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(ABSTRACT) 

In textile mill wastewater effluent, highly colored and 

stable dyes are formidable and somewhat insusceptible to 

removal treatment processes. Recent governmental regulations 

have made it necessary to remove most color before discharging 

the treated wastewater to surface waters. 

Chemical coagulation is successful in some cases at 

reducing wastewater color to acceptable levels. Also 

anaerobic biological treatment is usually successful in 

destroying the dyes and color in the wastewater. Aerobic 

biological treatment often does not degrade the dyes or remove 

Significant color, but aerobic treatment, unlike anaerobic 

treatment, removes a large amount of organics. This thesis 

explored the color removal in two textile dye wastewaters by 

means of coagulation in conjunction to the following 

treatments: no prior treatment, aerobic treatment, anaerobic 

treatment, and anaerobic-aerobic treatment. 

In the first industry, a reactive azo dye washwater (or 

rinsewater) was evaluated, and the influent into the municipal 

treatment facility that receives the azo dyes was also 

evaluated. Polymer coagulation proved to be successful 

following anaerobic-aerobic treatment in reducing color, 

solids, and organics. Color removals were most favorable at 

low pHs of 3 to 5 when using polymer dosages less than 100



mg/L in the washwater and less than 25 mg/L in the municipal 

wastewater. At higher amounts of coagulant over 100 mg/L in 

the washwater and 25 mg/L in the municipal wastewater, color 

removals were similar at pHs 3 to 8. 

The second industry uses many dyes that include acid and 

disperse dyes. Alum addition of 300 to 400 m/L at pH 5 

compared favorably to the polymers presently added by the 

industry. Both the currently used polymers and alum were 

successful in removing color when utilizing proper settling 

techniques.
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I. INTRODUCTION 

Recent governmental regulations on wastewater 

aesthetics have brought about interest and need in removing 

color from textile mill wastewaters. The color in a textile 

mill's wastewater is a result of the dyes used in the mills. 

These dyes not only vary between different mills, but also 

vary in each mill at different times. This variance of 

wastewater and also the new, more stable dyes being used in 

the 1990’s make color reduction in the wastewaters 

difficult. Textile mill wastewaters are treated, generally 

biologically, at the mill itself and/or at a Publicly Owned 

Treatment Works (POTW). Since aerobic biological treatment 

removes organic matter but is usually ineffective in 

removing color, chemical treatment was evaluated in this 

thesis as a viable alternative or as a secondary treatment 

to biological treatment. 

Two separate textile mills, Industry I and Industry II, 

were investigated because both mills have difficulty 

removing the color from their wastewaters. This thesis 

explores the application of chemical coagulation and the 

precipitation for color removal. Several coagulants were 

studied and used at varying dosages and different pH values 

to find the optimum coagulation conditions, and samples from 

these coagulant studies were analyzed to quantify the color 

reduction. 

The wastewaters at Industry I and Industry II are 

managed differently. The untreated Industry I wastewater is 

sent directly to its local POTW (POTW I) for treatment. 

POTW I receives the Industry I wastewater (approximately 40% 

of the POTW I wastestream) and successfully treats all the 

constituents with the occasional exception of color. When a 

large portion of Industry I's Navy 106 dye is discharged to 

1



POTW I, the subsequent POTW I treatment usually does not 

achieve regulatory color standards. 

Industry II, however, treats its wastewater on site 

before the wastewater is discharged to its local POTW (POTW 

II). Industry II utilizes a coagulation and flocculation 

system which historically has not been consistent in 

removing color. Even after the wastewater is discharged to 

POTW II where it is further treated, the POTW II effluent 

can have a slight color that is attributed to Industry II. 

This color in POTW II's effluent usually does no meet its 

regulatory guidelines. 

The objective of the research was to attain high color 

removals in the Industry I, POTW I, and Industry II 

wastewaters through coagulation and flocculation techniques. 

The coagulation and flocculation procedures were applied to 

different wastestreams in each industry under various 

conditions. The different conditions were accomplished by 

varying the pH, coagulant, and coagulant dosages while also 

employing biological treatment prior to the coagulation 

process. Laboratory analyses of the resultant treated 

wastewaters were used to characterize the overall process 

and determine the success of the color reduction in the 

textile mill wastewaters.



II. LITERATURE REVIEW 

This section will present research conducted in past 

studies on the color treatment of textile dye wastewater. 

This literature review describes characteristics of various 

dyes, wastewater treatment problems that textile industries 

face today, and research on color removal in textile waters 

with an emphasis on chemical coagulation. 

History of the Textile Industry 

The textile industry has a history of being an 

established industry in this country. The first American 

textile mill began in Boston in the mid 1600s. Early 

textile mills were started in the New England states, but 

many mills soon relocated to the Southern states due to land 

availability, cheap labor, a close cotton source, and 

inexpensive electrical power. Today small to medium sized 

communities in the Southeast still contain most of the more 

than 7,000 U.S. textile industry establishments. As in most 

industries, the textile industry has been conservative about 

funding areas that are not directly related to the 

production of its goods, such as environmental concerns; 

therefore, the textile industry now finds itself pressed to 

meet environmental limitations and restrictions brought 

about by recent public outcry and governmental regulations 

(1,2). 

Dye Classifications 

One of the most difficult problems in treating textile 

wastewater is the removal of color that comes from the many 

types of dyes used in the textile mills. Dyes may be 

grouped in many different ways, but the two main 

classifications are chemical structure and dyeing



application (3). Neither system is appropriate by itself 

since all dye classifications overlap (4). The chemical 

structure classification describes dyes as being azo, nitro, 

nitroso, polymetine, annuleneds, arylcarbonuim, sulphur, 

carbonyl, or one of many other types of dyes in this 

classification (3). An easier method for textile companies 

to classify dyes is by dyeing application. Under this 

classification, dyes may be listed as, but not limited to: 

acid dyes, disperse dyes, basic dyes, direct dyes, reactive 

dyes, chrome dyes, vat dyes, and sulphur dyes (4,5). 

Difficulties in Dye Wastewater Treatment 

Textile mills use dyes of a wide variety. Many mills 

use different dyes depending on the material being dyed or 

the color desired. Often the dyes used within one textile 

mill differ from hour to hour; therefore, not only do 

textile mill effluents differ between mills, they also vary 

greatly for each individual mill depending on the time of 

day. Also, dyes have been continually designed to improve 

fastness. Fastness is resistance of the dye to fading when 

subjected to different environmental parameters such as 

light, water, soil, and detergents (5). 

Due to the variability of the textile wastewater as 

well as the emergence of more stable dyes, textile 

industries as well as the wastewater treatment facilities 

receiving the textile wastewater have trouble treating the 

wastewater. Most textile wastewaters are not only high in 

color, but also in organic content. Some textile mills and 

most POTWs that receive the wastewater have biological and 

other combined treatments that effectively lower wastewater 

parameters such as biochemical oxygen demand (BOD) and total 

suspended solids (TSS) to acceptable levels. 

Park and Shore (6) report that dyes from a textile 

° industry usually are responsible for, at most, 5% of the



total chemical oxygen demand (COD) and the BOD in the 

textile wastewaters. The more stable dyes and the 

variability of dyes in the wastestream usually do not affect 

the performance of the wastewater treatment in removing 

parameters other than color. In the past, textile plants 

and POTWs have been very consistent in reducing all the 

regulated wastewater parameters except for color and most 

recently toxicity and metals. 

The general public feels that color removal is as, or 

more, important than removal of organics (7). "The 

discharge of highly colored waste not only is aesthetically 

displeasing, but also impedes light penetration, thus 

upsetting biological processes and productivity within a 

stream. In addition, many dyes may be toxic to some 

organisms, and may cause direct destruction of aquatic 

communities” (8). It can be seen that color upsets the 

public while also possibly harming the environment. With 

the recent advent of color regulations and guidelines, the 

textile industry has a large wastewater problem that the 

industry once considered minor. 

Industry I, POTW I, Industry II, and POTW II have to 

now contend with a new color regulation promulgated by their 

states' environmental departments and the United States 

Environmental Protection Agency (EPA). As measured in terms 

of American Dye Manufacturers Institute (ADMI) color units, 

the POTW I effluent must have a color below 200 ADMI per its 

state regulations (9). POTW II needs to meet its state's 

general policy of "effluents must not have any visual color" 

(10). During research for this thesis, both POTW I and POTW 

II were already having a difficult time meeting their 

respective state's guidelines/policies. 

When the textile wastewater reaches a POTW and is mixed 

with other wastewaters, the resulting color in the large 

quantity of wastewater is produced by dyes from a small



quantity of wastewater. Usually, it is more economical for 

a textile mill to remove the concentrated color at its 

facility than it would be for the POTW to remove the color 

in its large volume of water (11). There is not only public 

and federal pressure on both the POTW and the textile mills 

to remove the color, but now there is POTW/municipal 

pressure on the textile mills to treat its own wastewater. 

Besides color, another troublesome parameter from dye 

wastewater that is being regulated by the National Pollution 

Discharge Elimination System (NPDES) is toxicity. Anliker 

(12) studied approximately 4,500 azo dyes and concluded that 

azo dyes in general are relatively non-toxic. Anliker used 

rats to find the dye dosage required to produce 50 percent 

mortality (LDs.). It was found that 99 percent of the azo 

dyes exhibited an LDs. greater than 250 milligrams per 

kilogram; concentrations all too high to likely occur in the 

environment. Although Anliker has shown that the parent 

compounds may not be toxic at low levels, consideration 

needs to be given to possible toxic metabolites. Azo dye 

degradation produces aromatic amines which are thought to be 

carcinogenic (13). Azo dyes make up a major portion of 

Industry I's wastewater. 

The dyes studied at Industry II are of a wide variety 

and need to be studied independently to test for toxicity. 

Two studies have tested the toxicity of a variety of common 

dyes. Hunter (14) tested 46 dyes in an aerobic system and 

17 were indicated to have caused inhibition in the activated 

sludge test system. Although 17 dyes caused inhibition, the 

inhibition was a reduction in the rates of the aerobic 

system and not failure of the system. Etzel and Grady (15) 

studied the toxicity of a wide variety of dyes on anaerobic 

digestion. The study showed that only two dyes, both 

anthraquinones, out of 42 various dyes caused inhibition to 

the point of process failure.



Many dyes contain metals, and when the dye and/or 

metals are precipitated, the sludge could be listed as a 

hazardous solid waste (1). Most dyes, azo dyes in 

particular, have a low toxicity, but their degradation rate 

is important since toxicity at any level may be harmful if 

the dye is persistent. Due to the low exposure and 

concentrations of azo dyes and any other dyes, "most dyes 

present no unreasonable environmental risk" (16). The 

toxicity of each dye used in a textile mill should be 

researched or studied independently since toxicity may pose 

a large problem to the environment and for the facility that 

discharges the toxic wastewater. 

Industry I Dyes 

The following sources (3,4,16,17), unless otherwise 

noted, have been used for this section on azo dyes. Azo 

  

dyes are characterized by having one or more azo groups, 

which are nitrogen to nitrogen double bonds (-N=N-), and 

these dyes are the most prevalent dyes used today in U.S. 

textile mills (3). Azo dyes having one azo group are 

described as monoazo, while dyes having two, three, and four 

azo groups are described as disazo, trisazo, and tetrakisazo 

respectively (3). Substituent groups are attached to both 

sides of the nitrogen to nitrogen double bond, and at least 

one of the substituent groups is aromatic. These 

substituent groups are responsible for the color of the 

dyestuff, and azo dyes are known to be of a wide variety of 

colors. The color green is perhaps the only color that is 

limited in azo dyes (4). 

The wide use of azo dyes owes in part to the fact that 

these azo dyes belong in most of the dye application 

Classes. Burkinshaw (18) states that azo dyes may be in the 

acid, azoic, basic, direct, disperse, reactive, or vat dye 

classification. Azo dyes are formed mainly by diazotization 

4



of a primary aromatic amine to create a diazonium salt. 

This diazo compound is then coupled with a second substance, 

usually a phenol, ketone, or aromatic amine, forming an azo 

dye compound (4). The Industry I portion of this thesis 

evaluates the Navy 106 dye. The Navy 106 dye is a 

combination of three azo dyes that are all reactive; 

therefore, azo dyes were investigated that were classified 

by application as reactive dyes. 

Reactive dyes are very commonly used dyes in general 

due to their good fastness on material. Reactive dyes, 

first developed in 1955, are anionic, water soluble dyes 

that are sulfonated, meaning they have one or more SO3Na or 

SOH3; group (16). Reactive dyes perform best when used on 

cotton or wool, and they are important in coloring all 

cellulosic fiber, both alone and in blends. A reactive dye 

is first absorbed by the fiber, and then the dye reacts with 

the fiber by substitution reaction or by addition reaction. 

In either case, the dyes form covalent bonds with the fiber 

(19). There are four forces in which any type of dye may be 

bound to a fiber: ionic forces, hydrogen bonds, van der 

Waal's forces, and covalent linkages. Covalent bonds are 

much stronger than the other three bonds, and this is where 

the reactive dyes get their excellent fastness (4). 

Reactive dyes are widely used in the United States due 

to their good fastness and wide range of colors; however, 

they are more costly than most other dyes and they are hard 

to degrade. When reactive dyes are applied to a fiber, the 

fixation rate usually varies between 50-90%, so 

approximately 10-50% of the dye may end up in the effluent 

(16). The fixation rate does not reach a maximum of 100% 

due to incomplete absorption of dye by the fiber, incomplete 

dye-fiber reaction, conversion of the dye into its non- 

reactive counter part by hydrolysis, or fission of dye-fiber 

bonds during the fixation stage. There are perhaps only 30 

8



general reactive systems commercially in use today, but 

hundreds of specific reactive systems are on patents due to 

slight variabilities in structures (19). 

The Navy 106 dye studied at Industry I is composed of 

three reactive azo dyes: 70% Remazol Black B, 26% Remazol 

Red RB, and 4% Remazol Golden Yellow 3RA. Industry I uses 

more volume of Remazol Black B than any other dye. Remazol, 

a trade name of the Hoechst Celanese Corporation, is a dye 

that has one or more reactive vinyl sulfone (-SO2.-CH=CH>) 

groups (17,20,21). 

Remazol Black B is one of the oldest reactive dyes and 

is no longer under patent. As seen in Figure 1, Remazol 

Black B, also named Color Index (C.I.) Reactive Black 5, is 

a disazo dye having a vinyl sulfone group on each diazo 

component. Remazol Golden Yellow 3RA, also in Figure 1, is 

a monoazo reactive dye with one vinyl sulfone group. 

Remazol Red RB, also named C.I. Reactive Red 198, is a 

monoazo reactive dye with one vinyl sulfone group. The dye 

to this date is still proprietary; however, Bell (21) has 

researched this dye and has developed a theorized structure 

for Remazol Red RB (17,21). 

Industry II Dyes 

The effluent studied at Industry II consists of a 

variety of dyes depending on what dyes are being used during 

any given day. Industry II uses an assortment of dyes as 

classified by chemical structure, but as classified by 

application, the textile mill mainly uses acid dyes and 

disperse dyes. Polyesters and nylons are the two types of 

materials most often dyed at Industry II (22). 

Acid dyes are water soluble anionic dyes that are used 

mainly for dyeing wool, silk, and nylon. Acid dyes have a 

low molecular weight and carry one to three sulfonic groups 

(3). Acid dyes contain a wide variety of dyes, such as azo, 
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Figure 1. Structures of Remazol Black B and Remazol 
Gold Yellow 3RA. 
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anthraquinone, xanthene, and many others that are classified 

by the chemical structure system. Acid dyes may be divided 

into non-metallized acid dyes and metal complex acid dyes. 

The non-metallized acid dyes are known for their brilliance 

of color and great color fastness while the metal complex 

acid dyes have a wider range of color and fastness 

properties. In the dyeing process, acid dyes are absorbed 

by the fiber from an aqueous solution through a reversible 

process. The reversible process indicates the dyes may be 

desorbed in later wet processing; therefore, acid dyes 

seldom reach the maximum fastness. Acid dyes have a wide 

range of fastness from poor to excellent (4,19). 

Disperse dyes are mainly water insoluble, but studies 

have shown these dyes to be slightly soluble. Most disperse 

dyes have an amino- or substituted amino- group attached. 

Disperse dyes are widely used for the dyeing of cellulose 

acetate, polyester, and nylon. The dyeing process first 

consists of heating the dye solution to vaporize the dye, 

and then the dye vapor is absorbed onto the hydrophobic 

fibers. Just as in the acid dyeing process, this process is 

reversible and the dye may desorb from the fiber. The 

fastness and color of disperse dyes also varies to a great 

extent (4,19). 

Color Removal in Textile Wastewater 

Textile mills and their POTWs today are incorporating 

different treatment processes for color removal. Research 

is being done to update and improve the older treatment 

techniques, such as adding other processes in connection to 

biological treatment, and to further develop the more recent 

techniques such as reverse osmosis. "While there are 

numerous techniques, it is difficult to make generalizations 

about color removal since each effluent is unique and 

requires a careful study to determine the best and least 
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costly treatment alternative™ (1). Whichever treatment or 

combination of treatments is chosen, consideration should be 

given to capital and operating costs, available land, 

possible future expansions, and most importantly the 

consistency of the method to treat the wastewater (23). 

Textile wastewater may be treated by biological, 

chemical, or physical treatments, or any combination of the 

these treatments. Biological treatment and chemical 

coagulation, because they relate to this thesis, are 

discussed in more detail in the following sections. 

Alternative chemical treatments, such as chlorination and 

ozonation, and physical treatments, such as activated carbon 

adsorption, reverse osmosis, and foam fractionation, are 

briefly reviewed. 

Alternative Chemical Treatment for Textile Wastewater 

Chlorination, one of the more popular methods of 

decolorizing textile wastewater, works by "oxidizing organic 

dyes to colorless end products” (1). Typical chlorine 

dosages of 100-250 milligrams per liter (mg/L) were found to 

decolorize various textile wastewaters in studies done by 

Shriver and Dague (24). Chlorination both decolorizes and 

disinfects the wastewater. 

Ozonation has almost twice the oxidizing potential as 

chlorine. Ozone removes BOD, COD, metals, and color well, 

and ozonation is a popular pretreatment before activated 

carbon (1). Ikehata (25) studied almost 100 different types 

of dyes, and he found that ozonation alone removed 95% of 

the color in all his samples. Ikehata also detected excess 

NO2 and NO when ozonating azo dyes, so he theorized that 

cleavage of the azo bonds had happened. Park and Shore (6) 

determined ozonation was too costly and therefore made for a 

less desirable alternative. 
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Physical Treatment for Textile Wastewater 

Activated carbon has been an effective method in 

decolorizing textile wastewater for decades, and this method 

has also been an economicaliy feasible treatment due to the 

option of thermal regeneration of the spent carbon (1). 

McKay (26) showed high color removals in studies done with 

batch type contact, fixed-bed type process, and fluidized- 

bed type contact adsorption. Horning (27) observed good 

color removals from a dye wastewater with Powder Activated 

Carbon (PAC) concentrations of 500-1,500 mg/L. Synthetic 

polymeric adsorbents, peat moss, and other adsorbents have 

also proven successful in treating textile wastewater. 

Reverse osmosis is a physical treatment in which 

wastewater is moved through permeable membranes by high 

pressure. Rodman (28) used a bench scale reverse osmosis 

procedure to treat four dyes: Direct Blue 106, Acid Black 

26A, Disperse Blue 3, and Reactive Red 3. All four treated 

dyes had more than 95% color removal. Drawbacks to reverse 

osmosis are the continual maintenance and high costs of the 

system. 

Foam fractionation, a process that takes advantage of 

surface active solutes accumulating at gas-liquid 

interfaces, was used in a study by Michelsen and Fansler 

(29) to determine COD, turbidity, and color removals of 

Simulated and actual disperse dye wastes. After a 

surfactant was first added, the color removal from foam 

separation of the simulated dye was noted at 89%. The 

actual dye waste removal was similar, but so much surfactant 

was needed that the researchers determined this process was 

uneconomical. 

Although some of the previously cited studies gave 

positive results about its treatment process, other lab and 

field studies on each treatment technique have proved 

otherwise due to the variation in textile wastewaters. 
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Readers are referred to the references cited for more 

detailed information on these treatment processes. 

Aerobic Biological Treatment of Textile Wastewater 

Research for this thesis employed aerobic and anaerobic 

treatments to treat the Navy 106 wastewaters prior to 

chemical coagulation. "The key parameters for dye house 

wastewaters are normally organic content and color. 

Biological systems are usually installed to stabilize the 

wastewater organics, but additional facilities are typically 

required to achieve sufficient color removal” (30). 

Aerobic systems utilize free oxygen dissolved in the 

wastewater. Aerobic biological treatments, usually in the 

form of aerated lagoons, were once the primary means of 

treating textile wastewater, but with new dyes being 

produced to resist biodegradation, aerobic treatment can not 

consistently remove color in most cases (31,32). Weeter and 

Hodgson (33) showed that biological oxidation removed less 

than 10% of the color from a dye wastewater and concluded 

that the structure which gives the dye its color was not 

affected biologically. The color which was lost was 

probably due to adsorption of color bodies onto biomass. 

Davis et al. (30) used bench-scale activated sludge 

units to test another dye effluent. They noted more color 

removal was achieved with increased organic loading; 

however, the color removal was not significant. The biomass 

was colored, which indicated that much of the color removal 

was by adsorption of the color bodies onto the excess 

sludge. 

Very little color removal was noted by Horning (27) in 

a dye wastewater treated aerobically, but high reductions in 

BOD and TOC indicated good organic degradation. Beszedits 

et al. (1) also stated that biological treatment 

consistently removes BOD, COD, and TSS, but "color removal 
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�c�o�n�f�i�r�m�e�d� �b�y� �o�t�h�e�r� �r�e�s�e�a�r�c�h�e�r�s�,� �f�o�u�n�d� �t�h�a�t� �a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� 

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

�O�r�g�a�n�i�c� �C�a�r�b�o�n� �(�T�O�C�)� �v�a�l�u�e�s� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �r�e�d�u�c�e�d�.� 

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

�l�i�t�t�l�e� �e�f�f�e�c�t� �o�n� �B�O�D� �a�n�d� �T�O�C�.� �A�n�a�e�r�o�b�i�c� �f�o�l�l�o�w�e�d� �b�y� �a�e�r�o�b�i�c� 

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

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

�V�i�r�g�i�n�i�a�'�s� �t�o�x�i�c�i�t�y� �s�t�a�n�d�a�r�d�s�.� 

�B�e�l�l� �(�2�1�)� �a�l�s�o� �s�t�u�d�i�e�d� �t�h�e� �s�a�m�e� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r� �f�r�o�m� 

�I�n�d�u�s�t�r�y� �I� �a�s� �t�h�i�s� �a�u�t�h�o�r� �d�i�d�.� �B�e�l�l�'�s� �o�b�j�e�c�t�i�v�e�s� �w�e�r�e� �t�o� 
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�m�o�n�i�t�o�r� �a�n�d� �q�u�a�n�t�i�f�y� �s�u�l�f�o�n�a�t�e�d� �a�z�o� �d�y�e�s� �i�n� �v�a�r�i�o�u�s� 

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

�N�a�v�y� �1�0�6� �d�y�e�s�.� �H�e� �a�g�r�e�e�d� �w�i�t�h� �o�t�h�e�r� �r�e�s�e�a�r�c�h�e�r�s� �t�h�a�t� 

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

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

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

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

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

�r�e�d�u�c�e�s� �t�h�e� �T�O�C� �w�i�t�h�o�u�t� �d�e�g�r�a�d�i�n�g� �t�h�e� �d�y�e�s�,� �h�e�n�c�e� �n�o� 

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

�a�n�a�l�y�s�i�s� �o�f� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r� �t�h�a�t� �w�a�s� �t�r�e�a�t�e�d� 

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

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

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

�d�e�t�e�c�t�e�d�.� 

�B�e�l�l� �(�2�1�)� �f�o�u�n�d� �t�h�a�t� �m�o�s�t� �o�f� �t�h�e� �a�z�o� �d�y�e�s� �i�n� �t�h�e� 

�u�n�t�r�e�a�t�e�d� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r� �w�e�r�e� �i�n� �t�h�e� �h�y�d�r�o�l�y�z�e�d� �f�o�r�m�.� 

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

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

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

�a�f�t�e�r� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �a�n�a�e�r�o�b�i�c� �a�n�d� �a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t�.� 

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

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

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

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

�u�n�d�e�r� �a�n�a�e�r�o�b�i�c� �c�o�n�d�i�t�i�o�n�s�"� �(�2�1�)�.� 

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

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

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

�w�a�s�t�e�w�a�t�e�r�s� �(�2�3�)�.� �S�e�v�e�r�a�l� �f�a�c�t�o�r�s� �t�h�a�t� �i�n�f�l�u�e�n�c�e� �t�h�e� 

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

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

�p�H�,� �t�e�m�p�e�r�a�t�u�r�e�,� �m�i�x�i�n�g� �i�n�t�e�n�s�i�t�y� �a�n�d� �m�i�x�i�n�g� �t�i�m�e� �(�3�7�,�3�8�)�.� 
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�T�h�e� �f�o�l�l�o�w�i�n�g� �p�a�r�a�g�r�a�p�h�s� �e�m�p�h�a�s�i�z�e� �r�e�s�e�a�r�c�h� �a�n�d� �i�n�f�o�r�m�a�t�i�o�n� 

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

�d�o�s�e�,� �a�n�d� �p�H� �v�a�r�i�a�t�i�o�n�s�.� �T�h�e� �w�a�s�t�e�w�a�t�e�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

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

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

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

�f�r�o�m� �I�n�d�u�s�t�r�y� �I�,� �P�O�T�W� �I�,� �a�n�d� �I�n�d�u�s�t�r�y� �I�I� �w�a�s� �o�n�l�y� �p�e�r�f�o�r�m�e�d� 

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

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

�C�o�a�g�u�l�a�t�i�o�n� �T�h�e�o�r�y� 

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

�b�e�e�n� �c�o�m�p�i�l�e�d� �f�r�o�m� �W�i�l�l�i�a�m�s� �a�n�d� �C�u�l�p� �(�3�7�)�,� �P�e�a�v�y� �e�t� �a�l�.� 

�(�3�8�)�,� �a�n�d� �E�c�k�e�n�f�e�l�d�e�r� �(�3�9�)�,� �u�n�l�e�s�s� �o�t�h�e�r�w�i�s�e� �n�o�t�e�d�.� 

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

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

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

�t�h�e� �p�a�r�t�i�c�l�e�s� �a�p�a�r�t �� �(�3�9�)�.� �T�h�e� �c�o�a�g�u�l�a�t�i�o�n� �p�r�o�c�e�s�s� �i�n�v�o�l�v�e�s� 

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

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

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

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

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

�b�a�s�i�n�.� 

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

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

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

�e�n�t�r�a�p� �c�o�l�l�o�i�d�a�l� �p�a�r�t�i�c�l�e�s� �(�7�)�.� �T�h�e� �e�x�a�c�t� �m�e�c�h�a�n�i�s�m� �b�y� 

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

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

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

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

�b�r�i�d�g�i�n�g�.� 
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�C�o�a�g�u�l�a�n�t� �T�y�p�e�s�,� �D�o�s�a�g�e�s�,� �a�n�d� �C�o�n�d�i�t�i�o�n�s� 

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

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

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

�d�i�v�i�d�e�d� �a�s� �f�o�l�l�o�w�s�:� �1�)� �l�i�m�e�,� �a�l�u�m�i�n�u�m� �s�u�l�f�a�t�e�,� �a�n�d� �i�r�o�n� 

�s�a�l�t�s�;� �2�)� �p�o�l�y�m�e�r�s�;� �3�)� �m�e�t�a�l� �s�a�l�t�s� �w�i�t�h� �p�o�l�y�m�e�r�s� �a�s� 

�c�o�a�g�u�l�a�n�t� �a�i�d�s�;� �a�n�d� �4�)� �b�i�o�l�o�g�i�c�a�l� �t�r�e�a�t�m�e�n�t� �f�o�l�l�o�w�e�d� �b�y� 

�c�o�a�g�u�l�a�t�i�o�n�.� 

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

�p�o�p�u�l�a�r� �c�o�a�g�u�l�a�n�t�s� �u�s�e�d� �o�n� �d�y�e� �w�a�s�t�e�w�a�t�e�r� �(�6�,�7�,�1�1�,�2�3�)�.� �I�n� 

�o�n�e� �t�e�x�t�i�l�e� �m�i�l�l� �s�t�u�d�y�,� �H�o�d�g�e�s� �a�n�d� �A�l�s�p�a�u�g�h� �(�3�5�)� �u�s�e�d� 

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

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

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

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �3�0�0�-�5�0�0� �m�g�/�L�.� �I�r�o�n� �s�a�l�t�s�,� �s�u�c�h� �a�s� �f�e�r�r�i�c� 

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

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �5�0�0� �m�g�/�L�.� �D�i�f�f�e�r�e�n�t� �d�o�s�a�g�e�s� �o�f� �l�i�m�e� �w�e�r�e� 

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

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

�B�r�o�w�e�r� �a�n�d� �R�e�e�d� �(�4�0�)� �u�s�e�d� �f�e�r�r�i�c� �c�h�l�o�r�i�d�e� �a�s� �a� 

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

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

�F�e�r�r�i�c� �c�h�l�o�r�i�d�e� �p�r�o�d�u�c�e�d� �a� �7�0�-�9�0�%� �c�o�l�o�r� �r�e�m�o�v�a�l� �a�t� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �f�r�o�m� �2�8�1� �m�g�/�L� �t�o� �3�2�8� �m�g�/�L�.� �T�o� �m�a�i�n�t�a�i�n� �a� �p�H� 

�o�f� �7�,� �a�l�k�a�l�i�n�i�t�y� �w�a�s� �a�d�d�e�d� �a�s� �s�o�d�i�u�m� �h�y�d�r�o�x�i�d�e�.� �B�r�o�w�e�r� �a�n�d� 

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

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

�s�m�a�l�l� �t�e�x�t�i�l�e� �p�l�a�n�t�s�.� �O�n�e� �t�e�x�t�i�l�e� �p�l�a�n�t�,� �i�n� �a�n� �e�f�f�o�r�t� �t�o� 

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

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

�w�a�s�t�e�w�a�t�e�r�'�s� �c�o�l�o�r� �w�a�s� �b�e�l�o�w� �a� �c�e�r�t�a�i�n� �l�e�v�e�l�.� �A�l�s�o�,� �t�h�e� �d�y�e� 

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

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

�l�i�n�e�s� �a�n�d� �s�e�t�t�l�e� �a�t� �t�h�e� �l�o�c�a�l� �P�O�T�W�s�.� �T�h�i�s� �m�e�a�n�t� �n�e�i�t�h�e�r� 
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�p�l�a�n�t� �h�a�d� �t�o� �h�a�n�d�l�e� �i�t�s� �s�l�u�d�g�e� �(�4�0�)�.� 

�H�o�r�n�i�n�g� �(�2�7�)� �d�e�t�a�i�l�e�d� �a� �s�t�u�d�y� �d�o�n�e� �o�n� �2�0� �d�y�e� 

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

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

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

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

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

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

�l�e�s�s� �t�h�a�n� �1�0�0� �A�D�M�I� �u�n�i�t�s� �w�i�t�h� �a�l�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �b�e�t�w�e�e�n� �8�-� 

�8�0� �m�g�/�L�.� �L�i�m�e� �w�a�s� �s�u�c�c�e�s�s�f�u�l� �o�n� �t�h�e� �w�a�s�t�e�w�a�t�e�r�s� �t�h�a�t� 

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

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

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

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

�(�2�7�)�.� 
�F�o�u�r� �t�y�p�e�s� �o�f� �d�y�e�s�,� �D�i�r�e�c�t� �B�l�u�e� �1�0�6�,� �A�c�i�d� �B�l�a�c�k� �2�6�A�,� 

�D�i�s�p�e�r�s�e� �B�l�u�e� �3�,� �a�n�d� �R�e�a�c�t�i�v�e� �R�e�d� �3�,� �w�e�r�e� �u�s�e�d� �b�y� �R�o�d�m�a�n� 

�(�2�8�)� �t�o� �c�o�m�p�a�r�e� �c�o�a�g�u�l�a�t�i�o�n� �o�f� �l�i�m�e� �a�n�d� �a�l�u�m�.� �L�i�m�e� 

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

�d�i�s�p�e�r�s�e� �d�y�e�s�,� �a�c�h�i�e�v�i�n�g� �c�o�l�o�r� �r�e�m�o�v�a�l�s� �b�e�t�w�e�e�n� �5�0�-�9�5�%�.� 

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

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

�h�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �6�0�0�-�1�,�0�0�0� �m�g�/�L�.� �A�l�u�m�,� �l�i�k�e� �l�i�m�e�,� 

�a�c�h�i�e�v�e�d� �c�o�l�o�r� �r�e�m�o�v�a�l�s� �b�e�t�w�e�e�n� �6�0�-�9�5�%� �f�o�r� �t�h�e� �a�c�i�d�,� 

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

�b�e�l�o�w� �2�0�%� �f�o�r� �t�h�e� �d�i�r�e�c�t� �d�y�e�.� �C�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �a�l�u�m� �r�a�n�g�e�d� 

�f�r�o�m� �2�0�0�-�4�0�0� �m�g�/�L� �(�2�8�)�.� 

�B�e�s�z�e�d�i�t�s� �e�t� �a�l�.� �(�1�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �l�i�m�e�,� �a�l�u�m�,� �a�n�d� �i�r�o�n� 

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

�s�h�o�u�l�d� �e�x�c�e�e�d� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �6�0�0� �m�g�/�L� �f�o�r� �m�e�d�i�u�m� �t�o� 

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

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

�l�e�a�s�t� �e�x�p�e�n�s�i�v�e�.� 

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

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

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

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

�t�h�e� �p�H� �t�o� �b�e�l�o�w� �3� �t�o� �s�o�l�u�b�i�l�i�z�e� �a�l�u�m�i�n�u�m� �a�s� �a�l�u�m�i�n�u�m� 

�s�u�l�f�a�t�e�.� �A�l�u�m� �r�e�c�o�v�e�r�y� �c�a�n� �b�e� �b�e�t�w�e�e�n� �6�0�-�7�0�%� �(�1�)�.� 

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

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

�p�o�l�y�m�e�r�s� �o�v�e�r� �t�h�e� �l�a�s�t� �2�0� �y�e�a�r�s� �h�a�s� �i�n�t�e�n�s�i�f�i�e�d� �i�n� �o�r�d�e�r� �t�o� 

�s�u�c�c�e�s�s�f�u�l�l�y� �a�n�d� �e�c�o�n�o�m�i�c�a�l�l�y� �t�r�e�a�t� �w�a�s�t�e�w�a�t�e�r�s� �(�4�1�)�.� �A� 

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

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

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

�i�o�n�i�z�e�d� �s�i�t�e�s�,� �t�h�e�y� �a�r�e� �c�a�l�l�e�d� �p�o�l�y�e�l�e�c�t�r�o�l�y�t�e�s�.� 

�P�o�l�y�e�l�e�c�t�r�o�l�y�t�e�s� �m�a�y� �e�i�t�h�e�r� �b�e� �n�e�g�a�t�i�v�e�l�y� �c�h�a�r�g�e�d� �(�a�n�i�o�n�i�c�)�,� 

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

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

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

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

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

�s�l�u�d�g�e� �c�o�n�d�i�t�i�o�n�e�r�s� �(�4�2�)�.� 

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

�t�h�e�i�r� �s�t�a�b�i�l�i�t�y� �t�h�r�o�u�g�h� �t�h�i�s� �n�e�g�a�t�i�v�e� �c�h�a�r�g�e� �(�4�2�)�.� �C�o�l�l�o�i�d�s� 

�a�l�s�o� �m�a�y� �b�e� �h�y�d�r�o�p�h�i�l�i�c� �o�r� �h�y�d�r�o�p�h�o�b�i�c�.� �H�y�d�r�o�p�h�i�l�i�c� 

�i�n�d�i�c�a�t�e�s� �t�h�a�t� �a� �c�o�l�l�o�i�d�'�s� �s�t�a�b�i�l�i�t�y� �i�s� �a�c�c�o�m�p�l�i�s�h�e�d� �t�h�r�o�u�g�h� 

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

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

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

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

�i�n�t�e�r�a�c�t� �c�h�e�m�i�c�a�l�l�y� �w�i�t�h� �t�h�e� �w�a�t�e�r� �(�4�3�)�.� 

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

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

�p�h�y�s�i�c�a�l�l�y�.� �P�o�l�y�m�e�r�s� �m�o�s�t� �l�i�k�e�l�y� �d�e�s�t�a�b�i�l�i�z�e� �c�o�l�l�o�i�d�s� 

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

�2�1



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

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

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

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

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

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

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

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

�p�r�o�v�i�d�e� �i�n�t�e�r�-�p�a�r�t�i�c�l�e� �b�r�i�d�g�i�n�g� �(�4�1�,�4�2�)�.� 

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

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

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

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

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

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

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

�t�e�m�p�e�r�a�t�u�r�e� �(�4�2�,�4�4�)�.� �M�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �o�f� �h�i�g�h� �m�o�l�e�c�u�l�a�r� 

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

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

�a�n�d� �s�e�v�e�r�a�l� �h�u�n�d�r�e�d� �t�h�o�u�s�a�n�d� �a�t�o�m�i�c� �m�a�s�s� �u�n�i�t�s� �(�4�1�)�.� �L�o�w� 

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

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

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

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

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

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

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

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

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

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

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

�c�h�o�s�e�n� �t�o� �a�c�h�i�e�v�e� �t�h�e� �b�e�s�t� �r�e�s�u�l�t�s� �(�4�2�,�4�3�)�.� 

�S�t�a�h�r� �e�t� �a�l�.� �(�4�5�)� �s�t�u�d�i�e�d� �t�h�r�e�e� �t�e�x�t�i�l�e� �w�a�s�t�e�w�a�t�e�r�s� 

�f�r�o�m� �P�l�a�n�t� �A�,� �B�,� �a�n�d� �C�.� �E�a�c�h� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �t�r�e�a�t�e�d� �w�i�t�h� 

�2�2



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

�p�o�l�y�m�e�r�s�.� �A� �p�o�l�y�m�e�r� �d�o�s�a�g�e� �o�f� �2�0�0� �m�g�/�L� �r�e�d�u�c�e�d� �P�l�a�n�t� �A�'�s� 

�c�o�l�o�r� �f�r�o�m� �5�,�4�7�0� �A�D�M�I� �d�o�w�n� �t�o� �2�2�0� �A�D�M�I� �(�9�5�%� �r�e�m�o�v�a�l� 

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

�o�n�l�y� �r�e�s�u�l�t�e�d� �i�n� �a� �7�3�%� �c�o�l�o�r� �r�e�d�u�c�t�i�o�n�;� �h�o�w�e�v�e�r�,� �w�h�e�n� �1�0� 

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

�m�g�/�L� �o�f� �a�l�u�m�,� �t�h�e� �c�o�l�o�r� �w�a�s� �r�e�d�u�c�e�d� �f�r�o�m� �5�,�4�7�0� �A�D�M�I� �t�o� �1�8�4� 

�A�D�M�I�.� �T�h�e� �i�n�i�t�i�a�l� �w�a�s�t�e�w�a�t�e�r� �c�o�l�o�r� �i�n� �P�l�a�n�t� �C� �(�7�5�0� �A�D�M�I�T�)� 

�w�a�s� �e�f�f�e�c�t�i�v�e�l�y� �r�e�d�u�c�e�d� �t�o� �2�0�0� �A�D�M�I� �u�s�i�n�g� �5�0� �m�g�/�L� �p�o�l�y�m�e�r� 

�a�n�d� �t�o� �8�0� �A�D�M�I� �u�s�i�n�g� �1�0�0� �m�g�/�L� �a�l�u�m�.� �T�h�e� �c�o�l�o�r� �f�r�o�m� �P�l�a�n�t� 

�B�'�s� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �n�o�t� �e�f�f�e�c�t�i�v�e�l�y� �r�e�d�u�c�e�d� �t�o� �t�h�e� �d�e�s�i�r�e�d� 

�s�t�u�d�y� �g�o�a�l� �o�f� �2�2�0� �A�D�M�I� �e�v�e�n� �a�f�t�e�r� �u�s�i�n�g� �4�0�0� �m�g�/�L� �o�f� �p�o�l�y�m�e�r� 

�a�n�d� �5�0�0� �m�g�/�L� �o�f� �a�l�u�m�.� �S�t�a�h�r� �e�t� �a�l�.� �c�o�n�c�l�u�d�e�d� �i�n� �t�h�e�i�r� 

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

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

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

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

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

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

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

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

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

�c�o�n�d�u�c�t�e�d� �b�y� �S�t�a�h�r� �e�t� �a�l�.� �(�4�5�)� �w�a�s� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� 

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

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

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

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

�p�o�l�y�m�e�r�s�'� �c�h�a�r�g�e� �d�e�n�s�i�t�i�e�s� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �a�n� �i�n�c�r�e�a�s�e�d� �p�H� 

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

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

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

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

�t�e�s�t�,� �t�h�e� �o�p�t�i�m�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �o�n�e� �p�o�l�y�m�e�r� �w�a�s� �5�0� �m�g�/�L� 

�a�t� �p�H� �4� �a�n�d� �2�5�0� �m�g�/�L� �a�t� �p�H� �8�.� �T�h�e� �r�e�s�e�a�r�c�h�e�r�s� �c�o�n�c�l�u�d�e�d� 
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�t�h�a�t� �i�n� �m�o�s�t� �c�a�s�e�s�,� �s�o�l�u�t�i�o�n� �p�H� �i�s� �c�r�i�t�i�c�a�l� �i�n� �t�h�e� 

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

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

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

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

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

�t�r�e�a�t�a�b�i�l�i�t�y�.� 

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

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

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

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

�R�i�n�k�e�r� �(�4�6�)� �s�h�o�w�e�d� �t�h�a�t� �b�i�o�l�o�g�i�c�a�l� �t�r�e�a�t�m�e�n�t� �f�o�l�l�o�w�e�d� �b�y� 

�a�l�u�m� �c�o�a�g�u�l�a�t�i�o�n� �(�a�l�u�m� �d�o�s�a�g�e�s� �b�e�t�w�e�e�n� �2�6�3� �a�n�d� �3�0�0� �m�g�/�L�)� �c�a�n� 

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

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

�a�e�r�a�t�i�o�n� �t�i�m�e� �o�f� �1�4� �h�o�u�r�s� �a�n�d� �a� �M�i�x�e�d� �L�i�q�u�o�r� �S�u�s�p�e�n�d�e�d� 

�S�o�l�i�d�s� �(�M�L�S�S�)� �o�f� �2�,�9�3�0� �m�g�/�L� �p�r�e�c�e�d�e�d� �a�l�u�m� �c�o�a�g�u�l�a�t�i�o�n�.� �T�h�i�s� 

�c�o�m�b�i�n�e�d� �p�r�o�c�e�s�s� �r�e�m�o�v�e�d� �4�0�%� �o�f� �t�h�e� �T�S�S� �a�n�d� �7�1�%� �o�f� �t�h�e� 

�c�o�l�o�r�.� �R�i�n�k�e�r� �v�a�r�i�e�d� �t�h�e� �p�r�o�c�e�s�s� �t�o� �w�h�e�r�e� �t�h�e� �a�c�t�i�v�a�t�e�d� 

�s�l�u�d�g�e� �h�a�d� �a�n� �a�e�r�a�t�i�o�n� �t�i�m�e� �o�f� �2�0� �h�o�u�r�s� �a�n�d� �a� �M�L�S�S� �o�f� �4�,�0�0�0� 

�m�g�/�L�.� �T�h�e� �c�o�m�b�i�n�e�d� �p�r�o�c�e�s�s� �t�h�e�n� �r�e�m�o�v�e�d� �5�7�%� �o�f� �t�h�e� �T�S�S� �a�n�d� 

�7�9�%� �o�f� �t�h�e� �c�o�l�o�r�.� �R�i�n�k�e�r� �a�l�s�o� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �C�O�D� �a�n�d� �c�o�l�o�r� 

�r�e�m�o�v�a�l�s� �w�e�r�e� �b�e�s�t� �f�o�r� �a�l�u�m� �a�t� �p�H� �5� �o�r� �l�e�s�s� �w�h�e�n� �f�o�l�l�o�w�i�n�g� 

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

�K�e�r�t�e�l�l� �a�n�d� �H�i�l�l� �(�4�7�)� �p�e�r�f�o�r�m�e�d� �a� �c�a�s�e� �s�t�u�d�y� �o�n� �a� �s�m�a�l�l� 

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

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

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

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

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

�S�i�g�n�i�f�i�c�a�n�t�.� �K�e�r�t�e�l�l� �a�n�d� �H�i�l�l� �t�h�e�n� �u�s�e�d� �t�h�e� �c�o�a�g�u�l�a�t�i�o�n� 

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

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

�a�m�e�n�a�b�l�e� �t�o� �c�h�e�m�i�c�a�l� �c�o�a�g�u�l�a�t�i�o�n�.� �T�h�e� �a�e�r�a�t�i�o�n� �b�a�s�i�n�s� �a�l�o�n�e� 
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�o�n�l�y� �r�e�m�o�v�e�d� �5�%� �o�f� �t�h�e� �c�o�l�o�r�,� �b�u�t� �a�l�u�m� �a�t� �3�0�0� �m�g�/�L� �f�o�l�l�o�w�i�n�g� 

�t�h�e� �a�e�r�a�t�i�o�n� �b�a�s�i�n�s� �r�e�m�o�v�e�d� �a�n� �a�d�d�i�t�i�o�n�a�l� �6�3�%� �o�f� �t�h�e� �c�o�l�o�r�.� 

�D�a�v�i�s� �e�t� �a�l�.� �(�3�0�)� �a�l�s�o� �t�r�e�a�t�e�d� �a� �t�e�x�t�i�l�e� �m�i�l�l� �w�a�s�t�e�w�a�t�e�r� 

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

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

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

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

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

�e�f�f�e�c�t�i�v�e� �a�l�t�e�r�n�a�t�i�v�e �� �(�3�0�)�.� 

�2�5



�I�I�I�.� �D�E�S�C�R�I�P�T�I�O�N� �O�F� �O�P�E�R�A�T�I�O�N�S� �A�T� �I�N�D�U�S�T�R�Y� �I� �A�N�D� �I�I� 

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

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

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

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

�I�n�d�u�s�t�r�y� �I� �O�p�e�r�a�t�i�o�n�s� 

�I�n�d�u�s�t�r�y� �I� �d�o�e�s� �n�o�t� �t�r�e�a�t� �i�t�s� �d�y�e� �w�a�s�t�e�w�a�t�e�r� �a�t� �i�t�s� 

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

�a�n�d� �f�l�o�w�s� �t�o� �P�O�T�W� �I�.� �P�O�T�W� �I�,� �w�h�i�c�h� �h�a�s� �a� �d�e�s�i�g�n� �f�l�o�w� �o�f� �8� 

�M�i�l�l�i�o�n� �g�a�l�l�o�n�s� �p�e�r� �d�a�y� �(�M�G�D�)�,� �r�e�c�e�i�v�e�s� �t�h�e� �I�n�d�u�s�t�r�y� �I�'�s� 

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

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

�c�o�m�b�i�n�e�d� �w�a�s�t�e�w�a�t�e�r� �r�e�c�e�i�v�e�d� �b�y� �P�O�T�W� �I� �u�s�u�a�l�l�y� �h�a�s� �a� �d�e�e�p� 

�p�u�r�p�l�e� �c�o�l�o�r� �t�h�a�t� �i�s� �p�r�i�m�a�r�i�l�y� �d�u�e� �t�o� �I�n�d�u�s�t�r�y�'�s� �I� 

�w�a�s�t�e�w�a�t�e�r� �(�a�p�p�r�o�x�i�m�a�t�e�l�y� �4�0�%� �o�f� �t�h�e� �f�l�o�w� �i�n�t�o� �P�O�T�W� �I�)� �a�n�d� 

�m�o�r�e� �s�p�e�c�i�f�i�c�a�l�l�y� �t�o� �t�h�e� �N�a�v�y� �1�0�6� �d�y�e�.� �P�O�T�W� �I� �i�n�c�o�r�p�o�r�a�t�e�s� 

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

�v�a�r�y�i�n�g� �d�o�s�a�g�e�s�,� �u�s�u�a�l�l�y� �b�e�t�w�e�e�n� �1�5�-�5�0� �m�g�/�L�,� �a�f�t�e�r� �a�e�r�o�b�i�c� 

�t�r�e�a�t�m�e�n�t�.� �T�h�e� �P�O�T�W� �I� �i�n�f�l�u�e�n�t� �w�a�s�t�e�w�a�t�e�r� �u�s�u�a�l�l�y� �r�a�n�g�e�s� 

�b�e�t�w�e�e�n� �1�,�0�0�0� �t�o� �2�,�0�0�0� �A�D�M�I�,� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �I�n�d�u�s�t�r�y� �I� 

�w�a�s�t�e�s�t�r�e�a�m�.� �P�O�T�W� �I� �u�s�u�a�l�l�y� �r�e�d�u�c�e�s� �t�h�e� �c�o�l�o�r� �t�o� �j�u�s�t� �b�e�l�o�w� 

�t�h�e� �s�t�a�t�e� �g�u�i�d�e�l�i�n�e� �o�f� �2�0�0� �A�D�M�I�.� 

�I�n�d�u�s�t�r�y� �I�I� �O�p�e�r�a�t�i�o�n�s� 

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

�d�i�s�c�h�a�r�g�i�n�g� �t�o� �P�O�T�W� �I�I�.� �T�h�e� �w�a�s�t�e�w�a�t�e�r�,� �c�o�m�b�i�n�e�d� �f�r�o�m� �t�h�e� 

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

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

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

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

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

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

�t�h�e� �a�e�r�a�t�e�d� �l�a�g�o�o�n�,� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �i�s� �p�u�m�p�e�d� �i�n�t�o� �I�n�d�u�s�t�r�y�'�s� 

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

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

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

�f�i�r�s�t� �m�i�x�i�n�g� �t�a�n�k� �w�h�e�r�e� �N�a�l�c�o� �8�1�0�5� �(�a� �c�a�t�i�o�n�i�c� �p�o�l�y�m�e�r�)� �a�n�d� 

�N�a�l�c�o� �7�7�9�9� �(�a�l�u�m�i�n�u�m� �c�h�l�o�r�i�d�e�)� �a�r�e� �i�n�i�t�i�a�l�l�y� �a�d�d�e�d�.� �F�r�o�m� 

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

�f�l�o�c�c�u�l�a�t�i�o�n� �t�a�n�k� �w�h�e�r�e� �P�e�r�c�o�l� �7�4�2� �(�a�n� �a�n�i�o�n�i�c� �f�l�o�c�c�u�l�a�n�t� 

�p�o�l�y�m�e�r�)� �i�s� �a�d�d�e�d�.� �P�o�l�y�m�e�r� �d�o�s�a�g�e�s� �a�r�e� �d�e�t�e�r�m�i�n�e�d� �d�a�i�l�y� �b�y� 

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

�d�o�s�a�g�e�s� �g�e�n�e�r�a�l�l�y� �r�e�a�c�h� �3�5�0� �m�g�/�L� �f�o�r� �N�a�l�c�o� �7�7�9�9�,� �1�0�0� �m�g�/�L� 

�f�o�r� �N�a�l�c�o� �8�1�0�5�,� �a�n�d� �3�0�0� �m�g�/�L� �f�o�r� �P�e�r�c�o�l� �7�4�2�.� �A�f�t�e�r� �c�o�m�p�l�e�t�e� 

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

�i�s� �a� �s�e�d�i�m�e�n�t�a�t�i�o�n� �u�n�i�t� �u�t�i�l�i�z�i�n�g� �a�n�g�l�e�d� �p�l�a�t�e�s� �d�e�s�i�g�n�e�d� �t�o� 

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

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

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

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

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

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

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

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

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

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

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

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

�a�d�d�e�d� �b�e�f�o�r�e� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �i�s� �d�i�s�c�h�a�r�g�e�d� �t�o� �t�h�e� �P�O�T�W� �I�I�.� 

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

�I�n�d�u�s�t�r�y� �I�I�'�s� �t�r�e�a�t�e�d� �d�y�e� �w�a�t�e�r� �i�s� �d�i�l�u�t�e�d� �w�i�t�h� �i�t�s� 

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

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

�f�l�o�w�s� �t�o� �P�O�T�W� �I�I�,� �w�h�e�r�e� �i�t� �i�s� �f�u�r�t�h�e�r� �d�i�l�u�t�e�d� �w�i�t�h� �m�u�n�i�c�i�p�a�l� 
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�w�a�s�t�e�w�a�t�e�r�.� �A� �p�o�l�y�m�e�r� �d�o�s�a�g�e� �i�s� �a�d�d�e�d� �a�t� �P�O�T�W� �I�I� �a�n�d� 

�c�o�n�g�l�o�m�e�r�a�t�e�d� �p�a�r�t�i�c�l�e�s� �a�r�e� �a�l�l�o�w�e�d� �t�o� �s�e�t�t�l�e�.� �P�O�T�W� �I�I� 

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

�p�r�o�c�e�s�s� �o�u�t�f�l�o�w�s� �i�n�t�o� �a� �r�i�v�e�r�.� �P�O�T�W� �I�I�,� �a�t� �t�h�e� �t�i�m�e� �o�f� �d�a�t�a� 

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

�s�t�a�t�e� �g�u�i�d�e�l�i�n�e�s� �d�i�d� �r�e�q�u�i�r�e� �t�h�a�t� �t�h�e� �P�O�T�W� �I�I� �e�f�f�l�u�e�n�t� �n�o�t� 

�h�a�v�e� �a�n�y� �v�i�s�i�b�l�e� �c�o�l�o�r�.� �P�O�T�W� �I�I� �u�s�u�a�l�l�y� �m�e�e�t�s� �t�h�i�s� �s�t�a�t�e� 

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

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

�I�t�'�s� �d�y�e�s�.� 
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�I�V�.� �M�E�T�H�O�D�S� �A�N�D� �M�A�T�E�R�I�A�L�S� 

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

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

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

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

�e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n� �f�o�r� �I�n�d�u�s�t�r�y� �I� �a�n�d� �P�O�T�W� �I�,� �e�x�p�e�r�i�m�e�n�t�a�l� 

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

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

�E�x�p�e�r�i�m�e�n�t�a�l� �D�e�s�i�g�n� �f�o�r� �I�n�d�u�s�t�r�y� �I� �a�n�d� �P�O�T�W� �I� 

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

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

�I�n�d�u�s�t�r�y�'�s� �u�n�i�q�u�e� �s�i�t�u�a�t�i�o�n�.� �T�h�e� �d�e�s�i�g�n� �o�f� �I�n�d�u�s�t�r�y�'�s� �I� 

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

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

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

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

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

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

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

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

�i�m�p�l�e�m�e�n�t�a�t�i�o�n�.� �P�O�T�W� �I� �o�p�e�r�a�t�e�s� �a�n� �a�c�t�i�v�a�t�e�d� �s�l�u�d�g�e� 

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

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

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

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

�P�O�T�W� �I�.� 

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

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

�d�i�s�c�h�a�r�g�i�n�g� �m�a�n�y� �t�y�p�e�s� �a�n�d� �c�o�l�o�r�s� �o�f� �d�y�e�s�,� �b�u�t� �N�a�v�y� �1�0�6� �w�a�s� 

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

�I� �i�n�f�l�u�e�n�t�.� �N�a�v�y� �1�0�6�,� �a�s� �d�e�s�c�r�i�b�e�d� �p�r�e�v�i�o�u�s�l�y�,� �i�s� �a� �d�e�e�p� 
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�b�l�u�e� �a�z�o� �d�y�e�.� �N�a�v�y� �1�0�6� �w�a�s� �t�h�e� �p�r�i�m�a�r�y� �d�y�e� �i�n�v�e�s�t�i�g�a�t�e�d�,� 

�a�n�d� �t�h�e� �m�a�i�n� �s�o�u�r�c�e�s� �f�o�r� �c�o�l�l�e�c�t�i�n�g� �N�a�v�y� �1�0�6� �a�t� �I�n�d�u�s�t�r�y� �I� 

�w�e�r�e� �t�h�e� �s�l�a�c�k�w�a�s�h�e�r�s�.� �T�h�e� �s�l�a�c�k�w�a�s�h�e�r�s� �f�o�l�l�o�w� �t�h�e� �p�a�d�-� 

�d�y�e�i�n�g� �o�f� �f�a�b�r�i�c�s� �w�i�t�h� �t�h�e� �N�a�v�y� �1�0�6� �d�y�e�.� �I�n� �t�h�e� �s�l�a�c�k�w�a�s�h�e�r� 

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

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

�t�e�r�m�e�d�  ��w�a�s�h�w�a�t�e�r �� �i�n� �t�h�i�s� �s�t�u�d�y�,� �a�n�d� �t�h�e� �w�a�s�h�w�a�t�e�r� �i�s� 

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

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

�f�l�o�w� �a�t� �P�O�T�W� �I�.� �E�v�e�n� �t�h�o�u�g�h� �t�h�e� �i�n�f�l�u�e�n�t� �f�l�o�w� �i�s� �a� 

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

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

�1�0�6� �f�r�o�m� �I�n�d�u�s�t�r�y� �I�.� 

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

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

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

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

�t�r�e�a�t�m�e�n�t�:� �n�o� �t�r�e�a�t�m�e�n�t� �(�u�n�t�r�e�a�t�e�d� �w�a�s�h�w�a�t�e�r�)�,� �a�e�r�o�b�i�c�,� 

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

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

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

�p�r�o�c�e�s�s�.� 

�T�h�e� �i�n�f�l�u�e�n�t� �f�l�o�w� �t�o� �P�O�T�W� �I� �w�a�s� �s�t�u�d�i�e�d� �i�n� �h�o�p�e�s� �o�f� 

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

�d�e�c�r�e�a�s�i�n�g� �t�h�e� �c�o�l�o�r� �o�f� �t�h�e� �w�a�s�t�e�w�a�t�e�r�.� �P�r�e�s�e�n�t�l�y�,� �P�O�T�W� �I� 

�i�s� �s�p�e�n�d�i�n�g� �a�p�p�r�o�x�i�m�a�t�e�l�y� �$�3�0�,�0�0�0� �t�o� �$�6�0�,�0�0�0� �p�e�r� �m�o�n�t�h� �o�n� 

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

�f�l�o�c�c�u�l�a�t�i�o�n� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �P�O�T�W� �I�'�s� �i�n�f�l�u�e�n�t� �a�f�t�e�r� �f�o�u�r� 

�t�y�p�e�s� �o�f� �t�r�e�a�t�m�e�n�t�:� �n�o� �t�r�e�a�t�m�e�n�t� �(�P�O�T�W� �I� �i�n�f�l�u�e�n�t� �f�o�l�l�o�w�i�n�g� 

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

�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t�.� 

�T�h�e� �a�e�r�o�b�i�c� �(�A�E�R�)�,� �a�n�a�e�r�o�b�i�c� �(�A�N�)�,� �a�n�d� �a�n�a�e�r�o�b�i�c�- �� 

�a�e�r�o�b�i�c� �(�A�N�-�A�E�R�)� �t�r�e�a�t�m�e�n�t�s� �o�f� �t�h�e� �N�a�v�y� �1�0�6� �a�n�d� �P�O�T�W� �I� 

�w�a�s�t�e�w�a�t�e�r�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �i�n� �b�e�n�c�h�-�s�c�a�l�e� �b�i�o�l�o�g�i�c�a�l� 
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�r�e�a�c�t�o�r�s� �a�t� �V�P�I�&�S�U�.� �T�h�i�s� �w�o�r�k� �i�s� �d�e�s�c�r�i�b�e�d� �i�n� �L�o�y�d�'�s� �t�h�e�s�i�s� 

�(�1�7�)�.� �L�o�y�d� �s�t�u�d�i�e�d� �t�h�e� �b�i�o�l�o�g�i�c�a�l� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �t�h�e� �a�z�o� 

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

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

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

�s�i�m�u�l�t�a�n�e�o�u�s�l�y� �w�i�t�h� �L�o�y�d�,� �u�s�e�d� �t�h�e� �e�f�f�l�u�e�n�t� �f�r�o�m� �L�o�y�d�'�s� 

�b�i�o�l�o�g�i�c�a�l� �r�e�a�c�t�o�r�s� �t�o� �s�t�u�d�y� �t�h�e� �w�a�t�e�r�s�'� �c�o�a�g�u�l�a�t�i�o�n� 

�p�o�t�e�n�t�i�a�l�s�.� 

�F�o�r� �t�h�i�s� �s�t�u�d�y�,� �o�n�e� �o�f� �L�o�y�d�'�s� �b�i�o�l�o�g�i�c�a�l� �r�e�a�c�t�o�r� 

�s�y�s�t�e�m�s� �(�S�y�s�t�e�m� �A�)� �w�a�s� �u�s�e�d� �f�o�r� �t�h�e� �I�n�d�u�s�t�r�y� �I� �w�a�s�h�w�a�t�e�r�,� 

�w�h�i�l�e� �t�h�e� �s�e�c�o�n�d� �o�f� �L�o�y�d�'�s� �r�e�a�c�t�o�r� �s�y�s�t�e�m�s� �(�S�y�s�t�e�m� �B�)� �w�a�s� 

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

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

�a�c�h�i�e�v�i�n�g� �a� �3�:�1� �m�i�x� �(�t�h�r�e�e� �p�a�r�t�s� �w�a�s�h�w�a�t�e�r� �t�o� �o�n�e� �p�a�r�t� 

�B�l�a�c�k�s�b�u�r�g�-�V�P�I� �S�a�n�i�t�a�t�i�o�n� �A�u�t�h�o�r�i�t�y� �P�r�i�m�a�r�y� �E�f�f�l�u�e�n�t� �(�B�P�E�)� �)� 

�i�n� �a� �2�6� �l�i�t�e�r� �(�L�)� �c�a�r�b�o�y�.� �A� �s�m�a�l�l� �a�m�o�u�n�t� �(�l�e�s�s� �t�h�a�n� �1� �L�)� �o�f� 

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

�w�a�s� �l�o�w�e�r�e�d� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �8�,� �a�f�t�e�r� �w�h�i�c�h� �a�n�a�e�r�o�b�i�c� 

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

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

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

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

�b�i�o�l�o�g�i�c�a�l� �r�e�a�c�t�o�r�s� �(�C�F�B�R�s�)�.� �T�w�o� �o�f� �t�h�e�s�e� �f�o�u�r� �r�e�a�c�t�o�r�s� 

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

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

�a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� �w�a�t�e�r�s�.� �E�a�c�h� �C�F�B�R� �h�e�l�d� �9�.�7� �L� �o�f� �w�a�t�e�r�,� 

�a�n�d� �a� �c�o�n�t�i�n�u�o�u�s� �f�e�e�d� �r�a�t�e� �o�f� �3�.�3� �L�/�d�a�y� �p�r�o�v�i�d�e�d� �a� �h�y�d�r�a�u�l�i�c� 

�d�e�t�e�n�t�i�o�n� �t�i�m�e� �o�f� �3� �d�a�y�s�.� �A� �M�L�S�S� �o�f� �3�,�5�0�0� �m�g�/�L� �w�a�s� 

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

�I�n� �t�h�e� �S�y�s�t�e�m� �B� �b�i�o�l�o�g�i�c�a�l� �s�c�h�e�m�e�,� �a�n�a�e�r�o�b�i�c� �P�O�T�W� �I� 

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

�(�S�B�R�s�)�.� �B�o�t�h� �o�f� �t�h�e� �a�n�a�e�r�o�b�i�c� �S�B�R�s� �h�e�l�d� �1�.�8� �L� �o�f� �w�a�t�e�r� �a�n�d� 

�w�e�r�e� �p�a�r�t�i�a�l�l�y� �s�u�b�m�e�r�g�e�d� �i�n� �w�a�t�e�r� �h�e�a�t�e�d� �t�o� �3�1�-�3�6� �d�e�g�r�e�e�s� 

�C�e�l�c�i�u�s� �(�°�C�)�.� �T�h�e� �a�e�r�o�b�i�c� �P�O�T�W� �I� �w�a�t�e�r�s� �w�e�r�e� �a�c�h�i�e�v�e�d� �i�n� 

�3�1



�t�w�o� �a�d�d�i�t�i�o�n�a�l� �S�B�R�s�.� �E�a�c�h� �a�e�r�o�b�i�c� �S�B�R� �h�e�l�d� �3�.�6� �L� �o�f� �w�a�t�e�r�,� 

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

�h�y�d�r�a�u�l�i�c� �d�e�t�e�n�t�i�o�n� �t�i�m�e� �e�q�u�a�l� �t�o� �2�4� �h�o�u�r�s�.� �S�i�n�c�e� �t�h�e� 

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

�o�b�t�a�i�n�e�d� �f�r�o�m� �L�o�y�d�'�s� �r�e�a�c�t�o�r�s� �t�h�a�t� �h�e� �u�s�e�d� �i�n� �h�i�s� �s�t�u�d�y�,� �t�h�e� 

�r�e�a�d�e�r� �i�s� �r�e�f�e�r�r�e�d� �t�o� �L�o�y�d�'�s� �t�h�e�s�i�s� �f�o�r� �a� �m�o�r�e� �d�e�t�a�i�l�e�d� 

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

�b�i�o�l�o�g�i�c�a�l� �s�y�s�t�e�m�s�.� 

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

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

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

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

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

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

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

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

�a� �l�e�s�s�e�r� �d�e�g�r�e�e� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �t�h�e� �j�a�r� �t�e�s�t� 

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

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

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

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

�c�o�a�g�u�l�a�n�t�s�.� 

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

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

�w�a�s�t�e�w�a�t�e�r�s�.� �U�n�s�u�c�c�e�s�s�f�u�l� �j�a�r� �t�e�s�t�s� �r�e�s�u�l�t�e�d� �i�n� �t�h�e� 

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

�j�a�r� �t�e�s�t�s� �r�e�s�u�l�t�e�d� �i�n� �f�u�r�t�h�e�r� �j�a�r� �t�e�s�t�s� �a�n�d� �a�n�a�l�y�s�e�s� �w�i�t�h� 

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

�c�o�n�d�i�t�i�o�n�s�.� 

�O�n�c�e� �v�i�s�u�a�l� �o�b�s�e�r�v�a�t�i�o�n�s� �i�n�d�i�c�a�t�e�d� �a� �c�o�l�o�r� �r�e�d�u�c�t�i�o�n� �i�n� 

�t�h�e� �w�a�s�t�e�w�a�t�e�r� �a�s� �a� �r�e�s�u�l�t� �o�f� �a� �j�a�r� �t�e�s�t�,� �l�a�b�o�r�a�t�o�r�y� 

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

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

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

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

�l�e�v�e�l�s� �o�f� �c�o�l�o�r� �a�n�d� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s�.� �T�h�e� �A�D�M�I� �t�e�s�t�,� �w�h�i�c�h� 

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

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

�e�a�c�h� �s�a�m�p�l�e�;� �t�h�e�r�e�f�o�r�e�,� �t�h�e� �A�D�M�I� �t�e�s�t� �d�o�e�s� �n�o�t� �t�a�k�e� �i�n�t�o� 

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

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

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

�s�a�m�p�l�e�.� �A� �s�a�m�p�l�e� �h�a�v�i�n�g� �a� �l�o�w� �A�D�M�I� �v�a�l�u�e�,� �b�u�t� �a� �h�i�g�h� �T�S�S�,� 

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

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

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

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

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

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

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

�E�x�p�e�r�i�m�e�n�t�a�l� �D�e�s�i�g�n� �f�o�r� �I�n�d�u�s�t�r�y� �I�I� 

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

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

�I�n�d�u�s�t�r�y�'�s� �I�I� �w�a�s�t�e�w�a�t�e�r�,� �a�l�s�o� �a� �d�i�v�e�r�s�e� �w�a�s�t�e�s�t�r�e�a�m� 

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

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

�t�o� �P�O�T�W� �I�I�.� �D�u�r�i�n�g� �t�h�e� �t�i�m�e� �o�f� �t�h�i�s� �t�h�e�s�i�s�,� �I�n�d�u�s�t�r�y� �I�I� �w�a�s� 

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

�t�o� �P�O�T�W� �I�I�.� �T�h�e� �c�o�a�g�u�l�a�n�t�s� �t�h�a�t� �I�n�d�u�s�t�r�y� �I�I� �a�d�d�e�d� �w�e�r�e� 

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

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

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

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

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

�e�x�p�e�n�s�i�v�e� �(�a�v�e�r�a�g�i�n�g� �a�p�p�r�o�x�i�m�a�t�e�l�y� �$�3�2�,�0�0�0� �p�e�r� �m�o�n�t�h�)�.� �P�O�T�W� 

�I�i�,� �w�h�i�c�h� �i�n�c�o�r�p�o�r�a�t�e�s� �a�n� �a�c�t�i�v�a�t�e�d� �s�l�u�d�g�e� �s�y�s�t�e�m�,� 
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�c�o�n�s�i�s�t�e�n�t�l�y� �t�r�e�a�t�s� �a�l�l� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �o�f� �I�n�d�u�s�t�r�y�'�s� �I�I� 

�w�a�s�t�e�w�a�t�e�r�,� �e�x�c�e�p�t� �t�h�e� �c�o�l�o�r�.� 

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

�t�r�e�a�t�a�b�i�l�i�t�y� �o�f� �I�n�d�u�s�t�r�y�'�s� �I�I� �w�a�s�t�e�w�a�t�e�r�,� �b�u�t� �n�o�t� �t�h�e� 

�w�a�s�t�e�w�a�t�e�r� �o�f� �P�O�T�W� �I�I�,� �w�a�s� �i�n�v�e�s�t�i�g�a�t�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�.� 

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

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

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

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

�t�h�e� �P�O�T�W� �I�I� �w�a�s�t�e�w�a�t�e�r� �w�h�i�c�h� �w�a�s� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �d�o�m�e�s�t�i�c�,� 

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

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

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

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

�P�O�T�W� �I�I�)�.� 

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

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

�a�n�d� �f�r�o�m� �t�h�e� �i�n�f�l�u�e�n�t� �t�o� �t�h�e� �i�n�d�u�s�t�r�y�'�s� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� 

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

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

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

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

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

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

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

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

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

�t�h�i�s� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �d�i�v�e�r�t�e�d� �s�t�r�a�i�g�h�t� �t�o� �t�h�e� �P�O�T�W� �I�I� �s�e�w�e�r� 

�l�i�n�e� �s�i�n�c�e� �i�t� �w�a�s� �r�e�l�a�t�i�v�e�l�y� �c�l�e�a�r� �i�n� �c�o�l�o�r�.� 

�O�n�c�e� �t�h�e� �I�n�d�u�s�t�r�y� �I�I� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d�,� �t�h�e�y� �w�e�r�e� 

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

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

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

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

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

�T�S�S�,� �c�o�l�o�r�,� �a�n�d� �p�H� �u�s�i�n�g� �t�h�e� �s�a�m�e� �m�e�t�h�o�d�s� �a�s� �i�n� �t�h�e� �I�n�d�u�s�t�r�y� 

�I� �s�t�u�d�i�e�s�.� 

�A�n�o�t�h�e�r� �s�t�u�d�y� �i�n�i�t�i�a�t�e�d� �a�t� �I�n�d�u�s�t�r�y� �I�I� �i�n�v�o�l�v�e�d� �t�h�e� 

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

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

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

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

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

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

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

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

�l�e�a�s�e�d� �a� �D�i�s�s�o�l�v�e�d� �A�i�r� �F�l�o�t�a�t�i�o�n� �(�D�A�F�)� �u�n�i�t� �f�r�o�m� �a�n� 

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

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

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

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

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

�s�c�a�l�e� �D�A�F� �s�t�u�d�y�,� �a� �s�m�a�l�l� �f�l�o�w� �(�2�0� �g�p�m�)� �w�a�s� �d�i�v�e�r�t�e�d� �f�r�o�m� �t�h�e� 

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

�c�o�l�o�r� �a�n�d� �T�S�S� �r�e�m�o�v�a�l�s�.� �A� �s�e�t�t�l�i�n�g� �t�a�n�k� �a�t� �a� �p�i�l�o�t�-�s�c�a�l�e� 

�l�e�v�e�l� �w�a�s� �a�l�s�o� �u�s�e�d�.� �A� �s�e�t�t�l�i�n�g� �c�o�l�u�m�n� �a�n�d� �a� �2�7�5� �g�a�l�l�o�n� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�P�O�T�W� �I� �i�n�f�l�u�e�n�t�.� �T�h�e� �w�a�s�h�w�a�t�e�r� �f�r�o�m� �t�h�e� �s�l�a�c�k�w�a�s�h�e�r�s� �w�a�s� 

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

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

�w�a�s�h�w�a�t�e�r� �w�a�s� �n�e�e�d�e�d�,� �I�n�d�u�s�t�r�y� �I� �w�a�s� �c�o�n�t�a�c�t�e�d� �a�n�d� �a�s�k�e�d� �b�y� 

�t�h�e� �r�e�s�e�a�r�c�h�e�r�s� �t�o� �c�o�l�l�e�c�t� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r� �i�n� �5�5� �g�a�l�l�o�n� 

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

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

�t�r�a�n�s�p�o�r�t� �s�e�v�e�r�a�l� �d�r�u�m�s� �b�a�c�k� �t�o� �a� �l�a�b�o�r�a�t�o�r�y� �a�t� �V�P�I�é�&�S�U�,� 

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

�t�h�e� �d�r�u�m�s� �w�a�s� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �5�0�0� �g�a�l�l�o�n� �N�a�l�g�e�n�e� �s�t�o�r�a�g�e� 

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

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

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

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

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

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

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

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

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

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

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

�t�h�e� �t�a�n�k�.� 

�I�n�f�l�u�e�n�t� �f�r�o�m� �P�O�T�W� �I� �w�a�s� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �a� �s�u�m�p� �l�o�c�a�t�e�d� 

�b�e�t�w�e�e�n� �t�h�e� �P�O�T�W�'�s� �p�r�i�m�a�r�y� �c�l�a�r�i�f�i�e�r�s� �a�n�d� �t�h�e� �a�c�t�i�v�a�t�e�d� 

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

�i�n�f�l�u�e�n�t� �a�t� �P�O�T�W� �I� �w�a�s� �a�c�t�u�a�l�l�y� �p�r�i�m�a�r�y� �e�f�f�l�u�e�n�t�.� �T�h�e� 

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

�r�o�p�e�,� �a�n�d� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �p�o�u�r�e�d� �i�n�t�o� �1�0� �g�a�l�l�o�n� �p�l�a�s�t�i�c� 

�C�a�r�b�o�y�s�.� �T�h�e� �c�a�r�b�o�y�s� �w�e�r�e� �t�r�a�n�s�p�o�r�t�e�d� �b�a�c�k� �t�o� �V�P�I�&�S�U�,� �a�n�d� 
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�t�h�i�s� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �u�s�e�d� �i�n� �e�x�p�e�r�i�m�e�n�t�s� �n�o� �l�a�t�e�r� �t�h�a�n� �t�w�o� 

�w�e�e�k�s� �a�f�t�e�r� �t�h�e�y� �w�e�r�e� �o�b�t�a�i�n�e�d� �a�t� �P�O�T�W� �I�.� �T�h�e� �w�a�s�t�e�w�a�t�e�r�s� 

�w�e�r�e� �r�e�f�r�i�g�e�r�a�t�e�d� �a�t� �4� �°�C� �f�o�r� �s�t�o�r�a�g�e� �p�e�r�i�o�d�s� �o�f� �l�e�s�s� �t�h�a�n� 

�o�n�e� �w�e�e�k�,� �a�n�d� �w�a�s�t�e�w�a�t�e�r�s� �s�t�o�r�e�d� �b�e�t�w�e�e�n� �o�n�e� �w�e�e�k� �a�n�d� �t�w�o� 

�w�e�e�k�s� �w�e�r�e� �s�t�o�r�e�d� �a�t� �-�1�7� �°�C�.� �T�i�m�e� �c�o�n�s�t�r�a�i�n�t�s� �a�n�d� �t�h�e� 

�d�i�s�t�a�n�c�e� �f�r�o�m� �I�n�d�u�s�t�r�y� �I� �a�n�d� �P�O�T�W� �I� �t�o� �V�P�I�&�S�U� �p�r�e�v�e�n�t�e�d� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�w�e�r�e� �p�l�a�c�e�d� �i�n� �1�0� �g�a�l�l�o�n� �p�l�a�s�t�i�c� �c�a�r�b�o�y�s� �a�n�d� �t�r�a�n�s�p�o�r�t�e�d� 

�b�a�c�k� �t�o� �V�P�I�&�S�U�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �t�h�e�n� �r�e�f�r�i�g�e�r�a�t�e�d� �a�t� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �4� �°�C� �a�n�d� �u�s�e�d� �i�n� �j�a�r� �t�e�s�t�s� �n�o� �l�a�t�e�r� �t�h�a�n� �t�w�o� 

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

�t�h�e� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �I�n�d�u�s�t�r�y� �I�I� �a�n�d� �V�P�I�&�S�U� �a�l�s�o� �p�r�e�v�e�n�t�e�d� 

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

�D�e�s�c�r�i�p�t�i�o�n� �o�f� �a� �T�y�p�i�c�a�l� �E�x�p�e�r�i�m�e�n�t� 

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

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

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

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

�a�n�a�l�y�s�e�s�.� �A�l�l� �j�a�r� �t�e�s�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �i�n� �a� �V�P�I�&�S�U� 
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�l�a�b�o�r�a�t�o�r�y� �u�n�d�e�r� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �e�x�c�e�p�t� �f�o�r� �j�a�r� �t�e�s�t�s� �t�h�a�t� 

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

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

�a�l�s�o� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�)�.� 

�S�a�m�p�l�e�s� �f�o�r� �t�h�e� �j�a�r� �t�e�s�t�s� �w�e�r�e� �p�o�u�r�e�d� �i�n�t�o� �s�e�v�e�n� �1�-�L� 

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

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

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

�w�a�t�e�r� �a�n�d� �d�e�t�e�r�g�e�n�t� �a�n�d� �t�h�e�n� �r�i�n�s�e�d� �w�i�t�h� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� 

�b�e�f�o�r�e� �e�a�c�h� �t�r�i�a�l�.� �O�n�l�y� �0�.�3�5� �L� �o�f� �s�a�m�p�l�e� �w�e�r�e� �p�o�u�r�e�d� �i�n�t�o� 

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

�s�a�m�p�l�e� �s�t�o�c�k�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �a�l�l�o�w�e�d� �t�o� �r�e�a�c�h� �r�o�o�m� 

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

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

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

�F�i�s�h�e�r� �A�c�c�u�m�e�t� �p�H� �M�e�t�e�r� �M�o�d�e�l� �6�1�0�-�A�.� �T�h�e� �p�H� �m�e�t�e�r� �w�a�s� 

�c�a�l�i�b�r�a�t�e�d� �p�r�i�o�r� �t�o� �u�s�e� �w�i�t�h� �p�H� �7�.�0� �a�n�d� �p�H� �1�0�.�0� �s�t�a�n�d�a�r�d�s�.� 

�S�i�x� �o�f� �t�h�e� �j�a�r�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �a� �s�i�x� �p�a�d�d�l�e� �s�t�i�r�r�e�r� �(�P�h�i�p�p�s� 

�a�n�d� �B�i�r�d�,� �I�n�c�.�,� �R�i�c�h�m�o�n�d�,� �V�i�r�g�i�n�i�a�,� �M�o�d�e�l� �3�0�0�)�.� �T�h�i�s� 

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

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

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

�w�a�s� �u�s�e�d� �a�s� �a� �c�o�n�t�r�o�l�.� 

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

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

�C�o�a�g�u�l�a�n�t� �w�a�s� �a�d�d�e�d� �t�o� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �u�n�t�i�l� �a� �1�0� �m�i�l�l�i�g�r�a�m�s� 

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

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

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

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

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

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

�v�a�r�i�a�b�l�e� �a�u�t�o� �t�r�a�n�s�f�o�r�m�e�r� �j�o�i�n�e�d� �t�o� �a� �C�o�l�e�~�-�P�a�l�m�e�r� �s�p�e�e�d� 

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

�s�t�i�r�r�i�n�g� �a�p�p�a�r�a�t�u�s� �t�o� �b�e�g�i�n� �t�h�e� �j�a�r� �t�e�s�t�.� 

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

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

�p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �1�.� �S�i�n�c�e� �t�h�e�s�e� �c�o�a�g�u�l�a�n�t�s� �a�r�e� 

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

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

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

�o�b�t�a�i�n�e�d�.� �S�e�v�e�r�a�l� �o�f� �t�h�e� �c�o�a�g�u�l�a�n�t�s� �d�e�s�c�r�i�b�e�d� �i�n� �T�a�b�l�e� �1� 

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

�7�7�9�9� �(�a�l�u�m�i�n�u�m� �c�h�l�o�r�i�d�e�)� �a�n�d� �P�e�r�c�o�l� �7�4�2� �(�a�n� �a�n�i�o�n�i�c� 

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

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

�i�n� �e�a�c�h� �j�a�r� �t�e�s�t� �w�i�l�l� �b�e� �p�r�e�s�e�n�t�e�d� �a�n�d� �e�x�p�l�a�i�n�e�d� �i�n� �t�h�e� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �s�e�c�t�i�o�n� �s�i�n�c�e� �e�a�c�h� �j�a�r� �t�e�s�t� �w�a�s� 

�d�i�f�f�e�r�e�n�t�.� 

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�2�0� �R�P�M� �t�o� �s�i�m�u�l�a�t�e� �f�a�s�t� �m�i�x�i�n�g�.� �A�t� �t�h�e� 

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

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

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

�m�i�x�e�d� �f�o�r� �t�w�o� �m�i�n�u�t�e�s� �a�t� �1�2�0� �R�P�M�.� �T�h�e� �t�i�m�e� �b�e�t�w�e�e�n� �t�h�e� 

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

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

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

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

�a�d�j�u�s�t�e�d� �t�o� �a� �s�p�e�e�d� �o�f� �2�5� �R�P�M�,� �a�n�d� �t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �s�l�o�w�l�y� 

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

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

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

�f�o�r� �a� �3�0� �m�i�n�u�t�e� �s�e�t�t�l�i�n�g� �t�i�m�e�.� 

�A�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �3�0� �m�i�n�u�t�e� �s�e�t�t�l�i�n�g� �p�e�r�i�o�d�,� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�0� �m�i�l�l�i�l�i�t�e�r�s� �(�m�L�)� �o�f� �s�u�p�e�r�n�a�t�a�n�t� �f�r�o�m� �t�h�e� 

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

�3�9



� � 

� � 

�A�l�u�m�i�n�u�m� �S�u�l�f�a�t�e� 

�F�e�r�r�i�c� �S�u�l�f�a�t�e� 

�M�e�t�a�l� �s�a�l�t�,� 

�M�e�t�a�l� �s�a�l�t�,� 

�T�a�b�l�e� �1�.� �C�o�a�g�u�l�a�n�t�s� �u�s�e�d� �i�n� �t�h�e� �I�n�d�u�s�t�r�y� �I� �s�t�u�d�y� 

�C�O�A�G�U�L�A�N�T� �D�E�S�C�R�I�P�T�I�O�N� 

�N�a�l�c�o� �7�1�5�5� �C�a�t�i�o�n�i�c�,� �l�i�q�u�i�d� �p�o�l�y�m�e�r�,� �l�o�w� �M�W�.� 

�N�a�l�c�o� �8�1�0�8� �C�a�t�i�o�n�i�c�,� �l�i�q�u�i�d� �p�o�l�y�m�e�r�,� �m�e�d�i�u�m� �M�W�.� 

�N�a�l�c�o� �T�X� �4�9�7�8� �C�a�t�i�o�n�i�c�,� �l�i�q�u�i�d� �p�o�l�y�m�e�r�,� �i�n� �r�e�s�e�a�r�c�h�.� 

�N�a�l�c�o� �8�1�0�5� �C�a�t�i�o�n�i�c�,� �l�i�q�u�i�d� �p�o�l�y�m�e�r�,� �m�e�d�i�u�m� �M�W�.� 

�N�a�l�c�o� �8�1�0�2� �C�a�t�i�o�n�i�c�,� �l�i�q�u�i�d� �p�o�l�y�m�e�r�,� �m�e�d�i�u�m� �M�W�.� 

�N�a�l�c�o� �6�0�3� �C�a�t�i�o�n�i�c�,� �l�i�q�u�i�d� �p�o�l�y�m�e�r�,� �m�e�d�i�u�m� �M�W�.� 

�B�e�t�z� �1�1�1�5� �L� �A�n�i�o�n�i�c�,� �e�m�u�l�s�i�o�n� �p�o�l�y�m�e�r�,� �h�i�g�h� �M�W�.� 

�B�e�t�z� �P�o�l�y�f�l�o�c� �3� �N�o�n�i�o�n�i�c�,� �l�i�q�u�i�d� �p�o�l�y�m�e�r�,� �l�o�w� �M�W�.� 

�B�e�t�z� �1�1�2�3� �L� �A�n�i�o�n�i�c�,� �e�m�u�l�s�i�o�n� �p�o�l�y�m�e�r�,� �h�i�g�h� �M�W�.� 

�B�e�t�z� �1�1�0�0� �A�n�i�o�n�i�c�,� �p�o�w�d�e�r� �p�o�l�y�m�e�r�,� �h�i�g�h� �M�W�.� 

�B�e�t�z� �1�1�4�2� �N�o�n�i�o�n�i�c�,� �p�o�w�d�e�r� �p�o�l�y�m�e�r�,� �h�i�g�h� �M�W�.� 

�B�e�t�z� �1�1�4�7� �L� �N�o�n�i�o�n�i�c�,� �e�m�u�l�s�i�o�n� �p�o�l�y�m�e�r�,� �h�i�g�h� �M�W�.� 

�B�e�t�z� �1�1�8�1� �C�a�t�i�o�n�i�c�,� �l�i�q�u�i�d� �p�o�l�y�m�e�r�,� �l�o�w� �M�W�.� 

�B�e�t�z� �1�1�5�3� �C�a�t�i�o�n�i�c�,� �l�i�q�u�i�d� �p�o�l�y�m�e�r�,� �l�o�w� �M�W�.� 

�B�e�t�z� �1�1�9�0� �C�a�t�i�o�n�i�c�,� �l�i�q�u�i�d� �p�o�l�y�m�e�r�,� �l�o�w� �M�W�.� 

�M�a�g�n�i�f�l�o�c� �1�5�9�8� �C� �C�a�t�i�o�n�i�c�,� �e�m�u�l�s�i�o�n� �p�o�l�y�m�e�r�,� �h�i�g�h� �M�W�.� 

�M�a�g�n�i�f�l�o�c� �5�9�1� �C� �C�a�t�i�o�n�i�c�,� �l�i�q�u�i�d� �p�o�l�y�m�e�r�,� �m�e�d�i�u�m� �M�W�.� 

�M�a�g�n�i�f�l�o�c� �5�7�3� �C� �C�a�t�i�o�n�i�c�,� �l�i�q�u�i�d� �p�o�l�y�m�e�r�,� �m�e�d�i�u�m� �M�W�.� 

�M�a�g�n�i�f�l�o�c� �5�8�1� �C� �C�a�t�i�o�n�i�c�,� �L�i�q�u�i�d� �p�o�l�y�m�e�r�,� �h�i�g�h� �M�W�.� 

�M�a�g�n�i�f�l�o�c� �1�8�2�0� �A� �A�n�i�o�n�i�c�,� �e�m�u�l�s�i�o�n� �p�o�l�y�m�e�r�,� �h�i�g�h� �M�W�.� 

�Q�u�a�t�e�n�a�r�y� �A�m�m�o�n�i�u�m� �O�r�g�a�n�i�c� �n�i�t�r�o�g�e�n� �c�o�a�g�u�l�a�n�t�,� �c�a�t�i�o�n�i�c�.� 

�1�8� �w�a�t�e�r�s� �o�f� �h�y�d�r�a�t�i�o�n�.� 

�c�o�m�m�o�n� �c�o�a�g�u�l�a�n�t�.� 

� � 

�M�W� �-� �M�o�l�e�c�u�l�a�r� �W�e�i�g�h�t� 

�L�o�w� �M�W� �-� �<�1�0�0�,� �0�0�0� 

�-� �1�0�0�,�0�0�0� �t�o� �5�0�0�,�0�0�0� �M�e�d�i�u�m� �M�W� 

�H�i�g�h� �M�W� �-� �>�5�0�0�,� �0�0�0� 

�4�0



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

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

�A�D�M�I� �e�v�a�l�u�a�t�i�o�n�.� �A� �b�r�i�e�f� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� �a�n�a�l�y�t�i�c�a�l� 

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

�f�o�l�l�o�w�i�n�g� �p�a�r�a�g�r�a�p�h�s�.� 

�T�h�e� �A�D�M�I� �t�e�s�t� �w�a�s� �d�e�v�e�l�o�p�e�d� �b�y� �t�h�e� �A�m�e�r�i�c�a�n� �D�y�e� 

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

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

�A�D�M�I� �T�r�i�s�t�i�m�u�l�u�s� �F�i�l�t�e�r� �M�e�t�h�o�d� �(�P�r�o�p�o�s�e�d�)� �i�s� �d�e�s�c�r�i�b�e�d� �i�n� 

�S�e�c�t�i�o�n� �2�1�2�0� �E� �o�f� �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� �(�4�8�)�.� �T�h�e� �t�e�s�t� �i�n�v�o�l�v�e�s� �a�d�j�u�s�t�i�n�g� �t�h�e� 

�s�a�m�p�l�e�'�s� �p�H� �t�o� �7�.�6� �u�s�i�n�g� �s�u�l�f�u�r�i�c� �a�c�i�d� �a�n�d�/�o�r� �s�o�d�i�u�m� 

�h�y�d�r�o�x�i�d�e�,� �f�i�l�t�e�r�i�n�g� �t�h�e� �s�a�m�p�l�e� �t�h�r�e�e� �t�i�m�e�s� �p�e�r� �A�D�M�I� 

�s�p�e�c�i�f�i�c�a�t�i�o�n�s�,� �a�n�d� �r�e�a�d�i�n�g� �p�e�r�c�e�n�t� �t�r�a�n�s�m�i�t�t�a�n�c�e� �a�t� �4�3�8� �n�m�,� 

�5�4�0� �n�m�,� �a�n�d� �5�9�0� �n�m� �w�i�t�h� �a� �B�a�u�s�c�h� �a�n�d� �L�o�m�b� �S�p�e�c�t�r�o�n�i�c� �2�0� 

�s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �a�t� �a� �o�n�e� �c�e�n�t�i�m�e�t�e�r� �p�a�t�h� �l�e�n�g�t�h�.� �T�h�e� �A�D�M�I� 

� � 

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

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

�t�r�a�n�s�m�i�t�t�a�n�c�e�s�,� �a�n�d� �t�h�e� �c�e�l�l� �p�a�t�h� �l�e�n�g�t�h�.� �S�a�m�p�l�e�s� �w�i�t�h� 

�e�x�p�e�c�t�e�d� �c�o�l�o�r� �v�a�l�u�e�s� �o�f� �l�e�s�s� �t�h�a�n� �1�,�0�0�0� �A�D�M�I� �w�e�r�e� �n�o�t� 

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

�t�h�a�n� �1�,�0�0�0� �A�D�M�I� �w�e�r�e� �d�i�l�u�t�e�d� �1�0� �t�i�m�e�s�.� �T�h�e� 

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

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

�7�.�6� �o�n�l�y�.� �T�r�u�e� �c�o�l�o�r�,� �t�h�e� �c�o�l�o�r� �m�e�a�s�u�r�e�d� �a�f�t�e�r� �f�i�l�t�e�r�i�n�g�,� 

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

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

�T�h�e� �T�S�S� �t�e�s�t� �i�s� �d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �2�5�4�0� �D� �S�t�a�n�d�a�r�d� 

�M�e�t�h�o�d�s� �f�o�r� �t�h�e� �E�x�a�m�i�n�a�t�i�o�n� �o�f� �W�a�t�e�r� �a�n�d� �W�a�s�t�e�w�a�t�e�r� �(�4�8�)�.� 

�F�i�r�s�t�,� �f�i�l�t�e�r� �p�a�p�e�r� �w�a�s� �w�a�s�h�e�d� �w�i�t�h� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r�,� �h�e�a�t�e�d� 

�i�n� �a� �P�r�e�c�i�s�i�o�n� �S�c�i�e�n�t�i�f�i�c� �T�h�e�l�c�o� �M�o�d�e�l� �2�8� �o�v�e�n�,� �a�n�d� �t�h�e�n� 

�w�e�i�g�h�e�d� �o�n� �a� �F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c� �M�e�t�t�l�e�r� �H�1�0� �s�c�a�l�e� �a�f�t�e�r� 

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

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

�A�l



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

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

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

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

�u�l�t�r�a�v�i�o�l�e�t� �o�x�i�d�a�t�i�o�n� �m�e�t�h�o�d� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �5�3�1�0� �C� 

�o�f� �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� �(�4�8�)�.� �I�n� �p�r�i�n�c�i�p�a�l�,� �t�h�e� �o�r�g�a�n�i�c� �c�a�r�b�o�n� �w�a�s� 

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

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

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

�l�o�w�e�r�i�n�g� �t�h�e� �s�a�m�p�l�e� �p�H� �t�o� �b�e�l�o�w� �2� �w�h�i�c�h� �c�o�n�v�e�r�t�e�d� �t�h�e� 

�i�n�o�r�g�a�n�i�c� �c�a�r�b�o�n� �t�o� �c�a�r�b�o�n� �d�i�o�x�i�d�e�.� �A�f�t�e�r� �p�H� �r�e�d�u�c�t�i�o�n�,� �t�h�e� 

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

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

�a� �X�e�r�t�e�x� �D�o�h�r�m�a�n�n�,� �A�u�t�o�m�a�t�e�d� �T�O�C� �A�n�a�l�y�z�e�r�.� 

�S�e�v�e�r�a�l� �s�a�m�p�l�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �f�o�r� �B�O�D� �i�n� �t�h�e� �5�-�d�a�y� �B�O�D� 

�t�e�s�t� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �5�2�1�0� �B� �o�f� �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� �(�4�8�)�.� �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� �r�e�a�d�i�n�g�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �i�n� �t�h�e� �s�a�m�p�l�e�s� 

�u�s�i�n�g� �a� �Y�e�l�l�o�w� �S�p�r�i�n�g�s� �M�o�d�e�l� �5�4�A� �o�x�y�g�e�n� �m�e�t�e�r�.� �T�h�e� �s�a�m�p�l�e�s�,� 

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

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�0� �°�C� �f�o�r� �5� �d�a�y�s�.� �T�o� �c�o�v�e�r� �a� �w�i�d�e� �r�a�n�g�e� �o�f� 

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

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

�a�n�a�l�y�z�e�d�.� �A�l�l� �B�O�D� �r�e�s�u�l�t�s� �i�n� �t�h�i�s� �t�h�e�s�i�s� �r�e�f�e�r� �t�o� �t�h�e� �5�-�D�a�y� 

�B�O�D� �T�e�s�t�,� �s�o�m�e�t�i�m�e�s� �a�b�b�r�e�v�i�a�t�e�d� �i�n� �o�t�h�e�r� �s�t�u�d�i�e�s� �a�s� �B�O�D�,�.� 
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�V�.� �R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�T�h�i�s� �s�e�c�t�i�o�n� �w�i�l�l� �b�e� �d�i�v�i�d�e�d� �i�n� �t�w�o� �s�e�g�m�e�n�t�s�,� �w�i�t�h� �t�h�e� 

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

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

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

�f�o�l�l�o�w�i�n�g�:� �c�o�a�g�u�l�a�n�t� �s�c�r�e�e�n�i�n�g� �o�f� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r�,� 

�a�n�a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r�,� �a�e�r�o�b�i�c�a�l�l�y� 

�t�r�e�a�t�e�d� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r�,� �a�n�a�e�r�o�b�i�c�a�l�l�y�-�a�e�r�o�b�i�c�a�l�l�y� 

�t�r�e�a�t�e�d� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r�,� �a�n�a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� �P�O�T�W� �I� 

�i�n�f�l�u�e�n�t�,� �a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� �P�O�T�W� �I� �i�n�f�l�u�e�n�t�,� �a�n�d� 

�a�n�a�e�r�o�b�i�c�a�l�l�y�-�~�a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� �P�O�T�W� �I� �i�n�f�l�u�e�n�t�.� �T�h�e� 

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

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

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

�o�n�-�s�i�t�e� �t�e�s�t�i�n�g�,� �a�n�d� �t�h�e� �s�e�c�o�n�d� �o�n�-�s�i�t�e� �t�e�s�t�i�n�g�.� �A�l�l� 

�r�e�s�u�l�t�s� �t�h�a�t� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�o�r� �I�n�d�u�s�t�r�y� �I�/�P�O�T�W� �I� �a�n�d� 

�I�n�d�u�s�t�r�y� �I�I� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �A�p�p�e�n�d�i�x� �A� �a�n�d� �B�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�I�n�d�u�s�t�r�y� �I� 

�C�o�a�g�u�l�a�n�t� �S�c�r�e�e�n�i�n�g� �o�f� �N�a�v�y� �1�0�6� �W�a�s�h�w�a�t�e�r� 

�C�o�a�g�u�l�a�n�t� �s�c�r�e�e�n�i�n�g� �o�f� �I�n�d�u�s�t�r�y� �I�'�s� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r� 

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

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

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

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

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

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

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

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

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

�s�c�r�e�e�n�i�n�g� �u�s�e�d� �t�w�e�n�t�y�-�t�h�r�e�e� �c�o�a�g�u�l�a�n�t�s� �o�n� �t�h�e� �w�a�s�h�w�a�t�e�r� �a�t� 
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�t�h�e� �w�a�s�h�w�a�t�e�r�'�s� �n�o�r�m�a�l� �p�H� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�.�5�,� �a�n�d� �t�h�e�s�e� 

�p�o�l�y�m�e�r�s� �a�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �T�a�b�l�e� �1� �i�n� �t�h�e� �M�e�t�h�o�d�s� �a�n�d� 

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

�c�o�a�g�u�l�a�n�t�s� �w�e�r�e� �u�s�e�d� �i�n� �e�a�c�h� �j�a�r� �t�e�s�t� �s�c�r�e�e�n�i�n�g� �s�e�q�u�e�n�c�e�:� �2�5� 

�m�g�/�L�,� �5�0� �m�g�/�L�,� �7�5� �m�g�/�L�,� �1�0�0� �m�g�/�L�,� �1�5�0� �m�g�/�L�,� �a�n�d� �2�0�0� �m�g�/�L�.� 

�A�f�t�e�r� �t�h�e� �j�a�r� �t�e�s�t�s�,� �t�h�e� �c�o�a�g�u�l�a�n�t�-�t�r�e�a�t�e�d� �w�a�s�h�w�a�t�e�r� �w�a�s� 

�a�n�a�l�y�z�e�d� �f�o�r� �A�D�M�I� �a�n�d� �T�S�S� �o�n�l�y� �i�f� �a� �s�i�g�n�i�f�i�c�a�n�t� 

�d�e�c�o�l�o�r�i�z�a�t�i�o�n� �o�c�c�u�r�r�e�d�.� �I�f� �n�o� �c�o�l�o�r� �c�h�a�n�g�e� �o�r� �o�n�l�y� �a� 

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

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

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

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

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

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

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

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

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

�c�h�a�n�g�e�s�:� �B�e�t�z� �1�1�9�0� �a�t� �1�5�0� �m�g�/�L� �a�n�d� �2�0�0� �m�g�/�L�,� �a� �q�u�a�t�e�r�n�a�r�y� 

�a�m�m�o�n�i�u�m� �a�t� �1�5�0� �m�g�/�L� �a�n�d� �2�0�0� �m�g�/�L�,� �M�a�g�n�i�f�l�o�c� �5�8�1�-�C� �a�t� �2�5� 

�m�g�/�L� �t�o� �2�0�0� �m�g�/�L�,� �a�n�d� �M�a�g�n�i�f�l�o�c� �1�8�2�0�-�A� �a�t� �2�5� �m�g�/�L� �t�o� �2�0�0� 

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

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

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

�w�a�s� �n�o�t� �e�n�o�u�g�h� �t�o� �w�a�r�r�a�n�t� �T�S�S� �a�n�d� �A�D�M�I� �a�n�a�l�y�s�e�s�.� 

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

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

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

�a�t� �p�H� �5� �w�i�t�h� �5�0� �m�g�/�L�,� �1�0�0� �m�g�/�L�,� �a�n�d� �2�0�0� �m�g�/�L� �d�o�s�a�g�e�s� �a�n�d� �a�t� 

�p�H� �7� �w�i�t�h� �5�0� �m�g�/�L�,� �1�0�0� �m�g�/�L�,� �a�n�d� �2�0�0� �m�g�/�L� �d�o�s�a�g�e�s� �f�o�r� �e�a�c�h� 

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

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

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

�o�n�e� �j�a�r� �t�e�s�t� �s�e�q�u�e�n�c�e�.� �A�s� �i�n� �t�h�e� �f�i�r�s�t� �r�o�u�n�d�,� �v�i�s�u�a�l� 

�r�e�c�o�r�d�s� �w�e�r�e� �k�e�p�t� �o�f� �e�a�c�h� �c�o�a�g�u�l�a�n�t�'�s� �p�e�r�f�o�r�m�a�n�c�e�,� �a�n�d� 
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�f�u�r�t�h�e�r� �a�n�a�l�y�s�e�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n�l�y� �w�h�e�n� �s�i�g�n�i�f�i�c�a�n�t� �c�o�l�o�r� 

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

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

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

�M�a�g�n�i�f�l�o�c� �5�7�3�-�C�,� �5�8�1�-�C�,� �1�8�2�0�-�A�;� �B�e�t�z� �1�1�1�5�L�,� �P�o�l�y�f�l�o�c� �3�,� 

�1�1�2�3�L�,� �1�1�4�2�,� �1�1�5�3�,� �1�1�4�7�L�,� �1�1�8�1�;� �a�n�d� �N�a�l�c�o� �T�X� �4�9�7�8�,� �8�1�0�8�,� 

�7�1�5�5�.� �A�l�l� �o�f� �t�h�e�s�e� �c�o�a�g�u�l�a�n�t�s� �p�r�o�d�u�c�e�d� �s�l�i�g�h�t� �c�o�l�o�r� �c�h�a�n�g�e�s� 

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

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

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

�s�e�c�o�n�d� �r�o�u�n�d� �o�f� �s�c�r�e�e�n�i�n�g�.� �N�a�l�c�o� �6�0�3� �p�r�o�d�u�c�e�d� �a� �m�o�d�e�r�a�t�e� 

�c�o�l�o�r� �c�h�a�n�g�e� �u�s�i�n�g� �2�0�0� �m�g�/�L� �a�t� �p�H� �5� �a�n�d� �p�H� �7�.� �B�e�t�z� �1�1�9�0� 

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

�P�H� �5�.� �T�h�e� �m�o�d�e�r�a�t�e� �c�o�l�o�r� �c�h�a�n�g�e�s� �p�r�o�d�u�c�e�d� �b�y� �N�a�l�c�o� �6�0�3� �a�n�d� 

�B�e�t�z� �1�1�9�0� �w�e�r�e� �a�g�a�i�n� �n�o�t� �d�e�e�m�e�d� �t�o� �b�e� �e�x�t�e�n�s�i�v�e�.� 

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

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

�w�a�s� �i�n�i�t�i�a�l�l�y� �d�a�r�k� �b�l�u�e�-�p�u�r�p�l�e�,� �a�n�d� �w�h�e�n� �c�l�e�a�r� �p�l�a�s�t�i�c� �j�a�r�s� 

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

�t�h�r�o�u�g�h� �t�h�e� �j�a�r� �d�u�e� �t�o� �t�h�e� �d�a�r�k�n�e�s�s� �o�f� �t�h�e� �d�y�e�.� �A�l�t�h�o�u�g�h� 

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

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

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

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

�d�o�s�a�g�e�s� �i�n� �t�h�e� �a�r�e�a� �o�f� �2�0�0� �m�g�/�L�,� �b�u�t� �n�o� �a�d�d�i�t�i�o�n�a�l� �a�n�a�l�y�s�e�s� 

�w�e�r�e� �p�e�r�f�o�r�m�e�d�.� 

�A�n�a�e�r�o�b�i�c�a�l�l�y� �T�r�e�a�t�e�d� �N�a�v�y� �1�0�6� �W�a�s�h�w�a�t�e�r� 

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

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

�s�e�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �s�c�r�e�e�n�i�n�g� �p�r�o�c�e�s�s�:� �N�a�l�c�o� �8�1�0�5� �a�n�d� �6�0�3�,� 

�B�e�t�z� �1�1�9�0�,� �M�a�g�n�i�f�l�o�c� �5�7�3�-�C�,� �a�n�d� �a�l�u�m�.� �N�a�l�c�o� �6�0�3� �a�n�d� �B�e�t�z� 

�1�1�9�0� �w�e�r�e� �c�h�o�s�e�n� �b�e�c�a�u�s�e� �t�h�e�y� �p�e�r�f�o�r�m�e�d� �t�h�e� �b�e�s�t� �i�n� �t�h�e� 

�s�c�r�e�e�n�i�n�g� �p�r�o�c�e�s�s�.� �N�a�l�c�o� �r�e�p�r�e�s�e�n�t�a�t�i�v�e�s� �h�a�d� �r�e�c�o�m�m�e�n�d�e�d� 
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�N�a�l�c�o� �8�1�0�5� �b�e�c�a�u�s�e� �m�a�n�y� �t�e�x�t�i�l�e� �i�n�d�u�s�t�r�i�e�s� �a�r�e� �u�t�i�l�i�z�i�n�g� 

�t�h�i�s� �c�o�a�g�u�l�a�n�t� �f�o�r� �c�o�l�o�r� �r�e�m�o�v�a�l�.� �P�O�T�W� �I� �i�s� �p�r�e�s�e�n�t�l�y� �u�s�i�n�g� 

�M�a�g�n�i�f�l�o�c� �5�7�3�-�C�,� �a� �c�a�t�i�o�n�i�c� �c�o�a�g�u�l�a�n�t�,� �s�o� �t�h�i�s� �c�o�a�g�u�l�a�n�t� �w�a�s� 

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

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

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

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

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

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

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

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

�w�a�s�h�w�a�t�e�r� �p�H� �w�a�s� �v�a�r�i�e�d� �f�r�o�m� �3� �t�o� �8�,� �w�h�i�l�e� �t�h�e� �c�o�a�g�u�l�a�n�t� 

�d�o�s�a�g�e� �w�a�s� �v�a�r�i�e�d� �f�r�o�m� �5�0� �m�g�/�L� �t�o� �2�0�0� �m�g�/�L� �a�t� �e�a�c�h� �p�H�.� 

�T�a�b�l�e� �2� �p�r�o�v�i�d�e�s� �t�h�e� �A�D�M�I� �v�a�l�u�e�s�,� �a�l�o�n�g� �w�i�t�h� �o�t�h�e�r� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �f�o�r� �t�h�e� �d�i�f�f�e�r�e�n�t� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r�s�.� 

�T�h�e� �a�n�a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r� �h�a�d� �a�n� 

�a�v�e�r�a�g�e� �A�D�M�I� �v�a�l�u�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �7�6�0�,� �w�h�i�c�h� �i�n� �i�t�s�e�l�f� �i�s� 

�a�n� �8�3�%� �c�o�l�o�r� �r�e�d�u�c�t�i�o�n� �f�r�o�m� �t�h�e� �u�n�t�r�e�a�t�e�d� �w�a�s�h�w�a�t�e�r�.� �B�e�f�o�r�e� 

�a�n�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t�,� �t�h�e� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r� �w�a�s� �d�i�l�u�t�e�d� �3�:�1� 

�(�t�h�r�e�e� �p�a�r�t�s� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r� �t�o� �o�n�e� �p�a�r�t� �B�P�E�)�,� �w�h�i�c�h� 

�a�c�c�o�u�n�t�e�d� �f�o�r� �a�n� �i�n�i�t�i�a�l� �1�6�%� �c�o�l�o�r� �l�o�s�t�.� �A�s� �L�o�y�d� �(�1�7�)� �f�o�u�n�d� 

�t�h�r�o�u�g�h� �h�i�s� �s�t�u�d�y�,� �t�h�e� �c�o�l�o�r� �o�f� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r� �w�a�s� 

�r�e�d�u�c�e�d� �b�y� �8�0�%� �a�f�t�e�r� �d�i�l�u�t�i�o�n� �a�t� �a� �3�:�1� �r�a�t�i�o� �(�w�a�s�h�w�a�t�e�r� �t�o� 

�m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r�)� �a�n�d� �a�n�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t�.� �l�L�o�y�d�'�s� 

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

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

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

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

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

�r�e�m�o�v�i�n�g� �c�o�l�o�r� �(�6�,�1�3�,�3�6�)�.� �I�t� �i�s� �t�h�e�o�r�i�z�e�d� �t�h�a�t� �a�n�a�e�r�o�b�i�c� 

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

�a�z�o� �l�i�n�k� �w�h�i�c�h� �r�e�s�u�l�t�s� �i�n� �a�r�o�m�a�t�i�c� �a�m�i�n�e�s� �(�1�3�)�.� 

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

�t�r�e�a�t�e�d� �w�a�s�h�w�a�t�e�r�,� �w�h�i�l�e� �a�l�u�m� �p�r�o�d�u�c�e�d� �n�o� �n�o�t�i�c�e�a�b�l�e� �c�o�l�o�r� 
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�c�h�a�n�g�e�.� �T�h�e� �f�o�u�r� �p�o�l�y�m�e�r�s� �(�M�a�g�n�i�f�l�o�c� �5�7�3�-�C�,� �N�a�l�c�o� �6�0�3� �a�n�d� 

�8�1�0�5�,� �a�n�d� �B�e�t�z� �1�1�9�0�)� �y�i�e�l�d�e�d� �s�i�m�i�l�a�r� �r�e�s�u�l�t�s� �w�i�t�h� �t�h�e� �A�D�M�I� 

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

�w�a�s� �i�n�c�r�e�a�s�e�d�,� �a�n�d� �a�s� �t�h�e� �p�H� �w�a�s� �l�o�w�e�r�e�d�.� �A�l�l� �j�a�r� �t�e�s�t�s� 

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

�8�1�0�5� �r�e�s�u�l�t�s� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� �s�i�n�c�e� �i�t� �c�o�n�s�i�s�t�e�n�t�l�y� 

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

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

�T�h�e� �A�D�M�I� �c�o�l�o�r� �r�e�m�o�v�a�l�s� �u�s�i�n�g� �N�a�l�c�o� �8�1�0�5� �a�r�e� �p�r�e�s�e�n�t�e�d� 

�i�n� �F�i�g�u�r�e� �2�.� �A�l�l� �j�a�r� �t�e�s�t�s� �u�s�i�n�g� �N�a�l�c�o� �8�1�0�5� �b�e�g�a�n� �w�i�t�h� �t�h�e� 

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

�i�n�i�t�i�a�l� �A�D�M�I� �v�a�l�u�e� �o�f� �7�6�7� �f�o�r� �t�h�e� �a�n�a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� 

�w�a�s�h�w�a�t�e�r�.� �A�t� �a� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e� �o�f� �5�0� �m�g�/�L�,� �t�h�e� �j�a�r� �t�e�s�t� 

�h�a�v�i�n�g� �a� �p�H� �o�f� �3� �r�e�s�u�l�t�e�d� �i�n� �a� �5�6�%� �c�o�l�o�r� �r�e�m�o�v�a�l� �w�h�i�l�e� �t�h�e� 

�j�a�r� �t�e�s�t�s� �h�a�v�i�n�g� �p�H�s� �o�f� �5�,� �7�,� �a�n�d� �8� �r�e�s�u�l�t�e�d� �i�n� �c�o�l�o�r� 

�r�e�m�o�v�a�l�s� �o�f� �4�8�%�,� �2�6�%�,� �a�n�d� �1�4�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�s� �t�h�e� �N�a�l�c�o� 

�8�1�0�5� �d�o�s�a�g�e� �w�a�s� �i�n�c�r�e�a�s�e�d� �t�o� �1�0�0� �m�g�/�L�,� �t�h�e� �j�a�r� �t�e�s�t�s� �h�a�v�i�n�g� 

�a� �p�H� �o�f� �3� �a�n�d� �5� �b�o�t�h� �h�a�d� �a� �6�1�%� �c�o�l�o�r� �r�e�m�o�v�a�l� �w�h�i�l�e� �t�h�e� �j�a�r� 

�t�e�s�t�s� �h�a�v�i�n�g� �a� �p�H� �o�f� �7� �a�n�d� �8� �h�a�d� �c�o�l�o�r� �r�e�m�o�v�a�l�s� �o�f� �4�3�%� �a�n�d� 

�2�3�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�t� �a� �N�a�l�c�o� �8�1�0�5� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �2�0�0� 

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

�5�2�%� �a�n�d� �6�6�%�.� �A�s� �s�e�e�n� �i�n� �F�i�g�u�r�e� �2�,� �t�h�e� �j�a�r� �t�e�s�t�s� �h�a�v�i�n�g� �a� �p�H� 

�o�f� �3� �a�n�d� �5� �r�e�s�u�l�t�e�d� �i�n� �l�a�r�g�e� �c�o�l�o�r� �r�e�m�o�v�a�l�s� �a�t� �l�o�w� �c�o�a�g�u�l�a�n�t� 

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

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

�h�a�v�i�n�g� �p�H�s� �o�f� �7� �a�n�d� �8� �r�e�s�u�l�t�e�d� �i�n� �c�o�l�o�r� �r�e�m�o�v�a�l� �r�a�t�e�s� �t�h�a�t� 

�i�n�c�r�e�a�s�e�d� �s�t�e�a�d�i�l�y� �d�o�w�n� �t�o� �A�D�M�I� �u�n�i�t�s� �c�l�o�s�e� �t�o� �t�h�a�t� �o�f� �t�h�e� 

�j�a�r� �t�e�s�t�s� �h�a�v�i�n�g� �p�H�s� �o�f� �3� �a�n�d� �5� �a�t� �c�o�a�g�u�l�a�n�t� �d�o�s�a�g�e�s� �o�f� �2�0�0� 

�m�g�/�L�.� 

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

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

�S�o�l�i�d�s� �w�h�i�c�h� �d�i�d� �n�o�t� �s�e�t�t�l�e� �i�n� �e�a�c�h� �j�a�r� �t�e�s�t� �a�r�e� �l�a�b�e�l�e�d� �a�s� 

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

�f�o�r� �3�0� �m�i�n�u�t�e�s� �a�f�t�e�r� �t�h�e� �c�o�a�g�u�l�a�t�i�o�n� �a�n�d� �f�l�o�c�c�u�l�a�t�i�o�n� 
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�p�r�o�c�e�s�s�.� �T�S�S� �l�e�v�e�l�s� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �N�a�l�c�o� �8�1�0�5� �j�a�r� �t�e�s�t� 

�a�r�e� �p�r�e�s�e�n�t�e�d� �a�s� �F�i�g�u�r�e� �3�,� �a�n�d� �T�S�S� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �r�e�s�u�l�t�i�n�g� 

�f�r�o�m� �t�h�e� �N�a�l�c�o� �6�0�3�,� �M�a�g�n�i�f�l�o�c� �5�7�7�-�C�,� �a�n�d� �B�e�t�z� �1�1�9�0� �j�a�r� �t�e�s�t�s� 

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

�N�a�l�c�o� �8�1�0�5� �p�r�o�v�i�d�e�d� �f�o�r� �t�h�e� �b�e�s�t� �T�S�S� �r�e�m�o�v�a�l�s� �a�t� �p�H� �5�,� 

�w�h�i�l�e� �t�h�e� �j�a�r� �t�e�s�t�s� �a�t� �p�H� �3� �a�l�s�o� �p�e�r�f�o�r�m�e�d� �w�e�l�l�.� �T�h�e� �j�a�r� 

�t�e�s�t�s� �a�t� �p�H� �5� �a�n�d� �p�H� �3� �b�o�t�h� �h�a�d� �t�h�e� �l�o�w�e�s�t� �T�S�S� �a�t� �N�a�l�c�o� �8�1�0�5� 

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

�i�n�c�r�e�a�s�i�n�g� �d�o�s�a�g�e�.� �T�h�e� �T�S�S� �a�t� �p�H� �7� �a�n�d� �p�H� �8� �r�e�m�a�r�k�a�b�l�y� 

�i�n�c�r�e�a�s�e�d� �a�t� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e�s� �o�f� �5�0� �m�g�/�L� �a�n�d� �1�0�0� �m�g�/�L�;� 

�h�o�w�e�v�e�r�,� �a�t� �a� �d�o�s�a�g�e� �o�f� �2�0�0� �m�g�/�L�,� �t�h�e� �T�S�S� �a�t� �p�H� �7� �d�e�c�r�e�a�s�e�d� 

�t�o� �4�5� �m�g�/�L� �w�h�i�l�e� �t�h�e� �T�S�S� �a�t� �p�H� �8� �i�n�c�r�e�a�s�e�d� �t�o� �2�1�5� �m�g�/�L�.� �T�h�e� 

�o�t�h�e�r� �t�h�r�e�e� �c�o�a�g�u�l�a�n�t�s� �r�e�m�o�v�e�d� �t�h�e� �m�o�s�t� �T�S�S� �a�t� �p�H� �3�,� �b�u�t� �T�S�S� 

�r�e�m�o�v�a�l�s� �a�t� �p�H� �5� �w�e�r�e� �a�l�s�o� �f�a�v�o�r�a�b�l�e�.� 

�F�o�r� �t�h�e� �T�O�C� �a�n�a�l�y�s�i�s�,� �o�n�l�y� �N�a�l�c�o� �8�1�0�5� �s�a�m�p�l�e�s� �a�t� �p�H� �3� 

�a�n�d� �p�H� �5� �w�e�r�e� �a�n�a�l�y�z�e�d� �s�i�n�c�e� �t�h�e�s�e� �c�o�n�d�i�t�i�o�n�s� �p�r�o�d�u�c�e�d� �t�h�e� 

�b�e�s�t� �c�o�l�o�r� �r�e�m�o�v�a�l�s� �a�n�d� �T�S�S� �r�e�m�o�v�a�l�s�.� �F�i�g�u�r�e� �4� �s�h�o�w�s� �t�h�e� 

�T�O�C� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �t�h�e� �w�a�s�h�w�a�t�e�r� �t�h�a�t� �w�e�r�e� �a�n�a�e�r�o�b�i�c�a�l�l�y� 

�t�r�e�a�t�e�d�.� �T�h�e� �u�n�t�r�e�a�t�e�d� �w�a�s�h�w�a�t�e�r� �c�o�n�t�a�i�n�e�d� �a� �T�O�C� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �2�0�0� �m�g�/�L�,� �a�n�d� �a�f�t�e�r� �t�h�e� �3�:�1� �m�i�x�,� �t�h�e� �T�O�C� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �r�e�d�u�c�e�d� �t�o� �1�7�1� �m�g�/�L�.� �A�n�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� 

�o�f� �t�h�e� �w�a�s�h�w�a�t�e�r� �o�n�l�y� �r�e�d�u�c�e�d� �t�h�e� �T�O�C� �a� �s�m�a�l�l� �a�m�o�u�n�t� �(�1�2�6� 

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

�l�a�t�e�r�.� 

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

�S�i�l�i�c�a�t�e� �p�r�e�c�i�p�i�t�a�t�i�o�n� �o�c�c�u�r�r�e�d� �a�n�d� �c�o�n�t�r�i�b�u�t�e�d� �t�o�w�a�r�d�s� �T�O�C� 

�r�e�d�u�c�t�i�o�n�;� �h�o�w�e�v�e�r�,� �a�s� �L�o�y�d� �(�1�7�)� �i�n�d�i�c�a�t�e�d�,� �t�h�e� �s�i�l�i�c�a�t�e� 

�p�r�e�c�i�p�i�t�a�t�i�o�n� �c�a�u�s�e�d� �a�n� �u�n�d�e�t�e�r�m�i�n�e�d� �a�m�o�u�n�t� �o�f� �T�O�C� �r�e�d�u�c�t�i�o�n� 

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

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

�t�h�e� �a�n�a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� �w�a�s�h�w�a�t�e�r� �t�o� �p�H� �3� �a�n�d� �5� �i�n�c�r�e�a�s�e�d� 

�t�h�e� �T�O�C� �5� �t�o� �6�%� �a�b�o�v�e� �t�h�a�t� �o�f� �j�u�s�t� �t�h�e� �a�n�a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� 

�w�a�s�h�w�a�t�e�r�.� �S�u�b�s�e�q�u�e�n�t� �t�r�e�a�t�m�e�n�t� �w�i�t�h� �N�a�l�c�o� �8�1�0�5� �f�u�r�t�h�e�r� 

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

�A�n�a�e�r�o�b�i�c� �T�r�i�a�l� �D�a�t�a� 

�T�O�C� �o�f� �t�h�e� �u�n�t�r�e�a�t�e�d� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r�,� 

�t�h�e� �3�:�1� �M�i�x�,� �a�n�d� �t�h�e� �a�n�a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� 

�N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r�s�.� 
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�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.� �I�n� �t�e�s�t�s� �b�o�t�h� �a�t� �p�H� �3� �a�n�d� �p�H� �5�,� �t�h�e� �T�O�C� 

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

�h�a�v�i�n�g� �a� �p�H� �o�f� �5� �a�n�d� �a� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e� �o�f� �5�0� �m�g�/�L� �s�h�o�w�e�d� 

�t�h�e� �l�e�a�s�t� �a�m�o�u�n�t� �o�f� �T�O�C� �r�e�d�u�c�t�i�o�n�;� �h�o�w�e�v�e�r�,� �t�h�e� �j�a�r� �t�e�s�t� 

�h�a�v�i�n�g� �a� �p�H� �o�f� �5� �a�n�d� �a� �d�o�s�a�g�e� �o�f� �2�0�0� �m�g�/�L� �s�h�o�w�e�d� �t�h�e� 

�g�r�e�a�t�e�s�t� �a�m�o�u�n�t� �o�f� �T�O�C� �r�e�d�u�c�t�i�o�n�.� �E�x�c�e�p�t� �f�o�r� �a� �T�O�C� �v�a�l�u�e� �o�f� 

�1�1�9� �m�g�/�L� �(�5�0� �m�g�/�L� �o�f� �N�a�l�c�o� �8�1�0�5� �a�t� �p�H� �5�)�,� �t�h�e� �T�O�C� �r�e�s�u�l�t�s� 

�r�a�n�g�e�d� �f�r�o�m� �8�2� �m�g�/�L� �t�o� �9�2� �m�g�/�L� �a�f�t�e�r� �N�a�l�c�o� �8�1�0�5� �t�r�e�a�t�m�e�n�t�.� 

�A�e�r�o�b�i�c�a�l�l�y� �T�r�e�a�t�e�d� �N�a�v�y� �1�0�6� �W�a�s�h�w�a�t�e�r� 

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

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

�u�s�e�d� �i�n� �t�h�i�s� �a�e�r�o�b�i�c� �w�a�s�h�w�a�t�e�r� �a�n�a�l�y�s�i�s�.� �N�a�l�c�o� �8�1�0�5�,� �N�a�l�c�o� 

�6�0�3�,� �B�e�t�z� �1�1�9�0�,� �M�a�g�n�i�f�l�o�c� �5�7�3�-�C�,� �a�n�d� �a�l�u�m� �w�e�r�e� �u�s�e�d� �u�n�d�e�r� 

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

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

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

�t�o� �a�n�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� �a�s� �s�e�e�n� �i�n� �T�a�b�l�e� �2�.� �O�t�h�e�r� 

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

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

�(�6�,�1�3�,�1�7�,�3�0�,�3�1�,�3�4�)�.� �I�n� �f�a�c�t�,� �W�e�e�t�e�r� �a�n�d� �H�o�d�g�s�o�n� �(�3�3�)� 

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

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

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

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

�f�o�u�r� �p�o�l�y�m�e�r�s� �(�N�a�l�c�o� �6�0�3�,� �N�a�l�c�o� �8�1�0�5�,� �M�a�g�n�i�f�l�o�c� �5�7�3�-�C�,� �a�n�d� 

�B�e�t�z� �1�1�9�0�)� �p�e�r�f�o�r�m�e�d� �w�e�l�l�,� �w�h�i�l�e� �a�l�u�m� �d�i�d� �n�o�t� �p�r�o�d�u�c�e� �a�n�y� 

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

�w�i�t�h� �t�h�e� �f�o�u�r� �p�o�l�y�m�e�r�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �f�o�r� �A�D�M�I� �c�o�l�o�r� �a�n�d� �T�S�S�.� 

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

�8�1�0�5� �f�i�g�u�r�e�s� �w�i�l�l� �b�e� �p�r�e�s�e�n�t�e�d� �s�i�n�c�e� �N�a�l�c�o� �8�1�0�5� �a�g�a�i�n� 

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

�p�o�l�y�m�e�r�s� �m�a�y� �b�e� �s�e�e�n� �i�n� �A�p�p�e�n�d�i�x� �A�.� 

�N�a�l�c�o� �8�1�0�5� �p�e�r�f�o�r�m�e�d� �w�e�l�l� �i�n� �r�e�m�o�v�i�n�g� �t�h�e� �c�o�l�o�r� �f�r�o�m� 
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�A�n�a�e�r�o�b�i�c� �T�r�i�a�l� �D�a�t�a� 

�T�O�C� �o�f� �t�h�e� �a�n�a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� �N�a�v�y� �1�0�6� 

�w�a�s�h�w�a�t�e�r� �i�n� �j�a�r� �t�e�s�t�s� �u�s�i�n�g� �N�a�l�c�o� �8�1�0�5�.� 
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�t�h�e� �a�e�r�o�b�i�c� �w�a�s�h�w�a�t�e�r� �a�s� �s�e�e�n� �i�n� �F�i�g�u�r�e� �6�.� �A�s� �w�i�t�h� �t�h�e� 

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

�p�H�s�.� �A�t� �a� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e� �o�f� �5�0� �m�g�/�L�,� �t�h�e� �j�a�r� �t�e�s�t� �h�a�v�i�n�g� 

�a� �p�H� �o�f� �3� �r�e�m�o�v�e�d� �5�0�%� �o�f� �t�h�e� �i�n�i�t�i�a�l� �c�o�l�o�r� �w�h�i�l�e� �t�h�e� �j�a�r� 

�t�e�s�t�s� �h�a�v�i�n�g� �a� �p�H� �o�f� �5�,� �6�,� �a�n�d� �8� �r�e�m�o�v�e�d� �2�3�%�,� �2�3�%�,� �a�n�d� �1�%� �o�f� 

�t�h�e� �c�o�l�o�r�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�t� �a� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e� �o�f� �1�0�0� 

�m�g�/�L�,� �t�h�e� �j�a�r� �t�e�s�t�s� �h�a�v�i�n�g� �a� �p�H� �o�f� �3�,� �5�,� �6�,� �a�n�d� �8� �r�e�m�o�v�e�d� 

�7�7�%�,� �6�5�%�,� �5�6�%�,� �a�n�d� �1�3�%� �o�f� �t�h�e� �c�o�l�o�r�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�t� �a� 

�N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e� �o�f� �2�0�0� �m�g�/�L�,� �t�h�e� �j�a�r� �t�e�s�t�s� �h�a�v�i�n�g� �a� �p�H� �o�f� 

�3�,� �5�,� �a�n�d� �6� �p�r�o�d�u�c�e�d� �c�o�l�o�r� �r�e�m�o�v�a�l�s� �r�a�n�g�i�n�g� �f�r�o�m� �8�5�%� �a�t� �p�H� �3� 

�t�o� �8�1�%� �a�t� �p�H� �6�.� �T�h�e� �j�a�r� �t�e�s�t� �a�t� �p�H� �8� �a�n�d� �2�0�0� �m�g�/�L� �o�f� �N�a�l�c�o� 

�8�1�0�5� �p�r�o�d�u�c�e�d� �a� �5�9�%� �c�o�l�o�r� �r�e�m�o�v�a�l�.� 

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

�N�a�l�c�o� �8�1�0�5� �d�o�e�s� �n�o�t� �h�a�v�e� �a� �d�e�f�i�n�e�d� �p�a�t�t�e�r�n� �a�m�o�n�g� �t�h�e� 

�d�i�f�f�e�r�e�n�t� �p�H�s� �a�s� �s�e�e�n� �i�n� �F�i�g�u�r�e� �7�.� �T�h�e� �T�S�S� �d�a�t�a� �f�o�r� �a�l�l� 

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

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

�F�o�r� �t�h�e� �N�a�l�c�o� �8�1�0�5� �t�r�i�a�l� �a�t� �5�0� �m�g�/�L�,� �t�h�e� �p�H� �3� �a�n�d� �p�H� �6� �j�a�r� 

�t�e�s�t�s� �r�e�d�u�c�e�d� �t�h�e� �T�S�S� �t�o� �3�5� �m�g�/�L� �a�n�d� �7�5� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� 

�w�h�i�l�e� �t�h�e� �p�H� �5� �a�n�d� �p�H� �8� �j�a�r� �t�e�s�t�s� �i�n�c�r�e�a�s�e�d� �t�h�e� �T�S�S� �t�o� �1�2�5� 

�m�g�/�L� �a�n�d� �1�3�0� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�t� �1�0�0� �m�g�/�L� �o�f� �N�a�l�c�o� �8�1�0�5�,� 

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

�T�S�S� �r�e�m�o�v�a�l�s� �t�h�a�t� �r�a�n�g�e�d� �f�r�o�m� �2�5� �m�g�/�L� �t�o� �3�0� �m�g�/�L�.� �T�h�e� �j�a�r� 

�t�e�s�t� �a�t� �p�H� �8� �f�u�r�t�h�e�r� �i�n�c�r�e�a�s�e�d� �t�h�e� �T�S�S� �t�o� �2�3�5� �m�g�/�L� �a�t� �a� 

�N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e� �o�f� �1�0�0� �m�g�/�L�.� �A�t� �2�0�0� �m�g�/�L� �o�f� �N�a�l�c�o� �8�1�0�5�,� 

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

�5� �m�g�/�L� �f�o�r� �p�H� �3� �t�o� �2�0� �m�g�/�L� �f�o�r� �p�H� �6�.� 

�F�i�g�u�r�e� �8� �s�h�o�w�s� �t�h�e� �T�O�C� �r�e�m�o�v�a�l�s� �i�n� �t�h�e� �a�e�r�o�b�i�c�a�l�l�y� 

�t�r�e�a�t�e�d� �w�a�s�h�w�a�t�e�r� �t�r�i�a�l�s�.� �T�h�e� �3�:�1� �m�i�x� �l�o�w�e�r�e�d� �t�h�e� �i�n�i�t�i�a�l� 

�T�O�C� �o�f� �t�h�e� �u�n�t�r�e�a�t�e�d� �w�a�s�h�w�a�t�e�r� �f�r�o�m� �2�0�0� �m�g�/�L� �t�o� �1�7�1� �m�g�/�L�.� 

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

�r�e�d�u�c�e�d� �t�o� �5�9� �m�g�/�L�.� �T�h�i�s� �T�O�C� �r�e�d�u�c�t�i�o�n� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� 

�t�h�e� �l�i�t�e�r�a�t�u�r�e� �(�1�7�,�2�7�)�.� �A�f�t�e�r� �t�h�e� �p�H� �o�f� �t�h�e� �a�e�r�o�b�i�c� 

�w�a�s�h�w�a�t�e�r� �w�a�s� �r�e�d�u�c�e�d� �t�o� �p�H� �3� �a�n�d� �p�H� �5�,� �t�h�e� �T�O�C� �i�n�c�r�e�a�s�e�d� �3� 
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�T�O�C� �o�f� �t�h�e� �u�n�t�r�e�a�t�e�d� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r�,� 

�t�h�e� �3�:�1� �M�i�x�,� �a�n�d� �t�h�e� �a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� 

�F�i�g�u�r�e� �8�.� 

�N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r�s�.� 
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�t�o� �6�%� �a�b�o�v�e� �t�h�a�t� �o�f� �t�h�e� �a�e�r�o�b�i�c� �w�a�s�h�w�a�t�e�r�.� 

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

�N�a�l�c�o� �8�1�0�5� �(�p�H� �3� �a�n�d� �p�H� �5� �t�r�i�a�l�s�)� �a�r�e� �p�r�e�s�e�n�t�e�d� �a�s� �F�i�g�u�r�e� �9�.� 

�T�h�e� �a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� �w�a�s�h�w�a�t�e�r� �T�O�C� �(�5�9� �m�g�/�L�)� �w�a�s� �r�e�d�u�c�e�d� 

�t�o� �a� �r�a�n�g�e� �o�f� �2�6� �m�g�/�L� �t�o� �2�8� �m�g�/�L� �a�f�t�e�r� �N�a�l�c�o� �8�1�0�5� �t�r�e�a�t�m�e�n�t� 

�a�t� �p�H� �3�.� �A�s� �w�i�t�h� �t�h�e� �a�n�a�e�r�o�b�i�c� �w�a�s�h�w�a�t�e�r� �T�O�C� �r�e�s�u�l�t�s�,� �t�h�e� 

�a�e�r�o�b�i�c� �w�a�s�h�w�a�t�e�r� �j�a�r� �t�e�s�t� �a�t� �p�H� �5� �a�n�d� �5�0� �m�g�/�L� �o�f� �N�a�l�c�o� �8�1�0�5� 

�h�a�d� �a� �h�i�g�h�e�r� �T�O�C� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�4�0� �m�g�/�L�)� �t�h�a�n� �t�h�e� �p�H� �5� �j�a�r� 

�t�e�s�t�s� �u�s�i�n�g� �1�0�0� �m�g�/�L� �a�n�d� �2�0�0� �m�g�/�L� �o�f� �N�a�l�c�o� �8�1�0�5� �(�T�O�C� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �2�7� �m�g�/�L� �a�n�d� �2�3� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�)�.� �A�s� 

�w�i�t�h� �t�h�e� �a�n�a�e�r�o�b�i�c� �w�a�s�h�w�a�t�e�r� �T�O�C� �a�n�a�l�y�s�i�s�,� �t�h�e� �r�e�s�u�l�t�s� 

�i�n�d�i�c�a�t�e� �t�h�a�t� �w�h�e�n� �t�h�e� �a�e�r�o�b�i�c� �w�a�s�h�w�a�t�e�r� �h�a�d� �a� �l�o�w� �p�H� �o�f� �3�,� 

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

�a�t� �l�e�a�s�t� �i�n� �t�h�e� �5�0� �m�g�/�L� �t�o� �2�0�0� �m�g�/�L� �c�o�a�g�u�l�a�n�t� �d�o�s�a�g�e� �r�a�n�g�e�.� 

�W�i�t�h� �a� �s�l�i�g�h�t�l�y� �h�i�g�h�e�r� �p�H� �o�f� �5�,� �t�h�e� �T�O�C� �v�a�l�u�e�s� �w�e�r�e� 

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

�A�n�a�e�r�o�b�i�c�a�l�l�y�~�-�A�e�r�o�b�i�c�a�l�l�y� �T�r�e�a�t�e�d� �N�a�v�y� �1�0�6� �W�a�s�h�w�a�t�e�r� 

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

�t�h�e� �s�a�m�e� �f�i�v�e� �c�o�a�g�u�l�a�n�t�s� �i�n� �j�a�r� �t�e�s�t�s�.� �N�a�l�c�o� �8�1�0�5�,� �N�a�l�c�o� 

�6�0�3�,� �B�e�t�z� �1�1�9�0�,� �M�a�g�n�i�f�l�o�c� �5�7�3�-�C�,� �a�n�d� �a�l�u�m� �w�e�r�e� �a�l�l� �u�s�e�d� 

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

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

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

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

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

�H�a�m�b�u�r�g�e�r� �(�1�3�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �a�r�o�m�a�t�i�c� �a�m�i�n�e� �m�e�t�a�b�o�l�i�t�e�s� 

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

�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� �t�h�a�n� �t�h�e� �p�a�r�e�n�t� �d�y�e� �m�o�l�e�c�u�l�e�s�.� �L�o�y�d� �(�1�7�)� 

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

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

�b�i�o�d�e�g�r�a�d�a�t�i�o�n� �(�i�.�e�.�,� �t�h�e� �r�e�m�o�v�a�l� �o�f� �B�O�D� �a�n�d� �T�O�C�)�;� �h�o�w�e�v�e�r�,� 

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

�a�n�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� �(�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� �a�c�t�u�a�l�l�y� �c�a�u�s�e�d� �a� 
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�A�e�r�o�b�i�c� �T�r�i�a�l� �D�a�t�a� 

�F�i�g�u�r�e� �9�.� �T�O�C� �o�f� �t�h�e� �a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� �N�a�v�y� �1�0�6� 

�w�a�s�h�w�a�t�e�r� �i�n� �j�a�r� �t�e�s�t�s� �u�s�i�n�g� �N�a�l�c�o� �8�1�0�5�.



�s�i�g�n�i�f�i�c�a�n�t� �2�%� �c�o�l�o�r� �i�n�c�r�e�a�s�e� �a�f�t�e�r� �i�n�i�t�i�a�l� �a�n�a�e�r�o�b�i�c� 

�t�r�e�a�t�m�e�n�t�)�.� 

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

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

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

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

�w�a�s�h�w�a�t�e�r� �w�a�s� �n�o�t� �a�n�a�l�y�z�e�d� �f�u�r�t�h�e�r�.� �A�l�s�o�,� �a�s� �w�i�t�h� �t�h�e� 

�p�r�e�v�i�o�u�s� �t�r�i�a�l�s�,� �N�a�l�c�o� �8�1�0�5� �c�o�n�s�i�s�t�e�n�t�l�y� �p�r�o�v�i�d�e�d� �t�h�e� �b�e�s�t� 

�c�o�l�o�r� �r�e�m�o�v�a�l�;� �t�h�e�r�e�f�o�r�e�,� �t�h�e� �N�a�l�c�o� �8�1�0�5� �r�e�s�u�l�t�s� �a�n�d� �f�i�g�u�r�e�s� 

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

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

�T�h�e� �A�D�M�I� �a�n�d� �T�S�S� �r�e�s�u�l�t�s� �o�f� �t�h�e� �o�t�h�e�r� �t�h�r�e�e� �p�o�l�y�m�e�r�s� �w�e�r�e� 

�S�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �o�f� �N�a�l�c�o� �8�1�0�5�.� 

�T�h�e� �N�a�l�c�o� �8�1�0�5� �j�a�r� �t�e�s�t�s� �p�r�o�d�u�c�e�d� �l�a�r�g�e� �c�o�l�o�r� �r�e�m�o�v�a�l�s�,� 

�a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�0�.� �A�t� �a� �d�o�s�a�g�e� �o�f� �5�0� �m�g�/�L�,� �t�h�e�r�e� �w�a�s� �a� 

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

�d�i�f�f�e�r�e�n�t� �p�H�s� �(�6�3�%� �f�o�r� �p�H� �3�,� �4�1�%� �f�o�r� �p�H� �5�,� �a�n�d� �1�9�%� �f�o�r� �p�H� 

�7�)�.� �T�h�e� �j�a�r� �t�e�s�t� �a�t� �p�H� �o�f� �8� �a�n�d� �5�0� �m�g�/�L� �o�f� �N�a�l�c�o� �8�1�0�5� 

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

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

�W�i�t�h� �t�h�e� �j�a�r� �t�e�s�t� �a�t� �p�H� �3� �s�t�i�l�l� �r�e�m�o�v�i�n�g� �t�h�e� �m�o�s�t� �c�o�l�o�r� �(�7�3�%� 

�c�o�l�o�r� �r�e�m�o�v�a�l�)� �a�n�d� �p�H� �8� �s�t�i�l�l� �r�e�m�o�v�i�n�g� �t�h�e� �l�e�a�s�t� �c�o�l�o�r� �(�4�8�%� 

�c�o�l�o�r� �r�e�m�o�v�a�l�)�.� �A�t� �2�0�0� �m�g�/�L� �o�f� �N�a�l�c�o� �8�1�0�5�,� �a�l�l� �f�o�u�r� �p�H�s� 

�p�r�o�d�u�c�e�d� �s�i�m�i�l�a�r� �c�o�l�o�r� �r�e�m�o�v�a�l�s� �t�h�a�t� �r�a�n�g�e�d� �f�r�o�m� �7�9�%� �a�t� �p�H� �5� 

�t�o� �7�4�%� �a�t� �p�H� �8�.� 

�T�h�e� �T�S�S� �r�e�m�o�v�a�l�s� �p�r�o�d�u�c�e�d� �b�y� �N�a�l�c�o� �8�1�0�5� �m�a�y� �b�e� �s�e�e�n� �i�n� 

�F�i�g�u�r�e� �1�1�.� �A�t� �a� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e� �o�f� �5�0� �m�g�/�L�,� �t�h�e� �j�a�r� �t�e�s�t� 

�a�t� �p�H� �5� �p�r�o�d�u�c�e�d� �t�h�e� �l�o�w�e�s�t� �T�S�S� �o�f� �2�0� �m�g�/�L� �w�h�i�l�e� �t�h�e� �j�a�r� 

�t�e�s�t� �a�t� �p�H� �3� �p�r�o�d�u�c�e�d� �t�h�e� �s�e�c�o�n�d� �l�o�w�e�s�t� �T�S�S� �o�f� �4�0� �m�g�/�L�.� 

�A�l�s�o� �a�t� �a� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e� �o�f� �5�0� �m�g�/�L�,� �t�h�e� �j�a�r� �t�e�s�t�s� �a�t� �p�H�s� 

�o�f� �7� �a�n�d� �8� �b�o�t�h� �p�r�o�d�u�c�e�d� �a� �T�S�S� �o�f� �8�0� �m�g�/�L�.� �A�t� �a� �d�o�s�a�g�e� �o�f� 

�1�0�0� �m�g�/�L�,� �t�h�e� �p�H� �3�,� �p�H� �5�,� �a�n�d� �p�H� �7� �j�a�r� �t�e�s�t�s� �a�l�l� �p�r�o�d�u�c�e�d� 

�l�o�w� �T�S�S� �t�h�a�t� �r�a�n�g�e�d� �f�r�o�m� �1�0� �m�g�/�L� �t�o� �1�5� �m�g�/�L�,� �w�h�i�l�e� �t�h�e� �j�a�r� 

�t�e�s�t� �a�t� �p�H� �8� �p�r�o�d�u�c�e�d� �a� �s�l�i�g�h�t�l�y� �h�i�g�h�e�r� �T�S�S� �o�f� �4�5� �m�g�/�L�.� �A�t� 
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�a� �d�o�s�a�g�e� �o�f� �2�0�0� �m�g�/�L�,� �t�h�e� �j�a�r� �t�e�s�t�s� �a�t� �p�H� �3�,� �5�,� �7�,� �a�n�d� �8� 

�p�r�o�d�u�c�e�d� �T�S�S� �v�a�l�u�e�s� �o�f� �1�5�,� �1�0�,� �5�,� �a�n�d� �2�0� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�F�i�g�u�r�e� �1�2� �s�h�o�w�s� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �T�O�C� �a�n�a�l�y�s�i�s� �o�n� �t�h�e� 

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

�t�r�e�a�t�m�e�n�t�,� �t�h�e� �T�O�C� �i�s� �r�e�d�u�c�e�d� �t�o� �6�6� �m�g�/�L� �f�r�o�m� �t�h�e� �i�n�i�t�i�a�l� 

�3�:�1� �m�i�x� �T�O�C� �o�f� �1�7�1� �m�g�/�L�.� �T�h�i�s� �r�e�d�u�c�t�i�o�n� �i�n� �T�O�C� �w�a�s� 

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

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

�a�e�r�o�b�i�c� �t�r�i�a�l�s� �(�F�i�g�u�r�e� �8�)� �a�n�d� �t�h�e� �s�l�i�g�h�t� �T�O�C� �r�e�d�u�c�t�i�o�n�s� �i�n� 

�t�h�e� �a�n�a�e�r�o�b�i�c� �t�r�i�a�l�s� �(�F�i�g�u�r�e� �4�)�.� �L�o�y�d� �(�1�7�)� �f�o�u�n�d� �t�h�a�t� 

�a�n�a�e�r�o�b�i�c�-�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� �o�f� �t�h�e� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r� 

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

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

�p�r�o�v�i�d�e�d� �a� �b�e�t�t�e�r� �T�O�C� �r�e�d�u�c�t�i�o�n� �t�h�a�n� �a�n�a�e�r�o�b�i�c�-�a�e�r�o�b�i�c� 

�t�r�e�a�t�m�e�n�t� �(�a�s� �s�e�e�n� �i�n� �T�a�b�l�e� �2�)�.� �T�h�i�s� �w�a�s� �t�h�o�u�g�h�t� �t�o� �o�n�l�y� �b�e� 

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

�t�h�e� �p�H� �t�o� �3� �a�n�d� �5� �a�f�t�e�r� �a�n�a�e�r�o�b�i�c�-�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� �d�i�d� �n�o�t� 

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

�A�f�t�e�r� �t�r�e�a�t�m�e�n�t� �w�i�t�h� �N�a�l�c�o� �8�1�0�5�,� �t�h�e� �a�n�a�e�r�o�b�i�c�-�a�e�r�o�b�i�c� 

�w�a�s�h�w�a�t�e�r� �T�O�C� �w�a�s� �r�e�d�u�c�e�d� �i�n� �s�o�m�e� �c�a�s�e�s� �b�y� �5�0�%� �o�f� �t�h�e� 

�i�n�i�t�i�a�l� �a�n�a�e�r�o�b�i�c�-�a�e�r�o�b�i�c� �T�O�C� �(�F�i�g�u�r�e� �1�3�)�.� �T�h�e� �j�a�r� �t�e�s�t�s� �a�t� 

�P�H� �3� �a�n�d� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e�s� �o�f� �5�0�,� �1�0�0�,� �a�n�d� �2�0�0� �m�g�/�L� �r�e�d�u�c�e�d� 

�t�h�e� �T�O�C� �t�o� �2�7�,� �2�4�,� �a�n�d� �2�5� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �j�a�r� �t�e�s�t�s� 

�a�t� �p�H� �5� �a�n�d� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e�s� �o�f� �5�0�,� �1�0�0�,� �a�n�d� �2�0�0� �m�g�/�L� 

�r�e�d�u�c�e�d� �t�h�e� �T�O�C� �t�o� �4�4�,� �2�7�,� �a�n�d� �2�0� �m�g�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e�s�e� 

�T�O�C� �r�e�s�u�l�t�s� �o�n� �t�h�e� �a�n�a�e�r�o�b�i�c�-�a�e�r�o�b�i�c� �w�a�s�h�w�a�t�e�r� �a�r�e� �s�i�m�i�l�a�r� 

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

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

�a�n�a�e�r�o�b�i�c� �w�a�s�h�w�a�t�e�r� �a�n�d� �a�e�r�o�b�i�c� �w�a�s�h�w�a�t�e�r� �T�O�C� �a�n�a�l�y�s�e�s�,� �a� 

�j�a�r� �t�e�s�t� �h�a�v�i�n�g� �a� �l�o�w� �p�H� �o�f� �3� �p�r�o�d�u�c�e�d� �a� �l�o�w� �T�O�C� 

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

�w�h�i�l�e� �t�h�e� �T�O�C� �o�f� �j�a�r� �t�e�s�t�s� �h�a�v�i�n�g� �a� �h�i�g�h�e�r� �p�H� �o�f� �5� �d�e�c�r�e�a�s�e�d� 

�a�s� �t�h�e� �c�o�a�g�u�l�a�n�t� �d�o�s�a�g�e� �w�a�s� �i�n�c�r�e�a�s�e�d�.� 
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�2�5�0�-� 

�2�0�0�-�7� 

�1� �5�0�-� �°� �U�n�t�r�e�a�t�e�d� 

�R�S�S� 
�U�n�t�r�e�a�t�e�d� �3�:�1� �M�i�x� 

�:� �=� 
�:� �A�n�~�A�e�r� 

�1�0�0� �,� �F�E� 
�a� �A�n�-�A�e�r� �p�H� �3� 

�1� �W�O� 
�e�p�e�e� �|� �A�n�-�A�e�r� �p�H� �5� 

�5�0�+� �:� 
�1� 

�0� �-� � � 

�A�n�a�e�r�o�b�i�c�-�A�e�r�o�b�i�c� �T�r�i�a�l� �D�a�t�a� 

�F�i�g�u�r�e� �1�2�.� �T�O�C� �o�f� �t�h�e� �u�n�t�r�e�a�t�e�d� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r�,� �t�h�e� 

�3�:�1� �M�i�x�,� �a�n�d� �t�h�e� �a�n�a�e�r�o�b�i�c�a�l�l�y�-�a�e�r�o�b�i�c�a�l�l�y� 

�t�r�e�a�t�e�d� �N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r�s�.� 
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�1�0�0�-� 

�7�5�7�]� 

�7� �W�l� 
�>� �5�0� �m�g�/�L� 

�&� �5�0�7� 
�~ �� �1�0�0� �m�g�/�L� 

�S� �2�0�0� �m�g�/�L� 

�P�H� �5�,� �5�0� �m�g�/�L� 

�W�O� 
�2�5�-�1� �L� �p�H� �5�,� �1�0�0� �m�g�/�L� 

�m� �p�H� �5�,� �2�0�0� �m�g�/�L� 

�G�U� �F�O�N�G� 
�O� �Y�o�p� �a�s� �.�  �� �.� � � � � � � � � 

� � � � 

�A�n�a�e�r�o�b�i�c�=�-�A�e�r�o�b�i�c� �T�r�i�a�l� �D�a�t�a� 

�F�i�g�u�r�e� �1�3�.� �T�O�C� �o�f� �t�h�e� �a�n�a�e�r�o�b�i�c�a�l�l�y�-�a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� 

�N�a�v�y� �1�0�6� �w�a�s�h�w�a�t�e�r� �i�n� �j�a�r� �t�e�s�t�s� �u�s�i�n�g� �N�a�l�c�o� �8�1�0�5�.� 
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�A�n�a�e�r�o�b�i�c�a�l�l�y� �T�r�e�a�t�e�d� �P�O�T�W� �I� �I�n�f�l�u�e�n�t� 

�T�h�e� �t�h�r�e�e� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r�s� �(�a�n�a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� 

�P�O�T�W� �I�,� �a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� �P�O�T�W� �I�,� �a�n�d� �a�n�a�e�r�o�b�i�c�a�l�l�y�-� 

�a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� �P�O�T�W� �I�)� �w�e�r�e� �s�t�u�d�i�e�d� �i�n� �t�h�e� �s�a�m�e� �m�a�n�n�e�r� 

�a�s� �t�h�e� �I�n�d�u�s�t�r�y� �I� �w�a�s�h�w�a�t�e�r�.� �A�l�l� �t�h�r�e�e� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r�s� 

�w�e�r�e� �b�i�o�l�o�g�i�c�a�l�l�y� �t�r�e�a�t�e�d� �a�t� �V�P�I�&�S�U� �u�s�i�n�g� �S�B�R� �r�e�a�c�t�o�r�s� 

�d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �M�e�t�h�o�d�s� �a�n�d� �M�a�t�e�r�i�a�l�s�.� �F�o�l�l�o�w�i�n�g� 

�b�i�o�l�o�g�i�c�a�l� �t�r�e�a�t�m�e�n�t�,� �t�h�e� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r�s� �w�e�r�e� �t�r�e�a�t�e�d� 

�w�i�t�h� �a�l�u�m� �a�n�d� �N�a�l�c�o� �8�1�0�5�.� �T�h�e�s�e� �t�w�o� �c�o�a�g�u�l�a�n�t�s� �w�e�r�e� �u�s�e�d� 

�b�e�c�a�u�s�e� �N�a�l�c�o� �8�1�0�5� �w�a�s� �t�h�e� �b�e�s�t� �p�e�r�f�o�r�m�i�n�g� �p�o�l�y�m�e�r� �f�r�o�m� �t�h�e� 

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

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

�u�s�e�d� �a�n�d� �r�e�l�a�t�i�v�e�l�y� �i�n�e�x�p�e�n�s�i�v�e�.� �A�l�s�o� �t�h�e� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r� 

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

�c�o�n�c�e�n�t�r�a�t�e�d� �I�n�d�u�s�t�r�y� �I� �w�a�s�h�w�a�t�e�r�.� 

�U�n�t�r�e�a�t�e�d� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �n�o�t� �e�v�a�l�u�a�t�e�d� �f�o�r� 

�c�o�a�g�u�l�a�t�i�o�n� �b�e�c�a�u�s�e� �P�O�T�W� �I� �i�s� �a� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� 

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

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

�P�O�T�W� �I� �p�r�e�s�e�n�t�l�y� �f�o�l�l�o�w�s� �t�h�e� �b�i�o�l�o�g�i�c�a�l� �t�r�e�a�t�m�e�n�t�.� �T�a�b�l�e� �3� 

�p�r�e�s�e�n�t�s� �t�h�e� �v�a�r�i�o�u�s� �p�a�r�a�m�e�t�e�r�s� �o�f� �t�h�e� �t�r�e�a�t�e�d� �P�O�T�W� �I� 

�w�a�s�t�e�w�a�t�e�r�s�.� �T�h�e� �r�e�s�u�l�t�s� �r�e�a�l�i�z�e�d� �i�n� �t�h�e� �P�O�T�W� �I� �t�r�i�a�l�s� �w�e�r�e� 

�S�i�m�i�l�a�r� �t�o� �t�h�e� �r�e�s�u�l�t�s� �f�o�u�n�d� �i�n� �I�n�d�u�s�t�r�y� �I� �w�a�s�h�w�a�t�e�r� �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�:� �i�n� �t�h�e� �P�O�T�W� �I� �t�r�i�a�l�s�,� �t�h�e� 

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

�a�n�a�e�r�o�b�i�c� �w�a�t�e�r� �a�n�d� �t�h�e� �a�n�a�e�r�o�b�i�c�~�-�a�e�r�o�b�i�c� �w�a�t�e�r� �h�a�d� �a� �l�o�w�e�r� 

�T�o�c� �t�h�a�n� �t�h�e� �a�e�r�o�b�i�c� �w�a�t�e�r�.� 

�T�h�e� �l�a�b�o�r�a�t�o�r�y� �a�n�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� �r�e�d�u�c�e�d� �t�h�e� �P�O�T�W� �I� 

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

�a�n�a�e�r�o�b�i�c� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �a�c�t�u�a�l�l�y� �i�n�c�r�e�a�s�e�d� �o�v�e�r� �t�h�e� 

�T�S�S� �o�f� �t�h�e� �u�n�t�r�e�a�t�e�d� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r� �w�h�i�l�e� �t�h�e� �T�O�C� �a�n�d� �B�O�D� 

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

�u�n�t�r�e�a�t�e�d� �P�O�T�W� �I� �w�a�s� �l�o�w� �s�i�n�c�e� �t�h�e� �P�O�T�W� �I� �w�a�t�e�r�s� �w�e�r�e� 

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

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

�w�a�s�h�w�a�t�e�r� �t�r�i�a�l�s� �o�f� �I�n�d�u�s�t�r�y� �I�.� �N�a�l�c�o� �8�1�0�5� �w�a�s� �u�s�e�d� �i�n� �t�h�e� 

�j�a�r� �t�e�s�t�s� �a�t� �d�o�s�a�g�e�s� �o�f� �1�0�,� �2�5�,� �a�n�d� �5�0� �m�g�/�L�,� �w�h�i�l�e� �v�a�r�y�i�n�g� 

�t�h�e� �p�H�.� �T�h�e� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e�s� �w�e�r�e� �l�o�w�e�r� �f�o�r� �t�h�e� �P�O�T�W� �I� 

�w�a�s�t�e�w�a�t�e�r� �t�h�a�n� �f�o�r� �t�h�e� �I�n�d�u�s�t�r�y� �I� �w�a�t�e�r� �b�e�c�a�u�s�e� �t�h�e� �P�O�T�W� �I� 

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

�w�a�s� �u�s�e�d� �a�t� �d�o�s�a�g�e�s� �o�f� �5�0�,� �1�0�0�,� �a�n�d� �1�5�0� �m�g�/�L� �w�h�i�l�e� �a�l�s�o� 

�v�a�r�y�i�n�g� �t�h�e� �p�H�.� 

�T�h�e� �c�o�l�o�r� �r�e�m�o�v�a�l�s� �i�n� �t�h�e� �N�a�l�c�o� �8�1�0�5� �j�a�r� �t�e�s�t�s� �a�r�e� 

�p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� �1�4�.� �A�t� �a� �l�o�w� �d�o�s�a�g�e� �o�f� �1�0� �m�g�/�L�,� �t�h�e� �j�a�r� 

�t�e�s�t� �a�t� �p�H� �3� �r�e�m�o�v�e�d� �5�1�%� �o�f� �t�h�e� �c�o�l�o�r�,� �w�h�i�l�e� �t�h�e� �j�a�r� �t�e�s�t�s� 

�a�t� �p�H� �5� �a�n�d� �p�H� �8� �r�e�m�o�v�e�d� �4�6�%� �a�n�d� �3�3�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�t�a� 

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

�t�h�e� �l�o�w�e�r� �p�H�s� �(�6�5�%� �c�o�l�o�r� �r�e�m�o�v�a�l� �a�t� �p�H� �3�,� �6�0�%� �c�o�l�o�r� �r�e�m�o�v�a�l� 

�a�t� �p�H� �5�,� �a�n�d� �4�9�%� �c�o�l�o�r� �r�e�m�o�v�a�l� �a�t� �p�H� �8�)�.� �A�t� �a� �d�o�s�a�g�e� �o�f� �5�0� 

�m�g�/�L�,� �t�h�e� �c�o�l�o�r� �r�e�m�o�v�a�l�s� �w�e�r�e� �l�e�s�s� �p�H� �d�e�p�e�n�d�e�n�t� �w�i�t�h� �A�D�M�I� 

�c�o�l�o�r� �r�e�m�o�v�a�l�s� �r�a�n�g�i�n�g� �f�r�o�m� �6�8�%� �t�o� �7�5�%� �f�o�r� �t�h�e� �t�h�r�e�e� �j�a�r� 

�t�e�s�t�s�.� �T�h�e� �T�S�S� �f�o�r� �t�h�e� �N�a�l�c�o� �8�1�0�5� �j�a�r� �t�e�s�t�s� �a�r�e� �p�r�e�s�e�n�t�e�d� 

�i�n� �F�i�g�u�r�e� �1�5�.� �A�t� �a� �d�o�s�a�g�e� �o�f� �1�0� �m�g�/�L�,� �a�l�l� �j�a�r� �t�e�s�t�s� 

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

�2�5� �m�g�/�L� �a�n�d� �t�h�e�n� �s�l�i�g�h�t�l�y� �i�n�c�r�e�a�s�e�d� �a�g�a�i�n� �a�t� �a� �d�o�s�a�g�e� �o�f� �5�0� 

�m�g�/�L�.� �T�h�e� �p�H� �3� �a�n�d� �p�H� �5� �j�a�r� �t�e�s�t�s� �a�t� �a� �d�o�s�a�g�e� �o�f� �2�5� �m�g�/�L� 

�b�o�t�h� �r�e�s�u�l�t�e�d� �i�n� �T�S�S� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �0� �m�g�/�L�.� 

�T�h�e� �c�o�l�o�r� �r�e�m�o�v�a�l�s� �f�o�r� �t�h�e� �a�l�u�m� �j�a�r� �t�e�s�t� �p�r�o�v�e�d� �t�o� �b�e� 

�S�l�i�g�h�t�l�y� �l�e�s�s� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �N�a�l�c�o� �8�1�0�5� �t�e�s�t�s�.� �A�l�u�m� �w�a�s� 

�u�s�e�d� �a�t� �p�H� �5�,� �6�.�5�,� �a�n�d� �8� �s�i�n�c�e� �o�p�t�i�m�u�m� �a�l�u�m� �c�o�n�d�i�t�i�o�n�s� �a�r�e� 

�g�e�n�e�r�a�l�l�y� �p�r�o�d�u�c�e�d� �a�t� �p�H�s� �b�e�t�w�e�e�n� �5� �a�n�d� �8�.� �T�h�e� �a�l�u�m� �c�o�l�o�r� 

�r�e�m�o�v�a�l�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� �1�6�.� �A�s� �w�i�t�h� �t�h�e� �N�a�l�c�o� �8�1�0�5� 

�j�a�r� �t�e�s�t�s�,� �t�h�e� �l�o�w�e�r� �p�H� �j�a�r� �t�e�s�t�s� �p�e�r�f�o�r�m�e�d� �t�h�e� �b�e�s�t� �a�t� 

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

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

�d�o�s�a�g�e�s�.� �A�t� �1�5�0� �m�g�/�L� �o�f� �a�l�u�m�,� �t�h�e� �b�e�s�t� �A�D�M�I� �c�o�l�o�r� �r�e�m�o�v�a�l�s� 

�w�e�r�e� �a�c�h�i�e�v�e�d� �a�n�d� �w�e�r�e� �a�s� �f�o�l�l�o�w�s�:� �6�8�%� �a�t� �p�H� �5�,� �5�8�%� �a�t� �p�H� 
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�6�.�5�,� �a�n�d� �4�9�%� �a�t� �p�H� �8�.� �T�h�e� �T�S�S� �r�e�m�o�v�a�l�s� �f�o�r� �t�h�e� �a�l�u�m� �j�a�r� 

�t�e�s�t�s� �m�a�y� �b�e� �s�e�e�n� �i�n� �F�i�g�u�r�e� �1�7�.� �T�h�e� �l�o�w�e�s�t� �T�S�S� �r�e�m�o�v�a�l�s� 

�w�e�r�e� �a�c�h�i�e�v�e�d� �i�n� �t�h�e� �j�a�r� �t�e�s�t� �a�t� �a� �p�H� �o�f� �6�.�5� �a�n�d� �a�n� �a�l�u�m� 

�d�o�s�a�g�e� �o�f� �1�0�0� �m�g�/�L� �(�T�S�S� �o�f� �0� �m�g�/�L� �)� �a�n�d� �t�h�e� �j�a�r� �t�e�s�t� �a�t� �a� �p�H� 

�o�f� �6�.�5� �a�n�d� �a�n� �a�l�u�m� �d�o�s�a�g�e� �o�f� �1�5�0� �m�g�/�L� �(�T�S�S� �o�f� �1�0� �m�g�/�L�)�.� 

�T�h�e� �a�n�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� �o�f� �t�h�e� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r� 

�r�e�d�u�c�e�d� �t�h�e� �T�O�C� �o�n�l�y� �5�%� �a�s� �s�e�e�n� �i�n� �F�i�g�u�r�e� �1�8�.� �T�h�e� �c�h�e�m�i�c�a�l� 

�c�o�a�g�u�l�a�t�i�o�n� �o�f� �t�h�e� �a�n�a�e�r�o�b�i�c� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r� �d�i�d� �f�u�r�t�h�e�r� 

�r�e�d�u�c�e� �t�h�e� �T�O�C� �(�c�o�a�g�u�l�a�n�t� �T�O�C� �r�e�d�u�c�t�i�o�n�s� �r�a�n�g�e�d� �f�r�o�m� �2� �t�o� 

�3�9�%�)�.� �F�i�g�u�r�e� �1�8� �p�r�o�v�i�d�e�s� �t�h�e� �T�O�C� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �f�r�o�m� �t�h�e� 

�a�l�u�m� �s�a�m�p�l�e� �(�1�0�0� �m�g�/�L� �o�f� �a�l�u�m� �a�t� �p�H� �5�)� �h�a�v�i�n�g� �t�h�e� �h�i�g�h�e�s�t� 

�T�O�C� �r�e�d�u�c�t�i�o�n� �a�n�d� �f�r�o�m� �t�h�e� �N�a�l�c�o� �8�1�0�5� �s�a�m�p�l�e� �(�5�0� �m�g�/�L� �o�f� 

�N�a�l�c�o� �8�1�0�5� �a�t� �p�H� �8�)� �h�a�v�i�n�g� �t�h�e� �h�i�g�h�e�s�t� �T�O�C� �r�e�d�u�c�t�i�o�n�.� �T�h�e� 

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

�T�O�C� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �8�0� �m�g�/�L�.� �T�h�e� �N�a�l�c�o� �8�1�0�5� �s�a�m�p�l�e� �l�o�w�e�r�e�d� 

�t�h�e� �T�O�C� �t�o� �9�8� �m�g�/�L�.� �L�o�w�e�r�i�n�g� �t�h�e� �p�H� �o�f� �t�h�e� �a�n�a�e�r�o�b�i�c� �P�O�T�W� �I� 

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

�d�e�c�r�e�a�s�e� �t�h�e� �T�O�C� �n�o�t�i�c�e�a�b�l�y�.� 

�A�e�r�o�b�i�c�a�l�l�y� �T�r�e�a�t�e�d� �P�O�T�W� �I� �I�n�f�l�u�e�n�t� 

�T�h�e� �a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� �a�l�o�n�e� �o�f� �t�h�e� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r� 

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

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

�r�e�d�u�c�e� �t�h�e� �c�o�l�o�r� �o�f� �t�h�e� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r� �t�o� �a�n�y� �g�r�e�a�t� 

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

�s�l�i�g�h�t�l�y� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �T�S�S� �(�T�a�b�l�e� �3�)�.� �T�h�e� 

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

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

�I�n�d�u�s�t�r�y� �I�.� �T�h�e� �c�o�n�d�i�t�i�o�n�s� �u�s�e�d� �i�n� �t�h�e� �a�e�r�o�b�i�c� �P�O�T�W� �I� 

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

�a�n�a�e�r�o�b�i�c� �P�O�T�W� �I� �t�r�i�a�l�s�.� 

�T�h�e� �N�a�l�c�o� �8�1�0�5� �j�a�r� �t�e�s�t�s� �g�r�e�a�t�l�y� �o�u�t�p�e�r�f�o�r�m�e�d� �t�h�e� �a�l�u�m� 

�j�a�r� �t�e�s�t�s� �i�n� �c�o�l�o�r� �a�n�d� �T�S�S� �r�e�m�o�v�a�l�s� �f�o�r� �t�h�e� �a�e�r�o�b�i�c� �P�O�T�W� �I� 

�t�r�i�a�l�s�.� �T�h�e� �N�a�l�c�o� �8�1�0�5� �c�o�l�o�r� �r�e�d�u�c�t�i�o�n�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� 
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�U�n�t�r�e�a�t�e�d� �P�O�T�W� �I� 
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�A�n�a�e�r�o�b�i�c� �P�O�T�W� �I� 

�e�e�e� 
�p�H�5�,�1�0�0�m�g�/�L� �A�l�u�m� 

� � � � �p�H�8�,�5�0�m�g�/�L� �8�1�0�5� 
� � 

�T
�O

�C
� �(

�m
�g

�/�
L
�)

� 

� � 
�A�n�a�e�r�o�b�i�c� �T�r�i�a�l� �D�a�t�a� 

�F�i�g�u�r�e� �1�8�.� �T�O�C� �o�f� �t�h�e� �u�n�t�r�e�a�t�e�d� �P�O�T�W� �I� �w�a�t�e�r�,� �t�h�e� �a�n�a�e�r�o�b�i�c�a�l�l�y� 
�t�r�e�a�t�e�d� �P�O�T�W� �I� �w�a�t�e�r�,� �a�n�d� �t�h�e� �a�n�a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� �P�O�T�W� 
�I� �w�a�t�e�r� �i�n� �j�a�r� �t�e�s�t�s� �u�s�i�n�g� �a�l�u�m� �a�n�d� �u�s�i�n�g� �N�a�l�c�o� �8�1�0�5�.� 
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�F�i�g�u�r�e� �1�9�.� �C�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �a�n�a�e�r�o�b�i�c� �P�O�T�W� �I� �t�r�i�a�l�s�,� �t�h�e� 

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

�p�r�o�m�i�n�e�n�t� �a�t� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e�s� �o�f� �1�0� �m�g�/�L� �a�n�d� �2�5� �m�g�/�L�,� �b�u�t� 

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

�N�a�l�c�o� �8�1�0�5� �n�a�r�r�o�w�e�d�.� �A�t� �N�a�l�c�o� �8�1�0�5� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �1�0� 

�m�g�/�L� �a�n�d� �2�5� �m�g�/�L�,� �t�h�e� �j�a�r� �t�e�s�t�s� �a�t� �p�H� �3� �w�e�r�e� �m�o�r�e� �s�u�c�c�e�s�s�f�u�l� 

�i�n� �r�e�m�o�v�i�n�g� �c�o�l�o�r� �t�h�a�n� �t�h�e� �p�H� �5� �a�n�d� �p�H� �8� �j�a�r� �t�e�s�t�s�.� �T�h�e� 

�A�D�M�I� �c�o�l�o�r� �r�e�d�u�c�t�i�o�n�s� �a�t� �5�0� �m�g�/�L� �o�f� �N�a�l�c�o� �8�1�0�5� �w�e�r�e� �t�h�e� �m�o�s�t� 

�S�i�g�n�i�f�i�c�a�n�t� �a�n�d� �t�h�e�y� �w�e�r�e� �a�s� �f�o�l�l�o�w�s�:� �8�1�%� �a�t� �p�H� �3�,� �8�3�%� �a�t� 

�P�H� �5�,� �a�n�d� �7�9�%� �a�t� �p�H� �8�.� 

�T�h�e� �T�S�S� �r�e�m�o�v�a�l�s� �f�o�r� �t�h�e� �N�a�l�c�o� �8�1�0�5� �t�r�i�a�l�s� �a�r�e� 

�p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� �2�0�.� �A�t� �a� �l�o�w� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e� �o�f� �1�0� 

�m�g�/�L�,� �t�h�e� �T�S�S� �i�n�c�r�e�a�s�e�d� �i�n� �t�h�e� �j�a�r� �t�e�s�t�s� �h�a�v�i�n�g� �p�H� �3� �a�n�d� �p�H� 

�8�,� �w�h�i�l�e� �r�e�m�a�i�n�i�n�g� �t�h�e� �s�a�m�e� �f�o�r� �t�h�e� �j�a�r� �t�e�s�t� �h�a�v�i�n�g� �p�H� �5�.� 

�T�h�e� �b�e�s�t� �T�S�S� �r�e�m�o�v�a�l�s� �o�c�c�u�r�r�e�d� �a�t� �t�h�e� �h�i�g�h�e�r� �N�a�l�c�o� �8�1�0�5� 

�d�o�s�a�g�e�s� �o�f� �2�5� �m�g�/�L� �(�T�S�S� �o�f� �0� �m�g�/�L� �a�t� �p�H� �3�,� �1�0� �m�g�/�L� �a�t� �p�H� �5�,� 

�O� �m�g�/�L� �a�t� �p�H� �8�)� �a�n�d� �5�0� �m�g�/�L� �(�T�S�S� �o�f� �O� �m�g�/�L� �a�t� �p�H�s� �3�,� �5�,� �a�n�d� 

�8�)�.� 

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

�o�f� �c�o�l�o�r� �(�F�i�g�u�r�e� �2�1�)�.� �A�t� �5�0� �m�g�/�L� �o�f� �a�l�u�m�,� �t�h�e� �c�o�l�o�r� 

�a�c�t�u�a�l�l�y� �i�n�c�r�e�a�s�e�d� �i�n� �t�h�e� �j�a�r� �t�e�s�t�s� �h�a�v�i�n�g� �p�H� �6�.�5� �a�n�d� �p�H� �8�,� 

�w�h�i�l�e� �t�h�e� �j�a�r� �t�e�s�t� �a�t� �p�H� �5� �o�n�l�y� �s�h�o�w�e�d� �a� �s�m�a�l�l� �d�e�c�r�e�a�s�e� �i�n� 

�c�o�l�o�r�.� �A�t� �1�0�0� �m�g�/�L� �a�n�d� �1�5�0� �m�g�/�L� �o�f� �a�l�u�m�,� �t�h�e� �j�a�r� �t�e�s�t�s� �a�t� 

�a�l�l� �p�H�s� �s�h�o�w�e�d� �s�l�i�g�h�t� �c�o�l�o�r� �d�e�c�r�e�a�s�e�s� �w�i�t�h� �t�h�e� �j�a�r� �t�e�s�t� �a�t� 

�P�H� �5� �h�a�v�i�n�g� �t�h�e� �l�o�w�e�s�t� �c�o�l�o�r� �v�a�l�u�e�s�.� �U�n�l�i�k�e� �a�l�l� �p�r�e�v�i�o�u�s� 

�j�a�r� �t�e�s�t�s�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �A�D�M�I� �c�o�l�o�r� �v�a�l�u�e�s� �a�m�o�n�g� �t�h�e� 

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

�d�o�s�a�g�e�s�.� �T�h�i�s� �r�a�n�g�e� �w�a�s� �s�t�i�l�l� �r�e�l�a�t�i�v�e�l�y� �n�a�r�r�o�w� �w�i�t�h� �A�D�M�I� 

�c�o�l�o�r� �r�e�m�o�v�a�l�s� �o�f� �1�8�,� �1�0�,� �a�n�d� �3�%� �f�o�r� �t�h�e� �p�H� �5�,� �6�.�5�,� �a�n�d� �8� 

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

�t�r�e�a�t�e�d� �a�e�r�o�b�i�c� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� 

�2�2�.� �T�h�e� �j�a�r� �t�e�s�t�s� �h�a�v�i�n�g� �a� �p�H� �o�f� �8� �c�o�n�s�i�s�t�e�n�t�l�y� �r�e�m�o�v�e�d� �t�h�e� 

�m�o�s�t� �T�S�S�,� �w�h�i�l�e� �t�h�e� �j�a�r� �t�e�s�t�s� �h�a�v�i�n�g� �a� �p�H� �o�f� �5� �r�e�m�o�v�e�d� �s�m�a�l�l� 

�a�m�o�u�n�t�s� �o�f� �T�S�S�.� �T�h�e� �T�S�S� �i�n� �t�h�e� �p�H� �6�.�5� �s�a�m�p�l�e�s� �r�e�m�a�i�n�e�d� �t�h�e� 
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�s�a�m�e� �a�t� �5�0� �m�g�/�L� �a�n�d� �1�5�0� �m�g�/�L� �o�f� �a�l�u�m�,� �b�u�t� �w�a�s� �h�i�g�h�e�r� �a�t� �1�0�0� 

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

�o�c�c�u�r�r�e�d� �i�n� �b�o�t�h� �t�h�e� �j�a�r� �t�e�s�t� �h�a�v�i�n�g� �a� �p�H� �o�f� �8� �w�i�t�h� �1�0�0� �m�g�/�L� 

�o�f� �a�l�u�m� �a�n�d� �i�n� �t�h�e� �j�a�r� �t�e�s�t� �h�a�v�i�n�g� �a� �p�H� �o�f� �8� �w�i�t�h� �1�5�0� �m�g�/�L� 

�o�f� �a�l�u�m�.� 

�T�h�e� �a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� �a�l�o�n�e� �o�f� �t�h�e� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r� 

�s�i�g�n�i�f�i�c�a�n�t�l�y� �r�e�d�u�c�e�d� �t�h�e� �i�n�i�t�i�a�l� �T�O�C� �(�7�1�%� �r�e�d�u�c�t�i�o�n�)� �a�s� 

�s�e�e�n� �i�n� �F�i�g�u�r�e� �2�3�.� �T�h�i�s� �r�e�d�u�c�t�i�o�n� �i�n� �o�r�g�a�n�i�c�s� �b�y� �a�e�r�o�b�i�c� 

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

�S�u�b�s�e�q�u�e�n�t� �c�h�e�m�i�c�a�l� �c�o�a�g�u�l�a�t�i�o�n� �f�u�r�t�h�e�r� �r�e�d�u�c�e�d� �t�h�e� �T�O�C� 

�(�c�o�a�g�u�l�a�n�t� �T�O�C� �r�e�d�u�c�t�i�o�n�s� �r�a�n�g�e�d� �f�r�o�m� �0� �t�o� �4�5�%�)�.� �F�i�g�u�r�e� �2�3� 

�a�l�s�o� �p�r�e�s�e�n�t�s� �t�h�e� �T�O�C� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �t�h�e� �j�a�r� �t�e�s�t� �h�a�v�i�n�g� 

�a� �p�H� �o�f� �6�.�5� �a�n�d� �a�n� �a�l�u�m� �d�o�s�a�g�e� �o�f� �1�5�0� �m�g�/�L�,� �w�h�i�c�h� �h�a�d� �t�h�e� 

�h�i�g�h�e�s�t� �T�O�C� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �a�l�u�m� �t�r�i�a�l�s�,� �a�n�d� �t�h�e� �j�a�r� �t�e�s�t� 

�h�a�v�i�n�g� �a� �p�H� �o�f� �3� �a�n�d� �a� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e� �o�f� �2�5� �m�g�/�L�,� �w�h�i�c�h� 

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

�o�f� �t�h�e�s�e� �c�o�a�g�u�l�a�n�t� �j�a�r� �t�e�s�t�s� �a�c�h�i�e�v�e�d� �r�e�s�i�d�u�a�l� �T�O�C� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �2�2� �m�g�/�L� �e�a�c�h�.� �T�h�e� �T�O�C� �r�e�d�u�c�t�i�o�n� �f�r�o�m� �4�0� 

�m�g�/�L� �(�a�e�r�o�b�i�c� �P�O�T�W� �I�)� �t�o� �2�2� �m�g�/�L� �w�a�s� �p�r�i�m�a�r�i�l�y� �f�r�o�m� �t�h�e� 

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

�w�a�s� �n�e�g�l�i�g�i�b�l�e�.� 

�A�n�a�e�r�o�b�i�c�a�l�l�y�-�A�e�r�o�b�i�c�a�l�l�y� �T�r�e�a�t�e�d� �P�O�T�W� �I� �I�n�f�l�u�e�n�t� 

�A�n�a�e�r�o�b�i�c�-�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� �o�f� �t�h�e� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r� 

�r�e�d�u�c�e�d� �t�h�e� �c�o�l�o�r�,� �T�O�C�,� �a�n�d� �B�O�D�,�,� �o�f� �t�h�e� �i�n�i�t�i�a�l� �P�O�T�W� �I� 

�w�a�s�t�e�w�a�t�e�r� �a�n�d� �s�l�i�g�h�t�l�y� �i�n�c�r�e�a�s�e�d� �t�h�e� �T�S�S� �(�T�a�b�l�e� �3�)�.� �T�h�e� 

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

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

�t�h�i�s� �t�h�e�s�i�s� �a�n�d� �t�h�e� �P�O�T�W� �I� �(�M�P�I�)� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �b�y� �L�o�y�d� 

�(�1�7�)�.� �T�h�e� �j�a�r� �t�e�s�t�s� �i�n�v�o�l�v�i�n�g� �t�h�e� �a�n�a�e�r�o�b�i�c�-�a�e�r�o�b�i�c� �P�O�T�W� �I� 

�w�a�s�t�e�w�a�t�e�r� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �N�a�l�c�o� �8�1�0�5� �a�n�d� �a�l�u�m� �a�t� �t�h�e� 

�s�a�m�e� �c�o�n�d�i�t�i�o�n�s� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �a�n�d� �a�e�r�o�b�i�c� �P�O�T�W� 

�I� �t�r�i�a�l�s�.� 

�N�a�l�c�o� �8�1�0�5� �p�e�r�f�o�r�m�e�d� �w�e�l�l� �i�n� �t�h�e� �c�o�l�o�r� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� 
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�U�n�t�r�e�a�t�e�d� �P�O�T�W� �1� 
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�p�H�6�.�5�,�1�5�0�m�g�/�L� �A�l�u�m� 
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� � 
�A�e�r�o�b�i�c� �T�r�i�a�l� �D�a�t�a� 

�F�i�g�u�r�e� �2�3�.� �T�O�C� �o�f� �t�h�e� �u�n�t�r�e�a�t�e�d� �P�O�T�W� �I� �w�a�t�e�r�,� �t�h�e� �a�e�r�o�b�i�c�a�l�l�y� 
�t�r�e�a�t�e�d� �P�O�T�W� �I� �w�a�t�e�r�,� �a�n�d� �t�h�e� �a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� �P�O�T�W� 
�I� �w�a�t�e�r� �i�n� �j�a�r� �t�e�s�t�s� �u�s�i�n�g� �a�l�u�m� �a�n�d� �u�s�i�n�g� �N�a�l�c�o� �8�1�0�5�.� 
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�a�n�a�e�r�o�b�i�c�-�a�e�r�o�b�i�c� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r� �(�F�i�g�u�r�e� �2�4�)�.� �F�o�l�l�o�w�i�n�g� 

�a� �s�i�m�i�l�a�r� �p�a�t�t�e�r�n� �a�s� �o�t�h�e�r� �I�n�d�u�s�t�r�y� �I� �a�n�d� �P�O�T�W� �I� �t�r�i�a�l�s�,� �t�h�e� 

�c�o�l�o�r� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �j�a�r� �t�e�s�t�s� �t�r�e�a�t�e�d� �w�i�t�h� �1�0� �m�g�/�L� �o�f� 

�N�a�l�c�o� �8�1�0�5� �v�a�r�i�e�d� �s�u�b�s�t�a�n�t�i�a�l�l�y� �b�e�t�w�e�e�n� �t�h�e� �d�i�f�f�e�r�e�n�t� �p�H� 

�t�r�i�a�l�s�,� �b�u�t� �a�s� �t�h�e� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e� �w�a�s� �i�n�c�r�e�a�s�e�d�,� �t�h�e� 

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

�d�e�c�r�e�a�s�e�d�.� �A�t� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e�s� �o�f� �1�0� �m�g�/�L� �a�n�d� �2�5� �m�g�/�L�,� 

�t�h�e� �j�a�r� �t�e�s�t�s� �a�t� �p�H� �3� �p�e�r�f�o�r�m�e�d� �b�e�t�t�e�r� �t�h�a�n� �t�h�e� �j�a�r� �t�e�s�t�s� �a�t� 

�p�H�s� �5� �a�n�d� �8�.� �A�t� �5�0� �m�g�/�L� �o�f� �N�a�l�c�o� �8�1�0�5�,� �t�h�e� �p�H� �3�,� �5�,� �a�n�d� �8� 

�j�a�r� �t�e�s�t�s� �a�c�h�i�e�v�e�d� �A�D�M�I� �c�o�l�o�r� �r�e�m�o�v�a�l�s� �o�f� �7�2�,� �7�9�,� �a�n�d� �7�4�%�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�h�e� �T�S�S� �r�e�s�u�l�t�s� �f�o�r� �t�h�e� �a�n�a�e�r�o�b�i�c�-�a�e�r�o�b�i�c� �P�O�T�W� �I� 

�w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�e�d� �w�i�t�h� �N�a�l�c�o� �8�1�0�5� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� 

�2�5�.� �A�l�l� �j�a�r� �t�e�s�t�s� �i�n�c�r�e�a�s�e�d� �t�h�e� �T�S�S� �o�f� �t�h�e� �i�n�i�t�i�a�l� 

�a�n�a�e�r�o�b�i�c�-�a�e�r�o�b�i�c� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r� �e�x�c�e�p�t� �f�o�r� �t�h�e� �j�a�r� �t�e�s�t� 

�h�a�v�i�n�g� �a� �p�H� �o�f� �3� �a�n�d� �2�5� �m�g�/�L� �o�f� �N�a�l�i�c�o� �8�1�0�5� �w�h�i�c�h� �r�e�d�u�c�e�d� �t�h�e� 

�T�S�S� �t�o� �0� �m�g�/�L�.� �A�t� �5�0� �m�g�/�L� �o�f� �N�a�l�c�o� �8�1�0�5�,� �w�h�i�c�h� �r�e�m�o�v�e�d� �t�h�e� 

�m�o�s�t� �c�o�l�o�r�,� �T�S�S� �l�e�v�e�l�s� �w�e�r�e� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �w�i�t�h� �v�a�l�u�e�s� �o�f� 

�2�5�,� �2�0�,� �a�n�d� �6�0� �m�g�/�L� �a�t� �p�H� �3�,� �5�,� �a�n�d� �8�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�A�l�u�m�,� �a�s� �w�i�t�h� �t�h�e� �a�e�r�o�b�i�c� �P�O�T�W� �I� �t�r�i�a�l�s�,� �d�i�d� �n�o�t� �r�e�d�u�c�e� 

�c�o�l�o�r� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c�-�~�a�e�r�o�b�i�c� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r� �t�o� �t�h�e� 

�e�x�t�e�n�t� �o�f� �t�h�e� �N�a�l�c�o� �8�1�0�5� �t�r�i�a�l�s�.� �T�h�e� �c�o�l�o�r� �r�e�m�o�v�a�l� �r�e�s�u�l�t�s� 

�o�f� �t�h�e� �a�l�u�m� �t�r�i�a�l�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� �2�6�.� �T�h�e� 

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

�a�g�a�i�n� �g�r�e�a�t�e�r� �a�t� �l�o�w�e�r� �c�o�a�g�u�l�a�n�t� �d�o�s�a�g�e�s�.� �A�t� �5�0� �m�g�/�L� �a�n�d� 

�1�0�0� �m�g�/�L� �o�f� �a�l�u�m�,� �t�h�e� �p�H� �5� �s�a�m�p�l�e�s� �r�e�m�o�v�e�d� �t�h�e� �m�o�s�t� �c�o�l�o�r� 

�f�o�l�l�o�w�e�d� �b�y� �t�h�e� �p�H� �6�.�5� �s�a�m�p�l�e�s�.� �A�t� �1�5�0� �m�g�/�L� �o�f� �a�l�u�m�,� �t�h�e� 

�A�D�M�I� �c�o�l�o�r� �r�a�n�g�e� �w�a�s� �n�a�r�r�o�w� �b�e�t�w�e�e�n� �t�h�e� �d�i�f�f�e�r�e�n�t� �p�H�s� �w�i�t�h� 

�A�D�M�I� �c�o�l�o�r� �r�e�m�o�v�a�l�s� �o�f� �4�2�,� �4�8�,� �a�n�d� �4�1�%� �f�o�r� �t�h�e� �j�a�r� �t�e�s�t�s� �a�t� 

�P�H� �5�,� �6�.�5�,� �a�n�d� �8�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �T�S�S� �r�e�m�o�v�a�l�s� �f�o�r� �t�h�e� 

�a�l�u�m� �s�a�m�p�l�e�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e� �2�7�.� �T�h�e� �b�e�s�t� �T�S�S� 

�r�e�m�o�v�a�l�s� �o�c�c�u�r�r�e�d� �a�t� �a�n� �a�l�u�m� �d�o�s�a�g�e� �o�f� �5�0� �m�g�/�L� �i�n� �t�h�e� �p�H� �5� 

�j�a�r� �t�e�s�t� �(�T�S�S� �o�f� �5� �m�g�/�L�)� �a�n�d� �i�n� �t�h�e� �p�H� �6�.�5� �j�a�r� �t�e�s�t� �(�T�S�S� �o�f� 

�1�0� �m�g�/�L�)�.� �A�t� �1�5�0� �m�g�/�L� �o�f� �a�l�u�m�,� �w�h�e�r�e� �t�h�e� �b�e�s�t� �c�o�l�o�r� 
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�r�e�m�o�v�a�l�s� �w�e�r�e� �s�e�e�n�,� �t�h�e� �p�H� �6�.�5� �a�n�d� �p�H� �8� �j�a�r� �t�e�s�t�s� �e�a�c�h� 

�a�c�h�i�e�v�e�d� �a� �l�o�w� �T�S�S� �v�a�l�u�e� �o�f� �1�5� �m�g�/�L�.� �T�h�e� �j�a�r� �t�e�s�t� �h�a�v�i�n�g� �a� 

�p�H� �o�f� �3� �a�n�d� �1�5�0� �m�g�/�L� �o�f� �a�l�u�m� �r�e�s�u�l�t�e�d� �i�n� �a� �T�S�S� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�o�f� �4�0� �m�g�/�L�.� 

�F�i�g�u�r�e� �2�8� �p�r�e�s�e�n�t�s� �t�h�e� �T�O�C� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �t�h�e� 

�u�n�t�r�e�a�t�e�d� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r�,� �t�h�e� �a�n�a�e�r�o�b�i�c�-�a�e�r�o�b�i�c� �P�O�T�W� �I� 

�w�a�s�t�e�w�a�t�e�r�,� �t�h�e� �a�l�u�m� �j�a�r� �t�e�s�t� �t�h�a�t� �r�e�m�o�v�e�d� �t�h�e� �m�o�s�t� �T�O�C�,� �a�n�d� 

�t�h�e� �N�a�l�c�o� �8�1�0�5� �j�a�r� �t�e�s�t� �t�h�a�t� �r�e�m�o�v�e�d� �t�h�e� �m�o�s�t� �T�O�C�.� �T�h�e� 

�a�n�a�e�r�o�b�i�c�-�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� �a�l�o�n�e� �r�e�d�u�c�e�d� �t�h�e� �T�O�C� �a� 

�s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t� �f�r�o�m� �1�3�9� �m�g�/�L� �t�o� �3�8� �m�g�/�L� �(�7�2�%� �r�e�d�u�c�t�i�o�n�)�.� 

�S�u�b�s�e�q�u�e�n�t� �c�h�e�m�i�c�a�l� �c�o�a�g�u�l�a�t�i�o�n� �f�u�r�t�h�e�r� �r�e�d�u�c�e�d� �t�h�e� �T�O�C� 

�(�c�o�a�g�u�l�a�n�t� �T�O�C� �r�e�d�u�c�t�i�o�n�s� �r�a�n�g�e�d� �f�r�o�m� �0� �t�o� �5�2�%�)�.� �A�d�d�i�t�i�o�n� 

�o�f� �1�5�0� �m�g�/�L� �o�f� �a�l�u�m� �a�t� �p�H� �8� �f�u�r�t�h�e�r� �r�e�d�u�c�e�d� �t�h�e� �T�O�C� �t�o� �a� �l�o�w� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �1�8� �m�g�/�L�.� �T�h�e� �a�d�d�i�t�i�o�n� �o�f� �2�5� �m�g�/�L� �o�f� �N�a�l�c�o� 

�8�1�0�5� �a�t� �p�H� �3� �r�e�d�u�c�e�d� �t�h�e� �T�O�C� �t�o� �a� �l�o�w� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �1�9� 

�m�g�/�L�.� �A�s� �w�i�t�h� �t�h�e� �I�n�d�u�s�t�r�y� �I� �w�a�s�h�w�a�t�e�r� �t�r�i�a�l�s�,� �j�u�s�t� 

�l�o�w�e�r�i�n�g� �t�h�e� �p�H� �o�f� �t�h�e� �a�n�a�e�r�o�b�i�c�-�a�e�r�o�b�i�c� �P�O�T�W� �I� �w�a�s�t�e�w�a�t�e�r� 

�d�i�d� �n�o�t� �d�e�c�r�e�a�s�e� �T�O�C� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �t�o� �a�n�y� �n�o�t�a�b�l�e� �d�e�g�r�e�e�.� 

�I�n�d�u�s�t�r�y� �I� �a�n�d� �P�O�T�W� �I� �S�u�m�m�a�r�y� 

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

�a�z�o� �l�i�n�k�,� �b�i�o�l�o�g�i�c�a�l�l�y� �d�e�g�r�a�d�e�d� �t�h�e� �I�n�d�u�s�t�r�y� �I� �a�n�d� �P�O�T�W� �I� 

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

�t�o� �r�e�d�u�c�e� �T�O�C� �a�n�d� �B�O�D�s� �d�i�d� �n�o�t� �t�a�k�e� �p�l�a�c�e�.� �A�e�r�o�b�i�c� 

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

�d�i�d� �b�i�o�l�o�g�i�c�a�l�l�y� �d�e�g�r�a�d�e� �T�O�C� �a�n�d� �B�O�D�;�.� �A�n�a�e�r�o�b�i�c�~�-�a�e�r�o�b�i�c� 

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

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

�e�r�r�a�t�i�c�.� �T�h�e�s�e� �I�n�d�u�s�t�r�y� �I� �a�n�d� �P�O�T�W� �I� �t�r�i�a�l�s� �c�o�n�f�i�r�m�e�d� 

�o�b�s�e�r�v�a�t�i�o�n�s� �m�a�d�e� �b�y� �o�t�h�e�r� �r�e�s�e�a�r�c�h�e�r�s� �(�6�,�1�3�,�1�7�,�3�0�,�3�3�,�3�6�)�.� 

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

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

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

�c�o�a�g�u�l�a�t�i�o�n�.� �C�o�a�g�u�l�a�t�i�o�n� �a�s� �a� �s�u�b�s�e�q�u�e�n�t� �t�r�e�a�t�m�e�n�t� �t�o� 
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�A�n�-�A�e�r� �P�O�T�W� �I� 

�E�e� 
�p�H�8�,�1�5�0�m�g�/�L� �A�l�u�m� � � �p�H�3�,�2�5�m�g�/�L� �8�1�0�5� � � 
� � 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � 

� � 

� � 
� � � � � � � � � � � � 

� � 
� � 

� � � � 
�F�i�g�u�r�e� �2�8�.� 

�A�n�a�e�r�o�b�i�c�-�A�e�r�o�b�i�c� �T�r�i�a�l� �D�a�t�a� 

�T�O�C� �o�f� �t�h�e� �u�n�t�r�e�a�t�e�d� �P�O�T�W� �I� �w�a�t�e�r�,� �t�h�e� �a�n�a�e�r�o�b�i�c�a�l�l�y�-� 
�a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� �P�O�T�W� �I� �w�a�t�e�r�,� �a�n�d� �t�h�e� �a�n�a�e�r�o�b�i�c�a�l�l�y�-� 
�a�e�r�o�b�i�c�a�l�l�y� �t�r�e�a�t�e�d� �P�O�T�W� �I� �w�a�t�e�r� �i�n� �j�a�r� �t�e�s�t�s� �u�s�i�n�g� �a�l�u�m� 
�a�n�d� �u�s�i�n�g� �N�a�l�c�o� �8�1�0�5�.� 
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�b�i�o�l�o�g�i�c�a�l� �t�r�e�a�t�m�e�n�t� �h�a�s� �p�r�o�v�e�d� �t�o� �b�e� �a�n� �e�f�f�e�c�t�i�v�e� �o�p�t�i�o�n� �i�n� 

�t�r�e�a�t�i�n�g� �t�e�x�t�i�l�e� �w�a�s�t�e�w�a�t�e�r� �(�3�0�,�4�6�,�4�7�)�.� �C�a�t�i�o�n�i�c� �p�o�l�y�m�e�r�s� 

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

�c�o�l�o�r�,� �T�S�S�,� �a�n�d� �T�O�C� �i�n� �t�h�e� �I�n�d�u�s�t�r�y� �I� �t�r�i�a�l�s� �a�n�d� �N�a�l�c�o� �8�1�0�5� 

�p�e�r�f�o�r�m�e�d� �w�e�l�l� �i�n� �t�h�e� �P�O�T�W� �I� �t�r�i�a�l�s�.� �A�l�u�m� �w�a�s� �r�e�l�a�t�i�v�e�l�y� 

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

�m�a�r�g�i�n�a�l�l�y� �s�u�c�c�e�s�s�f�u�l� �i�n� �t�h�e� �P�O�T�W� �I� �t�r�i�a�l�s�.� 

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

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

�c�o�a�g�u�l�a�n�t� �w�a�s� �N�a�l�c�o� �8�1�0�5�.� �A�t� �l�o�w� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e�s�,� �j�a�r� 

�t�e�s�t�s� �h�a�v�i�n�g� �l�o�w� �p�H�s� �(�3� �a�n�d� �5�}� �r�e�m�o�v�e�d� �t�h�e� �m�o�s�t� �c�o�l�o�r� �w�h�i�l�e� 

�a�t� �h�i�g�h�e�r� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e�s�,� �t�h�e� �c�o�l�o�r� �r�e�m�o�v�a�l�s� �w�e�r�e� 

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

�a�l�.� �(�4�5�)�,� �s�o�m�e� �p�o�l�y�m�e�r�s�'� �c�h�a�r�g�e� �d�e�n�s�i�t�i�e�s� �i�n�c�r�e�a�s�e� �w�i�t�h� �a� 

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

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

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

�w�i�l�l� �d�e�c�r�e�a�s�e� �t�h�e� �p�o�l�y�m�e�r�'�s� �c�h�a�r�g�e� �d�e�n�s�i�t�y�.� 

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

�I�n�d�u�s�t�r�y� �I� �a�n�d� �P�O�T�W� �I� �i�s� �e�x�t�e�n�s�i�v�e�,� �b�u�t� �t�h�e� �r�e�s�u�l�t�s� 

�p�r�e�s�e�n�t�e�d� �i�n� �A�p�p�e�n�d�i�x� �A� �p�r�o�v�i�d�e�s� �f�o�r� �a� �q�u�i�c�k� �r�e�f�e�r�e�n�c�e�.� �T�h�e� 

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

�t�r�i�a�l�:� 

�@� �I�n�d�u�s�t�r�y� �I� �a�n�a�e�r�o�b�i�c� �w�a�s�h�w�a�t�e�r� �c�o�l�o�r� �w�a�s� �r�e�d�u�c�e�d� �b�y� �5�6�%� 

�t�o� �6�1�%� �(�3�3�4� �t�o� �2�9�6� �A�D�M�I�)� �w�i�t�h� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e�s� �o�f� �5�0� �t�o� 

�2�0�0� �m�g�/�L� �a�t� �p�H� �3�.� 

�@�®� �I�n�d�u�s�t�r�y� �I� �a�e�r�o�b�i�c� �w�a�s�h�w�a�t�e�r� �c�o�l�o�r� �w�a�s� �r�e�d�u�c�e�d� �b�y� �5�0�%� �t�o� 

�8�5�%� �(�1�,�8�0�7� �t�o� �5�4�5� �A�D�M�I�)� �w�i�t�h� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e�s� �o�f� �5�0� �t�o� 

�2�0�0� �m�g�/�L� �a�t� �p�H� �3�.� 

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

�b�y� �6�3�%� �t�o� �7�8�%� �(�5�3�8� �t�o� �3�2�1� �A�D�M�I�)� �w�i�t�h� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e�s� 

�o�f� �5�0� �t�o� �2�0�0� �m�g�/�L� �a�t� �p�H� �3�.� 

�@�®� �p�P�O�T�W� �I� �a�n�a�e�r�o�b�i�c� �w�a�t�e�r� �c�o�l�o�r� �w�a�s� �r�e�d�u�c�e�d� �b�y� �7�5�%� �(�1�8�8� 
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�A�D�M�I�)� �w�i�t�h� �a� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e� �o�f� �5�0� �m�g�/�L� �a�t� �p�H� �3�.� 

�@�®� �P�O�T�W� �I� �a�e�r�o�b�i�c� �c�o�l�o�r� �w�a�s� �r�e�d�u�c�e�d� �b�y� �7�7�%� �t�o� �8�1�%� �(�2�9�4� �t�o� 

�2�3�7� �A�D�M�I�)� �a�t� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e�s� �o�f� �2�5� �t�o� �5�0� �m�g�/�L� �a�t� �p�H� �3�.� 

�@�®� �P�p�O�T�W� �I� �a�n�a�e�r�o�b�i�c�-�a�e�r�o�b�i�c� �w�a�t�e�r� �c�o�l�o�r� �w�a�s� �r�e�d�u�c�e�d� �b�y� �6�4�%� 

�t�o� �7�9�%� �(�1�6�6� �t�o� �9�6� �A�D�M�I�)� �w�i�t�h� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e�s� �o�f� �2�5� �a�n�d� 

�5�0� �m�g�/�L� �f�o�r� �p�H�s� �3�,� �5�,� �a�n�d� �8�.� 

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

�e�m�p�l�o�y� �a�n�a�e�r�o�b�i�c� �o�r� �a�n�a�e�r�o�b�i�c�-�a�e�r�o�b�i�c� �t�r�e�a�t�m�e�n�t� �w�i�t�h� �a� 

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

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

�c�a�t�i�o�n�i�c� �p�o�l�y�m�e�r�,� �s�u�c�h� �a�s� �N�a�l�c�o� �8�1�0�5�,� �a�t� �a� �r�e�l�a�t�i�v�e�l�y� �l�o�w� 

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

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

�c�a�p�i�t�a�l� �a�n�d� �o�p�e�r�a�t�i�o�n� �c�o�s�t�s�,� �a�v�a�i�l�a�b�l�e� �s�p�a�c�e�,� �p�o�s�s�i�b�l�e� 

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

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

�p�e�r�m�i�t�t�i�n�g� �r�e�q�u�i�r�e�m�e�n�t�s�,� �a�n�d� �m�o�s�t� �i�m�p�o�r�t�a�n�t�l�y�,� �t�h�e� �o�p�t�i�o�n�'�s� 

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

�T�h�e� �e�x�i�s�t�i�n�g� �P�O�T�W� �I� �t�r�e�a�t�m�e�n�t� �s�c�h�e�m�e� �w�a�s� �r�e�d�u�c�i�n�g� �t�h�e� 

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

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

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

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

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

�I�n�d�u�s�t�r�y� �I�I� 

�C�o�n�c�e�n�t�r�a�t�e�d� �D�y�e�s� 
� � 

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

�a�t� �I�n�d�u�s�t�r�y� �I�I�.� �T�h�e� �d�y�e� �w�a�s�t�e�w�a�t�e�r�s� �t�h�a�t� �w�e�r�e� �e�x�a�m�i�n�e�d� 

�i�n�c�l�u�d�e�d� �N�y�l�o�n� �B�l�a�c�k� �B�W�,� �A�c�i�d� �R�e�d� �2�6�6� �a�n�d� �A�c�i�d� �R�e�d� �1�1�4�,� 

�A�c�e�t�o�n�e� �R�e�d�,� �B�l�u�e� �2�5�,� �a�n�d� �R�e�d� �R�L�.� �T�h�e�s�e� �d�y�e�s� �a�r�e� �t�e�r�m�e�d� 

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

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

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

�N�a�l�c�o� �8�1�0�5�,� �N�a�l�c�o� �7�7�9�9� �(�a�l�u�m�i�n�u�m� �c�h�l�o�r�i�d�e�)�,� �a�n�d� �P�e�r�c�o�l� �7�4�2� 

�(�a�n� �a�n�i�o�n�i�c� �p�o�l�y�m�e�r�)�.� 

�I�n� �t�h�e� �i�n�i�t�i�a�l� �j�a�r� �t�e�s�t�s�,� �B�e�t�z� �1�1�9�0�,� �N�a�l�c�o� �8�1�0�5�,� �N�a�l�c�o� 

�7�7�9�9�,� �A�C� �M�a�g�n�i�f�l�o�c� �5�8�1�-�C�,� �a�n�d� �N�a�l�i�c�o� �6�0�3� �w�e�r�e� �a�d�d�e�d� 

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

�2�5� �t�o� �2�0�0� �m�g�/�L� �a�n�d� �p�H�s� �r�a�n�g�i�n�g� �f�r�o�m� �3� �t�o� �8�.� �N�o� �v�i�s�u�a�l� �c�o�l�o�r� 

�c�h�a�n�g�e� �o�c�c�u�r�r�e�d� �i�n� �a�n�y� �o�f� �t�h�e�s�e� �j�a�r� �t�e�s�t�s�.� �N�o� �A�D�M�I� �o�r� �T�S�S� 

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

�s�u�c�c�e�s�s�f�u�l� �a�t� �o�r� �b�e�l�o�w� �2�0�0� �m�g�/�L�,� �a�n�d� �n�o� �f�u�r�t�h�e�r� �t�e�s�t�s� �o�f� �t�h�e� 

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

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

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

�d�o�s�a�g�e�s� �o�f� �2�0�0� �m�g�/�L� �t�o� �5�0�0� �m�g�/�L� �a�l�o�n�e� �a�n�d� �i�n� �c�o�m�b�i�n�a�t�i�o�n� 

�w�i�t�h� �2�5� �m�g�/�L� �o�f� �N�a�l�c�o� �8�1�0�5� �a�t� �p�H�s� �b�e�t�w�e�e�n� �5� �a�n�d� �1�1�.� �T�h�e�s�e� 

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

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

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

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

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

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

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

�t�h�i�s� �s�t�u�d�y�.� �N�o� �f�u�r�t�h�e�r� �t�e�s�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� 

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

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

�S�u�m�p� �H�o�u�s�e� �S�a�m�p�l�e�s� 

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

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

� � 

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

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

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

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

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

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

�w�a�t�e�r�,� �a�l�t�h�o�u�g�h� �i�t�s� �A�D�M�I� �c�o�l�o�r� �v�a�l�u�e� �w�a�s� �3�,�3�1�6�.� �N�a�l�c�o� �6�0�3�,� 

�N�a�l�c�o� �7�7�9�9�,� �a�l�u�m�,� �P�e�r�c�o�l� �7�4�2�,� �B�e�t�z� �1�1�9�0�,� �a�n�d� �N�a�l�c�o� �8�1�0�5� �w�e�r�e� 

�a�l�l� �t�r�i�e�d� �i�n� �j�a�r� �t�e�s�t�s� �r�a�n�g�i�n�g� �i�n� �d�o�s�a�g�e�s� �f�r�o�m� �2�5� �m�g�/�L� �t�o� 

�2�0�0� �m�g�/�L� �w�h�i�l�e� �v�a�r�y�i�n�g� �t�h�e� �p�H� �f�r�o�m� �3� �t�o� �1�1�.� �N�a�l�c�o� �6�0�3�,� 

�N�a�l�c�o� �7�7�9�9�,� �a�l�u�m�,� �a�n�d� �P�e�r�c�o�l� �7�4�2� �w�e�r�e� �a�l�l� �v�i�s�u�a�l�l�y� 

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

�s�o� �A�D�M�I� �a�n�d� �T�S�S� �t�e�s�t�s� �w�e�r�e� �n�o�t� �p�e�r�f�o�r�m�e�d�.� �B�e�t�z� �1�1�9�0� �a�n�d� 

�N�a�l�c�o� �8�1�0�5� �w�e�r�e� �s�u�c�c�e�s�s�f�u�l� �i�n� �r�e�m�o�v�i�n�g� �t�h�e� �c�o�l�o�r� �o�f� �t�h�e� �s�u�m�p� 

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

�f�e�w� �o�f� �t�h�e�s�e� �s�a�m�p�l�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �f�o�r� �c�o�l�o�r�.� �B�e�t�z� �1�1�9�0� �a�t� 

�2�0�0� �m�g�/�L� �a�n�d� �a� �p�H� �o�f� �3� �p�r�o�d�u�c�e�d� �a�n� �A�D�M�I� �c�o�l�o�r� �v�a�l�u�e� �o�f� �3�3�,� 

�w�h�i�l�e� �1�5�0� �m�g�/�L� �o�f� �N�a�l�c�o� �8�1�0�5� �a�t� �a� �p�H� �o�f� �3� �p�r�o�d�u�c�e�d� �a�n� �A�D�M�I� 

�c�o�l�o�r� �v�a�l�u�e� �o�f� �3�5�.� 

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

�s�a�m�p�l�e� �w�a�s� �t�a�k�e�n� �a�n�d� �l�a�t�e�r� �t�r�e�a�t�e�d� �w�i�t�h� �B�e�t�z� �1�1�9�0�,� �N�a�l�c�o� 

�8�1�0�5�,� �N�a�l�c�o� �7�7�9�9�,� �a�n�d� �A�C� �M�a�g�n�i�f�l�o�c� �5�8�1�-�C� �a�t� �d�o�s�a�g�e�s� �r�a�n�g�i�n�g� 

�f�r�o�m� �2�5� �m�g�/�L� �t�o� �2�0�0� �m�g�/�L� �a�n�d� �a� �p�H� �r�a�n�g�e� �o�f� �3� �t�o� �1�1�.� �N�o� 

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

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

�8�1�0�5� �(�2�5� �m�g�/�L� �t�o� �2�0�0� �m�g�/�L�)� �+� �P�e�r�c�o�l� �7�4�2� �(�2�5� �m�g�/�L�)� �a�n�d� �N�a�l�c�o� 

�8�1�0�5� �(�2�5� �m�g�/�L� �t�o� �2�0�0� �m�g�/�L�)�+� �B�e�t�z� �1�1�9�0� �(�2�5� �m�g�/�L�)�,� �b�u�t� �n�o� 

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

�a�l�u�m� �a�t� �d�o�s�a�g�e�s� �o�f� �2�0�0� �t�o� �5�0�0� �m�g�/�L� �i�n� �c�o�m�b�i�n�a�t�i�o�n� �w�i�t�h� �N�a�l�c�o� 

�8�1�0�5� �a�t� �a� �d�o�s�a�g�e� �o�f� �2�5� �m�g�/�L� �w�a�s� �t�r�i�e�d�,� �b�u�t�,� �a�g�a�i�n�,� �n�o� �c�o�l�o�r� 

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

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

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

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

�w�i�t�h� �b�o�t�h� �a�l�u�m� �(�p�H� �5� �a�n�d� �d�o�s�a�g�e�s� �b�e�t�w�e�e�n� �2�0�0� �m�g�/�L� �a�n�d� �5�0�0� 

�m�g�/�L�)� �a�n�d� �N�a�l�c�o� �8�1�0�5� �(�p�H�s� �3� �t�o� �8� �a�n�d� �d�o�s�a�g�e�s� �b�e�t�w�e�e�n� �2�5� �m�g�/�L� 
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�a�n�d� �2�0�0� �m�g�/�L�)�.� �N�e�i�t�h�e�r� �a�l�u�m� �n�o�r� �N�a�l�c�o� �8�1�0�5� �w�a�s� �s�u�c�c�e�s�s�f�u�l� 

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

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

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

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

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

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

�e�x�t�e�n�t� �w�i�t�h� �s�c�o�u�r� �w�a�t�e�r�.� �B�e�c�a�u�s�e� �t�h�e�r�e� �w�a�s� �n�o� �e�q�u�a�l�i�z�a�t�i�o�n� 

�p�r�o�c�e�s�s�,� �t�h�e� �s�u�m�p� �h�o�u�s�e� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �h�a�r�d� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� 

�a�n�d� �c�o�n�s�i�s�t�e�n�t�l�y� �t�r�e�a�t�.� 

�L�a�g�o�o�n� �W�a�s�t�e�w�a�t�e�r� 

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

�B�e�t�z� �1�1�9�0�,� �N�a�l�c�o� �8�1�0�5�,� �N�a�l�c�o� �6�0�3�,� �N�a�l�c�o� �7�7�9�9�,� �a�l�u�m�,� �a�n�d� 

�P�e�r�c�o�l� �7�4�2� �w�e�r�e� �a�l�l� �a�d�d�e�d� �s�e�p�a�r�a�t�e�l�y� �i�n� �d�o�s�a�g�e�s� �o�f� �2�5� �t�o� �2�0�0� 

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

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

�v�i�s�u�a�l� �c�o�l�o�r� �c�h�a�n�g�e�.� �A�l�s�o� �c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �1�5�0� �m�g�/�L� �o�f� �N�a�l�c�o� 

�8�1�0�5� �+� �1�0�0� �m�g�/�L� �t�o� �2�0�0� �m�g�/�L� �P�e�r�c�o�l� �7�4�2� �a�n�d� �1�5�0� �m�g�/�L� �o�f� �B�e�t�z� 

�1�1�9�0� �+� �1�0�0� �m�g�/�L� �t�o� �2�0�0� �m�g�/�L� �o�f� �P�e�r�c�o�l� �7�4�2� �w�e�r�e� �t�r�i�e�d� �i�n� �j�a�r� 

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

�H�o�w�e�v�e�r�,� �j�a�r� �t�e�s�t�s� �w�i�t�h� �a�l�u�m� �a�t� �5�0�0� �m�g�/�L� �w�i�t�h� �v�a�r�i�o�u�s� �p�H�s� 

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

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

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

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

�a�d�j�u�s�t�e�d� �f�r�o�m� �3� �t�o� �1�1�,� �a�n�d� �a�n� �a�l�u�m� �d�o�s�a�g�e� �o�f� �2�0�0� �m�g�/�L� �w�a�s� 

�u�s�e�d� �f�o�r� �e�a�c�h� �p�H�.� �T�h�e� �j�a�r� �t�e�s�t� �h�a�v�i�n�g� �a� �p�H� �o�f� �3� �w�a�s� �t�h�e� 

�o�n�l�y� �j�a�r� �t�e�s�t� �t�h�a�t� �s�h�o�w�e�d� �a� �L�a�r�g�e� �c�o�l�o�r� �r�e�m�o�v�a�l� �a�t� �a�n� �a�l�u�m� 

�d�o�s�a�g�e� �o�f� �2�0�0� �m�g�/�L�.� �T�o� �e�x�a�m�i�n�e� �t�h�e� �e�f�f�e�c�t� �a�l�u�m� �p�l�u�s� �a� 

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

�w�h�e�r�e� �t�h�e� �p�H� �w�a�S� �m�a�i�n�t�a�i�n�e�d� �a�t� �5�.� �A�l�u�m� �d�o�s�a�g�e� �w�a�s� �v�a�r�i�e�d� 

�b�e�t�w�e�e�n� �5�0� �m�g�/�L� �a�n�d� �5�0�0� �m�g�/�L�,� �w�h�i�l�e� �t�h�e� �N�a�l�c�o� �8�1�0�5� �d�o�s�a�g�e� 

�w�a�s� �h�e�l�d� �c�o�n�s�t�a�n�t� �a�t� �1�0� �m�g�/�L�.� �T�h�e� �a�l�u�m� �a�n�d� �p�o�l�y�m�e�r� 

�9�4


