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bstract

The distribution of vanadium(V) species between soil and plants around the vanadium mine have been studied. The mine dam spilled water
round this area after collapsing some time ago. V(V) species were determined by electrothermal atomic absorption spectrometry (ETAAS) after
eaching of vanadium(V) compounds with 0.1 M of Na2CO3, with a limit of detection 0.2 �g g−1. The validity of V(V) determination had been
onfirmed by the spike recovery and of the total amount of vanadium by the analysis of CRM’s with good correspondence of found to certified

alues. The concentration of V(V) species were found to be in the range of 620–1680 �g g−1 in soil and 4–6 �g g−1 in grass samples, respectively.
he total amount of vanadium in soil varied from 1570 to 3600 �g g−1 and from 8 to 13 �g g−1 in grass. The results indicate that considerable
mount of vanadium (about 50%) in soils and plants is present as V(V) species.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The average concentration of vanadium in soils around the
orld ranges from trace amounts to 400 �g g−1, with an average
f 150 �g g−1 [1]. One of the main sources of vanadium in soil
s the parent rock from which it is formed [2].

In spite of the fact that V(V) is the most toxic vanadium
pecies [3], little attention has been paid to the determina-
ion of V(V) species in soil and plants. The United States of
merica’s Environmental Protection Agency (EPA) has not

isted vanadium as a pollutant requiring urgent research and
egislation, because “there is no evidence that the general
opulation is at risk, either through deficiency of, or over-
xposure to vanadium”[4]. Consequently, there are few coun-
ries, where standards and regulations for environmental pollu-
ion in soil with vanadium are accepted, for example, Russia,
here the maximum of 150 �g g−1 allowed in agricultural soil
5].
The development of reliable methods for the speciation of

anadium remains a challenging field of analytical chemistry,
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trothermal atomic absorption spectrometry

specially for solid samples. Many investigations that have been
edicated to the determination of vanadium in soils were mainly
oncentrating on the determination of total vanadium concentra-
ion [6–8]. However, to assess vanadium in plants and its impact
n animals that consume plants, it is important to verify vana-
ium valency speciation [9,10].

Because V(V) and Cr(VI) have similar chemical proper-
ies [11], they can exist under natural environmental conditions
n corresponding anionic forms, as VO4

3− and CrO4
2− ions,

espectively. Both of them can be separated from V(IV) and
r(III) compounds by treatment with Na2CO3 solution [12].
solution of Na2CO3, when heated with solid samples yields

nsoluble carbonates of common metals and releases anions
resent in the solution, according to following equations:

a3(VO4)2(s) + 3Na2CO3(aq) = 3CaCO3(s) + 2Na3VO4(aq)

(1)

a(VO3)2(s) + Na2CO3(aq) = BaCO3(s) + 2NaVO3(aq)
(2)

Even if solubility differences are moderately unfavourable,
ncreased concentration of carbonate ion will assure adequate
onversion.

mailto:panichevn@tut.ac.za
dx.doi.org/10.1016/j.jhazmat.2006.03.006
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imately 2.5 h, until a white or grey ash residue was obtained.
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The chromium speciation in solid samples by leaching with
lkaline Na2CO3 solution has been described. US EPA method
060A [13] of leaching Cr(VI) compounds with Na2CO3/NaOH
n combination with a spectrophotometric detection (US EPA
196A) [14], provide satisfactory results in the quantitative
etermination of Cr(VI). The leaching of Cr(VI) from soil [15]
nd plants [16] was successfully achieved with 0.1 M Na2CO3.
ut such methods of leaching have never been tested and applied

or vanadium speciation in soil and plants.
The soil near existing South African vanadium mines might

e contaminated with vanadium as a pollutant [17] since about
0% of the current vanadium global output [18] are produced in
hat country. The presence of V(V) compounds in plants at con-
entrations higher than 2 �g g−1 may cause chlorosis and limit
rowth [19]. Due to the structural analogy between vanadate
H2VO4

−) and phosphate (H2PO4
−) ions [20], the accumula-

ion of vanadium by plants reduces the amount of phosphate
hat plays a very important physiological role. The consumption
f such vanadium enriched contaminated grass by mammals
ncluding cattle, would ultimately lead to the replacement of
O4

3− in their bones.
The present article is devoted to the determination of V(V)

pecies in soil and plants by ETAAS after the leaching of V(V)
pecies with Na2CO3.

. Experimental

.1. Materials

A Perkin-Elmer Atomic Absorption Spectrophotometer
odel AAnalyst 600 with Zeeman background correction sys-

em was used for all measurements. The Analyst 600 spec-
rophotometer was equipped with AS-800 autosampler and the
hole system was controlled by means of AAWinlab control

oftware running under Microsoft Windows program. All deter-
inations were carried out at characteristic wavelength of V

18.4 nm, with a 0.7 nm band pass using hollow cathode lamp
f vanadium (Perkin-Elmer), operating at 25 mA. Tubes of a
ransversely heated graphite atomizer (THGA) with integrated
’vov’s platforms (Perkin-Elmer, Part Number B050-4033) were
sed for atomization of vanadium. Argon (Afrox, South Africa)
as used as a protective gas throughout.

.2. Reagents and standard solutions

To avoid possible reduction of V(V) to V(IV) compounds,
(V) standard solutions were prepared by appropriate dilution
f stock solution, containing 1000 mg l−1 of V(V) as NH4VO3
Merck) with 0.1 M Na2CO3. Ultra-pure water (with a resistivity
f 18.2 M� cm−1) was obtained with a Milli-Q water purifica-
ion system (Millipore Corp., USA) and was used for sample
reparation and dilutions. Certified standard reference materials
CRM’s) MESS-3 and PACS-2 (Marine sediments for trace met-

ls), obtained from the National Research Council of Canada,
Ottawa, Canada), as well as BCR CRM 414 (Trace elements in
lankton) were used for the evaluation of analytical results for
he determination of total vanadium concentration.

T
t
t
v

s Materials A137 (2006) 649–653

. Analytical procedure

.1. Samples

Soil and grazing grass samples (Chloris gayana, Digitaria
riantha and Eragrostis curvula) were collected at a distance
bout 2 km from a vanadium mine in the North West Province
f South Africa, on the field, where cattle died, presumably
rom V(V) poisoning [21]. The soil representing 20 cm of
he upper soil layer and grass (without roots) were collected
nto plastic bags. Chloris gayana, Digitaria eriantha and Era-
rostis curvula are the most widely distributed grass species
n southern Africa and regarded as the best natural and cul-
ivated pastures [22]. The samples were dried and ground in

tungsten carbide milling system to a grain size less than
00 �m.

.2. Sample preparation for the determination of V(V)

Twenty-five milliliter of 0.1 M Na2CO3 solution was added to
pproximately 0.25 g of soil or plant sample, accurately weighed
n a 50 ml glass beaker. The contents was boiled for 15 min and,
fter cooling, transferred into 50 ml plastic tubes. The final vol-
mes of sample solutions were adjusted to 25.0 ml with deion-
zed water. Before the analysis, samples were filtered through

0.45 �m filter and transferred into the sampling cups of the
utosampler.

.3. Sample preparation for the determination of total
mount of vanadium

.3.1. Soil samples
Because the soil may hold vanadium within the crystal lat-

ice structure of specific minerals, in order to determine the total
ontent of vanadium, complete digestion of samples was car-
ied out. For this purpose, approximately 0.25 g of soil was
rst dissolved in a 10:1 mixture of concentrated HF (5 ml) and
oncentrated H2SO4 (0.5 ml), and heated till near dryness. Fur-
hermore, 1 ml concentrated HClO4 and 2 ml concentrated HF
ere added and again the mixture was heated to near dryness.
inally, 1 ml concentrated HClO4 was added, and the sample was
vaporated until the appearance of white fumes. The residue was
hen dissolved in 5 ml of 6 M HCl and diluted to 50.0 ml with
eionized water. The resulting solution was then analyzed by
T-AAS.

.3.2. Plant samples
0.25–0.50 g of the finely ground grass sample was placed in

muffle furnace in porcelain crucible. The temperature of the
urnace was slowly increased from room temperature to 650 ◦C
n 1 h. The samples were ashed at this temperature for approx-
he residue was dissolved in 0.5 ml of a mixture of 1:1 concen-
rated HNO3 and concentrated HCl. The product was diluted
o the mark in a 25.0 ml volumetric flask and filled to the
olume.
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Table 1
Temperature program for vanadium determination

Step Temperature (◦C) Ramp (s) Hold (s) Internal gas flow (ml min−1)

1 100 1 10 250
2 250 5 15 250
3 1600 10 20 250
4
5

4

4

n
h
[
m
A
a
g
o
S
p
1
d
V
m
o
P
s
w
a
N

F
1

t
r
2

c
t
f
o
2
t
p
v
0

4

b
showed that the extraction of V(V) could be completed after
15 min of boiling (Fig. 3). The repeatability of extraction of
2600 0
2600 1

. Results and discussion

.1. Analytical results of V determination

Vanadium is not a simple element for the ET-AAS determi-
ation. It is a refractory element, which requires a high rate of
eating and the use of freshly pyrolytically coated graphite tubes
23]. Problems like tailing of the absorbance signal, carbide for-
ation and acid interferences have been encountered [24,25].
tomization of vanadium from a matrix with a relatively high

mount of Na2CO3 was carried out using the temperature pro-
ram presented in Table 1. The absorption signals of vanadium
btained at different pyrolysis temperatures are shown in Fig. 1.
ixteen hundred degree Celsius was chosen as the optimum tem-
erature. It was observed that after the treatment of samples at
600 ◦C for a relatively long time (20 s), the atomization of vana-
ium could be completed in less than 5 s [17]. Atomization of
from standard solutions, which were obtained after the treat-
ent of soil or plant samples with Na2CO3 do not differ in time

f appearance and in time of complete atomization (Fig. 2).
ossibly, this phenomenon can be explained by the complete

eparation of V(V) compounds from all other metals, which
ere initially present in solutions, but have been precipitated

s insoluble carbonates or hydroxides during the treatment with
a2CO3.

ig. 1. Optimization of the pyrolysis temperature for V(V) determination: (1)
400 ◦C; (2) 1600 ◦C; (3) 1800 ◦C; (4) 2000 ◦C; (5) 2200 ◦C.

V
f

F
1
g
(

5 0
3 250

The calibration graph (integrated absorbance versus concen-
ration) was described by the equation y = 0.0002x + 0.001 with
egression coefficient, R2 = 0.9978 and the graph is linear up to
000 �g l−1 of vanadium.

The limit of detection (LOD) for vanadium determination
alculated as the concentration corresponding to a signal equal
o three times the standard deviation of the integrated absorbance
or the blank solution, has been established using solutions
f 0.1 M Na2CO3 as a blank. LOD was found to be about
�g l−1 for a 10 �l sample aliquot (n = 11). With respect to

he solid samples, assuming that 0.25 g of soil or plant sam-
le after digestion has been adjusted to 25.0 ml, the LOD for
anadium determination in solid samples was estimated to be
.2 �g g−1.

.2. Validation of results for V(V) determination

The leaching of V(V) compounds from plants has been tested
y boiling plant samples with Na2CO3 for 1–20 min. The results
(V) from the same plant sample, expressed as R.S.D., was
ound to be 7.6%,

ig. 2. Atomization of vanadium in THGA from V(V) standard solutions: (1)
25 �g l−1; (2) 500 �g l−1; (3 and 4) from the grass species Chloris gayana
rowing on contaminated field (13 �g g−1) and from the uncontaminated area
0.8 �g g−1).
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Table 3
The distribution of V(IV) and V(V) in the samples

Sample [V(IV)] (�g g−1) [V(V)] (�g g−1) Total [V] (�g g−1)

Grass 1 3.9 ± 0.04 2.6 ± 0.05 7.5 ± 0.15
Grass 2 4.5 ± 0.07 5.9 ± 0.10 10.9 ± 0.30
Soil 1 1790 ± 100 1660 ± 89 3505 ± 320
Soil 2 1500 ± 90 640 ± 13 2200 ± 210
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ig. 3. Kinetic of V(V) extraction from plant species with 0.1 M Na2CO3: (1)
hloris gayana; (2) Digitaria eriantha; (3) Eragrostis curvula.

Since the CRM’s with known amount of V(V) in soil are not
vailable at present, validation of the method using certified ref-
rence material was not possible. In order to validate the method,
ecoveries of the spiked sample, were tested. For this purpose,
he calculated volumes of V(V) standard stock solution were
dded to 0.25 g of soil samples to create concentrations of 7.5
nd 15.0 �g g−1. The recoveries of the added amount were found
o be quite satisfactory, between 98 and 105%. Alternatively, the

ethod of V(V) determination was validated by comparing the
um of concentrations of vanadium species with the total vana-
ium concentration. The results in Table 2 shows that the sum
f [V(IV)] and [V(V)] is the same as total [V], in all samples at
5% level of confidence and therefore, the applied method has
een validated.

.3. Validation results for determination of total amount of
anadium

Results of total amount of vanadium determination in soil
nd plant samples were validated by using set of the CRM’s:
RM 414, PACS-2 and MESS-3. Results for total vanadium
etermination in CRM’s are in a good agreement with certified
alues (Table 2).

.4. Results of V(V) determination in soil and plant samples
The results of the total amount and V(V) determination in
oil and grass samples shown in Table 3 reveal very interest-
ng information about distribution of V(V) species in analyzed
amples. For example, soil samples were found to contain high

able 2
esults of total vanadium determination in CRM’s

RM Certified value
(�g g−1)

Found value (�g g−1)
(n = 6, P = 0.95)

RM 414 8.10 ± 0.18 7.9 ± 0.4
ESS-3 243 ± 10 245 ± 12

ACS-2 133 ± 5 130 ± 8
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ig. 4. Comparisom of the distribution of V(V) content in soil samples: ( ),
V(V)]; (�), [V].

oncentration of total amount of vanadium, ranging from 1570
o 3600 �g g−1 as well as high concentrations of V(V) species,
n the range of 620–1680 �g g−1. The highest content of V(V)
ompounds in soil was approximately 50% as shown in Fig. 4.
he concentration of V(V) species in plants varied between 4
nd 6 �g g−1, while total amount of vanadium was higher, in the
ange 8–11 �g g−1.

. Conclusions

It has been found that vanadium speciation in soil and plants,
ased on classical analytical chemistry procedure of anion deter-
ination is easily achieved by the treatment of analyzed samples
ith 0.1 M Na2CO3 followed by the ETAAS determination.
Very good reproducibility of V(V) extraction from plant sam-

les with 0.1 M Na2CO3 had been achieved, with the mean value
f 7.6% (R.S.D.). LOD for vanadium determination in soil and
lant samples was found to be 0.2 �g g−1.

The results obtained in this study indicate that consid-
rable amount of vanadium in soils is present as V(V)
pecies (1640 �g g−1), while total amount of vanadium was
500 �g g−1. The concentration of vanadium in plants was
.3 ± 0.5 �g g−1 for V(V) species and 11 ± 2 �g g−1 for total
mount of vanadium, respectively. Contaminated plants were
isibly smaller in size as compared with the same plants grow-
ng on the areas that are remote from the vanadium mine where

nly 1.1 ± 0.3 �g g−1 of total amount of vanadium were found.

The case of acute cattle’s poisoning which had happened in
he area some time ago [21], could be connected with ingestion
f vanadium from the surface of grass, as the amount of V(V) in
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