
A LIME SOFTENING SYSTEM FOR INDIVIDUAL-HOUSEHOLD USE POWERED 

BY SOLAR ENERGY 

by 

Alexandria Slater-Williams 

 

 

 

 

 

 

 

 

 

 

A Thesis Submitted to the Faculty of 

The College of Engineering and Computer Science 

In Partial Fulfillment of the Requirements for the Degree of  

Master of Science 

 

 

 

 

 

 

 

 

 

 

 

Florida Atlantic University 

Boca Raton, FL 

May 2015  



ii 

 

 

 

 

 

 

 

 

 

Copyright 2015 by Alexandria Slater-Williams 

 

 

 

 

 

 

 

 

 

 

 

 





iv 

 

ACKNOWLEDGEMENTS 

The author would like to acknowledge the amazing and unwavering support of 

her family, Maryann Fichera, Rodger Hoskin, and William Nolan. In addition, a special 

thank you goes to the Dania Water Treatment Plant, Coral Springs Water Treatment 

Plant, and Boca Raton Water Treatment operations staff for all the supplies provided to 

make this project possible. 

  



v 

 

ABSTRACT 

Author:  Alexandria Slater-Williams 

Title: A Lime Softening System for Individual-Household Use Powered 

by Solar Energy 

 

Institution:   Florida Atlantic University 

 

Thesis Advisor: Dr. Homayoon Abtahi 

Degree:  Master of Science 

Year:    2015 

A study conducted by the World Health Organization and United Nations 

Children's Fund, concluded that approximately 768 million people worldwide are not 

receiving sanitary drinking water suitable for consumption. While there are many water 

treatment methods, lime softening proves to be one of the more effective approaches as it 

removes a wide variety of harmful compounds including arsenic, lead, mercury, and 

cadmium under the correct conditions. The greatest issues with lime softening on a 

smaller scale include the complexity of the chemistry and need for monitoring. By 

designing the system for groundwater sources and with a smaller capacity, this thesis 

hoped to reduce the level of monitoring, chemical expertise, and cost needed for 

operation. While promising results occurred in the removal of arsenic and total hardness, 

this project was unable to obtain consistent results and final water samples with pH 

values between the recommended standard of 6.5 to 8.  
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1.    OBJECTIVE

In a study conducted by the World Health Organization (WHO) and United 

Nations Children’s Fund (UNICEF), approximately 768 million people worldwide are 

not receiving sanitary drinking water suitable for consumption (1). The highest 

incidences of water contamination are within the rural areas where individuals do not 

have access to modern water treatment facilities. While there are many water treatment 

methods, lime-soda ash softening proves to be one of the more effective methods as it 

removes calcium, magnesium, arsenic, barium, TOC, color, chromium, cooper, fluoride, 

lead, mercury, cadmium, nickel, uranium, radium, and radionuclides under the 

appropriate conditions (2-8). The US Environmental Protection Agency (EPA) has even 

defined lime softening as the best available technology (BAT) for the removal of uranium 

and radium (8). 

Hundreds of millions of people are being affected by water contamination due to 

groundwater sources worldwide (9). One of the countries that have been affected the 

most from groundwater contamination due to arsenic is Bangladesh with over 80 million 

individuals at risk of consuming contaminated water on a daily basis (10). WHO 

published a maximum arsenic standard for drinking water of 10 μg/L with an overall goal 

of zero μg/L (11). This concentration was based on years of research that indicated that 

arsenic was an extremely carcinogenic substance that if ingested at levels as high as 500 

μg/L would produce cancer in 1 out of 10 individuals (12). In a study conducted by the 

School of Environmental Studies (SOES), the researchers collected 52,202 water samples 
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from hand tube wells across various areas in Bangladesh (13). A maximum concentration 

of 4,730 μg/L was found in a sample from the village of Chiladi in the Noakhali district 

with a handful of other areas reporting similar results. It has been estimated that in 

Bangladesh alone, 36 million people drink water contaminated with arsenic levels above 

10 μg/L, and 22 million people drink water contaminated with arsenic levels above 50 

μg/L. 

Other areas are experiencing similar situations with groundwater contaminants. 

Punjab in India, currently suffers from an elevated amount of uranium in their drinking 

water sources (14). Uranium is a radioactive element primarily known for producing the 

energy required for nuclear power plants and weapons. WHO published a drinking water 

standard for uranium of less than 30 μg/L, with health effects consisting of kidney failure 

and increased risk of cancer (15). Concentration as high as 570 μg/L were found in the 

Bathinda District of the Punjab State. Out of 159 samples taken from this area, 133 

samples were above the WHO recommended value of 30 μg/L with the average 

concentration for all the samples being 85 μg/L. Under the correct conditions, lime 

softening is capable of removing 85 to 90 percent of the uranium concentration (16). 

The key to modern water treatment advancement revolves around the 

development of affordable, accessible systems that are able to be used at all levels of 

socioeconomic development. While the main purpose of lime softening has been to 

remove water hardness, it is capable of removing a wide variety of other toxic chemicals 

with relatively low cost. This thesis utilized previous knowledge of lime softening to 

design a cost-efficient water treatment system that is able to function on an individual-

household basis through solar energy. By shrinking the system for individual-household 
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use, we aspired to make this technology available for a wider spectrum of societies and 

expand the applications of lime softening. The need for the system to be powered by solar 

energy was to ensure that the device could function in rural areas. The efficacy of this 

device was measured on the removal of various parameters such as alkalinity, total 

hardness, calcium hardness, magnesium hardness, and arsenic.  
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2.    BACKGROUND

Lime-soda ash softening removes the hardness within water with the added 

benefit of also removing many other contaminants and heavy metals in the process. 

Hardness occurs through the presence of calcium, magnesium, and other multivalent 

metal cations that are transferred into the water through geological elements. Hardness is 

typically represented as milligrams per liter as calcium carbonate (mg/L as CaCO3). 

Table 2.1 displays the various concentrations of hardness with the ideal level being 60 to 

120 mg/L as CaCO3.  

Table 2.1: Levels of Hardness (17)  

Level of Hardness mg/L as CaCO3 

Soft < 60 

Ideal 60 – 120 

Hard > 120 

 

Hardness is associated with the development of kidney stones and, also, several 

nuisances for both residential and industrial usage. During residential water use, hardness 

reacts with soaps and detergents making it more difficult to clean dishes, laundry, skin, 

and hair. It also causes soap scum rings to form around bathtubs, and results in deposit 

build up within hot water tanks, hot water pipes, and other water-using appliances. In 

addition, there are several studies that link the presence of calcium and magnesium within 

drinking water to a higher risk of kidney stones (18 - 20). In industry, the formation of 
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deposit build-up becomes amplified with greater quantities of water use which reduces 

the efficiency of heat transfer and, potentially, clogs expensive appliances and plumbing.  

In the remainder of this section, all parameters of the lime softening process will 

be discussed along with an in-depth explanation of the arsenic removal mechanism. The 

removal of arsenic is significant to this project because it demonstrates one of the main 

benefits of the lime softening process in removing extremely toxic substances. 

2.1. Lime-Soda Ash Softening Process 

Lime-soda ash softening occurs through a process called chemical precipitation 

where a solid forms due to a reaction between two or more chemicals. In the case of lime-

soda ash softening, these solids are composed of calcium, magnesium, and other metal 

ions that create hardness within the source water. The calcium precipitates out of solution 

as CaCO3 while the magnesium precipitates out as Mg(OH)2. Once in the solid form, 

both compounds become denser than the water and readily settle out of the solution by 

gravity to form sludge.  

The added lime (CaO or Ca(OH)2) raises the pH of the water enough to change 

the species of carbon from bicarbonate (HCO3
-
) to carbonate (CO3

2-
) so that other metals 

and elements are also removed from the solution as hydroxides. The carbonate system 

can be seen in Figure 2.1. Each one of the additives used during the lime-soda ash 

softening will be explained in the following sections. 
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Figure 2.1: Carbonate System 

2.1.1. Lime 

For this project, quicklime (CaO) was directly added to the water purification 

system. This is not the typical practice in larger systems as the addition of quicklime 

drastically raises the pH of the water and produces an exothermic reaction depending on 

the quantity of lime. In larger systems, quicklime is slowly introduced to water in a 

process called slacking, and it disperses the exothermic reaction, which helps prevent 

corrosion and system failure. The chemical substance produced through slacking is 

hydrated lime (Ca(OH)2). The following chemical reactions provide details of the 

mechanism that occurs when hydrated lime is added to water containing elevated 

amounts of calcium and magnesium. If calcium and magnesium hardness are not present 

in the water, this reaction would not occur. It is critical that the water source have a total 

hardness of 120 mg/L as CaCO3 or more to make this water treatment system 

appropriate.  
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 Ca(HCO3)2 + Ca(OH)2 → CaCO3↓ + 2H2O (2.1) 

 Mg(HCO3)2 + Ca(OH)2 → CaCO3↓+ MgCO3 + 2H2O (2.2) 

 MgCO3 + Ca(OH)2 → Mg(OH)2↓ + CaCO3↓ (2.3) 

 CO2 + Ca(OH)2 → CaCO3↓ + 2H2O (2.4) 

 MgCl2 + Ca(OH)2 → Mg(OH)2↓ + CaCl2 (2.5) 

  MgSO4 + Ca(OH)2 → Mg(OH)2↓ + CaSO4 (2.6) 

The purpose of the lime is to remove chemicals that cause carbonate (CO3
2-

) and 

some non-carbonate hardness. Equations (2.1) to (2.6) display the chemical reactions 

where CaCO3, and Mg(OH)2 are precipitated. During these reactions, the addition of 

hydroxide ions (OH
-
) from the lime removes the carbonate hardness by raising the pH to 

above 10.3. The efficiency of removal is best when the pH is at 10.3 or above. As the pH 

raises, the HCO3
-
 converts to CO3

2-
, which remains in solution until the pH is lowered 

and the CO3
2-

 reverts back to HCO3
-
. This can be seen in the carbonate system displayed 

in Figure 2.1: Carbonate System. 

2.1.2. Soda Ash 

The remaining calcium and magnesium, which is in the form of non-carbonate 

hardness, cannot be removed by raising the pH by the addition of lime alone. It must be 

removed through the addition of soda ash (Na2CO3). The chemical reactions for the soda 

ash with the remaining calcium are shown in Equations (2.7) and (2.8). If the total 

hardness of the water is less than or equal to the total alkalinity, there is no non-carbonate 

hardness, and the addition of soda ash is not needed within the process. When soda ash is 

not used, the process is simply referred to as lime softening. 
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 CaSO4 + Na2CO3 →CaCO3↓ + Na₂SO4 (2.7) 

 CaCl2 + Na2CO3 →CaCO3↓ + 2NaCl (2.8) 

2.1.3. Carbon Dioxide/Air  

The final step of lime-soda ash softening includes the addition of carbon dioxide 

through a process called carbonation. This portion of the process neutralizes the pH by 

converting CO3
2-

 back to HCO3
-
, but does not remove any hardness from the water. This 

chemical reaction can be seen in Equations (2.9) and (2.10). Carbon dioxide cannot be 

applied before or during the addition of the hydrated lime due to the reactive properties of 

the two chemicals. For some water facilities, carbonation is replaced by aeration as a 

method of raising the pH. 

 CO2 + CaCO3 + H2O → Ca(HCO3)2 (2.9) 

 CO2 + Ca(OH)2 → CaCO3↓ + H2O (2.10) 

2.1.4. Coagulants (Polymers) 

To enhance the flocculation of the precipitants, polymers are often added during 

lime softening. Polymers are water soluble, macromolecular compounds composed of a 

long chain of organic molecules called monomers that carry both negative and/or positive 

charges (22). These chains can be of thousands to millions of monomer units. The main 

purpose of the polymers is to provide a “bridge” between floc particles. As a 

consequence, the flocs grow in size and become heavier, which allows for a faster settling 

time. There are three different categories of polymers which include:  

 Cationic: Positively charged polymer  

 Anionic: Negatively charged polymer 



9 

 

 Nonionic. Neutrally charged polymer 

Cationic polymers possess a lower molecular weight that makes them best suited 

as a primary coagulant or coagulant aid. The higher molecular weight of the anionic and 

nonionic polymers makes them best suited as flocculation or filter aids. Both natural and 

synthetic polymers can be used for the water treatment process. While natural polymers 

are virtually free of toxins, biodegradable, and locally available, water treatment plants 

typically use synthetic polymers. Potato starch is a common organic polymer that aids in 

the treatment of water. This project used a synthetic polymer provided by the Dania 

Water Treatment Plant (DWTP) called ULTRION ® 8157. 

2.1.5. Systematic Design 

The basic design of lime-soda ash softening can be divided into six categories, 

which include injection, rapid mixing, flocculation, sedimentation, recarbonation, and 

filtration. These six processes can occur in six separate units or in one all-incorporating 

unit. A specific amount of hydrated lime and soda ash are added as the groundwater 

pumps into the system. Calculating the proper dosage will be discussed later in Section 

2.2. As soon as the lime and soda ash are added, rapid mixing occurs to speed up the 

flocculation process. As the flocs become greater in size, they will settle by gravity. The 

sludge is then removed from the bottom of the tank and disposed of. 

The treated water from the top of the unit is then taken and injected with carbon 

dioxide to neutralize the pH. At this point, the water may go through filtration to further 

remove all precipitate residues. A rough schematic of the process can be seen in Figure 

2.2.  
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2.1.6. Suitability for Small Systems 

The greatest issue with lime softening on a smaller scale includes the complexity 

of the chemistry and the need for monitoring. As demonstrated in the previous sections, 

the softening process is heavily dependent on multiple chemical reactions with little 

indication of what is occurring. Without proper measurement tools, it is difficult to 

determine how efficiently the water has been treated. The issue with this system and the 

need for monitoring occurs with the excessive use of lime. If there is too much lime 

added to the system, the pH will rise to a level where the finished water cannot be 

consumed. Consumption of water with pH levels greater than 11 can lead to irritation in 

the eyes, skin, gastrointestinal organs, and mucous membranes, which could eventually 

lead to skin disorders (23). 

However, once the chemistry of groundwater is known, it tends not to vary widely 

(24). By making the system purely meant for a groundwater source, it is possible to 

drastically reduce the amount of monitoring and chemistry knowledge needed to operate 

the system. This thesis strides to make this process more accessible to all socio-economic 

areas by opening up the idea of less monitored lime softening systems. Through research 

and experimentation, the researcher believes that it is possible to create a system that 

requires less technical monitoring through simple tests that can be performed by an 

Carbon Dioxide/ 

Aeration 

Figure 2.2: Schematic of Lime-Soda Ash Softening 

Groundwater 

Source Filtration  Sedimentation  Rapid Mix 

Hydrated Lime/ 

Soda Ash/ Polymers 

Flocculation 
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individual of any educational background. These tests could include pH and total 

hardness strips that would provide an indication of the efficiency of the process.  

2.2. Dosage Calculation 

The milli-equivalent method is one of the techniques used to calculate the amount 

of lime, soda ash, and carbon dioxide needed for a water sample. For this particular 

project, the calculated dosage will be the initial consideration for experimental testing. It 

is essential that the lime raises the pH to 10.3 or above to guarantee the greatest level of 

removal in terms of all contaminants.  

The milli-equivalent method uses the concentration, molecular weight, and 

valence of a desired substance to calculate the dosage of lime, soda ash, and carbon 

dioxide for hardness removal. It should be noted that lime softening only removes 

hardness to a technical limit of 40 mg/L as CaCO3. It is important to calculate the correct 

amount of dosage needed for a given water sample because too little dosage results in 

very little removal of hardness and heavy metals, while excessive dosage results in 

corrosion damage and capital lost on chemicals. The following section provides a 

detailed procedure on how the lime, soda ash, and carbon dioxide dosage are to be 

calculated. An example will be given along with an easy to follow set of instructions.  
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Table 2.2: The Molecular Weights of Common Chemicals  

Common Chemicals Valence Molecular Weight (g/mol) 

Quicklime (CaO) - 56.0 

Hydrated Lime (Ca(OH)2) - 74.0 

Soda Ash (NaCO3) - 106.0 

Carbon Dioxide (CO2) - 44.0 

Calcium Ions +2 40.0 

Magnesium Ions +2 24.3 

Sodium Ions +1 23.0 

Ferrous Ion +2 55.8 

Ferric Ion +3 55.8 

Bicarbonate Alkalinity -2 50.0 

Sulfate Ions -2 96.0 

Chloride Ions -1 35.5 

The first step is to determine the amount of calcium ions, magnesium ions, 

sodium ions, bicarbonate alkalinity, and sulfate ions within the given water sample. This 

can be done through laboratory testing at a research laboratory or facility. The specific 

procedure for this project will be provided in section 3.2.1. Table 2.3 provides an 

example of a water sample to show how this process is completed.  

Table 2.3: Water Sample Concentrations 

Substance Concentration (mg/L) 

Calcium Ion 40 

Magnesium Ion 10 

Sodium Ion 17 

Bicarbonate Alkalinity 109.8 

Sulfate Ion 68 

Chloride Ion 10 
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The concentration of each substance in Table 2.3 needs to be divided by the 

equivalent weight. The equivalent weight is the molecular weight divided by the valence 

as seen in Equation (2.11) (25). This step provides the mill-equivalence value needed to 

continue with the procedure. An example of how to calculate the equivalent weight and 

the milli-equivalence is demonstrated in Equations (2.12) and (2.14). In addition, refer to 

Table 2.5: Milli-Equivalent Results for the molecular weight and valence number of a 

substance. 

 
Eqivalent weight =

Molecular Weight

Valence
 

(2.11) 

 
Equivalent weight ofCalcium Ion =

40.0

2
= 20.0

mg

meq
 

(2.12) 

 
Milli − Equivalent =

Concentration

Equivalent Weight
 

(2.13) 

 
Milli − Equivalent of Calcium =  

40

20
= 2.0

meq

L
 

(2.14) 

Table 2.4: Equivalent Values 

Common Chemicals Equivalent Weight (mg/meq) 

Quicklime (CaO) 28.0 

Hydrated Lime (Ca(OH)2) 37.0 

Soda Ash (NaCO3) 106.0 

Calcium Ions 20.0 

Magnesium Ions  12.2 

Sodium Ions 23.0 

Ferrous Ion 27.9 

Ferric Ion 18.6 

Bicarbonate Alkalinity 50.0 

Sulfate Ions 48.0 

Chloride Ions 35.5 
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Table 2.5: Milli-Equivalent Results 

Substance Milli-Equivalents (meq/L) 

Calcium Ion 2.0 

Magnesium Ion 0.8 

Sodium Ion 0.7 

Bicarbonate Alkalinity 1.8 

Sulfate Ion 1.4 

Chloride Ion 0.3 

 

The next step requires the creation of a milli-equivalent diagram that visually 

represents each ion. Cations are placed on the top in the specific order of calcium, 

magnesium, sodium, and potassium, while anions are placed on the bottom in the order of 

bicarbonate, sulfate, and chloride. This diagram provides a visual representation of which 

cations and anions react with one another.  

0                2        2.8         3.5 

 

 

 

 

 

 

 

0      1.8             3.2       3.5 

 

By utilizing the milli-equivalent diagram, the various forms and quantities are 

defined within the water sample. Table 2.6: Calculated Milli-Equivalent  shows the 

calculated quantities for this example. 
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Figure 2.3: Pre-Treatment Milli-Equivalent Diagram 
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Table 2.6: Calculated Milli-Equivalent Combinations from Table 2.5 

Compound Concentration (meq/L) 

Ca(HCO3)2 1.8 

CaSO4 0.2 

MgSO4 0.8 

Na2SO4 0.4 

NaCl 0.3 

 

Using the chemical reactions in Equations (2.1) through (2.10), the relationship 

between lime/soda ash and a specific compound such as Ca(HCO3)2, CaSO4, and MgSO4 

can be established.  

Table 2.7: Individual Lime and Soda Ash Calculations 

Compound Lime (meq/L) Soda Ash (meq/L) 

Ca(HCO3)2 1.80 0.00 

CaSO4 0.00 0.20 

MgSO4 0.80 0.80 

Total 2.60 1.00 

 

To get the actual dosage of lime required to remove the various compounds, the 

milli-equivalent value needs to be converted to milligrams per liter. This is done by using 

a similar conversion method as discussed in the beginning of the section. In addition, an 

extra 35 mg/L must be added to the lime quantity to ensure that the pH rises above 10.3. 

The final calculations for lime and soda ash can be seen in Table 2.8: Cumulative 

Calculation of Lime and Soda Ash. 
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Table 2.8: Cumulative Calculation of Lime and Soda Ash 

Compound Amount (mg/L) 

Lime (CaO) 107.8 

Soda Ash (Na2CO3) 69.0 

 

Through the addition of the lime and soda ash, the calcium ion concentration 

reduces to 40 mg/L as CaCO3 and the magnesium ion concentration reduces to 10 mg/L 

as CaCO3. The next step in the process is to reduce the pH down to 7 through the addition 

of carbon dioxide. This is achieved by evaluating the revised milli-equivalent diagram in 

Figure 2.5 and using the chemical reactions within Equations (2.15) through (2.17).  

 CO2 + Ca(OH)2 → CaCO3↓ + 2H2O (2.15) 

  CO2 + CaCO3 + H2O → Ca(HCO2)3 (2.16) 

  CO2 + Ca(OH)2 → Ca(HCO)3 (2.17) 

 

0          0.6      0.8                                               2.5 

 

 

 

 

 

 

0       0.2           0.8         2.2        2.5 

 

The chemical reactions in Equations (2.15) through (2.17) demonstrate that the 

addition of carbon dioxide in the presence of excess lime converts the hydroxide anion 

into bicarbonate. Thus, the addition of carbon dioxide neutralizes the water. The final 

milli-equivalent diagram can be seen in Figure 2.6. 
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Figure 2.4: Pre-Treatment Milli-Equivalent Diagram Prior to Re-carbonation 
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0          0.6      0.8                                               2.5 

  

HCO3
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0                  0.8          2.2      2.51 

 
 

2.3. Arsenic Removal  

Arsenic contamination in groundwater sources affects millions of people in areas 

that include Bangladesh, West Bengal, Argentina, Chile, China, Vietnam, India, Mexico, 

and the United States (26). The following section will provide a synopsis on the harmful 

effects of arsenic and the effectiveness of arsenic removal using lime softening. 

2.3.1. Health Effects of Arsenic 

Arsenic is a highly toxic substance that can only be detected through water 

analysis and results in both acute and long term health effects. These effects can be 

categorized as both carcinogenic and non-carcinogenic (27). The human body can 

tolerate small amounts of arsenic as it is a naturally-occurring substance that can be found 

in food and drinking water, however, abnormally large exposures can have immediate 

effects that range from vomiting to death. To place a visual on the toxicity of this 

substance, a fatal dosage of arsenic oxide which is one of the most available forms can be 

produced by a 1/8 teaspoon (28).  

Long-term effects occur due to a prolonged exposure to mild or moderate levels 

of arsenic within the water or food supply. While long-term effects have been greatly 

researched, it is difficult to differentiate between the effects of arsenic and other 

environmental factors especially when most cases occur in areas of severe poverty. Initial 

Ca
2+ 

Mg2+ Na
+ 

HCO3
- 

SO4
2- 

Cl
- 

Figure 2.5: Post-Treatment Milli-Equivalent Diagram Prior to Re-carbonation 
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long-term effects of arsenic poisoning can be observed in the skin with the development 

of lesions, pigment changes, and patches of hard skin on the palms of the hand and soles 

of the feet. These symptoms occur after at least five years of exposure to arsenic and 

typically lead to skin cancer. Other symptoms from long-term exposure to arsenic include 

developmental issues, neurotoxicity, diabetes, cardiovascular disease, and cancer within 

the bladder, lungs, skin, kidney, liver, prostate, or nasal passages depending on the route 

of introduction into the body 

The arsenic contamination of groundwater has caused the Bangladeshi population 

to experience a wide range of the symptoms including increased levels of skin lesions, 

hypertension, diabetes mellitus, chronic disease, as well as increased infant and adult 

mortality (29). The most common effects of arsenic exposure were skin lesions and early 

death. The two dominant types of skin lesions were hyperpigmentation and keratosis 

which typically indicates early forms of skin cancer (29). These types of skin lesions 

have been observed on inhabitants in Bangladesh when arsenic levels were 300 μg/L or 

greater. Hair, nail, and urine samples are able to indicate the amount of arsenic exposure 

an individual has received. Overall, there has been an increased level of fetus and infant 

deaths in addition to increased deaths from cancers, cardiovascular disease, and 

infectious diseases within the Bangladesh population due to arsenic poisoning (30)(31). 

2.3.2. Arsenic Removal Studies 

Through several studies, it has been found that the removal of arsenic using lime 

softening highly depends on the pH (32 - 34). During a lime softening process where the 

pH was above 10.5, arsenic (V) was found to have a removal rate from 80 to 100% while 

arsenic (III) had a removal near 75%. However, removal rates have been found to be 
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below 10% for systems that did not achieve a pH of at least 10. 

In 1997, NcNeil and Edwards published a study that linked the primary 

mechanism of arsenic removal in lime softening to the precipitation of magnesium 

hydroxide (Mg(OH)2). A 90% removal of arsenic was found in a full scale lime softening 

plant where the pH was high enough to precipitate Mg(OH)2, however, the precipitation 

of only calcium carbonate (CaCO3) only achieved a removal of zero to 10 percent. In 

addition, this study has also indicated that trace amounts of orthophosphate and carbonate 

could limit the removal of arsenic through co-precipitation with Mg(OH)2 and that the 

addition of iron prior to water softening has shown increased removal of arsenic.  

2.4. Sludge Disposal 

Sludge disposal remains one of the main challenges of lime softening. The whole 

process of lime softening revolves around the precipitation of compounds, which lead to 

sludge. The actual moving and disposal of sludge can be labor intensive and costly, but 

necessary as sludge accumulates at a quick rate especially within large water treatment 

plants. The primary issue with sludge handling and transportation is the removal of water 

referred to as dewatering. One study indicated that the ability for a certain sludge to 

thicken and be dewatered is determined by the Ca:Mg ratio. A ratio of less than two 

makes it difficult to dewater while a ratio above five will be relatively easy to dewater 

(35). Without the use of soda ash, it will be difficult to reach a Ca:Mg ratio of five. 

Several mechanisms, such as gravity thickening, non-mechanical dewatering, and 

mechanical dewatering, are used today to concentrate, and dewater lime sludge. These 

mechanisms are described on the next page.  
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 Gravity Thickening: As an effective and inexpensive technique, this method 

begins in the actual clarifier as sludge settles to the bottom and thickens 

through gravitational force. This process can be even more effective through 

the design and installation of a separate thickening system. Although this 

requires a large upfront cost, it was found that an individual thickening system 

can reduce sludge volume by ten times.  

 Non-mechanical Dewatering: This system includes the use of lagoons, or 

sand-drying pits. While lagoons can be a difficult system for areas that 

experience rainy seasons, studies have indicated fifty percent dewatering 

ability within a properly designed lagoon. This method has proven to be 

inexpensive and effective when the necessary land is available. Sand-drying 

pits are also not ideal for areas that experience rainy seasons as sludge is 

spread out on areas with sand or gravel drainage systems. Once the sludge 

dries, the residue is collected and another layer of sludge is applied. Sand-

drying pits are not a commonly used method.  

 Mechanical Dewatering: The most commonly used systems include 

centrifugation, vacuum filtration, belt filtration, and pressure filtration. All 

methods apply various forces to the sludge that presses the water out of it. 

While these are effective methods, a large amount of cost needs to be placed 

into the design, construction, and operation.   

While lime softening sludge seems to be a nuisance, several facilities are 

investigating environmentally-friendly applications for this material. The U.S. Bureau of 

Reclamation and Envirock, Inc. are currently researching the possibility of using lime 
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sludge within concrete mix (36). Other applications that are being tested include use in 

power-plant Sox control, dust control on gravel foods, wastewater neutralization, and 

infill materials for road construction (37). One idea for the disposal of sludge for this 

particular device involves the neutralization of odor in outdoor facilities such as 

outhouses in under-developed areas.  
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3.    WATER TESTING METHOD 

This project was divided into three separate phases, which included preliminary 

testing, prototype testing, and final testing. Preliminary testing consisted of obtaining raw 

groundwater, testing the water for general water quality, and performing jar tests. The 

general water quality was characterized by pH, total alkalinity, total hardness, calcium 

hardness, and magnesium hardness. Once the general quality of the water was 

determined, the required lime was calculated using the method described in Section 2.2. 

Next, a series of jar tests were performed to determine the ideal dosage of lime with the 

pH and amount of removal of total hardness being the two of the main considerations. 

Coagulant aid (ULTRION ® 8157) was also added to the jar testing, at a constant 

concentration of 1.0 mg/L. No further testing was performed to determine the optimum 

level of coagulant aid.  

Using the dosage calculated in the jar tests, the prototypes were tested for their 

process removal efficiency. Depending on the performance of the prototype, the design 

was completely renovated, modified, or finalized. The same water quality tests were 

performed as in the initial testing. Once a prototype was finalized, it was equipped with 

an electrical system that allowed it to function on its own, and several water quality tests 

were performed to document that the system functioned properly.  

During the final testing, the treated water samples were analyzed for general 

water quality parameters and arsenic. A known amount of arsenic was spiked to the raw 

water sample as described in Section 3.2.3. The raw and treated water samples were sent 
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out to National Testing Laboratory, where the levels of arsenic were tested. The 

following section provides the materials and procedures used in every phase.  

3.1. Materials  

Most of these materials were generously donated by local water treatment plants. 

Without their support, this project would not have been possible. 

3.1.1. Raw Groundwater 

One of the essential elements of this project was to have a reliable groundwater 

source. The groundwater source provides a level of chemical stability within the raw 

water that cannot be found in surface water sources. Surface water chemistry changes on 

a regular basis depending on precipitation, weather conditions, and environmental 

factors. Groundwater chemistry tends to be more stable as water needs to seep through 

the earth’s surface to be incorporated into an aquifer. Without a stable groundwater 

source, the chemistry of the raw water and lime softening system would be too variable to 

guarantee safe drinking standards over any period of time. The raw water, obtained from 

CSWTP, DBWTP, and BRWTP on 6/26/2014, 10/01/2014, and 11/14/2014 respectively, 

was kept in a temperature controlled environment of 65°F. In addition, testing was 

performed on the water every two weeks to ensure that the quality was maintained prior 

to further testing.  

3.1.2. Chemical Materials 

The various chemicals used throughout this thesis included lime (CaO), coagulant 

aid, and arsenic. The lime was provided by DWTP and the Material Safety Data Sheet 

(MSDS) for this product can be found in Appendix D. Due to the chemical’s basic 

property, it can be a harmful substance if exposed to water in the improper proportions.  
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The coagulant aid for this project was ULTRION ® 8157 manufactured by Nalco, 

and generously provided by DWTP. The MSDS for this product can be found in 

Appendix E. As discussed in Section 2.1.4, coagulant aids speed up the sedimentation 

process by creating larger flocs that settle faster due to the larger weight which decreases 

settling time. The dosage of coagulant added to lime testing was kept at 1.0 mg/L after 

initial experimentation with the product.  

During the final water quality testing, the raw water sample was spiked with 

arsenic to determine the reliability of the system. The chemical used was Sodium 

Hydrogen Arsenate Heptahydrate 98% manufactured by Alfa Aesar. The MSDS for this 

product can be found in Appendix F. 

3.2. Analytical Procedures 

The procedures outlined in this section include water quality testing, jar testing, 

and arsenic spiking and testing.  

3.2.1. Water Quality Testing 

The parameters that were used to test water quality included pH, total alkalinity, 

total hardness, calcium hardness, and magnesium hardness. These testing parameters 

were used for all three phases within the project.  

The pH was tested using Hach HQ40d pH Meter with a smart probe. This device 

has no restrictions in terms of pH application and was calibrated prior to each testing 

session. The calibration consisted of testing and reprogramming the qualities of three 

fresh buffer samples with a pH of 4.0, 7.0, and 10.0.  

The Total Alkalinity was tested using Hach Method 8203 and Hach digital titrator 

model 16900. The titrator has an accuracy of ±1% for readings over 100 digits. 
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Hydroxide, carbonate, and bicarbonate alkalinity was calculated using the instructions 

outlined in the procedure. Please refer to Appendix A for further information about the 

procedure.  

Total hardness was tested using Hach Method 8213 and Hach digital titrator 

model 16900. Please refer to Appendix C for further information about the procedure. 

Calcium hardness was tested using Hach Method 8213 and Hach digital titrator model 

16900. Please refer to Appendix B for further information about the procedure. 

Magnesium hardness was calculated by subtracting the calcium hardness from the total 

hardness. 

3.2.2. Jar Testing Procedure 

The materials needed to perform this test included a PB-750 Jar Tester, various 

dosages of lime ranging from 100 to 800 mg/L and 1.0 mg/L coagulant aid (ULTRION ® 

8157), weighing dishes, and raw water (2.0 liters per container).  

The jar test procedure included each clean container being filled with two liters of 

thoroughly mixed raw water. Next, the containers were clearly labeled according to the 

lime dosage that they were being tested for. Using the calculated amount of lime as 

described in Section 2.2, a range of lime dosages and fixed coagulant aid dosages (1 

mg/L) were carefully measured. The samples were rapidly mixed for three minutes at 300 

rpm and then allowed to settle under quiescent conditions for 30 minutes. An rpm of 300 

was determined after several initial tests were conducted with a range of values from 50 

to 1000 rpm. Samples with a mixer speed of greater than 300 rpm had a greater amount 

of total hardness removal, however, samples with a mixing speed of 500 rpm would make 

the system violently shake. During the final prototype, the water was allowed to settle for 
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one hour to better stimulate the mixing procedure. The water quality tests were then 

performed on the samples. Once testing was complete, the containers were thoroughly 

cleaned and placed back in their proper locations.  

3.2.3. Arsenic Spiking and Testing 

During the final water quality test of the system, the raw water was spiked with a 

level of 500 μg/L of arsenic to test the process removal efficiency. The initial 

concentration of arsenic in the raw water sample after spiking was reported by National 

Testing Laboratories, Ltd  to be 460 μg/L(<10% error). The materials that were needed to 

complete this section included a weighing dish, scale with a three decimal accuracy, 100-

mL vial, 150-mL plastic chemical container, and label.  

First, the amount of arsenic was calculated to create of a concentration of 0.1 M in 

a 100 mL solution. Next, the required weight of arsenic was measured in a plastic weigh 

boat. A small amount (<5-mL) of deionized water was placed in the dish to keep the 

arsenic from becoming airborne. The researcher then placed roughly 20-mL of deionized 

water into 1 100-mL volumetric flask. The weighed arsenic was transferred to the flask 

and swirled until completely dissolved. The volumetric flask was then filled to the 100-

mL mark with deionized water and inverted 20 times to ensure proper mixing. The 

solution was transferred to a plastic chemical container, and labeled. Finally, 1.23 mL of 

the 0.101 M solution was placed into 17 liters of raw groundwater to achieve a 

concentration of 500 μg/L. The solution was then placed into a secure location. The 

various values for this portion are shown in Table 3.1. 
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Table 3.1: Arsenic Dosage Information  

Parameters Measurement 

Desired Dosage 500 μg/L 

Amount of Raw Water 17 L 

Atomic Mass of Arsenic 74.92 

Solution Concentration 0.101 M 

Volume of Concentration 100 mL 

Weight of Arsenic  3.145 g 

Amount Needed in 17 Liters 1.12 mL 
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4.    DESIGN METHOD

Despite the fact that lime softening has been a well-accepted water treatment 

technique for many years, there has been little published data on the scaling down of the 

system. The purpose of this project was to design a lime softening system that could 

remove a sufficient level of contaminants while also being small enough to function on a 

household basis. The initial design was to create a fully automated system that would be 

able to distribute the correct dosage of lime into raw groundwater, mix the lime and 

water, allow the mixture to settle, and produce clean water while being powered by solar 

energy. The aspects that were accomplished included creating an automated system that 

was able to mix, settle, and distribute clean water while being powered by solar energy.  

4.1. Preliminary Design 

The preliminary design of the system was a fully automated device that would be 

able to distribute the correct dosage of lime into raw groundwater, mix the lime and 

water, allow the mixture to settle, and produce successfully treated water, while being 

through solar energy. A disinfection system would have also been considered if the 

treated water met drinking standards. The system shown in Figure 4.1: Preliminary 

Design was the initial design which proved not so easy to implement. The rest of the 

section was dedicated to the progression from the preliminary design to the final 

prototype while also describing the shortcomings of each prototype design and how it 

was improved upon. 
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Figure 4.1: Preliminary Design 

4.1.1. Prototypes 

When designing this particular system, there were many elements that needed to 

be incorporated. Some of the major considerations included the mixing device, settling 

time, sludge removal, and power system. The first prototype was created to look very 

similar to the preliminary design. Without all the elements incorporated, the first 

prototype only produced three gallons of treated water. The researcher felt that this was 

far too small of a system to provide a useful amount of treated water based on the time 

needed to settle. Due to this shortcoming, the initial prototype was rendered unsuitable 

for this project.  

The second prototype was designed at a larger scale with fewer components to 

lower the complexity of the design and allow for a greater amount of water to be treated 
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during the same time period as the first prototype. This system, seen in Figure 4.2, would 

have been a successful final prototype however it was difficult to obtain the amount of 

raw groundwater needed to perform multiple tests. During each scheduled water pick-up, 

only 30 gallons of water was brought back to campus. To run one test with the second 

prototype, it required approximately 20 gallons of water with additional water being 

needed for the initial water quality and jar tests. With water pickups scheduled once 

every two months, this became impractical. Despite this shortcoming, the researcher was 

confident that this prototype would be able to be incorporated into the final design with a 

greater water source supply.  

 

Figure 4.2: Second Prototype 

The third prototype design consumed less raw water per test, incorporated a sand 

filter to lower the risk that lime would reach the user, and added a pump to transport the 
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water from the settling area to the sand filter. The third prototype can be seen in Figure 

4.3. This design was used as the basis for the automated system.   

 

Figure 4.3: Third Prototype 

4.2.  Fourth and Final Prototype 

The final prototype (fourth prototype) was established by using the third 

prototype and automating the system to make a more user-friendly device that could 

produce clean water with the proper amount of lime and coagulant added to the system. 

The overall design of the fourth prototype was composed of seven different elements 

which included mixing zone, settling zone, mixer, pump, sand filter, electrical 

components, and power supply. Figure 4.4 demonstrates the systematic flow of the 

device and how each component is incorporated.   
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Figure 4.4: System Flow Chart 

Once the proper portions of untreated groundwater and chemicals as calculated in 

Section 2.2 were added to the system, the mixing was initiated. After mixing was 

complete, the water was allowed to settle within the mixing and settling area. After the 

settling period, the pump started and pumped the treated water to the sand filter where the 

remaining residuals were filtered out. A system diagram can be seen in Figure 4.5. 

 

Figure 4.5: System Diagram 

4.2.1. Mixing and Settling Area 

The mixing and settling area was built using a five-gallon plastic bucket. This 

material was chosen based on the accessibility, low-cost, size, and resistive properties of 

the plastic. The mixing of the lime and water creates a harsh chemical reaction that can 

cause rapid corrosion. By using plastic, the researcher hoped to reduce the amount of 

corrosion and thereby increase the longevity of the product.  
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4.2.2. Sand Filter 

The sand filter was built out of a four-foot long PVC pipe that held three layers of 

media, which include sand, pea gravel, and river gravel. These materials were obtained 

from a local hardware store. The sand layer was approximately 30 inches deep, and the 

other layers were approximately two inches deep each. The filter unit was added to 

further remove contaminants from the water. The filter unit allowed the entire system to 

become more versatile as it could be used for either groundwater or surface water source. 

A diagram of the sand filter is shown in Figure 4.6: Sand Filter Diagram. The use of the 

sand filter was not only able to make the water clearer. It also improved the water quality 

as measured by the calcium hardness and total hardness, in most tests. 

 

Figure 4.6: Sand Filter Diagram  

The sand filter was created using the materials found in Table 4.1. The following 

procedure to construct the sand filter was created by CAWST, which is a company that 

focuses on making affordable water and sanitation technology (38).  
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The first step was to cement together the two PVC pipes, one coupling, and one 

drain cap. The cement was allowed to dry overnight. In the meantime, the sand and 

gravel were washed several times separately. To wash each element, a portion of each 

substance was placed in a bucket, tap water was poured into the bucket so that it 

exceeded the level of the sand or gravel, and the entire bucket was vigorously stirred with 

a mixer. Next, the water was decanted from the bucket, and this process was repeated 

until the water was clear. Once the water became clean, deionized water was used for the 

final wash of each material. 

Table 4.1: Sand Filter Materials 

Item Quality 

4in. x 2 ft PVC Sch 40 Pipe (PVC pipe) 2 

4 in. PVC DWV Coupling (coupling) 1 

4 in. PVC DWV Drain Cap (drain cap) 1 

Insert Test Cap with Knockout (test cap) 1 

Pool Filter Sand 4.0 lb 

Pea Pebbles 1.5 lb 

River Pebbles 1.5 lb 

8 oz. PVC Cement 1 

 

Once the cement dried, two holes were drilled into the PVC setup. One of the 

holes was at the very bottom of the PVC pipe, while the other was within six inches from 

the top of the PVC pipe. The bottom hole was meant for the clean water that would be 

distributed to the sand filter while the top hole was meant for the water coming from the 
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pump. A system was created that was able to transport the water from the bottom hole to 

the Clean Water Collection Area. This system was installed prior to placing the gravel or 

sand media in the bed. The cross-sectional area of the filter was 12.57 in
2
 (0.09 ft

2
). 

Finally, the sand and gravel were placed into the bed. First, a two-inch layer of 

river pebbles was poured into the PVC pipe followed by the two-inch layer of pea 

pebbles. The PVC pipe was then filled with water and approximately a 30-inch layer of 

sand was placed into the pipe. After each layer was added, the material was packed down.  

4.2.3. Mechanical Components 

The mechanical components of the project consisted of a mixer and pump. Both 

products were bought fully assembled, however, the multipurpose mini-bench was 

modified to become the mixer of the system. Table 4.2 lists the two mechanical 

components and a brief summary of their capabilities.  
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Table 4.2: Mechanical Components 

Picture Product Name Description 

 

 

 

 

3 Inch 

Multipurpose 

Mini Bench 

(Mixer) 

This system has a voltage rating of 

120 V and an amperage of 1.3 A. The 

aspect that makes this product 

desirable is the adjustable RPM. This 

system can reach 10,000 RPM with 

no load.   

 

 

 

AquaLifter 

Pump (Pump) 

This pump is designed to pump water 

up to 30 inches high and at a flow 

rate of 3.5 gallons per hour.  
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4.2.4. Electrical Components 

The electrical components allowed the system to function automatically, which 

removed the complication of manually starting each device in the proper sequence. The 

various electrical elements consisted of distributing power throughout the system, 

controlling the devices, wiring the devices, creating a circuit, and enclosing the electrical 

components. The wiring of the system can be seen in Figure 4.7, while all the other 

components and their specifications can be seen in Table 4.3 through Table 4.6.  

 

Figure 4.7: Wiring Layout of the Final Prototype 

In Figure 4.7, the wiring for the entire system is defined. The wire colors within 

the diagram had specific meanings with green being considered the standard color for the 

ground wire, white being considered the standard color for neutral wires, and black being 

considered the standard color for the hot wire. It was important to make sure that certain 



38 

 

wires were specific colors to add a level of safety to the system. Figure 4.8 shows the 

final product.  

 

Figure 4.8: Wiring of the Final Prototype 
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Table 4.3: Major Electrical Devices  

Picture Product Description 

 

 

 

 

 

 

Arduino UNO R3 

(Arduino) 

The Arduino was the 

microcontroller chosen to control 

the system through the use of code. 

This code can be seen in Appendix 

H. The UNO version was chosen 

based on the processing capabilities.   

 

 

 

 

 

 

Four Channel 

Relay Module 

(Relay) 

The Relay was used to control a 

device through a low power signal 

such as an Arduino. Through this 

device, both the pump and mixer 

were able to be controlled through 

code. In addition, it connected the 

pump and mixer to the power 

source. 

 

 

 

 

 

 

Float Switch 

Sensor 

 

This sensor was designed to shut off 

the pump once the water level 

receded to a certain level. It was 

composed of a metal rod, floater, 

two washers, adhesive, and wires. 

 

 

 

 

 

22-10 AWG 10-

Circuit Terminal 

Block (Terminal 

Strip) 

The Terminal Strip was used to 

connect the ground and neutral 

wires from the pump and mixer to 

the main power source. This device 

worked with the relay to allow the 

Arduino to control the pump and 

mixer. 
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Table 4.4: Wires Used to Program  

Picture Product Description 

 

 

 

 

 

 

 

 

16 AWG Wire 

(Green and 

White) 

The 16 AWG Wires were used to 

connect the ground and neutral power 

sources to the terminal strip. This type 

of wire was chosen based on the 

current and voltage that would be 

running through it. Green is 

considered the universal color for 

ground, and white is considered the 

universal color for neutral. 

 

 

 

 

 

 

20 AWG Wire 

(Black) 

The 20 AWG Wires were used to 

connect the hot lines to the relay. 

These wires were chosen based on the 

current and voltage that would be 

running through it. Black is 

considered the universal color for 

neutral 

 

 

 

 

 

 

22 AWG Wire 

(Orange) 

The 22 AWG Wires were used to 

connect the signal lines to the relay 

and Arduino. These wires were chosen 

based on the current and voltage that 

would be running through it. The color 

orange was chosen solely based on 

preference of the researcher 
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Table 4.5: Circuit Devices  

Picture Product Name Description 

 

 

 

 

Arduino 

ProtoShield v2 

 

The ProtoShield was used to create a 

circuit on top of the Arduino. This 

drastically opened up space within the 

electrical box. This device was used to 

incorporate the sensor circuit.  

 

 

 

 

 

 

 

10-kΩ Resistor 

This resistor was used to create a 

circuit that allowed the voltage to go 

to zero once the two metal washers 

touched each over. This shut down the 

pump and turned on an LED light that 

indicated to turn off the system.  

 

 

 

 

 

 

Capacitor 

The capacitor slowed down the time 

between each reading on the sensor 

and steadied the system. This allowed 

the system to register the reading of 

the sensor and preform the function 

required.   
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Table 4.6: Enclosure for Electrical Devices  

Picture Product Name Description 

 

 

 

 

 

 

Junction Box 

 

The Junction Box was used to store 

all the electrical components. This 

was a safety precaution to make sure 

that no electrical components were 

exposed to the elements.   

 

 

 

 

 

Fused Outlet 

 

The Fused Outlets were used to 

provide power to the pump and mixer. 

A fused outlet was a safety precaution 

since a circuit breaker was not 

installed within the system. 

 

 

 

 

 

 

Red Neon 

Indicator Lamp 

 

 

The LED Light was installed on the 

outside of the Junction Box to 

indicate when the system needed to 

be turned off.  

 

 

 

Fused Power 

Module Outlet 

 

 

This device was used to provide 

power to the entire system. This outlet 

was also fused as a safety precaution.  
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4.2.5. Power Components  

To provide a reliable power source, both a solar panel and battery were connected 

to the system. This allowed the unit to function through most weather conditions. A full 

list of the parts used and their significance is displayed Table 4.7 Most of these devices 

were generously donated from previous projects, however, the cost of each item was 

factored in to the cost analysis to provide the most accurate cost estimate. The schematic 

for the power component is seen in Figure 4.9 

Table 4.7: Power Devices   

Picture Product Name Description 

 

 

 

 

80 Watt Solar 

Panel 

 

Provided power to the system through 

a clean and efficient energy sources. 

This particular energy source was 

used to make the system could be used 

in all areas even the more rural ones. 

 

 

 

Charge 

Controller 

 

 

If electricity is available, this allows 

the battery to be charged which 

extends the life of the battery.   

 

 

 

 

12 Volt Battery 

 

 

Provides an alternate solar source to 

the system in case the weather is not 

ideal or the solar panel fails. 

 

 

 

120 VAC 

Inverter 

 

 

Converts the AC power form the solar 

panel/battery into DC power so that 

the system can function.  
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Figure 4.9: Solar Power Sub-System 

4.2.6. Procedure of Final Prototype Testing  

This test procedure was developed through research and development in the initial 

stages of the project with all prototypes being tested through this method. The final 

prototype (prototype four) ran this procedure six times not including program 

experimentation runs where the code was being tested.   

The mixing procedure started by placing a known amount of raw groundwater, 

computed dose of lime, and coagulant aid into the mixing and settling area. The dosage 

of lime was computed using the jar test results and calculated by simple multiplying by 

the amount of raw water that was being tested. Next, the system was switched on using 

the toggle switch on the side of the electrical box. After a delay of five seconds, the mixer 

turned on for three minutes at an RPM of at least 300. Once the mixing was complete, the 

mixer turned off and the system remained inactive for one and half hours to ensure full 

settling of the lime and water. Next, the pump was turned on and conveyed the water to 

the sand filter. The treated water gradually moved through the sand filter and was 

distributed into the clean water collection area.  

Once the water in the mixing and settling area receded to a certain level, the 

sensor signaled to the automated system to turn off the pump. At this time a light on the 
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outside of the electrical box turned on to signal that the process was complete. The 

system was shut down using the toggle switch on the side of the electrical box and the 

mixing and settling area was cleaned out. Using the treated water, the general water 

quality parameters and arsenic were tested to determine the efficiency of the run. The full 

set up can be seen in Figure 4.10. 

 

Figure 4.10: Final Prototype with Automated System 
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5.    RESULTS

This chapter was dedicated to the testing results of the final prototype. The 

following sections showed the results for the initial water test, jar test, and final testing. 

Only four treated samples from the final testing and one raw water sample were sent out 

for arsenic testing, however, all samples were analyzed for alkalinity, total hardness, 

calcium hardness, magnesium hardness, and pH.  

5.1.    Raw Groundwater Quality  

This section presented the testing performed on the raw groundwater that was 

provided by Boca Raton Water Treatment Plant (BRWTP). The results for this section 

were processed using the procedures outlined in Section 3.2.1 and discussed later in 

Chapter 6. Table 5.1 shows the water quality results for the initial water quality test. 

Table 5.1: Measured Water Quality of Boca Raton Raw Groundwater 

Parameters Reading 

Bicarbonate Alkalinity 207 mg/L as CaCO3 

Calcium Hardness 233 mg/L as CaCO3 

Total Hardness 245 mg/L as CaCO3 

Magnesium Hardness 10 mg/L as CaCO3 

Arsenic (Spiked) 0.46 mg/L 

pH 7.37 

5.2.    Jar Testing  

The results for this section were processed using the procedures outlined in 

Section 3.2.1 and discussed later in Chapter 6. These dosages were chosen after 

evaluating the water quality of the raw groundwater using the milli-equivalent method. 
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Since there were several substances that could have influenced the calculated dosage of 

lime but were not tested, a range of dosages were tested to ensure that the proper dosage 

was found.  

The results of the jar testing were displayed in Table 5.2, Table 5.3, and Figure 

5.1 through Figure 5.4. The lime dosages included 100 mg/L, 200 mg/L, 300 mg/L, 400 

mg/L, 500 mg/L, 600 mg/L, 700 mg/L, and 800 mg/L with 1 mg/L of coagulant aid being 

added to each test. The hydroxide, carbonate, and bicarbonate alkalinities were calculated 

using Appendix A. The discussion on the results of the jar testing and optimal dosage that 

it determined can be seen in Chapter 6. 

Table 5.2: Calculated Alkalinity for Jar Testing 

Lime Doses 

(mg/L as 

CaO) 

Hydroxide 

Alkalinity        

(mg/L as CaCO3) 

Carbonate 

Alkalinity        

(mg/L as CaCO3) 

Bicarbonate 

Alkalinity          

(mg/L as CaCO3) 

100 mg/L 0 0 175 

200 mg/L 0 0 107 

300 mg/L 0 22 46 

400 mg/L 0 32 18 

500 mg/L 16 78 0 

600 mg/L 41 92 0 

700 mg/L 108 76 0 

800 mg/L 134 90 0 
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Table 5.3: Jar Test Results 

 

 

 

Lime Doses 

(mg/L as CaO) 

Phenolphthalein 

(mg/L as CaCO3)  

Total Alkalinity 

(mg/L as CaCO3) 

Total Hardness 

(mg/L as CaCO3) 

Ca Hardness 

(mg/L as CaCO3) 

Mg Hardness 

(mg/L as CaCO3) 

pH 

100 mg/L 0 175 180 147 33 8.74 

200 mg/L 0 107 131 126 5 9.67 

300 mg/L 11 68 90 77 13 10.14 

400 mg/L 16 50 79 63 16 10.55 

500 mg/L 55 94 128 114 14 10.57 

600 mg/L 87 133 166 148 18 11.03 

700 mg/L 146 184 211 199 12 11.38 

800 mg/L 179 224 252 245 7 11.52 
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Figure 5.1: Alkalinity Results for Jar Test 

 

 

 

 
 

 

Figure 5.2: Total Hardness Results for Jar Testing 
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Figure 5.3: Calcium Hardness Results for Jar Test 

 

 

 

 

 

Figure 5.4: Magnesium Hardness Results for Jar Test 
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5.3.    Final Testing  

After evaluating the results from the jar testing, another range of dosages were 

created to test the final prototype. In addition, the water prior to the sand filter (PF) and 

after the sand filter (AF) were tested to understand the effect of the sand filter. The 

arsenic results are displayed in Appendix I. The results for this section were processed 

using the procedures outlined in Section 3.2.1 and discussed later in Chapter 6. 

The results of the final testing were displayed in Table 5.4, Table 5.5, and Figure 

5.5 through Figure 5.9. Lime dosages that were tested included 300 mg/L, 400 mg/L, 500 

mg/L, and 600 mg/L with 1 mg/L of coagulant aid being added to each test. The 

hydroxide, carbonate, and bicarbonate alkalinities were calculated using Appendix A.  

Table 5.4: Calculated Alkalinities for Final Testing  

Sample Hydroxide 

Alkalinity        

(mg/L as CaCO3) 

Carbonate 

Alkalinity        

(mg/L as CaCO3) 

Bicarbonate 

Alkalinity          

(mg/L as CaCO3) 

Source Water 0 0 207 

300 mg/L (PF) 0 26 10 

300 mg/L (AF) 22 64 0 

400 mg/L (PF) 82 48 0 

400 mg/L (AF) 54 72 0 

500 mg/L (PF) 42 48 0 

500 mg/L (AF) 23 60 0 

600 mg/L (PF) 141 32 0 

600 mg/L (AF) 143 54 0 
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Table 5.5: Final Test Results 

 

 

Sample Phenolphthalein 

(mg/L as CaCO3)  

Total Alkalinity 

(mg/L as CaCO3) 

Total Hardness 

(mg/L as CaCO3) 

Ca Hardness  

(mg/L as CaCO3) 

Mg Hardness 

(mg/L as CaCO3) 

As 

(mg/L) 

pH 

Source Water 0 207 245 233 12 0.46 7.37 

300 mg/L (PF) 13 36 73 60 13 - 10.05 

300 mg/L (AF) 54 86 98 93 5 0.12 10.55 

400 mg/L (PF) 106 130 198 161 37 - 11.55 

400 mg/L (AF) 90 126 169 149 20 0.004 11.28 

500 mg/L (PF) 66 90 126 104 22 - 11.19 

500 mg/L (AF) 56 83 122 103 19 0.062 11.03 

600 mg/L (PF) 157 173 218 199 19 - 11.62 

600 mg/L (AF) 170 197 238 211 27 0.01 11.68 
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Figure 5.5: Alkalinity Results for Final Testing 

 

 

 

 

Figure 5.6: Total Hardness Results for Final Testing 
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Figure 5.7: Calcium Hardness Results for Final Testing 

 

 

 

 

Figure 5.8: Magnesium Hardness Results for Final Testing 

 

0

50

100

150

200

250

Source

Water

300

mg/L

(PF)

300

mg/L

(AF)

400

mg/L

(PF)

400

mg/L

(AF)

500

mg/L

(PF)

500

mg/L

(AF)

600

mg/L

(PF)

600

mg/L

(AF)

m
g

/L
 a

s 
C

a
C

O
3
 

Calcium Hardness - Final Testing 

0

5

10

15

20

25

30

35

40

Source

Water

300

mg/L

(PF)

300

mg/L

(AF)

400

mg/L

(PF)

400

mg/L

(AF)

500

mg/L

(PF)

500

mg/L

(AF)

600

mg/L

(PF)

600

mg/L

(AF)

m
g

/L
 a

s 
C

a
C

O
3
 

Magnesium Hardness - Final Testing 



 

55 

 

 

Figure 5.9: Arsenic Results for Final Testing 
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6.    DISCUSSION

This chapter discussed the water quality testing for the final prototype with 

emphasis on the raw groundwater quality, jar testing, and final testing. The results for all 

the testing were shown in Chapter 5. The water quality was determined using the 

parameters found in Table 6.1. While phenolphthalein and the alkalinities are important 

water quality parameters, they are defined through the pH and change based on the values 

seen in the carbonate system. The purpose of measuring the alkalinity was to see how 

effective each dosage was in converting carbonate ions to bicarbonate ions. As discussed 

in Chapter 2, the lime softening process has the greatest success when the pH was raised 

to above 10.3 which caused the bicarbonate ions to convert to carbonate ions. While this 

was ideal during the reaction, it was not ideal for drinking water due to the high pH.  

Table 6.1: Water Parameters 

Parameters Ideal Readings 

Total Hardness 60 – 120 mg/L as CaCO3 

Arsenic < 0.01 mg/L 

pH (39) 6.5 – 8.5  

 

6.1. Raw Groundwater Quality  

The initial water quality testing of the untreated groundwater demonstrated high 

levels of bicarbonate alkalinity, calcium hardness, and total hardness while having low 

levels of magnesium hardness. The high levels of total and calcium hardness indicated 

that the water was considered “hard” according to Table 2.1. Due to the high level of 
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calcium hardness and the low level of magnesium hardness, this particular water sample 

did not require the addition of soda ash.  

6.2. Jar Testing  

The jar test was used to determine the correct amount of lime dosage needed to 

properly treat the raw water with a set dosage of coagulant. After measuring the initial 

water quality of the groundwater, a rough estimate of the lime dosage was calculated 

using the milli-equivalent method. Due to the unknown elements that may have been 

present in the water, eight different dosages of lime were tested. Table 6.2 presented 

several dosages of significance with explanations. 

Table 6.2: Jar Testing Dosages 

Dosage Description 

200 mg/L 
Lowest level of magnesium hardness. Total hardness was within ideal 

range, but alkalinity was all bicarbonate.  

400 mg/L 
Greatest amount of removal in terms of total and calcium hardness 

however not all of the bicarbonate alkalinity was converted to carbonate 

alkalinity which indicated that it was not in the ideal area for arsenic 

removal. Third largest amount of magnesium hardness.  

500 mg/L 
Full conversion of bicarbonate alkalinity to carbonate alkalinity. Total 

hardness was within ideal range.  

800 mg/L 
Second lowest level of magnesium hardness with very high readings of all 

other parameters. 

 

The amount of magnesium hardness increased from the initial ground water 

reading to the jar testing because one of the impurities within the lime was magnesium. If 

the water is not brought to the ideal level on the carbonate system, the magnesium would 

continue to accumulate in the water and not be precipitated out. There have been several 
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studies that have linked the precipitation of magnesium to the removal of arsenic 

however the concentrations for this testing were extremely low to make that correlation.  

Due to variety of results, it was difficult to select a single dosage of lime for the 

final testing which, led to a range of lime dosages being tested. The sample with 400 

mg/L had the most promising results, but there were additional factors that needed to be 

considered including alkalinity and magnesium hardness. A range of 300 mg/L to 600 

mg/L with 100 mg/L increments was decided on as the final testing dosages.  

6.3. Final Testing  

Using the dosage range determined through jar testing, the final prototype testing 

was performed. Overall, the results were inconsistent making it difficult to interpret 

whether the sand filter had a positive or negative impact. All samples demonstrated a 

substantial amount of removal of arsenic, however, the results were varied over the 

dosages. There was a positive correlation between the amount of phenolphthalein, total 

alkalinity, and total hardness with the values increasing and decreasing with one another. 

For example, 300mg/L had the lowest amount of phenolphthalein, total alkalinity, and 

total hardness, while 600 mg/L had the highest amounts of amount of phenolphthalein, 

total alkalinity, and total hardness. This held true for all of the samples.  

In addition, the pH of all the samples was too high for consumption with the 

recommended drinking water standard being between 6.5 to 8 (39). The greatest amount 

of arsenic removal occurred at the 400 mg/L dosage while the greatest amount of total 

hardness removal occurred at 300 mg/L. The tests were performed in one day in the order 

400 mg/L, 600 mg/L, 300 mg/L, and 500 mg/L, and a brief summary of the overall 

dosage reaction in Table 6.3.  
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Table 6.3: Sample Descriptions 

Sample Description 

300 mg/L 
Lowest levels of pH, total hardness, calcium hardness, and 

magnesium hardness recoded within sampling. Total hardness fell 

within ideal range. Removal of arsenic from AF sample was 73.9%. 

PF sample had greater levels of bicarbonate alkalinity and 

magnesium hardness. AF sample had greater amounts of 

phenolphthalein, total alkalinity, hydroxide alkalinity, carbonate 

alkalinity, total hardness, and calcium hardness. Similar results to jar 

testing. Third test to be run.  

400 mg/L 
Greatest amount of arsenic removal with 99.1%. Arsenic fell below 

WHO standard. PF sample had larger levels of all measured 

parameters compared to AF samples. Much higher results compared 

to jar testing. First test to be run.  

500 mg/L 
Total hardness fell within ideal range. Removal of arsenic from AF 

sample was 86.5%. PF sample had larger levels of all measured 

parameters compared to AF samples. Similar results to jar testing. 

Fourth test to be run 

600 mg/L 
Removal of arsenic from AF sample was 97.8%. Arsenic level fell 

below WHO standard. AF sample had larger levels of all measured 

parameters compared to PF samples. Much higher results compared 

to jar testing. Second test to be run. 

 

Dosage 400 mg/L which was the first test conducted seemed to have the most 

uncharacteristic values compared to the jar testing and the other three dosages. Sources of 

error that caused such a discrepancy may have included human or system error. Each test 

took roughly three hours to conduct with 17 liters of raw water being treated. The 

sampling occurred at two different times with the PF sample being taken after the settling 

was complete (one hour and 33 minutes into the process) and the AF sample being taken 

after the treated water had been going through the sand filter for at least one hour (two 

hours and 33 minutes into the process). When the AF sample was taken, the system had 

pumped approximately half of the treated water into the sand filter. It was believed that 
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by letting the sample run through the sand filter for one hour it would clear out previous 

testing experiments. This may have led to contamination of the sample which would have 

resulted in discrepancies with the data.  

The following sections discuss the result of two sampling phases within the final 

prototype testing, which included the PF Sample and AF Sample. The arsenic was spiked 

into the water using the procedure outlined in Section 3.2.3. 

6.3.1. Prior to Sand Filter Sample 

The PF samples were obtained from the mixing and settling area after the mixing 

and settling had occurred. Figure 6.1 indicated the location of the PF sampling by using a 

lime green arrow.  

 

Figure 6.1: System Diagram with Indicators 

One measurement that was consistent over all the samples was decreased levels of 

carbonate alkalinity compared to the AF samples, however, the levels of hydroxide 

alkalinity, total alkalinity, and phenolphthalein were varied. No other patterns were seen 
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in the results. From previous testing, this section typically had higher results in all 

parameters which lead the research to believe that the sand filter was a positive addition. 

6.3.2. After Sand Filter Sample 

The final water sample was obtained from the clean water collection area, which 

was located in Figure 6.1 by a blue arrow. As stated previously, there was no pattern to 

the removal of one substance in correlation to dosage or sampling area, however, there 

was a significant amount of arsenic removal. The calculations of arsenic and total 

hardness removal were displayed in Table 6.4 and Table 6.5 respectively, while the 

percentages of arsenic and total hardness removal for each sample were displayed in 

Figure 6.2. There appeared to be a relationship between the removal of arsenic and total 

hardness as the greater amount of arsenic removed had lower levels of total hardness 

removed. The 400 mg/L sample experienced the greatest level of removal, while having 

one of the lowest total hardness removals.  

Table 6.4: Arsenic Removal 

Lime Dosage 

Samples 

Arsenic In (mg/L) Arsenic Out 

(mg/L) 

Arsenic After 

(mg/L) 

300 mg/L (AF) 0.460 0.340 0.120 

400 mg/L (AF) 0.460 0.456 0.004 

500 mg/L (AF) 0.460 0.398 0.062 

600 mg/L (AF) 0.460 0.450 0.010 
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Table 6.5: Total Hardness Removal 

Lime Dosage 

Samples 

Total Hardness In 

(mg/L) 

Total Hardness 

Out (mg/L) 

Total Hardness 

After (mg/L) 

300 mg/L (AF) 245 147 98 

400 mg/L (AF) 245 76 169 

500 mg/L (AF) 245 123 122 

600 mg/L (AF) 245 7 238 

 

 

 

Figure 6.2: Arsenic vs Total Hardness Removal 
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7.    COST

One of the main purposes of this thesis was to design a system that was cost 

efficient, which meant that each material needed to be carefully considered when 

designing the prototypes. While some materials were generously provided by outside 

sources, an estimated cost for all items was developed to provide the most accurate 

evaluation. The total and component cost for the system can be seen in Table 7.1 with a 

capital cost of $485.77. The cost for each item can be seen in Table 7.2 through Table 

7.6. The power component added a substantial cost of $314.38 to the system. Through 

bulk ordering, the pricing of each item may be lowered, however, this was not accounted 

for. More research and experimentation would need to be done to further lower the cost 

of this system.  

In terms of the cost analysis per gallon, it was estimated to be $0.28 per gallon 

with the capital cost included and $0.18 per gallon without the capital cost included. 

These values were calculated based on the assumptions that the system processed 13.5 

gallons per day (three runs of 4.5 gallons per day), cost of lime was $60.00 per ton, cost 

of coagulant was $0.001 per treated gallon, usage of lime and coagulant is 600 mg/L and 

1.0 mg/L respectively, cost of labor was $8.05 per hour (Florida’s minimum wage), run 

required five minutes of labor per run (cleaning) and maintenance charges were around 

$150. While the maintenance charge is high, it should be noted that this is a prototype 

and the stability cannot be overestimated. A breakdown of the cost can be seen in Table 

7.7. Without the labor the cost, the system would be reduced to $0.13 - $0.03 per gallon. 
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Table 7.1: Cost by Component 

Component Cost 

Sand Filter $25.32 

Main Device $17.77 

Electrical Components $72.60 

Power Components  $314.38 

Mechanical Components $55.70 

Total Cost  $485.77 

 

  Table 7.2: Cost of Sand Filter  

Item Quantity Cost Total Cost 

4in. x 2 ft PVC Sch 40 Pipe (PVC pipe) 2 $7.98 $15.96 

4 in. PVC DWV Coupling 1 $2.11 $2.11 

4 in. PVC DWV Drain Cap 1 $2.07 $2.07 

Insert Test Cap with Knockout 1 $0.42 $0.42 

50 lb Pool Filter Sand 0.08 $3.65 $0.29 

0.5 cu ft Pea Pebble 0.25 $9.99 $2.50 

0.5 cu ft River Pebble 0.25 $4.25 $1.06 

8 oz. PVC Cement 0.05 $4.87 $0.24 

 
Table 7.3: Cost of Main Device  

Item Quantity Cost Total Cost 

Five Gallon Bucket 2 $8.55 $17.10 

10 ft Tubing (1/2 in) 0.5 $2.67 $1.34 
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Table 7.4: Cost of Electrical Component 

Item Quantity Cost Total Cost 

Arduino UNO R3 1 $24.95 $24.95 

Four Channel Relay Module 1 $6.96 $6.96 

Float Switch  1 $2.50 $2.50 

22-10 AWG 10 Circuit Terminal Block 1 $4.85 $4.85 

100 ft 16 AWG Wire 0.01 $13.78 $0.14 

50 ft 20 AWG Wire 0.02 $6.80 $0.14 

25 ft 22 AWG Wire 0.04 $4.25 $0.17 

Arduino ProtoShield v2 1 $3.52 $3.52 

10 KΩ Resistor 1 $0.02 $0.02 

Capacitor  1 $0.30 $0.30 

Junction Box 1 $11.78 $11.78 

Fused Outlet 2 $5.75 $11.50 

Red Neon Indicator Lamp 1 $3.95 $3.95 

5 Pack Fused Power Module Outlet 0.2 $9.12 $1.82 

 

Table 7.5: Cost of Power Component 

Item Quantity Cost Total Cost 

80 Watt Solar Panel 1 $129.65 $129.65 

Battery Controller 1 $52.00 $52.00 

12 Volt Battery 1 $33.73 $33.73 

120 VAC Inverter 1 $99.00 $99.00 
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Table 7.6: Cost of Mechanical Component 

Item Quantity Cost Total Cost 

3 in. Multipurpose Mini Bench 1 $39.95 $39.95 

Aqua Lifter AW-20 1 $15.75 $15.75 

 

Table 7.7: Cost per Gallon Analysis 

Parameter Estimation 

Capital Cost $485.77 

Gallons per Day 13.5 

Tests per Year 1095 

Gallons per Year 4927.5 

Lime Usage per Year (grams) 2956.5 

Cost of Lime per Year $0.20 

Coagulant Usage per Year (grams) 4.9 

Cost of Coagulant per Year $4.93 

Hours of Labor per Run 0.08 

Cost of Labor $734.56 

Maintenance  $150 

Total Cost (Capital Cost Included) $1,375.69 

Total Cost  $889.69 
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8. CONCLUSION

Despite the variety of results, there was success in this testing as sample dosages 

such as 300 mg/L and 500 mg/L were able to improve the water quality through the 

substantial removal of arsenic and total hardness. While both of these dosages fell short 

in terms of the WHO standard of 0.01 mg/L, the samples were able to have greater than 

70 percent removal rates of an extremely toxic substance. In addition, the rest of the 

samples were able to achieve the WHO standard with removals of greater than 97 

percent. One of the greatest issues that needed to be addressed in this system was the 

lowering of the pH. Even with the success in the removal of arsenic, the WHO 

recommends that the pH of drinking water be in the range of 6.5 to 8.0 while the samples 

exceeded this standard with a range of 10.05 – 11.68. This could have been solved by 

adding an aerator like those found in fish tanks which would not have significantly 

increased the cost or made the system more difficult to operate (40).  

While previous testing had indicated the sand filter to be a positive effect on the 

system, it was unclear from the great discrepancies within the final testing results. The 

variety of results within the testing made it difficult to interpret the data and discover a 

pattern to the amount of lime added. Due to the inconsistent results with the lime dosage 

and sand filter, much more research would need to be conducted before the system would 

be implemented as a reliable water source.  

While lime softening was a well-established water treatment technique, little 

research focused on the minimizing of the system. Through this project, we were able to 
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see some of the difficulties that occurred when dealing with higher dosages of lime. The 

chemistry that went behind lime softening was complicated like research had indicated 

but not impossible. At this time, this device is not developed enough to make the 

chemistry easy enough for homeowner use. In addition, there is great potential in this 

field as can be seen in the removal of arsenic, however, to create a system that was able 

to monitor the chemistry and distribute proper dosages of lime, coagulant, carbon, and 

possibly soda ash that functions on solar power would be an extremely costly especially 

for an under developed country. The overall cost of the final prototype can to $485.77 

with a usage cost of $0.28-$0.18 per gallon. This was a higher cost than desired, but not 

completely ridiculous. With a further understanding and fabrication of the system, the 

researcher is confident the price of the piece can be brought down.  

For future studies, the researcher should focus on controlling the pH, and creating 

monitoring and distribution systems. The pH could be controlled by using a simple 

aeration device as stated previously, while the monitoring and distribution systems would 

need to designed and fabricated by the researcher. The monitoring system would be able 

to evaluate the water quality before and after the treatment. By evaluating the water prior 

to treatment, the monitoring system would be able to report to the distribution system, 

which would be able to add the proper amount of chemicals to the raw groundwater. By 

evaluating the water after the treatment, the monitoring system would be able to inform 

the user if the water was safe to consume. This would allow the system to become more 

user-friendly and safer for the consumer.  
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Appendix A: Phenolphthalein and Total Alkalinity Testing Procedure 
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Appendix B: Calcium Hardness Testing Procedure 
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Appendix C: Total Hardness Testing Procedure 
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Appendix D: Calcium Oxide MSDS 
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Appendix E: Nalco Coagulant MSDS 
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Appendix F: Sodium Hydrogen Arsenate Heptahydrate SDS 
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Appendix G: Laboratory Certifications 
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Appendix H: Arduino Code 
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Appendix I: Arsenic Contamination Results 
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