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a b s t r a c t

Phytoextraction is a remediation technique that consists in using plants to remove contaminants from
soils and water. This study evaluated arsenic (As) accumulation in Castor bean (Ricinus communis cv.
Guarany) grown in nutrient solution in order to assess its phytoextraction ability. Castor bean plants
were grown under greenhouse conditions in pots containing a nutrient solution amended with increas-
ing doses of As (0, 10, 50, 100, 250, 500 and 5000 �g L−1) in a completely randomized design with four
eywords:
hytoremediation
ontamination
etalloid

s

replications. Shoot and roots dry matter production as well as arsenic and nutrient tissue concentra-
tions were measured at the end of the experiment. The results showed that increasing As concentration
in nutrient solution caused a decrease in shoot and root biomass but did not result in severe toxicity
symptoms in castor bean growing under a range of As concentration from 0 to 5000 �g L−1. The As doses
tested did not affect the accumulation of nutrients by castor bean. Although castor bean did not pose
characteristics of a plant suitable for commercial phytoextraction, it could be useful for revegetation of

hile p
As-contaminated areas w

. Introduction

Arsenic (As) is a naturally occurring trace element that is dis-
ributed thoroughly in the terrestrial crust and is found in over 245

inerals [1]. Arsenic in soils can originate from natural (e.g., rock
eathering and volcanic activity), as well as anthropogenic sources

e.g., pesticides, herbicides, fertilizers, mining, fossil fuel burning)
2]. Soil pollution with arsenic can cause loss of the vegetation cov-
ring and contamination of water bodies, besides contributing to
he entrance of As into the food chain [3].

Due to its toxicity as well as the possibility of exposure – mainly
o humans – arsenic is considered a key priority pollutant world-
ide [4]. Acceptable concentrations of arsenic in drinking water

ary between 10 and 50 �g of As L−1 [5,6]. However, values about
0 times higher have been reported in surface waters close to min-

ng areas in Brazil [7] and in several studies conducted in Southern
sia [8] as well, where health problems arising from As water
ontamination are noteworthy. Likewise water contamination, soil
ollution with trace elements might also pose an ecological and/or

Abbreviations: TF, translocation factor; BF, bioaccumulation factor; [As]shoot, con-
entration of the element in the shoot dry matter; [As]root, concentration of the
lement in the root dry matter; [As]solution, concentration of the element in the
utrient solution.
∗ Corresponding author. Tel.: +55 81 3320 6236; fax: +55 81 3320 6220.

E-mail address: jetmelo@uol.com.br (E.E.C. Melo).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.02.048
roviding an additional income by oil production.
© 2009 Elsevier B.V. All rights reserved.

human health risk. In addition, it may decrease agricultural produc-
tivity and affect ecosystems sustainability. Owing to their intrinsic
toxicity and high persistence, these elements are an environmental
problem requiring urgent and affordable solutions.

Conventional remediation technologies are sometimes cost pro-
hibitive and frequently harmful to soil properties [9]. On the other
hand, phytoremediation is a promising technology for soil remedia-
tion due to its relatively low cost, which makes it a viable alternative
for countries where funds for environmental restoration are scarce
[10].

The success of the phytoextraction approach depends on both
the biomass production and the ability of plants to accumulate the
pollutant in the shoots in concentrations that are sufficiently high
to reduce the concentration in the media to acceptable levels [11].
Thus, an appropriate selection of plant species possessing such a
phytoextraction potential requires a better understanding of the
behavior of such species when submitted to increasing doses of the
target pollutant. Hydroponic systems are particularly suitable for
assessing plants phytoextraction potential, because they eliminate
the interaction between the target pollutant and the media [12,13].

Castor bean (Ricinus communis cv. Guarany) is a species belong-
ing to the Euphorbiaceae family. It has been shown to possess

potential for phytoremediation of heavy metals [14–16] due to its
fast growth and high biomass. These traits make castor bean widely
adapted to several soil types and climatic conditions. Moreover, this
plant species has been recently appointed as a good alternative for
biodiesel production in Brazil [17]. The phytoextraction potential

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jetmelo@uol.com.br
dx.doi.org/10.1016/j.jhazmat.2009.02.048
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Table 1
Root (RDM) and shoot dry matter (SDM) production of castor bean plants exposed to
increasing concentrations of arsenic in nutrient solution. Standard errors are shown
in parenthesis.

Treatment, As (�g L−1) Dry matter (g)

Shoots Roots

0 20.59a (1.92) 9.44a (1.06)
10 21.51a (2.27) 9.49a (1.37)
50 19.91a (1.34) 9.39a (0.33)

100 19.39a (0.99) 9.29a (1.29)
250 20.06a (0.88) 9.08a (0.93)
500 20.21a (0.67) 9.69a (0.62)

5

5000 �g L caused a 23% decrease in RDM production.
Arsenic concentration in SDM was smaller than in RDM,

[As] shoot < [As] root, and both increased exponentially with
increasing As concentration in the nutrient solution (Fig. 1). The
estimated value of [As]root at the highest As solution concentra-
80 E.E.C. Melo et al. / Journal of Haz

f As by castor bean aiming to its use in soil remediation can be
mproved through a better understanding of the tolerance to the
lement. Such knowledge can lead to strategies to be used on engi-
eering the species for high As accumulation. Otherwise, studies
oncerning the castor plant development under As-stress condi-
ions are relevant to create an additional option for soil revegetation
f As-impacted areas.

This study evaluated the As accumulation and tolerance by cas-
or bean (Ricinus communis cv. Guarany) grown in nutrient solution
s well as its potential for As phytoextraction.

. Materials and methods

The experiment was conducted in greenhouse at the Soil Science
epartment of the Federal University of Lavras (Brazil) from August

o December, 2007. Castor bean seedlings (Ricinus communis cv.
uarany) were produced in a vermiculite substratum, irrigated with
.1 mmol L−1 calcium sulfate (CaSO4·2H2O). Castor bean seeds were
btained from the Plant Science Department at Federal University
f Lavras, Brazil.

Seedlings were transplanted 23 days after sowing into 30-L trays
ontaining a Hoagland and Arnon [18] solution at 20% of its original
onic strength. Plants were kept in this solution for a 10-day adap-
ation period, under constant aeration and pH adjusted close to 5.5
y addition of either 0.1 mol L−1 NaOH or HCl solutions. Seedlings
ere then transferred to 1.75-L pots containing a solution with
0% of the Hoagland and Arnon original ionic strength. Arsenic was
dded to each pot 3 days after transplanting. The nutrient solution
as renewed whenever the electrolytic conductivity dropped from

pproximately 1.2 to 0.4 dS m−1.
Arsenic was supplied as Na2HAsO4·7H2O (analytical-reagent

rade) at 7 concentrations (0, 10, 50, 100, 250, 500, and 5000 �g L−1

f As), in four replicates disposed in a completely randomized
xperimental design, totaling 28 pots. Such doses were used to rep-
esent the range of As concentrations likely to be found in drinking
ater standards up to As-contaminated areas.

After 30 days of exposure to As, castor bean plants were har-
ested and separated into shoots and roots. Both roots and shoots
ere washed and oven-dried at 60 ◦C. Root and shoot weights
ere recorded and then the plant material was digested follow-

ng the USEPA 3051A. The arsenic concentration was determined
y graphite furnace atomic absorption spectroscopy. NIST standard
eference materials (SRM 1573a Tomato Leaves, SRM 1547 Peach
eaves) were used to check the accuracy of As determination, which
as found satisfactory, i.e., less than 10% of variation. The plant
utrient concentrations were determined as follows: P and S by

nductively coupled plasma-optical emission spectroscopy; K by
hotometry; Ca, Mg, Cu, Mn, Fe, and Zn by flame atomic absorption
pectroscopy. Total N was determined using the Kjeldahl method
19]. Arsenic speciation in nutrient solution was assessed using
isual Minteq version 2.53 [20] aiming to verify the main forms of
s at each solution concentration. Results of such a speciation at the
ighest As concentration (5000 �g L−1) revealed that 93.41% of the
s occurred as H2AsO4

−, 6.55% as HAsO4
2−, and 0.04% as H3AsO4.

hus evidencing that 100% of the element remained dissolved in
olution, i.e., promptly available for plant uptake.

The phytoextraction ability of castor bean plants was assessed
sing both the translocation factor (TF) and the bioaccumulation

actor (BF) as follows:

[As]shoot
F =
[As]root

F = [As]shoot

[As]solution
000 13.37b (1.28) 7.27b (0.38)

Means followed by the same letters are not significantly different by Scott–Knott
Test at p < 0.05.

where [As]shoot and [As]root stand for the concentration of the ele-
ment in the shoot and root, respectively (mg kg−1), while [As]solution
is the element concentration in the nutrient solution (mg L−1)
[21–25].

The results were submitted to an ANOVA with data transformed
to a logarithmic scale in order to reduce the inequality of As concen-
tration intervals used in the nutrient solution, thus contributing for
a better graphic representation of the data. Regression equations
were chosen based on R2 obtained with the Sigma Plot software
(version 10.0). Pearson correlation coefficients were also used to
determine significant relationships between the concentration of
As and each nutrient (N, P, K, S, Ca, Mg, Cu, Fe, Mn, and Zn) in roots
and shoots.

3. Results and discussion

Except for the highest As concentration (5000 �g L−1), the addi-
tion of arsenic had little effect on the root (RDM) and shoot dry
matter (SDM) of the castor bean plants (Table 1). Data from SDM
demonstrated a 35% decrease in production for the highest dose
when compared with the control. Even though we could not find
statistical difference for data from RDM, increasing the As dose to

−1
Fig. 1. Arsenic concentration in the shoots – [As]shoot – and in the roots – [As]root

– of castor bean plants exposed to increasing concentrations of arsenic in nutrient
solutions (As concentration in solution presented in log scale for simplicity. Bars
represent the standard error of the mean).
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Table 2
Translocation and bioaccumulation factors for arsenic in castor bean plants exposed
to increasing concentrations of arsenic in nutrient solutions (mean standard errors
in parenthesis).

Treatment, As (�g L−1) Factor

Translocation Bioaccumulation

250 0.001b (0.000) 0.584c (0.098)
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eans followed by the same letters are not significantly different by Scott–Knott
est at p < 0.05.

ion (5000 �g L−1) was 468.40 mg kg−1, whereas that of [As]shoot
as 44.6 mg kg−1. Toxicity symptoms such as dark brown-colored

eaves and necrosis in tips and leaves margins, followed by the death
f the plant [3], were not observed in this study. It is worthy to point
ut that only from As concentration close to 5000 �g L−1 roots start
o transfer substantial amounts of As to shoots (Fig. 1). Taking in
ccount that castor bean plants did not display any toxic symp-
oms, it is likely that its potential to accumulate As in shoots could
e higher than found here.

Anderson and Walsh [26] reported that Thelypteris palustris is
ot a good species for remediating As-contaminated soil and water
ue to the appearance of toxicity symptoms – necrosis in fronds
ontaining 48.3 mg kg−1 – in plants exposed to 500 �g As L−1. Based
n our results, castor bean could grow well in As-contaminated
reas since it accumulates up to 43.5 mg kg−1 in shoots when
xposed to As concentrations 10-fold higher in solution (5000 �g
s L−1) than the used for T. palustris, with no toxicity symptoms.

Rahman et al. [27] studied the phosphate–arsenate interactions
n nutrient solutions and reported a 3.18-fold decrease in As con-
entration in shoots of Spirodela polyrhiza L. exposed to 300 �g
s L−1 when the phosphate concentration in solution was increased

rom 0.02 to 500 �mol L−1. The P concentration in solution for the
resent work was 500 �mol L−1. Therefore the P:As ratio varying
rom 0.75 to 7.5 enhanced the As concentration in shoots from
.94 to 43.5 mg L−1, respectively. These data are not in line with
he results by Tu and Ma [28] who argues that the P:As ratio in
olution (mol L−1) should be 1:2 aiming at effective removal of As
y plants.

Several works have recently reported a high capacity of As accu-
ulation ([As]shoot > 1000 mg kg−1) by a brake fern (Pteris vittata

.) grown either in polluted soils or under greenhouse conditions
here As has been added to the soil [3,22,29–31]. In a recent exper-

ment with sunflower (Helianthus annuus) exposed to 30 mg As L−1

n nutrient solution, January et al. [32] observed As concentrations
n the root, stem, and leaves of 1520, 520, and 1040 mg kg−1, respec-
ively. However, the sunflower biomass was as low as 2.13 g per
ot.

In order to be regarded as As hyperaccumulator, a species must
ose the ability to uptake and transfer effectively the metalloid into
he shoots. Yet, there is no scientific consensus over the [As]shoot
alue that a hyperaccumulator plant should meet, which could be
onsidered either 100 mg kg−1 [33] or 1000 mg kg−1 [2]. Moreover,
ne should evaluate also the TFs and BFs, as proposed by several
orks [21–25]. The TF measures the plant efficiency to transport

n element from roots to shoots, while the BF measures the plant
ffectiveness to accumulate the element comparatively to its con-
entration in the media. If both factors are higher than the unit
1) the species present hyperaccumulation. However, the effective
emoval of metals from soils is a combination of sufficiently high

etal concentration in shoots and high biomass instead of only one

f such factors [10,11].
The translocation and bioaccumulation factors (Table 2)

ncreased as a function of As concentration in the nutrient solu-
ion. The estimated values for the highest As solution concentration Ta
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Table 4
Pearson correlations between As and nutrient concentrations (N, P, K, S, Ca, and Mg
in g kg−1; Cu, Fe, Mn, and Zn in mg kg−1) in root and shoot dry matter of castor bean
plants exposed to increasing concentrations of arsenic in nutrient solutions.

Nutrient Arsenic

Root Shoot

N 0.98*** 0.41NS

P 0.98*** 0.31*

K 0.28NS 0.31NS

S −0.36NS 0.20NS

Ca 0.48** −0.14NS

Mg −0.27NS 0.13NS

Cu 0.75* −0.72*

Fe 0.23NS −0.75*

Mn −0.45** 0.98**

Zn 0.76* 0.47**
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S—non-significant difference.
* Significant at the p < 0.05 level.

** Significant at the p < 0.01 level.
*** Significant at the p < 0.001 level.

5000 �g L−1) were TF = 0.096 and BF = 8.920. Translocation factor
s far below the reference value (1.0) for hyperaccumulation. This

ight explain why we could not see toxicity symptoms in the shoots
f castor bean plants. According to Schmöger et al. [34], the low
apacity of transporting As to the shoots seems to be important
echanisms to minimize As phytotoxicity.
The ability of specific plants to survive in polluted soils has

een related to a variety of mechanisms of metal tolerance or
etoxification, which includes chelation, compartmentalization,
iotransformation and cellular repair [35]. There has been evidence
hat the ease of reducing arsenate to arsenite is a strategy that
yperaccumulator plants use to accumulate large amounts of As
ithout developing toxicity symptoms [36,37]. Although arsenite

s more phytotoxic than arsenate, once reduced arsenite becomes
ess toxic within the plant due to the formation of arsenite–thiol
omplexes (–SH) and As-phytochelatins [38,39].

Arsenic uptake by plants is dependent on environmental factors
uch as soil type, nutrient supply and pH. Thus, a better under-
tanding of the relationships between As uptake and plant nutrition
s essential for developing an efficient strategy for plant growth
n phytoremediation programs [28]. Increasing As concentrations
n the nutrient solution did not affect nutrient accumulation by
he castor bean plant (Table 3), since there were not nutrient defi-
iency symptoms. This implies that nutritional deficiency was not
drawback for As uptake.

The increase of As concentrations in the plant tissue was posi-
ively correlated with N, P, Ca, Cu, and Zn concentration in RDM and
ith P, Mn, and Zn concentration in SDM of the castor bean plant.

nverse correlation was observed for Mn in RDM and with Cu and
e in SDM (Table 4). These results corroborate those reported by
arbonell-Barrachina et al. [40] who found increasing concentra-
ions of N, P, and Ca in bean plants (Phaseolus vulgaris L.) submitted
o increasing doses of As. Carbonell-Barrachina et al. [41] showed
hat As caused a reduction of macronutrients (K, Ca, and Mg) and

icronutrients concentration (B, Cu, Mn, and Zn) in tomato plants
Lycopersicum esculentum Mill). Increasing nutrient concentrations
n As-stressed plants may be related to a “concentration effect”,
ince shoots and roots biomass decreases for high doses of As in
olution.

. Conclusions
Castor bean can be regarded as a species moderately toler-
nt to arsenic. Therefore, this species could be used successfully
or revegetation of As-contaminated areas. The potential use of
astor bean seeds for biodiesel production might be preceded

[

[

s Materials 168 (2009) 479–483

by a much detailed work to be conducted until the stage of
fruit production. However, taking into consideration the very low
root-to-shoot translocation observed in this present study, one
might expect also a small translocation to fruits. Such oil produc-
tion could reduce the costs associated with revegetation which
make the process sustainable on an economic and environmental
perspective.

Acknowledgements

The authors are grateful to CNPq and FAPEMIG for the scholar-
ships provided.

References

[1] B.K. Mandal, K.T. Suzuki, Arsenic around the world: a review, Talanta 58 (2002)
201–235.

[2] M.I.S. Gonzaga, J.A.G. Santos, L.Q. Ma, Arsenic phytoextraction and hyperaccu-
mulation by fern species, Sci. Agricola 63 (2006) 90–101.

[3] C. Tu, L.Q. Ma, Effects of arsenic concentrations and forms on arsenic
uptake by the hyperaccumulator ladder brake, J. Environ. Qual. 31 (2002)
641–647.

[4] ATSDR, CERCLA Priority List of Hazardous Substances, Agency for Toxic Sub-
stances and Disease Control [Online WWW], available URL: http://www.atsdr.
cdc.gov/cercla/07list.html [Accessed December 2008], 2007.

[5] WHO—World Health Organization, United Nations synthesis report on arsenic
in drinking water, Genève [Online WWW], available URL: http://www.who.int/
water sanitation health/dwq/arsenic3/en/ [Accessed December 19, 2007],
2001.

[6] USEPA—United States Environmental Protection Agency, Complying with the
revised drinking water standard for arsenic: small entity compliance guide
United States Environmental Protection Agency, Office of Ground Water and
Drinking Water [Online WWW], available URL: http://www.epa.gov/safewater/
arsenic/pdfs/ars final app f.pdf [Accessed December 19], 2007.

[7] J. Matschullat, R.P. Borba, E. Deschamps, B.R. Figueiredo, T. Gabrio, M. Schwenk,
Human and environmental contamination in the Iron Quadrangle, Brazil, Appl.
Geochem. 15 (2000) 193–202.

[8] A.H. Smith, E.O. Lingas, M. Rahman, Contamination of drinking water by arsenic
in Bangladesh: a public health emergency, Bull. World Health Organ. 9 (2000)
1093–1103.

[9] I. Raskin, R.D. Smith, D.E. Salt, Phytoremediation of metals: using plants to
remove pollutants from the environment, Curr. Opin. Biol. 8 (1997) 221–226.

10] C.W.A. Nascimento, B. Xing, Phytoextraction: a review on enhanced metal avail-
ability and plant accumulation, Sci. Agricola 63 (2006) 299–311.

11] E.E.C. Melo, C.W.A. Nascimento, A.C.Q. Santos, Solubilidade, fracionamento e
fitoextração de metais pesados após aplicação de agentes quelantes, Rev. Bras.
Ciênc. Solo. 30 (2006) 1051–1060.

12] J.W. Huang, C.Y. Poynton, L.V. Kochian, M.P. Elless, Phytofiltration of arsenic from
drinking water using arsenic-hyperaccumulating ferns, Environ. Sci. Technol. 38
(2004) 3412–3417.

13] P.R. Baldwin, D.J. Butcher, Phytoremediation of arsenic by two hyperaccumula-
tors in a hidroponic environment, Microcirc. J. 85 (2007) 297–300.

14] C. Giordani, S. Cecchi, C. Zanchi, Phytoremediation of soil polluted by nickel
using agricultural crops, Environ. Manage. 36 (2005) 675–681.

15] A.K. Gupta, S. Sinha, Phytoextraction capacity of the plants growing on tannery
sludge dumping sites, Bioresour. Technol. 98 (2007) 1788–1794.

16] R. Mahmud, N. Inoue, S. Kasajima, R. Shaheen, Assessment of potential indige-
nous plant species for the phytoremediation of arsenic-contaminated areas of
Bangladesh, Int. J. Phytoremed. 10 (2008) 119–132.

17] L.B. Oliveira, M.S.M. Araujo, L.P. Rosa, M. Barata, E.L. La Rovere, Analysis of the
sustainability of using wastes in the Brazilian power industry, Renew Sustain.
Energy Rev. 12 (2008) 883–890.

18] D.R. Hoagland, D.I. Arnon, The water-culture method for growing plants without
soil, Berkeley, California Agricultural Experiment Station, Circular 347, 1950.

19] Empresa Brasileira de Pesquisa Agropecuária—EMBRAPA, Manual de análises
químicas de solos, plantas e fertilizantes. Brasília: Embrapa Comunicação para
Transferência de Tecnologia, 1999, 370 pp.

20] J.P. Gustaffson, Visual Minteq, ver.2.53, Kungliga Tekniska högskolgn [Royal
Institute of Technology], Department of Land and Water Resources Engi-
neering, Stockholm [Online WWW], available URL: http://www.lwr.kth.se/
English/OurSoftware/vminteq/ [Accessed December 19], 2007.

21] C.Y. Wei, T.B. Chen, Arsenic accumulation by two brake ferns growing on an
arsenic mine and their potential in phytoremediation, Chemosphere 63 (2006)
1048–1053.

22] M. Srivastava, L.Q. Ma, J.A.G. Santos, Three new arsenic hyperaccumulating

ferns, Sci. Total Environ. 364 (2000) 24–31.

23] C.Y. Wei, X. Sun, C. Wang, W.Y. Wang, Factors influencing arsenic accumulation
by Pteris vittata: a comparative field study at two sites, Environ. Pollut. 141
(2006) 488–493.

24] P. Jankong, P. Visoottiviseth, S. Khokiattiwong, Enhanced phytoremediation of
arsenic contaminated land, Chemosphere 68 (2007) 1906–1912.

http://www.atsdr.cdc.gov/cercla/07list.html
http://www.who.int/water_sanitation_health/dwq/arsenic3/en/
http://www.epa.gov/safewater/arsenic/pdfs/ars_final_app_f.pdf
http://www.lwr.kth.se/English/OurSoftware/vminteq/


ardou

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[40] A.A. Carbonell-Barrachina, F. Burló-Carbonell, J. Mataix-Beneyto, Effect of
E.E.C. Melo et al. / Journal of Haz

25] H.B. Wang, M.H. Wong, C.Y. Lan, A.J.M. Baker, Y.R. Qin, W.S. Shu, G.Z. Chen, Z.H.
Ye, Uptake and accumulation of arsenic by 11 Pteris taxa from southern China,
Environ. Pollut. 145 (2007) 225–233.

26] L. Anderson, M.M. Walsh, Arsenic uptake by common marsh fern Thelypteris
palustris and its potential for phytoremediation, Sci. Total Environ. 379 (2007)
263–265.

27] M.A. Rahman, H. Hasegawa, K. Ueda, T. Maki, C. Okumura, M.M. Rahman, Arsenic
accumulation in duckweed (Spirodela polyrhiza L.): a good option for phytore-
mediation, Chemosphere 69 (2007) 493–499.

28] S. Tu, L.Q. Ma, Interactive effects of pH, arsenic and phosphorus on uptake of
As and P and growth of the arsenic hyperaccumulator Pteris vittata L. under
hydroponic conditions, Environ. Exp. Bot. 50 (2003) 243–251.

29] T.B. Chen, C.Y. Wei, Z.C. Huang, Q.F. Huang, Q.G. Lu, Arsenic hyperaccumulator
Pteris vittata L. and its arsenic accumulation, Chin. Sci. Bull. 47 (2002) 902–905.

30] C. Tu, L.Q. Ma, B. Bondada, Arsenic accumulation in the hyperaccumulator Chi-
nese Brake (Pteris vittata L.) and its utilization potential for phytoremediation,
J. Environ. Qual. 31 (2002) 1671–1675.
31] C. Tu, L.Q. Ma, Effects of As hyperaccumulation on nutrient content and distri-
bution in fronds of the hyperaccumulator Chinese brake, Environ. Pollut. 135
(2005) 333–340.

32] M.C. January, T.J. Cutright, H.V. Keulen, R. Wei, Hydroponic phytoremediation of
Cd, Cr, Ni, As, and Fe: can Helianthus annuus hyperaccumulate multiple heavy
metals? Chemosphere 70 (2008) 531–537.

[

s Materials 168 (2009) 479–483 483

33] C. Turgut, M.K. Pepe, T.J. Cutright, The effect of EDTA on Helianthus annuus
uptake, selectivity, and translocation of heavy metals when grown in Ohio,
Chemosphere 58 (2005) 1087–1095.

34] M.E.V. Schmöger, M. Oven, E. Grill, Detoxification of arsenic by phytochelatins
in plants, Plant Physiol. 122 (2000) 793–802.

35] D.E. Salt, R.D. Smith, I. Raskin, Phytoremediation, Annu. Rev. Plant Physiol. Plant
Mol. Biol. 49 (1998) 643–668.

36] W. Zhang, Y. Cai, C. Tu, L.Q. Ma, Arsenic speciation and distribution in an arsenic
hyperaccumulating plant, Sci. Total Environ. 300 (2002) 167–177.

37] C. Tu, L.Q. Ma, W. Zhang, Y. Cai, W. Harris, Arsenic species and leachability in the
fronds of the hyperaccumulator Chinese Brake (Pteris vittata L.), Environ. Pollut.
124 (2003) 223–230.

38] I.J. Pickering, R.C. Prince, M.J. George, R.D. Smith, G.N. George, D.E. Salt, Reduc-
tion and coordination of arsenic in Indian mustard, Plant Physiol. 122 (2000)
1171–1177.

39] A.A. Mecharg, Arsenic and old plants, New Phytol. 156 (2002) 1–8.
sodium arsenite and sodium chloride on bean plant nutrition (macronutrients),
J. Plant Nutr. 20 (1997) 1617–1633.

41] A.A. Carbonell, M.A. Aarabi, R.D. Delaune, R.P. Gambrell, W.H. Patrick Jr., Arsenic
in wetland vegetation: availability, phytotoxicity, uptake and effects on plant
growth and nutrition, Sci. Total Environ. 217 (1998) 189–199.


	Accumulation of arsenic and nutrients by castor bean plants grown on an As-enriched nutrient solution
	Introduction
	Materials and methods
	Results and discussion
	Conclusions
	Acknowledgements
	References


