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bstract

This study compares the effect of synthetic aminopolycarboxylic acids ethylenediamine tetraacetate (EDTA) and diethylenetriamine pentaacetate
DTPA) with natural low-molecular-weight organic acids (LMWOAs) oxalic acid and citric acid as chelators for enhancing phytoextraction of
r and Ni by Brassica juncea on serpentine-mine tailings. Chelator treatments were applied at doses of 0.05 and 0.10 mmol kg−1 dry soils after

eedlings were grown in pots for 56 days. Experimental results indicate that EDTA and DTPA were the most efficient chelators of increasing
he levels of Cr and Ni in the soil solutions over time. Additionally, the reduction of plant shoot biomass caused by the two synthetic chelators
xceeds that caused by the LMWOAs. The total uptake (mass removal from soil) of metals by plants was enhanced via the chelators. Experimental

esults supported the use of B. juncea for Cr and Ni phytoremediation: B. juncea improved the removal of Cr and Ni from serpentine-mine tailings.
owever, low plant biomass did not assist phytoextraction by using EDTA and DTPA, both of which carry environmental risk. Therefore, adding
MWOAs during phytoremediation can provide an environmentally compatible alternative, which may decrease the use of synthetic chelators.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Phytoremediation of heavy metals typically persisting in
he environment is a low-cost and environmentally compatible
lternative to chemical techniques and, therefore, has attracted
ncreased interest since last decade [1–3]. Furthermore, phy-
oremediation has significant benefits in that it causes minimal
nvironmental disturbance, and does not adversely affect soil
atrices. Thus, after successful phytoremediation, soil can be

sed directly in agriculture. However, phytoremediation gen-
rally removes only a very small percentage of heavy metals
rom contaminated soil, and can only be applied in situation
ith low-level contamination. For extremely contaminated sites,
ther approaches must be applied [3]. All plants can extract met-
ls from soil; however, some plants have demonstrated ability

o extract, accumulate and tolerate high levels of heavy met-
ls that are toxic to other organisms. These plants are so-called
yperaccumulators that, as vegetation, control soil erosion at
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ontaminated sites [4–6]. Successful phytoremediation requires
lants with high metal uptake capacity and high biomass produc-
ion. Since most known hyperaccumulators have a low annual
iomass production, considerable research is currently investi-
ating methods that enhance the availability of heavy metals in
oils and increase phytoextraction efficiency of potential accu-
ulators [2]. Another shortcoming of hyperaccumulators during

hytoextraction is not able to accumulate some metals in multi-
etal contaminated soils [7,8].
To overcome these limitations, using plant with high biomass

ields, such as Indian mustard (Brassica juncea), with a chemi-
ally enhanced method of phytoextraction has been proposed as
viable strategy for removing heavy metals from soils over a rea-
onable time frame [1,7,9,10]. To reach such a goal of enhanced
hytoextraction, amendments must increase root uptake of met-
ls via metal solubilization and substantially increase the speed
f transfer of metals to shoots. Chelating agents, such as
MWOAs and synthetic chelators, are the most common amend-

ents utilized in chemically assisted phytoextraction of metals

rom soils [8,11–14]. Chelating agents have been used in agricul-
ure as additives in micronutrient fertilizers since the 1950s [15].
uch substances are capable of forming complexes with metal

mailto:zyhseu@mail.npust.edu.tw
dx.doi.org/10.1016/j.jhazmat.2007.02.049
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ons, thereby increasing the bioavailability of heavy metals in
oils.

Ethylenediamine tetraacetate (EDTA) is probably the chelat-
ng agent that is most efficient at increasing the solubility of
eavy metals in soil solutions from the soil solid phase, thus
ncreasing the concentration of heavy metals in plant shoot
issues [1,9,16,17]. However, most synthetic chelators form
hemically and microbiologically stable complexes with heavy
etals that can contaminate groundwater [18,19]. Synthetic

helators such as EDTA and diethylenetriamine pentaacetate
DTPA), typically form metal complexes with high stability con-
tants that are degraded slowly and have been demonstrated as
elatively biologically stable, even under conditions favorable
o biodegradation [20,21]. In metal contaminated soils treated
ith EDTA, metal–EDTA complexes leached into soil pore
ater and persisted for several weeks [7]. As an alternative to

hese synthetic chelators, widespread natural sources, such as
MWOAs, can be utilized. These LMWOAs are easily biode-
raded and more environmentally compatible than synthetic
helators application to the public acceptance of phytoextrac-
ion technology [12,14,22–24]. Exudation of LMWOAs by plant
oots can affect the solubility of essential and toxic ions directly
nd indirectly: directly, through acidification, chelation, precipi-
ation and oxidation–reduction reactions in the rhizosphere, and
ndirectly through the effects of LMWOAs on microbial activ-
ty, rhizosphere physical properties and root growth dynamics
11,25–27].

Serpentine terrain occupies <1% of the earth’s land sur-
ace; however, it is locally abundant in ophiolite belts along
ectonic plate margins. Moreover, ophiolites are sections of
ceanic crust and the subjacent upper mantle that have been
plifted or emplaced and exposed within continental crustal
ocks [28]. The ore deposits in serpentine terrain are scarce
orldwide. Mining activities frequently generate high amounts
f waste. Among these wastes, tailings have the strongest
nvironmental effects due to high concentrations of heavy met-
ls in tailings and increased wind and water erosion. Erosion
rocesses in tailings pose risks by decreasing structural sta-
ility of soils and releasing heavy metals via tailing drainage.
hese pollutant effects can attain local and, in some cases,

egional scales and impact urban activities and agricultural pro-
uction. Consequently, a risk of metal uptake by humans is
ssociated with the tailing disposal [29,30]. Previous studies
enerated little information regarding amendment effects on
nhanced metal phytoextraction by hyperaccumulators at mine-
ailing sites, particularly, few studies have explored the unique
ontributions and significance of LMWOAs and synthetic chela-
ors on Cr and Ni uptake by B. juncea in serpentine-mine
ailings. Kidd and Monterroso [31] examined the phytoex-
raction efficiency of a species of Brassicaceae (Alyssum
erpyllifolium) for two acid mine-spoil sites in Spain. They
dentified that increased uptake of Cr and Ni can be attained
y increasing plant biomass via fertilized with lime, nitro-

en, phosphorus and potassium. Robinson et al. [32] indicated
hat uptake of Co and Ni by Berkheya coddii (Brassicaceae)
as enhanced by sulfur fertilizer in a serpentine-spoil in New
ealand.
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Studies investigating phytoextraction by B. juncea largely
ocused on issues associated with uptake of toxic metals
nhanced by different chelators in contaminated sites where
eavy metals were introduced into soils from wastewater
ischarge, hazardous waste dumping and sewage sludge appli-
ation. These principal metals of concern at such sites for
helator-enhanced phytoextraction by B. juncea are Cd, Cu, Ni,
b and Zn [2,3,13]. Phytoextraction must remove toxic metals
rom serpentine-mine tailings, and provide vegetation to control
oil erosion [29,30]. Conversely, phytoextraction efficiency is
elated to both plant metal concentration and dry matter yield,
hus the ideal plant species to remediate a contaminated site
hould be a high-yield crop that tolerates and accumulates target
ontaminants [2]. Phytomining, a common use for such plants,
s fundamentally similar to phytoremediation; however, the aim
f phytomining operation is to mine metals from low-grade ore
odies [4,32]. To date most phytoremediation work has focused
n the accumulation of moderate-to-high levels of Cd, Cu, Pb
nd Zn by B. juncea grown on spiked or contaminated soils
1,6,14,16]; however, few studies have investigated removal of
r and Ni for serpentine-mine tailings [32,33]. The present

tudy has the following three objectives: (i) investigate biomass
roduction of B. juncea in serpentine-mine tailings under pot
xperiments; (ii) explore the effects of natural and synthetic
helators on Cr and Ni mobilization in tailings and uptake of
etals by B. juncea; and (iii) compare the efficiencies of dif-

erent chelators in technology-enhanced phytoextraction by B.
uncea.

. Materials and methods

.1. Serpentine-mine tailing characterization

Serpentine minerals are locally found in the eastern section of
he Central Ridge and Costal Range in eastern Taiwan, adjacent
o the convergent boundary of the Eurasia Plate and Philippine
ea Plate [34]. Serpentine minerals are formed by exotic blocks
f ophiolite from the Philippine Sea Plate. Study tailings were
btained from a spoiled site with histories of serpentine-mining
ctivities in eastern Taiwan for 20 years (1960–1980). The mine
as exploited for serpentine and talc. The mine tailings were

pread over approximately 0.4 ha of land at the mine surface
hat was devoid of plant growth. Five duplicated soil samples
0–5 cm) were obtained from the 0.4 ha land area and mixed
ell into a composite sample. The soil sample was air-dried,
round, and passed through a 2-mm sieve for pot experiments
n a greenhouse and for physiochemical analysis in a laboratory.

The soil pH was measured in a mixture of soil and deion-
zed water (1:1, w/v) with a glass electrode [35]. Total organic
arbon (OC) content was determined using the Walkley-Black
et oxidation approach [36]. Total N was determined using

he Kjeldhal method [37]. Total P was measured using the
odium carbonate fusion method [38]. Cation exchange capac-

ty (CEC) and amounts of exchangeable Ca and Mg were
etermined using the ammonium acetate method OR (pH 7.0)
39]. The total amount of heavy metals was digested by a
ixture of HF–HNO3–HClO4–H2SO4 [40]. Metal contents in
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Table 1
Characteristics of the serpentine-mine tailing

pH Texture (%) OCa (%) Total (%) CECb (cmol kg−1) Total (mg kg−1)

Sand Silt Clay Nitrogen Phosphorus Cd Cr Cu Ni Pb Zn Ca/Mg

6 9.3
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a Organic carbon.
b Cation exchange capacity.

ll solutions were determined with a flame atomic absorption
pectrophotometer (FAAS) (Hitachi Z-8100, Japan). Finally,
oil particle-size distribution was determined using the pipette
ethod [41]. Table 1 shows the selected soil properties.

.2. Pot experiments

Air-dried soil (2 kg) was weighed and transferred into a plas-
ic pot 10 cm in diameter. Seeds of Indian mustard (B. juncea
.) were incubated at 25 ◦C on filter papers in Petri dishes
ontaining 10 ml distilled water for 5 days. The seeds (acces-
ion no. PI426308; origin, Pakistan; plant name, K-100) were
btained from the USDA-ARS Plant Introduction Center at
owa State University. Five germinated seeds were planted at
depth of 0.5 cm in the soil in each pot, which was fertilized
ith 50 mg N kg−1 (ammonium sulfate), 100 mg P kg−1 (cal-

ium phosphate), and 40 mg K kg−1 (potassium chloride), in a
reenhouse. Greenhouse relative humidity was 70–90%, air tem-
erature was 23–27 ◦C, and day length was approximate 12 h.
fter 1 week, the seedlings were thinned to 1 per pot. The soil
oisture content was adjusted daily to 75% of its water holding

apacity by weighing the pots and adding deionized water to
ompensate for weight loss [42]. The pot bottoms were sealed
o eliminate leaching of mobilized heavy metals. One week after
he seedlings were thinned, different chelators were applied to
he soil. Treatments included one control (soil with no chelator)
nd four chelators – oxalic acid (O), citric acid (C), EDTA (E),
nd DTPA (D) – applied to soil surface as solutions at doses
f 0.05 and 0.10 mmol kg−1 dry soil for each chelator. These
esigned chelator levels exceeded the total moles of metals in
he pore water of the native soil, and, thus, met the threshold
roposed by Nowack et al. [22] for chelator-enhanced phytoex-
raction. Treatments were performed in triplicate in a random
lock design; thus, 27 pots were used.

The plant shoots, cut at the soil surface, were harvested
t 56 days following chelator application. The soil was then
roken up and roots were harvested by hand. The roots were
ashed in tap water until free of soil particles. The shoots and

oots were further washed with deionized water, oven-dried at
0 ◦C for 24 h, weighed, and then ground and passed through
1.0 mm sieve. Aliquots of plant powder (0.5 g dried weight)
ere digested overnight in 14 M HNO3 (5 ml) and 30% H2O2

v/v; 10 ml) and heated at 120 ◦C for 2 h [43]. The digested
olutions were filtered using Whatman No. 42 filter paper and

iluted to 50 ml with deionized water. The concentrations of Cr
nd Ni in the digested solution were determined by FAAS. To
valuate the ability of chelators to promote the transfer of Cr
nd Ni from roots to shoots, the metal transfer factor (TF) was

r
f
v
(

0.02 3100 63.0 3400 9.12 124 0.2

etermined from compartment concentrations of Cr and Ni as
F = Cshoot/Croot. The bioaccumulation factor (BF) for evalu-
ting plant hyperaccumulation ability was also determined by
he ratio of metal concentrations in plant shoot to that in soil
olutions at day 56.

.3. Soil solution collection and analysis

To examine the impacts of chelators on the solubilization
f Cr and Ni in the serpentine-spoiled soil, one soil moisture
ampler (2-mm in diameter) with no ion exchange capacity
RSMS: Rhizosphere Research Product, Eijkelkamp, Giesbeek,
he Netherlands) was inserted vertically into the center of each
ot. Soil solution samples were collected by suction using a
yringe at regular intervals in the soil with chelators on days 7,
4, 28, 42 and 56. All soluble Cr and Ni in these solutions were
irectly analyzed by FAAS.

.4. Quality assurance, quality control and statistical
nalysis

A standard reference material, SRM 1573a (tomato leaves)
btained from the National Institute of Standards and Tech-
ology (NIST), USA, was digested in triplicate and analyzed
sing the plant digestion method described for quality assur-
nce and control purposes. Recovery of Cr and Ni was 80 and
11%, respectively. A blank was run for each digestion proce-
ure to correct the measurements. For sets of every 10 samples, a
rocedure blank and spiked sample, involving all reagents, was
erformed to check for interference and cross-contamination.

Significant differences between concentrations of heavy met-
ls in soil solutions and plants, and plant yields following
ifferent treatments were analyzed using Tukey’s multiple range
ests [44]. Statistical significance was p < 0.05.

. Results and discussion

.1. Effect of chelators on pH change in the tailings

The amount of Ca obtained from soils was significantly
igher than for Mg regarding higher plant growth [15]. However,
he soils derived from serpentine, displayed strong chemical
ertility limitations due to a very low Ca/Mg ratio and lim-
ted available phosphorus [45–47]. Therefore, the application

ate for calcium phosphate amended in the study soil was 2-
old the general recommended rate for agricultural soils used in
egetable growth in Taiwan. The study soil was weakly acidic
Table 1). The high clay content and CEC value generated a
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trong adsorption capacity of nutrients and heavy meals on the
oil surface; however, the organic carbon content and level of N
ere very low, as were P and the Ca/Mg ratio. The fertilization

nd potential acidification was offset by adding chelators to the
oil.

The solubility of heavy metal increases as acidity increases
hen organic acids are added to the soil [25]; however, lower-

ng the pH for solubilization of heavy metals is unfavorable for
etal–chelator stability [21]. Meers et al. [48] defined the ligand

ffect as the mmol concentration of heavy metals mobilized in
he soil solution per mmol chelator added to the soil. The benefit
f fertilization is increased plant biomass, and promotion of the
igand effect by buffering soil pH. At the initial period of plant
rowth, the pH values for all treated soils were higher than the
ative soil pH (Table 2). This increased pH likely resulted from
ertilizer application. Moreover, application of chelators caused
ecreased the pH at day 56. The pH fluctuations in most cases
ver time were significant (p < 0.05), particularly for the EDTA
nd DTPA treatments, whereas the pH value for EDTA- and
TPA-treated soils were lower than those for oxalic and citric

cid treatments.

.2. Effect of chelators on the mobility of chromium and
ickel in the tailings

The total contents of Cr and Ni in the tailings were con-
iderably higher than the control values for soils according
o Taiwan’s Soil and Groundwater Pollution Remediation Act
250 mg Cr kg−1 and 200 mg Ni kg−1). The total level of Cr was
imilar to that of Ni in the study tailing soil (Table 1); how-
ver, the bioavailability and processes of solubilization differed
arkedly between Cr and Ni [47]. Table 3 presents the mobi-

ization of Cr assessed by its level in soil solution during the
ot experiments. Over time, Cr concentrations following all
reatments increased irregularly after 56 days. However, Cr was
radually released from the solid phase and was detectable in
he control soil solution and soil treated with oxalic and citric
cid on day 28. The synthetic chelators EDTA and DTPA were
he most efficient amendments for increasing concentrations of
r in soil solutions. The concentrations of Cr in soil solutions
ith treated with synthetic chelators were always significantly
igher those with treated with natural LMWOAs. In soils treated
ith oxalic and citric acid, the pattern of Cr concentrations was

haracterized by an initial build-up phase for the first 42 days,
ollowed by a final reduction phase at day 56, likely because the
atural organic acids were easily biodegraded, thereby reducing
he complex capacity of the metal. Additionally, differences in
r concentrations between oxalic acid and citric acid treatments
ere negligible at day 56.
In serpentine soils, Ni is not strongly held by clay and

e-oxyhydroxide surfaces relative to other transition elements;
onsequently, Ni was more mobile than Cr in the serpentinitic
andscape surrounding the study area [47]. Thus, Ni in the soil

olutions for all treatments during the experimental period was
lways at detectable levels (Table 4). The concentrations of Ni
n most cases were much higher than those of Cr, particularly in
oils to which synthetic chelators EDTA and DTPA were added. Ta
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Table 3
Chromium concentration (mg l−1) in the soil solution of the serpentine-mine tailing treated with chelators during 56-day plant growth

Day Control Oxalic acid (mmol kg−1) Citric acid (mmol kg−1) EDTA (mmol kg−1) DTPA (mmol kg−1)

0.05 0.10 0.05 0.10 0.05 0.10 0.05 0.10

7 NDa ND ND ND ND 0.15 ± 0.08 C bb 0.21 ± 0.07 C a 0.11 ± 0.08 C b 0.19 ± 0.05 C ab
14 ND ND ND ND ND 0.29 ± 0.09 C b 0.48 ± 0.08 C a 0.18 ± 0.09 C c 0.25 ± 0.07 C b
28 0.21 ± 0.03 B c 0.28 ± 0.08 B c 0.28 ± 0.07 C c 0.32 ± 0.07 A c 0.45 ± 0.07 A bc 0.66 ± 0.08 B ab 0.75 ± 0.15 B a 0.52 ± 0.12 B b 0.52 ± 0.13 B b
42 0.18 ± 0.04 B f 0.51 ± 0.14 A d 0.56 ± 0.08 A cd 0.21 ± 0.04 B f 0.33 ± 0.03 B e 1.21 ± 0.10 A b 1.42 ± 0.42 B a 0.71 ± 0.07 B c 0.73 ± 0.09 B c
56 0.36 ± 0.07 A c 0.26 ± 0.09 B c 0.40 ± 0.09 B c 0.18 ± 0.05 B cd 0.49 ± 0.04 A c 1.48 ± 0.21 A b 3.05 ± 0.21 A a 1.67 ± 0.16 A b 1.46 ± 0.18 A b

a ND: not detectable (<0.08 mg l−1).
b Values followed by different uppercase letters (A–C) within the same column and by different lowercase letters (a–f) within the same raw are different significantly at 5% level according to the Tukey’s multiple

range test.

Table 4
Nickel concentration (mg l−1) in the soil solution of the serpentine-mine tailing treated with chelators during 56-day plant growth

Day Control Oxalic acid (mmol kg−1) Citric acid (mmol kg−1) EDTA (mmol kg−1) DTPA (mmol kg−1)

0.05 0.10 0.05 0.10 0.05 0.10 0.05 0.10

7 0.04 ± 0.01 A fa 0.07 ± 0.02 A f 0.09 ± 0.01 B ef 0.14 ± 0.02 A e 0.24 ± 0.04 A d 8.15 ± 0.24 B b 11.9 ± 1.01 A a 2.45 ± 0.63 C c 9.50 ± 0.97 C b
14 0.03 ± 0.01 AB c 0.05 ± 0.01 AB c 0.03 ± 0.01 C c 0.08 ± 0.01 C b 0.08 ± 0.01 CD b 10.6 ± 1.07 A a 12.1 ± 1.11 A a 11.7 ± 1.54 A a 12.5 ± 1.03 B a
28 0.05 ± 0.02 A e 0.06 ± 0.02 A e 0.13 ± 0.02 A d 0.14 ± 0.03 A d 0.15 ± 0.03 B d 10.9 ± 0.81 A c 12.6 ± 0.89 A b 10.8 ± 1.04 A c 17.8 ± 2.26 A a
24 0.02 ± 0.01 B d 0.04 ± 0.01 B d 0.04 ± 0.01 C d 0.08 ± 0.01 C c 0.09 ± 0.01 C c 8.52 ± 0.28 B a 7.65 ± 1.21 B a 5.65 ± 0.97 B b 5.30 ± 1.07 D b
56 0.03 ± 0.01 AB d 0.06 ± 0.02 A cd 0.08 ± 0.03 B c 0.10 ± 0.01 B c 0.12 ± 0.04 C c 11.4 ± 0.67 A a 10.4 ± 0.99 A a 4.50 ± 1.00 B b 5.15 ± 0.88 D b

a Values followed by different uppercase letters (A–D) within the same column and by different lowercase letters (a–f) within the same raw are different significantly at 5% level according to the Tukey’s multiple
range test.
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Fig. 1. Dry matter yield (g plant−1) in the root (a) and shoot (b) of B. juncea
grown on the tailings treated with different chelators. Different letters follow-
ing the vertical bars are different significantly between treatments at 5% level
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urthermore, the Ni concentrations in the soil solutions treated
ith EDTA and DTPA were markedly higher than those in the

ontrol soil and those treated with oxalic and citric acid. Similar
o Cr, the mobilization of Ni in soils treated with oxalic and citric
cid was largely dose independent.

The increase in the application rate for EDTA and DTPA
enerally increased the concentrations of Cr and Ni in most
oil solutions, implying that no saturation of metals complex-
tion was noted within the range of EDTA and DTPA applied.
ncreases in the doses of EDTA and DTPA applied increased
he mobilization of heavy metals; however, environmental risk
ssociated with synthetic chelators is consequently increased
egardless of the EDTA and DTPA application rate under such
aturation [1,16]. The relationships between metal mobilization
nd application rate for oxalic and citric acid are similar to those
or EDTA and DTPA, but not significant in all cases for oxalic
nd citric acid. This experimental finding suggests that the sta-
ility of metal–chelator complexes was impacted by competitor
ons, particularly by abundant base cations in serpentine soils,
uch those in the serpentine-mine tailings in this study. Chela-
ors form weak complexes with base cations Ca and Mg than
ith Cr and Ni; however, the reduced stability is compensated
y the relatively higher concentrations of base cations in the
ailings. This competition effect was high for oxalic and citric
cid, resulting in increased mobilization of Cr and Ni by the two
MWOAs in this study. More resistance in biodegradation was
enerally identified in the chelators complexed with metals than
hose without metals; however, contradictory results have been
btained concerning the biodegradation of EDTA and DTPA in
oils and sediments [19,24]. Some studies identified no biologi-
al breakdown, whereas other studies observed a slow microbial
ecomposition under aerobic conditions. No mineralization was
dentified under anaerobic conditions for aminopolycarboxylic
cids [21]. Hence, the question regarding the importance of
iodegradation for these chelators remains unanswered.

.3. Dry matter production of plant

At harvest, the plants were in the nutrient growth stage with-
ut flowering. Consequently, no seeds were generated. Mean
lant height for all treatments was 18–63 cm, and only DTPA
reatment significantly reduced plant height. Additionally, the

ean number of leaves per plant in the DTPA treatment was

ignificantly lower than those for other treatments (Table 5). Wu
t al. [13] demonstrated that the leaves of B. juncea developed
umerous brown dots at 2–4 days after adding 3.0 mmol kg−1

DTA to the soil; the whole leaves yellowed and died slowly,

able 5
hoot height and leaf number per plant of Indian mustard grown on the serpentine-m

Control Oxalic acid Citric ac

0.05 0.10 0.05

hoot height (cm) 60 ± 10 aa 42 ± 10 a 45 ± 8 a 55 ± 11
umber of leaves 24 ± 4 a 18 ± 5 a 15 ± 5 a 22 ± 3

a Values followed by different letters (a and b) within the same raw are different sig

s
d
r

ccording to the Tukey’s multiple range test. O, oxalic acid; C, citric acid; E,
DTA; D, DTPA. Numbers in parenthesis of treatment are the doses of the
helating agent (mmol kg−1).

ndicating phytotoxicity of the EDTA–metal complex. In this
tudy, some chlorosis of leaves was found for the EDTA and
TPA treatments under experimental conditions at day 56, par-

icularly in old leaves. Compared to the control treatment, dry
eights of plant roots were significantly (p < 0.05) reduced for

ll chelator treatments, with the exception of 0.05 mmol kg−1

itric acid (Fig. 1a). The dry matter yields for roots decreased
s the application rate of oxalic and citric acids increased; how-
ver, these yields were only significantly different for 0.05 and
.10 mmol kg−1 citric acid treatments. The yields were not dose-
ependent for the EDTA and DTPA treatments. For each chelator
reatment, the dry matter yields of shoots were much higher
ine tailing treated with different chelators

id EDTA DTPA

0.10 0.05 0.10 0.05 0.10

a 63 ± 6 a 40 ± 10 a 46 ± 6 a 20 ± 4 b 18 ± 5 b
a 20 ± 5 a 14 ± 4 ab 13 ± 5 ab 5 ± 2 b 6 ± 4 b

nificantly at 5% level according to the Tukey’s multiple range test.

hoots, the addition of any chelator significantly reduced the
ry matter production of shoots, except for the addition of cit-
ic acid (Fig. 1b). However, the largest reduction in dry matter



3 zardous Materials 148 (2007) 366–376

w
i
U
l
w
t

3

c
t
w
u
a
B
m
w
o
a
(
w
a
C
p
c
s

F
j
l
i

Table 6
The metal transfer factor (TF) and bioaccumulation factor (BF) of Indian mustard
grown on the serpentine-mine tailing treated with different chelators

Treatment Cr Ni

Transfer factora

Control 0.80 ± 0.17 Ab 0.50 ± 0.17 C
0.05 mmol kg−1 oxalic acid 0.22 ± 0.10 C 1.15 ± 0.28 A
0.10 mmol kg−1 oxalic acid 0.40 ± 0.12 B 0.89 ± 0.16 A
0.05 mmol kg−1 citric acid 0.95 ± 0.35 A 1.43 ± 0.34 A
0.10 mmol kg−1 citric acid 0.57 ± 0.21 B 1.23 ± 0.23 A
0.05 mmol kg−1 EDTA 0.48 ± 0.27 B 0.93 ± 0.14 A
0.10 mmol kg−1 EDTA 0.41 ± 0.12 B 0.87 ± 0.14 A
0.05 mmol kg−1 DTPA 0.54 ± 0.11 B 0.70 ± 0.11 B
0.10 mmol kg−1 DTPA 0.48 ± 0.14 B 0.58 ± 0.10 BC

Bioaccumulation factora

Control 120 ± 27 B 27 ± 10 B
0.05 mmol kg−1 oxalic acid 92 ± 32 B 58 ± 12 B
0.10 mmol kg−1 oxalic acid 114 ± 20 B 38 ± 21 B
0.05 mmol kg−1 citric acid 250 ± 56 A 312 ± 84 A
0.10 mmol kg−1 citric acid 130 ± 25 B 267 ± 70 A
0.05 mmol kg−1 EDTA 48 ± 12 C 14 ± 10 BC
0.10 mmol kg−1 EDTA 32 ± 16 C 8 ± 6.2 C
0.05 mmol kg−1 DTPA 44 ± 21 C 11 ± 5.2 BC
0.10 mmol kg−1 DTPA 37 ± 10 C 6 ± 3.7 C

a TF is defined as the ratio of metal concentration in plant shoot to that in
plant root, and BF as the ratio of metal concentration in plant shoot to that in
72 K.-H. Hsiao et al. / Journal of Ha

as for the addition of DTPA, suggesting that the phytotoxic-
ty of DTPA is higher than that of EDTA and LMWOAs [21].
nder a dose of 0.10 mmol kg−1 DTPA, shoot dry weight was

ower than that for 0.05 mmol kg−1. However, the shoot yields
ere not dose-dependent for oxalic and citric acids and EDTA

reatments.

.4. Plant uptake of chromium and nickel

The Cr concentrations in the roots of B. juncea under all
helator treatments were significantly (p < 0.05) higher than
hose for the control soil (Fig. 2a). The uptake of Cr in roots
as markedly enhanced with EDTA. The efficiencies of Cr
ptake in roots was much higher than those reported by Gupta
nd Sinha [10], who found that Cr was not detectable in the
. juncea grown on a fly-ash amended soil in India. Further-
ore, the Cr concentrations in the roots of B. juncea in this work
ere slightly higher than those in the roots of A. serpyllifolium
n mine-spoil soils in Spain [31]. Although oxalic and citric
cid had a positive effect on Cr concentrations in plant roots
Fig. 2a), the Cr concentrations in soil solutions for most cases
ere not clearly influenced by addition of oxalic and citric acid,

s compared to the control treatment (Table 3). Fig. 2b shows the

r concentrations in B. juncea shoots for all treatments. Com-
ared with control soil, no chelator, except for 0.05 mmol kg−1

itric acid and 0.10 mmol kg−1 EDTA, increased Cr levels in
hoots. Therefore, EDTA had the highest efficiency in uptake of

ig. 2. Chromium concentration (mg kg−1) in the root (a) and shoot (b) of B.
uncea grown on the tailings treated with different chelators. The meanings of
etters following the vertical bars and abbreviations of treatments are explained
n Fig. 1.

soil solution at the 56 day.
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b Values followed by different letters (A–C) within the same column are
ifferent significantly at 5% level according to the Tukey’s multiple range test.

r by B. juncea roots and shoots. All TF values of Cr for the
lant were <1.0 (Table 6); thus, the transport of Cr from root
o shoot is restricted despite the addition of chelators. The Cr
oncentrations in the B. juncea shoots for all treatments were
1–50 mg kg−1, lower than those in a contaminated soil inocu-
ated with bacteria to enhance B. juncea growth [26]. However,
he Cr concentrations in the B. juncea shoots in this work are

uch higher than those (<15 mg kg−1) in the shoots of B. juncea
n a Cr-spiked soil treated with 2.0 mmol kg−1 EDTA [49].

Chromium(III) is typically considered more stable than
r(VI) in soils; however, Cr(VI) forms chromates and dichro-
ates, which are soluble over a wide pH range and mobile in soil

nd groundwater. Hexavalent Cr is a primary toxic and muta-
enic contaminant. Chromium levels in the foliar portions of
lants are normally <1 mg kg−1 over a wide range of soil Cr con-
entrations [50]. These low levels of Cr in plants are associated
ith the low phytoavailability of trivalent Cr. However, some
lants, such as B. juncea, can accumulate appreciable quantities
f Cr [49]. Additionally, Cr concentrations in roots were higher
han those in shoots, implying that Cr is not easily translocated
ithin B. juncea. At low Cr soil concentrations, Cr has high

ransfer mobility from roots to shoots, and when roots take up
dditional Cr from soils, transfer efficiency from roots to shoots
eclines. This may be a mechanism for the plant uses to sur-
ive in environments with high Cr levels (Table 3). Hexavalent
r is easily absorbed by an active mechanism in the roots of

lant; however, trivalent Cr is absorbed by plants to a lesser
egree through a passive mechanism and retained by cation-
xchange sites on cell walls. Moreover, precipitation of Cr in
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Fig. 3. Total Cr uptake in shoot (�g plant−1) from the tailings treated with
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Fig. 4. Nickel concentration (mg kg−1) in the root (a) and shoot (b) of B. juncea
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ifferent chelators. The abbreviations of treatments are explained in Fig. 1.
ifferent letters followed the vertical bars are different significantly at 5% level

ccording to the Tukey’s multiple range test.

oot cell vacuoles results in low translocation of Cr from roots
nto shoots with low injury [51]. Han et al. [49] determined that
r concentrations in lower leaves (old leaves) of B. juncea in
r-contaminated soils are 2.5 times higher than those in upper

eaves (new leaves). This finding indicates that Cr is less mobile
n the shoots of B. juncea grown in soils, particularly on soils
ith high concentrations of trivalent Cr.
Total uptake of Cr in shoots grown in LMWOA-treated

oil is higher than that from the EDTA and DTPA treatments
Fig. 3), indicating that the efficiency in cleaning up Cr by phy-
oremediation with LMWOAs is comparable to that achieved
ith synthetic chelators from serpentine-mine tailings. The total
ptake of Cr in the control soil is higher than those achieved with
xalic acid, EDTA and DTPA treatments, and <0.05 mmol kg−1

or citric acid treatment, suggesting that B. juncea may show
iscernable phytoextraction efficiency without any chelator.
evertheless, many studies have identified lower effectiveness
f LMWOAs, such as citric and oxalic acid, in inducing accu-
ulation of metals in plants compared with synthetic chelators

7,13,14]. The additions of DTPA in this study clearly decreased
otal uptake of Cr and Ni compared with the control treat-

ent, causing increased concentrations of Cr and Ni in the soil
olution. This reduction in the metal uptake was attributed to
ompetition with the plant’s own metal-binding agents, thereby
ausing the Cr and Ni to diffuse downward to the root system
f the plant [32]. Bioaccumulation factors for Cr in all treat-
ents were 32–250, significantly higher than values found for
. serpyllifolium (up to 28) grown on two mine-spoiled soils

31]. Furthermore, the BF values in this study decreased with
ncreasing Cr concentrations in the soil solution. Notably, the

F value for the control treatment was higher than those for all
helator treatments, except that for citric acid. Adding EDTA
o soil did not increase total uptake of Cr in B. juncea shoots,
lso indicated by the low TF and BF values compared with

w
a
m
t

rown on the tailings treated with different chelators. The meanings of letters
ollowing the vertical bars and abbreviations of treatments are explained in Fig. 1.

hose of the control soil. However, EDTA stimulated translo-
ation of Cr from soils to roots. The low bioaccumulation of
r is not surprising as Cr is considered an immobile element in

oils, particularly when abundant trivalent Cr exists in chromite
nd Fe oxides from serpentinites [47]. Nevertheless, Fernandez
t al. [45] determined that foliage of some agricultural crops
i.e., sugarbeet, cabbage, pasture) grown on serpentine soils in
orthwestern Spain can accumulate considerable amounts of Cr,
espite the low EDTA-extractable amounts in the soils. Some of
his stimulated translocation may have been due to non-specific
tripping of Cr from root cell walls. Application of both EDTA
nd DTPA resulted in significant increases in soluble Cr in
oil. Thus, synthetic chelator treatments did not substantially
ncrease Cr removal by the plants, but rendered a larger soil Cr
raction vulnerable to loss processes with consequent potential
nvironmental risk.

Large variations in Ni concentrations in the plant roots were
easured for all treatments (Fig. 4a). The concentrations of Ni

n the roots were lower than those of Cr in the roots for each
reatment. In the control and oxalic and citric acid treatments,
oncentrations of Cr were much higher than those of Ni in the soil
olutions during days 28–56, and concentrations of Cr in roots
ere still higher than those of Ni. Conversely, for the EDTA
nd DTPA treatments, Ni concentrations in soil solutions were
arkedly higher than those of Cr; however, the Ni concentra-

ions in roots were lower than those of Cr. The Ni levels in roots
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n this study were lower than those measured by Gupta and
inha [10], which ranged from 79.4 to 196 mg kg−1 for a soil
mended with fly ash, and those obtained by Nascimento et al.
8], ranging from 143 to 212 mg kg−1 for a Ni-spiked soil. How-
ver, the phytoextracted concentrations of Ni in B. juncea roots
n this study were much higher than those measured for A. ser-
yllifolium in mine-spoiled soils from Spain [31]. Fig. 4b shows
he concentrations of Ni in B. juncea shoots. In the control soil,
he Ni concentration in shoots was only 8.81 mg kg−1, much
ower than that of Cr, indicating that B. juncea absorbed more
r than Ni in the native serpentine-spoil. However, the uptake of
i in shoots was significantly enhanced with all chelators, par-

icularly with EDTA treatments. Therefore, EDTA was the most
ffective chelator not only for plant uptake of Ni, but also for
r. The two EDTA treatments produced a significantly higher
oncentration of Ni in shoots, as compared with the control and
he other LMWOAs and DTPA applications. Furthermore, the
evels of Ni in shoots were similar to those for Cr for all chelator
reatments except EDTA. The concentrations of Ni in B. juncea
hoots with EDTA treatments in this study were considerably
ower than those in a Ni-spiked soil obtained by Nascimento
t al. [8]. Nevertheless, the dose of EDTA was as high as
0 mmol kg−1 dry soil; thus, the dry matter weights of plant
hoots reported by Nascimento et al. [8] were much lower than
hose measured in this study. This difference is attributable to
he phytotoxicity effect of large amounts of EDTA on B. juncea
rowth. However, the concentrations of Ni in B. juncea shoots
or all chelators was markedly higher than those obtained for B.
apa with 1.0 mmol kg−1 EDTA and for Helianthus annuus with
.8 mmol kg−1 EDTA in dredged sediments [24,48]. Neverthe-
ess, the TF values for Ni in oxalic and citric acid treatments
xceeded significantly that for the control treatment; however,
he TF values for EDTA and DTPA did not exceed markedly that
or the control treatment (Table 6), suggesting that long distance
ranslocation of metal–synthetic chelator complexes is poorer
han that of metal–LMWOA complexes in B. juncea. This result
s in agreement with those obtained by Senden et al. [52] and
vangelou et al. [6].

Unlike Cr, Ni is easily mobilized during weathering, is rela-
ively stable in aqueous solutions, and can migrate over long
istances. Additionally, Ni formed stronger complexes than
r with organic acids [50]. The Ni concentration in a hyper-
ccumulating plant is strongly correlated with the soluble Ni
oncentration in a serpentine soil [33], and, thus, Pearson’s cor-
elations for concentrations of Ni (mg kg−1) in roots and shoots
f B. juncea, total uptake in shoots and Ni in soil solution col-
ected on day 56 day are 0.77, 0.64 and 0.37 (p < 0.05); however,
hose of Cr are all insignificant in this study. Maximum Ni con-
entrations up to 98 mg kg−1 in B. juncea shoots in this study
Fig. 4b), was markedly lower than the 1000 mg kg−1 value uti-
ized by Brooks et al. [4] to define Ni hyperaccumulation. High
lay content and CEC value in this study (Table 1) is probably
nother reason accounting for the low recovery of metals from

oil by B. juncea because of the high Ni adsorption capacity of
he soil. The Ni concentrations in plants grown on soils other
han those with excessive Ni levels are generally <10 mg kg−1,
nd those <50 mg kg−1 can be considered excessive [15]. The

p
p
r

ifferent chelators. The abbreviations of treatments are explained in Fig. 1.
ifferent letters followed the vertical bars are different significantly at 5% level

ccording to the Tukey’s multiple range test.

oncentration and total uptake of Ni in shoots grown in soil
reated with LMWOAs was lower than those treated with EDTA
Figs. 4b and 5). This experimental result for the difference in Ni
yperaccumulation between synthetic chelators and LMWOAs
greed with findings obtained by Wu et al. [13] and Quartacci
t al. [14].

.5. Implications for phytoextraction potential

The damage caused by EDTA and DTPA to the biomass pro-
uction of B. juncea suggests that the two synthetic chelators
re non-selective when extracting metals; consequently, these
helators extract various metals, including various non-essential
nd/or toxic ions, that adversely affect plant growth [53]. How-
ver, long distance translocation from plant roots to shoots is
nfavorable for metals complexed with EDTA and DTPA. Addi-
ionally, microbial activity in the soil was reduced by EDTA and
TPA [21], such that soil fertility was reduced. All chelators

n this study increased root uptake of Cr and Ni by metal sol-
bilization; however, only oxalic and citric acids increased the
peed of the transfer of Cr and Ni from roots to shoots. Thus, BF
alues with oxalic and citric acid treatments were much higher
han those with EDTA and DTPA, despite the BF value for Cr in
he control treatment being higher than those for most chela-
ors (Table 6). The mass of Cr and Ni in each pot soil was
200 and 6800 mg, respectively, but total Cr and Ni uptake per
lant with any treatment was much lower than 1.0 mg during the
rowth period. This low total uptake demonstrates that this study
equires more than 6000 times of B. juncea growth to remove
r and Ni from the study soil and to meet the limits in Taiwan’s
oil and Groundwater Pollution Remediation Act.
Current theories regarding the translocation of metals from
lant roots to shoots propose that the responsible chelators are
hytochelatins and organic acids, such as oxalic acid and cit-
ic acid, the latter translocating via the xylem [52]. All carrier
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olecules, including chelators, regardless of their task and ori-
in, have limited binding capacity. Thus, depending on the num-
er of binding sites, there molecules can carry only a restricted
umber of molecules or ions. Assuming that LMWOAs have a
ositive effect on the mobility of heavy metals in the serpentine-
ine tailings, increased amounts of Cr and Ni are absorbed by

oots and translocated to shoots via carriers. The advantage of
MWOA-treated plants is that natural organic acid is signifi-
antly more environmentally compatible than EDTA and DTPA
ver a short time period. Plants must be selected that can tolerate
igh toxic metal concentrations, i.e., that have hyperaccumulator
roperties. Evangelou et al. [6] suggested using a combination
f natural chelators and a plant with a high biomass and adequate
etal tolerance to increase phytoextraction efficiency. In addi-

ion to high metal uptake capacity and high biomass production
or a successful hyperaccumulator in phytoremediation, as rec-
mmended by Baker et al. [2], a high total uptake and good plant
rowth (no toxicity symptoms) can be improved with different
mendments. This work reached the aims of removing Cr and Ni
rom serpentine-mine tailings, and of vegetation maintain and
nhanced groundwater transpiration by B. juncea.

. Conclusion

The concentrations of Cr and Ni in the soil solutions of soil
reated with EDTA and DTPA were higher than those for the
ontrol soil and soils treated with oxalic acid and citric acid
uring the experiment; however, the two synthetic chelators pro-
uced a greater reduction in plant biomass than did LMWOAs,
espite relatively high levels of Cr and Ni in B. juncea with
he two synthetic chelators. Although both EDTA and DTPA
ncrease the concentrations of Cr and Ni in B. juncea, they also
esult in low plant biomass and are hazardous to environment.
herefore, other alternative amendments should be explored.
ased on experimental results, LMWOAs can enhance the tol-
rance of B. juncea grown on the serpentine-mine tailings to
ccumulated Cr and Ni. Adding can provide an environmentally
ompatible alternative that may decrease the use of synthetic
helators in phytoremediation for Cr- and Ni-contaminated sites.
herefore, further research should investigate other naturally
ccurring organic acids to replace synthetic chelators.
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