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Abstract

A pot experiment was established in 2006 to examine whether induced phytoextrac-
tion can remove copper from soils polluted with emissions from copper smelters. Two soils
tested in the experiment were sand and loam in texture, and contained 620 and 510 mg⋅kg-1

Cu, respectively. Maize was used as a testing plant. Two chelating agents: EDTA and bioda-
gradable EDDS were introduced into the soils at the rates of  0.2; 0.5 and 1.0 mmol⋅kg-1

to intensify the process of Cu phytoextraction. The results that have been already publi-
shed indicated that application of both chelators caused increase in Cu uptake by plants in
2006, although the concentrations of Cu in biomass were far below those required for
effective phytoextraction. Additionally, both chelators caused intensive leaching of metals
from soils. This paper focuses on the carryover effects observed in the subsequent year,
2007, certainly caused by the application of chelators. EDTA, particularly when applied at
the highest rate, caused considerable deterioration of plant growth, reduction of plant yields
and increased uptake of Cu by plants grown in both soils. The plants showed unquestiona-
ble effects of copper phytotoxicity. In the plots where EDDS was applied, a small decrease
in yield was observed in the case of plants grown on sandy soil, whereas in plants grown
on loamy soil a significant increase in plant yields and decrease in Cu concentrations in
shoot biomass occurred compared with the control plots. Cu and Fe concentrations in plant
shoots were positively correlated with each other, and the plants with the highest concen-
trations of Cu also contained the highest concentrations of Fe. Application of the chelating
agents, particularly EDTA, in 2006 caused a long-lasting increase of Cu and Fe solubility
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in soil, and plant uptake of those elements in 2007 correlated positively with soil concen-
trations of soluble metal forms, extracted with 1 mol⋅dm-3 NH4NO3 and 0.01 mol⋅dm-3

CaCl2.

Key words:  soil, phytoextraction, complexing, chelator, EDTA, EDDS, copper, iron.

NASTÊPCZY WP£YW SUBSTANCJI CHELATUJ¥CYCH EDTA I EDDS
NA POBRANIE MIEDZI I ¯ELAZA PRZEZ KUKURYDZÊ
W DRUGIM ROKU DOŒWIADCZENIA WAZONOWEGO

Abstrakt

W doœwiadczeniu wazonowym za³o¿onym w 2006 r., z zastosowaniem metody induko-
wanej fitoekstrakcji do usuwania Cu z gleb zanieczyszczonych emisjami hut miedzi, testo-
wano 2 gleby: piaszczyst¹ i gliniast¹, zawieraj¹ce odpowiednio 620 i 510 mg⋅kg-1 miedzi.
Roœlin¹ testow¹ by³a kukurydza. W celu zintensyfikowania fitoekstrakcji w 2006 r. wpro-
wadzono do gleby 3 ró¿ne dawki (0,2; 0,5 i 1,0 mmol⋅kg-1) substancji kompleksuj¹cych:
EDTA i ³atwo biodegradowalnego EDDS. Opublikowane ju¿ wyniki wskazuj¹, ¿e w 2006 r.
oba chelatory spowodowa³y wzrost pobrania Cu przez kukurydzê, jednak zawartoœæ Cu
w biomasie by³a daleko ni¿sza od wymaganej dla skutecznej fitoekstrakcji. Dodatkowo oba
odczynniki spowodowa³y intensywne wymywanie metali z gleb. W niniejszej pracy przed-
stawiono nastêpcze efekty zastosowania substancji chelatuj¹cych do gleb w kolejnym roku
doœwiadczenia, 2007. Zastosowane œrodki wp³ynê³y na plonowanie kukurydzy w roku na-
stêpnym. EDTA, szczególnie w najwy¿szej dawce, spowodowa³ na obu glebach pogorszenie
wzrostu roœlin i zmniejszenie plonu, wzrost koncentracji Cu w biomasie oraz silne objawy
toksycznoœci Cu u kukurydzy. W wariantach z EDDS na glebie piaszczystej stwierdzono
nieznaczne obni¿enie wielkoœci plonu kukurydzy, a na glebie py³owo-gliniastej – wzrost plo-
nu roœlin i zmniejszenie koncentracji Cu w czêœciach nadziemnych w porównaniu z wa-
riantami kontrolnymi. Stê¿enia Cu i Fe w biomasie wykazywa³y wzajemn¹ dodatni¹ kore-
lacjê, a roœliny w wariantach o najwy¿szej koncentracji Cu zawiera³y te¿ najwy¿sze stê¿enia
Fe w biomasie. Zastosowane w 2006 r. chelatory, szczególnie EDTA, spowodowa³y d³ugo-
trwa³y wzrost rozpuszczalnoœci Cu i Fe w glebie. Pobranie obu pierwiastków z gleby przez
roœliny w 2007 r. by³o dodatnio skorelowane z zawartoœci¹ w glebie ³atwo rozpuszczalnych
form tych pierwiastków, ekstrahowanych roztworami 1 mol⋅dm-3 NH4NO3 i 0,01 mol⋅dm-3

CaCl2.

S³owa kluczowe: gleba, fitoekstrakcja, kompleksowanie, chelatory, EDTA, EDDS, miedŸ,
¿elazo.

INTRODUCTION

Although soils polluted with heavy metals occur in Poland only on a local
scale, effective and environmental-friendly soil cleaning methods are needed
to enable removal of excessive amounts of pollutants from soils. Phytoex-
traction is considered as a potential method ofr decontamination of heavy
metal-polluted soils. In particular, induced hyperaccumulation, in which
chelating agents are used to mobilize metals from soil solid phase, has at-
tracted scientists’ attention in recent decades. First papers in which the
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results of induced phytoextraction were presented opened promising pros-
pects for future use of this method (BLAYLOCK 2000, SCHMIDT 2003). They were,
however, followed by many others stressing drawbacks of the method rather
than its advantages (ROMKENS et al. 2002, EWANGELOU et al. 2007). Despite
this, experiments on induced phytoextraction continue with various chelat-
ing agents different in their biodegradability and applied in different rates
(KOS, LESTAN 2003, MEERS et al. 2005, NASCIMENTO DA et al. 2006).

The results presented in this paper refer to a pot experiment conducted
in 2006-2007, in which EDTA and easily biodegradable EDDS were used for
induced phytoextraction of copper from soils polluted with emissions from
copper smelters. The effects of Cu removal from soils by plant uptake, which
enables us to assess the phytoextraction efficiency in 2006, have already
been published (KARCZEWSKA et al. 2008), and  this paper focuses on carryo-
ver effects caused by chelate application in the first year,on plant growth,
biomass yield and Cu and other elements uptake by maize in the following
year. The plants grown in 2007 showed typical symptoms of Cu toxicity,
which can be interpreted as physiological results of Fe deficiency (KABATA-
-PENDIAS 2001). Therefore, particular attention is given to Cu and Fe uptake
by maize.

MATERIAL AND METHODS

Soil material used in the experiment was collected from the surface
layer of soils in the vicinity of copper smelters in Legnica (soil L) and G³ogów
(soil G). Both soils contained enhanced concentrations of heavy metals, in
particular copper. The texture of soil L corresponded to sandy loam and the
soil contained 510 mg⋅kg-1 Cu whereas soil G, with the texture of loamy
sand, contained 510 mg⋅kg-1 Cu. Basic properties of both soils are presented
in Table 1. Maize (Zea mays L., var. Blaskj) was used in 2006 as the experi-
mental plant. At the stage of plant pre-maturity, two chelates: EDTA and
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EDDS were spread over the soil surface at the rates of 0.2, 0.5 and
1.0 mmol⋅kg-1. The numbers: 1, 2 and 3 stand for those rates in the de-
scriptions of experimental plots (Table 2, Figures 1-3). The experiment was
continued with two different watering regimes, simulating „normal” weather
with occasional rain (N) and „wet” with repeated heavy rainfalls (W). The
design of the experiment is presented in Table 2. Under the wet regime,
soil was leached with distilled water 6 times, i.e. 2, 5, 14. 28, 50, and 100
days after chelate application, while under the normal regime – 4 times:
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after 14, 28, 50, and 100 days. The volume of leaching water ranged from
100 to 750 cm3  per pot, and was adjusted to obtain 200 cm3 of leachates
under the normal regime and 500 cm3 under the wet regime. The volume
of water applied depended on the maize growth and properties of the root
system. Seven days after the chelate application, aerial parts of the plants
were harvested. Thereafter, as well as after all the leaching treatments, the
soils’ moisture was kept to enable chelate biodegradation. On the basis
of metal concentrations in the leachates and their volumes, the amounts
of leached metals were estimated. The estimation showed that considerable
amounts of Cu, up to 5 percent of total Cu, were leached from soils, and
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Fig. 1. Growth of maize in the year 2007: a – general view of the experiment, b – soil G,
the plots with the maximum rate of EDTA and EDDS applied in 2006 (pot 67: G/EDTA/3/N,
pot 71: G/EDTA/3/W, pot 91: G/EDDS/3/N, pot 95: G/EDDS/3/W), c – soil L, the plots with

the maximum rate of EDTA and EDDS applied in 2006 – the pots 167, 171, 191 i 195
analogous to those with soil G: L/EDTA/3/N, L/EDTA/3/W, L/EDDS/3/N, L/EDDS/3/W
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Fig. 2. Dry biomass of maize harvested in 2007 in various experimental plots,
g d.m. per pot
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the result depended on the kind and rate of a chelating agent. The highest
amounts of Cu were leached from the pots with EDDS applied at the high-
est rates. A more detailed description of the results obtained in 2006 was
presented by KARCZEWSKA et al. (2008). Figure 2b shows the mean concentra-
tions of copper in maize biomass in 2006.

In the following year, maize was used again as an experimental plant.
Before sowing, soil samples were collected and analyzed for available nutri-
ents. Additionally, necessary fertilization with macro- and micronutrients was
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Fig. 3. Cu and Fe concentrations in dry biomass of maize: a – in 2007,  b – compared with
Cu in maize in 2006 (based on KARCZEWSKA et al. 2008)
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applied. Furthermore, easily soluble forms of Cu and Fe were analyzed
in soils by extraction with 1 mol⋅dm-3 NH4NO3, 0.01 mol⋅dm-3 CaCl2 and
water (KARCZEWSKA 2002). During plant vegetation, soil moisture was main-
tained in the range of 60-90% of field capacity. When the plants reached the
stage of maturity, their aerial parts were cut, weighed, dried and analyzed
for Cu and Fe concentrations. Additionally, maize roots were collected,
washed thoroughly with distilled water, dried, weighted and analyzed for Cu
and Fe. The plant material was dry ashed at the temperature 450oC, and
then dissolved in nitric acid (OSTROWSKA et al. 1991). Cu and Fe were deter-
mined in solutions by flame AAS. The results obtained for soils amended
with the chelating agents were compared with control plots without chelate
addition. Correlation coefficients were determined between Cu and Fe con-
centrations in plant material and in soil extracts.

RESULTS AND DISCUSSION

Plant growth differed considerably among experimental plots, as it is
show in the photo (Figure 1) and confirmed by the data on plant biomass
(Figure 2). Plant growth on soil G was much poorer than that on soil L,
and related yields of biomass differed significantly. Mean biomass of maize
grown in 2007 in control plots, without chelate additions, was 33.7 g d.m.
per pot in the case of soil G (G/0/0/N) and 51.8 g d.m. in the case of soil L
(L/0/0/N). Application of EDTA in 2006 resulted in a considerable, statistical-
ly significant reduction of plant yield in 2007, particularly in the plots with
the highest EDTA rate (Figures 2 and 3). The plants in those plots indicated
very strong signs of Cu toxicity, with typical symptoms such as interveinal
foliar chlorosis, necrotic leaf  tips and margins, leaf wilting from edges to-
wards central part of the leaf, as well as changes in the root system (REICH-
MANN 2002). In those pots where EDDS as a biodegradable chelator (KOS,
LESTAN 2003, MEERS et al. 2005) was applied in 2006, different effects were
observed on maize grown on soils G and L. In the plots with soil G, plant
growth and biomass yield were slightly reduced in comparison with control
plots, whereas in the plots with soil L, the growth of maize was affected
positively, which means that maize yield increased significantly and Cu con-
centrations in leaves decreased when compared with control plots (Figures
2 and 3). This effect was particularly distinct in the plots with the wet wa-
tering regime (W) applied in 2006. At this stage of research, it is difficult to
say what mechanism was responsible for such dependence on soil watering.
Presumably, the most soluble Cu forms were intensively leached, which was
followed by biodegradation of a chelating agent, which therefore did not
cause any further Cu mobilization from soil. The ranges of soluble Cu and
Fe in soils, determined before maize was sown, at the beginning of season
2007, as well as at the end of the season, after plant harvest, are shown
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in Table 3. The amounts of Cu extracted from soils with 1mol⋅dm-3 NH4NO3
were higher than those extracted with 0.01 mol⋅dm-3 CaCl2, although the
relationships between the plots were similar. The highest concentrations
of soluble Cu were found in soils treated with high rates of EDTA, whereas
in the plots with EDDS, the concentrations of soluble Cu were lower even
then those in control plots (Table 3). Similarly, the highest concentrations
of soluble Fe were found in 2007 in soils amended with EDTA. Comparison
of soluble Cu in soils before the season 2007 and after plant harvesting
indicates that Cu extractable with 0.01 mol⋅dm-3 CaCl2 decreased signifi-
cantly in both soils, by 40 percent on average, whereas in the case of  Cu
extractable with 1 mol⋅dm-3 NH4NO3, a similar decrease was confirmed
only in soil L. There were no significant differences between the amounts
of soluble Fe extractable from soils before and after plant cultivation.
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Copper concentrations in dry biomass of aerial parts of maize were sig-
nificantly negatively correlated with plant yields (Table 4). The highest Cu
concentrations, above 120 mg⋅kg-1 d.m., were found in the plants with the
poorest growth and the strongest symptoms of Cu toxicity, i.e. in the plots
with the highest EDTA rate and the wet watering regime: G/EDTA/3/W and
L/EDTA/3/W, as it is shown in the diagram (Figure 3).
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Neither the analysis of Fe concentrations in the aerial parts of maize,
nor the relationships between Cu and Fe concentrations in biomass con-
firmed any reduced uptake of Fe from soils by those plants that took up
very high amounts of Cu. Under the conditions of the experiment, Cu and
Fe concentrations in dry biomass of maize were positively correlated
(r = 0.640, p = 0.01) – Table 4. Such relationship does not necessarily mean
that there is no antagonistic effects of Cu on Fe activity at the level of cell
physiology. The results of the experiment proved, however, that Fe concen-
trations in plant biomass increased together with increasing concentrations
of Cu.

It was also proven that the concentrations of Cu and Fe in the aerial
parts of maize were positively correlated with the concentrations of soluble
forms of those elements present in soils, extractable with both 1 mol⋅dm-3

NH4NO3 and 0.01 mol⋅dm-3 CaCl2, which was confirmed by high correlation
coefficients (r > 0.67, p = 0.01), as indicated in Table 4. On the contrary, the
concentrations of Cu and Fe in maize roots did not depend on any variable
of  the experiment (soil,  rate of chelating agent or watering regime). Cop-
per and iron concentrations in the aerial parts of maize did not correlate
with concentrations of those elements in plant roots, either (Table 4).
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CONCLUSIONS

1. EDTA applied to support copper phytoextraction from polluted soil
caused long-lasting carryover effects such as raised copper phytotoxicity and
its increased leachability in the subsequent year. Similar effects were not
observed after application of easily biodegradable EDDS, therefore further
research on induced phytoextraction of Cu from polluted soils should be
carried out with biodegradable chelators.

2. Under the conditions of chelate-induced Cu phytoextraction, Cu and
Fe solubility in soils increased, and plant uptake of those elements correlat-
ed well with soil concentrations of their easily soluble forms.
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