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a b s t r a c t

Different analytical techniques were used to find the most reliable and economic method for determining
the labile fraction of C in biochar. Biochar was produced from pine, poplar and willow (PI, PO and WI,
respectively) at two temperatures (400 and 550 �C) and characterised using spectroscopic techniques
[solid state 13C nuclear magnetic resonance spectroscopy (NMR)], molecular markers [pyrolysis–gas
chromatography–mass spectrometry (Py–GC–MS)], thermogravimetry (TG), elemental composition and
wet oxidation (potassium permanganate and potassium dichromate). Short term incubation (110 h) of
an A horizon from an Umbrisol amended with the biochar samples at two doses (7.5 and 15 t ha�1)
was also carried out to provide supplementary information on the influence of biochar–soil interaction
on CO2 evolution. Spectroscopic analysis demonstrated that the degree of biochar carbonisation was
influenced by the type of feedstock and heating conditions and followed the order WI-400 < PI-
400 �WI-550 � PO-400 < PO-550 < PI-550. The thermo-labile fraction of the biochar samples, estimated
from TG, ranged between 21% and 49%. The fraction of total C oxidised with potassium permanganate
(Cper/Ctotal) was <50 g kg�1 in all cases, whereas potassium dichromate (Cdichro/Ctotal) oxidation efficiency
ranged between 180 and 545 g kg�1. For each type of feedstock, the highest values of either chemically or
thermally degradable C corresponded to the biochar produced at low temperature. Results indicate that
low cost methodologies, such as dichromate oxidation and TG, reflected the degree of biochar carbonisa-
tion, and could therefore be used to estimate the labile fraction of C in biochar.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Biochar is pyrolysed organic material intended for use as a soil
amendment to sustainably sequester C and concurrently improve
soil function, while avoiding any adverse effects, on both the short
and long terms (Lehmann and Joseph, 2009; Verheijen et al., 2009).
Because of its condensed aromatic nature – especially when pyrol-
ysed at high temperature – biochar is difficult for microorganisms
to degrade and is therefore more stable than non-charred biomass
(Paris et al., 2005; Lehmann et al., 2009; Shackley and Sohi, 2010),
even though it is, over long periods, thermodynamically unstable
under the oxidative conditions in most surface soils (Macías and
Camps Arbestain, 2010). The relative stability of biochar deter-
mines the length of its contribution to the mitigation of green-
house gas (GHG) emissions. However, its properties, including
stability, depend not only on feedstock type and processing condi-
tions (referred to as intrinsic recalcitrance) (Labbe et al., 2006;
ll rights reserved.
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Nguyen and Lehmann, 2009), but also on the pedoclimatic condi-
tions of the soil to which it was applied (Czimczik and Masiello,
2007).

Obviously, if biochar is to become accountable in trading C off-
set, robust protocols are needed to demonstrate and monitor its
stability over time in the environment where it is deployed
(Lehmann et al., 2009). In the context of biochar as C storage tool
for mitigating GHG emissions and, based on the 100 yr time horizon
used to calculate the global warming potential, as in the Kyoto
Protocol (Forster et al., 2007), any amount of C stored from the
atmosphere for at least 100 yr could be computed as a GHG mitiga-
tion benefit. Unfortunately, direct measurements in a timeframe of
a century or longer make the approach unattainable. The stability
of biochar should thus be evaluated in terms of the labile and sta-
ble fraction of C in the charred material (Lehmann et al., 2006,
2009; Hammes and Schmidt, 2009), the first being the fraction
decomposed or lost with a turnover time ranging between weeks
and decades, the second being the amount remaining in the soil
C pool for centuries and millennia. While the mean residence time
of the stable fraction might be difficult to determine, knowledge of
racterisation of biochar to estimate the labile fraction of carbon. Org. Geo-
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Table 1
Total C, N and ash content (g kg�1) of pine, poplar and willow feedstock, proportion of cellulose, hemicellulose, lignin and neutral detergent fibre (NDF), and heating rate and
highest temperature.

Sample C (g kg�1) N (g kg�1) Ash (g kg�1) Cellulose (%) Hemicellulose (%) Lignin (%) NDF (%) HRa

400 �C 550 �C

Pine 487 1.9 10 38.9 16.1 29.1 84.1 38 24
Poplar 479 4.6 22 45.4 15.1 23.0 83.5 36 48
Willow 476 9.2 57 37.4 14.8 23.4 75.5 62 46

a Heating rate, �C min�1.

Table 2
Characteristics of biochar from pine, poplar and willow at highest heating temperature.

Biochar Feedstock Temp.
(�C)

pH Yield
(%)

C
(g kg�1)

N
(g kg�1)

H
(g kg�1)

O
(g kg�1)

Asha

(g kg�1)
ICb

(g kg�1)
Recovery (%) Atomic

ratio
SBET

d

(m2 g�1)

C N O/C H/C

PI-400 Pine 400 6.9 34.9 767 6 46 145 37 <d.l.c 54.9 100.6 0.14 0.71 1
PO-400 Poplar 7.2 29.7 755 10 42 152 40 <d.l.c 46.9 66.2 0.15 0.66 3
WI-400 Willow 7.5 37.8 662 15 35 231 57 2.7 52.6 59.3 0.26 0.63 3
PI-550 Pine 550 7.9 28.4 847 6 35 71 41 <d.l.c 49.3 87.6 0.06 0.50 368
PO-550 Poplar 8.8 26.9 758 11 36 130 65 2.2 42.6 64.5 0.13 0.56 55
WI-550 Willow 8.6 28.8 791 17 35 82 75 2.3 47.8 52.9 0.08 0.52 149

a At 900 �C.
b IC/Ctotal, inorganic C (CO3–C).
c < Detection limit.
d Specific surface area.
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the labile fraction under different pedoclimatic conditions should
provide valuable information for future assessments of the propor-
tion of stable C in biochar needed for trading C offset.

Recent studies that have focussed on characterisation of charred
material – from which the labile fraction of C can be estimated –
typically rely on the use of one of the following: (i) spectroscopic
approaches, such as solid state nuclear magnetic resonance spec-
troscopy (solid state 13C NMR) (McBeath and Smernik, 2009) and
Fourier transform infrared spectroscopy (FTIR) (Michel et al.,
2009); (ii) thermal analysis (thermogravimetry, TG; de la Rosa
et al., 2008); (iii) molecular markers by means of pyrolysis–gas
chromatography–mass spectrometry (Py–GC–MS; Kaal et al.,
2008a, 2009) or the benzene polycarboxylic acid method (Brodow-
ski et al., 2005); (iv) an array of chemo-thermal (Hammes et al.,
2007) and chemical (e.g. potassium dichromate: Knicker et al.,
2007; nitric acid: Marques Trompowsky et al., 2005) oxidation.
Studies to determine the labile fraction of C in biochar under spe-
cific pedoclimatic conditions include incubation experiments
based on CO2 efflux (Kimetu and Lehmann, 2010; Bruun et al.,
2011) and C isotope evolution (Bruun et al., 2008; Kuzyakov
et al., 2009; Zimmerman et al., 2011). To our knowledge, however,
no specific attempts have been made to look at relationships
among the different estimates of the labile fraction of C in biochar.

The objectives of this study were (i) to characterise the C frac-
tion in biochar produced from different feedstock types (pine, pop-
lar and willow) at two temperatures (400 and 550 �C) using Py–
GC–MS and solid state 13C NMR, and (ii) to compare the results
with those from less sophisticated but more affordable techniques
(TG, oxidation with different reagents) to find the most reliable and
economic method for determining the intrinsic labile fraction of C
in biochar. In addition, short term incubation using an acid soil
with and without the addition of these biochar samples was car-
ried out. These were not designed to address specifically the short
term lability of C in biochar, as isotopes were not used, but rather
to provide supplementary information on the influence of biochar–
soil interaction on CO2 evolution.
Please cite this article in press as: Calvelo Pereira, R., et al. Contribution to cha
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2. Material and methods

2.1. Feedstock and biochar

Pinus radiata wood chips (pine; PI), Populus nigra ‘Italica’ (pop-
lar; PO) and Salix matsudana var. pendula prunings (willow; WI)
were used as feedstock. The pine and willow originated from ma-
ture stands, whereas the poplar prunings were from a 1 yr old
plantation. The material was chipped with a commercial chipper
to 3 mm to 4 cm particle size. The particle size was heterogeneous
for the three feedstocks. The cellulose, hemicellulose and lignin
contents were determined using the Fibertec System M (Tecator,
Hoganas, Sweden). The method is based on sequential treatment
with neutral detergent, acid detergent, 72% H2SO4 and ashing
(Robertson and Van Soest, 1981). The neutral detergent step
washes out the cellular content and ash; the residual fraction is
referred to as neutral detergent fibre (NDF). This residue is further
fractionated. With the acid detergent treatment of NDF, cell walls
are broken down and the residual fraction is referred to as acid
detergent fibre (ADF). Hemicellulose is estimated as NDF–ADF.
With a subsequent H2SO4 treatment, cell walls are digested and
an acid detergent lignin (ADL) residue is obtained. Cellulose is
estimated as ADF–ADL and ADL is assumed to be mostly lignin,
although it may also contain suberin and cutin from bark remains.

Biochar was produced using a self-purged, gas-fired, stainless
steel rotating drum kiln (5 l). The kiln, designed to study pyrolysis
at a laboratory scale, is located at Massey University. The feedstock
samples were dried overnight in an oven at 65 �C. Aliquots (200 g)
of PI, PO and WI were pyrolysed at 400 �C or 550 �C in the kiln,
which was rotated at 0.17 Hz to ensure even heating and mixing.
The gas produced was collected via an exhaust vent and a con-
denser system. When the desired temperature was reached, the
heating source was switched off and the kiln was allowed to cool
to room temperature. To prevent oxygen entering the system dur-
ing the cooling phase, gas that had been expelled from the drum
was collected and fed back in through the exhaust. Full control of
racterisation of biochar to estimate the labile fraction of carbon. Org. Geo-
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Table 3
Carbon lability for biochar produced from pine, poplar and willow at highest heating temperature (for definition of variables see text).

Biochar Temp. (�C) Cthermo (%) Cfixed (g kg�1) Cdichro/Ctotal (g kg�1) Cper/Ctotal (g kg�1)

PI-400 400 38 574 318 41
PO-400 35 609 393 39
WI-400 49 460 545 46
PI-550 550 21 727 180 9
PO-550 28 658 307 18
WI-550 40 527 323 5
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the heating rate was not possible, but temperature changes were
monitored and mean heating rates are reported in Table 1.

2.2. Biochar characterisation

Biochar samples were characterised using different analytical
techniques that differed in (i) the type of information provided
(qualitative vs. quantitative), (ii) the different properties they rely
on (thermal degradability vs. chemical ‘‘oxidisability’’) and (iii)
ease of use and cost.

2.2.1. Elemental analysis
Total C (Ctotal), H and N contents were determined using a Tru-

Spec CHNS analyser (LECO Corp. St. Joseph, MI). The ash content
was determined by way of thermal analysis using a TG analyser
(SDT Q600, TA Instruments, Melbourne, Australia). The samples
(both feedstock and biochar; 5–15 mg) were placed in an Al2O3

crucible and heated from room temperature to 900 �C (at
5 �C min�1) under a N2 atmosphere; weight loss (in wt.%) and
weight loss rate (in wt.% �C�1) were recorded continuously; there-
after, an air current was provided and the ash was determined
when there was no further weight change (method modified after
Sevilla and Fuertes (2010)). Oxygen was estimated as follows:
O = 100 � (C + H + N + ash) (all wt.%). The inorganic C (IC) content
(i.e. CO2�

3 ) was determined by measuring the weight loss associ-
ated with the endothermic peak at ca. 600–700 �C (Vassileva and
Vassilev, 2005). As values were <0.3% of total C (Table 2), total C
was assumed to be all organic and is reported as Ctotal.

2.2.2. TG analysis
Thermogravimetric TG and derivative (DTG) curves were ob-

tained using the SDT Q600 instrument described above. The TG
and DTG signals were exported to the TA Universal Analysis Soft-
ware for further analysis. The weight loss between 110 and
900 �C in a N2 atmosphere was considered as the biochar volatile
matter content, whereas the loss of weight at 900 �C after the
introduction of air current was considered as the stable, thermo-
resistant fraction or fixed C (Cfixed). The fraction of volatile matter
with respect to the sum of volatile matter content and fixed C is
considered as the thermo-degradable fraction of biochar (Cthermo,
ash-free, dry basis; expressed as %, see Table 3).

2.2.3. Py–GC–MS
Pt filament coil probe Py–GC–MS was performed with a Pyrop-

robe 5000 (Chemical Data Systems, Oxford, USA) coupled to a
6890N GC and 5975B MSD GC–MS system (Agilent Technologies,
Palo Alto, USA). Finely ground samples (ca. 1 mg) of both feedstock
type and biochar were embedded in fire-polished quartz tubes that
contained glass wool. The samples were pyrolysed at 750 �C for
10 s (10 �C ms�1, conditions found to be suitable for charred mate-
rial; Kaal et al., 2009; Kaal and Rumpel, 2009). The interface and
the GC inlet (splitless mode) were at 325 �C. The GC oven was
heated from 50 to 320 �C (held 5 min) at 20 �C min�1. The GC–
MS transfer line was at 325 �C, the ion source (electron ionisation
mode, 70 eV) at 230 �C and the quadrupole detector at 150 �C; scan
range was m/z 45–500. The GC instrument was equipped with a
Please cite this article in press as: Calvelo Pereira, R., et al. Contribution to cha
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(non-polar) HP-5MS 5% phenyl, 95% dimethylpolysiloxane column
(ca. 30 m � 0.25 mm i.d.; film thickness 0.25 lm). He was the car-
rier gas (1 ml min�1). Compounds were assigned using the NIST ’05
library and Py–GC–MS literature for cellulose, lignin, wood and
black carbon (BC; Faix et al., 1987; Pouwels et al., 1989; Pastorova
et al., 1994; Schnitzer et al., 2007; de la Rosa et al., 2008; Kaal et al.,
2009; Song and Peng, 2010). Of the pyrolysis products, 25 were
quantified using the peak area of their characteristic fragment ions
(Table 4). This semi-quantitative dataset provides relative contri-
butions of the pyrolysis products expressed as a proportion (%) of
total quantified peak area (TQPA), which allows a more detailed
comparison between samples than from visual inspection of pyro-
grams alone.

2.2.4. Solid state CPMAS 13C NMR spectroscopy
Solid state 13C CPMAS (cross polarisation, magic-angle spin-

ning) NMR spectra were obtained at a 13C frequency of 50.3 MHz
with a Bruker AMX 200 MHz spectrometer (Rheinstetten,
Germany; Hina et al., 2010). Samples were packed in a cylindrical
zirconia rotor (7 mm diam.) with Kel-F end caps and spun at
4500 ± 200 Hz in a Doty Scientific MAS probe. Free induction de-
cays were acquired with a 1 H 90� pulse of 5.5 ls and a sweep
width of 40 kHz; 1216 data points were collected over an acquisi-
tion time of 15 ms, a cross polarisation contact time of 1000 ms
and a relaxation time of 3 s; 4000 scans were acquired. The spectra
were zero filled to 8192 data points and processed with 100 Hz
Lorentzian line broadening and 0.005 s Gaussian broadening.
Chemical shifts were externally referenced to the 13C resonance
of glycine. It must be acknowledged that CPMAS 13C NMR spectros-
copy often under-detects aromatic C and an unequivocal quantifi-
cation is not feasible (Smernik et al., 2002).

2.2.5. Chemical oxidation
Two reagents were used to assess the labile fraction of C in bio-

char samples: potassium dichromate and potassium permanga-
nate. The organic C oxidised with potassium dichromate (Cdichro)
was obtained following the Walkley–Black method as modified
by Wolbach and Anders (1989) and Knicker et al. (2007). Results
are expressed as the fraction of total C oxidised by potassium
dichromate (Cdichro/Ctotal). Organic C oxidised with potassium per-
manganate (Cper) was determined following the methodology of
Tirol-Padre and Ladha (2004). Results were expressed as the frac-
tion of total C oxidised by potassium permanganate (Cper/Ctotal).

2.2.6. Other analyses
Biochar pH was measured using a 1% (wt./wt.) suspension of

biochar in deionised water (Ahmedna et al., 1997). The suspension
was heated in a water bath to ca. 90 �C and stirred for 20 min to al-
low dissolution of the soluble components. After cooling to room
temperature, the pH of the suspension was determined with a
combined pH electrode (PHM83, Radiometer, Copenhagen). N2

adsorption analysis for specific surface area (Brunauer et al.,
1938) was performed using a Micromeritics ASAP 2020 volumetric
adsorption system. Values of the Brunauer, Emmett and Teller
equation (BET) surface area, SBET, are reported in Table 2. Samples
were previously outgassed at 250 �C for 4 h.
racterisation of biochar to estimate the labile fraction of carbon. Org. Geo-
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Table 4
Py–GC–MS products, fragment ions for quantification, tentative biocomponent assignment (group) and relative contribution for feedstock type (FS) and biochar samples.

n Product Group tR
a m/z Pine Poplar Willow

FS 400 �C 550 �C FS 400 �C 550 �C FS 400 �C 550 �C

1 Benzene BTXb 1.782 78 0.5 1.5 21.9 0.7 2.3 18.4 0.9 1.3 16.4
2 Toluene BTX 2.306 91 + 92 1.9 8.7 31.7 2.9 18.1 57.9 5.3 21.6 58.0
3 3/2-Furaldehyde Carbohydrate 2.759 95 + 96 6.6 0.8 0.0 4.6 0.3 0.0 7.0 1.8 1.1
4 C2-benzene (3 isomers) BTX 2.9–3.3 91 + 106 1.1 4.8 6.7 1.2 8.5 6.7 1.6 3.1 11.4
5 Phenol Lignin 3.781 94 + 66 4.0 10.2 7.9 8.2 17.4 3.9 9.5 13.3 2.6
6 Benzonitrile N compounds 3.947 103 + 76 0.0 0.1 2.0 0.0 0.2 1.1 0.0 0.2 0.8
7 Benzofuran Carbohydrate 4.002 118 + 89 0.3 0.8 1.8 0.4 1.4 1.6 0.0 0.9 1.9
8 C1-phenol (2 isomers) Lignin 4.2–4.6 107 + 108 6.7 18.1 2.2 5.2 23.6 2.2 5.8 12.2 1.7
9 Guaiacol Lignin 4.641 109 + 124 6.0 14.4 0.0 4.2 4.2 0.0 2.6 10.8 0.0

10 C2-Phenol (3 isomers) Lignin 4.9–5.3 107 + 122 4.1 10.6 0.5 2.9 13.0 0.6 2.4 6.0 0.5
11 4-Methylguaiacol Lignin 5.411 123 + 138 5.8 15.1 0.0 3.8 2.7 0.0 2.3 7.0 0.0
12 Catechol Other 5.495 110 + 64 10.5 6.2 1.0 7.6 2.4 0.2 4.8 2.0 0.1
13 Naphthalene PAH c 5.518 128 0.1 0.3 15.2 0.1 0.6 3.7 0.1 0.3 2.5
14 C1 Naphthalene (2 isomers) PAH 6.1–6.4 142 + 115 0.1 0.9 3.2 0.2 1.5 1.9 0.3 0.7 1.5
15 4-Vinylguaiacol Lignin 6.287 135 + 150 12.5 3.5 0.0 8.3 0.6 0.0 6.0 1.7 0.2
16 Syringol Lignin 6.544 154 + 139 0.0 0.0 0.0 4.4 1.0 0.0 3.0 4.0 0.0
17 Propenylguaiacol (3 isomers) Lignin 6.9–7.3 164 + 149 6.1 1.0 0.0 3.8 0.2 0.0 3.0 0.5 0.0
18 4-Methylsyringol Lignin 7.188 168 + 153 0.0 0.0 0.0 3.4 0.7 0.0 2.3 4.3 0.0
19 Dibenzofuran Carbohydrate 7.837 168 + 139 0.0 0.2 4.1 0.0 0.3 1.2 0.0 0.1 0.6
20 4-Vinylsyringol Lignin 7.917 180 + 165 0.0 0.0 0.0 5.9 0.2 0.0 6.3 1.2 0.0
21 Propenylsyringol (3 isomers) Lignin 8.4–8.7 194 + 179 0.0 0.0 0.0 3.7 0.1 0.0 4.3 0.3 0.0
22 Levoglucosan Carbohydrate 8.593 60 + 73 33.4 2.6 0.0 28.1 0.4 0.0 31.5 4.8 0.0
23 Diketodipyrrole N compounds 8.866 186 + 93 0.1 0.1 0.0 0.1 0.2 0.0 0.5 1.6 0.1
24 Phenanthrene/anthracene PAH 9.420 178 0.0 0.1 2.0 0.0 0.1 0.5 0.0 0.1 0.4
25 C16-fatty acid Other 9.972 60 + 73 0.2 0.2 0.0 0.4 0.1 0.0 0.5 0.3 0.1

a Retention time, min.
b Benzene, toluene, ethylbenzene, styrene and xylenes.
c Polycyclic aromatic hydrocarbon.

Table 5
Main properties of soil used in incubation experiments.

Soil Depth (cm) pHH2O pHKCl Ca (g kg�1) OCb (g kg�1) Cp
c (g kg�1) Na (g kg�1) C/N Exchange complex (cmol(+) kg soil�1)

Ca2+ Mg2+ Na+ K+ Al3+ H+

Umbrisol (UM) 0–40 4.9 4.3 59.4 56.1 18.2 0.4 19.9 0.15 0.07 0.56 0.15 3.92 –

a Total C, analysed using LECO.
b Total organic C, oxidised with acid dichromate oxidation.
c Organic C oxidised with sodium pyrophosphate.
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2.3. Short term mineralisation

A fresh soil sample from the A horizon (0–40 cm depth) of an
Haplic Umbrisol (UM) developed on gneiss from Campaño (Galicia,
NW Spain) was used to study the short term CO2 evolution of soil
samples amended with the biochar samples vs. unamended soil.
The soil was under eucalyptus (Eucalyptus globulus Labill.) stands
at the time of sampling. It was wet sieved through 2 mm and
stored at 4 �C. The main chemical characteristics are reported in
Table 5. Fresh samples equivalent to 10 g air-dried soil were mixed
with the biochar and placed in incubation jars. Two application
rates of biochar were considered: 5 and 10 g kg�1, which corre-
sponded to doses of ca. 7.5 and 15 t ha�1 respectively under field
conditions, assuming 15 cm depth and a soil bulk density of
1 kg dm�3. The soil without biochar amendment was used as a
control. All samples were pre-incubated overnight before starting
the experiment. A nutrient solution was added to the jars to main-
tain biological activity during the experiment. This solution con-
sisted of 60 g (NH4)2SO4 and 6 g KH2PO4 diluted in 1 l distilled
water (Zimmerman, 2010). The moisture content of the soil and
mixtures was adjusted to the field capacity of the soil without bio-
char amendment (gravimetric moisture content of 37%). Incuba-
tion was at 25 �C during 110 h, in triplicate. The basal respiration
of biochar mixtures was measured with a Micro-Oxymax Respi-
rometer (Columbus Instruments, Columbus, OH).
Please cite this article in press as: Calvelo Pereira, R., et al. Contribution to cha
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3. Results

3.1. Properties of feedstock and process conditions during pyrolysis

Feedstock C content was 487, 479 and 476 g kg�1 for pine, pop-
lar and willow, respectively (Table 1). N content was low, varying
between 1.9 (pine) and 9.2 g kg�1 (willow; see Table 1). The cellu-
lose, hemicellulose and lignin contents of feedstock types are sum-
marised in Table 1. The highest cellulose content (45%) was in the
poplar prunings and the highest lignin content in the pine wood
(29%). The recorded heating rate was variable, ranging between
24 �C min�1 for pine (at a maximum heating temperature of
550 �C) and 62 �C min�1 for willow (at a maximum heating tem-
perature of 400 �C; Table 1).

3.2. Properties of carbonised material

The pH values of the biochar ranged from 6.9 in PI-400 to 8.8 in
PO-550 (Table 2). Biochar produced at 550 �C (pH 7.9–8.8) had a
higher pH than biochar produced at 400 �C (pH 6.9–7.5). Biochar
yield, defined as the mass ratio of biochar recovered after pyrolysis
and the initial feedstock, is reported in Table 2; values for biochar
produced at 400 �C ranged from 29% to 38%, whereas values at
higher temperature were smaller and less variable between feed-
stock types, ranging from 27% to 29% (Table 2).
racterisation of biochar to estimate the labile fraction of carbon. Org. Geo-
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Fig. 1. TG and DTG curves for feedstock and biochar samples (highest heating temperatures 400 and 550 �C): (A and B) pine; (C and D) poplar; (E and F) willow.
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Biochar C content was high, ranging from 662 g kg�1 for WI-400
to 847 g kg�1 for PI-550 (Table 2). Recovered C, defined as the pro-
portion of the original C retained in the carbonised sample, ranged
between 47% and 55% in the 400 �C biochar and between 43% and
49% in the 550 �C biochar (Table 2). The N content was low, as ex-
pected for biochar from woody material. However, upon charring,
N enrichment relative to the original feedstock was observed. A
high recovery of N was specifically evident for the lower N content
char samples, PI-400 and PI-550 (100% and 88%, respectively;
Table 2), although the low N content of the wood increased the
uncertainty in these estimates. The elemental concentrations of
H and O were always higher in the 400 �C biochar than the
550 �C biochar; this resulted in lower H/C and O/C atomic ratio val-
Please cite this article in press as: Calvelo Pereira, R., et al. Contribution to cha
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ues at increasing final temperature (Table 2). The H/C values fol-
lowed the order PI > PO > WI for 400 �C biochar and PO > WI > PI
for 550 �C biochar. Carbonate was found in WI-400, WI-550 and
PO-550, where the IC content ranged between 2.2 and 2.7 g kg�1;
these samples were also those with the greatest ash content
(Table 2). High temperature biochar (PI-550, PO-550 and WI-550)
showed much greater surface area (SBET 55–368 m2 g�1; Table 2)
than the corresponding low temperature biochar (PI-400, PO-400
and WI-400; SBET < 5 m2 g�1): the PI-550 sample had the greatest
surface area (368 m2 g�1).

The results on the ‘‘oxidisability’’ of C in biochar indicated that
Cper/Ctotal values were <50 g kg�1 for all biochar samples whereas
those for Cdichro/Ctotal ranged between 180 and 545 g kg�1 (Table 3).
racterisation of biochar to estimate the labile fraction of carbon. Org. Geo-
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Fig. 2. Total ion current pyrograms of feedstock and biochar samples (highest heating temperature 400 and 550 �C). (A, D, and G) pine, (B, E, and H) poplar and (C, F, and I)
willow. Numbers refer to pyrolysis products in Table 4. Ratios of pyrolysis products (naphthalene/C1 naphthalene and benzene/toluene) are reported.
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Irrespective of feedstock type, both reagents resulted in greater
oxidation of low temperature biochar than high temperature bio-
char (Table 3).

3.3. Thermal analysis

The TG and DTG curves are shown in Fig. 1 and the data are
summarised in Table 3. Differences in thermo-degradability among
the feedstock and biochar samples were evident, although all sam-
ples displayed an initial mass loss up to about 110 �C, attributed to
water loss, and a final steady decrease in weight above the peak
temperature of heating (Fig. 1). The main changes were between
220 and 550 �C. As expected, biochar produced at 400 �C and
550 �C showed strong weight loss above 400 �C and 550 �C, respec-
tively. Weight loss followed the order feedstock > biochar-
400 > biochar-550 (Fig. 1). However, the curves also revealed that
PI-400 and WI-400 had a peak in the DTG signal slightly below
400 �C. Finally, it should be noted that PO-550, WI-400 and WI-
550 showed a small but clear peak on the DTG curve around
650 �C (Fig. 1), which was used to quantify the IC (C–CO3) content.

3.4. Py–GC-MS

The feedstock samples and the 400 �C biochar samples pro-
duced good quality pyrograms; however, the 550 �C biochar sam-
ples gave very weak signals (Fig. 2; numbers in italics refer to
major individual compounds cf. Table 4) because of high thermal
stability and therefore limited the ‘‘pyrolysability’’ of large polyar-
omatic clusters. Therefore, the results from the high temperature
biochar may be expected to represent only a small fraction of the
sample. Nonetheless, the ratios of some products from the high
temperature biochar can still provide information on charring
intensity (Kaal and Rumpel, 2009).
Please cite this article in press as: Calvelo Pereira, R., et al. Contribution to cha
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3.4.1. Lignin derivatives
Feedstock samples produced many methoxyphenols (guaiacols

and syringols, depending on wood type) on pyrolysis, which origi-
nate from lignin. Pine feedstock produced only methoxyphenols of
the guaiacol type, dominated by 4-vinylguaiacol (15), C3 guaiacols
(17), 4-methylguaiacol (11) and other guaiacyl-based compounds
such as vanillic aldehyde (Fig 2A). Angiosperm wood contains
syringyl lignin (with 2 methoxyls/aromatic ring), producing syrin-
gols upon pyrolysis. Hence, poplar feedstock produced (Fig. 2B)
large peaks for 4-vinylguaiacol (15), 4-methylsyringol (18), 4-
vinylsyringol (20) and C3 syringols (21). Willow lignin produced
more syringols than poplar, with 4-vinylsyringol (20) and C3 syrin-
gols (21) giving the strongest signal (Fig. 2C). The very small pro-
portion of N-containing products (see below), together with the
relatively low N content of feedstock and the corresponding bio-
char measured from elemental analysis (Tables 1 and 2), indicate
that polypeptides were negligible in the samples. Thus, phenols
(5, 8, 10) probably originated largely from lignin as well, perhaps
with a small contribution from carbohydrate-derived phenols
(Pastorova et al., 1994).

The biochar fingerprints showed clear differences vs. the feed-
stock samples (Fig. 2D–I). PI-400 exhibited a strong decline in C3

guaiacols (17) and 4-vinylguaiacol (15), and an increase in guaiacol
(9) and 4-methylguaiacol (11), suggesting degradation of the alkyl
side chains of the lignin monomers, which might correspond to
depolymerisation of the lignin. The pyrogram of PI-550 showed
no methoxyphenols and only some phenol (5) remained, reflecting
virtually complete demethoxylation and profound dehydroxyla-
tion of lignin (Fig. 2G). In the case of PO-400, lignin degradation
was more severe than in PI-400, as the methoxyphenols (both gua-
iacols, 9 and syringols, 16) decreased strongly and phenols (5, 8)
were dominant. Phenols were negligible for PO-550, which is
indicative of further degradation of lignin precursors (Fig. 2H;
racterisation of biochar to estimate the labile fraction of carbon. Org. Geo-
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Table 4). Of the biochar samples, WI-400 gave the largest peaks for
guaiacol (9), 4-methylguaiacol (11), syringol (16) and 4-methylsy-
ringol (18), suggesting that, although the C3 side chain was largely
degraded upon charring, the methoxylic and phenolic functional
groups were largely intact (Fig 2F). Nonetheless, at 550 �C, these
methoxyphenols could no longer be detected (Fig. 2I; Table 4).

3.4.2. Carbohydrate derivatives
Feedstock samples were dominated (ca. 30% of TQPA) by levo-

glucosan (22), the principal pyrolysis product of intact (uncharred)
cellulose and hemicellulose polysaccharides. In addition, several
furans and furaldehydes (from here on furans 3, 7, 19), cyclopente-
nones and pyrans – also originating from carbohydrates (Pouwels
et al., 1989) – were detected from the feedstock samples. The pro-
portion of levoglucosan (22) diminished on charring at 400 �C (2.5–
5% for PI-400 and WI-400, and to trace proportions in PO-400). The
550 �C biochar samples produced only trace amounts of 3/2 fural-
dehyde (3), while benzofurans (7) and dibenzofurans (19) in-
creased, probably reflecting carbohydrate aromatisation upon
charring (see also Boon et al., 1994).

3.4.3. ‘‘BTX’’ (benzene, toluene, ethylbenzene, styrene, and xylenes)
These non-specific aromatic compounds may be produced after

pyrolysis of almost any biomass source. Feedstock samples pro-
duced some BTX compounds (3–8% of TQPA), which may partially
originate from artificially (i.e. during analytical pyrolysis) demeth-
oxylated and dehydroxylated methoxyphenolic compounds (Kaal
et al., 2009). A significant proportion of the benzenes and polynu-
clear aromatic hydrocarbons (PAHs; see below) may originate from
charred carbohydrates as well (Boon et al., 1994; Pastorova et al.,
1994). For biochar samples, the general trend in BTX proportion
was similar for the three feedstock types (Fig. 2D–I). At 400 �C,
the proportion of all BTX increased with respect to the feedstock
(25–29% of TQPA). The proportion of BTX increased further for
the 550 �C biochar (60–96% of TQPA). Of the BTX, toluene (2) and
C2 benzenes (4) were present in higher concentration than benzene
(1) in the 400 �C biochar samples, whereas the opposite was true
for the 550 �C biochar. PO-550 and WI-550 gave two peaks for ben-
zene (1) as well as for toluene (2). Re-analysis of these samples
with the pyrolysis step delayed for 5 min (with the sample in the
pyrolysis-interface at 325 �C and the GC–MS system running)
showed an initial pre-pyrolysis peak for these compounds. Thus,
it is likely that one peak originated from evaporation of trapped
aromatics while the other peak reflected a true pyrolysis product.

3.4.4. PAHs
Feedstock samples did not produce detectable levels of PAHs

after the analytical pyrolysis, as expected (Rumpel et al., 2007).
In the case of biochar, the PAH fingerprints after the second pyro-
lysis were similar (Fig. 2D–I; Table 4); small contributions of PAHs
were detected for 400 �C biochar while they dominated the pyrol-
ysates of the 550 �C biochar together with the BTX. The PAHs were
naphthalene (13), alkyl naphthalenes (14), biphenyl, phenan-
threne/anthracene (24; co-elution), fluorene, biphenyl and possibly
pyrene (m/z 202 at the expected retention time). PI-400 produced
several small peaks with mass spectral patterns that strongly
resembled those of C2 phenanthrenes (m/z 206 + 189), C3 phenan-
threnes (m/z 220 + 205) and retene (m/z 219 + 234; i.e. 1-methyl-
7-isopropylphenanthrene, a C4 phenanthrene), which were not de-
tected in the pyrograms of pine feedstock, suggesting that they
originate from charred (dehydrogenated) diterpenoids. Re-analysis
of this sample with the pyrolysis step delayed did not allow eluci-
dating whether these retene-like compounds were evaporation
products trapped in biochar micropores or actual pyrolysis prod-
ucts of macromolecular structures. Values of benzene/toluene
and naphthalene/C1 naphthalene ratios increased 2-fold to 5-fold
Please cite this article in press as: Calvelo Pereira, R., et al. Contribution to cha
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and 4-fold to 14-fold respectively, from 400 �C biochar and
550 �C biochar (Fig. 2), suggesting elimination of alkyl cross link-
ages with increasing biochar production temperature.

3.4.5. N-containing products
As expected, the proportion of N-containing pyrolysis products

was small. Feedstock samples showed diketodipyrrole (23) origi-
nating from hydroxyproline–hydroxyproline dipeptides in proteins
(Chiavari and Galletti, 1992). The proportion increased slightly in
the 400 �C biochar, especially in the case of WI-400. Most N prod-
ucts tended to be absent from high temperature biochar, except for
benzonitrile (6), which is the dominant pyrolysis product of high
temperature char (Kaal et al., 2008b); its origin (e. g. amide, amine
or heterocyclic polyaromatic moieties) is unknown (Kaal et al.,
2009).

3.4.6. Other compounds
A series of several other groups of minor compounds was de-

tected, but is not reported in Table 4 unless specified. C12–C18 fatty
acids (FAs; even numbered only) occurred in all feedstock pyroly-
sates, with C16 (25) the most abundant (Fig. 2A–C; Table 4). They
were not present in the biochar products except for WI-400. Some
catechols (catechol – 12, and 4-methylcatechol; Table 4) were de-
tected, which may originate from tannins (Galletti et al., 1995) but
also from demethylated lignin (Amen-Chen et al., 2001). The pro-
portion decreased with increasing temperature. A series of triterp-
enoids occurred in the pyrograms of all feedstock samples; yet
they were absent from the biochar pyrolysates. A series of n-al-
kanes/n-alkenes was detected in all feedstock types and all biochar
samples. In general, the members were of shorter chain length
(C10–C20) and were more branched in the pyrolysates of the
biochars than in the pyrolysates of the corresponding feedstock
(C15–C30). Branching and chain length shortening are well known
effects of charring on linear aliphatic C chains (Eckmeier and
Wiesenberg, 2009; Wiesenberg et al., 2009). Finally some n-alkyl
benzenes larger than C3 alkyl benzene (C4–C14), which cannot be
produced on pyrolysis of lignin, probably originate from cyclisation
of linear C chains in combination with artificial charring during
pyrolysis (Saiz-Jimenez, 1994).

3.5. Solid state CPMAS 13C NMR spectroscopy

The solid state CPMAS 13C NMR spectra indicate that the 400 �C
biochar (Fig. 3A–C) contained a broader range of C types than the
550 �C biochar (Fig. 3D and E). The PO-400 biochar showed a large
peak in the aromatic region at ca. 128 ppm and had a broad band in
the alkyl-C region (0–45 ppm); part of the alkyl intensity detected
could be due to the presence of spinning side bands (SSBs). The PI-
400 and WI-400 biochar spectra also showed a large peak at ca.
128 ppm, along with a peak at ca. 144–147 ppm, assigned to O-
substituted aromatic C probably derived from lignin. In the spectra
of these two samples, it is likely that the aromatic C is underesti-
mated, as CPMAS 13C NMR spectroscopy often under-detects aro-
matic C and an unequivocal quantification is not feasible
(Smernik et al., 2002). These two samples also showed a small peak
at ca. 75 ppm (O-alkyl C), which could be attributed to remaining
cellulose. The alkyl C area (0–45 ppm) was also evident (Fig. 3A–C).

The spectrum of PI-550 biochar (Fig. 3D) was dominated by a
single peak at ca. 128 ppm attributed to C- and H-substituted aro-
matic C. The next largest peaks in the spectra (marked �) were also
related to this peak (as SSBs). The PO-550 spectrum resembled that
of PI-550, but showed a small peak at ca. 150 ppm (O/C-aryl C)
(Fig. 3E). Finally, the WI-550 biochar had a sharp aromatic peak
at ca. 128 ppm and a band in the alkyl-C region was detected
(Fig. 3F). Part of the alkyl intensity detected could again be due
to the presence of SSBs.
racterisation of biochar to estimate the labile fraction of carbon. Org. Geo-
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Fig. 3. Solid state 13C NMR spectra of biochar samples (highest heating temperature 400 and 550 �C). (A and D) pine, (B and E) poplar, and (C and F) willow (�, SSBs for
aromatic signals).

Fig. 4. (A) Amount of CO2–C released per g of soil from the control soil and the soil–biochar mixtures (biochar dose 7.5 t ha�1); (B) cumulative CO2–C released per g of soil
from the control soil and the soil–biochar mixtures (biochar dose 7.5 t ha�1); (C) amount of CO2–C released per g of soil from the control soil and the soil–biochar mixtures
(biochar dose 15 t ha�1); and (D) cumulative CO2–C released per g of soil from the control soil and the soil–biochar mixtures (biochar dose 15 t ha�1). Bars indicate standard
deviation (n = 3).
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Table 6
Pearson’s r correlation coefficients between main variables related to C fractions
defined herein.

Cthermo Cdichro/Ctotal Cper/Ctotal H/C O/C

Cthermo 1.000
Cdichro/Ctotal 0.891a 1.000
Cper/Ctotal 0.600 0.728 1.000
H/C 0.497 0.514 0.912a 1.000
O/C 0.815a 0.948a 0.824a 0.591 1.000

a Correlation sig. at P < 0.05.
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3.6. Short term incubation

Evolution patterns of CO2 emitted from biochar-amended soil
during the 110 h incubation period differed, depending on feed-
stock type and pyrolysis temperature (Fig. 4). After an initial in-
crease in CO2 evolution, the rate of C emission tended to
decrease for all soil–biochar mixtures (Fig. 4). In general, as pyro-
lysis temperature increased, the amount of CO2 evolved from the
mixtures decreased and the response of the different biochar
samples to decomposition became more uniform. The effect was
dose-dependent, as expected (Fig. 4). The CO2 that evolved
followed the order WI-400 > PO-400 > WI-550 > PI-400� PO-550 >
PI-550 > control, regardless of biochar dose. Unexpectedly, the
PI-400 biochar amended soil showed low CO2 evolution, but values
were still above the control (Fig. 4). The pH of the mixtures after
incubation was also measured (data not shown). Results showed
a general increase in the pH values of soil after the amendment
with biochar, especially for the WI-550 biochar–soil mixture; this
increase was not observed for the PI-400 biochar–soil mixture.
3.7. Reconciling biochar lability estimates

In order to identify the relationships between the estimates of
the intrinsic labile fraction of the biochar C, we used H/C and O/C
atomic ratios, Cthermo, Cdichro/Ctotal and Cper/Ctotal fractions (Tables
2 and 3). The correlation matrix is reported in Table 6. Only r values
significant at P < 0.05 are described. The scatter diagrams of the
Fig. 5. Correlations between different estimates of biochar lability (C
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variables with the highest correlation coefficients are displayed
in Fig. 5. The Cper/Ctotal vs. Cthermo diagram has also been included
(Fig. 5A), in spite of not being significant at P < 0.05, because the
outlier in the figure is a strong indication of the low Cper/Ctotal of
the WI-550 biochar. The H/C atomic ratio showed a positive signif-
icant correlation with oxidised organic Cper/Ctotal (r 0.91; P < 0.05;
Fig. 5B). Positive and significant correlations were found between
Cthermo and the oxidised organic Cdichro fraction (r 0.89; P < 0.05;
Fig. 5C) and between O/C atomic ratio and the same Cdichro fraction
(r 0.95; P < 0.05; Fig. 5D). No attempts were made to relate the
CO2–C evolved from the biochar-amended soils and the indexes
used here, as (i) it was not possible to distinguish the C source
and (ii) incubations were considered too short. No clear relation-
ship was found between the fraction of IC/Ctotal and the CO2

evolved from the soil–biochar incubations.
4. Discussion

4.1. Carbonisation of different feedstocks

4.1.1. Pine carbonisation
Thermal decomposition of pine feedstock at 400 �C was incom-

plete, as inferred from TG and DTG curves, in which the presence of
a thermo-degradable fraction below that temperature was ob-
served (Fig. 1). The fact that pyrolysis was halted immediately after
the peak temperature was reached did not allow complete thermal
decomposition at that temperature. This is supported by Py–GC–
MS, which produced amounts of levoglucosan and methoxyphe-
nols (Fig. 2), as well as by the O-substituted aromatics and O-alkyl
C peaks in the 13C NMR spectra (Fig. 3), all of which point to the
presence of residual lignin and cellulose. Interestingly, retene-like
compounds, markers of incomplete coniferous wood combustion
(Ramdahl, 1983; Simoneit, 2002; Estrellan and Iino, 2010), were
identified in this PI-400 biochar. These compounds are considered
persistent, bio-accumulative and toxic (Estrellan and Iino, 2010);
however, levels were very low. The microporosity of this biochar
was low, in agreement with a low charring temperature (Keiluweit
et al., 2010) and the presence of lignin remnants (Sharma et al.,
2004).
thermo, Cper/Ctotal, Cdichro/Ctotal, H/C atomic ratio, O/C atomic ratio).
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Pine pyrolysed at 550 �C underwent more complete carbonisa-
tion, as inferred from the decrease in H/C (Hammes et al., 2008).
Besides, the TG and DTG curves showed a lack of a thermo-degrad-
able fraction below 550 �C (Fig. 1), whereas the Py–GC–MS pyro-
gram produced a limited number of peaks, primarily markers of
strongly charred biomass (benzene, PAHs, benzonitrile, dibenzofu-
ran); the 13C NMR spectrum was in agreement with these findings.
The observed increase in benzene/toluene and naphthalene/C1

naphthalene as the pyrolysis temperature increased can be attrib-
uted to loss of short chain alkyl cross-linkages (Kaal and Rumpel,
2009). The low heating rate (24 �C min�1) may have had a key role
in the high aromaticity and porosity of this sample, facilitating the
removal of the volatile fraction from the pore system and increas-
ing the BET surface area. Brown et al. (2006) found similar surface
area (210–370 m2 g�1) in pine biochar produced at 525 and 600 �C
respectively, under heating rates <20 �C min�1.

4.1.2. Poplar carbonisation
Pyrolysis of poplar at 400 �C produced a relatively thoroughly

carbonised biochar, compared with PI-400 (and also WI-400 bio-
char, as discussed below). This was reflected in (i) a low H/C value;
(ii) the virtual absence of a thermo-degradable fraction below that
temperature (Fig. 1); (iii) the almost complete disappearance of
methoxyphenols and levoglucosan from the pyrolysates (Fig. 2);
(iv) the large aryl-C peak in the 13C NMR spectra (Fig. 3). This could
be explained by the fact that the biomass was relatively young
(1 yr plantation) and/or by the relatively low heating rate at which
this biochar was produced (36 �C min�1) compared with other
samples (WI-400, 62 �C min�1, PO-550, 48 �C min�1), favouring rel-
atively efficient carbonisation.

Increasing the pyrolysis temperature to 550 �C produced a more
aromatic biochar with higher specific surface area than the PO-400
biochar, although some non-aromatic C fractions could still be de-
tected via 13C NMR and Py–GC–MS. Also, the TG and DTG curves
showed the presence of non-thermally degraded material at tem-
peratures below 550 �C (incomplete carbonisation). The fast mean
heating rate during production of PO-550 (48 �C min�1) could ex-
plain this finding. The mentioned ‘‘double peaks’’ for benzene
and toluene for the PO-550 biochar (also the WI-550 biochar)
might suggest that a considerable quantity of volatiles was trapped
in these biochar samples.

4.1.3. Willow carbonisation
The TG and DTG curves of WI-400 provided evidence that a con-

siderable fraction of the charcoal was still degradable at 400 �C,
again pointing towards incomplete carbonisation. In addition, the
mean heating rate (62 �C min�1) had influenced the poor carboni-
sation degree. This is consistent with the presence of large peaks
for levoglucosan and methoxyphenols (Py–GC–MS) and the pres-
ence of O-aryl and O-alkyl C (13C NMR), all indicative of residual
or transformed lignin and cellulose. This was corroborated by the
high Cthermo value for this biochar. Finally, increasing the tempera-
ture to 550 �C produced a more aromatic biochar (WI-550) with
characteristics similar to PO-550.

4.1.4. Assessment of carbonisation of wood biomass
In short, the techniques provided detailed and consistent infor-

mation concerning the chemical characterisation of both feedstock
and biochar samples. The degree of carbonisation, based mainly on
the characterisation of the samples using Py–GC–MS and CPMAS
13C-NMR, increased in the order WI-400 < PI-400 �WI-550 � PO-
400 < PO-550 < PI-550; this was corroborated by the elemental
analysis and TG results. It can also be inferred from the results that,
for a more complete carbonisation of the feedstock, it is not only
feedstock type and final pyrolysis temperature that are important,
but also the heating rate. To ensure the complete release of vola-
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tiles, holding the peak temperature at the end of the pyrolysis pro-
cess (Sutcu, 2007; Ertas and Hakki Alma, 2010) is recommended. A
drop in temperature below the boiling point of the product before
the gas had time to move out of the biochar along the exhaust may
have resulted in products trapped in the biochar. An adequate
adjustment of these conditions will be crucial in large biochar pro-
duction operations.

4.2. CO2 evolved from biochar–soil incubation

The addition of biochar to the soil enhanced CO2 evolution vs.
the control. Low temperature biochar (except PI-400) induced a
higher CO2 efflux than high temperature biochar. These results
match well with the structural biochemical properties deduced
from the spectroscopic techniques and were corroborated by the
TG and DTG curves, suggesting that the response on CO2 efflux
can to some extent be related to the intrinsic labile C fraction of
added biochar. However, a minor contribution of carbonate to
the CO2 released from soils amended with WI-400, PO-550 and
WI-550 biochar samples should not be discounted, as the ash in
the biochar would tend to dissolve in the acidic environment of
this soil. Unexpectedly, PI-400 followed a pattern similar to that
of high temperature biochar samples. Several factors could have
caused this behaviour: (i) its relatively limited liming ability; (ii)
the absence of carbonate; (iii) a very low surface area; and/or
(iv) the presence of substances potentially toxic to soil microflora
(e.g. diterpenoids and their derivatives). It is worth noting that
the Cdichro/Ctotal value of the PI-400 biochar was smaller than would
be expected on the basis of thermo-labile C content (TG data,
Cthermo; Table 3). This might suggest that the Cdichro/Ctotal index
better reflects the short term behaviour of biochar in soil than do
TG techniques.

Overall, the findings confirm the important role of the degree of
thermal alteration on the short term evolution of CO2 from bio-
char–soil mixtures (Baldock and Smernik, 2002; Bruun et al.,
2008, 2011; Zimmerman et al., 2011). In addition to C lability in
biochar, other factors reported to promote CO2 evolution from bio-
char-amended soil include: (i) internal microporosity (Nguyen
et al., 2004; Hammes et al., 2008), (ii) the presence of carbonate
in the ash (Bruun et al., 2008), (iii) the presence of nutrients in
the ash (Nguyen et al., 2010) and/or (iv) abiotic oxidation of fresh
biochar (Cheng et al., 2006).

4.3. Assessment of labile fraction of biochar–C

The intrinsic lability of the different biochar samples, as re-
vealed from the spectroscopic methods, was consistently reflected
in the thermogravimetric analysis and therefore in the Cthermo data,
resulting in a trend in thermo-lability: WI-400 > PI-400 �WI-
550 � PO-400 > PO-550 > PI-550. The other indices (H/C, O/C,
Cper/Ctotal and Cdichro/Ctotal) showed, in general, a similar order (Ta-
ble 3). Values of Cthermo and Cdichro/Ctotal had the same order of
magnitude, but this was not the case for Cper/Ctotal values, which
were 20 times lower on average, as alkaline permanganate was un-
able to oxidise a considerable extent of organic C in the biochar
(<5% of Ctotal). In general, results indicate that TG and wet oxidation
with potassium dichromate reflected the degree of wood biomass
carbonisation and could therefore be used to estimate the labile
fraction of C in biochar.

The use of an oxidation reagent, such as potassium dichromate
and potassium permanganate, for the determination of the labile
fraction of C in biochar assumes that the reagent does not react
with the aromatic C structure of charcoal, which is not always
the case (Knicker et al., 2007, 2008). The use of potassium dichro-
mate for the quantification of BC has been questioned on the basis
of the observed oxidation of aromatic C – with a concurrent
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underestimate of the charred fraction of C – and also on the lack of
reactivity of an acid-resistant alkyl fraction – with a resulting over-
estimate of the charred fraction of C (Knicker et al., 2007, 2008).
However, a similar oxidation method has been used for isolating
highly aromatic BC-type materials, either fresh or protected from
extensive degradation (Krull et al., 2006).

Further efforts are needed to characterise the fraction of biochar
after wet oxidation and to study the kinetics of the reactions, as
carried out earlier for soils, sediments, or kerogen (Wolbach and
Anders, 1989; Knicker et al., 2007). Additional factors that must
be considered when using these methodologies are particle size,
microstructure and reactive surface area (Wolbach and Anders,
1989; Hammes et al., 2008; Nocentini et al., 2010).

5. Conclusions

The influence of feedstock type and pyrolysis conditions on the
degree of carbonisation and other biochar properties was evi-
denced via solid state 13C NMR and Py–GC–MS. Characterisation
was paralleled by the application of low cost analytical techniques
(e.g. TG, wet oxidation), providing qualitative and quantitative
information that was used to assess the intrinsic lability of C in bio-
char. The results can imply that dichromate oxidation and TG could
be used to estimate the intrinsic labile fraction of C in biochar.
However, a wider range of biochar type and long term field studies
are needed before any technique to be used in routine analysis can
be recommended for assessing biochar lability in soil. Special
attention will need to be paid to the potential influence of the min-
eral fraction (e.g. liming ability, carbonate and nutrient content)
and the presence of volatile organic compounds that may inhibit
microbial activity. Specific absolute values of the labile fraction
of C in biochar are also needed if biochar is to be accounted for
in C trading schemes.
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