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1. Introduction 

1.1 Background 
The use of carbon dioxide Injection for removal of calcium carbonate scale has been an 

interest of the U.S. Army Construction Engineering Laboratory for several years. Prakash et al. 

(1987) reported the results of successful laboratory experiments and field applications at 

several sites in Illinois. These primary tests were performed with hard waters with fairly low 

total dissolved solids (TDS) levels compared to those encountered in the southwestern United 

States. Rainwater and Urban (1989) performed controlled laboratory experiments to 

demonstrate the utility of the technique in the very hard, high TDS water in Lubbock, Texas. 

The laboratory experiments were also successful, and a dormitory facility on the Texas Tech 

University campus was selected for field demonstration of the technique. The primary purpose 

of the project described in this report was performance of the building demonstration, with 

secondary Interests in other scale removal alternatives and scale formation mechanisms. 

1.2 Objectives 

The specific objectives of this project as stated in the contract are as follows: 

[1} Install and comprehensively monitor a scale removal demonstration at a location 

with very hard water; 

[2] Investigate alternative Injection systems; 

[3] Compare the economics of carbon dioxide injection to water softening for both large 

buildings such as dormitories/barracks which use large amounts of hot water and small 

building represented by a single-family dwelling; 

[4} Compare the water chemistry of water softening and carbon dioxide treatment with 

the attendant effects on water quality and scale formation; 

[5] Investigate the effect of specific anions such as phosphates and sulfates which may 

affect the precipitation/dissolution process; 

[6] Investigate the literature regarding equilibrium or kinetic mechanisms which 
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allow a water to be significantly oversaturated with respect to calcium carbonate 

without forming scale. 

The objectives were accomplished as five Individual tasks (objectives 3 and 4 above were 

combined). The approach and results for each task are described in the following sections. 

2. Doak Hall Demonstration 

The building selected for the full-scale demonstration of the C02 injection system is 

known as Doak Hall (Rainwater and Urban, 1989). Opened in 1934, Doak Hall has three floors 

above ground and a basement for mechanical facilities. The first floor, which originally was 

student rooms, was remodeled Into offices for the administrative staff of the Housing and Dining 

Service (HDS) and now has negligible hot water usage in a few restrooms and break rooms. The 

second and third floors are laid out almost identically and each contain fifty student rooms and 

two community bath/shower rooms, which are used by approximately 120 women during the 

fall and spring semesters. The heated water flows from the heater, estimated at 750 gal 

capacity, through a 0.75 in copper pipe to a 1/12 horsepower recirculation pump. An in-line 

flow meter installed just downstream of the pump during this project showed the average 

recirculating flow rate to be about 7.3 gpm. From the pump, the heated water travels next to 

approximately 2000 ft of 0.75 in copper pipe for connection to fifty 0.5 in copper riser pipes 

which go up through the vertical walls to connect to the sinks In each room and the sinks and 

shower facilities in the community bath/shower rooms. With an average vertical length of 60 

feet, the riser pipes total approximately 3000 ft. The riser pipes connect in the attic to 0.5 in 

horizontal copper lines which terminate at a 2 in copper line which eventually returns the 

excess flow to the water heater in the basement. Makeup water must be provided to the system, 

but the HDS maintenance personnel were unable to determine the location of this pipe in the 

maze of insulated lines in the basement, and no schematic of the exact piping layout for the 

building currently exists. In fact, due to the old unmarked insulation covering most of the 

pipes, the HDS staff were unable to verify the direction of flow in some of the piping. 
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Rainwater and Urban (1989) reported yellowish-white scale deposits of approximately 

1/8 In thickness in the 0.5 In horizontal pipes in the attic. The vertical riser pipes were not 

accessible for removal and examination without damage to the walls, so no vertical pipes were 

viewed. The only other accessible piping was the 0.75 in pipe in the basement. Removal and 

Inspection of a section of this pipe showed very thin, but noticeable, greenish white scale about 

1/32 to 1/16 in thick. Obviously, this thinner scale would most likely limit the C02 treatment 

process. Installation of the apparatus was delayed until the end of the fall semester due to 

asbestos abatement In the basement and maintenance on the water heater. It was also thought 

prudent to do the actual installation and commence injection between the fall and spring 

semesters to prevent any Interruption of service. 

2.1 Installation of Experimental Apparatus 

After consultation with the HDS staff, the CO2 injection system, pipe sample loop 

monitoring devices, and water sampling sites were determined. The pipe sample loops were 

described by Rainwater and Urban (1989), and one of the sample loops is shown in Figure 2.1. 

One branch of each sample loop contained one scaled pipe sample taken directly from the location 

of the sample loop, and one new copper pipe of similar dimensions. Under normal conditions, 

the sample loops allowed parallel flow through both branches for simultaneous determination of 

the effects of scale removal and new pipe corrosion. The four ball valves allowed removal of 

either the scaled or new pipe sample for inspection and weighing, while the flow continued 

through the other branch. Only three accessible locations were available for sample loop 

Installation. One location was in the horizontal 0.75 in line in the basement just downstream of 

the water heater, while the other two locations, termed 3rd Floor East and 3rd Floor West, were 

in the 0.5 in lines in the attic crawl spaces near the two community bath/shower rooms, on the 

third floor. All pipe samples were 12 in long. Plastic unions were used for convenience of 

manipulation and minimization of pipe damage during installation and removal. 

The Initial weights of the scaled and new pipe samples were measured to the nearest 0.01 
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Figure 2.1 Pipe Sample Loop 
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g prior to the C02 injection. By comparison of the weights of the scaled pipe samples to the new 

pipe samples of similar dimensions, it was possible to estimate the weight of the scale in the 

scaled pipe samples. The estimated scale weights were 13.56 g, 152.44 g, and 16.70 g for the 

samples from the Basement West, 3rd Floor West, and 3rd Floor East, respectively. It should 

be noted that the scale In the third floor pipes was not perfectly circular following the 

circumference of the pipe. Longitudinal wrinkles, probably caused by the aging and 

enlargement of the CaC03 crystals, were noticed In the sample from the 3rd Floor East. The 

first sample of pipe removed from the attic of Doak Hall In the 1989 investigation actually 

showed detachment of such a wrinkle which resulted in a rod-like scale formation several 

Inches long. 

The C02 injection system was Installed In the basement In the 0.75 in copper pipe 

upstream of the recirculation pump. Figure 2.2 shows the configuration. A ball valve was 

Installed to allow shut-off of the flow for installation and maintenance of the other devices. An 

In-line rocker-type flow meter was placed to quantify the movement of water through the 

system. A threaded tee was provided for the pH probe connected to the pH controller. The pH 

controller was set at the desired pH level, and the relative magnitude of its readings were 

continuously monitored on a single pen strip-chart recorder. When the pH probe recorded a 

level above the target, the pH controller opened the solenoid valve on the CO2 Injection line. The 

C02 source was a 50 Ib compressed gas bottle with a two stage regulator. A run-time 

accumulator recorded the CO2 injection time, while a rotameter was used to monitor the gas 

flow. A check valve was used to prevent backflow of water through the gas line. The connection 

of the CO2 line to the 0.75 in heated water line turned out to be somewhat of a problem. 

The HDS maintenance staff initially proposed a saddle clamp and needle connection for 

this application, while a tee and reducing union combination was suggested by the research team. 

Since the HDS staff were providing the installation labor at no charge to the project, the 
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research team went along with the HDS connection. After seven weeks of C02 Injection with 

little pH reduction and quick exhaustion of several CO2 bottles, it was determined that the needle 

connection leaked profusely. The leak was so large that it could not be detected by the soap 

bubble method since it blew the soap solution off immediately, but it was finally located by the 

sound of the escaping gas. At that time, a tee and reducing union connection was substituted and 

the leak problem was alleviated. 

2.2 C02 Injection Test Procedures 

The C02 Injection was begun on January 15, 1990. The pH controller was set at pH 7.5, 

about 0.5 pH units below the average tap water pH of 8.0. The scaled and new pipe samples were 

removed from each loop once per week, oven-dried, and weighed to the nearest 0.01 g. 

Water samples were collected weekly from five different locations in the Doak Hall hot 

water system. One sample, designated as 1 W, was collected from the hot water tap in the men's 

room in the west wing of the first floor. Samples 2W and 2E were collected from hot water taps 

In the community bath/shower rooms in the west and east wings, respectively, of the second 

floor. Sample 3W was collected from a hot water tap in the community bath/shower room in the 

west wing of the third floor, while sample 3E was collected from a hot water tap at the sink In 

room 319 of the third floor. The location of sample 3E was the greatest possible distance from 

1he CO2 injection point in the building. The water samples were analyzed for pH, major anions 

and cations, copper, zinc, lead, iron, and cadmium. A pH electrode and meter were used for the 

pH measurement. HC03- was found by the conventional alkalinity titration method, while the 

other major anions (CI-, S042-, N03-, P043-) were analyzed by ion chromatography. The major 

cations (Ca 2+, Mg2+, Na +, K +) were Initially measured with the ion chromatograph. However, 

chronic problems with the cation analyses on this instrument were encountered, which forced 

the use of flame atomic absorption spectrophotometry for these metallic species. The trace 

metal concentrations were also measured with the flame atomic absorption spectrophotometer. 
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The current National primary Drinking Water Regulations require maximum contaminant 

levels below 0.01 mg/L for cadmium and O.OS mg/L for lead. The proposed maximum 

contaminant level goal for copper is 1.3 mg/L. No drinking water standards currently exist for 

zinc or iron, although Iron levels are usually kept below 1.0 mg/L to prevent staining of 

clothing. 

2.3 Results 

QQz Iniection - As noted in previously, the C02 injection began on January 1S, 1990, 

but a leak greatly limited the pH adjustment for the first seven weeks of the experiment. Figure 

2.3 provides a record of the pH fluctuations as monitored by the pH controller for the entire 

154 days of the experiment. During the first seven weeks, the average pH was about 7.7, 0.2 

units above the target setting on the pH controller. After the leak was fixed, the pH averaged 

about 7.S for the next two months. As recommended by the CERL project officer, the target pH 

was lowered to pH 7.0 at day 10S for the remaining duration of the test. The sharp peak at 

about day 130 was caused by failure of the C02 regulator. The regulator was replaced 

Immediately and the system performance was again satisfactory. The significant fluctuation 

about pH 7.0 during days 126 to 1S4 was likely due to the change in hot water use after the 

dormitory residents left in mid-May. An attempt to keep weekly water use similar to that 

during the spring semester was made by turning on the hot water for approximately one hour 

each Monday through Friday in one of the community bathrooms at sufficient flow to equal that 

used by the residents. This procedure caused more of a daily "spike" in hot water use which was 

accompanied by a daily "spike" in CO2 injection. During or immediately after the daily CO2 

"spike," pH readings tended to be quite low. 

Pipe Samples - Figures 2.4 and 2.S summarize the measured weight losses measured in 

the scaled and new pipes from the three sample loops. The losses have been converted to mg/cm2 

for comparison with data reported by Prakash et al. (1987) and Rainwater and Urban (1989). 
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The losses from the three scaled pipes were not completely similar. The sample from the 3rd 

Floor East lost a large chunk of scale (>0.90 g) during the third week of the test which was 

more likely due to breakage of a wrinkle-type formation due to the physical handling of the pipe 

rather than dissolution. If that large loss is neglected. the dissolution rates in the Basement 

West and 3rd Floor East samples were similar for the first 105 days, while the 3rd Floor West 

loss rate was significantly greater. After day 105, when the pH was lowered. the loss rates for 

both the 3rd Floor samples increased markedly. while the Basement West sample showed no 

increase in loss rate. At the end of the 154 day demonstration. the total losses from the 

Basement West. 3rd Floor West. and 3rd Floor East samples were 0.42 g. 4.20 g. and 3.16 g. 

respectively. The changes in the amount of scale in the 3rd Floor samples were visually 

perceptible from the ends of the pipes. The smaller losses in the Basement West sample were 

not easily discerned. 

The measured weight losses from the new pipe samples were very interesting. and were 

of the same order of magnitude as the scale removal. The samples were not specially prepared 

beyond washing with water prior to installation in the sample loops. The loss rates were 

apparently less affected by the changes in system pH. Copper corrosion rates may not be very 

sensitive to this range of pH values. or it is possible that a coating of material left by the pipe 

manufacturing process was present during this experiment. The copper concentration 

measurements reported later in this section may help interpret this data. After 154 days. the 

total weight losses from the new pipes in the Basement West. 3rd Floor West. and 3rd Floor 

East locations were 1.91 g. 2.01 g. and 1.09 g. respectively. 

Malor Ion Concentrations - The concentrations of the major cations and anions found in 

the weekly water samples collected at the three different positions were averaged for reporting 

In Figures 2.6 and 2.7. It is not possible from this data to discern any effect of the CaC03 

dissolution on the calcium concentrations. Other than a single value of 71 mg/L measured at day 

14. the calcium concentrations varied somewhat randomly between 36 and 52 mglL. Magnesium 
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and potassium concentrations varied little during the experiment. The sodium concentration 

was consistently the greatest, and ranged from 249 to 344 mg/L. This variation is due to the 

seasonal changes In the salinity of the Lake Meredith water source, as well as the occasional 

blending with the Bailey County well water. 

The major anion concentrations are shown in Figure 2.7. The smaller components were 

fluoride, nitrate, and total phosphate. The fluoride content varied slightly between 0.7 and 1.5 

mg/L during the experiment. Nitrate was found in 7 of the 23 samples, with the highest 

concentration at 0.88 mg/L as N03, far below the drinking water MCL of 45 mg/L. Total 

phosphate was detected in 4 of the 23 samples, with 0.35 mg/L as the highest concentration. 

The bicarbonate concentrations remained near 220 mg/L until day 119, after which some 

values as high as 345 mg/L were measured. This most likely reflects variations in the tap 

water quality, but did occur during the period in which the lowest pH values were measured. 

The concentrations of chloride and sulfate varied widely throughout the experiment, and these 

changes could only be attributed to the changes in the composition of the water supply. 

As a check on the major Ion analyses, the Ion balance In terms of meqlL was calculated 

during each analysis. A summary table in the appendix provides the average concentrations and 

the calculated errors in ion balance. According to the usual formulation of the error in ion 

balance (Peavy et aI., 1985), agreement within ten percent is satisfactory. The errors in ion 

balance were below 10% for 17 of the 23 samples. Five of the six samples which had errors 

larger than 10% were also the five samples with the lowest measured chloride concentrations, 

and in each case the total anion meq/L were smaller than the total cation meqlL. Apparently, 

these errors were due to underestimates of the chloride concentrations by the IC procedure. 

Due to the large differences in concentrations in the raw water samples, and the ranges of 

sensitivity of the IC for the various species, these errors were most likely caused In the 

dilution of the samples. The sixth sample with error greater than 10% corresponded to the 

sample with the largest sulfate concentration, 401 mg/L, which was 70 mg/L higher than any 

15 



other sample. In this case, the total anion meq/L exceeded the total cation meqlL. It is probable 

that this error is due to an overestimate of the sulfate concentration. 

Trace Metals Concentrations - The trace metal analyses showed no measurable 

concentrations of lead or cadmium in any samples from the five locations. The detection limits 

for these two metals on the flame atomic absorption spectrophotometer were 0.1 mg/L for lead 

and 0.05 mg/L for cadmium, both of which are slightly above the drinking water limits for 

these metals. In order to verify that these non-detections were not missing small yet dangerous 

concentrations of lead and cadmium, a limited number of samples were taken to the Lubbock 

Christian University Institute for Water Research for analysis by graphite furnace 

spectrophotometry, which gives detection limits below the drinking water limits for these two 

metals. 

The results of these check analyses are shown in Table 2.1. No cadmium was detected in 

any sample, while lead concentrations were measurable. The sample dated 1/4/90 was taken 

prior to the start of C02 Injection (day 0) and reflected the baseline conditions. Four of the 

baseline samples had lead concentrations near 0.03 mg/L, while sample 3E, at 0.075 mg/L, 

was above the drinking water standard of 0.05 mg/L. This value may be due to analytical error 

or random variations in the water quality. The presence of the lead may be due to natural 

origins or dissolution in the municipal or building pipe distribution system. The samples dated 

5/14/90 (day 119) and 6/18/90 (day 154) were col/ected during the time period of 

minimum pH in the Doak Hall system, which would imply the most potential for corrosion. The 

samples from 5/14/90 averaged 0.045 mg/L, slightly higher than the baseline values. Sample 

2W slightly exceeded the drinking water limit, while sample 3E was significantly lower than 

the 1/4/90 value. On 6/14/90, all samples had lead concentrations well below the drinking 

water limit, with an average of 0.030 mg/L. Taken as a whole, these analyses do not indicate 

any discernable effect of the CO2 injection on the lead concentrations in the effluent water in 

Doak Hall. The variations were likely due to random variations In the water supply quality. 
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Table 2.1 Analytical Results for Lead and Cadmium from Doak Hall Water Samples 

Sample Sample Concentration (mg/L) 
Qat~ LQQatiQo Qadmlurn Lead 

1/4/90 1W <0.002 0.030 
2W <0.002 0.038 
2E <0.002 0.037 

3W <0.002 0.029 
3E <0.002 0.075 

5/14/90 1W <0.002 0.045 
2W <0.002 0.057 
2E <0.002 0.046 

3W <0.002 0.036 
3E <0.002 0.046 

6/18/90 1W <0.002 0.036 
2W <0.002 0.029 
2E <0.002 0.031 

3W <0.002 0.026 
3E <0.002 0.033 

Figures 2.8, 2.9, and 2.10 show the fluctuations in copper, iron, and zinc 

concentrations during the experiment. The concentrations of all three metals remained fairly 

constant for the first 112 days of the experiment with just a few exceptions. The high 

concentrations of all three metals in the first sample taken at 3E (3rd Floor East, room 319) 

are likely due to laboratory contamination or poor sample collection. At the time that sample 

was collected, the student room had been vacant for four weeks between semester, so no hot 

water was used at that room during that time. Turbid water is often noted when these sink 

faucets are turned on after lengthy periods of no flow. The 2E samples also showed some 

fluctuation in zinc concentrations during the first 35 days of the demonstration. Since the C02 

injection system was causing little pH adjustment during that period, it is likely that these 

fluctuations were due to other causes than pipe corrosion. After the injector was repaired, near 

day 49, the target pH set at 7.5 for days 49 through 112, and a small increase in the 

concentrations of copper, zinc, and iron was apparent, though virtually all of the samples were 
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at concentrations below 0.5 mg/L. 

After day 112, when the target pH was lowered to 7.0, the concentrations of copper, 

zinc, and iron increased significantly. The iron concentrations at sample location 1 W actually 

remained at its previous low level, below 0.5 mg/L, while samples 2W, 2E, 3W, and 3E showed 

maximum concentrations of 0.9, 0.9, 2.3, and 4.0 mg/L during this period. This increase may 

have been due actual corrosion iron from within the plumbing system or from the concentration 

of Iron by microbial activity often seen in closed systems. As noted previously, the dormitory 

residents moved out after day 119, and, even though periodic flushing of the hot water system 

was performed each weekday morning, the initial flows of hot water showed significant reddish 

color for one to two minutes each day. The concentrations of zinc and copper fluctuated at all 

five locations. The zinc levels remained below 1 mg/L, with the relative concentrations 

Increasing from the first floor to the third floor. The copper values showed a similar trend, 

rising as high as 2.2 mg/L before returning to below 0.5 mg/L at the end of the experiment. 

The maximum contaminant level goal for copper of 1.3 mg/L was exceeded for at least a short 

time in samples 2E, 3W, and 3E. Taken together, the copper and zinc fluctuations were most 

likely caused by the C02 injection process, and indicate corrosion of bare metal within the Doak 

Hall system. 

2.4 Estimated Installation Costs 

The costs of the Doak Hall Injection installalion are summarized In Table 2.1. It should 

be noted that some costs are exact due to purchase order or catalog prices, while costs of minor 

pipe fittings and labor are estimated. Analytical costs are not included. The costs are for start

up of the system. Operation and maintenance costs are simply for C02 gas as needed. The costs 

for this demonstration project are much higher than necessary for application of the C02 

injection system due to the increased monitoring and control required for this research project. 

Section 3 shows an estimate for a less expensive design for military or residential applications. 
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Table 2.2 Estimated Costs of Doak Hall Installation 

pH Control (Cole-Parmer) 
Chemcadet pH Controller - N-05652-00 
pH Probe - N-05993-70 
Compact Strip Chart Recorder - N-08380-42 
Dust Cover - N-08778-20 
Chart Paper - N-08478-02 
Pens - N-08479-20 

Subtotal 

Other Expenses (various sources and estimates) 
13 Sweat Ball Valves - 0.75 in 
16 Quick-Tight Couplers 
Self-Piercing Saddle 
Solenoid Valve and Coil 
Two-Stage Regulator 
50 Ib C02 Bottle 
Flow Meter (estimated) 
Miscellaneous Fittings (estimated) 
Installation Labor 10 manhours @ $35/manhour 

Subtotal 

Grand Total 

3. Improvement In Injection System Design 

$725.00 
98.00 

825.00 
7.00 

34.50 
9.90 

1699.40 

109.72 
55.36 

3.11 
77.42 
80.00 
10.00 
15.00 
40.00 

350.00 
740.61 

$2440.01 

The C02 injection system employed at the Doak Hall demonstration site was very 

simplistic in its design and construction, and more efficient and/or systems are certainly 

possible. In this task, vendors of alternative devices for gas injection into potable water 

systems were contacted for their suggestions of alternative configurations that would be 

appropriate for military installations. After a few contacts, a single type of injection device 

was commonly recommended by each vendor. The main component of the popular system is an 

venturi section with a suction port affixed to the venturi throat. The reduction in cross-

sectional area causes a local pressure drop which allows introduction of the injected fluid. This 

type of device has been used successfully for injection of chlorine, ozone, detergents, solvents, 

and agricultural chemicals into flowing water. The injector Itself has no moving parts and 
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requires no external power. Special installation kits and companion parts are also available. 

The supplier of the device and its appurtenances is Mazzei Injector Corporation of Bakersfield, 

CA under U.S. Patent No. 4123800. In this section, a design for injection of CO2 into a potable 

heated water system based on this device Is presented. 

Figure 3.1 shows a schematic of an automated system as would be appropriate for a 

dormitory or barracks facility. One assumption in this design is that a recirculation pump Is 

used to keep the heated water moving through the building's distribution system. A pH 

controller, which requires AC power, and an associated in-line probe are connected to the flow 

line. The controller opens the solenoid valve on the C02 line when the water pH is above the 

desired level. The C02 bottle, with its two-stage regulator, and solenoid valve are joined to the 

injector device by heavy duty hose and clamps. Backflow from the main pipe is prevented by a 

check valve, and the metering valve controls the flow of C02, which is measured by the flow 

meter. The pH controller and flow meter are not necessary for application of the CO2 Injection 

concept, but they allow real-time monitoring of the injection process. 

If manual operation of the system is practical, the pH controller, pH probe, solenoid 

valve, and their required connections may be left out of the system. The pH of the water after 

injection could be monitored at the hot water taps with an inexpensive hand-held probe. Due to 

the potential for pipe corrosion once the scale is completely removed, manual operation is only 

recommended with great caution. 

Scaled and new pipe sample loops, such as those used in the Doak Hall demonstration, are 

recommended when possible to provide visual and gravimetric monitoring of the scale removal. 

The costs of the sample loops will depend on the size of the pipes and the associated valvlng and 

connections. The locations of the sample loops should be carefully planned to Insure protection 

of less-scaled pipe from corrosion as heavily-scaled pipes are restored. 
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Figure 3.1 Schematic of CO2 Injection System Using Venturi Injector (not to scale) 

A cost estimate for the Injector system shown In Figure 3.1, based on current price lists 

from Mazzei Injector Corporation and Cole-Parmer, Inc., Is summarized In Table 3.1. The 

specific application Is based on the 3/4-ln diameter piping system In Doak Hall. The costs 

would change for different pipe diameters. The use of the products of these two companies does 

not constitute an endorsement of their products, and less expensive alternative vendors may 

exist. The pH buffer solutions and disposable beakers are for calibration of the pH probe and 

monitoring of the pH of the treated water. No costs are included for pipe sample loops since the 

cost would be similar to that spent in the Doak Hall demonstration. It should be recognized that 

the costs In Table 3.1 are for start-up only. Operation and maintenance costs would be 

dominated by the cost of the C02 and the duration of the treatment. 
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Table 3.1 Cost Estimate for Automated C02 Injection System 

Injector System (Mazzei) 
Injector - Model 484 (K y n a r) 
Check Valve - No. C-83P (Kynar) 
Flow Meter - No. CF-442502H-8 
Injector Assembly Kit - K-184-A 

pH Control System (Cole-Parmer) 
pH Controller - N-05656-00 
In-line pH Probe - N-05993-70 

Subtotal 

Bench Stand for pH Controller - N-05656-55 
pH 4.01 Buffer Solution - N-05942-20 
pH 7.00 Buffer Solution - N-05942-40 
Disposable Polypropylene Beakers (1 case) - N-06006-30 

Subtotal 

Other Expenses (estimated) 
C02 Two-Stage Regulator (estimated) 
Solenoid Valve and Coil 
Pipe Unions, Miscellaneous Fittings 
50-lb CO2 Bottle 
Labor - 4 manhours @ $35/manhour 

Subtotal 

Grand Total 

4. Water Softening for Scale Removal 

$50.00 
17.31 
44.20 
38,00 

128.82 

225.00 
98.00 
10.15 

5.00 
5.00 
16.70 

359.85 

80.00 
80,00 
20.00 
10.00 

140.00 
330.00 

'818.67 

Another method for encouraging scale removal in place is water softening. Water 

softening generically refers to reduction in the multivalent cation concentrations, normally 

dominated by Ca 2+ and Mg2+, in the water supply. Lowering the Ca2+ content of the water 

flowing through a potable hot water distribution system can convert the water to a state of 

undersaturation with respect to CaC0 3 and thus cause dissolution of existing scale. In this task, 

a laboratory experiment was performed in which softened water was passed through scaled and 

new pIpe sections in a pIpe manifold reported earlier by Rainwater and Urban (1989) and 

modeled after that used by Prakash et al. (1987). In addition, the Installation and operating 

costs for residential water softening equipment appropriate for installation In a dormitory/ 
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barracks building or in a single family residence were estimated for comparison to the C02 

Injection system cost estimate In Section 3. 

4.1 Laboratory Experiment 

The laboratory descaling apparatus used was the same as that employed In previous 

experiments reported by Rainwater and Urban (1989). The pipe manifold allowed exposure of 

three scaled pipe samples and one new copper pipe to the flowing water. The scaled samples 

were taken from the Drane Hall pipe. These samples were 2.5 In Inside diameter by 3.0 In 

length copper pipe with approximately 0.5 In of scale built up around the Inner circumference. 

The new copper pipe was 0.5 In Inside diameter by 9.0 In In length. The pipe samples were 

oven-dried and weighed to the nearest 0.01 g prior to installation. The water was heated to 

65°C In a water bath. Flow energy was provided by a small centrifugal pump, and valves were 

used to set the flow rate through each sample at 0.5 gpm, resulting In average velocities of 0.80 

fps In the new pipe and 0.091 fps in the scaled samples. The total volumetric capacity of the 

apparatus was approximately 5 gal or 20 L. 

The choice of softened water was based on convenience and minimized expense. Two basic 

softening devices are available for consumer use: ion exchange softening and reverse osmosis. 

Conventional Ion exchange (IE) softening can remove all multivalent cations and replaces them 

with Na+ in solution. Nonzero but reduced multivalent cation concentrations may be maintained 

by split treatment of the incoming water. Reverse osmosis (RO) uses membrane technology to 

reduce the total dissolved solids content by >95% in most home systems. Split treatment is 

possible with RO as well. Purchase or rental of either type of system specifically for this 

experiment seemed somewhat extravagant, and the final treated levels of Ca2+ chosen by 

consumers might vary significantly. For these reasons, the deC/sion was made to represent the 

"best case" for the ability of softened water to dissolve scale by using distilled water available 

from the Environmental Sciences Laboratory. The concentrations of the major anions and 

cations In distilled water are normally below the detection limits of the IC. 

26 



The distilled water source was not located in the same room as the pipe manifold 

apparatus, so a 20 gal (76 L) reservoir was used to provide water to replenish the evaporative 

losses from the heated water bath. In the previous descaling experiments (Rainwater and 

Urban, 1989), a fraction of the total flow through the pipe manifold system was wasted to 

simulate water use at the tap. The amount of distilled water produced by the laboratory still 

was not sufficient to allow similar continuous waste. Complete continuous recirculation of the 

distilled water in the manifold could lead to accumulation of the Ca2+ a-dC032- in the water and 

eventually limit scale dissolution. To lessen this concern, 25 to 30 L of water was wasted from 

the system each day and replaced with fresh distilled water. 

The descaling experiment was run for a total of 6.08 days. At the end of the experiment 

the samples were removed, oven-dried, and weighed to the nearest 0.01 g. The results of this 

experiment are summarized in Table 4.1. The surface area used in the loss rate calculation was 

based on the open diameter within the scaled pipe. 

Table 4.1 Pipe Descallng Experiment. Soft Distilled Water 

Initial Final Weight Loss Rate 
Sample Weight. g Weight. g Loss.g mg/cm2..Q 

1 646.91 646.10 0.81 1.46 
2 660.05 659.30 0.75 1.35 
3 657.65 657.05 0.60 1.08 

New pipe 88.98 88.98 0.00 0.00 

As shown in Table 4.1, the distilled water did cause measurable removal of scale under 

these conditions. For comparison, Rainwater and Urban (1989) reported removal rates for the 

CO2-treated Lubbock tap water experiments of 16.7, 14.6, and 4.5 mg/cm 2 d at pH levels of 

6.5, 7.0, and 7.5, respectively, with corresponding corrosion rates of 0.48, 0.31, and 0.08 

mg/cm2 d. Under similar laboratory conditions, the soft water was less effective In removing 

scale that the C02-treated water, while the soft water caused no measurable corrosion. 
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4.2 Estimated Costs of Water Softening Alternatives 

A local water treatment company, Continental Water Systems, was contacted for 

estimates of water softening costs for a dormitory/barracks facility and a single family 

residence (Steward, 1990). Ion exchange softening and reverse osmosis equipment and 

maintenance were considered for treating hot water only in both situations. The estimated costs 

Include installation fees. 

Dormitory/Barracks - Based on the Doak Hall tenant population of 120 young women, 

the hot water consumption was estimated at 1920 gal/d. The estimated capital cost of an Ion 

exchange system for this capacity is $1,200. At this flow, approximately 18 Ib of salt at a cost 

of $0.10Ilb would be required per day for regeneration of the exchange resin, yielding an 

annual operation cost of $657. The estimated cost for a reverse osmosis system Is much higher. 

The estimated capital cost Is $8,000, which includes a water softener (to remove Ca and Mg), a 

carbon filter (for CI), a 5 micron filter, the RO membrane and pump, a storage tank, and 

pressurization equipment. The estimated operating expenses, which Include salt, membrane 

replacement, and filter replacement, Is $3.00 per day, giving an annual operation cost of 

$1095. 

Single-Family Residence - For a normal three- to four-person family, the estimated 

cost of the Ion exchange equipment is similar to that for the dormitorylbarracks facility, while 

the operation costs are much lower. A high capacity system has an Installed cost of $1,200 with 

estimated salt treatment cost of $1.80 every ten days, which extrapolates to annual operation 

cost of $66. A lower capacity system Is available with an Installed cost of $700, but the salt 

treatment cost Increases to $3.00 per week, for an annual operation cost of $156. A reverse 

osmosis system sized for a single family would have a capacity of 80 gal/day with an Installed 

cost of $1,600, and operation cost of $1.00 per day or $365 per year. 

Based on these cost estimates, the IE and RO alternatives for scale removal only are more 

expensive than C02 Injection. In addition, the IE and RO alternatives must be used continuously 
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once installed, while the C02 flow may be regulated without disturbing the hot water fI~w. Both 

the IE and RO systems can contribute small amounts of concentrated wastewater to the building's 

waste stream. As shown in Section 4, softened water removes scale much more slowly than CO2-

treated water. The IE and RO alternatives do have the advantage of lower corrosion potential for 

bare metal surfaces. Realistically, it would be more likely to use IE or RO to treat all the 

potable water in a building, thus affecting both cold and hot water. The cost estimates in this 

report are based on hot water consumption as 40% of the total water usage In these buildings. 

Treatment of the entire potable water supply would make the costs of Installation and operation 

rise even higher. The desire of the building owners to gain softer, possibly more pleasing water 

taste and behavior must then be weighed against the additional costs. 

5. Effects of Other DIssolved Solids on Prevention of CalcIum Carbonate Scale 

Hot water which Is oversaturated with CaC03 will not necessarily form a CaC03 

precipitate which adheres to pipe walls. Other dissolved constituents may Inhibit the process. 

As was noted by Rainwater and Urban (1989), simple heating of the current Lubbock tap water 

to 65°C did not cause adherent scale in the scale generation apparatus. In addition, several 

attempts at conditioning the heated tap water, either to raise Its pH or Its concentrations of 

calcium or carbonate, were also unsuccessful. Scale build-up was not noted In two campus 

buildings (the Student Recreation Center and the Women's Gym) built since the change to the 

current water supply sources in the mid-1960's, while significant deposition was found in pipe 

samples from two older campus buildings (Drane Hall and Doak Hall). This evidence led to the 

conclusion that some dissolved constituent of the current water supply might be Inhibiting scale 

formation. Analyses of the current tap water quality showed total phosphate concentrations of 

approximately 0.5 mg/L, high enough to limit scale. Other proposed Inhibiting solutes included 

magnesium and sulfate Ions. In this task, the Importance of these possible scale Inhibitors was 

Investigated In laboratory experiments and the professional literature. 
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5.1 Laboratory Experiments 

The scale generation apparatus employed in this task was the same set-up described by 

Rainwater and Urban (1989). A pipe loop system of CPVC delivered the water solution, heated 

to 65°C by a heated bath, through 9/16-ln Inside diameter by 9-ln long copper pipe samples. 

Prior to Installation in the pipe loop system, the Inner wall of each tube was roughened with 

emery cloth, then each tube was weighed to the nearest 0.01 g. Once connected In the pipe loop, 

the copper tubes were wrapped with electric heating tapes set at 75°C. A small centrifugal 

pump provided the energy for ffow. An in-line pH probe was used to monitor the system. 

The water solution for scale generation was mixed in distilled water. The components of 

the solution were CaC12·2H20 and NaHCOa. Both constituents were added at concentrations to 

oversaturate the solution with Ca(HCOa)2 by a factor of 2 at 25°C. Heating this solution caused 

the reaction 

[ 1 ] 

which drove the pH of the solution upward from approximately pH 6.2 to over pH 10 as the 

carbon dioxide left solution over several hours. Two attempts were made to generate scale with 

this solution over periods of three to four weeks, with occasional oven-drying of the tubes to 

encourage nucleation. Both attempts were unsuccessful. The walls of the copper tubes turned 

black and no appreciable scale developed. 

A third attempt was made in which the CaCI2'2H20 and NaHCOa were dissolved separately 

with 1 mL of HCI was added per liter of solution to prevent the extreme pH Increase. The two 

solutions were then mixed together in the heated bath, yielding an Initial pH of about 6.2. As the 

mixture warmed, the C02 was driven off, but the pH rose only to about 8.3 after several hours. 

The mixture was replenished In the heated bath as required, each time causing a temporary 

decrease in pH. The copper tubes were removed from the pipe loop after 2 days of exposure and 

oven-dried overnight to encourage scale formation. The tubes were not blackened, as In the 
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earlier attempts, and a thin layer of adherent white precipitate was noted around the lower two-

thirds of the Inside circumference of each tube. The tubes were then replaced in the pipe loop 

system for the balance of the experiment. After a total of 6.08 days of exposure, the tubes were 

removed, oven-dried overnight, and weighed. 

The results for the eight pipe samples used in this scaling experiment are summarized 

In Table 5.1. Each tube, except samples 4 and 7, had a thin layer of white scale around Its 

entire circumference. Samples 4 and 7, which were In the bottom tier of the pipe loop system, 

also had a layer of soft precipitate along the lower Invert which greatly Increased the total 

weight gain. These layers were approximately 3/16-ln thick, adhered to the pipe surface 

(would not drain when the pipes were lightly rinsed and suspended vertically), and cracked 

Table 5.1 Pipe Scaling Experiment • Distilled Water Oversaturated with CaC03 

Initial Final Weight Gain Rate 
Sample Weight. g Weight. g Galn.g mg/cm2.J1 

1 89.18 89.42 0.24 0.37 
2 89.37 89.57 0.20 0.31 
3 89.63 89.94 0.31 0.48 
4 89.29 90.44 1.15 1. 77 
5 89.51 89.81 0.30 0.46 
6 89.25 89.43 0.18 0.28 
7 89.47 91.07 1.60 2.46 
8 89.46 89.78 0.32 0.49 

during desiccation In the oven. This material In samples 4 and 7 was probably just the result of 

simple sedimentation rather than adherence of scale. The average rate of scale formation for the 

other six pipe samples was 0.39 mg/cm2 d. 

To demonstrate the ability of phosphates to Inhibit scale formation In the pipe loop 

apparatus, a solution oversaturated with Ca(HC03)2, like that used In the previous experiment, 

was mixed with a concentration of 0.5 mg/L total phosphate (added as Na2HP04), similar to the 

concentration seen occasionally In the Lubbock tap water. This solution was used In the pipe 

loop scale generation apparatus as previously described. The pipe samples were prepared and 
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handfed in the same fashion as in the earlier scale generation. The pipes were exposed to the 

heated water solution for a total of 6.75 days. The results of this experiment are summarized In 

Table 5.2. 

Table 5.2 Pipe Scaling Experiment • Distilled Water Oversaturated with CaC03 
Plus 0.5 mg/L Phosphate 

Initial Final Weight Gain Rate 
Sample Weight. g Weight. g Gain,g mg/cm2..d 

1 89.25 89.30 0.05 0.07 
2 89.61 89.73 0.12 0.17 
3 89.54 89.61 0.07 0.10 
4 89.59 89.67 0.08 0.12 
5 89.31 89.37 0.06 0.09 
6 89.24 89.33 0.09 0.13 
7 89.67 89.76 0.09 0.13 
8 89.55 89.65 0.10 0.14 

As shown In the table, each of the pipe samples did gain weight during the experiment, 

with an average gain per unit area of 0.12 mg/cm2. A whitish precipitate was obvious on the 

Inner walls of the pipe samples, similar to but much less uniform than that seen In the previous 

scale generation test. It was also difficult to determine if the precipitate was actually adherent 

or simply sediment. The samples were lightly rinsed and allowed to drain before oven-drying. 

It is apparent that the presence of the phosphate in the experimental solution did cause a 

significant decrease in scale accumulation in this short-term experiment when compared to the 

previous test without phosphate. Even though the solutions In both experiments were 

significantly oversaturated with CaC03, the Interference of another dissolved species was 

demonstrated. 

5.2 Possible Naturally Occurring Scale InhIbitors 

Review of the existing literature on CaC03 scale Inhibition by naturally occurring 

dissolved solids provided little general information associated with heated potable water 

distribution systems. As cited by Rainwater and Urban (1989), Schock (1989) reported that 
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phosphates, sulfate, and/or magnesium could be Inhibiting scale formation In the current 

Lubbock tap water. Closer examination of published references dealing with CaC03 scale 

showed, however, that magnesium is most likely to Inhibit scale formation In sea water or other 

brines, or may cause the Initial formation of aragonite which may later convert to calcite 

(Cowan and Welntrltt, 1976; Stumm and Morgan, 1981). X-ray diffraction analysis of the 

scale from the Drane Hall sample indicated that the scale was likely deposited as aragonite then 

converted to calcite, as evidenced by the growth of radial calcite crystals with apparently 10% 

substitution of magnesium for calcium In the crystals. No report of sulfate Inhibition of CaC03 

scale was readily available In the literature. Phosphates appear to be the primary natural scale 

Inhibitors in fresh waters such as the sources used by the City of Lubbock. 

Inorganic phosphates have been recognized as scale Inhibitors for many years, but the 

exact mechanism by which phosphates prevent CaC03 scale Is not exactly known (Cowan and 

Welntritt, 1976). Since low concentrations « 1 mg/L) can keep highly oversaturated CaC03 

from precipitating, phosphates are known as threshold compounds. Orthophosphates and 

polyphosphates do not prevent agglomeration of CaC03 molecules into nuclei (see Section 5). 

Apparently the phosphates keep these molecular groups, which may be very small crystals, in 

the sub-microscopic range. Some authors describe the process as the spread of the repeating 0-

P-O-P-O groups along the crystal surface in monomolecular films, "poisoning" active growth 

sites on the crystal (Stumm and Morgan, 1981). Empirical studies of scale Inhibition by 

natural and artificial Inorganic and organic phosphates have been reported, e.g. Nancollas et al. 

(1981) and Koutsoukos and Kontoyannis (1984), but the laboratory experiments are usually 

Idealized to allow controlled examination of specific crystal formations In specific water 

solutions, not scale along pipe walls. 

Tomson (1983) provided a rare attempt at development of a theoretical relationship for 

estimation of minimum Inhibitor concentrations for CaC03 scale prevention. The model was 
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based on the relative diffusion rates of the COs2- Ion and the Inhibitor anion, such as P043-, 

toward the growing CaCOs crystal nucleI. From his model, he proposed the controlling ratio of 

2 [C032-] / Z'n [In] < 1 [2 ) 

where [] = molar concentrations and Z'n = absolute value of the charge on the Inhibitor anion, 

In, to hold when inhibition takes place. For example, Rainwater and Urban (1989) reported 

that the current Lubbock tap water was theoretically oversaturated with CaCOs at both 25°C and 

65°C. At 65°C, the solubility product of CaCOa, Ke, may be estimated with the equation 

(Stuyfzand, 1989) 

log Ke = 71.595 log T + 2839.319/T - 0.0077003 T - 171.9065 (3] 

where T = degrees Kelvin, giving a value of Ke = 1.54x10-9. The Ca2+ concentration In the 

Lubbock tap water normally ranges from 40-70 mg/L, or 1.0x10-3 to 1.8x10-s moleslL. At 

equilibrium, the corresponding COa2- concentrations would be 1.5x10-6 to 8.6x10-7 moles/L, 

or 0.092 to 0.051 mg/L respectively. At equilibrium, the required concentrations of P04s

would be 1.0x10-6 to 5.7x10-7 moles/L, or 0.095 to 0.054 mg/l. The concentration of total 

phosphates in the Lubbock tap water exceeds these values by a factor of 5 to 10 on a normal 

basis. This calculation shows that the phosphates are most likely Inhibiting scale In the current 

Lubbock water distribution system. This does not mean that scale never forms under any 

circumstances, Including extreme heating or low pressures, but may explain the difficulty In 

laboratory scale generation reported by Rainwater and Urban (1989). 

The presence of phosphates and trace organic matter in CaCOs scale can also retard the 

dissolution of the scale when exposed to undersaturated water (Stumm and Morgan, 1981). Both 

precipitation and dissolution apparently advance by attachment or detachment of solid 

component Ions at points of excess surface energy, known as kinks, which are also preferred 

adsorption sites for the Inhibitors. Rainwater and Urban (1989) noted that trace organics 
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were seen In the thin section analysis of the Drane Hall scale sample. The presence of such 

Impurities is not accounted for in equilibrium calculation for scale dissolution, and may 

contribute to the difficulty In predicting the rate of scale removal by C02 Injection. 

6. Equilibrium and Kinetic Mechanisms for Calcium Carbonate Scale Formation 

The final task In this project was an examination of the water chemistry and scale 

prevention literature for description of the equilibrium or kinetic mechanisms which may 

allow a water to be significantly oversaturated with CaC03 without formation of adherent scale 

along pipe walls. A search of the pertinent literature demonstrated that the deposition of CaC03 

scale In heated potable water systems is understood only In empirical or qualitative terms. 

Many Investigations on the formation of calcite crystals have been reported in various 

situations of Importance In geologic systems, most within a single scientific Journal, the 

Journal of Crystal Growth. However, the experimental apparatus (various Idealized geometric 

surfaces or single crystals) and water solutions (often seawater or oil field brines) normally 

used In these studies are not representative of potable systems. Equilibrium calculations are 

done Similarly according to familiar thermodynamic relationships for the carbonate system for 

most situations, but the kinetics of precipitation and adherence are apparently most dependent 

on the specific experimental conditions. Apparently, no general theory Is presently available 

which accurately predicts scale formation. This section of the report, therefore, presents the 

qualitative descriptions for the mechanisms which are thought to control scale formation. 

6.1 Supersaturation 

A supersaturated solution contains a higher concentration of a particular dissolved 

solute than Its concentration required for thermodynamic equilibrium (Cowan and Weintrift, 

1976). A metastable supersaturated solution will not likely form spontaneous crystals, while a 

labile (more concentrated) supersaturated solution will probably form crystals on Its own. A 

supersaturated solution may be caused by a change In the solution temperature and/or pressure 
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for a given concentration, an Increase In the solute concentration for a given temperature and 

pressure, pH alteration, or evaporation of the water phase. The common Ion effect, In which 

competitive minerai solids may be formed within one solution, becomes Important in water with 

high dissolved solids contents. Supersaturation may be localized at Interfaces solids or gases, or 

homogeneous in the bulk solution. Alone, supersaturation does not guarantee precipitation, and 

years may pass without deposition. No general numerical values of supersaturation conditions 

for CaCOs scale formation were found during this limited literature search. 

Snoeylnk and Jenkins (1980) listed several reasons for the limited quantitative value of 

supersaturation calculations based on equilibrium relations. First, the establishment of 

eqUilibrium In heterogeneous solutions may be slow. The residence time with In a heated water 

distribution system mayor may not be sufficient for equilibrium. Second, the solid which is 

actually formed in a given situation may not be that which Is predicted by thermodynamic 

equilibrium. As noted by Rainwater and Urban (1989), almost pure calcite was formed In the 

scaled pipe from Drane Hall, while aragonite formation was suggested at the heated water 

temperature. Third, the reported values of thermodynamic equilibrium constants, with which 

the supersaturation calculations are made, vary widely In the reference sources. Few 

practitioners are able to search these references to determine the similarity between the 

conditions of concern and the conditions under which the "constants" were derived. 

6.2 Nucleation 

Nucleation Is the Initial formation of precipitate (Cowan and Welntrltt, 1976; Snoeyink 

and Jenkins, 1980). Homogeneous nucleation is caused by the agglomeration of the molecules of 

the component ions of the precipitate. Heterogenous nucleation is the combination of the 

component Ions with some foreign fine particles which are chemically unrelated to the 

preCipitate. Nucleation requires energy since an organized structure is formed from randomly 

distributed Ions in solution. This energy requirement Is related to the need for supersaturation, 

which Increases the chances of ion Interactions. Less energy is need for heterogeneous 
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nucleation than for homogeneous nucleation since the precipitate ions may collect on the surface 

of the foreign particle, which must be somewhat similar to the lattice structure and distance 

between atoms In the precipitate. 

Since many different foreign particles may be present In a given solution, It Is difficult 

to describe heterogeneous nucleation mathematically. Homogeneous nucleation has been 

described by Stumm and Morgan (1981) and Tomson (1983). Stumm and Morgan (1981) 

represented nucleation as the combination of molecules (X) of the precipitate In the following 

steps as 

X + X <==>X1 

X2 + X <==> X3 

Xj-1 + X <==> Xj (cluster) 

Xj + X <==> Xj+1 (nucleus) 

[ 4 ) 

[5) 

[6 ] 

[7) 

In this formulation, the cluster, Xj, Is an accumulation of molecules which Is one molecule short 

of a nucleus. The nucleus, Xj+1, is a center from which spontaneous crystal growth can occur. 

Tomson (1983) demonstrated this graphically for CaC03 In Figure 6.1, In which the notation 

"Clu" corresponds to X above. The rate, J , at which nuclei form within a unit volume of 

solution may be given as 

J = A exp(-LlGa/kT) [ 8 ] 

where LlG a = activation energy required to form a nucleus, k = the Boltzmann constant, T = 

absolute temperature, and A = a factor related to the collision efficiency for the molecules. 

Varying the supersaturation level from 100 times the equilibrium concentration to 10 times 

that value can increase the homogeneous nucleation time from virtually Immediate to geologic 

time scales. 
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Figure 6.1 Schematic Representation of Calcium Carbonate Cluster Growth (Tomson. 1983) 
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6.3 Crystal Growth 

Crystal formation is caused by the deposition of the precipitate components onto the 

nuclei (Snoeyink and Jenkins, 1980). Crystal growth rate is generally expressed In terms of 

the loss of concentration, C, of the limiting precipitate Ion from solution as 

dC/dt = - k S (C - C')n [9 ] 

where t = time, k = rate constant, S = surface area per unit concentration, and C' = 

equilibrium concentration of the precipitate ion, and n = constant. The exponent n = 1 when the 

precipitation Is controlled by diffusion to the surface, but may take on other values when the 

reaction rate controls. Precipitation of CaC03 is described as 

d(Ca2+ )/dt = - k S ([Ca2 +) - [Ca2 + r) 2 [1 0] 

where k and S are dependent on the solution and solid properties (Nancollas and Reddy, 1975). 

Unfortunately, k and S values are not readily available for natural water sources In heated 

water distribution systems. 

6.4 Crystal Changes and RIpening 

CaC03 solid is normally found In nature as aragonite or calcite. Aragonite formation Is 

favored at higher temperatures (such as those found In heated water systems), while calcite 

formation Is favored at lower temperatures. Examination of the crystal structure of the scale 

from the Drane Hall pipe samples by X-ray diffraction and thin-section microscopy Indicated 

that the CaC03 may have been Initially deposited as aragonite which then changed to the more 

stable calcite (Lehman, 1989). It is possible that the absence of trace metals normally found 

aragonite and the presence of small organic Impurities may have led to this transformation. 

Snoeyink and Jenkins (1980) described the process of aging of precipitate crystals. In 

the aging process, the crystal structure of the preCipitate changes and Its sIze increases. Since 

the larger crystal particles have a lower surface energy than the smaller particles, the solution 

that was In equilibrium with the smaller particles is now supersaturated wIth respect to the 
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larger particles, and further precipitation may take place. The smaller particles may dissolve 

or agglomerate into larger particles. The aging process may also be responsible for the calcite 

found in the Drane Hall samples. 

7. Conclusions and Recommendations 

The following conclusions may be made based on the findings of this study; 

[1] The C02 Injection technique was effective In removing scale In the Doak Hall 

demonstration. Complete removal was not accomplished during the demonstration, but is 

possible with continued application. 

[2] C02 injection had minimal affect on most of the measured water quality parameters 

In the Doak Hall system. The concentrations of copper, Iron, and zinc as well as the pH 

were noticeably affected but were with current limits of health concern. 

[3] An economical alternative injection system was designed based on a commercially 

available venturi injector. The estimated cost of an automated system Is approximately 

$820. 

[4] A controlled laboratory experiment using distilled water as a softened water source 

showed that scale removal can occur with soft water. The removal rate Is much lower 

than that possible with CO2 Injection. 

[5] The estimated costs of ion exchange or reverse osmosis for treatment of hot water to 

remove scale are much higher than that required for C02 injection. 

[6] Phosphates are the most likely naturally occurring scale Inhibitors which may be 

at work in the Lubbock tap water. 

[7J The professional Iilerature provides little theoretical or empirical Information on 

the kinetics of scale formation in hot water pipes. Quantitative prediction of scale 

removal or deposition in such systems is current not available. 

Based on the results of this study, it is recommended that the CO2 Injection technique 
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continue to be applied as an In-place scale removal procedure. Care must be taken to prevent 

excessive corrosive losses from bare pipe while restoring scaled pipe sections. The 

distribution of scale In the pipes In the system should be Investigated prior to C02 Injection. 
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9. Appendix - Summaries of chemical components detected In water samples during the Doak 
Hall Experiment 
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Day F cone Ocone P04 cone N03 cone 504 cone HC03cone Nacone Kcone Mg cone Cacone Anions Cations Difference 
(mgll) (mg/l) (mgll) (mg/l) (mgll) (mg/l) (mgll) (mgll) (mgll) (mgll) 

0 0.70 374.90 0.04 0.12 246.50 220.40 292.70 6.60 49.70 36.10 19.36 18.79 2.95 
7 0.80 349.30 0.04 0.27 238.00 219.20 286.10 6.60 49.70 41.60 18.45 18.78 1.75 

14 0.90 370.00 0.04 0.03 239.80 217.80 296.40 6.70 50.40 71.40 19.05 20.77 8.30 
21 1.30 310.00 0.35 0.01 219.80 220.40 319.60 6.60 49.70 40.10 17.01 20.16 15.61 
28 1.30 394.16 nd 0.11 282.20 219.80 327.00 6.70 50.20 42.90 20.67 20.66 0.01 
35 1.30 382.00 nd nd 331.00 212.50 314.90 6.60 50.00 36.30 21.22 19.79 6.73 
42 1.40 351.90 nd nd 323.70 208.30 315.30 6.60 49.90 38.50 20.15 19.91 1.22 
49 1.30 386.50 nd nd 303.70 208.20 310.90 6.50 49.50 43.10 20.71 19.91 3.84 
56 1.30 376.50 nd nd 298.00 214.35 302.70 6.40 49.10 47.00 20.41 19.71 3.40 
63 1.30 403.50 nd nd 271.70 232.10 316.80 6.60 51.40 48.20 20.91 20.58 1.58 
70 1.30 247.40 nd nd 188.20 234.00 248.50 6.30 44.60 38.00 14.80 16.53 10.49 
n 120 320.60 nd nd 248.30 214.60 285.10 6.50 48.70 41.00 17.79 18.62 4.43 
84 1.40 378.40 nd 0.88 292.10 214.60 316.10 6.60 50.90 41.00 20.36 20.15 1.03 
91 1.30 382.00 nd 0.46 293.00 226.60 309.10 6.60 50.20 40.60 20.67 19.77 4.34 
98 1.30 272.00 nd nd 229.20 221.00 326.80 6.60 50.90 39.00 16.13 20.52 21.35 

105 1.30 300.30 nd nd 243.10 223.00 316.10 6.50 51.10 45.50 17.26 20.39 15.37 
112 1.00 307.20 nd nd 240.40 219.30 333.30 6.50 51.10 39.40 17.32 20.83 16.87 
119 1.30 347.70 nd nd 306.10 344.80 343.60 6.70 58.70 51.60 21.90 22.52 2.75 
126 1.10 363.30 nd nd 270.50 290.30 341.00 6.70 56.00 46.30 20.70 21.92 5.58 
133 1.00 422.20 nd nd 400.90 236.40 340.70 6.70 54.60 41.50 24.18 21.55 10.88 
140 1.20 410.60 nd nd 299.70 318.50 338.90 6.70 57.10 49.90 23.11 22.10 4.36 
147 1.30 399.70 nd nd 301.70 267.00 342.60 6.70 54.70 43.70 22.00 21.75 1.13 
154 1.50 400.70 nd nd 293.10 223.50 301.40 6.70 54.30 43.50 21.15 19.92 5.82 

nd = below detection limit 
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Copper 
(l7lg/L) 

SamlllingDate. Day 1st West 2nd.We.st 2nd East 3rd-'Nruit 3C!lEa.st 
11'1/90 0 0.09 0.09 0.05 0.07 0.44 

1122/90 7 0.04 0.05 0.16 0.04 0.03 
1129/90 14 0.08 0.07 0.06 0.08 0.12 
215/90 ?1 0.17 0.08 0.06 0.13 0.09 

2112190 28 0.11 0.03 0.08 0.1 0.06 

2119/90 35 0.1 0.1 0.07 0.08 0.07 
2126/90 42 0.08 0.09 0.08 0.06 0.13 
3/5/90 49 0.1 0.09 0.08 0.09 0.09 

3112190 56 0.28 0.25 0.19 0.26 0.24 
3/19/90 63 0.32 0.29 0.3 0.31 0.33 
3/26/90 70 0.25 0.23 0.?3 0.19 0.22 
412190 77 0.17 0.17 0.14 0.16 0.25 
4/9/90 84 0.24 0.22 0.11 0.17 0.22 

4/16/90 91 O.?H 026 O.?? 0.3;> 0.37 

4/23/90 98 O.2B 0.27 0.21 0.27 0.18 
4/30/90 105 0.26 0.26 0.2 0.25 0.2 
5n190 112 0.17 0.17 0.16 0.17 0.15 

5114190 119 0.9~; I (Kl 10.., 1.04 1.04 
5121190 126 0.57 0.62 1.34 1.tj2 2.16 
5129190 133 0.2./ 0.~12 0.2 0.33 1.22 
6/4/90 140 () ~):l OW, n.H7 I.as 1.33 

6/11/90 147 0.53 0.6? 0.54 0.36 1.44 
6/18/90 154 o.al O.3t> 0.26 0.22 0.25 
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I rOil 

(llIg1l/ 

iliunpting. Date. Day 1st w~st 2nd w~st 2nd east 3rrLwe1it 3rd_.rut~ 
114/90 0 0.3/3 0.2:' 0.11 0.16 2.05 

1/2'2190 7 0.03 0.1 :J 0.a4 0.02 lid 
1/29/90 14 0.04 OJ)5 0.13 0.05 0.21 
215190 21 0.05 0.16 0.06 0.19 0.11 

'211 '2190 28 0.14 0.12 0.02 0.09 0.1 
'2119/90 35 nd nd 0.05 nd 0.03 
2126/90 42 0.24 0.26 0.21 0.08 0.24 
3/5/90 49 nd nd nd nd nd 

311'2190 56 nd nd nd nd 0.21 
3119/90 63 0.19 0.17 0.23 0.2 0.32 
3/26/90 70 0.04 0.03 0.04 0.06 0.17 
412190 77 lid /lei 0.06 0.02 nd 
4/9/90 84 lid 0.02 lid 0.03 0.02 

4116/90 91 0.0:1 om OJl4 0.04 0.6 
4/23/90 98 0.03 0.05 nd 0.04 nd 
4/30/90 105 0.05 O.O(j 0.04 0.07 0.04 
517/90 112 0.08 0.03 0.05 0.02 nd 

5114/90 119 0.08 0.07 0.09 0.11 0.13 
5/21/90 126 0.13 0.16 1.01 2.28 3.96 
5128190 133 0.07 0.16 0.08 0.18 2.12 
614/90 140 0.1 01? o BEl 0.11 1.25 

6/11/90 147 0.13 0.88 0.5 0.17 1.49 
6118190 154 0.1 0.32 o.la 0.1 0.11 

nd= none detected 
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7inr. 

/rn[//l) 

SamplingDate Day I~twest 211f.fwest 2nd east 3rdwest 3rd...east. 
114/90 0 0.5 0.1 0.11 0.13 1.29 
1122190 7 ooa 0.0"1 (U)C 0.04 0.03 
1/29/90 14 0.04 0.06 0.29 0.04 0.06 
2/5190 ?l n.04 () 06 II 1 ~1 n.OH 0.05 

2112190 28 O.O~; 0.07 0.64 0.06 0.07 
2119/90 :15 0.05 (lO! O. I 0.04 0.04 
2126/90 42 0.t)4 n.m 0.04 0.03 0.05 
3/5/90 49 0.03 0.06 0.05 0.03 0.04 

3112190 56 0.1 0.13 0.11 0.09 0.1 
3119/90 63 0.16 0.21 0.21 0.2 0.17 
3/26/90 70 0.09 0.11 0.13 0.1 0.1 
412190 77 0.00 0.09 0.0f! 0.06 0.07 
4/9/90 84 0.09 0.12 0.11 0.1 0.09 

4116/90 91 0.12 (UB 0.17 0.13 0.16 
4/23/90 98 0.11 0.15 0.1 " 0.11 0.11 
4/30/90 105 0.11 0.13 0.11 0.11 0.1 
5fll90 112 0.07 0.07 0.09 0.07 0.06 

5114/90 119 (l.'1'1 0.')0 0.56 0.48 0.49 
5121190 126 0.25 0.'1'1 0.51 0.73 0.85 
5128190 133 D.!!> 0.3 0.08 0.25 0.5 
6/4/90 14£) (J,ffi n5 0.54 0.44 0.68 

6111190 '-17 O.? nz! 0.32 0.25 0.65 
6/18190 154 0.12 o It) 0.22 0.11 0.1 
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