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ABSTRACT 

EFFECTS OF TEMPERATURE, WATER HARDNESS, 

AND RECIRCULATION ON COPPER CORROSION 

BRIAN R. WEISS 

1998 

lV 

In previous work, the effects of water quality have been shown to influence the 

formation of scale from copper corrosion. A general understanding of the e�fects of water 

quality on copper corrosion have been difficult to obtain because of complex interactions 

of water quality variables on copper corrosion in different water supply sy stems. The 

objective of this study was to examine the effects of temperature and water hardness on 

copper corrosion occurring in a household water supply sy stem. The effects of 

recirculation were also studied in concurrence with the above water quality parameters. 

Electrochemical corrosion testing and corrosion by -product release testing were 

used to determine the effects of temperature, water hardness, and recirculation on 

corrosion rates and copper corrosion by -product release. 

The results of this testing revealed that increasing temperature dramatically 

reduced copper corrosion by -product release. Temperature was shown to effect the 

solubility of the corrosion by -product released into solution. Water hardness had little or 

no effect on copper corrosion by -product release. The effects of recirculation used in this 

experimentation were found to be in direct relationship to the effects of temperature on 

corrosion by -product release. 
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Chapter 1 

Introduction 

1 

Copper piping has been used extensively over the y ears in household plumbing 

and in industrial applications. Even though copper piping tends to be a trouble free 

plumbing material, copper corrosion occasionally causes problems such as pitting failure, 

fixture staining or blue water. Water quality play s an important role in preventing or 

inducing copper corrosion by affecting the formation of a protective scale lay er. 

The Lead and Copper Rule (LCR), promulgated in 199 1  by US Environmental 

Protection Agency (USEP A), required public water sy stems and household plumbing 

sy stems to minimize lead and copper corrosion. The maximum contaminant level (MCL) 

set by USEP A for copper is 1.3 mg/1 Cu. High exposure to copper can cause adverse 

health effects in people with Wilson's disease and can also cause stomach and intestinal 

distress in the general population. 

Copper corrosion often appears nearly at random in a distribution sy stem. The 

problem can be especially evident in new housing developments where some homes may 

have severe localized corrosion problems, and others are unaffected, or in corrosion 

problems that seem isolated to specific floors of tall buildings. Three distinct ty pes of 

pitting are commonly recognized, encompassing cold, hot, and soft waters (Edwards et al. 

199 4). Pitting corrosion has also been observed in copper plumbing in apartment 

buildings when hot water is recirculated to maintain temperatures throughout the 

building. 



In previous work, the effects of water quality have been shown to influence the 

formation of scale from copper corrosion (Edwards et al., 199 4). A general 

understanding of the effects of water quality on copper corrosion have been difficult to 

obtain because of complex interactions of water quality variables on copper corrosion in 

different water distribution sy stems. Benjamin et al., (199 0) stated that many studies 

have been performed on the effects of water quality on copper corrosion; however, a 

unified theory has not been developed and applied to corrosion control. 

Objective 

2 

The purpose of this research was to study the effects of temperature and water 

hardness on copper corrosion occurring in a household water supply sy stem. The effects 

of recirculation were also studied in concurrence with the above water quality parameters. 

This study consists of a review of literature to determine the extent of previous work 

completed in this area and laboratory testing of the effects of temperature, water hardness, 

and recirculation on copper corrosion. 

Scope 

This study was designed to provide practical insight into the effects of 

temperature, water hardness, and recirculation on copper corrosion in household water 

supply sy stems. The following activities were completed to accomplish this study : 

1. Perform a review of literature to determine the extent of previous work and provide a 

summary of results and conclusions made by others study ing this area. 

2. Perform laboratory testing using electrochemical corrosion testing methods and 

corrosion by-product release testing methods to determine the differences of corrosion 



rates and soluble copper concentrations caused by the effects of temperature, water 

hardness, and recirculation. 

3. Correlate results of laboratory testing with results and conclusions developed by 

others in previous work. 

3 



Chapter 2 

Review of Literature 

A literature review was conducted to introduce basic corrosion theory , present 

methods for measuring corrosion activity , characterize scale lay er formation, and discuss 

effects of certain water quality parameters, velocity , and recirculation on copper 

corrosion. The effects of water hardness, and temperature on copper corrosion were of 

particular emphasis in this review. 

2.1 Basic Corrosion Theory 

Two ty pes of problems occur from copper corrosion within a distribution sy stem. 

Pipe failure is one problem that results in leakage caused by perforation of the pipe wall. 

The second problem is high corrosion by -product release, which creates unwanted 

changes in water quality caused by corrosion products leaching into the water. The 

objective of this section is to present the basic principles which cause these problems. 

2.1.1 Thermodynamics 

Metals are generally unstable within their environment. This is the reason 

corrosion exists in a pipe sy stem. Given the opportunity , metals will attempt to lower 

their energy by spontaneously reacting to form solutions or compounds that have a 

greater thermody namic stability (Bradford 199 3). 

The Gibbs free energy change, i1.G, is the driving force for the chemical reactions 

occurring in metallic corrosion. The quantity of i1.G, either negative or positive, relates 

directly to the spontaneity of the reaction. A negative free energy is associated with 

4 



5 

reactions that occur spontaneously . On the contrary , reactions with a positive free energy 

will only occur if energy is supplied to the sy stem to drive the reaction. (Benefield et al . 

19 8 2) 

The driving force of corrosion measurements is oft en defined as potential. The 

following equation defines the relationship between the potential (E) and free energy 

change (ilG). The minus sign in the equation causes a positive cell potential when the 

corrosion reactions are spontaneous. 

Ecel l = -L'.l G reaction 

nF 
Eqn. 2. 1 

Ecell = potential of the corrosion cell (volts) 

ilGreaction = Gibbs free energy change 

n = number of moles of electrons transfe rred 

F = F araday' s constant 

2.1.2 Electrode Reactions 

F or aqueous corrosion to occur, an electrochemical corrosion cell must consist of 

an anode, cathode, electrolyt e, and a conducting metal. Oxidation of the corroding metal 

occurs at the anode where electrons are released and carried to the cathode through the 

conducting metal. The electrons then migrate to the cathode where they are released to a 

appropriate electron acceptor in the electrolyt e. Positive ions produced at the anode will 

tend to move to the cathode and the negativ e ions produced at the cathode tend to move 

to the anode. This i s  caused by concentration gradients and must occur to maintain a 

electrically neutral solution (Cruse et·al . 19 8 5). 



2.1.3 Forms of Copper Corrosion 

U nifor m corr osion and localiz ed corrosion ar e two common ty pes of copper 

corr osion found in water piping sy stems. 

U nifor m corr osion 

6 

U nifor m corr osion occur s  when the entir e  surfa ce of copper tu bing is attacked at 

an equal r ate. Any location on the surfa ce of the copper tubing could be anodic at one 

moment and cathodic the nex t. Although the r ate of corr osion is usually not r apid enough 

to cause perfor ation of the pipe wall and associated fa ilur e, this ty pe of corrosion can 

pr oduce copper concentr ations that ex ceed dr inking water standar ds. Ex cessive uniform 

corr osion r ates can cause consumer complaints of " gr een" or " blue" water .  Other 

pr oblems that occur ar e staining of fix tur es or clothing , metallic-tasting water ,  or even 

nausea if enou g h  copper is consu med (Edwar ds et al. 199 4). The surfa ce of the copper 

tubing under the influence of uniform corrosion is char acter iz ed by a loosely adher ing 

powdery scale and beneath it, or in ar eas wher e no scale is pr esent, by a tarn ished copper 

surfa ce (Cr use et al. 19 8 5 ). 

Localiz ed corr osion 

When localiz ed or pitting corrosion occur s, the surfa ce under the most aggr essive 

attack becomes r ecessed with r espect to the r est of the pipe surfa ce and for ms visible pits. 

Pitting occur s  when the anodic r eg ion r emains in the same ar ea and is r elatively small 

compar ed to the ca h odic r eg ion. Pitting corrosion causes hig h corr osion by -pr oduct 



release and, more commonly, perforation of the copper tubing. Perforation of the pipe 

wall may occur in just a fe w  months, although it ty pically takes a fe w  y ears 

(Edwards et al . 199 4). 

2.2 Corrosion Activity Measurements 

By -product release� weight-loss, electrochemical analy sis, and surface inspection 

are corrosion testing techn iques that can be utilized to determine corrosion activity . 

Because unstable scale lay er formation has a tendency to cause large standard deviations 

in corrosion measurement data, corrosion control treatments are tested in duplicates or 

triplicates and cross-refe renced with- another testing technique. Corrosion control tests 

can be done in a variety of different testing schemes; however, in all testing techniques, 

metal samples or pipe segments are exposed to a water quality of interest over a specific 

period of time using either a fl ow-through or static testing scheme. 

7 

Static testing involves water that is either " stagnant" or " recirculated" within the 

testing apparatus. Various ty pes of sy stems can be utilized for stagnant testing. A metal 

sample can be immersed into the test water, or a pipe segment can be filled with the water 

being tested. The metal sample or pipe segment is exposed to the water of interest over a 

specific period of time and corrosion rates are determined using either weight loss or by­

product release measurements. Static testing does not directly simulate distribution 

sy stems, although an advantage is that a small quantity of water is required for testing 

(LCR Guidance Manual 1 99 2). 

Flow-thr ough testing simulates continuous fl owing conditions through a testing 

appar atus wher e wat er fl ows thr ough the c oupon and is not reused. Thi s ty pe of testing 
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best simul ates the conditions in the distribution sy stem. A disadvantage of this ty pe of 

sy stem is that an extremel y l arge amount of water is consumed over the period of testing, 

which requires the testing to be impl emented in a water treatment facil ity or distribution 

sy stem. Weight-l oss or by- product rel ease is commonl y used to measure corrosio n rates 

in this typ e of testing (LCR Guidance M anual 1992 ). 

2.2.1 Weight-Loss 

Weight-l oss measurements generall y use rectangul ar cou pons or pipe inserts to 

measure corrosion in a distribution sy stem. Both the rectangul ar coupons and pipe inserts 

have been standardized by the American Society of Testing and M aterial s (ASTM ). I n  

weight-l oss anal y sis, the copper coupon or pipe insert is initiall y cl eaned and weighed. 

I nitial cl eaning removes organic matter, which may interfe re with the corrosion process. 

Next, the coupon or pipe insert is exposed to the water of interest for a specific period of 

time. At the end of the exposure time, the coupon or pipe insert is removed, re-cl eaned 

and weighed. The final cl eaning removes the corrosion scal e that formed during testing. 

The difference between the initial and fi nal weights represents the total corrosion activity , 

which occurred during the exposure time period. Weight-l oss measurement takes into 

account both by -product rel eased and scal e formation; therefore, it represents the total 

corrosion activity occurring during the exposure period (LCR G uidance Manual 1992 ). 

2.2.2 By-product Release 

By -product rel ease measures the concentration of sol ubl e copper rel eased into 

sol ution duri ng the corrosion of the cq pper surfa ce of rectangul ar coupons pipe inserts, 
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copper coils, copper wire, or piping sy stems. In the by -product release method, complete 

copper corrosion is not analy zed since only the copper released into solution is measured. 

This measurement does not account for corrosion products that make up the scale lay er. 

G enerally , the amount of copper released is measured as soluble copper in mg/L .  The 

insoluble or particulate copper in solution represents the amount that cannot pass a 

specified filter size, commonly a 0 .45 -micron filter. This ty pe of testing is commonly 

used to verify other corrosion testing techniques. A disadvantage of by -product release is 

that obtaining viable results takes a long time. 

2.2.3 Electrochemical Analysis 

E lectrochemical analy sis can be used to determine instantaneous corrosion rates 

and to artificially accelerate the aging process to obtain, in a few day s, corrosion scales 

that are representative of scales found in a distribution sy stem. In electrochemical 

testing, the difference in electrostatic potential between a test electrode and reference 

electrode under applied current densities can be related to the rate of corrosion reactions. 

E lectrochemical corrosion rate analy sis measures complete corrosion activity and may 

not accurately represent the amount of soluble copper that is being released into the 

distribution sy stem. A very important advantage of electrochemical corrosion rate 

analy sis and accelerated aging is the significantly reduced amount of time needed to 

obtain accurate, long-term corrosion activities. However, electrochemical techniques 

require a higher degree of skill than other corrosion testing such as by -product release or 

weight-loss methods. Complete descriptions of electrochemical principles and validation 

tests are presented in a previous thesis (Bo llig, 199 5). 
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2.2.4 Surface Inspection 

Su rfa ce insp ection tech niqu es inclu de visu al, chemical analysis, scanning electron 

microscop y (SEM) , and x- ray diffr action. I n  visu al inspection of the corroded su rface, 

different characteristics of corrosion shou ld be noted, su ch as: pitting, unifo rm corrosion, 

scale characteristics ( continu ou s, p atchy, non- ex istent) , and coloration (LCR Gu idan ce 

Manu al 199 2) .  

If a scale layer ex ists, chemical analysis of the scale can in dicate the elements that 

characteriz e the chemical matrix; however, this analysis is limited becau se it does not 

identify the specifi c chemical com pQu nds composing the scale layer. SEM and x- ray 

diffr action can also be u sed to stu dy scale characteristics su ch as scale structu re, 

morp hology, and mineralogy. 

2.3 Scale 

The fo rmation of a scale layer on the m etal su rfa ce can p rovide a protective 

barri er against an ox idiz ing environment. G enerally, the p rincip al protective agen t 

against in tern al corrosion in pipes is the scale layer, and its effectiveness determines the 

u sefu l  life of the system (Benj amin et al . 199 0) . 

The identity and typ e of scale that fo rms on the metal su rfa ce influ ences copper 

corrosion. Corrosion scales that are highly solu ble, condu ctive, p orou s, an d fr iable are 

considered problematic, whereas the op posite condition s  are considered benefi cial. 

Characteristics of a scale layer are affected by water composition, temperatu re, and fl ow 

conditions (Edwards et al. 1 993) . The m aj or comp onen ts of the scale layer are corrosion 

by-p rodu cts su ch as the corroding m etal combined with hydrox ide ions or other dissolved 
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ions (Benjamin et al. 199 0). Table 2 -1 lists some of the ty pical solids that might form in 

a water distribution sy stem. 

Edwards et al . (1 99 6 )  have shown, thr ough pipe-rig experiments and monitoring 

experience of large utilities, that soluble copper corrosion by -product release increases as 

a linear fu nction of alkalinity . They found these trends were consistent with 

measurements of copper solubility in simple laboratory experiments. Therefore, it 

appears that solubility is a key factor in copper corrosion by -product release. U sing the 

data from the previous experiments, various solids that might be controlling copper 

solubility were evaluated using a chemical equilibrium rri odel (MINEQL + ). The four 

cupric solids examined in the model were tenorite, cupric hy droxide, malachite, 

Table 2-1: Typical copper solids that might form in a water distribution system. 
(Edwards, Ferguson, and Reiber, 1994) 

Name of Solid Formation Reaction of Solid Characteristics 

Cupric Hy droxide 2Cu2+ - 2H+ + 2H2O ➔ Cu(OH)2 Light blue or blue- green 

Malachite 2Cu2+ -2H+ + 2H2O + CO3
2

- ➔ Blue-green 

CuCO3•Cu(OH)2 

Bronchantite 4Cu2+ - 6H+ + 6H2O + SO/- ➔ Light blue 

CulOH)lSO4) 

Tenorite 2Cu2+ -2H+ + H2O ➔ Cu(O) Black 

Cuprite 2Cu+ -2H+ + H2O ➔ Cu2O Y ell ow, red, brown 
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and bro nchantite. Of these so lids, o nly the solubility predictio ns based on cupric 

hy drox ide, Cu(OH )2, were quantitatively and qualitatively co nsistent with the a vailable 

data. By compariso n, predictions of teno rite and mala chite solubility were low by a bo ut 

o ne order of ma gnitude o ver the tested pH and alkalinity ranges, wherea s  predictions 

based on bronchantite o verp redicted co pper so lubility by a facto r of three o r  four 

(Edwards et al . 199 6 ). 

Also , bronchantite is suspected to be a key compo nent in a co rrosion-promoting 

scale. Changes in water quality that favor precipitatio n of bro nchantite tend to increa se 

pitting frequency , whereas ma lachite was not predicted to cause pitting 

(Edwards et al . 199 4). 

2.4 Effects of Water Quality on Corrosion 

Since the formation of a corro sion scale is contro lled by the effects o f  wa ter 

quality , it is important to identify water quality changes tha t will infl uence the form ation 

o f  scale ty pes that reduce co pper corrosio n in a given water. A general understanding of 

the effects o f  water quality on co pper co rrosio n has been diffi cult to obtain because o f  

co mplex interactio ns of water quality variables o n  co pper corrosio n in different water 

distributio n sy stems. Many studies have been performed on the effects o f  water quality 

o n  copper corrosion; however, a unified theory has no t been develo ped and applied to 

corro sion control (Benjamin et al . 199 0 ). Because changes in scale ty pe influenced by 

water quality are diffi cult to predict chemically and have no t been sy stematically 

evaluated ex perimentally , previo us experience is the o nly guide to decisio n-making 

(Edwards et al . 199 3 ). I n  Table 2-2, vario us water qualities are co mpared with different 
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Table 2-2 : Summary of copper corrosion problems. (Edwards et al. 1994) 

Characteristics Uniform Corrosion Type I Pitting Type II Pitting 
(Cold Water) (Hot Water) 

Pit Shape No Pits Deep and Narrow Narrow er than type I 
Problem Blue or green water, Pipe failure pipe failure 

high by-product release 

Scale morphology Tarnished copper Underlying Cu20 with Underlying Cu20 with 
on attacked surface or loose overlying malachite, overlying brochanite, 
surface powdery scale calcite, or other basic some malachite 

copper salts, occasionally 
CuCl underlies Cu20 

Water Quality Soft waters of low pH Hard, cold, well water Hot waters, pH below 
(<7 .2) between pH 7 and 7 .  8 high 7 .2, high sulfate relative 

sulfate relative to to bicarbonate, 
chlorides and bicarbonate, occasional Mn deposits 
high CO2 

Initiating factors None noted Stagnation early in pipe Higher temperatures, 
life, deposits within pipe high chlorine residuals, 
including dirt or carbon alum coagulation, 
films, high chlorine particles 
residuals, water softeners, 
alum coagulation 

Ameliorating Raise pH or increase NOM, increase Lower temperatures, 
factors and bicarbonate bicarbonate and pH higher pHs, increase 
treatments bicarbonate and pH 

Type III Pitting 
(Soft Water) 

Wide and Shallow 
Blue water, voluminuous 
by-product releases, pipe 
blockage 
Underlying Cu20 with 
overlying brochantite, 
some malachite 

Soft waters, pH>8 .0 

Stagnation early in pipe 
life, pHs>8.0, alum 
coagulation, low 
chloride residuals 

NOM, avoid stagnation 
early in pipe life, 
increase hardness and 
alkalinity, elevate Cl2 

residual to 0 .5  mg/L 

..... 
w 
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fo rms o f  co pper co rro sio n. This table summariz es the resu lts o f  past ex perimentatio n and 

o bservatio ns; and therefo re, shou ld o nly be used as a rule o f  thu mb (Edwards et al . 199 4) .  

Mo st o f  the past ex perim entatio n o n  the effects o f  water q uality o n  co pper 

co rro sio n were co nd ucted u sing sho rt- term labo rato ry studies and the results were 

ex trapo lated to pred ict lo ng- term effects o n  a d istribu tio n system. An interpretatio n o f  

the results o f  this ex perimentatio n is summariz ed in the 1985 A WW ARF G uid e to 

I ntern al Co rro sio n in D istributio n Systems (Cruse et al . 19 85) . 

Generally, it may be stated that cations (calcium, magnesium, sodium, and 

potassium) exert no effect on_ the rate of corrosion . However, anions (chloride, 

sulphate, bicarbonate) do exert some influence on the rate of corrosion . Chloride 

in particular is a strong corrosion catalyst . Sulfate is less corrosive than 

chloride, while bicarbonate generally tends to reduce the corrosivity of chloride 

and sulfate by inhibiting action . It is difficult to quantify these observations, but 

as a first approximation it may be assumed that effects due to equal quantities of 

bicarbonate and sulfate tend to cancel each other out, and that chloride is at least 

two or three times as active as sulfate. 

Mo re recent research has q uestio ned these statements, mo stly research perfo rmed 

by Edward s and his asso ciates (Edwards et al . 1993). They ex amined the lo ng- term 

effects o f  chlo rid e, su lfa te, bicarbo nate, nitrate, and perchlo rate anio ns using accelerated 

ag ing techniq ues to produ ce a scale layer that wo uld be representative o f  lo ng- term 

co rro sio n in a distrib utio n system. The results o f  their testing (F ig ure 2- 1 )  show the 
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Figure 2-1: Change in corrosion rates for the given solution after aging. 
(Edwards et al. 1993) 
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effects of different anions at various pH values on copper corrosion rates. A positive net 

change in Icorr indicates corrosion rates increased with aging, whereas a negative change 

indicates that aging reduced corrosion rates. The following summary of the conclusions 

on the effects of the different anions on the net change in Icorr based on Figure 2 - 1  

expressed by  Edwards et al. ( 1 993) i s  as follows: 



• Copper surfaces passivate in the presence of chloride at pH � 7 .  0 or 

carbonate at pH � 8 .  5 .  Copper activates (increased corrosion rates with 

aging) at pH values between 5 .5 and 10  in the presence of nitrate, 

perchlorate, or sulfate. 

16 

• In the presence of bicarbonate, copper corrosion undergoes a critical 

transition somewhere between pH 7 .  0 and pH 8 .  5 .  Scale formed at pH 7 .  0 

catalyzes oxygen reduction and increases the overall corrosion rate . In 

contrast, oxygen reduction rates are unchanged at pH 8 .  5, but the anodic 

reaction (copper dissolution) is inhibited, passivating the copper surface . An 

inner cubic scale layer present at pH 7 .  0 but absent at pH 8. 5 might cause the 

transition, which is speculated to depend on bicarbonate concentration . 

• Contrary to popular opinion, the aggressiveness of anions after aging (all 2 -

meq/L solutions) was HCO3- > SO/ > NO3- > ClO/ > Ct at pH 7 .  0, and SO/ 

> ClO4- > NO3- >  HCO/ > Ct at pH 8 .5. These observations are consistent 

with the findings of some prior experimental work related to long -term copper 

corrosion behavior (including by -product release) and will provide a 

foundation for further research aimed at rationally improving copper 

corrosion control . 

This research also stated that combinations of various anions might have very 

different effects than the effects of individual anions on copper corrosion. However, from 

the results of this stud y ,  the predicted worst- case water would contain high alkalinity , 

high sulfate, and low chloride at pH 7 . 0  (Edwards et al . 199 3 ). 
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Several water quality variables have been shown to affect the formation of copper 

corrosion scale, which can be either protective or corrosion-promoting. Such variables 

include pH, alkalinity, hardness, chloride, sulfa te, and temperature. 

2.4.1 pH 

pH is one of the most infl uential parameters in the controlling of copper 

corrosion. Although the hy drogen ion is not electrochemically active in the fu ndamental 

corrosion reactions, pH can infl uence copper corrosion in several way s. pH adjusts the 

distribution of chemical species in solution, thereby altering the equilibri um potential of 

all the redox reactions that are occurr ing. For example, by changing the activity of 

hy droxide ion and speciation of dissolved copper, a shift in pH changes the potentials of 

the major anodic and cathodic corrosion reactions. Also, pH is likely to affect the 

stability and protective qualities of the passivating scales that form on the copper surfa ce. 

It is likely that significant decreases in pH can cause the protective scale to dissolve. 

Even though it is difficult to predict the effects of small changes in pH on protective 

scales, it is reasonable that pH affects the scale' s properties in some way (Benjamin et al . 

199 0). 

Past experience and experimentation has shown that as pH increases, copper 

corrosion rates decrease exponentially . Edwards et al . (199 6 )  suggest the best way to 

reduce copper corrosion is by increasing pH, which most likely reduces the adverse 

effects of other water quality parameters such as alkalinity and sulfa te. 
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2.4.2 Alkalinity 

Although bicarbonate was histori cally assumed to be beneficial i n  prev enting 

copper corrosion pro blems, recent work has conclusiv ely demonstrated adv erse effects 

from the bicarbonate under certain condi tions (Edwards et al . 199 6 ). M onitori ng 

experiences of large utilities and laboratory experimentation has shown that the 

concentration of copper corrosion by -products in dri nking water i ncreases linearly with 

bicarbonate concentration at constant pH. Temperature and pH are key factors that affect 

the sensitiv ity of copper solubility to alkalini ty (bicarbonate). Generally , increasing the 

pH at a giv en concentration of alkali_ ni ty decreases copper corrosion by -product release 

(Edwards et al. 1 99 6 ). 

· .  2.4.3 Hardness 

Hardness ions are not expected to infl uence copper corrosion because they do not 

directly participate i n  the mechanism of copper corrosi on. Howev er, hardness ions can 

affect copper corrosion (Edwards et al . 199 4). 

Beneficial effects of hardness are often associated with the formati on of a 

protectiv e scale lay er of calcium carbonate. Howev er, Iv es and Rawson (197 2) hav e also 

found benefits from calcium under conditions below calcium carbonate saturation 

(Edwards et al . 199 4). Shalaby et al . (1 9 89 )  proposed that the mechanism of pitting 

corrosion of copper in soft and hard waters is the same except for the nature of the 

preci pitates formed on the top of the scale lay er. "Edwards hy pothesized that i ncreased 

aggressiv eness of softened water stems from i nsuffi cient hardness ions remai ni ng to 

complex the more aggressiv e sulfa te ion" (Bolli g 1 99 5). 
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Practical ex perience has s hown that hardness ions hav e  b enefi cial effects. 

Sev eral res earchers hav e  obs erv ed that us ing ion ex change water s oft eners oft en increas es 

cold water pitting. 

• Cr us e and Pomeroy ( 19 7 4) obs erv ed fr om data report ed fr om on e community that 

eight of the fi rs t  elev en copper pipe fa ilures were fr om z eolite-s oft ened water lines . A 

s imilar obs erv ation was reported b y  Woods ide et al. , ( 1 9 66) . 

• Obs ervations were made of a hot water z eolite s oft ened water, which induced a high 

concen tration of s odium bicarb onate, was fo und to perfo rate a copper water line 

within ½ to 2½ years . A ls o, the -� ame water uns oft ened was not fo und to b e  corros ive 

b ecaus e of a protectiv e fi lm of calcium carbonate containing s ome s ilicate depos ited 

on the copper s urfa ce (Cohen and L yman 19 7 2) .  

• Cornwell et al. ( 19 73) obs erv ed pitting corros ion in b oth s oft and hard waters . The 

s oft water s howed to b e  more corros iv e than the hard water. N oting that the hard 

water and s oft water came fr om two different s ites , other water q uality fa ctors could 

be of importance in the ability of one water to corrode more than the other. 

• Wys ock et al. ( 199 1) s tudied the impacts of municipal ion ex change s oft ening on 

lead, copper, and iron concentrations at the tap in O akwood, O hio. Aft er fo ur months 

of operation, the effects of partial s oft ening did not i mpact lead, copper, and iron 

concentrations . 



20 

2.4.4 Temperature 

In general opinion, c orrosion r ates inc rease with inc reased temperature. The rate 

of most c hemic al r eac tions is inc reased when the temper ature is elevated, assuming the 

higher temperatur e  does not alter the reac tants or c atalyst (B enefield et al . 199 0). As a 

ru le of thumb, e ac h  10°C incr ease in temper atur e tends to double the c hemic al reac tion 

rates. 

Researc h perfo rmed Edwards et al . (199 6 )  examined the effec ts of temperatu re on 

c opper solubil it y wher e  he hypothesized that inc reasing the temper ature would r educ e  

c opper c orrosion by-produc t release'._ From their r esearc h, qualitative and quantitative 

tr ends in soluble c opper c orr osion by- produc t r elease were shown to be c onsistent with 

solubility predic tions based on Cu(OH)
2 

equ ilibr ium, modeled with a c hemic al 

equ ilibrium model (MINEQL + ). I f  enthalpy values for the Cu(OH)2 solid in the 

MINEQL + equilibrium model are c onsidered (Figure 2-2), c opper-c ar bonate 
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Figure 2-2: Sensitivity of copper solubility to alkalinity and temperature. 
(Edwards et al. 1996) 
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complexation is predicted to be a strong fu nction of temperature, with each 10°C increase 

halving the slope. In other words, because Cu(OH )
2 

dissolution is exotherm ic reaction, a 

given concentration of bicarbonate is predicted to complex about twice as much copper at 

5°C as it would at l 5°C. 

2.4.5 Chloride 

Chloride is commonly considered to be very aggressive in copper corrosion. I n  

previous research, short-term studies have shown considerable increases in corrosion rate 

and pitting tendencies with increasing chloride concentrations (Edwards et al . 199 4). 

H owever, in recent studies, chloride ·w as shown to reduce corrosion in long-term copper 

corrosion experiments. As more scale was formed over exposure time, chloride tended to 

reduce corrosion rates (Edwards et al . 199 4  ). 

In another study by Edwards et al . (199 6 ), the addition of chloride to sol utions, 

with a given amount of alkalinity , decreased corrosion rates considerably . Therefore, the 

presence of chloride can counter adverse effects of bicarbonate. Also, a comparison of 

scales formed in the presence and absence of chloride validated the dominant effect of 

chloride on scale appearance. Chloride supported the formation of a reddish scale that 

was nearly identical to that observed at pH 7 . 0  in the presence of chloride only . 

2.4.6 Sulfate 

Sulfate ion is thought to be relatively inert toward copper, as explained by its 

absence from current pitting theory and experimental studies (Edwards et al . 199 4). 

H owever, in recent studies the sulfate � on was found t o  increase corrosion rates in long-· 
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term copper corrosion tests. W ith increased scale buildup ov er ex posure time, sulfate 

tends to be more aggressiv e in copper corrosion because the presence of sulfate tends to 

promote copper corrosion (Edwards et al . 199 4  ). 

2.5 Effects of Velocity and Recirculation on Corrosion 

The water v elocity in copper tubing can hav e two adv erse effects on copper 

corrosion. One effect is the ability of high v elocities to phy sically erode protectiv e 

scales. Another is the effect v elocity has on ox y gen fl ux to the cathode (Cruse et al . 

19 8 5 ). High fl ow v elocities are usually associated with erosion corrosion in copper pipes 

in which the protectiv e scale lay er or pipe material is remov ed mechanically (Singley 

et al . 19 8 5 ). 

Corrosion rates would tend to increase d uring fl ow cond itions ( as opposed to 

stagnant cond itions) d ue to improv ed mass transport (Edwards et al. 199 6 ). 

2.6 Summary of the Effects of Temperature, Water Hardness, and 
Recirculation on Copper Corrosion 

In general opinion, increasing the temperature results in increased reaction rates 

(Cruse et al. 19 8 5 ). Howev er, if a current hy pothesis which states that copper corrosion 

is based on the fu nction of solubility is true, then increasing the temperature would 

reduce the amount of cor rosion by -prod uct released into solution (Edward s et al. 199 6 ). 

Basic theory shows that since hard ness i ons do not par ticipate directly in the 

mechanism of copper corrosion, they would not be ex pected to infl uence it strongly 

(Ed wards et al . 199 4). Nev ertheless, hard ness can affect copper corrosion as shown in 

prev ious ex perimentation and ex perience. 



T he effects of recirculation on corrosion can be rel ated to the water velocity or 

mass transport of corrosion by -products. H igh velocities can cause the erosion of 

protective scales (Cruse et al . 199 5 ). Corrosion rates would tend to increase during 

fl owing water conditions versus stagnation due to improved mass transport 

(Edwards et al . 199 6 ). 
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Methods and Materials 
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This chapter describes the apparatus, materials, and meth ods used for both the 

electrochemical and by -product release testing conducted in this study . These two ty pes 

of corrosion tests were implemented in this study to generate data on the effects of 

temperature, water h ardness, and recirc ulation on copper corrosion. 

Electrochemical testing was used to determ ine instantaneous corrosion rates and 

to artificially accelerate the aging process to obtain, in a few day s, corrosion scales that 

are representative of scales found in .. a distribution sy stem. A computer-controlled 

potentiostat in combination with corrosion cells allowed accelerated aging of copper 

samples and corrosion analy sis to determine corrosion rates. In this study , target water 

was continuously refreshed as it was circulated through the corrosion cell. 

Electrochemical corrosion rate analy sis was used in this study because of the short 

amount of time needed to obtain accurate, long-term corrosion rates. 

By -product release testing using copper pipe loops was used to determ ine the 

amount of soluble copper released into th e target water over an extended period of time. 

The target water was pumped either continuously or intermittently through individual 

copper pip e  loops. The target water was replaced after three day s of exposure time. The 

results of these tests were compared with corrosion rates from the electrochemical testing. 

In order to determine the effects of temperature and water hardness on copper 

corrosion, tap water from a distribution sy stem was treated with a household water heater 

and/ or a household ion exch ange water soft ener to provide the desired water quality . 
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3.1 Electrochemical Testing 

Electrochemical testing techniques were used to determine instantaneous 

corrosion rates and to artificially accelerate the aging process to generate corrosion scales 

which are representative of scales found in a distribution sy stem. The following is a 

discussion of the equipment and techniques used in this ex perimentation. 

3.1.1 Apparatus 

The apparatus used in this investigation (Figure 3 -1) includes an electrochemical 

sy stem with potentiostat, eight corrosion analy sis cells (Reiber cells), and target solution 

reservou s. 

The electrochemical equipment used in controlling the corrosion cells consisted of 

a computer controlled potentiostat, ECM 8  M ultiplexer, and softw are. This equipment 

was obtained from G amry Instruments, Langhorn e, PA. The potentiostat precisely 

controlled the voltage of the corrosion cells. The potentiostat, coupled with the ECM 8 

Multiplex er, allowed automatic and sequential corrosion analy sis of eight independent 

corrosion cells, or concurrent operation of the eight cells in a potentiostatic mode. 

Software designed by G amry provided the capability to conduct standard electrochemical 

tests automatically and also to evaluate data collected from testing. 
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Figure 3-1 :  Electrochemical corrosio_n testing apparatus. 
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A co rrosion (Rei be r) cell and its co mponents are shown in Figu re 3-2. The co mponents of 

a Reibe r ce ll consist of a test e lect rode, refe rence elect rode, and counte r elect rode . The 

Reibe r cel l simulates pipe flow conditions, found in household plu mbing syste ms, pe rmits 

the use of actual plu mbing mate rials fo r  the test elect rode, is easily const ructed, does not 

rely on expensive inst ru mentation, and p revents disto rtions in cur rent flow du ring 

Figure 3-2: Reiber corrosion test cell. 
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polarization e xtreme s be cause the counte r e le ctrode pe ne trate s the axial ce nte r of the 

coppe r ce ll along its e ntire le ngth (Be njamin et al . 1990 ). The te st e le ctrode or working 

e le ctrode consiste d of a coppe r sample which was subje cte d to e le ctrochemical analy sis. 

The counte r e le ctrode was use d to apply a voltage to the inte rior surfa ce of the coppe r 

sample . A platinum wire was use d as the counte r e le ctrode be cause of its ine rt be havior 

in a corrosive e nvironme nt. In e le ctrochemical e xper ime nts, the counte r e le ctrode is he ld 

at a de sire d voltage with re spe ct to the re fe re nce voltage ve rsus the te st e le ctrode voltage . 

The re fe re nce e le ctrode in this inve stigation was a stable Ag/ AgCl e le ctrode e ncase d  in a 

narrow, fle xible , polye thy le ne stem with a ce ramic frit j unction at the e nd which allows a 

high le ak rate to e nsure a stable re fe re nce voltage . 

The targe t solution re se rvoir was a four-lite r polyp ropy le ne containe r. The 

container s for the individual Re ibe r ce lls we re place d in a re ctangular, galvanize d shee t 

me tal wate r bath. The wate r bath was use d to maintain a constant re lative tempe rature .i n 

e ach tar ge t  solution re se rvoir. During e xper ime ntation, the wate r tempe rature was he ld 

constant at± 1 °C re lative to all the ce lls. Also, pumps we re use d to maintain flow rate s 

of 0 .5 ± 0. 0 5  gpm through e ach of the ce lls. A more de taile d de scription of the apparatus 

use d in this inve stigation is give n in a pre vious the sis (Bollig 1 99 5). 

3.1.2 Materials 

Targe t Solution 

The wate r use d in the inve stigation was obtaine d from the Brookings wate r 

distribution sy stem through a tap in the N orthem Gre at P lains Wate r Re source s Re se arch 
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Lab located in Grove Hall on the campus of South Dakota State University. A V  an Guard 

Energy Efficient Water Heater (Model No. 6E720) with a capacity of30  gallons was used 

to heat the target water to the desired temperature. A MacClean Water Softener (Model 

3P973/NELSM1 00 1 )  was used to soften water to the desired water hardness. Figure 3-3 

shows the water softener and water heater used in this experimentation. 

Figure 3-3: Hot water heater and ion exchange water softener 
used in experimentation . . 
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The t y pes of wat er t est ed in t his invest igat ion are as fol lows: 

• Col d hard wat er - t ap wat er wit h  no t reatment . 

• Cold soft wat er - t ap wat er t reat ed by a household ion ex change wat er 

soft ener. 

• Hot hard wat er - t ap wat er heat ed by a household wat er heat er. 

• Hot soft wat er - t ap wat er t reat ed by a household ion ex change wat er 

soft ener t hen heat ed by household wat er heat er. 

3.1 .3 Methods 

This sect ion will out line elect rochemical and wat er qual it y t est ing procedures 

3 0  

used in t his invest igat ion. Specifics of elect rochemical t est ing and t he apparat us have 

been report ed previously ( Bollig 199 5 ). Elect rochemical analy sis and accelerat ed aging 

t est ing was conduct ed on t he four different t y pes of wat er qualit y l ist ed above. 

Targ et Solut ion Prep arat ion 

The t arget wat er reservoirs ( one gal lon poly propy lene bott les) were refreshed by a 

cont inuous fl ow of t he t arget solut ion at a fl owrat e of 0 . 2 ± 0 . 0 5  gpm t o  each reservoir 

from t he desired wat er suppl y .  The t arget solut ion was t hen pumped from t he t arget 

solut ion reservoir t hr ough t he corrosion cell and recirculat ed back t o  t he reservoir at a 

const ant fl ow rat e  of 0 . 5  ± 0 . 0 5  gpm. A schemat ic of t his set up is shown in 

Figure 3 -4. 
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Figure 3-4. Schematic of electrochemical corrosion testing setup. 
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Copp er Coup on Prep aration 

Copper samples used i n  the electrochemical experimen ts were 5 / 8" diameter 

copper couplings with an in tern al surfa ce area of 3 . 1  in2 (20 cm2
) and actual in ner 

diameter of 3 / 4" .  The couplin gs were obtai ned from a local plumbin g  supply company . 

The copper coupon s  were washed in 0 . 1 N N aOH for two min utes to remov e organic 

deposits. The copper coupons were then ri nsed four times with N an o-Pure water. M ore 

rigorous cleanin g  methods were not used because they ten d to i ncrease surfa ce area of the 

coupons and i ncrease the poten tial for pitti ng to occur (Edwards et al . 199 3 ). 

Electrochemical "Accelerated Ag ing" Testing 

The electrochemical " accelerated agin g" was performed using the potentiostatic 

technique withi n the Gamry software sy stem. The " accelerated aging" or potentiostatic 

tests were designed to form characteristi c corrosion scales on the copper surfa ce that are 

similar to those found in a specific water quality and also to determine the protectiv e 

n ature of the scale lay er. The surfa ces of the copper coupon s  were first subjected to the 

target solution of interest and allowed to corrode naturally for one hour, at whi ch time 

initial corrosion rates were determined electrochemi cally . Then, scale was formed by 

an odic polarization (E = + 120 m V v ersus refe rence electrode) for 7 2  hours, forcing the 

copper to corrode at an accelerated rate. After the 7 2  hour period , the applied potenti al 

was remov ed. Water samples were collected for measurement of the corrosion by­

products. Then, the coupon s were exposed to the target solutions for 24 hours before 

corrosion rates were determined electrochemi cally for the aged copper surfa ces. After 

corrosi on rates were determin ed , the copper coupons were then dried un der a weak jet of 



pure ni troge n to preve nt ex posure of c oupons to ox yge nate d, ambie nt ai r. The c oppe r 

c oupons we re the n  store d i n  a de sicc ator befo re vi sual analy si s  (Edwards et al . 1 99 3) .  

Duri ng the " acce le rate d agi ng" te sti ng , anodic c urre nt ve rsus ti me plots we re 

ge ne rate d (Fig ure 3- 5). Alth oug h the se plots do not provi de q uan ti tative or q uali tative 

� 

0 ·en 
C u 

E 

Signifies Pitting Corrosion 

-3 �---------------t---, 

-4 - . 

-4.5 

-5 

-5.5 

-- 'pstatj l .dta' 

- - 'pstatj2.dta' 

-- 'pstatj3.dta' 

- - - 'pstatj4.dtn' 

-- 'pstatj5.dta' 

--'pstatj6.dta' 

-- 'pstatj7.dta' 

-- 'pstatj8.dta' 

-6 ------1- -1---1---� 

50000 

Time (Sec) Surface is Passivating During Aging 

33  

Figure 3-5: Cumulative anodic current versus time plot. (Bollig 1995) 

i nfor mati on c oncerni ng the c orrosi on rate of the unpe rt urbe d c oppe r sample ,  the plots are 

usefu l i n  de te rmi ni ng whe the r pi tti ng c orrosi on or passivati on of the surface occ urs 
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during ag ing . An increase in anodic current versus time indicated pitting corrosion, while 

a decr ease indicated passivation of the surface. 

Electr ochemical Corrosion Rate Measurement 

Electrochemical corrosion rates were measured to determine the protective nature 

of the scale lay er formed on the copper surfa ce by a specific water quality during the 

accelerated ag ing process. Electrochemical corrosion rate measurements were conducted 

utilizing the potentiodyn amic technique in the Gamry Electroanaly sis Sy stem. First, the 

sy stem measured E0c , which is the rest potential of the copper coupon in the absence of 

electr ical connections. Then the copper surface was subjected to a potentiody namic scan 

with a perturbation of 15 0 mV (E0c -7 5  mV to E0c + 7 5  mV) with a scan rate of 0. 2 

mV/ sec and a recording rate of 1 data point per second. Aft er the current versus potential 

data was collected, it was analy zed using Gamry corrosion analy sis soft ware, which 

calculated the corrosion rate C icorr ) and the Tafe l slopes Pa and Pc in accordance with 

electrochemical theory (Edwards et al. 1993 ). Wh ile most of the potentiodyn amic results 

exh ibited Tafe l behavior (Fig ure 3 -6 )  and were fi t  accurately using the corrosion analy sis 

soft ware, the data was occasionally non-ideal (Fig ure 3 -7 ). I rreg ularities that occur in the 

anodic reg ion of the scan are usually due to passivation of the surface during 

measurement. In such cases, icorr was determined as the current density at which the 

cathodic Tafe l slope intersects the rest potential (E0c ). 
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Water Q uality Analy sis 

Water quality testing procedures were selected to obtain t he concentrations of 

certain water quality parameters associated with the form ation of the corrosion scale 

lay er. The m ethods and instruments used for all water quality analy sis are tabulated in 

Table 3 -1. Sam ples were collected daily from the target reservoirs to assure 

Table 3-1: Description of method and instrumentation used for laboratory 
analysis 

Parameter Standard Methods Instrument 

Tem perature SM #2 5 5 0  B, L aboratory Orion 2 3 0  portable 
and F ield Methods pH / temp erature m eter 

pH SM # 45 0 0 -H+ B, Electrode Orion 2 3 0  port able 
Method pH / temp erature m eter 

Alkalinity SM #2 32 0 B, Titration Not Applicable 
Method 

Calcium SM # 3 5 0 0 -Ca D, Direct-Air Perkin Elm er Atomic 
Acety lene F lam e Method Absorption Spectometer 

Model 3 10 0  
Magnesium SM # 3 5 0 0 -Mg D, Direct- Perkin Elm er Atom ic 

Air Acety lene F lam e Absorption Spectom eter 
Method Model 3 10 0  

Copper SM # 3 111 B, Direct-Air Perkin Elm er Atom ic 
Acety lene F lame Method Absorption Spectometer 

Model 3 10 0  
Sodium SM # 3 5 0 0 -Na D, Direct-Air Perkin Elmer Atom ic 

Acety lene F lam e Method Absorption Spectom eter 
Model 3 10 0  

Sulfa te SM # 45 0 0 -SO/ E Shim adzu UV16 0 U  
Sp ectop hotometer 

Chloride SM # 45 0 0 -CJ- E Autom ated T echnicon Alpkem 
F errocy nanide Method 

Orthophosphate SM # 45 0 0 -P E. Absorbic HACH DR2 0 0 0  
Acid Method Spectophotom eter 

Methods are from Standard Methods 17th Edition 

3 6  
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t hat wat er q ual ity paramet ers were not varying over th e t est ing period. The sampl es were 

analyz ed fo r  pH, al kal inity, cal cium, magnesium, sodium, sulfat e, chl oride, 

ort hophosphat e, and t emperat ure. The pH, al kal inity, t emperat ure, and ort hoph osphat e  of 

each sampl e were analyz ed upon coll ect ion. 1 25 ml sampl es were coll ect ed fo r  cal cium, 

magnesium, and sodium measurement s and preserved wit h 4% nit ric acid t o  pH < 2 and 

st ored at approx imat ely 4°C fo r  l at er analy sis. 25 0 ml sampl es were coll ect ed fo r  sulfat e 

and chl oride and st ored at approx imat ely 4 °C fo r  l at er analy sis. Sampl es fo r  sol ubl e and 

t ot al copper were not coll ect ed because t he sol ut ions in t he t arget reserv oirs were 

cont inuously refr eshed wit h new t arget sol ut ion, t hus t he copper rel eased int o sol ut ion 

was fl ushed out of t he sy st em cont inuously . 

3.2 By-product Release Testing 

By- product rel ease t est ing measures t he concent rat ion of sol ubl e copper rel eased 

int o sol ut ion during t he corrosion of t he copper surfa ce. I n  t he by- product rel ease 

met hod, compl et e copper corrosion is not analyz ed since only t he copper rel eased int o 

sol ut ion is measured. Th e foll owing discussion describes t he apparat us and met hods used 

in th is t est ing. 

3.2.1 Apparatus 

F igure 3 - 8 cont ains pict ures of th e apparat us used fo r  t his port ion of t he st udy .  

The apparat us incl uded l oop sy st ems const ruct ed of ½" copper t ubing, perist alt ic pumps, 

wat er bat h, and two l it er t arget sol ut ion cont ainers. 
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Figure 3- 8 :  Corrosion by-product release testing apparatus. 
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Design and Construction 

The pipe loops were designed to contain a total volume of approx imately one liter 

of the target solution. This volume was obtained u sing twenty feet of ½ -inch Ty pe M 

copper tubing which was purchased fr om a local hardware store. A diagram of an 

assembled pipe loop sy stem is shown in Figure 3 -9. The pipe loops were assembled with 

six 90° elbows, two½ -¼" reducers, and lead-fr ee solder. 

Peristaltic pumps were used to pump target solution through the pipe loops at a 

fl ow rate of 0 . 2 gpm. A Cole Parmer Masterfl ex Pump (Model N o. 7 6 20-25 ) with two 

pump heads using Masterflex Tubing N o. 6 40 4-17 was u sed to continuously recirculate 

the target solution through two individual pipe loops. A Cole Parmer Micropump (Model 

N o. 7 144-0 4) with an Intermatic Timer (Model N o. ETl 7 3C) was used to intermittently 

recirculate the target solution thr ough a pipe loop. 

Two-liter glass bottles were used as target solution reservoirs. Plastic tubing was 

used to connect the pipe loops with the pumps and target solution reservoirs. The target 

solution reservoirs were placed in a temperature controlled water bath which was used to 

maintain a specified temperature± I °C. 

3.2.2 Materials 

Targ et Solution 

The water used in the investigation was obtained fr om the Brookings water 

distribution sy stem through a tap in the Northern Great Plains Water Resources Research 

Lab located in Grove Hall on the campus of South Dakota State U niversity . The ty pes of 
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wat er t est ed in t his invest igat ion a re t he sam e as t hose discussed in t he previous sect ion 

fo r  elect rochem ica l st udies (Sect ion 3. 1. 2) .  

3.2.3 Methods 

Exp erim ent s 
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Two sepa rat e ex perim ent s were perfo rmed wit h  ea ch ex perim ent having a 

different wat er t em perat ure. Three pipe loops were used in ea ch ex perim ent . Two of t he 

pipe loops were cont inuously recirculat ed while t he ot her wa s recirculat ed fo ur t im es per 

da y ( int erm itt ent ly recirculat ed) at 8 a .m . , 12 p.m. , 5 p.m . ,  a nd 9 p.m . An elect ronic t im er 

wa s used t o  t um t he pum ps on a nd off at t he a ppropriat e t im es. The int ermitt ent ly 

recirculat ed pipe loop wa s recirculat ed fo r  t en m inut es, which wa s long enough t o  heat 

t he wat er in t he pipe loop t o  t he wat er t em perat ure in t he cont inuously recirculat ed pipe 

loops. Ea ch pipe loop syst em ,  including t he reservoir, conta ined thr ee lit ers of ta rget 

solut ion. The ta rget solut ion in ea ch of t he pipe loops was cha nged every t hird da y. 

F irst , a ll of ta rget solut ion wa s rem oved fr om t he pipe loop a nd reservoir fo r  sam pling, 

t hen t he pipe loops were fi lled wit h  new ta rget solut ion a nd recirculat ion wa s reinit iat ed. 

The pipe loops were ex posed t o  t hes e  condit ions fo r  two mont hs. Six different copper 

l oop syst em s were set up t o  perfo rm by- product relea se t est ing on t he fo llowing 

s it uat ions: 

L oop 1 : H ot ha rd wat er - cont inuously recirculat ed 

L oop 2 :  H ot soft wat er - cont inuously recirculat ed 

L oop 3: H ot ha rd wat er - int ermitt ent ly recirculat ed 

L oop 4: C old ha rd wat er - co nt inuously recirculat ed 



Lo op 5: Cold soft water - continuously recirculated 

Loop 6 :  Cold hard water - intermittently recirculated 

Water Q uality An aly sis 
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Water quality testi ng proced ures were selected to obtain the concentrations of 

certain water quality parameters associated with the form ation of the corrosion scale 

lay er. The method s  and instruments used for all water quality testing analy sis are 

tabulated in Table 3- 1. Samples were collected from a new target solution which was 

replacing the old target solution in each of the pipe loop sy stems. Sa mples were also 

taken from the old target solutions collected from each pipe loop sy stem. New target 

solutions were tested for pH, alkalinity , calcium, magnesium, sod ium, chlorid e, sulfate, 

orthophosphate, and temperature. Old target solutions were tested for the same 

para meters and also for d issolved copper and total copper. The pH, alkalinity , 

temperature, and orthophosphate were analy zed upon collection of samples from the new 

target solution and old target solution. 125 ml samples were collected from the new target 

solution and old target solution for calcium, magnesium, and sod ium and preserved with 

4% nitric acid to pH< 2 and stored at approximately 4°C for later analy sis. 250 ml 

samples were collected from the new target solution and the old targ et solution for sulfate 

and chlorid e and stored at approxi mately 4 °C for later analy sis. 125 ml samples were 

collected from the old target solutions and new target solutions for soluble copper which 

were filtered and then preserved with 4% nitric acid to pH < 2 and stored at 

approximately 4°C for later analy sis. 125 ml samples were collected from the old target 



solutions and new target solutions for total copper which were unfiltered and preserved 

with 4% nitric acid to pH < 2 and stored at approximately 4°C for later analy sis. 
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Chapter 4 

Results and Discussion 

44 

This chapter contains a review and d iscussion of the experim ental results of by­

prod uct release and electrochem ical testing techniques to d eterm ine the effect of 

tem perature, water hard ness, and recirculation on copper corrosion by -prod uct release and 

corrosion rates. The chapter contains three sections: 

• the effects of tem perature and water hard ness on copper corrosion with accelerated 

aging using electrochem ical corr9 sion testing techniques, 

• the effects of tem perature, water hard ness, and recirculation on copper corrosion 

using corrosion by -prod uc t  release testing techniques, and 

• summary and d iscussion of the experim ental results obtained from both the 

electrochem ical corrosion testing and corrosion by -prod uct release testing. 

4.1 Electrochemical Corrosion Testing 

These experim ents were com pleted to d eterm ine the effects of tem perature and 

water hard ness on corrosion rates for copper corrosion. Electrochem ical proced ures 

utilized in these experim ents are id entical to those d iscussed in Chapter 3 :  M ethod s and 

M aterials. This segm ent will proceed with a summ ary of background water quality d ata 

which was taken d uring the experim entation. The next section will d iscuss the effects of 

tem perature on corrosion rates. The effects of water hard ness on corrosion rates will be 



45 

discussed in the following section. The last section wil l provide a summary of the resul ts 

of these experiments. 

The sections examining the effects of temperature and water hardness on copper 

corrosion through electrochemical testing will provide a review of corrosion rates and 

results of anodic current plots. The corrosion rates will provide a quantitative and 

qualitative basis for determining the tendency of the copper surface to corrrode. Analy sis 

of the anodic current versus time plots are usefu l in determining whether pitting corrosion 

or passivation of the surface occurs during aging. 

Temperature and Water Hardness 

Two temperatures were tested in these experiments. Water that was held at a 

constant temperature of 5 5°C was classifi ed as hot water, whereas water that was held at a 

constant temperature of l 3°C was refe rred to as cold water. 

Water hardness is described by either being hard water or soft water. Hard water 

was characterized by having an average calcium hardness of 8 1  mg/I Ca, magnesium 

hardness of 42 mg/I Mg, and sodium content of 14 mg/1 Na. Soft water was characteri zed 

by havi ng an average calcium hardness of 1. 0 mg/I Ca, magnesium hardness of 0 . 1  mg/I 

Mg, and a sodium content of 16 2 mg/I Na. 

Four different combinations of the above water temperatures and water hardness 

were used in this experimentation. These waters will be classifi ed as either hot hard 

water, hot soft water, col d hard water, and col d soft water. 



4.1 .1 Summary of Background Water Quality Data 
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The key water quality parameters tested in this experimentation were temperature, 

calcium, magnesium, and sodium .  Other parameters tested were pH , alkalinity , chloride, 

sulfa te, and orthophosphate. These parameters were shown to remain constant, therefore 

assumed to not affect the corrosion differences. The average water quality characteristics 

of the Brookings tap water after modifications to obtain the different water qualities 

specifi ed in this testing are described in Table 4-1. A more in-depth summary of results 

of water qual ity tests performed during this experimentation are provided in Appendix A. 

Table 4-1: Water quality characteristics of Brookings tapwater 
after modifications for electrochemical testing. 1 

Description of Water 
Water Quality Hot Hot Cold Cold 
Characteristics Hard Soft Hard Soft 

Temperature (OC) 5 5  5 6  12 1 3  

ca
++ (mg/ L) 7 5  1 87 1 

Mg++ (mg/ L) 44 0. 1 39 0 . 1 
N a+ (mg/ L) 19 167 9 157 
pH ------- 8 .16 8 .27 8 .12 8 . 25 

Alkalinity ( mg/ L CaC03) 16 2 16 5 16 4 16 4 
ci- (mg/L ) 11 12 1 1  11 
so4= (mg/ L) 218 19 6 241 20 2 

o-PO/ (mg/L -P) 0 . 0 8  0 . 0 5  0 . 0 3 0 . 0 3  

1 Average water quality characteristics of samples taken during the testing period. 
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A. pH 

The average pH for both hot hard and cold hard water were approximately the 

same having a pH of 8 . 16 and 8 . 12, respectively . In the hot soft and cold soft water, the 

pH was also closely related with a pH of 8 . 27 and 8 . 25 ,  respectively . The results show 

that there was a difference in pH of approximately 0 . 1  units between hard waters and soft 

waters. This difference is deemed insignificant so fu rther evaluation is not provided. 

B. Alkalinity 

The alkalinity for all four ty pes of water were all closely related. Average results 
.. 

of alkalinity ranged fr? m 16 2 to 16 4 mg/I CaCO
3

• Average alkalinity for all four ty pes of 

water tested was 16 3 mg/I CaCO3 • 

C. Chloride 

Chloride content was generally the same for all four different ty pes of water 

tested. The chloride content for all ty pes of water was approximately 11 mg/I Cl. 

D. Sulfate 

The average sulfate content for hot hard, hot soft, cold hard, and cold soft were 

218 , 196 ,  241, and 20 2 mg/I SO
4

, respectively . The variability of the sulfate results was 

likely due to a lack of precision of the available testing method. Sulfate was tested to 

give a general description of its content in these waters. The average sulfa te for all ty pes 

of water was 214 mg/1 SO4 • 



E. Orthophosphate 

All fo ur ty pes of water contained a small amount of orthophosphate. Average 

orthophosphate levels for hot hard , hot soft, cold hard, and cold soft were 0 . 0 8 ,  0.0 5, 

0 . 0 3 , and 0 . 0 3  mg/1 P, respectively. T he orthophosphate was generally a little higher in 

the higher temperature wat ers because the poly phosphate in the water generally breaks 

down to orthophosphate as the temperature is increased. 

4.1.2 Effects of Temperature on Copper Corrosion 

The fo llowing discussion wil_ l pertain to the analy sis of corrosion rates and 

comparisons of anodic current versus time plots. Two temperatures were tested. H ot 

water was defined by a constant temperature of 55°C whereas cold water was held at a 

constant temperature of 13°C. 

A. Analysis of Corrosion Rates 
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F our copper samples fo r  each ty pe of water were subjected to electrochemical 

analy sis. Average results fr om th e testing are shown in Table 4- 2. Plots of the 

potentiody manic curves from which corrosion rates were d etermined are fo und in 

Append ix A. Statistical analy sis was completed using a completely random d esign with 

comparison of results using Duncans New Multiple Range Test. Detailed statistical 

analy sis and corrosion rate data are located in Appendix A. 



Table 4-2: Comparisons of data from electrochemical testing to 
show the effects of temperature on corrosion rates. 

Water Average Mean Statistical 
Description Corrosion Rates Difference Significance 

(µA/cm2) (µA/cm2) 

Hot Hard Water 1. 3 8  
0 . 22 99 

Cold Hard Water 1. 15 

Hot Soft Water 0 . 41 
0 . 20 99 

Cold Soft Water 0 . 21 

1 .  Hot Hard Water versus Cold Hard Water 

Average corrosion rates for hot hard and cold hard water were 1. 3 8  and 1. 15 

µA/ cm2 , respectively . Increasing the temperature by 42°C produced a di fference in 

corrosion rates of 0 . 22 µA/ cm2
• The difference in corrosion rates was statisticall y 

significant at the 99% confidence level. 

2 .  Hot Soft Water versus Cold Soft Water 
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Hot soft and cold soft waters had average corrosion rates of 0 . 41 and 0 . 21 

µA/ cm2 , respectively . The mean difference between the two waters is 0 . 20 µA/ cm2
• This 

difference was achieved with a statistical confidence level of 99% . 
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3 .  Summary 

Increasing temperature had a small, but signifi cant effect on corrosion rates for 

aged copper surfa ces (Figure 4-1 ). For both hard and soft water, raising the temperature 

by 42°C increased the corrosion rate by 0 . 22 and 0 . 20 µA/ cm2 , respectiv ely . The changes 

in corrosion rates a re statisti cally signifi cant at the 99% confi dence lev el. These results 

are consistent with the theory that chemical reaction rates increase when the temperature 

is increased ( Benefi eld et al . ,  1 9 8 2). 

1 . 4 

1 . 2 
E] 5 5°C 

1 . 0 ■ 1 s0c 
Na 

cu" 0 . 8 

0 0 . 6 · -

0 

0 

0 . 4 

0 . 2  

0 . 0  
Hard Water Sofi Water 

Figure 4-1 :  Temperature effects on corrosion rates. 



B. Anodic Current versus Time Plots 

During the "accelerated aging" testing, anodic current versus time plots were generated. 

These plots are useful in determining whether pitting corrosion or passivation of the 

surface occurs during aging. 

1. Hot Hard Water versus Cold Hard Water 
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A plot of anodic current versus time is shown in Figure 4-2 for cold hard versus 

hot hard water. Four samples of each type of water are shown in this plot. The samples 

for the cold hard water had a consistent anodic current over time. There was a small 

amount of variation between the four samples of cold hard water. However, the anodic 

current for the HH water samples decreased over time, indicating that a protective scale 

was forming on the copper surface. Even though there was some variation between 

Hot Hard Water vs . Cold Hard Water 
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Figure 4-2: Anodic current versus time curve for cold hard versus hot hard water. 
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samp le s, the samp le s fo llowe d the same t ren d. A c ompa ri son of the sa mp le s of h ot har d 

with c old ha rd wate r show s that the an odic cu rre nt of the c old ha rd wate r t o  be highe r 

tha n h ot har d wate r. The h ot ha rd wate r samp le s we re shown t o  p ossi bly fo rm a 

pa ssivating su rface on the c oppe r samp le s. The c old ha rd wate r sa mp le s sh owe d n o  

change in anodic cu rre nt, an d  thu s p ossi bly ha d n o  effect on forming a pa ssivati ng su rface. 

2. Hot Soft Water versus Cold Soft Water 

Figu re 4-3 show s a p lot an odic cu rre nt ve rsu s  ti me fo r  sa mple s of h ot soft an d c old 

soft wate r. Each of the fou r samp le s of c old soft wate r we re foun d t o  have a c onsi stent 

an odic cu rre nt ove r ti me, with ve ry litt le va riati on between the se fou r samp le s. The 

anodic cu rre nt i n  each of the fou r sa mp le s  fo r  h ot soft wate r dec rea se d ove r time. 

Hot Soft Water vs . Cold Soft W ater 

N' -3.5 l)F§���s����;;;:���:::;�--
§ -4.0 

$ -4.5 
0 
-� -5.0 
Cl -5.5 i: 
� -6.0 
u g> -6.5 

'"� �-�:, -� � �� �:t-�:-=-:-� \ � 
' ., \. - � -· - - - _,_ - ·\ 
\ ,' ,, .. ,,._ "•\•\ \,.-
I I 
'! 

-7.0 -+--------+-----+-----+----+-------+----

0.0E+OO 5 .0E+o4 l .0E+05 l .5E+05 

Time (Sec) 

2.0E+05 2.5E+05 3.0E+05 

--- Cold Soft I 
--- Cold Soft 2 
--- Cold Soft 3 

Cold Soft 4 
- - - - Hot Soft I 
- - - - Hot Soft 2 
- - - - Hot Soft 3 
- - - - Hot Soft 4 

Figure 4-3: Anodic current versus time curve for cold soft versus hot soft water. 
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Th ese samples were sh own to follow th e same trend, wh ich varied sligh tly between 

samples. A comparison of th e anodic current curves for h ot soft and cold soft water 

sh owed th at temperature h ad th e same effects as th ose found in th e anodic curves for 

samples of cold h ard versus h ot h ard water, wh ere h ot soft water samp les were sh own to 

possibly form a passivating surfa ce and cold sof t water did not sh ow any evidence of 

forming a passivating surfa ce under th e continuous fl ow conditions of th ese exp eriments. 

3. Summary 

A comp arison of th e anodic current curves for cold h ard, h ot h ard, cold soft, and 

h ot soft sh ows th at temperature definitely h as an effect on th e corrosion of th e copper 

surfa ces. An increase in temperature resulted in a passivation of th e copper surfa ce. 

Th us, th e increase in temperature is suggested to promote a protective scale on th e copper 

surfa ce. Th e lower temperature was sh own to h ave no effect on th e anodic current, th us 

p ossibly producing a corrosion inducing scale or no protective scale on th e copper 

surface. 

C. Copper Surface Inspection 

Th e following are descriptions of observations of th e copper surfa ces for cold 

water, cold soft, h ot h ard, and h ot soft waters: 

Water Type 

Cold h ard wa ter 

Cold soft water 

Visual Observations 

U niform ligh t y ellow-brownish color 

U niform ligh t  y ellow- brownish fi lm overly ing a 
· dark brown-reddish surface 



Hot hard water 

Hot soft water 

U niform light blue- greenish film over a tarn ished 
brown surface 

U niform y ellow-blue precipitate overly ing a dark 
brown-reddish surface 

The most observable difference between the cold and hot waters was that the 

surfaces exposed to the hot water contained a blue precipitate that was not found on the 

surfaces exposed to cold water. 

4 . 1 .3 Effects of Water Hardness on Copper Corrosion 

The following is a discussion of the analy sis of corrosion rates and comparisons 

of anodic current versus time plots. Two different levels of hardness were tested using 

electrochemical testing techniques. Hard water was characterized by having an average 

calcium hardness of 81 mg/1 Ca, magnesium hardness of 42 mg/1 Mg, and a sodium 

content of 14 mg/1 Na. Soft water was characterized by having an average calcium 

hardness of 1. 0 mg/1 Ca, magnesium hardness of 0. 1 mg/1 M g, and a sodium content of 

16 2 mg/1 Na. 

A. Analysis of Corrosion Rates 

Electrochemical analy sis was conducted on four samples of each ty pe of water. 
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Averaged results from the testing are shown in Table 4-3 . Plots of the potentiody namic 

curves from wh ich corrosion rates were determined are found in Appendix A. Statistical 

analy sis was completed using a completely random design with comparison of results 

using Duncans New Multiple Range Test. Details of the statistical analy sis and corrosion 

rate data are located in Append ix A. 



Table 4-3: Comparisons of data from electrochemical testing to 
show the effects of water hardness on corrosion rates. 

Water Average Mean Statistical 
Description Corrosion Rates Difference Significance 

(µA/cm2) (µA/cm2) 

Hot Hard Water 1. 3 8  
0 .97 99 

Hot Soft Water 0 . 41 

Cold Hard Water 1. 15 
0 .9 4  99 

Cold Sof t Water 0 . 21 

1 .  Hot Hard Water versus Hot Soft Water 
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Average corrosion rates for hot hard and hot soft water were 1. 3 8  and 0 . 41 

µN cm2 , respectively . Softening of the water was shown to reduce the average corrosion 

rates by 0 .97 µN cm2
• This difference was achieved with a statistical confidence level of 

99% . 

2. Cold Hard Water versus Cold Soft Water 

Cold hard and cold soft water had average corrosion rates of 1. 15 and 0 . 21 

µN cm2
, respectively . The mean difference in corrosion rates for these waters was 0 .9 4  

µN cm2
• The difference in corrosion rates was statistically significant at the 99% 

confidence level. 
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3. Summary 

Water hardness had a very significant effect on corrosion rates as shown in Figure 

4-4. In both hot and cold waters, t he corrosion rates of the soft water were lower t han the 

hard water by 0 .9 7  and 0 .9 4  µA/ cm2 (8 0% and 8 3% ), respect ively. Therefore, t hese 

results show t hat softening had a positive effect on reducing the rate of corrosion 

occurring on the copper surface. Since t he percent difference between these values is 

only 3% , it could be concluded that t he effects of water hardness are independent of the 

effect s of temperat ure on corrosion rates. The reason for this conclusion is t hat if the 

1. 6 

1. 4 El Hard Water 
II Soft Wat er 

1. 2 

1. 0 ::1. 
oo

"' 

0 . 8 � 

, g  
0 . 6 

0 . 4 

0 . 2 

0 . 0  
Hot Wat er Cold Wat er 

Figure 4 -4: Water hardness effects on corrosion rates. 
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effect s of wat er har dness on c orr osion rat es w er e  dependent on t emperat ur e, t he 

differ enc e  betw een t he av erag e differ enc es of t he c orr osion rat es betw een hot a nd c old 

wat er w ould be larg er. If t her e is an effect on c orr osion rat es affect ed by wat er har dness 

t hat is dependent on t emperat ur e it is by a sma ll marg in. 

B. Anodic Current versus Time Plots 

During t he "acc elerat ed ag ing" t est ing , a nodic c urr ent v er sus t ime plot s w er e  g enerat ed. 

These plot s ar e  usefu l in det ermining w het her pitt ing c orr osion or pa ssivat ion of t he 

surfac e occ ur s  dur ing ag ing. 

1. Hot Hard Water versus Hot Soft Water 

A plot of a nodic c urr ent v er sus t ime of hot har d  a nd hot soft is show n in F ig ur e  

4- 5 .  F our samp les of eac h ty pe of wat er ar e show n in t hi s  gra ph. A ll t he samp les of bot h 
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Figure 4-5: Anodic current versus time curve for hot hard and hot soft water . 
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h ot har d a nd h ot soft show a decrea sing tre nd i n  the anodic cur re nt over time. It i s  

believe d thi s tre nd i s  affecte d  by te mperature. There a ppear s t o  be no di sti nct differe nce i n  

tre nds betwee n har d an d soft water in the a nodic curre nt ver su s  ti me curve s. 

2 .  Cold Hard Water versus Cold Soft Water 

Figure 4-6 sh ow s anodic curre nt ver su s  ti me curve s for sample s of c ol d  har d a nd 

c ol d  soft water s. F our sample s of each ty pe of water are illu strate d in thi s pl ot . There 

a ppear s t o  be no di sti nct differe nce s betwee n sa mple s of c ol d  har d ver su s  c ol d  soft water s. 

T hu s, water har dne ss see ms t o  have no effect on the for mati on of a c orr osi on by- pr oduct 

scale a s  i ndicate d by the pote nti ostatic te st re su lt s. 

a -3.6 
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c -4.4 

8 -4.6 
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Cold Hard Water vs . Cold Soft Water 
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- - - - Co Id So ft 1 
- - - - Co Id So ft 2 
- - - - Co Id So ft 3 
- - - - Cold Soft 4 

Figure 4-6 : Anodic current versus time curve for cold hard versus cold soft water . 
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3.  Summary 

A comparison of the anodic current curves for hot hard versus hot soft and cold 

hard versus cold soft shows that water hardness does not have a profound effect on 

corrosion of the copper surfaces during the short-term potentiostatic tests. The curves for 

both comparisons generally followed the same pattern. There was more variability in the 

hot water curves than in the cold water curves as shown in a comparison of Figures 4-5 

and 4-6. This could be caused by the increased ability of the copper surface to form a 

protective scale in the higher temperature water, as discussed in Section 4. 1 .2 Effects of 

Temperature on Copper Corrosion. 

C. Copper Surface Inspection 

The following are descriptions of observations of the copper surfaces for cold 

hard, cold soft, hot hard, and hot soft waters : 

Water Type 

Cold hard water 

Hot hard water 

Cold soft water 

Hot soft water 

Visual Observations 

Uniform light yellow-brownish color 

Uniform light blue-greenish film over a tarnished 
brown surface 

Uniform light yellow-brownish film overlying a 
dark brown-reddish surface 

Uniform yellow-blue precipitate overlying a dark 
brown-reddish surface 
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The most observa ble difference between the ha rd and sof t waters was that the 

surfa ces exposed to the soft water ha d a brown-reddish surfa ce not found on the surfaces 

exposed to the hard wa ter. 

4.2 By-product Release Testing 

These experiments were done to determine the effects of tempera ture, water 

har dness, a nd recircula tion on corrosion by -product relea se. P rocedures u tilized fo r  the 

corrosion by -product release experiments a re identica l to those discussed in Cha pter 3 :  

Methods of Ma terials. This section will proceed with a summa ry of backg round water 

qua lity da ta which was taken during � the experiments. The next pa rt will discuss the 

effects of tempera ture on copper corrosion by- product relea se. The effects of wa ter 

ha rdness on copper corrosion by -product relea se will be discussed in the following 

section. Also, a section will discuss the effects of recircula tion on copper corrosion by­

product relea se. The la st section will provide a summa ry of the results of this 

experimenta tion. 

The sections exa mining the effects of tempera ture, water ha rdness, a nd 

recircula tion on copper corrosion throug h corrosion by -product relea se testing will 

provide a review of copper corrosion by -product relea sed over the testing period a nd 

visua l inspection of copper surfa ce for each of the different wa ters tested. 
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Temperature, Water Hardness, and Recirculation 

Two temperatures were tested in these experim ents. Water that was held at a 

constant temperature of 55°C was classified as hot water, where as water that was held at 

a constant temperature of l 5°C was refe rred to as cold water. 

Water hardness is described by either being hard water or soft water. H ard water 

was characteri zed by having an average calcium hardness of 8 3  mg/ 1 Ca, magnesium 

hardness of 44 mg/1 Mg, and sodium content of 19 mg /1 N a. Soft water was characterized 

by having an average calcium hardness of 0 . 6 mg/1  Ca, magnesium hardness of 0 .4 mg/1 

Mg, and a sodium content of 18 2 mg/1 Na. 

Fou r different combinations of the above water temperatures and water har dness 

were used in this experimentation. These waters will be classified as either hot hard 

water, hot soft water, cold har d water, and cold soft water. 

In these experiments, water was either continuously or inter mittently recirculated 

through the pipe loops. The intermittently recirculated pipe loops were recirculated four 

times per day at 8 a. m. , 12 p. m. , 5 p. m. ,  and 9 p. m. .  The inter mittently recirculated pipe 

loop was recirculated for ten minutes which was long enough to heat the water in the pipe 

loop to the same water temperature as in the continuously recirculated pipe loops. 

4.2.1 Soluble versus Total Copper Released 

Samples taken from each of the copper pipe loops were analy zed for soluble and 

total copper released. Average results of the testing are presented in Table 4-4 . Soluble 

and total copper released are plotted ag ainst time and are illustrated in Figures 4 -7 



throu gh 4-13 fo r  e ach of the coppe r pipe loops. A more e xte nsive su mmar y  of data is 

fou nd in Appe ndix B. 
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Whe n take n as a whole , the wate r sample s ge ne rally containe d from 7 0 -93% 

solu ble coppe r (which passe d a 0 . 2 µ m  pore -size d filte r). Solu ble coppe r fo r  hot hard 

wate r sample s was abou t 8 4-87% of the total coppe r. Althou gh the solu ble coppe r for hot 

soft wate r was abou t  7 0% of the total coppe r, the solu ble coppe r in the three cold wate r 

e xpe rime nts range d from 91-92% . The se re su lts show that te mpe ratu re p lay s an 

importa nt role in the solu bility of coppe r. Those wate rs with lowe r pe rce ntage s of 

solu ble coppe r a re be lie ve d to more like ly produ ce a scale l aye r on the su rfa ce of the 

coppe r pipe. This has bee n  shown in obse rvations of the cop pe r  su rfa ce s discu ssion in 

late r se ctions. I f  not for scale fo rmation, the diffe re nce s in pe rce ntage s of solu ble ve rsu s 

total coppe r cou ld be mu ch highe r. The lowe r pe rce ntage of solu ble coppe r in the hot 

soft w ate r cou ld possibly be cau se d by inte rfe re nce of the e ffe cts of softe ni ng on the 

ability to form a gre ate r amou nt of scale . 



Table 4-4: Comparison of soluble and total copper released. 

Average Average 
Soluble Cu Total Cu 

Water Type of Cone. Cone. 
Description Recirculation Loop (mg/L) (mg/L) 

Hot Har d c onti nuous 1 0. 37  0. 43 

Hot Soft c onti nuous 2 0. 46 0.6 5 

Hot Har d in termi ttent 3 0. 57 0.67 

Cold Har d c onti nu ous 4 1. 05 1. 13 

Cold Soft c ontinu ou s  5 1. 17 1. 26 · -

Cold Har d i ntermit tent 6 0.98 1. 07 
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Percent 
Mean Passing 

Difference 0.2 µm 

22 

(mg/L) filter 

0. 06 87. 0 

0. 19 70. 2 

0. 11 8 4. 4  

0. 08 9 2.8  

0. 09 9 2.8  

0. 09 9 1. 3  
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--+- HH IR Total 

--+- CH CR Soluble 

- CH CR Total 

-- CS CR Soluble 

-+- CS CR Total 

--- CH IR Solub le 

-.- CH IR Total 

Figure 4-7: Soluble and total copper released for all copper pipe loops. 
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Figure 4-8: Soluble versus total copper released. 
(hot hard water - continuously recirculated) 
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Figure 4-9: Soluble versus total copper released. 
(hot soft water - continuously recirculated) 
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Figure 4-10: Soluble versus total copper released. 
' (hot hard water - intermittently recirculated ) 
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Figure 4-1 1 :  Soluble versus total copper released. 
(cold hard water - continuously recirculated ) 
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4.2.2 Summary of Background Water Quality Data 

The following is a discussion of the water quality parameters tested during the by­

product release testing. The key water quality parameters tested in this experimentation 

were temperature, calcium, magnesium, and sodium. pH, alkalinity , chloride, sulfate, and 

ort hophosphate were also tested; however, these parameters were shown to remain 

constant and therefore assumed to not affect the corrosion differences as time passed in 

the experiments. The average water quality characteristics of the Brookings tap water 

after modifications to obtain the different water qualities specified in this testing are 

described in Table 4-5 . A more in-d� pth summary of results of water quality tests 

performed du ring this experimentation are provided in Appendix B .  

Table 4-5: Water quality characteristics of Brookings tap water after 
modifications for by-product release testing . 

Description of Water 
Water Quality 

Characteristics* Hot Hot Hot Cold 
Hard Soft Hard Hard 

Ty pe of Recirculation**  CR CR IR CR 
Pipe Loop 1 2 3 4 

Temperature (OC) 5 5  5 5  5 5  15 
c a++ (mg/L ) 83 0 .6 83 81 
Mg++ (mg/ L) 44 0 . 4  44 38  

Na+ (mg/ L) 19 182 19 18 
PH ------- 7 .9 6  8. 26 7 .9 6  8. 14 

Alkalinity (mg/ L CaCO3) 17 1 17 4 17 1 17 7 
c1- (mg/ L) 12 12 12 12 

sO4= (mg/ L) 225 215 225 225 
o-PO/ (mg/ L-P) 0 . 15 0 . 0 6  0 . 15 0 . 0 4  

* Average water quality characteristics of samples taken during the testing period. 
* * CR =  Continuous Recirculation and IR = Intermittent Recirculation 

Cold 
Soft 
CR 

5 
15 
0 . 3 
0 . 1 
17 1 
8.24 
185 
12 

187 
0 . 0 4  

Cold 
Hard 

IR 
6 

15 
81 
38 
18 

8. 14 
17 7 
12 

225 
0 . 0 4  
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A. pH 

The average pH' s for both hot hard and cold hard water were approximately 7 .9 6  

and 8 .14 , respectiv ely . The pH of hot soft and cold soft water were 8 . 26 and 8 . 24 ,  

respectively . The results show that there was a difference in pH of approximately 0. 2 

units between hot hard and cold hard waters and approximately 0. 1-0. 3 units between 

hard and soft waters. This difference is not significant enough to warrant fu rther 

ev aluation. 

B. Alkalinity 

The alkalinity for hot hard, hot soft , and cold hard ty pes of water were 

consistently in the range of 17 1 to 177 mg/1 CaCO3 • Average alkalinity for cold soft 

water tested was 18 5 mg/1 CaCO3 • 

C. Chloride 

Chloride content was generally the same for all four different ty pes of water 

tested. The chloride contents for all ty pes of water was approximately 1 2  mg/I Cl. 

D. Sulfate 

The average sulfa te content for hot hard, hot soft , cold hard, and cold soft were 

225 , 215 , 225 , and 18 7 mg/1 SO4, respectiv ely . The variability of the sulfa te results was 

likely due to lack of precision of the available testing method. Sulfate was tested to giv e 

a general description of its content in these waters. The av erage sulfa te for all ty pes of 

water was 213 mg/1 SO4 • 



E. Orthophosphate 

All four ty pes of water contained a smal l amount of orthophosphate. Average 

orthophosphate levels for hot hard, hot soft, cold hard, and cold soft were 0 . 1 5 ,  0. 06 ,  

0 . 0 4, and 0 . 0 4  mg/I P, respectively . The orthophosphate was generally a l ittle higher in 

the higher temperature waters because of the poly phosphate in water which generally 

breaks down to orthophosphate in higher temperature waters. 

4.2.3 Effects of Temperature on Copper Corrosion 

The following discussion will pertain to the anal y sis of by -product release data 
.. 
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and evaluation of inspections of the copper surfaces. Two temperatures were tested. Hot 

water was defi ned by a constant temperature of 5 5 °C whereas cold water was held at a 

constant temperature of l 5°C. 

A. Analysis of By-product Release Data 

Samples were obtained every three day s for a period of two months with a total of 

2 1  samples for each ty pe of water. Results are based on the amo unt of sol uble copper 

rel eased into solution. Average results from testing are shown in Tabl e 4-6 . Resul ts of 

by -product release tests for all the loops are ill ustrated in a plot of soluble copper rel eased 

over the period of sampling in Figure 4-1 4. A more detailed sum mation of results and 

data on statistical analy sis are found in Appendix B. 



Table 4-6: Comparisons of data from by-product release testing to show the 
effects of temperature on by-product release. 

Water Type of Loop Average Mean Statistical 
Description Recirculation Soluble Cu Difference Significance 

Concentration (mg/L) 
(mg/L ) 

H ot Har d W ater c onti nuou s 1 0 . 37 
0 .6 7  99 

Cold Har d W ater c onti nuou s 4 1 .0 5  

H ot Soft W ater c onti nuou s 2 0. 46 
0. 7 1  99 

Cold Soft W ater c onti nuou s 5 1 . 17 

H ot H ard W ater i ntermi ttent 3 0 . 5 7  
0 . 41 99 

Cold H ard W ater in termi ttent 6 0.98 
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CR-Continuously Recirculated IR-Intermittently recirculated 

Figure 4-14:  Results of soluble copper released from loops over two month 
testing period. 
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1. Hot Hard Water versus Cold Hard Water (Continuously Recircu lated) 

Re su lts fr om the te sti ng of the se tw o wa te rs a re p lotted i n  Figu re 4- 15. The cha rt 

di sp lay s tha t the re i s  a di stinc t diffe re nce be twee n  the se two wa te rs. Ave rage solu ble 

c oppe r c once ntra ti ons fo r  h ot ha rd a nd c old ha rd wa te rs we re 0 .37 a nd 1 .05 mg/I Cu , 

re spec tive ly. The refo re, i nc rea si ng the te mpe ra tu re by 42°C p roduced a dec rea se i n  

c orrosi on by-p roduc t re lea se of 0.67 mg/1 Cu. As show n i n  Ta ble 4-6, thi s  diffe re nce i n  

c or rosi on by- produc t re lea sed was sta ti stica lly sig nifica nt a t  the 99% c onfide nce leve l. 
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� Loop 1 (Hot Hard - Continuously Recirculated) 

-M-- Loop 4 (Cold Hard - Continuously Recircu lated) 

1 8  20 

Figure 4-15: Results of soluble copper released for hot hard water versus cold 
hard water both continuously recircu lated. 
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A c ompa ri son of curve s fo r  each wa te r  in Figu re 4- 15 , show s tha t the re wa s le ss c orrosi on 

i n  the h ot ha rd wa te r  ve rsu s the c old hard wa te r. The dec rea sed c or rosi on in the h ot 



wat er coul d b e  cau sed by either the for matio n of a prot ectiv e scal e o r  becau se co pper i s  

l ess solu bl e  at the higher t emperatur e o r  a co mbi natio n o f  both. 

2. Hot Soft Water versus Cold Soft Water (Continuously Recirculated) 
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Figur e 4- 1 6  di splay s the r esult s fro m th e t esting of these two wat er s. The cha rt 

show s  that there i s  a di sti nct differenc e in the corro sio n by- pro duct rel ea sed into solutio n 

fo r  these two ty pes of wat er. Hot soft an d col d soft wat er ha d av erag e so lu bl e  co pper 

conc entratio ns of 0. 46 a nd 1 . 1 7 mg/I Cu. Ther efor e, i nc rea si ng the t emperatur e by 
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Samples over a two month period 

-a- Loop 2 (Hot Soft - Continuously Recirculated) 

_._ Loop 5 (Cold Soft - Continuously Recircu lated) 

1 8  20 22 

Figure 4-16: Results of soluble copper released for hot soft water versus cold soft 
water both continuously recircu lated. 

42°C produc ed a dec rea se in co rro sio n by- pro duct relea sed of 0.7 1 mg/I Cu. Thi s  

differenc e was achi ev ed with a stati stical confi denc e  l ev el of 99%. As was seen i n  th e hot 



42°C produced a decrease in corrosion by -product released of 0.7 1  mg/1 Cu. This 

difference was achieved with a statistical confidence level of 99% . A s  was seen in the 

hot hard and cold hard waters, the curves in Figure 4-16 show that less corrosion by­

product was released by hot soft water than by cold soft water. The decreased corrosion 

in the hot water could be caused by either the formation of a protective scale or becau se 

copper is less soluble at the higher temperature or a combination of both. 

3. Hard Water versus Cold Hard Water (Intermittently Recirculated) 
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A graph of the results fr om by -product release testing for these two waters is 

shown in Figu re 4-17 . Even though- both waters ar e  intermittently recirculated, there is a 

distinct difference in the two waters, as was seen in the continuously recirculated waters 

of hot hard versus cold hard and hot soft versus cold soft. A verage copper concentrations 

of corrosion by -product released for hot hard and cold hard water were 0.5 7 and 0.9 8 

mg/I Cu. The mean difference between these waters was 0. 41 mg/I Cu. The difference in 

corrosion by -product released was statistically significant to the 99% confidence level. 

The curves in Figure 4-17 display increased variability in cold water copper 

concentrations when compared with those of the hot water. The decreased corrosion in 

the hot water could be caused by either the formation of a protective scale or because 

copper is less soluble at the higher temperature or a combination of both. 
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Figure 4-17: Results of soluble copper released for hot hard water versus cold 
hard water both intermittently recirculated . 

4. Summary 
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Temperature had a significant effect on corrosion by-product released as shown in 

Figure 4- 1 8 . Increasing the temperature had a statistically significant effect on the copper 

corrosion by-product released in the soft and hard waters continuously recirculated and 

also in the hard waters intermittently recirculated. During the experiments where hard and 

soft water were continuously recirculated, raising the temperature by 40°C reduced the 

amount of copper released into solution by 0.67 and 0.7 1 mg/L (64 and 6 1 %), 

respectively. These results correlate with predictions of a model developed by Edwards et 

al . ( 1 996) which predict that copper corrosion by-product release is dependent on 
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Figure 4-18 : Water temperature effects on copper corrosion by-product released . 

te mpe rature . I ncre asing the wate r te mpe rature would re duce the amount of coppe r 

corrosion by -product re le ase d into solution. 
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A lso raising the te mpe rature by 40°C re duce d the amount of coppe r  re le ase d by 

0. 41 mg/L (42% ) in the e xpe rime nt in which hard wate r was re circulate d inte rmitte ntly .  

I n  comparing the change in by -product re le ase cause d by the te mpe rature change on 

inte rmitte ntly ve rsus continuously re circulate d hard wate r, it can be hy pothe size d that the 

amount of by -product re le ase d  cause d by the ty pe of re circulation is de pe nde nt on 

te mpe rature . This will be discusse d in more de tail in Se ction 4. 2. 4 Effe cts of 

Re circulation on Coppe r Corrosion . . 
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B. Visual Scale Observations 

Visual observations were made of the copper surfa ce after the pipe loop rigs were 

dismantled and portions of the rig cut into samples. These samples were then cut into 

halves and the texture and color of the scale formed on the surfa ce of the copper sample 

was observed. Descriptions of the visual observations are listed for each of the water 

ty pes in Tabl e  4-7 . Illustrations of ty pe of water are shown in Figures 4-1 9 through 4-24. 

Summary and Conclusions 

The hot waters were generally observed to have a black-brownish to a brownish­

red colored scale on the surfa ce of t� e copper pipe sections. However, the hot hard 

intermittently recirculated pipe rig exhibited light brownish color to no scale formation 

on the copper surfa ce. The reason for this is discussed in the following Section 4. 2. 4 

Effects of Recirculation on Copper Corrosion. 

The surfa ce of the copper samples that were exposed to cold water ranged from a 

light brownish color to a shiny copper color (no scale formed). A fe w  brownish speckles 

were observed on these surfa ces. 

From these observations, it appeared that hot water caused scale formation, 

whereas the copper samples exposed to cold water showed little to no scale formation. 
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Table 4-7. Visual Scale Observations 

Water Type of Figure Visual Observations 
Type Recirculation 

Hot Hard Continuous 4-19 A black-brownish to brownish-red scale was observed 
on the surface of the copper pipe sections. The scale 
varied from a smooth black-brownish color to a 
brownish-red speckled color. Speckled colors ranged 
from black, brown or reddish in color. 

Cold Hard Continuous 4-20 The surface of the samples varied from having no scale 
formation to a light brownish scale . Overall there was 
very little scale formation observed on the surfaces. 

Hot Soft Continuous 4-21 The color of the observed scale on the copper tubing 
·- ranged from dark brown to reddish brown. The scale 

coated the entire surface with speckles of brownish 
color over the surface.  

Cold Soft Continuous 4-22 The surface of the copper tubing had only a small 
amount of scale formation. The colors of the surface 
ranged from a light copper color to a light brownish 
color. Dark-brownish speckles were observed a portion 
of the samples . Overall scale formation was very 
limited to none on the surface of the copper pipe. 

Hot Hard Intermittently 4-23 The surface of the copper pipe samples ranged from no 
scale formation to a light brownish colored scale on the 
surface of the samples. There were dark brown spots on 
portions of the copper surface .  

Cold Hard Intermittently 4-24 The surface of the samples can be defined as having 
very little to no observable scale formation. The color 
of the surface ranged from a shiny copper color to a 
light brownish color. Very few light brown speckles 
were observed on the copper surface.  Overall very little 
scale formation was observed on the surface of the 
copper pipe. 



Figure 4-19: Loop 1 - hot hard water 
continuous recirculation. 

Figure 4-21: Loop 2 - hot soft water 
continuous recirculation . 

Figure 4-20: Loop 4 - cold hard water 
continuous recirculation . 
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Figure 4-22: Loop 5 - cold soft water 
continuous recirculation . 



Figure 4-23: Loop 3 - hot hard water 
intermittent recirculation. 
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Figure 4-24: Loop 6 - cold bard water 
intermittent recirculation. 

4.2.4 Effects of Water Hardness on Copper Corrosion 

Two levels of hardness were tested in the recirculation experiments. Hard water 

was characterized by having an average calcium hardness of 83 mg/I Ca, magnesium 

hardness of 44 mg/I Mg, and sodium content of 1 9  mg/I Na. Soft water was characterized 

by having an average calcium hardness of0.6 mg/I Ca, magnesium harness of 0.4 mg/I 

Mg, and a sodium content of 1 82 mg/I Na. 

A. Analysis of By-product Release Data 

• Samples were obtained every three days for each type of water for a period of two 

months. Table 4-8 shows the results from this testing for each type of water. Results of 
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the by- prod uc t  rel ea se tests fo r  al l l oops that show the effec t of wa ter hard ness a re 

ill ustra ted in a plot of solu bl e C u  relea sed over the peri od of samp li ng in Fig ure 4-2 5. 

Detail ed ta bula ti on of resul ts and sta ti stica l  analy si s  ar e  found i n  A ppendix B. Analy si s of 

Va ria nce wa s used to c ompl ete a compa ri son of resul ts. 

Table 4-8 :  Comparisons of data from by-product release testing to show the 
effects of water hardness on by-product release. 

Water Type of Loop Average Mean Statistical 
Description Recirculation Soluble Cu Difference Significance 

H ot Ha rd Wa ter conti nu ou s  

H ot Soft Wa ter contin uous 

C old Ha rd Wa ter conti nu ous I 

C old Soft Wa ter conti nuous I 
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Figure 4-25: Results of soluble copper released for loops over the two month 
sampling period . 
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1 .  Hot Hard Water versus Hot Soft Water 

Figure 4-25 shows a plot of the results of testing for these two waters. The chart 

shows that results of the corrosion by -product released for these two waters are similar 

with the soft water having slightly higher results than the hard water. Hot hard and hot 

soft waters have average co pper concentrations of 0 . 37 and 0 . 46 mg/1 Cu, respectively . 

The mea n difference between corrosion by -product released for these two waters was 

0 . 0 8  mg/1 Cu. A lthough there was not a very large difference between these waters, the 

difference between the concentrations was highly sign ificant to the 99% confidence level. 

Therefore as compared to the hard water, the soft water slightly increased the am ount of 

corrosion by -product released into the solution. 

2. Cold Hard Water versus Cold Soft Water 

A plot of results from the corrosion by -product release testing for these two 

waters is shown in Figure 4-25 . Visually , it is difficult to see any pattern of difference 

between these waters. A verage concentrations of corrosion by -product released into 

solution for cold hard an d  cold soft waters were 1 . 0 5  and 1 . 1 7 mg /I Cu. The mean 

difference between these results was 0 . 1 2 mg/I Cu. A lthough the difference is somewhat 

higher than the mean difference previously for hot hard and hot soft, the difference in 

corrosion by -product released was only statistically significant to the 8 0% confidence 

level. Though the results were not significantly certain, they showed that the soft water 

slightly increased t he amount of soluble copper corrosion by -product released into 

solution when compared to the hard :w ater. 
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3. Summary 

Figure 4-26 shows the results of corrosion b y -product testing for the effects of 

water hardness on copper corrosion in both hot and cold continuously recirculated waters. 

In the experiments where hot water was recirc ulated continuously , hard water released 

less copper corrosion b y -prod uct into solution than the soft water b y  0. 08 mg/1 Cu. 

E xperiments where c old water was recirculated continuously , hard water released less 

copper corrosion b y -product into solution than the sof t water b y  0. 12 mg/1 Cu. 
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Figure 4-26 : Water hardness effe_cts on copper corrosion by-product release. 
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Co mpari so n o f  the hard versus so f t  water in each o f  the ho t and co ld co ntinuo usly 

recirculated experiments have a co nfidence level o f  the 99th and 8 0th percentile, 

respectively . A ltho ugh there is a difference in co nfi dence levels, the o verall trend sho ws 

that so ftening slightly increased the amo unt o f  co pper co rro sio n by -pro duct released into 

so lutio n. In review o f  literature, researchers have o bserved that so ftening increases the 

co rro sio n o f  co pper pipe. 

B. Visual Scale Observations 

Visual o bservatio ns were made o f  the co pper surfa ce after the pipe loo p  rigs were 

dismantled and po rtio ns o f  the rig cut into samples. Descriptio ns o f  the visual 

o bservatio ns are listed for each o f  the water ty pes in Table 4-9 . Illustratio ns o f  ty pe o f  

water are sho wn in Figures 4-27 thro ugh 4-3 0 . 

Summary and Conclusions 

Co mpariso n o f  the co pper surfa ces for ho t hard versus ho t so ft waters sho wed no 

distinguishable differences. The scale o n  these surfa ces were black-bro wnish to 

bro wnish-red in co lo r. 

In co mpari ng co ld hard versus co ld so ft, there were generally no distinguishable 

differences between the co pper surfa ces expo sed to these waters. The surfa ces were 

sho wn to have a light bro wn scale to no scale formatio n. 

The visual scale o bservatio ns between hard and so ft waters were unable to sho w 

any differences in the co pper surfa ces between these waters. 
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Table 4- 9: Visual scale observations. 

Water Type of 
Type Recirculation Figure Visual Observations 

Ho t H ard Co ntinuo us 4-29 A black-bro wnish to bro wnish-red scale was 
o bserved o n  the surfa ce o f  the co pper pipe sectio ns. 
The scale varied fro m a smoo th black-brownish co lo r 
to a bro wnish-red speckled co lo r. Speckled co lo rs 
ranged fro m black, bro wn o r  reddish in co lo r. 

Ho t So ft Co ntinuo us 4-30 The co lo r o f  the o bserved scale o n  the co pper tubing 
ranged fro m dark brow n to reddish bro wn. The scale 
co ated the entire surfac e with speckles o f  bro wnish 
co lo r o ver the surface . 

Co ld H ard Co ntinuo us 4-3 1 . _ The surface o f  the samples varied fro m having no 
scale formatio n to a light bro wnish scale. Overall, 
very little scale formatio n was o bserved o n  the 
surfaces. 

Co ld So ft Co ntinuo us 4-3 2 The surface o f  the co pper tu bing had o nly a small 
amo unt o f  scale formatio n. The co lo rs o f  the surfa ce 
ranged fro m a light co pper co lo r to a light bro wnish 
co lo r. Dark-bro wnish speckles were o bserved a. 
po rtio n o f  the samples. O verall, scale formatio n was 
very limited to no ne o n  the co pper pipe surfa ce. 



Figure 4-27: Loop 1 - hot hard water 
continuous recirculation. 

Figure 4-29:  Loop 4 - cold hard water 
continuous recirculation. 

Figure 4-28: Loop 2 - hot soft water 
continuous recirculation. 
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Figure 4-30:  Loop 5 - cold soft water 
continuous recirculation. 



8 6  

4.2.5 Effects of Recirculation on Copper Corrosion 

The following discussion will pertain to the analy sis of corrosion by -product 

release data and evaluation of inspections of the copper surfa ces. Test waters were either 

continuously recirculated or recirculated intermittently four times per day . The 

intermittently recirculated pipe loops were recirculated long enough to heat the water in 

the pipe loops to the temperature in the continuously recirculated pipe loops. 

A. Analysis of By-product Release Data 

Average results of the amount of soluble copper corrosion by -product released 

into solution are shown in Table 4-10. Samples were obtained every three day s for each 

ty pe of water for a period of two months. Results of the corrosion by -product release 

tests for all loops that show effects of recirculation are illustrated in a plot of soluble 

copper released over the period of sampling in Figure 4-3 1. M ore detailed summation of 

results and statistical analy sis are found in Appendix B. Statistical analy sis was 

completed using Analy sis of Variance for comparison of results. The following is a 

comparison of results for these combinations: 

• hot hard water ( continuously versus intermittently recirculated) 

• cold hard water ( continuously versus i ntermittently recirculated) 



Table 4-10:  Comparisons of data from by-product release testing to show the 
effects of recirculation on by-product release. 

Water Type of Loop Average Mean Statistical 
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Description Recirculation Soluble Cu Difference Significance 
Concentration (mg/L) 

(mg/L) 
Hot Ha rd Wa ter c ontin uous 1 0. 3 7  

0. 1 9  99 
Hot Ha rd Wa ter i ntermi ttent 3 0. 57  

Cold Ha rd Wa ter c onti nuous 4 1. 05 
0. 07 Not 

Cold Ha rd Wa ter i ntermi ttent 6 0.98 Confid ent 
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Figure 4-31: Results of soluble copper released for loops over the two month 
testing period. 
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1. Hot Hard Water - Continuous versus Intermittent Recirculation 

Resu lts from the testing of these two waters are plotted in Figu re 4-3 1. The chart 

shows that there is a distinct difference in the two waters. Also, the two waters seem to 

follow the same trends closely . Average solu ble copper concentration for corrosion by­

produ ct released into solu tion for hot hard - continu ou sly recircu lated and hot hard -

inter mitt ently recircu lated were 0 .37 and 0 . 57 mg/I Cu. The mean difference between 

these two valu es was 0.1 9 mg/I Cu . This difference in corro sion by -produ ct released was 

statistically significant to the 99% confidence level. 

2. Cold Hard Water - Continuous versus Intermittent Recirculation 

Figu re 4-3 1 display s the resu lts for the corrosion by -produ ct release data for these 

two waters. The chart shows o nly small differences between the two waters. Cold hard -

continu ou sly recircu lated and cold har d - intermittently recircu lated waters have an 

average copper concentration of corrosion by -produ ct released into solu tion of 1 . 0 5  and 

1. 0 0  mg/I Cu . The mean difference between the by- produ ct released was 0 . 07 mg/I Cu. 

Statistical analy sis showed that there was no significant difference between these resu lts 

of the two waters. 

3.  Summary 

A compar ison of continu ou s versu s  intermittent recircu lation of both hot and cold 

hard water is shown in Figu re 4-32 . Recircu lation had a significant effect on copper 

corrosion by -produ ct release in the hot hard water experiment, whereas there was no 

significance in the cold hard water e xperiment. 
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Figure 4-32: Recirculation effects on copper corrosion by-product re lease. 
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In the hot hard water setup, the loop that was continuously recirculated released 

0. 19 mg/L (5 2% )  less copper corrosion by -product into solution than the loop that was 

intermittently recirculated. The increased copper corrosion by -product release in the 

intermittently recirculated loop is thought to be caused by temperature. In the 

intermittently recirculated loop, the water in the loop was raised to the temperature of the 

water in the continuously recirculated loop by recirculating water for ten minutes through 

a temperature controlled water bath. Aft er the ten minutes the water in the loop was 

allowed to cool to room temperature. Because the loop was allowed to cool, the lower 

temperature increased the amount of copper corrosion by -product released to the solution. 



Thus, the chang es in tem perature caused m ore by -product to be released in the 

interm ittently recirculated loop than the continuously recirculated loop. 
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In the cold hard water setup, there was no statistical ly significant difference 

between interm ittently and continuously recirculated pipe loops. However, the 

interm ittently recirculated loop was observed to release slig htly less copper by -product 

tha n the continuously recirculated loop. This decrease in copper corrosion by -product 

release could be caused by a tem perature chang e in the interm ittently recirculated loop. 

The tem perature of the water in the continuously recirculated loop was constantly kept at 

the sam e tem perature of tap water � hich is a little cooler than room tem perature. Aft er 

the water in the interm ittently recirculated loop was circulated for ten m inu tes, it was 

allowed to warm up to room tem perature. Since raising the tem perature reduces copper 

by -product release, this could explain the slig ht decrease in by -product release in the 

interm ittently recirculated loop over the continuously recirculated loop. 

B. Visual Scale Observations 

Visual observations were m ade of the copper su rfa ce after the pipe loop rig s were 

dism antled and portions of the rig cut into sam ples. D escriptions of the visual 

observations are listed for each of the water ty pes in Table 4-13 . Illustrations of ty pe of 

water are shown in F ig ures 4-3 3 throug h 4-3 6 .  
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Table 4-11: Visual Scale Observations. 

Water Type of Figure Visual Observations 
Type Recirculation 

H ot H ard Continuous 4-33 A black-brownish to brownish- red scale was 
observed on the surfa ce of the copper pipe sections. 
The scale varied from a smooth black-brownish 
color to a brownish- red spec kled color. Speckled 
colors ranged from black, brown or reddish in 
color. 

H ot H ard Intermittently 4-34 The surfa ce of the copper pipe samples ranged from 
no scale formation to a light brownish colored scale 
on the surface of the samples. There were dark 
brown spots on portions of the copper surfa ce. -

Cold H ard Continuous 4-35 The surface of the samples varied from having no 
scale formation to a light brownish scale. Overall 
there was very little scale formation observed on 
the surfaces. 

Cold H ard Intermittently 4-36 The surface of the samples can be defined as having 
very little to no observable scale formation. The 
color of the surfa ce ranged from a shiny copper 
color to a light brownish color. Very few light 
brown speckles were observed on the copper 
surface. Overall very little scale formation was 
observed on the surfa ce of the copper pipe. 



Figure 4-33: Loop 1 - hot hard water 
continuous recirculation. 

Figure 4-35: Loop 4- cold hard water 
continuous recirculation.  
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Figure 4-34 :  Loop 3 - hot hard water 
intermittent recirculation .  

Figure 4-36:  Loop 6 - cold hard water 
intermittent recirculation. 
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1 .  Summary and Conclusions 

Comparison of samples exposed to h ot hard - continuously recirculated and hot 

hard - intermittently recirculated waters showed that the continuously recirculated water 

produced a black-brownish to brownish-red scale on the copper surfa ce, whereas the 

intermittently recirculated produced no scale formation to a light brownish colored scale. 

Visual observations of surfa ces of cold hard - continuously recirculated versus 

cold hard - intermittently recirculated showed that both had little or no scale formation on 

the copper surfa ces. 

As a result of these observations, it can be shown that cold water has little effect 

on formation of a scale lay er when either recirculated continuously or intermittently . 

However, in the results of hot water either recirculated continuously or intermittently , the 

continuously recirculated water was able to produce a scale lay er, whereas the 

intermittently recirculated water was unable to form little or no scale lay er. A reason for 

this observation is that after recirculating the water to the temperature of the water in the 

continuously recirculated loop, the water was left to cool down to equilibrium with room 

temperature or about the same as the temperature of the cold water. This resulted in the 

same observations shown in the cold water loops. 



Chapter 5 

Conclusions and Recommendations 

This chapter will present a summar y  of results and conclusions from both 

electrochemical and corrosion by -pr oduct release testing and provide recommendations 

for fu ture studies. 

5.1 Effects of Temperature on Copper Corrosion 

5 .1.1 Electrochemical Corrosion Testing :  
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1) Incr easing temperature had a small, but significant effect by incr easing corr osion 

r ates for aged copper surfa ces. For hard and soft water s, r aising the temper atur e 

by 42°C increased the corrosion rate by 0.16 and 0. 22 µA / cm2
, r espectively . 

2) A naly sis of anodic current curves indicated an incr ease in temper ature r esulted in 

a passivation of the copper surface. Thus, the increase in temperatur e  promotes a 

pr otective scale on the copper surfa ce. The lower temper atur e  appeared to have 

no effect on the anodic current, thus pr oducing a corrosion inducing scale or no 

pr oductive scale on the copper surfa ce. 

5.1.2 By-product Release Testing :  

1) Increasing the temper ature significantly reduced the copper corrosion by -product 

released in both the continuously recirculated soft and hard waters and also in the 

inter mittently recir culated har d water. Duri ng the experi ments where hard and 

soft water were conti nuously r ecirculated, r aising the temperatur e  by 40°C 

reduced the amount of copper re leased into the solution by 0.6 7 and 0. 7 1  mg/L , 
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respectivel y .  Also raising the tem perature by 40°C reduced the am ount of copper 

released by 0.41 m g/ L in the experim ent in which hard water was recirculated 

interm ittentl y .  

2) U pon visual inspection, the copper pipe exposed to hot waters exhibited a black­

brownish to a brownish-red colored scale on the surface of the copper pipe 

sections, whereas the copper surfaces exposed to cold water had a light brownish 

color to no scale form ation (shiny copper surface). From these observations, hot 

water is prone to scale lay er form ation, while the copper sam ples exposed to cold 

water showed little or no scal e form ation. 

5. 1 .3 Conclusions 

A com parison of resul ts of corrosion rates versus corrosion by- product rel eased 

showed that these results confl ict with each other. The corrosion rates increased with 

tem perature, whereas the by -product release decreased with increased tem perature. If the 

experim ents are representative of the real conditions, the resul ts shoul d agree with each 

other. 

This confl ict m ight be resol ved by understanding that the corrosion rates were 

obtained using a fl ow-through sy stem rather than a sy stem where water was recirculated 

through the coupon. In the fl ow through sy stem ,  the scales built up during the anodic 

polarization are apparently not as representative as those built up during experim ents 

where the target water is recircul ated through the corrosion cell. It is hy pothesized that if 

the electrochem ical testing was conducted for a longer term the results would be more 

representative of those resul ts fr om the by -product rel ease testing. 



Corrosion by -product release data correlate with anodic current data from 

electrochemical testing. These data indicate that an increase in temperature reduces the 

amount of copper corrosion either by the reduction i n  solubility of the copper or the 

formation of a protective scale lay er or both. Visual inspection of the copper surfa ces 

from the by -product release testing showed formation of a scale lay er on the copper 

surfa ces ex posed to the higher temperature. 

These results also concur with predictions made by Edwards et al . ( 199 6 )  who 

concluded that if copper corrosion is based on solubility then increased temperature 

would reduce corrosion by -produc_ t released. 

5.2 Effects of Water Hardness on Copper Corrosion 

5.2.1 Electrochemical Corrosion Testing : 

1) Water hardness had a very significant effect on electrochemically measured. 

corrosion rates. I n  the hot and cold waters, the corrosion rates of the soft water 

w er e  lower than the har d w ater by 0.97 and 0 .9 4 µN cm2 , respectively. 
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2) A comparison of the anodic current curves for hot hard with hot soft and cold hard 

with cold soft shows that there were no profound differences between hard and 

soft waters. 

5.2.2 By-product Release Testing : 

Softened water ex hibit ed a small increase in copper corrosion by -product release. 

In ex periments where hot and cold water were recirculated continuously , hard water 



released less copper corrosion by -product into solution than that of sof t water (0. 08 and 

0 .2 0  mg/ L Cu, respectively ). 

5.2.3 Conclusions 

A comparison of results of corrosion rates versus corrosion by -product released 

showed that these results confl ict with each other. This confl ict has been addressed 

previously in the section above. 
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The minimal effect of hardness on the corrosion by -product release corroborates 

the results from anodic current curves where no profound differences were exhibited 

between the hard and soft waters. Also, visual observations of the copper surfa ces in the 

by -product release testing showed no distinguishable differences between the hard and 

soft waters. 

These results agree with previous work where hardness ions do not directly 

influence copper corrosion, but have been shown to have some beneficial effects in 

reducing corrosion (Edwards et al. 1 99 4). 

5.3 Effects of Recirculation on Copper Corrosion 

5.3.1 By-product Release Testing : 

1 )  Intermittent recirculation had a significant effect on copper corrosion by -product 

release in the hot hard water, whereas there was no significance in the cold hard 

water. In the hot hard water setup, the continuously recirculated loop released 

0 . 1 9 mg/1 less copper corrosion by -product than the loop that was intermittently 

r ecirculated. This is believed to be caused by the temperature change as the water 
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in the intermittently recirculated loop was allowed to cool during the t imes when 

water was not recirculated. Therefore, as previously discussed, the cooler water 

tends to promote the release of corrosion by -product. 

2 )  Visual comparison of samples exposed to hot hard - continuously recirculated and 

hot hard - interm ittently recirculated waters showed that the continuously 

recirculated water produced a black-brownish to brownish-red scale on the copper 

surfa ce, whereas the intermittently recirculated produced no scale formation to a 

light brownish colored scale. Visual observations of surfa ces of cold hard -

continuously recirculated versus cold hard - intermittently recirculated showed 

that both had little or no scale formation on the copper surfa ces. As a result of 

these observations, it can be shown that cold water has little effect on formation of 

a scale lay er when either recirculated continuously or intermittently . 

5.3.2 Conclusions 

The results obtained from these recirculation tests show that temperature has a 

direct effect on the amount of corrosion by -product released for either intermittent or 

continuous recirculation. Corrosion increases as sy stems are allowed to cool. 

5.4 Recommendations 

The following recommendations are made for fu ture corrosion studies: 

I )  I n  the electrochemical testing, more research needs to be performed to correlate 

corrosion rates from fl ow-through testing with those from static testing. Flow­

through testing coul d be performed for a longer p eriod of tirrt e to simulate scale 
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formation that has been simulated through static testing and that are representative 

of scales found within a water supply sy stem. 

2) Further testing could be performed at different temperature intervals to determine 

a correlation of temperature with the amount of corrosion by -product released. 

3 )  More investigations could be completed to evalu ate the relationship of 

temperature and solubility with their effects in the formation of corrosion scale 

lay ers. 
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APPENDIX A 

Table A-1 :  Water Quality Observations of Cold Hard Water During Electrochemical Testing. 

D ate Temperatu re pH Alk alinity Ca1-1- Mg++ N a+ 
er s04= 

(OC) ( mg/L as CaCO3) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 

4/ 07/9 5 1 1  8 .1 6  1 68 8 8 .1 39 .9 9 .4 1 0 .8 8 224 
4/ 0 8/9 5 1 1  8 .1 0  1 68 77 .0 39 .0 8 .6 1 1 .38 252.4 
4/ 09/9 5 1 1  8 .1 0  1 66 1 0 1 .9 39 .6 8 .9 1 1 .1 3  244.8 
4/1 0/9 5 1 1  8 .1 0  1 67 9 3.4 39 .7 9 .7 1 2.1 2  246.2 
4/1 1 /9 5 1 1  8 .1 5  1 65 77 .8 39 .6 8 .7 1 1 .1 5  242.4 

Averag e 1 1 .0 8 .1 2  1 67 87 .6 39 .6 9 .1 1 1 .33 242.0 

4/1 8/9 5 1 3  8 .1 4  1 60 9 6.6 38 .0 8 .5 1 1 .25 235.4 
4/1 9/9 5 1 3  8 .1 3  1 62 79 .4 40 .0 8 .7 1 1 .27 247 .6 
4/ 20/95 1 3  8 .1 1  1 61 7 5.3 38 .4 8 .5 1 1 .44 233.8 
4/ 21 /95 1 3  8 .1 0  1 60 79 .0 38 .4 8 .7 1 2.33 232.4 
4/ 22/9 5 1 2  8 .1 0  1 59 97 .5 39 .1 9 .0 1 1 .20 252.4 

Averag e 1 3  8 .1 2  1 60 8 5.6 38 .8 8 .7 1 1 .50 240 .3 

Overall 
Averag e 1 2  8 .1 2  1 64 8 6.6 39 .2 8 .9 1 1 .42 241 .1 

PO/ 
(mg/L-P) 

0 .0 3  
0 .0 3  
0 .0 3  
0 .0 3  
0 .0 3  
0 .0 3  

0 .0 3  
0 .0 3  
0 .0 3  
0 .0 3  
0 .0 3  
0 .0 3  

0 .0 3  

0 
N 



APPENDIX A, Continued 

Table A-2 : Water Quality Observations of Cold Soft Water During Electrochemical Testing. 

D ate Te mpe rature pH A lkalinity Ca-H- MgTT N a+ 
er s04= 

(OC) (rng/L as CaCO3) ( mg/L) ( mg/L) ( mg/L) ( mg/L) ( mg/L) 

4/0 7/9 5 1 1  8 .36 1 6 7  1 .0 7  0.08 1 6 5.0 1 0.90 21 7 . 2 
4/08/9 5 11 8 .21 1 68 1 .00 0.0 7 1 57 . 5 1 1 . 21 222. 4 
4/09/9 5 11 8 . 23 1 70 1 .0 5  0.0 7 1 54. 1 1 1 . 1 2 242.6 
4/10/9 5 1 2  8 . 23 1 67 0.93 0.08 1 6 2.6 1 1 .09 209.0 
4/1 1 /9 5 11 8 . 24 1 6 4 0.9 1 0.09 1 57.6 1 1 . 79 21 3 .0 

Av erag e  11 8 .25 1 6 7  0.99 0 .08 1 59 .4 1 1 .22 220.8 

4/1 8/9 5 1 4  8 .24 1 6 2  1 .0 1  0.0 5 1 52. 7 1 1 .27 1 76 .6 
4/ 19/9 5 1 4  8 . 28 1 6 4  1 . 28 0.0 5 1 56. 4 1 1 . 29 207. 2  
4/ 20/9 5 1 4  8 . 22 1 6 1  0.87 0.0 4 1 54.8 1 1 . 25 1 79 .6 
4/ 21 /9 5 1 4  8 . 27 1 6 2  1 .0 2  0 .0 5  1 54.4 1 2.33 1 69 .0 
4/ 22/9 5 1 3  8 . 1 8  1 57 1 . 1 5 0. 1 8  1 54.8 1 1 .66 1 78 .6  

Av erage 1 4  8 .24 1 6 1  1 .0 7  0.07 1 54.6 1 1 . 56 1 8 2. 2  

Ove rall 
Ave rage 1 3  8 .25 1 6 4  1 .03 0.08 1 57 .0 1 1 .39 201 . 5  

PO/ 
( mg/L-P) 

0 .03 
0.03 
0 .03 
0 .03 
0.03 
0 .03 

0.03 
0.03 
0.03 
0 .03 
0 .03 
0.03 

0.03 

0 
w 



APPENDIX A, Continued 

Table A-3 : Water Quality Observations of Hot Hard Water During Electrochemical Testing. 

D ate T emperature pH Al kal inity C a++ Mg++ 
Na

+ 
er S04= 

(OC) (mg/L as CaCO3) ( mg/L) ( mg/L) ( mg/L) ( mg/L) ( mg/L) 

5/ 16/9 5 55 8 .3 6 166 8 2.0 43 .9 18 .9 11. 1 20 8 . 6 
5/ 1 7/9 6 54 8 . 18 160 7 4. 8  45. 4 20.0 10.9 219 . 6 
5/ 18/9 5 55 8 . 13 158 8 2.3 46. 5 21. 2 10. 6  23 6.9 
5/ 19/9 5 56 8 . 18 158 73 . 8 43 . 2  19. 4  10. 8  224.0 
5/ 20/9 5  56 8 . 14 163 61. 1 3 8 . 4  13 . 4  11. 6 160. 8 

Av erag e 55. 2 8 . 20 161 7 4. 8  43 . 5  18 . 6  11.0 210.0 

5/ 22/9 5 56 8 .0 8 166 66. 2 40.0 16. 1 11. 5 18 7 . 6 
5/ 23/9 5 56 8 . 17 165 7 7 .0 47 . 2 . 21. 8 10. 4  23 6.9 
5/ 24/9 5 56 8 . 14 158 7 5. 4  44. 1 20.9 10. 4  225. 4 
5/25/9 5 54 8 . 14 161 8 1. 6  46.2 20. 1  10. 7  225. 4 
5/ 26/9 5 56 8 .0 6 160 7 7 . 6  46. 1 22. 5 11.3 251.3 

Av erag e 56 8 . 12 162 7 5. 6  44. 7 20.3 10.9 225.3 

Ov erall 
Av erag e 55 8 . 16 162 7 5. 2  44. 1 19. 4  10.9 2 217 . 7 

PO/ 
( mg/L-P) 

0.09 
0. 11 
0. 12 
0.09 
0.0 7 
0. 10 

0.0 5 
0.0 7 
0.0 8 
0.0 5 
0.0 6 
0.0 6 

0.0 8 

0 
+::-, 



APPENDIX A, Continued 

Table A-4: Water Quality Observations of Hot Soft Water During Electrochemical Testing. 

D at e  Tem perat ure pH Alk alinit y CaTT MgTT N a;- er S04= PO/ 
(OC) (mg/L as CaCO3) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L-P) 

4/ 07/9 5 57 8 . 40 1 67 1 . 45 0 . 1 1 1 7 8 . 0  1 1 . 07 223. 8 0 . 0 5  
4/ 0 8/9 5 57 8 . 29 1 69 1 . 0 4  0 . 07 1 58 . 8  1 1 . 40 1 8 2. 8  0 . 0 5  
4/ 09/9 5 57 8 . 1 7  1 67 1 . 1 8  0 . 1 9  1 56. 6 1 1 . 41 1 79 . 6  0 . 0 6  
4/ 1 0/9 5 57 8 . 29 1 64 0 .99 0 . 1 0 1 7 8 .7 1 0 .9 2 238 . 2  0 . 0 5  
4/1 1 /9 5 57 8 . 27 1 66 0 .9 4  0 . 0 8  1 61 .9 1 1 . 34 1 8 3. 4  0 . 0 4  

Av erag e 57 8 . 28 1 67 1 . 1 2 0 . 1 1 1 66. 8 1 1 . 23 20 1 . 6  0 . 0 5 

4/1 8/9 5 55 8 . 30 1 65 1 . 0 1 0 . 0 5  1 56. 4 1 1 . 63 1 66. 4 0 . 0 5  
4/1 9/9 5 54 8 . 25 1 61 1 . 40 0 . 07 1 8 3. 3  1 3. 45 237 . 8  0 . 0 6  
4/ 20/9 5 54 8 . 21 1 62 0 .9 0  0 . 0 4  1 58 . 1  1 1 . 54 1 8 1 . 6 0 . 0 4  
4/ 21 /9 5 53 8 . 30 1 64 1 . 0 2  0 . 07 1 77 . 5  1 1 . 23 209 . 6  0 . 09 
4/ 20/9 5 55 8 . 25 1 61 1 . 1 2  0 . 1 8 1 56. 6 1 2. 20 1 58 . 8  0 . 0 5  

Av erag e 54 8 . 26 1 63 1 . 09 0 . 0 8  1 66. 4 1 2. 0 1 1 9 0 . 8  0 . 0 6  

Ov erall 
Av erag e 56 8 . 27 1 65 1 . 1 1 0 . 1 0 1 66. 6 1 1 . 62 1 9 6. 2  0 . 0 5  



APPENDIX A, Continued 

Table A-5: Aged Corrosion Rate Selection Process for Test Data 4-07- 95. 

Corrosion Rates (m.A/ cm2 ) 
Reiber Treatment Tafel A naly sis A rbitrary Intersection 
Cell# 

LOG LIN AVG Cathodic A nodic 
1 Cold Soft 0 . 109' 0 . 225' 0 . 16 1' 0 . 17 5  0 . 20 4' 
2 Cold Soft 0 . 18 8  0 . 25 5  0 . 223 0 . 20 6  0 . 07 8  

3 Cold H ard 1.7 3 4' 1.77 0' 1.7 47' 1. 3 0 8 1. 09 4 
4 Cold H ard 2. 422' 2. 59 8 ' 2. 45 1' 1. 144 1. 10 0 

5 H ot Soft 0 . 39 3  0 . 422 0 . 411 0 . 410 0 . 27 3  
6 H ot Soft 0 .40 0 0 . 39 4  0 . 40 6  0 . 40 2  0 .23 8 

N o  (' ) or (* ) signifi ed that emperical data was fi t  very well 
( ' ) - emperical data was not fi t  exactly but close enough 
( * )  - emperical data fi t  poorly , data was not accepted 

Accepted corrosion rates are outlined in dark border 

Reiber 
Cell# Corrosion Rate Selection 

1 The anodic extrapolated corrosion rate better represents Tafel analy sis. 
LOG Tafel analy sis worked. 

3 The anodic extrapolated corrosion rate better represents Tafel analy sis. 
4 The anodic extrapolated corrosion rate better represents Tafel analy sis. 
5 LOG Tafel analy sis worked. 

LOG Tafel analy sis worked. 

10 6 



APPENDIX A, Continued 

Table A-6 : Aged Corrosion Rate Selection Process for Test Data 4-1 8- 95. 

Corrosion Rates (m.N cm2 ) 
Reiber Treatment Tafe l Analy sis Arb itrary Intersection 
Cell# 

LOG LIN AVG Cathodic Anodic 
1 Cold H ard 1.2 07 1. 5 6 3 ' 1.2 3 0  1. 17 8  0. 8 3 0  
2 Cold H ard 1. 5 52' 3 . 016' 1.9 6 1' 1.2 04 2 .7 32' 

3 Cold Soft 0.2 37 0.2 69 0.272 0.222 0.2 45 
4 Cold Soft 0.2 14 0.2 15 0.22 3 0. 17 3  0. 19 5  

5 H ot Soft 0. 3 12' 0. 6 12' 0. 47 5 ' 0. 447 0. 411 
6 H ot Soft 0. 32 4' 0. 479' 0. 39 0' 0. 6 44 0. 432 

No ( ' ) or ( * ) signifi ed that emperical data was fi t  very well 
( ' ) - emperical data was not fit exactly but close enough 
( * ) - emperical data fi t  poor 1 y ,  data was not accepted 

Accepted corrosion rates are outlined in dark border 

Reiber 
Cell# Corrosion Rate Selection 

1 LOG Tafe l analy sis worked. 
2 Only the cathodic extrapolated corrosion rate could be obtained. 
3 LOG Tafe l analy sis worked. 
4 LOG Tafe l analy sis worked. 
5 The anodic extrapolated corrosion rate better represents Tafe l analy sis. 

The anodic extrapolated corrosion rate better represents Tafe l analy sis. 

107 
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Table A-7: Aged Corrosion Rate Selection Process for Test Data 5-16- 95. 

Corrosion R ates (mA/ cm2 ) 
Reiber Treatment Tafe l A naly sis Ar bitrary Intersection 
Cell# 

LOG LIN AVG Cathodic 
5 Hot Hard 1. 47 3 2. 3 27' 1 . 7 7 0  
6 Hot Hard 1 . 49 4  2. 86 0' 2. 429' 

No ( ' ) or ( * ) signified that emperical data was fit very well 
( ' ) - emperical data was not fit exactly but close enough 
( * )  - emperical data fit poorly , data was not accepted 

0 . 1 7 2' 
1. 23 4 

Accepted corrQsion rates are outlined in dark border 

Reiber 
Corrosion R ate Selection Cell# 

5 LOG Tafe l analy sis worked. 
6 LOG Tafe l analy sis worked. 

A nodic 
0 . 13 7' 
1. 0 7 7  

10 8 
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Table A- 8 :  Aged Corrosion Rate Selection Process for Test Data 5-22-95. 

Corrosion Rates (mA/ cm2 ) 
Reiber Treatment Tafe l Analy sis Arbitrary Inter section 
Cell# 

LOG LIN AVG Cathodic 
5 Hot Hard 1 . 3 6 4 4.7 43 *  4. 246* 
6 Hot Hard 1 . 1 6 8 1 . 21 5  1 . 227 

N o  (.' )o r  (* ) signified that emperical data was fit very well 
( ' ) - emperical data was not fi t  exactly but close enough 
( * )  - emperical data fit poorl y ,  data was not accepted 

1 . 3 47 
0 . 7 5 6 

Accepted corrQsion rates are outlined in dark border 

Reiber 
Cell # Corrosion Rate Selection 

5 LOG Tafe l analy sis worked. 
6 LOG Tafe l analy sis worked. 

Anodic 
1 . 1 1 1  
0 . 8 6 5 

1 09 
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BetaC = 72.6 mV/Decade 
BetaA = 29.5 mV/Decade 
Rp = 4.528E+04 Ohm cm2 
CorrRate = 0.251 mpy 

-0. 1 00 +----------------+----+-----+-----+-----+-------1 
-9.5 -9.0 -8.5 -8.0 -7.5 -7.0 -6.5 -6.0 -5.5 -5.0 

Log Current Density (A/cm2) 

Figure A-2: Plot of Final Potentiodynamic Scan. � � � 
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-0. 1 00 +-----+-------------------------1------1 
-9.0 -8.5 -8.0 -7.5 -7.0 -6.5 -6.0 -5.5 -5.0 -4.5 

Log Current Density (A/cm2) 

Pstat #1 
Scan: -0.075 V to 0.075 V, 0.2 mV/s, 1 s/pt 
EOC: -0.008372 V 
Area: 20 cm2 
Electrode: 6 gm/cm3, 58 g/equiv 
Conditioning: OFF 
IR Comp.: OFF 

NOTES 

Cold Hard Water 

Arbitrary Intersection of the Cathodic Curve 

ARBITRARY INTERSECTION 
Slope1 = -1 .465E-01 V/Decade 
Slope2 = -2. 1 89E-13  V/Decade 
Inter. = 1 .308E-06 A/cm2, 7 .5 mV 

Figure A-3 : Plot of Final Potentiodynamic Scan. � � 
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Cel l4 

'pdyna24.dta' 4/1 1 /1 995-20:39 : 1 2  

Pstat #1 
Scan: -0.075 V to 0.075 V, 0.2 mV/s, 1 s/pt 
EOC: -0.009919 V 
Area: 20 cm2 
Electrode: 6 gm/cm3, 58 g/equiv 
Conditioning: OFF 
IR Comp.: OFF 

NOTES 

Cold Hard Water 

Arbitrary Intersection of Cathodic Curve 

ARBITRARY INTERSECTION 
Slope1 = -2.497E-01 V/Decade 
Slope2 = -2. 1 62E-1 3 V/Decade 
Inter. = 1 . 144E-06 Ncm2, 2.9 mV 
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Log Current Density {Ncm2) 

Figure A-4: Plot of Final Potentiodynamic Scan. -
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Log Current Density (A/cm2) 

Pstat #1 
Scan: -0.075 V to 0.075 V, 0.2 mV/s, 1 s/pt 
EOC: 0.003498 V 
Area: 20 cm2 
Electrode: 6 gm/cm3, 58 g/equiv 
Conditioning: OFF 
IR Comp.: OFF 

NOTES 

Hot Soft Water 

LOG Tafel Analysis 

TAFEL RESULTS 
Region = -71 .5 mV to 78.5 mV 
Ecorr = -0.6 mV 
lcorr = 3.933E-07 A/cm2 
BetaC = 88. 1  mV/Decade 
BetaA = 93. 1  mV/Decade 
Rp = 4.999E+04 Ohm cm2 
CorrRate = 0.490 mpy 

Figure A-5: Plot of Final Potentiodynamic Scan. ...... ...... 
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Log Current Density (Ncm2) 

Pstat #1 
Scan: -0.075 V to 0.075 V, 0.2 mV/s, 1 s/pt 
EOC: 0.01 6162 V 
Area: 20 cm2 
Electrode: 6 grn/cm3, 58 g/equiv 
Conditioning: OFF 
IR Comp.: OFF 

NOTES 

Hot Soft Water 

LOG Tafel Analysis 

TAFEL RESULTS 
Region = -58.8 mV to 7 1 .8 mV 
Ecorr = 1 4.7 mV 
lcorr = 4.220E-07 Ncm2 

BetaC = 1 08.9 mV/Decade 
BetaA = 87.1 mV/Decade 
Rp = 4.935E+04 Ohm cm2 
CorrRate = 0.530 mpy 

Figure A-6: Plot of Final Potentiodynamic Scan. ....... ....... 
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Log Current Density (Ncm2) 

Pstat #1 
Scan: -0.075 V to 0.075 V, 0.2 mV/s, 1 s/pt 
EOG: 0.024703 V 
Area: 20 cm2 
Electrode: 6 gm/cm3, 58 g/equiv 
Conditioning: OFF 
IR  Comp.: OFF 

NOTES 

Cold Hard Water 

LOG Tafel Analysis 

TAFEL RESULTS 
Region = -50.3 mV to 99.8 mV 
Ecorr = 36.0 mV 
lcorr = 1 .207E-06 Ncm2 

BetaC = 287.9 mV/Decade 
BetaA = 47.3 mV/Decade 
Rp = 1 .462E+04 Ohm cm2 
CorrRate = 1 .502 mpy 

Figure A-7: Plot of Final Potentiodynamic Scan. � � 
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Cell2 

'pdyn22 .dta' 4/22/1 995-20 :43:34 

Pstat #1 
Scan: -0.075 V to 0.075 V, 0.2 mV/s, 1 s/pt 
EOC: 0.024824 V 
Area: 20 cm2 
Electrode: 6 gm/cm3, 58 g/equiv 
Conditioning: OFF 
IR Comp.: OFF 

NOTES 

Cold Hard Water 

Arbitrary Intersection of the Cathodic Curve 

ARBITRARY INTERSECTION 
Slope1 = -2.984E-01 V/Decade 
Slope2 = -2.444E-13 V/Decade 
Inter. = 1 .21 1 E-06 Ncm2, 36.5 mV 
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Log Current Density (Ncm2) 

Figure A-8: Final Potentiodynamic Scan. 1--" 
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Cel l3 
'pdyn23.dta' 4/22/1 995-20:58:8 

Pstat #1 
Scan: -0.075 V to 0.075 V, 0.2 mV/s, 1 s/pt 
EOC: 0.032663 V 
Area: 20 cm2 
Electrode: 6 gm/cm3, 58 g/equiv 
Conditioning: OFF 
IR Comp.: OFF 

NOTES 

Cold Soft Water 

LOG Tafel Analysis 

-TAFEL RESULTS 
Region = -42.3 mV to 1 07 .8 mV 
Ecorr = 41 .5 mV 
lcorr = 2.368E-07 Ncm2 
BetaC = 99.1 mV/Decade 
BetaA = 40.4 mV/Decade 
Rp = 5.260E+04 Ohm cm2 
CorrRate = 0.295 mpy 
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Figure A-9: Plot of Final Potentiodynamic Scan. 1--l 
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Cel l4 
'pdyn24 .dta' 4/22/1 995-21 : 1 2 :43 

Pstat #1 
Scan: -0.075 V to 0.075 V, 0.2 mV/s, 1 s/pt 
EOC: 0.027991 V 
Area: 20 cm2 
Electrode: 6 gm/cm3, 58 g/equiv 
Conditioning: OFF 
IR Comp.: OFF 

NOTES 

Cold Soft Water 

LOG Tafel Analysis 

TAFEL RESULTS 
Region = -47.0 mV to 1 03.0 mV 
Ecorr = 35.0 mV 
lcorr = 2 . 1 35E-07 Afcm2 
BetaC = 1 08.2 mV/Decade 
BetaA = 45.8 mV/Decade 
Rp = 6.552E+04 Ohm cm2 
CorrRate = 0.266 mpy 

-0.060 +-----+----------+-----,f-----+--------------1 
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Log Current Density (Afcm2) 

Figure A-10. Plot of Final Potentiodynamic Scan � � 
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Cell5 
'pdyn25.dta' 4/22/1 995-2 1  :27: 1 8  

Pstat #1 
Scan: -0.075 V to 0.075 V, 0.2 mV/s, 1 s/pt 
EOC: 0.005433 V 
Area: 20 cm2 
Electrode: 6 gm/cm3, 58 g/equiv 
Conditioning: OFF 
IR Comp.: OFF 

NOTES 

Hot Soft Water 

Arbitrary Intersection of the Cathodic Curve 

ARBITRARY INTERSECTION 
Slope1 = -9.51 3E-02 V/Decade 
Slope2 = -2.391 E-1 3 V/Decade 
Inter. = 4.474E-07 A/cm2, 7.5 mV 

-0.080 r------i------t-------t--------,r----+-----+-----+------l 
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Figure A-1 1 .  Plot of Final Potentiodynamic Scan 1---' 
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Pstat #1 
Scan: -0.075 V to 0.075 V, 0.2 mV/s, 1 s/pt 
EOC: 0.045812  V 
Area: 20 cm2 
Electrode: 6 gm/cm3, 58 g/equiv 
Conditioning: OFF 
IR Comp.: OFF 

NOTES 

Hot Soft Water 

Arbitrary Intersection of the Anodic Curve 

ARBITRARY INTERSECTION 
Slope1 = 5.51 9E-02 V/Decade 
Slope2 = ·1 .960E- 13  V/Decade 
Inter. = 4.31 9E-07 Ncm2, 49.0 mV 
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Log Current Density (Ncm2) 

Figure A-1 2. Plot of Final Potentiodynamic Scan � 
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Log Current Density (A/cm2) 

Pstat #1 
Scan: -0.075 V to 0.075 V, 0.2 mV/s, 1 s/pt 
EOC: -0.032707 V 
Area: 20 cm2 
Electrode: 8.96 gm/cm3, 63.55 g/equiv 
Conditioning: OFF 
IR Comp.: OFF 

NOTES 

Hot Hard Water 

LOG Tafel Analysis 

TAFEL RESULTS 
Region = 4.9 mV to 42.3 mV 
Ecorr = 2 1 .5 mV 
lcorr = 1 .473E-06 A/cm2 
BetaC = 1 1 7  .3 mV/Decade 
BetaA = 795.1 370 V/Decade 
Rp = 3.236E+04 Ohm cm2 
CorrRate = 1 .438 mpy 

Figure A-13. Plot of Final Potentiodynamic Scan ....... 
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Cell6 
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Log Current Density (A/cm2) 

Pstat #1 
Scan: -0.075 V to 0.075 V, 0.2 mV/s, 1 s/pt 
EOC: -0. 1 1 5248 V 
Area: 20 cm2 
Electrode: 8.96 gm/cm3, 63.55 g/equiv 
Conditioning: OFF 
IR Comp.: OFF 

NOTES 

Hot Hard Water 

LOG Tafel Analysis 

TAFEL RESULTS 
Region = -1 66.6 mV to -40.3 mV 
Ecorr = -1 1 3.7 mv 
lcorr = 1 .494E-06 A/cm2 
BetaC = 129.4 mV/Decade 
BetaA = 21 0.7 mV/Decade 
Rp = 2.052E+04 Ohm cm2 
CorrRate = 1 .551 mpy 

Figure A-14. Plot of Final Potentiodynamic Scan _. 
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w 



Cel l5 
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Log Current Density (A/cm2) 

Pstat #1 
Scan: -0.075 V to 0.075 V, 0.2 mV/s, 1 s/pt 
EOC: 0.0578 V 
Area: 20 cm2 
Electrode: 8.96 gm/cm3, 63.55 g/equiv 
Conditioning: OFF 
IR Comp.: OFF 

NOTES 

Hot Hard Water 

LOG Tafel Analysis 

TAFEL RESULTS 
Region = -17 .3 mV to 1 32.8 mV 
Ecorr = 61 .7 mV 
lcorr = 1 .364E-06 A/cm2 
BetaC = 1 75.6 mV/Decade 
BetaA = 67.7 mV/Decade 
Rp = 1 .557E+04 Ohm cm2 
CorrRate = 1 .246 mpy 

Figure A-1 5. Plot of Final Potentiodynamic Scan � 
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Log Current Density (A/cm2) 

Pstat #1 
Scan: -0.075 V to 0.075 V, 0.2 mV/s, 1 s/pt 
EOC: -0.026553 V 
Area: 20 cm2 
Electrode: 8.96 gm/cm3, 63.55 g/equiv 
Conditioning: OFF 
IR Comp.: OFF 

NOTES 

Hot Hard Water 

LOG Tafel Analysis 

TAFEL RESULTS 
Region = -1 01 .5 mV to 48.5 mV 
Ecorr = -26.9 mV 
lcorr = 1 .1 68E-06 A/cm2 
BetaC = 227.8 mV/Decade 
BetaA = 67.8 mV/Decade 
Rp = 1 .943E+04 Ohm cm2 
CorrRate = 1 .067 mpy 

Figure A-16. Plot of Final Potentiodynamic Scan � 
N 
V'I 
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APPENDIX A, Continued. 

STATISTICAL ANALYSIS OF ELECTROCHEMICAL TESTING 

Table A-9:  Statistical Comparison of Experimental Results from Electrochemical Testing 
Using Duncans New Multiple Range. 

Completely Random Design 

Treatment Treatment Treatment Replicate 
Mean Total 1 2 3 4 

Hot Hard 1 . 375 5 .499 1 .473 1 .494 1 . 364 1 . 1 68 
Hot Soft 0.409 1 .636 0.393 0.400 0.4 1 1 0.432 
Cold Soft 0.2 1 1 0.843 0.204 0. 1 88 0 .237 0.2 14  
Cold Hard 1 . 1 5 1  4.605 1 .094 1 . 1 00 1 .207 1 .204 

Replicate Totals 3 . 1 64 3 . 1 82 3 .2 1 9  3 .0 1 8  1 2.583 

r = 4 ANOVA 
T = 4 Source df ss MS F 
n = 1 6  Treatments 3 3 . 8 1 2  1 .27 1 1 89.050 

Error 1 2  0 .08 1 0.007 
CF = 9.896 Total 1 5  3 . 893 

TSS = 3 .893 
TrtSS = 3 . 8 1 2  Ftab(3, 1 2) 0.05 3 .49 

EES = 0.08 1 Ftab(3, 12) 0.0 1 . 5 .95 

sx = 0.04 1 LSD_05 = 0. 1 26 t( l2) 0.05 2. 1 8  
t( l2) 0.0 1 3 .06 

S0 
= 0.058 LSD_0 1  = 0. 1 77 
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APPENDIX A, Continued. 

Table A-9, Continued 

Duncans Multiple Range 
Means 2 3 4 
SSR_05 3 .082 3 .225 3 .3 1 3  
SSR_0 1  4.320 4.504 4.622 
LSR_05 0. 1 26 0. 1 32 0. 1 36 
LSR_01  0. 1 77 0. 1 85 0. 1 89 

Rank of Means 

Cold Soft Hot Soft Cold Hard Hot Hard 
0.2 1 1 0 .409 1 . 1 5 1  1 .375 

Mean LSR LSD 
# Means Difference 0.05 0.0 1  0.05 0.0 1  

Largest - Smallest 

Hot Hard - Cold Soft 4 1 . 1 64 • • • • 

Cold Hard - Cold Soft 3 0.941  • • • • 

Hot Soft - Cold Soft 2 0. 1 98 • • • • 

Largest - 2nd Smallest 

Hot Hard - Hot Soft 3 0.966 • • • • 

Cold Hard - Hot Soft 2 0. 742 • • • • 

Largest - 2nd Largest 

Hot Hard - Cold Hard 2 0.224 • • • • 
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APPENDIX A,  Continued 

Table A-10 :  Equilibrium System Calculations 

Electrochemical Corrosion Testing. 

(Cold Hard Water) 

Water Analysis pH = 

12 Alkalinity = 

285 . 1 5  Alkalinity = 

8.12  

Cations 

Anions 

Ca++ 

Mg++ 

Na+ 

K+ 

Fe++ 

HCO3-

co3= 

Temp., C = 

Temp., K =  

mg/I 
87 
39 
9 

0 
0 
0 
0 

Alk, CaCO3 1 64 
SO4= 241 
er 1 1  

NO3- 0 
y 0 

Sum Cations = 
Sum Anions = 

Total Hardness = 

Mol. wt mmol/1 
40. 1 2 . 1 70 

24.3 1 .605 

23.0 0.3 9 1  

39. 1 0.000 

55 .8  0.000 

6 1 .0 0.000 

60.0 0.000 

100.0 1 .640 

96. 1 2.508 

35.5 0.3 1 0  

62.0 0.000 

1 9.0 0.000 

7.94 meq/1 
8 .61  meq/1 

164 mg/1 as CaCO3 

0.00328 meq/1 

meq/1 
4.339 2 

3 .2 10 2 

0.3 9 1  1 

0.000 1 

0 .000 2 

0.000 1 

0 .000 2 

3 .280 2 

5 .0 1 6  2 

0.3 1 0  1 

0 .000 1 

0.000 1 

Sum cz2 = 

3 77 mg/1 as CaCO3 ( Ca & Mg) 

CZ 

0.00868 

0.00642 

0.00039 

0.00000 

0.00000 

0.00000 

0.00000 

0.00656 

0.0 1 003 

0.0003 1 

0.00000 

0.00000 

0.03239 

Ionic Stren th Calculations 
E A I log gm log gd gm gd 

83.0 1 1 Q.50 1 1 0.0 1 62 -0.0550 -0.2 1 98 0 .88 1 1 0.6028 

Equilibrium Constant Calculations Water Equilibrium Calculations 
( corrected for tern erature and ionic stren th) .-------r----------------r-------....... ,... __ ..,....._ ......... _____ ....., 

K1 K2 Kw Ks [H
+

] [Of
f

] 

4.62E-07 5 .38E- l l 4. 1 2E- 1 5  1 . 1 9E-08 8 .61 E-09 4.79E-07 

Acidity Calculations 
p s t 

1 .0373 -4.70E-07 1 .0 1 25 

Carbonate System Calculations 
Component mol/1 mg/I as CaCO3 

H2CO3 0.000060 6.039 

HCO3- 0.003239 1 6 1 .95 1 

co3= 0.000020 2 .025 

Acidity, eq/1 

0.00336 

meq/1 

0 . 1 2 1  

3 .239 

0.04 1 

B uU I t . t C l l f er n ens1 :y a cu a 10ns 
al  

0.9757 

Langelier Index = 
CCPP = 

equiv/unit pH.I 

0.000 1 9  

0.5722 

1 3 .373 
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APPENDIX A, Continued 

Table A-1 1 :  Equilibrium System Calculations 
Electrochemical Corrosion Testing. 
(Cold Soft Water) 

Water Analysis pH = 
13 Alkalinity = 

286. 1 5  Alkalinity = 

8.25 

Cations 

Anions 

Temp., C = 
Temp., K =  

1 64 mg/1 as CaCO3 
0.00328 meq/1 

mg/I Mol. wt mmol/1 meq/l 
Ca++ 1 40. 1 0.025 0.050 2 

Mg++ 0.1 24.3 0.004 0.008 2 

Na+ 157 23.0 6 .826  6.826 1 

K+ 0 39. 1 0 .000 0.000 1 

Fe++ 0 55 .8  0.000 0.000 2 

HCO3- 0 6 1 .0 0.000 0.000 1 

Co3= 0 60.0 0.000 0.000 2 

Alk, CaCO3 164 100.0 1 .640 3 .280 2 

So4= 202 96. 1 2 . 1 02 4.204 2 

er 1 1  35 .5 0.3 1 0  0.3 1 0  1 

NO3- 0 62.0 0.000 0.000 1 

F 0 19 .0 0.000 0.000 1 

Sum Cations = 6.88 meq/1 Sum cz2 = 
Sum Anions = 7 .79 meq/1 

Total Hardness = 3 mg/I as CaCO3 (Ca & Mg) 

Ionic Stren th Calculations 
E A I log gm log gd gm 

82.633 0.50 19  0.01 1 1  -0,0467 -0. 1 870 0.8980 

CZ 

0.000 10  

0.00002 

0.00683 

0.00000 

0.00000 

0.00000 

0.00000 

0.00656 

0.0084 1 

0.0003 1 

0.00000 

0.00000 

0.02222 

gd 

0.6502 

Equilibrium Constant Calculations Water Equilibrium Calculations 
corrected for tern erature and ionic stren th --------.------------"---r------..... .---.,...... ....... ..-------, 

K 1 K2 Kw Ks [H+
] [OK] 

..,_ ___ -+-____ ..,_ ___ -+--------t i----------
4.54E-07 5 . 1 3E- 1 1 

Acidi Calculations 
p s 

1 .0276 -6.85E-07 

4.33E- 1 5  

1 .0 1 64 

Carbonate System Calculations 
Component mol/1 mg/I as CaCO3 

H2CO3 0.000045 4.452 

HCO3- 0.003226 1 6 1 .323 

CO3= 0.0000�6 2 .643 

1 .02E-08 

Acidity, eq/1 

0.003 3 1  

meq/1 
0.089 

3 .226 

0.053 

6.26E-09 6.92E-07 

Buffer Intensity Calculations 
equiv/unit pH.I 

0.9785 

Langelier Index = 
CCPP = 

0.000 1 6  

- 1 . 1 8 15 

-9.233 
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APPENDIX A, Continued 

Table A-1 2 :  Equilibrium System Calculations 
Electrochemical Corrosion Testing. 
(Hot Hard Water) 

Water Analysis pH =  8.16 

Cations 

Anions 

Ca++ 

Mg++ 

Na+ 

K+ 

Fe++ 

HCO3-

CO3= 
Alk, CaCO3 

SO4= 
er 

NO3-
F" 

Temp., C = 
Temp., K =  

mg/I 
75 
44 

19 
0 
0 
0 
0 

162 
218 
11  
0 
0 

55 Alkalinity = 
328. 1 5  Alkalinity = 

Mol. wt mmol/l 
40. 1 1 . 870 
24.3 1 . 8 1 1 
23.0 0.826 
39. 1 0.000 
55 .8  0.000 
6 1 .0 0.000 
60.0 0.000 
100.0 1 .620 
96. 1 2 .268 
35 .5  0 .3 1 0  
62 .0 0.000 
19 .0 0.000 

1 62 mg/1 as CaCO3 

0.00324 meq/1 

meq/l 
3 .74 1 2 
3 .62 1  2 
0.826 1 
0.000 1 
0.000 2 
0.000 1 
0.000 2 
3 .240 2 
4 .537 2 
0.3 1 0  1 
0.000 1 
0 .000 1 

CZ 

0.00748 
0.00724 
0.00083 
0.00000 
0.00000 
0.00000 
0.00000 
0.00648 
0.00907 
0.0003 1 
0.00000 
0.00000 

Sum Cations = 8. 1 9  meq/1 Sum cz2 = 0.03 1 4 1  
Sum Anions = 8.09 meq/1 

Total Hardness = 368 mg/I as CaCO3 (Ca & Mg) 

Ionic Stren th Calculations 
E A I log gm log gd gm gd 

68.300 0.5439 0.0 1 57 -0.0589 -0.2355  0. 8732 0.58 1 5  

Equilibrium Constant Calculations Water Equilibrium Calculations 
( corrected for tern erature and ionic stren th 

--------------,,------'---r------, .---.,..,.._--'--, ____ _ 
K2 Kw Ks [H+] [Off

] K1  
6 .7 1 E-07 

1-------+---------1 
1 . 1  l E-05 1 . 1 5E- 1 0  8. 80E- 1 4  6.00E-09 7 .92E-09 ..__ ___ __._ ___ ____. 

Acidity Calculations Buffer Intensity Calculations 

p s t 
1 . 0236 - 1 . l  l E-05 1 .0290 

Carbonate System Calculations 
Component mol/1 mg/I as CaCO3 

H2CO3 0.000037 3 . 702 

HCO3 - 0.003 1 38 1 56. 890 

co3= 0.000046 4 .555 

Acidity, eq/1 
0.00320 

meq/1 
0.074 
3 . 1 38 
0.09 1 

equiv/unit pH.I 

0.9744 0.00022 

Langelier Index = 1 . 1 662 
CCPP = 3 1 .5 1 0  



APPENDIX A, Continued 

Table A-13 :  Equilibrium System Calculations 
Electrochemical Corrosion Testing. 
(Hot Soft Water) 

Water Analysis 

Cations 

Anions 

Ca++ 

Mg++ 

Na+ 

K+ 

Fe++ 

HCO3-
CO3= 

Alk, CaCO3 

SO4= 

er 
NO3-

F 

Temp., C = 
Temp., K =  

mg/I 
1 

0.1 

1 67 

0 

0 

0 
0 

1 65 

1 96 

1 2  

0 
0 

Sum Cations = 
Sum Anions = 

pH = 
56 Alkalinity = 

329. 1 5  Alkalinity = 

Mot wt mmol/l 
40. 1 0.025 
24.3 0.004 
23 .0  7.26 1 
39 . 1 0.000 
55 .8  0.000 
6 1 .0 0.000 
60.0 0.000 
1 00.0 1 .650 
96 . 1  2 .040 
35 . 5  0.338 
62 .0 0.000 
1 9 .0 0.000 

7 .32  meq/1 
7 .72 meq/1 

8.27 
1 65 mg/I as CaCO3 

0.0033 meq/1 

meq/l 
0.050 2 
0.008 2 
7.26 1 1 
0.000 1 
0.000 2 
0.000 1 
0.000 2 
3 .300 2 
4.079 2 
0.338 1 
0.000 1 
0.000 1 

Sum cz2 = 

13 1 

CZ 

0.0001 0  
0.00002 
0.00726 
0.00000 
0.00000 
0.00000 
0.00000 
0.00660 
0.008 1 6  
0.00034 
0.00000 
0.00000 

0.02247 

Total Hardness = 3 mg/I as CaCO3 ( Ca & Mg) 

Ionic Stren th Calculations 
E A I log gm 

67.992 0. 545 1 0.0 1 1 2  -0.05 1 0  

Equilibrium Constant Calculations 
correcte d fi or tempe 

K1 K2 Kw I Ks l 
6.46E-07 1 .08E- 1 0  8.98E- 1 4  I 5 .05E-09 I 

Acidity Calculations 
p s t Acidity, eq/1 

1 .0 1 87 - 1 .49E-05 1 .0357 0.00322 

Carbonate System Calculations 
Component moVl mg/I as CaCO3 meq/1 

H2CO3 0.000030 2.967 0.059 

HCO3- 0.003 172 1 58. 597 3 . 1 72 

CO3= 0.000057 5 .660 0. 1 1 3 

log gd gm gd 
-0.204 1 0.8892 0.625 1 

Water Equilibrium Calculations 
rature and ionic stren th) 

r------:->"---':....,--------, 
[H+] [Off] 

6.04E-09 1 .49E-05 

Burn I er ntenslty C l  a culations 
a 1  equiv/unit pH.I 

0.9735 0.00023 

Langelier Index = -0.5365 
CCPP = -3 .805 
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APPENDIX A, Continued. 

Table A-14 :  Visual Scale Observations for Electrochemical Testing. 

Treatment Reiber Cell # Date Visual Observations 

Cold Hard 3 4/7/95 Uniform light yellow-brownish color 

Cold Hard 4 4/7/95 Uniform light yellow-brownish color 

Cold Hard 1 4/ 1 8/95 Uniform light yellow-brownish color 
I 

Cold Hard 2 4/ 1 8/95 Uniform light yellow-brownish color 
· ' ' y ' •! 

overlying a dark brown-reddish 
Cold Soft 1 4/7/95 surface 

Uniform light yellow-brownish film 
overlying a dark brown-reddish 

Cold Soft 2 4/7/95 surface 
Uniform light yellow-brownish film 
overlying a dark brown-reddish 

Cold Soft 3 4/ 1 8/95 surface 
Uniform light yellow-brownish film 
overlying a dark brown-reddish 

Cold Soft 4 4/1 8/95 surface 
" "' ,,, 

Uniform light blue-greenish film over 
Hot Hard 5 5/1 6/95 a tarnished brown background 

Uniform light blue-greenish film over 
Hot Hard 6 5/1 6/95 a tarnished brown background 

Uniform light blue-greenish film over 
Hot Hard 5 5/22/95 a tarnished brown background 

Uniform light blue-greenish film over 
Hot Hard 6 5/22/95 a tarnished brown background 

W· ' ' 

Uniform yellow-blue precipitate 
overlying a dark brown-reddish 

Hot Soft 5 4/7/95 surface 
Uniform yellow-blue precipitate 
overlying a dark brown-reddish 

Hot Soft 6 4/7/95 surface 
Uniform yellow-blue precipitate 
overlying a dark brown-reddish 

Hot Soft 5 4/ 1 8/95 surface 
Uniform yellow-blue precipitate 
overlying a dark brown-reddish 

Hot Soft 6 4/1 8/95 surface 



APPENDIX B 

Table B-1 : Soluble and Total Copper Concentrations after 3-day I ntervals for By-product Release Testing. 

Date Soluble Cop oer Total Copper 
Loop 1 Loop 2 Loop 3 Loop 1 Loop 2 

9/30/95 0.292 0.495 0.786 0.403 0.806 
1 0/03/95 0.296 0.460 0.60 1 0.344 0.626 
1 0/06/95 0.254 0.405 0.668 0.309 0.527 
1 0/09/95 0.488 0 .4 1 2  0.708 0.523 0.5 1 5  
1 0/ 1 2/95 0.28 1 0.383 0.434 0.332 0.539 
l 0/ 1 5/95 0.484 0.522 0.656 0.538 0.66 1 
l 0/ 1 8/95 0.5 1 6  0.475 0.676 0.555 0.65 1 
1 0/2 1 /95 0.34 1 0 .367 0 .439 0.400 0.542 
1 0/24/95 0.387 0.449 0.473 0.426 0.533 
l 0/27 /95 0.394 0.436 0.466 0.440 0.642 
l 0/30/95 0.462 0.377 0.573 0.506 0.522 
1 1 /02/95 0.3 8 1  0.43 1 0.498 0.44 1 0.548 
1 1 /05/95 0.372 0.420 0.474 0.435 0.7 1 6  
1 1 /08/95 0.380 0.460 0.497 0.438 0.664 
1 1 / 1 1 /95 0.367 0.454 0.5 1 2  0.443 0.803 
1 1 / 1 4/95 0.389 0.537 0.495 0.437 0.723 
1 1 / 1 7/95 0.398 0.488 0.546 0.459 0.7 1 6  
1 1 /20/95 0.389 0.469 0.573 0.46 1 0.700 
1 1 /23/95 0.304 0.45 1 0.600 0.363 0.786 
1 1 /26/95 0.328 0.5 1 0  0.582 0.384 0.690 
1 1 /29/95 0.343 0.626 0.648 0.396 0.774 

Average 0.374 0.458 0.567 0.430 0.652 

Loop l - Hot H ard Water (Continuously Recirculated) 

Loop 2 - Hot Soft Water (Continuously Recirculated) 

Loop 3 - H ot H ard Water (Intermittently Recirculated) 

Loop 3 
0.903 
0.7 1 0  
0.766 
0.8 1 5  
0.539 
0.785 
0.765 
0.528 
0.573 
0.555 
0.67 1 
0.608 
0.586 
0.593 
0.648 
0 .609 
0.652 
0.694 
0.557 
0.727 
0.827 

0.672 

Date 

1 / 1 6/96 
1 / 1 9/96 
1 /22/96 
1 /25/96 
1 /28/96 
1 /3 1 /96 
2/03/96 
2/06/96 
2/09/96 
2/ 1 2/96 
2/1 5/96 
2/ 1 8/96 
2/2 1 /96 
2/24/96 
2/27/96 
3/0 1 /96 
3/04/96 
3/07/96 
3/ 1 0/96 
3/ 1 3/96 
3/ 1 6/96 

Average 

Soluble Cop per Total Copper 
Loop 4 Loop 5 Loop 6 Loop 4 Loop 5 Loop 6 
1 .527 0.9 0.908 1 .627 0.99 1 .052 
0.802 1 .304 0.8 1 9  0.867 1 .393 0.933 
0 .7 1 1 1 .37 0.873 0.792 1 .467 0.966 
0.863 1 .458 0.943 0.959 1 .6 1 7  1 .056 
1 . 1 1 5  1 . 1 1 4  1 .3 1 2  1 .209 1 .222 1 .3 1 2  
1 . 1 95 1 .226 1 .354 1 .285 1 .3 1 3  1 .4 1 9 
0 .8 1 7  1 . 1 1 5  0.923 0 .897 1 . 1 8 1  1 .000 
1 .45 1 1 .356 1 .346 1 .568 1 .462 1 .439 
1 .442 1 .535  0.986 1 .545 1 .632 1 .357  
0.983 1 .922 0.893 1 .057 2 .005 0.94 1 
1 .353 1 . 1 89 1 .240 1 .4 1 6  1 .3 1 3  1 .305 
0 .532 0 .805 0.5 1 2  0.6 1 7  0.966 0.576 
1 .293 0.774 1 . 1 1 8  1 .357  0.899 1 .200 
0.54 1 1 .074 0.540 0.644 1 . 1 54 0 .642 
1 .238 1 .084 1 . 1 3 1  1 .299 1 . 1 70 1 . 1 89 
1 .298 1 .093 1 . 1 98 1 .348 1 . 1 32 1 .3 1 2  
0.742 1 . 1 94 0 .747 0.830 1 .228 0 .8 1 3  
0.824 1 .042 0.775 0.889 1 . 1 2 1  0 .8 1 8  
1 . 1 55 0.867 1 .035 1 .204 0.958 1 .098 
1 .2 1 2  1 .020 1 .030 1 .293 1 .055 1 . 1 09 
0.905 1 .057 0.825 1 .006 1 . 1 33 0.933 

1 .048 1 . 1 67 0.977 1 . 1 29 1 .258 1 .070 

Loop 4 - Cold H ard Water (Continuously Recirculated) 

Loop 5 - Cold Soft Water (Continuously Recirculated) 

Loop 6 - Cold H ard Water (Intermittently Recirculated) 
w 
w 
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APPENDIX B, Continued. 

Table B-2 : Temperature (°C) Data Collected During By-product Release Testing. 

Date Loop 1 Loop 2 Loop 3 Date 

9/30/95 55 55 55 1 / 1 6/96 

1 0/03/95 55 55 56 1 / 1 9/96 

1 0/06/95 55 55 58 1 /22/96 

1 0/09/95 56 56 56 1 /25/96 

1 0/ 1 2/95 55 55 55 1 /28/96 

1 0/ 1 5/95 55 55 55 1 /3 1 /96 

1 0/ 1 8/95 56 56 56 2/03/96 

1 0/2 1 /95 55 55 55 2/06/96 

1 0/24/95 54 54 54 2/09/96 

1 0/27/95 56 56 56 2/ 1 2/96 

1 0/30/95 55 55 55 2/ 1 5/96 

1 1 /02/95 54 54 54 2/ 1 8/96 

1 1 /05/95 55 55 55 2/2 1 /96 

1 1 /08/95 55 55 55 2/24/96 

1 1 / 1 1 /95 55 55 55 2/27/96 

1 1 / 1 4/95 56 56 56 3/0 1 /96 

1 1 / 1 7/95 55 55 55 3/04/96 

1 1 /20/95 55 55 55 3/07/96 

1 1 /23/95 55 55 55 3/ 1 0/96 

1 1 /26/95 54 54 54 3/1 3/96 

1 1 /29/95 55 55 55 3/1 6/96 

Average 55 55 55 Average 

Loop 1 - Hot Hard Water (Continuously Recirculated) 

Loop 2 - Hot Soft Water (Continuously Recirculated) 

Loop 3 - Hot Hard Water (Intermittently Recirculated) 

Loop 4 - Cold Hard Water (Continuously Recirculated) 

Loop 5 - Cold Soft Water (Continuously Recirculated) 

Loop 6 - Cold Hard Water (Intermittently Recirculated) 

Loop 4 Loop 5 Loop 6 

1 5  1 5  1 5  

1 5  1 5  1 5  

1 7  1 7  
I 

1 7  

1 7  1 7  1 7  

1 8  1 8  1 8  

1 6  1 6  1 6  

1 6  1 6  1 6  

1 6  1 6  1 6  

1 6  1 6  1 6  

1 6  1 6  1 6  

1 6  1 6  1 6  

1 7  1 7  1 7  

1 7  1 7  1 7  

1 7  1 7  1 7  

1 6  1 6  1 6  

1 6  1 6  1 6  

1 6  1 6  1 6  

1 7  1 7  1 7  

1 6  1 6  1 6  

1 8  1 8  1 8  

1 8  1 8  1 8  

1 6  1 6  1 6  



APPENDIX B, Continued. 

Table 8-3: pH Data Collected During By-product Release Testing. 

Date 
9/27/95 
9/30/95 

1 0/03/95 
I 0/06/95 
1 0109/95 

1 0/ 1 2/95 
1 0/1 5/95 
1 0/ 1 8/95 
I 0/2 1 /95 
I 0/24/95 
1 0/27/95 
I 0/30/95 
1 1 /02/95 
1 1 /05/95 
1 1 /08/95 
1 1 / 1 1 /95 
1 1 / 1 4/95 
1 1 / 1 7/95 
1 1 /20/95 
1 1 /23/95 
1 1 /26/95 

Average 

Hot Hard 
7.92 
7.93 
7.9 1 
8.05 
8 .02 
7.97 
7.94 
8.02 
7.94 
7.90 
7.9 1 
7.97 
8.02 
8 .02 
7.96 
7.9 1 
7.90 
8.09 
8 .00 
7.92 
7.90 

7.96 

Hot Soft Date Loop 1 
8 . 1 7  9/30/95 8.7 1 
8 . 1 8  I 0/03/95 8.54 
8 . 1 8  1 0/06/95 8 .76 
8 . 1 6  I 0/09/95 8.25 
8 .3 1 1 0/ 1 2/95 8 .43 
8 .41  1 0/ 1 5/95 8.28 
8 .29 1 0/ 1 8/95 8 . 1 8  
8.39 1 0/2 1 /95 8.30 
8.27 1 0/24/95 8.25 
8.23 1 0/27/95 8 .3 1 
8.43 1 0/30/95 8.28 
8.32 1 1 /02/95 8.23 
8 .2 1 1 1 /05/95 8.26 
8.32 1 1 /08/95 8 .23 
8. 1 3  1 1 / 1 1 /95 8.25 
8 .44 1 1 / 1 4/95 8 . 1 8  
8.28 1 1 / 1 7/95 8.23 
8 .24 1 1 /20/95 8.23 
8 . 1 8  1 1 /23/95 8.25 
8. 1 7  1 1 /26/95 8.26 
8. 1 4  1 1 /29/95 8.23 

8.26 Average 8.32 

Loop 1 - Hot Hard Water (Continuously Recirculated) 
Loop 2 - Hot Soft Water (Continuously Recirculated) 

Loop 3 - Hot Hard Water (Intermittently Recirculated) 

Loop 2 Loop 3 
8.6 1 8.26 
8.35 8.28 
8.73 8.30 
8 .50 8 .25 
8 .44 8.37 
8 .46 8.36 
8.38 8.22 
8.48 8.36 
8.38 8 .26 
8.55 8 .42 
8 .56 8 .32 
8 .42 8.25 
8.39 8.32 
8.32 8 .27 
8.32 8 .24 
8 .53 8 .25 
8.48 8 .24 
8 .40 8 .26 
8 .26 8.25 
8.37 8 . 1 8  
8.32 8 . 1 4  

8 .44 8.28 

Date Cold Hard Cold Soft Date Loop 4 
1 / 1 3/96 8 . 1 0  8.46 1 / 1 6/96 8 .29 
1 / 1 6/96 8 .2 1 8 .35 1 / 1 9/96 8 .37 
1 / 1 9/96 8 . 1 4  8 .22 1 /22/96 8 .36 
1 /22/96 8. 1 2  8 . 1 4  1 /25/96 8 .33 
1 /25/96 8 .04 8 .45 1 /28/96 8 .3 1 
1 /28/96 8 .02 8 .35 1 /3 1 /96 8 .32 
1 /3 1 /96 8 .20 8.24 2/03/96 8 .37 
2/03/96 8.00 8. 1 8  2/06/96 8 .05 
2/06/96 7.98 8 . 1 0  2/09/96 8. 1 0  
2/09/96 8.23 8 .04 2/ 1 2/96 8.24 
2/ 1 2/96 8 .06 8 .46 2/ 1 5/96 8 .08 
2/ 1 5/96 8.45 8 .36 2/ 1 8/96 8 .44 
2/ 1 8/96 8.02 8 .34 2/2 1 /96 8 . 1 4  
2/2 1 /96 8 .36 8.24 2/24/96 8.39 
2/24/96 8 . 1 3  8 . 1 4  2/27/96 8 . 1 2  
2/27/96 8.02 8 . 1 3  3/0 1 /96 8. 1 0  
3/0 1 /96 8 .24 8 .06 3/04/96 8 .24 
3/04/96 8.24 8.06 3/07/96 8. 1 8  
3/07/96 8.04 8.28 3/ 1 0/96 8 . 1 4  
3/ 1 0/96 8 . 1 2  8 .24 3/ 1 3/96 8 . 1 4  
3/ 1 3/96 8 .22 8 . 1 0  3/ 1 6/96 8.22 

Average 8 . 1 4  8 .24 Average 8 .23 

Loop 4 - Cold Hard Water (Continuously Recirculated) 

Loop 5 - Cold Soft Water (Continuously Recirculated) 

Loop 6 - Cold Hard Water (Intermittently Recirculated) 

Loop 5 
8 .57  
8 . 1 6  
8 .35 
8 .27 
8 .50 
8 .4 1 
8 . 1 8  
8 .27 
8 .24 
8 .25 
8 .39 
8 .43 
8 .54 
8 .37 
8 .25 
8 .22 
8 . 1 7  
8 .20 
8 . 38  
8 . 35  
8 .2 1 

8 .32 

Loop 6 
8.27 
8 .2 1 
8.20 
8 . 1 7  
8 . 1 2  
8 .09 
8.20 
8 .05 
8 .02 
8.20 
8 .04 
8 .39 
8 .09 
8 .3 1 
8 .08 
8 .04 
8 . 1 4  
8 . 1 3  
8 . 1 2  
8 . 1 0  
8 . 1 4  

8 . 1 5  

� 
w 
Vl 



APPENDIX B, Continued. 

Table 8-4: Alkalinity (mg/L as CaCO3) Data Collected During By-product Release Testing. 

Date 
9/27/95 
9/30/95 

1 0/03/95 
I 0/06/95 
1 0/09/95 
10/ 1 2/95 
1 0/ 1 5/95 
1 0/ 1 8/95 
1 0/2 1 /95 
I 0/24/95 
1 0/27/95 
I 0/30/95 
1 1 /02/95 
1 1 /05/95 
1 1 /08/95 
1 1 / 1 1 /95 
1 1 / 1 4/95 
1 1 / 1 7/95 
1 1 /20/95 
1 1 /23/95 
1 1 /26/95 

Average 

Hot Hard 
1 77 
1 87 
1 9 1  
1 70 
1 66 
2 1 9  
1 92 
1 68 
1 54 
1 68 
1 68 
1 60 
1 56 
1 64 
1 5 8  
1 62 
1 68 
1 62 
1 58 
1 74 
1 66 

1 7 1  

Hot Soft 
1 68 
1 92 
20 1 
1 72 
1 60 
204 
1 78 
1 60 
1 72 
1 82 
1 66 
1 66 
1 62 
1 66 
1 5 8 
1 80 
1 84 
1 64 
1 60 
1 84 
1 80 

1 74 

Date Loop 1 
9/30/95 1 97 

1 0/03/95 1 82 
1 0/06/95 203 
1 0/09/95 1 96 
1 0/ 1 2/95 1 60 
1 0/ 1 5/95 1 96 
1 0/ 1 8/95 1 98 
1 0/2 1 /95 1 60 
1 0/24/95 1 50 
1 0/27/95 1 74 
1 0/30/95 1 68 
1 1 /02/95 1 66 
1 1 /05/95 1 60 
1 1 /08/95 1 66 
1 1 / 1 1 /95 1 68 
1 1 / 1 4/95 1 67 
1 1 / 1 7/95 1 66 
1 1 /20/95 1 62 
1 1 /23/95 1 56 
1 1 /26/95 1 5 8 
1 1 /29/95 1 68 

Average 1 72 

Loop 1 - Hot Hard Water (Continuously Recirculated) 

Loop 2 - Hot Soft Water (Continuously Recirculated) 

Loop 3 - Hot Hard Water (Intermittently Recirculated) 

Loop 2 
1 94 
1 68 
203 
1 92 
1 77 
1 98 
1 76 
1 58 
1 80 
1 84 
1 64 
1 62 
1 62 
1 64 
1 66 
1 82 
1 88 
1 69 
1 66 
1 78 
1 86 

1 77 

Loop 3 
1 96 
1 86 
1 96 
200 
1 62 
1 96 
1 82 
1 56 
1 60 
1 72 
1 72 
1 5 8 
1 62 
1 60 
1 66 
1 64 
1 66 
1 69 
1 62 
1 70 
1 68 

1 73 

Date Cold Hard Cold Soft Date Loop 4 
1 / 1 3/96 2 1 2  206 1 / 1 6/96 22 1 
1 / 1 6/96 1 62 204 1 / 1 9/96 1 6 1  
1 / 1 9/96 1 64 1 86 1 /22/96 1 66 
1 /22/96 1 66 1 84 1 /25/96 1 64 
1 /25/96 1 84 ' 1 86 1 /28/96 1 86 
1 /28/96 1 90 1 86 1 /3 1 /96 1 93 
1 /3 1 /96 1 64 1 80 2/03/96 1 68 
2/03/96 1 90 1 78 2/06/96 1 90 
2/06/96 1 90 1 88 2/09/96 1 96 
2/09/96 1 5 8 1 90 2/ 1 2/96 1 64 
2/ 1 2/96 1 86 1 90 2/ 1 5/96 1 86 
2/ 1 5/96 1 5 8 1 56 2/ 1 8/96 1 56 
2/ 1 8/96 1 90 1 80 2/2 1 /96 1 90 
2/2 1 /96 1 56 1 78 2/24/96 1 56 
2/24/96 1 90 1 92 2/27/96 1 90 
2/27/96 1 86 1 84 3/0 1 /96 1 90 
3/0 1 /96 1 64 1 86 3/04/96 1 64 
3/04/96 1 56 1 84 3/07/96 1 66 
3/07/96 1 94 1 94 3/ 1 0/96 1 86 
3/ 1 0/96 1 94 1 90 3/ 1 3/96 1 98 
3/ 1 3/96 1 58 1 66 3/ 1 6/96 1 56 

Average 1 77 1 85 Average 1 78 

Loop 4 - Cold Hard Water (Continuously Recirculated) 

Loop 5 - Cold Soft Water (Continuously Recirculated) 
Loop 6 - Cold Hard Water (Intermittently Recirculated) . 

Loop 5 
202 
203 
1 92 
1 74 
1 90 
1 90 
1 88 
1 80 
1 90 
1 94 
1 90 
1 66 
1 82 
1 90 
1 92 
1 90 
1 92 
1 88 
1 86 
1 96 
1 80 

1 88 

Loop 6 
2 1 6  
1 68 
1 70 
1 60 
1 86 
1 92 
1 68 
1 92 
1 94 
1 64 
1 86 
1 56 
1 90 
1 62 
1 90 
1 86 
1 5 8 
1 66 
1 90 
1 96 
1 64 

1 79 

� 
w 
0\ 



APPENDIX B, Continued. 

Table B-5: Calcium (mg/L) Data Collected During By-product Release Testing. 

Date 
9/27/95 
9/30/95 

1 0/03/95 
l 0/06/95 
l 0/09/95 
l 0/ 1 2/95 
10/ 1 5/95 
1 01 1 8/95 
1 0/2 1 /95 
I 0/24/95 
1 0/27/95 
1 0/30/95 
1 1 /02/95 
1 1 /05/95 
1 1 /08/95 
1 1 / 1 1 /95 
1 1 / 14/95 
1 1 / 1 7/95 
1 1 /20/95 
1 1 /23/95 
1 1 /26/95 

Average 

Hot Hard Hot Soft 
82.7 0.4 
83 .2 0.3 
75 . l 1 .0 
75 .2 1 .4 
84. l 0.8 
77.0 0.7 
76.3 1 .3 
85.3 1 .2 
8 1 .0 2.4 
7 1 .5 0.9 
8 1 .2 0.3 
88.6 0.3 
87.2 0.3 
89.4 0.4 
92.2 0.4 
92.9 0.3 
82.0 0.2 
85.0 0.3 
87.2 0.3 
79.3 0.2 
76.2 0.2 

82.5 0.6 

Date Loop 1 
9/30/95 72.2 

1 0/03/95 88.5 
1 0/06/95 77.5 
1 0/09/95 75.0 
1 0/ 1 2/95 85.4 
1 0/ 1 5/95 76. 1 
1 0/ 1 8/95 75 .8  
1 0/2 1 /95 85 .8 
1 0/24/95 82.8 
1 0/27/95 70. 8 
1 0/30/95 69.5 
1 1 /02/95 87. l 
1 1 /05/95 84.6 
1 1 /08/95 93 .8  
1 1 / 1 1 /95 89.0 
1 1 / 1 4/95 9 1 .9 
1 1 / 1 7/95 87.7 
1 1 /20/95 87. 1 
1 1 /23/95 87.8 
1 1 /26/95 80.0 
1 1 /29/95 76.0 

Average 82. 1 

Loop 1 - Hot Hard Water (Continuously Recirculated) 
Loop 2 - Hot Soft Water (Continuously Recirculated) 
Loop 3 - Hot Hard Water (Intermittently Recirculated) 

Loop 2 
0.7 
0.7 
0.9 
1 .4 
0.9 
0.7 
1 .3 
1 .2 
2.3 
0.9 
0.4 
0.3 
0.5 
0.4 
0.5 
0.3 
0.3 
OJ 

0.3 
0.2 
0.2 

0.7 

Loop 3 
75. 1  
84.2 
76. 1 
75 . 1  
84.0 
76.0 
75 .7 
82.5 
82.7 
7 1 .0 
69.5 
9 1 .6 
93 .7 
90.0 
94.5 
98.2 
83 .7 
8 1 .0 
87.3 
80.4 
76.6 

82.3 

Date Cold Hard Cold Soft Date Loop 4 
1 / 1 3/96 76.9 0. 1 4  1 / 1 6/96 73 .9  
1 / 1 6/96 87.0 0. 1 4  1 / 1 9/96 78 .5  
1 / 1 9/96 78.4 0. 1 2  1 /22/96 79. 1 
1 /22/96 79.3 0. 1 2  1 /25/96 . 76.6 
1 /25/96 70.5 0. 1 2  1 /28/96 73 .7 
1 /28/96 83 .2 0. 1 4  1 /3 1 /96 73 .0 
1 /3 1 /96 80.9 0. 1 3  2/03/96 8 1 .7 
2/03/96 76.5 0. 1 4  2/06/96 78 .5 
2/06/96 74.2  0. 1 2  2/09/96 77.3 
2/09/96 8 1 .4 0. 1 4  2/ 1 2/96 82.5 
2/ 1 2/96 78. 1 0.24 2/ 1 5/96 74.6 
2/ 1 5/96 84.2 0.23 2/ 1 8/96 8 1 .6 
2/ 1 8/96 72.6 0.22 2/2 1 /96 7 1 .6 
2/2 1 /96 9 1 .6 0.2 1 2/24/96 83 .2 
2/24/96 69.8 0. 1 8  2/27/96 72.6 
2/27/96 8 1 .6 0.59 3/0 1 /96 90.9 
3/0 1 /96 1 06 .8  0.44 3/04/96 82.5 
3/04/96 86.9 0.50 3/07/96 79.4 
3/07/96 73 .3 0.42 3/ 1 0/96 72.3 
3/ 1 0/96 73 . 1  0.42 3/ 1 3/96 72.3 
3/ 1 3/96 93 .7 0.45 3/ 1 6/96 93.0 

Average 8 1 .0 0.25 Average 78.5 

Loop 4 - Cold Hard Water (Continuously Recirculated) 
Loop 5 - Cold Soft Water (Continuously Recirculated) 
Loop 6 - Cold Hard Water (Intermittently Recirculated) 

Loop 5 
0.2 
0.5 
0.8 
1 3 .6 
0 .8 
0 .2 
0 .6 
4. 1 
2 . 5  
0 .2  
0 .5  
0 .3  
0.2 
0.2 
0.2 
0.6 
0.7 
0.5 
1 .3 
0.4 
0.5 

1 .4 

Loop 6 
76.0 
78.4 
79 .5 
88 .  l 
70.9 
74.2 
8 1 .5 
82.4 
72.4 
8 1 .6 
8 1 . 1  
8 1 .6 
72.0 
84. 1 
7 1 .7 
7 1 . 8 
84.7 
80.6 
73.0 
74. 1 
82.0 

78 .2 

>---' 
w 
'-l 



APPENDIX B, Continued. 

Table 8-6: Magnesium (mg/L) Data Collected During By-product Release Testing. 

Date 
9/27/95 
9/30/95 

1 0/03/95 
l 0/06/95 
1 0/09/95 
l 0/ 1 2/95 
1 0/ 1 5/95 
1 0/ 1 8/95 
1 0/2 1 /95 
l 0/24/95 
1 0/27/95 
l 0/30/95 
1 1 /02/95 
1 1 /05/95 
1 1 /08/95 
1 1 / 1 1 /95 
1 1 / 1 4/95 
l l / 1 7/95 
1 1 /20/95 
1 1 /23/95 
1 1 /26/95 

Average 

Hot Hard 
4 1 . 5 
38 .4 
39. 1 
47.9 
47.0 
38. l 
37.3 
49. 1 
47. l 
37.4 
42. l 
46 .4 
47. l 
45 .6 
46.0 
46.2 
42.2 
49.4 
48 .8 
4 1 .3 
39.4 

43.69 

Hot Soft 
0. 1 2  
0.09 
0.66 
0.74 
0.68 
0.36 
0.90 
0.75 
1 .69 
0.46 
0.20 
0. 1 3  
0. 1 3  
0. 1 3  
0. 1 3  
0.09 
0.07 
0. 1 1  
0. 1 2  
O.Q7 
0.07 

0.37 

Date Loop 1 
9/30/95 38 .9 

1 0/03/95 44.5 
1 0/06/95 38.7  
1 0/09/95 38 .4 
1 0/ 1 2/95 48.7 
1 0/ 1 5/95 38 .3 
1 0/ 1 8/95 38 . 1 
1 0/2 1 /95 47.5 
1 0/24/95 47.8 
1 0/27/95 38 .9 
1 0/30/95 36.9 
1 1 /02/95 46.2 
1 1 /05/95 45.0 
1 1 /08/95 47.8 
1 1 / 1 1 /95 48 .8  
1 1 / 1 4/95 46.6 
1 1 / 1 7/95 46.6 
1 1 /20/95 4 1 .5 
1 1 /23/95 46.8 
1 1 /26/95 42.5 
1 1 /29/95 40.0 

Average 43 .26 

Loop 1 - Hot Hard Water (Continuously Recirculated) 
Loop 2 - Hot Soft Water (Continuously Recirculated) 
Loop 3 - Hot Hard Water (Intermittently Recirculated) 

Loop 2 
0.2 1 
0.77 
0.69 
0.65 
0.67 
0.38 
0.89 
0.78 
1 .68 
0.47 
0. 1 8  
0. 1 4  
0. 1 7  
0. 1 5  
0. 1 4  
0.09 
0.08 
0. 1 0  
0. 1 2  
0.08 
0.08 

0.4 1 

Loop 3 
38 . 1 
44.2 
37 .9 
3 8.4 
49.2 
37.9 
37.9 
47.5 
47.0 
38.6 
37 .5 
46.5 
44.6 
47.5 
49.7 
46.7  
45.4 
44.7 
47.0 
42.4 
39.5 

43.25 

Date Cold Hard Cold Soft Date Loop 4 
1 / 1 3/96 37.0 0.05 1 / 1 6/96 35 .8  
1 / 1 6/96 37.5 0.05 1 / 1 9/96 4 1 .4 
1 / 1 9/96 44.3 0.05 1 /22/96 43 .5 
1 /22/96 42.9  0.04 1 /25/96 42.5 
1 /25/96 35 .4 0.04 1 /28/96 34.9 
1 /28/96 32.2 0.04 1 /3 1 /96 34.9 
1 /3 1 /96 42.7 0.04 2/03/96 4 1 .9 
2/03/96 34.2 ' 0.04 2/06/96 32 .8 
2/06/96 34.7 0.03 2/09/96 33 . 8  
2/09/96 42.3  0.03 2/ 1 2/96 42. 1  
2/ 1 2/96 33 . 1 0.08 2/ 1 5/96 35 .0 
2/ 1 5/96 42.6 0.04 2/ 1 8/96 42. 8  
2/ 1 8/96 35 .5  0.03 2/2 1 /96 36 .8  
2/2 1 /96 40.4 0.04 2/24/96 44.9 
2/24/96 35 .6  0.03 2/27/96 36.6 
2/27/96 32. 1 0.03 3/0 1 /96 32 .7 
3/0 1 /96 46.5 0.2 1 3/04/96 47.0 
3/04/96 43 .3 0. 1 9  3/07/96 43 .4 
3/07/96 37.0 0.2 1 3/ 1 0/96 37. 1 
3/ 1 0/96 36.4 0.2 1 3/ 1 3/96 36.4 
3/ 1 3/96 36 .7 0.26 3/ 1 6/96 40.6 

Average 38 .2 0.08 Average 38 .9  

Loop 4 - Cold Hard Water (Continuously Recirculated) 
Loop 5 - Cold Soft Water (Continuously Recirculated) 
Loop 6 - Cold Hard Water (Intermittently Recirculated) 

Loop S 
0.06 
0 .27 
0 .38  
7 .62 
0.39 
0.05 
0 .36 
2 .33 
1 .30 
0.07 
0. 1 5  
0 .06 
0.05 
0.04 
0.54 
0.52 
0.36 
0.25 
0.66 
0.23 
0.28 

0.76 

Loop 6 
34.8 
44. 5  
42.4 
39 .3 
37. 1 
34 .8 
42.0 
32 .7 
37 .3 
42.7 
32 .9 
43 .7 
36.7 
44. 5  
35 . 8  
37 .3 
46.7 
45 .6  
37.6  
36 . 1 
44.3  

39 .5  

,...... 
w 
00 



APPENDIX B, Continued. 

Table B-7 : Sodium (mg/L) Data Collected During By-product Release Testing. 

Date 
9/27/95 
9/30/95 

1 0/03/95 
l 0/06/95 
l 0/09/95 
1 0/ 1 2/95 
1 0/ 1 5/95 
1 0/ 1 8/95 
1 0/2 1 /95 
1 0/24/95 
l 0/27/95 
1 0/30/95 
1 1 /02/95 
1 1 /05/95 
1 1 /08/95 
1 1 / 1 1 /95 
1 1 / 1 4/95 
1 1 / 1 7/95 
1 1 /20/95 
1 1 /23/95 
1 1 /26/95 

Average 

Hot Hard Hot Soft 
1 3 .5  1 68.2 
1 5 .6 1 68.7 
1 4 .4 1 64.9 
2 1 .9 202.4 
22.7 204.8 
1 3 .7 1 65 .9 
1 3 .7 1 52.0 
22.2 20 1 .0 
20.9 148 .5 
1 4 .3 1 54.0 
20.3 2 1 6 .7 
22.0 205 .0 
22.9 208.7 
22.9 208.6 
22.9 208 .3 
22.5 1 59 .8 
1 9.9 1 55 . 8  
22.5 1 95 .2 
22. 8 200.2 
1 8 . 8  1 63 .9  
1 6.9 1 58 .6 

1 9 .4 1 8 1 .5 

Date Loop 1 
9/30/95 1 3 .6 

1 0/03/95 2 1 .0 
1 0/06/95 1 4.7 
1 0/09/95 1 4.6 
1 0/ 1 2/95 22.5 
1 0/ 1 5/95 1 3 .8 
1 0/ 1 8/95 1 3 . 8  
1 0/2 1 /95 2 1 .4 
1 0/24/95 20.9 
1 0/27/95 1 4.3 
1 0/30/95 1 3 .7 
1 1 /02/95 2 1 . 8 
1 1 /05/95 22.9 
1 1 /08/95 22.9 
1 1 / 1 1 /95 23.0 
1 1 / 1 4/95 22.7 
1 1 / 1 7/95 2 1 . 8 
1 1 /20/95 20.4 
1 1 /23/95 22.7 
1 1 /26/95 1 9.2 
1 1 /29/95 1 7.6 

Average 1 9.0 

Loop l - Hot Hard Water (Continuously Recirculated) 
Loop 2 - Hot Soft Water (Continuously Recirculated) 
Loop 3 - Hot Hard Water (Intermittently Recirculated) 

Loop 2 
1 66.5 
202.9 
1 68 .3 
1 9 1 .3 
204.4 
1 66.5 
1 5 1 .0 
1 98.2 
1 48. 1 
1 54.0 
2 1 3 .9 
204.2 
205 .4 
209.4 
208 .8 
1 59.9 
1 58 .7 
1 89 .8 
209.5 
1 66.7 
1 66.9 

1 83 . 1 

Loop 3 
1 3 .4 
20.5 
1 4.6 
1 4.7 
22.4 
1 3 .7  
1 3 .7 
2 1 .3 
20.8 
1 4.4 
1 3 .9 
2 1 .7 
22.9 
23 . 1  
22.9 
22.8 
2 1 .9 
20.4 
22.9 
1 9.6 
1 7.6 

1 9 .0 

Date Cold Hard Cold Soft Date Loop 4 
1 / 1 3/96 1 4.44 1 84.0 1 / 1 6/96 1 3 .6 
1 / 1 6/96 23 . 1 6  1 65 . 8  1 / 1 9/96 22.0 
1 / 1 9/96 22.97 1 7 1 .4 1 /22/96 22.6 
1 /22/96 22.09 1 67.9 1 /25/96 20.5 
1 /25/96 1 3 .66 1 56.6 1 /28/96 1 3 .8  
1 /28/96 1 3 .63 1 64.7 1 /3 1 /96 1 3 .7 
1 /3 1 /96 2 1 .93 1 76. 1 2/03/96 2 1 .6 
2/03/96 1 3 .27 ' 1 66.9 2/06/96 1 3 .0  
2/06/96 1 3 .60 1 66.0 2/09/96 1 4.5 
2/09/96 22.02 1 68.4 2/ 1 2/96 2 1 .3 
2/ 1 2/96 1 4.37 1 60.8 2/ 1 5/96 1 3 .9 
2/ 1 5/96 24.57 1 89 . 1 2/ 1 8/96 23 .2 
2/ 1 8/96 1 3 .66 1 72. 1 2/2 1 /96 1 4. 1  
2/2 1 /96 22.78 1 8 1 .4 2/24/96 22.7 
2/24/96 1 3 .56 1 53 .6 2/27/96 1 3 .7  
2/27/96 1 3 .87 1 57. l 3/0 1 /96 1 4.3 
3/0 1 /96 2 1 .62 1 63 . 8  3/04/96 24.3 
3/04/96 23 .83 1 76.3 3/07/96 22.0 
3/07/96 1 6 .32 1 76.3 3/ 1 0/96 1 5 . 7  
3/ 1 0/96 1 4.83 1 70.7 3/ 1 3/96 1 5 .4 
3/ 1 3/96 24. 6 1  1 96.3 3/ 1 6/96 23 .9 

Average 1 8 .32 1 70.7 Average 1 8 . 1  

Loop 4 - Cold Hard Water (Continuously Recirculated) 
Loop 5 - Cold Soft Water (Continuously Recirculated) 
Loop 6 - Cold Hard Water (Intermittently Recirculated) 

Loop 5 
1 62 .7 
1 3 .0 
1 74.0 
1 52 .6 
1 69 .5  
1 67.6 
49.2 
1 73 . 5  
1 62 .5 
1 7 1 .9 
1 68 .5  
1 83 .4 
1 69 .7 
1 68 .3  
1 57.2 
1 6 1 .4 
1 72 .5 
1 73 . 1 
1 77.6 
1 78 .7  
1 93 .4 

1 57.2 

Loop 6 
1 2.9  
2 1 . 1  
22.6 
2 1 . 5 
1 3 . 8  
1 3 .5 
22. 1 
1 3 .5 
1 4.3  
22. 1 
1 4. 1 
24.0 
1 3 . 7  
22.0 
1 3 .9 
1 4. 1  
24. 5  
23 . 1  
1 5 .7  
1 5 . 5  
24.2 

1 8 .2 

� 
w 
\0 



APPENDIX B, Continued. 

Table B-8: Chloride (mg/L) Data Collected During By-product Release Testing. 

Date Hot Hard Hot Soft Date Loop 1 
9/27/95 1 1 .6 1 1 .4 9/30/95 1 2.6 
9/30/95 1 1 .6 1 1 .4 1 0/03/95 1 2. 1  

1 0/03/95 1 1 .9 1 2 . 1  1 0/06/95 1 1 .5 
1 0/06/95 1 1 .3 1 0.7 1 0/09/95 1 1 . 8  
1 0/09/95 1 0.9 1 0.9 1 0/ 1 2/95 1 1 .5  
1 0/ 1 2/95 1 1 .6 1 1 .6 1 0/ 1 5/95 1 1 . 8  
1 0/ 1 5/95 1 1 .7 1 1 .4 1 0/ 1 8/95 1 1 .6 
1 0/1 8/95 1 1 . 1  1 1 . 1  1 0/2 1 /95 1 1 .4 
1 0/2 1 /95 1 1 .4 1 1 .6 1 0/24/95 1 1 . 8  
1 0/24/95 1 1 .9 1 2 .0 1 0/27/95 1 2 .0 
1 0/27/95 1 1 .6 1 3 .7  1 0/30/95 1 1 . 8  
1 0/30/95 1 1 .6 1 1 .3  1 1 /02/95 1 1 .6 
1 1 /02/95 1 0.9 1 1 .0 1 1 /05/95 1 1 .0 
1 1 /05/95 1 0.9 1 0 .9 1 1 /08/95 1 1 .0 
1 1 /08/95 1 1 .2 1 2.0 1 1 / 1 1 /95 1 1 .0 
1 1 / 1 1 /95 1 1 . 1  1 5 .5 1 1 / 1 4/95 1 1 .2 
1 1 / 1 4/95 1 1 .0 1 1 .3 1 1 / 1 7/95 1 1 .0 
1 1 / 1 7/95 1 2 .0 1 1 .6 1 1 /20/95 1 1 .4 
1 1 /20/95 1 2 .4 1 2 . 1  l 1 /23/95 1 2.5  
1 1 /23/95 1 1 . 8  1 1 .4 1 1 /26/95 1 2.3 
1 1 /26/95 1 1 . 8  1 1 .6 1 1 /29/95 1 2.0 

Average 1 1 .5 1 1 .7 Average 1 1 .7 

Loop 1 - Hot Hard Water (Continuously Recirculated) 

Loop 2 - Hot Soft Water (Continuously Recirculated) 

Loop 3 - Hot Hard Water (Intermittently Recirculated) 

Loop 2 Loop 3 
1 2.3 1 2 .8  
1 1 .2 1 1 .9 
1 1 .4 1 1 .5 
1 1 .5 1 1 .7 
1 1 .4 1 1 .4 
1 1 . 8 1 1 . 8  
1 1 .6 1 1 . 8  
1 1 .5 1 1 .4 
1 2.2 1 1 .7  
1 2.3 1 2.2 
1 8 .5  1 1 .9 
1 1 .7 1 2 .4 
1 1 .0 1 0.9 
1 2.0 1 1 .0 
1 1 .5 1 1 . 1  
1 5 .7  1 1 .0 
1 1 .5 1 1 .0 
1 1 . 8  1 1 .4 
1 3 .9 1 2.3 
1 1 .4 1 2. 5  
1 2 . 8  1 2 .0 

1 2.3 1 1 .7 

Date Cold Hard Cold Soft Date Loop 4 
1 / 1 3/96 1 2.6 1 2 .2 1 / 1 6/96 1 2 .7  
1 / 1 6/96 1 2.8  1 2.4 1 / 1 9/96 1 3 .0  
1 / 1 9/96 1 3 .6 1 2.4 1 /22/96 1 3 . 5  
1 /22/96 1 3 .3  1 2.0  1 /25/96 1 3 .3 
1 /25/96 1 1 .6 1 1 .5 1 /28/96 1 1 .5 
1 /28/96 1 1 . 1  1 1 .2 1 /3 1 /96 1 1 .4 
1 /3 1 /96 1 2 .5  1 1 . 8  2/03/96 1 2.7  
2/03/96 1 1 .0 1 1 .4 2/06/96 1 1 .5 
2/06/96 1 1 . 3  1 1 .4 2/09/96 1 1 .7 
2/09/96 1 2.5  1 1 .9 2/ 1 2/96 1 2.6  
2/ 1 2/96 1 1 .3 1 4. 5  2/ 1 5/96 1 1 . 7  
2/ 1 5/96 1 1 . 8  1 1 .4 2/ 1 8/96 1 1 . 7  
2/ 1 8/96 1 1 .5 1 1 .2 2/2 1 /96 1 1 .9 
2/2 1 /96 1 1 .3 1 1 .4 2/24/96 1 1 .4 
2/24/96 1 1 .5 1 1 .3 2/27/96 1 1 . 7 
2/27/96 1 1 . 1  1 1 .0 3/0 1 /96 1 1 .4 
3/0 1 /96 1 2.5 1 1 .7 3/04/96 1 2 .6 
3/04/96 1 3 .4 1 1 . 8  3/07/96 1 3 .2 
3/07/96 1 1 .7 1 1 . 8  3/ 1 0/96 1 2 .0 
3/ 1 0/96 1 1 .4 1 1 .3 3/ 1 3/96 1 1 .4 
3/ 1 3/96 1 2.9 1 2.2 3/ 1 6/96 1 3 . 5  

Average 1 2.0 1 1 . 8  Average 1 2.2 

Loop 4 - Cold Hard Water (Continuously Recirculated) 

Loop 5 - Cold Soft Water (Continuously Recirculated) 

Loop 6 - Cold Hard Water (Intermittently Recirculated) 

Loop 5 
1 2 .4 
1 2.6 
1 3 .0 
1 3 .5  
1 1 . 8 
1 1 .2 
1 2 . 1  
1 2 .6 
1 1 . 8  
1 2 .8  
1 6 .0 
1 2.3  
1 1 . 5 
1 2 . 1  
1 1 .9 
1 1 .6 
1 1 .9 
1 1 .6 
1 2 .0 
1 1 .4 
1 2 .4 

1 2.3  

Loop 6 
1 2.6 
1 2.7  
1 3 .3 
1 3 .4 
1 1 . 6  
1 1 . 5  
1 2.4 
1 1 .5  
9 .7 
1 2 . 7  
1 1 . 5  
1 1 .5  
1 1 .5 
1 1 .4 
1 1 .6 
1 1 . 5 
1 2 .7  
1 3 .4 
1 2 .0 
1 1 .4 
1 3 .4  

1 2. 1  

� 
0 



APPENDIX B, Continued. 

Table B-9: Sulfate (mg/L) Data Collected During By-product Release Testing. 

Date 
9/27/95 
9/30/95 

1 0/03/95 
1 0/06/95 
1 0/09/95 
1 0/ 1 2/95 
1 0/ 1 5/95 
l 0/1 8/95 
1 0/2 1 /95 
l 0/24/95 
1 0/27/95 
l 0/30/95 
1 1 /02/95 
1 1 /05/95 
1 1 /08/95 
1 1 / 1 1 /95 
1 1 / 1 4/95 
1 1 / 1 7/95 
1 1 /20/95 
1 1 /23/95 
1 1 /26/95 

Average 

Hot Hard 
229.8 
1 78 .7 
1 75 . 5  
229.3 
238 .5 
1 82.4 
1 68.6 
267.8 
22 1 . 8 
1 63 .4 
2 1 4.9 
244.4 
258. l 
257.4 
246.9 
265 .4 
2 1 2 .5 
267.3 
279. 1 
2 1 6.8  
1 97.3 

224.6 

Hot Soft 
267.3 
1 65 .4 
200.2 
243 . 1 
249.7 
1 56.0 
2 1 0. l 
249.4 
1 37.3 
1 48.5 
260.6 
240.9 
262.8 
259.4 
333 .3 
1 47.3 
1 53 .3  
246 

266.8 
1 65 .5  
1 5 1 .6 

2 1 5 .0 

Date Loop 1 
9/30/95 1 49.4 

1 0/03/95 240.5 
1 0/06/95 1 35 . 8  
1 0/09/95 1 52.8 
1 0/ 1 2/95 257.6 
l 0/ 1 5/95 1 53 . l 
1 0/ 1 8/95 1 47.8 
l 0/2 1 /95 227.5 
1 0/24/95 233 .2 
1 0/27/95 1 46.5 
1 0/30/95 1 47.3 
1 1 /02/95 249.2 
1 1 /05/95 248.0 
1 1 /08/95 252.5 
1 1 / 1 1 /95 255.0 
1 1 / 1 4/95 270.0 
1 1 / 1 7/95 248.3 
1 1 /20/95 23 1 . 1  
1 1 /23/95 277. 1 
1 1 /26/95 234.6 
1 1 /29/95 2 1 0.9 

Average 2 1 2.8  

Loop 1 - Hot Hard Water (Continuously Recirculated) 
Loop 2 - Hot Soft Water (Continuously Recirculated) 
Loop 3 - Hot Hard Water (Intermittently Recirculated) 

Loop 2 Loop 3 
1 62.9 1 44.3 
266.4 223 . 1 
1 35 .2  1 43 . 1  
209.2 1 46.5 
260.9 268 .7 
1 52.5 1 50.5 
1 64.2 1 52.7 
254.2 233.4 
1 43 .7  24 1 .5 
1 32.7 1 52. 1 
262.6 1 53 .0 
256.2 244.2 
263 .2 257.9 
263 .2 259.2 
247.9 268.4 
1 49.9 283.6 
1 49.3 243 . 1 
222.3 230.0 
268. 1 270.6 
1 64.7 226.4 
1 7 1 .3 205 .5  

204.8 2 1 4.2 

Date Cold Hard Cold Soft Date Loop 4 
1 / 1 3/96 1 33 . 8  1 64 .8 1 / 1 6/96 1 3 8 .0 
1 / 1 6/96 270. 1 1 45 . 1 1 / 1 9/96 259.6 
1 / 1 9/96 236.2 1 69.0 1 /22/96 228.0 
1 /22/96 232.5 1 63 .4 1 /25/96 222.7 
1 /25/96 204 .8  1 60.6 1 /28/96 1 53 . 7  
1 /28/96 1 88 .7 1 65 .6  1 /3 1 /96 1 58 .0 
1 /3 1 /96 249.7 2 1 3 .6 2/03/96 245 . 8  
2/03/96 1 93 .4 1 86 .8 2/06/96 1 63 . 7  
2/06/96 224.2 2 1 7.9  2/09/96 1 77. 1 
2/09/96 272.9 225 .2 2/ 1 2/96 256.6 
2/ 1 2/96 206.6 1 66 .8 2/ 1 5/96 1 69 .0 
2/ 1 5/96 26 1 .2 264.6 2/ 1 8/96 274.9 
2/ 1 8/96 204.6 207.3 2/2 1 /96 1 52.6 
2/2 1 /96 269.4 208.6 2/24/96 257.9 
2/24/96 200.5 1 73 . 1  2/27/96 1 40.9 
2/27/96 207.7  1 66.6 3/0 1 /96 1 63 .0  
3/0 1 /96 256.0 1 85 .6 3/04/96 257.7 
3/04/96 258 .8 1 75 . 3  3/07/96 253 .5  
3/07/96 2 1 0. 8  1 55 . 5  3/ 1 0/96 1 63 .0  
3/ 1 0/96 20 1 .6 1 94.8 3/ 1 3/96 1 66.6 
3/ 1 3/96 249.6 206. 1 3/ 1 6/96 264.4 

Average 225.4 1 86.5 Average 203 .2 

Loop 4 - Cold Hard Water (Continuously Recirculated) 
Loop 5 - Cold Soft Water (Continuously Recirculated) 
Loop 6 - Cold Hard Water (Intermittently Recirculated) 

Loop 5 Loop 6 
1 48 . 5  1 40.0 
1 3 8 .0 236.7 
1 65 .6  234.0 
224.3 227.0 
1 65 .4 1 48 .7  
1 54 .6 1 60 .8  
1 79 .2 247. 7  
222.2 1 69 .6 
1 77 .5  1 87.0 
222.5 242 .8  
1 77 .5  1 79 .7  
270.6 272.2 
200.0 1 49 .7 
1 74.6 264.4 
1 50.0 1 5 8 . 8  
1 60 .5 1 63 . 3  
1 64.0 25 1 . 1  
1 53 .3 23 1 .3 
1 55 . 5  1 6 1 .0 
1 50.3 1 5 1 .4 
1 95 .6  249.3 

1 78 .6 20 1 . 3 
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Table B-10 :  Orthophosphate (mg/L-P) Data Collected During 
By-product Release Testing. 

Date Hot Hard Hot Soft Date Cold Hard 
9 / 27 /9 5  0 .09 0 .0 8  1/ 13 /9 6 0 .0 3  
9 / 30 /9 5  0 .0 6 0 .0 6  1/ 16 /9 6 0 .0 6  

10 /0 3 /9 5  0 . 11 0 .0 5  1/ 19 /9 6  0 .0 6  
10 /0 6 /9 5  0 .0 6  0 .0 4  1/ 22/9 6 0 .0 6  
10 /09 /9 5 0 .0 7 0 .0 6  1/ 25/9 6 0 .0 3  
10 / 12/9 5 0 . 12 0 .0 6  1/ 28 /9 6 0 .0 3  
10 / 15/9 5 0 . 16 0 .0 8  1/ 3 1/9 6 0 .0 7  
10 / 18 /9 5  0 . 17 0 .0 6  2/0 3 /9 6  0 .0 3  
10 / 21/9 5 0 . 16 0 .0 4  2/0 6 /9 6  0 .0 4  
10 / 24/9 5 0 . 24- 0 .0 8  2/09 /9 6 0 .0 4  
10 / 27 /9 5  0 . 10 0 .0 6  2/ 12/9 6 0 .0 3  
10 / 30 /9 5  0 . 29 0 .0 8  2/ 15/9 6 0 .0 2  
11/0 2/9 5 0 . 19 0 .0 6  2/ 18 /9 6 0 .0 3  
11/0 5/9 5 0 . 12 0 .0 5  2/ 21/9 6 0 .0 4  
11/0 8 /9 5  0 . 14 0 .09 2/ 24/9 6 0 .0 3  
11/ 11/9 5 0 . 17 0 .0 5  2/ 27 /9 6 0 .0 3  
11/ 14/9 5 0 . 15 0 .0 5  3 /0 1/9 6 0 .0 5  
11/ 17 /9 5  0 .0 8  0 . 13 3 /0 4/9 6 0 .0 5  
11/ 20 /9 5  0 . 17 0 .0 6  3 /0 7 /9 6  0 .0 4  
11/ 23 /9 5 0 . 13 0 .0 4  3 / 10 /9 6  0 .0 5  
11/ 26 /9 5 0 . 17 0 .0 5  3 / 13 /9 6  0 .0 6  

Average 0 . 15 0 .0 6  Average 0 .0 4  

Loop 1 - Hot Hard Water (Continuously Recirculated) 
- Loop 2 - Hot Soft Water (Continuously Recirculated) 

Loop 3 - Hot Hard Water (Intermittently Recirculated) 
Loop 4 - Cold Hard Water (Continuously Recirculated) 
Loop 5 - Cold Soft Water (Continuously Recirculated) 
Loop 6 - Cold Hard Water (Intermittently Recirculated) 

Cold Soft 
0 .0 3  
0 .0 4  
0 .0 5  
0 .0 5  
o.o_ 

0 .0 3  
0 .0 4  
0 .0 4  
0 .0 4  
0 .0 4  
0 .0 3  
0 .0 3  
0 .0 3  
0 .0 3  
0 .0 3  
0 .0 3  
0 .0 3  
0 .0 3  
0 .0 3  
0 .0 4  
0 .0 4  

0 .0 4  

142 
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APPENDIX B, Continued. 

STATISTICAL ANALYSIS OF BY-PRODUCT RELEASE TESTING 

Table B-1 1 :  Analysis of Variance for Statistical Comparison of Experimental Results from Loops 1 and 2. 

Anova: Single Factor *Using Analysis ToolPak in Excel 5 .0  

SUMMARY 
Treatments Count Sum Average Variance 

Loop 1 2 1  7 .846 0.374 0.005 
Loop 2 2 1  9.627 0.458 0.004 

ANOVA 
Source of Variation ss df MS F P-value F crit 90% F crit 95% F crit 99% 

Treatments 0.076 1 0.076 1 7.584 0.000 1 5  2.835 4.085 7.3 1 4  
Experimental Error 0. 1 72 40 0.004 

Total 0.247 41 

Table B-12:  Analysis of Variance for Statistical Comparison of Experimental Results from Loops 1 and 3. 

Anova: Single Factor *Using Analysis ToolPak in Excel 5 .0 

SUMMARY 
Treatments Count Sum Average Variance 

Loop 1 2 1  7. 846 0.374 0.005 
Loop 3 2 1  1 1 .905 0.567 0.009 

ANOVA 
Source of Variation ss df MS F P-value F crit 90% F crit 95% F crit 99% 

Treatments 0.392 I 0.39227 54.734 5 .26E-09 2.835 4.085 7.3 1 4  
Experimental Error 0.287 40 0.007 1 7  

Total 0. 679 4 1  
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APPENDIX 8, Continued. 

Table 8-13 :  Analysis of Variance for Statistical Comparison of Experimental Results from Loops 1 and 4. 

Anova: Single Factor *Using Analysis ToolPak in Excel 5 . 0  

SUMMARY 
Treatments Count Sum Average Variance 

Loop I 2 1  7 .846 0.3 74 0.005 
Loop 4 2 1  2 1 .999 1 .048 0.09 1 

ANOVA 
Source of Variation ss df MS F P-value F crit 90% F crit 95% F crit 99% 

Treatments 4.769 1 4.769 99.5 5 1 2 . I E- 1 2  2 . 8 35  4.085 7.3 1 4  
Experimental Error 1 .9 1 6  40 0.048 

Total 6 .686 4 1  

Table 8-14 :  Analysis of Variance for Statistical Comparison of Experimental Results from Loops 1 and 5. 

Anova: Single Factor *Using Analysis ToolPak in Excel 5 . 0  

SUMMARY 
Treatments Count Sum Averaf?e Variance 

Loop 1 2 1  7 .846 0 .374 0.005 
Loop 5 2 1  24.499 1 . 1 67 0 .07 1 

ANOVA 
Source of Variation ss df MS F P-value F crit 90% F crit 95% F crit 99% 

Treatments 6.603 I 6.603 1 74.586 3 . 5E- l 6 2 . 835  4.085 7.3 1 4  
Experimental Error 1 .5 1 3  40 0.038 

Total 8 . 1 1 6 4 1  
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Table B-15 :  Analysis of Variance for Statistical Comparison of Experimental Results from Loops 1 and 6. 

Anova: Single Factor *Using Analysis ToolPak in Excel 5 .0  

SUMMARY 
Treatments Count Sum Avera;?e Variance 

Loop 1 2 1  7 . 846 0.374 0.005 
Loop 6 2 1  20.508 0.977 0.057 

ANOVA 
Source of Variation ss df MS F P-value F crit 90% F crit 95% F crit 99% 

Treatments 3 .8 1 7  1 3 .8 1 7  1 23 .767 8 .2E- 1 4  2.835 4.085 7.3 1 4  
Experimental Error 1 .234 40 0.03 1 

Total 5 .05 1 4 1  

Table B-1 6: Analysis o f  Variance fo r  Statistical Comparison o f  Experimental Results from Loops 2 and 3. 

Anova: Single Factor *Using Analysis ToolPak in Excel 5 .0  

SUMMARY 
Treatments Count Sum Average Variance 

Loop 2 2 1  9.627 0.458 0.004 
Loop 3 2 1  1 1 .905 0.567 0.009 

ANOVA 
Source of Variation ss df MS F P-value F crit 90% F crit 95% F crit 99% 

Treatments 0. 1 24 I 0. 1 24 1 9.070 8 .7E-05 2.835 4.085 7.3 14  
Experimental Error 0.259 40 0.006 

Total 0.3 83 4 1  
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APPENDIX 8, Continued 

Table 8-1 7: Analysis of Variance for Statistical Comparison of Experimental Results from Loops 2 and 4. 

Anova: Single Factor *Using Analysis ToolPak in Excel 5 .0  

SUMMARY 
Treatments Count Sum Average Variance 

Loop 2 2 1  9 .627 0.458 0.004 
Loop 4 2 1  2 1 .999 1 .048 0.09 1 

ANOVA 
Source of Variation ss df MS F P-value F crit 90% F crit 95% F crit 99% 

Treatments 3 .644 1 3 .644 77. 1 8 1  7E- 1 l 2 .835 4.085 7.3 1 4  
Experimental Error 1 .889 40 0.047 

Total 5 .533 4 1  

Table 8-18 :  Analysis of Variance fo r  Statistical Comparison o f  Experimental Results from Loops 2 and 5. 

Anova: Single Factor * Using Analysis ToolPak in Excel 5 .0  

SUMMARY 
Treatments Count Sum Average Variance 

Loop 2 2 1  9.627 0.458 0 .004 
Loop 5 2 1  24.499 1 . 1 67 0.07 1 

ANOVA 
Source of Variation ss df MS F P-value F crit 90% F crit 95% F crit 99% 

Treatments 5 .266 1 5 .266 1 4 1 .8 1 9  9.9E- 1 5  2 .835 4.085 7.3 1 4  
Experimental Error 1 .485 40 0.037 

Total 6 .75 1 4 1  



1 47 

APPENDIX B, Continued 

Table B-1 9: Analysis of Variance for Statistical Comparison of Experimental Results from Loops 2 and 6. 

Anova: Single Factor *Using Analysis ToolPak in Excel 5 .0 

SUMMARY 
Treatments Count Sum A verage Variance 

Loop 2 2 1  9.627 0.458 0.004 
Loop 6 2 1  20.508 0.977 0.057 

ANOVA 
Source of Variation ss df MS F P-value F crit 90% F crit 95% F crit 99% 

Treatments 2 .8 1 9  1 2 .8 1 9  93 .483 5 .  I E- 1 2  2 .835 4.085 7.3 1 4  
Experimental Error 1 .206 40 0.030 

Total 4.025 4 1  

Table B-20 :  Analysis of Variance fo r  Statistical Comparison o f  Experimental Results from Loops 3 and 4. 

Anova: Single Factor 

SUMMARY 
Treatments Count 

Loop 3 2 1  
Loop 4 2 1  

ANOVA 
Source of Variation ss 

Treatments 2.426 
Experimental Error 2.004 

Total 4 .430 

*Using Analysis ToolPak in Excel 5 .0  

Sum Average Variance 
1 1 .905 0.567 0.009 
2 1 .999 1 .048 0.09 1 

df MS F P-value 
I 2.426 48 .430 2. l E-08 

40 0.050 

4 1  

F crit 90% F crit 95% 
2.835 4.085 

F crit 99% 
7.3 1 4  
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APPENDIX 8, Continued 

Table 8-2 1 :  Analysis of Variance for Statistical Comparison of Experimental Results from Loops 3 and 5. 

Anova: Single Factor *Using Analysis ToolPak in Excel 5 . 0  

SUMMARY 
Treatments Count Sum A verage Variance 

Loop 3 2 1  1 1 .905 0 .567 0 .009 
Loop 5 2 1  24.499 1 . 1 67 0.07 1 

ANOVA 
Source of Variation ss df MS F P-value F crit 90% F crit 95% F crit 99% 

Treatments 3 . 776 1 3 . 776 94.399 4 .4E- 1 2  2 .835  4 .085 7 .3 1 4  
Expedmental Error 1 .600 40 0 .040 

Total 5 .377 4 1  

Table 8-22: Analysis of Variance fo r  Statistical Comparison of Experimental Results from Loops 3 and 6. 

Anova: Single Factor *Using Analysis ToolPak in Excel 5 . 0  

SUMMARY 
Treatments Count Sum Average Variance 

Loop 3 2 1  1 1 . 905 0 .567 0.009 
Loop 6 2 1  20.508 0.977 0 .057 

ANOVA 
Source of Variation ss df MS F P-value F crit 90% F crit 95% F crit 99% 

Treatments 1 .762 1 1 . 762 53 . 357  7. I E-09 2 .835  4.085 7 .3 1 4  
Experimental Error 1 .32 1 40 0 .033 

Total 3 .083 4 1  
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APPENDIX B, Continued 

Table B-23: Analysis of Variance for Statistical Comparison of Experimental Results from Loops 4 and 5. 

Anova: Single Factor *Using Analysis  ToolPak in Excel 5 .0 

SUMMARY 
Treatments Count Sum Average Variance 

Loop 4 2 1  2 1 .999 1 .048 0.09 1 
Loop 5 2 1  24.499 1 . 1 67 0.07 1 

ANOVA 
Source of Variation ss df MS F P-value F crit 90% F crit 95% F crit 99% 

Treatments 0. 1 49 1 0. 1 49 1 . 843 0. 1 82 2.835 4.085 7.3 1 4  
Experimental Error 3 .230 40 0.08 1 

Total 3 .379 4 1  

Table B-24: Analysis o f  Variance for Statistical Comparison o f  Experimental Results from Loops 4 and 6. 

Anova: Single Factor 

SUMMARY 
Treatments Count 

Loop 4 2 1  
Loop 6 2 1  

ANOVA 
Source of Variation ss 

Treatments 0.053 
Experimental Error 2.95 1 

Total 3 .004 

* Using Analysis ToolPak in Excel 5 . 0  

Sum AveraKe Variance 
2 1 .999 1 .048 0.09 1 
20.508 0.977 0.057 

df MS F P-value 
1 0.053 0.7 1 8  0.402 

40 0.074 

4 1  

F crit 90% 
2. 835 

F crit 95% 
4.085 

F crit 99% 
7.3 14  
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APPENDIX B, Continued 

Table B-25:  Analysis of Variance for Statistical Comparison of Experimental Results from Loops 5 and 6. 

Anova: Single Factor *Using Analysis ToolPak in Excel 5 .0 

SUMMARY 
Treatments Count Sum Avera�e Variance 

Loop 5 2 1  24.499 1 . 1 67 0 .07 1 
Loop 6 2 1  20.508 0.977 0.057 

ANOVA 
Source of Variation ss df MS F P-value F crit 90% F crit 95% F crit 99% 

Treatments 0.379 1 0.379 5 .955 0.0 1 9  2 .835 4.085 7.3 1 4  
Experimental Error 2.547 40 0.064 

Total 2.926 4 1  
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APPENDIX B, Continued. 

STATISTICAL ANALYSIS OF BY-PRODUCT RELEASE TESTING 

Table B-26 :  Summary of Results From Statistical Analysis. 

Average Mean Confidence 
Loop Treatment Concentration Difference F value Level 

1 Hot Hard CR 0. 3 7 4 
0. 084 1 7 . 5 84 99 

2 Hot Soft CR 0. 45 8 

CR 1 . 048 

CR 0. 45 8 
0.7 09 1 41 . 819 99 

CR 1 . 1 67 

1 Hot Hard CR 0. 37 4 
0. 1 9 3 5 4.7 3 4  99 

3 Hot Hard IR 0. 5 67 

4 Cold Hard CR 1 . 048 
0. 07 1  0.7 1 8 None 

6 Cold Hard IR 0.977 

3 Hot Hard IR 0. 5 67 
0. 41 5 3 . 3 57 99 

6 C old Hard IR 0.977 
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APPENDIX B, Continued 

Table B-27: Equilibrium System Calculations 
By-product Release Testing. 
(Cold Hard Water) 

Water Analysis pH = 
15  Alkalinity = 

288. 1 5  Alkalinity = 

8.14 

Cations 

Anions 

Ca++ 

Mg++ 

Na+ 

K+ 

Fe++ 

HCO3-

co3= 

Temp., C = 
Temp., K =  

mg/1 
81 
38 
18 
0 
0 
0 
o · 

Alk, CaCO3 177 
So4= 225 
er 1 2  

NO3- 0 
V 0 

Sum Cations = 
Sum Anions = 

Total Hardness = 

Mol. wt mmol/l 
40. 1 2 .020 

24 .3 1 .5 64 

23 .0 0.783 

39. 1 0.000 

55 .8  0.000 

6 1 .0 0.000 

60 .0 0.000 
1 00.0 1 .770 

96. 1 2 .34 1 

35 .5  0 .338  

62 .0 0.000 

1 9 .0 0.000 

7 .95 meq/1 
8 .56 meq/1 

1 77 mg/1 as CaCO3 

0.00354 meq/1 

meq/1 
4.040 2 

3 . 1 28 2 

0 .783 1 

0.000 1 

0.000 2 

0.000 1 

0.000 2 
3 . 540 2 

4.683 2 

0 .338 1 

0 .000 1 

0.000 1 

Sum cz2 = 

358 mg/1 as CaCO3 
(Ca & Mg) 

CZ 

0.00808 

0.00626 

0.00078 

0.00000 

0.00000 

0.00000 

0.00000 
0.00708 

0.00937 

0.00034 

0.00000 

0.00000 

0.03 1 90 

Ionic Stren th Calculations 
E A I log gm log gd gm gd 

8 1 .883 0.5035 0.0 1 60 -0.0549 -0.2 1 94 0.88 1 3  0.6033 

Equilibrium Constant Calculations Water Equilibrium Calculations 
( corrected for tern erature and ionic stren th .-----........ ----

K i K2 Kw Ks [H+] [Off] 
4.90E-07 5 . 83E- 1 1 5 . 33E- 1 5  1 . 1 6E-08 8 .22E-09 6.49E-07 

A "d"t C I I f Cl I :y a cu a 10ns 
p s t 

1 .0336 -6.4 1 E-07 1 .0 142 

Carbonate System Calculations 
Component mol/1 mg/1 as CaCO3 

H2CO3 0.000059 5 . 855 

HCO3- 0.003490 1 74 .493 

CO3= 0.000025 2 .475 

Acidity, eq/1 

0.003 6 1  

meq/1 

0. 1 1 7 

3 .490 

0 .049 

Buffer Intensity Calculations 
a1 equiv/unit pH.I 

0.9767 0.0001 9  

Langelier lode: 0.6390 

CCPP = 1 5 .700 
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APPENDIX B, Continued 

Table B-28:  Equilibrium System Calculations 
By-product Release Testing. 
(Cold Soft Water) 

Water Analysis pH = 8.24 

Cations 

Anions 

Ca++ 

Mg++ 

Na+ 

K+ 

Fe++ 

HCO3-

Co3= 

Temp., C = 
Temp., K =  

mg/I 

0.3 

0.1 

171 

0 

0 
0 

o · 

Alk, CaCO3 185 

SO4= 187 

er 12  

NO3- 0 

V 0 

Sum Cations = 
Sum Anions = 

Total Hardness = 

15 Alkalinity = 
288 . 1 5  Alkalinity = 

Mol. wt mmol/1 

40. 1 0.007 

24.3 0.004 

23 .0 7.435  

39. 1 0.000 

55 .8  0 .000 

6 1 .0 0.000 

60.0 0.000 
1 00.0 1 .850 

96. 1 1 .946 

35 .5  0 .338 

62.0 0.000 

1 9.0 0.000 

7.46 meq/1 
7 .93 meq/1 

185 mg/I as CaCO3 

0.0037 meq/1 

meq/1 

0.0 1 5  2 

0.008 2 

7.435 1 

0.000 1 

0.000 2 

0.000 1 

0.000 2 
3 .700 2 

3 . 892 2 

0 .338 1 

0.000 1 

0.000 1 

Sum cz2 = 

1 mg/1 as CaCO3 
( Ca & Mg) 

CZ 

0.00003 

0.00002 

0.00743 

0.00000 

0.00000 

0.00000 

0.00000 
0.00740 

0.00778 

0.00034 

0.00000 

0.00000 

0.02300 

Ionic Stren th Calculations 
E A I log gm log gd gm gd 

8 1 . 883 0.5035 0.0 1 1 5  -0.0476 -0. 1 905 0.8962 0.6450 

Equilibrium Constant Calculations Water Equilibrium Calculations 

K1 
4.74E-07 

K2 
5 .45E- 1 l 

( corrected for tern erature and ionic stren th 
,_ .......... ......,... ______ _ 

Kw Ks [H
+
] [Of

f

] 
-----------

5 . 1 6  E- l 5 1 .02E-08 6.42E-09 8.04E-07 '--------'-------'-------------...... 
Acidity Calculations 

p s t 

1 .027 1  -7.97E-07 1 .0 1 70 

Carbonate System Calculations 

Component mol/1 mg/I as CaCO3 

H2CO3 0.000049 4.929 

HCO3- 0.003637 1 8 1 .872 

CO3= 0.00003 1 3 .089 

Acidity, eq/1 

0.00374 

meq/1 

0.099 

3 .637 

0.062 

Buffe I . C l r ntensity a culations 

a 1  equiv/unit pH.I 

0.9784 0.000 1 9  

Langelier lode: - 1 .6369 

CCPP = -9.9 1 0  
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Table B-29: Equilibrium System Calculations 
By-product Release Testing. 
(Hot Hard Water) 

Water Analysis pH = 7.96 

Cations 

Anions 

Ca++ 

Mg++ 

Na+ 

K+ 

Fe++ 

HCO3-

Co3= 
Alk, CaCO3 

SO4= 
er 

NO3-

F 

Temp., C = 

Temp., K =  

mg/I 
83 
44 

19 
0 
0 
0 
0 

171 
225 
12 
0 
0 

Sum Cations = 

Sum Anions = 

Total Hardness = 

55 Alkalinity = 

328. 1 5  Alkalinity = 

Mol. wt mmol/1 
40. 1 2 .070 

24.3 1 . 8 1 1 

23 .0 0.826 

39. 1 0.000 

55 .8 0.000 

6 1 .0 0.000 

60.0 0.000 

1 00.0 1 .7 1 0  

96. 1 2.34 1 

35 .5 0 .338 

62 .0 0.000 

19 .0 0.000 

8.59 meq/1 
8.44 meq/1 

171 mg/I as CaCO3 

0.00342 meq/1 

meq/1 
4. 1 40 2 

3 .62 1  2 

0.826 1 

0.000 1 

0.000 2 

0.000 1 

0 .000 2 

3 .420 2 

4 .683 2 

0 .338 1 

0.000 1 

0.000 1 

Sum cz2 = 

3 88 mg/I as CaCO3 ( Ca & Mg) 

CZ 

0.00828 

0.00724 

0.00083 

0.00000 

0.00000 

0.00000 

0.00000 

0.00684 

0.00937 

0.00034 

0.00000 

0.00000 

0.03289 

Ionic Stren th Calculations 
E A I log gm log gd gm gd 

68.300 0.5439 0.0 1 64 -0.0600 -0.240 1 0.8709 0.5753 

Equilibrium Constant Calculations Water Equilibrium Calculations 
corrected for tern erature and ionic stren th 

,-----..__.,..._"""'T"'" ___ ___, 

K 1 K2 Kw Ks [H
+
] [Of

f
] 

6.75E-07 1 . 1 6E- 1 0  8. 85E- 14 6. 1 3E-09 1 .26E-08 7.03E-06 

A "d" C l I f Cl Ity a cu a 10ns 
p s t 

1 .0373 -7.02E-06 1 .0 1 85 

Carbonate System Calculations 
Component mol/1 mg/1 as CaCO3 

H2CO3 0.000062 6.250 

HCO3- 0.00335 1 1 67 .555 

CO3= 0.00003 1 3 .094 

Acidity, eq/1 

0 .00347 

meq/1 

0. 1 25 

3 .35 1 

0.062 

Buffer Intensity Calculations 
a 1  equiv/unit pH.I 

0.9729 0.00023 

Langelier lode: 1 .0279 

CCPP = 33.64 1  



15 5 

APPENDIX B, Continued 

Table B-30: Equilibrium System Calculations 
By-product Release Testing. 
(Hot Soft Water) 

Water Analysis pH = 
55 Alkalinity = 

328. 1 5  Alkalinity = 

8.26 

Cations 

Anions 

Ca++ 

Mg++ 

Na+ 

K+ 

Fe++ 

HCO3-

Co3= 

Temp., C = 

Temp., K =  

mg/I 
0.6 
0.4 

182 
0 

0 
0 
o· 

Alk, CaCO3 174 
so4= 215  
er 12  

NO3- 0 
F 0 

Sum Cations = 

Sum Anions = 

Total Hardness = 

Mol. wt mmol/1 
40. 1 0.0 1 5  

24.3 0 .0 1 6  

23 .0 7 .9 1 3  

39. 1 0.000 

5 5 . 8  0.000 

6 1 .0 0.000 

60.0 0.000 
100.0 1 .740 

96. 1 2.237 

35 .5 0 .338 

62 .0 0.000 

1 9.0 0.000 

7.98 meq/1 
8.29 meq/1 

1 7  4 mg/I as CaCO3 

0.00348 meq/1 

meq/1 
0.030  2 

0.033 2 

7 .9 1 3  1 

0 .000 1 

0 .000 2 

0.000 1 

0 .000 2 
3 .480 2 

4 .475 2 

0 .338 1 

0.000 1 

0.000 1 

Sum cz2 = 

3 mg/I as CaCO3 
( Ca & Mg) 

CZ 

0.00006 

0.00007 

0.00791  

0.00000 

0.00000 

0.00000 

0.00000 
0.00696 

0.00895 

0.00034 

0.00000 

0.00000 

0.02429 

Ionic Stren th Calculations 
E A I log gm log gd gm gd 

68.300 0.5439 0.0 1 2 1  -0.0527 -0.2 1 07 0.8858 0.6 1 57 

Equilibrium Constant Calculations Water Equilibrium Calculations 
( corrected for tern erature and ionic stren th 

r--.......... """"':'--"""T-"-------, 

K 1 K2 Kw Ks [H+] [Off] 
6.53E-07 1 .09E- 1 0  8.55E- 14  5 .35E-09 6.20E-09 l .38E-05 

Acidity Calculations 
p s t 

1 .0 1 90 - l .38E-05 1 .0350 

Carbonate System Calculations 
Component mol/1 mg/1 as CaCO3 

H2CO3 0.000032 3 . 1 84 

HCO3- 0.003349 1 67 .447 

CO3= 0.000059 5 . 864 

Acidity, eq/1 

0.00340 

meq/1 

0 .064 

3 .349 

0. 1 1 7 

Buffer Intensity Calculations 
a 1  equiv/unit pH.I 

0.9737 0.00024 

Langelier lnde: -0.7687 

CCPP = 9.427 
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