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bstract

The mystery surrounding high concentrations of Cr(III) in plants has been uncovered. It is attributed to the presence of low molecular weight
rganic acids (LMWOA) in soil in which the plants are growing. Apart from that, the factors influencing solubility of Cr(VI) in soil have also
een investigated. It was found that the solubility of Cr(VI) species is governed by the presence of CO3

2− ions in a soil solution that resulted when
tmospheric CO2 dissolves in soil–water.
Concentrations of Cr(VI) and Cr(III) were determined in plants, collected on unpolluted soils in different geographical areas. It was found
hat the concentration of Cr(VI) in plants correlated with the soluble fraction of Cr(VI) in soil, while Cr(III) concentration in plants is limited by
oncentration LMWOA in soil. It can therefore be concluded that the high level of Cr(III) in plants is also due to the direct absorptions of the
pecies from soil rich in organic acids.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Understanding the bio-geochemical cycling of contaminants
n terrestrial ecosystems is the basis for the prediction of ele-

ents behavior in the environment. This is especially applicable
o chromium (Cr) because its toxicity depends on its oxidation
tate. While Cr(III) is considered as an essential microelement
1–3], Cr(VI) is regarded as a carcinogenic agent [4,5]. The car-
inogenicity of Cr(VI)-containing compounds has been covered
xtensively in several reviews [6–10] as well as in documents
roduced by governmental organizations [11,12] and interna-
ional agencies [13]. The toxic and carcinogenic properties of
r(VI) compounds arise from the possibility of free diffusion of
hromate (CrO4

2−) ions across cell membranes and the action
f this form as an oxidizing agent, as well as from the formation

f free radicals during the reduction of Cr(VI) to Cr(III) inside
he cell [14–16].

∗ Corresponding author. Tel.: +27 12 382 0706; fax: +27 12 382 2278.
E-mail address: MandiwanaKL@tut.ac.za (K.L. Mandiwana).
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Trace element uptake by roots depends on both soil and plant
actors such as chemical form of elements in soil, pH, organic
atter, and plant species. Consequently, element mobility and

lant availability are very important when assessing the effect of
oil contamination on plant metal uptake and related phytotoxic
ffects.

The major factor governing the metals in soil to be available to
lants is their solubility that is associated with solid phase, since
n order for root uptake to occur, a soluble species must exist
djacent to the root membrane [17]. In general, trace element
ptake by plants depends on soil composition (endogenous metal
oncentration, mineralogy, and particle size distribution) and
oil processes (e.g., mineral weathering, microbial activity), as
hese influence the metal concentration in solution and the form
f soluble chemical species. Consequently, element mobility and
heir availability to plants is a combination of many factors,
hich are quite different for Cr(III) and Cr(VI) species.
Hexavalent chromium is always present in relatively small
mounts as compared with Cr(III) in any kind of unpolluted soil.
r(VI) may form moderately-to-sparingly soluble chromates

e.g., CaCrO4, BaCrO4, PbCrO4) in soil [18]. The equilibrium
oncentration of CrO4

2− ions, formed due to partial dissocia-
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ion is rather small (≤1.75 �g g−1), but in the presence of CO3
2−

ons it can be much higher [19]. The CrO4
2− ions can therefore

e taken up by plants or easily leached out into the deeper soil
ayers causing ground and surface water pollution [20,21].

In soils, Cr is present mostly as insoluble Cr2O3, Cr(OH)3(aq)
r as Cr(III) adsorbed to soil components, which prevents Cr
eaching into the ground water or its uptake by plants [22]. The
quilibrium concentration of Cr(III) ions in soil solution, cal-
ulated on the base of solubility product of Cr(OH)3, can be
stimated as 0.5 �g l−1. At such concentration, the consumption
f Cr(III) by the plants would be negligible.

Al(III) and Fe(III) forms soluble complexes with organic
igands with low molecular weight organic acids. The most com-

on organic acids identified in soils are oxalic, citric, succinic,
artaric, malic and salicylic acids [23]. The main source of oxalic
cid in soil is fungi, particularly in acidic forest soils and may
ccur in soils at concentrations ranging from 0.025 to 1.0 mM
24]. The origin of citric acid in soil is plants where it is excreted
rom roots of plants like white lupin [25]. By forming solu-
le complexes with polyvalent cations from rocks and minerals,
rganic acids play an important role in dissolution, transporta-
ion, and concentration of elements in the earth’s surface as well
s in soil formation and plant nutrition [26].

The similarity of chemical properties of Cr(III) ions with
e(III) and Al(III) allows us to predict higher solubility of Cr(III)

n soil solution in the presence of organic acids and, as a result,
heir high bioaviability to plants. The aim of present study is to
how that the solubility of Cr(III) in soil depends on the presence
f low molecular weight organic acids (LMWOA) while that of
r(VI) compounds is governed by the presence of carbonate
ompounds and ultimately both species are available to plants
eparately.

. Experimental

.1. Instrumentation

A Perkin-Elmer atomic absorption spectrophotometer model
Analyst 600 with Zeeman-effect background correction sys-

em was used for all measurements. The spectrophotometer was
quipped with an AS-800 autosampler and the system was con-
rolled by means of AAWinlab software running under Microsoft

indows. A Cr hollow cathode lamp (Perkin-Elmer), operating
t 25 mA, was employed. All determinations were accomplished
n Cr 357.9 nm resonance line in transversely heated graphite
ubes (THGA), fitted with integrated L’vov platform (Perkin-
lmer, part N B050-4033). L’vov platform is a small plate of
olid pyrolytic graphite that is inserted into the graphite tube to
solate the sample from the tube walls to allow more reproducible
tomization of the sample through indirect heating. Argon
Afrox, South Africa) was used as a protective gas throughout.
.2. Reagents

Standard stock solutions containing 1000 mg l−1 Cr(III) and
r(VI) as CrCl3 and K2CrO4 (Merck), respectively, were used

a
e
a
w
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or the preparation of working standards for each oxidation
tate of chromium. Ultra-pure water (resistivity 18.2 M� cm),
btained from a Milli-Q water purification system (Millipore
orp., USA) was used for all dilutions and sample preparation.
itric and oxalic acid (Merck) were of analytical reagent grade.
O2 99.99% purity (Air Products, South Africa) was used for

he leaching of Cr(VI). Hydrophilic PVDF 0.45 �m filters (Mil-
ipore Millex, USA) were used for the filtration of all solutions
or Cr(VI) determinations.

.3. Samples and samples preparation.

Samples of top soil were taken at Thorncliff in Mpumalanga
rovince, South Africa (the site of a new chromium mine). They
ere dried and ground to a particle size less than 75 �m in a

ungsten carbide milling vessel. Plant samples were taken from
olar Ural Mountains (Russia) and in South Africa. The soil
amples where the plants were taken were typically sandy clay
ith high water holding capacity. The samples were air-dried

nd homogenized by grinding.

.3.1. Determination of the solubility of Cr(VI) in soil in
he presence of CO2

The nominal mass of 0.25 g sub-sample of soil was weighed
nd transferred into plastic tubes in which 25.0 ml of deionized
ater was added. The mixture was periodically shaken for a
inimum period of 24 h. Before bubbling CO2, the soil sample

olution containing only water soluble fraction of Cr(VI) were
aken for analysis from each tube.

CO2 was then bubbled through the suspension of soil samples
n deionized water for period ranging from 5 min to 24 h at a flow
ate of 50 ml min−1. One millimeter of the bubbled sample was
ltered through hydrophilic PVDF 0.45 �m filter every 5 min

nto the sampling cup and analyzed by electrothermal atomic
bsorption spectrometry (ET-AAS).

.3.2. Determination of Cr(VI) in plants
Sub-samples of 0.25 g of ground leaves were weighed into

glass beaker and 25.0 ml of 0.1 M Na2CO3 were added and
he mixtures were boiled for 15 min. After filtration through

hatman No. 540 filter paper, the precipitates were washed
ith 0.1 M Na2CO3 several times [27]. The final volumes of the

ample solutions were diluted to 25.0 ml with deionized water.
he sample solutions were filtrated through hydrophilic PVDF
.45 �m filter before analysis by ET-AAS.

.3.3. Determination of Cr(III) in plants
The precipitates, which were left after the filtration of samples

reated with 0.1 M Na2CO3, were transferred on the filter paper
o a Teflon digestion vessel (CEM type) and 5.0 ml of concen-
rated HNO3, 3.0 ml HF and 1.0 ml HCl were added. The vessels
ere capped and the samples were digested in microwave at a
ressure 120 psi for 20 min. After cooling, the cap was removed

nd the open vessel was heated on a hot plate to evaporate the
xcess acid. The final volume of each sample solutions was
djusted to 25.0 ml with deionized water. The resulting solution
as then analyzed by ET-AAS.
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Table 1
Temperature program for the determination of Cr

Step Temperature (◦C) Ramp (s) Hold (s) Ar (ml min−1)

1 110 1 10 250
2 250 5 20 250
3 1400 5 30 250
4
5
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2450 1 3 250

.3.4. Determination of solubility of Cr(III) in organic
cids

Approximately 1 g soil or chromite ore (FeO × Cr2O3) were
laced in separate 500 ml beakers and 250 ml of 1–100 mM
olutions of either citric or oxalic acids were added. The
ixtures were periodically shaken for 48 h. The concentra-

ion of Cr(III) in these solutions was measured at 24 h time
ntervals.

Plants surrounding each individual plant in an area of approx-
mately 1 m2 were removed. The soil around the plant was well
repared so that the irrigated water stands still around the plant.
he plant was then irrigated daily with 1 l of 0.1 M of either
itric or oxalic acid for a period of 5 days. Plants were sampled
fter 7 days and were treated as in Sections 2.3.2 and 2.3.3.

.3.5. Determination of total concentration of Cr in plants
A nominal mass of 0.25 g of plant leaves was weighed into

teflon digestion vessel (CEM type) and 5.0 ml of concentrated
NO3, 3.0 ml HF and 1.0 ml HCl were added. The vessels were

apped and the samples were digested in microwave at a pressure
20 psi for 20 min. After cooling, the cap was removed and the
pen vessel was heated on a hot plate to evaporate the excess
cid. The final volume of each sample solutions was adjusted to
5.0 ml with deionized water.

. Results and discussion

.1. Analytical results of total Cr determination in
eference samples and plants

As recommended by Panichev et al. [19], the temperature
rogram summarized in Table 1 was used for the determina-
ion of Cr in all samples. The temperature program utilizes two
rying stages, thus avoiding spattering of the liquid. Pyrolysis

as conducted at 1400 ◦C in order to remove excess Na2CO3
atrix. The atomic profiles of Cr obtained in samples and aque-

us standard solutions had the same shape and appearance time.
hese indicated that the high pyrolysis temperature had effec-

w
b
s
p

able 2
esults of total chromium determination in certified reference materials

RM Certified valu

RM 2704, river sediments 134 ± 5
ACS–2, marine sediments 90.7 ± 4.6
RM 281, rye grass 2.15 ± 0.12

a Average of six determinations at 95% level of confidence: mean ± t0.05 × s/
√

n.
ig. 1. The concentrations of Cr(VI) leached from soil suspensions by bubbling
O2 through them as a function of time: (�) Soil 1; (�) Soil 2; (�) Soil 3.

ively removed the majority of the matrix prior atomization and
hat the residual amount of Na2CO3 had no influence on the
elease of Cr during atomization.

The calibration curve for Cr was linear up to 70 �g l−1 and
s described by the following equation: Y = 0.0064x + 0.0056,
here x is the analyte concentration (�g l−1) and Y is the inte-
rated absorbance, with correlation coefficient of R2 = 0.9909
n = 5). The limit of detection (LOD) for Cr determination was
stablished using blank solutions of Na2CO3. The LOD, cal-
ulated according to the equation: LOD = xbl+3sbl (n = 25), was
ound to be 0.7 �g l−1 for a 10 �l sample aliquot. The LOD is
omparable to that reported earlier [28,29].

The results for total chromium determination in certified ref-
rence materials are shown in Table 2, with good agreement
etween the certified and found values.

.2. Results of Cr(VI) determination in soil treated with
O2

The kinetics for the determination of Cr(VI) after the bub-
ling CO2 through the soil suspension at different time intervals
s shown in Fig. 1. The amount of Cr(VI) leached from soil
as found to be directly proportional to the time carbon dioxide
as bubbled and reaches its limit when the solution becomes

aturated with the gas. The maximum concentration of Cr(VI)
eached was approximately 2.5-fold in excess, in comparison
ith the concentration of Cr(VI) formed in the water solu-

le fraction. Therefore, the presence of atmospheric CO2 in
oil–water leaches Cr(VI) into water and make it available to
lants that absorb it through their roots.

e (�g g−1) Found valuea (�g g−1)

132 ± 6
92.2 ± 3.4
2.20 ± 0.20



azardous Materials 147 (2007) 540–545 543

3

a

C

B

A
r
b
i

w
t
[

[

w

l
s
[

r
e
o
m

F
m

3

i
o
i
u
b
p
p
l

T
D

S

T

L

L

T

A

S

K.L. Mandiwana et al. / Journal of H

.3. Mechanism of the leaching of Cr(VI) with CO2

The mechanism of the action of CO2 can be explained with
id of the following equations:

O2(g) + H2O(l) → H2CO3(aq) (1)

aCrO4(s) + CO3
2−(aq) → BaCO3(s) + CrO4

2−(aq) (2)

ccording to Eq. (2), the treatment of samples with CO3
2−

emoves all common metals, including Cr(III), as insoluble car-
onates, leaving chromates that have been originally present as
nsoluble Cr(VI) compounds.

Carbon dioxide forms CO3
2− ions when it is dissolved in

ater. The concentration of CO3
2− ions formed is proportional

o the partial pressure of CO2 and is governed by Henry’s law
30], i.e.

CO2(sol)] = K × pCO2 (3)

here K = 3.34 × 10−4 mol l kPa.
It follows from Eqs. (1) to (3), that the amount of Cr(VI)

eached should be proportional to the partial pressure of CO2 in
oil:

CrO4
2−

]
= K × pCO2 (4)

Though the concentration of CO2 in rainwater is in equilib-

ium with atmospheric CO2, the carbon dioxide content becomes
xtremely high when in contact with the soil due to the presence
f decaying vegetation, plant respiration in the rooting zone and
icrobial decomposition of organic matter [31].

w
t
o

able 3
istribution of chromium species in different types of plants

ample [Cr(VI)] (�g g−1) [Cr(III)]a (�g g−1)

Without irrigation

erminalia prunioidesd 0.29e ± 0.04 3.23e ± 0. 25
0.49f ± 0.15 4.86f ± 0.30

ydenburgia cassinoidesd 0.74e ± 0.11 9.28e ± 0. 85
0.78f ± 0.12 11.4f ± 1.50

eucas capensisd 0.16e ± 0.05 4.93e ± 0.90
0.75f ± 0.15 8.84f ± 1.00

halictrum alpinumg 0.25e ± 0.04 0.33e ± 0.02
0.45f ± 0.10 0.49f ± 0.05

lyssum obovatumg 0.13e ± 0.06 0.95e ± 0.03
0.57f ± 0.14 2.20f ± 0.75

alix reticulatag 0.16e ± 0.05 1.67e ± 0.80
0.66f ± 0.12 3.54f ± 0.65

a Concentration of Cr(III) in plants before irrigation of plants with organic acids.
b Concentration of Cr(III) in plants after irrigation of plants with organic acids.
c Total concentration of Cr in plants before irrigation of plants with organic acids.
d Plant samples from South Africa.
e Leaves.
f Roots.
g Plant samples from Polar Ural mountains, Russia.
ig. 2. The level of Cr(III), which is soluble in different concentrations of low
olecular weight organic acids: (�) oxalic acid; (�) citric acid.

.4. Solubility of Cr(III) in organic acids

The solubility of Cr(III) in organic acids was tested by shak-
ng soil or ore sample with different concentrations of oxalic
r citric acids. Though Cr(III) compounds are reputed to form
nsoluble complexes, they were found to be soluble in low molec-
lar weight organic acids. Fig. 2 shows that Cr(III) is soluble to
oth citric and oxalic acids and the amount leached is directly
roportional to the concentration of the acids. Therefore, the
resence of organic acids in soil at significant levels probably
eaches Cr(III), thereby making it available to plants.
The concentrations of Cr(III) in plants after the irrigation
ith citric or oxalic acids were compared with Cr(III) concen-

rations found before irrigation, to check whether the presence
f organic acids in soil enhances the leaching of Cr(III) and their

[Cr(III)]b (�g g−1) Total Cr concentrationc (�g g−1)

Oxalic acid Citric acid

6.00e ± 0.90 4.95e ± 0.95 3.80e ± 0.40
7.29f ± 1.50 5.82f ± 1.20 5.20f ± 0.60

15.3e ± 1.30 12.9e ± 1.50 10.2e ± 0.90
20.5f ± 1.75 15.0f ± 1.10 12.1f ± 1.00

9.25e ± 0.69 7.30e ± 0.73 5.80e ± 0.55
17.1f ± 1.50 12.3f ± 0.85 10.6f ± 1.00

0.61e ± 0.02 0.35e ± 0.02 0.70e ± 0.25
1.05f ± 0.06 0.80f ± 0.06 0.83f ± 0.07

2.00e ± 0.07 1.45e ± 0.06 1.55e ± 0.40
5.70f ± 0.45 3.50f ± 0.55 2.36f ± 0.50

4.95e ± 0.75 3.15e ± 0.60 2.35e ± 0.15
5.50f ± 0.86 4.40f ± 0.70 3.73f ± 0.30
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vailability to plants. Table 3 confirms that the presence of low
olecular weight organic acids in soil is responsible for high

oncentrations of Cr(III) species in plants as the concentrations
f Cr(III) before irrigation is much smaller than after irrigation
ith organic acidic solution.

.5. Validation of the method for the determination of
r(III) in plants

The validation of the method of leaching Cr(III) with
ither citric or oxalic acid using certified reference materials
as impossible, since such materials with certified values of

hromium species are not yet available in the market. There-
ore, the only available alternative was to compare the sum of
Cr(III)] and [Cr(VI)] with total [Cr] obtained independently
rom the same plant sample. A comparison of the concentration
f the sum of chromium species should be equivalent to the total
hromium [32].

The results of the determination of Cr in South African and
ussian plants shown in Table 3 confirm that the sum of concen-

rations of Cr(III) and Cr(VI) in plants before irrigation of plants
ith either citric or oxalic acid is equal to the total concentration
f Cr determined by an independent method at 95% level of con-
dence. Therefore, it can said with 95% level of certainty, that
MWOA leached Cr(III) successfully from finely ground plant
amples, for statistically, there was no difference between the
um of the concentrations of the chromium species and the total
hromium concentration, as determined through an independent
ethod.

.6. Analytical results for the determination of chromium in
lants

The analysis of South African and Russian plants were influ-
nced by their common features such as growing on soils rich
n chromium and that they are endemic for these regions [33].
t was, therefore, interesting to compare their ability to accumu-
ate this element. The results summarized in Table 3 indicate that
he average concentration of Cr(III) and total Cr in the analyzed
outh African plants is higher than in the Russian plants, with
ore of the analyte found in the roots than in the leaves.
The root/leaves concentration ration of both Cr(VI) in roots

anges between 1 and 5, while that of Cr(III) was approximately
, for all experiments. The highest and lowest [Cr(III)]/[Cr(VI)]
ere found in Leucas capensis and Thalictrum alpinum, where

he concentration ration of approximately 50 and 2, respectively,
ere recorded. Similar pattern were recorded after the plants
ere irrigated with oxalic and citric acids. The highest con-

entrations of Cr(III) and total Cr was found to be 0.78 and
2.1 �g g−1, respectively.

.7. The correlation between water soluble Cr(VI) species
n soil and Cr(VI) in plants
The amount of Cr(VI), in soil, that is naturally soluble in water
as compared with the amount of Cr(VI) in plants to check any

orrelation between them. It was found that the concentration

R

ig. 3. Comparison of the concentration of Cr(VI) in South African plants to
hat of water soluble Cr(VI) found in their respective soils.

f water soluble Cr(VI) in soil is always higher than that in the
espective plant as illustrated in Fig. 3. Therefore, the levels
f water soluble fraction of Cr(VI) in soil can be used as an
ndicator to estimate the maximum levels of this pollutant that
an be accumulated by plants. Fig. 3 also shows that the levels of
r(VI) in plants is approximately two-thirds of that of the water

oluble fraction of Cr(VI) in soil.
Though a number of articles have showed that that some

lants like Eichhornia crassipes (water hyacinth), Prosopis spp.
mesquite) and Allium sativum(garlic) have the ability to reduce
oxic Cr(VI) to non-toxic Cr(III) completely, and accumulate
etoxified Cr into roots and leaf tissues [34–36], it is doubtful
hat the analyzed plants have similar capabilities, since trace
mount of Cr(VI) were found in both roots and leaves.

. Conclusions

The results of investigation show that Cr is generally mobile
n soils to the extent that a fraction of their total mass is bio-
vailable to plants. Both atmospheric CO2 and low molecular
eight organic acids are responsible for the leaching of Cr(VI)

nd Cr(III) species, respectively, in soil. Data presented here
how that low molecular weight organic acids are effective chela-
ors of Cr(III) and that these ligands therefore play an important
ole in the leaching and availability of this metal species to plants.
he level of Cr(VI) in plants is concentrated more on the roots

han in leaves.
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