� �g� �C�O�D�/�L�/�d�a�y�,� 

�a�n�d� �4�,�2�0�0� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �v�o�l�a�t�i�l�e� �f�a�t�t�y� �a�c�i�d�s� �c�o�n�t�r�i�b�u�t�e�d� �a�b�o�u�t� �5�0� �p�e�r�c�e�n�t� �o�f� �t�h�e� 

�s�o�l�u�b�l�e� �e�f�f�l�u�e�n�t� �C�O�D�.� 

�T�h�e� �r�e�a�c�t�o�r� �c�o�n�t�a�i�n�e�d� �4�.�7� �k�g� �o�f� �V�S�S� �o�n� �d�a�y� �1�.� �T�a�b�l�e� �3�1� �c�o�n�t�a�i�n�s� �r�e�a�c�t�o�r� �e�f�f�l�u�e�n�t� 

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

�a�n�d� �s�o�d�i�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �2�,�1�1�0� �m�g�/�L� �(�a�s� �N�)� �a�n�d� �3�,�7�9�0� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.
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�a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �r�e�d�u�c�e�d� �5�7� �p�e�r�c�e�n�t�.� �A�t� �a�n� �a�v�e�r�a�g�e� �w�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �1�1�.�8�°� 

�C�,� �d�i�l�u�t�e�d� �w�a�s�t�e�w�a�t�e�r� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �r�e�d�u�c�e�d� �5�3�.�3� �p�e�r�c�e�n�t�.� 

�T�a�b�l�e� �3�3�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �S�t�r�i�p�p�i�n�g� �T�o�w�e�r� �P�e�r�f�o�r�m�a�n�c�e� �U�s�i�n�g� �D�i�l�u�t�e�d� �a�n�d� �U�n�d�i�l�u�t�e�d� �U�B�F� �P�i�l�o�t�-�P�l�a�n�t� �E�f�f�l�u�e�n�t�.� 
� � 

� � 

�P�a�r�a�m�e�t�e�r� �U�n�d�i�l�u�t�e�d� �F�e�e�d� �D�i�l�u�t�e�d� �F�e�e�d� �(�1�:�2�0� �d�i�l�u�t�i�o�n�)� 

�P�e�r�c�e�n�t� �A�m�m�o�n�i�a� �R�e�d�u�c�t�i�o�n� �5�7�.�0� �5�3�.�3� 

�W�a�t�e�r� �F�l�o�w�r�a�t�e� �(�L�/�m�*�/�m�i�n�)� �4�1� �4�1� 

�A�i�r� �F�l�o�w�r�a�t�e� �(�m�*�/�m�i�n�)� �2�1� �2�1� 
�A�v�e�r�a�g�e� �T�e�m�p�e�r�a�t�u�r�e� �(�°� �C�)� �1�6�.�6� �1�1�.�8� 
� � 

�F�i�g�u�r�e� �2�8� �s�h�o�w�s� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �p�e�r�c�e�n�t� �a�m�m�o�n�i�a� �r�e�m�o�v�a�l� �w�i�t�h� �a�i�r� �f�l�o�w�r�a�t�e� �f�o�r� �v�a�r�i�o�u�s� 

�l�i�q�u�i�d� �l�o�a�d�i�n�g� �r�a�t�e�s�.� �F�i�g�u�r�e� �2�9� �d�i�s�p�l�a�y�s� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �p�e�r�c�e�n�t� �a�m�m�o�n�i�a� �r�e�m�o�v�a�l� �w�i�t�h� �l�i�q�u�i�d� 

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

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

�L�/�m�*�/�m�i�n�,� �a�m�m�o�n�i�a� �r�e�d�u�c�t�i�o�n�s� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �5�0� �t�o� �7�2� �p�e�r�c�e�n�t� �a�s� �t�h�e� �a�i�r� �f�l�o�w�r�a�t�e� �i�n�c�r�e�a�s�e�d� 

�f�r�o�m� �9� �t�o� �2�1� �m�°�/�m�i�n�.� �P�e�r�c�e�n�t� �r�e�m�o�v�a�l�s� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �l�i�q�u�i�d� �f�l�o�w�r�a�t�e�.� �A�t� �a�n� �a�i�r� 

�f�l�o�w�r�a�t�e� �o�f� �2�1� �m�°�/�m�i�n�,� �t�h�e� �a�m�m�o�n�i�a� �r�e�d�u�c�t�i�o�n�s� �d�e�c�r�e�a�s�e�d� �f�r�o�m� �7�7� �t�o� �5�2� �p�e�r�c�e�n�t� �a�s� �t�h�e� �l�i�q�u�i�d� 

�f�l�o�w�r�a�t�e� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �2�0� �t�o� �4�1� �L�/�m�?�/�m�i�n�.� 
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�w�h�e�e� �n�e� �e�e� �e�e� �e�e�e� �e�e� �e�e� �e�e� �e�e� �e�e� �e�e� �e�e� �e�t� �t�e� �e�e� �e�e� �t�e� �e�t� �m�e�e�e� �e�e� �e�e� �e�e�e� �t�e�e� �e�e� �e�e�e� �e�w� �e�e� �e�e�e�:� 

�Q�O� �t�e�n� �r�r� �r�r�r� �r�r� �r�r� �t�r� �r�r� �r�r� �n�n� �t�n� �r�e� �n�n� �n�n� �n�n� �e�n�e� �e�e�e� �e�e� �e�n�e�r� �e�e�n� �e�e� 

�Y� �@� �L�=�2�0�L�/�m�*�2�/�m�i�n� �o�O� �L�=�2�5� �U�m�*�2�/�m�i�n� 

�r� �+� �6� �L�=� �3�3� �L�i�m�*�2�/�m�i�n� �=�m� �L�=�4�1� �L�i�m�*�2�/�m�i�n� � � �1� �1� �4� �J� �4�.� �|� �4� �i� �1� �I� �4� �|� �n�N� �j� �T�  ��T�-� �T�O�T� �t�  ��T� �7� �T� �T� �T�t� �T� �T� �t� �1� 

�8� �1�0� �1�2� �1�4� �1�6� �1�8� �2�0� �2�2� 
�A�i�r� �F�l�o�w�r�a�t�e� �(�m ��*�3�/�m�i�n�)� 

�F�i�g�u�r�e� �2�8�.� �V�a�r�i�a�t�i�o�n� �o�f� �A�i�r� �S�t�r�i�p�p�i�n�g� �T�o�w�e�r� �P�e�r�f�o�r�m�a�n�c�e� �(�P�e�r�c�e�n�t� �A�m�m�o�n�i�a� 
�R�e�m�o�v�a�l�)� �W�i�t�h� �A�i�r� �F�l�o�w�r�a�t�e� �a�t� �V�a�r�i�o�u�s� �L�i�q�u�i�d� �L�o�a�d�i�n�g� �R�a�t�e�s� �(�L�)�.� 

� � � � 

�9�0�  �� 

�c�o� �p�e�e� �o�s� �=� �e�e� 
�7�0� �]� �L�e� �e�e� �e�e� �e�e�e� �e�e�e� �e�e� �e�e�e� �w�e�e�n� �e�d� �e�e� �e�e�e� �e�e�e� �e�e�e� 

�S�s� �L� �°� 
�>� �]� �+� 
�2�6�0� �+� �a�n�o�r� �e� �e�r�e�n�t� �n�e�e� �n�e�e�e� �P�e�n�e�s�e�e�a�s� �w�e�e�n� �e�e�e� �n� �e�e�e� �e�e�e�  ��O�n�-�-�o�-� �a�n�n�e� �e�n�e� �n�e�e� �n�n� �e�e�e� �e�e� �e�e�e� �e�n�e� 

�P�a� �1� �=� �+� �a�]� 
�S�S�O� �n�n�n� �n�n�n� �n�n�e�r� �r�r�r� �r�e�e�r� �e�r�e�c�t� �c�e�e� �W�a�r� �r�r�r� �r�r�r� �r�r�r� �r�c� �c�s�c�s� �c�e� �c�c�c� �c�c�c� �c�r�e�e�:� �p�o�r�e� �c�r�t� �e�n�e� 
�S� 

�:� �4�0� �1� �e�t�e�k� �h�a�t�e�t�e�a�n�a�t�e�h�a�a�t�a�n�a�i�e�n�e�n�e�i�a�i�a�a�t�e�a�t�a� �a�n�e�t�t�e� �a�a�a� 

 �� �B�O� �p�e�w� �w�r� �n�n� �n�n�n� �n�n� �n�n� �n�n�n� �n�n� �n�n� �n�n� �n�e� �n�e� �e�e� �e�e� �e�e� �e�e�e� �e�e�e� 
�B� 

�i�s� �4� 

�A� �9�0� �1� �b�i� �e�e�e� 

�|� �@� �G�=�9�m�M�*�3�/�m�i�n� �O�o� �G�=�1�2�m ��4�3�/�m�i�n� 

�1�0�7� �G�=�1�5� �m�a�i�m�i�n� �@� �G�=�2�1�m�3�m�i�n� �=� �|� 

�0� �+�- ��+ �� �+�+� �+�>�}� �+�}� �+�_�_� �+�  ��_�_�+ ��_� �+� �+ ��_�+ ��_� �+�+� 
�1�0� �1�5� �2�0� �2�5� �3�0� �3�5� �4�0� �4�5� 

�L�i�q�u�i�d� �L�o�a�d�i�n�g� �R�a�t�e� �(�L�/�m�*�2�/�m�i�n�)� 

�F�i�g�u�r�e� �2�9�.� �V�a�r�i�a�t�i�o�n� �o�f� �A�i�r� �S�t�r�i�p�p�i�n�g� �T�o�w�e�r� �P�e�r�f�o�r�m�a�n�c�e� �(�P�e�r�c�e�n�t� �A�m�m�o�n�i�a� 
�R�e�m�o�v�a�l�)� �W�i�t�h� �L�i�q�u�i�d� �L�o�a�d�i�n�g� �R�a�t�e� �a�t� �V�a�r�i�o�u�s� �A�i�r� �F�l�o�w�r�a�t�e�s� �(�G�)�.� 
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�F�i�g�u�r�e� �3�0� �d�i�s�p�l�a�y�s� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �K�,� �+�a� �(�p�r�o�d�u�c�t� �o�f� �t�h�e� �o�v�e�r�a�l�l� �m�a�s�s� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t�,� 

�K�,�,� �a�n�d� �t�h�e� �s�p�e�c�i�f�i�c� �i�n�t�e�r�f�a�c�i�a�l� �a�r�e�a�,� �a�)� �w�i�t�h� �a�i�r� �f�l�o�w�r�a�t�e� �a�t� �v�a�r�i�o�u�s� �l�i�q�u�i�d� �l�o�a�d�i�n�g� �r�a�t�e�s�.� �N�o�t�e� �f�r�o�m� 

�f�i�g�u�r�e� �3�0� �t�h�a�t� �t�h�e� �o�v�e�r�a�l�l� �m�a�s�s� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �i�n�c�r�e�a�s�e�d� �a�s� �t�h�e� �a�i�r� �f�l�o�w�r�a�t�e� �i�n�c�r�e�a�s�e�d� �a�t� �a� 

�c�o�n�s�t�a�n�t� �l�i�q�u�i�d� �l�o�a�d�i�n�g� �r�a�t�e�.� �A�t� �a� �l�i�q�u�i�d� �f�l�o�w�r�a�t�e� �o�f� �3�3� �L�/�m�*�/�m�i�n�,� �K�,�-�a� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �1�.�1� �t�o� �1�.�6� 

�m�i�n�"� �a�s� �t�h�e� �a�i�r� �f�l�o�w�r�a�t�e� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �9� �t�o� �2�1� �m�°�/�m�i�n�.� 

�F�i�g�u�r�e� �3�1� �s�h�o�w�s� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �K�,� �«�a� �w�i�t�h� �l�i�q�u�i�d� �l�o�a�d�i�n�g� �r�a�t�e� �a�t� �v�a�r�i�o�u�s� �a�i�r� �f�l�o�w�r�a�t�e�s�.� 

�N�o�t�e� �f�r�o�m� �f�i�g�u�r�e� �3�1� �t�h�a�t� �K�,�-�a� �i�n�c�r�e�a�s�e�d� �a�s� �t�h�e� �l�i�q�u�i�d� �l�o�a�d�i�n�g� �r�a�t�e� �i�n�c�r�e�a�s�e�d� �a�t� �a� �c�o�n�s�t�a�n�t� �a�i�r� 

�f�l�o�w�r�a�t�e�.� �A�t� �a�n� �a�i�r� �f�l�o�w�r�a�t�e� �o�f� �1�5� �m�°�/�m�i�n�,� �K�,�-�a� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �0�.�8� �t�o� �1�.�5� �m�i�n �� �a�s� �t�h�e� �l�i�q�u�i�d� 

�f�l�o�w�r�a�t�e� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �2�0� �t�o� �4�1� �L�/�m�*�/�m�i�n�.� 

�F�i�g�u�r�e� �3�2� �s�h�o�w�s� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �p�r�e�s�s�u�r�e� �d�r�o�p� �w�i�t�h� �a�i�r� �f�l�o�w�r�a�t�e� �a�t� �v�a�r�i�o�u�s� �l�i�q�u�i�d� �l�o�a�d�i�n�g� 

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

�a�l�s�o� �f�r�o�m� �f�i�g�u�r�e� �3�2� �t�h�a�t� �t�h�e� �l�i�q�u�i�d� �l�o�a�d�i�n�g� �r�a�t�e� �h�a�s� �o�n�l�y� �a� �s�m�a�l�l� �e�f�f�e�c�t� �o�n� �t�h�e� �p�r�e�s�s�u�r�e� �d�r�o�p�.� �A�t�a� 

�l�i�q�u�i�d� �l�o�a�d�i�n�g� �r�a�t�e� �o�f� �3�3� �L�/�m�*�/�m�i�n�,� �t�h�e� �p�r�e�s�s�u�r�e� �d�r�o�p� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �0�.�7� �t�o� �3�.�8� �i�n�c�h�e�s� �o�f� �w�a�t�e�r� 

�c�o�l�u�m�n� �(�i�n�c�h�e�s� �W�.�C�.�)� �a�s� �t�h�e� �a�i�r� �f�l�o�w�r�a�t�e� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �9� �t�o� �2�1� �m�°�/�m�i�n�.



�m� �L�=�2�0� �L�i�m�4�2�/�m�i�n� �©� �L�=�2�5�U�m�*�2�/�m�i�n� 
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� � � � 

�2� 
�+� �L�=�3�3� �L�i�m�*�2�/�m�i�n� �@� �L�=�4�1� �L�i�m ��2�/�m�i�n� 

�V�B� �e�n�n� �n�n�n� �n�n� �e�r�r�r� �n�n�n� �n�e�n� �r�n� �t�e�n� �t�e�n�n� �n�e� �n�e�n�t� �n�e�n�t� �t�n� �n�e�c� �e�e�e� �t�c�c� �e�n�t�e�r� �e� �r�r�r� �c�r�e�e�:� 
�1� 

�1� �6� �|� �P�W�T� �s�e�r� �e�r�r�r� �r�e� �s�r�e� �r� �e�s�e� �s�e�r�e� �e�r�e� �n�r� �e�r�r� �e�s�r� �e�r�e�n�c�e� �w�e�r�n�e�r� �r�o�e� �e�s�e�t� �s�e�e� �e�s�e� �s�e�e�r� �e�r�r�o�r�s� �e�s�e� �+� 

�a� �a�a�a� �a�a�a� �a�a�a� 

�2�1�.�2� �p�e�n�n� �n�e� �e�e� �n�e�s�e� �e�e�e� �c�e�c�e� �e�e�e� �e�e� �t�e�e�n�s� �c�e�c�e� �c�e�r�e� �e�e�e� �P�a�e�s� 
�g�i�s� �p�e�n�n� �a�r�e�n�e� �e�e�e� �n�e�e� �e�e�e� �n�n� �r�e� �e�e� �e�n� �e�e�e� �e�n�n� �n�e�t� �e�e�c�t� �e� �n�e�e�d� �=� �-�-�-� 
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�A�n�a�e�r�o�b�i�c� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �a�n�d� �a�i�r� �s�t�r�i�p�p�i�n�g� �a�r�e� �d�i�s�c�u�s�s�e�d� �i�n� �s�e�p�a�r�a�t�e� �d�i�v�i�s�i�o�n�s� �o�f� 
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�D�u�r�i�n�g� �t�h�e� �s�e�c�o�n�d� �s�t�u�d�y� �p�e�r�i�o�d�,� �H�C�l� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �f�e�e�d� �w�a�s�t�e�w�a�t�e�r�.� �T�h�e� �i�n�t�e�n�d�e�d� 

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

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

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

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

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

�W�h�e�n� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �p�H� �w�a�s� �d�e�c�r�e�a�s�e�d� �b�e�l�o�w� �p�H� �5�,� �a� �r�a�p�i�d� �c�o�a�g�u�l�a�t�i�o�n� �o�c�c�u�r�r�e�d� �a�n�d� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �7�6� �p�e�r�c�e�n�t� �o�f� �t�h�e� �T�S�S� �s�e�t�t�l�e�d� �t�o� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �f�e�e�d� �c�a�r�b�o�y�.� �H�a�r�r�i�s�o�n� �(�1�9�9�3�)� 

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

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

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

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

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

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

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

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

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

�D�a�y�s� �4�5� �t�o� �6�0� �d�u�r�i�n�g� �t�h�e� �s�e�c�o�n�d� �s�t�u�d�y� �p�e�r�i�o�d� �s�e�r�v�e�d� �t�o� �a�s�s�e�s�s� �t�h�e� �U�A�S�B� �r�e�a�c�t�o�r�s �� 

�t�r�e�a�t�m�e�n�t� �c�a�p�a�c�i�t�y�.� �T�h�e� �p�r�e�l�i�m�i�n�a�r�y� �O�L�R�s� �w�e�r�e� �7�.�6� �g� �C�O�D�/�L�/�d�a�y� �a�n�d� �5�.�3� �g� �C�O�D�/�L�/�d�a�y� �f�o�r� 

�R�e�a�c�t�o�r�s� �A� �a�n�d� �B�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �i�n�c�r�e�a�s�e� �i�n� �e�f�f�l�u�e�n�t� �C�O�D� �i�n� �b�o�t�h� �r�e�a�c�t�o�r�s� �f�r�o�m� �d�a�y� �5�0� �t�o� �6�0� 

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

�p�e�r�i�o�d� �w�a�s� �c�o�n�d�u�c�t�e�d� �w�i�t�h� �l�o�w�e�r� �O�L�R�s�.� 
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�E�a�c�h� �r�e�a�c�t�o�r� �a�t�t�a�i�n�e�d� �t�w�o� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d�s� �o�f� �o�p�e�r�a�t�i�o�n�.� �T�h�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �d�u�r�i�n�g� �t�h�e� �r�e�a�c�t�o�r�s �� �s�e�c�o�n�d� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d� �(�2�4�,�1�0�0� �m�g�/�L� �u�n�f�i�l�t�e�r�e�d� �C�O�D�;� 

�1�,�9�4�0� �m�g�/�L� �T�K�N�-�N�)� �w�e�r�e� �c�l�o�s�e�r� �t�o� �t�y�p�i�c�a�l� �c�r�a�b� �c�o�o�k�e�r� �w�a�s�t�e�w�a�t�e�r� �t�h�a�n� �t�h�e� �f�e�e�d� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d� �(�8�,�3�2�0� �m�g�/�L� �u�n�f�i�l�t�e�r�e�d� �C�O�D�;� �9�9�3� �m�g�/�L� �T�K�N�-�N�)�.� �F�o�r� 

�e�x�a�m�p�l�e�,� �t�h�e� �p�i�l�o�t�-�p�l�a�n�t� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �a�v�e�r�a�g�e�d� �2�0�,�0�0�0� �m�g�/�L� �u�n�f�i�l�t�e�r�e�d� �C�O�D� �a�n�d� �2�,�0�0�0� �m�g�/�L� 

�T�K�N�-�N� �f�r�o�m� �J�u�l�y� �1�9�9�4� �t�o� �M�a�y� �1�9�9�5�.� �T�h�u�s�,� �d�a�t�a� �o�b�t�a�i�n�e�d� �d�u�r�i�n�g� �t�h�e� �s�e�c�o�n�d� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d� 

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

�T�a�b�l�e� �3�4� �c�o�m�p�a�r�e�s� �U�A�S�B� �t�r�e�a�t�m�e�n�t� �o�f� �c�r�a�b� �c�o�o�k�e�r� �w�a�s�t�e�w�a�t�e�r� �w�i�t�h� �r�e�s�u�l�t�s� �r�e�p�o�r�t�e�d� �b�y� 

�o�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�o�r�s�.� �T�h�e� �U�A�S�B� �r�e�a�c�t�o�r�s �� �e�f�f�l�u�e�n�t�s� �c�o�n�t�a�i�n�e�d�,� �o�n� �a�v�e�r�a�g�e�,� �4�,�0�0�0� �m�g�/�L� �l�e�s�s� 

�s�o�l�u�b�l�e� �B�O�D�,� �t�h�a�n� �U�B�F� �a�n�d� �U�P�F� �r�e�a�c�t�o�r� �e�f�f�l�u�e�n�t�s� �(�D�i�z� �a�n�d� �B�o�a�r�d�m�a�n�,� �1�9�9�4�)� �a�n�d� �7�5�0� �m�g�/�L� �l�e�s�s� 

�s�o�l�u�b�l�e� �B�O�D�,� �t�h�a�n� �C�S�T�R� �e�f�f�l�u�e�n�t�s� �(�W�o�l�f�e�,� �1�9�9�3�;� �B�o�a�r�d�m�a�n� �e�t� �a�/�.�,� �1�9�9�3�)�.� �T�h�e� �l�o�w�e�r� �e�f�f�l�u�e�n�t� 

�B�O�D�,� �l�e�v�e�l�s� �w�e�r�e� �m�a�i�n�t�a�i�n�a�b�l�e� �e�v�e�n� �t�h�o�u�g�h� �t�h�e� �U�A�S�B� �r�e�a�c�t�o�r�s �� �t�o�t�a�l� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�w�a�s� �9�2� �p�e�r�c�e�n�t� �l�a�r�g�e�r� �t�h�a�n� �t�h�e� �U�B�F� �a�n�d� �U�P�F� �r�e�a�c�t�o�r�s �� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�n�d� �4�8� �p�e�r�c�e�n�t� 

�l�a�r�g�e�r� �t�h�a�n� �C�S�T�R� �r�e�a�c�t�o�r�s �� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 

�T�a�b�l�e� �3�4�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �L�a�b�-�S�c�a�l�e� �U�A�S�B� �R�e�a�c�t�o�r�s� �W�i�t�h� �O�t�h�e�r� �L�a�b�-�S�c�a�l�e� �A�n�a�e�r�o�b�i�c� �T�r�e�a�t�m�e�n�t� 
�S�y�s�t�e�m�s�.� �U�A�S�B� �D�a�t�a� �F�r�o�m� �S�e�c�o�n�d� �S�t�u�d�y� �P�e�r�i�o�d�,� �S�t�e�a�d�y�-�S�t�a�t�e� �#�2�.� 

�F�/�M� �R�a�t�i�o� �E�f�f�l�u�e�n�t� �S�o�l�u�b�l�e� �A�m�m�o�n�i�a� 
� � 

� � 

�A�n�a�e�r�o�b�i�c� �R�e�a�c�t�o�r� �(�d�a�y�"�'�)� �B�O�D�,� �(�m�g�/�L�)� �(�m�g�/�L� �a�s� �N�)� �p�H� 

�U�B�F� �(�D�i�z� �a�n�d� �B�o�a�r�d�m�a�n�,� �1�9�9�4�)�*� �0�.�2� �4�,�1�0�0� �1�,�1�0�0� �7�.�9� 
�U�P�F� �(�D�i�z� �a�n�d� �B�o�a�r�d�m�a�n�,� �1�9�9�4�)�"� �0�.�5� �4�,�3�0�0� �1�,�4�0�0� �7�.�9� 
�C�S�T�R� �(�W�o�l�f�e�,� �1�9�9�3�)� �0�.�2�5� �5�6�0� �1�,�5�0�0�°� �7�.�7� 

�C�S�T�R� �(�W�o�l�f�e�,� �1�9�9�3�)� �0�.�3�5� �1�,�4�0�0� �1�,�7�5�0�°� �7�.�5� 
�U�A�S�B�,� �R�e�a�c�t�o�r� �A�*� �0�.�3� �3�0�0� �2�,�5�0�0� �7�.�3� 

�U�A�S�B�,� �R�e�a�c�t�o�r� �B�*� �0�.�2� �1�7�0� �2�,�3�0�0� �7�.�3� 
� � 

�(�*�)� �P�h�a�s�e� �4� �o�f� �f�o�u�r� �p�h�a�s�e� �s�t�u�d�y�.� 
�{�t�)� �V�a�l�u�e� �a�p�p�r�o�a�c�h�e�d� �b�e�f�o�r�e� �r�e�a�c�t�o�r�s� �f�a�i�l�e�d�.� 
�(�}�)� �W�a�s�t�e�w�a�t�e�r� �f�e�e�d� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �r�e�d�u�c�e�d� �b�y� �a�c�i�d�i�f�i�c�a�t�i�o�n� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �c�o�a�g�u�l�a�t�i�o�n� �a�n�d� �s�e�t�t�l�i�n�g�.� 

�T�h�e� �U�A�S�B� �r�e�a�c�t�o�r�s �� �r�e�d�u�c�e�d� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �e�n�a�b�l�e�d� �s�u�p�e�r�i�o�r� 

�t�r�e�a�t�m�e�n�t� �p�e�r�f�o�r�m�a�n�c�e�.� �T�h�e� �U�B�F� �a�n�d� �U�P�F� �r�e�a�c�t�o�r�s �� �p�H� �v�a�l�u�e�s� �a�v�e�r�a�g�e�d� �a�b�o�u�t� �7�.�9� �(�D�i�z� �a�n�d� 
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�B�o�a�r�d�m�a�n�,� �1�9�9�4�)� �w�h�i�l�e� �t�h�e� �C�S�T�R� �r�e�a�c�t�o�r�s �� �p�H� �a�v�e�r�a�g�e�d� �7�.�6� �(�W�o�l�f�e�,� �1�9�9�3�)�.� �C�o�m�p�a�r�a�t�i�v�e�l�y�,� �t�h�e� 

�U�A�S�B� �r�e�a�c�t�o�r�s �� �p�H� �a�v�e�r�a�g�e�d� �7�.�3�.� �T�h�u�s�,� �w�h�i�l�e� �t�h�e� �U�A�S�B� �r�e�a�c�t�o�r�s �� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �6�1� �m�g�/�L�,� �t�h�e� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �a�b�o�u�t� �1�0�0� �m�g�/�L� �(�a�s� �N�)� 

�i�n� �t�h�e� �U�B�F� �a�n�d� �U�P�F� �r�e�a�c�t�o�r�s� �a�n�d� �6�9� �m�g�/�L� �(�a�s� �N�)� �i�n� �t�h�e� �C�S�T�R� �r�e�a�c�t�o�r�s�.� �T�h�e� �C�S�T�R� �r�e�a�c�t�o�r�s� 

�c�o�n�t�a�i�n�e�d� �3�,�2�0�0� �m�g�/�L� �l�e�s�s� �e�f�f�l�u�e�n�t� �s�o�l�u�b�l�e� �B�O�D�,�,� �o�n� �a�v�e�r�a�g�e�,� �t�h�a�n� �t�h�e� �U�P�F� �a�n�d� �U�B�F� �r�e�a�c�t�o�r�s�.� 

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

�c�o�o�k�e�r� �w�a�s�t�e�w�a�t�e�r�.� 

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

�s�i�m�i�l�a�r� �t�o� �r�e�s�u�l�t�s� �r�e�p�o�r�t�e�d� �w�i�t�h� �a� �l�a�b�-�s�c�a�l�e� �U�A�S�B� �t�r�e�a�t�i�n�g� �c�l�a�m� �p�r�o�c�e�s�s�i�n�g� �w�a�s�t�e�w�a�t�e�r� 

�(�B�o�a�r�d�m�a�n� �e�t� �a�/�.�,� �1�9�9�5�;� �T�i�s�i�n�g�e�r�,� �1�9�9�1�)�.� �T�i�s�i�n�g�e�r� �(�1�9�9�1�)� �r�e�p�o�r�t�e�d� �a�n� �a�v�e�r�a�g�e� �r�e�a�c�t�o�r� �p�H� �o�f� �7�.�1�,� 

�a�n� �a�v�e�r�a�g�e� �r�e�a�c�t�o�r� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �3�2�°� �C�,� �a�n�d� �a� �m�a�x�i�m�u�m� �t�o�t�a�l� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �2�7�5� 

�m�g�/�L� �(�a�s� �N�)� �d�u�r�i�n�g� �t�h�e� �s�t�u�d�y�.� �T�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �m�a�x�i�m�u�m� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�w�a�s� �3� �m�g�/�L� �(�a�s� �N�)�.� �A�t� �a�n� �O�L�R� �o�f� �1�3�.�8� �g� �C�O�D�/�L�/�d�a�y�,� �t�h�e� �U�A�S�B� �p�r�o�d�u�c�e�d� �a�v�e�r�a�g�e� �e�f�f�l�u�e�n�t� �T�S�S� 

�a�n�d� �s�o�l�u�b�l�e� �B�O�D�,� �l�e�v�e�l�s� �o�f� �9�0� �a�n�d� �2�0�0� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �C�o�m�p�a�r�a�t�i�v�e�l�y�,� �R�e�a�c�t�o�r� �A� �p�r�o�d�u�c�e�d� 

�a�n� �e�f�f�l�u�e�n�t� �s�o�l�u�b�l�e� �B�O�D�,� �o�f� �3�0�0� �m�g�/�L� �a�n�d� �a�n� �e�f�f�l�u�e�n�t� �T�S�S� �o�f� �2�4�9� �m�g�/�L� �a�t� �a�n� �O�L�R� �o�f� �6�.�4�g� 

�C�O�D�/�L�/�d�a�y� �d�u�r�i�n�g� �t�h�e� �s�e�c�o�n�d� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d�.� 

�R�e�a�c�t�o�r� �A ��s� �a�v�e�r�a�g�e� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�u�r�i�n�g� �t�h�e� �s�e�c�o�n�d� �s�t�e�a�d�y�-�s�t�a�t�e� 

�p�e�r�i�o�d� �w�a�s� �6�1� �m�g�/�L� �(�a�s� �N�)�.� �T�h�e� �a�n�a�e�r�o�b�i�c� �t�o�x�i�c�i�t�y� �a�s�s�a�y�s� �s�h�o�w�e�d� �t�h�a�t� �6�1� �m�g�/�L� �(�a�s� �N�)� �o�f� 

�u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �c�a�u�s�e�d� �a�b�o�u�t� �4�0� �p�e�r�c�e�n�t� �i�n�h�i�b�i�t�i�o�n� �o�f� �m�e�t�h�a�n�o�g�e�n�i�c� �a�c�t�i�v�i�t�y�.� �T�h�u�s�,� �t�h�e� 

�r�e�a�s�o�n� �t�h�a�t� �t�h�e� �U�A�S�B� �s�u�p�p�o�r�t�e�d� �h�i�g�h�e�r� �O�L�R�s� �t�r�e�a�t�i�n�g� �c�l�a�m� �p�r�o�c�e�s�s�i�n�g� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �p�r�o�b�a�b�l�y� 

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

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

�i�n�d�i�c�a�t�e�d� �t�h�a�t� �i�f� �t�h�e� �U�A�S�B� �r�e�a�c�t�o�r�s �� �p�H� �h�a�d� �b�e�e�n� �d�e�c�r�e�a�s�e�d� �f�u�r�t�h�e�r�,� �l�a�r�g�e�r� �O�L�R�s� �a�n�d� �F�/�M� �r�a�t�i�o�s� 

�c�o�u�l�d� �h�a�v�e� �b�e�e�n� �a�p�p�l�i�e�d� �d�u�r�i�n�g� �t�h�e� �s�t�u�d�y�.� 
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�H�a�r�r�i�s�o�n� �(�1�9�9�3�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �a�c�i�d�i�f�i�c�a�t�i�o�n� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �s�u�s�p�e�n�d�e�d� 

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

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

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

�s�o�l�i�d�s� �d�i�d� �a�p�p�e�a�r� �t�o� �i�n�f�l�u�e�n�c�e� �t�h�e� �U�A�S�B� �r�e�a�c�t�o�r�s �� �e�f�f�l�u�e�n�t� �T�S�S� �a�n�d� �V�S�S� �l�e�v�e�l�s�.� �T�a�b�l�e� �3�5� 

�c�o�m�p�a�r�e�s� �t�h�e� �T�S�S� �a�n�d� �V�S�S� �r�e�d�u�c�t�i�o�n�s� �o�f� �t�h�e� �l�a�b�-�s�c�a�l�e� �U�A�S�B� �r�e�a�c�t�o�r�s� �w�i�t�h� �r�e�d�u�c�t�i�o�n�s� �r�e�p�o�r�t�e�d� 

�b�y� �D�i�z� �(�1�9�9�4�)� �w�i�t�h� �U�B�F� �a�n�d� �U�P�F� �r�e�a�c�t�o�r�s�.� 

�T�a�b�l�e� �3�5�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �L�a�b�-�S�c�a�l�e� �U�A�S�B� �R�e�a�c�t�o�r�s� �W�i�t�h� �L�a�b�-�S�c�a�l�e� �U�B�F� �a�n�d� �U�P�F� �T�r�e�a�t�m�e�n�t� �S�y�s�t�e�m�s�.� 
�U�A�S�B� �D�a�t�a� �F�r�o�m� �S�e�c�o�n�d� �S�t�u�d�y� �P�e�r�i�o�d�,� �S�t�e�a�d�y�-�S�t�a�t�e� �#�2�.� 
� � 

� � 

�E�f�f�l�u�e�n�t� �T�S�S� �T�S�S� �R�e�m�o�v�a�l� �E�f�f�l�u�e�n�t� �V�S�S� �V�S�S� �R�e�m�o�v�a�l� 
�A�n�a�e�r�o�b�i�c� �R�e�a�c�t�o�r� �(�m�g�/�L�)� �(�p�e�r�c�e�n�t�)� �(�m�g�/�L�)� �(�p�e�r�c�e�n�t�)� 

�U�B�F� �(�D�i�z�,� �1�9�9�4�)�"� �8�7�0� �3�7� �4�6�0� �5�3� 
�U�P�F� �(�D�i�z�,� �1�9�9�4�)�"� �1�,�5�1�0� �1�0� �9�5�3� �3� 
�U�A�S�B�,� �R�e�a�c�t�o�r� �A�t� �2�4�9� �-�1�5�%� �1�5�0� �2�1� 

�U�A�S�B�,� �R�e�a�c�t�o�r� �B�T� �1�7�2� �2�1� �7�5� �6�1� 
� � 

�(�*�)� �P�h�a�s�e� �4� �o�f� �f�o�u�r� �p�h�a�s�e� �s�t�u�d�y�.� 
�(�t�)� �W�a�s�t�e�w�a�t�e�r� �f�e�e�d� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �r�e�d�u�c�e�d� �b�y� �a�c�i�d�i�f�i�c�a�t�i�o�n� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �c�o�a�g�u�l�a�t�i�o�n� �a�n�d� �s�e�t�t�l�i�n�g�.� 
�(�D� �T�S�S� �i�n�c�r�e�a�s�e�d�.� 

�P�e�r�c�e�n�t� �T�S�S� �r�e�d�u�c�t�i�o�n�s� �o�f� �3�7� �a�n�d� �1�0� �p�e�r�c�e�n�t� �w�e�r�e� �a�c�h�i�e�v�e�d� �i�n� �t�h�e� �U�B�F� �a�n�d� �U�P�F� 

�r�e�a�c�t�o�r�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �w�h�i�l�e� �p�e�r�c�e�n�t� �r�e�d�u�c�t�i�o�n�s� �o�f� �-�1�5� �a�n�d� �2�1� �p�e�r�c�e�n�t� �w�e�r�e� �a�c�h�i�e�v�e�d� �i�n� �R�e�a�c�t�o�r�s� 

�A� �a�n�d� �B�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �S�i�m�i�l�a�r� �p�e�r�c�e�n�t� �V�S�S� �r�e�d�u�c�t�i�o�n�s� �w�e�r�e� �o�b�s�e�r�v�e�d�.� �O�v�e�r�a�l�l�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� 

�i�n� �p�e�r�c�e�n�t� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �r�e�d�u�c�t�i�o�n�s� �i�n� �t�h�e� �U�A�S�B�,� �U�B�F�,� �a�n�d� �U�P�F� �s�y�s�t�e�m�s� �w�e�r�e� �n�o�t� �a�s� 

�s�i�g�n�i�f�i�c�a�n�t� �a�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �e�f�f�l�u�e�n�t� �T�S�S� �a�n�d� �V�S�S� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� �T�h�e� �U�A�S�B� �r�e�a�c�t�o�r�s �� 

�a�v�e�r�a�g�e� �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�e�r�e� �8�2� �p�e�r�c�e�n�t� �l�e�s�s� �t�h�a�n� �t�h�e� �a�v�e�r�a�g�e� �U�P�F� �a�n�d� �U�B�F� 

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

�w�e�r�e� �8�4� �p�e�r�c�e�n�t� �l�e�s�s� �t�h�a�n� �t�h�e� �U�P�F� �a�n�d� �U�B�F� �e�f�f�l�u�e�n�t� �V�S�S� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� �T�h�e� �l�o�w�e�r� �e�f�f�l�u�e�n�t� �T�S�S� 

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

�s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 
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�T�h�e� �F�/�M� �r�a�t�i�o� �a�p�p�e�a�r�e�d� �t�o� �e�f�f�e�c�t� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �r�e�d�u�c�t�i�o�n�s� �i�n� �t�h�e� �U�A�S�B� �r�e�a�c�t�o�r�s�.� 

�R�e�a�c�t�o�r� �B� �r�e�d�u�c�e�d� �3�9� �a�n�d� �3�5� �p�e�r�c�e�n�t� �m�o�r�e� �o�f� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �T�S�S� �a�n�d� �V�S�S�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �t�h�a�n� 

�R�e�a�c�t�o�r� �A� �d�u�r�i�n�g� �t�h�e� �s�e�c�o�n�d� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d�.� �D�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d�,� �R�e�a�c�t�o�r� �B� 

�r�e�d�u�c�e�d� �2� �a�n�d� �8� �p�e�r�c�e�n�t� �m�o�r�e� �o�f� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �T�S�S� �a�n�d� �V�S�S�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �t�h�a�n� �R�e�a�c�t�o�r� 

�A�.� �R�e�a�c�t�o�r� �B ��s� �F�/�M� �r�a�t�i�o� �w�a�s� �5�0� �p�e�r�c�e�n�t� �l�o�w�e�r� �t�h�a�n� �R�e�a�c�t�o�r� �A ��s� �F�/�M� �r�a�t�i�o� �a�n�d� �t�h�i�s� �p�r�o�b�a�b�l�y� 

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

�T�h�e� �v�o�l�a�t�i�l�e� �f�r�a�c�t�i�o�n� �(�V�S�S�/�T�S�S�)� �o�f� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �i�n� �t�h�e� �U�A�S�B� �e�f�f�l�u�e�n�t�s� �w�a�s� �5�0� 

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

�9�0� �p�e�r�c�e�n�t�.� �T�h�e� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �v�o�l�a�t�i�l�e� �f�r�a�c�t�i�o�n� �i�n� �t�h�e� �r�e�a�c�t�o�r� �e�f�f�l�u�e�n�t�s� �p�r�o�b�a�b�l�y� �r�e�s�u�l�t�e�d� �f�r�o�m� �t�h�e� 

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

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

�s�u�c�h� �a�s� �s�u�l�f�i�d�e� �p�r�e�c�i�p�i�t�a�t�e�s�.� 

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

�R�e�a�c�t�o�r� �A� �h�a�d� �a�n� �o�b�s�e�r�v�e�d� �y�i�e�l�d� �o�f� �0�.�0�3� �g� �V�S�S�/�g� �C�O�D� �w�h�i�l�e� �R�e�a�c�t�o�r� �B� �h�a�d� �a�n� �o�b�s�e�r�v�e�d� �y�i�e�l�d� 

�o�f� �0�.�0�4� �g� �V�S�S�/�g� �C�O�D�.� �A�s� �n�o�t�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �r�e�v�i�e�w� �c�h�a�p�t�e�r�,� �H�e�n�z�e� �a�n�d� �H�a�r�r�e�m�o�é�s� �(�1�9�8�3�)� 

�r�e�p�o�r�t�e�d� �a�n� �a�v�e�r�a�g�e� �m�a�x�i�m�u�m� �g�r�o�w�t�h� �y�i�e�l�d� �o�f� �0�.�1�8� �m�g� �V�S�S�/�m�g� �C�O�D� �f�o�r� �a�n�a�e�r�o�b�i�c� �r�e�a�c�t�o�r�s� 

�t�r�e�a�t�i�n�g� �c�o�m�p�l�e�x� �w�a�s�t�e�w�a�t�e�r�s�.� �T�h�e� �U�A�S�B� �r�e�a�c�t�o�r�s �� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �o�b�s�e�r�v�e�d� �y�i�e�l�d�s� �c�o�m�p�a�r�e�d� �w�i�t�h� 

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

�t�h�i�s� �s�t�u�d�y�.� �H�e�n�z�e� �a�n�d� �H�a�r�r�e�m�o�é�s� �(�1�9�8�3�)� �n�o�t�e�d� �i�n� �t�h�e�i�r� �l�i�t�e�r�a�t�u�r�e� �s�u�r�v�e�y� �t�h�a�t� �r�e�p�o�r�t�e�d� �o�b�s�e�r�v�e�d� 

�y�i�e�l�d�s� �w�e�r�e� �g�e�n�e�r�a�l�l�y� �l�o�w�e�r� �w�h�e�n� �t�h�e� �F�/�M� �r�a�t�i�o� �w�a�s� �l�o�w�e�r�.� �P�r�e�s�u�m�a�b�l�y�,� �w�h�e�n� �a�n�a�e�r�o�b�i�c� 

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

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

�t�r�e�n�d�.� �R�e�a�c�t�o�r� �A ��s� �o�b�s�e�r�v�e�d� �y�i�e�l�d� �w�a�s� �2�5� �p�e�r�c�e�n�t� �l�o�w�e�r� �t�h�a�n� �R�e�a�c�t�o�r� �B ��s� �y�i�e�l�d� �w�h�i�l�e� �R�e�a�c�t�o�r� �B ��s� 

�F�/�M� �r�a�t�i�o� �w�a�s� �a�b�o�u�t� �5�0� �p�e�r�c�e�n�t� �l�o�w�e�r� �t�h�a�n� �R�e�a�c�t�o�r� �A ��s� �F�/�M� �r�a�t�i�o� �o�v�e�r� �t�h�e� �s�t�u�d�y� �p�e�r�i�o�d�.� 
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�A�l�t�h�o�u�g�h� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �p�H� �w�a�s� �d�e�c�r�e�a�s�e�d� �b�e�l�o�w� �4�,� �t�h�e� �U�A�S�B� �r�e�a�c�t�o�r�s �� �a�l�k�a�l�i�n�i�t�y� 

�a�v�e�r�a�g�e�d� �6�,�0�0�0� �m�g�/�L� �a�s� �C�a�C�O�,� �d�u�r�i�n�g� �t�h�e� �s�e�c�o�n�d� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d�.� �T�h�e� �i�n�c�r�e�a�s�e� �i�n� �r�e�a�c�t�o�r� 

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

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

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

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

�r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �a�l�k�a�l�i�n�i�t�y� �r�e�s�u�l�t�e�d� �f�r�o�m� �a� �v�e�r�y� �h�i�g�h� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �T�K�N� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�2�,�7�0�0� 

�m�g�/�L� �a�s� �N�)� �d�u�r�i�n�g� �t�h�e� �s�e�c�o�n�d� �s�t�e�a�d�y�-�s�t�a�t�e� �p�e�r�i�o�d�.� 

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

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

�m�e�a�s�u�r�e�m�e�n�t� �p�r�e�d�i�c�t�s� �t�w�o� �i�m�p�o�r�t�a�n�t� �q�u�a�n�t�i�t�i�e�s�:� �t�h�e� �r�e�a�c�t�o�r� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �a�n�d� �t�h�e� 

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

�W�h�e�n� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �T�K�N� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �l�a�r�g�e�,� �a�m�m�o�n�i�a� �t�o�x�i�c�i�t�y� �i�s� �m�a�g�n�i�f�i�e�d� 

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

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

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

�3�3�0� �m�L� �o�f� �6�N� �H�C�I� �p�e�r� �2�0� �L� �o�f� �f�e�e�d�.� �S�i�n�c�e� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �T�K�N� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �2�,�7�6�0� �m�g�/�L� 

�(�a�s� �N�)�,� �t�h�e� �r�e�l�a�t�i�v�e� �a�c�i�d� �a�d�d�i�t�i�o�n� �w�a�s� �3�6� �m�i�l�l�i�e�q�u�i�v�a�l�e�n�t� �(�m�e�q�)� �o�f� �a�c�i�d� �p�e�r� �g�r�a�m� �(�a�s� �N�)� �o�f� �T�K�N�.� 

�P�i�l�o�t�-�S�c�a�l�e� �U�A�S�B� �a�n�d� �U�B�F� �R�e�a�c�t�o�r�s� 

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

�u�t�i�l�i�z�a�t�i�o�n�.� �A�s� �w�a�s� �n�o�t�e�d� �i�n� �t�h�e� �r�e�s�u�l�t�s� �s�e�c�t�i�o�n�,� �p�e�r�i�o�d�s� �o�f� �h�i�g�h� �r�e�a�c�t�o�r� �e�f�f�l�u�e�n�t� �C�O�D� �w�e�r�e� 

�a�c�c�o�m�p�a�n�i�e�d� �b�y� �l�o�w� �r�e�a�c�t�o�r� �p�H� �f�o�r� �b�o�t�h� �t�r�e�a�t�m�e�n�t� �u�n�i�t�s�.� 
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�F�i�g�u�r�e� �3�3� �s�h�o�w�s� �t�h�e� �c�o�m�b�i�n�e�d� �o�b�s�e�r�v�a�t�i�o�n�s� �o�f� �t�h�e� �U�A�S�B� �a�n�d� �U�B�F� �r�e�a�c�t�o�r�s �� �p�H� �a�n�d� 

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

�d�e�c�r�e�a�s�e�d� �t�h�e� �r�e�a�c�t�o�r� �p�H�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�3�,� �w�h�e�n� �t�h�e� �e�f�f�l�u�e�n�t� �C�O�D� �e�x�c�e�e�d�e�d� �7�,�0�0�0� 

�m�g�/�L�,� �t�h�e� �p�H� �d�e�c�r�e�a�s�e�d� �t�o� �a�b�o�u�t� �7�.�2�.� �W�h�e�n� �t�h�e� �r�e�a�c�t�o�r� �e�f�f�l�u�e�n�t� �C�O�D� �w�a�s� �b�e�l�o�w� �6�,�0�0�0� �m�g�/�L�,� 

�t�h�e� �p�H� �w�a�s� �u�s�u�a�l�l�y� �b�e�t�w�e�e�n� �7�.�4� �a�n�d� �7�.�8�.� 

�W�h�e�n� �t�h�e� �c�r�a�b� �c�o�o�k�e�r� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �i�s� �u�n�a�m�e�n�d�e�d� �(�n�o�t� �a�c�i�d�i�f�i�e�d�)�,� �l�o�w� �e�f�f�l�u�e�n�t� �C�O�D� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�r�e� �p�o�s�s�i�b�l�e� �o�n�l�y� �a�t� �l�o�w� �F�/�M� �r�a�t�i�o�s�.� �T�h�e� �l�o�w� �F�/�M� �r�a�t�i�o�s� �a�r�e� �r�e�q�u�i�r�e�d� �b�e�c�a�u�s�e� 

�w�h�e�n� �a�l�l� �v�o�l�a�t�i�l�e� �f�a�t�t�y� �a�c�i�d�s� �a�r�e� �d�e�g�r�a�d�e�d�,� �t�h�e� �p�H� �i�n�c�r�e�a�s�e�s� �a�b�o�v�e� �7�.�8�,� �i�n�c�r�e�a�s�i�n�g� �t�h�e� 

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

�l�e�v�e�l�s�.� �W�h�e�n� �t�h�e� �p�H� �i�s� �7�.�9� �(�a�t� �3�5�°� �C�)�,� �a�b�o�u�t� �8�.�2� �p�e�r�c�e�n�t� �o�f� �t�h�e� �t�o�t�a�l� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� 

�p�r�e�s�e�n�t� �a�s� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a�.� �T�h�u�s�,� �i�f� �t�h�e� �t�o�t�a�l� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �2�,�0�0�0� �m�g�/�L� �(�a�s� �N�)�,� 

�t�h�e� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �1�6�3� �m�g�/�L� �(�a�s� �N�)�.� �F�r�o�m� �F�i�g�u�r�e� �2�7� �i�n� �t�h�e� �r�e�s�u�l�t�s� 

�c�h�a�p�t�e�r�,� �t�h�e� �s�p�e�c�i�f�i�c� �m�e�t�h�a�n�o�g�e�n�i�c� �a�c�t�i�v�i�t�y� �a�t� �a� �1�6�0� �m�g�/�L� �(�a�s� �N�)� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �l�e�s�s� �t�h�a�n� �0�.�1�5� �g� �C�O�D�/�g� �V�S�S�/�d�a�y�.� �T�h�u�s�,� �w�h�e�n� �t�h�e� �F�/�M� �r�a�t�i�o� �i�s� �i�n�c�r�e�a�s�e�d� �t�o� �0�.�3� 

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

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

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

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

�a�c�i�d�s� �w�h�i�c�h� �d�e�c�r�e�a�s�e� �r�e�a�c�t�o�r� �p�H�.� �A�s� �a� �r�e�s�u�l�t�,� �i�n� �h�i�g�h�l�y� �l�o�a�d�e�d� �r�e�a�c�t�o�r�s�,� �s�u�c�h� �a�s� �t�h�e� �U�B�F� �a�n�d� 

�U�P�F� �s�y�s�t�e�m�s� �r�e�p�o�r�t�e�d� �b�y� �D�i�z� �a�n�d� �B�o�a�r�d�m�a�n� �(�1�9�9�4�)� �a�n�d� �t�h�e� �p�i�l�o�t�-�s�c�a�l�e� �U�B�F� �r�e�a�c�t�o�r� �i�n� �t�h�i�s� 

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

�h�i�g�h� �C�O�D� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 

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

�w�a�s�t�e�w�a�t�e�r�:� �h�i�g�h� �F�/�M� �r�a�t�i�o�s� �(�0�.�2� �t�o� �0�.�5� �d�a�y�"�)� �w�i�t�h� �h�i�g�h� �e�f�f�l�u�e�n�t� �v�o�l�a�t�i�l�e� �f�a�t�t�y� �a�c�i�d� �a�n�d� �C�O�D� 
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�7�.�5� �o�o�r� �c�r� �t�e�r�t� �t�e�t� �t�t�r�e� �5� �i�i�t�t�a�l�a� �a�a�a� �a�a�a� �a�a�a� �a�a�a� 

�s�e� �4� 
�2�.� 

�V�4� �r�o�n� �r�r�r� �r�e�e�r� �r� �c�r�c� �c�e�r�t� �t�r�e�e�s� �g�i� �c�c�c� �r�c� �c�e� �t�c�c� �c�c� �c�c�s� �s�s�c� �e� �r�e�s�e�r� �e�n�c�e�s� 

�T�D� �p�o�n� �r�r�r� �r�r�r� �t�r� �r�r�r� �r�r�r� �c�n�c� �c� �n�s�e�c� �r�r�r� �c�r�c� �c�n�e�t� �e�r�r�r� �n�c�e� �n�e�s�e� �r�r�r� �e�r�e�s� �e�e� �r�e�s�e�a�r�c� �n�e�s�s� �e� �a�c�e�r�c�a� �c�e�s�t�a� �c�c�s� �n� 
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�E�f�f�l�u�e�n�t� �S�o�l�u�b�l�e� �C�O�D� �(�m�g�/�L�)� 

�F�i�g�u�r�e� �3�3�.� �R�e�l�a�t�i�o�n�s�h�i�p� �B�e�t�w�e�e�n� �p�H� �a�n�d� �E�f�f�l�u�e�n�t� �C�O�D� �f�o�r� �P�i�l�o�t�-�S�c�a�l�e� �U�A�S�B� �a�n�d� �U�B�F� �R�e�a�c�t�o�r�s�.� 
�O�b�s�e�r�v�a�t�i�o�n�s� �O�v�e�r� �S�t�u�d�y� �P�e�r�i�o�d�.� 
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�c�o�n�c�e�n�t�r�a�t�i�o�n�s�;� �v�e�r�y� �l�o�w� �F�/�M� �r�a�t�i�o�s� �(�l�e�s�s� �t�h�a�n� �0�.�1�5� �d�a�y ��)� �a�n�d� �l�o�w� �C�O�D� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�;� �a�n�d� �h�i�g�h� 

�F�/�M� �r�a�t�i�o�s� �a�n�d� �l�o�w� �e�f�f�l�u�e�n�t� �C�O�D� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �b�y� �p�H� �a�d�j�u�s�t�m�e�n�t�.� 

�A�n�a�e�r�o�b�i�c� �B�a�t�c�h� �T�o�x�i�c�i�t�y� �A�s�s�a�y�s� 

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

�w�a�s� �d�i�r�e�c�t�l�y� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �P�r�e�v�i�o�u�s� �a�c�c�l�i�m�a�t�i�o�n� �t�o� �6�1� 

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

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

�b�a�t�c�h� �a�c�t�i�v�i�t�y� �t�e�s�t�s�;� �h�o�w�e�v�e�r�,� �t�h�e� �i�n�h�i�b�i�t�i�o�n� �a�t� �a� �6�1� �m�g�/�L� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �m�a�y� 

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

�T�h�e� �p�H� �d�i�d� �n�o�t� �a�p�p�e�a�r� �t�o� �e�f�f�e�c�t� �a�m�m�o�n�i�a� �i�n�h�i�b�i�t�i�o�n� �b�e�y�o�n�d� �t�h�e� �c�h�a�n�g�e� �i�n� �u�n�i�o�n�i�z�e�d� 

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

�a�b�o�v�e� �a�n�d� �b�e�l�o�w� �t�h�e� �a�c�c�l�i�m�a�t�i�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �F�i�g�u�r�e� �3�4� �s�h�o�w�s� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �p�e�r�c�e�n�t� 

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

�F�r�o�m� �i�n�t�e�r�p�o�l�a�t�i�o�n� �o�n� �F�i�g�u�r�e� �3�4�,� �t�h�e� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �l�e�a�d�i�n�g� �t�o� �5�0� 

�a�n�d� �8�0� �p�e�r�c�e�n�t� �i�n�h�i�b�i�t�i�o�n� �w�e�r�e� �8�5� �a�n�d� �1�5�0� �m�g�/�L� �(�a�s� �N�)�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �S�o�t�o� �e�t� �a�/�.� �(�1�9�9�1�)� �r�e�p�o�r�t�e�d� 

�u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �4�1� �a�n�d� �1�2�0� �m�g�/�L� �(�a�s� �N�)� �t�o� �c�a�u�s�e� �5�0� �a�n�d� �8�0� �p�e�r�c�e�n�t� 

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

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

�a�c�c�l�i�m�a�t�i�o�n� �l�e�v�e�l�.� �S�o�t�o� �e�t� �a�/�.� �(�1�9�9�1�)� �a�c�c�l�i�m�a�t�e�d� �t�h�e� �g�r�a�n�u�l�a�r� �s�l�u�d�g�e� �t�o� �3�0� �m�g�/�L� �(�a�s� �N�)� �o�f� 

�u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �w�h�i�l�e� �t�h�e� �g�r�a�n�u�l�a�r� �s�l�u�d�g�e� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �w�a�s� �a�c�c�l�i�m�a�t�e�d� �t�o� �6�1� �m�g�/�L� �(�a�s� 

�N�)� �o�f� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a�.� 

�A�m�m�o�n�i�a� �i�n�h�i�b�i�t�i�o�n� �w�a�s� �e�v�a�l�u�a�t�e�d� �a�t� �h�i�g�h� �(�5�,�0�0�0� �m�g�/�L�)� �a�n�d� �l�o�w� �(�2�,�5�0�0� �m�g�/�L�)� �s�o�d�i�u�m� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� �T�h�e� �l�o�w� �s�o�d�i�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �a�s�s�u�m�e�d� �n�o�t� �t�o� �e�f�f�e�c�t� �t�h�e� �s�p�e�c�i�f�i�c� 
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�F�i�g�u�r�e� �3�4�.� 

�m� �5�,�0�0�0� �m�g�/�L� �S�o�d�i�u�m�,� �p�H� �7�.�4� �o�r� �7�.�8�  � �� �R�e�g�r�e�s�s�i�o�n�:� �5�,�0�0�0� �m�g�/�L� �S�o�d�i�u�m� 

�©� �2�,�5�0�0� �m�g�/�L� �S�o�d�i�u�m�,� �p�H� �7�.�4� �o�r� �7�.�8� �-�-�-�-�-� �R�e�g�r�e�s�s�i�o�n�:� �2�,�5�0�0� �m�g�/�L� �S�o�d�i�u�m� 

� � 
�4�0� �6�0� �8�0� �1�0�0� �{�2�0� �1�4�0� �1�6�0� 

�U�n�i�o�n�i�z�e�d� �A�m�m�o�n�i�a� �(�m�g�/�L� �a�s� �N�)� 

�A�n�a�e�r�o�b�i�c� �T�o�x�i�c�i�t�y� �A�s�s�a�y�:� �E�f�f�e�c�t� �o�f� �S�o�d�i�u�m� �C�o�n�c�e�n�t�r�a�t�i�o�n� �o�n� �P�e�r�c�e�n�t� �I�n�h�i�b�i�t�i�o�n� 
�o�f� �S�p�e�c�i�f�i�c� �M�e�t�h�a�n�o�g�e�n�i�c� �A�c�t�i�v�i�t�y� �a�t� �V�a�r�i�o�u�s� �U�n�i�o�n�i�z�e�d� �A�m�m�o�n�i�a� �C�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 
�P�e�r�c�e�n�t� �I�n�h�i�b�i�t�i�o�n� �C�a�l�c�u�l�a�t�e�d� �F�r�o�m� �I�n�i�t�i�a�l� �M�e�a�s�u�r�e�m�e�n�t� �a�t� �p�H� �7�.�4�,� �4� �m�g�/�L� �U�n�i�o�n�i�z�e�d� 
�A�m�m�o�n�i�a� �a�n�d� �E�i�t�h�e�r� �2�,�5�0�0� �o�r� �5�,�0�0�0� �m�g�/�L� �o�f� �S�o�d�i�u�m�.� 

�1�0�9



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

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

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

�l�e�v�e�l�s� �o�f� �a�m�m�o�n�i�a� �(�a�b�o�u�t� �4� �m�g�/�L� �a�s� �N� �o�f� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a�)�.� �A�t� �p�H� �7�.�4�,� �t�h�e� �l�o�w� �s�o�d�i�u�m� 

�s�p�e�c�i�f�i�c� �m�e�t�h�a�n�o�g�e�n�i�c� �a�c�t�i�v�i�t�y� �w�a�s� �1�1� �p�e�r�c�e�n�t� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �h�i�g�h� �s�o�d�i�u�m� �s�p�e�c�i�f�i�c� 

�m�e�t�h�a�n�o�g�e�n�i�c� �a�c�t�i�v�i�t�y�.� �A�t� �p�H� �7�.�8�,� �t�h�e� �l�o�w� �s�o�d�i�u�m� �s�p�e�c�i�f�i�c� �m�e�t�h�a�n�o�g�e�n�i�c� �a�c�t�i�v�i�t�y� �w�a�s� �2�5� �p�e�r�c�e�n�t� 

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

�s�l�u�d�g�e� �t�o� �s�o�d�i�u�m� �a�t� �h�i�g�h�e�r� �p�H� �l�e�v�e�l�s� �w�a�s� �a�l�s�o� �n�o�t�e�d� �b�y� �R�i�n�z�e�m�a� �e�t� �a�/�.� �(�1�9�8�7�)�.� 

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

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

�s�i�g�n�i�f�i�c�a�n�t� �a�s� �t�h�e� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n�c�r�e�a�s�e�d�.� �K�u�g�e�l�m�a�n� �a�n�d� �M�c�C�a�r�t�y� �(�1�9�6�5�)� 

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

�r�e�p�o�r�t�e�d� �t�o� �b�e� �a�n�t�a�g�o�n�i�s�t�i�c� �w�e�r�e� �g�e�n�e�r�a�l�l�y� �b�e�l�o�w� �1�,�0�0�0� �m�g�/�L�.� �S�i�n�c�e� �K�u�g�e�l�m�a�n� �a�n�d� �M�c�C�a�r�t�y� 

�(�1�9�6�5�)� �p�e�r�f�o�r�m�e�d� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �a�t� �p�H� �7�.�0� �a�n�d� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �w�a�s� 

�b�e�l�o�w� �1�0� �m�g�/�L� �(�a�s� �N�)�,� �t�h�e� �i�m�p�l�i�c�a�t�i�o�n�s� �o�f� �t�h�e�i�r� �r�e�s�u�l�t�s� �o�n� �t�h�i�s� �s�t�u�d�y� �a�r�e� �n�o�t� �c�l�e�a�r�.� 

�A�t� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �g�r�e�a�t�e�r� �t�h�a�n� �8�0� �m�g�/�L� �(�a�s� �N�)�,� �s�o�d�i�u�m� �d�i�d� �n�o�t� 

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

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

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

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

�T�h�e� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t� �t�h�a�t� �t�h�e� �l�a�b�-�s�c�a�l�e� �U�A�S�B� �r�e�a�c�t�o�r�s� �c�o�u�l�d� �h�a�v�e� �m�a�i�n�t�a�i�n�e�d� �h�i�g�h�e�r� �F�/�M� 

�r�a�t�i�o�s� �i�f� �t�h�e� �p�H� �h�a�d� �b�e�e�n� �d�e�c�r�e�a�s�e�d� �b�e�l�o�w� �7�.�3� �t�o� �f�u�r�t�h�e�r� �r�e�d�u�c�e� �t�h�e� �u�n�i�o�n�i�z�e�d� �a�m�m�o�n�i�a� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�.� 
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�F�u�l�l�-�S�c�a�l�e� �T�r�e�a�t�m�e�n�t� �S�y�s�t�e�m� �D�e�s�i�g�n� 

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

�c�r�a�b� �p�r�o�c�e�s�s�i�n�g� �p�l�a�n�t�.� �T�h�e� �p�r�o�p�o�s�e�d� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� �i�n�c�l�u�d�e�s� �a�n� �e�q�u�a�l�i�z�a�t�i�o�n� �t�a�n�k�,� �a� �U�A�S�B� 

�r�e�a�c�t�o�r�,� �a�n�d� �p�H� �a�d�j�u�s�t�m�e�n�t� �e�q�u�i�p�m�e�n�t�.� �A�s�s�u�m�p�t�i�o�n�s� �m�a�d�e� �i�n� �t�h�e� �U�A�S�B� �r�e�a�c�t�o�r� �d�e�s�i�g�n� �a�r�e� 

�l�i�s�t�e�d� �b�e�l�o�w�.� �T�h�e� �d�e�s�i�g�n� �w�a�s�t�e�w�a�t�e�r� �f�e�e�d� �p�a�r�a�m�e�t�e�r�s� �(�C�O�D� �a�n�d� �T�K�N�)� �w�e�r�e� �a�v�e�r�a�g�e� �v�a�l�u�e�s� 

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

�e� �W�a�s�t�e�w�a�t�e�r� �F�e�e�d� �D�a�i�l�y� �F�l�o�w�:� �1�,�0�0�0� �g�a�l�l�o�n� �p�e�r� �d�a�y� �(�3�,�8�0�0� �L�/�d�a�y�)� �o�f� �c�r�a�b� �c�o�o�k�e�r� 

�w�a�s�t�e�w�a�t�e�r�.� �A�c�c�o�r�d�i�n�g� �t�o� �H�a�r�r�i�s�o�n� �(�1�9�9�3�)�,� �t�h�i�s� �w�a�s�t�e�w�a�t�e�r� �f�l�o�w� �w�o�u�l�d� �r�e�s�u�l�t� 

�f�r�o�m� �a�b�o�u�t� �2�0� �c�o�o�k�s� �o�r� �2�4�,�0�0�0� �p�o�u�n�d�s� �o�f� �p�r�o�d�u�c�t�.� 

�e� �A�v�e�r�a�g�e� �I�n�f�l�u�e�n�t� �W�a�s�t�e�w�a�t�e�r� �C�O�D�:� �2�0�,�0�0�0� �m�g�/�L�.� 

�°� �A�v�e�r�a�g�e� �I�n�f�l�u�e�n�t� �W�a�s�t�e�w�a�t�e�r� �T�K�N�:� �1�,�9�0�0� �m�g�/�L� �a�s� �N�.� 

�e� �F�/�M� �r�a�t�i�o�:� �0�.�3� �d�a�y ��.� 

�e� �R�e�a�c�t�o�r� �V�S�S� �c�o�n�c�e�n�t�r�a�t�i�o�n�:� �2�5�,�0�0�0� �m�g�/�L�.� 

�B�a�s�e�d� �o�n� �t�h�e� �d�e�s�i�g�n� �F�/�M� �r�a�t�i�o�,� �w�a�s�t�e�w�a�t�e�r� �s�t�r�e�n�g�t�h�,� �a�n�d� �w�a�s�t�e�w�a�t�e�r� �f�l�o�w�,� �t�h�e� �H�R�T� �o�f� 

�t�h�e� �a�b�o�v�e� �s�y�s�t�e�m� �w�o�u�l�d� �b�e� �2�.�8� �d�a�y�s�.� �T�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �r�e�a�c�t�o�r� �v�o�l�u�m�e� �w�o�u�l�d� �b�e� �1�1�,�0�0�0� �L� 

�(�2�,�8�0�0� �g�a�l�)�.� 

�L�e�t�t�i�n�g�a� �e�t� �a�/�.� �(�1�9�8�4�)� �e�s�t�i�m�a�t�e�d� �i�n�s�t�a�l�l�a�t�i�o�n� �c�o�s�t�s� �f�o�r� �a� �1�,�0�0�0� �m�°� �U�A�S�B� �a�t� �$�5�0�0�,�0�0�0� �t�o� 

�$�7�5�0�,�0�0�0� �1�9�8�0� �d�o�l�l�a�r�s�.� �A�s�s�u�m�i�n�g� �a� �1�0� �p�e�r�c�e�n�t� �i�n�t�e�r�e�s�t� �r�a�t�e�,� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �c�o�s�t� �i�n� �1�9�9�5� 

�d�o�l�l�a�r�s� �i�s� �$�1�,�4�0�0�,�0�0�0� �t�o� �$�2�,�1�0�0�,�0�0�0�.� �A�c�c�o�r�d�i�n�g� �t�o� �T�i�s�i�n�g�e�r� �(�1�9�9�1�)� �w�h�o� �c�i�t�e�d� �W�a�l�k�e�r� �(�1�9�9�0�)�,� �a� �f�u�l�l�-� 

�s�c�a�l�e� �4�5� �m�°� �U�A�S�B� �r�e�a�c�t�o�r� �a�t� �t�h�e� �F�l�o�y�d� �A�g�r�i�c�u�l�t�u�r�a�l� �E�n�e�r�g�y� �C�o�r�p� �(�F�A�E�C�)� �c�o�s�t� �$�1�2�0�,�0�0�0� �i�n� �1�9�8�6�.� 

�A�s�s�u�m�i�n�g� �a� �1�0� �p�e�r�c�e�n�t� �i�n�t�e�r�e�s�t� �r�a�t�e�,� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �c�o�s�t� �i�n� �1�9�9�5� �d�o�l�l�a�r�s� �i�s� �$�2�8�0�,�0�0�0�.� �A�t� 

�s�m�a�l�l�e�r� �r�e�a�c�t�o�r� �v�o�l�u�m�e�s� �l�e�s�s� �e�c�o�n�o�m�i�e�s� �o�f� �s�c�a�l�e� �a�r�e� �r�e�a�l�i�z�e�d�.� �T�h�u�s�,� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �b�e�t�t�e�r� 
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�d�a�t�a�,� �t�h�e� �i�n�s�t�a�l�l�a�t�i�o�n� �c�o�s�t�s� �o�f� �a� �1�0�.�6� �m�®� �r�e�a�c�t�o�r� �a�r�e� �e�s�t�i�m�a�t�e�d� �a�s� �h�a�l�f� �t�h�e� �c�o�s�t�s� �o�f� �a� �4�5� �m�°�®� �r�e�a�c�t�o�r� 

�o�r� �$�1�4�0�,�0�0�0� �1�9�9�5� �d�o�l�l�a�r�s�.� �T�h�e� �a�b�o�v�e� �c�o�s�t� �i�s� �s�o�m�e�w�h�a�t� �c�o�n�s�e�r�v�a�t�i�v�e� �s�i�n�c�e� �t�h�e� �r�e�a�c�t�o�r� �v�o�l�u�m�e� �i�s� 

�l�e�s�s� �t�h�a�n� �o�n�e�-�f�o�u�r�t�h� �t�h�e� �F�A�E�C� �r�e�a�c�t�o�r� �v�o�l�u�m�e�.� �A�s�s�u�m�i�n�g� �a� �2�0� �y�e�a�r� �d�e�s�i�g�n� �l�i�f�e� �a�n�d� �1�0� �p�e�r�c�e�n�t� 

�i�n�t�e�r�e�s�t� �r�a�t�e�,� �t�h�e� �a�n�n�u�a�l� �c�o�s�t� �w�o�u�l�d� �b�e� �$�1�7�,�0�0�0�.� �A�v�e�r�a�g�e�d� �o�v�e�r� �3�6�5� �d�a�y�s�,� �t�h�e� �d�a�i�l�y� �c�o�s�t� �w�o�u�l�d� 

�b�e� �$�4�6�.� 

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

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

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

�t�o� �4� �o�r� �5� �i�n� �t�h�e� �e�q�u�a�l�i�z�a�t�i�o�n� �b�a�s�i�n� �t�o� �i�n�d�u�c�e� �t�h�e� �c�o�a�g�u�l�a�t�i�o�n� �a�n�d� �s�e�t�t�l�i�n�g� �o�f� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s�.� 

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

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

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

�w�a�s�t�e�w�a�t�e�r� �f�l�o�w�,� �t�h�e� �e�q�u�a�l�i�z�a�t�i�o�n� �b�a�s�i�n� �w�o�u�l�d� �r�e�q�u�i�r�e� �a� �1�1�,�0�0�0� �L� �v�o�l�u�m�e�.� �O�v�e�r�a�l�l�,� �t�h�e� �U�A�S�B� 

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

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

�n�o�t� �i�n�c�l�u�d�e�d� �i�n� �t�h�i�s� �e�s�t�i�m�a�t�e�.� 

�T�h�e� �a�c�i�d� �r�e�q�u�i�r�e�m�e�n�t�s� �o�f� �t�h�e� �p�r�o�p�o�s�e�d� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� �a�r�e� �2�8�7� �e�q�u�i�v�a�l�e�n�t�s� �o�f� �H�C�i� �p�e�r� 

�d�a�y� �(�7�6� �m�e�q� �p�e�r� �L� �w�a�s�t�e�w�a�t�e�r�)�.� �T�h�i�s� �a�c�i�d� �a�d�d�i�t�i�o�n� �w�o�u�l�d� �k�e�e�p� �t�h�e� �r�e�a�c�t�o�r� �p�H� �a�t� �7�.�3�.� �T�h�e� �d�a�i�l�y� 

�r�e�q�u�i�r�e�m�e�n�t� �o�f� �m�u�r�i�a�t�i�c� �a�c�i�d� �(�3�5� �p�e�r�c�e�n�t� �H�C�l�)� �w�o�u�l�d� �b�e� �6�8� �L�.� �T�h�e� �c�o�s�t� �o�f� �m�u�r�i�a�t�i�c� �a�c�i�d� �i�s� �a�b�o�u�t� 

�$�9�0� �f�o�r� �a� �5�5� �g�a�l�l�o�n� �d�r�u�m� �(�W�a�s�c�h�l�e�r�,� �1�9�9�5�)�.� �T�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �d�a�i�l�y� �c�h�e�m�i�c�a�l� �c�o�s�t� �f�o�r� �t�h�e� 

�p�r�o�p�o�s�e�d� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� �w�o�u�l�d� �b�e� �$�2�9� �p�e�r� �d�a�y� �(�$�0�.�0�3�/�g�a�l�l�o�n�)�.� �E�q�u�i�p�m�e�n�t� �f�o�r� �p�H� �a�d�j�u�s�t�m�e�n�t�,� 

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

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

�U�A�S�B� �r�e�a�c�t�o�r� �a�n�d� �c�h�e�m�i�c�a�l� �c�o�s�t�s�.� 
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�W�a�s�h� �w�a�t�e�r� �(�c�l�e�a�n�-�u�p� �w�a�t�e�r�)� �c�o�u�l�d� �b�e� �t�r�e�a�t�e�d� �i�n� �t�h�e� �p�r�o�p�o�s�e�d� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� �w�i�t�h�o�u�t� 

�s�i�g�n�i�f�i�c�a�n�t�l�y� �i�m�p�a�c�t�i�n�g� �t�r�e�a�t�m�e�n�t� �p�e�r�f�o�r�m�a�n�c�e�.� �B�o�a�r�d�m�a�n� �e�t� �a�l�.� �(�1�9�9�3�)� �r�e�p�o�r�t�e�d� �t�y�p�i�c�a�l� �d�a�i�l�y� 

�w�a�s�h� �w�a�t�e�r� �v�o�l�u�m�e�s� �o�f� �9�0�0� �L�/�d�a�y� �t�h�a�t� �c�o�n�t�a�i�n�e�d� �3�,�8�0�0� �m�g�/�L� �o�f� �C�O�D�.� �C�o�m�p�a�r�e�d� �t�o� �t�h�e� �h�i�g�h� 

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

�w�a�s�t�e� �s�t�r�e�a�m�s� �w�o�u�l�d� �b�e� �s�m�a�l�l�.� �S�i�n�c�e� �t�h�e� �w�a�s�h� �w�a�t�e�r� �o�n�l�y� �c�o�n�t�a�i�n�s� �a�b�o�u�t� �2�2�0� �m�g�/�L� �(�a�s� �N�)� �o�f� 

�T�K�N� �(�B�o�a�r�d�m�a�n� �e�t� �a�/�.�,� �1�9�9�3�)�,� �t�h�e� �t�r�e�a�t�m�e�n�t� �o�f� �w�a�s�h� �w�a�t�e�r� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �w�i�t�h� �c�r�a�b� �c�o�o�k�e�r� 

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

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

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

�B�a�s�e�d� �o�n� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �l�a�b�-�s�c�a�l�e� �U�A�S�B� �s�t�u�d�y�,� �t�h�e� �a�b�o�v�e� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� �w�o�u�l�d� 

�p�r�o�d�u�c�e� �a�n� �e�f�f�l�u�e�n�t� �B�O�D�,� �o�f� �3�0�0� �m�g�/�L�.� 

�P�I�L�O�T�-�S�C�A�L�E� �A�I�R� �S�T�R�I�P�P�I�N�G� �T�O�W�E�R� 

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

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