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ABSTRACT 

 

During the 1990s, shellfish hatcheries operating on the Eastern Shore of Virginia noticed 

an increase in mortalities of their clam larvae; it was suspected that this was a result of the 

deteriorating quality of the estuarine water used by aquaculture hatcheries.  Many hatcheries 

obtain their facility process water directly from nearby streams and estuaries.   

 During the same time period, there was also an increase in the use of plastic mulch on 

some of the vegetable fields on the Eastern Shore.  The increased runoff commonly associated 

with these plastic-covered fields often contains copper-based bactericides that are used on the 

crops.  The plasticulture fields were often located adjacent to the same estuaries from which the 

shellfish hatcheries draw their water.  High levels of copper were measured in multiple surface 

water locations near these fields.  Runoff associated with the plasticulture fields contained up to 

238 µg/L dissolved copper, well in excess of the copper concentration of 16.4 µg/L dissolved 

copper known to affect the mortality of larval clams.  Surface water samples collected from 

nearby unimpacted water bodies contained less than 4 µg/L dissolved copper.  

Sorption studies conducted with synthetic estuary water quantified the dissolved copper 

sorption capacities of eight sorbents, including GACs, zeolites, a greensand, and an ion exchange 

resin, Amberlite IRC-718.  These isotherm studies showed that all sorbents removed soluble 

copper, and that increased salinity and a greater contact time were shown to increase sorption.  

Utilizing the Freundlich isotherm, the capacity of the eight sorbents studies ranged from 25 to 

221 µg /g with a 24-hour contact time.   
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Column studies with an influent concentration of 300 µg/L dissolved copper showed that 

using 10 grams of a GAC sorbent, a flow rate of 5 mL/min maintained the target effluent 

concentration of less than 16.4 µg/L for approximately 100 hours.  A similar column using 10 g 

of resin sorbent at a flow rate of 12.5 mL/min maintained the target effluent concentration for 

approximately 300 hours.  The high removal capacity of the resin makes it a desirable treatment 

for controlling copper in estuarine water used for aquaculture.  Utilizing the sorbent capacities 

obtained from the Freundlich isotherm and a batch treatment, a typical 500 gallon tank used for 

clam aquaculture would require approximately four pounds of a GAC sorbent, or two pounds of 

the resin sorbent to reduce a source water that contains 300 µg/L of dissolved copper to below 

the larval clam toxicity level.  Both sorbents would require a 24-hour contact time. 
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Introduction 1 

1 Introduction  

 

Farming, including the cultivation of both plant and shellfish crops, is an 

important livelihood for many inhabitants of coastal regions.  Much of the water in the 

streams and creeks that serve as the source of water for shellfish farming operations are 

influenced by precipitation runoff, which in turn is impacted by nearby land uses, 

including traditional land-based agriculture.  Plastic much vegetable farming is an 

increasingly used agriculture practice with significant benefit to farmers.  In plastic mulch 

farming, the fields are contoured in raised mounds that run the length of the field, 

irrigation and fertilizer lines are run under each mound, and an impermeable plastic layer 

is placed along the top of each mound to more easily control soil moisture and 

temperature.  The use of a plastic field mulch results in lower nutrient and fertilizer loss 

and better control of weeds and soil moisture, which means that plastic mulch agriculture 

can provide greater crop yields.  Tomatoes, specifically, have greatly utilized plastic 

mulch agriculture in Virginia.   

Unfortunately, with most of the field covered in impermeable plastic and much of 

the remaining field compacted by traveling farm equipment, significant runoff from can 

occur from these fields.  Leaf-applied pesticide and bactericides can wash off the plants 

and may enter adjacent waterways.  In Virginia, crop protectants commonly used on 

tomato plants often contain copper, which can be toxic to shellfish.  Runoff from plastic 

mulch vegetable production can degrade the water quality in receiving streams, resulting 

in poor aquaculture process water and corresponding larval shellfish die-off for those 

facilities using the receiving stream as a source water.    

Timing is a critical element in both the life cycle of aquaculture stock and the 

planting strategy of agricultural crops.   Tomatoes, which can be planted to produce either 

an early or a late crop, typically experience their most active growing seasons 

concurrently with the critical growing phases in the aquaculture timeline.  Table 1 

compares the timing parameters of a typical aquaculture facility and tomato farm.   
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The two major types of shellfish raised on the Eastern Shore are bay oysters 

(Crassostrea virginica) and hard clams (Mercenaria mercenaria).  The LC50 values (the 

lethal concentration at which 50% of the organisms die) for these two species are 32.8 

micrograms per liter (µg/L) added copper for larval oysters and 16.4 µg/L added copper  

Table 1.  Timetable for shellfish and tomato production 

Tomato Farm Production Month Aquaculture 

Production Phase
1
 Summer Crop Fall Crop 

March eggs produced field layout 

irrigation lines laid 

plastic coverage 

 

April downwellers plant tomatoes  

May upwellers chemical spray 

begins 

field layout 

irrigation lines laid 

plastic coverage 

June upwellers  plant tomatoes 

July upwellers/raceways Harvest chemical spray 

begins 

August field bags   

September plant out  Harvest 
1
Aquaculture production phases defined in Section 2.2. 

for larval clams (Calabrese et al., 1977).  LaBreche et al. (2002) conducted a shellfish 

mortality study with a native Virginia species of clams (Mercenaria mercenaria) (M. 

mercenaria), and reported the LC50 for six-day-old larval clams as 12 µg/L.    The 

Virginia Department of Environmental Quality (2007) Water Quality Standards for 

dissolved copper in saline waters are 9.3 µg/L for acute and 6.0 µg/L for chronic 

exposure.  Dietrich et al. (1996a) reported dissolved copper levels in creeks adjacent to 

tomato plasticulture fields as high as 238 µg/L.  Plastic mulch runoff from a simulated 

mesocosm-scale study averaged  2,102 ± 433 µg/L  total copper and 189 ± 139 µg/L 

dissolved copper, and was sufficient to cause increased mortality to estuarine organisms 

(Dietrich and Gallagher, 2002). 

Water quality is further complicated by contaminant speciation and pollutant 

sorption.  Metals can be found as either dissolved pure metal such as Cu
+2

, dissolved in 

various complexes, or sorbed to suspended particles.  The complexes can be either 
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inorganic, e.g. copper carbonate and copper hydroxide complexes, or organic, forming 

complexes with soft acids including acetic acid, formic acid, and various humic and 

fulvic compounds (Leckie and Davis, 1979).  The level of toxicity for copper thus 

depends on the actual speciation and complexes present, as well as the copper 

concentration.  Current regulations are based on dissolved copper in the belief that 

dissolved copper is a better measure of biologically available copper than total copper.  

However, soil-bound copper can desorb, at least initially, when fresh water runoff enters 

the saline receiving stream (Gallagher et al., 2001).  Controlled sorption, however, can 

lead to a possible control mechanism to minimize the quantity of contaminants in 

receiving streams, and thus aquaculture process water.  This research was conducted to 

evaluate the impacts of plasticulture runoff on an aquaculture facility and investigate 

potential control methods, specifically sorption of copper from aquaculture intake waters.  

Specific objectives included: 

• Establish a correlation between runoff from agricultural fields and larval 

clam mortalities in an Eastern Shore aquaculture facility; 

• Determine if the concentration of aqueous copper from the agricultural 

runoff contained a concentration of copper high enough to cause mortality 

to the aquaculture crop; 

• Determine if adsorption could effectively remove aqueous copper from 

estuarine waters; 

• Assess the sorption capacity of sorbent options; and 

• Document the performance of sorbents in a continuous column setting. 
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2 Literature Review 

2.1 Eastern Shore Agriculture 

The sandy soils and mild climate of Virginia’s Eastern Shore have made this area 

a very attractive agricultural locale.  Vegetable crops have been grown along Virginia’s 

Eastern Shore throughout the twentieth century.  Tomatoes, in particular, became an 

important component of the Eastern Shore agricultural climate in the 1990s.  The use of 

plastic mulches, or “plasticulture”, combined with drip irrigation allowed farmers to more 

closely control growing conditions, thereby improving their crop yields.   Plasticulture is 

heavily used on the Eastern Shore; of Virginia’s 11,859 acres farmed with plastic, 77 

percent are on the Eastern Shore (Alliance for the Chesapeake Bay Journal, 1997). 

Plasticulture is generally defined as crop production from fields employing a 

polyethylene plastic ground cover or plastic mulch utilizing raised beds and a drip 

irrigation system.  Implementation of a plasticulture system on agricultural fields is 

attractive to farmers for a variety of reasons. The main benefits to the agricultural 

community include higher and earlier crop yields, and more efficient protection against 

pests and weeds.  The use of black plastic mulch can result in soil temperatures up to 10 

degrees higher at a depth of two inches, allowing vegetables planted on fields equipped 

with black plastic mulch to mature up to two weeks earlier than those planted without 

plastic mulch.  The plastic film can defend against decay by providing a barrier between 

the plant and contaminated soils.  Black plastic sheeting and other light blocking mulches 

also control weed growth (Granberry et al., 1994). 

Preparation of a plasticulture field begins approximately four weeks before 

installation of the plastic film.  The field is deeply plowed; the tilled soil is then shaped 

into raised beds that can run the length of the field.  These beds are approximately eight 

inches high. The width of the bed varies depending on the type of crop to be planted.  

Average widths range from two to four feet, on five- or six-foot centers.  Drip irrigation 

tubing is laid and the beds are covered with plastic sheeting.    The tomato seedlings are 

planted alongside support stakes that are punched through the plastic (Granberry et al., 

1994).   
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Like all crops, tomatoes are susceptible to disease.  Many diseases can be 

controlled or minimized by crop rotation, scheduled plantings and harvesting, and the use 

of resistant varieties of plant.  The two most common tomato diseases, bacterial spot and 

bacterial speck, can be controlled through the application of copper-based bactericides.  

Application of these copper-based bactericides is recommended upon transplanting to the 

field, then weekly for the duration of the three-month growing season.  Suggested dosages 

for the tomato crop are three pounds per acre per week.  In 1996 approximately 3,200 

acres of tomatoes were grown on the Eastern Shore (Dietrich, et al., 2000; Wilson and 

Callender, 1997).   

Although the plastic covered fields can reduce both the quantity of pesticides 

necessary and the amount of irrigation water required by the plants, field runoff 

associated with rain events often increases (Gallagher et al. 2001; Granberry et al., 1994; 

Scott et al., 1990).  Not only does the rainwater drain rapidly from the field, but crop 

protectants applied to the crops are washed from the field as well.     

 

2.2 Eastern Shore Aquaculture  

During the 1990s, shellfish hatcheries operating in watersheds that contained 

fields employing tomato plasticulture noticed a decrease in the survivability of larval and 

young clams, and suspected that degraded water quality was the cause.  During rain 

events in the 1990s, sediment-laden runoff from tomato plasticulture fields, containing 

organic and copper-based pesticides, drained into the estuaries, resulting in increased 

turbidity and a decrease of the hatcheries’ water quality.  This diminished water quality 

resulted in unusually high mortalities to grass shrimp that were used in bioassays to 

evaluate the inputs of agricultural runoff into Eastern Shore Estuaries (Luckenbach et al., 

1996).   Figure 1 presents the correlation between heavy rainfall and increased moralities 

observed at a shellfish hatchery. 
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Figure 1.  Rainfall and observed days of die-off at aquaculture facility 

Studies performed in several Atlantic Coast estuaries have demonstrated that 

runoff from plasticulture fields contained abnormally high levels of pesticides and copper 

(Scott et al., 1990, Dietrich et al., 1996 a,b).  Data collected following a 1996 rain event 

showed that runoff from an Eastern Shore plasticulture field into the Gargathy Creek 

watershed contained greater than 1000 µg/L total copper (Dietrich et al., 1996a).  

Concentrations as high as 700 µg/L total copper were measured in the receiving estuary 

(Gargathy Creek) (Dietrich et al., 1996a).  Control samples collected during the same rain 

event contained less than 4 µg/L total copper (Dietrich et al., 1996b).  Shellfish hatcheries 

using process water taken directly from an affected estuary are greatly impacted by the 

agricultural runoff. 

Various forms of copper can affect shellfish.  Although dissolved copper is known 

to be toxic to larval shellfish, other forms of copper can be toxic as well.  Algae, the 
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larval shellfish’s primary food source, can concentrate copper greatly over background 

levels and may cause copper toxicity when ingested by larval clams (LaBreche et al., 

2002). 

Eastern Shore aquaculture facilities have traditionally raised hard clams (M. 

mercenaria) and to a lesser extent, Bay Oysters, also known as American Oysters 

(Crassostrea virginica).  The commercial aquaculture process for M. mercenaria begins 

in an enclosed facility referred to as the hatchery.  The hatchery stage encompasses the 

egg through larval stage.  The adult brood stock clams are induced to spawn by 

manipulating the temperature.  The fertilized eggs are collected and held at optimum 

environmental conditions of 26-30 parts per thousand (ppth) salinity and 23-25°C 

(Castagna and Krauter, 1981).  While healthy adult clams can release about 30,000,000 

eggs per growing season, normal survival in commercial hatcheries from the embryonic 

stage to a 4-6 millimeter (mm) young clam is less than one percent.  The embryos and 

larvae are highly susceptible to biological contamination and toxins, making it extremely 

important that the process water be contaminant-free (Castagna and Krauter, 1981).  In 

commercial hatcheries, the clams are maintained in 300-500 gallon tanks and fed cultured 

algae (i.e., Isochrysis galbana) from spawning to setting.  The embryonic and larval 

clams, as well as the young set clams, are held in screened mesh baskets.  Recirculating 

water containing the feed algae is dripped or sprayed into the submerged basket.  

Recirculating water in the tanks is changed approximately every 48 hours; the source of 

this water is typically treated estuary or tidal creek water.   

The embryonic clams develop into a straight hinge stage (prodissoconch I stage) 

at approximately 48 hours of age; at this stage, the clams measure approximately 90-140 

micrometers (µm) in diameter.  The M. mercenaria then enter the umboned stage, which 

lasts from 48 hours to 7 to14 days.  At this time the clam larvae are free swimming and 

measure 140-220 µm in diameter.  The free-swimming pediveliger stage (170-230 µm in 

diameter) occurs typically from 14 to 21 days.  From 8 to 14 days after fertilization, the 

free-swimming larvae undergo metamorphosis or “setting” to juvenile clams that possess 

a clearly defined, two-part shell.  
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Once the larvae set, the clams are sorted by size and transferred to a second tank 

in the hatchery with a volume of approximately 500 gallons; this process water is also 

changed approximately every 48 hours.  The nursery stage includes the time from 

“setting” until the clams are large enough to be planted out in a protected area of an 

estuary, where they continue to grow until they are harvested.  During the nursery phase, 

the clams are kept in tanks and survive solely on the algal feed provided in the natural 

estuary waters.  The nursery phase is where mortalities are most likely to occur.  As 

provided in Table 1, the production stages where the clam larvae are in the nursery stages, 

April to July, correspond to the timing of chemical application to tomato crops.   

Once the clams have set, they are either placed in tanks with mesh bottoms, where 

the natural estuarine water flows over the top of the tank (downwellers), or they are 

placed on low flow raceways.  The set clams remain in the downwellers or low flow 

raceways for approximately two weeks.  When the set clams reach a predetermined size 

(a few mm), they are taken moved to upwellers, or screened baskets containing juvenile 

clams, where the tidal creek water, which contains naturally occurring algae, is passed up 

through the screen and over the clams in an up-flow pattern.   After two to four weeks or 

further development, the clams are moved outdoors to raceways, where tidal creek water 

flowing at 10 gallons per minute (gpm) is directed through trays holding the developing 

clams.  The water used in the raceways is pumped directly from estuarine creek; algae and 

other microbes living in the natural estuary serves as the food source for the clams in the 

raceways.  At 10-12 mm diameters, the young clams are planted in shellfish beds in 

natural waterways and allowed to develop for two years at which time they are harvested 

and sold for consumption. 

The aquaculture water is typically pumped from a nearby tidal creek or estuary.  

Water is usually pumped at high tide, when the water has higher salinity; 26-30 ppth 

salinity is desirable.  The typical treatment process includes filtration through a high rate 

sand filter (similar to those used for residential swimming pools; a common model is 

Triton II ), passage through a particle filter equipped with 1 µm and 5 µm filter 

cartridges (e,g.,  Filterite Model 1 PS), then sterilized with an ultraviolet disinfection 

(e.g., Life Guard Ultraviolet (UV) sterilizer, model QL-80).  
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Purification of the saline water with granular activated carbon (GAC) filters for 

the hatchery phase was not included as a recommendation by standard manuals for 

growing hard clams (e.g., Castagna and Kraeuter, 1981).  Nonetheless, one commercial 

aquaculturalist on the Eastern Shore of Virginia implemented GAC (i.e., HydroDarco 

400) filtration in an attempt to improve water quality and reduce excessive mortalities 

that were occurring in the hatchery (Parks, 1996).  The GAC filter was added to the 

treatment train before UV-disinfection in an attempt to remove suspected soluble 

pollutants.  During rain events, the aquaculturalist observed plumes of sediment-

containing runoff from agricultural fields entering the tidal creek that the hatchery used in 

their hatchery.  Mortalities as high as 100% occurred after rainfall events prior to the 

implementation of GAC; after GAC was added to the treatment train, the high mortalities 

declined for several weeks (Parks, 1996). 

The optional GAC filter that was added to the treatment train was moderately 

successful in improving water quality and reducing the severe larvae mortality that had 

begun to occur at an aquaculture facility on Gargathy Creek.  This improvement in 

shellfish mortality rates after the addition of a GAC filter to the treatment train suggests 

that an easily implemented modification of the typical water treatment process used by 

aquaculture facilities could allow the shellfish growers to better control their water 

quality when copper levels are expected to be high.  Because the hatcheries typically 

change their process water every 48 hours during the time the shellfish are in the 

hatchery, a modified treatment process that would allow them to economically pump and 

treat the water within a twenty-four hour time period is desirable.  

Because the current aquaculture water treatment system likely contains sufficient 

filtration to remove particulate copper in the process water, this research focused on 

identification of agricultural impacts to the aquaculture influent and the removal of 

soluble copper during the most vulnerable time of the aquaculture crop life cycle. 

2.3 The Role of Estuaries  

Estuaries, where fresh water meets and mixes with salt water, are thought to be at 

high risk of harm from human actions due to their role as a buffer, both physically and 

chemically, between land and sea.  As a river enters an estuary, its flow rate decreases and 
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suspended sediments are deposited. When the high salinity ocean waters meet the often 

turbulent fresh river waters, a suspended matter "trap" is formed - maximum turbidity is 

found at this boundary, and river particles sink to the bottom in more saline water (Barnes 

and Green, 1972).  Estuaries typically exhibit a vertical “S” shaped gradient of salinity, 

with lower salinity on top (Johnson, 1976).   

During mixing, colloidal particles can coagulate and begin to settle.  As the 

sediment load is deposited, the estuary receives any material that is bound to the particles, 

including fungicides and pesticides (Leckie and Davis, 1979).  Copper and other 

multivalent metals that may be sorbed to these colloidal particles can remain in 

particulate form and may precipitate out on the estuarine floor.  Some of the metals that 

are adsorbed onto particulate matter may be removed by filter-feeding animals (Barnes 

and Green, 1972).  In the estuaries of the Rhine and Ems, it was determined that as 

sediments move downstream, some metals, including copper, could be remobilized as 

organo-metallic complexes released from the decomposition of organic matter (Bryan, 

1976). 

The amount of metal-complexing material contained in an estuary has a great 

effect on the amount of copper in the estuary that is available for biological uptake.  A 

study performed in a mesohaline portion of a Chesapeake Bay tributary found a “directly 

proportional” relationship between copper binding capacity and the concentration of 

dissolved organic carbon (DOC) – as the concentration of DOC increased, more copper 

was removed from the estuary (Newell and Sanders, 1986).   

2.4 Copper Behavior and Speciation 

Many factors in an aqueous environment can affect the concentration and form of 

copper. The changing chemical condition of the water affects metal distribution and 

speciation.  The major physical states of copper found in the marine environments are 

particulate, colloidal, soluble, and as part of living organisms (Stiff, 1971a; Karuskopf, 

1955).  Soluble is defined as that which can pass through a 0.45 µm membrane filter 

(Stiff, 1971a).  Both the soluble and particulate forms of copper are available to marine 

organisms that are filter feeders such as larval and adult clams (LaBreche et al, 2002). 
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The hydrolysis of copper (II) is primarily a function of total copper concentration 

and pH.  In general, the free metal ion is found at low pH while solids precipitate at high 

pH (Forstner and Wittman, 1979 & 1981).  In natural waters, the major copper species in 

solution and the oxidation state of soluble copper are largely determined by the type and 

quantity of ligands available for complexation (Leckie and Davis, 1979).  Copper can 

complex with both organic and inorganic ligands.  Naturally occurring organic ligands are 

important in controlling metal toxicity to "biotic communities" in estuaries (Newell and 

Sanders, 1986).  Humic substances are considered one of the major means of transport of 

metal ions -- these substances form stable complexes with heavy metal ions and can be 

economical in removing them (Benedetti et al., 1995; Gardea-Torresday et al., 1996).   

The great heavy metal binding ability of humics is attributed to the high content of 

functional groups containing oxygen, (specifically phenol, hydroxyl, carboxyl, enol and 

carbonyl).  Carboxyls (especially carboxylates) are particularly important in complexing 

metal ions.  Humic substances are thought to have numerous phenolic and carboxylic 

function groups linked by various bridging groups (Barnes and Green, 1972), giving 

humic substances their great binding ability.  

Unpolluted seawater concentrations of copper are estimated to range between 0.1 

µg/L and 3 µg/L (Johnson, 1976; Morozov and Petukhov, 1983; Berman and Yeats, 

1985).  Although there is considerable discrepancy about the speciation of copper in 

seawater and estuaries, some research suggest copper exists as Cu
2+

, CuCl
+
, and CuCl2 

(Krauskopf, 1956). Later research by Boyle (1979) suggested that the primary speciation 

of copper in seawater and estuaries consists of Cu(OH)Cl and Cu(OH)2..  Numerous 

processes exert an effect on copper concentrations in seawater, including oceanic 

circulation, river, bottom and atmospheric influxes, precipitation, biological uptake, and 

adsorption onto organic detritus (Johnson, 1976; Forstner, and Wittman 1979 & 1981).  

Atmospheric influx of copper can originate from marine aerosols, volcanoes, and 

vegetation particulates (Nriagu, 1979).  Shallower waters (less than 200 meters) show 

increasing copper concentrations towards shore and surface - possibly due to the balance 

between atmospheric influx and biological scavenging (Boyle, 1979). 
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In the open sea, inorganic complexing rather than natural organic complexing is 

the major determinant of the chemical form of the metal (Bryan, 1976). In particular, 

sulfate, carbonate, bicarbonate and hydroxide are thought to be the main inorganic ligands 

responsible for inorganic copper complexes (Lerman and Childs, 1973).  The speciation 

of trace elements can also change due to the complexing effect of other ions in seawater 

(Barnes and Green, 1972). 

As the fresh water of a river meets high salinity ocean waters, several factors can 

cause a variation in metal ion concentration, assuming constant pH.  Fresh water typically 

has a greater quantity of organics, fewer competing ions and a higher organic ligand 

concentration (Boyle, 1979).  In a study that compared filtered river water and filtered 

seawater, 40% of the dissolved copper found in the river water was converted into 

particulate form during mixing (Sholkovitz, 1976).  The variability of the copper 

concentration in estuarine systems is a result of the size, type, discharge rate, and total 

load of the suspended material discharged from the river as it meets the saline ocean 

waters (Leckie and Davis, 1979). 

When compared to fresh water, the organic matter found in marine waters is more 

likely to come from decay of microbes found within the water system (autochthonous), 

while the organic matter contained in fresh waters is allocthanous in nature, resulting 

from terrestrial sources.  The autochthonous organic matter found in marine waters is 

more uniform than freshwater organic matter, and therefore may be a more consistent 

representation of metal binding capacities (Newell and Sanders, 1986). In both river and 

sea waters, copper bound to colloids is thought to be physiochemically influenced by the 

organic material's complexing strength (Nriagu, 1979).   

Complexation studies performed by varying the concentrations of organic ligands 

with numerous species of algae and bacteria showed that toxicity is proportional to free 

metal concentration, but this does not mean that only the free metal ion is toxic 

(Borgmann, 1983).  The presence of carbonate ions (which vary the alkalinity) was shown 

to reduce the copper toxicity when pH and hardness were held constant.  Most data show 

that the copper carbonate complex is not toxic.  Copper's toxicity to fish is reduced in 

hard waters because more of the total copper is complexed as CuCO3 and calcium and 
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magnesium compete with copper to bind to biotic ligands and cause a decrease in toxicity 

(Snoenyink and Jenkins, 1980).  It is difficult to determine the toxicity of hydroxide 

complexes because it is impossible to measure these independently of pH, and pH affects 

the metal toxicity in ways other than complexation (Borgmann, 1983). 

2.5 Options for Metal Ion Removal 

2.5.1 Precipitation 

Numerous methods are available for metal ion removal from aqueous solution, 

with a common technique being a form of precipitation and/or complexation. Chemical 

precipitation can be used for removing inorganic heavy metals in either a batch system or 

in a continuous flow setup. The most common inorganic precipitates are sulfides, 

carbonates, phosphates and particularly hydrous metal oxides (Forstner and Wittman, 

1979 & 1981).  Lime and caustic soda are often used to precipitate metals.  However, if 

competing complexing agents are present (especially citric acid and ammonia) it can be 

difficult to achieve extensive copper removal.  Metals precipitated with sulfide are 

typically accomplished through the addition of sodium sulfide.  The solubilities of 

sulfides (CuS Ksp = 10
-36.2

) are several orders of magnitude less than metal hydroxides 

sulfides (Cu(OH)2 Ksp = 10
-19.36

), but the excess sulfide can react with H2O to form 

sulfide gas (H2S) (Leckie and Davis, 1979).  A proprietary process using ferrous sulfide 

resulted in high metal removal with less sulfide generation (Netzer and Beszedits, 1979).  

However, precipitation utilizing the addition of chemicals would be an undesirable means 

of copper removal for shellfish aquaculturalists, due to the high potential for upsetting the 

seawater composition by the necessary addition of chemical agents.  A more acceptable 

form of metal ion removal with minimal impact on water quality would be a form of 

adsorption or complexation. 

2.5.2 Adsorption 

The adsorption of an inorganic compound onto a hydrous solid is an electrostatic 

process where an interaction occurs between ionic species and solid surfaces (Gabaldon 

et al., 1996).  As the metal ion in solution strikes the sorbent surface, three potential 

reactions can occur:  (1) the metal ion is repelled by like charges on the solid surface; (2) 

the metal ion can chemically react with the solid where the metal ion replaces another 
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cation that is already on the surface (ion-exchange); or (3) the metal ion can adsorb to the 

solid surface, either physically (a weak attractive force such as van der Waals' force) or 

chemically, where electrons are exchanged and a chemical bond forms between the metal 

cation and the sorbent.   

Humic substances are capable of complexing heavy metal ions due to the great 

number of oxygen-containing functional groups.  The carboxyl groups (specifically 

carboxylates) are thought to be responsible for the majority of metal ion complexing by 

humic and fulvic acids (Gardea-Torresdey et al., 1996).  The adsorptive capacity of a 

sorbent is a function of particle pore size, pH, ambient temperature, and the initial 

concentration of the dissolved metal solution (Netzer and Beszedits, 1979). 

Aqueous adsorption can be defined as the accumulation of a substance (sorbate) at 

a solid-liquid interface.  Adsorption is primarily comprised of two forces: chemisorption, 

where the sorbate reacts chemically with the sorbent's surface via the exchange of 

electrons between the sorbate and the sorbent, and becomes chemically bound, and 

physical adsorption, (mainly due to weak and reversible Van der Waal's forces) resulting 

form the electrostatic attraction between molecules of sorbate and sorbent, (Forstner and 

Wittman, 1979 & 1981).  Sorption using activated carbon as the sorbent is an example of 

physical adsorption (Reynolds and Richards, 1996).  Chemisorption is usually irreversible 

and refers to a single layer, due to the specific covalent bond formed.  Of these forces, 

chemisorption is the strongest, and has the higher bond energy.    

Activated carbon is commonly used as a sorbent in water treatment processes.  

Activated carbon is typically prepared from carbonaceous base materials, including wood, 

coconut or other nutshells, or peat.  Carbonization, the first phase, heats the base material 

to separate byproducts from the base material.  Activation is the second phase of the 

process and involves exposing the carbonized material to an activating agent, which 

burns off the byproducts from the first phase.  A temperature range of 800°C to 1100°C is 

typically used during carbon activation (WQA, 1997).  Pores develop during the carbon 

activation process by burning away part of the carbon layer.  The choice of base product 

used for formation of GAC strongly influences the pore size distribution and surface 

activity, which in turn affect the rate and extent of adsorption. In most activated carbon 
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particles, the surface area of the pores exceeds the surface area of the carbon particle 

itself, making GAC a very efficient sorbent (Reynolds and Richards, 1996).  Adsorption 

is enhanced by activating the surface of the sorbent (Sincero and Sincero, 1996).  A 

common activating agent is high temperature steam.  Prolonging the activation phase 

increases the pore size. 

Activated carbons use surface complexation to remove metal ions from solution 

(Corapcioglu and Huang, 1987).  The method chosen for activation (e.g. using steam, 

CO2, air, or wet chemicals), as well as the temperature of the activation process affects 

both the pore size and the surface chemistry.  Most sorption on activated carbon occurs in 

the pores rather than on the surface. 

The adsorption of metal ions onto activated carbon surfaces is typically the result 

of either covalent bonding, where electron pairs are shared between the oxygen atom on 

the carbon's surface and the metal atom and/or hydrogen bonding which is a long range, 

weaker force occurring between the hydrogen of the hydrated metal ion and the oxygen 

on the carbon surface.  In carbon adsorption, the hydrogen bonding force is thought to be 

the most likely to occur based on the free energy of bonding (Corapcioglu and Huang, 

1987). One study suggested that the copper ion binds to a carbon by exchanging its metal-

aquo ligands with carboxylate oxygen (Allen and Brown, 1995). 

Metal removal with carbon can be affected by impurities in the carbon, 

particularly oxygen and sulfur.  The presence of oxygen can result in surface oxide 

formation, while the sulfur can form sulfide groups at the surface (Forstner and Wittman, 

1979 & 1981).  The carbon surface also provides "nucleation" sites where metals from 

solution can precipitate. (Forstner and Wittman, 1979 & 1981). 

2.5.3 Ion Exchange 

Ion exchange is a reversible exchange of ions in direct contact between a solid and 

a solution, and is commonly thought of as a specific case of adsorption.  In ion exchange, 

an ion on the sorbing surface is displaced by an ion in solution.  Zeolites (natural or 

synthetic aluminosilicates) were first used as ion-exchange materials (Sincero and 

Sincero, 1996; Forstner and Wittman, 1979 & 1981).  Zeolites have for the most part 

been replaced by synthetic resins, which are composed of insoluble polymers with either 
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acidic or basic functional groups selectively attached.  The type of functional group added 

determines the resins' ion selectivity; the quantity of functional groups added determines 

its capacity (Sincero and Sincero, 1996).  Many of the available ion exchange resins are 

ion-specific and can chelate metals.  Metal ions will continue to be adsorbed to the 

surface of the sorbent until equilibrium between the ions in solution and the ions on the 

sorbent is attained.  

2.6 Factors Affecting Sorption of Copper onto Solids 

The rate and quantity of metal ions that can be sorbed onto a solid is affected by a 

variety of environmental factors.  The pH of the aqueous solution, the ionic strength of 

the aqueous solutions, the activity of competing ions, and sorbent characteristics are 

discussed below.   

2.6.1 pH 

pH is widely believed to be the most important factor controlling metal adsorption 

on hydrous solids because hydrogen ions compete with metal ions and pH controls the 

speciation of the metal ion as well as the ionization of functional groups on the sorbent's 

surface (Lee and Yang, 1997). For cationic metal ions, there is a particular pH where 

adsorption increases abruptly, often referred to as the adsorption edge; this specific value 

is influenced by the characteristic of the sorbent involved (Corapcioglu and Huang, 

1987).  Increasing the concentration of the metal moves the adsorption edge to a higher 

pH; because the surface area remains constant, a higher pH (and thus fewer H
+
 ions to 

compete with the metal ions) is necessary to achieve the same sorption as at lower 

concentrations of the metal (Kooner, 1992).   

Adsorption of metals onto the surface of a sorbent usually results in a decrease in 

the pH of the solution, due to the protons being released from the sorbent’s surface into 

the solution.  At pH levels less than 2, minimum adsorption of copper is found, possibly 

explained by an electrostatic repulsion - the sorbent surface is positively charged at this 

pH and therefore repulses the metal cation.  A pH greater than 3 is necessary to minimize 

ionic copper from being exchanged with H
+
.  A pH less than 8 is required for adsorption 

rather than precipitation to occur (Ong and Swanson, 1966).  Krasukopf (1955) found that 
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an increase of one pH unit decreased the solubility of simple divalent carbonates by a 

factor of 10, and divalent hydroxides by a factor of 100.   

In a fresh water study done with vermiculite, a pH of 4 resulted in 24% total 

copper adsorbed while a pH of 5 resulted in the 75% total copper adsorbed (Das and 

Bandyopadhyay, 1992). The more efficient removal at higher pH was possibly due to the 

presence of the coordinated hydroxide group Cu(OH)
+
 which is more readily adsorbed at 

particle interfaces than nonhydrolyzed copper.  As pH decreases, the cation-exchange 

capacity of the sorbent decreases, resulting in less copper being removed from solution.  

At pH less than 7, the predominant species are Cu
2+

 and Cu(OH)
+
; therefore in the range 

of pH 5 to pH 7, most copper removal occurs as result of H
+
 for Cu

2+
 exchange (Das and 

Bandyopadhyay, 1992).  

2.6.2 Ionic Strength 

The ionic strength of the solution can affect activity coefficients.  Analysis with a 

tenfold increase in ionic strength showed a marked decrease of copper removal; as ionic 

strength increased, the solution ions' activity coefficient decreased, which resulted in less 

removal (Das and Bandyopadhyay, 1992).  Increasing ionic strength can also decrease the 

adsorption density of the metal ion onto particle surfaces as a result of the competitive 

exchange in the electric double layer (Forstner and Wittman, 1979 & 1981).  Ionic 

strength is significant if electrostatic attraction is a major mechanism of metal removal - a 

high ionic strength solution can "swamp" the surface of sorbent, diminishing metal ion 

access to the surface.  The ion exchanger (sorbent) usually prefers ions of higher valence 

(such as copper), so this may show competitive effect from other ions such as Na
+
 is 

minimal (Lee and Yang, 1997).  

There are inconclusive results regarding the effects of salinity on copper sorption.  

The addition of up to 0.1 N NaCl in fresh water (using apple waste) found no decrease in 

copper removal; concentrations above 0.1N NaCl showed an approximate 40% decrease 

in copper removal capacity (Lee and Yang, 1997).  At constant ionic strength, even a high 

chloride ion concentration resulted in negligible reduction in copper removal (Das and 

Bandyopadhyay, 1992).  Featherstone and O’Grady (1977) showed that copper behavior 

varied widely in estuarine waters with no correspondence to salinity.  Riedel (1995) found 
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that an increase in salinity decreased the thermodynamic activity of dissolved metals due 

to inorganic complexing and increased ionic strength.  Riedel (1995) also determined that 

the salinity effect was not due solely to the change in ion activity - when cupric ion 

activities remained equivalent, oysters accumulated more copper at low salinities than 

high salinities. 

2.6.3 Competing Ions 

The presence of competing cations in solution can also affect metal ion removal.  

An increase in the calcium level of a solution was shown to decrease copper removal due 

to the result of competition for sites on solid surface (Das and Bandyopadhyay, 1992).  A 

smaller hydrated radius makes it easier for the ion to find sorption sites. Research done on 

multi-component systems (performed with cadmium and zinc) showed that the presence 

of other metals had a limited effect on the capacity of lignite for copper (Allen and 

Brown, 1995).  Copper adsorption onto activated carbon was found to be only marginally 

affected by competing metals when tested with lead and cobalt (Netzer and Hughes, 

1984).  An analysis comparing the effect of lead, zinc and cadmium on copper adsorption 

onto various activated carbons with a solution containing these four metal ions showed 

that the copper ion adsorption was least affected of all four metals; the copper adsorption 

only decreased 11.6 - 15.4% (Budinova et al., 1994).  When adding nickel and lead at a 

molar ratio of 1:1, small (25%) reduction copper removal occurred removal (Lee and 

Yang, 1997).   

2.6.4 Organic Content 

The organic content of the solution also affects adsorption.  An increase of the 

fulvic acid concentration decreased the sorption of copper, due to the formation of 

copper-fulvic complexes that slowly release Cu (II) aquo ions (Chakrabarti and Lu., 

1994).  In the range of pH 2 to pH 7, the formation of copper-ligand complex 

dramatically reduces amount of copper adsorbed; above pH 7, the degree of copper ligand 

complex formation decreases because Cu(OH)
+
 is the dominant species (Lee and Yang 

1997).   
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2.6.5 Ionic Potential 

Another important factor influencing metal ion adsorption is the ionic potential of 

the ion.  The metal ion with the greatest ionic potential will have the strongest attraction 

to the sorbent (Allen and Brown, 1995).  Ionic potential is defined as "q/r", where q is the 

ionic charge, r is ionic radius.  The ionic potential of copper is higher at 2.8 than other 

potentially competing metals.   The ionic potential of zinc is 2.4 while the ionic potential 

of cadmium is 1.9.  The relatively small ionic radius of copper (hydrated radii = 0.419 

nanometers (nm)) allows this metal ion access to the small inner pores of activated carbon 

and other porous sorbents.  Ionic potential also affects bond stability between the metal 

ion and the surface of the sorbent. 

2.6.6 Sorbent Characteristics  

The sorbent surface characteristics affect adsorption as well.  Smaller sorbent 

particle size results in greater surface area and more potential binding sites, which 

increases metal sorption.  In addition, more of the functional groups on the sorbent are 

thought to be available for binding (Lee and Yang, 1997). 

When GAC functions as the sorbent, the number of acidic oxygen-containing 

functional groups on the sorbent’s surface directly affects metal ion adsorption.  Carbons 

with more acidic oxygen-containing groups and a lower pH value have greater affinity to 

metal ions with basic hydroxides.  Steam activated carbons exhibit a tendency toward 

basic functional groups on its surface.  Copper forms a strong hydroxide base which 

reacts with weaker acidic groups on the carbon surface (Budinova et al., 1994).  Clay 

minerals such as vermiculite are sometimes used as sorbing materials; these minerals 

have broken bonds along the fractures and cleaved fissures on the surface.  The resulting 

surface charge at these fractures encourages adsorption (Das and Bandyopadhyay, 1992). 

2.7 Isotherm Theory 

Adsorption isotherms were used in this study to establish the limiting boundary 

conditions of various sorbents after a predetermined period of time in order to identify 

those sorbents with the greatest potential removal capacities.  An adsorption isotherm 

represents the equilibrium condition for a particular sorbent, sorbate and solute and is 
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used to quantify the equilibrium distribution ratio of the metal ions in solution to those 

sorbed.   

The graph of isotherm data is a useful way of determining if a sorbent can achieve 

a particular equilibrium concentration. The capacity (X/M) of a particular sorbent at 

target equilibrium concentration, Ce, can be determined by drawing a line perpendicular 

to the x-axis at the target Ce, until it reaches the isotherm line (Figure 2).  Two commonly 

used isotherms for adsorption equilibria are the Langmuir and the Freundlich isotherm. 

 

Figure 2.  Graphical representation of batch isotherm results. 

2.7.1 Langmuir Isotherm 

The Langmuir isotherm assumes that there are a finite number of sites for 

sorption, and the sorbed surface is only one molecule thick.  This isotherm assumes the 

energy of adsorption is not influenced by the degree of coverage, and the bonding can be 

reversed.  Equilibrium is reached when the rate of adsorption equals the rate of desorption 

(Reynolds and Richards, 1996). 

 

Equation 1.  (Langmuir isotherm)   
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Where: 

X = mass of solute sorbed onto sorbent (mg) 

M= mass of sorbent (g) 

a = mass of sorbed solute to saturate one unit mass of sorbent 

b = experimental constant 

Ce = equilibrium concentration of metal remaining in solution (solute) (milligram 

per liter (mg/L) copper) 

If the Langmuir isotherm is the appropriate fit to the data, a plot of [Ce]/X versus 

Ce results in a straight-line plot, with an intercept of 1/(bM) and a slope of 1/(M). 

 

2.7.2 Freundlich Isotherm 

The Freundlich isotherm is generally an empirical fit to data taking into account 

the heterogeneous nature of the surface.  The Freundlich isotherm asserts that the metal 

concentration on the sorbent will increase as long as the concentration of metal ion in 

solution increases. As the solute concentration increases, the surface does not become 

saturated due to the interior pore sites available with high energy of adsorption (Reynolds 

and Richards, 1996).   

 

Equation 2 (Freundlich isotherm) 

X/M = KCe
1/n

 

Where:  

X/M = mass of solute adsorbed per unit weight of sorbent (mg/g) 

Ce = equilibrium concentration of metal remaining in solution (solute) (mg/L), 

K = experimental constant (measure of sorption capacity, (Das and 

Bandyopadhyay, 1992)) 

1/n = experimental constant (defined as sorption intensity by Das and 

Bandyopadhyay, 1992) 
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On a log-log plot of the Freundlich isotherm, the x-axis depicts the equilibrium 

concentration (Ce) and the y-axis represents the solid-phase concentration (X/M).  The 

slope of this line is 1/n, and the value of K (intercept) can be determined once the slope is 

known.  

2.8 Continuous Column (Bed) Sorption 

Adsorption may also occur in a continuous column operation, typically with a 

fixed or moving bed of sorbent.  The solution can advance through the sorbent bed in 

either and upflow or a downflow mode.  A breakthrough curve for a continuous column 

shows the preference of a particular sorbent for a sorbate.  Figure 3 illustrates a 

breakthrough curve for a continuous column.  The solute concentration in the effluent is 

plotted on the y-axis versus the volume of water treated on the x-axis.   The sorption zone 

(or mass transfer zone) is the length of the column where mass transfer of the solute (i.e. 

adsorption) is occurring.  As successive layers of the bed are filled with sorbate, the mass 

transfer zone moves through the bed.  When the mass transfer zone reaches the end of the 

bed, the bed is deemed "exhausted" (Reynolds and Richards, 1996).  At this point the 

solute in the effluent is in equilibrium with the solute in the influent. 
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Figure 3.  Graphical representation of column effluent results. 
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3 Experimental Procedures 

3.1 Laboratory Chemicals and Analyses – Runoff Study 

3.1.1 Sample Containers 

All chemicals, polyethylene sample containers, and glassware were purchased from 

Fisher Scientific (Raleigh, North Carolina).  All plastic ware and glassware were immersed in 

10% trace metal grade nitric acid for 8-12 hours, rinsed with Type II water three times then 

allowed to air dry prior to use.  Aqueous samples for metals analyses were collected in acid-

washed high-density polyethylene containers.  Aqueous samples for organics analyses were 

collected in clean glass bottles. 

3.1.2 Instrumentation 

3.1.2.1 Field Parameters.   

A Fisher Model 620 Accumet meter or colorimetric papers were used for pH 

measurements; a hydrometer was used for salinity measurements and a YSI Model 58 dissolved 

oxygen meter was utilized for measurement of dissolved oxygen.  The YSI Model 58 was chosen 

because of its ability to adjust for salinity of the sample matrix.  Standard Method 2540D was 

employed for determination of total suspended solids measurements.  

3.1.2.2 Copper Analysis 

Aqueous samples were filtered with a 0.45 µm filters (Gelman Sciences) then analyzed 

for dissolved copper concentrations utilizing EPA Method 3010.  Aqueous samples with a pH 

greater than 8 were first centrifuged @ 14,000 revolutions per minute for 30 minutes to ensure 

the filters did not sorb any of the dissolved copper.   

Aqueous samples were analyzed for total copper using EPA Method 3020A.  Samples 

containing copper concentrations less than 50 µg/L Cu were measured using the Graphite AAS as 

described above.  For higher concentrations, the Flame AAS was used, as described above using 

EPA Method 7210.   
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3.1.2.3 Quality Control 

The use of travel blanks, method blanks and method spikes were used as quality control 

samples.  Statistical analyses for the runoff portion of this study were performed with NCSS 97: 

Statistical System for Windows (Kayesville, Utah; 1997). 

3.2 Experimental Design – Runoff Study 

3.2.1 Selection of Field Sites 

The field sampling program was implemented by Dietrich et al. (2001) to assess the 

concentrations of total and dissolved copper levels in Eastern Virginia surface water bodies 

located near fields that implemented plastic mulch agriculture methods in tomato production.  

The experimental water body assessed in this study was Gargathy Creek, a tidal estuarine creek 

which had greater than 55% of its land surface devoted to agricultural activities; 7 – 9% of the 

cropland utilized plasticulture farming methods.  Five to six tomato plasticulture fields were 

active in the Gargathy Creek watershed during the course of this study (1996-1998).   Tomato 

field runoff was observed draining to Gargathy Creek, which was the water source for the 

aquaculture facility that observed increased larval clam mortalities during the course of the 

runoff study. 

Two control watersheds were observed during this study - Raccoon Creek is an estuarine 

tidal creek that contained forests, marshes, grasslands and no agricultural activity, and Queens 

Sound Channel, which is an estuary with very little agriculture, and no plasticulture farming.  

Figure 4 presents the proximity of multiple tomato fields that utilized plastic mulch farming as 

well as the aquaculture facility that obtains its source water from Gargathy Creek.   
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Figure 4.  Location of plasticulture field in relationship to aquaculture intake (“T” 

indicates tomato field).  Image created by D. Schmitt. 

3.2.2 Runoff Sample Collection 

The runoff sample collection study conducted by Dietrich et al. (2001) was performed on 

the three study creeks during rainfall events as well as periods of no rain and analyzed for total 

and dissolved copper concentration, salinity, pH, and total suspended solids.  Grab samples were 

collected monthly from the targeted water bodies for one year, then every other month for the 

next six months.  Runoff samples were collected from plasticulture fields during or after three 

rain events in 1996, four rain events in 1997 and one rain event in 1998.   
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The runoff grab samples were collected from areas of pooled water – ditches, low spots 

and field borders.  Grab samples from the creeks were collected during low tide, from the center 

of the water body, approximately one foot below the water surface.  Creek samples requiring 

extended time-series collection methods were collected with programmable autosamplers (ISCO 

Model 2700, Isco, Inc., Lincoln, Nebraska).  The autosamplers collected samples into 24 one liter 

polypropylene bottles at timed intervals during the deployment.  The intake on the autosamplers 

was positioned in the center of the water column and anchored with a cement weight to ensure a 

known sample location.  A buoy was also attached to the intake tubing to allow the autosampler 

intake to adjust to the tidal influence. 

3.3 Laboratory Chemicals and Analyses - Sorption Studies 

3.3.1 Sample Containers 

All glassware and plastic containers and syringes (Nalgene brand) used for sample 

handling were soaked overnight in a nitric acid bath (10% concentrated nitric acid), rinsed three 

times with deionized water and three times with Type II water (reagent grade water from the 

Milli-Q purification system) and allowed to air dry. 

3.3.2 Chemicals 

In both batch equilibrium and continuous column studies, copper solution was produced 

by adding reference reagent grade standard copper solution (Fisher Scientific Copper Reference 

Solution, 1000 ppm ±1% in 2% nitric acid) to distilled water or equilibrated estuary water 

solution of proper pH and salinity. 

Synthetic saline water solutions were prepared as detailed in Section 3.2.1, using Instant 

Ocean Synthetic Sea Salts in distilled water.  A complete description of the composition of 

Instant Ocean Synthetic Sea Salts is contained in the Appendix.  At 25 ppth salinity, an Instant 

Ocean solution contains < 1 µg/L copper (LaBreche et al, 2002).  Phosphate salts were used to 

buffer the fresh water batch studies.  
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3.3.3 Instrumentation  

3.3.3.1 pH Analysis  

pH of the aqueous solutions was determined using an Accumet pH Meter 900.  Buffers 

of pH 4, 7, and 10 were used for calibration.  The pH probe was rinsed thoroughly with Type II 

water before and after each measurement. 

3.3.3.2 Salinity Determination.    

Salinity levels were measured by filling a 250 mL graduated cylinder with sample 

solution.  A mercury hydrometer was rinsed with Type II water and allowed to float in the 

cylinder.  After reaching equilibrium, the salinity was read and recorded directly from the water 

level on the hydrometer.  Salinity determinations were performed at ambient temperature. 

3.3.3.3 Copper Analysis.   

Perkin-Elmer Model 703 Atomic Absorption Spectrophometer (Flame AAS) (Norwalk, 

CT) was used to initially measure all copper-containing samples.  An air-acetylene flame, 

wavelength of 324.8 nanometer (nm) and slit width of 0.7 nm were used when measuring copper 

(II).  The Flame AA has a detection limit of approximately 0.05 mg/L copper.  Calibration was 

performed with known concentrations of 0.50 mg/L Cu
++

 (absorbance ~ 0.025 nm) and 1.0 mg/L 

Cu
++ 

(absorbance ~ 0.050 nm), and recalibrated every 6 to 10 samples during readings.   

Standards were prepared by dilution of the copper reference standard in Type II water. 

Those samples with copper concentrations that measured less than 50 µg/L on the Model 

703 AAS were subsequently measured on a Perkin-Elmer Graphite Furnace Atomic Absorption 

Spectrophotometer Model 5100 (Norwalk, CT) (Graphite AAS). For the measurement of copper, 

pyrolysis occured at 1300°C, and atomization occurred at 2500°C (Grender, 1999).  The Graphite 

AAS was calibrated by running a blank and two standards prepared from Fisher AA standard 

concentrates.   The blank was 0.5% HNO3, Standard 1 was 20 mg/L in 0.5% HNO3, and Standard 

2 was 40 mg/L copper in 0.5% HNO3.  All solutions were prepared in ultrapure water with 

spectrometry grade HNO3.   A Pd/Mg (NO3)2  matrix modifier was used, prepared with 0.015 mg 

Pd(metal) + 0.01 mg Mg (NO3)2 (crystal).  Sample size was 20 µl with 5 µl matrix modifier.  

Samples with concentrations of greater than 40 µg/L copper were diluted to within the calibration 
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range. The sensitivity check of the Graphite AAS was 10.0 µg/L.  A check standard was run after 

initial calibration and at every re-calibration and appropriate intervals (usually after ten samples).  

Appropriate check samples (SPEX WP-11) were measured and recoveries for each matrix and 

metal were determined. Duplicates of at least every tenth sample were routinely run.  A variation 

of +/- 1 µg/L was considered acceptable.   Samples from each group were spiked to determine 

possible matrix effects, with a variation of +/- 1 µg/L considered acceptable.  A wavelength of 

324.8 nm was used, with a slit of 0.7.    

At the time of sample acquisition and after filtration through a 0.45 micrometer (µm) 

filter, pH was adjusted to less than 2 with 1:1 nitric acid solution.  Analyses of aqueous copper 

concentrations were initially measured using the Flame AAS.  It was determined by 

measurements in the Virginia Tech Water Quality Laboratory that the combination of “salts” 

contained in the artificial seawater used in synthetic estuarine water for this research imparted a 

background interference of approximately 55 µg/L copper when measured with the Flame AA.  

This interference did not occur with the Graphite AAS.  The data from synthetic seawater 

samples measured with the Flame AA were adjusted by subtracting the 55 µg/L copper 

interference from the measured sample value. 

Copper concentrations measuring less than 50 µg/L on the Flame AAS were also 

measured using Graphite AAS which has a detection limit of approximately 1 µg/L and did not 

exhibit any interference from the seawater solutions.  The Lab Manager of the Virginia Tech 

Water Quality Laboratory (Ms. Marilyn Grender) operated the GFAAS using manufacturers 

recommended settings and matrix modifiers as described in “Atomic Absorption 

Spectrophotometers”. 

3.4 Experimental Design – Sorption Studies 

3.4.1 Preparation of Synthetic Estuarine Water 

Synthetic estuary water matrix was prepared for all experimental solutions using Instant 

Ocean seawater mix purchased from a retail outlet.  The laboratory estuary water solution was 

prepared to emulate the estuary/process waters used by aquaculture facilities.  Salinity of the 

water in the approximate area of the Eastern Shore aquaculture facilities studied for this project 



 

Experimental Procedures   30 

was measured during a number of tidal cycles from 9/10/96 through 9/18/96 and 3/2/97 through 

3/4/97 (Luckenbach et al., 1996 and Riley, 1997).  All batch (except for high and low salinity 

versions) and continuous column studies were carried out at the median salinity level, 

approximately 20 ppth, with a pH range of 7.0 to 7.2.     

The quantity of commercial synthetic seawater mix resulting in a comparable estuarine 

salinity - approximately 32 grams of Instant Ocean per liter of deionized water was used to 

obtain a salinity of 20 ppth.  Table 2 presents the ionic composition of Instant Ocean compared 

to natural seawater.  The pH of the equilibrated estuary water solution was adjusted to 

approximately pH 7 with 1N Hydrochloric Acid solution to minimize copper precipitation.  The 

appropriate amount of copper as specified was added in the form of reference standard solution 

(Fisher Scientific, 1000 parts per million (ppm)).  A control sample was taken after preparing the 

solution to determine the exact metal concentration before contact with the sorbent.  A copper 

concentration of 1 mg/L copper was chosen for all batch studies, as field runoff was measured 

within this range.  The estuary water solution was stirred continuously with a magnetic stirrer 

until all salts were dissolved. 

Table 2.  Mean Concentration of Major Ions of Natural Seawater and Instant 

Ocean Synthetic Seawater 

Ion Natural Seawater 

(g/kg) 

Instant Ocean 

(g/kg) 

Sodium 10.781 10.780 

Potassium 0.399 0.420 

Magnesium 1.284 1.320 

Calcium 0.4119 0.400 

Strontium 0.00794 0.0088 

Chloride 19.353 19.290 

Sulfate 2.712 2.660 

Bicarbonate 0.126 0.200 

Bromide 0.0673 0.056 

Boric Acid 0.0257  

Fluoride 0.00130 0.001 

From “The Science Behind Synthetic Sea Salts, From the Labs of Instant Ocean”, Dr. 

Timothy A. Hovanec 

To verify that the synthetic estuary water solution made up in the laboratory was an 

accurate representation of the water used by the shellfish hatcheries, one of the sorbents (Norit 
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GAC) was chosen to undergo an isotherm comparison of the synthetic seawater and authentic 

estuary water taken from Gargathy Creek.   

3.4.2 Batch Sorption Studies 

The sorption study was conducted in two phases - batch studies to determine the sorbent 

capacities, and continuous flow studies to determine the rate of copper uptake by the sorbent. 

Sorption isotherm studies were conducted to identify the sorbents that could bring the copper 

concentration down to an acceptable level for the aquaculture industry.  The target concentration 

used during both batch and column studies was 16.4 µg/L dissolved copper.  Isotherm constants 

were derived from an isotherm plot of the batch equilibrium data.  The following sorbents, 

generously supplied by the noted commercial vendor, were used:  

1. Sorbent A was a GAC with trade name Hydrodarco 4000 provided by Norit Americas, 

Inc., Atlanta, GA.  This is a granular activated carbon produced by steam activation of lignite 

coal and was recommended for its affinity for metals in water.  This GAC had a surface area 

of 625 m
2
/g, an apparent density of 0.40 g/mL, maximum moisture of 8%, and a mean pore 

diameter of 1.0 mm.  This sorbent contained a maximum of 5% greater than 10 mesh and 

maximum 5 % less than 30 mesh. 

2. Sorbent B was a coconut shell based carbon with a 4 x 8 mesh provided by Hydrosil 

International, Ltd. (Elgin, Il)  

3. Sorbent C was a raw zeolite with a 4 x 6 mesh provided  by Hydrosil International, Ltd. 

(Elgin, Il) 

4. Sorbent D was a zeolite impregnated with quantenary ammonia (6 x 8 mesh) provided by 

Hydrosil International, Ltd. (Elgin, Il). 

5. Sorbent E was a GAC provided by Carbonlink Corporation, (Columbus, OH).  No 

parameters were available.  

6. Sorbent F was a generic greensand provided by the Water Quality Lab at Virginia Tech.  No 

parameters were available.  The greensand was not activated prior to use. 
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7. Sorbent G was a GAC with trade name EI40 provided by Envirotrol, Inc. (Sewickley, PA) 

and had a bituminous coal base, 12 x 40 mesh, with a mean particle diameter of 0.9 to 1.1 

mm. 

8. Sorbent H was a commercial resin with trade name Amberlite IRC-718 was purchased 

from Supelco, Inc. (Bellefonte, PA).  This resin is produced by Rohm and Haas (Rohm and 

Haas, 1988) and is a chelating cation exchange resin with a high affinity for heavy metal 

cations. 

Adsorption equilibriums were assessed by varying the amount of sorbent that was 

contacted with 100 mL of aqueous solution with a dissolved copper (II) concentration of 1 mg/L 

at pH 7 in 20 ppth synthetic estuary water.  Batch studies were conducted using six masses of 

sorbent: 0.025 g, 0.05 g, 0.10 g, 0.20 g, 0.40 g, and 0.80 g.  Samples were prepared in duplicate, 

for quality assurance.  The appropriate amount of sorbent (dry weight) was placed in a 120 mL 

Nalgene capped containers.  To each of the containers, 100 mL of 1 mg/L copper solution in a 

synthetic estuary water with a salinity of 20 ppth was added.  The soluble copper concentration of 

the solution was verified by filtration through a 0.45 micrometer filter prior to analysis.   Samples 

were then shaken for 48 hours at ambient temperature. To minimize abrasion, batch experiments 

were conducted with an end over end Gyrotory Water Bath Shaker, Model G76 (New 

Brunswick Scientific).  The experiments were carried out at pH values of 7.0-7.2, the average pH 

of the estuary waters used in the shellfish hatcheries.  All experiments were conducted at ambient 

temperature (approximately 20°C). 

Samples were collected and filtered at 2 and 24 hours with 20 cc plastic syringes 

equipped with a 0.45 µm membrane filter and filter holder (Gelman Sciences).  The filters were 

rinsed with 50 mL of Type II water before using.  At each sampling interval, approximately 10 

mL was collected from the supernatant.  The filtrate was collected in Nalgene plastic capped 

containers (30 mL capacity), acidified to pH 2 or below with a few drops of 50% trace metal 

grade nitric acid solution.  The samples were then analyzed for aqueous copper concentration 

(see Section 3.1.3.3 "Copper Analysis/Determination").  A minimum of two controls were 

included in each batch study to determine if any copper was adsorbed to the walls of the 
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containers and to confirm the initial concentration of sorbate.  The amount of copper sorbed was 

calculated as the difference between the initial and remaining metal in concentration. 

3.4.3 Continuous Flow Column Studies  

Based on copper uptake efficiencies from the results of the isotherm batch studies, one 

GAC (Sorbent A, Norit Hydrodarco 4000), and one resin (Sorbent H, Amberlite IRC-718), 

were selected for use in the continuous flow column experiments.  A 2.3-centimeter (cm) internal 

diameter, 2.7-cm outer diameter, glass column 31.3 cm in length, was selected for use.  The 

column had two ports, located approximately 3 cm from each end.  One port was used for 

influent tubing, the other for effluent tubing.  The sorbent was weighed, washed to remove fines 

and sonicated or stirred to dissipate air pockets.  Glass wool was positioned at the bottom of the 

column to support the sorbent, and a small amount of glass wool was placed at the top to prevent 

loss of sorbent with effluent.  The column was filled with the appropriate mass of sorbent (dry 

weight) by the slurry packing method, to minimize the formation of air voids.  The influent 

copper concentration was 300 µg/L, and the pH typically remained between 7.0 - 7.2 (adjusted 

with 1 N hydrochloric acid).  A constant hydraulic flow rate specific to each study was 

maintained in the upflow direction using a peristaltic pump with a Masterflex speed controller 

(Cole-Parmer Instrument Co., Chicago, IL; model 7014-20).  Flow rates of 5 mL/minute and 

12.5 mL/minute were evaluated.  Throughout all column experiments, influent and effluent 

samples were periodically collected, filtered, acidified, analyzed for dissolved copper 

concentration, and measured for pH. 
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4 Results 

4.1 Results - Field Runoff Results 

The samples collected from runoff associated with the tomato plasticulture field 

contained concentrations of dissolved copper up to 238 µg/L (Dietrich et al., 2001).  The 

concentration of background dissolved copper concentrations in the control watersheds was 

measured at less than 4 µg/L.  The impact of runoff on copper concentrations was suggested by 

the decline of total copper as a function of distance from the plasticulture field.  A sediment-

laden sample collected from a plasticulture field contained 1,450 µg/L total copper.  The runoff 

pattern from this study area flowed from the field into a ditch across the road, and finally into 

Gargathy Creek.  A sample collected during the same rain event from the roadway ditch 

contained 425 µg/L total copper, and the sample collected from Gargathy Creek contained 338 

µg/L total copper.  A sample collected from a portion of Gargathy Creek unimpacted by the 

sediment-laden runoff contained 2 µg/L total copper.   

The effect of tidal influences on field runoff is presented in Figure 5.  The increased 

salinity of high tide is also marked by a greater volume of water in the receiving stream, thereby 

diluting agricultural runoff impacts.   Figure 5 demonstrates the inverse relationship between 

high tide and dissolved copper concentrations. 
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Figure 5.  Dissolved copper pattern for a tidal estuarine creek during a rain event 

that resulted in agricultural runoff from a tomato field treated with copper pesticide. 

 

4.2  Results - Sorption Studies 

Isotherm studies were conducted to determine the removal capacity of all sorbents tested 

and to select the best performing sorbents for use in column studies.  Four sorbents (Sorbent A, B 

H, and G) were able to attain the target equilibrium concentration of 16.4 µg/L within the range 

of sorbent dosages examined with a contact time of 24 hours.  Sorbent A (a GAC) and Sorbent H 

(the resin) were selected for further study to evaluate the effects of varying salinity levels and 

contact times on the performance of these two sorbents.  Results from the batch isotherm studies 

are presented in Figure 6.  Final concentrations and capacities of all sorbents tested are provided 

in Table 3.  
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Using the data obtained from the resin (Figure 6), the following Freundlich isotherm 

parameters were calculated: 

Intercept K was determined to be 40 µg /g; the slope (1/n) was calculated to be 0.97.   

 

 

10

100

1000

10000

1 10 100 1000

Ce (ug/L dissolved copper)

X
/M

 [
S

o
rb

e
d

 C
o

n
c
e

n
tr

a
ti

o
n

] 
(u

g
/g

)

Carbon A

Carbon B

Carbon E

Carbon G

Resin

Isotherms

 

Figure 6.  Isotherm batch studies, carbon and resin sorbents, 24-hour contact time, 

20 ppth salinity, pH~7, initial concentration 1,000 µµµµg/L dissolved copper, target 

concentration 16.4 µµµµg/L.  
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Table 3.  Sorbent concentration and capacity. Salinity = ~20 ppth; pH ~7, initial 

concentration 1,000 µµµµg/L dissolved copper, 24-hour contact time, 0.4 g sorbent, ambient 

temperature, target concentration 16.4 µµµµg/L. 

Sorbent Name Sorbent Type Equilibrium 

Concentration (Ce) 

(µg/L) 

Sorbed 

Concentration
1
  

(µg/g) 

Sorbent A GAC   22 220.9 

Sorbent B GAC   15 201.2 

Sorbent C Zeolite 735   25.2 

Sorbent D Zeolite 535   93.2 

Sorbent E GAC   20 191.9 

Sorbent F Greensand 135 192.7 

Sorbent G GAC   37 187.5 

Sorbent H Resin   6.3 196.1 
1
Sorbed concentration calculated as starting concentration less final concentration 

divided by mass of sorbent 
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4.2.1 Qualification of Synthetic Estuarine Water 

To determine that the synthetic estuarine solution prepared in the laboratory was an 

acceptable surrogate for authentic estuarine water, an isotherm that compared copper uptake in 

authentic estuarine water with synthetic estuarine water was performed.  The results are 

presented in Figure 7.  A statistical analysis determined that the sorbed concentration and 

equilibrium concentrations of the synthetic and authentic estuary waters were not statistically 

different at a 95% confidence interval (Johnson and Bhattacharyya, 1987).    The raw data are 

provided in Table 4.  The calculated t-test values were 0.72 and 0.75 for a comparison of the 

sorbed concentration and equilibrium concentration, respectively.  These results were less than 

the t-critical value of  2.2, indicating that the synthetic estuary water prepared in the laboratory 

could be assumed to be a satisfactory substitute for authentic estuarine water, and was used in all 

experimental studies, unless otherwise noted.   

Table 4.  Raw Data for Qualification of Estuarine Water. 

Batch 

Sorbent 

Mass (g) 

Sorbed 

Concentration 

(µµµµg/g), 

Authentic 

Sorbed 

Concentration 

(µµµµg/g), Synthetic 

Equilibrium 

Concentration, 

(µµµµg/L), 

Authentic 

Equilibrium 

Concentration, 

(µµµµg/L), 

Synthetic 

0.025 665 715 1142.86 897.96 

0.05 525 485 793.95 844.28 

0.1 205 395 736.32 538.38 

0.2 85 205 426.59 361.57 

0.4 95 75 211.23 213.51 

0.8 38 31.6 113.60 112.00 

 



 

Results   39 

1

10

100

1000

10000

1 10 100 1000

Ce (ug/L)

S
o

rb
e

d
 C

o
n

c
e
n

tr
a
ti

o
n

 (
u

g
/g

)

Authenic, 2 Hour Contact

Synthetic, 2 hour Contact

Authentic, 24 Hour Contact

Synthetic, 24 Hour Contact

Authentic, 48 Hour Contact

Synthetic, 48 Hour Contact

 

Figure 7.  Isotherm batch studies of authentic versus synthetic estuarine water at 

varying contact times for the Hydrodarco GAC, pH ~7, salinity 20 ppth salinity, initial 

concentration 1,000 µµµµg/L dissolved copper, target concentration 16.4 µµµµg/L. 

 

4.2.2 Contact Time 

Figure 8 demonstrates the impact that time for sorption has on the resulting isotherms 

using a GAC sorbent.  There is a pronounced concentration change between two and 24-hour 

contact time.  Further sorption occurs between 24 and 48 hours, although the change is smaller 

than the impact over the first 24 hours.   
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Figure 8.  Isotherm batch studies illustrating increased sorption with time, pH ~7, 

salinity 20 ppth, initial concentration 1,000 µµµµg/L dissolved copper, target concentration 16.4 

µµµµg/L. 

4.2.3 Salinity 

Sorbent A (a GAC) and Sorbent H (the resin) were tested at other salinity levels that may 

be experienced during anticipated tidal cycles and rainfall events on the Eastern Shore.  These 

batch studies were performed at 25 and 0 ppth salinity to identify any copper uptake differences 

at various salinity levels.  Salinity effects were studied at both 24-hour and 48-hour contact times  

The impact of salinity with a 24-hour contact time is shown in Figure 9.  Varying salinity 

batch isotherm results with a 48-hour contact time is presented in Figure 10.  Both the GAC and 

the resin show an increased sorption capacity in 25 ppth saline water as compared to fresh water 

(0 ppth salinity).  The resin performs slightly better than the GAC at the tested salinity levels and 

contact times.   
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Figure 9.  Isotherm batch studies, varying salinity concentrations, 1,000 µµµµg/L dissolved 

copper concentration, 24-hour contact time, pH ~7, target concentration 16.4 µµµµg/L. 
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Figure 10.  Isotherm batch studies, varying salinity concentrations, 1,000 µµµµg/L dissolved 

copper concentration, 48-hour contact time, pH ~7, target concentration 16.4 µµµµg/L. 
 

4.3 Column Studies:  

Continuous flow, fixed bed studies were performed to determine whether a flow-through 

system could effectively reduce copper concentrations.  Two sorbents (Sorbent A, a GAC, and 

Sorbent H, a resin), were selected for use in the column studies based on their performance in the 

batch equilibrium studies.  All column studies contained an influent copper concentration of 

approximately 300 µg/L and a salinity level of 20 ppth salinity. A total of three column studies 

were performed with the parameters contained in Table 5.   

Figure 11 presents the effluent dissolved copper concentrations from the continuous flow 

columns.  The effluent concentrations very quickly increased above the LD50 values at a flow rate 

of 12.5 mL/min.  Lower flow rates for the GAC decreased the effluent concentrations, 

reinforcing the data from the batch studies that contact time is critical for copper sorption. 



 

Results   43 

4.3.1 Column #1 - 10 g Sorbent A (GAC) / 5 mL/min flow rate 

Column #1 was run at a flow rate of 5 mL/min which provided an empty bed contact time 

(EBCT) of 7 minutes and maintained an effluent copper concentration below 16.4 µg/L for 

approximately 100 hours.  By the end of the run (865 hours) the ratio of effluent concentration to 

influent concentration was close to 1 (0.94) signifying saturation of the sorbent bed.   

4.3.2 Column #2 - 10 g Sorbent A (GAC) / 12.5 mL/min flow rate 

Column #2 was run at a flow rate of 12.5 mL/min which provided an EBCT of 2.8 

minutes.  This column was run for approximately 180 hours, but was only able to keep the 

copper effluent concentration below the target level of 16.4 µg/L for less than an hour.   

4.3.3 Column #3 - 10 g Sorbent H (resin)/ 12.5 mL/min flow rate 

Column #3 was the most successful at keeping the copper concentration below 

approximately 16.4 µg/L for an extended period of time.  This column was run at a flow rate of 

12.5 mL/min which provided an EBCT of 2.1 minutes.  The effluent copper concentration from 

this column remained below the target 16.4 µg/L concentration for approximately 240 hours.  

Figure 12 is a close-up photograph of the copper saturated resin column.  During operation of 

this column, the white resin slowly turned blue, potentially a result of the copper that sorbed onto 

the resin, indicating possible sorbent saturation.   The blue transformation of the resin may also 

be the result of copper precipitating onto the resin. 
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Figure 11.  Column studies, pH ~7, initial concentration 300 µµµµg/L dissolved copper, target 

concentration 16.4 µµµµg/L. 
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Table 5.  Continuous Column Operating Parameters 

Column 

Number 

Sorbent Sorbent 

Mass 

(gram) 

Volume 

treated 

[Vol] 

(liter) 

Avg Flow 

Rate [Q] 

(mL/min) 

EBCT 

[Bed 

Vol/Q] 

(min) 

Total 

time in 

operation 

(hours) 

Sustained 

Effluent 

Copper 

Concentration 

≤≤≤≤ 16.4 µµµµg/L 

(hrs) 

1 GAC 10 g 259.4 5.0 7.0 864.75 99 

2 Resin 10 g 951.8 12.5 2.1 1269.1 240 

3 GAC 10 g 1252 12.5 2.8 166.8 0 

*Above columns operated at ambient temperature with influent dissolved copper 

concentration of ~300 µg/L, pH 7, 20 ppth salinity.  EBCT = empty bed contact time  

 

 

 

 

Figure 12.   Close-up photograph of Amberlite resin column at end of continuous-column 

run (~1270 hours).  Photograph provided by D. Schmitt. 
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5 Discussion  

The objective of this study was to document the impacts of plasticulure runoff on 

aquaculture operations, identify sorbents that were able to remove aqueous copper from saline 

waters, quantify the copper removal capacity of a selection of commercially available sorbents, 

and discuss the feasibility of implementing a sorbent into aquaculture operations.   

Many clam hatcheries obtain their process water from these estuarine streams, which also 

serve as natural breeding grounds for estuarine and sea organisms.  Studies performed by 

LaBreche et al. (2002) suggest that dissolved copper concentrations of 12 µg/L are harmful to the 

native developing clam embryo; the published LC50 for larval clams is 16.4 µg/L dissolved 

copper (Calabrese et al., 1977).  The concentrations of copper measured in estuarine creek water 

that received runoff from agriculture fields exceeded this limit by a factor of 10 (Dietrich et al., 

2001).   

Results from field runoff studies confirmed the increase in concentrations of total and 

dissolved copper in receiving waters following storm events.  Dissolved copper concentrations 

well above the level shown to cause mortality in larval shellfish (16.4 µg/L) were measured at 

several locations adjacent to the plasticulture fields, and in local water bodies that serve as source 

water for aquaculture operations, while copper concentrations during the same storm events were 

measured at less than 4 µg/L in control water bodies (Dietrich et al., 2001).  The tidal effects on 

field runoff were shown to have an inverse effect on the copper concentrations in the runoff – 

high tide served to dilute the pollutants contained in the runoff.  While other metal ions were 

evaluated during the initial portion of the field study, only copper was found in higher than 

normal concentrations, and therefore was the only metal ion included in the sorption studies. 

The sorption results showed that although all of the sorbents tested were able to remove 

aqueous copper to some degree, the sorbents varied widely in their performance.  Table 3 

summarizes the capacities of all tested sorbents.  The variability in capacity may be in part due to 

the particular functional groups on the surface of the sorbent (Corapcioglu and Huang, 1987).  

The base material of a GAC may also have an impact on the degree of metal ion removal.  

Sorbent H, the resin, which was chosen for its affinity for metal ions, showed the greatest 
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capacity for copper removal in the batch studies conducted in this experiment.  The resin was 

also the top performer in the continuous column studies, keeping the effluent copper 

concentration below the target 16.4 µg/L copper concentration for the greatest time period.  The 

resin in this study was chosen specifically for its affinity for copper. 

 These data were obtained under laboratory conditions.  Although the batch isotherm study 

conducted with authentic estuary water showed minimal difference when compared to authentic 

estuary water, the results were obtained under laboratory conditions and true estuary water will 

have a continuously changing composition.  Rainfall, weather patterns and the composition of the 

field runoff may change the composition of the hatcheries’ water and alter the performance of the 

chosen sorbent.  Rainfall events as well as periods of drought may cause fluctuations in salinity 

levels.  The organic content of the terrestrial runoff can also vary.  An increase in the organic 

matter of the estuary water may reduce the amount of free copper ion, resulting in less free 

copper adsorbed to the sorbent.   

The crop protectants transported in the field runoff may contain other metals and 

pesticides in addition to copper.  Competing metal ions may also be found in field runoff.  

However, the results from a competing ion study on the Norit GAC and Amberlite resin 

indicated that zinc does not affect copper uptake by either sorbent (Cheadle, 1998), possibly due 

to the smaller hydrated radius of the copper and the higher ionic potential of copper compared to 

zinc. 

Both the isotherm batch data and the column data indicate that copper sorption requires 

sufficient contact time to achieve the required results.  The resin was more successful in 

achieving the target concentration of 16.4 µg/L.  However, GAC also has the ability to sorb 

organic pollutants, which the resin is not designed to do.   

To utilize a sorbent on the scale of an operating aquaculture facility, the appropriate 

EBCT (for continuous column set up) or the appropriate quantity of sorbent (for a batch set up) 

would be required.  Regeneration of spent sorbents would allow for a more economical use of 

sorbents, although sufficient tankage and disposal of the regeneration liquid would be necessary. 

The continuous column studies showed that a low flow rate was necessary to achieve 

required to obtain the target concentration of 16.4  µg/L or less (Figure 11).  A flow rate of 5 



 

Discussion   48 

mL/min maintained the copper concentrations at less than 16.4 µg/L for approximately 100 hours 

in the column containing the GAC; the resin column maintained the target effluent concentration 

for approximately 300 hours.  A column set up would enable the aquaculture facility to utilize the 

adsorbent only when environmental conditions suggest copper would be an issue – after a rainfall 

and concurrent with bactericide applications. 

While the resin was better able to achieve the target concentration of 16.4 µg/L or less, it 

is a more costly alternative – at the time of this study, the commercial cost for the resin is 

approximately 5 to 10 times that of a similar amount of carbon.  The sorbents would only be 

required during the more susceptible stages of growth that coincide with crop protectant 

application in the spring and early summer. 
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6 Conclusions and Recommendations 

Results from the runoff studies documented the presence of copper in receiving waters 

(Dietrich et all., 1996b; Dietrich et al., 2001), often in concentrations exceeding water quality 

standards as well as concentrations shown to cause increased moralities in larval clams 

(LaBreche et al., 2002).  Batch isotherm and continuous column studies evaluated the ability of 

eight sorbents to reduce dissolved copper concentrations below the LD50 for aquaculture crops to 

ensure their process water would not be harmful to their crop.  These studies determined that 

copper removal efficiency is dependent on the type of sorbent, salinity levels, and contact time.   

Field use of the sorbent may vary from the results in this study, due to the fact that this 

laboratory study was performed with extremely clean water, with the addition of only synthetic 

salts and copper.  In addition to the expected copper and salts, authentic aquaculture water may 

contain additional pesticides, humics, and other compounds that may sorb to the sorbent and use 

up a portion of the capacity, resulting in less copper being removed.  Crop protectants applied to 

vegetation in the agricultural fields may contain additional ions that, although not toxic to 

shellfish, may impede the sorbent’s ability to adsorb aqueous copper. 

Factors to be considered when evaluating the potential for successful treatment of 

aquaculture process waters include affordability of the treatment, the ability to keep the effluent 

copper levels below a predetermined concentration, the ability of the sorbent to handle salinity 

fluctuations and the presence other contaminants that may be in the process water that could 

affect the adsorption of the target compounds.  Additionally, ease of use during specific 

environmental conditions would allow the facilities to implement the sorbent only when 

necessary, thereby maximizing the longevity of the sorbent.   

While continuous use of a sorbent is not feasible due to the loading that would occur as 

potentially harmless constituents would be sorbed in times of minimal copper content of the 

process water, a more economical measure may be the addition of a sorbent to the treatment train 

at specific, critical times during larval development and nursery stage.  During the growing 

season when agricultural treatments are expected to increase, a sorbent with a proven affinity for 

copper could be added to the treatment train.  Based on this study, the IRC-718 resin performs 

best and is more effective than GAC.   
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Controlling the copper content of the estuarine process water is only a temporary 

measure.  Other methods of reducing the amount of copper in the runoff from the fields may 

continue to be investigated as a more permanent solution to increased shellfish moralities.  Areas 

for further investigation may include diverting the estuarine process water when the water is 

excessively turbid, thereby removing any copper or pesticides that may have sorbed onto the 

sediment particles (and may potentially desorb later).  Implementing a recirculating system in the 

hatchery could alleviate the facility’s reliance on potentially impacted estuary waters. 

Another option that aquaculture facilities could use to control the quality of their process 

water is to manage their intake timing or move the point of intake to creeks not impacted by 

agricultural runoff.  The facility located on Gargathy moved to an open ocean intake site for 1997 

and was successfully able to raise larval clams.  The increased mixing and dilution of an open 

ocean location can reduce the impact of pollutant runoff.   

Best management practices developed in cooperation with farmers can also aid in 

preventing water quality degradation by prevent or reducing pollutant loading to the stream.  

Examples of such best management practices include detention/sedimentation ponds, and buffer 

strips.  Gallagher et al. (2001) reported that removal of copper-laden sediment greatly decreased 

the total copper load to receiving waters, although it had little impact on dissolved copper 

loadings.  The copper load in an experimental sedimentation system was still sufficient to induce 

increased mortality in fish. 

In summary, the most effective means for aquaculturists to control copper and other crop-

based runoff impacts to aquaculture process water would be a combination of the knowledge of 

crop application rates and timing and the use of sorption in the process water treatment train.  

Another means would be to encourage farmers to use different crop protectant strategies that 

were more environmentally sustainable, although this means is not under the control of 

aquaculturists. 
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