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FOREWORD

A vast amount of published material is accumulating as numerous
research investigations are conducted to develop a data base on the
adverse effects of environmental pollution. As this information is
amassed, it becomes continually more critical to focus on pertinent,
well-designed studies. Research data must be summarized and interpreted
in order to adequately evaluate the potential hazards of these substances
to ecosystems and ultimately to public health. The Reviews of the Environm-
mental Effects of Pollutants (REEPs) series represents an extensive com-
pilation of relevant research and forms an up-~to-date compendium of the
environmental effect data on selected pollutants.

Reviews of the Environmental Effects of Pollutants: III. Chromium
includes information on chemical and physical properties; pertinent
analytical techniques; transport processes to the environment and sub-
sequent distribution and deposition; impact on microorganisms, plants,
and wildlife; toxicologic data in experimental animals including metabo-
lism, toxicity, mutagenicity, teratogenicity, and carcinogenicity; and an
assessment of its health effects in man. The large volume of factual
information presented in this document is summarized and interpreted in
the final chapter, "Environmental Assessment,'" which presents an overall
evaluation of the potential hazard resulting from present concentrations
of chromium in the environment. This final chapter represents a major
contribution by James O. Pierce from the University of Missouri.

The REEPs are intended to serve various technical and administrative
personnel within the Agency in the decision-making processes, i.e., in
the development of criteria documents and environmental standards, and
for other regulatory actions. The breadth of these documents makes them
a useful resource for public health personnel, environmental specialists,
and control officers. Upon request these documents will be made available
to any interested individuals or firms, both in and out of the govermment.
Depending on the supply, the document can be obtained directly by writing
to:

Dr. Jerry F. Stara

U.S. Environmental Protection Agency
Health Effects Research Laboratory
26 W. St. Clair Street

Cincinnati, Ohio 45268

R. J. Garner
Director
Health Effects Research Laboratory
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ABSTRACT

This study is a comprehensive, multidisciplinary review of the
health and environmental effects of chromium and specific chromium com-
pounds. Approximately 500 references are cited.

Chromium is abundant in the earth's crust and is widely dispersed
in the enviromment. It is used extensively in refractory materials and
chemicals, as a plating to produce hard and smooth surfaces, to prevent
corrosion, and in manufacturing stainless and alloy steels. Major atmos-
pheric emissions of chromium arise from metal producing industries,
coal-fired plants, municipal incinerators, and cooling towers. Major
releases to water are chiefly from the electroplating metal-finishing,
textile, and tanning industries.

Harmful effects to man or animals seldom result from chromium in
ambient air or public drinking water. Reported chromium toxicity occurs
mainly from occupational exposure. Trivalent compounds are not highly
toxic, but excessive exposure to dusts or mists of hexavalent chromium
compounds produces dermatitis, skin lesions, and ulceration and perfora-
tion of the nasal septum, as well as liver and kidney damage. With long-
term exposure to hexavalent chromium compounds, incidence of human lung
cancer increases. No data suggest that these compounds are mutagenic or
teratogenic risks.

Trace levels of chromium are essential to mammalian life. Irreversi-
ble metabolic damage may result from long-standing chromium deficiency.
As a result of the refinement of many foods, diets in the United States
are often low in chromium; organs of Americans usually contain less chro-
mium than corresponding organs of people from other nations. Except in
the lungs, tissue chromium content decreases progressively with age, which
suggests that intake of biologically active chromium in the United States
is marginal.

This report was submitted in partial fulfillment of Interagency
Agreement No. D5-0403 between the Department of Energy and the U.S.
Environmental Protection Agency. The draft report was submitted for
review June 1976. The final report was completed in August 1977.



SECTION 1

SUMMARY

1.1 DISCUSSION OF FINDINGS

1.1.1 Chemical Properties and Analytical Techniques

Chromium, a transition element, is a steel gray, lustrous, hard metal
which melts at 1857°C and boils at 2672°C and has valence states ranging
from -2 to +6 (Section 2.2). A variety of chromium compounds are prepared
from chromite ore. Most of these compounds contain chromium in the more
stable trivalent and hexavalent oxidation states. The chromium in essen-
tially all environmentally important chromium compounds is in one of these
two oxidation states. Although tetravalent and pentavalent chromium com-
pounds exist, they are unstable and decompose to hexavalent and trivalent
chromium in aqueous solution (Section 2.2.4). The major chromium compounds
produced are chromic oxide, chromic sulfide, chromic halides, and chromic
sulfate. 1In aqueous solution, trivalent chromium forms a large array of
hexacoordinate complexes with amines, water, urea, halides, sulfates, and
organic acids (Section 2.2.3.5). Coordination complexes also occur with a
variety of anions (Section 2.2.3.5). Olation occurs at alkaline pH; a wide
range of polynuclear complexes are formed and ultimately precipitate as the
olated complex Cr(OH);¢XH.0. All stable hexavalent chromium compounds are
oxy compounds and are strong oxidants. Chromates (Cr0,?~) and dichromates
(Crz0,27) are used to prepare other chromium compounds (Section 2.2.5).

The biochemistry of chromium is not completely known (Section 2.2.6).
Chromium can react with nucleic acids and proteins. In reactions with pro-
teins, it binds to carboxyl groups of glutamic and aspartic acids. Hexa-
valent chromium is probably reduced in biological systems; thus, the
prevalent interacting species would be trivalent chromium. Complexes of
trivalent chromium with several organic acids (Krebs cycle acids) are known.

Several analytical techniques are sufficiently sensitive to detect
chromium concentrations in the parts per billion range in a variety of
samples (Section 2.3). Care in handling is necessary to avoid severe con-
tamination of the sample. Loss of chromium as a volatile organo-chromium
compound has also been suggested but recent careful work has failed to dem-
onstrate losses from this source.

Chromium can be collected from air by impingers, electrostatic precip-
itators, and filters (Section 2.3.2). Water samples are collected in con-
tainers which do not contain chromium (borosilicate, clean quartz, or
polyethylene); the water is acidified and then used for analysis. Inorganic
solids are solubilized (ignition, acid digestion, or alkali digestion)
before analysis. Biological samples need to be ashed carefully to avoid the
possibility of chromium loss. In samples with low chromium content, separa-
tion and concentration may be necessary before analysis. Precipitation with
hydroxyquinoline and tannic acid may be used. Oxidation in a basic medium
forms soluble chromates, whereas many trace elements will precipitate.



Liquid-liquid solvent extraction with the complexing agent ammonium pyrro-
lidinedithiocarbamate and the solvent methyl isobutyl ketone can concentrate
the chromium sample. Prior oxidation of all chromium(III) to chromium(VI)
is necessary because this technique extracts only hexavalent chromium.
Chromatography can be used to separate chromium from some interfering ele~
ments and to concentrate chromium in the sample.

Atomic absorption spectrometry (flame and flameless) is the most common
method used to detect chromium in samples (detection limits of about 20 ppb
in the flame method and of about 0.2 ppb in the flameless method) (Section
2.3.2.3). With biological samples, the organically complexed chromium should
first be converted to inorganic chromium by low-temperature ashing. The
flameless atomic absorption method may become more useful for routine, prac-
tical analysis in the near future.

Neutron activation analysis is also widely used to determine chromium
concentrations, but this method is expensive and is best suited for multi-
element determinations. After prior treatment to separate and concentrate
the element, concentrations of a few parts per billion can be detected.
Molecular absorption spectrophotometry, which uses the diphenylcarbazide
complex, is a classical analytical method; however, atomic absorption, neu-
tron activation analysis, and emission spectroscopy are now more commonly
used. Emission spectroscopy can detect chromium concentrations down to 0.3
ppb and spark-source mass spectrometry can detect about 0.02 to 0.1 ppb. The
precision and accuracy of spark-source mass spectrometry can be increased by
combining it with the isotope dilution technique. Other methods of chromium
analysis include x-ray fluorescence, gas chromatographymass spectrometry,
and single-sweep polarography. These analytical methods, however, are not
used extensively.,

The greatest problem with chromium analysis, and indeed with chromium
studies 1n general, is the large uncertainty in the analysis of some types
of blological and environmental samples. Differences of more than an order
of magnitude in the chromium content of NBS bovine liver have been reported
by collaborating laboratories and the differences have persisted in spite
of considerable time and effort in trying to resolve them. Quite recently,
some progress toward getting better interlaboratory agreement has been made,
but the reasons for the earlier disagreements remain obscure. Until more is
learned about the reasons for the analytical problems, extreme care must be
used when drawing eonclusions from past analytical results.

1.1.2 Environmental Occurrence

Environmentally, chromium is ubiquitous. Low concentrations (about
10 ppm) are present in granite and limestones, while extremely high concen-
trations (average about 1800 ppm) are found in ultramafic and serpentine
materials (Section 7.2). Chromite is the major mineral form of chromium;
all chromium and chromium compounds prepared in the United States are from
imported chromite ores. Importation is considerably more economical than
mining the U.S. chromite deposits, most of which have a low chromium con-
tent. About 75% of the imported ore comes from the U.S.S.R. and South
Africa.



Sources of atmospheric chromium include emissions from coal-fired
power plants, iron and steel industries, municipal incinerators, and cool-
ing towers. Yearly average concentrations of chromium in urban air (1968
and 1969) ranged from below detection level to 0.1 pg/m®; concentrations
exceeded 0.1 pg/m® in only 59 of 186 urban cities. Air from nonurban areas
did not contain measurable amounts of chromium. Seasonal and day-to-day
variations in the amounts of chromium in the air can be expected. Back-
ground levels of chromium in air are difficult to determine; a concentration
of 5.3 pg/m® detected at the South Pole was attributed to weathering of
crustal materials.

Most chromium in the atmosphere is particulate. The form of chromium
in these particulates is unknown but most likely is the trivalent state.
Chromates, however, do occur in the drift from cooling towers. Chromium is
present in particulates of all sizes. Although there are conflicting data,
smaller particles of fly ash from coal combustion generally have somewhat
higher chromium concentrations than larger particles. The data suggest
that surface enrichment of particulates may occur during the combustion
process.

Chromium concentrations in most soils range from 5 to 300 ppm (Section
7.3.3). The chromium concentration can be considerably higher in soils
formed over serpentine rock (500 to 62,000 ppm, ash wt basis). The clay
fraction of most soils typically has a higher proportion of chromium. Chro-
mium concentration does not change significantly with depth. Chromium in
soils, even those derived from serpentine strata, is mainly in an insoluble
state in adsorbed, mineral, or precipitated form. The relative contribu-
tions of adsorption to clays, organic matter, and iron or manganese hydrous
oxides and of precipitation reactions in decreasing the soluble chromium
content are not known. Presumably, these factors would vary with the phys-
ical and chemical characteristics of the soil. In most cases, these reac-
tions make chromium relatively unavailable for uptake by plants. Water-
extractable chromium in soils is usually less than 0.01 ppm. Chromium
amounts extractable by 2.5%7 acetic acid are likewise low — about 1 ppm in
many soils.

Chromium content in soils decreases with distance away from cooling
towers. In one study, background levels were reached at about 300 m from
the tower. Although chromium in the cooling-tower drift was in the form
of chromate, the amount of extractable chromium in the soils was quite low
(0.4 to 1.9 ppm). These findings suggest that reduction occurs in the soil
and that trivalent chromium is readily adsorbed or precipitated.

Trace quantities of chromium can be found in both surface water and
groundwaters. Dissolved chromium concentrations in fresh water ranged from
about 0 to 112 ppb, with an average of 9.7 ppb (Section 7.3.4). Higher
concentrations were observed in more industrialized areas. Concentrations
of chromium were considerably lower in seawater (0 to 0.5 ppb) than in fresh
water. In the early 1960s, most waters used as sources of drinking water
contained less than 8 ppb chromium. Only 4 of 969 public water supply sys-
tems examined in 1969 had finished drinking waters which contained more than

50 ppb chromium.



Electroplating and metal finishing account for the major release of
chromium to wastewaters (Section 7.3.4). In addition, the textile and
tanning industries release some chromium. Significant amounts can also be
contributed by runoff from urban and residential areas (about 9% of the
total chromium received at sewage plants in New York City). Relative con-
tributions from different pollution sources to the total amount of chromium
found in wastewaters have not been reported for most cities.

In water with little organic matter, both trivalent and hexavalent
chromium can exist. Both forms are also found in seawater, but hexavalent
chromium is usually the major species (Section 7.3.4).

Significant amounts of chromium occur in particulate form in water.
For example, 67.6% of the total chromium in the Walker Branch Watershed
(Tennessee) was in particulate form. Chromium concentrations in the sus-
pended particles varied considerably (from 37 to 2000 ppm).

Most sediments contain chromium. Chromium concentrations of 90 to 140
ppmn in some California basin sediments and of 1 to 49 ppm in Wisconsin lake
sediments were reported (Section 7.3.5). Concentrations of up to 1240 ppm
chromium have been found (Rhine River sediments). Slightly higher chromium
concentrations were reported in surface sediments. Although anthropogenic
input of chromium occurs, the amount has not been great enough to cause
large surface concentrations in sediments from most areas.

1.1.3 Environmental Cycling and Fate

Although some aspects of the environmmental cycling of chromium are
known, quantitative data on the amount cycled are lacking (Section 7.4).
Atmospheric chromium, mainly in particulate form, is deposited on land or
water by fallout and precipitation (Section 7.4.1). Chromium concentrations
in rain ranged from 0.6 to 60 ppb; a monthly deposition of 11 g of chromium
per hectare was reported.

Chromium in the soil is rather immobile. It is mainly in the trivalent
state because hexavalent chromium is reduced in the presence of organic
matter (Section 7.4.2). Little information on chromium loss by leaching and
surface runoff exists. Anaerobic conditions in some soils may slightly en-
hance chromium solubility. Weathering and wind action probably contribute
a small amount of chromium to the atmosphere, but this amount has not been
quantified.

Flowing water transports vast amounts of chromium (for example, 790
metric tons per year by the Susquehanna River). In one study, most chromium
was found to be transported in the form of crystalline sediments. Existing
data suggest that mobilization of chromium from sediments to soluble form
does not occur when the suspended material of a river is deposited in an
estuary. In water, hexavalent chromium is effectively adsorbed and precipi-
tated with MnO+7H,0 but not with Fe,0s;*nH,0, apatite, or clay. The rela-
tive amounts of chromium supplied to many basins by various sources, such

as wind, sewer outfalls, storms, runoff, and river flow, have not been
determined.



Little information is available on the fate of chromium in sediments.
Currents determine the pattern of sediment deposition. Storms and other
violent weather could stir sediments, especially in shallow areas, and re-
distribute the chromium within the sediments. Probably, little chromium is
recycled. Chelating agents, such as nitrilotriacetic acid used in detergents,
are released to the enviromment and may occur in concentrations which would
serve to solubilize metals. However, present data suggest that little chro-
mium is solubilized in this way.

Waste management of chromium in water usually involves reduction of any
hexavalent chromium to trivalent chromium followed by precipitation at alka-
line pH (Section 7.5). The precipitate is normally disposed of as landfill.
Care must be taken to avoid acidification of these landfill sites since
chromium (and other metals) would be solubilized. TIon exchange, ion flota-
tion, electrochemical conversion, activated carbon adsorption, liquid-liquid
extraction, and reverse osmosis processes are potential waste treatments for
chromium removal, but none of these methods are economically practical at
present.

The efficiency of chromium removal from sewage varies with treatment
plant design and discharge procedure. Overall removal efficiencies of 177%
to 18% were reported in one study. Sewage sludge has a wide range of chro-
mium concentrations (20 to 40,000 ppm), most of which is insoluble. Moder-
ate deposition of sewage sludge on land only slightly increases the available
chromium content of the soil.

1.1.4 Biological Aspects in Microorganisms

Because of the ubiquity of chromium in the environment, all organisms
are exposed to chromium and chromium has been found in all organisms exam-
ined. Chromium has not been shown to be an essential element for microbes
(Section 3.2). Most microbes take up chromium and those examined contained
up to a few parts per million. Microorganisms near pollution sources may
contain higher concentrations. Mechanisms of uptake have not been adequately
studied; chromate uptake in Neurospora is by the sulfate transport system.

Growth inhibition is the major effect observed for chromium additions
to growth media (Section 3.3). Different species exhibit different toler-
ances for chromium. In some cases, other trace elements can overcome the
growth inhibition of a specific chromium concentration. Chromium inhibi-
tion of photosynthesis has been observed in some algae; inhibition of ger-
mination in fungi has also been observed. Chromium inhibits nitrogen
fixation in Azotobacter. Hexavalent chromium reportedly is mutagenic to
Escherichia coli.

1.1.5 Biological Aspects in Plants

Considerably more information is available on the metabolism and
effects of chromium in higher plants. Although some reports show chromium
to be beneficial to plant growth, it has not been found to be an essential
element for higher plants (Section 4.2.1).



Plants take up chromium mainly from the soil (Section 4.2.2). Trans-
location of chromium, supplied as either trivalent or hexavalent chromium,
from roots to aerial portions of the plant is small; thus, the highest
chromium concentrations occur in roots. If chromium is supplied as the
chelate, large amounts are translocated; however, the role of natural che-
lates within soil in supplying chromium to plants is unknown (Section
4.2.3). Generally, the concentration of chromium within the plant increases
as the external available chromium concentration increases.

Chromium concentrations in plants growing on most soils are usually
only a few parts per million (Section 4.2.4). However, some plants growing
on infertile serpentine soils contain much higher chromium concentrations.
The endemic species of physiological races living in serpentine areas seem
either to exclude chromium or to tolerate high chromium levels in tissues.
The infertility of serpentine soils does not seem to be directly due to the
chromium concentration, although it may be a contributing factor. Plants
growing on soils amended with sewage sludge have slightly higher chromium
concentrations than control plants. These concentrations of chromium
apparently produce no toxic effects in the plants.

In solution and pot experiments, excess chromium in the growth medium
decreases both shoot and root growth and inhibits seed germination (Section
4.3.2). Growth inhibition can occur at concentrations of less than 1 ppm;
at higher concentrations death can occur. Growth inhibition takes the form
of decreased size, stunted roots and shoots, or abnormal inflorescence
development. Chlorosis occurs in some species.

The symptoms produced by excess chromium and the concentrations which
induce them are species specific. Interacting factors such as the content
of other elements in the medium can affect the results. Such data are
sparse for chromium interactions and plant growth. WNo data are available
on the effects of chromium on cellular metabolism or on how these effects
interact to produce the physiological effects observed.

1.1.6 Biological Aspects in Wild and Domestic Animals

Chromium uptake by animals is most easily studied in aquatic species.
Both hexavalent and trivalent chromium are taken up by aquatic organisms
(Section 5.2.1). Trivalent chromium in waters is often in particulate form
and can be ingested; therefore, it is found in the digestive tract of bottom
dwellers. Hexavalent chromium compounds are soluble and can be rapidly
sorbed by the gut and body walls. Surface adsorption of particulates can
occur on shells, gills, mantle, and other body surfaces. Chromium uptake
has been demonstrated in clams, polychaete worms, oysters, crabs, and fishes.
The effects of high chromium concentrations on these animals include reduced
growth and weight, increased oxygen consumption, and increased hematocrits.
Both trivalent and hexavalent compounds can be toxic to organisms. 1In
aquatic organisms, toxicity varies with pH, water hardness, temperature,
species, and size of the organism (Section 5.3.2). The lethal level of
chromium reported for some aquatic invertebrates was approximately 0.05 ppm;
for other organisms, lethal concentrations were greater. In soft water ’
trivalent chromium is more lethal to fish than hexavalent chromium, but’in



hard water the opposite appears true. Toxic concentrations of chromium
vary considerably among different species of fish. For example, median
tolerance limits for trivalent chromium in soft water at 24 hr were 4 ppm
for guppies, 11 ppm for goldfish, 67 ppm for bluegills, and 5 ppb for fat-
heads. Values at 48 and 96 hr did not differ greatly. Various insects
have reportedly survived exposure to chromium concentrations in the 1 to
64 ppm range. No data were found for chromium interactions in birds, am~
phibians, or wild and domestic mammals.

1.1.7 Biological Aspects in Humans and Test Animals

Chromium is an essential trace element for humans. Most chromium is
taken up by ingestion; lesser amounts are taken up by the respiratory tract
and through damaged skin (Section 6.2.1). Absorption can occur through the
gastrointestinal and respiratory tracts. Natural chromium complexes, such
as the glucose tolerance factor, are absorbed to a greater extent than in-
organic trivalent chromium. Hexavalent chromium is reduced to trivalent
chromium by acid gastric juices. Inhaled chromium can be trapped in the
bronchi and subsequently swallowed (ingested), deposited in the alveoli
where it may remain in insoluble form (trivalent compounds), or absorbed
into the bloodstream (for example, chromates). Chromium complexes with
plasma proteins (B-globulins) of the blood and is distributed to body
tissues (Section 6.2.2).

The tissue uptake of chromium administered experimentally depends on
the chemical form. Soluble complexes such as acetate and citrate are ex-
creted before much uptake can occur. Compounds which give rise to colloidal
or protein-bound forms, such as chromite and chromic chloride, are retained
longer and uptake is greater. Phagocytosis of colloidal particles probably
explains the uptake of chromite by the reticuloendothelial system, liver,
spleen, and bone. Chromium as chromic chloride is also taken up by these
organs and accumulates in the spleen. The fetus has an affinity for chro-
mium which may result in marginal chromium deficiency in the mother. The
chromium level in the fetus starts to rise during the third month of preg-
nancy and reaches a peak in the seventh month. In the newborn, the level
of chromium decreases. Chromium transferred across the placenta must be in
the form of the glucose tolerance factor.

Simple chromium complexes administered in drinking water (5 ppm) in-
creased the chromium levels in the heart, lung, and kidney of test animals
(Section 6.2.3.1). Intravenous injection of tracer amounts of chromium as
chromic chloride showed that tissue uptake and retention differed among
organs. At four days after injection, heart, lung, pancreas, and brain
showed a decrease in labeled chromium, whereas spleen, kidney, testis, and
epididymis concentrated the labeled chromium.

Adult human tissues generally contain about 0.02 to 0.04 ppm chromium.
Lung tissue contains about 0.22 ppm chromium, urine about 1.8 to 11 ppb,
and hair about 0.69 ppm. Reports of chromium in blood plasma vary consid-
erably (2 to 520 ppb). Chromium has the greatest affinity for the reticulo-
endothelial system, spleen, liver, and bone marrow. Hair of newborn humans
has a higher chromium content than that of older children. Some organs of



Americans contain less chromium than corresponding organs of people from
other nations, which suggests that Americans have a chromium deficiency.
Except for the lungs, chromium levels in tissues decrease with age.

Individuals are exposed to chromium mainly through the diet. In humans,
daily chromium intake ranges from 5 to 115 ug (Sections 6.3.2 and 8.3). No
significant relationship exists between biologically active chromium and
total chromium content in foods; thus, certain foods are better sources of
available chromium (brewer's yeast, meats, grain, and seafoods). Diets in
the United States are often low in chromium as a result of the refinement
of most foods.

Elimination of chromium from rats showed three half-lives (0.5, 5.9,
and 83.4 days); in humans, overall elimination is slow (Section 6.2.5).
Chromium is excreted mainly through urine, although some may be eliminated
through feces. About 7 to 15 ug of chromium is excreted daily by humans.
In many cases, this amount may be more than is taken in, which results in
a slow drain of chromium reserves.

From a biochemical viewpoint, chromium interacts with a variety of
ligands; the best-known interaction with proteins is that with collagen
during the tanning process (Section 6.2.4). Chromium inhibits some enzymes
(for example, B-glucuronidase), but stimulates others. It is an essential
component of the glucose tolerance factor. Chromium can also form complexes
with nucleic acids, but their biological significance is unknown.

The major role of chromium in metabolism is as a part of the glucose
tolerance factor. This complex, which is necessary for normal glucose
metabolism, acts by potentiating the action of insulin. Altered tolerance
to glucose is the first indication of a deficiency of the glucose tolerance
factor and of chromium. Glucose fails to enter the cells because of a lack
of the combined action of the factor and insulin. Irreversible metabolic
damage may result from long-standing chromium deficiency. The relationship
of chromium to diabetes is uncertain, but increased chromium supply has in-
creased glucose tolerance in some diabetics. Lipid metabolism is also al-
tered with chromium deficiency; serum cholesterol levels are higher in
chromium-deficient rats and humans. Atherosclerosis is less evident in
areas of the world where the population has higher chromium levels. Chro-
mium deficiency also decreases amino acid incorporation into proteins.
Chromium deficiency is widespread enough that supplementation with glucose
tolerance factor has been suggested as a public health measure.

Chromium is not considered particularly toxic; the amount of chromium
needed to produce toxic symptoms is many times higher than the amount needed
to relieve symptoms of deficiency. Due to insolubility, trivalent chromium
compounds are almost nontoxic when given orally. Hexavalent chromium com-
pounds are strong oxidizing agents and are highly irritating to tissues.
They are also easily absorbed and cross cell barriers easily and are there-
fore more of a toxicity hazard than are trivalent chromium compounds.



Chromium toxicity, which is mainly a problem of occupational exposure,
occurs most often with workers directly exposed to dusts or mists of hexa-
valent chromium compounds. Workers exposed to chromates may develop primary
irritations with ulcers and nonulcerative contact dermatitis (eczematous and
noneczematous). Duration of contact, susceptibility, and hygiene affect the
incidence and extent of these maladies. Improved working conditions can
decrease the incidence of skin effects. Treatment with ascorbic acid to
reduce hexavalent chromium aids healing of skin irritatioms.

The major respiratory effects caused by exposure to chromatic dusts or
chromic acid mists are ulceration and perforation of the nasal septum. An
increased incidence of lung cancer is associated with long-term exposure to
hexavalent chromium (Section 6.3.3.2.2). The latent period between first
exposure and occurrence of cancer generally appears to be between 10 and 20
years. Dose-response curves for lung cancer are not known. Exposure to
chromium compounds for relatively brief periods (days to weeks) can also
cause sneezing, rhinorrhea, redness of the throat, bronchospasm, headaches,
and dyspnea. Chronic exposure and incidents of high exposure can cause
systemic poisoning and result in liver and kidney damage.

In experimental animals, carcinomas, mainly sarcomas, have been pro-
duced at the site of implantation of chromium compounds; however, the inci-
dence of occurrence has not allowed a dose-response relationship to be
established. No data suggest that chromium poses any mutagenic or terato-
genic risk.

The maximum workplace concentration of airborne carcinogenic chromium(VI)
recently recommended by the National Institute for Occupational Safety and
Health is 1 pg/m® of breathing zone air. Air quality standards for the
general population can be expected to be more stringent because the exposure
periods are longer and because the population has a wider age variation and
range of health complications.

1.1.8 Food Web Interactions

Although some organisms apparently concentrate chromium, no biomagnifi-
cation in food chains has been observed (Section 8.4). Aquatic ecosystems
have been better studied than terrestrial ecosystems. The existing data
from both ecosystems indicate that organisms at lower trophic levels contain
higher chromium concentrations than organisms at higher trophic levels. The
explanation may be that hexavalent chromium absorbed by lower forms is re-
duced in situ to the less soluble trivalent form, which is not subsequently
absorbed by the predator.

1.2 CONCLUSIONS

1. The environmentally important oxidation states of chromium are the
trivalent and hexavalent forms. Organic matter reduces hexavalent

to trivalent chromium.

2. With suitable analytical procedures, chromium concentrations of less
than 1 ppb can be detected. However, continued poor results from
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interlaboratory comparison studies indicate that extreme caution
should be used when drawing conclusions which depend on the accuracy
of analytical results.

Major atmospheric emissions of chromium are from the chromium alloy
and metal-producing industries; lesser amounts come from coal combus-
tion and cement production. Major emissions to water occur from the
electroplating industry.

Chromium is ubiquitous in soils and is typically present in the range
of 5 to 300 ppm. Most soil chromium is unavailable for plant uptake.

Data on the amounts of chromium cycled by environmental factors are
lacking. Little chromium is leached from soils; chromium in waters
is deposited in sediments.

All organisms contain measurable amounts of chromium. Uptake of both
trivalent and hexavalent chromium can occur.

Mammals appear to be the only group of organisms for which chromium
is an essential element.

Chromium can reduce both root and shoot growth in plants and can
inhibit photosynthesis and nitrogen fixation in microbes. Various
organisms have different tolerances and no specific mechanisms of
action are known.

Chromium is acquired by humans mainly through ingestion and dis-
tributed to tissues by the blood.

Altered glucose tolerance is the first observed symptom of chromium
deficiency. Chromium is involved in glucose metabolism as part of
the glucose tolerance factor, which acts with insulin to govern the
entry into cells of sugars as well as amino acids and lipids.

Diets in the United States are often low in chromium as a result of
the refinement of many foods. Some evidence suggests a deficiency
of chromium and of the glucose tolerance factor which becomes more
severe with age.

Chromium toxicity is mainly an occupational concern. Trivalent chro-
mium compounds are not a great toxicity hazard. Industrial exposure

to dusts or mists of hexavalent chromium compounds produces dermatitis,
skin lesions, and ulceration and perforation of the nasal septum.
Systemic effects may also result. With long-term exposure, the
incidence of lung cancer increases.

No biomagnification of chromium has been observed in organisms of a
food chain. Chromium concentrations are highest in members of the
lower trophic levels.
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14. Probably the greatest single concern in drawing conclusions on chro-
mium effects in the environment is the analytical uncertainty shown
by interlaboratory comparison data. Drawing firm conclusions in the
face of these unresolved problems can be quite hazardous.



SECTION 2

PHYSICAL AND CHEMICAL PROPERTIES AND ANALYSIS

2.1 SUMMARY

The inorganic chemistry of chromium has been well studied and under-
stood. However, its biologic and envirommental interactions are obscure
and poorly characterized. This dichotomy is the direct result of the
chemical complexity of the element and the extremely low chromium concen-
trations often found in living matter. Chromium occurs in valence states
ranging from -2 to +6. The tripositive state, the most stable form, ex-
hibits a very strong tendency to form six—coordinate octahedral complexes
with a great variety of ligands such as water, ammonia, urea, halides,
sulfates, ethylenediamine, and organic acids. In neutral and basic solu-
tions, trivalent chromium forms polynuclear compounds in which adjacent
chromium atoms are linked through OH or O bridges. These compounds may
eventually precipitate as Cr,0s*nH,0. Hexavalent chromium compounds have
the greatest economic importance as well as biological and environmental
significance. All stable hexavalent chromium compounds are oxy species
(such as Cr0Os, Cr0,2”, and Cr0,Cl,) which strongly oxidize organic matter
on contact. The other valence states of chromium are too unstable to be
significantly involved in the biochemical process with the possible ex-
ception of the very stable zero-valent state of "sandwich" complexes, such
as dibenzene chromium. There is no evidence that such compounds occur in
biologic media.

A variety of analytical techniques is available for the determination
of chromium in environmental samples down to the parts per billion level.
Although this sensitivity is adequate for most inorganic samples, it can
sometimes be achieved only at the expense of costly and time-consuming
preanalysis steps. There is a continuing need for more rapid and inex-
pensive methods of analysis which do not require pretreatment of samples.

The analysis of chromium in organic media is the most serious problem
currently confronting researchers interested in the biochemistry of this
element. Sometimes present only at the parts per billion level, chromium
in organic media is subject to severe contamination from equipment such as
knives, needles, and containers. Moreover, there is now little doubt that
chromium naturally present in some biological materials behaves differently
from inorganic chromium and that it may not be detected by flameless atomic
absorption spectrometry when it is introduced directly into the graphite
atomizer. The discovery of this disparate behavior of organically bound
chromium has rendered suspect much previously reported quantitative data,
particularly data defining characteristic levels of chromium in various
biological media. Some workers have suggested that the behavior is due to
volatile forms of chromium which are lost during ashing, but recent careful
attempts to demonstrate volatile chromium species failed. Confidence will
be restored to this area of research only when causes of the anomalies are
identified and previous assays are verified or amended by new analyses
which are beyond suspicion.

19
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2.2 ©PHYSICAL AND CHEMICAL PROPERTIES

Chromium has been known for more than 175 years and has been an item
of commerce during most of this time. Despite this long history, however,
many aspects of the element and its interactions with man and the environ-
ment remain obscure. Thus, although our knowledge of the inorganic chem-
istry of simple chromium compounds is well established, our understanding
of the biochemistry of chromium is, at best, only rudimentary. This cir-
cumstance arises partly from the chemical complexity of the element itself
and also from the low concentrations in which it is normally encountered in
biological media (Mertz, 1969). A similar lack of information exists con-
cerning the cycling of chromium in the environment (National Academy of
Sciences, 1974, p. 108).

In view of the state of the art, this section will necessarily deal
chiefly with the inorganic chemistry of chromium; characteristic reactions
useful in understanding the behavior of the element will be stressed. How-
ever, interactions of biological and envirommental relevance will be dis-
cussed as fully as existing data permit.

2.2.1 The Element

Chromium was discovered in 1797 by Louis Vauquelin, a French chemist,
in the red Siberian ore, crocoite (PbCrO,). The production of chromium
chemicals on a commercial basis started soon afterwards in 1816 and has
continued without interruption. Chromium compounds now have great economic
importance in the paint and dye industries as pigments and mordants, in
metallurgy for the production of stainless steel and other alloys, in the
chrome tanning of leather goods, in the production of high-melting refrac-
tory materials, and, of course, in chrome plating. The steel gray, lus-
trous, hard metal melts at 1857 * 20°C, boils at 2672°C, and has a specific
gravity of 7.18 to 7.20 at 20°C (Weast, 1974). There is disagreement in
the literature concerning the numerical values of measurements involving
high temperatures, such as boiling points and melting points. Such meas-
urements should be accepted with reservation.

As found in nature, chromium is a mixture of four stable isotopes of
mass numbers 50, 52, 53, and 54. The natural abundances and thermal neutron
cross sections of these isotopes are listed in Table 2.1. Also included in
this table are descriptions of the five established radiocactive isotopes of
chromium. The radioisotope commonly used in tracer work is *Cr. Commer-
cially available chemical forms of this nuclide include chromium(IIT) in
dilute acid and chromate.

Chromium, the 24th element of the periodic chart, belongs to the first
series of transition elements. The electronic configuration of the element
is {Ar}3d®4s®. Oxidation states of chromium range from -2 to +6, but it
most commonly occurs in the trivalent and hexavalent forms. Hexavalent
chromium compounds have the greatest economic importance and also appear to
be the most environmentally and biologically significant forms of chromium.
Chemically, the most stable and important state is Cr®*, d®>. 1In this spe-
cies chromium has a strong tendency to form octahedral complexes of
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Table 2.1. Chromium isotopes
Natural Mode Decay Thermal neutron capture
Isotope abundance Atomic Lifetime of energy cross section
) mass decay (MeV) (b)
Chromium 51.996 3.1 +0.2
Cr-48 23 h Electron capture 1.4
Cr-49 41.9 m Electron emission 5.26
Cr-50 4.31 49.9461 16.0 + 0.5
Cr-51 27.8 d Electron capture 0.752
Cr-52 83.76 51.9405 0.76 + 0.06
Cr-53 9.55 52.9407 18.2 + 1.5
Cr-54 2.38 53.9389 380 + 40
Cr-55 3.5m Electron emission  2.59
Cr-56 5.9 m Electron emission 1.6

Source: Adapted from Weast, 1977, p. B-278. Reprinted by permission of the publisher.

coordination number six with ligands such as water, ammonia, urea, ethyl-
enediamine, halides, sulfate, and organic acids. Each tzg level in these
complexes is singly occupied, which produces a sort of half-filled shell
stability (Cotton and Wilkinson, 1962, p. 567). This arrangement results
in extremely slow ligand exchange rates and imparts a pseudostability to
the complex, even under conditions in which these complexes are thermo-
dynamically very unstable. Oxidation states lower than chromium(III) are
strongly reducing; in aqueous solutions only the divalent state is known.
Chromium(V) and chromium(IV) are formed as transient intermediates in the
reduction of chromium(VI) solutions. They have no stable solution chem-
istry because of disproportionation to trivalent and hexavalent chromium;
however, a few solid compounds are known. The highest oxidation state,
chromium(VI), corresponds to the loss of the total number of 3d and 4sg
electrons. Stable compounds of this state exist only in the oxy species,
such as CrOs, Cr0,°”, Cr,0,%", and Cr0,Cl,, which are strongly oxidizing.
The strong inclination of hexavalent chromium compounds to be reduced to
the trivalent state, particularly by organic materials, and the tendency
of the resulting trivalent chromium to form very stable complexes with
common biological ligands afford obvious mechanisms by which chromium can
interact with the normal biochemistry of man. The physical properties of
typical chromium compounds are shown in Table 2.2.

2.2.2 Divalent Chromium

Chromium forms divalent compounds with oxygen, the halogens, sulfur,
organic acids, and a number of complexing agents. In aqueous solution and
in many of its salts, the chromous ion is bright blue. Its chemical be—
havior is similar to that of the ferrous ion, except that the tendency to
pass from the divalent to the trivalent state is much stronger with chro-
mium than with iron. 1In fact, chromous ions are among the strongest



Table 2.2, Physical properties of typical chromium compounds
Meltin Boiling
Compound Formula Appearance Crystal system Densigy pointg point Solubility
and space group (g/cm?) °c) °c)
Oxidation state 0 9
Chromium carbonyl Cx(CO)s Colorless Orthorhombic, Cyp 1.77:s 150 (decomposes) 151 (decomposes) Slightly soluble in
crystals (sealed tube) €Cl,; insoluble in
H.0, (C.Hs):0,
C.HsO0H, CsHe
Dibenzene— (CeHe) 2Cr Brown Cubic, Pagy 1.519 284-285 Sublimes 150 Insoluble in H,O0;
chromium(Q) crystals (vacuum) soluble in CeHg
Oxidation state + 1
Bis(biphenyl)- (CeH5CeHs) 2CrI Orange plates 1.61746¢ 178 Decomposes Soluble in
chromium(I) C,Hs0H, CsHsN
iodide
Oxidation state +2
Chromous acetate Cra (C2H302),*2H,0 Red crystals Monoclinic, C2/c¢ 1.79 Slightly soluble in
H.0; soluble in
14 acids
Chromous chloride CrCl, White Tetragonal, Dyp 2.93 815 1120 Soluble in H.0 to blue
crystals 5 solution, absorbs 0,
Chromous ammonium CrS0,+ (NH.) 250,¢6H20 Blue crystals Monoclinic, Cop Soluble in HzO0,
sulfate absorbs 0
Oxidation state +3 3 0r 5
Chromic chloride CrCl, Bright purple Hexagonal, D3 2.8725 Sublimes 885 Insoluble in H,O,
plates soluble iIn pres-
ence of Cr?"
Chromic acetyl- Cr (CH,COCHCOCH3) 5 Red-violet Monoclinic 1.34 208 345 Insoluble in H,0;
acetonate crystals 6 soluble in CgHe
Chromic potassium  KCr(S0,),*12H20 Deep purple Cubic, 4y 1.826:5 89 Soluble in H,0
sulfate (chrome crystals (incongruent)
alum)
Chromic chloride [Cr(H,0),Cl;]Cl*2H,0 Bright green Triclinic or 1.835;s 95 Scluble in H,0, green
hexahydrate crystals monoclinic solution turning
6 green-violet
Chromic chloride [Cr(H20)¢]C1l;s Violet Rhombohedral, D3g 90 Soluble in H,0, violet
hexahydrate crystals solution turning
6 green-violet
Chromic oxide Cr,03 Green powder Rhombohedral, D3g 5.22,5 2435 ca. 3000 Insoluble
or crystals
Oxidation state +4 n
Chromium(IV) oxide CrO, Dark-brown or Tetragonal, Dy 4.98 Decomposes Soluble in acids to
black powder (calculated) to Cr,0; Cr®* and Cr®t

ST
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Table 2.2 (continued)
. Melting Boiling
Compound Formula Appearance Crystal system Density point point Solubility
and space group (g/cm®) ) °c)
Chromium(IV) CrCl, Stable only at 830
chloride high temp
Oxidation state +5
Barium chromate(V) Bas(Cr0,). Black-green Same as Slightly decomposes
crystals Cas(P0L), in H,0; soluble in
dilute acids to
cr®* and cre*
Oxidation state +6
Chromium(VI) Cr0s Ruby~red Orthorhombic, C;g 2.725 197 Decomposes Very soluble in H,0;
oxide crystals soluble in CHa-
COOH, (CHaCO) 20
Chromyl chloride Cr0,Cl» Cherry-red 1.9145,5 -96.5 115.8 Insoluble in H,O0,
liquid - hydrolyzes; soluble
in CSa, CCl,
Ammonium (NH,) 2Cx .07 Red-orange Monoclinic 2.155:% Decomposes Soluble in H,0
dichromate crystals 180
Potassium K,Cr,0, Orange-red Triclinic 2.676,5 398 Decomposes Soluble in H,0
dichromate crystals
Sodium dichromate Na,Cr,0,2H,0 Orange-red Monoclinic 1.348,5 84.6 Decomposes Very soluble in H,0
crystals (incongruent)
Potassium chromate K,CrOs Yellow Orthorhombic 2.732,, 971 Soluble in H,0
crystals 17
Sodium chromate Na,Cr0, Yellow Orthorhombic, D3 2.723;3s 792 Soluble in H.0
crystals
Potassium chloro-  KCr0,Cl Orange Monoclinic 2.4973, Decomposes Soluble in H:O0,
chromate crystals hydrolyzes
Silver chromate Ag2Cr0, Maroon Monoclinic 5.625,5 Very slightly soluble
crystals in H,0; soluble in
dilute acids
Barium chromate BaCrO. Pale yellow Orthorhombic 4.498,5 Decomposes Very slightly soluble
solid in H,0; soluble in
5 strong acids
Strontium chromate SrCrO. Yellow solid Monoclinic, Cjp 3.895,s Decomposes Slightly soluble in
H20; soluble in
dilute acids
Lead chromate PbCr0, Yellow solid Orthorhombic
Orange solid Monoclinic, Cop 6.12,5 844 Practically insoluble

Red solid

Tetragonal

in H,0; soluble in
strong acids

Source: Adapted

from Hartford and Copson, 1964, Table 3, p. 480-481.

Reprinted by permission of the publisher.
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known reducing agents in aqueous solution; the standard reduction poten-
tial for the chromium(II)/chromium(III) couple is -0.4 V (Weast, 1974).

Due to this tendency to oxidize, chromous compounds are not found in

nature (National Academy of Sciences, 1974, p. 4), nor is there yet any
evidence that divalent chromium plays any biochemical role (Schroeder, 1970).

2.2.3 Trivalent Chromium

The trivalent state of chromium is the most stable oxidation state of
the element and the most important chemically. The foremost characteristic
of this state is the strong tendency to form kinetically inert hexacoordi-
nate complexes. Because of the very slow ligand exchange rate, many of
these complexes can be isolated as solids even though they are quite un-
stable thermodynamically. This characteristic has great relevance in
studies of the behavior of chromium(TIII) in biological systems. In acid
solutions, even the simple jon is coordinated with the solvent as
[Cr(OH2)5]3+. The tendency to coordinate is as marked in the trivalent
chromium species as in any other known element and extends to all kinds of

ligands; it is especially strong with nitrogen compounds such as amines
(Sidgwick, 1950, p. 1014).

2.2.3.1 Chromic Oxide — This green, insoluble, crystalline oxide (Cr,03;)
is formed by burning chromium metal in oxygen, by thermal decomposition

of chromium trioxide or ammonium dichromate, or by roasting the hydrous
oxide (Cr,0s+nH,0). The latter compound, frequently called chromic hydrox-
ide, is precipitated by addition of hydroxide to solutions of chromium(III)
salts (Cotton and Wilkinson, 1962, p. 685). Chromic oxide is insoluble in
both acid and base if it is too strongly ignited; otherwise, it and its
hydrous form are amphoteric and dissolve readily in acid to yield aquo ions,
[Cr(H,0)6]%", and in concentrated alkali to give chromite, [Cr(OH),] .
Chromic oxide is thermally unstable at elevated temperatures and begins to
dissociate near its melting point (about 2275°C).

Chromic oxide is frequently used as a pigment in paint, particularly
in painting on glass, porcelain, fabrics, and bank notes (Stecher, 1968).
As a pigment, it is identified as Anadomis green, Casalis green, chrome
green, chrome achre, chromic oxide green, chromia, green cinnabar, and
green rouge (International Agency for Research on Cancer, 1973).

2.2.3.2 Chromic Sulfide — Chromic sulfide (Cr:Ss) is a green or black
crystalline solid whose color depends upon its state of division. It can
be made directly from the elements or by various high-temperature reactions,
such as the treatment of CrCls with H.S at red heat. It is not formed by
precipitation from aqueous solutions due to hydrolysis to Cr.0s;exnH,0 and
H2S. Consequently, it does not occur naturally. Chromic sulfide burns in
air to the oxide or basic sulfate, but it is very resistant to acids in the
cold, being attacked only by nitric acid and aqua regia (Sidgwick, 1950,

p. 685).

2.2.3.3 Chromic Halides — Chromium forms trihalides with all four halo-
gens; the first three have been prepared in the anhydrous state and all
four are known in one or more hydrated forms. The chlorides are the most
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important chromium halides. Anhydrous chromic chloride does not dissolve
appreciably in cold water, alcohol, acetone, or ether, but it goes into
solution readily in the presence of a small amount of chromium(II) ion or
a reducing agent such as stannous chloride (Cotton and Wilkinson, 1962,

p. 68). Mineral acids, including aqua regia, have no action on the anhy-
drous chloride salt. Fused alkali hydroxides or carbonates, in the pre-
sence of nitrates, react with CrCls to form chromates. A considerable
number of hydrated chromic chlorides are known. In concentrated solutions
above 30°C, the dark green hexahydrate, [CrCl,(H,0),]Cle2H,0, is the stable
species. This commercial solution is sometimes used as a mordant, in tan-
ning, and in the preparation of chromium complexes. Usually, however, the
basic chloride is preferred for these uses (Hartford and Copson, 1964).

The other chromic halides are generally similar to the chloride.
Fluoride is used for printing and dyeing woolens, mothproofing woolen
fabrics, and coloring marble.

2.2.3.4 Other Simple Salts — Only a few salts are pertinent to this dis-
cussion. Anhydrous chromic sulfate, which can be prepared from the oxide
with sulfuric acid, has the color of a peach blossom and, like the chromic
chloride, is insoluble in water except in the presence of a chromous salt
or other reducing agent. It forms a series of green and violet hydrates
which contain up to 18 molecules of water (Cotton and Wilkinson, 1962,

p. 687). These salts are used extensively in manufacturing paints, var-
nishes, and inks, as well as frits for coloring porcelain. A deep violet
hydrated nitrate, Cr(NOs3)3*9H,0, is used along with several lower hydrates
in preparation of chromium catalysts and in textile printing. Upon de-
hydration, these salts decompose to chromic oxide and oxides of nitrogen.
A variety of chromic salts of organic acids are used for printing cotton
in skeins and in the experimental tanning of leather.

2.2.3.5 Hexacoordinated Complexes — The most characteristic feature of
the solution chemistry of chromium is the pronounced tendency of chromium-
(III) to form coordination compounds. Literally thousands of these com-
plexes exist and they appear to be always hexacoordinate (Cotton and
Wilkinson, 1962, p. 687). Although a large number of chromium complexes
are known, they can be classified into a relatively small number of types,
as outlined below.

2.2.3.5.1 Ammines — The group of complexes in which chromium is attached
to nitrogen is probably the largest and most stable. It includes the pure
ammines, (CrAmg)>®*; the mixed amine-aquo complexes, [CrAmg-x(H,0),]1°*

(n =0 to 4, 6); the mixed amine-acid complexes, (CrAms_an)(s'”)+; and
the mixed amine-aquo-acido complexes, [CrAmg-,—n(H20),X,] (°™*, where Am
represents the monodentate NH; or half of a bidentate amine such as ethyl-
enediamine and X represents a univalent acido ligand such as a halide or
nitro ion (Rollinson, 1973, p. 666). Examples of specific complexes which
have been prepared are given in Table 2.3.

2,2.3.5.2 Aquo ions — The hexaquo ion, [Cr(OH,)¢]3%, occurs in aqueous
solutions of all simple chromic salts and in many of their crystals as well
(Cotton and Wilkinson, 1962, p. 687). Among these are the violet hexa-
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Table 2.3. Some mononuclear chromium(III) complexes of
singly coordinating and bidentate chelating ligands

Type” Ligandsb
[CrAs]®* A = H,0; NH3; NH,CONH:; % en; % pn; % dipy, % phen;
% biguanide
[CrAsB]3* A, B = NH,, H,0
[CrA5X]2+ A, X = Hzo, Cl—; Hzog NOS 5 NH3: CI-; NHB, Br-; NH39

NOs;~; NH3, NO,~
[CrAsB,X]%" A, B, X = NHs, H,0, C1™; NHs, H,O0, Br~

[CrA,X.]" A, X =% en, ONO"; % en, C1~ (ci8); % en, SCN~ (tranms);
1
%

% dipy, C17; % phen, C17; % dipy, % ox"; % phen, % ox~

[CrAsBX,1" A, B, X = NHs, H,0, C1™; NHs, H,0, Br~

[CrAsXa]® A, X = H,0, C17; C,HsOH, C1~; NH;, Cl~; THF, Cl™; py,
Cl17; N-substituted amide, Cl1~

[Cr(AX)5]° AX = acac; hfa, 3-bromoacetylacetone; formylacetone;
malonaldehyde; glycine; alanine; methionine

[CrA.X,]1~ A, X = NHs, SCN™; C,HsNH,, SCN™; py, SCN7; H,0, % ox™;
% dipy, % ox™; % phen, % ox~

[CrAXs]z— A, X = Hzo, Br~

[CrXs]®" X =CN"; SCN™; % ox~

aA, B = singly coordinating neutral molecule or % bidentate chelat-
ing neutral molecule; X = singly charged negative ion or % bidentate
doubly charged chelating ion; AX = bidentate chelating ligand coordinat-
ing via one neutral and one negative group.
en = ethylenediamine; pn = propylenediamine; dipy = dipyridyl;
phen = 1,10-phenanthroline; py = pyridine; acac = acetylacetone; hfa =
hexafluorocacetylacetone; THF = tetrahydrofuran; ox = oxalate.

Source: Adapted from Rollinson, 1973, Table 16, p. 667. Reprinted
by permission of the publisher.

hydrates of the chloride and the bromide and an extensive series of alums,
MICr(S0.,)2.*12H,0. Examples of mixed aquo-ammine complexes are given in the
preceding section.

2.2.3.5.3 Acido complexes — Trivalent chromium also forms anionic complexes
of the type (CrX¢)3-, where X is a monodentate anion such as F~, C1-, CN7,
SCN~ or part of a polydentate anion such as oxalate. As was the case with
ammine and aquo complexes, mixed acido-aquo and acido-ammine species also
occur. A commonly occurring complex of the latter type is Reinecke's salt,
NH,[Cr(SCN) ,(NH;3) 2 ]*H,0, which is widely used to precipitate large cations
(Kleinberg, Argersinger, and Griswold, 1960, p. 526).
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2.2.3.5.4 Polynuclear complexes — In alkaline media, chromium(III) tends

to form a variety of polynuclear complexes through olation (Rollinson,
1973):

, .

0
[Cr(H,0) ] + [Cr(H,0)s OH]*—= | (H,0)sCr” "N\Cr(H, 0)s + H,0 ,

H 4+
/O\
2[Cr(H, 0)sOH] *—> | (H,0)4Cr \O/CI(H20)4 + 2H,0 .

H

The diol produced by the second reaction, and any other polynuclear prod-
ucts containing water molecules, can release further hydrogen ions, creat-
ing more coordinated OH groups and a higher state of aggregation. Under
appropriate conditions, the aggregates may attain colloidal dimensions and
ultimately precipitate a three-dimensional olated complex, Cr(OH)s;*XH.O.
This tendency frequently causes difficulties in carrying out reactions in
neutral or basic solutions. Olation is favored by heat, increased concen-
tration, increased basicity, and time. Thus, the biological activity of
simple chromium complexes may be a function of the age of such solutions,
a factor not always given sufficient consideration (Mertz, 1969). If
olated compounds are heated sufficiently, still more acid is eliminated
and the chromium atoms are then linked through oxygen atoms (oxolation):

H

0 heat _~0
(H; 0)4 Cr <o> Cr(H; 0)s | Cls —> | (H0)Cr_ o > Cr(H, 0), | Cl, + 2HCI .

H

Mesmer and Baes (1975) have critically reviewed the hydrolysis be-
havior of metal-containing cations of a number of metals, including chro-
mium, by applying molecular orbital and ligand field theory. Chromium(VI)
is extensively hydrolyzed in water and gives only neutral or anionic
species. Chromium(III) compounds can give rise to polymers, as discussed
above, which exhibit sluggish kinetic behavior due to the stabilization of
this d® ion against ligand displacement reactions.

2.2.4 Tetravalent and Pentavalent Chromium

These valence states are irrelevant to the aqueous chemistry of chro-
mium; no stable solutions are known. However, various nonaqueous tech-

niques may be utilized to prepare a limited number of tetravalent and
pentavalent chromium compounds.
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2.2.5 Hexavalent Chromium

Hexavalent chromium is the highest oxidation state and the second most
stable valency, next to that of chromium(III). All stable hexavalent chro-
mium compounds are exclusively oxy molecules and potent oxidizing agents
(Cotton and Wilkinson, 1962, p. 689). The hexafluoride (CrFs) is sometimes
cited as an exception to this statement, but this thermally unstable yellow
halide decomposes to CrFs and F, at -100°C (Rollinsomn, 1973). Hexavalent
chromium occurs rarely in nature, apart from man's invention, because it is
readily reduced in the presence of organic matter. However, after intro-
duction by man, hexavalent chromium frequently remains unchanged in many
natural water sources because of the low concentration of reducing matter.
Hexavalent chromium occurs most commonly in the form of chromate or dichro-
mate, both of which are high-tonnage industrial products (National Academy
of Sciences, 1974, p. 5).

2.2.5.1 Chromium Trioxide — Chromium trioxide (chromic anhydride, CrOs)
is readily precipitated in the form of bright red needles by the addition
of sulfuric acid to aqueous solutions of sodium or potassium dichromates.
The trioxide melts at 197°C, but it is unstable at higher temperatures,
gradually losing oxygen until Cr,0s; is formed. Chromium trioxide is very
hygroscopic; its solubility in water as a function of temperature is
given in Table 2.4. The trioxide is a very powerful oxidizing agent.
Hydrogen, ammonia, and hydrogen sulfide are oxidized in the gaseous state.
Certain organic materials such as alcohol or paper are ignited on brief
contact with CrOs; (Udy, 1956, p. 135). Chromic acid (H,CrO, or CrOs*H,0),
the hydrated form of chromium trioxide, does not occur in the free state,
but it is readily formed in solution. Most metals dissolve in chromic
acid solutions. Iron, however, soon develops a passivity for further reac-
tion when it is exposed to certain concentrations of the acid. Anodized
aluminum is also resistant to oxidation by chromic acid.

Chromium trioxide is widely used in chrome plating and other metal-
finishing operations and in recirculating water systems and cooling towers
as a corrosion inhibitor for ferrous alloys (International Agency for
Research on Cancer, 1973).

2.2.5.2 Chromates, Dichromates, and Polychromates — Sodium chromate and
sodium dichromate, primary products of the chemical industry, are produced
by roasting chromite ore in the presence of soda ash. The soluble chro-
mates are removed by leaching with water and are converted to sodium
dichromate by treatment with sulfuric acid.

All of the metallic chromates, except those of the alkalies and the
light alkaline earths, are insoluble in water. As the pH is lowered,
solutions of chromate ions turn orange because of the formation of dichro-
mate ions:

2- + _ 2- _ 14
2Cr04 + 2H = Cr207 + HZO’ K=4.2x 10",

Acid solutions of dichromate are powerful oxidizing agents:

0r 0,7 + 145" + e = 26c>% + 7H,0, B = 1.33 V vs SHE.



Table 2.4. Solubility of chromium trioxide and selected chromates in water

Solubility (wt %)

Temperature
¢ Chromium Ammonium Sodium Potassium Ammonium Sodium Potassium
trioxide chromate chromate chromate dichromate dichromate dichromate
0 61.70 19.78 24.21 37.14 15.16 70.60 4.3
10 62.08 32.11 38.05 21.06 71.67 7.8
20 62.49 44,36 38.96 26.67 73.16 11.7
30 62.91 28.8 46.84 39.80 31.98 75.00 16.1
40 63.39 48.84 40.61 36.99 77.09 20.9
50 63.90 34.40 51.04 41.40 41.72 79.46 26.0
60 64.46 37.21 53.54 42.15 46.14 82.04 31.3
70 65.08 55.2 42.88 50.27 84.98 36.6
80 65.79 55.5 43.60 54.10 88.39 42.0
90 66.59 55.8 44.31 57.65 90.60 46.5
100 67.46 56.1 45.00 60.89 91.43 50.2

Source: Adapted from Udy, 1956, Tables 6.5 and 6.33, pp. 131, 161-162, Volume I, ACS Monograph
No. 132, 1956. Reprinted by permission of the publisher.

A4
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Basic solutions of the chromate ion are much less oxidizing:

Cr°42- + 4H,0 + 3e = Cr(OH),(s) + 50H , E =-0.13 V vs SHE.

The solubilities of the most important chromates and dichromates are given
as a function of temperature in Table 2.4.

Potassium dichromate, once the leading commercial form of chromium,
has now been largely replaced by the less costly sodium dichromate, from
which almost all other chromium chemicals are prepared. In view of the
ubiquity of sodium dichromate, this compound, more than any other, is
probably responsible for the pollution of our waterways with hexavalent
chromium.

2.2.5.3 Other Compounds — Hexavalent chromium alsoc occurs in several other
types of compounds: the halochromates, the chromyl halides, and the peroxy-
chromates. None of these have the chemical or economic importance of the
chromates.

2.2.6 Biochemistry of Chromium

Chromium interacts in some manner with a wide assortment of biologi-
cally relevant compounds. As discussed later, the chief biochemical func-
tion of chromium apparently relates to insulin and the membrane transport
of cell metabolites. Insulin requires chromium at the site of action to
exert its maximal effect. On the other hand, without insulin, chromium
and its complexes are inert. The mechanisms by which these interactions
occur are not yet apparent (Mertz, 1969). Chromium also interacts strongly
with nucleic acids. Wacker and Vallee (1959) found more than 1000 ppm
chromium in a ribonucleoprotein from beef liver. Whether or not this high
concentration of chromium associated with ribonucleoprotein has any bio-
chemical significance has not yet been established. Chromium also appears
to interact with enzymes, bacteria, yeasts, red blood cells, and a variety
of substances with low molecular weight (Mertz, 1969).

The chemistry of these interactions is unknown. Based upon the estab-
lished inorganic chemistry of trivalent chromium, interaction could be ex-
pected to occur by the formation of chromium complexes with oxygen or
nitrogen donors in the substrate. This mechanism is known to occur in the
chrome tanning of leather. Here, chromium reacts mainly with the free
carboxyl groups of the acidic amino acids of the protein (glutamic and
aspartic acids), forming stable complexes between different chains of pro-
tein (Mertz, 1969). Other binding sites such as hydroxyl groups, peptide
bonds, and amino groups probably play only a minor role; masking these
does not impair the tanning process appreciably. On the other hand, methyl-
ation of the free carboxyl groups prevents tanning completely. Other
relevant factors have also been unequivocally established: (1) only tri-
valent chromium has tanning activity; hexavalent chromium acts only after
reduction to the trivalent sites; (2) tanning involves the coordination
gsites of trivalent chromium; (3) mononuclear trivalent chromium complexes
do not tan. The tanning action is initiated by raising the pH of the
solution, which causes the formation of olated polynuclear complexes.
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These complexes act by accepting carboxyl groups of the collagen strands
into their coordination sphere at the expense of previously bound water
molecules. Chrome tanning results in nearly total saturation of protein
with the metal; various leathers have chromium concentrations of 4% to 6%
(Mertz, 1969).

2.2.6.1 Complexes with Biologic Ligands — The fate of chromium ingested
into the mammalian system depends on the chemical form and concentration

of the chromium species and on the competition for the chromium by hydroxyl
ions and other ligands of the biological system. In media of physiological
pH, the expected reaction of chromium(III) is olation, except when it is
prevented or minimized by competition of ligands other than hydroxyl iomns
(Rollinson, 1973). One net result of such competition is the establishment
of a characteristic state of aggregation of the chromium(III) products for
given conditions. This characteristic state of aggregation can be measured
by observing the rate of transport of the chromium(ITI) species through a
membrane by the method of sequential dialysis. 1In this procedure, succes-
sive samples of the buffered reaction mixtures are dialyzed at intervals
and data are plotted showing the fractional attainment of dialysis equilib-
rium vs time. The area under the dialysis curve is proportional to the rate
of diffusion of chromium(III) and, thus, inversely proportional to the
molecular weight of the diffusing species. It is, therefore, a measure of
the effectiveness of the ligand in preventing polymerization and, hence,
the ligand's coordinating tendency. Measured in this manner, the order of
coordinating tendencies of the Krebs-cycle compounds is citrate > iso-
citrate > malate > oxalacetate > a-ketoglutarate > aconitate > fumarate >
succinate. The most effective of the many biological ligands tested are
histidine, ATP, ADP, thiamine pyrophosphate, fructose-1, 6-diphosphate,
3-phosphoglycerate, citrate, isocitrate, and tartonate. Glucose does not
influence diffusion rates in these experiments, but oleate decreases them
strongly, probably through the formation of large, chromium-containing
micelles (Rollinson, 1973).

2.2.6.2 Oxidation States — Only trivalent and hexavalent chromium are
known to occur in biological media and only the trivalent state is stable
in such an environment (Mertz, 1969). The hexavalent form is readily re-
duced to the trivalent form by a variety of organic species, including
tissue in vitro (National Academy of Sciences, 1974, p. 23). There is no
evidence that hexavalent chromium may be protected from such reduction by
complex formation (Mertz, 1969). Stable '"sandwich" complexes in which
chromium has a valence of zero have been mentioned as possibly being in-
volved in the binding of chromium to ribonucleic acids (Wacker and Vallee,
1959). However, no experimental evidence exists to support this suggestion.

2.2.7 Environmental Chemistry of Chromium

2.2.7.1 Air — Low atmospheric levels of chromium occur as a result of
industrial activity, such as the manufacturing of chromium chemicals,
cement, or certain steels. End-product use, such as the burning of coal,
paper matches, and fireworks, contributes a share (Schroeder, 1970). Soil-
derived aerosols may also be important (John et al., 1973). Chromium air
pollution usually occurs as particulate emissions, although mists and
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sprays may be present at specific locations. Little information exists in
the literature regarding the nature of the chemical species present in the
atmosphere away from obvious sources of pollution. Sullivan (1969, p. 2)
stated that chromium trioxide is perhaps the most important hexavalent com-
pound in the air. This molecule is the anhydride of chromic acid; its chem-
istry is described in Section 2.2.5. Soil-derived aerosols may contain
chromic oxide whose chemistry is treated in Section 2.2.3.1. Further studies
are needed to identify other forms of particulate emissions.

2.2.7.2 Water — Chromium appears in some surface waters and in most rivers
as hexavalent chromates. Soluble trivalent chromium is not usually en-
countered in fresh water (Mertz et al., 1974). Seawater contains lower
chromium concentrations than the adjoining rivers, apparently because the
hexavalent metal is reduced to less soluble trivalent forms which settle to
the ocean floor (National Academy of Sciences, 1974, p. 10). About half of
the chromium in seawater 1s thought to be trivalent (Mertz et al., 1974).
The chemisiry of both trivalent and hexavalent chromium is discussed in
Sections 2.2.3 and 2.2.5. Little is known of the aqueous species of chro-
mium present in natural brines.

2.2,7.3 Soil — During weathering, chromium in rocks tends to be oxidized
to soluble complex anions (Goldschmidt, 1945). Most soils contain small,
varying amounts of chromium (trace to 250 ppm). Very little information

is available concerning the chemical form of the element in soils, but it
is generally assumed to occur as the trivalent chromic oxide (National
Academy of Sciences, 1974, p. 8). Only a small fraction (<1%) of the chro-
mium in soils derived from glacial till can be extracted with acetic acid
(Mertz et al., 1974), whereas up to 6% of the total can be extracted from
soils derived from bedrock residuum (Taylor et al., 1975). Chromium avail-
ability is strongly influenced by the pH of the soil. According to Davis
(1956, p. 106), little or no uptake of chromium by plants occurs above pH 4.
Therefore, conclusions relative to the availability of chromium in a soil
can not be drawn solely on the basis of a total chromium analysis. The
chemistry involved in fixing chromium in soils of high pH has not been in-
vestigated. However, the fixation chemistry of the six elements adjacent
to chromium in the first transition series was studied by Jenne (1968).

He concluded that primary fixation occurred by sorption of these heavy
metals on the hydrous oxides of manganese and iron, which are commonly
present in most soils. Jenne ascribed lesser roles to fixation by organic
matter, clays, and carbonates and to precipitation as the discrete oxide or
hydroxide. However, Baker (1973) ascribed a more significant role to heavy
metal binding by organic matter although he did not present data on chromium.

The chromium content of soils may be greatly increased by repeated
applications of phosphate fertilizers and sludges from certain sewage plants.
The concentration of chromium in phosphorites from the Idaho-Wyoming-Utah
region averages about 1000 ppm (National Academy of Sciences, 1974, p. 9);
sludges from selected sewage plants greatly exceed even this concentration
(Adams, Eckenfelder, and Goodman, 1973).
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2.3 ANALYSIS FOR CHROMIUM

2.3.1 Considerations in Analysis

A variety of methods are available for the determination of chromium
in environmental samples. Several of these methods are sufficiently sensi-
tive to detect chromium in the low parts per billion concentration range
(Table 2.6). Nevertheless, no one method can be characterized as best for
the analysis of chromium in every application; sample load, equipment avail-
ability, and cost are key considerations in the method selection. Detec-
tion limits, sample matrix, specificity, analysis time, and accuracy must
also be considered. These and other factors pertinent to the selection of
an analytical method and the evaluation of reported analytical data are
summarized in this section.

Although some samples may contain chromium in relatively high concen-
trations, the element is present at the trace level in most environmental
samples. In nutritional research, variations in the concentration of chro-
mium at the nanogram level appear pertinent (Mertz, 1974). At these levels,
the accurate analysis of chromium presents a challenge to the amalytical
chemist which has only recently been solved, if indeed it is solved now.

The problem can best be illustrated by interlaboratory comparison data on
NBS bovine liver (SRM 1577). Parr (1974) studied this carefully homog-
enized sample which involved ten laboratories. The results ranged from
<0.005 to 1.57 ug/g. Pierce et al. (1976) reported on a study that in-
volved several sample types, including bovine liver. Results from neutron
activation analysis, gas liquid chromatography, and flame and furnace

atomic absorption were included. Agreement between laboratories and methods
was obtained for certain types but not for others. The range for bovine
liver was 0.045 to 0.206 ug/g. The existance of volatile forms of chro-
mium was suggested as one possible explanation for the disagreements.

In another study, Greig (1975) compared atomic absorption and neutron
activation analysis methods for chromium in marine organisms. Each method
was precise but disagreements up to a factor of three existed between
methods. Since sample preparation varied with both the method and the
organism, the source of the disagreement is hard to establish.

The National Bureau of Standards first issued its bovine liver SRM in
1972. The chromium content has been extensively studied in many laborato-
ries and has only now been established (Dunstan and Garner, 1977). It is
soon to be certified at 90 + 15 ng/g. The existence of this reference
material with established chromium values, in addition to the orchard
leaves (SRM 1571) and brewer's yeast (SRM 1569), will be of tremendous
help in resolving any remaining analytical problems.

In dealing with day-to-day samples containing chromium at the nanogram
per gram level, sampling handling techniques assumes greater importance
than in ordinary analytical determinations. For example, carefully pre-
pared standards or samples may be invalidated by adsorption of the metal on
the container walls or by leaching of contaminants from the container. This
problem is obviously aggravated by prolonged storage of such solutions prior
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to use. Shendrikar and West (1974) studied the adsorption of chromium(III)
and chromium(VI) on the walls of Pyrex, flint, and polyethylene beakers as
a function of pH and time. Solutions of pH 6.95 initially containing 1 ppm
chromium(IIT) showed negligible losses during the first 24 hr. After this
induction period, however, progressive adsorption occurred until 17% to 25%
of the element was lost after 15 days. Clearly, neutral or basic solutions
of trivalent chromium require acidification prior to storage if adsorption
losses are to be avoided. Chromium in the hexavalent state is not appre-
ciably adsorbed under these conditions. In a similar study, Gilbert and
Clay (1973) spiked 4 liters of unacidified seawater with 10 ug/liter chro-
mium(IITI), stored it in a polyethylene bottle, and analyzed 400-ml portions
for chromium after 0, 1, 2, 3, 7, and 14 days. The half-life of chromium-
(III) in solution was only 1.8 + 0.3 days. Obviously, such samples must be
analyzed promptly if serious errors are to be avoided.

The composition of samples can be drastically altered by contaminated
reagents used in various preanalysis treatments, such as acidification,
dissolution, digestion, and extraction. Care should be taken that only
reagents of the highest purity are used; even so, the quantity added should
be limited to avoid unnecessary buildup of contaminants. The conventional
chromic acid cleaning solution should not be used for equipment in which
trace-level chromium samples are to be processed. In most instances,
nitric acid is a suitable substitute.

Precautions must also be taken to avoid contamination of trace-level
samples by equipment which may contain chromium. Although some authori-
ties stated that biologic tissues may be safely collected by dissection
with stainless steel knives and scissors (National Academy of Sciences,
1974, p. 116), other workers reported unacceptable contamination by their
use (Webb, Niedermeier, and Griggs, 1973). The use of grinding or homog-
enizing equipment apparently can introduce chromium as a result of the
pressure and heat generated in the grinding process (National Academy of
Sciences, 1974, p. 116). Grinding such samples with an agate mortar and
pestle is a safer procedure. Versieck and Speecke (1972) observed a three-
fold increase of chromium in the initial fraction of blood samples taken by
venipuncture with disposable needles. Their studies also showed that chro-
mium introduced by taking liver biopsies with a Menghini needle sometimes
exceeded the normal chromium concentration in human liver tissue.

Chromium is generally regarded as a nonvolatile element not subject
to losses in mild laboratory heating processes. Conflicting data are re-
ported on the existance of highly volatile, and therefore readily lost,
organo-chromium compounds in biological samples. Maxia et al. (1972),
Mertz (1974), and Masironi, Wolf, and Mertz (1973) all reported signifi-
cant losses from some samples even at rather low temperatures. However,
Jones, Buckley, and Chandler (1975) conducted very careful experiments
with °!Cr-labeled brewer's yeast and found no significant volatility loss
up to 800°C. Koirtyohann and Hopkins (1976) labeled rat tissues with ®'Cr
and found no loss on dry ashing except for blood ashed at 700°C. Very
recently, Rook and Wolf (1977) conducted very careful experiments with
brewer's yeast and reached the conclusion that <1% of the chromium was
lost on heating up to 350°C. Also, the fact that the NBS bovine liver is
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being certified at a value near the low end of the initially reported
range indicates that contamination was probably a greater problem than
volatility losses in the earlier work. However, until more data are re-
ported, the validity of the laboratory processing technique must be care-
fully verified for samples which could contain volatile chromium.

2.3.2 Analytical Procedures

2.3.2.1 Sampling and Sample Handling — Since chromium is ubiquitous
(Schroeder, 1970), an essential micronutrient for man (Mertz, 1974)., and
a toxic environmental pollutant (National Academy of Sciences, 1974,

p. 17), many kinds of samples are of interest. The principal requirements
for each sample class are discussed below.

2.3.2.1.1 Chromium in air — Because of the chemical nature of chromium,
gaseous forms in the air are unlikely. Dusts and fumes of chromium com-
pounds may be collected by any method suitable for the collection of other
dusts and fumes; impingers, electrostatic precipitators, and filters are
commonly used. The National Air Sampling Network uses a high-volume fil-
tration sampler (Sullivan, 1969). Typical filter media include cellulose,
polyethylene, polystyrene, and glass. Begnoche and Risby (1976) used a
low-volume sampler with porous polymer filters. Analytical "blanks"
should be determined for the chosen filter media because some filter media
are contaminated with surprisingly large amounts of chromium (Table 2.5).
Dams, Rahn, and Winchester (1972) presented additional data for ten fre-
quently used filter materials. Chromic acid mists may be collected in an
impinger using water or caustic solutiomns.

Skogerboe (1974) and Johnson (1974) have reviewed current methods of
monitoring trace metal particulates.

Table 2.5. Trace element concentrations in different materials

Concentration
Material (ppb)

Zinc Iron Cobalt Chromium
Polyethylene 25 10,600 0.31 19
Borosilicate glass 730 280,000 81 Not measured
Kimwipe tissue 48,800 1,000 24 500
Millipore filter 2,370 330 13 17,600
Double distilled water 1 £ <0.2 <0.02 2
Double distilled nitric acid 2 1 0.03 13

Source: Adapted from Bhagat et al., 1971, Table IV, p. 2419. Reprinted by
permission of the publisher.
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2.3.2.1.2 Chromium in environmental waters — The process of sampling
environmental waters for chromium is generally complicated and depends on
the homogeneity of the water source, the number of locations sampled, the
size of the individual sample, and the manner in which the samples are
collected. A more representative sample can usually be obtained by collect-
ing several small samples from different parts of the water body than by
collecting one large sample at a single point. Brown, Skougstad, and
Fishman (1970) discussed this subject extensively. Descriptions of sampling
systems are given in Standard Methods for the Examination of Water and
Wastewater (American Public Health Association, American Water Works
Association, and Water Pollution Control Federation, 1971).

2.3.2,1.3 Chromium in inorganic solids — Chromium can sometimes be deter-
mined in solids with little or no prior sample preparation (Murrmann,
Winters, and Martin, 1971). Frequently, however, the sample must be dis-
solved before analysis. The method of solubilization must be adapted to
the nature of the sample as well as to the method of determination chosen.
Three classical procedures are still generally used: dignition, digestion
with acid, and digestion with alkali. If a residue remains, it may be
solubilized by fusion with sodium carbonate, followed by treatment with

0.5 M sulfuric acid or treatment with hydrofluoric acid. Extraction of the
chromium into an immiscible organic solvent, such as methyl isobutyl ketone,
may be necessary to eliminate interfering elements or to provide increased
sensitivity through concentration of the sample. In this event, any tri-
valent chromium in the aqueous phase is first oxidized to the hexavalent
form to ensure complex formation. The oxidation step may be accomplished
by treatment of the sample with silver nitrate and potassium peroxydisulfate
(Pinta, 1966, p. 277) or with potassium permanganate and sodium azide
(Brown, Skougstad, and Fishman, 1970).

2.3.2.1.4 Chromium in biological media — Although the analysis of chromium
in many inorganic samples is routine, even at the trace level, serious prob-
lems are currently associated with the determination of chromium in biologi-
cal materials. Mertz (1974) asserted that analysis is the '"most difficult
and important' problem facing workers in this area of research. He stated
that although analyses of chromium obtained by one laboratory in one tissue
may be relatively consistent, results obtained by different investigators
and efforts to establish '"normal" chromium concentrations in various tissues
must be viewed with skepticism until the composition and volatility of chro-
mium compounds in organic media are established. These problems are dis-
cussed in Section 2.3.1.

2.3.2.2 Separation and Concentration — Environmental samples often contain
chromium in such small amounts that concentration or separation from poten-
tial contaminants is required. Evaporation is sometimes used as a concen-
tration procedure; however, more specific techniques are usually required
to eliminate interfering constituents.

2.3.2.2.1 Precipitation — Chromium can be precipitated from aqueous solu-
tions by a number of reagents; hydroxyquinoline (oxine) and tannic acid are
used for this purpose. However, this procedure is not generally recommended
for environmental samples containing low chromium concentrations because the
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risk of loss is great. Another application of precipitation for the separa-
tion of chromium involves oxidation in a basic medium, whereby chromate is
formed and remains in solution while a great many other metals such as irom,
manganese, titanium, nickel, and cobalt are precipitated. The oxidation can
be effected in hot solution with sodium peroxide, hydrogen peroxide, and
sodium hydroxide or with bromine and sodium hydroxide (Sandell, 1959, p. 388).
Methods in which a trace component is to be retained in solution while inter-
ferences are precipitated often fail due to coprecipitation of the analyte.

2.3.2.2.2 Solvent extraction — Liquid-liquid solvent extraction is a
widely used method for separating and concentrating chromium in environ-
mental samples. This technique can be highly selective and, unlike pre-
cipitation, can be used for very small quantities of material (Andelman,
1971). In this method, an immiscible organic solvent is equilibrated with
an aqueous solution containing chromium in a complexed state; the phases
are then separated and the organic phase, in which the chromium species
preferentially concentrates, is used as required, either for further separa-
tion and concentration or directly in analysis. The smaller the volume of
the extracting solvent, the greater will be the concentration factor.
Ammonium pyrrolidinedithiocarbamate is a commonly used complexing agent for
chromium extraction (Goulden, Brooksbank, and Ryan, 1973). Typically,
methyl isobutyl ketone is used as the organic solvent (Brown, Skougstad,
and Fishman, 1970). This technique recovers only hexavalent chromium; if
trivalent chromium is to be extracted, it must first be oxidized (Section
2.3.2.1.3). The efficiency of the extraction process should be verified
for the concentrations and sample types of interest.

2.3.2.2.3 Chromatographic methods — Trivalent chromium can be separated
from iron(III), aluminum, uranium, cerium, titanium, nickel, copper, molyb-
denum, manganese, cobalt, thorium, zinc, vanadium(V), tungsten, gallium,
indium, and thallium by adding excess 8-hydroxyquinaldine to precipitate
chromium and most of the other metals, dissolving the dried precipitate in
chloroform, diluting this with an equal volume of benzene, and passing the
solution through a column of activated alumina. Chromium is eluted with a
mixture of chloroform and benzene; the other metals remain on the alumina.
In the absence of aluminum, cobalt, and vanadium, 8-hydroxyquinoline can be
used as the complexing agent (Sandell, 1959, p. 390). The technique would
probably not be applicable to samples at low concentrations. Wolf et al.
(1972) used the gas chromatographic technique to concentrate and separate
picogram amounts of chromium in human blood plasma and serum.

2.3.2.3 Methods of Analysis — Chromium can be determined by a variety of
analytical procedures. Methods which are currently important or show
future promise are described in this section. Emphasis is placed on per-
formance and limitations of each procedure rather than on minute details.
Table 2.6 lists various instrumental methods for the determination of chro-
mium. Detection limit, precision, accuracy, and optimum concentration
ranges of samples vary not only among different methods, but also among
various models of particular instruments. The tabulated data are, there-
fore, representative rather than definitive.




Table 2.6.

Instrumental methods for the determination of chromium

Analytical method

Important
application

Precision

Detection Iimit deviation/sample

size)

(relative standard

Relative error

Interfering
substances

Selectivity

Atomic absorption
spectroscopy
(flameless)

Atomic absorption
spectroscopy
(flame)

Neutron activation

analysis

Spectrophotometric

Biologic solids and
fluids: tissue,
blood, urine;
industrial waste-
waters

Fresh and saline
waters, indus-
trial waste
fluids, dust and
sediments, bio-
logic solids
and liquids,
alloys

Air pollution
particulates,
fresh and saline
waters, biologic
liquids and
solids, sediments,
metals, foods

Natural water and
industrial waste
solutions having
5 to 400 pg/liter
hexavalent
chromium may be
analyzed. Higher
concentrations
must be reduced
by dilution

0.2 ug/litera

15% (6 ug/liter)?

d

0.05 ng/liter 5% (3 ug/liter)d

3% (8 ng/g)f
6% (5 ug)*

Sensitivity varies
with sample and
processing con-
ditions. Typical
sensitivites are:
0.2 ng/gf (petro-
leum), 30 ng/gd9
(environmental
samples), 0.2
ug/gh (biologic
material)

3 ug/literZ 3% (400 ug/liter)Z

7% (5 ng/liter)?

3% (5 ug/liter)®

25% (100 ng/cu m)?
(air pollution
particulatesi

20% (2.4 uglg)
(orchard
leaves)

2% (0.4 ug/g)"

No interfering
substances are
reported for
samples of
urine” and
blood.P Less
than 107 inter-
ference is ob-
served for Na‘,
K*, Ca®*, Mg’*,
cl™, F~, S0,%7,
and PO,*” in
certain indus-

trial wastewaters.

Interfering sub-
stances present
in the original
sample are usual-
1y not extracted
into the organic
solvent.

Interference may
arise from gam-
ma ray activity
from other ele-
ments, especially

Total chromium is
measured.

All of the
extracted chro-
mium is measured,
but only Cr(VI)
is extracted from
the original
sample unless
oxidative pre-
treatment is
used.

Total chromium is
measured.

Na-24, C1-38, K-42,

and Mn-56.
strahlung from
P-32 may be
troublesome.

Iron, vanadium,
and mercury may
interfere.

Brems-—

This method
determines only
the hexavalent
chromium in
solution.

1€



Table 2.6 (continued)

Analytical method

*

Important
application

Detection limit

Precision
(relative standard
deviation/sample

size)

Interfering

Relative error
substances

Selectivity

X-ray fluorescence

Gas chromatography
(electron-capture
detection)

Gas chromatography
(atomic spectroscopic
detection)

Gas chromatography
(mass spectrometric
detection)

Emission spectroscopy
(arc)

Emission spectroscopy —
inductively coupled
plasma source

Atomospheric parti-
culates, geologic
materials

Blood, serum, urine,

natural water
samples

Blood, serum,
orchard leaves

Blood plasmas,
serum

A wide varieéty of
environmental
samples

A wide variety of
biological and
environmental
samples

2 to 10 pg/g (liver)” 4% (25 ug/g)o

1.5 ng/g (coal)?

0.03 pe?

L ngr

0.5 pgs

0.5 ngt

0.0003,” 0.001"
ug/ml

(coal)

729

<6% (1 ng)”

9% (10 ng/g)°

19% (0.2 pg/m®)®
6% to 12% (50 ug/
liter)“

LY 52“

1% to 4% (120 pg/
cm?) (air partic-
ulates)P

The particle size
of the sample
and the sample
matrix may in-
fluence the

observed measure-

ments.

Excess chelating
agent or other
electron-captur-
ing constituents
in the sample
may lead to er-
roneous results.

207 (2 ug/g)r No interfering is

reported.

20% (10 ng/g)s No interferences

are reported.

10% to 16% (50
ug/liter)*

No interfering
substances are
reported.

Total chromium is
determined.

Only chromium that
is chelated and
extracted is
measured; other
electro~negative
substances may
elute from the
column and be
detected at the
same time as the
Cr chelate.

Only chromium that
is chelated and
extracted is
detected. Atomic
spectroscopic
methods of detec-
tion are inher-
ently more selec-
tive for Cr in
complex samples,
however.

Only chromium that
is chelated and
extracted is
capable of being
detected.

Total chromium is
determined.

Total chromium is
determined.

(43



Table 2.6 (continued)

Precision
Analytical method aiﬁgzz:i?gn Detection limit (;:i:;tzznjszzsi:d Relative error :2;:z::2::g Selectivity
size)

Mass spectrometry A wide variety of 0.05-1 ugm 20% (photographic)y Potential inter- Total chromium is
solid, liquid, or 3% ((electrical)? ferences may determined.
gaseous samples 0.5% (isotope dilu- arise from any

tion)¥ ion having the
same mass/charge
ratio as the
chromium nuclide.

Chemiluminescence Fresh, natural 30 ng/literz 127 (2 ug/g)z 5% (2.3 ug/g)aa Co(II), Fe(II), Only trivalent
waters 5% (2.3 ug/g)aa (orchard leaves) and Fe(III) chromium ion is

(orchard leaves) interfere but may measured.
be measured by b
running a blank.
Sources:
%schaller et al., 1973. Pjaklevic et al., 1974.
Environmental Instrumentation Group, 1973a. anvory et al., 1969.
orrow and McElhaney, 1974. ZWOIE, 1976.
eGilbert and Clay, 1973. tWOlf et al., 1972.
fGoulden et al., 1973. uSeeley and Skogerboe, 1974.
Shah et al., 1970. vBarnard and Fishman, 1973.

gBhagat et al., 1971. wFassel and Kniseley, 1974.

.Spyrou et al., 1974. mBoumanns and deBoer, 1972,

“Harrison et al., 1971. Elser, 1976.

Dams et al., 1970. ‘lz/Ahearn, 1972.

ZDe Geoij et al., 1974. aaSeitz and Hercules, 1973.

American Public Health Association, American Water Works Li and Hercules, 1974.
Association, and Water Pollution Control Federationm, 1971. Seitz et al., 1972.

Sandell, 1959.
ZKemp et al,, 1974,
Kuhn, 1973.

132
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Several of the terms used in Table 2.6 are defined variously in the
literature. Detection limit (column 3) denotes the smallest quantity that
can be determined reliably by the designated technique or instrument. In
most techniques, detection limit is defined as two or three times the stand-
ard deviation of blank readings (Kaiser, 1973). The precision of the tabu-
lated methods is stated in terms of the relative standard deviation, that
is, the standard deviation of a set of samples expressed as a percentage of
the mean. Since precision varies with sample size, this information is
also indicated in column 4 of Table 2.6. Data in column 5 indicate results
of analyzing samples of known composition such as Bureau of Standards mate-
rial, synthetic standard samples, or samples prepared by the addition of
small, successive increments of the component to be determined (differential
addition technique). Accuracy is expressed as the relative error. Litera-
ture values for the accuracy of a given method vary widely; only a small
number of interlaboratory or interprocedural comparisons are available.
Consequently, these data must be used cautiously. The following sections
briefly describe the various classes of instrumental methods.

2.3.2.3.1 Atomic absorption spectrometry (flame) — In this method of
analysis, a previously prepared sample is injected into an air-acetylene
flame through which light of 357.9-nm wavelength is passed. The flame
atomizes the sample and light from the lamp is selectively absorbed by
chromium atoms in proportion to their concentration in the vapor. A photo-
detector measures the intensity of the 357.9-nm radiation after its passage
through the flame and compares it with the intensity of the original line
spectrum emitted by the lamp. The results are usually converted and cali-
brated to read out directly in concentration values. Variations of the
above procedure may be desirable with certain samples. The air-acetylene
flame may be replaced with a nitrous oxide—acetylene flame which provides
greater sensitivity and freedom from chemical interference.

The sensitivity of this method varies with different combinations of
the processing variables mentioned above and with sample type, size, and
treatment. For example, the absorption of chromium is suppressed by iron
and nickel (Ottaway et al., 1973). 1If the analysis is performed in a lean
flame, this interference can be lessened, but the sensitivity will also be
reduced. The interference by iron and nickel does not occur in the nitrous
oxide—acetylene flame (U.S. Environmental Protection Agency, 1974). Al-
though chromium is not detected as readily as some metals, good detection
limits can be obtained under favorable conditions. Thus, Gilbert and Clay
(1973) reported a detection limit of 0.05 ug/liter with an extraction for
the determination of chromium in seawater. A more conservative detection
limit of 0.02 mg/liter (direct aspiration) is reported in the Manual of
Methods for Chemical Analysis of Water and Wastes (U.S. Environmental Pro-
tection Agency, 1974).

Although many environmental samples can be analyzed by atomic absorp-
tion spectrometry without prior preparation, an extraction procedure is
recommended for samples containing less than 50 pg/liter chromium. Typ-

ically, such samples are extracted with ammonium pyrrolidinedithiocarbamate
in methyl ethyl ketone.
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In general, the precision and accuracy of atomic absorption analyses
using flame spectrophotometry are adequate for most inorganic environmental
samples such as fresh and saline waters, industrial wastes, dusts and sedi-
ments, and metals. A relative standard deviation of *57 is commonly re-
ported for specialized samples down to the parts per billion level (Gilbert
and Clay. 1973; Goulden, Broocksbank, and Ryan, 1973); recoveries of chro-
mium from spiked samples (accuracy) are reported with similar errors. The
average precision reported by multipurpose laboratories is somewhat higher
than the above figures: 30% to 607 relative standard deviation for samples
containing 7 to 400 ug/liter chromium, with an average relative error of
about 10%Z (U.S. Environmental Protection Agency. 1974).

At present, atomic absorption spectrometry with flame atomization is
the most widely used procedure for determining chromium in environmental
samples (National Academy of Sciences, 1974, p. 117).

2.3.2.3.2 Atomic absorption spectrometry (flameless) — Flameless atomic
absorption spectrometry is a relatively new variation of the previously
described method in which the sample is atomized directly in a graphite
furnace, carbon rod, or tantalum filament instead of a flame. This innova-
tion frequently results in a tenfold to thousandfold increase in sensitiv-
ity for many elements (Environmental Instrumentation Group, 1973b, p. 16)
and may eliminate the need for sample preparation in certain sample types.
The technique may be used for many types of samples of environmental
interest, but it is probably most attractive for the analysis of solid and
liquid biological samples since the danger of loss or contamination during
sample preparation is reduced. Using this technique, Schaller et al. (1973)
reported a detection 1limit (1% absorption) of 0.2 pg/liter chromium in
urine, which corresponds to only 10 pg of the metal in the sample analyzed.
Replicate analyses of urine containing 6 ug/liter chromium had a relative
standard deviation of *157 and recovery of chromium from spiked samples
averaged 93%. These data reflect favorable developmental laboratory con-
ditions; under the routine conditions customarily found in commercial
laboratories greater analytical variance may be expected.

The analysis of chromium by the flameless atomic absorption technique
is influenced by a number of factors. Henn (1974) observed a variation in
absolute sensitivity as a function of sample volume and ascribed the effect
to the manner in which the sample was distributed in the graphite furnace.
Schaller et al. (1973) found that the specificity of the method was influ-
enced by smoke and nonspecific absorption during the atomization of urine
samples. This difficulty was satisfactorily resolved by modifying the
charring procedure to destroy the smoke-causing components. Barnard and
Fishman (1973) evaluated the heated graphite atomizer for the routine,
practical analysis of water samples and concluded that trace metal analysis
of water by direct comparison with aqueous standards is impractical because
of matrix interference. However, analysis by combining chelation and sol-
vent extraction with subsequent atomization proved satisfactory. Analysis
by the method of standard additions was also acceptable.
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Background or nonspecific absorption effects are much more severe in
flameless absorption than in flame atomic absorption. Fortunately, all
major manufactures offer instruments with automatic simultaneous background
correction capability. Flameless atomic absorption done without background
correction is automatically suspect. :

The uncritical use of the flameless atomic absorption technique to
determine chromium in organic matrices was questioned by Masironi, Wolf,
and Mertz (1973), Wolf, Mertz, and Masironi (1974), and Mertz (1974).
These authors investigated the chromium content of different sugar samples
and observed large discrepancies depending on whether the samples were ashed
in oxygen plasma at 150°C, in a muffle furnace at 450°C, or in the graphite
furnace of the atomic absorption spectrometer at 1000°C. As shown in Table
2.7, ashing in a muffle furnace at 450°C resulted in chromium losses of 52%,
46%, 17%, and 0% for molasses and unrefined, brown, and refined sugar, re-
spectively, as compared to the oxygen plasma procedure. Ashing of the same
types of sugar in the graphite furance at 1000°C resulted in losses of 89%,
77%, 52%, and >50%, respectively, as compared to the oxygen plasma method.
After extensive additional tests the authors concluded,

(a) inorganic chromium in a sugar matrix can be deter-
mined by direct addition of the sample to the graphite fur-
nace; (b) chromium naturally present in sugar and probably
in other food-stuffs and biological materials occurs in an
organically bound complex that is lost to detection by atomic
absorption upon direct placement of the sample in the graphite
furnace, i.e., it behaves differently from inorganic chromium;
(c) in order to determine organically bound chromium by graph-
ite furnace atomic absorption, it is necessary to convert it
to inorganic chromium by oxygen plasma ashing before introduc-
tion of the sample into the furnace.

Table 2.7. Mean chromium content in different types of sugars

Chromium content (ng/g of sample)a

Type Number

of of Oxygen plasma Muffle furnace Graphite furnace

sugar samples ashing, ashing, ashing, 1000 C

150 C 450 C (direct analysis)

Molasses 3 266 + 50 129 + 54 29 + 5
Unrefined 8 162 + 36 88 + 20 37 + 13
Brown 5 64 + 5 53 +8 31 + 2
Refined 7 20+ 3 25+ 3 <10

a .
Values listed are averages of means of multiple determinations of each
type + standard mean error of this average.

Source: Adapted from Wolf, Mertz, and Masironi, 1974, Table III, p. 1039.
Reprinted by permission of the publisher.
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These observations cast doubt on the validity of many published analyses
of chromium in biological materials. At the present state of knowledge,
analyzing and cross-checking analyses of this type by different techniques
apparently are essential. Low-temperature ashing also appears to be an
essential step in the analysis of some biological samples.

2.3.2.3.3 Neutron activation analysis — Neutron activation analysis is one
of the most sensitive modern analytical techniques for the determination of
trace elements. Samples and known standards are irradiated in a nuclear
reactor during which time neutrons are captured by various nuclides in the
sample. Usually, the production of radioactive isotopes makes it possible
by appropriate measurements to identify the daughter activities and relate
them to the parent isotope. By comparison with the activity induced in the
standards, the amount of sought isotope can be calculated. The induced
activity, and, hence, the sensitivity for determining the parent nuclide,

is proportional to the amount of the parent isotope present. Neutron fluxes
of 10*? to 10'* neutrons cm~? sec™ are easily available in modern reactors;
thus, for irradiations of reasonable length (a few seconds to a few days)
most elements can be determined at levels of 107°® to 107'° g (Fulkerson and
Goeller, 1973, p. 436).

The commonly used reaction for chromium activation analysis is
*°cr(n,y)®*Cr. Chromium-50 has a thermal neutron absorption cross section
of 17.0 barns and a natural abundance of 4.31% (Robertson and Carpenter,
1974). The resulting >'Cr decays with a half-life of 27.8 days and is
usually determined by measuring the intensity of the 320-keV gamma ray.

The minimum chromium concentration which can be detected varies with
sample type and processing conditions. The following sensitivites have been
reported for samples and analyzed without chemical processing: 0.2 ng/g in
petroleum (Shah, Filby, and Haller, 1970), 30 ng/g in fresh water (Bhagat
et al., 1971), and 0.2 pg/g in biologic material (Spyrou et al., 1974).
Greater sensitivities generally can be achieved for given irradiation con-
ditions if the sample is chemically processed to separate and concentrate
the element to be determined. For example, after chemically processing
the sample, Robertson and Carpenter (1974) cited a sensitivity of 0.1 ng/g
for chromium in river water and 3 ng/liter for seawater. McClendon (1974)
reported sensitivities at the parts per billion level for chromium extracted
from previously irradiated biological and environmental samples.

The precision and accuracy of neutron activation analyses of chromium
also vary with sample type and processing conditions but may be generally
characterized as good to excellent for most samples. Relative standard
deviations of *10%Z have been commonly reported for samples containing chro-
mium in the microgram per gram and nanogram per gram ranges (Harrison et
al., 1971; Shah, Filby, and Haller, 1970). The relative error was fre-
quently less than 25% (Dams et al., 1970; De Goeij et al., 1974) and may
be less than 5% under favorable conditions (McClendon, 1974).

One distinct advantage of neutron activation analysis is reduced
problems due to reagent contamination. Even if chemical processing is
required, postirradiation contamination is of no consequence in the final
result.
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Neutron activation analyses are applicable to many kinds of environ-
mental samples including air pollution particulates, dusts, soils, fresh
and marine waters, sediments, biologic liquids and solids, and foods. The
samples most often are irradiated without prior chemical treatment. How-
ever, the procedure is relatively expensive and is normally used only when
a multielement determination is required. Since additional elements are
determined at small incremental cost, the average cost per element is low
if many elements are assayed. The method has another disadvantage when
used for the analysis of chromium. Due to intense x-ray or bremsstrahlung
activity from 2*“Na, 3®cl, “2K, °°®Mn, and **P in many samples, the irradi-
ated sample usually must be cooled several weeks before measuring the chro-
mium concentration. The procedure is thus not amenable to rapid or on-line
applications. The lengthy cooling period can be reduced to about 24 hr by
chemically separating the offending nuclides from the irradiated chromium
(McClendon, 1974).

2.3.2.3.4 Molecular absorption spectrophotometry — This analytical method
involves forming colored molecular species which absorb radiation in the
visible or near ultraviolet range of the spectrum. The amount of radia-
tion absorbed is compared with a previously obtained calibration plot and
is related to the metal concentration by the calibration data. The molecu-
lar species used to determine chromium is usually the diphenylcarbazide
complex, which is reddish purple in slightly acid solutions (American
Public Health Association, American Water Works Association, and Water
Pollution Control Federation, 1971, p. 156). Photometric measurements at
concentrations near 400 ug/liter can be made with a precision of about 30%.
Accuracy depends on the promptness of the analysis; spectrophotometric com-
parisons should be made at least 5 min but not more than 15 min after the
reagent is added to the sample (American Public Health Association,
American Water Works Association, and Water Pollution Control Federation,
1971, p. 158).

The molecular absorption method for determining chromium can be used
for natural water samples, industrial waste solutions, and solutions of
ores and metals if the concentration of hexavalent chromium is in the range
of 5 to 400 ug/liter. The technique was used extensively several years
ago; now, however, it has been largely supplanted by more sensitive and
convenient techniques such as atomic absorption spectroscopy, nuclear acti-
vation analysis, and emission spectroscopy.

2.3.2.3.5 Emission spectroscopy — In emission spectroscopy, prepared sam-
ples are excited with a flame, arc, spark, or plasma; the resulting light
is dispersed with a monochromator, and the characteristic emission lines
of each excited element are recorded electronically or on a photographic
plate. The concentration of each element is determined by comparing the
density of its emission line with that of an internal or external standard.
Sample preparation depends in part on the mode of excitation; in general,
samples are dissolved and the liquid is deposited on metal or graphite
electrodes which are dried before analysis. Precision and accuracy vary
with sample type and chromium concentration; standard reference water
samples containing 10 to 50 ug/liter chromium can be determined with an
apparent accuracy of *10% to 16% and a relative precision of #6% to 12%
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(Barnard and Fishman, 1973). Seely and Skogerboe (1974) monitored air con-
taining 0.2 ug/liter chromium with a precision of *19%. Webb, Niedermeier,
and Griggs (1973) observed comparable precision in the analysis of biolog-
ical tissues, but they found that serious errors were introduced if ex-
ternal reference standards and the unknown samples did not contain similar
concentrations of matrix elements.

The above examples illustrate that emission spectroscopy is an attrac-
tive procedure for analyzing a variety of environmental samples, especially
when multielement analysis is required. Adequate precautions must be taken,
however, to eliminate bias from matrix effects (Niedermeier, Griggs, and
Webb, 1974).

Emission spectroscopy, using an inductively coupled plasma as a light
source, has been studied extensively (Boumans and deBoer, 1972, 1975;
Fassel and Kniseley, 1974; Olson, Haas, and Fassel, 1977). Sensitivities
down to 0.3 ppb have been reported (Environmental Instrumentation Group,
1973b, p. 5) using direct aspiration of sample solutions. Precision and
convenience are similar to atomic absorption methods and multielement
determinations are readily carried out. Although it has not been adequately
tested, plasma emission spectroscopy appears to be very promising for the
future.

2.3.2.3.6 Spark-source mass spectrometry — Chromium can be determined by
exciting a sample with a radio~frequency spark, followed by spectrometric
measurement of the resulting ions according to their mass. The ions of
different mass-to-charge ratios describe different radial paths through the
magnetic field of the electromagnetic analyzer. As a result, they impinge
on different points along the detector, usually a photographic plate. The
chromium concentration in the sample is measured by the density of the
appropriate spectral line on the photographic plate, as compared to that of
an element previously added to the sample in known amount. This technique
is applicable to virtually any matrix, but results are only semiquantita-
tive. Typically, the detection limits for chromium are 0.02 to 0.1 ug/g,
with a relative standard deviation of 1207 (Environmental Instrumentation
Group, 1973b, p. 14).

The precision and accuracy of the spark-source mass spectrometric
method can be greatly improved by using the isotope dilution technique.
In this variation, a known quantity of °>Cr is added to the sample and the
whole is refluxed with acid until isotopic equilibrium is achieved. A
portion of the solution is then transferred to an electrode and is excited
by a radio-frequency spark as previously described. The ratio of *2Cr to
53Cr is determined and compared with that of the initial 53Cr spike. The
chromium concentration in the original sample is related to the extent of
dilution observed in the spiked sample. Relative errors of 0.5% to 3% are
typical for samples containing chromium in concentrations varying from
micrograms to picograms (Farrar, 1972). This method was recently used to
establish the chromium content of NBS bovine liver (Dunstan and Garner,
1977).
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The spark-source mass spectrometric technique is relatively expensive
in terms of labor and equipment charges per sample, especially if the iso-
tope dilution procedure is used; consequently, it is rarely the method
chosen for chromium unless multielement analyses are required. An excep-
tion is the analysis of reference materials, such as bovine liver. When
economically justified, the method can be applied to a wide variety of
environmental samples, such as atmospheric particulates, natural water
samples, industrial waste solutions, fuels, and biologic materials. Care
must be taken to avoid mass interferences from polynuclear ions having the
same mass to charge ratio as the measured chromium nuclides (Brown and
Taylor, 1975).

2.3.2.3.7 X-ray fluorescence — Due to recent development in x-ray sources
and instrumentation, energy-dispersive x-ray fluorescence is gaining accept-
ance as a nondestructive method of simultaneously determining groups of
elements in a variety of environmental samples (Environmental Instrumenta-
tion Group, 1973b, p. 11). 1In this technique, the sample is irradiated
with low-energy x-ray or gamma photons which displace K or L orbital
electrons from elements of interest. A series of characteristic x-ray

lines are then emitted as the electron defects are filled by electrons

from higher orbitals. Typically, silicon solid-state detectors are used

in conjunction with multichannel analyzers to record and analyze the result-
ing spectrum (Jaklevic et al., 1974). The intensity of the fluorescence is
related to the concentration of the metal in the sample by comparison with
radiation from an internal standard. Sample preparation is important; par-
ticle size and shape affect the extent to which the irradiating beam is
scattered or absorbed. Also, quantitative measurements of trace elements
may be complicated by radiation from surrounding atoms. Solid samples can
be pressed into thin wafers to minimize these matrix effects. Liquid sam-
ples can be processed directly, provided the metal concentrations of interest
are at least 1 ug/g; preanalysis enrichment is required for samples of lower
concentration.

The precision and accuracy of the method varies with sample type and
concentration level; for orchard leaves containing 2.3 ppm chromium, the
relative standard deviation and relative error reported by one laboratory
were *647% and 157, respectively (Environmental Instrumentation Group, 1973b,
p. 13). In contrast to these data, Kuhn (1973) reported a relative stand-
ard deviation of *4% for coal samples containing 25 ug/g chromium, and
Jaklevic et al. (1974) cited a relative error of 1% to 4% in analyzing
samples of air particulates containing 120 pg/cm?® chromium.

The energy-dispersive x-ray fluorescence technique is not yet in wide-
spread use. It appears to have considerable potential for rapid, multi-
element analysis of certain environmental samples, particularly those which
can have more or less homogeneous surfaces, such as filtered air particu-
lates, solutions, and finely divided solids which can be readily pressed
into homogeneous pellets.

2.3.2.3.8 Gas chromatography — Gas chromatography is a method of separation
in which the components to be separated are distributed between two phases:
a stationary bed of large surface area and a gas which percolates through
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and along the stationary bed. Typically, the stationary bed is a column
filled with a finely divided, inert packing which is evenly coated with a
suitable liquid sorbent. Alternatively, the stationary bed may be a 0.0l-

to 0.02-in. inner diameter column onto which a 0.5-um layer of liquid

phase is coated. These columns are known as '"capillary" or "open tubular”
columns. Helium, hydrogen, or nitrogen is usually used as the gaseous

phase. When a sample is placed into a chromatographic column, the unabsorbed
carrier gas moves the sample constituents through the column at a rate deter-
mined by the interaction of each constituent with the sorbent. Ideally,
since each constituent has a different affinity for the sorbent, each com-
ponent of the sample leaves the column completely resolved from the other
components. The composition of the original sample is determined by identi-
fying and measuring each of these fractions. The chromatographic detector
serves to identify sample components, and therefore the particular sample
constituents under investigation dictate which type of detector to use.

Chromium can be analyzed by gas chromatography as a volatile metal
chelate (Moshier and Sievers, 1965; Guiochon and Pommier, 1973). The
general procedure is as follows. The sample is first digested to get the
chromium in solution. The chromium is then quantitatively chelated with
1,1,1-trifluoro-2,4-pentanedione to form a thermally stable, volatile
chromium(III) complex. This complex is subsequently extracted into an
organic solvent (usually benzene or hexane), and an aliqout of this extract
is injected into the gas chromatograph. It should be noted that only chro-
mium(III) will form the desired complex; therefore, chromium(VI) is re-
duced to chromium(III) with sodium sulfite immediately after digestion.

Using this procedure, investigators have determined chromium by gas
chromatography with a variety of detectors. Savory, Mushak, and Sunderman
(1969) and Savory, Glenn, and Ahlstrom (1972) determined chromium in human
serum samples using electron capture detection. The limit of sensitivity
was reported to be 0.03 pg of chromium. Electron capture detection has
also been used to determine chromium in natural waters at picogram levels
(Lovett and Lee, 1976; Gosink, 1976) and physiological levels of chromium-
(III) in urine (Ryan and Vogt, 1977). Wolf (1976) used atomic absorption
detection to determine chromium in NBS SRM 1571 orchard leaves, reporting
a detection limit of 1 ng chromium. A specially constructed microwave
emission detector was utilized by Black and Sievers (1976) to analyze chro-
mium in blood plasma. The 357.9-nm emission line of chromium was monitored
to detect as little as 0.9 pg/ul chromium. Wolf et al. (1972) coupled a
mass spectrometer to a gas chromatograph to determine chromium in serum and
blood. A detection limit of 0.5 pg was reported with a relative error of 20%.

The gas chromatographic analysis of chromium in a variety of biological
and environmental samples is very sensitive. Of the detection methods used,
the electron capture method is the least specific and therefore requires a
very clean extract. Spectroscopic detection methods respond directly to
chromium and appear promising. Gas chromatography, with a mass spectrom-
eter detector, is an extraordinarily sensitive and specific method. The
high equipment cost will not allow the method to become popular, but it may
find an important application in the analysis of biological materials.
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2.3.2.3.9 Polarography — Polarographic techniques have a long and honorable
history in analytical chemistry, but they have not been applied extensively
to chromium analysis. Two recent variations of the method — single-sweep
polarography and differential pulse polarography — hold promise as poten-
tially sensitive and rapid techniques. The single-sweep method was applied
to chromium in water (with a detection limit of 0.0l ppm) (Whitnack, 1975).
Similar detection capability is shown by the differential pulse method
(Crosmun and Mueller, 1975; Neeb, 1974). These methods must be regarded as
potentially useful but are currently not popular for chromium analysis.

2.3.2.3.10 Chemiluminescence — Luminol (5-amino-2,3-dihydrophthalazine-
1,4-dione) emits light when oxidized by hydrogen perioxide. Oxidation occurs
only in basic solution in the presence of certain metal ions which catalyze
the reaction. In the presence of excess reagents, the intensity of light
emission is proportional to the metal catalyst concentration, a property

that can be made the basis for trace metal catalyst analysis. The intrinsic
sensitivity of the luminol system to small metal concentrations greatly ex-
ceeds that of most analytical procedures. For example, the minimum detect-
able quantity of trivalent chromium in natural water samples is about 25 pg
(Seitz, Suydam, and Hercules, 1972).

Chemiluminescence analyses may be performed in static or flowing
systems. A typical flowing system was described in detail by Seitz, Suydam,
and Hercules (1972). Normally, an analysis is performed in less than 30 min.
The precision and accuracy of the chemiluminescence method are not well
documented; however, the available data are encouraging. On the basis of a
limited number of analyses of NBS orchard leaves (SRM No. 1571) containing
about 2.3 ug/g chromium, relative standard deviations by two different
analysts varied from *57 to *127 and accuracies (recovery from standard
sample) exceeded 95% (Li and Hercules, 1974; Seitz and Hercules, 1973).
Recently a centrifugal fast analyzer was used for a rapid chemiluminescence
analysis of chromium(III) in water (Bowling et al., 1975).

The chemiluminescence method of analysis is not a mature, established
analytical procedure; much more experience is required to define its use-
fulness and limitations. However, its economy, speed, and extraordinary
sensitivity offer promise of usefulness in the analysis of metals at the
ultratrace level, especially for chromium in biologic materials.

2.3.3 Comparison of Analytical Methods

Until the last decade or two, the spectrophotometric method utiliz-
ing the chromium diphenylcarbazide reaction was the most widely used
technique for determining chromium. During the last few years, however,
this method has been largely replaced by the more sensitive and convenient
atomic absorption spectrometry. Through use of the flame technique, chro-
mium can usually be determined at concentrations equal to or less than
that established for drinking water standards without prior concentration.
Considerably greater sensitivity can be achieved using the newer flameless
variations of atomic absorption spectrometry, with some loss of convenience.
In general, the sensitivity, precision, and accuracy attainable by atomic
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absorption techniques are adequate for most inorganic samples of environ-
mental interest. The usefulness of atomic absorption techniques for analy-
sis of chromium in organic media is not so well defined. The concentration
of chromium in many such samples is below the detection level of the flame
method unless unusually large samples are used. However, even if large
samples are available, the extensive preanalysis processing required by
such samples can introduce considerable error. In principle, this dilemma
should be resolved by the use of flameless atomic absorption; however,
evidence is accumulating that chromium in some biological media behaves
differently from inorganic chromium: it may be lost to detection by atomic
absorption upon direct placement of the sample in the graphite furnace
(Masironi, Wolf, and Mertz, 1973; Maxia et al., 1972; Mertz, 1974; Wolf,
Mertz, and Masironi, 1974). The flameless atomic absorption method can
still be applied to the determination of chromium in some organic samples
such as sugars, however, if the element is converted to the inorganic form
by oxygen plasma ashing before introducing the sample into the furnace
(Wolf, Mertz, and Masironi, 1974). Conventional techniques for converting
chromium in organic samples to the inorganic form should be considered
suspect until their validities are rigorously established by the use of
appropriate reference standards (Mertz, 1974) (see also Section 2.3.1).

Neutron activation analysis is widely used to determine chromium and
other elements in environmental samples; it is probably second only to
atomic absorption spectroscopy in frequency of use. This popularity stems
from three factors: the great sensitivity of the method, its applicability
to a variety of sample types with little or no preanalysis processing, and
its ability to determine a variety of elements with the irradiation of a
single sample. If many elements must be determined, the cost per element
is small by this technique. The use of neutron activation analysis to
determine chromium normally requires a cooling period of several weeks if
postirradiation separations are not performed. Thus, the technique is not
suited for on-line or rapid analyses of chromium. However, if postirradia-
tion separations are made, very precise analyses can be obtained in about
a day (McClendon, 1974).

Emission spectroscopy is a well-established analytical method capable
of satisfactorily determining many elements simultaneously in a variety of
environmental samples. With plasma excitation, the method is adequately
sensitive and accurate for most environmental samples. Similar comments
apply to spark-source mass spectroscopy with isotope dilutiom.

The importance of x-ray fluorescence as an analytical method for
environmental samples has been greatly expanded by the recent development
of the energy-dispersive mode of operation. With this feature, rapid, as
well as sensitive, multielement analyses can be performed. This variant
of the standard x-ray analysis technique is not yet mature; also, problems
relating to sample preparation exist. However, with seasoning, this tech-
nique appears very attractive for sensitive multielement analysis of
environmental samples.

2.3.3.1 Standardization — Trace-level determinations of chromium are re-
quired in an extensive variety of samples: atmospheric particulates and
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mists, fresh and marine waters, industrial waste effluents, sludges, soils
and sediments, and ores and metals as well as plant and animal tissues and
fluids. Reliable analyses require standard procedures for the collection,
preparation, and storage of these specimen types and standard methods for
concentrating or separating the chromium from the various materials.
Achievement of this task is only in the initial stages; earliest efforts
have been directed toward development of procedures for drinking water,
groundwater and surface waters, and domestic and industrial waste effluents.
Standard Methods for the Examination of Water and Wastewater, 13th ed.,
1971, published jointly by the American Public Health Association, the
American Water Works Association, and the Water Pollution Control Federation,
prescribes standard sample handling techniques and analytical procedures for
many metals and includes spectrophotometric and atomic absorption techniques
for chromium at the trace level. More recently, the U.S. Environmental Pro-
tection Agency (EPA) published the Handbook for Analytical Quality Control
in Water and Wastewater Laboratories, 1972, which defines standards useful
in many aspects of the work. In a companion volume, Manual of Methods for
Chemical Analysis of Water and Wastes, 1974, the EPA established standard
procedures for determining many constituents of water samples, including

the analysis of trace levels of chromium by atomic absorption spectrometry.
However, much remains to be done in this area.

One of the most pressing needs is the greater availability of standard
materials representative of environmental samples. The National Bureau of
Standards (NBS) supplies orchard leaf, tuna meal, bovine liver, and brewer's
yeast as standard reference materials for the analysis of biological material.
Chromium concentrations in most of these materials are now being certified.
The EPA in cooperation with the NBS has made up four environmental standards:
fly ash, coal, o0il, and gasoline. Concentrations of many of the elements
of prime environmental concern in these reference materials are established.
Thus far, no standard reference natural water samples are available, but the
EPA will supply six concentrated water reference samples which, when diluted
as prescribed, will give different concentrations of arsenic, cadmium, chro-
mium, copper, lead, selenium, and zinc in the parts per billion concentra-
tion range. These samples are available from J. A. Winter, Methods Per-
formance Evaluation Activity, National Environmental Research Center, U.S.
Environmental Protection Agency, Cincinnati, Ohio 45268 (Robertson and
Carpenter, 1974).

2.3.3.2 Interlaboratory Comparisons — Relatively few interlaboratory com-
parisons of chromium analyses at the trace level were reported in the
literature. In a study conducted by the Methods Development and Quality
Assurance Research Laboratory, Cincinnati, Ohio, six synthetic concentrates
containing varying levels of aluminum, cadmium, chromium, iron, manganese,
lead, and zinc were added to natural water samples (U.S. Environmental Pro-
tection Agency, 1974). Samples were distributed to various laboratories
for analysis by atomic absorption spectrometry. The statistical results
for chromium are given in Table 2.8. With the exception of one sample,
good accuracies were reported by the participating laboratories; however,
interlaboratory precision was poor.

The United States Geological Survey (Water Resources Laboratory, Denver,
Colorado) conducts a continuing interlaboratory comparison program for water
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Table 2.8. Interlaboratory study of chromium analysis by
atomic absorption spectrophotometry

Standard

Number True velues Mean value deviation Accuracy_as
of labs (ug/liter) (ug/liter) (ug/liter) percent bias
74 370 353 105 -4.5
76 407 380 128 -6.5
72 74 72 29 -3.1
70 93 84 35 -10.2
47 7.4 10.2 7.8 37.7
47 15.0 16.0 9.0 6.8

Source: U.S. Environmental Protection Agency, 1974, p. 106.

analysis. Chromium results from several of these samples, which cover a
period of approximately five years (1971 to 1976), are given in Table 2.9.
Relative standard deviations show definite improvement during the period,
dropping from 70Z to 100% in the early rounds to 20% to 30% for the later
ones. The total range of reported values remains disturbingly large.

Parr (1974) reported on a study of NBS bovine liver that involved ten
laboratories and the range between the high and low result was over 300
(see Section 2.3.1). Pierce et al. (1976) used bovine liver, urine, serum,
and wheat in an interlaboratory comparison which also compared results from
several methods of analysis. The quality of the results seemed to depend
more on the sample matrix than on the analytical method. The range between
high and low results for bovine liver was about a factor of four. Chromium
in bovine liver is soon to be certified at 90 = 15 ng/g (Rook and Wolf,
1977).

In a recent study (Von Lehmden, Jungers, and Lee, 1974) by the EPA to
monitor trace elements in fuels, nine laboratories using similar analytical
methods were asked to determine the concentration of 28 elements, including
chromium, in the same fuel and fly-ash matrices. The analytic methods in-
cluded neutron activation analysis, atomic absorption spectrometry, spark-
source mass spectrometry, optical emission spectrometry, anodic stripping
voltammetry, and x-ray fluorescence. The reported values of chromium in
coal ranged from 3.4 to 30 ppm; in fly ash, from 80 to 500 ppm; in resid-
ual fuel oil, from 0.7 to 4 ppm; and in gasoline, from <0.001 to <0.3 ppm.

There appears to have been significant improvement in the ability to
measure chromium during the past five years but the ranges reported are
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Table 2.9. Interlaboratory comparison results
from water analysis of chromium

SRW Total. Mean iust?ndard Relative
range deviation standard

number (ug/liter) (outliers rejected) deviation

28 19.2 + 14.3 74

32 11 + 11 100

38 0-90 45 + 24 33

39 0-40 7.9 + 6.3 80

b4 4-50 8.2+ 2.8 34

45 7-70 18.9 + 6.2 32

48 15-45 31.8 + 7.0 22

49 10-32 16.5 + 5.9 36

52 3-40 6.3 + 2.3 36

53 10-90 20.0 + 5.0 25

56 10-110 39.4 + 11.9 30

57 0-25 9.5 + 1.7 18

59 14-43 30.2 + 6.5 21

Source: U.S. Geological Survey Water Resources
Laboratory, Denver, Colo.

still disturbingly large. The ranges illustrate the difficulties in measur-
ing traces of chromium and emphasize anew the importance of certified ref-
erence materials such as those now being provided by the National Bureau of
Standards.
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SECTION 3

BIOLOGICAL ASPECTS IN MICROORGANISMS

3.1 SUMMARY

The limited data on the metabolism and toxicity of chromium show that
most microbes are able to absorb some chromium. Internal chromium con-
centrations for microbes vary, but many samples have about 1 ppm chromium,

a value similar to that found in many plants. Chromium has not been shown
to be an essential element for any group of microorganisms. Toxicity for
many microbes occurs at chromium concentrations of 0.05 to 5 ppm, although
exact tolerances depend on the particular species. Chromium inhibits a
variety of metabolic processes such as nitrogen fixation, photosynthesis,
and protein synthesis; no data defining mechanisms of toxicity were found.
Comparative data indicate that chromium(VI) is more toxic than chromium(III).

3.2 METABOLISM

The metabolism of chromium in microbes has scarcely been studied. Al-
though isolated reports have given evidence that chromium addition stimu-
lated growth (Pratt and Dufrenoy, 1947) or certain metabolic systems
(Horecker, Stotz, and Hogness, 1939)., most reports have shown growth inhi-
bition at moderate chromium concentrations. No studies have conclusively
demonstrated that chromium is an essential element in microbes.

3.2.1 Uptake

Little information was found on the mechanisms or kinetics of chromium
uptake by microbes. Roberts and Marzluf (1971) demonstrated that chromate
was actively taken up by the sulfate transport system in Neurospora crassa.
A similar mode of transport apparently exists in the bacterium Salmonella
typhimurium (Ohta, Galsworthy, and Pardee, 1971; Pardee et al., 1966) and
in the fungus Aspergillus nidulans (Arst, 1968). In fact, a common method
for selecting microbial mutants deficient in sulfate uptake is by selection
for chromate resistance (Ohta, Galsworthy, and Pardee, 1971). Resistance
is assayed by the ability to grow in the presence of 26 ppm chromium(VI)
(0.5 mM Na,Cr0,) (Pardee et al., 1966).

Radiochromate (picocuries per gram wet wt) was measured in plankton
from the Columbia River (Watson et al., 1969). Chromium is released into
the river by the Hanford Reactor. Uptake by these plankton was assumed to
occur by adsorption rather than by assimilation. However, no experimental
evidence was given to support this contention. The chemical form of chro-

mium in natural waters must also be considered in the assessment of adsorp-
‘tion and assimilation phenomena.

Experiments with *'Cr have shown that the alga Navicula sp. and a
bacterium (species not specified) sorbed chromium (ca. 40% to 50% of 5!Cr
taken up in 24 hr) under those particular experimental conditions (Calow
and Fletcher, 1972). The data did not distinguish between adsorption and
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absorption. The amount of °'Cr lost from Navicula and bacteria over a
48-hr period was less than 4% of *Cr absorbed.

An interesting relation between chromium (as trivalent chromium) uptake
and glucose concentration occurs in brewer's yeast. Whereas uptake of tri-
valent *'Cr did not occur in Sabouraud medium in either log or stationary
phase cells, addition of glucose increased chromium uptake 2000% after 13
days. Uptake of manganese or iron was not increased. Uptake was independ-
ent of the trivalent chromium concentration (0.0001 to 1 ppm); these con-
centrations did not stimulate growth (Burkeholder and Mertz, as cited in
Mertz, 1969).

3.2.2 Concentration

Information on chromium concentration in microbes is rather sparse,
but existing data illustrate that a rather broad concentration range can
be found and that the internal concentration is probably related to the
concentration in the external medium (Table 3.1).

Chromium concentrations for a variety of plants, including algae and
fungi, are listed in Table 4.15. The concentrations ranged from 0.65 to
27 ppm chromium and are similar to concentrations found in higher plants.
Table 3.2 gives chromium concentrations in some multicellular marine algae;
the observed range is from about 0.4 to 12 ppm chromium with a typical con-
centration of about 1 ppm. No data on the relationship between chromium
concentrations in water and in the plants were found. Fukai and Brokey
(1965) suggested that surface contamination of water plants may account for
part of the observed chromium content. Boothe and Knauer (1972) reported
that the brown algae Macrocystis pyrifera contained 5.0 * 3.5 ppm chromium
on an ash weight basis.

Data such as these must be used with caution, however, because of the
analytical uncertainties discussed in the previous chapter. Relative chro-
mium values from a given laboratory are probably trustworthy but absolute
values and comparative values between laboratories must be regarded as very
uncertain. This situation will remain, especially for older data, until
the reasons for the large analytical errors are explained.

3.2.3 Biotransformation and Elimination

No information was found on the metabolism of chromium within the cell
when supplied as either trivalent or hexavalent chromium or on the possible
elimination of chromium from living cells.

3.3 EFFECTS

The major effect reported for chromium is growth inhibition of a
variety of organisms. However, in most cases, studies were not designed
to determine the maximum concentrations tolerated without metabolic
impairment.
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Table 3.1. Microbial concentration of chromium

Chromium
Organism concentration Sample area Reference

(ppm dry wt)

Sphaerotilus sp. 284 Japanese river, Loutit, Patrick, and
(bacterium) below pollution Malthus, 1973
effluent outfall
Zooplankton 6-12 Control region of Vaccaro et al., 1972
N.Y. Bight
7-11 Acid-iron waste Vaccaro et al., 1972
disposal area,
N.Y. Bight
8-137 Monterey Bay, Martin and Knauer,
Calif. 1973
Microplankton 0.6-3.7 Monterey Bay, Martin and Knauer,
Calif. 1973
Phytoplankton 1.3-21.4 Pacific Ocean Martin and Knauer,
1973
Plankton 3.5 Schroeder, Balassa,
and Tiptom, 1962
Fungi 1.5 Schroeder, Balassa,
and Tipton, 1962
Coral Livingston and
Solenosmilia <2 Jamaican deep- Thompson, 1971
ocean region
Desmophy Llum 1-1.2 Jamaican deep-
ocean region
Caryophyllia <2-3 Jamaican deep-
ocean region
Trochocyathus 1.5 Jamaican deep-—
ocean region
Dendrophyllia 2 Jamaican shallow-
ocean region
Madracis 4 Jamaican shallow-
ocean region
Cladocora 2 Jamaican shallow-
ocean region
Anomocora 2 Jamaican shallow-
ocean region
Bathycyathus 4 Jamaican shallow-
ocean region
Unidentified 33
Lichens Collected from LeRoy and Koksoy,
sandstones 1962
Umbilicaria 100-150
hyperborea
Parmelia conspersa 50
Lecanora rubina 30

Caloplaca elegans 150
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Table 3.2. Chromium content of algae
Place and date Chromium
Species of content
collection (ppm)
Enteromorpha linza Toulon o4 1.6
(green algae) Aug. 1963
Enteromorpha ralfsii Cap Breton (A) 0.9
(green algae) Jan. 1964
Enteromorpha sp. St.-Rapha&l (M) 0.4
(green algae) July 1964
Ulva lactuca Arcachon (A) 1.4
(green algae) Jan. 1964
St.-Rapha&l (M) 0.4
July 1964
Codium elongatum Monaco M) 0.4
(green algae) Sept. 1963
Cystoseira myriophylloides Toulon () 1.4
(brown algae) Aug. 1963
Cystoseira fimbriata St.-Raphasl (M) 1.0
(brown algae) July 1964
Fucus ceranotdes Bayonne (a) 0.6
(brown algae) Jan. 1964
Fucus vesiculosus Cap Breton (A) 1.0
(brown algae) Jan. 1964
Arcachon (A) 0.6
Jan. 1964
Jania rubens Toulon ) 4.1
(red algae) Aug. 1963
Lithophyllum incrustans Cap Martin (M) 12.1
(red-calcarious algae) June 1962

ZM = Mediterranean coastal waters.
A = French Atlantic littoral.

Source: Adapted from Fukai and Broquet, 1965, Table 1,

p. 4. Reprinted by permission of the publisher.

3.3.1 Algae

Growth inhibition data reported by Hervey (1949) for seven algal species
demonstrated that certain species were more tolerant of chromium (added as
K2Cr,0;) than others (Table 3.3). Additionally, small amounts of chromium
stimulated growth (Table 3.4). Optimal growth, however, in five of the seven
species was at chromium concentrations of <0.32 ppm.

Wium-Andersen (1974) found a decrease in growth over a four-day period
in the algal species Nitzschia palea (diatom) and Chlorella pyrenoidosa at



Table 3.3. Approximate concentration ranges of chromium which completely
inhibited growth in seven species of algae

(ppm)
H-2 growth medium H-2 modified growth medium
Organism

15 days 33 days 56 days 15 days 33 days 56 days
Chorella variegatus 1.6-3.2 1.6-3.2 6.4-16.0 1.6-3.2 3.2-6.4 6.4-16.0
Chlorococcum humicola 1.6-3.2 3.2-6.4 3.2-6.4 3.2-6.4 3.2-6.4 3.2-6.4
Scenedesmus obliquus 3.2-6.4 3.2-6.4 3.2-6.4 1.6-3.2 1.6-3.2 1.6-3.2
Lepocinclis steinii 0.032-0.32 0.32-1.6 0.32-1.6 0.032-0.32 0.32-1.6 0.32-1.6
Flagellate #46 0.032-0.32 0.32-1.6 0.32-1.6 0.32-0.32 0.32-1.6 1.6-3.2
Diatom #26 No growtha 0.032-0.32 0.32-1.6 0.32-1.6 0.32-1.6 0.32-1.6
Diatom #47 No growtha 0.032-0.32 0.032-0.32 0.032-0.32 0.032-0.32 0.32-1.6

%The lag period for both these organisms was so extended in H-2 medium that even the controls showed
no growth in 15 days.

Source: Adapted from Hervey, 1949, Table 2, p. 6. Reprinted by permission of the publisher.

09
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Table 3.4. Greatest concentration of chromium which permitted growth equal to
or better than controls (no chromium) in seven algal species (ppm)

H-2 growth medium H~2 modified growth medium
Organism

15 days 33 days 56 days 15 days 33 days 56 days

Chorella variegatus 0.0001 0.32 1.6 0.00032 0.32 3.2
Chlorococcum humicola 0.32 0.32 0.32 0.0 0.32 0.32
Scenedesmus obliquus 0.32 0.32 0.32 0.0 0.32 0.32
Lepocinelis steinii 0.032 0.032 0.32 0.032 0.032 0.32
Flagellate #46 0.032 0.032 0.32 0.0 0.032 0.32
Diatom #26 a 0.32 0.32 0.032 0.32 0.32
Diatom #47 a 0.032 0.032 0.032 0.032 0.32

a . . .
No growth in any tubes, including controls.

Source: Adapted from Hervey, 1949, Table 2, p. 6. Reprinted by permission of the
publisher.

Cr20,%” concentrations of 50, 150, and 300 ppb (Figure 3.1). No growth
stimulation was observed at any of the concentrations used; increased iron
concentration (24 ppb) did not counteract the toxicity. In this study,
photosynthesis in Nitzschia was inhibited 25% at a Cr,0,°" concentration

of about 350 ppb and 50% at a concentration of about 750 ppb. In Chlorella,
about ten times more chromium was necessary to inhibit photosynthesis by the
same degree as in Nitzschia. Since chromium had no inhibitory effect at low
light intensities (where light would be the limiting factor), the authors
concluded that chromium inhibition occurred in the dark processes of photo-
synthesis. More information is needed, however, on the mechanism of growth
inhibition because the kinetics of inhibition of growth and photosynthesis
are not similar.

Chromium concentrations between 0.01 and 0.50 ppm did not stimulate
growth in Chlorella cultures. Growth inhibition occurred at concentrations
greater than 0.50 ppm (Nollendorf, Pakalne, and Upitis, 1972). Toxicity of
chromium could be decreased by increasing the concentrations of other trace
elements, by adding ethylenediaminetetraacetic acid (EDTA) to the medium,
or by increasing the iron concentration. Chromium adsorption increased at
toxic chromium levels. A 50% reduction in cell number occurred in Nitzschia
linearis W. Sm. after 120 hr of culture with 0.21 ppm trivalent chromium
(Patrick, Cairns, and Scheier, 1968).

Upitis, Pakalne, and Nollendorf (1973) found 102%, 86%, 71%, 62%, and
36%Z of control biomass of Chlorella sp. grown in culture with 0.1, 1, 2, 3,
and 5 ppm chromium, respectively (form of chromium not specified). Although
several trace elements essential to growth were tested, only iron (10 and
45 ppm) eliminated the growth inhibition of 2 ppm chromium in the culture
solution. Similar phenomena of amelioration by addition of trace elements
were shown for growth inhibition by cadmium and nickel. The existence of
specific antagonistic ions which decrease chromium ion toxicity is well

documented in certain cases (Epstein, 1972).
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Figure 3.1. The effect of different concentrations of chromium on
the growth of N. palea. Source: Adapted from Wium~Andersen, 1974,
Figure 1, p. 309. Reprinted by permission of the publisher.

Garton (1973) grew the alga Selenastrum capricornutum in culture with
chromate concentrations ranging from 0.0139 to 13.9 ppm (Figure 3.2) and
observed almost complete inhibition of growth at concentrations greater
than 1.39 ppm chromium. The object of the study was to identify toxic
components found in cooling-tower blowdown. Concentrations of Cr0,2~ with-
in the range used in this study are found in cooling-tower blowdown; thus,

a potential environmental hazard exists. As indicated by the author, tox-
icity data are needed not only for individual compounds found in the blow-
down but also for various combinations of these compounds. The concentrations
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Figure 3.2. Inhibitory effects of sodium chromate concentrations
on the alga Selenastrum capricornutum. Source: Adapted from Garton,
1973, Figure 2, p. 291. Reprinted by permission of the publisher.

of Cr,0,2" which inhibited growth of the algae Scenedesmus, Navicula
seminulum, and Macrocystis pyrifera were 0.7, 0.2, and 1.0 ppm, respec-—
tively (North, Stephens, and North, 1973).

Pollutants may have a differential effect on members of a mixed popula-
tion. In studies aimed at delineating the role of trace elements in the
management of nuisance growths in aquatic systems, Patrick, Boot, and Larson
(1975) studied the effects of several trace elements, including chromium, on
algal community structures. Experiments were conducted during different
months of the year to determine whether changes in natural conditions in-
fluenced the effects of the trace elements. Mixed filamentous and diatom
algal populations were suspended in test chambers in stream waters. While
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other characteristics were held constant, various concentrations of the
trace element compounds were added to the water. At a chromium concentra-
tion (potassium dichromate) of 40 to 50 ppb, diatoms remained dominant and
diversity was high. At average concentrations of 95 to 97 ppb, the diatom
diversity was reduced although the diatoms remained dominant; at average
concentrations of 397 ppb, diatoms were completely replaced by blue-green
algae and the green alga Stigeoclonium lubricum. Differences in biomass
and in uptake of chromium occurred during the year. For instance, at 50
ppb chromium in the water the accumulation was 1450 ppm (micrograms chro-
mium per gram of dried biomass) in March to April, whereas in May it was
only 500 ppm. However, biomass was higher in May and dilution was there-
fore a more important factor. At 100 ppb chromium results were similar,
while at 400 ppb the difference was accentuated — an accumulation of 3350
ppb in March to April and only 900 ppb in May. In the period July to
August, accumulation at the 400-ppb level was 2000 ppm. In general, there
was a good correlation between the amount of accumulation of chromium per
gram of biomass, the *“C uptake, and the development of a blue-green algal
flora.

Because blue-green and green algae are less subject to predator pres-
sure (mostly aquatic insect larvae) than are diatoms, their growth should
be restrained. These studies indicate the need for regulation of trace
element levels so that diversity, productivity, and openness of waterways
can be maintained.

3.3.2 Protozoa

Concentrations of chromium(VI) (supplied as K,Cr,0,) which were "lethal"
to various protozoa varied from 160 ppm for Peranema to 5000 ppm for Para-
mecium caudatum, while "tolerated" concentrations ranged from 718 ppm for
Chilomonas to 1000 ppm for P. caudatum (Ruthven and Cairns, 1973). '"Lethal"
concentration was defined as the lowest concentration at which all organisms
died within 10 min of exposure, and '"tolerated" concentration was the highest
concentration at which "some'" organisms remained alive after 3 hr. These
data are of limited value because of the high concentration of chromium used
and because of unsuitable viability criteria.

Chromate concentrations from 10 to 100 w¥/ accelerated growth cf pro-
mastigotes of Leishmania tarentolae, a protozoan blood parasite, cultured
in medium with [®°S]taurine as the sole sulfur source (Sheets and Krassner,
1974). Chromate also enhanced incorporation of °®°S label from taurine
into cell fractions. Increased growth with chromate did not occur, how-
ever, when inorganic sulfate was the sole sulfur source. Presumably, the
chromium effect is related to sulfur metabolism in the promastigotes.

3.3.3 Fungi

Mertz (1969) has reviewed the sparse literature on the effects of
chromium on yeast. Chromates in broad range of concentrations (6 to 800
ppm) can stimulate yeast fermentation, although similar stimulation can be
caused by other agents (acidity, heat, salts, and hypotonic solutions).
Toxicity of trivalent chromium to brewer's yeast was reported at concen-
trations of 200 ppm chromium.
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In studies to determine how the incorporated metal influenced yeast
metabolism, Burkeholder and Mertz (1966) added 0.1 ppm trivalent chromium
to cultures and observed increased CO, production (after a 3-hr lag) as
compared with unsupplemented controls. Addition of glucose tolerance
factor, a chromium complex required for normal glucose utilization (Section
6.3.1.1), or yeast cell fractions containing chromium produced an immediate
stimulation of CO, production. Thus, chromium is important for biological
activity, although the exact mechanism of its role in metabolism is undefined.

Sulfuric acid—dichromate mixtures have long been used to clean glass-
ware. Even exhaustive rinsing of the glassware does not remove all the
Cr;0,2” ions that are sorbed onto the glass surface and the amount remain-
ing can inhibit some enzymes and the growth of certain microbes. Richards
(1936) found that as little as 0.1 ppb Cr.0,?" inhibited growth of yeast
and "other microbes."

Few studies were found on chromium effects on fungi other than yeast.
The median effective dose of trivalent chromium [as Cr(NOs3)s] which inhib-
ited germination of the fungi Alternaria tenuis and Botrytis fabae was
4.5 x 107° and 12.5 x 10°° M, respectively (Somers, 1961). Natural in-
fections of corn kernels with Aspergillus flavus were associated with
increased levels of trace elements in the kernel (Lillehoj, Garcia, and
Lambrow, 1974). Addition of 5 to 10 ug of chromium, manganese, cobalt,
or cadmium per gram of germ to a growth medium of defatted corn germ in-
creased aflatoxin production by Aspergillus. Since phytate (inositol hexa-
phosphate) present in corn germ strongly binds trace elements, these ele-
ments might not be biologically available for microbial growth. Results
of Lillehoj, Garcia, and Lambrow (1974) suggested that aflatoxin production
may be a method of measuring availability of trace elements to the fungus.
Ashida (1965), who reviewed fungal adaptation to metal toxicants, cited
only one case of acquired resistance to chromium, and that case occurred
in yeast.

With any organism the possibility exists of finding a strain with in-
creased tolerance or sensitivity to the chemical under study. For instance,
although the type of resistance involved is not clear, strains of the brown
rot fungus (Poria vaillantii) which demonstrate increased resistance to a
copper—chrome-arsenate wood preservative have been isolated (Da Costa, 1959).
However, the resistance may be due to increased resistance to arsenic. The
diversity. density, and succession of microbial invaders on exposed woods
have been studied by a number of workers (Greaves, 1972); the results suggest
that some microbes have a certain tolerance to these preservatives.

3.3.4 Bacteria

Little information was found for effects of chromium on bacteria. In
Bacillus megatherium, LDso values were 144 ppm chromium(III) and 76 ppm
chromium(VI) (Ludvick, as cited in Eye, 1974). Growth of Staphylococcus
aureus in a dilute synthetic medium was inhibited by the addition of 1 ppm
Cr.0,%". Growth inhibition in a beef extract—peptone broth medium required
a concentration of almost ten times as much, presumably because protection
was conferred by the macromolecular constituents of the broth (Henry and
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Smith, 1946). Nitrogen fixation in Azotobacter chroococcum was stimulated
by 107° to 10™* g/liter of K,CrO, and was inhibited by 1072 g/liter of
K,CrC, (Egorova and Shohegiov, 1970). In higher concentrations, K2CrO,
inhibited growth of these bacteria.

Weinberg (1964) found that "subbactericidal" concentrations of various
trace elements (chromium, molybdenum, tungsten, selenium, and tellurium)
supplied before or within 2 hr after manganese addition suppressed sporula-
tion in Bacillus. Manganese, in concentrations larger than that required
for vegetative growth, was necessary for sporulation. Chromium (60 x 107° M)
added 3 hr after manganese addition actually increased the sporulation.

Increased sensitivity to chromium has been observed in a mutant of
Salmonella typhimurium (Corwin et al., 1966). The authors first observed
that ethylenediaminetetraacetic acid (EDTA) in the solid growth medium
allowed growth of tryptophan-deletion mutants and found that their agar
contained chromium. Experiments showed that the chromjum concentration in
the agar was sufficient to inhibit growth of the mutant but not growth of
the normal type. Differences in toxicity susceptibility to other trace
elements could not be demonstrated between mutant and normal type. At
500 uM CrCls, normal strains showed little decrease in growth, whereas
CrCl; at concentrations as low as 10 to 20 uM caused complete growth in-
hibition in the mutants. The nature of the mutation is unknown; trivalent
chromium concentrations within the normal and mutant strains were not
determined.

Two Escherichia coli tonB-trp deletion mutants which are sensitive to
chromium(III) and require high iron concentrations for optimal growth were
described by Wang and Newton (1969a). The chromium sensitivity can be
reversed with high iron concentrations. These data, along with other lines
of evidence, suggest that the deleted genetic information is responsible
for active iron transport and that '"residual iron transport" is inhibited
by the chromium(III) ion.

A point mutant of E. coli which is sensitive to trivalent chromium
and requires a high concentration of iron for growth had the active iron
uptake system but could not synthesize a natural chelator, 2,3-dihydroxy-
benzoylserine (DHBS), specific for iron (Wang and Newton, 1969bH). The
mechanism by which chromium(III) inhibits residual iron uptake is not
known, but it may involve competition with iron(III) for entry.

There is evidence that hexavalent chromium compounds are mutagenic.
Tryptophan revertants in the E. coli mutation assay system were produced
by NazCrO4, K2CrO4, and CaCrO, (0.05 to 0.20 micromole per culture plate).
No revertants were found using the so6luble compound Cr,S0,K,S0,*2H,0 or
with soluble salts of tungsten or molybdenum (neighboring class VI-B
elements), which indicated specificity. Only hexavalent chromium was
mutagenic in this system (Venitt .and Levy, 1974). These authors suggested

that chromium specifically attacks GC base pairs within the DNA molecule,
giving GC-AT transitions.
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SECTION 4

BIOLOGICAL ASPECTS IN PLANTS

4.1 SUMMARY

Chromium is present in all soil types (Section 7) and in plants grow-
ing on these soils, but it has not been shown to be an essential element
for plants. Plants take up chromium through either root or leaf surfaces,
but little chromium is translocated from the site of adsorption unless it
is supplied in chelated form. Natural chelates of chromium within the soil
probably occur, but they have not been studied.

Chromium concentrations in plants growing on normal soils range from
about 0.1 to 5 ppm, with most values less than 1 ppm. Plants growing on
serpentine soils show a much wider concentration range, from 1 ppm to 3000
ppm chromium in ash. Subterranean plant parts have higher chromium concen-
trations than do aerial parts.

Plants growing near cooling towers contain elevated levels of chromium.
Concentrations of chromium in plants growing near smelters have not been
reported. Wastes from chromate-producing smelters are very toxic to vegeta-
tion necessitating revegetation techniques for reclamation of contaminated
areas.

Serpentine soils contain high levels of chromium which contribute to
the low fertility of these soils. The major factors are probably low abso-
lute calcium levels, low calcium to manganese ratios, low trace element
levels, or nickel toxicity. The cause of infertility may vary with the
specific serpentine soil under examination.

High chromium concentrations caused chlorosis in beans and oats and
stunting in tobacco, an especially sensitive plant, and maize. There is a
lack of experimental work on the effects of the different chemical forms of
chromium on plants. From limited data, hexavalent chromium appears to be
more toxic than trivalent chromium; both forms affect plants at relatively
low concentrations (about 1 to 10 ppm).

4.2 METABOLISM

The metabolism of chromium in plants includes uptake, translocation,
concentration and distribution, and elimination. Chromium can undergo few
chemical changes within the cell other than oxidation-reduction. Although
complex formation could occur within the cell (Section 4.2.3), few studies
on subcellular distribution or interactions of chromium in plant systems
have been reported.

4.2.1 Question of Egsentiality

The question of whether chromium is an essential element for plants
has not been answered. Some authors reported that the addition of chromium
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compounds to soil resulted in increased yield. In reviewing these reports,
Pratt (1966) concluded, "These stimulative effects have been small and
others have been erratic; most have remained unverified." A review by Mertz
(1969) cited reports of increased crop yields in Germany, France, Poland,
and Russia as a result of chromium application to soils. Mertz concluded
that small amounts of chromium are beneficial for plant growth, but he noted
the complexity of assessing chromium availability in soils and of determin-
ing how chromium stimulates yield. Additional support for Fhis view comes
from increased yields of wheat, rye, oats, corn, and peas grown in a sand
and water culture containing trivalent chromium (Scharrer and Schropp, 1935,
cited in Mertz, 1969).

Huffman and Allaway (1973b), however, demonstrated that romaine lettuce,
wheat, and beans grew normally in culture solution experiments with purified
salts, Final chromium concentration was 3.8 x 10 micromole. Thus, if
chromium is required by these plants, it is required at concentrations less
than 3.8 x 10™* micromole.

Improved plant response after addition of the element to soil is not
conclusive evidence for essentiality. Arnon and Stout (1939) stated,

An element is not considered essential unless (a) a
deficiency of it makes it impossible for the plant to complete
the vegetative or reproductive stage of its life cycle; (b)
such deficiency is specific to the element in question, and
can be prevented or corrected only by supplying this element;
and (c) the element is directly involved in the nutrition of
the plant quite apart from its possible effects in correcting
some unfavorable microbiological or chemical condition of the
soil or other culture medium. From that standpoint a favor-
able response from adding a given element to the culture
medium does not constitute conclusive evidence of its indis-
pensability in plant nutrition.

Thus, while chromium is an essential element for humans (Section
6.3.2), no conclusive evidence exists for its essentiality in plants.

4.2.2 Uptake

Plants take up many substances by absorption through either root or
leaf surfaces. Absorption of most minerals typically occurs through root
uptake, but it can also occur through aboveground surfaces exposed to mate-
rials in the air. Several factors affect chromium absorption by plants and
the availability of chromium in the soil: physical and chemical properties
of the chromium compounds, pH effects on reactivity and solubility phenom-
ena, presence of organic chelating compounds within the soil, interactions
with other soil minerals, and the ability of the given species to absorb
chromium under a range of environmental factors such as carbon dioxide and
oxygen concentrations (Black, 1968).
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The mechanism of chromium uptake is speculative; it may involve the
absorption of soluble ions from the soil solution, from adsorbed ions in
soil by contact exchange, and from soluble organic-chelated forms (Black,
1968) . The specific methods of chromium absorption from the soil are
unknown.

The kinetics of absorption of chromium(IIT)-ethylenediaminetetraacetic
acid (EDTA), chromium(III) [as Cr(NOs)s], and chromium(VI) (as KaCrO,) from
nutrient solutions were studied in rice (Verfaillie, 1974). Chromium sup-
plied in chelated form entered roots more slowly than either chromium(III)
or chromium(VI); the chelated form, however, was transported throughout the
plant. Chromium(III) and CrO,~ were absorbed more quickly (Table 4.1),
although less than 2% was transported to aerial parts (Table 4.2). Chro-
mium(III)-EDTA was continuously taken up over the five-day period; stems
attained the greatest chromium concentration (Figure 4.1). Chromium(III)
has a strong tendency to form chelates and these probably occur in soils,
but no data are available to indicate a role in chromium uptake in field
situations. The kinetics of chromium(III) uptake were divided into three
phases: (1) a rapid phase of adsorption onto root surfaces, (2) absorp-
tion [second order kinetics between chromium(III) and an existing pool of
biochemical compounds], and (3) a prolonged phase (<10 hr) of metabolic
uptake involving delivery to shoots. The kinetics of chromium(VI) uptake
showed two stages or mechanisms which could be fitted into the Michaelis
equation. Although he had no direct evidence, Verfaillie concluded from
kinetic data that chromate was reduced to the chromic state [chromium(III) ]
by organic matter on the root prior to physiological uptake.

Table 4.1. The rate of chromium absorption by intact rice plants as a function
of the chromium concentration in nutrient solution

Concentration Cr(III)-EDTA K2.Cr0, Cr(NOs3) 5
level uptake intake uptake phase
wn (nmole hr~! gFR'l)a (nmole hr~' gFR™!) (nmole hr~* gFR™')
107 0.39 0.012
2 x 1077 0.58 0.020
5 x 1077 0.97 0.047
10-°¢ 1.44 0.088
2 x 10™¢ 0.031 1.87 0.13
5x 10°° 4.06 0.28
10°° 0.13 6.70 0.35
2 x 10°° 12.1 0.77
3 x 10°° 1.70
5 x 10°° 21.1 2.39
7 x 1073 2.92
1074 0.29 24.9 3.14
Saturation Vinax = 0.35b Vpax = 34.2 Vpax = 4.0

“hmole™ hr™! gFR™! = nanomoles per hour per gram of fresh weight of root.

b

Vpax = maximum uptake rate.

Source: Adapted from Verfaillie, 1974, Table I, p. 321. Reprinted by
permission of the publisher.
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Table 4.2. Distribution pattern of chromium after
absorption by intact rice plants

Percent of total chromium in each plant part

Plant
tissue Cr(ITII)-EDTA K,CrO, Cr(N03)3
Roots 9.4 95.7 95.3
Collars 38.8 2.8 2.9
Stems 33.2 0.7 0.9
Leaves 18.6 0.8 0.9
Total 100.0 100.0 100.0

Source: Adapted from Verfaillie, 1974, Table II,
p. 322. Reprinted by permission of the publisher.

ORNL-DWG 76-2444

154
oT
Y R = ROOTS
= C= COLLARS
® S= STEMS
£ 104 L= LEAVES
o T= TOTAL PLANTS
N
°
o
£ oS
=
=)
g 5+ o oC
()
x
T
[&] °
O
846 OR
°/° ol
O
L] T
1 2 3 4 5
TIME (days)

Figure 4.1. The translocation of chromium(III)-EDTA in rice plants.
Source: Adapted from Verfaillie, 1974, Figure 13, p. 328. Reprinted by
permission of the publisher.
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In sand culture experiments, the uptake of Cr0,?” into tobacco leaves,
tobacco roots, and corn leaves increased with increasing chromium concen-
trations in the external medium (Soane and Saunder, 1959). The chromium
concentration in corn leaves increased from 4 to 8 ppm when the external
chromium concentration was increased from O to 10 ppm. Amounts of chromium
in tobacco leaves increased from 4 to 34 ppm when the plants were cultured
in concentrations of 0 to 10 ppm chromium; over the same range of external
concentrations, the chromium content of tobacco roots increased from 13 to
410 ppm. Tobacco was extremely sensitive to chromium; abnormal development
occurred at 1 ppm chromium in the culture medium (175 ppm chromium in roots).

Eckert and Blincoe (1970) evaluated the uptake of 14 gamma-emitting
isotopes, including **Cr, from range soil by various forage and weed species.
The uptake of chromium was rated as very good in the upper soil horizons for
several range species. Decreased uptake was noted for chromium in the lower
soil horizons; this was attributed to the decreased solubility of chromium
with increasing pH.

Corn grown on soil amended with sludge to give total soil chromium
concentrations of 3 to 1360 ppm contained only 1.2 to 2.3 ppm chromium in
the tops (Table 4.3) (Mortvedt and Giordano, 19750). Incubation of sludge-
amended soils for 21 and 36 weeks prior to planting of corn in the pots did
not greatly affect final chromium concentration in the tops. Addition of
Na,Cr,0, to soil to give 1, 5, 20, 80, and 320 ppm chromium increased chro-
mium concentrations in corn from the control level (1.5 ppm) to 5.0 and 16.1
ppm at the two highest soil values. Repetition of the above experiment at
soil pH 5.5 and 7.0 gave similar results; large increases of chromium in
the tissue occurred only at 320 ppm soil chromium.

Again, a note of caution must be added concerning uncertainties in
older analytical procedures. Comparisons based on data sets generated in
different laboratories, or in one laboratory at different times, may be
subject to large errors. Since the data given here are the best available,
however, they must suffice for at least tentative comparisons.

The ability of the living cell to take up chromium has led to its use
in estimating viability in a cell population (Kumanishi and Yamamoto, 1968).
Bourque, Vittorio, and Weinberger (1967) found that increased hexavalent
51Cr incorporation (supplied as Cr0,2?”) into sectioned wheat root tips
accompanied the increased metabolic state which occurred during vernaliza-
tion. However, they found little radioactivity in roots incubated with
ascorbic acid (to reduce hexavalent to trivalent chromium) prior to incuba-
tion with ®'Cr-labeled Cr0,2” and thus concluded that only hexavalent chro-
mium could penetrate cells. These data disagree with the results of other
experiments (Section 4.2.3) and may possibly be explained by the extensive
washing of the root sections in this study. No data were given for chromate
added at the same time as the ascorbate.

The chemical form of chromium in a given soil depends on the origin of
the chromium compounds. Native chromite, a major form of chromium in the
lithosphere, is a mixture of oxides of magnesium, calcium, chromium, irom,
and aluminum and is essentially insoluble. Anthropogenic sources could
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Table 4.3. Yield and chromium content of corn grown in greenhouse pot experiments
in soils with various amendments®

Rate.of Yield (g/pot) Chromium in tissue (ppm)
Treatment chromium
application o 0 1 crop 2 Crop 3 Cropl Crop 2  Crop 3
(ppm)
Control 0 31 48 30 1.3 2.1 2.0
Sludge A 68 33 50 34 1.2 1.7 2.3
340 35 45 32 1.2 3.0 5.4
1360 30 50 31 1.4 1.5 2.0
Sludge B 3 32 49 27 2.3 2.3 3.0
13 34 48 34 1.4 3.5 1.3
50 19 51 36 1.4 1.4 0.6
Compost 3 34 51 31 1.1 1.9 2.8
13 36 47 41 1.1 1.6 1.8
50 37 46 40 2.0 1.2 0.7
Control 0 31 48 1.3 2.1
(uncontrolled pH)
NayCry07 1 32 49 1.5 1.4
(uncontrolled pH) 5 32 50 1.5 1.9
20 27 50 2.3 1.9
80 4 55 5.0 2.2
320 1 6 16.1 9.3
Control 55 1.6
(pH 5.5)
NapCr,07 5 56 0.8
(pH 5.5) 20 55 2.5
80 40 7.4
320 1 55.0
NaoCro07 0 60 0.5
(pH 7.0) 5 60 1.4
20 58 2.7
80 29 9.6
320 1 57.0
Cro(S04)3 5 58 1.3
(pH 5.5) 20 56 1.4
80 52 2.4
320 25 2.8

aCrops were grown in the amended soils in three different ways: (1) crop was grown for
7 weeks in soil immediately after amendment; (2) soil with amendment was incubated in a moist
chamber for 21 weeks prior to planting crop (7-week growth period); (3) soil with amendment
was incubated for 36 weeks prior to planting crop (7-week growth period).

Source: Adapted from Mortvedt and Giordano, 1975b, Tables 2, 3, and 7, pp. 171-173.
Reprinted by permission of the publisher.

contribute trivalent chromium in oxide form or hexavalent chromium as either
chromate (Cr0,*”) or dichromate (Cr;0,27). 1In the presence of organic
matter, hexavalent chromium would be reduced to trivalent chromium and would
either precipitate as the hydroxide, carbonate, or sulfide; trivalent chro-
mium would adsorb on clays, iron oxides and hydrous oxides, and organic
matter. Chromates are rare in nature and are stable only in alkaline, oxi-
dizing conditions (Allaway, 1968). The adsorption phenomenon may be the
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main mechanism of retention in dilute soil solutions (Murrmann and Koutz,
1972). Jenne (1968) presented arguments for the significance of hydrous
iron and manganese oxides in the binding of manganese, iron, cobalt, nickel,
copper, and zinc in soils, and Baker (1973) argued for the significance of
soil organic matter. Although chromium was not discussed in either of these
publications, a similar binding may occur because chromium is in the same
transitional series as these elements.

Prince (1957a, 1957b) used spectrographic analyses to study the rela-
tionship between trace element concentrations in corn and ragweed and in
the soil in which they were grown. Chromium concentrations in corn were
not closely related to soil chromium concentrations; however, ragweed chro-
mium concentration did increase with soil chromium concentration (Table 4.4).
Since chromium values in corn decreased with age of the leaf, uptake over a
period of time was not constant. Data on the relationship between available
chromium in the soil and chromium concentrations in the root of corn would
be more valuable information because chromium is not usually translocated
(Section 4.2.3).

Table 4.4. Chromium concentrations in ten New Jersey soils and in
corn and ragweed grown on these soils

(ppm)
Corn leaves
Soil type Soil Tassel Ragweed
Young stage Mature
Annandale loam 32 1.37
Collington sandy loam 20 1.69
Coltz loam 40 1.13 0.84 0.47 2.74
Cossayuna loam 20 0.74 0.69 0.44 1.31
Croton silt loam 38 2.18
Lansdale loam 30 1.61
Norton loam 75 1.84 1.15 0.80 6.77
Sassafras sandy loam 45 2.07 1.22 0.50 4.90
Squires loam 46 1.28
Washington loam 39 0.88 1.16 0.68 4.09

Source: Adapted from Prince, 1957a, Tables 5-7, pp. 402-404, and Prince
1957b, Tables 1 and 3, pp. 414-415. Reprinted by permission of the publisher.

No information was found relating soil organic matter to plant uptake.
Both dichromate and chromate ions are oxidizing agents which, when discharged
onto soils, would oxidize organic matter (Section 2.2.5). Also, an increased
soil organic content generally allows for both increased adsorption and in-
creased cation-exchange capacity. Therefore, an increased organic content
might be expected to allow more available chromium to be retained within the
soil. The organic content could be of particular importance in serpentine
soils, which are characterized by high chromium and nickel contents in addi-
tion to a low calcium to magnesium ratio.
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Few reports have emphasized the relationship between soil pH and chro-
mium uptake. Most metals are more soluble at low pH values (pH 4 to 5) and,
thus, are more available for uptake than at high pH values (pH 7 to 8). For
landfills, pH should be maintained at 6.5 or above (Chaney, 1973). While
chromium, like other metals, is considered to be more available at lower pH
values (Murrmann and Koutz, 1972), Patterson (1971) has shown that uptake of
both trivalent and hexavalent chromium into barley roots increased with an
increase in soil pH from 5.6 to 7.8. Injury, however, only occurred with
hexavalent chromium. No explanation for this apparent contradiction was
presented.

Interactions occurring between various elements within the soil can
affect the exchangeable and soluble soil concentrations of a particular
element (Black, 1968). No specific data were found for interactions be-
tween chromium and other elements in the soil.

Interactions among elements can affect their concentrations in and
toxicity to the plant. The only data found for chromium were those of
Wallace, Sufi, and Romney (1971), who studied the effects of calcium and
chelating agents on heavy metal concentrations in bush beans grown in solu-
tion cultures. Increasing calcium concentrations decreased the toxic effect
of 107* M chromium (as measured by decreased wet weight). Addition of ethyl-
enediaminetetraacetic acid (EDTA) to the optimum calcium concentration re-
stored the toxic effect of chromium. No specific mechanisms have been
proposed for the observed interactions among calcium, EDTA, and chromium.

4.2.3 Translocation

The fate of absorbed chromium in plants is unknown. Soluble organic
complexes of some trace elements have been observed within plants (Tiffin,
1972) . but the only report for chromium has been by Lyon, Peterson, and
Brooks (1969a, 1969b) in experiments with Leptospermum scoparium. The
xylem exudate from both roots and shoots of plants cultured in ®*Cr-labeled
NaCrO, solutions contained only chromate, while the 80% ethanol extract of
root, leaf, and stem contained three chromium complexes, one of which was
identified as the trioxalatochromate ion. Most of the %'Cr was found in
the root (267 counts min~' mg™* dry wt in shoots; 17,300 counts min~! mg~
dry wt in roots). Thus, hexavalent chromium was absorbed by the plant but
little was transported in the xylem to the shoot. The site of complexation
was not determined. Myttenaere and Mousny (1974) also showed in rice that
little radiochromium [supplied to the roots as either chromium(III) or
Cr0,?”] was transported to the shoots. If chromium was supplied to the
roots as chromium-EDTA, less total absorption occurred; however, signif-
icant amounts were transported to the leafy shoots. Similar results were
found for rice by Verfaillie (1974) (Table 4.2). DeKock (1956) failed to
find significant chromium concentrations in the leaves and stems of mustard
plants exposed to solutions containing 2 ppm chromium. He also observed

that the chromium content of roots was less when chromium was supplied in
the chelated form.

1

Chromium~-51-labeled trivalent or hexavalent chromium supplied for 14
days was taken up by both flowering wheat and bean plants (Huffman and
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Allaway, 1973a). At maturity, the wheat roots contained 95% of the hexa-
valent chromium and 96% of the trivalent chromium; bean roots contained 93%
of the hexavalent form and 927 of the trivalent form (Table 4.5). Thus,

chromium was not significantly translocated from the root to the shoot of
the plants studied.

Table 4.5. Distribution of ®*’Cr in wheat and beans grown in solution culture
with either ®'Cr labeled trivalent or hexavalent chromium

Bean Wheat
Plant Cr(VI) Cr(I1I) Cr(VI) Cr(III)

tissue I (2 ¢4 %
(ng/g) total (ng/g) total (ng/g) total (ng/g) total

Cr) Cr) Cr) Cr)

Seed 3 0.03 2 0.02 1 0.1 1 0.1
Chaff (pods) 32 0.5 50 0.9 18 0.9 16 1.1
Stems 26 1.1 37 1.5 21 3.0 15 1.7
Leaves 144 5.1 166 6.5 74 1.1 64 1.4
Roots 3791 93.2 3096 91.5 5378 94.9 3982 95.7

Source: Adapted from Huffman and Allaway, 1973a, Table II, p. 984. Reprinted by
permission of the publisher.

Levi, Dalschaert, and Wilmer (1973) observed little translocation in
bean and lettuce of foliarly applied 51Cr (drop or spray methods) added as
either CrCls or Na,CrO,. Although slightly greater amounts of activity
were exchanged with the carrier when chromium was added as Na.CrO,, the
increase did not exceed 7% of the total. The results indicated that most
of the added trivalent and hexavalent chromium was retained within the
tissue in an unexchangeable form. No data were presented to show that
chromium was retained in the hexavalent form within the tissue.

Data for plants growing on serpentine soil (Section 4.2.4.2.1) showed
that chromium is mainly concentrated in subterranean parts, although some
high values given for aerial parts indicate that some translocation occurs
(Lounamaa, 1956).

The subcellular localization of chromium and its exact chemical form
within the cell have not been adequately characterized. Schroeder, Balassa,
and Tipton (1962) reported trivalent and hexavalent content of dry-ashed
plant material and found species variations (Table 4.6). The assumption
that the oxidation state is unchanged during dry ashing is very hazardous
and the differences are as likely to represent minor changes in ashing
conditions as they are the original chromium chemistry.

When rice plants were grown in nutrient solutions containing low levels
of chromium (0.073 ppb trivalent chromium, 0.075 ppb Cr0,2”) and subjected
to a sequential extraction procedure, protoplasmic fractions contained
84.50% of the label when trivalent chromium was added and 92.81% of the
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Table 4.6. Trivalent and hexavalent chromium
in the ash of some plant materials

Chromium content
Plant (ug/g wet wt) Cr(III)
sample (%)
Cr(III) Cr (VI) Total

Thyme 3.38 0.41 3.79 89.4
Black pepper 1.02 1.24 2.26 45.1
Tomato, raw 0.01

Maple leaves 0.14 0.03 0.17 82.3
Red oak leaves 0.03 0.05 0.08 37.5
Pine needles 0.14 0.07 0.21 66.7

Source: Adapted from Schroeder, Balassa, and
Tipton, 1962, Table 9, p. 959. Reprinted by permission
of the publisher.

label when Cr0,2” was added. The cell wall fractions contained 15.507% of
the trivalent chromium and 7.19% of the Cr0,?” (Myttenaere and Mousny,
1974). Although this experiment showed that chromium supplied as either
trivalent or hexavalent chromium will ultimately enter the cell, no infor-
mation on whether Cr0,2?” was reduced prior to uptake was given.

Data from the cellular fractionation of bean and wheat plants previ-
ously incubated in °*'Cr-labeled hexavalent chromium solutions are given in
Table 4.7 (Huffman and Allaway. 1973p). The most notable difference between
the data for wheat and for bean was the chromium content of the 0.2 N HC1
extract of the root. The authors suggested that most of the chromium in
wheat may have been in a soluble, and hence, acid-extractable form (perhaps
in the vacuole), while bean root may have retained the chromium in an in-
soluble form in the cell walls. However, distribution in the various sub-
cellular fractions from differential centrifugation of plant homogenates
(Table 4.8) showed most of the activity in the supernatant fraction (homog-
enization). Since the cell walls were probably largely pelleted, most
chromium was apparently not in the cell wall fraction. The results ob-
tained by the extraction and fractionation procedures apparently differed
considerably. Analysis of the fractionation supernatant from bean leaves
gave one peak with gel permeating chromatography (Sephadex G-10) and with
paper electrophoresis, but this peak did not coincide with known standards
of chromium citrate, chromium aconitate, chromium oxalate, or chromate.
Preliminary work indicated that the chromium was present predominantly as
an anionic complex with a low molecular weight. Blincoe (1974) identified

chromium in lucerne as an anionic complex with a molecular weight of about
2900.



Table 4.7. Chromium-51 extracted by various methods from wheat and beans grown
in solution culture with °lCr-labeled hexavalent chromium

(percent)
Acetone Acetone
80% Boiling 0.2 N precipitate 0.5 N precipitate 2 N .
Plant ethanol Ether water HC1 from HC1- HC104 from HC104,- NaOH Residue
soluble soluble
Wheat
Grain 49
Chaff 9 2 24 31 2 18 3 5 6
Stems 16 0 67 5 3 1 2 3 4
Leaves 4 0 47 29 1 12 0 5 2
Roots 3 0 9 58 1 9 1 14 4
Bean
Grain 41
Pods 10 1 42 17 4 10 1 6 9
Stems 22 2 28 17 4 18 1 4 4
Leaves 16 0 39 25 1 12 0 4 3
Roots 5 1 6 2 0 13 1 37 34

a . , . .
Extractions were done sequentially from dried materials.

Source:
publisher.

Adapted from Huffman and Allaway, 1973b, Table III, p. 984. Reprinted by permission of the

18
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Table 4.8. Distribution of 3!Cr in various subcellular fractions
after differential centrifugation of leaf homogenates

Chromium-51 in fraction (%)a

Plant Treatment Nuclei
and Mitochondria Microsome Supernatant
debris
Wheat Cr(I1I) 3 2 1 89
Cr (V1) 4 2 1 87
Bean Cr(III) 4 4 2 79
Cr(VI) 4 3 1 86

Nalues do not add to 100% because pellet washings were not
recombined.

Source: Adapted from Huffman and Allaway. 1973a, Table IV, p. 985.
Reprinted by permission of the publisher.

Apparently, significant amounts of chromium can be moved into tissues
in certain instances. A single application of Elgetol, a blossom thinner
containing 4,6~dinitro-o-cresol and 1.9% sodium bichromate, to apple trees
at blossom led to high chromium contents in the young fruit (about 0.34 ug/sg
two weeks after application) (Coahran, Maxwell, and Zucker, 1973). Although
the tissue chromium concentration in both treated and untreated trees
dropped during the 19 weeks of fruit development due to growth of the fruit,
the total amount of chromium in the apple fruit increased considerably in
both treated and untreated trees. Thus, in apple development, chromium
appeared to be transported to the fruit in measurable amounts and this chro-
mium flow was apparently a normal physiological process. The authors sug-
gested that the soil was the source of the chromium which flowed to the
fruit.

4.2.4 Distribution

The concentration of chromium found within a plant depends on the type
of plant and the chromium content of the soil. In general, chromium con-
centrations in soil range from 5 to 3000 ppm, with a mean of 100 ppm (Bowen,
1966) (Section 7.3.3). Chromium concentrations in the plant could range
from <1 to >3000 ppm (Lounamaa, 1956), but the more normal range would be
0.2 to 1.0 ppm (Allaway, 1968). Allaway (1968) stated that chromium is not
concentrated at any stage in the cycle from soil to plant to animal, but
data are inadequate to support this generalization. Since few studies on
the available chromium content of soils have been reported, bioaccumulation
of chromium in plants is difficult to assess.

4.2.4.1 Crop Plants — Few data were found on chromium concentrations in
crop plants. Chromium concentrations on a wet weight basis, given by
Schroeder, Balassa, and Tipton (1962) for various food plants, suggest that
most crop species have similar chromium levels (0 to 0.09 ppm) , although
radishes and parsnips (root crops) have somewhat elevated levels (Table 4.9).
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Table 4.9. Chromium concentrations in food plants

Plant Chromium content
sample (ppm wet wt)
Vegetables
Potato, white 0.0
Beans, dried, navy 0.08
Beans, dried, yellow-eye 0.05
Beans, wax 0.03
Beans, green string 0.02
Lentils, dried 0.09
Beets 0.01-0.03
Radishes 0.0
Parsnips 0.13
Parsnip leaves 0.08-0.19
Turnip leaves 0.04-0.06
Carrots 0.0-0.03
Onions 0.01-0.02
Spinach 0.0-0.05
Swiss chard 0.06
Squash, summer 0.02
Cucumber 0.01-0.03
Kohlrabi 0.0
Cauliflower 0.02
Cabbage 0.01-0.06
Sauerkraut 0.03
Rhubarb, raw 0.02
Lettuce, garden 0.07
Lettuce, head 0.02-0.13
Fruits
Peach, Elberta, raw 0.01
Raisins 0.02
Blackberries, wild 0.0
Tomato, raw 0.01
Apple, MacIntosh 0.02
Pear 0.01
Plum 0.02
Grains and cereals
Corn, fresh on cob 0.02
Corn meal 0.05
Rye, seed 0.05
Rye, whole 0.04
Wheat, whole (Japanese) 0.08
Rice, (Japanese) 204 samples 0.04
Rice 0.05
0.06

Oatmeal, dry

Source: Adapted from Schroeder, Balassa, and Tiptonm,
1962, Table 6, p. 949. Reprinted by permission of the
publisher.
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Since chromium is not translocated to any great extent, the roots of these
food plants might be expected to have higher chromium concentrations than
other plant parts.

Trace elements within grains may be councentrated in germ (Lillehoj,
Garcia, and Lambrow, 1974). Data for chromium showed that whole kernel
corn contained 0.075 ppm chromium, while germ contained 1.43 ppm chromium.
The amounts of trace elements present also influenced the production of
aflatoxin by Aspergillus flavus infections of corn (Section 3.3.3). Data
from several other studies, summarized by Pratt (1966), illustrate that a
broad range of concentrations can be found among different plant species
(Table 4.10). Although these data give an overall view of chromium con-
centrations in plants, they are of limited value unless available chromium
concentrations in soils are determined and the usual analytical uncertainty
also limits their utility.

Table 4.10. Chromium concentrations in crop plants

Growth Chromium
Plant Tissue ow Conditions concentration
stage
(ppm dry wt)
Barley Leaves 7.6
Cherry Fruit Mature 0.032
Corn Leaves Young 0.74-2.07
Leaves Tassel 0.69-1.22
Leaves Mature 0.50
Stalks Mature 0.22
Grain Mature 0.48
Cobs Mature 0.53
Husks Mature 0.34
Oat Leaves and stem Growing on serpentine soil 3.0-11.0
Orange Leaves Greenhouse 0.2-0.3
. Leaves Field 10.0
Leaves Seedling 0.50-1.00
Pear Whole fruit Mature 0.03
Pericarp Mature 0.50
Peel Mature 0.85
Potato Tuber 0.002

Wheat Leaves ‘ 4,5-14.8

Source: Adapted from Pratt, 1966, Table 1, p. 138.

4.2.4.2 Noncrop Plants

4,2.4.2.1 Serpentine soil flora — Serpentine soils, which overlie serpen-
tine rocks, are characterized by high concentrations of chromium, nickel,
and cobalt; a high magnesium to calcium ratio; and a deficiency of other
essential plant elements such as phosphorus, potassium, and molybdenum.

They are typically unproductive as farm or timberland but do support endemic
species with distinct ecotypes (Whittaker, 1954). 1In the United States,
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major serpentine areas occur in the Appalachian chain from western Massa-
chusetts to Georgia and along the Pacific Coast mountain ranges in Cali-
fornia, Oregon, and Washington (Whittaker, 1954). The specific cause of
the infertility of serpentine soils is unknown and it may vary from site
to site.

A wide range of chromium concentrations can be found in plants growing
on serpentine soils (Lounamaa, 1956; Lyon et al., 1970, 1971). Table 4.11
illustrates the variability among species. Some plants take up chromium in
an amount roughly proportional to total soil chromium concentration (for
example, Leptospermum scoparium), while others apparently can exclude chro-
mium (for example, Phyllocladus alpinus). Lack of apparent correspondence
between plant and soil chromium concentrations for some other species may
be due to the difficulty of determining the available chromium content in
the specific so0il near the plant.

In a study of shrubs growing on high nickel-chromium soils, Cole (1973)
showed no shrub species to contain high chromium amounts and suggested that
most species are able to restrict chromium entry. For example, the nickel
accumulator Hybanthus floribundus did not contain high levels of chromium
(0.04 to 12 ppm chromium, dry wt basis).

Additional data on chromium concentrations in plants growing on high
chromium soils are discussed in the next section.

4.2.4,2.2 Herbaceous and woody plants — The most comprehensive study of the
relationship between trace element composition of plants and the type of rock
in the substratum was made by Lounamaa (1956) in Finland. Lichens, mosses,
ferns, conifers, deciduous trees and shrubs, dwarf shrubs, and grasses and
herbs were examined. Table 4.12 gives chromium concentrations in soils and
rocks of Finland. Ultrabasic rocks and the soils overlying them contained
the highest chromium concentration. Chromium concentrations in plants
growing on these rocks and soils are given in Tables 4.13 and 4.14. Chro-
mium concentrations were lower in plants than in corresponding soils and
rocks, although relatively high chromium concentrations were found in plants
growing on ultrabasic rock and soil. Subterranean plant parts had higher
concentrations than aboveground parts, again suggesting that chromium is not
easily translocated throughout the plant.

No other comprehensive studies of the relationship between the plants
and soils were found. Chromium concentrations in a variety of plants are
given in Table 4.15. In the various groups analyzed, concentrations ranged
from undetectable amounts to 27 ppm chromium (dspergillus microcysticus);
the typical range was from 0.2 to 5.0 ppm chromium (dry wt basis). Ewing,
Howes, and Price (1969) determined concentrations of several trace elements
in fruits and vegetables from Panama (Table 4.16). The range observed for
chromium (0.003 to 8.0 ppm) is similar to that found in other studies.

The chromium content of a variety of plant foods has been determined by
several research groups (Section 8.3). The reported range of chromium con-
centrations in edible portions of these plants was similar to that found in
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Table 4.11. Chromium concentrations in plant and soil samples
from a serpentine area
Chromium Chromium‘
concentration Plant concentration
in soil species in plant sample
(ppm) (ppm of ash)
150 Cassinia vauvilliersii var. Serpentina 370
Leptospermum scoparium 210
Coprosma parviflora . 120
Dracophyllum filifolium var. collinum 300
Metrosideros wmbellata 20
Podocarpus totara 80
Lichen (species unknown) on rock 34,000
930 L. scoparium 1,100
Myosotis monroi 3,500
D. pronum 4,400
Hymenanthera alpina 70
Myrsine divaricata 125
Stellaria roughii 3,600
5,300 Pimelea suteri 3,200
62,000 Cassinta vauvilliersii var. serpentina 4,600
Hebe odora 8,500
L. scoparium 9,000
Gentiana corymbifera 5,400
Phormium colensoi 700
4,200 H. odora 380
L. scoparium 840
Myosotis monroi 2,000
Notothlaspi australe 1,300
Hymenanthera alpina 1,200
7,600 C. vauvilliersii var. serpentina 60
Coprosma parviflora 740
Nothofagus solandri var. cliffortioides 36
Phyllocladus alpinus 52
3,800 Cassinia vauvilliersii var. serpentina 13
Hebe odora 13
Coprosma parviflora 44
N. solandri var. cliffortioides 36
P. alpinus 20
1,500 C. cunminghamii 60
Dacrydium biforme 44
Myrsine divaricata 52
N. solandri var. cliffortioides 44
P. alpinus 20
500 C. banksiti 52
C. cunninghamii 59
D. biforme 36
N. menziegii 28
P. alpinus 13
23,000 H. odora 36
L. scogarium 3,800
Myosotis monroi 460
4,900 Cassinia vauwvilliersii var. serpentina 1,500
H. odora 1,000
I3 t]
L. scoparium 700
Dracophyllum wniflorum 2,900

Lycopodiun australianum
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Table 4,11 (continued)

Chromium " Chromium
concentration Plant concentration
in soil species in plant sample

(ppm) (ppm of ash)

21,000 C. vauwvilliersii var. serpentina 360

H. odora 105

Leptospermum scoparium 2,300

M. monroi 600

D. filifoliwm var. collinum 300

Myrsine divaricata 580

5,000 C. vauwvilliersii var. serpentina 2,700

H. odora 1,150

Notothlaspi australe 200

Anisotome aromatica 115

8,200 H. odora 1,500

L. scoparium 4,100

G. corymbifera 400

Hymenanthera alpina 6,000

3,200 C. vauvilliersii var. serpentina 2,200

Hebe odora 90

L. scoparium 650

G. corymbifera 780

M. divaricata 850

5. roughii 350

Source: Adapted from Lyon et al., 1970, Table 2, pp. 136-137.
Reprinted by permission of the publisher.

Table 4.12. Chromium content of major rock types in Finland
and of the soils formed over these rocks

Chromium content

(ppm)
Rock
type Rock Soil
Mean Range Mean Range
Silicic 87 + 14 <3-1000 140 + 18 10-300
Ultrabasic 2200 + 260 300-6000 4000 + 310 2000-6000
Calcareous 380 + 98 <3-3000 110 + 23 <3-300

Source: Adapted from Lounamaa, 1956, Table 3, pp. 52-53.
Reprinted by permission of the publisher.



Table 4.13.

silicic, ultrabasic, or calcareous rocks

Chromium concentrations in plants growing in soils overlying

Chromium concentration (ppm of ash)

Plants growing

Plants growing

Plants growing

Plant Tissue on on on
silicic rock ultrabasic rock calcareous rock
Mean Range Mean Range Mean Range
Lichens 39+ 6 10-300 650 + 160 300-1000
Mosses 48 + 18 10-100 200 + 45 100-300 23 + 7 10-30
Ferns Frond 7+1 <1-30 230 + 90 10-1000 6 + 2 3-10
Subterranean parts 55 + 13 1-300 740 + 270 100-3000 120 + 64 10-300
Conifers Needles 7+ 2 <1-60 18 + 5 3-60 4+1 <1-10
Twigs 12 + 2 <1-60 25 + 10 1-100 10 + 4 <1-30
Deciduous trees
and shrubs Leaves 5+1 <1-30 26 + 9 1-100 4+1 <1-10
Twigs 6 +1 <1-60 26 + 9 3-100 3+1 <1-10
Dwarf shrubs Leaves 7+1 <1-30 73 + 32 3-300 11 + 7 1-80
Stems 17 + 4 3-100 160 + 68 3-600 25 + 13 3-60
Herbs Inflorescences 12 + 5 <1-100 160 + 47 3-600
Leaves 6 +3 <1-60 160 + 72 3-1000
Stems 7+ 2 <1-30 60 + 21 3-300
Subterranean parts 31+ 8 <1-100 910 + 260 30-3000
Grasses Inflorescences 9+ 3 <1-30 62 + 23 3-300
Leaves and stems 9+ 3 1-30 46 + 12 3-100
Subterranean parts 87 + 30 3-300 420 + 99 3-1000
Source: Adapted from Lounamaa, 1956, Tables 5, 8, 10, 14, 22, 28, 34, and 36, pp. 64-65, 70-71, 80-81, 98-99,

118-119, 132-133, 160-161, and 168-169.

Reprinted by permission of the publisher.
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Table 4.14. Chromium concentrations
in selected plant species growing on
different soils in Finland

Plant
species

Chromium
concentration
(ppm of ash)

Lichens
Peltigera canina
Cladina alpestris
Stereocaulon paschale
Parmelia centrifuga
Parmelia saxatilis

Mosses
Tortella tortuosa
Rhacomitriun lanuginosum
Hylocomium splendens

Ferns
Woodsia tlvensis
Cystopteris fragilis
Lastrea phegopteris
Asplenium trichomanes
Asplenium septentrionale
Polypodium vulgare

Conifers
Picea abies
Pinus silvestris
Juniperus communis

Deciduous trees and shrubs
Populus tremula
Betula verrucosa
Almis inecana
Rosa majalis
Sorbus aucuparia
Daphne mezereum
Lonicera xylosteum

Dwarf shrubs
Vaceinium vitis-idaea
Calluna vulgaris
Empetrum nigrum

Grasses and herbs
Molinia coerulea
Festuca ovina
Deschampsia caespitosa
Allium schoenoprasum
Polygonatum odoratum
Rumex acetosella
Viscaria vulgaris
Dianthus superbus
Sedum telephium
Saxifraga granulata
Rubus idaeus
Vieia cracca
Thymus serpyllum

6-30
10-1,000
10-300

200-10,000

10-300
100-300
10-100

3-30
3-300
3-300
1-100
1-1,000
1-300

1-100
1-60
1-30

3
1-60
1-30
100
1-30
3-100
1-10

1-100
1-100
3-600

3-60
3-100
3-100
1-10
1-60
1-10
1-300
3-100
1-1,000
1-10
1-30
10-100
3-100

Source: Adapted from Lounamaa, 1956,
Tables 4, 7, 9, 13, 17, 26, and 31, pp. 60~
61, 69, 74-78, 92-96, 106-112, 128-130, and
142-154., Reprinted by permission of the

publisher.
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Table 4.15. Chromium concentrations in a variety of plants

Chromium
concentration
Species (ppm) Reference

Dry wt Ash wt

Algae
Anacystis nidulas
Aphanizomenon flos-aquae

1.2 Horovitz, Schock, and
9
Laminaria saccharina 6
2
1
0

Horovitz-Kisimova, 1974

Ahnpheltia plicata
Caulerpa prolifera
Chara fragilis

Fungi
Aspergillus microcysticus
Hypoxylon fragiforme
Aleuria aurantia
Bulgaria inquinans
Elaphomyces granulatus
Clavulina cinerea
Stereum hirsutum
Lycoperdon pyriforme
Seleroderma verucosa

Horovitz, Shock, and
Horovitz-Kisimova, 1974

~
[%,]

.
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Lichens
Cladonia retipora

£~
[=))

Horovitz, Shock, and
Horovitz-Kisimova, 1974

Mosses
Marchantia polymorpha
Sphagrum acutifolium

1.0-14 Horovitz, Shock, and
7
Polytrichun commune 2.5
8
5

Horovitz-Kisimova, 1974

Hypnum cupressiforme
Hypnum cupreseiforme

Ferns and fern allies
Psilotum triquetrum 0.27-0.97 Horovitz, Shock, and
Selaginella willdenowii ‘ 0.43 Horovitz-Kisimova, 1974
Lycopodium circinatum 0.33-0.59
Equisetum giganteum 0.45
Ophioglossum pedunculosum 0.45
Salvinia auriculata 1.0-4.4

Gymnosperms and angiosperms
Encephalartos lehmanii
Ginkgo biloba
Juniperus communis
Ephedra gerardiana
Liriodendron tulipifera

0 ~0.53 Horovitz, Shock, and

0

0

0

0
Pulmonaria saccharata 0.

0

0

0

0

Horovitz-Kisimova, 1974

Elodea canadensis

Carex pendula

Prunus serotina (wild cherry) leaves

Betula papyrifera (white birch)

leaves

Fagus grandifolia (beech) leaves 0.29 5

Acer rubrum (red maple) green leaves 0.11 1

Acer rubrum (red maple) red leaves 0.20 3

Quercus rubrg (red oak) leaves 0.17 9
0
6

.9 Schroeder, Balassa, and
2 Tipton, 1962

Quercus rubra (red oak) acorns 0.02

Thuja occidentalis (arborvitae) 0.35
leaves

Thuja occidentalis (arborvitae) buds 0.0

Pyrug americana (ash) leaves 0.70 7.7

Populus tremyloides (quaking aspen) 0.25 4,0
leaves



91

Table 4.15 (continued)

Chromium
concentration
Species (ppm) Reference
Dry wt Ash wt
Gymnosperms and anglosperms

Pyrus malus (apple) leaves 0.33 3.2
Pyrus malus (apple) apples 0.13 5.9
Pinus strobus (white pine) needles 0.49 15.8
Juntperus communis berries 0.49 14.5
Picea rubra (spruce) needles 0.24 6.9 Schroeder, Balassa, and
Trifolium repens (clover) shoot 0.34 2.3 Tipton, 1962
Medicago sativa (alfalfa) shoot 0.09 1.0
Dactylis glomerata (pasture grass) 1.30 22.5

shoot
Quercus palustris (pin oak) leaves 3.8 + 0.8 Smith, 1973
Quercus palustris (pin oak) twigs 2.8 + 0.4
Acer saccharum (sugar oak) leaves 1.9 + 0.3
Acer saccharum (sugar oak) twigs 2.3 % 0.2
Acer platanoides (Norway maple) 2.8 + 0.2

leaves
Acer platanoides (Norway maple) twigs 1.6 + 0.1
Tsuga canadensis (hemlock) leaves 2.8 F 0.4
Tsuga canadensis (hemlock) twigs 3.5 + 0.4
Taxus spp. (yew) leaves 3.9 ¥ 0.3
Taxus spp. (yew) twigs 6.0 + 1.4
Picea abies (spruce) leaves 2.6 + 0.4
Picea abies (spruce) twigs 4.9 + 0.4
Acer rubrum (red maple) leaves 0.27-0.38 Hanna and Grant, 1962
Acer saccharinum (silver maple) 0.27

leaves
Acer saccharum (sugar maple) leaves 0.38
Fagus grandifolia (beech) leaves 0.26
Ilex opaca (holly) leaves 0.06-0.37
Kalmia latifolia (mountain laurel) 0.08-0.62

leaves
Pieris japonica (heath) leaves 0.01-0.60
Pinus strobus (white pine) leaves 0.25-2.4
Platanus occidentalis (sycamore) 0.23

leaves
Quercus palustris (oak) leaves 0.10-0.58
Rhododendron roseum leaves 0.06-0.38
Tsuga canadensis (hemlock) leaves 0.37-0.56
Triticum spp. (wheat) seed 0.003-0.043 Welch and Cary, 1975
Aloe spp. 17 Baumslag and Keen, 1972
Amaranthus spp-. 38
Juniperus virginitana (cedar) 1.8-4.5 Connor, Shacklette, and

Erdman, 1971

both crop and wild plants. However, the relative biological value of chro-
mium in foods used for animal nutrition was not necessarily related to the
chromium concentration in the food (Toepfer et al., 1973).

4.2.4.2.3 Water plants — Little information was found on the chromium con-
centrations in water plants. Fukai and Brokey (1965) found that the marine
taxa Zostera sp. and Posidonia oceanica (eelgrass) contained 4.2 ppm and an
average of 1.6 ppm chromium on a dry weight basis, respectively.




92

Table 4.16. Chromium content of
fruits and vegetables from Panama

Chromium content

Fruit (ppm dry wt)

Plantain, dried 0.1-1.2
Banana 0.1-0.5
Breadfruit 2.0
Sugarcane 0.7
Coconut 0.15
Cocoa beans 0.50
Avocado 0.003
Kidney beans 0.05
Rice 6.6
Corn 0.25
Yam (name) 0.1-0.2
Yam (otoe) 8.0
Cassava 0.15-1.5

Source: Adapted from Ewing,
Howes, and Price, 1969, Table 3,
p. 1l4.

4.2.5 Plant Concentration and Pollution Sources

One type of chromium pollution results from chromate present as a
corrosion inhibitor in cooling towers and used, for example, with nuclear-
powered steam generators and process facilities requiring closed cycle cool-
ing (Taylor et al., 1975). Drift from these facilities transports chemicals
to adjacent terrestrial areas and surface waters. Although similar species
were not examined at each distance from the cooling towers in this study.
chromium concentrations in grasses, forbs, trees, and litter decreased con-
siderably with distance. Some contamination was evident at 1230 m (4000 ft)
from the cooling tower (Figures 4.2 and 4.3). No information was given on
whether increased amounts of chromium were due simply to surface deposition
or to actual plant uptake.

A regional and historical study of the heavy metal content of the moss
Hynum cupressiforme in Sweden showed that a small increase in chromium con-
tent occurred from 1870 to 1969 (5.8 to 7.7 ppm dry wt) in samples from the
more industrialized areas (Ruhling and Tyler, 1969). Since moss generally
obtains a large proportion of its mineral content from airborne particles,
an increase in chromium air pollution can be inferred.
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Figure 4.2. Chromium concentrations in vegetation illustrating the
transfer of increased quantities of the trace element by cooling-tower drift
to the landscape. Background concentrations (parts per million * 1 standard
error) were: grass, 0.40 + 0.03; forb, 0.65 * 0.05; litter, 2.65 * 0.74.
Source: Adapted from Taylor et al., 1975, Figure 3, p. 414.
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Figure 4.3. Chromium concentrations in foliage of deciduous and
coniferous tree species. Background concentrations (parts per million *
1 standard error) ranged from 1.32 * 0.42 for deciduous broadleafs to
1.25 + 0.30 for conifers. Source: Adapted from Taylor et al., 1975,

Figure 4, p. 415.
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Although total and available chromium amounts within sludge—amended
soils have been reported, there are few reports on the chromium content of
plants grown in these soils (Page, 1974). The chromium data of LeRiche
(1968) had certain anomalies (Table 4.17), the most striking of which was
that chromium concentrations were higher in tops than in roots. Although
treated soils contained up to 17 times the chromium concentration of un-
treated soils, chromium concentrations in plants grown on the two soils
were similar.

Sewage sludge application to soils increased the content of chromium
(and other elements) in fodder rape. Application of sewage containing 176
ppm chromium (dry wt basis) to soil (background level 36.1 ppm chromium) at
the rate of 7 metric tons dry matter per hectare every second year for 12
years increased the soil content to 61 ppm chromium and increased the fodder
rape concentration from 2.6 * 0.17 ppm to 4.1 ppm chromium (Andersson and

Table 4.17. Chromium concentrations in plants grown on control
and sludge-amended soils

Chromium concentration (ppm dry wt)

Sample Control soil Amended soil
Plot 4 Plot 8 Plot 3 Plot 39
.. b
Soil 0.7 0.2 2.0 3.5
(0.5 N acetic acid)
Leeksb 0.42 1.00 0.28 0.80
Globe beetsb
Tops 0.9 0.8 0.8 1.2
Roots 0.3 0.3 0.5 1.1
Potatoesb
Tops 2.20 1.20 2.50 3.50
Roots 0.08 0.10 0.01 0.05
S0il€ 1.5 0.33 1.8 3.4
(0.5 N acetic acid)
Carrotsc
Tops 0.44 0.38 0.82 0.94
Roots 0.03 0.03 0.09 0.04

aSludge applications discontinued after 1961.
cSamples taken from 1959 to 1961.
Samples taken in 1967.

Source: Adapted from LeRiche, 1968, Tables 1-6, pp. 205-206.
Reprinted by permission of the publisher.
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Nilsson, 1972). However, lettuce grown on sewage-amended soils (80 and 160
metric tons added per hectare, containing 9.5 and 2 ppm of 0.5 acetic acid-
extractable chromium) did not contain detectable chromium levels (Dudas and
Pawluk, 1975).

Mortvedt and Giordano (1975b) showed that high chromium concentrations
in sludge did not reduce yield of corn or increase tissue chromium concen-
trations, which suggests that most chromium in sludge is unavailable for
plant uptake. Amounts of available chromium are usually very low because
of the insoluble nature of most chromium compounds. The land disposal of
municipal sludges may not result in a serious problem of chromium uptake
into the food chain because the chromium is in the unavailable trivalent
state. Other elements within the sludge present a greater problem. Chaney
(1973) has discussed the important factors in soil retention of these ele-
ments (cadmium, zinc, copper, and nickel) and in their uptake by plants.

Small amounts of heavy metals are also supplied to the soil through
application of commercial fertilizers. Mortvedt and Giordano (1975a) showed
that plant uptake of chromium (and of other heavy metals with the exception
of zinc) was not significantly increased with the usual application rates of
phosphorus fertilizers. Plant uptake of heavy metals was lower on limed
soil than on acid soil. Uptake of chromium did not increase even when CrCli;
was added in rather high amounts to pots supplied with phosphorus additions
of 200 and 600 mg/pot.

4.2.6 Elimination

No information on the biocelimination of chromium from living plant
organs was found. Since a small, but measurable, quantity of chromium is
translocated from root to shoot, small amounts could be lost from the plant
by leaf, branch, fruit, and flower drop and by rain leaching. However,
natural chromium is typically in an insoluble, immobile form; therefore,
extensive leaching of chromium by rain would appear unlikely.

Studies concerned with the direct contamination of field plants with
radioactive nuclides released from bomb tests or nuclear accidents have
suggested that field plants lose chromium with time, which indicates
elimination from the plants. A small amount of chromium, sprayed on barley
as ®'Cr-labeled Cr(NOs)s, was absorbed by foliage and translocated to develop-
ing husks and grain. This translocation indicated that field loss occurs and
is perhaps greatest in the earliest part of the growing season (Aarkrog and
Lippert, 1971). Mechanisms of loss were not discussed; however, initial re-
tention was related to the surface of the plant (where surface was defined
as the ratio of dry weight to height). Thus, a portion of the activity was
probably adsorbed or retained on the plant surface and never absorbed by the
plant. Spraying 5'Cr-labeled Na,CrO, on a grassland area gave similar results.
A definite field loss of chromium occurred and a small amount of activity
appeared in new growth after removal of the sprayed foliage (Chadwick and
Chamberlain, 1970).

Fescue grass in a field was contaminated with radiolabeled sodium
chromate to quantify the retention of simulated drift from a cooling tower
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(Taylor, Gray, and Parr, 1976). All applied chromate was retained during
the first week after application. Two rains during the second week removed
about 50% of the initial deposition. By the fifth week, less than 5% re-
mained, which suggested that contamination was primarily a surface phenomenon
and that the contamination remained soluble. Drift-contaminated foliage and
litter from the field plots were sampled and covered with distilled water to
simulate six successive l-in. rainfalls. Approximately 7% to 9% of the

total chromium applied was removed from the foliage with each rainfall simu-~
lation, whereas only 3% was removed from the litter. These results suggest
that chromium in litter is less soluble and not as easily removed by weather-
ing phenomena.

4.3 EFFECTS

Studies on the effects of various chromium compounds (trivalent and
hexavalent) in different concentrations on plant growth have centered on
symptoms of toxicity; no studies providing information on molecular mech-
anisms or explanations for toxicity were found. The minimum chromium con-
centration required to produce visible symptoms varies for different species
and depends on chemical form and a host of environmental factors affecting
availability. In some cases, addition of chromium has been beneficial for
plant growth and yield (Section 4.2.1); however, most of these reports were
for field experiments. Studies with controlled culture experiments are
necessary to clarify the question of possible beneficial responses.

4,3.1 Smelter Waste Toxicity

During the production of metallic chromium and other chromium compounds
from chromite, considerable quantities of waste containing soluble chromates
are disposed on land adjacent to the smelters. Revegetation of these areas
is necessary after the smelters are abandoned. Examples reported were for
smelters in Great Britain. In tests with Sinapis alba, Gemmell (1973) deter-
mined that the combined effects of high chromate concentration and high pH
inhibited plant growth. As little as 1% of the unweathered wastes (in 99%
sand) completely inhibited germination, while 0.02% reduced shoot growth by
50%. Weathered waste was about 107 as toxic as the unweathered waste.
Breeze (1973) concluded that neither sand nor topsoil would be successful as
a diluent in decreasing waste toxicity and that chemical detoxification
methods would be necessary. Addition of FeSO, decreases toxicity of chro-
mate wastes by reducing chromate to chromium(III) (which subsequently pre-
cipitates as Cr;03) and/or by pH effects, depending upon the chemical
composition of the substrate (Gemmell, 1972). TFor long-term success, how-
ever, additional revegetation methods are necessary because of the recurrence
of metal toxicity on treated soils. Gemmell (1974) determined that covering
the waste with a 25~ to 30-cm layer of granular free-draining subsoil
followed with top coverings of soil, peat, or sewage sludge was the best
revegetation technique. Incorporation of FeSO, within the soil and subsoil
should further aid in counteracting chromium toxicity.

4,3.2 Symptoms in Culture Experiments

Toxicity studies can be performed by treating plants in culture with a
balanced mineral solution containing added chromium concentrations. Soybeans
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grown in nutrient culture (0 to 5 ppm hexavalent chromium) showed decreasing
concentrations (and uptake) of calcium, potassium, phosphorus, iron, and
manganese in shoots and of potassium, phosphorus, iron, and manganese in
roots at culture levels as low as 0.5 ppm chromium (Turner and Rust, 1971).
A significant decrease in fresh weight of tops occurred at 0.5 ppm chromium
and of roots at 1.0 ppm chromium. Toxicity symptoms, which occurred at 5 ppm
chromium, consisted of severe wilting of the tops. Soil pot culture experi-
ments (0 to 6 ppm hexavalent chromium) showed similar decreasing trends in
element content with increasing chromium content and similar toxicity symp-
toms. Death of plants occurred within three days of treatment with 30 and
60 ppm chromium. Plant chromium concentrations were not determined.

Bean plants cultured in nutrient solutions showed a reduction in leaf
dry weight with as little as 0.0l ppm hexavalent chromium, but the greatest
decrease in weight occurred in solutions containing from 0.1 to 1 ppm chro-
mium (Rediske, Cline, and Selders, 1955). Root dry weight decreased at
chromium concentrations greater than about 0.2 ppm. Hexavalent chromium
apparently affects carbohydrate metabolism; both reducing sugars and sucrose
amounts decreased with increasing hexavalent chromium concentrations. Addi-
tions of trivalent chromium to the nutrient medium produced increasing
amounts of reducing sugars and sucrose in leaves. Protein nitrogen was not
decreased significantly in either roots or leaves with concentrations of
hexavalent or trivalent chromium (0.1 to 100 ppm). The primary visible
symptom of chromium toxicity in bean plants was chlorosis; leaf chlorophyll
concentration decreased with increased hexavalent chromium concentrations
from 0.01 to 1 ppm (Rediske, 1956). Both iron and manganese uptake from
nutrient solutions containing these chromium concentrations were reduced.

Sludge from municipal wastes was added to soils to supply up to 1360
ppm chromium. Chromium contained in these wastes did not affect yield
(weight per pot) of corn (Table 4.3) (Mortvedt and Giordano, 1975b), whereas
the addition of Na,Cr.0, to soils to give final chromium concentrations of
80 and 320 ppm decreased weight of corn plants by 87% and 97%. Addition of
Cr.(80,)s to 320 ppm in soil (pH 5.5) reduced yield by about 50%.

Tobacco and maize showed abnormal growth and development when grown in
sand cultures containing various chromium concentrations (Soane and Saunder,
1959). At 5 and 10 ppm chromium (as K,Cr,0;), intense stunting of tobacco
plants occurred; 1 ppm chromium also inhibited stem elongation and inflores-
cence development. Severe root abnormalities led these authors to suggest
that chromium had a "specially toxic effect on root development." However,
since chromium is not translocated, it is difficult to estimate whether one
tissue or organ is inherently more sensitive when it contains a particular
chromium concentration.

Tobacco plants exposed to cooling-tower drift accumulated rather high
levels of chromium at 15 m from the tower (Figure 4.4) (Parr, Taylor,