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Abstract

Biochar is the porous, carbonaceous material pediby thermo-chemical treatment
of organic materials in an oxygen-limited envirommeln general, most biochar can be
considered resistant to chemical and biologicalodgiosition, and therefore suitable for
carbon (C) sequestration. However, to assess thegQestration potential of different types
of biochar, a reliable determination of their ski&piis needed. Several techniques for
assessing biochar stability have been proposedpmgimate analysis, oxygen (O): C ratio
and hydrogen (H): C ratio, however, none of theenyat widely recognised nor validated for
this purpose. Biochar produced from three feedst¢Blne, Rice husk and Wheat straw) at
four temperatures (350, 450, 550, 85D and two heating rates (5 and 100nin) was
analysed using three methods of stability deterti@naproximate analysis, ultimate analysis
and a new analytical tool developed at the UK BawcResearch Centre known as the
Edinburgh accelerated aging tool (Edinburgh stghibol). As expected, increased pyrolysis
temperatures resulted in higher fractions of st@bénd total C due to an increased release of
volatiles. Data from the Edinburgh stability tooasvcompared with those obtained by the
other methods, i.e. fixed C, volatile matter, O:@daH:C ratio, to investigate potential
relationships between them. Results of this comsparishowed that there was a strong
correlation (R > 0.79) between the stable C deteechiby the Edinburgh stability tool and
fixed C, volatile matter and O:C, however H:C shdveeweaker correlation (R = 0.65). An
understanding of the influence of feedstock anddpction conditions on the long term
stability of biochar is pivotal for its function asC mitigation measure, as production and use
of unstable biochar would result in a relativelpicareturn of C into the atmosphere, thus

potentially intensifying climate change rather tladlieviating it.
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Introduction

Biochar is the C-rich solid produced by thermo-cloainconversion (pyrolysis) of
biomass in an oxygen depleted environment for thipgse of soil amendment. Biomass
pyrolysis diverts C away from the dynamic atmosphbiosphere pool and into a far more
stable pool decomposing at a much slower rateitegrarent feedstock (Preston & Schmidt
2006; Lianget al. 2008; Spokas 2010), avoiding the complete retuthe air of CQfrom
natural decay or burning. Producing biochar andrparating it into soil for the purpose of
soil improvement is thus one proposed method teease long term storage of C in the
biosphere (Shacklest al. 2009; Sohet al 2010). As a relatively complex proposition that
concerns energy production as well as C sequestratid soil management, it is the subject

of increasing multi-disciplinary research.

It is known that the physiochemical properties iochar depend on the starting
organic material, the carbonization system useaddke it and selected production
parameters (Endeet al. 2012). These properties then define the functipngperties such
as biochar soil stability which is essential to destrating the longevity of stored C and

therefore establish an effective means for C abaitdém

Biochar can be considered part of the black C oantn, a term used to describe the
by-products of combustion that also includes —raeo of increasing stability — charcoal,
coal, soot and graphite (Masiello 2004; Baldock&e®nik 2002; Lianget al. 2008).

Through the use of C-14 dating, black C has beenddo be the oldest fraction of C in soils,
with the most stable components displaying meadease times of several thousand years
(Lehmanret al. 2009; Lianget al. 2008; Preston & Schmidt 2006). The complexity and
chemical heterogeneity of black C has made itdiffito establish a single method suited to
assessing the potential stability of all matenalthe continuum (Hamme=t al. 2006) and

hence, there is no globally-established methodiédermination of absolute stability for

3
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black C or biochar. However, a number of methodsdmparing the relative stability of
different biochar materials have emerged. Thededecproximate analysis (ASTM D1762-
84; Antal & Gronil 2003), O:C or H:C molar ratioSpokas 2010; Endees al.2012; IBI

Guidelines 2012), and chemical oxidation (CrosSdhi 2012).

Proximate analysis has long been used to assegsdhity of coal and charcoal fuels,
defining moisture, “volatile matter”, “fixed C” anash. Proximate analysis requires high
temperatures (90Q for determination of volatile matter and 76(for ash determination) for
extended periods of time, this has practical drakba@and can lead to an inflated estimate of
fixed C by underestimation of ash content (Masi2b04; Downiect al. 2009; Enderst al.
2012). Furthermore, proximate analysis relies @nrttal decomposition for calculation of
products, which does not provide an analogue fdggradative (primarily oxidative)

processes that exist in soil.

Pyrolysis favours the elimination of H and O oversGch that extending pyrolysis
reactions results in a solid residue (char) of pregively higher C concentration. The utility
of elemental ratios, provided by ultimate analyasindicators of biochar stability has been
extensively researched (Kuhlbusch 1995; Hedged. 2000; Masiello 2004; Spokas 2010;
IBl Guidelines 2012; Schmidit al.2012). The O:C ratios assigned to materials enessgd
by the black C continuum showed a systematic isard&m O for graphite to >0.6 for
material not considered to be black C. For agedhia@insamples, changes in O:C ratio at the
surface indicates the extent to which they have los@ised by their environment (Cheeg
al 2006) For newly produced samples, O:C indicates the pssgon of deoxygenation
which can serve as a proxy for the extent of chgrrCorrelation of O:C with the mean
residence time of various biochar samples in saitapolated from various short-term
incubation experiments confirmed a general, investgionship between this ratio and

biochar stability (Spokas 2010). This work propo#eat biochar displaying an O:C ratio
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>0.6 would be closer to biomass composition thagraphite and would have a mean
residence time <100 years. Conversely, materidd amt O:C ratio in the range 0.2-0.6 would
be expected to have mean residence time of 100\&48. To avoid confounding analyses
with non-black C species IBI guidelines for quantif O:C ratio recommend the application
of an acid treatment for the removal of carbonatesdetermination of organic C (IBI

Guidelines 2012).

The ratio of H:C has also been proposed as an iaflasomaticity and resistance of
char to microbial and chemical degradation (Kuhtinu$995; Kuhlbusch & Crutzen 1995).
As with O:C quantification, pre-treatment stepsdamnd thermal treatment) can be applied
to remove inorganic and organic C prior to totemtl C determination. Kuhlbusch (1995)
also described the use of a correction factor thuebe H bound to elements other than C,
most likely silicate and therefore generating a@ Ifatio only for the stable fraction of char.
However, Enderst al (2012) showed that their results ranked poultryane, based on H:C
ratio, to have equal stability to woody samplesohwere found to be much more stable thus

creating doubt over the suitability of H:C as almoel of stability determination.

In order for the potential of biochar for C sequatsbn and agricultural benefit to be
fully realised, it is necessary that the differemtctional characteristics of biochar such as
stability can be rapidly assessed prior to deplaymEhe method put forward by Cross and
Sohi (Cross & Sohi 2012) establishes an approaatdinectly quantifies stability by
eliminating the less stable portion of materialdxydation. Controlled but fast addition of
hydrogen peroxide (D) is used as an analogue for the accumulated effextidation over
extended periods of time in soil. Biochar samplegipced under subtly different conditions
can be readily distinguished and the oxidationttneat tuned to mimic the loss of C

occurring in charcoal over 50-200 yrs. in the emwnent (depending on ambient climate
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conditions).The approach has potential to capture the effdqibysical inaccessibility of

biochar as a substrate, whereas thermal degradaagmot.

A comprehensive comparison of the methods descrgestjuired for two reasons.
Firstly, if methods are equivalent or can be caitesd, the more practical and cost effective
method may be promoted for future applicationso8dly, if results provided by different
methods diverge, new insights into the nature oflvar may emerge, for example, the effect

of contrasting abiotic conditions in the naturaviemnment.

In the present study, a systematic set of biochadycts was created from three
contrasting feedstock materials using a singl®skighly controlled small-scale pyrolysis
equipment and defined temperature settings. Theugte were assessed using proximate
analysis, elemental molar ratios and direct oxadathe objective was to determine whether
the different assessment methods provided a meakthe same characteristics and, where

results showed different patterns, to considepthssible reasons.



138 Materialsand Methods
139  Feedstock
140 The three types of biomass used in the pyrolysieements wereRinus sppmixed
141  pine wood chips, PCPryza sativarice husk variety, RH) an@riticum spp(wheat straw,
142  WS). Wood chips (ranging from 15 x 5 x 4 mm to ¥080 x 15 mm in dimension) were
143  acquired from Stonelaws Farm in East Lothian, $oaotl Rice Husk (uniformly less than 5 x
144 4 x 1 mm particle size) was obtained from Kamed#®ato Prefecture, Japan. Wheat straw
145  (primary fragments 10 x 3 x 1 mm to 90 x 5 x 4 mva¥ purchased from StrawPellet Ltd.,
146  Rookery Farm, Lincolnshire, England. For pine weobgs and wheat straw the natural
147  heterogeneity within bulk supply was minimised asds possible by thoroughly mixing a
148  volume sufficient for all experiments. The moistaoatent of each feedstock was
149  determined gravimetrically by drying at £05for 24 hr. Results from ultimate and proximate
150  analysis of the selected materials are shown ineThb
151
152  Table 1: Ultimate and proximate analysis for pineg husk and wheat straw feedstock used
153  in experimental work.

Feedstock Fixed C Volatle Ash Moisture C% H% N% S% 0%*

% Matter % % %
Pine 21.6 73.2 2.0 3.3 495 59 0 NM 44.7
Rice Husk 15.0 59.4 21.3 4.3 379 49 0 NM 57.2

Wheat Straw 14.4 75.3 6.3 4.1 414 5.6 0 NM 53.1

154

155
156

NM, not measured

*, determined by difference



157

158

159

160

161

162
163
164

165

166

167

168

169

170

171

172

173

Equipment
Pyrolysis was conducted using the apparatus shoviagL 1 comprising a static bed
reactor formed from a vertical 50 mm diameter quawbe with sintered plate at the base

allowing a sample bed depth of approx. 200 mm.
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Fig. 1: Schematic of small scale laboratory batglolysis unit situated at UKBRC, The
University of Edinburgh.

The sample in the reactor tube was heated by aM 2nkra-red gold image furnace
(P610C; ULVAC-RIKO, Yokohama, Japan) with a propmral—integral—derivative (PID)
controller giving a wide range of heating rates aottl times with a maximum temperature
of 1300°C. Monitoring and control of temperaturetie sample bed used a thermocouple
positioned 10 mm from the inner surface of the uarbe. Nitrogen gas @gNwas supplied
to the bottom of the pyrolysis tube at a controltate. After preheating at the base of the
reactor, the gas passes up through the sample,psgeeolaties and syngas into a
condensation system consisting of two sections. fifeeis heated (160+2Q); it removes

entrained particulates on a filter and collectshHigiling tars in a separate trap. The second
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section consists of a series of condensers andveesewhere further condensable liquid
products are collected (Fig. 1). Data for the npaivcess variables, temperature, pressure and

gas volume flow, are logged in real time.

Pyrolysis

Each pyrolysis experiment used a standard volumdeedfistock, resulting in a
different mass of material being used in runs iffecent feeds: 40g for pine chips, 30 g rice
husk or 15 g wheat straw. In a typical pyrolysipexment biomass was charged into the
sample tube before the glassware system was assknilile pressure sensors were zeroed
and the system was purged with béfore establishing a steady flow rate of 0.33 L mift
as carrier gas (giving a linear cold flow velociyithin the empty pyrolysis tube of
approximately 3 mm§. Samples from all feedstock types were heatedrate of 8C min.
For pine chip and rice husk only @0 min' was also used for comparison. Hold
temperatures of 35Q, 450C, 550C and 650C were used and maintained for 20 minutes

before gradual cooling (with continued flow) until below 106C (about 1 hr.).

After pyrolysis, product masses were determiredchar and condensed liquids by
weighing equipment before and after experimentsdégt gas volume was measured using a
volumetric flow meter (Ritter, TG5) and gas massedained by calculation following
composition analysis using a mass spectrometere(hlitHPR-20 QIC). Yields of each
product (syngas, condensable and char) were ctddubs a proportion of the mass of dry
feed. Char product was removed from the pyrolydi® tand retained for analysis. Condensed
liquid products comprising heavy tar and lightdrfractions were collected and stored in a
refrigerator. Gas products were disposed of byimgrdfter composition analysis and volume

measurement.
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Analysis of biochar

Char samples were analysed by proximate analysisiate analysis and oxidation.

Prior to analysis all samples were milled to a hgermus fine powder using a ball mill
(MM200; Retsch, Castleford, UK) and dried overnighfl0OSC as standard practice prior to
shipment of samples for analysis. Proximate amabyfsall biochar samples and
corresponding feedstock was carried out using takgmravimetric analysis (TGA/DSC 1;
Mettler-Toledo, Leicester, UK). Due to the smallamt (mg) needed for TGA analysis
moisture can be rapidly absorbed by the samplenguransport and handling prior to
analysis. Samples were first heated for 10 mir0&fc under N to determine moisture
content; the temperature was then raised % 28in™ to 900C where it remained for a
further 10 min to eliminate volatile matter. Witin mtroduced to the system the sample is
finally combusted (also at 98D) for 15 minutes in order to determine ash. Figeid
calculated on a weight per cent basis by subtrgctiaisture, volatile and ash values from the
original mass. Elemental (ultimate) analysis oHGInd N was conducted in duplicate using
an elemental analyser (Flash 2000, CE ElantechNew; Jersey, USA) by London

Metropolitan University (London, UK). The O contemas determined by difference.

The Edinburgh stability tool, used in this studgshbeen developed by A. Cross and
S.P. Sohi at the UK Biochar research Centre, Edgib(Cross & Sohi 2012). Direct
oxidation was conducted at the University of Edmgbuby A. Cross and K. Crombie. This
stability assay forms part of a set of laboratogtimods intended to provide a comprehensive
set of functional assays for biochar. Briefly, hac containing 0.1 g C is milled to a fine
powder to remove any potential effect of physitaldure and is treated in a test tube with 7
ml of 5% HO,, initially at room temperature and then at@@or 48 hr. during which time

the reaction is completed and the sample driedl&tais expressed as the percentage of the

10



223

224

225

226

227

228

229

230

231

232

233

234

initial 0.1g C that remains after oxidation, assessom the gravimetric mass loss and

determinations of C content before and after oxatafCross & Sohi 2012)

Statistical Analysis

Correlations between analytical measures of biostauility as well as analysis of
variance (ANOVA) were performed using Minitab 16étstical software. The ANOVA
statistical test was applied through a generallimeodel and significance of results were
calculated using Tukey’s HSD (Honestly Significanfference) at a significance level of P <
0.05 for all materials and production conditionabklling systems exist to attempt to
categorize R values by considering correlation fomehts < 0.35to represent low or weak
correlations, 0.36 to 0.67 to be moderate cor@iati0.68 to 1.00 strong or high correlations

and_> 0.9 to be a very high correlation (Taylor @09

11



235 Resultsand Discussion

236  Product Yield Distributions

237 The yields of char, liquid and gas obtained fromheyrolysis experiment are shown

238 inFig.2a, b, c.
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For each feedstock, higher pyrolysis temperatwesslted in a lower char yield, as
expected (Antal & Grgnli 2003). The distributiongrbduct char, liquid and gas was heavily
dependent on the original composition of biomass po pyrolysis. The cellulose,
hemicellulose and lignin fractions can vary greaiyween feedstock materials and these
differences potentially result in contrasting protyelds from pyrolysis and also the
properties of those products (Vassiehal.2010). The lower biochar yields given at higher
temperatures are a result of greater decompofionganic material at higher temperatures
promoting the release of volatile material. Diffeces in volatile material yields over the
temperature range can be a result of the degreeeakdown of cellulose, hemicellulose and
lignin (Demirbas 1994, 2002; Mohat al. 2006; Endergt al.2012). Rice husk samples
yielded the largest mass of char, but conserved makided high concentrations of
inorganics present in the feedstock known fronrdifgre to be high in silica (Kalapatkyal.
2000). Increased char devolatilisation at highemerature then results in a higher
percentage of liquid and gaseous products (Fig)2[@;he differences in yields with
production conditions could have an impact on tiergy distribution between the char,
liquid and gas products. In addition to biochargamties the distribution of the pyrolysis
products should be considered when selecting ptmatuconditions, since their quality and
guantity will determine their end use and so theral impact of the system (Shackletyal.

2011).

Direct Oxidation (Edinburgh stability tool)

Stable C (biochar wt%), determined by the direddation method (Cross & Sohi

2012), increased with pyrolysis temperature, fahef@edstock (Fig. 3a).

13
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Fig. 3: Effect of increasing production temperatanethe (a) Stable C and (b) Stable C yield
of biochar samples. Error bars were added to thphgto show standard error of Stable C%

but are not visible due to the scale of the dat&)n

Biochar produced from wheat straw contained thédstyconcentration of stable C at
temperatures < 650G however analysis of wheat straw biochar producé80FC exhibited a
decrease in stable C. The higher stable C condmtrat 550C could be attributed to the
heterogeneous nature of the wheat straw used &ir d@kperimental run resulting in an
increased proportion of stable C present in thedeek. Expressing results on a feedstock
weight basis removes the direct effect of (cons#rieedstock ash content, although ash may

still have influenced the product yields and biacktbility indirectly during the pyrolysis

14
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process (Fig. 3b). This measure provides an inaexthe efficiency of conversion of
feedstock C to stable C, rather than simply how motthe C in a particular biochar is

stable.

In contrast to the yield of biochar from pyrolydisere was only a minor effect on
stable C yield created in the pyrolysis of pingoshor wheat straw in the 350-680range of
pyrolysis temperature. Despite this small variafmmwheat (22.6 — 28.9 %) and pine (22.0 —
24.8 %) derived biochar, the stable C yield foe tmsk samples increased from 21.6 — 40.6
% points when pyrolysis occurred at temperatures@d50C. This observation could be a

result of the high ash content typical for ricehus

Heating rate, across the wide range of 1 t@@Q@in” investigated, did not seem to
have a notable impact on the concentration of et@hh biochar although a trend showing
slightly lower stable C yields in samples createligh heating rate could be discerned
(reflecting lower char yields at higher heatingejat.ower variation in the yield of stable C
with increasing pyrolysis temperature is of pafacumportance to the economic and
environmental case for biochar production. Estabig how pyrolysis—biochar systems can
be optimised for product that best enhances suailifig and sequesters C, while also
providing energy capture has been a key questidne lyield of stable C remains largely
unaffected with increasing temperatures then biophaduction could be tuned to maximise
energy as well as other physiochemical propertiggewnaintaining the C sequestration

potential. The utility of high temperature bioclar soil fertility must then be considered.

Proximate Analysis

Results of proximate analysis are presented in€f&blThe ash concentration of
biochar samples were influenced mainly by feeds{éck 0.0001) and to a lesser extent by

pyrolysis temperature (P = 0.003) with ash conieateasing with temperature from wheat

15
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straw and rice husk biochar (up to 20% and 50%e@sgely) but not for biochar from pine
(<5%). In contrast to ash, fixed C and volatile t®abn a dry ash free basis depended greatly
on temperature (P < 0.0001) with no influence friedstock (P = 0.11). When ash content
was taken into account, however, feedstock hadyafisiant effect (P < 0.0001). A strong
negative correlation between ash and fixed E{R0.808, P < 0.0001) can be used to reflect
why all biochar samples produced from low ash pioatained high levels of fixed C
whereas high ash rice husk biochar exhibited lovatites and fixed C concentrations. The
effect of ash on fixed C content produces a posditviitation of using proximate analysis for
the determination of a stable fraction. This is tlm¢he decreasing measured weight of ash
leading to inflated values for fixed C determine \subtraction. The loss in weight
associated with ash content can be due to vokttdis of ash species such as phosphorous
and magnesium during thermal treatment leading rablpms of fouling, corrosion and

slagging and. (Alet al 1988; Darvelkt al. 2005, Sonoyamet al. 2006).

The fixed C content of biochar increased with pysa temperature due to increasing
concentrations of volatile matter being releaseam@es produced from pine feedstock
showed the highest concentration of volatile mathsr well as the largest decrease (from

55.4% to 14.8%) as temperature increased from @66¢'C.

Expressed on a feedstock basis the yield of fixégc@ased up to 480 but not at

higher temperatures (Fig. 4a).
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323  biochar samples produced from pine, rice husk ameiivstraw
324

325 This confirmed the observations of others (AntaB&nil 2003; MaSelet al 2011)
326 and suggested that certain functional propertibsieced at higher temperature could be
327 acquired without diminishing C sequestration. Akatite matter follows the reverse pattern
328 to fixed C (Fig. 4b), higher temperature pyrolysight minimise the biochar fraction

329  susceptible to decay in soil while increasing bgejrcts for heat and energy generation.

330 Since small fractions of volatile matter could peaither beneficial (Eladt al.2010; Graber
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et al. 2010) or detrimental (Jones al.2011) to different microbial communities in salie
composition and ideal amount of volatile matter imigeed to be researched and quantified.
During proximate analysis the biochar sample isoseg to high analytical temperatures
which when compared to environment soil conditioas be considered to be extreme
therefore minimising the determined stability oftan. Despite the term, “fixed C” is
calculated by weight difference rather than quamatifon of elemental C and will contain
other species of high thermal stability. This congal with the release of volatiles and alkali
metals (P, K, As, Se, Hg etc) from the ash phasdezd to an inaccurate determination of C

derived from proximate analysis that could be dekerevironmentally stable.
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Table 2: Proximate analysis data for biochar sampteduced from selected feedstock at

four temperatures (350, 450, 550 and%€5Gand two heating rates (5 and ¥0G6nin?)

Proximate analysis *

Sample Fixed C % Volatile Matter % Ash % Total %
Pine 350-5 47.8 50.8 1.4 100
Pine 450-5 62.2 34.9 2.9 100
Pine 550-5 73.9 22.0 4.2 100.1
Pine 650-5 78.9 15.2 5.9 100
Pine 350-100 58.0 38.7 3.4 100.1
Pine 450-100 63.6 33.0 3.4 100
Pine 550-100 e 21.6 0.7 100
Pine 650-100 81.6 13.4 5.0 100
RH 350-5 32.4 30.3 37.3 100
RH 450-5 36.4 19.1 44.5 100
RH 550-5 38.5 14.6 46.9 100
RH 650-5 40.5 9.3 50.3 100.1
RH 350-100 39.3 20.7 40.1 100.1
RH 450-100 35.0 19.4 45.6 100
RH 550-100 37.0 11.3 51.7 100
RH 650-100 38.6 11.3 50.0 99.9
WS 350-5 49.5 39.6 10.9 100
WS 450-5 59.2 23.2 17.6 100
WS 550-5 62.8 17.2 20.0 100
WS 650-5 64.4 14.2 21.3 99.9

* Moisture free basis

Ultimate Analysis

Results for all biochar samples are shown in T8bgtatistical analysis indicated that
temperature (P < 0.0001) was the main determine@HNO results expressed on a dry ash
free basis. However, similar to proximate analysien the ash concentration was not

included in the CHNO results, the impact of feedstmcreased (P = 0.547, P = 0.001) to
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352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

becoming equally important as pyrolysis temperatuféor biochar from each feedstock,
biochar C content increased with pyrolysis tempeeat(and inversely to biochar yield)
through preferential elimination of N, H and O iolatile matter. Loss of O and H can be
attributed to the scission of weaker bonds witlme thar structure such as alky—aryl ether
bonds and the formation of more resistant strust(id@@mirbas 2004). Total C content for all
biochar samples were considerably greater thantdte¢ C of their respective biomass.
However, when biochar yield was taken into accamd total C expressed on a feedstock
weight basis it was found (Fig. S1) to be largelgapendent of pyrolysis temperature (as

with fixed and stable C yields).

The effect of elemental composition on the moléipsaO:C and H:C was assessed
(Fig. S2). All biochar samples had lower H:C an€ @atio than their parent biomass owing
to preferential elimination of O and H relativeG@an volatile matter. Due to the use of molar
ratios, small changes in H content had a propaatipharger effect on H:C than the
respective changes in O. Both ratios decreasbwbahar with increasing pyrolysis
temperature. The ratio of H:C at each temperatacesdsed in the order WS > RH > P,
implying that pine feedstock yielded biochar of thghest stability — a alternative outcome

to that obtained from O:C and stable C analysis.

Van Krevelen diagrams plot H:C against O:C to pdevclear, visual indication for
the origin and maturity of petroleum and coal andrenrecently applied to biochar to
demonstrate the evolution of composition with terapege (Hammest al. 2006; Preston &
Schmidt 2006). In Fig. 5, samples from the curnentk are identified by feedstock and

grouped graphically by pyrolysis temperature.
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Fig. 5: Van Krevelen diagram comparing the O:C &h@ ratios of biochar samples with

guidelines obtained from literature.

Biochar samples residing furthest to the right bea ©:C scale were produced at

350°C, with those created at higher temperature groygedressively closer to the origin.

Results for additional materials in the literathesse been added to Fig. 6, to indicate how the

present samples compare to coal and lignite (Hanahak 2006; Van der Stekt al. 2011)

as well as the regions of stability defined by S®k?010) and classification guidelines for

biochar (IBI Guidelines 2012; Schmiet al. 20

21
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384

Table 3: Ultimate analysis of C, H, N and O for labchar samples and corresponding O:C

and H:C ratios

Ultimate analysis t

Sample C% H% N% O%* o:C a_tomic H:C atomic ratio
ratio
Pine 350-5 69.64 3.79 0.00 26.58 0.29 0.65
Pine 450-5 79.86 2.68 0.00 17.47 0.16 0.40
Pine 550-5 89.93 1.57 0.00 8.50 0.07 0.21
Pine 650-5 94.61 1.97 0.00 3.42 0.03 0.25
Pine 350-100 70.97 4.94 1.37 22.73 0.24 0.83
Pine 450-100 77.34 3.72 1.01 17.93 0.17 0.57
Pine 550-100 82.32 2.96 0.84 13.88 0.13 0.43
Pine 650-100 87.89 2.35 1.47 8.29 0.07 0.32
RH 350-5 66.14 4.67 0.00 29.19 0.33 0.84
RH 450-5 74.93 4.11 0.00 20.97 0.21 0.65
RH 550-5 84.03 3.43 0.00 12.54 0.11 0.49
RH 650-5 95.13 2.85 0.00 2.02 0.02 0.36
RH 350-100 70.87 5.36 0.00 23.77 0.25 0.90
RH 450-100 76.86 4.26 0.00 18.88 0.18 0.66
RH 550-100 89.98 3.61 0.00 6.40 0.05 0.48
RH 650-100 89.61 2.74 0.00 7.64 0.06 0.36
WS 350-5 70.88 5.46 1.71 21.96 0.31 0.92
WS 450-5 83.11 5.40 1.36 10.12 0.12 0.77
WS 550-5 86.21 3.63 0.81 9.36 0.11 0.50
WS 650-5 94.90 3.68 1.53 0.00 0.00 0.46

*, determined by difference

T Dry ash free basis

22



385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

Comparison of stability determination

Individually, five approaches to comparing the #igb of biochar suggested
increasing biochar stability with higher pyrolysemperature: increases in stable C, fixed C
content and a decrease in volatile matter, O:CHu@l To assess relationships between the
different analytical techniques for stability, tihesults were plotted against each other in
correlation diagrams and presented in Fig. 6 witbompanying correlation coefficient R
values. As stable C determined by the Edinburgbilgtatool is calculated on a dry ash free
basis the results for fixed C, volatile matter ateimental ratios were also converted to a dry
ash free basis to minimise variability of ash cahteetween feedstock types. Heating rate
was found to have no statistical effect (P > Obfiged C, volatile matter, stable C and O:C

ratio however significant effect was observed Bdstock on H:C ratio (P = 0.007).

The results from direct oxidation were correlatedhwH:C and O:C for each
individual feedstock as well as a total correlatioh all the data. In most cases the
correlations were considered to be very strongafofeedstock at both heating rates. Strong
correlation between stability indicators for sansgbeoduced for the same feedstock does not
confirm compatibility between methods for more dsee samples from multiple types of
biomass. The differing gradient of correlation dméEnts between the feedstock and
therefore overall scatter of data points should d& considered when reviewing the

compatibility between analytical methods for detieing stability.
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When comparing the correlation of stables O:C/H:C for all samples (Fig. 6a,b),
increased scatter of the H:C values resulted iretamrrelation coefficients (R = -0.645, P =
0.002) compared to that for O:C (R =-0.847, PGO01). This large scatter could be due to
the trend previously mentioned (Fig. S2b), wherargt of the selected production conditions
the H:C ratio follows a decreasing trend of WS > RR. This observed trend indicates that
the variation in H:C ratio could be influenced tgraater extent by feedstock properties
compared to that of O:C, confirmed by the highatistical dependency of H:C (P < 0.0001)
than O:C (P = 0.064). The strong influence of féedson H:C ratio is derived from the
enhanced impact of feedstock on H concentration (0001, dry ash free basis) whereas O
content is not influenced by feedstock (P = 0.0AS)seen in Table 3 biochar samples
produced from pine and rice husk under the samgugtmn conditions contain similar
concentrations of C which also applies to wheavstsiochar produced at higher
temperatures (>55@). The decreasing trend (WS > RH > P) of H conpeasent in the
biochar samples therefore resulted in higher Htl©saThe absent effect of feedstock on O
content could stem from its determination baseduibtraction rather than analytical
measurement of the O concentration. This approacshead to inaccuracy in the
guantification of O due to assumptions made overctimposition of biochar. Therefore O
derived data can influence the correlation witheotimeasures of stability while failing to

demonstrate the significance of external factochss feedstock.

Strong correlation was observed when comparingctioridation with fixed C (Fig.
6¢) or volatile matter (Fig. 6d) for each feedstackl heating rates (R = 0.793, P < 0.0001).
Identical R values were observed for both graphaastrating the relationship between
decreasing volatile matter and the resulting inseem fixed C concentration. The overall
spread of data within both graphs is potentiallye da the influence of the varying ash

concentration of high (RH), medium (WS) and low fi®dsent in the char samples as well as
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any impact of heterogeneous feedstock samples. chneelation between the varying
methods could be influenced by the volatilisationagsh components during proximate

analysis.

Correlations between the more established analytiedthods for stability indication
of fixed C vs O:C, fixed C vs H:C, volatile mattes O:C and volatile matter vs H:C were
carried out and shown in Fig. S3. Strong corretetiovere again demonstrated for each
feedstock at both heating rates as well as thédoteelation of the whole data set (R > 0.93).
Overall correlation values were representative aaker correlation when comparing
proximate data against H:C (R =-0.806, P < 0.00ather than against O:C (R =-0.888, P <
0.0001) however both correlations were determirtethe strong. Increased scatter can be
seen in graphs comparing fixed C/volatile mattehvd:C ratio, similar to that shown in Fig.
6b, although not to as great an extent, demonsgyalie larger spread in H:C for all biochar
samples reiterating the impact of feedstock on Hi€lermination and therefore it's

correlation with proximate analysis data.

Samples for which divergence is observed betwedhads or where the scatter in
the relationship is enhanced can provide clueseiegaling the strength, mode and
susceptibilities of each method to external infeeshand therefore evaluate the comparison

to soil conditions when biochar will ultimately dege.
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Conclusion

A new method of direct chemical oxidation of biogheongside three candidate
methods for determination of relative biochar dighii.e. fixed carbon content, O:C and
H:C ratios, was applied to a systematic set offlmosamples to indicate their relative
stability. The results showed that temperaturethadtrongest effect on stability of biochar,
with stability increasing with maximum treatmentigerature (at constant residence time at
peak temperature). However the yield of stablex@gdfC and total C were found to be
independent of temperature for biochar prepared fow ash feedstock (pine and wheat
straw). On the other hand the stable C yield o€l produced from high ash biomass (rice
husk) was seen to increase above’@5treating two levels for stable C yield betweef-35
45(C and 550-65{C. Therefore increasing pyrolysis temperature cbelditilised to
optimise additional benefits such as structuratneical and energy generation without

sacrificing the C sequestration potential.

Comparison of results from direct oxidation of iac with stability indicators
derived from proximate and ultimate analysis showationg correlation between the
approaches across feedstock and production conslifpyrolysis temperature and heating
rate). However, despite the strong correlatiorerghvas a sufficient degree of scatter, as
well as indication of different sensitivities taefistock properties, that would reduce practical
usability of these correlations for predictive pasps. The results of this paper aim to
highlight the sensitivity of the current methods $tability assessment while proving

valuable in defining protocols for defining statyilor developing new improved methods.

The analysis of a systematic set of biochar sang#asrated using a small scale
batch pyrolysis unit capable of accurately repif@aproduction conditions allowed for the
detailed investigation of varying biochar propestwth experimental conditions. However

the reproducibility of these results and thereteahnique correlation could quite possibly
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478  vary greatly depending on pyrolysis unit as welteale of production. Therefore the

479  collection and analysis of samples from variousfygis units on differing scales using a

480 variety of production conditions would utilise ader range of variables which can then be
481  statistically analysed for significance to biocpaoperties and used as calibration to improve

482  the prediction of biochar stability in soil.
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Supplementary Material
Carbon Yield results

As temperature is increased the concentration ofn(biochar also increases.
However, this is not the case for char yield isstaknto consideration. By representing the
total C on a feedstock weight basis there is liteéation over the temperature range €50

650°C as shown in Fig. S1.
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Fig. S1: Variation of C yield with increasing pradion temperature. Error bars were added
to the graph to show standard error of C% analysisare not visible due to the scale of the

data (n=2)
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612  Correlation between Proximate and Elemental analysi

613 The results obtain from proximate analysis were mamad to those produced by
614 elemental analysis to investigate the correlatietwben two different methods for stability
615 determination. The correlation between techniquesaccompanying R values are shown in

616 Fig. S3
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