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Executive Summary

Introduction

The HOMBRE (Holistic Management of Brownfield Regeation) project seeks to aid both
the prevention of sites from becoming brownfielB&¢) and the regeneration of existing BFs
into usable sites. Work Package 5 of the HOMBREggtaims to improve solutions for

long term land use of current and potential fulBFs. To achieve this, WP5 looks to both the
development of new, and improvement of existinghtwlogies for the regeneration of BFs
into green end uses. The objective of this reoid ifulfil HOMBRE deliverable 5.4, which
has the aim of investigating and providing guidaocehe operating windows of:

1. Biochar and othen situstabilisation agents
2. Organic matter recycling

These are examples of two important low input teébgy groups for regenerating BF,
supporting specific soil functionality and risk naggement on site, as well as providing wider
environmental benefits (e.g. carbon sequestratidm report provides an overview of
existing literature regarding these technologiabtaeir potential uses, as well as their
advantages and disadvantages for utilisation iargng urban BF. It also discusses the
outcomes of several experimental studies undertakgaint initiatives between HOMBRE
and the Greenland project (FRBBE-266124) involving the investigation of biochar and
recycled organic wastes as potential methods foedating soil contaminated with copper.

Biochar

Biochar is the carbon-rich end product of the pys of biomass. Amongst other uses, it has
been suggested that biochar can be used for cadaprestration, pollution remediation and
recycling of agricultural wastes. It has even bpmposed that biochar could be used in bio-
energy production. There are strong suggestioridotbehar may be applied as an
amendment to soil. In this application, biochar meayvide both cultivation improvements
(through nutrient provision, improved water retentand pH control) and immobilisation of
soil contaminants.

Biochar can be produced from a range of biomassstyphe feedstock utilised in production
is a key factor in determining the physico-chempaperties of biochar. Some biochar
properties are less dependent on feedstock andeeagntrollable by altering the production
process conditions. However, general propertidsaifhar include a high carbon content and
high porosity. The heterogeneity resulting fromiagons in the feedstock and production of
biochar is a key positive attribute and contributegs versatility, as biochar can be tailored
to suit the use for which it is required.
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Biochar is increasingly being investigated forptgential as am situremediation agent to
immobilise contaminants in the soil matrix. Sevetaracteristics of biochar contribute to its
ability to remediate contaminated soils:

» Porosity and large surface area.
» Large cation exchange capacity.
* Typically high pH.

Studies suggest that both organic contaminantd¢rand elements may be successfully
immobilised using biochar. A review of literatuepporting the numerous different
contaminants to have been treated using bioch@abisded as an annex. Biochar may prove
more durable than alternative soil amendments.i&uthve reported biochar to have a
residence time of between 8 and 4000 years.

Despite the positive effects of biochar on the irbiiigation of contaminants in soil; there are
some concerns that biochar itself may be a sodrcertamination. The feedstock used to
produce the biochar may contain metals that coelttansferred to the final product.
Additionally, some contaminants can be formed dytire conversion (pyrolysis) process.
These include polycyclic aromatic hydrocarbons (PARd in some cases, dioxins. Studies
have shown that organic contaminant concentratrobgchar depend on multiple
parameters of the pyrolysis process, i.e. pyrolysigerature, pyrolysis time, and feedstock
properties. Potentially then, the risk of biochamasource of contamination can be reduced
by utilising appropriate feedstocks and producpoocesses.

Biochar may be argued to be more advantageousothan methods ah situ stabilisation as

it may offer soil and environmental benefits adihal to the immobilisation of contaminants,
potentially including the provision of a means éarbon sequestration. It has been proposed
that biochar could be employed for this purpose, tuts extremely high carbon content.
Additionally, the unique attributes of biochar seggit can contribute beneficially to soil
characteristics, resulting in improvements for¢h#ivation of biomass. Soil structure,
nutrient availability, pH and water retention madlyb& improved through biochar addition to
soil.

Recycled Organic Matter

Recycled organic matter (ROM) can be derived frouftiple organic waste sources and can
be tailored to suit a specific purpose. Organictevaan be defined as waste which is
biodegradable and may include household and conahsmurces, such as food; garden
wastes; paper; cardboard and wood, alongside dtgrialiwastes, sewage sludge, such as
manure and crop residues. Organic waste can begsed in a variety of manners, including
composting or anaerobic digestion. Organic wast@g Ioe recycled and utilised in various
ways; the two major end-uses being as a soil amentand for fuel/energy production.

As a soil amendment, input of ROM can improve bissngrowth on BF sites, through the
improvement of soil conditions and can also basatl in soil forming. ROM increases
nutrient availability, improves soil structure acah increase soil functioning through
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stimulation of microbial activity. Further, applgrROM to land could increase the amount
of carbon stored in soils and so contribute toréaiction of greenhouse gas emissions
(therefore helping to mitigate climate change).

Trials have investigated the use of ROM to redheeaimount of available contaminants in
soil, as a result of increased sorption sites ameliaration of acidic conditions. However,
trace element mobilisation and increased avaitghiks also been noted with ROM
application to soil, as a result of dissolved orgaarbon (DOC) competing with metals for
sorption sites; or due to DOC forming soluble coempk with metals, preventing sorption
onto soil particles. Similar to biochar, ROM magabe a source of trace elements. Certain
types of ROM may be considered “high” risk, for exde sewage sludge or compost-like-
outputs derived from mechanical biological treattrefmon-source-segregated municipal
solid waste. To reduce risks, ROM should be tegtaxt to soil application and ROM
amendment should be site specific.

Experimental Studies

Trace element contamination is an important enwiremntal issue, as unlike organic
contaminants, trace elements do not degrade aver fAs trace elements are very persistent
in the environment and traditional methods of relawgnh (e.g. involving soil removal and
replacement) are often costly, it is important ihabvative methods of remediation for trace
element contaminated soils are developed. As diecusarlier in this report, soil
amendments such as biochar and recycled organtemnady be suitable fon situ
immobilisation of trace element contaminants in. d&xperimental studies were carried out
on the promising combination of biochar and RONhtnobilise trace elements and
facilitate revegetation. Several biochars and gmeaste composts as single and combined
amendments were tested for the treatment of a camoeaminated soil.

Experimental work was undertaken as a collabordigtween the Greenland project (FP7
KBBE-266124} and HOMBRE and was initiated by a scoping studgda3. The results
from this experiment helped facilitate the develepirof a longer term study and supporting
Master of Science project, which were conducte20i4. Copper contaminated soil used in
the three projects was obtained from a former waredervation site in the Gironde County
of South-West France.

The scoping study examined the effects of compast#ochar, applied both exclusively and
combined, on the leachability of copper in the aaoill the soil’'s phytotoxicity. A series of
progressively more detailed leach tests was caougdalongside a plant trial to establish a
“ball park” effective range for the amendments.

' The Greenland project was established to investigate, improve and increase usage of gentle remediation
options (GRO) including phytoremediation and in situ stabilisation using amendments (www.greenland-

project.eu).
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The detailed study and supporting MSc study ingastid the use of three different biochars
as single amendments and in combination with gnesste compost. One biochar was
commercially produced, developed and patented Buf@ Solutions™ Ltd for the
remediation of metal contaminated substrates. Tiner &wo biochars were produced by the
Greenland project, using poplar grown at the saenfwhich the contaminated soil was
obtained. The detailed study examined the effebiamthar and compost on the leachability
and phytotoxicity of copper in soil. Leach testgevearried out before and after a two-week
incubation period and following a seven week gropghiod in the soil. A plant trial using
Helianthus annuuk. was undertaken, with biomass and copper conatortrin biomass
recorded post-growth to determine phytotoxic effe¢he supporting MSc study used
sequential extraction to determine the effectsiothar and compost on mobility and
fractionation of copper in soil. Sequential extiaas were carried out before and after a two
week incubation period and following a six weeknpliial (again usingd. annuu$.

The results of the experimental studies demonstithi mobility and phytotoxicity of
copper was reduced in amended soils, with bothhlailoas a single amendment and in
combination with compost proving successful in tapacity. These results were attributed
to various factors associated with biochar and a@shpmendments, including increased
sorption sites for soil contaminants, increasedgdtreasing copper availability, and in turn
phytotoxicity) and increased nutrient provisiord{ag plant growth). It could therefore be
concluded that biochar and compost can be use@ssicdly to aid remediation of a copper
contaminated site. The amendments can also bemusedbination with phytoremediation
to further decrease pollution risks and potentiphgvide a saleable energy crop.

Operating Windows

To help stakeholders establish if ROM and bioctsas@l amendments are suitable for risk
management and the provision of sought-after amditiservices, “high level” and “detailed”
operating windows have been developed. The detadlegrating windows follow the
traditional operating window rationale where thadtion is to identify the optimal conditions
for applying a GRO in terms of its process paransetdLOWSs act as instruments to provide
relevant information to stakeholders and suppatilin taking decisions for the selection of
appropriate interventions in BF redevelopment feregation projects to deliver particular
services. Operating windows can be used to estaibls particular remediation option may
be suitable for use on a site, however further egxgdvice must be sought to develop a
detailed remediation plan ensuring sufficient rislianagement can be provided by the
selected remediation option(s). These are explameetail in the report and also HOMBRE
Deliverable D5.2.

Recommendations

Based on the outcomes of this report, it is cleat there is scope for biochar and compost to
be successfully used in BF regeneration to softieses. However, more research is required
to further establish the detailed operating windoWihese amendments and to more clearly
define the influence of different feedstock mater@n biochar and ROM properties. Future
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research could include trials to determine thectfbé feedstock material on effective
application rates for ROM and biochar. Additionaltye amendments successfully trialled in
our research require field trials to determinertkeéficacy on a larger scale and confirm their
potential for deployment on a full-scale remediatsite.



1. Introduction

1.1 HOMBRE Project Overview

The HOMBRE (Holistic Management of Brownfield Regeation) project seeks to aid both
the prevention of sites from becoming BrownfielB&$) and the regeneration of existing
BFs into usable sites. BF sites can be describeeératict or underused sites which:

. Have been affected by previous land use of theosiseirrounding land;
. Are mainly in partly or fully developed urban argas

. Require intervention to bring them back to beneafiose;

. May have real or perceived contamination probfems

BF sites occur when previously developed land (uaty with a history of industrial use)
falls out of use, following the cessation of iteyipus use. Negative perception of the land
and reluctance on the part of potential investoitsike on possible liabilities prevents
redevelopment of the land, leading to the land bexng unused and derelict. BFs can have
wider ranging impacts on the local and regionalemment and economy.

BF regeneration can help reduce the effects ofruspaawl, by both reducing the demand on
Greenfield sites and returning BF to green useturim re-use of BF land allows for a more
sustainable built environment. The HOMBRE projess b focus on moving BF management
practices towards greater sustainability. HOMBREmpts to achieve this through strategies
integrating BF re-use with local and regional (m)elopment, resource efficiency and
effective stakeholder engagement. As areas affdstékde presence of BFs often have
concomitant socio-economic problems, including Emwployment, high crime figures, and
poor infrastructure and housing (Tang & Nathariill 2), significant socio-economic gains
can be obtained through the improvement of BFsteBlevelopment may therefore
contribute to all three elements of sustainablesigment (social, economic and
environmental sustainability).

1.2 Report Objectives and Aims

This report is HOMBRE Deliverable 5.4, which has thm of providing guidance on
operating windows of two important low input teclowes for greening (i.e. soft re-use of)
urban BF:

2CABERNET (The Concerted Action on BF and Economégé@eration Network).
http://www.cabernet.org.uk/
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1. Biochar and othen situstabilisation agents
2. Organic matter recycling [to BF land]

The purpose of using these low input GROs for retiging/regenerating BF for soft re-use
IS to support soil improvement and risk managemargite. However, they also provide
wider environmental benefits (e.g. carbon sequisira This report provides an overview
of existing literature regarding these technologied their potential uses, as well as their
advantages and disadvantages for utilisation iargng urban BF. It also includes the
outcomes of several experimental studies undertakgaint initiatives between HOMBRE
Project and the Greenland Proje@P7ZKBBE-266124) investigating biochar and composts
as potential methods for remediating soil contatethavith trace metals. The hypotheses to
be tested are:

H, — “Biochar application to soil is an opportunityd¢ombine soil improvement, carbon
sequestration and risk management (visitu stabilisation).”

H, — “Organic matter addition to soil provides a dieaimmobilisation of trace elements and
a carbon sequestration opportunity.”

A combination of both experimental outcomes ancchimions from literature are used in an
attempt to establish viable operating windows fase techniques. These are used as part of
a series of operating windows in decision suppoidance developed in HOMBRE
Deliverable 5.2, the “Brownfield Opportunity Mattixsee Section 5.3).

1.3 In Situ Remediation, Gentle Remediation and Risk Managemén

Biochar and recycled organic matter applicatioedib is one of severah situ stabilisation
methods that may be employed for the managemeBE®fin situremediation describes
treatment-based remediation processes that atedcaut without the excavation of
contaminated soils to the surface prior to treatn(@nsitutreatment). Soils are treated “in
place” as part of a risk management strategy vhaim of reducing the movement of a
contaminant through the subsurface.

Two broad concepts have emerged in contaminatednemagement over the past 30 years:
the use of risk assessment to determine the seees©f problems, and the use of risk
management to mitigate problems found by risk a&ssest to be significant. For a risk to be
present (see Fig. 1) there needs to sauace (of hazardous contamination), one or more
receptors (which could be adversely affected by the contatiam) and one or more
exposuregathways (linking the source to the receptors). Receptaght be human health,
water resources, a built construction, or the waterironment. Requirements for land and
groundwater remediation strictly depend on risk agggment needs. Risk management
focuses on breaking the contaminant linkage, elllyezontrolling the source; managing the

3 .
www.greenland-project.eu
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pathway(s); protecting the receptor(s), or somelipation of these components (Nathanail
et al.,2007; Vegteet al.,2002).

Pathway

Source — Receptor

Source “control” Pathway Receptor protection
Management

Figure 1: Contaminant Linkage and Risk Management Optiorter(&undyet al.,2013).

Conventional approaches to contaminated land rskagement have focussed on
containment, cover and removal to landfill (or “édigd dump”). However, since the late
1990s there has been a move towards treatment-basediation strategies usimgsituand
ex situtreatment technologies. Treatment based remedidepends upon the destruction,
degradation, extraction or stabilisation of contaanits, mediated by one or more of the
following broad classes of processes: biologidaénaical, physical,
solidification/stabilisation or thermal (Nathaneilal. 2007).

In situremediation is now a significant remediation madegment (Nathanagt al. 2013),
although it is still only employed on a minority pfojects.In situremediation has a number
of broad benefits, ovaxx situprocesses where soil/water is excavated/pumpetreaigd on
the surface (Harbottlet al.,2008; Harbottleet al.,2007). It enables remediation to be
undertaken with minimal disruption to site operas@nd with minimal exposure of site
workers and others to the contaminants (e.g. i, das or vapours). The “footprint” of @&m
situ remediation project tends to be much smaller fbaanex situscheme, meaning that
treatment can usually be carried out where acaets@ailable space are restricted, and off
site waste generation is reduchdsitutechniques can also provide a treatment optioites s
where removal to the surface is likely to be proidéc; e.g. where the contaminated material
is at an impracticable depth or underneath infuastire. Additionally, risks to site workers
associated with exposure to contamination (e.dcteepours) are reduced. Other
environmental impacts of removing contaminatiothi® surface may also be avoided;
including dust and gas emissions.

Gentle remediation options (GRO) are risk managesteategies/techniques that result in no
gross reduction (or a net gain) in soil functiotyadis well as risk management. Hence they
have particular usefulness for maintaining biolafiicproductive soils (Cundgt al.,2013).
This concept is based on an older concept of “extei (i.e. low input, long term) treatment
technologies developed in the Netherlands ovel 898s (Bardos & van Veen, 1996). The
rationale is to both to minimize any negative effeaf the remediation treatment process on
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soil systems, but also to reduce overall econommstscand management requirements
(Mengeret al.,2013).

GROs encompass a number of technologies whichdedhe use of plant (phyto-), fungal
(myco-) or microbiologically-based methods, withvathout chemical additives, for
reducing contaminant transfer to local receptorsisytu stabilisation (using biological or
chemical processes) or extraction of contaminants Menctet al, 2010; Onwubuyat al,
2009; Vangronsveldt al., 2009; Chanegt al.,2007; Grisperet al, 2006; Ruttenst al,
2006), such as phytovolatilisation, phytodegradgtphytoextraction, rhizofiltration,
phytostabilisation and mycoremediation.

Intelligently applied GROs can provide: (a) rapggkrmanagement via pathway control,
through containment and stabilisation, coupled &itbnger term removal or
immobilisation/isolation of the contaminant souteem; and (b) a range of additional
economic (e.g. biomass generation), social (eigure and recreation) and environmental
(e.g. CQ sequestration) benefits. In order for these benadibe optimised or indeed
realised, effective decision support and stakelm@dgagement is required.

1.4 Gentle Remediation Options for Brownfield Soft Re-se

The overarching aim of HOMBRE Work Package 5 (WIRdg been to improve solutions for
long term soft re-use of current and potential faitBFs. The umbrella concept of “soft re-
use” describes intended end uses of sites whichareased on built constructions or
infrastructure (“hard” re-use). Instead, soft re-describes BF redevelopment or
regeneration where the soil remains unsealed addically functional. Examples include
provision of public open space, parkland, cultieatand forestry. Soft and hard re-use
scenarios may be integrated on one site. For exgaramgafé may be built on a site that has
been redeveloped into a public park (Mengfeal.,2013).

Soft end-uses of regenerated BF sites can lowesabtial, environmental and economic
burden of a site; risk management strategies eragldyring regeneration are likely to lower
environmental and public health risks, while pramisof green-space, or public open space
may improve all three elements of sustainable dgreent. There are a range of
circumstances in which soft re-use may offer ecanally viable and sustainable remedies
for BF land that is otherwise undevelopable, imgrthve economic value of land, including
adjacent land, through improved public perceptibthe land and surrounding area following
the soft regeneration of a site. There may be itapourban renewal arguments for
developing amenity land, particularly in areas dfam deprivation (Mengeat al, 2013).

Gentle remediation options (GRO) are low input nsknagement strategies/techniques that
result in no gross reduction (or a net gain) i &mictionality as well as risk management.
Hence they have particular usefulness for maimagibiologically productive soils and so are
highly compatible with soft re-use of BFs (Curetyal.,2013, Mengeet al.,2013). GROs

are more likely to be lower cost than their higtemsity counterparts and therefore more
feasible for sites intended for soft-end use, asdtsites are commonly economically limited.
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For example, the use of GROs can be highly comlegatiiih biomass end use (e.g. Van
Slyckenet al, 2013a, b; Bardost al.,2011a; Bardost al.,2010; Puschenreitet al.,2009)

GROs could be attractive alternatives to convealictean-up methods in these situations
owing to their relatively low capital costs and thberent aesthetic value of planted or
“green” sites. In addition, “greening” of contamied or marginal land may have additional
wider benefits in terms of educational and ameveiyie, CQ sequestration, resource
deployment (as a compost re-use) and providingigeraf ecosystem services (Menger
al., 2013; Witterset al.,2012; Bardot al, 2011b).

Application of recycled organic wastes and bioctiarghe purpose df situimmobilisation
is a GRO strategy which may have a wide range oétits that may be employed to help
improve the viability of regenerating BFs to safteuses.

2. Biochar use in Brownfield Redevelopment/Regeneratioto
Soft Re-uses

2.1 Biochar Background

Biochar is the carbon-rich end product of the pys™ of biomass. It is currently the focus of
much scientific research, in part due to the dvexature of its potential environmental
applications. Amongst other uses, it has been stigde¢hat biochar can be used for carbon
sequestration, pollution remediation and recycbhggricultural wastes (Ahmaet al.,

2014). It has even been proposed that biochar dmilgsed in bio-energy production (Laird,
2008). There are strong suggestions that biochgrmapplied as an amendment to soil. In
this application, biochar may provide both cultisatimprovements (through nutrient
provision, improved water retention and pH contesiyl immobilisation of soil contaminants.

Biochar can be produced from a range of biomassstypr “feedstocks”) including wood and
plants (Singlet al.2010a), manure (Cao & Harris, 2010; &al.,2010; Singtet al.2010a,;
Caoet al.2009) and wastes from the food and paper indugtdesimen, & Ersoy-
Mericboyu, 2010; Singkt al.2010a). The feedstock utilised in production iseg factor in
determining the physico-chemical properties of barc Indeed, these properties may vary
relatively widely depending on both the initial istock material and the method of
production. As a result of this variability, itdsfficult to give a definitive overview of
physical and chemical characteristics that candeel to define biochar. However, general
properties of biochar include a high C content laigth porosity. Both these features result
from the biomass origin of biochars; a high C cahtierived from the organic C in the
production biomass and porosity resulting fromdékular morphology of the biomass
(Downieet al, 2009).

Certain biochar properties are more strongly affédty variability in feedstock than others
(e.g. amount of contaminants in biochar) (Shacklesl.,2010). Some biochar properties are
less dependent on feedstock and may be controlglddtering the production process
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conditions. Novalet al.(2009) found that various biochar characteristmsla be altered
using different pyrolysis temperatures. For examipigher pyrolysis temperatures created
biochars with greater surface areas and a higher pH

The heterogeneity resulting from variations in pineduction of biochar is a key positive
attribute and contributes to its versatility, asdhiar can be tailored to suit the use for which it
is required. Nonetheless, as a result of the dlityeof production and corresponding

diversity in the physico-chemical attributes ofdhars, conclusions drawn from

experimental studies on the effects of biocharahasmd other environmental media must
remain specific to the biochar types studied.

Alternative soil amendments to biochar for remedgtontaminated soil have been studied
in recent years, and indeed are still under ingatitn, with the aim of increasing the
understanding of key performance factors and efficy. Examples of such amendments are
haematite, zero-valent iron, zeolites etc. In thete of FP7 Greenland projéca set of
amendments were tested (either as pure amendnramigtares of them) in order to estimate
their efficiency towards supporting gentle remadmatechniques like phytostabilisation
and/or phytoexclusion on soils contaminated witicérelements. Examples of tested
amendments are: CaGQIrinking water residue, Ca-phosphate, green wasteost, slags,
gravel sludges, siderite, cyclonic ashes and irdgn@guivalent to zero-valent iron). These
amendments may originate from industrial activifies. slags, sludges), municipal waste
streams (green waste) or from primary resourcesgiderite).

The cost of biochar production and applicationemediation is highly dependent on many
variables including the feedstock and productiatpss (Mohaet al.,2014). Shacklegt

al. (2011) estimate the cost of production, transpioraand application in the UK to be
between £148-389't Mohanet al. (2014) conclude that the cost of biochar productian

be decreased if produced as part of a pre-exiptincess, where value-added co-products are
generated, e.g. bioenergy.

2.2 In Situ Stabilisation using Biochar

Biochar is increasingly being investigated asrasitu stabilisation agent, i.e. for its potential
to immobilise contaminants in the soil matrix. Sedveharacteristics of biochar contribute to
its ability to immobilise contaminants:

. Porosity and large surface areaBiochar has a large surface area as a resulf of it
highly porous nature. It has been suggested tegbdhe space of biochar is several
thousand times greater than that of the pre-pyeolysomass (Thies and Rillig,
2009). This large surface area provides an inccealsgity to adsorb contaminants.

* http://www.greenland-project.eu/
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. Large cation exchange capacityAddition of biochar to soil can improve the
availability of cation exchange sites in the sgiVjing increased potential for
contaminant adsorption.

. pH. Biochar is usually alkaline, meaning biochar addg to soil have the potential
to increase soil pH, therefore reducing availapiit some trace metal contaminants
(Zhanget al.,2013).

Biochar also has a range of wider benefits as a GR@in particular, for BF soft re-use
projects (described in more detail in the sectioglsw):

. Ease of application to soils
. Persistence: biochars may remain in soils for mlamdreds, if not thousands, of

years
. Carbon sequestration
. Improvement of soil function.

A possible concern over biochar application to soihe possibility that it may contain
entrained contaminants, in particular productsiobmplete combustion such as PAHs (see
Section 2.2.6). However, these were not foundetattproblematic levels in the charcoals
tested by HOMBRE (see Chapter 4).

2.2.1 Biochar’s Performance as ann Situ Stabilisation Agent

Studies suggest that both organic contaminantd¢rand elements may be successfully
immobilised using biochar (Ahmaat al.,2014; Tanget al, 2013). Annex 1 gives an
overview of the numerous contaminants that have beated by biochar, both as a single
amendment and in combination with other treatme8tsl amendment with biochar may
also work synergistically with several forms of pdrgmediation for example by improving
biomass yield, or complementing phytostabilisation.

A range of soil treatment studies have been caoiggdincluding those detailed in this
section. For example, Uchimiy al. (2011) demonstrated that biochars derived from
cottonseed hull effectively stabilised trace eletaémcluding lead and copper and used
positive matrix factorisation to determine the meges responsible for the binding of metal
ions. The authors showed that the amount of metatisn occurring was directly linked to
the number of oxygen-containing surface functigralps (carboxyl, hydroxyl, and
phenolic) found in soil organic and mineral compasgbiochar was found to increase the
number of these functional groups. Tatal.(2011) found comparable results, concluding
that biochar adsorption of copper (II) was spealficthrough surface complex formation
with phenolic hydroxyl and -COOH groups. Biocharesmdment of soil can increase the
number of these surface functional groups in thie th@reby immobilising contaminants.

The unique properties and versatility of biochaamthat it may offer advantages over
alternativein situ stabilisation agents. For example, biochars cataibered to suit the
specific demands of a remediation site. Any ofrgdanumber of feedstocks and production
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processes can be used to alter the physico-cheprmaérties of biochar, allowing the
production of “designer” biochars (Novakal.,2009). Cacet al.(2009) demonstrated that
dairy manure derived biochar was more effectiveogption of lead and atrazine compared to
a commercially purchased activated carbon prodidditionally, the authors found that
where lead and atrazine coexisted, less compefiiosorption was observed on the biochar
compared to the activated carbon. Additional bésefi biochar may include its longevity, as
some studies have suggested it may require fe\applieations than other organic
amendments (see Section 2.3.4). Further, whilskngras an immobilisation agent, biochar
may concurrently improve key characteristics asdedi with soil quality on the treated
contaminated land (see Section 2.2.5). This isrgportant benefit of biochar application, as
soils on contaminated sites are often degraded.

Biochar can increase soil pH, reducing the avditgtmf some contaminants (Zhawrgal.,
2013), consequently reducing phytotoxicity and ioyimg soil conditions for cultivation.
Khanet al.(2013) showed that sewage sludge biochar incraasgoH of an acidic paddy
soil, decreasing bioavailable arsenic, chromiunbatio nickel, and lead and increasiQgyza
satival. yields.

Similar to all remediation options, biochar appilica has some negative aspects. Some
papers have concluded that under certain condjttmaoshar may in fact have an adverse
effect on soil contaminant availability. For exampBeeslet al.(2010) found copper was
mobilised in soil when biochar was added as a te$uhcreased dissolved organic carbon
(DOC) associated with organic amendment additiarmchiniet al. (2014a) also found that
biochar application increased the water solubl@@roon of lead. However, this was
attributed to the feedstock and production prooés$lse biochar, in combination with the
specific soil conditions of the site.

In summary, biochar has great promise amasitu stabilisation agent, with the potential to
immobilise both organic and trace element contantga soil. It may provide a low cost
and multi-purpose soil improving agent for the figrtimprovement of BF sites. However, in
common with alin situremediation agents, biochar application shoulddgpe@ached on a
site specific basis to reduce environmental andtineaks.

2.2.2 Biochar Application to Soil

Conventional techniques for fertiliser applicatiaosild also be used for biochar
applications, providing a readily available and @lydheld pool of expertise and capability.
The options generally considered areiform top soil mixingincorporation with other
mediums (manure, compost, liquid manures and sk);deep banded in rowsnd
topdressing Techniques like top soil mixing and topdressinghthbe enhanced with
mitigation measures against wind and water erasiomprove efficiency (Verheijeat al.,
2010).

Practices from biochar applications into soil hesxealed that the particle size could have a
direct impact on cost, efficiency and the wideresadfects on surrounding areas. Particle size
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is a key consideration in determining the machirsenyable for application to soil and to
control the potential for exposure to dust (Shackleal.,2010).

Coarse products from slow pyrolysis may need toeldeced to finer sizes. It is to be
expected that if commercial biochars are to beigem/with some uniformity of particle size,
this would certainly impact on the costs of itsguction due to agglomeration or grinding
processes needed, even though necessary techisadwogiwell established as the above
author reports.

Very fine sized particles, essentially those praduitom fast pyrolysis, may need to undergo
agglomeration, to avoid dispersion via wind anddfee posing a hazard (Laird, 2008). A
two-year field trial set up by BlueLeaf Inc. in Gala found 30% of biochar applied was
wind-blown as dust, or lost during handling anchg@ort (Husk & Major, 2010).

In addition to loss by wind during/after applicatjdiochar can also be lost by water erosion.
As for solil erosion itself, sloping terrain may agxpate this problem. Authors have reported
significant losses of biochar incorporated intoyMéait topographies in areas where intense
rainfall events occur (Majaat al, 2010). Best management practices may consiapidly
incorporating biochar into soil, especially on lamith pronounced slopes or where intense
rainfalls occur.

Hence there are human health and wider environleatards to consider when applying
biochar to land. It is thought that the greatestgifor health and the environment from the
use of biochars as soil amendments occur durinticapipn itself and the period directly
following this. However, health and environmentaks posed by biochar are overall small
relative to other remediation technologies. To oedany environmental or health risks,
biochars should be selected to suit the remediaiierand reduction of risks should be built
into the remediation design. Mitigation measurey aiao include waiting for optimal
weather conditions for applying biochars, i.e. imd and mild rain conditions. Applying
moisture to biochar or moist manure may be altéreaiptions (International Biochar
Initiative®).

2.2.3 Persistence of Biochar in Soil

The durability of ann situ stabilisation agent is important in several waysstly, if the

agent is labile it will eventually degrade and sit@bilised contaminant may be remobilised.
Secondly, if the agent is very durable, the needdpeat applications is obviated reducing
the cost, effort and impacts of repeat applicatamsite.

The observation derra preta(black earth) in the Amazon Basin (Kleiner, 200@)ktrates
the potential longevity of biochar in soil. Howey#ris longevity also poses problems in
determining the persistence of biochar on an erpantal basis.

5 . . .
www.biochar-international.org
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It has been suggested that the stability/durabmlitfiochar in soil could be estimated on the
basis of its elemental composition and in particalanitoring its molar oxygen/carbon
(O/C) ratio (Spokas, 2010; Abdel Fattah, 2014). @f®s lower than 0.2 indicate a
biochar’s half-life to be over 1000 years. Howe@/C ratios above 0.2 would indicate a
shorter half-life, ranging from 100 to 1000 ye@pokas (2010) observed that higher
pyrolysis temperatures gave rise to combustionymtsiwith a low O/C ratio, i.e. high fixed
carbon and reduced oxygen content in biocharsr&igubelow shows how O/C ratios and
type of combustion products are organised on & sfdD/C ratios. O/C ratio is a function of
pyrolysis temperature and feedstock material.

Oxygen:carbon (0:C) molar ratio

Graphite 0 0,2 0.25 0.5 06 075 1

i
Soot : Charcoal Char
|

Biomass

1
Combustion condensates Combustion residues

Biochar

Figure 2: the combustion product spectrum as a resultettiemical-thermal conversion of biomass (Spokas,
2010).

In the absence of validation for this method, saukors/organisations, for example the UK
Biochar Research Centre (UKBRC), have proposednaltiee approaches for estimating
biochar stability. The method developed by the UKBg&bnsists of an accelerated ageing
process in which biochars are submitted to oxi@atigatments (i.e. thermal and chemical
oxidation) aimed at replicating ageing processaswould naturally occur in the
environment (Masekt al.,2013) over longer periods of time. After the siatatl ageing
process, the stable C fraction contained in theHaiois estimated. These experiments also
showed that with increasing pyrolysis temperatuttes yecalcitrant carbon fraction (i.e.
stable carbon) in biochar increased. Hence, theerdration of stable C in biochar increases
with increasing pyrolysis temperature. Howeverréasing the temperature of diminishes
biochar yield.

Several other studies have also shown biochar tehelong lasting in soil (e.g. Haefed¢
al., 2011), particularly as a carbon store (Quilliatral.,2012). Gurwicket al.(2013)
reviewed literature estimating biochar stabilitgldound thain situ studies of biochar
decomposition rates reported residence times ofdeat 8 and 4000 years.

Overall, biochar has been demonstrated to potgnpedvide stable and long-lasting effects
on soil. Biochar’s durability means it does notuiee numerous applications, therefore
reducing the likelihood of trace element accumatativhich might be associated with
alternative amendments, such as sewage sludgeh ateaelatively rapidly degraded in the
soil (Beesleyet al.,2010).
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2.2.4 Carbon Sequestration using Biochar

One of the most important additional benefits aichiar use for BF regeneration is the
potential provision of a means of carbon sequestrathrough the sequestration of £0
biochar may constitute a useful tool to help condliatate change (Kauffmaet al.,2014;
Oleszczulket al.,2013; Hammonet al.,2011; Shacklegt al, 2009; Yin Chan & Xu, 2009).
Indeed, carbon sequestration in soil has been nioed)as one of the possible measures
through which greenhouse gas emissions can beatatdIPCC, 2014).

Carbon sequestration is the process of capturmmgsheric carbon dioxide and retaining it
in some form of stora§eThis process is intended to help mitigate clinwtange resulting
from anthropogenic C£emissions. Biomass is a natural carbon store,ré®calioxide is
taken up by plants during photosynthesis and stasesrganic carbon. However, this store is
only temporary as carbon is released when biomassnaposes (Lehmann & Joseph, 2009).
Biochar may provide longer term storage for carla@nif is persistent in soil. The process of
biochar production itself, may also be carbon niggaif it is part of a biomass to energy
process.

Biochar addition may affect the emission and ger@raf greenhouse gases by soil
processes. For example, Zhaia@l. (2010) found that wheat straw biochar additionQit 4
ha' increased methane emissions by 34-41% in a rideypia China relative to non biochar
amended soils. However, the same paper showedigitndde emissions were reduced by
40-51% with biochar addition combined with N fas@tion, or 21-28% with biochar addition
alone. NO is a potent greenhouse gas. Hence biochar additay reduce soil greenhouse
gas emissions resulting from nitrogen fertilisatadrcrops.

Ding et al.(2010) found biochar application to soil reduced,Nldsses overall. It has also
been suggested that inorganic N losses associdtedivchar addition to soil may be as a
result of reduced conversion to@®l Several studies have shown reduce@® Bmissions
associated with biochar addition to soils (Kledral.,2013; Jieet al.,2012; Taghizadeh-
Toosiet al.,2011).

2.2.5 Biochar Effects on Soil Functioning and Cultivation

Biochar addition can be strongly beneficial forl stiucture and function, facilitating
revegetation, for example, for the cultivation ajrbass. Several papers have demonstrated
an increase in plant biomass associated with braathdition to soil (Akhtaet al.,2014;
Carteret al.,2013; Kharet al.,2013; Kammanrt al.,2011). Soil nutrient availability, pH
and water retention may all be improved througlthés addition to soil (McLaughliat al,
2009; Steineet al.,2007). These potential benefits may be highly Usefthe remediation

of BF sites, which commonly have poor soil qua{Mallik & Karim, 2008; Nixonet al.,

® http://www.undeerc.org/pcor/sequestration/whatissequestration.aspx
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2001) or where contamination often co-exists witheo characteristics indicative of poor soil
fertility. Biederman and Jarpole (2013) carried aumeta-analysis of 371 independent
studies (collected from 114 published manuscrigts) showed that despite variability
introduced by soil and climate, the addition ofdbiar to soils generally resulted in increased
above ground productivity, crop yield, soil micrabbiomass, rhizobia nodulation, plant
potassium tissue concentration, soil phosphorulspstassium, total soil nitrogen, and total
soil carbon compared with control conditions. $il also tended to increase, becoming less
acidic, following the addition of biochar.

Several papers have demonstrated an increasedlairgilof plant nutrients as a result of
biochar application to soil. For example, Gasidral. (2010) found that biochar produced
using a peanut hull feedstock increased availabf@ssium, calcium and magnesium in the
surface soil. Similarly, Haefelet al.(2011) found in field-applications of rice husk tiar

to a rice production site increased total soilagan and available phosphorus and potassium.
Biochar may contribute to plant nutrition both aditg, through increased provision of
nutrients; and indirectly, through improvement oil structure to aid retention of nutrients,
or the improvement of soil biological functions éRdergast-Milleet al.2014; Xuet al.
2013; Yin Chan & Xu, 2009). Direct release is imtpat for cations including potassium,
calcium, sodium and magnesium. There is also patdot biochar to be used as a carrier
matrix for nitrogen fertilisation (Spokas al.2012).

Indirectly, biochar may prevent losses of nutrighteugh: reduced leaching, as a result of
altering soil pH; and increasing sorption of nuitge as a result of improved cation exchange
capacity (Carteet al, 2013; Lianget al.,2006). This adsorption of nutrients may be
improved through steam activation of biochar. Bardret al.(2012) found that biochar that
underwent a technical steam activation had an ingatgositive effect on nutrient retention

in soil relative to a non-activated biochar. Othygres of “activation” of biochar that have
been successfully trialled include chemical actoratvith potassium hydroxide (Traket

al., 2014).

Additionally, pH increases associated with bioamary improve the general chemical
characteristics of the soil, making them more fagble to plant growth, as acidic conditions
are phytotoxic for some species. Soil pH changésdead by biochar may also have a further
bearing on nutrient availability, as each key plantient will be optimally available at a
particular range, usually close to neutral.

Some research has suggested that biochars mayteapetential to improve water retention
in soils (Streubeét al, 2011).This is likely to be as a result of the sorbencygludircoal,
improved soil structure and organic matter conéssbciated with biochar additions to soil.
Kammanret al. (2011) demonstrated that biochar application tbcam improve drought
tolerance irChenopodium quino®illd in a sandy soil. Similarly, Laird (2008) sygsted
biochar could provide long term improvement to spidlity and the provision of

bioavailable water. Bruuet al.(2014) also demonstrated that biochar can impratemw
retention in poor quality sandy soils. The autrsaw a 2.65% (v/v) increase in plant
available water per% (m/m) of char. Char additiah$% increased plant yield; however, the
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authors also found biochar additions at 4% hadgatnes effect on plant growth, attributed to
excessive water retention. Biochar application shitherefore be optimised through further
experimental trials to determine the effective tsnAkhtaret al.(2014) found that biochar
could increase soil water retention and improveyibll of Solanum lycopersicum. under
reduced irrigation conditions.

The improvement in soil characteristics associatigl biochar addition may improve the
biological functioning of soil. Soil organisms ameicial in the functioning and fertility of a
soil and play a key role in many nutrient cyclepdling, 1997). Biochar has been suggested
to provide improved habitat for soil organisms amdro-organisms (Lehmaret al.,2011,
Lehmann & Rodon, 2006). McLaughlat al. (2009) suggest microbes may have a
synergistic relationship with biochar. Biologicalragen fixation could be beneficially
supported by biochar in soil (Lehma&nRodon,2006). Lehmanmet al.(2011) reviewed the
effects of biochar on soil biota.

There are, however, reports that biochars may hawadverse impact on cultivation and soill
guality in some circumstances (Mukherjee & Lal, 20For example, Gdjiand Koch

(2012) found growth oBeta vulgarisL. was reduced with the addition of a hydrochar
(produced through hydrothermal carbonisation)jkatted to nitrogen immobilisation
associated with high carbon inputs to soil. A revi®y Ippolitoet al.(2012) presents
previous reports of nitrogen immobilisation andaaurrent decrease in plant available
nitrogen associated with large carbon inputs inib(s.g. Leifieldet al.,2002).

2.2.6 Potential Contamination of Biochar by Trace Eements and Organic
Contaminants

Despite the positive effects of biochars on sédnpgrowth and climate change mitigation,
there is increasing debate about their innocuosséh regards to human health and the
environment, due to their possible contaminanteantOleszczulet al, 2013). There are
two main potential factors that influence contamin@ontent in biochar: feedstock (source
material), and the conversion process. Dependinh®ifeedstock, produced biochar may
contain trace elements and organic compounds. ®6these compounds will be altered or
destroyed during pyrolysis; others will remain uaiched or give rise to potentially harmful
substances (Shackley al.,2010). The significance of any risks posed depemdhe
biochar application and the likelihood of exposofeeceptors. However, in general, if
biochars contain levels of trace elements and acgaompounds that substantially exceed
typical soil background levels, the likelihood et their practical use as amsitu
stabilisation agent will be constrained by regutatmoncerns that the material is a “waste”
under the terms of the Waste Framework Directid®898/EC).

The content of trace elements in biochar dependsliaon feedstocks used (Qianal.,

2013). In turn, trace element contents of the fesdtswill depend on its origin and/or level

of contamination; e.g. agricultural residues, biemerops, municipal waste, sewage sludge
etc. During pyrolysis, the fate of trace elemermtstained in the feedstock depends on
pyrolysis technique (i.e. flash or slow pyrolysience heating rate) and temperature. At low
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temperatures, i.es 450°C, the main product of pyrolysis is biochas.aAconsequence, trace
elements remain in the biochar, whereas their auratgons in oils tend to be below
detection limits (Al Chamet al.,2014). At very high temperatures though (700°@e°8

and higher), metal transfer to volatile pyrolysisgucts has been observed. Trace elements
contained in this fraction end up in condensatimdpcts of pyrolysis, i.e. bio-oils (Stads

al., 2010).

In the context of ecosystems, especially agro-estesys, a key factor for estimating possible
risks due to the presence of contaminants in sdieir leachability (capacity of
contaminants to be washed out from the solid ptatee pore water) and bioavailability,
(the proportion of contaminants available for upthly biota). These factors are in turn very
dependent on site/environmental specific conditguth as pH; soil mineralogy; presence
and concentration of organic and inorganic ligamduding humic and fulvic acid; root
exudates; microbial metabolites; and nutrients l@fiteet al.,2010). Total concentrations of
contaminants in soils are not an appropriate indidar estimating biological effects
(Harmsen, 2007; Alexander, 2000). The water soltralgion is the most biologically active
and has the highest potential for contaminatiotheffood chain, surface water and ground
water (Singh, 2013 & Kalamdhad, 2013).

In other words, if contaminants contained in biogshmnnot be mobilised or leached from
the biochar matrix they will not be able to migradeother environmental compartments and
will not cause harm to any receptors (plants, afsymaicro-organisms etc.). In recent years,
much effort has been deployed investigating leagbehaviour of different biochars and
gaining a better knowledge of their potential haorhealth and the environment when used
as soil amendments.

To a great extent, leachability of trace elementgained in biochar after pyrolysis is
dependent on temperature (Agrafietial, 2013), where increasing pyrolysis temperatures
tend to enhance stability of trace elements inlmo¢Heet al, 2010; Stal®t al.,2010).
Deviations from these tendencies have been obseamednay be attributed to feedstock,
pyrolysis process and alkalinity of biochars. Unidientical pyrolysis parameters, differences
in leachability tendencies could be observed frova specific metal to another, however,
overall, leachability has been reported as farwelwse of the feedstock material and below
guideline values for hazardous waste (Céeal, 2014).

In experiments carried out using sewage sludgeedstock containing higher metal
concentrations - pyrolysis has been shown to rethecéeachability of trace elements (Song
et al.,2014). This has been attributed to the capacifyyoblysis in binding and stabilising
trace elements in the biochar matrix (8tral.,2014; Hwanget al.,2007). It has been
observed that the bioavailability and eco-toxidfyrace elements in biochar could be
reduced as the mobile and bioavailable metal fvastare transformed into relatively stable
fractions through the pyrolysis process (Devi &, 2014).

In addition to trace elements, products of incorgp®mbustion (PICs) may give cause for
concern. PICs can be formed in the conversioro{psis) process. These include polycyclic
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aromatic hydrocarbons (PAH) and potentially, in sarases, dioxins. PAHs are produced as
a consequence of incomplete combustion of orgamtponents. Most PAHs are known
carcinogens and/or mutagens. These contaminanisosaibly be present in the biochar
matrix and even bioavailable to exposed organisms.

Studies carried out to date have found that PAHesus in biochar depend on multiple
parameters, i.e. pyrolysis temperature, pyrolysig tut also feedstock properties (Broatn
al., 2006). It has been observed that with increasimg aind temperature in slow pyrolysis
processes, PAH concentrations generally decregsexg rise to concentrations below
existing environmental quality standards for PAH@antrations in soils. For example,
concentrations of bioavailable PAHs produced dusilogv pyrolysis have been shown to be
lower than concentrations reported for relativdgao urban sediments (Hadeal.,2012).

The same authors report low dioxin concentrationsiochars (below 100 pgtand
concentrations below analytical detection limits boavailable dioxins. Other authors have
observed the influence of pyrolysis temperaturextnactable PAH in biochars. Results
obtained show a temperature range (i.e. approwdsgt 400°C and 500°C) where PAH
concentrations in extractable fractions exceedsdlubserved at both higher and lower
temperatures (Keiluwedt al.,2012; Klosset al.,2011). These findings are in line with
observations made by Had¢ al. (above). Potentially then, the risk of biochaaasource of
contamination can be reduced by utilising appraerieedstocks and production processes.

Hence, there are some possible risks associatedowithar application to land from trace
elements or organic compounds. Biochar compos#imuld be tested before any decision
for use. Typically biochar should be tested irhbpdt and field plot trials prior to full scale
deployment to land to ensure any potential contantsnare below levels considered
problematic.

3. Recycled Organic Matter for Brownfield Regenerationto
Soft-End Uses

3.1 Recycled Organic Matter Background

Recycled organic matter (ROM) can be derived frouttiple organic waste sources and can
be tailored to suit a specific purpose. Organictevaan be defined as waste which is
biodegradable and may include household and conmhemrces, such as food; garden
wastes; paper; cardboard and wood, alongside dgingLwastes, such as manure and crop
residues (Bardost al.,2010; Bardo£t al.,2001). Other forms of organic waste include
sewage sludge, produced as a result of waste wetdment. Organic wastes may be
recycled and utilised in various ways; the two majad-uses being as a soil amendment and
for fuel/energy production.
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Organic wastes may be utilised directly as ROM én liait more commonly undergo some
form of processing prior to re-use, typically viamgposting or anaerobic digestiofBardos

et al, 2010). As a result of the variability in feentsts and processing methods, the end
products of organic waste recycling are highly edriHowever, the typical organic matter
and nutrient rich nature of these end products siétkem highly beneficial for application as
soil amendments, as discussed in the following terap

The cost of organic matter for redevelopment/reggin is highly dependent on the
proximity of the site to sources of supply and gulity of the organic matter being used. In
some situations (for example, compost like outp@tsOs” produced from mixed wastes) the
waste producer may bear all the costs of supm@psort and application as the material is
hard to place. Sewage sludges and anaerobic digestay also be available at no or low
costs, and sometime even green waste compostyd ih1a local over-supply of material.
However, typically higher grade materials will cosbre to use both in terms of their cost per
tonne and absence of cross-subsidies, such agpbkes paying for application (Bardes$

al., 2010).

There are three broad interventions (reviewed belalere organic matter might be applied
to land for BF redevelopment/regeneration for seftises:

. Soil forming (for example, where sites are denuadleip soil or are on made
ground);

. Improvement of soil function where the fertilitydor structure of an existing soil
needs to be upgraded;

. Potentially as a means of contaminant immobilisa(adthough mobilisation may
also be possible).

Organic matter applications may fulfil more thareguurpose simultaneously.

Organic matter application to soils may also prewadseries of wider benefits, including: re-
use of organic matter and plant nutrients (whicluld@therwise have to be supplied from
mineral fertiliser sources); a beneficial re-useviastes that would otherwise be landfilled or
incinerated; relative ease of use; and potentiddarasequestration. Importantly, through
improvement of plant growth, the re-use of organatter may enhance the performance of a
range of vegetation-based soft re-use servicelsidimg, but not limited to:

phytoremediation, biomass production (for energfeedstock), landscaping, and habitat
creation. The re-use of organic matter avoidg¢hese of imported primary resources such
as peat, mineral fertilisers, soil or aggregate smdontributes to resource efficiency and the
circular economy.

7 Organic wastes and residues are also a feedstock for biochar production as described in Chapter 2
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However care needs to be taken over several facterpossibility of contaminants in the
ROM,; the possibility that organic matter may maglirace elements already present in the
site’s soil; and the possibility that they may defiexcessive levels of nitrogen and
phosphorous (leading to unacceptable impacts omwater and/or cause local nuisances such
as odour and bio-aerosols).

3.2 Recycled Organic Matter for Soil Forming

Soil-forming describes the use of non-soil materied in land reclamation to support
vegetation growth. These are usually derived fromenal wastes, such as: overburden
materials (i.e. soils lying above minerals of ietrfor mining), uneconomic geological
materials encountered during quarrying or minirgp{ls), various industrial by-products

such as pulverised fuel ash, dredged materialdetion treatment residues (e.g. treated
outputs from soil washing), and made ground. &wiking materials must also have the
propensity to turn into soils over time. This pregean be encouraged by treatment to relieve
compaction; the incorporation of organic matterhsas green waste compost; and the choice
of appropriate vegetation types that will endurd mnprove the quality of the substrate.
These materials may have chemical or physical ptiesdahat are hostile to plants. They may
also contain contaminants. In general the impiortatb site of materials with entrained
contamination should be prevented. The use oftemsterials containing contaminants

will need to be subject to risk assessment amkdessary, remediation measures (including
gentle remediation options). Soil forming mateviaéed to be improved by the addition of
ROM and require cultivational measures to encousaggormation. The soil forming and

soil improvement processes need to be designediwgtenvisaged revegetation in mind, for
example, as a very simple instance tree and graksistablishment have very different
requirements, for example, as a very simple ingtéree and grassland establishment have
very different requirements (CL:AIRE, 2009; Def2809; Forest Research, 2009; DCLG,
2008; Nasoret al.,2007; Foot & Sinnett, 2006).

3.3 Recycled Organic Matter for Soil Improvement

ROM has the potential to be utilised beneficialyBiF management in a number of ways, not
least through improving the condition of the sRIODM can effectively stabilise soil structure,
improve oxygen diffusion and water availability damptimise nutrient conditions to sustain
biota or phytoremediation practices (Gandetfal.,2010; Bes & Mench, 2008). This is
important for both contaminated and non-contamoh&e sites.

ROM in certain forms (e.g. compost) is well estsitdid as a beneficial soil amendment (EC,
2003), which can improve various soil characterssincluding nutrient supply, nutrient
cycle functioning and solil structure (Ohsowskal.,2012; Hargreavest al.,2008). The
beneficial role of ROM products is largely a fuoctiof their provision of organic matter to
soils. Table 1, below, outlines the key roles @famic matter in soil. Improvements achieved
through the addition of organic matter to soil aarease the quality and yield of crops
grown on the land.
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Table 1: An overview of the role of organic matter in sdlardoset al.,2001; Based on Stevenson,

1994).
Property Remarks Effects on Soil
Colour The typical dark colour of many May facilitate warming in spring

soils is often caused by organic
matter

Soil Biodiversity

The organic fraction in soils
provides a source of food for a
diverse range of organisms. The
diversity of the organic materials
will generally be reflected in the
diversity of the organisms

Many of the functions associated
with soil organic matter are related
to the activities of soil flora and
fauna

Water Retention

Organic Matter can hold up to 2(
times its weight in water

Helps prevent drying and shrinking
May significantly improve the
moisture retaining properties of
sandy soils. The total quantity of
water may increase but not
necessarily the AWC except in
sandy soils

Combination with
clay minerals

Cements soil particles into
structural units called aggregates

Permits the exchange of gases.
Stabilises structure. Increases
permeability

Reduction in the
Bulk Density of
Mineral Soils

Organic materials normally have g
low density, hence the addition of

these materials ‘dilutes’ the mineral

soil

The lower bulk density is normally
associated with an increase in
porosity because of the interactior
between organic and inorganic
fractions.

Solubility in water

Insolubility of organic matter
because of its association with
clays. Also salts of divalent and
trivalent cations with organic matte
are insoluble. Isolated organic
matter is partly water-soluble.

el

Little organic matter is lost through
leaching

Buffer action

Organic matter buffers in slightly
acid, neutral and alkaline ranges

Helps to maintain uniform reaction
in the soil.

Cation exchange

Total acidities of isolated fratdio
of organic matter range from 300 {
1400 cma) kg™

(0]

May increase the CEC of the soil.
20 to 70% of the CEC of many soi
is associated with organic matter.

Is

Mineralisation

Decomposition of organic matter
yields CQ, NH,, NO; POs* and
SO

A source of nutrients for plant
growth

Stabilisation of

Stabilisation of organic materigls

Stability may depend on the
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Property Remarks Effects on Soil

contaminants humic substances including volatilepersistence of the soil humus and
organic compounds the maintenance or increase of the
carbon pools in the soil

Chelation of metals Forms stable complexes with'\Cu May enhance the availability of
Mn?*, Zr#* and other polyvalent micronutrients to higher plants
cations

ROM can provide both an initial increase in nutrseto enhance crop establishment, as well
as a pool of slow-release nutrients to maintaipsréindeed, ROM has been shown to
increase the yield of some crops (Montemwtral.,2006). Further, Allievet al.(1993)

found soil fertility and crop quality improvemerdsrived from compost treatment were
apparent even after several years. Webat.(2007) found compost amendment of soil
improved bioavailability of nutrients, specificalphosphorus, potassium and magnesium in a
sandy soil. Likewise, Busbst al.(2007) found total inorganic N to be increased smmipal
waste compost amended soils. The beneficial eftdaisganic amendments can also be seen
on contaminated sites. For example, Hardegl. (2009) found green waste compost
improved yields oMiscanthudn an arsenic contaminated soil. Many organic ainemnts

also have a liming effect leading to increased gdiMkhabela & Warman, 2005; Walket

al., 2004; Whaleret al.,2000).

ROM tends to have a positive impact on microbigdyations in the soil. Many studies have
reported increases in soil microbial populationd fumctioning as a result of ROM additions
to soil (e.g. Gandolfet al.,2010; Albiachet al.,2000). Tejadat al.(2006) showed poultry
manure and compost addition to saline soil imprawedtobially driven nitrogen cycle
processes, including stimulation of urease and B#dtease activity. This could have
positive implications for soil nutrition.

Addition of ROM increases biological activity indlsoil, which results in the formation of
stable aggregations of soil mineral and organitigdas improving soil structure, condition
and resilience (Bardaat al.,2001). Pagliaet al.(2004) demonstrated that livestock manure
and compost both had positive effects on the siraaif soil on an arable agricultural site.
Troeh and Thompson (2005) suggested that orgartiemiaputs can increase water content
in a sandy soil and alleviate waterlogging in cday.

Solil structure and organic matter content is irdetyr water retention in soil. Indeed, several
papers have demonstrated that ROM additions caroweghe water holding capacity of
soil. For example, Aggelides and Londra (2000) tbaampost produced from a mixture of
town wastes, saw dust and sewage sludge improvedassoil physical properties when
applied to clay and loamy sands, including wategnton. pH and CEC were also found to
be increased as application rates increased. Evahgl. (2008) similarly found increased
water holding capacity in field trial soils treat@ith compost, although the effects of
compost treatment were not apparent until {Agear of treatment.
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3.4 Recycled Organic Matter for Management of Orgaic Contaminants

ROM can also be used for the immobilisation of aig@ontaminants. For example, Garcia-
Jaramilloet al.(2014) trialled three types of ROM: olive oil pradion residue, compost

from organic wastes and an organic waste biochHay Bpplied the amendments to paddy
soils spiked with the pesticides bentazone angdiazone and found that compost and
biochar reduced the mobility of tricyclazone in 8wl as a function of increased adsorption
from dissolved organic matter. Beeskgyal.(2010) found a reduction in total and
bioavailable PAH concentrations with compost additivhich was attributed to improved
soil texture and enhanced microbial degradatiomd@Hi et al.(2010) demonstrated that
compost amendment of contaminated soil can enHaindegradation of some hydrocarbons.

The addition of organic matter and rooting habiso@fe crops may assist the generation of a
new “clean” soil horizon and provide further contaent and rooting zones may support
enhanced microbial activity leading to contamindegradation and immobilisation. An
example is the immobilisation of PAHs in humus (Beim-Szotet al.,2014; Eschenbaakt

al., 2001; Stegmanat al.,1991). Phytostabilisation (see Section 1.3) ism@gineered
approach to achieving degradation and immobilisatibcontaminants in the soil.

3.5 Recycled Organic Matter and Trace Element Moltisation /
Immobilisation

In many cases, addition of ROM to soils reducesbeility of trace elements, facilitating
revegetation and water resource protection. Howavesome cases mobilisation has been
found to occur as a result of complexation of traleenents with dissolved organic carbon
(DOC) compounds. Where immobilisation occurs, tloame be concern that the effect is
limited in time, with remobilisation taking placs the organic matter is degraded. The
durability of added organic matter in soil is dissed in Section 3.6.2. However, ongoing
repeat applications of ROM may support durable ififrgation of contaminants in the same
way it maintains carbon sequestration.

3.5.1 Mobilisation

There are concerns that ROM may increase the é#itaof trace elements in the soil
(Defra, 2007). Organic amendments may increasevail@dle metal concentrations in soils
in two ways. Firstly, the high organic matter inpassociated with ROM applications to soil
may cause increased mobility for some metals,raswdt of DOC competing with metals for
sorption sites (Redmaet al, 2002) or forming soluble complexes with metplgventing

the sorption of metals onto soil particles. It bagn hypothesised that this effect increases
over time, as organic matter in applied amendmeegins to degrade, increasing DOC
(Antoniadiset al.,2008). Secondly, some types of ROM may contaiel&wf metals which
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would be considered a risk if applied to soil. Thsk could also increase over time as a
result of the breakdown in organic matter releasnagal ions.

Several studies support the notion that trace el&smaay be mobilised with the addition of
organic amendments to contaminated soil. Hagteal (2009) found mobilisation of arsenic
in soil with the addition of compost. Similarly, &deyet al. (2010) reported increased
concentrations of water-extractable copper ancharse a result of compost addition.
Compost also increased lead levels found in soi pater. Compost amendment induced
considerable solubilisation of arsenic to pore wata heavily contaminated mine-soill
(Beesleyet al.,2014).

3.5.2 Immobilisation

Higher pH resulting from ROM addition can reduce #@mount of exchangeable metals for a
number of trace elements, due to increased caxicimaege capacity and the strong affinity
of metals for organic complexation sites (Bes arahth, 2008; Flemingt al.,2013). ROM
amendments can therefore be used directlinfsituimmobilisation of metals. Numerous
different ROM amendments can be used for this m&acBong and Greenaway (2004)
demonstrated that compost has the potential taesstidly bind metals, and therefore could
be successfully applied in the remediation of comated land. Similarly, Farrell and Jones
(2010) significantly reduced trace element con@ians over two months in soil from a
former copper mine, using several types of compgdesmpost was also shown to enhance
above and below ground biomass in gragg@stis capillari3. However the amendment mix
ratio was very high at 60% compost, 40% contamahatel. Alvarengaet al. (2009) showed
that composts derived from green waste and munisga waste reduced mobile
concentrations of copper, lead and zinc as a coleseg of improved soil chemical
characteristics, including pH and organic mattertent.

Sewage sludge and manure have also been shownraade the availability of metals in
soil. For example, Kacprzadt al.(2014) investigated plant growth and uptake of zinc
cadmium and lead in five grass species followirggatdition of industrial sewage sludge to
contaminated sandy soil from a zinc smelter siteifTresults showed reduced plant uptake,
attributed to stabilisation of soil metals; and @amted plant growth. The increase in plant
biomass was attributed to increased nutrition andcharacteristics with sewage sludge
addition, as the soil was initially nutrient and Qudor, and slightly acidic. Similarly, Walker
et al.(2004) found that cow manure significantly decreabe exchangeable concentrations
of copper, zinc, manganese and lead in mining-wastéaminated soil, as well as improving
plant growth and decreasing plant uptake of mekéétal availability reductions were
attributed to an increase in soil pH with manurdithohn.

Conversely incorporation of some forms of ROM sastwood chips and composted sewage
sludge taalkaline soils (technosols) were found to decrease soiuptilimit the labile pool
of arsenic, chromium, and Mo (Oustrigtal.,2014).
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ROM amendments may also be useable in combinatibnimorganic amendments to
increase the level of contaminant immobilisatiod aail improvement achieved. Pareloal.
(2014) combined organic (pig slurry and compost) morganic (hydrated lime) soil
amendments to remediate metal contaminated miheZmnpost gave the most significant
results due to more abundant essential nutriertigwead to improved soil health, plant
growth and decrease in metal mobility. feaal. (2008) also found combined treatments to
be a suitable remediation agent for polluted sthie;authors studied the effects of pig
manure and lime application in a mine soil fieldltrThe results of the trial suggested pig
manure in combination with lime decreased DTPA- aatkr-extractable zinc, lead and
cadmium and increased plant growth at the site. lfdoea use of organic amendments with
zeolite has also been demonstrated to be an etattethod ofn situimmobilisation and
enhancing plant growth in mine wastes (Leggal.,2013; Hwanget al.,2012).

ROM can also support the establishment or improvemievegetative cover on a BF site
through improvement of soil quality and reductidragailable metals, which may be
important from a risk management point of viewyedl as improving the visual appearance
of the site. If a BF site is contaminated, vegetatian act as a barrier to reduce migration of
the pollutant(s) via wind or water, therefore radgahe likelihood of the contamination
reaching a receptor (phytocontainment). Vegetatoxer may also be an active component
of a treatment based remediation strategy, i.etgpemediation (see Section 1.3).

The combined use af situ stabilisation agents, ROM and revegetation (orowed
vegetative cover) may have an immobilisation eftkat is greater than any one component
alone (in terms of reducing the mobility of tradeneents). The system would also be self-
sustaining over time. An example combination obgraterest is combined applications of
composts and biochars to support vegetative gromiiich has been investigated in detail by
HOMBRE (see Chapter 4).

3.6  Wider Benefits of Recycled Organic Matter Re-se

3.6.1 Ease of Re-use

Agricultural equipment and skills are widely avaikafor the application of ROM to land
making this an easily deployable operation. Conweat techniques for fertiliser

applications could also be used for biochar appboa, providing a readily available and
widely held pool of expertise and capability (SNEH, 2010; Forest Research, 2009; Nason
et al.,2007; US EPA, 2007).

Consideration should be given to the mobilisatibnitogen and phosphorus into surface
water or groundwater from organic amendments agenic fertilisers, and for some
amendments gaseous emissions of ammonia may blemeatic where the application is in

the vicinity of a low nitrogen habitat. Some amerdits (e.g. composts, digestates or sewage
sludge) may be associated with nuisances from oalobio-aerosols. Others may cause
nuisance from dust emissions off site. It can béiqdarly important to find organic
amendments of high stability and low odour, andge application methods that minimise
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emissions of odour, bio-aerosol and/or dust. Caegls also to be taken that amendments do
not contain viable seeds or root fragments, pderbufor invasive species such as bracken
or Japanese Knotweed. Extensive guidance is alailgdhg. WRAP, 2012).

3.6.2 Carbon Sequestration

Applying ROM to land could increase the amountarbon stored in soils and so contribute
to the reduction of greenhouse gas emissions (Ehah2013; Bustamantet al.,2010).

Adding organic matter to degraded soils with aeadly low carbon content has much greater
potential to increase carbon storage than the amentdof more developed soils which are
closer to their carbon storage limits (Broetmal.,2010; Stewarét al.,2008). Repeat
applications of ROM to soil appear more likely tvk a durable carbon sequestration effect
compared with single large applications (Beesl&l42 Beesley, 2012; Farbizéat al. 2008)
especially when combined with the establishmemniegietative cover.

Soil type has also been listed as key parametereimting amendment decomposition rate,
e.g. clay content which would be linked to micrdlaietivity. Hence, amending a clay soil
with ROM may accumulate more organic matter thahefsame amount of ROM is added to
a sandy soil. It has been observed that in sanity sucroorganisms have more access to
organic matter than in clay soils (where sorptiborganic carbon to soil minerals limits its
microbial decomposition (Sissoko & Kpomblekou, 20K@alil et al.,2005).

Estimates of carbon sequestration on three contdedrsites remediated with soil
amendments (i.e. biosolids, composts, pellets) sdasiear evidence on all three sites of
enhanced carbon storage performances after commplatiremediation measures (US EPA,
2011).

There is some uncertainty about the overall benefiROM to soil for carbon sequestration
and some authors believe more detailed informadrothe dynamics of carbon and how
carbon storage may be built or lost in these s®iteeded (Beesley & Dickinson, 2010). For
example, disturbance to soils could favour contaetareen degrader organisms and
substrate and so provoke depletion of carbon steistaineet al.,2007). It has been
argued that adding organic materials such as @sigues or animal manure to soil, whilst
increasing soil organic carbon, generally doescoastitute an additional transfer of carbon
from the atmosphere to land, depending on theratee fate of the residue (Powlsenal.,
2011). This suggests carbon storage potentialtiegdrom sustainable organic waste
management by means of soil amendments shoulddsoresiwider life cycle approach,
where all impacts and benefits would be balanaethis respect, it is worth noting that the
contribution of ROM soil amendments to climate amamitigation is provided as a function
of the wider benefits resulting from good practigesrganic waste management, i.e. it
indirectly reduces GHG emissions through:

* Reducing methane emissions from landfilling.
* Reducing GHG emissions through improved manuneagament.
e Sequestering biogenic, compost derived carbdhersoil.
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* Replacing or decreasing the use of mineral feetis.

* Reducing methane emissions from soil, or increasoil methane absorption.

* Reducing nitrous oxide emissions from soil.

* Improving plant biomass production, resultingrioreased sequestration of plant
carbon.

e Supplying auxiliary GHG emission savings (e.glueed need for irrigation, reduced
erosion, reduced need for liming, reduced nitraéehing).

It has been suggested that subsoil is an impattabbn sink to store stable carbon (Rumpel
et al, 2012; Sanaullaét al.,2011; Lorenzt al, 2006). Based on findings of Rumgelal
(2012) it seems that temperature, moisture comditemd nutrient availability in subsoils
may favour reduced organic matter mineralisatiooamparison to surface horizons.
Observations made by Loreatal (2011) concluded that the production of carbost@ble
pools is higher in deeper soils. Chatral. (2012, 2013) observed changes in soil carbon
pools from urban land development and subsequesttqevelopment soil rehabilitation. This
may suggest that the soil rehabilitation practmfesubsoiling (deep tillage) and organic
matter incorporation can be used to enhance urdianasbon reserves. This is particularly
important for BF where soil has been removed osdu exist (spoil heaps, landfill caps) or
which are made ground. Some forms of revegetaéiquire significant depths of soil cover,
encompassing subsoil and topsoil systems, for ebeaammetre of more for tree planting in
some cases (DCLG, 2008; Foot & Sinnett, 2006; Edesearch 2009).

Compared with biochars, ROM degrades relativelgkjyiin soil (Bolanet al.,2012). More
stable forms of ROM, such as mature composts,haie a longer half-life in soil (Fabrizio

et al, 2009; Flavel & Murphy, 2006; Bernet al, 1998) On the other hand, less stable forms
of ROM have a greater stimulatory effect on soitmobial biomass which also builds soil
organic matter. In addition, where more stable R@dded to soll, this has been
accompanied by a release of &firing its production through a composting and/or
digestion process.

It has been suggested ROM used together with biathdd have synergetic effects on
carbon sequestration and soil amelioration. Basgorevious studies that highlighted both
suppression and stimulation of native soil orgaiaidon decomposition by biochar (Cress
al., 2011; Fischeet al.,2012; Luoet al.,2011; Zimmermaret al, 2011), Shiret al (2014)
investigated carbon sequestration in soil amend#darganic compost and biochar. Results
obtained using amendments of different composts¢ow compost, pig compost, anaerobic
digestate) alone and in combination with biochaodpced from rice hull), indicated
increased capacity for carbon sequestration wherposts were amended with biochars. The
strongest effect was observed when biochar was io@ulvith cow compost. Crop growth
(crop height and biomass) measured during the empat indicated there were no
significant differences in plant growth with the-amendment of compost and biochar
(compared to compost alone), giving the authorae&s conclude that the use of the
combined treatment had the potential to enhananigon storage without harming
agricultural productivity.
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A slower rate of organic matter decay in soils adeghwith compost may be achieved by
addition of stabilising agents such as clay andenailresidues (e.g. water treatment
residues). Such effects have been attributed torthebilisation of carbon with metal oxides
(iron, aluminium oxides) provided by stabilisingeamts and reduced DOC bioavailability
after induced precipitation (Schestlal, 2008).

Compost blends incorporating minerals rich in eattiand magnesium silicates may
promote improved carbon sequestration benefitsd€ynaded BF land, related silicate
compounds are often present in waste materials@sicbncrete and steel slags. These
materials are also often present in made grouriitl oraterials on BF sites. Carbon is
sequestered as a result of mineral carbonation,en®& reacts with calcium and/or
magnesium containing minerals to form stable caab®materials (Manningt al, 2013;
Olajireet al, 2013). Manningt al.(2013) investigated carbonate precipitation irfiarail

soils produced from basaltic quarry fines mixedwabmpost. The formation of an artificial
of pedogenic carbonate minerals was observed,geptiag a long lived sink for atmospheric
CO..

3.6.3 Resource Efficiency

Resource efficiency is supported by ROM use oniBfs §Gandolfiet al.,2010). In most EU
countries, 60-70% of municipal waste is made ubiodegradable substances (EEA, 2009),
this totalled 87.9 million tonnes across the ER2004 (Progngs2008). Where organic
wastes are recycled and put to beneficial useaaunt of waste that requires disposal
through traditional waste streams (landfill, incatgon) is reduced with concurring economic
and environmental benefits (e.g. reduction in matharoduction associated with
biodegradation of organic materials in landfillp May 2010 the European Commission
(EC) Communication on Future Steps in Biowaste Managemehe EU(EC, 2010)
described the broad sustainability benefits of greiee-use of these urban biowastes
(including reducing greenhouse gas emissions, argaatter return to soil and reusing
nitrogen and phosphorud)hese benefits would also apply to reusing bioveafstam farm
sources However, the materials available for recycling ¢d sary in their quality

In many European countries lower grades of ROMhsscCLOs, or even in some countries
sewage sludge, are not permitted to be used ooudtgrial land because of concerns over the
potential content of toxic elements and organieg Section 3.7).

3.7 Potential Negative Impacts of Recycled Organidatter Use

Some types of ROM may have significant contentsamfe elements and /or toxic organic
compounds. This is a particular concern for sevehgdge and CLOs.

In terms of the organic amendment itself being aombated, certain ROM feedstocks may
be considered more of a risk than others. For el@mpmpost-like-outputs (CLO) derived
from biodegradable fractions of municipal solid wea@vSW) may have high metal
concentrations. Levels of many potentially toxiereénts, in particular arsenic, cadmium,
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copper, lead, and especially zinc, tend to be &ehvim CLO and sewage compared with soils
(Defra, 2007; Bardos, 2005.). There are also corsctrat CLOs and sewage sludge may
contain persistent organic pollutants (POPs) atceatable levels, although not all authors
agree that this is a cause for concern (Smith, 28068ingeret al, 2004). A recent review of
the potential risks of the use of CLO on land hesrbpublished by the Environment Agency
(2009) which raised concerns about impacts fronmgach, chromium, zinc and several
organic pollutants.

Sewage sludge has also been well establisheckmatlire to potentially contain high levels of
trace elements (Defra, 2007). Antoniadisal (2008) investigated sewage sludge application
to soil at various rates. At the highest rate gfligation (50t hd), DTPA-extractable
cadmium, nickel and zinc were significantly incredsfter 16 weeks. Increases in
availability to ryegrass were also observed, altjiothese were temporally variable. This
work mirrors the findings of Antoniadis and Allow&3001) who found increases in CaCl
leachable nickel and cadmium and plant uptake sethage sludge addition. Additionally,
Kizilkaya (2004) found sewage sludge increasedrtbieility of copper and zinc and their
availability to earthworms.

The risk of metal contamination as a result ofadbmposition of organic amendments added
could be significantly reduced if materials arelgsed for metal content prior to application
to soil. Whilst it has been indicated that theralg® some risk from added organic matter
mobilising metals already present in soil, thislddae decreased through repeated
applications of soil organic matter which can maimthe levels of sorption sites.

Other negative impacts of ROM use include the figyiof nuisance and/or risks from
odour, dust and bio-aerosols and impacts of nittagegphosphorous on water (see Section
3.6.1). Table 2 summarises the various strengtisneeaknesses of several types of ROM
for soil formation or improvement on marginal land.

Table 2: Strengths and Weaknesses of Different forms of Qiegslatter for Soil Formation or Improvement on
BF (taken from Bardost al.,2010)

Type Description Strengths Weaknesses

Source Material produced by Material contains useful Materials may command a

segregated | composting or anaerobic amounts of stabilised organi¢ price per m, unless

—“green digestion from separately matter and plant nutrients. processed on-site from green

waste” collected materials from Properly treated materials wastes (in which case

compost private and public gardens andshould be sanitised of anima| revenue generation may be
parks (including leisure pathogens and most plant possible).

facilities such as golf courseg) pathogens.
These materials may contair
Materials may have a hazardous materials, albeit at
protective effect by: liming lower levels than for most
(increasing pH, immobilising| mixed waste composts.
toxic substances and reducing Unstabilised material is
the effects of some plant highly odorous and may alsa
pathogens). carry wider public health /
nuisance risks.

Some jurisdictions may have
quality standards for these Stored materials may pose
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Type Description Strengths Weaknesses
composts which offer element risks from some micro-
of quality assurance, and organisms such as
these materials may be seen| Aspergillus fumigatus
as “recycled” and hence no
longer under waste
regulations.
Generally source segregated
materials are well perceived.
Source Material produced by Properly treated materials Materials may command a
segregated | composting or anaerobic should be sanitised of anima| price per m, unless
— food digestion from separately pathogens and most plant processed on-site (in which
waste collected materials from pathogens. case revenue generation ma
compost private kitchens and/or be possible).
catering operations or Materials may have a
commercial food producers /| protective effect by: liming These materials may contair
processors. (increasing pH, immobilising| hazardous materials, albeit 3
toxic substances and reducing lower levels than for most
the effects of some plant mixed waste composts.
pathogens). Note: under Unstabilised material is
European law all such highly odorous and may alsg
material has to have a carry wider public health /
minimum treatment to sanitise nuisance risks.
animal pathogens (Regulation
EC 1774/2002). Stored materials may pose
risks from some micro-
Some jurisdictions may have| organisms such as
guality standards for these Aspergillus fumigatus
composts which offer element
of quality assurance, and
these materials may be seen
as “recycled” and hence no
longer under waste
regulations.
Generally source segregated
materials are well perceived.
CLO Material produced by Material contains useful Mixed waste composts tend

composting or anaerobic
digestion from mechanically
processed fractions of mixed
municipal (household) waste
or other similar collected
wastes from commercial
sources (Camerocet al.

2008).

amounts of stabilised organig
matter and plant nutrients
The material may be availabl
at low or zero cost, or
potentially in some regulatory
jurisdictions its use could
command a gate fee.

Properly treated materials
should be sanitised of anima
pathogens and most plant
pathogens. Note: under
European law all such
material has to have a
minimum treatment to sanitis|
animal pathogens (Regulatio
EC 1774/2002).

Materials may have a

to contain higher levels of
inert materials (e.g. plastic
traces) and hazardous
materials than some other
forms of organic matter: for
example, PTEs, POPs and
sharps such as glass
fragments. The best mixed
waste composts are likely to
have PTE levels similar to
poorer source segregated
materials.

e

Mixed waste composts may
e suffer from a poor perceptior
n by some stakeholders and a
more stringent regulatory
regime than some other
forms of organic matter.

protective effect by: liming

27



Type Description Strengths Weaknesses
(increasing pH, immobilising | Unstabilised material is
toxic substances and reducing highly odorous and may alsg
the effects of some plant carry wider public health /
pathogens). nuisance risks.
Some jurisdictions may have| Stored materials may pose
quality standards for mixed risks from some micro-
waste composts which offer | organisms such as
an element of quality Aspergillus fumigatus
assurance.
Stabilised material is
generally free from odour.
Sewage Residues remaining after Very high levels of usable Untreated materials will pose
sludge treatment of human effluents| organic matter and plant materials handling
“biosolids” | at a municipal scale. nutrients. difficulties as well as

Untreated dilute sewage
fractions have been used to
irrigate energy forestry.

Potentially available at low of
zero cost

problems of odour and
potential microbial risks.
They are likely to require
special handling.

Sewage materials tend to
contain higher levels of inert
materials (e.g. plastic traces
and hazardous materials tha
some other forms of organic
matter: e.g. PTEs, POPs.

=

4 Experimental Studies

4.1 Experimental Background

Trace element contamination is an important enwviremntal issue, as unlike organic
contaminants, trace elements do not degrade awer(tlegharagt al.,2011). As trace
elements are very persistent in the environmentiaattional methods of remediation (e.g.
involving soil removal and replacement) are oftestly (Bolanet al.,2014), it is integral
that innovative methods of remediation for tracamednt contaminated soils are developed.
As discussed earlier in this report, soil amendseoth as biochar and ROM may be
suitable forin situimmobilisation of trace element contaminants in. Sidie studies detailed
herein examined the use of different biochars aepdmgwaste composts as single and
combined amendments for the treatment of a coppeaminated soil.

Although copper is an essential micronutrient resgifor plant growth, it is phytotoxic in
excess (Burkheaet al, 2009; Lepp, 1981). Phytotoxicity of copper hasrbdemonstrated
for numerous plant species, with roots being mosatty affected. Copper toxicity to plant
roots has negative implications for photosynthesispiratory processes and protein
synthesis (Yruela, 2009; Adit al, 2004). Metalloids such as copper, lead, chronamch
zinc are known to bioaccumulate in plant rootsmthe root exodermis, inhibiting growth
and nutrient uptake (McBride, 1994). Phytotoxidgyighest in soils where copper

@
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concentrations in soil pore waters are higher. Thdue to increased metal bioavailability.
Bioavailability is influenced by various processaduding pH, soil texture and ionic
composition of the soil solution (Adt al.,2004).

Biochar properties vary depending on the produgtimtess and accordingly, its effect on
soil characteristics will vary (Novadt al, 2009). Biochar application affects various soil
characteristics that may influence copper distidsuaind availability in soil. There is scope
therefore for biochar use for the purpose of realyi@hytotoxicity of copper in contaminated
soils. Similarly, compost has the potential to @ase the copper sorption capacity of the soil
(Beesleyet al.,2010; Vaca-Pauliet al.,2006).

4.2 Overview of Studies

Experimental work was carried out as a collaboratietween the Greenland project (FP7
KBBE-266124} and HOMBRE. To help determine the remediation bajies and
operational windows of a range of biochars and amstgas single and combined
amendments, experimental studies were undertakeopper contaminated soil obtained
from a Greenland project remediation site. Reseaashinitiated by a scoping study
undertaken in 2013. The scoping study examineeftieets of compost and biochar, applied
both exclusively and combined, on the leachabdftgopper in the soil and the soil’s
phytotoxicity. The results from this experimentgea facilitate the development of further
laboratory studies. A more detailed study was cotetliin 2014 on the leachability and
phytotoxicity of copper in soil following the appétion of three different biochars with and
without compost. Simultaneously, a supporting Mastescience project was carried out,
using sequential extraction to determine the edfe€biochar and compost on mobility and
distribution of copper in soil. Table 3, below, gszan overview of the three studies, outlining
key participants and aims.

Table 3: HOMBRE/Greenland collaborative research studtesject links are shown — links to the HOMBRE
project are highlighted in blue; Greenland projadreen.

Scoping study Detailed study Supporting MSc
Aim(s) - To establish if - To gain further - To determine if

biochar and compost insight into the biochar, compost

could be effective optimal modes of use¢ and/or plant growth

soil amendments for| for biochar and have an effect on the

treatment of the Cu | compost fractionation of Cu in

contaminated soil at| amendments. the soil.

the remediation site.

- To establish is
- To establish a roughbiomass for energy

® The Greenland project was established to investigate, improve and increase usage of gentle remediation
options (GRO) including phytoremediation and in situ stabilisation using amendments (www.greenland-

project.eu).

6‘ 29



Scoping study

Detailed study

Supporting MSc

effective application
range.

generation can be
produced on
marginal land.

-To determine if
biomass produced on
a remediation site
can be used for
further soill
improvement.

Location of work

University of
Reading(UoR),

IIAG-CSIC, Santiagg
de Compostela,

University of
Reading (UoR),

Reading, UK Spain Reading, UK
Participants, -Fredrick Siemers, | -Sarah Jone, r3, - Joshua
organisations and | UoR, UK. UK. Experimental Giulianotti ,
roles Experimental work | work carried out. UoR, UK.

carried out as MSc
dissertation.

-Steve Robinson
UoR, UK.MSc
project advisor,
arrangement of UoR
technician support.

-Anne Dudley,
Karen Gutteridge,
Martin Heaps, UoR,
UK. Technician
support.

-Petra Kidd, I1AG-
CSIC, Santiago de
Compostela, Spain.
Experimental advice
provision of
laboratory facilities,
arrangement of CSIC
technician support.

Experimental work
carried out as MSc
dissertation.

- Denise Lambkin,
UoR, UK.MSc
project advisor,
arrangement of UoR
technician support.

-Anne Dudley,
Karen Gutteridge,
UoR, UK.
Technician support.

-Wolfganag Fries-Hanl and Gerhard
Soja, AIT Austrian Institute for Technology
Vienna, AustriaManufacture of biochar anc

technical advice.

-Rolf Herzig, Phytotech, Bern, Switzerland
Supply of sunflower seeds.

-Michel Mench, INRA, University of Bordeaux, FrancBrovision

of sail.

-Tony Hutchings and Frans de Leij C-Cure Solutions™Ltd,
Farnham, UKProvision of biochars and technical advice.

-Pierre Menger, Tecnalia Research and Innovation, San Sebasti
Spain.Analysis of soil and amendment characteristicshmacal

advice.

-Paul Bardos and Sarah Jones3 environmental technology Itd.,
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Scoping study | Detailed study | Supporting MSc

(r3), Reading, UKProvision of technical advice, supervision.

-Andy Cundy, Univiersity of Brighton, Brighton, UKProvision of
technical advice across D5.4.

-Petra Kidd, IIAG-CSIC, Santiago de Compostela, Sp&rovision
of technical advice across D5.4.

4.3 Site Context

Copper contaminated soil was obtained from a fomvaad preservation site in the Gironde
County Saint Médard d’Eyrans, France (N 48.353, W 00080.938). This site has been
used for over a century to preserve and store tisnpests, and utility poles. Creosote and/or
various copper salts were successively used (MandlBes, 2009). Topsoils of this site are
contaminated by either copper (e.g. sub-site Rar-8ppper and PAHs (e.g. sub-site P7).
There is spatial variability of contamination agdise site, stemming from different
treatment processes and activities. (Beal.,2010; Bes, 2008). Two different soils (P1-3 &
P7, fluvisols) were obtained from different are&the site; both are characterised by their
high levels of phytotoxicity. The soils are largelgssified as a sandy loam. (Lagomarsho
al., 2011). Further information about each soil caml@ined from Bes and Mench (2008)
and Lagomarsinet al. (2011) respectively.

P7 soil has been previously tested in terms otéffeness of different remediation
technigues (Bes and Mench, 2008) and has beenctbiasad as slightly acidic (pH 6.25),
having a low organic matter (OM) content (27.2¢kand high levels of copper
contamination (2600 mg Cu Ry At the part of the site where P7 was obtainezhdwvas
dipped in creosote and copper sulphate for treatrmdms soil has been characterised as one
of the most ecotoxic soils on the site (Mench & ,B#¥09). Bes and Mench (2008) recorded
the effects of amendments on P7 soil phytotoxitgwarf bean plants. It was noted that
amendments that reduced copper concentrationgutissohad a limited effect on plant
growth improvement. Amendments adding Ca to thlesysiem demonstrated the greatest
reduction in phytotoxicity; however copper wasl stibbile in pore water. (Bes & Mench,
2008).

The second soil (P1-3) is from a copper-contamthatea due to washing of treated wood by
rainfall. The P1-3 soil is reported as having lovestels of copper contamination (up to 1000
mg kg?). A combined 66% of the copper in the P1-3 soikisorded as being in the acid
soluble (e.g. hydroxides, carbonates) and redu&itions (e.g. iron and manganese
oxides), with low quantities in the exchangeabld soluble fractions. Consequently there are
lower copper concentrations in soil pore water careg to soils from the rest of the site. The
soil has a low cation exchange capacity (3 cmd) Kbagomarsinet al, 2011). The authors
of the papers above state that phytotoxicity irhladtthese soils is attributable to copper.
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4.4 Scoping Study
4.4.1 Introduction and Aims

The scoping study was developed to examine thetsftd two different biochars, alongside
compost application, on copper stabilisation intieavily copper contaminated soils outlined
in 4.2. Both P 1-3 and P 7 soils were investigaltiobility of copper after treatment with
biochar and compost was assessed through a seff@C$ leaching tests and bioavailability
was analysed via a bioassay udiegidium sativumBiochar was applied as both a single
factor and combined with compost, following on frdndings that combined amendments
are most effective in reducing phytotoxicity (BedvEnch, 2008).

4.4.2 Methods
4421 Soils and Amendments

Soil samples of the two sub-sites “P1-3” and “P&rgvextracted using an unpainted steel
spade in April 2013 and transported to the Univgrsi Reading. Samples were air dried
(36°C) for one week, before being sieved (<2mmgtoove coarse debris and homogenised.
pH measurements were taken, to examine if thisgdmwith amendments and significantly
influenced results. pH was determined by mixingé¢hreplicate soil samples with deionised
water at a 1:2.5 ratio and analysed using a pHerdkater content (from air dried) and loss
on ignition were calculated by measuring weight &dter heating at 105°C and 500°C
respectively for a 24 hour period. (Rowell, 1994 Beckman Coulter LS 230 laser
granulometer was used to determine particle sgilolution. (Buurmaret al, 1997).

Based on the soil characteristics reported (seeddet.3.3.1), C-Cure Solutions™ Ltd
(Farnham, UKYsuggested testing two patented biochars “NC” ar@' “EPatent numbers:
WO02009016381A2 and 61372PCT1, respectively). NCfaamsulated to immobilise

cations; FC was formulated to immobilise arsenteo types of compost were trialled (aged
garden compost [GC] and commercially produced Iretampost based on wood fibre [WF])
in initial testing. In final leach tests and poals, an alternative green waste compost (VE-
GWOC) obtained from Vital Earth Ltd (Derbyshire, URjvas applied. Vital Earth compost
was obtained for the final tests as this produntaese representative of what might be
available for use on a BF site (compared to gaotertail compost). Additionally this
compost complied with PAS:100 standards (Vital E&td, 2009).

® www.ccuresolutions.com
0 \www.vitalearth.tv
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The soils and amendments were analysed by TedRe$iaarch & Innovation (Alava, Spain)
for metal and organic contaminant content, as agltopper partitioning in order to assess
the factors controlling phytotoxicity. A summarfthbe analyses used is shown in Table 4
below:

Table 4: Soil and Amendment Analyses Methods

Analysis Method
TOC Sulphocromic oxidation; Standard: UNE EN
13137:2002
H Potentiometry; Standard: UNE EN ISO
P 10390:2012
Total Kjeldahl Nitrogen UV/VIS spectrophotometry
Exchangeable cations (Na, K, Ca, Mg) UV/VIS speatamiometry
Metals ICP-AES following aqua regia digestion

Plasma emission spectrometry (ICP-AES)
and molecular absorption spectrophotometry

Chromium Vi (UV) following alkaline digestion of
samples.

Gas Chromatography Mass Spectrometny

PAHS/PCBs (GC/MS). Standard: EPA 8270: 1996
Gas Chromatography with Flame lonization

Total hydrocarbons Detector (GC/FID). Standard: EN ISO

77307:2000

Phenols Gas Chromatography Mass Spectrometry

(GC/IMS). Standard: EPA 8270: 1996

Gas Chromatography Mass Spectrometry
BTEXs, volatile organic compounds, viny] (HS/GC/MS) and a headspace sampler as

chloride sample introduction system. Standard: ERA
5021:1996 and EPA 8260:1996

TOX Analyzer microcoulometry; Standard:

Total halogens EPA 9076:1994

Sequential extraction of Cu BCR

4.4.2.2 Leaching Tests

Leaching tests were conducted in accordance wamtbthodology in waste acceptance
criteria guidelines. (Environment Agency, 2005).adrended and amended soil samples
(2.59) were placed in centrifuge tubes and mixeti @b ml of 0.01M CaG| before being
placed on a spinner for 24 hours in a controll@dpterature room (10°C). Samples were
centrifuged (3600rpm, 15 minutes; MSE Mistral 306&ntrifuge, MSE, London, UK), then
filtered (Whatman no. 540), before metal concernatwere determined using ICP-OES.
For each treatment type, three replicate subsam@es prepared.

Three sets of leach tests were carried out. Fjratfyreliminary trial was carried out with both
soils and biochar only. Both biochars (NC and FE€jentrialled at various amendment rates
(unamended, 1%, 2% and 5% wi/w) following the adwatthe producer. By utilising
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multiple amendment rates, the concentration at livhiochar was most effective could be
determined and subsequently applied to furthes.test

Following results from the preliminary tests, flgtheach tests were completed in the P7 saill,
as this soil saw the greatest results in initislgeThe biochars were most effective at 1% so
this amendment rate was trialled in combinatiorhwimpost. Two different composts were
tested (aged garden compost from home compostishg@mmercially produced wood fibre
compost). Composts were applied at 2% w/w. Thisralment rate was selected on the basis
of likely allowable nitrogen addition in the UK (Pa, 2013b). As NC biochar was effective
at 1%, lower rates (0.5% and 0.25% w/w) of thischer were also trialled (as biochar only
amendments). To help determine reasons for difee®m leaching tests, pH and DOC were
analysed in the leachate. DOC was analysed usBigraadzu Total Organic Carbon

Analyser (Shimadzu Corporation, Kyoto, Japan).

Finally, detailed leaching tests mirroring plamals were carried out with the most effective
biochar: NC. Amendment rates of 0.25%, 0.5% andv@were once again used as higher
amendment rates did not offer any substantial ingmreent in copper immobilisation. Again,
these leach tests were carried out in the P7 sbil Biochar was applied alongside a green
waste compost (2% w/w) produced from botanic ressdobtained from Vital Earth Ltd, that
complied with PAS:100 standards (Vital Earth Li#ijain, pH and DOC were analysed in
the leachate.

4423 Plant Trials

Following on from the leaching tests, it was cléeat the NC biochar was particularly
effective in reducing copper mobility and consedlyemad the potential to reduce
phytotoxicity. Plant trials therefore only utilis&C biochar. Whilst biochar amendments
were generally not as effective when combined witimpost, combined amendments have
been shown previously to be more effective at redyphytotoxicity (compared to single
amendments) as a result of decreased copper myailit increased soil Ca concentrations.
(Bes & Mench, 2008). VE-GWC was therefore alsdlgthalongside the biochar.

Pots with a 6cm diameter were filled with P7 sattbunamended and treated with NC
biochar (0.25%, 0.5% and 1% w/w) and VE-GWC (2% Wé& both single and combined
amendments. Mixtures were rehydrated and left ts fiy one week prior to planting to
equilibrate. Four replicates were created of eath@ressl(epidium sativum(25 seeds per
pot) was planted in June 2013 in a glass houdeeituhiversity of Reading (temperature
range 10-35°C). Pots were watered using deionisgedrwn a daily basis (100-150ml) over a
two week period. Plant height, leaf and germinaitrdarmation was collected and above soil
biomass harvested. Wet and dry biomass weights rgeceded, and a nitric acid digestion
carried out on dry plant biomass. Plants wereftef24 hours in 10ml nitric acid (analytic
reagent grade, 70%), then digested for 9 hourd@RCL Samples were filtered (Whatman
no.540), diluted to 100ml using ultra-pure wated #men analysed using ICP-OES. pH of
soil in pots was analysed by mixing soil and desediwater at a 1:2.5 ratio. (Rowell, 1994).
Cress weight was too low to separate differentsp@.g. stem and leaves) and analyse these
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individually. Similarly there was too little root@wth to analyse elemental concentrations in
root matter.

4.4.2.4 Statistical Analysis

To determine statistical differences between défiéiamendment types, one way ANOVASs
were performed alongside Tukey’'s comparison testsrimally establish any significant
differences found. In many cases, data had todmsfwrmed to represent normal
distributions. In one case (initial leaching té%t, soil) data could not be transformed, so a
non-parametric Kruskal-Wallis test was performedetaew statistical differences between
samples. To analyse the link between pH, DOC ap@e&onconcentrations in leachate and
plant biomass, correlation tests were performedr@em coefficient reported to show
strength of correlation, along with P value). Statal analyses were carried out using
Minitab 16(Minitab, State College, PA, USA).

4.4.3 Results
4.4.3.1 Soil and Amendment Characteristics and Mat Composition

Table 5 lists the basic soil characteristics fotordhe investigated soils. Both soils were
similar in terms of texture (loamy sands) and e OM content. Conversely, pH values
were different between soils, values in the P1e3ciwse to neutral (7.34) and those in soil P7
are slightly acidic (6.02). Results of compositibaaalysis can be seen in Tables 6 and 7.

Table 5: Average values for pH, texture and loss on ignitio

Soil P7 Soil P1-3
pH 6.0 7.3
Texture (% clay, silt, sand) 3.4%, 16.9%, 79.6% 92.96.9%, 80.3%
Loss on ignition % 2.8% 1.9%

Previous studies carried out on these soils haredstrated that copper is a major
contaminant and whilst there are elevated levetoafe PAHSs, these are not at
concentrations that might cause phytotoxicity. (Kisneet al.,2011; Lagomarsinet al,
2011; Bes, 2008; Bes & Mench, 2008). The biochats@ampost tested were determined to
have relatively low levels of BTEX, PAHSs, phenofgldrace elements.
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Table 6: Soil and amendment organic content

. ) P 1-3 P7 Biochar | Biochar vital
Contaminant (mg kg* dry matter) Soil Soil NG FC Earth
Compost
BTEX
Benzene <0.01| <0.01 1.67 <0.01 <0.01
Toluene <0.02| <0.0Z 0.79 <0.02 <0.02
Ethylbenzene <0.02| <0.02 0.08 <0.02 <0.02
Total Xylenes <0.05| <0.05% 0.11 <0.05 <0.04
Total BTEX <0.10 | <0.10 2.70 <0.10 <0.10
PAHs
Napthalene 0.04 0.46 0.17 <0.01 0.02
Acenaphthylene 0.33 1.7¢ 0.03 <0.02 0.03
Acenaphthene 0.02 0.14 0.03 <0.03 0.13
Fluorene 0.05 0.32 0.02 <0.04 0.13
Phenanthrene 0.68 3.00 0.22 0.01 0.95
Anthracene 0.57 6.40 0.04 0.01 0.17
Fluoranthene 2.90 7.90 0.10 <0.01 1.40
Pyrene 2.80 7.50 0.14 0.02 1.00
Benzo (a) anthracene 1.6(Q 5.30 0.06 <0.01 0.011
Chrysene 1.40 4.50 0.05 <0.01 0.35
Benzo (b) fluoranthene 3.40 13.90 0.07 0.08 0.66
Benzo (k) fluoranthene 1.10 3.90 0.02 <0.0n 0.11
Benzo (a) pyrene 2.00 4.10 0.04 <0.0f 0.37%
Indeno (1,2,3-cd) pyrene 2.30 4.4 0.03 <0.01 <0.01
Dibenzo (a,h) anthracene 0.32 1.00 <0.0 <0.01 1<0.0
Benzo (g, h, i) perylene 1.40 2.2 0.02 <0.0n <0.01
Total PAHs 21.00 | 66.0d 1.00 0.07 5.40
PCBs
2,2,5 Trichlorobiphenyl <0.0005 0.002 | <0.0005| <0.000% <0.000%
2,45y 2,4,4 Trichlorobiphenyl <0.006 0.002 <6 | <0.0005| <0.0005
2,2°,5,5" Tetrachlorobiphenyl 0.001 0.037 0.008 0R2.0| <0.0005
2,2°,3,5 - Tetrachlorobiphenyl <0.0056 0.007 <0.00P5<0.0005 <0.0005
2,2°,4,5,5 Pentachlorobiphenyl o.00p  0.7p0 0.006 .00® 0.004
2,2°,3,4",5°,6- Hexachlorobiphenyl 0.002 1.900 0.0 0.010 <0.0005
2,3,4,4",5 - Pentachlorobiphenyl 0.001L 0.2B80 0.020 0.003 <0.0005
2,2°,4,4 5,5 - Hexachlorobiphenyl 0.0083  4.100 8.01 0.021 <0.0005
2,2°,3,4,4",5"- Hexachlorobiphenyl 0.002 3.000 0.01 0.015 <0.0005
2,2°,3,4,4° 5,5 heptachlorobiphenyl 0.001 3.800 010. 0.015 0.005
2,2°,3,3,4,4",5 heptachlorobiphenyl <0.005 0.5900.001 0.002 <0.0005
Total PCBs 0.012| 14.000 0.063 0.074 0.009
Total Hydrocarbons (C10.C40) 45.00 210)0080.00 51.00 360.00
Phenols 0.20 0.17 0.14 <0.25 0.31
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Values in bold exceed background values for Fresaciy soils (Mench & Bes, 2009).

4.4.3.2

44321

Leaching Tests

Preliminary Leach Tests — Biochar Only

Figures 3 and 4 (below) show the average coppearerdrations in soil leachate obtained

using a CaGlextraction. The leaching tests revealed interggiatterns with the application
of both biochars to the soils.
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: . P 1-3 P7 Biochar | Biochar vital
Contaminant (mg kg* dry matter) Soil Soil NC FC Earth
Compost
Total organic carbon (%) 2.20 n/a n/a
Table 7: Soil and amendment potentially toxic element (P@&)tent
PTE(MIKG™ | 5 1 3 s0il| P 7Sl Biochar NC Biochar FC Vital
dry matter) Earth Compost
As <5 13 <5 <5 11.3
Cd <1 <1 <1 3.89 <1
Pb 15.1 26 8.56 6.4 148
Ni 6.02 <5 <5 105 20.6
Hg <0.1 13 <0.1 <0.1 <0.1
Cr 10.7 15 21.3 69.3 38
Mn 131 126 165 1460 416
Cu 860 892 20.4 <5 59
Mo <1 <1 8.04 5.57 2.28
Zn 29.7 75 51.4 8.67 243
B <5 <5 108 <5 22.3
Fe%ofdry | 45 0.6 0.13 235 1.71
matter
K 835 959 11.6 (% of dry 0.1(% of dry 0.87 (% of dry
matter) matter) matter)
P 175 183 132 104 0.31 (% ofdry
matter)
Co n/a n/a <5 <5 6.36
Ba n/a n/a 37 5.3 358
Sn n/a n/a <5 <5 7.86
Se n/a n/a <0.1 <0.1 <0.1
Cr (VI) <5 <5 <5 <5 <5
Total Halogens 35 32 8834 588 4765
Kj:eldahl 480 440 2.1 (% of dry 450 1.6 % of dry
Nitrogen matter) matter)
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Figure 3: Mean concentration of leachable Cu pd kyP7 soil treated with different amendments (n£Bjta
not normally distributed, Kruskal-Wallis non-paranetests (P= 0.003).
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Figure 4: Mean concentration of leachable Cu pd kyP1-3 and soil treated with different amendménts3).
No statistical significance determined betweentineats.

The only effective biochar amendment was the NCHao in soil P7 at all amendment rates
(fig 1). In soil P7, leachable copper concentrati@s high (22.5ng kg") (fig 3). The

addition of 1% FC biochar increased leachable coppecentrations to >321g kg'.
Conversely 1% NC biochar reduced copper conceatrsitio <1.30ng kg'. With an increase
in amendment rate of both biochars, there was liflange in copper mobility. As data were
not normally distributed, a Kruskal-Wallis test waerformed, confirming a statistical
difference between samples.

Leachable copper concentrations in the unamendeideil was 0.8Gng kg* (fig 4), much
less than in the P7 soil. In most cases biochatiaddnarginally increased copper
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concentration in solution, except for 1% FC. Nanffigance in the data was recorded to
support these patterns. For other metalloids (arseobalt, chromium, nickel, lead and zinc)
tested in both soils, no significant differencesamcentrations were recorded and in many
cases values were be ICP-OES detection limits.

44322 Combined Biochar and Compost Leach Tests
Similar to results seen in the preliminary leachiests (Fig 1), the secondary leach tests

showed that single NC biochar amendments in theo decreased copper mobility.
However, 1% FC biochar as a single amendment iseckeopper mobility (Fig 5).
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Figure 5: Mean concentration of leachable Cu pg kgar graph) and pH in leachate (line graph) for
treated with different amendments (n=3). Differketters after each treatment indicate statistidé&mnce of
Cu concentration in solution based on the Tukeyhd@t ANOVA: P<0.01).

Both composts as single amendments decreased aoppdity compared to unamended
soil, but not as effectively as 1% NC biochar atngle amendment. FC biochar applied with
compost increased the efficacy of the biochar, el ag the WF compost improving NC
biochar. GC reduced effectiveness of NC biochar.iChar (0.5%) was statistically the
same as 1%; however, 0.25% was not as effective.

A negative correlation was found between pH angeoponcentration (P>0.03; Pearson
correlation value = -0.62). This indicates thathwatless acidic solution there is less copper in
leachate.
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A significant difference was determined between D@(ties of different treatments;
samples amended with compost and biochar (>1%)daathate DOC values significantly
greater than the unamended soil. No correlationfaasd between DOC and copper
concentration in leachate.
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Figure 6: Mean concentration of leachable Cu pd Kgar graph) and pH in leachate (line graph) fo3rsbil
treated with different amendments (n=3). Differietters after each treatment indicate statistidéérénces
based on the Tukey Method (ANOVA P<0.001).

Only one combination, 1% NC biochar with wood filsempost, was found to reduce copper
concentrations in leachate for P1-3 soil. GC betgwdarly and combined with 1% FC
increased copper mobility (fig 6). No statisticdfetence was determined in pH between the
treatments, but DOC of samples increased with catrgoad biochar addition. No correlation
was found between either of these factors and eappbility. pH in the unamended P7
leachate was much lower (4.20) than the unameniiei(B.30).

4.4.3.2.3 Leach Tests Mirroring Pot Trials

Compost and biochar combinations drastically redueachate levels of copper. Similar to
composts applied in the second set of leach tegtS)( the VE-GWC compost decreased
copper mobility in soil P7 (fig 7). Furthermore, M@NC reduced the effectiveness of the
NC biochar at all biochar amendment rates, a ttkadwas also observed with GC in the
second set of leach tests (fig 5).
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Figure 7: Mean concentration of leachable Cu pd Kgar graph) and pH in leachate (line graph) fosBir
treated with different amendments (n=3). Differietters after each treatment indicate statistidéérbnces
based on the Tukey Method (ANOVA P<0.001).

A correlation was found between pH values and coppecentrations in leachate displayed
in fig 7 (Pearson correlation value = -0.73, P<).0ith a decrease in acidity, there were
reduced copper concentrations in solution.
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Figure 8 Mean DOC values of P7 soil leachate samples (ri3i#grent letters after each treatment
indicate statistical difference in DOC values basedhe Tukey Method (ANOVA P<0.001.)

Leachate DOC concentrations increased significamitly all compost amendments;
however, biochar amendments did not significamttyease DOC in leachate. No correlation
was determined between DOC concentration and cagpeentration in leachate. This
follows patterns found throughout the study, wHe@C increases significantly with
compost amendments, but there is no significakttbrcopper mobilisation.

4433 Pot Trials

Table 8 shows data recorded on growth and gerromat well as biomass on harvest.
Across all treatments there was a general patfampyovement in plant characteristics
associated with both increasing biochar amendnagatand with compost addition (Table 8).
Figure 9 (a) and (b) shows plant growth in unamdrated 1% biochar addition respectively.
Statistical tests indicated that combined amendsnamdl greater biochar amendments rates
were most effective in improving plant physical id@eristics.
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Table 8: Mean plant growth data from crespidium sativutngrown in (P7) with different
amendments (n=4). Letters after values indicatésstal difference based on the Tukey Method,
(ANOVA P<0.0083 - all columns).

Number Leaf size | Dry biomass

Pot germinated | Height (cm) | (cm) weight in pot (g)
P7 11.00(a) 1.20(a) 0.20(a) 0.03(a)

2% VE-GWC 21.80(b) 2.80(a)(b) 0.40(b) 0.07(b)
0.25% NC 22.80(b) 3.90(b) 0.40(b) 0.06(b)

0.5% NC 24.50(b) 6.30(c) 0.80(b)(c)  0.11(c)

1% NC 24.30(b) 7.80(c) 1.00(c) 0.09(c)
0.25% NC + 2% VE-GWGC 24.30(b) 5.50(b)(c) 0.5(b) G

0.5% NC + 2% VE-GWC | 21.00(b) 7.50(c) 1.00(c) 0.10(c

1% NC + 2% VE-GWC 23.30(b) 8.30(c) 1.10(c) 0.10(c)

Figure 9: Cress growth at two weeks in unamended (a) and¥®iochar amended (b) soils.
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Figure 10: Mean shoot concentration of Cu pgig Cress [(epidium sativumgrown in P7 soil with different
amendments (n=4). Different letters after eachttneat indicate statistical difference of Cu concaiidns in
plant biomass based on the Tukey Method (ANOVA BXD.
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Figure 11 Scatterplot of shoot Cu concentration in cressresy pH of pots (n=4). P<0.001. Pearson
correlation values = -0.76.
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Elemental composition could not be obtained froessrgrown in the unamended soil. This
was because of the lack of plant biomass in thete [phe most effective amendments for
reducing copper concentrations in plant biomadsidtezl 1% NC biochar and all combined
compost and biochar amendments (Fig 10). All odmeended pots reduced phytotoxicity of
the unamended soil, however not as effectivelyoastined and 1% NC biochar
amendments. Interestingly the most successful aments for reducing copper
concentrations in soil leachate were NC biochaeddts a single factor (Fig 5, 7), whereas in
plant trials 0.25% and 0.5% biochar was much mtiexzi&e when combined with VE-GWC
compost (Fig 10). This agrees with previous findingporting that phytotoxicity is reduced
most greatly when amendments that reduce coppeititp@nd increase soil calcium
concentration are applied together (Bes & MenclB820Green waste composts have reliably
high available calcium.

There was a strong negative correlation betwedrpbkband copper concentrations in cress
biomass (Fig 11). This is in line with leach testults which indicated that increasing pH
reduces copper availability in soil.

Significant correlations were found between comercentrations and other elemental
concentrations in plant shoots. Strong, signifiGard positive correlations (Pearson >0.9,
P<0.05) were found between copper and aluminiutmalcochromium, iron, manganese and
lead. With an increase in shoot copper concentratieere was also an increase in these
elements. Moderate, significant and a negativeetation (Pearson >-0.7, P<0.05) was found
between copper and calcium and potassium. Withedsorg copper uptake in plants, there
was increasing uptake of calcium and potassium.

4.4.4 Scoping Study Discussion
44.4.1 Copper Toxicity in Tested Soils

Concentrations of copper in soil pore water aboweglkg® are likely to be phytotoxic
(McBride, 1994). Values of leachable copper inRie3 soil did not exceed this
(approximately 0.8 mg kb however, values obtained in the P7 soil weleast 15 times
this value (>15 mg Kg. In all leaching tests, many of the other elera@unsidered
phytotoxic were beneath detection limits. This rhagcthe low total element concentrations
seen in Table 7 for these metals. Leachable capperentrations in soil P1-3 are high,
however not exceptionally. This can be linked bicthe findings of Lagomarsinet al.
(2011), who noted that 66% of the copper in thifwas located in the acid soluble and
reduced fractions, consequently having reducedadubiy.

4.4.4.2 Amendment Impact on Copper Mobility

No major immobilisation benefit from amendment uses found in the P1-3 soil. In the P1-3
soil, the leachable copper concentration is <1 g fwhich is lower than the ‘phytotoxic
limit’ suggested by McBride (1994). Low leachaldeéls of copper were expected based on
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the findings of Lagomarsinet al.(2011), where the authors recorded in the samelsithe
copper was locked in acid soluble forms and in cdua fractions.

The leaching tests demonstrated that the FC bionberased copper mobility in the P7 soil.
Conversely, the NC biochar caused a significantedese in copper concentrations in
leachate. In the case of 1% NC biochar additiainénsecond set of leach tests, copper
concentrations in the P7 soil leachate decreased 4.9 mg kg to approximately 1.01 mg
kg'. WF compost increased the effectiveness of thebld€har in this set of leach tests,
however, GC compost decreased the effectivengd€difiochar.

In the final set of leach tests, NC biochar at 1% @.5% additions reduced copper in
leachate from 16.9 mg Kgo 0.563 and 0.512 mg Kgrespectively. GWC as a single
amendment decreased concentrations of coppenestatthe unamended soil. However,
GWC decreased the effectiveness of NC biochar.

Whilst no correlation was determined between DO @pper concentration in samples,
there were still significantly higher levels of D@@€samples with the application of
compost. Even though no correlation was found gtieer possibility that increased DOC
concentrations could have influenced metal mobilitye various effects of DOC from
remediation amendments have been well reported, machar possibly forming soluble
organo-metallic complexes and compost increasingtism to humic and fulvic acids.
(Karamiet al.,2011; Lagomarsinet al, 2011; Beesley & Dickinson, 2010; Bradl, 2004).

In all of the P7 solil leaching tests, there wasg@ng correlation between pH and copper
concentration in solution. pH modification is knotenbe a major factor in determining
copper and other metal availability in the soilp@er has a ‘u’ shaped solubility curve in the
soil at different pH values; solubility is lowegtaasoil pH of around 8-9, and increases either
side of this, but at a much greater rate in agdits. (Ross, 1996; McBride, 1994). This is
clearly shown in our results, with an increasingvatue (to approximately 7), the copper
concentration in solution is 15 times less tham éfigdhe unamended P7 soil (pH 5.5).

Although this scoping study found a clear link be¢éw pH and copper mobility, it cannot be
stated that this was the sole reason for redu@pger concentration in solution.The two
biochars FC and NC both applied at 1% have oppeffitets on copper concentrations in
soil P7 leachate; however, pH of these two biocheedoth greater than that of the
unamended soil and are not statistically differ&his could be attributed to the differences
in sorption capabilities of each biochar. As pregly mentioned, upon addition to the soil,
biochar can improve characteristics such as thercakchange capacity of the soll, the
extent of this changing with various feedstocks pratiuction processes. (Novakal,

2009). Furthermore, the chemical composition oioghar can further aid in the reduction in
availability of contaminants; Kararst al. (2011) demonstrated increased lead sorption to
biochar, attributed to high concentrations of plasps in the biochar. The two C-Cure
Solutions™ amendments (NC and FC) were applieddbase¢he soil characteristics and the
types of contaminants in the soil. Both amendmbkatksimilar effects on pH in the P7 soil;
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however, concentrations of leachable copper wengdiferent. These differences can be
attributed to the differing characteristics androfeal composition of each biochar.

4443 Amendment Impact on Phytotoxicity

The lowest shoot concentrations (42.0 [fwere found in soils treated with 1% NC biochar
as a single factor. This value is within the ranfjacceptable concentrations (5-50 |1 g
suggested by Epstein and Bloom (2005). The secad efficient treatment was 1% NC
biochar + 2% compost (50.0 pd)g This treatment was just within the aforementibne
acceptable range, whereas all other treatments atbenee this range. Nonetheless, all biochar
only and combined treatments significantly reducagper concentrations in plants relative

to the compost only samples which had a mean comatiem of 413 g g.

Insufficient plant growth occurred in the unamendeil to assess copper concentrations in
biomass. This can be linked to the leaching tesistwshowed that unamended soil had high
levels of bioavailable copper. Comparably, Sheldod Menzies (2005), demonstrated an
increasing copper concentration in solution incedasopper concentrations in Rhodes grass
(Chloris gayang, as well as plant physical deficiencies suchedsiced number and length of
root hairs.

Amendments with combined biochar and compost regulft significantly reduced shoot
copper concentrations compared to biochar alonthélower rates of biochar addition. It
has been previously shown that in the P7 soil, amemts may act in different manners;
zero-valent iron grit has been shown to be effedtivreducing copper in solution, whereas
composts were much more effective for improvingipgrowth (Bes & Mench, 2008). In our
study, biochar amendments were successful in regutpper concentrations in soil pore
waters; however, compost may have improved botmtieent and microbial status of the
soil, thus aiding plant growth. In cress biomasspmielation was found: decreasing copper
concentrations resulted in increased calcium upbgkglants. Calcium has been shown to
compete with copper for plant uptake (Burkhe&dl, 2009) Biochar reduced copper
concentrations in solution; however, compost wddde increased soil Ca:Cu ratio, thus
increasing calcium uptake by plants (Vital Eartd,[12009).

A strong negative correlation was determined betwsde and copper concentration in cress,
strengthening the findings from the leaching tés&s pH is a major factor in reducing copper
concentrations in solution. pH values generatedrbgndments were much closer to pH 8-9,
at which copper solubility is at its lowest (Ro$896; McBride, 1994). These pH values are
closer to those determined in table 5 and by Bééetach (2008), who previously tested on
this soil; this is possibly due to pot trials bemgre representative of a soil system and the
acid washing of equipment prior to carrying outclaag tests.
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4.45 Scoping Study Outcomes

The results of the scoping study were used to friamber work. As the results showed that
leachable copper was notably higher in the P7tkail in the P1-3 soil, and that little benefit
was gained in the P1-3 soil through the additioaraEndments, the detailed study and
supporting MSc project used only the P7 soil. Agpsy phytotoxicity was high in the P7
soil, it was determined that future trials shoukbanclude plant trials to determine the
efficacy of applied amendments. It was decided i@athar and compost treatments would
be utilised in further research, as biochar wasvshio reduce leachability of copper in the
P7 soil and improve plant growth and combined &@agilbns of biochar and compost were
beneficial when biochar was applied at lower agpion rates.

4.5 Detailed Study and Supporting MSc project
4.5.1 Introduction and Aims

This detailed study and the supporting MSc studyeai to more comprehensively investigate
some of the findings from the scoping study. Thasgects, like scoping study, were a
collaborative effort between the HOMBRE and Greedlprojects. The studies again
focussed on the ability of biochars and green wemtepost to immobilise copper in
contaminated soil. The results of the studies ltetpagain insight into the optimal mode of
use of biochars and compost as gentle remediafibarns for copper contaminated soils.

An additional aim was to provide an indication loé ppotential for the growth of biomass
usable for energy production on marginal land, $talgishing if there was an improvement
in yield when green amendments were applied. Biggneroduction on marginal land has
previously been discussed (e.g. Gelfahdl.,2013; Fahcet al.,2012; Kolbast al.,2011;
Zhuanget al.,2011; Bardo®t al.,2001). Bardot al.(2011a) outline a decision support
framework for determining the suitability of energyp production on a marginal site and
for establishing site-specific practical and susdhility issues. Other studies have shown
that the idea of growing bioenergy crops on mailginaontaminated land is a feasible one.
Hartleyet al.(2009) evaluated the potential of growikgscanthusor energy generation on
an arsenic contaminated site and found that wiikshass was reduced, crop growth was
possible on the site. Studies have also suggésaegoil amendments can improve the
growth of energy crops on marginal land. For examngdbuberet al. (2013) found that
biochar addition improved the yield Bfassica napu&. on cadmium, lead and zinc
contaminated soil and concluded that plant uptdkeeatals was low enough to be useable as
a feedstock for bioenergy production.

As the biomass used for biochar production was growthe site from which the
contaminated soils were obtained, the projectsialgsstigated the possibility of recycling
biomass produced on contaminated sites for fugherimprovement.
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The research explored the effectiveness of diftereatments for the reduction of copper
leaching to water bodies and phytotoxicity as sunised in figure 12. Copper leaching and
phytotoxicity were driven by the availability of gper in the contaminated soil. The different
treatment regimens of plant growth and amendmeats @xplored which altered interacting
influencing factors such as pH and DOC. The impétie treatments on these influencing
factors was studied to help understand the meamardsiving copper availability in soil.
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The supporting MSc project examined the fractimrabf copper in the solil, at three
different stages, including following a period d&pt growth. The distribution of metals in
soil is important to determine bioavailability, mitly and toxicity (Longet al.,2009;
Samsoe-Petersat al.,2002). Based on sequential extraction, the operaltiioavailability
of a metal is split into the following fractions;id soluble (exchangeable), reducible,
oxidisable and residual. Exchangeable is the miosivhilable, with the reducible and
oxidisable fractions still relatively active withgaeater dependency on soil properties such as
pH. Residually bound copper is considered the nmastive (Luet al.,2009). The
management of copper distribution is an importépective for land restoration; a reduction
in leaching throughout the soil profile can be agbkd through the formation of insoluble,
bound or sorbed chemical species, reducing thédraof bioavailable copper (Boisseh

al., 1999).

452 Methods
4521 Soil and Amendments

For this research, a fresh sample of the “P7”fsoih the remediation site (see Section 4.3)
was obtained in February 2014. This sample was algriiomogenised and sieved to 4mm.
Three biochars were trialled, identified as BC12B8(hd BC3. BC1 was a specialised biochar
called C-Cure Metal, developed and patented forgheediation of metal contaminated
substrates (C-Cure Solutions™ Ltd, Farnham, Ygatent number: WO2009016381A2).
BC1 was obtained from C-Cure Solutions™ as opptséide “NC” successfully used in the
scoping study as BC1 was available in larger vokiaral therefore represented a product
that could be used commercially in remediation. BARC3 - two biochars (unamended and
iron-amended), produced by the AIT Austrian Ins&taf Technology GmbH using poplar
grown at the remediation site where the contaméhatdl was obtained. BC2 + BC3 were
produced via pyrolysis at 525°C in a Pyreg reaf®greg GmbH, Doérth, Germany) with a
residence time of approximately 15-20 minutes.dwailhg this, BC3 was mixed with 20%
Fe,03 purchased from VWR (VWR International GmbH, Daradst Germany). R©s;was
trialled in an attempt to improve the number ofpsion sites on the biochar. Iron oxides have
known sorption capabilities and have been applretheir own as intended “sinks” for
certain trace elements (Gomez-Eyd¢sl.,2013). Compost was commercially purchased in
France. Compost was made from Green waste and saiigigand. Compost was stored at
the remediation site for one year under tarpa@oil and amendments were split and
transported to IIAG-CSI&, Spain; and the University of Reading, UK.

" www.ccuresolutions.com
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45.2.2 Experimental Methods for the Detailed Stug

(i) Experimental Design

Soils were amended with 20 different treatmentagdale unamended soil (see table 9
below). Each of the biochars was trialled as alsiaghendment at rates of 1% and 3% w/w.
Green waste compost (C) was also trialled as desarmgendment at application rates of 1%
and 2% w/w. Additionally, each of the three biochaas trialled in combination with
compost, at the aforementioned application rates.

Table 9 Amendments and rates

Amendment ID

Unamended Compost (1%) BC3 (3%) + C (1%)
BC1 (1%) Compost (2%) BC1 (1%) + C (2%)
BC2 (1%) BC1 (1%) + C (1%) BC2 (1%) + C (2%
BC3 (1%) BC2 (1%) + C (1%) BC3 (1%) + C (2%
BC1 (3%) BC3 (1%) + C (1%) BC1 (3%) + C (2%
BC2 (3%) BC1 (3%) + C (1%) BC2 (3%) + C (2%
BC3 (3%) BC2 (3%) + C (1%)BC3 (3%) + C (2%

Prior to soil amendment, all biochars were airdife three days then ground to <2mm.
Compost was sieved to <2mm before addition and rae¥e amended to allow for moisture
content. For each amendment type, 1509 of soilam@nded for pre-plant trial tests. For
plant testing, soil was sieved to 4mm and amendéaiches of 3kg. To determine the effect
of the soil amendments on copper mobility and ploticity, leach tests and plant trials were
carried out. pH, DOC and Eh were measured in grallleach tests to determine the
reasons behind differences between treatments.

(i) Soil and Amendment Characteristics and Composion

General physico-chemical characteristic tests warged out on the soil and amendments.
Soil and amendment moisture content and loss atiagrwere determined as described in
4.3.2.1. Available inorganic nitrogen was measwsdg a KCI extraction. Briefly, three
replicates (7g) of soil and amendments were mixellwith 35ml of KCI 2 N. Samples were
placed on a rotary shaker for 30 minutes beforé¢rifegation for 5 minutes at 3000 rpm (J2-
MI, Beckman Coulter, Inc., Brea, CA, USA) and fition using CHMLAB F2040 filter
paper (CHMLAB Group, Barcelona, Spain). Total irenrg nitrogen in filtrates was
determined via Kjeldahl distillation (Keeney andi$és, 1982).

Further background characteristic tests, metalRhd content of soils and amendments
were carried out by Tecnalia Research & Innovagidava, Spain). A summary of these
analyses is shown in Table 10 below.

) s2



Table 10: Soil and amendment analyses

Analysis Method

Texture Laser diffraction particle size (Malvern)

Organic matter % Loss on ignition at 50C

TOC Sulphochromic oxidation; Standard: UNE
EN 13137:2002

pH Potentiometry; Standard: UNE EN ISO
10390:2012

Exchangeable cations (Na, K, Ca, Mg) UV/VIS spqataiometry

CEC Rowell (1994)

Metals ICP-AES

PAHs Gas Chromatography Mass Spectrometry
(GC/MS). Standard: EPA 8270: 1996

Metal and PAH testing was also repeated on all aeesoils post growth.
(i) Leaching Tests

Leaching tests were carried out to determine tfeeebdf amendment application on the
mobility of copper in soil. Aliquots of 2.5¢g (4 regates) were removed to 50ml centrifuge
tubes and mixed with 25ml of 0.01M Ca@amples were then placed on a shaker for 24
hours prior to centrifugation at 5000 rpm for temutes (J2-MI, Beckman Coulter, Inc.,
Brea, CA, USA). Samples were then filtered (F208HMLAB Group, Barcelona, Spain)
and analysed for concentration of copper and atletals using ICP-OES.

From each 150g amended soil sample, an 80g sublsamap removed, moistened with

20ml of water and then stored at’@0for two weeks. Throughout the two week incubatmn
repeated wet/dry cycle (two days wetting, follovsdtwo days drying) was implemented to
replicate conditions that may occur in the envirenin Leaching tests as outlined above were
repeated following the incubation stage. Soilsemi#td after plant growth were also tested in
this manner; post growth soils were sieved to aradysed at both <4mm and <2mm.

(iv) pH, Eh, DOC

To determine pH and Eh, four replicate samples)b®gach amended soil were weighed
into 50ml centrifuge tubes. To each tube, 25ml dfii) water was added. pH and Eh were
then measured using a Metrohm 632 pH meter (MetrAimHerisau, Switzerland).
Samples were centrifuged at 5000rpm for ten min{&2svVil, Beckman Coulter, Inc., Brea,
CA, USA) before filtration (F2040 - CHMLAB Group,adBcelona, Spain). Centrifugation and
filtering steps were repeated due to turbidityarhples. Following this, samples were
membrane filtered at 0.22um, then acidified witle dnop of reagent grade nitric acid. After
24 hours, the supernatant of each sample was rehtoveclean glass vial before analysis
using a Vario TOC Cube (Elementar AnalysensystembIld Hanau, Germany). This
method was repeated with soil samples post-incoibd4 replicates) and after plant growth
(5 replicates).
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(v) Plant Trials

Following on from leach testing, plant trials wenducted using the same series of
amendments to determine the effect of biochar antbost addition on phytotoxicity in soil.
For each amendment type, five replicate pots wegpagred with 7509 of soil. To each pot,
two sunflower seed$iglianthus annuuk.; IBLO4 Mother clone, Phytotech, Bern,
Switzerland) were added. Plants were watered frelomg with water being placed in the
saucer underneath pots for uptake. After germinaseedlings were thinned to one plant per
pot. After seven weeks, plants were harvested, @hahd separated into roots, stems and
leaves. Wet and dry biomass was recorded.

Sunflower was selected for this trial as one ofidg aims of this project was to establish if
biomass usable for energy generation could be pgextian marginal land with the aid of soil
amendments. Sunflower has been investigated nuséroas as a potential crop for energy
and fuel production (Zhaet al, 2014; Menclet al, 2010; Amoret al.,2002; Gergel, 2002).
Sunflower is well suited to biofuel production didts high lignocellulosic biomass. It also
facilitates a move away from simple sugar basetublgroduction, essential for protecting
the global food supply (Ziebett al.,2013). Sunflower is a desirable plant for a coratlin
deployment of phytoremediation and biofuel produttias it accumulates low levels of
metals, and has high adaptability and aesthetieapp

(vi) Analysis of Plant Material

Dried plant material was manually ground and 0&3@f material was weighed into glass
test tubes. To this, 2ml of nitric acid (analy@agent grade, 70%) was added and left
overnight. Hydrochloric acid (1ml, 37%) was themed to each tube. Samples were digested
at 120C for 9 hours. Samples were transferred to 10mimetric flasks and made up to the
mark with deionised water. Samples were then aedlyg ICP-OES (Varian Vista-Pro,
Varianinc., Palo Alto, CA)

45.2.3 Experimental Methods for the Supporting M8 study

(i) Experimental Design

Biochar (air dried, <2mm sieved) and compost (w2tmm sieved) amendments were first
mixed with the prepared contaminated soil (airdire2mm sieved). Fractionation of copper
was determined using a sequential extraction choig at three time points: pre-incubation
(two days after amendment), post-incubation (foltaypa two week incubation) and post-
growth (following a five week growth period). Thesere eight treatments in total (T1-8).
Table 11 shows the biochar and compost amendmeets (T1-T8). Unplanted pre- and
post-incubation samples were kept under the samditcans as samples containing plants.
Samples were destructively sampled and homogepisedto analysis.
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Table 11: Treatment (T) amendment percentages: biochar (dmgrand compost (wet)

Amendment | T1 T2 T3 T4 T5 T6 T7 T8
Biochar: 3% | BC1 BC1 BC2 BC2 BC3 BC3 N/A N/A
Compost: 1% | N Y N Y N Y N Y
Replicates 3 3 3 3 3 3 3 3

(i) Leaching Test and Water Holding Capacity

Leaching tests were carried out in using the saetoad outlined in 4.4.2.3 Pre-incubation.
Water holding capacity was determined by massdo4€%C, following 16hr saturation and
16hr draining, (Rowell, 1994).

(i) Fractionation study

The modified Community Bureau of Reference (BCRjusatial extraction (Luet al.,2013;
Fernandeet al.,2004) was used to determine fractionation of coppéne soil. Briefly,
amended soil samples (0.5g) were weighed out antbtlowing reagents prepared: Solution,
A, (20ml Acetic acid, (0.1M), Solution B, (20ml Hyakylamine hydrochloride, 0.5M),
Solution C, (10 ml Hydrogen Peroxide, 8.8M, staeitl to pH 2-3), and Solution D, (25ml
Ammonium acetate, 1.0 M, (HNO3 stabilised to pH£001). Each reagent was added
sequentially. After each addition, samples wer&shaver-end at 30+£10rmp for 16hrs and
centrifuged (3300rmp, 20 minutes; MSE Mistral 306émntrifuge, MSE, London, UK). The
residue was washed (10m UP water), shaken, ceggdfand the waste supernatant
discarded. Residual material was digested via reatiéqua regia (3.5ml AnalaR grade HCI
and 1.2ml AnalaR grade HNOS3, 1400C, 2.5h).

(iv) Plant Trials

Sunflower seeddHelianthus annuuk.; IBLO4 Mother clone, Phytotech, Bern, Switzedan
were graded by diameter < 4mm (SmalB.75mm (Large), one of each was planted per pot
(10cm diameter, 5009 dry soil). Seeds were soaked4 hours prior to planting. Soil was
moistened (70% field capacity) and allowed to eqrate overnight, pots were given 25ml of
deionised water daily for a growth period of 40 glalant and incubation trials were
conducted in the University of Reading Soil Sciegmenhouse (04/06/14 — 13/07/14).

(iv) Analysis of Plant Material

Above ground biomass was harvested and dried’& B6fore being weighed. Shoot copper
was determined by digesting 0.25¢g (or total bionias8.25g) ground shoot material with
5ml nitric acid at 60C for 3hours, then raised gradually to 4QGor a further 6h. The
residue was filtered (Whatman 540) and diluted withapure water prior to ICP-OES
analysis.

6‘ 55



45.2.4 Statistical Analysis

Statistical Analysis of the detailed study and suppg MSc study was performed using
Minitab 17 (Minitab, State College, PA, USA). All datasetsrevassessed using Anderson-
Darling tests. All datasets showed non-normal idhstrons and were largely not
transformable to represent normal distributionsuRantly, non-parametric statistical
analyses were used. Kruskal-Wallis tests were tesddtermine if there were differences
between the soil amendments for the variables medsDifferences between amendments
pre- and post-incubation, pre- and post-growthlatd/een 2mm and 4mm post-growth soil
were established using Mann-Whitney U tests. Catias between different variables were
established using Rank Spearman correlation. Ftesik, a confidence level of 95% was
used. Therefore, where p>0.05, results were coreid@ot significant”.

45.3 Results

45.3.1 Soil and Amendment Characteristics and Mat Composition

The sample of P-7 soil was found to be very milttidic, while the compost had a neutral
pH and the biochars were found to be alkaline. @48l shows general physico-chemical
properties of the soil and the amendments. Not&B4, was found to have double the cation
exchange capacity (CEC) compared to the other arschowever, compost had the greatest
CEC of all the amendments. The texture of thesmiected for the detailed study and
supporting MSc was determined to be a sand (1.584 80.5% sand, 9% silt); slightly
sandier than the soil sample collected for the isgpgptudy. Table 12 also shows that
compost had low organic matter at 18.1 %; compgrad#5% is recommended for general
landscaping/establishment and maintenance of gtasts (WRAP, n.d.), potentially as a
result of sand additions during compost processing.



Table 12: Mean values of the general physico-chemical cheratics for soil and amendmetits

Parameter P 7 Soll B((::ulre(z;:- BC2 (AIT) BC3 (AIT+Fe) | Compost

pH 6.9 10.4 10.2 10.0 7.6

Moisture % at 10%C 0.8 91.6 42.0 15.8 22.6
Organic Matter % at 50C 2.8 49.0 41.5 40.4 18.1
Total organic carbon % 1.0 7.5 3.8 3.5 8.5
Available N 4.2 33.6 8.0 5.8 25.0

CEC cmol kg dry soil) 4.0 17.8 8.7 10.3 31.7
Exchanaeable Ca 2.6 34.3 30.0 21.3 57.2

. gmolc Mg 0.4 73 7.0 5.0 74

kg™ dry soil) K 0.2 76.0 41.2 32.6 2.8

g oy Na 0.3 1.0 0.7 0.7 0.9

Compositional analysis showed total PAHs in thétedbe below levels generally considered
as a risk. Nonetheless, certain individual PAHsendetected, e.g. benzo (a) pyrene is present
at 0.830 mg kd. Copper in the soil was found to be slightly lowren in previous studies at
this site (e.g. Kolbast al.,2013; Kumpienet al.,2011), although still high at 1010 mgkg
The site has been noted for its heterogeneity, syp#tial variability of pollution seen across
the site (Bes, 2008). Other trace metals in thiewggrie not found to be present at significant
concentrations, although some do exceed backgrewets found in French sandy soils
(results exceeding these levels are shown in bottal PAHSs were higher in BC1 compared
to the other biochars or compost, however theyegsent at just 7% of the concentrations
found in the soil. Copper concentrations are coaiparin all the amendments, ranging
between 32-43 mg Ky Lead, zinc and barium are notably higher in tioetars compared to
the soil, particularly in BC1. For example, bariigv50% higher in BC1 than in the soil.
Post growth analysis of PAHs and metals in amesdéd are listed in Annex 2.

 The estimated value of CEC was determined separately to exchangeable cations. The level of CEC recorded is
improbably low, as the sum of the cations exceeds the CEC value. The results for CEC should therefore be
viewed as indicative of the differences between the soil and amendments only.
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Table 13 Soil and Amendment Compositional Analysis

Contaminant (mg kg'dry matter) | P 7 Soil B((::ulre(zg:- BC2 (AIT) BC3 (AIT+Fe) | Compost
PAHs
Napthalene 0.38 1.17 0.07 0.08 <0.010
Acenaphthylene 0.92 0.34 <0.010 <0.010 0.02
Acenaphthene 0.13 0.07 <0.010 <0.010 <0.010
Fluorene 0.62 0.10 <0.010 0.01 <0.01p
Phenanthrene 2.83 0.37 0.05 0.04 0.03
Anthracene 9.07 0.07 <0.010 0.02 0.02
Fluoranthene 4.30 0.16 0.01 0.01 0.05
Pyrene 4.83 0.15 0.02 0.01 0.05
Benzo (a) anthracene 1.67 0.02 <0.010 <0.010 0.04
Chrysene 2.40 0.02 <0.010 <0.010 0.04
Benzo (b) fluoranthene 3.83 <0.010 <0.010 <0.010 080.
Benzo (k) fluoranthene 1.17 <0.010 <0.010 <0.010 020.
Benzo (a) pyrene 0.83 <0.010 <0.010 <0.010 0.04
Indeno (1,2,3-cd) pyrene 0.93 <0.010 <0.010 <0.010 0.05
Dibenzo (a,h) anthracene 0.14 <0.01( <0.010 <0.010| <0.010
Benzo (g, h, i) perylene 0.44 <0.010 <0.010 <0.010 0.03
Total PAHs 34.60 2.57 0.15 0.19 0.45
Metals
As 13.63 <5.0 <5.0 <5.0 Not
analysed
Ba 28.70 244.33 41.80 36.33 Not
analysed
Cd <1.0 <1.0 <1.0 <1.0 <1.0
Cr 20.43 17.47 10.73 28.67 7.09
Cu 1096.67 32.30 32.87 34.33 42.80
Mo <1.0 3.26 2.19 1.97 Not
analysed
Ni 10.93 13.47 14.32 25.37 <50
Pb 29.70 54.07 5.17 8.40 <5.0
Sb <1.0 <1.0 <1.0 <1.0 Not
analysed
Not
Se <0.4 <0.1 <0.1 <0.1
analysed
Zn 4717 | 247.00 143.67 11133 | <50
Hg 8.26 <0.1 <0.1 <01 0.39

Results in bold exceed background concentrationsrench sandy soils (Mench

and Bes, 2009)
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4.5.3.2 Leaching Tests

The results of pre-incubation Cataching tests showed a significant reduction achable
copper across all treatments relative to the undeksoil (see Fig 13). As data was not
normally distributed, non-parametric tests weredugguskal-Wallis testing determined a
significant difference between treatments (P<0.Bdj.biochar only treatments, leachable
copper was reduced in the order: BC1>BC2>BC3 foh liwe lower and higher rate of
application. This trend was repeated in the combineatments at 1% compost addition.
Combined compost and biochar treatments improvegénformance of the 1% biochar
application rate. The greatest overall reductioleathable copper was found to be BC1
(3%). This treatment led to a 91% reduction in tedote copper relative to the unamended
samples. Compost alone (1%) proved the least eféettbatment; although leachable copper
was still reduced by 47%.
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Figure 13 Mean concentration of leachable @19 kg'1 in pre-incubation soils (+ standard error, n=4).

The results for leach testing following a two wéegubation period mirrored the pre-
incubation leaching tests to some extent. Howeherdifferences between biochars in terms
of copper immobilisation were less discernible gastibation (see Fig 14). Similar to the
pre-incubation leach tests, significant differenaese found between the treatments

(P<0.01) and all treatments reduced the leachapper compared with the unamended. It is
also notable that the leachable copper in the undetesamples decreased by 25% compared
to pre-incubation. Mann-Whitney U tests suggedbed there were significant differences
between pre- and post-incubation datasets (media®®:mg kg and 4.13 mg kg

respectively, p=0.01).
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Figure 14: Mean concentration of leachable @\g kg'1 in post-incubation soils (+ standard error, n=4).

The leaching tests performed on soils taken frots pfier a seven week growth period again
showed a significant reduction in leachable copeoss all treatments compared to the
unamended samples (see Fig 15)(P<0.01). Mann-Whidrtesting suggested there were no
significant differences between leach tests cawigdn soils sieved to 2mm compared to
those sieved to 4mm. However, pre- and post-gréeabh tests were found to be
significantly different from one another (mediaB€09 mg kg and 0.91 mg kg

respectively, p<0.01).
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Figure 15 Mean concentration of leachable g kg'1 in post-growth soils, sieved to 2mm (a) and 4mm
(b) (= standard error, n=5). *outlier (determinesing Grubbs outlier test) has been removed: n=4e No
change in y-axis scale.

A dramatic drop in leachable copper was seen iptis¢-growth samples across all
treatments and the unamended samples; a meaniogdoic?5% was observed compared to
pre-incubation leachable copper. Leachable copptite unamended samples decreased by
85% between the two leach tests.

45.3.3 pH, DOC, Eh

Significant differences were found between thetineats in terms of pH in solution at each
of the three time points (p<0.01). At all time pisinpH was increased in all treatments
compared to the unamended soil (see fig 16, beldagever, less variation in pH was seen
between treatments post-growth compared to thegmepost-incubation tests.
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Pre-incubation pH showed a similar trend to presbation leach tests; BC1 (3%) with and
without compost was found to increase pH most tréimiversely comparable to leachable
copper, where BC1 (3%) with and without composteased leachable copper most
greatly). Data was not normally distributed, so4pamametric Rank Spearman correlation
tests were used. Rank Spearman testing found regstiegative correlation between these
two variables pre-incubation; as pH increased Hehle copper decreased. This was
determined to be significant (r=-0.85, p<0.01)stHacubation pH also displayed a weak
negative correlation with leachable copper, whi@swetermined to be significant (r= -0.84,
p<0.01). No significant relationship was found be¢w pH and leachable copper post-
growth. However, again comparable to leachable egpggyann-Whitney U testing
determined a significant difference between pre post-growth pH (Medians: 7.33 and
7.64 respectively, p<0.01) as well as pre- and-pawstbation (Medians: 7.33 and 7.41
respectively, p=0.01).

Significant differences were found between treatisiéor DOC in solution across all time
points (see fig 16, p<0.01). Pre-incubation DOQofes a comparable trend to pH (and
inversely to leachable Cu), with BC1 (3%) with amithout compost increasing DOC most
greatly. A weak significant correlation was detered between DOC and pH pre-incubation
(positive; r=0.78, p<0.01) and leachable copperipcubation (negative; r=-0.80, p<0.01).

A significant overall increase was found in DOCvibetn pre-incubation and post-incubation
(medians: 19.3 mg kband 29.0 mg kg, p<0.01). A weak negative correlation was
determined between post-incubation DOC and leaehaipper (r=-0.79, p<0.01). No
significant relationship could be established betwvpost-growth DOC and leachable copper.
However, a significant increase in DOC was obsepa@st-growth compared to pre-growth
(medians: 19.3 mg kand 78.5 mg kg, p<0.01). This shows a comparable but inversealtren
to leachable copper, which overall significantlgased post-growth.
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Figure 16. Mean DOC (bar chart) and pH (line graph) in solu+ standard error: pre-incubation (a), post-
incubation (b) and post-growth (c), n=3, 3, 5. Notdiange in y-axis scales.

Significant differences were determined betweertrdments at all three time points for
redox potential (Eh) in solution. However, the tierare not analogous across all the time
points; pre-incubation and post-growth, Eh was cedun all treatments relative to the
unamended samples (see fig. 17, below). Convenges;incubation Eh was increased or
similar to the unamended samples in the majorityheftreatments.

No statistical relationship was found between laatdh copper and Eh at any time point,
although Eh post-growth was found to be weaklyalated to both DOC (r=-0.67, p<0.01)
and pH; (r=-0.83, p<0.01).
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n=3, 3, 5.

4534 Plant Trials

() Plant Height

Plant height irH. annuusover the seven week growth period was most gr@athgased by soil
amendment with BC1 (3%) in combination with compattdboth application rates (See table 14). At
the lower rate of biochar application (1%), compaddition had a greater impact on the plant
height of the BC2 and BC3 plants compared to thé B&nples, with compost addition at (2%)
doubling plant height for these two biochars. Hogrewt should be noted that BC1 (1%) as a single
amendment in all cases achieved greater plant tsdiigan the other biochars. It achieved almost
double the height of the BC2 (1%) treatment andentioan double the BC3 (1%) value. Plant
height and root length were severely reduced irutteenended plants compared to all of the treated
samples; the most effective treatment (BC1 (3%)(1%)) improved plant height by 89% and root
length by 81%.
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Table 14 Mean values of plant height and root length i dfifferent treatments (+ standard error).

Mean Plant Mean Root
Treatment height (cm) length (cm) £
standard error | standard error
Unamended 4.62 +0.93 2 +0.34
BC 1 (1%) 22.7 +1.39 4.1 +0.48
BC 2 (1%) 13.84  +0.80 7.6 +2.74
BC 3 (1%) 9.86 +0.70 3.2 +0.71
BC 1 (3%) 31.48  +3.27 112 +2.18
BC 2 (3%) 18.42  +4.63 6.18  +1.23
BC 3 (3%) 22.86 +2.34 6.66 +1.48
C (1%) 11.42  +0.90 2.82  +0.0¢
C (2%) 2454  +2.19 4.7 +1.09
BC 1 (1%) + C (1%) 24.92  +3.59 4.7 +1.1D
BC 2 (1%) + C (1%) 26.34  +3.61 7.48  +1.47
BC 3 (1%) + C (1%) 13.34  +1.18 2.88  +0.35
BC 1 (3%) + C (1%) 4312  +1.46 11.02  #1.53
BC 2 (3%) + C (1%) 275 +2.36 12.24  +2.49
BC 3 (3%) + C (1%) 3258  +4.63 5.7 +0.94
BC 1 (1%) + C (2%) 26.72  +2.02 542  +1.30
BC 2 (1%) + C (2%) 30.16  +1.74 564  +1.27
BC 3 (1%) + C (2%) 26.46  +2.12 752  +1.49
BC 1 (3%) + C (2%) 40.04  #2.33 149 #2381
BC 2 (3%) + C (2%) 29.4 +2.09 9.3 +1.0f
BC 3 (3%) + C (2%) 33.64  #3.59 8.4 +1.8p
P <0.01 <0.01

(ii) Plant Biomass

Kruskal-Wallis testing showed significant differescbetween treatments for both above
ground and root dry biomass (see fig 18, belowD(BE). Mirroring plant height data, the
most notable increases in above ground biomassaehieved in BC1 (3%), with and
without compost. BC3 treated soils generally reslih the lowest biomass increases,
however, BC3 achieved a greater biomass yield B@2 at 3% both as a single amendment,
and with 2% compost. For the root dry biomass eleas less variation between amended
and unamended samples and between the differemidaneats. Nonetheless, the general
trend showed combined treatments and higher apipliceates improved biomass yields.
Unlike the leach tests, the compost only treatmerdn at 1% increased yields comparably to
the lower rate of biochar application. Rank Speariteating determined that there was a
strong, positive correlation between plant biormaass plant height (r= 0.89, p<0.01). No
significant relationship was found between plaoniass and post-growth leachable copper
in soil.
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(iif) Plant Accumulation of Copper

Kruskal-Wallis tests suggested there were sigmtichfferences between treatments for
copper concentration in both the above ground b#snfa<0.01) and root biomass (p<0.01).
There was less of a clear trend in the data cordgarprevious data sets (see fig 19);
however, higher application rates and combined aments overall reduced the uptake of
copper in the plants. Copper uptake is multi-falghler in the root samples compared to the
above ground plant parts.

A weak, significant correlation was determined bestw plant copper concentration and plant
biomass for both leaf (r=-0.72, p<0.01) and statadr= -0.84, p<0.01). No relationship
was determined between these two variables forabtesamples.
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Figure 19: Mean Cu concentrations mg k@ plant dry biomass: above ground (a) + rootfstandard
error, n=5).

(iv) Plant Nutrient Accumulation

Nutrient concentrations were generally higher @ated samples than in the unamended (see
table 15, below). Significant differences were fdlretween treatments for plant nutrient
accumulation. Of the 3 biochars, BC1 treated plaatsthe highest concentration of Ca, Mg,
K and Na. Compost only treatments generally hatdriglant nutrient levels than the lower
application rate of biochar, however the highee @tbiochar was largely comparable or
better in terms of enhancing plant nutrient levels.
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Table 15 Mean nutrient concentrations mgip above ground dry biomass (+ standard error) n=5

Amendment Ca (mg/kg) Fe (mg/kg) K (mg/kg) Mg (mg/ky P (mg/kg)
Unamended 6640 +1745 293 +60.3 7145.44 +1361  4916.3+834 5112.30 | +1008
BC1 (1%) 10800 +1830 122| +1448 42800 +5050 2690 2+22 1920 +179
BC2 (1%) 9320 +1070 155| +2144 27400 +2400 2970 1664 2320 +207
BC3 (1%) 11800 2910 437| +93)2 24600 +4400 4280 0+48 2870 +185
BC1 (3%) 25800 +1540 102| <107 92600 17410 5000 1420 4800 1374
BC2 (3%) 21300 +4350 256 +126 57700 17740 4030 +549 3030 +301
BC3 (3%) 28500 +11150  217| +76|8 70100 +20900 536D 1266 3200 1818
Compost (1%) 12600 +198( 258 +108 9570 +1390 3390 777+ 2480 1245
Compost (2%) 16500 +245( 165/ +1Q.9 1840( 12610 4210 +767 1630 +80.0
BC1 (1%) + C (1%) 14400 +131( 145  +2Q.7 4240( +5820 3000 +401 1990 221,
BC2 (1%) + C (1%) 17700 +4330 145 | £14.1 35100 +2540 2990 433 1690 +95.5
BC3 (1%) + C (1%) 8350 +469 305 | +42.3 23400 +230(0 2690 +70}3 1940 +130
BC1 (3%) + C (1%) 26500 +134( 106/ +18.9 8850( +9860 4500 +209 4320 547
BC2 (3%) + C (1%) 24200 +468( 97.1  £13.7 4830( €842 3800 +310 2500 +22(
BC3 (3%) + C (1% 30000 +360( 120, +23.9 5110( +5270 4090 +406 2750 1266
BC1 (1%) + C (2%) 21100 +312( 130 +20.4 4550( €803 338 +567 1790 +219
BC2 (1%) + C (2%) 25100 +409( 174  +50.5 4590( +4840 3900 +703 2290 +292
BC3 (1%) + C (2%) 18300 +235( 163] +15.9 4390( +853 2990 +202 2000 +45.6
BC1 (3%) + C (2%) 27400 +517( 59. £10.7 6930( &40 4140 +748 3460 +505
BC2 (3%) + C (2%) 22000 +479( 95.§ $13.2 5310( H15 3780 641 2780 +351
BC3 (3%) + C (2%) 24400 +558( 109 +0J6 5130¢ +5480 3890 +533 2520 +356§
P<0.01 P<0.01 P<0.01 P=0.02 P<0.0L

4.5.3.5

Supporting MSc Study — Leaching test and 8lter Holding Capacity

The incorporation of biochar into the soil enhanasder holding capacity and retention. BC1
retained the largest mass by percentage at 31ciwéed by BC2 at 24.9% and BC3 at 24.3%,
in comparison to unamended at 16.1%. The addifi@ompost further enhanced water retention
of BC1 (3%) + C (1%) to 36.8% (+5.4%), BC2 (3%) €X%6) to 25.7% (+0.82%), BC1 (3%) +

C (1%) to 25.6% (+1.29%) and C (1%) to 18.55% (626}

The leachability of copper for all treatments andthpost is shown in figure 20. All

treatments significantly reduced leachable copperpared to unamended. Data was non-

69



normally distributed so Kruskal-Wallis testing wased (p<0.01). However, combined
biochar and compost treatments did not signifigatiicrease copper compared to the
biochar alone.
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Figure 20: Mean leachable copper mgkin pre-incubation soils (+ standard error, n=3).
4.5.3.6 Supporting MSc Study - Sequential Extraabin

Data was not normally distributed so non-paramé&tricskal-Wallis testing and Mann-
Whitney U tests were used for sequential extraatsnilts. No significant differences were
found in the amount of exchangeable copper betwesimcubation and post-incubation.
However, differences were found between treatmgamsncubation. (P=0.04), but not at
post incubation. The treatment that reduced copyst greatly pre-incubation was BC2
(3%) + C (1%), reducing exchangeable copper frotrbd kg' in the unamended to 518g
kg*. Reducible copper also did not show a significadtiction between pre-incubation and
post-incubation, nor between treatments at eitheerqr post-incubation. The oxidisable
fraction showed a significant difference pre- andtpncubation, with all values for biochar
treatments lower post-incubation (medians: 125 gy k06 mg kg respectively; p<0.01).
However, again no differences were found betweeatriments at either time. No significant
differences were found between residually boungeopt pre- and post-incubation.
However, residually bound copper was significanifferent post-incubation between
treatments. Unamended soil had a value of B@y&g" and decreased to 531y kg' in
residually bound copper with BC1 treatment (p<Ojdst-incubation. Figure 21 shows how
copper fractionation changes in amended soils Btyee- and post-incubation.
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Figure 21: Distribution of exchangeable, reducible, oxidigaséind residual Cu extracted from each treatment
pre-incubation (pre) and post-incubation (postamdard error. Yellow denotes compost amendment.
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Figure 22 Distribution of exchangeable, reducible, oxidigaséind residual Cu extracted from each treatment
pre-incubation (pre) and post-growth (gro), tstaddaror. Yellow denotes compost amendment.

Mann-Whitney U tests showed there was no signifid#ference in exchangeable copper
concentration between pre- and post-growth samilesever, reducible copper was

significantly different pre-incubation comparedpmst-growth (medians: 295 mg k265
mg kg' respectively; P=0.03). Oxidisable copper, compéogute-incubation, was also
significantly lower post-growth (medians: 125 mg‘kg06 mg kg respectively; p<0.01).
Residual copper was again, compared to pre-incubatignificantly lower post-growth
(medians: 65.6 mg K 55.8 mg kg respectively; p=0.02). There were no significant
differences observed between treatments for amlyeofractions of copper post-growth.
Table 16, below, gives mean post-growth coppetitraconcentrations.

Table 16 Differences in exchangeable, reducible, oxidieaid residual copper between amendments post-

growth.

Treatment Exchangeable Cu| Reducible Cu Oxidisable Cu Residual Cu

BC1 (3%) 541 +12 286 15 106 8.0 54.9 1.6
BC1 (3%) +C (1%) 518 +26 282 +12 107 +0.18 56.7 3.1
BC2 (3%) 561 +18 262 5.2 104 2.2 60.7 16.1
BC2 (3%) +C (1%) 522 15 240 19 105 +0.87| 54.6 +1.1
BC3 (3%) 634 67 274 27 107 3.1 60.8 18.7
BC3 (3%) +C (1%) 570. +24 275 11 109 5.9 57.7 2.7
Unamended 590 16 250 6.0 105 2.7 73.4 13.3
C (1%) 575 +25 291 31 112 4.3 68.5 0.8
P >0.05 >0.05 >0.05 >0.05
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45.3.7 Supporting MSc Study - Plant Trial

Data was not normally distributed so non-paramdtricskal-Wallis testing and Mann-
Whitney U tests were used for plant trial resulisere was a strong significant difference
(p<0.01) between mean plant height and treatmeatfigure 23. The three most effective
treatments were BC1 (3%) at 194.0mm, BC1 (3%) 1%)(at 191.5mm and BC2 (3%) at
167.0mm. Plants heights in the unamended soil M#&mm and 19.5mm in C (1%);
significantly different from the other treatment$ie addition of compost increased the mean
height of all treatments to 124.8mm compared teorapost at 108.0 mm, this was not
statistically significant. Seeds did not germinatene replicate of BC3 (3%) + C (1%) and
one replicate of the unamended. BC3 treated sdilgnaater leaf discoloration.

BC1 BC2 B3 || un-
(3%) + (3%) + (3%) + amended

C (1%) C(1%) C(1%)

Figure 23: Plant growth comparison between treatsnaifive weeks. Note obvious significant diffeces
between biochar and no biochar amendments.

Mean dry mass yield (Fig. 24), showed a strongiogmt difference between treatment types,
(p<0.01), BC1 (3%) + C (1%) at 0.212g; BC1 (3% 4t74g; and BC2 (3%) + C (1%) at 0.127g
produced the greatest mean mass. BC1 was agaimateeffective treatment. Plants from
unamended samples had a mean biomass of 0.032Bg}, @/k1%) had a mean biomass of
0.027g. Both unamended and compost only were gignily smaller than all other treatments.
The addition of compost did not significantly inase biomass in biochar amended samples.

Figure 24 also shows the strong relationship betvptent mass and plant copper concentration
in above ground biomass, BC1 and BC1 (3%) + C (@ét)pnly produced the largest average
above ground dry biomass, but also had the lowmster concentration, Rank Spearman showed
a strong significant relationship (p<0.01). BC1 {3%C (1%) most greatly reduced plant copper
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concentration to 40.8 mg Rgollowed by BC2 (3%) + C (1%) at 39.8 mgkd<ruskal-Wallis
testing of plant copper concentrations showedangly significant difference between
treatments (p<0.01). Plants grown in unamendechswilthe highest copper concentration at 258
mg kg*, followed by C (1%) at 170 mg KgDespite the reduction in copper, plant growth in
compost only samples was still severely inhibi@@1 (3%) and BC1 (3%) + C (1%) produced
the largest mean above ground biomass, but aboumdcopper concentrations were not
significantly less than any other combined amendsé&ompost reduced plant copper
concentrations in above ground biomass for eveatinent except BC3 where copper was
increased by 15.1 mg Rgompared to without compost.
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Treatment

Figure 24: Combined chart of mean above ground dry biomgsar{d Cu concentration in biomasag kg'1
dry mass), after plant growth period at five we@k3), standard error bars.

4.5.4 Discussion
454.1 Effects of Amendments on Copper leachalbyi

Previous studies have shown biochar can immolié® elements in soils, including copper
(see Annex 1 for an overview studies). Our restdtirmed this, with a significant decrease
in leachable copper associated with applicatioalldhree biochars relative to the
unamended samples. BC1 was the most effective &iostierms of copper immobilisation;
however after incubation and plant growth, thereswess discernible differences between
BC1, BC2 & BC3. This suggests the effects of timd aoil equilibrium are important factors
to consider when measuring the effectiveness vaseendments on trace element
concentrations. Alternately, the results could esfjghat BC1 was a faster acting biochar
compared to BC2 and BC3.
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BC3 was found to be the least effective biochahwagards to immobilisation of copper in
the soil. This biochar was produced in the samenmiaas BC2, but post-production was
mixed with haematite. Iron oxides are a known sotli@ some trace elements (Gomez-
Eyleset al.,2013) and have been demonstrated as successfahsaiidments for the
immobilisation of metals in various studies (Tigkteal.,2005;Hartleyet al.,2004; Warren

et al.,2003). However, as iron-oxide reduced the effecss of the biochar in this instance,
it is possible that iron-oxide decreased sorptimsdor copper, as opposed to increasing the
number. The reasons for this effect are not clearther research is required on the
mineralogy and crystallinity of the iron oxides, iafhare known to influence active surface
area (e.g. Cundst al.,2008).

Compost was shown to significantly reduce leachabpper compared to the unamended
samples; however as a single amendment, it diperddrm as effectively as biochar in this
capacity. Leachable copper is likely to have deswdan the presence of compost as a result
of the high organic matter content of compost. Gopp well-documented as having a strong
affinity for organic matter (Kumpienet al.,2008). Further, compost could have increased
copper sorption as a result of increased CEC amsakcwith compost additions to soil.
Literature confirms the idea that compost can desed for the immobilisation of copper.

For example, Song & Greenway (2004) demonstratadctbmpost has the ability to bind
metals. Further, Kiikk# et al. (2002) found contaminated soil incubation with garst
decreased exchangeable copper in polluted forésSswilarly, Farrell & Jones (2010)

found reduced levels of soil solution contaminaimsiuding copper, with the addition of
various composts. Nonetheless, compost additioléas shown in some literature to
increase copper mobility in soils (Beesley & Dickom, 2011; Beeslest al.,2010), as a

result of increased dissolved organic matter fogh@u-complexes via humic and fluvic
acids (Clemente & Bernal, 2006; Hsu & Lo, 2000)e3é findings are contrary to the results
of this study, suggesting mobilisation/immobilisatidynamics of copper as a result of
compost addition may be dependent on the spetiBmical characteristics of the compost
used and the soil that is amended.

In contrast to the results of the scoping studgrdlwas a general trend shown that
application of biochar and compost as combined aments led to enhanced copper
immobilisation. Combined application with compostsiespecially effective at the lower rate
of biochar addition. This is in contrast to theulesfound in the scoping study, which found
that compost decreased the effectiveness of biooharms of leachable copper. However,
some literature suggests compost can improve thlniisation of metals in combination
with biochar. For example, Karamei al.(2011) found increased reduction of lead in pore
water when biochar was applied in combination itken waste compost. However, the
same study showed that whilst copper was succéssfdluced by compost and biochar in
combination, biochar alone brought about the gstagzluction in copper. Overall, in the
current study the application rates of both biocrad compost showed an inverse
relationship with copper leachability, with the heg rate of both compost (2%) and biochar
(3%) increasing immobilisation of copper. Howewle scoping study showed that at
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applications rates of 1% biochar was not more &ffet¢han at 0.5%, suggesting that each
individual biochar has a maximum application rate/aich additional gains can be achieved.

Notable differences were seen across the time poirterms of leachable copper, with a
dramatic drop seen in all the samples post-gromthe detailed study. It is possible for plant
growth to decrease the solubility of copper ins@omkenst al.,1999), particularly when

a relatively small volume of soil is used (e.gpot trials). Further, plants may take up copper
into their biomass, therefore reducing the avadaiaol in the soil (Kolbast al.,2011).
However, there was a large reduction in leachatyper in the unamended samples, in
which plant growth, especially root growth, wasystunted. It is unlikely therefore that the
reduction in copper is attributable solely to plgrawth effects on soil characteristics.
Additionally, the amount of copper found to havetéaken up by the plant biomass was an
order of magnitude less than the leachable copperdfin soil and therefore not great
enough in any of the treatments to account for susignificant drop in Cu. It is also

unlikely that the copper was washed out of the sailplants were watered from below, with
water being placed in the saucer underneath potgptake. Saucers were tested following
harvest to ensure no copper build-up, and condarsafound were comparable to the post-
growth leachate.

Differences were found between treatments in teximedox potential at all three time
points. Pre- and post-growth, all amendments retite@ox potential relative to the
unamended samples. Whilst some papers suggesteagedn redox potential can lead to
decreased metal solubility (Kashem & Singh, 20artatchka & Cambier, 2000), the
magnitude of the decrease between treated and mdachsamples was not great enough to
suggest it was causal in the reduction of coppéneramended samples relative to the
unamended samples. Kacpradlal.(2014) considered Eh values of +100mV to +350mV to
represent moderately reduced soils. Indeed, theesakmained largely consistent with this
range throughout the experiment, although sombeofésults for the unamended samples
and lower application rate treatments were clasd50mV.

For both pre- and post-incubation leach tests, jaid found to be negatively correlated with
copper leachability. pH is well documented as aeatrof metal availability in soil (Kongt

al., 2014), including copper availability (Kumpieeeal.,2008). It is possible then that pH
was one of the driving factors effecting a decreasmpper associated with amendment
application. Although significant differences wéoeind in pH pre- and post-growth, there
was a median difference of less than one pH pa@twéen the two datasets. It is therefore
unlikely that the difference in pH could account fllee aforementioned decrease in leachable
copper post-growth.

Organic amendments are known to increase DOC Is & aoet al.,2003; Antoniadis &
Alloway, 2002). DOC increases associated with beo@nd compost applications in this
study therefore follow trends found in other papérdeed, Beeslest al.(2010) found
increased DOC associated with the application @fhmr and green waste compost
amendments to soil. Further, our study showed D@E significantly increased post-growth
compared to pre-growth. Plant growth is known waase DOC in soils (Rémkeasal.,
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1999), as a result of root exudates. However,isidtudy, an increase was seen across all
treatments and the unamended samples. As previdisslyssed, plant growth was very
limited in the unamended samples, making it urjikkht plant-growth derived DOC was
causal in the reduction of copper seen post growtteed, the significant difference in DOC
post-growth combined with a notable decrease ichlalale copper contrasts with the
established nature of DOC-metal interactions. D®@enerally regarded as having a
negative effect on soil copper immobilisation, assult of DOC competing with metals for
sorption sites or by forming complexes with the ah&ins, preventing sorption of metals
onto sequestering surfaces (Chiregfj@l.,2002; Redmaset al.,2002; Wenget al.,2002;
Giusquianiet al.,1998).

However, the observed trend was somewhat repeatatlier tests; in both pre- and post-
incubation leach tests, increased DOC resultingnfacnendment application was associated
with a decline in leachable copper. It is possthén, that a more strongly influential tertiary
factor was affecting both DOC and copper immohiigain the soil; increasing both factors.
The soils used in this experiment were initiallys@iy and subjected to dry-wet cycles during
both the two-week incubation period and during ghovt has been demonstrated that DOC
can increase as a result of drying and rewettiatgrgially as a result of releases of OM
trapped in small pores, or associated with thetdefsoil organisms during drying (Merckx
et al.,2001). Moreover, Amergt al.(2007) found soils that had been stored as aiedry
subjected to wet-dry cycles had elevated DOC canagons, but soil dissolved organic
matter had low copper mobilising potential. Thenaus hypothesised that the poor quality
dissolved organic matter consisted of non-humitieghnic compounds and was as a result of
lysis of biomass. Potentially then, this could artgexplain the results of this experiment;
DOC may have been increased as a result of regetiut the DOC had a low affinity for
copper (so the expected subsequent increase imalel@ccopper was not seen).

The drop in copper post-incubation and post-gravathid also be explained by the rewetting
process. Wenzel and Blum (1999) highlight thatdaying soils prior to analysis of mobile
metal content can result in the overestimation efainconcentrations, including copper.
Haynes and Swift (1991) demonstrated that air drgimils increased the extractability of
copper, but that this effect was reversible; atérvo week incubation period following
rewetting, copper extractability had decreasedleval comparable to pre-drying. This trend
was attributed to metal-retaining organo-minerabastions being disrupted and then
reformed by drying and subsequent rewetting. poissible then, that the initial leach test
results showed unrealistically high copper conediuins as a result of this process. The
decrease in copper seen in the post-growth leath ¢euld accordingly be attributed to an
extended period following rewetting allowing théaddishment of a stable equilibrium.

Nonetheless, even if the unamended samples shiéipost-growth leach tests is accepted as
the “true” representation of leachable copper agil, the effects of biochar and compost
are not negligible. Indeed, as discussed in tHeviahg section, the post-growth soils prior to
amendment are above levels considered phytotouith&r, a clear reduction is seen in
leachable copper in the amended soils, even posttlgy compared to unamended samples.
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45.4.2 Effects of Amendments on Phytotoxicity

The initial status of the soil (prior to amendmemg)s shown to have characteristics
associated with phytotoxicity, including a very higptal copper concentration. Total soil
copper concentrations commonly range from 25-60giy(Baker & Senft, 1995). Previous
research carried out on these soils shows copp®s tomajor cause of phytotoxicity, due to
concentrations of approximately 2,600 mg‘agd 1000 mg k§in the P7 soil (Lagomarsino
et al, 2011; Bes & Mench, 2008). However, the resultanalysis described herein suggest
copper concentrations in the P7 soil to be lowkh@agh still significant), at 1096 mg Rg
Nonetheless, the soil is notable for spatial vemmbf contaminants, with other studies
finding lower copper values for the soil. For exdendenchet al.(2013) found copper
values of 706 +99 mg kg

High copper soil concentrations will generally oelhibit a phytotoxic effect when copper
is exchangeable and available to plants, e.g.iipece waters. (Du Laing, 2010; Lock &
Janssen, 2003). In the detailed study, the restittee pre-incubation leach tests on
unamended soil suggested leachable copper in thea©28.8 mg kg. As detailed in
section 4.3.4.1, phytotoxic effects occur when poile water copper is greater than 1 mg kg
! Additionally, the texture of the soil (sand) anifial nutrient status were poorly suited to
plant growth. For example, exchangeable Ca indilenss determined to be 2.61 mgkg
exchangeable Ca levels below 10 mg kgve been associated with calcium deficiency in
plants. Calcium levels this low typically occur comitant with sandy soil textures and low
organic matter (Fenton & Conyers, 2002).

All biochar and compost amendments improved plaowth inH. annuugelative to the
unamended samples, with the exception of the congudg treatment in the supporting MSc
study. This mirrors the findings of Beesletyal. (2010) who found that compost, biochar and
combined application reduced phytotoxicity in a thelement polluted soil. Similarly, Buss
et al.(2012) found copper uptake was significantly reduaed biomass increased in
Chenopodium quino®illd grown in copper spiked soils amended witbdbiar.

Improved plant growth in copper contaminated switk biochar and compost addition may
be the result of several factors including decredmeavailability of copper in the soil (at
each time point, all amendments decreased leachapfeer in soil) and improved soil
nutrient and water provision resulting from amendtniecorporation into the soil. Indeed,
Bruunet al.(2014) demonstrated that biochar addition to a poatity sandy subsoil
improved plant available water retention and reggbet concomitant increase in plant yields.
The water holding capacity and availability of watesoil is an important factor for plant
growth. Basset al.(2013), suggested that biochar is an important dment to sandy soils
for plant growth and increased water holding cagg®V/HC). Our results show the addition
of all biochars enhanced WHC. The best results wehgeved by the BC1 biochar: BC1
(3%) increased WHC by 95.2% and BC1 (3%) + C (I8¢)eased WHC by 128%.

Similar to soil characteristics in our studies, éipuerqueet al.(2014) trialled different
biochars to examine the effect of biochar on grogitH. annuud.. in OM poor, low
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nutrient, slightly acidic, loamy sand. The authiangnd biochar increased conditions
pertinent to crop growth, especially at the higlygplication rates. Yields were improved, but
the extent of this improvement was a function aichiar type (in terms of nutrient content)
and application rate. Our study showed that thatgst increases in yield were observed in
the BC1 treatments at the higher application &€&} amended soil had notably improved
growth compared to the other biochars or compoatssgle amendment. As the leach tests
suggested that over time differences between brediecame less significant, it is probable
that an alternate factor caused the disparity beatvBC1 and the other two biochars in terms
of plant growth. It is possible that differencesiutrient provision between the three biochars
was a driving factor in plant yields. Certainlyns® available nutrients were increased in
BC1 compared to the other biochars. For exampld, Bfgl the highest concentration of the
three biochars of exchangeable cations includifgwa, magnesium, potassium and
sodium. As discussed in Section 4.3.4.3, calciumpstes with copper for plant uptake;
essentially decreasing copper uptake when increaghks soil (Burkheaét al., 2009).
Comparably, Majoet al.(2010) found enhanced crop yields associated Wwéhapplication

of biochar in savannah oxisols, attributed to eckdravailable magnesium and calcium in
biochar amended soils. Additionally, plant biomesscentrations of certain nutrients were
greater in soils treated with BC1. For examplenfdarown in soils treated with BC1 (3%)
had an average of 93 g'kgotassium in above ground dry biomass, compar&6 wkg" in
BC3 (3%) plants, or 58 g Kgn BC2 (3%).

In the detailed study, compost addition as a siagiendment improved yields comparably to
biochar only treatments (in contrast to leach testlts). Additionally, compost further
improved the effectiveness of the biochar wheniadph parallel. Therefore, the notion is
furthered that nutrient provision may have conti@olto the reduction in phytotoxicity.
Indeed, the nutrient provision effects of compastwell established and compost has been
shown to improve characteristics including soilisture and water retention which in
combination with other soil improvements from corsipadditions can lead to improved
yields (see Section 3.3). Lat al.(2009) showed chicken manure compost to have aiy®si
effect on plant growth ofriticum aestivuni. in a cadmium contaminated soil. Phytotoxicity
decreases were attributed to an increase in pHt@mglexing of cadmium by organic
matter, both resulting from compost addition togbé. It should be noted, however, that the
compost utilised in the detailed study and suppgrifiSc had a relatively low level of
organic matter. Potentially then, increased beneafiy be seen if a higher-quality compost
was used.

When compost and biochar were applied as singai@ndments, higher application rates
decreased plant concentrations of copper in abaweng plant parts. This trend was largely
repeated when the amendments were applied in catidyin with combinations mostly
improving on the results of the single amendmeérhs. uptake of metals ions by plant roots
Is, in part, dependent on the concentration irsthikand at the root surface (Wild, 1993). As
amendments increase copper adsorption and rede¢esthcation concentration in soill
solution, phytoavailability and therefore plantaigt is reduced (Batlest al.,2004). Kolbas
et al.(2013) state that copper availability to plants rhayinfluenced by a range of factors
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including soil type and DOC, redox potential andgft$oil pore waters. Results of our study
have shown that all of these factors were alteyelidichar and compost additions to soil.

Epstein and Bloom (2005) state that shoot coppecertration is generally between 5-50ug
g™ dry weight, with deficiency often seen when cortions fall beneath this range and
phytotoxic effects when concentrations exceed iss is supported by data from MacNicol
and Beckettt (1985), who state that phytotoxicaffeirre observed with leaf concentrations
exceeding 20-25 pg'gUnamended samples in our study had a multi-fagtdr level of
copper in plant leaves than this (127 m@kdylost treatments significantly reduced the
copper concentration in plants. Numerous studige Baown biochar to decrease the
availability of contaminants to plants; Kloskal.(2014) found four different types of
biochar all decreased concentrations of coppelaint pissue. Parkt al.(2011) observed
increases in plant growth and a decrease in plataka of metals with biochar addition to
soil spiked with cadmium, copper and lead. Namgjagl. (2010) demonstrated that biochar
application reduced the concentration of coppeeric and cadmium in shootsZda mays

L. in trace-element spiked soil. Khahal.(2013) found sewage sludge biochar application to
paddy soils decreased the bioaccumulation of nieltigetals, including copper in rice
biomass. Similarly, Cuet al.(2011) reported reductions in cadmium concentratiarrice
following the application of biochar to contamindigaddy soils. Comparable results have
been found for compost application to soil. Forregke, Ruttengt al. (2006) found

domestic and garden waste derived commercial compaosduce uptake of zinc, cadmium
and lead in grass species at a former zinc sngteem Belgium. Karamet al. (2011)

showed that the addition of both biochar and cormgigsificantly reduced the levels of
shoot copper in ryegrass in comparison to unametrdatiments.

This research looked to determine whether soil aimeamts could aid the production of
biomass for use as fuel on contaminated sites.idib&sis already well established in
literature (see Section 4.5.1). Here, the resuiltsedetailed study and the supporting MSc
study showed that both biochar and compost asesangl combined amendments
significantly improved the yield of sunflowedélianthus annuysn soils obtained from a
copper contaminated site. The results also corthiahcopper uptake by sunflower is
relatively low. This is an important consideratwwhen establishing the suitability of a
contaminated site for bioenergy crop productiorm@saminant concentration in the crop
determines the suitability of the plant for energirieval. Crops which contain too high
guantities of contaminants may be considered a hurealth or environmental risk on
combustion.

45.4.3 Effects of Amendments and Plant Growth oRractionation of Copper in
Soil

The results of the fractionation experiment shovesd significant and clear trends in
exchangeable and more recalcitrant fractions. Qv@aimplication of these studies seems
to be that any major differences in leachability@01M CaCl2) between treatments is
between pore water and exchangeable forms, asatigohation studies showed no clear
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patterns. This is consistent with the known betwawof the charcoals tested for cations,
which offer exchange sites. Cations can be deddrben these exchange sites at reduced pH
(see Sections 2.2.6 and 3.5.1). The biochar daethefore “lock up” copper in non-
exchangeable fractions to any detectable degree.

However, pre-incubation, significant differencesevound between treatments for
exchangeable copper, with BC2 in combination widmpost reducing exchangeable copper
from 670 mg kg (in the unamended samples) to 518 mg.Kkhis potentially indicates that
biochar and compost can successfully reduce thé¢ awagable fraction of copper in soil.

The concentration of metal ions in the soil soluti® determined by many complex
interactions with soil particles, organic matteurfius), manganese, iron, and aluminium
oxides. Metals such as copper occur in the sol#goations and are adsorbed by negatively
charged soil particles especially humus (Wild, J98®netheless, no differences between
treatments were found post-incubation, indicathreg the effects caused by amendments may
not be stable. Oxidisible copper in biochar onlyeaned soils showed an overall decrease
between pre- and post-incubation. Incubation, foeeemay cause a reduction in some forms
of copper. Significant differences were found betwé&eatments for residually bound copper
post-incubation, with BC1 causing a decrease frord &g kg (in unamended samples) to
52.9 mg kg'. Reducible, oxidisable and residual copper weerall/significantly lower post
growth.

4544 Implications for the Use of Biomass Proded on a Contaminated site for
Further Site Improvement

Two of the biochars tested were produced usinggsapbwn on the contaminated site; an
additional aim of this project was to determine thlee biomass grown on a remediation site
could be used for further soil improvements. Thaalts of this experiment demonstrated that
this may be possible, as BC2 and BC3, the two lichhanufactured from biomass grown
on the contaminated site, significantly improvedssio terms of both phytotoxicity and
leachable copper, although not to the same exsetiiteacommercially produced biochar.
However, care should be taken when preparing dh@rsbiomass grown on a contaminated
site. If the feedstock contains high levels of enminants, the resulting biochar is likely to
also contain high levels of contaminants which rayransferred to land and further pollute
the remediation site (Lucchiet al.,2014b). However, the biochars used in this studyndit
have elevated levels of contaminants. If biochad&tocks are derived from biomass grown
on contaminated land, contaminant excluding culéwshould be considered for growth and
biochar should be compositionally analysed befprdieation to land to reduce risk.
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5 Operating Windows for Low Input Technologies (Getle
Remediation Options)

5.1 Operating Windows

Operating window methods are primarily used in pegring to improve reliability (Scott &
Nathanail, 2004). In this context, operating windaave defined as limits for a critical factor,
above or below which failure of a machine or prgoascurs.

The FP7 projects HOMBRE and Greenland have devdltpeconcept of operating

windows and adapted it to fit in the frame of derissupport guidance for BF soft re-use and
GRO applications respectively. In relation to Bft se-use, the two project aims are
synergetic and complement each other. HOMBRE ae@i@®and have distinguished two
levels of detail:

) “High level operating windows”
i) “Detailed operating windows”

The detailed operating windows follow the tradiaboperating window rationale where the
function is to identify the optimal conditions fapplying a GRO in terms of its process
parameters (such as effective soil pH, soil texaice)

However, the operating windows idea was also sedraaing great value in providing a
unifying concept for more general decision makiogHelping stakeholders understand when
a particular technique or intervention might be traggplicable to deliver a particular

outcome (i.e. service) in a BF redevelopment /meggion project. These services and
interventions are far wider in scope than risk ngamaent (see Section 5.3).

HOMBRE has therefore developed “high level opeptiindows” (HLOWS), primarily for
soft re-use scenarios, as instruments to proviéeaat information to stakeholders and
support them in taking decisions for the selectbappropriate interventions in BF
redevelopment / regeneration projects to delivetiqdar services. The reason behind this is
that on many BF sites a range of interventions beagonsidered, depending on the soft re-
use envisaged and the services required. In sos@sca particular technique may provide
more than one service: for instance, charcoal amentdmay assist contaminant
immobilisation, facilitate plant growth by managisgil pH (Verheijeret al, 2010; Sneatbt
al., 2009), and provide carbon sequestration.

The data available in HLOWSs are intended to progi@ddéeholders with key information

about intervention groups which stakeholders migghinterested in considering as a means
for providing the services they have themselventiied as possible project objectives or
preferences. For this purpose, the content of HL@éaild respond to the broadest possible
interests that could arise in early stages of reggion project design. Hence, the
information provided through the HLOW is intendedde of a wide spectrum, i.e. addressing
technical, environmental, and eventually social @xahomic, issues that might drive
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stakeholders to opt for one type of interventiongi@up of interventions) rather than another
from a qualitative perspective. Also, the widthrdbrmation provided may support the
overall process of stakeholder engagement as veeyse categories of stakeholders (Cundy
et al.,2013) might find information matching their spécihterests and level of expertise at
the different stages of decision making. The tygfeaformation provided in the HLOWS are

listed in Table 17.

Table 17: Information avai

lable in High Level Opportunity Wiows

Information

Description

Link with
project
development
stage

Definition

A brief summary of what the group ofeéntentions
entails. This is important as users will have vagyi
levels of expertise in different areas. This sacti
explains what the HLOW and the associated rowen
matrix relates to.

1,2

Technical Applicability

Brief summary of the techal information regarding
the level 2 intervention grouping. Brief descriptiof
each of the example interventions that fall untler t
level 2 category. The information provided at thasnt
may be different depending on the intervention
grouping. For example, in the HLOW for ex situ
remediation, a section is included for what types o
contaminants can be treated by each example
remediation intervention — whilst this is not applile
to other interventions outside of the remediation
HLOWSs where other specific information may be
supplied.

2,3

Con
an

Pros and
(advantages
disadvantages)

5A technical list of the pros and cons associateth
deach example intervention where relevant and s
generic pros and cons associated with the overallpy
of interventions. This section does not appea
HLOWSs where this information is not applicable.

R, 3
ome

Compatibility with other|
interventions

A checklist indicating the potential synergy witther
level 2 interventions groups through a simple peesi
(+) or negative (=) symbols. Synergy opportuniaes
critical to the matrix as application of intervents in
synergy with more services and value as output
fundamental to the purpose of the matrix.

2,3

S is

Potential sustainability
benefits and disbenefits

A list of potential key sustainability indicator®ath
positive and negative) associated with applicatibthe
interventions. The sustainability indicators aegived
from SuRF-UK “Annex 1" categories, and are I
exhaustive; indicative only.

1,2

not

Further information

Includes detailed information the intervention via
signposting; relevant technical references and
studies demonstrating deployment of the spe

11,2, 3
case
sific

example interventions in the field.
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5.2 Use of Operating Windows in the HOMBRE Brownfiéds Opportunity

Matrix

HOMBRE's “Brownfield Opportunity Matrix” (BOM) is alesign aid to help developers and others
involved in BFs to identify what services they gt from soft re-use interventions for their siteyw
these interact, and what the initial default designsiderations might be. It is a simphecelbased
screening tool that essentially maps the servitatsmight add value to a redevelopment project
against the interventions that can deliver thosé@es, as shown in broad terms in Table 18 below.

Table 18: Main services and interventions within the Browfdi Opportunity Matrix

Services

Interventions

e Soil Improvement

* Water Resource Improvement

* Provision of Green Infrastructure

« Risk Mitigation of Contaminated Soil and
Groundwater

e Mitigation of Human Induced Climate
Change (global warming)

* Socio-Economic Benefits

Soil Management

Water Management

Implementing Green Infrastructure

Gentle Remediation Options

Other Remediation Options

Renewables (energy, materials, biomass)
Sustainable Land Planning and Developme

Nt

Operatively, access to the HLOW is gained by ctigkon the appropriate cell (see fig 25

below).
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Figure 25: Mapping of operating windows in the Brownfield Opjmity Matrix: for illustrative purposes only

More insight on the BOM is provided in HOMBRE dd@rable D5.2 “Decision support
system on soft uses” (2014). The HLOWSs are key etemof this matrix (Beumest al.,
2014).

5.3 High level Operating Windows for Gentle Remedig@on Techniques

HLOWSs provide qualitative and exhaustive informatabout regeneration interventions for
soft re-use of BFs. There are three gentle remedi&tLOWSs provided by the BOM:

1. Phytoremediation
2. Amendment addition fan situ stabilisation
3. Natural attenuation of groundwater.

Each of these HLOWS covers a group of more speeéibniques. For example the
phytoremediation HLOW encompasses phytoextracpbgtostabilisation,
phytocontainment, phytofiltration, and phyto-degoh/stimulation. The HLOWS for
phytoremediation and use of amendments are showalle 19 and 20 below, along with a
HLOW for the use of amendments for soil managertiarterms of structure and fertility,
Table 21.
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Table 19:HLOW for Phytoremediation

Definition:

Phytoremediation is the direct use of plants aedt #issociated microorganisms to
stabilize or reduce contamination in soils, slugdgesliments, surface water, or ground
water (USEPA, 2012 - see link in further informafio Phytoremediation is thus a
gentle remediation option (GRO) which can providgid risk management of organif
inorganic and radioactive contaminants via patheaytrol, through containment and
stabilisation, coupled with a longer term remowvainemobilisation of the contaminant
source term. In North America, application of GRGiguably more developed than
Europe with the US Interstate Technology & Regulatoouncil listing 48 sites,
largely within the USA, as hosting “full-scale” ployemediation trials (as of 2007).
GRO application generally in North America rangesif relatively small-scale
phytoremediation projects that are driven and imgeted by the local community tg
larger “green-technology’-based remediation progrees at Superfund sites which
involve tree planting, soft cover etc.

n

Intelligently applied GRO can provide: (a) rapiskimanagement via pathway contrl,
through containment and stabilisation, coupled witbnger term removal or
immobilisation/isolation of contaminants; and (lhpage of additional economic (e.g
biomass generation), social (e.g. leisure and atior® and environmental (e.g. CO2
sequestration, water filtration and drainage mamege, restoration of plant and
animal communities) benefits. Phytoremediation mémples involving in situ
stabilisation of contaminants or gradual removaheflabile (i.e. bioavailable or
easily-extractable) fraction of contaminants présém site can be durable solutionsfas
long as land use and land management practicerbemdergo substantive change
causing shifts in pH, Eh, plant cover etc., sugggghat some form of institutional or
planning control may be required. The use of in8tihal controls over land use
however is a key element of urban remediation usomyentional technologies (e.qg.
limitation of use for food production), so any r@gment for institutional control and
management with phytoremediation continues a latgbdished precedent.
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Technical Phytoremediation is primarily deployed to graduadiynove the labile (or bioavailablg
Applicability: pool of inorganic contaminants from a site (phytoastion), remove or degrade
organic contaminants (e.g. phytodegradation), ptat@ter resources (e.qg.
rhizofiltration), or stabilise or immobilise contamants in the subsurface (e.g.
phytostabilisation, in situ immobilisation).

~

Phyto-based treatment technologies include, bubarémited to:

» Phytoextraction: The removal of bioavailable metal organics from soils by
accumulating them in the biomass of plants. Whdedaby use of soil
amendments, this is termed aided phytoextraction.

» Phytodegradation / phytotransformation: The usglarfits (and associated
microorganisms such as root-zone bacteria) to epttkre and degrade organic
pollutants.

* Rhizodegradation: The use of plant roots and &ssatroot-zone
microorganisms to degrade organic pollutants.

» Rhizofiltration: The removal of pollutants fromwpus sources by plant roots
and associated microorganisms.

» Phytostabilisation: Reduction in the bioavailalibf pollutants by immobilizing
or binding them to the soil matrix and / or livingdead biomass in the soil. When
aided by use of soil amendments, this is termeedaahytostabilisation.

» Phytovolatilisation: Use of plants to take polht&from the growth matrix,
transform them and release them into the atmosphere

* “Phytocontainment”: Use of plants to facilitate ikelation of contaminants,
particularly surface contamination, under new soil

* In situ immobilisation / phytoexclusion: Reductimnthe bioavailability of
pollutants by immobilizing or binding them to theilamatrix through the
incorporation into the soil of organic or inorganimpounds, singly or in
combination. Phytoexclusion, the implementatioa stable vegetation cover
using plants which do not extract contaminants,lanombined with in situ
immobilisation.

May provide an opportunity for the May require cultivation measures, re-
recovery of usable biomass (e.g. as grading or decompaction, or other soil
feedstock or for energy), as well as a | improvement measures to support
range of other services related to for | adequate plant growth

example water management and soil

improvement. Usually requires ongoing management gnd
monitoring, e.g. fertilisation (which may
Phytoextraction can provides rapid be via recyclates), to prevent pest damage,

removal of dissolved forms of metals | and/or recover biomass
limiting the capacity of metals to spreadgl
and therefore valuable as a pathway | Benefits, both as a remediation techniqu
management application to protect wateand for providing other beneficial service
resources and ecological receptors. may be seasonally limited, e.g.

w
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Phytoextraction has the potential to
remove metals from contaminated soil,
and furthermore these metals may be
recoverable in ash from harvested
biomass, in particular if “hyper-
accumulators” are used.

Phytodegradation, phytotransformation
and rhizodegradation can provide a lor
term solution for a range of organic
contaminants, including some
recalcitrant forms such as PAHSs.

Processes of phytocontainment,

rhizofiltration and phytostabilisation can is limited in its suitability as a source

provide pathway management solution
for a broad range of organic and
inorganic contaminants in parallel.

Phytovolatilisation may be an effective

means of removing some volatile organic

compounds from shallow groundwater.

diminishing during periods of plant
dormancy Remediation effectiveness may
also be limited to rooting depth.

Harvested biomass may not be readily
usable as its content of metals may requ
special permitting from regulators.

=

e

, Harvested biomass needs to be evaluated

g(and potentially monitored) to show that
contaminants have not migrated to it
Phytoextraction processes may take mapy
years (decades), and some metals may pe
inaccessible or unavailable to the phyto-
extraction process. Hence phytoextractipn

5 management tool for removing bulk metals
from soil.

Very few types of hyper-accumulator are
suitable for practical remediation use.

Phytovolatilisation is the transfer of
contaminants from matrix (groundwater)
to another (air) and as such may raise

regulatory objections.

Compatibility
with other
interventions:

Amendment Addition +++
Natural attenuation +++
In situ techniques +++
Ex situ techniques ++
Re-naturalisation of soils ++
Amendment addition +++
Attenuation of contaminated surface water +++
Flood/drainage engineering (0]
Ecological engineering +/-
Biodiversity and environmental management +/-
Conservation +/-
Producing renewable feedstocks +++
Energy generation +++
Development of amenities ++
Strategic planning of land use over time +++

Potential

o9

A0OMBRE

+++ Strongly likely
++ Likely
+  Possible

+/- May be a positive or negative impact on gasvice / intervention depending orj

the specific conditions
0 No relationship likely

88



sustainability
benefits and
disbenefits

ENV 1: Net removal of greenhouse gagdsNV1 Process emissions

ENV2: Improved soil functionality

ENV3: Source term removal for some
approaches and elimination of mobile
forms

ENV 4: may provide biodiversity

ENV2: Degraded soil functionality
ENV3: Process emissions

ENV4: Use of non-native species may n
support biodiversity, on site ecologies wi
be changed (which may be a positive or

benefits depending on plant species udedegative effect)

ENV5: destruction of contaminants or
their removal (depending on remedial
approach); generation of recyclate(s);
energy recovery

SOC1: Risk mitigation in terms of both
chronic and acute risks to human health

SOC2: Intergenerational equality —

ENV5: use of energy and resources /
generation of wastes from biomass

SOC1: Potential risks to site workers an
public from agricultural equipment and
road traffic, especially if site not managsq
appropriately, including: from accident,
exhaust emissions, and emissions from

pollution and associated risks not passgéermal conversion of biomass, especial

to future generations. (depending on
remedial approach)

SOC3: improvement of locality and
improved sense of place

SOC4: Long term compliance with locl
policies and spatial planning objectives.

ECONZ1: Liability discharge; site value
uplift, low cost approach with potential

PM10 emissions from smaller scale unitd

SOC3:Process impacts such as noise,
odour, traffic and other forms of nuisanct
from operations

SOC4: some stakeholders may require
reassurance that effectiveness of site
management can be assured into the lor
term

long term revenues from use of biomagsSOCS: validation of process outcomes

ECONZ2: Value uplift in the surrounding
area, potential for creation of local
business opportunities connected with
site re-use and biomass

ECON 3: Potential to support local job
creation, education linkages and skills
development over the project period

from the long-term management of sitgs
and biomass valorisation

ECON 5: Agricultural based approachgs
are adaptable and can be revised to
reflect changing circumstances,
treatment effect is long term

requires long term monitoring and may b
technically challenging

ECONZ1: May limit range of possible land
uses over a long period, management in
required over a long period

ECONZ2: Impacts of disruption during
initial remediation works

ECON 5: ongoing management input
required

d

17

g

but

Notes on benefits / disbenefits:

» All are strongly dependent on site specific facttine considerations above are
indicative only of possible general trends for ithtervention.

»  Where provided benefits and disben

efits are grogpedrding to the SURF-UK

“Annex 1" categories, and are not exhaustive aedraticative only.
* Where no indicator class is mentioned, factordikedy to be dominated by site

specific factors

» Additional factors may occur in categories depegdin the site specific context.
Absence of an Annex 1 category from the list abdoes not mean it may not apply 4

a particular site.

—

Further
Information:

Phytoremediation for trace element cont
www.greenland-project.eu

ITRC Phytotechnologies guidance,
www.itrcweb.org/Guidance/GetDocu

aminatexs sthe Greenland project

ment?documentlD=64

Application at US Superfund sites (USEPA, 2014),
www.epa.gov/superfund/accomp/news/phyto.htm

CLU-IN phytotechnologies overviewyww.clu-
in.org/techfocus/default.focus/sec/Phytotechnole/gat/Overview
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Table 20: HLOW for Amendment Addition (GRO)

Definition: One form of “gentle remediation” is the use of adments which can be incorporated into thé
soil surface to achieve remediationihysitu stabilisation. The processes of stabilisationaare
form of pathway management as the contaminantsimeémaitu but their mobility and

bioavailability are reduced, thus also reducingHéag through the soil profile. Processes of
immobilisation include sorption to biomass, sorptio soil organic matter (for example PAHs|to
humic matter), and sorption to surfaces of intradlumaterials such as charcoal. For trace
metals, the most important processes involvedigithmobilisation involve the transformation
of metals in soils, through precipitation—dissauati adsorption—desorption, complexation
processes and ion exchange. Amendments may beiatsatisigned for specific functions, sugh
as modified chars; or bulk materials, such as catgpand slags. Immobilisation may also
follow amendment of soil pH, for example by limeddwn. However, this is usually considerg¢d
reversible and not suitable as a long term meadlowetheless, in some cases amendments ¢an
generate soil pH decrease due to mineralisatioogss®s, and are therefore recommended td be
combined with liming agents.

Many BF sites that are contaminated are complexdyra and may be polluted by a wide
ranging mixture of contaminants. As a result, ityrba necessary to apply more than one
remediation technique across a site, and/or confirimgesses in a treatment train to reduce the
concentrations of pollutants to acceptable levédk @ssessed levels that will not cause harm).
The selection of the treatment approach is headfyendent on site specific conditions and
contaminants.

Technical Primarily deployed to mitigate risk of harm fromntamination to acceptable levels for
Applicability: revegetation and groundwater resources.

Example amendments and the contaminants treatkdienc

Modified charcoals / specific chars: A range addurcts have been developed, or are in
development. These may be based on specific feg@dstsuch as bone biochar or chars
including modifying agents such as zerovalent irdm. emerging application may be the use ¢
charcoals as a carrier for microbial inocula tonpote in situ biodegradation (bioaugmentatior
Other proprietary amendments: DaramendTM: Daraifighid a mixed organic material with
zerovalent iron and is used to treat organic comants which are susceptible to reductive
degradation.

— =

Liming agents: calcite, burnt lime, slaked lime|ainitic limestone.

Phosphates and apatites: metal immobilisationjmpdrticular Pb immobilisation, has been
successful when using a range of high phosphaterialst such as synthetic and natural apatftes
and hydroxyapatites, phosphate rock, phosphatedtsadts, diammonium phosphate, phosphgric
acid and their combinations.

Composts and other organic recyclates: composteiyathic amendments such as sewage
sludge have been found to reduce mobility of innigand organic species. However, the effect
is highly specific to material and site, and digsdl organic matter has been found to mobilisd
metals in some tests.

Slags: some types of slags, in particular blastefoe slags, have been used to immobilise metals
in situ.

=y

Zeolites: there is strong research interest irueof naturally occurring zeolite materials foe 1
immobilisation of metals in situ to facilitate reyegation.

Biochars: there is extensive research on the ub®aliars for the immobilisation of metals anfl
organic compounds

Iron / iron products: iron oxidises in soil and riletspecies may be sorbed to the oxides /

hydroxides produced and the oxidation process. Almemts rich in metal oxides combined
with compost, fertilisers, beringite, cyclonic asltoe lime have been found to effectively
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Pros and Cons:

immobilise trace metals and enhance plant growth.

Rapid immobilisation of mobile species Care is needed when several amendments
facilitating revegetation and protection of | combined as they may interfere with each ot
water receptors affected by contamination
spreading from the site. Validation and verification may be relatively
complex, in particular to make the case of a
Combinations such as compost and char c@rlong term protective effect to regulators.

be used to achieve risk management and spil

improvement services in parallel. Unlikely to be protective of human health
where direct contact is a major exposure
The use of chars / biochars may achieve | pathway.

(temporary) carbon sequestration in soils.
Some amendments (e.g. composts and

Amendments can restore soil quality by digestates or sewage sludge may be associg
balancing pH, adding organic matter, with nuisances from odour or bioaerosols.
increasing water holding capacity, re- Others may cause nuisance from dust emiss
establishing microbial communities, and off site. Itis particularly important to find
alleviating compaction. organic amendments of high stability and low

odour, and to apply application methods that
Compatible with many other interventions, | minimise emissions of odour bioaerosol and/
including measures to achieve improved dust

conservation, biodiversity (depending on th
amendment selected).

D

Amendments can usually be deployed usin
readily available agricultural equipment.

(=]

Use of some amendments represents a megans
of sustainable re-use of waste products
(agricultural and industrial).

er.

ted

ons

Compatibility with
other
interventions:

Phyto-remediation +++
Natural attenuation +++
In situ +++
Ex situ ++
Re-naturalisation of soils ++
Amendment addition +++
Attenuation of contaminated surface water +++
Flood/drainage engineering (0]
Ecological engineering +/-
Biodiversity and environmental management +/-
Conservation +/-
Producing renewable feedstocks +++
Energy generation +++
Development of amenities ++
Strategic planning of land use over time +++

Potential

o9
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+++ Strongly likely

++ Likely

+ Possible

+/- May be a positive or negative impact on ggsvice / intervention depending on the
specific conditions

0  No relationship likely
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sustainability
benefits and

ENV1: Carbon sequestration
ENV2: Improved soil functionality

ENV1 Process emissions
ENV3: Process emissions

disbenefits
ENV3: Pathway management ENVS5: use of energy and resources / generation
ENVS5: Beneficial application of a recyclate | Of wastes
SOC1: Risk mitigation in terms of both SOC1: Potential short term risks to site
chronic and acute risks to human health frgn¥vorkers and public from remediation works,
water especially if site not managed appropriately,
SOCS3: improvement of locality and improvd dncludlng. from a.cmdents, dust and gllergens
sense of place SOC3: Process impacts such as noise, odouf,
) . . vibration and other forms of nuisance. Traffic
SO.C.4 - Long term comph_ance v_wth_local impacts from materials transportation.
policies and spatial planning objectives o
R . . SOCS5: validation of process outcomes may He
Egﬁi(thNl. Liability Discharge; site value more difficult than for ex situ approaches
ECON2: Value uplift, surrounding area gl?rgt’i\i)lr{ Process costs, impacts of process
ECONS5 long term maintenance and monitoripg
of risk management performance
Notes on benefits / disbenefits:
« All are strongly dependent on site specific factthie considerations above are indicative
only of possible general trends for the intervemtio
«  Where provided, benefits and disbenefits are grogoeording to th€uRF-UK “Annex 1”
categoriesand are not exhaustive and are indicative only.
«  Where no indicator class is mentioned, factordikety to be dominated by site specific
factors
« Additional factors may occur in categories depegdin the site specific context.
Absence of an Annex 1 category from the list abdees not mean it may not apply at a
particular site.
Kumpiene, J., Lagerkvist, A., & Maurice, C.
. o i (2008). Stabilization of As, Cr, Cu, Pb and Zn
In situ stabilisation using amendments . S i
in soil using amendments—a reviélWaste
managemen8(1), 215-225
Cundy, A. B., Hopkinson, L., & Whitby, R. L]
(2008). Use of iron-based technologies in
Iron Products contaminated land and groundwater
remediation: A reviewScience of the total
environment400(1), 42-51.
Shi, W. Y., Shao, H. B., Li, H., Shao, M. A,,
& Du, S. (2009). Progress in the remediatior]
of hazardous heavy metal-polluted soils by
natural zeoliteJournal of hazardous
Further materials 170(1), 1-6.
Information: Zeolites .
Leggo, P. J. (2013). Enhancing the Growth ¢f
Plants on Coal Waste Using a Biological
Fertilizer.International Journal of
Environment and Resourc&3), 59-66.
Park, J. H., Lamb, D., Paneerselvam, P.,
Choppala, G., Bolan, N., & Chung, J. W.
(2011). Role of organic amendments on
enhanced bioremediation of heavy metal (lojd)
ROM contaminated soilslournal of Hazardous

Materials 1852), 549-574.

Nason, M., Williamson, J.,Tandy, S., Christg

£

M., Jones, D. & Healey, J. (2007). Using
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organic wastes and composts to remediate find
restore land: best practice manual. School of
the Environment and Natural Resources,

Bangor University. ISBN: 978-1-84220-101-
http://ies.bangor.ac.uk/TWIRLS/Web%20veisi

on%20Manual.pdf

OT

Ahmad, M., Rajapaksha, A. U., Lim, J. E.,

Zhang, M., Bolan, N., Mohan, D. Vithanage,
M., Lee, S. S. & Ok, Y. S. (2014). Biochar as a
sorbent for contaminant management in soil

. and water: a reviewChemospher@9, 19-33
Biochars

Lehmann, J. & Joseph, Eds.) (2009).
Biochar for Environmental Management:
Science and Technolodyondon, UK:
Earthscan.

Table 21: HLOW for Amendment Addition (Soil Management)

HLOW: Amendment Addition (Soil Management

Definition: The addition of soil improvers is a major part oil snanagement at many sites. Typically thefse
are added to increase soil fertility and improvié @andition and structure. Very often organid
materials make excellent soil improvers as theyaané soil organic matter levels, which are
strongly associated with good soil structure, aiotblical activity which is associated with
good fertility. There are also inorganic soil amherents which may be used for specific
purposes, such as liming to manage pH. Typicallyisiprovers can be incorporated into soil
using a range of well-established agricultural téghes.

Many soil improvers may also have a risk managerengfit - see HLOW on Soll
Management Activities a Amendment Additions (GRO).

Note: in some conservation applications it is neagsto maintain a low fertility in soil.

Soil improvers vary greatly in their properties dhdrefore need to be carefully matched to their
applications. Key concerns are likely to be tlmjpact on soil properties of interest, plant
nutrient supply, along with their stability, hygeeand odour, potential contaminants, ease of
deployment and potential risks of impacts to wagspurces from mobile N and P. Restoratign
may need to consider soil “engineering” to quiteplievels, for example for tree planting ovef a
landfill cap. Different amendment rates (or matis)i may be required at different depths, for
example in subsoil vs. topsoil.

There are quality standards available in many e@sfor composts and digestates, although
mixed waste origin materials may be excluded froesé. Recommended levels of use for
agricultural applications may be limited by therdlies Directive (and increasingly the Water
Framework Directive) to levels that provide oniyiied soil improvement benefit. Usually a
special case is allowable for BF restoration anémegation, although concerns of nitrogen
leaching to groundwater and N&P runoff to surfactexr will need to be addresses.

Technical Primarily deployed to optimise / improve soil fétyi and function for a particular type of
Applicability: vegetation.

In general this HLOW describes a context wherestiiteamendment is being applied to improye
soil functionality because an existing surfacelbasfertility or a poor soil condition. However,
in some habitat and green infrastructure applioatibmay be necessary to reduce soil fertility
(as mentioned above)

Example amendments and their applications include:

Composts a wide variety of composts are produced fromedéht feedstocks from urban,
processing and agricultural sources. There isalsmge of processing approaches. Compogts
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are produced by the aerobic processing of orgaaterials with a characteristic period of
elevated temperature processing. There are twadtstategies to management of compost (
digestate) feedstocks. In some jurisdiction: sewegregation where the waste producer
separates out, for example garden wastes, foraepeollection; and mixed waste inputs (for
example from “grey bin” collections from househotissewage sludge). Composts (and
digestates) produced from either mixed waste orcgosegregated may be suitable for use fo
soil improvement on BFs depending on their qualldowever, in some jurisdictions there is
reluctance by regulators (and land owners) to aaoegperials of a mixed waste origin,
particularly “compost like outputs” from mixed bivastes.

Functional applications of compost include:
« Improvement of soil structure and functionalitydswas buffering) from improved soi
organic matter levels
¢ Supply of major and minor plant nutrients (N typligén slow release form)
¢ Liming (increasing soil pH)
* Improvement of soil biological processes

Digestates a wide variety of digestates are produced froffiexdint feedstocks from urban,
processing and agricultural sources. There isalsmge of processing approaches. Digestd
are produced by the anaerobic processing of orgaaterials with accompanying production d
methane, typically used for renewable energy. er@lare two broad strategies to manageme
of compost (and digestate) feedstocks. In sonigdigtion: source segregation and mixed wal
inputs (see above). Digestates as produced haydowe solids content, limiting the radius of
cost effective transportation. Dewatering mayeéase solids content to ~40%. Digestates m|
be post-processed by composting, in which caseutmut becomes a compost.

Functional applications of digestates include:

* Improvement of soil structure and functionalitydslas buffering) from improved soi
organic matter levels

¢ Supply of major and minor plant nutrients (N tygiizén more mobile form than in
composts)

¢ Liming (increasing soil pH)

« Improvement of soil biological processes

¢ lrrigation (for under watered digestates)

Sewage sludge a wide variety of sewage sludges are produamd flifferent stages of sewagsq
processing, and these may be treated in differagswat the water treatment plant, most

frequently by anaerobic digestion. In some cas¢eated sewage effluents have been used
forestry and reclamation, but that is not recomneenfdr reasons of odour and pathogen cont
It is the sludges resulting from anaerobic digestieatments that is most commonly used as
soil amendment in agriculture (for many countri@sdl for reclamation. These AD sludges m
be further treated primarily by dewatering andams cases by lime stabilisation or composti

Functional applications of sewage sludges include:
« Improvement of soil structure and functionalitydswas buffering) from improved soi
organic matter levels
¢ Supply of major and minor plant nutrients (N tygligén more mobile form than in
composts)
¢ Liming (increasing soil pH)
« Improvement of soil biological processes

Biochars: biochars are produced as a result of pyrolysamnt residues, often of woody
wastes, but increasingly other plant residues dls \B&chars provide useful amounts of
potassium and potentially phosphate to soils. Thegease soil buffering and cation exchang
capacity and may also increase its water holdipgcty. They also tend to have a liming effg
on soil. Wider properties of biochars, dependindype may be the immobilisation of mobile
inorganic contaminants and organic contaminantpditicular if these are polar in nature). S
Gentle Remediation — amendment addition

Functional applications of biochars include:
« Improvement of soil structure and functionalitydswas buffering, cation exchange
capacity, water holding)
¢ Supply of major (K and P) and minor plant nutrients
¢ Liming (increasing soil pH)
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Mineral amendments: a range of mineral amendrmaatsbe used to improve soil condition
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Pros and Cons:

including fertilisers, lime, gypsum, slags, andlizes, but possibly also bulk amendments such
as gravel or sand. Typically there are four braiats as set out below.

Functional applications of mineral amendments idelu
« Improvement of functionality (such as bufferingation exchange) using zeolites
« Improvement of soil structure in particular circuarxes (e.g. heavy clay soils):

gypsum, slags

¢ Supply of plant nutrients from mineral fertilisers

¢ Liming (increasing soil pH).

Amendments can usually be deployed usin
readily available agricultural equipment.
Many soil amendments are recyclates, and
therefore relatively cheap (excluding
transportation costs). As recyclates they al
avoid the use of virgin materials and bring
other sustainability advantages.

Soil amendment application (combined witH
appropriate cultivation) can be used to creg
new topsoils in situ from relatively poor

existing substrates. A complete engineered that can be considered.

soil approach can be considered across a f
rooting depth, from subsoil to topsaoil, for
example to facilitate tree growth over a
landfill cap.

Soil improvement with amendments may b4
an outcome of some forms of remediation
(e.g. ex situ bioremediation of soil). It may
be a necessary aftercare for other types of
situ treatment such as soil washing or thern]
treatments. Addition of organic amendmen
may be a part of some forms of managed
wetlands, and composts may be used in
swales in flood management.

The use of organics amendments and char
biochars may achieve (temporary) carbon
sequestration in soils. Organic amendmen
can be carefully blended to provide a mixtu
of rapid and slow release forms of plant
nutrients.

Rapid immobilisation of mobile species
facilitating revegetation and protection of
water receptors affected by contamination
spreading from the site.

Combinations such as compost and char ¢
be used to achieve risk management and g
improvement services in parallel.

Compatible with many other interventions,
including measures to achieve improved
conservation, biodiversity (depending on th

p Care is needed when several amendments
stored, applied and incorporated into soil, as
machinery may inadvertently cause soil
compaction.

50
Additional regulatory permissions may be
required for the re-use of recyclates.
Performance standards for soil amendments
may be available. These may be a prerequidite

ter simply facilitate decision making but they
can also reduce the range of possible recyclgtes

Ll
Consideration should be given to the
mobilisation of nitrogen and phosphorus into
surface water or groundwater from organic
amendments or inorganic fertilisers, and for
b some amendments gaseous emissions of
ammonia may be problematic where the
application is in the vicinity of a low nitrogen
Ehabitat.
hal
tsSome amendments (e.g. composts and
digestates or sewage sludge) may be associgted
with nuisances from odour or bioaerosols.
Others may cause nuisance from dust emissfons
off site. It is particularly important to find
5 organic amendments of high stability and low
odour, and to apply application methods that
sminimise emissions of odour bioaerosol and/pr
edust.

Care needs also to be taken that amendmenis do
not contain viable seeds of root fragments,
particularly for invasive species such as
bracken or Japanese Knotweed.

Mineral fertilisers carry high embedded carbgn
costs and mineral phosphate is a limited
hrprimary resource

il

D

amendment selected).

Compatibility with
other
interventions:

Phyto-remediation

Amendment addition (as a GRO)

Natural attenuation

In situ remediation

Ex situ remediation

Re-naturalisation of soils

Attenuation of contaminated surface water
Flood/drainage engineering

+++
+++
+++
+++
++

++

+++
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Ecological engineering

Biodiversity and environmental management +/-
Conservation +/-
Producing renewable feedstocks +++
Energy generation +++
Development of amenities ++
Strategic planning of land use over time +++

+/-

Potential
sustainability
benefits and
disbenefits

+++ Strongly likely
++ Likely
+ Possible

+/- May be a positive or negative impact on ggsvice / intervention depending on the

specific conditions
0  No relationship likely

ENV1: Carbon sequestration

ENV2: Improved soil functionality ENV3: Process emissions
ENV3: Potential compatibility with ENV5: use of energy; use of resources for

remediation

ENV5: Beneficial application of a recyclate | SOC1: Potential short term risks to site
SOC2: Supports recycling (depending on | Workers and public from remediation works,

amendment used)

SOCS3: improvement of locality and improvd

sense of place

SOC4: Long term compliance with local
policies and spatial planning objectives

ECONL1: Facilitation of revegetation /

productive use of the site

ECON2: Value uplift, surrounding area

ENV1 Process emissions

amendments which are not recyclates

especially if site not managed appropriately,
d’ncluding: from accident dust and allergens..

SOC3::Process impacts such as noise, odou
vibration and other forms of nuisance. Traffig
impacts from materials transportation.

ECONZ1: Process costs, impacts of process
duration

Notes on benefits / disbenefits:

« All are strongly dependent on site specific facttiie considerations above are indicative
only of possible general trends for the intervemtio

«  Where provided benefits and disbenefits are grogpedrding to th&uRF-UK “Annex 1”
categoriesand are not exhaustive and are indicative only.

*  Where no indicator class is mentioned, factordikedy to be dominated by site specific

factors

« Additional factors may occur in categories depegdin the site specific context.
Absence of an Annex 1 category from the list abdees not mean it may not apply at a

particular site.

Further
Information:

o9
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Organic amendments

Rejuvenate:
http://www.snowman-
era.net/downloads/REJUVENATE_final_report.p

Scotland and Northern Ireland Forum For Environmakent
Research - SNIFFER (2010) Code of Practice for tkeeofis
sludge, compost and other organic materials fai lan
reclamation Code ER11, also supporting TechnicauDamnt;
www.sniffer.org.uk/files/7413/4183/7993/ER11 (

de of Practice.pdf

US Environmental Protection Agency (2007) The Us8al
Amendments for Remediation, Revitalization, and Re&BA
542-R-07-013
http://nepis.epa.gov/Exe/ZyNET.exe/60000LQ7.
T?ZyActionD=ZyDocument&Client=EPA&Index3
2006+Thru+2010&Docs=&Query=&Time=&End]
ime=&SearchMethod=1&TocRestrict=n&Toc=&]|
ocEntry=&QField=&QFieldYear=&QFieldMonth=
&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&

XmlQuery=&File=D%3A%5Czyfiles%5CIndex%]
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0Data%5C06thru10%5CTxt%5C00000001%5C$00

00LQ7.txt&User=ANONYMOUS&Password=and
nymous&SortMethod=h%7C-
&MaximumbDocuments=1&FuzzyDegree=0&Ima
eQuality=r7598/r7598/x150y150916/i425&Displa
=p%7Cf&DefSeekPage=x&SearchBack=ZyActid
L&Back=ZyActionS&BackDesc=Results%20pag
&MaximumPages=1&ZyEntry=1&SeekPage=x&
yPURL

N s« ™

Biochar

Verheijen, F.G.A,, Jeffery, S., Bastos, A.C., van\delde, M.,
and Diafas, I. (2009). Biochar Application to SailA Critical
Scientific Review of Effects on Soil Properties, é&sses and
Functions. EUR 24099 ENjttp://www.biochar-

international.org/sites/default/files/\Verheijen%20

%20al%202010%20JRC Biochar Soils Review.

f

D

pd

Mineral amendments

[JS Environmental Protection Agency (2007) The UsBal
Amendments for Remediation, Revitalization, and Ré&Ra
542-R-07-013

G.M. Tordo , A.J.M. Baker *, A.J. Willis (2000) Current
approaches to the revegetation and reclamatioretdlliferous
mine wastes. Chemosphere 41 (2000) 219-228.
http://www.researchgate.net/profile/Alan_Baker2
ublication/12499193 Current_approaches_to_th
evegetation_and_reclamation_of metalliferous |

ne wastes/links/00b4953b850afdc679000000

p
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5.4 Detailed Operating Window

GRO can be effectively used as part of a wider mskagement strategy at contaminated
sites, while promoting additional economic, envir@antal and social benefits. GRO can be
implemented in a range of soil types and climadesyss a range of site and contaminant
types. Similar to other remediation strategies, énmw, they are not a simple “off-the-shelf”
solution that can be applied to every site situraéind type, and a site specific assessment is
required prior to implementation. The Greenlandjéut has developed a Detailed Operating
Window structure for a range of specific GROs (faity specific phytoremediation
techniques) (Cundgt al.,2014). In the Greenland system, these link fromiakgreference
table on GRO applicability (shown in Table 22 beJoand include an outline applicability
check, a contaminant treatability table and a toost

Table 22: Quick reference: Are GRO applicable to your site@r(dyet al.,2014)

Key questions: If YES, are GRO potentially applicable?

Unlikely (except immobilisation / phytoexclusion

Does the site require immediate redevelopmer| wihiich canishow immediate posiivelcfeos)

Are your local regulatory guidelines based on | Unlikely for phytoextraction bupossiblyfor some
total soil concentration values? other GRO

Unlikely (there is a need to remove the hard-standing
or buildings and to establish a soil layer enabptent
growth).

Is the site under hard-standing, or has building
under active use?

Do you require biological functionality of the sq YES
during and after site treatment?

YES (even where soil ecotoxicity is high, use of soll
pretreatments and amendments may enable GRO
application)

Is the treatment area large, and contaminants
present but not at strongly elevated levels?

YES (depending on soil porosity, if contamination is
present within 1m of the soil surface then treatnmen
possible by most plants. Deeper contamination neay b
addressed using trees, with interventions where
necessary to promote deeper rooting).

Are the contaminants of concern present at de
within 5 — 10m of the solil surface?

Is the economic case for intervention and use | YES
"hard" remediation strategies marginal?

Are you redeveloping the site for soft end-use | YES
(biomass generation, urban parkland etc)?

A user can check the outline applicability of GRfpouped as phytoextraction,
phytostabilisation, and immobilisation/phytoexctrs) to a specific site, in terms of local soll
pH, site plant toxicity, climate, soil type, andotle of contamination. The purpose of a
detailed operating window is to highlight the pdiginapplicability of GRO at a site, NOT to
confirm that GRO will be a successful risk manageinteol at that site. Further input and
expertise will be required to design and implense@®RO strategy that effectively manages
contaminant risk, and delivers wider benefits.
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In essence, the Detailed Operating Window consiséscheck-list with focused items
corresponding to site specific parameters. Thededutems are meant to address key
parameters that may hinder or influence the effeatess of an intervention to such extend
that it could compromise its viability on a specisite. Each parameter is split in three value
categories (depending on the parameter, theseecgodiitative or quantitative), see Figure
26. The Detailed Operating Window provides the siséth a default valuation of the
technique’s likeliness to be efficient under thewemstances defined with the parameter’s
value. These default valuations are based onstale art knowledge available in literature.

Key parameter # Valuation
Range 1 of key parameter

Range 2 of key parameter

Range 3 of key parameter

Figure 26: Detailed operating window entries

The valuation cells contain default qualitativeualon indicating how the specific technique
would perform under the circumstances describedhbyrange of the key parameter. As
default answers, Greenland uses the following syste

* [YES +] = feasible without further enhancement/eotive measures to provide effect

* [YES +/-] = feasible but probably some enhancengentéctive measures would be
necessary to provide effect — Useful indicationghhbe available in HLOW.

o [ *?* ] = on site feasibility study is recommendextjuired to confirm effect can be
provided

5.5 Detailed Operating Window for use of Compost athBiochar Amendments

Figure 27 shows an outline applicability Detailepe@ating Window for use of compost and
biochar amendments, based on the findings of dpert, using the Greenland structure.
Table 23 shows an indicative treatability matrisé&a on the findings of this report,

following the structure used in Nathaneilal. (2007). The quick reference table (Table 22 is
also considered applicable to the use of compakbathar amendments).
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soil pH Valuation
5-8 YES +
4-5/8-9 YES +
2-4/9-11 *x
Vegetation type Valuation™*
Diversity and density of plant species are sintitasurrounding area
(on non-contaminated soi YES +
Diversity and density of plant species is visitdgd / different tg
surroundings (non-contaminated sg YES +
No plant species are growing on the contaminated ?+
Climatic conditions Valuation
Arid YES +
Semi-arid YES +
Humid - Temperate YES +
Soil type — composition of soil on the site Valuation
Clay YES +
Loam YES +
Sand YES +
Soil depth contamination Valuation
Top soil (0 —30 cm YES +
Subsoil (30 — 90cm YES +
Deep soil (> 90cm **

Figure 27: Detailed OW Immobilisation Using Biochar and Conpos

 Note: caution is needed for specific ecosystems of interest, especially if these are dependent on strict
conditions of soil nutrient status and/or pH
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Table 23: Outline contaminant treatability matrix for Inmdbdtion Using Biochar and Compost

APPLICABLE CONTAMINANTS

Halogenated volatile v PCBs v o Cyanides
g
L 2
5 2
Halogenated semivolatile v/ g’ Pesticides/herbicides v = Corrosives
g Non-halogenated volatile v/ Dioxins/furans ? Asbestos
5
O
Non-halogenated v £ | Volatile metals v 2 | Oxidisers
semivolatile S =
2
S
£
Organic corrosives ? .
. . Non-volatile metals v Reducers
Organic cyanides ?
cabili v .
ApPhcf‘blhty ) Usually applicable
Indicative suggestions only; each table -
includes a list of detailed technical ; ;
references for further information; if Potentially applicable
there is any doubt a treatability study ? .
should be carried out. May be applicable
- Not treatable
oo

May worsen situation
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6 Conclusions

This report provides an overview of existing litewr@ discussing the use of biochar and
recycled organic matter (ROM) in the redevelopnigageneration of BF sites, in particular
focusing on their use in contaminant risk managemaArmpromising combination is the
combined use of composts and biochar to promotegetation. Experimental studies were
carried out to investigate this possibility, comsidg two hypotheses:

H; — “Biochar is an opportunity to combine soil impeonent, carbon sequestration and risk
management (vian situ stabilisation).”

H, — “Organic matter addition to soil provides a dieaimmobilisation of trace elements and
a carbon sequestration opportunity.”

Following the results of this report, both null loypesis can be largely rejected. Both
experimental and literature review work providedevice that ROM and biochar have the
potential to simultaneously stabilise soil contaamits, improve soil quality and offer carbon
sequestration benefits.

The literature review demonstrated that biochaa asil amendment may offer multiple
benefits including: carbon sequestration, soil dmging and a means of waste re-use. Use
of biochar in BF management allows the utilisatddrontaminant immobilisation for a wide
range of contaminants, whilst concurrently reapgimgaforementioned soil and
environmental benefits. Biochar has been showrate Isignificant longevity and therefore
may be economically attractive, as it may providerg-term effect without repeat
applications. It is highly versatile and can béot&d to suit a specific site, widening further
its application potential. Due to the versatilifybaochar, it can also be applied on a BF site
with multiple problems or spatial disparity of igsu For example, if a BF site is
contaminated with metals in some areas, but lohgsility alone in others, biochar can still
be utilised across the site to improve both proBkledowever, the suitability of biochar as a
remediation option is dependent on site specificucnstances. The effectiveness of biochar
application to land for any purpose is determingddspecific properties, in turn a result of
feedstock and the production process. Certain biopfoduction processes and feedstock
may also cause biochar to be source of contamin@mislar to all remediation options, it is
important that care is taken in designing an irgatin strategy incorporating biochar use.

ROM can be derived from multiple sources and cataib@red to suit a specific purpose.
Depending on the feedstock, biochar may be regaadedtype of ROM. As a soil
amendment, ROM may provide numerous benefits h@irhprovement of BF sites. ROM is
well established as a conditioner for soil, imprgvimany qualities associated with
cultivation benefits, such as enhanced soil strecamd nutrient supply. The use of ROM
contributes to resource efficiency, as it both dases the volume of waste that requires
disposal through traditional routes and providé&saacost amendment for soil conditioning
and potentially remediation. However, there mayisies associated with the application of
ROM to land, as metal concentrations may be inextas mobilised. Nonetheless, ROM
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amendments have also been demonstrated to deanetaeavailability in contaminated
soils. Care should be taken in selecting a ROM ygebtbr use to ensure it is suitably
matched to the receiving site and its compositsosatisfactorily low in metals.

The experimental studies demonstrated that bicahdicompost can be used successfully to aid
remediation of a copper contaminated site. The dments can also be used in combination with
phytoremediation to further decrease pollutiongiakd potentially provide a saleable energy crop. |
can be established that the aims of the HOMBRE/@a@€ joint experimental projects were largely
positively achieved:

1. To determine if biochar and green waste compost cdve successfully used to immobilise
copper in a contaminated soilin the supporting MSc study, very few significdifferences
between treatments were observed in terms of clkangmpper fractionation. Nonetheless,
in all the studies, biochar and compost were shimweduce leachable copper in
contaminated soil.

2. To improve optimal modes of usesee operating windows belofiochars and composts
were shown to increasingly immobilise copper witbreased application rate. Combined
application of the two amendments was shown tdfeetese for immobilisation and plant
growth.

3. Explore production of biomass on marginal land:plants were successfully grown in the
contaminated soil in every study, with significgi@ld gains brought about by the soll
amendments. It was determined that amendmentstdzffeot a reduction in copper
bioavailability alone, but rather initiate multipp@ncomitant changes to soil which contribute
to reduced phytotoxicity.

4. The use of amendments produced using biomass prodedton a contaminated site for
further soil improvement: biochars produced using poplar biomass grown en th
contaminated site immobilised soil copper and insptbplant growth, however these effects
were not as great as those resulting from the cooially produced biochar.

Both ROM and biochar as GRO can be implementeddtirend-use of regenerated BF sites.
Soft-end uses can lower the social, environmemigleeconomic burden of a site; risk
management strategies employed during regeneratgolikely to lower environmental and
public health risks, while provision of green-spamepublic open space may improve all
three elements of sustainable development.

To help stakeholders establish if ROM and bioctsas@l amendments are suitable for risk
management and the provision of sought-after amditiservices, “high level” and “detailed”
operating windows have been developed. The detadleerating windows follow the
traditional operating window rationale where thadtion is to identify the optimal conditions
for applying a GRO in terms of its process paransetdLOWSs act as instruments to provide
relevant information to stakeholders and suppattin taking decisions for the selection of
appropriate interventions in BF redevelopment feregation projects to deliver particular
services. Operating windows can be used to estailes particular remediation option may
be suitable for use on a site, however further gxgdvice must be sought to develop a
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detailed remediation plan ensuring sufficient rislanagement can be provided by the
selected remediation option(s).

Based on the outcomes of this report, it is clieat there is scope for biochar and compost to
be successfully used in BF regeneration to softieses. However, more research is required
to further establish the detailed operating windoWihese amendments and to more clearly
define the influence of different feedstock matern biochar and ROM properties. Future
research could include trials to determine theotfdé feedstock material on effective
application rates for ROM and biochar. Additionatlye amendments successfully trialled in
our research require field trials to determinertieéficacy on a larger scale and confirm their
potential for deployment on a full-scale remediatsite.
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Annex 1 — Contaminants Treated with Biochar as a 8gle and

Combined Amendment

Annex 1 provides an overview of studies triallingdhar as an amendment for the sorption of

contaminants. Studies applied biochar to soil wntgkerwise highlighted.

Contaminant Biochar Only Biochar as a
Combined
Amendment
Arsenic ¢ Khanet al.,2013 — sewage
sludge biochar
e Beesley & Marmiroli, 2011 —
hardwood biochar with a pH of
9.9
Cadmium ¢ Venegast al.,2015 — biochar * Beesleytal.,2010 —
derived from vine shoots and tree  hardwood derived
bark biochar as a single
* Houbenet al.,2013 —Miscanthus amendment and in
straw biochar combination with
e Yakkalaet al.,2013 — buffalo greenwaste compost
weed derived biochar reduced ¢d reduced water
and Pb in wastewater extractable Cd and
« Beesley & Marmiroli, 2011 Zn.
* Parket al.,2011 — chicken
manure and green waste deriveg
biochars
* Debelaet al.,2011 — co-pyrolysis
of contaminated soil with
biomass to create biochar
encapsulating contaminant
* Felletet al.,2011 — prune residug
derived biochar
e Uchimiyaet al.,2010 — broiler
litter biochar sorption of Cd in
soil and water
Chromium « Khanet al.,2013
 Donget al.,2011 — sugar beet
tailing biochar decreased Cr (VI
in water under acidic conditions
Cobalt  Khanetal.,2013 Karamiet al.,2011 —
reduction in Cu in
soil pore water with
combined GWC and
biochar, although
biochar only
treatment reduced C
most significantly.
Copper * Venegast al.,2015
* Trakalet al.,2014 —brewers
draff biochar, non-activated +
activated using KOH reduced Cu
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Contaminant Biochar Only Biochar as a
Combined
Amendment
in aqueous solution (synthetic +
soil).
e Pelleraet al.,2012 — Orange peel,
rice husk, olive pomace and
compost feedstock biochars all
adsorbed Cu (ll) in water.
e Uchimiyaet al,2012
« Parketal.,2011
e Sizmuret al.,2011
 Tongetal.,2011 — 3 different
crop straw biochars in aqueous
solution.
e Uchimiyaet al.,2011
Lead * Venegast al.,2015 + Karamiet al.,2011 —
e Houbenet al.,2013 green waste compos
« Khanetal.,2013 and wood-derived
+  Yakkalaet al.,2013 (in biochar reduced Pb-
wastewater) concentrations in soi
+ Parketal.,2011 pore water
e Uchimiyaet al., 212 — Oxidised
(with concentrated 5O,
cottonseed hull derived biochar
e Caoetal.,2011 — dairy manure
biochar
* Felletet al.,2011
e Sizmuret al.,2011 — patented
non-activated biochar
e Uchimiyaet al.,2011
e Uchimiyaet al.,2010 (in soil and
water)
e Caoet al.,2009 — dairy manure
derived biochar in aqueous
solution
Nickel * Venegast al.,2015
« Khanet al.,2013
* Uchimiyaet al.,2010 (in soil and
water)
Zinc ¢ Venegast al.,2015 * Beesleyt al.,2010
* Houberet al.,2013
e Uchimiyaet al.,2012
« Beesley & Marmiroli, 2011
* Debelaet al.,2011
* Felletet al.,2011
* Sizmuret al.,2011
Thallium * Felletet al.,2011
Phosphate ¢ Chenet al.,2011- magnetic
biochar produced using orange
peel as biomass reduced
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Contaminant Biochar Only Biochar as a
Combined
Amendment
phosphate in wastewater.
Atrazine e Caoetal.,2011
» Caoet al.,2009 (in aqueous
solution)
Naphthalene e Chenet al.,2011 (in wastewater)
e Chen & Chen, 2009 — orange peel
biochars produced at a range of
temperatures decreased
naphthalene and 1-naphthol in
water
PAHs Beesleyet al.,2010 —
biochar + compost
reduced PAHS, but
biochar only treated
was significantly
more effective.
PCBs * Wanget al.,2013 — pine needle
and wheat straw biochar in soil
solution
p-nitrotoluene e Chenet al.,2011(in wastewater)
Pyrene « Haleet al.,2011 — Corn stover
residue biochar
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Annex 2 — Post-Growth Analysis of PAHs and Metalai Soils with Different Amendments.
Annex 2 (below) shows the post growth analysisAifiRand metal content in the P7 soil amended wightthatments specified in 4.5.2.1 (i)
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BC1 |BC2 | BC3 |BC1 |[BC2 |BC3 |BCl |BC2 |BC3 |BCl |BC2 |BC3
(1%) | (1%) | (1%) | (3%) | (3%) | (3%) | (1%) | (1%) | (1%) | (3%) | (3%) | (3%)
Un- BC1 |BC2 |BC3 |BC1 |BC2 |[BC3 |C C +C |+C |+C |+C |+C |+C |+C |+C |+C |+C |+C |+C
Parameters amended | (1%) | (1%) | (1%) | (3%) | (3%) | (3%) | (1%) | (2%) | (1%) | (1%) | (1%) | (1%) | (1%) | (1%) | (2%) | 2%) | (2%) | (2%) | (2%) | (2%)
TOC (% dry weight) 0.9 1.7 1.0 1)1 11 1.1 1.0 0. 1.1 0.9 0.8 1.1 14 1p 1)1 1.1 1.1 1.1 1.1 12 1
Metals (mg kg-1 dry
weight)
As 123 169 115 145 10/9 107 16.0 11.0 9.4 114.10.7| 13.8 174 91 104 141 180 1p.7 133 11705
Ba 31.3] 548 328 604 32|7 285 454 295 444 .147508| 353 653 298 28/8 402 524 3¢5 858.3 885255
Cd <1.0 <1.0| <1.0|] <1.0] <1.0 <1.( <lp <10 <10 .0<1 <10 | <1.0| <1.0|] <10 <1.0 <1.( <lp <10 <10 0<1.<1.0
Cr 211] 397 169 256 182 145 241 1p.7 168 .62319.5| 181 272 140D 152 208 256 1.7 23.0 716.15.0
Cu 1.1 1.8| 306.9 1.8 648/0 309.7 321.1 2955 259.41.0| 917.0] 627.7 1.2 320J3 11 1.1 1.1 298.9 57239.1| 309.0
Mo <1.0 21 <1.0] <1.0] <10 <10 <10 <1p <10 *x1.<10 | <1.0| <1.0| <10 <10 <10 <10 <10 <10 <1&l1l.0
Ni 9.8| 21.3 9.4 13.0 10.2 9/0 126 9.1 .7 11.6 .410 8.6| 124 9.3 9.1 11 154 9.0 128 B.5 ¢
Pb 214 357 214 458 2115 287 2y5 221 18.4.0p7222| 204 29.6 341 201 279 30.7 1p6 264 477203
Sb <1.0 <1.0| <10/ <10 <109 <10 <1p <10 <20 .0<1 <10 | <1.0] <1.0 12 <10 <10 <10 <10 <10 <1.&1.0
Se 0.4 0.4 0.4 0.y 0. 0|3 05 <0j1 <01 1.5 0.6 .3|0 0.6| <0.1| <0.1 0.5 0.6 <0.1 06 <0[L <0|
Zn 44.7| 157.3 493 330 63|7 457 467 457 44.01.34 36.7] 453 50.3 380 47|3 493 483 47.0 477 .04644.7
Hg 6.2 7.6 6.4 4.6 4.5 58 5(6 3.8 4.7 B.5 3.4 7.06.5 4.2 4.3 5 6.6 5.5 4]1 6.1 5
PAHs (mg kg-1 dry
weight)
Naphthalene 0.7 0.6 0/4 0l6 0.5 0.4 D.5 1.3 0.6 3]|0.05 0.4 0.5 0.8 0.8 0.6 0/4 0.5 0.3 D.6 C
Acenaphthylene 0.7 0.8 0J7 0.5 0.8 D.7 0.8 1.3 0.70.7 0.4 0.6 0.4 1.5 1.p 07 0.7 0.5 0.4 0.9 (
Acenaphthene 0.2 0R 0i1 0.1 0.3 D.2 0.2 0.2 01.2/00.1 0.2 0.4 0.4 0.2 oR 0{2 0.2 0.1 D.2 C
Fluorene 0.6 0.9 0.6 04 0{5 0.5 0.8 1.2 0.6 1.0.2|0 04 0.3 0.8 0.4 1.0 0B 0|6 0.2 0.7 )
Phenanthrene 3.1 37 3.1 2.7 3.8 2.8 4.0 4.6 23.214 20 2.1 1.9 3.6 3.5 39 24 2.9 15 2.6 /
Anthracene 7.2 190 101 5|8 7.6 81 1p.1 170 9124 4.1 6.6 43 12y 11j0 103 4.8 6.3 3.6 10.0 .7
Fluoranthene 4.4 6.7 5,8 41 1.3 5.5 5.8 7.0 36 .56 2.6 3.3 2.8 8.3 6.V 5[7 5(1 3.6 2.8 1.6 ‘
Pyrene 5.0 7.9 6.6 48 8/0 5.9 1.4 V.7 4.2 7.3 3.135 3.0 9.6 7.8 6.2 54 37 .3 5.0 6
Benzo[a]anthracene 25 319 3.6 2.7 4.0 3.8 3.9 4.12.2 3.7 1.5 2.G 1.5 5.0 4[0 3.3 2.8 1.9 1.7 27 2
Chrysene 4.1 3 5. 4|0 6.4 4.6 5.7 6.5 3.6 5.6 4|2 33 2.7 8.6 6.5 5.8 46 3]0 2.7 4.4 5
Benzo[b]fluoranthene 3.9 6.5 6.3 5.0 6.4 6.0 6,6 6,7 3.5 5.7 2.3 3.3 2.58.7 6.7 5.1 4.4 2.9 2.7 416 4
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Benzolk]fluoranthene 1.6 2.6 2.1 1.6 2.6 1.8 213 2.7 1.4 2.2 1.0 1.5 1.12.9 2.7 2.0 1.9 .3 11 1 2|

Benzo[a]pyrene 1.8 3.p 216 21 3.1 2.4 2.8 3.2 1.72.7 1.1 1.3 1.3 3.4 3.p 25 2\2 1.5 1.4 p.2 ’

Indeno[1.2.3-

cd]pyrene 1.6 3.3 3.6 30 3|2 3.2 3.3 0.9 1.5 2.51.0 1.6 1.2 3.2 3. 2.4 19 13 1.3 2.1

Dibenzo[a.h]anthrace

ne 0.4 0.6 0.6 0.5 0.p 06 0.6 Q.7 D.4 D.6 0.3 0.40.3 0.7 0.6 0.6 0.5 A 0/4 0.6 @

Benzo[g.h.i]perylene 1.1 1.9 1|7 15 1. 4.2 1.8 .12 1.1 1.6 0.7 1.0 0.8 2.4 2 1. 1.3 D.9 0.9 1.41.4

SPAHs 39.00 674 530 393 570 480 5¢y.7 690 36537.3| 233 317 250 727 60 51. 39.0 317 243474 48.7
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