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CHAPTER I 

INTRODUCTION 

The City of Midland, Texas (population 90,000) 

acquire its municipal water supply from both surface 

water and groundwater sources. The surface water must be 

extensively treated prior to distribution. The 

groundwater is pumped from the Paul Davis and McMillen 

well fields and is only chlorinated before being mixed 

with treated water (Fig. 1.1). 

The city receives its surface water supply from Lake 

Spence and Lake J.B. Thomas. These lakes are owned and 

operated by the Colorado River Municipal Water District 

(CRMWD). Water from these two lakes is combined and 

treated in the Midland water treatment plant. According 

to the contract between the city of Midland and CRMWD, 

the city may purchase 13.5 million gallons per day (MGD) 

from the CRMWD (1). 

The city tends to meet its water demand by using 

surface water first. Additional water, if necessary, is 

provided from the well fields. During the summer, both 

surface water and groundwater are used to meet the 

demand. However, in the winter when the water demand is 
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Figure 1.1. Midland Municipal Water Supply 



lower, the water discharged from the Paul Davis well 

field is recharged into wells in the McMillen field in 

order to be stored for future uses. The average volume 

of water treated in the water treatment plant is between 

10 and 12 MGD. 

The quality of water from Lake Spence may differ 

considerably from that of Lake J.B Thomas. Since the 

quantity of water derived from each lake may vary 

considerably from day to day and since the influents from 

these sources are combined in the pipe line, there may be 

hourly or daily changes in the quality of the raw water 

entering the Midland water treatment plant (1). As a 

result of the unpredictability of quality, effective 

treatment is made difficult. 

The records of the raw water chemical analyses 

provided by the City of Midland (1984-86) indicate that 

the average concentration of total dissolved solids (TDS) 

of the raw water is more than 1700 ppm (mg/1). The raw 

water is extremely hard and also contains high 

concentrations of sodium, chloride, and sulfate. The 

turbidity of the raw water varies from less than 10 

nephelometric turbidity unit (NTU) to more than 500 NTU 

according to the daily records of the water treatment 

plant. Runoff is probably the major factor contributing 

to this wide variation. 



The existing water treatment plant is currently 

being used for turbidity removal, softening, and 

eh 1 orination of surface water. Recent (1985-86) 

performance records of the water treatment plant indicate 

that the turbidity of the raw water can be lowered to 

less than 1 NTU using existing equipment and procedures. 

The records also show that the hardness of the raw water 

is not removed efficiently by the methods currently used. 

The average reduction of total hardness achieved is less 

than 100 ppm (between 15 and 20 percent). The 

concentration of sodium, chloride, and sulfate are 

essentially the same for the treated water and raw 

water. 

The results of the chemical analyses for raw water 

and treated (tap) water as wel1 as the secondary 

standards for maximum contaminent levels recommended by 

the U.S. Environmental Protection Agency (EPA) (2) are 

shown in Table 1.1. From this table, it is apparent that 

the treated water (tap water) has less than desirable 

quality. 

The existing unit operations and processes utilized 

in the Midland water treatment plant include rapid 

mixing, f1oecu1 at ion, sedimentation, recarbonation, rapid 

sand filtration, eh 1 orination, and clear well storage 

(Fig. 1.2). The chemicals used by the city of Midland in 



Table 1.1: Chemical Analysis of Raw Water, 
Tap Water, and EPA Secondary 
Recommendat i ons 

Substances Raw^ Tap^ EPA » » 

Ca1c i um 

Magnesi um 

Sod i um 

Sulfate 

Chloride 

PH 

Tota1 A1ka1i n i ty 

Total Hardness 

Nonearbonate Hardness 

Total Dissolved Solids 

Turbidity 

126 

55 

434 

427 

620 

8.2 

138 

544 

406 

1830 

29 

108 

50 

420 

442 

600 

8 

70 

476 

406 

1705 

0.5 

— 

— 

— 

250 

250 

6.5-8.5 

— 

— 

— 

500 

1-5 

Monthly average, January 1986. City of Midland 

** The EPA proposed guidlines for secondary drinking-
water standards (2). 
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Figure 1.2. Midland Water Treatment Plant 



the water treatment plant include ammonia, chlorine, 

lime, alum and polymers. Lime, alum and polymers are 

used for turbidity and hardness removal while ammonia and 

chlorine are used for disinfection. 

In lime-soda ash softening, lime is used to remove 

carbonate hardness and to convert magnesium nonearbonate 

hardness to calcium nonearbonate hardness. However, soda 

ash, is used to reduce the calcium nonearbonate hardness. 

Since nonearbonate hardness composes more than 757, of the 

total hardness of the raw water, using lime without soda 

ash probably will not have a significant effect on the 

total hardness removal. 

Although soda ash can remove a high portion of the 

total hardness of the Midland's surface water supply, the 

concentration of sodium in the treated water will likely 

be increased. Therefore, a detailed study to evaluate 

the effectiveness of the lime-soda ash softening process 

for Midland's surface water supply should be accomplished 

prior to making recommendations implementing changes. 

The objectives of this study were: 

1. To review operational records of the water 

treatment plant of the city of Midland in order to 

evaluate past performance of the treatment system. 

2. To characterize the quality of the existing 

surface water supply with regard to pH, turbidity. 
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alkalinity, temperature, calcium, magnesium, sodium, 

chloride, sulfate, bicarbonate, carbon dioxide, and TDS. 

3. To utilize bench-scale laboratory tests to 

determine the optimum chemical dosages required to 

produce a high quality treated water with regard to 

turbidity and hardness. 

4. To prepare a list of options that could be 

utilized by the City of Midland to improve the 

effectiveness of the existing water treatment plant. 



CHAPTER I I 

LITERATURE REVIEW 

Vi rtuâ iJ,y-3l 1 surface water sources contain 

dissolved substances, suspended material, and biological 

forms such as bacter ia_.ancL-a_Lgae—(3-). In order to 

provtde a potable and palatable water many such materials 

should be removed or their concentrations should be 

reduced to a desired level. 

The conventional unit operations and processes 

normally used for this purpose include coagulation and 

f 1 oecu 1 at i on, chemi ca 1 precXpitatXon such as_XJmgilgoda 

ash softeninoj^ sedimentation, and chlorination. There 

are also advanced water treatment processes such as ion 

exchange, reverse osmosis, and distillation which, 

although not normally used in municipal water treatment 

plants, certainly can be. 

The principles of coagulation, f1oecu1 at ion, and 

lime-soda ash softening (unit operations and processes 

employed at the Midland water treatment plant) are 

discussed in this chapter. 

Coagulation and F1oecu1 at ion 

This process is used to remove turbidity from water 
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Turbidity 

Turbidity is a measure of the amount of light which 

is either absorbed or scattered by suspended material in 

water. Absorption and scattering are a function of the 

size of material as well as its surface area. Turbidity 

is mainly caused by colloidal material such as clay, 

silt, rock fragments, and metal oxides from the soil (4). 

Colloids provide adsorption sites for chemicals that 

may be harmful and for pathogenic microorganisms. In 

addition, a turbid water is not aesthetically pleasant. 

Therefore, turbidity in water is a recognized health 

hazard. The primary standards for turbidity regulated by 

the U.S. Environmental Protection Agency (EPA) are given 

in Table 2.1 (2). 

The larger suspended material can be removed in 

plain settling basins because of their high settling 

velocities. However, colloids cannot be removed 

effectively by gravity settling. Under normal 

conditions, settling basins are not efficient in removing 

particles less than 50 micrometers in diameter (4). 

Ions present in water are adsorbed on the colloids 

surface due to their high adsorption potential. Since 

all colloids in a body of water will carry the same net 

charge, they will repel each other when in close 
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Table 2.1: EPA Primary Drinking Water Standard 
Maximum Levels for Turbidityl 

Maximum Contamination Level (MCL), 
Reading Basis2 Turbidity Unit (TU) 

Turbidity reading 1 TU or up to 5 TUs if the water 
based on monthly supplier can demonstrate to the 
average state that the higher turbidity 

does not interfere with 
disinfection, maintenance of an 
effective disinfectant agent 
throughout the distribution 
system, or microbiological 
determi nants 

Turbidity reading 5 TUs 
based on average 
for two consecu
tive days 

As measured at representative point(s) in the 
distribution system. 

Failure to meet standards on either the monthly basis 
or the 2-eonseeutive-day basis constitutes a violation 
of the MCL 
Source: Adapted from Environmental Protection Agency: 
"National Interim Primary Drinking Water Regulations", 
Federal Register, part IV, Dec. 24, 1975. 



proximity. The repulsive force is referred to as the 

zeta potential. 

Chemistry of Coagulation 

The coagulation process is used to remove turbidity 

from water. In coagulation, coagulants such as aluminum 

sulfate or ferric sulfate are added to water. Aluminum 

and iron salts react with alkalinity in the water to form 

insoluble floes. Hypotetical reactions of alum and 

ferric sulfate with alkalinity are described as follows 

(3, 4, 5): 

Al2(S04)3 + 6(HC03)- <===> 2A1(0H)3 + 3SO42- + 6CO2 (1) 

Fe2(S04)3 + 6(HC03)- <===> 2Fe(OH)3 + 3SO42- + 6CO2 (2) 

Carbon dioxide produced in these reactions will 

lower the pH of the water. Aluminum hydroxide is 

virtually insoluble in the pH range between 6 and 7.8 (6) 

and ferric hydroxide is virtually insoluble in the pH 

range between 4 and 11. Temperature, pH, salt content, 

and the nature of the turbidity affect the coagulation 

process (3). Any dissociated aluminum will serve to 

lower the zeta potential and allow the turbidity 

particles to settle more easily. More importantly, the 

metalie hydroxide floe (A1(0H)3 or Fe(0H)3) will entrain 

turbidity particles and settle them out of suspension. 



Soften i ng 

Chemical precipitation such as lime-soda ash 

softening is commonly used at water treatment plants in 

order to remove hardness from water. 

Hardness 

Hardness in water results from multivalent metallic 

cations in solution. Calcium and magnesium are the major 

cations contributing to hardness. If calcium and 

magnesium associate with carbonate, bicarbonate, or 
O'-" 

hydroxide ions, the hardness is classified as carbonate 

hardness (CH). _C^rhnn^t.e hardnesy^ i s jhhg_£JTemi ca 1 

equivalent of a 1 kaJ_iBl±y-—_Cal ei um and magnesium 

sulfates, chlorides, and nitrates are designated as 

nonearbonate hardness (NCH). Total hardness (TH) is 

defined as: 

TH = CH + NCH + NNCH (3) 

Water is analyzed for hardness in order to 

determine its suitability for potable supplies or for 

certain industrial uses. Waters are classified according 

to their total hardness concentrations as follows (4): 

Soft <50 mg/1 as CaC03 

Moderately hard 50-150 mg/1 as CaC03 

Hard 150-300 mg/1 as CaC03 

Very hard >300 mg/1 as CaC03 
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Problems associated with hardness include economic 

losses to the water user due to soap consumption, wear 

clothing, sealing in water heaters and hot water pipes. 

and deterioration of flow capacity in water mains because 

of precipitation of carbonate hardness (4, 7, 8). 

At relatively high concentrations, magnesium 

hardness has a laxative effect on people who are not 

ace 1 jjnated JLO the water. There are no proven public 

health problems associated with hardness, however in 

fact, hard water is considered by some to be beneficial 

for the human cardiovascular system (9). 

A new study conducted—by--the—Health Effects and 

Epidemiology Section at Oak Ridge, Tennessee strengthens 

the apparent link between water softness and risk of 

cardiovascular disease (10). According to group leader 

E VartTTê Ze i gham i , using soft water seems to imply greater 

risk of heart disease. However, her data indicate that 

artificial water softening at the tap does not contribute 

to the risk (10). 

Further, the Oak Ridge study suggests that the risk 

of heart attacks among people drinking water with no 

calcium would be 807, higher compared with those who drink 

water containing 50 mg/1 of calcium (10). 

A maximum of 500 mg/1 of hardness in drinking water 

is recommended by the Public Health Service (11). The 
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EPA has not set a maximum limit for hardness in drinkin< 

Chemistry of Softening 

In lime-soda ash softening, the removal of calcium 

and magnesium compounds is accomplished by the 

precipitation of calcium carbonate and magnesium 

hydrox_Lde^__By adding lime to water the concentration of 

carbonate and hydroxide ions will increase to the point 

of supersaturation, and calcium carbonate and magnesium 

hydroxide will precipitate (12). 

Lime-Soda Ash Chemistry n f [ jA \ ' / 

In excess lime soda ash softening, lime is used to 

neutral ize the free eajr:tioj:̂ -#+oxTCte~ro raf se~ ttre-pH, to 

reduce carbonate hardness, and to convert magnesium 

nonearbonate hardness to calcium nonearbonate hardness. 

When lime is added to water the following reactions occur 

(3, 12. 13): ^ , .̂  Y^r' 

CaO + H2O < ===> Ca(0H)2 \^t (4) 

Neutralization of free carbon dioxide then occurs: 

CO2 + Ca(0H)2 <===> CaC03 + H2O (5) 

The above reaction occurs in three steps as follows: 

Ca(0H)2 <===> Ca2+ + 2OH-

:03)-^T^^^ + H2O 

(6) 

(7) 
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Carbonate hardness removal: 

Ca(HC03)2 + Ca(0H)2 <===> 2CaC03 + 2H20 (9) 

Mg(HC03)2 + Ca(0H)2 <===> MgC03 + CaCOg + 2H2O (10) 

Ttje soluble magnes iuni/carbonate will precipitate as 

magnesium hydroxide if/the pH rises above 10.8. To ra" 

the pH and force tj?re following reaction, excess lime is 

used. 

MgC03 + Ca(0H)2 <===> CaCOg + Mg(0H)7 (11) ( 

Conversion of magnesium nonearbonate hardness to calcium 

nonearbonate hardness occurs as follow: 

MgS04 + Ca(0H)2 <===> Mq(0H)7 + CaS04 (12) ., 

The next step, frequently employed, is called first 

stage recarbonation. The purpose of this step is to 

neutralize the excess lime in the solution and to lower 

the pH to about 9.5. At this pH, the magnesium hydroxide 

floe which did not settle will go back into solution. 

In practice, first stage recarbonation is often 

omitted because there is a possibility that, by adding 

too much carbon dioxide and lowering the pH below 9.5, 

calcium carbonate will be converted into calcium 

bicarbonate and go back into solution. For this reason, 

recarbonation usually preceds filtration. The chemical 

/ 

reactions are as follows: 

Ca(0H)2 + CO2 <===> CaC03 + H2O (13) 
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Mg(0H)2 + CO2 <===> MgC03 + H2O 

Soda ash is used to remove both the calcium 

(14) 

nonearbonate hardness produced in the above reactions and 

that which is originally present in solution. 

CaS04 + Na2C03 <===> CaCOg + Na2S04 (15) 

Complete hardness removal is not possible by using 

the excess lime-soda ash softening process. 

TheoreticalTy, it La not possible to reduce the hardness 

to less than 32 mg/1 as CaCOg becau_se at standard 

pressure and temperature, 15 n^g/J_Q^ calcium carbonate 

and 9 mg/1 of ma^nes i um hvdJioxXde—(_LZ_jma/J__as_CaC03) are 

so1ub1e i n water. 

Stab i1i zat i on 

Under normal conditions in water treatment plants. 

the softened waterwj. roach the )othet i ca 1 

equ i 1 i br i um vajjje_of_JL5--ro9/4--&f^Ldl c i uiii li<3rdn&s^.-XLir;__ 

-TTTe precipitation of calcium carbonate will proceed 

slowly and result in scaling the storage facilities and 

distribution system (15). 

A stabilized lime-soda ash softened water will 

neither deposit scale in the distribution system nor 

encrust the filters. In addition, it is either 

noncorrosive or will protect against corrosion by 

depositing a thin layer of ealcite in the water lines. 
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This hard layer can protect the water lines from further 

corros ion (16). 

Therefore, softened water should be stabilized prior 

to distribution. There is plenty of information on 

stabilization and corrosion preventation in the 

literature (17, 18). The most common method for 

stabilization is recarbonation by adding carbon dioxide 

to_watjerX4) . The chemical reactions are as folTows^r 

CaC03 + C02 + H2O <===> Ca2+ + 2(HC03)- (16) 

Mg(0H)2 + 2C02 <===> Mg2+ + 2(HC03)- (17) 

The purpose of stabilization using carbon dioxide is 

to convert the calcium carbonate and magnesium hydroxide-

to ca 1 e i um b i carbonate and magnes i um b i carbonate v/n 1 en ^ 

are soluble and which will not deposit in distribution 

lines.-̂  In this process hardness is reintroduced into the 

water, but with careful monitoring and pH control the 

impact can be minimized (19). 

Operational Procedures 

The operational procedures which can be used in 

lime-soda ash softening include conventional lime-soda 

-ime tree it, split treatment. 

contact stabilization, and calcium oxide recovery and 

recyele. The following section contains a brTel 

discussion of the above procedures. 
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Conventional Lime-Soda Ash Softening 

In conventional 1ime-soda ash softening, the 

required dosages of lime and soda ash are added to the 

total volume of the raw water. The calcium hardness and 

perhaps a small amount of the magnesium hardness will 

precipitate. 

The facilities required for conventional lime-soda 

ash softening include chemical storage, lime and/£ir_soda 

ash ^l^kin^^gnH H i c cr> 11 li-i on h^c; i n<̂  ̂  rapid mixing basins, 

flocculation basins, settling basins, recarbonation 

Jasins, filtration galleries, and sludge handling 

facilities (20). All these facilities exist in the 

Midland water treatment plant. 

Excess Lime Treatment 

Using excess lime to reduce the magnesium hardness 

to a desirable level is necessary if the concentration of 

magnesium hardness in raw water is mpr-F^ than abojjt4Q 

^mg/1 of calcium carbonate (3). In this method, an excess 

amount of lime (usually 35 mg/1 as CaO or 50 mg/1 as 

Ca(0H)2) is added to the water in order to raise the pH 

above 10.8 to allow for the formation and precipitation 

of magnesium hydroxide. 

The addition of excess lime results in a highly 

caustic water which is corrosive. Therefore, the excess 
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lime present in the effluent of settling basins should be 

neutralized. The most common method to convert the 

excess lime to calcium carbonate is by recarbonation or 

by adding a portion of raw water to the treated water 

(split treatment) (3). 

Split Treatment 

In this operational procedure, all the required 

dosages of 1ime and soda ash are added to a major portion 

of the raw water while the remaining portion of the total 

volume is bypassed. This method utilizes two settling 

bas i ns in ser i es . Such a bas i n a 1 î nmerrt i ŝ  not -" 

available in the Midland water treatment plant. In the 

first settling basin, all magnesium and calcium hardness 

of this fraction of water will be removed. Tĥ i s. is 

because the addition of all the required lime to only a 

por;tMonL_QfLxaw water results in excess^ lime treatment for 

this fractJjon. 

The supernatant from the first settling basin is 

then mixed with the bypassed water in the second settling 

basin. In this basin, the excess lime is neutralized by 

free carbon dioxide and bicarbonate alkalinity in the 

bypassed water resulting in removal of a fraction of 

calcium hardness from it (21). 
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The addition of the bypassed water will reintroduce 

some magnesium hardness, but with careful selection of 

bypass ratios, magnesium hardness can be reduced to less 

than 40 mg/1 (3). In addition, the softened water is 

stable and recarbonation is not required (21, 22). 

Chemicals required could be added by two methods. 

In the first method, lime and soda ash are added to the 

raw water simultaneously. In the second method, however, 

lime is added into the first settling basin while soda 

ash is added into the second settling basin. In order to 

facilitate settling and stabilization, sludge from the 

secondary sedimentation basin may be recirculated back to 

the head of this basin (22, 23). 

Contact Stabi1ization 

In this operational procedure, lime-soda ash 

softening is accomplished in the presence of three to 

five percent preformed calcium carbonate crystals at a pH 

range betyween 9.8 and 10.2 (14). Contact stabilization 

can be incorporated into a conventional flocculation 

plant by returning the sludge from the settling basins to 

the flocculation basins using an upflow draft tube (14, 

23, 24). 

If the magnesium hardness in raw water exceeds 60 

mg/1 as calcium carbonate, excess lime treatment should 
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be used to remove the magnesium hardness. The excess 

lime in the treated water then should be neutralized by 

recarbonation or mixing with raw water (24). 

Calcium Oxide Recovery 

Calcium oxide recovery, reealeination, is a method 

to convert calcium carbonate and magnesium hydroxide to 

calcium and magnesium oxides, respectively. This is 

accomplished by burning the concentrated softening sludge 

at 200GOF. The lime recovered in this process can then 

be recycled and reused in the softening process, thus 

reducing the cost of lime requirement (25, 26). 

Since magnesium oxide does not slake effectively, 

during the recirculation of calcium oxide, it acts as an 

excess solid in the softening process. Therefore, the 

effectiveness of calcium oxide is reduced (27). 

To overcome this problem, magnesium hydroxide should 

be separated from calcium carbonate in the softening 

sludge. To accomplish this, carbon dioxide is added to 

the sludge to lower the pH to about 9.5. At this pH, 

magnesium hydroxide is converted to magnesium bicarbonate 

and redissolved, while calcium carbonate is still in the 

solid phase. Magnesium can then be separated from the 

sludge by decanting the supernatant. 
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As estimated, for each pound of commercial quick 

lime used, an average 2.5 lbs of dry sludge will be 

produced which must be disposed of (28, 29). The 

reealeination process can utilize a major portion of the 

sludge and therefore reduce the cost of sludge disposal. 

Among the above operational procedures, only excess 

lime treatment can be incorporated into the Midland water 

treatment plant with slight modification of the existing 

facilities. Significant modification would be required 

to implement any of the other operational procedures. 



CHAPTER I I I 

EXPERIMENTAL PROCEDURE 

The conventional lime-soda ash softening method and 

coagulant addition were utilized in order to evaluate 

their efficiencies in removing hardness and turbidity 

from Midland's surface water supply . The classic jai— 

test was utilized to determine the optimum chemical 

dosages required to remove sufficient amounts of hardness 

and turbidity. 

The experimental procedure consisted of two phases— 

separate treatment and combined treatment. In the 

separate treatment phase, the individual effect that each 

chemical had on removing either hardness or turbidity 

from the raw water was evaluated. However, in combined 

treatment, which is most often applied in practice, a 

selected combination of chemicals was used to remove 

hardness and turbidity from the raw water. The degree of 

purity, formulas, and molecular weights of the chemicals 

used in the treatment processes are indicated in Table 

3. 1 . 

24 
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Table 3.1: Purity of Test Chemicals 

Chemical Formula Molecular Purity 
Weight 

Alum Al2(S04)3.I6H2O 

Ferric sulfate Fe2(804)3.H2O 

L i me CaO 

Soda ash Na2C03 

630.39 

417.88 

56.08 

105.99 

987. 

73+% 

98% 

99+% 
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Samp1i ng 

Samples of raw water were collected in clean, five-

gallon plastic containers as needed. Samples were taken 

at the influent of the water treatment plant by City of 

Midland personnel and shipped to the Texas Tech 

University Water Resources Center (TTUWRC) by bus. The 

samples were kept in the WRC laboratory long enough to 

allow the raw water to stabilize to the ambient room 

temperature so that all tests were conducted at a 

constant temperature. 

Ana lysis 

Each sample of raw water was analyzed for pH, 

turbidity, total alkalinity, calcium, magnesium, sodium, 

chloride, sulfate, and TDS. Total hardness and 

nonearbonate hardness concentrations were calculated. 

The procedures outlined in Standard Methods (30) were 

followed for each analysis. 

A digital pH meter with a combination glass 

electrode was used to measure the pH. The meter was 

calibrated at pH 7 before each use using a standard pH 7 

buffer solution. Turbidity measurement was conducted by 

using a Sargent-Welch turbidimeter. Total alkalinity was 

determined by titration with sulfuric acid. 
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The conductivity of the samples was measured by 

using a YSI-32 conductance meter. An estimated total 

disolved solids concentration was calculated by using the 

formula (31) 

TDS = 0.64*C (18) 

where TDS is the concentration of the total dissolved 

solid in mg/1 and C is the conductivity of the samples 

expressed in micromhos/cm. 

An ion chromatograph was used to determine the 

concentrations of calcium, magnesium, sodium, chloride, 

and sulfate in the samples. For better performance all 

the samples which were to be analyzed by this instrument 

were diluted 5 times (one volume of sample plus four 

volumes of demineralized water). The samples were 

refrigerated in small vials until analyzed. 

Total hardness was calculated according to the 

formula (30) 

[TH] = 4.118[Mg] + 2.497[Ca] (19) 

where [TH] is total hardness in mg/1 as calcium carbonate 

and [Ca} and [Mg] are calcium and magnesium 

concentrations in mg/1, respectively. 

The relationship between total hardness (TH), 

nonearbonate hardness (NCH), carbonate hardness (CH), and 

alkalinity (AIk.) was assumed to be as follows: 

TH = CH + NCH (20) 
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If TH was greater than A Ik., then: 

CH = Alk. (21) 

NCH = TH - Alk. (22) 

If Alk. was equal or greater than TH, then 

NCH = 0 (23) 

CH = TH (24) 

Chemical Solution Preparation 

Five grams of alum were dissolved in distilled water 

and diluted to 500 ml yielding a 10 mg/ml alum solution. 

The solution was kept at room temperature and prepared 

once every two weeks. Appropriate strength soda ash and 

ferric sulfate solutions were prepared and stored in a 

similar manner. 

Five grams of lime (CaO) were placed in a beaker 

containing 500 ml distilled water and stirred with a 

magnetic stirrer long enough to provide a lime slurry. 

The lime concentration in the solution was approximately 

10 mg/ml. The slurry was prepared before each use. 

All the standard solutions of sodium, calcium, 

magnesium, chloride, and sulfate required for ion 

ehromotography were prepared and handled according to 

Standard Methods (30) and the ion chromotograph 

instruction manual. 
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Coagulation and Flocculation 

The classical jar test was used in order to 

determine the optimum dosages of aluminum sulfate (alum) 

or ferric sulfate for the removal of suspended matter 

(turbidity) from the raw water. 

Al um 

The following steps constituted the procedure used: 

1. The amount of alkalinity required to react with 

the maximum dosage of aluminum sulfate or ferric sulfate 

was calculated. The alkalinity of raw water was 

augmented, whenever necessary, so that the alkalinity 

would be at least 0.5 meq/1 (25 mg/1 as calcium 

carbonate) when the reaction was complete. 

2. One liter of raw water was placed into each one-

liter beaker in the six-jar laboratory stirrer. 

Different amounts of alum solution were added to the 

contents of each beaker so that the final volume of each 

beaker was 1000 ml. 

3. The contents of each beaker were mixed rapidly 

at 100 rpm for one minute, then flocculated at 30 rpm for 

20 minutes. After flocculation, the paddles were removed 

and the samples were allowed to settle for 30 minutes. 

The pH and turbidity of the supernatant of each sample 

were measured. 
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4. The test was repeated with a different dosage. 

The turbidities of the treated water samples were 

plotted against their respective alum dosage. 

Ferric Sulfate 

The same procedure was followed when ferric sulfate 

was used in place of alum. 

Water Softening 

A series of jar tests were conducted to obtain the 

degree of softening obtained by applying varying dosages 

of lime or lime-soda ash to the raw water as described in 

the following paragraphs. 

L ime 

The following steps constituted the procedur used: 

1. Utilizing the data obtained from the physical 

and chemical analyses of the raw water, the 

stoichiometric amount of lime required for complete 

softening of the raw water were calculated. 

2. Using the lime slurry, 80%, 100%, and 120% of 

the required stoichiometric lime dosage was added to one 

of three one-1 iter beakers so that the final volume of 

each beaker was 1000 ml. 
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3. The contents of each beaker were stirred rapidly 

for one minute at 100 rpm, then flocculated for 20 

minutes at 30 rpm. 

4. Aliquots from each beaker were removed and 

filtered through Whatman #40 filter paper. Since the 

filtrate was not clear, a GF/D Whatman filter was used 

for subsequent tests. 

5. The filtrate of each beaker was then analyzed 

for pH, total alkalinity, total hardness, nonearbonate 

hardness, calcium, magnesium, sodium, chloride, and 

sulfate. 

6. The total hardness, calcium, magnesium, and 

sodium concentrations were plotted against the amount of 

1ime dosage used. 

Lime-Soda Ash 

The same procedure was followed for softening the 

raw water using lime and soda ash together. 

Combined Analysis 

In the combined analysis, the same procedure was 

used as described earlier in the water softening. In 

this phase, selected dosages of alum, lime, polymers, and 

soda ash were used in combination to treat the raw water. 

Initially, the combined analysis was conducted with one 
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minute rapid mixing followed by 20 minutes of 

flocculation. For subsequent tests, a 30-minute 

settling time was added to the previous procedure. 



CHAPTER IV 

RESULTS AND DISCUSSION 

Raw water samples were analyzed for pH, alkalinity, 

turbidity, calcium, magnesium, sodium, total hardness, 

and nonearbonate hardness during the period October 1985 

through May 1986. The results, shown in Table 4.1, 

indicate that the total hardness of the raw water 

entering the treatment plant ranged from 561 to 597 mg/1 

as calcium carbonate and the turbidity varied between 28 

NTU and 150 NTU. The pH of the raw water was always 

between 7.65 and 8.0 and alkalinity varied from 116 to 

132 mg/1 as calcium carbonate. 

Raw water samples were treated using alum, ferric 

sulfate, lime, and lime-soda ash. The results of 

coagulation with alum and ferric sulfate and softening 

using lime and lime-soda ash obtained from separate 

treatment and combined treatment are presented and 

discussed in the following section. 

Separate Treatment 

In separate treatment, the raw water was treated by 

adding each of the chemicals individually, and in this 

33 
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Table 4.1: Chemical Analysis of Raw Water 

Date pH Turb. Ca Mg Na TH* NCH* Alk.* CI SO4 
NTU mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 

09/11/85 7.80 30 137 56 286 573 455 118 -

09/30/85 7.90 32 118 73 407 595 477 118 585 386 

10/21/85 7.85 150 111 69 380 561 445 116 575 367 

10/21/85 7.95 57 114 74 369 589 470 119 575 426 

11/04/85 7.85 51 114 70 347 573 442 131 545 352 

11/04/85 7.75 57 115 71 367 580 454 126 540 361 

12/05/85 7.75 39 122 71 397 597 473 124 560 348 

03/29/86 7.65 28 114 67 372 561 429 132 542 358 

05/01/86 7.85 58 113 68 383 562 427 135 

* Measured as calcium carbonate. 
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manner, the optimum dosages of alum, ferric sulfate, lime 

and lime-soda ash were obtained. 

Coagu1 at i on 

Alum. Three different sets of mutiple jar-tests 

were performed to determine the effect of different 

dosages of alum on turbidity removal. The initial 

turbidities of the raw water for these three tests were 

30, 51, and 57 NTU's. The results of these tests are 

shown in Fig. 4.1. The optimum dosage of alum for each 

experiment was 90 mg/1. The measured pH of raw water and 

treated water was between 6.5 and 7.8, the range at which 

alum is most effective. The alkalinities of the raw 

water samples were sufficient to complete the reactions. 

The turbidity of treated water shown in Fig. 4.1 was 

measured prior to filtration. In most water treatment 

plants, coagulation, flocculation, and settling processes 

are used to reduce the turbidity of the raw water to less 

than 10 NTU. Rapid sand filtration is then used to 

reduce the remaining turbidity to less than 1 NTU. 

Therefore, when rapid sand filtration is preceded by 

coagulation, flocculation, and settling lesser dosages of 

alum may be used. 

In addition, the precipitation of calcium carbonate 

and magnesium hydroxide during lime-soda ash softening 
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Figure 4.1. Effect of Alum on Turbidity Removal 
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will help reduce the turbidity of raw water. Therefore, 

in the combined analysis, when alum, lime and soda ash 

are added to the raw water, lower dosages of alum than 

those reported in Fig. 4.1 are needed. For instance, a 

15 to 20 mg/1 alum dosage in combination with 65 to 80 

mg/1 of lime (amounts normally used in the Midland water 

treatment plant) are normally sufficient to reduce the 

turbidity of raw water to the desired level. 

Ferric Sulfate. The results of three sets of 

experiments conducted to evaluate the usage of ferric 

sulfate as a coagulant are shown in Fig. 4.2. The 

optimum dosage of ferric sulfate obtained from the jai— 

test and shown in Fig. 4.2 was 120 mg/1. Ferric sulfate 

is effective over a wider pH range than is alum. The 

turbidity removal effectiveness of ferric sulfate, 

however, was found to be less than that of alum. For 

this reason and because of minor aesthetic problems 

associated with using ferric sulfate, it was not used in 

the combined treatment experiments. 

Softening 

Lime. Five sets of multiple jar-tests were 

conducted using lime to soften the raw water. The 

average results of these tests are shown in Table 4.2. 

Dosages amounting to 80%, 100%, and 120% of the 
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Table 4.2: Results of Lime Treatment! 

Lime 
mg/1 

— 

215 

260 

310 

pH 

7.85 

9.05 

9.90 

10.65 

Ca 
mg/1 

1 14 

138 

178 

191 

Mg 
mg/1 

71 

21 

2 

1 

Na 
mg/1 

374 

336 

335 

331 

TH2 
mg/1 

577 

431 

453 

481 

NCH2 
mg/1 

455 

401 

416 

420 

CH2 
mg/1 

122 

30 

37 

61 

1 The numbers shown on rows 1, 2, 3, and 4 are the 
results for raw water, 807., 1007., and 1207. of the 
stoichiometric requirement lime and soda ash, 
respectively. 

2 Measured as calcium carbonate. 
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stoichiometric lime requirement were added to the 

samples. As indicated in Table 4.2, the average value of 

total hardness (TH) of the raw water was 577 mg/1, of 

which 455 mg/1 was nonearbonate hardness (NCH) and 122 

mg/1 was carbonate hardness (CH). 

By adding 100% of the stoichiometric lime 

requirement to the raw water, 124 mg/1 of the total 

hardness was removed. The reduction of carbonate 

hardness and nonearbonate hardness were 85 mg/1 and 39 

mg/1, respectively. The nonearbonate hardness reduction 

constituted 8.6 percent. The sodium concentration was 

reduced slightly. 

Table 4.2 also indicates that by adding more lime, 

the concentration of calcium was increased. The reason 

is that after the reaction between lime and carbonate 

hardness is completed, the remaining lime is used to 

convert the magnesium nonearbonate hardness to calcium 

nonearbonate hardness. This reaction causes an increase 

in calcium concentration and a deereas in magnesium 

concentration. As a result, the magnesium hardness was 

effectively removed. Overall, the reduction of total 

hardness was decreased by applying more lime. 

Lime-Soda Ash. Five sets of experiments were 

performed to determine the softening effect of adding 

lime and soda ash to Midland's surface water supply . In 
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each, 80%, 100%, and 120% of the stoichiometric amounts 

of lime and soda ash were added to the samples 

simultaneously. The average results of these analyses 

are shown in Table 4.3. 

As is indicated in Table 4.3 for the 100% 

stoichiometric dosage, the total hardness was reduced 

from 577 ppm to 66 ppm (88.6% reduction) and the 

nonearbonate hardness was removed completely. The pH 

rose to a higher level favoring the precipitation of 

magnesium hydroxide and calcium carbonate and therefore 

calcium and magnesium were removed effectively. 

Although using soda ash reduces the total hardness 

to a desirable level, two important factors should be 

considered before adopting the utilization of soda ash. 

The first factor is the cost associated with soda ash and 

the equipment and facilities necessary for its 

application. The second factor is the subsequent 

increase in sodium concentration after treatment with 

soda ash. 

Exessive intake of sodium has been determined to be 

a factor in causing hypertension. It is recommended that 

people on severely restricted diets (500 mg/day of 

sodium) consume water containing less than 20 mg/1 of 

sodium and people on less restricted diets (2000 mg/day 
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Table 4.3: Results of Lime-Soda Ash Treatment 1 

Lime Soda pH Ca Mg Na 
Ash 

mg/1 mg/1 mg/1 mg/1 mg/1 

7.85 114 71 374 

215 385 9.95 26 19 466 

260 475 10.30 18 5 486 

310 565 10.70 11 1 524 

TH2 

mg/1 

577 

143 

66 

32 

NCH2 

mg/1 

455 

64 

0 

0 

CH2 

mg/1 

122 

79 

66 

32 

1 The numbers shown on rows 1, 2, 3, and 4 are the 
results for raw water, 80%, 1007., and 1207. of the 
stoichiometric requirement lime and soda ash, 
repectively. 

2 Measured as calcium carbonate. 
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of sodium consume water with a sodium concentration of 

less than 100 mg/1 (32). 

The initial concentration of sodium in Midland's 

surface water supply is high. Using soda ash (Na2C03) 

in the treatment process introduced more sodium into the 

water. For example, the application of 100% of the 

stoichiometric requirement of lime and soda ash increased 

the concentration of sodium from 374 mg/1 (in raw water) 

to 486 mg/1 (in treated water). 

Combined Treatment 

In most water treatment plants, the chemicals needed 

for softening and for turbidity removal, such as lime, 

soda ash, alum, ferric sulfate, and polymers, are added 

to the raw water simultaneously. Depending on the 

quality of the raw water and the desired quality of the 

product water, one or more of the above chemicals may be 

used. 

For instance, in order to remove the turbidity from 

a low turbidity water, the addition of alum or ferric 

sulfate will be sufficient. On the other hand, as is 

noted later in this chapter, the application of a 

combination of lime and alum for removing the turbidity 

from a highly turbid water is more efficient and cost 
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effective. One of the advantages is that a reduction of 

hardness will be achieved during turbidity removal. In 

addition, the unit price of lime is lower than that of 

alum. The unit price of the chemicals used is shown in 

Table 4.4. 

The purpose of the combined treatment phase was to 

examine the removal effectiveness of selected 

combinations of chemicals on turbidity and hardness. 

Several sets of multiple jar-tests were conducted. The 

following section contains a discussion of the results 

obtained from these analyses. 

In the first two sets of experiments, different 

combinations of chemicals and dosages were added to the 

water. To obtain a basis for comparison and evaluation 

of the processes, the dosage of one chemical was kept 

constant in at least two beakers, while the dosages of 

the other chemicals varied. For example, to determine 

the effect of different dosages of lime and soda ash on 

the softening process, the dosage of alum was kept 

constant at 15 mg/1 in al1 six beakers. The combined 

results of these two sets of experiments are shown in 

Table 4.5. 

The initial turbidity and total hardness of the raw 

water were 39 NTU and 597 mg/1 as CaCOs, respectively. 

Different dosages of lime, soda ash, alum, and polymer 
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Table 4.4: Unit Price of Chemicals Usedl 

Chemicals Dollars/Pound Source 

Alum 0.075 City of Midland 

Lime 0.0384 City of Midland 

Polymer 0.48 City of Midland 

Soda Ash 0.096 City of Austin 

I The current (1986) unit cost of chemicals paid by the 
cities noted under "source". 
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Table 4.5: Results of Combined Treatment 1 

Sample Alum Pol. Lime Soda pH Turb. TH* NCH* CH* Na 
mg/1 mg/1 mg/1 mg/1 NTU mg/1 mg/1 mg/1 mg/1 

Raw 
Water - - - - 7.75 39 597 473 124 397 

1 60 0.4 140 250 9.35 0.5 226 181 45 473 

2 60 0.4 140 250 9.40 0.6 214 170 44 441 

3 30 0.4 100 100 8.95 0.4 376 333 43 384 

4 30 0.4 140 250 9.90 0.4 254 201 53 422 

5 30 0.4 70 70 8.75 0.5 418 370 48 372 

6 15 0 70 50 8.80 0.3 433 389 44 362 

7 15 0 70 70 8.85 0.3 416 364 52 366 

8 15 0 70 100 8.95 0.3 392 344 48 376 

9 15 0.4 70 70 8.75 0.4 409 362 47 363 

10 15 0.4 70 0 8.70 0.6 488 441 47 350 

11 15 0 70 125 9.00 0.3 379 325 54 379 

Measured as calcium carbonate. 



47 

were added to al1 11 beakers containing raw water. In 

all cases, the turbidity of treated water after 

filtration was less than 1 NTU. The addition of polymer 

had little effect on the improvement of the system 

efficiency . The results of this experiment indicate 

that 15 mg/1 of alum in combination with 70 mg/1 of lime 

(as is frequently used in the Midland water treatment 

plant) would be sufficient to reduce the turbidity to a 

des i red 1evel. 

As was mentioned earlier, the average dosage of 

lime used in the Midland water treatment plant is 70 

mg/1. In order to observe the effect that soda ash would 

have on the water softening process as employed in 

Midland, concentrations of 0, 50, 70, 100, and 125 mg/1 

of soda ash were added to the raw water along with 70 

mg/1 of lime (Beakers numbered 6, 7, 8, 9, 10, and 11). 

This range of soda ash dosages was selected because 

preliminary tests indicated there would be a subsequent 

increase in sodium concentrations by using soda ash 

dosage greater than 125 mg/1 (Table 4.5). 

The results of these experiments indicate that the 

amount of lime was not sufficient to raise the pH to 10.8 

to allow the formation of magnesium hydoxide. Therefore, 

there was a greater reduction in calcium hardness than 

magnesium hardness. The stoichiometric calculation shows 
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that, hypothetically, 70 mg/1 of lime is just enough to 

remove the carbonate hardness. 

As is indicated in Table 4.5, nonearbonate hardness 

comprises 797. of the total hardness in raw water and more 

than 807. of the total hardness in treated water. Since 

soda ash removes the calcium nonearbonate hardness, there 

was, as expected, an increase in hardness reduction by 

increasing the amount of soda ash applied. 

In the next experiment, dosages amounting to 1007., 

807., 707., 607., and 407. of the stoichiometric requirements 

for lime and soda ash in combination with 15 mg/1 alum 

were used to treat the water. The results of this test 

are shown in Table 4.6. Another set of experiments was 

conducted with 120%, 100%, 60%, and 40% of the 

stoichiometric requirement for lime and soda ash without 

using alum. The purpose of this test was to determine 

the effect of alum on lime-soda ash softening. The 

results of this test are shown in Table 4.7. 

Table 4.6 indicates that total hardness cannot be 

reduced to less than 181 mg/1 using 100% of the 

stoichiometric lime and soda ash requirement and 15 mg/1 

of alum. However, the data shown in Table 4.7 indicates 

that 807. of the stoichiometric lime and soda ash 

requirement is sufficient to reduce the hardness to 133 

mg/1 if no alum is used. In contrast, for 407. of the 
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Table 4.6: Results of Combined Treatment 2 

Sample Alum Lime Soda pH Turb. TH NCH CH Na 
mg/1 mg/1 mg/1 NTU mg/1 mg/1 mg/1 mg/1 

Raw 

Water - _ _ 7.55 28 561 429 132 372 

100% 15 275 486 11.25 0.3 181 0 181 539 

80% 15 220 388 11.05 0.4 221 59 162 504 

70% 15 193 340 10.75 0.3 193 92 101 485 

60% 15 165 290 9.55 0.3 197 144 53 461 

40% 15 110 194 9.55 0.3 279 235 44 437 
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Table 4.7: Results of Combined Treatment 3 

Sample Alum Lime Soda pH Turb. TH NCH CH Na 
mg/1 mg/1 mg/1 NTU mg/1 mg/1 mg/1 mg/1 

Raw 
Water - _ _ 7.55 28 561 429 132 372 

120% 0 326 546 10.95 0.3 41 0 41 510 

100% 0 272 455 10.65 0.3 63 0 63 500 

80% 0 218 364 10.20 0.3 133 65 68 471 

60% 0 163 273 10.05 0.8 237 164 73 481 

40% 0 109 182 9.85 0.4 339 255 84 456 
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stoichiometric lime and soda ash requirement, by adding 

15 gm/1 of alum, total hardness was reduced 60 mg/1 more 

than when alum was not used. 

In al1 eases the turbidity was reduced to a 

desirable level before filtration. Therefore, for 

dosages of lime and soda ash above the stoichiometric 

requirement, the addition of alum reduced the system 

efficiency. For lower dosages of lime and soda ash 

(less than 807. of the stoichiometric requirement) the 

addition of alum improved the system efficiency. 

Tables 4.6 and 4.7 indicate that for dosages of soda 

ash in excess of 407. of the stoichiometric requirement, 

the sodium concentration was increased. Although 

application of soda ash introduces sodium into the water, 

the data in Table 4.5 indicate that the sodium 

concentration in the product water was not more than that 

of raw water when the dosage of soda ash did not exceed 

125 mg/1. 

Two more sets of multiple jai—tests were conducted 

using different dosages of lime and soda ash. The 

results of these tests are shown in Tables 4.8 and 4.9. 

Comparing Tables 4.5 and 4.9, the data indicate that for 

low dosages of lime and soda ash the addition of alum 

increased the efficiency of lime-soda ash softening in 

removing total hardness from water. In addition, the 
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Table 4.8: Results of Combined Treatment 4 

Sample Alum Lime Soda pH Turb. TH NCH CH Na 
mg/1 mg/1 mg/1 NTU mg/1 mg/1 mg/1 mg/1 

Raw 

Water - - - 7.85 58 562 427 135 383 

1 0 272 364 10.40 0.3 142 92 50 534 

2 0 272 273 10.60 0.3 237 190 47 486 

3 0 272 182 10.45 0.3 300 262 38 449 

4 0 218 273 10.20 0.3 225 184 41 488 

5 0 218 182 10.10 0.3 304 266 38 470 

6 0 163 182 10.00 0.5 315 278 37 463 
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Table 4.9: Results of Combined Treatment 5 

Sample Alum Lime Soda pH Turb. TH NCH CH Na 
mg/1 mg/1 mg/1 NTU mg/1 mg/1 mg/1 mg/1 

Raw 

Water _ _ _ 7,35 58 562 427 135 383 

1 0 70 50 8.45 9.0 446 396 50 414 

2 0 70 75 8.55 4.5 450 397 53 447 

3 0 70 100 8.85 5.1 437 384 53 453 

4 0 70 125 9.15 4.5 412 359 53 469 

5 0 70 150 8.80 3.8 420 352 68 487 

6 0 70 0 8.25 1.3 516 469 47 404 
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turbidity of the raw water was reduced to less than 1 NTU 

by using alum (Table 4.5). 

Effect of Ground Water 

As mentioned in chapter 1, the City of Midland 

utilizes ground water in conjunction with treated surface 

water to meet its demand. Ground water is extracted from 

both McMillen and Paul Davis well fields and chlorinated 

at the pump stations. The water withdrawn form wells in 

each well field is combined in the storage facilities 

located at each field. Water produced in the McMillen 

well field is diverted straight into the distribution 

system. Water from Paul Davis well field, however, is 

mixed with the treated surface water prior to 

di stri but ion. 

There are wide variations in the characteristics of 

the water pumped from these wells. For example, the 

results of chemical analysis of the water discharged from 

24 wells located at the Paul Davis well field are shown 

in Table 4.10. 

The water discharged from the Paul Davis well field 

is recharged into the McMillen well field during low 

demand priod in the winter time. The purpose of the 

recharge process is to raise the water table and increase 

the yield of the wells in the McMillen well field. In 
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Table 4.10: Water Quality Results from 
the Paul Davis Well Field 

Wel 1 
# 

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

1 1 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 

Ca 
mg/1 

93 
72 
88 
80 
64 

64 
56 
88 
141 
56 

64 
1 15 
64 
144 
120 

141 
128 
1 12 
152 
110 

128 
93 

246 
136 

Mg 
mg/1 

58 
53 
58 
48 
48 

48 
48 
63 
48 
39 

48 
83 
48 
102 
88 

96 
97 
68 
107 
72 

92 
73 

209 
88 

Na 
mg/1 

170 
145 
170 
170 
130 

129 
120 
200 
180 
95 

180 
260 
180 
390 
310 

360 
460 
210 
430 
320 

280 
— 

800 
342 

SO4 
mg/1 

269 
250 
259 
210 
149 

154 
106 
312 
374 
90 

192 
470 
182 
715 
532 

667 
715 
365 
800 
485 

485 
412 
1718 
614 

CI 
mg/1 

200 
170 
200 
200 
150 

150 
150 
320 
200 
1 10 

200 
300 
200 
430 
360 

400 
500 
230 
470 
350 

380 
320 
600 
380 

TDS 
mg/1 

1070 
983 
1053 
976 
820 

813 
761 
1 160 
121 1 
646 

952 
1496 
954 

2060 
1678 

1945 
2168 
1297 
2215 
1600 

1633 
1469 
4057 
1828 

Alk.* 
mg/1 

230 
220 
230 
220 
230 

220 
230 
230 
220 
210 

220 
220 
230 
230 
220 

230 
220 
256 
210 
220 

220 
230 
190 
220 

TH* 
mg/1 

472 
400 
460 
400 
360 

360 
340 
480 
352 
300 

360 
628 
360 
780 
660 

752 
720 
560 
820 
576 

700 
532 
1480 
700 

pH 

7.4 
7.4 
— 

7.3 
7.6 

7.5 
7.7 
7.8 
7.9 
7.7 

7.7 
8.0 
7.4 
7.5 
7.5 

7.6 
7. 1 
7.8 
7. 1 
7.7 

7.8 
7.7 
7.3 
7.4 

* Measured as calcium carbonate. 

Source: Obtained from the City of Midland (1) 
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the summer time when demand is high, all the wells in 

both well fields are producing water (33). 

These wells are operated based upon daily schedules 

set by the city of Midland according to daily demand. 

Therefore, the quality of water in the storage facilities 

can change depending on which wells are producing water. 

Because of the variation in the quality of ground water, 

it would be difficult to predict the effects of mixing 

ground water with the treated water on the quality of the 

ditributed water. 

On an average annual basis, almost equal amounts of 

ground water and surface water are used to meet the water 

demand. In the winter, the ratio of ground water to 

surface water is approximately 2/3, but in the summer, 

the ratio is approximately 3/2 because of higher demand. 

Wide variations in the quality of ground water and the 

mixing ratios may result in perceptible changes in the 

taste of the distributed water. 

Cost Analysis 

The cost of chemicals used in each of the tests was 

calculated based upon the amounts given in Table 4.3. 

The cost of chemicals required was calculated as 

follows: 

C = (8.327)(0.075A + 0.0384L + 0.48P + 0.096S) (25) 
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C = Cost of chemicals required to treat one million 

gallons of water, $/MG. 

A = Dosage of alum, mg/1. 

L = Dosage of lime, mg/1. 

P = Dosage of polymer, mg/1. 

S = Dosage of soda ash, mg/1. 

Table 4.11 represents a summary of the results of 

the tests conducted. This table includes the amount of 

chemicals used in each test as well as the corresponding 

concentrations of total hardness and sodium in the 

treated water. Typical concentrations of total hardness 

and sodium in the Midland surface water supply (raw 

water) are also shown. The last two columns indicate the 

amount of total hardness in mg/1 removed from the raw 

water and the amount of sodium in mg/1 added to the 

treated water per dollar spent on chemicals for the test 

conditions. 

The current water rates in Midland are $9.00 for the 

first 2000 gallons and $1.60 for each additional 1000 

gal Ions of water used. Based on these rates and an 

average use of 15,000 gallons per month, a customer pays 

$29.80 per month. Using current treatment techniques, 

the cost of chemicals required to treat 15,000 gallons of 

water ranges from $0.30 to $0.60. According to the test 

results shown on Table 4.11, the cost of chemicals 
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Table 4.11: Results of All Tests Reported 
i n Chapter 4 

Rank 

Raw 
Water 
1 
2 
3 
4 

5 
6 
7 
8 
9 

10 
1 1 
12 
13 
14 

15 
16 
17 
18 
19 

20 
21 
22 
23 
24 

25 
26 
27 
28 
29 

30 
3 1 
32 

Al um 
mg/1 

— 

0 
15 
0 
15 

0 
15 
15 
30 
0 

15 
0 
15 
30 
0 

0 
0 
15 
0 
0 

30 
0 

60 
0 
15 

0 
15 
0 
0 
15 

0 
15 
0 

Pol . 
mg/1 

— 

0 
0.4 

0 
0 

0 
0 

0.4 
0.4 

0 

0 
0 
0 

0.4 
0 

0 
0 
0 
0 
0 

0.4 
0 

0.4 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 

Lime 
mg/1 

Soda TH Na Chem. 
Ash mg/1 mg/1 Costs 

mg/1 CaC03 

— 

70 
70 
70 
70 

70 
70 
70 
70 
70 

70 
70 
70 
100 
70 

109 
163 
1 10 
218 
272 

140 
163 
140 
218 
165 

272 
193 
218 
272 
220 

272 
275 
326 

— 

0 
0 

50 
50 

75 
70 
70 
70 
100 

100 
125 
125 
100 
150 

182 
182 
194 
182 
182 

250 
273 
250 
273 
290 

273 
340 
364 
364 
388 

455 
486 
546 

569 
516 
488 
446 
433 

450 
416 
409 
418 
437 

392 
412 
379 
376 
420 

339 
315 
279 
304 
300 

254 
237 
214 
225 
197 

237 
193 
133 
142 
221 

63 
181 
41 

$/MG 

377 
404 
350 
414 
362 

447 
366 
363 
372 
453 

376 
469 
379 
384 
487 

456 
463 
437 
470 
449 

422 
481 
441 
488 
461 

486 
485 
471 
534 
504 

500 
539 
510 

0 
22 
33 
62 
72 

82 
88 
89 
99 
102 

1 12 
122 
132 
132 
142 

180 
198 
200 
215 
232 

265 
270 
284 
288 
294 

305 
343 
361 
378 
390 

451 
486 
541 

mg/1 TH 
removed/ 
$ spent 

— 

2.41 
2.45 
1.98 
1.89 

1.45 
1.74 
1 .80 
1 .53 
1.29 

1.58 
1 .29 
1 .44 
1 .46 
1.05 

1.28 
1 .28 
1.45 
1.23 
1. 16 

1 .19 
1 .23 
1.25 
1. 19 
1.27 

1.09 
1. 10 
1 .21 
1 .13 
0.89 

1.12 
0.80 
0.98 

mg/1 Na 
added/ 
$ spent 

— 

1.23 
-0.82 
0.60 

-0.21 

0.85 
-0. 13 
-0. 16 
-0.05 
0.75 

0 
0.75 
0.02 
0.05 
0.77 

0.44 
0.43 
0.30 
0.43 
0.31 

0. 17 
0.39 
0.23 
0.39 
0.29 

0.36 
0.31 
0.26 
0.42 
0.33 

0.27 

0. 33 
0.25 
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required to treat 15000 gallons of water would vary 

between $0.33 and $8.12. 

This table is arranged according to increasing cost 

of the chemicals used in each test. A graph was plotted 

to show the relationship between the cost of chemicals 

required, total hardness, and sodium concentration of raw 

water and treated water (Fig. 4.3). This graph can be 

used to determine the cost of chemicals required to treat 

the water to a desired level. Then Table 4.11 can be 

used to determine the combination of chemical dosages 

associated with the cost determined. 

Current practice at the Midland water treatment 

plant reduces the total hardness by less than 100 mg/1 

and results in chemical costs of $20 to $40 per million 

gallons of water (rank number two in Table 4.11). As 

evidenced by Fig. 4.3, achieving total hardness 

concentrations of less than 200 mg/1 is particularly 

sensitive to chemical dosages. Figure 4.3 also indicates 

that using improper combinations and dosages of chemicals 

can result in a higher cost and less desirable quality 

water. 
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the Resultant Sodium Concentration 



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

The following conclusions were drawn based upon the 

results obtained from the experimental phase of the 

study. 

1. The laboratory tests indicate that by adding 70 

mg/1 lime and 15 mg/1 alum, the turbidity of the raw 

water can be reduced to a desirable level. The addition 

of polymer does not have a significant effect on 

turbidity removal in the laboratory. 

2. The raw water is extremely hard. Nonearbonate 

hardness comprises more than 757. of the total hardness. 

Therefore, effective hardness removal by adding only lime 

i s not poss i b1e. 

3. The addition of soda ash in combination with 

lime can lower the concentration of total hardness to 

less than 100 mg/1. In doing so, however, the sodium 

concentration of the treated water is increased 

significantly. 

4. The results of the experiments indicate that by 

adding less than 125 mg/1 of soda ash in combination 

61 
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with lime and alum, the concentration of sodium in the 

treated water will not be increased appreciably. For 

example, based on the laboratory tests, the following 

chemical dosages were found to be optimum regarding the 

sodium concentration in the treated water: 

a. By adding 125 mg/1 soda ash, 70 mg/1 lime, 

and 15 mg/1 alum, the total hardness was 

reduced from 597 to 379 mg/1 as CaC03. The 

sodium concentration in the treated water was 

379 mg/1 which was 18 mg/1 less than that of 

the raw water. The cost of the chemicals 

required to treat one million gallons of water 

was estimated to be 132 dollars. 

b. By adding 100 mg/1 soda ash, 70 mg/1 lime, 

and 15 mg/1 alum, the total hardness 

concentration was redused from 597 to 392 mg/1 

as CaC03. The sodium concentration in the 

treated water was 376 mg/1 which was 21 mg/1 

less than that of the raw water. The cost of 

chemicals needed to treat one million gallons 

of water was estimated to be 112 dollars. 

5. Among the operational procedures used in lime-

soda ash softening which were discussed previosly, only 

excess lime-soda ash treatment can be incorporated into 
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the Midland plant without extensive modification of the 

ex i St i ng fae i1i t i es. 

6. To incorporate other softening procedures 

utilizing chemical precipitation such as split treatment 

and contact stabilization, or to use advanced treatment 

processes at the Midland plant, the addition of several 

unit operations and/or processes would be necessary. 

7. The quality of water from Lake J.B. Thomas may 

differ from that of Lake Spence. Since the quantity of 

water derived from each lake may vary from day to day and 

since the influents from these sources are combined in 

the pipe line, there may be hourly and daily changes in 

the quality of the raw water entering the midland plant. 

8. The wide variations in the quality of ground 

water from the well fields makes it difficult to predict 

the effects of mixing the ground water with the treated 

surface water on the quality of the distributed water. 

9. The current cost of the chemicals used to reduce 

the turbidity and hardness in the Midland plant is 

between $20 and $40 per million gallons of water. Under 

existing operations at the plant, the turbidity of the 

raw water can be reduced to less than one NTU in the 

treated water. However, less than 100 mg/1 of total 

hardness is removed which continues to result in a very 

hard water for the city. 
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Recommendat i nns 

The following recommendations are made contingent 

upon the quality of water that the Midland residents 

desire and the cost associated with achieving the desired 

quality. 

1. In order to improve the hardness removal 

efficiency of the Midland water treatment plant, 

utilization of soda ash is recommended. However, using 

lime-soda ash softening to provide a soft water increases 

the sodium concentration in the treated water. 

2. If high concentrations of hardness and sodium 

can be tolerated, the existing facilities and current 

operation of the Midland plant will suffice. As 

mentioned earlier, the utilization of polymer could be 

omitted, yielding a reduction in the current costs. 

3. If a slight reduction of hardness (150 to 250 

ppm) and keeping the sodium concentration in the treated 

water the same as that of the raw water are desired, 

dosages of chemicals indicated previously in the fourth 

conclusion- may be used. 

4. If a soft water is desired and a high sodium 

concentration can be tolerated, the excess lime-soda ash 

treatment using 100% of the stoichiometric dosages of 

lime and soda ash could be utilized. In this case, the 

addition of alum should be omitted because it 
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deteriorates the effectiveness of the lime-soda ash 

process, and the precipitation of calcium carbonate and 

magnesium hydroxide will reduce the turbidity to a 

desirable level. The cost of lime and soda ash required 

is approximately 450 dollars per million gallons of 

water. 

5. If high concentrations of hardness and sodium 

cannot be tolerated, the use of advanced treatment 

processes must be considered. It appears that either ion 

exchange or reverse osmosis coupled with the existing 

treatment would most effectively produce high quality 

product water. As an example, a portion of the raw water 

could be treated with reverse osmosis or ion exchange and 

then blended with either raw water or the water being 

treated by the existing facilities. The total cost of 

treatment would probably be between 500 and 1000 dollars 

per mi 11 ion gal Ions of water. 

6. In-plant experimentation will be required to 

determine the optimum dosages of lime, soda ash, and alum 

because they may differ considerably from sealed up 

laboratory dosages. 

7. Various other alternatives such as split 

treatment may be effective if the incoming water quality 

is relatively constant or if high quality ground water 

can be made available for blending. 
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8. The problems associated with the changes in the 

quality of the raw water can be minimized by constructing 

a reservoir in which the influent waters could be mixed, 

thus yielding a more uniform quality raw water for 

treatment. 

9. Since turbidity is considered a health hazard, 

the treated water should meet the primary standards for 

turbidity set by the U.S. EPA. Under the current 

chemical dosages and operations, the turbidity in the raw 

water is effectively removed. 

10. Before changing the current chemical dosages or 

operations in order to reduce the current cost of 

treatment, care should be taken to avoid decreasing the 

turbidity removal efficiency which would increase the 

solid loading rate on the filters. Bench scale studies 

and in-plant experimentations as well as cost-benefit 

studies will be required to determine the amount of 

saving in chemical costs versus the extra cost associated 

with more frequent filter backwashing. 
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