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Abstract 

 

Chemical Usage and Savings at the Austin Water Utility Water 

Treatment Plants 

 

Matthew Francis Dobbertien, M.S.E. 

The University of Texas at Austin, 2012 

 

Supervisor:  Desmond Lawler 

 

The goal of this research was to maintain excellent water quality at reduced 

chemical operations cost. Chemical usage data at the Austin water treatment plants were 

examined by identifying trends and investigating suspected inefficiencies. The 

investigation consisted in jar test experiments, plant-scale experiments, and equilibrium 

modeling. Lime and ferric sulfate were suspected to be added inefficiently with respect to 

cost while the other treatment chemicals were assessed to be added efficiently. Lime was 

investigated in greater depth than ferric sulfate because ferric sulfate was better 

characterized in its effect on finished water quality within the range of interest.  

The goal of lime addition is to remove hardness from the water by a process 

called lime softening. Hardness removal decreases corrosion in transmission lines and 

prevents deposition of unwanted solids in household appliances. Additionally, lime 

softening aids in particle removal and disinfection-by-product precursor reduction. The 

efficiency of lime addition was evaluated based on settled water pH and causticity goals, 
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which serve as the operating parameters for the water treatment plants. The most efficient 

lime softening occurs when multiple softening goals are simultaneously achieved. 

First, the dissolved calcium concentration must achieve a minimum. Second, the 

dissolved magnesium concentration must be reduced by at least 10 mg/L as CaCO3. 

Third, total alkalinity must be preserved at its maximum concentration while also 

achieving excellent hardness removal. Fourth, natural organic matter (NOM), which 

serves as a precursor for disinfection-by-products, must be removed sufficiently to 

achieve DBP reduction goals. Finally, the turbidity in the effluent from the settling basin 

must be below 2.0 NTU. Through the chemical investigation of lime based on existing 

scientific literature, computer modeling, jar test experiments, and full-scale testing, it was 

determined that the optimal condition operating condition for lime softening was a settled 

water pH range from 10.0 – 10.1.  
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Chapter 1:  Introduction 

The Austin Water Utility (AWU) operates two water treatment plants (WTP) - the 

Davis and Ullrich WTPs - that take water from Lake Austin on the Colorado River. The 

two WTPs operate independently and have different physical profiles – one with 

conventional flow clarifiers and one with solids contact upflow clarifiers. However, the 

chemical profile of each plant is similar since both plants treat water from the same 

source and use the same eight chemicals. The treatment chemicals include chlorine, ferric 

sulfate, lime, fluoride, ammonia, sodium hexametaphosphate, carbon dioxide, and 

(occasionally) powdered activated carbon (PAC).  

1.1 PLANT PHYSICAL PROFILES 

The Albert R. Davis WTP is a conventional flow, rectangular tank plant while the Albert 

H. Ullrich WTP uses solids contact upflow clarifiers which combine several reaction 

steps into a single, circular reactor. The Davis WTP physical profile embodies a 

traditional water treatment plant that separates rapid mix, flocculation, and sedimentation. 

Chemical addition provides a basis for plant hydraulic design. Chlorine is added for 

disinfection in the conveyance pipe between the lake and the plant. Lime, ferric sulfate, 

recycled sludge, and ammonia are added in the rapid mix to remove hardness, turbidity, 

and mitigate the formation disinfection-by-products (DBPs) while PAC is added 

intermittently for taste and odor problems. Carbon dioxide and sodium 

hexametaphosphate (Calgon) are added after settling to prevent further calcium 

precipitation. Finallyfluoride is added before filtration to amend the water for pubic 

dental health. 
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 Turbulent mixing is achieved by abrupt hydraulic changes (baffles) in the rapid 

mix basin to distribute chemicals evenly to the influent water. After the rapid mix, 

recycled sludge is added to the chemical-water suspension to aid in settling and 

precipitation. Flocculation occurs during stages in which mixing intensity is gradually 

decreased over three baffled sections. Solids are removed by gravity separation in the 

two-stage rectangular sedimentation tank. The first chamber removes the majority of the 

solids; the second chamber polishes the clarified supernatant. Dual-media, sand-

anthracite filters remove particles after clarification. 

 The solids contact clarifiers at the Albert H. Ullrich WTP combine rapid mix, 

flocculation, and sedimentation into one basin. The flow pattern of water in the clarifier is 

up into the mixing well, down into the flocculation zone, and back up into the settling 

zone. Specifically, raw water enters the center of the clarifier after chlorine and ferric 

sulfate have been added in conveyance from the lake. The water flows up into the mixing 

well (rapid mix) where lime and ammonia are added. The chemical-water suspension 

flows outward and downward into the skirt (flocculation zone) where solids are recycled 

internally. Finally, the suspension flows out of the skirt and is clarified by gravity as it 

flows up and over the weirs. Dual-media filtration occurs after clarification. 

  The internal recycle in a solids contact clarifier is controlled by the speed of the 

mixing turbine. High turbine speeds create a large head difference through the draft tube, 

thereby encouraging more solids to be lifted into the mixing well before they are wasted 

off the bottom. On the other hand, floc breakup can occur at high mixing intensities 

(turbine speeds). Thus, an ideal turbine speed should be set such that maximum 

efficiency is reached by solids recycle but floc breakup is avoided.  
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1.2 RESEARCH OBJECTIVE 

The Austin Water Utility won the Platinum Award for Utility Excellence in 2010 

from the Association of Metropolitan Water Agencies. Furthermore, in 2009, the 

American Water Works Association (AWWA) decorated the Austin Water Utility’s 

Davis WTP and Ullrich WTP with the 5-yr and 10-yr Director’s Award, respectively. 

The research in this study aims to continue and advance the tradition of excellence for 

Public Water Systems in the Austin Water Utility.   

The goal of this research was to maintain excellent water quality at reduced 

chemical operation costs. Chemical usage data at the Austin WTPs were examined by 

identifying trends and investigating suspected inefficiencies. The investigation consisted 

in jar test experiments, plant-scale experiments, and equilibrium modeling. Consequently, 

operational adjustments and recommendations for future work are suggested.  

1.3 RESEARCH APPROACH 

Of the eight chemicals used, a few were selected for in-depth analysis based on 

criteria that maximized economic and public health benefits. These criteria included 

chemicals that constituted a large portion of the budget, were poorly characterized in their 

effect on finished water quality, and were not tightly regulated at the state or national 

level.  

After a review of the chemical usage and cost data for both Austin WTPs over a 

2-yr period, it became apparent that lime use constituted the largest fraction of the 

chemical budget. The mechanism of action in which lime removes hardness and turbidity 

at the Austin WTPs presented uncertainty which called for a comprehensive and detailed 

evaluation of its use and effect on water quality. Further, the interaction of ferric sulfate, 

lime, and sludge recycle to remove particles in the Austin WTPs was uncertain. Thus, an 

investigation of ferric sulfate and sludge recycle was necessary alongside lime. 



 4 

Chemicals other than lime and ferric sulfate constituted smaller portions of the budget, 

were well characterized in their effect on finished water quality, were closely regulated, 

or a combination of the three. As a result, the other chemicals were not investigated in 

detail. 

To investigate the effect of lime, ferric sulfate, and seed sludge on finished water 

quality, jar tests were performed at the University of Texas at Austin and at the Ullrich 

WTP using different reactor geometries and chemical formulations. After the bench-scale 

studies, a full scale study at the Ullrich WTP analyzed the effect of a revised operating 

rule for lime addition on particle and hardness removal.  

1.4 STRUCTURE 

This report contains six chapters. Background information on lime softening, 

particle removal by ferric sulfate addition, drinking water regulations, and plant 

operational data is provided in Chapter 2. The experimental methods used in the 

laboratory and the operational conditions at the full scale are discussed in Chapter 3. The 

chemical equilibrium model and model results are presented in Chapter 4. The 

experimental results are summarized in Chapter 5. Provided in Chapter 6 are conclusions 

that follow from experimental and model results as well as recommendations expected to 

reduce chemical costs, not water quality. 
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Chapter 2:  Background Information 

In this Chapter, chemical treatment of drinking water is summarized in general 

with a focus on lime softening and particle removal. The regulatory framework for 

chemical treatment is discussed where applicable. Chemical usage and water quality are 

presented for the Davis and Ullrich WTPs. Analysis of chemical usage, cost, and water 

quality establishes a framework on which treatment and cost efficiency can be 

understood.   

2.1 CHEMICAL TREATMENT OBJECTIVES AND  REGULATIONS 

The United States Environmental Protection Agency (US EPA) promulgated the 

National Primary Drinking Water Standards that set maximum contaminant levels 

(MCLs) for contaminants known to be harmful to human health. The MCLs are 

enforceable at the federal level. The US EPA has also published non-enforceable 

secondary drinking water standards for 15 contaminants to improve the aesthetics of 

drinking water. Austin WTPs follow both primary and secondary drinking water 

standards (where applicable). 

Public water systems must remove harmful constituents of the following 

categories: microbial pathogens, inorganics, radionuclides, organics, and disinfectants. 

Disinfection-by-products (DBPs), formed by the reaction of natural organic matter 

(NOM) with chemical disinfectants, must not exceed prescribed MCLs.   

2.1.1 Disinfection and DBP Reduction by Chloramination 

 Chlorine, pathogens, and DBPs are regulated by the US EPA.  By national 

regulations, the chlorine residual may not exceed 4.0 mg/L, and sufficient chlorine 

contact time must be provided to ensure that positive tests for total coliform in any month 

do not exceed 5%; no positives may occur for fecal coliforms. The concentration of free 



 6 

chlorine multiplied by the contact time, or CT, must be sufficient for 3-log inactivation of 

Giardia lamblia and 4-lof inactivation of viruses according to the EPA’s Surface Water 

Treatment Rule (SWTR). (US EPA, 1989) At the AWU, ammonia is dosed after chlorine 

to reduce the formation of DBPs by chloramine formation. Aqueous chlorine reacts with 

ammonia in a step-wise process that forms monochloramine (NH2Cl), dichloramine 

(NHCl2), and nitrogen trichloride (NCl3) by equations 2.1 - 2.3 

                      (2.1) 

                        (2.2) 

                       (2.3) 

Once all the applied chlorine has combined with ammonia, further increasing the chlorine 

dose results in free aqueous chlorine. The point where free chlorine increases after it has 

combined with ammonia is called the breakpoint as shown in Figure 2.1. The breakpoint 

occurs at a Cl2: NH3 ratio of 7.6. 

 
 

Figure 2.1: Chloramine Breakpoint Chemistry 
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Monochloramine (NH2Cl) and dichloramine (NHCl2) are called combined chlorines. 

Combined chlorines exist at low Cl2: NH3 ratios below the breakpoint. After the 

breakpoint, DBP reduction no longer occurs because free chlorine reacts with NOM 

instead of ammonia.  

Chloramines are more chemically stable than free chlorine, but they are not as 

powerful at disinfection. The reduced disinfection power of chloramines requires a higher 

CT than free chlorine. However, the stability of chloramines makes them an ideal 

candidate for maintaining chlorine residual in conveyance to consumers. Thus, chlorine is 

often added first to achieve sufficient CT, and ammonia is added later to provide long-

lasting residuals. Since dichloramine (NHCl2) is an unstable form of combined chlorine, a 

Cl2:NH3 ratio of 4:1 is used to form monochloramine and avoid dichloramine formation. 

2.1.2 Preventing Cavities by Fluoridation  

The benefit of adding fluoride to public water supplies is that consistent low level 

exposure prevents demineralization of teeth by naturally-present oral bacteria. In fact, 

when fluoridation was first implemented, the decrease in childhood dental caries 

(cavities) attributable to fluoridation was 50-60%. (U.S. Department of Health and 

Human Services (Center for Disease Control), 2001) EPA regulations state that fluoride 

for the enhancement of public dental health may not exceed a concentration of 4.0 mg/L 

because fluoride is harmful to bone health and potentially carcinogenic at high 

concentrations. The secondary drinking water standard set by EPA for fluoride is 2.0 

mg/L.  

In 1984, the World Health Organization (WHO) conducted a study which noted 

that dental fluorosis (tooth decay by exposure to high levels of fluoride) was associated 

with fluoride concentrations greater than 1.5 mg/L and skeletal fluorosis ensues when 
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concentrations exceed 10 mg/L. Thus, the WHO recommended a 1.5 mg/L maximum 

concentration in drinking water as a guideline to avoid harmful effects. The guideline was 

re-evaluated in 1996 and 2004, but no evidence suggested that it should be revised. 

(World Health Organization, 2006). The CDC Department of Health and Human Services 

recommends a drinking water fluoride concentration of 0.7-1.2 mg/L depending on 

exposure to fluoride from sources other than drinking water.  

Notice the large gap between the WHO and CDC recommendations for fluoride 

addition and the EPA primary drinking water standard. As of January 2011, the EPA 

Office of Water announced its decision to reevaluate the drinking water standards for 

fluoride. In 2006, the National Research Council (NRC) and National Academy of 

Sciences (NAS) published a report for the EPA on orally ingested fluoride based on new 

health and exposure data from 2003. The NRC recommended that EPA update its 

fluoride risk assessment to include the new exposure and health data. The NRC also 

recommended that the public health goal be amended to include protection against pitting 

of tooth enamel, clinical stage II skeletal fluorosis, and bone fractures in addition to the 

current goal for protection against stage III skeletal fluorosis. (National Research 

Council, 2006) 

2.1.3 Particle Removal by Ferric Sulfate, Lime, and Solids Recycle 

Particles in Lake Austin water have like surface charges such that electrostatic 

repulsion occurs between particles. Ferric sulfate is a chemical coagulant used to 

destabilize particles so that they will agglomerate. Ferric sulfate causes particle 

agglomeration first by neutralizing particle surface charges to weaken repulsion and 

second by sweep coagulation in which newly forming precipitates on existing particles 

join with each other to form large flocs. Calcium carbonate and a fraction of particles 
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entering the plant act as sites for new precipitate formation; however, the other influent 

particles are removed by enmeshment in the precipitate. Since calcium carbonate 

formation by lime softening aids in sweep coagulation, lime is known as a secondary 

coagulant.  

Particle attachment is classically described by the Derjaguin, Landau, Verwey, 

and Overbeek (DLVO) theory.  DLVO theory accounts for the attractive Van der Waals 

forces between particles in close proximity and the electrostatic repulsive forces of like-

charged particles in solution. Figure 2.1 shows the attractive and repulsive forces of 

DLVO theory along with the sum of the two forces. The total energy of the particle-

particle interaction describes the favorability of the aggregation of the two particles or 

particle groups. The more negative the total energy, the more favorable the interaction. 

 

 

Figure 2.2: DLVO Particle Interaction at High Ionic Strength 

 In Figure 2.2, the Van der Waals forces are represented by the dashed line below 

the abscissa, and repulsive forces of particle diffuse layers in water are represented above 
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the abscissa. The solid line represents the sum of the two – interpreted as the total energy 

of interaction between two particles. At high ionic strength, the particle diffuse layer is 

compressed and repulsive forces are reduced. There are two regions where the total 

energy is less than zero, favoring particle aggregation. The primary minimum at very low 

particle separation distances represents a strong, irreversible attachment where Van der 

Waals forces are dominant. The secondary minimum, at intermediate particle separation 

distances, represents a weak, reversible attachment.  

 Recycled solids act in two specific ways to assist in physical-chemical removal of 

particles from water. First, recycled solids provide seed particles on which new 

precipitates can form by sweep flocculation. Precipitation occurs in two stages – 

nucleation and crystal growth. Particle seeding reduces the energy spent to form new 

particles by favoring crystal growth and thus speeds up the precipitation reaction. (Nason, 

2006) Second, particle seeding increases the frequency of collisions in flocculation and 

sedimentation; the theory of flocculation states that the rate of flocculation (and the rate 

of collision in flocculant sedimentation) is second order with respect to particle number 

concentration. Collisions in water treatment occur by fluid shear, differential 

sedimentation, and Brownian motion.  

2.1.4 Hardness Removal by Lime Softening 

Calcium hardness removal is the goal of lime softening. Calcium is removed from 

water by addition of hydrated lime, Ca(OH)2, which causes an increase in pH. As more 

carbonate ion, CO3
2-

, becomes available with increasing pH, calcium complexes with 

carbonate, forming calcium carbonate precipitates, CaCO3(s). The precipitation of 

calcium carbonate by lime softening is described chemically by the pH-dependent 

speciation of carbonate and the solution chemistry of calcium carbonate solids.   
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Calcium carbonate has three different morphologies including vaterite, aragonite, 

and calcite in order of increasing stability. Aragonite and calcite are relevant to water 

treatment, and the difference in their morphologies lead to slight differences in the 

chemical equilibrium constants, as indicated in Equations 1 and 2. (Morgan & Stumm, 

1996)
 

                                      
                                               (2.4) 

                                    
                                (2.5) 

When the ion activity product (IAP) ({Ca
2+

}{CO3
2-

}) exceeds the solubility product 

(Kso), precipitate formation is thermodynamically favored. Thus, chemistry says that the 

precipitation of calcium carbonate is driven by calcium and carbonate ion concentrations. 

Available calcium results from the influent water and is enhanced by the addition of lime; 

carbonate is supplied by the alkalinity of the influent water. 

 pH-dependent carbonate speciation is defined by the acid-base reactions of  

carbonic acid. Carbonic acid (H2CO3), resulting from carbon dioxide exchange with the 

atmosphere, is a diprotic acid; thus, the speciation is dictated by the pH, pKw, pKa1, and 

pKa2, as indicated in the following equations.  

 H2O ↔ H
+ 

+ OH
-    

Kw=10
-14

 (2.6) 

H2CO3 ↔ HCO3
-
 + H

+
 Ka1=10

-6.35
 (2.7) 

HCO3
-
↔ CO3

2-
 +H

+
 Ka2=10

-10.33
 (2.8) 

For any of the species in the carbonate system, the concentration in solution can be 

determined by the pH and total carbonate concentration, CT. The fraction which a 
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particular carbonate species contributes to the total, known as its α value, is determined 

by a mass balance on total carbonate using Equations 3, 4, and 5, as shown in Equations 6 

and 7.  

[CT]= [H2CO3] + [HCO3 
-
] + [CO3

2-
] = (α0 + α1 + α2) CT (2.9) 

    
     

  
 

     

                 
 (2.10) 

    
    

 

  
 

      

                 
 (2.11) 

    
   

  

  
 

    

                 
  (2.12) 

According to Equations 3 through 7, a diagram was constructed to show the portion of 

total carbonate that each species contributes to the CT as a function of pH, shown in 

Figure 2.3.  As pH increases, carbonates are de-protonated. At the pKa values, the 

speciation is a half and half mixture of the carbonate species characteristic of the pKa 

while the other specie is negligible (i.e., at pH=6.3, αo≈0.5, α1≈0.5, and α2≈0). 

 

Figure 2.3: Carbonate Species in Water 
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In the context of lime softening, the only carbonate specie of interest is the 

carbonate ion (CO3
2-

). Carbonate does not become relevant until a pH above 9.4 at which 

10% of the total carbonate is carbonate ion. Hence, precipitation can occur at a pH as low 

as 9.4 because the ion activity product (IAP) ({Ca
2+

}{CO3
2-

}=IAP) starts to increase 

rapidly with increasing pH; thereby, causing a spike in the IAP/Kso ratio - the 

oversaturation of calcium carbonate. As pH increases, the carbonate available for calcium 

precipitation starts running out because carbonate is removed by chemical precipitation. 

At some point, further increasing the pH adds calcium hardness and non-carbonate 

alkalinity to the water because the carbonate has been removed. Furthermore, at the 

higher pH range from 10.5 and higher, magnesium hydroxide precipitates significantly.  

2.2 AUSTIN WATER UTILITY PLANT DATA 

The AWU provided water quality, chemical usage, and chemical cost data for the 

period of October 2009 to May 2011, with some data exceeding that range. Interpretation 

of these data summarizes the physical and chemical operation of the plants.  Operational 

statistics provide information about average and extreme conditions, accuracy with 

respect to treatment and efficiency goals, appropriateness of chemical set points, and the 

limitations of the treatment system.  

2.2.1 Water Quality 

The water quality dataset included daily averages for pH, turbidity, calcium 

hardness, and alkalinity. Raw and tap water quality were provided for the period Oct. 

2007 to Aug. 2011. Settled water data for pH and alkalinity were provided from Oct. 

2007 to Feb. 2012. The influent and effluent water quality summarized the overall 

treatment process and its efficiency, while the settled water quality summarized the 

effectiveness of the unit processes upstream of filtration.  
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Raw and Tap 

Since the water quality data were taken over four years, it was possible to depict 

an accurate snapshot of plant operation in recent history, as shown in Table 2.1. Since 

Davis and Ullrich WTPs serve the same population and are fed by the same source, water 

quality variation between plants is not expected; however, small differences are attributed 

to differences in plant hydraulics, operational set points, and the short distance between 

raw water intakes. Further, raw water quality is altered by abrupt and seasonal changes 

including storm events, channel hydraulics, temperature fluctuations, and dissolved ion 

concentrations. Finally, effluent water quality results from raw water chemistry, applied 

chemical doses, and physical treatment processes.   
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Table 2.1: Austin Drinking Water Plants 4-Yr. Daily Data Summary 

 

 Sample Average Median Max Min St. Dev. 
pH 

 

     

DAVIS Raw 8.2 8.2 8.6 7.5 0.4 

 Tap 9.7 9.8 10.0 9.2 0.5 

 

ULLRICH Raw 8.2 8.3 8.5 7.4 0.4 

 Tap 9.6 9.6 10.1 9.1 0.4 

       

 

Turbidity (NTU) 
 

     

DAVIS Raw 4.4 3.3 338.0 1.73 11.7 

 Tap 0.13 0.13 0.33 0.07 0.03 

 

ULLRICH Raw 4.15 3.55 115.0 1.86 4.99 

 Tap 0.08 0.07 1.60 0.04 0.06 

       

 

Calcium Hardness (mg/L CaCO3) 
 

     

DAVIS Raw 116.1 114.0 178.0 90.0 15.8 

 Tap 29.5 29.0 60.0 22.0 4.2 

 

ULLRICH Raw 116.7 114.0 186.0 92.0 16.0 

 Tap 36.0 35.0 85.0 27.0 4.5 

       

 

Alkalinity (mg/L as CaCO3) 
 

     

DAVIS Raw 166.6 165 220 111 12.70 

 Tap 66.0 67 87 40 7.38 

 

ULLRICH Raw 167.2 165 215 134 12.51 

 Tap 65.4 65.0 84 31 6.59 
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Since turbidity is an easily measurable surrogate for general drinking water 

contamination, particle (turbidity) removal is the goal of treatment in Public Water 

Systems. The turbidity goal at the AWU was 0.1 NTU in the filter effluent.  However, the 

average tap turbidity at Davis exceeded the goal by 0.03 NTU, while the tap turbidity at 

Ullrich met the goal within 0.02 NTU. Average turbidity removal exceeded 97% at Davis 

and 98% at Ullrich. Thus, filtration was more effective at Ullrich than at Davis. On the 

other hand, average tap calcium hardness was 29.5 mg/L CaCO3 at Davis, but 36.0 mg/L 

CaCO3 at Ullrich. Thus, calcium hardness removal (the goal of softening) was more 

effective at the Davis WTP (75% efficiency) than at the Ullrich WTP (70% efficiency).  

 A major assumption from the onset of this investigation was that the difference in 

raw water quality between plants was negligible. The assumption was verified by the raw 

water data over the past four years; however, turbidity during some extreme events did 

vary significantly between plants. All average and extreme (max/min) raw water pH, 

turbidity, calcium hardness, and alkalinity values were within 5% of each other between 

plants - except for minimum alkalinity (21%) and maximum turbidity (190%). Influent 

turbidity differences between plant extremes were expected because storms and particle 

spikes are inherently unstable and can be caused by runoff in the immediate vicinity of 

each plant’s intake.  

The variability in the raw data was large in comparison to the treated water data, 

which emphasized the consistency of treatment. Variability in finished water quality is a 

sign of inconsistency in operation and treatment which is undesirable. Furthermore, 

chemical differences in finished water quality have potentially catastrophic effects on the 

distribution system. Scale formation on the inside of pipes increases the pumping demand 

exponentially with a decrease in effective diameter, and existing scale can be sloughed 

off if pH varies significantly. Problematic variability in finished water quality was 
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observed for the turbidity at Ullrich WTP. The standard deviation for tap turbidity at 

Ullrich was 0.06 NTU, while the average was 0.08 NTU. Considering that the standard 

deviation was 75% of the average value, problems with consistency occurred. For 

example, when the effluent turbidity reached 1.6 NTU, the National Primary Drinking 

Water Standards were violated. Otherwise, variability in finished water pH, calcium 

hardness, and alkalinity were minimal.  

Settled Water 

Settled water data were limited because the procurement and reporting of these 

data was optional. However, the Davis WTP monitors settled water pH and alkalinity, 

while the Ullrich WTP monitors pH, causticity, and alkalinity. Optimizing the lime 

softening process requires the achievement of turbidity and hardness goals by controlling 

the pH and solids content. The targeted turbidity, causticity, total alkalinity, and hardness 

are achieved by manipulating the solids content and the pH.  Lime feed and solids recycle 

dictate the pH and solids content of the treatment system.  

 At the Davis WTP, lime is added to target a settled water pH of 10.1-10.2. Solids 

are recycled continuously to the rapid mix from the settled solids holding tank, which is 

mixed by diffused air. The solids content of the recycle stream is maintained at 10% by 

regulating the portion of flow to the centrifuges for dewatering and disposal. The solids 

content of the rapid mix after solids addition was measured at 0.18% or 1800 mg/L for an 

average day. The settled water pH and alkalinity were reported over a five year period 

from Oct. 2007 – Feb. 2012. Table 2.2 presents summary statistics for settled water pH 

and alkalinity over the full time period of reported data for Davis WTP as well as from 

Jan. 2011- Dec. 2011 to coincide with the time frame of data reported for Ullrich WTP.  
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Table 2.2: Davis WTP Settled Water Quality 

 Average Median Max Min St. Dev 

pH (’07-‘12) 10.18 10.17 10.63 9.64 0.85 

Alkalinity (’07-‘12) 63.5 64.0 79.9 38.8 8.40 

pH (’11) 10.14 10.14 10.52 9.68 0.55 

Alkalinity (’11) 67.6 67.3 79.9 54.0 4.23 

 

 The daily average pH of operation at the Davis WTP is in the range from 10.14-

10.18; the standard deviation ranges from 0.55-0.85. The pH does not vary statistically 

with time as the alkalinity does. Variation in settled water alkalinity over time is due to 

changes in influent water chemistry. Higher alkalinities occur at cold temperatures 

because calcium carbonate is more soluble and the reaction rates are slower when the 

water is cold. Even though alkalinity is removed as a function of pH, different settled 

water values may be recorded at the same pH due to differences in raw water. On the 

other hand, pH is controlled directly by the addition of lime, so settled pH variation is not 

expected with time.  

 The Ullrich WTP’s lime softening set point targets settled water causticity in the 

range from -8 to -12 mg/L as CaCO3. Although Ullrich WTP does not use pH as the 

primary operating parameter for lime softening, it is recorded as a secondary reference 

point. Further, alkalinity is recorded as a component of causticity and as a first cut 

measurement for the carbonate in the system. Table 2.3 shows summary statistics for pH, 

causticity, and alkalinity for Jan. 2011- Dec. 2011. The summary statistics illustrate the 

average and extreme condition as well as the variability for daily measurements. 
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Table 2.3: Ullrich WTP Settled Water Quality 

 Average Median Max Min St. Dev. 

pH (’11) 10.27 10.27 10.53 9.98 0.11 

Alkalinity (’11) 68.3 67.7 80.1 58.9 4.33 

Causticity (’11) -4.20 -4.20 6.56 -17.5 3.10 

 

The average causticity is outside of the target range from Table 2.3. However, the 

mismatch between the target and actual causticity is not a result of inconsistency of 

operation since the standard deviation is small compared to the range targeted. In fact, if 

the data are assumed as normally distributed, approximately 68% of settled water 

causticity measurements range from -7.30 to -1.10 (actual value from the sample set is 

74%). Thus, missing the target causticity is thought to be a result of procedural error in 

process control, not random variation.  

On another note, the average pH of the settled water is 10.27 at Ullrich WTP 

compared to 10.14 at Davis WTP. A settled water pH of 10.14±0.05 corresponds to the 

target causticity of -10±2 mg/L as CaCO3 at Ullrich WTP. Thus, Davis achieved the 

targeted causticity by regulating lime addition on pH, and Ullrich did not. However, the 

standard deviation in pH is much less at Ullrich than at Davis. Thus, the Ullrich WTP 

operations staff has sufficient control of the process pH (causticity) to achieve the 

chemical set point of causticity = -10±2 mg/L as CaCO3 or (Cornwell & Bishop, 1983)= 

10.14±0.5 with far greater accuracy than observed in 2011.  

As mentioned previously, solids recycle is the only other variable that can be 

controlled with respect to optimizing the lime softening process. Solids recycle at the 

Ullrich WTP is regulated by the volumetric solids content of the mixing well - a target 
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range from 4%-6%. If the solids are too sparse, sludge drains are shut off; if solids are too 

abundant, sludge is pumped off to the holding tank. The behavior of solids characterized 

by a single volumetric measurement can be erratic. For example, a volumetric 

measurement of 1%-2% in the mixing well can occur for a compacted, viscous sludge 

that cannot be pumped through the draft tube or for a sparse and lightly viscous sludge 

that is easily moved through the draft tube. Thus, operator experience also plays a role in 

solids recycle. A well-trained operator can look at the recent history of solids pumping, 

settled water turbidity, and mixing well solids content to gain a better understanding of 

the mass and behavior of the solids currently in the system. Improper solids recycle 

causes turbidity spikes by shifting the mechanism of particle aggregation away from 

sweep floc (too few solids) or by transport of compacted solids into the settling zone (too 

many solids).  

2.2.2 Chemical Usage & Cost  

For a twenty month period from Oct. 2009 to May 2011, chemical usage, raw 

pumpage, and cost per volume treated were reported on a monthly average basis by 

chemical. From these data, it was possible to determine the chemical doses, the cost of 

treatment, and temporal variation in chemical usage. Comparisons in cost and chemical 

usage were made between plants and over time. It was necessary to normalize the cost of 

treatment by the volume of water treated in order to equate chemical costs at different 

flow rates. Chemical treatment was isolated to identify where chemicals were used 

inefficiently, determine areas for future study, and better understand the effect of 

chemical addition on water quality. 
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Cost by Chemical 

 To compare chemical treatment costs between plants, an average value was 

calculated for the entire 20-month span over which data were reported. The sums of the 

monthly costs for each chemical were divided by the total pumpage to find the average 

cost per million gallons treated. Figure 2.4 shows the cost to treat the water by each 

chemical at both Austin WTPs. The sum of all individual costs for chemical addition 

averaged $109.58/MG at the Davis WTP with an average flow of 58.6 MGD and 

$118.53/MG at the Ullrich WTP with an average flow of 67.7 MGD.  

 

 

Figure 2.4: Chemical Costs per Volume Treated for at Austin WTPs 

 To determine which chemicals were selected for laboratory investigation, the 

contribution of each chemical to the total budget was considered. Other considerations 

included uncertainty in optimal dosing for the achievement of water quality goals and 

room for change in the written regulations. With the chemical budget in mind, the portion 

which lime contributes cannot be ignored. On average, lime addition constituted 50% - 
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52% of the chemical budget for each plant. Thus lime was selected as a chemical of 

interest for investigation. Further, lime fit the profile of the other selection criteria. First, 

the effect of lime addition on finished water quality is not fully understood or thoroughly 

defined with respect to particle and hardness removal. Second, regulations allow 

sufficient room for change as long as the turbidity and hardness are maintained at or 

below current levels.  Ferric sulfate and PAC were also a good fit for investigation. 

Chemical costs were determined by the amount added and its unit cost. The unit 

cost takes on significance because mass equivalents cannot be substituted for cost 

equivalents. For example, the average cost of lime is $0.06/lb while the average cost of 

ferric is $0.31/lb from Oct. 2009 to May 2011. Accordingly, a 1.0 mg/L change in ferric 

dose is the economic equivalent of a 5.2 mg/L change in lime feed.  Figure  2.5 shows the 

unit cost of each chemical calculated by dividing the total mass by the total cost over 

twenty months.   
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Figure 2.5: Unit Cost of Chemicals at Austin WTPs 

Variability of unit chemical costs between plants was not expected because the 

market for purchasing chemicals does not change between plants.  However, the unit cost 

of chlorine gas at Davis was $0.28/lb while the cost at Ullrich was $0.48/lb - a 58% 

difference. The reason for this difference is unknown, but it was important to consider 

when comparing usage and cost data between the plants. For chemicals other than 

chlorine, relative cost and dose and dose could be equated.  

Chemical Dose  

 Chemical usage and raw water pumpage were used to calculate the average dose 

for each chemical. The data were reported in units of pounds for weight and million 

gallons for volume. A conversion factor of 8.34      

    
 was used to convert the English to 

metric units, as metric units are more convenient at the laboratory scale. Figure 2.6 shows 

the average dose for each chemical over the twenty month period except lime; Figure 2.7 

shows the monthly average lime dose. The magnitude of the lime dose dwarfed the scale 

of the other chemical doses rendering differences indistinguishable, so lime was plotted 
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on a larger scale and averaged by month to capture temporal variation resulting from raw 

water changes.  

 

  

Figure 2.6: Average Chemical Doses at Austin WTPs 

  

 

Figure 2.7: Monthly Average Lime Dose at Austin WTPs 
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The Davis WTP averaged a lime dose 115 mg/L and a ferric sulfate dose of 10.5 

mg/L; Ullrich WTP averaged a lime dose of 121 mg/L and 9.29 mg/L ferric sulfate. Since 

Davis adds more ferric and Ullrich adds more lime, it was expected that the settled water 

turbidity would be lower at Davis and the calcium hardness would be lower at Ullrich. 

However, the settled water results were opposite from expectation. Thus, the 

abnormalities in expected chemical behavior were designated as goals for laboratory and 

full-scale investigation of physical and chemical treatment.  
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Chapter 3: Experimental Methods 

Bench-scale experiments (jar tests) were conducted to investigate the effect of 

lime, ferric sulfate, and seed sludge on water quality. Jar tests were performed in two 

different phases to find the optimal lime addition set point for minimization of hardness 

and turbidity. First, experiments were conducted at the University of Texas at Austin 

using laboratory grade calcium hydroxide for lime addition. Ferric sulfate and solids were 

dosed from chemicals supplied by the Ullrich and Davis WTPs, respectively. Second, jar 

tests were performed at the Ullrich WTP using the same chemical formulations as the 

plant and obtaining new raw water for each experiment.  

Full-scale experiments were run at the Ullrich WTP. The experiments examined 

the effect of modifying the lime operating rule to target an optimum pH instead of an 

optimum causticity for the removal of hardness and turbidity. Target pH values were set 

at 10.1, 10.0, and 9.9. 

3.1 RAW WATER COLLECTION AND ADDITION  

3.1.1 UT-Austin 

Source water comes directly from Lake Austin on the Colorado River. For UT-

Austin jar tests, samples of influent water were collected in a 30 liter (L) HDPE jar filled 

to capacity - i.e., head space free. Raw water from the Davis WTP was collected at the 

chemical building after it had been chlorinated in conveyance from the lake to the plant; 

Ullrich WTP raw water was collected prior to chemical addition at the low service 

pumping station, a few feet away from the lake. 

The collected sample was split into 20 1-liter HDPE jars by a 10-way flow splitter 

in two batches; the remaining sample was wasted. A volume of 1.3 L was treated in each 

jar.  Three volumetric flasks designed to hold 1000 mL, 200 mL, and 100 mL were used 
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to measure and dispense the raw water. Raw water was used within 3 days of sampling or 

stored at 4° C for later use. Stored samples were used within a week of storage and 

allowed to equilibrate to room temperature.  

3.1.2 Ullrich Water Treatment Plant 

Raw sample was collected in an Igloo
®

 21.7 L cylindrical cooler with a spout to 

dispense the fresh sample into the reactors. Water was obtained from the low service 

pump station where it was transported back to the laboratory to be analyzed and treated 

by the jar test procedure. A 2000 mL volumetric flask was used to measure and dispense 

the raw water into each reactor.  

3.2 REACTOR DESIGN 

3.2.1 UT-Austin 

The reactors used in the jar tests at the University of Texas at Austin were 

previously designed for the work of Dr. Jeffrey Nason on the particle aspects of 

precipitative softening. Figures 3.1 A and B show the reactor and experiment setup. The 

floating cover was used to minimize CO2 exchange with the atmosphere, which can affect 

precipitation chemistry of calcium carbonate.  The two 1.8 L-acrylic vessels had a square 

bottom of 5 ¼” and were 5” tall.  
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Figure 3.1: Covered Reaction Vessel and Experimental Setup for UT-Austin Jar Tests 

Each reactor came equipped with seven ports for sampling, measurement, and 

chemical addition. The experiments in this study called for only three ports; thus, the 

ports on the front face were chosen because of their accessibility, customization for pH 

A 

B 



 29 

measurement, and location at mid-depth in the reactor. The sampling port was designated 

at mid-depth to minimize extraction of settled particles. The sampling, pH, and chemical 

addition ports measured ¼”,   ⁄ ”, and    ⁄ ”, respectively. Each chemical addition port was 

covered by a   ⁄ ” septum which allowed for chemical injection by a syringe and needle. 

The construction plans for the reactors is included in Appendix 1. 

3.2.2 Ullrich WTP 

The reactors used for the jar tests at the Ullrich WTP were supplied by the 

manufacturer of the gang stirrer - Phipps and Bird. The reactors, called B-KER
2®

 jars, 

were square vessels designed to treat 2 L of raw water. Figures 3.2 A and B show the 

dimensions and sampling method for the B-KER
2® 

jars as well as the jar test apparatus. 

 

 

 

Figure 3.2: B-KER
2® 

Jar Dimensions and Sampling Method 

B 

A 
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 Although not included in the illustration, the reactors were also equipped with 

floating covers to eliminate CO2 exchange. Six independently dosed reactors were used 

in each experiment.  

3.3 CHEMICAL DOSING 

3.3.1 UT-Austin 

Bench-scale lime doses were applied as laboratory grade hydrated lime – 

Ca(OH)
2.  At the plant, lime is slaked to hydrated lime by addition of water before it is 

introduced into the bulk aqueous phase. Equation 3.1 summarizes lime hydration. 

 

                              (3.1) 

 

Lime at the plants varies in its purity from 90 to 95 % calcium oxide (CaO).  

Thus, a conversion and purity factor were necessary in converting plant doses to the 

bench scale. Equation 3.2 shows the conversion between lime doses. 

 
                   

              
 

                            

      
     (3.2) 

 

The mass of hydrated lime was measured on a balance accurate to 10
-5 

grams. The 

weighed mass of lime was transferred into a 30 mL glass beaker by a dilution to 20 mL 

with distilled, de-ionized (DDI) water. The resulting lime slurry was dosed into the 

reactor by injection with a 20 mL syringe.  

A 43% ferric sulfate solution (density 1.59 g/mL), was obtained from Ullrich 

WTP to dose ferric sulfate at UT-Austin. The raw solution from the plant was diluted 
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1:100 by volume (1:159 by weight) to form a diluted stock solution. Only a small volume 

of solution was necessary to achieve the required dose range of 0-22 mg/L as Fe2(SO4)3 

solution. Thus, ferric sulfate was injected with a 5 mL syringe and 18G needle.  Equation 

3.3 calculates the volume of stock solution required to achieve the target dose.  

 

                           
             

  

 
                

                              
   (3.3) 

 

It is important to note that the units on the ferric sulfate dose are mg/L as 

Fe2(SO4) solution. Recording the ferric dose as mg/L of solution is convenient at the 

plant scale because it is delivered as solution; however, measuring the dose as solution is 

counterintuitive chemically. For example, a dose of 11 mg/L is not the same application 

of ferric coagulant if the solution is 43% Fe2(SO4) as opposed to 45% Fe2(SO4). For the 

sake of consistency with the plant, laboratory ferric doses are reported as mg/L of 

Fe2(SO4) solution.  

Recycle solids of concentration 10,000-20,000 mg/L were obtained from the 

recycle line at the Davis WTP.  The total solids concentration of each sample was 

measured by Method 2540 B in Standard Methods. The recycle sludge was dosed based 

on the measured suspension concentration of 0.18% in the rapid mix at Davis WTP. 

Equation 3.4 shows the calculation of the amount of solids needed to achieve the desired 

solids dose.  

                      
    

  

 
           

  

 

                     (
  

 
)
                 (3.4) 

 The value of 0.18% solids was determined from an average of three 

measurements of the solids content in the rapid mix at the Davis Water Treatment Plant. 

The solids were transferred from storage into the reactor using a 30 mL syringe with a 
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wide mouth pipette. As the solids were drawn into the syringe, the storage container was 

stirred vigorously to homogenize the sample.  

3.3.2 Ullrich Water Treatment Plant 

While the lime used at UT-Austin was a laboratory grade reagent, lime used for 

the jar tests at Ullrich WTP was dosed as a diluted stock solution obtained directly from 

the plant slakers. Slaked lime from the batch slaking system was volumetrically diluted 

1:10 (1:12.1 by mass) to yield a 1.8% quicklime solution. The volume of stock solution 

necessary to achieve the targeted lime dose was calculated by dividing the target reactor 

concentration by the concentration of the stock solution.  The specific gravity of the 

slaked lime slurry was used to convert between volume and mass doses as shown in 

Equation 3.5, while the required volume of stock solution was determined by Equation 

3.6.   

 

               (
  

 
    )   
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)    

          (3.5) 

 

                                
                 (

  

 
)    
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                        (3.6) 

 

 Using a 30 mL syringe, lime was measured and dosed into the reactor after ferric 

and solids addition. After lime addition, the reactors were immediately covered and 

mixed. Thus, there was a small time delay between chemical addition and turbulent 

(rapid) mixing. 

Ferric sulfate was dosed to achieve 12 mg/L in all jars. At the time of 

experimentation, 12 mg/L was the average dose at the plant rounded to the nearest whole 
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number. To prepare the stock solution, 43% (430,000 mg/L) Fe2(SO4)3 solution was 

obtained by syringe from the top of the ferric sulfate pump calibration cylinders. The as-

delivered Fe2(SO4)3 solution of specific gravity 1.54 was diluted 1:100 by weight, 

resulting in a dilute 10,000 mg/L stock. A volume of 2.4 mL stock solution was injected 

into 2000 mL of raw water to achieve a dose of 12 mg/L.  

Solids were obtained by grab sampling from the solids retention basins, designed 

to store and mix the settled solids from the upflow clarifiers before centrifugation. Solids 

in the retention basins ranged from 13%-17% as measured by a moisture balance. The 

solids dose for the jar tests was 1% since that is the target concentration in the mixing 

well of the upflow clarifiers at Ullrich WTP.  

Each experimental dose was modified according to the average solids content of 

the grab sample on that day. Since the solids content was relatively uniform, the 

procedure consisted of adding 100 mL of solids to the reactor with a 100mL volumetric 

flask. However, it was necessary to remove the space available in the volumetric flask 

beyond 100 mL for accurate volumetric measurement. The viscosity and opacity of the 

solids suspension prevented accurate discernment of when the flask had reached its 

marked volume. In the case where the solids dose was not 100 mL, a syringe was used to 

measure the volume dose. Seed sludge (solids) was dosed directly into the reactors after 

ferric sulfate addition. 

3.4 MIXING AND SETTLING 

The mixing scheme for both jar test procedures was identical between UT-Austin 

and Ullrich WTP jar tests. The rapid mix lasted for 90 seconds at a G value of 

approximately 110 s
-1. 

The flocculation stage occurred for 30 minutes at a G value of 

approximately 50 s
-1

. These two conditions corresponded to rotational speeds of 100 and 
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45 rpm on the standard jar test apparatus, respectively.  The G value was estimated from 

the rotation speed and shape of the paddles used for mixing.  Cornwell and Bishop in 

1983 estimated G in square-bottom jars with rectangular paddles observing a log-log 

relationship between paddle rotation speed and G. Figure 3.3 shows the relationship 

between G and motor speed observed by Cornwell and Bishop (1983). 

 

 

Figure 3.3: Motor Speed and G Value in Square Jars with Rectangular Paddles (adapted 

from Bishop and Cornwell 1983) 

 The reactors were allowed to settle quiescently for 180 minutes at UT-Austin 

before samples were extracted for analysis; however, settling occurred at the Ullrich 

WTP for only 60 minutes. The shorter settling time occurred at the plant because jar tests 

and water quality analyses were completed within a 4-hour span – the gap between grab 

sample analyses at the plant. It was optimal to reproduce plant settling times of around 3 

hours; however, traffic in the laboratory was prohibitive.  
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3.5 MEASUREMENT OF WATER QUALITY 

Measurements needed for the understanding how chemical doses affected settled 

water quality included pH, turbidity, alkalinity, calcium hardness, magnesium hardness, 

total hardness, and causticity. 

3.5.1 pH 

pH was measured by an Orion 81- 87 ROSS
© 

Sure Flow
™

 semi-micro pH 

electrode at UT- Austin and an Orion pH electrode with an internal reference at Ullrich 

WTP. The pH electrodes were calibrated daily using buffers of pH 4.01, 7.00, and 10.01. 

The pH was measured constantly with time at UT-Austin; however, pH was not measured 

until after settling had occurred in the experiments conducted at Ullrich WTP.  

3.5.2 Alkalinity 

Total and phenol alkalinity were measured using Method 2320 B in Standard 

Methods (Eaton, Clesceri, Rice, & Greenberg, 2005). Hydrochloric acid (HCl) of 0.02 N 

concentration was used as the titrant at UT-Austin while standardized 0.02 N H2SO4 was 

used at the Ullrich WTP. End points for phenol and total alkalinity were determined as 

the points near pH 8.3 and 4.3 where the steepest change in pH occurred with acid 

addition.  Causticity was calculated according to Equation 3.7 in Table 2320: II of 

Standard Methods (Eaton, Clesceri, Rice, & Greenberg, 2005). 

 

                                                     (3.7) 

3.5.3 Turbidity 

Turbidity was measured using a digital turbidimeter on a sample of 30 mL by 

Method 2130 B (Eaton, Clesceri, Rice, & Greenberg, 2005). Turbidity was measured for 
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the settled water in bench-scale experiments using a Hach Digital Turbidimeter Model 

2100 AN. 

3.5.4 Hardness 

Hardness was assumed to consist only of calcium and magnesium in the waters 

analyzed. Calcium and magnesium were measured by titration with EDTA for 

experiments at the Ullrich WTP and by Inductively Coupled Plasma- Optical Emission 

Spectrophotometry at UT- Austin. 

Titration 

Both total and calcium hardness were measured by titration; magnesium was the 

difference between the two. EDTA was used to titrate a buffered 100 mL sample using a 

Murexide (ammonium purpurate) indicator to measure calcium by Method 3500- Ca B 

(Eaton, Clesceri, Rice, & Greenberg, 2005). Total hardness was also measured by EDTA 

titration; however, the indicator in this case was Erichrome Black T and the solution was 

buffered to pH 10 ± 0.1 according to Method 2340 C (Eaton, Clesceri, Rice, & 

Greenberg, 2005).  

ICP-OES 

Inductively Coupled Plasma-Optical Emission Spectrophotometry (ICP-OES) was 

used to measure the concentration of calcium and magnesium in filtered and acidified 

samples by Method 3120 B (Eaton, Clesceri, Rice, & Greenberg, 2005). Treated water 

samples were filtered and acidified to prevent dissolution of solids into the aqueous phase 

or precipitation of solids out of the aqueous phase. The ICP-OES measured calcium at 

emission wavelengths of 422.7, 317.9, and 315.9 nm; magnesium was measured at 

wavelengths of 279.1, 279.6, and 285.3 nm. Standard solutions of calcium and 

magnesium were prepared using laboratory grade 1000 ± 5 mg/L Ca and Mg solutions 
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diluted 1:10. Stock solutions were combined in different ratios with DDI according to 

Table 3.1 to render a standard curve that measured calcium up to 50 mg/L and 

magnesium up to 25 mg/L. 

Table 3.1: Standard Solutions for the Calibration of ICP-OES 

Standard 

Ca: Mg Ratio 

(mg/L Ca: 

mg/L Mg) 

100 mg/L 

Calcium Stock 

(mL) 

100 mg/L 

Magnesium  

Stock (mL) 

DDI Water 

(mL) 

BLANK 0:0 0 0 100 

1 10:5 10 5 85 

2 20:10 20 10 70 

3 30:15 30 15 55 

4 40:20 40 20 40 

5 50:25 50 25 25 

 

The standard curve was formed internally by the Varian ICP-OES and would not 

calibrate unless the R
2
 statistic of the curve was at least 99.5%. The final concentration of 

each ion was determined by averaging the measurements at all three wavelengths. Total 

hardness was calculated by the addition of magnesium and calcium concentrations in 

equivalents of calcium carbonate. 
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Chapter 4: Equilibrium Modeling in MINEQL+ 4.5 

4.1 INTRODUCTION TO MINEQL+ 4.5 

MINEQL+ 4.5 is a data-driven, interactive software package for chemical 

equilibrium modeling in complex systems. The program can handle 145 default chemical 

components, 90 user-defined chemical components, temperature corrections, and ionic 

strength corrections. Further, MINEQL+ has the capability to simulate chemical addition 

and predict adsorption. However, it is limited by the default content of the 

thermodynamic database and the inability to model chemical kinetics.  

 The thermodynamic database in MINEQL+ is based on the USEPA’s 

MINTEQA2 thermodynamic data, revised in 1999. MINEQL+ 4.5 reflects the updates to 

correct known errors and provide better referencing to thermodynamic literature. The 

revisions in 1999 added over 400 new species to the database, removed 700 old species, 

and updated over 900 species with new values. (Environmental Research Software, 

2007).  

4.1.1 Tableau Method 

The tableau method is the theoretical framework on which MINEQL+ runs. At 

the fundamental level, tableau is matrix formulation of mass balance and mass action 

equations which lends itself to solution by numerical methods and matrix analyses. 

Chemical species are broken up into independent components. Unique combinations of 

components form species which are categorized by type. In tableau, six types of chemical 

species are defined - Type I: components, Type II: dissolved complexes, Type III: fixed 

species, Type IV: precipitated solids, Type V: dissolved solids, and Type VI: species not 

considered.  
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Type I components are the building blocks used to form other species. Type II 

dissolved complexes are species that consist of two or more components (i.e., HCO3
-
 is a 

dissolved species formed of components H
+ 

and CO3
2-

). Type III fixed species are those 

that do not change (i.e., [H
+
] in a pH stat). Type IV precipitated solids are salts of two or 

more components that precipitate when the solubility limit is exceeded; similarly, Type V 

dissolved solids are salts that are present in solution below the solubility limit. The ratio 

of the solution quotient to the solubility product determines whether a solid dissolves or 

precipitates. Type VI species not considered are thermodynamically and energetically 

favored but known not to form as a result of limiting activation energy, kinetics, or other 

environmental factors.  

The tableau method is best understood through an example aqueous system. 

Imagine a solution composed of 0.002 M Na2CO3 and 0.0005 N HCl closed to the 

atmosphere. To begin, define components: H
+
, H2O, Na

+
, CO3

2-
, and Cl

-
. It is best to 

define components in the most reduced form (except H
+ 

and H2O). Next, define the 

species (combinations of components) known to be dissolved at equilibrium. They are 

H
+
, H2O, Na

+
, CO3

2-
, Cl

-
, OH

-
, HCO3

-
, and H2CO3. Then, define the laws of mass action 

relevant to the aqueous system as in Equations 4.1-4.3. 

                 Log K= -14.00  (4.1) 

       
         

    Log K= 10.33  (4.2) 

        
             Log K= 16.68  (4.3) 

Notice that there is no mass action law for the dissolution of Na2CO3(s) since the 

solubility of sodium salts is abundant; all sodium solids are assumed to be dissolved in 

dilute solutions. Thus, accounting for solid sodium salts was redundant in this example. 

Finally, write the mass balance equations. They are defined by Equations 4.4-4.8 
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                 (4.4) 

                   M (4.5) 

                        (4.6) 

                        (4.7) 

                     (4.8) 

Combining mass continuity and laws of mass action, the result is a tableau 

containing mass action and mass balance. Table 4.1 represents the results from the 

system described in this example. Mass action relationships are represented horizontally 

within the table; mass balances are represented vertically.  

Table 4.1: Example Solution of Sodium Bicarbonate and Hydrochloric Acid 

Species H2O H
+ 

Na
+ 

CO3
2- 

Cl
- 

Log K 

H2O 1     0.00 

H
+
  1    0.00 

Na
+
   1   0.00 

CO3
2- 

   1  0.00 

Cl
- 

    1 0.00 

OH
- 

1 -1    -14.00 

HCO3
- 

 1  1  10.33 

H2CO3
 

 2  1  16.68 

[TOTAL] (M) 55.56 0.0005 0.004 0.002 0.005 ------ 

From this tableau of a very simple aqueous solution, a system of eight equations 

must be solved simultaneously to find the equilibrium condition; thus, numerical methods 

are used. When the aqueous solution becomes more complex, the need for a program like 

MINEQL+ becomes more apparent. Finally, when several temperatures, ionic strengths, 
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and initial concentrations need to be considered, several tableau solutions are required. 

Hand calculations for such analyses are limiting; thus, MINEQL+ can be used to fill the 

calculation void.  

4.2 MODEL INPUT 

Chemical components (Type I species), initial concentrations, solids type, and 

temperature constituted the model input parameters. The total concentration of each 

chemical component was the sum of the influent amount and the applied dose. Variation 

in raw water chemistry and chemical dose provided a wide range of initial conditions. 

The chemical initial conditions were based on the data in Table 4.2. The data reported 

were for chemical usage and monthly average raw water quality from October 2009 - 

May 2011. Average applied doses were used exclusively while varying raw water quality 

because extreme doses yielded a discontinuity in charge balance.  

Table 4.2: Initial Chemical Conditions for Model Input 

Component Min. Raw 

[M] 

Ave. Raw 

[M] 

Max. Raw 

[M] 

Ave. Dose 

[M] 

Ca
2+ 

9.980E-4 11.77E-4 15.47E-4 26.48E-4 

Cl
- 

N/A N/A N/A 5.617E-5 

Fe
3+ 

N/A N/A N/A 1.156E-4 

Mg
2+ 

5.350E-4 7.568E-4 8.642E-4 N/A 

NH4
+ 

1.176E-6 1.764E-6 2.353E-6 38.46E-6 

SO4
2-

 2.250E-4 2.930E-4 4.604E-4 1.734E-4 

pH 7.80 8.21 8.40 N/A 

Alkalinity (mg/L) 135 166 189 N/A 
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Since the model represented equilibrium of the settled water before recarbonation, 

chemicals added after settling – Na
+
, PO4

3-
, CO2, and F

-
- were not considered.  Ferric iron 

and chlorine were not recorded in the raw water, so the initial conditions for those species 

remained constant. Influent phosphates were negligible. H
+
 was not considered a portion 

of the chemical dose because the program calculated it internally as a function of 

electroneutrality. Carbonate was also calculated internally as a function of pH and 

alkalinity.  

Once the concentration data and model parameters were set, the equilibrium 

condition was calculated. However, the output could only be as accurate as the input and 

the thermodynamic data supplied. Thus, the model was calibrated to accommodate Type 

VI species that do not form despite their energetic favorability including dolomite and 

calcite. The predominant form of CaCO3 formed in water treatment at the Austin Water 

Utility is aragonite (Nason, 2006). Further, all calculations are reported at 16 °C and 

corrected for ionic strength. 

4.3 MODEL RUN 

 The MINEQL+ module prompts the user in several steps to specify known 

concentrations, concentrations to be calculated, environmental aqueous conditions, 

calculation type, and output type. The equilibrium speciation of the aqueous system over 

a range of lime doses was calculated by virtual titration (multi-run simulation) with 

calcium. The calculation was performed for a closed system specifying pH dependence 

on electroneutrality.  Appendix A shows a step-by-step model run for the average raw 

water and chemical dose initial conditions.  
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4.4 MODEL RESULTS AND DISCUSSION 

Calcium hardness, magnesium hardness, and total alkalinity were reported as a 

function of settled pH and causticity. Equilibrium conditions were reported over the pH 

range from 8.0 to 11.0 and causticity from -200 mg/L to +50 mg/L as CaCO3 to capture 

the effect of pH and causticity on equilibrium. 

Figure 4.1 shows calcium, magnesium, and alkalinity with respect to settled pH at 

the (a) minimum, (b) average, and (c) maximum raw water conditions. Removal of 

hardness and alkalinity by CaCO3 and Mg(OH)2 precipitation was dictated by pH. To 

some extent, magnesium was also removed by incorporation into aragonite (CaCO3) 

solids. Magnesium hydroxide precipitation occurred at high pH which is undesirable; the 

favorable dewatering characteristics of the predominantly CaCO3 sludge are corrupted by 

the presence of Mg(OH)2 (US EPA Office of Water, 1999). The response of equilibrium 

to changes in raw water quality consist in altered (1) removal efficiencies (magnitude in 

the effluent), (2) pH ranges for optimal removal, and (3) stoichiometric limitations of 

chemicals with respect to one another. 

It should be noted that the equilibrium hardness and alkalinity at the raw water pH 

and causticity in Figure 4.1 did not match the measured concentrations in the influent raw 

water from Table 4.2. The reason for the discrepancy between measured and predicted 

results is the activation energy required to begin precipitating CaCO3. In fact, the water in 

Lake Austin is supersaturated with respect to CaCO3. For the average condition, the ion 

activity product (IAP) at pH 8.19, {Ca
2+

}{CO3
2-

}=10
-8.0

, was greater than the solubility 

product of aragonite, Kso=10
-8.3

. Thus, the equilibrium model predicted the removal of 

calcium by aragonite precipitation at the raw water pH even though precipitation is not 

observed in reality. 
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Figure 4.1: MINEQL+ Equilibrium Conditioned at Varied pH and Initial Chemical 
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 From the model results at different initial conditions, it was first observed that 

calcium hardness plateaus over a wide range and that the minimum point was negligibly 

different than its adjacent pH values along the plateau. Second, it was observed that 

magnesium was removed before magnesium hydroxide precipitation occurred. A solid 

species called “S~” defined by MINEQL+ as a calcium, magnesium, and carbonate 

complex was precipitated at low pH ranges for softening. Precipitation of the “S~” solid 

mirrored the removal of magnesium by incorporation into aragonite (and possibly other 

morphologies of CaCO3) solids. Finally, it was observed that alkalinity decreased steadily 

as the pH increased until the availability of carbonate limited the further precipitation of 

CaCO3 . Generally speaking, the optimal softening condition is characterized by the 

achievement of a thermodynamic minimum for calcium, removal of some magnesium 

(10-20 mg/L as CaCO3) by incorporation into CaCO3, and keeping alkalinity as high as 

possible while still achieving hardness removal goals.  

MINEQL+ predicted that as the initial conditions of the chemical system 

increased in magnitude, the magnitude of the hardness minimums (ideal effluent) also 

increased. For calcium, the minimum concentration increased from (a) 20.2 mg/L to (b) 

22.3 mg/L to (c) 27.9 mg/L as CaCO3. Additionally, the pH at which optimal removal 

occurred was altered. As the magnitude of the initial condition increased, optimum 

calcium removal shifted from pH (a) 9.19 to (b) 10.25 to (c) 10.42. Finally, the pH range 

in which chemicals were stoichiometrically limiting in relation to one another changed 

with varied initial chemical conditions. For calcium, the balance of which species (Ca or 

CO3
2-

) became limiting was a competition between initial calcium present and alkalinity 

converted to carbonate ion (at low pH) and between calcium added by lime and total 

carbonate present (at high pH). For magnesium, OH
-
 was always limiting. However, the 
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pH at which magnesium began to be removed by incorporation into aragonite solids was 

pH (a) 8.13 to (b) 8.54 to (c) 8.79. The pH at which Mg(OH)2 began to precipitate shifted 

from (a) 9.32 to (b) 10.31 to (c) 10.47. 

In the big picture, the calcium concentration was at a minimum from pH 9.5 to 

10.3 and magnesium was removed by at least 10 mg/L at pH values > 9.67. Thus 

excellent hardness removal was achieved from pH 9.67 to 10.30. Additionally, 

magnesium hydroxide precipitated strongly above pH 10.3. Thus, calcium was removed 

efficiently over a broad range of lime doses from 9.5-10.3, and magnesium hydroxide 

precipitation was avoided by keeping at pH values below 10.3. The amount of carbonate 

ion available for CaCO3 precipitation was a function of the total carbonate present and the 

fraction of carbonate present as CO3
2-

 - a function of pH. Consequently, when the raw 

water alkalinity increased, the pH at which carbonate became limiting increased because 

more total carbonate was present initially.  

 The concept of depleting the carbonate in the system leads naturally into a 

discussion of causticity - a measure of the amount of hydroxide added to the system after 

carbonate is no longer acting as a buffer. Causticity increases with pH, and as long as the 

causticity is negative, the carbonate alkalinity has not become limiting. When the 

causticity increases beyond zero, however, free calcium and hydroxide are the result of 

further lime addition. In theory, operation of the softening process based on a causticity 

where CO3
2-

 is not limiting would be ideal.  

The equilibrium response of hardness and alkalinity to causticity is shown in 

Figure 4.2. It should be noted that alkalinity and causticity are related by the 

mathematical definition of causticity; therefore, no new information is provided by the 

alkalinity-causticity relationship. However, the response of hardness ions to changes in 

raw water and causticity provide insight for water treatment.  
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Figure 4.2: MINEQL+ Equilibrium at Varied Causticity and Initial Chemical Condition 
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The hardness removal trends for changing causticity were similar those for pH. 

However, as the magnitude of the initial conditions increased for causticity, the initially 

dominant hardness ion switched from calcium to magnesium. Calcium was always 

dominant regardless of pH. Nevertheless, the magnitude of the minimum calcium 

concentration still increased with higher influent chemical concentrations from (a) 20.2 

mg/L to (b) 22.3 mg/L to (c) 27.9 mg/L as CaCO3, the same as with pH. The causticity at 

which the absolute calcium minimum was reached decreased from (a) 0.98 mg/L to (b) -

2.77 mg/L to (c) -4.07 mg/L as CaCO3. At greater influent concentrations, a lower 

causticity was necessary for the removal of magnesium by incorporation into aragonite at 

causticity (a) -76.4 mg/L, (b) -149 mg/L, and (c) -150 mg/L as CaCO3. Additionally, 

magnesium hydroxide did not begin precipitation until (a) 14.8 mg/L, (b) 14.2 mg/L, and 

(c) 13.0 mg/L as CaCO3. Finally, excellent hardness removal, defined as calcium 

reaching a minimum plateau and magnesium reduction by 10 mg/L as CaCO3, was 

achieved from causticity -53.1 mg/L to +12.2 mg/L as CaCO3 for all raw water 

conditions.  

Although causticity is attractive in theory as a set point variable, it is very hard to 

achieve consistently good measurements. Causticity is measured by titration to determine 

phenol and total alkalinity endpoints. Reaching the endpoints of the titration with a high 

degree of accuracy is difficult because small additions of acid cause steep changes in pH 

near the endpoints. The endpoint pH measurements add an extra source of error into the 

operational measurements and statistics. Another source of concern is that the true 

endpoints are a function of CT, but the color endpoints are not. This might lead to further 

error in the calculation of causticity. However, since pH can be measured directly using 

the meter, operation of lime softening on the basis of pH improves operational accuracy. 
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Considering the results from Figures 4.1 and 4.2 together, the striking result is 

that, for a wide range of lime doses (pH or causticity) prior to the dramatic precipitation 

of Mg(OH)2, the calcium and magnesium curves are decreasing only slightly while the 

alkalinity is decreasing steeply. The hardness removal goals are achieved from pH 9.67 to 

10.3 and -53.1 to +12.2 mg/ L as CaCO3.  This result suggests that decreasing the lime 

dose at the water treatment plants, perhaps substantially, would have little impact on the 

softening accomplished, but would increase the alkalinity of Austin’s tap water. The lack 

of alkalinity in Austin’s wastewater leads to substantial operational problems at the City’s 

wastewater plants (especially Walnut Creek). From the modeling predictions, it appears 

that the Utility could accomplish its drinking water and wastewater treatment goals by 

reducing the pH or causticity at which the water plants are operated. 
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Chapter 5: Experimental Results 

This chapter presents the results from three different sets of experiments on 

softening and particle removal including: (1) jar tests at UT- Austin, (2) jar tests at 

Ullrich WTP, and (3) full-scale testing at Ullrich WTP. The key differences in the jar 

tests performed were the reactor geometries and lime formulations. The full-scale 

experiment changed the lime operating rule on a single basin – Basin 5 – during normal 

plant operation. Hardness, alkalinity, and turbidity were monitored as dependent 

variables with respect to lime. The results are compared and an explanation is given as to 

how the results can be applied to plant operation. 

5.1 JAR TESTS AT THE UT-AUSTIN LABORATORY 

The results presented in this section were obtained varying the lime dose, seed 

sludge (solids recycle), and ferric sulfate dose. Raw waters from both WTPs were tested; 

however, the majority of the raw water was from the Ullrich WTP for two reasons. First, 

the sampling point at Ullrich WTP was adjacent to the source and easy to access. Second, 

the sampling point at Davis WTP was chlorinated in conveyance and located at the head 

of the chemical building instead of directly at the source. The raw water quality was 

assumed to be the same between plants. Thus, it follows that the raw water from the 

Ullrich WTP was sufficient for all of the experiments and that the results are relevant to 

the operation of Davis WTP.  

5.1.1 Softening 

As mentioned in Chapter 2, the goal of lime softening is the removal of calcium 

(and some magnesium) hardness. Excellent softening can be defined as removing calcium 

to its minimum thermodynamic concentration and reducing magnesium by 10-20 mg/L as 

CaCO3. Likewise, lime softening is associated with several secondary benefits including 
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DBP reduction, removal of heavy metals, and aiding in the coagulation process. Of the 

secondary benefits associated with lime softening, enhancing coagulation (turbidity 

removal) is the most important. Thus, optimization of both hardness and turbidity 

removal is the desired consequence of lime addition.  

Hardness 

From the equilibrium model results, excellent calcium and magnesium hardness 

removal is favored from pH 9.67 to 10.3 and causticity from -53.1 mg/L CaCO3 to +12.2 

mg/L CaCO3 (nota bene: the reporting of hardness and alkalinity as mg/L CaCO3 is 

simply a convention of equivalent units for species related to softening). In the model, the 

minimum calcium concentration for the average raw water condition was 22.3 mg/L as 

CaCO3. At the same pH for the calcium minimum, the minimum magnesium 

concentration was 34.0 mg/L as CaCO3. However, the model did not account for 

limitations in hardness removal due to activation energy and kinetics. Thus, laboratory 

experiments were performed to consider limiting mechanisms other than 

thermodynamics.  

Figure 5.1 shows the removal of alkalinity and hardness with respect to settled 

water pH and causticity. The dependent variables (pH and causticity) reflect the operating 

rules for lime at Davis and Ullrich, respectively. The results show that varying the solids 

concentration and ferric sulfate dose - within the range tested - had little effect on  

softening. Further, the data confirm that the raw water differences between Davis and 

Ullrich were negligible as they pertain to removal efficiency. 
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Figure 5.1: Removal of Hardness and Alkalinity by Lime Softening (Experiment 1: Jar 

Tests at the UT-Austin Laboratory) 

 For these jar tests, calcium and reached its minimum from pH 9.6 to 10.30 and 

causticity -50 to -5 mg/L CaCO3. The goal of removing at least 10 mg/L of magnesium as 

CaCO3 was achieved at pH values greater than 9.87 and causticity values  greater 

than -25.5 mg/L as CaCO3 Thus, excellent hardness removal was achieved from pH 9.87 

to 10.3 and causticity -25.5 mg/L to -5.0 mg/L as CaCO3. Additionally, calcium reached 

a minimum of 30±4 mg/L as CaCO3 over that range. Magnesium attained its minimum of 
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60 mg/L as CaCO3 at high pH. The driving force for magnesium hydroxide precipitation 

increased at high pH because the carbonate system (pKa2=10.33) was no longer buffering 

the addition of free hydroxide. Too much removal of magnesium is undesirable because 

the advantageous dewatering characteristics of calcium carbonate sludge are impaired by 

the presence of magnesium hydroxide (US EPA Office of Water, 1999). 

Unfortunately, low temperatures exacerbate the kinetic limitations on calcium 

carbonate precipitation. However, raw water concentrations of dissolved hardness and 

alkalinity increase due to an increase in solubility of limestone at low temperature. 

Consequently, the minimum pH (or causticity) at which dissolved calcium reached a 

minimum varied from pH 9.6 to 9.9 (or from causticity -45 to -20 mg/L as CaCO3) as a 

function of raw water quality. Regardless of the raw water quality from June to 

December 2011, excellent total hardness removal extended reliably from pH 9.87 to 10.3 

and causticity -25.5 to -5.0 mg/L CaCO3.  

Alkalinity 

 Alkalinity in the jar tests decreased with increasing pH and causticity. Thus, lower 

ranges of pH and causticity represented optimal operating conditions for preserving 

alkalinity; as noted earlier, preserving alkalinity in the water could be important for the 

operation of Austin’s wastewater plants However, sufficient hardness removal did not 

occur consistently below pH 9.87 and causticity -25.5 mg/L as CaCO3. Accordingly, the 

optimal range for alkalinity and hardness goals lies on the low end of the range for 

excellent hardness removal from pH 9.87-10.0 (causticity -25.5 to -15.0 mg/L as CaCO3). 

The optimum alkalinity ranged from 86 mg/L to 77 mg/L as CaCO3 for the jar tests at 

UT-Austin. Since the dose of ferric sulfate was changed dramatically between 

experiments and ferric sulfate (an acid) reduces alkalinity, the range of alkalinity was 
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larger than expected, assuming a reasonably consistent ferric dose. The minimum 

alkalinity reached was 74 mg/L as CaCO3. 

5.1.2 Particle Removal 

Particle removal by lime softening occurs by the action of lime as a secondary 

coagulant and the recycling of calcium carbonate solids. Ferric sulfate acts as the primary 

coagulant to destabilize particles while the lime and sludge recycle aid in sweep 

flocculation through the mechanism of enmeshment of particles in new precipitates. New 

precipitates form by growing as crystals on previously nucleated particles. Crystal growth 

on existing particles is energetically less taxing than continuous nucleation of new 

particles (Nason, 2006). It was difficult to imitate the particle removal achieved at the 

plant at the laboratory scale. Figure 5.2 shows the settled water turbidity for the UT-

Austin laboratory jar tests. 

 

 

Figure 5.2: Settled Water Turbidity (Experiment 1: Jar Tests at UT- Austin Laboratory) 

 The plants often achieve a settled water turbidity of 2.0 NTU in the effluent from 

the sedimentation basins; however, it was a struggle to get below 10.0 NTU in the 

laboratory. The settled water turbidity exceeded the scale of Figure 5.2 when the solids 

concentration was too low and the mixing intensity was too tranquil such that particles 

were not kept in suspension during flocculation. The sampling method, effect of viscous 
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forces between the suspension and the walls of the jar, mixing intensity, chemical dose, 

and sample transport all played a role in measured particle removal. The scatter in the 

data shows the inability to reproduce turbidity results in the laboratory. Thus, no 

conclusions could be made about the effect of lime softening on particle removal from 

the jar tests. However, it was concluded that ferric sulfate and solids recycle drive particle 

removal, but they have little effect on hardness and alkalinity removal in lime softening. 

5.2 JAR TESTS AT THE ULLRICH WTP LABORATORY 

Jar tests at the Ullrich WTP (Experiment 2) were performed using the lime from 

the slakers instead of laboratory grade hydrated lime. Recycled sludge, raw water, and 

ferric sulfate were also obtained onsite.  The equipment allowed for six simultaneous jar 

tests instead of only two. Covers were used on five of the six jars tested, while one was 

left open to the environment as a control. Since three times the number of jars were tested 

simultaneously in Experiment 2, a large amount of data was collected over a short time 

span. The experiments were performed from February 27 to March 9, 2012 when the 

water temperature was 17±2 °C, which is cold relative to other times of the year. The 

results are reported in a similar way to those for Experiment 1. 

5.2.1 Softening 

 In Experiment 2, the goal was to gather information on the optimal range of 

settled pH and causticity for which hardness removal goals were achieved. Specifically, 

the calcium hardness was to reach a minimum, and magnesium hardness was to be 

reduced by at least 10 mg/L as CaCO3 without excess formation of magnesium 

hydroxide. Also, the relationship between lime dose, settled pH, and causticity was to be 

described. Finally, the use of covers was evaluated based on finished water quality.  
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Hardness 

Calcium and magnesium hardness removal goals were achieved from pH 9.76 to 

10.30 and from causticity -31 mg/L to 0 mg/L as CaCO3. Figure 5.3 shows the settled 

water hardness and alkalinity removal for Experiment 2. The dissolved calcium 

concentration reached a minimum of 31±5 mg/L as CaCO3 over a wide plateau which 

began at pH 9.4 (causticity -60 mg/L) and extended to pH 10.3 (causticity 0 mg/L) where 

free calcium started to increase. The dissolved magnesium concentration continued to 

decrease continually from pH 9.5- 10.7 to a minimum of 55 mg/L as CaCO3; the goal of 

magnesium removal of at least 10 mg/L as CaCO3 was achieved at pH values > 9.76 and 

causticity values > -31 mg/L as CaCO3.  
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Figure 5.3: Hardness and Alkalinity Removal for Lime Softening (Experiment 2: Jar 

Tests at Ullrich WTP) 

The magnitude of removal was very similar to that achieved in the jar tests at UT-

Austin where the dissolved calcium reached a minimum of 30±4 mg/L as CaCO3, and the 

dissolved magnesium was as low as 60 mg/L as CaCO3. Despite the similarity in 

magnitude between both sets of jar tests, the shape of the removal curve differed 

significantly from what was experienced in Experiment 1. First, the minimum on the 
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calcium curve was achieved at a lower pH (9.4 instead of 9.6) and a lower causticity (-60 

mg/L instead of -45 mg/L). 

Second, the magnesium removal curve was much steeper in the jar tests at Ullrich 

WTP than at UT-Austin. Within the range of excellent removal, dissolved magnesium 

decreased by 12 mg/L for Experiment 2 instead of 6 mg/L for Experiment 1. Finally, the 

magnesium removal curve did not experience the piece-wise drop predicted by the model 

(shallow then steep); rather, the shallow and steep drop were smoothed together to form 

an intermediate, continuous curve. The removal of magnesium by CaMg(CO3) solids 

offers an explanation for the smoothing effect observed for magnesium removal in the jar 

tests. Magnesium removal is thought to occur predominantly through incorporation into 

aragonite solids until magnesium hydroxide forms at very high pH when free calcium 

results from further lime addition. In the field, the two processes of magnesium removal 

combine to form a unified curve instead of two separate ones. Precipitate testing would 

be necessary to confirm that CaMg(CO3) solids do indeed form.  

Alkalinity 

The alkalinity removal was similar in shape and behavior to what was observed in 

Experiment 1; however the magnitude was different. The alkalinity steadily decreased 

through the entire range of pH and causticity tested but began to level out at high pH, as 

expected. The optimal alkalinity ranged from 61 mg/L to 82 mg/L in the lower range of 

excellent hardness removal while realizing its minimum of 55 mg/L as CaCO3 at pH 

10.28.  

 The hardness and alkalinity results from Experiment 2 more closely resembled 

the removal predicted by the equilibrium model for the average to maximum initial 

conditions than those from Experiment 1. However, kinetic limitations were still 
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observed in both cases. Not only were the shapes of the curves changed, but the 

magnitude changed as well. The removal efficiency predicted at equilibrium was far 

greater than what occurred in reality. Finally, the use of covers had little effect on the 

softening results observed in the jar tests. However, it should be considered that the 

“covered” jars were open to the environment during chemical dosing before they could 

be covered.  

5.2.2 Particle Removal 

The goal of achieving a settled water turbidity of 2.0 NTU was set while using a 

1% solids concentration by mass in the rapid mix (mixing well). Operation of solids 

content based  on mass provides better control than  operation on volume; however, the 

mass calculations are difficult at the plant scale in real time, so a volumetric measurement 

is used. The 1% solids concentration was based on the mixing well target at the Ullrich 

WTP. Figure 5.4 shows the particle removal results from the jar tests, and they mirrored 

those from Experiment 1.  The results further confirmed that jar testing for particle 

removal at a softening plant is a poor metric. In the cases where the turbidity was below 

the goal, experiments were performed at solids concentrations far below 1% - from 

0.15% to 0.30%. Each experiment was performed at 12 mg/L ferric sulfate dose while 

varying lime dose and sludge recycle. Again, no clear trend emerged from the observed 

data for turbidity removal as a function of settled pH or causticity. 
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Figure 5.4: Particle Removal (Experiment 2: Jar Tests at Ullrich WTP) 

 Figure 5.4 shows that optimal particle removal conditions at the plant are not the 

same as those in the jar tests. 1% solids content was too high at the bench scale. No 

observable change in hardness and alkalinity removal efficiency resulted from changing 

the solids dose. For turbidity at the bench scale, no benefit or hindrance was achieved by 

increasing the pH or causticity. Instead, particle removal was controlled by solids recycle 

and ferric sulfate dose. Finally, large scale testing was needed to understand the effects of 

lime addition on particle removal.  

5.2.3 Operational: Relationship between Settled pH, Causticity, and Lime Dose 

Since lime operation at the plant is based on the settled water pH and causticity, 

pH and causticity were reported as the independent variables. In a sense, pH and 

causticity are not truly independent because they depend on the raw water quality, the 

amount of lime added, and the quality of lime added. In other words, the amount of lime 

which is fed into a reactor to achieve a constant pH (or causticity) will experience minor 

variations. The relationship between lime dose, settled pH, and settled causticity is shown 

in Figure 5.5. As expected, the trend observed was that an increase in lime dose 

corresponded to an increase in pH and causticity.  
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Figure 5.5: Lime Softening Operational Set Points as a Function of Lime Dose 

(Experiment 2: Jar Tests at Ullrich WTP) 

Raw water quality, especially alkalinity and temperature, played a role in how the 

settled water pH and causticity changed with lime dose. Influent alkalinity and 

temperature cannot be controlled. In fact, the only variable that is controllable 

independent of all others is the lime dose. Thus, understanding how lime dose affects pH 

and causticity is central to successful and efficient plant operation.  

At the Ullrich WTP, lime dose is regulated by the rotational speed of the lime 

feed pump. Each pump is calibrated to pump 1.77 gallons of 20% lime slurry per 

revolution. The SCADA system controls the speed by setting the percent of maximum 

(20 rpm) speed at which the pump will operate, with the ability to change in 0.1% 

increments. Operator experience plays a role in achieving the target causticity because 

skilled operators can change pump speeds to match the target based on flow and mixing 

well pH. 

 Figure 5.5 shows that settled pH and causticity increase near linearly with 

increasing lime dose. For a given lime dose, the settled water pH varies less than the 

causticity. The differences between the two trends can be explained by the fact that the 

kinetics of acid-base chemistry for hydronium ion are much faster than the combined 

acid-base, dissolution-precipitation kinetics of carbonate. pH measurement is associated 



 62 

with only H
+
 while causticity is associated with changes in carbonate due to pH. The ratio 

of total carbonate to carbonate ion at a given pH depends on the ability of lime to reach 

an equilibrium state within a detention time.  

The lime-pH-causticity relationship is directly relevant to plant operation. First, 

the ability of the operations staff to hit a target accurately depends on the quality of the 

assumed trend between lime dose and settled water pH or causticity. Second, the 

precision with which the target is reached depends on the innate variation in water 

chemistry. For accuracy, it is best to target pH. If a linear pH-causticity-lime trend is 

assumed for ease of operation, the lime-pH trend should be favored when making 

changes in lime feed. The measured data suggest that lime feed should be changed by 

2.4% of the current value for every tenth of a pH unit off the target. For example, if the 

pH is 10.30 at a pump speed of 42.0% and the target pH is 10.10, the pump speed should 

be decreased by 4.8% of the current speed, or 2.0%, to a speed of 40.0%. No such 

relationship could be established for lime and causticity. Once the pH or causticity target 

is reached, changes in the environment, flow, and chemical feed irregularities cause 

minor variation in pH and causticity. The operation of the Ullrich WTP on causticity may 

contribute to the inability to reach the target, since the trend between lime feed and 

causticity is often oversimplified to be linear. 

5.2.4 Operational Conclusions Resulting from Experiments 1 and 2 

Several conclusions can be made from the jar tests in Experiments 1 and 2. First, 

the hardness and alkalinity removal results suggest that it would be best to operate at a 

settled pH of 9.87 (or causticity of -25 mg/L as CaCO3). However, other considerations 

call for a higher set point. The reliability of operation at a set point on the low end of the 

desirable hardness removal spectrum leaves little room for error. Additionally, the 
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secondary benefits of lime softening, especially NOM reduction, require operation at pH 

closer to 10.1  to achieve sufficient removal efficiency (Kalscheur, Enhanced Softenng: 

Effects of Source Water Waulity on Natural Organic Matter REmoval and Disinfection-

by-Product Removal, 2006). Third, operation on pH instead of causticity lends itself to 

easier and more accurate operation. Finally, full scale testing was necessary to understand 

the relationship between settled water turbidity, pH, and causticity.  

5.3 FULL-SCALE EXPERIMENT AT ULLRICH WTP 

For the period of March 19 to April 22, 2012, the Ullrich WTP operated one of 

the basins at the plant - Basin 5- according to settled water pH goals of 10.1, 10.0, and 

9.9.  The rest of the plant was operated as usual. It should be noted that the dose of ferric 

sulfate was 13 mg/L for the duration of the experimental period, which is higher than the 

average of 9.3 mg/L. Throughout the experiment, hardness and particle removal were 

monitored with respect to pH, causticity, and volumetric solids content in the mixing 

well. During the course of experimentation, Basins 6 and 7 were consistently online in 

addition to Basin 5; thus, data from those basins were collected to serve as additional 

experimental data and a set of  controls for comparison to Basin 5.  

5.3.1 Softening 

Hardness 

From the jar tests, it was concluded that the removal of hardness was optimal 

from pH 9.87 to 10.3 and causticity -25.5 mg/L to -5.0 mg/L as CaCO3. The difference in 

scale and geometry from the jar tests to the full scale needed to be accounted for as they 

pertained to softening. The basins at Ullrich WTP are continuous flow reactors and 

compartmentalized into different zones while the jars used in the laboratory were neither 

continuous flow nor compartmentalized. Figure 5.6 shows removal of hardness and 
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alkalinity as a function of pH and causticity of the settled water. Extreme pH and 

causticity could not be tested because the treated water was for public use, and health and 

safety had to be maintained at the highest level. It was expected that the change in 

geometry and flow from the laboratory to the plant would not affect the removal of 

hardness significantly, but rather the removal of particles.  

Figure 5.6: Hardness and Alkalinity Removal at the Ullrich WTP (Experiment 3) 

Although the set points were supposed to be 10.2, 10.1, 10.0, and 9.9, the actual 

range tested was from pH 9.90 to 10.39 (causticity -19 to -1 mg/L as CaCO3), and the 

hardness removal efficiency was good along the entire range. However, at high pH and 

causticity, dissolved calcium began to increase. At the lower pH and causticity values, 
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magnesium removal was sufficient to remove more than10 mg/L as CaCO3, and 

magnesium concentration continued to decrease with increasing pH and causticity in a 

trend similar to the jar tests. Excellent hardness removal occurred from pH 9.90 to 10.3 

and causticity  -25.5 mg/L to -5.0 mg/L as CaCO3. However, hardness data below pH 9.9 

and below causticity -19 mg/L as CaCO3 were not measured, so  that the low end of the 

excellent removal range was not captured. The jar tests suggested that the beginning of 

excellent removal occurs between pH 9.76 and pH 9.87.  

The magnitude of the minimum value of calcium at the full scale, that is 38±4 

mg/L as CaCO3, was larger than experienced in the jar tests. The jar tests at Ullrich WTP 

(Experiment 2) had nearly identical raw water calcium and alkalinity as the plant, but 

achieved a minimum value of 33±8 mg/L as CaCO3. For Experiment 2, the minimum 

value of magnesium  within the range of excellent hardness removal was 65 mg/L while 

it was 63 mg/L at the full scale. Additionally, the plant tests did not experience as steep a 

drop in magnesium; however, a low value was achieved before pH 9.9 and stayed 

roughly the same from pH 9.90-10.39. The increase in calcium of the settled water as 

well as the shallower slope of magnesium removal in the plant tests as compared to the 

jar tests in Experiment 2 suggests that kinetic limitations were greater at the plant than in 

Experiment 2.  Finally, since the raw water hardness and alkalinity conditions were lower 

in Experiment 1 than Experiment 3, the magnitude in the effluent was lower in the jars, 

but the removal curves were similar in shape. The concurrence of the removal curve 

shapes suggests that kinetic limitations were similar for Experiments 1 and 3.   

5.3.1.2 Alkalinity 

A clear decrease in alkalinity was not observed as the pH and causticity increased 

at the plant scale. However, it is known from the model and jar tests that alkalinity 
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decreased with increasing lime dose (pH and causticity). It should be noted that the jar 

tests were performed over a period when the raw water quality was relatively stable while 

the influent water at the plant changed over the period of experimentation. Since the plant 

tests were performed in the early spring when raw water hardness and alkalinity changed 

rapidly, the influent water quality obstructed the previously observed and modeled trend. 

Despite the influent water changes, a rough decrease in alkalinity with increasing 

causticity was suggested by the measured data. The data from the experiments  and 

model predictions suggests that for any single raw water, the alkalinity will decrease with 

increasing pH and causticity until carbonate becomes limiting for further CaCO3 

precipitation. Finally, hardness removal and alkalinity saving goals were best achieved at 

pH 9.9 to 10.1  

5.3.2 Particle Removal 

Lime as a Secondary Coagulant 

The main concern of the full scale experiments was not softening, but particle 

removal. The jar tests were inconclusive on the relationship between settled water pH, 

causticity, and turbidity. In the full scale tests, turbidity was measured with pH and 

causticity to shed light on this relationship. It was expected that turbidity would decrease 

as pH and causticity rose because lime is a coagulant aid. Figure 5.7 shows turbidity in 

Basins 5, 6, and 7. The scale of the abscissa was shortened to capture the behavior of the 

measurements in the basin without obscuring the trend. A large amount of scatter in the 

data was observed with 38% of the settled water turbidity measurements above the 

plant’s target of 2.0 NTU. The scatter in the settled water turbidity data was similar to the 

scatter experienced in the laboratory in conditions of low solids and mixing intensities 

that could not keep sufficient particles in suspension.  
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Figure 5.7: The Effect of Lime Addition on Particle Removal (Experiment 3) 

 The full scale testing suggests that excellent particle removal can be achieved 

from pH 9.7 to 10.4 and causticity -25 mg/L to + 5 mg/L as CaCO3. Thus, it was 

concluded that lime is more relevant to hardness and alkalinity than to particle removal. 

Because the dose of ferric sulfate remained constant throughout the testing period, its role 

in particle removal was also constant.  The scatter in the data was caused by an imbalance 

of recycled solids within the basin. Control of the solids in the basin was driven by the 

amount of sludge volume pumped off the bottom of the clarifier. In the experiment, the 

sludge concentration was altered rapidly by the operations staff, often resulting in solids 

being stripped from the basin with the result that the solids concentration in the mxing 

well was quite low. Better control of the solids could be achieved by making smaller, 

more frequent changes. From the jar tests at UT-Austin (Experiment 1), it is known that 
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the particle removal goals cannot be achieved without sufficient mixing intensity and 

solids concentration.  

Importance of Solids Recycle in Particle Removal 

The extreme high values in turbidity were caused by an imbalance in the solids 

concentration. In the event that the solids were too sparse, sweep flocculation and new 

particle formation were limited. Consequently, the settleabilty of the solids was 

interrupted. When the solids were too many, the head difference through the draft tube 

was not enough to pull the viscous sludge blanket into the mixing well, limiting sweep 

floc. Thus, the solids were compacted and traveled into the settling zone. Although the 

turbidity of the settled water was supposed to be maintained below 2 NTU, 38% of the 

data reported were above 2.0 NTU for all the basins measured. 

 The solids at Ullrich WTP are monitored and regulated by a volumetric solids 

measurement in the mixing well. A 100 mL sample is transferred to a 100 mL graduated 

cylinder, settled for 3 minutes, and a reading is taken of how much volume the sludge 

blanket occupies. From empirical evidence, the optimal solids range is thought to be from 

4-6% by volume to achieve the best particle removal. However, a single volumetric 

measurement at a single time reveals little about the mass of solids in the basin, which 

depends on the density. A skilled operator examines the recent history of the solids 

pumped off each basin to better understand the mass of solids present. Further, the 

examination of recent pumping history in conjunction with the volumetric solids 

measurements and the turbidity trends off the basin reveals information about the 

settleability and mass of the solids in each basin.  

If the volumetric solids content is maintained between 4% and 6%, excellent 

particle removal efficiency should follow. The exceptions are when a compacted sludge 
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cannot be pulled through the draft tube and when a basin is recovering from a non-

optimal solids condition (i.e., the solids have been stripped and are re-accumulating). 

Figure 5.8 shows the relationship between the volumetric solids content in the mixing 

well and the settled water turbidity. In Figure 5.8, the settled water turbidity data were 

offset by 4 hours from the solids content data to capture the effect of mixing well solids 

on the settled water turbidity after roughly one detention time. The data show that the 

optimal volumetric solids content in the mixing well for particle removal was greater than 

4-6%. In fact, excellent particle removal occurred with solids as high as 10-12%. The 

data suggest that the volumetric solids content goal to produce lower settled water 

turbidity should be shifted to 5-10% instead of 4-6%.  

 

Figure 5.8: Importance of Solids Content on Particle Removal 

Although ferric sulfate and lime are important in removing turbidity, solids play 

an equally if not more important role. Additionally, the doses of ferric sulfate and lime at 

which particles are removed efficiently are more established than for solids recycle. 

Excluding storm events, the major cause of uncertainty in particle removal lies with 

solids recycle. Generally, increasing solids recycle is beneficial to particle removal. 
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Figure 5.9 shows pH on the abscissa and settled water turbidity on the ordinate for Basin 

5. At very high settled water turbidity (above 6.0 NTU), the particle spike can be 

attributed to low solids content (3% or below) in eleven of twelve instances while the last 

particle spike is attributable to a volumetric solids content of 18%. For turbidity from 2.0 

NTU to 6.0 NTU, the non-optimal solids conditions associated with the settled water 

turbidity values in that range were obscured by the large amount of data shown in Figure 

5..  

 

 

 

Figure 5.9: Settled Water Turbidity as a Function of both Solids and pH for Basin 5 

 If the solids were better controlled, achieving turbidities below 2.0 NTU on a 

consistent basis would be more feasible. As mentioned previously, a single volumetric 

measurement of solids is a poor metric to understand the behavior and amount of solids 

present. An online density meter or a specific gravity measurement of solids in the 

mixing well would provide valuable information about the mass of solids present in the 
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basin. Further, several measurements of the volumetric solids content with time – e.g.,  a 

measurement every 2 minutes for a total 10 minute test – would provide information on 

the settling velocity of the particles and elucidate their behavior in the basins.  

5.3.3 Operational: Relationship between Settled pH and Mixing Well pH  

Settled pH and causticity are the operating parameters targeted when trying to 

achieve softening goals. When changes are made to the lime feed, however, the effect on 

the settled water chemistry cannot be seen until hours after the change occurs. On the 

other hand, the change in pH in the mixing well can be seen minutes after the change is 

made. Hence, a correlation of mixing well pH to settled water pH would aid the 

operations staff in targeting the final settled water pH. Figure 5.10 shows the relationship 

between mixing well pH and settled water pH in Basin 5 established over 32 sampling 

events. One to three samples were taken for both the mixing well and the settled water at 

the same location. 

 

Figure 5.10: Scatter in Mixing Well pH and Settled Water pH for Basin 5 
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The average difference between the mixing well and the settled water was 0.29 

pH units. The discrepancy was large because the lime does not have sufficient time in the 

mixing well to react with the raw water to reach a maximum pH. Accordingly, the 

standard deviation for the mixing well pH was four times as great as that for the settled 

water pH. Further, the water reaching the mixing well does not experience uniform plug 

flow nor is it completely mixed, which leads to variation in samples from a single 

sampling event. Figure 5.11 shows the correlation between the predicted settled water pH 

values and the measured values. Significant scatter was observed between the predicted 

and actual settled water pH values; however, the correlation is strong enough to suggest 

that mixing well pH measurement is a good way to achieve preliminary values in the 

range of desired settled water pH.  

 

Figure 5.11: Variability in Predicted Settled pH from the Mixing Well 

Mixing well pH should only be used as temporary measure while changes are 

being made, and the primary control should be settled water pH. The reason for this 

distinction is that the variation in the realationship shown in Figure 5.11. For the same 
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predicted value, the actual settled water pH was often 0,1 pH units above or below the 

line, and a 0.2 unit varitation of settled water pH should be considered uncacceptable.. 

5.4 COMPARISON OF LIME SOFTENING CONTROL BASED ON PH AND CAUSTICITY 

  Since the Davis WTP operates its lime softening procedure based on pH and the 

Ullrich WTP operates based on causticity, analysis of lime softening operation based on 

one parameter instead of the other is essential for the optimization of the lime softening 

process. In theory, operation based on causticity is preferred because the causticity 

internally accounts for changes in raw water hardness and alkalinity; this result is 

demonstrated by the modeling results in Chapter 4. In a sense, lime softening operation is 

independent of raw water quality when operating on causticity. However, operation based 

on pH is more convenient because it is a direct measurement from the instrument. Since 

an alkalinity titration is necessary for measuring causticity, procedural error in titration 

analysis must be considered for the operation of lime softening on causticity. 

The modeling results suggest that causticity control would be better because the 

operational rule is invariant (or very nearly so) with changes in influent quality. 

Experience at the plant suggests pH control would be better because the measurement is 

much easier. The settled water operational data from 2007-2011 show that Davis WTP 

accomplishes its settled water pH goal from 10.1 to 10.2 at an average of 10.18. Ullrich 

WTP, on the other hand, consistently misses its settled water causticity goal from -12 

mg/L to -8 mg/L as CaCO3 with an average of -4.20 mg/L as CaCO3, which corresponds 

to a pH of 10.27. The reason that Ullrich WTP misses the target is not for lack of lime 

feed control. Rather, the reason for the incongruity between the target and average 

causticity at Ullrich WTP is threefold. First, the effect of lime dose on causticity is poorly 

characterized. Second, the frequent flow changes experienced at Ullrich WTP cause 
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unstable operation and the need to change chemical dose frequently. Third, operators 

believe that a higher causticity from -5 mg/L to 0 mg/L as CaCO3 creates more stability 

in operation which causes them to err on the side of overfeeding lime. 

The experimental data show that stable hardness and particle removal are 

achieved at causticity values as low as -25 mg/L as CaCO3 and pH values as low as 9.72. 

Thus, unstable turbidity removal is not attributable to lime feed but large variation in 

solids content and influent flow. Additionally, operation of lime softening based on 

causticity and  the occurrence of frequent flow changes are a negative feedback loop. 

Flow and chemical feed changes combined with uncertainty in what lime dose is required 

to achieve the settled water causticity goal create an unfavorable environment for 

achievement of settled water goals.  

Operation of lime softening based on pH is better than causticity because pH 

operation requires one single measurement and reduces procedural error. Since the lime-

pH relationship is better characterized than the lime-causticity relationship, it is easier to 

hit settled water targets when operating on pH. In other words, variations in raw water 

alkalinity obstruct the achievement of operational goals more when operating on 

causticity instead of operating on pH. Thus, it is recommended that both water plants at 

the Austin Water Utility operate to achieve a settled water pH from 10.0-10.1. In time, 

operational results could be used in conjunction with influent hardness and alkalinity data 

to adjust this goal slightly. However, this small range should be sufficient to meet the 

hardness goals under all expected influent conditions, with the dual benefits of cost 

savings by the use of less lime and carbon dioxide at the water plants and the advantage 

of higher alkalinity wastewater entering the utility’s wastewater plants. 
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Chapter 6: Summary, Conclusions, and Recommendations 

6.1 SUMMARY 

The goal of this research was to maintain excellent water quality at reduced 

chemical operation costs at Austin’s two water treatment plants. Chemical usage data 

from these plants were examined by identifying trends and investigating suspected 

inefficiencies. The investigation consisted of jar test experiments, plant-scale 

experiments, and equilibrium modeling. It was determined that particle and hardness 

removal by lime addition was an area of cost inefficiency where savings could be 

achieved. The results from the modeling, jar tests, and full-scale tests showed that 

hardness and alkalinity removal was achieved stably from pH 9.72 to 10.3 and causticity 

-25.5 to – 5 mg/L as CaCO3.  

6.2 CONCLUSIONS 

As a result of the examination of chemical usage data, chemical cost data, 

modeling results, jar test results, and full-scale testing, several conclusions were reached 

about the chemical operation of the water treatment plants at the Austin Water Utility: 

1. Of the eight chemicals that the water plants use for water treatment, the 

chemical that had the highest potential for cost savings was lime 

2. Other than lime, ferric sulfate, and PAC, the treatment chemicals are 

known to be added in the appropriate amount to their proper benefit in 

water treatment  

3. Ullrich WTP consistently misses its settled water causticity goal, 

overshooting the upper limit of the goal by almost 6 mg/L as CaCO3. In 

addition, the variability of the effluent causticity is substantial.at 5.0 % 

less than the lower limit of the target.  
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4. Equilibrium modeling suggests that excellent hardness removal is 

achieved from pH values 9.67 to 10.3 and causticity values -53.1 mg/L 

CaCO3 to +12.2 mg/L as CaCO3 

5. Jar tests suggest that excellent hardness removal is achieved from pH 

values 9.87 to 10.3 and causticity values -25.5 mg/L as CaCO3 to - 5 

mg/L as CaCO3. 

6.  Full-scale testing at the Ullrich WTP suggests that excellent hardness 

removal is achieved from pH values 9.9 to 10.3 and causticity values -19 

mg/L as CaCO3 to -5 mg/L as CaCO3. 

7. Excellent turbidity removal can be achieved stably from pH 9.7 to 10.4 

and causticity -25 mg/L as CaCO3 to +5 mg/L as CaCO3. 

8. Solids recycle plays an equally, if not more important role, in particle 

removal as lime and ferric sulfate. The optimal solids condition at Ullrich 

WTP is from 5-10 % in the mixing well. Sufficient particle removal 

cannot be achieved if the solids concentration or mixing intensity is too 

low. 

9. Lime addition does not control particle removal; rather, ferric sulfate and 

solids recycle control. The role of lime in particle removal is negligible 

compared to the effect of solids recycle and ferric sulfate.  

10. The operation of lime softening based on pH makes it easier to reach 

settled water goals than operation on causticity. The optimal condition for 

the reliable achievement of softening and particle removal goals at 

minimum is a settled water pH in the range from 10.0-10.1. 



 77 

6.3 RECOMMENDATIONS 

Several recommendations are made to the Austin Water utility based on existing 

scientific literature, plant operational data, results from equilibrium modeling, laboratory 

scale jar test, and full-scale experiments. 

1. Lime softening operation at the Austin Water Utility plants should be 

based on a settled water pH goal of 10.0 to 10.1. This set point optimizes 

chemical cost, particles removed, alkalinity preserved, hardness removed, 

and sludge produced. 

2. At the Ullrich WTP, better characterization of the amount and behavior of 

solids in each basin would aid in the consistent achievement of low settled 

water turbidity. It is recommended that a measurement of density and the 

time rate of change of volumetric solids content during settling be 

included in the regular operational procedures of the plant. 

3. For future work, it would be useful to perform jar tests on PAC addition 

for particle and taste and odor removal. Better characterization of the 

effect of PAC addition on water quality would likely lead to cost savings. 

Additionally, the reason that the effluent turbidity from the filters at Davis 

WTP is greater than that at Ullrich WTP is unknown. Characterization of 

the physical and chemical differences that cause the discrepancy would 

provide helpful knowledge for plant operation. 
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Appendix A: MINEQL+ Step-by-Step Multirun for Titration with 

Calcium 

Step 1: Select Components and CLICK “Scan Thermo” 

 

Step 2: Input Total Concentrations  
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Step 3: Select pH Calculation by Electroneautrality 

 

Step 4: Input pH and Alkalinity to Calculate Total Carbonate 
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Step 5: Remove Any Solids Not Considered (Dolomite and Calcite), Click “OK” and 

“Close” 

 

Step 6: Exit Tableau by Clicking “No” 
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Step 7: Name Your Output & Select Adsorption, Ionic Strength, and Temperature in the 

Calculation Module Called “Run Time Manager” 

 

 

 

Step 8: Select Multirun and “Titration” from the Calculation Module 
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Step 9: Select Calcium as the Titration Variable and Specify the Range 

 

Step 10: Click “OK” and Run the Model Simulation 
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Step 11: View Component Groups by Selecting “Obs x Species” 

 

 

Step 12: Copy Component Data by Clicking the Clip Board Button  
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Step 13: Paste Data Into Spreadsheet 

 

 

Step 14: In Excel, Select the “Data” Tab and Choose “Text to Columns” 
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Step 15: Choose “Comma Delimited” and Click Finish 

 

 

 

Step 16: Final Spreadsheet for Component of Interest, Repeat for Other Components 
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