Chapter 8

A Multi-disciplinary Challenge for
Phytoremediation of Metal-Polluted
Pyrite Waste

Teofilo Vamerali, Marianna Bandiera, and Giuliano Mosca

8.1 The Phytoremediation Concept Evolves in Pyrite

After the discovery of hyperaccumulators (Raskin et al. 1994; Salt et al. 1995),
plants which accumulate high above-ground levels of one or a few metals without
evident symptoms of toxicity, the application of plant-based technologies to rem-
edy metal-contaminated soils has received huge attention. Metalliferous soils
provide several hyperaccumulators, but their application must be verified carefully
in terms of biomass—generally very small—and uptake when plants are cultivated
out of their native environment (Brooks et al. 1977).

Phytoextraction consists of removing toxic elements through the harvestable
biomass, after sufficient translocation from roots has occurred. Although promising,
the method has some limitations due to difficult plant establishment, possible
limited soil metal availability, insufficient root uptake (exclusion), symplastic
mobility and xylem loading, as well as the great energy costs required for detoxifi-
cation and storage (Meagher 2000; Clemens et al. 2002).

The use of biomass species (trees and crops) may represent a realistic alternative
to hyperaccumulators for removing trace metals (Vamerali et al. 2010). Biomass
species can absorb a wider range of metals but at low concentrations, a feature
compensated by higher biomass productivity. The application of cultivated species
is facilitated by the easy availability of seeds and cuttings on the market, but their
adaptability and method of cultivation should be verified in each specific site. The
extended root system of trees is suitable for remediating especially deep polluted
layers (Pulford and Dickinson 2005) and short-rotation coppices of poplar (Populus
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spp.) (Laureysens et al. 2004a, b) and willow (Salix spp.) (Rosselli et al. 2003;
Dickinson and Pulford 2005) may provide an efficient and cost-effective decon-
tamination method. Herbaceous species produce a denser vegetation cover which is
effective against erosion and may create an aerobic environment in the rhizosphere,
increasing soil aggregation and binding contaminants through the release of organic
matter (Pulford and Watson 2003; Robinson et al. 2006). Roots can also efficiently
act in phytostabilisation by sequestering metals, especially those with limited
mobility such as Pb and Cu (Marmiroli et al. 2005; Yoon et al. 2006) and favouring
precipitation with root exudates (Heim et al. 1999; Yang et al. 2005). Various
means have been successfully tested in the last 10 years to improve phytoextraction
efficiency in biomass species, but mainly in agricultural or forest soils. Assisted
phytoextraction with low toxic organic chelators, like NTA (nitrilotriacetic acid)
and EDDS (ethylene-diamine-disuccinic acid), positively increase metal uptake in
Ethiopian mustard (Brassica carinata A. Braun) (Quartacci et al. 2007). Exogenous
applications of growth regulators may also result in higher growth and metal uptake
in alfalfa (Medicago sativa L.) and sunflower (Helianthus annuus L.) (Lopez et al.
2005; Liphadzi et al. 2006), whereas mycorrhization facilitates metal acquisition in
maize (Zae mays L.) (Shen et al. 2006; Wang et al. 2007). However, investigations
are often conducted in the laboratory or in microcosms, thus making transferral of
results to the open field ineffective. Only few experiments have been carried out
in situ and limited information is available on particular substrates, such as
sediments and industrial wastes. In this framework, a summary of results on the
phytoremediation of pluri-metal-contaminated pyrite cinders is presented here,
focusing on plant responses to several agronomic practices at pot and field level.
As a single green technology may fail in this context, the traditional concept of
phytoremediation should be reviewed in the light of a multidisciplinary approach.

8.2 What the Literature States on Phytoremediation of Pyrite

Among metal-polluted media, great concern focuses on industrial waste or
sediments, the unusual composition of which may further limit plant establishment
and growth. Among these, we considered pyrite waste, which remains after sulphur
extraction from pyrite ore roasting at extremely high temperatures (~800 °C). The
waste presents itself as red cinders, mainly composed of fine particles of pyrite
(FeS,) and other minerals and devoid of organic matter (Vidal et al. 1999). Oxida-
tion of metal sulphides from pyrite residues can release soluble metals and increase
soil acidity (Clemente et al. 2006), with consequent hazardous metal movements.
Phytomanagement of pyrite waste is an interesting and inexpensive option to
reduce wind erosion and metal leaching, but little information is available in the
literature on this issue, particularly at field scale. In recent years, some authors have
found that cultivation of soybean (Glycine max (L.) Merr.), sorghum (Sorghum
bicolor L.), maize and sunflower is possible at various rates of pyrite dilution, but
only at pot level (Fellet et al. 2007). In the open field, the establishment and
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phytoremediation of Indian mustard (Brassica juncea (L.) Czern) in a site affected
by the toxic spill of pyrite residues at Aznalcdllar (Spain) was effective only after
the addition of organic matter (cow manure and compost) and amendment with
lime to increase the pH (Clemente et al. 2006). Substantial biomass increases have
also been achieved with sunflower and sorghum after organic or mineral
fertilisation of pyrite waste (Marchiol et al. 2007), suggesting that attention should
be paid to improvements in the physical and chemical properties of the substrate.

In both pyrite and other metal-contaminated wastes, plant growth is limited not
only by contamination but also by several environmental variables, such as unsuit-
able pH, high salinity, insufficient aeration and low water and nutrient availability
(Robinson et al. 2006). In these conditions, extensive root colonisation is essential
for plant establishment and metal acquisition, but root responses under metal
contamination have been investigated in a narrow range of species. For instance,
roots of the hyperaccumulator Thlaspi caerulescens J. & C. Presl. were found to
colonise predominantly Zn-polluted soil regions (Saison et al. 2004), whereas little
information is available for most biomass species. The root system of non-
metallophyte species is expected to be very sensitive to the presence of metals,
with serious damage and growth reduction (Ubi and Osodeke 2007; Rascio et al.
2008). For instance, disruption of the root cuticle, reduced root hair proliferation
and severe deformation of root structures are caused by copper in Chloris gayana
Kunth (Sheldon and Menzies 2005). According to a general rule, which
recommends thorough analysis of polluted sites before the application of any
phytoremediation strategy (Wiegleb and Felinks 2001), the area contaminated by
pyrite waste and metals which we studied was initially characterised for soil
stratigraphy, contaminant distribution and floral analysis.

8.3 Site Characterisation

We focused attention on a contaminated area at Torviscosa (Udine—NE Italy,
45°49'23"N, 13°16’40"E, 3 m a.s.l.), near an abandoned chemical factory and
within the polluted site ‘Lagoon of Grado and Marano and adjacent rivers’,
which is included in the Italian priority site list for remediation (Fig. 8.1). Pollution
was due to As- and metal-contaminated pyrite cinders, discharged between the
1940s and the late 1970s as by-products of pyrite ore roasting for sulphur extrac-
tion. Largely devoid of organic matter, with high bulk density (1.65 g cm™>), poor
in nutrients, pH 7.3 (Table 8.1) and relatively low electrical conductivity
(0.3 S m™ "), over the years the cinders had been colonised by sparse spontaneous
flora (Coletto et al. 2006). Within a confined area of 2,000 m? of the site, total metal
concentrations in the substrate were identified in 2004 in 33 soil samples (2 m deep,
10 m apart); soil stratigraphy was monitored by the digging of six exploratory
ditches (Fig. 8.2). Metals were detected in substrate samples and plant tissues by
ICP-OES (Inductively Coupled Plasma-Optical Emission Spectroscopy) after
microwave-acid digestion. The cinders extended for a depth of 0.7 m over a deep



144 T. Vamerali et al.

Fig. 8.1 Polluted site at Torviscosa (Udine, NE Italy). (a) Yellow deposit of sulphur on soil
surface near abandoned factory. (b) Exploratory ditch (1.5 m) for studying soil/pyrite stratigraphy.
(c¢) Detail of gravelly capping soil with aged spontaneous vegetation (in winter). (d) Dense
vegetation of Pyracantha coccinea M.J. Roemer (in winter) close to old factory

clay horizon and were capped with ~0.15 m of unpolluted gravelly soil. In detail,
analysis of soil stratigraphy showed five different layers with the following
characteristics:

. 0-0.15/0.20 m: carry-over soil with vegetation, rich in gravel, with sand and silt
. 0.15/0.20-1.20/1.75 m: wet pyrite cinders

. 1.20/1.75-1.40/2.35 m: wet black—brown silty clay, rich in organic matter

. 1.40/2.35-1.85/3.20 m: wet clay with grey—green silt

. 1.85/3.20-2.90/3.80 m: white sandy soil with fine gravel, very wet (groundwater)

(G =P el i

The presence of the almost impermeable clay horizon (layer d) has prevented
significant downward metal leaching until recently, as confirmed by groundwater
analysis. The high soil moisture along much of the profile, together with extended
waterlogging during rainy periods, was indeed partly due to poor water infiltration
in the cinders.
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L

Fig. 8.2 Aerial view of study area. Yellow dots: soil sampling (33); red dots: exploratory ditches
(6); Roman numbers (I-1V): areas for floral analysis. Arrow: north

The carry-over topsoil (layer a) generally had low metal contents, below the
Italian Guideline Values (IGV) for ‘Green public, private and residential areas’
(Italian Legislative Decree 152/2006). Metal concentrations in cinders were het-
erogeneous across the sampling area, but on average very high, exceeding the IGV
by as much as 45 times for As, 23 x for Cu, 16 for Zn, 5x for Co and Pb, and 2.5 x
for Cd. Arsenic and Cu levels were particularly high and exceeded the less
restrictive IGV for ‘Industrial sites’ (i.e., 50 and 600 mg kg~' DW, respectively)
(Table 8.1). The total amounts of Fe and S in the cinders were about 10 and 5 times
higher than in cultivated soil, with concentrations of 97 % and 0.39 %, respectively.
In spite of this, bioavailable Fe was not very high, comparable with the agricultural
silty-loam soil at the experimental farm of the University of Padova (24 vs.
18 mg kg™ M.

The particular stratigraphy, together with abundant precipitation—the historical
mean annual value of the site is 1,000 mm—Ied to the selection of a specific
spontaneous flora. Analysis of the vegetation cover by visual evaluation (Pignatti
and Mengarda 1962) during spring 2004 in four buffer zones identified in the
surroundings of the soil-sampled area (Fig. 8.2) was believed to be useful in
providing criteria for species selection for the planned phytoremediation setting.
Buffer zones I and IV were colonised by both herbaceous and woody species,
whereas the vegetation was mainly herbaceous in buffer zones II and III. For
species with an appreciable degree of cover (>5 %), shoot samples (young branches
for trees) were collected in early spring, washed and oven-dried (105 °C, 24 h) to
determine metal concentrations. Our hypothesis was that a correlation exists
between the extent of species diffusion and their metal accumulation.
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In the buffer zones, more than 80 different species were classified, mainly
herbaceous and only 10 woody. In zone I, close to the old factory, the latter were
mainly represented by Pyracantha coccinea M.J. Roemer (27.5 %, i.e., percentage
of the sum of all detected species), Salix spp. (21.6 %) and Populus alba L. (8 %).
The most widespread grasses were Solidago gigantea Aiton (8 %) and Dorycnium
pentaphyllum Scop. (8 %). Dominant species in zones II and Il were Poa pratensis
L. (24 % and 11.4 %, respectively), Ambrosia artemisiifolia L. (18 % and 34 %),
Medicago lupolina L. (6 % and 9 %) and Bromus arvensis L. (11 %, only in zone
II). Lastly, in zone IV the prevailing species were Phragmites australis (Cav.)
Trin. ex Steud. (15 %), Solidago gigantea Aiton (10 %), Dactylis glomerata L.
(7 %) and Populus alba L. (10 %).

Zinc, Mn and Cu were the three most frequently accumulated elements in the
shoot tissues of all species, both herbaceous and woody (Fig. 8.3). The highest
values of Zn and Cu were found in Taraxacum officinale Weber (360 and
96 mg kg~ ', respectively) and Mn in Carex hirta L. (393 mg kg~ "). The overall
metal concentrations (summation of various elements) were highest in Asteraceae
species, i.e., T. officinale, Eupatorium cannabium L. and A. artemisiifolia L., the
latter being the most widespread. Interesting accumulations were also found in the
hydrophyte C. hirta (family Cyperaceae), whereas trees and shrubs seemed to be
less efficient than herbs, except for the Salicaceae Salix alba L. and Populus
nigra L., which have been found to accumulate Zn efficiently in this and in other
contaminated sites (Rosselli et al. 2003; Pietrini et al. 2010). These preliminary
investigations confirmed the importance of species selection in phytoremediation.
Although a particular relationship between metal accumulation and kind of root
apparatus does not seem to exist (Fig. 8.3), the ability of our Asteraceae may
partially depend on their deeper tap roots. The application of spontaneous species
still raises the problem of seed supply and, with this in mind, screening of cultivated
species was considered necessary.

8.4 Experience in an On-Site Pilot Phytoremediation Plant

The sparse natural vegetation cover of the site meant that difficulties in plant
establishment and growth were predicted, but the presence of the capping unpol-
luted layer seemed useful for the vegetation. In a preliminary pot trial, we verified
whether some crops like sunflower, alfalfa and fodder radish (Raphanus sativus L.
var. oleiformis Pers.) could take advantage of a 7- or 15-cm top unpolluted soil layer
(Fig. 8.4). Indeed, mimicking site stratigraphy, regardless of the thickness of the
capping layer, all species showed regular growth both above- and below-ground
over a 60-day period of cultivation, comparable with that of the uncontaminated
reference soil of the University of Padova. However, roots tended to colonise
mainly the uncontaminated layer (length: 90 % vs. 80 % of pyrite alone and 50 %
of controls). The general marked reduction in plant growth with pyrite alone was
evident, i.e., —77 % in shoots and —63 % in roots (length) on average.
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Fig. 8.3 Metal concentrations (mg kg{1 DW) in shoots of various spontaneous herbs (above) and
wood of trees (below) collected at pyrite-contaminated site, sorted by root system type and
botanical family. Herbs studied: Carex hirta L., Sanguisorba officinalis L., Calamagrostis sp.,
Cynodon dactylon (L.) Pers., Dactylis glomerata L., Festuca arundinacea Schreb., Holcus lanatus
L., Phragmites australis (Cav.) Trin., Poa pratensis L., Ambrosia artemisiifolia L., Eupatorium
cannabium L., Taraxacum officinale Weber., Medicago lupolina L., Melilotus album Desr. Other
elements: As + Cd + Co + Cr + Ni + Pb

Setting up the phytoremediation plant at Torviscosa in 2005 gave us the oppor-
tunity of testing various soil management strategies, by comparing unaltered
stratigraphy with mixed layers, i.e., ripping vs. ploughing tillages, both at a depth
of 0.3 m. Ploughing entailed more thorough mixing of soil than ripping, which
simply broke up the surface. Ploughing was intended to dilute the waste with the
unpolluted top soil, and ripping to allow roots to encounter a clean habitat, at least
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Fig. 8.4 Aspect of pyrite (a) and crop species (b, ¢, d) after 60 days of cultivation in rhizoboxes
under various treatments. U: uncontaminated reference silty-loam soil; P+15: pyrite cinders
capped with 15 cm of unpolluted soil; P+7: pyrite cinders capped with 7 cm of unpolluted soil;
P: pyrite cinders

initially. In this way, in the sowing bed (top 0.15-m layer) pollution was roughly
halved by ploughing and, despite some upward cinder movement, ripping led to
lower contamination than ploughing (total and DTPA-extractable: ~—30 %)
(Table 8.1).

Given the low fertility of pyrite (Marchiol et al. 2007, personal comunication in
2005), before sowing 100 kg ha ! of each N, P,Os and K,O as chemical fertilisers
were incorporated into the soil by harrowing. Four crop species, i.e., sunflower,
Italian ryegrass (Lolium multiflorum Lam.), alfalfa and fodder radish (Vamerali
et al. 2011b), and four woody species, i.e., white poplar (Populus alba L.), black
poplar (P. nigra L.), European aspen (P. tremula L.) and white willow (Salix alba
L.) (Vamerali et al. 2009), were grown under the two soil tillages and compared
with the ploughed uncontaminated soil reference of the experimental farm of the
University at Legnaro (45°21'N, 11°58'E, 12 m a.s.l.). Sowing of crops and
transplanting of 2-year-old bare rooted cuttings of woody species took place in
May, and shoot (biomass) and root investigations (RLD, volumetric root length
density, by auger sampling) at the end of July and in mid-September, in both groups
of species respectively.

Pyrite waste was an inhospitable substrate for all plants, as also reported by
Fellet et al. (2007) and Marchiol et al. (2007), at the same site for other species. The
anomalous physical properties (high bulk density and low water infiltration),
together with high Fe and S, and multiple contamination of pyrite, greatly limited
plant growth, almost regardless of tillage system. Only fodder radish profited by the
lower contamination of ripping (Fig. 8.5). Improvements in the habitat should
involve soil drainage and adequate irrigation, as we accomplished by digging
shallow drains and setting up a low-intensity sprinkling system in summer.

The lower contamination due to ripping seemed to be less favourable for metal
concentration in plants but more useful for growth, especially in fodder radish.
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Fig. 8.5 Above-ground biomass (£ sE, n = 3) of crops at flowering (above) and trees (without
leaves) 6 months after transplant (below) in pyrite waste under two tillages, in comparison with
uncontaminated ploughed controls. Percentage of reduction for ploughing and ripping against
control shown above bars. Small letters: statistically significant differences between treatments
within same species (Newman-Keuls test, P < 0.05). Capital letters: statistically significant
differences between species for pyrite only (main effect)

Overall, tillage choice was not critical in terms of mass balance of phytoextraction
(Table 8.2), although we do recommend ripping to guarantee a better canopy cover
against pollutant dispersion and for easier mechanical management of biomasses,
e.g., cutting and harvesting operations. Among crops, fodder radish and sunflower
were the highest biomass-yielding species, the former reaching the greatest but still
poor metal removals (330 g ha~' of metals). Fodder radish belongs to the
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Brassicaceae, a botanical family which should be exploited in phytoremediation as
it also includes several hyperaccumulators (Kramer 2010). The biomass reached by
radish in our waste was obviously poor when compared with the uncontaminated
reference. Its productivity was similar to that of the small-biomass yielding
hyperaccumulator T. caerulescens (Anderson et al. 1999), but it is expected to
have greater efficiency in pluri-contaminated sites. Indeed, fodder radish has been
used to good effect in our past experiments in a pluri-contaminated agricultural soil
near Milan, showing better shoot and root growth than controls and better
phytoextraction than other Brassicaceae, such as Indian mustard, oilseed rape
(B. napus L. var. oleifera D.C.) and garden cress (Lepidium sativum L.) (Mosca
et al. 2004). The behaviour of fodder radish below-ground was favourable; its
RLD in the 0.3-m layer being similar to that of controls. There was no significant
‘species X tillage’ interaction and, unfortunately, much of the root length was
confined to the top 0.1-m; root distribution was similar between tillages in sun-
flower and alfalfa, whereas fodder radish and Italian ryegrass positively moved a
greater fraction of length (~15 %) downwards (below 0.1 m depth) with ripping.

At this point, the question which arose was: which are the criteria allowing
selection of efficient herbaceous species in pyrite? A partial answer comes from the
morphological features of roots. For instance, better translocation of metals from
roots to shoots were related to high specific root length (R* = 0.21), whereas the
maximum root length (Italian ryegrass), although correlated with shoot metal
concentrations (R> = 54 %), is probably an invalid criterion when considered
alone. The greater relative RLD and above-ground productivity with respect to
the reference soil, as occurred in fodder radish, seem to provide better all-round
criteria. The response of woody species was also variable in terms of growth and
metal accumulation. Compared with controls, the wood production of white poplar
was much less affected than that of black poplar (=65 % vs. —91 %), with small
differences between tillages (Fig. 8.5). In general, As and Pb had not accumulated
in twigs, Cu was low and Co was just above the detection limit (Table 8.2). Our tree
species confirmed initial observations on spontaneous Salicaceae, only Zn having
interesting levels, especially after ripping, i.e., 94 vs. 75 mg kg~ ' of ploughing
(means). We detected a negative correlation between biomass and concentrations of
metals, so that white poplar yielded the best biomass and European aspen the
highest metal concentrations. Also for trees, the expected removals were basically
poor, although more precise phytoextraction balances depend on plant density of
short-rotation coppices and rotation cycle.

When working on pyrite improvement, the first requirement is undoubtedly
increased yields and, secondly, increased metal concentrations and translocation.
Substantial productivity gains can be achieved with abundant fertilisation
(Marchiol et al. 2007) and small plant sizes suggest that plant density could be
increased, at least for wide-spaced crops like sunflower. Grasses could not tolerate
frequent cutting in the contaminated area because of insufficient growth after the
first harvest, as in Italian ryegrass and alfalfa. Undoubtedly, the latter was disad-
vantaged by the absence of root nodulation with Rhizobium and by particularly high
shoot As, like Salicaceae, which lacked mycorrhization (data not shown).
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Generally the roots of crops were less restricted in their growth than shoots,
although roots had much higher metal concentrations, i.e., Cd 4-fold, Zn 7x, Co
28x,As33x,Pb51x and Cu 77 x. They acted as a substantial accumulation sink for
most trace elements, particularly Cu, Pb and As—a result also found in coarse and
particularly fine roots of poplars and willow. Fine root biomass was quite modest,
estimates from soil cores in crops not exceeding 20 g m 2, and their contribution to
long-term metal stabilisation is probably negligible because of fast turnover (Goins
and Russelle 1996). For the coarse roots of trees and tap roots of annual species,
degradation is probably slower, but this is an issue to be further investigated in
phytostabilisation processes. From several aspects, root systems may hold the key to
understanding the possibilities and options for phytomanagement of pyrite waste,
although the maximum rooting depth (0.3 m) still remains to be greatly enhanced. In
this context, the very high number of spontaneous species with shallow fasciculate
roots is likely the result of severe selection of tap-rooted ones. Phytoextraction
enhancement through increased metal concentrations in biomasses (e.g., by soil
ploughing) turned out to reduce species differences, a strategy contrasting with
many other agricultural practices which are instead addressed to yield
improvements. The main information obtained from this trial was the need to reduce
soil contamination through soil amendment and to facilitate plant establishment—
for instance with the application of growth regulators.

8.5 Improving Pyrite Hospitality and Plant Metal Uptake

In order to improve the phytoextraction in pyrite, some pot trials with fodder radish
were set up in 2006 and 2007, the aim being to improve the environment for roots
and enhance above-ground productivity. In all experiments, plants were grown for 3
months in cylindrical 52-cm high pots (1.3 L volume), filled with a pyrite
cinder—sand mixture and regularly watered with 50 % diluted Hoagland solution.
Sand was added to attenuate contamination and improve water drainage, but
leachates were collected in order to check whether our treatments had environmen-
tal counter-indications. Treatments were compared with untreated controls with
five replicates.

We first thought of humic acid treatment for plants and pyrite directly. Humic
acids (HA) are characterised by acidic groups which play an important role in
enhancing the solubility, bioavailability, uptake and transport of metals (Evangelou
et al. 2004), and are known for their auxin-like effect (Delfine et al. 2005). HA came
from a commercial product (Humic super, Tiller—Italy) as liquid formulation
(10 % DW of HA) and were applied as follows: foliar spraying (0.1 g HA L'
solution, once a week for 3 weeks), two doses mixed with the substrate before
sowing (0.1 and 1 g HA kg™ ") in combination or not with foliar treatment and a low
rate (0.1 g HA kg™ ') applied at sowing through irrigation. The highest amendant
dose of 1 g kg™ ' positively increased shoot metal concentrations (overall elements:
+44 %) but, unfortunately, curbed shoot growth and worsened metal removals



154 T. Vamerali et al.

probably as consequence of high metal availability in pyrite (Bandiera et al. 2009).
Improved translocation of all metals was the only positive effect of high HA
dosages. Actually, only at the small dose of 0.1 g HA kg~ ' were there significant
increases in root length (+46 %) and—although with only slight above-ground yield
improvements—substantial enhancement of plant metal removals (+35 %). These
results confirm the auxin-like properties of humic substances, and their effective-
ness at low rates is a premise for low-cost large-scale applications.

More complicated was management of exogenous application of IBA, one of the
most powerful root-enhancing phytohormones. Starting from about 1 month after
sowing, we tentatively applied IBA five times (at 10-day intervals) to fodder radish
leaves at 10 mg L™ or to the waste at 0.1 and 1 mg kg™, in association or not with
foliar spraying. We obtained negative responses from this trial as—with the excep-
tion of foliar spraying alone—the hormone reduced shoot and root biomass (—60 %
on average) when applied to the waste, probably due to unsuitable dosages and long
persistence caused by low microbial activity (Vamerali et al. 2011a). The expected
phytoextraction balance was thus greatly worsened, in spite of improvements in
concentrations due to the chelating effect of this phytohormone.

Lastly, verification of the applicability of chelant-assisted phytoextraction was
tested on pyrite, which is an uncommon substrate for this technique. We wished to
ascertain whether the recently available EDDS (ethylene diamine disuccinic acid),
characterised by higher degradability compared with EDTA (ethylene diamine
tetracetic acid), could improve metal uptake without causing substantial
phytotoxicity and leaching. The tested plants were fodder radish and Ethiopian
mustard treated with [S,S]-EDDS at various doses and application times: 2.5 and
5 mmol kg ' substrate applied through irrigation 1 week before harvest (common
application time of chelators) and 1 mmol kg~ soil repeated five times at 5- or 10-
day intervals, respectively starting 48 or 28 days after sowing. At these doses, the
chelator did successfully improve Cu, Co, Zn and Pb above-ground concentrations
(Table 8.3), together with Cu translocation, but reduced plant biomass, especially
with repeated applications and in radish (Bandiera et al. 2010). This may have a
direct effect on leaching, as the drop in transpiration caused by diminished leaf area
leads to significant losses of Cu, the metal with the greatest stability constant with
EDDS (Tandy et al. 2004). Better metal phytoextraction (+31 %) together with
minimal metal leaching was achieved with moderate (2.5 mmol kg_l), traditional
close-to-harvest chelator applications, but in Ethiopian mustard only. Certainly,
these results on the use of EDDS and its management require on-site confirmation,
but the generally unfavourable phytoextraction balance, associated with the uncer-
tain fate of metal-EDDS compounds after plant harvest, gives rise to doubts about
its use.

8.6 Conclusions

Phytoremediation of pyrite waste is complicated to manage because of multiple
constraining factors which affect plant growth, beyond metal contamination.
Removal of the most labile fraction of metals with field crops seems to be a feasible



155

8 A Multi-disciplinary Challenge for Phytoremediation of Metal-Polluted. . .

soroads yoea ur Juouujear) Jenonied € JoJ SUOTIENUOUOD 1SAYSIY oY) oIe (P[oq)
sonfeA pAIYSIYSIH (S0'0 > J 1591 S[NOY-UBWMIN) SO10ads dwes uryiim sjudtujear) JUOWe SQOUIJJIP :SI0)J9T ‘S[eAldul Aep-()] IO -G Je sown) dAY pajeadar

sensqns |3y [oww | pQ—G X [ PUB PG—G X [ HSIAIRY dU0§aq deam [ parjdde densqns | 3 SAQH [OWW G PUE $'T 1 PUB C°T S[ONUOD pIjeanuN
[4u! ERY) S0'0 qel col qL8 Ll qe 6L°0 9'66 BLLO ol Gl POI—C X 1
6°Gl1 e LOIT 0€0 q¢7c §'8¢C B 191 L'ce BOET ¢ B09°'1 8¢ ®0C PS—C X 1
L6l BLII 11T eT'8 8vC q9v6 6°Cl qe €.°0 0S1 080 0'€C el S
SL'8 B 201 96’1 98¢ 9Ll 906 €S'L qLy'0 L91 0L 8'8C Ol ¢c
VLI 16 [4N! qQ7c 86°6 q6¢ L9 9870 6'68 BOLO 8l Bl o)
ystpel 1oppog
1Y} 29 96 00 qe ¢T'0 LGl q¢s PE9 q€e0 Iel B850 9L BIC POI—¢ X 1
691 qe €01 600 qe 160 0°1¢ ® 001 £6'8 ®19°0 L'v8 790 06°S BO¢C PS—¢ X1
el EPII £€C0 80 0T 9729 06'¢ q1¢0 0oL qe 87°0 L99 € 6'S S
081l qe 66 - - col q6¥ €0’ 29 €20 9'89 qe €10 0L'L BYC ¢c
91 208 - - 911 26C we 2¥1°0 L'vL 98¢0 8¢'8 B0V o)
preysnw uerdoryyg

AL ;8 3w AL ;8 3w AL ;8 3w AL (8 8w AL -3y Sw AL ;89 S

uz qd n 0D PO 4

AuAd ur sjuougean Sqay
JURIRJJIP Jopun sa10ads 0m) UI (9, ONEI UONBIUIIUOD [BISUI JOOI-0)-100YS) I0J0] UOTEDO[SUE] PUe (¢ = u ‘|33 SuI) SUONENUIIUOD [eIoWl JOOUS €8 AqE],




156 T. Vamerali et al.

phytomanagement option with some species and for some trace elements only, but
is probably only effective over a long-term period. Among a narrow range of crops,
we found the Brassicacea fodder radish showed substantial Zn and Cu removals,
whereas management of the most toxic metals, such as As and Pb, still remains
problematic. The much larger variability in shoot metal concentrations of the crops
tested here compared with woody species suggests exploiting the potential of other
herbaceous species, although we believe that more profitable progress could be
achieved with an integrated approach involving genetics, biology, physiology and
especially agronomy, to maximise plant adaptation and growth. In any case,
identification of a pool of plants to be cultivated in association or in rotation is
necessary, in order to cover the soil permanently and reduce possible damage by
parasites. Assisted phytoextraction seems difficult to manage as regards timing and
dosages of the compounds used and frequently reduce biomass yield and metal
removal.

The phytomanagement of sites polluted by pyrite waste may simply involve the
establishment of a vegetation cover with cultivated plants left to reproduce them-
selves or with biomass harvesting and annual sowing. However, besides
phytoextraction, long-term stabilisation of metals in plant roots is an important
issue to consider, in view of the high metal retention at root level, and recent
evaluation at the University of Padova showed that 6 % of tap root biomass in
rapeseed was recalcitrant to degradation after about 18 months from shoot harvest.
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