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BIOLOGICAL AND PHYSICAL TREATMENT 

OF CRAB PROCESSING INDUSTRY WASTEWATERS 

by 

Christopher L. Wolfe 

(ABSTRACT) 

The crab processing industry of the Chesapeake Bay 

region has, until recently, been able to dispose of their 

processing wastewaters by discharging them, largely 

untreated, directly to the receiving waters along which 

their plants are located. With the upcoming implementation 

of new NPDES discharge limits, this practice will no longer 

be possible. 

This study investigated the potential of two different 

technologies for treating the processing wastewaters. Bench 

scale anaerobic contact type reactors were studied for 

effectiveness in the removal of organics from the processors 

wastewaters, and a pilot scale countercurrent air stripping 

tower was studied for ammonia removal. 

Two anaerobic reactors which were fed retort process 

wastewater at F/M ratios of 0.35 and 0.25 lb COD/1b 

MLVSS/day, were found to achieve organics removals (on a 

BOD, basis) of 88% and 94% respectively. Similarly, a 

second pair of anaerobic reactors were fed a mixed 

wastewater, representative of a mechanized processing 

plant’s total wastewater flow, at F/M ratios of 0.10 and 

0.07 lb COD/1b MLVSS/day. These reactors were found to



achieve organics removals (on a BOD, basis) of 79% and 83% 

respectively. All four of the reactors were eventually shut 

down after exhibiting signs of failure. These failures were 

attributed to possible sodium and ammonia toxicity problems. 

The effectiveness of the air stripping tower in the 

removal of ammonia from retort process wastewater was tested 

in relation to liguid flow rate, influent temperature, and 

influent pH. A maximum ammonia removal of 71% was observed 

when treating a waste, with an influent temperature of 580C 

and pH level of 12.2, at an air-to-water ratio of 

approximately 825 ft?/gal. Similarly, an ammonia removal 

rate of 67% was observed while treating a waste, with an 

influent temperature of 650°C and pH level of 11.0, at an 

air-to-water ratio of approximately 412 ft?/gal.
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1.0 INTRODUCTION 

The crab processing industry of the Chesapeake Bay 

region has, in the past, operated in an atmosphere that was, 

for the most part, free of environmental controls and 

regulations. Only since 1972 has the industry been required 

to make provisions for the disposal of the solid wastes 

produced as a result of crab processing (Boardman et al., 

1987). In subsequent years however, heightened 

environmental awareness has led to the implementation, in 

1975 and 1986, of EPA guidelines for processors’ liquid 

waste streams. In addition, calls for increased regulation 

of the industry’s overall waste stream have led more 

recently to the investigation of more stringent standards 

than those currently in place. 

Pending environmental regulations will require crab 

processors in the state of Virginia to develop effective and 

yet practical methods for disposing of all wastes resulting 

from their operations. Although most of the processors’ 

wastewaters are currently disposed of by dumping them, with 

only minimal treatment for solids removal, into the river or 

bay along which the processing facility is located, this 

will no longer be a possibility under the new regulations. 

In order for any system to be seen as a practical solution 

to this wastewater problem, it must take into account 

spatial, technical, and economic constraints, as well as



those imposed by both existing and new regulations. 

The object of this study was to develop a treatment 

scheme which would produce an effluent that could be safely 

and legally discharged directly to the environment. The 

overriding restriction on the research was the minimization 

of the potential cost of any treatment system. Two 

treatment methods were investigated as potential solutions 

to this wastewater problem with the goal of achieving 

removals of organics and ammonia. 

In this study anaerobic treatment was investigated as a 

low cost method of achieving the removal of organics from 

the processors’ wastewaters. Similarly, the use of air 

stripping technology in the removal of ammonia was examined 

for its applicability to this area of wastewater treatment.



2.0 LITERATURE REVIEW 

2.1 Crab Processing and Waste Generation 

The crab processing industry is the fourth largest 

among America’s fishing industries; approximately one 

quarter of all crabs caught in the United States are taken 

from the Chesapeake Bay region (Warner, 1977). This 

concentration translates to a significant amount of regional 

economic activity, however as with almost any industry of 

this size there are associated problems which must be 

addressed. 

One of these problems, which has received increasing 

amounts of attention in recent years, is the pollution 

associated with the processing of the crabs. Currently, 

most processing plants discharge their wastewaters directly 

to the river or bay along which they are located. Pollutive 

effects of the processing activities observed in adjoining 

water bodies include odor problems, increased oxygen demand, 

solids accumulation, and excess nutrient levels (US EPA, 

1980). While the impact of odor problems is limited 

primarily to the aesthetic quality of the receiving body, 

the last three problems have the potential to impact the 

supporting capacity of the water. 

Increases in the oxygen demand present in the water 

body are the result of bacterial decomposition of organics



present in the wastewater. This increased demand can reduce 

the dissolved oxygen content of the water which would 

otherwise be available to support various forms of sealife. 

The accumulation of solids on the bottom of the 

receiving water can lead to the smothering of both plant and 

animal species which would normally contribute to the 

quality of the above water (US EPA, 1980). The introduction 

of screens and other solids recovery steps on most processes 

has enabled the industry to minimize the discharge of solids 

and thereby decrease the effects associated with such 

discharges. 

The presence of excessive levels of nutrients can often 

have a negative impact on the receiving water’s quality. 

These effects can include the development of ammonia 

toxicity problems, algal blooms, and increased NO, and NO, 

levels. 

The susceptibility of aquatic animals to ammonia 

toxicity has been found in various studies to be a function 

of species, as well as water salinity, pH, and temperature. 

These effects can be seen in the data from three studies 

presented in Table 1 (Hazel et al., 1971; Diamond et al., 

1993; Herbert and Shurben, 1965). 

While toxicity can arise from both the ionized (NH,*) 

and the molecular unionized (NH,) forms, research has 

identified the second of these as having the greater toxic 

effect; the EPA has implemented a water quality criterion



Table 1. Aquatic Species Ammonia Toxicity Test Data 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

      

Species ~ | Water Type pH Temp Unionized NH, Conc. 

oc mg/l 

TLm LC5O0 NOEC 

Bluegill! Fresh 8.0 20 - 1.02 0.29 

Bluegill! Fresh 8.0 12 - 0.53 0.36 

Bay Silverside! Fresh 8.0 20 - 1.13 0.78 

Bay Silverside! Fresh 8.0 12 - 0.73 0.23 

Striped Bass? Fresh 7.5 15 1.36 - - 

Striped Bass” Brackish 7.5 15 1.36 - - 

Striped Bass” Sea 8.0 15 0.97 . - 

Striped Bass” Fresh 1.5 23 0.92 - - 

Striped Bass” Brackish 7.5 23 1.02 - - | 

Striped Bass” Sea 8.0 23 0.73 - - 

Stickleback” Fresh 7.5 15 1.02 - - 

Stickleback? Brackish 7.5 16 2.53 - . 

Stickleback” Sea 8.0 15 5.05 - - 

Stickleback” Fresh 7.5 23 0.87 - - 

Stickleback? Brackish 7.5 23 1.17 - . 

Stickleback” Sea 8.0 23 1.12 - - 

Rainbow Trout? Fresh 7.5 13.6 0.55 * - - 

Rainbow Trout® Brackish 7.5 13.6 1.27 * - - 

Rainbow Trout® Sea 7.5 13.6 0.71 * - - 

=——               

TLm = 96 hr Mean Tolerance Limit LC50 = 50% Mortality Conc. 
NOEC = No Observed Effect Concentration 

* = 24 hr TLm NH; Conc. (converted from total NH,CI-N Conc.) 
1 = Hazel et al, 1971; 2 = Diamond et al., 1993; 

3 = Herbert and Shurben, 1965.



of 0.02 mg/l NH, (Thurston et al., 1979). 

In response to this criterion, the values of 1 and 5 

mg/l total ammonia are being projected as maximum ammonia 

discharge limits in NPDES permits by the Virginia Department 

of Environmental Quality. The respective concentrations 

were obtained through personal correspondence with members 

of the Kilmarnock (Deborah Morgan) and Virginia Beach 

(Robert Goode) Virginia Department of Environmental Quality 

offices. Differences in the two levels may be attributed to 

the water type prevalent around each of the office 

locations. Specifically, the 5 mg/l limit is under 

consideration for ocean and bay environments, while the 1 

mg/l is seen as a potential limit in estuarine regions. 

In addition to this limit, sections 20 through 37 of 

Title 40, part 408 (40 CFR 408.20 - 37) provide effluent 

limitations to be used by states in the development of 

National Pollution Discharge Elimination System (NPDES) 

permits for "existing" (in existence before 1986) and "new" 

blue crab processing plants. These limitations, provided in 

Table 2, are further divided into mechanized and 

conventional plant subclasses. Provisions are listed, 

within these regulations, which allow the state, or the 

regional EPA director, to modify NPDES permits, with the 

approval of the EPA, on a case by case basis. This is to 

allow for special conditions which would require more, or 

less, stringent discharge limits (Federal Register, 1991).



Table 2. NPDES Effluent Limits For Blue Crab 

Processing Plants (40 CFR 408.20 - 37) 

  

Effluent Limitations 1 

  

Existing Sources New Sources 

  

          

  

  

  

            

  

  

  

          

Effluent 

Characteristic 30 Day 30 Day 

Daily Maximum Daily Maximum 

Maximum Average Maximum Average 

Conventional Plants 

Total 

Suspended 2.2 0.74 0.90 0.45 

Solids 

Oil and Grease 0.60 0.20 0.13 0.065 

BOD, No Limit | No Limit 0.30 0.15 

PH Range 6.0 - 9.0| 6.0 - 9.0 | 6.0 - 9.0 |6.0 - 9.0 

Mechanized Plants 

Total 

Suspended 36 12 13 6.3 

Solids 

Oil and Grease 13 4.2 2.6 1.3 

BOD, No Limit No Limit 5.0 2.5 

pH Range 6.0 - 9.0] 6.0 - 9.0] 6.0 - 9.0]6.0 - 9.0 

L_. — —     

1 = All limits, except pH, given in units of 
lbs/1000 lbs of raw seafood 

 



Examples of current Virginia discharge permits for blue 

crab processors are provided in Appendix A. In addition, 

the state of Virginia issues General Permits, which may be 

more, or less, stringent than the stated limits. These 

permits involve reduced paperwork, and are used for 

facilities with total discharges of less than 1000 gal/day. 

There are significant changes to these limits currently 

being studied for implementation by the state of Virginia in 

1993. 

Characterization of the composition of a typical crab 

processing plant wastewater was conducted by Harrison et al. 

(1992) and is presented in Tables 3, 4, and 5. These data 

highlight the high concentrations of organics, solids, 

nutrients, and chlorides present in the wastes, while 

showing that the oil and grease problems normally associated 

with many fisheries are not of primary concern in this case. 

It should be noted that data for the retort process are 

given per cooking and that the processing facility observed 

normally performed 10 to 20 cookings per day. Ina single 

cooking, approximately 1,000 - 1,800 lbs. of live crabs are 

steamed at a temperature of 121°C and a pressure of 15 psig. 

The total retort process lasts between 7 and 23 minutes.



Table 3. Characterization of Typical Daily Effluents 

from Three Blue Crab Processing Plants 

(Harrison et al., 1992) 

  

  

Process (Ibs) i) (gal) c 
Type Piant Product Flow Volume Temperature pH 

Harris Claw 2 2,380 1.8 650 + 7S 
Reel Wash 2 1,535 2.3 $40 : 8.4 

2 760 : 390 - . 

Shell Waste 1 - 0.3 22 8.4 
Effluent 1 1,550 0.5 135 16 8.2 

2 2,380 1.1 400 xd 8.1 
2 1,535 22 §20 - 7.9 
2 760 - 370 - - 

Harris Claw 1 - - 20 20 8.3 
Brine Bath I 1,550 - 230 19 8.2 

2 2,380 : 220 x : 
2 1,535 : 220 - 7.9 
2 760 . 220 - . 

Claw Meat 1 - 25.4 : 22 8.6 
Conveyor Wash 1 1.550 33.5 9,715 19 83 

2 2,380 8.2 2,950 wn 8.2 
2 1,535 8.8 2,070 - 8.2 
2 7160 . 1,800 : . 

Claw Room 1 - 78 - 22 8.6 
Cleanup 1 1,550 : 520 18 85 

2 2,380 : - - - 
2 1,535 13 120 - 8&5 
2 160 - x - : 

Quik-Pik 2 - 23 - 30 7.0 
Bobber Effluent 2 730 2.5 960 . 17 

2 490 - 280 - - 

Quik-Pik Room 2 . . . 0 14 

Cleanup 2 7130 - : . 79 
2 490 - - -. - 

Retort 1 * 1,800 - @ 70 91 8.6 
Effiuent t * 1,800 @ 72 74 7.0 

2 * 1,050 - 64 6.6 
2 * 1,050 . @ 47 14 Tl 
3 * 1,300 . g $0 : - 
3 * 1,300 . SO - - 

Hand Pick I - : - - 9.6 
Room Cleanup 1 - - 280 18 9.2 

2 920 : 220 - - 

  The * denotes pounds of live crab per cook, all other weights are of final product. 

The @ denotes gallons produced per cook.



Table 4. Concentrations of Typical Daily Effluents 

from Three Blue Crab Processing Plants 

(Harrison et al., 1992) 

  

  

Process (mg/L) 

Type Plant COD BOD-5 TSS VSS CI O&G  TKN-N NH3N TP 
Harris Claw 2 9,145 >3,740 3970 3,400 620 . , ; ; 
Ree! Wash 2 2'940 2.770 1270 «1,100 . . 400 14 42 

2 15,410 >7,800 10,880 9°50 . 2,400 100 135 

Shell Waste 1 15,690 15,350 18,340 $160 112,170 10 . . . 
Effluent i 23,280 15.120 25100 5,420 : . 2,260 330 190 

2 13,005 >9.250 : : 100,160 . . : . 
2 17,260 13,500 13,740 2,660 : . 2,240 125 170 
2 39,680 16,240 33415 16,390 . . 3,390 115 280 

Harris Claw 1 14,980 7,000 17,460 4.390-—s:143,990 6 . . . 
Brine Bath 1 21,510 15,000 31.540 8.320 : 3,060 190 270 

2 . 7,805 . . 135,020 . . : : 
2 17,460 14,000 14970 4.270 : . 2,330 110 20 
2 15,870 8.925 12670 3.740 . wore = «OTIS «8D 160 

Claw Meat 1 570 265 445 410 3,100 . . . . 
Coaveyor Wash 640 660 $40 . . 150 <10 7 

2 1,790 1,020 585 355 15,275 . : . . 
2 2'520 2/040 930 480 : . 370 2 25 
2 2625 1.790 1,170 775 . . 390 17 27 

Claw Room 1 3,920 1,260 1,375 630 6,770 . . . . 
Cleanup 1 900 . 3050 2790 : . 210 < 10 20 

2 550 420 590 500 . . 160 <10 8 

Quik-Pik 2 9.755 7,000 5.130 4,490 590 . . . . 
Bobber Effluent 2 16,460 12,690 5440 51040 . 260 1,030 28 234 

2 29.655 16,980 12,000 10,860 . . 2,000 53 321 

Quik-PikRoom 2 . . 1,100 880 510 . . . . 
Cleanup 2 620 410 410 370 . . 50 < 10 7 

Retort 1 32,940 27,350 1,79 1,550 —-6,770 2 . . . 
Effluent 1 35,240 : 6200 4.710 . 10 3,940 160 185 

2 29,000 28,500 1460 1305 —-$,100 . . : : 
2 21,510 17.380 1.010 910 . 50 2.240 10 102 
3 31,040 18.780 653 535 . . . . . 
3 23'920 13.720 1980 1,640 . . 2,510 130 160 

Hand Pick 1 2,750 1,510 2610 —«+1,975 370 . . . . 
Room Cleanup 1 4,980 3,075 1,660 1,080 . : 180 <10 110 

2 3,680 2.480 1.240 —‘1,000 . . 250 10 125 
  

10



Table 5. Typical Daily Loadings 

from Three Blue Crab Processing Plants 

(Harrison et al., 1992) 

  

  

Process (ibs/1,000 Ibs product) 

Type Plant COD # BOD-5 TSS VSS Ci O&G TKN-N NH3-N TP 

Harris Claw 2 DSL >9 9.0 7.7 1.4 - - - - 
Reel Wash 2 86 8.1 3.7 32 - - 12 0.04 0.12 

2 66.0 >33 464 40.7 - - 103 0.43 0.58 

Shelf Waste 1 16.9 11.0 182 39 - - 16 0.24 0.14 
Effiuent 2 182 >13 - 140 - - - - 

2 488 38.1 388 1S : - 63. 0.35 0.48 
2 161.1 65.9 135.7 66.5 - - 138 0.47 1.14 

Harris Claw 1 26 186 39.0 103 - - 38 0.24 0.33 
Brine Bath 2 - 6.0 - - 104 - - - - 

2 209 16.7 17.9 $1 - - 28 0.13 027 
2 383 21.5 30.6 9.0 - : 4 0.19 | 0.39 

Claw Meat 1 340 33.5 34.5 282 - - 78 < 52 0.37 
Coaveyor Wash 2 18.5 10.5 6.0 37 158 wore - 0 : : 

2 28.3 22.9 10.5 54 - . 42 0.25 0.28 
2 $1.9 . 35.4 23.1 153 - : V7 0.34 0.53 

Claw Room 1 25 - 85 18 - - 0.6 < 03 0.06 
Cleanup 2 0.4 03 0.4 03 - - 0.1 < 01 0.01 

Quik-Pik 2 175.7 135.5 $8.1 §38 - 2.78 11.0, 030 2.50 
Bobber Effluent 2 1413 80.9 $7.2 518 - . 9.5 ° 0.25 1.53 

Retort °* 1 10.7 8&9 0.6 05 22 0.007 - - - 
Effluent 1 118 - 21 16 - 0,003 13 0.05 0.06 

2 8.0 6.5 0.4 03 - 0.019 08 0.03 0.04 
3 10.0 6.0 02 02 - : - - “ 
3 47 44 0.6 0.5 - - 08 0.04 0.05 

Hand Pick 2 73 493 25 2.0 - - 0.5 0.02 0.25 
Room Cleanup 
  

*° All units are Ibs/1,000 Ibs product except for retort water which are Ibs/1,000 Ibs of live crab. 
a 
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2.2 Anaerobic Digestion 

Anaerobic reactors have been found to be very effective 

in the removal of organics from many different types of 

wastewater, but their successful operation is dependent upon 

the maintenance of a number of important operational 

parameters. Given these facts, an examination of the 

processes involved in anaerobic treatment and their 

necessary operating conditions is vital to the design and 

use of any treatment system based on anaerobic digestion. 

2.2.1 Anaerobic Digestion Process 

Both the anaerobic and aerobic digestion of organics 

are accomplished through the use of bacteria which use the 

organic material as food for growth. As in all biological 

processes, these bacteria will seek to minimize energy 

expenditures while attempting to achieve maximum cell 

growth. In aerobic systems, the free dissolved oxygen is 

utilized as the terminal electron receptor in an efficient 

oxidizing process which results in approximately 70% of the 

consumed substrate (i.e. BOD or COD) being used for cell 

growth. In research involving the aerobic treatment of crab 

processing wastes, the technology was found to achieve BOD, 

removals insufficient to meet discharge limits (Wheaton et 

al., 1984). In anaerobic conditions, where no free 

12



dissolved oxygen is present, other electron receptors are 

utilized in a less efficient reducing process. Specifically 

sulfur, if present, and more usually carbon from the organic 

material, will become electron receptors and be reduced. In 

addition, some carbon from the organics will be oxidized to 

form carbon dioxide and volatile acids. The end-product 

(i.e. methane) of the process still has a large amount of 

energy (i.e. potential to accept electrons) which is not 

directed towards the growth of cells. One result of this 

inefficiency is that while the production of excess sludge, 

measured as volatile suspended solids, can be expected to 

average 0.5 kg VSS/kg COD in aerobic systems, anaerobic 

digestion processes would average only about 0.1 kg VSS/kg 

COD and would thus require a lesser amount of nutrients for 

cell growth (Eckenfelder et al., 1988). 

Anaerobic digestion has been described as a three stage 

process involving three distinct groups of bacteria 

(McCarty, 1981). The first stage, known as hydrolysis and 

fermentation, involves the conversion of complex organics 

into intermediate products such as fatty acids, alcohols, 

and carbon dioxide. In the next stage, bacteria utilize 

these intermediate products to form acetic acid, hydrogen, 

and carbon dioxide through the processes of acetogenesis and 

Gehydrogenation. The actual stabilization of the waste is 

accomplished in a final stage known as methanogenesis. Here 

biogas gas, composed mainly of methane and carbon dioxide, 

13



is formed as a result of acetate decarboxylation and carbon 

dioxide reduction (McCarty, 1964 and 1981). The methanogens 

responsible for the processes in this final stage are key to 

successful digestion of organics, but they are sensitive to 

a variety of environmental factors which should be studied 

to ensure stable operation of the digestion process. 

2.2.2 pH Effects 

Of particular importance to the growth of methanogens 

is the maintenance of a stable pH level. Various studies 

have sought to determine the optimum pH level for the 

operation of anaerobic digestion processes. While these 

studies have all shown an optimum pH of about 7, the range 

over which the optimization of growth is said to extend has 

varied greatly. Clark and Speece (1970) found no inhibition 

over the pH range of 6 to 8, while McCarty (1964) stated an 

optimum range of 6.7 to 7.3, with methanogens functioning 

well in a pH range of between 6.6 and 7.6. If the pH falls 

below this range, the bacteria will not be able to complete 

the conversion of the intermediate acids to methane and 

carbon dioxide. This incomplete conversion will result ina 

buildup of these intermediates to a point where they will, 

in turn, begin to lower the pH even further and aggravate 

the problem. While some research has found methanogenic 

activity occurring at pH levels as low as 5 (Clark and 
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Speece, 1970), it has also been suggested that acidic 

conditions resulting from pH levels of less than 6.2 are 

toxic to most methanogens and should thus be strongly 

avoided (McCarty, 1964). The presence of moderate amounts 

of sulfates lead to the recommendation that pH levels be 

maintained between 7 and 8 (Eckenfelder et al., 1988). In 

order to guard against such upsets, Standard Methods has 

recommended that alkalinity in anaerobic reactors be 

maintained at a concentration of at least 2000 mg/l, while 

Eckenfelder et al. (1988) suggest that the alkalinity levels 

be maintained in the 2500 to 5000 mg/l range for successful 

digestion. 

2.2.3 Temperature Effects 

An additional factor that is important to the success 

of anaerobic digestion is the operating temperature of the 

reactor. Methanogens can be separated into mesophiles and 

thermophiles, when discussing the effects of temperature on 

reactivity. Thermophilic processes primarily exhibit 

optimum performance in the range of temperatures from 450C 

to 650C. While thermophilic digestion has been found to 

occur at two to four times the rate of mesophilic processes, 

the additional heat input required to maintain the higher 

operational temperatures needed by these methanogens may 

offset any such gains (Zinder, 1988). Mesophilic reactions 
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have been found to be most productive at temperatures 

ranging from 300C to 400C (McCarty, 1964). The upper limit 

of this range is very important because it has been observed 

that certain mesophilic strains do not survive in 

temperatures just above 400C. 

2.2.4 Cation Stimulation and Toxicity 

Another parameter important to the stable operation of 

anaerobic digestion processes is cation concentration in the 

reactor. Certain cations have been shown to be toxic to 

methane producing bacteria at high concentrations, while 

exhibiting a stimulatory effect when present at lower levels 

(McCarty, 1964). These effects are summarized in Table 6, 

as reported by McCarty. 

It has also been suggested that the ability of 

anaerobic processes to withstand cation toxicity is related 

to the pH level. Specifically, the maintenance of a neutral 

pH was found to increase reactor resistance to this 

toxicity, when compared to that shown by a reactor operated 

at a pH of 8 (McCarty and McKinney, 1961). 

In addition, the toxicity of high concentrations of 

some cations can be alleviated or even negated by the 

presence of low concentrations (generally in the range of 

0.01 M to 0.05 M for monovalent cations and 0.005 M to 0.05 

M for divalent cations) of one or more additional cations 
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Table 6. Stimulatory and Inhibitory Concentrations of Alkali 

and Alkaline-Earth Cations for Methanogens (McCarty, 1964) 

  

  

  

  

          

Moderately Strongly 

Stimulatory Inhibitory Inhibitory 

Cation Concentration Concentration Concentration 

(mg/1) (mg/1) (mg/1) 

Sodium 100 -— 200 3500 ~—- 5500 8000 

Potassium 200 —- 400 2500 - 4500 12000 

Calcium 100 - 200 2500 - 4500 8000 

Magnesium 75 - 150 1000 - 1500 3000 
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acting as antagonists (Kugelman and Chin, 1971). Selected 

data from studies performed by Kugelman and McCarty (1965) 

on the effect of cations on methanogenesis are presented in 

Table 7. 

The antagonistic effect is aided substantially by the 

presence of multiple cations at these low concentrations, to 

the point where it is possible for metabolism to gain a 

stimulatory effect from the cation presence and progress at 

a rate that is higher than if no cations were present. This 

multiple antagonism has been observed even in the presence 

of very high concentrations of the toxic cation. 

Conversely, studies have also shown that in the presence of 

toxic levels of one cation, slightly higher concentrations 

of the same antagonistic cations have resulted in synergisn, 

exacerbating the toxic effect (Kugelman and McCarty, 1965). 

2.2.5 Ammonia Toxicity Effects 

Ammonia is produced, in the form of ammonium ions, as 

an end product of the anaerobic deaminization of proteins. 

While its presence can aid in the buffering of the digestion 

process against decreases in pH, it can, in higher 

concentrations, have a toxic effect upon the process. This 

toxic effect can take place as the result of either of two 

sets of circumstances. 

First, the presence of ammonium ions in concentrations 
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�g�r�e�a�t�e�r� �t�h�a�n� �3�0�0�0� �m�g�/�l� �h�a�v�e� �b�e�e�n� �f�o�u�n�d� �t�o� �b�e� �t�o�x�i�c� �t�o� 

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

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

�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� �g�r�e�a�t�e�r� �t�h�a�n� �a�b�o�u�t� �1�5�0� �m�g�/�l�,� 

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

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

�l�e�v�e�l�s� �a�r�e� �b�e�t�w�e�e�n� �1�5�0�0� �a�n�d� �3�0�0�0� �m�g�/�l� �a�n�d� �p�H� �i�s� �g�r�e�a�t�e�r� �t�h�a�n� 

�7�.�4� �t�o� �7�.�6� �(�M�c�C�a�r�t�y�,� �1�9�6�4�)�.� 

�2�.�2�.�6� �N�u�t�r�i�e�n�t� �R�e�q�u�i�r�e�m�e�n�t�s� 

�I�n� �o�r�d�e�r� �f�o�r� �b�a�c�t�e�r�i�a� �t�o� �b�e� �a�b�l�e� �t�o� �g�r�o�w� �c�e�r�t�a�i�n� 

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

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

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

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

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

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

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

�a�r�e� �l�i�s�t�e�d� �a�s� �b�e�i�n�g� �b�e�t�w�e�e�n� �1�5�%� �(�S�p�e�e�c�e�,� �1�9�8�3�)� �a�n�d� �2�0�%� 

�(�M�c�C�a�r�t�y�,� �1�9�6�4�)� �b�y� �w�e�i�g�h�t� �o�f� �t�h�e� �n�i�t�r�o�g�e�n� �l�e�v�e�l�s�.� 

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

�n�i�c�k�e�l�,� �i�r�o�n�,� �a�n�d� �c�o�b�a�l�t� �a�r�e� �a�l�s�o� �s�e�e�n� �a�s� �n�e�c�e�s�s�a�r�y�,� �i�n� 

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

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

�r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �s�u�l�f�u�r� �c�o�n�t�e�n�t� �(�2�.�6�%�)� �f�o�u�n�d� �i�n� �m�e�t�h�a�n�o�g�e�n�s�,� 

�2�0



�a�n�d� �i�t�s� �p�r�e�s�e�n�c�e� �a�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �r�a�n�g�i�n�g� �f�r�o�m� �1� �t�o� �2�5� �m�g�/�l� 

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

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

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

�F�y�3�9�-� �F�i�n�a�l�l�y�,� �r�e�s�e�a�r�c�h� �h�a�s� �s�h�o�w�n� �t�h�a�t� �a�d�d�i�t�i�o�n�s� �o�f� �i�r�o�n� 

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

�a�n�a�e�r�o�b�i�c� �s�y�s�t�e�m�s� �(�S�p�e�e�c�e�,� �1�9�8�3�)�.� 

�2�.�2�.�7� �S�o�l�i�d�s� �R�e�t�e�n�t�i�o�n� �T�i�m�e� �E�f�f�e�c�t�s� 

�S�o�l�i�d�s� �r�e�t�e�n�t�i�o�n� �t�i�m�e� �(�S�R�T�)� �i�s� �t�h�e� �a�v�e�r�a�g�e� �r�e�t�e�n�t�i�o�n� 

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

�a�n� �i�m�p�o�r�t�a�n�t� �p�a�r�a�m�e�t�e�r� �i�n� �t�h�e� �o�p�e�r�a�t�i�o�n� �o�f� �a�n� �a�n�a�e�r�o�b�i�c� 

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

�r�e�a�c�t�i�o�n�,� �t�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� �a�c�t�i�v�e� �s�o�l�i�d�s� �a�r�e� �w�a�s�t�e�d� �(�1�/�S�R�T�)� 

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

�a� �m�i�n�i�m�u�m� �S�R�T� �v�a�l�u�e� �o�f� �4�.�2� �d�a�y�s� �h�a�s� �b�e�e�n� �u�s�e�d� �s�u�c�c�e�s�s�f�u�l�l�y� 

�f�o�r� �t�h�e� �a�n�a�e�r�o�b�i�c� �d�i�g�e�s�t�i�o�n� �o�f� �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� �a�t� �a� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �3�5�°�0�C� �(�L�a�w�r�e�n�c�e� �a�n�d� 

�M�c�C�a�r�t�y�,� �1�9�6�9�)�,� �a� �v�a�l�u�e� �o�f� �2�0� �d�a�y�s� �i�s� �s�u�g�g�e�s�t�e�d� �a�s� �a� �m�i�n�i�m�u�m� 

�f�o�r� �a�n�a�e�r�o�b�i�c� �s�y�s�t�e�m� �d�e�s�i�g�n� �p�u�r�p�o�s�e�s� �(�E�c�k�e�n�f�e�l�d�e�r�,� �1�9�9�1�)�.� 

�I�n� �a� �c�o�n�v�e�n�t�i�o�n�a�l� �c�o�n�t�i�n�u�o�u�s�l�y� �s�t�i�r�r�e�d� �t�a�n�k� �r�e�a�c�t�o�r� 

�(�C�S�T�R�)� �w�i�t�h�o�u�t� �r�e�c�y�c�l�e� �t�h�e� �S�R�T� �i�s� �e�q�u�a�l� �t�o� �t�h�e� �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�)� �o�f� �t�h�e� �r�e�a�c�t�o�r�,� �b�u�t� �i�n� �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�,� �t�h�e� �S�R�T� �c�a�n� �b�e� �v�a�r�i�e�d� �s�e�p�a�r�a�t�e�l�y� �f�r�o�m� �t�h�e� 

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

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

�p�e�r� �d�a�y� �(�L�a�w�r�e�n�c�e� �a�n�d� �M�c�C�a�r�t�y�,� �1�9�6�9�)�.� 

�2�.�2�.�8� �M�e�t�h�a�n�e� �P�r�o�d�u�c�t�i�o�n� 

�T�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �m�e�t�h�a�n�e� �(�C�H�,�)� �i�s� �a� �d�i�r�e�c�t� �r�e�s�u�l�t� �o�f� 

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

�t�r�a�c�k� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �r�e�a�c�t�i�o�n�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� 

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

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

�r�e�a�c�t�o�r�.� 

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

�d�i�g�e�s�t�i�o�n� �o�f� �o�n�e� �p�o�u�n�d� �o�f� �C�O�D� �s�h�o�u�l�d� �y�i�e�l�d� �5�.�6�2� �f�t�?� �o�f� 

�m�e�t�h�a�n�e� �(�i�n� �m�e�t�r�i�c� �u�n�i�t�s�:� �1� �k�g� �o�f� �C�O�D� �=� �0�.�3�4�8� �m�®� �o�f� �C�H�,�)� �a�t� 

�s�t�a�n�d�a�r�d� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �p�r�e�s�s�u�r�e� �(�S�T�P�)�.� �T�h�i�s� �v�a�l�u�e� �i�s� 

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

�C�H�,� �+� �2�0�,� �~� �C�O�,� �+� �2�H�,�0� �(�1�)� 

�w�h�e�r�e� �1� �m�o�l�e� �o�f� �C�H�,� �(�1�6� �g�r�a�m�s�)� �h�a�s� �a�n� �o�x�y�g�e�n� �(�0�5�)� �d�e�m�a�n�d� �o�f� 

�2� �m�o�l�e�s� �(�6�4� �g�r�a�m�s�)�.� �I�n� �o�r�d�e�r� �t�o� �c�o�n�v�e�r�t� �t�h�i�s� �v�a�l�u�e� �f�o�r� 

�r�e�a�c�t�o�r� �o�p�e�r�a�t�i�o�n� �a�t� �3�5�0�C�,� �C�h�a�r�l�e�s �� �L�a�w� �m�u�s�t� �b�e� �e�m�p�l�o�y�e�d�:� 

�w�h�e�r�e�,� 

�V�o� �=� �g�a�s� �p�r�o�d�u�c�t�i�o�n� �v�o�l�u�m�e� �a�t� �3�5�0�°�C� �i�n� �l�i�t�e�r�s� 
�V�i�,� �=� �g�a�s� �p�r�o�d�u�c�t�i�o�n� �v�o�l�u�m�e� �a�t� �S�T�P� �i�n� �l�i�t�e�r�s� 
�T�,� �=� �r�e�a�c�t�o�r� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �K�e�l�v�i�n� 
�T�,� �=� �S�T�P� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �K�e�l�v�i�n� �(�2�7�3� �K�)�.� 

�2�2



�T�h�e� �u�s�e� �o�f� �t�h�i�s� �e�q�u�a�t�i�o�n� �y�i�e�l�d�s� �a� �r�e�l�a�t�i�o�n�s�h�i�p� �o�f� �0�.�3�9�3� �1� �o�f� 

�C�H�,� �p�r�o�d�u�c�e�d� �f�o�r� �e�v�e�r�y� �g�r�a�m� �o�f� �C�O�D� �d�i�g�e�s�t�e�d� �a�t� �3�5�0�C�.� 

�2�.�2�.�9� �A�n�a�e�r�o�b�i�c� �R�e�a�c�t�o�r� �T�y�p�e�s� 

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

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

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

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

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

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

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

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

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

�v�o�l�u�m�e� �i�s� �v�e�r�y� �l�a�r�g�e�.� 

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

�u�s�e� �i�n� �t�h�e� �t�r�e�a�t�m�e�n�t� �o�f� �w�a�s�t�e�w�a�t�e�r� �i�s� �t�h�e� �C�S�T�R�.� �T�h�i�s� �s�y�s�t�e�m� 

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

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

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

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

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

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

�a� �p�r�o�b�l�e�m�.� 

�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� �s�y�s�t�e�m� �i�n�c�o�r�p�o�r�a�t�e�s� �a� 

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

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

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

�s�e�t�t�l�i�n�g� �o�f� �t�h�e� �s�l�u�d�g�e�.� 

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

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

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

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

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

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

�i�n� �a�n� �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�)�,� �a�n� �a�t�t�a�c�h�e�d� 

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

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

�p�r�o�c�e�s�s�.� 

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

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

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

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

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

�i�n�c�r�e�a�s�e�d� �n�e�e�d� �f�o�r� �s�p�e�c�i�a�l�i�z�e�d� �k�n�o�w�l�e�d�g�e� �(�L�e�t�t�i�n�g�a�,� �1�9�8�4�)�.� 

�2�.�3� �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�h�e�r�e� �h�a�s� �b�e�e�n� �a� �g�r�e�a�t� �d�e�a�l� �o�f� �d�i�s�c�u�s�s�i�o�n� �r�e�g�a�r�d�i�n�g� �t�h�e� 

�t�o�x�i�c� �e�f�f�e�c�t�s� �o�f� �a�m�m�o�n�i�a� �o�n� �a�q�u�a�t�i�c� �l�i�f�e�.� �S�i�m�u�l�t�a�n�e�o�u�s�l�y�,� 

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

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

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

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

�n�a�t�u�r�e�,� �a�n�d� �w�h�i�l�e� �i�t�s� �p�r�e�s�e�n�c�e� �a�s� �t�h�e� �a�m�m�o�n�i�u�m� �i�o�n� �(�N�H�,�*�)� 

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

�p�r�e�s�e�n�c�e� �o�f� �f�r�e�e� �a�m�m�o�n�i�a� �(�N�H�,�)� �t�h�a�t� �i�s� �t�h�e� �m�a�i�n� �t�o�x�i�c�i�t�y� 

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

�e�f�f�e�c�t�s� �i�n� �a�q�u�a�t�i�c� �o�r�g�a�n�i�s�m�s� �a�t� �l�e�v�e�l�s� �r�a�n�g�i�n�g� �f�r�o�m� �0�.�0�1� 

�m�g�/�l� �t�o� �o�v�e�r� �2�.�0� �m�g�/�l� �o�f� �m�o�l�e�c�u�l�a�r� �a�m�m�o�n�i�a�-�n�i�t�r�o�g�e�n� �(�C�u�l�p�,� 

�1�9�7�8�)�.� �T�h�e� �t�w�o� �f�o�r�m�s� �o�f� �a�m�m�o�n�i�a� �e�x�i�s�t� �i�n� �a�n� �e�q�u�i�l�i�b�r�i�u�m� 

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

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

�a�m�m�o�n�i�a� �p�r�e�s�e�n�t� �i�n� �i�t�s� �m�o�l�e�c�u�l�a�r� �f�o�r�m� �(�N�H�3�)� �d�e�c�r�e�a�s�e�s� �u�n�t�i�l� 

�a�t� �p�H� �7� �a�n�d� �n�o�r�m�a�l� �a�i�r� �t�e�m�p�e�r�a�t�u�r�e�s�,� �a�l�m�o�s�t� �a�l�l� �o�f� �t�h�e� 

�a�m�m�o�n�i�a� �i�s� �p�r�e�s�e�n�t� �a�s� �N�H�, �� �(�C�u�l�p� �a�n�d� �C�u�l�p�,� �1�9�7�1�)�.� 

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

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

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

�o�b�s�e�r�v�e�d� �r�e�m�o�v�a�l� �r�a�t�e�s� �r�a�n�g�i�n�g� �f�r�o�m� �8�5�%� �t�o� �o�v�e�r� �9�5�%�.� �T�h�e�s�e� 

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

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

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

�w�i�l�l� �b�e� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�u�b�s�e�c�t�i�o�n�s�.� 
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�2�.�3�.�1� �p�H� �D�e�p�e�n�d�e�n�c�e� 

�P�r�i�m�a�r�y� �a�m�o�n�g� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �a�f�f�e�c�t�i�n�g� �o�p�e�r�a�t�i�n�g� 

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

�a�m�m�o�n�i�a� �i�s� �w�a�s�t�e�w�a�t�e�r� �p�H�.� �I�t� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�h�a�t� �a�m�m�o�n�i�a� 

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

�i�n�f�l�u�e�n�t� �i�s� �r�a�i�s�e�d� �f�r�o�m� �8� �t�o� �1�1�,� �a�l�t�h�o�u�g�h� �n�o� �s�i�g�n�i�f�i�c�a�n�t� 

�i�n�c�r�e�a�s�e�s� �i�n� �t�r�e�a�t�m�e�n�t� �w�e�r�e� �s�e�e�n� �a�s� �t�h�e� �p�H� �w�a�s� �t�h�e�n� �r�a�i�s�e�d� 

�f�r�o�m� �1�1� �t�o� �1�2� �(�K�u�h�n�,� �1�9�5�6�)�.� �T�h�i�s� �s�t�u�d�y� �w�a�s� �p�e�r�f�o�r�m�e�d� �w�i�t�h� 

�m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r�,� �a�n�d� �i�t� �u�t�i�l�i�z�e�d� �a� �7� �f�t�.� �t�o�w�e�r� �p�a�c�k�e�d� 

�w�i�t�h� �0�.�5� �i�n�.� �R�a�s�c�h�i�g� �r�i�n�g�s�.� �A�i�r�-�t�o�-�w�a�t�e�r� �r�a�t�i�o�s� �i�n� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t� �v�a�r�i�e�d� �b�e�t�w�e�e�n� �4�0� �a�n�d� �5�0�0� �f�t�?�/�g�a�l�.� �A�n�o�t�h�e�r� �s�t�u�d�y� 

�h�a�s� �s�h�o�w�n� �e�f�f�e�c�t�i�v�e� �a�m�m�o�n�i�a� �r�e�m�o�v�a�l� �(�9�2�%� �t�o� �9�8�%�)� �c�a�n� �b�e� 

�a�c�h�i�e�v�e�d� �a�t� �p�H� �l�e�v�e�l�s� �a�b�o�v�e� �9�.�7� �(�S�l�e�c�h�t�a� �a�n�d� �C�u�l�p�,� �1�9�6�7�;� �a�s� 

�c�i�t�e�d� �b�y� �C�u�l�p� �a�n�d� �C�u�l�p�,� �1�9�7�1�)�.� �T�h�i�s� �r�e�s�e�a�r�c�h� �t�r�e�a�t�e�d� �a� 

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

�a�m�m�o�n�i�a� �l�e�v�e�l�s� �o�f� �2�5� �-� �3�5� �m�g�/�l� �a�s� �N�,� �t�o� �t�e�s�t� �a�m�m�o�n�i�a� 

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

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

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

�b�e�t�w�e�e�n� �3�8�0� �a�n�d� �3�0�4�0� �f�t�°�?�/�g�a�l� �w�e�r�e� �t�e�s�t�e�d� �w�i�t�h� �o�p�t�i�m�a�l� 

�t�r�e�a�t�m�e�n�t� �a�c�h�i�e�v�e�d� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �7�5�0� �f�t�?�/�g�a�l�.� 

�A�d�j�u�s�t�m�e�n�t�s� �o�f� �p�H� �n�e�c�e�s�s�a�r�y� �f�o�r� �s�t�u�d�i�e�s� �o�f� �t�h�i�s� �p�r�o�c�e�s�s� �h�a�v�e� 

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

�(�N�a�O�H�)� �o�r� �l�i�m�e� �(�C�a�(�O�H�)� �>�)�.� 

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

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

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

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

�2�.�3�.�2� �T�e�m�p�e�r�a�t�u�r�e� �D�e�p�e�n�d�e�n�c�e� 

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

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

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

�a�i�r� �t�e�m�p�e�r�a�t�u�r�e�s� �d�i�p� �b�e�l�o�w� �0�0�C� �i�s� �a�n� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �i�c�e� 

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

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

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

�d�e�c�r�e�a�s�e� �i�n� �t�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �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� �(�C�u�l�p�,� �1�9�7�8�)�.� 

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

�t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �H�e�n�r�y ��s� �C�o�n�s�t�a�n�t� �f�o�r� �a�m�m�o�n�i�a� 

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

�1�9�8�6�)�:� 

�l�o�g� �H� �=� �-�A�H�O�/�R�T� �+�C� �(�3�)� 

�w�h�e�r�e�:� 

�H�e�n�r�y ��s� �C�o�n�s�t�a�n�t�,� �m�?�¢�a�t�m�/�m�o�l� 
�C�h�a�n�g�e� �i�n� �E�n�t�h�a�l�p�y� �d�u�e� �t�o� �d�i�s�s�o�l�u�t�i�o�n� �o�f� �c�o�m�p�o�n�e�n�t� 
�i�n� �w�a�t�e�r�,� �3�7�5�0� �k�c�a�l�/�k�m�o�l� �f�o�r� �a�m�m�o�n�i�a� 
�U�n�i�v�e�r�s�a�l� �G�a�s� �C�o�n�s�t�a�n�t�,� �1�.�9�8�7� �k�c�a�l�/�k�m�o�l�e�¢� �O�K� 
�A�b�s�o�l�u�t�e� �T�e�m�p�e�r�a�t�u�r�e�,� �O�K� 
�C�o�n�s�t�a�n�t� �s�p�e�c�i�f�i�c� �t�o� �c�o�n�t�a�m�i�n�a�n�t�,� �6�.�3�1� �f�o�r� �a�m�m�o�n�i�a�.� �Q
�H

�n
� �
W

�a
� 

�2�7



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

�w�h�i�c�h� �r�a�n�g�e�s� �f�r�o�m� �0�.�5�7� �a�t�m� �a�t� �a� �l�i�q�u�i�d� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �1�5�0�°�C� 

�t�o� �a� �v�a�l�u�e� �o�f� �5�.�3�3� �a�t�m� �a�t� �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�0�°�C�.� 

�S�i�n�c�e� �a� �h�i�g�h�e�r� �H�e�n�r�y ��s� �c�o�n�s�t�a�n�t� �m�e�a�n�s� �t�h�a�t� �t�h�e� �c�o�n�t�a�m�i�n�a�n�t� 

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

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

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

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

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

�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� �a�n� �a�i�r� �s�t�r�i�p�p�i�n�g� 

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

�m�o�r�e� �i�m�p�o�r�t�a�n�t�l�y�,� �t�h�e� �a�i�r� �t�e�m�p�e�r�a�t�u�r�e�.� �I�n� �s�u�p�p�o�r�t� �o�f� �t�h�i�s�,� 

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

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

�l�o�w�e�r�e�d� �f�r�o�m� �2�2�0�C� �t�o� �5�0�C� �(�0�O ��F�a�r�r�e�l�l� �e�t� �a�l�.�,� �1�9�7�3�)�.� �I�n�a� 

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

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

�t�h�r�o�u�g�h� �a�i�r� �s�t�r�i�p�p�i�n�g� �(�J�o�y�c�e�,� �1�9�9�3�)�.� 

�2�.�3�.�3� �A�i�r� �a�n�d� �L�i�q�u�i�d� �L�o�a�d�i�n�g� �R�a�t�e�s� 

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

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

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

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

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

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

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

�b�e�e�n� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �a�i�r� �t�o� �w�a�t�e�r� �r�a�t�i�o�s� �o�f� �3�0�0� �t�o� �5�0�0� 

�f�t�>�?�/�g�a�l� �b�e� �e�m�p�l�o�y�e�d� �d�u�r�i�n�g� �w�a�r�m� �w�e�a�t�h�e�r� �(�>� �2�0�0�C�)� �t�o�w�e�r� 

�o�p�e�r�a�t�i�o�n�,� �w�h�i�l�e� �u�p� �t�o� �8�0�0� �f�t�?�/�g�a�l� �m�a�y� �b�e� �n�e�e�d�e�d� �u�n�d�e�r� �c�o�l�d� 

�w�e�a�t�h�e�r� �(�<� �1�0�0�C�)� �c�o�n�d�i�t�i�o�n�s� �(�C�u�l�p�,� �1�9�7�8�)�.� 

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

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

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

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

�t�o�w�e�r� �o�p�e�r�a�t�i�o�n� �(�C�u�l�p�,� �1�9�7�8�)�.� �W�h�i�l�e� �t�h�e� �e�x�a�c�t� �l�o�a�d�i�n�g� �r�a�t�e� 

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

�r�e�s�e�a�r�c�h� �h�a�s� �s�h�o�w�n� �t�h�a�t�,� �i�n� �2�0� �a�n�d� �2�4� �f�t�.� �c�r�o�s�s�c�u�r�r�e�n�t� 

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

�e�l�i�m�i�n�a�t�e�d�,� �a�n�d� �a�m�m�o�n�i�a� �r�e�m�o�v�a�l� �m�a�x�i�m�i�z�e�d�,� �a�t� �l�i�q�u�i�d� �l�o�a�d�i�n�g� 

�r�a�t�e�s� �o�f� �l�e�s�s� �t�h�a�n� �3�.�0� �g�p�m�/�f�t�*� �(�S�o�u�t�h� �T�a�h�o�e� �P�u�b�l�i�c� �D�i�s�t�r�i�c�t�,� 

�1�9�7�1�)�.� 

�2�.�3�.�4� �T�o�w�e�r� �D�e�s�i�g�n� 

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

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

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

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

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

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

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

�e�n�t�i�r�e� �h�e�i�g�h�t� �o�f� �t�h�e� �p�a�c�k�i�n�g�.� �I�t� �h�a�s� �b�e�e�n� �s�u�g�g�e�s�t�e�d� �t�h�a�t� 

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

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

�c�r�o�s�s�c�u�r�r�e�n�t� �d�e�s�i�g�n� �(�C�u�l�p�,� �1�9�7�8�)�.� 

�2�.�3�.�5� �P�a�c�k�i�n�g� �M�a�t�e�r�i�a�l� 

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

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

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

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

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

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

�w�i�t�h� �m�a�x�i�m�u�m� �r�e�m�o�v�a�l�s� �a�c�h�i�e�v�e�d� �a�t� �a� �d�e�p�t�h� �o�f� �2�4� �f�t� �(�S�l�e�c�h�t�a� 

�a�n�d� �C�u�l�p�,� �1�9�6�7�)�.� �.� 

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

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

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

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

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

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

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

�(�N�T�U�)� �t�e�r�m� �r�e�l�a�t�e�s� �t�h�e� �d�i�f�f�i�c�u�l�t�y� �w�i�t�h� �w�h�i�c�h� �t�h�e� �p�h�a�s�e� 

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

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

�t�o� �b�e� �i�n�c�r�e�a�s�e�d�.� 

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

�t�h�e� �u�s�e� �o�f� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�e�t� �o�f� �e�q�u�a�t�i�o�n�s� �(�G�o�s�t�i�n�,� �1�9�9�3�)�.� 

�D�u�e� �t�o� �t�h�e� �p�r�o�p�r�i�e�t�a�r�y� �n�a�t�u�r�e� �o�f� �c�e�r�t�a�i�n� �i�n�f�o�r�m�a�t�i�o�n�,� 

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

�P�a�c�k�i�n�g� �H�e�i�g�h�t� �=� �(�3� �*� �H�T�U�)� �*� �N�T�U� �*� �1�.�1� �(�4�)� 

�H�T�U� �=� �A� �*� �(�L�/�M�,�)�°�°�3�3� �*� �(�M�,�/�p�,�D�,�)�°�°�>� �*� �(�1�/�2�8�6�)� �~�4�+�2�5�5� �(�5�)� 

�W�h�e�r�e�:� 
�H�T�U� �=� �H�e�i�g�h�t� �o�f� �T�r�a�n�s�f�e�r� �U�n�i�t� �i�n� �f�t� 
�A� �C�o�n�s�t�a�n�t�,� �0�.�0�0�4�2� �f�o�r� �A�m�m�o�n�i�a� 
�L� �L�i�q�u�i�d� �L�o�a�d�i�n�g� �R�a�t�e� �i�n� �l�b�s�/�h�r�/�f�t�?� 
�M�,� �=� �V�i�s�c�o�s�i�t�y� �o�f� �W�a�t�e�r� �i�n� �l�b�s�/�h�r�-�f�t� 

�M�,� �=� �4�.�3�2�3�1� �*� �(�T�/�2�7�3�)�7�7� �(�6�)� 

�p�;� �=� �D�e�n�s�i�t�y� �o�f� �W�a�t�e�r�,� �6�2�.�4� �l�b�s�/�f�t�?� 
�T� �=� �T�e�m�p�e�r�a�t�u�r�e� �o�f� �W�a�t�e�r� �i�n� �O�K� 
�D�,� �=� �D�i�f�f�u�s�i�v�i�t�y� �o�f� �A�m�m�o�n�i�a� �i�n� �W�a�t�e�r� �i�n� �f�t�*�/�h�r� 

�D�,� �=� �6�.�3�6�3�5� �*� �1�0�°�7�4� �*� �(�T�/�2�7�3�)�8� �*� �(�1�/�V�v�,�0�-�&�2�8�8�)� �(�7�)� 

�V�e� �=� �C�r�i�t�i�c�a�l� �M�o�l�a�r� �V�o�l�u�m�e� �o�f� �A�m�m�o�n�i�a�,� �7�2�.�5� �e�m�?� �/�g�-�m�o�l�e� 

�(�C�,� �-� �(�1�3�3�1�.�2�/�(�H�,�*� �A�W�)�)� �*� �(�C�,�-�C�5�)�)�/�C�o� 
�N�T�U� �=� �l�n� �(�8�)� 

�(�1� �-� �(�1�3�3�1�.�2�/�(�H�,�*� �A�W�)� �)� 

�N�T�U� �=� �N�u�m�b�e�r� �o�f� �T�r�a�n�s�f�e�r� �U�n�i�t�s� 
�=� �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� �i�n� �m�g�/�l� 

�C�,� �=� �E�f�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� �d�e�s�i�r�e�d� �i�n� �m�g�/�l� 
�=� �A�i�r� �t�o� �W�a�t�e�r� �R�a�t�i�o� �i�n� �c�f�m�/�c�f�n�.� 
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�F�i�n�a�l�l�y�,� �s�i�n�c�e� �t�h�e� �s�u�c�c�e�s�s� �o�f� �t�h�i�s� �p�r�o�c�e�s�s� �i�s� �d�e�p�e�n�d�e�n�t� �u�p�o�n� 

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

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

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

�P�H� �a�n�d� �s�c�a�l�i�n�g� �(�C�u�l�p�,� �1�9�7�8�)�.� 

�3�2



�3�.�0� �M�E�T�H�O�D�S� �A�N�D� �M�A�T�E�R�I�A�L�S� 

�3�.�1� �A�n�a�e�r�o�b�i�c� �T�r�e�a�t�m�e�n�t� �E�x�p�e�r�i�m�e�n�t� 

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

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

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

�T�h�e� �r�e�a�c�t�o�r� �v�e�s�s�e�l� �w�a�s� �m�a�d�e� �f�r�o�m� �a� �4� �1� �h�i�g�h� �d�e�n�s�i�t�y� 

�p�o�l�y�e�t�h�y�l�e�n�e� �(�H�D�P�E�)� �b�o�t�t�l�e�.� �T�h�e� �r�e�a�c�t�o�r� �t�o�p� �w�a�s� �p�l�u�g�g�e�d� 

�w�i�t�h� �a� �s�i�z�e� �1�3� �r�u�b�b�e�r� �s�t�o�p�p�e�r�,� �t�h�r�o�u�g�h� �w�h�i�c�h� �t�w�o� �1�/�2� �i�n�.� 

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

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

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

�t�u�b�e� �w�a�s� �c�o�n�n�e�c�t�e�d� �t�o� �a� �1� �f�t�.� �l�e�n�g�t�h� �o�f� �1�/�2� �i�n�.� �T�y�g�o�n�®� 

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

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

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

�c�a�l�i�b�r�a�t�e�d� �4� �1� �H�D�P�E� �b�o�t�t�l�e� �w�h�i�c�h� �w�a�s� �f�i�l�l�e�d� �w�i�t�h� �w�a�t�e�r� �a�n�d� 

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

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

�d�i�s�p�l�a�c�e�m�e�n�t�.� �F�i�g�u�r�e� �1� �s�h�o�w�s� �a� �s�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �r�e�a�c�t�o�r� 

�s�e�t�u�p�.� 

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

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

�H�a�m�p�t�o�n�,� �V�A�.� �R�e�t�o�r�t� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �o�b�t�a�i�n�e�d� �b�y� �c�o�l�l�e�c�t�i�n�g� 

�t�h�e� �p�r�o�c�e�s�s� �f�l�o�w� �i�n� �a� �5� �g�a�l�.� �H�D�P�E� �b�u�c�k�e�t� �h�e�l�d� �u�n�d�e�r� �t�h�e� 

�r�e�t�o�r�t� �w�a�s�t�e� �o�u�t�l�e�t�.� �T�h�e� �w�a�s�t�e�w�a�t�e�r�s� �f�r�o�m� �t�h�e� �H�a�r�r�i�s� �C�l�a�w� 
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�F�i�g�u�r�e� �1�.� �A�n�a�e�r�o�b�i�c� �R�e�a�c�t�o�r� �S�c�h�e�m�a�t�i�c� 
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�r�e�e�l� �w�a�s�h�,� �b�r�i�n�e� �b�a�t�h�,� �a�n�d� �c�o�n�v�e�y�o�r� �w�a�s�h� �o�p�e�r�a�t�i�o�n�s� �w�e�r�e� 

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

�s�t�o�r�e�d� �a�t� �4�0�C� �i�n� �H�D�P�E� �c�o�n�t�a�i�n�e�r�s� �u�n�t�i�l� �u�s�e�d�.� �T�o�t�a�l� �C�O�D� �o�f� 

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

�d�e�g�r�a�d�a�t�i�o�n�.� 

�F�o�u�r� �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�e� �c�o�u�r�s�e� �o�f� �t�h�e� 

�s�t�u�d�y�.� �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� �w�a�t�e�r� �a�n�d� �w�e�r�e� 

�m�a�i�n�t�a�i�n�e�d� �a�t� �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�,� �s�t�a�t�e�d� �i�n� 

�u�n�i�t�s� �o�f� �l�b� �C�O�D�/�1�b� �M�L�V�S�S�/�d�a�y�,� �o�f� �0�.�3�5� �a�n�d� �0�.�2�5�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �R�e�a�c�t�o�r� �A� �w�a�s� �o�p�e�r�a�t�e�d� �a�t� �a�n� �F�/�M� �r�a�t�i�o� �o�f� 

�0�.�4�0� �f�r�o�m� �d�a�y� �1� �t�h�r�o�u�g�h� �d�a�y� �4�0�,� �b�u�t� �t�h�e� �r�a�t�i�o� �w�a�s� �d�e�c�r�e�a�s�e�d� 

�t�o� �0�.�3�5� �a�f�t�e�r� �r�e�d�u�c�e�d� �t�r�e�a�t�m�e�n�t� �w�a�s� �o�b�s�e�r�v�e�d�.� �R�e�a�c�t�o�r�s� �C� 

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

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

�m�a�i�n�t�a�i�n�e�d� �a�t� �F�/�M� �r�a�t�i�o�s� �o�f� �0�.�1�0� �a�n�d� �0�.�0�7�,� �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� �f�r�o�m� �t�h�e� �H�a�r�r�i�s� �C�l�a�w� �r�e�e�l� �w�a�s�h�,� �b�r�i�n�e� �b�a�t�h�,� 

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

�p�r�o�c�e�s�s� �w�a�t�e�r� �i�n� �a� �2�.�0�:�4�.�9�:�8�.�6�:�3�.�4� �v�o�l�u�m�e�t�r�i�c� �r�a�t�i�o� �t�o� �m�a�k�e� 

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

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

�a�l�.� �(�1�9�9�2�)�.� �R�e�a�c�t�o�r� �A� �h�a�d� �b�e�e�n� �o�p�e�r�a�t�e�d� �a�t� �F�/�M� �r�a�t�i�o�s� �o�f� 

�0�.�1�5� �a�n�d� �0�.�2�5� �o�v�e�r� �a� �t�o�t�a�l� �o�f� �5�5� �d�a�y�s� �p�r�i�o�r� �t�o� �t�h�e� �b�e�g�i�n�n�i�n�g� 

�o�f� �t�h�i�s� �s�t�u�d�y�.� �S�i�m�i�l�a�r�l�y�,� �r�e�a�c�t�o�r� �C� �w�a�s� �o�p�e�r�a�t�e�d� �a�t� �a�n� �F�/�M� 

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

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

�H�a�r�r�i�s�o�n� �e�t� �a�l�.� �(�1�9�9�2�)�.� �F�o�r� �t�h�e�s�e� �r�e�a�c�t�o�r�s�,� �d�a�y� �1� �i�s� �t�h�e� 

�f�i�r�s�t� �d�a�y� �o�n� �w�h�i�c�h� �t�h�e� �F�/�M� �r�a�t�i�o� �w�a�s� �i�n�c�r�e�a�s�e�d� �t�o� �t�h�e� �l�e�v�e�l�s� 

�t�e�s�t�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �r�e�a�c�t�o�r�s� �B� �a�n�d� �D�,� �d�a�y� 

�1� �i�s� �t�h�e� �d�a�y� �o�n� �w�h�i�c�h� �t�h�e� �r�e�a�c�t�o�r�s� �w�e�r�e� �s�t�a�r�t�e�d�.� 

�T�h�e� �F�/�M� �r�a�t�i�o�s� �w�e�r�e� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �v�o�l�u�m�e�s� �t�h�a�t� 

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

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

�f�e�e�d� �v�o�l�u�m�e�/�d�a�y� �=� �(�F�/�M�)� �(�r�e�a�c�t�o�r� �v�o�l�u�m�e�)� �(�M�L�V�S�S�)� �(�4�)� 
�(�t�o�t�a�l� �C�O�D� �o�f� �f�e�e�d�)� 

�w�h�e�r�e�:� �f�e�e�d� �v�o�l�u�m�e� �=� �m�l�s� 
�r�e�a�c�t�o�r� �v�o�l�u�m�e� �=� �m�l�s� 
�M�L�V�S�S� �=� �m�g�/�l� 
�t�o�t�a�l� �C�O�D� �=� �m�g�/�l� 

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

�v�o�l�a�t�i�l�e� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �(�M�L�V�S�S�)� �l�e�v�e�l� �o�f� �b�e�t�w�e�e�n� �3�,�0�0�0� �a�n�d� 

�4�,�0�0�0� �m�g�/�l�,� �e�a�c�h� �r�e�a�c�t�o�r� �w�a�s� �s�e�e�d�e�d� �w�i�t�h� �0�.�4� �l�i�t�e�r�s� �o�f� 

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

�o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �P�e�p�p�e�r�s� �F�e�r�r�y� �S�e�w�a�g�e� �A�u�t�h�o�r�i�t�y� �t�r�e�a�t�m�e�n�t� 

�p�l�a�n�t�.� �T�h�i�s� �w�a�s� �a�d�d�e�d� �t�o� �1�.�6� �l�i�t�e�r�s� �o�f� �w�a�r�m� �t�a�p� �w�a�t�e�r�,� 

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

�a�n�y� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n�,� �f�o�r� �a� �t�o�t�a�l� �r�e�a�c�t�o�r� �v�o�l�u�m�e� �o�f� �2�.�0� 

�l�i�t�e�r�s�.� �C�a�l�c�i�u�m� �c�a�r�b�o�n�a�t�e�,� �i�n� �t�h�e� �a�m�o�u�n�t� �o�f� �4�.�0� �g�r�a�m�s�,� �w�a�s� 

�a�d�d�e�d� �t�o� �e�a�c�h� �r�e�a�c�t�o�r� �t�o� �g�u�a�r�d� �a�g�a�i�n�s�t� �u�p�s�e�t� �d�u�r�i�n�g� �s�t�a�r�t�-� 

�u�p�.� 

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �3�5�0�C�.� �T�h�i�s� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �c�h�o�s�e�n� �i�n� �o�r�d�e�r� �t�o� 

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

�f�o�r� �a�n�a�e�r�o�b�i�c� �d�i�g�e�s�t�i�o�n� �(�M�c�C�a�r�t�y�,� �1�9�6�4�)�.� �T�h�e� �r�e�a�c�t�o�r�s� �w�e�r�e� 

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

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

�a� �p�e�r�i�o�d� �o�f� �4�5� �m�i�n�u�t�e�s� �t�o� �a�n� �h�o�u�r� �p�r�i�o�r� �t�o� �t�h�e� �d�a�i�l�y� �w�a�s�t�i�n�g� 

�a�n�d� �f�e�e�d�i�n�g� �o�f� �t�h�e� �r�e�a�c�t�o�r�s� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �l�o�s�s� �o�f� �M�L�V�S�S�.� 

�T�h�i�s� �s�e�t�t�l�i�n�g� �p�e�r�i�o�d� �w�a�s� �i�n�c�r�e�a�s�e�d� �t�o� �1� �h�o�u�r� �f�o�r� �r�e�a�c�t�o�r�s� �C� 

�a�n�d� �D� �a�f�t�e�r� �t�h�e� �M�L�V�S�S� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �e�a�c�h� �b�e�g�a�n� �t�o� 

�d�e�c�r�e�a�s�e�.� 

�A�f�t�e�r� �t�h�e� �s�e�t�t�l�i�n�g� �p�e�r�i�o�d�,� �v�a�l�v�e� �2�,� �r�e�f�e�r�r�i�n�g� �t�o� �t�h�e� 

�s�c�h�e�m�a�t�i�c� �i�n� �F�i�g�u�r�e� �1�,� �w�a�s� �c�l�o�s�e�d� �a�n�d� �v�a�l�v�e�s� �1� �a�n�d� �3� �w�e�r�e� 

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

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

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

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

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

�m�a�i�n�t�a�i�n� �t�h�e� �d�e�s�i�r�e�d� �F�/�M� �r�a�t�i�o� �w�a�s� �t�h�e�n� �p�o�u�r�e�d� �i�n�t�o� �t�h�e� 

�r�e�a�c�t�o�r� �t�h�r�o�u�g�h� �t�h�e� �e�f�f�l�u�e�n�t� �t�u�b�e�,� �a�n�d� �v�a�l�v�e�s� �1� �a�n�d� �3� �w�e�r�e� 

�c�l�o�s�e�d�.� �F�i�n�a�l�l�y�,� �t�h�e� �s�t�i�r�r�e�r� �w�a�s� �t�u�r�n�e�d� �o�n� �a�n�d� �v�a�l�v�e� �2� �w�a�s� 

�o�p�e�n�e�d�.� 

�D�u�e� �t�o� �c�h�a�n�g�e�s� �i�n� �t�h�e� �M�L�V�S�S� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �t�h�e� 

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

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

�c�o�n�s�i�d�e�r�a�b�l�y� �o�v�e�r� �t�h�e� �c�o�u�r�s�e� �o�f� �t�h�e�i�r� �o�p�e�r�a�t�i�o�n�.� �A�v�e�r�a�g�e� 
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�H�R�T�s� �f�o�r� �r�e�a�c�t�o�r�s� �A�,� �B�,� �C�,� �a�n�d� �D� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �1�2�.�2�,� 

�1�8�.�7�,� �3�6�.�3�,� �a�n�d� �3�2�.�4� �d�a�y�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

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

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

�M�L�V�S�S�.� �I�n� �a�d�d�i�t�i�o�n�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �l�e�v�e�l�s� �o�f� �t�h�e� �f�o�l�l�o�w�i�n�g� 

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

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

�a�n�d� �t�r�e�a�t�m�e�n�t� �e�f�f�e�c�t�i�v�e�n�e�s�s�:� �t�o�t�a�l� �a�n�d� �s�o�l�u�b�l�e� �B�O�D�,�,� �t�o�t�a�l� 

�a�n�d� �s�o�l�u�b�l�e� �C�O�D�,� �t�o�t�a�l� �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� �(�T�S�S� 

�a�n�d� �V�S�S�,� �r�e�s�p�e�c�t�i�v�e�l�y�)�,� �T�o�t�a�l� �K�j�e�l�d�a�h�l� �a�n�d� �A�m�m�o�n�i�a� �N�i�t�r�o�g�e�n� 

�(�T�K�N�-�N� �a�n�d� �N�H�3�,�-�N�,� �r�e�s�p�e�c�t�i�v�e�l�y�)�,� �T�o�t�a�l� �P�h�o�s�p�h�o�r�u�s� �(�T�P�)�,� �a�n�d� 

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

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

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

�w�i�t�h� �S�t�a�n�d�a�r�d� �M�e�t�h�o�d�s� �f�o�r� �t�h�e� �E�x�a�m�i�n�a�t�i�o�n� �o�f� �W�a�t�e�r� �a�n�d� 

�W�a�s�t�e�w�a�t�e�r� �(�1�9�8�9�,� �1�9�9�2�)�:� 

�-� �A�l�k�a�l�i�n�i�t�y� �t�i�t�r�a�t�i�o�n�s� �u�t�i�l�i�z�e�d� �0�.�0�2� �N� �H�,�S�O�,� �s�o�l�u�t�i�o�n� �a�s� 

�a� �t�i�t�r�a�n�t�.� 

�-� �T�K�N�-�N� �d�e�t�e�r�m�i�n�a�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �S�e�m�i�-�M�a�c�r�o�,� 

�o�r� �M�i�c�r�o�,� �K�j�e�l�d�a�h�l� �m�e�t�h�o�d� �w�i�t�h� �0�.�0�2� �N� �H�,�S�O�,� �t�i�t�r�a�t�i�o�n�.� 

�C�o�n�t�r�o�l� �b�l�a�n�k�s� �w�e�r�e� �t�e�s�t�e�d� �t�o� �m�i�n�i�m�i�z�e� �e�r�r�o�r� �f�r�o�m� 

�c�o�n�t�a�m�i�n�a�t�i�o�n�.� 

�-� �N�H�3�-�N� �t�e�s�t�s� �u�t�i�l�i�z�e�d� �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� 

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

�0�.�0�2� �N� �H�,�S�0�,�.� �C�o�n�t�r�o�l� �b�l�a�n�k�s� �w�e�r�e� �t�e�s�t�e�d� �t�o� 
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�m�i�n�i�m�i�z�e� �e�r�r�o�r� �f�r�o�m� �c�o�n�t�a�m�i�n�a�t�i�o�n�.� 

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

�r�e�f�l�u�x� �d�i�g�e�s�t�i�o�n� �a�t� �1�5�0�0�C� �f�o�r� �t�w�o� �h�o�u�r�s� �f�o�l�l�o�w�e�d� �b�y� 

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

�w�i�t�h� �e�a�c�h� �s�e�t� �o�f� �s�a�m�p�l�e�s�.� 

�-� �B�O�D�,� �t�e�s�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �i�n� �g�l�a�s�s� �3�0�0� �m�l� �d�i�l�u�t�i�o�n� 

�b�o�t�t�l�e�s�.� �B�o�t�t�l�e�s� �w�e�r�e� �s�t�o�r�e�d� �i�n� �d�a�r�k�n�e�s�s� �f�o�r� �5� �d�a�y�s� �a�t� 

�2�0�0�C�.� �I�n�i�t�i�a�l� �a�n�d� �f�i�n�a�l� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �(�D�O�)� �l�e�v�e�l�s� 

�w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �a� �Y�S�I� �D�O� �m�e�t�e�r�.� 

�~� �S�a�m�p�l�e�s� �f�o�r� �s�o�l�u�b�l�e� �C�O�D� �a�n�d� �s�o�l�u�b�l�e� �B�O�D�,� �w�e�r�e� �f�i�l�t�e�r�e�d� 

�u�s�i�n�g� �1�.�0�5� �m�i�c�r�o�n� �g�l�a�s�s� �m�i�c�r�o�f�i�b�e�r� �f�i�l�t�e�r�s�.� 

�-� �T�P� �w�a�s� �t�e�s�t�e�d� �b�y� �t�h�e� �a�s�c�o�r�b�i�c� �a�c�i�d� �m�e�t�h�o�d� �w�i�t�h� 

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

�d�e�t�e�r�m�i�n�e�d� �a�t� �a� �w�a�v�e�l�e�n�g�t�h� �o�f� �8�8�0� �n�m� �o�n� �a� �B�e�c�k�m�a�n� �D�U�-�6� 

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

�e�a�c�h� �s�e�t� �o�f� �s�a�m�p�l�e�s�.� 

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

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

�c�h�r�o�m�a�t�o�g�r�a�p�h�y� �u�s�i�n�g� �a� �D�i�o�n�e�x� �2�0�1�0�i� �c�h�r�o�m�a�t�o�g�r�a�p�h� �a�t� �a� 

�f�l�o�w� �r�a�t�e� �o�f� �1�.�6� �m�l�/�m�i�n� �w�i�t�h� �a� �C�S�-�1�2� �c�o�l�u�m�n� �w�i�t�h� �a� �s�e�l�f� 

�r�e�g�e�n�e�r�a�t�i�n�g� �s�u�p�p�r�e�s�s�o�r� �u�t�i�l�i�z�i�n�g� �2�0� �m�M� �m�e�t�h�a�n�e� 

�s�u�l�f�o�n�i�c� �a�c�i�d� �a�s� �a� �c�a�r�r�i�e�r� �l�i�q�u�i�d�.� 

�3�.�2� �A�i�r� �S�t�r�i�p�p�i�n�g� �E�x�p�e�r�i�m�e�n�t� 

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

�3�9



�t�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �t�h�i�s� �t�e�c�h�n�o�l�o�g�y� �i�n� �a�c�h�i�e�v�i�n�g� �t�h�e� 

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

�e�f�f�l�u�e�n�t�.� �F�i�g�u�r�e� �2� �s�h�o�w�s� �a� �s�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �a�i�r� �s�t�r�i�p�p�i�n�g� 

�t�o�w�e�r� �d�e�s�i�g�n�.� 

�T�h�e� �t�o�w�e�r� �w�a�s� �c�o�n�s�t�r�u�c�t�e�d� �f�r�o�m� �t�h�r�e�e� �s�e�c�t�i�o�n�s� �o�f� �5�/�8� 

�i�n�.� �t�h�i�c�k� �P�V�C� �p�i�p�e� �w�i�t�h� �a�n� �i�n�s�i�d�e� �d�i�a�m�e�t�e�r� �o�f� �1�8� �i�n�.� �P�V�C� 

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

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

�2�.�5� �f�t�.� �s�e�c�t�i�o�n� �o�f� �t�h�e� �p�i�p�e� �w�h�i�c�h� �w�a�s� �s�e�c�u�r�e�d� �t�o� �a� �2�0� �i�n�.� 

�s�q�u�a�r�e� �P�l�e�x�i�g�l�a�s� �b�a�s�e� �w�i�t�h� �a� �t�h�i�c�k�n�e�s�s� �o�f� �5�/�8� �i�n�.� �T�h�e� �j�o�i�n�t� 

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

�A� �s�h�e�l�f� �o�f� �1� �i�n�.� �c�h�i�c�k�e�n� �w�i�r�e� �w�a�s� �i�n�s�e�r�t�e�d� �i�n�t�o� �a� �6�.�5� �f�t�.� 

�p�i�p�e� �s�e�c�t�i�o�n� �a�n�d� �w�a�s� �h�e�l�d� �i�n� �p�l�a�c�e� �w�i�t�h� �a� �P�V�C� �s�u�p�p�o�r�t� �r�i�n�g�.� 

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

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

�6�.�5� �f�t�.� �s�e�c�t�i�o�n� �w�a�s� �t�h�e�n� �i�n�s�e�r�t�e�d� �i�n�t�o� �t�h�e� �f�l�a�n�g�e�d� �t�o�p� �o�f� 

�t�h�e� �f�i�r�s�t� �s�e�c�t�i�o�n� �a�n�d� �f�i�l�l�e�d� �t�o� �a� �6� �f�t�.� �d�e�p�t�h� �w�i�t�h� �2�.�3� �i�n�.� 

�L�A�N�P�A�C�®� �p�a�c�k�i�n�g� �m�a�t�e�r�i�a�l�.� �T�h�i�s� �d�e�p�t�h� �w�a�s� �c�h�o�s�e�n� �b�a�s�e�d� �o�n� 

�c�a�l�c�u�l�a�t�i�o�n�s� �u�s�i�n�g� �e�q�u�a�t�i�o�n�s� �(�3�)� �t�h�r�o�u�g�h� �(�8�)� �a�n�d� �w�a�s� �b�a�s�e�d� 

�o�n� �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� �1�6�0� �m�g�/�l� �a�n�d� �a� 

�d�e�s�i�r�e�d� �9�5�%� �r�e�m�o�v�a�l� �r�a�t�e�,� �t�o�g�e�t�h�e�r� �w�i�t�h� �a� �l�i�q�u�i�d� �f�l�o�w� �r�a�t�e� 

�o�f� �1�.�2� �G�P�M�,� �a�n� �a�i�r� �f�l�o�w� �r�a�t�e� �o�f� �5�0�0� �c�f�m�,� �a�n�d� �a� �m�i�n�i�m�u�m� �w�a�t�e�r� 

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �1�5�0�C�.� 

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

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

�o�f� �p�a�c�k�i�n�g� �n�e�e�d�e�d� �f�o�r� �r�e�q�u�i�r�e�d� �a�m�m�o�n�i�a� �r�e�m�o�v�a�l�s�.� �A�s� �a�n� 
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�F�i�g�u�r�e� �2�.� �A�i�r� �S�t�r�i�p�p�i�n�g� �T�o�w�e�r� �S�c�h�e�m�a�t�i�c� 

�4�1



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

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �1�5�0�C� �w�a�s� �u�s�e�d�,� �w�h�i�c�h� �r�e�q�u�i�r�e�d� �a�l�m�o�s�t� �6� �f�t�.� �o�f� 

�p�a�c�k�i�n�g�,� �w�o�u�l�d� �h�a�v�e� �r�e�q�u�i�r�e�d� �o�n�l�y� �2�.�7�6� �f�t�.� �o�f� �p�a�c�k�i�n�g� �f�o�r� �a� 

�d�e�s�i�g�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �3�5�0�C�,� �a�n�d� �1�.�1�4� �f�t�.� �o�f� �p�a�c�k�i�n�g� �f�o�r� �a� 

�d�e�s�i�g�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �6�5�0�C�.� �C�a�l�c�u�l�a�t�i�o�n�s� �o�f� �t�h�e�s�e� �p�a�c�k�i�n�g� 

�d�e�p�t�h�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �A�p�p�e�n�d�i�x� �C�c�.� �A� �1� �f�t�.� �s�e�c�t�i�o�n� �o�f� �t�h�e� 

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

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

�T�h�e� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �p�u�m�p�e�d� �f�r�o�m� �a� �H�D�P�E� �h�o�l�d�i�n�g� �b�a�s�i�n� �b�y� 

�a� �c�e�n�t�r�i�f�u�g�a�l� �p�u�m�p� �r�e�s�i�s�t�a�n�t� �t�o� �t�e�m�p�e�r�a�t�u�r�e�s� �u�p� �t�o� �9�3�0�C� �a�n�d� 

�p�H� �l�e�v�e�l�s� �u�p� �t�o� �1�1�.� �I�n� �o�r�d�e�r� �t�o� �p�r�e�v�e�n�t� �d�a�m�a�g�e� �f�r�o�m� �h�i�g�h�e�r� 

�P�H� �l�e�v�e�l�s�,� �t�h�e� �p�u�m�p� �w�a�s� �f�l�u�s�h�e�d� �w�i�t�h� �t�a�p� �w�a�t�e�r� �a�f�t�e�r� �u�s�e�.� 

�T�h�i�s� �p�u�m�p� �w�a�s� �p�o�w�e�r�e�d� �b�y� �a� �0�.�0�4� �h�p� �m�o�t�o�r�.� �A� �c�o�m�b�i�n�a�t�i�o�n� �o�f� 

�h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �0�.�7�5� �i�n�.� �d�i�a�m�e�t�e�r� �P�V�C� �p�i�p�i�n�g� �a�n�d� �T�y�g�o�n�®� 

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

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

�6�.�5� �f�t�.� �s�e�c�t�i�o�n�.� 

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

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

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

�f�l�o�w�-�r�a�t�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5�0�0� �c�f�m�.� �T�h�e�s�e� �w�e�r�e� �a�t�t�a�c�h�e�d� �t�o� 

�t�h�e� �b�a�s�e� �o�f� �t�h�e� �t�o�w�e�r� �v�i�a� �4�.�2�5� �i�n�.� �b�y� �8�.�5� �i�n�.� �g�a�l�v�a�n�i�z�e�d� 

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

�s�e�c�t�i�o�n�.� �T�h�e� �t�r�e�a�t�e�d� �w�a�s�t�e�w�a�t�e�r� �l�e�f�t� �t�h�e� �t�o�w�e�r� �v�i�a� �t�w�o� �0�.�7�5� 

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

�T�h�e� �w�a�s�t�e�w�a�t�e�r� �u�s�e�d� �i�n� �t�h�e� �t�e�s�t�i�n�g� �o�f� �t�h�e� �t�o�w�e�r� �w�a�s� 
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�c�o�l�l�e�c�t�e�d� �i�n� �a�5� �g�a�l�.� �H�D�P�E� �b�u�c�k�e�t� �h�e�l�d� �u�n�d�e�r� �t�h�e� �r�e�t�o�r�t� 

�p�r�o�c�e�s�s� �w�a�s�t�e� �o�u�t�l�e�t�.� �A�l�t�h�o�u�g�h� �e�v�e�r�y� �a�t�t�e�m�p�t� �w�a�s� �m�a�d�e� �t�o� 

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

�w�a�s� �l�o�s�t�.� �I�t� �i�s� �b�e�l�i�e�v�e�d�,� �h�o�w�e�v�e�r�,� �t�h�a�t� �a� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� 

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

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

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

�p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �5�0�%� �N�a�O�H� �w�/�w� �(�w�e�i�g�h�t� �r�a�t�i�o�)�.� �T�h�e� �p�H� �o�f� �t�h�e� 

�w�a�s�t�e� �w�a�s� �c�h�e�c�k�e�d� �u�s�i�n�g� �a� �F�i�s�h�e�r� �M�o�d�e�l� �1�6�0�,� �p�o�r�t�a�b�l�e� �p�H� 

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

�w�a�s�t�e� �i�n� �t�h�e� �b�a�s�i�n� �w�a�s� �a�d�j�u�s�t�e�d�,� �t�h�e� �b�a�s�i�n� �w�a�s� �c�o�v�e�r�e�d� �i�n� 

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

�A�f�t�e�r� �t�h�e� �w�a�s�t�e� �w�a�s� �b�r�o�u�g�h�t� �t�o� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �p�H� 

�l�e�v�e�l�,� �r�a�n�g�i�n�g� �f�r�o�m� �1�0� �t�o� �1�2�.�2� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �t�r�i�a�l�,� �t�h�e� 

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

�c�o�n�s�i�s�t�e�n�t� �e�f�f�l�u�e�n�t� �f�l�o�w�-�r�a�t�e� �w�a�s� �o�b�s�e�r�v�e�d� �(�a�p�p�r�o�x�.� �1�0� 

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

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

�T�h�e� �t�h�r�e�e� �f�l�o�w�-�r�a�t�e�s� �c�o�n�s�i�d�e�r�e�d� �i�n� �t�h�e� �t�r�i�a�l�s� �w�e�r�e� �0�.�6�,� �1�.�2�,� 

�a�n�d� �2�.�2� �g�a�l�/�m�i�n�.� 

�O�n�c�e� �a� �c�o�n�s�t�a�n�t� �f�l�o�w� �r�a�t�e� �w�a�s� �o�b�s�e�r�v�e�d�,� �g�r�a�b� �s�a�m�p�l�e�s� �o�f� 

�b�o�t�h� �i�n�f�l�u�e�n�t� �a�n�d� �e�f�f�l�u�e�n�t� �w�e�r�e� �t�a�k�e�n� �a�t� �5� �m�i�n�u�t�e� �i�n�t�e�r�v�a�l�s�.� 

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

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

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

�t�h�e� �t�o�w�e�r� �p�e�r�f�o�r�m�a�n�c�e� �o�v�e�r� �t�h�e� �c�o�u�r�s�e� �o�f� �e�a�c�h� �t�r�i�a�l�,� 
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�i�n�d�i�v�i�d�u�a�l� �e�f�f�l�u�e�n�t� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �w�i�t�h�i�n� �3�0� �s�e�c�o�n�d�s� �o�f� 

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

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

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

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

�w�e�r�e� �t�a�k�e�n� �a�n�d� �s�t�o�r�e�d� �i�n� �5�0�0� �m�l� �H�D�P�E� �b�o�t�t�l�e�s� �a�n�d� �w�e�r�e� 

�a�c�i�d�i�f�i�e�d� �t�o� �p�H� �<� �2� �t�h�r�o�u�g�h� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �1�5�%� �f�u�m�i�n�g� 

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

�T�e�c�h� �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� �w�h�e�r�e� �a�m�m�o�n�i�a� 

�l�e�v�e�l�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �S�t�a�n�d�a�r�d� �M�e�t�h�o�d�s� 

�(�1�9�9�2�)� �p�r�o�c�e�d�u�r�e� �s�t�a�t�e�d� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n�.� 

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

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

�(�r�e�t�o�r�t� �w�a�s�t�e�w�a�t�e�r� �a�f�t�e�r� �p�H� �a�d�j�u�s�t�m�e�n�t�)�.� �T�o� �e�n�s�u�r�e� �t�h�a�t� �t�h�e� 

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

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

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

�w�a�s�t�e� �p�r�i�o�r� �t�o� �t�h�e� �p�H� �a�d�j�u�s�t�m�e�n�t� �a�n�d� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �t�o�w�e�r� 

�e�f�f�l�u�e�n�t�.� �;� 

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

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

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

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

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

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

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

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

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

�t�h�e�s�e� �t�e�s�t�s� �w�e�r�e� �t�a�k�e�n�,� �p�r�e�s�e�r�v�e�d�,� �a�n�d� �a�n�a�l�y�z�e�d�,� �a�s� 

�d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� 

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

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

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

�a�n�d� �t�h�e� �a�i�r�-�t�o�-�w�a�t�e�r� �r�a�t�i�o� �a�t� �w�h�i�c�h� �t�h�e� �t�o�w�e�r� �w�a�s� �o�p�e�r�a�t�e�d�.� 

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

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

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

�t�h�e� �o�r�d�e�r� �i�n� �w�h�i�c�h� �t�h�e�y� �w�e�r�e� �p�e�r�f�o�r�m�e�d�.� 

�I�n� �a�l�l� �t�e�s�t�s� �t�h�e� �a�i�r� �f�l�o�w� �r�a�t�e� �w�a�s� �h�e�l�d� �s�t�e�a�d�y� �a�t� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �4�9�5� �-� �5�0�0� �C�F�M�.� �T�h�i�s� �f�l�o�w�-�r�a�t�e� �w�a�s� �c�a�l�c�u�l�a�t�e�d� 

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

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

�o�p�e�n�i�n�g�.� �T�h�e� �a�v�e�r�a�g�e� �a�i�r� �s�p�e�e�d� �w�a�s� �m�e�a�s�u�r�e�d� �w�i�t�h� �a� �T�S�I� 

�M�o�d�e�l� �1�6�5�0�,� �a�i�r� �v�e�l�o�c�i�t�y� �m�e�t�e�r�.� 
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�T�a�b�l�e� �8�.� �I�n�f�l�u�e�n�t� �V�a�r�i�a�b�l�e�s� �f�o�r� �A�i�r� �S�t�r�i�p�p�i�n�g� �T�e�s�t�s� 

�L�i�q�u�i�d� �A�i�r�-�T�o�-�W�a�t�e�r� �I�n�f�l�u�e�n�t� 

�T�R�I�A�L� �p�H� �F�l�o�w� �R�a�t�e� �R�a�t�i�o� �T�e�m�p�e�r�a�t�u�r�e� 

�G�P�M� �f�t�?�/�g�a�l� �o�c� 

�1� �1�1�.�0� �2�.�2� �2�2�5� �5�6� 

�2� �1�1�.�0� �1�.�2� �4�1�2� �5�8� 

�3� �1�0�.�0� �1�.�2� �4�1�2� �5�9� 

�4� �1�1�.�1� �1�.�2� �4�1�2� �6�5� 

�5� �1�2�.�2� �0�.�6� �8�2�5� �5�8� 

�6� �1�2�.�2� �0�.�6� �8�2�5� �2�0� 

�7� �1�2�.�2� �0�.�6� �8�2�5� �5�0� 

�8� �1�1�.�0� �0�.�6� �8�2�5� �5�8� 

�9� �1�1�.�0� �0�.�6� �8�2�5� �2�0� 

�1�0� �1�0�.�0� �0�.�6� �8�2�5� �5�8� � � � � � � � � � � 
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�4�.�0� �R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�4�.�1� �A�n�a�e�r�o�b�i�c� �T�r�e�a�t�m�e�n�t� �E�x�p�e�r�i�m�e�n�t� 

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

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

�t�r�e�a�t�m�e�n�t� �o�f� �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�.� �S�i�n�c�e� �t�h�e�s�e� 

�w�a�s�t�e�w�a�t�e�r�s� �a�r�e� �e�x�t�r�e�m�e�l�y� �h�i�g�h� �i�n� �b�o�t�h� �C�O�D� �a�n�d� �B�O�D�,� 

�(�H�a�r�r�i�s�o�n� �e�t� �a�l�.�,� �1�9�9�2�)�,� �a�n�y� �t�r�e�a�t�m�e�n�t� �s�c�h�e�m�e� �w�o�u�l�d� �h�a�v�e� �t�o� 

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

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

�p�r�o�b�l�e�m�.� 

�T�h�e� �f�i�r�s�t� �t�w�o� �o�f� �t�h�e� �f�o�u�r� �r�e�a�c�t�o�r�s� �(�A� �a�n�d� �B�)� �w�e�r�e� �f�e�d� 

�r�e�t�o�r�t� �p�r�o�c�e�s�s� �w�a�s�t�e�w�a�t�e�r� �a�n�d� �w�e�r�e� �o�p�e�r�a�t�e�d� �f�o�r� �2�1�6� �a�n�d� �9�4� 

�G�a�y�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �R�e�a�c�t�o�r� �A� �w�a�s� �f�e�d� �a�t� �a� �0�.�4�0� �F�/�M� �r�a�t�i�o� 

�f�r�o�m� �d�a�y� �1� �t�h�r�o�u�g�h� �d�a�y� �4�0�,� �b�u�t� �a�f�t�e�r� �d�e�c�r�e�a�s�e�d� �t�r�e�a�t�m�e�n�t� �w�a�s� 

�o�b�s�e�r�v�e�d�,� �t�h�e� �r�e�a�c�t�o�r ��s� �F�/�M� �r�a�t�i�o� �w�a�s� �r�e�d�u�c�e�d� �t�o� �0�.�3�5�.� 

�R�e�a�c�t�o�r� �B� �o�p�e�r�a�t�e�d� �a�t� �a� �0�.�2�5� �F�/�M� �r�a�t�i�o� �o�v�e�r� �t�h�e� �c�o�u�r�s�e� �o�f� 

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

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

�t�r�e�a�t�e�d� �w�a�s�t�e�,� �b�u�t� �e�a�c�h� �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� �a�n�d� �w�a�s� �s�h�u�t� �d�o�w�n�.� 

�F�r�o�m� �d�a�y� �4�8� �t�h�r�o�u�g�h� �d�a�y� �1�6�1�,� �r�e�a�c�t�o�r� �A� �a�c�h�i�e�v�e�d� �C�O�D� 

�r�e�m�o�v�a�l� �r�a�t�e�s� �r�a�n�g�i�n�g� �b�e�t�w�e�e�n� �8�5�%� �t�o� �9�1�%� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �o�f� 

�8�7�%�.� �T�h�i�s� �r�e�m�o�v�a�l� �t�r�a�n�s�l�a�t�e�s� �t�o� �a�n� �e�f�f�l�u�e�n�t� �w�i�t�h� �a� �s�o�l�u�b�l�e� 

�C�O�D� �l�a�r�g�e�l�y� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �1�5�5�0� �t�o� �2�5�2�0� �m�g�/�l� �w�i�t�h� �a�n� 
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�a�v�e�r�a�g�e� �o�f� �2�1�0�3� �m�g�/�l�.� �S�i�m�i�l�a�r�l�y�,� �t�h�e� �r�e�a�c�t�o�r� �e�x�h�i�b�i�t�e�d� �B�O�D�,� 

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

�b�e�t�w�e�e�n� �1�3�6�5� �a�n�d� �1�4�9�7� �m�g�/�l� �o�v�e�r� �t�h�i�s� �t�i�m�e� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� 

�r�e�m�o�v�a�l� �o�f� �8�8�%�,� �t�r�a�n�s�l�a�t�i�n�g� �t�o� �a�n� �a�v�e�r�a�g�e� �e�f�f�l�u�e�n�t� �s�o�l�u�b�l�e� 

�B�O�D�,� �o�f� �1�4�0�5� �m�g�/�l�.� �D�a�t�a� �o�n� �E�f�f�l�u�e�n�t� �C�O�D� �a�n�d� �B�O�D�;� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� �3�.� 

�S�o�l�u�b�l�e� �m�a�t�e�r�i�a�l� �a�c�c�o�u�n�t�e�d� �f�o�r� �a�n� �a�v�e�r�a�g�e� �o�f� �8�7�%� �o�f� �t�h�e� 

�C�O�D� �a�n�d� �9�5�%� �o�f� �t�h�e� �B�O�D�,� �o�b�s�e�r�v�e�d� �i�n� �r�e�a�c�t�o�r� �A� �e�f�f�l�u�e�n�t�.� 

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

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

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

�a�c�t�i�v�a�t�e�d� �s�l�u�d�g�e� �s�y�s�t�e�m�s� �(�0�.�6�5� �m�g� �B�O�D�,�<�/�m�g� �T�S�S�;� �P�e�a�v�y� �e�t� �a�l�.�,� 

�1�9�8�5�)�.� �D�u�r�i�n�g� �t�h�i�s� �p�e�r�i�o�d� �o�f� �o�p�e�r�a�t�i�o�n�,� �t�h�e� �r�e�a�c�t�o�r� 

�p�r�o�d�u�c�e�d� �b�i�o�g�a�s� �a�t� �a�n� �a�v�e�r�a�g�e� �r�a�t�e� �o�f� �1�4�3�0� �m�l�/�d�a�y� �w�h�i�c�h� �i�s� 

�s�o�m�e�w�h�a�t� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �1�0�6�1� �m�l�/�d�a�y� �l�e�v�e�l� �t�h�a�t� �w�o�u�l�d� 

�c�o�r�r�e�s�p�o�n�d� �t�o� �t�h�e� �a�f�o�r�e�m�e�n�t�i�o�n�e�d� �r�e�m�o�v�a�l� �r�a�t�e�s� �(�1�7�.�0�4�9� �g�/�l� 

�C�O�D� �*� �0�.�1�8�0� �1� �o�f� �f�e�e�d�/�d�a�y� �*� �8�8�%� �r�e�m�o�v�a�l� �*� �0�.�3�9�3� �1� �o�f� �m�e�t�h�a�n�e� 

�p�r�o�d�u�c�e�d�/�g� �o�f� �C�O�D� �d�i�g�e�s�t�e�d�)�.� �T�h�i�s� �e�x�c�e�s�s� �g�a�s� �p�r�o�d�u�c�t�i�o�n� �c�a�n� 

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

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

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

�F�i�g�u�r�e� �4� �t�r�a�c�k�s� �g�a�s� �p�r�o�d�u�c�t�i�o�n� �l�e�v�e�l�s� �o�v�e�r� �t�h�e� �l�i�f�e� �o�f� 

�t�h�e� �r�e�a�c�t�o�r�.� �O�v�e�r� �t�h�i�s� �s�a�m�e� �p�e�r�i�o�d�,� �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�)� �v�a�r�i�e�d� �b�e�t�w�e�e�n� �4�0�0� �a�n�d� �5�2�0� �m�g�/�l� �w�i�t�h� 

�a�n� �a�v�e�r�a�g�e� �o�f� �4�7�3� �m�g�/�l�,� �w�h�i�l�e� �M�L�V�S�S� �r�a�n�g�e�d� �f�r�o�m� �3�6�0�0� �t�o� �4�8�0�0� 

�m�g�/�l� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �o�f� �4�0�4�2� �m�g�/�l�.� �S�o�l�i�d�s� �r�e�t�e�n�t�i�o�n� �t�i�m�e� 
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�(�S�R�T�)� �v�a�r�i�e�d� �b�e�t�w�e�e�n� �9�6� �a�n�d� �2�4�8� �d�a�y�s� �o�v�e�r� �t�h�e� �l�i�f�e� �o�f� �t�h�e� 

�r�e�a�c�t�o�r� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �1�5�4�.�6� �d�a�y�s�.� �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�a�s� �m�a�i�n�t�a�i�n�e�d� �a�t� �a�n� �a�v�e�r�a�g�e� �o�f� �1�2�.�2� 

�d�a�y�s� �o�v�e�r� �t�h�e� �l�i�f�e� �o�f� �t�h�e� �r�e�a�c�t�o�r�.� �B�e�g�i�n�n�i�n�g� �o�n� �d�a�y� �1�6�7�,� 

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

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

�2�1�6�.� �B�y� �t�h�i�s� �t�i�m�e� �t�h�e� �e�f�f�l�u�e�n�t� �C�O�D� �h�a�d� �r�e�a�c�h�e�d� �a� �l�e�v�e�l� �o�f� 

�o�v�e�r� �9�3�0�0� �m�g�/�l�.� �D�e�t�a�i�l�e�d� �d�a�t�a� �o�n� �a�l�l� �a�n�a�e�r�o�b�i�c� �s�t�u�d�i�e�s� �a�r�e� 

�p�r�e�s�e�n�t�e�d� �i�n� �A�p�p�e�n�d�i�x� �B�.� 

�R�e�a�c�t�o�r� �B� �s�i�m�i�l�a�r�l�y� �o�b�t�a�i�n�e�d� �s�u�b�s�t�a�n�t�i�a�l� �r�e�d�u�c�t�i�o�n� �i�n� 

�C�O�D� �a�n�d� �B�O�D�,� �l�e�v�e�l�s� �f�r�o�m� �d�a�y� �2�6� �t�h�r�o�u�g�h� �d�a�y� �6�7� �o�f� �o�p�e�r�a�t�i�o�n�.� 

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

�r�a�t�e�s� �o�f� �b�e�t�w�e�e�n� �8�9�%� �a�n�d� �9�3�%� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �o�f� �9�1�%�,� �a�n�d� 

�B�O�D�,� �r�e�m�o�v�a�l� �a�t� �r�a�t�e�s� �t�h�a�t� �r�e�m�a�i�n�e�d� �b�e�t�w�e�e�n� �9�3�%� �a�n�d� �9�4�%�.� 

�T�h�e�s�e� �r�e�m�o�v�a�l� �r�a�t�e�s� �t�r�a�n�s�l�a�t�e� �t�o� �e�f�f�l�u�e�n�t� �C�O�D� �l�e�v�e�l�s� �r�a�n�g�i�n�g� 

�f�r�o�m� �1�1�2�0� �t�o� �1�8�7�5� �m�g�/�l� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �o�f� �1�4�6�1� �m�g�/�l�,� �a�n�d� 

�B�O�D�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �t�h�a�t� �v�a�r�i�e�d� �f�r�o�m� �5�5�8� �t�o� �6�0�3� �m�g�/�l� �w�i�t�h� �a�n� 

�a�v�e�r�a�g�e� �o�f� �5�7�8� �m�g�/�l�.� �S�o�l�u�b�l�e� �m�a�t�e�r�i�a�l� �i�n� �r�e�a�c�t�o�r� �B� �e�f�f�l�u�e�n�t� 

�a�c�c�o�u�n�t�e�d� �f�o�r� �a�n� �a�v�e�r�a�g�e� �o�f� �8�7�%� �o�f� �a�l�l� �o�b�s�e�r�v�e�d� �C�O�D� �a�n�d� 

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

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

�i�n�o�r�g�a�n�i�c� �m�a�t�e�r�i�a�l� �t�h�a�n� �t�h�e� �0�.�6�5� �m�g� �B�O�D�,�/�m�g� �T�S�S� �s�u�g�g�e�s�t�e�d� �b�y� 

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

�a�c�t�i�v�a�t�e�d� �s�l�u�d�g�e� �s�y�s�t�e�m�s� �(�P�e�a�v�y� �e�t� �a�l�.�,� �1�9�8�5�)�.� �A�s� �a� �r�e�s�u�l�t� 

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

�F�i�g�u�r�e� �4�,� �a�v�e�r�a�g�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�1�4� �m�l�/�d�a�y�,� �o�r� 
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�a�p�p�r�o�x�i�m�a�t�e�l�y� �t�w�i�c�e� �t�h�e� �p�r�e�d�i�c�t�e�d� �v�a�l�u�e� �o�f� �5�1�7� �m�l�/�d�a�y� 

�(�1�5�.�4�2�7� �g�/�l� �C�O�D� �*� �0�.�0�9�4� �1� �o�f� �f�e�e�d�/�d�a�y� �*� �9�1�%� �r�e�m�o�v�a�l� �*� �0�.�3�9�3� 

�1� �o�f� �m�e�t�h�a�n�e� �p�r�o�d�u�c�e�d�/�g� �o�f� �C�O�D� �d�i�g�e�s�t�e�d�)�,� �d�u�r�i�n�g� �t�h�i�s� 

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

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

�r�a�n�g�e� �o�f� �2�4�0� �t�o� �5�0�0� �m�g�/�l� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �o�f� �4�0�8� �m�g�/�l�,� �a�n�d� 

�t�h�e� �r�e�a�c�t�o�r ��s� �M�L�V�S�S� �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� �j�u�s�t� �u�n�d�e�r� 

�3�0�0�0� �m�g�/�l� �o�n� �d�a�y� �3�3� �t�o� �o�v�e�r� �3�5�0�0� �m�g�/�l� �b�y� �d�a�y� �6�4�.� �S�R�T� �r�a�n�g�e�d� 

�b�e�t�w�e�e�n� �2�1�5� �a�n�d� �4�4�8� �d�a�y�s� �o�v�e�r� �t�h�e� �c�o�u�r�s�e� �o�f� �r�e�a�c�t�o�r� 

�o�p�e�r�a�t�i�o�n� �a�n�d� �h�a�d� �a�n� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �2�6�3�.�4� �d�a�y�s�.� �H�R�T� �w�a�s� 

�m�a�i�n�t�a�i�n�e�d� �a�t� �a�n� �a�v�e�r�a�g�e� �o�f� �1�8�.�7� �d�a�y�s� �o�v�e�r� �t�h�e� �l�i�f�e� �o�f� �t�h�e� 

�r�e�a�c�t�o�r�.� �S�h�o�r�t�l�y� �a�f�t�e�r� �d�a�y� �6�7� �t�h�i�s� �r�e�a�c�t�o�r� �b�e�g�a�n� �t�o� �e�x�h�i�b�i�t� 

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

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

�C�O�D� �a�n�d� �B�O�D�,� �l�e�v�e�l�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.� �T�o�g�e�t�h�e�r� �w�i�t�h� �t�h�e� 

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

�w�a�s� �s�h�u�t� �d�o�w�n� �o�n� �d�a�y� �9�4� �o�f� �o�p�e�r�a�t�i�o�n�.� 

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

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

�A�t� �t�h�e� �t�i�m�e� �o�f� �f�a�i�l�u�r�e�,� �b�o�t�h� �a�l�k�a�l�i�n�i�t�y� �a�n�d� �M�L�V�S�S� �i�n� �r�e�a�c�t�o�r� 

�A� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �a�t� �l�e�v�e�l�s� �(�6�5�6�0� �m�g�/�l� �a�n�d� �4�7�4�0� �m�g�/�1�,� 

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

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

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

�a�l�k�a�l�i�n�i�t�y� �n�o�r� �M�L�V�S�S� �l�e�v�e�l�s� �(�5�2�5�8� �m�g�/�l� �a�n�d� �3�3�4�0� �m�g�/�l� 
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�F�i�g�u�r�e� �5�.� �E�f�f�l�u�e�n�t� �B�O�D�,� �a�n�d� �C�O�D� �L�e�v�e�l�s� �f�o�r� �R�e�a�c�t�o�r� �B� 

�0�.�2�5� �F�/�M� �R�e�t�o�r�t� �W�a�t�e�r� 

�A�v�e�r�a�g�e� �I�n�f�l�u�e�n�t� �C�O�D� �=� �1�5�4�2�7� �m�g�/�l� 

�A�v�e�r�a�g�e� �I�n�f�l�u�e�n�t� �B�O�D�,� �=� �9�4�8�0� �m�g�/�1� 
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�r�e�s�p�e�c�t�i�v�e�l�y�)� �i�n� �r�e�a�c�t�o�r� �B� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �a�b�n�o�r�m�a�l�l�y� �l�o�w� 

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

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

�(�5�0� �m�g�/�l� �i�n� �A� �a�n�d� �3�1� �m�g�/�l� �i�n� �B�)� �w�h�i�c�h� �i�n�d�i�c�a�t�e� �l�e�v�e�l�s� 

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

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

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

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

�i�n� �r�e�a�c�t�o�r� �A� �a�t� �t�h�e� �t�i�m�e� �o�f� �f�a�i�l�u�r�e� �r�e�m�a�i�n�e�d� �i�n� �t�h�e� �1�6�8�0� �t�o� 

�1�7�8�0� �m�g�/�l� �r�a�n�g�e� �t�h�r�o�u�g�h� �d�a�y� �1�7�7�.� �W�h�i�l�e� �a�m�m�o�n�i�a� �l�e�v�e�l�s� 

�b�e�t�w�e�e�n� �1�5�0�0� �a�n�d� �3�0�0�0� �m�g�/�l� �h�a�v�e� �b�e�e�n� �s�h�o�w�n� �t�o� �b�e� �i�n�h�i�b�i�t�o�r�y� 

�a�t� �p�H� �l�e�v�e�l�s� �a�b�o�v�e� �7�.�4� �t�o� �7�.�6� �(�M�c�C�a�r�t�y�,� �1�9�6�4�)�,� �t�h�e� �f�a�c�t� �t�h�a�t� 

�t�h�e� �r�e�a�c�t�o�r� �w�a�s� �o�p�e�r�a�t�i�n�g� �a�t� �a� �p�H� �o�f� �7�.�5�0� �a�n�d� �t�h�a�t� �n�o� 

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

�(�M�c�C�a�r�t�y�,� �1�9�6�4�)�,� �w�a�s� �o�b�s�e�r�v�e�d�,� �w�o�u�l�d� �t�e�n�d� �t�o� �s�u�g�g�e�s�t� �t�h�a�t� 

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

�F�i�g�u�r�e� �6� �s�h�o�w�s� �t�h�e� �e�f�f�l�u�e�n�t� �a�m�m�o�n�i�a� �a�n�d� �T�K�N� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� 

�f�o�r� �r�e�a�c�t�o�r� �A� �o�v�e�r� �t�h�e� �c�o�u�r�s�e� �o�f� �i�t�s� �o�p�e�r�a�t�i�o�n�.� �W�h�i�l�e� 

�r�e�a�c�t�o�r� �B� �o�p�e�r�a�t�e�d� �i�n� �a� �h�i�g�h�e�r� �p�H� �r�a�n�g�e� �o�f� �7�.�6�2� �t�o� �7�.�7�5� 

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

�i�n�h�i�b�i�t�o�r�y� �1�5�0�0� �m�g�/�l� �l�e�v�e�l� �d�u�r�i�n�g� �o�p�e�r�a�t�i�o�n�.� �F�i�g�u�r�e� �7� 

�t�r�a�c�k�s� �t�h�e� �e�f�f�l�u�e�n�t� �a�m�m�o�n�i�a� �a�n�d� �T�K�N� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �f�o�r� 

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

�F�i�n�a�l�l�y�,� �c�a�t�i�o�n� �t�o�x�i�c�i�t�y� �w�a�s� �e�x�p�l�o�r�e�d� �a�s� �a� �p�o�s�s�i�b�l�e� 

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

�f�a�i�l�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� �l�e�v�e�l�s� 
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�1�4�0�0� 
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�3�B� �2� �1�2�0�0� 
�C�c� �9� �i�j� �1�1�0�0�-� 
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�e� �=� �1�0�0�0�:� 
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�9�0�0�-� 

�8�0�0� �$�a� 
�2�0� �3�0� �4�0� �5�0� �6�0� �7�0� �8�0� 

�D�A�Y� 

� � 

 ��# �� �A�M�M�O�N�I�A�  ��+ �� �T�K�N� 
� � � � � � 

�F�i�g�u�r�e� �7�.� �E�f�f�l�u�e�n�t� �A�m�m�o�n�i�a� �a�n�d� �T�K�N� �L�e�v�e�l�s� �f�o�r� �R�e�a�c�t�o�r� �B� 

�0�.�2�5� �F�/�M� �R�e�t�o�r�t� �W�a�t�e�r� 
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�w�i�t�h�i�n� �r�e�a�c�t�o�r� �A� �h�a�d� �r�e�a�c�h�e�d� �5�0�8�0� �m�g�/�l�,� �5�2�6� �m�g�/�l�,� �2�2�4� �m�g�/�l�,� 

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

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

�b�e� �p�r�e�s�e�n�t� �i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �4�1�7�5� �m�g�/�l�,� �4�9�5� �m�g�/�l�,� �2�1�0� 

�m�g�/�l�,� �a�n�d� �1�7�7� �m�g�/�l�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �I�n� �e�a�c�h� �c�a�s�e�,� �s�o�d�i�u�m� �i�s� 

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

�i�n�h�i�b�i�t�o�r�y� �(�M�c�C�a�r�t�y�,� �1�9�6�4�)�.� �I�n�h�i�b�i�t�i�o�n� �o�b�s�e�r�v�e�d� �i�n� �t�h�e�s�e� 

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

�c�a�t�i�o�n�s� �(�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�)� �w�h�i�c�h� �a�r�e� �o�f�t�e�n� 

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

�(�K�u�g�e�l�m�a�n� �a�n�d� �C�h�i�n�,� �1�9�7�1�)�.� �E�v�e�n� �w�i�t�h� �t�h�e� �a�n�t�a�g�o�n�i�s�t�i�c� 

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

�t�o�g�e�t�h�e�r� �w�i�t�h� �t�h�e� �h�i�g�h� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �p�r�e�s�e�n�t� �a�r�e� 

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

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

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

�B� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� �8�.� �F�u�r�t�h�e�r� �s�t�u�d�y� �o�f� �t�h�e� �t�o�x�i�c�i�t�y� 

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

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

�i�s� �w�a�r�r�a�n�t�e�d�.� 

�T�h�e� �l�a�s�t� �t�w�o� �r�e�a�c�t�o�r�s� �(�C� �a�n�d� �D�)� �w�e�r�e� �o�p�e�r�a�t�e�d� �a�t� �F�/�M� 

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

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

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

�o�p�e�r�a�t�e�d� �f�o�r� �p�e�r�i�o�d�s� �o�f� �2�8�7� �a�n�d� �9�4� �d�a�y�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�s� 

�w�i�t�h� �t�h�e� �r�e�t�o�r�t� �f�e�d� �r�e�a�c�t�o�r�s� �d�e�s�c�r�i�b�e�d� �p�r�e�v�i�o�u�s�l�y�,� �t�h�e�s�e� 
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�9�5�0� �6�0�0�0� 

�5�0�0�7� �r�5�5�0�0� 

�4�5�0�-� �r�5�0�0�0� 

�4�0�0�-� �r�4�5�0�0� 

�3�5�0�-� �r�4�0�0�0� 

�3�0�0�-� �r�3�5�0�0� 

�2�5�0�°� �|� �r�3�0�0�0� 

�2�0�0�;� �r�2�9�0�0� 

�1� �9�0�;� �B� �=�a� �r�2�0�0�0� 

�1�0�0� �1� �1�5�0�0� 
�2�0� �3�0� �4�0� �5�0� �6�0� �7�0� �8�0� �9�0� 

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

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

�B�O�D�,� �l�e�v�e�l�s� �o�f� �t�h�e� �w�a�s�t�e�.� 

�F�o�r� �t�h�e� �p�e�r�i�o�d� �o�f� �t�i�m�e� �f�r�o�m� �d�a�y� �2�2� �t�h�r�o�u�g�h� �d�a�y� �2�4�7�,� 

�e�f�f�l�u�e�n�t� �s�o�l�u�b�l�e� �C�O�D� �l�e�v�e�l�s� �i�n� �r�e�a�c�t�o�r� �C� �r�e�m�a�i�n�e�d� �b�e�t�w�e�e�n� 

�1�2�5�0� �a�n�d� �3�3�1�0� �m�g�/�l� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �e�f�f�l�u�e�n�t� �C�O�D� �o�f� �2�2�9�0� 

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

�5�5�%� �t�o� �8�3�%� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �o�f� �6�9�%�.� �T�h�i�s� �r�e�a�c�t�o�r� �a�l�s�o� 

�e�x�h�i�b�i�t�e�d� �B�O�D�,� �r�e�m�o�v�a�l� �r�a�t�e�s�,� �o�v�e�r� �t�h�e� �s�a�m�e� �p�e�r�i�o�d�,� �v�a�r�y�i�n�g� 

�b�e�t�w�e�e�n� �7�2�%� �a�n�d� �8�4�%� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �o�f� �7�9�%�.� �T�h�e�s�e� �r�a�t�e�s� 

�t�r�a�n�s�l�a�t�e� �t�o� �e�f�f�l�u�e�n�t� �s�o�l�u�b�l�e� �B�O�D�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �b�e�t�w�e�e�n� 

�8�9�3� �a�n�d� �1�5�9�6� �m�g�/�l� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �o�f� �1�1�8�0� �m�g�/�l�.� �A�s� �a� �r�e�s�u�l�t� 

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

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

�2�5�4� �m�l�/�d�a�y�.� �T�h�i�s� �r�a�t�e� �i�s� �2� �t�i�m�e�s� �t�h�e� �1�2�7� �m�l�/�d�a�y� �r�a�t�e� 

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

�f�e�e�d� �l�e�v�e�l�s� �a�n�d� �s�t�r�e�n�g�t�h� �(�7�.�4�0�5� �g�/�l� �C�O�D� �*� �0�.�0�6�3� �1� �o�f� 
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�s�u�l�f�i�d�e� �i�n� �a�d�d�i�t�i�o�n� �t�o� �m�e�t�h�a�n�e�.� �A�l�s�o� �o�v�e�r� �t�h�i�s� �p�e�r�i�o�d� �o�f� 
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�t�h�e� �l�i�f�e� �o�f� �t�h�e� �r�e�a�c�t�o�r� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �9�8�.�6� �d�a�y�s�.� 

�H�R�T� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �a�t� �a�n� �a�v�e�r�a�g�e� �o�f� �3�6�.�3� �d�a�y�s� �o�v�e�r� �t�h�e� �l�i�f�e� 

�o�f� �t�h�e� �r�e�a�c�t�o�r�.� �T�h�e� �p�e�r�i�o�d� �f�r�o�m� �d�a�y� �2�4�8� �t�h�r�o�u�g�h� �d�a�y� �2�7�6� �w�a�s� 

�m�a�r�k�e�d� �b�y� �a�n� �i�n�c�r�e�a�s�e� �i�n� �a�v�e�r�a�g�e� �C�O�D� �c�o�n�c�e�n�t�r�a�t�i�o�n� �t�o� �2�7�3�0� 

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

�s�o�l�u�b�l�e� �C�O�D� �a�n�d� �B�O�D�,� �l�e�v�e�l�s�.� �A�s� �a� �r�e�s�u�l�t�,� �t�h�e� �r�e�a�c�t�o�r� �w�a�s� 

�s�h�u�t� �d�o�w�n� �o�n� �d�a�y� �2�8�7� �a�f�t�e�r� �e�f�f�l�u�e�n�t� �C�O�D� �h�a�d� �r�e�a�c�h�e�d� �4�1�0�0� 

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

�m�l�/�d�a�y�.� �S�o�l�u�b�l�e� �m�a�t�e�r�i�a�l� �a�c�c�o�u�n�t�e�d� �f�o�r� �a�n� �a�v�e�r�a�g�e� �o�f� �8�5�%� �o�f� 

�a�l�l� �C�O�D� �a�n�d� �9�4�%� �o�f� �a�l�l� �B�O�D�,� �o�b�s�e�r�v�e�d� �i�n� �r�e�a�c�t�o�r� �C� �e�f�f�l�u�e�n�t�.� 

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

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

�a�c�t�i�v�a�t�e�d� �s�l�u�d�g�e� �s�y�s�t�e�m�s� �(�0�.�6�5� �m�g� �B�O�D�,�/�m�g� �T�S�S�;� �P�e�a�v�y� �e�t� �a�l�.�,� 

�1�9�8�5�)�.� �T�h�e� �C�O�D� �a�n�d� �B�O�D�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�v�e�r� �t�h�e� �l�i�f�e� �o�f� �t�h�e� 
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�d�u�r�i�n�g� �f�a�i�l�u�r�e� �t�o� �a� �l�e�v�e�l� �o�f� �l�e�s�s� �t�h�a�n� �1�0�0� �m�l�/�d�a�y�.� �T�h�e� 

�p�r�e�d�i�c�t�e�d� �r�a�t�e� �o�f� �b�i�o�g�a�s� �p�r�o�d�u�c�t�i�o�n� �f�o�r� �t�h�i�s� �r�e�a�c�t�o�r� �w�a�s� �1�5�5� 

�m�l�/�d�a�y� �(�8�.�0�8�0� �g�/�l� �C�O�D� �*� �0�.�0�5�8� �1� �o�f� �f�e�e�d�/�d�a�y� �*� �8�4�%� �r�e�m�o�v�a�l� �*� 

�0�.�3�9�3� �1� �o�f� �m�e�t�h�a�n�e� �p�r�o�d�u�c�e�d�/�g� �o�f� �C�O�D� �d�i�g�e�s�t�e�d�)�.� �A�s� �w�i�t�h� �t�h�e� 

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

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

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

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

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

�i�n�c�r�e�a�s�e�d� �a�f�t�e�r� �d�a�y� �4�8� �t�o� �o�v�e�r� �4�2�0�0� �m�g�/�l� �b�y� �s�h�u�t� �d�o�w�n� �o�n� �d�a�y� 

�9�4�.� �S�o�l�u�b�l�e� �B�O�D�,� �l�e�v�e�l�s� �r�e�m�a�i�n�e�d� �b�e�t�w�e�e�n� �8�3�3� �a�n�d� �8�9�1� �m�g�/�l� 

�f�r�o�m� �d�a�y� �2�6� �t�h�r�o�u�g�h� �d�a�y� �6�5� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �o�f� �8�7�0� �m�g�/�l� �f�o�r� �a� 

�B�O�D�,� �r�e�m�o�v�a�l� �r�a�t�e� �o�f� �8�3�%�.� �A�f�t�e�r� �d�a�y� �6�5�,� �B�O�D�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� 

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

�S�o�l�u�b�l�e� �m�a�t�e�r�i�a�l� �a�c�c�o�u�n�t�e�d� �f�o�r� �a�n� �a�v�e�r�a�g�e� �o�f� �8�4�%� �o�f� �a�l�l� �C�O�D� 

�a�n�d� �9�9�%� �o�f� �a�l�l� �B�O�D�,� �o�b�s�e�r�v�e�d� �i�n� �r�e�a�c�t�o�r� �D� �e�f�f�l�u�e�n�t� �o�v�e�r� �t�h�e� 

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

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

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

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

�s�e�c�o�n�d�a�r�y� �e�f�f�l�u�e�n�t� �o�f� �a�c�t�i�v�a�t�e�d� �s�l�u�d�g�e� �s�y�s�t�e�m�s� �(�0�.�6�5� �m�g� 

�B�O�D�.�/�m�g� �T�S�S�;� �P�e�a�v�y� �e�t� �a�l�.�,� �1�9�8�5�)�.� �E�f�f�l�u�e�n�t� �T�S�S� �i�n�c�r�e�a�s�e�d� 

�o�v�e�r� �t�h�e� �c�o�u�r�s�e� �o�f� �t�h�e� �r�e�a�c�t�o�r� �o�p�e�r�a�t�i�o�n� �f�r�o�m� �2�4�0� �m�g�/�l� �o�n� 

�d�a�y� �2�6� �t�o� �2�3�2�0� �m�g�/�l� �o�n� �d�a�y� �8�3�,� �a�n�d� �w�h�i�l�e� �M�L�V�S�S� �r�e�m�a�i�n�e�d� 

�b�e�t�w�e�e�n� �2�7�8�0� �a�n�d� �2�9�6�0� �m�g�/�l� �f�r�o�m� �d�a�y� �2�6� �t�o� �d�a�y� �4�6�,� �t�h�e�i�r� 

�l�e�v�e�l�s� �f�e�l�l� �t�o� �2�4�6�0� �m�g�/�l� �b�y� �d�a�y� �8�5�.� �A�f�t�e�r� �a�n� �i�n�i�t�i�a�l� 
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�r�e�a�d�i�n�g� �o�f� �6�8�6� �d�a�y�s�,� �s�o�l�i�d�s� �r�e�t�e�n�t�i�o�n� �t�i�m�e� �f�o�r� �t�h�e� �r�e�a�c�t�o�r� 

�d�e�c�r�e�a�s�e�d� �r�a�p�i�d�l�y� �u�n�t�i�l� �i�t� �s�t�a�b�i�l�i�z�e�d� �i�n� �t�h�e� �1�0�2� �-� �1�1�2� �d�a�y� 

�r�a�n�g�e�.� �T�h�e� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �t�h�e� �S�R�T� �o�v�e�r� �t�h�e� �l�i�f�e� �o�f� �t�h�e� 

�r�e�a�c�t�o�r� �w�a�s� �1�3�8�.�6� �d�a�y�s�.� �H�R�T� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �a�t� �a�n� �a�v�e�r�a�g�e� �o�f� 

�3�2�.�4� �d�a�y�s� �o�v�e�r� �t�h�e� �l�i�f�e� �o�f� �t�h�e� �r�e�a�c�t�o�r�.� �C�O�D� �a�n�d� �B�O�D�,� �l�e�v�e�l�s� 

�o�v�e�r� �t�h�e� �l�i�f�e� �o�f� �r�e�a�c�t�o�r� �D� �a�r�e� �t�r�a�c�k�e�d� �a�n�d� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� 

�1�1� �w�h�i�l�e� �d�a�i�l�y� �b�i�o�g�a�s� �p�r�o�d�u�c�t�i�o�n� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�0�.� 

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

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

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

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

�l�e�v�e�l�s�,� �3�8�2�8� �m�g�/�l� �i�n� �a� �p�H� �r�a�n�g�e� �o�f� �7�.�5�0� �t�o� �7�.�6�5� �f�o�r� �r�e�a�c�t�o�r� 

�C�,� �a�n�d� �3�0�0�0� �m�g�/�l� �i�n� �a� �p�H� �r�a�n�g�e� �o�f� �7�.�4�5� �t�o� �7�.�5�5� �f�o�r� �r�e�a�c�t�o�r� 

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

�p�e�r�i�o�d� �o�f� �o�r�g�a�n�i�c�s� �r�e�m�o�v�a�l�.� �L�o�s�s� �o�f� �M�L�V�S�S� �w�a�s�,� �a�s� �m�e�n�t�i�o�n�e�d� 

�e�a�r�l�i�e�r�,� �a� �p�r�o�b�l�e�m� �f�o�r� �b�o�t�h� �m�i�x�e�d� �w�a�s�t�e�w�a�t�e�r� �r�e�a�c�t�o�r�s�;� 

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

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

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

�f�a�i�l�u�r�e� �i�n� �e�i�t�h�e�r� �r�e�a�c�t�o�r� �C� �o�r� �D�.� �E�f�f�l�u�e�n�t� �p�h�o�s�p�h�o�r�u�s� 

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

�r�e�a�c�t�o�r� �(�7�0� �t�o� �1�2�0� �m�g�/�l� �f�o�r� �r�e�a�c�t�o�r� �C� �a�n�d� �5�5� �t�o� �1�2�0� �m�g�/�l� �f�o�r� 

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

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

�r�e�a�c�t�o�r�.� 

�A�m�m�o�n�i�a� �l�e�v�e�l�s� �i�n� �t�h�e� �r�e�a�c�t�o�r�s�,� �r�a�n�g�i�n�g� �f�r�o�m� �7�4�8� �t�o� �9�4�9� 
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�2�0� �3� �4�0� �5�0� �6�0� �7�0� �8�0� �9�0� �1�0�0� 

�D�A�Y� 

� � 

� � 

 ��#�-� �S�O�L�U�B�L�E� �C�O�D�  ��+ �� �C�O�D� �M�O�V� �A�V�G�  ��* �� �S�O�L�U�B�L�E� �B�O�D� 
� � � � 
� � 

�F�i�g�u�r�e� �1�1�.� �E�f�f�l�u�e�n�t� �B�O�D�,� �a�n�d� �C�O�D� �L�e�v�e�l�s� �f�o�r� �R�e�a�c�t�o�r� �D� 

�0�.�0�7� �F�/�M� �M�i�x�e�d� �W�a�s�t�e�w�a�t�e�r� 

�A�v�e�r�a�g�e� �I�n�f�l�u�e�n�t� �C�O�D� �=� �8�0�8�0� �m�g�/�l� 

�A�v�e�r�a�g�e� �I�n�f�l�u�e�n�t� �B�O�D�,� �=� �4�9�8�0� �m�g�/�l� 
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�m�g�/�l� �i�n� �r�e�a�c�t�o�r� �C� �a�n�d� �f�r�o�m� �5�9�2� �t�o� �7�8�7� �m�g�/�l� �i�n� �r�e�a�c�t�o�r� �D�,� 

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

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

�1�5�0�0� �t�o� �3�0�0�0� �m�g�/�l�.� �A�m�m�o�n�i�a� �d�a�t�a� �f�o�r� �r�e�a�c�t�o�r�s� �C� �a�n�d� �D� �a�r�e� 

�p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e�s� �1�2� �a�n�d� �1�3�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �t�o�g�e�t�h�e�r� �w�i�t�h� 

�t�h�e� �T�K�N� �d�a�t�a� �f�o�r� �e�a�c�h�.� 

�C�a�t�i�o�n� �t�o�x�i�c�i�t�y�,� �a�n�d� �s�p�e�c�i�f�i�c�a�l�l�y� �s�o�d�i�u�m� �t�o�x�i�c�i�t�y�,� �i�s� 

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

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

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �8�0�0�0� �m�g�/�l� �(�K�u�g�e�l�m�a�n� �a�n�d� �M�c�C�a�r�t�y�,� �1�9�6�5�;� 

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

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

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

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

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

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

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

�r�e�a�c�t�o�r� �C� �a�n�d� �D� �w�e�r�e� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�o�s�e� �n�e�e�d�e�d� �t�o� �a�c�t� �a�s� 

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

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

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

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

�1�9�6�4�)�,� �s�u�g�g�e�s�t�s� �t�h�a�t� �a� �m�u�l�t�i�p�l�e� �a�n�t�a�g�o�n�i�s�t�i�c� �e�f�f�e�c�t� 

�(�K�u�g�e�l�m�a�n� �a�n�d� �C�h�i�n�,� �1�9�7�1�;� �K�u�g�e�l�m�a�n� �a�n�d� �M�c�C�a�r�t�y�,� �1�9�6�5�)� �m�a�y� 

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

�w�h�i�l�e� �i�n� �a� �s�t�a�t�e� �o�f� �s�o�d�i�u�m� �t�o�x�i�c�i�t�y�.� �C�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �t�h�e� 
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�0�.�0�7� �F�/�M� �M�i�x�e�d� �W�a�s�t�e�w�a�t�e�r� 
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�f�o�u�r� �l�i�g�h�t� �m�e�t�a�l� �c�a�t�i�o�n�s�,� �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� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� �1�4� �f�o�r� �r�e�a�c�t�o�r� �C� �a�n�d� �F�i�g�u�r�e� 

�1�5� �f�o�r� �r�e�a�c�t�o�r� �D�.� 

�W�h�i�l�e� �i�t� �i�s� �b�e�l�i�e�v�e�d� �t�h�a�t� �s�o�d�i�u�m� �t�o�x�i�c�i�t�y� �w�a�s� �t�h�e� �m�a�j�o�r� 

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

�r�e�a�c�t�o�r�s� �A� �a�n�d� �C� �t�o� �p�e�r�f�o�r�m� �f�o�r� �a� �g�r�e�a�t�e�r� �p�e�r�i�o�d� �o�f� �t�i�m�e� 

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

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

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

�a�n�d� �C� �w�e�r�e� �o�p�e�r�a�t�e�d� �a�t� �l�o�w�e�r� �F�/�M� �r�a�t�i�o�s�,� �0�.�1�5� �f�o�r� �r�e�a�c�t�o�r� �A� 

�a�n�d� �0�.�0�5� �f�o�r� �r�e�a�c�t�o�r� �C�,� �f�o�r� �a� �p�e�r�i�o�d� �o�f� �5�5� �d�a�y�s� �p�r�i�o�r� �t�o� 

�t�h�i�s� �e�x�p�e�r�i�m�e�n�t� �(�H�a�r�r�i�s�o�n� �e�t� �a�l�.�,� �1�9�9�2�)� �o�p�e�n�s� �t�h�e� 

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

�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�t� �t�h�e�s�e� �l�o�w�e�r� �l�o�a�d�i�n�g�s�.� 

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

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

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

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

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

�f�o�u�n�d�.� 

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

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

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

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

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

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

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

�a�d�d�r�e�s�s� �t�h�e�s�e� �n�e�e�d�s�.� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�o�f� �t�h�e� �r�e�a�c�t�o�r� �c�o�n�t�e�n�t�s� �w�o�u�l�d� �s�t�i�l�l� �b�e� �s�u�b�j�e�c�t� �t�o� �t�h�e� �N�P�D�E�S� 

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

�p�u�b�l�i�c� �s�e�w�e�r�.� 

�B�a�s�e�d� �o�n� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t�,� �i�t� �i�s� 

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

�"�e�x�i�s�t�i�n�g�"� �c�l�a�s�s�i�f�i�c�a�t�i�o�n�,� �a�n�d� �t�h�e�r�e�f�o�r�e� �a�r�e� �w�i�t�h�o�u�t� �B�O�D�,� 

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

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

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

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

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

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

�r�e�c�o�m�m�e�n�d�a�t�i�o�n� �i�s� �d�u�e� �t�o� �t�h�e� �h�i�g�h� �e�f�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�s� �(�5�9�2� �-� �1�7�8�0� �m�g�/�l�)� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� 

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

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

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

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

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

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

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

�f�a�c�i�l�i�t�i�e�s� �c�l�a�s�s�i�f�i�c�a�t�i�o�n�,� �a�n�d� �a�r�e� �s�u�b�s�e�q�u�e�n�t�l�y� �s�u�b�j�e�c�t� �t�o� 

�B�O�D�,� �d�i�s�c�h�a�r�g�e� �l�i�m�i�t�s�,� �t�h�e� �d�a�t�a� �f�r�o�m� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� 

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

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

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

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

�s�h�o�u�l�d� �b�e� �o�p�e�r�a�t�e�d� �a�t�-�a�n� �F�/�M� �r�a�t�i�o� �o�f� �0�.�3�5� �o�r� �l�e�s�s� �(�w�i�t�h� 

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

�r�e�q�u�i�r�e�d� �r�e�a�c�t�o�r� �v�o�l�u�m�e�s� �a�t� �l�o�w�e�r� �F�/�M� �r�a�t�i�o�s�)�.� �I�t� �i�s� �a�l�s�o� 

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

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

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

�7�3



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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �8�8�%� �r�e�m�o�v�a�l� �o�f� �s�o�l�u�b�l�e� �B�O�D�,�,� �a�n�d� �r�e�s�u�l�t� �i�n� �a�n� 

�e�f�f�l�u�e�n�t� �s�o�l�u�b�l�e� �B�O�D�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�4�0�0� 

�m�g�/�l�.� 

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

�s�t�r�e�a�m�,� �s�u�c�h� �a�s� �t�h�e� �m�i�x�e�d� �w�a�s�t�e�w�a�t�e�r� �s�t�u�d�i�e�d� �h�e�r�e�,� �i�s� �t�o� �b�e� 

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

�o�p�e�r�a�t�e�d� �a�t� �a�n� �F�/�M� �r�a�t�i�o� �b�e�t�w�e�e�n� �0�.�0�7� �a�n�d� �0�.�1�0�.� �I�n� �t�h�i�s� 

�t�r�e�a�t�m�e�n�t� �s�c�h�e�m�e�,� �s�o�l�u�b�l�e� �B�O�D�,� �r�e�m�o�v�a�l� �r�a�t�e�s� �o�f� �b�e�t�w�e�e�n� �7�9�%� 

�a�n�d� �8�3�%� �c�a�n� �b�e� �e�x�p�e�c�t�e�d�,� �r�e�s�u�l�t�i�n�g� �i�n� �e�f�f�l�u�e�n�t� �B�O�D�,� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �b�e�t�w�e�e�n� �8�7�0� �a�n�d� �1�1�8�0� �m�g�/�l�.� 

�A�s� �s�t�a�t�e�d� �p�r�e�v�i�o�u�s�l�y�,� �a�n�y� �a�n�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� 

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

�c�a�t�i�o�n� �a�n�d� �a�m�m�o�n�i�a� �t�o�x�i�c�i�t�y� �p�r�o�b�l�e�m�s�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� 

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

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

�p�r�o�b�l�e�m�s� �t�h�a�t� �a�r�i�s�e�.� 

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

�s�u�b�j�e�c�t� �t�o� �B�O�D�,� �l�i�m�i�t�s�,� �a�n�d� �w�h�e�r�e� �t�h�e� �f�a�c�i�l�i�t�y� �d�o�e�s� �n�o�t� 

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

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

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

�a�d�d�i�t�i�o�n�a�l� �a�m�m�o�n�i�a� �r�e�m�o�v�a�l�.� �D�u�e� �t�o� �t�h�e� �l�o�w� �c�a�p�i�t�a�l�i�z�a�t�i�o�n� 

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

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

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

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

�m�e�a�n� �i�n�c�r�e�a�s�e�d� �c�o�s�t�s� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �i�n�d�u�s�t�r�y�.� 
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�4�.�2� �A�i�r� �S�t�r�i�p�p�i�n�g� �E�x�p�e�r�i�m�e�n�t� 

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

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

�e�f�f�e�c�t�i�v�e� �c�o�m�p�a�c�t� �a�l�t�e�r�n�a�t�i�v�e� �f�o�r� �t�h�e� �r�e�m�o�v�a�l� �o�f� �a�m�m�o�n�i�a� 

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

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

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

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

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

�t�e�m�p�e�r�a�t�u�r�e� �l�i�m�i�t�s� �i�n� �N�P�D�E�S� �p�e�r�m�i�t�s�.� 

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

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

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

�r�e�t�o�r�t� �e�f�f�l�u�e�n�t�;� �i�.�e�.�,� �t�h�e� �t�o�w�e�r� �i�n�f�l�u�e�n�t�.� �W�i�t�h� �t�h�e� 

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

�5�0� �m�g�/�l�,� �t�h�e� �r�a�n�g�e� �o�f� �t�o�w�e�r� �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�s� 

�w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �8�0� �t�o� �1�6�0� �m�g�/�l�.� �T�h�e�s�e� �l�e�v�e�l�s� �a�r�e� 

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

�t�h�i�s� �w�a�s�t�e� �(�H�a�r�r�i�s�o�n� �e�t� �a�l�.�,� �1�9�9�2�)�.� �A�s� �a� �r�e�s�u�l�t� �o�f� �t�h�i�s� 

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

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

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

�I�n� �t�h�e� �t�e�s�t�i�n�g� �o�f� �t�h�e� �a�m�m�o�n�i�a� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �t�h�e� 

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

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

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

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

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

�F�i�g�u�r�e� �1�6� �s�h�o�w�s� �t�h�e� �i�m�p�a�c�t� �o�f� �v�a�r�y�i�n�g� �t�h�e� �i�n�f�l�u�e�n�t� 

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

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

�p�r�o�c�e�s�s�.� �T�h�e� �g�r�a�p�h� �s�h�o�w�s� �t�h�a�t� �a�t� �p�H� �1�1�,� �d�e�c�r�e�a�s�i�n�g� �t�h�e� 

�l�i�q�u�i�d� �f�l�o�w�-�r�a�t�e� �f�r�o�m� �2�.�2� �G�P�M� �t�o� �1�.�2� �G�P�M� �l�e�d� �t�o� �a�n� 

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

�d�e�c�r�e�a�s�e� �i�n� �f�l�o�w�-�r�a�t�e� �t�o� �0�.�6� �G�P�M� �d�i�d� �n�o�t� �p�r�o�v�i�d�e� �a�n�y� 

�i�n�c�r�e�a�s�e� �i�n� �a�m�m�o�n�i�a� �r�e�m�o�v�a�l�.� �I�n� �t�e�s�t�s� �p�e�r�f�o�r�m�e�d� �a�t� �a� �p�H� �o�f� 

�1�0�,� �h�o�w�e�v�e�r�,� �a� �7�%� �i�n�c�r�e�a�s�e� �i�n� �t�r�e�a�t�m�e�n�t� �w�a�s� �o�b�s�e�r�v�e�d� �w�h�e�n� 

�t�h�e� �f�l�o�w�-�r�a�t�e� �w�a�s� �d�e�c�r�e�a�s�e�d� �f�r�o�m� �1�.�2� �G�P�M� �t�o� �0�.�6� �G�P�M�.� �A�l�l� 

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �5�6�°�0�C� �t�o� �5�8�0�C�.� �A�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e�s�e� �f�i�n�d�i�n�g�s�,� 

�i�t� �i�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �w�h�i�l�e� �t�h�e� �l�o�w�e�r� �f�l�o�w�-�r�a�t�e� �o�f� �0�.�6� �G�P�M� 

�m�a�y� �n�o�t� �i�m�p�r�o�v�e� �t�r�e�a�t�m�e�n�t� �e�f�f�i�c�i�e�n�c�y� �a�t� �h�i�g�h�e�r� �p�H� �l�e�v�e�l�s� �(�1�1� 

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

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

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

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

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

�F�i�g�u�r�e� �1�7� �d�i�s�p�l�a�y�s� �t�h�e� �e�f�f�e�c�t� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �v�a�r�i�a�t�i�o�n� 

�o�n� �a�m�m�o�n�i�a� �r�e�m�o�v�a�l� �e�f�f�e�c�t�i�v�e�n�e�s�s� �a�t� �p�H� �1�1�.�0� �a�n�d� �p�H� �1�2�.�2�.� 

�F�r�o�m� �t�h�i�s� �d�a�t�a� �i�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �a�n� �i�n�c�r�e�a�s�e� �i�n� �i�n�f�l�u�e�n�t� 
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� � �6�5� 

�6�0�-� 

�5�5� �+� 

�5�0�7� 

�4�5�4� 

�4�0�,� 

�3�5� �-�  �� 

� � � � � � �3�0� �I� �|� �|� �|� �|� �I� �I� �|� 

�0�4�0�6�0�8� �1� �1�2�1�4�1�6�1�8� �2� �2�.�2� 
�L�i�q�u�i�d� �F�l�o�w� �R�a�t�e� �(�G�P�M�)� 

� � 

 ��8 �� �p�H� �1�0�.�0�  ��+ �� �p�H� �1�1�.�0� 
� � � � � � 

�F�i�g�u�r�e� �1�6�.� �A�i�r� �S�t�r�i�p�p�i�n�g� �A�m�m�o�n�i�a� �R�e�m�o�v�a�l� �R�a�t�e�s� 

�a�s� �a� �F�u�n�c�t�i�o�n� �o�f� �L�i�q�u�i�d� �F�l�o�w�-�R�a�t�e� 

�T�o�w�e�r� �D�i�a�m�e�t�e�r� �=� �1�8� �i�n�.� �P�a�c�k�i�n�g� �D�e�p�t�h� �=� �6� �f�t�.� 

�I�n�f�l�u�e�n�t� �A�m�m�o�n�i�a� �R�a�n�g�e�s� 

�a�t� �p�H� �1�0�.�0� �=� �4�6�.�5� �-� �8�0�.�9� �m�g�/�l� 

�a�t� �p�H� �1�1�.�0� �=� �8�1�.�2� �-� �1�6�5�.�2� �m�g�/�l� 
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�5�5�:� 
�5�0�:� 

�4�5�-� 

�4�0�-� 

�3�5�-� 
�[� 

�3�0� �I� �T� �T� �l� �I� 

�2�0� �2�5� �3�0� �3�5� �4�0� �4�5� �5�0� �5�5� �4�6�0� 
�T�e�m�p�e�r�a�t�u�r�e� �(�D�e�g�.� �C�)� 

� � � � � � 
� � 

 ��8 �� �p�H� �1�1�.�0�  ��+ �� �p�H� �1�2�.�2� 
� � � � � � 

�F�i�g�u�r�e� �1�7�.� �A�i�r� �S�t�r�i�p�p�i�n�g� �A�m�m�o�n�i�a� �R�e�m�o�v�a�l� �R�a�t�e�s� 

�a�s� �a� �F�u�n�c�t�i�o�n� �o�f� �I�n�f�l�u�e�n�t� �T�e�m�p�e�r�a�t�u�r�e� 

�T�o�w�e�r� �D�i�a�m�e�t�e�r� �=� �1�8� �i�n�.� �P�a�c�k�i�n�g� �D�e�p�t�h� �=� �6� �f�t�.� 

�I�n�f�l�u�e�n�t� �A�m�m�o�n�i�a� �R�a�n�g�e�s� 

�a�t� �p�H� �1�1�.�0� �=� �3�2�.�5� �-� �9�1�.�3� �m�g�/�l� 

�a�t� �p�H� �1�2�.�2� �=� �5�8�.�8� �-� �1�5�6�.�2� �m�g�/�l� 
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�t�e�m�p�e�r�a�t�u�r�e� �c�a�n� �b�e� �e�x�p�e�c�t�e�d� �t�o� �b�r�i�n�g� �a�b�o�u�t� �s�o�m�e� �i�n�c�r�e�a�s�e� �i�n� 

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

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

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

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

�m�u�s�t� �b�e� �s�t�a�t�e�d� �i�s� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �L�A�N�P�A�C�®� �p�a�c�k�i�n�g� �m�a�t�e�r�i�a�l� 

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

�t�e�m�p�e�r�a�t�u�r�e�s� �a�b�o�v�e� �7�1�0�C� �(�J�o�y�c�e�,� �1�9�9�3�)�.� 

�F�i�g�u�r�e� �1�8� �c�o�m�p�a�r�e�s� �t�h�e� �t�r�e�a�t�m�e�n�t� �a�c�h�i�e�v�e�d� �b�y� �t�h�e� �t�o�w�e�r� 

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

�s�m�a�l�l� �i�m�p�r�o�v�e�m�e�n�t� �(�f�r�o�m� �6�1�%� �t�o� �6�3�%�)� �i�n� �r�e�m�o�v�a�l� �e�f�f�i�c�i�e�n�c�y� �a�s� 

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

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

�c�o�n�d�u�c�t�e�d� �a�t� �p�H� �1�2�.�2� �a�n�d� �t�h�e� �s�a�m�e� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �a�i�r�-�t�o�-� 

�w�a�t�e�r� �r�a�t�i�o� �s�h�o�w�e�d� �a�n� �i�n�c�r�e�a�s�e� �t�o� �a� �7�1�%� �r�e�m�o�v�a�l� �e�f�f�i�c�i�e�n�c�y�.� 

�F�i�n�a�l�l�y�,� �t�e�s�t�s� �p�e�r�f�o�r�m�e�d� �t�o� �e�s�t�a�b�l�i�s�h� �t�h�e� �a�d�d�e�d� 

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

�t�h�r�o�u�g�h� �t�h�e� �s�y�s�t�e�m� �s�h�o�w�e�d� �3�2�%� �t�r�e�a�t�m�e�n�t� �f�o�r� �t�h�e� �t�o�w�e�r� 

�e�f�f�l�u�e�n�t� �r�e�c�y�c�l�e�d� �w�i�t�h�o�u�t� �m�i�x�i�n�g� �a�n�d� �5�1�%� �r�e�m�o�v�a�l� �o�f� �t�h�e� 

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

�f�i�g�u�r�e�s� �t�r�a�n�s�l�a�t�e� �t�o�-�e�f�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�s� �o�f� �2�3�.�8� 

�m�g�/�l� �a�n�d� �3�0�.�4� �m�g�/�l�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e�s�e� �l�e�v�e�l�s� �o�f� �t�r�e�a�t�m�e�n�t� 

�w�e�r�e� �a�c�h�i�e�v�e�d� �e�v�e�n� �t�h�o�u�g�h� �t�h�e� �t�r�e�a�t�e�d� �l�i�q�u�i�d� �e�n�t�e�r�i�n�g� �t�h�e� 

�t�o�w�e�r� �h�a�d� �a�n� �a�v�e�r�a�g�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�0�0�C�.� �A�m�m�o�n�i�a� �r�e�m�o�v�a�l� 

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

�p�r�o�v�i�d�e�d� �i�n� �T�a�b�l�e� �9�,� �w�h�i�l�e� �c�o�m�p�l�e�t�e� �d�a�t�a� �t�a�b�l�e�s� �i�n�c�l�u�d�i�n�g� 
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�7�0�-� 

�6�8�-� 

�6�6�-� 

�6�4�,� 

�6�2�°� 

�6�0�-� 

�5�8�7� 

�5�6�-� � � � � � � �0�4� �1� �1� �1� �1� 
�1�0� �1�0�.�5� �1�1� �1�1�.�5� �1�2� �1�2�.�5� 

�p�H� 

� � 

 ��8 �� �0�.�6� �G�P�M�  ��+ �� �1�.�2� �G�P�M� 
� � � � � � 

�F�i�g�u�r�e� �1�8�.� �A�i�r� �S�t�r�i�p�p�i�n�g� �A�m�m�o�n�i�a� �R�e�m�o�v�a�l� �R�a�t�e�s� 

�a�s� �a� �F�u�n�c�t�i�o�n� �o�f� �I�n�f�l�u�e�n�t� �p�H� �L�e�v�e�l� 

�T�o�w�e�r� �D�i�a�m�e�t�e�r� �=� �1�8� �i�n�.� �P�a�c�k�i�n�g� �D�e�p�t�h� �=� �6� �f�t�.� 

�I�n�f�l�u�e�n�t� �A�m�m�o�n�i�a� �R�a�n�g�e�s� 

�a�t� �0�.�6� �G�P�M� �=� �4�6�.�5� �-� �1�3�8�.�3� �m�g�/�l� 

�a�t� �1�.�2� �G�P�M� �=� �7�7�.�3� �-� �1�6�5�.�2� �m�g�/�l� 
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�T�a�b�l�e� �9�.� �A�i�r� �S�t�r�i�p�p�i�n�g� �T�o�w�e�r� �A�m�m�o�n�i�a� �R�e�m�o�v�a�l� �E�f�f�i�c�i�e�n�c�i�e�s� 
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�A�i�r�-�T�o�-� �R�a�n�g�e� �|� �A�v�e�r�a�g�e�|� �A�v�e�r�a�g�e� 

�O�r�d�e�r� �W�a�t�e�r� �I�n�f�.�|� �E�f�f�.� �%� �%� �E�f�f�l�u�e�n�t� 

�o�f� �p�H� �R�a�t�i�o� �|�T�e�m�p�|� �T�e�m�p�|�R�e�m�o�v�a�l�}�|� �R�e�m�o�v�a�l�]� �C�o�n�c�.� 

�T�r�i�a�l�s� �f�t�?�/�g�a�l� �|� �o�c� �|� �o�c� �m�g�/�l� 

�3� �1�0�.�0� �4�1�2� �5�9� �1�6� �|� �5�0� �-� �5�9� �5�4� �3�6�.�2� 

�1�0� �1�0�.�0� �8�2�5� �5�8� �2�0� �|� �5�8� �-� �6�2� �6�1� �1�9�.�5� 

�1� �1�1�.�0� �2�2�5� �5�6� �1�5� �|�}� �2�5� �-� �4�5� �3�3� �6�2�.�6� 

�2� �1�1�.�0� �4�1�2� �5�8� �1�5� �|� �6�0� �-� �6�7� �6�4� �5�8�.�3� 

�8� �1�1�.�0� �8�2�5� �5�8� �2�0� �|� �5�7� �-� �6�7� �6�3� �3�1�.�9� 

�4� �1�1�.�0� �4�1�2� �6�5� �1�6� �|� �6�4� �-� �6�9� �6�7� �4�2�.�0� 

�9� �1�1�.�0� �8�2�5� �2�0� �2�0� �|� �1�3� �-� �4�5� �3�2� �2�3�.�8� 

�6� �1�2�.�2� �8�2�5� �2�0� �1�3� �|� �4�3� �-� �5�8� �5�0� �3�0�.�4� 

�7� �1�2�.�2� �8�2�5� �5�0� �1�3�°� �|� �6�0� �-� �7�0� �6�4� �5�4�.�3� 

�5� �1�2�.�2� �8�2�5� �5�8� �1�5� �|� �6�7� �-� �7�3� �7�1� �3�8�.�4� � � � � � � � � � � � � � � � � � � 
�1� �=� �F�o�r� �a�l�l� �t�r�i�a�l�s�,� �5� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �a�t� �5� �m�i�n�.� 

�i�n�t�e�r�v�a�l�s�,� �w�i�t�h� �t�h�e� �e�x�c�e�p�t�i�o�n� �o�f� �t�r�i�a�l�s� �2�,� �6�,� �a�n�d� �9�,� �i�n� 

�w�h�i�c�h� �4� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n�.� 
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�i�n�f�l�u�e�n�t� �a�n�d� �e�f�f�l�u�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �f�o�r� �a�l�l� �t�r�i�a�l�s� �a�r�e� 

�p�r�e�s�e�n�t�e�d� �i�n� �A�p�p�e�n�d�i�x� �C�.� 

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

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

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

�a�v�e�r�a�g�e� �t�e�m�p�e�r�a�t�u�r�e�s� �r�a�n�g�e�d� �f�r�o�m� �5�0�0�°�C� �t�o� �6�5�0�C�,� �t�h�e� �t�o�w�e�r� 

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

�t�e�m�p�e�r�a�t�u�r�e� �(�1�3�9�C� �-� �2�0�0�C�)�.� �T�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�i�s� �r�e�d�u�c�t�i�o�n� 

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

�i�n�f�l�u�e�n�t� �t�e�m�p�e�r�a�t�u�r�e� �c�h�a�n�g�e�d� �v�e�r�y� �l�i�t�t�l�e� �(�0�0�C�-�4�0�C�)� �o�v�e�r� �t�h�e� 

�c�o�u�r�s�e� �o�f� �e�a�c�h� �t�e�s�t�.� 

�W�i�t�h� �t�h�e� �e�x�c�e�p�t�i�o�n� �o�f� �t�h�e� �t�r�i�a�l� �p�e�r�f�o�r�m�e�d� �a�t� �a�n� �a�i�r�-�t�o�-� 

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

�a�n� �e�f�f�l�u�e�n�t� �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� �b�e�t�w�e�e�n� �1�9�.�5� �m�g�/�l� 

�a�n�d� �5�8�.�3� �m�g�/�l�.� �T�h�e�s�e� �r�e�s�i�d�u�a�l�s� �t�r�a�n�s�l�a�t�e� �t�o� �a�m�m�o�n�i�a� 

�r�e�m�o�v�a�l�s� �b�e�t�w�e�e�n� �3�0�.�1� �a�n�d� �1�0�2�.�0� �m�g�/�l� �f�o�r� �t�h�e� �r�e�t�o�r�t� 

�e�f�f�l�u�e�n�t�,� �a�n�d� �b�e�t�w�e�e�n� �1�1�.�1� �a�n�d� �3�0�.�9� �m�g�/�l� �f�o�r� �t�h�e� �r�e�c�y�c�l�e�d� 

�t�o�w�e�r� �e�f�f�l�u�e�n�t�.� 

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

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

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

�l�i�t�e�r�a�t�u�r�e� �s�o�u�r�c�e�s� �(�K�u�h�n�,� �1�9�5�6�;� �S�l�e�c�h�t�a� �a�n�d� �C�u�l�p�,� �1�9�6�7�;� �C�u�l�p� 

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

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

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

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

�G�o�s�t�i�n� �o�f� �L�A�N�T�E�C� �I�n�c�.� �h�a�v�e� �r�e�s�u�l�t�e�d� �i�n� �t�h�e� �s�u�g�g�e�s�t�i�o�n� �t�h�a�t�,� 

�f�o�r� �o�p�t�i�m�u�m� �r�e�m�o�v�a�l�,� �a� �l�i�q�u�i�d� �l�o�a�d�i�n�g� �r�a�t�e� �o�f� �a�t� �l�e�a�s�t� �1�.�0� 

�G�P�M�/�f�t�?� �b�e� �e�m�p�l�o�y�e�d� �w�h�e�n� �u�s�i�n�g� �t�h�e� �p�a�c�k�i�n�g� �m�a�t�e�r�i�a�l� �e�m�p�l�o�y�e�d� 

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

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

�t�e�s�t�s� �p�e�r�f�o�r�m�e�d� �a�t� �1�.�2� �G�P�M� �a�n�d� �0�.�6� �G�P�M� �l�i�q�u�i�d� �f�l�o�w� �r�a�t�e�s� 

�(�0�.�6�8� �G�P�M�/�f�t�*� �a�n�d� �0�.�3�4� �G�P�M�/�f�t�*�,� �r�e�s�p�e�c�t�i�v�e�l�y�)� �f�a�i�l�e�d� �t�o� 

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

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

�W�h�i�l�e� �t�h�e� �t�e�s�t� �p�e�r�f�o�r�m�e�d� �a�t� �t�h�e� �h�i�g�h�e�r� �2�.�2� �G�P�M� �f�l�o�w� �r�a�t�e� 

�(�1�.�2�4� �G�P�M�/�f�t�*�?� �l�o�a�d�i�n�g�)� �e�x�h�i�b�i�t�e�d� �s�u�b�s�a�n�t�i�a�l�l�y� �l�o�w�e�r� �r�e�m�o�v�a�l�s� 

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

�w�a�s� �m�o�s�t� �l�i�k�e�l�y� �d�u�e� �t�o� �t�h�e� �u�s�e� �o�f� �a�n� �a�i�r�-�t�o�-�w�a�t�e�r� �r�a�t�i�o� 

�w�h�i�c�h� �w�a�s� �l�e�s�s� �t�h�a�n� �t�h�e� �r�e�c�o�m�m�e�n�d�e�d� �2�0�0�0� �C�F�M�/�C�F�M� �(�G�o�s�t�i�n�,� 

�1�9�9�3�)�.� 

�A�d�d�i�t�i�o�n�a�l�l�y�,� �i�t� �i�s� �b�e�l�i�e�v�e�d� �t�h�a�t� �a� �l�i�q�u�i�d� �d�i�s�t�r�i�b�u�t�i�o�n� 

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

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

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

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

�t�h�e� �a�i�r� �a�t� �a� �p�o�i�n�t� �b�e�f�o�r�e� �t�h�e� �b�e�n�e�f�i�t�s� �o�f� �t�h�e� �h�i�g�h� �w�a�s�t�e� 

�t�e�m�p�e�r�a�t�u�r�e� �h�a�v�e� �b�e�e�n� �l�o�s�t�.� 

�A�l�s�o�,� �w�h�i�l�e� �t�h�e� �b�l�o�w�e�r� �s�y�s�t�e�m� �u�t�i�l�i�z�e�d� �i�n� �t�h�e�s�e� �t�e�s�t�s� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�f�o�r� �a�m�m�o�n�i�a� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3�5� �m�g�/�m�?� �(�C�u�l�p�,� �1�9�7�8�)�.� �C�a�r�e� 

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

�s�t�r�i�p�p�e�r� �d�i�s�c�h�a�r�g�e� �d�o� �n�o�t� �e�x�c�e�e�d� �t�h�i�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �A�t� �a�n� 

�a�i�r�-�t�o�-�w�a�t�e�r� �r�a�t�i�o� �o�f� �6�0�0� �f�t�?�/�g�a�l� �(�4�.�4� �m�°�/�l�)�,� �u�p� �t�o� �1�5�5� �m�g�/�l� 

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

�8�2�5� �f�t�?�/�g�a�l� �(�5�.�9� �m�/�l�)� �r�a�t�i�o� �t�e�s�t�e�d� �h�e�r�e�,� �i�t� �w�o�u�l�d� �b�e� 

�p�o�s�s�i�b�l�e� �t�o� �a�c�h�i�e�v�e� �r�e�m�o�v�a�l�s� �o�f� �u�p� �t�o� �2�0�7� �m�g�/�l� �o�f� �a�m�m�o�n�i�a� 

�b�e�f�o�r�e� �t�h�e� �o�d�o�r� �t�h�r�e�s�h�o�l�d� �b�e�c�a�m�e� �a� �p�r�o�b�l�e�m�.� �R�e�m�o�v�a�l�s� �o�f� 

�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� �t�h�e�s�e� �w�o�u�l�d� �m�o�s�t� �l�i�k�e�l�y� �r�e�q�u�i�r�e� 

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

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

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

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

�a�i�r� �s�t�r�i�p�p�e�r ��s� �o�f�f�-�g�a�s�.� �I�t� �i�s� �b�e�l�i�e�v�e�d�,� �h�o�w�e�v�e�r�,� �t�h�a�t� �t�h�e�s�e� 

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

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

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

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

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

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

�b�e� �g�r�e�a�t�l�y� �r�e�d�u�c�e�d� �(�i�.�e�.� �1�6�0� �m�g�/�l� �f�o�r� �t�h�e� �u�n�t�r�e�a�t�e�d� 

�w�a�s�t�e�w�a�t�e�r� �v�e�r�s�u�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�0�3� �m�g�/�l� �f�o�r� �t�h�e� �t�r�e�a�t�e�d� 

�w�a�s�t�e�w�a�t�e�r�)�.� 

�T�h�e� �p�r�o�j�e�c�t�e�d� �e�f�f�l�u�e�n�t� �l�i�m�i�t�s� �o�f� �1� �m�g�/�l� �a�n�d� �5� �m�g�/�l� 

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

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

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

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

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

�r�e�d�u�c�e� �r�e�t�o�r�t� �e�f�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�s� �t�o� �a� �l�e�v�e�l� 

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

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

�o�p�e�r�a�t�e�d� �i�n� �s�e�r�i�e�s�.� �T�h�e� �f�i�r�s�t� �o�f� �t�h�e�s�e� �t�o�w�e�r�s�,� �w�h�e�r�e� �t�h�e� 

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

�o�p�e�r�a�t�e�d� �a�t� �a�n� �a�i�r�-�t�o�-�w�a�t�e�r� �r�a�t�i�o� �g�r�e�a�t�e�r� �t�h�a�n� �6�0�0� �f�t�>�?�/�g�a�l� 
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�i�n� �o�r�d�e�r� �t�o� �e�n�s�u�r�e� �s�u�f�f�i�c�i�e�n�t� �a�m�m�o�n�i�a� �r�e�m�o�v�a�l�,� �w�h�i�l�e� 

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

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

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

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

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

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

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

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

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

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

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

�4�.�3� �P�o�t�e�n�t�i�a�l� �T�r�e�a�t�m�e�n�t� �S�y�s�t�e�m� �C�o�s�t�s� 

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

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

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

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

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

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

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

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

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

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

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

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

�p�e�r�f�o�r�m�e�d�.� 

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

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

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

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

�i�n�c�u�r� �s�u�r�c�h�a�r�g�e�s�,� �d�u�e� �t�o� �e�x�c�e�s�s�i�v�e� �B�O�D�,�,� �T�S�S�,� �p�h�o�s�p�h�o�r�o�u�s�,� 

�a�n�d� �T�K�N�-�N� �l�e�v�e�l�s�,� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �$�2�8�,�0�0�0� �p�e�r� �y�e�a�r�.� �T�h�i�s� 

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

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

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

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

�c�o�u�l�d� �b�e� �r�e�d�u�c�e�d� �t�o� �l�e�s�s� �t�h�a�n� �$�1�0�,�0�0�0�.� �I�n� �t�h�e� �e�v�e�n�t� �t�h�a�t� 

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

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

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

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

�o�p�e�r�a�t�i�n�g� �a�n�y� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m�.� 

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

�s�i�t�u�a�t�i�o�n� �(�a�p�p�r�o�x�i�m�a�t�e�l�y� �5�3�0�0� �g�a�l�/�d�a�y� �o�f� �t�o�t�a�l� �p�l�a�n�t� �f�l�o�w�,� 

�o�r� �a� �p�r�o�j�e�c�t�e�d� �r�e�a�c�t�o�r� �v�o�l�u�m�e� �o�f� �1�8�0�,�0�0�0� �g�a�l�l�o�n�s�)�,� �i�t� �i�s� 

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

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

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

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

�p�r�i�c�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �$�4�0�0�,�0�0�0�)�.� �I�n� �t�h�e� �e�v�e�n�t� �t�h�a�t� �o�n�l�y� 

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

�t�r�e�a�t�e�d�,� �a� �r�e�a�c�t�o�r� �v�o�l�u�m�e� �o�f� �l�e�s�s� �t�h�a�n� �1�0�,�0�0�0� �g�a�l�l�o�n�s� �(�b�a�s�e�d� 

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

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

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

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

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

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

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

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

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

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

�T�h�e� �c�o�n�s�t�r�u�c�t�i�o�n� �o�f� �t�h�e� �t�o�w�e�r� �i�t�s�e�l�f� �e�x�c�l�u�s�i�v�e� �o�f� �t�h�e� 

�p�a�c�k�i�n�g� �m�a�t�e�r�i�a�l�,� �w�h�i�c�h� �w�a�s� �d�o�n�a�t�e�d�,� �w�a�s� �l�e�s�s� �t�h�a�n� �$�1�,�0�0�0�.� 

�I�t� �m�u�s�t� �b�e� �e�m�p�h�a�s�i�z�e�d� �t�h�a�t� �t�h�e� �d�e�s�i�g�n� �c�h�a�n�g�e�s� �s�t�a�t�e�d� �w�i�l�l� 

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

�o�p�e�r�a�t�i�o�n�a�l� �t�o�w�e�r�.� 

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

�s�e�l�l�i�n�g� �p�r�i�c�e� �o�f� �$�2�0�.�4�5� �p�e�r� �c�u�b�i�c� �f�o�o�t� �a�n�d� �i�s� �o�n�l�y� �s�o�l�d� �i�n� 

�1�0� �c�u�b�i�c� �f�o�o�t� �l�o�t�s�.� �T�h�e� �a�m�o�u�n�t� �o�f� �p�a�c�k�i�n�g� �m�a�t�e�r�i�a�l� �n�e�e�d�e�d� 

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

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

�e�x�a�m�p�l�e�,� �u�n�d�e�r� �c�o�l�d� �w�e�a�t�h�e�r� �c�o�n�d�i�t�i�o�n�s� �(�1�0�0�°�C�)�,� �t�h�e� �t�h�r�e�e� 

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

�8�9



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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �3�0� �c�u�b�i�c� �f�e�e�t� �o�f� �L�A�N�P�A�C� �t�o� �a�c�h�i�e�v�e� �r�e�m�o�v�a�l�s� 

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

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

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

�i�n� �w�a�r�m� �w�e�a�t�h�e�r� �c�o�n�d�i�t�i�o�n�s� �(�2�5�0�C�)�,� �t�o� �p�r�o�d�u�c�e� �a�n� �e�f�f�l�u�e�n�t� 

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

�I�n� �n�o� �c�a�s�e� �i�s� �i�t� �p�r�o�j�e�c�t�e�d� �t�h�a�t� �t�h�e� �c�o�s�t� �o�f� �t�h�e� �p�a�c�k�i�n�g� 

�m�a�t�e�r�i�a�l� �w�i�l�l� �e�x�c�e�e�d� �$�1�,�0�0�0�.� 
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�5�.�0� �C�O�N�C�L�U�S�I�O�N�S� 

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

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

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

�A� �a�n�d� �B�,� �a�n�d� �t�h�u�s� �m�u�s�t� �b�e� �c�o�n�s�i�d�e�r�e�d� �a�s� �a� �p�o�s�s�i�b�l�e� �t�r�e�a�t�m�e�n�t� 

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

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

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

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

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

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

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

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

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

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

�i�n� �t�h�e� �2�0�0� �t�o� �6�5�0� �m�g�/�l� �r�a�n�g�e�,� �w�h�i�c�h� �m�a�y� �b�e� �a�c�c�e�p�t�a�b�l�e�,� �t�h�e� 

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

�e�f�f�l�u�e�n�t� �T�S�S� �l�e�v�e�l�s� �r�a�n�g�i�n�g� �o�n� �a�v�e�r�a�g�e� �f�r�o�m� �1�3�9�1� �t�o� �1�5�8�7� 

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

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

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

�c�o�n�t�r�i�b�u�t�e�d� �a� �r�e�l�a�t�i�v�e�l�y� �s�m�a�l�l� �(�1�%� �t�o� �1�5�%�)� �p�o�r�t�i�o�n� �o�f� �t�h�e� 

�t�o�t�a�l� �B�O�D�,� �a�n�d� �C�O�D� �f�o�u�n�d� �i�n� �t�h�e� �r�e�a�c�t�o�r� �e�f�f�l�u�e�n�t�.� �I�n� �a�n�y� 

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

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

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

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

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

�e�n�v�i�r�o�n�m�e�n�t�.� 

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

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

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

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

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

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

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

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

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

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

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

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

�t�h�o�s�e� �n�e�e�d�e�d� �t�o� �r�e�t�u�r�n� �t�h�e� �p�H� �o�f� �t�h�e� �t�r�e�a�t�e�d� �w�a�s�t�e� �t�o� �a� 

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

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

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

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

�a�l�t�e�r�n�a�t�i�v�e�.� 

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

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

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

�p�r�o�c�e�s�s� �w�a�s�t�e�w�a�t�e�r�s� �t�o� �a� �p�u�b�l�i�c� �s�e�w�e�r� �w�h�e�r�e� �p�o�s�s�i�b�l�e�,� �t�h�e�s�e� 

�t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m�s� �s�h�o�w� �p�r�o�m�i�s�e� �a�s� �p�r�e�t�r�e�a�t�m�e�n�t� �s�t�e�p�s� �w�h�i�c�h� 

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

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

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

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

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

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

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

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

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

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

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

�b�e�i�n�g� �d�e�v�e�l�o�p�e�d� �b�y� �t�h�e� �V�i�r�g�i�n�i�a� �D�e�p�a�r�t�m�e�n�t� �o�f� �E�n�v�i�r�o�n�m�e�n�t�a�l� 

�Q�u�a�l�i�t�y�.� 
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�R�E�F�E�R�E�N�C�E�S� 

�A�P�H�A�,� �A�W�W�A�,� �W�P�C�F� �(�1�9�9�2�)�,� �S�t�a�n�d�a�r�d� �M�e�t�h�o�d�s� �f�o�r� �t�h�e� 

�E�x�a�m�i�n�a�t�i�o�n� �o�f� �W�a�t�e�r� �a�n�d� �W�a�s�t�e�w�a�t�e�r�,� �1�8�t�h� �E�d�i�t�i�o�n�,� 

�A�m�e�r�i�c�a�n� �P�u�b�l�i�c� �H�e�a�l�t�h� �A�s�s�o�c�i�a�t�i�o�n�,� �W�a�s�h�i�n�g�t�o�n�,� �D�.�C�.�.� 

�B�o�a�r�d�m�a�n�,� �G�.�D�.�,� �F�l�i�c�k�,� �G�.�J�.�,� �a�n�d� �K�r�a�m�e�r�,� �T�.�A�.� �(�1�9�8�7�)�,� 

�"�E�f�f�e�c�t�s� �o�f� �C�r�a�b� �S�c�r�a�p�s� �o�n� �M�a�r�i�n�e� �E�n�v�i�r�o�n�m�e�n�t�s�,�"� �1�9�8�7� 

�F�o�o�d� �P�r�o�c�e�s�s�i�n�g� �W�a�s�t�e� �C�o�n�f�e�r�e�n�c�e� �P�r�o�c�e�e�d�i�n�g�s�,� �G�e�o�r�g�i�a� 

�T�e�c�h� �R�e�s�e�a�r�c�h� �I�n�s�t�.�,� �A�t�l�a�n�t�a�,� �S�e�s�s�i�o�n� �6�.� 

�C�l�a�r�k�,� �R�.�H�.� �a�n�d� �S�p�e�e�c�e�,� �R�.�E�.� �(�1�9�7�0�)�,� �"�T�h�e� �p�H� �T�o�l�e�r�a�n�c�e� �o�f� 

�A�n�a�e�r�o�b�i�c� �D�i�g�e�s�t�i�o�n�,�"� �i�n� �A�d�v�a�n�c�e�s� �i�n� �W�a�t�e�r� �P�o�l�l�u�t�i�o�n� 

�R�e�s�e�a�r�c�h�,� �S�.�H�.� �J�e�n�k�i�n�s�,� �e�d�.�,� �P�e�r�g�a�m�o�n� �P�r�e�s�s�,� �O�x�f�o�r�d� �1�:� 

�I�I�-�2�7�/�1� �-� �I�1�-�2�7�/�1�4�.� 

�C�u�l�p�,� �G�.�L�.� �(�1�9�7�8�)�,�  ��A�i�r� �S�t�r�i�p�p�i�n�g� �f�o�r� �N�i�t�r�o�g�e�n� �R�e�m�o�v�a�l�,�"� �i�n� 

�N�i�t�r�o�g�e�n� �C�o�n�t�r�o�l� �a�n�d� �P�h�o�s�p�h�o�r�o�u�s� �R�e�m�o�v�a�l�,� �D�.�J�.�D�e� �R�e�n�z�o�,� 

�e�d�.�,� �N�o�y�e�s� �D�a�t�a� �C�o�r�p�.�,� �P�a�r�k� �R�i�d�g�e�,� �N�J�.� 

�C�u�l�p�,� �R�.�L�.� �a�n�d� �C�u�l�p�,� �G�.�L�.� �(�1�9�7�1�)�,� �A�d�v�a�n�c�e�d� �W�a�s�t�e�w�a�t�e�r� 

�T�r�e�a�t�m�e�n�t�,� �V�a�n� �N�o�s�t�r�a�n�d� �R�e�i�n�h�o�l�d�,� �N�e�w� �Y�o�r�k�.� 

�C�u�l�p�,� �R�.�L�.�,� �W�e�s�n�e�r�,� �G�.�M�.�,� �a�n�d� �C�u�l�p�,� �G�.�L�.� �(�1�9�8�6�)�,� �H�a�n�d�b�o�o�k� �o�f� 

�P�u�b�l�i�c� �W�a�t�e�r� �S�y�s�t�e�m�s�,� �V�a�n� �N�o�s�t�r�a�n�d� �R�e�i�n�h�o�l�d�,� �N�e�w� �Y�o�r�k�.� 

�D�i�a�m�o�n�d�,� �J�.�M�.�,� �M�a�c�k�l�e�r�,� �D�.�G�.�,� �R�a�s�n�a�k�e�,� �W�.�J�.�,� �a�n�d� �G�r�u�b�e�r�,� �D�.� 

�(�1�9�9�3�)�,�  ��D�e�r�i�v�a�t�i�o�n� �o�f� �S�i�t�e� �S�p�e�c�i�f�i�c� �A�m�m�o�n�i�a� �C�r�i�t�e�r�i�a� 

�f�o�r� �a�n� �E�f�f�l�u�e�n�t�-�D�o�m�i�n�a�t�e�d� �H�e�a�d�w�a�t�e�r� �S�t�r�e�a�m�,�"� 

�E�n�v�i�r�o�n�m�e�n�t�a�l� �T�o�x�i�c�o�l�o�g�y� �a�n�d� �C�h�e�m�i�s�t�r�y� �1�2�:� �6�4�9� �-� �6�5�8�.� 
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�E�c�k�e�n�f�e�l�d�e�r�,� �W�.�W�.�,� �P�a�t�o�c�z�k�a�,� �J�.�B�.�,� �a�n�d� �P�u�l�l�i�a�m�,� �G�.�W�.� �(�1�9�8�8�)�,� 

�"�A�n�a�e�r�o�b�i�c� �V�e�r�s�u�s� �A�e�r�o�b�i�c� �T�r�e�a�t�m�e�n�t� �i�n� �t�h�e� �U�.�S�.�A�.�,�"� �i�n� 

�A�n�a�e�r�o�b�i�c� �D�i�g�e�s�t�i�o�n� �1�9�8�8�,� �E�.�R�.� �H�a�l�l� �a�n�d� �P�.�N�.� �H�o�b�s�o�n�,� 

�E�d�s�.�,� �P�e�r�g�a�m�o�n� �P�r�e�s�s�,� �O�x�f�o�r�d�,� �p�p�.� �1�0�5� �-� �1�1�4�.� 

�G�o�o�d�e�,� �R�.� �(�1�9�9�3�)�,� �P�e�r�s�o�n�a�l� �C�o�m�m�u�n�i�c�a�t�i�o�n�,� �V�i�r�g�i�n�i�a� �D�e�p�t�.� �o�f� 

�E�n�v�i�r�o�n�m�e�n�t�a�l� �Q�u�a�l�i�t�y�,� �V�i�r�g�i�n�i�a� �B�e�a�c�h� �O�f�f�i�c�e�.� 

�G�o�s�t�i�n�,� �J�.� �(�1�9�9�3�)�,� �P�e�r�s�o�n�a�l� �C�o�m�m�u�n�i�c�a�t�i�o�n�,� �L�A�N�T�E�C� �P�r�o�d�u�c�t�s�.� 

�H�a�r�r�i�s�o�n�,� �T�.�D�.�,� �B�o�a�r�d�m�a�n�,� �G�.�D�.�,� �a�n�d� �F�l�i�c�k�,� �G�.�J�.� �(�1�9�9�2�)�,� 

�"�C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �a�n�d� �T�r�e�a�t�m�e�n�t� �o�f� �W�a�s�t�e�s� �f�r�o�m� �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�i�e�s�,�"� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �P�u�r�d�u�e� 

�I�n�d�u�s�t�r�i�a�l� �W�a�s�t�e� �C�o�n�f�.�,� �4�7�t�h�,� �p�p�.� �7�7�5� �-� �7�8�8�.� 

�H�a�z�e�l�,� �C�.�R�.�,� �T�h�o�m�s�e�n�,� �W�.�,� �a�n�d� �M�e�i�t�h�,� �S�.�J�.� �(�1�9�7�1�)� �,� 

�"�S�e�n�s�i�t�i�v�i�t�y� �o�f� �S�t�r�i�p�e�d� �B�a�s�s� �a�n�d� �S�t�i�c�k�l�e�b�a�c�k� �t�o� �A�m�m�o�n�i�a� 

�i�n� �R�e�l�a�t�i�o�n� �t�o� �T�e�m�p�e�r�a�t�u�r�e� �a�n�d� �S�a�l�i�n�i�t�y�,�"� �C�a�l�i�f�o�r�n�i�a� 

�F�i�s�h� �a�n�d� �G�a�m�e� �5�7�:� �1�3�8� �-� �1�5�3�.� 

�H�e�r�b�e�r�t�,� �D�.�W�.�M�.� �a�n�d� �S�h�u�r�b�e�n�,� �D�.�S�.� �(�1�9�6�5�)�,� �"�T�h�e� 

�S�u�s�c�e�p�t�i�b�i�l�i�t�y� �o�f� �S�a�l�m�o�n�i�d� �F�i�s�h� �t�o� �P�o�i�s�o�n�s� �U�n�d�e�r� 

�E�s�t�u�a�r�i�n�e� �C�o�n�d�i�t�i�o�n�s� �-� �I�I� �A�m�m�o�n�i�u�m� �C�h�l�o�r�i�d�e�,�"� 

�I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �A�i�r� �a�n�d� �W�a�t�e�r� �P�o�l�l�u�t�i�o�n� �9�:� �8�9� 

�-� �9�1�.� 

�J�o�y�c�e�,� �S�.� �(�1�9�9�3�)�,� �P�e�r�s�o�n�a�l� �C�o�m�m�u�n�i�c�a�t�i�o�n�,� �L�A�N�T�E�C� �P�r�o�d�u�c�t�s�.� 

�K�u�g�e�l�m�a�n�,� �I�.�J�.� �a�n�d� �C�h�i�n�,� �K�.�K�.� �(�1�9�7�1�)�,� �"�T�o�x�i�c�i�t�y�,� �S�y�n�e�r�g�i�s�n�,� 

�a�n�d� �A�n�t�a�g�o�n�i�s�m� �i�n� �A�n�a�e�r�o�b�i�c� �W�a�s�t�e� �T�r�e�a�t�m�e�n�t� �P�r�o�c�e�s�s�e�s�,�"� 

�i�n� �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� �P�r�o�c�e�s�s�e�s�,� �R�.�F�.� 

�G�o�u�l�d�,� �E�d�.�,� �A�d�v�a�n�c�e�s� �i�n� �C�h�e�m�i�s�t�r�y� �S�e�r�i�e�s�,� �A�m�e�r�i�c�a�n� 

�C�h�e�m�i�c�a�l� �S�o�c�i�e�t�y�,� �1�0�5�:� �5�5� �-� �9�0�.� 

�9�5



�K�u�g�e�l�m�a�n�,� �I�.�J�.� �a�n�d� �M�c�C�a�r�t�y�,� �P�.�L�.� �(�1�9�6�5�)�,� �"�C�a�t�i�o�n� �T�o�x�i�c�i�t�y� 

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

�F�e�e�d� �S�t�u�d�i�e�s�,�"� �J�o�u�r�n�a�l� �o�f� �t�h�e� �W�a�t�e�r� �P�o�l�l�u�t�i�o�n� �C�o�n�t�r�o�l� 

�F�e�d�e�r�a�t�i�o�n� �3�7�:� �9�7� �-� �1�1�5�.� 

�K�u�g�e�l�m�a�n�,� �I�.�J�.� �a�n�d� �M�c�C�a�r�t�y�,� �P�.�L�.� �(�1�9�6�5�)�,� �"�C�a�t�i�o�n� �T�o�x�i�c�i�t�y� 

�a�n�d� �S�t�i�m�u�l�a�t�i�o�n� �i�n� �A�n�a�e�r�o�b�i�c� �W�a�s�t�e� �T�r�e�a�t�m�e�n�t�.� �I�I�.� �D�a�i�l�y� 

�F�e�e�d� �S�t�u�d�i�e�s�,�"� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �P�u�r�d�u�e� �I�n�d�u�s�t�r�i�a�l� 

�W�a�s�t�e� �C�o�n�f�.� �1�9�t�h�,� �p�p�.� �6�6�7� �-� �6�8�6�.� 

�K�u�h�n�,� �P�.�A�.� �(�1�9�5�6�)�,�  ��R�e�m�o�v�a�l� �o�f� �A�m�m�o�n�i�u�m� �N�i�t�r�o�g�e�n� �f�r�o�m� �S�e�w�a�g�e� 

�E�f�f�l�u�e�n�t�,�"� �U�n�p�u�b�l�i�s�h�e�d� �M�.�S�.� �T�h�e�s�i�s�,� �U�n�i�v�e�r�s�i�t�y� �o�f� 

�W�i�s�c�o�n�s�i�n�,� �M�a�d�i�s�o�n�,� �W�I�.� 

�L�a�w�r�e�n�c�e�,� �A�.�W�.� �a�n�d� �M�c�C�a�r�t�y�,� �P�.�L�.� �(�1�9�6�9�)�,� �"�K�i�n�e�t�i�c�s� �o�f� 

�M�e�t�h�a�n�e� �F�e�r�m�e�n�t�a�t�i�o�n� �i�n� �A�n�a�e�r�o�b�i�c� �T�r�e�a�t�m�e�n�t�,�"� �J�o�u�r�n�a�l� 

�o�f� �t�h�e� �W�a�t�e�r� �P�o�l�l�u�t�i�o�n� �C�o�n�t�r�o�l� �F�e�d�e�r�a�t�i�o�n� �4�1�:� �R�1� �-� �R�1�7�.� 

�L�e�t�t�i�n�g�a�,� �G�.� �(�1�9�8�4�)�,� �"�T�h�e� �P�r�o�s�p�e�c�t�s� �o�f� �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�,�"� �i�n� �A�n�a�e�r�o�b�i�c� �D�i�g�e�s�t�i�o�n� �a�n�d� �C�a�r�b�o�h�y�d�r�a�t�e� 

�H�y�d�r�o�l�y�s�i�s�,� �G�.�L�.� �F�e�r�r�e�r�o� �e�t� �a�l�.�,� �E�d�s�.�,� �E�l�s�e�v�i�e�r� �A�p�p�l�i�e�d� 

�S�c�i�e�n�c�e� �P�u�b�l�i�s�h�e�r�s�,� �p�p�.� �2�6�2� �-� �2�7�3�.� 

�M�c�C�a�r�t�y�,� �P�.�L�.� �(�S�e�p�t�.�,� �1�9�6�4�)�,� �"�A�n�a�e�r�o�b�i�c� �W�a�s�t�e� �T�r�e�a�t�m�e�n�t� 

�F�u�n�d�a�m�e�n�t�a�l�s� �-� �P�a�r�t� �O�n�e�:� �C�h�e�m�i�s�t�r�y� �a�n�d� �M�i�c�r�o�b�i�o�l�o�g�y�,�"� 

�P�u�b�l�i�c� �W�o�r�k�s� �9�5�:� �1�0�7� �-� �1�1�2�.� 

�M�c�C�a�r�t�y�,� �P�.�L�.� �(�O�c�t�.�,� �1�9�6�4�)�,�  ��A�n�a�e�r�o�b�i�c� �W�a�s�t�e� �T�r�e�a�t�m�e�n�t� 

�F�u�n�d�a�m�e�n�t�a�l�s� �~�-� �P�a�r�t� �T�w�o�:� �E�n�v�i�r�o�n�m�e�n�t�a�l� �R�e�q�u�i�r�e�m�e�n�t�s� �a�n�d� 

�C�o�n�t�r�o�l�,�"� �P�u�b�l�i�c� �W�o�r�k�s� �9�5�:� �1�2�3� �-� �1�2�6�.� 
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�M�c�C�a�r�t�y�,� �P�.�L�.� �(�N�o�v�.�,� �1�9�6�4�)�,� �"�A�n�a�e�r�o�b�i�c� �W�a�s�t�e� �T�r�e�a�t�m�e�n�t� 

�F�u�n�d�a�m�e�n�t�a�l�s� �-� �P�a�r�t� �T�h�r�e�e�:� �T�o�x�i�c� �M�a�t�e�r�i�a�l�s� �a�n�d� �T�h�e�i�r� 

�C�o�n�t�r�o�l�,�"� �P�u�b�l�i�c� �W�o�r�k�s� �9�5�:� �9�1� �-�9�4�.� 

�M�c�C�a�r�t�y�,� �P�.�L�.� �a�n�d� �M�c�K�i�n�n�e�y�,� �R�.�E�.� �(�1�9�6�1�)�,� �"�S�a�l�t� �T�o�x�i�c�i�t�y� �i�n� 

�A�n�a�e�r�o�b�i�c� �D�i�g�e�s�t�i�o�n�,�"� �J�o�u�r�n�a�l� �o�f� �t�h�e� �W�a�t�e�r� �P�o�l�l�u�t�i�o�n� 

�C�o�n�t�r�o�l� �F�e�d�e�r�a�t�i�o�n� �3�3�:� �3�9�9� �-� �4�1�5�.� 

�M�o�r�g�a�n�,� �D�.� �(�1�9�9�3�)�,� �P�e�r�s�o�n�a�l� �C�o�m�m�u�n�i�c�a�t�i�o�n�,� �V�i�r�g�i�n�i�a� �D�e�p�t�.� �o�f� 

�E�n�v�i�r�o�n�m�e�n�t�a�l� �Q�u�a�l�i�t�y�,� �K�i�l�m�a�r�n�o�c�k� �O�f�f�i�c�e�.� 

�P�e�a�v�y�,� �H�.�S�.�,� �R�o�w�e�,� �D�.�R�.�,� �T�c�h�o�b�a�n�o�g�l�o�u�s�,� �G�.�,� �E�n�v�i�r�o�n�m�e�n�t�a�l� 

�E�n�g�i�n�e�e�r�i�n�g� �(�1�9�8�5�)�,� �M�c�G�r�a�w�-�H�i�l�l�,� �N�e�w� �Y�o�r�k�.� 

�S�l�e�c�h�t�a�,� �A�.�F�.� �a�n�d� �C�u�l�p�,� �G�.�L�.� �(�1�9�6�7�)�,� �"�W�a�t�e�r� �R�e�c�l�a�m�a�t�i�o�n� 

�S�t�u�d�i�e�s� �a�t� �t�h�e� �S�o�u�t�h� �T�a�h�o�e� �P�u�b�l�i�c� �U�t�i�l�i�t�y� �D�i�s�t�r�i�c�t�,�"� 

�J�o�u�r�n�a�l� �o�f� �t�h�e� �W�a�t�e�r� �P�o�l�l�u�t�i�o�n� �C�o�n�t�r�o�l� �F�e�d�e�r�a�t�i�o�n� �3�9�:� 

�7�8�7� �~� �8�1�4�.� 

�S�o�u�t�h� �T�a�h�o�e� �P�u�b�l�i�c� �U�t�i�l�i�t�y� �D�i�s�t�r�i�c�t� �(�1�9�7�1�)�,� �A�d�v�a�n�c�e�d� 

�W�a�s�t�e�w�a�t�e�r� �T�r�e�a�t�m�e�n�t� �a�s� �P�r�a�c�t�i�c�e�d� �a�t� �S�o�u�t�h� �T�a�h�o�e�,� �E�P�A� 

�R�e�p�o�r�t� �1�7�0�1�0�E�L�Q� �8�/�7�1�.� 

�S�p�e�e�c�e�,� �R�.�E�.� �(�1�9�8�3�)�,�  ��A�n�a�e�r�o�b�i�c� �B�i�o�t�e�c�h�n�o�l�o�g�y� �f�o�r� �I�n�d�u�s�t�r�i�a�l� 

�W�a�s�t�e�w�a�t�e�r� �T�r�e�a�t�m�e�n�t�,�"� �E�n�v�i�r�o�n�m�e�n�t�a�l� �S�c�i�e�n�c�e� �a�n�d� 

�T�e�c�h�n�o�l�o�g�y� �1�7�:�9�:� �4�1�6�A� �-� �4�2�7�A�.� 

�T�h�u�r�s�t�o�n�,� �R�.�V�.�,� �R�u�s�s�o�,� �R�.�C�.�,� �a�n�d� �E�m�e�r�s�o�n�,� �K�.� �(�1�9�7�9�)�,� �A�q�u�e�o�u�s� 

�A�m�m�o�n�i�a� �E�q�u�i�l�i�b�r�i�u�m� �-� �T�a�b�u�l�a�t�i�o�n� �o�f� �P�e�r�c�e�n�t� �U�n�-�I�o�n�i�z�e�d� 

�A�m�m�o�n�i�a�,� �E�n�v�i�r�o�n�m�e�n�t�a�l� �R�e�s�e�a�r�c�h� �L�a�b�o�r�a�t�o�r�y� �-� �O�f�f�i�c�e� �o�f� 

�R�e�s�e�a�r�c�h� �a�n�d� �D�e�v�e�l�o�p�m�e�n�t�,� �U�.�S�.� �E�n�v�.� �P�r�o�t�e�c�t�i�o�n� �A�g�e�n�c�y�,� 

�D�u�l�u�t�h� �.� 
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�W�h�e�a�t�o�n�,� �F�.�W�.�,� �B�r�i�n�s�f�i�e�l�d�,� �R�.�B�.�,� �L�o�m�a�x�,� �K�.�M�.�,� �a�n�d� �G�e�i�g�e�r�,� 
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�1�5� �9�1�.�3� �3�2�.�5� �6�4�.�4� 
�2�0� �8�5�.�7� �3�1�.�9� �6�2�.�8� 
�2�5� �8�2�.�9� �3�5�.�3� �5�7�.�4� 
�3�0� �8�9�.�0� �3�1�.�4� �6�4�.�7� 

�A�v�e�r�a�g�e� �8�7�.�3� �3�1�.�9� �6�3�.�3� 
�S�t�d�.� �D�e�v�.� �2�.�9� �2�.�1� �3�.�3� 

�1�2�9



�A�I�R� �S�T�R�I�P�P�I�N�G� �A�M�M�O�N�I�A� �D�A�T�A� 

� � 

� � 

� � 

� � 

�T�r�i�a�l� �F�l�o�w� �R�a�t�e� �p�H� �T�e�m�p�.� 
�9� �0�.�5�8� �1�1�.�0� �2�0� 

�I�n�f�l�u�e�n�t� �E�f�f�l�u�e�n�t� 
�A�m�m�o�n�i�a� �A�m�m�o�n�i�a� 

�T�i�m�e� �C�o�n�c�e�n�t�.� �C�o�n�c�e�n�t�.� 
�(�m�i�n�u�t�e�s�)� �(�m�g�/�l�)� �(�m�g�/�l�)� �%� �r�e�d�u�c�t�i�o�n� 

�1�0� �3�7�.�0� �2�3�.�5� �3�6�.�5� 
�1�5� �3�4�.�2� �2�9�.�7� �1�3�.�2� 

�2�0� �3�2�.�5� �1�7�.�9� �4�4�.�9� 
�2�5� �3�5�.�8� �2�4�.�1� �3�2�.�7� 
�3�0� 

�A�v�e�r�a�g�e� �3�4�.�9� �2�3�.�8� �3�1�.�8� 
�S�t�d�.� �D�e�v�.� �1�.�7� �4�.�2� �1�1�.�6� 

�T�r�i�a�l� �F�l�o�w� �R�a�t�e� �p�H� �T�e�m�p�.� 
�1�0� �0�.�5�8� �1�0�.�0� �5�8� 

�I�n�f�l�u�e�n�t� �E�f�f�l�u�e�n�t� 
�A�m�m�o�n�i�a� �A�m�m�o�n�i�a� 

�T�i�m�e� �C�o�n�c�e�n�t�.� �C�o�n�c�e�n�t�.� 
�(�m�i�n�u�t�e�s�)� �(�m�g�/�l�)� �(�m�g�/�l�)� �%� �r�e�d�u�c�t�i�o�n� 

�1�0� �4�6�.�5� �1�9�.�6� �5�7�.�8� 
�1�5� �5�0�.�4� �1�9�.�6� �6�1�.�1� 
�2�0� �5�0�.�4� �1�9�.�0� �6�2�.�3� 
�2�5� �5�1�.�0� �1�9�.�6� �6�1�.�6� 
�3�0� �4�9�.�8� �1�9�.�6� �6�0�.�6� 

�A�v�e�r�a�g�e� �4�9�.�6� �1�9�.�5� �6�0�.�7� 
�S�t�d�.� �D�e�v�.� �1�.�6� �0�.�2� �1�.�5� 

�1�3�0


