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ABSTRACT

This thesis presents biochar state of the art mvektigations into the environmental benefits

and potential impacts of biochar application td.soi

Specifically, the opportunity biochar has to in@eaconcentrations of potentially toxic
elements (PTE) and polycyclic aromatic hydrocarb@sHs) in soil was investigated and

contextualised. Results indicated limited enviromted impacts in this regard.

The capacity of biochar to interact with organiangmunds was studied in two contexts:
PAHs absorption and partitioning; and with respéat bioavailability and potential

deactivation of herbicides.

Regarding PAH partitioning, sewage sludge biocl&HKC) was established to be more
efficient than sewage sludge (SS) in reducing tlmadzumulation of PAHs irLactuca
satuva L.grown in contaminated soil; while increasing siigaintly (p < 0.05) biomass yield,

relatively to a soil only control.

Regarding herbicides, biochar amended soil wasreeéddo reduce herbicide extractability
(< 2%). This extractability being far lower tharatiobserved in the biochar free control soils
(40% and 90%)“C-radiorespirometry indicated that herbicide settatien within biochar

greatly reduced its bioavailability.

Biochar influence upon weed survival indicated higichar application rates (5%) to reduce
the effectiveness of herbicides, suggesting thathar incorporation in to soil at these levels

could potentially undermine agriculture that religg®n herbicides.

Finally, biochar was tested as microbial carrigniz@bacteria survival was established to be
higher in biochar produced from redwood than intggacommon microbial carrier) at high

incubation temperatures (25°C and 35°C).

In conclusion, biochar addition to soil presemsitéd direct environmental pollution impact.
While biochar absorptivity may be beneficial in igitting the bioavailability of organic
contaminants this trait needs to be consideredudbrén agricultural soils where herbicides
are relied upon. Given the encouraging resultsrddga the potential for biochar to act as a

microbial inoculant carrier, further research israated.
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INTRODUCTION

1. CLIMATE CHANGE

1.1 Scale of the problem

In the geological past, climate change has beewonatant feature. Analysis of marine
and lake sediments, ice cores and cave deposies $staawn that over the last 100
million years the Earth’s climate has fluctuatetinmen warm (interglacial) periods and
cold (glacial) periods. These changes have maiegnidue to tectonic movements and
changes in the Earth’s orbit with respect to th@.Sbur present era, the Holocene,
started 10,000 years ago, and it is consideredran\ariod between ice ages. Beyond
these natural cycles a sudden and alarming incri@agbal temperatures has been
detected during the last century; these changesgbaiiven by the unprecedented
emission of carbon dioxide (G (Ramanathan, 1988; Oreskes, 2004; Macias and
Arbestain, 2010).

Studies on gases trapped in ice cores have revéadéedhe concentrations of GO
before industrialization were approximately 280pprarsus 385ppm at present,
indicating a 30% increase of Gquivalent to 160 billion tons. The temperaturéhe

planet is maintained by an established relationdlepveen the concentration of €O
and other gases such as methane CGihd nitrous oxide (PO) which selectively

absorb outgoing radiations re-radiating them bathward and inward (Macias and
Arbestain 2010). Higher levels of such gases iaterfvith this equilibrium, perturbing

the climate system.

The reality of anthropogenic climate change has hegversally accepted. The IPCC
(Intergovernmental Panel on Climate Change) FoAgkessment Report (2007) lists
the evidences of compelling changes in naturalmadaged systems related to regional

climate changes: shrinking ice sheets, droughtstealy rains and river discharge,



coastal changes, marine and freshwater biologysiéss changes, terrestrial biological

systems changes, effects to agriculture and fgresi, not least, human health threat.

In the last 100 years (1906-2005) the global temtpees increased by 0.74 + 0.05°C,
but this change has not occurred uniformly (IPCO730in the Arctic the warming has

been double the global average in recent decadedieS have suggested that in the
next century global warming could increase tempeest between 1.1 and 6.4°C with

respect to those present prior to the industriablrgion.
1.2 Policies

To keep the temperature rise within a range of2240€ it would be necessary to
stabilise concentrations of G@t 350-400 ppm and G&e at 445-490 ppm (the GO
equivalent (C@Ce), accounts for the warming effects of both,G0n-CQ gases).
The concentration of COs already within this range, with the cooling eftfeof
aerosols keeping the G@ within those values. Thus, at present, to stbihnd to
even decrease G@mission is an urgent priority and a significandlgll challenge
(Hansen et al. 2008).

Several initiatives planned and on-going offer eysdtic actions for the mitigation and
adaptation to global climate change. These arertaidm by different countries and
international organizations such as United NatiBnsironment Programme (UNEP)

and World Meteorological Organization (WMO).

In 2010, leaders of 194 countries signed the tre&tthe United Nations Framework
Convention on Climate Change (UNFCCC), which stateArticle 2: “[...] Ultimate
objective [...] is to achieve [...] stabilizatiori greenhouse gas concentrations in the
atmosphere at a level that would prevent dangeaattgopogenic interference with the
climate system”. The agreement further recognikas @ deep cut of greenhouse gases
emissions is required, to hold the global averageperatures rise within 2°C of pre-
industrial levels — the so called 2°C guardrailQ@2007).

Under the Kyoto Protocol, an international agreenmieked to the UNFCCC, the 15
countries that were part of the European Union (BY-before 1994 committed to
reduce their overall emission of GHG, over a pewbdive years (2008-2012), to 8%

below the levels existing in 1990.

Xi



Clean development mechanisms, and use of reneveatolenon-polluting sources of
energy are the most important mitigation measuregduce carbon emissions. These
approaches are being flanked by carbon sequesirdimreach the targets of reducing
or limiting emissions of GHG, countries committed the Kyoto Protocol have
primarily national measures. Comparing the effofteach country is very difficult on
account of the incompatible ways to calculate #dictions of emissions, rendering the
outcome of implementation strategies complicate@rexlict and interpret. Never-the-
less the emissions monitoring and the projectidresvsthat EU-15 are on track to meet
this target, as stated in the last update (10 Bdme 2012) of the European

Commission report (European and Commission 2012).

The “carbon market” is an additional means intratudy the Kyoto Protocol to
stimulate sustainable development through technoltgnsfer and investment,
reducing emissions or removing carbon from the aphere in a cost-effective way.
The “carbon market” is based on three market-basedhanisms: emission trading,
clean development mechanism and joint implementatiothis way, the private sectors
and developing countries are also encouraged ttribote to the emission reduction

efforts
1.3 Renewable energies

Fossil energy resources are not endless. The essefwil and gas have been reported
to be sufficient for decades and in the case of, ammturies (IPCC 2007). In 2009
fossil fuels supplied 80.7% of world primary enedgmand (The World Bank, 2012),
and was responsible for about 85% of the anthrapog€QO, emissions produced
annually (IEA International Environmental Agenc{12). As a consequence, to reduce
CO, emissions and to use energy sources alternativiossil fuels is of primary

importance.

In 2011, the nuclear energy provided 12.3% of tloeldvelectricity (The World Bank,
2012). Storm van Leeuwan (2007) reported that,rasspan average operating lifetime
of 35 years, with a load factor of 85%, the lifetimf CQ emissions from nuclear
energy per kilowatt hour (g G&XWh) are between 84 and 122, values that lie betwe
fossil fuel (~750 g CgkWh) and renewable energies (11-62 g.&®@Wh) emissions

(Storm 2007). Moreover, the risks and the enviromiaeimpacts associated with the

Xii



use of nuclear energy are high; as testified in rieent environmental disaster in
Fukushima Daiichi (Japan; March 2011).

Renewable technologies such as hydroelectricityjnbss combustion, and geothermal
are the most mature technologies, and, togethér wihter heating, solar photovoltaic,
wind, bioethanol and combined heat and power ale tabcompete in today’s energy
markets without policy support (IPCC 2007). Curlgra quarter of total global power-

generating capacity is covered by renewable tecigned which supplies close to 20%

of global electricity. Most of this is provided bydropower.

The capacity of bioenergy (62 GW) at the end of@fllows far behind hydropower
(1010 GW), wind (198 GW) and solar hot water/hea{it85 GW).

The term ‘bioenergy’ is related to the energy aledi from biomass (Ruane, Sonnino et
al. 2010). Biomass sources include biodegradaldetitm of products, waste and
residues from agriculture, forestry and municipalics waste. Biomass is used as
feedstock to produce several energy carriers irfictme of solid fuels (e.g. chips, pellets,
briquettes, logs), liquid fuels (methanol, ethanmlitanol, biodiesel), gaseous fuels
(synthesis gas, biogas, hydrogen), electricity laeat (IPCC 2007).

Once the feedstock is processed to produce gadeelss heat and power through
burning process in a low concentration of oxygee. (pyrolysis process), the by-
product released is charcoal. Charcoal itself moarce of energy; it constitutes the

primary urban fuel in most developing countriesdomestic uses.

Moreover, charcoal (also callebiochar if applied for environmental purposes) is
considered a realistic option to mitigate climabarmge. Significantly, burning biomass
through a pyrolysis process prevents not only tkiglation of micronutrients (e.g.
phosphorus, magnesium, manganese), but also cadbatilization as CQ In this way
the natural decay of the biomass is avoided andcdrbon cycle altered. As a
consequence, to produce energy by a feedstock ngunmiocess causes an overall
negative emission of GOSignificantly, due to the high stability of thebhar matrix,
biochar represents a storage of carbon that camdadcitrant for thousands of years
(Lehmann, Czimczik et al. 2009) (see Chapter 1).
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2. AGRICULTURE CHALLENGES

2.1 Soil organic matter and carbon loss

Soil organic matter (SOM), a complex mixture oftzar and other biologically relevant
elements (such as nitrogen, sulphur and phosphgum)ides: carbon and energy
sources for soil organisms; contributes to plartithon and growth; eases cultivation,
and; improves soil structures in terms of aggregated pores which in turn are
important for drainage, soil aeration and containihté erosion (Meredith 1997). This,
in turn, enhances water holding capacity at lowtisns and earlier warming in spring
(Meredith 1997).

SOM finds its origins in the deposition of biotagieplants or animals) cells in soil and
their contents and breakdown by microbial poputatiénimal excretion products, leaf
fall and exudates from plant roots are also souot€30M (Meredith 1997). Organic
bound nitrogen, sulphur and phosphorus, carboxatici groups, phenolic hydroxyl
groups, polysaccharides and gums are some of #maichl structures present in SOM
(Meredith 1997). Naturally, the chemical compogsitmf the SOM varies tremendously
by ecosystem.

SOM s considered the major pool of C within thedphere (about 1400 x @ C
globally), which Post et al (1982) estimated tadnaghly twice that in atmospheric GO
Techniques such as long-term tillage, withdrawal gohss-leys into rotations and
absence of animal or manuring converted native ystesis into agricultural lands.
Today agricultural lands occupy about 40-50% oftaeth’s land surface (IPCC 2007).
Long term cultivation invariably caused a net Gslé®m soil (Davidson and Ackerman
1993).

To overcome carbon loss due to agriculture, additb organic matter to soil (e.g.
manures, composts, sewage sludge) has become aocopnactice in farming systems.
Unfortunately the half-lives of these soil carbanesmdments are relatively short. For
example, Butler and Hooper (2010) reported compa#tlives in soil of up to 10-14
weeks (Butler and Hooper 2010); while the half4ifer the C remaining from sewage
sludges ranges from 39 to 330 days (Ajwa and Tabatda994). Due to their low
stability in the environment, these organic matsgnendment require continued

repeated application (this of course being timesaomng and at an economic cost).
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Studies on Amazon soils have revealed that chawaslused from ancient civilizations
as soil amendment for agricultural purposes (Ma&€i66). Although several centuries
have past, charcoal is still present in those amreamtaining green and flourishing
fields. Further analysis has shown that biocharaeoés crop yields and soil properties
due to its chemical and physical characteristicze (€hapter 1). Due to such a
significant impact to the vegetation, biochar hasdme of great scientific interest and
soil amendment with biochar is evaluated as meanmprove soil fertility and crop

yields.

Biochar is reported in literature to enhance smucture, to improve water retention, to
increase contents of carbon and nutrients in sak (Chapter 1). Moreover several
studies showed that biochar presents a high sorp@épacity for organic compounds,
becoming a useful tool in the remediation of p@tutand (Yu, Ying et al. 2006; Spokas,
Koskinen et al. 2009; Wang, Lin et al. 2009). Thispect, with respect to soil

contaminated with polycyclic aromatic hydrocarb@dR#HS) is considered in greater

detail in Chapter 3.
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AIMS AND OBJECTIVES

Studies on biochar are relatively recent (Glaseale®001), leaving several aspects
unexplored or not fully developed, particularly thetential side effects that biochar
could have in the environment. Further researchthen impact of biochar in the
environment in both the long and the short termeguired both to avoid unforeseen
consequences and to provide evidences of furthienpal benefits. It is the aim of the
research presented herein to provide answers te sbithese questions and to deepen

our understanding of soil-biochar interactions.

Towards these ends Chapter 1 aims to accountateeditthe art, including specifically:

. General definition of biochar

. Physical and chemical description of biochar matrix

. Opportunities represented in biochar to reduce spimeric CQlevels
. The benefits of biochar to soil

. Biochar potential toxicity

. Interaction of biochar with organic compounds (sfeadly herbicides)

Thereatfter, the research reported herein has besgned to present an investigation of
various aspects relating to the application of bayan the environment, assessing:

0] the negative impacts of biochar in soil in the eahtof contaminations and
agricultural practices, and;
(i) expanding the present knowledge on the benefitsomhar in food security

and microbial carrier properties.

The possible negative impact of biochar once addesbil requires particular attention. Here,

the potential for adverse outcomes are consideoma fwo perspectives:

@ the opportunity to increase levels of toxins, and;

(i) the implications of herbicide interaction with biae.

Regarding toxins, biochar is the by-product of enimg process. As such, the formation
of polycyclic aromatic hydrocarbons (PAHsS) in biachmust be considered and
evaluated in order to avoid land contamination #epossibility of PAHs transfer to

crops. Depending upon the temperatures applieleéddaedstock during the pyrolysis
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process there could be different concentration AH® in the biochar produced. In
addition to PAHs, potential toxic elements (PTH)edfically metal and metalloids
might also be present in biochar. PTEs will varyaadstock and, as a consequence, in
biochar produced. There exists the possibility 8AHs and/or PTEs associated with

biochar might contaminate the soil and could bewadable.
It was the aim of Chapter 2 to:

. Assess levels of PAHs and PTEs in several bioanade of different feedstock
and pyrolysis temperatures;

. Contextualise these concentrations with respedevels in background soil,
compost and sewage sludge;

. Comment upon the hazard biochar might represeiht i@gpect to these toxicity

drivers, following European Union regulations.

Another aspect to be considered was the effedsochar on agricultural lands and its
compatibility with the approaches commonly used agriculture. The present
agricultural system, which started to develop aftearld War I, is based on the use of
herbicides. The use of herbicides is effectivedotm| weed-growth in major crops, to
greatly reduce yield losses and to avoid persisteed infestation (Chikowo, Faloya et
al. 2009).Over time the use of herbicides systematicallylifated crops cultivation,
promoted the expansion of monocultures and the temopf reduced tillage systems
(Buhler, Liebman et al. 200 rom this prospective the application of biochasad to
improve soil texture and to enhance crop yields Skapter 1), could on one hand be
beneficial, while on the other hand, this beneiigim be undermined if biochar sorptive
capacity for organic compounds reduces herbici@dahility and in turn their efficacy.
The interaction between biochar and herbicideshanticide availability after addition

of biochar is reported herein.
Specifically Chapter 4 aimed to investigate:

. Herbicide (Isoproturon (IPU)) partitioning in biceh

. Microbial availability of IPU once sequestered indhar

Extending this research Chapter 5 considers tleetsfiof herbicides on targeted weeds

in biochar amended soil. The aims of Chapter 5 were
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. To assess the influence of biochar, at differeptiegtions rate (1% and 5%9n
the efficacy of three pre-emergence herbicides ¢mese, pendimenthalin and
terbuthylazine) with respect to survival and growsh common broadleaf weeds

(Amaranthus retroflexuandSolanum nigrum

While biochar capacity to sorb organic compounddctoesult in adverse outcome in
the case of herbicides and their effects on weadgval, these interactions could be
beneficial where soils are contaminated with orga@mpounds, specifically, in terms

of land remediation.

In connection to this, Chapter 3 describes the fitenaf biochar (specifically, sewage
sludge biochar (SSBC)) applied in PAHs contaminat@ts. This chapter compares the
outcomes of Sewage sludge (SS) and SSBC amendm®&AH contaminated soil in

terms of crop yield and abatement of pollutant soplant transfer.

Specifically, the aims of Chapter 3 were:

. To compare the influence of SS and SSBC upon bismyadd into lettuce
plants.
. To investigate and compare the bioaccumulatiofPAHs following SS and

SSBC addition to soil.

Other benefits of biochar in soil could be relatedits positive impacts to the soil
microbial ecosystem. The literature provides evigeof the opportunity for biochar to
influence soil biota, modifying soil biological conunity composition and abundance
(Lehmann, Rilling et al. 2011). The health and diug of microflora are essential to
soil function and to the ecosystem, as it asswistability, nutrient cycling, water use
efficiency, disease resistance and aeration (Brdsk@97). Currently the relationships
between biochar properties, soil biota, and thefluence in soil processes have not
been systematically described. Therefore, furthedies on this subject need to be

undertaken.

Chapter 6 explores some of these aspects, particiharelation to the possibility of
using biochar as a microbial inoculant carrier. Haelition of certain microorganisms

(e.g. Azotobacter, Bacillus, Clostridium, Frankia, Pseodmas etc) to soil is a
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common practice in agriculture and has severaliegmns: promoting plant growth,
inhibition of plant pathogens, biodegradation ofito compound, soil structure
improvement and microbial leaching of metals (vageN et al. 1997; Van Dyke and
Prosser 2000).

The specific aims of Chapter 6 were to investigate:

. The potential of dissimilar biochars (maize andwedd feedstock) produced
with similar pyrolysis temperature (600°C) as ariearalternative to peat for three
rhizobia strains Rhizobium leguminosarurbv. viciae; Rhizobium etli; Rhizobium
leguminosaruntov. trifolii) at 4 °C, 25 °C and 35 °C

. Chemical and physical properties of biochars weramared to peat to assess

the better suitability as carriers.
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Application of biochar to soil — A review

Alessia Freddo and Brian J. Reid.
School of Environmental Sciences UEA, Norwich, NR4), UK

1. Introduction

Biochar is a product of a biomass burning procasan oxygen limited environment
(pyrolysis). This process also produces syngasbamail that can be used in heat and
power generation. The yields of each componentgayrand bio-oil and biochar) are
dependent upon the temperature of pyrolysis, theleéace time of the process and the
type of feedstock used.

Biochar holds the potential to reduce atmospheflz €oncentrations by sequestering
carbon from the atmosphere, into biomass, and itgekp’ this carbon when this
biomass is converted into biochar (Figure 1). Baycls recalcitrant and physically
stable; to the extent that, once applied to sblecomes a persistent component within

the soil matrix.
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Figure 1: Net carbon gains in a biomass to biochar cycle.



There is mounting evidence that biochar influenzeside range of soil properties in
ways which predominantly have the potential to éase agricultural productivity. The
nature and extent of such influences varies wi@elg depend upon: soil type, agro-
ecological factors, and the type and quantity aicbar used. The variables affected
collectively have a direct bearing on physical, mfeal and biological soil

characteristics. Yet unlike most other soil amentisiesuch as fertiliser, manure,
compost or lime, the effects of biochar are notwell understood, either in terms of the

precise mechanisms involved or their longeuvity.

Embracing all of these aspects, the European CosioniqVerhaijen et al., 2010)
recently defined biochar as:

“charcoal (biomass that has been pyrolyzed in aozer low oxygen
environment) for which, owing to its inherent prdpes, scientific consensus
exists that application to soil at a specific site expected to sustainably
sequester carbon and concurrently improve soil fions (under current and
future management), while avoiding short- and leexgp detrimental effects

to the wider environment as well as human and ahimealth.”

2. Biochar as a climate change mitigation tool

The total carbon (C) present in the planet is, ltoirents and purposes, constant
(Houghton, 2007). However, the amounts of carboresgmt in the various
environmental compartments, such as the atmosphiiesphere, pedosphere,
hydrosphere and lithosphere can and do change §Mai@ Arbestain, 2010). Natural
cycles and anthropogenic activities are the maweds of change. When compared to
the amount of C in other compartment, the total @amof carbon present in atmosphere
is relatively small (805 Pg C; (Maias and Arbestél10)). In contrast, fossil fuel
(5000Pg C; (Archer, Eby et al. 2009)) and soil €ergoirs (3200 Pg C; (Macias and
Arbestain 2010)) are much larger. As a consequdrecburning of fossil fuels and to a
lesser extent changes in land use and soil cultivgbractices have resulted in an
atmospheric C®increase of 37.5% since the preindustrial era,(@@els have risen
from about 280 to 385 ppmv) (IPCC, 2007).



Several studies have shown the necessity to keepuimulative anthropogenic green-
house gases emissions below a maximum upper IBniteCker, 2007; Matthews and
Caldeira, 2008; Solomon et al.,, 2009). Hansen e2@D8) proposed a maximum
concentration threshold of atmospheric L& 350ppm, versus the present 385ppm.
Thus, if dangerous changes in the climate are tavmeded, future anthropogenic
emissions must approach zero (Hansen et al.,, 2@@&)sequently, global action is
necessary to reduce atmospheric,@0@ncentration. Adoption of ‘sustainable’ or ‘low-
carbon’ or ‘carbon-neutral’ or indeed ‘carbon-néggit approached to global energy

provision are key to a strategy to curb £#nission to the atmosphere.

The use of biomass as feedstocks from which toym®energy is not a new concept.
However, originality exists where these resourgesuaed to provide energy aatithe
same timehe opportunity to sequester carbon from the apinee. The pyrolysis of
biomass serves to provide energy (via bio-oil ayrthas that are subsequently used to
run steam turbines) and the purposefully producateral ‘biochar’. The conceptual
foundations of biochar as an atmospheric ;G®moval mechanism lie in the
photosynthetic processes that produce the bionsassdchar production (Figure 1). As
biomass grows, it removes atmospheric ,COhe production of biochar converts
comparatively labile carbon present in the biomags recalcitrant carbon that resists
mineralisation. In this way the rate of return @frmon to the atmosphere is greatly
inhibited. It is the difference between the (relaly fast) rate of atmospheric GO
sequestration into biomass compared to the subsedredatively very slow) rate at
which biochar carbon is mineralised that gives ttsaet storage of carbon; and by this
token the opportunity to produce heat and powerdrponnegativemeans.

Several studies have attempted to predict the exterwhich biochar can reduce
atmospheric CQlevels. For example Lehmann et al. (2006) estirttadée biochar may
be able to sequester 5.5-9.5 Gt C per year, orta2@35 Gt CQ per year by 2100.
Lenton and Vaughan (2009) suggest that the camtif€O, by plants destined to
provide bio-energy and subsequent carbon captuld storage, combine with
afforestation and biochar production, may havepibtential to remove 100 ppm of GO
from the atmosphere. Woolf et al (2010) suggedtat hiochar can potentially offset a

maximum of 12% of current anthropogenic £0 equivalent emissions to the



atmosphere (i.e. 1.8 Pg emissions can be avoidédobuwhe 15.4 Pg of CEC
equivalent emitted annually), decreasing signifiathe emissions of carbon dioxide
by preventing decay of biomass inputs. Moreovehais been suggested that biochar
presence in soil might initiate a positive feedbadierein soil physical and chemical
properties are improved and plants yields increased result; this feedback further
enhancing the amount of G@emoved from the atmosphere (Woolf et al., 2010).
Additional positive feedbacks might also be realisehere biochar suppresses the
emissions of other GHGs, such as nitrous oxide arethane (both significant
agricultural pollutants and far more harmful inith@diative forcing impact than Gp

It is stressed, in these regards, that furtherarebeis required to substantiate the

circumstances under which such positive feedbaekgratated and sustained.

3. Properties of biochar

3.1 Biochar physical properties

The matrix of biochar has been determined by Xei#lyaction (Lehmann and Joseph,
2009). This work revealed an essential amorphougctste with crystalline areas
(Lehmann and Joseph, 2009) consisting of randomgcpdic aromatic (graphene)
layers rimmed by functional groups (Zhu et al., 20@&nd mineral compounds
(Lehmann and Joseph, 2009). Associated with thelysis process above 38Dis the
formation of polyaromatic sheets which create tattadic structures (Keiluweit et al.,
2010) and increased porosity as temperatures seErétudies have demonstrated that
higher temperatures lead to a decrease in padizte (Downie et al., 2009) and the
development of microporosity (< 2nm), which underilie high surface area of biochar
(Downie et al., 2009). Physical properties, of seywvary depending upon the biomass
feedstock used and the thermochemical conditibobar formation.

3.2 Biochar chemical properties

Owing to different production conditions and indegdliety in feedstock materials used

to produce biochar chemical attributes vary consioly. At an elemental level biochar

properties can be ascribed with respect to rati@s, &1, O and N. Particularly, ratios of

H/C and O/C are used to determine the degree achhroaromaticity i.e. the lower is

the ratio, the greater is the aromaticity (Kookahal. 2011). H/C and O/C ratios have
5



been reported to be higher in biochars producdomatemperatures, due to incomplete
charring of the feedstock; H/C and O/C ratios daseewith increasing temperatures of
production (Baldock and Smernik, 2002). Thus, higkenperature chars are inherently
more resistant to chemical modifications and theresire more recalcitrant.

The nutrient content in biochar also varies depadipon feedstock type and pyrolysis
conditions used. Higher temperatures and fastetingeaates strongly influence the
retention nutrients within the biochar formed: ogen (N) and sulphur (S) compounds,
for example, volatilize at 200°C and 375°C respetyi while biochar becomes
depleted in potassium (K) when produced above 7G0 of phosphorous (P) above
800°C (DelLuca et al., 2009). Minerals such as rasigm (Mg), calcium (Ca) and
manganese (Mn) volatilize at temperature above “IDQReary et al., 1999; DelLuca et
al., 2009); pH, electrical conductivity (EC) andraxtable N@ tend to be higher with
high-temperatures (800°C), while low temperaturg0{&) result in greater extractable
amounts of P, Nif and phenols. Feedstock type is responsible féerdifit ratio of C/P
and C/N; in particular, wood- and nut-based biostslrow high ratio of C/P and C/N
ratios, while manure- crop- and food-waste biochenge lower ratios (Kookana et al.,
2011).

3.4 Influence of physical and chemical propertiesrobiochar stability

The complex structure of biochar affords its giability in the environment (Schmidt
and Noack, 2000): the peculiar cross linking arel gteric protection of the refractory
macromolecules present in biochar prevent the iycoenzymes to act towards the
matrix itself (Derenne and Largeau, 2001; Lehmainal,e2009a). Nevertheless, some
studies show the decay of biochar due to metalpoticesses, particularly heterotrophic
decomposition (Shneour, 1966; Baldock and Smer2X)2). Moreover different
biochar products result to have different decommpsextents, presenting different
physical and chemical structures depending byekddtock and pyrolysis temperatures
used (Lehmann et al, 2009). Biochar found in theaaom region has suggested
millennium scale persistence with radiocarbon dpindicating amazonian dark earths
char to be of 500 to 7000 years old (Neves et2803) . Liang et al (2008) found no
changes in the aromaticity determined by X-ray mépies from biochar particles
coming from the same area. These results provifiimtper evidence of biochar’s

potential for long-term carbon storage.



4. How can biochar benefit soil?

Although the composition of biochars depends upenmiature of the feedstocks and the
operating conditions of pyrolysis, biochars areegalty expected to be rich in nutrients.
These characteristics can have a direct effecthenptant growth. For example, the
addition of 68t C haincreased rice biomass by 17 per cent while thegmee of 135t
C ha' of biochar enhanced the growth by 43 per cent @lasal., 2002; Lehmann et
al., 2003). Improved crop yields have been atteduto improvement in P, K and
possibly Cu levels following the addition of biocl{€han and Xu, 2009).

Biochar has the potential to increase cation exgbaroil water-holding and surface
sorption capacity on account of its physical andngital characteristics of biochar;
specifically: its high surface-area, high porosityd variable-charge (Amonette and
Joseph, 2009; Yang et al., 2010). Therefore thedicghipon of biochar is expected to
enhance soil properties in terms of increasing @intaining the pH of the soils
(Rondon et al., 2007), toxin neutralization (Warelleal., 1998), and reduce soil strength
(Chan et al., 2007). Again these properties vapedding upon the properties of the
biochar and also on account of the original charastics of the soil and the plant
species of interest. In support of these benelfts) Zwieten et al (2007) reported a
nearly 30-40 per cent increase in wheat height whechar produced from paper mill
sludge was applied at a rate of 10 tha an acidic soil . Hoshi (2001) suggested that
the biomass increase of tea trees (20 per cerdighhand 40 per cent in volume) were
partly due to the ability of biochar to keep pH stamt in soil. Chan et al (2007) found
that the dry matter of radish in a pot increasedipyto 266 per cent when N fertilizer
was applied at 100kg Hacompared to a control with the same treatmenirbabsence

of biochar.

Another important area where biochar might contebis to levels of soil carbon.

Significantly, modern agricultural practices haesulted in degradation of soil carbon
and as a consequence levels of carbon are much loove than they were several
decades ago (Jones et al., 2011). Biochar hastheceme to the fore as an additional
soil amendment source of carbon. Of greatest sogmte is the fact that biochar is
inherently stable and as a consequence, offersghertunity to replenish soil carbon
reservoirs in a long-lasting way. Measurements iochar over time were taken;
Preston and Schmidt (2006) determined an averadelddife of biochar in coastal

temperate rainforest of western Vancouver of 6628y, while Hammes et al (2008)



calculated a turnover time of biochar from firesaifRussian steppe of only 293 years.
There exists uncertainty on the residence of tifeiachar as the calculation could be
affected by spatial variabilities (Lehmann et a02a) and the decomposition or
mineralization of biochar can be affected by sevehgsical conditions. Nevertheless,
although biochar is subjected to decomposition ggses, its stability remains high over

long periods of time.

5. Biochar and soil biota

The peculiar physical and chemical characteristitsiochar have been shown to
influence and change soil microsystems (O’Neillgt2D09; Lehmann et al., 2011). To
date the relationships between the biochar phyivical properties and their effects
on soil biota and the consequent effects on salcgsses are poorly understood
(Lehmann et al., 2011). The diversity of soil rolmial populations are critical to soil
function and ecosystem services, and in turn, s inglications in soil structure and
stability, C storage capacity, water use efficienoytrient cycling, aeration and
pathogens resistance (Lehmann et al., 2011). Torverethe research related to the
application of biochar as a strategy for managiog Biota is a topic of growing
interests. Studies on the soil biota present imal'ereta soils demonstrated how the
addition of biochar affected the soil biologicahgaosition (O’Neil et al., 2009; Kim et
al., 2007; Grossman et al., 2010) and increasarsoibbial biomass (Liang et al., 2010;
O’Neil et al., 2009). However, whether the abun@aat microorganisms increases or
not it is directly connected to the intrinsic prapes of both biochar and soil, and; it
may differ for different groups of microorganism&/drnock et al., 2007; Lehmann et
al.,, 2011). For instance, Makoto et al. (2010) vgib that the infection of
ectomycorrhizal fungi of larch seedling roots iraged by 19-157% after addition of
biochar into soil. In turn, decreases in arbuscuatgcorrhizal fungi abundance have
been observed after biochar addition to soil (Wekret al., 2010).

In the literature, the reasons which explain theréase of microbial abundance in
presence of biochar are several. For instance,réported that in biochar amended soill
the nutrient availability (C and micronutrientstiaases, either due to biochar-driven
improvements in nutrient retention or due to nuiisethat are released from biochar
(Lehmann et al., 2011). Depending upon the mageitot nutrient change and the
microorganism group, such nutrient availability mlg responsible of a microbial
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biomass increase (Lehamann et al.; 2011). More@¥tar, biochar additions, the pH of
soils may increase or decrease, in response tpHhealues of biochar, which values
can be below 4 or above 12 depending upon the tieddsand the pyrolysis
temperatures used to produce the biochar (ChanXxand2009). Thus the living
conditions for microorganisms may significantly ydollowing biochar addition with

this, in turn, influencing the total microbial aldlance.

Moreover, physical characteristics of biochar mégo aaffect microbial abundance.
Cassidy et al. (1996) showed possible attachmentatile microbial cells to surfaces
(i.e. flocculation, adsorption to surfaces, covaleanding to carrier, cross-linking of
cells, encapsulation in polymer-gel, entrapmeninigitrix). The adsorption to biochar
may occur via two main processes: hydrophobic @ttma or electrostatic forces
(Samonin and Elikova, 2004), and; adhesion intcepqRivera-Utrilla et al., 2001;
Samonin and Elikova, 2004). The capacity of baatawisorb to biochar surfaces may
renders them less leachable in soil (Pietikainealet2010), and therefore, increase

bacterial abundance.

In addition, due to the large surface area andigreeater holding capacity (Liang et al.,
2006; Downie et al., 2009; Glaser et al., 2002)cbar may retain moist pore spaces
that may be available to microorganisms, ensurighgédr microbial survival in a drying

soil, preventing them stress and thereby, redudarghancy or mortality.

Given the positive effects of biochar on microoligars abundance, further
investigations in relation to the connections betwéiochar properties and soil biota,
and their implications in soil processes need tsystematically described, in order to
develop new strategies to improve soil systems atdthe same time, to avoid

inadvertent changes of soil biota.

6. Unintended consequences

5.1 Toxicity

Biochar has been established as a source of coaBlddenefits with respect of its use
as a soil improver (see above and Collison et2809). However, some researchers
have reported impaired crop yields where biocharb®en implied and it is important
to acknowledge this alongside the more numerousrtemf benefit. Kishimoto and
Sugiura (1985) reported yield reductions of soybésn37 and 71 per cent when
biochar was applied at 5 t hand 15 t ha, respectively; they attributed this reduced



yield to micronutrient deficiency under the highg conditions following biochar
application.

In addition to adverse impacts upon micronutrierijchar was found to have
detrimental impacts upon soils on account of padénttoxic elements contained
within its structure. There are two componentsartipular that are worthy of mention,
these being: the presence of Potentially Toxic Eleim (PTES) and organic compounds
produced during the pyrolysis process (arguablgrefitest significance are polycyclic
aromatic hydrocarbons (PAHs)). Both PTEs and PABMehthe potential to interfere
with soil quality and may be subject to uptake fotdo products destined for the food
chain.

PTEs. Many metal and metalloids are priority substanoesaccount of the adverse
effects they have on humans and ecosystems (CE@8).28oppolu et al. (2003)
reported the fate of several metals during the lggi® of biomass and the results have
shown that greater than 98.5% of the metal in toelyct stream is concentrated in the
char formed. The metal concentration was incredsex6 times in the char compared
to the feedstock, where the heavy metals were iboititng between 0.7 and 15.3% to
char mass. In many respects, the positive benaffitBochar parallel those implicit to
the disposal of sewage sludge to land. Sewage Slhilgctive 86/278/EEC requires
member states to “regulate sewage sludge in agrreuin such a way as to prevent
toxic effects on soil, vegetation, animals and nthereby encouraging the correct use
of such sewage sludge”. While guidance on sewagdgsl application has been
implemented (CEC, 1986) no guidance currently exXwt biochar application to soil.
Hwang et al (2007) reported metal and metalloidceotrations (mg/kg) in wood-char:
zinc 200-12500, copper 70-16000, lead 25-2300 adldhaum 0.05-15. Nevertheless it
is important to note that the concentrations ofvjgaetals are highly dependent on the
specific feedstock used during the pyrolysis oresteling on sludge type, treatment and
wastewater sources (Stevens et al., 2003).

PAHs: Pyrolysis affords the opportunity for the formatiof the PAHSs, in fact PAH
yield has been reported to depend upon high terpergyrolysis and incomplete
combustion reactions (Badger et al., 1960; McGedthl., 2001). PAH compounds are
extremely harmful in humans and animals. These comgs can form adducts with
DNA and have been prioritised by USEPA and EU aroant of their carcinogenetic,
mutagenetic and teratogenic properties (Wassenbedy Giulio, 2004; White and

Claxton, 2004). A Working Document on Sludge praetudy the European Union
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(2000) provides “limit values for concentrationsosfanic compounds in sludge for use
on land” (EU, 2000). The EU proposes a concentndiinit of the “sum of the PAHS”
equal to 6mg/kg dry matter. The PAHs considered amenaphthene, phenanthrene,
fluorene, fluoranthene, pyrene, benzo-[b+j+k]fludteene, benzo[a]pyrene,
benzo[ghi]perylene and indeno[1,2,3-cd]pyrene. Thecentrations of PAHs detected
in several studies vary depending by the type ssuaf sewage sludge. As matter of
fact Oleszczuk (2010) reported the PAH sum conaéntrs in two different sewage
sludge equal to 2.72 + 0.13 mg/kg and 3.54 + 0.4&g) while Stevens et al (2003)
reported the mean of the sum of PAHs concentrafiosgwage sludges equal to 43.47
mg/kg.

Brown et al (2006) analyzed the concentration oHHA a range of synthetic biochars
produced from pine wood pyrolyzed with ramp ratesmeen 30 and 1000 °C/h and
temperatures between 450 and 1000°C and it waslfthat all wood chars contained
measurable quantities of PAHs and the concentratwere inversely proportional to
the temperatures: 16mg/kg in the 450°C char matehmag/kg in the 525°C char, and
only 3mg./kg for the 1000°C char).

5.2 Pesticide sequestration

Numerous studies have considered the influencelatk carbon’ (of which biochar is
a type) upon the partitioning of organic compounts.date only a handful of studies
have specifically considered the potential of barcto sequester pesticides. However,
where research has been undertaken results hawve doeepelling. More generally,
numerous studies have shown the capacity of bladkoa to sorb organic compounds
such as pesticides (Spokas et al., 2009; Wang,e20819; Yang et al., 2010; Yu et al.,
2009) and drastically reduce their availabilitytie environment. Research in this field
has spanned decades and has provided an in degéhstanding of the mechanisms
through which organic compounds interact with blagkbon matrices (Sander and
Pignatello, 2007). The literature accounts reseambss a broad spectrum of organic
compounds. Some of this research relates spetyfiwapesticides but for the most part
research to date has focused upon organic contataindonetheless, the mechanisms
at work with respect to organic contaminants areniitdal to those that influence
pesticide interactions with black carbon matrid@slow we provide a summary of the
evidence that supports the fact that organic comgelave a high affinity for black

carbon. Some of this evidence relates to biochaciBpally while some relates, more
11



generally, to black carbon. Similarly, the reseaackounted below considers organic

compounds in general and in some instances pestisigecifically.

Studies on sorption and desorption of organic camge have reported nonlinear
isotherms where desorption rates are lower thamtisor rates i.e. sorption and
desorption display a hysteresis. This hysteresldshonportant implications for the
transport and bioavailability of sorbents (Braidaak, 2003; Sander and Pignatello,
2005) as it underpins the uptake and subsequeraselof sorbents. Lu et al. (2002) and
Sander et al. (2006) accounted for hysteresis wsiipgpre deformation” mechanism. In
contrast to surface portion pore deformation emstraprbent molecules within the
physical structure for the matrix. Pore deformati®mitiated by the incoming sorbent
molecules exerting a pressure on pores smallehdasorbent molecule causing their
expansion (i.e. swelling) thereby allowing the smtito enter the pore. Once in the pore
the pore contracts around the sorbent moleculeigdlys inhibiting its exchange. In
addition, Braida et al (2003) proposed that in oesg to the penetration of benzene
molecules, the polyaromatic walls of black carbearrange, thereby opening up new
pathways for the sorbent to penetrate. Thus, sept@viously open, close, and in doing
so trapping the sorbent molecules inside the matffixese mechanisms result in
irreversible sorption (Sander and Pignatello, 20@)ang et al (2009) reported the
sorption of phenanthrene on to biochar to exhibitlimear sorption that was stronger
than that observed for soil and sediments; conotuthat biochar presence in soil and
sediments would be expected to reduce the biodiigjaand influence the ultimate

fate of hydrophobic organic compounds in subsuréasgronments.

At a molecular level, functional groups, mainly @ataining groups present on biochar
surfaces can act as both electron donors (i.etaltlee presence of or = electrons) and
as electron acceptors (i.e. due to the unoccupi@eéaular orbital). This functionality
allows both specific and non-specific physiosompiisteraction with sorbent molecules
(Zhu et al., 2005). Zhu et al (2005) and Sande ¢2005) demonstrated = electron
donor-acceptor (EDA) interactions between nitrosabencompounds and the graphene
basal plane on a char and on graphite as a modatrgs. In addition to EDA, pH-
dependent Coulombic interactions with charged muaéeccan also occur. Interestingly,
Tian et al (2010) reported the interaction of tleebitide isoproturon with biochar to
show low hysteresis; concluding that these intewastwere predominantly sorption

driven rather than pore deformation interactions.
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Spokas et al. (2009) showed how the sorption of tmmmon herbicide, atrazine and
acetocholor, increased in soil after the additidrbiochar Specifically the sorption
coefficient Koc values of both the herbicides wegeeater in unamended soil
(atrazine=75p5" MLY"g?, acetochlor=136yg" " mLY"g?) than in amended soils
(atrazine=51p" mLY"g?, acetochlor=107g mL*"g™). Yu et al. (2009) considered
the influence of biochar produced frdBucalyptusspp. at two temperatures (450 and
850°C). When amended into an Australian red-broarthe(a Xeralf) both of these
biochars had a marked effect upon the dissipagartjtioning and phytoavailability of
the insecticides carbofuran (aqueous solubility B20L™ (at 20°C), and a log d of
1.52) and chlorpyrifos (aqueous solubility 4 mg (at 25°C) and log Kw of 4.70). In
these experiments leaching was prevented therabiting loss mechanisms to
degradation and the formation of non-extractabdedress. Yu et al (2009) reported that
the soil amended with the higher temperature bioalzs most effective in reducing the
loss of pesticide. This was attributed to its high@rface area, nanoporosity and greater
ability to sequester organic compounds (Lua e28l04). At the end of their experiment
(35d of incubation) a total of 86% of applied clpiifos and 88% of carbofuran
residue were lost from the biochar free soil. Intcast, only 44% chlorpyrifos and 51%

of carbofuran were lost from the soil amended Wwitichar (1%).

Regarding phytoavailability the pesticide residureboth above-ground parts as well as
below-ground parts of Spring onioA.(cepa for both pesticides were lower in the
plants that were grown in soils amended with bicel{au et al. (2009)). After 35d of
growth the concentration of carbofuran in the urgteund plant parts decreased from
14.4 + 0.8 in control soil to only 1.8 + 0.4 mgkin the soil amended with the higher
temperature biochar (1%). Similarly, chlorpyrifoptake into the under-ground plant
parts was decreased from 14.1 + 1.7 to 0.8 + 0.kglgin the presence of the higher
temperature biochar (1%).

7. Conclusions

Energy provision through biomass pyrolysis is apragch that may, on a decadal
timescale, be relatively simple and cheap to imeleimat national, regional and global
levels. Biochar therefore has the potential towdelia fast-action climate mitigation

strategy and simultaneously boost crop yields wapgilied to agricultural soils.
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Should the application of biochar to soil emergesigsificant strategy to atmospheric
CO, abatement and increase of crop yields, uninterndedequences, in particular, soll

pollution and sequestration of pesticides, musgjilsen due consideration.
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Abstract:

Nine dissimilar biochars, produced from varying deteck at different pyrolysis
temperatures, are appraised with respect to comatemis of potentially toxic elements,
specifically, metals, metalloids and polycyclic m@uatic hydrocarbons (PAHS).
Concentrations of the metals and metalloids vanighl the following ranges (mg KY:
0.02-0.94, Cd; 0.12-6.48, Cr; 0.04-13.2, Cu; 03%A1Ni; 0.06-3.87, Pb; 0.94-207, Zn
and 0.03-0.27, A=;6PAH concentrations (16 Environmental Protection #gePAHS)
range between 0.08 mg kep 8.7 mg kg. Subsequent comparison with background
soil concentrations, concentration applied to tbgufation of composted materials
(Publicly Available Specification (PAS 100)) andrBpean Union (EU) regulations
relating to the application of sewage sludge toicagural land suggest low risk
associated with the concentrations of PTEs obsenvdaochar. Collectively, results
suggest that environmental impacts attributablentetals, metalloids and PAHs

associated with biochar following its applicati@nsbil are likely to be minimal.
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1. Introduction

Biochar is defined as the carbon-rich product oi@diwhen biomass is heated in an
oxygen limited environment (Lehmann and Joseph9piochar is mainly composed
of recalcitrant aromatic C-ring structures, whick eeported to have a long half-life in
soil (Sombroek et al., 2003). Recently Lenton armdigham (2009) contextualised the
potential biochar has, with respect to other gegirerering options, to reduce
atmospheric carbon dioxide levels. Scenarios pteddoy Lenton and Vaughan (2009)
suggest decreases in atmospheric carbon dioAG&4 by 2100), as a result of direct
air capture and storage, biochar and nitrogenligation of the ocean to be -186 ppm, -
37 ppm and -9.3 ppm, respectively. Based on projestregarding the use of renewable
fuel by 2100 (180-310 EJ Vr (Berndes et al., 2003)) Lehmann et al. (2006priepl
carbon sequestration potentials of 5.5-9.5 Pg €ifythese renewable fuel targets were
met through biomass-to-biochar approaches to enprgyision. Collectively, these
reports provide a compelling and persuasive argtumegyarding the potential biochar
has to make a considerable difference to atmospbarbon dioxide levels.

In addition to these carbon sequestration bendfitgshar amendment to soil has also
been reported to bring benefits in terms of soiygital, chemical and biological
attributes; with a number of authors reporting ewmea plant growth (Glaser et al.,
2002; Lehmann et al., 2003; Lehmann and Rondon ;2008ison et al., 2009). Soil
improvements have been linked to three key factoasely, i) soil fertility (through
nutrient provision (Sohi et al., 2009) and influengon nutrient cycling (Chan and Xu,
2009) on account of changes to cation exchangecitgpai) changes in soil pH and
soil buffering (Liang et al., 2006) and, iii) inBaces upon soil water dynamics (Major
and Lehmann 2006).

Thus, biochar application to soil may offer manyhdéfts and has the potential to
contribute to addressing significant challenges thr@vail with respect to climate

change mitigation, enhanced soil fertility and a®pasequence improved crop yield. To
date, however, there has been very little attergigan to the levels of potentially toxic

elements (PTEs) in biochar. The most obvious PTdEscdnsideration are metal and
metalloid elements and polycyclic aromatic hydrboar (PAHS).
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Regarding metals Koppolu et al. (2003) reported2xi, Cu, Co and Cr concentrations
to increase in char with respect to concentrationgs feedstocks. Results indicated
greater than 98.5 % of the metal in the produdasir to be concentrated in the char
formed and as a result elemental concentratiorasad by 4 to 6 times (Koppolu et al.,
2003). Thus, there is a possibility that PTE leval®iochar may reach inappropriate
levels due to enrichment of metal and metalloidshiwi biochar (relative to the
concentration in feedstock) during pyrolysis. Sypsatly, following the addition of
biochar to soil, these metals may adversely aeidtorganisms. It is well documented
that elevated levels of metals and metalloids cdweisely affect abundance and
diversity of soil organisms (Creamer et al., 2008)leed, elevated metal concentrations
have been suggested to have lasting effects orysteos functioning (Perry et al.,
1989; Creamer et al., 2008); this functioning bedigpendent, to a large extent, upon
soil microflora activity (Donkova and KaloyanoyaQ(B). Fliessbach et al. (1994)
reported the potential for metals and metalloidsuppress or even Kkill sensitive parts
of the microbial community lead to shifts in comrtyrstructure.

Regarding PAHs, these compounds are formed durombastion and pyrolysis
processes (Liu et al.,, 2008) and as a consequnaredikely components within
biochar. PAHs form adducts with DNA and have, asm@sequence, been prioritized by
the USEPA and EU on account of their carcinogenetiatagenic and teratogenic
properties (Wassenberg and Giulio, 2004; White @lackton, 2004).

We report here concentrations of metal and methlbkééments and PAHs present in a
range of dissimilar biochars produced from coningstfeedstocks under different
pyrolysis conditions. These concentrations are egipsntly contextualised with respect
to concentrations of metals, metalloids and PAHgstier environmental relevant media

namely, background soil, sewage sludge, compostaald

2. Materials and Methods

2.1 Biochar

The biochars were produced from redwood (<10 ciog, straw € 20 cm), maize (15-

20 cm) and bamboo<(20 cm). Each feedstock was washed and dried béfeirey

turned into biochar. For biochar production, theterials were placed in a high

performance automatic controlled furnace (GWL-12@@¢nan, China), with a
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continuous flow of nitrogen through the furnace robar. A cooling chamber with
water was used for passing the off-gas to allondeasation of tars. The biochar was
then cooled to room temperature in the preseno@roigen gas inside the furnace. Each
feedstock was converted to biochar using two pwislyegimes, specifically, 12 hours
at 300°C and 2.5 hours at 600°C. Different holdiimges were previously tested and
optimized to reach complete feedstock carbonizdioreach temperature. In addition
to the laboratory produced biochars, biochar was abtained from a one-quarter scale
500 kW test gasifier (TG) (Refgas UK, FlintshireK)) fuelled by softwood from a
sawmill (herewith this biochar is referred to a$s‘biochar’). The gasification zone of
the plant operated under negative pressure (-25)mabaround 1000°C, the pyrolysis
section around 500°C and the “drying zone” at 200f€ pass the feedstock from the
drying zone to the ash discharge section of thetpteok 1 hour.

2.2 Chemicals: Concentrated nitric acid and perchloric acid usedhe extraction of
metals and metalloids were AR grade and obtaineh f8igma, China. The solvents
used for PAH extraction (dichloromethane (DCM), tace and hexane) were HPLC
grade and purchased from Fisher Scientific UK. ldyabitrix was provided by Varian
(Surrey, UK). Florisil (60-100 mesh) used for irltcdean up (Hubert et al., 2000)
within DCM extractions was provided by Promocheneri@any. Copper (general
purpose grade) was purchased from Fisher ScienflfieL Polynuclear Aromatic
Hydrocarbon Mix used to prepare standards for GC-&h@lyses was supplied by
Supelco, USA. Elemental standards for ICP-MS aislywere obtained from
NRCCRM, China.

2.3 Extraction of metal and metalloids

Extraction of metal and metalloids from biochar pea was undertaken using a
method adapted from Wong and Li (2004). Biochargam(0.25g; particle size < 2
mm) were weighed into pre-cleaned Pyrex test tudna$ concentrated nitric acid
(8mL) and concentrated acid perchloric acid (2médled inside the fume hood. The
digestion tubes were then progressively heateddérihe fume hood) in an aluminium
block at: 50°C for 3 h, 75°C for 1 h, 100°C for 1125°C for 1 h, 150°C for 3 h, 175°C
for 2 h, and 190°C for 3 h until they were comeletdry. Thereafter, the test tubes
were cool, 5% nitric acid (10.0 mL) added and tilget re-heated at 700°C for 1 h with
occasional agitation. Upon cooling, the mixtureseméecanted into polyethylene tubes

and centrifuged at 1230g«for 10 min.
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2.4 Quantification of metal and metalloid concentréions:

Samples were analysed for metal and metalloidsgubiductively Coupled Plasma
Mass Spectometer (ICP-MS Agilent 7500cx (AgilentAmologies, Inc., USA)). The
following elements were determined (m/z shown irepthesis): Cd (m/z 111), Cr (m/z
53), Cu (m/z 63), Ni (m/z 60), Pb (m/z 208), Zn £r6b) and As (m/z 75) with Sc (m/z
45), Ge (m/z 72), Rh (m/z 103) and In (m/z 115)duas internal standards. All data
were normalised with the internal standard. Sinmatas mixing of sample and internal
standard (10@g L-1 multielement solution (Agilent)) in the T-gie, prior to flowing to

a concentric nebuliser, was achieved using a péicspump.

For quality control, reagent blanks and standafereace materials (NIST SRM 2709
San Joaquin Soil and an internal reference malesiaie included at a frequency of
10% of the total sample population to evaluate amimation and to assess precision
and bias. Samples were randomised prior to analgsiscentrations were determined
using a five-point calibration. The analytical ritsishowed no signs of contamination
and that the precision and bias of the analysi®wenerally within 10%. The recovery
rates for most of the heavy metals in the inteamati standard reference material (NIST
SRM 2709) were around 80% to 95%. All sample we¢se soaked in 10% v/v nitric
acid for a minimum of 12 h, washed with ultrapuratev, and then oven-dried prior to

use.
2.5 Extraction of PAHs

Extraction of PAHs from biochar samples were euvadaby pressurised liquid

extraction (PLE) using an Accelerated Solvent Ectiom system (ASE 200; Dionex
Corp.) following the procedures described by Latanand Reid, 2010. ASE extraction
cells were packed as follows. On the bottom of eextraction cell, a GF/B filter

(Dionex) was placed. Activated copper was placedtam (activation procedure is
described elsewhere (Shek et al., 2008)). Extnaactedls were then loaded with Florisil
(2 g). Each sample (5 g; particle size < 2 mm) wased with Florisil (2 g) and

Hydromatrix (drying agent: 2 g) and placed in th&gaction cell. Remaining head space
of the cell was filled with Hydromatrix. Finally, @F/B filter (Dionex) was placed at
the top of the ASE extraction cell and the cellaleg Samples were extracted in

triplicate using dichloromethane (DCM) as the soivef choice (see supporting
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information (Appendix A; Table S1) where the retatiperformance of a) DCM, b)

DCM/acetone (1:1), and, c) acetone/hexane (1:4¢¢sunted).

Extraction conditions were adopted from EPA Metl3&dl5 and are similar to those
employed by others (Mielke et al.,, 2001; Schantzakt 1997); 100°C, 5 min

equilibration (heat time), 5 min static (extracjidime, 10.3MPa (103 bar), 60 flush
volume, 1 static cycle. The extracted analytes vpemged from the sample cell using
pressurized nitrogen at 10 bar for 120 s to ensomeplete transfer from the cells to the

collection vials.

In addition to solvent extraction, water extraciowere performed following the
method reported in Latawiec and Reid (2010), winidsented an extraction technique
to assess labile fractions of hydrophobic organimtaminants using ASE 200
(described above) at 200°C and using a 10 mircdiate. A flush volume of 20 % was
used to prevent possible errors in the system dogudue to high water viscosity at
lower temperatures. Samples were mixed with Ottgquartz sand (20-30 mesh, Fisher
Scientfic UK). Extractions were conducted usinglMi water (Millipore, USA). After
cooling in the collection vial, each extract waangferred into a pear shaped separating
funnel (100 mL) and exchanged in to DCM (see Latavaind Reid (2010)). Extractions

were performed in triplicate.
2.5 Quantification of PAH concentrations

Quantification of target PAHSs in all extracts wasfprmed using GC-MS fitted with a
mass selective detector (Perkin Elmer, Clarus 500npound separation was carried
out using a fused silica capillary column (Perkigiger Elite 5SMS, 30m) coated with 5 %
diphenyl and 95 % dimethyl polysiloxane stationphase (0.25 mm i.d. x 0.25 mm
film thickness). The mass spectrometer was operatetD eV in positive ion mode
using selective ion response (SIR). The carriervgas helium (CP grade, BOC UK) at
a constant flow of 1 mL mih Autosampler injections (1 pL) were performed lie t
1:10 split ratio. The oven temperature was prograchas follows: 35°C (holding time
1.5min) raised to 100°C at gradient of 25°C Thithen at 15°C min to 190°C (2 min
hold) and finally ramped at 10°C niirto 270°C and held for 15 min. Total run time
was 35 min. The injector, transfer and ion soueregeratures were set at 189°C, 280°C
and 180°C, respectively with the detector voltagds® V. Identification of PAHs was
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made by integrating peak areas at defined retetitioes and at specific m/z (see Table
S2) using Turbomass Software provided with therimsent and by comparison of
these peaks with the response of a known concemtrat PAHs. Analytical parameters
such as detection limit (see Table S2) and quaatitin of PAHs were determined
using standard solutions and appropriate standaidbration curves. Calibration
standard with known concentration was insertedye@esamples to control any possible
machine drift within a run. All glassware was acetoinsed and oven dried prior to use.
Total PAH concentrations are reported for the l16npounds listed by the US
Environmental Protection Agency (namely, naphthaleenaphthylene; acenaphthene;
fluorene; anthracene; phenanthrene; fluorantheyrene; benzo(a)anthracene; chrysene;
benzo(b)fluoranthene; benzo(k)fluoranthene; benpg(ane; indeno(1,2,3-cd)pyrene;
dibenzo(a,h)anthracene; benzo[ghi]perylene) and lsn denoted in the text as
> 16PAH.

2.6 Statistical analysis and calculations

Independent sample t-test and One-Way ANOVA analyge performed using SPSS
16.0 for Windows. Statistical significance of tméluence of extraction temperature on
extraction efficiencies of different compounds waetermined at 95% confidence
interval with the significance level at 0.05 unlesated otherwise. The approach used in
the calculation of anticipated PTE concentratianbiochar amended soil is accounted

in the supporting information (Appendix A).

3. Results

Metal and metalloid concentrations in dissimilarodbiars varied considerably
depending upon element and feedstock (Table 13st¢ending concentration (mgRg
these were: 0.02 — 0.94 (median 0.03), Cd; 0.1248 @median 4.3), Cr; 0.04 — 13.2
(median 5.5), Cu; 0.1- 1.37 (median 0.46), Ni60-03.87 (median: 0.88), Pb; 0.94 —
207 (median 55.6), Zn and 0.03 — 0.27 (median 0.2%) Considering maximum
metal/metalloid concentrations across the biockiped indicated: bamboo biochar to
have the greatest concentrations of Ni (1.37 + &§%g"), Pb (3.87_+ 1.08 mg Ku,

Zn (207 + 3 mg kg) and As (0.29 + 0.01mg K redwood biochar exhibited the
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highest concentration of Cd (0.94 + 0.01 mg- kgvhile, maize biochar the greatest
concentration of Cr (6.48 + 1.79 mg Rgand Cu (10.6 + 0.5 mg Ky (Table 1).
Comparison of metal/metalloid concentrations follagvpyrolysis at 300°C vs. 600°C
indicated: no significant difference (P > 0.05) tbe majority of pairwise comparisons
(12 out of 21 cases); a significant increase (P05)0in metal/metalloid concentrations
from lower to higher temperature in 6 out of 21 pamsons; and a significant decrease
(P < 0.05) in concentration in 3 out of 21 casexb(& 1).

Increases in metal concentrations were only corslde (approximately x 2) for Pb,
and Zn in the bamboo biochar (Table 1). On balamm#easing pyrolysis temperature
applied to a given feedstock had very little conssgial influence upon resultant

metal/metalloid concentrations in the resultantbars.
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Table 1: Concentrations (mg K of metals and metalloids in dissimilar biocharige letters indicate no significant difference Wween elemental concentrations for a

given feedstock pyrolised at either 800or 608C; while dissimilar letters indicate significanfférence.

Bamboo Redwood Maize TG BC

300C 600C 30dc 600C 30dC 600C 500C
Cd 0.03 + 0.001a 0.03 + 0.003a 0.94 + 0.01a 0.0282b 0.03 + 0.003a 0.03 +0.01a 0.015 + 0.025
Cr 4.30 + 0.06a 4.39+0.21a 451 +0.23a 3.42191D. 5.09 + 0.27a 6.48 + 1.79a 0.12 +0.15
Cu 10.0 + 8.1a 6.31 + 0.01a 2.03 + 0.06a 2.06 #0.0 10.6 + 0.5a 13.2 +0.27b 0.04 +0.01
Ni 1.37 + 0.55a 1.25 +0.22a 0.42 + 0.03a 0.57248. 0.37 + 0.04a 0.59 + 0.09b 0.1+0.1
Pb 1.92 + 0.15a 3.87 + 1.08a 0.64 + 0.06a 0.871L.10. 0.06 +0.11a 1.07 + 0.10b 0.15 + 0.02
Zn 124 + 2a 207 +3b 38.5 + 3.5a 38.5+ 3.8a 92Ba 53.9+3.3b 0.94 +0.41
As 0.27 + 0.01a 0.29 + 0.01b 0.12 + 0.02a 0.163®. 0.25 + 0.03a 0.21 +0.01a 0.03 +0.02
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3.1 PAH concentrations in dissimilar biochars

Y'16PAH concentration varied and depended upon feekilstod the temperature of
pyrolysis (Figure 1). The medrsPAH concentration ranged between 0.08 mg uy
8.7 mg kg' (Table 2); the TG biochar had the highEstPAH concentration (8.7 + 1.2
mg kg"); while the median concentration for the nine bars was 3.8ng kg*. The
concentrations of 1PAH obtained in samples produced at 300°C werdfiigntly (P

< 0.05) higher compared to the samples produc€@@(C (Figure 1). At 300°C, maize
derived biochar indicated the highest concentratibi1PAH (5.66 + 1.4 mg KJ),
while concentrations decrease for redwood (4.5478 &g k@), bamboo (2.47 + 0.12
mg kg?) and rice straw (2.27 + 0.07 mgRo(Figure 1). This order was not maintained
for 600°C biochar (Figure 1). The concentration§ @PAH in the biochars derived at
600°C were: maize (1.47 + 0.19 mgRgrice straw (1.15 + 0.04 mg Ry bamboo
(1.06 + 0.13 mg kQ) and redwood (0.08mg kg") (Figure 1). Of all the biochar
matrices assessed, the redwood pyrolised at 60@fi€aited the lowest concentration of
Y'16PAH (0.08 mg kif). This concentration was two orders of magnituieelr than
that observed for redwood pyrolised at 300°C (43473 mg k).

Considering individual PAHSs, it was observed thaterall, lower molecular weight
PAHs were found to be more abundant than the higi@ecular weight compounds
(Table S1; Figure 2). Naphthalene was the mostddntrindividual PAH compound in
all of the biochar matrices assessed (except fiwesed 300°C and rice straw 300°C),
with concentrations ranging between 0.5 mg t@5.11 mg kg (Table S1; Figure 2):
the median concentration across the nine biochassw62 + 0.04 mg Kg Anthracene,
fluoranthene and pyrene were the compounds mosh dftund to be present in the
biochar matrices (Table S1; Figure 2). Their cotregions ranged from 0.05 mg kep
1.12 mg kg. Pyrene was the only compound that showed corat@nts higher than
the limit of detection for all biochar matrices.rege concentrations were noted for their
consistency across biochar types with no significdfierence (p<0.05) between the
biochar types (Table S1; Figure 2). With the exicepof fluorene in redwood and rice
straw at 300°C (both 0.12 mg Kgand TG biochar (0.3 + 0.01 mg Ky acenaphtene
(1.69 + 0.43 mg k) and acenaphtylene (1.17 + 0.04 mg'kdn TG biochar;
benzo(a)anthracene (0.2 +* 0.01 mg kg chrysene (0.36 mg Ky and

benzo(b)fluoranthene (0.2 mg Rgin 300°C rice straw; the remaining PAHs present
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were below the detection limit. The concentratiafisnaphthalene and fluoranthene
were observed with significant differences (p <5).@epending upon the feedstock and

pyrolysis conditions (Table S1; Figure 2).

In light of the TG biochar having the high&stPAH concentration (8.7 + 1.2 mg Ky
further assessment was made to establish theigamit PAHS in this matrix. Towards
these ends a water based non-exhaustive PLE wds Siseh an extraction approach
has been reported to potentially mimic PAH desorpitnto agueous media (Reid et al.,
2000) and thereby provide an indication of bioaaility of the organic compound to
biological receptors, such as bacteria (Miller &heixander, 1991; Ogram et al., 1985).
Cornelissen et al. (1998) suggested that the bilada fraction of a compound to be
that which can be rapidly desorbed via the aqu@hase. Results indicated that water
based PLE did not liberate PAHs above the limidetection.
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Figure 1: Y;PAH concentrations (mg Kgy in biochar produced using redwood, bamboo, riceasand
maize (at 600° (white) and 300°C (grey)) and TGhar (at 500°C (black)). Error bars represent stethd
errors (n=3). Upper-case letters indicate significdifference between biochar produced at the same
temperature, while lower-case letters indicate igant differences between couplets of biochar enad

from same feedstock but at different temperatures.
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Figure 2: Individual PAH concentrations (mg Rpin biochar produced using redwood, bamboo, rtcewsand maize (at 600° (white) and 300°C (grey)) aG

biochar (at 500°C (black)). Error bars represtandard errors (n=3). Missing bars indicate vah&lsw detection limit.
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Table 2: Maximum, minimum and median concentrations (mg)kmetals and metalloids in the nine dissimilar bic matrices and their comparison with

concentrations in background soils, guidance valaesewage sludge, guidance values for composS(RPA11) and concentrations in coal. Where thefegemce

values are approached within one order of magnjtodexceeded, by the maximum biochar PTE condémtisa this has been highlighted in bold.

BC BC BC Background soil Sewage Sludge Compost Coal
Minimum Median Maximum (1) ) 3) 4)
Cd 6.6*10* 0.03 0.94 0.8 20 1.5 0.046
Cr 0.02 4.34 8.27 44 n.a. 100 15.1
Cu 0.03 5.48 18.1 19 1000 200 30.22
Ni 0.03 0.46 1.92 25 300 50 5.27
Pb 0.12 0.88 4.95 39 750 200 18.98
Zn 0.64 55.63 210.74 89 2500 400 17.1
As 0.01 0.21 0.30 6.2 16 1.0 1.2

1: concentrations in background soil taken from Céieal. (2001) for As and Zhao et al. (2007) féo#ther metals

2: guidance values for sewage sludge (E.C. (1986)

3: guidance values for compost (PAS, 2011)

4: concentrations in coal (Wang et al., 2006)
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4. Discussion

Given the proposed application of biochar to sbilsi important to appreciate the
implications of this practice with respect to tles@ciated addition of metals, metalloids
and PAHSs to soil. Towards these ends, a contesatain of metal, metalloid and PAH
concentrations present in biochar with respech&r tconcentration in: i) background

soils, ii) sewage sludge, iii) compost, and iv)ldegrovided.
4.1 Contextualisation of metal and metalloids in lmchar

Background soil concentrations. Metals and metalloids are naturally ubiquitoushie
environment; their presence in soils resulting radly from the weathering of the
parent materials from which soils are derived. Quio the use of raw materials these
natural levels have been influence by anthropogadiwities; it has been argued, that
because of human influence, natural backgrounddewve longer exist on the planet
(Reimann and Garrett, 2005). Recently the Inteomali Organisation for
Standardisation (ISO) defined the term “ambientkgaound concentration” (ABC);
this being the resultant trace element concentratiosoils that have been subject to
moderate diffuse inputs (but not inputs from lopalnt sources that would generally
result in concentrations that are greatly eleva(¢dp, 2005). Attempts to define a
single background ABC is fraught with difficult lsacse of heterogeneity in regional
geology and geochemistry (Reimann and Garrett, 2a@5addition, soil texture also
greatly influences trace element concentrationadih @Reimann and Garrett, 2005).
Zhao et al. (2007) provided results of a statisigalysis of the soil geochemical data
for England and Wales (the National Soil Inventdwgl), with the aim of estimating
local or soil type specific ABCs, for a range okttge classes, for the trace elements:
Cd, Co, Cr, Cu, Ni, Pb and Zn (but not As). The rmedoncentration values for the
soil texture class ‘fine loamy’ as reported by Zledcal. (2007) were used to provide
context for the metal and metalloid concentratiogmsbiochar (Table 2). Arsenic
concentrations vary tremendously and are strongtyetated with soil parent material
(O'Neill, 1995). In the UK the soil guidance val(®GV) of 32 mg kg is used by the
Environment Agency as a safe level of residentsa (EA, 2009). Chen et al. (2001),
like Zhao et al. (2007), took a statistical apptodc assessing background arsenic

concentrations in soil (Florida USA). Towards thesels, As concentrations were log-
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normally distributed and the baseline backgroundhceatration defined as the
geometric mean within the 95% range of values @6%). The 6.2 mg kibackground
value for undisturbed soils, reported by Chen e(24l01), was used to provide context
for the biochar As concentration. This value wasduas it was considerably lower than
the UK SGV.

Of the metals and metalloids, only Zn exceededotiekground ABC value (of 89 mg
kg') by a considerable margin. The maximum Zn conegiolm (bamboo biochar
600°C) was more than double the ABC value (Tablevi2h the lower temperature
(300°C) bamboo biochar and lower temperature (3p@3&ize biochar (Table 1) also
exceeding the Zn-ABC value. The maximum concemnatiobserved for the metals Cd
and Cu in biochar were close to the ABC values I@&) while the remaining metal
and metalloids fell below their respective ABC \edlby considerable margins: Cr by a
factor of 5; Pb by a factor of 8; Ni by a factor I#f; and, As by a factor of 20. It was
noted that none of the metal/metalloid median cotreéons infringed the soil ABC

values (Table 2).

In order to further contextualise the levels of afetand metalloids in biochar
calculation of the anticipated resultant concerratof these elements following
biochar application (100 t Ha to soil was undertaken (see supporting infornmitio
(Appendix A; Table S3). Where minimum and mediaduga were used in the
calculation the resultant concentrations in theraaed soil weréower than those in the
receiving background soil. Only where maximum caoricdion values were applied
was the resultant concentration of metals obseteethcrease with respect to the
receiving background soil; this increasing beingedofor Cd and Zn only. In these
cases concentrations were increased by only 3%2a%g respectively. Thus, it can be
concluded that biochar application to soil (up toapplication rate of 100 t Hais
unlikely to make any real difference to metal andtatioid concentrations in the

receiving soil.

Sewage sludge and composts. Sewage sludge and composts commonly applied to

agricultural land with a view to improve soil sttue and fertility. Across Europe the

application of sewage sludge to agricultural lamdegulated through the Commission

of the European Communities’ Council Directive @& June 1986 on the protection of

the environment, and in particular soil, when seavsigdge is used in agriculture (E.C.,
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1986). This document details limiting concentrasidor the metals and metalloids: Cd,
Cu, Ni, Pb, Zn and As (but not Cr) present in seavsigdgeper seand in soil to which

sewage sludge has been applied.

None of the metal or metalloid concentrations reggbihere (Table 2) exceeded the
sewage sludge guidance values. Of the metals atallongs, Zn was the only element
that came close to approaching the sewage sludgdgarge limit; its maximum
concentration (bamboo biochar 600°C) being withidaetor of 12. Maximum Cu
concentrations (bamboo biochar 300°C) were withfactor of 50, while maximum Ni
(bamboo biochar 360) and Pb (bamboo biochar 600°C) concentration wétle a
factor of 150.

While the metal and metalloid concentrations ircher fall considerably below sewage
sludge guidance values it should be acknowledged the metal and metalloid
concentrations set for sewage sludge by the EUchine are much higher than values
set for other media. In more recent years, thei@lylAvailable Specification (PAS 100)
criteria (PAS, 2011) for compost sets concentrativasholds for metals and metalloids
at levels that are typically an order of magnitloleer than those for sewage sludge
(Table 2). Considering the concentrations of matad metalloids present in biochar
alongside PAS 100 criteria for compost (Table iagndicated that none of the metal
or metalloid concentrations exceeded the guidaabees. Maximum concentration for
both Zn and Cd in biochar came closest; fall withifactor of 2 of the PAS 100 criteria;
while As fell within a factor of 3; Cr and Cu fellithin a factor of about 10, and; Ni and

Pb within factors of 25 and 40, respectively.

Coal: Wang et al (2006) reported concentrastion of reetald metalloids in coal.
Interestingly, maximum metal and metalloid concaindns observed in biochar were
very similar to their levels reported in coal (Tald). In all cases maximum metal and
metalloid concentration in biochar fell within ander of magnitude of the values for
coal (Table 2).

4.2 Contextualisation of PAHSs in biochar

Background soil concentrations. PAHs released into the atmosphere from pyrolitic
processes are returned to the ground surface bgsatmric deposition processes

contributing to the PAH burdens of soils (Wild ahohes, 1991). Jones et al. (1989)
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reported UK soil}’1JPAH concentrations in rural and urban areas to rgdéigefall into
the concentration range 0.1- 54.5 mg‘kgjth higher concentrations in urban areas,
near to point sources, in soils with high organitter contents and sometimes in soils
amended with sewage sludge (Jones et al., 1988ki&0et al. (1997) analyzed surface
soil in either remote, semi-rural and rural regiatistributed over the UK where
emissions of PAHs could be limited and reporfedPAH concentrations to range
between 0.02 — 7.4 mg RgCousins et al., 1997).16PAH concentrations observed in
biochar are comparable to concentrationy oPAH and) 1,PAH previously reported
in background soils (see above and Table 3). Gitlen similarly in >;6PAH
concentrations (0.08 mg Rgnd 8.7 mg kg (Table 3)) in biochar to those reported for
background soils it is appropriate to conclude tiaHs in biochar are likely to be of
minimal concern following biochar application toilsd-urthermore, since PAHs are
hydrophobic compounds that associate strongly witbanic matter, the physical
structure of biochar and its recalcitrance (Somketeal., 2003) it is probably that long
term bioavailability of biochar associated PAHdikely to be low. Indeed water based
PLE confirmed this in failing to liberate any PAkbim biochar at concentrations above
limits of detection.

Sewage sludge and composts. It has been reported that the concentrations dii$Piy
sewage sludge is variable depending on sludge typa&tment and wastewater source
(Stevens et al., 2003). Stevens et al. (2003) geovesults on organic pollutants
(including PAHS) in digested sewage sludge fromUkdwastewater treatment plants.
Regarding the total PAHs analysed (24 compount®)as reported that depending on
the sewage sludge sample areas (urban/non-urthenfoncentrations ranged between
67 to 370 mg kg dry weight (dw), (note these values exceed thegmep EU limit (18

to 36 mg kg dw)).

Recently, Olesczuk (2010) reported the influenceage sludges and composts had
upon level of PAHs in soils (Olesczuk, 2010). Moreo Oleszczuk (2010) reported
>PAH concentrations in two sewage sludges and twoposts to average ranges
between 2.72 + 0.13 and 3.54 + 0.13 md &gd between 1.92 + 0.1 and 3.91 + 0.24
mg kg*, respectively. It is noted that the range of comregion (0.08 mg kgto 8.7 mg
kg?) reported here for biochar matrices is of the samder of magnitude to those
reported by Oleszczuk (2010).
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A Working Document on Sludge produced by the Euaop®&nion (2000) provides
“limit values for concentrations of organic compdsrin sludge for use on land”. The
EU proposes a concentration limit of the “sum of AHs” equal to 6 mg Kigiry
matter. The PAHs considered are acenaphthene, pieeae, fluorene, fluoranthene,
pyrene, benzo-[b]fluoranthene, benzo-[j]fluorantien benzo-[k]fluoranthene,
benzo[a]pyrene, benzo[ghi]perylene, and indenoBi¢d]pyrene (denoted :;,PAH).
Only at the upper end of th&¢PAH concentration reported here was this 6 midkg
matter limit exceeded (by a factor of 1.5 timesh(€a3)).

Individual median PAH concentrations were in kegpaith those reported for compost

and in general considerably lower than those repddr sewage sludge (Table 3).

Coal: Laumann et al. (2011) reported that the conceaatrs} s,PAH in coal from
eleven different regions worldwide varied from 668 mg kg depending by the rank
and the origin of the coal. Thus, concentrations@PAH in biochar (0.08 mg kbto
8.7 mg kd') were two orders of magnitude lower than thoseoia.
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Table 3 Maximum, minimum and median concentrations falividual PAHs (mg/kg)y 1:PAH and} ;PAH in the nine

dissimilar biochar matrices and PAH concentrationsewage sludge and compost from the literature.

Biochar Biochar Biochar Sewage sludde = Compost
PAH

(minimum) | (median) (maximum) (mean) (1) (mean) (2)
Naphthalene 0.23 1.67 5.11 3.7 0.651
Acenaphthylene <LOD <LOD 1.69 0.06 <LOD
Acenaphthene <LOD <LOD 1.17 4 0.2
Fluorene 0.12 0.12 0.3 5.7 <LOD
Anthracene 0.03 0.11 0.23 0.72 0.06
Phenanthrene <LOD <LOD <LOD 7 0.96
Fluoranthene 0.08 0.21 0.47 4.9 0.4
Pyrene 0.12 0.91 1.12 4.2 1.84
Benzo(a)anthracene <LOD 0.2 0.2 1.8 <LOD
Chrysene <LOD 0.36 0.36 2.6 0.67
Benzo(b)fluoranthene <LOD 0.2 0.2 3 0.35
Benzo(k)fluoranthene <LOD <LOD <LOD 2.2 0.08
Benzo(a)pyrene <LOD <LOD <LOD 2.1 0.12
Indeno(1,2,3-cd)pyrene <LOD <LOD 1.3 0.81 <LOD
Dibenzo(a,h)anthracene <LOD <LOD <LOD 0.19 0.3
Benzo[ghi]perylene <LOD <LOD <LOD 1.3 0.88
>11PAHs O <LOD® 1.22 217 35.21 4.83
316PAHS™ 0.0¢ 2.28 8.7 44.28 6.51

LOD - level of detection limit; (1) (Stevens et, &003) data were obtained through Soxhlet extvaaiising DCM as extraction solution. This method
is equivalent to DCM-ASE extraction method as prasly showed in literature (Heemken et al., 198¥grefore the values are comparable with the
concentrations of PAHSs in biochar presented inpliser.; (2) (Villar et al., 2009) The PAHs wexgracted by HPLCD-DAD-FL; (*)The EU sewage
sludge proposal conside¥§:PAHs (see manuscript); (+)The US EPA consider$AHs (see manuscript); (J)PAH concentrations shown are not

the sum of the individual PAH values shown in tbe/s above; but are: minimum, median and maxim}i\H concentrations for actual samples.
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5. Conclusions

Collectively, results have indicated that concdmdrns of metals, metalloids and
>'16PAH in biochar to be lower than those reportedcaegtable for sewage sludge and
either lower, or in keeping with, those acceptalibe compost. Significantly,
concentrations of metals, metalloids gn@dPAH in biochar were in keeping with those
reported for background soils. Subsequent calaumatnas revealed that biochar
application to soil (up to 100 t B lacks the capacity to elevate metal, metalloid
concentrations above background levels. It followst environmental impacts
attributable to metals, metalloids and PAHs assediavith biochar following its

application to soil are likely to be minimal.

Currently there is no regulation regarding appiaratof biochar to soil. In many
respects, the issues relating to the applicatidnaxfhar as a soil improver parallel those
implicit to those relating to sewage sludge and posts. For both of these soil
amendments, guidance already exists. In the casewrdge sludge, the Sewage Sludge
Directive 86/278/EEC requires member states toulatg sewage sludge in agriculture
in such a way as to prevent toxic effects on s@getation, animals and man, thereby
encouraging the correct use of such sewage sludgeale guidance for compost

assumes a quality control approach to limit lee¢IBTES.

It is stressed that the feedstocks (bamboo, redwooel straw and maize) used in the
production of biochar for this research might besadibed to be of ‘low toxicity

provenance’; biochar produced from less ‘pristifeedstock, for example, domestic
waste may well contain potentially toxic elements greater abundance. As a
consequence, there is a need to develop critegardang suitability of potential

feedstock with a view to constraining concentratiohpotentially toxic elements in the
resultant biochars. Particular reservation is agdcto the production of biochar from
feedstock that could contain chlorinated organimpounds (e.g. polyvinyl chloride (a
common plastic) or pentachlorophenol (used in tleattent of timber)) as their
pyrolysis may result in polychlorinated biphenyl-p-dioxins andrdns (PCDD/F)

formation.
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Chapter 3

Reduced bioaccumulation of PAHs by
Lactuca satuva L. grown in contaminated
soil amended with sewage sludge and sewage
sludge derived biochar
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Abstract

The influence of sewage sludge (SS) and sewag@sslbidchar (SSBC) upon biomass
yield and the bioaccumulation of PAHs into lettydants grown in contaminated soil
(X 16PAH 20.2 + 0.9 mgky is presented. All SSBC amendments (2, 5 and 109d)
the 2% SS amendment significantly (P < 0.01) inreeddettuce biomass. Both SS and
SSBC amendments significantly reduced (P < 0.04 bibaccumulation of PAHs at all
application levels; with reduction iR16PAH concentration ranging between 41.8 -
60.3% in SS amended treatments and between 58.8.2%6in SSBC amended
treatments, with respect to the control. Benefitsdrms of biomass production and
PAHs bioaccumulation reduction were greatest whe8BC was used as a sall
amendment. At high application rates (10%) SSBQ@eed bioaccumulation of PAHS
by between 56% and 67%, while SS reduced bioacatonl of PAHs by less than
44%.
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1. Introduction

Industrialization and urbanization have dramaticaficreased the volume of sewage
sludge produced by wastewater treatment plantsugi@ut the world. In China,
approximately 30 million tons of sewage sludge waserated in 2010 (Yu, 2011).
Agricultural application of sludge has increasednaatically following the passing of
the Ocean Dumping Act (1988). In China, 44% of agev sludge is used in the
agriculture sector (this compares with: 71% in WK% in Germany; 54% in Spain; 65%

in France; and 60-65% in the USA (Spinosa, 2011;2011; Eljarrat et al., 2008)).

Application of sewage sludge to agricultural laredivcers well recognized benefits in
terms of nutrient addition, increased soil orgamatter content (Benckiser and
Simarmata, 1994), benefits to soil structure (Ridbaet al., 2000) and as a consequence
benefits for crop yield (El-Motaium and Abo EI-Selpu2007). However, negative
issues relating to sewage sludge application tacagural land also exist. It is well
documented that over application of sewage sludge adversely affect soil biota
(Creamer et al., 2008). In addition, sewage slutge the potential to introduce
pathogens into the soil (Kelley et al., 1984). Tiamsfer of these pathogens on to food
and ultimately into the human food chain has aksenbestablished (Reilly, 2001).

Biochar is carbon rich material produced through hocess of pyrolysis under limited
oxygen conditions (Cao et al., 2011). When appitesoil, biochar increases soil cation
exchange and water-holding capacities (Glaser.,2@02; Bélanger et al., 2004; Keech
et al., 2005; Liang et al., 2006). In addition,d#ar is rich in nutrients (e.g. P, K) and
other microelements (e.g. Mg, Ca, Mn) (Neary et #099). Biochar has also been
shown to immobilize metals and reduce the bioakditg of hydrophobic organic
compounds (HOCs) due to its sorptive capacity (Wetngj., 2011). It is suggested that
the application of biochar to soils that have elegadburdens of metals and HOCs may
abate problems associated with their toxicity dmelrttransfer onto and into food and
ultimately into the human food chain. This scenasigignificant in China where rapid
urbanization has lead to elevated levels of metats HOCs (particularly, polycyclic

aromatic hydrocarbons (PAHS)) in peri-urban sdilattare extensively used for crop
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production. This research provides a direct conspariof sewage sludge (SS) and
sewage sludge biochar (SSBC) influence upon crabd yand mitigation of PAH

bioaccumulation into lettuce plants grown in contaated soil.

2. Materials and methods

2.1 Chemicals

All solvents were HPLC/spectro grade purchased ffaaia Company Inc, USA. Silica
gel, alumina and sodium sulfate were purchased Bompharm Chemical Reagent Co
Ltd., China. Surrogate standards (PAH-Mix 24 deaittst, LA20950024HE) and
reference materials (PAH-Mix 9, XA20950009CY) werachased from the laboratory

of Dr. Ehrenstorfer, Augsburg, Germany.

2.2 Soil sampling

Soil samples (upper horizon, 0-20 cm) contaminatétd PAHs were collected from
different locations around Sanming Steel RefineFgjian Province, China). Soil
samples were sieved (2 mm mesh) and homogenizedotade a composite sample.
Sub-samples were freeze-dried at -50°C and 123Pa 2nd stored at -20°C in paper

sacks for future analyses.

2.3 Biochar preparation

Sewage sludge obtained from Xiamen Yundang wasewetatment plant was air
dried. SSBC was prepared from SS by pyrolysis 8iG5or 6 h in a high performance
automatic controlled furnace (GWL-1200, Henan, @hiunder a continuous flow of
nitrogen. A cooling chamber, with water, was used gassing the off-gas to allow
condensation of heavy tars. The biochar was thehedoinside the furnace to room
temperature in the presence of nitrogen gas. Piepaf SS and SSBC such as pH, EC,
LOI, C, N, S, porosity and surface area are givablgd S1.
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2.4 Experimental design

PAHs contaminated soil was amended with SS or S@B€A4) at application rates of 2,
5 and 10% (defined as SS2, SS5, SS10 or SSBC2, E8BC10, respectively) (dry
weight basis). An un-amended control soil was glepared (n = 4). Treatments had a
total mass of 2 kg. Six uniform seedlings of lettu@.actuca satuval.) were
transplanted to each treatment pot and then thitmed after one week (Khan et al.,
2008). The experiment was conducted in a greenhonder natural light (12 h) with
day temperature of 30 + 3°C and night temperattirddo+ 3°C. Soils were irrigated
with deionized water to maintain the moisture caht@®0% field capacity). The pots
were randomized at regular interval to compensatédght and temperature differences
inside the greenhouse. Plants were harvested afteeeks following their initial
transplanting, and separated into shoots and r@&jiteots were rinsed briefly with
deionized water, while roots were first washed w#h water and then with deionized
water to remove adhering soil particles. After dgywith tissue paper, shoots and roots

were freeze-dried at -50°C and 123 Pa and dry weigitorded.

2.5 PAHSs extraction and quantification

Lettuce, SS and SSBC samples (2 g) were extracitbddichloromethane (DCM) and
acetone (1:1 ratio) using accelerated solventsaetkdn (ASE, Dionex-350). The
extracts were evaporated to 1 mL using a rotaryp@enaor and purified using silica
chromatography columns prepared with silica ge}QAland capped with N&O, (all
activated before use; see Khan et al., 2008). Hiftere the columns were washed with
hexane. The concentrated extracts, then were lodedlumns to separate the PAHs
from other polar interfering compounds. These caisnwere eluted with 60 mL
mixture of hexane and DCM (7:3), the eluted fratsiavere again evaporated up to 1
mL using rotary evaporator and transferred to Kndddanish concentrator and rinsed
with 10 mL of n-hexane. Afterward, the eluted frastwas again reduced to 1 mL
under nitrogen flow and transferred to a vial cappeth a Teflon-lined septum for

analysis of PAHs. The final concentrated extractslyzed using gas chromatograph
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mass spectrometry (GC-MS, Agilent Technologies ®975(see Supporting
Information).The GC-MS was equipped with an inert XL MSD with a keipaxis
detector and used under the selected ion monitamogle. An HP-5 silica fused
capillary column (60 m x 0.25 mm inner diameter.250um film thickness) was used
with helium as the carrier gas at a constant flawe rof 1 ml miff. The GC oven
temperature was programmed to ramp from 50°C t8Q@®0 10°C mift, then to 300°C
at 10°C mift- and to then hold for 8 min at this temperaturee Tjector and detector
temperatures were 280°C and 300°C, respectivelyssMpectra were acquired at the
electron ionization mode, while selected ion mamig (SIM) mode was carried out
using the molecular ions selective for individu#lH%. For quality control and data

analysis see the supporting information (Appendix B

The efficiency of ASE extraction and silica colupurification for PAH recovery from
soil, sludge, biochar, plant samples and samplekblavas checked with surrogate
PAH-deuterated standards (acenaphthene d10, clerylgh) naphthalene d8, perylene
d12 and phenanthrene d10). The results showedasabis/ recovery, with the average
recovery ranging from 83.6 £ 8.2% to 96.5 * 6.4%.

2.6 Data analysis

The data were statistically analyzed using theissiizdl package SPSS 11.5. The
measures were expressed in terms of mean, whilggines presented the mean values
and standard deviation of four replicates. Stats$tsignificance was computed using
Duncan’s multiple range test and Paired-samplesti-wvith a significance level of P <

0.01.

3. Results and discussion

3.1 PAHSs in sludge, biochar and soll

The total PAH concentrations in SS, SSBC and serewrespectively: 2.95+0.10, 4.35

+ 0.33 and 20.2 + 0.22 mg kgsee Table 1). The PAHs concentrations in sewage
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sludge were found to be within permissible limiBOPAHs, 6 mg kg) as set by
Council of the European Community (CEC, 2000) fadge application (5 tons of dry
weight per ha) to agricultural land. The PAH corications in SSBC were below those
recently recommended by the International Biocmatiative (IBI, 2012) (between 6
and 20 mg kg) and below those reported by Freddo et al. (20C2mparison of
Y'16PAH concentration in the control soil (20.21 20mg kg') with those in the SS10
(18.5 + 1.0 mg kg) and SSBC10 (18.6 + 1.0 mg Kgrevealed a reduction in PAH
concentration of 10%. This result could be expldibg the reduced amount (10%) of
contaminated soil present in SS10 and SSBC10. ™Tihstion’ effect will have
contributed to the bioaccumulation reductions dised below but, it is stressed, that
bioaccumulation reductions are of far greater magei than that can be attributed to

dilution alone.
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Table 1: PAH concentrations in sludge, biochar and goil kg?).

PAH Sludge Biochar Soll
Naphtalene 1596 + 29 748 + 18 2357 + 49
Acenaphthylene ND ND 276 £ 12
Acenaphthene ND ND 150 £ 15
Fluorene 34 +0.9 77+x2.1 295+5.6
Phenanthrene 263 +£31 1139 + 67 2425 + 34
Anthracene 33+2.4 70+14 425+ 4.7
Fluoranthene 9.6+0.4 332 +£20.0 2708 £ 57
Pyrene 221 +17 530 +22.5 2073 + 27
Benzo(a)anthracene 120 + 8.7 174 + 3.7 1434 + 3
Chrysene 116+ 2.4 619 +4.9 1220 + 16
Benzo(b)fluoranthene 163+£1.2 226 £ 8.7 2187 £ 19
Benzo(k)fluoranthene 64 £0.7 89+3.8 800 £ 10
Benzo(a)pyrene ND ND 767 £ 7
Indeno(1,2,3-c,d)pyrene 199+ 3.0 202 +4.8 1960 +
Dibenzo(a,h)anthracene 37+2.0 49+1.0 228 +1
Benzo(g,h,i)perylene 91+3.2 92+0.9 9014
»16PAH (mg kgl 295+0.10 4.35+0.33 20.21+0.22

ND - not detected

56



3.2 Plant biomass

The root biomass production in the SS and SSBGntieyats followed a similar pattern
of changes as those observed for shoots (Figula &)l SSBC treatments, the biomass
of shoots was significantly higher £20.01) than the control soil (Figure 1). Theseehre
treatments appreciably improved shoot biomass yielden compared to the control,
showing increases of: 71%, 93% and 46% in SSBCBCSSand SSBC10 treatments,
respectively. Shoot biomass in the SS2 treatmerst also significantly (P< 0.01)
increased (an increase of 83%) with respect tatmtrol soil (Figure 1). It was noted
that no appreciable benefit in terms of shoot bssnavas realized following SS
application at 5% and 10% (Figure 1). The decr@apéant biomass with increasing SS
and SSBC application rates could be related with IC:N ratio which presumably
limited N availability, thereby slightly reducindgmt yield because fertilizers were not
added to these treated soils to normalized ther@tis. These findings are consistent
with the results in literature (Lehmann et al., 200zoma et al., 2011). In addition, it is
equally plausible that potentially toxic elemer®§ Es) associated with SS are exerting
a negative effect, at higher SS application radasplant growth. Issues relating to PTE
toxicity in SS amended soils are very well docuradr(for example, see: Andrés et al,
2011). In contrast to SS, PTE levels in biochareheacently been contextualized as
being consistent with concentration in backgrouoid ((reddo et al, 2012). It follows
that biochar addition to solil, regardless of amgilan rate, is unlikely to elevate PTE
concentrations. Accordingly ecotoxicity relationg PTEs in biochar amended soils

would not be expected.

The results indicate the greater potential SSBCavas SS with respect to promoting
plant growth (particularly at higher applicatiortes). The root biomass production in
the SS and SSBC treatments followed a similar patiechanges as those observed for

shoots (Figure 1).
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Figure 1: Shoot (white) and root (black) biomass (g dry wéigpt) in the control (un-
hatched), sewage sludge amended treatments (SBetatand sewage sludge biochar
treatments (SSBC; cross-hatched) at applicatiagsrat 2%, 5% and 10%. Error bars
indicate + 1 standard deviation. Asterisks indicatgnificantly high whole plant

biomass (0.01) with respect to the control.

3.3 PAHSs in plant tissues

All 16 PAHs were detected in lettuce plants gromncontrol soil and treatments
amended with SS and SSBC (Figure 2). The highesglesiPAH concentration
(benzo(a)pyrene: 0.29 mg Kgwas observed in lettuce grown in the control .soil
Fluoranthene was the most prevalent PAH in lettgaavn in soils amended with

sewage sludge (from 0.11-0.14 mg*@nd biochar (from 0.13-0.15 mg Ky

The results indicate that the applications of S8 &8BC significantly (< 0.001)
decreased the bioaccumulation of both low molecwkight-PAHs (LMW-PAHS) and

high molecular weight-PAHs (HMW-PAHS) in lettuceosits. The concentration of
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Y16PAH in lettuce grown in control soil was 1.72 ® mg kg (Figure 3). The
concentrations of total 16PAH in lettuce grown in soil amended with SS walle
significantly (P < 0.01) lower than the control,(fkg?): 0.68 + 0.04 (SS2), 0.86 + 0.03
(SS5), 1.00 £ 0.04 (SS10). Similarly, the concemns of total> 16 PAH in lettuce
grown in soil amended with SSBC were all signifitar(P < 0.01) lower than the
control, (mg kd): 0.63 + 0.03 (SSBC2), 0.69 = 0.04 (SSBC5), 0.72.G3 (SSBC10).
SS application reduced 16 PAH bioaccumulation by 41.8-60.3%, while SSBC
application reduced total16PAH bioaccumulation by 58.0-63.2% (Figure 3).

At an application rate of 2%, bioaccumulation afiidual PAHs in the presence of SS
was closely related to values detected in the paesef SSBC (Figure 4A). Thus, SS
and SSBC, across all PAHs, had an equivalent infleeupon resultant PAH
concentrations in lettuce. In most cases SS and_Skf8reased PAH concentrations in
lettuce by between 60 and 70% (Figure 4A). Excegtio this being: phenanthrene (30%

decrease), fluoranthene (35% decrease) and py#6Pe decrease).

At an application rate of 5%, SSBC was observdaetmore effective at reducing PAH
concentrations in lettuce than SS for the majaoityPAHSs i.e. data points fell in the
upper left portion of the frame (Figure 4B). Thelyorexceptions to this being
phenanthrene, fluoranthene and pyrene (Figure @Bjhese PAHs, phenanthrene and
pyrene were noted to be particularly abundant if{¢®8tributing 8.9% and 7.5% to the

> PAH concentration, respectively (Table 1)).
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Figure 2: Individual PAH concentration in lettuce shootswgnoin control soil and soils amended with SS (A)l avith SSBC (B) with

amendment applications of 2 %, 5 % and 10 %. Hraos_+ 1 standard deviation (n = 4).
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Figure 3: PAH concentrations (mg Kjin shoot biomass in the control (un-hatched), s@vsludge amended treatments (SS; hatched) and
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Asterisks (*) indicate significantlydecreases{®.01) with respect to the control.
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These LMW-PAHs would be expected to be of greatailability (Latawiec et al.,

2008). It is suggested, therefore, that the higiygplication rate of 5% may have
increased the concentration aVailable LMW-PAHs (phenanthrene and pyrene in
particular) and as a consequence bioaccumulatiadheske PAH increased with respect
to the 2% SS application treatments. PAH partihgnin biochar has been reported to
be strong; Freddo et al. (2012) reported pressirszdocritical water extraction to be
unable to liberate PAHs from softwood biochar (et at 500°C) above limits of
detection. It is suggested that while SSBC wouldeharovided PAHSs to the soil that
these were largely non-available and as a consegquemere not subject to

bioaccumulation.

At an application rate of 10%, SSBC was again okeskto have the greatest influence
upon PAHs concentrations in lettuce. Only in theecaf phenanthrene the reduction of
PAHSs bioaccumulated in to lettuce relative to ektdrbioaccumulation observed in the
control soils was more effective in SS (35%) th&BS (28%) in reducing resultant

concentrations in lettuce. Both fluoranthene ancepg concentration in lettuce were
influenced to an equivalent extent by SS and SSB@lII other case SSBC was more
effective at reducing PAHs concentrations in ledtichen compared to SS relative to
extent of bioaccumulation observed in the contmlss ranging from 56% to 67% in

the SSBC10 treatments and from only 1% to 44%en3810 treatments.

Accounting for these difference in bioaccumulataPAH, biochar has been reported
to have a high sorptive capacity which is due sopiarticular chemical and physical
structure (Zhu and Pignatello, 2005; Zhu et al.0®20Spokas et al., 2009) these
properties of biochar are very different to tho$ether organic matrices, for example,
sewage sludge. Furthermore, while biochar may taegotential to deliver additional
PAH into the soil, in reality biochar PAHs have ywéow bioavailability (Freddo et al,
2012).
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reduction in bioaccumulation of PAHs int@actuca satuvd. relative to extent of bioaccumulation observedhe control soils of light
(white), medium (grey) and heavy (black) PAHs ($able S2 symbol key). The solid lines are lined..df relationship while the dashed

lines indicate the 50% reduction in bioaccumulatdiPAHs intoLactuca satuva. relative to extent of bioaccumulation observedhe

control. Errors are root mean square derived coetbstandard errors for control values (n = 3) asdes for respective treatments (n

4).
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Bioconcentration factors (BCFs (Ryan et al, 1988pre calculated for benzo(a)pyrene
(BaP). BaP was chose on account of its greatemeayenic potential (Kipopoulou et al.,
1999; Phillips, 1983; Sims et al., 1974). The BaPFHor the control (BFGniro) Was
0.15 + 0.03. This value is in keeping with the m&af BCF of 0.16 for lettuce grown
in PAHs contaminated industrial soil (Kipopoulou at, 1999). In the SS amended
treatments, the BaP BCFs were lower, with respe&QF.onro, but were observed to
increase appreciably as SS amendment increasexB 6.0.002 (SS2); 0.094 = 0.038
(SS5); 0.103 + 0.028 (SS10); this being attributedBaP in SS being available for
bioaccumulation. The BaP BCFs were also lower, wibpect to BClnio, In the
SSBC amended treatments but, in contrast to SS, Ba@Ps increase much less
markedly as SSBC amendment increased: 0.048 = Q888BC 2); 0.053 £ 0.0095
(SSBC 5) and 0.074 = 0.0034 (SSBC 10); this beitrjpated to BaP in SSBC being

non-available for bioaccumulation due to high segtapacity of biochar.

Recently, the application of biochar to soil hasrbshown to significantly enhance the
sorption of PAHs (Tian et al., 2010; Chen and Yu20i1). Like other carbonaceous
sorbents, biochars have also been found to dectieasroavailability of PAHs (Hwang
and Cutright 2004; Brandli et al., 2008; Beesleglet2010). In addition to reducing the
opportunity for soil to pore water to plant transéé PAHSs, biochar’s influence upon
PAHSs patrtition will also reduce the opportunity 8BAHs transfer from soil to air to
plant (Wild et al., 1991; Kipopoulou et al., 199%9pwsam et al., 2001). Combined,
these transfer mechanisms, are likely to underpen decreased bioaccumulation of

PAHSs in the SSBC treatments.

4. Conclusions

SSBC and SS applications were effective at sigaifiy reducing the bioaccumulation
of PAHSs in lettuce. Benefits in terms of biomassdurction and PAHs bioaccumulation
reduction were greatest where SSBC was used asil arsendment. Given the
phytotoxicity of SS at high application rates arsks associated with SS pathogens it is

concluded that SSBC represents a promising aligen@t SS as a soil amendment.
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Abstract

The influence of biochar (5 %) on the temporal |gestitioning and bioavailability of
isoproturon (IPU) in soil was evaluated. Resuttdicated that biochar had a dramatic
effect on IPU partitioning: IPU extractability (AW CaC}) in treatments containing
biochar was reduced to < 2 % while, IPU extraditgbin biochar free treatments
ranged between 90 % and 40 % depending on applicedte and incubation time. A
partitioning box-model was constructed for the -bogichar matrix and fitted to the
experimental data to derive an effective partittefficient for biochar:waterKgy of
7.82 x 16 L kg!). This was 124 times greater than the appakentvalue of the
biochar free treatments (631 L Rg *“C-radiorespirometry assays indicated high
competence of microorganisms to minerali$€-IPU in the absence of biochar
(maximum*PU mineralisation was 40.3 + 0.9 %). Where bioalias present'C-IPU
mineralisation never exceeded 2 %; indicating ttl sequestration significantly
reduces herbicide bioavailability and the developimod catabolic activity. Increasing
IPU application from a recommended dose (1 mid) kg x10 this dose was ineffective
at redressing IPU sequestration and its conse@ligribw bioavailability.
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1. Introduction

Biochar is defined as the carbon-rich product ofgdiwhen biomass is heated in an
oxygen limited environment (Blackwell et al., 200Bjochar is composed primarily of
recalcitrant carbon structures (Sombroek et alQ320The recalcitrant properties of
biochar carbon prevent its mineralisation and asresequence the addition of biochar
to soil results in long-term carbon storage (McGiB96; Sohi et al., 2009). In addition
to these carbon sequestration benefits, biochandment to soil has also been reported
to bring benefits in terms of both soil physicatldnological attributes, with a number
of authors reporting enhancing plant growth follogvibiochar amendment to soll
(Glaser et al., 2002; Lehmann et al., 2003; LehnarthRondon, 2006; Collison et al.,
2009). Soil improvements have been linked to twy feetors, namely, i) soil fertility
(through nutrient provision and influence on nuttieycling via changes to cation
exchange capacity) (Sohi et al., 2009; Chan and2B09; Verheijen et al, 2009), and, ii)
influences on soil water dynamics (Villarreal et aD10).

While these reports highlight the agronomic beseaditbiochar and, thereby, support its
application to agricultural land, the sorptive capa of biochar for soil applied
herbicides may undermine these benefits if theyucedherbicide efficacy. The
extensive sorptive capacity of biochar was receb#gn reported by Rhodes et al.
(2008) and Yu et al. (2009). This capacity has lreéated to a number of mechanisms,
including: i) greater abundance of associationssiteing present in biochar-amended
soil vs. soil only, ii) greater affinity between herbicidesd the matrix resulting in
stronger association and sorption-desorption hgsigrand, iii) greater opportunity for
herbicide entrapment within a more porous bioclagrreatrix. While organic chemical
interactions with biochar or other ‘black carbonaterials has received considerable
attention (Yu et al., 2009; Jonker and Koelman€22a'horsen et al., 2004; Jonker et
al., 2005; Smernick, 2009) there have been relgtifew studies on herbicide
interaction in soil-biochar mixtures. In additiaxisting studies are focused mainly on
the influence of biochar abundance rather thanestiggde behavior (Yang and Sheng,
2003; Quilliam et al., 2012).

The research reported herein considers the tempuopdications of biochar presence
(5 %) on the herbicide isoproturon (IPU) appliedstal at a recommended application
rate of 1 mg kg d.w. soil and up to ten-times this recommendedieaton rate. This

research draws together evidence regarding biochtience on: i) herbicide
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dissipation (loss), ii) herbicide partitioning, amil herbicide bioavailability. A simple
partitioning model was constructed to describeileractions between the soil matrix,
added biochar and the soil solution. Biochar:wptetition coefficient (lkw) have been
calculated and compared with conventional Kgilvalues.

2. Materials and Methods

2.1 Chemicals

IPU (3-(4-isopropylphenyl)-1,1-dimethyl urea; sttwre shown in Figure S1) was used
as the formulation ‘Arelon 500’ provided by NUFARMd., UK. Liquid scintillation
fluids (Ultima Gold and Ulitma Gold XR) and sampleidiser cocktails (Carbosorb and
Permafluor) were provided by Perkin Elmer, UK. Qaic chloride AR and potassium
hydroxide AR were provided by Merck, UK.

2.2 Soll

The upper 10 cm layer of an agricultural silty loaail, collected from a farm in
Edgfield, Norfolk (TG 113 355), was partially drig¢cesidual moisture = 2.6%) and
homogenised by screening through a 2-mm si€hes soil was selected as it had not

received any IPU in the preceding three years.

2.3 Biochar

Biochar was obtained from a quarter-scale (500 kjaAifier (Refgas UK, Flintshire,

UK), fuelled by waste softwood chips from a sawniithe gasification zone of the plant
operated at around 1000°C, the pyrolysis sectionrar 500°C and the “drying zone” at
200°C. Negative pressure (-25 mbar) was maintainettie reactor. Throughput time

from the drying zone to the ash discharge sectias Whour.

2.4 Microcosms

Microcosms were established in sterile 25 ml glaats containing either 500 g of air
dried soil or a mixture of air dried soil (500 gydabiochar (25 g). Each microcosm was
spiked with*“C-IPU at 1, 2, 5 and 10 mg kgwith or without'*C-IPU at 40 Bq ¢. A
12C-IPU stock solution (1000 mg™) was prepared in ethanol using Arelon 500 and
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subsequent dilutions were prepared in MilliQ watach that a given stock solution
could be added at a rate of 1 ml per 100 g d.w.tecachieve the desired IPU dose.
Similarly, a**C-IPU stock solution was prepared such that gDger 100 g d.w. soil
achieved the desired radioactivity. Spiking and sehydration was carried out as
described by Reid et al. (2005). Each microcosnatiment was established in
quadruplicate. Microcosms were incubated in thé detween 1@ and 1&C. **C/*C-
IPU treatments were used for assessment of residUaind extractable IPU whiféC-
IPU treatments were used to assess catabolic cengeetThe lowest dose of IPU (1
mg kg') was selected based upon the regulatory agrieultpplication rate for IPU of
1.5 kg ha with the assumption that IPU would be incorporated depth of 10 cm in a
soil with a bulk density of 1.5 g ¢fn

2.5 Determination of residual IPU following incubaton

Residual IPU remaining in the soil following inctiom periods of 1, 13, 34 and 62
days was determined by sample oxidation. Soil sasagtom the **C/**C-IPU
treatments (1g; n = 4) were placed into cellulosmloustion cones and 1QfL of
Combustaid” was added. The samples were then combusted usiPackard 307
Sample Oxidiser over a burn time of 2.5 min. Libedacarbon dioxide was trapped
using Carbosorb and eluted using Permafluor. Cotidsusfficiency was established to
be > 97 % with carryover < 0.1 % prior to any saspbeing processed’C-
radioactivity in the eluted samples was determibgdliquid scintillation counting
(Perkin-Elmer Tri-Carb 2900TR liquid scintillaticamalyser; count time 10 min). The
ratio of *C-radioactivity (per g of soil) and the mass-@-IPU (per g of soil) was used

to convert activities observed to mass of IPU prese
2.6 Determination of IPU patrtitioning

An aqueous Caglextraction technique was used to determine easilsactable IPU.
While Jonker and Koelman (2002) suggested that aeibased extractants (such as
CaCb) may experience difficulties in penetrating blackrbon matrices and as a
consequence overestimate sorbent absorption, sumh-exhaustive extraction
techniques have been proposed to better reflectpoond ageing phenomefia.
Mordaunt et al. (2005) justified the use of 0.0104dCL as an extract to simulate the
readily available fraction of pesticides, includifRU. Samples of*C/*°C-IPU spiked
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soils (3 g, n=4) were weighed into Teflon centréugibes and 0.01 M CaGB0 mL)
added. Tubes were then placed on their sides taibed shaker and shaken for 18 h at
100 r.p.m (IKA Labortechnik KS501). Thereafter, sd@s were centrifuged (at 2000
r.p.m. for 20 min; Sigma laboratory centrifuge 4K1A sample of supernatant (10 mL)
was then removed and added to a liquid scintilhati@l containing Ultima Gold XR
(10 mL). Samples were stored in the dark for a mimh of 24 h before"C-
radioactivity was determined by liquid scintillatiaccounting (Perkin-Elmer Tri-Carb
2900TR liquid scintillation analyzer; count time tfin). Soil samples containing no
1C-IPU were processed in a similar manner and useblank-correct the activities
observed. The fractions of IPU easily extracted i@aC} are reported relative to

residual activity at time of extraction (not thegmmally spiked activity).
2.7 Determination of IPU catabolic competence

4C-radiorespirometry was used to determine the ofiabompetence of microbes to
degrade IPU (Reid et al., 2005; Semple et al., 2Mdfdaunt et al., 2005; Posen et al.,
2006). Catabolic competence is defined as theivelability of the microorganisms in a
given treatment type to mineralis&C-IPU to *CO, (the level of competence being
reported as extent (%) of mineralisation). Sampie¥C-only IPU spiked soil (10 g,
n=5) was added to sterile Schott bottles (250 ndgtaining sterile distilled water (30
mL) and a spike of*C-IPU added (250 Bq in 10d@ of ethanol). A vial containing 1M
KOH (1 mL) was suspended from the top of the Tefinad respirometer lid to capture
“CO, produced by microbial mineralization of the frgshaidded*‘C-IPU spike. The
flasks were shaken (100 r.p.m.; IKA Labortechnik 50%) and the vials replaced
following respirometer assay times of: 12h,1d,2d,6d,8d, 10d, 12d, 17 d, and
22 d. Once vials were removed Ultima Gold scirtiibia fluid (5 mL) was added, the
samples shaken and stored in the dark for a minimig% h beforé“C-radioactivity
was determined by liquid scintillation counting (Ke-Elmer Tri-Carb 2900TR liquid
scintillation analyzer; count time 10 min). All tdts were blank-corrected using €O

traps obtained from respirometers that were ndespivith**C-1PU.
2.8 Estimating a partition coefficient for biochar

A simple portitioning model was constructed in orde estimate IPU partition

coefficients between organic carbon and water,lmtdleen biochar and water. A four
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phase system consisting of soil solids, biocharaad water was considered. System
dimensions and physical and chemical parameteid argepresented in the Supporting
Information (Appendix C). In the soil solids, thleemical was assumed to sorb only to
soil organic carbon and to biochar.

The total mass of IPUVIy, is assumed to be the sum of the IPU masses iartjanic
carbon phaseMc), in water M), in air (M,) and, if present, in biochalg):

M; =M¢ +My, + M, + Mg =m [Co +Vy, [Cy +V, [T + My [Cye 1)
where mc is the mass of organic carbon present in the sygkay), Coc is the IPU
concentration in organic carbon (mg§gViy is the volume of water in the system (L),
Cw is the concentration of IPU in water (mg)L.Va is the volume of air in the system
(L), Ca is the concentration of IPU in air (m@'), mec is the mass of biochar carbon in
the system (kg) an@gc is the IPU concentration on biochar carbon (mg)kgssuming
that the chemical only sorbs to carbon.

The equilibrium partition coefficients for air:.watéKaw); organic carbon:wateK6e);

and biochar : wateKgy) are defined as follows:.

@)
>

Kaw =— 2

c, (@)
C

Koc =—2¢ 3
C, 3)
C

KBW:i 4
Cw @

The partition coefficients were then used to raageaEqg. 1 to yield:
M =My Koe Gy +My Gy +VaKaw G + MKy Gy ®)
As it is widely accepted that IPU sorption in sadsnost appropriately described using

the Freundlich equation (Singh et al., 2001; Chaal.e2010) in which the relationship
between the sorbed phase (Cs) and the dissolves# [§Gg) is defined as:

CS — Kf .Cwlln (6)
or, in terms of sorption to carbon, as:
C:OC = Kfoc'CWl/n (7)
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where K;, 1/h and Ks,c are empirical (fitted) coefficients. Eq. 5 can tearranged
assuming that no biochar is present, by substgukx. 7 for theKocCw term, as

follows:

|\/|T _C\N'(VW +VA'KAW) - Kfoc'CWl/n (8)

mC

There are two unknowns in this equati§g. and 1h. We estimated values for these
terms by trial and error optimisation using thev@olfeature in Microsoft Excel so as to
minimise the combined root mean squared error (RM&tHween the left hand side
(which contains only known terms) and the rightdaide of Eq.8 (which contains the
unknown terms) calculated for all sample times athdPU doses in the biochar-free
treatments. Specifically,

> (XL - X2)?

N

wherei is a single combination of nominal IPU dose anad@ang time, X1; is theCoc
calculated from the left hand side of Eq. 8 for bamationi and X2; is the Coc

RMSE=\/ (9)

calculated from the right hand side of Eq. 8 fombmationi, using a common pair of
Kioc andlh values (the optimised values) for all samplingetin{l, 13, 34 and 62 days)
and nominal IPU doses (1, 2, 5 and 10 mg)Kty = 16].

The shape of the IPU sorption isotherm for bioclsaunknown. We can derive the

following definition of Kgw:

M; —m.K.Cy'"
i wa _(VW +VA'KAW)
KBW = (10)

mBC

For the purpose of estimatimyw, we assume th&ly is equivalent to the mass of IPU
extracted in CaGldivided by the volume of water in the soil plug tholume of the
CaCl extractant used. In all cases, we assume khgt can be calculated from
published values of the Henry’s law constant.

2.9 Statistical Analysis: Student t-tests were used to assess significaféreiifce
between paired treatments and ANOY®&st hocTukey tests using SPSS 16.
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3. Results and discussion

3.1 Influence of biochar on IPU loss. One day after spiking all of the amended
treatments contained the intended dose of IPU whiolerance of approximately 20 %
(Figure 1). Levels of IPU achieved in couplets @ichar and biochar-free treatments
were not significantly different (p < 0.05) at thisne (Figure 1). Upon incubation
negligible IPU loss occurred from any of the treats (regardless of biochar presence
or absence and IPU dose applied) (Figure 1). Acalssreatments, no significant
differences (p < 0.05) were observed in comparidmta/een IPU concentration at 1 d
and 62 d.
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Figure 1: Residual IPU concentrations in soils amended witbet doses of 1 mg Rg2 mg kg, 5 mg kg*, 10 mg kg (denoted 1, 2, 5, and 10, respectively)
in soils containing biochar (5 %) (grey bars — deddC) and biochar free controls (white bars -otleth S) following incubation periods of 1d (A), 1®),
34d (C) and 62d (D). Error bars = standard erraghefmean (n = 4). For each incubation periodediifit letters indicate significant difference bedwe

biochar and biochar free treatments at a givendB&e.
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3.2 Influence of biochar on IPU partitioning

Extractability of IPU was significantly (p < 0.01pwer in treatments containing
biochar compared to biochar-free treatments (Figlur&his was true irrespective of the
initial concentration of IPU and incubation timet All IPU doses and after all
incubation times IPU extractability was < 2 % (if2U sequestration was > 98 %) in all
biochar treatments. In contrast, IPU extractabiligs between 90 % and 40 %
(depending upon dose and incubation time) in bioblee treatments. Temporal
decreases in IPU extractability (‘ageing’) were devit in all of the biochar-free
treatments (extractable IPU fractions were sigaifity different (p < 0.05) between

samples extracted after 1 d and those extracted&ftd).

Numerous studies have shown that the increasediaiotime leads to a decrease in
organic compound extractability from soil (see esviarticles Semple et al., 2007; Reid
et al., 2000).

In contrast to the biochar-free treatments, soitaming biochar showed an almost
immediate and complete ageing effect (Figure 2)cBar is known to provide a variety
of functional groups at the edges of stacked cadiwmeets formed during pyrolysis,
including hydroxyl, amino, ketone, ester, nitro eflgde, and carboxyl groups
(Verheijen et al., 2009). This makes the surfat®iochar particles highly reactive
(Amonette et al., 2009Pavies and Jabeen (2002) suggested that IPU binsisrtaces

through interaction between carboxyl and amino gowdips on the molecule. This type
of bonding would significantly reduce the extradigp of IPU in biochar amended

soils. Independent of chemical bond formation, baycgprovides ample opportunity for
enhanced physical entrapment within its highly pgrmatrix. Previous work has noted

that nanoporosity can enhance pesticide recalcgréRhodes et al., 2010).
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Figure 2: Extractable IPU (% residual concentration at tirhexiraction) in soils amended with target dose$ ofg kg', 2 mg kg', 5 mg kg', 10 mg kg' (denoted 1, 2, 5, and
10, respectively) in soils containing biochar (5 @ey bars — denoted BC) and biochar free con{watéte bars — denoted S) following incubation pds of 1d (A), 13d (B), 34d

(C) and 62d (D). Error bars = standard error ofrtfgan (n = 4). Upper-case letters indicate sigmifidifference with increasing IPU dose at a givembation time, while lower-

case letters indicate significant differences betweouplets of with biochar and biochar free treatis at a given IPU dose
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3.3 Derivation of apparent IPU patrtition coefficierts

The best-fit values of & and 1/n were, respectively, 631 L%gnd 0.75 (RMSE =
42.4 mg kg which is 20.2 % of the average&value derived using the left hand side
of Eq. 7 for all combinations of nominal dose arnpling time). The agreement
between the measured and best-fit estimatesoef(KHS and RHS of Equation 7) are
displayed graphically in Figure 3 (the slope of biest fit line was 0.91 and thewalue
was 0.93). This suggests that the Freundlich &athwas a reasonable approximation
for sorption, as observed elsewhere (Singh et28l01; Chao et al.,, 2010). It also
suggests that a single pair of,Kand 1/n values provides a reasonable descripfion o
IPU sorption in all biochar-free treatments and glamg times, although there appears
to be a slight underestimation of sorption on dayf@ the high dose treatments. This
estimate of k. is higher, but within a factor of five, comparedwKjs, values for IPU
reported for agricultural soils in the literatufel® to 138 L kg) (Worrall et al., 1996;
Cooke et al., 2004) the derived value for 1/n milsir to the value of 0.8 reported
elsewhere (Semple et al., 2007). The IUPAC databaperts Ko, values for IPU
ranging from 36 to 241 L kK The difference between the value af.Klerived here
and those reported elsewhere may be due to diffeseim the test systems employed.
We have assumed that the soil solids are in egquitib with an aqueous volume
consisting of the soil solution and a volume of Ga&xtractant. However, if complete
equilibrium did not occur during extraction there ttmass in the aqueous phase could
have been underestimated resulting in an overestimaf apparent sorption. In any
case, it should be emphasised that the purposerofiy an estimate of the sorption

coefficient here is for comparison with sorptiorbiochar in relative terms.

From Eq. 10, a mean value fidgy of 7.82 x 10 + 1.04 x 16 L kg™ and a mean value
for log(Kgc) of 4.83 + 0.06 were obtained. ComparisorKgfy with the value oKy
suggests that the sorption of IPU to biochar carmmmore than two orders of
magnitude higher than sorption to soil carbon (1ig8s higher per unit mass than
sorption to soil organic carbon). It is well knowimat organic pollutants sorb more
strongly to activated carbon and black carbon tieasoil and sediment organic matter
(Yang and Sheng, 2003; Yang and Sheng, 2006; Yal.e2006; Xu et al., 2008).
Recently, Sopefa et al. (2012) reported sorptiothesm parameters for IPU in soils

containing different quantities of biochar, althbutpey did not attempt to derive a
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separate coefficient for biochar as we have dofidey report that; (see Eq. 6)
increased with increasing biochar content, Withfor soil containing 2% biochar by
mass more than 5 times higher th&rfor biochar-free soil. This is considerably lower
than the sorptivity implied by our data, possiblyedo the additional apparent sorption

afforded by the physical protection associated &ithigher biochar mass used in our

experiment.
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Figure 3: Comparison of the IPU concentration sorbed to sajanic carbon calculated from the left
hand side of Equation 9 and that calculated froenRreundlich isotherm (right hand side of Equa@dn
for different sampling times and IPU doses. Tlugslof the best fit line is 0.91 and tRevalue is 0.93.

3.4 Influence of biochar on IPU-catabolic competerec

Levels of catabolic competence (as indicated byetttent of**C-IPU mineralisation)
in the control treatments (to which neither biochar IPU had been added) did not vary
significantly (p > 0.05) temporally with respectttte levels observed at 1d (7 + 2 %)
(Figure 4A and S2):'C-IPU mineralisation values were consistent withsth reported
by Reid et al. (2005) for agricultural soil thatdhaot been pre-exposed to IPU (with
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IPU mineralisation ranging from 4 % to 6%) and twlss of low catabolic activity
reported by Posen et al. (2006) (wherein IPU mirsaion ranging from 12 % to1%).

In the absence of biochar, IPU promoted increasathbolic competence with
incubation time up to 34 d (Figure 4A). This ingean catabolic competence was
noted in all of the IPU treatments ranging in IPtheentrations from 1 mg Kgto 10
mg kg (Figure 4). At the time of maximum catabolic cartgnce (34 d), the extemts
mineralisation in the 1, 2, 5 and 10 mg‘lktgeatments were 31 + 3%, 38+ 1 %, 33% 2
and 40 + 0.9 %, respectively. These levels of cdtalbompetence were significantly (p
< 0.05) greater than in the control treatment aguifscantly greater with respect to the
1 d values for the respective treatments; imphsignificant changes in IPU catabolic
competence with time and in response to IPU dosgl & al. (2005) reported temporal
increases in IPU catabolic activity following IPWddation to soils that were previously
un-exposed to IPU, while Posen et al. (2006) regbievels of IPU mineralisation
ranging between 33% and 44% in soils that werebcéitally competent. Subsequently
the level of IPU mineralisation was observed togigantly (p < 0.05) decrease in all
treatments with respect to the 34 d values (Figée

Levels of IPU catabolic competence in the treatsi@ontaining biochar were never >
1.5 % (Figure 4B). Given the marked effect of bimchn IPU extractability (Figure 2)

it would appear that biochar effectively sequestdRd) and as a consequence impeded
mass transfer of substrate to microorganisms tlyeretducing catabolic competence.
The modelling work of Bosma et al. (1997) indicattest should substrate mass transfer
be supressed, to below a critical threshold, th&plo#ation of substrates by
microorganisms will be prevented. These resultsllggt the profound influence
biochar has upon herbicide bioavailability and areagreement with other studies
where biochar or black carbon has been reportedethuce organic compound
bioavailability (Thorsen et al., 2004; Rhodes et 2010; Sopefia et al., 2012; Burgess
et al., 2004). Specifically, these results compleintleose recently reported by Jones et
al.(2011) that showed ‘agronomic application rate§ {1100 t h&) of biochar lead to
suppressed simazine biodegradation. While Jonals(2011)attributed this suppression
to reduced herbicide availability our results ertehe mechanistic understanding of
suppression by providing an appreciation of miabkactors; specifically, the lack of

catabolic competence where biochar is present.
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3.5 Environmental benefits

A key finding of this research has been to esthftiwe significant influence which
biochar can have on IPU partitioning. Our resuidicate that efficient (> 98 %) and
rapid (within 1 d) IPU sequestration can occur wkeit was amended with biochar
(5 %), even when IPU application was increasedol@®<i.e. at a nominal dose of 10
mg kg* IPU availability after 62 days was very low (Figu2)). On one hand this
could be seen as a beneficial outcome as herbsadaestration reduces non-target
receptors exposure - for example, soil biota, gdwater, surface waters and aquatic
organisms therein. Non-target effects of herbicishesuding IPU on solil biota and
aguatic organisms have been extensively reporiee f@views Fleeger et al., 2003;
Freemark et al., 1995); as has IPU contaminatiosuiface and groundwaters (Baran
et al., 2008). Biochar application, thus, has tlogeptial to provide environmental
protection by reducing pollutant transport. Withistin mind it may be possible to
direct biochar placement with enhanced herbicidptam; for example, incorporating
it within soils along riparian corridors to provideuffer strips’ to mitigate herbicide
transfer to surface waters. Reduced herbicide abiéitly in soils may also reduce the
potential for herbicide uptake to food crops anavamuls into the food chain. Such
reduced soil to plant transfer of pesticides hanhkeported for insecticides (Pylypiw
et al., 1997and herbicides (Pylypiw et al., 1993). Yu et aD@2) showed that plant
uptake of the insecticides chlorpyrifos and carbmfuwas markedly reduced when

they were applied to soils containing biochar (1 %)

3.6 Adverse implications relating to reduced herbicle availability

While many authors have suggested the applicatibrbiochar to farmland as
potentially beneficial in the context of carbonratge ( Lehmann et al., 2006; Gaunt et
al., 2008; Laird, 2008; McHenry, 2009) the seqwiin of herbicide in biochar
amended soils would be expected to be impairectfiicacy of herbicides as a weed

control agents. In order to contextualise the padkrscale of relevance, from a
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herbicide perspective, the FAO land use databa3@9j2was used to establish land
areas under ‘arable or permanent crop’ designamsthese areas then compared

with projections for biochar deployment.

North America, Europe, Japan and Australia have lbeported to account for the use
of 80% of all herbicides sold for agricultural ug§eAO, 2008). These countries
account for a total area of 563 X1ifta under ‘arable or permanent crop’ designations
(FAO, 2008); this value being approximately onegdhof the global area designated

under ‘arable or permanent crop’ landuse (FAO, 2008

Lehmann et al. (2006) reported biochar burial tl hioe potential to sequester 224 Pg
of carbon. This level of C-sequestration would bHigent to offset half the increase
in atmospheric C®which has been observed from preindustrial leteelhe present
day. In order to realise this C-storage potentfabugh biochar burial in land
designated as being under arable or permanentectpchar application rate of 140
teabon h@® would be required. The 5 % biochar applicatiore nased in our research
(which equates to 4.3 % biochar incorporated t@r80in a receiving soil with a bulk
density of 1.5 g cif; assuming biochar to have a carbon content of 18%0nsistent
with this application rate. Thus, while biochar miagld real potential to reduce
atmospheric C@concentrations should biochar application be ictstt to arable and
permanent crop land where herbicides aat relied upon the carbon-—abatement

potential of 224 PgC would be reduced to 149 PgC.

The formation of bound residues (as supported Qures 2 and 4) is a further concern
for two reasons: i) the potential for incrementatreases in bound residue levels
following repeated herbicide application and i fhotential for future release of these
residues and associated environmental impacts. nGivery high fraction [PU
sequestered (Figure 2) and the resultant impedineetite development of catabolic
activity (through which degradation can take pla@d@gure 4) the development of
every increasing burdens of bound residues wouldritieipated. Further research is

warranted to establish the capacity of biochar ibaace bound residues and to
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consider i) the bioavailability of these residuessoil biota, and ii) the implications

which these residues might have for biologicallydrated processes.

It is submitted that the use of agrochemicals merstone in modern agricultural
practice and a reduction in agronomic efficacy dopbse a threat to yields and
undermining food security. Our data indicate thatbar, when applied at application
rates consistent with those used in carbon stosagearios (Lehmann et al., 2009),
has the potential to dramatically reduce herbidd®vailability (Figures 2 and 3).
Given the one third quotient of global arable aedhpanent crop land use area reliant
upon herbicide applications, we urge that due clanation is given to where biochar
should be applied to soil and at what levels. Ideorto protect food security and to
mitigate against the accumulation of herbicide lbuesidues, it is concluded that
would not be prudent to apply high levels of biacka land where herbicides are

relied upon.

90



References

Amonette, J. and Joseph, S. Characteristic of Bioanirco-chemical Properties, In:
Biochar for Environmental Management: Science arethhology Lehmann, J.,

Joseph, S. Eds. Earthscan, London, 2009.

Baran, N. ; Lepiller, M. ; Mouvet, C. Agriculturdliffuse pollution in a chalk aquifer
(Trois Fontaines, France): Influence of pesticid®perties and hydrodynamic

constraints. J. HydroR008 358, 56-69.

Blackwell, P.; Reithmuller, G.; Collins, M. Biochapplication to Soil. InBiochar for
Environmental Management: Science and Technoldgyehmann, S. Joseph, Eds.;
ISBN 9781844076581. Earthscan, London 2009; pp2ZZbi.-

Bosma T.N.P.; Middeldrorp P.J.M.; Schraa G.; Zehnd&J.B. Mass transfer
limitation of biotransformation: quantifying bioalability. Environmental Science

and Technologyl997, 31, 248-252.

Burgess, R.M. and Lohmann, R. Role of black carlwnthe partitioning and

bioavailability of organic pollutants, Environ. Tiorl. Chem.2004 23, 2531-2533.

Chan, K.Y.; Xu, Z.H. Biochar Nutrient propertiesdatimeir enhancements, IBiochar
for Environmental Management: Science and Techiyploghmann, J., Joseph, S.

Eds.; Earthscan, London 2009; pp 67-84.

Chao T.; Mi-dao W.; You-bin S. Influences of chatamendment on adsorption-

desorption of isoproturon in soil&gric. Sci. China201Q 9, 257-265

Collison, M., Collison, L., Sakrabani, R., TofieH,, Wallage, ZBiochar and Carbon
Sequestration: A Regional Perspectiveeport prepared for East of England

Development Agency (EEDA) 2009.

91



Cooke, C.M.; Shaw, G.; Collins, C.D. Determinatiaf solid-liquid partition
coefficients (Kd) for the herbicides isoproturordanfluralin in five UK agricultural

soils.Environ. Pollut 2004 132, 541-552

Davies, J.E.D. and Jabeen, N. The adsorption dbidides and pesticides on clay
minerals and soils, Part 1. Isoproturah. Inclusion Phenomena and Macrocyclic

Chemistry 2002 43 329-336.
FAO (2009) http://faostat3.fao.org/home/index.html

Fleeger, J.W.; Carman, K.R.; Nisbet, R.M. Indireffects of contaminants in aquatic

ecosystemsSci. Total Environ2003,317, 207-233.

Freemark, K. and Boutin, C. Impacts of agricultubarbicide use on terrestrial
wildlife in temperate landscapes: A review with gfie reference to North America.

Agric. Ecosyst. Envirar1995 52, 67-91.

Gaunt, J. L. and Lehmann, J. Energy balance andsami associated with biochar
sequestration and pyrolysis bioenergy productidnviron. Sci. Technol2008 42,

4152-4158.

Glaser, B.; Lehmann, J.; Zech, W. Ameliorating pbgisand chemical properties of
highly weathered soils in the tropics with charceal reviewBiol. Fertil. Soils 2002,

35, 219-230.

Jones, D.L., Edwards-Jones, G., Murphy D.V. Biochaediated alterations in
herbicide breakdown and leaching in soil. Soil Bgyt and Biochemistry. 2011, 43,
804-813.

Jonker, M. T. O.; Hawthorne, S. B.; Koelmans, A. Bxtremely slowly desorbing
polycyclic aromatic hydrocarbons from soot and dikat materials: evidence by

supercritical fluid extractiorEnviron. Sci. and Technd005 39, 7889-7895.

Jonker,M.T. O. and Koelmans, A. Extraction of polycyclic aromatic hydrocarbons
from soot and sediment: solvent evaluation and icapbns for sorption mechanism.

Environ. Sci. and Technd®002 36, 4107-4113.
92



Laird, D.A. The Charcoal Vision: a Win-Win-Win Saao for simultaneously
producing bioenergy, permanently sequestering carldhile improving soil and

water quality Agron. J.2008 100, 178-181.

Lehmann, C. J., and Rondon, M0Q§ Bio-char soil management on highly-weathered
soils in the tropics. IBiological Approaches to Sustainable Soil Systéh§. Uphoff,
Ed.), CRC Press, Boca Raton, pp 517-530.

Lehmann, J.; da Silva, J.P.; Steiner, C.; Nehls,Zech, W.; Glaser, B. Nutrient
availability and leaching in an archaeological Angol and a Ferralsol of the Central
Amazon basin: Fertilizer, manure and charcoal amamis.Plant Soil 2003 249,

343-357.

Lehmann, J.; Gaunt, J.; Rondon, M. Bio-char seqaish in terrestrial ecosystems -

A review. Mitig. Adapt. Strat. Global Chang200§ 11, 403-427.

McGill, W.B. Review and classification of ten saifganic matter (SOM) models. In:
Evaluation of soil organic matter modeBowlson, D.S., Smith, P., Smith, J.U. Eds.;

Springer Verlag, Berlin Heidelberg 1996; pp. 11213

McHenry, M.P. Agricultural bio-char production, mmable energy generation and
farm carbon sequestration in Western Australiatdddy, uncertainty and riskAgric.

Ecosyst. Enviror2009 129, 1-7.

Mordaunt C.J.; Gevao B.; Jones K.C.; Semple K. drnfation of non-extractable
pesticide residues: observations on compound diffe¥s, measurement and

regulatory issuegnviron. Pollut.2005 133, 25-34.

Posen, P.; Lovett, A.A.; Hiscock, K.M.; Evers, Ward, R.; Reid, B.J. Incorporating
variations in pesticide catabolic activity into #S=based groundwater risk assessment.

Sci Total Environ2006 367, 641-652.

Pylypiw, H.M.; Arsenault, T.L.; Thetford, C.M.; Mina, M.J.l. Suitability of
microwave-assisted extraction for multiresidue gt analysis of producd. Agric.

Food Chem1997, 45, 3522-3528.

93



Pylypiw, H.M.; Bugbee, G.J.; Frink, C.R. Uptakepmk-emergent herbicides by corn

— distribution in plants and soBull. Environ. Contamin. Toxicol993 50, 474-478.

Quilliam R.S.; Marsden K.A;, Gertler C.; Rousk DeLuca T.H.; Jones D.L. Nutrient
dynamics, microbial growth and weed emergence iocHar amended soil are
influenced by time since application and reappidtatate.Agriculture Ecosystems and

Environment2012 158, 192-199.

Reid, B.J.; Jones, K.C.; Semple, K.T. Bioavailapitif persistent organic pollutants in
soils and sediments - a perspective on mechanisamsequences and assessment.

Environ. Pollut.200Q 108, 103-112.

Reid, B.J.; Papanikolaou, N.D.; Wilcox, R.K. Insio and induced isoproturon
catabolic activity in dissimilar soils and soilsdan dissimilar land usé&nviron. Pollut

2005 133, 447-454.

Rhodes, A.H.; Carlin, A.; Semple, K. T. Impact ¢ddk carbon in the extraction and
mineralization of phenanthrene in sdidnviron. Sci. and Techno200§ 41, 3952-

3958.

Rhodes, A.H.; McAlister, L.E.; Rongrong, C.; Sem@eT. Impact of activated C on
the mineralisation of phenanthrene in sdleemosphere201Qq 79, 463-469.

Semple, K.T.; Doick, K.J.; Wick, L.Y.; Harms, H. bfbbial interactions with organic
chemicals in soils: Definition, Processes and mmasants.Environ. Pollut 2007,

150, 166-176.

Semple, K.T.; Morriss, AW.J.; Paton, G.I. Bioaaaility of hydrophobic organic
contaminants in soils: fundamental concepts anknigoes for analysigur. J. Soil

Sci 2005 54, 809-818.

Singh, N.; Kloeppel, H.; Klein, W. Sorption behawioof metolachlor, isoproturon,

and terbuthylazine in soild.Environ Sci Health B2001, 36, 397-407

94



Smernick, R. J. Biochar and the sorption of orgatnenpounds, InBiochar for
Environmental Management: Science and Technolbglymann, J., Joseph, S. Eds.;

Earthscan, London 2009; pp 67-84.

Sohi, S.; Loez-Capel, E.; Krull, E.; Bol, Biochar's roles in soil and climate change: A

review of research need€SIRO Land and Water Science Report 05/09; 2009.

Sombroek, W.; Ruive M. de L.; Fearnside P. M.; @taB.; Lehmann J. Amazonian
Dark Earths as carbon stores and sinksAmazonian Dark Earths: origin, properties,
management.ehmann J, Kern DC, Glaser B, and Woods WI, Bélswywver Academic

Publishers. 2003; pp 125-139.

Sopefa F.; Semple K.; Sohi, S.; Bending G. Assgstia chemical and biological
accessibility of the herbicide isoproturon in ssmhended with biocharChemosphere

2012 88, 77-83.

Thorsen W.A. and Cope W.A., D. Shea. Bioavailapilif PAHs: effects of soot
carbon and PAH sourcEnviron. Sci. and Technd@004 38, 2029-2037.

Verheijen, F.G.A.; Jeffery, S.; Bastos, A.C.; var ¥elde, M.; and Diafas, Biochar
Application to Soils - A Critical Scientific Revieaf Effects on Soil Properties,
Processes and FunctionEUR 24099 EN, Office for the Official Publicat®rof the

European Communities, Luxembourg; 2009.

Villarreal, L.; Pete Waller; P.; Slack, D.@/ater conservation in biofuels development:
Greenhouse and field crop production with biochdrap Lambert Academic

Publishing ISBN: 3838392418, 2010.

Worrall, F.; Parker, A., Rae, J.E.; Johnson A.@d$gtof the equilibrium adsorption of
isoproturon onto soils, subsoils and clay minefals. J. Soil Scil996 47, 265-272.

Xu C.; Liu W.; Sheng G.D. Burned rice straw reduttesavailability of clomazone to

barnyardgrassSci. Total Environ2008 392, 284-289.

Yang Y.N. and Sheng G.Y. Enhanced pesticide sorfijosoils containing particulate

matter from crop residue buntsnviron. Sci. TechnoR00§ 37, 3635-639.
95



Yang, Y. and Sheng, G. Enhanced pesticide sorgiiorsoils containing particulate

matter from crop residue burrisaviron. Sci. and Techn®003 37, 3635-3639

Yu X.Y.; Ying G.G.; Kookana R.S. Sorption and dgxmm behaviors of diuron in
soils amended with charcodl. Agric. Food Chen2006 54, 8545-8550

Yu, X.Y.; Ying, G.G.; Kookana, R.S. Reduced plaptake of pesticides with biochar
additions to soilChemosphere009 76, 665-671.

96



Chapter 5

Deactivation of herbicidal activity in biochar

amended soll

97



Deactivation of herbicidal activity in biochar amerded soil

Alessia Freddo and Brian J. Reid

School of Environmental Sciences, University oftE&asglia, Norwich, UK

Abstract

The influence biochar (0%, 1% and 5%) on the effjcaf three pre-emergence
herbicides (mesotrione, pendimenthalin and terbatye) with respect to survival and
growth of two common broadleaf weeds{aranthus retroflexus arfolanum nigrum)
IS presented.

In these instances the viability of targeted weedter 22 d of growth assay, in the
herbicide amended soil containing biochar wereetesind compared to the number of
viable weeds in the control treatments (to whiclihee biochar nor herbicide had been
added).

Results indicated biochar presence (5%) signiflgarfp < 0.05) reduced the
effectiveness of two of the herbicides (mesotriand pendimenthalin) and the weed
survival was significantly (p < 0.05) different the control treatments. In contrast,
these herbicides were almost 100% effective whetiexpto biochar free soil.

These results are significant in so much as theyige direct evidencehat biochar

incorporation to soil can undermine the efficacyoil applied herbicides.
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1. Introduction

Biochar has been associated with several priontyirenmental issues, including:
renewable energy, mitigation of climate change,| soprovement and waste
management (Lehmann and Joseph, 2009; Roberts 20@9). Biochar is a product of
a biomass burning in an oxygen limited environn{egtolysis) (Yaman S., 2004). This
process produces: gases (syngas), liquids (bicaaod) solids (biochar), with the yields
of each component being dependent upon the tenoperand the residence time of the
process (Sohi et al., 2009). Owing to its recaaitrstructure biochar is a stable store of
carbon (Lehmann et al., 2006).

Biochar has a high surface-area, high porous andbla-charge. As a consequence,
biochar has the potential to increase cation exghacapacity and water-holding
capacity of soil (Glaser et al., 2002; Bélangealet2004; Keech et al., 2005; Liang et
al., 2006); in addition biochar is rich in nutrisrguch as potassium, phosphorous and
microelements such as magnesium, calcium and masga(Neary et al., 1999).
Reports have shown increasing bioavailability amahtp uptake of phosphorus and
alkaline metals following biochar application tals@long with fertilisers (Lehmann et
al., 2003; Glaser et al., 2002; Steiner et al.,7208everal studies have reported positive
benefits on plant growth following biochar additiom soil (Lehmann et al., 2003;
Glaser et al., 2002; Rondon et al., 2007; Steihat.g2007).

Other, studies have shown the capacity of biochaotb organic compounds such as
pesticides (Yang et al., 2010; Wang et al., 2009;eY al., 2009; Spokas et al., 2009)
and reduce drastically their availability in theveanment. Thus, while biochar
provides benefits (as accounted above) that migippat increased agricultural
productivity, the sorptive capacity of biochar, gpararly with respect to herbicides,
may counteract these benefits.

In order to provide an insight into the sorption am&nism of biochar, several
approaches have been used to elucidate the phgfsesoical properties of biochar. X-
ray diffraction has shown biochar to have an amowghstructure with crystalline areas
(Lehmann et al., 2009) consisting of random pollicyaromatic (graphene) layers (Zhu
et al., 2005) rimmed with functional groups (Zhwakt 2005).

Zhu et al. (2005) have suggested that the fundtignaups present in biochar are

mainly O-containing groups. Naturally, O-functioityl can vary depending on

99



pyrolysis temperature, carbon source and partiesqure of @ used during biochar
production (Zhu et al., 2005). Significantly, tiiisictionality can undergo specific and
non-specific physiosorption interaction with sorberolecules (Zhu et al., 2005). Zhu
et al. (2005a) and Sander et al (2005) have demabtedt- = electron donor-acceptor
interactions between nitroaromatic compounds aedythphene basal plane of char. Li
et al. (2009) studied the effect of the pH on &b sorption on the organic
amendments and showed an increase of sorptioravaddtrease in pH.

In addition, studies on sorption and desorptiorofanic compounds have revealed
nonlinear isotherms in biochar (with desorptionesabeing lower than sorption rates
(Tian et al., 2010)). This hysteresis has imporiamtlications for the transport and
bioavailability of sorbents (Sander et al., 2005ai8a et al., 2003) such as pesticides.
Lu et al (2002) and Sander at (2006) explain this hysteresis through a “pore
deformation” mechanism according to which the incgrsorbents molecules exert a
pressure in pores smaller than the adsorbate meteaausing them to expand.
Similarly, Braida et al (2003) proposed that inp@sse to the penetration of benzene
molecules, the polyaromatic walls of biochar reageaand open up new pathways for
the adsorbent to penetrate and for sectors, prelyiapened, to close, trapping the
molecules inside the matrix.

While the influence of biochar upon herbicide peoting has been reported the
resultant implications for the effectiveness oflhedes to perform their role (weed
control) remains limited (Graber et al., 2012; Kao& et al., 2010; Nag et al. 2011).
The objectives of this study were to investiga)etlfe influence of biochar upon the
efficacy of three herbicides (mesotrione, pendimaimt and tributilazine) (i) to
compare the effects of different amounts of biochigon the efficacy of these
herbicides, and (iii) to compare the physiologi@retteristics of the weeds grown in

the presence of biochar/herbicide to those growsanhar/herbicide free soils.

2. Materials and Methods

2.1 Materials

Biochar was produced from a one-quarter scale B80t&st gasifier (Refgas UK,
Flintshire, UK). The feedstock used was waste swftlv The gasification zone of the

plant operated at around 1600 the pyrolysis section around £@0to 500C and the
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“drying zone” at 208C. Negative pressure (-25 mbar) was operated byethetor. To
pass the feedstock from the drying zone to thehaiodischarge section of the plant
took 1 hour.

A silty loam soil (Sheringham Series) was colledtedn an agricultural area of Norfolk,
UK (grid ref. TG 11210 35466) at depth of 0-10 dtrwas air-dried and sieved (2 mm)
prior to use.

The herbicides: mesotrione, pendimenthalin and utbgltazine were supplied by
Syngenta (Guildford, Surrey, UK). Selected promsriof these herbicides are shown in
Table 1.

Amaranthus retroflexuandSolanum nigrunused in the plant growth experiments were

also supplied by Syngenta, UK. These are commouoanveeds (Sutton et al., 2002).

Table 1.Properties of the herbicides used [26] and thégsraf application

Mesotrione Pendimenthalin Terbuthylazine
Chemical Group Triketone Dinitroaniline Triazine
Vapour Pressure 5.70x%0nPa 1.94 mPa 0.15 mPa
at 25°C at 25°C at 25°C
Water Solubility 160 mg & 0.33mg [* 8.5mg L*
at 20°C at 20°C at 20°C
Log Kow 0.11 5.2 3.21
Composition (purity) >92% >90% >96%
Density 1.2 x 18 g/ml 0.374 g/ml 1.1 g/ml
Recommended Pre-emergence (100-225 g Pre- and post emergence Pre- and post
application rate ha') Post emergence (70- (0.6-2.4 g hd) emergence (0.6-3 g ha
150 g hd) D)
Application rate used in 0.021 g rif 0.17 g it 0.3gnf

this research
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2.2 Experimental approach

The soil was mixed with 1 % and 5 % biochar (2 mantiple size). Soil treatments
were subdivided in 8 plastic containers (23 cm tlepnd7 cm width, 15 cm height
(surface area = 0.0391%n a closed system prevented leaching loss of water
herbicides. To each box 1.5 kg of biochar-amenddd was added. In addition 8 boxes
were also filled with 1.5 kg of biochar free sdilalf of each set of boxes were used
with no herbicide added. The soil in the remainbuxes was dosed (Table 1) with
recommended applications of herbicide (calculatibthese application rates are shown
in the Supporting Information (Appendix D) with @ssused provided in Table 1).

A. retroflexuswas tested as target of mesotrione and pendimentlaad S. nigrum
was tested as the target for terbuthylazine (Suttoal., 2002). For each species 500
seeds were sown at a depth of 2 cm in each treatiHerbicides were then sprayed
homogeneously across the surface of the treatntercammended application rates
(Table 1). The weed growth assays were maintaimedgrowth chambers at 15°C with
a 12 h lighting cycle for 22 days. Treatments weatered every 2 days to maintain soil
moisture. Viable numbers of weeds were recordedyeXalays (perished weeds were
not included in the count). In order to assess iplggical responses individual plants
of A. retroflexus grown both with and without herbicide (pendimetiti)awere
carefully removed from the treatments following %2 d growth period. The plants
were washed and the length of the roots and sheexs recorded. Thereafter, roots and
shoots were oven-dried at 60°C for several daybtain constant weight. The final dry
weight was recorded.

Statistics

Independent sample t-test and One-Way ANOVA weréopeed using SPSS 16.0 for
Windows. Statistical significance of weeds surviwas determined at 95% confidence

interval with the significance level at 0.05.
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3. Results

3.1 Seedling emergence and temporal survival in urgated soil

The emergence and survival of the weed seedeetfoflexusand S. nigrumin the
untreated soil and soil amended with 1% and 5%ia@¢har in absence of herbicide
shown in Figure 1a and 1b, respectively.

The trend of growth oA. retroflexusseeded in the untreated soil began on day 12 and
reached a maximum number of plants after 22 day8(2 4.11). A. retroflexusseeds

in the 1 % biochar treatment started to grow fraag 8i2.A. Retroflexusurvival in the

1 % biochar treatments was significantly greatex (p.05) compared to the weeds in
untreated soil throughout the experiment; with @12.9 plants viable on day 22 in the
1 % biochar treatment. GerminationAfretroflexusn 5 % biochar treatments started
on day 8. The number of viable plants in the 5 %char treatment was significantly
higher (p < 0.05) when compared with the biochee fsoil throughout the experiments;
with 71.7 + 11.7 plants viable on day 22 in the Bidchar treatment. Thus, application
of biochar at both 1 % and 5 % increagedetroflexusviability. These results are in
agreement with previous reports which have showenbénefits of biochar amendment
to soil in terms of fertility and productivity, ineasing seed germination, plant growth,
and crop yields (Lehmann et al., 2006a; Lehmarat 2003; Glaser et al., 2002).

In contrast toA. retroflexusgermination success and survival, nigrumseeds did not
show a significant difference (p > 0.05) in thegamece of neither 1 % or 5 % biochar
when compared to the soil only control (figure IiH)ese results highlight that different

weed species respond differently to the presenbechar.

103



140

—0— 0% A B
120 -

100 A

80 A

60 -

40 A

Survivalship (No. Plants)

Time (d) Time (d)
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3.2 Seedling emergence and temporal survival in higicide amended

treatments

A. retroflexus with mesotrione

A. retroflexussurvival in both biochar free soil and the 1 % biaxctreatment in the
presence of mesotrione followed a similar trenialgh the growth oA. retroflexus
observed in soil with 1% biochar was significarftedent (p < 0.05) from day 12 to day
18 (Figure 2a). Both biochar free treatments ared 1P biochar treatment reached
maximum survival at day 8 and day 5, respectivElgyre 2a). There the number Af
retroflexusplants decreased in both the treatments until regch total absence of
plants on day 22 (Figure 2a). In the 5 % biocheattnentA. retroflexusstarted to grow
from day 5 (Figure 2a). Growth was, however, sigatitly lower (p < 0.05) than that
observed in both the biochar free treatments aad th biochar treatments (Figure 2a).
The number ofA. retroflexusplants from day 12 and day 14 in the 5 % biochar
treatments dosed with mesotrione was significagigater (p < 0.05) than those
observed in the biochar free soil and the 1 % lao@mended treatments (Figure 2a).
At the end of the assay (22 d) the numbeA ofetroflexusplants was significantly (p <
0.05) higher in the 5 % biochar treatments witlpees to the biochar free soil. Thus,
while weeds showed their natural response to thdidide in the biochar free
treatments and 1 % biochar treatments the efficdayesotrione in the 5 % biochar

treatments was compromised and weed plants remuiakld.

A. retroflexus with pendimenthalin

The presence of pendimenthalin was effective incedy the survival oA. retroflexus
in biochar free soil; germination in the biochaedrsoil was minimal (Figure 2b).
Where biochar was present at 1 % germination sacals. retroflexuswas again low
in the presence of pendimenthalin (Figure 2b)cdntrast, where biochar was amended
to soil at 5 %A. retroflexusgermination success and survival was much beftigufe
2b). A. retroflexussurvival peaked at 20 d with the number of vigtlents in the 5 %
biochar treatments being significantly (p < 0.0®)hler than those in the biochar free
soil (the number of viable plants in the 1 % biadin@atments were also significantly (p
< 0.05) higher than in the biochar free soil as ttine) (Figure 2b). Subsequentdy,
retroflexussurvival in the 5 % biochar treatments decreaserdmained much higher

and significantly (p < 0.05) different to than imetbiochar free treatments (Figure 2b).
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On account of high levels of survival in all of tireatments weed plants from this
pairing of weed and herbicide were considered @urthith respect to physiological

parameters (see section 3.3).

Solanum nigrum with terbuthylazine

Irrespective of biochar presence/absence or itellef amendmentS. nigrum
germinated well in the all of the treatments to athierbuthylazine was added (Figure
2c). Weed survival reached a maximum at 12 daysllintreatments. Thereafter,
terbuthylazine was effective at killing. nigrumseedings. At the end of the assay (22
days) survival was greatest in the 5 % biochattrmeats (45 + 6.1) followed by the 1 %
bichar treatments (31.5 + 9.4) with the biochae fe®il showing the lowers survival
(21.7 = 9) (Figure 2c) but there was no significdifterence (p > 0.05) between these

treatments.
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3.3 Survival comparison with the biochar free unameded soill

treatments

In order to provide a common base line, with whiohcompare all of the results,
survival of the weed plants (at the conclusionhef assay — 22 days) was considered as
the difference between weed survival in the treatsavith respect to the control
(biochar and herbicide free soils) expressed asreeptage relative to survival in the
control (Figure 3).

When subjected to exposure to mesotridneretroflexussurvival decreased in the
biochar free treatments (-96 % + 2 %) and the lié6Har treatments (-97 % * 2 %)
(Figure 3a). Thus, mesotrione efficacy was equivalehere soil only treatments and
the 1 % biochar treatments were compared. It wésdnihat the efficacy of mesotrione
in the 1 % biochar treatments was set against ¢iséiye influence biochar had in the
absence of herbicide (+164 % + 49 %). In contrthst,5 % biochar treatments exposed
to mesotrione indicated an increase in weed vigb{t 38 % + 34 %). Reduced
herbicidal efficacy in the 5 % biochar treatmentsild be attributed to: i) herbicidal
activity being deactivated by the sorptive capaotyhe biochar (Yang et al., 2010;
Wang et al., 2009; Spokas et al., 2009; Yu et24106), ii) the beneficial influence
biochar had (when applied at 5 %) upAn retroflexussurvival in the absence of
herbicide, or; a combination of both factors.

A. retroflexusviability when subject to exposure to pendimenthalesulted in a
decrease in weed viability in the biochar free tireants (-85 % = 8%) and in the 1 %
biochar treatments (-67 % + 18 %). Where biochas masent at 5 % weed viability
increased despite pendimenthalin being present 1@ 25%). It was notedA.
retroflexusviability was greatly improved by the presence iochar both at 1 % and 5 %
amendment. When 1 % and 5 % biochar was addedltthemmumber ofA. retroflexus

plants increase significantly (p < 0.05) compardith whe biochar-free soil.
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S. nigrumdid not show significant differences between th&eated soil and the soill
amended with biochar. When exposed to terbuthywazimeed survival was
dramatically reduced in the biochar free soil amel treatments containing biochar at
both 1 % and 5 % application rate. These resudslight that the addition of biochar
at higher concentrations (5 %) can drastically ceduthe efficacy of herbicides but
that the deactivation of herbicidal activity is idnle in its extent depending upon

herbicide used and the weeds it is used target.

3.4 Physical characteristics of the weeds in untréad and treated soil

The median fresh weight of the plants ¢etroflexu$ grown in the biochar free soil
was 3.5 mg. Significant increases in fresh weigh& 0.05) of plants grown in soill
amended with 1 % (5.3 mg) and 5 % (5.9 mg) bioehene observed with respect to
the biochar free control soil (Figure 4a). Whenbin@de (pendimenthalin) was added
the fresh weight of the plants in the biochar fse#¢ was 3.7 mg. In herbicide applied
treatments containing 1 % and 5 % biochar thesght®iwere 3.2 mg and 3.5 mg,
respectively. None of the fresh weights were sigaift (p < 0.05) different to those
observed in the biochar free control soil.

In the absence of herbicide the length of the playrown with biochar increases
significantly (p < 0.05) with increasing amountskobchar: the median length of the
epigeal plant parts in the biochar free soil waam; in soil amended with 1% biochar
10 mm, and; with 5 % biochar 16 mm (Figure 4b). §hiollowing 22 days of assay
time, weed lengths were doubled in the 1 % biottetments and quadrupled in the 5 %
biochar treatments. These results were expectéighihof previous research that has
reported enhance plant growth in biochar amendesl (k@hmann et al., 2006).

In the presence of herbicide (pendimenthalin) épegeal part of plants grown in
biochar free soil was observed to be significastgrter (p > 0.05) than epigeal length
observed in the control soil (Figure 4b). In costrahe epigeal part of the plants
grown in the presence of biochar did not show ai@ant difference (p < 0.05) when
compared to the control soil (Figure 4b). Thesealltesndicate that under standard
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condition pendimenthalin was able to affect thegtanof the weeds, but that the
addition of biochar to soil maintained stem groathengths similar to those observed
in the biochar-free control soil.

Considering hypogeal plant parts (Figure 4c) indbsence of herbicide median root
lengths in the biochar free soil was 22 mm; inxH& biochar treatments 35 mm, and,;
in the 5 % biochar treatments 30 mm (Figure 4@niicant (p < 0.05) increases were
observed where length of the roots in the 1 % ard 6f biochar treatments were

compared to root lengths in the biochar free soil.

The addition of herbicide (pendimenthalin) resulied significant (p < 0.05) decrease
in roots lengths observed in the biochar free $tawever, where root lengths in soil

containing 1 % and 5 % of biochar were comparedith those in the biochar free

control soils no significant (p > 0.05) differeneere observed (Figure 4c) .

In terms of stem and root length these resultscatdi that pendimenthalin was
effective in undermining weed physical structurethe biochar free soils. However,
where biochar was present these results indicdtat disruption to weed physical

structure did not take place with both epigeal &ypogeal lengths showing no
significant (p > 0.05) decrease with respect toioeehar free control soil to which no

herbicide was added.
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4. Discussion

The benefits of herbicide application with respecimproved crop productivity have
been well established (e.g. Gianessi and Reign@®7(2reported a loss of rice,
soybean, cotton and wheat of 53%, 26%, 20% andr2sgectively without the use of
herbicide; Abernathy J.R. (1981) accounted for ss lof 36% of the total U.S. corn
crop as a result of using only available culturatl anechanical control practices
without the use of herbicides). On balance thecagitiral benefits associated with
biochar (e.g. improving soil fertility) should beortsidered alongside potentially
detrimental outcomes, specifically, herbicide deation.

Of course, the extent to which herbicidal activityght be deactivated in presence of
biochar will be dependent upon biochar propertieese in turn being dictated by
feedstock type and pyrolysis conditions used talpece the biochar. The physical and
chemical characteristics of biochar vary considgrdepending by the feedstock and
the pyrolysis conditions applied (Chan et al., 2009

Downie et al(2009) reported abundance of macropores in biogt@tuced at higher
pyrolysis temperatures. The importance of macrapofe50 nm diameter) in
influencing the sorption-desorption hysteresis afjamic compounds (such as
herbicides) has been correlated to the decregsariitle size and thus the increase of
the specific surface area (Tian et al., 2010). bioehar applied in this research was
produced at a relatively moderate temperature 0°G)5 given the results of Tian et al
(2010) herbicide sorption might be expected to ai@gr where higher temperature
biochars are used.

The results reported here suggest that a high &roapplication rate (5 %) was
required to result in a reduction in herbicidaliatt (Figure 3). Biochar application
rates reported in literature varies, ranging betwe® t hd to 135 t hd (Asai et al.
(2009), Blackwell et al. (2007), Chan et al. (2Q0Zhan et al. (2008), Gaskin et al.
(2010), Hossain et al (2010), Ishii and Kadoya @)9@ehmann et al. (2003), Jeffery
et al.,, 2011, Kimetu et al. (2008), Major et al01R), van Zwieten et al. (2009),
Yamato et al. (2006)). Incorporation of biocharaatapplication rate of 100 t hato
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soil to a depth of 10 cm would result in a biochantent of approximately 5 % (see
Supporting Information for calculation (Appendix)DThis research has indicated that
an application rates of 1 % biochar did not deatéithe herbicides tested with respect
to the target weeds used in the experimental asgagsre 3). Based upon these
results limiting biochar application to ensure auteant biochar loading up to ~1 %
would be advisable. This loading, of course, betlggpendent upon both biochar
application rate (t i3 and the depth to which biochar is incorporated.

Results reported here relate to three herbicidesoofrasting physical and chemical
properties (Table 1). It is noted that deactivatdrherbicidal activity was observed
for both mesotrione and pendimenthalin; these camgaepresenting the maximum
and minimum values for aqueous solubility (160 migand 0.33 mg L, respectively)
and octanol-water partition coefficients (0.11 &d (log Kow), respectively) of the
herbicides tested. The third herbicide, terbuthpazhad aqueous solubility and a log
Kow value between those of mesotrione and pendimentligable 1). While the
deactivation of more hydrophobic compounds might dgected to be more
pronounced than of less hydrophobic compounds ¢ooumt of stronger partition to
biochar/geosorbents (Nag et al., 2011)), the resuipported here do not support this.
Further research is required to screen the sormioontrasting herbicides, the
implication of this sorption with respect to theadlges in herbicidal efficacy and to
evaluate possible desorption mechanisms over e A broader dataset of this type
will determine relationships between herbicidespprties and their vulnerability in

the presence of biochar.

5. Conclusions

At high application rates of 5 % biochar was efiextat deactivating the herbicidal
activity of two of the three herbicides tested. Jdenerbicides represent different
groups of herbicide, namely, the triketone and tchaniline classes. At more
moderate biochar application rates (1 %) deactwatif herbicide was not observed.
These results highlight a need for caution wherchmo application is made to
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agricultural land that is reliant upon the use af application herbicides in order to
ensure herbicide phytoavailability is maintainedrtRer work on the partitioning of
the three herbicides in biochar amended soil islired to understand the extent of
herbicide adsorption and bioavailability at differeapplication rate of biochar.
Moreover, this initial study was conducted undentoalled laboratory condition.
Further research is required to establish the piatefor herbicide deactivation in
biochar amended soils at the field scale. In aolditfurther herbicide classes should
be considered and evaluation made of their relatasslience to deactivation in

biochar amended soils.
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Biochar: a carrier alternative to peat for rhizobia inoculants

Alessia Freddo and Brian Reid

School of Environmental Sciences UEA, Norwich, NR4, UK

Abstract

Biochar has been evaluated as a microbial inocudanier as an alternative to peat.
Two types of biochar, produced from different fededk materials (redwood and maize)
pyrolysed at 600°C, were tested for their perforoeaim maintaining survival of three

rhizospheric bacteria strainRHizobium leguminosarum bv. viciae; Rhizobium etli;
Rhizobium leguminosarurhv. trifolii) under different temperature conditions: 4°C,
25°C and 35°C. Results showed high (between 50%7&f6) and very high (> 75%)

survival of the strains at higher temperatures whenoulated in redwood biochar; these
being significantly higher (p < 0.05) to survivacorded in maize biochar and peat.
High and very high microbial survival was obseniadpeat when stored at lower

temperatures. Analysis of the chemical and phygoaperties of the carriers revealed
that the higher specific surface area, higher wiabéding capacity, higher labile carbon
and essential micro-nutrients content of biocharemhe key elements for a more
favourable habitat for rhizobia (particularly at’@5and 35°C). The increase in the pH

in maize biochar precluded an equal level of mi@okurvival to redwood biochar.
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1. Introduction

While in the recent past, the use of fertilizerd pesticides have promoted higher crop
yields, the same approaches today are failing tarajuee similar improvements
(Archer, Eby et al. 2009). Alternative approaches aeeded to improve crop yield.
Eco-friendly methods include improved water use aod management, restricting
chemical fertilizer and pesticide use, and appglcabf crop rotation (Kim, Sparovek et
al. 2007). In addition to these, enhancing soilrobal attributes is also beneficial.

Soil fertility and physico-chemical properties relgon soil biodiversity and biological
processes. When the micro-ecosystem is improvediinplant growth is enhanced and
the sustainability of the environment is maintaineotaining beneficial effects on crop
yields (Archer, Eby et al. 2009).

The rhizospheric soils present several microorgasighich positively influence crop
productivity (Archer, Eby et al. 2009). The plantogth promoting rhizobacteria
(PGPR) are rhizospheric microorganisms have thexsmeaenhance plant growth. The
presence of PGPR in the rhizosphere prevents pathogections to the plant by
secreting antifungal metabolites. In addition, PG&Rure to the plant an efficient
nitrogen fixation, an improvement of mineral soligation and uptake, availability of
growth promotion hormones and tolerance of enviremtal stress (Liang, Lehmann et
al. 2006; Grossman, O’Neill et al. 2010; Liang, rednn et al. 2010).

The quality of the soil highly influences which zhbia species colonize the rhizosphere.
Herridge (2002) reported that soils are rhizobiathspecific, and that soil acidity and
scarcity of carbon matter are inversely proporticwoarhizobial population (Makoto,
Tamai et al. 2010; Warnock, Mummey et al. 2010)usT'the inoculation of PGPR to
soil has been a long-established and successfttigedao enrich the quality of different
soils and thereby allow a better growth of leguraed crops in otherwise difficult soil
conditions. For several decades PGPR have beewduted into agricultural lands
through soil inoculation or bacterial coating oed® roots, or tubers (Cassidy, Lee et al.
1996; Bond 2010) or, more recently, using inoculeantiers. Although many studies
have reported the beneficial effects of these megtresults are quite variable (Cassidy,
Lee et al. 1996). The major obstacle of this teghaiis developing a reliable and

effective inoculant technology.
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The main limitation when using an inoculant carrgegiven by the type of the material
used. The essential characteristic of a carrietoidiave a good capacity to deliver a
certain threshold of viable cells in good physiatad) condition to the soil surrounding
the root (Trevors 1991; RiveraUtrilla, Bautista- Toledo et al. 2001; Pietikdinen,
Kiikkila et al. 2003; Samonin and Elikova 2004; Kama 2010; Graber, Tsechansky et
al. 2012). In order to ensure this, the carriedusgould have properties which meet the
needs of the microbial physiology (high water hotdcapacity, pH buffering capacity,
cations and/or anions exchange capacity and toobeaxic to rhizobia); of the plant
(good adhesion to seed), and; of industrial requémrgts (easy to sterilize, readily and
inexpensively available, survival during storagk)akoto, Tamai et al. 2010). Many
different carrier materials have been studied asetlpin both slurry and powder forms.
Examples of carriers are: mineral soil (silt loarffhao and Alexander 1984),
soybean/peanut oil (Kremer and Peterson 1983natigibeads (Bashan 1986), and peat
(Thompson 1980).

The carrier must be able to support a high numbenioroorganisms. Sometimes the
chemistry and the physical structure of a carrierable to carry high numbers of only
one specific strain (Yardin, Kennedy et al. 200@@at soil is the material repeatedly
shown to be suitable for several PGHRhizobium(Yardin, Kennedy et al. 2000),
Agrobacterium radiobacte(Yardin, Kennedy et al. 2000Renicillium bilaii (Rice,
Olsen et al. 1995Pseudomonas fluorescefigidhyasekaran and Muthamilan 1995),
and others (Gagné, Dehbi et al. 1993). Peat hasbalsn reported to meet most of the
criteria listed above (Tilak, Pal et al. 2010). Pleas become a widely used carrier for
agricultural applications (Thompson 1980). Howevszat is often either not readily
available (Chao and Alexander 1984; Graham-WeissnBtt et al. 1987) or present in
preserved wet-lands where its extraction is foreid@Daza, Santamaria et al. 2000).
Moreover the exposure of inoculants to high tenpees and dry conditions during
shipping, storage and planting often results inreksed viable cell numbers angd-N
fixing effectiveness of the rhizobia (Kremer andtdPeon 1983). Due to these
limitations, more readily available carriers haveeb studied and investigated
(Thompson 1980; Stephens and Rask 2000; Hungriagelro et al. 2005).

Recently biochar has become of great interestgards to its wide potentials in several
environmental issues, most significantly biochas Heeen viewed as a strategy to

mitigate climate change (by reducing the emissibreavbon dioxide during heat and
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power production) and as a mean to enhance théygaat fertility of soil, due to the
intrinsic chemical and physical characteristicsbafchar. In addition, studies on the
effect of biochar in relation to the microbial biass have shown microbial population
to increases where biochar has been added to lsghim@ann, Rilling et al. 2011).
Though very little is known about the mechanismsciwhpromote higher microbial
abundance, properties such as high water holdipgoiy (Lehmann, Rilling et al.
2011), high organic contents, environmental safety non-toxicity (Freddo, Cai et al.
2012), together with advantages such as relatinezglglily and inexpensive availability,
and its long stability in soil, make biochar a puigly good alternative to peat as

microbial inoculant carrier.

To date the number of studies which have testedotitential of biochar/charcoal as
microbial carrier are extremely limited (Newboul85L; Kremer and Peterson 1983;

Ogawa 1989; Saranya, Krishnan et al. 2011).

The properties of biochar produced from differeagdstock and pyrolysis temperature
can vary dramatically, thus different effects oondnlant organisms can be expected.
The research presented here compares the survivdhree PGPR strainsR(
leguminosarumbv. viciae; R. leguminosarum bv. trifolii; R. étlifollowing their
inoculation into peat and into biochars producadgisedwood and maize feedstock (at
600°C). Cell viability was established at threeuination/storage temperatures (4 °C, 25
°C and 35 °C) over 60 days of storage. In this exgluation of which carrier was most

suitable was made.
2. Material Methods

2.1 Carriers

The biochars used as carriers were produced froenf@M) and redwood (BR).
Each feedstock was washed and dried and then ggdointo biochar. To produce the
biochar, the materials were placed in a high perforce automatic controlled furnace
(GWL-1200, Henan, China), with a continuous flowndfogen through the furnace
chamber. A cooling chamber with water was usegé&ssing the off-gas to allow
condensation of tars. Biochar was cooled to roanpeFature in the presence of
nitrogen gas inside the furnace. The pyrolysismegi took 2.5 hours at 600°C.

The control carrier was moss peat, provided by BAmdlty & Co; Coalisland,

Dungannon.
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2.2 Chemical and Physical characteristics of the caers

Carbon (C) and nitrogen (N) content of each camas analysed using CHNS-O

Elemental Analyzer (EA1108, Carlo Erba Instruments)

Inductively Coupled Plasma Atomic Emission Spedopy (ICP-OES, Varcan Vista-
Pro Axial) was used to determine the following cheahelements (wavelength light):
Al (396 nm); As (189 nm); B (250 nm); Ca (316 n@g (229 nm); Co (239 nm); Cr
(268 nm); Cu (325 nm); Fe (260 nm); K (766 nm); k&85 nm); Mn (258 nm); Mo
(202 nm); Na (590 nm); Ni (232 nm); P (214 nm); B0 nm); S (182 nm); Sr (422
nm); Zn (214 nm). Before the analysis, the samflesg) were mixed with HNO(5
mL) and microwave digested (High Performance Miae® Digestion System,
Milestone EthosOne) for 20 minutes to reach 2403@ then for 25 minutes at steady
temperature (~220°C). Once digested, the sampite dituted with 20 mL of milliQ
water and loaded in the ICP-OES. The operating idond of the ICP-OES were:
power, 1.200 kW; plasma flow, 15.0 L rfinAuxulary flow, 1.50 L mift; nebulizer
(seaspray concentric nebulizer) flow, 0.75 L thifthe values of the chemical elements

are reported in mg kgn Table 1.

The pH of peat (pH = 4.1) and maize biochar (pH3) Was adjusted to 7 with CagO

and HCI respectively. The pH of redwood biochar Was

The water holding capacity (WHC) and moisture con{®ic) of peat, BM and BR over

60 days were calculated.

The physical structure of peat and biochar wasuatatl using Scanning Electron
Microscopy (JSM4900LV, JEOL Ltd, Japan). Before #malysis, the samples were
first mounted on double sided carbon adhesiveditn aluminium stubs, and then gold
coated by a Polaron SC7640 High Resolution SpQibeter (operating parameters: 30
sec at 20mA; power 2.1kV; pressure Ztibar; average distance form gold target,

about 50mm).
2.3 Preparation of the carriers

Maize and redwood biochars were pulverised usibglamill. 5g dry weight of each
matrix were disposed in glass jars and closed heratly using a lid. The jars were
autoclaved 3 times at 121°C for 90 min. The stgritif the carriers was tested in

duplicate by plating 100ul of one fold diluted nmaton nutrient agar medium. The
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dilution was made by shaking for 30 minutes 1g af/lsiochar that was thereafter
diluted in 10 mL distilled water.

2.4 Bacterial strains and inoculum preparation

The rhizobia used werRhizobium leguminosarutov. viciae strain 3841 Rhizobium
etli strain MP4 DO6 an&hizobium leguminosarubw. trifolii, provided by John Innes
Centre, Norwich, UK. Strains were grown at 25°C 260 mL Erlenmeyer flasks
containing 100 mL of tryptone yeast medium. Thauwek were incubated at 25°C on a

rotary shaker operating at 200 rpm for 5 days.

Portions (ca. 18 cells per mL) of each strain were inoculated dsally from the
media of growth to the pre-autoclaved peat andHaiosamples. 0.1% (wt/wt) sucrose
was added (1 mL) as a nutrient supplement. Thel finaisture provided at the
beginning of the assay was 70% in peat and 40%ioohhrs. Different moisture
contents are in relation to the different waterdimay capacity of the carriers. The
inoculated jars were kept in the dark at 4°C, 2&h@ 35°C for 60 days.

2.5 Enumeration

The survival of each strain was tested over timdays, 14 days, 30 days and 60 days).
1g of sample was diluted in a polyethylene tubénvii® mL of TY medium. The tube
was then shaken for 30 min on a rotary shaker @trfpgh. Samples were then plated
using the drop plate method. Each TY agar platediaded into four quarters and each
guadrant was reserved for one dilution in the seich dilution was dispensed in five
evenly spaced of 10 pl drops. Petri dishes werertad and incubated at 25°C for 5-6
days. Thereafter, colonies were counted with tdeofa 10X magnifier. The number of

colonies was considered reliable when ranging batv@eand 30 per drop.
Statistical analysis

Independent sample t-test and One-Way ANOVA werépaed using SPSS 16.0 for
Windows. Statistical significance of the coloniegnfing units (CFU) in different
temperature conditions and between strains wasndieted at 95% confidence interval

with the significance level at 0.05.
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3. Results

3.1 Analysis of the carrier materials

The concentrations of the chemical elements othhee carrier materials are reported
in Table 1. Peat presented average values signifychigher (p<0.05) than BR and BM
in the following elements: Al (670 mg Ry Fe (683 mg kg), Na (311 mg kg), Ni
(1.11 mg k"), Pb (2.7 mg kd) and S (4802 mg Kb, Sr (24 mg kg). In peat, Zn (5.33
mg kg?) concentrations were significantly lower (p < 0.€%an in BR and BM .

BM showed average concentrations of Cu (10 mi) kg (30200 mg kd), Mo (1.2 mg
kg?') and P (2190 mg KY significantly higher (p < 0.05) to peat and BRR Bad
significantly higher average concentrations (p85)than peat and BM of Ca (3250 mg
kg?) and Mn (456 mg kg. Co, Mg, Sr and Zn showed values significantlffedent
between the three carriers: Co showed higher coratEms in BR (6.82 mg kb than

in BM (4.23 mg kg') and peat where no traces of Co were detectedceDomations of
Mg were higher in peat (2850 mg Rg BM (1370 mg k&) and BR (889 mg k3
respectively. Average concentrations of Sr werddiign peat (24 mg kB, BR (15 mg
kg?) and BM (4.55 mg Kd) in sequence. Finally, Zn presented higher coma#ans in
BM (51 mg kg*) and lower in BR (31 mg kY and peat (5.33 mg Ky
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Table 1: Chemical elements concentrations (mgket standard error) in redwood biochar, maize
biochar and peat. For each element, differentriettelicate significance difference (p < 0.05) bestw

the carriers

Redwood Biochar Maize Biochar Peat
(mg kg™ (mg kg™ (mg kg™

Al 37+0.33a 54 +3.1a 671+ 11b
As 0.21+0.34a 0.02+0.17a 0.12 +0.05a

B 5.86 + 0.1a 4.96 +0.22a 5.22 +0.09a
Ca 3252 +163a 1229 +291b 1895 + 124b
Cd 0.02a 0.07 +0.02a 0.06 +0.02a
Co 6.82 +0.15a 4.23 +0.19b N.D.
Cr 0.27 +0.01a 0.7 +0.09a 0.98 +0.21a
Cu 2.75+0.29a 11+0.89 2.48 +0.29a
Fe 21+0.59a 75+6.83a 683 + 90b
K 951 + 15a 30206 + 111b 115+4.17a
Mg 889 + 8.37a 1373 +111b 2845 + 23c
Mn 456 + 14a 16 + 0.98b 13+0.43b
Mo 0.45+0.1a 1.18 +0.16b 0.43 +0.01a
Na 73 +33a 61+ 25a 312 +19b
Ni 0.74+0.11a 0.57 +0.07a 1.11+0.11b
P 74 +2.53a 2190 + 178b 125 +2.02a
Pb 0.25 +0.09a 0.1+0.03a 2.72+0.22b
S 828 + 198a 820+ 171a 4802 +127b
Sr 15+2.14a 4.55 + 0.88b 24 +0.8c
Zn 31+0.85a 50 +3.15b 5.33 +0.13c

N.D. — not detected
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The carbon (C) content in BR was found to be tlghést (91.2%) compared to BM
(80%) and peat (50%). Nitrogen (N) had higher valmepeat (0.8%) than in BM (0.7%)
and BR (0.3%).

Over the 60 days assay, pH presented constantsvadugR (7) and peat (6.7), while
increased over the time in BM (from 7.5 in day @156 in day 60).

WHC presented the following values on dry matteatp5.62 mL g; BM, 2.46 mL ¢,
and; BR 1.95 mL §. The moisture content (Mc) in peat and biocharé’@t 25°C and
35°C was tested after 60 days. Results indicatatll€T2) that between day 0 to day 60,
the Mc loss a#’C was 27% in peat, 39% in BM and 51% in BR; aC2fhe Mc loss in
peat was 25%, in BM was 21% and in BC 20%; aC33eat lost 97% of Mc while BM
and BR lost 93% and 92% of Mc respectively.

Table 2 Moisture loss (%) from day O to day 60 in peadjize biochar and redwood at
4°C, 25°C and 35°C.

Peat Maize Biochar Redwood Biochar
4C 27% 39% 51%
25C 25% 21% 20%
35C 97% 93% 92%

The physical structure of the carriers was als@rnakto account. The carriers were
observed through scanning electron microscope (SENBse images are presented in
Figure 2. The specific surface areas calculateceémh material were as follows: 0.01
m?/m® (peat), 0.4 fim® (BR) and 0.56 fim?* (BM).

130



181

A 718

18 1m

Figure 22 SEM images of redwood biochar (A/a), maize bio¢B#b), and peat (C/c).
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3.2 Survival of Rhizobia in peat

The initial cell density oR. leguminosarum bv. viciandR. etliwas 9 x 1&° cells per
g of peat, and 1.4 x 1Bcells per g of peat d?. leguminosarum bv. trifoliiThe survival
of the three strains inoculated in peat for 60 dayd stored at 4°C, 25°C and 35°C is

shown in Figure 3.

Counts made at 7, 14, 30 and 60 days show thasuhaval for all organisms tested
was greatest at 4°C and lowest at 35°C (Figure 3).

In R. leguminosarum bv. viciathe cell survival at 4°C was relatively constanér the
8 weeks, with a lower survival on day 7 (this dat@int also noted for its higher
standard deviation). The relative cell losRinleguminosarum bv. viciagas only 1%
at the end of the assay (day 60). On day 7, tlagivelsurvival oR. leguminosarum bv.
viciae stored at 25°C was 30% which was significantlydo\p < 0.05) than the relative
survival recorded at 4°C (82%) on the same dat&5A€,R. leguminosarum bv. viciae

did not survive after 7 days.

R. etlibehaved similarly (no significant difference; 9:95) at 4°C and 25°C during the
first two weeks of storage, with a respective retatoss of cell survival of 32% and 30%
after 7 days. The survival was relatively constainboth temperatures after 14 days,
with an additional relative increment of 0.39% &t 4nd 2% at 25°C. On day 30, the
survival of R. etli showed a marked decrease at 4°C and 25°C. Hovikeerelative
survival at 4°C (55%) was significantly higher (pe®) than the relative survival
recorded at 25°C (28%). After 60 days, half (50%bhe initial cells inoculated in peat
survived at 4°C; while no cells were detected wktmed at 25°C. The survival &.
etli at 35°C was significantly lower (p<0.05) than tharvival recorded at 4°C and
25°Cover the entire storage period. The relativeigal of R. etli after the first week
was 34% when stored at 35°C and 28% was obsertadidf days.

R. leguminosarum bv. trifoliid not survived after 7 days at 35°C. Over thal&@s of
the assayR. leguminosarum bv. trifoliielative survival at 4°C was significantly higher
(p<0.05) than the relative cell survival at 25°G @ay 7,R. leguminosarum bv. trifolii
relative survival at 4°C was 91% and over the ttheesurvival decreased until reaching
a relative survival on day 60 of 64%. At 25°C, 3@#R. leguminosarum bv. trifolii
survived after the first week. The number of celisred at 25°C decreased during the
assay, until no survival was recorded after 30 days
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3.3 Survival of Rhizobia in maize biochar

The initial cell density oR. leguminosarum bv. viciaR, etliandR. leguminosarum bv.
trifolii was 1 x 16 cells per g of BM, 9 x I cells per g of BM and 1.4 x 1bcells per
g of BM, respectively. The relative survival Bf leguminosarum bv. viciaR, etliand
R. leguminosarum bv. trifolinoculated in BM for 60 days and stored at 4°C(2&nd
35°C is shown in Figure 3.

Counts made in different times over the assay stidhet the survival for all the strains
followed a similar trend to the strains inoculatecpeat, with greatest survival at 4°C

and poorer at 35°C.

R. leguminosarum bv. viciamndR. etlidid not survived at higher temperature (35°C)
after 7 days, whil&k. leguminosarum bv. trifoliielative survival was only 23% on day
7 and no survival was recorded after 14 days.

The survival ofR. leguminosarum bv. viciahowed no significance difference (p<0.05)
if stored at 4°C or 25°C during the first 30 daysasesay. The number of cells Bf
leguminosarum bv. viciaestored at 4°C and 25°C, decreased at the enbeofigsay
mutually significantly differently (p<0.05). Morénan half (53%) of the cell density

survived at 4°C and only 27% survived at 25°C.

The trends oR. etlisurvival were significantly different (p<0.05) 4tC and 25°C. On
day 7, 60% and 33% @&. etlirelatively survived at 4°C and 25°C respectivékhile

no cells ofR. etliwere counted after 14 days when stored at 25°@ 67 R. etli
survived at 4°C. The survival &. etliat 4°C decreased with a final number of survived

cells equal to 30%.

R. leguminosarum bv. trifolbehaved significantly differently (p<0.05) at 4a6d 25°C.
At 4°C R. leguminosarum bv. trifolipresented a gradual decrease of survival, with a
final relative loss of cells of 53% on day 60. A&°, after 30 days no cells &.

leguminosarum bv. trifoliwere detected.
3.4 Survival ofRhizobia in redwood biochar

The initial CFU ofR. leguminosarum bv. vicidbat was inoculated in BR and stored at
25°C and 35°C was 5.1 x 36ells per g of BR, while 4.8 x 1@ells per g of BR was
inoculated in BR and stored at 4°R. etli and R. leguminosarum bv. trifolivere
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inoculated in BR with an initial cell density of42x 10 cells per g of BR and 5.2 x 40
cells per g of BR and incubated at 4°C, 25°C an€35

The results obtained with BR over the survival fté R. leguminosarum bv. viciae, R.
etli andR. leguminosarum bv. trifol{iFigure 3) were very much different to the results

observed in peat and BM.

In contrast to the trends observed with peat and &My R. leguminosarum bv. viciae
responded positively to lower temperature (4°Cjhwi final relative survival on day 60
equal to 77%. In contrask. etliandR. leguminosarum bv. trifolshowed a constant
decrease in cells survival, with a respective nadasurvival of 29% and 0% on day 60.
R. leguminosarum bv. viciald not show a significant difference (p < 0.05)survival
at 25°C and 35°C during the first 14 days. Thetinedasurvival at 25°C started to
decrease on day 30 (80%) but it was significanilghér (p<0.05) to the relative
survival recorded at 35°C (52%). At 25°C, 70% Rf leguminosarum bv. viciae
survived after 60 days while, no cells survive®atC. After an initial increase in cell
numbers inR. etli after 7 days at 25°C (+ 9%) and 35°C (+ 9%), tineisal in R. etli
decreased. After 60 days the relative survivaba€3wvas to 58%. On day 14 the cells at
25°C also decreased (-25%) but increased againagr8d with a relative survival of
93%, and after 60 days the relative survivaRogtliwas 100.4%

Also R. leguminosarum bv. trifolshowed an increase of cell density. After 14 dags
relative survival at 25°C and 35°C was 101% and%d0@spectively. However both
trends showed a decrease of cells survival overadisay. The final survival dr.
leguminosarum bv. trifolint 25°C and 35°C was significantly different (©0©5) and
equal to 72% and 50% respectively.
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Figure 3: Relative performance of survival Log;o(CFU/g)) over 60 days dkhizobium leguminosarubv. viciae(column A)
Rhizobium etl{column B) Rhizobium leguminosarubv. trifolii (column C), in: redwood biochar (white circle), mabiochar (triangle)

and peat (black cirlcle) incubated 8€4upper frames), 2& (middle frames) and 36 (lower frames).
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4. Discussion

Table 3 summarises the survival Rf leguminosarum bv. viciaeR. etli and R.
leguminosarum bv. trifoliat the three temperatures using peat, BM and BR @0
days.

In the literature, rhizobia have been reported &wehgenerally poor growth at
temperatures below 10°C, even if they are tolera#’C (Graham 1992). Peat was
observed to maintain high (between 50% and 75%)eoy high (more than 75%)
cells survival in all the strains at 4°C. Similasults are also showed by Chao et al.
(1984), who inoculated peat wifk. melilotiandR. phaseoland stored at 4°C peat,
reporting the best survival in this temperatureditbon.

In contrast to peat, at 4°C BM and BR showed medioetween 25% and 50%) and
low (less than 25%) survival d&®. etliand strains C. However, the survival Rf
leguminosarum bv. viciawas observed to be high (between 50% and 75%gyr v
high (over 75%) in BM and BR, respectively. Thisidze explained by the capacity
of R. leguminosarum bv viciae grow very well at low temperatures (5°C) (Dmui
Prévost et al. 1996). Drouin et al (2000) showeld enlaptation mechanisms in R.
leguminosarum bv viciaesimilar to psychrotrophic bacteria, which at low
temperature induce the synthesis of cold shockaaetimation proteins that may be
involved in the maintenance of metabolic functiofifierefore, the results that
showed high cell survival d®. leguminosarum bv. vicider all the carriers at 4°C
might be related to the ability of this specifidatbium to resist and adapt to low

temperatures, than the traits of the carriers teéras.

At higher temperatures, only BR was observed tontaai very high (at 25°C) or
high (at 35°C) survival in all the strains, exceptimade foR. leguminosarum bv.
viciae at 35°C, while peat and BM showed a very low stalvin all the strains and
temperatures, except f&. leguminosarum bv. viciag 25°C with about 30% of
survival if inoculated to BM. The scarce survivdltbe strains at 25°C and 35°C in
BM is probably due to the increase of pH over theet The pH of BM adjusted to
7.5 was not maintained over the storage periodrmitg close to the original values
(8.5) after 60 days. The optimum pH range for rhiaas neutral or slightly alkaline
(Yadav and Vyas 1973), therefore the conditionsitexe over time in BM were not

ideal for the rhizobia survival.
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In contrast to BM, the ‘natural’ pH of BR was opthfor the rhizobia, and will have
contributed to ensuring a favourable level of afkgl during the 60 days of the

assay.

The results reported show the efficiency of bioclarenhancing the survival of
rhizobia particularly at high temperatures. Moragvat 25°C and 35°C the cell
density ofR. etliandR. leguminosarum bv. trifolicalculated after respectively the
first or second week of assay, was significantiyhler (p<0.05) than the initial CFU
per g of soil initially inoculated in BR, showinge potential of biochar not only to
carry the rhizobia but also to allow their growifhis is a desirable trait for an
efficient inoculant carrier (Albareda, Rodriguezvisao et al. 2008).

Generally biochar has been described as a matrilx aihigh porous structure
(Downie, Crosky et al. 2009). Such porosity is ¢dered to be an ideal habitat for
microorganisms (Lehmann, Rilling et al. 2011), uefhcing their binding to
important nutritive cations and anions (Atkinsoniz@erald et al. 2010) and
increasing their abundance. It is also reportetl pbaes may facilitate the adhesion
of microorganisms to biochar. Samonin and Eliko280@4) present evidences that
pore sizes for optimum adhesions may need to bei@s larger than microbial
cell-sizes if microorganisms are to enter the pofethe pores are too large or small
may lead to a lower adhesion, either because thattue is too large to enhance
adhesion or because the microorganisms do notnfd the pores respectively
(Samonin and Elikova 2004). However, Figure 2 sholat the structure of the
biochar used in this study is not particularly poThe pores observed with the
SEM were much smaller than 10um. Before being itated, biochar was been
ground mechanically. This operation has possibistrdaged the original structure,
creating a high number of small broken organic thetbiochar, reducing porosity.
This evidence leads to the conclusion that, in thgearch, the initial proliferation
and the final microbial survival have not been Ifatied by the porosity of the
biochar. However, it is noted that the specifidate area in biochar is much higher
than in peat. This has increased notably the sairdaailable to the microorganisms
and the possibility for the rhizobia to grow andlgerate, adhering to the surface of
biochar through hydrophobic attraction or electst forces, as described by
Samonin and Elikova (2004). On the other hand,efleetron microscope images
(Figure 2) revealed a high level of porosity intpée reported for biochar, the pores

in peat may have had the role with respect to batigrotection when stored at low
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temperatures, creating a favourable habitat forrfimobia. This might explain the
better survival of rhizobia at 4°C in peat thariachar

Other reason for the “good” performance of BR asaulant carrier may be found
in its moisture content and chemical propertie®. (inutrient content) which,
according to Smith (1992), are two key charactessif a good carrier (Smith 1992).
Although the WHC of BR (1.95 ml'§ was lower than peat (5.62 mif)g possibly
due to the different physical structures and t& lafcporosity in BR, the % Mc in BR
was maintained at a slightly higher level (+5%)nthia peat at 25°C and 35°C,
providing over time a higher moisture availabilityr growth and survival of the
rhizobia (Roughley 1970; Thompson 1980). In comtras4°C % Mc was lower (-
24%) in BR than in peat after 60 days; this bemgeeping with the higher survival
of rhizobia in peat than in BR at 4°C.

The high C content is one of the traits that uneerpeat as a good inoculant carrier
(Albareda, Rodriguez-Navarro et al. 2008). It wated that the concentration of C
in BM was 30% higher than peat and in BR it was%0@igher. Lehmann et al.
(2011) divide the composition of biochar into relaly recalcitrant C, labile or
leachable C and ash. In contrast to other fromrotinganic material (e.g. peat),
biochar is characterized by a larger proportionacdmatic C, specifically fused
aromatic C structures (Lehmann et al. 2011), in rpmous or turbostratic forms,
depending by the pyrolysis temperature used, lawdrigher respectively. These C
structures provide in biochar high stability (Ngaoyéehmann et al. 2010). While the
chemical stability may reduce the ability of micrganisms to readily utilize the C
as energy source or other nutrients, the fractadity leachable of biochar may be
mineralized as shown in Lehmann et al. (2009) damdutate microbial activity and
abundance (Steiner et al. 2008; Kolb et al. 20@¥enik et al (2010) and
Zimmerman (2010) found, through incubation expentaga direct relation between
the volatile, thus labile, organic matter presewtichar and the COemitted. It is
suggested that the content of volatile organic enattf BR and BM could be
increased once finely grounded, and therefore @itba very high access of labile C
to the inoculated rhizobia.

The inorganic nutrients present in biochar may &ksavailable to microorganisms
(Kolb et al., 2009). BR showed a very high conteinseveral chemical elements, in
particular Mn, Co and Zn. Studies on microelemeatrition revealed that the
presence of cobalt is essential for the growth efesal species oRhizobium

including R. leguminosarumand R. trifolii (Lowe and Evans 1962). Moreover,
138



Wilson and Reisenaur (1970) report the importarfdéio and Zn for the growth of
several rhizobia, showing a restriction of growtetvieen 0.4-10% and 1-20%,
respectively, if the elements were omitted in thedram of growth (Wilson and
Reisenauer 1970). These results provide a possiganation of the high survival
of the rhizobia tested over 60 days of assay, sigpwow the concentration of Co,
Mo and Zn, one order of magnitude higher in BR thrapeat (Table 1), may have

positively influenced growth and survival.

Table 3. Relative level of survival oR. leguminosarurbv. viciae; Rhizobium etli; R.
leguminosarunibv. trifolii respectively at 4°C, 25°C and 35°C in peat, mhirehar and redwood

biochar on day 60.

Maize Redwood
Peat Biochar Biochar

4°C R. leguminosarum bv. viciae +++ +++ ++++

R. etli +++ ++ ++

R. leguminosarurbv. trifolii +++ ++ +
25°C R. leguminosarum bv. viciae + ++ +H++

R. etli + + F+++

R. leguminosarurbv. trifolii + + +H++
35°C R. leguminosarum bv. viciae + + +

R. etli + + +++

R. leguminosarurbv. trifolii + + 4+

+, low survival (< 25%); ++, medium survival (betmve25%b and 50%); +++, high
survival (between 50% and 75%); and very high s> 75%)

5. Conclusions

The results presented highlight the potential BR &sa microbial inoculant carrier.
The encouraging levels of inoculated cell survivaBR are attributed to the ability
of this carrier to: maintain high moisture conteptovide liable C and nutrients;
these in turn, facilitating very high survival df &hizobiumstrains tested at higher
temperatures (25°C and 35°C). Taken collective@séhresults suggest RB to support
efficient carrier performances that would provei@ddde during carrier storing and
transporting.
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While good results were obtained for peat at loi@arperatures this carrier could not
match levels of survival observed in BR. The padificiency showed using maize
biochar are attributed to inapproarite pH condgian this carrier; this in turn
creating an unfavourable environment for rhizobia.

Further studies are needed to establish the abilityiochar to enhance survival of
inocula after its introduction into soil, the abjlof the inocula to adhere to seed and

root surface and be effective in nodulation anaipigowth thereafter.

140



References

Albareda, M., Rodriguez-Navarro, D.N., Camacho, Mmprano, F.J., 2008. Alternatives
to peat as a carrier for rhizobia inoculants: sahd liquid formulations. Soil Biology and
Biochemistry 40, 2771-2779.

Atkinson, C., Fitzgerald, J., Hipps, N., 2010. Ptitd mechanisms for achieving agricultural
benefits from biochar application to temperatessailreview. Plant and Soil 337, 1-18.
Ballard, R., Charman, N., 2000. Nodulation and dhoef pasture legumes with naturalised
soil rhizobia. 1. Annual Medicago spp. Animal Protion Science 40, 939-948.

Bashan, Y., 1986a. Alginate beads as synthetiaiaat carriers for slow release of bacteria
that affect plant growth. Applied and Environmeriatrobiology 51, 1089-1098.

Bashan, Y., 1986b. Migration of the rhizospheret&@@Azospirillum brasilensend
Pseudomonas fluorescetasvards wheat roots in the soil. Microbiology 13207-3414.
Bashan, Y., 1998. Inoculants of plant growth-prangpbacteria for use in agriculture.
Biotechnology Advances 16, 729-770.

Bowen, G., Rovira, A., 1999. The rhizosphere asdnanagement to improve plant growth.
Advances in agronomy 66, 1-102.

Brown, M.E., 1974. Seed and Root Bacterization. vatmeview of phytopathology 12, 181-
197.

Chao, W.L., Alexander, M., 1984. Mineral soils asrers for Rhizobium inoculants.
Applied and Environmental Microbiology 47, 94-97.

Cook, R.J., 2000. Advances in plant health managemehe twentieth century. Annual
Review of Phytopathology 38, 95-116.

Daza, A., Santamaria, C., Rodriguez-Navarro, Dm&o, M., Orive, R., Temprano, F.,
2000. Perlite as a carrier for bacterial inocula8tsl Biology and Biochemistry 32, 567-572.
Downie, A., Crosky, A., Munroe, P., 2009. Physieabperties of Biochar, in: Lehmann, J.,
Joseph, S. (Eds.), Biochar for environmental mamage - Science and Technology.
Earthscan publisher, UK and USA.

Drouin, P., Prévost, D., Antoun, H., 1996. Classifion of bacteria nodulatirigathyrus
japonicusandLathyrus pratensig northern Quebec as straingRifizobium leguminosarum
biovar viciae International Journal of Systematic Bacterioldgy 1016-1024.

Elsas, J.D., Heijnen, C.E., 1990. Methods for tlimduction of bacteria into soil: A review.
Biology and Fertility of Soils 10, 127-133.

Fages, J., 1990. An optimized process for manufact@anAzospirilluminoculant for crops.
Applied microbiology and biotechnology 32, 473-478.

Fages, J., 1992. An industrial viewAtospirillum inoculants: Formulation and application
technology, 5. International Workshop Arospirillumand Related Microorganisms,

Wennigsen(Germany), 6-8 Sep 1991.
141



Freddo, A., Cai, C., Reid, B.J., 2012. Environmkoatatextualisation of potential toxic
elements and polycyclic aromatic hydrocarbons aclvar. Environmental Pollution 171, 18-
24,

Gagné, S., Dehbi, L., Le Quéré, D., Cayer, F., NatiL., Lemay, R., Fournier, N., 1993.
Increase of greenhouse tomato fruit yields by pimoivth-promoting rhizobacteria (PGPR)
inoculated into the peat-based growing media. Biollogy and Biochemistry 25, 269-272.
Graham-Weiss, L., Bennett, M.L., Paau, A.S., 198dduction of bacterial inoculants by
direct fermentation on nutrient-supplemented veutitie. Applied and Environmental
Microbiology 53, 2138-2141.

Graham, P.H., 1992. Stress tolerancRliizobiumandBradyrhizobiumand nodulation
under adverse soil conditions. Canadian Journiliofobiology 38, 475-484.

Herridge, D., Gemell, G., Harley, E., 2002. Legumeculants and Quality Control, in:
Herridge, D. (Ed.), Inoculants and Nitrogen Fixataf Legumes in Vietham. ACIAR
Proceeding 109e. PK Editorial Services, Brisbanestralia, pp. 105-115.

Hungria, M., Loureiro, M., Mendes, I., Campo, Rra@am, P., 2005. Inoculant preparation,
production and application. Nitrogen Fixation inrfglture, Forestry, Ecology, and the
Environment, 223-253.

Kremer, R.J., Peterson, H.L., 1983. Effects ofieaand temperature on survival of
Rhizobiumspp. in legume inocula: development of an impraype of inoculant. Applied
and Environmental Microbiology 46, 1790-1794.

Lehmann, J., Rilling, M.C., Thies, J., MasielloAG.Hockaday, W.C., Crowley, D., 2011.
Biochar effects on soil biota - A review. Soil Bagly & Biochemistry 43, 1812-1836.
Lowe, R., Evans, H.J., 1962. Cobalt requirementtergrowth of rhizobia. Journal of
Bacteriology 83, 210-211.

Nelson, L.M., 2004. Plant growth promoting rhizotesia (PGPR): Prospects for new
inoculants. Online. Crop Management doi 10, 1094.

Newbould, F., 1951. Studies on humus type legumedlants. 1. Growth and survival in
storage. Sci. Agr 31, 463-469.

Nguyen, B.T., Lehmann, J., Hockaday, W.C., Jos8phVasiello, C.A., 2010. Temperature
sensitivity of black carbon decomposition and oti@a Environmental Science &
Technology 44, 3324-3331.

Ogawa, M., 1989. Inoculation methods of VAM fungfitarcoal ball method and rice hull
method. Recent Advances in Microbial Ecology. Hdblattori T et al, 247-252.

Piorr, H.P., 2003. Environmental policy, agri ewovimental indicators and landscape
indicators. Agriculture, Ecosystems & Environme8t 97-33.

Rice, W., Olsen, P., Leggett, M., 1995. Co-cultnfreRhizobium melilotand a phosphorus-
solubilizing fungus Penicillium bilaii) in sterile peat. Soil Biology and Biochemistry, 27
703-705.

142



Roughley, R., 1970. The preparation and use omnegseed inoculants. Plant and Soil 32,
675-701.

Samonin, V., Elikova, E., 2004. A study of the agion of bacterial cells on porous
materials. Microbiology 73, 696-701.

Saranya, K., Krishnan, P.S., Kumutha, K., Frengi2QL1. Potential for biochar as an
alternate carrier to lignite for the preparatiorbadfertilizers in India. International Journal
of Agriculture, Environment and Biotechnology 4,7/1672.

Singh, J.S., Pandey, V.C., Singh, D.P., 2011. &fficsoil microorganisms: A new
dimension for sustainable agriculture and enviramiadedevelopment. Agriculture,
Ecosystems & Environment 140, 339-353.

Smith, R., 1992a. Legume inoculant formulation apglication. Canadian Journal of
Microbiology 38, 485-492.

Smith, R.S., 1992b. Legume inoculant formulatiod application. Canadian Journal of
Microbiology 38, 485-492.

Stephens, J., Rask, H., 2000. Inoculant produeti@hformulation. Field Crops Research 65,
249-258.

Thompson, J.A., 1980. Production and quality cdrdféegume inoculants, in: Bergersen,
F.J. (Ed.), Methods for evaluating biological ngem fixation. John Wiley, London, pp. 489-
533.

Tilak, K., Pal, K., Dey, R., 2010. Microbes for taisable agriculture. IK International
Publishing House Pvt. Limited.

Trevors, J.T., 1991. Respiratory activity of algaancapsulateBseudomonas fluorescens
cells introduced into soil. Applied Microbiology @mBiotechnology 35, 416-419.
Vidhyasekaran, P., Muthamilan, M., 1995. Developnoériormulations of Pseudomonas
fluorescens for control of chickpea wilt. Plantedise 79, 782-786.

Wilson, D., Reisenauer, H., 1970. Effect of mangarend zinc ions on the growth of
RhizobiumJournal of Bacteriology 102, 729-732.

Yadav, N.K., Vyas, S.R., 1973. Salt and pH toleeanicRhizobia. Folia Microbiologica 18,
242-247.

Yardin, M.R., Kennedy, I.R., Thies, J.E., 2000. Blepment of high quality carrier
materials for field delivery of key microorganismnsed as bio-fertilisers and bio-pesticides.
Radiation Physics and Chemistry 57, 565-568.

143



Conclusions

The work presented here broadens our understandithg application of biochar in
the environment. The research herein has investigdite potential risks associated

with the application of biochar to soil and agrtaual lands.

There is currently no regulation regarding the lexa# PTEs and PAHs in biochar
destined for application to soil. To evaluate th&d EPand PAH risks their
concentrations in biochar were compared to thosseimage sludge and compost.
Results have indicated that concentrations of matatalloids and PAHSs in biochar
are lower than those listed as acceptable by tlepgan Union for sewage sludge
and by the Publicly Available Specification (PAS) tompost. Moreover, PTEs and
PAHs concentrations in biochar were in keeping witbse in background soil. It
was concluded that biochar amendment to soil (etenhigh application rate of 100
t ha') would not elevate metal, metalloids and PAHs eom@tions above
background levels. Collectively, the results préseénimply that the impacts
attributable to PTEs and PAHSs following biochar laggtion to soil are likely to be
minimal. It is suggested that a ‘PAS’ type critesigstem, as applied to compost,
could represent a practicable mechanisms througichwko regulate biochar
application to soil and thereby safeguard agairsvagions in PTE and PAH
concentrations following biochar application tolsoi

Regarding the sorption capacity of biochar withpezs to organic compounds the
research presented herein has evaluated this plesoomfrom two different

perspectives:

(1) potential benefit in the instance of contaminataadk, wherein biochar
might reduce bioaccumulation of organic compoundis ¢rops, and;

(i) potential threats to the agricultural system whameaccount of biochar-
herbicides interactions deactivating herbicidaivatgt

Sewage sludge biochar (SSBC) was compared to seslagge (SS) as a soil
amendment to PAHs contaminated soil. The presercéboth amendments
significantly reduced the bioaccumulation of PAHsLiactuca satuvaHowever,

where SSBC was used as soil amendment, the retwotged greater benefits. These
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findings provide compelling evidence of the postimpacts of biochar, not only in
increasing crop Yyields (as already reported inrdttee), but also to improve food

safety where soil contaminations exist.

In contrast, the sorption of certain organic comqutsy specifically herbicides, may
be a threat to yields where agriculture relies ugmnuse of soil-applied herbicides.
Results reported herein show the dramatic effecbiothar (5%) had upon the
partitioning of the herbicide isoproturon (IPU),datne significant reduction in IPU

bioavailability.

Results presented herein have indicated weed sinvipresence of herbicides and
biochar to be comparable to that in unamended @bsuils. At high application
rates (5%) biochar was effective in deactivating therbicidal activity of two

(mestrione and pendimenthalin) of the three helbgitested.

Collectively, the results regarding sorption highli bichar to be effective in

mitigating soil to plant transfer of organic compds (PAHs) from contaminated
soil. By the same token herbicide-biochar interadiresulted in reduced availability
and bioavailability of herbicides. On one hand ttosild offer benefits with respect
to surface and groundwater protection but on tiherohand these results highlight
the risk that soil-applied herbicides may beconegfactive in the present of biochar.

The use of biochar as soil amendment for agricalltpurposes to enhance soill
properties and crop yields was extended where hioahas evaluated as an
alternative carrier for rhizobia inoculants. Thervéeal of three rhizobia strains
(Rhizobium leguminosarubv. viciae; Rhizobium etli; Rhizobium leguminosarim
trifolii ) observed in different temperature conditions %nhd 35°C) revealed that
biochar (produced from redwood) has a better piatea$ microbial inoculant carrier
than peat. Specific properties of biochar have baimbuted to the encouraging
levels of cell survival; these including: high wateolding capacity, readily liable
carbon and high nutrients contents (specificallgnganese, zinc and cobalt). These
preliminary results are encouraging in so muches 5 (largely) a non-renewable
resource while biochar can be produced on a suadti@rbasis. The opportunity to
potentially replace peat based inoculants with Hoc contemporaries could

represent appreciable environmental benefits.

145



Further work

This research has advanced the understanding @drafit aspects of biochar
application to soil. While providing several origlninsights this research has
prompted new research questions, and, with thesstigns, the opportunity for

further research to be developed.

In light of the findings of the research preserteckein the following areas of further

research are suggested:

1. To establish the potential for herbicide deactatin biochar amended soil
in field plots (rather than laboratory microcosms).

2. To consider the influence of biochar upon seveeabicide classes and how
herbicide-biochar interactions vary with differdnibchars (produced from
different feedstock and pyrolysis temperatures).

3. To evaluate the capacity of biochar to facilitatezobia survival once
rhizobia-inoculated-biochar is applied to soil;dstablish the ability of the
biochar associated inocula to be effective in rootlulation, and; plant

growth thereatter.
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Supporting information

Environmental contextualisation of

potential toxic elements and polycyclic aromatic hgrocarbons in biochar

Alessia Freddb?, Chao Cdi, Brian J. Reid”

School of Environmental Sciences, University oftZasglia, Norwich Research Park, NR4 7TJ,
Norwich, UK.
% Key Laboratory of Urban Environment and Healttstitute of Urban Environment, Chinese

Academy of Science, Xiamen, 361021, China

Supporting Methods
Calculation of PTE concentrationsin biochar amended soil

In order to calculate resultant metal/metalloid acantrations in a biochar amended
soil a biochar application rate is of primary imgamce. Jefferet al. (2011) reported
application rates of 1 t Hato 100 t h&. In light of this an application rate at the
upper end of the range, 100 t*havas used in subsequent calculations to provide a

‘potential worst case scenario’.

Resultant concentrations of metals/metalloids feihmg biochar amended to soil

were calculated as follows (using the assumptitated).

Firstly, the incumbent metal/metalloid ‘doses’ asated with biochar addition (100 t
ha') were calculated by multiplying this mass of biachl x 18 kg) by the

concentrations of metal/metalloid therein (Table 3)Minimum, median and
maximum values were applied in the calculationsis Nalue is denoted ‘A’ in

Equation 1.
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Thereafter, the incumbent metal/metalloid masse®0icm plough layer of 1 ha of
soil were calculated using the ABC background spilgified in the manuscript
(reported in Table S3). In this way a given ABCuealvas applied to a total mass of
soil of 5.4 x 18 kg (this being derived as a soil volume contaime@l00 m x 100 m

x 0.3 m x soil density (assumed to be 1.8 g*pmThis value is denoted ‘B’ in
Equation 1.

Having obtained the contributing amounts of metatatfioid from biochar and soil
these values were summed and then expressed artpyopof the total mass of
material (soil plus biochar (6.4 x 3P present (Equation 1). In this way the resultant
metal/metalloid and PAH concentrations in the aneensoil were obtained (Table
S3).

Resultant concentration A + B Equation 1
= 6.4 x 106

Supporting Results
Assessment extracting solvent regime rigour

Below (Table S1) is accounted the results of théhote appraisal, with respect to
their rigour, to extract PAHs using the followingj\gent extraction regimes: a) DCM,
b) DCM/acetone (1:1), and, c) acetone/hexane (1:1).

In terms of totap PAH, extraction with DCM was observed to be the mmigorous
with the highes PAH concentration (8.7 + 0.23 mg Kgwhile extraction using
DCM/acetone (1:1) and acetone/hexane (1:1) indicaeAH concentration to be
3.96 + 0.92 mg kdand 2.02 + 0.36 mg Ky respectively (Table S1). Moreover
DCM extraction, when compared with the other salseagimes (DCM/acetone (1:1)
and acetone/hexane (1:1)), yielded the highest pumddf PAH compounds
(naphtalene, acenaphtylene, acenaphthene, fluoranghracene, fluoranthene,
pyrene) (Table S1).
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Naphthalene along with acenaphthene were the ampounds observed above the
limit of detection for all three solvent regimest the PAHs assessed naphthalene
was most abundant in all of the extraction regirffe$ + 0.92 mg kg with DCM:;

2.4 + 1.78 mg kg with DCM/acetone; 1.0 + 0.42 mg Kkqvith acetone/hexane).
Similarly, acenaphthene concentrations decreaseeping with the same order of
solvent regime: (1.17 + 0.04 mg kguvith DCM; 0.83 + 0.07 mg Kg with
DCM/acetone; 0.66 + 0.09 mg Rgvith acetone/hexane). Although below the limit
of detection where DCM/acetone was used as a dolggime pyrene was extracted
with concentrations above the limit of detectioneneboth DCM (0.12 + 0.08 mg
kg?) and acetone/hexane (0.59 + 0.58 mg)kgere used.

Overall the extraction with DCM gave the greatgspartunity for PAH detection

and was therefore used as the method of choiagbisesjuent extractions.
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Table S1. PAH compounds extracted from pilot scale gasification of softwood chips where DCM, DCM/acetone

and acetone/hexane were used as extracting solvent regimes. Values are shown + 1 standard deviation (SD).

Mean [PAH] mg kg-' (SD)

acetone/hexane
Limit of Detection

PAH (log Kow) (mg kg) DCM DCM/acetone (1:1) (1:1)
Naphthalene (3.37) 0.5 5.11 (0.92) 2.44 (1.78) 1.04 (0.42)
Acenaphthylene (3.92) 1 1.69 (0.43) <LOD <LOD
Acenaphthene (4.00) 0.5 1.17 (0.04) 0.83 (0.07) 0.66 (0.09)
Fluorene (4.18) 0.1 0.3 (0.01) <LOD <LOD
Anthracene (4.54) 0.03 0.21 (0.14) <LOD <LOD
Phenanthrene (4.57) 0.04 <LOD <LOD <LOD
Fluoranthene (5.18) 0.05 0.1 (0.05) <LOD <LOD
Pyrene (5.22) 0.1 0.12 (0.08) <LOD 0.59 (0.58)
Benzo[alanthracene (5.91) 0.05 <LOD <LOD <LOD
Chrysene (5.70) 0.05 <LOD <LOD <LOD
Benzo[ blfluoranthene (5.80) 0.02 <LOD <LOD <LOD
Benzo[A]fluoranthene (6.00) 0.02 <LOD <LOD <LOD
Benzo[a]pyrene (6.50) 0.05 <LOD <LOD <LOD
Benzo[ghiperylene (6.50) 0.08 <LOD <LOD <LOD
Indenol[ 723cd]pyrene (6.65) 0.05 <LOD <LOD <LOD
Dibenzo[a#A]anthracene (6.75) 0.2 <LOD <LOD <LOD
>PAHs 8.7 3.96 2.06

LOD - limit of detection

151



Table S2. PAH: total residues extracted with DCM. Values are shown + 1 standard deviation (SD). Retention time (RT) and mass-charge (m/z) applied during GC-MS analyses.

500°C (mg kg™') (SD)

600°C (mg kg™') (SD)

300°C (mg kg™') (SD)

PAH LOD

(log Kow) RT (min) m/z (mgkg?) Softwood Pilot Rice Bamboo Redwood Maize Rice Bamboo Redwood Maize
Naphthalene (3.37) 7.2 128 0.5 5.11 (0.92) <LOD 0.23 (0.09) <LOD 0.5 (0.17) 0.27 (0.02)  1.62 (0.04)* 2.72 (2.61)* 4.67 (1.41)*
Acenaphthene (3.92) 9.8 153 1 1.69 (0.43) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Acenaphthylene (4.00) 9.6 152 0.5 1.17 (0.04) <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Fluorene (4.18) 10.7 166 0.1 0.3 (0.01) <LOD <LOD <LOD <LOD 0.12 <LOD 0.12 <LOD
Anthracene (4.54) 13 178 0.03 0.21 (0.14) 0.05 (0.02) <LOD <LOD <LOD 0.12 (0.01) <LOD 0.23 (0.28) 0.03 (0.02)
Phenanthrene (4.57) 13.1 178 0.04 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Fluoranthene (5.22) 16.1 202 0.05 0.1 (0.05) 0.14 (0.02) <LOD 0.08 0.11 (0.01) 0.22 (0.01) <LOD 0.47 (0.57)* 0.1
Pyrene (5.18) 16.7 202 0.1 0.12 (0.08) 0.96 0.83 (0.04) <LOD 0.86 (0.01) 0.9 (0.03) 0.85 (0.08) 1.12 (0.27) 0.86 (0.01)
Benzo[a]anthracene (5.91) 19.8 228 0.05 <LOD <LOD <LOD <LOD <LOD 0.2 (0.01) <LOD <LOD <LOD
Chrysene (5.70) 19.8 252 0.05 <LOD <LOD <LOD <LOD <LOD 0.36 <LOD <LOD <LOD
Benzol[b]fluoranthene (5.80) 23 228 0.02 <LOD <LOD <LOD <LOD <LOD 0.2 <LOD <LOD <LOD
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Benzol[k]fluoranthene (6.00) 23 252 0.02 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Benzo[a]pyrene (6.50) 241 252 0.05 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Benzo[ghi]perylene (6.50) 31.7 276 0.08 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Indeno[123cd]pyrene (6.65) 30 276 0.05 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Dibenzo[ah]anthracene

(6.75) 30.3 278 0.2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
>PAHs 8.7 (1.67) 1.15(0.04) 1.06 (0.13) 0.08 1.47 (0.19) 2.27(0.07) 2.47(0.12) 4.54 (3.73) 5.66 (1.44)

LOD - level of detection limit

* denotes significant difference between like feedstock couplets.
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Table S3. Calculated resultant minimum, median and maximum metal/metalloid concentrations
(mg kg') in soil amended with biochar, at an assumed application rate of 100 t ha', and their

comparison with background soil concentration (see manuscript for justification). Where

Calculated resultant % change
Background soil concentrations (mg kg’l) relative to background soil

(mgkg™) Minimum Median Maximum  Minimum Median Maximum
Cd 0.80 0.7 0.7 0.82 -16 -15 3
Cr 44 37 38 38 -16 -14 -13
Cu 19 16 17 19 -16 -11 -1
Ni 25 21 21 21 -16 -15 -14
Pb 39 33 33 34 -16 -15 -14
Zn 89 75 84 108 -16 -6 21
As 6.2 5.2 53 53 -16 -15 -15

background soil concentrations are exceeded values have been highlighted in bold.

References:

Jeffery, S., Verheijen, F.G.A., Van der Velde, Bastos, A.C., 2011. A quantitative
review of the effects of biochar application tolsan crop productivity using meta-

analysis. Agriculture, Ecosystems & Environmaad, 175-187.
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Supporting information

Reduced bioaccumulation of PAHs by actuca satuva L. grown in contaminated soil

amended with sewage sludge and sewage sludge deatitséochar

Sardar Khaf®, Ning Wang, Brian J. Reif] Alessia Freddp Chao Caf"

®Key Lab of Urban Environment and Health, InstitafeJrban Environment, Chinese

Academy of Sciences, Xiamen, China
PDepartment of Environmental Science, UniversitfPeshawar, Pakistan

‘School of Environmental Sciences, University oftasglia, Norwich, UK.

Additional results

Soil and treatment properties: The initial physico-chemical characteristics of 8oils
were assessed according to standard proceduresoiip (CaCl) was 6.77, electrical
conductivity (EC) 0.15 mS ¢ and loss on ignition (LOI) 16.55 % (Table S1)eTh
contents of N (0.13 %), C (7.05 %) and S (0.31 %)enmeasured by dry combustion
method using macroelementor (VarioMax CNS, Germ@kgtejovic, 1997). Biochar
application increased the soil pH by 0.05-0.19 piHs) while sludge decreased the soil
pH by 0.02-0.13 pH units.

156



Table 1S:Characteristics of sludge, biochar and soil

Parameters Sludge Biochar Soil
pH (CaC}) 5.41+0.21 7.25+0.15 6.77+0.09
EC (mS/cm) 2.58+0.07 1.71£0.10 0.15+0.01
Moisture (%) 2.56+0.07 1.1+0.01 0.76+0.02
LOI (%) 57.93+1.31 48.7+1.42 16.55+0.64
N (%) 3.54+0.11 3.44+0.22 0.13+0.03
C (%) 28.21+1.56 27.08+1.86 7.05+1.17
S (%) 3.38+0.50 4.56+0.73 0.31+0.05
BET Surface Area

2.17+0.02 5.45+0.01 ND
(m*g?)
Pore Volume (crig?) 0.0097+0.001  0.0144+0.003 ND
Pore Size (nm) 17.89+1.16 10.54+0.76 ND

ND - not detected
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Table S2 Symbol key for Figure 3.

Symbol on Figure 3

Colour on Figure 3 and
PAH compound

O White, naphtalene
O White, acenaphtylene
A White, acenaphtene
O Grey, fluorene
Y4 White, phenanthrene
& White, anthracene
O Grey, fluoranthene
A Grey, pyrene
[ ] Black,
benzo(a)anthracene
Y Grey, chrysene
A Black,
benzo(b)fluoranthene
v Black,
benzo(k)fluoranthene
[ ] Black, benzo(a)pyrene
o Black,
indeno(1,2,3-c,d)pyrene
L 2 Black,
dibenzo(a,h)anthracene
14 Black,

benzo(g,h,i)perylene
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Influence of biochar on isoproturon partitioning and bioavailability

Reid, B.3*., Pickering, F.L, Freddo, A, Whelan, M.J., Coulon., E

'School of Environmental Sciences, University oftEasylia,

Norwich, NR4 7TJ, UK.

School of Applied Sciences, Department of EnvirontakSciences and Technology Cranfield

University, Cranfield, MK43 OAL, UK.
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Values used to support the fugacity modelling apprach

We consider vials with the following properties:

Total internal volume\(y) = 24.38 cm

Mass dry soil added Ms=20g

Assumed soil bulk density 1.4 g ém

Assumed density of soil solid phaseis= 2.6 g cnt

foc soil =0.018 g g

Assumed bulk density of biochar = 0.32 gtm
foc biochar = .68 9§

% biochar added by weight = 5%

Mass of biochar added =0.05*20=1g¢

Mass of biochar C addedh) =0.68* 1 =0.68 g

Relevant derivations of these properties are #gvist

Volume of bulk dry soil Ypur) =Ms/ [1g=20/ 1.4 = 14.29 cin

Porosity of soil (1) = (Us—1g)/ [1s=(2.6 —1.4) / 2.6 = 0.46

Volume of solidsYs) = (1 =11) . g = (1 — 0.46) . 1.4 = 7.69 ¢m

Water content (calculated from gravimetric watenteot of 0.104 g9 = 0.4 cni cm®

Volume water in vial ) = 0.4 Vpu= 0.4 . 14.29 = 5.71 cin

Volume of air in soil 2Vpyk—Vw-Vs=14.29 - 5.71 - 7.69 = 0.88 tm

Volume of air in vial outside the soil pore spacé= Vpui = 23.38 — 14.29 = 10.09 ém
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Total volume of air in systemv/§) = 10.09 + 0.88 = 10.9 ¢n

Notes regarding isoproturon

The use of IPU (Figure S1) is now prohibited in thi€ due to concerns about water
pollution and associated risks to aquatic liféPU has moderate aqueous solubility (65
mg L) and a reasonably high log (2.48) which does not immediately suggest a high
propensity to leach. However, the risk of watentamination was increased by its
widespread use.

o

(CH,}—CH @NH—E—N(CI—%

Figure S1 Chemical structure of isoproturo8-(4-isopropylphenyl)-1,1-dimethyl urea;
C12H18N20)

162



0-1PU 1-IPU 2-1PU 5-IPU 10-1PU

40
30
—
20 §
5 o ¢ 0 R
10 OO b OU b ° a o B 5
OWQM'MM—M(WOOOO <mQ—-—v—-—'—'—o—v—o—v—ﬁoOQ
40
30
20 5 3 a e ‘Z
o [
g ooao : Q§§§§ g 2 ¢ ¢% o 2 QQQQQ o
10 . o ? s 3 o
o o 00 ° a o OQ o
0@%—2—,—'—.—.—.—,—.—,—.—0 ------ (Q_U_I_'_I_I_I_I—'_.—'_ﬁ'&.—.—v—ﬂ—.—.—.—v—'—v—ko ...... - -
40 5 s R <]
0 1od 53¢ ;20
28 ’ p ot 3
20
t ? ¢ 3 8
10 a % ’ %
i : § it
Q&S 0o o *—o o > o o o kne oo o o o o | oo oo o o & & - o o o . N
40
S
5 30
¢ %
TR :
£ %
= 1 53388 & @ HH% Pt
o 3 % g aooo o o
01370—9—4—9—9—9—'_2—'_2*' """ A i dg—.—-—v—-—-—-—-—v—v—v—-*(&—s—-—v—v—v—v—v—v—'—v—'* t
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Assay Time (days)

Figure S2: Catabolic activity with respect to IPU (C-IPU mineralisation). Open circles showing biocfiae treatments while closed circle
show with biochar treatments. IPU dose is organiséde horizontal direction with 1 mg kg2 mg kg, 5 mg kg', 10 mg kg indicated with
column headings of 0 IPU, 1 IPU, 2 IPU, 5 IPU afdRU, receptively. Temporal response is captueztically with row headings of 1d, 13d,
34d and 62d. Error bars display standard erroh@itean (n = 4).
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Deactivation of herbicidal activity in biochar amerded soil.

Alessia Freddo and Brian J. Reid

School of Environmental Sciences, University oftEasglia, Norwich, UK

Material and Methods

Calculations for herbicide dose rates

The recommended application rate for mesotriongeisveen 0.1 - 0.225 kg ha

(Tomlin 2006). The rate used specifically in thisdy was 0.21 kg ha

The recommended application rate for pendimenthisliibetween 0.6-2.4 kg Ha

(Tomlin 2006). The rate used specifically in thisdy was was 1.7 kg fia

The recommended application rate for terbuthylaisreetween 0.6-3 kg H{Tomlin

2006). The rate used specifically in this study ®as ha'.

To convert these values to a concentration appedabthe limited surface area of the

box, the following calculations were undertakenafaple for mesotione):
-conversion from kg Hato g m* 210 g h& x 1/10000 ha = 0.021 g rif
-area of each box: 0.23x0.17 m= 0.0391 M

-grams of mesotrione per box: 0.021 § ;0.0391 M= 8.21 x 10 g
-mesotrione density: 1.2 g rhL

-volume of mesotrione sprayed per each box: 8.20%g / 1.2 g mL* = 6.84 x 10°

mL
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Similar calculations were undertaken for pendimalmhand terbuthylazine using

densities of 0.374 g mtand 1.1 g mL, respectively.

The calculated amounts of herbicide were spraydd the treatments within a total

volume of distilled water of 100 mL per box.

Biochar application rate

An application rate of 100 t Havould result in a soil loading of approximately 5 %
biochar content. This assumes a biochar applicato©80 kg of soil. This being
derived as a soil volume contained in 100 m x 100 @1 m x soil density (assumed

to be 1.8 g ci). Actual resultant biochar loading = 5.5%.
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