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ABSTRACT

This study provided an inte~rated set of experiments encompassing

the fate of chromium and copper in biolo~ical wastewater treatment pro

cesses, a~ueous environments, and soil systems. The rotating biological

contactor and activated sludge were used as the wastewater treatment

processes. Hater and sediments VII'~re used from several bodies of water

in the Stillwater, Oklahoma area. Sandy and red silty clay soils were

used as the soil systems. It was found that chromium was not generally

removed by biological treatment processes or by alnae but was removed by

the lake and river sediments. Copper was removed by all systems. The

removal efficiency of the metals was very dependent upon operatinn and

environmental conditions.
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INTRODUCTION

Heavy metal poll ution of the environment is becoming a problem of

increasing concet'n, ~1etals are being derived from numercus point and

non-point sources including wastewater effluents, atmospheric contribu

tions, mining wastes, industrial discharges, runoff, leachates from

landfills and hazardous waste disposal sites, pesticides, sewage sludges

and natural geochemical leaching,

Copper and chromium, two of the heavy metals polluting the environ

ment, are primarily derived from plating industries, In addition,

another major source of copper is the use of copper sulfate as an algi

cid~. In high concentrations both of these metals are undesirable.

The bioaccumulation of either metal by primary producers, such as algae

or fish, could result in the movement of the metals through the food

chain (Laube et al, 1979) where they subsequently could become available

for human consumption. Increased levels of copper in fresh water can

affect both fish and zooplankton populations (Purves. 1977) and. as

demonstrated by McIntosh and Kevern (1974), cladoceran and rotifer popu

lations have been depressed in ponds with copper levels of 3 mg/l.

Chromium is correlated with the glucose tolerance factor and is possibly

a factor in some cases of diabetes mellitus (National Academy of Science,

1974). In addition, chromiuPI is listed as a carcinogenic metal (Strain

et al. 1975).

One of the major concerns with respect to the prevalence of copper

and chromium in the environmpnt is the distribution of these metals in



woter supplies. Although both metals may be derived from nonpoint

sources, point sources such as industrial and domestic ~Iostes may con-

tribute heavily to metol loadings. Metals from wostewater effluent

can ultimately contaminate both ground wate~ and surface waters. The

amount of the contamination may somewhat be lessened by the fact that

metals can be removed by soils as water percolates to the aquifers or

be precipitated or ods orbed onto sediments in surfoce water supplies.

Proper m'nagement of metals in the environment includes the devel-

opment and utilization of effective wastewater treatment practices

and the investigation and subsequent understanding of the fate of metals

in aquatic and soil systems. The purposes of this study are threefold.

The ability of activated sludoe systems and rotating bio10oica1 contac-

tors to remove copper and chromium will be evaluated concurrently with

a study of the effects of these metals on the performance of the bio-

logical systems. The fate of the metals in aquatic systems with respect

to uptake by algae and sediments or precipitation with ions in the

aqueous phase ~1i11 be examined. Sediment fixation of the metals and

precipitation from the aqueous phase will he correlated with sediment

characteristics and water quality parameters respectively. The third

purpose of this study is to investigate the mobility of copper

through soi 1 columns and to study some of the factors affecting metal

retention by soils.

The results from this study should further elucidate the behavior

of copper and chromium in wastewater treatment processes and in soil and

water systems. In addition, the investigation will yield information

necessary for the proper managerlent of heavy metals in the environment.



PFVIrlI OF TIIF L1TFFrTIIPF

Fffects of Chromium ilnrl COppel" on Ginlnclicill Treiltment Processes

Chromi UII1

The effects of heavy metals on biolo~icill treatmeot processes have

been studied to varyinn deorees.

Ingols (1051) reporterl thot the toxici ty effect of chromium depends

upon (a) the amount of oroilnic miltter present, e.o., strength of the

sewage and type of oroanisms (autotrophic, heterotrophic); (b) state

of oxirlation of the chromium (the valance of chromium); (c) the presence

or absence of oxyqen. Inools ilnd Kirkpatrick (lo5?) conclurlerl that the

hexavalent chromium is much more toxic under anilerobic conditions than

under aerobic conditions; heMever, trivalent chromium is relatively more

toxic under aerobic conditions than under anaerobic conditions. Ingols

also showed that hexilvalent chromium seems to be 100 times more toxic

than is trivalent chromium.

r~oore and fkOennott (1%1) in their observations on COO removal

h h h 1 . ( +6). . hsowed t at exava ent chromlunl Cr concentratlons vJere present ln t e

+6influent. When Cr was fed at ?O moll it WilS occasionillly found in small

quantities in the effluent. With 5 mq/l and hiqher chromate feeds,

variable but increasing ilmounts of Cr+6 passed throuqh the system to '

emerqe as either hexavalent or redlJcerl chromium in the effluent. They

also found that chromate noticeably restrained the development of odor in

the primary clarifier and the development of Sphilerotilus in the mixed

liquor.

.,



Jenkins and Hewitt (1942) studied the effect of chromium on nitri

fication. They found that when activated sludge which was able to oxi

dize 40-50 mg/l ammonia nitroqen to nitrate ~Iithin 12 hours at 18-19 0C

was subjected to 10 mg/l potassium chromate, the activated sludge failed

to produce nitrate (NO;) in 20 hours; however, nitrite (~Inz) formed

instead. \oIithin 48 hours following a second addi tion of sewage con

taining 10 mg/l of potassium chromate, formations of nitrite (NOz) and

nitrate (NO;) Vlere halted. Another experiment by Graham (1943) showed

that inhibition depends considerably upon the nature and concentration

of the heavy metals, the freguency and dllration of their discharge, and

probably also on the operational conditions in the plant. Influence on

nitrifying bacteria is due, probably,to metal being either precipitated,

adsorbed or chelated by constituents of the sludge.

Ingols and retner (1961) indicated that the presence of chromates

will tend to cause a bulky sludge; that is, molds or Sphaerotilus will

develop in preference to the zooaleal masses in the presence of chromate.

This development of a fi lamentous sludne ~Ias observed in attempts to

obtain the comparison of toxicity with acclir1ated sludge over non-accli

mated sludge. Results indic'lte that mold '1ycelill11 have been seen at 500

mg/l concentration of sodium chromate, but nn bacteria. Chromate at 500

mg/l concentration prevented the groVith of bacteria to an extent that

they did not compete for the food and space in the agar plate. Molds,

however, are sufficiently resistant to the chromate at a concentration of

500 mg/l. In aerobic studies, Ingols and 11illy (1956) found that sludge

having a predominance of Sphaeroti lus, or zooqleal masses, responded

differently to thr same concentration of chromate. They conducted an

4



experiment to measure respiration hy determining the CO
2

produced and

the number of viable ornanisms which could be placed on nutrient agar.

~ coli (hacterium) and Saccharomyces elliposideus were chosen for the

experiment, because they produce CO 2 under aerobic conditions. Results

indicated that with a sodium chromate concentration of 10 mg/l there

was no effect on the respiration of either 1:. coli or 2: ellipsoideus.

Stone (1961) found that potassium chromate at a concentration of

ppm reduced oxygen uptake by l~ percent. Studies by Oawson and Jenkins

(1950) indicate that trivalent chromium is more toxic to activated sludge

than is hexavalent chromium. Krieger and floore (1949) reported that

both trivalent and hexavalent chromium are toxic at 1 or 2 ppm in the

BOO test, but the trivalent form is generally more toxic.

Moore (1961) showed that 10 mgll of chromium would not interfere

with conventional activated sludge treatment or anaerohic digestion of

the sludges and that concentrations of the chromium in the effluent were

reduced by over 50 percent.

Jenkins and Hewitt (1940) studied the effect of chromate on bac

terial filters. They found that 0.1 part of Cr as K2Cr04 per 100,000

parts of sewage has little effect on the oxidation of organic matter or

nitrification activity; one part of Cr per 100,000 parts of sewage

slightly increased the amount of organic matter in the effluent and re

duced the nitrification activity; 10 parts of Cr per 100,000 parts of

sewage decreased nitrification 66 percent and 78 percent in two experi

ments, and still further increased the amount of organic matter in the

effluent. They also found that the upper part of the filter receiving

10 parts of Cr contained about twice as much deposited solid matter as

5
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did the control filter receivinn nn chr(\l1li1te. They also reported that,

in sewage containing 2.6 ppm chromium as KlrO~ (0.7 ppm as Cr), the

BOD was decreased appreciably. Monk (1939) found that a suspension of

."-:.. aerogenes in contact \,ith nel/tral chrof'lium plating waste containinq

5.2 ppm of Cr killed 16 percent of the or~anisms in two hours while 26

ppm Cr killed ~6 percent. He also concluded that 50 ppm chromates as

Cr03 (26 ppm as Cr) mioht be permitted in sewage without affecting treat

ment efficiency. Jenkins and ~e~Jitt 09~2) studied the effect of potassium

chromate on the purification of se~lane by activated sludne. Their findings

indicated that 1 ppm of hexavalent chromium has no effect on the activity

of nitrifying bacteria~ 2 ppm concentration of Cr+6 caused some depres

sion of nitrification, 10 ppm of Cr+ 6 destroyed the respiration activity

of the sludge. Astudy concerned with the effects of metal finishing

waste containinn potassium chromate on percolating filters showed that

potassium chromate, equivalent to ppm hexavalent chromium, had a per-

ceptible effect on the ROD of the effluent and also reduced nitrification.

The effect on the ROO of the effluent and nitrification was more severe
+6at a 10 ppm concentration of chromium; 100 ppm (\f Cr markedly reduced

the oxidation of organic matter and ammonia. r.ellam (1952) in his inves-

tigation dealinq with metals, noticed two important points. First, when

the concentrations of metal and sewage were decreased in the same pro-

portion, the toxic effect of metal remained approximately constant.

Second, the toxicity of the metal depends upon the pH of the solution.

Thus, there was a marked drop in the toxicity of added trivalent chromium

between pH 6 and 7. A trivalent chromium concentration up to 10 ppm was

demonstrated by Hel/kelekian and r.elmiln (1')55) to have little effect on



02 utilization. whi le 25 ppm concentriltions caused an 80 percent reduc

tion in a 2~-hour period, and H percent reduction for a 5-day BOD. At

50 mg/l of trivalent chromium, inhibition of 02 utilization was 27 percent

for the 5-day period. /lddition of 75 ppm chromium inhibited 02 uti liza

tion after the first day. The effect of increasino concentrations of

hexavalent chromium on O2 utilization of se~laqe up to a concentration of

100 ppm is not sufficient to exert a c~plete toxic effect, because

observations have shown that 02 utilization \'iaS 67 percent of the control

sample after a 5-day period. /It Grand rrairie, Texas, Wells (1943) found

that poor settling of activated sludge and 1~1 treatment efficiency were

caused by the presence of chromium in the aeration liquor. Also high

dissolved oxygen values were found in the activated sludge. Spencer

(1939) concluded from a study on a trickling fi lter that chromates

ranging from 3.5 to 67.5 ppm stopped biological action. Bozich (1959)

found that nitrification beoins to be retarded bet~leen ° and 1 ppm con

centrations of hexavalent chromium, and nitri fication is completely re

tarded at ~ ppm of hexavalent chromium. /llso the percentage of chromium

removed by activated sludge is independent of concentration, with 1.5

to 3 percent of the metal fed beino removed at concentrations from 1

through 24 ppm.

Copper

Shumate and Moulton (1963) found that the respiratory activity of

sewage organisms is significantly affected by 10~1 copper concentrations.

He concluded that copper at ~5 moll is not sufficient to halt biological

activity in aerobic biological waste treatment processes. His experi

ments shCNI that adding copper continuously to the influent sewil'le results

7



in a linear decrease in respiratory activity. Heukelekian and Gelman

(1955) noted that several factors ~ffectino the toxicity of metal ions

to activated sludge are pH, substrate concentration, and the amount

of biomass. To this, S~\'lyer, rr~l1le and Hold (1955) added the factor

of temperature. They showed th~t increasing temperature decreased the

toxicity of the hydroxyl ion. na\'lson and Jenkins (1950) reported that

eu++ depresspd respiration more than did rli and 01-. Rarth and Ettinger

(1965) found that a continuous copper concentration of 0.4 mg/l did not

appreciably increase the effluent eno, but copper at 1.2 mg/l increased

the effluent COO significantly. The findings of these studies also

showed that continuous doses of copper at 10 mg/l caused failure in

combined sludge dioestion. According to Sierp and Fransemeier (1933),

copper had ~ detectible effect in increasina turbidity and decreasing

nitrification ~t 1 ppm, ~nd had ~ slight effect on the RnO of the efflu

ent from lahoratory-scale activ~ted sludge units.

Gellman (190,2) shOtled that, at cooper concentrations of 0.05 ppm, a

20 percent BOO reduction w~s noted using both manometric and dilution

techniques. The concentration of copper which h~d a detectible effect

on the activated sludge process was reported as 1 ppm. He also found

that the toxicity of copper decreased between pH 5 and 6.5. This could

be expected because the solubility of copper decreases with increasing

pit of the solution. Southgate (1933) concluded that washes from the

pickling of copper retarded or stopped biological action in trickling

filters. Placak, Rucchoft, and Snapp (1949) showd that copper has an

extreme effect on Rnn. The results i ndi cated th~t concentrati ons as low

8



as 0.01 ppm causerl detectible reduction in 800, and at 0.05 ppm copper

BOD was decreased by about 21 percent. Copper concentrations at 1 ppm

will permit only about a 34 percent 800 recovery. Copper concentrations

above 0.05 ppm inhibit nitrification completely.

Gerald, McDermott et al (1963) reported that the effluents of the

activated sludqe units receiving 10, 15, and 25 mg/l copper fed as copper

sulfate were generally of lower quality than those of the control units.

They observed that the turbidity increased with increasing copper concen-

tration and a maximum copper concentration which had no significant ef-

feet on effluent turhidity was 0.8 mq/l. They also found that the maxi-

• mum concentration of copper that did not have a detectible effect on BOD

and COD of the effluent was 1 ~q/l.

Fatp of Copopr and Chromium in Aquatic ~ystems

Levels of both copper and chromium in sediments of aquatic systems

have heen increasing. Hamilton-Taylor (1979) reports a recent copper

enrichment of sediments in Winder~ere, England, and Stoffers et al (1977),
report copper and chromium levels in New 8edford Harbor to be 5-10 times

higher than they were 50-100 years ago. Iskandar and Keeney (1974) have

studied copper and chromium concentrations in lake sediment cores of

several vJisconsin lakes and have compared them to precultural levels.

The concentrations of both metals have increased with time and the in-

crease in copper in Lakes Monona and Keqansa was attributed to the use

of copper sulfate as an algicide. Copper treated lakes were found to

have surficial sediment concentrations of 229-43R \.lg/q of copper. Sedi-

ment from untreated lakes had 16-71 \.lg/g copper.

9
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With respect to chromium, Iskandar and Keeney (1974) observed that

fre concentrations in Lakes Mendota, Monona and Waubesa were 2-5 times

higher than precultural levels. In these lakes, concentrations of chromium

ranged from 1-42 pg/g. Ranees as high as 20-120 I,g/g and 60-250 I1g/g

have been reported in Lake Michigan and upper Peoria Lake.

Trefly and Presley (1976) investigated the distribution of several

heavy metals in the San Antonio-Guadalupe River system and observed copper

concentrations that were 10~, to 50~, higher than natural levels. The

increase in the copper concentration over the natural levels was attribu

ted to the proximity of the sample site to large industrial and population

centers.

'lith copper and chromium contamination becoming a more prevalent

prohlem, it becomes necessary for researchers to understand the fate of

these heavy metals in aguatic systems. I~etals added to rivers or lakes

may be incorporated into the sediment, be taken up by suspended algae and

bacteria, be chemically precipitated by components of the water or may

remain soluble in the agueous phase.

Metal Uptake by Soils

Metal uptake by sediments may occur as the result of adsorption,

precipitation, ion exchange, or reaction with organic matter. All of

these reactions are influenced hy soil type, soil texture, cation ex

change capacity, pH and oxidation reduction potential.

Soil type is a major factor in retention of heavy metals. Clays

are extremely importilot in adsorption reilctioos and the type of clay

mineral is also a governing factor, In addition, soils high in humus
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or other or9anic matter exhibit 900d exchanoe capability and a hi9h

retention of metals. Petal retention tends to be high in finely tex

tured soils such as clays and low in coarser textured soils such as

sands.

Copper readily reacts with silicates in soils causing a rapid

decrease in the free concentration of copper through precipitation

(Leggett, 1978). The copper ion also complexes strongly with humic and

fulvic acid fractions of soils (Cavallaro and Mcr,ride, 1978).

The reactions of copper in acid and calcareous soils have been

studied by Cavallaro and McBride (1978) Acid soils were found to fix

less metal than neutral soils. It was also suoqested that, in calcareous

soils, calcium may be competinq with copper for available adsorption

sites. Analyses of copper adsorption in the presence of 0.01 MCaC1 2
showed reduced fixation of copper.

The retention of copper by clays has been studied by several re

searchers. Binqham et al (1964) observed copper retention on H-mont

morillonite and found that cation exchanoe was the major mechanism.

However, as the pH began to increase above 6.5, additional copper was

removed by precipitation as Cu(nH)2'

Ellis examined copper uptake and mobility in kaolinite, illite,

montmorillonite and vermiculite, He found that the rate of diffusion

of copper throuqh the clays was kaolinite> illite> montmorillonite>

vermiculite. Usinq only kaolinite, illite and montmorillonite, Misra

and Tiwari (1966) observed 9reater retention in the montmorillonite

soil than in the kaolinite or the illite clay, These authors attributed

the higher fixation capacity of the montmorillonite to the higher NH;

exchanqe capacity which it exhihited.



Korte et a1 (197~) have studied the retention and mobi1itv of

several metals, inc1udino copper and chromium, as related to soil tex

ture, surface area and percentage of free iron oxides. The majority of

the clay soils examined retained the metals. An exception to this oc

curred with chromium and a clay soil containing free Car03. Chromium

was not retained and was found to be mobile. Chromium, however, was

retained by the clay soils havina the hi~hest concentration of free

iron oxides and manganese.

Stoffers et a1 (1977) related the uptake of heavy metals in sedi

ments to the particle size. These researchers showed that metals, in

cluding copper and chromium, were associated with the fine grained par

ticles and that the largest amounts of some of the metals studied were

found in the clay fraction smaller than 2 um. Within the sediments,

copper was distributed between the fine clay fractions, insoluble mineral

detritus, the organic fraction and the authigenic phases which were com

posed mainly of iron sulfides. The distributional pattern exhibited by

chromium was different than that found for copper. Ei<1hty-five percent

of the chromium was found in the authigenic fraction and eight percent

in the leachate resistant fraction composed largely of the insoluble

mineral detritus.

Aqueous Phase Chemistry of Cor~r

The maximum solubility of copper io a oatura1 water system is a

function of the chemical characteristics of the water since the forma

tion of numerous organic and inorganic compounds and complexes are

possible (Mann ard Neutscher, 1(77). Copper in natural waters may

12



form soluble organic complexes with humic and fulvic acids and amino

acids and polypeptides. In solutions that are acid or near neutral in

pH, copper solubility is dependent on the chloride, sulfide and carbon

ate ion activities. In the pH r~nge of most natural waters, copper may

form a soluble copper-carbonate species (CuCO,) or be precipitated with

phosphate and sulfides (Stiff, 1971). The most important precipitation

reactions of copper in unpolluted waters lead to the formation of cupric

oxide (CuD) and malachite (Cu 2(OIl)103) (Stiff, 1971). The end product

which is formed is pH dependent and in the range of 6-R.5; malachite is

the only precipitated species. In fact, Sylva (1976) states that the

precipitation of malachite is the most significant process hy which

free copper (II) is removed from aqueous systems.

Copper in Aquatic Systems

Several authors have investiqated the fate of copper in ponds and

lakes with respect to uptake by sedin~nts and precipitation reactions.

Their results correlate well \~ith those ohtained from studies of copper

interactions with soils and water. Sylva (1976) states that adsorption

processes, both biotic and ahiotic, can be expected to remove copper

from solution and that ~hiotic adsorption will be considerable at pH

values greater than 6.5. McIntosh (1975) reports that sediments act as

the ultimate sink for copper added to an aquatic system and that copper

is primarily removed by precipitation and adsorption. Sanchez and Lee

(197R) agree with McIntosh that sediments act as a sink for copper but

state that canplexation and precipitation are the reactions controlling

the soluble copper concentration in natural waters.

13
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Reimer and Toth (1970) conducted investiqations concerninq the

uptake of copper by clay, humic acids and muds. The results from

their studies indicated that the amount of organic matter in the bottom

sediments in addition to the nature of the clay minerals present would

largely determine the amouot of copper fixed by bottom materials. High

amounts of limestooe may also affect copper removal by sediments.

Reimer and Toth (1970) noted in their study that copper is adsorbed

rapidly by pond bottoms. According to Reimer and Toth (1970), the copper

fixed by the bnttom sediments is rather strongly retained.

Sanchez and Lee (197R) examined the environmental chemistry of

copper in Lake ~Ionona, \.Jisconsin, a thermally stratified lake which has
6received over 1.5 x 10 pounds of copper sulfate in the last 50 years,

for algae control. These authors concluded that the factor controlling

copper concentrations in the lake under oxic conditions was the precipi-

tation of copper as a basic carbonate. In the hypolimnion where anaerobic

or anoxic conditions prevail, copper solubility is governed by the pre-

cipitation of cupric sulfide.

The assimilative capacity of natural waters for copper has been

discussed by Sylva (1976) and Reimer and Toth (1970). Sylva concludes

that the chemical conditions of most natural waters are appropriate for

the reduction of relatively laroe levels of copper to extremely low

values throuqh the reactions of hydrolysis, precipitation, complexation

and adsorption. Reimer and Toth also conclude that the clay minerals

and humic acids present in sediments should completely adsorb the small
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amounts of CuS04'5H20 normally userl for the control of a1'lae.

Al'lae Uptake of Copper and Chromium

Trace metals such as copper anrl chromium can control algae qr~~th

by serving as micronlltrie~ts or as toxicants. Copper in the form of

copper sulfate has been used for many years as an a1gicirle. However,

there is current evirlence that some aquatic plants are capable of ad

sorbing and concentratinq large guantities of copper (McIntosh, 1975).

This is possibly accomplished by the release or secretion of extracellular

metabolites that alter the metal speciation in the aquatic system and

therefore redlJce the toxicity of the metal species adderl (McKnight and

Morell, 1979; Steemann and '·Jium-I\nderson, 1'171). vlork done by FO'lg and

Westlake (1955) indicated that extracellular polypeptides of I\nabena

cylindri~a could complex anrl detoxify copper. McKniqht and Morell (1979)

reviewed the copper complexinn capacity of the organic compounds produced

by 20 different species of a1qae. These authors specifically concluded

that eucaryotic alnae in the statinnary gra~th phase prorluce micromolar

concentrations of extracellular weak organic acids that are capable of

complexinq copper. Similarly, blue-green alnae also produce these weak

acid complexing aqents but, in addition, produce very strong complexing

materials during the latter growth phases of batch cultures. McKnight

and Morell (1979) express the opinion that extracellular alnae products

may alter metal speciation in aquatic systems.

Mangi et a1 (1978) have investigated the effects of chromium on

aquatic plants anrl found that the nrowth of all plants ~Ias inhibited

hy chromium conu'nt.r,ltions nreater than 10 mnll. Studies conrlucterl with
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respect to chromium uptake by dead cells led these researchers to con

clude that adsorption is the major mechanism responsible for uptake.

Work by Richards (1936) which was later supported by Mangi et al (1978)

indicated that the adsorption takes place on the cell walls. Mangi et al

further conclude that benthic and planktonic algae, through the adsorp

tion of chromium on their cell "Ialls, may remove large concentrations of

the metal from water.

Summary: Copper and Chromi lim in the Agueous Phase

There is a fairly good distribution of literature on the behavior

of copper in the environment. However, there seems to be an almost com

plete lack of material on the chemistry of chromium in aquatic and soil

systems. Both metals are taken up and retained by clays and orqanic

matter and, as far as copper is concerned, this seems to be the major

mechanism of retention in sediments. In addition, algae exhibit require

ments for both copper and chromi um. Some a1qae are even capab le of com

plexinq and detoxifying copper and large amount? of chromium can be re

moved by adsorption onto cell walls. The agueous chemistry of copper has

been well defined and precipitation of copper with components of the

aqueous phase provides a major mechanism for the control of soluble copper

in natural water.

Behavior of Copper in Soil Systems

Heavy metals are introduced into the environment by several mechanisms.

It is important to determi ne the source, whether man-made or natural and

to study the movement or retention of the metal as it passes through the



soil to the ~round water system. The pollutant is subject to many

reactions with the soil and its constituents. Heavy metals can undergo

processes of sorption, chemical comp1exing and chemical alteration.

Soils differ in basically two ways. These differences can affect

the manner in ~Ihich the heavy metal is adsorbed, chemically comp1exed,

or chemically altered. The two ways soils differ are in the colloid

content and pfl. rolloirlal content will be discussed as organic and

inorganic. As reported by Leeper (1978) the organic colloid may have

five times the retention capability as compared to the inor9anic. In

addition to the colloid content and pH, the microbial Dopulation in soil

systems may also affect the mobility of metal cations.

Organic Colloids

The organic colloid content in the soil varies according to location

and climate. The organic content generally ranqes fl'om 1.0 to 5.0% in

surface soils and is less in subsurface soils (Leeper, 1978)

Organic colloids, weiqbt for weiqht have a ~reater cation exchanqe

capacity than do inorganic colloids. Not only does the organic colloid

strongly hold heavy metals as reflected by its hiqh cation exchange capac

ity, i.e., C.E.C., it also has the abi 1ity to combine metals with its

che1ating groups (Leeper 1978).

Cu2+ in solution is strongly held by the organic matter. It would

be expected that in the presence of organic matte~ soluble Cu would be

adsorbed. HO~lever, or~anic colloids do not allow all the Cu to be re

moved (Himes and Barber, 1957). A deficiency of Cu has been noted in

peaty soils and it was believed the or~anic matter was responsible for

the r1f'ficiencies throuqh its ch"l,ltinq power. The appar"nt deficiency



was satisfied by the addition of small amount of Cu. The reasoning is

that Cu can circulate in an anionic form (Himes and Barber, 1(57).

The anionic fonn of heavy metals have not been recognized until

recently (Geerinn ?, Hodqsen, 1<1fi9) and the ~nionfc form is only a minute

proportion of the total that is mobil. Tn normal conditions when Cu

moves with an orqanic combin~tion it does so as a neutral molecule or

an anion. The chelated Cu is siqnificantly less toxic than the cationic

form (Steeman and \·/ium-Anderson, 1979).

Metal solubility can be increased to levels qreater than the concen

tration of soluble free ions as a result of chelate fo~ation. This

provides a sink for many metals (Gambrell, et al, 1976).

Several factors novern the stability of these metal chelating agents

such as pH (Lindsay et al, 1967), and adsorption by soil particles (Hill

Cottingham & Loyd-,lones, 195P.). The redox potential also has a signifi

cant effect on the stabi lity of metal chelates. As the redox potential

decreased (Peddy & Patrick, 1977), the percentaqe of Cll that remained in

solution also decreased. At hiqh redox potentials the Cll chelates appeared

to be more stable but their stability decreased with time (Peddy &Patrick,

1977). It was found that chemical fixation \~as the cause of the instability

and it was not due to physical or microbial decomposition of the metal

chelate (Reddy &Patrick, 1977).

Inorqanic Colloids

The subsurface and subsoi 1 can remove large portions of a heavy

metal after the reaction with the surface. The subsoil is composed

primarily of inorganic colloids (i.e., clays) as compared to organic
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matter. J\ll soi ls contain neqati vely charoed colloids. The ran'le of

inor'lanic colloids vary from m: (pure sand) to over 50': for a heavy clay.

Cu is adsorbed onto ne'lative surfaces in soils. The ability of these

surfaces to remove added cations from the soil is referred to as its

cation exchan'le capacity. Typical values for an inorganic clay may

range from la-50 meq/100 o. As mentioned previously, the oreater the

C.E.C. the stron'ler the metals are adsorbed (Leeper, 197R).

Adsorption on clay minerals and quartz are increased with an in

crease of pH. As a result of raisino the pH it was found that the Cu

was more firmly fixed and thereby less toxic (~uller. 1959). Reuther and

Smith found that at pH of 6 general toxicity be'lins (Reuther and Smith,

1954) .

Soi 1 pH

Soil pH also affects copper retention and/or mobility. Copper

generally becomes less soluble and less exchan'leable as the soil pH

increases from 5 to 7. Rin'lham et al (1964) and Menzel and Jackson

(1940) have reported an increase in the retention of copper with an

increase in soi 1 pH. The 'lreater fixation at higher pH values may be

the result of the precipitation of copper as Cu(OH)2 or as a carbonate

(Bin'lham et al, 1964).

Bio10'lica1 Activit~

The subsurface environment contains sufficient quantities of organic

matter to sustain microbial 'lro.'lth. f'icrobia1 orCMth becomes limited

when the level of tolerance of blo basic physical properties are ex

ceeded, these being hydrostatic pressure and temperature (McNabh P. [)un1ap,



1975). Contaminants can also limit or destroy microor9anisms if levels

of toxicity are exceeded.

The significance of a microbial population in the subsurface is

its ability to decompose a metal-chelate con'plex thus affecting the

chelate stability. In addition, microbial activity can result in a de

crease in the oxidation-reduction potential which could increase the

solubility of copper.

20



MATERIALS AND METHODS

Rinlogical Waste Ilater Treatment Processes

Rotating Riological (ontactor

The Rotating Riological Contactor used in this study consisted

of a plexiglass tank divided into six stages with four polyethylene

discs in each stage. Each disc was 1/8 inch thick and 6 inches in

diameter. This resulted in a total disc surface area of 9.42 square

feet or 1.57 square feet per stane. The volume of the liquid in the

reactor was 7.65 liters. This provided a forty percent submergence

of the discs. The hydraulic flow rates to the RR( were maintained

through the use of a constant head tank which received a continuous

flow of tap water. The flow from the constant head tank was regulated

by a valve combined Ivith a flCllv meter on the tank outlet line. Water

from the constant head tank was fed by gravity into a wet well, where it

was mixed with the concentrated synthetic waste to achieve the desired

organic concentration. The synthetic waste was pumped to the wet well

using a Cole Pamer Masterflex pump. From the wet well, the mixture

flowed by gravity into the fi rs t stage of the RRC, The rotati ona 1 speed

of the discs was maintained at 10 rpm.

The synthetic waste used in this study contained nlucose as the

sole carhon source. All required nutrients were added in excess so

that carbon l'ias the limiting grCllvth factor. The (00 of the influent

wastewater was maintained at 450 mg/l.

:' 1



Figure 1.
Scher-,atic Diayac: of Lilboratory Scale Rotating

Biological Contacto r (RBC)
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The RRC was initially seeded with effluent from the primary clari

fier of the Stillwater, Oklahoma \'Iastewater treatment plant. The RBC

was all~led to operate as a batch unit for three days and then operated

as a continuous fl~1 reactor. The PRC was operated in this manner for

two weeks to all~1 the develnpment of a biolo'lical 'lrol'lth. After the

development of a bioloqical nr~lth the heavy metal was added to the

waste\'/ater. In the short term studies the PBe \~as allowed two \'Ieeks to

become acclimated to the heavy metal and then samples for analyses were

collected. In the 10'1'1 term studies samples were collected after one

day and then at various time periods.

Activated Slud'le

The bench activated sludqe unit used in this study was the internal

recycle type. The system consisted of a glass feed tank in which the

wastewater was pumped to the reactor. The reactor was constructed of

plexiglass and consisted of a 2.B liter aeration tank and a 1.96 liter

settl i '1'1 compartment. The effluent from the reactor fl owed to a '11 ass

collection vessel. The wastewater fed to the reactor consisted of ethy

lene glycol, ethyl alcohol, acetic acid, qlutamic acid, qlucose and

phenol as the carbon source. The COD of the wastewater was maintained

at approximately 550 mq/l. The reactor was operated at a hydraulic

detention time of ei'1ht hours and a sludqe a'1e of ten days. The followinq

procedure was used fOr daily operation of the bench activated slud'1e unit.

The adjustable baffle was set at a level that provided good return

flow of the return solids. This meant adjustinq the baffle several times

per day.
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Figure 2. l.ahc'ratory pilot plant activated sludge unit
with il,~('rnal sludcF' ,-"cycle
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Once each week solids were wasted and samples were collected for

analyses. The followinq procedure was used for this operation.

1. Collect sample from effluent for COD, Rnn, and TnC analysis.

7. Pull haffle and allcltl ,wration ch,lmher and clilrifier to mix.

3. Take sample for MLSS analysis.

4. Waste required amount of biological solids.

5. Reset baffle.

6. Check fl ow rate.

7. Continue operation.

Fate of Copper and [hromium in Aquatic Systems

Procedure

For this experimental work, sediments wer~ collected from Lake Carl

Blackwell, Sooner Lake and the Cimarron River. Lake Carl Rlackwell is a

warm, monomictic eutrophic lake that serves as the water supply for the

city of Stillwater, nklahoma. The lake, which is also used for recreation,

is located approximately seven miles west of Stillwater. Sooner Lake is

a new lake havina only been filled for two years. Its primary purpose is

as a source of cooling water for the Sooner power qenerating facility

which is a coal fired pCltler plant. The lake is also used for recreational

purposes and is located 3D miles north of Stillwater on High~lay 177. The

Cimarron River flows west-east through the state of Oklahoma to its con

fluence with the Arkansas Piver. It is an intermittent river and only

contains water throuahout its entire channel several times a year. Sedi

ments were collected from the rimarron Piver under the lIiqhway 177 bridqe
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just south of Perkins, Oklahoma.

In all cases, sediments were collected from under approximately

three feet of water. They were returned to the lab where as much water

as possible was decanted and then stored in refri~erators until needed.

Metal uptake was determined for sediments and algae individually

and then in combined systems containinq sediments, algae and the appro

priate lake or river water. Initially, sediment uptake was determined

in systems containing distilled water. Lake and river waters were not

used at this time because the precipitate formed on the addition of

copper coated the sediments and hindered uptake by the sediment phase.

Similarly, ROO water (Standard Methods, 1975) was used for the initial

studies of algae uptake of copper and chromium. The ROD water provided

available nutrients for the alqae while precludino the formation of

large amounts of copper precioitate. However, some precipitate was formed

and therefore, control units containing only ROD water and the metals were

observed. Metal removal by the aloae was then calculated as the difference

between metal disappearance in units containing BOD water and algae and

the uptake in the controls. All experimental units were run in duplicate.

Final experiments examining the uptake of each metal included four

units and their duplicate for each sediment-water type. The units

studied for Lake Carl Rlackwell were two units containing only filtered

water from the lake plus metal, two units containing filtered lake water,

metal and aloae, two units containino filtered lake water, metal and sedi

ments, and two units containinq all three phases and the appropri ate metal.

Similar systems of four units and their duplicates were set up for sedi

ments and ~Iater from Sooner Lak£', and sediments and water from the Cimarron

River.
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The algae used in these studies were obtained from a laboratory

grown culture which was seeded from a sample from Theta Pond, a small

eutrophic pond on the Oklahoma State University campus. The algae

culture was predominantly composed of blue green algae, green algae,

and di atoms.

The experiments were run in glass gallon jars to which 900 grams

of air-dried sediment were added. This gave a sediment depth of 2" for

Cimarron River, 2- 1/4" for Sooner Lake, 2- 1/2" for Lake Carl Blackwell

and an exposed surface area of 29.41 in2. The total liquid volume in

each jar was 3 liters. In studying algae uptake, a dry weight of 48 mg/l

of algae was added to the copper systems to give 88 percent T when

measured on the Rausch and Lomb Spec. 20. For chromium uptake investi

gations,adry weight of 56 mgll was added which also gave 88 percent T.

In all units using actual lake or river water, in addition to algae,

208 mg/l (dry weight) of algae were added which gave 50 percent T.

All of the systems were capped to minimize evaporation. Air was

bubbled through the jars to maintain aerobic conditions and, therefore,

prevent possible metal speciation which could occur in an anaerobic

environment. The pH was determined periodically using an Orion digital

pH meter.

All units and duplicates were analyzed daily except for the chromium

system containing actual lake or river water. At the end of the experi

mental period, when it was discovered that some of the remaining con

tainers of chromium powder pillows used for analyses were not of the

same composition as those currently being used, the frequency of analyses

was reduced to every other day. This allowed the completion of the study

using the original batch of chemicals.
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Behavior of Correr in Soil Systems

Models

Models used during the duration of this exreriment consisted of a

three-inch diameter r1exi-01ass tuhe standino arrroximately thirty-six

inches in height.

Columns differed in the soil that was used as the percolation media.

Soil filled the column to six inches from the top. Two withdrawal ports

were spaced at one foot intervals from the bottom of the column. In ad

dition to the side ports, samples could be removed from the bottom.

Air diffusers were used as a means of drawing the solution from the

column. The diffusers prevented soil from beino ru11ed into a sample

bottle when a vacuum was apr1ied. The bottom of the column was gravel

packed to prevent c100ging by the finer sediments.

Soils

Soils were clayey-sand and red silty clay. These soils were selected

on the basis of their representation of the general soil type in Oklahoma.

The clayey-sand was taken from the Cimarron River at the Cimarron River

bridge one mile south of Perkins off U.S. 177, Payne County, Oklahoma. The

red silty clay was taken from the Brush Creek drainage basin in Stillwater.

Oklahoma. Both soils were removed from their resrective sites at a depth

of approximately two feet beneath the surface.

Once in the laboratory, the soils were dried. After dryino, the soils

were crusted to reduce the volume. Crusting or grinding the soil aided in

packing the soi 1 in the columns. The soi 1. once in place, was saturated

with distilled water and vibrated.
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The volume of soil occupied and weight of dry soil in columns were

calculated usina weight-volume relationships.

Flowrate and Sol uti 00

Milton Roy pumps ~Iere used to apply a copper sulfate solution con

taining 200 mq/l copper to the columns. Hydraulic loadinqs ~Iere adjusted

so as not to exceed the permeahility of the soils used.

Frequency of Withdrawal

Samples were withdril\'/O initially on a dilily basis and then once every

two or three days when the experimental period increilsed beyond a month.

Sample sizes of 5 ml to 25 ml were taken. The sample size varied, based

on the levels of concentration within the column. Because the allowable

ranqe of the spectrophotometer was no oreater than 3.0 ma/l, samples needed

to be diluted prior to analyses.

Ana lyses

All analyses for copper and chromium were conducted usina the Hach dr/2

Spectrophotometer and the methods of the Hach Chemical Company. COD, sus

pended solids, hardness, and alkalinity were analyzed for in accordance with

the procedures in Standard Methods (1975). TOC analyses were performed using

a Beckman 915 Total Carbon Anillyzer. All other ~Iater quality analyses were

made usino Hach Chemical Compilny methods. Soil samples were analyzed in

the Oklahoma State University Soi ls Laboratories.
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Riolooical I.laste Hater Treatment Studies

Rotating Biological Contactor

The rotating biological contactor (RRe) was subjected to wastewaters

containing various concentrations of K2Cr207, K2Cr04, and CuS04. The

response of the system was determined by measuring its ability to remove

the organic material present in the wastewater. This organic material was

measured as Chemical Oxygen Demand (COO).

Figure 3 sh~ls the response of the RBC to various concentrations of

copper at a hydraulic loading of n.7 gpd/ft2. The roo of the influent

wastewater was 450 mg/l. It is seen that copper concentrations up to 4.0

mg/l caused very little difference in the response of the system. However,

a concentration of 10.n moll did show an inhibitory effect during the first

four stages. However, at the sixth stage the COO removal was the same for

all concentrations of copper.

Figure 4 sh~~s the COD removal by the RRC when subjected to copper con

centrations of 3.0 and 10.0 mg/l and a hydraulic loading of 2.0 gpd/ft2. It

is seen that there was a difference in the ability of the two systems for

removing COD.

Figure 5 shows the response of the RAC to various concentrations of

copper at a hydraulic loading of 3.0 gpd/ft2. Again it is seen that the

10.0 mg/l copper concentration was much more inhibitory than the other

copper concentrations.

10
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Figure 3. COO Removal by RBC at a Hydraulic Loading of 0.7 gpd/ft2 and

Various Concentrations of Copper.
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Figure 4. COD Removal by RBC at a Hydraulic Loading of 2.0 gpd/ft2 and
various concentrations of Copper.
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Figure 5. COD Removal by R8C at a Hydraulic Loading of 3.0 gpd/ft2 and
Various Concentrations of Copper.
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One method for comparing treotment efficiency for various hydraulic

loadings is to plot the treatment efficiency oS a function of the food to

microorganism ratio. The food to microorganisms ratio is determined by

multiplying the influent con by the influent flow rate ond dividing by the

mass of microorgonisms. The wass of microorganisms on the RBC were calcu-

lated by using the active film theory. It is evident that an accurate

estimate of the amount of biological solids present on the discs and actively

participating in the substrate removol is not easy to make. The mass of

microorganisms was calculated by multiplying the disc surface area times the

density of the microorganisms, times the active film thickness. The density

of the microorganisms was taken as 95 mn/cm3 and the active film thickness

as 200 \1. The hi amass per stage would he 1.57 ft2/stane x 929 cm2/ft2 x

95 mg/cm3 x 0.02 cm = 2771 mg/staqe and the food to microorganism ratio may

be calculated for various stanes and flow rates. Figure 6 shows a plot of

treatment efficiency as a function of the food to microorganism ratio for

the RBC system receiving a wastewater containing copper. It is seen that

one relationship was obtoined for zero copper and copper concentrations up

to 4.0 mg/l. Another relationship was obtained for the 10.0 mg/l copper

studies. Figure 6 shows that copper concentrations up to 4.0 mg/l had no

effect on the RBC. It also shows that 10.0 mgll of copper had an inhibitory

effect on the RBC system.

Figures 7 and 8 show the effects of various concentrations of chromium

(K
2

Cr207) at hydraulic loadings of 2.0 and 2.8 npd/ft 2. These figures

show that, except for 1.0 and 2.0 mn/l Cr, all other concentrations of

chromium had varying effects on the RRC system. This is also shown in

Figure 9 where the treatment efficiency is shC/lIO as a function of the food
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Figure 7. COD Removal by RBC at a Hydrauli~ Loading of 2.0 gpd/ft2 and
Various Con~entrations of Cr as K2Cr207,
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Figure 8. COD Removal by RBC at a Hydraulic loading of 2.8 gpd/ft2 and
Various Concentrations of Cr as K2Cr207.
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to microorganism ratio. It is seen that treatment efficiencies greater

than those achieved in the control vlere obtained with chromium concentra-

tions of 1.0 and 2.0 mg/1. However, treatment efficiencies less than the

control were achieved for all the other chromium concentrations.

Figure 10 shOo'ls the COO removal achieved by the PIlC when the waste-

water contained various concentrations of chromium in the form of K2Cr04.

Fioure 11 again sh~/s that chromium concentrations of 1.0 and 2.0 mg/l pro-

duced treatment efficiencies better than the control, whereas, chromium

concentrations of 3.0 and 4.0 moll produced treatment efficiencies less

than the control.

If the data in Figures 6, 9, and 10 are plotted on semi-log paper, a

straight line results. This indic~tes that a first order relationship

exists between the treatment efficiency and the food-to microorganism ratio.

This relationship can be described as

S . F \
1 '

i -x-I
\ m /0

and the reaction rate constant K can be calculated for each case. The

result reaction rate constants as ~ function of the chromium or copper con-

centration in the wastewater are shown in Figure 12. This data shOlls that

chromium concentrations of 2.5 moll or less stimulate the biolooical activity

of the RRC. "hereas, chromium concentrations greater than 2.5 mg/l show an

inhibitory effect. It is also seen that copper sh~/s no effect up to 4.0

m9/1. This value may be even greater. However, no studies were conducted

at copper concentrations between 4.0 mg/l and 10.0 mg/l. A copper concen-

tration of 10.0 mg/l was very inhibitory to the RIlC system.
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This study was also interested in the long tenn effects of chromium

and copper on the RRC system. In these studies the COD removal capabilities

of the RRC were measured at various time periods after the chromium or copper

was introduced into the wastewater. During the periods of time that these

studies were conducted, no difference in COD removal capabilities were ob-

served as a result of time of exposure to the heavy metal.

Tables 1 and 2 show the removal of chromium and copper that was achieved

by the RRC system. It is seen that fairly high levels of chromium removal

were achieveo by the PRC except at 4.0 mg/l and 20.0 mg/l concentrations at
2the 2.8 gpd/ft hydraulic loading.

Table 2 offers some interestinq results. The low hydraulic loading

produced very low removal levels of copper. When the hydraulic loading was

increased, the amount of copper removed increased.

Table 1. Chromium Pemova 1 by RRC

Hydrauli c Infl uent Effluent Recent
loadin~ concentration concentrati on r:emova1
gpd/ft mg/l mg/l

?O 1.0 0.08 92.0

5.0 0.10 98.0

10.0 1.00 90.0

2.8 1.0 0.00 100.0

2.0 0.08 96.0

3,.0 0.60 80.0

4.0 1. 51 62.3

20.0 6.90 65.5
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Table 2. Copper Removal by RBC
Hydraul i c In fluent Effluent Recent
loadin~ concentrati on concentrati on Removal
gpd/ft mq/l mg/l

0.7 0.5 0.5 a
1.0 0.64 36
4.0 2.73 31. 7

10.0 8.5 15.0

2.0 3.0 0.50 83.3
10.0 0.10 99.0

3.0 0.5 0.02 96.0
1.0 0.11 89.0
4.0 0.25 94.0

10.0 2.00 80.0

Activated Sludge

Figures 13-19 show the continuous operation of the activated sludge

unit during this study. Figure 13 shows the performance of the system

before the heavy metals were introduced to the wastewater. This data

provides the baseline values for this study. Figure 14 shO<ls the response

after the chromium is no longer present in the wastewater. Figure 15 shows

the response of the system when receiving 10.0 mg/l of chromium and Figure

16 gives the performance of the system after the 10.0 mg/l chromium is no

longer present in the was tewater. Fi gure 17 shO<ls the response of the

system to 5.0 mg/l of copper in the wastewater. Figure 18 shows the re

sponse of the system after the 5.0 mg/l of copper is removed and when 20.0

mg/l is introduced to the wastewater. Figure 19 continues the 20.0 mg/l

coppe r study.
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There are several important factors to be observed in these figures.

A chromium concentration of 5.0 mg/l shows no inhibitory effects. A

chromium concentration of 10.0 mg/l shows a very slight inhibitory effect.

The activated sludge system shows a worse response after it is no longer

receiving the 10.0 mg/l chromium. The effect of 10.0 mg/l of chromium may

have just occurred as the wastewater was returned to a zero chromium con-

centration and the bad response observed in Figure 16 may have been caused

by the chromium.

Figure 17 shows that a copper concentration of 5.0 mg/l caused inhibi-

tion of the biological population. The effluent COD increased to over 100

mg/1 and the mixed liquor solids decreased to 1500 mg/1. Figure 19 shows

that a copper concentration of 20.0 mg/1 was very inhibitory to the activated

sludge process. The effluent COD increased to over 200 mg/1 and the mixed

liquor solids decreased to 500 mg/1.

Table 3 gives a statistical summary for the various time periods. A

relationship that has been used for the activated sludge process is

Si - Se
xt

where the reaction rate constant K is a measure of the treatability of

a wastewater. The statistical data given in Table 3 was used to calculate

reaction rate constants for a zero heavy metal concentration, 5.0 mg/1 Cr,

10.0 mg/1 Cr, 5.0 mg/1 Cu and 20.0 mg/1 Cu. Figure 20 shows these reaction

rate constants as a function of the metal concentration. Figure 20 shows

that a chromium concentration of 5.0 mg/1 stimulated the biological system,

whereas, a chromium concentration of 10.0 mg/1 was slightly inhibitory. It

also shows that both 5.0 mg/1 and 20.0 mq/1 of copper were inhibitory to

the system.



Table 3. Statistical Oa ta for Activated Sludge System

Date Parameter Si Se X Xe 8c

2/8-3/12 n 5 6 33 34 33
x 540 40 2488 14 8.6

" 69 9 308 15 1.0
c.v.% 12.7 23.8 12.4 103.2 11.8

3/13-3/28 n 5 5 16 16 16
x 525 24 2535 3 9.1

" 19 6 133 6 0.5
c.v.% 3.5 25.3 5.3 240.0 5.5

3/29-4/27 n 8 8 25 20 22
x 542 43 2312 6 8.7
a 18 23 349 9 0.8

c.V.% 3.4 54.0 15.1 145.3 8.9

4/28-5/10 n 4 4 13 13 13
x 512 46 2222 12 8.2
a 21 22 47 6 0.5

c.v.% 4.0 46.9 2.1 52.0 6.0

5/11-6/13 n 9 9 25 24 25
x 565 41 1887 28 7.1
rr 65 15 224 16 1.1

c.v.% 11.6 36.4 11.9 55.1 16.0

6/14-7/5 n 4 4 17 17 17
x 535 79 1779 33 6.5
a 13 34 130 18 1.06

c.v.% 2.5 43.5 7.3 53,7 16.2

7/6-8/1 n 6 6 19 17 19
x 568 50 1800 17 7.5
a 65 11 127 5 0.4

c.v.% 11.5 22.5 7. 1 29.1 5.8

8/2-9/1 n 9 9 25 25 25
x 381 139 1088 43 4.8
a 54 72 342 11 1.05

c.v.% 14.1 52.0 31.4 25.1 21. 9

9/2-9 III n 2 2 6 6 6
x 394 195 374 38 2.9
a 4 4 122 6 0.8

c.v.% 1.1 2.0 32.7 15.5 27.8
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It is also interesting to note that no chromium was removed by the

activated sludge system, whereas, high levels of removal were achieved for

copper.

Fate of Copper and Chromium in Aquatic Systems

The results from the analyses of the three sediments with respect to

clay, sand, silt and organic matter are presented in Table 4.

Table 4. The Percent of Clay. Sand, Silt and Organi c
Matter in the Sediments

Sedi ments Clay Si It Sand Organic
Matter

Lake Carl B1ackwe 11 9% 54% 37% 7.18%

Sooner Lake 16:~ 68% 16% 6.47%

Cima rron Ri ver 0% 30% 70% 0.43%

The data in Table 4 indicate that the sediments from the Cimarron

River are largely composed of sand and the major fraction of the sediments

of Lake Carl Blackwell and Sooner Lake is composed of silt. The organic

matter composition of Lake Carl Blackwell is much higper than that of the

Cimarron River and slightly higher than that of Sooner Lake.

Table 5 presents the chemical characteristics of the lake and river

water. While alkalinity and pH measurements are similar for all waters,

Sooner Lake and the Cimarron River have substantially higher chloride and

sulfate concentrations than Lake Carl Blackwell. Sooner Lake has higher

organic carbon and phosphate concentrations than Blackwell or Cimarron



River water, and the total hardness for Cimarron River water (542.6 mg/l)

is significantly higher than that in Lake Carl Blackwell (127 mg/1) and

Sooner Lake (204 mg/1).

Table 5. Chemical Characteristics of the I~aters from Lake Carl
81ackvle11! Sooner Lake and the Cimarron River

Parameter Lake Carl Sooner Lake Cimarron
B1 ackwe 11 River

pH 8.0 7.5 6.8

A1ka1ini ty-mg/1 as CaC0 3 137.0 133.0 159.0

Hardness-mg/l as CaC03 127 204 542.6

Copper-mg/1 <0.01 <0.01 <0.01

Chromi um-mg/1 0.03 <0.02 <0.02

Phosphate-mg/1 2.5 17.0 3.5

Sulfate-mg/l 21.0 100.0 375.0

Ch 1ori de-mg/1 21.0 250.0 2250.0

Ni trate-mg/1 ~1.0 <1.0 1.0

TOC-mg/1 103.0 347.0 127.0

The data obtained from the treatment of all three sediments with

copper in the presence of disti 11ed water are shown in Figure 21. The

initial copper concentration was 200 mg/1. The data plotted in this and

all subsequent graphs represent an average of the results obtained from

duplicate systems. In all cases duplicate values, if not identical were

very close and well within the range of experimental error. Although

great care was taken to minimize any experimental error, samples had to be
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diluted in many cases by a factor of 100 to utilize the Hach dr/2 for

analyses. The smallest of variations when multiplied by 100 could cause

noticeable error.

From Figure 21 it can be seen that the sediments of Lake Carl Black

well (LCB) took up more copper in the fourteen-day experimental period

than did those of Sooner Lake or the Cimarron River. Blackwell fixed a

total of 573 mg (191 mg/1) and Sooner Lake a total of 546 mg (182 mg/1).

The sediments from the Cimarron River fixed much less copper with a four

teen day total of 135 mg (45 mg/1).

The sediments from all three sources had a higher affinity for copper

than for chromium. Figure 22 indicates the uptake of chromium in a fourteen

day period by the sediments. The initial chromiul]l concentration was 37.5

mg/1. At the end of the experimental period, sediments from Lake Carl

Blackwell had removed 82.5 mg (27.5 mg/1); sediments from Sooner, 37.5 mg

(12.5 mg/l); and sediments from the Cimarron River, 4.5 mg (1.5 mg/1).

Sediments from Lake Carl Blackwell fixed more copper and chromium than

sediments from Sooner Lake or the Cimarron River.

Figure 23 represents the decrease in the soluble copper concentration

in systems containing 30 mg/1 copper and 48 mg/1 (dry weight) of algae. In

a fifteen-day period, the copper concentration was r.educed 50 percent to a

final concentration of 15 mg/1. The plotted data were corrected for the

uptake of the BOO water control prior to graphing.

The systems containing only BOO water, algae and chromium showed no

uptake of the metal by the algae. An initial concentration of 28 mg/1

chromium was used for the studies with the addition of 56 mg/1 (dry weight)

of algae. The on 1y uptake of ch romi um over a seven-day peri od cou 1d be

attributed to the BOD water and was equal to 3 mg/1.
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Figures 24, 25, and 26 represent the uptake of copper by units con

taining water, algae and water, sediment and water, and a combined system

containing algae and water and sediments for Lake Carl Blackwell, Sooner

Lake and the Cimarron River respectively. For both Lake Carl Blackwell

(Figure 24) and Sooner Lake (Figure25), the units containing only sediment

and water fixed more copper over the experimental period than even the com

bined units which contained algae in addition to the sediment and water.

In all units containing actual lake or river water, a layer of precipitate

formed and coated the sediments on the bottom of the jars.

Figure 27 shows the data obtained from studies of the uptake of chromium

by water, algae, sediments and a combined system for Lake Carl Blackwell,

Sooner Lake and the Cimarron River. The last two analyses for all of the

Cimarron River systems show an ancrease in soluble chromium back to the

original concentration. Prior to these analyses, the pipet used for taking

all previous samples was broken and a new pipet was used. That, coupled with

the 100:1 dilution factor, probably accounts for the discrepancy.

Behavior of Copper in Soils

The data obtained from studying the mobility of copper through soil

systems indicate the copper uptake capabilities of various soils. Figures

28-30 represent the concentration of soluble copper in aqueous samples

taken at various depths from a soil column containing sand. Figure 31

represents the data obtained from withdrawinq and analyzing aqueous samples

from two soil columns, one containing sand and one containing a red silty

clay.
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Biological Waste Water Treatment Studies

These studies have shown that the rotating biological contactor

and activated sludge biological wastewater treatment processes are

affected in similar ways by chromium and copper. However, it appears

that the activated sludge process is more severely affected. Chromium

~timulated biolotjical activity in both systems at lower concentrations,

whereas, both systems showed sliqht inhibition at higher chromium con

centrations. Copper showed no effect on the fWC system at concentrations

below 4.0 mgl1. Copper showed inhibition to both systems at concentra

tions above 4.0 lilg/1. The inhibition of copper appears to be more severe

in the activated sludge system. This could be due to the fact that in

the RBC system the copper is removed in the first stages and would not

be present in the later stages. This would allow the later stages to

function without any inhibition. In the activated sludge system, this

staging is not possible and the entire biological population is affected.

The removal of chromium and copper by the RBC and activated sludge

provi des some contrast i ng results. Both chromi um and copper were removed

at fairly high levels in the RBC system. However, chromium was not re

moved by the activated sludge process. Copper was removed by the activated

sludge. This study did not give any answers to why chromium would be re

moved by the RBC biological population and not by the activated sludge.

However, one possible explanation is that the chromium is removed by

69
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adsorption and the RBC population is such that adsorption was accomplished

by the slime layer. This slime layer did not exist in the activated sludge

system.

Apparently copper is removed by a different mechanism than chromium.

Fairly high removal of copper was achieved in the activated sludge process

and also in the RBC system at hydraul ic loadings of 2.0 and 3.0 gpd/ft2.

Low removal levels of copper were achieved in the RBC at a hydraulic load

ing of 0.7 gpd/ft2. It would appear that copper is removed by metabolic

uptake since copper was removed by both the RBC process and activated

sludge. This would also account for the more inhibitory effect exerted

by the copper. It does not explain why the low hydraulic loading was so

inefficient in removing copper. The lower hydraul ic loading provides a

low food to microorganism ratio which in turn may foster a physiological

condition of the microorganisms which would not readily take up copper.

Whatever the mechanism, this study has shown that the effect of heavy

metals on biological wastewater treatment processes is dependent upon

the type of treatment process and upon the operating conditions. This

probably accounts for the various effects that are reported in the litera

ture. Researchers have used different operating conditions to study the

effects of heavy metals. Therefore, their results differ.

Fate of Copper and Chromium in Aquatic Systems

Heavy Metal Uptake by Sediments

Examining the uptake of copper by the three sediments in the presence
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of distilled water (Figure 21) probably gives a more accurate representa

tion of the sediments' capabilities for metal fixation than the results

obtained in the lake or river water systems. The sediments from Lake

Carl Blackwell fixed more copper (573 mg) than those from either Sooner

Lake (546 mg) or the Cimarron River (135 mg). However, the alllount fixed

by Sooner Lake sediments was very close to that fixed by Lake Carl Black

well sediment. The s igni ficant difference between the copper fixing

capabilities of the two lake sediments versus the Cimarron River sediments

was expected. As previously mention in the review of literature, heavy

metal fixation is high in soils containing clay, organic matter or small

textured particles. The sediments from Lake Carl Blackwell and Sooner

Lake are primarily composed of silt but have more clay and organic matter

than the Cimarron River sediments which are composed of sand (Table 4).

The trends exhibited by chromium (Figure 22) and the three sediments

in distilled water are very similar to those seen in Figure 21 for copper,

which again supports the fact that heavy metal uptake is favored in soils

containing clay and organic matter. However, chromium uptake by the sedi

ments differed from that of copper in that sediments from Sooner Lake

took up much less chromi um than those from Lake Carl B1ackwe11. Uptake

over the fourteen-day experimental period for Lake Carl Blackwell was

82.5 mg chromium whereas Sooner Lake sediments fixed only 27.5 mg. Clay

mineralogy also affects metal uptake and may have been responsible for

the significant difference observed between the chromium fixing capabilities

of Lake Carl Blackwell and Sooner Lake.



Heavy Metal Uptake by Algae

Copper sulfate has long been recognized and utilized as an algicide

and chromium also has algicidal properties. The uptake of these two

heavy metals by algae was exanlined individually in solutions containing

BOD dilution water and algae. Over a fifteen-day experimental period,

algae reduced the soluble copper concentration from 30 mg/l to 15 mg/l.

Chromium showed no uptake by algae during the experimental period. This

is converse to the results obtained by Mangi et al (1978) and Richards

(1936) with respect to algae utilization of chromium. In addition, the

lack of chromiulll removal from solution precludes adsorption onto cell

wall s which was the major mechanism of chromium removal in natural waters

suggested by Mangi et al (1978).

Interaction with the Aqueous Phase

Very little chromium was removed by precipitation with the lake or

river water (Figure 27). Removals throughout the experimental period

averaged 16% for Lake Carl Blackwell water, 11% for Sooner Lake water

and 9% for Cimarron River water.

Copper, however, readily reacted with components of the aqueous

phases resulting in the precipitation of large amounts of copper. As

can be seen from the data in Figures 24, 25, and 26, water from Lake

Carl Blackwell was responsible for removing an average of 20% of the

soluble inorganic copper fronl solution. Water from Sooner Lake removed

68% of the copper and water frrnn the Cimarron River removed 80% of the
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soluble inorganic copper from the aqueous phase. The results of the

water quality analyses shown in Table 5 correlate well with the various

copper removals observed in the aqueous phases. Sylva (1976) states

that a pH above 6.5, abiotic removal of copper is a predominant

mechanism and, according to Stiff (1971), copper reacts to form mala

chite, an insoluble copper species, in the pH range of 6.0 - 8.5 This

chemical reaction could have occurred in all three systems since the

pH of Cimarron River water was 6.8, the pH for Blackwell was 8.0 and

the pH for Sooner Lake was 7.5. In addition, chloride also serves to

control the soluble copper concentration in natural waters. The much

higher chloride concentrations (Table 5) found in the Cimarron River

and Sooner Lake waters as compared to Lake Carl Blackwell probably

accounts for greater copper removals noted in these waters. Precipi

tati on, as stated by Sanchez and Lee (1978) and McIntosh (1975) is

definitely a primary mechanism in controlling the soluble copper concen

tration.

Metal Uptake in Simulated Systems

Copper and chromium uptakes in simulated aquatic systems containing

algae, lake or river water and sediments were determined for Lake Carl

Blackwell, Sooner Lake and the Cimarron River. Algae and sediment uptake

were again determined individually; however, lake or river water was used

instead of the BOD water and the distilled water used in the previous

studies. The results from the copper uptake studies are shown in Figures

24, 25 and 26.
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Looking at Figures 24, 25 and 26 and comparing the uptakes in the

three combined systems, it can be seen that the combined system contain

ing Cimarron River water sediments removed more copper (165 mg/l) than

the Lake Carl Blackwell system (l15 mg/1). In addition, the Sooner Lake

combined system also removed more copper (152.5 mg/1) than the Lake Carl

Blackwell unit. The higher combined removals seen with the Cimarron

River and Sooner Lake units as conlpared to Blackwell can be attributed

to the greater amounts of copper precipitated by the aqueous phase. In

fact, the 165 mg/l removal in the combined Cimarron River system was only

2.5 mg/l greater than the copper removed in the unit containing Cimarron

River water only. Sinlilar results were seen with the Sooner Lake combined

system in which the removal of 142.5 mg/l was only 10 mg/l higher than the

uptake seen in the Sooner Lake water system.

It was previously determined that the sediments from the Cimarron

River and Sooner Lake (Figure 21) were capable of removing soluble copper

from solution. In the distilled water studies, Cimarron River sediments

removed 45 mg/1 and Sooner Lake sediments removed 182 mg/l. In addition,

it was also previously determined that algae are responsible for removing

some soluble copper from solution (Figure 23). If the amount of copper

removed in the water only systems is subtracted from the total amount of

copper removed in the Cimarron and Sooner combined systems, it appears

that there was only very minimal participation by the algae and/or the

sediments in the removal of the soluble copper. In addition, if the

amount of copper removed in the water only system is subtracted from the



75

algae-water unit and the sediment-water units for Lake Carl Blackwell,

Sooner Lake and the Cimarron River, it appears that the uptake of copper

by algae and sediments in natural water is lower than in the previous

BOD and distilled water studies.

In sUbstracting the uptake of the water from all the other units to

get the net algae and net sedinEnt uptake, it is assumed that the water

removed the same concentration of copper in all the units. This may not

be a val id assumption. The amount of copper removal attributed to soluble

components in the aqueous phase could be higher in the presence of algae

and/or sediments. Extracellular components secreted by the algae or ions

leached from the sediments could enhance the complexation or precipitation

of copper in solution. If this did occur, however, it would further de

crease the total amount of removal which could be attributed to the algae

or sediments in the individual or combined units, and their uptake in

natural water would still be lower than that observed in the previous

studies.

There may possibly be several reasons for this decreased uptake by

algae in the natural water systems. In the systems containing lake and

river water, the experimental period was not fourteen days as with the

BOD water-algae units but 5 days for Lake Carl Blackwell and the Cimarron

River and 4 days for Sooner Lake. It is possible that with a longer

experimental period uptake may have increased; however, analyses were

stopped at these periods because uptake was not showing any experimentally

sign if iCdll t d if terence from une ddy to the nex t. In ddd i t i un, the copper
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concentration in the systems with lake and river water was initially 200

mg/l; whereas, in the system with BOD water the initial concentration was

only 50 mg/l. The significantly higher copper concentration may have

inhibited algae growth or killed the algae and therefore reduced the total

copper uptake.

The formation of the copper precipitates is probably the major cause

of depressed copper rellloval by algae in the natural water units. In

addition to reducing the amount of copper available for algae uptake,

the precipitates removed the algae from solution as they settled and then

formed a protective layer on top of the algae at the bottom of the jar.

As with the algae, sediment uptake was hindered by the formation of

the copper precipitates which served to seal the sediments. The Cimarron

River sediments were sealed by a 5 mm layer of precipitates. Precipita

tion in the Sooner Lake system was less than the Cimarron units but still

coated almost 1001; of the exposed sediment surface area. Only minimal

precipitation was observed in the Lake Carl Blackwell units and complete

and uniform coverage of the sediments did not occur.

In the combined units, the algae that settled with the copper precipi

tates also formed a seal on the sediments. Combined systems were chrac

terized by a layer of green algae immediately on top of the sediments.

This in turn was covered with the copper precipitates. The algae layer,

in addition to the precipitate layer, probably accounts for the lower

copper uptake observed in the combined systems (Figures 24 and 25) as com

pared to the uptake in the units containing only sediment and waters.
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It is entirely possible that the capacity of the Cimarron River and

Sooner Lake and even Lake Carl Blackwell systems for copper removal is

much higher than that exhibited. In the actual lake or river situation,

where the exposed sediment surface area and the volume of water are much

larger, there would be little chance of the sediments being sealed with

copper precipitates or algae. This should allow for more sediment inter

action in copper removal and increase overall uptake.

The uptake of chromium in the water, algae-water, sediment-water and

combined systems for Lake Carl Blackwell, Sooner Lake and the Cimarron

River is shown in Figure 27. The waters from all three sources fixed

similar amounts of chromium ( 3 - 5 mg/l) over the experimental period

and the amount removed by the water was minimal compared to the concen

trations of copper removed by the lake and river waters. The algae in

all three waters fixed essentially no chromium as shown by the fact that

chromium removals in the algae-water systems as compared to the water

(only) units were equal or only differed slightly throughout the experi

mental period. These results agree with those previously obtained in the

algae and BOD water systems.

The combined systems indicate that the chromium removals for the

Cimarron River, Sooner Lake and Lake Carl Black~el1 systems were 5 mg/l,

11 mg/l and 16 mg/l respectively. Chromium removal in these combined

syst~ns se~ns to be largely a function of the sedin~nts. Total uptake

of chromium in the sediment-water systellis compared favorably with the

total uptake seen in the cOlllbined systems for Lake Carl Blackwell and

the Cimarron River. For Sooner Lake, more chromium was removed in the
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sediment-water sytem than in the combined system.

It was pointed out that in the copper systems containing algae and

sediments, the algae provided some sealing of the sediments which may

have decreased sediment uptake of copper. It would therefore be expected

that the same phenomenon would exist in the chromium systems containing

algae and sediments. By the end of the experimental period, the algae

had indeed settled onto the sediments. However, the algae in the chromium

systems remained in suspension much longer than the algae in the copper

systems. This in turn provided a longer period qf time for the sediment

adsorption of chromium. The precipitate formed in the copper systems

caused the algae along with the precipitates to settle and seal the sedi

ments within a day.

Aquatic systems, as demonstrated by the simulated systems in this

study, are capable of removing both copper and chromium from solution.

Copper removal is largely a function of the water composition and the

sediment; whereas, the sediments were the controlling factor in chromium

removal. All three sediments and waters exhibited a much higher affinity

for copper than for chromium. The Cimarron River removed more copper but

less chromium from solution than did Lake Carl Blackwell or Sooner Lake.

Conversely, Lake Carl Blackwell removed less copper but more chromium

than Sooner Lake and the Cin~rron River.

Although conclusive with respect to copper and chromium uptake, these

results do not imply that the metals will be permanently retained by the

sediments or be permanently precipitated as insoluble species. Changes in
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pH and oxidation reduction potential could cause release of the metals

from the sediments and resolubilization of precipitated species. En

vironmental changes in pH and redox potential should always be considered

in assessing the assimilative capacity of aquatic systems for heavy

metals.

Behavior of Copper in Soils

The combination of Figures 28 through 30 illustrate the copper up

take capabilities of the soil as a function of depth. The plots show

soluble copper remaining in the effluent. At a time greater than zero,

the soils ability to adsorb the copper is decreased as evident of the

increase of soluble copper in the effluent.

Figures 28 through 30 demonstrate the importance of uptake capa

bilities as the depth of allowable contact increases. The soluble copper

concentration in the effluent decreases as the distance from the source

increases.

Figure 31 clearly exhibits the adsorption capabilities of a red

silty-clay versus a sand. The soluble copper remaining in the effluent

at day forty is significantly lower for the silty-clay soil as compared

to the sand, thus implying the adsorption capabil ity of the silty-clay

is much greater than that of the sand. This is supported by Leeper (1978)

who states that the cation exchange capacity of a soil increases as the

clay content increases.



CONCLUS IONS

The data obtained from all of the investigations conducted in this

study trace the fate of copper and chromium through wastewater treatment

processes, aquatic systems and soil systems. In general, the results

indicated that copper is probably of less environmental concern than

chromium since it is so readily removed by wastewater treatment systems,

aquatic systems and soils. Copper is removed by microorganisms in

activated sludge and rotating biologicalcontactors and by algae in simu

lated aquatic systems. In addition, sediments and soils show a strong

affinity for copper and the uptake of copper by both can be correlated

with soil type. A final mechanism for the reduction of soluble copper

in aquatic systems is the precipitation of copper as the result of the

interaction with soluble anions in the aqueous phase.

Chromi um beha ved somewha t different ly than copper. Chromi um was

removed only by the rotaing biological contactor and not in the activated

sludge or algae systems. In addition, removal of chromium in aquatic

systems seems to be primarily a function of sediment composition. The

correct choice of treatment process and the operational conditions for

the removal of chromium from wastewater streams is extremely important.

Effluent chromium concentrations can be minimized by the use of rotating

biological contactors versus activated sludge. It is essential that as

much chromium be removed as possible from wastewaters since the assimi

lative capacity of aquatic systems for chromium is relatively low as

80
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compared to copper.

Effluent streams from wastewater treatment facilities should con

tain relatively low copper concentrations and any copper discharged into

an aquatic systelll should be readily precipitated or adsorbed. Similarly,

copper applied to soils should be removed before it is transported to

the groundwater providing the soil contains clay or organic matter.

Heavy metal contamination of the environment can be minimized by

proper management practices. The correct choice of wastewater treatment

processes and soil systems, coupled with an understanding of the fate

of these metals in aquatic systems, should enable the reduction of copper

and chromium pollution in the aqueous environment.
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