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Appendix 1: Design and implementation of GRO: technical guidance notes.
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Figure 1:Phytomanagement schematic.

Phytomanagement

Epistemology Initially coined by Robinson et al (2007), the phytomanagement concept was developed in
Dominguez et al (2008) and Fassler et al (2010). Zalesny et al (2008) extended the concept to an emerging
paradigm including provisioning, ecological and social services

Longterm operations are includedunder 1 KS dzYo NBft I GSN)Y 2F aGLKe(2Y
phytoextraction of TEs for saiémediationis relatively unimportant compared to the goal of producing

profit from contaminated land, while mitigating environmental risk (Robinson et al., 200@g-scale: To
distinguish phytoexaction from phytomanagement, Robinson etRISTAY S G NBIF a2yl of S¢
generatbn of <25 years
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Greenland definition the long term combination of profitable crop production with gentle remediation
options (GRO) leading gradually to the reduction of pollutant linkages due to metal(loid) excess and the
restoration of ecosystem services.
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Implementation

The implementation of GRO is related to the stage 3 of the management procedure (implementation of the
remedy strategy), but various information must be collected during stages 2 &id.1).

When implementation must be considered?

the decision tamplement GRO is supported by use of appropriate decision support tools (DST)

delimit the areas concernedn stage 1 of the management procedure, the investigated area(s) concerned
by the initial risk assessment must be defined and delimited. Notice that these areas can be divided into
various clusters according to the initial risk assessment, identified pollutant linkages, and current/future land
use.

The main outcomes of stage (Fig. 1) are to identify and quantify the pollutant linkages and the risk
probabilities for either the current or planned land uses, in line with biological receptors involved, for each
cluster identified for the area(s) under investigation. At this stégethe topsoil and subsoil, and eventually
groundwater (and surface water), it is crucial to have relevant datasets quantifying tepaial variability

of parametersdriving the choice of feasible (phyto)management and GRO according to the currarg/fut
land uses(for each cluster) and the related target/triggemalues (i.e. all parameters/indicators of the
exposure pathwaysandother drivers (land value, time constraints, etc).

Theseparametes are (ina non-exhaustive list): total and labile pofir each contaminant (when possible,
including the chemical speciation of contaminants) in the soil and soil pore water (if possible in the soail
profile), capacity to buffer/resupply the soil solution, leachability, basic physi@mical properties,
texture/composition (define the soil type), and ecotoxicity of the (solid/liquid) matrices, climatic conditions
including water supply and its distribution, etc.

| O G dmy Specific requirements related to the selected feasible GRO (e.g. water regoires.
water supply) and the best conventional option (to be compared).

Spatial variability of pollutant linkages: a pivotal parameter

gain information: Before implementing field plots for testing of selected feasible GRO (and best
conventional optim(s) for the purpose of comparison) pay attention to the plant communities already
colonizing the site/clusters (if any). Watch also for the presence and habitats of animals (including insects,
soil mesofauna, etc.), the slope and the terrain relief inegah(you may have to create some terraces). You
will gain information on the spatial variability of pollutant linkages, plant candidates for GRO, and eventually
specific (native) plant populations and associated microbes (which can be used directictedséd obtain
efficient partnerships). Define stdite(s) allowing to statistically exploit the field plots.

It is important to obtain a representative assessment of the spatial variability of soil (or other matrices)
ecotoxicity for each cluster (atdst a plant test with a sensitive plant species such as dwarf bean and an
exposome indicator such as the ND;-extractable soil fraction).



in stage 2, option appraisal must consider if the relevant options can be really implemented at field scale
(try to identify the bottlenecks?). Thereafter implementation is of concern (for each identified cluster, its
pollutant linkages and current/future land use):

select suksite(s) for testing GROs vs. best conventional optioit(is recommended to comparie best
conventional technology(ies) in parallel with the selected feasible GRO (emerging from stage 2): why? In
OrasS 2F FlLAfdz2NBE 2F (GKS DwhQax (GKS O2y@SyidAaz2ylt i
0SYSTFTAalakt AYAIl dbettérfo confp&e withvtheQBest dofiventiodal technology to provide
relevant information to the landowner and the stakeholder core.
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biomonioring for several years
For each cluster, according to the spatial variability of the parameters listed above:
- select suksites (sufficiently large to be representative) to test for several years the selected options
emerging from the stage 2; this egpelly offers the opportunity to address (and optimize) some aspects
which cannot be investigated in stage 2 (variability of climatic conditions, colonization by animal
communities, pests, ageing of soil amendments, extension of the root systems, etcasdnof tree
management, allow enough space between the plots (e.g. root system can extend horizontally more than 10
m for poplars as well as the shading effect).

lysimeters
As far as vertical migration to the subsoil and groundwater is of concertg #gtablish arin situlysimeter
system (even a basic one with containers) to assess the quality and the ecotoxicity of the leachates.
Horizontal migration of the contaminants through wind erosion and other natural agents (water run off), in
particular to inland water and allotments, must be considered too (basic or sophisticated systems for
trapping dust and rusoff particles can be implemented)

fences
A single fence around the whole site may be necessary (notably to restrict the entrance) bygrnerally
not sufficient to prevent damage caused by mammal herbivores (i.e. rabbits, field rats, deers, etc.). It should
be complemented by fences around small clusters (especially at the start of the phytomanagement, to
protect the trees and other attrdive plant species; individual fences around trees are less-tiomsuming
but their efficiency is lower).

sizes
- define reasonable size of the plots for avoiding edge effects and permitting edaong(at least 5 years)
monitoring (notably soil and aht samplings).

- implement the experimental design (field plots) according to the spatial variability of the parameters listed
above; pay attention to allow sufficient space between the various options (if two or more options have
been selected from stag 2); always remember that the tree roots (and associated hyphosphere) will
effectively integrate soil and groundwater conditions over more thafrl80n; pay attention to the shading
effect which may occur with the canopy development.

Pay attention to theslope: if there is one; use the common technique of terraces to overcome this factor;
use the option of fiber nets to counteract the soil raff till the establishment of the vegetation cover (see
the technology developed to vegetate ski tracks)

- prepare the implementation in line with the monitoring programme (i.e. monitoring of labile contaminant
pools, pollutant linkages, colonization by the plant and animal communities)

If there is a local planning to apply a specific future land use on the veluoface of the cluster (or if you
want to avoid wind erosion and foliar exposure) you may implement a temporary, reversible



(phyto)management option, that can be modified/improved later based on the feedback of the
phytomanaged clusters.

R2y Qi TanNdatBelifoliar @posure
Placesome pots (in or around the plots) with uncontaminated soil to grow grassy crops and small trees for
assessing the foliar exposure (in comparison with potted contaminated soils under remediation; such pots
with contaminatd soil can be placed also at another uncontaminated site to avoid the foliar exposure if one
is suspected (this will help to determine changes in pollutant linkages and calculation of théalasse).

Soil conditioners

- compost compostsare frequently present in amendment combinat&yromoting crop production. The

guality of the compost (and especially its C/N ratio, seed bank, labile P pool, etc.) is pivotal. Caution must be
usedin the case of a labile pool of Cu, Pb, As, Mo, Cra&bSn as dissolved organic matter (DOM) may
transiently increase the soluble complexed (for metals) or free anions (for metalkmidsgntrations

Generally, notably in case of phytoextraction with annual crops, maintenance and additional compost
dressimg will be necessary after the initiapplication(the duration period of each dressing depends on the
compost quality)

- alkaline materialstheir effect on soil pH has major influence on physibemical and biological reactions
in the contaminated sailwith consequences on the chemical speciation, location and mobility of trace
elements. Consider also that oviming may induce nutrient deficiency and mobilize trace elements in
oxyanionic forms.

- other soil conditioners:
For iron grit (and similanaterial) it is recommended to split their incorporation into the soil over at least
two applications (to avoid the pepite formation and to better homogenize the amended soil)

- Fertilization it must be appropriate to the choice of initial plant asseags. It is pivotal in case of
bioavailable contaminant stripping to promote the biomass production. With-teng phytomanagement,
even (micro)nutrient deficiencies may occur and all agricultural recommendations can be applied.

Implementation of planspecies

In the case of phytomanagement, the choice of the initial plant/microbe partnerships must be made
according to the local conversion chains for biomass (generally the biomass production on the site is not
enough to financially support a dedicataztal conversion chain; this biomass must be commonly merge
with similar ones from other sites (forest, SRC, agricultural field, greenwaste, etc)

grassy crops

- for the same plant species, some ecotypes/cultivars are more tolerant to the contaminant exposure and
other stresses (frost, drought, low fertility, herbivory, pest, etc.). Such (native) tolerant populations (and
their associated rhizosphere and endophyticctegia/fungi) are often already present at the site under
investigation (or a similar one, in the same area).

- all common agronomic practices can be used (especially in Europe), to take advantage of autumn to
implement the grassy crops; sometime it mag &n advantage to transplant some patches of grasses to
speed up the colonization or when a diversity is required.

Trapping and germination of seeds can be enhanced by the use of mulch or nets (see the technology to
restore ski slopes)



Starting from seedssome light mulch (with straw, fern fronds, bark chips, coconut nets, etc.) to trap the
seeds (and avoid migration with natural agents or bird predation) can be necessary. This point can be pivotal
in case of slopes.

SomeFabacea&an be included in theeed mixture to promote the fixation of atmospheric nitrogen.

Perennial grasses

Water and nitrogen supply as well as weed competition may be limiting factors, especially at sites with sandy
soils in the southern part of Europe. So, irrigation and fedtilim may be required depending on the site
specific conditions.

Short rotation coppicingSRE
- Generally there is a competition between young trees and the herbaceous plant community (notably grassy
crops) that can be adverse for tree developmenterefore, try to implement the young trees before
implementing the grassy crops (for later increasing the vegetation cover and reducing the contaminant
migration through natural agents
- It is pivotal to apply irrigation of the trees in year 1 (and sometiyear 2) during dry periods to increase
the survival rate and promote the development of their root systems (of course it depends of soil type,
climatic conditions, etc.)
- pay attention also to the slope, potential soil erosion and/or flooding

Mycorrhiza: From the GREENLAND network, transplantation of mycorrhizal trees is more successful than
that of nonmycorrhizal trees and the esite mycorrhization of tree cuttings (usually implemented during

the winter time, notably for Cieontaminated soils). If gssible produce the mycorrhizal trees with native
metal(loid) tolerant fungi which can effectively initiate a fungal succesditmibéloma Paxillus Lactarius
Suillusspp, etc.)

Management of biodiversity

- establish natural or passive habitats to tad@dvantage of the biological auxiliaries (notably beneficial
insects); such habitats must be designed to host and/or promote the reproduction of the biological
auxiliaries. Think about the connection of the clusters with the other ones or the neighboeas,. ar

- use corridors allowing the predators (fox, raptpetc.) to hunt; these corridors can be combined with the
access required by the harvest machines.

- avoid monocultures to avoid the selection of pest populations (use diverse clones/genotypes for trees in
the clusters);

- use a crop rotation in case of annual plants



Appendix 2: Selection of plant species, cultivars and soil amendments for
application in gentle remediation approaches (GROSs).

Petra Kidd, Grzegorz Siebiglstichel Mench

Selection of adequate plant species for implementation of GROs

Phytotoxicity and other stress factors can severely limit the performance and establishment of the plant
species used in the remediation process. The selection of plant species and optimization of growth are
therefore pivotal in successful phytnanagementof trace element TB-contaminated soils under different
pedo-climatic conditionsDecades of research have been dedicated to the screening and selection of TE
tolerant plant species or genotypellowever, plants must not only show tolerance to the contaamit(s)
present but at the same time they may also require tolerance to numerous additional abiotic and biotic
factors, such as water stress, soil acidity or salinity, nutrient deficiency, frost, soil erosion or compaction,
herbivory, pests, etcSuccess Bo depend upon the careful implementation of effective agronomic
practices such as crop rotations, intercropping, planting density, fertilization, irrigation schemes, weed, pest
and herbivory management et€onventional agricultural methods can be mealif so as to suit both the
characteristics of contaminated soils, and to meet the requirements of effective phytoremediating crops.

The selected plant species or genotype will depend on the remediation option to be implemehted
contaminant location, ad pollutant linkagesForexample, for phytoextractiothe plants must be able to
accumulateand toleratehigh TEconcentration in their harvesable parts (e.g. shoots) and have a reasonably
high biomass production. One option is usinghygeraccumulatorgsuch asNoccaea caerulescenslyssum
murale and A. corsicuhwhich are able to accumulate extreme concentrations of metal(loid)s (e.g. Cd, Ni,
Zn, Se, and As) in their abogeound biomass (often endemic to me#hriched substrates, such as
ultramafic or calamine soils) and at the same time possess some economic added value (renewable biomass
for bio-economy and/or bieores (van der Ent et al. 284, i Chaney et al. 2007). An argument in favour of
hyperaccumulators is the possible recuperation of TE frosrichEbiomass, but effective recycling of TE from
TEloaded plants has not yet been proven, and without this plogential role of hyperaccumudtors may be
overestimated. Moreover, the price @Ay GKS g2NI R YI NJ SO A &nNBiO eLONB &Sy
from trace element contaminated soil economically feasible (Vangronsveld et al., 2009). HoWNever,
phytomining was proven to be econoralty feasible in the USA (Chaney et al. 2@G0W)in Europe (Albania)
(Bani et al. 2007)in East AsiaSedum alfrediivas identified as aominant colonizer of Pb/Zn spoils and
Zn/Cd hyperaccumulator Nonetheless, the main bottleneck limiting the practicapplication of
hyperaccumulators is the low biomass production of most of these species (except some of-the Ni
hyperaccumulators) and the high number of cropping cycles required for -clediif the objective is to
reduce total TE concentrations in sil@\dditional limiting factors include the absence of commercially
available seeds/seedlings, their sensibility to the presence of contaminants other than the
hyperaccumulated TE, a lack of knowledge related to their cultivation, climate needs or coompeiitin

other TEtolerant plants.

As a result, higibiomass crops (annuals or perennials) and woody plants are recognized as viable
alternatives to hyperaccumulators for phytoextraction of TEs (particularly Cd, Se and Zn) if they also show
relevant shoot E removals (i.e. moderatgigh bioconcentration factor (BCF) and high shoot yield). Over the
last two decades, both high yielding crop species, such as tobadicotiGna tabacuh and sunflower
(Helianthus annuys and specific clones of several membershaf Salicaceae family have been assessed



Europefor their suitability within GRCExamples of highiomass crops and woody plants which have been
evaluated for their potential application in distinct GRO are given in Table 1.

Tobacco is a weknown ard efficient accumulator of trace elements, especially forl@ditrobreeding and
chemical mutagenesis can improve the metal tolerance and phytoextraction capaditgsafhighyielding

annual crops (Nehnevajova et al. 2007, 20@jchnon-genetically modified plants can be directly tested for
their metal extraction potential under real field conditions without any legal restrictions (Herzig et al. 2014).
Field trials within the EU FP5 project PHYTAC (2005) confirmed enhanced shdatmetals of up to 18

(Cd), 3.2(Zn) and 2.gold (Pb) higher than that of mother lines at the Swiss Rafz site (soil contaminated by
industrial sewage sludge). Commercial sunflower cultivars accumulate only moderate metal concentrations,
but their highbiomass production makes them interesting for phytoextraction (Madejon et al. 2003; Kolbas
et al. 2011). Some oleic cultivarsombined with efficient soil amendmentsan provide both relevant
oilseed yield and shoot Cu removal (Kolbas et al. 2011, 2Gh&mical mutagenesis (EMS) \asoused to
improve shoot metal concentrations and biomass production of a sunflower inbred line IBLO4 (Nehnevajova
et al. 2007, 2009). At the Rafz site (Switzerland), using the second mutant generation of sunfloweith (F2)
improved metal extraction, shoot metal removals were up to-,79%2 and 8.2fold higher for Cd, Zn and Pb

than the inbred line, respectively (Nehnevajova et al. 20R#)e(Oryza sativasp.)has been shown to be an
efficient Cdphytoextracting plat for paddy fields in JaparBome indica rice varieties cancamulate
relatively high Cd concentrations in their shoagy( IR8, Chokoukok(barakiet al. 2014)

A large number ofSalixand Populusclones have been screened, and show great variatiptiomass
production, TE tolerance and accumulation patterns in roots and leaves between clones (Landberg and
Greger 1994, Pulfordt al.2002; Migeon et al. 2009; Gaudet et al. 2011; Ruttens et al. 2011; Van Slycken et
al. 2013).These woody species shothe ability to resprout from the stumps after harvests which are
performed at short time intervals (i.e. 6 years) (Dimitriou et al. 2012}.is possible to select the best
performing clones based on their TE tolerance, uptake efficiency (accungutdtines for phytoextraction

vs. excluding clones for phytostakidliion), TE translocation from roots to shoots, and biomass production
(Pulford and Dickinson 2005; Unterbrunner et al. 2007; Wieshammer et al. 2007; Pourrut et al. 2011). Clones
can alsaobe selected for their ability to accumulate selected TEs (e.g. Cd and Zn) while at the same time
immobilizing elements such as Cu or Pb. Additional factors influencing clone selection include their tolerance
to abiotic and biotic factors other than soil m@aminants, such as fungal and insect infection (e.g. leaf rust
(Melampsorasp.) and lace bugVonosteira unicostaty, cold and drought adaptation (Fernandéartinez

et al. 2013).Phytostabiation can be combined with excludbased SRC for bioenergurposes. In this

case the selection of genotypes can also be based on their characteristics in relation to conversion processes,
e.g. calorific value, bulk density, moisture content, ash and extractive content (Demirbas and Demirbas 2009;
Chalot et al. 202). However,willows have high irrigation requirements for successstablishment and
productivity, and under water stress conitins, do not maintain the samievel of biomass productioror
example,in Australia using proven metal accumulators likdlomis and poplar is nofeasibleand the
selection of native woody speciesuch asGrevillea robusta Acacia mearnsii Eucalyptussp.) with
characteristics suitable f@8RCQover nonnativesis consideredess ecologically disruptive.

In cases of extremglcontaminated sites (e.g. smelter wastelands) the goal is to revegetate in order to
reduce TE dispersion in the local environment. Certain grass species have been proved to be effective in
establishing longerm plant cover, namelyoa pratensisAgrostiscapilaris Festuca arundinacedestuca

rubra, Festuca ovingStuczynski et al., 2007).



Perennial herbaceous crops, such as switchgrBasi¢um virgaturjy miscanthus Nliscanthusspp.) and

giant reed Arundo donakare good examples of grass crops which are being adopted as bioenergy crops in
Europe and North America (Zegadaarazu et al. 2010; Nsanganwimana et al. 2013). The attraction lies in
their wide climatic adaptability, low production costs, suitability marginal lands, relatively low water
requirements, low nutrient and agrochemical needs, and possible environmental benefits such as the
potential for C storage through their deep and wadiveloped root system (Zegadldzarazu et al. 2010). The

low metalloid) uptake and transfer from soil to shoots, combined with a potential use in bioenergy, make
these species attractive candidates for phytostahtlon options.

Major staple crops have been screened for theirphigtoexclusionability: including, wheatbarley, rice,
potato and maize. Cd is one element of most concern regarding metal uptake into the food chain (Grant
1999; Grant et al. 2008)he use of TExcluding cultivars of annual crops can be an effective option for
mitigating soil contamination a agricultural land: some recommended-€xtluding cultivars are given in
Table 1.

Biotechnological approaches have been developed to improve plant growth and performance in the
presence of contaminantsndculation with mycorrhizal fungi and plaassocited bacteria (rhizobacteria

and endophytes) have been reported tot onlyimprove plant growthbut also tomodify soil TEmobility

and uptake/translocation by woody crops.

Selection of soil amendments for application in GROs

Soil amendments includingning agentdcalcite, burnt lime, slaked lim&olomitic limestong phosphates

and apatites, Fe, Al and Mn oxyhydroxides, organic amendments, and industrial waste products have been
widely used in phytostabilisatioand some (aided) phytoextracti@xpaiments. The formation of insoluble

TE chemical species reduces leaching through the soil profile and the labile metal pool in the soll
(Vangronsveld et al. 1995, 1996; Mench et al. 2000, 2003; Lagomarsino et al. 2011; Bert et abe@&1a).

case studis have illustrated the successful use of soil amendments to supihertestablishment of a
persistent plant cover, reduce bioavailability and mobilityT@, and induce the accumulation of organic
carbon and nutrients needed to support persistent vegetat(Clemente et al., 2005, Stuczynski et al.,
2005. Examples of both inorganic and organic materials which have been incorporatednirgdu
immobilisation techniquegincluding (aided) phytostabilisation anmal situ stabilisation and phytoexclusion)

can be found in Table. The most important processes involved in this immobilization are the
transformation of metals in soils, through precipitatgghissolution, adsorptiogdesorption, complexation
processes and ion exchange. In addition to reducing ibavailability the incorporation of effective
amendments restores soil quality by balancing pH, adding organic matter, increasing water holding capacity,
re-establishing microbial communities, and alleviating compaction. As such, the use of soil amendments
potentially enables site remediation, revegetation and revitalization, and finally sustainable Adlaéne
materialscan effectively induce metal hydrolysis reactions and/opoecipitation with carbonates or act as

a precipitating agent for metalsnithe soil solution (Bes and Mench, 2008pils amended with Fe
(hydr)oxides or byroducts, rich in Fexides, usually reveal a decrease in the most labile TE fractions (i.e.
soluble and exchangeable) and increase in the reducible fraction (i.e.-baiotel) (Komarek et al., 2013).
Organic residues are able to improve soil physical, chemical and biological properties by modifying organic
matter content, increasing water holding capacity and modifying TE mobility (Alvarenga et al., 2009).
However in somecases they can generate soil pH decrease due to mineralisation procasdésey should
therefore be combined with liming agents.



Metal immobilsation, and in particular Pb immolsdition, has been studied using a range of high phosphate
materials, suclas synthetic and natural apatites and hydroxyapatites (HA), phosphate rock (PR), phesphate
based salts (PBS), diammonium phosphate (DAP), phosphoric acid (PA) and their combinations (Kumpiene et
al. 2008;Chen et al. 20071 a0 et al. 2003Gebeelen et al2003. Phosphorus fertilizers (such as single and
triple superphosphates, diammonium phosphate) are acidic phosphate compounds (Bolan et al. 2003) which
lead to a decrease in soil pH and consequent dissolution of both P and Pb, and subsequent poecgditati
lead phosphate compounds. Precipitation as metal phosphates has been proven to be one of the main
mechanisms for the immohdhtion of metals, such as Pb and Zn in soils (McGowen et al. 20Gfgneral,
high-phosphate materials are considered to be more effective for Pb imnsatidin than for Zn, Cu, and Cd.
Among all the lead phosphate minerals, chloropyromorphite has the lowest solubility, thus, it is most stable
under favourable environmental conditions. The formation of insoluble pyromorphitee minerals was
responsible for Pb immobilization, whereas Zn, Cu, and Cd immobilization was attributegrecgatation

and surface complexation mechanisms (Miretzky and Cirelli 2@Bi8he riks associated with the use of
phosphate materials have been identified. For examplesaises of soils emontaminated with Pb and As, P
addition can effectively reduce Pb availability but inadvertently solubilize As.

Many case studies have showre stahlisation processo be more effective when several amendments are
used in combinationAmendments rich in metal oxides combined with compost, fertilisers, beringite,
cyclonic ashes or lime enhanced plant growth (Bes and Mench, 2008; Vangronsveld €09)., &2
combination of iron grit and OM improved shoot DW vyield of bean cultivated hoGtaminated soils,
compared to OM application without iron griBés and Mench, 2008Additionally, thecombination of iron

grit with lime and compost was more eftade in reducing Cu concentrations in soil pore water than
individual amendments.

One key point is the sustainability and (seffxintenance of the GR{klartley et al. 2012; Kumpiene et al.
2012) Too few longerm field trials consider this point. Ageimj the added and newlormed minerals,
litterfall build-up, plant and animal colonists, pests, etc. can really challenge the GRO efficiency. After 5
years, a second dressing of compost highly promoted the shoot DW yield of tobacco and sunflower, and
their shoot Cu removals compared to a single compost incorporation into the soil in the case of bioavailable
Cu stripping (Mench et al Greenland WP1 report).

Table2. Soil amendments commonly used for situ stabilisation and (aided) phytostabilisation

Inorganic amendments Organic amendments

Rock phosphate (a major source ofl Manures

fertilizers)

Thomas basic slag (a -pyoduct of the| Biosolids (sewage sludge), Compos
iron industries) biosolids

Wood ashes Green waste composts

Cyclonic ashes
Zerovalent iron grit
LinzDonawitz slag
Siderite

Gravel sludge

Red mud

Drinking water residues
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Tablel. Examples of highbiomass crops and woody plants which have been evaluated for their potential applicatiafifierent GRG.

Plant  Woody crops

GROs Phytostabilisation/phytoextraction

Highbiomass annual crops Perennial herbaceous crops

Phytoextraction

Phytostabilisation/(Bioenergy
crops)

Cdexcluding agricultural crop
cultivars

In situstabilisation and
phytoexclusion

Salix

Populus

Salix albavar.alba(Belders)
Salix atrocinerea

Salix caprea cineriax
viminalis(Calodendron)
Salix dasycladd$.oden)
Salix fragiligBelgisch Rood)
Salix smithiangSalix caprex
viminalig
Salixtriandra x viminalis
(Inger)

Salix viminaligclones Jorum,
Christina, Jorr, Jorun@rm,)
Salix viminalig schwerini
(clonesTora Bjorn

Populus alba

Populus deltoidesnigra
(Ghoy)

Populus nigra

Populus tremula

Populus trichocarpéclones

Columbia River, Fritzi Pauley.,

Trichobel)
Populus trichocarpa
deltoides(clones Beaupre,

Sunflower (Helianthus

annus)

Tobacco (Nicotianna

tabacum)
Maize
Alfalfa
Sorghum

SwitchgrassRanicum virgatum
Miscanthus Miscanthusspp.)
Giant reed Arundo donax
Biomass sorghunsprghunspp.)
Fibre hemp Cannabis sativa
Vetiver {etiveria zizanioidgs
Bamboo

Phragmites australis

Grassy specieggrostissp,
Festucasp.

Maize cv. Fuxxol
cv. Morisat
cv. Acces
cv. Die Samanta
cv. Antonio
cv. Atletico
cv. Fransisco
cv. LaFortuna

Spring cv. Streif

barley’**®  cv. Sebastian
cv. Sunshine
cv. Auriga
cv. Bodega
cv. Ursa
cv. Pasadena
cv. Xanadu
cv. Hanka
cv. Felicitas



Hazendans, Hoogvorst,
Raspalje, Unal)

Alnus Alnus cordatgclone Lois)
Alnusglutinosa
Alnus incana

Paulownia Paulownia tomentosa

Betula Betula pendula

Spring
durum®

Winter

durunr

Winter rey’

Winter
wheat*>¢"

Potato

Cv.

Cv.
Cv.
Cv.
Cv.

Cv.
Cv.
Cv.
Cv.
Cv.
Cv.
Cv.
Cv.
Cv.
Cv.
Cv.
Cv.
Cv.
Cv.
Cv.
CV.
CV.
CV.
CV.
CV.
CV.

Messina

Astradur
Rosadur
Floradur
Helidur

inerdur
Prowidur
Aradur
Superdur
Agronom
Ero

Kier
Picasso
Nikita
Batis
Skagen
Turkis
Orkas
Esket
Julius
Xenos
Josef
Fridolin
Tommi
Ditta
Nicola

", the commercially available range of cultivar seed chaggasly, e.g. some cultivars disappear and others enter the market.
FriesiHanl et al. 2011;%FriestHanl et al. 2009;3LfL 2006;“BfUL/LfL 2002011; °Spiegel et al. 2009°Wenzel et al. 1996;'Klose 2011



Appendix 3: Safdiomass usage
Valérie Bert, Jolien Janssen, Rodolphe Gaucher

As a result of plant and culture management, Gentle Remediation Options (GRO) ppdainicbiomass
(herbs or woody biomass). Depending on the GRO set up on the polluted site and the type of plant used,
harvested plant parts may contain concentrations of TE that may be higher than those found in similar
vegetation grown on uncontaminatedis. This is, in particular, the casgth phytoextraction which leads

to metalenriched plant biomass. These plants may enter valuation pathways if (i) TE do not disturb the
functioning and the performance of the process, (ii) if the TE transfer isaltautrand (iii) if such plant use
complies with current regulatis To our knowledgethus far, plant biomass on contaminated lands was
only produced for scientific purposdo be used in demonstration projects such as GREENLASIR
potential advantagethese plants will not compete with plants grown on agricultural lands as contaminated
lands are not suitable for food production. On contaminated lands, plants may serve to provide feedstocks
and nonfood products for bioenergy and, thus, may contributeachieve the EU aim by 20200obtaining

20% ofenergyfrom renewablesources.

In GREENLAND, our approach was to select routine pathways for plant biomass as a basis to discuss the
possible advantages and potential limitations, regarding technical, social and regulatory aspects, of using
plant biomass produced from TE contaminatedl dato these pathways. In addition, two emerging
processing pathways were selected and discussed based on existing knowledge. Thus, combustion and
anaerobic digestion were selected as established pathways whereas solvolysis and flash pyrolysis were
seleced as emerging technologies. Technical assessment was based on assays. They were performed with
plants cultivated for the purpose of phytoextraction leading to metatiched biomass. All plants used in
assays were provided by GREENLAND partners who ofiglddsites. Assays were performagsing
equipmentowned by GREENLAND partners. Table 1 details processes and plants used in assays.

Table 1:Type of process and plant used in assays.

Process Test scale Plant Targeted metal

Combustion Pilot (40kW) WillowW¢ 2 NI Q Zn,Cd
t 2LJ I NJ Wal Zn,Cd
Mix willow, poplar Zn, Cd

Anaerobic digestion Laboratory Sunflower Zn
(5L reactor)

Solvolysis Laboratory (110cth Tobacco Zn, Cd
reactor) Cu

Flash pyrolysis Laboratory Willow Zn, Cd
(1009 reactor) Sunflower Zn

Tobacco Zn, Cd
Cu

Acceptance and feasibility assessnmeniere realized for combustion and anaerobic digestion based on
interviews with installation operators in several European countries (France, Austria, Germany, $weden
Regarding regulatory aspects, the assessment consiste review of current European regulation and
examples of national regulations related to combustion and anaerobic digestion focused on plant biomass
utilization. This review wasgsed as aasis todiscuss possibilities to use plant biomass produced on TE
contaminated lands in these processes.
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KEY RESULTS

A) Assays
The main objective ofhe assays was to determine the fate of the TE in the resulting products of each
conversion process.

A-1: Combustion defined as thermochemical conversion of biomass, occurs in combustion plants or boilers,
i.e. technical apparatus in which fuels are oxidized in order to use the heat generated. Contrary to
incinerators, used primarily for waste destructiomilers are used primarily for energy production. The fuels

can be solid, liquid ogaseous combustible materials. Thenmbustion process results in bottom ashes and

flue gases (gaseous fraction and fly ashes). Combustion is the most important energysiconkaute for
biomass. Biomass means products consisting of any whole or part of a vegetable matter from agriculture or
forestry which can be used as a fuel for the purpose of recovering its energy content and wastes used as a
fuel (IED 2010/75/UE). Fotesnd woodbased industries produce wood, which is the largest source of solid
biomass used as fuels (logs, bark, chips, sawdust, pellets). Depending on its quality and national legal
framework, ashes (bottom ashes and fly ashes) can be used on agritlahdand forest.

For assays, wood chips of Zn ande@dched willows and poplars were used as fuels (Table 2pianaass
boiler of 40 kW (Picture 1). Commercial willows and poplars bought in wood nurseries were tested for
comparison (Table 2).

Picture 1.Boiler design used for combustion assays.

Table 2.Zn and Cd concentrations (mgkQW) in willow and poplar wood chips used as fuel in combustion
assays (mean * (SD)).

Assay 1 Assay 2 Assay 3

C[ L fAE PhytoeXtr- C;3‘opulus PhytoeXtr- C:Salix alba GDODLHUS PhytoeXtr-
WYal Eo¢ trichocarpa

Zn 53 (8) 91 (18) 91(2) 102(0,8) 20(3)  103(7) 929 (236)

cd 1,9(0,2) 2(04) 2200 39(01) 02(00) 21(01) 39 (9)

Figure 1 shows the distribution of Zn in the emissions, i.e. botishes, particulate fraction (fly ashes) and
gaseous fraction of the flue gases, as a result of combustion assays performed on willows and poplars
cultivated for phytoextraction purposes and the comparison with corresponding virgin wood (Control). For
all sss;ays, Zn occurred mainly (> 509%6) the fly ashes. The bottom ashes represented the second
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compartment for the occurrence of Zn whereas the gaseous fraction of the flue gases represented a minor
compartment for Zn emissions. The distributionsmaot depeident on the initial burnt wood, i.e. virgin
wood (control) or Zn enriched wood (phytoextraction). Similar results have been found for Cd.

Figure 1 Distribution (%) of Zn in bottom ash and flue gas (fly ash and gaseous fraction).
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Independently ofregulatory issues,the assays allowed to conclude that the burning of plant biomass
naturally enriched with metals in industrial or collective boilers could be possible, e thoilersare
normally equipped with efficient systems to reduce dust emissi®@epending on the TE concentration in
bottom ashes and national legal framework, bottom ashes couldebgsedby land spreading. Concerning
fly ashes, the results invite to perform furtherdepth analysis of current practices regarding separation of
ashes and valorisation pathways.

A-2: Anaerobic digestionis a biological process performed by the combined action of several types of micro
organisms in the absence of oxygen. This procakrinatesin the partial degradation of organic matter and

leads toformation of biogas and digestate. The volume of the digestate is around 50% of what was put into
the digester. Typical feedstocks are organic waste such as sewage, manure, food waste, landfill, crops grown
specifically for anaerobic digestion, crop resd, etc. Amongst crops, maize, sunflower, grass silage, cereals
and rape meal give high biogas yields. Biogas is a mixture of biomethar{5#8%) and carbon dioxide

CQ (30-35%) and small amounts of other gases. biogas can be used in combustiont@lpraguce heat

and electricity. After removal of contaminants and ;C® becomes biomethane which has comparable
characteristicavith natural gas. It thus can be injected into the natural gas distribution network, used as a
transport fuel in the form oLiquid Natural Gas (LNG) or Compressed Natural Gas (CNG). Depending on its
guality andthe locallegal framework, the solid part of the digestate can be used on agricultural land.

For assays, Zn enriched leaves of sunflower were used as feedstocks batlbleactor (Picture 2). Zn
concentrations inthe sunflowers were 687 = 29 (high -8nriched sunflower) and 247 + 2 (medium-Zn
enriched sunflower) mg KgDW. Normal range of Zn values usually measured in sunflower grown on
uncontaminated soil is 380 mg kg' DW. Biogas composition was monitorééigure 2 and digestate was
analysed for Zn.
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Picture 2.Batch reactor for anaerobic digestion assays and monitoring equipment.

Figure 2Biogas composition (left axis in %; right axis in ppm) of medinamriched sunflower.
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Medium Znrenriched sunflower showed similar biogas composition as typical biogas§CF%; CQ 25

45%; @ <2%; BS: <1%). This result evidenced that the presence of Zn in sunflower did not modify the
composition of biogas. d8ults also showed that Zdid not inhibit biogas production. Due to technical
problems, the assay performed on high-&@miched sunflower was not conclusive. Nevertheless, during the
biogasmonitoring which lasted 10 daysve could observe that biogas mhaction was not inhibited. As
expected, Zn was measured in digestates. ldde 55°C, the temperature dfie anaerobic digestion, no

Zn volatilization can occur. Depending on TE concentration in digestatetharidcal legal framework,
digestates couldbe re-usedby land spreading or by composting.

A-3: Solvolysisis the chemical decomposition of biomass with a solvent under pres3inis. innovative
technology aimed at investigating metal behaviour in biomass conveaittedb and supercritical conditions.

As a reduction of the initial volume of biomass was expected, solvolysis was tested asreapnent,
resulting in a metal free liquid phase, where organic molecules of interesjrésn chemistry could be
found, anda metal enriched solid residue. Regarding its metal concentrations and its properties, possibilities
of valuation were discussed.

Solvolysis of twdobaccos enriched in either Cu or-Bad (Table 3) wasarried out in a semgontinuous

reactorin sub and supercritical conditions (Picture.3)emperatures ranged from 50, 150, 250, 350 to 400
°C, at a pressure of 25 MPa. In the assays, the solvent was water.
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Table 3. Metal concentrations in Cu and Ld enriched tobaccos used in solvolysis assays.

(mg kg™ DW) Cu Zn Cd
Cutobacco 16 34 -
ZnCd tobacco 14 847 9

Picture 3.Semicontinuous reactor used in solvolysis assays.

]

Residual solid Liquid phase

As shown in Figure 3, Cu was mainly found in the liquid phase during the heating step or in the residual solid,
dependingon the temperature. Zn was mainly found in the liquid phase during the heating step whereas Cd
was mainly found in the residual solid. Carbon is almost exclusively found in the residual solid (> 99%). Some
molecules of interest were found in the liquid gée but in very small amoumwhich did not permit
guantification

Figure 3.Copper (a) and 26d (b) recovered in the different phases. C= carbon. Metal and C are expressed
as percentages.
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In the solid residues, Cu ranged from 180 to 764, Zn ramged 94 to 905 and Cd ranged from 3 to 79 mg

kg® DW,depending orthe plant used and temperature. These concentrations were too high to consider the
usage of the solid residue as an organic amendment. The idea was then to use the solid phase enriched with
metals asaraw material to produce polymetallic catalysts which could be used in industrial biotechnologies
and chemocatalytic processes. Preliminary assays showed that the metal concentrations were too low to
evidence a catalytic activity of these residu

A-4: Flash pyrolysisPyrolysis ighe thermochemical decomposition of (biomass) material at moderate
temperature and in oxygen deficient conditions resulting in 3 end products: char, oil and gas. Flash pyrolysis
typically uses moderate temperaturgg50 ¢ 600°C), a very high heating rate and a very short vapor
residence time (< 1.5 s). Flash pyrolysis targets the pyrolysis liqaitdessl product.
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For the assays, metal enriched willow, tobacco and sunflower were used as feedstocks (Table@)gn a 1
biomass semcontinuous reactor (Figure 4).

Figure 4 Scheme of flash pyrolysis reactor.
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Table 4:Cd, Zn and Cu concentrations in biomass used for flash pyrolysis. Mean (SD).

Biomass sample Target metals (mg K§dry weight)
Origin Species Cd Zn Cu

Cd/Zn phytoextraction Willow 1 high Cd/Zn 14.2 (1.0) 508 (26) <10.0

Willow 2 high Cd/zn 8.3 (0.2) 396 (8) <10.0
Cd/Zn phytoextraction Tobacco low Cd/zZn <11 121 @ 18 (2)
(moderate and low Tobacco mod. Cd/Zn 15 (0.1) 390 (28) 23 3
metal level) Sunflower low Cd/Zn <11 112 (5) 18 (2)
Sunflower mod. Cd/Zn <11 463 (24) 17 (2)
Cu phytoextraction Tobacco Cu <11 25 (5) 36 (4)
Sunflower Cu <11 51 (2) 22 (D)

The pyrolysis liquid was a dark brown sirghaised aqueous liquid in case of the willow samples (Table 5).
The pyrolysis liquid of the tobacco and sunflower samples wasptvesed, consisting of a tar and an
aqueous fraction. The Cd concentrations in #gueous fractions were, in this study, never higher than
12.3% of the %wt of Cd present in the original biomass. The recovery of Zn in the aqueous fraction is much
lower and did not exceed 2.8% of the %wt of Zn present in the biomass. Also the Cu cottenhgueous
pyrolysis oil after flash pyrolysis of the ich biomass was relatively low. The tar fractions of tobacco and
sunflower contained in all cases more target metals than the corresponding aqueous fractions (Table 5).
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