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PREFACE

There is general agreement internationally on a priority list of chemi-
cal substances which at present constitute the main potential risks
when released into the environment. In nearly every instance, this
knowledge has come from actual experiences, where harm to wildlife,
crops or livestock and in some cases to man himself, has ensued from
uncontrolled chemical usage.

It goes without saying that it would be much more satisfactory if we
did not have to wait for such harmful events to appear before we
could identify potentially toxic chemicals. It is obvious that a continual
reviewing and updating of our knowledge of a whole range of chemi-
cals would be prudent in order to identify beforehand the likelihood of
meeting again the kind of problems encountered from using certain
organochlorine pesticides and heavy metals.

Any chemical that tends to be biochemically active, especially to the
point of toxicity, is suspect, and a candidate for careful scrutiny, par-
ticularly if it is also bioaccumulative, and in addition mobile, persistent
and increasingly released in the biosphere. It is for reasons such as
these that several expert groups have somewhat tentatively added
the element vanadium to their priority lists. There is in fact no history
of overt vanadium problems but at the same time there is an absence
of any thorough reviews of the behaviour of vanadium in the envi-
ronment. However, there is recent evidence that vanadium from fuel
burning, deposited from the atmosphere in trace amounts, appears to
be a powerful inhibitor of soil enzyme activity, thus reducing the
mineralization processes which release plant nutrients.

The above considerations have led to the present Technical Report
which describes current knowledge about vanadium and its
behaviour in the environment. The Report draws attention to the gaps
in present knowledge and also helps to characterize which variables it
will in future be most informative to monitor. Although vanadium
cannot at present be regarded as posing anything like the potential
hazard of certain other elements, notabiy cadmium, lead and mer-
cury, the Report clearly indicates that vanadium should be regularly
reviewed as a potential priority chemical.

Gordon T. Goodman
Director



1.0 Introduction

The purpose of this paper is to review the published literature on
vanadium insofar as it relates to environmental problems. A summary
is given of vanadium concentrations in soil, water, air, fossil fuels and
biclogical materials. This is followed by a discussion of biological
functions and toxicity of vanadium. Finally, an estimate of the
biogeochemical cycle for vanadium is given in Figure 1, and the need
for further research studies is emphasized.

2.0 Chemistry, general occurrence and commercial use of vanadium
Vanadium, atomic number 23, molecular weight 50.94, is a metallic
element, naturally present in the earth’s crust at a mean concentration
of ca. 100ppm. At least fifty different minerals are known to contain
vanadium. The most economically important sources are carnotite,
roscoelite, vanadinite and patronite. Substantial amounts of van-
adium are also present in certain crude oils while commercial produc-
tion from petroleum ash is of some importance. The element is also
found in phosphate rocks, in certain iron ores and in oil shales.

Vanadium can exist in four different oxidation states, /.e., 2, 3,4 and
5. Its tendency to form various oxoanions is a property which it has in
common with molybdenum, tungsten, arsenic and phosphorous. In
nature it is known to exist as vanadates of varying compaosition as
well as in organically complexed forms. Metallic vanadium of any
degree of purity was not produced until the 1920’s. It has a high
melting point, 1890°C, and is used to produce steel alloys for making
rust-resistant springs and high-speed tools. Information on the total
world production of vanadium is inadequate. Vanadium is also of
importance (as the pentoxide) as a catalyst in several chemical pro-
cesses and is used in ceramics and in dyes and paints.

3.0 Concentrations of vanadium in the environment

The following survey of vanadium concentrations in environmental
material is based on figures from the literature given in the accom-
panying tables. In some cases, secondary statements in literature sur-
veys have been used.

As is the case with several other minor elements and trace sub-
stances in environmental samples, different analytical methods do
not produce quite comparable results at very low concentrations of
the element. Therefore, data given in the tables should be interpreted
with great care. As no thorough comparative evaluation of the reliabil-



ity of various analytical methods for the low concentrations of van-
adium is available, data obtained by any one particular method have
largely not been considered too unreliable for inclusion. Many differ-
ent technigues have been used for determining vanadium concentra-
tions in environmental samples. In older work, colorimetric, spec-
trometric and spectrographic methods dominate; in more recent
work, atomic absorption spectrophotometry (ASS, often using a
graphite furnace) and neutron activation analysis are used more
commonly.

Although the data included in the tables below should be regarded
as examples of concentrations encountered in environmental sam-
ples, their representativeness cannot always be guaranteed. But in
certain environmental media, available data are scanty and when
included they have had to be accepted at face value. Vanadium levels
in certain environmental media, e.g. in water and air, have been in the
forefront of investigations in recent years, whereas most vanadium
data for plants and animals date back to the 1930’s and 1940’s. The
reasons for biological data being scanty in recent years are probably
the low sensitivity of the AAS flame method and the fact that van-
adium has been considered a less "interesting” element in environ-
mental studies than e.g., lead, cadmium and mercury. However, rapid
increase of the amounts of high-vanadium fossil fuels being burned
during the last decades and the resulting high concentrations of the
element in urban industrial air are motivating research on vanadium
in biological material. In addition, vanadium is now recognized as
metabolically essential in certain instances. In particular, its properties
of influencing certain enzyme systems, its capability of accepting elec-
trons biochemically as well as its environmental persistence all confer
upon it the status of a biologically active element.

3.1 Concentrations in soil, water and air

The concentration of vanadium in bedrock is usually fairly high; ca.
125 ppm is considered the mean for the earth’s crust, ca. 140 ppm for
the earth’s interior (11, 34, 35). Figures stated for soils are usually
somewhat lower (6, 24, 72), probably because more vanadium may be
leached in weathering of the minerals than occurs with silica, iron and
aluminium. Podsols in the U.S.S.R. were found to be lower in total
vanadium than tundra and chernozem soil profiles (72). The biological
availability of soil vanadium is poorly understood. A few organisms
have been found which make vanadium soluble and take it up very
easily, but most plants take up very little, considering the compara-
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tively high total concentration in soils. Soil organic matter is usually
low in vanadium. Purely organic mor in the coniferous woodland of
central Sweden has a total concentration of only 4-11 ppm (70) and it
is not likely that this level represents a wholly unpoliuted condition.

Soils of urban and industrial areas are usually higher in vanadium.
Topsoils from the vicinity of highways may contain three to four times
as much vanadium as comparable soils from sites without local
sources of pollution {24) and urban topsoils are probably most often
higher in vanadium than rural soils but available data on this point are
still rather few. Soils from the vicinity of metallurgical industry may
contain several hundred parts per million (ppm) of vanadium, in some
cases probably even more. However, the scantiness of avaitable data
in this field makes evaluations of the frequency and degree of soil
pollution difficult.

A great deal of information is available on vanadium in water, par-
ticularly drinking water (19, 54) and sea water (34, 39). Data given in
the literature are, however, very variable and seem to represent not
only real differences but also differences in the accuracy of various
analytical methods.

It appears reasonable to regard vanadium concentrations of 0.1-1
ppb (ng/g) as a normal range in present-day freshwater, and concent-
rations above 2 ppb as representing a polluted state or as indicating a
specially high vanadium content in the bedrock of the catchment sys-
tem. The figures for seawater are usually within the same order of
magnitude as those given for freshwater. Concentrations of 0.1-0.3
ppb are reported from the open sea, 0.5-2 ppb from coastal areas of
industrialized countries. Even higher concentrations may be found in
littoral surface waters near polluting industry.

The vanadium concentration in the air, especially urban air, is rather
well documented by many recent studies. According to recent reports
(76), the concentration of vanadium in the air at the South Pole/.e., far
away from continents and human sources of pollution, is as low as
0.001-0.002 ngim3. Concentrations in ocean air of the middle latitudes
is about two orders of magnitude higher (22, 32) and non-urban con-
tinental air two to three orders of magnitude higher (75) than the air of
the South Pole. A concentration of 0.5-2 ng/m3 is a reasonable esti-
mate of the average for continental air far from urban areas.

Higher (sometimes much higher) concentrations are characteristic
of urban air, particularly in the winter half of the year in areas with a
cold climate (28, 31, 38, 63, 73, 75). Figures as high as 2000 ng/im3 have
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been reported from several cities in north-eastern U.S.A,, /.e., a van-
adium concentration at least one million times higher than was
measured in south polar air. Annual means of =100 ng/m3 have been
calculated for certain cities. Concentrations tend to be lower in cities
with warmer climates than in comparable cities with colder climates.
For Los Angeles, 2.2-28 ng/m? has been reported, and for San Francis-
co, 1.5-11 ng/im3. There is a close relationship between vanadium in
the air and the estimated combustion of oil for domestic heating and
other purposes, per unit of time and unit of area.

As regards the concentration of vanadium in air particulates, figures
for the lower troposphere of various ocean areas do not usually
deviate much from the concentrations found in mineral soils. Only in
coastal areas adjacent to densely inhabited and industrialized land are
particulate concentrations much higher, 300-400 ppm, refiecting the
polluting influence of human activity (11).

3.2 Concentrations in fossil fuels

One of the main sources of anthropogenic vanadium in the environ-
ment is fossil fuel, mainly certain types of fuel oils. Crude oils, particu-
larly those from Venezuela, may contain hundreds of ppm and figures
as high as 1400 ppm have been reported (1, 12, 34, 41, 59). This means
that vanadium constitutes a major inorganic component of these oils.
However, there are also many types of crude oil which are very low in
vanadium (<1 ppm has been measured in several types of different
origin) but most types fall within the concentration range of 10-100
ppm.

High vanadium concentrations are also found in certain types of
coal and lignite; 50-200 ppm have been reported from several areas in
the world (34). In most cases concentrations are lower but sometimes
high enough to be of importance as a source of pollution.

The great variability of the vanadium content of fossil fuels-proba-
bly reflects differences in biological origin. It is quite probable that
ascidians (sea-squirts), known to be very high in vanadium (cf. con-
centration in animals below), were important constitutents of the
organic matter out of which the high-vanadium oils were generated.
However, the vanadium content of some terrestrial coals is more dif-
ficult to explain, as most plants nowadays probably are very low in
this element. The possibility exists that certain species of the car-
boniferous floras were vanadium accumulators.
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3.3 Concentrations in plants

In spite of the comparatively high content of total vanadium in soils,
vascular plants are not known to absorb the element to any greater
degree. However, rather few detailed analyses of vanadium concent-
rations in plants from natural soils are available in the literature (6, 37,
56, 62). The average concentration in plants from unpolluted sites can
be estimated to fall within the range of 0.5-2 ppm dry weight. Both
higher and lower concentrations have been reported for several
species or plant tissues. Concentrations in vegetable crops often seem
to be lower than 0.5 ppm but the variability of data is great and fresh
weight is often used as the basis of calculation, which makes com-
parisons difficult. The concentrations in fungi are usually on the same
general level as in vascular plants; as a mean of several genera of
basidiomycetes, 0.66 ppm dry weight was reported (6). One case of
specific bioaccumulation in fungi is known: Amanita muscaria has
proved to accumulate as much as 61-181 ppm dry weight (6). The
general validity of this observation geographically has probably not
been tested. In algae, high figures have also been reported but only
from polluted waters. The vanadium concentration in macroscopic
species is usually similar to that in vascular plants (5).

Mosses are known to accumulate metals easily from dry and wet
deposition. Hypnum cupressiforme samples from forest areas in
south-central Sweden and from the outer archipelago of Stockholm
have a vanadium concentration of ca. 10 ppm, much higher than
common vascular species from similar sites (50, 68). In city areas of
Sweden, 50-250 ppm are the present-day concentrations in mosses
(50, 68); and still higher levels are sometimes encountered in areas
with iron and ferro-alloy industry or in the vicinity of large, oil-fired
power stations.

3.4 Concentrations in animal and human tissues

Comparatively good information is available on vanadium in animals.
The early discovery of the bioaccumulation of vanadium by some
species of the marine tunicates has led to a search for accumulators in
other animal groups that has been unsuccessful so far. However,
certain tunicates, particularly species of the families Ascidiidae and
Cionidae, proved to be outstanding accumulators of vanadium with
body concentrations often exceeding 1000 ppm dry weight (6, 65).
The element is concentrated in blood vanadocytes, which are sites of
the respiratory functions of these animals.
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In most invertebrates studied so far, vanadium concentrations of
0.5-2 ppm dry weight seem to be the rule (6). Many insects are very
{ow in vanadium — in the honey bee a mean of 0.16 ppm dry weight is
reported. The body concentration in vertebrates is also very low, often
only 0.1-0.2 ppm dry weight or sometimes even less {6). In mammals
(including man), considerable differences have been measured bet-
ween various organs but any distinct accumulation pattern of general
validity is difficult to ascertain. Maxima may be recorded in the liver,
kidney, lung or spleen (47, 56). High vanadium concentrations, a
mean of 3.2 ppm dry weight, have been recorded in the lungs of coal
miners and workers in vanadium industry (64). The total body burden
of human adults is reported to be 17-43 mg, which corresponds to an
approximate mean of 0.4 ppm wet weight (56, 57). The mean daily
intake is 1.1-1.2 mg; according to other studies 0.4-0.6 mg (55, 56). An
excretion rate of 0.2-0.3 mg/day has been reported.

4.0 Biological function and toxicity

Vanadium is, as far as we know, an essential element for some, but
not for all, organisms. Thus, it is worth noting (Annex 2), that some
kind of requirement or stimulatory influence of vanadium is rather
well documented in organisms as different as bacteria, algae, vascular
plants, tunicates and vertebrates. Much work has been performed on
the role of vanadium in biological nitrogen fixation. it has been
demonstrated by many studies that vanadium is able, or partly able,
to replace molybdenum as the activator of nitrogenase in Azotobacter
and Clostridium butyricum (7, 8, 9, 10, 23, 26, 33). Additionally, in the
blue-green alga Anabaena circinalis a stimulation of the nitrogen fixa-
tion has been demonstrated at low concentrations of vanadium in the
medium (52). However, several of these studies on the role of van-
adium in nitrogen fixation have shown that molybdenum is often a
better activator than vanadium. An elevated level of vanadium may in
certain instances actually decrease the fixation rate, probably by
competing with molybdenum. The problem is of great ecological sig-
nificance, as the vanadium : molybdenum ratio of soils must be con-
sidered to increase due to pollution from human activity.

It is possible but far from certain that vanadium at low levels stimu-
lates growth in algae. Concentrations to an upper limit of 100 ppm in
solution may increase the growth rate in Scenedesmus obliquus (2).
However, high concentrations have proved toxic to both bacteria and
algae (2, 52). Acid phosphatases of conifer forest soil, probably mainly

6



of fungal origin, are significantly inhibited {20-30%) by addition to the
soil of V205, VOSO4, NaVO3 or NasVOa at a rate of 50-100 ppm as
vanadium of the dry weight of the soil (71).

Low concentrations of vanadium seem to be able to stimulate
growth and increase the yield in various kinds of vascular plants (7,
53). However, the dose is often critical and higher concentrations may
cause development disturbances and may decrease the yield. The
nitrogen metabolism of the plant is easily affected due to inhibition of
nitrate reductase. The activity of this enzyme was completely inhibited
by 100 um VOCI2 or NaVOs in cell free extracts of tomato leaves (9).
This enzymatic effect may cause an accumulation of nitrate in the
tissues, an undesirable consequence in crops. The biochemical
changes induced in sugar beet by spraying the foliage of young plants
with 0.01 M VOSOQ: solution have been studied closely (61). The
growth of the leaves was markedly retarded though the net CO:
assimilation rate increased. The activity of nitrate reductase, phos-
phatase, glutamic-pyruvic transaminase and invertase was partly
inhibited, whereas the activity of “sucrose synthetase” increased. This
resulted in a higher content of sucrose and nitrate in the storage root,
but in a lower content of reducing sugar, amino acids and protein.
This metabolic change was probably favourable to the economic pro-
duction of sugar but would probably not have favoured the survival of
the plant in a natural site, /e, under non-agricultural conditions.

The biological function of vanadium in invertebrate animais is little
studied and understood, except in the case of tunicates. It was men-
tioned above that certain groups of tunicates accumulate vanadium to
high concentrations. The site of accumulation is the vanadocytes of
the blood, where the element is concentrated as haemovanadium and
evidently exerts a function not identical but in several respects similar
to that of iran in the erythrocytes of the blood of other animal groups
(37). 1t is interesting that many tunicates are high in iron but very low
in vanadium and, conversely, that some vanadium is usually present
in erythrocytes of vertebrates studied. Considering these findings, the
biochemical adjustment to vanadium instead of iron seems less sur-
prising but it is still a question how these animals can find enough
vanadium in their surroundings for such intensive accumulation.

In addition to this, in many — perhaps in all — vertebrates, small
amounts of vanadium are favourable or even essential for normal
development. Vanadium deficiency in domestic fowls causes abnor-
mal bone development, body growth reduction and reduced growth
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of wing and tail feathers (74). In rats, vanadium deficient food reduces
growth rate, increases the iron content of blood and bone tissue,
induces abnormal bone development, impairs the reproduction and
evokes a high blood cholesterol level (49). The minimum demand of
vanadium for a normal development in rat is reported as 1-2 yg per
day and 0.25 ppm in the food is considered optimal for growth,
although 20-30 ppm NaVOs in the food can be tolerated without
severe damage (35, 57). Even higher concentrations may be tolerated,
if the diet is rich in casein, which evidently counteracts vanadium
toxicity. Prolonged exposure to vanadium in the air is reported to
increase mortality from heart diseases and certain forms of cancer in
rats and mice (18).

A need for vanadium for the normal development of man has not
been clearly documented but is probable (42). That modern civilized
man is suffering from vanadium deficiency is, however, improbable.
On the contrary, many cases of vanadium poisoning have been
described, mainly of workers in the vanadium industry. Symptoms
reported are nervous depressions, cough due to bronchial spasm,
vomiting, diarrhoea and anaemia. Death may follow in serious cases
after paralysis of the respiratory organs (37, 67). Most cases of poison-
ing have been caused by high concentrations of vanadium, e.g., van-
adium pentoxide, in the air. Biochemical reasons for the toxicity in
man {as in other vertebrates) are the inhibiting effects of vanadium on
certain enzymes, €.g., on cholinesterase and amino-oxidase (3). Both
cationic and anionic forms of vanadium are active but the anions are
the more toxic. According to recent findings, vanadium influences the
formation of dental caries in man but its function is neither obvious
nor clearly understood (49).

5.0 A tentative environmental flow chart for vanadium

As is evident from the preceding paragraphs, our knowledge of van-
adium concentrations in the environment is still scanty. The total
amounts present in the soil may be stated with a fair degree of accu-
racy, but we know very little of how much of this is actually biologi-
cally available. The amounts of vanadium present in other main com-
partments of the global environment can only be stated with an accu-
racy of about one order of magnitude, which is insufficient as a reli-
able base for monitoring and control of environmental pollution.
More research is needed which takes into consideration the problem
of representative sampling as well as the analytical problem. At pres-

8



ent, the lack of data which can be used in an environmental model is
obvious.

A tentative environmental flow chart for vanadium is shown in Fig-
ure 1. The main pathways and compartments are indicated and,
wherever possible, rough estimates are given of the amounts of van-
adium present in the compartments and the annual exchange bet-
ween them. In many instances it has not been possible to give any
values. It seems, as for most other elements, that the ocean floor is the
main long-term sink of vanadium in the global circulation, the annual
input to the oceans being about 10t* contained in sediment particles
and about 105t in more or less water-soluble forms. For the input of
vanadium to the atmosphere due to human activity (mainly from fos-
sil fuels), 105tlyr is the estimated order of magnitude, similar to the
estimated amount annually circulated by organisms.

*t=metric ton
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6.0 Conclusions

Vanadium is a diologically active element, the role of which is only
partly understood. [t intervenes and sometimes interferes in the
biclogical fixation of nitrogen, which is of supreme importance to the
productivity of ecosystems. In low concentrations it promotes growth
and development of plants and animals belonging to many different
groups and it is probably an essential micronutrient in many
organisms. A requirement for vanadium in large amounts has been
documented only in certain forms of the marine tunicates, where it
replaces iron in the blood pigment. Otherwise, most organisms
exposed to high levels of vanadium display poisoning symptoms.
Severe poisoning leads to death or to irreversible damage. The inhibi-
tion of several enzymatic functions is a general property of many
chemical forms of the element and a main reason why it is biologi-
cally active.

Many types of fossil fuels, particularly fuel oils, have high concent-
rations of vanadium. The increased combustion of oil in recent
decades has, in all probability, increased the deposition rate, hence
the degree of vanadium pollution in most inhabited parts of the world.
The documentation is still very scanty, but the concentration of van-
adium in city air may be several orders of magnitude greater than in
the countryside.

Considering this, we should be aware of the possible risks for man
and the environment of an increasing degree of vanadium exposure,
particularly any long-term effects on natural or agricultural productiv-
ity which may result from reduced mineralization rates in the soil.

More research is needed both on concentrations encountered in
polluted and “unpolluted” environments and on biological effects of
vanadium.
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