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Introduction

Phytoextraction has been proposed as a suitable alternative to destructive techniques
used so far to clean up soils contaminated with heavy metals. Indeed, the use of plants
to remove metals from soils is environmental friendly and its cost is low compared to
engineering-based techniques such as soil capping, soil washing, vitrification, landfill-
ing etc. ... At present, there are two main phytoextraction strategies available: the first
is the use of hyperaccumulators [1, 2]. These plants are wild species that can accumu-
late large amounts of specific metals in their shoots, but they are often slowly growing
(low biomass plants). Hyperaccumulation implies concentrations in dry matter above
0.01% for Cd and 1% for Zn [3, 4]. The second strategy is the use of fast growing
plants (high biomass plants) that are usually not metal-specific and have low to aver-
age heavy metal concentrations [5, 6]. A comparison of both approaches is presented
using results obtained at two experimental sites with the hyperaccumilal@spi
caerulescenand several high biomass crops includ®ajix viminalis

Characteristics of the experimental sites in Switzerland

The two sites chosen to illustrate this comparison are presented in Table 1. They are
agricultural soils moderately contaminated with metals (mostly Cu, Zn, Cd and Pb)
and no significant organic contamination. The Dornach site, NW Switzerland, has
been described elsewhere [7]. The source of the heavy metal contamination was a
nearby brass-smelter emitting Cu, Zn and Cd in particulate form until the mid 1980’s.
The soil has been classified as calcaric regosol [8]. The Caslano site in southern
Switzerland was contaminated with sludges from septic tanks spread on the site for
20 years until 1980. This has led to enrichment of the topsoil of the fluvisol with both
organic matter and heavy metals (Cd, Cu, and Zn).



Experiments were performed with crop plants (tobacco, maize, Indian mustard, sun-
flower and/or bioenergy plantsSélix viminali§ and, hyperaccumulatordTlflaspi
caerulescensAlyssum montanuyiberis intermedid on mini-plots. Both experiments
were conducted according to agronomic standards. Detailed descriptions of the exper-
iments can be found elsewhere [7, 9].

Table 1: Site descriptions (after [7, 9, 10]). Soil parameters are average values with
standard deviations given in brackets.

Dornach Caslano
Location Jura edge | Southern Alps
Nb samples for analysis 0- 20 4
0.2m
pH 7.2 4.9
% clay 300 12
% organic carbon 2.5@) 5.2
Total Zn in mg kg 1(®) 645 (81) | 1158 (216)
Total Cuin mg kg! 525 (62) | 264 (43)
Total Cd in mg kg'! 2.0(0.4) | 2.8(0.7)
Other metals - As, Hg, Sn, Pb
Soluble Znin mg kg'(9 | 0.08 (0.03)| 7.4 (5.9)
Soluble Cu in mg kg'* 0.7(0.2) | 0.4(0.1)
Soluble Cd in mg kg"” 2.0(0.6) | 13(11)

(a):3 samples{?): Total = Extraction HN@ 2M; (¢) Extraction NaNQ 0.1M [11]
Hyperaccumulator plants versus high biomass plants: yield and concentrations

Hyperaccumulators are metal specific and are usually wild plants with a small biomass
and a slow growth under temperate climate. Their agronomic requirements are poorly
known and this may result in large variations of yield and metal concentrations vari-
ations annually and in different soils. Table 2 gives information on the variability of
the results obtained with. caerulescenat Dornach. It appeared that metal concentra-
tions varied up to a factor of 30 depending on the population, the method used (planted
or sown) and the time of the year. Presently, there are few species available for field
application (lack of nurseries or seed producers) and within these species very few cul-



tivars or populations so that the use of hyperaccumulators might have to be dismissed
for remediation of large areas. Furthermore, methods to harvest the plants have to be
adapted from crop species techniques and might not be always straightforward.

Table 2: Variations of the Cd, Cu and Zn concentrations in shootsTllaspi
caerulescengrown at Dornach, according to the population, the technique of propa-
gation, the year and the time of the year or position within the rotation (after [9] and
unpublished data).

Year Population | Method Concentrations in mg kg~ in DM Variability
Rotation Cd Cu Zn

1997 Prayon planted 7.1(0.5) 75 (9) 2051 (315)

1998 Prayon planted 6.3(2.2) 53 (4) 2011 (629)

1999 Ganges planted 184 (38) 53 (3) 5265 (612)

2000/1 Ganges planted 124 (21) 70 (17) 3419 (335)

2000/2 Ganges planted 67 (38) 91 (26) 2646 (1296)

2000/3 Ganges planted 49 (6) 43 (1) 3539 (313)

2000/1 Ganges sown 127 (47) | 118 (17) 2551 (327)

2000/2 Ganges sown 77 (15) 52 (10) 3851 (558)

2001 Ganges sown 76 (24) 81(2) 3836 (332)

Factor Ganges 1999/Prayon 1998 29 1.0 2.6 Inter-populations
Factor Ganges 2000/1 /Ganges 2000/3 2.5 1.6 1.0 Inter-harvests
Factor Ganges 2000/1p /Ganges 2000/1s 1.0 0.6 1.3 Inter-methods

On the contrary, the crop and energy plants are well known plants with large yields
and fast growth, but they are usually not metal specific and they accumulate below the
hyperaccumulation thresholds as shown in Table 3, which presents results obtained for
crop, biomass plants and caerulescenat Dornach. Crop and biomass plants have
been selected for rather rich and fertilized agricultural soils and may thus not adapt
easily to contaminated sites. Unlike for hyperaccumulators, there exists a large choice
of species and cultivars that can be tested according to site specifications and metal
tolerance. However, the same management as for the usual production may not be
efficient for phytoextraction. For example, plants used for bioenergySie spp.,

are perennial plants that are left 20 to 30 years on site. From data obtained at Dornach,
Cd and Zn concentrations measured in both leaves and steéBnsiafinalisdecreased

with time [12] most probably because roots had progressively extended downwards,
outside the contaminated layer [10] thus reducing the extraction efficiency with time.

It may be necessary to remove the plants every 2 or 3 years in order to keep an optimal
extraction.

Table 3: Heavy metal concentrations in shoots and roots of |. mustard, tobacco, wil-



lows, maize and. caerulescenis the Dornach field experiment.

Harvest | Plant Age Concentrations in Concentrations in Yield
shoots roots
year species Cd [cCu [ Zn Cd [cCu [ Zn
year mg kg~T mg kg~ T tha™!
97 Indian mustart m | 1.0 20 124 0.3 32 45 7.3
sd| 0.1 2 13 0.0 3 3 0.7
97 Tobaccd m | 3.5 38 146 0.6 26 36 12.6
sd | 0.8 6 21 0.2 2 2 2.1
98 Willows* 1+2 | m | 3.3 12 240 nd nd nd 0.8
sd | 0.5 5 46 - - - 0.5
98 Maize® m | 0.6 10 129 0.7 38 41 15.6
sd | 0.2 1 30 0.3 11 10 3.8
99 Willows 2+3 |m | 34 14 294 nd nd nd 13.2
sd| 0.4 1 38 - - - 2.3
99 Thlaspi m | 184 53 5265 168 71 693 0.9
sd | 38 3 612 32 5 159 0.2
99 Maize m | 0.3 8 83 0.1 36 94 14.2
sd| 0.1 1 21 0.2 3 18 29

@ after [7] for shoots concentrations and yield.
b hd=not determined

Another point is the distribution of metals inside the plants: metal concentration in
the plant varies with the organ and the age of this organ for both hyperaccumulators
and non-hyperaccumulators. This has a consequence on the time of the harvest and
the parts to be harvested. FBalixit means that, while only stems are harvested for
energy production, leaves will have also to be collected if it is used for phytoextraction.
For the hyperaccumulatdr. caerulesceng has also been shown that most of the

Cd and Zn in shoots are soluble in water and as a consequence may increase the
bioavailable metal pool in soils if leaves are left on the ground [9, 13]. Owing to the
high metal concentrations i caerulescenshoots, a thorough removal of the leaves
(and probably also roots) has to be performed.

Root prospecting and phytoextraction efficiency

The extent of the root systems varies with the site conditions. However, for a given
soil, plants develop very different root systems as well as different root:shoot ratios.
Such characteristics have been measured at Dornach for various species and the re-



sults are presented in Table 4. Maize had the largest root length density and thus was
able to prospect efficiently the whole soil profile wherGasaerulescensad the
largest root:shoot ratio [10]. Total root length in the contaminated layer and the root
length/shoot biomass ratio may have an impact on metal concentrations in the biomass
(Table 4). Both types of species are different on that point: At Dornhataerulescens
(population Ganges) had a distinctly larger/lshoot biomass ratio in spite of having

the lowest cumulative root density. Metal concentrations in its above ground biomass
were also well above concentrations measured in the other crops (Table 3).

Table 4: Cumulative root density {) 0 - 0.2 m depth and 4 0 - 0.20 m / shoot
biomass ratio calculated for 5 crops grown at Dornach (after [10]). Standard devia-
tions are in brackets.

Plants I. Mustard | Tobacco | Maize Willows(@ | Thlaspi

Cumulative root density 4 0-0.2 m| 2.7 (0.7) 3.7(0.8) | 6.6 (1.8)| 3.5(0.9) 26(1.1)
depth in km nr?2
L 4 0-0.20 m/ shoot biomass 4 3 4 3 28

(@) 2- and 3-year-old plants

As root colonisation of the soil is mostly driven by plant type and soil characteristics,

it may not match properly the metal distribution. Because of the localisation of the
contaminated layer and the size of their root system plants may either 1) colonise the
whole contaminated layer and only it, 1) not colonise the whole layer, 2) not be able
to reach the contaminated layer if it is at depth, 3) grow deeper than the contaminated
layer or 4) avoid the contaminated spots. Because of their different root systems the
efficiency of the hyperaccumulators and high biomass plants may also be different.
In addition,T. caerulescenand may be other hyperaccumulators) actively colonises
specific metal hot spots [14] whereas root systems may be manipulated to a certain ex-
tent to force the root to reach the contaminated layer as experimented for high biomass
crops [15]. Measurements illustrating this aspect are presented for the Dornach field
experiment in Table 5.

Table 5: Matching of roots and Zn soil contamination expressed as the ratio between
the maximal depth with a root length density5000 mm drhand the soil contamina-

tion depth according three scenarios: contamination as measured in the soil profile of
each plot, hypothetical shallow contamination (0.2 m), and hypothetical deep contam-
ination (0.7 m). b) and c) Values used for the “shallow” and “deep” contaminations
are extreme values found in the field experiment at Dornach. Depth of contamination
is calculated after removing 150 mgktZn (Swiss guide value [16]) from the total
soil Zn concentration. " means that the deepest root sampling gave a root length



density above 5000 mm dr¢after [10]). Standard deviations are in brackets.

Depth of the contamination

True Shallow Deep
Indian mustard 0.9(0.3) 1.9 (0.8) > 0.5
Tobacco 0.5(0.2) 1.3(0.3) 0.4 (0.1)
Maize 1.4 (0.6) > 3.3 > 0.9
Willows 1.5(0.7) > 3.2 0.9(0.2)
Thlaspi(Ganges) 0.4 (0.1) 1.0 (0.0) 0.3(0.0)

Overall phytoextraction efficiency

Models have been proposed to evaluate the time needed to decontaminate a given soil
with a given plant. This time varies with the target value, the depth of contamination

but also with the type of function (linear or exponential) used to describe the decrease

of metal concentrations in soil. Indeed, both concentrations in the plants and yields
may not be constant with time and efficiency may thus decrease because the available
pools decrease but also because the roots are going deeper or because perennial plants
need a certain time to establish themselves. Unfortunately there are not enough long-
term data sets available to validate either of these models for neither of the two types

of plants.

So far, calculations made from preliminary experiments or, at most, from a few years
field experiments have led to various results (results obtained with addition of large
amounts of chelating agents like EDTA are not taken into account), predicting either
remediation within few years, decades or centuries [2, 6, 9, 60, 61]. For Dornach and
Caslano, Hammer et al [12] and Hammer and Keller [9] have obtained better results
with the hyperaccumulatar. caerulescengather than with the high biomass pledit
viminalis (Table 6 and Figure 1). However, these results may not be transposable to
other sites.

Table 6: Dry matter and metal yields of Thlaspi caerulescens obtained in 2000 at
Dornach and Caslano. Natural regrowth was harvested twice and only at the Caslano
site.

Figure 1: Total metal uptake by Salix viminalis grown at Dornach (left) between 1997-
2001 and Caslano (right) in 2000 and 2001.

Use of the non-enriched plant parts

It is quite likely that none of the hyperaccumulator parts would be of further interest
because the metal concentrations may be always higher than in other plants and also



Dornach Caslano

Yield DM | Cd Cu Zn Yield DM | Cd Cu Zn

tha=! gha! gha! kg ha™! tha=! gha! gha! kg ha™!
Thlaspi trans-| 0.9+0.3 128+19 76+15 3.7£0.3 2.1+0.2 539+127 | 6515 20.0+4.2
planted 3

harvests)
Thlaspi sown | 0.6+0.3 | 85+50 71+37 | 1.7+0.8 1.0+0.7 184+138 | 29+13 | 7.8£55
(2 harvests)

because most of these plants are not used for any commercial purpose. On the other
hand, parts of high biomass plants, which are already used for commercial purposes,
may be partly recycled if their metal concentrations is low enough.

Disposal of the plant wastes

The volume of “waste” produced is obviously different between a high biomass plant
and a hyperaccumulator like caerulescensThe time of the year and duration of the

biomass production are also different. For both however, the accessibility of disposal
facilities and the legislation will have an impact on the final disposal of the plant waste.

The contaminated parts of the plants cannot be recycled as green material, and there-
fore, have to be disposed off in a safe manner. Among the post treatment methods
that have been proposed [17], incineration is presently viewed as the most feasible,
economically acceptable and environmentally sound approach [18]. Indeed, in coun-
tries that have a high incineration standard it is assumed that co-incineration of dried
plants and municipal solid waste (MSW) is the most ecological treatment, providing
safe storage of the resulting residues or, even better, recovery of the heavy metals from
them is guaranteed.

Incineration experiments performed on leaves of BottaerulescenandS. viminalis

have shown that volatile heavy metals such as Cd and Zn could be separated from
the solid inorganic matrix of the plants quite easily [19]. Gasification (i.e. pyrolysis),
which occurs under reducing conditions, was found to be a better method than incin-
eration under oxidizing conditions to increase volatilisation and, hence subsequently
recovery, of Cd and Zn from plants. It would also allow the recycling of the bottom
ash as fertilizer. Thus, it confirmed that incineration (or co-incineration) was a viable
option for the treatment of the heavy metal-enriched plants. There were, however,
some differences between samples indicating that the technique will have to be op-
timized for each type of plant. In addition, because of the amount of biomass that
might be produced, it is very likely th&alixwould be incinerated alone wherefs
caerulescenkaves would be co-incinerated with other wastes. In both cases however
energy recovery may be an additional benefit.



Conclusion

Phytoextraction has a great potential for cleaning soils contaminated with heavy met-
als, especially in cases where conventional technologies are not efficient, not possible
or too expensive. From results obtained in the lab and in the field it is clear that phy-
toextraction could be applied either as the main remediation tool or more likely as a
“polishing” technique combined with other conventional and “bio” techniques. Both
approaches (hyperaccumulators or high biomass plants) may yield interesting results
providing they are used in optimal situations. Indeed, the choice of the species (one or
several) needs a thorough study of the plant’s potential and its suitability for the site.
The results are not easily predictable and pre-experiments in pots or even in mini-plots
will be necessary before applying phytoextraction to the site. There is obviously no
single phytoextraction technique and each site will need a tailor-made scheme.
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