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ABSTRACT

" General Motor's Saturn Plant in Spring Hill, Tennessee began production in 1990. The
Saturn Plant produces up to 736,000 gallons per day of air conditioning cooling tower blowdown
water which is currently discharged to the sewer system. This investigation performed a
theoretical analysis of the alternative management method of treatment of the blowdown water in
a constructed wetlands followed by spray irrigation of crops farmed on site by Saturn. The
environmental fate and effect of the inorganic pollutants in the blowdown water was determined
by comparison of projected water quality with standards promuligated for wastewater irrigation. For
the inorganic pollutants in excess of wastewater irrigation water quality standards, the expected
degree of treatment in a constructed wetlands was calculated from precipitation and complexation
equilibria. The potential for deleterious metal buildup in the crop soils was also calcuiated. The
fate of the organic pollutants in the blowdown water was determined by review of available
information and from a correlation with the octanol/water partition coefficient, a predictor of
environmental fate. The suitability of site stormwater runoff for use in the system was also

assessed.

The investigation concluded that treatment in a constructed wetlands followed by spray
irrigation of crops after supplementation with site stormwater runoff is a potentially attractive
alternative to managing the blowdown water. The advantages of such a management alternative
include reduction of wastewater disposal costs, conservation of water and sewer capacity,
improved crop production and demonstrated public relations. The use of site stormwater runoff

would also minimize the plant's impact on the environment
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Chapter 1

INTRODUCTION

Background

General Motor's new Saturn plant in Spring Hill, Tennessee began production in 1990. The
Saturn plant consists of approximately 2500 acres. Included are separate complexes for
powertrain assembly, general assembly, body fabrication and painting, administrative offices and
and a central utilities complex. Support areas include streets, parking lots, loading docks and a

railroad line. Approximately 300 acres of the site is farmed commercially by Satum.

The cooling tower at the Central Utilities Complex (CUC) will produce up to 736,000 gallons
per day of blowdown water. The blowdown makeup water supply is the public drinking water
which becomes more concentrated in the components present in the water supply by repeated
cycles of evaporation in the tower. Addition of an organic corrosion inhibitor and biocide also
influence blowdown water quality. The blowdown water is currently discharged to the Columbia
Publicly Owned Treatment Works (POTW) resulting in approximately $100,000 per year
wastewater disposal costs and utilization of available sewer capacity. The Saturn plant will also

yield significant quantities of stormwater runoff of unknown quality.

A proposed alternative for managing the blowdown water is treatment in a constructed
wetlands followed by spray irrigation of crops. The advantages of this alternative includes the
following: reduction of wastewater disposal costs, conservation of water and sewer capacity,
improved crop production and demonstrated public relations. The stormwater runoff could also
be utilized for crop irrigation or could be treated in the constructed wetlands and discharged,
thereby minimizing plant impact on the environment since industrial and urban stormwater runoff
can have deleterious effects (EPA, 1983). An important consideration in implementing such a
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system is assessing the fate of the pollutants in the constructed wetlands, crop soiis and the

environment.

Spray irrigation with wastewater, primarily municipal wastewater, has been practiced in
several arid regions {Pettygrove, 1985). Such systems have successfully conserved water while
producing crops satistactory for human consumption. Careful monitoring is essential to detect
and mitigate the introduction of pathogens, carcinogens or heavy metals in deleterious levels into
the food chain. Monitoring is also required to prevent the excessive accumulation of heavy metals

in the soil.

Constructed wetlands are water inundated areas with aquatic plant growth which are
designed and built for treating wastewater or stormwater runoff. Constructed wetlands were
conceived after observing the water purifying potential of natural wetlands. Constructed wetlands
maximize poliutant removal mechanisms of importance in treating a given wastewater, and avoid

the potential ecological consequences of discharging to a natural wetlands.

Constructed wetlands have found increasing use in the United States within the past
decade, primarily for the treatment of municipal wastewaters and mine drainage, though other
uses, such as for treatment of industrial wastewater, have been more limited (Wieder, et al., 1989).
Constructed wetlands have been designed primarily by trial and error or by empirical rules of
thumb, so theoretical design basis are scarce. A combination of industrial wastewater treatment
followed by spray irrigation of crops is not known to have been attempted previously, so the

implementation of such a system by Saturn would be a pioneering technology.



Objective of Investigation

The principle objective of this investigation is to assess the potential for using constructed
wetlands followed by spray irrigation of crops to successfully and safely treat the blowdown water.

To this end, the specific objectives of this investigation include the following:

1. Identify relevant criteria for acceptable pollutant concentrations in wastewater used for
spray irrigation and by comparison with projected blowdown water quality, identify the pollutants of
concern which will require treatment in the constructed wetlands and/or dilution with stormwater

make-up.
2. Caiculate the potential for deleterious metal buildup in the crop soils.

3. For the inorganic pollutants with concentrations in excess of acceptable levels for spray
irrigation, the estimated degree of treatment in a constructed wetlands will be determined from
precipitation and complexation equilibrium modeling. In particular, metal removal in a constructed
wetlands occurs primarily by adsorption/ion exchange and precipitation. Metal removal by
adsorption/ion exchange will probably be finite due to exhaustion of exchange sites (EPA, 1988).
Mathematical modeling to relate metal concentrations to precipitation and complexation
equilibrium in a constructed wetlands would indicate the expected level of long-term metal
removal, and would be the first known attempt to mathematically describe metal behavior in a
constructed wetlands. The predicted results from the modeling will be compared to the results

from an operating constructed wetlands.

For the organic components contributed by the corrosion inhibitor and biocide, the fate and
effect in the system will be assessed by review of relevant published information and information

provided by the manufacturer. The degree of treatment expected in the constructed wetlands



and crop soils will be estimated, where possible, from a correlation with a measured or estimated

value of the chemical's octanol/water partition coefficient, a predictor of environmental fate.
4. Perform a conceptual design and cost estimate for the constructed wetlands.

5. Assess the quality of stormwater by comparison with the Nationwide Urban Runoft

Program (NURP) results and select the best use of stormwater in the system.

The approach in this investigation is theoretical in nature. Prior to implementation of a
constructed wetland crop and wastewater irrigation system for treating the blowdown water, pilot
scale or laboratory scale studies are recommended. After implementation of the system, a
thorough monitoring and compliance program will be required. However, a theoretical
investigation is necessary to assess the potential for using constructed wetlands follo{lved by
spray irrigation of crops to successfully and safely treat the blowdown water, to identify the
unknown elements requiring further investigation, to identify the key parameters of the system,

and to economically justify further investigation.



Chapter 2

LITERATURE REVIEW

Constructed Wetlands

Interest in using constructed wetlands to treat wastewater has increased rapidly during the
last decade. This interest was originally spawned by observing the treatment ability of natural
wetlanas, from intentional or unintentional releases, and many locations have used natural
wetlands for treatment (King County Department of Planning and Community Devc:zlopment,
1980). While effective treatment is achievable in many instances, the long-term treatability and
effect on natural wetlands ecology is unknown, and the use of natural wetlands for wastewater

treatment is discouraged, if not prohibited in many locations.

Constructed wetlands are not normally considered waters of the state, thereby
circumventing the problem of ecological impact. Constructed wetlands also offer the advantage
ot maximizing the features thought to be the most important in treating particular pollutants of

importance in a given wastewater resulting in increased efficiency.

The emergence of constructed wetlands for wastewater treatment has been primarily for
municipal wastewaters, with some demonstrations for acid mine drainage and stormwater runoff,
but little for industrial or agricultural wastes (Wieder, et al., 1989). However, the use of
constructed wetlands for other applications such as minimization of the environmental impact of
an urban development (Parkers, et al., 1989) and treatment of landfill leachate (Traufman, 1989) is
increasing. Most demonstrations of constructed wetlands have been successful in efficiently
removing pollutants from wastewaters. The primary advantage of using constructed wetland is
economic, being less capital and energy intensive than conventional wastewater treatment
techniques (EPA, 1988). For example, the capital cost of a 1 MGD activated sludge plant with

5



chlorination was $ 1.6 million compared with a constructed wetlands with chlorination capital cost
of $0.9 million (Association of Bay Area Governments from Tchobanglous, 1982). Maintenance
costs were $ 117,000 per year and $74,000 per year respectively. There are, however, several
disadvantages to using constructed wetlands, including land requirerhents, requiring 4-10 times
the land area of conventional wastewater treatment, the potential generation of nuisance odors
and organisms, especially mosquitos, and the uncertain continued long-term treatment capacity
of constructed wetlands. When properly managed and designed, however, constructed

wetlands offer good potential.

Besides the inherit advantage of efficient, economical wastewater treatment, constructed
wetlands also provide the added benefits of enhancing wildlife habitat, improving community
relations, and adding an aesthetic feature to a plant or community. Amoco's Mandan, North
Dakota oil refinery utilizes 1.5 million gallons per day of water from the Missouri River in the
production process (Litchfield and Schatz, 1989). Prior to discharge back to the river, the water
receives primary treatment by oil-water separation followed by secondary treatment in an aerated
bioxidation lagoon. Heavy rains and snows frequently reduced residence times in the lagoon,
causing NPDES discharge permit violations. To attempt to eliminate the violations, a 16.6 ha (41
acres) series of cascading ponds were built to provide additional treatment for the lagoon effluent.
Cattails, bulrush and other wetland plants naturally invaded the pond system. The bio-oxidation
lagoon reduced pollutants by 36 - 99.9% with the cascading ponds serving as a polishing system
providing an additional 70 - 100% removal. In 1987, 32 NPDES violations would have occurred
for the lagoon alone, including 23 for Total Suspended Solids (TSS) , seven for oil and grease
(59.9 kg/day NPDES Standard), one for pH, and one for phenols (1.5 kg/day NPDES Standard).
However, the cascading ponds eliminated all of the violations, with an average pollutant removal
efficiency of 84% for Biochemical Oxygen Demand (BOD), 70.8% for Chemical Oxygen Demand

(COD), 100% for sulfides, 95% for phenols, 95% for oil and grease, 85% for ammonia-nitrogen,




100% for hexavalent chromium, 75% for total chromium and 89% for TSS. The cascading pond
system was also significantly cheaper than other conventional wastewater treatment alternatives

considered.

Almost immediately, wildlife naturally populated the pond system. To further encourage
wildlife migration, 50,000 trees, including 30,000 fruit bearing trees and shrubs, were planted.
184 species of plants now occupy the pond system as do many wildlife species including wood
ducks, swallows, Canadian geese, pheasants, partridge, deer, fox, badgers, skunks and
raccoons. The ponds were initially stocked with trout, bass and bluegill which have thrived. Inthe
three years since the ponds were constructed, only three NPDES violations have occurred
because of high flows due to rain or snow melt. The ponds have also created a pleasing aesthetic

attraction for the refinery, and the system has won several national environmental awards.

Tvpes of Constructed Wetlands

Constructed wetlands are generally divided into two categories: free water surface systems
(FWS) and subsurface flow systems (SFS) (EPA, 1988). Both systems are basins or channels
with shallow, siow-flowing waters and a lined barrier, with either synthetic liner or natural materials
such as clay to prevent groundwater contamination. Both systems have emergent aquatic plants,
but the FWS has open free standing water, while the SFS consists of below surface water flow
with the plants supported in some media, usually sand, soil, or gravel. FWS are initially more
economical than SFS because of the bed media costs. SFS can operate at a higher loading rate,
however, requiring less land area per unit of flow. SFS also exhibit less problems with odors and

mosquitos. Figure 2.1 shows a cross section of a typical SFS.
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Pollutant Removal Mechanisms

The removal mechanisms for the various pollutants are complex, interrelated, and in some
cases poorly understood. The plants themselves provide little actual treatment, but support
components that maximize treatment capacity (EPA, 1988). For example in SFS, oxygen
supplied to microorganisms under the surface via the plant's root system is an important

contributor to biochemical oxidation (Watson, et al., 1989).

The primary mechanisms for wastewater treatment are thought to include sedimentation,
adsorption/ion exchange, precipitation, decomposition, bacterial metabolism, plant metabolism,
and plant adsorption (Watson, et al., 1989). For a given pollutant, one or two removal mechanisms
are usually predominant, though many may act in concert to provide treatment. The importance of
the adsorption/ion exchange removal mechanism is thought to be the reason SFS, which have
larger total surface area (due to the bed media) per unit volume than FWS, can operate more
efficiently at higher loading rates for some pollutants, requiring less land area per unit flow .

BOD Removal

Constructed wetlands can be expected to reduce many poliutants, with varying degrees of
efficiency, including BOD, TSS, nitrogen, phosphorous, heavy metals, and pathogens (Watson,
et al,, 1989). BOD removal is accomplished primarily by attached and suspended microbial
growth. Microbial organisms may be attached to either plants or media. In FWS reaeration can be
accomplished at the water surface, though plant mass or ice can reduce oxygen transfer.
Therefore in FWS as well as SFS, oxygen transfer to microorganisms by the plant roots is
important. Therefore, for efficient BOD removal, the wetlands depth should not extend below the
root penetration depth of the most predominant plants. At the Santee, CA wetlands the root
zones of reeds extended 76 cm (2.5 ft), cattails to 30 cm (1 ft), and bulrushes to greater than 60

cm (2 ft) below the surface. Data from 15 sites indicate removal efficiencies increase with organic



loadings, and the highest removal efficiencies were for hydraulic loadings less than 7 cm/day
(1.72 gal/day/it2). Total BOD removals ranged from 50-39%.
Suspended Solids Removal
Suspended solids removal can be expected with an efficiency of 50-99% (Watson,et
al.,1989). The primary mechanism of suspended solids removal is filtration and settling and often
occurs within the first 12-20% of wetland length. Therefore, pretreatment in a sedimentation
basin is recommended for wastestreams with high suspended solids concentration to prevent
basin blockage from silt accumulations.
Nitrogen Removal
Nitrogen removal is accomplished primarily by nitrification/denitrification with removal
efficiencies up to 80% reported ( Watson, et al., 1989). Removal by plant uptake is low, typically
accounting for iess than 10-15% of total nitrogen removal. As with BOD removal, nitrification
below the root zone will not occur because of the absence of an oxygen supply mechanism. In
FWS, nitrogen removal will be seasonal if anaerobic conditions are produced by ice blockage in
the winter or by increased oxygen demand from organic degradation during the summer. Other
important factors are minimizing carbonaceous oxygen demand, adequate alkalinity, maintaining
pH of 7-8, residence times greater than 5 days, and limiting toxins which can inhibit nitrifiers.
Denitrification in the reduced zone of the bottom substrate and litter layer can achieve 95% nitrate
removal.
Phosphorous Removal
Phosphorous removals range from 0-90%, and the primary mechanisms are thought to be
adsorption, absorption, complexation and precipitation (Watson, et al., 1989). Phosphorous
removal in SFS is maximized because of the adsorption removal mechanism. One important
consideration is the release of phosphorous after the death of the wetlands plants. Plants absorb
phosphorous for transportation to growing tissues. After the plant dies and decomposes, the

phosphorous may be partially released. Burial by additional plant litter or sediments may prohibit
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complete release; however, the potential release of phosphorous by decaying plants
demonstrates an interesting phenomenon of constructed wetlands. Constructed wetlands
should not be viewed as unlimited sinks or repositories for all pollutants (King County Department
of Planning and Community Development, 1980). Wetlands can alter the physical and chemical
form of a pollutant and provide storage, and then release them at a different rate. A detention
ponds/wetlands system in Orlando, FL demonstrated that decreased detention times and
increased turbulence due to storms could release previously removed pollutants (Martin, 1988).
However, harvesting of plants, as discussed later, could allow for poliutant removal from the
constructed wetlands.
Metal Removal

Metal removal in constructed wetlands occurs by adsorption, ion exchange and
precipitation (Watson, et al.,1989). Constructed wetlands have demonstrated an ability to remove
a variety of metals with varying degrees of efficiency. Constructed wetlands for controlling non-
coal mining operations have been effective in removing lead, zinc, gold, silver and uranium with
several possible mechanisms for metal removal noted (Wildeman and Laudin, 1989). For
example, metal hydroxide precipitation can occur as bacterial degradation produces bicarbonate
and ammonia, raising wetlands pH . Bacteria can also reduce sulfate in the anaerobic zones
leading to metal sulfide precipitation. TVA has used several constructed wetlands to control acid-
mine drainage from coal mining, and have been effective in removing iron and manganese and
raising drainage pH (TVA Office of Natural Resources and Economic Development,1988). To the
extent that metals removal is accomplished by adsorption/ion exchange metal removal capacity
may be finite due to exhaustion of exchange sites (EPA, 1988). Constructed wetiands in the
laboratory have shown finite capacity to remove both nickel (Eger and Lapakko, 1989) and iron

(ltenrot, et al., 1989). However, the relative contribution of each mechanism is unknown.
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Constructed Wetlands Vegetation

Although under normal conditions in a constructed wetlands, pollutant uptake by the plants
is minimal, some aquatic plants can significantly remove pollutants themselves. Conditions for
such plant removal, however need to be optimized. Optimum pH, temperature and very long

detention times are normally important.

Water hyacinth is a plant noted for its pollutant removal ability. Water hyacinths can be used
to either absorb or metabolize and concentrate cadmium, nickel, lead, mercury, copper,
chromium, silver, phenols, and carcinogens (Parkash, et al., 1987). In a system with a sixteen day
hydraulic detention time, Parkash showed that 82-92% of cadmium was removed by the plants,
and cadmium removal from water increased linearly with initial concentrations. Careful study was

recommended prior to disposal of hyacinths harvested from the system.

Duckweed is another aquatic plant with renovation potential, and an ability to treat municipal
wastewater to an acceptable level for agricultural irrigation (Ora, et al., 1986). Duckweeds were
noted to be superior to water hyacinths in that they were more hardy,more resistant in temperate
climates, caused less evaporation losses, and could be harvested as animal feed. Removal
efficiencies of 50-60% for major pollutants has been reported with the duckweed fronds as well as
the roots being able to absorb nutrients. Growth rates for duckweeds are high, on the order 0.1-
0.35 gram/gram/day, but duckweeds are easily harvested because they tend to form a dense
floating mat at the water surface which may be skimmed from the water with minimal cutting. This
dense mat can also reduce evaporation water loss by 20%, which would conserve water.
Harvested duckweeds can also offset treatment costs by $0.04 /cubic meter when used for animal
fodder. Duckweeds are among the most hardy growing plants and will thrive under varying

environmental conditions.
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Waterweed is another water plant with pollution renovation potential (Bishop and
Eighmy,1989). Waterweeds were found to compare favorably in BOD, nitrogen, and
phosphorous removal to water hyacinths, and were much hardier in temperate climates. Also, the
production of anaerobic conditions brought about by the dense surface mat caused by
duckweeds, was not noted. A control system of aquariam plants and actual waterweed was used
to determine the degree of pollutant removal attributable to the biofilm growth on the plants. At
detention times of 2.3-4.6 days, BOD removal averaged 89% and nitrogen removal 57% in
summer and 18% in winter. The removal was found to occur primarily by the biofilm. Although

waterweeds were more productive in general during the summer, they were useful year round.

Although most plants do have some capacity to remove metals by incorporation into plant
tissue (i.e. water hyacinths), plant uptake is secondary to physiochemical removal mechanisms
(Association of Bay Area Governments,1982). An SFS in Santee, CA received copper and zinc
laden wastewaters, and removed the metals with 97-99% efficiency with less than 1% of the total
metal removal attributed to plant uptake (Gersberg, et al., 1984) with the remaining removal
attributed to precipitation and adsorption/fion exchange. This seems to indicate that although
some plants can absorb and concentrate metals, under the normal operating conditions of
constructed wetlands metal uptake by the piants is not significant when compared to total metal
removal. However, because plant harvesting and disposal may be periodically required, at least

initially the metals contents of aquatic plants should be analytically measured.

Many constructed wetlands across the country have reported removal efficiencies of
various pollutants. Most reflect the primary concerns for municipal wastewaters. TSS, BOD,
nitrification/denitrification and phosphorous removal efficiencies are well documented.

Constructed wetlands used for acid mine drainage have reported results for removal of many
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metals, though primarily iron and manganese. Other pollutants have little if any information on
removal available in the literature. For poliutants with documented removal efficiencies, these are
often widely variable between different constructed wetlands, and are often widely variable with
time in individual wetlands. Several case studies demonstrate the reported range of removal and
benefits of constructed wetlands.
Tennessee Valley Authority

TVA experienced continued, chronic water quality discharge violations from the
sedimentation basin of the 950 coal mine in Jackson County, Alabama (Brodie, et al., 1989.a.).
The average discharge flows ranged from 0-380 L/min (0-100 gpm) and a constructed wetlands of
0.13 ha (0.32 acres) was used. The wetlands was planted with 16,000 cattails and woolgrass then
fertilized and limed. The wetlands has been able to increase pH from 6.1-6.9, reduce iron from
14.3 mg/L to 0.8 mg/L(94% removal), manganese from 4.8 mg/L to 1.1 mg/L (77%) and TSS from
24 mg/L. to 7 mg/L(71%). Since operation, the wetlands has eliminated the frequent water quality
violations. The cost of the constructed wetlands was also significantly cheaper than the cost of
attempting to modify the sedimentation basin. Prior to construction, only two taxa were observed
in the creek receiving the discharge from the sedimentation basin. Only 6 months after
construction, 19 taxa were collected. Only two taxa were initially planted in the constructed
wetlands, and 32 were collected within six months. The only operational problem has been with

muskrat damage to the dike which necessitated repair.

Because of the success of the 950 coal mine wetlands and others, TVA added constructed
wetlands to treat ash pond seepage at the Widows Creek Steam Plant in Jackson County, Ala.,
the Kingston Steam Plant in Roane County, TN and the Colbert Steam Plant in Colbert County,
Ala.(Brodie, et al., 1989.b). The Widows Creek Plant had 39 ha (96.4 acres) active ash pond
storage. In April 1986 a 0.5 ha (1.2 acres) wetlands was constructed with cattails, rush and bulrush

in a total of three cells in series. A very heavy infestation of armyworms caused severe defoliation
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and reduced treatment efficiency during the first two summers. The Widows Creek constructed
wetlands reduced an average influent concentration of 186 mg/L of iron by 97%, but only
reduced manganese influent concentration of 7.1 mg/L by 7%. The pH decreased by an average
of two units in the first eight months, requiring installation of a sodium hydroxide drip feed system

to increase effluent pH prior to discharge.

The Kingston plant had 14 ha (35 acres) of active and 91 ha (225 acres) of retired ash pond
storage, and a 0.9 ha (2 acres) wetlands was constructed. The average flow to the wetlands had
iron concentrations of 170 mg/L which were reduced by 85%. Little if any manganese removal
was observed, and the pH decreased by 3 units though the reason was not determined. The
wetlands will require additional chemical treatment until performance improves. High length to
width ratios were postulated by the authors to have reduced treatment efficiencies, though the

rationale for the postulation was not given.

The Colbert Plant wetlands was constructed by enlarging the size of a natural wetlands to 1
ha (2.5 acres). The Colbert wetlands exhibited good pH control but manganese concentrations
actually increased initially. The increase was attributed to flooding of the natural wetlands which
contained significant amounts of previously deposited manganese.

The Danka Mine

Constructed wetlands have aiso been used to treat mine drainage from non-coal mines,
removing metals other than iron and manganese with varying success (Wiildeman and
Laudin,1989). LTV Steel Mining Company's Danka Mine in Minnesota, utilized a natural wetland
to receive drainage with average concentrations of 18 mg/L nickel and 0.62 mg/L copper.
Treatment efficiencies were 84% and 92% respectively with peat uptake accounting for most
metal removal. Constructed wetlands have also been used to remove lead, zinc, gold, silver, and
uranium. Sulfides, oxides and carbonates were noted to be the most thermodynamically stable
metal precipitates, and constructed wetlands should ideally maximize formation of these
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precipitates rather than organic forms, which could potentially be released. It was also noted that
bacterial degradation of organic material in the wetlands will generate ammonia and bicarbonate,
raising the pH and enhancing metal precipitation.
Wildwood, Florida
A natural wetlands, in Wildwood, FL received wastewater from a small city and runoff from a
672 ha (1660 acres) watershed for over twenty years (Association of Bay Area Governments,
1982). The wetlands consisted of approximately 200 ha (500 acres), including a swamp
popula;ed with duckweed, cattail, and willow foliowed by two hardwood swamps. The wetlands
treated an average of 570 cubic meters/day (150,000 gal/day) of flow, with an average r.emoval of
0% tor copper, 85% for iron, a net increase in magnesium, 60% for lead and 75% for zinc . Low
metals build up in the marsh was thought to be the result of relatively low metal content of the
domestic wastewater effiuent.
Brookhaven National Laboratory
A combination marsh/meadow/pond system has been used since 1983 to treat domestic
wastewater up to 80 cubic meters/day ( 21,000 gal/day) from the Brookhaven National Laboratory
in Long Island, NY (Association of Bay Area Governments, 1982). The meadows consisted of
reed canary grass, and other grasses and weeds. The marsh was filled with mulch and cattails, and
an 80 square meter (860 square feet) pond with duckweed was used to stabilize the effluent.
Removal efficiencies were 60% for chromium, 94% for copper, 85% for iron, 23% for magnesium,
85% for zinc and 91.5% for suspended solids.
Santee, California
An SFS in Santee, CA conducted a controlled experiment to measure the metals removal
in a constructed wetlands (Gersberg, et al., 1984). The constructed wetlands was designed to
treat municipal wastewater and wastewater treatment plant effluents. The constructed wetlands
received secondary effluent from an activated sludge process, and the fiows were artificially

enriched with cadmium, copper and zinc with the pH lowered to 5.5. The constructed wetlands
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reduced copper from 9.26 mg/L to 0.056 mg/L for a removal efficiency of 99% at an application
rate of 8 cm/day (2 gal/day/square feet). Another cell also received copper at 10.68 mg/L and
produced an effluent of 0.059 mg/L for a removal efficiency of 99% at an application rate of 4.7
cm/day (1.2 gal/day/square feet). Zinc was reduced from 11.28 mg/L to 0.37 mg/L for a removal
efficiency of 97% at an application rate of 4.7 cm/day (1.2 gal/day/square feet). Cadmium was
reduced by 99% from 0.532 mg/L to 0.004 mg/L at the same application rate. The experiment
was conducted from late 1982 to June 1984 and only the zinc amended bed showed a decrease
in removal efficiency, but the efficiency never dropped below 88%. A blue substrate was noticed
to coat the bed litter and gravel of the copper amended beds, probably indicating the importance
of the precipitation removal mechanism. Plant uptake was calculated to account for less than than
1% of the copper and zinc removal. Harvesting of the biomass was also required once or twice per
year.
Windsor Coal Company

A constructed wetlands at the Windsor Coal Company in West Virginia was built with
limestone, sterile mushroom compost and cattails (Kolbash and Romanoski, 1989). After only
one growing season the constructed wetlands was able to reduce iron concentrations by 50%,

from the runoff from a 12 ha (30 acre) refuse pile.
A summary of case studies is shown in Table 2.1.
. | Wetlands for Treating S Runoff - C Studi

Several case studies have also been reported for treating stormwater runoff in a

constructed wetlands.
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Freemont, California

In Freemont, CA, a constructed wetlands was built in 1983 to treat stormwater runoff from a
1200 ha (2963 acre) watershed (Meiroin, 1989). The watershed consisted of 66% low-density
residential, 28% agricultural/open, 5% high-density residential and 1% roadway and commercial.
The wetlands consisted of 22 ha (54 acres) and was divided into 3 separate subsystems including
an open water lagoon, overland flow followed by ponds with underwater sills and a channel with
heavy cattail and brush operating in combination series and parallel. The entrance to the
constructed wetlands consisted of a 0.15 ha (0.37 acre) debris basin which served to distribute
flow. The hydraulic capacity of the system was 71,700 cubic meters (19 million gallons) which was
sufficient to hold all the runoff from a large storm. Although some short-circuiting was noticed,

detention times ranged from 1-14 days.

Each subsystem showed different removal potential for each pollutant, with the ponds and
lagoons generally reducing the bulk of the suspended solids removal. In the overland flow sub-
system, metal loadings in the effiluent sometimes exceeded influent concentrations due to
resuspension of particulate matter during high turbulence events. The overall system was able to
removal pollutants with 64% efficiency for TSS, 68% for chromium, 31% for copper, 88% for lead,
-111% for manganese, 20% for nickel and 33% for zinc. Saline groundwater infiltrating the
wetlands caused an overall 99% increase in TDS.

Wayzata, Minnesota

A natural peat wetland in Wayzata, Minnesota was used to treat stormwater runoff from a
26.3 ha (65 acres) watershed. (Association of Bay Area Governments, 1982). The wetiand itself
was 3.1 ha (7.7 acres), and the watershed consisted of a mixture of urban area and open wooded
areas. The wetlands exhibited removals of 94% for suspended solids, 25-80% for cadmium, 13-
83% for copper, 90-97% for lead and 78-86% for zinc. A water balance on the wetlands indicated
inflows were 35% precipitation, 47% from the runoff of the watershed, and 18% from

groundwater. Effluent water losses were 25% evapotranspiration and 75% surface discharge.
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Montgomery County, Maryland
A stormwater detention pond for a 60 ha (150 acres) watershed in Montgomery County,
Maryland treats runoff from shopping malls, roadways, and apartment complexes (Association of
Bay Area Government, 1982). The 2.4 ha (6 acres) pond is lined with wetlands vegetation.
Removal efficiencies indicate 98% removal for cadmium, 96% for iron, 96% for lead and 99% for
zinc. The Montgomery pond indicates an interesting phenomenon in treating stormwater runoff.
Large permanent ponds or lakes with diverse biological activity can serve as both peak flow
reducer, i.e. flow equalizer, for runoff as well as an efficient removal system for stormwater
pollutants.
Lake Ellyn, lllinois
Lake Ellyn, a 4.1 ha (10.1 acre) lake in the Chicago Metropolitan area receives runoff from a
21,350 ha (53,374 acre) area, including 83% residential, 5% commercial, 7% open area, and 5%
urban (Striegl, 1987). The lake is very efficient in removing suspended materials, with removal
efficiencies of 76-94% for copper, iron, lead and zinc. The lake also removed to a lesser extent
arsenic, cadmium, chromium and mercury. Metals, however, were observed to concentrate in lake
sediments and even metals present in low concentration in the runoff were observed to
concentrate, which would cause an eventual buildup of metals in the lake.
Oriando, Florida
A detention ponds-wetlands system in Orlando, Fla was used to treat runoff from 16.8 ha
(41.6 acres) consisting of land uses of 33% urban roadway, 28% forest and 40% residential.
(Martin, 1988). The pond was lined with cattails and had depths ranging from 8 ft during dry
weather to 11 ft in wet weather. The wetlands itself consisted of cypress trees, water hyacinths,
duckweeds, and cattails over 0.30 ha (0.73 acres). Wetlands depths ranged from 0-3 ft during dry
weather to 5 ft during storms. The detention pond was effective in reducing suspended solids,

lead and zinc primarily by sedimentation. Increased turbulence and decreased detention times
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during storms caused pollutants to be washed from the detention pond. However, heavy

vegetation could reduce wash out of suspended pollutants.

Table 2.2 provides a summary of the case studies for wetlands treatment of stormwater

runoff.

As evidenced by the case studies, poliutant removals from wetland to wetland are often
varied. Variances in wetlands and vegetation types, loading rates and temperature make exact
prediction of wetlands removal efficiencies difficult (Lakatos, et al., 1987). Other pollutant removal
complexities observed included interaction with groundwater and biological productivity (USGS,

1986).
DResign Equations

Because of the compiexity and uncertainty of pollutant removal mechanisms in constructed
wetlands, theoretical design bases are not generally available. However, design equations based
on BOD removal and first order, plug flow kinetics have been proposed (Reed, et al., 1988). For

first order BOD removal kinetics, the basic design equation is given by
Ce
T = exp(-Kt) (2-1)
o

where C., = Effluent BODs(mg/I),
C_. = Influent BODs(mg/I),

K = Temperature dependent, first order rate constant, days'1

t = Hydraulic residence time, days.
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The first order reaction rate constant can be corrected for temperature by (Reed, et al,,

1988)
K = Kyo(1.9)720 (2-2)
where K = Reaction raFe constant at Temperature =T °c
Kog = Reaction rate constant at 20 °C
The hydraulic residence time is given by
t -adn (2-3)
where L = Wetlands length, m

W = Wetlands width, m

d = Wetlands depth, m

Q = Wastewater flow rate, cubic meters/day
n = Porosity of system (as a fraction)

The value of porosity is the fraction of the wetlands volume not occupied by other
substances and available for water flow. For an FWS, n is controlled by the density of plant

growth, while for an SWS, n is controlled by the porosity of the bed media.
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The basic design equation for FWS has been proposed from experience with overland flow

and trickling filters (Reed, et al., 1988) as

C, 0.7k (A" Lwadn
6—0 = Aexp a (2-4)
where A = Fraction of BODs not removed as settleable solids
A, = Specific surface area for microbial growth, m2/m3

The recommended coefficients for FWS are (Reed, et al., 1988)

A = 052

-1
Kog = 0.0057d

A, = 15.7m?mS

n = 075

For SFS equations 2- 1 to 2-3 can be combined to provide the design equation

C
e _ ‘KLWdn
c, - Q

(2-5)

The required cross sectional area of an SFS, width times depth, is also given by Darcy's

equation

25



Q = k,WdS (2-6)

where ks = hydraulic conductivity, m3/m2/day

S = Slope of the bed

For an SFS typical values of Ky are 1.28 d'and s = .01 (EPA, 1988).

Because design equations for pollutants other than BOD have not been proposed, and
BOD removal is often influenced by many factors other than those postulated by the design
equations, most constructed wetlands are designed based on empirical rules of thumb for loading
rates, etc. Because of these uncertainties, design of a constructed wetlands based only on the

kinetic equations is not recommended (EPA,1988).
Hydraulic Loading R

As with removal efficiencies, hydraulic loading rates for constructed wetlands reported in
the literature also vary widely. The EPA has reported hydraulic loading rates in the range of 23.4-
37.4 acres/MGD as typical (EPA,1988). The 1986 Symposium on surface mining proposed a rule
of thumb of 3.2 acres/MGD (Weider,1989). Watson, et al. (1989) summarized rates reported in
the literature for municipal wastewaters and acid mine drainage. Tchobanoglous and Culp
reported municipal systems had hydraulic loading rates of 1.5-112 acres/ MGD. A Bureau of

Mines Survey reported average values of 10.2 acres/ MGD.

TVA summarized experience based on 11 constructed wetlands for treating acid mine
drainage (Brodie, et al., 1988). In general, the TVA wetlands for acid mine drainage were sized to
treat the flow from a 10 yr, 24 hr storm and then increased if water quality was not as expected.

The resulting hydraulic loading rates were 2.3-72 acres/MGD for average flow and 1.3-26.7

acres/MGD for peak flow.




The SFS in Santee, CA which demonstrated removal of cadmium, zinc and copper under
controlled conditions is probably best representative of hydraulic loading rates applicable to
Saturn. The hydraulic loading rates ranged from 12-20 acres/MGD with high metals removal

efficiency (Gersberg,et al., 1984). Higher hydraulic loading rates were considered possible.

The wide range of hydraulic loading rates presumably reflects the inadequate design basis
to date of constructed wetlands. Table 2.3 summarizes the values reported for hydraulic loading

rates.

Length to width ratios (L/W) are another key design parameter. L/W ratios of >10/1 are
recommended for FWS to ensure plug flow conditions and to minimize short circuiting (Watson
and Hobson, 1989). However, for SFS, LYW ratios of <3/1 and typically 1/1 are recommended to
ensure flow remains subsurface. Depths, as noted earlier are normally determined by root
penetration to meet oxygen demands. Slopes for typical SFS are 0-1% and failure to include

Darcy's law (Equation 2-6) in SFS design has resulted in above surface flooding in some SFS.

Flow patterns, wetlands layout, and feed locations are all key parameters in wetlands design
(Steiner and Freeman, 1989). Flow patterns available include plug flow, step feed and
recirculation. Single wetlands cells are the simplest and least expensive, but provide no
redundancy for maintenance and are therefore only recommended for low flows. Parallel cells
allow continued treatment during maintenance on other cells (although at lower overall efficiency).
Besides routine maintenance requirements, mosquito control is enhanced by periodic draining.
Wetlands cells in series can utilize different wetiands types (for example, a FWS cell followed by a
SFS cell) to achieve optimal treatment by providing a greater variety of removal mechanisms.
Series cells, however, lack maintenance flexibility unless independent wastewater distribution to
each cell is provided. Recirculation of flow can enhance biological treatment by decreasing inlet

27



Table 2.3 Typical Wetlands Size

Source Recommended or Reported Loading Rates
(Acres/MGD)

EPA Design Manual 234-374

Bureau of Mines, 1983 10

Pasavento/Weider, 1983 3.2

TVA, 1988 1.3-26.7

Watson, et al., 1989 1-40

Gersberg, 1984 12-20
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pollutant concentrations (and the associated potential for odors) and increasing oxygen

concentrations.

Costs

The costs for constructed wetlands are also varied, and a summary of the range of reported
costs for constructed wetlands is shown in Table 2.4. Typically SFS are more expensive than
FWS because of the initial bed media costs, as noted earlier. Two FWS for treating municipal
wastewater in California, Arcata and Gustine, were constructed at a cost of $16,600 per acre and
$38,000 per acre respectively (EPA, 1988). A Bureau of Mines survey found that wetlands were
constructed at an average cost of $12,000 per acre (Weider, et al., 1989). TVA has constructed a
total of eleven wetlands varying in costs from $14,500 per acre to $130,000 per acre with an
average cost of $49,000 per acre (Brodie, et al., 1988). Although great variation in cost per acre
was noted, $40,000 per wetlands was thought to be representative. TVA broke down the
construction costs into an average of 20% for design and project management, 35% for
equipment and supplies, and 45% for labor with an annual maintenance cost of only $1,000 per

wetlands per year.

Saturn performed a detailed cost estimate resulting in a projected cost of $139,000 per

acre.

Corrosion Inhibitor and Biocide

The blowdown water from the Saturn plant will contain several organic compounds form the
addition of a corrosion inhibitor and biocide. The corrosion inhibitor will contribute tolytriazole, two
phosphonates (HEDP and PBTC) and an acrylic acid polymer. The biocide will contribute two
isothiazolin biocides. The specific identity of the organic compounds and the expected
concentrations are discussed in Chapter 4. In conducting the literature review for the
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Table 2.4 Typical Wetlands Construction Cost

Source or Location

Costs
(Dollars per Acre)

Arcata, California
Guistine, California
Bureau of Mines Survey

TVA

Saturn (Detailed esimate performed by Saturn)

16,600

38,000

12,000

14,500 - 130,000
139,000

30




environmental fate and effect of the organic chemicals contributed by the corrosion inhibitor and
biocide, the following methodology was used. The Chemical Abstracts Date Base and Syracuse
Research Corporation's Environmental Fate Data Base were used to identify relevant
publications. Dexter Chemical, Saturn's supplier provided relevant information and supplied
Material Safety Data Sheets and some toxicity information (Tschantz, et al., 1990). A discussion of
the published material used in assessing the chemical's behavior in the system considered is

included below. The conclusions of this assessment are presented in Chapter 4.

Steber and Wierich (1986) studied the biodegradability, adsorption and mobility in soils, and
the potential for bioconcentration of phosphonic acid, (1-hydroxyetylidene)bis-(HEDP), one of
the components of the corrosion inhibitor present in the blowdown water at a predicted
concentration of 1.7 mg/l. Previously, Huber had demonstrated that HEDP did not biodegrade,
but noted that the acute aquatic toxicity of HEDP was low. This result was confirmed; After 30
days the biochemical oxygen demand (BOD) was measured as less than 10% of the chemical
oxygen demand (COD). Degradation in soils was found to be dependent on soil type, but was still
very low, degrading only by 5% after two months. Anaerobic degradation was measured in an
anaerobic sludge digester, and was again very low, degrading by less than 5% even after 20

weeks in the digester.

However, photodegradation to acetate was found to take place. Degradation in a light
environment increased by 4 to 20 times over incubation in a dark environment, and the addition of
photoxidation inhibitors significantly decreased degradation. Light in the spectrum of sunlight
particularly enhanced degradation, and degradation was seen to decrease with increasing water

depths, and slowly approached dark values.

Adsorption of HEDP on different sludges from sewage treatment plants was significant,

adsorbing >90% of applied HEDP after 24 hours. The adsorption onto soils occurred to a lesser
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extent, but was still significant. Adsorption was dependent on soil type, and the linear Fruendlich
isotherm constant, K, measured for several different soil types ranged from 20 - 190 which was
compared to the EPA classification system of 10 < K < 100 for compounds moderately mobile in
soils and 100 < K < 1000 for compounds slightly mobile in soils. The soil adsorption constant (ratio
of amount of HEDP adsorbed to the amount initially present) from the same soils varied from 0.80 -
0.96. Bioaccumulation was measured with zebra fish in HEDP amended waters. The
bioconcentration factor (BCF), the ratio of the concentration in fish to the concentration in water at
equilibrium, was measured at 20. Compounds with BCF < 50 were noted to have low

bioconcentration potential.

The study concluded that although biodegradation did not occur, HEDP should not be
environmentally persistent because of photodegradation. HEDP was found to be moderately to
slightly mobile in soils, with low leaching potential. HEDP was conciluded to have very low

potential for bioaccumulation.

Horstmann and Grohmann (1988) studied the biodegradability of six phosphonates,
including HEDP and 1,2,4 butanetricarboxylic acid, 2-phosphono (PBTC), another component of
the corrosion inhibitor present in the blowdown water at a predicted concentration of 1.6 mg/l.
Neither of the compounds was found to biodegrade, though HEDP was thought to be more
biodegradable than PBTC. However, significant adsorption on sewage treatment sludge was
noticed, reducing the phosphonates by 50 - 80% within the first few days. For HEDP, this result
was consistent with the work of Steber and Wierich. The conclusion of the study was that
biodegradation of neither of these compounds was likely in the environment, and therefore, the

use of these compounds should be discouraged.

Syracuse Research Corporation (1977) reviewed the literature on the environmental fate

and effect of benzotriazoles, a class of organic compounds. Tolytriazole (a methyl benzotriazole),
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one of the components of the corrosion inhibitor present in the blowdown water at a predicted
concentration of 1.6 mg/l, was included in the study. Benzotriazoles as a group of chemicals have
the potential to be environmentally persistent, not oxidizing or hydrolyzing in the environment.
Evidence of photodegradation is not clear, but the compounds will probably be stable under
sunlight irradiation. Certain members of the benzotriazole family are used as light stabilizers in

plastics.

Calculations suggest that tolytriazole will not bioaccumulate appreciably in food chain
organisms. Occupational and epidemiological studies had not been conducted, but no
poisonings were reported. The manufacturer reported that benzotriazoles were very low toxicity
and low health hazard chemicals. However, tolytriazole was cumulatively toxic (lethal
concentrations decreased with longer exposure times) to fathead minnows, having a 96 hour
LCsq of 25.5 mg/l. The 96 hour LC4 was 14.2 mg/l. In an effort to judge the effect of tolytriazole
on wastewater treatment plant microorganisms, microorgaism population was measured over time
with exposure to tolytriazole. Although the evidence for biodegradation was not clear,
concentrations of tolytriazole less than 20 mg/l were not significantly toxic to microorganisms.
However, higher concentrations may be toxic to microorganisms. The LDgq for oral administration
in rats for tolytriazole was reported as 675 mg/kg. Exposure to benzotriazole dusts was thought to
be extremely hazardous. Several benzotriazoles (tolytriazole was not tested) were also shown to
exhibit teratogenetic effects on frog embryos. Benzotriazole was being investigated as a
potential carcinogen at the time of publication and the results were not reported. However,
tolytriazole and the other organics in the corrosion inhibitor and biocide have not been

investigated as potential carcinogens (US Department of Health and Human Services, 1989).

Benzotriazoles could also adversely effect plants. The effect of tolytriazole was not
determined. Application of 50 mg/l of benzotriazole to tomato plant roots caused deleterious
effects, including reduced formation of leaflets. However, applications as high as 1,000 mg/l to
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plant foliage had no adverse effect. Applications of 133 mg/l of benzotriazole caused 50% root
repression in cucumbers. Applications of 1,330 mg/l of benzotriazole to the soil of bush bean

plants caused morphological changes.

Krzeminski, et al., (1975a) studied the environmental fate and effect of 5-chloro-2-methyi-4-
isothiazoline-3-one and 2-methyl-4-isothiazoline-3-one, two microbiocides present in the biocide
at shock concentrations. Biodegradation did occur, although significant lag times were noted
while the microorganisms acclimated to the compounds, requiring 2 - 3 weeks of acclimation
before degradation of a 1 mg/l solution of the chlorinated isothiazoline-3. The chiorinated
isothiazoline-3 degraded at a slower rate because of a higher microbicidal activity, degrading by
90% in 5 days in river water with an acclimated seed. Complete degradation to carbon dioxide was
slower, with 50% degradation in approximately 40 days. Photodegradation occurred at a much
faster rate, with 48% and 61% reduction of the two compounds respectively after 48 hours.
Adsorption studies with river silt showed neither compound will adsorb effectively, adsorbing less
than 11% after 20 hours contact with river silt. Both compounds were rapidly absorbed and
metabolized by the aquatic plants duckweed and salvinia. In a test with salvinia uptake of 14C
labeled chlorinated isothiazoline-3, 60% of the 14C activity was extractable in methanol after 1 day
and 30% of the 14C activity was extractable after 3 days. No detectable concentration of the
parent compound was detected in either extraction, indicating rapid metabolism to carbon
dioxide, which was confirmed in a later experiment. Soil biodegradation occurred more
completely and at a higher rate than did aqueous degradation, which was attributed to the greater
diversity of biological activity in the soil. The two compounds were found to bioconcentrate
slightly, with BCF measured from 6 - 310, which was reversible upon return to non-contaminated
water, reducing fish levels by 50% in less than a week. Rats were found to eliminate both
compounds via excretion with a biological half-life of less than 1 day. Tissue storage of the

compounds in rats was less than 2.1%. The study concluded that in low levels found in most
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applications of 0.01 mg/i - 1 mg/l, the tissue storage capacity of these compounds is minimal in rats
and fish , and that multiple degradation pathways would eliminate the compounds rapidly as

discussed above, causing no adverse effect to the environment.

Krzeminski et al., (1975b) also studied the degradation products of the two isothiazolines.
The first primary degradation product is N-methlymelanomic acid which is approximately 50 times
less toxic than the two compounds. The two compounds were found to degrade rapidly by
chemical, biological and photoxidative means to less harmful intermediates. A 0.1 mg/l
concentration of the chlorinated 3-isothiazoline was found to degrade by 75% in four days in river
water, with 83% conversion to carbon dioxide after 22 days. Biological degradation was thought
to be the most important degradation pathway in the environment, because photodegradation
would only occur in shallow waters. Chemical degradation was not thought to be important at the
pH of most natural waters. Biochemical degradation would also be expected to occur more rapidly
for microorganisms acclimated to the biocides, a condition which would be met in a constructed
wetlands receiving blowdown effluent containing these two biocides. The results of this study

concluded that discharge of the biocide should not adversely impact aquatic ecology.

Scribner, et al. (1983) reported results of toxicological investigations of a biocide containing
the 3-isothiazoline compounds. The biocide was not thought to exhibit carcinogenic or

mutagenic tendencies, under normal applications in the range of 1 - 25 ppm.

Uptake of several biocides, insecticides and herbicides have been summarized for several
constructed wetlands and aquatic treatment systems (Association of Bay Area Governments,
1982). Although many plants have an ability to absorb and metabolize biocides, other plants can
concentrate biocides in plant tissues, where consumption of these plants could cause

deleterious effects for the consumer. Because plants vary in their uptake and concentration
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potential for different biocides, analytically measuring the concentration in plants prior to disposal

is warranted.

Dexter Chemical, Saturn’s supplier provided some product information which is helpful in
judging environmental fate and effect (Tschantz, et al., 1990). From the product information,
PBTC is essentially non-toxic by digestion, but may cause slight irritation to the eyes. PBTC is not

listed on the NTP, IARC or OSHA lists of carcinogenic substances. No toxic oral, mutagenic or

teratogenic effects were observed in animal studies even at high doses. The LCgq for bacteria
and rainbow trout were greater than 1000 mg/I and there were no harmful effects to daphnia at
concentrations up to 300 mg/l. Elimination in a wastewater treatment plant is by flocculation with
iron or aluminum salts. A removal mechanism similar to this in constructed wetlands is not readily

apparent.

The acrylic acid telomer in the corrosion inhibitor is also not considered a carcinogen by

NTP, IARC or OSHA. Biodegradability tests have not detected significant biodegradation. The
96 hour LCgq for bluegills and rainbow trout is over 1000 mg/l. The 48 hour daphnia LCgq is

1800 mgil.

The biocide had a reported 6 day dynamic LCxs) of 0.14 mg/l for rainbow trout. The 96 hour

static LCgq for sheepshead minnows was reporied as 0.3 mg/l.

Stormwater Quality

In 1983, EPA published the results of the National Urban Runoff Program (NURP) (EPA,
1983). The NURP study was composed of runoff water quality and quantity information from 28
reporting stations across the United States. The entire data base was analyzed in an attempt to
correlate runoff quality and quantity with site characteristics, and provide guidance in estimating
runoff quantity and quality and in assessing the deleterious effects to the environment. The

36



NURP data was thought to be representative of the expected range of runoff water quality from

the Saturn plant because of the large size of the NURP data base.

In analyzing the NURP data, EPA showed that land use did nat prove to be a useful basis
for predicting runoff quality. Attempts at correlating quality with other parameters, including
geographical location, was also unsuccessful. The storm event mean concentration (EMC) was
reported and did not correlate with runoff volume. Flow weighted EMCs were reported where flow
information was available. The EMCs were analyzed as log normal distributions. The standard
pollutants measured consisted of total suspended solids (TSS), biochemical oxygen demand
(BOD), chemical oxygen demand (COD), total phosphorous, soluble phosphorous, total Kjeldahl
Nitrogen (TKN), nitrate-nitrogen, copper, lead and zinc. In addition, analyses for EPA priority

pollutants were conducted at a number of sites.

Heavy metals were found to pose the most serious runoff quality problems. In particular,
copper, lead and zinc were found in over 91% of events at maximum concentrations of 100, 460
and 2,400 micrograms per liter, respectively. The metals commonly violated water quality and
drinking water standards. Freshwater acute toxicity for copper and lead were exceeded in 47%
and 23% of events respectively. Freshwater chronic toxicity was exceeded for lead, copper, zinc
and cadmium in 94%, 82%, 77% and 48% of the events, respectively. The most frequently

detected heavy metal was lead which exceeded drinking water standards in 73% of events.

Of the EPA priority poliutants, 77 were detected, including 63 which were organic. The
organic pollutants were detected less frequently and at lower concentrations than the metals.
Coliform bacteria were present in high levels, and would be expected to exceed EPA standards
frequently during and immediately after storm events in many surface waters, even those
providing significant dilution. Warm weather also exacerbated coliform contamination, increasing

up to twenty times during the summer.

37



Tabulated values for the median and 90th percentile EMC for the primary pollutants are
presented in Chapter 4. The median was chosen as the representative value because itis less
influenced by small numbers of relatively large values which are typical of a log normal
distribution. Arsenic, nickel, lead, cyanides, cadmium, chromium, copper, zinc, chloroform, and
napthalene are priority pollutants found in at least 10% of urban runoff samples and could be
expected in stormwater runoff at the Saturn plant because of the parking lots and vehicular
traffic. Source of these pollutants include gasoline and fossil fuel consumption/combustion,
release from corrosion of plated surfaces, components of tires, road salt and asphalt, or other
automobile related activities. Pesticides or other chemicals may be present, depending on their

use at Saturn.

One of the most interesting conclusions of the NURP study was the effectiveness of wet
detention basins in reducing pollutant concentrations in runoff. Particulate removals of greater
than 90% for lead and TSS, 65% for phosphorous, and 50% for BOD, COD, TKN, copper and
zinc were reported. Wet detention basins with permanent pools to support biological activity
during dry periods were much more effective than dry detention basins in reducing pollutant
loads. Constructed wetlands were also noted to show promise in treating runoff, though little
actual design criteria was available. The NURP study did not observe that street sweeping seem
to significantly reduced pollutant concentrations in runoff. However, Tschantz, et al. (1990)
demonstrated through modeling that street sweeping could reduce pollutant concentrations in

runoff.

Previous Saturn Studies

In 1986, Roy F. Weston, Inc. (Weston) prepared a study entitled "Feasibility Study of Land

Application of Wastewater and Wastewater Sludges”. The study investigated the Saturn plant
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site's soils, geology, etc. to determine if land application of biologically treated process wastes

(not the cooling tower blowdown) was technically feasible and economical.

As a result of the study, spray irrigation was determined to be the optimum land application
method. Soil analysis reported that the cation exchange capacity (CEC) of the Saturn site soils
ranged from 5.4 - 17.1 meq/100 grams, which indicates potential for high metal application rates.
Soil background levels of copper, zinc, cadmium, nickel, arsenic, mercury and selenium were also
measured and were used in this investigation as discussed in Chapter 4 to calculate the potential

for increasing soil metal levels over background.

The study attempted to determine limiting factors for spray irrigation. Nitrogen,
phosphorous, and potassium applications were noted to be normally limited by contamination of
surface and ground waters or crop fertilizer needs and were not considered to be the limiting
pollutants for process wastes. Calcium and magnesium in process wastes were thought to be
limiting only to the extent of influencing the sodium adsorption ratio (SAR). Long-term metal
accumulations were found to be the limiting factor, unless pretreatment was practiced for metals
removal. If pretreatment was practiced, hydraulic loading rates were thought to be the limiting
factor. Land requirements for application of both pretreated and direct application of process

wastes were determined.

The study concluded that approximately 500 acres of land at the Saturn site were
technically suitable for land application of wastewaters. In addition to being technically feasible,

preliminary cost analysis showed land application had economic advantages as well.
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Chapter 3

EQUILIBRIUM MODELING

Equilibrium modeling was used to predict the concentration of the significant inorganic
constituents of the blowdown water after treatment in a constructed wetlands filled with limestone
media. The significant pollutants were identified as those above irrigation water quality standards
as discussed in Chapter 4. The purpose of Chapter 3 is to discuss the background and
methodology of the equilibrium modeling effort. The results of the equilibrium modeling, and the
comparison of results to an operating constructed wetlands are presented and discussed in

Chapter 4.

As discussed in Chapter 4, the inorganic pollutants of concern are copper, cadmium,
bicarbonate, TDS and fluoride. The equilibrium modeling included precipitation and complexation
equilibria. However, for the metals additional removal may be expected due to adsomption/ion
exchange. Adsorption/ion exchange was not included in the modeling, however, because
adequate treatment is accomplished for the metals by precipitation alone and, if adsorption/ion
exchange were required to treat the blowdown water to irrigation limits, the long-term capacity of

the wetlands would decrease as ion exchange/adsormption sites were filled.

The Minteq Geochemical Computer Model was used initially to model the blowdown
effluent in equilibrium with solid calcium carbonate in the pH range of 7-11. The Minteq
Geochemical Computer Model was written by the Pacific Northwest Laboratory (Pacific Northwest
Laboratory, 1987). The Minteq model uses the thermodynamic principles to calculate
precipitation , ion speciation, oxidation-reduction and gas phase equilibria. All of the projected
blowdown constituents available in the Minteq model were included. Although the Minteq Model
was sutficient to predict the expected effluent from the constructed wetlands, the code is quite
complex to use and interpret. The Minteq model was not available for the personal computer to
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the author at that time, and had to be used on a main frame, which was expensive and time
consuming. In order to generate a complete solubility curve for copper and cadmium, numerous
Minteq runs would have been required ( one for each pH increment), and a complete Minteq

output for each full Saturn run is quite lengthy (over 10,000 lines).

As a result, a code was developed for this investigation to calculate total copper and
cadmium concentrations in the pH range- of 7-11. However, because calculated values of the
effluent fluoride concentration did not change significantly above pH 8, Minteq was used for the
small number of runs to calculate fluoride solubility between pH 7 - 8. Bicarbonate concentrations
were also calculated by the code developed in this investigation. Minteq was used to identify
constituents in the blowdown water which influence calculated copper and cadmium effiuent
concentrations, to identify significant complexes, and to check the accuracy of the model
developed in this investigation. Calcium, carbonate, bicarbonate, sulfate, chioride and
magnesium were identified as constituents in the blowdown water and constructed wetlands
which would influence calculated effluent cadmium and copper concentrations. In general,
concentrations of complexes in excess of 1% of total species concentration were considered

significant. Solids to be considered were also selected by identification with the Minteq Model.

Equilibrium Modeling Assumptions

The following assumptions were used in the initial Minteq equilibrium modeling and in the

development of the code for this investigation:

1. The final concentrations of all species are equilibrium concentrations and are not
kinetically limited. The equilibrium assumption could introduce error in that when modeling
precipitation phenomenon, the thermodynamically stable species may not form, due to kinetic

limitations or inhibition of crystallization. The equilibrium assumption, however, is reasonable
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because the residence time in a constructed wetlands is high, on the order of several days, and
wetlands, especially subsurface flow wetlands (SFS), have tremendous surface area to promote

crystallization.

2. The temperature was considered constant at 25°C. Although equilibrium constants are
temperature dependent, 25°C was chosen as a representative temperature because the
temperature is within the range of expected blowdown temperatures (Tschantz, et al ., 1990) and
equilibrium modeling at 25°C also matched the results reported from the Santee wetlands as
discussed in Chapter 4. In addition, equilibrium constants and equilibrium modeling results are
widely reported at 25°C. The use of stormwater as a diluent, as discussed in Chapter 4, would
reduce pollutant concentrations if treatment efficiency is reduced by temperature variations.
However, the dependence of treatment efficiencies for inorganic pollutants on temperature is not

known to have been reported in the literature.

3. The blowdown constituents with muttiple possible oxidation states (including copper)
were assumed to be in the highest oxidation state. The assumption is reasonable because the
blowdown water is in a highly oxygenated environment and oxygen supply by plants is significant
in a constructed wetlands as discussed in Chapter 2. The assumption is also conservative.
Precipitation in the anoxic zone of a constructed wetlands (such as sulfide precipitation) is

thought to be an important contributor to total metal removal (Gersberg, et al., 1984)

4. The solid copper hydroxide is allowed to precipitate rather than than the solid copper
oxide, tenorite, which is the weathered form and is thought not to control precipitation equilibrium
due to kinetic limitations. The assumption is also conservative because tenorite is less soluble

than copper hydroxide.
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5. The constructed wetlands is modeled as a closed system with respect to carbon dioxide

(i.e. carbon dioxide is not allowed to transfer between the atmosphere and the constructed

wetlands).

6. In the code developed in this investigation, the concentration of the copper and
cadmium complex concentrations were taken as insignificant in comparison to the total chioride,
sulfate and carbonate species to reduce the complexity of the code. Activity coefficients were
also considered constant to reduce the complexity of the code. The goal of the assumptions was
to introduce an error in the primary output parameter, the total metal concentration in the
constructed wetlands effluent, of less than approximately 5%. Errors of this magnitude are
certainly acceptable, because errors of at least 5% are common in measurements of equilibrium
constants (Snoeyink and Jenkins, 1980). The accuracy of the code developed for this

investigation will be validated by comparison to several Minteq runs as discussed later.

7. The constructed wetlands media for the SFS cells are limestone, CaCOg, and the

effluent water will be in equilibrium with CaCOg3. Dolomite, CaMg(CO3), under certain conditions

of chemical composition and pH, is a more thermodynamically stable phase than limestone.
Dolomite precipitation, however, was excluded from the equilibrium modeling because allowing
dolomite to control copper and carbonate solubility rather than limestone would not be consistent
with the actual physical conditions in the constructed wetlands, and the precipitation of dolomite
from natural waters has not been observed and is not a controlling factor in calcium and carbonate

equilibrium (Stumm and Morgan, 1981).

8. In the code developed in this investigation, copper and cadmium were modeled
independently since they do not significantly affect each other so the number of constituents can

be reduced considerably.
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Equilibria and Mass Balance Equations

Equilibria Equati

For the metals of concern, copper and cadmium, the following reversible equilibria are
important and were included in the code developed for this investigation ( M represents the metal

of concern, either Cu or Cd)

CaCOg(s) =+ Ca®* + CO5 @)
HyCOz = H'+ HCOj (3-2)

HCOy < H' + co¥ (3-3)
M(OH),(s) > MZ* 4 20H° (3-4)
M,(OH),COs) & MZ* 4+ 20H + COZ (3-5)
MCOgls) & MZ* 4CO5 (3-6)

M2t + OH = MOH" (3-7)

MZ* 4 20H 9 MOH) (3-8)
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Mt 4 HCO; - MHco;

0

M™" + CO3" =» MCOy
M2* 4 SOf > Msof

2+ Lo > mct

Ca®* + HCO; =» CaHCOj
2+ 2- 0
Ca®* + CO; = CaCCj
2+ - +
Mg?* + HCO, =» MgHCO;
- 0
+ CO3 - MgCO3
ca?* + SOF - cacof

2+

Mg?* + SOF = MgSO]

The equilibria equations describing the reactions are

(ca®*}{CO3} = KsoCacOs
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(3-10)

(3-11)

(3-12)

(3-13)

(3-14)

(3-15)

(3-16)

(3-17)

(3-18)

(3-19)



{H'} {(HCO3)

= Ky
{H2CO3}
2-
{H'} {COT)
=K
{HCOg}

MZHOH}? = KsoM(OH)2

MZH2(0H )2 (CO5) = KsoMa(OH)2CO3

(M2*1{COZ} = KsoMCOg

{MOH" } 5
—_— = +
Y
{MOH)} By
{M2+} {OH-}2 = PM(OH)
{MHCO}) B .
= PmH
(M2} (HCOy) -
(o}
{MCOg} o
= Pmcog

(M?*) (co%)

46

(3-20)

(3-21)

(3-22)
(3-23)

(3-24)

(3-25)

(3-26)

(3-27)

(3-28)



{MSOj) -

{M2+} (s 2
o = Busog
MCT}
{M2+
}{CI'} i BMC
'+
{CaHCOZ
{CaZ*}{H :
C _ -
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(3-32)
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where {i} = Activity of the ith species.
Table 3.1 lists the important equilibrium constants used in the development of the code.

The activity of the ith species is defined as (Snoeyink and Jenki-ns,1980)

il = %0 (3-37)

where Y; = Activity coefficient of species i,

[i] = Molar concentration of species i (moles/l).

Activity coefficients can be expressed as functions of the ionic strength, which is a function
of the ionic content of the water. Although the ionic content of the effluent water changes with
pH, an average value of the activity coefficient for monovalent and divalent ions was calculated
from the initial Minteq runs and used as a constant over all pH values. The average activity

coefficients were calculated as

Y, = 0.895 (3-38)

Y, = 0651 (3-39)

Activity coefficients as calculated by Minteq for monovalent ions varied from approximately 0.875

to 0.902. Activity coefficients for divalent ions varied from approximately 0.595 to 0.688.

Equations 3-19 through 3-36 can be rewritten in terms of molar concentrations rather than
activities by combining the activity coefficients with the equilibrium constants to form a corrected
equilibrium constant. Equations 3-40 through 3-57 written in terms of the corrected equilibrium

are the equations used in the code.
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Table 3.1 Equilibrium Constants?

Equilibrium Constant Copper (iog value) Cadmium (log value)
KSOM(OH)2 -19.36 -14.29
KsoM2(OH)2C03 3318 undefined”
Bron+ 6.00 3.92

0 14.32 7.65
BMm(oH)o
B + 2.67 2.07
MHCO3
o 6.73 5.40
Bmcos
B o] 2.31 2.46
MSOg4
Bucr+ 0.43 1.98

a. Values of equilibrium constants calculated from the Minteq Geochemical Equilibrium Model.

b. Undefined indicates species does not exist.
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K
[ca®*11c08] = 500803 | a0 (3-40)

Tea®* Ycoi

[H] [HCOY] Y.ca, Kat
. = cate = %y (3-41)
co
(FgC0! T+ YHeoy,
H*1[c0%] Yuco, Ka2
- = = %p (3-42)
IHCOs] T+ Yok
) KsoM(OH
MPHoHT? - ‘—M = “KsoM(OH)2 (3-43)
T2+ Yor
. - KsoM2(OH)2CO
MEPOH P [00%] - —SovBRHEEE ke oHcos (344)
2 Yo Yeol
i KsoMCO
MPIC05] = — 52— = Keomcog (3-45)
T2+ Y cod
[MOH™ ] Y2+ b PMoH
v T = “Buon (3-46)
(MZ*] [OH'] ot
MOH
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2
[MOHS)] Y2+ Yor BM(oH)2

0
T S = Puore
(M2*] [OH] .
TMoHS
[MHCOZ] W Ycoy, BmHcos __
N = = MHCOg
(M?*] (HCOy] rco?
[MCOJ] W Yo ozéﬁM cO3 B
o,  _o. = = MC
M**11c0%) Yucod ®
MSOY] W Yso? Bmsog B
N = = MS
M2*1 5027 Tusol 4
{MC'+} YW+ Yor BMCI
— - = Buer
(M**) (OH') .
el
[CaHCO}] Yea? Yco,, BcaHcos s .
_ = = CaHC
[Ca®*] [HCO}] YeaHco?, %
[CaCOg] Yot Yco23'l30aco§ Bonoe?
.= = PCaC
[Ca®*]{CO5 ] Teaco? @
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[MgHCO3 ] gt Yoy, BmgHco3 B .
= = MgHCO3 -

Mg?*] [HCO3] TugHco}
[MgCO2 T2 Yeo2-Bumgcos
gCO3] Mg?* Yc 03 PMgCOs B cc? o8
L= = PMgCO3 )
Mg®*1 [CO3 ] ~ Ymgeod
0 Y2t Yo 2- B °
[CaSO4] ca~ (SO 7 CaS0O4 C[S o 356
- = = “Peasay :
[ca*"] [SO5] Ycaso)
[MgSOY] T Yso2 Bmgsog
2 w0, T *Brmgsos (3-57)
- - = “Bmgsoy :
Mg®*] (507 ] TMgsO3 ’
Mass Balance Equations

In addition to the precipitation and complexation equilibrium equations, mass balance

equations also govern equilibrium concentrations. The mass balance equations are

* - 2-
Clgo, = [HyCOg] +[HCO3) + [CO5 ] + MHCO3] + [MCOg) +

[CaHCOj] + [CaCOg] + [MgHCO}] + [MgCOg] (3-58)
Cty = [M?*] + [MOH™] + [M(OH)o] + [MHCO3] + [MCOg] + [MSOj] (3-59)
Ciga = [Ca>*]+[CaHCO3] +[CaCO] + [CasOg] (3-60)

52



Ciso, = [S05] + [CaSOJ] + [MgSOY] +MSOj] (3-62)

Ctg) = [CI+ MCIY] (3-63)

The following calcium and magnesium mass balances must also be realized when

magnesium carbonate precipitates or calcium carbonate precipitates or dissolves

If a metal carbonate or metal hydroxide carbonate , i.e. Mo(OH)2COg3, precipitates, the total

carbonate mass balance is

tho3 = CtOco3 +S+P+ PMg (3-66)

If a metal hydroxide precipitates, the total carbonate mass balance reduces to

th;O3 = CtOCo3 +S+ PMg (3-67)
The total metal mass balance is expressed as

Ctpp=CtOpg + P (3-68)
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if the solid metal hydroxide or metal carbonate is precipitated. If the solid metal hydroxide

carbonate , i.e. Mo(OH)2COg4, precipitates, the governing mass balance equation becomes

Cty=CtOp + 2P (3-69)
where Ct; = Total amount of species i in solution (moles/liter),

C10; = Total amount of species i originally in solution (moles/iiter),

S = Amount of CaCO3 precipitating or dissolving {moles/l),

P = Amount of solid metal phase precipitating (moles/l),

PM 9= Amount of solid magnesium carbonate precipitating (moles/l).

Code Construction

The code developed for this investigation was written in True Basic on the Macintosh 1l and
is shown in Appendix 1. The program operates by an iterative method to calculate final effluent
concentrations. The iterative method operates by supplying a value of the calcium ion
concentration, which reduces the number of equations necessary to solve the equilibrium
problem by one. The program then sequentially calculates the values of all the other species in

equilibrium with the supplied calcium ion concentration.

The test for convergence is defined as the difference function (the difference function is
the relative difference between the two sides of the equation chosen by the author which was not
required to solve the equilibrium problem because the calcium ion concentration was supplied.)
In the subroutines for precipitating the metal hydroxide, metal carbonate, and the metal hydroxide

carbonate, the equations used for the difference function were equations 3-67, 3-45 and 3-44
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respectively. The two sides of the equation are calculated sequentially from the supplied caicium
ion concentration. If the difference function is less than the defined error criteria, the calcium ion
concentration supplied by the program was correct, as well as all concentrations calculated from
the value, and the program has reached a solution. The error criteria was chosen by the author as
1E-6 after some test runs. [f the difference function is larger than the defined error criteria, a new
value of the calcium ion concentration is supplied by the program in a new iteration. The change
in sign of the difference function also indicates when the program has passed the solution (the
correct value of the calcium ion concentration), refining the next iteration's supplied caicium ion

concentration value.

To validate the code developed for this investigation, the results were compared to several
Minteq runs. A comparison of the code's calculated values of the total effluent metal
concentration for copper and cadmium with values from Minteq is shown in Tables 3.2 and 3.3.
An abbreviated representative Minteq run (the input and final output values are listed without the

intermediate values printed during the iterative process) is shown in Appendix 2.
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Table 3.2 Calculated Values of Effluent Cadmium Concentration versus Values from

Minteq
pH Calculated CtCd Minteq CtCd Percent Ditference

(molestliter) (moles/liter)

2.74e-8 2.75e-8 +0.4
7.67¢-9 7.50e-9 -2.2
5.11e¢-9 4.98e-9 2.5
4.78e-9 4.66e-9 -2.5
5.38e-9 5.29¢-9 1.7

Table 3.3 Calculated Values of Effluent Copper Concentration versus Values from

Minteq
Calculated CtCu Minteq CtCu Percent Difference
(molestliter) {moles/liter)
3.20e-6 3.23e-6 +0.9
1.91e-6 1.93e-6 +1.0
5.24e-6 5.18e-6 -1.1
9.13e-6 9.14e-6 +0.1
9.12e-6 9.15¢-6 +0.3
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Chapter 4

RESULTS AND DISCUSSION

The principle objective of this investigation, as discussed in Chapter 1, is to assess the
potential for using constructed wetlands followed by spray irrigation of crops to successfully and
safely treat the blowdown water. In assessing the fate and effect of the inorganic constituents in
the system (the constructed wetlands and wastewater irrigation system), an acceptable
concentration limit will be determined by comparison of projected blowdown water quality with
irrigation water quality standards which have been developed for wastewater irrigation. For the
inorganic constituents actually expected in excess of irrigation water quality standards, the
expected degree of treatment in the constructed wetlands will be calculated from precipitation
and complexation equilibrium modeling. To assess the validity of the equilibrium modeling
approach, a comparison of calculated effluent metal concentrations with results reported from an
operating constructed wetlands will also be performed. The potential for deleterious buildup of
metals in the crop soil will be calculated. The quality of site stormwater runoff will also be assessed
for use as a diluent for those constituents not projected to receive adequate treatment in the

constructed wetlands.

The fate and effect of the organic constituents of the blowdown water will be determined by
a review of the literature and information provided by the manufacturer (as discussed in Chapter
2). The degree of treatment expected in the constructed wetlands and crop soils will be
estimated, where possible, from a correlation with a measured or estimated value of the chemical's
octanol/water partition coefficient, a predictor of environmental fate. A conceptual design and

cost estimate of the constructed wetlands will also be performed.
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Projected Blowdown Water Quality and Quantity
Water Quality

The cooling tower biowdown water quality is a function of city water quality used in the
cooling system, the evaporative losses during operations of the cooling tower and the addition of
a corrosion inhibitor and biocide. The concentrations of pollutants contributed by the city water
are simply the water quality characteristics of the city water concentrated by the number of cycles
of concentrations, i.e. evaporation in the tower. Both a three and five cycle scenario was being
considered by Saturn, but for this study the five cycle scenario was used because the
contaminants were more concentrated. In other words, the five cycle scenario was considered as
the worst case in terms of pollutant concentration of the two scenarios considered. The cooling
tower blowdown water quality was supplied by Saturn, based on city water analysis ( i.e. five times
the city's tap water concentration) performed by Dexter Chemical. The projected blowdown water
quality for the five cycle assumption is shown in Table 4.1. The constituents, listed as less than a
concentration value, are listed as five times the minimum detectable concentration in city water.

The actual concentrations may be significantly less than the stated values.

The chemicals contributed by the biocide and the corrosion inhibitor are shown in Table
4.2. The concentrations for the chemicals contributed by the corrosion inhibitor are the expected
values. Concentrations for the biocide are not listed, as the biocide will only be used for shock

treatment.
Water Quantity

Blowdown rates could be as high as 72 million gallons per year operating in the 3 cycle
scenario (fewer tower cycles require more water). The peak summer blowdown rate could be as
high as 736,000 gallons per day with a summer average of approximately 464,000 galions per
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Table 4.1 Projected Blowdown Water Quality

Component Concentration

(mg/)
Silica 2
Total Organic Carbon 77
Total Dissolved Solids 1116
Sulfate 290
Chloride 50
Carbonate 5
Bicarbonate 712
Nitrogen-Nitrate 4
Fluoride ; 5
Phosphates-Total 2
Hardness (as CaCO3) 590
Alkalinity (as CaCOs3) 720
Calcium 320
Magnesium 28
Iron 0.03
Manganese <0.025
Beryllium <0.005
Copper 0.7
Nickel <0.025
Aluminum 1.6
Sodium 64
Potassium 6.5
Antimony <0.025
Cadmium <0.025
Chromium-Total <0.025
Lead 0.04
Mercury <0.001
Selenium <0.005
Silver <0.025
Thallium <0.025
Zinc <0.025
Arsenic <0.005
Turbidity 1NTU
pH 7.8

a. Based on 5 cycle concentration assumption
b. The constituents listed as less than a value are listed as five times the

minimum detectable concentration in city water. The actual concentrations
may be significantly less than the stated values.
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Table 4.2 Organic Constituents Contributed by the Corrosion Inhibitor and Biocide

Component Concentration

(mg/)

Corrosion Inhibitor, Mogul 11215
Sodium Hydroxide Included in Table 4.1

Tolytriazole 1.6
CAS No. 29385-43-1

1-Hydroxyethylidene-1,1-diphosphonic 1.7
acid
CAS No. 2809-21-4

Acrylic acid, telomer with sodium 2- 3.0
acrylamido

-2-methyl-1-propane sulfonate and sodium
phosphinate

CAS No. 110224-99-2

2-phosphonobutane-1,2,4-tricarboxylic 1.6
acid
CAS No. 37971-36-1

Biocide, Mogul AG-480

Copper Nitrate Trihydrate Variesd
CAS No. 3251-23-8

Chloro-2-methyl-4-isothiazolin-3-one Varies@
CAS No. 26172-55-4

2-methyl-4-isothiazolin-3-one Varies@
CAS No. 2682-20-4

a. The concentration of the biocide will vary due to use as a shock treatment.
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day. The winter blowdown rates are significantly lower, peaking at 67,000 gallons per day and
averaging 45,000 galions per day. A detailed assessment of the expected flow rates performed

by Saturn is shown in Table 4.3.

Projected Stormwater Quality

The projected stormwater quality was obtained from the National Urban Runoff Program
Study -as discussed in Chapter 2. Tabulated values for the median and 90th percentile EMC

(Event Mean Concentration) for the primary pollutants are shown in Table 4.4.

Fate of the Inorganic Blowdown Water Constituents in the System

Assessing the impact of specific pollutants on crops, soils and the food chain is complex.
Each pollutant may be of concern for a variety of reasons. Pollutants may be directly toxic to the
crops, may accumulate to unacceptable levels in the soil, or the plants may absorb and
concentrate the poliutants to such an extent that introduction into the food chain is unsafe.
Complicating the situation is the fact that different crops have widely varying tolerances and
uptakes of individual pollutants. Differences in soil characteristics may also influence the effect of

individual poliutants.
Irrigation W Quality Standard

As an aid in assessing the fate and effect of inorganic wastewater constituents during
irrigation, a number of irrigation water quality standards have been developed. These irrigation
water quality standards are based on the most likely damaging effect of a given pollutant and the
most sensitive plant species. In some cases, soil characteristics are considered in establishing
limits for pollutant buildup in soils. In most instances, the limiting poliutant concentration is based
on introduction of pollutants into the food chain.
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Table 4.3 Projected Blowdown Water Quantity

Season 3 Cycle Flow 5 Cycle Flow
(gal/day) (gal/day)
Winter Peak 67,000 33,000
Winter Average 45,000 22,000
Winter Minimum 0 0
Spring Peak 192,000 95,000
Spring Average 140,000 71,000
Spring Minimum 7,000 4,000
Summer Peak 736,000 295,000
Summer Average 464,000 232,000
Summer Minimum 104,000 52,000
Fall Peak 220,320 111,000
Fali Average 163,000 81,000
Fall Minimum 7,000 4,000
Annual Volume(gallons) 72,600,000 36,300,000

Table 4.4 Median and 90th Percentile Values of Standard Poliutants from NURP

Pollutant Site Median EMC Site 90th Percentile EMC
(mg/) (mg/)

TSS 100 300

BOD 9 15

CcOoD 65 140

Total P 0.33 0.70

Soluble P 0.12 0.21

TKN 1.50 3.30

Nitrate-N 0.68 1.75

Copper 0.034 0.093

Lead 0.144 0.350

Zinc 0.160 0.500

a. EMC = Event Mean Concentration
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The irrigation water quality standards presented herein are considered safe for long-term
irrigation of all plant species under normal conditions. Exceeding these limits for short periods or
increasing the limit for certain situations is not necessarily unfavorable, and exceptions may be

warranted for individual cases.

As a result of the comparison of blowdown water quality with irmigation water quality limits, the
pollutants in the blowdown water have been divided into three categories: those with
concentrations below irrigation water quality standards, those with concentrations above irrigation
water quality standards, and those with unknown irrigation limits. The three categories are shown
in Tables 4.5 - 4.7. The irrigation standards include those promuigated by Tennessee
Department of Health and Environment (TDHE) and those typical of the values recommended in

the literature.

Pollutants which are present in concentrations below irrigation water quality standards are
considered safe, with no further assessment of fate in the system warranted. The pollutants
without irrigation water quality standards were also considered safe in an earlier study (Tschantz,
et al., 1990) without further consideration of overall fate . In addition, mercury is actually not
expected to exceed the limits because the projected blowdown concentration is just marginally
above the irrigation limit recommended in the literature ( no limit has been established by TDHE )
and the projected blowdown concentration is 5 times the detection limit, rather than the actual
concentration. The actual mercury concentration is expected to be less than the irrigation limit
directly from the tower. Therefore, only the pollutants actually expected in excess of water quality
limits, TDS, bicarbonate, fluoride, copper and cadmium and those contributed by the corrosion

inhibitor and biocide require further investigation for their behavior in the system.
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Table 4.5 Pollutants with Expected Concentrations Below Irrigation Water Quality Limits

Poliutant Concentration Irrigation Limit TDHE Limit
(mg/h (mg/) (mg/)P
Chloride 50 100 100
Nitrogen-N 0.9 5
pH 7.8 6.5-8.4 6.5-8.4
Iron 0.03 5 10
Manganese <0.025 0.2 0.4
Beryllium <0.005 0.1 0.2
Nickel <0.025 0.2 0.4
Aluminum 1.6 5 10
Chromium <0.025 0.1 0.2
Lead 0.04 5 10
Selenium <0.005 0.02 0.04
Zinc <0.025 2 4
Arsenic <0.005 0.1 0.2
SAR 1 3 5
Sodium 64 70 70
Silver <0.025 4

a. Irrigation Limit from Wescot, D. W. and R. S. Ayers. "Irrigation Water Quality Criteria” In:
Irrigation with Reclaimed Municipal Wastewater, Lewis Publishers, Chelsea, MI. 1985.

b. TDHE Limit from Tennessee Department of Health and Environment, Chapter 16, Slow Rate
Land Treatment in Design Criteria of Sewage Treatment Works.
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Table 4.6 Pollutants With Expected Concentrations Above lrrigation Water Quality Limits

Pollutant Concentration Irrigation Limit TDHE Limit
(mg/l (mg/)a (mg/)P

TDS 1166 500€ Not established

Bicarbonate 712 g0d g1€

Fluoride 5 1 1.8

Copper 0.7 0.2 0.4

Mercury <0.001 0.0009 Not established

Cadmium <0.025 0.01 0.02

a. lIrrigation Limit from Wescot, D. W. and R. S. Ayers. "Imigation Water Quality Criteria” In:
Irrigation with Reclaimed Municipal Wastewater, Lewis Publishers, Chelsea, MI. 1985.

b. TDHE Limit from Tennessee Department of Health and Environment, Chapter 16, Slow Rate

Land Treatment in Design Criteria of Sewage Treatment Works.

c. Limitis defined as <500 no restrictions, 500-2000 slight to moderate restrictions, >2000

severe restrictions.

d. Limitis defined as <90 no restrictions, 90-500 slight restrictions, >500 severe restrictions.

e. Limit is defined as <91 no problem, 91-519 increasing problems, >519 severe problems.
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Table 4.7 Pollutants With Unknown Irrigation Limits

Pollutant Concentration
(mg/l)
Silica 2
TOC 77
Phosphates 2
Potassium 6.5
Carbonate 5
Turbidity 1NTU
Hardness (as CaCOg3) 590
Alkalinity (as CaCOg) 720
Calcium 320
Magnesium 28
Antimony <0.025
Sulfate 290
Thallium <0.025
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In addition, the concentrations of TDS and bicarbonate are not considered as restrictive
because of the comparatively flexible definition of the limits and low toxicity. On a scale of no
restrictions, slight restrictions and severe restrictions, TDS is in the middle category directly from
the cooling tower. The blowdown water is also oversaturated with calcium carbonate, as discussed
later, and precipitation will reduce the bicarbonate concentrations by at least 50% to the middle
category. Neither pollutant was thought to pose severe toxicity, either to plants or consumers
(Tschantz, et al., 1990). As a result, TDS and bicarbonate in excess of irrigation limits is

considered a management problem which can be controlled.

Potential for Deleterious Metal Buildup in Crop Soil

Irrigation with water as good or better than the irrigation water quality limits should not pose
a problem for prolonged irrigation, including metal accumulations. The TDHE regulations for the
land application of sewage sludges (TDHE, 1987) does list maximum site metal accumulations
based on soil cation exchange capacity (CEC). Although the applicability of the sludge regulation
to wastewater irrigation is not clear, the maximum metal input to the crop soil from irrigation with
untreated blowdown water was calculated to verify that no problems would be expected. Table
4.8 lists 1. the maximum allowable lifetime accumulation limits for metals as listed in the TDHE
regulations for the land application of sewage sludges, 2. the annual inputs for irrigation with
untreated blowdown water, and 3. the resultant time required to exceed the accumulation limits.
After treatment in a constructed wetlands, metal concentrations will be lower than the effluent
blowdown water quality. However, the soil buildup was calculated from untreated blowdown water
as a worst case. Cadmium has the shortest time required to exceed the accumulation limits, with
19 years, so long-term metal accumulation does not seem to be a problem. However, irrigation

with untreated blowdown water could increase soil background metal content.
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Table 4.8 Time Required to Exceed Maximum Accumuiation Limits

Metal Lifetime Limita Application Rateb Years to Exceed
(kg/ha) (kg/halyear)

Lead 1000 0.5 2000

Zinc 500 0.3 1667

Copper 250 8.4 30

Nickel 100 0.3 333

Cadmium 5.6 0.3 19

a. Tennessee Department of Health and Environment, Division of Water Poliution Control,
Guidelines for Land Application of Municipal Sludge, 1987. Accumulation limits based on soil

CEC of 5-15 meqg/100 grams.

b. Application rates are based on irrigation at 4 ft/year with untreated blowdown water.
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Table 4.9 lists background levels of metals in the soil, the expected metals addition after
twenty years of irrigation with untreated blowdown water, and the resultant percentage increase in
soil metal content. Copper, cadmium, and selenium would all be significantly increased above soil
background levels, but would still not exceed TDHE sludge application guidelines for at least 19
years. The actual cadmium and selenium increases may be much less because the blowdown
concentration used for this analysis is five times the minimum detectable concentration in the city

water, and not the actual expected concentration.

Projected Tt in the Constructed Wetland

For the inorganic constituents of the blowdown water in excess of established irrigation
standards, equilibrium modeling by the methodology described in Chapter 3 was used to predict

the degree of treatment in a constructed wetlands due to precipitation.

As discussed previously, metal removal in a constructed wetlands occurs primarily by
adsorptionfion exchange and precipitation though the relative contribution of each is unknown.
However, if metal removal occurs by adsorption/ion exchange, the ultimate capacity of the
constructed wetlands may be limited due to exhaustion of exchange sites, and the ultimate
capacity is unknown. [f metal removal occurs primarily by precipitation, the capacity of the
constructed wetlands shouid be much less limited. The equilibrium modeling did not include
adsorptionfion exchange but considered only precipitation and complexation. Therefore metal
removal calculated to occur by precipitation is expected to occur indefinitely, and the capacity of

the constructed wetlands to treat the blowdown water can be considered essentially unlimited.

Of the inorganic pollutants exceeding irrigation water quality criteria, only TDS, bicarbonate,
copper, cadmium and fluoride are considered significant. TDS and bicarbonate, as discussed

earlier, are considered management problems rather than environmental problems due to the
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Table 4.9 Metal Accumulation in Soils after Twenty Years

Metal Backgroundd Addition After Twenty % Increase
YearsP

(kg/ha) (kg/ha)
Zinc 243 6 2
Copper 72 168 233
Nickel 99 6 6
Cadmium 2.25 6 267
Arsenic 45 1.2 3
Selenium 0.36 1.2 333

a. Background levels from Saturn's Feasibility Study for the Land Application of Wastewater and
Wastewater Sludges (Weston, 1986). Conversion from background levels in the laboratory to
kilograms per hectare from Wescot and Ayers, 1985.

b. Application rates are based on irrigation at 4 ft/yr with untreated blowdown water.
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nature of the definition of the limit. Equilibrium modeling was used to calculate effluent inorganic

constituent concentrations.

The calculated effluent concentrations of inorganic constituents are functions of effluent
pH. Many factors influence the pH of constructed wetlands effluent. Typically average changes in
pH from influent to effluent are small. Constructed wetlands often increase pH (Watson, et al.,

1989), though many influent pH values reported in the literature are acidic .

The pH of the Saturn blowdown water is 7.8 directly from the cooling tower. The pH of the
blowdown water in equilibrium with calcium carbonate was calculated by Minteq as 10.6.
Therefore, from equilibrium calculations only, the pH would increase from influent to effluent. To
include the theoretical equilibrium pH, equilibrium modeling was conducted for the constructed
wetlands effluent pH range of 7-11, though the actual effluent pH from the Saturn constructed
wetlands is typically expected to vary from approximately pH 7 - 8.5. The effluent pH is not
expected to typically exceed 8.5, because average effluent pH values above approximately this
level are outside the range of values reported in the literature. The effluent pH is not typically
expected to decrease below pH 7, because constructed wetlands have been used to neutralize
acidic wastewaters (Gersberg, et al., 1984). Effluent pH outside this range will begin to sacrifice
copper and cadmium removal efficiencies based on equilibrium calculations. Use of stormwater as
a diluent, as discussed later, would provide protection against increased copper and cadmium
concentrations in the effluent due to larger changes in pH from influent to effluent.

Cadmium

The calculated effluent cadmium concentrations based on equilibrium modeling were well
below the TDHE irrigation limit of 20 micrograms/I throughout the entire pH range. Effluent
cadmium concentrations varied with effluent pH, ranging from 0.6 micrograms/l to 3.1
micrograms/l. The stable solid phase for the entire range is cadmium carbonate. Figure 4.1 shows
the effluent cadmium concentration versus pH as well as the TDHE irrigation limit.
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Figure 4.1 Effluent Cadmium Concentration versus pH
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Figure 4.2 shows the cadmium complexation for the significant complexes over the pH range.
Table 4.10 shows the calculated values of the total cadmium concentration as well as the
individual cadmium complex concentrations.
Copper
The calculated effluent copper concentrations based on equilibrium modeling were well
below the TDHE limit of 0.4 mg/l for the expected effluent pH range. Figure 4.3 shows the total
effluent copper concentration versus pH as well as the TDHE limit. Figure 4.4 show the total
concentration of copper in equilibrium with the solid phases malachite (Cua(OH)>CO3) and
copper hydroxide over the pH range. Below pH 9.5 solid malachite is the stable phase. Above pH
9.5 copper hydroxide is the stable solid phase. Figure 4.5 shows the individual copper complex
concentrations versus pH. Table 4.11 shows the calculated values of the total copper
concentrations as well as the individual copper complex concentrations.
Fluoride
Initial modeling with the Minteq geochemical equilibrium model indicated that fluoride will
not be reduced below the TDHE irrigation limit as a result of precipitation in the constructed
wetlands at the expected range of effluent pH. However, calculated values of the fluoride
effluent concentration indicate fluoride could be reduced by precipitation of fluorite (CaFs) to 2.0
mg/l at pH 7, aithough the effluent is still above the TDHE irrigation limit of 1.8 mg/l. Calculated
values of the fluoride effluent concentration continue to increase to an approximately constant
level of 4.8 mg/l above pH 8.
Bicarbonate
Levels of bicarbonate in the constructed wetlands effluent are, of course, highly pH
dependent, with higher levels of bicarbonate associated with lower pH values. In all cases,
however, the level of bicarbonate calculated by equilibrium modeling decreased significantly from
the blowdown concentration of 712 mg/l. Bicarbonate levels were calculated by the model to be

reduced by at least 50% to 329 mg/l at pH 7 which is in the middle restriction category. Higher
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Figure 4.2 Effluent Cadmium Complex Concentrations
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effluent pH values will result in even lower levels of bicarbonate. Levels of the carbonate ion
increase with pH, though no irrigation limit for carbonate was found.
TDS
Equilibrium modeling with Minteq indicated that the blowdown water is oversaturated with

respect to several constituents, including the following solids through the pH range 7-11: bixbyite

(Mn0g3), diaspore (Alo03.2H20), otavite (CdCOg), fluorite (CaFp), malachite (Cup(OH)2CO3),
hematite Fe5O3, chrysotile (Mg3SioOs), magnesite (MgCOg), fluorapatite (CagF(PO4)3), lead
hydroxide (Pb(OH)»), diaspore (AloO3.2H50), copper hydroxide (Cu(OH)p), nickel hydroxide
(Ni{OH)5), brucite (Mg(OH)»), ZnSiOg and tremolite (CaoMg5SioO20(OH)p). The solid phase

which with the largest precipitating mass is calcium carbonate (CaCOg3). The projected effluent

TDS was calculated by summation of the significant ions remaining in solution after equilibrium.
Calcium, magnesium, sulfate, carbonate, chloride, sodium, potassium, nitrate and fluoride ions are
the significant contributors to the mass of dissolved solids. The TOC in the blowdown water is
expected to degrade and not contribute to effluent TDS. Values of TDS were calculated to
decrease with increasing pH. Levels of TDS were calculated to vary from 955 mg/t at pH 7 to 598
mg/l at pH 9.
Summary

For the inorganic constituents of the blowdown water, only copper, cadmium, fluoride,
bicarbonate and TDS are expected to exceed irrigation water quality standards directly from the
cooling tower. The expected degree of treatment in a constructed wetlands was calculated from
precipitation and complexation equilibrium. The level of TDS was caiculated to be reduced, but
even at blowdown concentrations would only require proper management for direct irrigation.
Bicarbonate concentrations were calculated to be reduced by at ieast 50%, requiring only proper
management for irrigation. The concentration of cadmium was calculated to be reduced well
below the irrigation water quality standard for constructed wetlands effluent of pH 7 - 11. Copper

was caiculated to be reduced for constructed wetlands effluent from pH 7 - 9.2, which is expected
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under normal conditions. In addition, adsorption, which was not included in the equilibrium
modeling, is the other predominant metal removal mechanism and should further reduce metal
concentrations. Comparison of the equilibrium modeling with field resuilts from Santee, as
discussed later, possibly indicates that significant copper removal may occur by adsorption/ion
exchange. Importantly, because cadmium and copper removal will occur to a sufficient degree by
precipitation alone, the long-term metal removal capacity of the constructed wetlands should
remain adequate. Fluoride was calculated to be reduced below pH 8, though the totai fluoride
levels will still exceed the limit, requiring reduction by mixing with stormwater or permission from
the TDHE to exceed established irrigation limits. Excessive accumulations of metals in the crop

soils was shown not to be a problem, even if irrigating with untreated blowdown water.

Based on the above, fluoride, then, is believed to be the controlling pollutant. No field data
for the removal of fluoride in a constructed wetlands was discovered, and insufficient precipitation
was noted in equilibrium modeling to reduce the fluoride concentration below the irrigation water
quality standard. Fluoride and other monovalent species are very soluble. Therefore, planning
on reducing fluoride concentrations below the irrigation water quality limit with a constructed
wetlands alone is not warranted. However, fluoride concentrations in excess of irrigation limits
may not present a serious environmental hazard. The irrigation water quality limits reported in the
literature and by TDHE are only suggested limits, and increases may be allowed if proper
monitoring is performed. Blowdown concentrations of fluoride should not cause toxic
accumulations in crops (Tschantz, et al., 1990) By coordinating with the TDHE and instituting a
careful monitoring plan, direct irrigation with the constructed wetlands effluent may be

permissible.

Mixing with Saturn site stormwater runoff prior to irrigation will ensure fluoride
concentrations are below irrigation limits. As discussed later, Saturn stormwater runoff is
projected to be acceptable for direct spray irrigation without requiring treatment in the constructed
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wetlands. Utilization of stormwater runoff as a diluent will reduce fluoride (as well as other
inorganic blowdown constituents) concentrations to acceptable levels for spray irrigation without
treatment in a constructed wetlands. Ulilization of stormwater runoff will also reduce Saturn's

impact on the environment and improve crop yields.

If dilution with stormwater is utilized to reduce fluoride concentrations, a maximum total
volume of 3:1 (ratio of volume of stormwater and blowdown water to the volume of blowdown
water) would be required for reduction to the TDHE limit. The required volume of stormwater is

based on the stormwater not containing a significant concentration of fiuoride.

Of course, the same maximum volume ratio of total water to biowdown water requirements
would result if a constructed wetlands was not utilized. However, use of constructed wetlands
would reduce total pollutant loadings to the crops, and provide additional treatment for the organic

chemicals contributed by the corrosion inhibitor and biocide, as discussed later.

. ison of the Equilibrium Modeling Resul Operating C | Wetland

To test the validity of equilibrium modeling to predict effluent metal concentrations in a
constructed wetlands, equilibrium modeling results were compared to results reported from an
operating constructed wetlands. Equilibrium modeling was used to try to match results reported
from the Santee, California constructed wetlands. The Santee wetlands is a SFS filled with gravel
and has overflow rates similar to those recommended for Satumn. Copper, cadmium and zinc were
added to the wetlands in a controlled manner to test the ability to remove metals as discussed in
Chapter 2. Copper was reduced from 10.68 mg/l to 0.059 mg/l. Cadmium was reduced from
0.532 mg/l to below 0.004 mg/l. Zinc was reduced from 11.28 mg/l initially to 0.37 mg/l, but the
effluent increased to 1.35 mg/i later in the study. The zinc amended bed was the only cell to show

decreased metal removal capability during the approximately 18 month study.
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There were some unknown elements in comparing equilibrium modeling results to the
Santee constructed wetlands. For example, other wastewater constituents can exhibit a
significant effect on metal solubility, as magnesium and sulfate concentrations influence the
projected Saturn constructed wetlands effluent. Other constituents were not reported, though
the Santee wetlands was also treating municipal wastewater. The pH was listed as a general range
only. In addition, the bed media was reported as gravel, though not specifically identified as
limestone gravel which was used in the equilibrium modeling calculations. Carbonate ions were,
however, listed as one of the precipitating ions. However, as discussed later, the equilibrium
modeling results corresponded well with the results from Santee, indicating the potential to
predict metal removal in a constructed wetlands. Subsequent inclusion of more detailed

information from an operating constructed wetlands would allow further refinement.

Equilibrium modeling was conducted with no ionic strength or other components, and a
solubility range was generated from pH 7 to 9. The total metal solubility at the entire pH range was
checked, though metals solubility varies markedly with pH. In addition, zinc was included,
although not a component of concern in the Saturn blowdown water, because of the increase in
effluent zinc concentration later in the study.

Copper

In comparing equilibrium modeling predicted values of effluent metal concentration with
values reported from Santee, copper yielded less correlation with than either cadmium or zinc,
though an interesting observation was noted. Equilibrium modeling calculated copper effluent
concentrations increasing from 0.12 mg/l to 0.58 mg/l over the pH range 7 - 9., compared to the
Santee effluent of 0.059 mg/l. Since the equilibrium modeling predicted concentrations were
above the Santee effluent, adsorption/ion exchange may play a roie in the removal of copper
from a constructed wetlands, though other factors may also be responsible for the additional

removal. However, if the additional removal were attributed entirely to adsorption/ion exchange,
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metal concentrations would be reduced from precipitation only values by approximately 0.06 mg/l
to 0.52 mg/l, or at most 5% of the total removal. Table 4.12 shows the equilibrium modeling
results versus values reported from Santee for copper, cadmium and zinc.
Cadmium
Equilibrium modeling calculated effluent cadmium concentrations which decreased from
0.003 mg/l at pH 7 to 0.001 mg/l at pH 9 compared to the effluent reported at Santee of below
0.004 mg/l, providing excellent agreement with calculated equilibrium values. Adsomtion/ion
exchar;ge possibly plays a less significant role in the removal of cadmium from a SFS constructed
wetlands, though other factors could also influence the observed concentrations. “
Zinc
Zinc was used for comparison of equilibrium modeling results to Santee, though not a
concern ip the Saturn blowdown, because of the phenomenon noted at Santee of the zinc
effluent concentrations rising from an initial vailue of 0.37 mg/l to 1.35 mg/l. If adsorption/ion
exchange is an important factor in removing metals from a constructed wetlands, the capacity will
be finite due to exhaustion of exchange sites. If the Santee effiuent zinc concentrations rose
after time from a value below what is predicted from precipitation alone to a value close to the
equilibrium value with the solid phase, the contribution of adsorption/ion exchange to metal

removal may be illuminated.

The calculated effluent concentrations of zinc ranged from 4.91 mg/l at pH 7 to 0.37 mg/l at
pH 9. Zinc carbonate is the stable solid phase below pH 8.2 and zinc hydroxide is the stable
phase at higher pH values. Zinc oxide was not allowed to precipitate for the same reasons copper
oxide was not allowed to precipitate as discussed in Chapter 3. At pH 8.2, the effluent zinc
concentration was calculated as 1.52 mg/l which is comparabie to the subsequent Santee zinc
effluent of 1.35 mg/l. One possible explanation is, as discussed, the initial effluent Santee zinc

value resulted from the contribution of adsorption/ion exchange to zinc removal, while the

86




Table 4.12  Calculated Effluent Concentration Versus Results from the Santee
Constructed Wetlands

Metal Santee Effluent Predicted Effluent
Concentration Concentration from
Equilibrium Modeling?
(mg/l) (mg/l)
Copper 0.059 0.12 - 0.58
Cadmium < 0.004 0.003 - 0.001

Zinc 0.37 - 1.35D 491-0.37

a. Effluent concentration range is for pH 7 - 9.

b. Effluent zinc concentration increased from an intial value of 0.37 mg/l to 1.35 mg/l later in the
study.
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subsequent increase in the effluent zinc concentration was due to the exhaustion of exchange
sites. However, an alternate explanation is a shift in effluent pH. At pH 9 equilibrium modeling
calculated the expected zinc effluent concentration as 0.37 mg/l which is exactly the initial Santee
effluent zinc concentration. Therefore a decrease in effluent pH from 9 to approximately 8.2
rather than the exhaustion of exchange sites may be responsibie for the change. The change in
effluent pH could be caused by a number of factors such as change in influent wastewater ( the
Santee constructed wetlands was also treating municipal wastewater ) or a decrease in biological
activity caused by a season change.
Summary

Equilibrium modeling calculated effluent copper concentrations above values reported for
the Santee wetlands, possibly indicating the contribution of the adsorption/ion exchange
mechanism to copper removal, although other factors could have contributed to the additional
removal as well. Calculated effluent concentrations for cadmium and zinc were in the same range
as the values reporied from Santee. The increase in zinc effluent in time could have occurred as a
result of a change in effluent pH as well as the exhaustion of adsorption/ion exchange sites.
Comparison of the calculated values to the results reported from Santee demonstrated that
equilibrium modeling can potentially predict maximum effiuent metal concentrations, with

additional removal expected, possibly from adsorption/ion exchange.

Fate of the Organic Blowdown Water Constituents in the System

The impact of the organic compounds contributed by the corrosion inhibitor and biocide on
the system was determined first by a review of pertinent previous work which has been reported in
the literature as discussed in Chapter 2. The following is a summary of the findings and

conclusions and recommendations from the literature review.
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The biocide contains copper nitrate trihydrate and two isothiazoline biocides. The copper

could be reduced by precipitation in the constructed wetlands. The isothiazoline biocides would
not be environmentally persistent,degrading by a variety of mechanisms, including chemical,
biological and photoxidative degradation. Wetlands plants would readily absorb and metabolize
these compounds. The biocide will, however, be used in high concentrations, approximately 250
mg/l for shock treatment. The isothiazoline biocides are significantly more toxic than the
compounds contributed by the corrosion inhibitor , and would be toxic to microorganisms and fish
until dt;graded. The copper in the biocide will also use adsorption/ion exchange sites in the
constructed wetlands. Therefore, the blowdown effluent should be not directt—ad to the

constructed wetlands and wastewater irrigation system during shock treatment with the biocide to

minimize potential environmental impacts.

The corrosion inhibitor contains two phosphonates, a tolytriazole and an acrylic acid polymer
which may impact the system. Both phosphonates adsorbed significantly on sewage sludge.
One of the phosphonates, HEDP, should be readily removed in a constructed wetlands by
adsorption, photodegradation, and will not bioconcentrate in aquatic life. The other
phosphonate, PBTC, will not biodegrade. However, the toxicity of PBTC indicates blowdown

concentrations will not be hazardous.

The acrylic acid polymer will not biodegrade, but would require concentrations significantly
higher than the projected blowdown concentration to be toxic. The tolytriazole is significantly
more toxic than the other organic constituents of the blowdown water and will not degrade.
However, no harmful environmental effects have been reported for concentrations as low as
would be expected in the blowdown water. Careful monitoring would be required to determine

the fate of all the blowdown constituents in the system.
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Sctanol/Water Parlition Coefficient

For those compounds which have little documented information on environmental fate,
Paige and Chang (1985) have presented a method to predict their behavior in soils by an
estimated or measured value of the octanol/water partition coefficient. Because organics in
wastewater irrigation can be toxic or carcinogenic, immobilization of an organic compound in the

soil media would prevent the compound from entering the soil water for uptake by the crops.

Kow is the ratio of the concentration of a chemical in the octanol phase to the concentration

in an aqueous phase in equilibrium. Kow is a measure of the tendency of a chemical to

concentrate in a aqueous phase or an organic phase (organic matter in soil or plants and animals).
At the extremes, chemicals with Kow less than 10 will be water soluble and have little tendency to

accumulate in soils or aquatic lite, while chemicals with Kow greater than 10,000 will exhibit the

opposite behavior (Lyman, et al., 1882). Kow can be measured experimentally, calculated from

the chemical's structure, or calculated by regression equations from water solubility or partition

coefficients measured in other solvent/water systems.

The method is based on modeling soil adsorption on a linear adsorption isotherm, which is

valid for low concentrations of solute. The linear isotherm is described by the equation

KC

>

where x = amount of solute adsorbed (micrograms/ml),

M = mass of soil (g),
K = soil adsorption constant (ml/g),
C = equilibrium solute concentration (micrograms/ml).
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K is a function of both the compound involved and the soil type. The isotherm can be

rewritten in terms of the fraction of organic matter in the soil

X _ K _g ¢ (4-2)
M F
oc oc
where Moc = mass of soil organic content (g),
Foc = fraction of organic matter in the soil,
Koc = soil adsorption constant of organic matter (ml/g).

The advantage of expressing the adsorption coefficient in terms of Koc is that Koc is a
function only of the compound in consideration, but is not a function of the soil type.
Koc is related to the octanol/water partition coefficient, Kow by any of the following empirical

equations presented in the literature (Paige and Chang, 1985):

Koo = 063 K, (4-3)
Koo = 0.72 logK,,, + 0.9 (4-4)
Koo = 0544l0gK,, + 1377 (4-5)

The value of the octanol/water partition coefficient can be calculated from the chemical's

water solubility by the following equation for a broad range of organic compounds (Lyman, et al.,

1982)
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log$S = -137kgK,, + 726 (4-6)

where S = solubility (micromoles/iiter).

The solubility of tolytriazole in water was measured as 0.05 % by weight at 25%C (Korpics,

1974). From the solubility and equation 4-6, the log octanol/water partition coefficient for the

tolytriazole was calculated as 2.69. Applying equations 4-3 through 4-5, the resulting Koc values

ranged from 267 - 692. Compounds with values of Koc greater than 200 - 300 are expected to be

effectively immobilized in the soil during wastewater irrigation (Paige and Chang, 1985).

Values of water solubility for the other organic constituents of the corrosion inhibitor were
not found. Leo and Hansch (1979) have developed a fragment method for estimating Kow from a
chemical's structure. The chemical is broken down into individual chemical fragments which have
assigned values, and summing the values for the individual fragments and corrections for bond
factors yields the log Kow‘ This method has calculated log Kow within 0.2 units of experimentally
measured values for many chemicals.

The calculation of Kow for polymers such as the acrylic acid compound was not addressed

specifically by Leo and Hansch or Lyman and to this author there seems to be an inherit problem
in applying this method to polymers. The calculation of Kow by this method is based on assigning
quantitative values for fragments of molecules, based on the fragments relative affinity for an
aqueous phase or an organic phase. To this author, the relative affinity of a polymer for an
aqueous phase or an organic phase could not be determined by summing individual fragments.
For example, a polymer with a chain length of 1000 monomers would have a calculated Kow
approximately (corrections for the additional bonds would lower the sum somewhat) 100 times a

polymer of chain length of 10 monomers. Since the relative affinity of the polymer is determined

by the chemistry of the two molecules, which would likely be fairly similar, the approach seems to
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have a fundamental problem for polymers. Due to the preceding rationale, and the fact that the

actual chemical structure for the polymer was not given by the Chemical Abstracts Data Base

precluded calculation of the log Kow for the polymer.

The values of Kow for the two phosphonates could not be calculated by the fragment

constant method because the value for the phosphono fragment in a chain was not given. In any

case, the Kow for the phosphonate HEDP was less than 0.001, though the compound still

exhibited significant adsorption (Steber and Wierich, 1986).
Summary

The blowdown water should not be directed to the system during shock use of the biocide.
The organics contributed by the corrosion inhibitor are not expected to exhibit adverse
environmental impacts (other than persistence)because of one or more of the following reasons
for each compound: low toxicity at the expected blowdown concentration, low bioaccumuiation
potential, or effective removal in a constructed wetlands or crop soils by adsorption or
degradation. However, careful monitoring of the corrosion inhibitor fate and effect should be
performed. If the organic constituents are not removed in the constructed wetlands, crop
irrigation system, substitution of components in the corrosion inhibitor is recommended to

alleviate any concerns.

Fate of the Stormwater in the System

Although stormwater runoff can have a deleterious effect on the environment as discussed
in Chapter 2, the irrigation water quality standards are significantly higher than the projected
stormwater quality as shown in Table 4.13 for the primary pollutants reported in NURP. As a
result, Saturn stormwater runoff generally could be used directly for crop irrigation without the
need for treatment in a constructed wetlands.
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Table 4.13  Comparison of Primary Pollutants in Stormwater Runoff with Irrigation Water
Quality Standards

Poliutant Concentration Irrigation Limit TDHE Limit
(mg/) (mg/)2 (mg/)P

Nitrogen-N 2.18 5

Copper 0.034 0.2 0.4

Lead 0.144 5 10

Zinc 0.160 2 4

a. Irrigation Limit from Wescot, D. W. and R. S. Ayers. "Imigation Water Quality Criteria” In:
Irrigation with Reclaimed Municipal Wastewater, Lewis Publishers, Chelsea, MI. 1985.

b. TDHE Limit from Tennessee Department of Health and Environment, Chapter 16, Slow Rate
Land Treatment in Design Criteria of Sewage Treatment Works.
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Conceptual Design of the Constructed Wetlands

The type of constructed wetlands recommended for Saturn is a Subsurface Flow System
(SFS). However, a small portion of the wetlands should be devoted to a Free Water Surface
System (FWS) as discussed below. An SFSis a shallow, typically 2 to 3 feet deep, wetlands with a
porous media, either gravel, soil or sand, to support emergent plant growth. Actual water flow

remains below the surface so there is no free standing water.

An SFS is recommended for Saturn primarily because of the metal concentrations in the
blowdown water. Adsorptionvion exchange is an important removal mechanism for metals, as well
as other poliutants, and is facilitated in an SFS because of the high surtace area per unit volume of
wetlands, although adsorption/ion exchange is not required to to reduce the levels of copper or
cadmium in the blowdown water. Although an SFS is initially more expensive than a free water
surface system (FWS), the other predominant type of wetland, because of the bed media cost, an
SFS may be operated at a higher loading rate and thus require less land area for a given

wastewater flow. SFS also exhibits less problems with mosquitos.

The bed media should be a limestone gravel. Limestone gravel is not required to provide
carbonate species for metal carbonate precipitation because the blowdown water is oversaturated
with calcium carbonate directly from the tower. However, limestone gravel is ubiquitous and
relatively inexpensive in Tennessee. Use of limestone gravel would also ensure metal
precipitation if carbonate species levels in the blowdown water are lower than the projected values
used in this investigation. As discussed earlier, a constructed wetlands may not be necessary at
all. However, a constructed wetlands will act as a buffer for the system and provide degradation

opportunities for the organic compounds.
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Although loading rates for constructed wetlands reported in the literature are widely
variable, approximately 10 acres is required for treating blowdown water at the summer average
rate of approximately 500,000 gallons per day, based on a cooling tower operating with three
cycles. If the cooling tower is operated with five cycles, the average summer blowdown rate will be
approximately 250,000 galions per day, and the resulting wetland size would be 5 acres.The
required loading rate was determined from the Santee constructed wetlands which demonstrated
copper and cadmium removal in an SFS (Gersberg, et al., 1984). Sizing the wetlands for the peak
summer blowdown rate is not necessary because the loading rate is not rigorously derived in the
literature sources, and a higher loading rate may work as effectively. In addition, the supplemental
storm water/make-up water should reduce pollutants below irrigation limits if increasing effluent
concentrations are encountered during peak blowdown periods. During off-peak periods, the

remaining wetlands area may be used to treat stormwater runoff or other Saturn wastewaters.

The length to width (L/W) ratio of an SWS should be as high as possible without causing
above surface flooding, and several wetiands have found that L/W ratios > 1/1 have caused
flooding. The L/W ratio of an FWS should be large, approximately 10/1, to maintain plug flow
conditions. The total recommended land area for the wetland is 10 acres (or 5 acres) as discussed
earlier. However, the wetland should be divided into separate cells which are independently
drainable. Periodic draining may be required for maintenance and this also enhances mosquito
control. The wetlands should be divided into two parallel units of three cells in series for a total of
six cells. The parallel cells will allow two independent treatment units for maintenance. The first
two celis in series (four celis total for the two units) should be SFS cells. The final cell in series (two
cells total for the two units) should be an FWS cell. Approximately 80% of the total land area
should be devoted to SFS. The FWS cells are recommended to compare the performance of the
two types of wetlands in treating Saturn wastewaters and stormwater and to enhance

photodegradation of the organic components in the corrosion inhibitor. The constructed
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wetlands should have an impermeabile liner, either synthetic or natural, to prevent ground water
contamination. The slope of the bed should be approximately 1%. The nominal design

parameters recommended for the Saturn constructed wetlands are shown in Table 4.14.

The costs for constructed wetlands reported in the literature are also widely variable but
$20,000 per acre seems to be a fairly typical value, though higher values have been reported.
Costs per acre must be a function of wetlands size (smaller wetlands should be more expensive
than large wetlands on a per acre basis) though no discernable trend was noticed in the literature.
TVA reported extremely wide variances in cost per acre for constructed wetlands for treating mine
and ash pond drainage, but felt $40,000 per wetland was a typical value. Wetlands cost may also
be variable from site to site because of the difference in land, equipment and labor costs. Almost
all of the cost of a constructed wetlands is encumbered in the initial construction. Maintenance

costs are typically only a few thousand dollars per year.

Table 4.14  Recommended Nominal Design Parameters for the Saturn Constructed

Wetlands
Total Wetlands Area
Five Cycles 5 Acres
Three Cycles 10 Acres
Number of Cells Minimum of 6

(4 SWS, 2 FWS)

Depth 3 Feet

Slope of Bed 1%

Liner Natural or synthetic to prevent ground water
contamination

Estimated Capital Cost $ 20,000 per acred

Annual Maintenance Cost $ 1,000

a. Saturn performed a detailed cost estimate resulting in a projected cost of $139,000 per acre.

97




Chapter 5

CONCLUSIONS

The major conclusion of the investigation is that a constructed wetlands, spray irrigation
system has the potential to safely and successfully treat the cooling tower blowdown water, if
supplemented with site stormwater runoff to reduce fluoride concentrations below irrigation limits.
The blowdown water quality is acceptable for direct spray irrigation of crops except for levels of
bicarbonate, TDS, cadmium, copper and fluoride. The constructed wetlands would effectively
remove cadmium and copper from the blowdown water, reduce management problems with
bicarbonate and TDS, reduce overall poliutant loadings to the crops, and provide adsorption and
biodegradation opportunity for the organics in the corrosion inhibitor. However, because removal
of fluoride in a constructed wetlands to below irrigation water quality standards is not expected,
treatment in a constructed wetlands may not reduce supplemental stormwater or make-up water
requirements (i.e. the same volume of stormwater or makeup water may be required whether or
not a constructed wetlands is utilized). The long-term capacity of the constructed wetlands to
remove cadmium and copper is also adequate to treat the blowdown water to irrigation water
quality standards. Utilization of blowdown water would conserve sewer capacity, eliminate
wastewater disposal charges, and improve crop yields. The stormwater required as a supplement

would increase crop yields, and reduce the impact of stormwater runoff on the environment.

Specific Conclusions

1. Based on a comparison of the projected blowdown water inorganic constituent
concentrations with irrigation water quality standards established by the TDHE, direct irrigation
with blowdown water is permissible except for concentrations of copper, cadmium, TDS,

bicarbonate and fluoride. From equilibrium modeling calculations bicarbonate concentrations will
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be reduced by at least 50% to a level requiring only proper management controls. TDS will be
reduced in the constructed wetlands, but only requires proper management controls even at
blowdown concentrations. Equilibrium modeling calculations indicate copper and cadmium will be
effectively removed in a constructed wetlands at the expected effluent pH range of 7 - 8.5.
Fluoride removal to below irrigation water quality standards is not likely. Therefore, blowdown
water treated in a constructed wetlands will require at a maximum supplemental storm water make-
up by approximately 3:1 (3 parts combined volume of blowdown water and stormwater to 1 part

blowdown water). Fluoride concentrations would need to be monitored in soils and crops.

2. Calculated values of constructed wetlands effluent metal concentrations matched the
data reported from the Santee, California constructed wetlands, establishing the potential to
mathematically describe metal removal in a constructed wetlands. The Santee wetlands exhibited
lower effluent copper concentrations than calculated from equilibrium modeling, possibly
indicating copper removal by adsorption/ion exchange. The effluent cadmium concentrations
reported at Santee agreed well with equilibrium values. The decrease in zinc removal over time
could be attributed to either the exhaustion of adsorption/ion exchange sites or a change in the

effluent pH.

3. Based on information provided by the manufacturer and reported in the literature, and
calculations of the octanol/water partition coefficient, the organics contributed by the corrosion
inhibitor exhibit one or more the following for each compound: low toxicity at expected blowdown
concentrations, low bioaccumulation potential, or effective removal in a constructed wetlands or
crop soils by adsorption or degradation. Some of the compounds, however, may not degrade
and will be environmentally persistent. Careful monitoring in the constructed wetlands, crops, and
crop soils is required. If the organic constituents are not removed in the constructed wetlands,
crop irrigation system, substitution of components in the corrosion inhibitor is recommended to
alleviate any concerns.
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4. Based on information in the literature review, the organics contributed by the biocide will
degrade satisfactorily by a variety of mechanisms. However, the biocide will be used in high shock
concentrations, and these compounds are significantly more toxic than those contributed by the
corrosion inhibitor. Therefore, the blowdown water should not be directed to the constructed

wetlands/crop irrigation system during periods when the biocide is used.

5. Calculations of the potential buildup of metals in the crop soils indicated that irrigation
with untreated blowdown water could occur for 19 years before exceeding TDHE guidelines.
Irrigation with untreated blowdown water could, however, increase background metal

concentrations in the soil.

6. The recommended constructed wetlands size to treat the blowdown water is 10 acres for
the three cycle cooling tower operation and 5 acres for the five cycle tower operation. The
estimated construction cost is $200,000 and $100,000 respectively. The wetlands should be
approximately 80% SFS with the remainder FWS. A minimum of 6 independently drainable cells,

4 SFS and 2 FWS are recommended.

7. Direct crop irrigation with the blowdown water may be possible by establishing a
monitoring program acceptable to the state to allow irrigation with water that does not meet
irrigation water quality limits, eliminating the need for the constructed wetlands. However, a
constructed wetlands would reduce total pollutant loads to the crops, and act as a buffer for the

system.

8. Stormwater quality meets irrigation water quality criteria, and would not require treatment

in the constructed wetlands.
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9. Operating the cooling tower in the five cycle mode will result in higher pollutant
concentrations in the blowdown water, but will reduce land requirements for a constructed

wetlands by fifty percent.

Recommendations for Further Study

1. Construction of a pilot scale or laboratory scale, constructed wetlands is recommended

prior to implementation at Saturn because of the foilowing advantages:

a. Determination of the optimum hydraulic loading rate effective in treating the Saturn

blowdown water could reduce land area requirements for the constructed wetlands.

b. The efficiency of the wetlands to treat pollutants of interest such as fluoride, the
corrosion inhibitor, etc. could be determined. This could have impacts in the system design. If,
for example, fluoride were removed, stormwater dilution would not be required. If the corrosion
inhibitor compounds were not removed in the constructed wetlands, crop irrigation system,

another corrosion inhibitor could be identified.

¢. Pollutant removal effectiveness documented in the literature could be verified.

d. Equilibrium modeling results could be compared to the pilot scale or laboratory scale

wetlands performance.

2. As documented in this investigation, a further mathematical description of the degree of
metal removal in a constructed wetlands is warranted. Further study would allow determination of

adsorption isotherm data, allowing inclusion in equilibrium modeling.

3. Measurement of actual blowdown water quality and stormwater quality (rather than

projected values) would allow a more accurate prediction of environmental fate and effect.
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!*
| * Program to calculate copper and cadmium concentrations in equilibrium with calcium
1* carbonate.

'*

| *Program written in True Basic on the Macintosh |l

'*

| *Written by Mark Barnett for a thesis in partial fuffillment for the requirements of the degree

I *M. S. in Environmental Engineering, August 1991

| *
|+
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| *
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! Input values are entered and read from the subroutine Input

CALL INPUT

I Equilibrium constants not associated with the metal of interest are read from the subroutine

! Equilibrate CaCOg

CALL EQUILIBRATE_CACO3
! Define equilibrium ratios for the possible solid combinations
DEF QMOH2 =M * OH*2
DEF QM20H2C03 = M*2* OH"2 * CO3
DEF QMCO3 =M * CO3
DEF RATIO_MCO3 = QMCO3/KsoMCO3
DEF RATIO_MOH2 = QMOH2/KsoMOH2
DEF RATIO_M20OH2CO3 = QM20H2CO3/KsoM20H2C0O3
I Read metal specific equilibrium constants
IF UCASE$(Metal$) = "COPPER" THEN CALL COPPER
IF UCASE$(Metal$) = "CADMIUM" THEN CALL CADMIUM
I Correct equilibrium constants for ionic strength in the subroutine Activity Coefficients
CALL ACTIVITY_COEFFICIENTS
| Select efftuent pH values to generate a pH - metal solubility curve
FOR pH = START_pH TO END_pH STEP INTERVAL_pH
LET h = 104(-pH)
LET h = h/GAMMA_1
LET OH = Kw/h
! Print intermediate iterative values if debug output option selected

IF OUTPUT_TYPE =1 THEN
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PRINT USING "RATIO_MCO3=# ###" " . RATIO_MCO3

PRINT USING "RATIO_MOH2 =#.## A :RATIO_MOH2

PRINT USING "RATIO_M20H2CO3=# ### " :RATIO_M20H2CO3
PRINT

END IF

! Attempt to equilibrate the solid metal carbonate in the subroutine Precipitate MCO5

CALL PRECIPITATE_MCO3
I Check if the solution is oversaturated with the metal carbonate hydroxide
IF RATIO_M20H2CO3 > 1 OR SOLID$ = "SOLUTION UNDERSATURATED" THEN

I Attempt to equilibrate the solid metal hydroxide carbonate in the subroutine
! Precipitate Mo(OH)oCO3

CALL PRECIPITATE_M20H2CO3
END IF
I Check if the solution is oversaturated with the metal hydroxide
IF RATIO_MOH2 > 1 OR SOLID$ = "SOLUTION UNDERSATURATED" THEN

! Attempt to equilibrate the solid metal hydroxide in the subroutine Precipitate M(OH)»

CALL PRECIPITATE_MOH2
END IF
! Call the subroutine Check to check ensure accuracy of final solution
CALL CHECK
I Call the subroutine output to print the specification output
CALL OUTPUT
NEXT pH
I End of main program - begin subroutines
I Calculate Species in Equilibrium with M{OH)2
SUB PRECIPITATE_MOH2
! Initialize values
LET SOLID$ = "SOLID METAL HYDROXIDE PRECIPITATES"
LET OLDIFFUNCTION = 0
LETSTEP =0
LET ITERATION =0
LET CtCO3 =0
LET CtCa=0
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| First loop to find the log range of the new solubility of CaCO3
FORN=-10 TO 1 STEP 1
I Supply a value for the calcium ion concentration
LET Ca = 10M(N)

| Calculate equilibrium values of other species from the supplied calcium ion
l'in the subroutine Calculate Values

CALL CALCULATE_VALUES
! Print intermediate iterative values if debug output option selected
IF OUTPUT_TYPE =1 THEN

PRINT USING "S=# ###"\ " .S
PRINT

END IF
! Define the difference function to test for convergence
LET DIFFUNCTION = Ct0CO3 + S + MgCO3PRECIP - CtCO3

! Check to see if the difference function changed sign indicating the correct calcium ion
! concentration was passed

IF DIFFUNCTION * OLDIFFUNCTION < 0 THEN
LET TOTAL_SOL = Ca/10
LET N = TOTAL_SOL
LET OLDIFFUNCTION =0
EXIT FOR
ENDIF
! Print intermediate iterative values if debug output option selected
IF OUTPUT_TYPE =1 THEN
PRINT " ITERATION="; SOLUTION = ";Ca ;" DIFFUNCTION = ";DIFFUNCTION
END IF
LET OLDIFFUNCTION = DIFFUNCTION

I Exit the loop if no solution passed

IFN=1THEN

LET SOLID$ = "Failed to Converge"
EXIT SUB

END IF
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NEXTN
| Final loop to solve for the actual new solubility of CaCO3
! Initialize values
LET OLDIFFUNCTION =0
DO
| Count iterations and check against maximum allowable
LET ITERATION = ITERATION +1
IF ITERATION > MAX_ITERATIONS THEN

LET SOLID$ = "lterations greater than maximum®
EXIT DO

END IF
! Supply a value for the calcium ion concentration
LET Ca=TOTAL_SOL + N* STEP

I Calculate equilibrium values of other species from the supplied calcium ion
l'in the subroutine Calculate Values

CALL CALCULATE_VALUES
| Define the difference function to test for convergence
LET DIFFUNCTION = Ct0CO3 + S + MgCO3PRECIP - CtCO3
| Print intermediate iterative values if debug output option selected
IF OQUTPUT_TYPE =1 THEN

PRINT "ITERATION ="ITERATION;"Ca= ";Ca;"DIFFUNCTION =";DIFFUNCTION
PRINT

END IF
I Check for convergence by comparing difference function to error criteria
IF ABS(DIFFUNCTION)/CtCO3 < ERROR_CRITERIA THEN EXIT DO
I'lf the solution is passed, revise estimate of calcium ion concentration
IF DIFFUNCTION * OLDIFFUNCTION < 0 THEN
LET TOTAL_SOL = TOTAL_SOL + N*(STEP-1)
LET N=N/10

LET STEP = -1
LET DIFFUNCTION =0
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END IF

LET OLDIFFUNCTION = DIFFUNCTION_
LET STEP = STEP + 1

LOOP
| Caiculate equilibrium values fro other species after convergence

LET M = KsoMOH2 / OH"2

LET MOH =M * OH * BMOH

LET MOH2ag = M * OH*2 * BMOH2

LET MHCO3 =M * HCO3 * BMHCO3

LET MCO3aq=M *CO3* BMCO3

LET MSO4aq = M * SO4 * BMSO4

LETMCI=M"* Cl* BMCI

LET CtM = M + MOH + MOH2ag + MHCO3 + MCOBaq + MSO4aq + MCI
LET CtSO4 = SO4 + CaS04aq + MgS0O4aq

LET P = CtM - CtOM

IF P >0 THEN LET SOLID$ = "SOLUTION UNDERSATURATED"
LETI=1

END SuB
SuUB PRECIPITATE_MCO3
! initialize values
LET SOLID$ = "SOLID METAL CARBONATE PRECIPITATES"
LET OLDIFFUNCTION =0
LET STEP =0
LETITERATION =0

LET CtCO3 =0
LETCtCa=0

I First loop to find the log range of the new solubility of CaCO3
FORN=-10 TO 1 STEP 1
! Supply a value for the caicium ion concentration
LET Ca = 10MN)

I Calculate equilibrium values of other species from the supplied calcium ion
lin the subroutine Calculate Values

CALL CALCULATE_VALUES
! Calculate M from mass balance equation

LET P =CtCO3 - S - Ct0OCO3 - MgCO3PRECIP

LET CtiM=CtOM + P

LET M = CtM/
(1+BMOH*OH+BMOH2*OH*2+BMHCO3*HCO3+BMCO3*CO3+BMS04*S04+BMCI*Cl)

! Print intermediate iterative values if debug output option selected
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IF OUTPUT_TYPE =1 THEN
PRINT USING "CtM=# ### " .CtM
PRINT USING "M=# ### " M
PRINT USING "CO3=# ###"*"" :c03
PRINT USING "M * CO3 =#.###"""" :m"*c0o3
PRINT
END IF
| Define the difference function to test for convergence
LET DIFFUNCTION = M * CO3 - KsoMCO3

I Check to see if the difference function changed sign indicating the correct calcium ion
I concentration was passed

IF DIFFUNCTION * OLDIFFUNCTION < 0 THEN
LET TOTAL_SOL = Ca/10
LET N=TOTAL_SOL
LET OLDIFFUNCTION =0
EXIT FOR
ENDIF
! Print intermediate iterative values if debug output option selected
IF OUTPUT_TYPE =1 THEN
PRINT ITERATION; " SOLUTION = "Ca ;" DIFFUNCTION =";DIFFUNCTION
END IF
LET OLDIFFUNCTION = DIFFUNCTION
| Exit the loop if no solution passed

IFN=1THEN

LET SOLID$ = "Failed to Converge"
EXIT SuB

END IF
NEXTN

! Final loop to solve for the actual new solubility of CaCO3

I Initialize values
LET OLDIFFUNCTION =0
DO

t Count iterations and check against maximum allowable
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LET ITERATION = ITERATION + 1
IF ITERATION > MAX_ITERATIONS THEN

LET SOLID$ = "lterations greater than maximum"
EXIT DO

END IF
! Supply a value for the calcium ion concentration
LET Ca=TOTAL_SOL + N* STEP

! Calculate equilibrium values of other species from the supplied calcium ion
tin the subroutine Calculate Values

CALL CALCULATE_VALUES
I Calculate M from mass balance equation

LET P = CtCO3 - S - Ct0CO3 - MgCO3PRECIP

LET CtM = CtOM + P

LET M = Ct\W/
(1+BMOH*OH+BMOH2*OH"2+BMHCO3*HCO3+BMCQO3*CO3+BMS04*SO4+BMCI*Cl)
! Define the difference function to test for convergence

LET DIFFUNCTION = M * CO3 - KsoMCO3
! Print intermediate iterative values if debug output option selected

IF OUTPUT_TYPE =1 THEN

PRINT "ITERATION ="ITERATION;"Ca= ";Ca;"DIFFUNCTION =";DIFFUNCTION
PRINT

END IF
! Check for convergence by comparing difference function to error criteria
IF ABS(DIFFUNCTION)/KsoMCQO3 < ERROR_CRITERIA THEN EXIT DO
! If the solution is passed, revise estimate of calcium ion concentration
IF DIFFUNCTION * OLDIFFUNCTION < 0 THEN
LET TOTAL_SOL = TOTAL_SOL + N*(STEP-1)
LET N=N/10
LET STEP = -1
LET DIFFUNCTION =0
END IF
LET OLDIFFUNCTION = DIFFUNCTION
LET STEP = STEP + 1
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LOOP
I Calculate equilibrium values from other species after convergence

LET MOH=M"* OH * BMOH

LET MOH2aq = M * OH”*2 * BMOH2

LET MHCO3 = M * HCO3 * BMHCO3

LET MCO3agq =M * CO3 * BMCO3

LET MSO4aqg = M * SO4 * BMSO4

LETMCl=M* Cl* BMCI

LET CtSO4 = SO4 + CaS0O4aq + MgSO4aq

IF P >0 THEN LET SOLID$ = "SOLUTION UNDERSATURATED"
LET =1

END SUB
SUB PRECIPITATE_M20OH2CO3
| Initialize values

LET SOLID$ = "SOLID METAL HYDROXIDE/CARBONATE PRECIPITATES"
LET OLDIFFUNCTION = 0

LET STEP = 0

LET CtCO3 = 0

LET ITERATION = 0

LETCiCa=0

I First loop to find the log range of the new solubility of CaCO3
FORN=-10 TO1 STEP 1
! Supply a value for the calcium ion concentration
LET Ca = 10M(N)

! Calculate equilibrium values of other species from the supplied calcium ion
tin the subroutine Calculate Values

CALL CALCULATE_VALUES
I Calculate M from mass balance equation
LET P =CitCO3 - S - Ct0CO3 - MgCO3PRECIP

LETCtM=CiOM +2* P
LET M = CtM/

(1+BMOH*OH+BMOH2*OH*2+BMHCO3*HCO3+BMCO3*CO3+BMS0O4*SO4+BMCI*Cl)

! Print intermediate iterative values if debug output option selected
IF OUTPUT_TYPE = 1 THEN

PRINT USING "CtM=# ###" " .CtM

PRINT USING "M=###rm M

PRINT USING "CO3=# ###"*" :CO3

PRINT USING "M"2 * OH 2 * CO3 =# ### A" :MA2*OH*2*CO3
PRINT USING "KsoM20H2CO3 = # ### " :KsoM20H2CO3
PRINT USING "P= # #i# ant P
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PRINT USING "S= #.##H#A A" .S
PRINT USING "Ca= ####* " :Ca
PRINT
END IF
! Define the ditference function to test for convergence
LET DIFFUNCTION = M*2 * OH*2 * CO3 - KsoM20H2CO3

! Check to see if the difference function changed sign or CtM < 0 indicating the correct calcium ion
! concentration was passed

IF DIFFUNCTION * OLDIFFUNCTION < 0 OR CiM < 0 THEN
LET TOTAL_SOL = Ca/10
LETN=TOTAL_SOL
LET OLDIFFUNCTION =0
EXIT FOR
ENDIF
! Print intermediate iterative values if debug output option selected
IF OUTPUT_TYPE =1 THEN
PRINT ITERATION; "Ca="Ca ;" DIFFUNCTION = ";,DIFFUNCTION
END IF
LET OLDIFFUNCTION = DIFFUNCTION
! Exit the loop if no solution passed

IFN=1THEN

LET SOLID$ = "Failed to Converge"
EXIT SUB

END IF
NEXT N
! Final loop to solve for the actual new solubility of CaCO3
! Initialize values
LET OLDIFFUNCTION =0
DO

I Count iterations and check against maximum allowable

LET ITERATION = ITERATION + 1
IF ITERATION > MAX_ITERATIONS THEN
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LET SOLID$ = "lterations greater than maximum”
EXIT DO

END IF
I Supply a value for the calcium ion concentration
LET Ca=TOTAL_SOL + N* STEP

I Calculate equilibrium values of other species from the supplied calcium ion
Fin the subroutine Calculate Values

CALL CALCULATE_VALUES
! Calculate M from mass balance equation

LET P =CtCO3 - S - Ct0CO3 - MgCO3PRECIP

LETCtM=CtOM +2* P

LET M = Ct\W/
{(1+BMOH*OH+BMOH2*OH"2+BMHCO3*HCO3+BMCO3*CO3+BMS0O4*S0O44+BMCI*'CI)
! Define the difference function to test for convergence

LET DIFFUNCTION = M*2* OH"2 * CO3 - KsoM20H2CO3
! Print intermediate iterative values if debug output option selected

IF OUTPUT_TYPE =1 THEN

PRINT "ITERATION =",ITERATION;"Ca=";Ca;"DIFFUNCTION =";DIFFUNCTION
PRINT

END IF
! Check for convergence by comparing difference function to error criteria
IF ABS(DIFFUNCTION)/KsoM20OH2C03 < ERROR_CRITERIA THEN EXIT DO
I If the solution is passed, revise estimate of calcium ion concentration
IF DIFFUNCTION * OLDIFFUNCTION < 0 OR CtM < 0 THEN
LET TOTAL_SOL = TOTAL_SOL + N*(STEP-1)
LET N =N/10
LET STEP = -1
LET DIFFUNCTION =0
END IF

LET OLDIFFUNCTION = DIFFUNCTION
LET STEP = STEP + 1

LOOP
I Calculate equilibrium values from other species after convergence

LET MOH =M * OH * BMOH
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LET MOH2aq = M * OH*2 * BMOH2

LET MHCO3 =M * HCO3 * BMHCO3

LET MCO3ag =M * CO3 * BMCO3

LET MSO4daq = M * SO4 * BMSO4

LETMCI=M* Ci* BMCI

LET CtSO4 = SO4 + CaS0O4aq + MgSO4aq

IFP >0 THEN LET SOLID$ = "SOLUTION UNDERSATURATED"
LETI=2

END SUB
SUB INPUT
! Interactively select the level of output detail desired
INPUT PROMPT "Qutput Type? 1-debug, 2-normal, 3-short: " : OUTPUT_TYPE
! Select desired input parameters (concentrations in moles/liter, others in standard units)

LET ERROR_CRITERIA = 1e-6
LET MAX_ITERATIONS = 150
LET Metal$= "Copper"

LET CtOM= 0.7

LET START_pH=7

LET END_pH = 11

LET INTERVAL_pH = .1

LET GAMMA_2 = 0.651

LET GAMMA_1 =0.895

LET Ci0SO4 = 3.02e-3

LET Ct0Ca = 7.98e-3

LET Ct0CO3= 1.175¢-2

LET CtOMg = 1.15e-3
LETCl=1.41e-3

END SuUB
SUB EQUILIBRATE_CACO3
| Equilibrium constants not associated with the metal of interest

LET Kw = 107(-14)
LET Ka1 = 104(-6.35)

LET Ka2 = 10%(-10.33)

LET KsoCaCO3 = 10*(-8.475)
LET KsoMgCO3 = 107(-8.029)
LET BCaSO4 = 107(2.31)
LET BMgCO3 = 10/(2.98)
LET BMgHCO3 = 107(1.065)
LET BMgSO4 = 10%(2.25)
LET BCaCO3 = 10%(3.15)
LET BCaHCO3 = 10%(1.015)

END SuUB
SuB COPPER

I Equilibrium Constants for Copper




LET MWM = 63.546
LET CtOM = CtOM/1E+3/MWM
LET KsoMOH2 = 10%(-19.36)

LET KsoMCO3 = 104(-9.63)

LET KsoM20H2CO3 = 104(-33.18)
LET BMOH2 = 10%(14.32)

LET BMOH = 10%(6.00)

LET BMHCO3 = 10%(2.67)

LET BMCO3 = 104(6.73)

LET BMSO4 = 10(2.31)

LET BMCI = 10%(0.43)

END SUB
SUB CADMIUM
I Equilibrium Constants for Cadmium

LET MWM = 112.40
LET CtOM = CtOM/1E+3/MWM

LET KsoMOH2 = 107(-14.29)

LET KsoMCO3 = 107(-13.73)

LET KsoM20H2CO3 = 107(10) ! Value Disabled
LET BMOH2 = 10/(7.65)

LET BMOH = 107(3.92)

LET BMHCO3 = 10%(2.07)

LET BMCOS3 = 104(5.40)

LET BMSO4 = 107(2.46)

LET BMCI = 10%(1.98)

END SUB
SUB ACTIVITY_COEFFICIENTS
I Correct equilibrium constants for ionic strength effects

LET KsoCaCO3 = KsoCaCO3 / (GAMMA_2)42

LET Kw = Kw/({GAMMA_1)*2

LET Ka1 = Ka1/ (GAMMA_1)*2

LET Ka2 = Ka2/GAMMA_2

LET KsoMOH2 = KsoMOH2 / GAMMA_2 / (GAMMA_1)/2
LET KsoM20OH2CO3 = KsoM20OH2CO3 / (GAMMA_2)"3 / (GAMMA_1)*2
LET KsoMCO3 = KsoMCO3 / (GAMMA_2)*2

LET KsoMgCO3 = KsoMgCO3 / (GAMMA_2)22

LET BCaSO4 = BCaS04 * (GAMMA_2)"2

LET BCaCO3 = BCaCO3 * (GAMMA_2)"2

LET BCaHCO3 = BCaHCO3 * GAMMA_2

LET BMgHCOS3 = BMgHCO3 * GAMMA_2

LET BMgSO4 = BMgS04 * (GAMMA_2)"2

LET BMgCO3 = BMgCO3 * (GAMMA_2)*2

LET BMOH = BMOH * GAMMA_2

LET BMOH2 = BMOH2 * GAMMA_2 * (GAMMA_1)"2
LET BMHCO3 = BMHCO3 * GAMMA _2

LET BMCO3 = BMCO3 * (GAMMA_2)*2

LET BMSO4 = BMSO4 * (GAMMA_2)"2

LET BMCI = BMCI* GAMMA_2
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END SUB
SUB CALCULATE_VALUES

I Calculate equilibrium values of other species from the supplied calcium ion
l'in the subroutine Calculate Values

LET CO3 = KsoCaCO3/Ca
LETHCO3=h* CO3/Ka2

LET H2CO3 = h * HCO3 / Ka1

LET CaC0O3aq=BCaC0O3* Ca* CO3
LET CaHCO3 =BCaHCO3 * Ca* HCOS -

I Calculate magnesium ion concentration and associated values assuming in equilibrium with
! magnesium carbonate

LET Mg = KsoMgCO3/ CO3

LET SO4 = Ct0S0O4/ (1 + BMgSO4 * Mg + BCaS04 * Ca)
LET CaS0O4aq = BCaS04 * Ca* SO4

LET MgSO4aq = BMgS04 * Mg * SO4

LET MgC0O3aq = BMgCO3* Mg * CO3

LET MgHCO3 = BMgHCO3 * Mg * HCO3

LET CtMg = Mg + MgCO3aq + MgHCO3 + MgSO4aq
LET MgCO3PRECIP = CtMg - CtOMg

! Check the magnesium carbonate assumption. Recalculate values if assumption not valid.
IF MgCO3PRECIP > 0 THEN

LET K =1+ BMgHCO3 * HCO3 + BMgCO3 * CO3

LET a =BCaS04 * BMgS0O4 * Ca + BMgS04

LET b =K * BCaSO4 * Ca + BMgSO4 * CtoMg + K - Ct0S0O4 * BMgSO4
LETc=-Ct0S04 * K

LET SO4 = (-b + SQR(b*2-4* a* ¢))/2/a

LET CaSO4aq = BCaS0O4 * Ca* SO4

LET Mg = CtOMg/(1 + BMgHCO3 * HCO3 + BMGCO3 * CO3 + BMgS04 * SO4)
LET MgSO4aq = BMgS0O4 * Mg * SO4

LET MgC0O3aq = BMgCO3 * Mg * CO3

LET MgHCOS = BMgHCO3 * Mg * HCO3

LET CtMg = Mg + MgCO3aq + MgHCO3 + MgSO4aq

LET MgCO3PRECIP = CtMg - CtOMg

END IF
LET CtCa = Ca + CaCO3aq + CaHCO3 + CaSO4aq
LET CtCO3 = H2CO3 + HCO3 + CO3 + CaHCO3 + CaCO3aq + MgHCO3 + MgCO3aq
LET S = CtCa - Ct0Ca
END SUB
SUB OUTPUT
! Print requested output level

IF OUTPUT_TYPE = 1 OR OUTPUT_TYPE = 2 OR QUTPUT_TYPE = 3 THEN
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PRINT

PRINT USING "pH=###H " . pH

PRINT USING "h=# 5" \AM" :h

PRINT USING "oh=# A" :0h

PRINT "INITIAL METAL CONCENTRATION= ":CtOM;" M :“METAL$

PRINT SOLID$

PRINT "TOTAL METAL CONCENTRATION= ";CtM;"M =" .CtM * MWM * 1e3;" mg/I"
PRINT USING "M=t#t M A"M

PRINT USING "MOH2aq=# ### " :MOH2aq

PRINT USING "MOH=# A -MOH

PRINT USING "MHCO3=# ## " .MHCO3

PRINT USING "MCOBaq=##t# """ .MCO3aq

PRINT USING "MSOQ4aq=#.#H# " :MSQ4aq

PRINT USING "MCl=# ### " :MCI

PRINT USING "MgCO3_PRECIP=# ### " :MgCO3PRECIP

PRINT USING "HCO3=# #H# A" {HCO3;" = # 4 \HCO3 * 61 * 1e3;" mg/!l ™
PRINT USING "CO3=####r A" :CO3

PRINT USING "iterations=# #H#" A" :Iteration

! Check the total aggregate error and flag the output if criteria exceeded

IF ABS(ERROR_WARNING) > 0.0001 THEN

PRINT "WARNING! WARNING! WARNING!"
PRINT "ERROR GREATER THAN MAXIMUM ALLOWED"

END IF
PRINT USING "ERROR =# ###**"" .ERROR_WARNING

END IF
IF QUTPUT_TYPE = 1 OR OUTPUT_TYPE = 2 THEN

PRINT USING "ERROR CRITERIA# ###A" : ERROR_CRITERIA
PRINT USING "Ct0Ca= # ##AMA" :C10Ca
PRINT USING "Ct0CO3= # ###AAA4" -C0CO3
PRINT USING "CtOMg= # ###AAA CtOMg
PRINT USING "Ct0SO4= # #HAAN C10SO4
PRINT USING "CtCa= # ###A\" CtCa

PRINT USING “"CtMg= # ###/A" CtMg

PRINT USING "CISO4= # ###AmA" C1S04
PRINT USING "Ca=# ##"\"" Ca

PRINT USING "Mg=#.#Ht A" :Mg

PRINT USING "CtCO3= # ###AMA" -C1C03
PRINT USING "H2CO3=# ###A" -H2C03
PRINT USING "OH=# ###araar -OH

PRINT USING "SO4=# #3504

PRINT USING "Cl=# it An" C

PRINT USING "CaHCO3 =#.###"*" :CaHCO3
PRINT USING "CaCO3 =#.###""" :CaCO3aq
PRINT USING "CaSO4ag=#.###" " :CaSO4aq
PRINT USING "MgSO4aq= #.###" " :MgSO4aq
PRINT USING "MgHCO3= #.4##" " :MgHCO3
PRINT USING "MgCO3ag# &4/ :MgCO3aq
PRINT USING "S= # ###/a .S

PRINT USING "P= # A :p

122




PRINT USING "RATIO_MCO3=# ### " :RATIO_MCO3

PRINT USING "RATIO_MOH2 =#.##rAr . RATIO_MOH2

PRINT USING "RATIO_M20OH2CO3=# ### " :.RATIO_M20H2CO3

PRINT USING "GAMMA1= # ##A" . GAMMA_1

PRINT USING "GAMMA= # #Hi A .GAMMA_2

PRINT USING "ERROR_BCaSO04= # ###'"*" .\ERROR_BCaSO4

PRINT USING "ERROR_BCaCO3= #.###"**" .ERROR_BCaCO3

PRINT USING "ERROR_BCaHCOg3= #.###" " :ERROR_BCaHCO3

PRINT USING "ERROR_BMgHCO3= #.###" A" :ERROR_BMgHCO3

PRINT USING "ERROR_BMgSO4= # ### A . ERROR_BMgSO4

PRINT USING "ERROR_BMgCO3= # ###" " . ERROR_BMgCO3

PRINT USING "ERROR_Ka1= #.###* " .ERROR_Ka1

PRINT USING "ERROR_Ka2= # ### """ .ERROR_Ka2

PRINT USING "ERROR_KsoCaCO3= ####"""" .ERROR_KsoCaCO3

PRINT USING "ERROR_KsoMOH2= # ###" " ' ERROR_KsoMOH2

PRINT USING "ERROR_KsoMCO3= # ### " .ERROR_KsoMCO3

PRINT USING "ERROR_KsoM20H2CO3= # ### " :ERROR_KsoM20H2CO3

PRINT USING "ERROR_BMOH= # ###" " :ERROR_BMOH

PRINT USING "ERROR_BMOH2= # ###""" :ERROR_BMOH2

PRINT USING "ERROR_BMHCO3= # ###""**" :-ERROR_BMHCO3

PRINT USING "ERROR_BMCO3= #.###\*A" :\ERROR_BMCO3

PRINT USING "ERROR_BMSO4=#.### A" :ERROR_BMSO4

PRINT USING "ERROR_BMCL= # ### " :ERROR_BMCL

PRINT USING "ERROR_CtSO4= # ### " :ERROR_CtS0O4

PRINT USING "ERROR_MgCO3PRECIP= # ###"*A" .-ERROR_MgCO3PRECIP

PRINT USING "ERROR_CaCO3_DISSOLVED= # ###nrrnnt
:ERROR_CaCO3_DISSOLVED

PRINT USING "ERROR_METAL_PRECIP= # ### """ .ERROR_METAL_PRECIP

END IF
END SuUB
SUB CHECK
I'Check the solution by calculating a checking equilibrium equilibrium constant ( CK)

LET CKa1 =h * HCO3/H2CO3

LET CKa2 =h* CO3/HCO3

LET CKsoCaCO3 = Ca* CO3

LET CKsoMOH2 = M * OH*2

LET CKsoMCO3 =M * CO3

LET CKsoM20OH2CQO3 = M*2 * OH*2 * CO3
LET CBCaS04 = CaSO4aq/Ca/ S04
LET CBCaCO3 = CaCO3aq/Ca/CO3
LET CBCaHCO3 = CaHCO3/Ca/HCO3
LET CBMgHCO3 = MGHCO3 /Mg / HCO3
LET CBMgS0O4 = MgSO4aq/ Mg/ S04
LET CBMgCO3 = MgC0O3aq/Mg/CO3
LET CBMOH =MOH/M/OH

LET CBMOH2 = MOH2aq / M/ OH”2

LET CBMHCO3 = MHCO3/M/HCO3
LET CBMCO3 = MCO3aq/M/CO3

LET CBMSO4 = MSO4aq/ M/ SO4

LET CBMCI=MCI/M/CI

! Calculate the relative percentage difference between the checked equilibrium constant and the
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I true value

LET ERROR_Ka1 = ABS(CKa1-Ka1)/Ka1 * 100

LET ERROR_Ka2 = ABS(CKa2-Ka2)/Ka2 * 100

LET ERROR_KsoCaCO3 = ABS(CKsoCaC03-KsoCaCO3)/KsoCaCQO3 * 100

LET ERROR_KsoMOH2 = ABS(CKsoMOH2-KsoMQOH2)/KsoMOH2 * 100

LET ERROR_KsoMCO3 = ABS(CKsoMCO3-KsoMCQO3)/KsoMCQO3 * 100

LET ERROR_KsoM20H2CO03 = ABS(CKsoM20OH2C03-KsoM20H2C03)/KsoM20H2C 03
*100

LET ERROR_BCaS04 = ABS(BCaS04-CBCaS04)/BCaS0O4 * 100

LET ERROR_BCaCO3 = ABS(BCaC03-CBCaC03)/BCaCO3 * 100

LET ERROR_BCaHCO3 = ABS(BCaHC0O3-CBCaHCO3)/BCaHCO3 * 100

LET ERROR_BMgHCO3 = ABS(BMgHCO3-CBMgHCO3)/BMgHCO3 * 100

LET ERROR_BMgS0O4 = ABS(BMgS04-CBMgS04)/BMgS0O4 * 100

LET ERROR_BMgCO3 = ABS(BMgCO3-CBMgCO3)/BMgCO3 * 100

LET ERROR_BMOH = ABS(CBMOH-BMOH)/BMOH * 100

LET ERROR_BMOH2 = ABS(CBMOH2-BMOH2)/BMOH2 * 100

LET ERROR_BMHCO3 = ABS(CBMHCO3-BMHCO3)/BMHCO3 * 100

LET ERROR_BMCO3 = ABS(CBMCO3-BMCO3)/BMCO3 * 100

LET ERROR_BMSO4 = ABS(CBMS04-BMS04)/BMS0O4 * 100

LET ERROR_BMCL = ABS(CBMCL-BMCL)/BMCL * 100

LET ERROR_CaCO3_DISSOLVED = ABS{((CtCa-Ct0Ca)-S)/S) * 100

LET ERROR_METAL_PRECIP = ABS(((CtOM-CtM)+I * P)/I/P) * 100

LET ERROR_MgCO3PRECIP = ABS((CtOMg-CtMg@)+MgCO3PRECIP) * 100

LET ERROR_CtSO4 = ABS(CtS04-Ct0S04)/CtSO4 * 100

I Select the error for the solid in equilibrium

LET ERROR_SOLID = MIN(ERROR_KsoMOH2,ERROR_KsoMCO3)
LET ERROR_SOLID = MIN(ERROR_SOLID,ERROR_KsoM20H2CQ3)

! Calculate the aggregate error by summing the individual errors

LET ERROR_WARNING =
ERROR_Ka1+ERROR_Ka2+ERROR_KsoCaCO3+ERROR_BMOH

LET ERROR_WARNING =
ERROR_BMOH2+ERROR_BMOH2+ERROR_BMHCO3+ERROR_BMCO3+ERROR_BMSQ4

LET ERROR_WARNING =
ERROR_WARNING+ERROR_BCaS04+ERROR_CaCO3_DISSOLVED+ERROR_SOLID

LET ERROR_WARNING =
ERROR_WARNING+ERROR_METAL_PRECIP+ERROR_BMgS0O4+ERROR_BMgCO3

LET ERROR_WARNING =
ERROR_WARNING+ERROR_BCaCO3+ERROR_BCaHCO03+ERROR_BMCL

LET ERROR_WARNING =
ERROR_WARNING+ERROR_BMgHCO3+ERROR_CtSO4+ERROR_MgCO3PRECIP

END SUB

END
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APPENDIX 2
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TYPE III - FIXED SOLIDS

SPECIES
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SPECIATED

CHARGE BALANCE

1.127E-02
(ANIONS - CATIONS)/(ANIONS + CATIONS)

5.284E-03 SUM OF ANIONS

SUM OF CATIONS

3.616E+4+01
0.000E+00

PERCENT DIFFERENCE

NONCARBONATE ALKALINITY

TIONIC STRENGTH

1.221E-02
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