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ABSTRACT

Solid-state *C nuclear magnetic resonance (NMR) spectroscopy was used to evaluate the
carbon chemistry of twenty-six biochars produced from eleven different feedstocks at
production temperatures ranging from 350 °C to 600 °C. Carbon-13 NMR spectra were ac-
quired using both cross-polarisation (CP) and direct polarisation (DP) techniques. Overall,
the corresponding CP and DP spectra were similar, although aromaticity was slightly
higher and observability much higher when DP was used. The relative size and purity of
the aromatic ring structures (i.e. aromatic condensation) were also gauged using the ring
current technique. Both aromaticity and aromatic condensation increased with increasing
production temperature, regardless of the feedstock source. However, there were clear
differences in these two measures for biochars produced at the same temperature but from
different feedstocks. Based on a relationship previously established in a long-term incu-
bation study between aromatic condensation and the mean residence time (MRT) of bio-
char, the MRT of the biochars was estimated to range from <260 years to >1400 years. This

Pyrolysis study demonstrates how the combination of feedstock composition and production tem-
perature influences the composition of aromatic domains in biochars, which in turn is
likely to be related to their recalcitrance and ultimately their carbon sequestration value.

© 2013 Elsevier Ltd. All rights reserved.
been much interest in biochar as a sustainable means to

1. Introduction

The term biochar refers to carbon-rich materials purposely
produced for addition to soils through the process of pyrolysis
of waste organic feedstock [1]. Over the past decade, there has

sequester atmospheric carbon, improve soil fertility, reduce
greenhouse gas emissions and improve waste management
[1,2]. The carbon sequestration potential of biochar can be
attributed to its recalcitrant nature and hence long turnover
time in soils. However, several studies have questioned this
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longevity by providing examples where turnover times in soil
are relatively short (<50 years) [3—5]. Therefore, in order for
biochar to be used as a carbon sequestration tool as part of a
global carbon trading scheme, reliable and cost-effective
methods need to be developed that can predict and verify
the stability of a range of biochars that vary in feedstock and
types of production. Mean residence times (MRT) of individual
biochars can be determined from long-term incubation ex-
periments [6—8]. However, given that such data requires
months to years to obtain, a more practical solution is
required. Recently, we reported strong relationships between
MRT values determined in long-term incubation experiments
and measures of aromaticity and aromatic condensation
determined by NMR spectroscopy [9].

Biochar is not a unique material in the chemical sense, but
rather a range of materials that differ as a consequence of
several factors including feedstock composition, highest
heating temperature and pyrolysis duration. As a conse-
quence, the chemical composition and physical structure of
different biochars are also expected to vary considerably in
terms of their organic and ash content, pH, particle size,
porosity, surface area and many other properties. However, all
biochars are to a greater or lesser degree composed of
condensed aromatic ring structures. These structures become
larger and more condensed with increasing production tem-
perature [10].

Variability among biochars can have a significant effect on
their role and fate in soils, and, most importantly, has been
reported to influence their chemical stability in soils [11].
Hamer et al. [12] observed that maize and rye biochars were
mineralised more rapidly than wood biochar. This difference
was attributed to wood biochar having a greater aromatic C
content. Nguyen and Lehman [13] reported effects of both
feedstock and production temperature of biochar on its min-
eralisation. They found that mineralisation significantly
decreased at higher production temperatures for corn bio-
chars but found no change in mineralisation rates for oak
biochars [13]. Similarly, Baldock and Smernik [14] reported
that the rate of biochar mineralisation decreased with
increasing production temperature for pine biochar. This was
attributed to biochars produced at lower temperatures con-
taining less aromatic C. Singh et al. [9] also found that both
production temperature and feedstock affected the minerali-
sation rate of biochar, with biochars produced at 400 °C min-
eralised more rapidly than those produced at 550 °C and
wood-derived biochars mineralised more slowly than those
produced from feedstocks such as manures and paper mill
waste.

The effects of feedstock and production temperature on
biochar properties can be quite complex. Ascough et al. [15]
reported that as biochars reach production temperatures of
600 °C, their structures become increasingly similar and in-
dependent of the feedstock, as determined using solid-state
13C NMR spectroscopy. This is consistent with a model of
char evolution developed by Keiluweit et al. [16] in which
differences in the chemical composition of chars produced
from different feedstocks are lost during an early transition
stage but differences in physical structure remain through
later stages. It is also consistent with our recent finding of two
distinct phases in charcoal formation: first an increase in

aromaticity, followed by a structural rearrangement creating
condensed aromatic structures [17].

The development of analytical techniques sensitive to
differences in the chemical composition of biochar is not only
important for predicting biochar properties (and especially
resistance to decomposition) but would also enable better
interpretation of existing published data. Our current knowl-
edge of biochar fate and behaviour is based on experiments
involving many different biochars produced across a wide
range of production temperatures and from a variety of
feedstocks. Until now it has been very difficult to compare
findings across such studies and interpret how differences in
biochar composition may have influenced results.

In this study, we investigate a set of biochars produced
from various feedstocks at a range of production tempera-
tures and under differing pyrolysis conditions. Two different
solid-state *C NMR spectroscopic techniques are used in
order to measure the aromaticity and the aromatic conden-
sation of the biochars, two properties proven to be correlated
with biochar mineralisation rate in long-term (5-year) incu-
bation experiments [9]. The main aim is to investigate how
feedstock and pyrolysis conditions influence these properties
in combination with production temperature, furthering our
earlier investigations that focussed solely on the effect of
production temperature for biochars produced from a single
woody feedstock [17].

2. Materials and methods
2.1. Biochar feedstocks and production conditions

Twenty-six biochar samples were investigated in this study,
produced using three different pyrolysis processes. Produc-
tion of twenty-one of these biochars (bull, dairy, hazelnut,
oak, pine, food, paper) has been described elsewhere [18].
Briefly, these biochars were produced using a slow pyrolysis
process by Best Energies Inc. (Cashton, WI, USA) using the
Daisy Reactor and the following feedstocks: bull manure with
sawdust (Bull Manure), corn stover (Corn), dairy manure with
rice hulls (Dairy Manure), hazelnut shells (Hazelnut), oak
wood (Oak), pine wood (Pine), food waste (Food) and white
paper mill sludge (Paper). Soybean and switch grass biochars
were produced using a fast pyrolysis reactor at 500 °C as
described in Ref. [19]. The bamboo biochars were produced
using a slow pyrolysis reactor by Hangzhou Sustainable Food
and Fuel Enterprise, China; no further production details were
available, except for the production temperature. Further de-
tails, including feedstock source, target temperature, ramp
time and holding time, of all biochars are detailed in Results
and Discussion, Table 1.

2.2. Carbon content

Biochar samples were air-dried and finely powdered using a
pestle and mortar. Total C content was determined in dupli-
cate using a LECO CNS2000 carbon analyser (LECO Corpora-
tion, St Joseph, MI). An uncertainty of +£2% is estimated based
on these duplicate measurements.
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Table 1 — Properties of biochars.

Sample ID Feedstock Target Ramp time (min) Hold C content Fe
temperature (°C) time (min) (g/kg) (mg/kg)
Wood
Oak 350 Oak wood 350 80—90 15—-20 713 496
Oak 450 Oak wood 450 80—90 15-20 820 47.5
Pine 450 Pine wood 450 80—90 15-20 791 65.6
Pine 550 Pine wood 550 80—90 15-20 853 25.6
Crop residues
Hazelnut 350 Hazelnut shells 350 80—90 15—-20 722 84.9
Hazelnut 450 Hazelnut shells 450 80—90 15-20 766 59.6
Hazelnut 550 Hazelnut shells 550 80—90 15—-20 838 97.9
Corn 400 Corn stalks 400 80—90 15-20 645 1340
Corn 500 Corn stalks 500 80—90 15—-20 661 1960
Corn 600 Corn stalks 600 80—90 15-20 678 2750
Soy 500 Soybean 500 30 30 602 1870
Switch 500 Switch grass 500 30 30 602 1320
Bamboo 400 Bamboo 400 na na 681 31,000
Bamboo 500 Bamboo 500 na na 702 8000
Bamboo 600 Bamboo 600 na na 743 8050
Manures
Bull manure 400 Bull manure with sawdust 400 80—-90 15-20 686 252
Bull manure 500 Bull manure with sawdust 500 80—90 15-20 728 547
Bull manure 600 Bull manure with sawdust 600 80—-90 15-20 742 337
Dairy manure 400 Dairy manure with rice hulls 400 80—90 15-20 659 407
Dairy manure 600 Dairy manure with rice hulls 600 80—90 15-20 732 427
Organic waste
Food 400 Food waste 400 80—-90 15-20 480 9120
Food 500 Food waste 500 80—90 15-20 538 4742
Food 600 Food waste 600 80—90 15-20 284 8790
Mill waste
Paper 400 Paper mill waste 400 80—-90 15-20 206 4216
Paper 500 Paper mill waste 500 80—90 15-20 193 4485
Paper 600 Paper mill waste 600 80—-90 15-20 185 4345
2.3. Iron content accumulation of 500—1000 scans and were acquired using a

The total iron concentration of the biochars was determined
using the method of Farrell et al. [20]. In brief, biochars were
digested with a perchloric/nitric acid mixture in open diges-
tion tubes in a heated block. Samples were filtered to 0.45 um
and analysed by ICP-MS (7500cx, Agilent Technologies, CA,
USA).

2.4. Solid-state *3C NMR spectroscopy

Solid-state *C magic angle spinning (MAS) NMR spectra were
obtained at a frequency of 100.6 MHz on a Varian Unity INOVA
400 NMR spectrometer. Samples (~200 mg) were packed in 7-
mm diameter cylindrical zirconia rotors with Kel-F rotor end-
caps and spun at the “magic angle” (54.7°) at 6500 + 100 Hz in a
Doty Scientific supersonic MAS probe. Free induction decays
(FIDs) were acquired with a sweep width of 50 kHz; 1216 data
points were collected over an acquisition time of 12 ms. All
spectra were zero-filled to 8192 data points and processed
with a 50-Hz Lorentzian line broadening and a 0.010-s
Gaussian broadening. Chemical shifts were externally refer-
enced to the methyl resonance of hexamethylbenzene at
17.36 ppm. Cross-polarisation (CP) spectra represent the
accumulation of 4000 scans and were acquired using a 90° *H
pulse of 5—6 ps duration, a 1-ms contact time and a 1-s recycle
delay. Direct polarisation (DP) spectra represent the

90° 3C pulse of 5—10 s duration and a 90-s recycle delay. Spin
counting was carried out using the method of Smernik and
Oades [21,22]. Glycine (AR grade, Ajax Chemicals) was used as
the external reference for spin counting, ie. the glycine
spectrum was acquired separately to those of the samples.
The percentage of total signal due to non-aromatic signal in
the 10-50 ppm chemical shift range was determined by
integration of both CP and DP spectra and subtracted from
100% to provide aromaticity as described in the Results
section.

Aromatic condensation of biochars was measured using
the method of McBeath and Smernik [23]. This technique
utilises the upfield shift in the peak position of a probe
molecule (**C-benzene) that occurs when it is sorbed to a solid
such as biochar that contains aromatic structures capable of
sustaining ring currents. We denote this shift as Aé
(A0 = Osorbed benzene — Oneat benzene)- Previous replicate analyses
have established uncertainty to be <+0.4 ppm [23]. For larger
and more condensed aromatic structures, Aj becomes
increasingly negative as the ring currents increase in strength.
Aliquots of each biochar sample (200 mg) were placed in 2 mL
glass vials with PTFE-lined screw caps. Neat '*C-labelled
benzene (ca. 10 pl) from Cambridge Isotope Laboratories, Inc.
(Andover, Massachusetts), was added using a micropipette
and the samples were shaken for 1 min and stored at room
temperature until analysed. Samples were analysed using
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solid-state '3C CP NMR spectroscopy. Spectra were acquired
using the same acquisition conditions described above but
since far fewer scans (16—128) were required, acquisition
times were very short (<5 min).

3. Results

Solid-state *3C CP and DP NMR spectra of the twenty-six bio-
chars are shown in Fig. la—c. Nearly all of the spectra are
dominated by the aromatic peak centred at around 130 ppm,
which becomes increasingly dominant with increasing tem-
perature. The predominance of aromatic C is consistent with
numerous previously reported *C NMR spectra of biochars
[11,14,15,17,24—27]. The spectra also contain prominent
spinning sidebands (SSBs) associated with the aromatic peak
(marked with an asterisk in Fig. 1a—c). First order SSBs appear
at around 65 ppm and 205 ppm, while smaller second order
SSBs appear at around 0 ppm and 260 ppm. A third order SSBis
visible at around —65 ppm for the bamboo 400 °C biochar.
These spectral artifacts occur when the rate of magic angle
spinning (MAS) is less than the chemical shift anisotropy
(CSA) for a given resonance and could not be avoided due to
practical limitations with our spectrometer set-up (400 MHz
spectrometer with 7 mm rotors that have a maximum spin-
ning speed of 6.5 kHz). The presence of these prominent SSBs
compromised the quantification of the aromaticity of the
biochars (see below).

Besides the aromatic peak at 130 ppm and its associated
SSBs, the next most common signals appear in the alkyl re-
gion, with most spectra containing two broad signals at
around 15 ppm and 35 ppm. The former can be identified as
due to methyl (CHs) and the latter mostly due to methylene
(CH,) carbon. The broadness of these peaks and their similar
sizes suggests the majority of alkyl C is present in short side-
chains attached to, or bridges between, aromatic structures
[24,28]. The alkyl signal for the food 400 °C biochar (Fig. 1c) is
exceptional in that it is larger, sharper and dominated by the
CH, resonance, indicating the presence of considerable long-
chain alkyl groups.

Two of the lower temperature biochars, paper 400 °C and oak
350 °C (Fig. 1a and c), contain several clear and sharp peaks in
the 55—110 ppm range, which can be attributed to carbohy-
drates. Similar spectra have been reported at the low temper-
ature end of charcoal thermosequences [11,14,15,17,23,25,27,29]
and indicate the presence of thermally untransformed or
incompletely transformed biomass. The *C DP NMR spectra of
the paper biochars (Fig. 1c) produced at all three temperatures

(400°C, 500°C and 600 °C) each contain a sharp peak at 169 ppm.
This peak is not detected in the corresponding CP spectra and
can be attributed to carbonate [30]. The absence of this peak
from the CP spectra can be attributed to the lack of *H nuclei
close to the **Cnucleiin carbonate minerals, which are required
for cross-polarisation to occur. Previous analyses of these bio-
chars have shown them to have high carbonate contents [18].

There are some other differences between corresponding
CP and DP spectra. The broad alkyl signals at around 15 ppm
and 35 ppm as well as the carbohydrate signal (in the
55—110 ppm range) tend to be larger in the CP spectra. This
indicates that alkyl and carbohydrate C are detected with
greater efficiency than aromatic C by CP [17].

While comparisons of the relative strength of signals be-
tween CP and DP spectra provide information about the rela-
tive detection efficiency of the two techniques for various C
types, the overall detection efficiency is best determined by
spin counting [21,22]. The observability of C (Ceps) in the bio-
chars, determined in this way, is shown in Table 2. Generally,
observability for the DP spectra (Cops-DP > 49%) was higher
than for the CP spectra (Cops-CP < 61%). This can be partly
attributed to the low 'H content of the condensed aromatic
units that form the bulk of the biochars’ molecular structure.
This low concentration of *H nuclei reduces the efficiency of
magnetisation transfer (cross-polarisation), especially for »*C
nuclei more than three bonds removed from nearest 'H
neighbours (remotely protonated **C nuclei). Furthermore,
high free radical content, especially for biochars produced in
the 400—600 °C range where free radical content is maximised
[31], also interferes with CP observability of biochars
[11,29,32,33]. Paramagnetic and ferromagnetic minerals,
especially iron minerals, can also affect NMR observability of
charred materials [34]. The iron content (Table 2) was highest
for the biochars produced from bamboo (8—31 g/kg) and food
(4.7-9.1 g/kg) and this likely to have contributed to the very
low CP observability for the bamboo 600 °C (Cops-CP = 8%) and
the food 600 °C biochars (Cops-CP = 5%). The very low
observability for these biochars explains why their CP spectra
are very poor in terms of signal-to-noise ratio (Fig. 1b and c).

A key measure of biochar composition is its aromaticity,
i.e. the proportion of the carbon in the material that is aro-
matic. However, quantification of aromaticity from the *C
NMR spectra of these biochars is compromised by two main
factors: (i) the presence of the large SSBs that overlap with
non-aromatic signal; and (ii) the low CP observability for all of
the biochars and the low DP observability for a minority of the
biochars. In addition, the aromatic peak and its SSBs are
relatively broad making overlap between aromatic and non-

Fig. 1 — a. Solid-state 3C CP and DP NMR spectra of biochars produced from wood feedstocks at production temperatures
between 350 °C and 550 °C (Table 1). Asterisks (*) mark the position of spinning sidebands (SSBs) associated with the
aromatic peak at 130 ppm. Note that the high-field SSB (ca. 65 ppm) may overlap with O-alkyl signal at the same chemical
shift. b. Solid-state *C CP and DP NMR spectra of biochars produced from crop residue feedstocks at production
temperatures between 400 °C and 600 °C (Table 1). Asterisks (*) mark the position of spinning sidebands (SSBs) associated
with the aromatic peak at 130 ppm. Note that the high-field SSB (ca. 65 ppm) may overlap with O-alkyl signal at the same
chemical shift. c. Solid-state *C CP and DP NMR spectra of biochars produced from organic waste and mill waste feedstocks
at production temperatures between 400 °C and 600 °C (Table 1). Asterisks (*) mark the position of spinning sidebands (SSBs)
associated with the aromatic peak at 130 ppm. Note that the high-field SSB (ca. 65 ppm) may overlap with O-alkyl signal at

the same chemical shift.
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Table 2 — NMR properties of biochars.

Sample Aromaticity (%)  Cobs (%) —A6 (ppm)
CP DP CP DP
Wood
Oak 350 ° ° 51 99 0.5
Oak 450 92.7 92.5 47 101 1.3
Pine 450 89.2 92.7 44 97 13
Pine 550 94.5 95.1 61 107 2.2
Crop residues
Hazelnut 350 85.4 88.4 48 101 0.6
Hazelnut 450 88.4 92.8 47 103 1.3
Hazelnut 550 94.8 95.5 54 100 1.7
Corn 400 81.8 86 52 113 0.7
Corn 500 92.6 96.6 44 93 14
Corn 600 ° 94.3 33 87 2.8
Soy 500 84.4 87.8 45 91 0.2
Switch 500 83.9 88.4 33 49 0.9
Bamboo 400 91.3 95 29 60 1.5
Bamboo 500 90.6 90.8 41 77 14
Bamboo 600 @ 94 8 53 4.6
Manure feedstock
Bull manure 400 86 90.1 39 105 0.4
Bull manure 500 93.6 95 46 95 0.9
Bull manure 600 95.7 94.6 32 75 1.5
Dairy manure 400 85.7 89.9 43 98 0.7
Dairy manure 600 95.4 99.2 51 87 2.1
Organic waste
Food 400 79.7 80.7 40 81 -0.2
Food 500 80.2 85.8 35 81 0.2
Food 600 @ 97.8 5 97 1.5
Mill waste
Paper 400 @ @ 39 62 0.3
Paper 500 @ @ 34 97 1.2
Paper 600 @ @ 28 68 2.7

@ No value given due to difficulties in integrating **C NMR spectra.

aromatic signal inevitable. Finally, the low NMR observability
for some of the spectra means signal-to-noise ratios are low
and this reduces the reliability of integration.

Under these circumstances, we can provide only an
approximate measure of aromaticity for a subset of the bio-
chars (Table 2). These values were determined by integrating
the alkyl C region that is not compromised by SSBs
(10—50 ppm) and subtracting this value from 100. Uncertainty
in these integral values is likely to be small (+2%), based on
previous replicate analysis of char materials [14]. Clearly this
measure of aromaticity is only appropriate for the biochars for
which alkyl C is the only type of non-aromatic C detected.
Therefore the paper 400 °C and oak 350 °C biochars are
excluded because they contain peaks other than alkyl or ar-
omatic C (i.e. carbonate and carbohydrate C). Also excluded
are the CP spectra of the following biochars: food 600 °C, paper
500 °C, paper 600 °C and bamboo 600 °C, due to their poor
signal-to-noise ratios.

Aromaticity determined from the CP spectra is generally
slightly lower than for the corresponding DP spectra, con-
firming that aromatic C is detected with lower efficiency than
non-aromatic C in CP spectra, as discussed above. Generally,
at production temperatures above 400 °C, aromaticity is >80%
(Table 2), and there is a consistent trend of increasing
aromaticity with increasing temperature (Fig. 2). There is also

100 -
—8— oak
98 4

—— pine

—A— hazelnut

— & —-cormn

% aromatic C (CP)

--©--bull
manure

---@-- dairy
manure

78 T T T T )

350 400 450 500 550 600

Production Temperature (°C)

Fig. 2 — Plot of aromaticity versus production temperature
for biochars produced by slow pyrolysis at Best Energies
Inc., USA (Enders et al., 2012).

variation in aromaticity between feedstock types, indicating
that feedstock also has a clear influence on the chemical
structure of biochar (Fig. 2).

A second measure of biochar chemistry is the degree of
aromatic condensation, which refers to the size and purity of
the fused aromatic structures. The degree of aromatic
condensation of the twenty-six biochars was determined
using the novel “ring current” technique [17,23]. For larger and
more pure (i.e. more condensed) aromatic structures, Aj be-
comes increasingly negative as the associated ring currents
increase in strength. We showed in a previous study of a
charcoal thermosequence that aromaticity was a quite
insensitive measure of the changes in the chemical compo-
sition of char that occurred at temperatures >400 °C, whereas
aromatic condensation was sensitive to the changes that
occurred in the temperature range 400—1000 °C [17].

There is substantial variation in Aé values among the bio-
chars (Fig. 3 and Table 2). Importantly, there are substantial
differences in A¢ values between biochars produced at the
same temperature. However, within each series of biochars
produced from the same feedstock, Aé decreases (becomes

—B—oak

—— pine

—A— hazelnut

— & —com

--©-- bull manure

---@-- dairy manure

' L - food
350 ago-" 450 500 550 oo XTI

--%-- paper
Production Temperature (°C)
Fig. 3 — Plot of —A¢ versus production temperature for
biochars produced by slow pyrolysis at Best Energies Inc.,
USA (Enders et al., 2012).
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more negative) monotonically and in most cases quite linearly
(Fig. 3) with increasing production temperature. The excep-
tion to this is the biochars produced from grasses (cornstalks
and bamboo), for which Aé values differ little between the
biochars produced at 400 °C and 500 °C, but are much more
negative for the biochars produced at 600 °C (Fig. 3).

4, Discussion

The results of this study demonstrate that there is a clear
relationship between production temperature and the chem-
ical characteristics of aromaticity and aromatic condensation
in biochar (Figs. 2 and 3). Regardless of what feedstock or py-
rolysis process is used, as production temperatures increase,
both aromaticity and the degree of aromatic condensation
increase. This is due to the progressive dehydration, decar-
bonylation and decarboxylation reactions as the poly-
condensed aromatic structures are formed and poly-
aromatisation reactions (i.e. growth in the size of aromatic
sheets) become dominant [35,36]. The majority of these bio-
chars (oak, pine, hazelnut, corn, bull manure, dairy manure,
food and paper) were produced at the same pyrolysis plant
and under the same pyrolysis conditions (Table 1, pyrolysis
process b), other than production temperature. Thus, we can
make direct comparisons of aromaticity and aromatic
condensation values between feedstocks for these biochars.

Fig. 2 highlights the variation in aromaticity among bio-
chars produced at the same temperature but from a different
feedstock source. Woody feedstocks (oak and pine) tend to
have the highest aromaticity. Oak has a greater aromaticity
compared to pine which is more similar to that of the bull
manure biochar, which may be due to the feedstock used to
produce this biochar comprising of a mixture of manure and
sawdust (wood shavings). This is followed closely by the
hazelnut biochar. Of the mineral-rich feedstock biochars, corn
and dairy manure have similar aromaticity and food biochar
has the lowest aromaticity.

Similar trends are evident in the aromatic condensation of
the biochars (Fig. 3.). Oak and pine biochars have the greatest
degree of aromatic condensation, with minimal differences
between the hardwood (oak) and the softwood (pine). This is
consistent with other studies that have compared hardwood
and softwood biochars [15,24], which found the greatest
variation in molecular structure at lower production temper-
atures (<300 °C); as production temperatures increased the
biochars became more similar. Of the mineral-rich feedstock
biochars, which include crop residues (corn) and waste
products (bull manure, dairy manure, paper and food), corn
biochars had the greatest degree of aromatic condensation,
although it was still lower than that of the woody feedstocks.
Hazelnut and dairy manure produced the next most
condensed biochars, while paper, bull manure and food pro-
duced biochars with the lowest degree of aromatic conden-
sation. As a consequence, food and paper biochars produced
at the higher temperatures have Aj values similar to that of
woody biochars produced at lower temperatures.

Pyrolysis process conditions also play a role in the molec-
ular structure of biochars. The soy and switch grass biochars
were produced using a different pyrolysis method (fast

pyrolysis). Compared with corn biochars (i.e. a biochar pro-
duced from a similar biomass) produced at a similar produc-
tion temperature, they are less condensed. Similar findings
have been reported in a previous comparison between bio-
chars produced under slow and fast pyrolysis conditions [37].
This could be due to the shorter heat treatment time to that of
the slow pyrolysis method. The bamboo biochars were pro-
duced using slow pyrolysis, but at a different pyrolysis plant
(Table 1, pyrolysis process c) to that used for the majority of
biochars (Table 1, pyrolysis process b). The bamboo 600 °C
biochar had the greatest degree of aromatic condensation of
all the biochars studied. This may reflect differences in heat
treatment time between the two slow pyrolysis plants, but
may also be due to differences in starting biomass. Unfortu-
nately, we did not have biochars produced at the two plants
from the same biomass.

Across the set of biochars in this study, aromaticity and
aromatic condensation were strongly correlated (r* = 0.79),
and the relationship between these two parameters was quite
linear (Fig. 4). This indicates that aromaticity and aromatic
condensation, although essentially independent measures,
co-vary for these biochars. As a result, both provide similar
assessments of the carbonisation process of biochar. Since Aé
is a less expensive and more rapid measurement to the
traditional CP NMR experiment, we suggest it should be the
method of choice.

The co-variation of aromaticity and aromatic condensation
is in apparent contrast to our previous findings for a ther-
mosequence of chars produced from one biomass (chestnut
wood), for which we reported a rapid increase in aromaticity
through a lower temperature range (200—400 °C), followed by a
steady increase in aromatic condensation through a higher
temperature range (400—1000 °C) [17]. However, it should be
noted that the production temperatures of the biochars in this
study span the region where both measures are reasonably
sensitive. Inclusion of biochars produced at lower or higher
temperatures would likely see this linear relationship break
down as aromaticity condensation would not continue to
decrease in the lower temperature range and aromaticity
would not continue to increase in the higher temperature
range. Biochars produced from some feedstocks show slightly

2.5 1 Doak
y =0.1094x - 8.6605
R2=0.7866 - mpine
20 b
A hazelnut
Acorn
1.5
© soybean
v% 1.0 4 # switchgrass
+ bamboo
05 4 O bull manure
@ dairy
0.0 T manure
78 98 x food
-0.5 - % aromatic C (CP)

Fig. 4 — Plot of aromatic condensation (—AJd) versus
aromaticity for biochars produced from multiple
feedstocks.
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different relationships between aromaticity and aromatic
condensation. For example, the bull manure feedstock pro-
duces biochars that have a low degree of condensation rela-
tive to their aromaticity (i.e. they appear below the line of best
fit in Fig. 4). Conversely, corn, switch grass and pine biochars
have a high degree of condensation relative to their aroma-
ticity (i.e. appear above the line of best fit in Fig. 4). These
observations suggest that the pathway by which these aro-
matic structures are formed may differ slightly depending
upon not only production variables such as production tem-
perature but also upon feedstock properties, which range
from mineral-poor woody materials to mineral-rich manures
and crop residues.

The relationship between A6 values and the mean resi-
dence time (MRT) established in a previous long-term incu-
bation study [9] allows us to estimate the MRT for the biochars
analysed in this study under the incubation conditions used
by Singh et al. [9] (i.e. at room temperature in the absence of
nutrient or moisture limitation but in a low organic matter,
high clay soil). According to the relationship MRT = 148 x e*%*
* ~42[9], MRT is <260 years for biochars with —Aé values <0.5
(i.e. most of the biochars produced at the lowest temperatures
of <400 °C), >460 years for biochars with —A¢ values >1.0 (i.e.
most of the biochars produced at intermediate temperatures
of ~500°C), and >1400 years for biochars with —A¢é values >2.0
(i.e. most of the biochars produced at the highest tempera-
tures of ~600 °C). Since the Singh et al. [9] study didn’t include
biochars with —Aéd values >2.1, this formula cannot be used to
estimate MRT for biochars with —Aé beyond this, other than to
say they would likely be longer still. It should be kept in mind
that MRT of biochar is likely to be strongly affected by envi-
ronmental conditions. Nonetheless, these estimates indicate
that (i) the biochars used in this study are likely to have MRTs
of 100 years or more; and (ii) the MRT of biochars produced
from different feedstocks and at different temperatures will
vary by at least an order of magnitude. The significance of this
last point is that the sequestration value of these different
biochars varies considerably.

5. Conclusions

Our results demonstrate that two chemical properties,
aromaticity and the condensation of these aromatic struc-
tures, are clearly influenced by production temperature and
feedstock. Carbon-13 NMR spectra acquired using the CP and
DP techniques were generally similar in appearance but
aromaticity was slightly higher and observability much higher
when determined using DP. Feedstocks with higher lignin
contents, such as woody materials, were found to form more
condensed aromatic structures and with a higher degree of
aromaticity compared to biochars from mineral-rich feed-
stocks (e.g. crop residues) and waste materials (e.g. manures,
food waste and paper mill waste) produced at the same pro-
duction temperature. The composition of the feedstock thus
plays an important role in the chemical composition of the
biochar and this is likely to have follow-on effects in the
performance of biochar as a soil amendment and as a carbon
sink. There was a strong correlation between aromaticity and
aromatic condensation, and given that measurement of

aromatic condensation is faster and also not affected by
problems that compromise measurement of aromaticity (low
and variable observability and overlap of aromatic spinning
sidebands with the central bands of non-aromatic carbon
types), we recommend measurement of aromatic condensa-
tion alone as a primary method for gauging organic structures
in biochars.
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